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ÀÍÀËÈÒÈ×ÅÑÊÀß ÎÖÅÍÊÀ È ÌÀÒÅÌÀÒÈ×ÅÑÊÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ 
ÂÕÎÄÍÎÃÎ ÏÎÒÎÊÀ ÑÈÃÍÀËÎÂ Â ÀÂÈÀÖÈÎÍÍÛÕ ÁÎÐÒÎÂÛÕ 

ÊÎÌÏËÅÊÑÀÕ ÎÁÎÐÎÍÛ

À.Ì.Áîðîäèí, Í.Â.Óñêîâ

Îá àíàëèòè÷åñêîé îöåíêå ïëîòíîñòè ïîòîêà ñèãíàëîâ
ðàäèîëîêàöèîííîãî ïîëÿ íà âõîäå ñòàíöèè ÐÒÐ ïðè ðàçëè÷íûõ
ãðàíè÷íûõ óñëîâèÿõ. Ðåçóëüòàòû ìàòåìàòè÷åñêîãî ìîäåëè-
ðîâàíèÿ.

There is analitical estimation of radar signal flow density at
RTR station input under different boundary conditions. The
results of mathematical modelling are represented.

ÂÂÅÄÅÍÈÅ

Çàäà÷à îöåíêè ïëîòíîñòè âõîäíîãî ïîòîêà ñèãíàëîâ
ÿâëÿåòñÿ àêòóàëüíîé ïðè ïðîåêòèðîâàíèè àâèàöèîííûõ
áîðòîâûõ êîìïëåêñàõ îáîðîíû (ÁÊÎ), óñòàíàâëèâàåìûõ
íà ñàìîëåòàõ, ïðåîäîëåâàþùèõ ñèñòåìó ïðîòèâîâîçäóø-
íîé îáîðîíû (ÏÂÎ), ñ öåëüþ óâåëè÷åíèÿ âåðîÿòíîñòè èõ
ñîõðàíåíèÿ [1].

ÀÍÀËÈÒÈ×ÅÑÊÀß ÎÖÅÍÊÀ ÂÕÎÄÍÎÃÎ 
ÏÎÒÎÊÀ ÑÈÃÍÀËÎÂ

Îäíîé èç âàæíûõ ñòàòèñòè÷åñêèõ õàðàêòåðèñòèê ðàäèî-
ëîêàöèîííîãî ïîëÿ (ÐËÏ), îáðàçóåìîãî ÐËÑ ñèñòåìû
ÏÂÎ, îïðåäåëÿþùèõ âõîäíîé ïîòîê ñèãíàëîâ, ÿâëÿåòñÿ
ðàñïðåäåëåíèå ÐËÑ ïîëÿ ïî "ýíåðãåòè÷åñêîìó" ïàðàìåòðó

, ïðîïîðöèîíàëüíîìó äëèíå âîëíû  è êîðíþ êâàä-

ðàòíîìó èç ïîòåíöèàëà ÐËÑ (PG). Ðàñïðåäåëåíèå ýíåð-
ãåòè÷åñêîãî ïàðàìåòðà â äèàïàçîíå ñðåäñòâ ñóõîïóòíîãî
ðàäèîëîêàöèîííîãî ïîëÿ îïðåäåëÿåòñÿ âûðàæåíèåì [2,
ñòð. 23]:

, (1)

ãäå ,  - ïàðàìåòð ðåëååâñêîãî ðàñïðåäåëå-

íèÿ, çàêëþ÷åííûé â ïðåäåëàõ .

Âûáîð ïðåäåëà  îïðåäåëÿåòñÿ äèàïàçîíîì ðàáîòû

àïïàðàòóðû (òèïàìè è êîëè÷åñòâîì ÐËÑ, ó÷àñòâóþùèõ â
ñîçäàíèè ðàäèîëîêàöèîííîãî ïîëÿ) è âûñîòîé (h) ïîëåòà
ñàìîëåòà (ïðè ìàëûõ h òðåáóåòñÿ ó÷èòûâàòü ìàëîìîùíûå

ÐËÑ, îáñëóæèâàþùèå ìàëîâûñîòíûå ÇÐÊ, ÷òî ñìåùàåò

 ê ëåâîìó ïðåäåëó; ïðè ýòîì ïëîòíîñòü ÐËÑ íà

ìåñòíîñòè óâåëè÷èâàåòñÿ).
Ðàñïðåäåëåíèå (1) íå ó÷èòûâàåò ÐËÑ ñ êâàçèíåïðå-

ðûâíûì èçëó÷åíèåì (ÊÍÈ) è ïîçâîëÿåò ïîëó÷èòü ñðåäíåå
÷èñëî îáñëóæèâàþùèõ ÐËÑ, à òàêæå ïîòîê òîëüêî èì-
ïóëüñíûõ ñèãíàëîâ. Äåéñòâèòåëüíî, ñðåäíÿÿ ÷àñòîòà (ïëî-

òíîñòü ïîòîêà) èìïóëüñíûõ ñèãíàëîâ  íà âõîäå ñòàí-

öèè ðàäèîòåõíè÷åñêîé ðàçâåäêè (ÐÒÐ) ïðè êðóãîâîì
ïðèåìå, ñðåäíåé ïëîòíîñòè ðàáîòàþùèõ íà ìåñòíîñòè ÐËÑ

 è ñðåäíåé ÷àñòîòå ñëåäîâàíèÿ çîíäèðóþùèõ èìïóëüñîâ

 (áåç ó÷åòà êâàçèíåïðåðûâíîãî èçëó÷åíèÿ) ðàâíà [2,

ñòð.44,45]:

, (2)

ãäå  - âåðîÿòíîñòü ïðåâûøåíèÿ âõîäíûì

ñèãíàëîì ïîðîãîâîãî óðîâíÿ  ïðèåìíèêà ÐÒÐ, çàâè-

ñÿùàÿ îò  è h;  - ñðåä-

íÿÿ ÷àñòîòà ïîâòîðåíèÿ ÐËÑ ÐËÏ (çàâèñèìîñòü îò 

òðèâèàëüíà: áîëüøèì  ñîîòâåòñòâóþò ìåíüøèå ).

Âûðàæåíèå  äëÿ ðàçëè÷íûõ  è h èìååò

ñëåäóþùèé âèä [2. ñòð. 46]:

, (3)

ãäå  èíòåãðàë âåðîÿòíîñòè ïðè

,  â

ôîðìóëå (3).
Äëÿ ïîëó÷åíèÿ çàâèñèìîñòè ïëîòíîñòè ïîòîêà èìïóëüñ-

ψ λ( )
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4π
------ PG= σψ

0 1, σψ 0 5êì Âò1 2⁄⋅,< <

σψ

σψ

ζ( )

ρ

Fn

ζ P Pâõ Pïîð≥( )Fn ψ( )ρ π1152h( )=
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íûõ ñèãíàëîâ îò âñåõ ÐËÑ ñ ðàçëè÷íûìè ÷àñòîòàìè

ïîâòîðåíèÿ è  â ôóíêöèè îò  íåîáõîäèìî

ïðîèíòåãðèðîâàòü âûðàæåíèå (2) ñ ó÷åòîì ðàñïðåäåëåíèÿ

 âèäà (3), ò.å. íàéòè ñðåäíåå çíà÷åíèå

ïëîòíîñòè ïîòîêà âõîäíûõ ñèãíàëîâ îò âñåãî ÐËÏ :

. (4)

Âûðàæåíèå (4) ñïðàâåäëèâî ïðè ìàññîâîì ïðèìåíåíèè
àâèàöèè, êîãäà â îáðàçîâàíèè âõîäíîãî ïîòîêà ó÷àñòâóþò
ïðàêòè÷åñêè âñå ÐËÑ ðàäèîëîêàöèîííîãî ïîëÿ.

Ðèñóíîê 1 - Ïëîòíîñòü ïîòîêà âõîäíûõ ñèãíàëîâ â 
çàâèñèìîñòè îò ïîðîãîâîé ÷óâñòâèòåëüíîñòè 
ïðèåìíèêà ïðè ãðóïïîâûõ íàëåòàõ àâèàöèè

Íà ðèñóíêå 1 ñïëîøíûìè ëèíèÿìè ïðîâåäåíû ðåçóëü-
òàòû èíòåãðèðîâàíèÿ ïî ôîðìóëå (4) â çàâèñèìîñòè îò

ïîðîãîâîé ÷óâñòâèòåëüíîñòè ïðèåìíèêà  ïðè ïëîòíî-

ñòè ðàáîòàþùèõ íà ìåñòíîñòè ÐËÑ ,

 äëÿ ðàçëè÷íûõ âûñîò ðàáîòû îáúåê-

òîâ ( ; ; ;

), è ïóíêòèðíîé ëèíèåé - çàâèñèìîñòü, ïî-

ëó÷åííàÿ â òåõ æå óñëîâèÿõ äëÿ ïðåîäîëåíèÿ ìàëîâûñîò-

íîãî ÐËÏ. ( , ) [1,3].

Ïðè ëîêàëüíûõ äåéñòâèÿõ àâèàöèè íåîáõîäèìî ó÷åñòü
çàâèñèìîñòü îòíîñèòåëüíîãî ÷èñëà (Êð) ðàáîòàþùèõ ÐËÑ

èç îáùåãî ÷èñëà ÐËÑ ÐËÏ, îò ýíåðãåòè÷åñêîãî ïàðàìåòðà
è âûñîòû ïîëåòà [2. ñòð. 48]:

. (5)

Ïîñëåäíåå âûðàæåíèå ïîçâîëÿåò ïîëó÷èòü çàâèñèìîñòü
ïëîòíîñòè ïîòîêà èìïóëüñíûõ ñèãíàëîâ íà âõîäå ñòàíöèè

ÐÒÐ îò , êîãäà ñòàíöèÿ â ñîñòàâå ÁÊÎ ðàçìåùàåòñÿ

íà ñàìîëåòå, äåéñòâóþùåì îäèíî÷íî èëè â ñîñòàâå êîì-
ïàêòíîé ãðóïïû íàä òèïîâûì ÐËÏ íà âûñîòå h:

(6)

ãäå âñå ôóíêöèè, âõîäÿùèå â ïîäûíòåãðàëüíîå âûðàæå-
íèå, îïðåäåëÿþòñÿ ïî ïðèâåäåííûì âûøå ñîîòíîøåíèÿì.

Ðèñóíîê 2 - Ïëîòíîñòü ïîòîêà âõîäíûõ ñèãíàëîâ â 
çàâèñèìîñòè îò ïîðîãîâîé ÷óâñòâèòåëüíîñòè 
ïðèåìíèêà íà îáúåêòå, äåéñòâóþùåì îäèíî÷íî

Íà ðèñóíêå 2 äàþòñÿ ðåçóëüòàòû èíòåãðèðîâàíèÿ ïî

ôîðìóëå (6) äëÿ , 

(ñïëîøíûå ëèíèè) è  (ïóíêòèðíûå

ëèíèè) äëÿ ðàçëè÷íûõ âûñîò ðàáîòû îáúåêòîâ

( ; ; ; ).

Èç ãðàôèêîâ ðèñóíêîâ 1,2 ñëåäóåò, â ÷àñòíîñòè, ÷òî
ïëîòíîñòè ïîòîêà èìïóëüñíûõ ñèãíàëîâ íà âõîäå ÁÊÎ
ïðè ìàëûõ ÷óâñòâèòåëüíîñòÿõ ïðèåìíèêîâ ñòàíöèè ÐÒÐ

ïîðÿäêà Âò (ïðèåìíèêè ïðÿìîãî óñèëåíèÿ) íå

ïðåâûøàåò 1êÃö â íàèáîëåå íàñûùåííîì ÐËÑ ñóõîïóòíîì

ÐËÏ. Ïðè ýòîì çàâèñèìîñòü ïëîòíîñòè ïîòîêà îò h è 

ñðàâíèòåëüíî ñëàáàÿ.
Ïëîòíîñòü ïîòîêà ñóùåñòâåííî âîçðàñòàåò ïðè áîëüøèõ

÷óâñòâèòåëüíîñòÿõ ïðèåìíèêîâ. Òàê, ïðè ,

ψ Pïîð

P Pâõ Pïîð≥( )

η( )

η P Pâõ Pïîð≥( )Fn ψ( )W ψ( )
0

∞

∫ ρ π 1152h⋅ ⋅=



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[ ]ВтPпор

10-9 10-7

1

2

3

4

Pïîð

ρ 10 3– 1 êì2⁄=

σψ 0 3êì, Âò1 2⁄⋅=

1 h– 0 2êì,= 2 h– 1êì= 3 h– 10êì=

4 h– 20êì=

σψ 0 1êì, Âò1 2⁄⋅= h 0 2êì,=

Kp 1 exp 17ψ
h
----– 

 –=

Pïîð

ηëîê ρ π 1152h

P Pâõ Pïîð≥( )
0

104 2, h Pïîð–⋅

∫ Fn ψ( )Kp
ψ
h
---- 
 W ψ( ) ψd ,×

×⋅ ⋅=

[ ]ВтPпор

102

103

104

105

10

10-11 10-9 10-7

2
3






сод
1η

4

1

ρ 10 3– 1 êì
2⁄= σψ 0 3êì, Âò

1 2⁄⋅=

σψ 0 1êì, Âò1 2⁄⋅=

1 h– 0 2êì,= 2 h– 1êì= 3 h– 10êì= 4 h– 20êì=

10 6– 10 7–÷

σψ

Pïîð 10 10– Âò=



6

ÐÀÄ²ÎÅËÅÊÒÐÎÍ²ÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2001

,   ïëîòíîñòü ïîòîêà èì-

ïóëüñíûõ ñèãíàëîâ íà âõîäå ÁÊÎ ñîñòàâëÿåò îêîëî

1/ñ ïðè îäèíî÷íûõ èëè â ñîñòàâå êîìïàêòíîé

ãðóïïû ïîëåòàõ è îêîëî 1/ñ ïðè ìàññîâûõ äåé-

ñòâèÿõ àâèàöèè. Óìåíüøåíèå ðàáî÷åãî äèàïàçîíà ÷àñòîò
ÁÊÎ ñîêðàùàåò ïëîòíîñòü ïîòîêà èìïóëüñíûõ ñèãíàëîâ
ìèíèìóì â äâà ðàçà.

ÐÅÇÓËÜÒÀÒÛ ÌÀÒÅÌÀÒÈ×ÅÑÊÎÃÎ 
ÌÎÄÅËÈÐÎÂÀÍÈß

Íåîáõîäèìî îòìåòèòü, ÷òî âûðàæåíèå (3) äëÿ

 áûëî íàéäåíî èç ãèñòîãðàììû ,

êîòîðàÿ, â ñâîþ î÷åðåäü, áûëà ïîëó÷åíà ìåòîäîì
ñòàòèñòè÷åñêèõ èñïûòàíèé (ìîäåëèðîâàíèÿ) íà ÝÂÌ ïðè

÷èñëå ðåàëèçàöèé N=104c àïïðîêñèìàöèåé íîðìèðîâàí-

íîãî êîýôôèöèåíòà óñèëåíèÿ àíòåííû ÐËÑ 

âèäà:

         

ïðè , (7)

ãäå  - øèðèíà äèàãðàììû íàïðàâëåííîñòè ÐËÑ íà óðîâ-

íå ïîëîâèííîé ìîùíîñòè; r - êîýôôèöèåíò êà÷åñòâà ïîçè-

öèè, êîòîðûé äëÿ "ïëîõîé", èçîáèëóþùåé ìåñòíûìè ïðåä-
ìåòàìè ïîçèöèè, ðàâåí 1, à äëÿ "õîðîøåé" ("÷èñòîé")
ïîçèöèè ðàâåí 2.

Ãèñòîãðàììà àïïðîêñèìèðîâàëàñü ëîãàðèôìè÷åñêè -
íîðìàëüíûì ðàñïðåäåëåíèåì âèäà:

, (8)

ãäå ïàðàìåòðû ðàñïðåäåëåíèÿ  íàõîäèëèñü èç ãèñòî-

ãðàìì ñ èñïîëüçîâàíèåì ìåòîäèêè ðàáîòû [4].
Ïðè ìîäåëèðîâàíèè íà ñðåäíåå çíà÷åíèå, îïðåäåëÿåìîå

ôîðìóëîé (7), íàêëàäûâàëàñü ñëó÷àéíàÿ (ôîíîâàÿ)
ñîñòàâëÿþùàÿ, ðàñïðåäåëåííàÿ ïî íîðìàëüíîìó çàêîíó ñ

äèñïåðñèåé  (èñïîëüçîâàëèñü r=1,25 è

 ) äëÿ ó÷åòà "áîêîâîãî" èçëó÷åíèÿ ÐËÑ.

Ó÷åò ÐËÑ ñ ÊÍÈ ìîæåò áûòü ïðîèçâåäåí ëèáî ìåòîäîì
ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ, ëèáî ïðèáëèæåííî àíà-

ëèòè÷åñêè ââåäåíèåì â ôîðìóëû (4) è (6) äîïîëíèòåëü-
íîãî ñëàãàåìîãî â âèäå ñóììû ÷àñòîò ïîâòîðåíèÿ ñèãíàëîâ
ñðåäñòâ ïåðåõâàòà ñ ÊÍÈ ïðè óñëîâèè, ÷òî óðîâåíü

âõîäíûõ ÊÍÈ-ñèãíàëîâ ïðåâûøàåò Pïîð. Ñðàâíåíèå äàí-

íûõ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ, ïîëó÷åííûõ ñ ó÷å-

òîì ÊÍÈ (ñðåäíÿÿ ïëîòíîñòü ïîòîêà ïîðÿäêà 1/ñ

ïðè h=5êì è Pïîð = 10-8Âò), ñ ðàñ÷åòíûìè äàííûìè ïî

ôîðìóëàì (4) è (6) ïîêàçûâàåò, ÷òî îíè îòëè÷àþòñÿ
ïðèìåðíî íà (200 - 300) êÃö, ò.å. íà ÷àñòîòó ïîâòîðåíèÿ
(1-2) ÐËÑ ñ ÊÍÈ-ñèãíàëàìè. Ýòî ïîäòâåðæäàåò ââåäåíèå
äîïîëíèòåëüíîãî ñëàãàåìîãî â ôîðìóëû (4) è (6) äëÿ
ó÷åòà ÊÍÈ [3].

ÇÀÊËÞ×ÅÍÈÅ

Òàêèì îáðàçîì, ïðè ïîñòðîåíèè ÁÊÎ äëÿ ðàáîòû íà
ñóõîïóòíîì ÐËÏ íåîáõîäèìî ó÷èòûâàòü ôîíîâûé âõîäíîé
ïîòîê, ñîäåðæàùèé ïîëåçíûå ñèãíàëû íàçåìíûõ ÐËÑ, íà
êîòîðûé íàêëàäûâàþòñÿ ñèãíàëû îò 1-2 ÐËÑ ÊÍÈ. Íà
ìîðñêîì ÐËÏ, ãäå äåéñòâóþò àâèàöèîííûå óäàðíûå ñîåäè-
íåíèÿ è ãðóïïû, îõðàíÿåìûå è óïðàâëÿåìûå ñàìîëåòàìè
ÄÐËÎ "Õîêàé" è "Àâàêñ", ðàñïðåäåëåíèå ÐËÑ ïî ïëî-
ùàäè ñóùåñòâåííî íåðàâíîìåðíîå, êîëè÷åñòâî ÐËÑ îãðà-
íè÷åíî è îíè ðàñïðåäåëÿþòñÿ â øèðîêîì äèàïàçîíå äëèí
âîëí. Ïîýòîìó îöåíêà âõîäíîãî ïîòîêà ñèãíàëîâ ìîæåò
áûòü âûïîëíåíà îáû÷íûìè ðàñ÷åòàìè ÷èñëà îáëó÷àþùèõ
ÐËÑ, âåðîÿòíîñòåé îáëó÷åíèÿ ñèãíàëîâ ñ ó÷åòîì çîí
îáíàðóæåíèÿ è âåðîÿòíîñòåé ñîâïàäåíèÿ èìïóëüñíûõ
ïîòîêîâ. Ðàñ÷åòû ïîêàçûâàþò, ÷òî "ôîíîâûé" ïîòîê ïðè
ýòîì îò êîðàáåëüíûõ ÐËÑ äëÿ àíàëîãè÷íûõ âûñîò è
÷óâñòâèòåëüíîñòåé ñòàíöèè ÐÒÐ ñóùåñòâåííî (íà îäèí -
äâà ïîðÿäêà) íèæå, ÷åì ôîíîâûé ïîòîê íà ñóõîïóòíîì
ÐËÏ, à îñíîâíûìè àòàêóþùèìè ñðåäñòâàìè, îïðåäå-
ëÿþùèìè âõîäíîé ïîòîê ñèãíàëîâ, ÿâëÿþòñÿ ñàìîëåòû ñ
ÐËÑ ÊÍÈ.
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h 10êì= σψ 0 3êì, Âò1 2⁄⋅=

8 104⋅

2 105⋅

P Pâõ Pïîð≥( ) W lgPâõ( )

G θ( ) G0⁄[ ]

G θ( )
G0

------------ e 2 78 θ θ0⁄( )2,– r
0 625,
θ θ0⁄( )

-----------------+ 1 e θ θ0⁄( )4––[ ]⋅=

0 θ π≤ ≤

θ0

W Pâõ( ) 1
σ lgPâõ ε–( ) 2π
--------------------------------------- exp 1

2σ2
-------- ln lgPâõ ε–( ) δ–[ ]–

 
 
 

⋅=

δ σ ε, ,

σψ 3 5äá–=

σψ 3äá=

5 105⋅
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À.È. Âåðøèíà, Â.Ñ. Êàáàê, À.Ã. Ìàðêèí

Ðàññìàòðèâàåòñÿ ïîñòðîåíèå àëãîðèòìà îöåíêè ôóíêöèé
÷óâñòâèòåëüíîñòè â äèíàìèêå, â îñíîâå êîòîðîãî ëåæèò ïðå-
äåëüíûé ñëó÷àé óìåíüøåíèÿ øàãà.

Ðîçãëÿäàºòüñÿ ïîáóäîâà àëãîðèòìó âèçíà÷åííÿ ôóíêö³¿
÷óòëèâîñò³ ó äèíàì³ö³, â îñíîâ³ ÿêîãî ëåæèòü ãðàíè÷íèé
âèïàäîê çìåíøåííÿ êðîêó. 

The construction of algorithm an estimation of functions of
sensitivity in dynamics, in which basis on the limiting case of
reduction of a step lays.

ÂÂÅÄÅÍÈÅ

Îïðåäåëåíèå ôóíêöèé ÷óâñòâèòåëüíîñòè â äèíàìèêå
ñâÿçàíî ñ ìíîãîêðàòíûì èíòåãðèðîâàíèåì ñèñòåì íåëèíåé-
íûõ äèôôåðåíöèàëüíûõ óðàâíåíèé âûñîêîãî ïîðÿäêà.
Ïðè çíà÷èòåëüíîì êîëè÷åñòâå âàðüèðóåìûõ ïàðàìåòðîâ
öåëåñîîáðàçíåå èñïîëüçîâàòü ìåòîä ïðèñîåäèíåííûõ ñõåì.
Îäíàêî â äèíàìèêå òàêîé ïîäõîä òðåáóåò ïðîâåäåíèÿ
èíòåãðèðîâàíèÿ â îáðàòíîì ïîðÿäêå âðåìåíè â êàæäîé
âðåìåííîé òî÷êå, ÷òî ôàêòè÷åñêè äåëàåò ýòîò ìåòîä
íåïðèåìëåìûì äëÿ ìîäåëèðîâàíèÿ ñëîæíûõ ýëåêòðîííûõ
ñõåì [1-3]. Ïîèñê àëãîðèòìîâ, ïîçâîëÿþùèõ çà îäèí
äîïîëíèòåëüíûé ïðîñ÷åò îïðåäåëÿòü ïðîèçâîäíûå ïî âñåì
âàðüèðóåìûì ïàðàìåòðàì áåç èñïîëüçîâàíèÿ èíòåãðè-
ðîâàíèÿ â îáðàòíîì ïîðÿäêå âðåìåíè [4-5], ÿâëÿåòñÿ
àêòóàëüíîé çàäà÷åé.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ðàäèîýëåêòðîííàÿ ñõåìà îïèñûâàåòñÿ ñèñòåìîé íåëè-
íåéíûõ àëãåáðî-äèôôåðåíöèàëüíûõ óðàâíåíèé

, (1)

ãäå  è  - âåêòîð-ñòîëáåö íåèçâåñòíûõ ïåðåìåííûõ è èõ

ïðîèçâîäíûõ ïî âðåìåíè;  - ïàðàìåòðû ýëåìåíòîâ

ðàäèîýëåêòðîííîé ñõåìû.
Ïðîèçâîäíàÿ ïî ïàðàìåòðàì çàïèøåòñÿ ñëåäóþùèì

îáðàçîì:

. (2)

Ïðåäñòàâèì ïðîèçâîäíóþ  â âèäå

, (3)

îòñþäà, ïåðåõîäÿ ê êîíå÷íûì ïðèðàùåíèÿì, ìîæíî
çàïèñàòü

, (4)

ãäå .

Ïîñëå ïîäñòàíîâêè â âûðàæåíèå (2) è ïðîâåäåíèÿ ñîîò-
âåòñòâóþùèõ ïðåîáðàçîâàíèé ïîëó÷èì

. (5)

Äàííîå âûðàæåíèå ïðåäñòàâëÿåò ñîáîé íåÿâíûé îäíî-
øàãîâûé ìåòîä èíòåãðèðîâàíèÿ äëÿ îïðåäåëåíèÿ ôóíêöèé
÷óâñòâèòåëüíîñòè.

Ðàñêðîåì ñêîáêè â âûðàæåíèè (5):

. (6)

Ðàññìîòðèì ïîñòðîåíèå àëãîðèòìà îöåíêè ôóíêöèé
÷óâñòâèòåëüíîñòè ïî ìíîãèì âàðüèðóåìûì ïàðàìåòðàì, â
êîòîðîì íå áóäåò èñïîëüçîâàòüñÿ èíòåãðèðîâàíèå ïî
âðåìåíè â îáðàòíîì ïîðÿäêå, êàê ýòî äåëàåòñÿ â ìåòîäå
ïðèñîåäèíåííûõ ñõåì.

ÌÅÒÎÄÛ È ÀËÃÎÐÈÒÌÛ ÐÅØÅÍÈß

Ïðåäñòàâèì ïåðâóþ ñîñòàâëÿþùóþ ïðàâîé ÷àñòè âûðà-
æåíèÿ (6) êëåòî÷íûìè ìàòðèöàìè, ýëåìåíòû êîòîðûõ áó-
äóò ñîîòâåòñòâîâàòü ðåàêòèâíûì è íåðåàêòèâíûì ñîñòàâëÿ-
þùèì. Ïðè ýòîì áóäåì ñ÷èòàòü, ÷òî ïóòåì ïåðåñòàíîâêè
ñòðîê è ñòîëáöîâ ðåàêòèâíûå ñîñòàâëÿþùèå ìîæíî ñêîì-
ïîíîâàòü â ëåâîì âåðõíåì óãëó ìàòðèö. Ïðè ýòîì áóäåò
ñïðàâåäëèâûì ñëåäóþùåå ðàâåíñòâî:

, (7)

F x· x p, ,( ) 0=

x x·

p

x·∂
∂F

p∂
∂ x·

x∂
∂F

p∂
∂x

p∂
∂F

+ + 0=

p∂
∂ x·

p∂
∂ x·

p∂
∂

t∂
∂x

t∂
∂

p∂
∂x= =

t∂
∂

p∂
∂x p∂

∂xi 1+

p∂
∂xi–

t∆
----------------------------≈ 1

h
---

p∂
∂xi 1+

p∂
∂xi– 

 =

h t∆=

p∂
∂xi 1+ 1

hi
----

x·∂
∂Fi

x∂
∂Fi+

 
 
 

1–
1
hi
----

x·∂
∂Fi

p∂
∂xi

p∂
∂Fi–

 
 
 

=

p∂
∂xi 1+ 1

hi
----

x·∂
∂Fi

x∂
∂Fi+

 
 
 

1–
1
hi
----

x·∂
∂Fi

p∂
∂xi 1

hi
----

x·∂
∂Fi

x∂
∂Fi+

 
 
 

1–

p∂
∂Fi–=

1
h
---X G11+ G12

G21 G22

1
h
---X 0

0 0

⋅
X hG11+ hG12

hG21 hG22

X 0
0 0

⋅=
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ãäå  ñîîòâåòñòâóåò ïîäìàòðèöå , à  ñîîò-

âåòñòâóåò .

Âîñïîëüçóåìñÿ ôîðìóëîé Ôðîáåíèóñà [6], äàþùåé
âîçìîæíîñòü ñâÿçàòü áëîêè ïðÿìîé è îáðàòíîé ìàòðèö

 è  ñîîòâåòñòâåííî. Ôîðìóëà

Ôðîáåíèóñà èìååò âèä:

, (8)

ãäå .

Ïðèìåíèòåëüíî ê âûðàæåíèþ (7) èìååì

; ; ; ;

.

Îòñþäà

, (9)

ãäå 

Ïðåîáðàçóåì âûðàæåíèÿ äëÿ  è  âûíåñåíèåì

îáùåãî ìíîæèòåëÿ  è ðàñêðûòèåì âíåøíèõ ñêîáîê:

Ïåðåõîäÿ ê ïðåäåëó ïðè , ïîëó÷èì

, (10)

. (11)

Åñòåñòâåííî, âñå âûøåñêàçàííîå áóäåò ñïðàâåäëèâûì,
åñëè ñóùåñòâóþò ñîîòâåòñòâóþùèå îáðàòíûå ìàòðèöû. 

Ðàññìîòðèì ñëó÷àé, êîãäà ïîäìàòðèöà  èññëåäóåìîé

ñõåìû èìååò îáðàòíóþ ìàòðèöó. Òîãäà âûðàæåíèÿ (10) è
(11) ñîîòâåòñòâåííî ïðèîáðåòàþò âèä

, (12)

. (13)

Îòñþäà äëÿ âûðàæåíèÿ (9) áóäåì èìåòü

. (14)

Âûðàæåíèå (12) ïîêàçûâàåò, ÷òî äëÿ "ðåàêòèâíîé"
÷àñòè ñõåìû ïðè óìåíüøåíèè øàãà ñîîòâåòñòâóþùèå
âûõîäíûå ïåðåìåííûå çàâèñÿò îò ñâîèõ çíà÷åíèé íà
ïðåäûäóùåì øàãå è èõ ôóíêöèè ÷óâñòâèòåëüíîñòè ìîãóò
ýôôåêòèâíî âû÷èñëÿòüñÿ ïî âñåì âàðüèðóåìûì ïàðàìåò-
ðàì â ïðîöåññå èíòåãðèðîâàíèÿ â ïðÿìîì ïîðÿäêå âðåìåíè
â ïðîöåññå ïîëó÷åíèÿ çíà÷åíèé âûõîäíûõ ïåðåìåííûõ â
î÷åðåäíîé âðåìåííîé òî÷êå. Ïðè ýòîì, â ñîîòâåòñòâèè ñ
èíòåðåñóþùèìè íàñ âûõîäíûìè ïåðåìåííûìè, îïðåäåëÿ-

þòñÿ íóæíûå ñòðîêè îáðàòíîé ìàòðèöû . 

Îñòàëüíûå ïåðåìåííûå, êîòîðûì ñîîòâåòñòâóåò âûðà-
æåíèå (13), çàâèñÿò îò ïåðåìåííûõ, îïðåäåëÿåìûõ ñ ïîìî-
ùüþ âûðàæåíèÿ (12). Äëÿ ýòèõ ïåðåìåííûõ íåîáõîäèìî
çíàòü ñîîòâåòñòâóþùèå êîýôôèöèåíòû âõîæäåíèÿ ïåðå-
ìåííûõ îïðåäåëÿåìûõ ÷åðåç âûðàæåíèå (12).

Ðàññìîòðèì ñòðóêòóðó ïîäìàòðèöû , êîòîðàÿ îòðà-

æàåò ñâÿçü ÷àñòè ñõåìû áåç ðåàêòèâíûõ ýëåìåíòîâ ñ ðåàê-
òèâíîé ÷àñòüþ. Ýëåìåíòû ýòîé ìàòðèöû ìîãóò ñîäåðæàòü
çíà÷èòåëüíîå ÷èñëî íóëåâûõ ñòîëáöîâ. Â ðåçóëüòàòå, ïðè
îïðåäåëåíèè ôóíêöèé ÷óâñòâèòåëüíîñòè äëÿ ïåðåìåííûõ,
ñîîòâåòñòâóþùèõ ñòðîêàì ñõåìíîé ìàòðèöû áåç ðåàêòèâ-
íûõ ýëåìåíòîâ, íåîáõîäèìî îïðåäåëèòü òîëüêî ÷àñòü
êîýôôèöèåíòîâ, îòðàæàþùèõ ýòó ñâÿçü. 

Óìíîæàÿ ïðàâóþ è ëåâóþ ÷àñòè âûðàæåíèÿ (14) íà

ñòîëáåö, ñîäåðæàùèé åäèíèöó â ñòðîêå , ïîëó÷èì ñòîë-

áåö êîýôôèöèåíòîâ, îïðåäåëÿþùèõ âëèÿíèå ïðîèçâîäíîé

:

X
x·∂

∂F G11 G12

G21 G22

x∂
∂F

S A B

C D
= S 1– K L

M N
=

S 1– A 1– A 1– BNCA 1–+ A 1– BN–

NCA 1–– N
=

N D CA 1– B–( ) 1–=

A X hG11+= B hG12= C hG21= D hG22=

N hG22 hG21 R hG11+( ) 1– hG21–[ ] 1–=

X hG11+ hG12

hG21 hG22

1–
X 0
0 0

⋅
W11 0

W21 0
=

W11 X hG11+( ) 1– X hG11+( ) 1– hG12
hG22 hG21 X hG11+( ) 1– hG12–[ ] 1–×

×

hG21×
×

X hG11+( ) 1–

+{

} X,

=

W21 hG22 hG21 X hG11+( ) 1– hG12–[ ]– 1–

hG21 X hG11+( ) 1–×
×

X.

=

W11 W21

h

W11 X hG11+( ) 1– X h X hG11+( ) 1– G12
G22 hG21 X hG11+( ) 1– G12–[ ] 1–×

×

G21×
×

X hG11+( ) 1–

+

X,

=

W21 G22 hG21 X hG11+( ) 1– G12–[ ]– 1– G21 X hG11+( ) 1– X.=

h 0→

W11
h 0→
lim X hG11+( ) 1– X( )

h 0→
lim=

W21
h 0→
lim G22– 1– G21 X hG11+( ) 1– X( )

h 0→
lim=

X

W11
h 0→
lim E=

W21
h 0→
lim G22– 1– G21=

X hG11+ hG12

hG21 hG22

1–
X 0
0 0

⋅
E 0

G22– 1– G21 0
=

1
hi
----

x·∂
∂Fi

x∂
∂Fi+

 
 
 

1–

G21

i

p∂
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(15)

Äëÿ íàõîæäåíèÿ ñòîëáöà êîýôôèöèåíòîâ æåëàòåëüíî
èñïîëüçîâàòü LU-ðàçëîæåíèå, ïîëó÷åííîå ïðè íàõîæäå-
íèè ïåðåìåííûõ. Ñ ó÷åòîì (7), ýòî ìîæíî ñäåëàòü ðåøàÿ
ñëåäóþùóþ ñèñòåìó óðàâíåíèé, ïðàâàÿ ÷àñòü êîòîðîé

ïðåäñòàâëÿåò ñòîëáåö i ìàòðèöû :

. (16)

Àíàëîãè÷íî îïðåäåëÿåì êîýôôèöèåíòû äëÿ îñòàëüíûõ
ïðîèçâîäíûõ, êîòîðûå íåîáõîäèìû äëÿ íóæíîé âûõîäíîé
ïåðåìåííîé.

Âûðàæåíèå (6) äëÿ îïðåäåëåíèÿ ôóíêöèé ÷óâñòâèòåëü-
íîñòè ïðèîáðåòàåò âèä:

. (17)

Äëÿ óäîáñòâà èíäåêñû íîìåðîâ ñòðîê (ïåðåìåííûõ)
îïóùåíû. Âûðàæåíèå â êâàäðàòíûõ ñêîáêàõ ïðåäñòàâëÿåò
ìàòðèöó-ñòîëáåö. Âåðõíÿÿ ÷àñòü ñòîëáöà - ýòî ïîäìàòðèöà
çíà÷åíèé ïðîèçâîäíûõ íà ïðåäûäóùåì øàãå. Íèæíÿÿ
÷àñòü ñòîëáöà - ïîäìàòðèöà âû÷èñëÿåìûõ çíà÷åíèé ñîîò-
âåòñòâóþùèõ ïðîèçâîäíûõ ïðåäûäóùåãî øàãà ÷åðåç ýëå-
ìåíòû âåðõíåé ÷àñòè ñòîëáöà.

Òàêèì îáðàçîì, àëãîðèòì îïðåäåëåíèÿ ôóíêöèé ÷óâ-
ñòâèòåëüíîñòè âêëþ÷àåò â ñåáÿ ñëåäóþùèå øàãè.

Øàã 1. Îïðåäåëèòü ïåðåìåííûå, íåïîñðåäñòâåííî ñâÿ-
çàííûå ñ ðåàêòèâíûìè ýëåìåíòàìè.

Øàã 2. Âûäåëèòü ïåðåìåííûå, êîòîðûå ñîåäèíåíû ñ íå-
ðåàêòèâíîé ÷àñòüþ ñõåìû ÷åðåç íåðåàêòèâíûé äâóõïîëþñ-
íèê.

Øàã 3. Âûäåëèòü ïåðåìåííûå, äëÿ êîòîðûõ áóäóò îïðå-
äåëÿòüñÿ ôóíêöèè ÷óâñòâèòåëüíîñòè.

Øàã 4. Îöåíèòü êîýôôèöèåíòû, êîòîðûå áóäóò îïðåäå-
ëÿòü çíà÷åíèÿ ïðîèçâîäíûõ íà ïðåäûäóùåì âðåìåííîì
øàãå, íå ñâÿçàííûõ ñ ðåàêòèâíîé ÷àñòüþ.

Øàã 5. Îïðåäåëèòü ñòðîêè îáðàòíîé ìàòðèöû, ñîîòâåò-
ñòâóþùèå âûõîäíûì ïåðåìåííûì, ïóòåì ðåøåíèÿ òðàí-
ñïîíèðîâàííîé ñèñòåìû óðàâíåíèé.

Øàã 6. Îöåíèòü ñîñòàâëÿþùóþ ôóíêöèè ÷óâñòâè-
òåëüíîñòè ïî âñåì âàðüèðóåìûì ïàðàìåòðàì, íå ñâÿçàííóþ
ñ ïðåäûäóùèì âðåìåííûì øàãîì.

Øàã 7. Îïðåäåëèòü ôóíêöèþ ÷óâñòâèòåëüíîñòè òåêó-
ùåãî âðåìåííîãî øàãà, èñïîëüçóÿ ôóíêöèè ÷óâñòâèòåëüíî-
ñòè ïðåäûäóùåãî øàãà è ñîîòâåòñòâóþùèå êîýôôèöèåíòû.

Øàã 8. Çàïîìíèòü çíà÷åíèÿ ôóíêöèé ÷óâñòâèòåëüíîñòè
òåêóùåãî øàãà è ïåðåéòè ê øàãó 4 äî òåõ ïîð, ïîêà íå
áóäåò ïðîñìîòðåí âåñü âðåìåííîé èíòåðâàë.

Ïðåäëîæåííûé àëãîðèòì èçëàãàåò îñíîâíûå ïðèíöèïû
îöåíêè ôóíêöèé ÷óâñòâèòåëüíîñòè â äèíàìèêå ïî âñåì
âàðüèðóåìûì ïàðàìåòðàì. Ïðè ýòîì íå èñïîëüçóåòñÿ èíòå-
ãðèðîâàíèå â îáðàòíîì ïîðÿäêå, êàê ýòî äåëàåòñÿ â ìåòîäå
ïðèñîåäèíåííûõ ñõåì. Âîïðîñ âûáîðà øàãà è îöåíêè
ïîãðåøíîñòè â äàííîé ðàáîòå íå ðàññìàòðèâàåòñÿ è, êðîìå
òîãî, íåîáõîäèìî ó÷åñòü ñëó÷àè, êîãäà ïðèâåäåííûå â
âûðàæåíèÿõ ìàòðèöû îñîáåííûå. Â òîæå âðåìÿ, ñóùåñòâó-
åò êëàññ ñõåì, äëÿ êîòîðûõ äàííûé àëãîðèòì ìîæíî
ýôôåêòèâíî èñïîëüçîâàòü. Ïðèìåðîì ìîæåò ñëóæèòü
îöåíêà âëèÿíèÿ êîíñòðóêòèâíûõ ïàðàìåòðîâ ïå÷àòíûõ
ïëàò íà ðàáîòó öèôðîâûõ è àíàëîãîâûõ ñõåì.

ÐÅÇÓËÜÒÀÒÛ

Ïîêàçàíî ïîñòðîåíèå àëãîðèòìà îïðåäåëåíèÿ ôóíêöèé
÷óâñòâèòåëüíîñòè ïî ìíîãèì âàðüèðóåìûì ïàðàìåòðàì â
äèíàìèêå, êîòîðûé ïîçâîëÿåò èçáåæàòü èíòåãðèðîâàíèÿ â
îáðàòíîì ìàñøòàáå âðåìåíè, êîòîðîå ïðèñóùå ìåòîäó ïðè-
ñîåäèíåííûõ ñõåì, è â òî æå âðåìÿ îïðåäåëÿòü çà îäèí äî-
ïîëíèòåëüíûé ïðîñ÷åò ôóíêöèþ ÷óâñòâèòåëüíîñòè îäíîé
âûõîäíîé ïåðåìåííîé ïî âñåì âàðüèðóåìûì ïàðàìåòðàì.
Ïðîäåìîíñòðèðóåì íà ïðîñòåéøåì ïðèìåðå ïîëó÷åííûå
ðåçóëüòàòû. Ðàññìîòðèì ïåðåõîäíîé ïðîöåññ â RC-öåïî÷-
êå, âêëþ÷åííîé íà èñòî÷íèê íàïðÿæåíèÿ E. Ïðè ñîñòàâ-
ëåíèè óðàâíåíèé áóäåì ñ÷èòàòü, ÷òî îòðèöàòåëüíûé ïîòåí-
öèàë èñòî÷íèêà íàïðÿæåíèÿ è îäèí èç êîíöîâ åìêîñòè
çàçåìëåíû. Èññëåäóåì ôóíêöèþ ÷óâñòâèòåëüíîñòè íàïðÿ-
æåíèÿ íà åìêîñòè, êîòîðîé áóäåì ñ÷èòàòü âûõîäíîé
ïåðåìåííîé.

Íàïðÿæåíèå íà åìêîñòè îïðåäåëÿåòñÿ ïî ôîðìóëå

, (18)
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ãäå .

Âûðàæåíèÿ äëÿ ÷àñòíûõ ïðîèçâîäíûõ ïî ïàðàìåòðàì

 è  ñîîòâåòñòâåííî ðàâíû

, (19)

. (20)

Êðîìå ýòîãî, íàì ïîíàäîáèòñÿ ïðîèçâîäíàÿ ïî âðåìåíè

. (21)

Ñèñòåìà óðàâíåíèé â ðàñøèðåííîì êîîðäèíàòíîì áàçè-
ñå, îïèñûâàþùàÿ ïåðåõîäíîé ïðîöåññ, èìååò âèä:

(22)

Îòñþäà ìîæíî ïîëó÷èòü ìàòðèöó ßêîáè:

. (23)

Âûðàæåíèå äëÿ îïðåäåëåíèÿ ôóíêöèé ÷óâñòâèòåëü-
íîñòè â ñîîòâåòñòâèè ñ ôîðìóëîé (5) èìååò âèä

. (24)

Ïåðåõîäÿ ê ïðåäåëüíîìó ñëó÷àþ ñ ó÷åòîì âûðàæåíèÿ
(17), ïîëó÷èì

. (25)

Èñõîäÿ èç òîãî, ÷òî ïîäìàòðèöû 

, , , (26)

ïîëó÷èì

, . (27)

Îòñþäà

(28)

Åñëè íàñ èíòåðåñóþò ôóíêöèè ÷óâñòâèòåëüíîñòè íàïðÿ-

æåíèÿ , òî äîñòàòî÷íî îïðåäåëèòü ñòðîêó ìàòðèöû

, êîòîðàÿ ðàâíà

, (29)

è çíà÷åíèÿ ìàòðèö ïðîèçâîäíûõ ôóíêöèé ïî ïàðàìåòðàì
C è g:
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. (32)

Òî÷íûå çíà÷åíèÿ îïðåäåëÿþòñÿ âûðàæåíèÿìè (19) è
(20).

Ïðè ïîëó÷åíèè âûðàæåíèé (31) è (32) èñïîëüçîâàíû
òî÷íûå âûðàæåíèÿ äëÿ íàïðÿæåíèÿ (18) è åãî ïðîèç-
âîäíîé (21), êîòîðûå â ïðîãðàììàõ ìîäåëèðîâàíèÿ
îïðåäåëÿþòñÿ ïðèáëèæåííî â ïðîöåññå èíòåãðèðîâàíèÿ ïî
âðåìåíè.

Çàïèøåì âûðàæåíèÿ (31) è (32) â ñëåäóþùåì âèäå:

(33)

Ñóììèðîâàíèå çàìåíèì èíòåãðàëîì:

, (34)

ãäå  è .

Ïîñëå ïîäñòàíîâêè, ïîëó÷èì

(35)

Îòíîñèòåëüíûå ïîãðåøíîñòè  è  èìåþò â äàííîì

ñëó÷àå îäèíàêîâûé âèä:

. (36)

Äëÿ  è , èìååì  è ,

îòñþäà âèäíî, ÷òî . Ïðè çàäàííîì , èñïîëüçóÿ

òðåòèé ÷ëåí ðàçëîæåíèÿ ýêñïîíåíòû, ïîëó÷èì .

Òàêèì îáðàçîì, ïîëó÷àåìàÿ ïîãðåøíîñòü çàâèñèò îò
çíà÷åíèé ïàðàìåòðîâ, èíòåðâàëà âðåìåíè è âûáðàííîãî
øàãà. Â äàííîé ðàáîòå îáùèé ñëó÷àé íå ðàññìàòðèâàëñÿ.

ÂÛÂÎÄÛ

Ïîèñê ïóòåé îïðåäåëåíèÿ ôóíêöèé ÷óâñòâèòåëüíîñòü ïî
ìíîãèì ïàðàìåòðàì â äèíàìè÷åñêèõ ðåæèìàõ ïðåäñòàâëÿ-
åò ñîáîé àêòóàëüíóþ çàäà÷ó. Â íåêîòîðûõ ñëó÷àÿõ âûáîð
øàãà èíòåãðèðîâàíèÿ ïîçâîëÿåò çà îäèí äîïîëíèòåëüíûé
ïðîñ÷åò îïðåäåëÿòü ïðîèçâîäíûå ïî âñåì âàðüèðóåìûì
ïàðàìåòðàì áåç èñïîëüçîâàíèÿ èíòåãðèðîâàíèÿ â îáðàòíîì
ïîðÿäêå âðåìåíè. Â ðàáîòå ïðèâåäåí àëãîðèòì, ðåàëèçó-
þùèé òàêîé ïîäõîä. 
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Ñ ÊÐÓÏÍÎÌÀÑØÒÀÁÍÛÌÈ ØÅÐÎÕÎÂÀÒÎÑÒßÌÈ

Ð.Â.Âîðîáüåâ

Ðàññìàòðèâàåòñÿ âëèÿíèå ñòàòèñòè÷åñêèõ õàðàêòåðè-
ñòèê êðóïíîìàñøòàáíîé øåðîõîâàòîñòè îòðàæàþùåé ïî-
âåðõíîñòè ïàðàáîëè÷åñêîãî ðåôëåêòîðà íà ðàñïðåäåëåíèå
ñðåäíåé èíòåíñèâíîñòè ïîëÿ â ïîïåðå÷íîé ôîêàëüíîé
ïëîñêîñòè.

Ðîçãëÿäàºòüñÿ âïëèâ ñòàòèñòè÷íèõ õàðàêòåðèñòèê âåëè-
êîìàñøòàáíî¿ øîðñòêîñò³ â³äáèâàþ÷î¿ ïîâåðõí³ ïàðàáîë³÷-

íîãî ðåôëåêòîðà íà ðîçïîä³ë ñåðåäíüî¿ ³íòåíñèâíîñò³ ïîëÿ ó
ïîïåðå÷í³é ôîêàëüí³é ïëîùèí³.

The influence of the statistical characteristics of a large-scale
roughness of the reflecting surface of the parabolic reflector on
the distribution of mean intensity of a field in the transversal
focal plane is considered.
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ÂÂÅÄÅÍÈÅ

Ïàðàáîëè÷åñêèå ðåôëåêòîðû àíòåíí ðàäèîòåëåñêîïîâ,
ñòàíöèé ñïóòíèêîâîé ñâÿçè ìèëëèìåòðîâîãî äèàïàçîíà è
ãåëèîêîíöåíòðàòîðîâ ñïîñîáíû ôîêóñèðîâàòü ìîùíîå ðà-
äèîòåïëîâîå èçëó÷åíèå. Ïðè èññëåäîâàíèè âëèÿíèÿ òàêîé
ôîêóñèðîâêè íà êà÷åñòâî ðàáîòû ñèñòåìû íåîáõîäèìî
çíàòü ðàñïðåäåëåíèå èíòåíñèâíîñòè ïîëÿ â ïîïåðå÷íîé
ôîêàëüíîé ïëîñêîñòè. Äëÿ èäåàëüíîãî ïàðàáîëîèäà
äàííàÿ çàäà÷à ðåøåíà â ðàáîòå [1].

Îäíàêî îòðàæàþùàÿ ïîâåðõíîñòü ðåàëüíûõ ïàðàáîëè-
÷åñêèõ ðåôëåêòîðîâ èìååò ñëó÷àéíûå íåðîâíîñòè. Â
îáùåì ñëó÷àå òàêèå íåðîâíîñòè ïðåäñòàâëÿþò ñîáîé ìíî-
ãîìàñøòàáíóþ øåðîõîâàòîñòü è çàâèñÿò îò ïðîèçâîäñòâåí-
íîãî è ýêñïëóàòàöèîííîãî ôàêòîðîâ. Â ïðîöåññå èçãîòîâ-
ëåíèÿ ïàðàáîëîèäà íà åãî îòðàæàþùåé ïîâåðõíîñòè âîç-
íèêàåò äâóõìàñøòàáíàÿ øåðîõîâàòîñòü, ïðèñóùàÿ âñåì
ðåôëåêòîðàì, êîòîðàÿ ïðåäñòàâëÿåò ñîáîé íàëîæåíèå ìåë-
êîìàñøòàáíûõ íåðîâíîñòåé íà êðóïíîìàñøòàáíûå. Òàêàÿ
øåðîõîâàòîñòü îáóñëîâëåíà òåõíîëîãèåé èçãîòîâëåíèÿ ïà-
ðàáîëè÷åñêîãî ïðîôèëÿ è âèäîì îáðàáîòêè ïîâåðõíîñòè
ìåòàëëà. Ñòåïåíü øåðîõîâàòîñòè ïîâåðõíîñòè çàâèñèò îò
ñîîòíîøåíèÿ ãåîìåòðè÷åñêèõ õàðàêòåðèñòèê íåðîâíîñòè è
äëèíû âîëíû, è îöåíèâàåòñÿ ïàðàìåòðîì Ðýëåÿ.

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå âëèÿ-
íèÿ ñòàòèñòè÷åñêèõ õàðàêòåðèñòèê êðóïíîìàñøòàáíîé
øåðîõîâàòîñòè îòðàæàþùåé ïîâåðõíîñòè ïàðàáîëè÷åñêîãî
ðåôëåêòîðà íà ðàñïðåäåëåíèå ñðåäíåé ïëîòíîñòè ìîù-
íîñòè â ïîïåðå÷íîé ôîêàëüíîé ïëîñêîñòè.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ðàññìîòðèì íîðìàëüíîå ïàäåíèå ïëîñêîé ëèíåéíî-
ïîëÿðèçîâàííîé âîëíû â ðàñêðûâ ïàðàáîëîèäà. Íà ðè-
ñóíêå 1 ïðåäñòàâëåíà ñõåìà îòðàæåíèÿ âîëíû îò ïàðàáî-
ëè÷åñêîãî ðåôëåêòîðà. Óðàâíåíèå ïàðàáîëîèäà â ñôåðè÷å-
ñêîé ñèñòåìå êîîðäèíàò ñ öåíòðîì â ôîêóñå çàïèøåì êàê

, (1)

ãäå R - ðàññòîÿíèå îò ôîêóñà äî òî÷êè íà ïàðàáîëîèäå; f -

ôîêóñíîå ðàññòîÿíèå;  - óãîë ìåæäó ôîêàëüíîé îñüþ è

íàïðàâëåíèåì îò ôîêóñà äî ðàññìàòðèâàåìîé òî÷êè íà
ïàðàáîëîèäå.

à)                                                        á)

Ðèñóíîê 1 - Ñõåìà îòðàæåíèÿ ïëîñêîé âîëíû îò ïàðàáîëîèäà: à) ñèñòåìà êîîðäèíàò; á) ïëîñêîñòü ïàäåíèÿ

R f sec2 θ
2
--- 
 ⋅=

θ
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Ïîâåðõíîñòü ðåôëåêòîðà ïðèíÿòà èäåàëüíî ïðîâîäÿ-
ùåé. Âåëè÷èíà ýëåêòðè÷åñêèõ ïîâåðõíîñòíûõ òîêîâ, ðàñ-
ïðåäåëåííûõ ïî òåíåâîé ñòîðîíå ðåôëåêòîðà, ñ÷èòàåòñÿ
ðàâíîé íóëþ. Íà îòðàæàþùåé ïîâåðõíîñòè èìååòñÿ ïîëî-
ãàÿ ñòàòèñòè÷åñêè èçîòðîïíàÿ è îäíîðîäíàÿ êðóïíîìàñ-
øòàáíàÿ íîðìàëüíàÿ øåðîõîâàòîñòü ñ íóëåâûì ñðåäíèì
çíà÷åíèåì âûñîòû. Áóäåì ñ÷èòàòü, ÷òî ïðè òàêèõ óñëîâèÿõ
çàòåíåíèÿ íåðîâíîñòåé áóäóò îòñóòñòâîâàòü.

Òðåáóåòñÿ îïðåäåëèòü ñðåäíåå çíà÷åíèå ìîäóëÿ z-ñî-

ñòàâëÿþùåé âåêòîðà Ïîéòèíãà â òî÷êå  (ðèñ.1),

ïðèíàäëåæàùåé ïîïåðå÷íîé ôîêàëüíîé ïëîñêîñòè ðåôëåê-
òîðà.

ÏÎËÅ, ÑÔÎÊÓÑÈÐÎÂÀÍÍÎÅ 
ÏÀÐÀÁÎËÎÈÄÎÌ

Ïîëå, ðàññåÿííîå ðåôëåêòîðîì â çîíå Ôðàóíãîôåðà
îïèñûâàåòñÿ óðàâíåíèÿìè Êèðõãîôà-Êîòëåðà [2], êîòîðûå
ïîëó÷àþò ïóòåì ââåäåíèÿ ïîïðàâêè Êîòëåðà â óðàâíåíèè
Ñòðåòòîíà [3]:

, (2)

ãäå  - âåêòîð ýëåêòðè÷åñêîãî ïîëÿ, ðàññåÿííîãî ïîâåðõ-

íîñòüþ S â çîíå Ôðàóíãîôåðà;  - âåêòîð ìàãíèòíîãî

ïîëÿ, ðàññåÿííîãî ïîâåðõíîñòüþ S â çîíå Ôðàóíãîôåðà;

 - ïîâåðõíîñòíûé ýëåêòðè÷åñêèé òîê;  - îðò, íàïðàâ-

ëåííûé â ñòîðîíó ðàñïðîñòðàíåíèÿ âîëíû;  - îòíîñè-

òåëüíàÿ ìàãíèòíàÿ ïðîíèöàåìîñòü ñðåäû ðàñïðîñòðàíåíèÿ;

 - ÷àñòîòà, ïàäàþùåãî ýëåêòðîìàãíèòíîãî ïîëÿ;  -

ôóíêöèÿ Ãðèíà;  - îïåðàòîð íàáëà.

Èíòåãðèðîâàíèå ïðîèçâîäèòñÿ ïî îòðàæàþùåé ïîâåðõ-
íîñòè ïàðàáîëîèäà. Èç óðàâíåíèé Êèðõãîôà-Êîòëåðà ñëå-
äóåò, ÷òî ïîëå â çîíå Ôðàóíãîôåðà ðåôëåêòîðà ÿâëÿåòñÿ
ïîïåðå÷íûì.

Çàäà÷è äèôðàêöèè âîëí íà êðóïíîìàñøòàáíîé øåðîõî-
âàòîñòè ðåøàþòñÿ ïî ìåòîäó Êèðõãîôà. Äëÿ ïðèìåíåíèÿ
äàííîãî ìåòîäà ïåðåïèøåì ïåðâîå óðàâíåíèå (2) ñ ó÷åòîì
îáîçíà÷åíèé, ïðèâåäåííûõ íà ðèñóíêå 2:

,(3)

ãäå  - õàðàêòåðèñòè÷åñêîå ñîïðîòèâëåíèå ñðåäû; k -

âîëíîâîå ÷èñëî; n - íîðìàëü ê øåðîõîâàòîé îòðàæàþùåé

ïîâåðõíîñòè; H - âåêòîð ïàäàþùåãî ìàãíèòíîãî ïîëÿ;  -

ðàññòîÿíèå îò èñòî÷íèêà äî òî÷êè íà íåðîâíîñòè

ïàðàáîëîèäà;  - ðàññòîÿíèå îò òî÷êè íà íåðîâíîñòè
ïàðàáîëîèäà äî òî÷êè íàáëþäåíèÿ.

Ðèñóíîê 2 - Ðàññåÿíèå ÝÂÌ êðóïíîìàñøòàáíîé 
øåðîõîâàòîñòüþ

Ðàññòîÿíèÿ  è  óäîáíî âûðàçèòü ÷åðåç ðàññòîÿíèÿ

 è  îò èäåàëüíîé ïîâåðõíîñòè . Çàïèøåì äàííûå

ïðåîáðàçîâàíèÿ, ñîãëàñíî ðàáîòå [4], äëÿ ñëó÷àÿ, êîãäà
èäåàëüíàÿ ïîâåðõíîñòü ÿâëÿåòñÿ íåïëîñêîé (ïàðàáîëè÷å-
ñêîé) è ñðåäíåêâàäðàòè÷åñêàÿ âûñîòà íåðîâíîñòåé çíà÷è-
òåëüíî ìåíüøå, ÷åì ïðîäîëüíûé ðàçìåð çîíû Ôðåíåëÿ:

, (4)

ãäå  - ðàññòîÿíèå îò èñòî÷íèêà äî òî÷êè íà ïàðàáîëîè-

äå;  - ðàññòîÿíèå îò òî÷êè íà ïàðàáîëîèäå äî òî÷êè

íàáëþäåíèÿ; N - íîðìàëü ê ïîâåðõíîñòè èäåàëüíîãî ïàðà-
áîëîèäà; õ - îðò, íàïðàâëåííûé â ñòîðîíó ðàñïðîñòðàíå-
íèÿ âîëíû, îòðàæåííîé îò èäåàëüíîãî ïàðàáîëîèäà; k -
îðò, íàïðàâëåííûé â ñòîðîíó ðàñïðîñòðàíåíèÿ âîëíû, ïà-

äàþùåé íà èäåàëüíûé ïàðàáîëîèä;  - âûñîòà íåðîâ-

íîñòè â òî÷êå îòðàæåíèÿ.
Ïåðåïèøåì ñîîòíîøåíèå (3) ñ ó÷åòîì ïðîèçâåäåííûõ

ïðåîáðàçîâàíèé:

.(5)

Ïðè ýòîì èíòåãðèðîâàíèå ïðîèçâîäèòñÿ ïî èäåàëüíîé
ïîâåðõíîñòè S0 ïàðàáîëè÷åñêîãî ðåôëåêòîðà.

Ïàäàþùåå íà ýëåìåíò îòðàæàþùåé ïîâåðõíîñòè ðå-

ôëåêòîðà  ìàãíèòíîå ïîëå H â òî÷êå R, ,  (ñôåðè-

÷åñêàÿ ñèñòåìà êîîðäèíàò ñ öåíòðîì â ôîêóñå ïàðàáî-
ëîèäà), ðàçëîæèì íà ñîñòàâëÿþùèå â ïîëÿðíîé ñèñòåìå
êîîðäèíàò ñ öåíòðîì â ôîêóñå ïàðàáîëîèäà (ðèñ.1):

. (6)

Q ρ γ z, ,( )

E'
jωµ–
4π

------------- JÝ JÝ r∇( ) r∇–( )Ψ Sd
S
∫=

H'
1
4π
------ JÝ Ψ∇×( ) Sd

S
∫=









E'

H'

JÝ r∇

µ

ω Ψ

∇

E'
jkZ0–

2π
-------------- nH( ) nH( )∇ R̃2( )∇ R̃2–( )ejk R̃1 R̃2+( )

R̃1 R̃2⋅
-------------------------- Sd

S
∫=

Z0

R̃1

R̃2

R̃1 R̃2

R1 R2 S0

R̃1 R̃2 R1 R2 N x k–( )ξ rs( )–+≈+ RΣ=

R1

R2

ξ rs( )

E'
jkZ0–

2π
-------------- nH( ) nH( )∇ R2( )∇ R2–( ) ejkRΣ

R1R2 nN( )
-------------------------- Sd

S0

∫=

Sd θ ϕ

Hσ Hcos ϕ( )–=

Hϕ Hsin ϕ( )= 


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a)                                                                  á)

Ðèñóíîê 3 - Ãåîìåòðèÿ êðóïíîìàñøòàáíîé øåðîõîâàòîñòè: à) âäîëü êîîðäèíàòû ; á) âäîëü êîîðäèíàòû 

Åñëè  - óãîë ïàäåíèÿ ê íîðìàëè N, òî äëÿ ñòàòèñòè÷å-

ñêè èçîòðîïíîé øåðîõîâàòîé îòðàæàþùåé ïîâåðõíîñòè
ïàðàáîëîèäà (ðèñ.3) ìîæíî çàïèñàòü ñîñòàâëÿþùèå ïî-
âåðõíîñòíîé ïëîòíîñòè ýëåêòðè÷åñêîãî òîêà êàê:

. (7)

Âåëè÷èíà  õàðàêòåðèçóåò óãîë íàêëîíà êðóïíî-

ìàñøòàáíîé øåðîõîâàòîñòè â òî÷êå  èäåàëüíîãî ïàðà-

áîëîèäà.
Îïðåäåëèì ïîïåðå÷íûå ñîñòàâëÿþùèå ïîëÿ, ðàññåÿííî-

ãî â íàïðàâëåíèè õ â ñôåðè÷åñêîé ñèñòåìå êîîðäèíàò r,

, , ñ öåíòðîì íà ýëåìåíòå îòðàæàþùåé ïîâåðõíîñòè

ðåôëåêòîðà (ðèñ.4).
Ïîëå ñôåðè÷åñêîé âîëíû, ðàññåÿííîé ýëåìåíòîì îòðà-

æàþùåé ïîâåðõíîñòè dS, îïðåäåëèì èç ñîîòíîøåíèÿ (5).
Ó÷òåì, ÷òî íà ðàññòîÿíèè R1, ñîèçìåðèìîãî ñ ðàçìåðàìè

ðåôëåêòîðà, àìïëèòóäà ïàäàþùåãî ïîëÿ ñëàáî ìåíÿåòñÿ:

, (8)

ãäå Å - âåêòîð ïàäàþùåãî ýëåêòðè÷åñêîãî ïîëÿ.

Ðèñóíîê 4 - Ñôåðè÷åñêàÿ ñèñòåìà êîîðäèíàò íà 

ýëåìåíòå ïîâåðõíîñòè 

Ïðè îïðåäåëåíèè îòðàæåííîãî ïîëÿ âáëèçè îñè ñèììåò-
ðèè ðåôëåêòîðà âîçìîæíî ñèñòåìó óðàâíåíèé (8) óïðî-
ñòèòü. Ïðîèçâåäåì àïïðîêñèìàöèþ ïëîñêîñòüþ ôàçîâîãî
ôðîíòà îòðàæåííîé âîëíû â îêðåñòíîñòè îñè ñèììåòðèè
ðåôëåêòîðà.

Â òî÷êå Î (ðèñ.1) ôàçà ïîëÿ îïðåäåëÿåòñÿ âûðàæå-
íèåì:

θ ϕ

α

Jτ 2Hsin ϕ( )cos γ ϕ θ,( )( )=

Jϕ 2Hcos ϕ( )cos α γ ϕ θ,( )+( )= 



γ ϕ θ,( )
ϕ θ,

β δ

E'β
jkE
2π
--------- sin ϕ( )cos γ ϕ θ,( )( )cos β( ) +[=

cos ϕ( )cos α γ ϕ θ,( )+( )sin δ( ) ] ejkRΣ

R2 nN( )
------------------- S0d+

Eδ'
jkE
2π
--------- cos ϕ( )cos α γ ϕ θ,( )+( )cos δ( )[ ] ejkRΣ

R2 nN( )
------------------- S0d=

H'β
E'δ
Z0
-------      H'δ

E'β
Z0
-------–= =

















dS0
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. (9)

Ñîãëàñíî ðàáîòå [1], ôàçà ïîëÿ â òî÷êå Q ìîæíî çàïè-
ñàòü êàê:

. (10)

Òàê êàê äèàãðàììà íàïðàâëåííîñòè ýëåìåíòà îòðàæàþ-
ùåé ïîâåðõíîñòè ðåôëåêòîðà øèðîêàÿ, òî ìîæíî ïðåäïî-
ëîæèòü, ÷òî àìïëèòóäà ïîëÿ â îêðåñòíîñòè ôîêóñà îäèíà-

êîâàÿ. Ñîãëàñíî ðàáîòå [1], ïðè  àìïëèòóäíàÿ

îøèáêà íå ïðåâûøàåò 5% â îáëàñòè àïïðîêñèìàöèè
ïëîñêîé âîëíîé. Ñëåäîâàòåëüíî, â óðàâíåíèÿõ (8) äëÿ

àìïëèòóäû ìîæíî ïðèíÿòü , , .

Ïåðåïèøåì óðàâíåíèÿ (8) â âèäå:

, (11)

ãäå ;  - íàáåã ôàçû íà ðàññòîÿíèè :

;  - óãîë

ìåæäó íîðìàëüþ ê ïàðàáîëîèäó è íàïðàâëåíèåì ê òî÷êå

íàáëþäåíèÿ Q.

Ïðè óñëîâèè   ìîæíî çàìåíèòü íà

.

Äëÿ îïðåäåëåíèÿ ïîëíîãî ðàññåÿííîãî ðåôëåêòîðîì
ïîëÿ â òî÷êå Q ðàçëîæèì ïîëÿ â öèëèíäðè÷åñêîé ñèñòåìå

êîîðäèíàò  (ðèñ.5). Â çàâèñèìîñòè îò ñîñòàâëÿþ-

ùåé , ïàðàëëåëüíîé ïëîñêîñòè ïàäåíèÿ, ïîëå çàïèøåì

êàê:

. (12)

Â çàâèñèìîñòè îò ñîñòàâëÿþùåé , ïåðïåíäèêóëÿð-

íîé ê ïëîñêîñòè ïàäåíèÿ, ïîëå â òî÷êå Q çàïèøåì êàê:

. (13)

Â ñîîòíîøåíèÿ (12) ïîäñòàâèì  èç (11) è ïðîèç-

âåäåì èíòåãðèðîâàíèå ïî âñåé ïîâåðõíîñòè ðåôëåêòîðà:

. (14)

Ðèñóíîê 5 - Ñîñòàâëÿþùèå îòðàæåííîãî ïîëÿ â òî÷êå 
Q âáëèçè îñè ðåôëåêòîðà

Â ñîîòíîøåíèÿ (13) ïîäñòàâèì  èç (11) è ïðîèçâå-

äåì èíòåãðèðîâàíèå ïî âñåé ïîâåðõíîñòè ðåôëåêòîðà:

. (15)

ãäå  - ïîëîâèíà óãëà ðàñêðûâà ïàðàáîëîèäà;

ΦO k Rcos θ( ) R+( )=

ΦQ ΦO kρcos ϕ ψ–( )sin θ( )–=

R λ 50>⁄

δ 0= β α= R2 R=

E'β Asin ϕ( )ejΦQ ' ϕ θdd=

E'δ
Acos ϕ( )cos α γ ϕ θ,( )+( )

cos α( )cos γ ϕ θ,( )( )
--------------------------------------------------------------ejΦQ ' ϕ θdd=







A
jkσE
2π

-------------= ΦQ' RΣ

ΦQ' ΦQ k cos ζ( ) cos α( )+( ) ξ ϕ θ,( )⋅[ ]–= ζ

ρ f⁄ 1« cos ζ( )
cos α( )

ρ ψ z, ,( )
Eβ'

E'ρ E'β cos θ( )cos ϕ ψ–( )⋅–=

E'ψ E'β cos θ( )sin ϕ ψ–( )⋅–=

E'z E'βsin θ( )= 





E'δ

E'ρ E'δ sin ϕ ψ–( )⋅=

E'ψ E– 'δ cos ϕ ψ–( )⋅=

E'z 0= 





E'β

E'ρ A cos θ( ) sin ϕ( )cos ϕ ψ–( ) e jΦQ ' ϕd⋅
0

π

∫ θd

0

0

∫–=

E'ψ A cos θ( ) sin ϕ( )sin ϕ ψ–( ) e jΦQ ' ϕd⋅
0

2π

∫ θd

0

θ0

∫–=

E'z A sin θ( ) sin ϕ( ) e jΦQ ' ϕd⋅
0

2π

∫ θd

0

θ0

∫=

H'ρ
E'ψ

Z0 cos θ( )⋅
---------------------------   H'ψ

E'ρ–

Z0 cos θ( )⋅
---------------------------   H'z 0= = =





















E'δ

E'ρ A B
cos ϕ( )sin ϕ ψ–( )

cos γ ϕ θ,( )( )
-----------------------------------------e jΦQ ' ϕd

0

π

∫ θd

0

0

∫=

E'ψ A– B
cos ϕ( )cos ϕ ψ–( )

cos γ ϕ θ,( )( )
-----------------------------------------e jΦQ ' ϕd

0

2π

∫ θd

0

θ0

∫=

H'z
A
Z0
------ sin θ( )B

cos ϕ( )
cos γ ϕ θ,( )( )
------------------------------e jΦQ ' ϕd

0

2π

∫ θd

0

θ0

∫=

E'z 0    H'ρ
E'ψcos θ( )

Z0
-------------------------   H'ψ

E'ρcos θ( )–

Z0
----------------------------= ==





















θ0
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.

Óðàâíåíèÿ ïîëÿ (14) è (15) îïèñûâàþò ñîîòâåòñòâåííî
ïîïåðå÷íî-ìàãíèòíóþ ÒÌ- è ïîïåðå÷íî-ýëåêòðè÷åñêóþ
ÒÅ-âîëíû, êîòîðûå ðàñïðîñòðàíÿþòñÿ âäîëü îñè z ñî ñêî-
ðîñòüþ ìåíüøåé, ÷åì ñêîðîñòü ñâåòà. Ýòè âîëíû èìåþò
ðàçëè÷íóþ ðàäèàëüíóþ ïåðèîäè÷íîñòü, ñëåäîâàòåëüíî, îä-
íîâðåìåííî ãðàíè÷íûå óñëîâèÿ äëÿ îáåèõ âîëí íå
âûïîëíÿþòñÿ. Ïîëíîå ðàññåÿííîå ðåôëåêòîðîì ïîëå â
òî÷êå Q îïèñûâàåòñÿ ñóììîé âñåõ ñîñòàâëÿþùèõ, îïðåäå-
ëåííûõ óðàâíåíèÿìè (14) è (15):

. (16)

Ýòî ïðèâîäèò ê íàëè÷èþ êîìáèíèðîâàííîé âîëíû,
ðàñïðîñòðàíÿþùåéñÿ âäîëü îñè ðåôëåêòîðà.

ÈÍÒÅÍÑÈÂÍÎÑÒÈ ÏÎËß ÂÁËÈÇÈ ÔÎÊÓÑÀ

Ñðåäíÿÿ çà ïåðèîä êîëåáàíèÿ ïëîòíîñòü ïîòîêà ìîù-
íîñòè ñôîêóñèðîâàííîãî ïîëÿ, ïðîõîäÿùåãî ÷åðåç ïîïå-
ðå÷íóþ ôîêàëüíóþ ïëîñêîñòü, îïðåäåëÿåòñÿ ðåàëüíîé ÷à-
ñòüþ z-ñîñòàâëÿþùåé êîìïëåêñíîãî âåêòîðà Ïîéòèíãà:

, (17)

ãäå * - çíàê êîìïëåêñíî-ñîïðÿæåííîé âåëè÷èíû; Re -
ðåàëüíàÿ ÷àñòü êîìïëåêñíîé âåëè÷èíû.

Ó÷èòûâàÿ îðòîãîíàëüíîñòü âåêòîðîâ  è , à

òàêæå âåêòîðîâ  è , ìîäóëü ïëîòíîñòè ïîòîêà

ìîùíîñòè çàïèøåì êàê:

. (18)

Ó÷èòûâàÿ óðàâíåíèå ïàðàáîëîèäà (1), çàïèøåì - è

-ñîñòàâëÿþùèå ýëåêòðè÷åñêîãî è ìàãíèòíîãî ïîëÿ

(19)

ãäå ;

;

.

Ïåðâîå ñëàãàåìîå âûðàæåíèÿ (18) îïèñûâàåò ðàñïðåäå-
ëåíèå èíòåíñèâíîñòè ïîëÿ â íàïðàâëåíèè îñè y (ðèñ.1),
ñîîòâåòñòâåííî, âòîðîå ñëàãàåìîå - âäîëü îñè x. Èñõîäÿ èç
ñèììåòðèè ðåôëåêòîðà, ðàñïðåäåëåíèå èíòåíñèâíîñòè ïî-
ëÿ â ïîïåðå÷íîé ôîêàëüíîé ïëîñêîñòè îäèíàêîâî âî âñåõ
íàïðàâëåíèÿõ. Òàêèì îáðàçîì, äîñòàòî÷íî ðàññìîòðåòü îä-
íî èç ñëàãàåìûõ âûðàæåíèÿ (18).

Òîãäà ðàñïðåäåëåíèå èíòåíñèâíîñòè ïîëÿ â ïîïåðå÷íîé
ôîêàëüíîé ïëîñêîñòè èäåàëüíîãî ïàðàáîëîèäà çàïèñûâà-
åòñÿ â âèäå:

,(20)

ãäå  è .

Íà ðèñóíêå 7 ïðåäñòàâëåíû ðàñïðåäåëåíèÿ èíòåíñèâíî-
ñòè ïîëÿ â ðàäèàëüíîì íàïðàâëåíèè îò ôîêóñà â ïîïå-
ðå÷íîé ôîêàëüíîé ïëîñêîñòè.

Ïðè ó÷åòå øåðîõîâàòîñòè îòðàæàþùåé ïîâåðõíîñòè ðå-
ôëåêòîðà ðàñïðåäåëåíèå èíòåíñèâíîñòè ïîëÿ â ïîïåðå÷íîé

B
cos α γ ϕ θ,( )+( )

cos α( )
-----------------------------------------=

00

B
cos ϕ( )sin ϕ ψ–( )

cos γ ϕ θ,( )( )
--------------------------------------------e jΦQ ' ϕd

0

2π

∫ θd–

E'ψ A– cos θ( ) sin ϕ( )sin ϕ ψ–( ) e⋅ jΦQ ' ϕd

0

2π

∫ +

0

θ0

∫=

B+
cos ϕ( )cos ϕ ψ–( )

cos γ ϕ θ,( )( )
--------------------------------------------e jΦQ ' ϕd

0

2π

∫ θd

E'z A sin θ( ) sin ϕ( ) e⋅ jΦQ ' ϕd

0

2π

∫ θd

0

θ0

∫=

H'ρ
A
Z0
------ sin ϕ( )sin ϕ ψ–( ) e⋅ jΦQ ' ϕd

0

2π

∫ +

0

θ0

∫–=

B cos θ( ) cos ϕ( )cos ϕ ψ–( )
cos γ ϕ θ,( )( )

--------------------------------------------e jΦQ ' ϕd

0

2π

∫ θd+

H'ψ
A
Z0
------ sin ϕ( )cos ϕ ψ–( ) e⋅ jΦQ ' ϕd

0

2π

∫ –

0

θ0

∫=

B– cos θ( ) cos ϕ( )sin ϕ ψ–( )
cos γ ϕ θ,( )( )

--------------------------------------------e jΦQ ' ϕd

0

2π

∫ θd

A------ cos ϕ( )------------------------------ jΦ
2πθ0



















































SZ'
1
2
---Re E'ρ H'∗ ψ×( ) E'ψ H'∗ ρ×( )–{ }=

E'ρ H'ψ

H'ρ E'ψ

SZ'
1
2
---Re E'ρ H'∗ ψ⋅( ) E'ψ H'∗ ρ⋅( )–{ }=

ρ
ψ

E'ρ C tg θ
2
--- 
  cos θ( )sin ϕ( )cos ϕ ψ–( ) –

Dcos ϕ( )sin ϕ ψ–( )–
e
ΦQ ' ϕ θdd

0

2π

∫
0

θ0

∫–=

H'∗ ψ
C
Z0
------ tg θ

2
--- 
  sin ϕ( )cos ϕ ψ–( ) –

Dcos θ( )cos ϕ( )sin ϕ ψ–( )–
e

ΦQ '–
ϕ θdd

0

2π

∫
0

θ0

∫–=

E'ψ C tg θ
2
--- 
  cos θ( )sin ϕ( )sin ϕ ψ–( ) +

Dcos ϕ( )cos ϕ ψ–( )+
e
ΦQ ' ϕ θdd

0

2π

∫
0

θ0

∫–=

H'∗ ρ
C
Z0
------ tg θ

2
--- 
  sin ϕ( )sin ϕ ψ–( ) +

Dcos θ( )cos ϕ( )cos ϕ ψ–( )+
e

ΦQ '–
ϕ θdd

0

2π

∫
0

θ0

∫=



























,

C
2jEf

λ
-----------=

D 1 tg θ
2
--- 
  tg γ ϕ θ,( )( )–=

ΦQ ' jk 2( f ρ– sin θ( )cos ϕ ψ–( ) 2cos θ
2
--- 
  ξ ϕ θ,( ) )–=

S'Z
2

Z0
------ Ef k( )2

tg θ
2
--- 
  cos θ( )

J1 U( )d

Ud
-------------------

J1 U( )

U
---------------+

 
 
 

×⋅

tg θ'
2
---- 
 

J1 U'( )d

U'd
-------------------- cos θ'( )

J1 U'( )

U'
----------------+

 
 
 

⋅×
 
 
 
 
 
 
 
 

θ θ'dd

0

θ0

∫
0

θ0

∫=

U kρsin θ( )= U' kρsin θ'( )=
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ôîêàëüíîé ïëîñêîñòè áóäåò òàêæå ñèììåòðè÷íî îòíîñè-
òåëüíî ôîêóñà. Çàïèøåì âûðàæåíèå äëÿ ðàñïðåäåëåíèÿ
èíòåíñèâíîñòè ïîëÿ âáëèçè ôîêóñà ïàðàáîëîèäà, íà îòðà-
æàþùåé ïîâåðõíîñòè êîòîðîãî ðàñïîëîæåíà êðóïíîìàñ-

øòàáíàÿ øåðîõîâàòîñòü. Ïðè ýòîì áóäåì ñ÷èòàòü ,

ò.å. âîñïîëüçóåìñÿ âòîðûì ñëàãàåìûì âûðàæåíèÿ (18) è
íàéäåì ðàñïðåäåëåíèå èíòåíñèâíîñòè ïîëÿ âäîëü îñè x.

(21)

ãäå ;

.

Â âûðàæåíèå (21) âõîäÿò ñëó÷àéíûå âåëè÷èíû

,  è , ,

õàðàêòåðèçóþùèå, ñîîòâåòñòâåííî, óãîë íàêëîíà è âûñîòó
íåðîâíîñòåé îòðàæàþùåé ïîâåðõíîñòè ðåôëåêòîðà â äâóõ
ðàçëè÷íûõ òî÷êàõ. Äëÿ îïðåäåëåíèÿ ñðåäíåé èíòåíñèâ-
íîñòè ïîëÿ íåîáõîäèìî óñðåäíèòü ñîîòíîøåíèå (21). Ïðè
ýòîì ñëåäóåò ó÷åñòü, ÷òî äëÿ îäíîðîäíîé øåðîõîâàòîñòè

 è  ÿâëÿþòñÿ ñòàòèñòè÷åñêè íåçàâèñèìûìè

âåëè÷èíàìè [4].
Ðàñïðåäåëåíèå ñðåäíåé èíòåíñèâíîñòè ïîëÿ âäîëü îñè x

ìîæíî çàïèñàòü êàê:

, (22)

ãäå ; (23)

(24)

×åðòîé îáîçíà÷åíî ìàòåìàòè÷åñêîå îæèäàíèå ñëó÷àéíîé
âåëè÷èíû. Ðàññìîòðèì îòäåëüíî âûðàæåíèå (23) è (24).

Âûðàæåíèå (23) ïðåäñòàâëÿåò ñîáîé äâóõìåðíóþ õà-
ðàêòåðèñòè÷åñêóþ ôóíêöèþ íîðìàëüíûõ ñëó÷àéíûõ âåëè-
÷èí. Ñîãëàñíî ðàáîòå [5], åãî ìîæíî ïðåäñòàâèòü êàê

, (25)

ãäå w - êîýôôèöèåíò êîððåëÿöèè âûñîò øåðîõîâàòîñòè

ìåæäó äâóìÿ òî÷êàìè ñ êîîðäèíàòàìè  è ;  -

ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå âûñîòû.

Èç âûðàæåíèÿ (25) âèäíî, ÷òî w çàâèñèò îò ñôåðè÷å-
ñêèõ êîîðäèíàò. Îïðåäåëèì âûðàæåíèå äëÿ êîýôôèöè-
åíòà êîððåëÿöèè øåðîõîâàòîñòè, êîòîðàÿ ðàñïîëîæåíà íà
ïîâåðõíîñòè ïàðàáîëîèäà â ñôåðè÷åñêîé ñèñòåìå êîîðäè-
íàò ñ öåíòðîì â ôîêóñå.

Ñîãëàñíî ðàáîòå [4], êîýôôèöèåíòû êîððåëÿöèè øåðî-
õîâàòîñòåé èìåþò ãàóññîâó ôîðìó, êîòîðàÿ â îáùåì âèäå
çàïèñûâàåòñÿ êàê

, (26)

ãäå  è  - êîîðäèíàòû âäîëü ïîâåðõíîñòè;  - ðàäèóñ

êîððåëÿöèè.
×òîáû èñêëþ÷èòü èç ðàññìîòðåíèÿ ïîâåðõíîñòü âòîðîãî

ïîðÿäêà êðèâèçíû (ïàðàáîëîèä), öåëåñîîáðàçíî ðàññìàò-
ðèâàòü øåðîõîâàòîñòü íà ïëîñêîé ýêâèâàëåíòíîé ïîâåðõ-
íîñòè (êðóãå). Äëÿ ýòîãî íåîáõîäèìî ïðèðàâíÿòü ïëîùàäü
îòðàæàþùåé ïîâåðõíîñòè ïàðàáîëîèäà è ïëîùàäü ýêâèâà-
ëåíòíîé ïîâåðõíîñòè. Ïðè ýòîì ðàäèóñ ýêâèâàëåíòíîãî
êðóãà äîëæåí áûòü ðàâíûì äëèíå ïëå÷à ïàðàáîëû ÊÌ
(ðèñ.6).

Ðèñóíîê 6 - Ñå÷åíèå ïàðàáîëîèäà è ýêâèâàëåíòíàÿ 
ïîâåðõíîñòü

Îïðåäåëèì ïëîùàäü, îãðàíè÷åííóþ ïëå÷îì ïàðàáîëû è
åå ïðîåêöèåé íà îñü x (íà ðèñ.6 çàøòðèõîâàííàÿ ïëîùàäü

). Ó÷èòûâàÿ óðàâíåíèå ïàðàáîëû â ïîëÿðíîé ñèñòåìå

êîîðäèíàò, çàïèøåì:

, (27)

ãäå  - ðàññòîÿíèå îò ôîêóñà äî òî÷êè íà ïàðàáî-

ëîèäå; f - ôîêóñíîå ðàññòîÿíèå;  - ïîë óãëà ðàñêðûâà

ïàðàáîëîèäà.

ψ 0=

SZ'
2

Z0
------ Ef

λ
------ 
 2

tg θ
2
--- 
  tg θ'

2
---- 
  ×

cos θ( )sin2 ϕ( ) Dcos2 ϕ( )+[ ] ×

sin2 ϕ '( ) D'cos θ'( )cos2 ϕ'( )+[ ] ××

e
ΦQ ' Φ 'Q '–( )

ϕd× ϕ 'd0

2π

∫
0

2π

∫×
θ θ',dd

0

θ0

∫
0

θ0

∫=

D' 1 tg θ'
2
---- 
  tg γ ϕ' θ',( )( )–=

Φ'Q' jk 2( f ρ– sin θ'( )cos ϕ' ψ'–( ) 2cos θ'
2
---- 
  ξ ϕ' θ',( ) )–=

γ γ ϕ θ,( )= γ ' γ ϕ' θ',( )= ξ ξ ϕ θ,( )= ξ' ξ ϕ ' θ',( )=

γ ϕ θ,( ) ξ ϕ θ,( )

SZ'
2

Z0
------ Ef

λ
------ 
 2

tg θ
2
--- 
  tg θ'

2
---- 
  ×

SγSξe jkρsin θ( )cos ϕ( )– ×

e jkρsin θ'( )cos ϕ'( ) ϕ ϕ 'dd×
0

2π

∫
0

2π

∫×

θ θ'dd

0

θ0

∫
0

θ0

∫=

Sξ e
2jk cos θ

2
--- 
  ξ cos θ'

2
---- 
  ξ'– 

 –
=

Sγ cos θ( )sin2 ϕ( ) cos2 ϕ( )+( ) sin2 ϕ'( ) cos θ'( )cos2 ϕ'( )+( )

sin2 ϕ'( ) cos θ'( )cos2 ϕ'( )+( )cos2 ϕ( )tg θ
2
--- 
  tg γ( )

cos θ( )sin2 ϕ( ) cos2 ϕ( )+( )cos θ'( )cos2 ϕ'( )tg θ'
2
---- 
  tg γ'( )

tg θ
2
--- 
  tg θ'

2
---- 
 cos2 ϕ( )cos2 ϕ'( )cos θ'( )tg γ( )tg γ'( ).

+

+

–

––

–⋅=

Sξ e
2k2 cos2 θ

2
--- 
  cos2 θ'

2
---- 
 +

 
 
 

1 w–( ) σ2⋅ ⋅–

=

ϕ θ, ϕ' θ', σ

w x1 x2,( ) exp
x1 x2–

ρk
-----------------
 
 
  2

–
 
 
 

=

x1 x2 ρk

S '

S '
x2

4f
----- xd

0

R θ0( ) sin θ0( )⋅

∫=

R θ0( )
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Ôèãóðó KLM ìîæíî ðàññìîòðåòü êàê òðåóãîëüíèê.

Çíàÿ ïëîùàäü òðåóãîëüíèêà  è äâå ñòîðîíû

, è , (28)

ìîæíî îïðåäåëèòü ñòîðîíó KM (ïëå÷î ïàðàáîëû) ñ

ïîìîùüþ ôîðìóëû Ãåðîíà.
Ðàññòîÿíèå îò ôîêóñà äî ýêâèâàëåíòíîé ïîâåðõíîñòè:

. (29)

Äëÿ èçîòðîïíîé øåðîõîâàòîñòè â òðåõìåðíîì ñëó÷àå
ðàäèóñ êîððåëÿöèè ÿâëÿåòñÿ ðàäèóñîì êðóãà [4]. Ó÷èòû-
âàÿ (26), çàïèøåì âûðàæåíèå äëÿ êîýôôèöèåíòà êîð-
ðåëÿöèè:

(30)

Ïðè ðàññìîòðåíèè âûðàæåíèÿ (24) ñëåäóåò ó÷åñòü, ÷òî
ñîãëàñíî ðàáîòå [4], äëÿ îäíîðîäíîé øåðîõîâàòîñòè â
îáùåì âèäå ìîæíî çàïèñàòü:

(31)

Äëÿ ãàóññîâîé êîððåëÿöèîííîé ôóíêöèè (30) âòîðàÿ
ïðîèçâîäíàÿ ðàâíà

. (32)

Ó÷èòûâàÿ âûðàæåíèÿ (22-25, 30-32), çàïèøåì îêîí÷à-
òåëüíîå âûðàæåíèå äëÿ ðàñïðåäåëåíèÿ ñðåäíåé èíòåíñèâ-
íîñòè ïîëÿ âäîëü îñè x:

(33)

Ñ ïîìîùüþ ÷èñëåííîãî èíòåãðèðîâàíèÿ âûðàæåíèÿ
(33) áûëî ïîëó÷åíî ðàñïðåäåëåíèå ñðåäíåé èíòåíñèâ-
íîñòè ïîëÿ â ïîïåðå÷íîé ôîêàëüíîé ïëîñêîñòè ïàðàáî-
ëîèäà (ðèñ.7). Ïàðàìåòðû ïàðàáîëîèäà: äèàìåòð ðàñêðû-
âà - 7,75ì; ôîêóñíîå ðàññòîÿíèå - 3,25ì; ïîëîâèíà óãëà

ðàñêðûâà 61,6 ; ðàäèóñ êîððåëÿöèè øåðîõîâàòîñòè - 2ì;

ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå âûñîòû øåðîõîâàòî-

ñòè - 63 ìêì. Ðàññìàòðèâàåìàÿ äëèíà âîëíû 80 ìêì.

Ðèñóíîê 7 - Ðàñïðåäåëåíèå èíòåíñèâíîñòè ïîëÿ â 
ïîïåðå÷íîé ôîêàëüíîé ïëîñêîñòè

Òàêèì îáðàçîì, íàëè÷èå êðóïíîìàñøòàáíîé øåðîõîâà-
òîñòè íà îòðàæàþùåé ïîâåðõíîñòè ïàðàáîëîèäà ïðèâîäèò
ê ñóùåñòâåííîìó ðàñøèðåíèþ ôîêàëüíîãî ïÿòíà è óìåíü-
øåíèþ ïëîòíîñòè ìîùíîñòè â ôîêóñå.

ÇÀÊËÞ×ÅÍÈÅ

Â ðàáîòå ïîëó÷åíî âûðàæåíèå, îïèñûâàþùåå ðàñïðåäå-
ëåíèå ñðåäíåé èíòåíñèâíîñòè ïîëÿ â ïîïåðå÷íîé ôîêàëü-
íîé ïëîñêîñòè ïàðàáîëîèäà ïðè íàëè÷èè íà îòðàæàþùåé
ïîâåðõíîñòè êðóïíîìàñøòàáíîé øåðîõîâàòîñòè. Êðóïíî-
ìàñøòàáíûå íåðîâíîñòè ïðîôèëÿ ïàðàáîëîèäà ó÷òåíû ñ
ïîìîùüþ ìåòîäà Êèðõãîôà. Ïîëå âáëèçè ôîêóñà îïðå-
äåëÿëîñü â ðåçóëüòàòå ðåøåíèÿ óðàâíåíèé Êèðõãîôà-
Êîòëåðà.

Ðåçóëüòàòû èññëåäîâàíèÿ ìîãóò áûòü èñïîëüçîâàíû äëÿ
îöåíêè âîçìîæíîñòè ïðèìåíåíèÿ ðåôëåêòîðîâ â áîëåå
êîðîòêîâîëíîâîì äèàïàçîíå âîëí, à òàêæå äëÿ èññëåäî-
âàíèÿ âîçäåéñòâèÿ ðàäèîèçëó÷åíèÿ ñî ñïëîøíûì ñïåêòðîì
íà îáëó÷àòåëü ïàðàáîëè÷åñêîé àíòåííû.

ÏÅÐÅ×ÅÍÜ ÑÑÛËÎÊ

1. Minnett H.C. and Thomas B. MacA. Fields in the image space
of symmetrical focusing reflectors./ Proc. IEE, 1968, AP-115,
¹10, pp.1419-1430.

2. Ñåìåíîâ À.À. Òåîðèÿ ýëåêòðîìàãíèòíûõ âîëí. -Ì.: Èçäà-
òåëüñòâî Ìîñêîâñêîãî óíèâåðñèòåòà, 1968.-317ñ.

3. Ñòðýòòîí Äæ.À. Òåîðèÿ ýëåêòðîìàãíåòèçìà. -Ì.: ÎÃÈÇ-
Ãîñòåõèçäàò, 1948, - 540ñ.

4. Áàññ Ô.Ã., Ôóêñ È.Ì. Ðàññåÿíèå âîëí íà ñòàòèñòè÷åñêè
íåðîâíîé ïîâåðõíîñòè. -Ì.: Íàóêà, 1972, -424ñ.

5. Àõìàíîâ Ñ.À., Äüÿêîâ Þ.Å., ×èðêèí À.Ñ. Ââåäåíèå â
ñòàòèñòè÷åñêóþ ðàäèîôèçèêó è îïòèêó. -Ì.: Íàóêà, 1981, -
640ñ.

S '

KL R θ0( ) sin θ0( )⋅= LM f R θ0( ) cos θ0( )⋅–=

GF KM ctg θ0( )⋅=

w exp GF tg θ'( ) cos ϕ ' ϕ–( )⋅ GF tg θ( )⋅–⋅( )2

GF tg θ'( ) sin ϕ' ϕ–( )⋅ ⋅( )2
+

+

[
]

–(
) ρk

2⁄
(

).
=

tg γ( ) tg γ'( ) 0= =

tg γ( )tg γ'( ) σ– 2
d2w x1 x2–( )

x1 x2–( )2d
--------------------------------.⋅=

w'' 4 GF2 tg2 θ'( ) tg2 θ( )+( )
2 GF tg θ'( ) tg θ( )cos ϕ ' ϕ–( )⋅⋅⋅( )–

–⋅[
] 2ρk

2–

⋅(
) ρk

4⁄
(

)
=

SZ'
2

Z0
------ Ef

λ
------ 
 2

tg θ
2
--- 
  tg θ'

2
---- 
  ×

cos θ( )sin2 ϕ( ) cos2 ϕ( )+( ) ×

sin2 ϕ'( ) cos θ'( )cos2 ϕ'( )+( ) –×

tg θ
2
--- 
  tg θ'

2
---- 
  cos2 ϕ( )cos2 ϕ'( )cos θ'( )σ2w''( )–

×

e
2k2 cos2 θ

2
--- 
  cos2 θ'

2
---- 
 + 

  1 w–( )σ2
 
 –

× ×

e jkρ sin θ( )cos ϕ( ) sin θ'( )cos ϕ'( )–( )–× ϕ ϕ'dd

0

2π

∫
0

2π

∫×
θ θ'.dd

0

θ0

∫
0

θ0

∫=

°



19

Â.È.Ãîñòåâ, Â.Â.Êðàéíåâ, Â.Â.Ãîñòåâ:  ÀÂÒÎÍÎÌÍÀß ÑÈÑÒÅÌÀ ÔÓÖÖÈ-ÓÏÐÀÂËÅÍÈß 
ÒÅÏËÎÑÍÀÁÆÅÍÈÅÌ

ÓÄÊ 681.515.62

ÀÂÒÎÍÎÌÍÀß ÑÈÑÒÅÌÀ ÔÓÖÖÈ-ÓÏÐÀÂËÅÍÈß ÒÅÏËÎÑÍÀÁÆÅÍÈÅÌ

Â.È.Ãîñòåâ, Â.Â.Êðàéíåâ, Â.Â.Ãîñòåâ

Èçëîæåí ðàñ÷åò è ïðåäñòàâëåíû ðåçóëüòàòû ìàòåìàòè-
÷åñêîãî ìîäåëèðîâàíèÿ àâòîíîìíîé ñèñòåìû òåïëîñíàáæåíèÿ
ñ öèôðîâûì íå÷åòêèì ðåãóëÿòîðîì è îáúåêòîì óïðàâëåíèÿ
"âîäîãðåéíûé êîòåë + êîëëåêòîð ñ òðóáîïðîâîäàìè + îòàï-
ëèâàåìîå çäàíèå ñ ïîìåùåíèÿìè".

Âèêëàäåíî ðîçðàõóíîê ³ ïðåäñòàâëåí³ ðåçóëüòàòè ìàòåìà-
òè÷íîãî ìîäåëþâàííÿ àâòîíîìíî¿ ñèñòåìè òåïëîïîñòà÷àííÿ
ç öèôðîâèì íå÷³òêèì ðåãóëÿòîðîì ³ îá'ºêòîì êåðóâàííÿ
"âîäîãð³éíèé êîòåë + êîëåêòîð ³ç òðóáîïðîâîäàìè + îïàëþ-
âàëüíà áóä³âëÿ ³ç ïðèì³ùåííÿìè".

The calculation is explained and the results of mathematical
modelling of an autonomous system of a heat-supply with a digi-
tal fuzzy controller and plant of control "hot-water boiler +
water drum with hot-water manifolds + heated building with
rooms" represented.

ÂÂÅÄÅÍÈÅ

Â ðàáîòàõ [1,2] ðàññìîòðåíû äîñòàòî÷íî ïðîñòûå ñèñòå-
ìû àâòîìàòè÷åñêîãî óïðàâëåíèÿ îáúåêòàìè òèïà "âîäî-
ãðåéíûé êîòåë + îòàïëèâàåìîå çäàíèå (ïîìåùåíèå)", ðà-
áîòàþùèå íà áàçå íå÷åòêîé ëîãèêè (òàêèå ñèñòåìû íîñÿò
íàçâàíèå ñèñòåì ôóööè-óïðàâëåíèÿ [3,4]). Íèæå ðàññìîò-
ðåíà áîëåå ñëîæíàÿ àâòîíîìíàÿ ñèñòåìà ôóööè-óïðàâëå-
íèÿ, îáúåêò óïðàâëåíèÿ â êîòîðîé ñîñòîèò èç âîäîãðåé-
íîãî êîòëà (èñòî÷íèê òåïëà), êîòîðûé ÷åðåç êîëëåêòîð
îáîãðåâàåò çäàíèå, èìåþùåå äâà îòàïëèâàåìûõ ïîìåùå-
íèÿ. Òåïëîíîñèòåëü (âîäà) öèðêóëèðóåò ïî ïîäàþùèì è
îáðàòíûì òðóáîïðîâîäàì. Äëÿ óïðàâëåíèÿ ìîùíîñòüþ
âîäîãðåéíîãî êîòëà ñ öåëüþ ïîääåðæàíèÿ çàäàííîé
òåìïåðàòóðû â ïîìåùåíèÿõ ïðè èçìåíÿþùåéñÿ âíåøíåé
òåìïåðàòóðå ñëóæèò öèôðîâîé íå÷åòêèé ðåãóëÿòîð.

ÎÏÈÑÀÍÈÅ ÎÁÚÅÊÒÀ ÓÏÐÀÂËÅÍÈß È 
ÑÈÍÒÅÇ ÐÅÃÓËßÒÎÐÀ

Îáúåêò óïðàâëåíèÿ ïðåäñòàâëåí íà ðèñ.1.
Èñòî÷íèê òåïëà - âîäîãðåéíûé êîòåë îïèñûâàþò

àïåðèîäè÷åñêèì çâåíîì ñ ïåðåäàòî÷íîé ôóíêöèåé

, â êîòîðîé  - êîýôôè-

öèåíò ïåðåäà÷è (ðàâåí ìàêñèìàëüíîé ìîùíîñòè êîòëà

êÂò), à  - ïîñòîÿííàÿ âðåìåíè. Ïîäà÷à òîïëèâà

 ðåãóëèðóåòñÿ àâòîìàòè÷åñêèì êëàïàíîì ÀÊ. Âûõîä-

íàÿ ìîùíîñòü êîòëà , ãäå  - ñòåïåíü îòêðûòèÿ

êëàïàíà (îò 0 äî 1). Îòìåòèì, ÷òî ìîùíîñòü êîòëà â 1êÂò
ñîîòâåòñòâóåò òåïëó 0,2388 êêàë/c èëè 1000Äæ/ñ.

Ïîäàþùèå è îáðàòíûå òðóáîïðîâîäû îïèñûâàþò
çâåíüÿìè çàïàçäûâàíèÿ ñ ïåðåäàòî÷íûìè ôóíêöèÿìè âèäà

, ãäå  - êîýôôèöèåíò òåïëîïîòåðü, à  - òðàí-

ñïîðòíàÿ çàäåðæêà òåïëà â òðóáîïðîâîäå.

Ðèñóíîê 1

Êîëëåêòîð ïåðåðàñïðåäåëÿåò îáùèé ìàññîâûé ðàñõîä
òåïëîíîñèòåëÿ (âîäû) â ñèñòåìå òåïëîñíàáæåíèÿ â îòíî-

øåíèè  ( , ), ãäå

 - ìàññîâûé ðàñõîä òåïëîíîñèòåëÿ (âîäû) â ïåðâîì

ïîìåùåíèè,  - ìàññîâûé ðàñõîä òåïëîíîñèòåëÿ

(âîäû) âî âòîðîì ïîìåùåíèè,  - îáùèé ìàññîâûé ðàñõîä

òåïëîíîñèòåëÿ (âîäû) â ñèñòåìå òåïëîñíàáæåíèÿ, êã/ñ.
Óðàâíåíèå òåïëîâîãî áàëàíñà ïîìåùåíèÿ îïðåäåëÿþò

ïî ôîðìóëå:

,

ãäå  - òåïëî, ïîñòóïàþùåå â îòàïëèâàåìîå ïîìåùåíèå

çà îäíó ñåêóíäó, Äæ/ñ;  - òåïëî, îòâîäèìîå èç

îòàïëèâàåìîãî ïîìåùåíèÿ çà îäíó ñåêóíäó, Äæ/ñ;

 - òåïëî, ïåðåäàâàåìîå âíóòðåííåìó âîçäóõó çà

îäíó ñåêóíäó, Äæ/ñ;  - îáùèé êîýôôèöèåíò òåïëî-

ïåðåäà÷è îãðàæäàþùèõ êîíñòðóêöèé çäàíèÿ, íåëèíåéíî

çàâèñÿùèé îò ñîîòíîøåíèÿ òåìïåðàòóð, Äæ/ì2/ñ/ C;

 - ãðàíè÷íàÿ ïîâåðõíîñòü, íîðìàëüíàÿ ê ïîòîêó òåïëà

(ïëîùàäü íàðóæíîé ïîâåðõíîñòè ïîìåùåíèÿ), ì2;  -

ìàññà âíóòðåííåãî âîçäóõà îòàïëèâàåìîãî ïîìåùåíèÿ, êã;

 - óäåëüíàÿ ìàññîâàÿ òåïëîåìêîñòü âíóòðåííåãî âîçäóõà

îòàïëèâàåìîãî ïîìåùåíèÿ, Äæ/êã/ C;  - òåìïåðàòóðà

îêðóæàþùåé ñðåäû, C;  - òåìïåðàòóðà âíóòðåííåãî

âîçäóõà îòàïëèâàåìîãî ïîìåùåíèÿ, C. Âûðàæåíèå

GBK s( ) KBK TBKs 1+( )⁄= KBK

Pmax TBK
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mPmax m

kie
τ is– ki τ i
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p
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 îïèñûâàåò òåïëîâûå ïîòåðè ïîìåùåíèÿ â

îêðóæàþùóþ ñðåäó. Âûðàæåíèå  îïèñû-

âàåò òåïëî, àêêóìóëèðóþùååñÿ âî âíóòðåííåì âîçäóõå
ïîìåùåíèÿ è îáóñëîâëåííîå èçìåíåíèåì åãî òåìïåðàòóðû.
Óðàâíåíèå òåïëîâîãî áàëàíñà ñïðàâåäëèâî äëÿ ìàëûõ
âîçìóùåíèé, êîãäà ìîæíî ñ÷èòàòü, ÷òî çàâèñÿùèé îò

òåìïåðàòóðû êîýôôèöèåíò  ÿâëÿåòñÿ ïîñòîÿííîé âåëè-

÷èíîé. Êðîìå òîãî, ïðåäïîëàãàåòñÿ, ÷òî îêðóæàþùàÿ ñðå-
äà îáëàäàåò áåñêîíå÷íî áîëüøîé ìàññîé è ÷òî ïîòåðè
òåïëà ïîìåùåíèåì íå ïîâûøàþò òåìïåðàòóðó îêðóæàþùåé
ñðåäû.

Çà ñ÷åò òåïëà, îòâîäèìîãî èç îòàïëèâàåìîãî ïîìåùå-
íèÿ, òàêîå ïîìåùåíèå, ðàññìàòðèâàåìîå êàê îáúåêò ðåãó-
ëèðîâàíèÿ, èìååò êîíòóð âíóòðåííåé îáðàòíîé ñâÿçè ñ êî-

ýôôèöèåíòîì ïåðåäà÷è , ãäå c - óäåëüíàÿ òåï-

ëîåìêîñòü òåïëîíîñèòåëÿ (âîäû), Äæ/êã/ C;

 - ìàññîâûé ðàñõîä òåïëîíîñèòåëÿ (âîäû) â îáðàòíîì

òðóáîïðîâîäå, êã/ñ. Ïîýòîìó ñòðóêòóðíàÿ ñõåìà ïîìåùå-
íèÿ êàê îáúåêòà ðåãóëèðîâàíèÿ ìîæåò áûòü ïðåäñòàâëåíà
â âèäå ðèñ.2,à. Ïðåîáðàçîâàííûå ñòðóêòóðíûå ñõåìû ïî-
ìåùåíèÿ ïðèâåäåíû íà ðèñ.2,á,â, ãäå ïàðàìåòðû îïðåäå-
ëÿþòñÿ ñëåäóþùèì îáðàçîì:

, , .

Âåëè÷èíà , îáðàòíàÿ ïðîèçâåäåíèþ , íàçûâàåòñÿ

òåðìîäèíàìè÷åñêèì ñîïðîòèâëåíèåì. Íà÷àëüíûå óñëîâèÿ
ïðè èíòåãðèðîâàíèè â ñõåìàõ íà ðèñ.2,à,á ðàçëè÷íû:

, .

Óðàâíåíèÿ òåïëîâûõ áàëàíñîâ êàæäîãî èç ïîìåùåíèé,
èìåþùèõ îáùèå ðàçäåëÿþùèå èõ êîíñòðóêöèè, ìîæíî
çàïèñàòü â âèäå:

ãäå  - êîýôôèöèåíò òåïëîïåðåäà÷è îáùèõ ðàçäå-

ëÿþùèõ êîíñòðóêöèé äâóõ ïîìåùåíèé, íåëèíåéíî
çàâèñÿùèé îò ñîîòíîøåíèÿ òåìïåðàòóð â äâóõ ïîìåùå-

íèÿõ, Äæ/ì2/ñ/ C;  - ãðàíè÷íàÿ ïîâåðõíîñòü (ïëî-

ùàäü íàðóæíîé ïîâåðõíîñòè, íîðìàëüíàÿ ê ïîòîêó òåïëà)
îáùèõ ðàçäåëÿþùèõ êîíñòðóêöèé äâóõ ïîìåùåíèé.

Âûðàæåíèÿ  îïèñûâàþò ïåðåòîê òåïëà

ìåæäó ïîìåùåíèÿìè.

à)

á)

â)

Ðèñóíîê 2

Òåïåðü ìîæíî ñîñòàâèòü ñòðóêòóðíóþ ñõåìó ñèñòåìû
àâòîìàòè÷åñêîãî óïðàâëåíèÿ, êîòîðàÿ èìååò îáùèé îáúåêò
óïðàâëåíèÿ - "âîäîãðåéíûé êîòåë + êîëëåêòîð ñ òðóáî-
ïðîâîäàìè + çäàíèå ñ ïîìåùåíèÿìè" è öèôðîâîé íå÷åòêèé
ðåãóëÿòîð. Ýòà ñõåìà ïðèâåäåíà íà ðèñ.3. Ïîìåùåíèÿ êàê
îáúåêòû óïðàâëåíèÿ (îáúåêò 1 è îáúåêò 2) îïèñûâàþòñÿ
àïåðèîäè÷åñêèìè çâåíüÿìè. Âõîäû îáúåêòîâ 1 è 2 - òåïëî,

ïåðåäàâàåìîå âíóòðåííåìó âîçäóõó  è , âûõîäû îáú-

åêòîâ - ðàçíîñòü òåìïåðàòóð âíóòðåííåãî âîçäóõà è îêðó-

æàþùåé ñðåäû  è  ñîîòâåòñòâåííî. Òåì-

ïåðàòóðà îêðóæàþùåé ñðåäû  ÿâëÿåòñÿ âíåøíèì âîç-

ìóùàþùèì âîçäåéñòâèåì. Âîçìóùàþùåå âîçäåéñòâèå ìîæ-

ki
∗ Ai θBi θA–( )

Mic td
d θBi θA–( )

ki
∗

Koci cBpi=

cB 4187= °

pi

α i
1

Mic
---------= bi

kiAi

Mic
--------- 1

MicRi
---------------= = kiAi 1 Ri⁄=

Ri kiAi

θi 0+( ) θA= θi 0+( ) 0=

Q1 Qo1– k1
∗ A1 θB1 θA–( ) M1c

td
d θB1 θA–( ) –

ko
∗ Ao θB1 θB2–( ),–

+=

Q2 Qo2– k2
∗ A2 θB2 θA–( ) M2c

td
d θB2 θA–( ) –

ko
∗ Ao θB2 θB1–( ),–

+=

ko
∗

° Ao

ko
∗ Ao θB1 θB2–( )±

Q1 Q2

θB1 θA– θB2 θA–

θA
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íî ïðåäñòàâèòü â âèäå , ãäå  - ñðåä-

íÿÿ âíåøíÿÿ òåìïåðàòóðà,  - àìïëèòóäà ñóòî÷íûõ èç-

ìåíåíèé âíåøíåé òåìïåðàòóðû, 1/ñ,

 - òðåáóåìàÿ âíóòðåííÿÿ òåìïåðàòóðà (óñòàâêà). Îò-

ìåòèì, ÷òî òåðìîäèíàìè÷åñêèå ñâîéñòâà ðåàëüíûõ çäàíèé
íåëèíåéíû è èçìåíÿþòñÿ êàê ñî âðåìåíåì, òàê è ñ
èçìåíåíèåì ïîãîäíûõ óñëîâèé, ïîýòîìó ìîäåëü (ñì.
ðèñ.3) òîëüêî ïðèáëèæåííî îïèñûâàåò ðåàëüíûé îáúåêò.

Ðèñóíîê 3

Ðàññìîòðèì ñèñòåìó âîäÿíîãî îòîïëåíèÿ îäíîýòàæíîãî

çäàíèÿ ïëîùàäüþ 300ì2, ðàáîòàþùóþ îò âîäîãðåéíîãî
êîòëà ìîùíîñòüþ 30êÂò ñ ìîäóëèðóþùåé ãîðåëêîé.
Ïàðàìåòðû ïåðåäàòî÷íîé ôóíêöèè âîäîãðåéíîãî êîòëà:

c; êÂò Äæ/ñ.

Çäàíèå îïèñûâàåòñÿ íåîáõîäèìûìè òåïëîèçîëÿöèîí-
íûìè è ãåîìåòðè÷åñêèìè ïàðàìåòðàìè: äëèíîé, øèðèíîé
è âûñîòîé çäàíèÿ, ðàçìåðàìè è êîëè÷åñòâîì îêîí, ôîðìîé
êðûøè, òåïëîïðîâîäíîñòüþ è òîëùèíîé ìàòåðèàëà ñòåí,
îêîí, êðûøè. 

Ðàñ÷åò ïðîâåäåì äëÿ ñëåäóþùèõ êîíêðåòíûõ äàííûõ.

Çäàíèå èìååò äëèíó ì, øèðèíó ì è âûñîòó

ñòåí ì. Ðàçìåðû îêîí: ì.

Êîëè÷åñòâî îêîí . Êðûøíûé óãîë .

Êîýôôèöèåíò òåïëîïðîâîäíîñòè è òîëùèíà ìàòåðèàëà:

  è  ì,

  è  ì,

 è . Äîïóñòèì, ÷òî

ïîòåðè òåïëà ÷åðåç ïîë ïðåíåáðåæèìî ìàëû, ñòåíû è
êðûøà ñäåëàíû èç îäèíàêîâîãî ìàòåðèàëà, à ðàçäåëÿþùåé
êîíñòðóêöèåé ÿâëÿåòñÿ ñòåíà, äåëÿùàÿ âíóòðåííèé îáúåì
çäàíèÿ â îòíîøåíèè 2/1 (äëÿ ïåðâîãî ïîìåùåíèÿ äëèíà

ì è êîëè÷åñòâî îêîí , äëÿ âòîðîãî - äëè-

íà ì è êîëè÷åñòâî îêîí ). Êîýôôèöèåíò

òåïëîïðîâîäíîñòè è òîëùèíà ìàòåðèàëà îáùèõ
ðàçäåëÿþùèõ êîíñòðóêöèé äâóõ ïîìåùåíèé

Äæ/ì/ñ/Ê, ì.

Ôîðìóëû äëÿ ðàñ÷åòà ñëåäóþùèå:

, , , 

, 

, 

, 

, , 

, , 

, , 

, , 

, , ,

 - ïëîòíîñòü âîçäóõà íà óðîâíå ìîðÿ (1,225êã/ì3).

Óäåëüíàÿ ìàññîâàÿ òåïëîåìêîñòü âíóòðåííåãî âîçäóõà

îòàïëèâàåìîãî ïîìåùåíèÿ Äæ/êã/ C.

Ðàñ÷åòíûå ïàðàìåòðû îáúåêòîâ 1 è 2 ñëåäóþùèå (ñì.
ðèñ.3):

C/Äæ, 

C/Äæ, 

1/c, 

θA θ0 θm ωtsin+= θ0

θm

ω 2π 24 3600×( )⁄=

θóñò

TBK 300= KBK Pmax 30= = 30000=

l 30= w 10=

hñòåí 4= hîêíà wîêíà 1= =

n 6= θ 40°=

λñòåíû 0 038,= Äæ ì⁄ ñ⁄ Ê⁄ δñòåíû 0 2,=

λîêíà 0 78,= Äæ ì⁄ ñ⁄ Ê⁄ δîêíà 0 01,=

λêðûøè λñòåíû= δêðûøè δñòåíû=

ln1
2
3
---l= n1 4=

ln2
1
2
---l= n2 2=

λo λñòåíû 0 038,= = δo δñòåíû 0 2,= =

M wl hñòåíû
w
4
----tgα+ 

 ρ= M1
2
3
---M= M2

1
2
---M=

A1 2ln1 w+( )hñòåíû

wln1

αcos
------------- w2

4
------tgα+ +=

Aîêîí1 n1hîêíàwîêíà=

A2 2ln2 w+( )hñòåíû

wln2

αcos
------------- w2

4
------tgα+ +=

Aîêîí2 n2hîêíàwîêíà= Añòåí1 A1 Aîêîí1–=

Añòåí2 A1 Aîêîí2–= Ao hñòåíûw
w2

4
------tgα+=

Rñòåíû

δñòåíû

λñòåíû
----------------= Rîêíà

δîêíà

λîêíà
-------------=

R1

Añòåí1 Aîêîí1+

Añòåí1
Rñòåíû
----------------

Aîêîí1
Rîêíà
----------------+

----------------------------------------= R2

Añòåí2 Aîêîí2+

Añòåí2
Rñòåíû
----------------

Aîêîí2
Rîêíà
----------------+

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

k1
∗ 1

R1
------= k2

∗ 1
R2
------= ko

∗ 1
Rñòåíû
----------------=

ρ

c 1005 4,= °

α1
1

M1c
---------- 6 658 10 7–⋅,= = °

α2
1

M2c
---------- 13 316 10 7–⋅,= = °

b1

k1
∗ A1

M1c
--------------- 2 682 10 4–⋅,= =
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Êîýôôèöèåíòû ðàñïðåäåëåíèÿ â êîëëåêòîðå ïðèíÿòû

ðàâíûìè: , . Ìàññîâûé ðàñõîä òåï-

ëîíîñèòåëÿ (âîäû) â ñèñòåìå òåïëîñíàáæåíèÿ ïåðâîãî ïî-

ìåùåíèÿ , êã/ñ; ìàñ-

ñîâûé ðàñõîä òåïëîíîñèòåëÿ (âîäû) â ñèñòåìå òåïëîñíàá-

æåíèÿ âòîðîãî ïîìåùåíèÿ 

, êã/ñ (îáùèé ìàññîâûé ðàñõîä òåïëîíîñèòåëÿ â

ñèñòåìå òåïëîñíàáæåíèÿ ïðèíÿò ðàâíûì , êã/ñ).

Ïðè ýòîì êîýôôèöèåíòû îáðàòíîé ñâÿçè äëÿ îáúåêòîâ 1 è
2 îïðåäåëÿþòñÿ:

Äæ/ñ/ Ñ, 

Äæ/ñ/ Ñ.

Ïîñòîÿííûå âðåìåíè îáúåêòîâ 1 è 2 (ñ ó÷åòîì îáðàòíîé
ñâÿçè)

c, c,

êîýôôèöèåíòû ïåðåäà÷è îáúåêòîâ 1 è 2 (ñ ó÷åòîì
îáðàòíîé ñâÿçè)

c C/Äæ, 

c C/Äæ.

Êîýôôèöèåíò âçàèìîñâÿçè ìåæäó îáúåêòàìè 1 è 2: 

Äæ/ñ/ Ñ.

Êîýôôèöèåíòû òåïëîïîòåðü è ñîîòâåòñòâóþùèå òðàí-
ñïîðòíûå çàäåðæêè òåïëà â òðóáîïðîâîäàõ ïðèíÿòû
ñëåäóþùèìè:

=0,95; =0,98; =0,96; =0,965; =0,97; 

=0,973;

=25ñ; =24ñ; =24ñ; =23ñ; =26ñ; =25ñ.

Äëÿ ïðîñòîòû ðåøåíèÿ çàäà÷è ñèíòåçà íå÷åòêîãî ðåãó-
ëÿòîðà áóäåì ïîëàãàòü, ÷òî ÷èñëî òåðìîâ, ñ ïîìîùüþ
êîòîðûõ îöåíèâàþòñÿ ëèíãâèñòè÷åñêèå ïåðåìåííûå (âõîä-
íûå è âûõîäíûå ïàðàìåòðû íå÷åòêîãî ðåãóëÿòîðà) îøèáêà

ïåðâîãî êàíàëà  è îøèáêà âòîðîãî êàíàëà , ñêîðîñòü

èçìåíåíèÿ (ïåðâàÿ ïðîèçâîäíàÿ) îøèáêè ïåðâîãî êàíàëà

 è îøèáêè âòîðîãî êàíàëà , óñêîðåíèå (âòîðàÿ ïðîèç-

âîäíàÿ) îøèáêè ïåðâîãî êàíàëà  è îøèáêè âòîðîãî

êàíàëà , óïðàâëÿþùåå âîçäåéñòâèå íà îáúåêò ,

ìèíèìàëüíî, ò.å. ðàâíî 2. Îòîáðàçèì äèàïàçîíû

, , ,

, ,  è

 èçìåíåíèÿ âõîäíûõ è âûõîäíîãî

ïàðàìåòðîâ íà åäèíîå óíèâåðñàëüíîå ìíîæåñòâî

, ãäå  - ÷èñëî, ñîîòâåò-

ñòâóþùåå êîëè÷åñòâó òåðìîâ êàæäîé ëèíãâèñòè÷åñêîé

ïåðåìåííîé , , . Ïðè ýòîì ïåðåñ÷åò

ôèêñèðîâàííîãî çíà÷åíèÿ ïàðàìåòðà  â

ñîîòâåòñòâóþùèé ýëåìåíò   îïðåäåëÿåòñÿ ïðî-

ïîðöèåé , íà

îñíîâàíèè êîòîðîé íàõîäèì [5]:

, (1)

, (2)

, (3)

, (4)

, (5)

, (6)

. (7)

Íà ìíîæåñòâå  çàäàäèì äâà íå÷åòêèõ
ïîäìíîæåñòâà, ôóíêöèè ïðèíàäëåæíîñòåé (ÔÏ) êîòîðûõ
òðåóãîëüíîé ôîðìû (1 è 2) ïðèâåäåíû íà ðèñ.4.

Ðèñóíîê 4

b2

k2
∗ A2

M2c
--------------- 2 759 10 4–⋅,= =

l1 0 68,= l2 0 32,=

p1 l1p 0 68 0 28,⋅, 0 1904,= = =

p2 l2p 0 32 0 28,⋅,= = =

0 0896,=

p 0 28,=

Koc1 cBp1 797 205,= = °

Koc2 cBp2 375 155,= = °

1
b1 cBp1α1+
------------------------------ 1251 56,=

1
b2 cBp2α2+
------------------------------ 1289 5,=

α1

b1 cBp1α1+
------------------------------ 8 333 10 4–⋅,= °

α2

b2 cBp2α2+
------------------------------ 17 171 10 4–⋅,= °

ko
∗ Ao 11 585,= °

k1 k2 k3 k4 k5

k6

τ1 τ2 τ3 τ4 τ5 τ6

θ1 θ2

θ· 1 θ· 2

θ··1
θ··2 m

θ1min θ1max,[ ] θ· 1min θ· 1max,[ ] θ··1min θ··1max,[ ]

θ2min θ2max,[ ] θ· 2min θ· 2max,[ ] θ··2min θ··2max,[ ]

mmin mmax,[ ]

U1 0 Li 1–,[ ] 0 1,[ ]= = Li 2=

xi i 1 n,= n 4=

xi
∗ xí i xâ i,[ ]∈

u∗ 0 1,[ ]∈

xâ i xí i–( ) 1 0–( )⁄ xi
∗ xí i–( ) u∗ 0–( )⁄=

u1
∗ θ1

∗ θ1min–( ) θ1max θ1min–( )⁄=

u2
∗ θ· 1

∗ θ· 1min–( ) θ· 1max θ· 1min–( )⁄=

u3
∗ θ··1∗ θ··1min–( ) θ··1max θ··1min–( )⁄=

u4
∗ θ2

∗ θ2min–( ) θ2max θ2min–( )⁄=

u5
∗ θ· 2

∗ θ· 2min–( ) θ· 2max θ· 2min–( )⁄=

u6
∗ θ··2∗ θ··2min–( ) θ··2max θ··2min–( )⁄=

u7
∗ m∗ mmin–( ) mmax mmin–( )⁄=

U 0 1,[ ]=
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Àíàëèòè÷åñêèå âûðàæåíèÿ ïðåäëîæåííûõ ÔÏ äëÿ
êàæäîé ëèíãâèñòè÷åñêîé âåëè÷èíû îïðåäåëÿþòñÿ ïðîñòû-
ìè ôîðìóëàìè:

, ; , . (8)

Ïðè ïîñòóïëåíèè íà íå÷åòêèé ðåãóëÿòîð (ÍÐ) çíà÷åíèé

âõîäíûõ ïåðåìåííûõ , ,  è , ,  ñ

øàãîì êâàíòîâàíèÿ  îñóùåñòâëÿåòñÿ ðàñ÷åò âåëè÷èí

, ,  è , ,  ïî ôîðìóëàì (1)-(6) è

ôóíêöèé ïðèíàäëåæíîñòè , .

Ñôîðìèðóåì ëèíãâèñòè÷åñêîå ïðàâèëî óïðàâëåíèÿ
(ðàáî÷åå ïðàâèëî) íå÷åòêîãî ðåãóëÿòîðà â âèäå:

Åñëè  è  è  è 

è  è , òî , .

,  è  - ëèíãâèñòè÷åñêèå îöåíêè îøèáêè,

ñêîðîñòè èçìåíåíèÿ (ïåðâîé ïðîèçâîäíîé) îøèáêè è

âòîðîé ïðîèçâîäíîé îøèáêè ïåðâîãî êàíàëà, ,  è 

- ëèíãâèñòè÷åñêèå îöåíêè îøèáêè, ñêîðîñòè èçìåíåíèÿ
(ïåðâîé ïðîèçâîäíîé) îøèáêè è âòîðîé ïðîèçâîäíîé
îøèáêè âòîðîãî êàíàëà, ðàññìàòðèâàåìûå êàê íå÷åòêèå
ïîäìíîæåñòâà, îïðåäåëåííûå íà óíèâåðñàëüíîì ìíîæå-
ñòâå è âûáèðàåìûå èç òåðì-ìíîæåñòâà ëèíãâèñòè÷åñêèõ

ïåðåìåííûõ , :

  {îòðèöàòåëüíàÿ(1), ïîëîæèòåëüíàÿ(2)}.

 - ëèíãâèñòè÷åñêèå îöåíêè óïðàâëÿþùåãî âîçäåé-

ñòâèÿ íà îáúåêò, âûáèðàåìûå èç òåðì-ìíîæåñòâà ïåðå-

ìåííîé : 

{óìåíüøèòü(1), óâåëè÷èòü(2)}.

Ïóñòü  - ôóíêöèÿ ïðèíàäëåæíîñòè ïàðàìåòðà

 íå÷åòêîìó òåðìó , , .

Òîãäà  - çàâèñÿùàÿ îò øåñòè ïåðåìåííûõ ( ,

, , , , ) ôóíêöèÿ

ïðèíàäëåæíîñòè âåêòîðà ïàðàìåòðîâ ðåøåíèþ (âûáðàííî-

ìó óïðàâëÿþùåìó âîçäåéñòâèþ íà îáúåêò) , ,

îïðåäåëÿåòñÿ èç ñèñòåìû íå÷åòêèõ ëîãè÷åñêèõ óðàâíåíèé:

(9)

Òàêèì îáðàçîì,  - ôóíêöèÿ ïðèíàäëåæíîñòè óïðàâ-

ëÿþùåãî âîçäåéñòâèÿ íå÷åòêîìó ìíîæåñòâó "îòðèöàòåëü-

íàÿ", à  - ôóíêöèÿ ïðèíàäëåæíîñòè óïðàâëÿþùåãî

âîçäåéñòâèÿ íå÷åòêîìó ìíîæåñòâó "ïîëîæèòåëüíàÿ".
Ðåçóëüòèðóþùàÿ ôóíêöèÿ ïðèíàäëåæíîñòè äëÿ óïðàâëÿ-
þùåãî âîçäåéñòâèÿ â ñîîòâåòñòâèè ñ ðàáî÷èì ïðàâèëîì ÍÐ
çàïèñûâàåòñÿ â âèäå

. (10)

Â âûðàæåíèÿõ (9) è (10)  - ëîãè÷åñêîå è,  -

ëîãè÷åñêîå èëè.
Â ñîîòâåòñòâèè ñ ëèíãâèñòè÷åñêèìè ïðàâèëàìè óïðàâëå-

íèÿ, ôîðìàëèçîâàííûìè ñèñòåìîé íå÷åòêèõ ëîãè÷åñêèõ
óðàâíåíèé (9) ôóíêöèÿ ïðèíàäëåæíîñòè óïðàâëÿþùåãî

âîçäåéñòâèÿ  íå÷åòêîìó ìíîæåñòâó "óìåíüøèòü"

îãðàíè÷åíà ñâåðõó çíà÷åíèåì:

(11)

a ôóíêöèÿ ïðèíàäëåæíîñòè óïðàâëÿþùåãî âîçäåéñòâèÿ

 íå÷åòêîìó ìíîæåñòâó "óâåëè÷èòü" îãðàíè÷åíà

ñâåðõó çíà÷åíèåì:

(12)

Ðåçóëüòèðóþùàÿ ôóíêöèÿ ïðèíàäëåæíîñòè äëÿ óïðàâ-
ëÿþùåãî âîçäåéñòâèÿ íà îñíîâàíèè âûðàæåíèÿ (10)
îïðåäåëÿåòñÿ êàê

, (13)

ò.å. ïîëó÷àåòñÿ ôîðìèðîâàíèåì ìàêñèìóìà (æèðíàÿ ëè-
íèÿ íà ðèñ.4)

. (14)

Äëÿ îïðåäåëåíèÿ êîíêðåòíîãî çíà÷åíèÿ óïðàâëÿþùåãî

âîçäåéñòâèÿ  ôîðìèðóåòñÿ "ðåçóëüòèðóþùàÿ ôèãóðà",

îãðàíè÷åííàÿ ðåçóëüòèðóþùåé ÔÏ.
Ïðîèçâîäèòñÿ ïîèñê àáñöèññû "öåíòðà òÿæåñòè" ðåçóëü-

òèðóþùåé ôèãóðû ïî ôîðìóëå [3]:

(15)

ãäå  - ÷èñëî âåðøèí, ,  - êîîðäèíàòû âåðøèí

ðåçóëüòèðóþùåé ôèãóðû.

Ïîëó÷åííîå çíà÷åíèå  íà îñíîâàíèè ôîðìóëû (7)

ïðåîáðàçóåòñÿ â çíà÷åíèå óïðàâëÿþùåãî âîçäåéñòâèÿ (ñòå-
ïåíü îòêðûòèÿ àâòîìàòè÷åñêîãî êëàïàíà) íà îáùèé îáúåêò
óïðàâëåíèÿ

µ1 u( ) 1 u–= u 0 1,[ ]∈ µ 2 u( ) u= u 0 1,[ ]∈

θ1
∗ θ· 1

∗ θ··1∗ θ2
∗ θ· 2

∗ θ··2∗

h

u1
∗ u2

∗ u3
∗ u4

∗ u5
∗ u6

∗

µj u( ) j 1 2,=

θ1
∗ a1

j= θ· 1
∗ a2

j= θ··1∗ a3
j= θ2

∗ a4
j=

θ· 2
∗ a5

j= θ··2∗ a6
j= m∗ a7

j= j 1 2,=

a1
j a2

j a3
j

a4
j a5

j a6
j

xi
∗ i 1 6,=

ai
j ∈

a7
j

m∗

a7
j ∈

µj xi( )

xi
∗ xíi xâ i,[ ]∈ ai

j i 1 6,= j 1 2,=

µmj x1 θ1≡

x2 θ· 1≡ x3 θ··1≡ x4 θ2≡ x5 θ· 2≡ x6 θ··6≡

mj j 1 2,=

µmj µj x1( ) µj x2( ) µj x3( ) µj x4( ) µj x5( ) µj x6( ).∧ ∧ ∧ ∧ ∧=

µm1

µm2

µm µm1 µm2∨=

∧ ∨

µj u7( )

A
min µ1 u1

∗( ) µ1 u2
∗( ) µ1 u3

∗( ) µ1 u4
∗( ) µ1 u5

∗( ) µ1 u6
∗( ), , , , ,[ ] ,

=

=

µ2 u4( )

B
min µ2 u1

∗( ) µ2 u2
∗( ) µ2 u3

∗( ) µ2 u4
∗( ) µ2 u5

∗( ) µ2 u6
∗( ), , , , ,[ ] .

=

=

µ u7( ) µ1 u7( ) µ2 u7( )∨=

µ u7( ) max µ1 u7( ) µ2 u7( ),[ ]=

m∗

u7
∗

ak 1+ ak–( ) 2ak 1+ ak+( )bk 1+ 2ak ak 1++( )bk+[ ]
k 1=

N

∑

3 ak 1+ ak–( ) bk 1+ bk+( )
k 1=

N

∑

-------------------------------------------------------------------------------------------------------------------------------,=

N ak bk

u7
∗
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. (16)

Òðåáóåìóþ óñòàâêó â àâòîìàòè÷åñêîì êëàïàíå îïðå-
äåëèì êàê

(îòí. åä.). (17)

Ïðè ðàáîòå ñèñòåìû àâòîìàòè÷åñêîãî óïðàâëåíèÿ (ñì.
ðèñ.3) ñòåïåíü îòêðûòèÿ àâòîìàòè÷åñêîãî êëàïàíà îïðåäå-
ëÿåòñÿ êàê

, (18)

ãäå  - óïðàâëÿþùåå âîçäåéñòâèå íà îáùèé

îáúåêò óïðàâëåíèÿ, ãåíåðèðóåìîå íå÷åòêèì ðåãóëÿòîðîì.

ÐÅÇÓËÜÒÀÒÛ ÌÎÄÅËÈÐÎÂÀÍÈß

Âûáåðåì øàã êâàíòîâàíèÿ (èíòåðâàë ïîñòóïëåíèÿ

äàííûõ â íå÷åòêèé ðåãóëÿòîð) c ìèí, à øàã

ìîäåëèðîâàíèÿ c.

Ðàñ÷åò è ìîäåëèðîâàíèå öèôðîâîãî íå÷åòêîãî ðåãóëÿ-
òîðà ïðîèçâîäèì ïî ôîðìóëàì (1)-(18). Ìîäåëèðîâàíèå
îáùåãî îáúåêòà óïðàâëåíèÿ "âîäîãðåéíûé êîòåë + êîëëåê-
òîð ñ òðóáîïðîâîäàìè + çäàíèå ñ ïîìåùåíèÿìè" âûïîë-
íÿåì ïî ñòðóêòóðíîé ñõåìå ðèñ.3.

Ïðè îïòèìèçàöèè ïàðàìåòðîâ íå÷åòêîãî ðåãóëÿòîðà ÍÐ

(äèàïàçîíîâ , , ,

, , ) è

êîýôôèöèåíòà  èñïîëüçóåì êâàäðàòè÷íûé êðèòåðèé

êà÷åñòâà

, (19)

ãäå îøèáêà ñèñòåìû  âû÷èñëÿåòñÿ ñ øàãîì ìîäåëèðîâà-

íèÿ , à ÷èñëî  îïðåäåëÿåò èíòåðâàë íàáëþäåíèÿ.

Îïòèìàëüíûå ïàðàìåòðû ñîîòâåòñòâóþò ìèíèìàëüíîìó
çíà÷åíèþ êðèòåðèÿ êà÷åñòâà, à ìèíèìèçàöèÿ êðèòåðèÿ
êà÷åñòâà àâòîìàòè÷åñêè ïðèâîäèò ê îïòèìèçàöèè ïåðåõîä-
íûõ ïðîöåññîâ â ñèñòåìå óïðàâëåíèÿ.

Ïðè ìîäåëèðîâàíèè òðåáóåìàÿ òåìïåðàòóðà âíóòðåííå-

ãî âîçäóõà çäàíèÿ  çàäàâàëàñü ðàâíîé 20 C,

àìïëèòóäà ñóòî÷íûõ èçìåíåíèé âíåøíåé òåìïåðàòóðû 

çàäàâàëàñü ðàâíîé 5 C, à ñðåäíÿÿ âíåøíÿÿ òåìïåðàòóðà

 ïðèíèìàëàñü ñîîòâåòñòâåííî ðàâíîé +5 C, 0 C, -5 C.

Çàêîí ñóòî÷íûõ èçìåíåíèé âíåøíåé òåìïåðàòóðû ïðèíè-

ìàëñÿ ñèíóñîèäàëüíûì (ñì. ðèñ.5): 

.

Ðèñóíîê 5

Íà÷àëüíûå çíà÷åíèÿ òåìïåðàòóðû â ïîìåùåíèÿõ 1 è 2
ïðèíèìàëèñü ðàâíûìè íà÷àëüíîé âíåøíåé òåìïåðàòóðå:

.

Ïðè îïòèìèçàöèè ïîëó÷åíû ñëåäóþùèå çíà÷åíèÿ äëÿ
äèàïàçîíîâ èçìåíåíèÿ âõîäíûõ è âûõîäíîãî ïàðàìåòðîâ
íå÷åòêîãî ðåãóëÿòîðà:

, 

, 

, 

, 

, 

.

Äèàïàçîí  âûáèðàåòñÿ èç

êîíñòðóêòèâíûõ ñîîáðàæåíèé.

Îïòèìàëüíûé êîýôôèöèåíò  â ôîðìóëå (17)

ðàâåí 36,08.
Ðåçóëüòàòû èññëåäîâàíèÿ ñèñòåìû àâòîìàòè÷åñêîãî

óïðàâëåíèÿ (ñì. ðèñ.3) ïóòåì ìàòåìàòè÷åñêîãî ìîäåëèðî-
âàíèÿ ïðåäñòàâëåíû íà ðèñ.6-11, ãäå èçîáðàæåíû: à - èç-
ìåíåíèå òåêóùåé îøèáêè ñèñòåìû çà ñóòêè (âðåìÿ íàáëþ-
äåíèÿ 90000ñ); á - èçìåíåíèå òåêóùåé îøèáêè ñèñòåìû çà
ïåðâûõ 3 ÷àñà (âðåìÿ íàáëþäåíèÿ 11000ñ); â - èçìåíåíèå
âíóòðåííåé òåìïåðàòóðû ïîìåùåíèé çà ïåðâûõ 3 ÷àñà
(âðåìÿ íàáëþäåíèÿ 11000ñ).

Íà ðèñ.6, 8 è 10 ïðåäñòàâëåíû òåêóùèå îøèáêè ïåðâîãî

êàíàëà óïðàâëåíèÿ  è èçìåíåíèå âíóòðåííåé òåì-

ïåðàòóðû ïåðâîãî ïîìåùåíèÿ (îáúåêòà 1)  ïðè

ñðåäíåé âíåøíåé òåìïåðàòóðå  ñîîòâåòñòâåííî ðàâíîé

+5 C, 0 C, -5 C. Íà ðèñ.7, 9 è 11 ïðåäñòàâëåíû òåêóùèå

îøèáêè âòîðîãî êàíàëà óïðàâëåíèÿ  è èçìåíåíèå

âíóòðåííåé òåìïåðàòóðû âòîðîãî ïîìåùåíèÿ (îáúåêòà 2)

 ïðè ñðåäíåé âíåøíåé òåìïåðàòóðå  ñîîò-

âåòñòâåííî ðàâíîé +5 C, 0 C, -5 C.

m∗ mmin mmax mmin–( )u7
∗+=

móñò t( )
θóñò θA t( )–

Kóñò
-----------------------------=

m t( ) m∗ t( ) móñò t( )+=

m∗ m∗ t( )≡

h 300= 5=

h0 10=

θ1min θ1max,[ ] θ·1min θ·1max,[ ] θ··1min θ··1max,[ ]

θ2min θ2max,[ ] θ· 2min θ· 2max,[ ] θ··2min θ··2max,[ ]

Kóñò

J
1
L
--- θv

2

v 0=

L 1–

∑ min⇒=

θv

h0 L

θóñò °

θm

°
θ0 ° ° °

θA t( ) θ0 +=

θm 2π 24 3600×( )⁄[ ]sin+

θB1 0+( ) θB2 0+( ) θA 0+( ) θ0= = =

θ1min θ1max,[ ] 0 56,– 0 56, ,[ ]=

θ2min θ2max,[ ] 0 55 0 55, , ,–[ ]=

θ· 1min θ· 1max,[ ] 1 61 10 3– 1 61 10 3–⋅, ,⋅,–[ ]=

θ· 2min θ· 2max,[ ] 1 41 10 3– 1 41 10 3–⋅, ,⋅,–[ ]=

θ··1min θ··1max,[ ] 3 29 10 6– 3 29 10 6–⋅, ,⋅,–[ ]=

θ··2min θ··2max,[ ] 5 32 10 6– 5 32 10 6–⋅, ,⋅,–[ ]=

mmin mmax,[ ] 0– 3 0 3, , ,[ ]=

Kóñò

θ1 t( )

θB1 t( )

θ0

° ° °
θ2 t( )

θB2 t( ) θ0

° ° °
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à) á)

â)



26

ÐÀÄ²ÎÅËÅÊÒÐÎÍ²ÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2001

Ðèñóíîê 8

Ðèñóíîê 9

à)

á)

â)

à)
á)

â)



27

Â.È.Ãîñòåâ, Â.Â.Êðàéíåâ, Â.Â.Ãîñòåâ:  ÀÂÒÎÍÎÌÍÀß ÑÈÑÒÅÌÀ ÔÓÖÖÈ-ÓÏÐÀÂËÅÍÈß 
ÒÅÏËÎÑÍÀÁÆÅÍÈÅÌ
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â)

à)
á)

â)
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Äëÿ óäîáñòâà ðàññìîòðåíèÿ íà âñåõ ðèñóíêàõ íóëåâàÿ

îðäèíàòà äëÿ óïðàâëÿþùåãî âîçäåéñòâèÿ  ñîâìåùåíà

ñ îðäèíàòîé, ðàâíîé 5, äëÿ îøèáêè.

Òåêóùèå îøèáêè ñèñòåìû  è

 ïîêàçûâàþò îòëè÷èå òåìïåðàòóðû

âíóòðåííåãî âîçäóõà ïîìåùåíèé  è  îò

òðåáóåìîé C. Âî âñåõ ñëó÷àÿõ òåêóùèå îøèá-

êè (çà èñêëþ÷åíèåì íà÷àëüíîãî âûáðîñà) íå ïðåâûøàþò

0,3 C.

ÂÛÂÎÄÛ

Ðåçóëüòàòû ìîäåëèðîâàíèÿ (ñì. ðèñ.6-11) ïîêàçûâàþò,
÷òî íå÷åòêèé ðåãóëÿòîð îáåñïå÷èâàåò êà÷åñòâåííóþ ðàáîòó
çàìêíóòîé ñèñòåìû àâòîìàòè÷åñêîãî óïðàâëåíèÿ ïðè

äîñòàòî÷íî ñëîæíîé ìîäåëè îáùåãî îáúåêòà óïðàâëåíèÿ
(ñîñòàâëåííîé ñ ó÷åòîì âíóòðåííèõ êîíòóðîâ îáðàòíîé
ñâÿçè â îáúåêòàõ 1 è 2, âçàèìîñâÿçè ìåæäó îáúåêòàìè,
õàðàêòåðèñòèê ïðÿìûõ è îáðàòíûõ òðóáîïðîâîäîâ).
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ÓÄÊ 621.372.8.01

ÌÎÄÅËÜ ÄËß ÐÀÑ×ÅÒÀ ÒÅÍÇÎÐÀ ÃÐÈÍÀ ÌÈÊÐÎÏÎËÎÑÊÎÂÎÉ 
ÑÒÐÓÊÒÓÐÛ Â ÏÐÎÑÒÐÀÍÑÒÂÅÍÍÎÉ ÎÁËÀÑÒÈ

Ë.Ì.Êàðïóêîâ

Ïðåäëîæåí ñïîñîá àïïðîêñèìàöèè â ñïåêòðàëüíîé îáëàñòè
òåíçîðà Ãðèíà ìèêðîïîëîñêîâîé ñòðóêòóðû. Ñîñòàâëåíà åå
äåêîìïîçèöèîííàÿ ìîäåëü äëÿ ðàñ÷åòîâ â ïðîñòðàíñòâåííîé
îáëàñòè. Ïîëó÷åíû ïðîñòûå ðåêóððåíòíûå ôîðìóëû âû÷èñ-
ëåíèÿ çàâèñèìîñòåé êîìïîíåíò òåíçîðà îò ïðîñòðàíñòâåí-
íûõ êîîðäèíàò.

Çàïðîïîíîâàíî ñïîñ³á àïðîêñèìàö¿³ â ñïåêòðàëüí³é îáëàñò³
òåíçîðà Ãð³íà ì³êðîñìóæêîâî¿ ñòðóêòóðè. Ñòâîðåíî ¿¿
äåêîìïîçèö³éíó ìîäåëü äëÿ ðàçðàõóíê³â â ïðîñòîðîâ³é
îáëàñò³. Îäåðæàíî ïðîñò³ ðåêóðåíòí³ ôîðìóëè îá÷èñëþâàí-
íÿ çàëåæíîñòåé êîìïîíåíò òåíçîðà â³ä ïðîñòîðîâèõ
êîîðäèíàò.

The method of approximation in spectral domain of the
Green's tensor of microstrip structure is proposed. The decompo-
sition model of this structure for calculations in space domain is
made. Simple recurrence formulas for calculation of dependen-
cies of tensor components via spatial coordinates are received.

ÂÂÅÄÅÍÈÅ

Êà÷åñòâî ïðîåêòíûõ ðàáîò ïðè êîíñòðóèðîâàíèè ìèêðî-
ïîëîñêîâûõ àíòåíí è óñòðîéñòâ îïðåäåëÿåòñÿ â çíà÷èòåëü-
íîé ñòåïåíè èñïîëüçóåìûìè ìåòîäàìè ìîäåëèðîâàíèÿ è
ðàñ÷åòà. Â ýëåêòðîäèíàìè÷åñêîé ïîñòàíîâêå ýôôåêòèâíîå
ðåøåíèå êðàåâûõ çàäà÷ ïî ìîäåëèðîâàíèþ ìèêðîïîëîñ-
êîâûõ ñòðóêòóð ìîæåò áûòü îñóùåñòâëåíî íà îñíîâå
èíòåãðàëüíîãî óðàâíåíèÿ, ñîñòàâëÿåìîãî ñ ïîìîùüþ
òåíçîðà Ãðèíà äëÿ âçàèìíîãî èìïåäàíñà Z, ñâÿçûâàþùåãî
íàïðÿæåííîñòü ýëåêòðè÷åñêîãî ïîëÿ E ñ ïëîòíîñòüþ

ñòîðîííèõ òîêîâ J. Ïðè ðåàëèçàöèè ýòîãî ìåòîäà ìîäå-
ëèðîâàíèÿ îñíîâíîé îáúåì âû÷èñëèòåëüíûõ çàòðàò áóäåò
îïðåäåëÿòüñÿ âûáðàííûì ñïîñîáîì íàõîæäåíèÿ òåíçîðà
Ãðèíà è ôîðìîé ïðåäñòàâëåíèÿ ðåçóëüòàòîâ ðàñ÷åòà åãî
êîìïîíåíò.

Â ðàáîòàõ ïî ìîäåëèðîâàíèþ ìèêðîïîëîñêîâîé ñòðóê-
òóðû øèðîêî èñïîëüçóåòñÿ ñïåêòðàëüíîå ïðåäñòàâëåíèå
êîìïîíåíò òåíçîðà Ãðèíà [1-3]. Íåäîñòàòêàìè ýòîãî
ïîäõîäà ÿâëÿþòñÿ çíà÷èòåëüíûå âû÷èñëèòåëüíûå çàòðàòû
è îøèáêè óñå÷åíèé ïðè ÷èñëåííîì èíòåãðèðîâàíèè
íåñîáñòâåííûõ èíòåãðàëîâ ñ áåñêîíå÷íûìè ïðåäåëàìè.
Ïîýòîìó àêòóàëüíîé ÿâëÿåòñÿ çàäà÷à íåïîñðåäñòâåííîãî
ïîëó÷åíèÿ ÿâíûõ çàâèñèìîñòåé êîìïîíåíò òåíçîðà îò
ïðîñòðàíñòâåííûõ êîîðäèíàò. Ïðîñòîå, íî íåäîñòàòî÷íî
òî÷íîå, ðåøåíèå ýòîé çàäà÷è ïîëó÷åíî â [4, 5] ïóòåì
àñèìïòîòè÷åñêîé àïïðîêñèìàöèè ñïåêòðàëüíîãî ïðåäñòàâ-
ëåíèÿ êîìïîíåíò òåíçîðà.

Ïðåäëàãàåìûé â íàñòîÿùåé ðàáîòå ìåòîä ñîñòàâëåíèÿ
ÿâíûõ çàâèñèìîñòåé êîìïîíåíò òåíçîðà Ãðèíà ìèêðîïî-
ëîñêîâîé ñòðóêòóðû îòëè÷àåòñÿ îò àñèìòîòè÷åñêîé àï-
ïðîêñèìàöèè áîëåå âûñîêîé òî÷íîñòüþ. Ìåòîä îñíîâàí íà
ðàçëîæåíèè ñïåêòðàëüíûõ çàâèñèìîñòåé â ðÿäû ïî ìàëîìó
ïàðàìåòðó. Äëÿ àëãîðèòìèçàöèè âû÷èñëåíèé ââîäèòñÿ äå-
êîìïîçèöèîííàÿ ìîäåëü ìèêðîïîëîñêîâîé ñòðóêòóðû. Ìî-
äåëü ïîçâîëÿåò ôîðìèðîâàòü â ñâîáîäíîì ïðîñòðàíñòâå
ìåòîäîì ìíîãîêðàòíûõ ïåðåîòðàæåíèé ìíîæåñòâî âñïîìî-
ãàòåëüíûõ òîêîâ-èçîáðàæåíèé, íåïîñðåäñòâåííî ïî êîòî-
ðûì ñîñòàâëÿþòñÿ èñêîìûå ôîðìóëû äëÿ ðàñ÷åòà êîìïî-
íåíò òåíçîðà â ïðîñòðàíñòâåííîé îáëàñòè.

m t( )

θ1 t( ) θóñò θB1 t( )–=

θ2 t( ) θóñò θB2 t( )–=

θB1 t( ) θB2 t( )

θóñò 20°=

°
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ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Íà ðèñóíêå 1, a èçîáðàæåíî ïîïåðå÷íîå ñå÷åíèå ìèêðî-
ïîëîñêîâîé ñòðóêòóðû, ñîñòîÿùåé èç ðàñïîëîæåííîãî íà
ìåòàëëè÷åñêîì ýêðàíå ñëîÿ îäíîðîäíîãî äèýëåêòðèêà ñ
îòíîñèòåëüíîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòüþ  è

òîëùèíîé h. Âäîëü îñåé x è y ñëîé èìååò áåñêîíå÷íûå
ðàçìåðû. Íà ïîâåðõíîñòè ñëîÿ ñî ñòîðîíû ñâîáîäíîãî

ïðîñòðàíñòâà â òî÷êå ñ êîîðäèíàòàìè x0, y0, 

ðàçìåùåí ñòîðîííèé èñòî÷íèê òîêà ñ ïëîòíîñòüþ J.
Âûðàçèì òåíçîð âçàèìíîãî èìïåäàíñà Z ÷åðåç êîì-

ïîíåíòû òåíçîðà âåêòîðíîãî ýëåêòðè÷åñêîãî ïîòåíöèàëà A
è ïðåäñòàâèì ñâÿçü ñîñòàâëÿþùèõ âåêòîðîâ E è J
ñëåäóþùèì îáðàçîì:

(1)

ãäå  - âîëíîâîå ÷èñëî ñâîáîäíîãî ïðîñòðàí-

ñòâà, T - çíàê òðàíñïîíèðîâàíèÿ.

Â ñïåêòðàëüíîé îáëàñòè âûðàæåíèÿ äëÿ êîìïîíåíò

 òåíçîðà A ìîãóò áûòü íàéäåíû ïî äåêîìïîçèöèîííîé

ìîäåëè ìèêðîïîëîñêîâîé ñòðóêòóðû, îðèåòèðîâàííûå ãðà-
ôû êîòîðîé èçîáðàæåíû íà ðèñóíêå 1,á [6].

Àíàëèç ãðàôîâ ïðèâîäèò ê ñëåäóþùèì ñîîòíîøåíèÿì:

(2)

ãäå , , ,

, , ,

, , ,

,  - ïåðåìåííàÿ ïðåîáðàçîâàíèÿ Ôóðüå ïî

êîîðäèíàòå .

à)                  á)                      â)

Ðèñóíîê 1 - Ìèêðîïîëîñêîâàÿ ñòðóêòóðà (à) è 
îðèåíòèðîâàííûå ãðàôû åå äåêîìïîçèöèîííîé ìîäåëè 

äëÿ ãîðèçîíòàëüíûõ (á) è âåðòèêàëüíûõ (â) 
êîìïîíåíò òåíçîðà

Íåïîñðåäñòâåííîå íàõîæäåíèå îðèãèíàëîâ ïî Ôóðüå-
èçîáðàæåíèÿì ôóíêöèé, âõîäÿùèõ â (2), âîçìîæíî
òîëüêî ñ ïîìîùüþ ÷èñëåííûõ ìåòîäîâ èíòåãðèðîâàíèÿ.
Äëÿ ïðàêòè÷åñêèõ ïðèìåíåíèé íàèáîëüøèé èíòåðåñ
ïðåäñòàâëÿþò ôîðìóëû, îïðåäåëÿþùèå â ÿâíîì âèäå
ñâÿçü îðèãèíàëîâ ñ ïðîñòðàíñòâåííûìè êîîðäèíàòàìè.
Ýòó ñâÿçü ìîæíî ïîëó÷èòü â ñëó÷àå àïïðîêñèìàöèè
Ôóðüå-èçîáðàæåíèé ôóíêöèé ðÿäàìè âèäà:

, (3)

ãäå bi, di - â îáùåì ñëó÷àå êîìïëåêñíûå êîýôôèöèåíòû.

Ïîñëåäóþùåå ïðèìåíåíèå ñîîòíîøåíèÿ [7]

(4)

ê ÷ëåíàì ðÿäà îáåñïå÷èâàåò ïîëó÷åíèå îðèãèíàëà â
èñêîìîé àíàëèòè÷åñêîé ôîðìå.

Öåëüþ ðàáîòû ÿâëÿåòñÿ ðàçðàáîòêà ýôôåêòèâíîãî ìå-
òîäà âû÷èñëåíèÿ îðèãèíàëîâ äëÿ ôóíêöèé â (2) ñ èñïîëü-
çîâàíèåì ïðèáëèæåíèÿ Ôóðüå-èçîáðàæåíèé ðÿäàìè (3),
îáëàäàþùåãî áîëåå âûñîêîé òî÷íîñòüþ ïî ñðàâíåíèþ ñ
ìåòîäîì àñèìïòîòè÷åñêîé àïïðîêñèìàöèè, êîòîðûé îñíî-

âàí íà äîïóùåíèè , îãðàíè÷èâàþùèì åãî ïðè-

ìåíåíèå ðàñ÷åòîì ïîëåé â áëèæíåé çîíå íà ðàññòîÿíèÿõ r,

óäîâëåòâîðÿþùèõ óñëîâèþ  [4, 5].

ÒÅÎÐÅÒÈ×ÅÑÊÈÅ ÐÅÇÓËÜÒÀÒÛ

Äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è íåîáõîäèìî àïïðîê-
ñèìèðîâàòü ñîîòíîøåíèÿ äëÿ êîýôôèöèåíòîâ îòðàæåíèÿ

 è  èç (2) ôóíêöèÿìè, çàâèñÿùèìè îò .

εr

z h=

Ex

Ey

Ez

jϖ
Gxx 0 0

0 Gyy 0

Gzx Gzy Gzz

1
k0
2

-----
∂ x∂⁄
∂ y∂⁄
∂ z∂⁄

Gxx x∂⁄∂ Gzx z∂⁄∂+

Gyy y∂⁄∂ Gzy z∂⁄∂+

Gzz z∂⁄∂

T

⋅

+

+




























Jx

Jy

Jz

,

–=

k0 ϖ ε0µ0=

Gξη

Gττ kx ky kz, ,( )
µ0 kx ky,( )δ

2kz0
--------------------------- 1 Γτ+( )e kz0 z h–( )– ,=

Gzτ kx ky kz, ,( )∂ ∂z⁄ =

jkτα
µ0 kx ky,( )δ

2kz0
--------------------------- 1 Γτ+( ) 1 Γ z+( )e kz0 z h–( )– ,=

Gzz kx ky kz, ,( )
µ0 kx ky,( )δ

2kz0
--------------------------- 1 Γz+( )e kz0 z h–( )– ,=















Γτ
Γk e 2kz1h––

1 Γke 2kz1h––
--------------------------------= Γz

Γε Γn+

1 ΓεΓn+
----------------------= Γn

Γk e 2kz1h–+

1 Γke 2kz1h–+
--------------------------------=

Γε
εr 1–

εr 1+
--------------= Γk

kz0 kz1–

kz0 kz1+
---------------------= α

Γε
1 Γε+( )

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

kx ky,( )δ ejkxx0 jkyy0+

2π( )2
----------------------------= kz0

2 γ2 k0
2–= kz1

2 γ2 k0
2εr–=

γ2 kx
2 ky

2+= jkτ

τ x y,=

1 1

( )zG ττ

( )hzk 0ze −−

hk2 1ze−−

( )
0z

yx0

k2

k,kδµ

kΓ

k1 Γ−k1 Γ+

kΓ−

1

1

1

( )zGzτ

( )hzk 0ze −−

hk2 1ze−

( )
0zk2

hGjk τττα−

εΓ

εΓ−1εΓ+1

εΓ−

kΓ

k1 Γ−k1 Γ+

kΓ−

z

h

ε0, µ0

ε0εr, µ0

τ0

Gξη kx ky kz, ,( ) bi
e kz0di–

kz0
--------------- kx ky,( )δ

i
∑≈

1
8π2
--------- e kz0di– jkx x x0–( ) jky y y0–( )––

kz0
------------------------------------------------------------------ kx kydd

∞–

∞

∫
∞–

∞

∫

1
4π
------ e jk0 x x0–( )2 y y0–( )2 di

2+ +–

x x0–( )2 y y0–( )2 di
2+ +

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

=

=

kz1 kz0=

k0r 1«

Γτ Γn kz0
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Ñëîæíîñòü àïïðîêñèìàöèè ñïåêòðàëüíîãî ïðåäñòàâëå-
íèÿ (2) êîìïîíåíò òåíçîðà ðÿäàìè (3) îïðåäåëÿåòñÿ íàëè-

÷èåì ïîëþñîâ ó ôóíêöèé  è . Äëÿ óïðîùåíèÿ âû-

÷èñëåíèé ââåäåì óñëîâèå

, (5)

îáåñïå÷èâàþùåå îòñóòñòâèå ïîëþñîâ ó  è íàëè÷èå

îäíîãî ïîëþñà ó  [7].

Ôóíêöèÿ  ìîæåò áûòü çàïèñàíà â âèäå

, (6)

ïîçâîëÿþùåì ðàçëîæèòü åå ÷èñëèòåëü è çíàìåíàòåëü â

ðÿäû ïî ñòåïåíÿì  ñ ïîñëåäóþùåé èõ àïïðîêñèìàöè-

åé ýêñïîíåíöèàëüíûìè ðÿäàìè âèäà (3). Ãëàäêîñòü ôóíê-

öèè , èìåþùàÿ ìåñòî ïðè âûïîëíåíèè óñëîâèÿ (5),

ïîçâîëÿåò îãðàíè÷èòüñÿ ïðè àïïðîêñèìàöèè ïåðâûìè
äâóìÿ ÷ëåíàìè ýêñïîíåíöèàëüíîãî ðÿäà è ïðåäñòàâèòü åå
ñëåäóþùèì îáðàçîì:

, (7)

ãäå , .

Äëÿ ïðèìåðà íà ðèñóíêå 2 ïðèâåäåíû ñïåêòðàëüíûå

çàâèñèìîñòè ôóíêöèè , ðàññ÷èòàííûå ïî òî÷íîé

ôîðìóëå (6) è åå àïïðîêñèìàöèè (7) íà ÷àñòîòå

Ããö äëÿ ìèêðîïîëîñêîâîé ñòðóêòóðû ñ òîëùèíîé

ïîäëîæêè ìì è ïðîíèöàåìîñòüþ . Äàí-

íûå ïðèìåðà ñîîòâåòñòâóþò çíà÷åíèþ .

Ðàñ÷åòû ïî (6) è (7), ïðåäñòàâëåííûå êðèâîé 1 íà
ðèñóíêàõ, ñîâïàëè ñ ãðàôè÷åñêîé òî÷íîñòüþ. Êðèâàÿ 2 íà
ðèñóíêàõ ñîîòâåòñòâóåò àñèìïòîòè÷åñêîìó ïðèáëèæåíèþ ê

ôóíêöèè , âû÷èñëÿåìîìó ïî ôîðìóëå 

 [5].

Äëÿ ïåðåõîäà èç ñïåêòðàëüíîé â ïðîñòðàíñòâåííóþ
îáëàñòü ðàçëîæèì (7) â ãåîìåòðè÷åñêóþ ïðîãðåññèþ è,
ïðèìåíèâ ê ÷ëåíàì ðÿäà ôîðìóëó (4), ñîñòàâèì èñêîìîå

âûðàæåíèå äëÿ îðèãèíàëà  èç (2):

(8)

ãäå .

à)

á)

Ðèñóíîê 2 - Çàâèñèìîñòè ðåàëüíîé (à) è ìíèìîé (á) 
÷àñòåé ôóíêöèè  îò îòíîøåíèÿ  äëÿ 

ìèêðîïîëîñêîâîé ñòðóêòóðû ñ ïàðàìåòðàìè ìì, 
 íà ÷àñòîòå Ããö: êðèâàÿ 1 - ðàñ÷åò ïî 

ôîðìóëàì (6) è (7), êðèâàÿ 2 - àñèìïòîòè÷åñêîå 
ïðèáëèæåíèå

Ïðîöåäóðó ñóììèðîâàíèÿ â ýòîì âûðàæåíèè óäîáíî
çàìåíèòü ðàñ÷åòîì ïî ðåêóððåíòíîé ôîðìóëå [8, 9]:

(9)

Çäåñü , íà÷àëü-

íîå óñëîâèå , .

Â òàáëèöå 1 ïðèâåäåíû äëÿ ñðàâíåíèÿ òî÷íîñòè àïïðîê-

ñèìàöèè çíà÷åíèÿ ôóíêöèè  â çàâèñèìî-

ñòè îò íîðìèðîâàííîãî ðàññòîÿíèÿ  ïðè Ããö,

 è h, ðàâíûì 0,5 è 1 ìì,  - äëèíà âîëíû â

ñâîáîäíîì ïðîñòðàíñòâå. Â ñòðîêå 1 ðàçìåùåíû ðåçóëü-
òàòû ÷èñëåííîãî îáðàòíîãî ïðåîáðàçîâàíèÿ Ôóðüå òî÷íîé
ôîðìóëû (6), â ñòðîêå 2 - ðàñ÷åòû ïî ôîðìóëå (9) è â

Γτ Γn

k0h εr 1– π 2⁄<

Γτ

Γn

Γτ

Γτ

ch kz1h( ) kz0h
sh kz1h( )

kz1h
----------------------–

ch kz1h( ) kz0h
sh kz1h( )

kz1h
----------------------+

--------------------------------------------------------------–=

kz0h

Γτ

Γτ
Γδ e kz0h––

1 Γδe kz0h––
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Γδ 1 hctg hδ( )δ–= δ k0 εr 1–=

1 Γτ+

f 10=

h 1= εr 9 8,=

hδ 0 369π 2⁄,=

1 Γτ+ 1 Γτ+ =
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r
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Γδ
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---------------------------------------------–

–

n 0=
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+ jk0 r2 nh( )2+–( )exp r2 nh( )2+⁄=
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ñòðîêå 3 - ðåçóëüòàòû àñèìïòîòè÷åñêîãî ïðèáëèæåíèÿ [5].

Îñíîâûâàÿñü íà àïïðîêñèìàöèè (7), çàïèøåì  â

ñëåäóþùåì âèäå:

, (10)

ãäå , ,

.

Âûðàæåíèå (10) ìîæíî èíòåðïðåòèðîâàòü êàê êîýôôèöè-
åíò îòðàæåíèÿ îò ïàðàëëåëüíîãî ðàçâåòâëåíèÿ ëèíèé, ê
êîòîðûì ïîäêëþ÷åíû íàãðóçêè ñ êîýôôèöèåíòàìè

îòðàæåíèé  è . Ôóíêöèÿ ,

îïðåäåëÿÿ ïîëîæåíèå ïîëþñà â èíòåðâàëå ,

ôîðìèðóåò ñïåêòðàëüíóþ çàâèñèìîñòü  ïðè ìàëûõ .

Ïðè áîëüøèõ  íàèáîëüøåå âëèÿíèå íà ôîðìó ñïåê-

òðàëüíîé çàâèñèìîñòè  îêàçûâàåò ôóíêöèÿ , êîòî-

ðàÿ â ýòîì ñëó÷àå ìîæåò áûòü àïïðîêñèìèðîâàíà ñâîèì

àñèìïòîòè÷åñêèì ïðåäñòàâëåíèåì: .

Â îáëàñòè ìàëûõ  ôóíêöèÿ  ñ ó÷åòîì óñëîâèÿ

(5) ìîæåò áûòü àïïðîêñèìèðîâàíà âûðàæåíèåì

.

Óìíîæèì ÷èñëèòåëü è çíàìåíàòåëü ýòîãî âûðàæåíèÿ íà

ìàëîå  è ââåäåì êîýôôèöèåíòû îòðàæåíèé

,

,

ãäå .

Àïïðîêñèìèðóåì  ýêñïîíåíöèàëüíîé ôóíêöèåé è

ïðåäñòàâèì  â âèäå:

. (11)

Ïðîâåäåííûå ïðåîáðàçîâàíèÿ âûðàæåíèé äëÿ  è 

òîæäåñòâåííû ïðåîáðàçîâàíèþ îðèåíòèðîâàííûõ ãðàôîâ
íà ðèñóíêàõ 2,á è 2,â ê âèäó, óêàçàííîìó íà ðèñóíêàõ 3,à
è 3,á. Øåñòèïîëþñíèê íà ðèñóíêå 3,á ñîîòâåòñòâóåò ðàç-
âåòâëåíèþ òðåõ îäèíàêîâûõ ëèíèé è èìååò êîýôôèöèåíòû

îòðàæåíèÿ  è ïåðåäà÷è .

à)                          á)

Ðèñóíîê 3 - Îðèåíòèðîâàííûå ãðàôû 
ìîäèôèöèðîâàííîé äåêîìïîçèöèîííîé ìîäåëè 

ìèêðîïîëîñêîâîé ñòðóêòóðû äëÿ ãîðèçîíòàëüíûõ (à) è 
âåðòèêàëüíûõ (á) êîìïîíåíò òåíçîðà

Ñîñòàâèì ïî ãðàôó íà ðèñ. 3,á ñèñòåìó óðàâíåíèé
ìîäåëè ìèêðîïîëîñêîâîé ñòðóêòóðû äëÿ âåðòèêàëüíûõ
ñîñòàâëÿþùèõ:

(12)

Çäåñü  - ýëåìåíòû ìàòðèöû ðàññåÿíèÿ ðàçâåòâëåíèÿ

ëèíèé ñ ó÷åòîì ïåðåõîäîâ ñ êîýôôèöèåíòàìè îòðàæåíèé

 è :

Òàáëèöà 1

     1 2

 h = 1 ìì

 1  704,8-j7,991  217,9-j7.898  50,54-j7,536  9,146-j6,202 -0,744-j2,421 0,142+j0,615  0,028+j0,154

 2  704,9-j7,992  218,3-j7,901  50,62-j7,537  9,153-j6,204 -0,822-j2,242 0,104+j0,615 0,013+j0,154

 3  641,1-j6,048  186,5-j5,978  40,49-j5,704  7,068-j4,696 -0,609-j1,837 0,077+j0,464 0,009+j0,116

 h = 0,5ìì

 1  359,3-j1,625  71,59-j1,606  12,16-j1,533  1,959-j1,263 -0,081-j0,495 0,058+j0,124 0,017+j0,031

 2  359,5-j1,625  71,63-j1.606  12,16-j1,533  1,960-j1,263 -0,160-j0,495  0,020+j0,124 0,003+j0,031

 3  346,5-j1,522  67,99-j1,504  11,43-j1,436  1,837-j1,182 0,149-j0,464 0,019+j0,116 0,002+j0,029

r λ0⁄ 1 32⁄ 1 16⁄ 1 8⁄ 1 4⁄ 1 2⁄
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(13)

Íà ðèñóíêå 4 ïðèâåäåíû ñïåêòðàëüíûå çàâèñèìîñòè

ôóíêöèè , ðàññ÷èòàííûå äëÿ äàííûõ ïðåäûäóùåãî

ïðèìåðà ïî òî÷íîé ôîðìóëå è ïî ñîîòíîøåíèÿì (12). Ýòè
ðàñ÷åòû ñîâïàëè ñ ãðàôè÷åñêîé òî÷íîñòüþ è ïðåäñòàâëåíû
êðèâîé 1. Êðèâàÿ 2 ñîîòâåòñòâóåò àñèìïòîòè÷åñêîìó ïðè-
áëèæåíèþ, âû÷èñëÿåìîìó ïî ôîðìóëå [5]

.

Ïî óðàâíåíèÿì (12) â ñîîòâåòñòâèè ñ ìåòîäèêîé,
èçëîæåííîé â [8, 9], ìîãóò áûòü ñîñòàâëåíû ðåêóððåíòíûå
ôîðìóëû äëÿ ðàñ÷åòà îðèãèíàëîâ Ôóðüå-èçoáðàæåíèé
âåðòèêàëüíûõ êîìïîíåíò òåíçîðà. Â ÷àñòíîñòè, äëÿ

âû÷èñëåíèÿ îðèãèíàëà ôóíêöèè  áóäåò èìåòü ìåñòî

ñëåäóþùåå âûðàæåíèå:

(14)

Çäåñü ,

íà÷àëüíîå óñëîâèå , , ,

.
Â òàáëèöå 2 äëÿ òåõ æå äàííûõ, êîòîðûå èñïîëü-

çîâàëèñü ïðè ñîñòàâëåíèè òàáëèöû 1, ïðèâåäåíû ðåçóëü-

òàòû ðàñ÷åòà ôóíêöèè  ïóòåì ÷èñëåííîãî

îáðàòíîãî ïðåîáðàçîâàíèÿ Ôóðüå òî÷íîé ôîðìóëû
(ñòðîêà 1 òàáëèöû), ïî ñîîòíîøåíèÿì (14) (ñòðîêà 2) è â
àñèìïòîòè÷åñêîì ïðèáëèæåíèè [5] (ñòðîêà 3). Äëÿ ñõîäè-

ìîñòè âû÷èñëåíèé â âîëíîâîå ÷èñëî  âíîñèëàñü

îòðèöàòåëüíàÿ ìíèìàÿ ÷àñòü, ñîñòàâëÿþùàÿ 0,1% åãî
âåëè÷èíû.

à)

á)

Ðèñóíîê 4 - Çàâèñèìîñòè ðåàëüíîé (à) è ìíèìîé (á) 

÷àñòåé ôóíêöèè  îò îòíîøåíèÿ  äëÿ 

ìèêðîïîëîñêîâîé ñòðóêòóðû ñ ïàðàìåòðàìè ìì, 

 íà ÷àñòîòå   Ããö: êðèâàÿ 1 - ðàñ÷åò 
ïî òî÷íîé ôîðìóëå è ïî ñîîòíîøåíèÿì (12), êðèâàÿ 2 - 

àñèìïòîòè÷åñêîå ïðèáëèæåíèå

Ïðåäñòàâëåííûå â òàáëèöàõ 1 è 2 ðåçóëüòàòû ðàñ÷åòà
óêàçûâàþò íà âûñîêóþ òî÷íîñòü ìîäåëèðîâàíèÿ
êîìïîíåíò òåíçîðà Ãðèíà ìèêðîïîëîñêîâîé ñòðóêòóðû
ïðåäëàãàåìûì ìåòîäîì. Â îòëè÷èå îò àñèìïòîòè÷åñêîãî
ïðèáëèæåíèÿ ïðåäëàãàåìûé ìåòîä ðàñ÷åòà âîñïðîèçâîäèò
ñ íåçíà÷èòåëüíûìè ïîãðåøíîñòÿìè ìîäåëèðóåìîå ïîëå êàê
â áëèæíåé çîíå, òàê è íà ðàññòîÿíèÿõ â íåñêîëüêî äëèí
âîëí îò èñòî÷íèêà. Ïîãðåøíîñòü ìîäåëèðîâàíèÿ óìåíüøà-

åòñÿ ñ óìåíüøåíèåì òîëùèíû  äèýëåêòðè÷åñêîãî ñëîÿ.

S
1

2 jδ∆ 1 Γε–( )+
---------------------------------------

2Γε jδ∆ 1 Γε–( )– 2 1 Γε–( ) 2 jδ∆ 1 Γε–( )

2 1 Γε+( ) 2Γε jδ∆ 1 Γε–( )–– 2 jδ∆ 1 Γε–( )

2 1 Γε+( ) 2 1 Γε–( ) 2Γε– jδ∆1 Γε–( )+

.=

1 Γz+

1 Γ z+ 1 Γε+( ) 1 e 2kz0h–+( )
1 Γεe 2kz0h–+( )

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

Gzz

Gzz r h,( )
µ0

4π
------ u10 0,

+ S11u10 0,
+ S12u21 0,

– S13u20 1,
––+ +( ),=

u2n m,

–

u3n m,

–

S22 S23–

S32 S33–

u2n 1+ m,
–

u3n m 1+,
–

S21u1n m,
+

S31u1n m,
+

.+⋅=











u1n m,
+

exp jk0 r2 n2h m2∆ j heδ( )⁄+( )2+–( )

r2 n2h m2∆ j heδ( )⁄+( )2+
------------------------------------------------------------------------------------------------=

u2N 1+ M,
– 0= u3N M 1+,

– 0= N ∞→

M ∞→

Gzz r h,( )4π µ⁄ 0

k0 εr
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-1
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3

0 1 2 γ/κ 0

1
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-0,75

-0,5

-0,25

0

0 1 γ/κ 0

1

2

1 Γ z+ γ k0⁄

h 1=

εr 9 8,= f 10=

h

Òàáëèöà 2

     1 2

 h = 1ìì  1  2090-j570,0  1024-j555,9 364,8-j503,2 -79,55-j323,6 -170,8+j64,94 89,09-j53,73 42,73-j45,31

 2  2106-j568,8  1037-j545,6 362,6-j502,5 -78,66-j324,7 -171,3+j65,31 89,34-j54,01 42,57-j45,47

 3  2002-j416,1 968,7-j408,1 375,9-j377,1 -0,069-j266,6 -133,3+j0,024 66,67-j0,005 33,33-j0,002

 h = 0,5ìì  1  2119-j483,5 1017+j472,9 378,2-j433,2 -30,91-j295,1 -152,9+j24,03 80,07-j18,67 42,27-j14,69

 2  1025-j488,1  1019-j478,1 380,1-j438,5 -30,82-j296,3 -153,0+j23,92 80,06-j18,65 42,29-j14,63

 3 983,3-j408,2 983,26-j408,1 376,9-j377,2 -0,024-j206,6 -133,3+j0,005 66,67-j0,002 33,33-j0,001

r λ0⁄ 1 32⁄ 1 16⁄ 1 8⁄ 1 4⁄ 1 2⁄
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ÂÛÂÎÄÛ

Ðàçðàáîòàííûé ìåòîä ðàñ÷åòà òåíçîðà Ãðèíà ìèêðîïî-
ëîñêîâîé ñòðóêòóðû îòëè÷àåòñÿ ïðîñòîòîé è âûñîêîé
òî÷íîñòüþ, îáåñïå÷èâàÿ ìîäåëèðîâàíèå ïîëåé íà ðàññòîÿ-
íèÿõ ïîðÿäêà íåñêîëüêèõ äëèí âîëí îò èñòî÷íèêà. Ýëå-
ìåíòû äåêîìïîçèöèîííîé ñõåìû ìèêðîïîëîñêîâîé ñòðóê-
òóðû, àäàïòèðîâàííûå ïî ïðåäëîæåííîé ìåòîäèêå ê ðàñ-
÷åòó â ïðîñòðàíñòâåííîé îáëàñòè, ìîãóò áûòü íåïîñðåä-
ñòâåííî èñïîëüçîâàíû â êà÷åñòâå áàçîâûõ ïðè ïîñòðîåíèè
äåêîìïîçèöèîííûõ ñõåì ìíîãîñëîéíûõ ïëîñêî-ñëîèñòûõ
ñòðóêòóð. Îãðàíè÷åíèå (5) íà òîëùèíó äèýëåêòðè÷åñêîé
ïëàñòèíû ìèêðîïîëîñêîâîé ñòðóêòóðû íå ÿâëÿåòñÿ ïðèí-
öèïèàëüíûì, ïîñêîëüêó ïëàñòèíà ìîæåò áûòü ïðåäñòàâ-
ëåíà äåêîìïîçèöèîííîé ñõåìîé â âèäå ñîåäèíåíèÿ íå-
ñêîëüêèõ áîëåå òîíêèõ ñëîåâ äèýëåêòðèêà.
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À.Ñ.Êðàñíîïîÿñîâñüêèé, À.Ì.Ñêàêîâñüêà

Íà ïðèìåðå çàäà÷è àâòîôîêóñèðîâêè ýëåêòðîííîãî ìèêðî-
ñêîïà, ðàññìàòðèâàåòñÿ îïðåäåëåíèå îïòèìàëüíîé â èíôîð-
ìàöèîííîì ñìûñëå îáëàñòè çíà÷åíèé ïàðàìåòðîâ íàñòðîéêè â
ðàìêàõ ìåòîäà ôóíêöèîíàëüíî-ñòàòèñòè÷åñêèõ èñïûòàíèé.

Íà ïðèêëàä³ çàäà÷³ àâòîôîêóñóâàííÿ åëåêòðîííîãî ì³êðî-
ñêîïà, ðîçãëÿäàºòüñÿ âèçíà÷åííÿ îïòèìàëüíî¿ â ³íôîðìàö³é-
íîìó ñåíñ³ îáëàñò³ çíà÷åíü ïàðàìåòð³â íàñòðîéêè â ðàìêàõ
ìåòîäó ôóíêö³îíàëüíî-ñòàòèñòè÷íèõ âèïðîáóâàíü.

The definition of the optimum field of meaning of the adjust-
ment parameters in the informational sense within the method of
the functional-statistical tests is considered on the example of
the electronic microscope autofocusing task.

Â ðîáîò³ [1] íàâåäåíî àëãîðèòì àâòîôîêóñóâàííÿ ðàñò-
ðîâîãî åëåêòðîííîãî ì³êðîñêîïà (ÐÅÌ) çà çîáðàæåííÿì â
ðàìêàõ ìåòîäó ôóíêö³îíàëüíî-ñòàòèñòè÷íèõ âèïðîáóâàíü
(ÌÔÑÂ), ÿêèé ãðóíòóºòüñÿ íà îö³íö³ ³íôîðìàö³éíî¿ çäàò-
íîñò³ ñèñòåìè êëàñèô³êàö³éíî¿ íàñòðîéêè (ÊÍ). Íåäîë³-
êîì öüîãî àëãîðèòìó º ìîæëèâ³ñòü ïîÿâè êîëèâàëüíîãî
ïðîöåñó ïðè çì³í³ çíà÷åííÿ ïàðàìåòðà íàñòðîéêè â îáëàñò³
éîãî åêñòðåìàëüíîãî çíà÷åííÿ, ùî ïðèçâîäèòü äî çìåí-
øåííÿ îïåðàòèâíîñò³ ïðîöåñó àâòîôîêóñóâàííÿ ì³êðîñêî-
ïà. Ç ìåòîþ óñóíåííÿ öüîãî íåäîë³êó ðîçãëÿíåìî â ðàìêàõ
ÌÔÑÂ âèçíà÷åííÿ íîðìîâàíîãî ïîëÿ äîïóñê³â íà
ïàðàìåòð íàñòðîéêè, ÿêå çàáåçïå÷óº ïðèéíÿòíó ôîêóñí³ñòü
çîáðàæåííÿ.

ÌÅÒÎÄÎËÎÃ²×Í²  ÒÀ ÒÅÎÐÅÒÈ×Í²  
ÏÎËÎÆÅÍÍß Ï²ÄÕÎÄÓ

Íåõàé ôóíêö³îíàëüíèé ñòàí ÐÅÌ õàðàêòåðèçóºòüñÿ
òðèàëüòåðíàòèâíîþ ñèñòåìîþ îö³íîê ïàðàìåòðà íàñòðîéêè

 - ñòðóìó îá'ºêòèâíî¿ ë³íçè: "ÌÅÍØÅ ÍÎÐÌÈ" - êëàñ

, "ÍÎÐÌÀ" - êëàñ  ³ "Á²ËÜØÅ ÍÎÐÌÈ" - êëàñ

. Íà ðèñ.1 íàâåäåíî ðîçòàøóâàííÿ öèõ êëàñ³â â îáëàñò³

çíà÷åíü ïàðàìåòðà . Òóò , ,  - íîì³íàëüíå

çíà÷åííÿ ïàðàìåòðà, íèæí³é ³ âåðõí³é íîðìîâàí³
(åêñïëóàòàö³éí³) äîïóñêè íà ïàðàìåòð íàñòðîéêè
â³äïîâ³äíî.

Ðèñóíîê 1

Íîðìîâàí³ äîïóñêè  ³ , çàäàþòü îáëàñòü ïðè-

éíÿòíî¿ ç ïðàêòè÷íèõ ì³ðêóâàíü ôîêóñíîñò³ çîáðàæåííÿ -

IË

XÌ
0 XÍ

0

XÁ
0

IË A0 AÍ AÂ

∗ ∗ ∗
0
1XHA0

2X 0A BA

0
MX 0

НX 0
БX

ЛI
∗

0
3X

AÍ AÂ
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îáëàñòü . Äîïóñêè  ³  º ³íäèâ³äóàëüíèìè

õàðàêòåðèñòèêàìè êîæíîãî ì³êðîñêîïà, ÿê³ çàëåæàòü â³ä
éîãî òåõí³÷íîãî ñòàíó ³ óìîâ ôóíêö³îíóâàííÿ, òîìó ï³ñëÿ
êîæíîãî âõîäó ì³êðîñêîïà â ðîáî÷èé ðåæèì íåîáõ³äíî
çä³éñíþâàòè ¿õ âèçíà÷åííÿ ç ìåòîþ ôîðìóâàííÿ âõ³äíèõ
äàíèõ äëÿ àëãîðèòìó àâòîôîêóñóâàííÿ. Äëÿ âèçíà÷åííÿ

äîïóñê³â  ³  çàñòîñóºìî àëãîðèòì äèñêðèì³íàíòíîãî

êëàñèô³êàö³éíîãî àíàë³çó çà ÌÔÑÂ [2], ÿêèé äîçâîëÿº
ïîáóäóâàòè îïòèìàëüí³ â ³íôîðìàö³éíîìó ñåíñ³ ðîçä³ëüí³
ã³ïåðïîâåðõí³ (ÐÃÏ) ì³æ äâîìà ñóñ³äí³ìè êëàñàìè. Çà
îñíîâíèé êëàñ, ÿêèé çàáåçïå÷óºòüñÿ ïîòî÷íèì çíà÷åííÿì

ñòðóìó  ³ â³äïîâ³äàº îñíîâí³é ã³ïîòåç³ : ôóíêö³î-

íàëüíèé ñòàí ì³êðîñêîïà "ÍÎÐÌÀ", ïðèéìåìî êëàñ 

(ðèñ.1). Çà "ñóñ³äà" çë³âà ïðèéìåìî êëàñ , ÿêèé íà-

ëåæèòü îáëàñò³ , òîáòî â³äïîâ³äàº ã³ïîòåç³  -

"ÌÅÍØÅ ÍÎÐÌÈ", ³ çà "ñóñ³äà" ñïðàâà - êëàñ , ÿêèé

â³äïîâ³äàº ã³ïîòåç³  - "Á²ËÜØÅ ÍÎÐÌÈ". Îñê³ëüêè íà

ïî÷àòêó ôóíêö³îíóâàííÿ ì³êðîñêîïà çíà÷åííÿ  ³

äîïóñêè  ³  íåâ³äîì³, òî ïîñë³äîâíå ôîðìóâàííÿ

êëàñ³â  ³  äîö³ëüíî çä³éñíþâàòè øëÿõîì äîïóñêîâî¿
îö³íêè çì³íè îäí³º¿ ç îá'ºêòèâíèõ ³íòåãðàëüíèõ õàðàê-
òåðèñòèê çîáðàæåííÿ, íàïðèêëàä, ìàêñèìàëüíî¿ êîíòðàñò-
íîñò³ çîáðàæåííÿ, ÿêó âèçíà÷èìî çà ôîðìóëîþ:

, (1)

äå ,  - ìàêñèìàëüíà òà ì³í³ìàëüíà ÿñêðàâîñò³

ðåöåïòîðíîãî ïîëÿ â³äïîâ³äíî.

Çà çîáðàæåííÿ êëàñó  âèáèðàºòüñÿ çîáðàæåííÿ, äëÿ

ÿêîãî ñåðåäíÿ êîíòðàñòí³ñòü  ïðè çíà÷åííÿõ

 ³ çà çîáðàæåííÿ êëàñó  - çîáðàæåííÿ, äëÿ

ÿêîãî òàê ñàìî  ïðè . Òóò  -

ãðàíè÷íà ñåðåäíÿ êîíòðàñòí³ñòü çîáðàæåííÿ, ÿêå â³äïîâ³-

äàº êëàñó .

ÀËÃÎÐÈÒÌ ÏÎÁÓÄÎÂÈ ÐÃÏ

Íà ï³äãîòîâ÷îìó åòàï³ ôîðìóþòüñÿ çîáðàæåííÿ, ÿê³

â³äïîâ³äàþòü êëàñàì ,  ³ . Çà êëàñ  ïðè-

éìàºòüñÿ ñôîêóñîâàíå çîáðàæåííÿ, äëÿ ÿêîãî îá÷èñëþ-

ºòüñÿ ìàêñèìàëüíà êîíòðàñòí³ñòü  çà ôîðìóëîþ (1).

Äëÿ ôîðìóâàííÿ êëàñó  çìåíøóºòüñÿ ñòðóì  ç êðî-

êîì , îá÷èñëþºòüñÿ ïîòî÷íà ìàêñèìàëüíà êîíòðàñò-

í³ñòü ³ ïåðåâ³ðÿºòüñÿ óìîâà . Ïîòî÷íèé

êëàñ çîáðàæåííÿ, äëÿ ÿêîãî âèêîíóºòüñÿ öå â³äíîøåííÿ,

âèçíà÷àºòüñÿ ÿê . Àíàëîã³÷íî ôîðìóºòüñÿ çîáðàæåííÿ

êëàñó  çà óìîâè çá³ëüøåííÿ ñòðóìó . Âèçíà÷åííÿ

íîðìîâàíîãî ïîëÿ äîïóñê³â çä³éñíþºòüñÿ øëÿõîì ïîñë³-

äîâíî¿ ïîáóäîâè ÐÃÏ äëÿ êëàñó  ì³æ êëàñîì 

(äîïóñê ), ³ ì³æ êëàñîì  (äîïóñê ). Ðîçãëÿíåìî

îñíîâí³ åòàïè ïîáóäîâè ÐÃÏ ì³æ êëàñàìè  ³ .

1. Ôîðìóâàííÿ ìàñèâó ðåàë³çàö³é çîáðàæåííÿ êëàñó

 , , äå  - ì³í³ìàëüíèé îáñÿã

ðåïðåçåíòàòèâíî¿ âèá³ðêè, ÿêèé âèçíà÷àºòüñÿ ê³ëüê³ñòþ
ðÿäê³â ðåöåïòîðíîãî ïîëÿ.

2. Âèçíà÷åííÿ åòàëîííî¿ ðåàë³çàö³¿  øëÿõîì

óñåðåäíåííÿ ðåàë³çàö³é .

3. Âèá³ð ñèñòåìè êîíòðîëüíèõ äîïóñê³â  íà çíà-

÷åííÿ åòàëîííî¿ ðåàë³çàö³¿ . Ïðè öüîìó ,

äå  - íîðìîâàíå ïîëå äîïóñê³â äëÿ i-ãî ðåöåïòîðà. 

4. Ôîðìóâàííÿ íàâ÷àëüíî¿ âèá³ðêè - á³òîâîãî ìàñèâó

, ,  øëÿõîì ïîð³âíÿííÿ çíà÷åíü

êîæíî¿ ðåàë³çàö³¿ ìàñèâó  ç â³äïîâ³äíèìè êîíòðîëü-

íèìè äîïóñêàìè :

.

5. Ôîðìóâàííÿ á³òîâîãî åòàëîííîãî âåêòîðà , øëÿ-

õîì ñòàòèñòè÷íîãî óñåðåäíåííÿ â³äïîâ³äíèõ ñòîâï÷èê³â

ìàòðèö³ .

6. Ôîðìóâàííÿ íàâ÷àëüíî¿ âèá³ðêè äëÿ êëàñó  - ìà-

ñèâó , ÿêå çä³éñíþºòüñÿ àíàëîã³÷íî ïóíêòàì

1, 2, 4 äëÿ êëàñó .

7. Ôîðìóâàííÿ åòàëîííîãî âåêòîðà  øëÿõîì óñåðåä-

íåííÿ â³äïîâ³äíèõ ñòîâïö³â ìàòðèö³ , ÿêå

çä³éñíþºòüñÿ àíàëîã³÷íî ï.5.

8. Ïîáóäîâà îïòèìàëüíî¿ ÐÃÏ äëÿ êëàñó , â ÿêîñò³

ÿêî¿ ðîçãëÿäàºòüñÿ ã³ïåðñôåðà ç öåíòðîì ó âåðøèí³
âåêòîðà , øëÿõîì ïîøóêó ìàêñèìóìó ³íôîðìàö³éíîãî

êðèòåð³þ ôóíêö³îíàëüíî¿ åôåêòèâíîñò³ ïðîöåñó íàâ÷àííÿ,
â ÿêîñò³ ÿêîãî ðîçãëÿíåìî, íàïðèêëàä, ³íôîðìàö³éíó ì³ðó
Øåííîíà â òàê³é ìîäèô³êàö³¿ [2]:

(2)

äå , , ,  - òî÷í³ñí³ õàðàêòåðèñòèêè ïðîöåñó

íàâ÷àííÿ: ïåðøà ³ äðóãà äîñòîâ³ðíîñò³, ïîìèëêè ïåðøîãî
òà äðóãîãî ðîäó â³äïîâ³äíî.

Ïîøóê îïòèìàëüíîãî ðàä³óñà  çà ÌÔÑÂ çä³éñíþ-

ºòüñÿ çà àëãîðèòìîì:
à) ;

á) ;

XÍ
0 AÍ AÂ

AÂ AÍ

IË γ1

X1
0

X2
0

XÌ
0 γ2

X3
0

γ3

A0

AÍ AÂ

X2
0 X3

0

η∆ max η
i j,{ }

min η
i j,{ }

–=

max η
i j,{ }

min η
i j,{ }

X2
0

η∆ ηäîï∆≤

IË A0< X3
0

η∆ ηäîï∆≤ IË A0> ηäîï∆

X1
0

X1
0 X2

0 X3
0 X1

0

η∆

X2
0 IË

IË∆

ηäîï 0 95η1,≤

X2
0

X3
0 IË

X1
0 X2

0

AÍ X3
0 AÂ

X1
0 X2

0

X1
0 g1 i,

j( ){ } j 1 nmin,= nmin

g1 X1
0∈

g1 i,
n( ){ }

δk i,{ }

g1 δk i, δí i,≤

δí i,

BM1 j i,[ ]{ } j i 1 152,=

g1 i,
j( ){ }

δk i,{ }

if g1 i,
j( ) δk i,∈ then BM1 j i,[ ] :=1 else BM1 j i,[ ] :=0

x1

BM1 j i,[ ]{ }

X2
0

BM2 j i,[ ]{ }

X1
0

x2

BM2 j i,[ ]{ }

X1
0

x1

E1 1 0 5
D1

D1 β+
----------------

D1

D1 β+
----------------2log

D2

D2 β+
----------------

D2

D2 β+
----------------2log

α
α D2+
----------------- α

α D2+
-----------------2log β

D1 β+
---------------- β

D1 β+
----------------2log

+ +

+ +












,

,+=

D1 D2 α β

d1
∗
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d:=d 1+
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â) îá÷èñëåííÿ  çà ôîðìóëîþ (2);

ã) ïîð³âíÿííÿ çà óìîâè, ùî , :

ä) âèçíà÷åííÿ åêñòðåìàëüíîãî çíà÷åííÿ ðàä³óñà ÐÃÏ:

.

9. Âèçíà÷åííÿ íèæíüîãî íîðìîâàíîãî äîïóñêó  çà

ôîðìóëîþ , äå , äå ,

 çíà÷åííÿ ñòðóìó îá'ºêòèâíî¿ ë³íçè, ÿê³ âèçíà÷àþòü

çîáðàæåííÿ êëàñ³â  ³  â³äïîâ³äíî,  -

ì³æöåíòðîâà êîäîâà â³äñòàíü.
Àíàëîã³÷íî çä³éñíþºòüñÿ âèçíà÷åííÿ âåðõíüîãî íîðìî-

âàíîãî äîïóñêó .

ÐÅÀË²ÇÀÖ²ß ÀËÃÎÐÈÒÌÓ

Àëãîðèòì âèçíà÷åííÿ íîðìîâàíèõ äîïóñê³â äëÿ ñòðóìó
îá'ºêòèâíî¿ ë³íçè ðåàë³çîâàíî äëÿ åëåêòðîííîãî ì³êðî-
ñêîïà ÐÅÌ-103 âèðîáíèöòâà ÑÅËÌ² (ì.Ñóìè, Óêðà¿íè)
ï³ñëÿ éîãî âèõîäó â ðîáî÷èé ðåæèì ïðè ïðèñêîðþþ÷³é
íàïðóç³ 40 êB. Íà ðèñ.2à ñõåìàòè÷íî ïîêàçàíî ïîâåðõí³,

ÿê³ ïðîâåäåíî êîíöåíòðîâàíî íàâêîëî âåðøèíè  ³

ðàä³óñè ÿêèõ çì³íþþòüñÿ íà îäèíèöþ êîäîâî¿ â³äñòàí³.

à)

á)

Ðèñóíîê 2

Ïðè öüîìó ì³æöåíòðîâà êîäîâà â³äñòàíü 

ïðè óìîâ³, ùî ðåàë³çàö³¿ êëàñ³â  ³  ñêëàäàëèñÿ ç 128

äèñêðåò, òîáòî êðîê êâàíòóâàííÿ êðèâî¿ ÿñêðàâîñò³ äëÿ
ðÿäêà ðåöåïòîðíîãî ïîëÿ äîð³âíþâàâ ÷îòèðüîì ï³êñåëÿì.
Íà ðèñ. 2á íàâåäåíî ãðàô³ê ôóíêö³¿ (2) â çàëåæíîñò³ â³ä

ðàä³óñó ðîçä³ëüíî¿ ã³ïåðñôåðè äëÿ êëàñó . Â òàáëèö³ 1

íàâåäåíî çíà÷åííÿ òî÷í³ñíèõ õàðàêòåðèñòèê ³ êðèòåð³þ

, îá÷èñëåíîãî çà ôîðìóëîþ (2).

Àíàë³ç òàáëèö³ 1 ïîêàçóº, ùî ðîáî÷à îáëàñòü çíà÷åíü

êðèòåð³þ (2) çíàõîäèòüñÿ â ìåæàõ â³ä  äî , â

ÿê³é åêñòðåìàëüíå çíà÷åííÿ ðàä³óñà .

Îñê³ëüêè äëÿ êëàñó  çíà÷åííÿ ñòðóìó A,

à äëÿ êëàñó A, òî ð³çíèöÿ 

mA. Îòæå  âèçíà÷èìî çà ôîðìóëîþ

mA.

Íà ðèñ.3 íàâåäåíî çàëåæí³ñòü êðèòåð³þ (2) â³ä ðàä³óñà

ðîçä³ëüíî¿ ã³ïåðñôåðè êëàñó , îïòèìàëüíî¿ äëÿ ðîçïî-

ä³ëó ðåàë³çàö³é êëàñ³â  ³ .

E1

D1 D2 0 5,≥

if E1 d[ ] E1 d 1–[ ]≥ then ï.8á
else if D1 0 5,>( ) and D2 0 5,>( )( ) then ï.8ä;

d1
∗ d1 1–=

AÍ

AÍ d1
∗ χ⋅= χ

IË1 IË2–

d x1 x2⊕( )
--------------------------= IË1

IË2

X1
0 X2

0 d x1 x2⊕( )

AÂ

x1 X1
0∈

Òàáëèöà 1

  

1 0,00 1,00 1,00 0,00 0,50

2 0,11 0,89 1,00 0,00 0,40

3 0,31 0,69 0,94 0,06 0,22

4 0,61 0,39 0,86 0,14 0,18

5 0,83 0,17 0,75 0,25 0,31

6 0,97 0,03 0,64 0,36 0,55

7 0,97 0,03 0,54 0,49 0,71

8 0,98 0,02 0,51 0,49 0,61

9 1,00 0,00 0,31 0,69 0,80

10 1,00 0,00 0,17 0,83 0,75

11 1,00 0,00 0,06 0,94 0,70

d x1 x2⊕( ) 10=

X1
0 X2

0

X1
0

E1

k D1 α D2 β E1

d 3= d 7=
d1

∗ 6=

X1
0 I1 1 280,=

X2
0 I2– 1 268,= I1 2,∆ =

I1 I2– 12= = AÍ

AÍ I1
I1 2,∆ d1 2, ∗⋅
d x1 x2+( )

-------------------------------– 1273= =

X1
0

X1
0 X3

0
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Â.Ì.Îíóôðèåíêî, Ò.È.Ñëþñàðîâà

Ïðåäñòàâëåíû ðåçóëüòàòû äèôôåðèíòåãðàëüíîãî ìîäåëè-
ðîâàíèÿ âíóòðåííåãî ïîëÿ äèôðàêöèè äëÿ äîñòàòî÷íî òîí-
êîãî öèëèíäðà (êâàçèñòàöèîíàðíûé ñëó÷àé). Èññëåäîâàíèå
áàçèðóåòñÿ íà ôðàêòàëüíîì ïðåäñòàâëåíèè î ñòðóêòóðå
ïîâåðõíîñòè öèëèíäðà. Ïîëó÷åííàÿ ìîäåëü ïîçâîëÿåò îïè-

ñàòü ñ èñïîëüçîâàíèåì -õàðàêòåðèñòèê ëþáóþ çàäàííóþ

ñòåïåíü ôðàêòàëüíîñòè ïîâåðõíîñòè. Äëÿ 0-õàðàêòåðèñòèê
ðåçóëüòàòû ñîâïàäàþò ñ êëàññè÷åñêèìè äàííûìè.

Íàâîäÿòüñÿ ðåçóëüòàòè äèôåð³íòåãðàëüíîãî ìîäåëþâàííÿ
âíóòð³øíüîãî ïîëÿ äèôðàêö³¿ äëÿ äîñòàòíüî òîíêîãî
öèë³íäðà (êâàç³ñòàö³îíàðíèé âèïàäîê). Äîñë³äæåííÿ áàçó-
ºòüñÿ íà ôðàêòàëüíîìó óÿâëåíí³ ïðî ñòðóêòóðó ïîâåðõí³
öèë³íäðà. Îòðèìàíà ìîäåëü äîçâîëÿº îïèñóâàòè ³ç çàñòîñó-

âàííÿì -õàðàêòåðèñòèê áóäü-ÿêó çàäàíó ñòåï³íü ôðàê-

òàëüíîñò³ ïîâåðõí³. Äëÿ 0-õàðàêòåðèñòèê ðåçóëüòàòè ñï³â-
ïàäàþòü ç êëàñè÷íèìè..

The results of differintegrational modeling of inner field of
diffraction for cylinder with fine wall are submitted. The
research is based on fractional performance about structure of a
surface of a cylinder (quasi-stationary case). The received

model allows to describe with use of the -characteristics any

given degree fractality of a surface. For the 0-characteristics
the results coincide with the classical data.

ÂÂÅÄÅÍÈÅ

Èçó÷åíèþ ÿâëåíèé âçàèìîäåéñòâèÿ ýëåêòðîìàãíèòíûõ
âîëí ñ ôðàêòàëüíûìè îáúåêòàìè [1] ïîñâÿùåíû ðàáîòû
[2-4]. Òàê êàê óðàâíåíèÿ Ìàêñâåëëà â èíòåãðàëüíîé

ôîðìå òðåáóþò ââîäà ãåîìåòðè÷åñêîé èíôîðìàöèè î
ìíîæåñòâàõ îïðåäåëåíèÿ ïîëÿ è èçìåðåíèÿ èõ "âåëè÷èíû"
(ðàññòîÿíèé, îêðåñòíîñòåé, ïëîùàäåé, îáúåìîâ) íà
êîíòóðàõ, ïîâåðõíîñòÿõ è ïðîñòðàíñòâåííûõ îáëàñòÿõ,
êîòîðûå ìîãóò áûòü ñèëüíî èçðåçàííûìè, øåðîõîâàòûìè,
ïîðèñòûìè è ò. ï., òî ãðàíèöû îáúåêòîâ â ñîâðåìåííîé
ýëåêòðîäèíàìèêå ìîãóò ðàññìàòðèâàòüñÿ êàê ôðàêòàëüíûå
ñòðóêòóðû â ñîîòâåòñòâóþùèõ äèàïàçîíàõ ìàñøòàáîâ,
õàðàêòåðèçóþùèåñÿ îäíîé èëè íåñêîëüêèìè ôðàêòàëü-
íûìè ðàçìåðíîñòÿìè [5-6]. Â ðàáîòå [7] îáîáùåí ïðèåì
ââåäåíèÿ ïîêðûòèÿ ãðàíèö è îáëàñòåé îïðåäåëåíèÿ ýëåêò-
ðîìàãíèòíîãî ïîëÿ íà ñëó÷àé ãëàäêîãî êîíòóðà, êîòîðûé
íà íåêîòîðîì ó÷àñòêå èìååò ôðàêòàëüíîå ðàñïðåäåëåíèå
íåîäíîðîäíîñòåé. Ýòî îñóùåñòâëÿåòñÿ ñ ïîìîùüþ
èñïîëüçîâàíèÿ îáîáùåíèÿ ìåðû "âåëè÷èíû" ìíîæåñòâà,
ñâÿçàííîãî ñ âûáîðîì íåêîòîðîé ïðîáíîé ôóíêöèè

 ñ ãåîìåòðè÷åñêèì âåñîâûì êîýôôèöèåí-

òîì , ñ âûáîðîì ïîêðûòèÿ ðàññìàòðèâàåìîãî ìíî-

æåñòâà òî÷åê ýëåìåíòàìè ñ õàðàêòåðíûì ðàçìåðîì 

(íàïðèìåð,  - äèàìåòð ïîêðûòèÿ), ñ îáðàçîâàíèåì -ìå-

ðû Õàóñäîðôà , êîòîðàÿ ñëóæèò ìåðîé

ïðîòÿæåííîñòè è èñêðèâëåííîñòè ãðàíè÷íîé ëèíèè. Â

îáùåì ñëó÷àå äëÿ ôðàêòàëüíûõ îáúåêòîâ ìåðà 

ðàâíà íóëþ (äëÿ ) èëè áåñêîíå÷íîñòè (äëÿ )

ïðè  [8]. Ïîýòîìó, âìåñòî ñëîæíîé ïðîöåäóðû

d 4=

d 10= d1 3, ∗ 8= I1 3,∆ =

13= AÂ

A0 AÍ AÂ+( ) 2⁄ 1281= =

α

α

α

h ε( ) γ µ( ) εµ⋅=

γ µ( )
ε

ε µ
Hµ ε( ) h ε( )∑=

Hµ ε( )

µ 0> µ 0<
ε 0→
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ãåîìåòðè÷åñêîãî ïîñòðîåíèÿ ôðàêòàëüíîãî ìíîæåñòâà,

íàõîæäåíèÿ åãî -ìåðû Õàóñäîðôà ñ ïîñëåäóþùèìè

ãðàíè÷íûìè ïåðåõîäàìè, áóäåì èñïîëüçîâàòü àïïàðàò
äðîáíîãî èíòåãðîäèôôåðåíöèàëüíîãî èñ÷èñëåíèÿ [9]

, , 

, (1)

, , , (2)

ãäå  - ãàììà-ôóíêöèÿ Ýéëåðà,  è  -

äðîáíàÿ ïðîèçâîäíàÿ è äðîáíûé èíòåãðàë ïîðÿäêà .

Ïðèìåðû ïðèìåíåíèÿ èíòåãðîäèôôåðåíöèàëîâ ðàññìîòðå-
íû â ðàáîòàõ [10-15; 17-18].

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ñôîðìóëèðóåì ñëåäóþùóþ çàäà÷ó äèôðàêöèè. Ïóñòü
ïëîñêàÿ ëèíåéíî ïîëÿðèçîâàííàÿ ýëåêòðîìàãíèòíàÿ ìîíî-

õðîìàòè÷åñêàÿ âîëíà ,  ïàäàåò íà áåñêîíå÷íûé êðó-
ãîâîé öèëèíäð ðàäèóñà R, ïîâåðõíîñòü êîòîðîãî îáëàäàåò
ôðàêòàëüíûìè ñâîéñòâàìè. Ðàññìîòðèì ñëó÷àé, êîãäà íà-

ïðàâëåíèå âåêòîðà  ñîâïàäàåò ñ íàïðàâëåíèåì îñè Z, à

íàïðàâëåíèå âåêòîðà  - ñ íàïðàâëåíèåì îñè Y  (ïåðïåí-
äèêóëÿðíàÿ ïîëÿðèçàöèÿ). Âòîðè÷íîå ïîëå âíå öèëèíäðà

îáîçíà÷èì , , à âíóòðè íåãî -  , .

, ,

ãäå , . Ñâîéñòâà ñðåäû

âíóòðè è âíå öèëèíäðà ó÷èòûâàåì ñ ïîìîùüþ äèýëåêò-

ðè÷åñêîé è ìàãíèòíîé ïðîíèöàåìîñòåé: ,  ïðè ;

,  ïðè .

Îñîáåííîñòè ïîâåðõíîñòè ó÷èòûâàåì ñ ïîìîùüþ -

õàðàêòåðèñòèê ,  êîìïî-

íåíò ,  ïîëÿ. Ñàìè æå , 

èùåì êàê ðåøåíèÿ îäíîðîäíîãî óðàâíåíèÿ Ãåëüìãîëüöà

, óäîâëåòâîðÿþùèå ñî-

îòâåòñòâóþùèì ãðàíè÷íûì óñëîâèÿì,  ,

. Ïàðàìåòðû ,  îïðåäåëÿþòñÿ àíà-

ëîãè÷íî , .

ÐÅØÅÍÈÅ

Çàäà÷ó ðàññìîòðèì â öèëèíäðè÷åñêèõ êîîðäèíàòàõ

, , . Ðåøåíèÿ ïîñòðîèì â

âèäå ðÿäîâ ïî ôóíêöèÿì Áåññåëÿ 1-ãî ðîäà  è 3-ãî

ðîäà  (  - äëÿ ïàäàþùåé è ïðîøåäøåé âîëí,

  - äëÿ îòðàæåííîé âîëíû, n - ïîðÿäîê ôóíêöèè).

Ó÷èòûâàåì òàêæå, ÷òî âíåøíåå ïîëå äèôðàêöèè äîëæíî

óäîâëåòâîðÿòü óñëîâèþ èçëó÷åíèÿ. Èòàê, 

. Â äàëüíåéøåì èñïîëüçóåì ïðèíöèï

äâîéñòâåííîñòè: , , ,

.

Âîñïîëüçîâàâøèñü èçâåñòíûì ðàçëîæåíèåì 

, ïîëó÷èì âûðàæåíèÿ äëÿ ìàãíèò-

íîé ñîñòàâëÿþùåé ïàäàþùåé âîëíû

, (3)

è äëÿ -õàðàêòåðèñòèê íàïðÿæåííîñòåé ìàãíèòíûõ ñî-

ñòàâëÿþùèõ äèôðàãèðîâàííûõ âíåøíåãî è âíóòðåííåãî
ïîëåé ñîîòâåòñòâåííî

(4)

(5)

Ãðàíè÷íûå óñëîâèÿ

(6)

çàïèñàíû, èñõîäÿ èç òðåáîâàíèÿ íåïðåðûâíîñòè ,  íà

ãðàíèöå ðàçäåëà ñðåä.
Äëÿ íàõîæäåíèÿ ýëåêòðè÷åñêîãî ïîëÿ âîñïîëüçóåìñÿ

èçâåñòíûì ñîîòíîøåíèåì:

. (7)

Òîãäà, íà îñíîâàíèè ôîðìóëû (7), äëÿ ýëåêòðè÷åñêèõ
ñîñòàâëÿþùèõ ïîëåé ïîëó÷èì: 
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ïðè 

,(8)

(9)

ïðè 

(10)

Íåèçâåñòíûå êîýôôèöèåíòû ,  ïîäëåæàò îïðåäåëå-

íèþ. Ïîäñòàâëÿÿ â ãðàíè÷íûå óñëîâèÿ

 (11)

ðÿäû (3)-(5) è (8)-(10), äëÿ îïðåäåëåíèÿ íåèçâåñòíûõ

êîýôôèöèåíòîâ ,  ïîëó÷èì ñèñòåìó:

,

Â èòîãå, êîýôôèöèåíòû , :

, (12)

. (13)

ÐÅÇÓËÜÒÀÒÛ È ÂÛÂÎÄÛ

Ïóñòü öèëèíäð (ñ ôðàêòàëüíûìè ñâîéñòâàìè ïîâåðõ-

íîñòè) ïî äèàìåòðó  ìàë â ñðàâíåíèè ñ äëèíîé

âîëíû . Íàéäåì âûðàæåíèÿ äëÿ -õàðàêòåðèñòèê

,  êîìïîíåíò è ñàìè êîìïîíåíòû

,  âíóòðåííåãî äèôðàãèðîâàííîãî ïîëÿ.

Âîñïîëüçîâàâøèñü ôîðìóëîé   (ïðè )

è åå ÷àñòíûìè ñëó÷àÿìè , , èç

âûðàæåíèÿ (12) íàõîäèì, ÷òî ïðè   è

. Ïðè  â âûðàæåíèè

(5) îñòàåòñÿ òîëüêî îäíî ñëàãàåìîå ïðè , â êîòîðîì

. Â ðåçóëüòàòå âûðàæåíèå (5) ïðèìåò âèä

(14)

à ïîñëå èíòåãðèðîâàíèÿ âûðàæåíèÿ (14) ïî  ïîëó÷èì

âåêòîð

,

ãäå

 (15)

Äëÿ îïðåäåëåíèÿ  äîñòàòî÷íî âçÿòü â
âûðàæåíèè (5) ÷ëåíû ðÿäà ñ  è , òàê êàê
îñòàëüíûå ÷ëåíû (â òîì ÷èñëå è íóëåâîé) èñ÷åçàþò ïðè

. Òîãäà èç (10) èìååì

(16)

Ïîñëå èíòåãðèðîâàíèÿ âûðàæåíèÿ (16) ïî  âåêòîð

 ïðèíèìàåò âèä

(17)

Íà ðèñóíêàõ ïðåäñòàâëåíû ïîëÿðíûå ãðàôèêè ìîäóëåé
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Â.Ì.Îíóôðèåíêî, Ò.È.Ñëþñàðîâà:  ÈÍÒÅÃÐÎÄÈÔÔÅÐÅÍÖÈÀËÜÍÀß ÌÎÄÅËÜ ÂÇÀÈÌÎÄÅÉÑÒÂÈß 
ÌÎÍÎÕÐÎÌÀÒÈ×ÅÑÊÎÉ ÂÎËÍÛ Ñ ÊÐÓÃÎÂÛÌ ÖÈËÈÍÄÐÎÌ (ÊÂÀÇÈÑÒÀÖÈÎÍÀÐÍÛÉ ÑËÓ×ÀÉ)

(ðèñ. 5-8) äèôðàãèðîâàííîãî âíóòðåííåãî ïîëÿ ïðè ðàç-
ëè÷íûõ çíà÷åíèÿõ  äëÿ äîñòàòî÷íî òîíêîãî öèëèíäðà.

Ðèñóíêè äåìîíñòðèðóþò ñðàâíåíèå ôðàêòàëüíîãî ,

,  (ñïëîøíàÿ ëèíèÿ) è êëàññè÷åñêîãî

, ,   (ïóíêòèðíàÿ ëèíèÿ) ñëó÷àåâ:

1) äëÿ ìàãíèòíîãî ïîëÿ: , 

;

2) äëÿ ýëåêòðè÷åñêîãî ïîëÿ: , 

, 

.

Ðèñóíîê 1 - Ìîäóëü íàïðÿæ¸ííîñòè äèôðàãèðîâàííîãî 

âíóòðåííåãî ìàãíèòíîãî ïîëÿ ïðè 

Ðèñóíîê 2 - Ìîäóëü íàïðÿæ¸ííîñòè äèôðàãèðîâàííîãî 
âíóòðåííåãî ìàãíèòíîãî ïîëÿ ïðè 

Ðèñóíîê 3 - Ìîäóëü íàïðÿæ¸ííîñòè äèôðàãèðîâàííîãî 
âíóòðåííåãî ìàãíèòíîãî ïîëÿ ïðè 

Ðèñóíîê 4 - Ìîäóëü íàïðÿæ¸ííîñòè äèôðàãèðîâàííîãî 
âíóòðåííåãî ìàãíèòíîãî ïîëÿ ïðè 

Ðèñóíîê 5 - Ìîäóëü íàïðÿæ¸ííîñòè äèôðàãèðîâàííîãî 
âíóòðåííåãî ýëåêòðè÷åñêîãî ïîëÿ ïðè  
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Ðèñóíîê 6 - Ìîäóëü íàïðÿæ¸ííîñòè äèôðàãèðîâàííîãî 
âíóòðåííåãî ýëåêòðè÷åñêîãî ïîëÿ ïðè  

(  è )

Ðèñóíîê 7 - Ìîäóëü íàïðÿæ¸ííîñòè äèôðàãèðîâàííîãî 
âíóòðåííåãî ýëåêòðè÷åñêîãî ïîëÿ ïðè  

(  è )

Ïðè çíà÷åíèè  ðåçóëüòàòû ïðîåêòèðîâàíèÿ èíòå-

ãðîäèôôåðåíöèàëüíîé ìîäåëè ñîâïàäàþò ñ êëàññè÷åñêè-
ìè. Àíàëèç âûðàæåíèÿ (15) ïîêàçûâàåò, ÷òî ðåøåíèå
ôðàêòàëüíîé çàäà÷è ïî ôîðìå ñîâïàäàåò ñ ðåøåíèåì
êëàññè÷åñêîé, åñëè â êà÷åñòâå âîëíîâîãî èìïåäàíñà

âûáðàòü  (çàâèñèò îò óãëà  è

ïîðÿäêà  èíòåãðîäèôôåðåíöèàëà). Ðåçóëüòàòû ÷èñëåí-

íîãî ðàñ÷åòà ïîäòâåðæäàþò èçâåñòíûå ôàêòû ñìåùåíèÿ
äèàãðàììû íàïðàâëåííîñòè ïîëÿ, ñâÿçàííûå ñ øåðîõî-
âàòîé ñòðóêòóðîé ïîâåðõíîñòè. "Ôðàêòàëüíîñòü ïî óãëó"

(èíòåãðèðîâàíèå ïî ïåðåìåííîé ) ìîæíî èíòåðïðåòè-

ðîâàòü êàê ìîäåëü îïèñàíèÿ íåîäíîðîäíîãî ðàñïðåäåëåíèÿ

çàðÿäîâ è òîêîâ íà ïîâåðõíîñòè öèëèíäðà. Ðåçóëüòàòû
èññëåäîâàíèÿ ïîçâîëÿþò ñòàâèòü è ðåøàòü çàäà÷è î
äèôðàêöèè íà öèëèíäðå âîëíû èíîé ïîëÿðèçàöèè [17] íà
ôðàêòàëüíîé ñôåðå è äð.

Ðèñóíîê 8 - Ìîäóëü íàïðÿæ¸ííîñòè äèôðàãèðîâàííîãî 
âíóòðåííåãî ýëåêòðè÷åñêîãî ïîëÿ ïðè 
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ÏÐÎÑÒÐÀÍÑÒÂÅÍÍÎ-(ÏÎËßÐÈÇÀÖÈÎÍÍÎ-) ÂÐÅÌÅÍÍÀß 
ÔÈËÜÒÐÀÖÈß ÑÈÃÍÀËÎÂ ÍÀ ÔÎÍÅ ÊÎÌÁÈÍÈÐÎÂÀÍÍÛÕ ÏÎÌÅÕ

Ä.Ì.Ïèçà, Ì.Ï.×åðíîáîðîäîâ, Þ.Ë.Ìåéñòåð

Ðàññìîòðåíû îãðàíè÷åíèÿ, âîçíèêàþùèå ïðè îáðàáîòêå
ñèãíàëîâ íà ôîíå êîìáèíèðîâàííûõ ïîìåõ. Ïîêàçàíî, ÷òî
îäíîé èç ïðè÷èí, îãðàíè÷èâàþùèõ âîçìîæíîñòè ïðîñòðàí-
ñòâåííî-âðåìåííîé îáðàáîòêè ñèãíàëîâ, ÿâëÿåòñÿ àìïëè-
òóäíî-ôàçîâàÿ ìîäóëÿöèÿ ïàññèâíîé ñîñòàâëÿþùåé ïîìåõè,
ïðèíèìàåìîé êîìïåíñàöèîííûìè êàíàëàìè. Îöåíåíû ìîäóëÿ-
öèîííûå õàðàêòåðèñòèêè ðàçëè÷íûõ âàðèàíòîâ ïîñòðîåíèÿ
ñèñòåì ïîìåõîçàùèòû.

Ðîçãëÿíóòî îáìåæåííÿ, ÿê³ âèíèêàþòü çà îáðîáêè ñèãíàë³â
íà ôîí³ êîìá³íîâàíèõ çàâàä. Ïîêàçàíî, ùî îäí³ºþ ç ïðè÷èí
îáìåæåííÿ ìîæëèâîñòåé ïðîñòîðîâî-÷àñîâî¿ îáðîáêè ñèãíàë³â
º àìïë³òóäíî-ôàçîâà ìîäóëÿö³ÿ ïàñèâíî¿ ñêëàäîâî¿ ïàñèâíî¿
çàâàäè, ÿêà ïðèéìàºòüñÿ êîìïåíñàö³éíèìè êàíàëàìè. Ïðîâå-
äåíà îö³íêà ìîäóëÿö³éíèõ õàðàêòåðèñòèê çà ð³çíèõ âàð³àíò³â
ïîáóäîâè ñèñòåì çàâàäîçàõèñòó.

The restrictions arising from signals processed on a back-
ground combinsbgnoise are considered. This paper shows that
one of the causes restricting the possibilities for spatial-temporal
signals processing is the gain-phase modulation of a passive com-
ponent noise received by the compensatory channels. The drive
characteristics of various variants for construction of noise-
immune systems are estimated.

Ïðåäïîëîæèì, ÷òî â äàëüíåé çîíå íà àíòåííóþ ñèñòåìó
èìïóëüñíî-äîïëåðîâñêîé ÐËÑ îäíîâðåìåííî âîçäåéñòâóþò
àêòèâíàÿ è ïàññèâíàÿ êîìïîíåíòû êîìáèíèðîâàííîé
ïîìåõè. Áóäåì ñ÷èòàòü, ÷òî ïðîñòðàíñòâåííî-(ïîëÿðèçà-
öèîííî-) âðåìåííàÿ îáðàáîòêà ñèãíàëîâ âûïîëíÿåòñÿ â
äâà ýòàïà. Ñòðóêòóðíàÿ ñõåìà òàêîé îáðàáîòêè ïðèâåäåíà
íà ðèñ. 1.

Íà ïåðâîì ýòàïå ñèãíàë ïîäâåðãàåòñÿ îáðàáîòêå ñ ïî-
ìîùüþ ïðîñòðàíñòâåííîãî (ïîëÿðèçàöèîííîãî) ôèëüòðà.
Â ðåçóëüòàòå òàêîé îáðàáîòêè ïðîèñõîäèò ïåðåõîä îò äâóõ
èëè ìíîãèõ êàíàëîâ ê îäíîìó. Ïðè ýòîì íà ïåðâîì ýòàïå
ïðîèñõîäèò êîìïåíñàöèÿ àêòèâíîé øóìîâîé ïîìåõè. Íà
âòîðîì ýòàïå îñóùåñòâëÿåòñÿ âðåìåííàÿ ñîãëàñîâàííàÿ
îáðàáîòêà. Âðåìåííàÿ îáðàáîòêà, â ñîîòâåòñòâèè ñ ðèñ. 1,
ïîçâîëÿåò òàêæå âûïîëíèòü ñåëåêöèþ ïîëåçíîãî ñèãíàëà

íà ôîíå ïàññèâíîé ïîìåõè è ðåøàåò ïðîáëåìó ñòàáè-
ëèçàöèè óðîâíÿ ëîæíûõ òðåâîã (ÑÓËÒ).

Ðèñóíîê 1 - Ñòðóêòóðíàÿ ñõåìà ïðîñòðàíñòâåííî-
(ïîëÿðèçàöèîííî-)âðåìåííîãî ôèëüòðà

ХΣ

пространственный

(поляризационный) фильтр

согласованный с одиночным

импульсом фильтр

Многоканальный

доплеровский фильтр

Устройство

СУ Л Т

компенсаци
онный
канал

основной
канал

устройство
межпериодной
обработки

. . .

. . .

1

.
Χ 2

.
Χ
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Ïðîâåäåì àíàëèç îãðàíè÷åíèé ýôôåêòèâíîñòè òàêîé
ñèñòåìû îáðàáîòêè ïðè îäíîâðåìåííîì âîçäåéñòâèè àêòèâ-
íûõ è ïàññèâíûõ ïîìåõ. Ïðè ýòîì íà âõîäàõ îñíîâíîãî è
âñïîìîãàòåëüíîãî êàíàëîâ ïîëÿðèçàöèîííîãî (ñì. ðèñ. 1)
èëè ïðîñòðàíñòâåííîãî ôèëüòðîâ äåéñòâóþò êîìïëåêñíûå
íàïðÿæåíèÿ

, (1)

, (2)

ãäå , , ,  - êîìïëåêñíûå ñîñòàâëÿþùèå àêòèâ-

íîé è ïàññèâíîé êîìïîíåíò êîìáèíèðîâàííîé ïîìåõè,
äåéñòâóþùèå â îñíîâíîì (èíäåêñ "1") è äîïîëíèòåëüíîì

(èíäåêñ "2") êàíàëàõ;  è  - ñêàëÿðû, õàðàêòåðèçóþ-

ùèå ðàçëè÷èå ìîäóëåé êîýôôèöèåíòîâ óñèëåíèÿ àíòåíí
îñíîâíîãî è äîïîëíèòåëüíîãî (êîìïåíñàöèîííîãî) êàíà-
ëîâ â íàïðàâëåíèè íà èñòî÷íèêè àêòèâíîé è ïàññèâíîé
ïîìåõ.

Íà âûõîäå ïðîñòðàíñòâåííîãî (ïîëÿðèçàöèîííîãî)
ôèëüòðà êîìáèíèðîâàííàÿ ïîìåõà ìîæåò áûòü ïðåäñòàâ-
ëåíà, êàê

, (3)

ãäå  - êîìïëåêñíûé âåñîâîé êîýôôèöèåíò, à åå

äèñïåðñèÿ

(4)

Çäåñü  è (5)

êîìïëåêñíûå êîýôôèöèåíòû êîððåëÿöèè, ñîîòâåòñòâåííî,
àêòèâíîé è ïàññèâíîé êîìïîíåíò êîìáèíèðîâàííîé ïî-
ìåõè â êàíàëàõ ïðèåìà.

Â ðåçóëüòàòå èññëåäîâàíèÿ ýêñòðåìóìîâ ÷àñòíûõ ïðîèç-
âîäíûõ ñëàãàåìûõ óðàâíåíèÿ (3), â ïðåäïîëîæåíèè íåçà-
âèñèìîñòè êîìïîíåíò, ïîëó÷åíû îïòèìàëüíûå çíà÷åíèÿ
âåñîâûõ êîýôôèöèåíòîâ

, (6)

. (7)

Èç âûðàæåíèé (6) è (7) íåïîñðåäñòâåííî ñëåäóåò, ÷òî
ýôôåêòèâíàÿ êîìïåíñàöèÿ ïîìåõ â àäàïòèâíîì ôèëüòðå
âîçìîæíà â ñëó÷àå, êîãäà âåñîâûå êîýôôèöèåíòû ñôîð-
ìèðîâàíû ñ ó÷åòîì ðåàëüíûõ ñîîòíîøåíèé óðîâíåé ïîìåõ

è èõ ôàçèðîâêè â êàíàëàõ ïðèåìà. Â îáùåì ñëó÷àå

, , , ïîýòîìó ïðîñòðàíñòâåííûé (ïî-

ëÿðèçàöèîííûé) ôèëüòð íå ìîæåò ýôôåêòèâíî ìèíèìè-
çèðîâàòü îáå ñîñòàâëÿþùèå êîìáèíèðîâàííîé ïîìåõè.
Àäàïòèâíûé ôèëüòð, èñïîëüçóþùèé ëèáî ïðîñòðàíñòâåí-
íûå ëèáî ïîëÿðèçàöèîííûå îòëè÷èÿ ñèãíàëîâ è ïîìåõ,
ìèíèìèçèðóåò êîìïîíåíòó ñ áîëüøåé èíòåíñèâíîñòüþ.
Åñëè ïðåîáëàäàþùåé ÿâëÿåòñÿ èíòåíñèâíîñòü àêòèâíîé
ïîìåõè, òî âåñîâûå êîýôôèöèåíòû ôîðìèðóþòñÿ ïî
âûðàæåíèþ (6), â ïðîòèâíîì ñëó÷àå - ïî âûðàæåíèþ (7).

Òàêèì îáðàçîì, âîçíèêíîâåíèå äîñòàòî÷íî ìîùíîé ïàñ-
ñèâíîé ïîìåõè â öåïÿõ ôîðìèðîâàíèÿ âåñîâûõ êîýôôèöè-
åíòîâ ïðîñòðàíñòâåííîãî (ïîëÿðèçàöèîííîãî) ôèëüòðà íà-
ðÿäó ñ èìåþùåéñÿ àêòèâíîé ïîìåõîé ïðèâîäèò ê ïåðå-
ñòðîéêå âåñîâûõ êîýôôèöèåíòîâ è, êàê ñëåäñòâèå, ê óõóä-
øåíèþ ïîäàâëåíèÿ àêòèâíîé ìàñêèðóþùåé ïîìåõè. Ïðè
ýòîì, çà ñ÷åò âîçíèêàþùèõ ïåðåõîäíûõ ïðîöåññîâ â êîì-
ïåíñàöèîííîì êàíàëå àäàïòèâíîãî ôèëüòðà, ìîäóëèðóåòñÿ

ïàññèâíàÿ ñîñòàâëÿþùàÿ êîìáèíèðîâàííîé ïîìåõè .

Ýòî, â ñâîþ î÷åðåäü, ìîæåò ïðèâîäèòü ê ñóùåñòâåííîìó
ñíèæåíèþ ýôôåêòèâíîñòè óñòðîéñòâ âðåìåííîé ìåæïåðè-
îäíîé îáðàáîòêè [1].

Àíàëèç ðåàëüíîé ïîìåõîâîé îáñòàíîâêè äàåò îñíîâàíèå
ñäåëàòü âûâîä, ÷òî äàæå â òå ìîìåíòû âðåìåíè, êîãäà

îäíîâðåìåííî âûïîëíÿþòñÿ óñëîâèÿ , è ,

(ò.å. àêòèâíàÿ è ïàññèâíàÿ ïîìåõè äåéñòâóþò ñ îäíîãî
íàïðàâëåíèÿ) êîìáèíèðîâàííàÿ ïîìåõà íà âûõîäå
òèïîâûõ ïðîñòðàíñòâåííî- (ïîëÿðèçàöèîííî-) âðåìåííûõ
ôèëüòðîâ íå ìîæåò áûòü ýôôåêòèâíî ïîäàâëåííîé. Ýòî
îáóñëîâëåíî íèçêèì ìåæêàíàëüíûì êîýôôèöèåíòîì êîð-
ðåëÿöèè ðàçâèâøåéñÿ ïî ïðîñòðàíñòâó ïàññèâíîé ïîìåõè,
îãðàíè÷èâàþùåé ýôôåêòèâíîñòü ïðîñòðàíñòâåííîãî (ïî-
ëÿðèçàöèîííîãî) ôèëüòðà. Äåéñòâèòåëüíî, òàêàÿ ïîìåõà
íå ìîæåò áûòü ïðåäñòàâëåíà äåëüòà-êîððåëèðîâàííûì ïî
óãëîâûì êîîðäèíàòàì ïðîöåññîì [2].

Äðóãèì ñóùåñòâåííûì îãðàíè÷åíèåì, îáóñëàâëèâàþ-
ùèì íèçêóþ ýôôåêòèâíîñòü ôèëüòðàöèè ïàññèâíîé
ñîñòàâëÿþùåé êîìáèíèðîâàííîé ïîìåõè, ÿâëÿåòñÿ ôëóê-
òóàöèÿ âåñîâûõ êîýôôèöèåíòîâ àäàïòèâíûõ ïðîñòðàí-
ñòâåííûõ (ïîëÿðèçàöèîííûõ) ôèëüòðîâ. Ôëóêòóàöèîííûå
îøèáêè àäàïòèâíûõ ôèëüòðîâ îáóñëîâëåíû îãðàíè÷åííûì
èíòåðâàëîì óñðåäíåíèÿ â ôîðìèðîâàòåëÿõ âåñîâûõ êîýô-
ôèöèåíòîâ. Ôëóêòóàöèÿ êâàäðàòóðíûõ ñîñòàâëÿþùèõ âå-
ñîâûõ êîýôôèöèåíòîâ ïðèâîäèò ê àìïëèòóäíî-ôàçîâîé
ìîäóëÿöèè ïàññèâíîé ñîñòàâëÿþùåé ïîìåõè, ïðèíèìàå-
ìîé êîìïåíñàöèîííûìè êàíàëàìè ïðèåìà.

Åùå îäíîé ïðè÷èíîé âîçíèêíîâåíèÿ ìîäóëÿöèè ïàññèâ-
íîé ïîìåõè, ïðèíèìàåìîé êîìïåíñàöèîííûìè êàíàëàìè
ïðèåìà, ÿâëÿåòñÿ íåñòàöèîíàðíîñòü àêòèâíîé ñîñòàâëÿþ-
ùåé êîìáèíèðîâàííîé ïîìåõè îñîáåííî ïðè ìàëûõ çíà÷å-
íèÿõ ÷àñòîòû ïîâòîðåíèÿ èìïóëüñîâ è îòíîñèòåëüíî áîëü-
øîì êîëè÷åñòâå ôèëüòðîâûõ êàíàëîâ óñòðîéñòâà ìåæïåðè-
îäíîé îáðàáîòêè.

Åñëè ïðåäñòàâèòü âåñîâîé êîýôôèöèåíò  â âèäå

ñóììû íåêîòîðîãî îïòèìàëüíîãî çíà÷åíèÿ, îïðåäåëÿåìîãî
âûðàæåíèåì (6), è ôëóêòóàöèîííîé îøèáêè  
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, (8)

òî ïàññèâíàÿ ïîìåõà íà âûõîäå àäàïòèâíîãî ïðîñòðàí-
ñòâåííîãî (ïîëÿðèçàöèîííîãî) ôèëüòðà ìîæåò áûòü
çàïèñàíà

. (9)

Àíàëèç ïîêàçûâàåò, ÷òî íåñòàöèîíàðíàÿ ñîñòàâëÿþùàÿ
ïàññèâíîé ïîìåõè íà âõîäå óñòðîéñòâà ìåæïåðèîäíîé
îáðàáîòêè îïðåäåëÿåòñÿ òðåòüèì ñëàãàåìûì â âûðàæåíèè
(9). Ïðè ýòîì ñíèæåíèå óðîâíÿ íåñòàöèîíàðíîé ñîñòàâ-
ëÿþùåé, îãðàíè÷èâàþùåé ýôôåêòèâíîñòü ìåæïåðèîäíîé
îáðàáîòêè, ìîæåò áûòü îáåñïå÷åíà óìåíüøåíèåì ôëóêòó-

àöèîííîé îøèáêè .

Â ýòîé ñâÿçè ïðåäñòàâëÿëî èíòåðåñ îöåíèòü âåëè÷èíó
ôëóêòóàöèîííîé îøèáêè äëÿ ðàçëè÷íûõ àëãîðèòìîâ ðà-
áîòû âû÷èñëèòåëåé âåñîâûõ êîýôôèöèåíòîâ. Íà ðèñ. 2
ïðèâåäåíû ðåçóëüòàòû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ,
õàðàêòåðèçóþùèå çàâèñèìîñòü îòêëîíåíèÿ âåñîâûõ

êîýôôèöèåíòîâ  îò îòíîøåíèÿ ïîìåõà/ñîáñòâåííûé

øóì qn.

Ðèñóíîê 2 - Çàâèñèìîñòü ñðåäíåêâàäðàòè÷åñêèõ 

îòêëîíåíèé âåñîâûõ êîýôôèöèåíòîâ  îò 

îòíîøåíèÿ ïîìåõà/ñîáñòâåííûé øóì qï (ïðÿìîå 
âû÷èñëåíèå âåñîâ)

Âû÷èñëåíèþ ñðåäíåêâàäðàòè÷åñêèõ çíà÷åíèé ïðåäøåñò-
âîâàëà îïåðàöèÿ öåíòðèðîâàíèÿ ïî ðåàëèçóåìûì çíà÷å-
íèÿì ìàòåìàòè÷åñêîãî îæèäàíèÿ âåñîâûõ êîýôôèöèåíòîâ.

Ïðè÷åì êðèâûìè 1, 2 è 3 ïðèâåäåíû ñîîòâåòñòâóþùèå
çàâèñèìîñòè äëÿ èíòåðâàëîâ èíòåãðèðîâàíèÿ ðàâíûõ 64,
16 è 4 âûáîðêè ïðè ïðÿìîì âû÷èñëåíèè âåñîâûõ
êîýôôèöèåíòîâ [3].

Àíàëèç ôëóêòóàöèîííûõ õàðàêòåðèñòèê ïðîâåäåí òàê-
æå äëÿ àäàïòèâíûõ ôèëüòðîâ íà áàçå èçâåñòíûõ àâòî-
êîìïåíñàòîðîâ ïîìåõ ñ ãðàäèåíòíûì, à òàêæå ðåëåéíûì
ìåòîäàìè âû÷èñëåíèÿ âåñîâûõ êîýôôèöèåíòîâ [3]. Íà
ðèñ. 3 êðèâûìè 1 è 2 ïðèâåäåíû çàâèñèìîñòè íîðìèðî-
âàííûõ ñðåäíåêâàäðàòè÷åñêèõ îòêëîíåíèé âåñîâûõ êîýô-

ôèöèåíòîâ îò ïàðàìåòðà qn ñîîòâåòñòâåííî, äëÿ ãðàäè-

åíòíîãî è ðåëåéíîãî àëãîðèòìîâ.

Ðèñóíîê 3 - Çàâèñèìîñòü ñðåäíåêâàäðàòè÷åñêèõ 

çíà÷åíèé  âåñîâûõ êîýôôèöèåíòîâ îò îòíîøåíèÿ 

ïîìåõà/ñîáñòâåííûé øóì qï (1 - ãðàäèåíòíûé 
àëãîðèòì, 2 - ðåëåéíûé àëãîðèòì)

Èç ñîâìåñòíîãî àíàëèçà êðèâûõ, ïðèâåäåííûõ íà ðèñ. 2
è 3, ñëåäóåò, ÷òî ÷åì ìåíüøå èíòåðâàë èíòåãðèðîâàíèÿ
èëè ÷åì âûøå ñêîðîñòü ñõîäèìîñòè àëãîðèòìà ôîð-
ìèðîâàíèÿ âåñîâûõ êîýôôèöèåíòîâ, òåì áîëüøå ôëóêòó-
àöèîííàÿ îøèáêà è òåì áîëåå âåñîìûì ÿâëÿåòñÿ îãðà-
íè÷åíèå ýôôåêòèâíîñòè óñòðîéñòâ âðåìåííîé îáðàáîòêè.
Ôëóêòóàöèîííàÿ îøèáêà òàêæå ñóùåñòâåííî çàâèñèò îò

äåéñòâóþùåãî îòíîøåíèÿ ïîìåõà/øóì qn. Ïðè÷åì ïðè

ìàëûõ çíà÷åíèÿõ îòíîøåíèÿ àêòèâíàÿ ïîìåõà/øóì ôëóê-
òóàöèîííàÿ îøèáêà ñóùåñòâåííî âîçðàñòàåò.
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Â.Í.Ïðèâàëîâ, Ñ.Â.Ïëàêñèí

Ïðåäñòàâëåíû àïïàðàòóðíîå ïîñòðîåíèå è ðåçóëüòàòû
ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ñâåðõâûñîêî÷àñòîòíîãî
(ÑÂ×) óñèëèòåëÿ òèïà ìîäóëÿòîð-äåìîäóëÿòîð ñ êîìáè-
íàöèåé àâòîäèííîãî è ïàðàìåòðè÷åñêîãî ïðåîáðàçîâàíèÿ
ñèãíàëîâ, èññëåäóåìîãî â êà÷åñòâå êîìïåíñàòîðà ïîòåðü
ìàãèñòðàëüíîãî âîëíîâîäà ðàäèîâîëíîâîé ñèñòåìû óïðàâëåíèÿ
ýêèïàæåì ñ ìàãíèòíûì ïîäâåñîì.

Ïðåäñòàâëåíî àïàðàòóðíó ïîáóäîâó ³ ðåçóëüòàòè åêñïå-
ðèìåíòàëüíîãî äîñë³äæåííÿ íàäâèñîêî÷àñòîòíîãî (ÍÂ×) ï³ä-
ñèëþâà÷à òèïó ìîäóëÿòîð-äåìîäóëÿòîð ç êîìá³íàö³ºþ àâòî-
äèííîãî ³ ïàðàìåòðè÷íîãî ïåðåòâîðåííÿ ñèãíàë³â, äîñë³äæó-
âàíîãî ÿê êîìïåíñàòîð âòðàò ìàã³ñòðàëüíîãî õâèëåâîäó ðà-
ä³îõâèëüîâî¿ ñèñòåìè êåðóâàííÿ åê³ïàæåì ç ìàãí³òíèì ï³ä-
â³ñîì.

Presented apparat-building and results of the experimental
study super-high-frequency (SHF) amplifier of type a modula-
tor-demodulator with the combination autodin and parametric
transformation of signals, under investigation as a loss compen-
sator main waveguide radiowave managerial system by the crew
with the magnetic carriage.

Ïðè ðàñïðîñòðàíåíèè ýëåêòðîìàãíèòíîé âîëíû ïî âîë-
íîâîäó ëþáîãî òèïà íåèçáåæíû ïîòåðè âîëíû êàê çà ñ÷åò
ïîòåðü íà çàòóõàíèå â ñòåíêàõ âîëíîâîäà, òàê è çà ñ÷åò
ïîòåðü ïðåîáðàçîâàíèÿ òèïîâ âîëí è èçëó÷åíèÿ ÷àñòè
ýíåðãèè èç ïðîäîëüíûõ ùåëåé â ìàðêåðíî-ñâÿçíîì ìàãè-
ñòðàëüíîì âîëíîâîäå. Åñòåñòâåííî, ÷òî ñ óâåëè÷åíèåì
äëèíû òðàíñïîðòíîé ëèíèè ýòè ïîòåðè ðàñòóò è íåîá-
õîäèìà êîìïåíñàöèÿ ïîòåðü. Âåëè÷èíó ïîòåðü íåòðóäíî
îöåíèòü ðàñ÷åòíûì ïóòåì, à òàêæå ñ áîëüøîé òî÷íîñòüþ
èçìåðèòü èíñòðóìåíòàëüíî. Ýòî ïîçâîëÿåò ïðåäúÿâèòü
òðåáîâàíèÿ ê ïàðàìåòðàì òðàêòîâûõ ÑÂ×-óñèëèòåëåé,
îïðåäåëèòü ïåðèîäè÷íîñòü èõ ðàçìåùåíèÿ âäîëü ìàãè-
ñòðàëüíîãî ìàðêåðíî-ñâÿçíîãî âîëíîâîäà ðàäèîâîëíîâîé
ñèñòåìû óïðàâëåíèÿ ìàãíèòîëåâèòèðóþùèìè òðàíñïîðò-
íûìè ñðåäñòâàìè.

Åñòåñòâåííî, ÷òî ðàçðàáîòêè ïåðñïåêòèâíûõ âèäîâ
òðàíñïîðòà äîëæíû áàçèðîâàòüñÿ íà ñîâðåìåííîé ðàäèî-
ýëåêòðîííîé áàçå è ó÷èòûâàòü òåíäåíöèè ðàçâèòèÿ ñîîò-
âåòñòâóþùèõ ðàäèîýëåêòðîííûõ êîìïîíåíòîâ.

Ôóíêöèîíàëüíûå óñòðîéñòâà íà îñíîâå îáúåìíûõ ïîëó-
ïðîâîäíèêîâ ñ îòðèöàòåëüíûì äèôôåðåíöèàëüíûì ñîïðî-
òèâëåíèåì [1.2], óäîâëåòâîðÿþò ýòîìó óñëîâèþ è â êà-
÷åñòâå òðàêòîâîãî óñèëèòåëÿ äëÿ ìàðêåðíî-ñâÿçíîãî
âîëíîâîäà áûë âûáðàí ñâåðõâûñîêî÷àñòîòíûé (ÑÂ×)
óñèëèòåëü òèïà ìîäóëÿòîð-äåìîäóëÿòîð íà äèîäå Ãàííà.

Ñóòü ýòîãî òåõíè÷åñêîãî ðåøåíèÿ âèäíà èç ðèñóíêà 1.
Ïîëóïðîâîäíèêîâàÿ äèîäíàÿ ñòðóêòóðà 1 â êåðàìè÷åñêîì
êîðïóñå ðàçìåùàåòñÿ â ñâåðõâûñîêî÷àñòîòíîì ðåçîíàòîðå
2, îáðàçîâàííîì îòðåçêîì âîëíîâîäà ñ êîðîòêîçàìêíóòûì

ïîðøíåì 3. Íàïðÿæåíèå ïèòàíèÿ îò èñòî÷íèêà 4 ïîäàåòñÿ
íà äèîä ÷åðåç ðàçâÿçûâàþùèé äðîññåëü 5 è ôèëüòð
íèæíèõ ÷àñòîò 6. Âõîäíîé ÑÂ× ñèãíàë ÷àñòîòîé ,

ìîäåëèðóåìûé èñòî÷íèêîì 7, ÷åðåç ñóììèðóþùåå
óñòðîéñòâî 8 è öèðêóëÿòîð 9 ïîñòóïàåò íà äèîäíóþ
ñòðóêòóðó 1, êîòîðàÿ ãåíåðèðóåò ñèãíàë íà ÷àñòîòå
ðåçîíàòîðà . Çà ñ÷åò íåëèíåéíîñòè ïîëóïðîâîäíèêîâîé
äèîäíîé ñòðóêòóðû íà êîíòóðå ïðîìåæóòî÷íîé ÷àñòîòû 10

ðàçâèâàåòñÿ ñèãíàë ðàçíîñòíîé ÷àñòîòû 

(àâòîäèííûé ðåæèì), êîòîðûé ïîñòóïàåò íà íàãðóçêó 11 è
ìîæåò ÿâëÿòüñÿ èíôîðìàòèâíûì, íàïðèìåð,
ñâèäåòåëüñòâîâàòü îá èñïðàâíîñòè ó÷àñòêà ìàãèñòðàëüíîãî
âîëíîâîäà è èñòî÷íèêà ñèãíàëà, çàïèòûâàþùåãî ìàðêåðíî-
ñâÿçíîé âîëíîâîä. ×àñòü ñèãíàëà ïðîìåæóòî÷íîé ÷àñòîòû
÷åðåç íàïðàâëåííûé îòâåòâèòåëü 12 ïîñòóïàåò íà
ñèãíàëüíûé âõîä ïàðàìåòðè÷åñêîãî ïðåîáðàçîâàòåëÿ 13,
êî âòîðîìó âõîäó êîòîðîãî ÷åðåç ôàçîâðàùàòåëü 14
ïîäêëþ÷åíî âòîðîå ïëå÷î ôåððèòîâîãî öèðêóëÿòîðà.
Âûõîäíîå ïëå÷î ïàðàìåòðè÷åñêîãî ïîâûøàþùåãî
ïðåîáðàçîâàòåëÿ (ðèñ.2) ÷åðåç ñèñòåìó ðàñôèëüòðîâêè 15
ïîäñîåäèíåíî ê ñóììèðóþùåìó óñòðîéñòâó, ïîäêëþ÷åí-
íîìó ê ïåðâîìó ïëå÷ó öèðêóëÿòîðà. Íåòðóäíî ïîêàçàòü,
÷òî ïðè ïîäà÷å íà ïàðàìåòðè÷åñêèé ïîâûøàþùèé ïðåîá-
ðàçîâàòåëü, åìêîñòü âàðèêàïà â êîòîðîì ïîä âîçäåéñòâèåì

ñèãíàëà  èçìåíÿåòñÿ ïî çàêîíó ,

ñèãíàëà ïðîìåæóòî÷íîé ÷àñòîòû ,

íàïðÿæåíèå íà êîìáèíàöèîííîé ÷àñòîòå ,

Ðèñóíîê 1 - Òðàêòîâûé óñèëèòåëü òèïà ìîäóëÿòîð- 
äåìîäóëÿòîð

ωñ

ωã

ωï÷ ωñ ωã–=

ωã C t( ) C1 ωãtsin=

Uï÷ U1 ωï÷ ϕ+( )cos=

ωñ ωã ωï÷+=



45

Â.Í.Ïðèâàëîâ, Ñ.Â.Ïëàêñèí:  ÒÐÀÊÒÎÂÛÉ ÓÑÈËÈÒÅËÜ ÄËß ÌÀÐÊÅÐÍÎ-ÑÂßÇÍÎÃÎ ÂÎËÍÎÂÎÄÀ Â 
ÐÀÄÈÎÂÎËÍÎÂÎÉ ÑÈÑÒÅÌÅ ÓÏÐÀÂËÅÍÈß ÌÀÃÍÈÒÎËÅÂÈÒÈÐÓÞÙÈÌÈ ÒÐÀÍÑÏÎÐÒÍÛÌÈ 

Ðèñóíîê 2 - Îáùèé âèä ïîâûøàþùåãî 
ïàðàìåòðè÷åñêîãî ïðåîáðàçîâàòåëÿ: 1 - ñèãíàëüíûé 

âõîä ( ); 2 - ââîä íàïðÿæåíèÿ ñìåùåíèÿ âàðèêàïà 
(1À 401 Á); 3 - îðãàí íàñòðîéêè êîíòóðà 

ïðîìåæóòî÷íîé ÷àñòîòû ( ); 4 - âõîä ñèãíàëà 

íàêà÷êè ( ); 5 - âõîä ïðåîáðàçîâàííîãî ñèãíàëà ( )

(1)

(çäåñü  - ñîïðîòèâëåíèå íàãðóçêè äëÿ ÷àñòîòû ,

 - àìïëèòóäà èçìåíåíèÿ åìêîñòè) íàõîäèòñÿ â ôàçå ñ

âõîäíûì ñèãíàëîì , à äîáàâî÷íîå íàïðÿæåíèå â

ñèãíàëüíîì êîíòóðå

(2)

íàõîäèòñÿ òî÷íî â ïðîòèâîôàçå ñ âõîäíûì ñèãíàëîì.
Ðåãóëèðîâêîé ôàçîâðàùàòåëÿ 15 îáåñïå÷èâàåòñÿ ìàêñè-
ìàëüíîå çíà÷åíèå êîýôôèöèåíòà óñèëåíèÿ. Ñîîòíîøåíèÿ
Ìýíëè - Ðîó äëÿ äàííîãî ñëó÷àÿ ìîãóò áûòü ïðåäñòàâëåíû
â âèäå:

, (3)

, (4)

ãäå , ,  - ìîùíîñòè íà ÷àñòîòå ñèãíàëà ,

÷àñòîòå íàêà÷êè  è ïðåîáðàçîâàííîé ÷àñòîòå ,

ñîîòâåòñòâåííî. Ïðè ïîëîæèòåëüíîì çíà÷åíèè  óðàâíå-

íèå (3) óäîâëåòâîðÿåòñÿ ïðè îòðèöàòåëüíîé ìîùíîñòè .

Ñîîòâåòñòâåííî óðàâíåíèå (4) óäîâëåòâîðÿåòñÿ ïðè ïîëî-
æèòåëüíîì çíà÷åíèè ìîùíîñòè íà ïðîìåæóòî÷íîé ÷àñòîòå.
Ýòî îçíà÷àåò, ÷òî ìîùíîñòü íà Ï× "ïîòðåáëÿåòñÿ" âàðèêà-
ïîì ïàðàìåòðè÷åñêîãî ïðåîáðàçîâàòåëÿ, ìîäóëèðóåìûì
ñèãíàëîì íàêà÷êè, à íà ñóììèðóþùåå óñòðîéñòâî ïîñòó-

ïàåò ìîùíîñòü íà ÷àñòîòå  âõîäíîãî ñèãíàëà, óñèëåí-

íîãî â  ðàç. Ìàêñèìàëüíîå óñèëåíèå äîñòèãàåòñÿ

ïðè ñîîòâåòñòâóþùèõ ôàçîâûõ ñîîòíîøåíèÿõ ìåæäó ñèã-

íàëàìè íà ÷àñòîòàõ  è , äîñòèãàåìûõ ðåãóëèðîâêîé

ôàçîâðàùàòåëÿ 15. Âûáîð ÷àñòîò â ñîîòíîøåíèè 

îáåñïå÷èâàåò:
à) óñòîé÷èâîñòü ôóíêöèîíèðîâàíèÿ óñòðîéñòâà;
á) âûñîêóþ ÷óâñòâèòåëüíîñòü, òàê êàê âíîñèòñÿ ìèíèìàëü-
íûé óðîâåíü øóìà ñî ñòîðîíû ïàðàìåòðè÷åñêîãî ïðåîáðà-
çîâàòåëÿ (ìàëîå "çàøóìëèâàíèå" ñèãíàëà);
â) ðàáîòîñïîñîáíîñòü óñòðîéñòâà ïðè ïàðàçèòíûõ èçìåíå-
íèÿõ (â ïðåäåëàõ ïîëîñû ïðîïóñêàíèÿ ïàðàìåòðè÷åñêîãî

ïðåîáðàçîâàòåëÿ), òàê êàê óõîäû ÷àñòîòû  ïîâëåêóò çà

ñîáîé òàêèå æå óõîäû , è â ðåçóëüòàòå ïîâûøàþùåãî

ïðåîáðàçîâàíèÿ â ïàðàìåòðè÷åñêîì óñòðîéñòâå çíà÷åíèå
÷àñòîòû  îñòàíåòñÿ íåèçìåííûì. Ïðè èíîì ñîîòíîøå-

íèè  è  (  ) ï.ï "à" - "â" íå âûïîëíÿþòñÿ.

Ñóììèðóþùåå óñòðîéñòâî ìîæåò áûòü ðåàëèçîâàíî íà
ãèáðèäíûõ êîëüöàõ ñ ñîîòâåòñòâóþùåé ôàçîâîé áàëàíñè-
ðîâêîé ïëå÷, íà êâàäðàòóðíûõ èëè ùåëåâûõ ìîñòàõ.

Taê êàê ïðåäåëüíàÿ ÷óâñòâèòåëüíîñòü ðàññìîòðåííîãî
óñòðîéñòâà ëèøü íà íåñêîëüêî äåöèáåë íèæå ÷óâñòâè-
òåëüíîñòè ñóïåðãåòåðîäèííûõ ïðåîáðàçîâàòåëåé ñ âíåø-
íèì ãåòåðîäèíîì (ýòî ñâîéñòâî âñåõ ãåíåðèðóþùèõ (àâòî-
äèííûõ) ïðåîáðàçîâàòåëåé), à ìîùíîñòü, ãåíåðèðóåìàÿ
ïîëóïðîâîäíèêîâîé äèîäíîé ñòðóêòóðîé (äèîäîì Ãàííà),
ñîñòàâëÿåò äåñÿòêè è ñîòíè ìèëëèâàòò, òî ïðè âçàèìî-
äåéñòâèè â ïàðàìåòðè÷åñêîì ïðåîáðàçîâàòåëå âõîäíîãî è
ãåíåðèðóåìîãî ñèãíàëîâ ïîëó÷àþòñÿ çíà÷èòåëüíûå êîýô-
ôèöèåíòû óñèëåíèÿ. Ñëåäîâàòåëüíî, ìîæåò ñóùåñòâåííî
ïîâûñèòüñÿ ýôôåêòèâíîñòü ãåíåðèðóþùèõ ïðåîáðàçîâàòå-
ëåé, â òðàäèöèîííûõ ïîñòðîåíèÿõ êîòîðûõ ïîäàâëÿþùàÿ
÷àñòü ãåíåðèðóåìîé ÌÝÏ-äèîäàìè ìîùíîñòè ðàññåèâàåòñÿ
â ôåððèòîâûõ âåíòèëÿõ, âêëþ÷àåìûõ â çàïîðíîì íàïðàâ-
ëåíèè, ÷òî ñîçäàåò äîïîëíèòåëüíûå øóìû â êàíàëå ñèã-
íàëà. Òàêàÿ ñõåìà ãåíåðèðóþùåãî ïðåîáðàçîâàòåëÿ âûãîä-
íî îòëè÷àåòñÿ è îò ðåæèìà ðàáîòû ñ èñïîëüçîâàíèåì äëÿ
ïîñëåäóþùåãî óñèëåíèÿ ìíîãîêàñêàäíûõ óñèëèòåëåé Ï×.

Ðàçðàáîòàííûé óñèëèòåëü äëÿ êîìïåíñàöèè ïîòåðü â
ìàãèñòðàëüíîì ìàðêåðíî-ñâÿçíîì âîëíîâîäå îáëàäàåò ñëå-
äóþùèìè ñâîéñòâàìè:

1. Äîáàâêà ÑÂ× ñèãíàëà íà âõîäå óñòðîéñòâà óâåëè÷è-
âàåò ëèíåéíûé ó÷àñòîê êîýôôèöèåíòà ïåðåäà÷è ïðè
ñîõðàíåíèè ïðåäåëüíîé ÷óâñòâèòåëüíîñòè (ñì. ðèñ.3, ãäå
ïðèâåäåíà ïåðåäàòî÷íàÿ õàðàêòåðèñòèêà äàííîãî óñòðîé-
ñòâà, êðèâàÿ 1; êðèâàÿ 2 - äëÿ êàíîíè÷åñêîãî àâòîäèííîãî

ðåæèìà; ÌÃö,  ÌÃö);

2. Ïðè èñïîëüçîâàíèè èíôîðìàöèîííîãî ñèãíàëà íà
ïðîìåæóòî÷íîé ÷àñòîòå îòïàäàåò íåîáõîäèìîñòü â ìíîãî-
êàñêàäíîì óñèëèòåëå Ï× è ñîêðàùàþòñÿ ýíåðãîçàòðàòû,
ñâÿçàííûå ñ ïèòàíèåì ýòèõ óñèëèòåëåé;

3. Óìåíüøàþòñÿ òåïëîâûå øóìû, îáóñëîâëåííûå íàãðå-
âîì ýëåìåíòîâ ÑÂ× òðàêòà èçáûòî÷íîé ÑÂ× ìîùíîñòüþ;

4. Ñóììàðíûé êîýôôèöèåíò øóìà òàêæå ñíèæàåòñÿ,
òàê êàê êîýôôèöèåíò øóìà ó ïàðàìåòðè÷åñêèõ ïðåîá-
ðàçîâàòåëåé ñóùåñòâåííî ìåíüøå, ÷åì ó óñèëèòåëåé Ï×.

ωï÷

ωï÷
ωã ωñ
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2
---ωñU1Rí ωñt ϕ+( )cos=

Rí ωñ
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ωï÷
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4
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ωï÷
---------

Pñ

ωñ
------+ 0=

Pï÷ Pã Pñ ωï÷

ωã ωñ

Pã

Pñ

ωñ

ωã ωï÷⁄
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Ðèñóíîê 3 - Ïåðåäàòî÷íàÿ õàðàêòåðèñòèêà óñèëèòåëÿ

Èç ïåðåäàòî÷íîé õàðàêòåðèñòèêè òàêæå âèäíî, ÷òî â
äàííîì óñèëèòåëå óâåëè÷èâàåòñÿ íà 5-6 äÁ êîýôôèöèåíò
ïåðåäà÷è è ïîâûøàþòñÿ ëèíåéíîñòü ïåðåäàòî÷íîé
õàðàêòåðèñòèêè íà ó÷àñòêå ìàëûõ óðîâíåé âõîäíûõ
ñèãíàëîâ è ïðåäåëüíàÿ ÷óâñòâèòåëüíîñòü óñòðîéñòâà ïî
ñðàâíåíèþ ñ àâòîäèííûì ïðåîáðàçîâàòåëåì, ïîñòðîåííûì
ïî êàíîíè÷åñêîé ñõåìå [3] (êðèâàÿ 2). Ñòîëü ñóùåñòâåí-
íîå óëó÷øåíèå ïîêàçàòåëåé ðàçðàáîòàííîãî óñèëèòåëÿ êàê
êîìïåíñàòîðà ïîòåðü ÑÂ× ýíåðãèè â ìàãèñòðàëüíîì
ìàðêåðíî-ñâÿçíîì âîëíîâîäå ñ ó÷åòîì âûñîêîé ýíåðãî-
ïðî÷íîñòè ïîçâîëÿåò ñ÷èòàòü, ÷òî óêàçàííûé óñèëèòåëü
ìîæåò áûòü ðàññìîòðåí â êà÷åñòâå ðàáî÷åãî âàðèàíòà ïðè
âûáîðå îêîí÷àòåëüíîãî âàðèàíòà òðàêòîâîãî óñèëèòåëÿ.
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Â.Ä.Ôëîðà

Âèõîäÿ÷è ç âèðàç³â äëÿ ðîçìàõ³â ïóëüñàö³é ñòðóì³â òà
íàïðóã ó ð³çíèõ âóçëàõ íàéá³ëüø âæèâàíèõ ó ïðàêòèö³ ñõåì
³ìïóëüñíèõ ïåðåòâîðþâà÷³â, âèçíà÷åíî ñïîñ³á ðîçðàõóíêó
íåîáõ³äíî¿ ÷àñòîòè êîìóòàö³¿.

Èñõîäÿ èç âûðàæåíèé äëÿ ðàçìàõîâ ïóëüñàöèé òîêîâ è
íàïðÿæåíèé â ðàçëè÷íûõ óçëàõ íàèáîëåå óïîòðåáèòåëüíûõ â
ïðàêòèêå èìïóëüñíûõ ïðåîáðàçîâàòåëåé, îïðåäåëåí ìåòîä
ðàñ÷åòà íåîáõîäèìîé ÷àñòîòû êîììóòàöèè.

Proceeding from expressions for sweeps of currents and volt-
age pulsations in various units which are the most common in
practice of pulse converters, the method of account of necessary
commutation frequency is determined.

Ïðîåêòóþ÷è ³ìïóëüñíèé ïåðåòâîðþâà÷, êîíñòðóêòîð
âèð³øóº íèçêó ïèòàíü ïåðåä âèáîðîì àáî ðîçðàõóíêîì
åëåìåíò³â ÿê ñèëîâî¿ ñõåìè, òàê é ñèñòåìè êåðóâàííÿ.
Ïåðåä ðîçðàõóíêîì åëåêòðîìàãí³òíèõ ïðîöåñ³â êîíñòðóê-
òîð ïîâèíåí âèáðàòè êîìóòàòîð (òèðèñòîðíèé, àáî òðàí-
çèñòîðíèé, áàãàòîôàçíèé ÷è îäíîôàçíèé, îäíîïîëÿðíèé
àáî äâîïîëÿðíèé, ç øèðîòíèì, ÷àñòîòíèì àáî øèðîòíî-
÷àñòîòíèì ðåãóëþâàííÿì ³ ò.ä.).

Êð³ì òîãî éîìó íåîáõ³äíî âèçíà÷èòè ÷àñòîòó êîìóòàö³¿
ç óðàõóâàííÿì ïîòð³áíîãî ä³àïàçîíó ðåãóëþâàííÿ íàïðó-
ãè. Âèçíà÷àþ÷è ÷àñòîòó êîìóòàö³¿, ìîæëèâî âèõîäèòè ç
äîïóñòèìî¿ ïóëüñàö³¿ ïåâíèõ âåëè÷èí äëÿ êîíêðåòíîãî

ïåðåòâîðþâà÷à.
Äëÿ îäíîïîëÿðíîãî ïåðåòâîðþâà÷à ðîçìàõ ïóëüñàö³¿

ñòðóì³â  íàâàíòàæåííÿ [1]:

, (1)

äå U - íàïðóãà äæåðåëà;  - â³äíîñíà òðèâà-

ë³ñòü ÷àñó  íàêîïè÷åííÿ åíåðã³¿ ñòîñîâíî ïåð³îäó

êîìóòàö³¿ T; f = 1/T - ÷àñòîòà êîìóòàö³¿;  - ³íäóêòèâ-

í³ñòü ëàíöþãà íàâàíòàæåííÿ.
Äëÿ äâîïîëÿðíîãî ³ìïóëüñíîãî ïåðåòâîðþâà÷à ç æèâ-

ëåííÿì â³ä îäíîãî äæåðåëà [2]:

, (2)

äå  - â³äíîñíà òðèâàë³ñòü  ïîçèòèâíîãî

³ìïóëüñó íàïðóãè ñòîñîâíî ïåð³îäó êîìóòàö³¿ T.

Äëÿ ï³äâèùóþ÷îãî íàïðóãó ïåðåòâîðþâà÷à ðîçìàõ
ïóëüñàö³é ñòðóìó íàêîïè÷óâàëüíîãî äðîñåëÿ [3]:

∆Ií

∆Ií
Uα 1 α–( )

Lí f
--------------------------=

α Tíê T⁄=

Tíê

Lí

∆Ií
2Uα1 1 α1–( )

Lí f
-----------------------------------=

α1 T1 T⁄= T1
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, (3)

äå , , ,  - â³äïîâ³äíî îïîðè òà ³íäóê-

òèâíîñò³ äæåðåëà òà íàêîïè÷ó âàëüíîãî äðîñåëÿ;  -

ñåðåäí³é ñòðóì íàâàíòàæåííÿ.
Ïðè öüîìó ðîçìàõ ïóëüñàö³é íàïðóãè íàêîïè÷óâàëü-

íîãî êîíäåíñàòîðà [3]:

, (4)

äå  - îï³ð íàâàíòàæåííÿ;  - ñåðåäíÿ íàïðóãà

íàêîïè÷óâàëüíîãî êîíäåíñàòîðà ºìí³ñòþ C.

Ðîçìàõ ïóëüñàö³é ñòðóìó íàâàíòàæåííÿ [3]:

, (5)

äå  - ³íäóêòèâí³ñòü ëàíöþãà íàâàíòàæåííÿ.

Äëÿ ïåðåòâîðþâà÷à ç ³íâåðñ³ºþ ïîëÿðíîñò³ âèõ³äíî¿
íàïðóãè ðîçìàõ ïóëüñàö³¿ ñòðóìó íàêîïè÷óâàëüíîãî
äðîñåëÿ [4]:

, (6)

äå  - ñåðåäí³é ñòðóì íàêîïè÷óâàëüíîãî äðîñåëÿ.

Àíàëîã³÷íî ìîæëèâî ïðîñë³äêóâàòè é ³íø³ îäåðæàí³
âèðàçè äëÿ ðîçìàõ³â ïóëüñàö³é ñòðóì³â, íàïðóã, øâèä-
êîñòåé îáåðòàííÿ ³ ò. ³. äëÿ ð³çíèõ ñõåì ³ìïóëüñíèõ
ïåðåòâîðþâà÷³â.

Â çàãàëüíîìó âèãëÿä³ âñ³ ö³ âåëè÷èíè ìîæóòü áóòè
ïîäàí³ âèðàçîì [5]:

, (7)

äå   - ðîçìàõ ïóëüñàö³¿ åíåðãåòè÷íîãî ïàðàìåòðà ;

,  - ñåðåäí³ çà ïåð³îä çíà÷åííÿ åíåðãåòè÷íèõ

ïàðàìåòð³â; ,  - äèñèïàòèâí³ ïàðàìåòðè ñõåìè;  -

ôóíêö³ÿ, ÿêà õàðàêòåðèçóº ñï³ââ³äíîøåííÿ ì³æ ñòðóìàìè
òà îïîðàìè ã³ëîê ñõåìè ïåðåòâîðåííÿ ï³ä ÷àñ íàêîïè÷åííÿ

åíåðã³¿;  - ôóíêö³îíàëüíèé ïàðàìåòð m-ãî íàêîïè÷ó-

âàëüíîãî ïàðàìåòðà ñõåìè ï³ä ÷àñ íàêîïè÷åííÿ åíåðã³¿.
Ç³ ñï³ââ³äíîøåíü (1)-(7) ìîæëèâî çàïèñàòè:

,

çâ³äêè ÷àñòîòà êîìóòàö³¿:

, (8)

äå  - çíà÷åííÿ , ïðè êîòðîìó ôóíêö³ÿ  äîñÿãàº

ìàêñèìóìó, àáî ïðèéíÿòîãî çíà÷åííÿ.
Äëÿ ïåðåòâîðþâà÷³â îäíîïîëÿðíèõ ç³ çíèæåííÿì

íàïðóãè, äâîïîëÿðíèõ, ðåãóëþâàííÿ àêòèâíîãî îïîðó R,

Ã-ïîä³áíîãî ô³ëüòðó

. (9)

Äîñë³äæóþ÷è (9) íà ìàêñèìóì, âèçíà÷àºìî   .

Â ïåðåòâîðþâà÷³ ç ï³äâèùåííÿì íàïðóãè äëÿ äðîñåëÿ-
íàêîïè÷óâà÷à, íàêîïè÷óâàëüíîãî êîíäåíñàòîðà

. (10)

À äëÿ íàâàíòàæåííÿ

. (11)

Òîìó äëÿ íàâàíòàæåííÿ, ÿêùî , òî  .

Â òàêîìó ðàç³ äëÿ öüîãî ïåðåòâîðþâà÷à äîö³ëüíî

ïðèéíÿòè òàêå , ïðè ÿêîìó áóäå çàäîâ³ëüíèì ÊÊÄ.

Â ïåðåòâîðþâà÷³ äëÿ ³ìïóëüñíîãî åëåêòðè÷íîãî ãàëüìó-

âàííÿ ç ðåêóïåðàö³ºþ  º ñêëàäíîþ ôóíêö³ºþ [6].

Àëå ÷àñòîòà êîìóòàö³¿ ïîâèííà áóòè , äå  -

ãðàíè÷íà ÷àñòîòà êîìóòàö³¿, ïðè êîòð³é òå÷å áåçïåðåðâíèé
ñòðóì ó ëàíöþç³ ÿêîðÿ ìàøèíè. Öÿ ÷àñòîòà âèçíà÷àºòüñÿ

ïàðàìåòðàìè ñõåìè òà âåëè÷èíîþ  [6].

Íàé÷àñò³øå çàñòîñîâóþòüñÿ îäíîïîëÿðí³ ïåðåòâîðþâà÷³
äëÿ çíèæåííÿ íàïðóãè. Â öüîìó ðàç³, âèçíà÷àþ÷è ÷àñòîòó
êîìóòàö³¿, ìîæëèâî âèõîäèòè ç³ ñï³ââ³äíîøåíü (1) òà (8).

Â çàëåæíîñò³ â³ä ð³çíîâèäó íàâàíòàæåííÿ ³ìïóëüñíîãî
ïåðåòâîðþâà÷à (ÿê³ðíà îáìîòêà äâèãóíà, ëàìïà ðîçæà-
ðåííÿ, íàãð³âà÷ åëåêòðè÷íî¿ ïå÷³ ³ ò.ä.) âèçíà÷àºòüñÿ
ìàêñèìàëüíî äîïóñòèìèé ðîçìàõ ïóëüñàö³é ñòðóìó íàâàí-

òàæåííÿ . Ïðè öüîìó âèõîäÿòü ç óìîâ êîìóòàö³¿

äâèãóíà ïîñò³éíîãî ñòðóìó, äîïóñòèìèõ âòðàò ïîòóæíîñò³,
òåìïåðàòóðè íàãð³âó ³ ò.ä. Êð³ì òîãî çà óìîâàìè ðåãó-
ëþâàííÿ ïîâèíí³ áóòè âèçíà÷åí³ àáî çàäàí³ ì³í³ìàëüíà

 òà ìàêñèìàëüíà  ñåðåäí³ íàïðóãè íàâàí-

òàæåííÿ. ßêùî êîìóòàòîð âèêîíóºòüñÿ íà òðàíçèñòîðàõ,
òî, ðîçðàõîâóþ÷è ÷àñòîòó êîìóòàö³¿, íåîáõ³äíî âðàõîâó-

âàòè íàéá³ëüøó äîïóñòèìó ÷àñòîòó , ç ÿêîþ ìîæå

òðèâàëèé ÷àñ ïðàöþâàòè çàñòîñîâóâàíèé òðàíçèñòîð.

∆Iíê
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Âðàõîâóþ÷è òå, ùî

; ,

òà ñï³ââ³äíîøåííÿ , îäåðæèìî

; .

Â òàêîìó ðàç³ ÷àñòîòà êîìóòàö³¿ ìîæå çì³íþâàòèñü â
ìåæàõ

. (12)

ßêùî ïðè÷èíîþ çàñòîñóâàííÿ áàãàòîôàçíîãî êîìóòàòî-
ðà º íåîáõ³äí³ñòü çìåíøåííÿ ìàñè òà ãàáàðèò³â âõ³äíîãî
ô³ëüòðà, òî ðîçðàõóíêîì íèçêè âàð³àíò³â ïðè ð³çíèõ
÷àñòîòàõ êîìóòàö³¿ âèçíà÷àþòü ïðèéíÿòí³ ìàñîãàáàðèòí³
ïîêàçíèêè òà ïàðàìåòðè ô³ëüòðó. Ïðè öüîìó ïîâèííà áóòè

âñòàíîâëåíà â³äïîâ³äíà ÷àñòîòà êîìóòàö³¿ f. Âðàõîâóþ÷è

ìàêñèìàëüíó ÷àñòîòó , ç ÿêîþ ìîæå ïðàöþâàòè â ñõåì³

êîìóòàòîðà íàï³âïðîâ³äíèêîâèé ïðèëàä, ï³äðàõîâóþòü íå-
îáõ³äíó ê³ëüê³ñòü ôàç:

. (13)

ßêùî æ ïðè÷èíîþ çàñòîñóâàííÿ áàãàòîôàçíîãî êîìóòà-
òîðà º íåîáõ³äí³ñòü êåðóâàííÿ âåëèêèìè ñòðóìàìè, ÿê³
ïåðåâèùóþòü ìîæëèâîñò³ îäíîãî íàï³âïðîâ³äíèêîâîãî
ïðèëàäó, òî ê³ëüê³ñòü ôàç âèçíà÷àºòüñÿ, ÿê

, (14)

äå  - íàéá³ëüøèé ìîæëèâèé ñòðóì íàâàíòàæåííÿ;  -

íàéá³ëüøèé ñòðóì, ÿêèì ìîæå êåðóâàòè îäèí íàï³âïðîâ³ä-

íèêîâèé ïðèëàä. Ïîò³ì ðîçðàõîâóþòü ÷àñòîòè f òà .

×àñòîòà êîìóòàö³¿ f ðîçðàõîâóºòüñÿ çà âèìîãàìè îïòè-

ì³çàö³éíèõ ðîçðàõóíê³â âõ³äíîãî ô³ëüòðà [7], à  - çà

ôîðìóëîþ (13):

.

Òàêèì ÷èíîì, êîðèñòóþ÷èñü íàâåäåíèìè
ñï³ââ³äíîøåííÿìè, ìîæëèâî ðîçðàõóâàòè ïîòð³áíó ÷àñòîòó
êîìóòàö³¿ äëÿ íàéá³ëüø âæèâàíèõ ó ïðàêòèö³ ñõåì
³ìïóëüñíèõ ïåðåòâîðþâà÷³â.
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ÓÄÊ 681.32:007.58

THE INFLUENCE OF SELF-CONNECTION ON THE PERFORMANCE          
OF PSEUDO-INVERSE AUTOASSOCIATIVE NETWORKS

Dmitry O.Gorodnichy

The performance of pseudo-inverse autoassociative neural net-
works proposed by Personnaz et al. [1] and Kanter and Sampo-
linsky [2] is known to be affected by the value of self-connection
of the network. This paper summarizes the results obtained on
the phenomenon and describes the desaturation procedure based
on partial reduction of self-connection, which is shown to
improve the performance of the network. The optimal value of
the desaturation coefficient, which is the coefficient self-connec-
tion reduction, is obtained.

Êàê èçâåñòíî, íà ýôôåêòèâíîñòü ïñåâäî-èíâåðñíûõ àâòî-
àññîöèàòèâíûõ íåéðîííûõ ñåòåé, ïðåäëîæåííûõ Ïåðñîííà-
çîì, Êàíòåðîì è Ñàìïîëèíñêèì, âîçäåéñòâóåò çíà÷åíèå ñàìî-
ñâÿçàííîñòè ñåòè. Â íàñòîÿùåé ðàáîòå îáîáùàþòñÿ ðåçóëü-
òàòû, îïèñûâàþùèå ïðîöåäóðó ðàçíàñûùåíèÿ, îñíîâàííóþ íà
÷àñòè÷íîì óìåíüøåíèè ñàìîñâÿçàííîñòè, êîòîðîå óëó÷øàåò
ñâîéñòâà ñåòè. Ïîëó÷åíî îïòèìàëüíîå çíà÷åíèå êîýôôèöèåí-
òà ðàçíàñûùåíèÿ, ÿâëÿþùåãîñÿ êîýôôèöèåíòîì óìåíüøåíèÿ
ñàìîñâÿçàííîñòè.

ßê âiäîìî, íà åôåêòèâí³ñòü ïñåâäî-iíâåðñíèõ àâòîàñîöià-
òèâíèõ íåéðîííèõ ìåðåæ, çàïðîïàíîâàíèõ Ïåðñîííàçîì òà
ií. [1] òà Êàíòåðîì i Ñàìïîëiíñüêèì [2], âïëèâàº çíà÷åííÿ
ñàìîñïîëó÷åííÿ ìåðåæi. Ó ðîáîòi íàâåäåíi ðåçóëüòàòè, ùî
îïèñóþòü ïðîöåäóðó ðîçíàñè÷åííÿ, ÿêà ãðóíòóºòüñÿ íà ÷àñò-
êîâîìó çìåíøåííi ñàìîñïîëó÷åííÿ, ÿêå, ÿê ïîêàçàíî, óòî÷íþº
åôåêòèâíiñòü ìåðåæi. Îòðèìàíå îïòèìàëüíå çíà÷åííÿ êîåôi-
öiºíòà ðîçíàñè÷åííÿ, ùî º êîåôiöiºíòîì çìåíøåííÿ ñàìîñïî-
ëó÷åííÿ.

I. INTRODUCTION

An autoassociative memory is a system which, given a
noisy version of a prototype (a pattern stored in the mem-
ory) as input, retrieves the original prototype as output
(Figure 1a).

The idea of using a self-organizing fully connected net-
work of binary neurons for designing an autoassociative
memory is mainly attributed to Amary. As early as 1972 he
showed [3] that such a network "remembers" some vectors as
stable equilibrium states of the network, where the retrieval
process consists in converging from an arbitrary state to a
stable state. The main questions concerning the network are:

Ql: How to adjust or to calculate the parameters of the

network, which are  coefficients of the weight matrix C
(N being the number of neurons), so that the desired proto-

types  become stable states of the network?

Q2: How many prototypes M can be stored by a network
of size N and how good is the retrieval capability of the net-
work?

While the answer to the first question gives a learning
rule, the answer to second one describes the efficiency of the
rule. By 1977 mainly two learning rules had been considered
[4], [5]. The first one is the Hebbian, correlation, or outer
product rule. The second rule is closely related to Kohonen's
generalized inverse approach [6], [7], which has been inten-
sively used for linear associative memories since 1974. It is
called the orthogonal, projection, or pseudoinverse learning
rule and is the subject of this paper.

This paper is organized with the above two questions in
mind. The formal description of autoassociative neural net-
works and their properties follows in the next section. In
Section III we focus our attention on pseudo-inverse neural
network (PINNs), which are neural networks designed with
the pseudo-inverse learning rule. In Section IV we theoreti-
cally study the effect of self-connection reduction on the
perfomance of PINNs, and Section V presents experimental
data which show how, by appropriately choosing the coeffi-
cient of self-connection reduction, the retrieval capability of
PINNs can be considerably enhanced. Conclusions resume
the paper.

II. AUTOASSOCIATIVE NEURAL NETWORKS

An autoassociative neural network (AANN) is defined as
a self-organizing network of N mutually interconnected two-
state neurons, the evolution of which is determined by a syn-

chronous update rule1:

(1)

where  or in vector form:

, . (2)

N 2

V
1 … V

M, ,

1.A more general definition includes a threshold and allows asynchronous dynamics. These are not considered in this paper

yi t 1+( ) sign si t( )[ ]
1  if si t( ) 0,>,

1–  otherwise,,



= =

si t( ) Cjiyj t( )
j 1=

N

∑=

Y t 1+( ) sign S t( )[ ]= S t( ) CY t( )=
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Column vector  is referred to as the state of the network

at time t and C is an  weight matrix (Figure 1).

Figure 1 - Retrieval of a pattern  by an autoassociative 

network from an initial noisy pattern . The 
weights of the network determine the quality of retrieval

The self-organizing feature of the network is attributed to
its ability to converge from an arbitrary state to a stable
state, which is called an attractor. But how can we be sure
that the network converges? What is the nature of these
attractors? The following proposition gives the answer.

Proposition 1: As a result of free evolution, an AANN
with symmetric weights converges to either a single stable
state, called a static attractor, or a cycle consisting of
exactly two states, called a dynamic attractor.

Proof: The easiest way to show this [8] is to use the
"energy" function proposed by Reznik [9]:

. (3)

As can be seen, if 

(4)

and

, (5)

where in the last summation h ranges over the neurons for

which , and  is the num-

ber of such neurons.
Eq. 5 shows that the "energy" function monotonically

decreases with t until the second term of the equation

becomes zero, which happens when .

That is, the network is guaranteed to converge to either a

stable state: , or a cycle:

.

This proof can also be used for neural networks with
thresholds (see [8]).

Note, that in the above proof we do not use the conven-
tional Hopfield energy [10], which we will use later,
defined as

, (6)

because it has been shown in [11] that in the case of syn-
chronous dynamics this energy is not always monotonically
decreasing.

The fact that an AANN may have cycles of length 2 is
well known [12]. The above proof however differs from the
previously obtained one [13], which is based on the deter-
ministic nature of the evolution process.

A. The update flow technique

Proposition 1 gives us an easy way of identifying dynamic
attractors - the indices of the updated neurons should be
stored until the next update. If at the next update they are
the same, the network is trapped in a dynamic attractor.

In [14] the update flow technique for updating the state
of an AANN was introduced. It is based on storing only
those neurons which have been updated in the last iteration,
instead of storing the whole state vector. This technique is
proved to be preferable on account of its high evaluation
speed and suitability for parallel implementation. This tech-
nique also has another advantage in that it does not require
extra processing to check for dynamic attractors.

In Section V we use this technique in simulations.

III. PSEUDO-INVERSE NEURAL NETWORKS

The pseudo-inverse learning rule (PILR) is obtained from
the condition that all prototypes are stable states of the net-
work:

, , , (7)

which can be rewritten in matrix form for  as

, (8)

where V is the matrix made of column prototype vectors.

Resolving this matrix equation for the case of linearly

independent prototypes  gives us the rule:

, (9)

where  is the pseudoinverse of matrix V,
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hence the name of the rule.
The matrix defined by Eq. 9 is the orthogonal projection

matrix in the subspace spanned by the prototype vectors

, which explains the other names of the rule: orthogo-

nal and projection.
Rewriting the PILR (Eq. 9) in scalar form gives

, (10)

where . (11)

This formula is not convenient for implementation because
of the matrix inversion involved. Therefore, in simulations
the iterative formula, which can be obtained from the Gre-

ville formula [15], is used1:

, 

(12)

if ,

or in scalar form

,

(13)

 where , .

If , which means that the prototype  is a

linear combination of other already stored prototypes, then
the weight matrix remains unchanged.

A. Weights of the network

Assume now that the weights have been calculated
according to the PILR (Eq. 9). Is it possible to say how
many prototypes have been stored by just examining the
weights? The following result obtained in [16], [17] gives
the answer.

The weights of a FINN satisfy the following conditions:

, , (14)

, , (15)

(16)

where  designates the average (arithmetical mean) of

values , and  is the absolute value of . The rela-

tionship between the weights and the number of prototypes

M as given by the above equations is illustrated in Figure

2,2 weight values being approximated as

 and . (17)

Figure 2 - Relationship between the weights and M.     

a) Diagonal  and non-diagonal  weights as func-

tions of M; b)The ratio  indicates the number M 

of prototypes stored

This result makes PINNs very transparent (as opposed to
the "black box" concept). In particular, it can be seen that
as M increases, the diagonal weights start dominating the
non-diagonal weights. This domination decreases the flexi-
bility of the network, thereby downgrading its associative
properties, as will now be shown using the concept of direct
attraction radius.

B. Direct attraction radius

It follows from the derivation of the PILR that a PINN
can store up to N prototypes as stable states. Yet for an
autoassociative memory this is not enough because each pro-
totype should also have a non-zero attraction basin. There-
fore, it is important to know the direct attraction radius

(DAR) of the network3 which is defined as the largest Ham-
ming distance Hattr from within which all vectors are guar-
anteed to converge to a prototype in a single iteration.

French researchers Personnaz et al. [1] were the first to
calculate the DAR of a PINN. They showed that in the case
of orthogonal prototypes

. (18)

Another formula for the DAR which relates the retrieval
capabilities of the network to the values of its weights has

1.See [6], [9] for the derivation.

V
m{ }

Cij
1
N
---- Vi

m1 C′( )m1m2

1– Vj
m2

m1 m2,
∑=

C′m1m2

1
N
---- Vi

m1Vi
m2

i 1=

N

∑=

C0 0=

Cm Cm 1– V
m

Cm 1– V
m

–( ) V
m

Cm 1– V
m

–( )T

V
m

Cm 1– V
m

–
2

-------------------------------------------------------------------------------------,+=

V
m

Cm 1– V
m≠

Cij
0 0=

Cij
m Cij

m 1–
vi

m si
m–( ) vj

m sj
m–( )

E2
------------------------------------------------,+=

E2 N vi
msi

m

i 1=

N

∑–= sk
m Cik

m 1– vi
m

i 1=

N

∑=

V
m

Cm 1– V
m≠ V

m

Cii〈 〉 M
N
-----= 0 Cii 1≤ ≤

Cij
2〈 〉 M N M–( )

N3
-------------------------= i j≠
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3.The indirect attraction radius will be considered later.
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been obtained in [16]:

, (19)

where is the average DAR of a PINN.

Substituting the estimates of weights (Eqs. 14-17) into
Eq. 19 gives

. (20)

From Eqs. 18 and 20 it follows that a PINN stops exhibit-

ing complete retrieval  when , and

Eq. 19 explains this in terms of weights: increasing self-con-
nections reduces the area of attraction. This conclusion will
be used in Section IV. Now we outline other properties of
PINNs.

C. Energy, cycles, and attractors

It has been shown by Personnaz et al. [1] that the energy
of a PINN defined by Eq. 6 is monotonically decreasing dur-
ing the evolution of the network. This means that, in spite
of synchronous dynamics, PINNs do not have dynamic
attractors. Rather they evolve until reaching a static attrac-
tor corresponding to either a global or a local minimum of
the energy in the state space.

Global minima correspond to prototypes and their linear
combinations and are given by

. (21)

It might be thought that these linear combinations of proto-
types introduce a lot of undesirable stable states. However,
as shown in [18], [19], this happens very rarely because of
the binary nature of neurons. This means that most spurious

attractors  of the network correspond to local minima of

energy, that is:

. (22)

This inequality can be used as a mechanism for detecting
spurious attractors. Another mechanism for detecting spuri-
ous attractors in PINNs can be found in [20].

D. Implementations of the rule

The bottleneck of the PILR is that it is not local, which
is crucial for optical and hardware implementations. There-
fore, approximations of the PILR [21], [22], [23], [24] are
used, and there exist a number of local iterative methods
which converge to the PILR [25], [26], [27], [28], [29]. The
most popular of these methods are the Widrow-Hoff rule

[29] and the Gardner formula [28].
Comparisons of the performance of the PILR with that of

other learning rules have been done [24], [30], [31], [32],
[33] and the PILR remains among the most efficient rules,
even if approximations are used.

For optical and hardware implementations of the PILR
see [25], [29], [34].

IV. REDUCTION OF SELF-CONNECTION

The influence of self-connection on the performance of
AANNs has been studied intensively for the Hebbian rule
[35], [36]. In particular, it has been observed that the
greater the self-connection, the less sensitive the network
and the higher the number of spurious stable states. Kanter
and Sompolinsky [2] also indicated that self-connections
severely restrict the size of the attraction basins of PINNs.
They compared two PINN models: one which contained self-
connections and another which did not, and showed that the
latter significantly outperforms the former, though the prob-
lem with the occurrence of cycles was observed.

The main objective of this and the next sections is to
show that rather then being completely removed, selfconnec-
tions should only be partially reduced. This increases the
attraction radius, improves the retrieval capability of the
network, and does not cause too many cycles.

A. Desaturation

As a natural consequence of Eqs. 14, 15 and 19, a modifi-
cation of the PILR, consisting of partial reduction of self-
connections, has been suggested in [16], [17]. More
specifically, the modification is described by the equation:

, ; , , (23)

which is applied after all weights  have already been cal-

culated according to the PILR (Eq. 9).
This modification is termed desaturation, and the coeffi-

cient of self-connection reduction D is termed the desaturat-
ing coefficient. The reasoning behind this is that by applying
the modification we restore the balance of weights, thereby
allowing a saturated network, i.e. the network which has
already lost the retrieval capability as a result of storing too
many prototypes, to exhibit retrieval again. In other words,
we desaturate the network. The learning rule obtained with
the modification (Eq.23) can be rewritten in matrix form as

, , (24)

where  and  is

a diagonal matrix. A network designed with this rule is
termed a desaturated network. Before presenting the theory
behind desaturation, let us demonstrate how it works on a
real problem - the recognition of letters. Fifty English and
Ukrainian letters were stored in a PINN, a letter represented
as a 10x10 binary pattern. Then desaturation (Eq. 24) was

applied to the network (desaturating coefficient D varying
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from 0 to 1), and the network was used to retrieve the let-
ters when presented with 9% noise.

 Figure 3 shows the retrieval of one letter as observed in
the experiments. The overall experimental result was that
all letters were retrieved successfully within 3-4 iterations
by the network with partially reduced self-connections
(D=0.15). The performance of the standard network (D=1)
and of the network with removed self-connections (D=0)
was poor. In both cases a lot of noise remained. Only one
iteration was done in the first case and too many iterations
and cycles occurred in the second case. More data from this
experiment are given in [16], [17].

Figure 3 - The retrieval of a letter as observed in the 
experiments with and without desaturation. Three itera-
tions are executed in the first case, and only one - in the 

second case

B. Energy considerations

The improvement of the performance can be explained
from the "energy" point of view (Section III-C). It can be
easily shown using Eq. 14 that changing the diagonal terms
does not affect the location of the energy minima in the state
space:

(25)

as  is a constant. Yet, changing the weights

changes the evolution of the network. In particular, the
energy is no longer a monotonically decreasing function of
time. This makes the network less prone to getting trapped
in local minima and thereby increases the number of itera-
tions. But this may also result in the occurrence of cycles.

Therefore, the changes of the network behaviour incurred
by desaturation need to be investigated further.

C. Theory

We want to make sure that the modification does not
erase the prototypes from the memory, and does not increase
the number of spurious attractors.

Theorem 1: Desaturation preserves prototypes as stable
states of the network.

Proof: This follows from Eqs. 24 and 8 and the fact that

 and  (Eq. 14):

(26)

Theorem 2: Desaturation decreases the number of spurious
static attractors.

Proof: We use the idea of Kanter and Sompolmsky [2].

Consider a state , which differs from a prototype  in

only one neuron  ( ). Vector  will also be a

static attractor if

(27)

which happens when .

By decreasing D, we decrease the probability that vector

 is a spurious attractor.

These theorems do not yet guarantee that the performance
of the network is improved. First we need to know how
desaturation affects the DAR of the network (Section III-
B), and then we have to find out how many dynamic attrac-
tors occur in the desaturated network.

Theorem 3: The average DAR of PINNs increases with the
decrease of the desaturating coefficient D as

. (28)

Proof: See [37].
The dependency in Eq. 28 is illustrated in Figure 4,

which shows the effect of self-connection reduction on the
size of the DAR. From the bottom up, the dashed lines cor-

respond to the values 1.0, 0.4 and 0.2 in Eq. 28. For

comparison, we also plot the DAR given by Eq. 18 by a
solid line. As can be seen, decreasing self-connections
increases the DAR, making it possible for the network to

retrieve prototypes even for M =75 (as  when

).
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Figure 4 - The direct attraction radius as function of D

This theorem provides the theoretical basis for the
observed improvement of the performance of the network
caused by the modification, yet it does not explain it com-
pletely. This is because the main property of the modifica-
tion, as mentioned in Section IV-B, is that it allows the
network to escape spurious attractors, which increases the
indirect attraction radius. However, as theoretical calcula-
tion of the indirect attraction radius is known to be hard

[38], it can be discovered by simulations only1. The result of
these simulations are presented in the next section, but first
we will resolve the "occurrence of cycles".

D. Dynamic attractors

As has already been mentioned, desaturation results in
the occurrence of dynamic attractors. These new spurious
attractors degenerate the memory. Therefore, it is important
to know when they occur and how to avoid them. This is
studied in [8], and below we summarize the main results.

Theorem 4. The number of dynamic attractors in a desatu-
rated PINN increases with the number of prototypes M and

with the degree of weight reduction .

Proof: The proof from [8] is reproduced in Appendix.
Whether or not the network will be trapped in a dynamic

attractor described by Theorem 4, depends on the number of
states the network passes through during its evolution, i.e.
the number of iterations. The further the initial state of the
network is from its final state, the more iterations it takes to
reach this state. This explains why the number of cycle

occurrences increases not only with M and , but also with

the value of initial noise.
In order to find the area where cycles do not occur, a set

of Monte-Carlo simulations has been carried out (see [8] for
more details about the setup of the experiment). In Figure 5
the values of D and H0 below the curves are those for which
cycles are observed with probability no greater than 1%. The

simulations are carried out for a network of size ,

number of prototypes M =20, 40, 60, and different values of
the desaturating coefficient D and initial noise H0.

Fig. 5. In the area below the lines the probability of the 
occurrence of dynamic attractors is not greater than 1%

Simulations also show that when a cycle occurs, there are

2 oscillating neurons in most cases.2 This allows us to esti-
mate the value of D that causes the occurrence of such cycles
(see Appendix):

. (29)

For example, when N =100 and M =0.5N a cycle will most

likely occur when D<0.1, which is in agreement with the

experimental observations. However, as mentioned above,
the occurrence of cycles also depends upon the initial noise.

For example, from Figure 5 it can be seen that for M =0.6N

and D =0.1 cycles are rarely observed unless the initial noise

H0 is greater than 4%.

It should also be mentioned that when cycles occur, the
performance of the network can be improved by switching
from synchronous dynamics to asynchronous dynamics, as
suggested in [2].

V. SIMULATIONS

As mentioned before, the increase of the direct attraction
radius with desaturation does not fully describe the improve-
ment of the network performance. Knowing how other net-
work parameters are affected by the desaturation is
desirable. These parameters are:

1. the error-correction ratio H/H0, which is defined as
the ratio between the final noise H, measured after a net-

1.Another approach would be to use an approximate treatment for the description of the PINN dynamics as suggested in [39].

α 1 D–=

α

2. To be more exact, the number of oscillating neurons varies from 1 to almost N, but the number 2 is the prevailing number especially when D>0.05.

N 100=

D
Cij〈 〉
Cii〈 〉

---------------< N M–
NM

---------------≈
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work has converged, and the initial noise H0;
2. the indirect attraction radius (hereafter called simply

the attraction radius), which is the largest amount of noise
that can be completely eliminated by network iterations;

3. the associative capacity, which is the greatest number
of prototypes that can be stored by the network with the
attraction radius being greater than zero; and

4. the number of iterations that the network executes
before reaching an attractor.

Figure 6 - The increase of the attraction radius as a 

result of the reduction of self-connection: , 

Whereas the first three parameters describe the improve-
ment of retrieval with desaturation, the last one indicates
how much desaturation slows down retrieval. The results
concerning the improvement of the error-correction ratio are
given in [40], and below we present the results concerning
the other parameters.

Extensive Monte-Carlo simulations have been carried out.
Prototypes are random vectors, where the probability p of a
neuron being in state +1 is the same for all neurons in all

prototypes. The update flow technique described in Section

II-A is used1.
The measurements of the attraction radius are carried out

as follows. A network of size N =100 is used2. We start with
M=20 prototypes. The coefficient D in Eq. 23 is decreased
from 1.0 to 0.0 with an increment 0.05. For each D, the ini-
tial noise H0 is increased until the final noise H is greater
than 0.1, as averaged over 10 sets of prototypes and 10
implementations of the initial noise. The initial noise is cre-
ated by randomly inverting H0 neurons of a prototype.
Then, using Eq. 12, we add 10 new prototypes and repeat
the procedure. We record the average value of noise H0
which can be completely eliminated, its minimal and maxi-
mal values, and also the number of occurred iterations.

Figure 7 - The increase of the attraction radius as a 

result of the reduction of self-connection: , 

Figures 6 and 7 plot the results for probabilities p=0.4
and p=0.2 respectively, where the average values of the
attraction radius are drawn as curves and the minimal and

Cii D Cii⋅=

p 0.4=

1.The source of the program used in the simulations is available at ftp://ftp.cs.ualberta.ca/pub/dmitri/PINN .

2.Data obtained for different N are given in the next subsection.

Cii D Cii⋅=

p 0.2=
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maximal values of the attraction radius are drawn as vertical
bars.

The main results from the simulations in [40] and from
the ones described above are as follows.

- While , a decrease of self-connections always

results in a decrease of the error-correction ratio H/H0 and
an increase of the attraction radius of PINNs.

- When the number of stored prototypes is small

, the improvement is insignificant. Yet cycles

may occur. Therefore, it is not worth using desaturation for
small learning ratios M/N.

- The improvement is especially noticeable when

. More specifically, the desaturation increases the

attraction radius of the network from zero (in the case of
standard PINNs), to:

12.6 (on average) and to 12 (at worst) for ,

8.2 (on average) and to 7 (at worst) for ,

4.7 (on average) and to 4 (at worst) for ,

2.2 (on average) and to 1 (at worst) for ,

0.9 (on average) for .

- The optimal value for the coefficient of self-connection

reduction lies in the interval .

- The number of iterations increases insignificantly: from
1 to between 2 and 4.

- Decreasing D below 0.1 is undesirable, as this results in
the occurrence of numerous dynamic attractors, thus decreas-
ing the attraction radius. For D=0 the performance,
although not optimal, is still better than that of the stand-
ard model (D =1) confirming the result of [2].

- The associative capacity of PINNs is greater than 0.7N
and is 0.8 N on average.

A. Scaling a network

In order to use the data presented in the previous subsec-
tions, one needs to know how the parameters of the network
change with the size of a network, and how they change in
the case of non-random prototypes. Here the approach of
Kanter and Sompolinsky [2] can be used. In order to com-
pensate for the effect of prototype overlapping, they use
another definition for the attraction radius of a network,
which can be written for small values of the initial noise as:

, (30)

where  is the average attraction radius of a network of

size N measured by experiments and  is the average

distance between the prototypes stored in the network1.
From this definition it follows that the measured attrac-

tion radius  increases with the size of the network and

decreases when correlated prototypes are stored. This is

exactly what is observed by experiment. Figure 8 shows the

observed attraction radius  as a function of

the self-connection reduction for different sizes of the net-
work.

Figure 8 - The increase of the attraction radius 

 with desaturation for different network 

sizes N,  (top three curves) and  
(bottom three curves)

VI. CONCLUSIONS

We described how reduction of self-connection affects the
performance of pseudo-inverse neural networks. We summa-
rized the results obtained on the phenomenon and showed
that the best performance of the network is achieved when
self-connection is reduced approximately 0.15 times, i.e.
when

, where D =0.15.

In order to efficiently detect cycles, which may occur
when self-connection is reduced, the update flow neuro-
processing technique described in the paper should be used.

Another contribution of the paper is the desaturation
method which, when applied to a pseudo-inverse neural net-
work, restores the balance of network weights, allowing
thereby the network to store more prototypes. This method
gives rise to developing non-iterative learning techniques for
storing continuous information in real-time, which is
described in [41].
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1.In this section the distance and the attraction radius are scaled according to the size of the network. In particular, .
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ADDENDUM

Since this work has been done, other worth mentioning
results on pseudo-inverse networks and the influence of self-
connection appeared.

Satoshi Matsuda presented results [44] on finding the
optimal value of self-connection for Hopfield-like networks,
where optimality is considered in terms of finding an opti-
mal solution for an optimization problem the network is
applied too.

Giuseppe Grassi et al implemented inverse Greville theo-
rem [45], and also extended the application of pseudoinverse
learning rule to heteroassociative and second-order neural
networks [46].

Finally,  a  bulk  amount  of  research  on  the  influence
of selfconnection on chaotic neural networks, which is
another type of attractor-based networks, and its application
to the combinatorial problems has been conducted by
Masaya Ohta [47].

APPENDIX

From Proposition 1 it follows that if there exists a
dynamic attractor in the network, it consists of exactly two
states. Let us calculate the probability that two states of the

desaturated network  and  are a dynamic attractor,

i.e. that

(31)

Designating  as the set of the indices

of oscillating neurons in these states, we have

 . (32)

Adding one equation to another yields

. (33)

Summing this equation over all oscillating neurons, we have

(34)

and using Eq. 23, we obtain

. (35)

Since for the pseudo-inverse learning rule  (Eq. 14),

we obtain that the probability that  is a dynamic

attractor is proportional to M and to , which is

the statement of Theorem 4.

Eq. 35 allows us to estimate the value of D, which pro-
duces the most number of dynamical attractors. If

 consists of only two indices, then from Eq. 35

we have

. (36)

From this equation, using the estimates of  and 

(Eqs. 14-17) we obtain

. (37)
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PARALLEL IMPLEMENTATION OF NEURAL NETWORK ALGORITHM 
USING PARALLEL VIRTUAL MACHINE (PVM) SOFTWARE

Jamil Ahmad

Äëÿ ïîâûøåíèÿ ñêîðîñòè ðàáîòû íåéðîííûõ ñåòåé ïðåäëà-
ãàåòñÿ èñïîëüçîâàòü òåõíîëîãèþ ïàðàëëåëüíîé ðåàëèçàöèè
íåéðîííûõ ñåòåé. Ðàññìîòðåí ïðèìåð ðåøåíèÿ çàäà÷è ðàñïî-
çíàâàíèÿ ñèìâîëîâ íåéðîííîé ñåòüþ, ìîäåëèðóåìîé ñ ïîìîùüþ
ïðîãðàììíîãî êîìïëåêñà ïàðàëëåëüíîé âèðòóàëüíîé ìàøèíû.

Although there are many implementations of artificial neural
networks (ANN) are available on sequential machines, but most
of these implementations require an immoderate amount of time
to train or run ANNs, especially when the ANN models are
large. It can be observed that the problem is related to computa-
tional power of computer machines. One possible approach for
solving this problem could be a parallel implementation of
ANNs. Hence, researchers have adopted a number of strategies
since the rebirth of ANN in 1986 to implement ANN model in
parallel environment. Very few of these strategies are using
software platform for such implementations. Therefore, this
paper presents a novel technique of implementing ANN for the
recognition of characters using Parallel Virtual Machine

(PVM) software package. PVM permits a heterogeneous collec-
tion of computers hooked together by a network to be used as a
single large parallel computer. Thus large computational prob-
lems can be solved more cost effectively by using the aggregate
power and memory of many computers. The nodes (neurons) of
ANN model are distributed over on the participating computers
in the parallel environment to do the needful calculation in par-
allel. Weights are also adjusted in the same way, if there is any
discrepancies between computed and target outputs. Simulation
of the study shows that parallel implementation of the ANN pro-
duces better results than sequential implementation.

1. INTRODUCTION

The growing importance of artificial neural networks is
now widely recognized, it is critical that these models run
fast and generate results in real time. As discussed above
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that a number of implementations of neural networks are
available in sequential form, but most of them are suffered
due to its slow speed. One approach for speeding up the
implementation of ANN is to implement them on parallel
machines.[1] In recent past many attempts have been made
to implement ANN models through parallel environment to
take full advantage of its structures. There are many ways in
which neural networks can be organized to operate in paral-
lel. Some of them are discussed in [2]-[7]. In one particular
way, ANN in parallel environment may look like that several
different networks, each operating in logical or real parallel-
ism working on the same set of data. Each network will be
trained in logical or real parallelism, to make different dis-
tinctions. Sometimes, when a set of subset of subtle or com-
plex distinctions are desired, the best solution is to break
the problem up into a number of subtasks, each solved by a
separate network. A system of the networks can be created.
The results of the different networks can be fused or corre-
lated to obtain desired results, i.e., multiple networks are
operating in parallel to solve a single problem.[2]

More interesting system design issues arise when we seek
to develop systems which can make subtle and complex dis-
tinctions from a large body of incoming data.[8] Sometimes,
a complex distinction may require that several different
types of features need to be extracted from the data, and we
may not know in advance what features will be needed. As
the network size grows, the representation of feature infor-
mation can become more distributed, or needed generaliza-
tions may fail to be made. Parallel implementation of ANN
models provides better solution in such circumstances than
sequential implementation. All of attempts, which are made
to implement ANN models in parallel environment can be
divided into two categories, i.e., software and hard-
ware.[9],[2] However, the ratio of using parallel hardware
is very high as compared to software. There is one major
problem with the hardware implementation of ANN is the
'portability'. The life of a particular parallel machine is gen-
erally only a few years. A user who had developed code for
one machine a couple of years ago, often has to rewrite it for
another machine if the original machine is no longer availa-
ble. In the right kind of simulation environment, the users
should be able to easily update their implementations for a
new machine through the environment.[1]

In this paper we propose a novel method to implement
ANN to recognize characters using parallel software plat-
form. PVM software is used to implement basic perceptron
model to recognize English characters, which are presented
to network in many different fonts. PVM software can be
implemented on any kind of machine; the implementation in
this environment does not suffer from problems of portabil-
ity and flexibility (see section 2 for more discussion on
PVM).

2. SELECTION OF APPROPRIATE ALGORITHM 
FOR PVM SOFTWARE

After a through investigations we found that not all of
the neural network model can easily be implemented in par-
allel environment especially those models in which calcula-
tions in neurons are interdependent on each other.

Perceptron model is selected to be implemented with PVM
software for three reasons; however, other model such as
Hopfield and Kohanan etc. can also be implemented with
PVM. Interested readers are referred to [1] for further dis-
cussion on this issue.

Firstly, Perceptron had perhaps the most far-reaching
impact of any of the early neural nets. Secondly, in the Per-
ceptron algorithm the calculations in each neuron of the net-
work don't depend on the calculations in other neurons.
Thus, distribution of neurons over different participating
computers is easy and possible. Thirdly, under suitable
assumptions, it is iterative learning procedure can be proved
to converge to the correct weights i.e., the weights that
allow the net to produce the correct output value for each of
the training input pattern. One of the necessary assumptions
is that such weight exists. Details on the perceptron model
can be found in [10]-[11]. The algorithm used during simu-
lation is shown in Figure 1.

Figure 1 - Algorithm used in this research

2.1 What is PVM software?

We have used the PVM software package that permits a
heterogeneous collection of computers hooked together by a
network to be used as a single large parallel computer. Thus

Step 1:
1.1. Initialize all variables
1.2. Set weights and bias

1.3. Set learning rate  ( )

Step 2:
Determine a stopping condition: if the stopping con-

dition is false, do step 3-7

Step 3: For each training pair , do steps  4-6

Step 4: Set activation of input units:

Step 5: Compute response of output unit:

;

Step 6: Update weights and bias if an error occurred for
this pattern

if ,

      

      
else

      

      
Step 7. Stopping condition (If no weights changed, stop
else continue)
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large computational problems can be solved more cost effec-
tively by using the aggregate power and memory of many
computers. The software is very portable and can be com-
piled on any kind of machine ranging from laptops to super
computer CRAYs. [12]

PVM enables users to exploit their existing computer
hardware to solve much larger problems at minimal addi-
tional cost. Hundreds of sites around the world are using
PVM to solve important scientific, industrial, and medical
problems. In addition  PVM is used as an educational tool
to teach parallel programming. With tens of thousands of
users, PVM has become the de facto standard for distributed
computing worldwide.

3. SIMULATION AND RESULTS

3.1. Input processing and presenting to ANN 
model

A large number of input patterns were taken to train the
network which consists of 7 characters (A, B, C, D, E, J,
K). Each pattern is made of 63 pixels (7 column and 9
rows) where pixels are represented with binary values 1s
and 0s. However, the input and target outputs are presented
into neural network in bipolar form (+1 and -1) since per-
ceptron gives better results in bipolar form.

Figure 2 - Opearting and dataflow of the system 

3.2. Creating Parallel Environment

Usually, PVM implementation consists of two main rou-
tines or procedures: they are known as master and salve. The
master routine is responsible for initialization of data,
receiving input, distributed data over different participating

computers and making the final decision. All of the common
and sequential calculations are out by the master routine in
the PVM environment. On the other hand salve routine is
mainly used for calculations and tasks which can be carried
out in parallel. Ideally, there is more than one salve routine
to achieve parallelism. The execution starts from master rou-
tine where it's first enrolled itself into the Parallel Virtual
Memory environment. After successfully enrolling itself to
the PVM environment it then distributed data over all
salves. Slaves processes are spawned over different partici-
pating host computers available in the PVM environment,
the process is shown diagrammatically in Figure 2.

Training is mostly done through salve routines; the input
patterns received by master is distributed over salves for par-
allel calculations. Nodes (neurons) of the network are
assigned and distributed over different salves, see Figure 3.
If there are n slaves, n-1 slaves have equal distribution of
the neural network nodes and the last slave handles the
remaining of the nodes. Now each slave calculates the
weights and biases associated to the nodes of neural network
it is handling. In fact, slaves simply run in an infinite loop,
it first looks for the special control input, if its an exit mes-
sage, the slave exit from the loop and exit from the PVM
environment. Otherwise, it receives the data, process it, cal-
culates the weights and biases from the data, and gives back
the result to master and waiting for next instruction.

Figure 3 - Structure of Neural network in PVM environ-
ment: Master sends and receives data from all slaves, 

where salves are responsible for calculation at each neu-
ron in the model

3.3. Analysis of Results

Figure 4 shows the graph of the time taken by the sequen-
tial as well as by the parallel implementation of the neural
network training for pattern recognition. The same informa-
tion is also shown in Table 1.
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RequestMaster
Routine
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environment
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Terminated

Determine
no. of salves

Slaves are spawned
over all available
machines
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Output is calculated
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calculated

Receive output

Send information to start or terminate
training and more calculations

.

.

.

Master Routine

Output from each
salve is received
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next iteration is

made
Next iteration

Salves networks
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Figure 4 - Graph of the time taken by parallel model 
with different number of salves and sequential neural 

network model

In the graph, the sequential time is represented by line
and for the clarity it is drawn against all the slaves. As seen
from the graph, if we use one slave, it will take even more
time than the sequential, theoretically it should take equal
time to the sequential, but due to the network overhead and
spawning the slave and initializing the PVM environment
also takes time.

The ideal parallel execution is achieved when two slaves
were used because the total time taken by the model in this
case is recorded to be very low as compare to other sequen-
tial and other parallel situations (more than two salves), see
Figure 4. The main reason is that the model needs less time
distributing data to and collecting it back from slaves.
Results further indicate that a parallel model with three
salves also provides better performance than sequential

implementation. As we increase the number of slave, it needs
more time, as the data is such that if we divide it more, its
bandwidth is decreased and fewer calculations are done on
the slave.

4. CONCLUSION

The simulation results have shown that a PVM based
implementation of ANN can be used to solve complex prob-
lem in less time as compared to sequential implementation of
ANN. PVM based implementation of ANN model provide a
good balance of speed and flexibility. The number of slave's
plays an important role because of extra time required to
manage them in a parallel environment, i.e., network over-
head etc. as discussed earlier. As there is no specific formula
available to calculate the optimum number of slaves for any
given problem, therefore, experimental techniques can be
used to determine it. However, slave's population depends
on the number of objects to be recognized by the neural net-
work. It could be at-least 25% to 50% of the number of the
objects to be recognized. Implementation of back-propaga-
tion and Kohanon nets with PVM software are the main
considerations for future work.
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Table 1 - Time taken by parallel model with 
different number of salves and sequential 
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Number of  Slaves Time in msec

1 2840

2 1730

3 2025

4 3012   

5 3637

6 4143

7 5409

Sequential Time:  2675 msec
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REQUIREMENTS PARTICLE NETWORKS: AN APPROACH TO FORMAL 
SOFTWARE FUNCTIONAL REQUIREMENTS MODELLING

Wiwat Vatanawood, Wanchai Rivepiboon

Ïðåäñòàâëåí ïîäõîä ê ìîäåëèðîâàíèþ ôóíêöèîíàëüíûõ
òðåáîâàíèé ïðîãðàììíîãî îáåñïå÷åíèÿ. Ïðåäëîæåíû àëãîðèò-
ìû, ðåàëèçóþùèå ðàññìàòðèâàåìûé ïîäõîä.

In this paper, an approach to software functional require-
ments modelling using requirements particle networks is pre-
sented. In our approach, a set of requirements particles is
defined as an essential tool to construct a visual model of soft-
ware functional requirements specification during the software
analysis phase and the relevant formal specification is systemat-
ically generated without the experience of writing formal speci-
fication. A number of algorithms are presented to perform these
formal specification transformations using predefined templates
of formal specification schema of the requirements particles. The
usability of the requirements particle networks is investigated
by conducting a workshop. The result indicates that an analyst
with experience in writing data flow diagram is capable to pro-
duce a complete and consistent requirements particle networks.

1. INTRODUCTION

There is still a wide gap between the current practice of
software requirements engineering and the research on for-
mal specification and software formal development since a
formal specification of software system is difficult to write
and understand. A number of active researches are con-
ducted in order to extend the capability of software analyst
and designer with the specific CASE tools to capture formal
specification, including the relevant specification languages
to ease the transformation of formal specification [1], [2]
and the reverse engineering tasks - to transform program
codes to formal specification [3].  It is practical for software
analyst and designer to be able to investigate their software
system specification in the early stage of the system develop-
ment.

The Z notation is used in our research to describe formal
specification. Since the Z notation is based upon set theory
and mathematical logic, the process of constructing proofs
can help us to understand the requirements upon a system
and can assist us in identifying any hidden assumptions.
Proof at the specification stage can make a significant con-
tribution to the quality of software.

Our research is motivated by the work of Jin and Zhu [4]
which the formal specification is automatically generated
from requirements definition. Our objective is to extend the
data flow diagram notations in some manners to explicitly
capture precondition predicates happening in the required
software system. The technique of decomposition is
exploited to obtain a set of requirements primitives so that a
well-defined formal specification template can be assigned.
Each requirements primitive is expected to guide the identi-
fication of requirements patterns in the future work and the
reuse of these patterns is feasible.

This paper is organized as follows. Section 2 describes a
number of definitions and Algorithms. Section 3 describes
the proposed model of software functional requirements
specification and section 4 defines formal specification tem-
plate for requirements particles. The specification procedure
is guided in section 5. Section 6 reports the experiment to
investigate the usability of the requirements particle net-
works. Section 7 concludes the paper and the future work is
described in section 8.

2. DEFINITIONS AND ALGORITHMS

In this section, a number of definitions and algorithms are
introduced and will be used later. The examples are illus-
trated at the end of this section.

Definition 1. A specification of software functional
requirements SPEC is considered as a collection of rules that
the target software system is obliged to follow as to accom-
plish user's needs. To provide a formal framework of how to
write a unambiguous functional specification for software
requirements engineer, the software functional requirements

specification is formally defined as 

where  is a set of requirements primitives, and CPS is

a connection description for . RP and CPS are defined

in the next paragraph. In our approach, a connection
description is defined as a schema in Z.

Definition 2. A requirements primitive RP is an essential
action expected to perform a particular set of tasks that is
required as part of software functional requirements. In our
approach, a requirements primitive is formally denoted by

, where  represents a set

of formal specification defined on each  and CRP( ) is a

connection description for FS( ).

Definition 3. A requirements particle network is a tuple

. We define . P is a set

of vertices called requirements particle vertices. D is a set of
vertices called data entity vertices. ES is a set of edges on

, called status edges. EM is a set of edges on ,

called message edges. Let  and , edges are

written as , , .

A requirements particle network is a network of require-
ments particles and associated data entity. Practically, soft-
ware functional requirements specification is represented by
a set of requirements particle networks.

Definition 4. A requirements particle P is an atomic node
that performs a specific task which is required as part of a

SPEC RP{ } CPS,( )=

RP{ }
RP{ }

RP FS Φ( ) CRP Φ( ),( )= FS Φ( )
Φ Φ

Φ

Φ V P D ES EM, , , ,( )= V P D∪=

P P× V V×
p q, P∈ d D∈

p q
Status

ES∈→ p q
Message

EM∈→ d q
Message

EM∈→
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requirements primitive RP. A requirements particle is for-
mally defined as a collection of ordered attributes <Name,
What, Where, Precond, Out, Ack, Nack>. Let p be a
requirements particle, p.Name refers to attribute "Name"
while the rest of attributes are referred as p.What, p.Where,
p.Precond, p.Out, p.Ack, p.Nack, respectively. 

The last six attributes are called communication ports.
Each requirements particle communicates to outside world
via these communication ports. A number of messages are
received via "What" and "Where" port while precondition
status is obtained via "Precond" port. "Out" port is used by
each particle to forward postconditions to the successive par-
ticles. Boolean-value status will be transmitted to successive
particles as well via "Ack" and "Nack" port.

Definition 5. A data entity D is the representative of data
element or a set of data elements. Data entity D is defined
as a ordered pair <Name, Type>. Let d be a data entity,
d.Name refers to attribute "Name" and d.Type refers to
attribute "Type".

Definition 6. A set of formal specification FS( ) is for-

mally defined as , where  is

a transform function defined in algorithm 1. A well-defined
template of formal specification is assigned to match each
p.Name. A collection of proposed template of formal specifi-
cation is shown in fig 8 and figure 9.

Algorithm 1. Transform Function 

1. Select formal specification template that matches
p.Name.

2. Substitute all the state variables named "What" with

d.Name where .

3. Substitute all the state variables named "Where" with

d.Name where .

4. Substitute the state variables named "Precond" with
the predicates of status edge from q.Ack or q.Nack where

 and .

Algorithm 2. Generating CRP( )

1. Find p where  and there exists no such q  that

.

2. Define CRP( ) as 

 where  is the sub network connect-

ing to p.Ack and  is the sub network connecting to

p.Nack.
Algorithm 3. Generating CPS
Let rp be a requirements primitive, CPS is defined as

.

Example 1. Let s be target SPEC then

 and . For

requirements primitive , see figure 4, such that

 and let a be a requirements parti-

cle network  then  and

, . 

Given that , ,

, , ,

, , ,

and , ,

.

Then, 

 and 

. While  is defined as

 the value of CRP(a) followed by all formal specifica-

tion in FS(a). From algorithm 3, CPS is defined as

 and specfication s is finally defined as

 the value of CPS followed by all formal specification in

{RP}.

3. A MODEL FOR SOFTWARE FUNCTIONAL 
REQUIREMENTS SPECIFICATION

In this section, a number of notations are defined to rep-
resent requirements particle, data entity and requirements
particle networks. Software analyst is provided with a set of
requirements particles and data entities to construct soft-
ware functional requirements specification as desired.

Requirements Particle Notation

Each requirements particle is represented as a circle sym-
bol with 6 communication ports, as shown in figure 1 and
figure 2.

Figure 1 - Requirements Particle Notation
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FST p Φ,( ) p P∈{ } FST p Φ,( )

FST p Φ,( )

d p.
Message

What→

d p.
Message

Where→

q P∈ q p.
Status

Precond→
Φ

p q, P∈

q p.
Status

Precond→
Φ FST p Φ,( ) CRP ΦAck( ) ∨(∧

CRP ΦNack( )∨ ) Φ Ack

ΦNack

rp
rp RP∈

∨

s RP{ } CPS,( )= rp1 rp2 … rpn RP{ }∈, , ,

rp1

rp1 FS a( ) CRP a( ),( )=

Φ' a V' P' D' ES' EM', , , ,( )=

p1 p2 p3 p4, , , P'∈ d1 d2 d3 d4 d5, , , , D'∈

d1 p
Message

1.What→ d2 p
Message

1.Where→

p1.Out p
Message

3.What→ d4 p
Message

2.What→ d3 p
Message

2.Where→

d2 p
Message

3.Where→ d5 p
Message

4.What→ d3 p
Message

4.Where→ EM'∈

p1.Ack p
Status

2.Precond→ p1.Nack p
Status

3.Precond→

p3.Ack p
Status

4.Precond→ ES'∈

FS a( ) F{ ST p1 a,( ) FST p2 a,( ) FST p3 a,( ), , ,=

FST p4 a,( ) } CRP a( ) FST p1 a,( ) FST p4 a,( ) ∨(∧=

FST p2 a,( ) FST p3 a,( )∧( ) )∨ rp1

rp1

rp1 rp2 … rpn∨ ∨ ∨

s

Requirement
Particle

“What” Port

“Where” Port

“Precond” Port

“Out” Port

“Ack” Port

“Nack” Port



64

²ÍÔÎÐÌÀÒÈÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2001

Figure 2 - Sample of Requirements Particle "Retrieve"

Data Entity Notation

Each data entity is represented as a rectangle symbol as
shown in figure 3.

Figure 3 - Data Entity Notation and Sample of Its 
Instance

A Sample of Requirements Particle Networks

To illustrate how to represent a requirements particle net-
work, a sample of video shop's requirements defined in [6] is
selected and used in our experiment later. The video shop
mentioned has video club members who may hire videos. The
functional requirements of video shop system concerns with
how to register a new member, how to register new video
titles, how to search the video title for hiring and how to
manage the hiring record for each member. 

A requirements particle network for registering a new video
title into video stock data entity is illustrated in figure 4.

Figure 4 - "Store" Particle Notation

A "Retrieve" particle is required to perform a search of
the existing of video title in video stock. If there exists a
certain name of video title in video stock, a constant mes-
sage 'Existing Title' is transmitted to Monitor CRT using
"OutDevice" particle. Otherwise, the video title is expected
to store into video stock as a new entry using "Store" parti-
cle and the constant message 'Register Done' is finally dis-
played on the Monitor CRT.

4. FORMAL SPECIFICATION TEMPLATE FOR 
REQUIREMENTS PARTICLE

One of our intentions is to propose a minimum number of
simple requirements particles. In this paper, five require-
ments particles are defined as follows: "Store", "Retrieve",
"Remove", "InDevice", "OutDevice" particles. A number of
well-defined formal specification items, in Z notations, are
defined and assigned to each particle, shown in figure 8 and
figure 9. For example, The "Store" particle, shown in figure
5 and defined in figure 6, performs a task of storing mes-
sages from "What" port into data entity specified by the
message from "Where" port. A number of preconditions will
be considered whether the "Store" particle is activated or
not. The postconditions will be finally transformed and
delivered to "Out" port, "Ack" port and "Nack" port.

Store | [What? : What_Type; Where?, Where! :
Where_Type; Ack! : Boolean; Nack! : Boolean; Out! :

Out_type; Precond? : Boolean | Precond?  Where! =

Where?  {What?}  Out! = What?  Ack! = What? 

Where!  Nack! = What?  Where!]

Figure 5 - Formal Specification Template for "Store" 
Particle

Store | [Video Title? : Video Title Type; Video Stock?,
Video Stock! : Video Stock Type; Ack! : Boolean;
Nack! : Boolean; Out! : Out_type; Precond? : Boolean |
Precond?  Video Stock! = Video Stock?  {Video
Title?}  Out! = Video Title?  Ack! = Video Title? 
Video Stock!  Nack! = Video Title?  Video Stock!]

Figure 6 - A Sample of Specification for "Store" Video 
Title into Video Stock

Figure 7 - A Sample of Requirements Particle Network 
for Registering New Video Title
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Store | [What? : What_Type; Where?, Where! :
Where_Type; Ack! : Boolean; Nack! : Boolean; Out! :

Out_type; Precond? : Boolean | Precond?  Where! =

Where?  {What?}  Out! = What?  Ack! =

What?  Where!  Nack! = What?  Where!]

Retrieve | [What? : What_Type; Where? : Where_Type;
Ack! : Boolean; Nack! : Boolean; Out! : Out_Type;

Precond? : Boolean | Precond?  Out! = What?  Ack! =

What?  Where?  Nack! = What?  Where?]

Remove | [What? : What_Type; Where?, Where! :
Where_Type; Ack! : Boolean; Nack! : Boolean; Out! :

Out_Type; Precond? : Boolean | Precond?  Where! =

Where? - {What?}  Out! = What?  Ack! =

What?  Where!  Nack! = What?  Where!]

InDevice | [What! : What_Type; Where? : Where_Type;
Ack! : Boolean; Nack! : Boolean; Out! : Out_Type;

Precond? : Boolean | Precond?  What! = Where? 

Out! = What!  Ack! = !({What!} == 0)  Nack! =
({What!} == 0)]

OutDevice | [What? : What_Type; Where! : Where_Type;
Ack! : Boolean; Nack! : Boolean; Out! : Out_Type;

Precond? : Boolean | Precond?  Where! =

What?  Out! = What?  Ack! = (Where! == What?) 
Nack! = ! (Where! == What?)] 

Figure 8 - Formal Specification Templates for "Store", "Retrieve", "Remove", "InDevice", "OutDevice"

Figure 9 - Particle Notations for "Store", "Retrieve", "Remove", "InDevice", "OutDevice"

5. SPECIFICATION PROCEDURE

In order to develop a software functional requirements
specification, the step-by-step procedure is defined as fol-
lows:

1. Develop SPEC using decision table approach [5].

2. Decompose SPEC in detail to obtain the final SPEC.
3. Draw requirements particle network for each rule in

SPEC.
4. Transform each requirements particle network into for-

mal specification of each requirements primitive with a con-
nection description, using algorithm 1 and 2.

∧
∪ ∧ ∧

∈ ∧ ∉

∧ ∧
∈ ∧ ∉

∧

∧ ∧
∉ ∧ ∈

∧ ∧
∧ ∧

∧
∧ ∧ ∧

• 

“Store”
Particle

What

Where

Precond

Out

Ack

Nack

Video Title

Video Stock

‘Boolean-value status’‘Boolean-value status’

‘Boolean-value status’

Message as Video Title

• 

• 

“Retrieve”
Particle

What

Where

Precond

Out

Ack

Nack

Video Title

Video Stock

‘Boolean-value status’‘Boolean-value status’

‘Boolean-value status’

Message as Video Title

“Remove”
Particle

What

Where

Precond

Out

Ack

Nack

Video Title

Video Stock

‘Boolean-value status’‘Boolean-value status’

‘Boolean-value status’

Message as Video Title

• 

“InDevice”
Particle

What

Where

Precond

Out

Ack

Nack

Video Title

Keyboard

‘Boolean-value status’‘Boolean-value status’

‘Boolean-value status’

Message as Video Title

“OutDevice”
Particle

What

Where

Precond

Out

Ack

Nack

Video Title

CRT

‘Boolean-value status’‘Boolean-value status’

‘Boolean-value status’

Message as Video Title



66

²ÍÔÎÐÌÀÒÈÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2001

5. Compose the final formal specification, using algorithm 3.
A sample of formal specification for "Store" particle

shown in figure 5, is specified in figure 7.

6. EXPERIMENT

In order to verify the usability of the requirements parti-
cle networks, we conducted a workshop of developing soft-
ware functional requirements specification of a small
software system. A sample of software requirements for
"Video Shop" in [6] is selected.  More than 80 attendants
with experience in writing data flow diagram are gathered.
Five requirements primitives are selected as follows: 1)
primitive for registering a new video title in the video stock,
2) primitive for searching video stock for the existing of the
video title, 3) primitive for registering a new member,
4) primitive for searching the existing of the member name
in the member list, and 5) primitive for keeping the video
hiring record of each member.

Average time to accomplish the specification procedure is
50 minutes and more than 90% of the attendants produce the
complete requirements particle networks. The final formal
specifications are consequently mapped from their require-
ments particle networks without any major complication.

7. CONCLUSION

We have developed an approach to software functional
requirements specification using requirements particle net-
works. Our approach emphasizes that requirements particle
is the atomic task and a well-defined formal specification
template is relevantly assigned to each requirements parti-

cle. Moreover, we introduce the explicit definition of pre-
conditions in the requirements particle networks so that
software analyst is capable to specify when a particular par-
ticle is activated in the consequences of preconditions. A
number of requirements particles are proposed to deal with
store and retrieve functions in software system.

8. FUTURE WORK

We intend to investigate and define more relevant
requirements particles for the another part of software sys-
tem for business information system. A set of requirements
particles to perform calculation is required as well. In addi-
tion, the reuse features of several common requirements par-
ticle networks will be considered. 
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ÀÍÀËÈÇ ÕÀÐÀÊÒÅÐÈÑÒÈÊ ÌÍÎÃÎÏÎÒÎÊÎÂÛÕ ÑÅÒÅÉ 
ÎÁÑËÓÆÈÂÀÍÈß

À.À.Àëèåâ, Á.Ã.Èñìàéëîâ

Ðàññìîòðåíû ìîäåëè ìíîãîïîòîêîâûõ êîìïüþòåðíûõ ñå-
òåé îáñëóæèâàíèÿ. Ïîñòàâëåíû çàäà÷è ìèíèìèçàöèè ìàòåìà-
òè÷åñêîãî îæèäàíèÿ âåðîÿòíîñòíîé ôóíêöèè ïîòåðü èíôîð-
ìàöèè ïðè ìèíèìàëüíî íåîáõîäèìîé ïðîèçâîäèòåëüíîñòè
ñåòè. Ðàçðàáîòàíû ïðîöåäóðû àíàëèçà õàðàêòåðèñòèê ñåòè
è ïðèâåäåíû ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ.

ltistream computer networks of service are considered. The
tasks of minimization of expectation of a probability loss func-
tion of the information are posed at minimum of necessary pro-
ductivity of the network. The procedures of the analysis of the
characteristics of the network are developed and the results of
numerical experiments are indicated.

Â ñîâðåìåííûõ ñåòÿõ êîìïüþòåðû äîëæíû îáñëóæèâàòü
áîëüøîå ÷èñëî èñòî÷íèêîâ èíôîðìàöèè. Ïî ýòîé ïðè÷èíå
èì íåîáõîäèìî ðàáîòàòü îïåðàòèâíî è âûïîëíÿòü íåñêîëü-

êî îïåðàöèé îäíîâðåìåííî. Òàêèì òðåáîâàíèÿì îòâå÷àåò
ìóëüòèïðîöåññîðíàÿ îáðàáîòêà èíôîðìàöèè. Â òàêèõ
ñåòÿõ îïåðàöèîííàÿ ñèñòåìà ïîçâîëÿåò äîáàâèòü äîïîëíè-
òåëüíûå ïðîöåññîðû, è îíà ïîçâîëÿåò ðàñïðåäåëÿòü ïðî-
öåññû ïî íåñêîëüêèì êîìïüþòåðàì, óïðàâëÿÿ âûïîëíÿå-
ìûìè èìè çàäà÷àìè. Ïîýòîìó ñ öåëüþ åå ïîñòðîåíèÿ â
ðàáîòå äàåòñÿ àíàëèç õàðàêòåðèñòèê ìíîãîïîòîêîâûõ
ñåòåé.

Â ðàññìîòðåííîé ìíîãîïîòîêîâîé ñåòè èìååòñÿ m î÷åðå-
äåé è N ìåñò â î÷åðåäè. Èíòåíñèâíîñòü ïîòîêà çàÿâîê,
êîëè÷åñòâî çàÿâîê â ãðóïïå, âðåìÿ îáñëóæèâàíèÿ çàÿâîê
çàäàíû. Õàðàêòåðèñòèêè òàêîé ñåòè, â ÷àñòíîñòè, âåðîÿò-
íîñòü âîçíèêíîâåíèÿ çàÿâîê íà îáñëóæèâàíèå, âåðîÿò-
íîñòü ïðèõîäà çàÿâîê çà âðåìÿ öèêëà, ñðåäíåå âðåìÿ
öèêëà è ò.ä. íåèçâåñòíû. Ñ öåëüþ ïîñòðîåíèÿ ñåòè íåîá-
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õîäèìî îïðåäåëèòü åå õàðàêòåðèñòèêè ïðè çàäàííûõ
óñëîâèÿõ.

Ðàçðàáîòêà ñîâðåìåííûõ êîìïüþòåðíûõ ñèñòåì è ñåòåé
ñîïðÿæåíà ñ ïðèìåíåíèåì ìàòåìàòè÷åñêèõ ìåòîäîâ ìîäå-
ëèðîâàíèÿ. Â óñëîâèÿõ ñëó÷àéíîãî õàðàêòåðà ïðîöåññîâ
ïîñòóïëåíèÿ è îáñëóæèâàíèÿ èíôîðìàöèè íåîáõîäèìî
èñïîëüçîâàíèå ìîäåëåé è ìåòîäîâ òåîðèè ìàññîâîãî
îáñëóæèâàíèÿ.

Â ðàáîòå ðàññìàòðèâàåòñÿ ìíîãîïîòîêîâàÿ ìîäåëü,
ó÷èòûâàþùàÿ ìóëüòèïðîöåññîðíûé ïðèíöèï ïîñòðîåíèÿ,
ïîçâîëÿþùèé îáåñïå÷èòü âûñîêèå õàðàêòåðèñòèêè îïåðà-
òèâíîñòè è íàäåæíîñòè êîìïüþòåðíûõ ñåòåé; ïðèîðè-
òåòíîå îáñëóæèâàíèå çàïðîñîâ, îðèåíòèðîâàííîå íà ïîâû-
øåíèå îáùåé ýôôåêòèâíîñòè êîìïüþòåðíîé ñåòè.

Íà âûáîð òèïà èñïîëüçóåìîé ìîäåëè ñèñòåìû ìàññîâîãî
îáñëóæèâàíèÿ (ÑÌÎ) ñóùåñòâåííî âëèÿåò ñòðóêòóðíàÿ
îðãàíèçàöèÿ àíàëèçèðóåìîé ìíîãîïîòîêîâîé ìóëüòèïðî-
öåññîðíîé ñåòè.

Òåîðèÿ àíàëèçà ïðèîðèòåòíûõ ïðîöåññîâ îáñëóæèâàíèÿ
äîñòàòî÷íî ïîëíî ðàçðàáîòàíà â [1].

Îäíàêî â îòëè÷èå îò [1] çäåñü èññëåäóþòñÿ ìîäåëè
ìíîãîïîòîêîâûõ ñèñòåì ñ îãðàíè÷åíèåì íà âðåìÿ îæè-
äàíèÿ çàÿâêè â î÷åðåäè.

Ðàññìàòðèâàþòñÿ ìíîãîïîòîêîâûå êîìïüþòåðíûå ñåòè,
ïðåäíàçíà÷åííûå äëÿ îáñëóæèâàíèÿ ïîòîêîâ èíôîðìàöèè
ïîñòóïàþùèõ îò áîëüøåãî ÷èñëà èñòî÷íèêîâ. Îñíîâó ñèñ-
òåìû ñîñòàâëÿþò m ïåðèôåðèéíûõ êîìïüþòåðîâ (ÏÊi).

Ýòè ÏÊi îáúåäèíÿþòñÿ â ìóëüòèïðîöåññîðíûå ñåòè (ÌÑ)

ñ ïîìîùüþ êîîðäèíèðóþùåãî êîìïüþòåðà (ÊÊ). ÏÊi îð-

ãàíèçóþò ñáîð è îáðàáîòêó èíôîðìàöèè. ÊÊ ñîåäèíÿåò
ÏÊi ñ ëèíèåé ñâÿçè èëè òåðìèíàëîì. Êîíñòðóêòèâíàÿ

îäíîðîäíîñòü ÏÊi äàåò âîçìîæíîñòü íàðàùèâàíèÿ èõ ÷èñ-

ëà ïðè óâåëè÷åíèè êîëè÷åñòâà èñòî÷íèêîâ èíôîðìàöèè,
ïðèáëèæåíèÿ ÌÑ ê èñòî÷íèêàì, ðåàëèçàöèè øèðîêîãî
íàáîðà âû÷èñëèòåëüíûõ ïðîöåäóð.

Ïðè îðãàíèçàöèè ÑÌÎ èìåþùåé ìíîãî èñòî÷íèêîâ
èíôîðìàöèè îäíèì èç îñíîâíûõ âîïðîñîâ ìîæåò ÿâëÿòüñÿ
âûáîð äèñöèïëèíû îïðîñà èñòî÷íèêîâ.

Â îáû÷íîì ñëó÷àå (áåç ïðåðûâàíèÿ) ÊÊ îïðàøèâàåò
âñå èñòî÷íèêè èíôîðìàöèè ïî ïîðÿäêó. Åñëè íà âõîäå
èìååòñÿ äîñòàòî÷íîå êîëè÷åñòâî èíôîðìàöèè, òî âûïîëíÿ-
þòñÿ îïåðàöèè ïî åå îáñëóæèâàíèþ. Â ïðîòèâíîì ñëó÷àå
ÊÊ ïåðåõîäèò ê îïðîñó ñëåäóþùèõ èñòî÷íèêîâ èíôîð-
ìàöèè.

ÌÑ ðàáîòàåò â ðåàëüíîì ðåæèìå âðåìåíè, ÷òî õàðàê-
òåðíî äëÿ óïðàâëÿþùèõ ñèñòåì è ñåòåé [1].

Ïðè ìîäåëèðîâàíèè ÌÑ îñíîâíîé çàäà÷åé ìîæåò
ÿâëÿòüñÿ îïòèìàëüíîå ðàñïðåäåëåíèå ðåñóðñîâ ñåòè è
ïðîãðàììíîå îáåñïå÷åíèå ÏÊi, êîòîðîå âêëþ÷àåò ñðåäñòâà

ïðîãðàììèðîâàíèÿ è ïàêåò ïðèêëàäíûõ ïðîãðàìì. Ïðè
ýòîì ðàññìàòðèâàþòñÿ íåêîòîðûå âîïðîñû ìîäåëèðîâàíèÿ
ÌÑ, ñâÿçàííûå ñ îïòèìàëüíûì âûáîðîì íàãðóçî÷íûõ è
ñòðóêòóðíûõ ïàðàìåòðîâ. Îïòèìèçàöèÿ ðåñóðñà ïîçâîëÿåò
ïîëó÷àòü òðåáóåìûå çíà÷åíèÿ âûáðàííîãî êðèòåðèÿ
ôóíêöèîíèðîâàíèÿ ñåòè â çàâèñèìîñòè îò ïàðàìåòðîâ
îáðàáàòûâàåìîé èíôîðìàöèè.

Îäíèì èç ïîêàçàòåëåé êà÷åñòâà ôóíêöèîíèðîâàíèÿ ÌÑ
ÿâëÿåòñÿ ìèíèìèçàöèÿ ïîòåðü èíôîðìàöèè, ïîëó÷åííîé îò
èñòî÷íèêîâ. Ñëåäóåò îòìåòèòü, ÷òî ñëîæíîñòü ìåòîäîâ

îïòèìèçàöèè ðåñóðñîâ çàâèñèò îò âèäà îáðàáîòêè èíôîð-
ìàöèè. Åñëè íà âõîäå ÏÊi äèñêðåòíàÿ èíôîðìàöèÿ,

êîòîðàÿ ïîñòóïàåò â äåòåðìèíèðîâàííûé ìîìåíò âðåìåíè,
è èçâåñòíî âðåìÿ îáñëóæèâàíèÿ, òî àíàëèç õàðàêòåðèñòèê
ñåòè íå ÿâëÿåòñÿ òðóäíûì. Àíàëèç õàðàêòåðèñòèê ñåòè
çíà÷èòåëüíî óñëîæíÿåòñÿ ïðè íàëè÷èè â ÌÑ èíôîðìà-
öèîííûõ ïîòîêîâ, ñîñòàâëÿþùèå êîòîðûõ ñëó÷àéíû ïî
ìîìåíòàì ïîñòóïëåíèÿ.

Åñëè ðàññìàòðèâàòü ñîîáùåíèÿ êàê çàÿâêè, à ÊÊ, çàíè-
ìàþùèéñÿ ñáîðîì ñîîáùåíèé, êàê îáñëóæèâàþùèé ïðè-
áîð, òî ÌÑ â öåëîì ìîæíî ðàññìàòðèâàòü êàê îäíî-
ôàçíóþ, îäíîëèíåéíóþ ÑÌÎ.

Ïðåäïîëàãàåòñÿ, ÷òî èñòî÷íèêè çàÿâîê âûäàþò ñòàöèî-
íàðíûå ïóàññîíîâñêèå ïîòîêè.

Çàìå÷àíèå 1. Êðîìå óïðîùåíèÿ àíàëèçà, ýòî ïðåäïîëî-
æåíèå ïîçâîëÿåò ïîëó÷èòü âåðõíèå îöåíêè ïàðàìåòðîâ
ñåòè äëÿ äðóãèõ çàêîíîâ ðàñïðåäåëåíèé.

Â ñëó÷àå îòñóòñòâèÿ ïîòåðü èíòåíñèâíîñòü ïîòîêà çàÿ-

âîê, ïîñòóïàþùåãî íà ÊÊ ðàâíà  è ñ÷èòàåòñÿ,

÷òî â óñòàíîâèâøåìñÿ ðåæèìå èíòåíñèâíîñòè âõîäÿùèõ è
îáñëóæåííûõ çàÿâîê îäèíàêîâû.

Â ñåòè ÏÊi âûñòóïàþò ïî îòíîøåíèþ ê ÊÊ êàê óñò-

ðîéñòâà ââîäà-âûâîäà è ñ ïîìîùüþ êðèòåðèÿ ýôôåêòèâ-
íîñòè àíàëèçèðóþòñÿ ïîòåðè èíôîðìàöèè êàê â ÑÌÎ,
èìåþùåé m èñòî÷íèêîâ çàÿâîê. Â êàæäîì èñòî÷íèêå
èìååòñÿ êîíå÷íàÿ î÷åðåäü çàÿâîê; âðåìÿ îáñëóæèâàíèÿ
îäíîé çàÿâêè è âðåìÿ ïåðåêëþ÷åíèÿ ÊÊ îò èñòî÷íèêà ê
èñòî÷íèêó ÿâëÿþòñÿ ïîñòîÿííûìè âåëè÷èíàìè è çàÿâêè
ìîãóò îáñëóæèâàòüñÿ ãðóïïàìè.

Â ñåòè èìååòñÿ m î÷åðåäåé è N ìåñò â î÷åðåäè. Âðåìÿ

îáñëóæèâàíèÿ çàÿâêè îáîçíà÷àåòñÿ ,  - âðåìÿ

ïåðåêëþ÷åíèÿ ïðèáîðà,  - èíòåíñèâíîñòü ïîòîêà çàÿâîê,
S - êîëè÷åñòâî çàÿâîê â ãðóïïå.

Çàïðîñ íà îáñëóæèâàíèå âîçíèêàåò â î÷åðåäè â òîì
ñëó÷àå, êîãäà â íåé íàõîäÿòñÿ íå ìåíåå S çàÿâîê, ïîñëå
îêîí÷àíèÿ i-îé î÷åðåäè ïðèáîð ïåðåõîäèò ê îïðîñó (i+1)-
îé, öèêë ðàáîòû ÑÌÎ çàâåðøàåòñÿ îïðîñîì m-îé î÷åðåäè.

Çàÿâêè, ïîñòóïèâøèå â î÷åðåäü, ïîñëå òîãî êàê áûë
ïðîèçâåäåí åå îïðîñ, ðàññìàòðèâàþòñÿ â äàííîì öèêëå.

Îöåíêà õàðàêòåðèñòèê ñåòè îñóùåñòâëÿåòñÿ ïóòåì ìè-
íèìèçàöèè ìàòåìàòè÷åñêîãî îæèäàíèÿ âåðîÿòíîñòè ïîòåðü
èíôîðìàöèè ïðè çàäàííîì êîëè÷åñòâå èñòî÷íèêîâ, ò.å.

, , , (1)

ãäå ,  - ìàêñèìàëüíûå äîïóñòèìûå çíà÷åíèÿ , ;

 - êîëè÷åñòâî çàÿâîê â î÷åðåäè.

Îäíàêî ñòðîãîå àíàëèòè÷åñêîå âûðàæåíèå äëÿ îïðåäå-

ëåíèÿ ïîòåðü  â òàêèõ ÑÌÎ â íàñòîÿ-

ùåå âðåìÿ îòñóòñòâóåò è, ñëåäîâàòåëüíî, àíàëèòè÷åñêîå
ðåøåíèå ïîñòàíîâêè (1) ïðåäñòàâëÿåò áîëüøóþ ñëîæ-
íîñòü.

Âìåñòå ñ òåì â òàêèõ ÑÌÎ ïîòåðè âèäà (1) ìîãóò áûòü
îïðåäåëåíû ñ ïîìîùüþ ñëåäóþùèõ õàðàêòåðèñòèê:

- âåðîÿòíîñòü âîçíèêíîâåíèÿ çàÿâîê íà îáñëóæèâàíèå â

λ λ i

i 1=

m

∑=

τîáñë ∆t

λ

M P m N S λ τ îáñë, , , ,( )[ ] min→ λ λ 0≤ S Lq L0≤ ≤

λ0 L0 λ Lq

Lq

P m N S λ τ îáñë, , , ,( )



68

²ÍÔÎÐÌÀÒÈÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2001

n èç m î÷åðåäåé êàê [1]:

,

ãäå ,  - âåðîÿòíîñòü ïîÿâëåíèÿ

çàÿâîê â î÷åðåäè, ñ êîòîðîé íà÷èíàåòñÿ öèêë;
- çàÿâêè íà îáñëóæèâàíèå çàÿâîê ïîÿâëÿþòñÿ ïðè

íàëè÷èè â î÷åðåäè S è áîëåå çàÿâîê, ïðè ýòîì äëÿ
ïðîñòåéøåãî ïîòîêà âåðîÿòíîñòü ïðèõîäà çàÿâîê, çà âðåìÿ
öèêëà

;

- ñðåäíåå âðåìÿ öèêëà

;

- âåðîÿòíîñòü ïîÿâëåíèÿ çàÿâîê â ïåðâîé î÷åðåäè

.

Ñëåäîâàòåëüíî, âåðîÿòíîñòü ïîòåðè çàÿâîê

. (2)

Äàííîå ñîîòíîøåíèå â íîðìàëèçîâàííîì âèäå ìîæåò
áûòü êîñâåííûì ðåøåíèåì ïîñòàíîâêè (1). Ïîä íîðìà-
ëèçàöèåé ïîäðàçóìåâàåòñÿ âûáîð èç ìíîæåñòâà çíà÷åíèé

P ëèøü òåõ, ïðè êîòîðûõ äëÿ êîëè÷åñòâà çàÿâîê  ,

îæèäàþùèõ îáñëóæèâàíèÿ, âûïîëíÿåòñÿ óñëîâèå

.

Òàêèì îáðàçîì, ïðè âûïîëíåíèè óñëîâèÿ  ,

ðàññìîòðåííàÿ ÑÌÎ îáåñïå÷èâàåò îáñëóæèâàíèå ïîòîêà
çàÿâîê â ïðåäåëàõ äîïóñòèìûõ ïîòåðü è, ñëåäîâàòåëüíî,
ñèñòåìà èìååò ìèíèìàëüíî íåîáõîäèìóþ ïðîèçâîäèòåëü-
íîñòü.

Â ÑÌÎ ñðåäè èñòî÷íèêîâ çàÿâîê â ïåðâóþ î÷åðåäü
âûäåëÿþò ïðèîðèòåòíûå. Ïðèîðèòåòíîñòü â ÑÌÎ îïðåäå-
ëÿåòñÿ òàêèì îáðàçîì, ÷òî äëÿ ãðóïïû çàÿâîê, îæèäàþ-

ùèõ îáñëóæèâàíèÿ , ÿâëÿåòñÿ ñàìîé áîëüøîé ïî çíà-

÷åíèþ, ò.å. êëàññû ïðèîðèòåòîâ óïîðÿäî÷èâàþòñÿ ñîãëàñ-
íî ñîîòíîøåíèþ [3]:

, (3)

ãäå   - ñòîèìîñòü îáñëóæèâàíèÿ çà åäèíèöó âðåìåíè.

Ïðè ðåøåíèè çàäà÷è (1), óñòàíàâëèâàÿ ïðèîðèòåòíîñòü

ïî (3), îñóùåñòâëÿåòñÿ âûáîð èç ìíîæåñòâà çíà÷åíèé 
ëèøü òåõ, ïðè êîòîðûõ âûïîëíÿåòñÿ óñëîâèå  .

Ïðåäëàãàþòñÿ ïðåðûâàíèÿ äâóõ òèïîâ: ïðåðûâàíèÿ ñ
îòíîñèòåëüíûì è àáñîëþòíûì ïðèîðèòåòàìè. Ïðè ýòîì âî

âòîðîì ñëó÷àå ïðåðâàííûå çàÿâêè âíîâü ïîñòóïàþò â ÊÊ è
èõ îáñëóæèâàíèå íà÷èíàåòñÿ ñ ïðåðâàííîãî ìåñòà.

Äàííàÿ çàäà÷à äëÿ íåáîëüøèõ çíà÷åíèé èíòåíñèâíîñòåé
ïîòîêîâ èíôîðìàöèè íà âõîäå ÑÌÎ ìîæåò áûòü ðåøåíà
ïðè îòñóòñòâèè ïðèîðèòåòîâ. Çäåñü â ðàññìîòðåííóþ
ñèñòåìó ââîäÿòñÿ k ðàçëè÷íûõ ïðèîðèòåòíûõ êëàññîâ

, ò.å. â ñèñòåìå èìåþòñÿ òðè êðóïíûõ ïðèîðèòåò-

íûõ êëàññà çàÿâîê. Ïðè ôóíêöèîíèðîâàíèè ñèñòåìû âíóò-
ðè ïîòîêîâ ìîæåò áûòü äàëüíåéøåå ðàçäåëåíèå íà ïîä-

ïîòîêè. Çàÿâêè ïðèîðèòåòíîãî êëàññà  
ïîñòóïàþò êàê ïóàññîíîâñêèå ïîòîêè ñ èíòåíñèâíîñòüþ

, êàæäàÿ çàÿâêà èç ïðèîðèòåòíîãî êëàññà K èìååò

âðåìÿ îáñëóæèâàíèÿ, âûáðàííîå íåçàâèñèìî èç ýêñïîíåí-

öèàëüíîãî ðàñïðåäåëåíèÿ ñî ñðåäíèì çíà÷åíèåì .

Êðîìå òîãî, ïðèìåíåíèå ïðèîðèòåòíîñòè â äàííîì ñëó÷àå
ïîêàçûâàåò, ÷òî çíà÷åíèå ìàòåìàòè÷åñêîãî îæèäàíèÿ
âåðîÿòíîñòíîé ôóíêöèè ïîòåðè çàÿâîê ñóùåñòâåííî
ìåíüøå äëÿ ïðåðûâàíèÿ ñ àáñîëþòíûì ïðèîðèòåòîì, ÷åì
äëÿ ïðåðûâàíèÿ ñ îòíîñèòåëüíûì ïðèîðèòåòîì. Ïðåäëî-
æåííûé ïîäõîä îáåñïå÷èâàåò èññëåäîâàíèå ìíîãîïîòî-
êîâûõ ÑÌÎ ñ îòíîñèòåëüíûì è àáñîëþòíûì ïðèîðèòå-
òàìè. Â åãî îñíîâå ëåæèò ðåøåíèå çàäà÷è àíàëèçà õàðàê-
òåðèñòèê êîìïüþòåðíîé ñåòè ñ ãðóïïîâûì îáñëóæèâàíèåì.

Äàííàÿ ïðîöåäóðà îïðåäåëåíèÿ õàðàêòåðèñòèê ÑÌÎ
îáîáùåíà â âèäå àëãîðèòìà, êîòîðûé èìååò ñëåäóþùèå
øàãè:

- Äëÿ ïðîñòåéøèõ ïîòîêîâ ââîäÿòñÿ çíà÷åíèÿ m, N, S ñ
öåëüþ îïðåäåëåíèÿ îñíîâíûõ õàðàêòåðèñòèê ÑÌÎ.

- Äëÿ êîëè÷åñòâà çàÿâîê, îæèäàþùèõ îáñëóæèâàíèÿ

ïðîâåðÿåòñÿ óñëîâèå . Åñëè äàííîå óñëîâèå óäîâëå-

òâîðÿåòñÿ äëÿ îòíîñèòåëüíûõ è àáñîëþòíûõ ïðèîðèòåòîâ,
òî âû÷èñëÿþòñÿ è âûâîäÿòñÿ íà ïå÷àòü õàðàêòåðèñòèêè
ÑÌÎ.

- Åñëè öèêë îïðîñà íå çàâåðøåí, îñóùåñòâëÿåòñÿ
ïåðåõîä ê ïåðâîìó øàãó. Â ïðîòèâíîì ñëó÷àå ïðîöåññ
àíàëèçà õàðàêòåðèñòèê ÑÌÎ çàâåðøàåòñÿ.

Íà îñíîâå âûøåèçëîæåííîé ïðîöåäóðû àíàëèçà äëÿ
îïðåäåëåíèÿ õàðàêòåðèñòèê ñèñòåì ïðîâåäåíû îáúåìíûå
âû÷èñëèòåëüíûå ýêñïåðèìåíòû è ïîëó÷åíû ÷èñëåííûå
ðåçóëüòàòû. Â ýòèõ ýêñïåðèìåíòàõ ïðè çàäàííîì êîëè-
÷åñòâå èñòî÷íèêîâ èíôîðìàöèè îïðåäåëåíû ïîòåðè èíôîð-
ìàöèè â çàâèñèìîñòè îò èíòåíñèâíîñòè âõîäíîãî ïîòîêà.

Ïîòåðè èíôîðìàöèè â òàêîé ÑÌÎ ìîãóò âîçðàñòàòü
çàñ÷åò ïîÿâëåíèÿ ïîòåðü â ÏÊi, è ÌÑ ìîæíî ðàññìàò-

ðèâàòü êàê äâóõôàçíûå ÑÌÎ [2]. Ïðåäïîëàãàÿ ÷òî, ïî-
òîêè çàÿâîê â îáåèõ ôàçàõ ïóàññîíîâñêèå, âðåìÿ îáñëóæè-
âàíèÿ îäíîé çàÿâêè, êàê â ïåðâîé, òàê è âî âòîðîé ôàçå
ïîñòîÿííî. Äëÿ îöåíêè ïàðàìåòðîâ ÑÌÎ ìîæíî èñïîëüçî-
âàòü ðåçóëüòàòû ïðèâåäåííûå çäåñü äëÿ îäíîôàçíîé
ÑÌÎ.

Ñëåäóåò îòìåòèòü, ÷òî ïðè áîëåå äåòàëüíîì èçó÷åíèè
ÑÌÎ òàêîãî âèäà öåëåñîîáðàçíî ïðèìåíÿòü ìåòîäû èìè-
òàöèîííîãî ìîäåëèðîâàíèÿ, òàê êàê àíàëèòè÷åñêîå îïèñà-
íèå äâóõôàçíîé ÑÌÎ ñ íå ïóàññîíîâñêèìè ïîòîêàìè çàÿ-
âîê è îãðàíè÷åííîé î÷åðåäüþ âî âòîðîé ôàçå
ïðåäñòàâëÿåòñÿ î÷åíü ñëîæíûì.

Pn 1+ πs nsτîáñë τ+( ) 1 πs n 1+( )sτîáñë τ+( )–( )⁄=
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k!
----------------------------------------------e λ– nsτîáñë m∆t+( )=
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m
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à)

á)

â)

Ðèñóíîê 1

Â êà÷åñòâå ïðèìåðà, äëÿ : à) ,

 (êðèâàÿ 1); á) ,  (êðèâàÿ 2);

â) , ,  (êðèâàÿ 3); ã) ,

,  (êðèâàÿ 4); ä) , 

(êðèâàÿ 5); å) ,  (êðèâàÿ 6) èññëå-

äîâàíû çàâèñèìîñòè   ïðè ðàçëè÷íûõ m, N è S. Èç

ðèñóíêà 1 âèäíî, ÷òî ïðè ,  è ,

 çíà÷åíèÿ êðèâûõ 1, 3 âåðîÿòíîñòíîé ôóíê-

öèè ïî ñðàâíåíèþ ñ äðóãèìè êðèâûìè íàõîäÿòñÿ â
ïðåäåëàõ äîïóñòèìûõ ïîòåðü è ïîëó÷åííûå õàðàêòåðèñ-
òèêè ÑÌÎ ñ÷èòàþòñÿ îïòèìàëüíûìè.

ÇÀÊËÞ×ÅÍÈÅ

Ïðîöåäóðà àíàëèçà ìíîãîïîòîêîâûõ ñåòåé îáñëóæèâà-
íèÿ ïîçâîëÿåò ñäåëàòü ñëåäóþùèå âûâîäû:

1. Ðàçðàáîòàííàÿ ïðîöåäóðà àíàëèçà îïòèìàëüíûõ õà-
ðàêòåðèñòèê ìíîãîïîòîêîâûõ ñåòåé ÿâëÿåòñÿ óäîáíîé äëÿ
îïèñàíèÿ ñåòè ñ ãðóïïîâûì îáñëóæèâàíèåì. Èñïîëüçîâà-
íèå ðàçðàáîòàííîãî àëãîðèòìà âû÷èñëåíèÿ õàðàêòåðèñòèê
ñåòåé ìîæåò çíà÷èòåëüíî îáëåã÷èòü àíàëèç õàðàêòåðèñòèê
ïîäîáíûõ ñåòåé.

2. Ðàçðàáîòêà òàêîé ìîäåëè ïîçâîëÿåò îïðåäåëèòü íå
òîëüêî âåðîÿòíîñòíî-âðåìåííûå õàðàêòåðèñòèêè ñåòè â
ðàìêàõ ñèñòåìû ìàññîâîãî îáñëóæèâàíèÿ, íî è ïîâûñèòü
íàäåæíîñòü ñèñòåìû â öåëîì.

ÏÅÐÅ×ÅÍÜ ÑÑÛËÎÊ

1. Ìåëèêîâ À.Ç., Ïîíîìàðåíêî Ë.À., Ðþìøèí Í.À. Ìàòåìàòè-
÷åñêèå ìîäåëè ìíîãîïîòîêîâûõ ñèñòåì îáñëóæèâàíèÿ. - Ê.
1991,  - 264 ñ.
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ïüþòåðîâ ðàñïðåäåëåííûõ ñåòåé îáñëóæèâàíèÿ. Èçâ. ÀÍ
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ÌÎÄÅËÈÐÎÂÀÍÈÅ È ÎÁÐÀÁÎÒÊÀ ÄÀÍÍÛÕ ÑÈÑÒÅÌ ÒÅÑÒÎÂÎÃÎ 
ÊÎÍÒÐÎËß ÇÀÊÐÛÒÎÃÎ ÒÈÏÀ 

À.Å.Àðõèïîâ, Ñ.À.Àðõèïîâà

Ïðåäïðèíÿòà ïîïûòêà ôîðìàëèçàöèè îïèñàíèÿ ïðîöåäóðû
òåñòîâîãî êîíòðîëÿ, ïîñòðîåíèå ìîäåëè, ïîëó÷àåìûõ â õîäå
òåñòèðîâàíèÿ äàííûõ, îïòèìèçàöèè èõ îáðàáîòêè äëÿ
òåñòîâ çàêðûòîãî òèïà.

Çðîáëåíî ñïðîáó ôîðìàë³çàö³¿ îïèñó ïðîöåäóðè òåñòîâîãî
êîíòðîëþ, ïîáóäîâè ìîäåë³ äàíèõ, ùî îòðèìàí³ â ïðîöåñ³
òåñòóâàííÿ, îïòèì³çàö³¿ ¿õ îáðîáêè äëÿ òåñò³â çàêðèòîãî
òèïó.

The attempt of formalisation of exposition of a procedure of
test monitoring, construction of a model dates, obtained during
testing, optimisation of their handling for the tests of the closed
type is undertaken.

ÂÂÅÄÅÍÈÅ

Ñðåäè ìíîæåñòâà èíôîðìàöèîííûõ òåõíîëîãèé, ïðèìå-
íÿåìûõ â ñîöèàëüíîé ñôåðå, óñòîé÷èâûì èíòåðåñîì è
âíèìàíèåì õàðàêòåðèçóþòñÿ òåñòîâûå ìåòîäû êîíòðîëÿ è
äèàãíîñòèêè, ïîçâîëÿþùèå ðåàëèçîâàòü îäíó èç íàèáîëåå
ðàñïðîñòðàíåííûõ ôîðì ïðîôåññèîíàëüíîãî îòáîðà, àòòå-
ñòàöèè, êîíòðîëÿ è îöåíèâàíèÿ óðîâíÿ çíàíèé è óìåíèé
ñïåöèàëèñòîâ â êîíêðåòíûõ ïðåäìåòíûõ îáëàñòÿõ.
Î÷åðåäíîé âñïëåñê âíèìàíèÿ ê ïðèêëàäíûì àñïåêòàì
òåñòèðîâàíèÿ îáóñëîâëåí èíòåíñèôèêàöèåé ïðèìåíåíèÿ
òåñòîâûõ òåõíîëîãèé â îáðàçîâàòåëüíîé ñôåðå, â
÷àñòíîñòè, èõ î÷åâèäíàÿ ïåðñïåêòèâíîñòü â ñèñòåìå
äèñòàíöèîííîãî îáðàçîâàíèÿ, äëÿ êîòîðîãî òåñòîâàÿ
ôîðìà êîíòðîëÿ ÿâëÿåòñÿ áàçîâîé.

1. ÔÎÐÌÀËÈÇÀÖÈß ÏÐÎÖÅÄÓÐÛ ÒÅÑÒÎÂÎÃÎ 
ÊÎÍÒÐÎËß 

Íåñìîòðÿ íà âíóøèòåëüíûé ïåðå÷åíü äîñòîèíñòâ è
ïîëîæèòåëüíûõ îòçûâîâ [1,2], èíòåíñèôèêàöèÿ è
ðàñøèðåíèå ïðèìåíåíèé òåñòîâûõ ñèñòåì ñòàëêèâàåòñÿ ñ
îïðåäåëåííûìè îãðàíè÷åíèÿìè. Ïðè÷èíà ýòîãî - áîëüøîé
âåñ ýìïèðè÷åñêèõ ïðèåìîâ â ïîñòðîåíèè è ýêñïëóàòàöèè
òåñòîâûõ ñèñòåì, îòñóòñòâèå îáúåêòèâíûõ êðèòåðèåâ
êà÷åñòâà è íàäåæíîñòè ôóíêöèîíèðîâàíèÿ ýòèõ ñèñòåì,
ïîëó÷àåìûõ ñ èõ ïîìîùüþ âûâîäîâ è ðåêîìåíäàöèé.

Ïîýòîìó àêòóàëüíà ïðîáëåìà ðàçðàáîòêè ìåòîäîëîãèè
èññëåäîâàíèÿ è àíàëèçà êà÷åñòâà òåñòîâûõ ñèñòåì, íàäåæ-
íîñòè è îáúåêòèâíîñòè ðåçóëüòàòîâ òåñòîâîãî êîíòðîëÿ,
ïîñòðîåíèå ìåòîäèê îïòèìèçàöèè è ñîâåðøåíñòâîâàíèÿ
òåñòîâ ïî ðåçóëüòàòàì èõ ïðàêòè÷åñêîãî ïðèìåíåíèÿ.

Î÷åâèäíî, èñõîäíûì ïóíêòîì â ðåøåíèè ýòèõ çàäà÷ ÿâ-
ëÿåòñÿ ôîðìàëèçàöèÿ ïðîöåäóðû òåñòîâîãî êîíòðîëÿ,
ïðåäñòàâëåíèå åå íåêîòîðîé ñòðóêòóðîé, âêëþ÷àþùåé ðÿä
ýëåìåíòîâ ñ âïîëíå îïðåäåëåííûì íàçíà÷åíèåì è
ñâîéñòâàìè.

Ðàññìîòðèì ñèñòåìó òåñòîâîãî êîíòðîëÿ (CÒÊ) óðîâíÿ
çíàíèé, áàçèðóþùóþñÿ íà çàêðûòîì òåñòå, îñíîâíûì

ýëåìåíòîì êîòîðîãî ÿâëÿåòñÿ ìíîæåñòâî , 

êîíòðîëüíûõ çàäàíèé (âîïðîñîâ), êàæäîìó èç êîòîðûõ
ñîîòâåòñòâóåò ïî m âàðèàíòîâ âîçìîæíûõ îòâåòîâ

, ñîäåðæàùèõ ëèøü

îäèí ïðàâèëüíûé, âûáðàòü êîòîðûé - çàäà÷à òåñòè-
ðóåìîãî.

Âçàèìîäåéñòâèå òåñòèðóåìîãî (îáúåêò èññëåäîâàíèÿ) è
ÑÒÊ ìîæíî îïèñàòü, èñïîëüçóÿ àíàëîãèþ ñ ïðîöåññîì èç-
ìåðåíèÿ íåêîòîðîé ôèçè÷åñêîé âåëè÷èíû L, ñõåìîé âèäà:

Ðèñóíîê 1 - Ñèñòåìà òåñòîâîãî êîíòðîëÿ (ÑÒÊ)

Ñîãëàñíî ýòîé ñõåìå òåñòèðóåìûé, îáëàäàþùèé â
ñîîòâåòñòâóþùåé ïðåäìåòíîé îáëàñòè ñîâîêóïíîñòüþ

çíàíèé , õàðàêòåðèçóåìûõ íåêîòîðûì èíòåãðàëüíûì

ïîêàçàòåëåì - óðîâíåì çíàíèé L, âûïîëíÿåò ( ) çàäàíèå

òåñòà, ò.å. îòâå÷àåò íà êîíòðîëüíûå âîïðîñû, ïîëó÷àÿ â

èòîãå íàáîð  âàðèàíòîâ îòâåòîâ. Â ñèñòåìå

îáðàáîòêè ðåçóëüòàòîâ òåñòèðîâàíèÿ â õîäå àíàëèçà ýòîãî

íàáîðà îïðåäåëÿåòñÿ ( ) îöåíêà   èñõîäíîãî óðîâíÿ

çíàíèé. Òàêèì îáðàçîì, èìååì äâà ïîñëåäîâàòåëüíûõ
îòîáðàæåíèÿ, ïåðâîå èç êîòîðûõ

(1)

ïåðåâîäèò êîëè÷åñòâåííîå çíà÷åíèå èçìåðÿåìîé âåëè÷èíû

L â çíà÷åíèå íåêîòîðîé ïðîìåæóòî÷íîé ïåðåìåííîé V, à

öåëüþ âòîðîãî

(2)

ÿâëÿåòñÿ âîññòàíîâëåíèå èñõîäíîãî çíà÷åíèÿ óðîâíÿ çíà-

íèé L. Î÷åâèäíî, â èäåàëüíîì ñëó÷àå ïðîèçâåäåíèþ îòî-

áðàæåíèé  äîëæíî ñîîòâåòñòâîâàòü òîæäåñòâî

qi{ } i 1 N,=

v11 … v1m, ,{ } … vn1 … vnm, ,{ }, ,

Система

обработки

Тестируемый L Тест V результатов ~
L

{Ik} F1: тестирования F2:

Ik{ }

F1

V vi=

F2 L̃

F1:L V→

F2:L V→

F1 F2⋅
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À.Å.Àðõèïîâ, Ñ.À.Àðõèïîâà:  ÌÎÄÅËÈÐÎÂÀÍÈÅ È ÎÁÐÀÁÎÒÊÀ ÄÀÍÍÛÕ ÑÈÑÒÅÌ ÒÅÑÒÎÂÎÃÎ 
ÊÎÍÒÐÎËß ÇÀÊÐÛÒÎÃÎ ÒÈÏÀ

, ÷òî îáåñïå÷èâàåò ýêâèâàëåíòíîñòü ïåðåìåííûõ

. Ê ñîæàëåíèþ, ñêîëüêî-íèáóäü îáîñíîâàííîå çàäà-

íèå àëãîðèòìà îáðàòíîãî îòîáðàæåíèÿ  îêàçû-

âàåòñÿ íåâîçìîæíûì, òàê êàê ìåõàíèçì ðåàëèçàöèè îòî-

áðàæåíèÿ , âûïîëíÿåìîãî íåïîñðåäñòâåííî òåñòèðóå-

ìûì, íåèçâåñòåí è åãî ôîðìàëèçàöèÿ îáû÷íî íå ïðåäñòàâ-

ëÿåòñÿ âîçìîæíîé. Ïîýòîìó  ãäå  -

îøèáêà òåñòèðîâàíèÿ, îïðåäåëÿþùàÿ âàëèäíîñòü [1] òåñ-
òà, ò.å. ïðèíöèïèàëüíóþ âîçìîæíîñòü èçìåðåíèÿ ñ ïîìî-
ùüþ ÑÒÊ èìåííî òîé õàðàêòåðèñòèêè èñïûòóåìîãî, îïðå-
äåëåíèÿ êîòîðîé è ÿâëÿåòñÿ öåëüþ ïðîâîäèìîãî òåñòîâîãî
êîíòðîëÿ.

Ïî ñóòè èñïîëüçóåìàÿ â ñõåìå ðèñ.1 ïåðåìåííàÿ L
ÿâëÿåòñÿ ôèêòèâíîé. Åå ââåäåíèå îáóñëîâëåíî èñêëþ÷è-
òåëüíî æåëàíèåì óéòè îò íåîáõîäèìîñòè îöåíèâàíèÿ ïîë-
íîòû èìåþùèõñÿ ó èñïûòóåìîãî çíàíèé â ðàññìàòðè-
âàåìîé ïðåäìåòíîé îáëàñòè, ïîñêîëüêó ñàìî ïîíÿòèå çíà-
íèé (ñóììû çíàíèé) îïðåäåëÿåò âåñüìà ñëîæíîå êîìï-
ëåêñíîå ÿâëåíèå, ìíîãîìåðíîå è ìíîãîñâÿçíîå, íåïîñðåä-
ñòâåííîå âêëþ÷åíèå êîòîðîãî â ñõåìó ðèñ.1 îêàçûâàåòñÿ
íåâîçìîæíûì. Ïîýòîìó ïîÿâëÿåòñÿ ïåðåìåííàÿ L - ðåçóëü-
òàò íåêîòîðîãî "ïðåäâàðèòåëüíî" âûïîëíåííîãî îòîáðàæå-

íèÿ ñóììû çíàíèé òåñòèðóåìîãî  â èíòåãðàëüíûé ïî-

êàçàòåëü L óðîâíÿ çíàíèé.

2. ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È ÎÁÐÀÁÎÒÊÈ 
ÄÀÍÍÛÕ ÒÅÑÒÎÂÎÃÎ ÊÎÍÒÐÎËß

Ïîïûòàåìñÿ ñôîðìóëèðîâàòü íàáîð òðåáîâàíèé ê ÑÒÊ,
âûïîëíåíèå êîòîðûõ ïîçâîëèò îáîñíîâàòü ââåäåíèå âïîë-

íå îïðåäåëåííîãî àëãîðèòìà  îáðàáîòêè ðåçóëüòàòîâ

òåñòèðîâàíèÿ. Ïóñòü ïîëíîìó îáúåìó çíàíèé â ðàññìàòðè-
âàåìîé ïðåäìåòíîé îáëàñòè ñîîòâåòñòâóåò íåêîòîðîå êîëè-
÷åñòâî èíôîðìàöèè I, äîïóñêàþùåå ïðîèçâîëüíîå ôðàã-

ìåíòèðîâàíèå íà ÷àñòíûå êîëè÷åñòâà , .

Ïðåäïîëîæèì, ÷òî
à) ñîâîêóïíîñòü êîíòðîëüíûõ çàäàíèé (âîïðîñîâ)

,  ñîñòàâëåíà èç âîïðîñîâ, îòâåò íà

êàæäûé èç êîòîðûõ òðåáóåò îäèíàêîâîãî êîëè÷åñòâà

èíôîðìàöèè , ò.å. ;

á) êîëè÷åñòâî âçàèìíîé èíôîðìàöèè  äëÿ

ïðîèçâîëüíîé ïàðû êîíòðîëüíûõ âîïðîñîâ , , 

ðàâíî 0, ò.å. äëÿ îòâåòà íà êàæäûé âîïðîñ òåñòà òðåáóåòñÿ
ðàâíûé è íåïåðåñåêàþùèéñÿ ñ äðóãèìè ôðàãìåíò ïîëíîé

èíôîðìàöèè I, ïðè ýòîì , ò.å. ÷àñòíûå ôðàãìåí-

òû  ðàâíîìåðíî è ïîëíîñòüþ ïîêðûâàþò âñþ èíôîðìà-

öèþ I äàííîé ïðåäìåòíîé îáëàñòè, , ;

â) â õîäå òåñòèðîâàíèÿ èñêëþ÷åíà âîçìîæíîñòü óãàäû-
âàíèÿ îòâåòà, ò.å. ïðàâèëüíûé âûáîð âàðèàíòà îòâåòà

îçíà÷àåò, ÷òî òåñòèðóåìûé âëàäååò ñîîòâåòñòâóþùåé ÷àñò-
íîé èíôîðìàöèåé.

Ïðè âûïîëíåíèè äîïóùåíèé à)-â) óðîâåíü çíàíèé L
òåñòèðóåìîãî ìîæíî îäíîçíà÷íî îöåíèòü â ðàâíîìåðíîé

äèñêðåòíîé øêàëå , ïðè÷åì ÷èñëåííî ,  -

êîëè÷åñòâî ïðàâèëüíûõ îòâåòîâ íà êîíòðîëüíûå âîïðîñû.
Åñëè ïîëàãàòü, ÷òî ñëîæíîñòü âîïðîñà îïðåäåëÿåòñÿ

êîëè÷åñòâîì èíôîðìàöèè, íåîáõîäèìûì äëÿ ïðàâèëüíîãî
îòâåòà íà íåãî, òî òåñò, óäîâëåòâîðÿþùèé òðåáîâàíèÿì à)-
â) ìîæíî íàçâàòü òåñòîì ðàâíîìåðíîé ñëîæíîñòè. Åñëè
ñíÿòü îãðàíè÷åíèå à), ïðåäïîëîæèâ â îáùåì ñëó÷àå

 ïîëó÷èì òåñò íåðàâíîìåðíîé ñëîæíîñòè,

äëÿ êîòîðîãî óðîâåíü çíàíèé L òåñòèðóåìîãî îïðåäåëÿåòñÿ
ôîðìóëîé

, (3)

ãäå  - èíäèêàòîðíàÿ ôóíêöèÿ, ðàâíàÿ 1 ïðè ïðà-

âèëüíîì âûáîðå âàðèàíòà îòâåòà è 0 - â ïðîòèâíîì ñëó÷àå,

 - âåñîâîé êîýôôèöèåíò, îïðåäåëÿþùèé èíôîðìàòèâ-

íîñòü i-ãî âîïðîñà,

. (4)

Ïðåäëîæåííûå ìîäåëè òåñòîâ íå åäèíñòâåííûå, ïîçâî-

ëÿþùèå îáîñíîâàòü ïîñòðîåíèå àëãîðèòìà  îáðàáîòêè

ðåçóëüòàòîâ òåñòèðîâàíèÿ. Ìîæíî ïîñòðîèòü òåñò, ñîñòîÿ-
ùèé èç ðÿäà óïîðÿäî÷åííûõ ïîñëåäîâàòåëüíîñòåé âîïðî-

ñîâ íàðàñòàþùåé ñëîæíîñòè âèäà  ïðè-

÷åì . Êàæäàÿ ïîñëåäîâàòåëü-

íîñòü âêëþ÷àåò âîïðîñû, îòíîñÿùèåñÿ ê îäíîìó è òîìó æå
òåìàòè÷åñêîìó ðàçäåëó, îòëè÷àþùèåñÿ ëèøü âîçðàñòàþ-
ùèì îáúåìîì èíôîðìàöèè, íåîáõîäèìûì äëÿ ïðàâèëüíîãî
îòâåòà íà âîïðîñ ñ áîëåå âûñîêèì èíäåêñîì. Ïîñëå
òåñòèðîâàíèÿ ýòè ïîñëåäîâàòåëüíîñòè ïðèîáðåòàþò âèä:

 ò.å. íà÷èíàÿ ñ

íåêîòîðîãî èíäåêñà  ñëîæíîñòü âîïðîñîâ, âõîäÿùèõ â

ïîñëåäîâàòåëüíîñòü, ïðåâûøàåò óðîâåíü èíôîðìèðîâàí-
íîñòè òåñòèðóåìîãî ïî äàííîé òåìàòèêå. Åñòåñòâåííî, ÷òî
â ïîäîáíîì òåñòå ðàíåå ïðèâåäåííûå óñëîâèÿ à), á) íå
ñîáëþäàþòñÿ, îäíàêî ïðè âûïîëíåíèè îãðàíè÷åíèÿ â)
ñïåöèàëüíûé ñîâìåñòíûé ëîãè÷åñêèé àíàëèç îòâåòîâ
òåñòèðóåìîãî íà âîïðîñû, îáðàçóþùèå ñòðóêòóðó
ïîñëåäîâàòåëüíîñòåé íàðàñòàþùåé ñëîæíîñòè, ïîçâîëÿåò
îöåíèòü òå îáúåìû èíôîðìàöèè, êîòîðûìè âëàäååò
òåñòèðóåìûé è âû÷èñëèòü åãî óðîâåíü çíàíèé L.

Â ðåàëüíûõ òåñòàõ ìîæíî âûäåëèòü ýëåìåíòû, ñîîò-
âåòñòâóþùèå êàê ìîäåëÿì òåñòîâ ðàâíîìåðíîé è íåðàâíî-
ìåðíîé ñëîæíîñòè, òàê è òåñòàì íàðàñòàþùåé ñëîæíîñòè,
÷òî äîëæíî áûòü ó÷òåíî ïðè îðãàíèçàöèè îáðàáîòêè
ðåçóëüòàòîâ òåñòèðîâàíèÿ. Äëÿ òàêèõ òåñòîâ íàèáîëåå
àäåêâàòíà ìîäåëü òåñòà íåðàâíîìåðíîé ñëîæíîñòè ñ
íàëè÷èåì ðÿäà âîïðîñîâ, äëÿ êîòîðûõ õàðàêòåðíî

F1 F2 1≡⋅
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F2 F1
1–=
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÷àñòè÷íîå ïåðåêðûòèå ôðàãìåíòîâ èíôîðìàöèè. Áîëåå
ïîäðîáíî ýòè âîïðîñû ðàññìîòðåíû â ðàçäåëå 4.

Êðîìå òîãî ñëåäóåò ó÷èòûâàòü, ÷òî ïðîöåäóðà òåñòè-
ðîâàíèÿ ïðîèçâîäèòñÿ â óñëîâèÿõ äåéñòâèÿ ðàçëè÷íûõ
âîçìóùåíèé ñëó÷àéíîãî õàðàêòåðà, â ñâÿçè ñ ÷åì íà ïåðå-
ìåííóþ V íàêëàäûâàåòñÿ ñëó÷àéíàÿ ñîñòàâëÿþùàÿ E. Ïðè

ýòîì äàæå ïðè âûïîëíåíèè òîæäåñòâà  âûõîä

ÑÒÊ áóäåò ñîäåðæàòü øóìîâóþ ñîñòàâëÿþùóþ :

, (5)

îïðåäåëÿþùóþ óðîâåíü ñëó÷àéíîãî ðàññåÿíèÿ çíà÷åíèé

îöåíêè , ò.å. íàäåæíîñòü òåñòà [1]. Îñíîâíûì èñòî÷íè-

êîì ñòîõàñòè÷íîñòè â ðåçóëüòàòàõ òåñòèðîâàíèÿ ÿâëÿåòñÿ
óãàäûâàíèå îòâåòà ïðè íåçíàíèè êîíòðîëüíîãî âîïðîñà,
ò.å. íåâûïîëíåíèå óñëîâèÿ â). Íàëè÷èå ýòîé îñîáåííîñòè
ðåàëüíîãî òåñòèðîâàíèÿ òðåáóåò ñïåöèàëüíîãî àíàëèçà è
ó÷åòà ïðè îáðàáîòêå òåñòîâûõ äàííûõ [3].

3. Ó×ÅÒ ÝÔÔÅÊÒÀ ÓÃÀÄÛÂÀÍÈß Â 
ÐÅÇÓËÜÒÀÒÀÕ ÒÅÑÒÎÂÎÃÎ ÊÎÍÒÐÎËß

Ðàññìîòðèì îñîáåííîñòè àíàëèçà è ó÷åòà ñëó÷àéíîé
ñîñòàâëÿþùåé, îáóñëîâëåííîé âîçìîæíîñòüþ óãàäûâàíèÿ
ïðàâèëüíîãî âàðèàíòà îòâåòà íà êîíòðîëüíûé âîïðîñ ïðè
îòñóòñòâèè ó òåñòèðóåìîãî íåîáõîäèìûõ äëÿ îòâåòà
çíàíèé.

Àíàëèç èìåþùåé ìåñòî â ýòîì ñëó÷àå ñèòóàöèè ïðîâî-
äèòñÿ íà ìîäåëè òåñòà ðàâíîìåðíîé ñëîæíîñòè [2,4], äëÿ
êîòîðîãî âñÿ èíôîðìàöèÿ î ïðåäìåòíîé îáëàñòè ðàâíîìåð-
íî ðàñïðåäåëåíà ìåæäó N êîíòðîëüíûìè âîïðîñàìè, ÷òî
ïîçâîëÿåò â êà÷åñòâå çíàíèÿ L óðîâíÿ çíàíèé òåñòèðóåìî-

ãî â äèñêðåòíîé öåëî÷èñëåííîé øêàëå  èñïîëüçî-

âàòü êîëè÷åñòâî ïðàâèëüíûõ îòâåòîâ n, îáóñëîâëåííûõ
äåéñòâèòåëüíûì çíàíèåì êîíòðîëüíûõ âîïðîñîâ. Îïðåäå-
ëèì îáùåå êîëè÷åñòâî ïîëó÷åííûõ ïðàâèëüíûõ îòâåòîâ
êàê

, (6)

ãäå e - ÷èñëî ñëó÷àéíî óãàäàííûõ îòâåòîâ ïðè íåçíàíèè

òåñòèðóåìûì ìàòåðèàëà êîíòðîëüíîãî âîïðîñà. Â îáùåì

ñëó÷àå g - ðåàëèçàöèÿ ñëó÷àéíîé âåëè÷èíû

, (7)

âåðîÿòíîñòíûå ñâîéñòâà êîòîðîé ïîëíîñòüþ îïðåäåëÿþòñÿ

ñëó÷àéíîé âåëè÷èíîé E, ïðåäñòàâëÿþùåé ñîáîé âåðîÿò-

íîñòíóþ ìîäåëü ïðîöåäóðû óãàäûâàíèÿ ïðàâèëüíûõ

âàðèàíòîâ îòâåòà äëÿ ñîâîêóïíîñòè èç  êîíòðîëüíûõ

âîïðîñîâ. Åñëè m - ÷èñëî ðàâíîâîçìîæíûõ âàðèàíòîâ îò-

âåòà íà ïðîèçâîëüíûé êîíòðîëüíûé âîïðîñ, òî ñëó÷àéíàÿ

âåëè÷èíà E ìîæåò ïðèíèìàòü öåëî÷èñëåííûå çíà÷åíèÿ e â

äèàïàçîíå , ðàñïðåäåëåííûå ïî áèíîìèíàëüíîìó

çàêîíó (çàêîí Áåðíóëè) [5]:

, (8)

ãäå , ,  - ÷èñëî

ñî÷åòàíèé èç  ïî e,

, (9)

êîòîðîå, ó÷èòûâàÿ, ÷òî  äîïóñêàåò ðåêóððåíò-

íûé ñïîñîá âû÷èñëåíèÿ ïî ôîðìóëå

. (10)

Ìàòåìàòè÷åñêîå îæèäàíèå è äèñïåðñèÿ ñëó÷àéíîé âåëè-

÷èíû E îïðåäåëÿþòñÿ âûðàæåíèÿìè [5].

, (11)

. (12)

Ïðîàíàëèçèðóåì âîçìîæíîñòü èñïîëüçîâàíèÿ îáùåãî
÷èñëà ïðàâèëüíûõ îòâåòîâ g äëÿ îöåíêè óðîâíÿ çíàíèé
òåñòèðóåìîãî. Èç ñîîòíîøåíèé

, (13)

, (14)

ñëåäóåò, ÷òî ëèøü ïðè áîëüøèõ çíà÷åíèÿõ n, áëèçêèõ ê N,

îöåíêà  â ñðåäíåì äàåò äîñòàòî÷íî õîðîøåå ïðèáëè-

æåíèå ê ôàêòè÷åñêîìó çíà÷åíèþ , ñîõðàíÿÿ ïðè

ýòîì îòíîñèòåëüíî íèçêèé óðîâåíü ðàññåÿíèÿ. Ñ óìåíü-

øåíèåì n îöåíêà  ïðèîáðåòàåò ñóùåñòâåííîå ïîëî-

æèòåëüíîå ñìåùåíèå è óâåëè÷èâøèéñÿ ðàçáðîñ ñâîèõ
çíà÷åíèé, ò.å. íå ìîæåò èñïîëüçîâàòüñÿ â êà÷åñòâå
îáúåêòèâíîãî ïîêàçàòåëÿ óðîâíÿ çíàíèé òåñòèðóåìîãî.

Ñêîððåêòèðîâàòü ñìåùåíèå, çíà÷åíèå êîòîðîãî îêàçû-
âàåòñÿ çàâèñèìûì îò ôàêòè÷åñêîãî óðîâíÿ çíà÷åíèé L
(èëè, òî÷íåå, îò íåèçâåñòíîãî çíà÷åíèÿ n), ïîçâîëÿåò
ñîîòíîøåíèå

, (15)

èç êîòîðîãî, ïîñëå çàìåíû íåèçâåñòíîãî çíà÷åíèÿ n åãî îöåí-

êîé , ïîëó÷àåì âûðàæåíèå äëÿ íåñìåùåííîé îöåíêè :

, (16)

äèñïåðñèÿ êîòîðîé ïðîïîðöèîíàëüíà .

Åùå îäèí ñïîñîá óëó÷øåíèÿ îöåíêè  îïèðàåòñÿ íà

èñïîëüçîâàíèå áàéåñîâñêîãî ïîäõîäà [5]. Ïðåäïîëîæèì,
ïî ðåçóëüòàòàì òåñòèðîâàíèÿ ïîëó÷åíî çíà÷åíèå g.
Ñîîòâåòñòâóþùåå åìó çíà÷åíèå n ìîæåò ïðèíèìàòü îäíî
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ñ ñ
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èç öåëî÷èñëåííûõ çíà÷åíèé â äèàïàçîíå . Èñïîëü-

çóÿ ôîðìóëó (8) ìîæíî ðàññ÷èòàòü óñëîâíûå âåðîÿòíîñòè

 äëÿ âñåõ n èç ýòîãî

äèàïàçîíà è íàéòè ïîëíóþ âåðîÿòíîñòü

, (17)

ãäå â êà÷åñòâå àïðèîðíîãî çíà÷åíèÿ âåðîÿòíîñòè 

ïðèíÿòî çíà÷åíèå . Ïîñëåäíåå âïîëíå

îïðàâäàíî, èáî äî ïðîâåäåíèÿ òåñòèðîâàíèÿ íå áûëî
íèêàêîé àïðèîðíîé èíôîðìàöèè îòíîñèòåëüíî óðîâíÿ
çíàíèé òåñòèðóåìîãî, êîòîðûé êàê ðàç è îïðåäåëÿåòñÿ

âåëè÷èíîé n, ëåæàùèõ â öåëî÷èñëåííîì äèàïàçîíå .

Ðàññ÷èòàâ , ïî ôîðìóëå Áàéåñà, íàõîäèì àïîñòåðèîð-

íûå óñëîâíûå âåðîÿòíîñòè

, (18)

Ïî ïîëó÷åííîìó óñëîâíîìó ðàñïðåäåëåíèþ ,

 ìîæíî ðàññ÷èòàòü îöåíêó , ïðèíÿâ â êà÷åñòâå

åå óñëîâíîå ñðåäíåå

, (19)

ìîäó èëè ìåäèàíó ðàñïðåäåëåíèÿ , .

Îáû÷íî ðåçóëüòàòû òåñòîâîãî êîíòðîëÿ (ÒÊ) ïðåäñòàâ-
ëÿþòñÿ â íåêîòîðîé øêàëå îöåíîê (4-áàëëüíîé, 12-
áàëëüíîé, â îáùåì ñëó÷àå l-áàëëüíîé). Íå âäàâàÿñü â
ôèëîñîôñêèå àñïåêòû èçìåðåíèÿ óðîâíÿ çíàíèé è ïîñòðî-
åíèÿ ñîîòâåòñòâóþùèõ øêàë, ââåäåì ôîðìàëüíûå ñîîòíî-
øåíèÿ, ïîçâîëÿþùèå ïîñòðîèòü ïîäîáíóþ øêàëó. Ïîëàãà-

åì, ÷òî  îòìåòêè l-áàëëüíîé øêàëû, êàæ-

äîé èç êîòîðûõ ñîîòâåòñòâóåò íåêîòîðûé ÷èñëåííûé îò-
ñ÷åò , îïðåäåëåííûé êàê êîëè÷åñòâî èçâåñòíûõ äëÿ òåñ-

òèðóåìîãî ïðàâèëüíûõ îòâåòîâ íà êîíòðîëüíûå âîïðîñû:
, ïðè÷åì ,

, ,  - öåëîå ÷èñëî, êðàòíîå N.

Ïðèâåäåííóþ ðàâíîìåðíóþ øêàëó îòñ÷åòîâ  íåëüçÿ

èñïîëüçîâàòü äëÿ îáúåêòèâíîé îöåíêè óðîâíÿ çíàíèé òåñ-
òèðóåìûõ èç-çà ýôôåêòà óãàäûâàíèÿ, ïðèâîäÿùåãî ê ðàñ-
ñìîòðåííîìó ðàíåå ïîëîæèòåëüíîìó ñìåùåíèþ â ðåçóëüòà-
òàõ òåñòèðîâàíèÿ. Ó÷åñòü âëèÿíèå óãàäûâàíèÿ ìîæíî ââå-
äåíèåì ïîñëåäîâàòåëüíîñòè óïîðÿäî÷åííûõ êîëè÷åñòâ ïðà-

âèëüíûõ îòâåòîâ , âêëþ÷àþùèõ êàê

èçâåñòíûå òåñòèðóåìîìó îòâåòû, òàê è ñëó÷àéíî îòãàäàí-
íûå èì, "îáúåêòèâíî" ñìåùåííûõ ïî îòíîøåíèþ ê èñõîä-

íîé ðàâíîìåðíîé øêàëå: , , ..., ,... .

Äëÿ ðàñ÷åòà çíà÷åíèé  èñïîëüçóåì ôîð-

ìóëó (13), â ñîîòâåòñòâèè ñ êîòîðîé 

, . (20)

Äëÿ ïîñëåäîâàòåëüíîñòè  èíîãäà îêàçûâàåòñÿ

óäîáíûì ââåäåíèå íóëåâîãî îòñ÷åòà , ðàññ÷è-

òûâàåìîãî ïî îáùåé ôîðìóëå (20) äëÿ . Ïîëàãàÿ

, ïîëó÷àåì

, , (21)

èëè

, . (22)

Òàê, äëÿ 4-áàëëüíîé øêàëû îöåíîê, ñîîòâåòñòâóþùèì
òðàäèöèîííûì îòìåòêàì "2", "3", "4", "5", èìååì (äëÿ

, , ):

Ïðè íåîáõîäèìîñòè â çíà÷åíèÿ  òàêæå ìîæåò áûòü

ââåäåí íóëåâîé îòñ÷åò , îòðàæàþùèé ñóáúåêòèâíûå

îñîáåííîñòè ó÷åòà çíàíèé â äàííîé ïðåäìåòíîé îáëàñòè.
Ýòî ïîâëå÷åò çà ñîáîé èçìåíåíèå ÷èñëåííûõ çíà÷åíèé

ïîñëåäóþùèõ îòñ÷åòîâ , .

Ðàññìîòðåííûå âûøå ìåòîäû èñêëþ÷åíèÿ âëèÿíèÿ ñëó-
÷àéíîé ñîñòàâëÿþùåé íà ðåçóëüòàòû òåñòèðîâàíèÿ, â
÷àñòíîñòè êîððåêöèÿ ïîëîæèòåëüíûõ ñìåùåíèé â îöåíêàõ

, îðèåíòèðîâàíû íà ïðèìåíåíèå â ÑÒÊ, äëÿ êîòî-

ðûõ ñïðàâåäëèâà ìîäåëü òåñòà ðàâíîìåðíîé ñëîæíîñòè. Â
áîëåå îáùèõ ñèòóàöèÿõ âëèÿíèå ýôôåêòà "óãàäûâàíèÿ"
ìîæíî îñëàáèòü óâåëè÷åíèåì ÷èñëà âàðèàíòîâ m, îäíàêî,

êàê îòìå÷àåòñÿ â [1], íå ðåêîìåíäóåòñÿ ïðèìåíÿòü .

Äðóãèì ñïîñîáîì óñòðàíåíèÿ âëèÿíèÿ ñëó÷àéíîñòè â
ðåçóëüòàòàõ òåñòèðîâàíèÿ ÿâëÿåòñÿ ââåäåíèå â òåñò l
âîïðîñîâ-ôèëüòðîâ, îòâåòû íà êîòîðûå òðåáóþò çíàíèÿ

îäíîé è òîé æå ÷àñòíîé èíôîðìàöèè . Ñóòü ôèëüòðàöèè

â òîì, ÷òî íàëè÷èå â ãðóïïå õîòÿ áû îäíîãî "íóëåâîãî"
îòâåòà ñâèäåòåëüñòâóåò îá óãàäûâàíèè îòâåòîâ íà âîïðîñû,
ñîñòàâëÿþùèå îäíó ãðóïïó. Â çà÷åò îò ãðóïïû èäåò ëèøü
îäíà îöåíêà, îïðåäåëÿåìàÿ âûðàæåíèåì

.

Íåêîòîðûå ïðàêòè÷åñêèå ìåòîäû ïîâûøåíèÿ íàäåæ-
íîñòè ÒÊ ïðèâåäåíû â [1].
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4. ÎÁÐÀÁÎÒÊÀ ÄÀÍÍÛÕ ÄËß ÒÅÑÒÎÂ 
ÍÅÐÀÂÍÎÌÅÐÍÎÉ ÑËÎÆÍÎÑÒÈ

Êàê óæå îòìå÷àëîñü, â ðåàëüíûõ ÑÒÊ ïîñëåäîâàòåëü-
íîñòü êîíòðîëüíûõ çàäàíèé íåëüçÿ îïèñàòü ñõåìîé íåçàâè-
ñèìûõ ñîáûòèé, êàæäîå èç êîòîðûõ õàðàêòåðèçóåòñÿ m
äèñêðåòíûìè ðàâíîâåðîÿòíûìè èñõîäàìè.

Âî-ïåðâûõ, äëÿ ïðàâèëüíûõ îòâåòîâ íà êîíòðîëüíûå
çàäàíèÿ òðåáóþòñÿ ðàçëè÷íûå îáúåìû èíôîðìàöèè, ò.å.
çàäàíèÿ èìåþò ðàçíóþ èíôîðìàòèâíîñòü, ÷òî ñëåäóåò
ó÷èòûâàòü ïðè ôîðìèðîâàíèè èòîãîâîé îöåíêè óðîâíÿ
çíàíèé èñïûòóåìîãî ââåäåíèåì ñïåöèàëüíûõ âåñîâûõ
êîýôôèöèåíòîâ äëÿ êàæäîãî èç çàäàíèé.

Êðîìå òîãî, ýòè îáúåìû èíôîðìàöèè ìîãóò âçàèìíî
ïåðåêðûâàòüñÿ, ÷òî âûðàæàåòñÿ â ïîÿâëåíèè ãðóïïû
çàäàíèé ñ âûñîêîêîððåëèðîâàííûìè îòâåòàìè. Îáùàÿ èí-
ôîðìàòèâíîñòü ïîäîáíûõ ãðóïï íèæå ñóììû èíäèâèäó-
àëüíûõ èíôîðìàòèâíîñòåé êîíòðîëüíûõ çàäàíèé, âõîäÿ-
ùèõ â ãðóïïó.

Âîçìîæíû ðàçëè÷íûå ñïîñîáû çàäàíèÿ çíà÷åíèé âåñî-

âûõ êîýôôèöèåíòîâ . Îäèí èç ñàìûõ ïðîñòûõ - ýêñ-

ïåðòíîå îöåíèâàíèå èíôîðìàòèâíîñòè  îòäåëüíûõ âî-

ïðîñîâ ñ ïîñëåäóþùèì îïðåäåëåíèåì âåñîâ íåïîñðåäñòâåí-
íî ïî ôîðìóëå (4).

Ïîïûòêè áîëåå îáúåêòèâíîãî îáîñíîâàíèÿ âûáîðà âåñà
áàçèðóþòñÿ íà ïðåäïîëîæåíèè î ñóùåñòâîâàíèè âçàèìî-
ñâÿçè ìåæäó èíôîðìàòèâíîñòüþ  âîïðîñà  è âåðîÿòíî-

ñòüþ ïðàâèëüíîãî îòâåòà íà ýòîò âîïðîñ , è, â ÷àñò-

íîñòè, ñâîäÿòñÿ ê ïðåäïîëîæåíèþ, ÷òî ýòó âçàèìîñâÿçü
ìîæíî îïèñàòü âûðàæåíèåì

, (23)

ãäå c - íåêîòîðûé êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè. Òàê

êàê ôàêòè÷åñêîå çíà÷åíèå  íå èçâåñòíî, åãî ìîæíî

çàìåíèòü îöåíêîé , â êà÷åñòâå êîòîðîé ïðåäëàãàåòñÿ

èñïîëüçîâàòü îòíîñèòåëüíóþ ÷àñòîòó ïðàâèëüíûõ îòâåòîâ

íà êîíòðîëüíûé âîïðîñ  (K - îáùåå êîëè÷åñòâî

òåñòèðóåìûõ,  - ÷èñëî äàííûõ èìè ïðàâèëüíûõ îòâå-

òîâ). Ïðèâåäåííûé âûøå ìàòåðèàë ïîçâîëÿåò óòâåðæäàòü,

÷òî  íå ýêâèâàëåíòíî , òàê êàê ïîñëåäíåå ó÷èòûâàåò

ýôôåêò óãàäûâàíèÿ îòâåòà:

. (24)

Îäíàêî ïðè êîððåêòíîì ïîñòðîåíèè òåñòà èç îöåíêè 

ìîæíî íàéòè îöåíêó :

. (25)

Òîãäà , , .

Äâå ïîñëåäíèå ôîðìóëû ñïðàâåäëèâû òîëüêî ïðè îòñóò-

ñòâèè âçàèìíîãî ïåðåñå÷åíèè ôðàãìåíòîâ èíôîðìàöèè,
ñîîòâåòñòâóþùèõ ðàçëè÷íûì âîïðîñàì òåñòà. Â ïðîòèâíîì
ñëó÷àå ðåçóëüòàòû îòâåòîâ íà òàêèå âîïðîñû äîëæíû áûòü
âçàèìîñâÿçàííûìè. Ñóùåñòâîâàíèå è óðîâåíü ýòèõ
âçàèìîñâÿçåé ìîæíî îöåíèòü, ñîïîñòàâèâ è ïðîàíà-
ëèçèðîâàâ ïîñëåäîâàòåëüíîñòè îòâåòîâ ó÷àñòíèêîâ òåñòà
íà óïîðÿäî÷åííóþ ñîâîêóïíîñòü êîíòðîëüíûõ âîïðîñîâ

 ïðåäñòàâëÿþùèå ñîáîé ñîñòîÿùèå èç 0 è 1

áèíàðíûå ïîñëåäîâàòåëüíîñòè âèäà ,

, , , ãäå K - îáùåå êîëè-

÷åñòâî òåñòèðóåìûõ. Íàëè÷èå ñóùåñòâåííûõ êîððåëÿöèé
ìåæäó îòâåòàìè, ïîëó÷åííûìè íà êîíòðîëüíûå âîïðîñû

 ïîçâîëÿåò ãîâîðèòü î âçàèìîñâÿçè ýòèõ îòâå-

òîâ, îáóñëîâëåííîé â ÷àñòíîñòè òåì, ÷òî çíàíèÿ òåñòè-
ðóåìûõ, òðåáóåìûå äëÿ îòâåòîâ íà ýòè âîïðîñû,
îïèðàþòñÿ íà ïåðåñåêàþùèåñÿ îáúåìû èíôîðìàöèè.

Ïðîñòåéøåé ìîäåëüþ, îòðàæàþùåé ïîäîáíóþ âçàèìî-
ñâÿçü, ÿâëÿåòñÿ ðåãðåññèîííîå ñîîòíîøåíèå âèäà

, (26)

êîýôôèöèåíòû êîòîðîãî ìîãóò áûòü ðàññ÷èòàíû ïî ìàòðè-

öå èñõîäíûõ äàííûõ  ñ ïîìîùüþ èçâåñòíûõ ìåòîäîâ

îöåíèâàíèÿ, íàïðèìåð, ìåòîäà íàèìåíüøèõ êâàäðàòîâ.
Ñòåïåíü òåñíîòû ñòàòèñòè÷åñêîé ñâÿçè ìåæäó çàâèñèìîé

ïåðåìåííîé  è ñîâîêóïíîñòüþ îáúÿñíÿþùèõ ïåðåìåí-

íûõ  èçìåðÿåòñÿ ìíîæåñòâåííûì êîýôôèöèåí-

òîì êîððåëÿöèè R, êâàäðàò êîòîðîãî - êîýôôèöèåíò

äåòåðìèíàöèè  ïîêàçûâàåò, êàêàÿ äîëÿ äèñïåðñèè

 çàâèñèìîé ïåðåìåííîé îïðåäåëÿåòñÿ ñîâîêóïíûì

âëèÿíèåì îáúÿñíÿþùèõ ïåðåìåííûõ :

, (27)

ãäå  - îñòàòî÷íàÿ äèñïåðñèÿ (ñðåäíèé êâàäðàò) ðàñ-

ñåÿíèÿ çíà÷åíèé  îòíîñèòåëüíî ôóíêöèè ðåãðåññèè [5].

Ñîîòâåòñòâåííî ðàçíîñòü 

(28)

õàðàêòåðèçóåò òó äîëþ äèñïåðñèè çàâèñèìîé ïåðåìåííîé

, êîòîðàÿ íå ìîæåò áûòü îáúÿñíåíà ñ ïîìîùüþ ðåãðåñ-

ñîðîâ , òàê êàê îïèðàåòñÿ íà ÷àñòíóþ (îðèãè-

íàëüíóþ) èíôîðìàöèþ, íå òðåáóþùóþñÿ ïðè ôîðìè-
ðîâàíèè îòâåòîâ íà âîïðîñû  è íåîáõîäèìóþ

òîëüêî äëÿ íàõîæäåíèÿ ïðàâèëüíîãî îòâåòà íà âîïðîñ .

Åñëè  - ñèñòåìà âçàèìîñâÿçàííûõ ñëó÷àéíûõ

âåëè÷èí, òî êîëè÷åñòâî èíôîðìàöèè, ñîäåðæàùåéñÿ â
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ÊÎÍÒÐÎËß ÇÀÊÐÛÒÎÃÎ ÒÈÏÀ

âåêòîðå  î âåëè÷èíå  îïðåäåëÿåòñÿ âûðà-

æåíèåì [6]:

. (29)

Ýòà èíôîðìàöèÿ íîñèò âçàèìíûé õàðàêòåð, ò.å. íå
ÿâëÿåòñÿ  îðèãèíàëüíîé,  ïðèñóùåé  òîëüêî  âîïðîñó  ,
÷òî äîëæíî áûòü ó÷òåíî ïðè îïðåäåëåíèè âåñà .

Î÷åâèäíî, ÷åì áëèæå ê 1 êîýôôèöèåíò êîððåëÿöèè R, òåì
áîëüøèì îêàçûâàåòñÿ êîëè÷åñòâî âçàèìíîé èíôîðìàöèè

, ò.å. òåì áîëüøàÿ ÷àñòü çíàíèé òåñòè-

ðóåìîãî, íåîáõîäèìûõ äëÿ îòâåòà íà âîïðîñ  ïðîâå-

ðÿåòñÿ ïðè ïðîâåðêå ïðàâèëüíîñòè îòâåòîâ íà âîïðîñû

. ×òîáû èçáåæàòü äóáëèðîâàíèÿ îöåíêè çíàíèé

è, êàê ñëåäñòâèå, çàâûøåíèÿ óðîâíÿ çíàíèé, ïîëó÷àåìîãî
ïðè ïðîâåðêå ñèëüíîêîððåëèðîâàííîé ñèñòåìû âîïðîñîâ,
íåîáõîäèìî óìåíüøèòü âåñà ñîîòâåòñòâóþùèõ âîïðîñîâ. Â
÷àñòíîñòè, ïðè ïðàêòè÷åñêè ïîëíîé "ôóíêöèîíàëüíîñòè"

óðàâíåíèÿ ðåãðåññèè , âçàèìíàÿ èíôîðìàöèÿ

, ò.å. äëÿ îòâåòà íà âîïðîñ 

îòñóòñòâóåò ïðèíöèïèàëüíàÿ íåîáõîäèìîñòü â ïðèâëå-
÷åíèè êàêèõ-ëèáî íîâûõ çíàíèé îòíîñèòåëüíî òåõ, ÷òî

òðåáîâàëèñü ïðè îòâåòàõ íà âîïðîñû , è,

î÷åâèäíî, âåñ . Ïðÿìî ïðîòèâîïîëîæíàÿ ñèòóàöèÿ

õàðàêòåðèçóåòñÿ òåì, ÷òî , ñîîòâåòñòâåííî

, ò.å. âîïðîñ  è ñèñòåìà âîïðî-

ñîâ ( ) âçàèìîíåçàâèñèìû, ïîýòîìó âåñ  îïðå-

äåëÿåòñÿ, êàê ýòî óïîìèíàëîñü âûøå, èñêëþ÷èòåëüíî
ñëîæíîñòüþ êîíòðîëüíîãî âîïðîñà.

Ê ñîæàëåíèþ, ôîðìóëà (29) ñïðàâåäëèâà òîëüêî ïðè

íîðìàëüíîñòè ýëåìåíòîâ âåêòîðà , â áîëåå

îáùåì ñëó÷àå, ïðè îòëè÷èè ðàñïðåäåëåíèÿ îò íîðìàëüíîãî
èëè îòñóòñòâèè ñâåäåíèé î âèäå ðàñïðåäåëåíèÿ,
ñîîòíîøåíèå äëÿ ðàñ÷åòà âçàèìíîé èíôîðìàöèè

 íå èçâåñòíî.

Â ïîäîáíîé ñèòóàöèè äëÿ îöåíèâàíèÿ óðîâíÿ îðèãè-
íàëüíîé èíôîðìàöèè, íåîáõîäèìîé äëÿ îòâåòà íà âîïðîñ

 è, ñîîòâåòñòâåííî, íàõîæäåíèå âåñà  ýòîãî âîïðîñà

ìîæíî ïðèìåíèòü ñëåäóþùèé ïîäõîä. Áóäåì ðàññìàòðè-
âàòü äàííûå òåñòèðîâàíèÿ ãðóïïû èç K ÷åëîâåê, ïîëó÷åí-
íûå íà òåñòå, ñîäåðæàùåì N êîíòðîëüíûõ âîïðîñîâ, êàê
ðåçóëüòàò K-êðàòíûõ èñïûòàíèé N-ìåðíîé âåêòîðíîé ñëó-

÷àéíîé âåëè÷èíû . Ðàññ÷èòàâ ïî ìàòðèöå

èñõîäíûõ ýêñïåðèìåíòàëüíî ïîëó÷åííûõ äàííûõ 

âûáîðî÷íóþ êîððåëÿöèîííóþ ìàòðèöó , âûäåëèì ñî-

âîêóïíîñòü íåçàâèñèìûõ âîïðîñîâ, ñòàòèñòè÷åñêè íå ñâÿ-
çàííûõ äðóã ñ äðóãîì è ñ îñòàëüíûìè âîïðîñàìè òåñòà, à
òàêæå ãðóïïû (ñèñòåìû) âçàèìîñâÿçàííûõ âîïðîñîâ, õà-
ðàêòåðèçóåìûå íàëè÷èåì ñòàòèñòè÷åñêè ñóùåñòâåííûõ âçà-
èìîñâÿçåé ìåæäó ýëåìåíòàìè âíóòðè ãðóïïû. Äëÿ ïîñëåä-

íèõ, ñòàâÿ â ñîîòâåòñòâèå êàæäîìó âîïðîñó 

ãðóïïû ñëó÷àéíóþ âåëè÷èíó , ñòðîèì ðåãðåñ-

ñèîííûå ìîäåëè âèäà (26), â êîòîðûõ â êà÷åñòâå çàâè-
ñèìîé ïåðåìåííîé ïîî÷åðåäíî âûñòóïàåò êàæäûé ýëåìåíò

âåêòîðà . Îöåíèâ äëÿ êàæäîé ìîäåëè ïàðû

äèñïåðñèé ,

îïðåäåëèì â ñîîòâåòñòâèè ñ âûðàæåíèåì (28) äîëþ îðèãè-
íàëüíîé èíôîðìàöèè â êàæäîì êîíòðîëüíîì âîïðîñå êî-

ýôôèöèåíòàìè , , …,

. Èñïîëüçóÿ ýòè êîýôôèöèåíòû â ôîð-

ìóëå (23), ïîëîæèâ  äëÿ ñîâîêóïíîñòè íåçàâèñè-

ìûõ âîïðîñîâ, îïðåäåëèì èíôîðìàòèâíîñòü , 

êàæäîãî âîïðîñà òåñòà, à çàòåì ðàññ÷èòàåì âåñà :

. (30)

Îòìåòèì, ÷òî ñòîÿùàÿ â çíàìåíàòåëå ôîðìóëû (30)

ñóììà , òàê êàê íå ó÷èòûâàåò âçàèìíóþ èíôîð-

ìàöèþ âèäà (29) äëÿ ãðóïï âçàèìîñâÿçàííûõ âîïðîñîâ.

Èçëîæåííàÿ âûøå ìåòîäèêà îöåíèâàíèÿ âåñîâ ,

, íîñèò ýâðèñòè÷åñêèé õàðàêòåð, â ñâÿçè ñ ÷åì

ýôôåêòèâíîñòü è öåëåñîîáðàçíîñòü åå ïðèìåíåíèÿ óñòà-
íàâëèâàåòñÿ òîëüêî â õîäå íåïîñðåäñòâåííûõ àïðîáàöèé
íà ðåàëüíûõ äàííûõ ñ ïðèâëå÷åíèåì ñóùåñòâóþùèõ ìåòî-
äîâ ïðîâåðêè è àíàëèçà êà÷åñòâà òåñòîâ [1]. Ñëåäóåò îòìå-
òèòü, ÷òî óðîâåíü ñóáúåêòèâèçìà ïðè îöåíèâàíèè çíà÷åíèé

 è  ïî ýêñïåðèìåíòàëüíûì äàííûì âåñüìà âûñîê è

ñóùåñòâåííî çàâèñèò îò ñðåäíåãî óðîâíÿ L ïîäãîòîâêè òåñ-
òèðóåìîé ãðóïïû. Òàê, íèçêèé îáùèé óðîâåíü çíàíèé
ãðóïïû òåñòèðóåìûõ âåäåò ê òîìó, ÷òî ÷àñòîòà ïðàâèëü-
íûõ îòâåòîâ ïðàêòè÷åñêè íà âñå êîíòðîëüíûå âîïðîñû

ñòðåìèòñÿ ê , à ñòåïåíü ñòàòèñòè÷åñêîé âçàèìî-

ñâÿçè ýòèõ âîïðîñîâ - ê 0. Äëÿ ãðóïïû ñ âûñîêèì óðîâíåì

ïîäãîòîâêè  ñòðåìèòñÿ ê 1, ïîýòîìó ïîíÿòèå ñòàòèñòè-

÷åñêîé âçàèìîñâÿçè ìåæäó âîïðîñàìè òåðÿåò ñìûñë.
Íàëè÷èå ó ãðóïïû òåñòèðóåìûõ îïðåäåëåííîãî ñðåäíåãî

óðîâíÿ çíàíèé L ïðèâîäèò ê èñêëþ÷åíèþ ðÿäà âîçìîæíûõ
âàðèàíòîâ îòâåòîâ, ïîâûøàÿ âåðîÿòíîñòü ïðàâèëüíîãî

îòâåòà íà i-îå êîíòðîëüíîå çàäàíèå: , ãäå

 - ÷èñëî èñêëþ÷åííûõ âàðèàíòîâ.

Â èòîãå ïðèõîäèì ê íåîáõîäèìîñòè ïîñòðîåíèÿ ìîäåëè
òåñòà çàêðûòîãî òèïà, ñâÿçûâàþùåé òðè ïåðåìåííûå: ñðåä-

íèé óðîâåíü çíàíèé L, èíôîðìàòèâíîñòü -ãî êîíòðîëü-

íîãî çàäàíèÿ , âåðîÿòíîñòü ïðàâèëüíîãî îòâåòà .

Îáû÷íî òàêàÿ ìîäåëü îïèñûâàåòñÿ íåêîòîðîé ñèãìîèäíîé
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ôóíêöèåé, íàïðèìåð, , ïàðà-

ìåòðû êîòîðîé îöåíèâàþòñÿ ïî ðåçóëüòàòàì îáðàáîòêè
ýêñïåðèìåíòàëüíûõ äàííûõ.

Î÷åâèäíî, ÷òî ïðè  çíà÷åíèå  äëÿ ëþ-

áîãî êîíòðîëüíîãî çàäàíèÿ, ÷òî ïîçâîëÿåò îïðåäåëèòü êî-

ýôôèöèåíò , à ïðè äîñòàòî÷íî áîëüøîì ñðåäíåì óðîâíå

L . Ïàðàìåòðû  ïîäáèðàþòñÿ òàêèì îáðàçîì,

÷òîáû ñîâîêóïíîñòü íàéäåííûõ äëÿ äàííîãî ñðåäíåãî

óðîâíÿ L çíà÷åíèé ,  ïîñëå âûïîëíåíèÿ âñåõ

íåîáõîäèìûõ ïåðåñ÷åòîâ ïðèâåëà áû ê òîìó æå çíà÷åíèþ
L ñðåäíåãî ïî ãðóïïå òåñòèðóåìûõ óðîâíÿ çíàíèé, ò.å.

ïîäáîð ïàðàìåòðîâ  ïîçâîëÿåò çàìêíóòü ïðîöåäóðó ïî-

ñòðîåíèÿ ìîäåëåé , ãàðàíòèðóÿ òåì ñàìûì

íàäåæíîñòü ïîëó÷àåìûõ ðåçóëüòàòîâ òåñòîâîãî êîíòðîëÿ.
Ìîæíî áîëåå äèôôåðåíöèðîâàííî ïîäîéòè ê ýòîé çàäà÷å,
âûäåëèâ ñðåäè òåñòèðóåìûõ íåñêîëüêî ãðóïï ñ ðàç-
ëè÷íûìè ñðåäíèìè óðîâíÿìè çíàíèé, ÷òî ïîçâîëèò áîëåå

òî÷íî ïðîâåñòè ïàðàìåòðèçàöèþ ìîäåëåé .

Êðîìå òîãî, ñ ðîñòîì áàçû äàííûõ ïî ðåçóëüòàòàì
òåñòèðîâàíèÿ ïîÿâëÿþòñÿ äîïîëíèòåëüíûå âîçìîæíîñòè
ïî ðåòðîñïåêòèâíîìó óòî÷íåíèþ ïàðàìåòðîâ ìîäåëåé
ïóòåì ñîâìåñòíîé îáðàáîòêè ñòàðûõ è íîâûõ äàííûõ ÑÒÊ.

ÂÛÂÎÄÛ

Ïðèìåíåíèå çàêðûòûõ òåñòîâ ïîçâîëÿåò ïîñòðîèòü áû-
ñòðûå ïðîöåäóðû îöåíêè óðîâíÿ çíàíèé ñ ïîëíîñòüþ àâòî-
ìàòèçèðîâàííûì öèêëîì îáðàáîòêè ðåçóëüòàòîâ òåñòîâîãî
êîíòðîëÿ. Îäíàêî îáîñíîâàòü íàäåæíîñòü ïîëó÷àåìûõ ïðè
ýòîì êîëè÷åñòâåííûõ îöåíîê óðîâíÿ çíàíèé ñëîæíî èç-çà
ýâðèñòè÷åñêîãî õàðàêòåðà ïðèìåíÿåìûõ ìåòîäèê îáðàáîò-
êè òåñòîâûõ äàííûõ. Ââåäåíèå ïðîöåäóðû ïîäáîðà âåñî-
âûõ êîýôôèöèåíòîâ äëÿ èíäèâèäóàëüíîãî ó÷åòà ñëîæíî-
ñòè êîíòðîëüíûõ âîïðîñîâ ñ ïîñëåäóþùåé ïåðåïðîâåðêîé
è óòî÷íåíèåì ýòèõ êîýôôèöèåíòîâ â õîäå ðåòðîñïåêòèâ-
íîé îáðàáîòêè äàííûõ òåñòîâîãî êîíòðîëÿ ïîçâîëÿåò èç-
áåæàòü ñóáúåêòèâèçìà â ïîëó÷àåìûõ ðåçóëüòàòàõ è ñíÿòü
ñâÿçàííûå ñ ýòèì îãðàíè÷åíèÿ â ïðèìåíåíèè ÑÒÊ.
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À.Ñ.Äóëåñîâ

Ðàññìàòðèâàþòñÿ âîçìîæíîñòè ôîðìèðîâàíèÿ ìàòåìàòè-
÷åñêèõ ìîäåëåé ïðè ïîìîùè íåéðîííûõ ñåòåé è îöåíêà
çíà÷èìîñòè âëèÿíèÿ ôàêòîðîâ íà èññëåäóåìûå ïàðàìåòðû
ñèñòåìû

The possibility of forming mathematical models on the basis
of neural networks and valuation of significance of influencing
factors to the searching parameters of system are considered

Ñîâðåìåííûé ýòàï íàó÷íî-òåõíè÷åñêîãî ïðîãðåññà
õàðàêòåðèçóåòñÿ ôóíêöèîíèðîâàíèåì ìíîãèõ òåõíè÷å-
ñêèõ, ýêîíîìè÷åñêèõ è äðóãèõ ñèñòåì ïðè êîìïëåêñíîì
âîçäåéñòâèè ðàçëè÷íûõ ôàêòîðîâ, îêàçûâàþùèõ âëèÿíèå
íà ïàðàìåòðû ýòèõ ñèñòåì. Êîëè÷åñòâåííàÿ îöåíêà òàêîãî
âëèÿíèÿ ìîæåò áûòü âûðàæåíà ïîñðåäñòâîì ìàòåìàòè-
÷åñêèõ ìîäåëåé

, , (1)

ãäå  - j-é âûõîäíîé ïàðàìåòð (ÂÏ) ñèñòåìû;  - k-é

âîçäåéñòâóþùèé ôàêòîð (ÂÔ); ,  - ÷èñëî ó÷èòûâàå-

ìûõ ÂÏ è ÂÔ ñîîòâåòñòâåííî.
Âûðàæåíèå (1) îòðàæàåò êîëè÷åñòâåííóþ ìåðó âçàèìî-

ñâÿçè ñèñòåìû è âíåøíåé ñðåäû. ×àñòî, ââèäó áîëüøîé
ñëîæíîñòè ïðîòåêàþùèõ ïðîöåññîâ (1) ïîëó÷àþò â âèäå
óðàâíåíèÿ êâàçèëèíåéíîé ðåãðåññèè

, , (2)

ãäå  - l-é êîýôôèöèåíò ðåãðåññèè,  - l-é óñëîâíûé

ôàêòîð, ïðåäñòàâëÿþùèé ñîáîé êàê ñîáñòâåííî ñàì ÂÔ

(íàïðèìåð, ), òàê è åãî ôóíêöèîíàëüíîå ïðåîáðà-

pi 1 1 a1e a2 iIi L–( )–+( )⁄=

L 0= pi 1 m⁄=

a1

pi 1→ a2i

pi i 1 N,=

a2i

pi a1 a2i Ii L, , ,( )

pi a1 a2 i Ii L, , ,( )

Yj f X1 … Xk … Xm, , , ,( )= j 1 2 … n, , ,=

Yj Xk

n m

Yj alzl

l 1=

L

∑= j 1 2 … n, , ,=

al zl

zl X1=
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çîâàíèå (íàïðèìåð, ) è/èëè ñî÷åòàíèå ÂÔ

(íàïðèìåð, ), ïðè÷åì .

Ãîâîðÿ î íåîáõîäèìîñòè ïîñòðîåíèÿ (2) ñëåäóåò îòìå-
òèòü, ÷òî ÂÔ, ñëó÷àéíûå âåëè÷èíû, ïîä÷èíÿþùèåñÿ
íîðìàëüíîìó çàêîíó ðàñïðåäåëåíèÿ (äëÿ ëèíåéíîé
ðåãðåññèè - äîïîëíèòåëüíî äîëæíû áûòü íåçàâèñèìûìè).
Ôîðìèðîâàíèå (2) íåïîñðåäñòâåííî ñâÿçàíî ñ ïðèìåíå-
íèåì ìîäåëåé ðåãðåññèè è ïëàíèðîâàíèåì ýêñïåðèìåíòà.
Îäíàêî, âñå áîëåå æåñòêèå òðåáîâàíèÿ ïðåäúÿâëÿþòñÿ ñî
ñòîðîíû ïðàêòèêè àíàëèçà è îáðàáîòêè èíôîðìàöèè.
Ïîýòîìó ðàáîòû ïî ñîâåðøåíñòâîâàíèþ àíàëèòè÷åñêèõ
ìîäåëåé ïðîäîëæàþòñÿ è â èõ ÷èñëî âîøëè íåéðîñåòåâûå.

Ðàññìîòðèì íåêîòîðûå ïîëîæèòåëüíûå êà÷åñòâà, ïðè-
ñóùèå ÍÑ (ïåðñåïòðîíó) ïðè ôîðìèðîâàíèè (1). Êàê
èçâåñòíî èç òåîðèè ìàòåìàòè÷åñêîé ñòàòèñòèêè, "êàìíåì
ïðåòêíîâåíèÿ" ÿâëÿåòñÿ íàëè÷èå ñðåäè âñåé îáùíîñòè ÂÔ
ñëó÷àéíûõ è ôèêòèâíûõ ôàêòîðîâ.

Ñëó÷àéíûå âîçäåéñòâóþùèå ôàêòîðû  êîëåáëþòñÿ ïî

âåëè÷èíå, ìîãóò áûòü ïîëîæèòåëüíûìè è îòðèöàòåëüíû-
ìè, íîðìàëüíî è íåíîðìàëüíî ðàñïðåäåëåííûìè, çàâèñè-
ìûìè, ëèáî íåçàâèñèìûìè è íà ïåðâûé âçãëÿä íå âèäíû

"íåâîîðóæåííûì ãëàçîì". Ïðåíåáðåæåíèå  ìîæåò ïðèâå-

ñòè ê ïîòåðå àäåêâàòíîñòè ìîäåëè îòðàæàþùåé ïîâåäåíèå
ñèñòåìû. Èõ "ìàëîçíà÷èòåëüíîñòü" âîçäåéñòâèÿ íà ñèñòåìó
íà îäíèõ ó÷àñòêàõ âðåìåíè ìîæåò îáåðíóòüñÿ "çíà÷è-
ìîñòüþ" íà äðóãèõ.

Ïðè ôîðìèðîâàíèè ìàòåìàòè÷åñêîé ìîäåëè âèäà (2)

ïðèõîäèòñÿ ïîëàãàòüñÿ íà óñëîâèå: , ò.å.  -

íîðìàëüíî ðàñïðåäåëåííàÿ ñëó÷àéíàÿ âåëè÷èíà ñî ñðåä-

íèì 0 è äèñïåðñèåé . Ôàêòè÷åñêè ñ÷èòàåòñÿ, ÷òî

èññëåäîâàòåëü èìååò äåëî ñ òàê íàçûâàåìûì "øóìîì",
êîòîðûé ÿâëÿåòñÿ, êàê áû ïîìåõîé è ýòî íå âñåãäà
îïðàâäàíî.

Èñïîëüçîâàíèå ÍÑ â ïðàêòèêå ïðîãíîçèðîâàíèÿ, àíà-
ëèçà èëè óïðàâëåíèÿ íå îçíà÷àåò ïðèíÿòèÿ ïðåäûäóùåãî
óñëîâèÿ. Äåëî â òîì, ÷òî ýôôåêòèâíîñòü îáó÷åíèÿ ÍÑ
çàâèñèò íå òîëüêî îò àëãîðèòìà îáó÷åíèÿ, íî è îò
îáó÷àþùåé âûáîðêè [1]. Íåîáõîäèìî ñôîðìèðîâàòü âû-
áîðêó òàêîãî êîëè÷åñòâåííîãî è êà÷åñòâåííîãî ñîñòàâà èç
÷èñëà âñåâîçìîæíûõ ôàêòîðîâ, êîòîðûå ïîçâîëèëè áû
ïîëó÷èòü ïîñëå îáó÷åíèÿ ÍÑ âûñîêèé óðîâåíü àäåêâàò-
íîñòè íåéðîñåòåâîé ìîäåëè ïî îòíîøåíèþ ê ñóùåñòâóþ-
ùåé ïðèðîäå âîçäåéñòâèÿ ôàêòîðîâ íà èññëåäóåìûå
ïàðàìåòðû.

Îäíèì èç ðàñïðîñòðàíåííûõ ïîäõîäîâ â ðåøåíèè
äàííîé çàäà÷è ÿâëÿåòñÿ ñëåäóþùèé. Ïî õîäó îáó÷åíèÿ â
âûáîðêó äîáàâëÿþòñÿ èëè èç íå¸ èçâëåêàþòñÿ ôàêòîðû, â
çàâèñèìîñòè îò ðåàêöèè ñåòè ïðè å¸ îáó÷åíèè. Ýôôåê-
òèâíîñòü ôîðìèðîâàíèÿ âûáîðêè áóäåò íàïðÿìóþ çàâè-
ñåòü îò ïðèìåíÿåìûõ â äàííîì ñëó÷àå ìåòîäîâ. Îäíèì èç
íèõ ïðåäëàãàåòñÿ ñ÷èòàòü ìåòîä ýêñïåðòíûõ îöåíîê.
Ýêñïåðò äëÿ êàæäîãî îáó÷àþùåãî ïðèìåðà ñîïîñòàâëÿåò
âåëè÷èíó ïîëó÷èâøåéñÿ ïîãðåøíîñòè (êàê ðàçíîñòü ìåæäó
âûõîäíûì çíà÷åíèåì ÍÑ è çàäàííûì â ïðèìåðå) ñ
æåëàåìîé. Åñëè ñîîòíîøåíèå íå â ïîëüçó ýêñïåðòà, òî îí
ïðèíèìàåò ðåøåíèå î ðàñøèðåíèè âûáîðêè. Îò çíàíèé
ýêñïåðòà áóäåò çàâèñåòü ïðîöåññ îáó÷åíèÿ, ò.å. ôîðìè-

ðîâàíèå âûáîðêè ïîçâîëèò àëãîðèòìó îáó÷åíèÿ ýôôåê-
òèâíî "âûéòè" èç ëîêàëüíûõ ìèíèìóìîâ ôóíêöèè îøèáêè.

Çàìå÷àíèå. Ìîæåò âîçíèêíóòü ñîáëàçí âêëþ÷èòü â
ìîäåëü êàê ìîæíî áîëüøå îáúÿñíÿþùèõ ôàêòîðîâ ñ
öåëüþ ïîëó÷èòü ëó÷øóþ ïîäãîíêó. Îäíàêî ñëåäóåò èìåòü
â âèäó, ÷òî òî÷íîñòü îöåíîê ïðè ýòîì óìåíüøàåòñÿ
(ïîãðåøíîñòü âîçðàñòàåò), ïîñêîëüêó íà÷èíàåò ïðîÿâëÿòü-
ñÿ ñèëüíàÿ ïîëîæèòåëüíàÿ êîððåëÿöèÿ ìåæäó ôàêòîðàìè.
Ïðè ïîâûøåíèè ïîëîæèòåëüíîé êîððåëÿöèè óõóäøàåòñÿ
ñïîñîáíîñòü ÍÑ ê îáó÷åíèþ.

Ôèêòèâíûå ôàêòîðû ìîãóò ïðèíèìàòü âñåãî äâà çíà-
÷åíèÿ èëè, â áîëåå îáùåé ñèòóàöèè, äèñêðåòíîå ìíîæåñòâî
çíà÷åíèé. Íåîáõîäèìîñòü â ðàññìîòðåíèè òàêèõ ïåðåìåí-
íûõ âîçíèêàåò äîâîëüíî ÷àñòî â òåõ ñëó÷àÿõ, êîãäà òðå-
áóåòñÿ ïðèíèìàòü âî âíèìàíèå êàêîé-ëèáî êà÷åñòâåííûé
ïðèçíàê. Ôèêòèâíûå ôàêòîðû, íåñìîòðÿ íà ñâîþ âíåø-
íþþ ïðîñòîòó, ÿâëÿþòñÿ âåñüìà ãèáêèì èíñòðóìåíòîì ïðè
èññëåäîâàíèè âëèÿíèÿ êà÷åñòâåííûõ ïðèçíàêîâ. Èõ âíå-
äðåíèå â ïðàêòèêó ìîäåëèðîâàíèÿ ïîçâîëÿåò ñòðîèòü è
îöåíèâàòü òàê íàçûâàåìûå êóñî÷íî-ëèíåéíûå ìîäåëè, êî-
òîðûå ìîæíî ïðèìåíÿòü äëÿ èññëåäîâàíèÿ ñòðóêòóðíûõ
èçìåíåíèé èññëåäóåìîé ñèñòåìû. Åñëè ïðè ôîðìèðîâàíèè
ðåãðåññèîííîé çàâèñèìîñòè (2) äëÿ ó÷åòà â íåé ôèêòèâ-
íûõ ôàêòîðîâ òðåáóþòñÿ äîïîëíèòåëüíûå óñëîâèÿ [2], òî
â íèõ íåò íåîáõîäèìîñòè ïðè ìîäåëèðîâàíèè (1) ñ
ïîìîùüþ ÍÑ.

Òàêèì îáðàçîì, èñïîëüçîâàíèå ÍÑ ïðè ôîðìèðîâàíèè
ìàòåìàòè÷åñêîé ìîäåëè (1) íå ñòîëü ÷óâñòâèòåëüíî ê ïî-
íÿòèÿì "ñëó÷àéíîñòü" è "ôèêòèâíîñòü" ïåðåìåííûõ, ÷òî
íåëüçÿ ñêàçàòü î ôîðìèðîâàíèè (2) ïîñðåäñòâîì ðåãðåñ-
ñèîííûõ ìîäåëåé.

Îáîçíà÷èì åùå îäíî èç ïðåèìóùåñòâ íåéðîñåòåâîãî
ìîäåëèðîâàíèÿ. Â ÷àñòíîñòè ðå÷ü ïîéäåò îá àíàëèçå âîç-
ìîæíîãî ïîâåäåíèÿ ñèñòåìû ÷åðåç ïðåäâàðèòåëüíî ôîð-
ìèðóåìûå  ñâÿçàííûå è îäíîâðåìåííûå óðàâíåíèÿ.

Ïðè ìîäåëèðîâàíèè äîñòàòî÷íî ñëîæíûõ (íàïðèìåð,
ýêîíîìè÷åñêèõ) ñèñòåì ÷àñòî ïðèõîäèòñÿ ââîäèòü íå îäíî,
à íåñêîëüêî ñâÿçàííûõ ìåæäó ñîáîé óðàâíåíèé, ò.å. îïè-
ñûâàòü ìîäåëü ñèñòåìîé îäíîâðåìåííûõ óðàâíåíèé

;

, (3)

ãäå ,  - êîýôôèöèåíòû. Ñèñòåìû òàêîãî âèäà ìîãóò

èñïîëüçîâàòüñÿ ïðè ðåøåíèè çàäà÷ ïðîèçâîäñòâà è îòðà-
æàþò âçàèìîñâÿçü ïðîèçâîäñòâ ÷åðåç ïðîèçâîäñòâåííûå
ôóíêöèè ïðåäïðèÿòèé.

Äëÿ ðåàëèçàöèè çàäà÷è ìîäåëèðîâàíèÿ îäíîâðåìåííûõ
óðàâíåíèé ïîñðåäñòâîì ÍÑ, (3) ïåðåïèøåì â âèäå:

, ,

, , (4)

ãäå ,  - ôàêòîðû âîçäåéñòâèÿ.

Ðåøåíèå (4) âèäèòñÿ â ñîâìåñòíîì èñïîëüçîâàíèè äâóõ
ÍÑ (ïåðñåïòðîíîâ) ïî ñõåìå íà ðèñ. 1. îáó÷åíèå êàæäîé
ÍÑ îñóùåñòâëÿåòñÿ ðàçäåëüíî, ïðè óñëîâèè, ÷òî âñå

zl lgX1=

zl X1X2= zl 1=

ε

ε

ε N 0 σ2,( )∼ ε

σ2

Y f a X,( )=

X g b Y,( )=

a b

Y f X Zi,( )= i 1 2 … M, , ,=

X g Y Sj,( )= j 1 2 … T, , ,=

Zi Sj



78

²ÍÔÎÐÌÀÒÈÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2001

ïàðàìåòðû èçâåñòíû. Ðåçóëüòàò îöåíêè X è Y ïîñðåäñòâîì
òåñòèðîâàíèÿ ÍÑ áóäåò çàâèñåòü îò ôàêòîðîâ âîçäåéñòâèÿ
Z è S, êîòîðûå â ñîîòâåòñòâèè ñ ìîäåëèðîâàíèåì âíåøíèõ
óñëîâèé áóäóò ïîäàâàòüñÿ íà âõîäû íåéðîííûõ ñåòåé.

Ðèñóíîê 1 - Ñòðóêòóðà íåéðîñåòåâîé ìîäåëè ðåøåíèÿ 
ñâÿçàííûõ óðàâíåíèé

×òî êàñàåòñÿ ìîäåëèðîâàíèÿ íà îñíîâå ïîñòðîåíèÿ è
ïîñëåäóþùåãî ðåøåíèÿ îäíîâðåìåííûõ óðàâíåíèé, òî â
ïðîñòåéøåé ôîðìå èõ ìîæíî ïðåäñòàâèòü â âèäå ñèñòåìû:

;

, (5)

ãäå ,  - ñëó÷àéíûå ôàêòîðû.

Ñèñòåìà óðàâíåíèé äàííîãî âèäà íàøëà ñâîå ïðèìå-
íåíèå ïðè îöåíêå âçàèìîäåéñòâèÿ ñïðîñà è ïðåäëîæåíèÿ
íà ðûíêå òîâàðîâ è óñëóã.

Â ìîäåëè (5) Y è X îïðåäåëÿþòñÿ îäíîâðåìåííî è
ïîýòîìó îáå ýòè ïåðåìåííûå ñ÷èòàþòñÿ ýíäîãåííûìè. Â
îòëè÷èå îò íèõ, Z è S ÿâëÿþòñÿ ýêçîãåííûìè ïåðåìåííû-
ìè. Ïîä÷åðêíåì, ÷òî ðàçäåëåíèå ïåðåìåííûõ íà ýíäîãåí-
íûå è ýêçîãåííûå îïðåäåëÿåòñÿ ñîäåðæàòåëüíîé ñòîðîíîé
ìîäåëè. Ïðåäïîëàãàåòñÿ, ÷òî â êàæäîì óðàâíåíèè ýêçîãåí-
íûå ïåðåìåííûå íåêîððåëèðîâàíû ñ îøèáêîé. Åñëè äàí-
íîå ïðåäïîëîæåíèå ïîäòâåðæäàåòñÿ, òî î÷åâèäíî ïðèìå-
íåíèå ÌÍÊ-îöåíêè îïðåäåëåíèÿ ðåãðåññîðîâ.

Íàëè÷èå ìíîæåñòâà ñëó÷àéíûõ ôàêòîðîâ ,  è èõ

êîððåëèðîâàííîñòü ñ ýêçîãåííûìè ïåðåìåííûìè ëèøàþò
èññëåäîâàòåëÿ âîçìîæíîñòè ôîðìèðîâàíèÿ (5) â ÿâíîì
âèäå. Ïðèìåíåíèå æå ÍÑ ïîçâîëÿåò ôîðìèðîâàòü ìîäåëü
ïðè óñëîâèè îòñóòñòâèÿ ïîëîæèòåëüíîé íåêîððåëèðîâàí-

íîñòè  è Z,  è S. Äëÿ áîëåå óñïåøíîãî èñïîëüçîâàíèÿ

(5) íåîáõîäèìî ñîâìåñòíîå ïðèìåíåíèå äâóõ ÍÑ (ïî êàæ-
äîìó èç óðàâíåíèé). Ïîñëå èõ îáó÷åíèÿ áàëàíñ ìåæäó ìî-
äåëÿìè â (5) äîñòèãàåòñÿ ïîñðåäñòâîì óïðàâëåíèÿ ïàðà-
ìåòðîì X êàæäîé ÍÑ ïî ñõåìå ðèñ. 2.

Ïîñòðîåíèå ìàòåìàòè÷åñêèõ ìîäåëåé âèäà (1) è (2) âîç-
ìîæíî, êàê ïðàâèëî, ïî ðåçóëüòàòàì èñïûòàíèé èëè ñëå-
æåíèÿ ñèñòåì. Ïîýòîìó â ðàìêàõ ìàòåìàòè÷åñêîé ñòàòè-
ñòèêè ñôîðìèðîâàëèñü òàêèå íàïðàâëåíèÿ, êàê ðåãðåññè-
îííûé àíàëèç è òåîðèÿ ïëàíèðîâàíèÿ ýêñïåðèìåíòà, à òàê-

æå íåéðîñåòåâîå ìîäåëèðîâàíèå. Ïðè èõ èñïîëüçîâàíèè
âûÿâëÿåòñÿ ðÿä âîïðîñîâ, ñðåäè êîòîðûõ, â ÷àñòíîñòè,
ñëåäóåò âûäåëèòü:

1. Êàê ïîâûñèòü îáúåêòèâíîñòü îöåíêè ñòåïåíè îäíî-
ðîäíîñòè ðåçóëüòàòîâ, îòðàæàþùèõ ïîâåäåíèå ñèñòåìû
ïðè ðàçëè÷íûõ îáúåìàõ èõ âûáîðîê?

2. Êàêîâà êîëè÷åñòâåííàÿ îöåíêà âëèÿíèÿ òîãî èëè
èíîãî ÂÔ íà ÂÏ ñèñòåìû?

Ðèñóíîê 2 - Ñòðóêòóðà íåéðîñåòåâîé ìîäåëè ðåøåíèÿ 
îäíîâðåìåííûõ óðàâíåíèé

Ðåøåíèå ïåðâîãî âîïðîñà ñâÿçàíî ñ ïðåäâàðèòåëüíûì
àíàëèçîì ïîëó÷åííûõ ðåçóëüòàòîâ. Â ÷àñòíîñòè îíè îöå-
íèâàëèñü ïî êðèòåðèþ Êîõðåíà [3]

, (6)

ãäå  - äèñïåðñèÿ j-ãî ÂÏ ñèñòåìû ïðè i-ì ñî÷åòàíèè

ÂÔ; N - ÷èñëî ñî÷åòàíèé (ïðèìåðîâ äëÿ îáó÷åíèÿ ÍÑ).

Âåëè÷èíà  â ñâîþ î÷åðåäü îïðåäåëÿåòñÿ ïî ôîðìóëå

, , (7)

ãäå  - ñðåäíåå çíà÷åíèå j-ãî

ÂÏ ñèñòåìû ïðè i-ì ñî÷åòàíèè ÂÔ; n - îáúåì âûáîðêè. 

Âûðàæåíèÿ (6) è (7) ïîçâîëÿþò ñóäèòü î âåðîÿòíîñòè
îòñóòñòâèÿ ñëó÷àéíûõ îøèáîê â ðåçóëüòàòå ñî÷åòàíèÿ ÂÔ.
Ïîëó÷åííàÿ ïî (6) âåëè÷èíà G ñîïîñòàâëÿåòñÿ ñ òàáëè÷-
íûì çíà÷åíèåì [3] äîâåðèòåëüíîé âåðîÿòíîñòè  îäíî-
ðîäíîñòè ÂÏ ñèñòåìû, êîòîðàÿ îïðåäåëÿåòñÿ èñõîäÿ èç íà-
ëè÷èÿ ñòåïåíåé ñâîáîäû  è .

Åñëè æå îáúåì âûáîðîê  ñèñòåì â êàæäîì i-ì èñïû-

òàíèè íåïîñòîÿíåí (äëÿ ÍÑ èìåþòñÿ ïðîáåëû â ïðèìåðàõ
äëÿ îáó÷åíèÿ), òî ïðèìåíåíèå ôîðìóëû (7) ñòàíîâèòñÿ
íåâîçìîæíûì, ïîñêîëüêó îíà ñïðàâåäëèâà òîëüêî ïðè

.

Îöåíêà çíà÷èìîñòè (ðåøåíèå âòîðîãî âîïðîñà) âëèÿíèÿ
ÂÔ íà ÂÏ èññëåäóåìûõ ñèñòåì ïðè íàëè÷èè ìàòåìà-
òè÷åñêèõ ìîäåëåé (1) è (2) îñóùåñòâëÿåòñÿ ñ èñïîëüçî-
âàíèåì êðèòåðèÿ Ñòüþäåíòà [4]. Åñëè æå (1) èìååò îáùèé

íåëèíåéíûé âèä èëè â (2) óñëîâíûå ôàêòîðû  íå
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ñîâïàäàþò ñ ÂÔ, òî îöåíêà çíà÷èìîñòè âëèÿíèÿ ñîáñòâåí-
íî òîãî èëè èíîãî ÂÔ íà ÂÏ ñèñòåìû ðåçêî îñëîæíÿåòñÿ.

Ïðèçíàâàÿ âîçìîæíîñòü ïðèìåíåíèÿ êðèòåðèÿ Êîõðýíà
äëÿ îöåíêè îäíîðîäíîñòè ðåçóëüòàòîâ íàáëþäåíèé ñ
èñïîëüçîâàíèåì ôîðìóëû (6), âûðàæåíèå (7) äëÿ ðàñ÷åòà

äèñïåðñèé  íåñêîëüêî ìîäåðíèçèðóåòñÿ [5].

, , .(8)

Ñðåäíåå çíà÷åíèå j-ãî ÂÏ ñèñòåìû ïðè i-ì ñî÷åòàíèè
ÂÔ âû÷èñëÿåòñÿ ïî ôîðìóëå

, . (9)

âåëè÷èíà ñòåïåíåé ñâîáîäû

, .

Äëÿ îöåíêè îäíîðîäíîñòè ðåçóëüòàòîâ íàáëþäåíèé
ïîëó÷åííûõ ïðè èñïîëüçîâàíèè íåéðîñåòåâûõ ìîäåëåé,
êðîìå (8) è (9) ìîæíî âîñïîëüçîâàòüñÿ è (6), (7), íî ïðè
óñëîâèè çàïîëíåíèÿ ïðîáåëîâ ïî ìåòîäó [6].

Âòîðîé âîïðîñ, êàê îòìå÷àëîñü ðàíåå, ñâÿçàí ñ çàäà÷åé
îïðåäåëåíèÿ çíà÷èìîñòè âëèÿíèÿ ÂÔ íà ÂÏ ñèñòåìû è
ïðåäïîëàãàåò íàëè÷èå ìàòåìàòè÷åñêîé ìîäåëè (1) èëè (2).
Äëÿ îöåíêè çíà÷èìîñòè ôàêòîðîâ â (1) èñïîëüçóåòñÿ
ìåòîä ïîëóíîðìèðîâàííûõ ãðàäèåíòîâ, à â (2) - ìåòîä
ïîâòîðÿåìîñòè ôàêòîðîâ (ñì. íàïðèìåð, [5]). ×òî êàñà-
åòñÿ èñïîëüçîâàíèÿ ýòèõ ìåòîäîâ â ñëó÷àå ïðèìåíåíèÿ
íåéðîñåòåâîãî ìîäåëèðîâàíèÿ, òî îíè íå ïðèåìëåìû, òàê
êàê ñ ïîìîùüþ ÍÑ íåâîçìîæíî ïîëó÷èòü ìàòåìàòè÷åñêóþ
ìîäåëü â ÿâíîì âèäå. Ñ öåëüþ ðåøåíèÿ äàííîé ïðîáëåìû
ïðåäñòàâèì äàëåå îäèí èç àëãîðèòìîâ îöåíêè âëèÿíèÿ ÂÔ
íà ÏÔ â ñëó÷àå íåéðîñåòåâîãî ìîäåëèðîâàíèÿ.

Ïóñòü èìååòñÿ îáó÷åííàÿ ÍÑ (ïåðñåïòðîí) íà âõîäå

êîòîðîé ÂÔ ( , ), íà âûõîäå ÏÔ ( ,

).

Îáó÷àþùàÿ âûáîðêà - òàáëèöà äàííûõ, â êîòîðîé
ñòðîêè ñîîòâåòñòâóþò îáúåêòàì (ïðèìåðàì), à ñòîëáöû -

ôàêòîðàì  è ïàðàìåòðàì .

Àëãîðèòì îöåíêè âëèÿíèÿ ôàêòîðîâ:
1. Ïî êàæäîìó èç ñòîëáöîâ îïðåäåëÿåòñÿ ðàçìàõ

âàðèàöèè äëÿ ,  è , 

.

2. Íà âõîä ÍÑ ïîäàþòñÿ öåíòðàëüíûå çíà÷åíèÿ

.

3. Âàðüèðóÿ ïåðâûì ôàêòîðîì  (ïðè 

) â ïðåäåëàõ ðàçìàõà, íà âõîäå ÍÑ ôèêñèðóþòñÿ

çíà÷åíèÿ , ò.å. , , …,

.

4. Îïðåäåëÿåòñÿ âåêòîð çíà÷åíèé 

, ïîçâîëÿþùèé îöåíèòü óðîâåíü âëèÿíèÿ

ôàêòîðà  íà êàæäûé èç âûõîäíûõ ïàðàìåòðîâ,

.

5. Äëÿ îöåíêè óðîâíÿ âëèÿíèÿ ñëåäóþùåãî  ôàê-

òîðà ïðîöåññ íà÷èíàåòñÿ ñ ï.3. Åñëè îöåíêà âëèÿíèÿ m-ãî
ôàêòîðà çàâåðøåíà, ïåðåõîäèì ê ñëåäóþùåìó ïóíêòó.

6. Îïðåäåëÿþòñÿ ïî êàæäîìó èç ôàêòîðîâ ,

( ), êîòîðûå ñîïîñòàâëÿþòñÿ ìåæäó ñîáîé.

Òåì ñàìûì îöåíèâàåòñÿ âëèÿíèå êàæäîãî èç ÂÔ íà âåñü
ñïåêòð ÂÏ.

Â çàêëþ÷åíèå ñëåäóåò îòìåòèòü, ÷òî ïîñòðîåíèå ìàòå-
ìàòè÷åñêèõ ìîäåëåé îòðàæàþùèõ êîëè÷åñòâåííóþ ìåðó
âçàèìîñâÿçè èññëåäóåìîé ñèñòåìû è âíåøíåé ñðåäû
òðåáóåò ðàçðàáîòêè è ïðèìåíåíèÿ âñå áîëå ñîâåðøåííûõ
ìîäåëåé, îäíîé èç êîòîðûõ ÿâëÿåòñÿ íåéðîñåòåâàÿ. Îáëà-
äàÿ ðÿäîì ïîëîæèòåëüíûõ êà÷åñòâ (íàïðèìåð, ñïîñîáíî-
ñòüþ àïïðîêñèìèðîâàòü ñ âûñîêèì óðîâíåì çíà÷èìîñòè
ôóíêöèè ñèñòåìû), îíà ïîçâîëÿåò èññëåäîâàòåëþ ïðè
îöåíêå ïîâåäåíèÿ èññëåäóåìîé ñèñòåìû ó÷èòûâàòü êà÷åñò-
âåííîå è êîëè÷åñòâåííîå âëèÿíèå ôàêòîðîâ íà èññëå-
äóåìûå ïàðàìåòðû ñèñòåìû, ôîðìèðîâàòü ñèñòåìó ñâÿçàí-
íûõ ìåæäó ñîáîé óðàâíåíèé è îñóùåñòâëÿòü ïîèñê òî÷êè
ðàâíîâåñèÿ â îäíîâðåìåííûõ óðàâíåíèÿõ.

Íå ñìîòðÿ íà êàæóùååñÿ îòñóòñòâèå âíóòðåííåãî àïïà-
ðàòà îöåíêè è îáîñíîâàíèÿ äîñòîâåðíîñòè ïîëó÷åííûõ
ðåçóëüòàòîâ, êàê ýòî äåëàåòñÿ ïðè èñïîëüçîâàíèè ìåòîäîâ
ïðèêëàäíîé ñòàòèñòèêè, íåéðîñåòåâîå ìîäåëèðîâàíèå
âïîëíå êîíêóðåíòîñïîñîáíî ðåãðåññèîííûì ìîäåëÿì.
Ïðåäëîæåííûå ìåòîäû è àëãîðèòì äàþò âîçìîæíîñòü
óëó÷øàòü ñòåïåíü îäíîðîäíîñòè ðåçóëüòàòîâ ïîâåäåíèÿ
èññëåäóåìîé ñèñòåìû è îöåíèâàòü óðîâåíü âëèÿíèÿ
êàæäîãî èç ôàêòîðîâ íà âûõîäíûå ïàðàìåòðû ñèñòåìû.
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Ñ.Â.Æåðíàêîâ

Â ñòàòüå ðàññìàòðèâàåòñÿ ïðèìåíåíèå àêòèâíûõ ýêñ-
ïåðòíûõ ñèñòåì ñ íåéðîñåòåâûìè áàçàìè çíàíèé äëÿ ïðîöåññà
èíôîðìàöèîííîãî ìîíèòîðèíãà ïàðàìåòðîâ àâèàöèîííîãî
ãàçîòóðáèííîãî äâèãàòåëÿ. Ïðåäëàãàåòñÿ îðèãèíàëüíûé
ïîäõîä ê îïðåäåëåíèþ òðåíäà ïàðàìåòðîâ ãàçîòóðáèííîãî
äâèãàòåëÿ íà áàçå íåéðîñåòåé, ðåàëèçóþùèõ äèíàìè÷åñêóþ
áàçó çíàíèé àêòèâíîé ýêñïåðòíîé ñèñòåìû â ïðîöåññå
ýêñïëóàòàöèè äâèãàòåëÿ Ïðåäëîæåíà ìåòîäèêà ïî ðàçðà-
áîòêå ïîäîáíûõ íåéðîñåòåâûõ áàç çíàíèé.

The article considers active expert systems that include neu-
ronet knowledge bases. The systems are used in information mon-
itoring of aviation gas turbine engines parameters. The
described method is new in a field of determination of the avia-
tion gas turbine engines parameters trend. It includes the use of
dynamic knowledge bases of active expert systems during
engines exploitation. The method of neuronet knowledge base
developing is proposed.

ÂÂÅÄÅÍÈÅ

Ñîâðåìåííûå ýêñïåðòíûå ñèñòåìû (ÝÑ) ïîñòîÿííî
äèíàìè÷íî ðàçâèâàþòñÿ. Ñåãîäíÿ òðóäíî ïðåäñòàâèòü ñåáå
êàêóþ ëèáî îòðàñëü ïðîìûøëåííîãî ïðîèçâîäñòâà áåç
ó÷àñòèÿ ÝÑ. Ñ îäíîé ñòîðîíû ýòî ýêîíîìè÷åñêè âûãîäíî,
à ñ äðóãîé ñóùåñòâåííî ïîâûøàåòñÿ êà÷åñòâî óïðàâëåíèÿ.

Â ñëîæèâøèõñÿ óñëîâèÿõ íàðÿäó ñ òðàäèöèîííîé
êëàññèôèêàöèåé ÝÑ: ñòàòè÷åñêèå è äèíàìè÷åñêèå, â
ïîñëåäíåå âðåìÿ â îòå÷åñòâåííîé è çàðóáåæíîé ïåðèîäèêå
âûäåëÿþò êëàññ - àêòèâíûõ ÝÑ [1-5]. Îò äèíàìè÷åñêèõ
ÝÑ (ÝÑ ðåàëüíîãî âðåìåíè) (ÝÑ ÐÂ), àêòèâíûå ÝÑ
îòëè÷àþòñÿ ó÷àñòèåì ÷åëîâå÷åñêîãî ôàêòîðà â êîíòóðå
óïðàâëåíèÿ. Òàê, åñëè â ÝÑ ÐÂ íà äîëþ ÷åëîâåêà-îïå-
ðàòîðà â ïðîöåññå ïðèíÿòèÿ ðåøåíèé ìîæåò ïðèõîäèòüñÿ

30 50%, òî â àêòèâíûõ ÝÑ ýòîò ïðîöåíò ó÷àñòèÿ ñâîäèòñÿ

ê ìèíèìóìó 5 10% èëè ñîâñåì èñêëþ÷àåòñÿ [2,3].
Ñîâåðøåííî î÷åâèäíî, ÷òî ïðè òàêîì ïîäõîäå ê îðãàíè-

çàöèè àêòèâíûå ÝÑ è âíåäðåíèÿ åå â ïðîöåññ óïðàâëåíèÿ
íåîáõîäèìî ó÷åñòü ðÿä ôàêòîðîâ, ñïîñîáñòâóþùèõ êà÷åñò-
âåííîìó óëó÷øåíèþ åå ôóíêöèîíèðîâàíèÿ [4-7]:
- íàëè÷èå òåñíîãî èíôîðìàöèîííîãî âçàèìîäåéñòâèÿ
óïðàâëÿþùåé ñèñòåìû ñ îêðóæàþùåé âíåøíåé ñðåäîé ñ
ïðèìåíåíèåì ñïåöèàëüíî îðãàíèçîâàííûõ èíôîðìàöèîí-
íûõ êàíàëîâ ñâÿçè;
- ïðèíöèïèàëüíàÿ îòêðûòîñòü ñèñòåìû ñ öåëüþ ïîâû-
øåíèÿ åå èíòåëëåêòóàëüíîñòè è ñîâåðøåíñòâîâàíèÿ ñîá-
ñòâåííîãî ïîâåäåíèÿ;
- íàëè÷èå ìåõàíèçìîâ ïðîãíîçà èçìåíåíèÿ îêðóæàþùåé
ñðåäû è ïîâåäåíèÿ ñèñòåìû;
- ïîñòðîåíèå óïðàâëÿþùåé ñèñòåìû íà îñíîâå ìíîãîóðîâ-
íåâîé èåðàðõè÷åñêîé ñòðóêòóðû, óäîâëåòâîðÿþùåé ñëåäó-
þùåìó ïðàâèëó: ïî ìåðå ïîâûøåíèÿ ðàíãà èåðàðõèè ïðî-

èñõîäèò ïîâûøåíèå èíòåëëåêòóàëüíîñòè ñèñòåìû è ñíè-
æåíèå òðåáîâàíèé ê åå òî÷íîñòè è íàîáîðîò;
- ñîõðàíÿåìîñòü ôóíêöèîíèðîâàíèÿ ïðè ÷àñòè÷íîì ðàç-
ðûâå ñâÿçåé èëè ïîòåðå óïðàâëÿþùèõ âîçäåéñòâèé îò
âûñøèõ óðîâíåé èåðàðõèè óïðàâëÿþùåé ñèñòåìû.

Èíûìè ñëîâàìè, àêòèâíàÿ ÝÑ äîëæíà áûòü ëåãêî
ïåðåñòðàèâàåìîé (àäàïòèðóåìîé) ê âíåøíèì èçìåíåíèÿì,
äëÿ ÷åãî â åå ñîñòàâå íåîáõîäèìî ïðèñóòñòâèå ñëåäóþùèõ
ñîïîä÷èíåííûõ óðîâíåé [5-7]:
- îáó÷åíèÿ;
- ñàìîîðãàíèçàöèè (ïåðåñòðîéêè);
- ïðîãíîçà (ðåãíîçà) ñîáûòèé (ñèòóàöèé);
- ðàáîòà ñ áàçàìè ñîáûòèé (áàçàìè äàííûõ) (ÁÄ) è çíà-
íèé (ÁÇ);
- ôîðìèðîâàíèÿ ðåøåíèé;
- ïëàíèðîâàíèÿ îïåðàöèé ïî ðåàëèçàöèè ñôîðìèðîâàííîãî
ðåøåíèÿ;
- àäàïòàöèè;
- èñïîëíèòåëüíûé.

Ïðè ýòîì, ïåðâûå ïÿòü ïåðå÷èñëåííûõ îáðàçóþò ñòðàòå-
ãè÷åñêèé óðîâåíü àêòèâíîé ÝÑ, îñòàëüíûå âûïîëíÿþò åå
òàêòè÷åñêèå ôóíêöèè. Ôóíêöèîíàëüíàÿ ñõåìà àêòèâíîé
ÝÑ ïðåäñòàâëåíà íà ðèñóíêå 1.

Ðèñóíîê 1 - Ïðîöåññ âçàèìîäåéñòâèÿ ïîäñèñòåì 
àêòèâíîé ÝÑ

Ðåøàòåëü (ìàøèíà ëîãè÷åñêîãî âûâîäà) àêòèâíîé ÝÑ
ÿâëÿåòñÿ êîìïëåêñíûì, òàê êàê íàðÿäó ñ èçâåñòíûìè ìå-
òîäàìè è çíàíèÿìè (ëîãèêà ïðåäèêàòîâ, ñåìàíòè÷åñêèå ñå-
òè, ôðåéìû, ïðîäóêöèîííûé âûâîä) â àêòèâíîé ÝÑ ìîãóò
ïðèìåíÿòüñÿ ìåòîäû, îñíîâàííûå íà ìÿãêèõ âû÷èñëåíèÿõ
(íå÷åòêàÿ ëîãèêà (ÍË), ãåíåòè÷åñêèå àëãîðèòìû (ÃÀ),
íåéðîííûå ñåòè (ÍÑ), êîãíèòèâíûå ñåòè (ÊÑ), âåðîÿò-

:–

:–



81

Ñ.Â.Æåðíàêîâ:  ÀÊÒÈÂÍÀß ÝÊÑÏÅÐÒÍÀß ÑÈÑÒÅÌÀ ÌÎÍÈÒÎÐÈÍÃÀ È ÓÏÐÀÂËÅÍÈß ÐÅÌÎÍÒÎÌ 
ÀÂÈÀÖÈÎÍÍÛÕ ÃÀÇÎÒÓÐÁÈÍÍÛÕ ÄÂÈÃÀÒÅËÅÉ

íîñòíûé âûâîä (ÂÂ) (ýâðèñòèêè). Êîìáèíàöèÿ ìåòîäîâ è
ðàñøèðåíèå èõ ýëåìåíòàìè ìÿãêèõ âû÷èñëåíèé ñ ïîäêëþ-
÷åíèåì ê ïëàíèðîâùèêó áàíêîâ àëãîðèòìîâ è ìîäåëåé
óâåëè÷èâàåò ìîáèëüíîñòü âû÷èñëèòåëüíîãî ïðîöåññà ðåøà-
òåëåì àêòèâíîé ÝÑ è êàê ñëåäñòâèå êà÷åñòâî ïðèíè-
ìàåìûõ ðåøåíèé. Èìåÿ ìîùíûé ðåøàòåëü, àêòèâíàÿ ÝÑ
ñðàâíèòåëüíî ëåãêî àäàïòèðóåòñÿ ê âíåøíåé äèíàìè÷åñêîé
ìîäåëè, ïîçâîëÿÿ ñòàâèòü è ðåøàòü ïðÿìûå, îáðàòíûå è
ñìåøàííûå çàäà÷è.

Â ïðîöåññå ôóíêöèîíèðîâàíèÿ ñëîæíîãî äèíàìè÷å-
ñêîãî îáúåêòà (ÑÄÎ), íàïðèìåð, àâèàöèîííîãî ãàçîòóð-
áèííîãî äâèãàòåëÿ (ÃÒÄ), ïîäêëþ÷åííàÿ ê íåìó àêòèâíîé
ÝÑ ïîçâîëÿåò â òåìïå ðåàëüíîãî âðåìåíè îñóùåñòâëÿòü
ìîäåëèðîâàíèå, ïðîãíîçèðîâàíèå è îöåíêó ýôôåêòèâíîñòè
ðàáîòû ñèëîâîé óñòàíîâêè.

Áàçû çíàíèé àêòèâíîé ÝÑ õðàíÿò äåêëàðàòèâíûå è
ïðîöåäóðíûå çíàíèÿ. Ê ïðîöåäóðíûì îòíîñÿòñÿ áàçû êîí-
öåïòóàëüíûõ çíàíèé (ÁÊÇ): ïîíÿòèÿ â âèäå ôîðìóë,
çàâèñèìîñòè, òàáëèöû, ïðîöåäóðû è ò.ä. Ê äåêëàðàòèâíûì
îòíîñÿòñÿ áàçû ýêñïåðòíûõ çíàíèé (ÁÝÇ), íîñÿùèå îïè-
ñàòåëüíûé (êà÷åñòâåííûé) õàðàêòåð. Ïðè ýòîì ÁÊÇ è
ÁÝÇ òåñíî âçàèìîäåéñòâóþò ìåæäó ñîáîé, ïîñòîÿííî îñó-
ùåñòâëÿÿ ïðîâåðêó íà íåïðîòèâîðå÷èâîñòü (èçáûòî÷íîñòü)
çíàíèé. Â ïðîöåññå âçàèìîäåéñòâèÿ ñ îáúåêòîì è ñîáñòâåí-
íîé ãåòåðîãåííîé ÁÇ àêòèâíàÿ ÝÑ îñóùåñòâëÿåò îáó÷åíèå
è ñàìîîáó÷åíèå. Â ðåæèìå ñêàíèðîâàíèÿ â òåìïå ðåàëü-
íîãî âðåìåíè ïðîâåðÿþòñÿ ôàêòû è çíàíèÿ. Íîâàÿ ñèòóà-
öèÿ "îáðàçóåò" ïðåöåäåíò è çàïîìèíàåòñÿ â ÁÇ. Ýëåìåíòû
òðàäèöèîííûõ ñðåäñòâ ìîäåëèðîâàíèÿ â àêòèâíîé ÝÑ
îñóùåñòâëÿþò:
- ìàòåìàòè÷åñêîå (èìèòàöèîííîå) ìîäåëèðîâàíèå ÃÒÄ;
- õðàíåíèå àïðèîðíûõ è àïîñòåðèîðíûõ äàííûõ â ÁÄ àê-
òèâíîé ÝÑ (èñõîäíàÿ èíôîðìàöèÿ è ðåçóëüòàòû èñïû-
òàíèé).

Äîïîëíèòåëüíàÿ "ãèáêîñòü" è ìîáèëüíîñòü ÁÇ â àêòèâ-
íîé ÝÑ äîñòèãàåòñÿ ïóòåì ñîïðÿæåíèÿ ìîäåëåé èñêóñ-
ñòâåííîãî èíòåëëåêòà è ìàòåìàòè÷åñêîé ìîäåëè (ÌÌ) èñ-
ñëåäóåìîãî ÃÒÄ. À äëÿ ýòîãî ó ÌÌ àâèàöèîííîãî äâè-
ãàòåëÿ íåîáõîäèìî ó÷åñòü:
- òðåáîâàíèÿ ê ÌÌ;
- ñî÷åòàíèå äåòåðìèíèðîâàííîé è ñòîõàñòè÷åñêîé ìîäåëåé;
- ìåõàíèçìû ðàáîòû ñ ÌÌ;
- îáó÷åíèå è ôîðìàëèçàöèÿ â ñðåäå àêòèâíîé ÝÑ ÌÌ ÃÒÄ
ñ ïðîâåðêîé åå àäåêâàòíîñòè.

Ïåðå÷èñëåííîå âûøå, ïîçâîëÿåò óâåëè÷èòü òî÷íîñòü,
äîñòîâåðíîñòü è êîððåêòíîñòü ôóíêöèîíèðîâàíèÿ àêòèâ-
íîé ÝÑ.

Â ïðîöåññå ìîíèòîðèíãà è óïðàâëåíèÿ ýêñïëóàòàöèåé
ÃÒÄ àêòèâíàÿ ÝÑ ñïîñîáíà ïîëíîñòüþ êîíòðîëèðîâàòü
ïàðàìåòðû, àíàëèçèðîâàòü (ìîäåëèðîâàòü) òåêóùóþ ñèòó-
àöèþ ñ ïðîãíîçîì åå ðàçâèòèÿ â ÃÒÄ (èíôîðìàöèÿ ñ
äàò÷èêîâ).

Îäíîé èç êëàññè÷åñêèõ çàäà÷ ìîíèòîðèíãà ïàðàìåòðîâ
ÃÒÄ ÿâëÿåòñÿ ðàçëàäêà (îïðåäåëåíèå òðåíäà êîíòðîëè-
ðóåìûõ äàííûõ). Â îáùåì ñëó÷àå òðåíä-àíàëèç ïîçâîëÿåò
êîíòðîëèðîâàòü âðåìåííîé ðÿä, îáðàçîâàííûé ïîñëåäîâà-
òåëüíîñòüþ çíà÷åíèé êîíòðîëèðóåìûõ ïîêàçàòåëåé, è
îïðåäåëÿþò íàëè÷èå òðåíäà: èçìåíåíèé (ðàçëàäêè) â ýòîì
ðÿäó. Öåííîñòü òðåíä-àíàëèçà â ñîâðåìåííûõ àêòèâíûõ

ÝÑ î÷åíü âåëèêà, òàê êàê ïîçâîëÿåò âûÿâèòü äåôåêòû íà
ðàííåé ñòàäèè èõ ðàçâèòèÿ (äàæå åñëè çíà÷åíèÿ êîíòðî-
ëèðóåìûõ ïàðàìåòðîâ íàõîäÿòñÿ â äîïóñòèìûõ ïðåäåëàõ).

1. ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Îáîçíà÷èì ÷åðåç ,  ïîñëåäîâàòåëü-

íîñòü äèñêðåòíûõ íàáëþäåíèé

 (1)

íà ôîíå ïîìåõè  ñ íóëåâûì ñðåäíèì è äèñïåðñèåé .

Â êà÷åñòâå ìîäåëåé òðåíäîâ áóäåì èñïîëüçîâàòü ìíîæå-
ñòâî ïîëèíîìîâ

, (2)

ñ íåèçâåñòíûìè êîýôôèöèåíòàìè , ãäå j - èíäåêñ âèäà

ìîäåëè.
Ïðè òåêóùåì îöåíèâàíèè ìîäåëü (2) óäîáíî ïðåä-

ñòàâèòü â âèäå

, , (3)

ãäå  - âðåìÿ, îòñ÷èòûâàåìîå îò òåêóùåãî ìîìåíòà

âðåìåíè t;  - s-ÿ ïðîèçâîäíàÿ ôóíêöèè . Áóäåì

îïðåäåëÿòü çíà÷åíèÿ ôóíêöèè  ïî ñêîëüçÿùåé

 âûáîðêå íàáëþäåíèé

ïîñòîÿííîãî îáúåìà N, ÷òî ïîçâîëÿåò îòñëåæèâàòü èçìåíå-

íèå êîýôôèöèåíòîâ  ìîäåëè (2). Ðåãóëÿðíûå äàííûå

ñîîòâåòñòâóþò íàëè÷èþ îïðåäåëåííîé çàêîíîìåðíîñòè.
Íàðóøåíèå ýòîé çàêîíîìåðíîñòè ïðîèñõîäèò ïðè èçìåíå-

íèè êîýôôèöèåíòîâ  â (2). Çàäà÷à ñîñòîèò â ïîñòðîå-

íèè íåéðîñåòåâîãî îáíàðóæèòåëÿ (äèíàìè÷åñêàÿ áàçà çíà-
íèé àêòèâíîé ÝÑ), ïîçâîëÿþùåãî â ðåçóëüòàòå îáðàáîòêè

íàáëþäåíèé  óñòàíîâèòü ôàêòû íàðóøåíèÿ çàêîíî-

ìåðíîñòè è ìîìåíòû âðåìåíè ïîÿâëåíèÿ ýòèõ íàðóøåíèé
(òðåíäîâ).

2. ÐÅØÅÍÈÅ ÇÀÄÀ×È Â ÑÐÅÄÅ ÀÊÒÈÂÍÎÉ ÝÑ

ÁÇ è ïðåöåäåíòîâ àêòèâíîé ÝÑ ìîæåò õðàíèòü ñëåäóþ-
ùóþ èíôîðìàöèþ:
- îöåíêó ñëó÷àéíîñòè ðàñõîæäåíèÿ ìåæäó çàäàííûìè
ìàòåìàòè÷åñêèì îæèäàíèåì è âûáîðî÷íûì ñðåäíèì (ïàðà-
ìåòðè÷åñêèå ìåòîäû, êîòîðûå òðåáóþò çíàíèé àïðèîðíîé
èíôîðìàöèè îá îáúåêòå (ÃÒÄ), îáû÷íî ñðåäíåêâàäðà-
òè÷íîãî îòêëîíåíèÿ èññëåäóåìîãî ïàðàìåòðà);
- îöåíêó ïðèíàäëåæíîñòè äâóõ âûáîðîê îäíîé ãåíåðàëü-

x t( ) t 1 2 … N, , ,=

x t( ) f t( ) ξ t( )+=

ξ t( ) σ2

fj t( ) csjt
s

s 0=

j 1–

∑= j 1 2 … n, , ,=( )

csj

fj t ∆t+( ) fj
s( ) t( ) ∆ts s!⁄⋅
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íîé ñîâîêóïíîñòè (íåïàðàìåòðè÷åñêèå ìåòîäû, íå òðå-
áóþùèå àïðèîðíîé èíôîðìàöèè êëàññè÷åñêèå êðèòåðèè:
Õàëüäà-Àááå è åãî ìîäèôèêàöèè [8]);
- àíàëèç òðåíäà êîíòðîëèðóåìûõ ïàðàìåòðîâ íà áàçå
ðåêóððåíòíûõ íåéðîñåòåé.

Îïèñàíèå êëàññè÷åñêèõ êðèòåðèåâ âûÿâëåíèÿ òðåíäà:
Õàëüäà-Àááå; Íåéìàíà-Ïèðñîíà; ìîäèôèöèðîâàííîãî r-
êðèòåðèÿ; èíòåãðàëüíîãî S-êðèòåðèÿ ìîæíî íàéòè,
íàïðèìåð, â [8].

Àâòîðîì ïðîâåäåíà ñðàâíèòåëüíàÿ îöåíêà ýôôåêòèâíî-
ñòè òðåíä-àíàëèçà íåéðîñåòåâîãî è êëàññè÷åñêèõ êðèòå-
ðèåâ. Ñðàâíèòåëüíîå èññëåäîâàíèå êðèòåðèåâ ïðîâîäèëîñü
íà îñíîâå èìèòàöèîííîãî ìîäåëèðîâàíèÿ, ÷òî ïîçâîëèëî
îñóùåñòâèòü ïðîâåðêó â øèðîêîì äèàïàçîíå èçìåíåíèÿ,
ïîãðåøíîñòåé èçìåðåíèé è èíòåíñèâíîñòè ïðîÿâëåíèÿ
òðåíäà. Çíà÷åíèå êîíòðîëèðóåìîãî ïàðàìåòðà ðàâíî ñóììå
äåòåðìèíèðîâàííîé îñíîâû è ñëó÷àéíîé íîðìàëüíî ðàñ-

ïðåäåëåííîé ïîìåõè ñ äèñïåðñèåé . Äåòåðìèíèðîâàííàÿ

ñîñòàâëÿþùàÿ ïîñòîÿííà íà èíòåðâàëå , à çàòåì

èçìåíÿåòñÿ ëèíåéíî ñ òåìïîì  (1/c), (ãäå a -
èíòåíñèâíîñòü òðåíäà). Â õîäå ìîäåëèðîâàíèÿ çíà÷åíèå a

âàðüèðîâàëîñü â äèàïàçîíå ; à çíà÷åíèå  â

äèàïàçîíå . Ïðè ìîäåëèðîâàíèè äëÿ íàñòðîéêè
ÌÌ ÃÒÄ èñïîëüçîâàëàñü âûáîðî÷íàÿ äèñïåðñèÿ, ðàñ÷è-

òàííàÿ íà èíòåðâàëå ñòàöèîíàðíîñòè .

Íà÷èíàÿ ñ ìîìåíòà , âû÷èñëÿëèñü çíà÷åíèÿ êðèòåðè-

åâ è ïðîâåðÿëîñü íàëè÷èå òðåíäà. Ýôôåêòèâíîñòü êðèòå-
ðèåâ îöåíèâàëàñü âðåìåíåì ñðàáàòûâàíèÿ êðèòåðèåâ  îò
íà÷àëà òðåíäà  äî ìîìåíòà âðåìåíè, ñîîòâåòñòâóþùåãî

âûÿâëåíèþ òðåíäà .

3. ÂÛÁÎÐ ÍÑ

Äëÿ ðåøåíèÿ äàííîé çàäà÷è íåîáõîäèìî ðåàëèçîâàòü íà
áàçå ðåêóððåíòíûõ ÍÑ äâà ïîñëåäîâàòåëüíî ñîåäèíåííûõ
ôèëüòðà - íèçêîé ÷àñòîòû (Í×) è âûñîêîé ÷àñòîòû (Â×).
Ïðè ýòîì Í×-ôèëüòð "ïðîïóñêàåò" ïîñòîÿííóþ ñîñòàâëÿ-

þùóþ  è "ñðåçàåò" ïîìåõó , à Â×-ôèëüòð ïðîïóñ-

êàåò  è "ñðåçàåò"  è ïîìåõó . Ðåàëèçàöèÿ

Í× è Â×-ôèëüòðîâ íà áàçå ðåêóððåíòíûõ ÍÑ ïîêàçàíà íà
ðèñóíêå 2.

Ðèñóíîê 2 - Í× (à) è Â× (á) - ôèëüòðû íà áàçå 
ðåêóððåíòíûõ ÍÑ

Èç òåîðèè ÍÑ [9-11] èçâåñòíî, ÷òî ñòàòè÷åñêèå àðõè-
òåêòóðû ÍÑ ñïîñîáíû àïïðîêñèìèðîâàòü ìíîãîðàçìåðíûå,
íåëèíåéíûå ñòàòè÷åñêèå ôóíêöèè. Èäåíòèôèêàöèÿ äèíà-
ìè÷åñêèõ ñèñòåì, íàîáîðîò òðåáóåò ìîäåëè ñ ñîîòâåòñòâóþ-
ùèìè ýëåìåíòàìè çàïîìèíàíèÿ. Ïîýòîìó ñòàòè÷åñêèå
ïîëíîðàçìåðíûå ÍÑ äîëæíû ðàñøèðÿòüñÿ äèíàìè÷åñêèìè
ñòðóêòóðàìè. Îäíîé èç âîçìîæíîñòåé äèíàìè÷åñêîãî ðàñ-
øèðåíèÿ ÿâëÿåòñÿ äîáàâëåíèå âíåøíèõ ôèëüòðîâ, êîòî-
ðûå ðåàëèçóþò äèíàìè÷åñêóþ ìîäåëü âíå ñåòè. Ê òàêèì
ÍÑ ñ âíåøíåé äèíàìèêîé îòíîñÿòñÿ [9-11]:
- íåëèíåéíûå ìîäåëè ñ îáðàòíîé ñâÿçüþ ñ âûõîäà;
- íåëèíåéíûå ìîäåëè ñ êîíå÷íûì èìïóëüñíûì îòâåòîì;
- íåëèíåéíûå îðòîãîíàëüíûå ìîäåëè áàçèñíûõ ôóíêöèé.

Äàííûå âàðèàíòû ðàçëè÷àþòñÿ òåì, ÷òî ðåàëèçóþòñÿ
ñîîòâåòñòâóþùèìè âíåøíèìè ôèëüòðàìè. Ñòðóêòóðà
âíåøíåãî ôèëüòðà ïîêàçàíà íà ðèñóíêå 3.

Ðèñóíîê 3 - Ñõåìà âíåøíåãî ôèëüòðà

Ïðè ïðåäâàðèòåëüíîé îáðàáîòêå ñ÷èòàåòñÿ, ÷òî ôóíê-

öèè  è  íå êîððåëèðîâàíû. Òðåáóåòñÿ, ÷òîáû

âåêòîð  âûõîäíûõ âåëè÷èí ôèëüòðà ,

, ïðåäñòàâëÿþùèé ñîáîé ðåàêöèþ íà âíåøíåå

âîçäåéñòâèå, ïðèáëèæàëñÿ ê æåëàåìîé ôóíêöèè îò
ïîëåçíîãî ñèãíàëà:

, (4)

ãäå  - íåêîòîðûé âåêòîðíûé îïåðàòîð, îïèñû-

âàþùèé îòîáðàæåíèå ìíîæåñòâà ïîëåçíûõ ñèãíàëîâ â
âûõîäíûå ñèãíàëû ôèëüòðà [12].

Â êà÷åñòâå ìåðû ïðèáëèæåíèÿ  ê  â

îáùåì ñëó÷àå ìîæíî âûáðàòü ôóíêöèîíàë:

, (5)

ãäå  - íåêîòîðàÿ ìåðà âåêòîðíîé ôóíêöèè.

Â ïðîñòåéøåì ñëó÷àå [12] (ðèñ.3) âõîäíîé ñèãíàë
ïîäàåòñÿ íà ìíîæåñòâî ïîñëåäîâàòåëüíî ñîåäèíåííûõ

ôóíêöèîíàëüíûõ ýëåìåíòîâ, îáëàäàþùèõ çàäåðæêîé 

(â ñèíàïñàõ). Èõ âõîäíûå âåëè÷èíû, ïðåäñòàâëÿþòñÿ â

ξ
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âèäå ñèãíàëîâ , k=1,N ñ âåñàìè , ôîðìè-

ðóÿ âåêòîð îöåíîê ïîëåçíûõ ñèãíàëîâ , íà îñíîâå

êîòîðîãî ñ ïîìîùüþ ñåòè, ðåàëèçóþùåé ìàòðèöó îïå-

ðàòîðîâ , ôîðìèðóåòñÿ âåêòîð âûõîäíûõ ñèãíàëîâ

( ):

, (6)

ãäå l=1,N.

Çàäà÷åé ôèëüòðàöèè ÿâëÿåòñÿ âîñïðîèçâåäåíèå ïîëåç-
íîãî ñèãíàëà íà ôîíå øóìîâ è âûïîëíåíèå òðåáóåìîãî
ïðåîáðàçîâàíèÿ.

Äëÿ ðåøåíèÿ äàííîé çàäà÷è íåîáõîäèìî ìèíèìèçè-
ðîâàòü ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå îöåíêè ïîëåçíîãî

ñèãíàëà  îò îæèäàåìîãî j - ïîëåçíîãî ñèãíàëà ,

õàðàêòåðèçóþùåãî ñîîòâåòñòâóþùèé ïîëåçíûé ðåçóëüòàò
ÍÑ-ôèëüòðà, ò.å. íàéòè:

, (7)

ãäå M - ìàòåìàòè÷åñêîå îæèäàíèå.

Ñîãëàñíî äàííîìó êðèòåðèþ ìîãóò áûòü ðåàëèçîâàíû
êëàññè÷åñêèå àëãîðèòìû àäàïòàöèè ôèëüòðà ñ èñïîëüçî-
âàíèåì àïðèîðíîé èíôîðìàöèè î ïîëåçíîì ñèãíàëå è
øóìå [9-14].

Èñõîäÿ èç âûøå èçëîæåííîãî, àâòîðîì, äëÿ ðåøåíèÿ
ïîñòàâëåííîé çàäà÷è â êà÷åñòâå ñòàòè÷åñêîé ÍÑ, ðåàëè-
çóþùåé Í×-ôèëüòð, áûë âûáðàí ïåðñåïòðîí; äëÿ Â×-
ôèëüòðà - ÍÑ ÐÁÔ (Ðàäèàëüíî-áàçèñíàÿ ôóíêöèÿ).

Ñèãíàë, èìåþùèé N îòñ÷åòîâ  ìîæåò

áûòü àïïðîêñèìèðîâàí ÍÑ ñ G íåéðîíàìè â ñêðûòîì ñëîå
ñëåäóþùèìè óðàâíåíèÿìè:

äëÿ ïåðñåïòðîíà , (8)

äëÿ ÐÁÔ         , (9)

ãäå  - ðàçëè÷íûå òèïû áàçèñíûõ ôóíêöèé ìíîãî-

ñëîéíîãî ïåðñåïòðîíà, îáëàäàþùèõ ñêàëÿðíûì àðãóìåí-

òîì (èñõîäíàÿ N-ìåðíàÿ çàäà÷à àïïðîêñèìàöèè ïóòåì âå-

ñîâîé ñóïåðïîçèöèè ðàçëàãàåòñÿ íà ïðîñòûå ñêàëÿðíûå áà-

çèñíûå ôóíêöèè; ñæàòèå N-ðàçìåðíîãî âõîäíîãî ïðî-

ñòðàíñòâà äî 1-ìåðíîãî âõîäà  îñóùåñòâëÿåòñÿ ïóòåì

ñêàëÿðíîãî ïðîèçâåäåíèÿ );  - âçâåøåííûå

áàçèñíûå ôóíêöèè ÐÁÔ (êàæäàÿ áàçèñíàÿ ôóíêöèÿ

ðåàëèçóåòñÿ îòäåëüíûì íåéðîíîì).
Ðåøàþùåå ïðàâèëî äëÿ àíñàìáëÿ ÍÑ, ðåàëèçóþùåãî

Í× è Â× ôèëüòðû èìååò ñëåäóþùèé âèä:

, (10)

ãäå ÷èñëèòåëü âûðàæåíèÿ (10) îçíà÷àåò íàêîïëåíèå ñóì-

ìû îòêëîíåíèé êîíòðîëèðóåìûõ ïàðàìåòðîâ (C - ïîðîã

ñðàáàòûâàíèÿ (÷óâñòâèòåëüíîñòü) ÍÑ; ïðè  (íîð-

ìàëüíûé ðåæèì ðàáîòû), ïðè  (òðåíä)).

4. ÝÊÑÏÅÐÈÌÅÍÒÛ È ÐÅÇÓËÜÒÀÒÛ

Â ïðîöåññå ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ íà àíñàìá-
ëåâîé ÍÑ (ïåðñåïòðîí - ÐÁÔ), ðåàëèçóþùèõ ðåêóððåíò-
íûå ôèëüòðû (äèíàìè÷åñêàÿ áàçà çíàíèé àêòèâíîé ÝÑ) â
ñðàâíåíèè ñ êëàññè÷åñêèìè êðèòåðèÿìè îáíàðóæåíèÿ
òðåíäà ïàðàìåòðîâ ÃÒÄ áûëè ïîëó÷åíû ñëåäóþùèå ðå-
çóëüòàòû (ðèñ.4), êîòîðûå ïîêàçûâàþò èçìåíåíèå âåëè÷è-

íû  äëÿ 5%-íîãî óðîâíÿ çíà÷èìîñòè, ñîîòâåòñòâóþ-

ùåãî âåðîÿòíîñòè ïðèíÿòèÿ ïðàâèëüíîãî ðåøåíèÿ P=0,95.

Ðèñóíîê 4 - Õàðàêòåðèñòèêè êðèòåðèåâ òðåíäà äëÿ 
5% óðîâíÿ çíà÷èìîñòè â áåçðàçìåðíûõ êîîðäèíàòàõ

Íà ðèñóíêå 4 öèôðàìè îáîçíà÷åíû: 1 - íåéðîñåòåâîé
êðèòåðèé; 2 - s-êðèòåðèé; 3 - S'-êðèòåðèé; 4 - r'-êðèòåðèé
Õàëüäà-Àááå; 5 - ìîäèôèöèðîâàííûé r'-êðèòåðèé; 6 - u-
êðèòåðèé.

Èçìåíÿÿ â îáó÷àþùåé âûáîðêå (50 äàííûõ):  -

ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå îøèáêè èçìåðåíèÿ;  -

óãîë íàêëîíà òðåíäà;  - ìîìåíò ïîÿâëåíèÿ òðåíäà; áûëî

óñòàíîâëåíî, ÷òî íåéðîñåòåâûå êðèòåðèè ýôôåêòèâíåå
êëàññè÷åñêèõ (èìåþò ëó÷øóþ ÷óâñòâèòåëüíîñòü) ðàñïî-
çíàâàíèÿ (ïîÿâëåíèÿ) ìîìåíòà ðàçëàäêè (òðåíäà) êîíòðî-
ëèðóåìûõ ïàðàìåòðîâ ÃÒÄ, äàæå â óñëîâèÿõ ñèëüíûõ
ïîìåõ (òàáë.1).
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Â íàñòîÿùåå âðåìÿ ïðè ðåøåíèè ñëîæíûõ êîìïëåêñíûõ
çàäà÷ èíôîðìàöèîííîãî ìîíèòîðèíãà è ýêñïëóàòàöèè
àâèàöèîííûõ äâèãàòåëåé ìîãóò óñïåøíî ïðèìåíÿòüñÿ
ñëîæíûå àíñàìáëåâûå ÍÑ (ÍÀ) [15-17], êîòîðûå ïî
ñðàâíåíèþ ñ îáû÷íûìè ïîëíîñâÿçíûìè ÍÑ ïîçâîëÿþò
ïîëó÷èòü íà ïðàêòèêå äîïîëíèòåëüíûå ïðåèìóùåñòâà:
äåêîìïîçèöèÿ ñëîæíîãî äèíàìè÷åñêîãî îáúåêòà (ÑÄÎ)
(åãî ñèñòåì) íà ðÿä ïðîñòûõ îáúåêòîâ (ïîäñèñòåì); ÍÀ
ïðîùå ïåðåñòðàèâàþòñÿ ïîä èçìåíÿþùèåñÿ âíåøíèå
óñëîâèÿ (â êëàññå àäàïòèâíûõ, ñàìîíàñòðàèâàþùèõñÿ
ñèñòåì); ñòðóêòóðà ÍÀ ìîæåò áûòü îïòèìèçèðîâàíà ïîä
êîíêðåòíóþ çàäà÷ó; áûñòðîäåéñòâèå è òî÷íîñòü ÍÀ
çíà÷èòåëüíî âûøå, ÷åì êëàññè÷åñêèõ ïîëíîñâÿçíûõ ÍÑ;
ÍÀ îáåñïå÷èâàþò ëó÷øóþ àïïðîêñèìàöèþ êóñî÷íî-
íåïðåðûâíûõ ôóíêöèé.

Ïåðå÷èñëåííûå âûøå ïðåèìóùåñòâà ÍÀ íàä îáû÷íûìè
ïîëíîñâÿçíûìè ÍÑ, äàþò âîçìîæíîñòü èõ äàëüíåéøåãî
ïðèìåíåíèÿ ïðè ðåøåíèè çàäà÷ èíôîðìàöèîííîãî ìîíè-
òîðèíãà è óïðàâëåíèÿ ýêñïëóàòàöèåé ÃÒÄ.

Ìåòîäèêà êîìïëåêñíîãî ìîíèòîðèíãà ïàðàìåòðîâ ÃÒÄ
íà áàçå ðåêóððåíòíîãî ÍÀ:
1. Ïîëó÷åíèå îáó÷àþùåé âûáîðêè íà N ðåæèìàõ íîðìàëü-

íî ðàáîòàþùåãî äâèãàòåëÿ â òåìïå ðåàëüíîãî âðåìåíè;

2. Ïîëó÷åíèå îáó÷àþùåé âûáîðêè íà N ðåæèìàõ äâèãàòå-

ëÿ ñ òðåíäîì ïàðàìåòðîâ â òåìïå ðåàëüíîãî âðåìåíè;
3. Âûáîð àðõèòåêòóðû ðåêóððåíòíûõ ÍÑ;
4. Âûáîð àëãîðèòìîâ îáó÷åíèÿ;
5. Îáó÷åíèå, òåñòèðîâàíèå è ðàñïîçíàâàíèå òðåíäà ïàðà-
ìåòðîâ ÃÒÄ â ðåæèìå ðåàëüíîãî âðåìåíè;
6. Ìîíèòîðèíã ïàðàìåòðîâ ÃÒÄ ðåêóððåíòíûì ÍÀ.
7. Àäàïòàöèÿ ðåêóððåíòíîãî ÍÀ â ñðåäå àêòèâíîé ÝÑ.

Ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ ñâèäåòåëüñòâóþò
î âîçìîæíîñòè ðåøåíèÿ çàäà÷ êîìïëåêñíîãî ìîíèòîðèíãà
è óïðàâëåíèÿ ýêñïëóàòàöèåé ñëîæíûõ òåõíè÷åñêèõ îáúåê-
òîâ, íàïðèìåð, ÃÒÄ íà áàçå àêòèâíûõ ÝÑ, ïîçâîëÿþùèõ
íàðÿäó ñ êëàññè÷åñêèìè êðèòåðèÿìè âûÿâëåíèÿ òðåíäà
ïàðàìåòðîâ, ïðèìåíÿòü êà÷åñòâåííî íîâûå íåéðîñåòåâûå
êðèòåðèè, ðàñøèðÿþùèå è äîïîëíÿþùèå êëàññè÷åñêèå
êðèòåðèè, ïîâûøàþùèå äîñòîâåðíîñòü èíôîðìàöèè ïðè
äèàãíîñòèêå è êîíòðîëå ïàðàìåòðîâ è íà ýòàïàõ ïðèíÿòèÿ
ðåøåíèé.

Ðàçðàáîòêà àâèàöèîííûõ ÃÒÄ V - VI ïîêîëåíèé,
óñëîæíåíèå èõ òåõíè÷åñêèõ ñèñòåì è ïîäñèñòåì, à òàêæå
âîçðîñøèå òðåáîâàíèÿ ê áåçîïàñíîñòè ïîëåòîâ ïðèâåëè ê
íåîáõîäèìîñòè ñîçäàíèÿ èíòåëëåêòóàëüíûõ ñèñòåì ñïîñîá-
íûõ âûïîëíÿòü íåêîòîðûå ôóíêöèè ÷åëîâåêà-ýêñïåðòà,
ñïîñîáñòâîâàòü â ïîèñêå îïòèìàëüíîãî ðåøåíèÿ, âûäàâàòü

ñîâåòû è ðåêîìåíäàöèè â òåìïå ðåàëüíîãî âðåìåíè â
ïðîöåññå êîìïëåêñíîãî ìîíèòîðèíãà è óïðàâëåíèÿ ýêñïëó-
àòàöèåé ÃÒÄ.

Ïîäõîä, ïðåäëîæåííûé àâòîðîì, àïðîáèðîâàí èì â
ñðåäå àêòèâíîé ÝÑ íà áàçå RTWorks 5.1 ñîâìåñòíî ñ
ÑÓÁÄ INFORMIX è íåéðîèìèòàòîðîì NeuroSolutions 3.0
ïîêàçàâøèìè âûñîêóþ ýôôåêòèâíîñòü ïðè ðåøåíèè çàäà÷
êîìïëåêñíîãî ìîíèòîðèíãà è óïðàâëåíèÿ ýêñïëóàòàöèåé
(êîíòðîëÿ, äèàãíîñòèêè, îòëàäêè è ïðîãíîçèðîâàíèÿ
ïàðàìåòðîâ) ÃÒÄ.
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ÂÈÊÎÐÈÑÒÀÍÍß ÌÀÒÅÌÀÒÈ×ÍÈÕ ÌÅÒÎÄ²Â ÄËß ÎÏÒÈÌ²ÇÀÖ²¯ 
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À.Â.Êàë³í³÷åíêî

Â ðàáîòå ïðåäñòàâëåíà èíôîðìàöèîííàÿ ìîäåëü áèîëî-
ãè÷åñêîãî ïðîöåññà ñèìáèîòè÷åñêîé àçîòôèêñàöèè äëÿ ñîè.
Ìîäåëü ïîçâîëÿåò ïîëó÷èòü âûñîêîêà÷åñòâåííóþ, ýêîëîãè-
÷åñêè ÷èñòóþ ïðîäóêöèþ, îïòèìèçèðîâàòü ïðîöåññ ïîäáîðà
ìàêðî- è ìèêðîñèìáèîíòîâ, à òàêæå îïðåäåëèòü çíà÷åíèÿ
âíåøíèõ ôàêòîðîâ, ïðè êîòîðûõ ðàñòåíèÿ ìîãóò ïðèíîñèòü
ïîëíîöåííûé óðîæàé.

Ó ðîáîò³ ïðåäñòàâëåíà ³íôîðìàö³éíà ìîäåëü á³îëîã³÷íîãî
ïðîöåñó ñèìá³îòè÷íî¿ àçîòô³êñàö³¿ äëÿ ñî¿. Ìîäåëü äîçâîëÿº
îäåðæàòè âèñîêîÿê³ñíó, åêîëîã³÷íî ÷èñòó ïðîäóêö³þ, îïòè-
ì³çóâàòè ïðîöåñ ï³äáîðó ìàêðî- ³ ì³êðîñèìá³îíò³â, à òàêîæ
âèçíà÷èòè çíà÷åííÿ çîâí³øí³õ ôàêòîð³â, ïðè ÿêèõ ðîñëèíè
ìîæóòü ïðèíîñèòè ïîâíîö³ííèé âðîæàé.

The goal of the work was to investigate the influence of the
biological nitrogen-fixation process on receiving high-quality
soy-bean products by means of creating of informational model
of this process, which in its turn had the aim to find out result-
ing factors.

Ó ÕÕ ñòîë³òòÿ ïðàêòè÷íî â óñ³õ íàóêàõ, îñîáëèâî
ïðèðîäíè÷î-ìàòåìàòè÷íîãî öèêëó, åôåêòèâíî âèêîðèñòî-
âóºòüñÿ ìåòîäèêà ìîäåëþâàííÿ, ñòâîðåííÿ ÿêî¿ ï³äãîòîâ-
ëåíå ðîçâèòêîì ëþäñüêîãî ï³çíàííÿ ³ ò³ñíî ïîâ’ÿçàíå ç
ïåðåòâîðåííÿì ìàòåìàòèêè â óí³âåðñàëüíó ìîâó ³
ïðîíèêíåííÿì ¿¿ â óñ³ ãàëóç³ ñóñï³ëüíîãî çíàííÿ.
Ìàòåìàòè÷íå ìîäåëþâàííÿ â á³îëîã³¿ íà ñó÷àñíîìó åòàï³ º
îäíèì ³ç íàéåôåêòèâí³øèõ ïðèéîì³â äîñë³äæåííÿ
á³îëîã³÷íèõ ñèñòåì ³ çíàõîäæåííÿ íàéá³ëüø îïòèìàëüíèõ
ôîðì ðîçâ’ÿçàííÿ ïðîáëåì, ùî äîçâîëÿº ïðîàíàë³çóâàòè
ê³ëüê³ñí³ õàðàêòåðèñòèêè ïðåäìåò³â ÿê ó ñòàòè÷íîìó, òàê ³
äèíàì³÷íîìó ðåæèìàõ, øèðîêî âèêîðèñòîâóþ÷è ïðè
öüîìó åëåêòðîííî-îá÷èñëþâàëüíó òåõí³êó (ÅÎÌ) [1,2,3].

Ñåðåä ïð³îðèòåòíèõ ïðàêòè÷íèõ çàâäàíü ìîäåëþâàííÿ
ïðèðîäíèõ ñèñòåì º âèêîðèñòàííÿ ìîäåëåé äëÿ ï³äâè-
ùåííÿ âðîæàéíîñò³ ñ³ëüñüêîãîñïîäàðñüêèõ êóëüòóð, îïòè-
ì³çàö³¿ ïðîöåñó ¿õ âèðîùóâàííÿ, ïåðåðîáêè òîùî. Âèíÿò-
êîâó óâàãó â÷åíèõ ïðèâåðòàº, çîêðåìà, ïðîáëåìà ï³äâè-
ùåííÿ âðîæàéíîñò³ áîáîâèõ êóëüòóð, âèñîêîåôåêòèâíå
âèêîðèñòàííÿ ïðîäóêò³â ¿õ ïåðåðîáêè ÿê îñîáëèâî ö³ííèõ
êîðìîâèõ êóëüòóð, áàãàòèõ íà á³ëîê [4,5,6].

Ãëîáàëüí³ åêîëîã³÷í³ ïðîáëåìè, åíåðãåòè÷íà êðèçà, ïî-
âñþäíå çàáðóäíåííÿ ´ðóíòó, âîäîéìèù, àòìîñôåðè âèìà-
ãàþòü çàñòîñóâàííÿ åêîëîã³÷íî ÷èñòèõ øëÿõ³â ïîñòà÷àííÿ
ðîñëèí çâ’ÿçàíèì àçîòîì. Îïòèìàëüíîþ äëÿ öèõ óìîâ º
ì³êðîá³îëîã³÷íà ô³êñàö³ÿ àòìîñôåðíîãî àçîòó, ÿêà, êð³ì
òîãî, º åíåðãîåêîíîì³÷íîþ, áî çä³éñíþºòüñÿ çàâäÿêè åíåð-
ã³¿ Ñîíöÿ [7, 8, 9].

Âàæëèâèì ïðèéîìîì ï³äâèùåííÿ åôåêòèâíîñò³ ñèìá³î-
òè÷íî¿ àçîòô³êñàö³¿ º âíåñåííÿ â ´ðóíò ïðåïàðàò³â áóëü-
áî÷êîâèõ áàêòåð³é. Îñê³ëüêè êëþ÷îâîþ êóëüòóðîþ ó âèð³-
øåíí³ ïðîáëåìè äåô³öèòó ïîâíîö³ííîãî á³ëêà íà ï³âäí³
Óêðà¿íè º ñîÿ, îá’ºêòîì ñïîñòåðåæåííÿ ìè âèáðàëè ñàìå

öþ êóëüòóðó. Ïðîâåäåí³ äîñë³äæåííÿ ïîêàçàëè, ùî â
ðàéîíàõ òðàäèö³éíîãî âèðîùóâàííÿ áîáîâèõ êóëüòóð
ïðèð³ñò âðîæàþ ñî¿ â³ä ³íîêóëÿö³¿ ñêëàäàº 2-4 ö/ãà, à â
íîâèõ ðàéîíàõ âèðîùóâàííÿ ñî¿, äå â³äñóòí³ ñïîíòàíí³
áóëüáî÷êîâ³ áàêòåð³¿, - áëèçüêî 9 ö/ãà [4, 10].

Íàÿâí³ñòü âåëèêî¿ ê³ëüêîñò³ ñîðò³â ñî¿ ³ øòàì³â àçîòô³ê-
ñóþ÷èõ áàêòåð³é ïðèçâîäèòü äî íåîáõ³äíîñò³ âèð³øåííÿ
îïòèì³çàö³éíèõ çàâäàíü, ïðè÷îìó â êîðîòê³ òåðì³íè. Òàê³
ïðîáëåìè äîö³ëüí³øå ðîçâ’ÿçóâàòè øëÿõîì ìàòåìàòè÷íîãî
ìîäåëþâàííÿ çà äîïîìîãîþ ÅÎÌ, òîáòî øëÿõîì ïðîâå-
äåííÿ ìàòåìàòè÷íîãî åêñïåðèìåíòó [11, 12, 13, 14].

Ìåòîþ íàøîãî äîñë³äæåííÿ áóëà ïîáóäîâà ìàòåìàòè÷-
íî¿ ìîäåë³ á³îëîã³÷íîãî ïðîöåñó ñèìá³îòè÷íî¿ àçîòô³êñàö³¿,
ÿêà íàäàñòü ìîæëèâ³ñòü çðîáèòè âèá³ð ðàö³îíàëüíèõ ñòðà-
òåã³é âèðîùóâàííÿ ñî¿ ³ ö³ëåñïðÿìîâàíî ñïëàíóâàòè ¿¿
ñ³ëüñüêîãîñïîäàðñüêå âèðîáíèöòâî, ñòâîðèòè â³äïîâ³äí³
ïðîãíîçè ç ñåëåêö³¿ âèñîêîåôåêòèâíèõ øòàì³â àçîòô³êñóþ-
÷èõ áàêòåð³é ³ ðîñëèí â çàëåæíîñò³ â³ä ð³çíèõ óìîâ ³
âèçíà÷èòè ò³ óìîâè çîâí³øíüîãî ñåðåäîâèùà, çà ÿêèõ
ðîñëèíè ñî¿ ìîæóòü ïðèíîñèòè ïîâíîö³ííèé, åêîëîã³÷íî
÷èñòèé, âèñîêîÿê³ñíèé âðîæàé.

Ìîäåëü ïîáóäîâàíà íà îñíîâ³ òåîð³¿ ³íôîðìàö³éíèõ
ïðîöåñ³â ç óðàõóâàííÿì íàÿâíîñò³ âèïàäêîâîñò³ ó ïðèðîä-
íèõ ÿâèùàõ. Çðîáëåíî êîðåëÿö³éíèé ³ åíòðîï³éíèé àíàë³ç
á³îëîã³÷íîãî ïðîöåñó.

Á³îëîã³÷íà ñèñòåìà âèâ÷àëàñÿ ïðîòÿãîì äåÿêîãî ÷àñó ÿê
äèñêðåòíèé íåñòàö³îíàðíèé âèïàäêîâèé ïðîöåñ ç äèñêðåò-

íèì ÷àñîì, ùî ìàº ó çàãàëüíîìó âèïàäêó  ä³þ÷èõ ôàê-

òîð³â (ïàðàìåòð³â) òà p ê³íöåâèõ ôàêòîð³â (ïàðàìåòð³â).
ßê ä³þ÷³ ôàêòîðè ìîæíà ðîçãëÿäàòè ð³çíîâèäè øòàì³â
àçîòô³êñóþ÷èõ áàêòåð³é, ñîðò³â ñî¿, ãðóíòîâî-êë³ìàòè÷í³
óìîâè, ð³âåíü àçîòíîãî òà ôîñôîðíîãî æèâëåííÿ ãðóíòó,
âèä ïîñ³âó áîáîâèõ, ìåòîäè çàõèñòó ðîñëèí, òîùî. Ê³íöå-
âèìè ôàêòîðàìè ìîæóòü áóòè ïðèð³ñò óðîæàþ, ïîêàçíèêè
éîãî ÿêîñò³, ê³ëüê³ñòü ³ ìàñà áóëüáî÷îê ³ ò.ï.

Âèõîäÿ÷è ç ïîñòàâëåíèõ çàâäàíü, ó äîñë³äæåíí³ áóëî
ðîçãëÿíóòî âïëèâ îäíîãî âõ³äíîãî ôàêòîðó (øòàì áàêòå-
ð³é äëÿ ô³êñîâàíîãî ñîðòó àáî ñîðò ñî¿ äëÿ ô³êñîâàíîãî
øòàìó àçîòô³êñóþ÷èõ áàêòåð³é) íà â³ñ³ì âèõ³äíèõ. Óñ³
³íø³ âõ³äí³ ôàêòîðè áóëè âçÿò³ ÿê ïðèéíÿòí³ äëÿ íîðìàëü-
íî¿ æèòòºä³ÿëüíîñò³, ðîçâèòêó ðîñëèíè ñî¿ òà îäåðæàííÿ
ïîâíîö³ííîãî âðîæàþ çåðíà ³ âèñîêîÿê³ñíèõ ïðîäóêò³â
éîãî ïåðâèííî¿ ïåðåðîáêè.

Ó ïðåäñòàâëåí³é ðîáîò³ ðîçãëÿíóòî íàÿâí³ñòü îäíîãî
ä³þ÷îãî ïàðàìåòðà B (íà âèá³ð áåðåòüñÿ ð³çíîâèä øòàìó
àçîòô³êñóþ÷èõ áàêòåð³é àáî ñîðòó ñî¿) òà âîñüìè ê³íöåâèõ

ïàðàìåòð³â ,  ; 

(äå  - ê³ëüê³ñòü áóëüáî÷îê,  - ìàñà áóëüáî÷îê,  -

¿õ í³òðîãåíàçíà àêòèâí³ñòü,  - óðîæàé çåðíà,  - ê³ëü-

α

Ak t B,( ) k 1 8,= t 0 t1 t2 … tN 1– T, , , , ,{ }∈
A1 A2 A3

A4 A5
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ê³ñòü íàêîïè÷åíîãî ó ðîñëèí³ àçîòó,  - ê³ëüê³ñòü íàêî-

ïè÷åíîãî á³ëêà ó ðîñëèí³,  - ê³ëüê³ñòü íàêîïè÷åíîãî

àçîòó ó ãðóíò³,  - ïîêàçíèê ï³äâèùåííÿ ðîäþ÷îñò³

ãðóíòó àáî ðîäþ÷îñò³ íàñòóïíèõ êóëüòóð). Ôàêòîðè ,

 âçàºìîçàëåæí³. Ä³þ÷èé ïàðàìåòð B ìîæå

çíàõîäèòèñÿ ó m ñòàíàõ ³ç â³äïîâ³äíèìè çíà÷åííÿìè ,

, à ê³íöåâ³ ïàðàìåòðè  ó  ñòàíàõ ³ç çíà÷å-

ííÿìè ,  , , ïðè÷îìó âñ³ ñòàíè, ÿê

ïàðàìåòðó B, òàê ³ ïàðàìåòð³â , , , , , ,

, , íåñóì³ñí³ ì³æ ñîáîþ.

Çâàæàþ÷è íà âèùåçàçíà÷åíå, áóëî ðîçãëÿíóòî äâà
äèñêðåòíèõ ïðîñòîðè, ÿê³ ïîçíà÷èìî B òà A, åëåìåíòàìè

ÿêèõ º òî÷êè ,  òà

, ,

, à ïðîñò³ð  ìîæåìî ââàæàòè ïðîñòîðîì

ñòàíó âèïàäêîâîãî ïðîöåñó.
Âèçíà÷åíî, â ÿê³é ì³ð³ âõ³äíèé ïàðàìåòð âèçíà÷àº âè-

õ³äí³ äëÿ ô³êñîâàíèõ ñîðò³â ñî¿ òà ð³çíèõ øòàì³â àçîòô³ê-
ñóþ÷èõ áàêòåð³é (ìîæíà ðîçãëÿäàòè é íàâïàêè: ô³êñîâàí³
øòàìè áóëüáî÷êîâèõ áàêòåð³é äëÿ ð³çíèõ ñîðò³â ñî¿). Äëÿ
öüîãî îö³íåíî ³íôîðìàö³éíèé çì³ñò ñèãíàë³â êîæíîãî ÷àñî-

âîãî ïåðåòèíó ïðîöåñó ,  íà îñíîâ³ îäåðæàíèõ

ðîçïîä³ë³â éìîâ³ðíîñòåé äîñë³äíèõ äàíèõ íà ìíîæèí³
ìîæëèâèõ çíà÷åíü, ÿêà º îáìåæåíîþ. Ç íåñòàö³îíàðíîñò³
áàãàòîâèì³ðíîãî äèíàì³÷íîãî âèïàäêîâîãî ïðîöåñó âèïëè-
âàº íåìîæëèâ³ñòü çíàõîäæåííÿ òðàäèö³éíèìè øëÿõàìè

³íòåðâàëó êîðåëÿö³¿ ïðîöåñó, òîáòî òàêîãî , p,

,  äëÿ äîñèòü ìàëîãî , äëÿ ÿêîãî

 ïðè , äå  - íîðìîâàíà

êîðåëÿö³éíà ôóíêö³ÿ. Òîìó îá÷èñëåíî ïðèáëèçí³ ³íòåðâà-
ëè êîðåëÿö³¿ ïåðåòèí³â âèïàäêîâîãî ïðîöåñó, ùî äàº ìîæ-
ëèâ³ñòü ê³ëüê³ñíî îö³íþâàòè ³íôîðìàö³éíèé çì³ñò ñèãíàë³â
çà áóäü-ÿêèì ç ïåðåòèí³â, ùî íàëåæàòü äî ³íòåðâàëó, íå
âðàõîâóþ÷è çíà÷åííÿ ñòàí³â ïàðàìåòð³â íà ïîïåðåäí³õ
ïåðåòèíàõ, êð³ì ïî÷àòêîâîãî ïåðåòèíó ³íòåðâàëó. Òîáòî,
ÿêùî º íåîáõ³äí³ñòü, îá÷èñëåííÿ ïðîâîäÿòüñÿ çà êîæíèì ç
ïåðåòèí³â ³íòåðâàëó àáî ò³ëüêè äëÿ ê³íöåâîãî ïåðåòèíó (â
ìåæàõ ³íòåðâàëó êîðåëÿö³¿ ïåðåòèíó).

Ó ìîìåíòè , ÿê³ âõîäÿòü äî ³íòåðâàëó êîðåëÿ-

ö³¿  ïî÷àòêîâîãî ïåðåòèíó, ï³ñëÿ îäåðæàííÿ çíà÷åíü

ñòàí³â ³íôîðìàòèâíèõ ïàðàìåòð³â, äæåðåëî ìîæå õàðàêòå-
ðèçóâàòèñÿ ðîçïîä³ëîì éìîâ³ðíîñòåé:

, , .

Âèçíà÷åíî ì³ðó íåâèçíà÷åíîñò³ âõ³äíî¿ âëàñòèâîñò³ B,
òîáòî åíòðîï³þ äæåðåëà ïîâ³äîìëåíü H(B), à òàêîæ åíòðî-

ï³¿ ïàðàìåòð³â  â ìîìåíòè , , ÿê³

âõîäÿòü äî ³íòåðâàëó êîðåëÿö³¿ ïåðåòèíó ,

,  òà óìîâí³ åíòðîï³¿

, .

Çíàéäåíî ñåðåäíþ ê³ëüê³ñòü ³íôîðìàö³¿, ùî çàãóáëåíà

âíàñë³äîê øóìó (íåíàä³éí³ñòü)  òà

ñåðåäíþ ê³ëüê³ñòü ³íôîðìàö³¿, íåîáõ³äíî¿ äëÿ âèçíà÷åííÿ

ïåðåøêîäè (åíòðîï³ÿ øóìó) . ßêáè

øóìè áóëè â³äñóòí³, òî êîæíîìó çíà÷åííþ ³íôîðìàòèâíèõ
ïàðàìåòð³â â³äïîâ³äàëî á äåÿêå êîíêðåòíå çíà÷åííÿì

ïàðàìåòðà B ³ , òîáòî åíòðîï³ÿ

 äàâàëà á ïîâíó ³íôîðìàö³þ ïðî çíà÷åííÿ

ïàðàìåòðà B (øòàì àçîòô³êñóþ÷èõ áàêòåð³é).
Âèçíà÷åíî ê³ëüê³ñòü ³íôîðìàö³¿, ÿêà ì³ñòèòüñÿ ó

âèõ³äíèõ ïàðàìåòðàõ â³äíîñíî âõ³äíîãî â ìîìåíòè ,

 , ùî äàñòü ìîæëèâ³ñòü

ç’ÿñóâàòè íàñê³ëüêè ³íôîðìàö³ÿ ïðî çíà÷åííÿ âõ³äíîãî
ôàêòîðà B çìåíøóº íåâèçíà÷åí³ñòü ñòàíó ñèñòåìè íà
äàíîìó ïåðåòèí³. Çíàþ÷è ê³ëüê³ñòü ³íôîðìàö³¿, ÿêà
ïåðåäàºòüñÿ â³ä ð³çíèõ âõ³äíèõ ôàêòîð³â äî âèõ³äíèõ,
ìîæíà ç’ÿñóâàòè ì³ðó çàëåæíîñò³ ì³æ íèìè.

ßêùî ìîìåíò  âèõîäèòü çà ìåæ³ ³íòåðâàëó êîðåëÿö³¿

ïåðåòèíó , , ï³ñëÿ îäåðæàííÿ çíà÷åíü ñòàí³â

³íôîðìàö³éíèõ ïàðàìåòð³â  äæåðåëî
ïîâ³äîìëåíü îõàðàêòåðèçóºòüñÿ ðîçïîä³ëîì éìîâ³ðíîñòåé

, ,

, òîáòî éìîâ³ðí³ñòü òîãî, ùî îáðàíèé ñîðò áóâ
îáðîáëåíèé øòàìîì j çà óìîâè, ùî ïåðåòèíè ïðîöåñó â

ìîìåíòè  ³  âõîäÿòü äî ³íòåðâàëó êîðåëÿö³¿ 

( ).

Ïðè   ðîçãëÿíóòî  ïàðàìåòðè 

³ â³äïîâ³äíî ðîçïîä³ë éìîâ³ðíîñòåé

,

, .

Îá÷èñëåíî åíòðîï³¿ ïàðàìåòð³â  â ìîìåíòè

: , ,

, ,

, ,

.

 - ñåðåäíÿ ê³ëüê³ñòü
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³íôîðìàö³¿, çàãóáëåíî¿ âíàñë³äîê øóìó, à

 - åíòðîï³ÿ øóìó íà ïðîì³æêó

.

Âèçíà÷åíî òàêîæ ê³ëüê³ñòü ³íôîðìàö³¿, ÿêà ì³ñòèòüñÿ â

³íôîðìàö³éíèõ ïàðàìåòðàõ ó ìîìåíò  â³äíîñíî ìîìåíòó

 (äëÿ âèçíà÷åííÿ (êîíòðîëþ) ì³ðè çàëåæíîñò³ ì³æ

ïåðåòèíàìè):  òà

.

Ïðè  ðîçðàõîâàíî â³äïîâ³äí³ çíà÷åííÿ åíòðîï³é

 òà ³í.

Åíòðîï³éíèé àíàë³ç íàäàâ ìîæëèâ³ñòü ç’ÿñóâàòè, ÿêèé ç
÷àñîâèõ ³íòåðâàë³â âì³ùóº íàéá³ëüøå êîðèñíî¿ ³íôîðìàö³¿
³ ç’ÿñóâàòè ì³ðó çàëåæíîñò³ ì³æ âõ³äíèìè ³ âèõ³äíèìè
ôàêòîðàìè.

Ïîáóäîâàíà ³íôîðìàö³éíà ìîäåëü äàº çìîãó âèð³øèòè
òàê³ çàâäàííÿ:

- îäåðæàòè âèñîêîÿê³ñíó ñîºâó ñèðîâèíó äëÿ ïåðåðîáêè
áåç í³òðàò³â, ñòîðîíí³õ õ³ì³÷íèõ ñïîëóê ³ çáàãà÷åíó äîäàò-
êîâîþ ê³ëüê³ñòþ á³ëêà, æèðó, íåçàì³ííèõ àì³íîêèñëîò;

- äîñë³äèòè ðîçâèòîê ïðîöåñó â äèíàì³ö³ òà éîãî âïëèâ
íà ÿê³ñòü ïåðåðîáëåíî¿ ïðîäóêö³¿ çà âèçíà÷åíèìè ÷àñîâè-
ìè ïåðåòèíàìè àáî çà ïåð³îäàìè ðîçâèòêó ðîñëèí;

- îäåðæàòè ïðîãíîç î÷³êóâàíèõ çíà÷åíü óðîæàþ çåðíà
äëÿ ïåðâèííî¿ ïåðåðîáêè ³ ÿêîñò³ îäåðæàíî¿ ïðîäóêö³¿,
ê³ëüêîñò³ íàêîïè÷åíîãî àçîòó â ´ðóíò³ òîùî.

Òàêèì ÷èíîì, ó ðåçóëüòàò³ ïðîâåäåíîãî äîñë³äæåííÿ:
1) âèâ÷åíî òà ñèñòåìàòèçîâàíî äàí³ ïîëüîâèõ äîñë³ä³â

çà ê³ëüêà ðîê³â, äîñë³äæåíî ñèìá³îòè÷íó ñèñòåìó ³ âèä³ëå-
íî âõ³äí³ òà âèõ³äí³, âíóòð³øí³ ³ çîâí³øí³ ôàêòîðè. Ñåðåä
âíóòð³øí³õ ôàêòîð³â îñîáëèâå çíà÷åííÿ ìàº ìàñà áóëüáî-
÷îê ç âèñîêèì ð³âíåì í³òðîãåíàçíî¿ àêòèâíîñò³, ÿêà â ñâîþ
÷åðãó âïëèâàº íà ï³äâèùåííÿ âðîæàéíîñò³ ³ ÿêîñò³ ðîñëèí;

2) ñòâîðåíî ñòðóêòóðíî-ëîã³÷íó ñõåìó âçàºìîä³¿ åëåìåí-
ò³â ñèìá³îòè÷íî¿ àçîòô³êñóþ÷î¿ ñèñòåìè, ÿêà äàº ìîæëè-
â³ñòü îá'ºêòèâíî äîñë³äæóâàòè ïîòîêè ³íôîðìàö³¿ â í³é;

3) íà îñíîâ³ òåîð³¿ ³íôîðìàö³éíèõ ïðîöåñ³â òà ïðåäñòàâ-
ëåíî¿ ñòðóêòóðíî-ëîã³÷íî¿ ñõåìè ðîçðîáëåíî ìàòåìàòè÷íó
ìîäåëü ïðîöåñó á³îëîã³÷íî¿ ô³êñàö³¿ àçîòó ñîºþ, ÿêà
âðàõîâóº íàÿâí³ñòü âèïàäêîâîñò³ ó ïðèðîäíèõ ÿâèùàõ;

4) íà îñíîâ³ ³íôîðìàö³éíî¿ ìîäåë³ îòðèìàí³ éìîâ³ðí³
çíà÷åííÿ âðîæàþ çåðíà ñî¿ ³ éîãî á³îõ³ì³÷íèõ âëàñòèâîñ-
òåé, ÿê³ âèêîðèñòàíî äëÿ ðîçðîáêè óäîñêîíàëåíî¿ òåõíîëî-
ã³¿ âèðîùóâàííÿ ³ ïåðâèííî¿ ïåðåðîáêè;

5) ðîçðîáëåí³ é ïðîéøëè àïðîáàö³þ ìåòîäè ï³äáîðó
êîìïëåìåíòàðíîãî ìàòåð³àëó ñåðåä ì³êðî- ³ ìàêðîñèì-
á³îíò³â, íà îñíîâ³ ÿêèõ çàïðîïîíîâàíà óäîñêîíàëåíà òåõ-
íîëîã³ÿ âèðîùóâàííÿ ³ ïåðåðîáêè ñî¿, ÿêà îáìåæóº âèêî-
ðèñòàííÿ ì³íåðàëüíèõ äîáðèâ ³ çìåíøóº âì³ñò í³òðàò³â ó
çåðí³ ñî¿;

6) ðåêîìåíäîâàíî äëÿ ï³äâèùåííÿ ïîêàçíèê³â ÿêîñò³
çåðíà ñî¿ çàñòîñîâóâàòè ìîæëèâîñò³ åêîëîã³÷íî ÷èñòî¿ ñèì-
á³îòè÷íî¿ ñèñòåìè. Âñòàíîâëåíî, ùî íàéêðàùèìè ïàðòíå-
ðàìè ïî ñèìá³îçó º øòàì áóëüáî÷êîâèõ áàêòåð³é 634á ³

ñîðòè ñî¿ Êð³ïèø, Îäåñüêà 124, Àðêàä³ÿ îäåñüêà, Þã 40,
Õàðîñîé;

7) âñòàíîâëåíî, ùî ñîºâèé øðîò äîñë³äíîãî âàð³àíòà
âì³ùóâàâ ïðîòå¿íó 40,45%, æèðó 3,01%, â êîíòðîë³
â³äïîâ³äíî 39,61% ³ 2,80%; â åêñòðóäàò³ äîñë³äíîãî âàð³àí-
òà ñî¿ ïðîòå¿íó ì³ñòèëîñÿ 39,98%, æèðó 21,85%, êîíòðîëü-
íîãî â³äïîâ³äíî - 38,89%, æèðó 19,97%. Ñóìà àì³íîêèñëîò
äîñë³äíîãî âàð³àíòà áóëà âèùîþ ïî â³äíîøåííþ äî
êîíòðîëüíîãî, à ùîäî âì³ñòó ãëóòàì³íîâî¿ êèñëîòè, òî â³í
áóâ âèùèé ó 2-3 ðàçè.

Çàïðîïîíîâàíà åêîëîã³÷íî ÷èñòà òåõíîëîã³ÿ çàñòîñóâàí-
íÿ ìîæëèâîñòåé ñèìá³îòè÷íî¿ ñèñòåìè º ïðèðîäîîõîðîí-
íèì, åíåðãîçáåð³ãàþ÷èì, ïðèáóòêîâèì çàõîäîì: êîåô³-
ö³ºíò åíåðãåòè÷íî¿ åôåêòèâíîñò³ âèðîáíèöòâà ñîºâèõ øðî-
ò³â ñòàíîâèâ 2,45; åêñòðóäàò³â - 2,65, â êîíòðîë³ â³í â³äïî-
â³äíî áóâ 1,33 ³ 1,51.

Ïðîâåäåíå äîñë³äæåííÿ ïðîïîíóºòüñÿ âèêîðèñòîâóâàòè:
- ïðè âèáîð³ ðàö³îíàëüíî¿ ñòðàòåã³¿ âèðîùóâàííÿ ñî¿;
- ïðè ö³ëåñïðÿìîâàíîìó ïëàíóâàíí³ ¿¿ ñ³ëüñüêîãîñïî-

äàðñüêîãî âèðîáíèöòâà;
- ïðè ñåëåêö³¿ âèñîêîåôåêòèâíèõ øòàì³â àçîòô³êñóþ÷èõ

áàêòåð³é àáî ðîñëèí ñî¿ â çàëåæíîñò³ â³ä ð³çíèõ çîâí³øí³õ
óìîâ;

- ïðè âèçíà÷åíí³ òàêèõ óìîâ çîâí³øíüîãî ñåðåäîâèùà,
ïðè ÿêèõ ðîñëèíè ñî¿ çìîæóòü ïðèíîñèòè ïîâíîö³ííèé
óðîæàé;

- ïðè ï³äáîð³ êîìïëåìåíòàðíîãî ìàòåð³àëó ñåðåä ìàêðî-
³ ì³êðî ñèìá³îíò³â.
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Å.Í.Êèðñàíîâà, Ì.Ã.Ñàäîâñêèé

Ïðåäëîæåíà õàðàêòåðèñòèêà öèôðîâûõ èçîáðàæåíèé (çíà-
÷èìîñòü) è ìåòîä åå îïðåäåëåíèÿ ÷åðåç óñëîâíóþ ýíòðîïèþ
ðàñïðåäåëåíèÿ ìàëûõ ôðàãìåíòîâ èçîáðàæåíèÿ îòíîñèòåëüíî
îæèäàåìîãî. Ñòåïåíü ñòðóêòóðèðîâàííîñòè - ìåðà îòëè÷èÿ
ðåàëüíîãî ðàñïðåäåëåíèÿ ìàëûõ ôðàãìåíòîâ èçîáðàæåíèÿ îò
"ðàâíîâåñíîãî". Ïîêàçàíà âåëè÷èíà èíôîðìàöèîííîé çíà÷è-
ìîñòè èçîáðàæåíèé ðàçëè÷íîé ñòðóêòóðû. Îáñóæäàþòñÿ
ïðèëîæåíèÿ ýòîé âåëè÷èíû.

New method to estimate images is proposed. Information
capacity is the specific entropy of small fragments distribution
versus the expected one. It discretes the random and periodic
images from the complex ones. The data obtained for different
patterns are discussed.

ÂÂÅÄÅÍÈÅ

Öèôðîâûå èçîáðàæåíèÿ (ÖÈ) ÿâëÿþòñÿ øèðîêî ðàñ-
ïðîñòðàíåííûì îáúåêòîì ïðè ðàáîòå ñ çàäà÷àìè ðàñïîçíà-
âàíèÿ îáðàçîâ, ñöåí è ò.ï. ÖÈ ÿâëÿþòñÿ îñíîâîé êîìïüþ-
òåðíîãî ïðåäñòàâëåíèÿ ãðàôèêè â ñëó÷àå ðàñòðîâûõ èçîá-
ðàæåíèé, øèðîêî âñòðå÷àþùèõñÿ êàê â ïðèëîæåíèÿõ, òàê
è â ôóíäàìåíòàëüíûõ çàäà÷àõ èíôîðìàòèêè. Èçó÷åíèå
òåõ ñâîéñòâ ÖÈ, êîòîðûå îáóñëîâëåíû åãî äèñêðåòíîé
ïðèðîäîé, ÿâëÿåòñÿ âàæíåéøåé òåîðåòè÷åñêîé çàäà÷åé, à
òàêæå ïðåäñòàâëÿåò ïðèêëàäíîé èíòåðåñ äëÿ ðÿäà ñïå-
öèàëüíûõ çàäà÷. Òàê, ïðîáëåìà ïîèñêà, âûäåëåíèÿ è îïè-
ñàíèÿ òåõ èëè èíûõ ñòðóêòóð â ÖÈ ïðåäñòàâëÿåò ñîáîé
àêòóàëüíóþ çàäà÷ó íåêîòîðûõ ðàçäåëîâ òåîðèè ðàñïîçíà-
âàíèÿ îáðàçîâ, òåîðèè àäàïòèâíûõ ïðîöåññîâ, òåîðèè
àëãîðèòìîâ [1-3]. Ïðè ýòîì ïîä ñòðóêòóðîé ÖÈ ìîãóò
ïîíèìàòüñÿ ðàçëè÷íûå ñâîéñòâà - îò "ñåìàíòè÷åñêèõ" (êîí-
òóðû, îáðàçû, ñöåíû è ò.ï.) äî òåõ, êîòîðûå èìåþò ëèøü
êîñâåííîå îòíîøåíèå ê ýòèì ïåðâûì, è îïðåäåëÿþòñÿ
èñêëþ÷èòåëüíî âçàèìíûì ðàñïîëîæåíèåì òåõ äèñêðåòíûõ
åäèíèö, êîòîðûå ñîñòàâëÿþò èçîáðàæåíèå, íàïðèìåð, ïèê-
ñåëîâ [4, 5]. Î÷åâèäåí òîò ôàêò, ÷òî ñòðóêòóðû âòîðîãî
òèïà ñóùåñòâåííî çàâèñÿò îò ñïîñîáà èõ îïðåäåëåíèÿ. Ïðè
ýòîì íå ïðèõîäèòñÿ óòâåðæäàòü, ÷òî êàêèå-òî èç âûäå-
ëÿåìûõ ñòðóêòóð "ïðàâèëüíûå", à äðóãèå - "íåïðàâèëü-
íûå", ñêîðåå çäåñü ìîæíî âåñòè ðå÷ü î òîì, íàñêîëüêî
âíîâü âûäåëÿåìûå ñòðóêòóðû êîððåëèðóþò ñ ïðåäñòàâ-
ëÿþùèìè ïðèêëàäíîé èíòåðåñ äëÿ èññëåäîâàòåëåé. Â ýòîé
ñèòóàöèè âîçíèêàåò çàäà÷à ñîçäàíèÿ ñâîåãî ðîäà áèáëèî-
òåêè ðàçëè÷íûõ ñòðóêòóð (è ìåòîäîâ èç âûäåëåíèÿ è
îïèñàíèÿ) è êàòàëîãà âçàèìîñâÿçåé ìåæäó íèìè.

Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà îïèñàíèþ ìåòîäà âûäå-
ëåíèÿ òåõ ñòðóêòóð â ÖÈ, êîòîðûå îáóñëîâëåíû èñêëþ-
÷èòåëüíî âçàèìíûì ðàñïîëîæåíèåì ïèêñåëîâ (ëèáî èíûõ
ýëåìåíòàðíûõ åäèíèö) â íèõ. Îòìåòèì ñðàçó, ÷òî ïðîáëå-
ìà èññëåäîâàíèÿ òåõ ñâîéñòâ ÖÈ, êîòîðûå îáóñëîâëåíû
âçàèìíûì ðàñïîëîæåíèåì ïèêñåëîâ (ëèáî èíûõ ýëåìåí-
òàðíûõ åãî åäèíèö) îêàçûâàåòñÿ ñóùåñòâåííî ñâÿçàííîé ñ
òåì ôîðìàòîì ïðåäñòàâëåíèÿ ÖÈ, êîòîðûé èñïîëüçîâàí â

äàííîì êîíêðåòíîì ïðèëîæåíèè. Íåñìîòðÿ íà òî, ÷òî ñàì
ìåòîä íå çàâèñèò îò êîíêðåòíîãî âèäà ïðåäñòàâëåíèÿ ÖÈ,
åãî ïðîãðàììíàÿ, à çà÷àñòóþ è àëãîðèòìè÷åñêàÿ ðåàëèçà-
öèÿ îêàçûâàþòñÿ ñóùåñòâåííî çàâèñÿùèìè îò íåãî. Ìû
áóäåì èçëàãàòü ðàçâèâàåìûé çäåñü ìåòîä íà ïðèìåðå
ïðîñòåéøèõ ÖÈ ëèøü äëÿ íàãëÿäíîñòè, ïîìíÿ î òîì, ÷òî
ýòî íèêàê íå îãðàíè÷èâàåò åãî îáùíîñòè. Ïðåäëîæåííûé
ìåòîä âûäåëåíèÿ è îïèñàíèÿ ñòðóêòóð â ÖÈ

1) îïèðàåòñÿ òîëüêî íà èíôîðìàöèþ î ÷àñòîòàõ ñðàâíè-
òåëüíî ìàëûõ ôðàãìåíòîâ ôèêñèðîâàííîãî ðàçìåðà (ïèê-
ñåëè ëèáî èõ ñî÷åòàíèÿ), âñòðå÷àþùèõñÿ â èçó÷àåìîì ÖÈ,

2) ïîçâîëÿåò âûäåëÿòü òå ñòðóêòóðû, êîòîðûå îïðåäå-
ëÿþòñÿ èíôîðìàöèîííûìè è ñòàòèñòè÷åñêèìè õàðàêòå-
ðèñòèêàìè ÖÈ,

3) íå òðåáóåò ïðèâëå÷åíèÿ äîïîëíèòåëüíîé (ïî îòíîøå-
íèþ ê çíàíèþ ÷àñòîò îòäåëüíûõ ôðàãìåíòîâ) èíôîðìàöèè,

4) ïîçâîëÿåò, êàê âûäåëÿòü èíôîðìàöèîííûå ñòðóêòó-
ðû â îáøèðíûõ ÖÈ (íàïðèìåð, â àýðîêîñìè÷åñêèõ ñíèì-
êàõ), òàê è ñðàâíèâàòü ìåæäó ñîáîé ÖÈ.

Ìåòîä îñíîâàí íà âû÷èñëåíèè óñëîâíîé ýíòðîïèè
ðåàëüíîãî ðàñïðåäåëåíèÿ âñåõ ôðàãìåíòîâ ôèêñèðîâàí-
íîãî ðàçìåðà îòíîñèòåëüíî èõ îæèäàåìîãî ðàñïðåäåëåíèÿ;
âïðåäü áóäåì íàçûâàòü òàêóþ âåëè÷èíó (èíôîðìàöèîí-
íîé) öåííîñòüþ. Ïîä îæèäàåìûì ðàñïðåäåëåíèåì ôðàã-
ìåíòîâ (ïèêñåëîâ ëèáî èõ êîìáèíàöèé) ïîíèìàåòñÿ òàêîå
ðàñïðåäåëåíèå ôðàãìåíòîâ çàäàííîãî ðàçìåðà, êîòîðîå
ìîæíî ïîëó÷èòü, îïèðàÿñü òîëüêî íà ðàñïðåäåëåíèÿ
àíàëîãè÷íûõ ôðàãìåíòîâ ìåíüøåãî ðàçìåðà. Ïîä÷åðêíåì
òàêæå, ÷òî ðàçâèòûé çäåñü ìåòîä íå ìîæåò íåïîñðåä-
ñòâåííî âûäåëÿòü òàêèå ñòðóêòóðû ÖÈ, êàê êîíòóð, ëèáî
èíûå ñòðóêòóðû "ñåìàíòè÷åñêîãî" ðÿäà. Ñêàçàííîå íå
îçíà÷àåò, îäíàêî, ÷òî ðàçâèòûé çäåñü ìåòîä íå èìååò
íèêàêîãî îòíîøåíèÿ ê ïîèñêó è âûäåëåíèþ "òðàäèöèîí-
íûõ" ñòðóêòóð â ÖÈ. Óñëîâèÿ ïðèìåíåíèÿ ðàçâèòîãî çäåñü
ìåòîäà ê äàííîìó êëàññó çàäà÷ è òèï òåõ ÖÈ (íàïðèìåð,
òåêñòóðû), äëÿ êîòîðûõ èíôîðìàöèîííûå è ñòàòèñòè÷å-
ñêèå õàðàêòåðèñòèêè áóäóò ìîùíûì äîïîëíèòåëüíûì
ìåòîäîì âûÿâëåíèÿ ýòèõ "òðàäèöèîííûõ" ñòðóêòóð â ÖÈ
òðåáóåò ñïåöèàëüíîãî àíàëèçà. Ïåðåéäåì ê ñòðîãèì
óòâåðæäåíèÿì è òî÷íûì ôîðìóëèðîâêàì.

ÎÏÈÑÀÍÈÅ ÌÅÒÎÄÀ

Ðàññìîòðèì ÖÈ ðàçìåðîì  ýëåìåíòîâ. Òî÷íåå,
ïóñòü èìååòñÿ ðåøåòêà, â óçëàõ êîòîðîé ìîãóò ñòîÿòü ñèì-
âîëû, ÿâëÿþùèåñÿ ýëåìåíòàìè êàêîãî-ëèáî àëôàâèòà. Âû-

äåëèì â íåé îáëàñòü ðàçìåðîì . Áóäåì ðàññìàòðè-
âàòü òîëüêî òàêèå îáëàñòè, äëÿ êîòîðûõ â êàæäîì óçëå ðå-
øåòêè íàõîäèòñÿ êàêîé-íèáóäü ýëåìåíò (ñâÿçíûå îáëàñ-
òè). Ëþáîé ñâÿçíûé êâàäðàò ðàçìåðîì    óçëîâ,

 âñòðå÷àþùèéñÿ â íåé áóäåì íàçûâàòü

N M×

N M×

q q×
1 q min{N,M}≤ ≤
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ñìàëüòîé (ðàçìåðà q). Áóäåì íàçûâàòü âåðõíèé ëåâûé
(äëÿ îïðåäåëåííîñòè) óçåë ñìàëüòû êëþ÷îì; ïîëîæåíèå
ñìàëüòû áóäåò îïðåäåëÿòüñÿ ïîëîæåíèåì (êîîðäèíàòàìè)
êëþ÷à âíóòðè ðàññìàòðèâàåìîé îáëàñòè. Ïîíÿòíî, ÷òî

êëþ÷ ìîæåò ïðîáåæàòü  ïîëîæå-

íèå - ÷àñòü èç íèõ îêàæóòñÿ íåäîñòóïíûìè èç-çà êîíå÷íîñ-
òè ðàçìåðà ìîçàèêè. Ñîâîêóïíîñòü âñåõ ñìàëüò äàííîãî
ðàçìåðà, âñòðå÷àþùèõñÿ â ðàññìàòðèâàåìîì ÖÈ, áóäåì
íàçûâàòü q-íîñèòåëåì. Ñîïîñòàâèâ êàæäîé ñìàëüòå èç q-
íîñèòåëÿ ÷èñëî åå êîïèé â èçó÷àåìîì ÖÈ, ïîëó÷èì êîíå÷-
íóþ ìîçàèêó Mq (ðàçìåðà q). Äàííàÿ êîíñòðóêöèÿ ÿâëÿåò-

ñÿ êîíå÷íûì îáúåêòîì è òðåáóåò äëÿ åå èññëåäîâàíèÿ
ñîîòâåòñòâóþùèõ ïîäõîäîâ è òåõíèêè.

Ïåðåõîä ê ÷àñòîòàì â ìîçàèêå îçíà÷àåò ïåðåõîä îò êî-
íå÷íîãî ÖÈ ê àíñàìáëþ âñåõ èçîáðàæåíèé, ïîðîæäàþùèõ
äàííóþ ìîçàèêó. Íå îáñóæäàÿ çäåñü äàëåå ðàçëè÷èÿ ìåæ-
äó êîíå÷íîé è ÷àñòîòíîé ìîçàèêàìè, îòìåòèì òîëüêî, ÷òî
ïîñòðîåíèå ÷àñòîòíîé ìîçàèêè òðåáóåò èñïîëüçîâàíèÿ îä-
íîãî òåõíè÷åñêîãî ïðåîáðàçîâàíèÿ èñõîäíîãî ÖÈ: äëÿ ïî-
ñòðîåíèÿ ÷àñòîòíîé ìîçàèêè åãî íåîáõîäèìî çàìêíóòü â

òîð. Òîãäà êëþ÷ ñìàëüòû áóäåò ïðîáåãàòü  ïîëîæå-
íèé, à ÷àñòîòà ñìàëüòû áóäåò îïðåäåëÿòüñÿ êàê îòíîøåíèå
÷èñëà êîïèé äàííîé ñìàëüòû, ïîäñ÷èòàííîãî íà òîðå, ê
îáùåìó ÷èñëó ñìàëüò (= ).

Î÷åâèäíà íîðìèðîâêà äëÿ ÷àñòîòíîé ìîçàèêè:

. (1)

Çäåñü èíäåêñ s ïåðå÷èñëÿåò ñìàëüòû, à  îáîçíà÷àåò

÷àñòîòó ýòîé ñìàëüòû; âåðõíèé èíäåêñ óêàçûâàåò íà åå
ðàçìåð.

Ïðåäëîæåííûé â íàñòîÿùåé ñòàòüå ìåòîä âûäåëåíèÿ è
îïèñàíèÿ ñòðóêòóðèðîâàííîñòè ÖÈ îïèðàåòñÿ íà èäåþ
ñðàâíåíèÿ çàäàííîãî ðàñïðåäåëåíèÿ (ìîçàèêè) ñ ðàâíîâåñ-
íûì. Åñëè â íàøåì ðàñïîðÿæåíèè èìååòñÿ ðàâíîâåñíîå
ðàñïðåäåëåíèå, òî îòíîñèòåëüíóþ ýíòðîïèþ íåêîòîðîãî
çàäàííîãî ðàñïðåäåëåíèÿ îòíîñèòåëüíî ýòîãî ðàâíîâåñíîãî
ìîæíî âû÷èñëèòü âñåãäà. Äåéñòâèòåëüíî [6, 7, 8], òàêàÿ
ýíòðîïèÿ îäíîãî ðàñïðåäåëåíèÿ   îòíîñèòåëüíî äðóãîãî
("ðàâíîâåñíîãî")  ðàâíà:

. (2)

Íå îáñóæäàÿ ïîêà âîïðîñà î òîì, êàêóþ èìåííî ìîçàèêó
ñëåäóåò ñ÷èòàòü ðàâíîâåñíîé, çàìåòèì, ÷òî ñðàâíåíèå ÖÈ
ñ ïîìîùüþ âû÷èñëåíèÿ ýíòðîïèè îäíîé ìîçàèêè îòíîñè-
òåëüíîãî äðóãîé òðåáóåò, ÷òîáû íîñèòåëü îäíîé èç íèõ
("ðàâíîâåñíîé") ïîëíîñòüþ ñîäåðæàë â ñåáå íîñèòåëü äðó-
ãîé. Òàêîå âëîæåíèå íåëüçÿ ãàðàíòèðîâàòü çàðàíåå. Â íà-
øåì ñëó÷àå ýòà ïðîáëåìà ëåãêî ïðåîäîëåâàåòñÿ, ÷òî ñâÿçà-
íî ñ òåì, ÷òî â êà÷åñòâå "ðàâíîâåñíîãî" ðàñïðåäåëåíèÿ
áóäåò èñïîëüçîâàòüñÿ ìîçàèêà, äëÿ êîòîðîé ðåàëèçóåòñÿ
ãèïîòåçà î íàèáîëåå âåðîÿòíîì ïðîäîëæåíèè ñìàëüò.

Îïðåäåëåíèå "ðàâíîâåñíîé" ìîçàèêè òåñíî ñâÿçàíî ñ çà-

äà÷åé ïåðåõîäà îò ìîçàèê îäíîãî ðàçìåðà ê ìîçàèêàì äðó-
ãîãî. Ïåðåõîä îò ìîçàèêè ðàçìåðà q ê ìîçàèêå ðàçìåðà   t,

 âñåãäà îäíîçíà÷åí; äëÿ ýòîãî ÷àñòîòû ìîçàèêè
Mq  íåîáõîäèìî ïðîñóììèðîâàòü ïî ëþáîé óãëîâîé ïàðå

ñòðîêè è ñòîëáöà; óãëîâîé ïàðîé áóäåì íàçûâàòü òàêóþ,
êîòîðàÿ ïåðåñåêàåòñÿ ïî ýëåìåíòó, ðàñïîëîæåííîìó â

îäíîé èç âåðøèí ñìàëüòû1. Îáðàòíûé ïåðåõîä äàëåêî íå
âñåãäà îäíîçíà÷åí. Óñëîâèåì îäíîçíà÷íîñòè ïåðåõîäà îò
ìîçàèêè ðàçìåðà q ê ìîçàèêå ðàçìåðà q1,  ÿâëÿåòñÿ

åäèíñòâåííîñòü ñóùåñòâîâàíèÿ ëþáîé ïàðû ñìàëüò

ðàçìåðà q,  ïåðåñåêàþùèõñÿ ïî ïîäñìàëüòå ðàçìåðà .

Ïðè ýòîì äëÿ âñÿêîé ñìàëüòû ðàçìåðà q äîëæíî íàéòèñü
òðè äðóãèõ ñìàëüòû òîãî æå ðàçìåðà, åäèíñòâåííûì

îáðàçîì ïåðåñåêàþùèõñÿ ïî ïîäñìàëüòå ðàçìåðà ;

î÷åâèäíî, ÷òî äëÿ ëþáîé ñìàëüòû ðàçìåðà  äîëæíî

íàéòèñü øåñòü óíèêàëüíûõ ïàð ñìàëüò ðàçìåðà q äëÿ òîãî,
÷òîáû ïåðåõîä îò ìîçàèêè ðàçìåðà q ê ìîçàèêå ðàçìåðà q1

áûë åäèíñòâåííûì.
Åñëè ïåðåõîä îò ìîçàèêè Mq ðàçìåðà q ê ìîçàèêå

 ðàçìåðà  íå ìîæåò áûòü ñîâåðøåí îäíîçíà÷-

íî, òîãäà âìåñòî îäíîé ìîçàèêè (ðàçìåðà ) âîçíèêíåò

èõ ñåìåéñòâî. Â ðàáîòàõ [9-12] ïðåäëîæåí îáùèé ïðèíöèï
âûáîðà òîé ìîçàèêè áîëüøåãî ðàçìåðà, êîòîðóþ ñëåäóåò
ñ÷èòàòü ïîðîæäåííîé (âîññòàíîâëåííîé) ïî çàäàííîé: ñðå-

äè âñåõ âîçìîæíûõ ìîçàèê ðàçìåðà  ñëåäóåò âûáðàòü

òó, ó êîòîðîé ýíòðîïèÿ ìàêñèìàëüíà. Äàííûé ïðèíöèï
îçíà÷àåò, ÷òî â ýòîé ìîçàèêå ñîäåðæàòñÿ âñå òå ñìàëüòû

(ðàçìåðà ), êîòîðûå ìîãóò ðàññìàòðèâàòüñÿ êàê ïðî-

äîëæåíèÿ ñìàëüò èñõîäíîé ìîçàèêè, à èõ ÷àñòîòû ÿâëÿþò-
ñÿ íàèáîëåå îæèäàåìûìè. Òàêàÿ âîññòàíîâëåííàÿ ìîçàèêà
íå íåñåò â ñåáå íèêàêîé äîïîëíèòåëüíîé, àïðèîðíîé èí-
ôîðìàöèè. Ïîíÿòíî, ÷òî â îáùåì ñëó÷àå âîçìîæíî âîññòà-
íîâëåíèå ìîçàèê ñêîëü óãîäíî áîëüøîãî ðàçìåðà ïî çàäàí-
íîé. Èñïîëüçîâàíèå ñôîðìóëèðîâàííîãî âûøå ýêñòðå-
ìàëüíîãî ïðèíöèïà ïîçâîëÿåò âû÷èñëèòü ÷àñòîòû ñìàëüò â
âîññòàíîâëåííîé ìîçàèêå ÿâíûì îáðàçîì. Ðèñóíîê 1 èë-
ëþñòðèðóåò ïðîöåäóðó âîññòàíîâëåíèÿ. Ìû îñòàíîâèìñÿ
çäåñü íà ñëó÷àå âîññòàíîâëåíèÿ ìîçàèêè ðàçìåðà q+1:

. (3)

Çäåñü  - ÷àñòîòà âîññòàíàâëèâàåìîé ñìàëüòû 

(ðàçìåðà q+1),  - ÷àñòîòà ñîîòâåòñòâóþùåé ñìàëüòû,

çàíèìàþùåé  i-þ (èç ÷åòûðåõ âîçìîæíûõ - ñì. ðèñ. 1)

ïîçèöèþ,  - ÷àñòîòà öåíòðàëüíîé ñìàëüòû. Äëÿ

ñëó÷àÿ q = 1, èìååì

. (4)

N q– 1+( ) M q– 1+( )×

N M×

N M×

f s
q( )

s
∑ 1=

f s
q( )

ϕ
ϕ∗

S ϕ ln ϕ
ϕ∗------ 
  µd⋅∫=

1.Çàìûêàíèå ÖÈ â òîð áûëî íåîáõîäèìî äëÿ òîãî, ÷òîáû âñå ýòè ÷åòûðå ñóììû ñîâïàäàëè ìåæäó ñîáîé.

1 t≤ q<

q1 q>

q 1–

q 1–

q 1–

Mq s+ q s+

q s+

q s+

q s+

f̃ s ′
q 1+( ) f 1〈 〉

q( ) f 2〈 〉
q( ) f 3〈 〉

q( ) f 4〈 〉
q( )⋅ ⋅ ⋅

f kern〈 〉
q 1–( )( )3

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

f̃ s ′
q 1+( ) s ′

f i〈 〉
q( )

f kern〈 〉
q 1–( )

f̃ s ′
2( ) f 1〈 〉

1( ) f 2〈 〉
1( ) f 3〈 〉

1( ) f 4〈 〉
1( )⋅ ⋅ ⋅=
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Ðèñóíîê 1 - Ïðîöåäóðà âîññòàíîâëåíèÿ ñìàëüòû

Îïèñàâ ïðîöåäóðó âîññòàíîâëåíèÿ ìîçàèêè áîëüøåãî
ðàçìåðà ïî çàäàííîé, ïåðåéäåì ê îïèñàíèþ ìåòîäà èíôîð-
ìàöèîííîãî àíàëèçà ÖÈ. Èòàê, â ðàñïîðÿæåíèè èññëåäî-
âàòåëÿ èìååòñÿ ìîçàèêè ðàçìåðà q = 1, 2, 3, … è çàäà÷à
èññëåäîâàíèÿ ñîñòîèò â òîì, ÷òîáû ñðàâíèòü ðåàëüíûå ÷àñ-
òîòû ñìàëüò ðàçìåðà q è òå èõ ÷àñòîòû ýòîãî ðàçìåðà,
êîòîðûå ìîæíî îæèäàòü, îïåðèðóÿ ëèøü çíàíèåì ÷àñòîò
ñìàëüò ìåíüøåãî ðàçìåðà. Äëÿ ýòîãî íåîáõîäèìî ðàññìîò-
ðåòü ðåàëüíóþ ìîçàèêó ðàçìåðà q è âîññòàíîâëåííóþ äî
òîãî æå ðàçìåðà ìîçàèêó ïî ìîçàèêàì ìåíüøåãî ðàçìåðà t,

. Ïîä÷åðêíåì, ÷òî âîññòàíîâëåííàÿ ñîãëàñíî (1,
2) ìîçàèêà áóäåò ñîäåðæàòü âñå ñìàëüòû, âñòðå÷àþùèåñÿ â
ðåàëüíîé ìîçàèêå è, âîçìîæíî, åùå íåêîòîðûå. Ñ òî÷êè
çðåíèÿ îïèñûâàåìîãî ìåòîäà íåñóùåñòâåííî, ïî êàêèì
èìåííî ìîçàèêàì ìåíüøåãî ðàçìåðà t ïðîâîäèòñÿ âîññòà-
íîâëåíèå; âñþäó äàëåå â äàííîé ðàáîòå, îäíàêî, áóäóò

ðàññìàòðèâàòüñÿ ìîçàèêè , âîññòàíîâëåííûå ïî

ðåàëüíûì Mq-1  ðàçìåðà .

Èòàê, èìåÿ âîññòàíîâëåííóþ ìîçàèêó ðàçìåðà q, ìîæíî
âñåãäà âû÷èñëèòü åå óñëîâíóþ ýíòðîïèþ îòíîñèòåëüíî
âîññòàíîâëåííîé:

. (5)

Ïîäñòàâëÿÿ (1) ëèáî (2) â (3), èìååì

(6)

Ñóììèðóÿ ïî "ëèøíèì" èíäåêñàì, ñîîòâåòñòâóþùèì òåì

ñòðîêàì è ñòîëáöàì ñìàëüòû ðàçìåðà q, êîòîðûå íå âõîäÿò

â ïîäñìàëüòó ðàçìåðà q-1 ëèáî q-2, ïîëó÷àåì îêîí÷àòåëüíî

, (7)

ãäå Si - àáñîëþòíàÿ ýíòðîïèÿ ìîçàèêè ðàçìåðà i. Äëÿ

ñëó÷àÿ  q = 2(5) èìååò âèä:

. (8)

Ïîä÷åðêíåì åùå ðàç, ÷òî äëÿ âû÷èñëåíèÿ óñëîâíîé
ýíòðîïèè ðåàëüíîé ìîçàèêè ðàçìåðà q îòíîñèòåëüíî
âîññòàíîâëåííîé äî òîãî æå ðàçìåðà íå òðåáóåòñÿ
ïðîâîäèòü ðåàëüíîå åå âîññòàíîâëåíèå (ïî ìîçàèêàì
ìåíüøåãî ðàçìåðà).

ÐÅÇÓËÜÒÀÒÛ È ÎÁÑÓÆÄÅÍÈÅ

Îáñóäèì ïîäðîáíåå ïðîáëåìó âûáîðà òåñòîâûõ
èçîáðàæåíèé. Íåñìîòðÿ íà òî, ÷òî ìåòîä, ðàçâèòûé âûøå,
ïðèìåíèì ôîðìàëüíî ê ëþáûì ìîçàèêàì, ñîäåðæàòåëüíûå
ðåçóëüòàòû ìîãóò áûòü ïîëó÷åíû ëèøü äëÿ òàêèõ ìîçàèê,
êîòîðûå äîñòàòî÷íî äàëåêè îò "ðàâíîâåñíûõ". Íå îáñóæ-
äàÿ â äåòàëÿõ, êàêèå èìåííî ìîçàèêè ñëåäóåò ñ÷èòàòü
ðàâíîâåñíûìè è, ÷òî èìåííî ñëåäóåò â ìîçàèêàõ ïîíèìàòü
ïîä ðàâíîâåñèåì, îòìåòèì òîëüêî, ÷òî äëÿ ïîëó÷åíèÿ
ñîäåðæàòåëüíûõ (íåòðèâèàëüíûõ) ðåçóëüòàòîâ íåîáõîäè-
ìî, ÷òîáû â ìîçàèêå íå ñîäåðæàëîñü ñëèøêîì ìíîãî óíè-

êàëüíûõ (ò.å. èìåþùèõ ÷àñòîòó ) ñìàëüò.
Èìåííî çäåñü ïðîÿâëÿåòñÿ ñïåöèôèêà ìàøèííîãî
ïðåäñòàâëåíèÿ ðàñòðîâûõ ÖÈ: åñëè ê ïîñòðîåíèþ ìîçàèêè
ïîäîéòè ôîðìàëüíî, òî äëÿ 256-öâåòíîãî èçîáðàæåíèÿ çà-

÷àñòóþ óæå ìîçàèêà ðàçìåðà  îêàçûâàåòñÿ ïîëíîñ-
òüþ óíèêàëüíîé. Ïîíÿòíî, ÷òî çäåñü ìíîãîå çàâèñèò îò
èñõîäíîãî èçîáðàæåíèÿ, îäíàêî ïðîáëåìó ýòî íå ñíèìàåò.

Äðóãàÿ ïðîáëåìà çàêëþ÷àåòñÿ â òîì, ÷òîáû âûáðàòü
òàêèå ÖÈ, êîòîðûå ìîæíî áûëî áû ñ÷èòàòü ýòàëîííûìè, è
äëÿ êîòîðûõ, ñîîòâåòñòâåííî, ïîëó÷àåìûå ðåçóëüòàòû
èìåëè äîñòàòî÷íî ïðîñòóþ èíòåðïðåòàöèþ. Åñòåñòâåííûì
îáúåêòîì òàêîãî ðîäà ÿâëÿåòñÿ ÖÈ, ïðåäñòàâëÿþùåå
ñîáîé ñëó÷àéíîå ïîëå ñ ÷åðíûìè è áåëûìè ïèêñåëàìè,
ðàñïðåäåëåííûìè ñëó÷àéíî è íåñêîððåëèðîâàííî, ñ
ôèêñèðîâàííîé âåðîÿòíîñòüþ (íàïðèìåð, ñ ðàâíûìè
âåðîÿòíîñòÿìè ïîÿâëåíèÿ ïèêñåëîâ êàæäîãî öâåòà).
Âîçìîæíû è èíûå ìîíîõðîìíûå ÖÈ, èñïîëüçóåìûå êàê
ýòàëîííûå: ÖÈ, èìåþùèå ïðîñòóþ (íàïðèìåð,
ïåðèîäè÷åñêóþ) ñòðóêòóðó, äëÿ íèõ ðåçóëüòàòû
îïðåäåëåíèÿ èíôîðìàöèîííîé çíà÷èìîñòè ìîãóò ëåãêî
áûòü ïîëó÷åíû àíàëèòè÷åñêè è, òåì ñàìûì, ïîääàþòñÿ
ïðîñòîé èíòåðïðåòàöèè. Åñëè òàêîãî ðîäà ïåðèîäè÷åñêèå
ÖÈ ïîäâåðãíóòü ñëó÷àéíûì ìóòàöèÿì, òî ìîæíî
èññëåäîâàòü âëèÿíèå ñëó÷àéíûõ èçìåíåíèé íà óðîâåíü
èíôîðìàöèîííîé çíà÷èìîñòè.

Çäåñü ñëåäóåò ñäåëàòü îäíî âàæíîå çàìå÷àíèå. Ãîâîðÿ
îá èíôîðìàöèîííîé öåííîñòè òîãî èëè èíîãî ÖÈ, ìû
âñåãäà èìååì â âèäó ëèøü òå ñâîéñòâà, êîòîðûå ïîðîæäå-
íû çàêîíîìåðíîñòÿìè âçàèìíîãî ðàñïîëîæåíèÿ ïèêñåëîâ â
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íåì. Èíôîðìàöèîííàÿ öåííîñòü íå èìååò íèêàêîãî îòíî-
øåíèÿ ê ñåìàíòèêå ÖÈ - åãî ñìûñëîâîìó ñîäåðæàíèþ,
çíà÷åíèþ òåõ îáðàçîâ, êîòîðûå íà íåì èçîáðàæåíû è ò.ï.
Èçîáðàæåíèå, âîñïðèíèìàåìîå íàáëþäàòåëåì êàê èìåþ-
ùåå ñóùåñòâåííîå çíà÷åíèå è ïîðîæäàþùåå ó íåãî ðàçëè÷-
íûå ðåàêöèè â îòíîøåíèè èçîáðàæåííîãî îáúåêòà, ìîæåò
èìåòü êðàéíå íèçêóþ èíôîðìàöèîííóþ öåííîñòü, ïîíè-
ìàåìîþ â ñìûñëå óñëîâíîé ýíòðîïèè ðåàëüíîé ìîçàèêè
îòíîñèòåëüíî âîññòàíîâëåííîé. Âèäèìî, íàèáîëåå ÿðêèì
ïðèìåðîì èçîáðàæåíèÿ òàêîãî ðîäà ñëåäóåò ñ÷èòàòü
çíàìåíèòûé "×åðíûé êâàäðàò" Ê. Ìàëåâè÷à.

Åùå îäíèì òèïîì ýòàëîííûõ ÖÈ ìîãóò ñëóæèòü òàêèå,

êîòîðûå ñ îäíîé ñòîðîíû äîñòàòî÷íî áëèçêè ïî ñâîèì
âíåøíèì ïðèçíàêàì ê ñëó÷àéíûì èçîáðàæåíèÿì, à ñ äðó-
ãîé - èìåþò äîñòàòî÷íî ïðîñòîå è ÿñíîå ïîðîæäàþùåå
ïðàâèëî. Îäíîìåðíûì àíàëîãîì òàêèõ èçîáðàæåíèé ìîãóò
ñëóæèòü íåêîòîðûå ðàçëîæåíèÿ äåéñòâèòåëüíûõ ÷èñåë â
áåñêîíå÷íóþ íåïåðèîäè÷åñêóþ  k-è÷íóþ äðîáü, ëèáî èíûå
ïîñëåäîâàòåëüíîñòè, ïîðîæäàåìûå íåêèì ïðåîáðàçîâàíèåì
è îáëàäàþùèå ñòàòèñòè÷åñêèìè ñâîéñòâàìè, ïîëíîñòüþ
àíàëîãè÷íûìè ñâîéñòâàì èñòèííî ñëó÷àéíûõ ïîñëåäîâà-
òåëüíîñòåé. Ñðåäè èçîáðàæåíèé òàêæå âñòðå÷àþòñÿ àíà-
ëîãè ïîäîáíûõ ñèìâîëüíûõ ïîñëåäîâàòåëüíîñòåé - ýòî òàê
íàçûâàåìûå ôðàêòàëû.

Ðèñóíîê 2 - Èññëåäóåìûå èçîáðàæåíèÿ
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Àíàëèç ðåàëüíûõ ÖÈ ñòàëêèâàåòñÿ åùå ñ îäíîé ïðîáëå-
ìîé - ýòî ïðîáëåìà êîíå÷íîñòè àíàëèçèðóåìîãî èñõîäíîãî
ÖÈ. Çàðàíåå íåâîçìîæíî ñêàçàòü, ÷òî èìåííî - ñòðóêòóðà
èñõîäíîãî ÖÈ èëè êîíå÷íîñòü ðàññìàòðèâàåìîãî èçîáðà-
æåíèÿ îêàçàëè âëèÿíèå íà òîò èëè èíîé ýôôåêò ïðè îïðå-
äåëåíèè èíôîðìàöèîííîé çíà÷èìîñòè ÖÈ (òî÷íåå - åãî
ìîçàèêè). Îäíèì èç ñïîñîáîâ ïîëó÷åíèÿ îòâåòà íà ýòîò
âîïðîñ ÿâëÿåòñÿ àíàëèç òàêèõ ÖÈ, äëÿ êîòîðûõ ìîæíî
ïðåäïîëàãàòü, ÷òî èõ âíóòðåííÿÿ ñòðóêòóðà âåñüìà îäíî-
ðîäíà ïî ïðîñòðàíñòâó, à êðîìå òîãî, âîçìîæíî ïîëó÷åíèå
òåõ èëè èíûõ òåîðåòè÷åñêèõ îöåíîê. Òåñò-îáúåêòîì äëÿ
òàêîãî ðîäà âåðèôèêàöèè ìåòîäà ÿâëÿþòñÿ ñëó÷àéíûå
ÖÈ: èçîáðàæåíèÿ, ñîñòîÿùèå èç ÷åðíûõ è áåëûõ ïèêñå-
ëîâ, ðàçáðîñàííûõ ñëó÷àéíî è íåñêîððåëèðîâàíî ïî
ôðàãìåíòó ðåøåòêè, ïðè÷åì ÷èñëî ïèêñåëîâ êàæäîãî
öâåòà áëèçêî ê åãî âåðîÿòíîñòè â áåñêîíå÷íîì ÖÈ.

Íà ðèñóíêå 2 ïîêàçàíû ôðàãìåíòû èññëåäóåìûõ ÖÈ

ðàçìåðîì , äëÿ êîòîðûõ îöåíèâàëàñü èíôîðìà-
öèîííàÿ öåííîñòü. Èñõîäíûé ðàçìåð âñåõ èçîáðàæåíèé

ðàâåí  ïèêñåëîâ. Âñå ðàñ÷åòû ïðèâåäåíû äëÿ
ðàçìåðîâ ìîçàèê îò 2 äî 10 ïèêñåëîâ. Òàêîé âûáîð ðàçìå-
ðà íå ñëó÷àåí, ïîñêîëüêó äëÿ áîëüøèíñòâà ïðåäñòàâëåí-
íûõ ÖÈ íà ðàçìåðå 10 âñå ñìàëüòû ìîçàèê ïî÷òè óíèêàëü-
íû, è çíà÷åíèÿ èíôîðìàöèîííîé öåííîñòè ëèáî ðàâíû
íóëþ, ëèáî ñëàáî èçìåíÿþòñÿ.

Õîðîøèì òåñò-îáúåêòîì, ïîçâîëÿþùèì ïîëó÷èòü
ñîäåðæàòåëüíûå è ïðîñòûå òåîðåòè÷åñêèå îöåíêè âëèÿíèÿ
ýôôåêòîâ êîíå÷íîñòè è ýôôåêòîâ ñòðóêòóðû èñõîäíîãî
èçîáðàæåíèÿ, ÿâëÿþòñÿ ðàçëè÷íûå êîâðû - ïåðèîäè÷åñêèå
çàìîùåíèÿ ïëîñêîñòè. Íåñìîòðÿ íà òî, ÷òî õàðàêòåðíûé

ðàçìåð óíèêàëüíîñòè  äëÿ òàêèõ èçîáðàæåíèé, êàê ïðà-

âèëî, âåñüìà âåëèê (îí èìååò ïîðÿäîê , ãäå N - ðàç-

ìåð èñõîäíîãî ÖÈ), òåì íå ìåíåå, åäèíñòâåííîñòü ïðîäîë-
æåíèÿ íàñòóïàåò òàêæå î÷åíü áûñòðî - äëÿ ñìàëüò ðàçìåðà

ïîðÿäêà . Òåì ñàìûì, ìîæíî ñ óâåðåííîñòüþ ãîâî-

ðèòü, ÷òî èçìåíåíèÿ çíà÷åíèé óñëîâíîé ýíòðîïèè ðåàëü-

íîé ìîçàèêè ðàçìåðà  îáóñëîâëåíû èñêëþ-

÷èòåëüíî êðàåâûìè ýôôåêòàìè (ýôôåêòàìè êîíå÷íîñòè
èñõîäíîãî èçîáðàæåíèÿ). Ïîñêîëüêó òåîðåòè÷åñêè îöå-
íèòü çíà÷åíèÿ ïåðèîäè÷åñêèõ êîâðîâ âåñüìà ïðîñòî, ïîñ-
òîëüêó ïðåäñòàâëÿåòñÿ èíòåðåñíûì èçó÷åíèå âëèÿíèÿ ñëó-
÷àéíîãî øóìà - ñëó÷àéíûõ èñêàæåíèé, âíîñèìûõ èññëåäî-
âàòåëåì â èñõîäíî ïðàâèëüíóþ ïåðèîäè÷åñêóþ ñòðóêòóðó.
Ñëó÷àéíûé øóì çàêëþ÷àëñÿ â èçìåíåíèè öâåòà ïèêñåëà
(÷åðíûé çàìåíÿëñÿ íà áåëûé è íàîáîðîò) ñ ðàçëè÷íûìè
èíòåíñèâíîñòÿìè. Â òàêîì ýêñïåðèìåíòå èñïîëüçîâàëñÿ
Striped.bmp (Ðèñ. 2à) è åãî èñêàæåíèÿ ñ óðîâíåì øóìîâ
5, 10 è 20 % (Ðèñ. 2d, j, h ñîîòâåòñòâåííî). Êðèâûå èçìå-
íåíèÿ çíà÷åíèé óñëîâíîé ýíòðîïèè ðåàëüíîé ìîçàèêè
îòíîñèòåëüíî âîññòàíîâëåííîé äëÿ ýòèõ ÖÈ ïî ìåðå óâå-
ëè÷åíèÿ ðàçìåðà q ñìàëüò â ìîçàèêå ïîêàçàíû íà ðèñóíêå 3.
Äëÿ Striped.bmp ïèê âåëè÷èíû ïðèõîäèòñÿ íà ðàçìåð 3, à
åå ìèíèìóì - íà 6 (âñå ñìàëüòû óíèêàëüíû), ÷òî
ñîîòâåòñòâóåò ïåðèîäàì, íàáëþäàåìûì â ÖÈ. Ìàêñèìóì
êðèâîé äëÿ InvStriped20.bmp íà ðàçìåðå 5 îáúÿñíÿåòñÿ
ïðåîáëàäàíèåì óðîâíÿ øóìà íàä ïåðèîäè÷åñêîé ñòðóêòó-
ðîé ÖÈ. È ñîîòâåòñòâåííî, ìàëûé óðîâåíü øóìà íå ñïîñî-
áåí çàìàñêèðîâàòü ñòðóêòóðó ÖÈ, îäíàêî, çàìåòíî èñêà-
æàåò ÖÈ, ÷òî ñîçäàåò îáìàí÷èâî ãëàäêóþ êðèâóþ. Èíà÷å
ãîâîðÿ, ìàëûé óðîâåíü øóìîâ ïîðîæäàåò èíòåðôåðåíöèþ
äâóõ ýôôåêòîâ - ïåðèîäè÷åñêîé ñòðóêòóðû èñõîäíîãî ÖÈ
è ñëó÷àéíîãî èçîáðàæåíèÿ, ÷òî ìîæåò ñîçäàâàòü äîïîëíè-
òåëüíûå òðóäíîñòè ïðè àíàëèçå èíôîðìàöèîííûõ
õàðàêòåðèñòèêè òåõ èëè èíûõ èçîáðàæåíèé.

Ðèñóíîê 3 - Ñåìåéñòâî Striped.bmp
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Ðèñóíîê 4 - Èíôîðìàöèîííàÿ öåííîñòü äëÿ ÖÈ ñ ïåðèîäè÷åñêîé ñòðóêòóðîé

Äðóãèì âàæíûì òåñò - îáúåêòîì, èìåþùèì äîñòàòî÷íî
ÿñíóþ è ïðîñòî èíòåðïðåòèðóåìóþ ñòðóêòóðó, ÿâëÿåòñÿ
ðàçâåðòêà Ãèëüáåðòà - ïðèìåð ôðàêòàëà. Â îòëè÷èå îò
Striped.bmp, ðàçâåðòêà Ãèëüáåðòà íå èìååò ñàìîïåðåñå÷å-
íèé è ïî ýòîìó òîïîëîãè÷åñêîìó ïîêàçàòåëþ ñóùåñòâåííî
îòëè÷àåòñÿ îò ïåðèîäè÷åñêîé ñòðóêòóðû. Îäíàêî, ñ òî÷êè
çðåíèÿ íàáîðà ìàëûõ ôðàãìåíòîâ, ðàçâåðòêà Ãèëüáåðòà
ìàëî ÷åì îòëè÷àåòñÿ îò Striped.bmp.

Íà ðèñóíêå 4 ïîêàçàíû õàðàêòåðèñòèêè âñåõ ÖÈ,
èìåþùèõ ïåðèîäè÷åñêóþ ñòðóêòóðó.

Â îòëè÷èå îò ñëó÷àéíûõ òî÷åê íà ïëîñêîñòè
(RndPoints1.bmp) è ïåðèîäè÷åñêèõ ñòðóêòóð, äëÿ ðàç-
âåðòêè Ãèëüáåðòà âîçíèêíîâåíèå ñìàëüò êðèòè÷åñêîãî ðàç-

ìåðà  âñåãäà îáóñëîâëåíî êîíå÷íîñòüþ èñõîäíîãî ÖÈ;

â ñëó÷àå áåñêîíå÷íîé ðàçâåðòêè, çàíèìàþùåé âñþ ïëîñ-
êîñòü, äëÿ ñìàëüòû ëþáîãî ðàçìåðà âñåãäà íàéäåòñÿ åùå îä-
íà åå êîïèÿ â ýòîì èçîáðàæåíèè è, ñëåäîâàòåëüíî, îíè áó-
äóò èìåòü ðàçëè÷íûå (íååäèíñòâåííûå) ïðîäîëæåíèÿ. C äðó-
ãîé ñòîðîíû, ðàçâåðòêà Ãèëüáåðòà ÿâëÿåòñÿ âåñüìà ñïåöèàëü-
íûì îáúåêòîì ñ òî÷êè çðåíèÿ íàøåãî àíàëèçà: îíà èìååò
ñëèøêîì ñìåùåííîå ðàñïðåäåëåíèå ÷åðíûõ è áåëûõ ïèêñåëîâ.

Ðàññìîòðèì ðåçóëüòàòû îïðåäåëåíèÿ èíôîðìàöèîííîé
öåííîñòè èçîáðàæåíèÿ, ñîñòîÿùåãî èç ñëó÷àéíî ðàñïîëî-
æåííûõ ÷åðíûõ è áåëûõ ïèêñåëîâ. Òåîðåòè÷åñêè, ñëåäóåò
îæèäàòü, ÷òî äëÿ ñëó÷àéíûõ èçîáðàæåíèé íå áóäåò íàáëþ-
äàòüñÿ íèêàêîãî çàìåòíîãî ðîñòà èíôîðìàöèîííîé öåííîñ-
òè ìîçàèêè òîãî èëè èíîãî ðàçìåðà. Äåéñòâèòåëüíî, ïîñ-

êîëüêó âåðîÿòíîñòü ïîÿâëåíèÿ ëþáîé ñìàëüòû (çàäàííîãî
ðàçìåðà q) åñòü ïðîèçâåäåíèå âåðîÿòíîñòåé ïîÿâëåíèÿ
ñìàëüòû ðàçìåðà 1 (ïèêñåëà ñîîòâåòñòâóþùåãî öâåòà),
ïîñòîëüêó äëÿ èäåàëüíîãî ñëó÷àÿ - áåñêîíå÷íîãî ÖÈ - íå
áóäåò íàáëþäàòüñÿ íèêàêîãî ïðèðîñòà (è, ñîîòâåòñòâåííî,
óáûâàíèÿ) çíà÷åíèé óñëîâíîé ýíòðîïèè. Ñ äðóãîé ñòîðî-
íû, ýôôåêò êîíå÷íîñòè èçîáðàæåíèÿ ïðîÿâëÿåòñÿ â òîì,
÷òî íà÷èíàÿ ñ îïðåäåëåííîãî ðàçìåðà , âñå ñìàëüòû ñòà-

íîâÿòñÿ âî-ïåðâûõ, óíèêàëüíûìè, à âî-âòîðûõ, èìåþò
åäèíñòâåííîå ïðîäîëæåíèå. Â ýòîì ñëó÷àå òàêæå íèêàêîãî
èçìåíåíèÿ çíà÷åíèé óñëîâíîé ýíòðîïèè íå íàáëþäàåòñÿ:
âîññòàíîâëåíèå ìîæåò áûòü ïðîäîëæåíî äî ìîçàèê ñêîëü
óãîäíî áîëüøîãî ðàçìåðà, âïëîòü äî âñåãî èñõîäíîãî
èçîáðàæåíèÿ. Íàáëþäàåìûé íà ðàçìåðå 5 ïèê çíà÷åíèÿ
óñëîâíîé ýíòðîïèè îáúÿñíÿåòñÿ äâóìÿ ôàêòîðàìè: âî-ïåð-
âûõ, êîíå÷íîñòüþ èçîáðàæåíèÿ, à âî-âòîðûõ, íåòî÷íîñòÿ-
ìè â ðàáîòå ãåíåðàòîðà ñëó÷àéíûõ ÷èñåë, ñ ïîìîùüþ êîòî-
ðîãî ïîðîæäàëîñü äàííîå ñëó÷àéíîå ÖÈ. Êîíå÷íîñòü
èñõîäíîãî ÖÈ îçíà÷àåò, ÷òî â íåì ïðåäñòàâëåíà ñìåùåí-

íàÿ âûáîðêà èç âñåõ ìûñëèìûõ ñìàëüò ðàçìåðà  - îá-
ùåå ÷èñëî ñìàëüò òàêîãî ðàçìåðà ñòîëü âåëèêî, ÷òî ðàñ-
ïðåäåëåíèå, ïîëó÷åííîå íà èñõîäíîì ÖÈ âåñüìà íåòî÷íî
ïðåäñòàâëÿåò òàêîâîå, ïîëó÷àåìîå äëÿ áåñêîíå÷íîãî
èçîáðàæåíèÿ. Äðóãàÿ âîçìîæíàÿ ïðè÷èíà - íàëè÷èå êîð-
ðåëÿöèé â ïîÿâëåíèè ïèêñåëîâ ðàçíûõ öâåòîâ. Ðåçóëüòàòû
âû÷èñëåíèÿ èíôîðìàöèîííîé öåííîñòè âñåõ ÖÈ ïîêàçàíû
íà ðèñóíêå 5.

q∗

q∗

5 5×
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Ðèñóíîê 5 - Óñëîâíàÿ ýíòðîïèÿ ðåàëüíîé ìîçàèêè îòíîñèòåëüíî âîññòàíîâëåííîé

Ñðàâíåíèå ðåàëüíûõ ÷àñòîò ìàëûõ ôðàãìåíòîâ ÖÈ ñ
íàèáîëåå îæèäàåìûìè ïîçâîëÿåò îöåíèòü èíôîðìàöèîí-
íóþ öåííîñòü ìîçàèêè. Èíôîðìàöèîííàÿ öåííîñòü - âåëè-
÷èíà, çàâèñÿùàÿ îò ðàçìåðà q ñìàëüòû â ìîçàèêå. Òåì
ñàìûì, ñàìî ïî ñåáå ÖÈ õàðàêòåðèçóåòñÿ íå îäíèì ïàðà-
ìåòðîì, à íàáîðîì çíà÷åíèé óñëîâíîé ýíòðîïèè äëÿ ðàç-
ìåðîâ ñìàëüò îò 1 äî . Äâà ðàçëè÷íûõ ÖÈ, èìåþùèå

îäèíàêîâóþ èíôîðìàöèîííóþ öåííîñòü íà îäíîì ðàçìåðå
ñìàëüò, ìîãóò ñóùåñòâåííî ðàçëè÷àòüñÿ íà äðóãîì. Åùå
îäíî âàæíîå ñâîéñòâî ýòîãî ïîêàçàòåëÿ çàêëþ÷àåòñÿ â òîì,
÷òî îí ïðèíöèïèàëüíî íå ñâÿçàí ñ "ñåìàíòè÷åñêèìè" õà-
ðàêòåðèñòèêàìè èçîáðàæåíèÿ. Ýòî íå îçíà÷àåò, ÷òî òàêèå
íåëîêàëüíûå õàðàêòåðèñòèêè ÖÈ, êàê ñâÿçíîñòü êîíòóðà,
÷èñëî åãî ñàìîïåðåñå÷åíèé è ò.ï. ÿâëÿþòñÿ "ïëîõèìè"; èí-
ôîðìàöèîííàÿ öåííîñòü èçîáðàæåíèÿ è åãî "ñåìàíòè÷åñ-
êèå" õàðàêòåðèñòèêè íåçàâèñèìû è âçàèìîäîïîëíÿþò äðóã
äðóãà. Òàêîé ïîêàçàòåëü, êàê èíôîðìàöèîííàÿ öåííîñòü,
ìîæåò áûòü ïîëåçíûì ïðè àíàëèçå òåêñòóð è ïîäîáíûõ èì
èçîáðàæåíèé, èìåþùèõ ñëîæíóþ, íåðåãóëÿðíóþ, ìåëêî-
çåðíèñòóþ ñòðóêòóðó, ïëîõî ïîääàþùóþñÿ îïèñàíèþ è
àíàëèçó â ñòàíäàðòíûõ òåðìèíàõ òåîðèè ðàñïîçíàâàíèÿ îá-
ðàçîâ. Âîîáùå, ââåäåíèå â íàáîð ñðåäñòâ àíàëèçà èíôîð-
ìàöèîííîé öåííîñòè ÖÈ ÿâëÿåòñÿ øàãîì â ðàçâèòèè ìåòî-
äîëîãèè èññëåäîâàíèÿ äèñêðåòíûõ îáúåêòîâ ñ ïîìîùüþ ýí-
òðîïèéíûõ è ñòàòèñòè÷åñêèõ ìåòîäîâ; îäíî èç áëèæàéøèõ
ïðîäîëæåíèé â ýòîì íàïðàâëåíèè - ïîèñê è âûäåëåíèå
èíôîðìàöèîííî çíà÷èìûõ ñìàëüò â àíàëèçèðóåìîì ÖÈ.

ÇÀÊËÞ×ÅÍÈÅ

Â ñòàòüå ââåäåíà íîâàÿ èíôîðìàöèîííàÿ õàðàêòåðèñòè-
êà ðàñòðîâîãî èçîáðàæåíèÿ - èíôîðìàöèîííàÿ öåííîñòü
åãî ìîçàèêè (íàáîðà ìàëûõ ôðàãìåíòîâ), è ïðåäñòàâëåíû
ðåçóëüòàòû îïðåäåëåíèÿ ýòîé õàðàêòåðèñòèêè äëÿ ðàçëè÷-
íûõ ðàñòðîâûõ èçîáðàæåíèé. Ïîêàçàíî, ÷òî ÖÈ ðàçëè÷-
íîé ñòðóêòóðû (ñëó÷àéíûå òî÷êè, ôðàêòàëû, ìíîæåñòâà
Ìàíäåëüáðîòà, ðàçâåðòêà Ãèëüáåðòà, ïåðèîäè÷åñêèå è ïî÷-
òè ïåðèîäè÷åñêèå èçîáðàæåíèÿ) ðàçëè÷àþòñÿ ïî òàêîìó ïî-
êàçàòåëþ êàê èíôîðìàöèîííàÿ öåííîñòü ìîçàèêè òîãî èëè
èíîãî ðàçìåðà. Óêàçàííûå ðàçëè÷èÿ âûÿâëÿþò íåêîòîðûå
âíóòðåííèå õàðàêòåðèñòèêè ñòðóêòóðû èçó÷àåìîãî ÖÈ.

Ïîä÷åðêíåì åùå ðàç, ÷òî ðàçâèòûé â íàñòîÿùåé ñòàòüå
ìåòîä èíôîðìàöèîííîãî àíàëèçà ÖÈ çàìåòíî îòëè÷àåòñÿ
ïî ñìûñëó è ñîäåðæàíèþ ïîëó÷àåìûõ ðåçóëüòàòîâ îò òåõ
ìåòîäîâ, êîòîðûå èñïîëüçóþòñÿ ïðè îáðàáîòêå
èçîáðàæåíèé, ðàñïîçíàâàíèè îáðàçîâ è ò. ï. Îñíîâíûì
îòëè÷èåì ÿâëÿåòñÿ òî, ÷òî ðåçóëüòàòû, ïîëó÷àåìûå
ýíòðîïèéíûìè ìåòîäàìè, íîñÿò "íåëîêàëüíûé" õàðàêòåð:
îíè õàðàêòåðèçóþò èçîáðàæåíèå â öåëîì, íå âûäåëÿÿ è íå
îïèñûâàÿ â íåì ëîêàëüíûå õàðàêòåðèñòèêè - êîíòóðû,
òî÷êè ñàìîïåðåñå÷åíèé è ò. ï. Ñêàçàííîå îçíà÷àåò, ÷òî
èíôîðìàöèîííàÿ öåííîñòü èçîáðàæåíèÿ åñòü ïîêàçàòåëü
åãî îòëè÷èÿ îò ñëó÷àéíîãî ÖÈ, ëèáî îò ÖÈ ñ âåñüìà
óïîðÿäî÷åííîé ñòðóêòóðèðîâàííîñòüþ - ïåðèîäè÷åñêîãî è
ò.ï. Ïðèêëàäíûå çàäà÷è, îäíàêî, çà÷àñòóþ òðåáóþò

q∗
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èçâëå÷åíèÿ èíîãî çíàíèÿ èç ÖÈ; ðàçâèòûé â íàñòîÿùåé
ñòàòüå ìåòîä íåñîìíåííî ìîæåò áûòü èñïîëüçîâàí äëÿ
ýòîãî, îäíàêî ïîèñê è óñòàíîâëåíèå ñâÿçè ìåæäó
ýíòðîïèéíûìè õàðàêòåðèñòèêàìè ðàñòðîâîãî èçîáðàæåíèÿ
è ìåòîäàìè ðàñïîçíàâàíèÿ îáðàçîì, àíàëèçà ñöåí è ò.ä.
òðåáóåò îòäåëüíûõ èññëåäîâàíèé. 
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ÍÅ×ÅÒÊÈÉ ÏÎÄÕÎÄ Ê ÑÈÍÒÅÇÓ ÊÎÌÏÜÞÒÅÐÍÎÉ ÑÅÒÈ

Ë.Ã.Êîìàðöîâà

Ïðåäëîæåíà ìåòîäîëîãèÿ íå÷åòíîãî âûâîäà àðõèòåêòóðû
êîìïüþòåðíîé ñåòè íà îñíîâå ïðîáëåìíî-íàñòðàèâàåìîé
ýêñïåðòíîé ñèñòåì.

The metodology of fuzzy constraction of computer network
architecture on the basis of problem ajusted expert system.

ÂÂÅÄÅÍÈÅ

Íåòî÷íîñòè è íåîïðåäåëåííîñòè â çàäàíèè èñõîäíûõ
äàííûõ, íàëè÷èå íå÷åòêîé ïîñòàíîâêè çàäà÷è ïî âûáîðó
õàðàêòåðèñòèê êîìïüþòåðíîé ñåòè íà íà÷àëüíîì ýòàïå åå
ïðîåêòèðîâàíèÿ ïðèâîäÿò ê íåîáõîäèìîñòè èñïîëüçîâàíèÿ
ìåòîäîâ íå÷åòêîé ìàòåìàòèêè. Àïïàðàò íå÷åòêîé ìàòåìà-
òèêè ïîçâîëÿåò ôîðìàëèçîâàòü ïîíÿòèÿ, êîòîðûìè îïåðè-
ðóåò ýêñïåðò èëè ïðîåêòèðîâùèê ïðè îïèñàíèè ñâîèõ
ïðåäñòàâëåíèé î ðåàëüíîé ñèñòåìå. Íàèáîëåå ñóùåñòâåí-
íûå îñîáåííîñòè íå÷åòêèõ ìîäåëåé ðåàëüíûõ ñèñòåì
ñîñòîÿò â ñëåäóþùåì:

1) áoëüøàÿ ãèáêîñòü ïî ñðàâíåíèþ ñ òðàäèöèîííûìè
÷åòêèìè, ò.ê. îíè ïîçâîëÿþò îïèñûâàòü çíàíèÿ è îïûò
ýêñïåðòà â ïðèâû÷íîé äëÿ íåãî ôîðìå;

2) áoëüøàÿ àäåêâàòíîñòü ðåàëüíîìó ìèðó, ïîñêîëüêó
ïîçâîëÿþò ïîëó÷èòü ðåøåíèå, ïî òî÷íîñòè ñîîòíîñèìîå ñ
èñõîäíûìè äàííûìè;

3) âîçìîæíîñòü â ðÿäå ñëó÷àåâ áîëåå áûñòðîãî
ïîëó÷åíèÿ îêîí÷àòåëüíîãî ðåçóëüòàòà, ÷åì íà "òî÷íûõ"
ìîäåëÿõ, â ñèëó ñïåöèôè÷åñêîãî ïîñòðîåíèÿ è ïðîñòîòû
èñïîëüçóåìûõ íå÷åòêèõ îïåðàöèé.

Íå÷åòêèå ìåòîäû, èñïîëüçóåìûå ïðè âûâîäå â áàçå çíà-
íèé ýêñïåðòíîé ñèñòåìû (ÝÑ), â êîòîðîé õðàíÿòñÿ ôîð-
ìàëèçîâàííûå çíàíèÿ ýêñïåðòà î äàííîé ïðåäìåòíîé
îáëàñòè, ìîæíî îõàðàêòåðèçîâàòü òðåìÿ îòëè÷èòåëüíûìè
÷åðòàìè:

1) èñïîëüçîâàíèå òàê íàçûâàåìûõ ëèíãâèñòè÷åñêèõ
ïåðåìåííûõ âìåñòî ÷èñëîâûõ ïåðåìåííûõ èëè â
äîïîëíåíèå ê íèì;

2) ïðîñòûå îòíîøåíèÿ ìåæäó ïåðåìåííûìè îïèñûâà-
þòñÿ ñ ïîìîùüþ íå÷åòêèõ âûñêàçûâàíèé;

3) ñëîæíûå îòíîøåíèÿ îïèñûâàþòñÿ íå÷åòêèìè àëãî-
ðèòìàìè.

Â ñòàòüå ïðåäëàãàåòñÿ ìåòîäîëîãèÿ íå÷åòêîãî âûâîäà
àðõèòåêòóðû êîìïüþòåðíîé ñåòè íà îñíîâå ïðîáëåìíî
íàñòðàèâàåìîé ýêñïåðòíîé ñèñòåìû.

ÑÒÐÓÊÒÓÐÀ ÐÀÇÐÀÁÀÒÛÂÀÅÌÎÉ 
ÝÊÑÏÅÐÒÍÎÉ ÑÈÑÒÅÌÛ (ÝÑ)

ÝÑ âêëþ÷àåò ñëåäóþùèå êîìïîíåíòû: èíòåðôåéñ ñ
ïðîåêòèðîâùèêîì (â âèäå äèàëîãîâîãî ìîíèòîðà);
ðàáî÷óþ ïàìÿòü; áàçó ôàêòîâ, õðàíÿùóþ ñïèñîê ðàáî÷èõ
íå÷åòêèõ ïåðåìåííûõ è èõ çíà÷åíèé; áàçó ïðàâèë,
ñîäåðæàùóþ çíàíèÿ ýêñïåðòîâ îá àðõèòåêòóðàõ
âû÷èñëèòåëüíûõ ñåòåé â ôîðìàòå âèäà: ÅÑËÈ óñëîâèå ÒÎ
çàêëþ÷åíèå (óñëîâèå - ïîñëåäîâàòåëüíîñòü ëîãè÷åñêèõ
îïåðàöèé ñðàâíåíèÿ, ñîåäèíåííûõ ëîãè÷åñêèìè ñâÿçêàìè
È, ÈËÈ; çàêëþ÷åíèå - ïðèñâîåíèå çíà÷åíèé íå÷åòêèì
ïåðåìåííûì); ìàøèíó âûâîäà - ÿäðî ñèñòåìû,
îñóùåñòâëÿþùóþ âûâîä ïóòåì âûïîëíåíèÿ ïðàâèë â
çàâèñèìîñòè îò ñîñòîÿíèÿ ïåðåìåííûõ, íàõîäÿùèõñÿ â
ðàáî÷åé ïàìÿòè. Ðàáî÷àÿ ïàìÿòü ýêñïåðòíîé ñèñòåìû - ýòî
ìíîæåñòâî íå÷åòêèõ ïåðåìåííûõ, ñîäåðæàùèõ âõîäíûå
äàííûå (çàäàíèå íà ïðîåêòèðîâàíèå), ðåçóëüòàòû ðàáîòû
ìàøèíû âûâîäà è íåêîòîðûå ïðîìåæóòî÷íûå ðåçóëüòàòû.
Ìåòîäîëîãèÿ ïîñòðîåíèÿ ïðîáëåìíî íàñòðàèâàåìîé ÝÑ
âêëþ÷àåò íåñêîëüêî ñòàäèé. Íà ïåðâîé ñòàäèè
îñóùåñòâëÿåòñÿ îïèñàíèå ïåðåìåííûõ, õàðàêòåðèçóþùèõ
ïðîåêòèðóåìóþ ñåòü, ñ ïîìîùüþ íå÷åòêèõ ïåðåìåííûõ.
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ÎÏÐÅÄÅËÅÍÈÅ ËÈÍÃÂÈÑÒÈ×ÅÑÊÈÕ 
ÏÅÐÅÌÅÍÍÛÕ È ÈÕ ÈÑÏÎËÜÇÎÂÀÍÈÅ

Ëèíãâèñòè÷åñêîé ïåðåìåííîé íàçûâàåòñÿ ïåðåìåííàÿ,
çíà÷åíèåì êîòîðîé ÿâëÿþòñÿ íå÷åòêèå ïîäìíîæåñòâà,
âûðàæåííûå â ôîðìå ñëîâ èëè ïðåäëîæåíèé íà
åñòåñòâåííîì èëè èñêóññòâåííîì ÿçûêå. Ôîðìàëüíî
ëèíãâèñòè÷åñêàÿ ïåðåìåííàÿ çàäàåòñÿ íàáîðîì [1]:

,

ãäå X - íàçâàíèå ýòîé ïåðåìåííîé; T(X) - òåðì-ìíîæåñòâî

ïåðåìåííîé X, ò.å. ìíîæåñòâî ëèíãâèñòè÷åñêèõ çíà÷åíèé;

U - óíèâåðñóì èëè îáëàñòü îïðåäåëåíèÿ ýòîé ïåðåìåííîé;

G - ñèíòàêñè÷åñêîå ïðàâèëî, ïîðîæäàþùåå íàçâàíèÿ

çíà÷åíèé ïåðåìåííîé X; M - ñåìàíòè÷åñêîå ïðàâèëî,

êîòîðîå ñòàâèò â ñîîòâåòñòâèå êàæäîìó çíà÷åíèþ
ëèíãâèñòè÷åñêîé ïåðåìåííîé åå ñìûñë.

Â îòëè÷èå îò êëàññè÷åñêîé òåîðèè ìíîæåñòâ,
îïåðèðóþùåé ïîíÿòèåì ïðèíàäëåæíîñòè è íå
ïðèíàäëåæíîñòè ýëåìåíòà ìíîæåñòâó, òåîðèÿ íå÷åòêèõ
ìíîæåñòâ äîïóñêàåò ðàçëè÷íóþ ñòåïåíü ïðèíàäëåæíîñòè ê
íèì, îïðåäåëÿåìóþ ôóíêöèåé ïðèíàäëåæíîñòè ýëåìåíòà,
çíà÷åíèÿ êîòîðîé èçìåíÿþòñÿ â èíòåðâàëå [0,1]. Ïðè ýòîì
ãðàíèöû èíòåðâàëà õàðàêòåðèçóþò ñîîòâåòñòâåííî ïîëíóþ
íå ïðèíàäëåæíîñòü (0) èëè ïîëíóþ ïðèíàäëåæíîñòü (1)
ýëåìåíòà íå÷åòêîìó ìíîæåñòâó. Ìîãóò èñïîëüçîâàòüñÿ è
äðóãèå èíòåðâàëû [1,100], [1,5] è ò. ä. Òàêèì îáðàçîì,
ñìûñë ëèíãâèñòè÷åñêîãî çíà÷åíèÿ X õàðàêòåðèçóåòñÿ

íåêîòîðîé ôóíêöèåé ïðèíàäëåæíîñòè: ,

êîòîðàÿ êàæäîìó ýëåìåíòó  ñòàâèò â ñîîòâåòñòâèå

÷èñëî èç èíòåðâàëà [0,1].
Ïóñòü X - ýòî Ïîëüçîâàòåëè äëÿ îäíîðàíãîâîé

ëîêàëüíîé ñåòè (êîëè÷åñòâî ïîëüçîâàòåëåé â òàêèõ ñåòÿõ
îáû÷íî íå ïðåâûøàåò 10). Òîãäà òåðì-ìíîæåñòâî
ëèíãâèñòè÷åñêîé ïåðåìåííîé Ïîëüçîâàòåëè ìîæåò èìåòü
ñëåäóþùèå çíà÷åíèÿ:

Ò(Ïîëüçîâàòåëè) = ìàëî + íå î÷åíü ìàëî + íå ìàëî è 
íå ìíîãî +íå î÷åíü ìíîãî + ìíîãî.

Çäåñü "+" îçíà÷àåò îáúåäèíåíèå. Äëÿ ëèíãâèñòè÷åñêîé
ïåðåìåííîé Ïîëüçîâàòåëè ÷èñëîâàÿ ïåðåìåííàÿ
"ïîëüçîâàòåëè", ïðèíèìàþùàÿ êîíêðåòíûå ÷èñëîâûå
çíà÷åíèÿ 1, 2, …, ÿâëÿåòñÿ áàçîâîé ïåðåìåííîé. Íå÷åòêîå
îãðàíè÷åíèå íà çíà÷åíèå áàçîâîé ïåðåìåííîé õàðàêòå-
ðèçóåòñÿ ôóíêöèåé ïðèíàäëåæíîñòè , êîòîðàÿ êàæäîìó
çíà÷åíèþ áàçîâîé ïåðåìåííîé ( ) ñòàâèò â ñîîòâåòñòâèå

÷èñëî èç èíòåðâàëà [0,1].
Íà ðèñóíêå 1 ïðåäñòàâëåíû â âèäå ãðàôèêîâ ôóíêöèè

ïðèíàäëåæíîñòè äëÿ çíà÷åíèé ëèíãâèñòè÷åñêîé ïåðåìåí-
íîé: "ìàëî", "ñðåäíå", "ìíîãî". Òàêîå ïðåäñòàâëåíèå ïîêà-
çûâàåò, ÷òî èñïîëüçîâàíèå ëèíãâèñòè÷åñêèõ çíà÷åíèé
ìîæåò áûòü ðàññìîòðåíî êàê ñæàòèå äàííûõ, êîãäà îäíèì
çíà÷åíèåì îõâàòûâàåòñÿ öåëûé èíòåðâàë äîïóñòèìûõ çíà-
÷åíèé áàçîâîé ïåðåìåííîé. Ýòî ïîçâîëÿåò ðàññìàòðèâàòü
êàæäîå çíà÷åíèå ëèíãâèñòè÷åñêîé ïåðåìåííîé â âèäå
íå÷åòêîãî ïîäìíîæåñòâà, ïðè÷åì ýòè ïîäìíîæåñòâà ìîãóò
ïåðåñåêàòüñÿ. Êðîìå òîãî, èñïîëüçîâàíèå ëèíãâèñòè÷åñêèõ
ïåðåìåííûõ äëÿ ïðåäñòàâëåíèÿ ïàðàìåòðîâ âû÷èñëèòåëü-

íûõ ñåòåé ïî ñðàâíåíèþ ñ îáû÷íûì ÷èñëîâûì êîäèðîâà-
íèåì èìååò ðÿä äðóãèõ ïðåèìóùåñòâ: 1) ïåðåõîä îò îäíîãî
çíà÷åíèÿ ëèíãâèñòè÷åñêîé ïåðåìåííîé ê äðóãîìó ÿâëÿåòñÿ
ïîñòåïåííûì, à íå ñêà÷êîîáðàçíûì, ÷òî äàåò âîçìîæíîñòè
èñïîëüçîâàòü áîëåå ïðîñòûå ìåòîäû îïåðèðîâàíèÿ äàííû-
ìè â ïðîöåäóðå ïðîåêòèðîâàíèÿ ñåòåé; 2) óíèâåðñàëèçà-
öèÿ ïðåäñòàâëåíèÿ êîëè÷åñòâåííûõ (íàïðèìåð, ÷èñëî
ïîëüçîâàòåëåé) è êà÷åñòâåííûõ (íàïðèìåð, òèï îïåðà-
öèîííîé ñèñòåìû) ïàðàìåòðîâ.

 

Ðèñóíîê 1 - Ôóíêöèè ïðèíàäëåæíîñòè 
ëèíãâèñòè÷åñêîé ïåðåìåííîé Ïîëüçîâàòåëè

Êîíêðåòíûå ôóíêöèè ïðèíàäëåæíîñòè ñîçäàþòñÿ ïóòåì
ôèêñàöèè âîïðîñîâ è îòâåòîâ ýêñïåðòó ëèáî èç ýêñïåðè-
ìåíòîâ. Ôóíêöèÿ ïðèíàäëåæíîñòè ïåðâè÷íûõ òåðìîâ,
âõîäÿùèõ â òåðì-ìíîæåñòâî, âû÷èñëÿåòñÿ ïî ôîðìóëå:

, ( ; ).

Äëÿ ïðèìåðà ñ ïîëüçîâàòåëÿìè îäíîðàíãîâîé ñåòè
(êîëè÷åñòâî ïîëüçîâàòåëåé ìåíüøå 10) èìååì:

(1)

Çäåñü, íàïðèìåð, 0,9/3 îçíà÷àåò .
Ýòà ôóíêöèÿ ïðèíàäëåæíîñòè çàïîìèíàåòñÿ â áàçå çíà-

íèé ýêñïåðòíîé ñèñòåìû è ìîæåò áûòü çàòåì èñïîëüçîâàíà
äëÿ îïåðèðîâàíèÿ ïîíÿòèåì "ìàëî". Ôîðìóëó (1) ìîæíî
çàïîìíèòü êàê èíôîðìàöèþ â îäíîìåðíîì ìàññèâå, èíäåê-
ñû â êîòîðîì ñîîòâåòñòâóþò ýëåìåíòàì (1..10). Àíàëîãè÷-
íî ìîæíî îïðåäåëèòü ôóíêöèè ïðèíàäëåæíîñòè äëÿ äðó-
ãèõ çíà÷åíèé ëèíãâèñòè÷åñêîé ïåðåìåííîé, íàïðèìåð,
"ñðåäíå", "ìíîãî" (ðèñ. 1).

Â ñëó÷àå, åñëè ñîâîêóïíîñòü ýëåìåíòîâ òåðìà-ìíî-
æåñòâà íå èñ÷åðïûâàåò âîçìîæíûõ çíà÷åíèé ëèíãâèñòè-
÷åñêèõ ïåðåìåííûõ (ËÏ), âìåñòî åãî ðàñøèðåíèÿ ìîæíî
ââåñòè â ðàññìîòðåíèå ìîäèôèöèðîâàííóþ ôóíêöèþ
ïðèíàäëåæíîñòè, çàäàâàåìóþ, íàïðèìåð, òàáëèöåé
(òàáëèöà 1). Äîïóñòèì, ÷òî íåîáõîäèìî ââåñòè â ðàññìîò-
ðåíèå íîâîå çíà÷åíèå ëèíãâèñòè÷åñêîé ïåðåìåííîé "î÷åíü
ìàëî", òîãäà ôóíêöèÿ ïðèíàäëåæíîñòè ïðåäñòàâëÿåòñÿ â
âèäå ñëåäóþùåé ôîðìóëû:

(2)

X T X( ) U G, , , M{ , }

µ:U 0 1[ , ]→
u U∈

µ
xi

µ(X)
µ(мало) µ(средне) µ(много)

1

0.5

10 20 30 40 50 60 70 80 90 100 Значения базовой
переменной

µ X( ) µi xi( ) xi⁄
i
∑= X 0 1[ , ]∈ µ i xi( ) 0 1[ , ]∈

µ  ìàëî  ( ) 1 1⁄ 0 98, 2⁄ 0 9, 3 +⁄
0 8, 4⁄ 0 5, 5⁄ 0 3, 6⁄ 0 15, 7 +⁄
0 1, 8 0 08, 9⁄ 0 10.⁄+ +⁄

+ +
+ + + +
+

=""

µ 3( ) 0 9,=

µ   î÷åíü ìàëî  ( ) 1 1⁄ 0 98,( )2 2 +⁄
0 9,( )2 3⁄ 0 8,( )2 4⁄ 0 5,( )2 5⁄ 0 3,( )2 6 +⁄
0 15,( )2 7⁄ 0 1,( )2 8 0 08,( )2 9⁄ 0( )2 10.⁄+ +⁄

+
+ + + +
+ +

=" "
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×èñëîâàÿ îöåíêà i-ãî çíà÷åíèÿ ëèíãâèñòè÷åñêîé ïåðå-
ìåííîé ìîæåò áûòü îïðåäåëåíà êàê ëèíãâèñòè÷åñêîå ñðåä-
íåå C(X) ìîäèôèöèðîâàííîé ôóíêöèè ïðèíàäëåæíîñòè:

. (3)

ÏÎÑÒÐÎÅÍÈÅ ÄÅÐÅÂÀ ÐÅØÅÍÈÉ

Ñëåäóþùàÿ ñòàäèÿ ïîñòðîåíèÿ ïðîáëåìíî íàñòðàèâàå-
ìîé ýêñïåðòíîé ñèñòåìû - âûÿâëåíèå ìíîæåñòâà ïðàâèë,
àêêóìóëèðóþùèõ çíàíèÿ ýêñïåðòîâ. Ýòà ñòàäèÿ òðåáóåò
êëàññèôèêàöèè ïåðåìåííûõ, õàðàêòåðèçóþùèõ ïðîåêòè-
ðóåìóþ ñåòü, è îïðåäåëåíèÿ êîìáèíàöèé ýòèõ ïåðåìåí-
íûõ, êîòîðûå âåäóò ê âîçìîæíûì ðåøåíèÿì. Äåðåâî ðå-
øåíèé ñòðîèòñÿ â ðåæèìå äèàëîãà ñ ýêñïåðòîì. Íà îñíîâå
ïîëó÷åííîãî èåðàðõè÷åñêîãî, â îáùåì ñëó÷àå, äåðåâà ðå-
øåíèé ñòðîèòñÿ ìíîæåñòâî ïðàâèë â çàäàííîì ôîðìàòå áà-
çû ïðàâèë. Äëÿ ýòîãî ïðîñìàòðèâàåòñÿ êàæäàÿ âåòâü äåðå-
âà îò êîðíÿ ê êàæäîìó ëèñòó è çàïèñûâàþòñÿ âñå ïðîìå-
æóòî÷íûå ëèíãâèñòè÷åñêèå ïåðåìåííûå, ñîåäèíåííûå
ñâÿçêàìè È, ÈËÈ, â óñëîâèÿ ïðàâèë è â çàêëþ÷åíèå.
Ñòðóêòóðà ðåøàþùåãî äåðåâà ìîæåò óòî÷íÿòüñÿ â ïðîöåñ-
ñå ôóíêöèîíèðîâàíèÿ ÝÑ ïóòåì äîáàâëåíèÿ íîâûõ âåòâåé
èëè óäàëåíèåì ñòàðûõ. Ïðèìåðû çàïèñè ïðàâèë
ïðåäñòàâëåíû íèæå.
if {òèï=îäíîðàíãîâàÿ} {öåíà=íèçêàÿ} {ñåãìåíòû=10-100} then 
{òîïîëîãèÿ=êîëüöåâàÿ}
if {òèï=îäíîðàíãîâàÿ} {öåíà=ñðåäíÿÿ} {ñåãìåíòû=10-100} then 
{òîïîëîãèÿ=çâåçäîîáðàçíàÿ}
if {òèï=îäíîðàíãîâàÿ} {öåíà=íèçêàÿ} then {íîñèòåëü=âèòàÿ ïàðà}
if {òèï=ñ âûä.ñåðâåðîì} {öåíà=âûñîêàÿ} then {íîñèòåëü=îïòîâîëîêíî}
if {ñîõðàííîñòü=ñðåäíÿÿ} {íîñèòåëü=âèòàÿ ïàðà} {ñåãìåíòû=10-100} then 
{ñîåäèíåíèå=ìîñòû}
if {ñîõðàííîñòü=âûñîêàÿ} {íîñèòåëü=âèòàÿ ïàðà} {ñåãìåíòû=10-100} then 
{ñîåäèíåíèå=ìàðøðóòèçàòîðû}

ÔÓÍÊÖÈÎÍÈÐÎÂÀÍÈÅ ÏÐÎÁËÅÌÍÎ 
ÍÀÑÒÐÀÈÂÀÅÌÎÉ ÝÊÑÏÅÐÒÍÎÉ ÑÈÑÒÅÌÛ

Äëÿ ðåàëèçàöèè ðàçðàáîòàííîé ìåòîäîëîãèè îïðåäåëå-
íèÿ õàðàêòåðèñòèê àðõèòåêòóðû âû÷èñëèòåëüíîé ñåòè
ðàçðàáîòàíà âèçóàëüíàÿ èíñòðóìåíòàëüíàÿ ñðåäà â âèäå

îáîëî÷êó ÝÑ, â êîòîðîé, çàïîëíÿÿ áàçó ôàêòîâ è áàçó
ïðàâèë, ìîæíî íàñòðàèâàòü ÝÑ íà ðåøåíèå çàäà÷ îïðåäå-
ëåííîãî êëàññà. Èíòåðôåéñ ñ ðàçðàáîò÷èêîì ïðåäñòàâëåí
íà ðèñóíêå 2. Îñîáåííîñòüþ ñèñòåìû ÿâëÿåòñÿ êîìïëåêñ-
íûé ïîäõîä ê ðåøåíèþ ïðîáëåìû âûâîäà: íà îñíîâå åäè-
íîé áàçû çíàíèé (âêëþ÷àþùåé áàçó ôàêòîâ è áàçó ïðà-
âèë) ðåàëèçîâàíû íåñêîëüêî ðàçëè÷íûõ ìàøèí âûâîäà: 1)
íà îñíîâå ñõåìû Øîðòëèôà [2]; 2) íà îñíîâå íå÷åòêîé ëî-
ãèêè Çàäå [1]; 3) íà îñíîâå êîìïîçèöèîííîãî ïðàâèëà âû-
âîäà [2]. Òàêîé ïîäõîä ïîçâîëÿåò âûáèðàòü ñòðàòåãèþ
âûâîäà â çàâèñèìîñòè îò ñëîæíîñòè ðåøàåìûõ çàäà÷.

Ðèñóíîê 2 - Èíòåðôåéñíîå îêíî ñèíòåçà 
âû÷èñëèòåëüíîé ñåòè

ÂÛÂÎÄ

Ðåçóëüòàòû èñïûòàíèé ðàçðàáîòàííîé ÝÑ íå÷åòêîãî âû-
âîäà ïðè ðåøåíèè ðÿäà ãèïîòåòè÷åñêèõ è ðåàëüíûõ ïðèìå-
ðîâ ïðîåêòèðîâàíèÿ âû÷èñëèòåëüíîé ñåòè ïîêàçàëè õîðî-
øåå ñîâïàäåíèå ñ ýêñïåðòíûìè îöåíêàìè (îò 80 äî 90%),
÷òî îïðåäåëÿëîñü ïðè äàëüíåéøåì ôóíêöèîíèðîâàíèè
ñåòè ñ âûáðàííûìè õàðàêòåðèñòèêàìè. Ýòî ïîçâîëÿåò
ãîâîðèòü î ïðàâîìî÷íîñòè èñïîëüçîâàíèÿ äàííîãî ïîäõîäà
ê ðåøåíèþ çàäà÷è âûáîðà õàðàêòåðèñòèê ïðîåêòèðóåìîé
ñåòè íà îñíîâå ÝÑ ñ íå÷åòêèì âûâîäîì.
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Í.Â.Ëàõîäûíîâà

Ïðîâîäèòñÿ ìîäåëèðîâàíèå àëãîðèòìîâ ðåêîíôèãóðàöèè
ñòðóêòóðû ïðîöåññîðíîé ìàòðèöû ñ îòêàçàìè, îñíîâàííûõ
íà ñèãíàëàõ ñîãëàñèÿ ìåæäó ïðîöåññîðíûìè ýëåìåíòàìè. Öåëü
ìîäåëèðîâàíèÿ - èññëåäîâàíèå ðàáîòîñïîñîáíîñòè è ýôôåê-
òèâíîñòè àëãîðèòìîâ ðåêîíôèãóðàöèè, îöåíêà òðåáîâàíèé,
ïðåäúÿâëÿåìûõ ê íàäåæíîñòè îòäåëüíûõ ïðîöåññîðíûõ
ýëåìåíòîâ è ñâÿçåé ìåæäó íèìè.

Modeling of reconfiguration of processor matrix algorithm
with refusal based on signals of agreement. The aim of modeling
is researching of efficiency of algorithm's reconfiguration, evalu-
ation of the requirements for safety of separate processor and
their connections.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Àëãîðèòìû ðåêîíôèãóðàöèè [1-3] ïðîöåññîðíîé
ìàòðèöû (ÏÌ) íà ÑÁÈÑ îáåñïå÷èâàþò îòêàçîóñòîé÷è-
âîñòü, òî åñòü ñîõðàíåíèå ðàáîòîñïîñîáíîñòè ñèñòåìû ïðè
ìíîæåñòâåííûõ îòêàçàõ. Ìàòðèöà, âûïîëíåííàÿ íà íåðàç-
ðåçíîé ÑÁÈÑ, ïðåäñòàâëÿåò ñîáîé ðåøåòêó, â óçëàõ êîòî-
ðîé íàõîäÿòñÿ ïðîöåññîðíûå ýëåìåíòû (ÏÝ). Èçáûòî÷íàÿ
ñèñòåìà ñâÿçåé ìåæäó ÏÝ ïîçâîëÿåò âêëàäûâàòü â ôèçè-
÷åñêóþ ñòðóêòóðó ìàòðèöû ðåøåòêè çàäàííîãî òèïà. Êî-
ëè÷åñòâî ôèçè÷åñêèõ ñîñåäåé îäíîãî ÏÝ ìîæåò äîñòèãàòü
14-16. Êîëè÷åñòâî ëîãè÷åñêèõ ñîñåäåé îïðåäåëÿåòñÿ òèïîì
ðåøåòêè. Òàê â êâàäðàòíîé ðåøåòêå ÏÝ(i,j), i, j -
ôèçè÷åñêèå êîîðäèíàòû, èìååò ñâÿçè ñ ÷åòûðüìÿ ñîñåäÿìè

( , j), (i, ), ( , j), (i, ). Â ðåøåòêå,

ñîïðÿæåííîé ñ êâàäðàòíîé, êðîìå âåðòèêàëüíûõ è
ãîðèçîíòàëüíûõ ñîñåäåé ÏÝ(i,j) èìååò ñâÿçè ñ
áëèæàéøèìè ñîñåäÿìè, ðàñïîëîæåííûìè ïî äèàãîíàëè:

( , ), ( , ), ( , ), ( ,

). Íàèáîëüøèé èíòåðåñ ïðåäñòàâëÿþò êâàäðàòíàÿ

ðåøåòêà (Ê), à òàêæå òðåóãîëüíàÿ (Ò), øåñòèóãîëüíàÿ

(Ø), ñîïðÿæåííàÿ ñ êâàäðàòíîé (Ê+) è íåêîòîðûå äðóãèå
òèïû ðåøåòîê. Ïðè êðàòíûõ îòêàçàõ ÏÝ ëîãè÷åñêàÿ
ñòðóêòóðà èñõîäíîé ðåøåòêè íàðóøàåòñÿ, ìàòðèöà òåðÿåò
ðàáîòîñïîñîáíîñòü. Ïðè èçãîòîâëåíèè ÑÁÈÑ ïî íåðàçðåç-
íîé òåõíîëîãèè çàìåíà ÏÝ èñêëþ÷åíà. Ïðèìåíåíèå àëãî-
ðèòìîâ ðåêîíôèãóðàöèè ñòðóêòóðû ÏÌ ïîçâîëÿåò ìàêñè-
ìàëüíî èñïîëüçîâàòü èñïðàâíóþ ÷àñòü ìàòðèöû äëÿ ïîëó-
÷åíèÿ èñõîäíîé ðåøåòêè. Ïî ìåðå ïîÿâëåíèÿ íîâûõ îòêà-
çîâ ÏÝ â ïðîöåññå ôóíêöèîíèðîâàíèÿ ðåêîíôèãóðàöèÿ
ñòðóêòóðû äàåò âîçìîæíîñòü ïîñòðîåíèÿ ÏÌ ìåíüøèõ
ðàçìåðîâ, ÷òî îáåñïå÷èâàåò æèâó÷åñòü ñèñòåìû â öåëîì.
Òàêèì îáðàçîì, çàäà÷à ðåêîíôèãóðàöèè ñòðóêòóðû ÏÌ
ñâîäèòñÿ ê îòîáðàæåíèþ ëîãè÷åñêîé ñòðóêòóðû èñõîäíîé
ðåøåòêè â èçáûòî÷íóþ ôèçè÷åñêóþ ñòðóêòóðó. Èçáûòî÷-
íîñòü ñòðóêòóðû ÏÌ ïðåäïîëàãàåò íàëè÷èå ðåçåðâíûõ ÏÝ
è ëèíèé ñâÿçè ìåæäó íèìè.

Ðàíåå ìû ðàçâèâàëè äâà íàïðàâëåíèÿ â ðàçðàáîòêå
àëãîðèòìîâ ðåêîíôèãóðàöèè. Ïåðâîå íàïðàâëåíèå îñíîâà-
íî íà èñïîëüçîâàíèè ñèãíàëîâ íåèñïðàâíîñòè ÏÝ. Ìíî-
æåñòâî òàêèõ ñèãíàëîâ îáðàçóåò ñèíäðîì íåèñïðàâíîñòåé,
íà îñíîâå êîòîðîãî ïðîèñõîäèò ïåðåñòðîéêà ñòðóêòóðû
ÏÌ. Ðåçåðâíûå ýëåìåíòû ðàñïîëàãàþòñÿ ïî êðàÿì ìàòðè-
öû [1], èëè íàçíà÷àþòñÿ ïðîãðàììíî [2]. Ðåêîíôèãóðàöèÿ
ñòðóêòóðû ïðîèçâîäèòñÿ ñõåìàìè êîììóòàöèîííîãî îêðó-
æåíèÿ àïïàðàòíî èëè ïðîãðàììíî, ïðè ýòîì ïðåäïîëàãàåò-
ñÿ èõ àáñîëþòíàÿ íàäåæíîñòü.

Âòîðîå íàïðàâëåíèå ïðåäñòàâëÿåòñÿ áîëåå ïåðñïåêòèâ-
íûì è çàêëþ÷àåòñÿ â ñëåäóþùåì. Êàæäûé ÏÝ ðåøàåò òåñ-
òîâóþ çàäà÷ó è ñðàâíèâàåò ðåçóëüòàòû òåñòèðîâàíèÿ ñ
ðåçóëüòàòàìè ñîñåäåé. Ïî ðåçóëüòàòàì ñðàâíåíèÿ ñîçäàåò-
ñÿ ñïèñîê ñîãëàñíûõ ñ íèì ñîñåäåé. Íà îñíîâå ëîãè÷åñêèõ
íîìåðîâ ñîãëàñíûõ ñîñåäåé ÏÝ(i,j) âû÷èñëÿåò ñâîé ëîãè-
÷åñêèé íîìåð â òðåáóåìîé ðåøåòêå, ãäå âñå ñîñåäè ñîãëàñ-
íû ìåæäó ñîáîé è îáðàçóþò êîíñåíñóñ [3,4]. Ïðè íåñîãëà-
ñèè ìåæäó ÏÝ ñòðóêòóðà ðåøåòêè ñîçäàåòñÿ ïóòåì èñïîëü-
çîâàíèÿ ðåçåðâíûõ ñâÿçåé. Ðåçåðâíûå ýëåìåíòû ñïåöèàëü-
íî íå âûäåëÿþòñÿ. Àëãîðèòì ðåêîíôèãóðàöèè íå çàâèñèò
îò ôèçè÷åñêîé ñòðóêòóðû ñâÿçåé. Âñå ñâÿçè ôóíêöèîíàëü-
íî ýêâèâàëåíòíû. Íå òðåáóåòñÿ àïïàðàòóðû ñàìîäèàãíîñ-
òèêè. Ýòîò ïîäõîä óìåñòíî íàçâàòü ìåòîäîì êîíñåíñóñà.
Íåçàâèñèìî îò ïîäõîäà è ñïîñîáà ðåàëèçàöèè ðåçóëüòàòîì
ðàáîòû àëãîðèòìà ðåêîíôèãóðàöèè äîëæíà áûòü ðåøåòêà
íåîáõîäèìîãî èëè ìàêñèìàëüíî âîçìîæíîãî ðàçìåðà, ëèáî
ñîîáùåíèå îá îòêàçå (íåâîçìîæíîñòè ñîçäàòü òàêóþ ðå-
øåòêó). Ó÷èòûâàÿ, ÷òî ÏÌ ìîæåò ñîäåðæàòü äåñÿòêè òû-
ñÿ÷ ÏÝ, à òàêæå òî, ÷òî êàæäûé ÏÝ ìîæåò èìåòü áîëüøîå
êîëè÷åñòâî ñîñåäåé, àêòóàëüíûì ñòàíîâèòñÿ âîïðîñ ïðî-
âåðêè ðàáîòîñïîñîáíîñòè óêàçàííûõ àëãîðèòìîâ, èññëåäî-
âàíèå èõ ýôôåêòèâíîñòè. Îñîáûé èíòåðåñ ïðåäñòàâëÿåò
îöåíêà ìèíèìàëüíûõ òðåáîâàíèé ê íàäåæíîñòè ÏÝ íà
íåðàçðåçíûõ ÑÁÈÑ.

1. ÀÐÕÈÒÅÊÒÓÐÀ ÑÈÑÒÅÌÛ Ñ 
ÎÒÊÀÇÎÓÑÒÎÉ×ÈÂÎÉ ÏÐÎÖÅÑÑÎÐÍÎÉ 
ÌÀÒÐÈÖÅÉ

Ñèñòåìà, èñïîëüçóþùàÿ îòêàçîóñòîé÷èâóþ ÏÌ, ñîãëàñ-
íî [3,4], ñîñòîèò èç òðåõ ïîäñèñòåì: ìîíèòîðíîé, ðåøàþ-
ùåãî ïîëÿ è ìàññîâîé ïàìÿòè. Ðåøàþùåå ïîëå - ýòî ìíî-
æåñòâî ÏÝ íà îäíîé èëè íåñêîëüêèõ íåðàçðåçíûõ ïëà-
ñòèíàõ. ÏÝ ñîåäèíåíû äâóìÿ êàíàëàìè: ðåãóëÿðíûì è
ìàãèñòðàëüíûì. Ðåãóëÿðíûé êàíàë îáåñïå÷èâàåò ëîêàëü-
íûå èíôîðìàöèîííûå ñâÿçè ìåæäó ñîñåäíèìè (äîñòàòî÷íî
áëèçêî ðàñïîëîæåííûìè äðóã ê äðóãó) ÏÝ, à òàêæå
ñâÿçûâàåò ðåøàþùåå ïîëå ñ ìàññîâîé ïàìÿòüþ ñ ïàðàë-
ëåëüíûì äîñòóïîì. Ñâÿçè, îáåñïå÷èâàåìûå ðåãóëÿðíûì

i 1– j 1– i 1+ j 1+

i 1– j 1– i 1– j 1+ i 1+ j 1– i 1+

j 1+
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êàíàëîì, ôóíêöèîíàëüíî ýêâèâàëåíòíû, èíôîðìàöèÿ ïå-
ðåäàåòñÿ ïî ñâÿçè â îáîèõ íàïðàâëåíèÿõ. Ìàãèñòðàëüíûé
êàíàë ñâÿçûâàåò âñå ÏÝ ñ ìîíèòîðíîé ïîäñèñòåìîé,
âêëþ÷àþùåé â ñåáÿ óïðàâëÿþùóþ ÝÂÌ, è ñëóæèò äëÿ
ïåðåäà÷è îáùåé äëÿ âñåõ ÏÝ èíôîðìàöèè. Êàæäûé ÏÝ
èìååò òðèããåð àêòèâíîñòè, êîòîðûé áëîêèðóåò ïðèåì
èíôîðìàöèè ïî ñâÿçÿì ñ ñîñåäÿìè, ñ êîòîðûìè îí íå
ñîãëàñåí, à òàêæå çàïîìèíàíèå âíîâü âû÷èñëåííûõ çíà-
÷åíèé â ïàìÿòè ÏÝ.

2. ÂÎËÍÎÂÎÉ ÀËÃÎÐÈÒÌ ÏÎÈÑÊÀ 
ÊÎÍÑÅÍÑÓÑÀ

Â ñîîòâåòñòâèè ñ [3, 4], ðåêîíôèãóðàöèÿ ñòðóêòóðû
ÏÌ íà îñíîâå ñèãíàëîâ ñîãëàñèÿ ïðîâîäèòñÿ â ÷åòûðå
ýòàïà: ïðÿìîé õîä, îáðàòíûé õîä, ôèêñàöèÿ è íàñòðîéêà.
Íà ýòàïå ïðÿìîãî õîäà êàæäûé ÏÝ ñîñòàâëÿåò ñïèñîê
ñâîèõ âîçìîæíûõ ëîãè÷åñêèõ íîìåðîâ, îñíîâûâàÿñü íà
ëîãè÷åñêèõ íîìåðàõ ñîãëàñíûõ ñ íèì ñîñåäåé. Íà÷èíàÿ ñ
âåðõíåãî ëåâîãî óãëà ÏÝ ïåðåäàþò ñâîè âîçìîæíûå ëî-
ãè÷åñêèå íîìåðà ñîãëàñíûì ñîñåäÿì ñ áîëüøèìè ôèçè-
÷åñêèìè íîìåðàìè. Åñëè ôèçè÷åñêèå íîìåðà íåñðàâíèìû,
òî ïåðåäà÷à äåëàåòñÿ òîëüêî â îäíîì íàïðàâëåíèè,

íàïðèìåð îò ( , j) ê (i, ). ÏÝ ïîëó÷àåò ëîãè÷åñ-

êèé íîìåð (i, j), åñëè âîçìîæíûå ëîãè÷åñêèå íîìåðà
ñîãëàñíûõ ñ íèì ñîñåäÿì óäîâëåòâîðÿþò îïðåäåëåííûì
óñëîâèÿì.

Äëÿ êâàäðàòíîé ðåøåòêè ÏÝ ïîëó÷àåò ëîãè÷åñêèé íî-
ìåð (i, j), åñëè ñðåäè ñîñåäåé ñ êîòîðûìè îí ñîãëàñåí èìå-
åòñÿ ïàðà ñ ëîãè÷åñêèìè íîìåðàìè (i1, j1), (i2, j2), òàêèõ,

÷òî âûïîëíÿþòñÿ óñëîâèÿ

 & , (1)

. (2)

Äëÿ òðåóãîëüíîé ðåøåòêè òðåáóåòñÿ òðîéêà ñîñåäåé ñ
ëîãè÷åñêèìè íîìåðàìè (i0, j0), (i1, j1), (i2, j2), óäîâëåòâî-

ðÿþùèõ óñëîâèÿì (1), (2) è åùå îäíîìó äîïîëíèòåëüíîìó
óñëîâèþ

. (3)

Äëÿ ðåøåòêè Ê+ òðåáóåòñÿ ÷åòâåðêà ñîñåäåé ,

, ,  è âûïîëíåíèå óñëîâèé (1), (2), (3)

è äîïîëíèòåëüíîå óñëîâèå

. (4)

Äëÿ øåñòèóãîëüíîé ðåøåòêè òðåáóþòñÿ óñëîâèÿ (1) è
(2), åñëè ÷åòíîñòè íîìåðîâ ñòðîê è ñòîëáöîâ ñîâïàäàþò. Â
ïðîòèâíîì ñëó÷àå äîñòàòî÷íî îäíîãî ïåðåäàþùåãî è
ñîãëàñíîãî ñîñåäà ñëåâà.

Ëîãè÷åñêèé íîìåð (i, j) âî âñåõ ñëó÷àÿõ âû÷èñëÿåòñÿ
êàê

.

Ôèêòèâíûå ýëåìåíòû ëåâîãî è âåðõíåãî êðàåâ íå ìîãóò

ïðèíèìàòü ëîãè÷åñêèõ íîìåðîâ ñ íåíóëåâûì íîìåðîì
ñòîëáöà è ñòðîêè ñîîòâåòñòâåííî. Òàêàÿ äîãîâîðåííîñòü
îáåñïå÷èâàåò ñâÿçü äðóãèõ ÏÝ ñ êðàÿìè ïëàñòèíû. Â
ðåçóëüòàòå ïðÿìîãî õîäà êàæäûé ÏÝ èìååò ìíîæåñòâî
âîçìîæíûõ ëîãè÷åñêèõ íîìåðîâ. Êîëè÷åñòâî ëîãè÷åñêèõ
íîìåðîâ ÏÝ ìîæíî îãðàíè÷èòü, ìåíÿÿ íàïðàâëåíèÿ
ïåðåäà÷è íîìåðîâ ñîñåäÿì. Åñëè èç ñïèñêà ëîãè÷åñêèõ
íîìåðîâ ÏÝ âûáèðàòü òîëüêî åãî âåðõíþþ ãðàíèöó, òî
áóäåò çàäàíà òåêóùàÿ ðåøåòêà ìàêñèìàëüíîãî ðàçìåðà.
Ôèêòèâíûå ýëåìåíòû (âõîäû è âûõîäû ïëàñòèíû)
íóìåðóþòñÿ êàê ïðîäîëæåíèå ÏÌ è ñíàáæàþòñÿ ïðè-
çíàêîì êðàÿ ïëàñòèíû. Åñëè â ðåçóëüòàòå ïðÿìîãî õîäà
ïðàâûé è íèæíèé êðàÿ ÏÌ îêàçàëèñü íåäîñòèæèìû,
âûðàáàòûâàåòñÿ ãëîáàëüíûé ñèãíàë ôàòàëüíîãî îòêàçà.
Ðåêîíôèãóðàöèÿ íåâîçìîæíà. Â ïðîòèâíîì ñëó÷àå íà÷èíà-
åòñÿ îáðàòíûé õîä. Ïðè îáðàòíîì õîäå íàïðàâëåíèÿ
ïåðåäà÷è ëîãè÷åñêèõ íîìåðîâ ìåíÿþòñÿ íà ïðîòèâîïîëîæ-
íûå. Âîçìîæíûå ëîãè÷åñêèå íîìåðà âû÷èñëÿþòñÿ àíàëî-
ãè÷íî âû÷èñëåíèÿì ïðÿìîãî õîäà, à ëîãè÷åñêèé íîìåð

 âû÷èñëÿåòñÿ êàê ,

ãäå ,  - ëîãè÷åñêèå íîìåðà ñîñåäåé, óäîâëåò-

âîðÿþùèõ óñëîâèÿì äëÿ ðåøåòêè çàäàííîãî òèïà. Ëîãè-

÷åñêèé íîìåð  ñ÷èòàåòñÿ äîïóñòèìûì äëÿ ÏÝ, åñëè

îí óæå áûë ïîëó÷åí â ðåçóëüòàòå ïðÿìîãî õîäà. Ïîñëå
îáðàòíîãî õîäà â ñïèñêå äîïóñòèìûõ ëîãè÷åñêèõ íîìåðîâ
ÏÝ îñòàåòñÿ ïåðåñå÷åíèå ìíîæåñòâ ëîãè÷åñêèõ íîìåðîâ
ïðÿìîãî è îáðàòíîãî õîäà. Êàæäûé ÏÝ, èìåþùèé
íåñêîëüêî âîçìîæíûõ ëîãè÷åñêèõ íîìåðîâ âûðàáàòûâàåò
ñèãíàë íåîäíîçíà÷íîñòè, êîòîðûé ïî ìàãèñòðàëüíîìó êà-
íàëó ïîñòóïàåò â óïðàâëÿþùóþ ÝÂÌ. Íà ýòàïå ôèêñàöèè
âûáèðàåòñÿ åäèíñòâåííûé âàðèàíò ðåøåòêè, ïîñëå ÷åãî
âûïîëíÿåòñÿ íàñòðîéêà ôèçè÷åñêîé ñòðóêòóðû ñâÿçåé íà
ïîëó÷åííóþ ëîãè÷åñêóþ íóìåðàöèþ.

3. ÌÎÄÅËÈÐÎÂÀÍÈÅ ÂÎËÍÎÂÎÃÎ 
ÀËÃÎÐÈÒÌÀ

Âîëíîâîé àëãîðèòì ðåêîíôèãóðàöèè ñòðóêòóðû ÏÌ
ÿâëÿåòñÿ ïàðàëëåëüíûì. Ïðèåì, ïåðåäà÷à è âû÷èñëåíèå
ëîãè÷åñêèõ íîìåðîâ äåëàþòñÿ ìíîæåñòâîì ÏÝ îäíîâðå-
ìåííî. Äëÿ ïîñëåäîâàòåëüíîé ðåàëèçàöèè àëãîðèòìà
äîñòàòî÷íî âûïîëíÿòü ïðÿìîé õîä àëãîðèòìà, äâèãàÿñü ïî
ñòîëáöàì, íà÷èíàÿ ñ ëåâîãî âåðõíåãî óãëà ìàòðèöû. Äëÿ
ïðîâåðêè ðàáîòîñïîñîáíîñòè àëãîðèòìà è îöåíêè åãî
ýôôåêòèâíîñòè â ñðåäå fortran90 ðàçðàáîòàíà ïðîãðàììà,
ìîäåëèðóþùàÿ âîëíîâîé àëãîðèòì. Ïðîöåññîðíûé ýëå-
ìåíò ïðåäñòàâëåí ñòðóêòóðîé äàííûõ ïðîèçâîäíîãî òèïà,
êîòîðàÿ âêëþ÷àåò â ñåáÿ ìàññèâ ñèãíàëîâ ñîãëàñèÿ ñ
ñîñåäÿìè, ïðèçíàêè ôèêòèâíûõ ÏÝ (âõîäîâ è âûõîäîâ
ïëàñòèíû), ìàññèâ âîçìîæíûõ ëîãè÷åñêèõ íîìåðîâ ÏÝ.
Ïðîöåññîðíàÿ ìàòðèöà ïðåäñòàâëÿåò ñîáîé ìàòðèöó
(äâóìåðíûé ìàññèâ) ñ ýëåìåíòàìè òèïà "ïðîöåññîðíûé
ýëåìåíò". Òàêèì îáðàçîì, ôèçè÷åñêèå íîìåðà ÏÝ - ýòî
íîìåðà ñòðîê è ñòîëáöîâ ÏÌ. Äëÿ íàêîïëåíèÿ ëîãè÷åñêèõ
íîìåðîâ ñîãëàñíûõ ñîñåäåé è âû÷èñëåíèÿ âîçìîæíûõ
ëîãè÷åñêèõ íîìåðîâ ñ öåëüþ ýêîíîìèè ïàìÿòè, èñïîëü-
çóåòñÿ ìàññèâ, íå âõîäÿùèé â ñòðóêòóðó ÏÝ. Ôèçè÷åñêàÿ
ñòðóêòóðà ñâÿçåé çàäàåòñÿ íåÿâíî â ìàññèâàõ, ñîäåðæàùèõ
ñèãíàëû ñîãëàñèÿ ÏÝ ñ ñîñåäÿìè. Ïðîöåäóðû âû÷èñëåíèÿ

i 1+ j 1+

i1 i2– 1=[ ] j1 j2– 1=[ ]

i1 i2<( ) j1 j2>( )→[ ] i1 i2>( ) j1 j2<( )→[ ]∨

i0 j0( , ) min i1 i2( , ) min j1 j2( , )( , )=

i0 j0( , )

i1 j1( , ) i2 j2( , ) i3 j3( , )

i3 j3( , ) max i1 i2( , ) 1+ min j1 j2( , )( , )=

i j( , ) max i1 i2( , ) max j1 j2( , )( , )=

i j( , ) i j( , ) min i1 i2( , ) min j1 j2( , )( , )=

i1 i2( , ) j1 j2( , )

i j( , )
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ëîãè÷åñêèõ íîìåðîâ ÏÝ äëÿ ðàçíûõ òèïîâ ðåøåòîê ïðåä-
ñòàâëåíû ïîäïðîãðàììàìè. Ïðîãðàììíàÿ ðåàëèçàöèÿ âîë-
íîâîãî àëãîðèòìà ïîçâîëÿåò óáåäèòüñÿ ïóòåì ïåðåáîðà
ðàçëè÷íûõ êîíôèãóðàöèé ñîãëàñíûõ è íåñîãëàñíûõ
ñîñåäåé, ÷òî ðåçóëüòàòîì ðàáîòû àëãîðèòìà ÿâëÿåòñÿ ëèáî
ðåøåòêà çàäàííîãî òèïà, ëèáî ôàòàëüíûé îòêàç - ñîîáùå-
íèå î íåâîçìîæíîñòè ðåêîíôèãóðàöèè.

4. ÎÖÅÍÊÀ ÝÔÔÅÊÒÈÂÍÎÑÒÈ ÂÎËÍÎÂÎÃÎ 
ÀËÃÎÐÈÒÌÀ

Ýôôåêòèâíîñòü àëãîðèòìîâ ðåêîíôèãóðàöèè îáû÷íî
õàðàêòåðèçóåòñÿ âåðîÿòíîñòüþ ñîõðàíåíèÿ ðàáîòîñïîñîá-
íîñòè ÏÌ. Ïîä âåðîÿòíîñòüþ ñîõðàíåíèÿ ðàáîòîñïîñîáíî-
ñòè ïîíèìàåòñÿ îòíîøåíèå ÷èñëà êîíôèãóðàöèé, íå äàþ-
ùèõ ôàòàëüíîãî îòêàçà, ê îáùåìó ÷èñëó èñïûòàíèé ïðè
çàäàííîé äîëå èñïðàâíûõ ÏÝ. Äëÿ àëãîðèòìîâ ðåêîíôè-
ãóðàöèè, îñíîâàííûõ íà ñèíäðîìå íåèñïðàâíîñòè, ñîîòâåò-
ñòâóþùèå èññëåäîâàíèÿ ïðîâîäèëèñü â ðàáîòàõ [1, 5].
Âåðîÿòíîñòü ñîõðàíåíèÿ ðàáîòîñïîñîáíîñòè P(n, p) ðàñ-
ñìàòðèâàëàñü â çàâèñèìîñòè îò âåðîÿòíîñòè èñïðàâíîñòè
ÏÝ, ãäå n - êîëè÷åñòâî ÏÝ â ìàòðèöå, p - âåðîÿòíîñòü
èñïðàâíîñòè îòäåëüíîãî ÏÝ. Ïðè ýòîì ñ÷èòàëîñü, ÷òî
êîììóòàöèîííîå îêðóæåíèå è ñâÿçè ìåæäó ÏÝ àáñîëþòíî
íàäåæíû. Ñëåäóþùèå ïðåäïîëîæåíèÿ ïîçâîëÿþò ñðàâíèòü
ýôôåêòèâíîñòü âîëíîâîãî àëãîðèòìà è àëãîðèòìîâ
ðàññìîòðåííûõ â [1, 5].

Áóäåì ñ÷èòàòü, ÷òî äâà ÏÝ ñîãëàñíû äðóã ñ äðóãîì,
åñëè îáà îíè èñïðàâíû è ñâÿçü ìåæäó íèìè èñïðàâíà.
Òîãäà âåðîÿòíîñòü òîãî, ÷òî ÏÝ èìååò õîòÿ áû îäíîãî
ñîãëàñíîãî ñîñåäà, ðàâíà

, (5)

ãäå p - âåðîÿòíîñòü èñïðàâíîñòè ÏÝ, r - âåðîÿòíîñòü èñ-

ïðàâíîñòè ñâÿçè, k - êîëè÷åñòâî ôèçè÷åñêèõ ñîñåäåé ÏÝ.

Äëÿ ñðàâíåíèÿ ýôôåêòèâíîñòè àëãîðèòìîâ ðàññìàòðèâà-
ëàñü ñòðóêòóðà, â êîòîðîé êàæäûé ÏÝ èìååò 12 ôèçè÷å-

ñêèõ ñîñåäåé, k = 12; ïðè r = 1 (ñâÿçè àáñîëþòíî íàäåæ-

íû), . Äëÿ ýòîãî ñëó÷àÿ íà ðèñóíêå

1 ïðåäñòàâëåíà çàâèñèìîñòü P(n, p) äëÿ âîëíîâîãî àëãî-

ðèòìà (À) è àëãîðèòìà ñâîáîäíîãî çàõâàòà ñ ïðîãðàììè-
ðóåìûì ðåçåðâîì (Â) - ñàìîãî ýôôåêòèâíîãî àëãîðèòìà èç
[1,2], îñíîâàííîãî íà ñèíäðîìå íåèñïðàâíîñòè. Ðåçóëüòà-

òû ïîëó÷åíû äëÿ ìàòðèöû ðàçìåðîì . Ó÷èòûâàÿ
ðåçóëüòàòû ìîäåëèðîâàíèÿ è óìåíüøåíèå àïïàðàòíûõ
èçäåðæåê, ìîæíî ñäåëàòü âûâîä î áîëüøåé ýôôåêòèâíî-
ñòè âîëíîâîãî àëãîðèòìà.

Ðèñóíîê 1

5. ÂÎËÍÎÂÎÉ ÀËÃÎÐÈÒÌ È ÇÀÄÀ×À 
ÏÐÎÑÀ×ÈÂÀÍÈß

Ìåòîäû òåîðèè ïðîñà÷èâàíèÿ ïðèìåíÿëèñü äëÿ îöåíêè
ìèíèìàëüíûõ òðåáîâàíèé ê íàäåæíîñòè îòäåëüíîãî ÏÝ,
îáåñïå÷èâàþùåé æèâó÷åñòü ÏÌ [5]. Ïîä æèâó÷åñòüþ
âû÷èñëèòåëüíîé ñèñòåìû îáû÷íî ïîíèìàåòñÿ âåêòîð, ýëå-
ìåíòàìè êîòîðîãî ÿâëÿþòñÿ âåðîÿòíîñòè ñóùåñòâîâàíèÿ
ñâÿçíîé ïîäñèñòåìû (êëàñòåðà) çàäàííîãî ðàçìåðà ïðè
âåðîÿòíîñòè èñïðàâíîñòè óçëà p è âåðîÿòíîñòè èñïðàâíî-
ñòè ñâÿçè r. Â [5] ðàññìàòðèâàëàñü êëàññè÷åñêàÿ çàäà÷à
ïðîñà÷èâàíèÿ - çàäà÷à óçëîâ. Ïðîöåññîðíûå ýëåìåíòû (óç-
ëû ðåøåòêè) èñïðàâíû ñ âåðîÿòíîñòüþ p è íåèñïðàâíû ñ
âåðîÿòíîñòüþ (1 - p), óçëû âûõîäÿò èç ñòðîÿ (ñòàíîâÿòñÿ
íåïðîñà÷èâàåìûìè) íåçàâèñèìî äðóã îò äðóãà. Ñâÿçè ñ÷è-
òàþòñÿ àáñîëþòíî íàäåæíûìè. Â ðåøåòêå åñòü ïðîñà÷è-
âàíèå, åñëè ñóùåñòâóåò ñâÿçíîå ïîäìíîæåñòâî ïðîñà÷èâàå-
ìûõ óçëîâ, ñîåäèíÿþùåå ëåâûé è ïðàâûé êðàÿ ðåøåòêè.
Çàäà÷à ïðîñà÷èâàíèÿ ïî ñâÿçÿì, ïðè óñëîâèè, ÷òî óçëû
àáñîëþòíî íàäåæíû, ñâîäèòñÿ ê çàäà÷å óçëîâ. Áåñêîíå÷-
íûå ðåøåòêè, â êîòîðûõ èññëåäóåòñÿ ñóùåñòâîâàíèå áåñêî-
íå÷íûõ ñâÿçíûõ ïîäãðàôîâ (êëàñòåðîâ), äàþò àñèìïòîòè-
÷åñêèå îöåíêè äëÿ ðåàëüíûõ ñèñòåì. Â ðåàëüíûõ ñèñòåìàõ
ÏÝ (óçëû) è ñâÿçè íåíàäåæíû, ïðè÷åì îêîëî 40% íåèñ-
ïðàâíîñòåé ïðèõîäèòñÿ íà äîëþ ñîåäèíåíèé. Òàêèì îáðà-
çîì, áîëåå àäåêâàòíîé ïðåäñòàâëÿåòñÿ ñìåøàííàÿ çàäà÷à
ïðîñà÷èâàíèÿ, êîãäà è óçëû è ñâÿçè ìîãóò áûòü íåèñïðàâ-
íûìè (íåïðîñà÷èâàåìûìè). Ñëåäóåò çàìåòèòü, ÷òî êëàññè-
÷åñêèì çàäà÷àì ïðîñà÷èâàíèÿ ïîñâÿùåíî áîëüøîå êîëè÷å-
ñòâî ïóáëèêàöèé. Ñìåøàííàÿ çàäà÷à ìàëî èçó÷åíà, ïðàê-
òè÷åñêèå îöåíêè çíà÷åíèé âåðîÿòíîñòåé ïðîñà÷èâàíèÿ àâ-
òîðó íåèçâåñòíû.

Ïóñòü  - âåðîÿòíîñòü ïðîñà÷èâàíèÿ â ðåøåò-

êå, ñîäåðæàùåé n óçëîâ, p - âåðîÿòíîñòü ïðîñà÷èâàíèÿ
óçëà, r - âåðîÿòíîñòü ïðîñà÷èâàíèÿ ñâÿçè, t - òèï ðåøåòêè.
Èñõîäíûì óòâåðæäåíèåì òåîðèè ïðîñà÷èâàíèÿ äëÿ çàäà÷è

óçëîâ ( ) ÿâëÿåòñÿ óòâåðæäåíèå î ñóùåñòâîâàíèè

êðèòè÷åñêîé âåðîÿòíîñòè  (ïîðîãà ïðîñà÷èâàíèÿ), òà-

êîé, ÷òî áåñêîíå÷íûé êëàñòåð â áåñêîíå÷íîé ðåøåòêå

ñóùåñòâóåò ñ âåðîÿòíîñòüþ 1 ïðè , è ñ âåðîÿòíî-

ñòüþ 0 ïðè . Àíàëîãè÷íîå óòâåðæäåíèå èìååò ìåñòî

è äëÿ çàäà÷è ñâÿçåé. Äëÿ êîíå÷íûõ ðåøåòîê ôóíêöèÿ

 èìååò òî÷êó ïåðåãèáà è ïðè óâåëè÷åíèè êîëè-

÷åñòâà óçëîâ ïðèáëèæàåòñÿ ê ñòóïåí÷àòîé. Òî÷êà ïåðåãèáà
äàåò ïðèáëèæåííîå çíà÷åíèå pH [5]. Çíà÷åíèå êðèòè÷å-

ñêîé âåðîÿòíîñòè çàâèñèò îò òèïà ðåøåòêè. Êðèòè÷åñêèå
âåðîÿòíîñòè pH ïîçâîëÿþò îöåíèòü âëèÿíèå íàäåæíîñòè

ÏÝ è ñòðóêòóðû ñâÿçåé íà îòêàçîóñòîé÷èâîñòü è æèâó-
÷åñòü ïðîöåññîðíîé ìàòðèöû â öåëîì. Ìîäåëèðîâàíèå
âîëíîâîãî àëãîðèòìà ïîçâîëÿåò èññëåäîâàòü ïðîñà÷èâàíèå
èíôîðìàöèè ïî ïëàñòèíå îò âõîäîâ ê âûõîäàì ïî
ñîãëàñíûì ÏÝ. Ïðè ýòîì â êà÷åñòâå ôèçè÷åñêîé ñòðóêòó-
ðû áåðåòñÿ èññëåäóåìàÿ ðåøåòêà (Ê, Ò è ò.ä.). Ëîãè÷åñêèå
íîìåðà ÏÝ íå âû÷èñëÿþòñÿ. Êàæäûé ÏÝ ïåðåäàåò ñîãëàñ-
íûì ñ íèì ñîñåäÿì ïðèçíàê ñâÿçíîñòè ñ ëåâûì êðàåì
ðåøåòêè. Òàêèì îáðàçîì, åñëè ÏÝ, íàõîäÿùèéñÿ íà ïðà-
âîì êðàþ ïëàñòèíû èìååò ïðèçíàê ñâÿçíîñòè, òî îí

pc p 1 1 pr–( )k–( )=

pc p 1 1 p–( )12–( )=

20 20×

P n p r t, , ,( )

r 1=

pH

p pH≥

p pH<

P n p r t, , ,( )
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ïðèíàäëåæèò êëàñòåðó, ñîåäèíÿþùåìó ëåâûé è ïðàâûé
êðàÿ ïëàñòèíû. Ïðè ìîäåëèðîâàíèè ïðîñà÷èâàíèÿ ïî ñî-

ãëàñíûì ÏÝ âåðîÿòíîñòü ïðîñà÷èâàíèÿ , òàê æå

êàê è â êëàññè÷åñêîé çàäà÷å óçëîâ, ïðèáëèæàåòñÿ ê ñòó-
ïåí÷àòîé ïðè óâåëè÷åíèè n. Òàê æå ñóùåñòâóåò êðèòè÷å-
ñêîå çíà÷åíèå äîëè ÏÝ, èìåþùèõ õîòÿ áû îäíîãî ñîãëàñ-

íîãî ñîñåäà, pcH. Åñëè , òî ôóíêöèÿ 

áëèçêà ê íóëþ, â ïðîòèâíîì ñëó÷àå  ïðèáëè-

æàåòñÿ ê 1. Òàêèì îáðàçîì, äîëÿ ÏÝ, èìåþùèõ õîòÿ áû
îäíîãî ñîãëàñíîãî ñîñåäà, ìåíüøå ïîðîãîâîãî çíà÷åíèÿ, òî
ÏÌ ðàññûïàåòñÿ íà íåñâÿçíûå êóñêè, åñëè äîëÿ òàêèõ ÏÝ
áîëüøå ïîðîãîâîãî çíà÷åíèÿ, òî ïðè äîñòàòî÷íî áîëüøèõ

n, (óæå ïðè ) âåðîÿòíîñòü ñóùåñòâîâàíèÿ êëàñòåðà,

ñîåäèíÿþùåãî âõîäû è âûõîäû, áëèçêà ê 1. Íà ðèñóíêå 2
ïðèâîäÿòñÿ ðåçóëüòàòû ìîäåëèðîâàíèÿ ïðîñà÷èâàíèÿ ïî
ñîãëàñíûì ÏÝ äëÿ íåêîòîðûõ òèïîâ ðåøåòîê ïðè n = 20.
Òî÷êè ïåðåãèáà ñîîòâåòñòâóþùèõ êðèâûõ äàþò
ïðèáëèæåííûå çíà÷åíèÿ pcH.

Ðèñóíîê 2

Ïîðîã ïðîñà÷èâàíèÿ ïî ñîãëàñíûì ÏÝ õàðàêòåðèçóåò
æèâó÷åñòü ñèñòåìû ñ ó÷åòîì íåíàäåæíîñòè óçëîâ è ñâÿçåé.
Â èññëåäóåìîì àëãîðèòìå íåèñïðàâíîñòè ïðîöåññîðíûõ
ýëåìåíòîâ è ñâÿçåé íå ðàññìàòðèâàþòñÿ. Íåèñïðàâíîñòè
ïðåäñòàâëåíû òîëüêî ñèãíàëàìè ñîãëàñèÿ ìåæäó ñîñåä-
íèìè ÏÝ. Òåì íå ìåíåå èíòåðåñíî ïîïóòíî îöåíèòü
âåðîÿòíîñòü ïðîñà÷èâàíèÿ ïî íåíàäåæíûì ñâÿçÿì è íåíà-
äåæíûì óçëàì â çàâèñèìîñòè îò p è r. Ñäåëàòü ýòî ìîæíî
íå ïðèáåãàÿ ê íåïîñðåäñòâåííîìó ìîäåëèðîâàíèþ ñìåøàí-
íîé çàäà÷è.

Âåðîÿòíîñòü òîãî, ÷òî ÏÝ èìååò õîòÿ áû îäíîãî ñîãëàñ-
íîãî ñîñåäà, pc ÿâëÿåòñÿ ôóíêöèåé îò p è r, âåðîÿòíîñòåé

èñïðàâíîñòè óçëà è ñâÿçè, ñîîòâåòñòâåííî. Èñïîëüçóÿ ôîð-
ìóëó (5), ìîæíî ïîñòðîèòü êðèâûå ïðè ,

âäîëü êîòîðûõ âåðîÿòíîñòü ïðîñà÷èâàíèÿ ÷åðåç ïðîöåññîð-

íóþ ìàòðèöó  ïîñòîÿííà è ðàâíà .

Òàêèì îáðàçîì, àïïðîêñèìèðîâàâ çíà÷åíèÿ 

(íàïðèìåð, ìåòîäîì íàèìåíüøèõ êâàäðàòîâ), ìîæíî ïîëó-

÷èòü çíà÷åíèÿ  äëÿ ëþáûõ p è r. Íèæå â òàá-

ëèöå 2 ïðèâîäÿòñÿ çíà÷åíèÿ , íà ðèñóíêå 3

èçîáðàæåíà ñîîòâåòñòâóþùàÿ ïîâåðõíîñòü. Òðè çíàêà ïîñ-

ëå çàïÿòîé â çíà÷åíèÿõ  ïîëó÷åíû â ðåçóëü-

òàòå àïïðîêñèìàöèè è èñïîëüçóþòñÿ äëÿ ïîñòðîåíèÿ ïî-
âåðõíîñòè. Äëÿ îöåíêè çíà÷åíèé âåðîÿòíîñòè ïðîñà÷èâà-
íèÿ íóæíû òîëüêî äâà çíàêà ïîñëå çàïÿòîé. Ñëåäóåò çà-
ìåòèòü, ÷òî äàííûå ïðèâåäåííûå â òàáëèöå, ïîëó÷åíû ïî-
ïóòíî ïðè ìîäåëèðîâàíèè âîëíîâîãî àëãîðèòìà è ïðè îï-
ðåäåëåííûõ ïðåäïîëîæåíèÿõ. Çíà÷åíèÿ âåðîÿòíîñòè ïðî-
ñà÷èâàíèÿ ïðè p = 1 âûãëÿäÿò íåñêîëüêî çàâûøåííûìè è
ìîãóò áûòü èñïîëüçîâàíû â êà÷åñòâå âåðõíèõ ãðóáûõ îöåí-
êè; ïðè r = 1 ðåçóëüòàòû ñîâïàäàþò ñ ðàíåå ïîëó÷åííûìè
ðåçóëüòàòàìè äëÿ çàäà÷è óçëîâ. Áîëåå òî÷íûå ðåçóëüòàòû
ìîæåò äàòü íåïîñðåäñòâåííîå ìîäåëèðîâàíèå ñìåøàííîé
çàäà÷è ïðîñà÷èâàíèÿ.

Ðèñóíîê 3

Òàáëèöà 1

Ïîðîãè ïðîñà÷èâàíèÿ

Ðåøåòêà k pH rH pcH

 Ê 4 0,59 0,5 0,53

Ò  6 0,5 0,35 0,46

Ø 3 0,7 0,65 0,64

Ê* 8 0,41 0,25 0,39

P n pc t, ,( )

pc pcH< P n pc t, ,( )

P n pc t, ,( )

n 9>
pc c const= =

P n p r t, , ,( ) P n pc t, ,( )

P n pc t, ,( )

P n p r t, , ,( )
P 20 p r K, , ,( )

P 20 p r K, , ,( )
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Â.Ï.Ìàðöåíþê

Â ðàáîòå ïðåäëîæåí ìåòîä ÷èñëåííîãî èíòåãðèðîâàíèÿ
ñèñòåì ñ ïîñëåäåéñòâèåì, ïðèìåíèìûé äëÿ êîìïüþòåðíîé
ðåàëèçàöèè. Êîìïüþòåðíîå îïèñàíèå ïðîâåäåíî ñ èñïîëüçîâà-
íèåì îáúåêòíî-îðèåíòèðîâàííîãî ïîäõîäà. Ïîêàçàíî ïðèìåíå-
íèå ìåòîäà íà çàäà÷àõ ìåäèöèíñêîé èíôîðìàòèêè.

Ó ðîáîò³ çàïðîïîíîâàíî ìåòîä ÷èñåëüíîãî ³íòåãðóâàííÿ
ñèñòåì ç ï³ñëÿä³ºþ, ÿêèé ïðèïóñêàº êîìï'þòåðíó ðåàë³çàö³þ.
Êîìï'þòåðíèé îïèñ çä³éñíåíèé ³ç çàñòîñóâàííÿì îá'ºêòíî-
îð³ºíòîâàíîãî ï³äõîäó. Ïîêàçàíî âèêîðèñòàííÿ ìåòîäó íà
çàäà÷àõ ìåäè÷íî¿ ³íôîðìàòèêè.

The method of numerical integration of hereditary systems is
proposed. In this work it allows computer implementation. Com-
puter description is performed using object-oriented approach.
Applications of this method for medical informatics problems are
shown.

ÂÂÅÄÅÍÈÅ

Äèíàìè÷åñêèå ñèñòåìû ñ ïîñëåäåéñòâèåì èãðàþò âàæ-
íóþ ðîëü â ýêîíîìèêå, áèîëîãèè, ìåäèöèíå, èíæåíåðèè.
Ìíîãî÷èñëåííûå ïðèëîæåíèÿ ýðåäèòàðíûõ ñèñòåì ïîêàçà-
íû â ðàáîòàõ [1-3]. Â òî æå âðåìÿ øèðîêîå ïðàêòè÷åñêîå
èñïîëüçîâàíèå óêàçàííîãî êëàññà ñèñòåì ñîïðÿæåíî ñ
îïðåäåëåííûìè òðóäíîñòÿìè, âîçíèêàþùèìè ïðè ÷èñëåí-
íîì èíòåãðèðîâàíèè (ðåøåíèè) ñîîòâåòñòâóþùèõ äèôôå-
ðåíöèàëüíûõ óðàâíåíèé. Îäíîé èç ïðè÷èí ÿâëÿåòñÿ, ïî-
âèäèìîìó, áåñêîíå÷íîìåðíîñòü çàäà÷. Ïîêàçàíî [4,5], ÷òî
ñèñòåìû ñ ïîñëåäåéñòâèåì ìîæíî ðàññìàòðèâàòü êàê
äèíàìè÷åñêèå ñèñòåìû â áàíàõîâîì ïðîñòðàíñòâå. Â
ðåçóëüòàòå îòñóòñòâèÿ ïðèçíàííûõ ìåòîäîâ ÷èñëåííîãî
ðåøåíèÿ ýðåäèòàðíûõ ñèñòåì ïîïóëÿðíûå ìàòåìàòè÷åñêèå

Òàáëèöà 2

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

1 0 0,034 0,118 0,228 0,348 0,469 0,585 0,694 0,799 0,900 1

0,9 0 0,031 0,109 0,215 0,333 0,454 0,573 0,687 0,795 0,899 0,999

0,8 0 0,028 0,100 0,200 0,315 0,435 0,556 0,674 0,787 0,895 0,998

0,7 0 0,025 0,091 0,183 0,293 0,411 0,532 0,653 0,770 0,883 0,992

0,6 0 0,022 0,080 0,164 0,267 0,380 0,499 0,621 0,742 0,860 0,974

0,5 0 0,019 0,069 0,143 0,236 0,342 0,456 0,575 0,696 0,818 0,938

0,4 0 0,015 0,057 0,120 0,201 0,295 0,400 0,512 0,629 0,749 0,870

0,3 0 0,012 0,044 0,094 0,160 0,239 0,329 0,427 0,533 0,644 0,759

0,2 0 0,008 0,003 0,067 0,113 0,172 0,240 0,317 0,402 0,493 0,590

0,1 0 0,004 0,015 0,034 0,060 0,093 0,132 0,176 0,227 0,283 0,344

0 0 0 0 0 0 0 0 0 0 0 0

rp
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ïàêåòû (íàïðèìåð, MATHCAD, MATHLAB, MAPLE) íå
ñîäåðæàò ïðîãðàììíûõ ñðåäñòâ ðåøåíèÿ óðàâíåíèé ñ
ïîñëåäåéñòâèåì.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ðàññìàòðèâàåòñÿ êëàññ äèíàìè÷åñêèõ ñèñòåì, îïèñûâàå-
ìûõ äèôôåðåíöèàëüíûìè óðàâíåíèÿìè ñ çàïàçäûâàíèåì:

(1)

Çäåñü  - íåçàâèñèìàÿ ïåðåìåííàÿ,  - ôàçî-

âàÿ òðàåêòîðèÿ ñèñòåìû,  - ïåðåìåí-

íûå çàïàçäûâàíèÿ â ñèñòåìå,  - ôóíêöèîíàë,
êîòîðûé ìîæåò áûòü äàæå êóñî÷íî-íåïðåðûâíûì. Ïðåäïî-

ëàãàåòñÿ, ÷òî ôóíêöèè ,   ïðèíèìàþò íà

ïîëîæèòåëüíîé ïîëóîñè òîëüêî íåîòðèöàòåëüíûå çíà÷åíèÿ
è îãðàíè÷åíû ñíèçó è ñâåðõó. Ïîâåäåíèå ñèñòåìû íà
íà÷àëüíîì ïðîìåæóòêå âðåìåíè ñ÷èòàåòñÿ çàäàííûì:

, . (2)

Çäåñü  - ôóíêöèÿ, äîïóñêàþùàÿ ðåøåíèå íà÷àëüíîé

çàäà÷è (1), (2).
Â äàííîé ðàáîòå ïðåäñòàâëåí ìåòîä, ïðèãîäíûé äëÿ

êîìïüþòåðíîãî ðåøåíèÿ íà÷àëüíûõ çàäà÷ îáùåãî âèäà
(1), (2).

ÌÅÒÎÄÛ È ÀËÃÎÐÈÒÌÛ ÐÅØÅÍÈß

Ïðè ÷èñëåííîì èíòåãðèðîâàíèè îáûêíîâåííûõ äèôôå-
ðåíöèàëüíûõ óðàâíåíèé íàèáîëüøåå ðàçâèòèå ïîëó÷èë
ìåòîä Ðóíãå-Êóòòû è ìíîãî÷èñëåííûå åãî ìîäèôèêàöèè.
Ïðèìåíèòåëüíî ê çàäà÷àì (1), (2) ìåòîä Ðóíãå-Êóòòû
ìîæåò áûòü ïðèìåíåí ëèøü â ñëó÷àå îäíîãî ïîñòîÿííîãî
çàïàçäûâàíèÿ . Ïðè÷åì ýòî ìîæåò áûòü ëèøü ìåòîä ñ
ïîñòîÿííîé äëèíîé øàãà, ïðèâîäÿùèé ê çíà÷èòåëüíûì
ïîãðåøíîñòÿì è îòëè÷àþùèéñÿ ïëîõîé óñòîé÷èâîñòüþ.
Ïðè ðàññìîòðåíèè áîëåå ñëîæíûõ ñèñòåì è èñïîëüçîâàíèè
áîëåå ñîâåðøåííûõ ìåòîäîâ ñ ïåðåìåííîé äëèíîé øàãà
âîçíèêàþò ñëåäóþùèå òðóäíîñòè:
- ïðè ðàññìîòðåíèè íåñêîëüêèõ ïåðåìåííûõ çàïàçäûâàíèé
íå âñåãäà èçâåñòíî íàñêîëüêî áîëüøîé äèàïàçîí ïðåäûäó-
ùèõ ñîñòîÿíèé ñèñòåìû òðåáóåòñÿ ñîõðàíÿòü äëÿ âû÷èñëå-
íèÿ ïîñëåäóþùèõ;
- íå âñåãäà ñîõðàíÿþòñÿ èìåííî òå çíà÷åíèÿ, êîòîðûå áó-
äóò âîñòðåáîâàíû íà áóäóùèõ øàãàõ;
- íåèçâåñòíî, êàêàÿ äîëæíà áûòü ïëîòíîñòü ñîõðàíÿåìûõ
çíà÷åíèé.

Âñå âûøåóêàçàííûå òðóäíîñòè ïîçâîëÿåò èçáåæàòü ãëî-
áàëüíàÿ àïïðîêñèìàöèÿ ðåøåíèÿ ñ ïîìîùüþ ìíîãî÷ëåíà
÷åòâåðòîé ñòåïåíè. Ïîäõîäÿùèìè ìåòîäàìè äëÿ ïëîòíîé
âûäà÷è ðåøåíèé ÿâëÿþòñÿ ìåòîäû òèïà Àäàìñà, íåïðå-
ðûâíûå ìåòîäû Ðóíãå-Êóòòû. Ââèäó ëåãêîñòè ïðîãðàììè-
ðîâàíèÿ è ïðåâîñõîäñòâà íàä äðóãèìè èíòåðïîëÿöèîííû-

ìè ìåòîäàìè [3] â äàííîé ðàáîòå âûáðàí ìåòîä Äîðìàíà è
Ïðèíñà ïîðÿäêà 5(4).

Ïðîãðàììíîå ïîñòðîåíèå ðåøåíèÿ çàäà÷è (1), (2) ñòðî-
èòñÿ íà èñïîëüçîâàíèè îáúåêòíî-îðèåíòèðîâàííîãî ïîäõî-
äà, êîòîðûé íà ñåãîäíÿ ïîëó÷èë íàèáîëåå ïîëíîå ðàçâèòèå
â ñèñòåìå ïðîãðàììèðîâàíèÿ Microsoft Visual Java++ [6],
ïðèìåíÿåìîé â äàííîé ðàáîòå.

Íà ðèñóíêå 1 ïðèâåäåíà ñõåìà êëàññîâ, âêëþ÷åííûõ â
ïðîåêò (Workspace) ïî ðåøåíèþ çàäà÷ (1), (2). Çäåñü
DelaySystemSolution - êëàññ, â êîòîðîì îïèñûâàåòñÿ íà-
÷àëüíîå ïîâåäåíèå è ïðàâûå ÷àñòè ñèñòåìû (1) à òàêæå
ïðîèçâîäèòñÿ ÷èñëåííîå èíòåãðèðîâàíèå ìåòîäîì Äîðìà-
íà-Ïðèíñà; GraphConstruction - êëàññ-àïïëåò, îñóùåñòâëÿ-
þùèé âèçóàëüíîå îòîáðàæåíèå ãðàôèêîâ ðåøåíèé, èõ
áîëåå òùàòåëüíîå îòîáðàæåíèå è èçó÷åíèå; FunctionList -
êëàññ - "ñâÿçàííûé ñïèñîê", ïðåäíàçíà÷åííûé äëÿ ðåøå-
íèÿ çàäà÷è îäíîâðåìåííîãî âûâîäà ãðàôèêîâ íåñêîëüêèõ
êîìïîíåíò ðåøåíèÿ â îäíîé ïëîñêîñòè; ColorList - êëàññ,
ïðåäíàçíà÷åííûé äëÿ "ðàçíîöâåòíîãî" îòîáðàæåíèÿ ãðà-
ôèêîâ ðàçíûõ êîìïîíåíò ðåøåíèÿ; LinkedList - êëàññ -
"ñâÿçàííûé ñïèñîê", ïðåäíàçíà÷åííûé äëÿ îòîáðàæåíèÿ
ðåøåíèÿ çàäà÷è (1), (2) â ðàçíûõ ïðåäåëàõ èçìåíåíèÿ x;
BoundsLocation - êëàññ äëÿ õðàíåíèÿ ïðåäåëîâ èçìåíåíèÿ
x. Ñòðåëêàìè îáîçíà÷åíû íàïðàâëåíèÿ âçàèìîäåéñòâèÿ
êëàññîâ.

Ðèñóíîê 1 - Ñõåìà êëàññîâ ïðîåêòà ðåøåíèÿ çàäà÷ (1), (2)

Êëàññ GraphConstruction ÿâëÿåòñÿ òèïè÷íîé áèáëèîòå-
êîé ìàøèííîé ãðàôèêè èìåþùåé áîãàòûå âèçóàëüíûå
âîçìîæíîñòè ïî èçó÷åíèþ ïîâåäåíèÿ ñèñòåìû íà ñàìûõ
ìåëêèõ èíòåðâàëàõ èçìåíåíèÿ x, îäíîâðåìåííîìó âûâîäó
íåñêîëüêèõ ãðàôèêîâ â îäíîé ïëîñêîñòè. Êëàññ èñïîëü-
çóåò ìíîãîïîòî÷íîñòü, à ñ öåëüþ èçáåæàíèÿ ìåðöàíèÿ
èñïîëüçóåòñÿ ìåòîä äâîéíîé áóôåðèçàöèè.

Íèæå óêàçàíû ãëàâíûå ïåðåìåííûå è ìåòîäû êëàññà
GraphConstruction.

public class GraphConstruction extends java.applet.Applet implements Runnable
{
   DelaySystemSolution SampleSystemSolution;
   Thread m_Graphics = null; // ïîòîê êëàññà
   private double m_x0;// ëåâûé ïðåäåë x
   private double m_x1;// ïðàâûé ïðåäåë x
   // âòîðîé áóôåð èçîáðàæåíèÿ
   private Image m_image; // âíåýêðàííîå èçîáðàæåíèå
   private Graphics m_g; // ãðàôè÷åñêèé îáúåêò âíåýêðàííîãî èçîáðàæåíèÿ
   double f(int i, double x) // ìåòîä êëàññà, óêàçûâàþùèé íà ôóíêöèþ, 
   //ãðàôèê êîòîðîé ñëåäóåò îòîáðàçèòü
{
       return SampleSystemSolution.ylag(i, x);
}

y ′ x( ) F x y x( ) y x τ1 x( )–( ) y x τ2 x( )–( ) … y x τm x( )–( ), , , , ,( ),=

x 0.>

x R∈ y x( ) Rn∈
τ1 x( ) τ2 x( ) … τm x( ), , ,

F •( ) Rn∈

τ i x( ) i 1 m,=

y x( ) φ x( )= x max
x 0> i 1 m,=,

τ i x( ) 0,[ ]∈

φ x( )

τ

DelaySystemSolution

FunctionList

ColorList

GraphConstruction

LinkedList

BoundsLocation
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Îáúåêò êëàññà DelaySystemSolution, àññîöèèðîâàííûé ñ
èññëåäóåìîé ñèñòåìîé ñ çàïàçäûâàíèåì ñîçäàåòñÿ â êëàññå
GraphConstruction è ÿâëÿåòñÿ åãî ïåðåìåííîé.

Äàëåå îñòàíîâèìñÿ íà ñòðîåíèè êëàññà DelaySystemSo-
lution. Íèæå óêàçàíû åãî ãëàâíûå ïåðåìåííûå.
public class DelaySystemSolution
{
  double[] y; // ïåðåìåííàÿ-ìàññèâ äëÿ õðàíåíèÿ íà÷àëüíîãî çíà÷åíèÿ è 
  // èñêîìîãî ðåøåíèÿ â òî÷êå xend
  double x0; // íà÷àëüíàÿ òî÷êà äëÿ x
  private double xstor[]; //ìàññèâ òî÷åê, â êîòîðûõ ïðîèçâîäèëîñü èíòåãðèðîâàíèå
  private double ystor[][]; // ìàññèâ íàéäåííûõ ðåøåíèé
 private double c1[][]; // ìàññèâû êîýôôèöèåíòîâ àïïðîêñèìèðóþùèõ ìíîãî÷ëåíîâ,
  private double c2[][]; // â êîòîðûõ õðàíÿòñÿ êîýôôèöèåíòû ïðè ñëàãàåìûõ
  private double c3[][]; // ñîîòâåòñòâåííî ïåðâîé, âòîðîé, òðåòüåé, ÷åòâåðòîé
  private double c4[][]; // ñòåïåíè
  int n; // ðàçìåðíîñòü ñèñòåìû; ìîæåò áûòü <= 51
}
Ìåòîä fcn, îáúÿâëåííûé êàê
   public double[] fcn(double x, double y[])
âîçâðàùàåò ìàññèâ çíà÷åíèé ïðàâûõ ÷àñòåé ñèñòåìû (1).
Íèæå áóäåò ïîêàçàíà åãî ðåàëèçàöèÿ íà ïðèìåðå ðåøåíèÿ
çàäà÷è èç ìåäèöèíû.
Ìåòîä phi, îáúÿâëåííûé êàê
   public double phi(int i, double x)

âîçâðàùàåò çíà÷åíèå íà÷àëüíîé ôóíêöèè , âû÷èñëåí-

íîå äëÿ i-é êîìïîíåíòû ðåøåíèÿ. Íàõîæäåíèå ïðèáëè-

æåííîãî ðåøåíèÿ çàäà÷è (1), (2) îñóùåñòâëÿåòñÿ â êëàññå
DelaySystemSolution ñëåäóþùèì îáðàçîì. Â êîíñòðóêòîð
êëàññà DelaySystemSolution âêëþ÷åí âûçîâ ìåòîäà retard,
îáúÿâëåííîãî êàê:
public void retard(int n, double x, double y[], double xend, double eps,             
double hmax, double h).
Äàëåå, ïîñëå óñïåøíîãî øàãà èíòåãðèðîâàíèÿ ìåòîä retard
âûçûâàåò ìåòîä store, êîòîðûé çàïèñûâàåò â ïåðåìåííûå
xstor, c1, c2, c3, c4 êîýôôèöèåíòû ìíîãî÷ëåíîâ âìåñòå ñ

ñîîòâåòñòâóþùèìè çíà÷åíèÿìè x. Ïîñëå ýòîãî ïðè âûçîâå

ìåòîäà ylag(i, x) ïðîèçâîäèòñÿ ïîèñê íóæíîãî èíòåðâàëà

äëÿ x è âû÷èñëÿåòñÿ ñîîòâåòñòâóþùèé ìíîãî÷ëåí äëÿ i-ãî
ðåøåíèÿ. Òàêèì îáðàçîì ñ ïîìîùüþ ìåòîäà ylag ìîæíî

ïîëó÷èòü i-å ðåøåíèå â ïðîèçâîëüíîé òî÷êå x. Ýòî

ñâîéñòâî èñïîëüçóåòñÿ äëÿ çàäàíèÿ çàïàçäûâàíèÿ â ìåòîäå
fcn.

ÐÅÇÓËÜÒÀÒÛ

Â êà÷åñòâå ïðèìåðà ðàññìîòðèì çàäà÷ó î ðåàêöèè
êëåòêè íà ðåíòãåíîâñêîå îáëó÷åíèå. Ïðåäïîëîæèì, ÷òî
îáëó÷åíèå ïðîäîëæàåòñÿ â òå÷åíèå âðåìåíè T (è íà÷èíà-

åòñÿ ïðè ), à çàòåì ïðåêðàùàåòñÿ. Ïðåäïîëàãàåòñÿ,

÷òî êëåòêè îáëàäàþò ñïîñîáíîñòüþ âîñïîëíÿòü íåäîñòàòîê
èëè óñòðàíÿòü èçëèøåê ýòîãî âåùåñòâà, íî èõ ðåàêöèÿ

ïðîèñõîäèò ñ çàïàçäûâàíèåì, ðàâíûì . Ïóñòü  -

êîíöåíòðàöèÿ âåùåñòâà â êëåòêå, ïîäâåðãíóòîé îáëó÷å-
íèþ, a - ïîñòîÿííàÿ îáëó÷åíèÿ, çàâèñÿùàÿ îò ñòåïåíè îá-
ëó÷åíèÿ, b - ïîñòîÿííàÿ, ïîêàçûâàþùàÿ ðåàêöèþ êëåòêè
íà îòêëîíåíèå îò ðàâíîâåñíîé êîíöåíòðàöèè x0. Î÷åâèä-

íî, ÷òî , . Èñõîäÿ èç ñäåëàííûõ ïðåäïîëî-

æåíèé, êîíöåíòðàöèÿ îïèñûâàåòñÿ óðàâíåíèÿìè:

, , 

, . (3)

Ðåøåíèÿ óðàâíåíèé ìîãóò áûòü íàéäåíû ìåòîäîì, ïðåäëî-
æåííûì â äàííîé ðàáîòå. Äëÿ ýòîãî ñëåäóåò ñîçäàòü
ñëåäóþùèé ìåòîä fcn:
public double[] fcn(double x, double y[])
{
   //this method describes "right side" of system
   double T = 20.;
   double tau = 1.;
   double[] dRight_side = new double[Math.max(n, nn) + 1];
   if((x>0) & (x<T))
   {
      dRight_side[1] = m_a * y[1] + m_b * (ylag(1, x - tau) - phi(1,0));
   }
   else
   {
      dRight_side[1] = m_b * (ylag(1, x - tau) - phi(1,0));
   }
   return dRight_side;
}

Ïðåäïîëàãàåòñÿ, ÷òî m_a è m_b ÿâëÿþòñÿ ïåðåìåííûìè
êëàññà DelaySystemSolution, ïðåäíàçíà÷åííûìè äëÿ õðà-
íåíèÿ çíà÷åíèé a, b. Íà ðèñóíêå 2 ïðåäñòàâëåíî ðåøåíèå

óêàçàííîé çàäà÷è äëÿ ñëó÷àÿ , , ,

, .

Ðèñóíîê 2 - Èçìåíåíèå êîíöåíòðàöèè âåùåñòâà â 
ðåçóëüòàòå ðåíòãåíîâñêîãî îáëó÷åíèÿ

Â êà÷åñòâå ñëåäóþùåãî ïðèìåðà ðàññìàòðèâàåòñÿ ìî-
äåëü âîñïàëèòåëüíîãî ïðîöåññà èíôåêöèîííîé ïðèðîäû. Â
îáùåì âèäå ìàòåìàòè÷åñêàÿ ìîäåëü èììóíèòåòà îïèñàíà â
ðàáîòå [2]. Îíà óíèâåðñàëüíà è ñïðàâåäëèâà íå òîëüêî
äëÿ âîñïàëèòåëüíîãî ïðîöåññà, íî è äëÿ èíôåêöèîííîãî
çàðàæåíèÿ îðãàíèçìà. Â ìîäåëè ó÷èòûâàþòñÿ ñëåäóþùèå
îïðåäåëÿþùèå òå÷åíèå ïðîöåññà ôàêòîðû:

1) ïîïóëÿöèÿ àíòèãåíîâ V, ðàçìíîæàþùèõñÿ â îð-
ãàíèçìå;

2) ïîïóëÿöèÿ àíòèòåëîîáðàçóþùèõ êëåòîê (ïëàçìî-
êëåòîê) C;

3) êîëè÷åñòâî àíòèòåë (èììóíîãëîáóëèíîâ) F â îðãà-
íèçìå;

φ x( )

t 0=

τ x t( )

x t( ) x0≡ t 0≤

x t( )d
td

------------ ax t( ) b x t τ–( ) x0–( )+= 0 t≤ T<

x t( )d
td

------------ b x t τ–( ) x0–( )= t T≥

a 1–= b 1–= T 20=

τ 1= x0 1=
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4) ñòåïåíü ïîðàæåíèÿ îðãàíà m.
Óðàâíåíèÿ, îïðåäåëÿþùèå äèíàìèêó ïåðå÷èñëåííûõ

ôàêòîðîâ, èìåþò âèä

, 

, 

, 

ñ íà÷àëüíûìè óñëîâèÿìè ïðè ;

, , , .

Çäåñü  - êîýôôèöèåíò ðàçìíîæåíèÿ àíòèãåíà;  -

êîýôôèöèåíò, îïðåäåëÿþùèé âåðîÿòíîñòü íåéòðàëèçàöèè
àíòèãåíà àíòèòåëîì;  - êîýôôèöèåíò, îáóñëîâëèâàþùèé

âåðîÿòíîñòü âñòðå÷è àíòèãåí-àíòèòåëî;  - êîýôôèöèåíò,

îáðàòíûé âðåìåíè æèçíè ïëàçìîêëåòîê;  - ñêîðîñòü
ïðîèçâîäñòâà àíòèòåë îäíîé ïëàçìîêëåòêîé;  - êîýô-

ôèöèåíò, îáðàòíîïðîïîðöèîíàëüíûé âðåìåíè ðàñïàäà

àíòèòåë;  - ÷èñëî àíòèòåë, òðåáóþùèõñÿ íà íåéòðàëè-

çàöèþ îäíîãî àíòèãåíà;  - êîýôôèöèåíò, îïðåäåëÿþùèé
ñêîðîñòü ãèáåëè êëåòîê çàñ÷åò ïîâðåæäàþùåãî äåéñòâèÿ

àíòèãåíà;  - êîýôôèöèåíò, ó÷èòûâàþùèé ñêîðîñòü âîñ-

ñòàíîâëåíèÿ ïîðàæåííîãî îðãàíà;  - ôàçà çàïàçäûâàíèÿ
(âðåìÿ, â òå÷åíèå êîòîðîãî îñóùåñòâëÿåòñÿ ôîðìèðîâàíèå

êàñêàäà ïëàçìîêëåòîê);  - íåïðåðûâíàÿ íåâîçðàñòàþ-

ùàÿ ôóíêöèÿ , õàðàêòåðèçóþùàÿ íàðóøå-

íèå íîðìàëüíîãî ôóíêöèîíèðîâàíèÿ èììóííîé ñèñòåìû
èç-çà çíà÷èòåëüíîãî ïîðàæåíèÿ îðãàíà-ìèøåíè. Ïåðå÷èñ-
ëåííûå ïàðàìåòðû ïîëîæèòåëüíû è ÿâëÿþòñÿ ñïåöèôè-
÷åñêèìè êàê äëÿ âèäà àíòèãåíà, òàê è äëÿ îðãàíà è
êîíêðåòíîãî îðãàíèçìà.

Ñ ïîìîùüþ ðàçðàáîòàííîé êîìïüþòåðíîé ìîäåëè ïðî-
âåäåíî êà÷åñòâåííîå èññëåäîâàíèå âîñïàëèòåëüíîãî ïðî-

öåññà â ñëó÷àå, êîãäà , , , ,

, , , , ,

Ïðè  ñïðàâåäëèâû ñëåäóþùèå íà÷àëüíûå

óñëîâèÿ: , , ,

.

Ïðîâåäåííîå ìîäåëèðîâàíèå ïîêàçûâàåò, ÷òî âðåìÿ ïî-
âòîðíîãî ïðîÿâëåíèÿ âîñïàëèòåëüíîãî ïðîöåññà è ñòåïåíü

åãî àêòèâíîñòè çàâèñÿò îò êîýôôèöèåíòà , ÷òî ñîãëà-

ñóåòñÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè (ñì. ðèñóíêè 3, 4).

Ðèñóíîê 3 - Ìîäåëü âîñïàëèòåëüíîãî ïðîöåññà 

èíôåêöèîííîé ïðèðîäû ïðè . Çäåñü , 

, , 

Ðèñóíîê 4 - Ìîäåëü âîñïàëèòåëüíîãî ïðîöåññà 
èíôåêöèîííîé ïðèðîäû ïðè . Çäåñü 

, , , 

ÂÛÂÎÄÛ

Â ðàáîòå ïðåäñòàâëåíà ìîäåëü, ïðåäíàçíà÷åííàÿ äëÿ
èññëåäîâàíèÿ äèíàìè÷åñêèõ ñèñòåì ñ ïîñëåäåéñòâèåì. Îíà
îïèðàåòñÿ íà ìàòåìàòè÷åñêèé àïïàðàò ÷èñëåííûõ ìåòîäîâ
Äîðìàíà-Ïðèíñà è íà îáúåêòíî-îðèåíòèðîâàííûé ïîäõîä
ñîâðåìåííûõ èíñòðóìåíòàëüíûõ ñèñòåì. Ìîäåëü äîâåäåíà
äî êîìïüþòåðíîé ïðîãðàììû, ñïîñîáíîé âûïîëíÿòüñÿ ñ
Web-óçëà. Ìîäåëü ïðîòåñòèðîâàíà íà çàäà÷àõ ìåäèöèí-
ñêîé èíôîðìàòèêè: 1) ðåàêöèÿ êëåòêè íà ðåíòãåíîâñêîå
îáëó÷åíèå; 2) âîñïàëèòåëüíûé ïðîöåññ èíôåêöèîííîãî
õàðàêòåðà.

Vd
td

------ β γF–( )V=

Cd
td

------- ξ m( )αV t τ–( )F t τ–( ) µc C C0–( )–=

Fd
td

------ ρC µf ηγV+( )F–=
md
td

------- σV µmm–=

t τ– 0,[ ]∈

V t( ) V0= F t( ) F0= C t( ) C0= m t( ) 0=

β γ

α
µc

ρ
µf

η
σ

µm

τ

ξ m( )

0 ξ m( ) 1≤ ≤( )

β 2= γ 0 8,= α 104= µc 0 5,=

ρ 0 17,= µf 0 17,= η 10= µm 0 12,= τ 0 5,=

ξ m( )
1                    m, 0 1,≤
1 m–( ) 10 9⁄( )⁄  0 1, m 1.≤ ≤,




=

t τ– 0,[ ]∈

V t( ) max 0 x, 10 6–+( )= C t( ) 1= F t( ) 1=

m t( ) 0=

σ

σ 2= x1 104V=

x2 0 5C,= x3 F= x4 10m=

σ 300=

x1 104V= x2 0 5C,= x3 F= x4 10m=



106

²ÍÔÎÐÌÀÒÈÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2001

ÏÅÐÅ×ÅÍÜ ÑÑÛËÎÊ

1. Ìèíöåð Î.À., Ìîëîòêîâ Â.Í., Óãàðîâ Á.Í. è äð.
Áèîëîãè÷åñêàÿ è ìåäèöèíñêàÿ êèáåðíåòèêà. Ñïðàâî÷íèê. -
Ê.: Íàóêîâà äóìêà, 1989. - 375 ñ.

2. Ìàð÷óê Ã.È. Ìàòåìàòè÷åñêèå ìîäåëè â èììóíîëîãèè. - Ì.:
Íàóêà, 1980. - 264ñ.

3. Õàéðåð Ä., Íåðñåòò Â., Âàííåð Ò. Ðåøåíèå îáûêíîâåííûõ
äèôôåðåíöèàëüíûõ óðàâíåíèé. Íåæåñòêèå çàäà÷è. - Ì.:

Ìèð, 1990. - 412ñ.
4. Õåéë Äæ. Òåîðèÿ ôóíêöèîíàëüíî-äèôôåðåíöèàëüíûõ

óðàâíåíèé. - Ì.: Ìèð, 1984. - 421ñ.
5. Êðàñîâñêèé Í.Í. Íåêîòîðûå çàäà÷è òåîðèè óñòîé÷èâîñòè

äâèæåíèÿ. - Ì.: Ôèçìàòãèç, 1959. - 212ñ.
6. Äýâèñ Ñòåôåí Ð. Ïðîãðàììèðîâàíèå íà Microsoft Visual

Java++/Ïåð.ñ àíãë. - Ì.: Èçäàòåëüñêèé îòäåë "Ðóññêàÿ
ðåäàêöèÿ" ÒÎÎ "Channel Trading Ltd.", 1997. - 376ñ.: èë.

ÓÄÊ 681.3:519.21+656.072

ÄÈÑÏÅÒ×ÅÐÑÊÎÅ ÓÏÐÀÂËÅÍÈÅ ÄÂÈÆÅÍÈÅÌ ÃÎÐÎÄÑÊÎÃÎ 
ÏÀÑÑÀÆÈÐÑÊÎÃÎ ÒÐÀÍÑÏÎÐÒÀ Ñ ÏÎÌÎÙÜÞ ÑÐÅÄÑÒÂ 

ÌÈÊÐÎÏÐÎÖÅÑÑÎÐÍÎÉ ÒÅÕÍÈÊÈ

Å.À.Îëåíåâ

Â ñòàòüå ðàññìàòðèâàåòñÿ ìîäåëü ìíîãîñâÿçíîãî óïðàâ-
ëåíèÿ ïåðåâîçî÷íûì ïðîöåññîì íà ãîðîäñêîì ïàññàæèðñêîì
òðàíñïîðòå.

The model of the multilinked management of transportation
process on city passenger transport is considered.

Óïðàâëåíèå òðàíñïîðòíîé ñèñòåìîé ãîðîäà ïðåäñòàâëÿ-
åò ñîáîé î÷åíü ñëîæíûé ïðîöåññ, ïîýòîìó ìîäåëèðîâàíèå
åãî ñ ïîìîùüþ òî÷íûõ ìàòåìàòè÷åñêèõ âûðàæåíèé ñó-
ùåñòâåííî çàòðóäíåíî. Åñëè ïðè ýòîì ó÷åñòü, ÷òî èñïîëü-
çîâàíèå ñëîæíûõ ôîðìóë ïðåäïîëàãàåò îïðåäåëåíèå áîëü-
øîãî ÷èñëà ïàðàìåòðîâ, èçìåðåíèå êîòîðûõ ñâÿçàíî ñî
çíà÷èòåëüíûìè àïïàðàòóðíûìè çàòðàòàìè, à ïîðîé è ïðîñ-
òî íåâîçìîæíî, òî ñòàíîâèòñÿ î÷åâèäíîé ïðàêòè÷åñêàÿ
íåâîçìîæíîñòü ñîçäàíèÿ ïîëíîñòüþ àäåêâàòíîé ìîäåëè
óïðàâëåíèÿ. Îïèñàíèå ëþáîãî ðåàëüíîãî ôèçè÷åñêîãî
ïðîöåññà íà òðàíñïîðòíîé ñåòè ãîðîäà ñâÿçàíî, êàê
ïðàâèëî, ñ îáúåêòèâíî ïðèñóòñòâóþùèìè ïðè ýòîì íåîï-
ðåäåëåííîñòÿìè, îáóñëîâëåííûìè ïîãðåøíîñòÿìè ïðîãíî-
çèðîâàíèÿ ðàçâèòèÿ ïåðåâîçî÷íîãî ïðîöåññà è íåîïðåäå-
ëåííîñòüþ âîçìóùåíèé âíåøíåé ñðåäû. Ïîýòîìó öåëåñîîá-
ðàçíî ïðèìåíåíèå äâóõ ïîäõîäîâ äëÿ ó÷åòà óêàçàííûõ
íåîïðåäåëåííîñòåé - ñòîõàñòè÷åñêèé, èñïîëüçóþùèé â ñâî-
åé îñíîâå âåðîÿòíîñòíîå ïðîñòðàíñòâî ñëó÷àéíûõ ñîáû-
òèé, è íå÷åòêèé, áàçèðóþùèéñÿ íà òåîðèè íå÷åòêèõ ìíî-
æåñòâ. Ïîñòðîåíèå ñòîõàñòè÷åñêèõ ìîäåëåé, îïèñûâàþùèõ
äèíàìèêó ïåðåâîçî÷íîãî ïðîöåññà, äîñòàòî÷íî ïîëíî
îïèñàíî â ðàáîòàõ [1, 2, 3], ïîýòîìó ðàññìîòðèì íå÷åòêîå
óïðàâëåíèå, êîòîðîå ÿâëÿåòñÿ îäíîé èç ïîïûòîê àâòîìà-
òèçèðîâàòü îïåðàöèè àíàëèçà èíôîðìàöèè è âûðàáîòêè
óïðàâëÿþùèõ âîçäåéñòâèé, êîòîðûå äî ñèõ ïîð âûïîëíÿ-
þòñÿ äèñïåò÷åðñêèì àïïàðàòîì. Èäåÿ èñïîëüçîâàíèÿ íå-
÷åòêîé ëîãèêè äëÿ äèñïåò÷åðñêîãî óïðàâëåíèÿ, äàåò âîç-
ìîæíîñòü ñîçäàòü õîðîøóþ, êà÷åñòâåííóþ ìîäåëü ñèñòå-
ìû, êîòîðàÿ îáúåäèíÿåò ìíîãîñâÿçíîå óïðàâëåíèå ïî ïðî-
ãíîçèðóåìûì ìîäåëÿì â åäèíûé òåõíîëîãè÷åñêèé ïðîöåññ.

Ïðè óïðàâëåíèè õîäîì ïåðåâîçî÷íîãî ïðîöåññà ñëåäóåò
ó÷èòûâàòü òî îáñòîÿòåëüñòâî, ÷òî îòðèöàòåëüíûå ïîñëåä-
ñòâèÿ, ñâÿçàííûå ñ îòêëîíåíèåì îò íîðìàëüíîãî ïðîòåêà-
íèÿ ýòîãî ïðîöåññà, íåëüçÿ, êàê ïðàâèëî, áûñòðî óñòðà-

íèòü, ïîýòîìó äëÿ ñíèæåíèÿ âîçìîæíûõ ïîòåðü, êîòîðûå
ìîãóò èìåòü ìåñòî, íåîáõîäèìî ïîñòîÿííîå ìîäåëèðîâàíèå
êàðòèíû ïàññàæèðñêèõ ïåðåâîçîê, îáåñïå÷èâàþùåå ïðî-
ãíîçèðîâàíèå ðåçóëüòàòîâ óïðàâëåíèÿ. Âîçíèêíîâåíèå
êîíêðåòíûõ ñèòóàöèé, óõóäøàþùèõ ïàññàæèðñêèå ïåðå-
âîçêè, ñîïðîâîæäàåòñÿ âûäà÷åé ïðîãíîçà ðàçâèòèÿ ïîñëå-
äóþùèõ ñîáûòèé, áëàãîäàðÿ ÷åìó ñèñòåìà îðãàíèçóåò
äâèæåíèå òðàíñïîðòíûõ åäèíèö òàêèì îáðàçîì, ÷òîáû
íîðìàëèçîâàòü ïðîöåññ ïåðåâîçà.

Íà ðèñ. 1 ïðåäñòàâëåíà ñòðóêòóðíàÿ ñõåìà ñèñòåìû
ìíîãîñâÿçíîãî óïðàâëåíèÿ õîäîì ïåðåâîçî÷íîãî ïðîöåññà
ïî ïðîãíîçèðóåìûì ìîäåëÿì, êîòîðàÿ ðàáîòàåò ñëå-
äóþùèì îáðàçîì.

Ðèñóíîê 1 - Ñòðóêòóðíàÿ ñõåìà ñèñòåìû 
ìíîãîñâÿçíîãî óïðàâëåíèÿ

Ñèñòåìîé íà îñíîâå èíôîðìàöèè î êîíòðîëå âûïîëíå-
íèÿ ãðàôèêîâ äâèæåíèÿ è â ñîîòâåòñòâèè ñ ìàòåìàòè÷å-
ñêîé ìîäåëüþ, ïàðàìåòðû êîòîðîé îïðåäåëÿþòñÿ ñòàòèñòè-
÷åñêèìè èññëåäîâàíèÿìè, ìîäåëèðóåòñÿ äâèæåíèå òðàí-
ñïîðòíîé åäèíèöû íà ó÷àñòêàõ äîðîæíîé ñåòè ãîðîäà.
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Ïîëó÷àåìûå ïðè ýòîì äàííûå î ïðåäïîëàãàåìûõ ìîìåíòàõ
ïðèáûòèÿ òðàíñïîðòíîé åäèíèöû íà îñòàíîâî÷íûå ïóíêòû
ìàðøðóòà äàþò âîçìîæíîñòü, èñïîëüçóÿ ñâåäåíèÿ î âðå-
ìåíè, îòâîäèìîì íà ïîåçäêó, îñóùåñòâëÿòü ïðîãíîçèðî-
âàíèå âûáîðà ïàññàæèðîì ìàðøðóòà ïîåçäêè, òî åñòü â
çàâèñèìîñòè îò ñêëàäûâàþùèõñÿ îáñòîÿòåëüñòâ ïðîãíîçè-
ðîâàòü âûáîð èì ñîîòâåòñòâóþùåãî ìíîæåñòâà ìàðøðóòîâ
äëÿ ïîåçäêè èëè ïåøåõîäíîãî ïóòè. Êðîìå òîãî, ñ
äîâåðèòåëüíîé âåðîÿòíîñòüþ 0,9 îïðåäåëÿåòñÿ òàêæå âðå-
ìÿ ïðèáûòèÿ òðàíñïîðòíîé åäèíèöû íà êîíå÷íûé îñòà-
íîâî÷íûé ïóíêò ìàðøðóòà.

Ïðîãíîçèðîâàíèå ïàññàæèðñêèõ êîððåñïîíäåíöèé 1-ãî
è 2-ãî âûáîðà ïóòè ïîäâåðãàåòñÿ ñèñòåìîé äàëüíåéøåìó
ìîäåëèðîâàíèþ ñ öåëüþ áîëåå êîíêðåòíîãî îïðåäåëåíèÿ
ðàçìåðà ýòîãî ìíîæåñòâà êîððåñïîíäåíöèé, ïðèõîäÿùå-
ãîñÿ íà êàæäûé ìàðøðóò. Êðîìå òîãî, ñ ïîìîùüþ ìîäåëè
ðîñòà ýìîöèîíàëüíîãî íàïðÿæåíèÿ äëÿ êàæäîãî êëàññà
ïàññàæèðñêèõ êîððåñïîíäåíöèé ðàññ÷èòûâàåòñÿ (â óñëîâ-
íûõ åäèíèöàõ) çíà÷åíèå ýíåðãèè, êîòîðóþ ãîòîâ çàòðàòèòü
ïàññàæèð ïðè ñîâåðøåíèè ïîñàäêè.

Èñõîäÿ èç ðàñ÷åòíîãî óðîâíÿ óêàçàííîé ýíåðãèè, ïðî-
èçâîäèòñÿ ìîäåëèðîâàíèå ïîñàäêè â òðàíñïîðòíîå ñðåä-
ñòâî, ïðè÷åì ýòà îïåðàöèÿ âûïîëíÿåòñÿ ïîñëåäîâàòåëüíî
äëÿ âñåõ îñòàíîâî÷íûõ ïóíêòîâ ìàðøðóòà. Ñóòü äàííîãî
ìîäåëèðîâàíèÿ ñâîäèòñÿ ê îòáîðó ïàññàæèðñêèõ êîððåñ-
ïîíäåíöèé, ÷åé óðîâåíü ýíåðãèè ïðåâîñõîäèò òðåáóåìîå
åãî çíà÷åíèå äëÿ ïîñàäêè â íàñòîÿùèé ìîìåíò. Äàííûé
óðîâåíü îïðåäåëÿåòñÿ íàïîëíåííîñòüþ ñàëîíà òðàíñïîðò-
íîé åäèíèöû - ÷åì áîëüøå íàïîëíåííîñòü, òåì âûøå
óðîâåíü è òåì áîëüøå ýíåðãèè çàòðà÷èâàåò ïàññàæèð íà
ïîñàäêó â òðàíñïîðòíîå ñðåäñòâî è ïðîåçä â íåì. Òàêèì
îáðàçîì, â ïðîöåññå ìîäåëèðîâàíèÿ ïîñàäêè íà êàæäîì
îñòàíîâî÷íîì ïóíêòå ìàðøðóòà ïàññàæèðñêèå êîððåñïîí-
äåíöèè ðàçäåëÿþòñÿ íà ñîâåðøèâøèõ è íå ñîâåðøèâøèõ
ïîñàäêó â òðàíñïîðòíîå ñðåäñòâî. Ïî ïðåäïîëàãàåìîìó
êîëè÷åñòâó ïàññàæèðñêèõ êîððåñïîíäåíöèé, ñäåëàâøèõ
ïîñàäêó, ïðîãíîçèðóåòñÿ âåëè÷èíà íàïîëíåííîñòè ñàëîíà
òðàíñïîðòíîé åäèíèöû íà äàííîì îñòàíîâî÷íîì ïóíêòå,
êîòîðàÿ íà ïîñëåäóþùåì îñòàíîâî÷íîì ïóíêòå ìàðøðóòà
ñíîâà èñïîëüçóåòñÿ äëÿ ìîäåëèðîâàíèÿ ïîñàäêè è îöåíêè
êîìôîðòàáåëüíîñòè ïîåçäêè.

Ìíîæåñòâî îñòàâøèõñÿ íà îñòàíîâî÷íîì ïóíêòå ïàññà-
æèðñêèõ êîððåñïîíäåíöèé ïîäâåðãàþòñÿ ñèñòåìîé äàëü-
íåéøåìó ïðîãíîçèðîâàíèþ ñ öåëüþ îïðåäåëåíèÿ ìàðøðó-
òîâ âûáîðà ïîåçäêè è ïîñëåäóþùåãî ìîäåëèðîâàíèå íà-
ãðóçêè íà êàæäûé êîíêðåòíûé ìàðøðóò. Ïðè íåîáõîäè-
ìîñòè ñèñòåìà êîððåêòèðóåò ïëàí äâèæåíèÿ òðàíñïîðòíûõ
åäèíèö. Åñëè â ïðîöåññå ïðîãíîçèðîâàíèÿ ìàðøðóòà ïî-
åçäêè ïðåäïî÷òåíèå áóäåò îòäàíî 3-ìó âûáîðó, òî ñèñòåìà
íà÷íåò ìîäåëèðîâàíèå ïåøåõîäíûõ êîððåñïîíäåíöèé. Ýòî
ïðîèçâîäèòñÿ ïóòåì ïîäñ÷åòà ìîìåíòîâ âðåìåíè äîñòèæå-
íèÿ èìè îñòàíîâî÷íûõ ïóíêòîâ òðàíñïîðòíîé ñåòè, ïåðåñå-
êàåìûõ ãðàôîì ïåøåõîäíîãî ïóòè. Â ðàñ÷åòíûé ìîìåíò
âðåìåíè ïðèõîäà íà îñòàíîâî÷íûé ïóíêò ñèñòåìà ïðîâå-
ðÿåò óñëîâèÿ õîäà ïåðåâîçî÷íîãî ïðîöåññà, ïîáóäèâøèå
ñäåëàòü 3-é âûáîð. Åñëè îíè ñòàíîâÿòñÿ áëàãîïðèÿòíûìè
äëÿ ñîâåðøåíèÿ ïîåçäêè, òî ïàññàæèðñêàÿ êîððåñïîíäåí-
öèÿ âêëþ÷àåòñÿ â ïðîöåññ ìîäåëèðîâàíèÿ íàãðóçêè íà
ìàðøðóò è ïîñàäêè â òðàíñïîðòíîå ñðåäñòâî âìåñòå ñ
äðóãèìè êîððåñïîíäåíöèÿìè ýòîãî îñòàíîâî÷íîãî ïóíêòà.

Ïðè íàëè÷èè íåáëàãîïðèÿòíûõ óñëîâèé äëÿ ïîñàäêè
ìîäåëèðóåòñÿ ïåðåõîä äî ñëåäóþùåãî îñòàíîâî÷íîãî
ïóíêòà. Íàëè÷èå ïåøåõîäíûõ êîððåñïîíäåíöèé ñâèäå-
òåëüñòâóåò î ïëîõîì êà÷åñòâå ïðåäîñòàâëåíèÿ òðàíñïîðò-
íûõ óñëóã, êîòîðîå â áîëüøèíñòâå ñëó÷àåâ ÿâëÿåòñÿ
ñëåäñòâèåì ïåðåõîäà ïðîöåññà äâèæåíèÿ òðàíñïîðòíûõ
ñðåäñòâ â íåøòàòíîå ñîñòîÿíèå. Ïîäëåæàò òàêæå îöåíè-
âàíèþ çíà÷åíèÿ âðåìåíè â ïóòè è âðåìåíè îæèäàíèÿ,
êîòîðûå ïîëó÷àþòñÿ ñîîòâåòñòâåííî ïðè ìîäåëèðîâàíèè
äâèæåíèÿ òðàíñïîðòíîé åäèíèöû íà ó÷àñòêàõ äîðîæíîé
ñåòè è ôîðìèðîâàíèÿ ïàññàæèðñêèõ êîððåñïîíäåíöèé 1-ãî
è 2-ãî âûáîðîâ ïóòè.

Îöåíèâàåìûå âåëè÷èíû ïîñðåäñòâîì ôóíêöèè ñòåïåíè
äîñòèæåíèÿ öåëè ïðèîáðåòàþò çíà÷åíèå íå÷åòêîé îöåíêè
öåëè óïðàâëåíèÿ. Íà îñíîâàíèè îöåíêè ñ ó÷åòîì ïðàâèë
ñîñòàâëåíèÿ ãðàôèêîâ äâèæåíèÿ äåëàåòñÿ íå÷åòêèé âûâîä
î çàêðåïëåíèè çà òðàíñïîðòíîé åäèíèöåé ñïëàíèðîâàííîãî
ãðàôèêà äâèæåíèÿ è î ïîñëåäóþùåì êîíòðîëå åãî âûïîë-
íåíèÿ èëè î ïîâòîðíîì ïëàíèðîâàíèè ýòîãî ãðàôèêà ñ
öåëüþ èçìåíåíèÿ â ëó÷øóþ ñòîðîíó çíà÷åíèé îöåíèâàå-
ìûõ âåëè÷èí.

Êîíòðîëü çà õîäîì ïåðåâîçî÷íîãî ïðîöåññà ïîçâîëÿåò
íå òîëüêî îòñëåæèâàòü åãî äèíàìèêó, ïîëó÷àòü ïàðà-
ìåòðû, íåîáõîäèìûå äëÿ ñîñòàâëåíèÿ ãðàôèêîâ äâèæåíèÿ,
è îöåíêè òðóäà çàäåéñòâîâàííûõ â òåõíîëîãè÷åñêîì ïðî-
öåññå ïåðåâîçà ëèö, íî è ïîñðåäñòâîì ëîãè÷åñêèõ âûâîäîâ,
âûïîëíÿåìûõ ïðè ïîëó÷åíèè èíôîðìàöèè ñ äîðîæíîé
ñåòè, âûÿâëÿòü íåáëàãîïðèÿòíûå ñèòóàöèè è ïðèíèìàòü
ìåðû äëÿ íîðìàëèçàöèè ïåðåâîçîê.

Ñ ïîìîùüþ ëîêàëüíîãî óïðàâëåíèÿ, ïðîâîäèìîãî íà
îñòàíîâî÷íûõ ïóíêòàõ, óïðàâëÿþùèå ïàðàìåòðû ïðåä-
ñòàâëÿþòñÿ âîäèòåëÿì òðàíñïîðòíûõ åäèíèö è ïàññàæè-
ðàì â óäîáíîé äëÿ âîñïðèÿòèÿ ôîðìå. Ïðè÷åì ñîñòàâ
èíôîðìàöèîííûõ äàííûõ è èõ çíà÷åíèÿ ïîñòîÿííî
èçìåíÿþòñÿ ïåðèôåðèéíûì ïðîöåññîðîì â ñîîòâåòñòâèè ñ
ïðîòåêàþùèì âðåìåíåì, à òàêæå êîððåêòèðóþòñÿ ïðè
íåîáõîäèìîñòè â ñâÿçè ñ ìåíÿþùåéñÿ êàðòèíîé ïåðå-
âîçî÷íîãî ïðîöåññà.

Åñòåñòâåííî, ÷òî ñèñòåìà äîëæíà âûðàáàòûâàòü
âûõîäíûå ïàðàìåòðû â ðåàëüíîì ìàñøòàáå âðåìåíè,
îïðåäåëÿåìîì â îáùåì ñëó÷àå òåìïîì äâèæåíèÿ òðàí-
ñïîðòíûõ åäèíèö, èõ êîëè÷åñòâîì, à òàêæå ÷èñëîì
îñòàíîâî÷íûõ ïóíêòîâ íà äîðîæíîé ñåòè ãîðîäà. Îäíàêî
ïîñêîëüêó êîëè÷åñòâî òðàíñïîðòíûõ åäèíèö è ðåæèì èõ
äâèæåíèÿ ïî ìàðøðóòàì îïðåäåëÿåòñÿ ñïëàíèðîâàííûì
ìíîæåñòâîì ãðàôèêîâ äâèæåíèÿ, òî ïîòîê çàÿâîê,
ïîñòóïàþùèé â ñèñòåìó íà îáñëóæèâàíèå, ìîæåò áûòü
îïðåäåëåí èç ãðàôèêîâ äâèæåíèÿ, ïî êîòîðûì â
íàñòîÿùåå âðåìÿ ìíîæåñòâîì K òðàíñïîðòíûõ åäèíèö âû-
ïîëíÿþòñÿ ðåéñû. Òàê êàê ñêîðîñòü äâèæåíèÿ òðàíñïîðò-
íîé åäèíèöû çàâèñèò îò âðåìåíè ñóòîê, ñîñòîÿíèÿ
äîðîæíîãî ïîêðûòèÿ è ðÿäà äðóãèõ ôàêòîðîâ, òî
èíòåíñèâíîñòü ïîòîêà çàÿâîê, ïîñòóïàþùåãî â ñèñòåìó,
áóäåò ÿâëÿòüñÿ ïåðåìåííîé âåëè÷èíîé. Åñëè ïðèíÿòü çà

 èíòåíñèâíîñòü ïîòîêà çàÿâîê, ñîçäàâàåìîãî k-é

òðàíñïîðòíîé åäèíèöåé, òî èíòåíñèâíîñòü  ñóììàð-

íîãî ïîòîêà çàÿâîê íà îáñëóæèâàíèå, ïîñòóïàþùèõ â
ñèñòåìó ñ äîðîæíîé ñåòè, áóäåò èìåòü âèä

λk t( )

λ t( )
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Ïðè ýòîì ïîòîê áóäåò áëèçêèé ê íåñòàöèîíàðíîìó
ïóàññîíîâñêîìó.

Ñèñòåìà õðàíèò â ïàìÿòè ïðåäïîëàãàåìûõ ìîìåíòîâ
ïðèõîäà òðàíñïîðòíûõ åäèíèö íà îñòàíîâî÷íûå ïóíêòû,
êîòîðàÿ, êàê ëåãêî çàìåòèòü, ñîîòâåòñòâóåò ïðåäïîëàãàå-
ìûì ìîìåíòàì ïîñòóïëåíèÿ çàÿâîê íà îáñëóæèâàíèå. Ýòî
ïîçâîëÿåò çàðàíåå âû÷èñëÿòü ïàðàìåòðû ñóììàðíîãî ïîòî-
êà çàÿâîê è óïðàâëÿòü âû÷èñëèòåëüíûì ïðîöåññîì â ñèñ-
òåìå. Ïðåäñòàâëÿÿ ìîäåëü â âèäå ñèñòåìû ìàññîâîãî îá-
ñëóæèâàíèÿ ñ îãðàíè÷åííûì âðåìåíåì íàõîæäåíèÿ çàÿâêè
â î÷åðåäè, ìîæíî ïîëó÷èòü âñå îñíîâíûå õàðàêòåðèñòèêè
ýòîé ñèñòåìû [4]. Èñïîëüçóÿ ïîëó÷åííûå õàðàêòåðèñòèêè,
ìîæíî èçìåíÿòü ðàñïðåäåëåíèå çàÿâîê, äîáèâàÿñü ïðè
ýòîì áîëåå ýôôåêòèâíîãî èõ îáñëóæèâàíèÿ [5]. Òàê,
íàïðèìåð, ïðè óâåëè÷åíèè ðàñ÷åòíîé äëèíû î÷åðåäè íà
îáñëóæèâàíèå ñëåäóåò íàäåëÿòü ïðèîðèòåòîì çàÿâêè,
ïîñòóïàþùèå ñ ó÷àñòêîâ òðàíñïîðòíîé ñåòè ñ áîëüøîé
èíòåíñèâíîñòüþ äâèæåíèÿ.

Ñëåäóåò çàìåòèòü, ÷òî äëÿ ñîêðàùåíèÿ âðåìåíè îáñëó-
æèâàíèÿ çàÿâîê ïðèìåíåíî ðàçäåëüíîå óïðàâëåíèå íà
äâóõ óðîâíÿõ. Óïðàâëåíèå íà âåðõíåì óðîâíå îñóùåñòâëÿ-
åòñÿ öåíòðàëüíîé ÷àñòüþ ñèñòåìû, àíàëèçèðóþùåé ñîñòîÿ-
íèå îáúåêòîâ óïðàâëåíèÿ è ñðåäû, â êîòîðîé îíè ôóíê-
öèîíèðóþò. Â îñíîâíîì óïðàâëåíèå íà ýòîì óðîâíå çàêëþ-
÷àåòñÿ â àâòîìàòè÷åñêîì ïëàíèðîâàíèè ãðàôèêîâ äâèæå-
íèÿ òðàíñïîðòíûõ åäèíèö. Óïðàâëåíèå íà íèçêîì óðîâíå
âåäåòñÿ ïåðèôåðèéíîé ÷àñòüþ ñèñòåìû (ïåðèôåðèéíîì
ïðîöåññîðîì), êîòîðàÿ ïðåîáðàçóåò â çàâèñèìîñòè îò
ñèòóàöèè, ñêëàäûâàþùåéñÿ íà îñòàíîâî÷íûõ ïóíêòàõ,
äàííûå, ïîëó÷àåìûå èç åå öåíòðàëüíîé ÷àñòè.

Ñèñòåìà äèñïåò÷åðñêîãî óïðàâëåíèÿ õàðàêòåðèçóåòñÿ
ñîñòàâîì îñíîâíûõ öåëåé óïðàâëåíèÿ, äîñòèæåíèå êîòî-
ðûõ äîëæíî îöåíèâàòüñÿ ïðè íå÷åòêîì óïðàâëåíèè ñ
ïîìîùüþ ôóíêöèè ñòåïåíè äîñòèæåíèÿ öåëè. Ñóùåñòâóþò
ðàçíûå êðèòåðèè îöåíêè òðàíñïîðòíûõ óñëóã [6, 7], íî âñå
îíè, ïî ìíåíèþ àâòîðà, ìîãóò áûòü ñâåäåíû ê äâóì
îñíîâíûì - âðåìåíè, çàòðà÷èâàåìîì ïàññàæèðîì íà îæè-
äàíèå òðàíñïîðòíîãî ñðåäñòâà è ïðîåçä â íåì, è
êîìôîðòàáåëüíîñòè ïîåçäêè. Ïîýòîìó àâòîð ñ÷èòàåò âîç-
ìîæíûì îöåíèâàòü ñòåïåíü äîñòèæåíèÿ öåëè óïðàâëåíèÿ ñ
ïîìîùüþ îáîáùåííîé ôóíêöèè, ïðåäñòàâëÿþùåé ñîáîé
êîìïîçèöèþ äâóõ ÷àñòíûõ ôóíêöèé: çàâèñèìîñòè ýôôåê-
òèâíîñòè (Ý) ïîåçäêè îò êîýôôèöèåíòà ñíèæåíèÿ êîì-

ôîðòàáåëüíîñòè ( ) è çàâèñèìîñòè ýôôåêòèâíîñòè ïîåçä-

êè îò âðåìåíè (T), êîòîðîå çàòðà÷èâàåò ïàññàæèð íà åå
ñîâåðøåíèå (âêëþ÷àÿ âðåìÿ îæèäàíèÿ ïîñàäêè).

Ïåðâàÿ ÷àñòíàÿ ôóíêöèÿ, îïðåäåëÿþùàÿ èíòåðåñû
òðàíñïîðòíîãî ïðåäïðèÿòèÿ è ïàññàæèðîâ íà îñíîâàíèè
ïîêàçàòåëÿ íàïîëíåííîñòè ñàëîíà òðàíñïîðòíîãî ñðåäñòâà,
ìîæåò èìåòü âèä, ïîêàçàííûé íà ðèñ. 2. Ìîæíî
óòâåðæäàòü, ÷òî ñóùåñòâóåò íåêîòîðîå îïòèìàëüíîå ÷èñëî

( ) ïàññàæèðîâ ( ), ñîâåðøàþùèõ ïîåçäêó â

äàííîé òðàíñïîðòíîé åäèíèöå, êîòîðîå îêóïàåò ðàñõîäû
íà ýêñïëóàòàöèþ (âìåñòå ñ ïðèáûëüþ) è îïðàâäûâàåò

çàòðàòû (âêëþ÷àÿ äîòàöèþ), ïîíåñåííûå ïàññàæèðîì çà
îïëàòó ïðîåçäà. Ïðè óìåíüøåíèè êîëè÷åñòâà ïåðåâîçèìûõ

ïàññàæèðîâ ( ) ñíèæàåòñÿ ðåíòàáåëüíîñòü ïåðåâîç-

êè, à ïðè óâåëè÷åíèè ýòîãî ÷èñëà ( ) ïàññàæèðû

èñïûòûâàþò äèñêîìôîðò è ïîâûøåííóþ òðàíñïîðòíóþ
óñòàëîñòü. Âñå ýòî äåëàåò ïîåçäêó ìàëîýôôåêòèâíîé.
Î÷åâèäíî, ÷òî ïðè âîçðàñòàíèè ïëàòû çà ïðîåçä ãðàôèê
ôóíêöèè áóäåò ñìåùàòüñÿ âëåâî. Àíàëîãè÷íûì îáðàçîì
áóäåò âûãëÿäåòü è âòîðàÿ ÷àñòíàÿ ôóíêöèÿ, îòðàæàþùàÿ
ãëàâíûì îáðàçîì ñîîòíîøåíèå ìåæäó èíòåðâàëîì äâè-
æåíèÿ òðàíñïîðòíûõ ñðåäñòâ è âðåìåíåì, îòâîäèìûì ïàñ-
ñàæèðîì íà ïîåçäêó. Ñëåäóåò çàìåòèòü, ÷òî ñîêðàùåíèå
âðåìåíè îæèäàíèÿ òðåáóåò óâåëè÷åíèÿ ïàðêà ïîäâèæíîãî
ñîñòàâà, ÷òî ñâÿçàíî ñ áîëüøèìè ìàòåðèàëüíûìè
çàòðàòàìè. Ïîýòîìó âåëè÷èíà âðåìåíè îæèäàíèÿ äîëæíà
áûòü ðàçóìíîé.

Ðèñóíîê 2 - ×àñòíàÿ ôóíêöèÿ, îïðåäåëÿþùàÿ 
êðèòåðèé ýôôåêòèâíîñòè ïîåçäêè

Çíà÷èòåëüíîå óìåíüøåíèå ýòîãî âðåìåíè ïðè èìåþùåì-
ñÿ íà ìàðøðóòå êîëè÷åñòâå òðàíñïîðòíûõ åäèíèö ìîæåò
ïðèâåñòè ê íåæåëàòåëüíîìó óâåëè÷åíèþ ïîñëåäóþùåãî
èíòåðâàëà äâèæåíèÿ, à ñëåäîâàòåëüíî, ê âîçìîæíîé ïåðå-
ãðóçêå òðàíñïîðòíîãî ñðåäñòâà.

Ïðîäîëæèòåëüíîå îæèäàíèå îáùåñòâåííîãî òðàíñïîðòà
ïðîâîöèðóåò ïàññàæèðà êî âòîðîìó è ê òðåòüåìó âûáîðó
ïóòè, èç-çà ÷åãî âîçðàñòàåò âåðîÿòíîñòü ïðèáûòèÿ â ïóíêò
íàçíà÷åíèÿ ñ îïîçäàíèåì. Ê òàêîìó æå ïîñëåäñòâèþ âåäåò
óâåëè÷åíèå âðåìåíè â ïóòè. Èñõîäÿ èç ñêàçàííîãî, ìîæíî
ñäåëàòü âûâîä, ÷òî äëÿ êàæäîãî êëàññà ïîåçäîê ñóùå-
ñòâóåò îïðåäåëåííûé âðåìåííîé èíòåðâàë, îãðàíè÷èâàþ-
ùèé ïðîäîëæèòåëüíîñòü ïîåçäêè, ñîáëþäåíèå êîòîðîãî
íàèáîëåå áëàãîïðèÿòíî îòðàæàåòñÿ íà ýôôåêòèâíîñòè
ïîåçäêè.

Ôèçè÷åñêèé ñìûñë êðèòåðèÿ ýôôåêòèâíîñòè ïîåçäêè
çàêëþ÷àåòñÿ â äîñòèãàåìîì óðîâíå ïàðèòåòà çàòðàò,
ïîíåñåííûõ îðãàíèçàòîðîì è ïîòðåáèòåëåì íà âûïîëíåíèå
ïîåçäêè, ïðè äàííîé åå ïðîäîëæèòåëüíîñòè è êîì-
ôîðòàáåëüíîñòè.

Î÷åâèäíî, ÷òî íàèáîëüøèé óðîâåíü ïàðèòåòà (ðàâíûé 1)
äîñòèãàåòñÿ ïðè ðàâåíñòâå óêàçàííûõ çàòðàò.

Áîëåå òî÷íî ÷àñòíûå ôóíêöèè ìîæíî îïðåäåëèòü,
èçó÷èâ çàòðàòíûé ìåõàíèçì òðàíñïîðòíîãî ïðåäïðèÿòèÿ,

λ t( ) λk t( )
k 1=

K

∑=

Ξ

Z0 Z1 Z0 Z2≤ ≤

Z0 Z1<

Z0 Z2<
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äîòàöèîííûé óðîâåíü ôèíàíñèðîâàíèÿ ýòîãî ïðåäïðèÿòèÿ
ìåñòíûìè àäìèíèñòðàöèÿìè, à òàêæå ïàññàæèðîïîòîêè è
ñîîòíîøåíèå êîëè÷åñòâà ëüãîòíûõ ïàññàæèðîâ è ïàññàæè-
ðîâ, â òîé èëè èíîé ñòåïåíè îïëà÷èâàþùèõ ñâîé ïðîåçä.
Äåéñòâèòåëüíîå ñîîòíîøåíèå óêàçàííûõ âåëè÷èí â
êàæäîì ãîðîäå çàâèñèò îò ìíîæåñòâà ôàêòîðîâ, âûÿâëåíèå
êîòîðûõ ïðîèçâîäèòñÿ ïðè êîìïëåêñíîì îáñëåäîâàíèè
ïàññàæèðñêèõ ïåðåâîçîê.

Ñëåäóåò çàìåòèòü, ÷òî â ðàáîòå [8] äàíà ñòîèìîñòíàÿ
îöåíêà çàòðàò (ïîòåðü), êîòîðûå íåñåò ïàññàæèð ïðè äëè-
òåëüíîì îæèäàíèè íà îñòàíîâî÷íîì ïóíêòå òðàíñïîðòíîãî
ñðåäñòâà. Îäíàêî â ýòîì ñëó÷àå ìîæíî èñõîäèòü è èç
ïðåäëîæåííîãî àâòîðîì êðèòåðèÿ äîïóñòèìîãî îòêëîíåíèÿ
âðåìåíè ïîåçäêè ïàññàæèðà, ïðèíÿâ çà íóëåâîé óðîâåíü
ýôôåêòèâíîñòè ïîåçäêè çíà÷åíèå âðåìåíè, ñëó÷àéíîå
ïðåâûøåíèå êîòîðîãî ïðèâîäèëî áû (ïî òåîðèè âåðîÿò-
íîñòè) ïàññàæèðà ê îïîçäàíèþ íå áîëåå 1 - 2 ðàç â ãîä ïðè
ñîâåðøåíèè èì ðåãóëÿðíûõ åæåäíåâíûõ ïîåçäîê íà
ðàáîòó.

Îáîáùåííàÿ ôóíêöèÿ ñòåïåíè äîñòèæåíèÿ öåëè óïðàâ-
ëåíèÿ èçîáðàæåíà íà ðèñ. 3. Ïîñêîëüêó ïàðàìåòðû ýòîé
ôóíêöèè íå ìîãóò áûòü âçàèìîîäíîçíà÷íî îïðåäåëåíû äëÿ
âñåõ êëàññîâ ïàññàæèðñêèõ êîððåñïîíäåíöèé, ðàçëè÷íûõ
ñîñòîÿíèé äîðîæíîãî ïîêðûòèÿ è ìåòåîóñëîâèé, òî íåîá-
õîäèìî ïîäãîòîâèòü íåñêîëüêî îáîáùåííûõ ôóíêöèé, ñ
òåì, ÷òîáû èõ ìîæíî áûëî àâòîìàòè÷åñêè âûáèðàòü â
çàâèñèìîñòè îò óñëîâèé ðàáîòû ãîðîäñêîãî ïàññàæèðñêîãî
òðàíñïîðòà.

Ðèñóíîê 3 - Îáîáùåííàÿ ôóíêöèÿ ñòåïåíè äîñòèæåíèÿ 
öåëè óïðàâëåíèÿ

Ñëåäóåò çàìåòèòü, ÷òî ãëàâíàÿ öåëü óïðàâëåíèÿ - áåçî-
ïàñíîñòü òàêæå äîñòèãàåòñÿ, õîòÿ ïàðàìåòðû âëèÿþùèõ íà
íåå ôàêòîðîâ íå âõîäÿò â ÿâíîì âèäå â àðãóìåíòû
îáîáùåííîé ôóíêöèè. Ðàññìîòðèì òðè, çàòðàãèâàåìûå
ïðè óïðàâëåíèè, ñîñòàâëÿþùèå áåçîïàñíîñòè äâèæåíèÿ:

- ñêîðîñòü äâèæåíèÿ òðàíñïîðòíîãî ñðåäñòâà;
- êâàëèôèêàöèÿ âîäèòåëÿ;
- ïðîäîëæèòåëüíîñòü ïðåäîñòàâëÿåìîãî âîäèòåëþ â ïðî-

öåññå ðàáîòû îòäûõà.

Äëÿ êàæäîãî ó÷àñòêà äîðîæíîé ñåòè íåîáõîäèìî
óñòàíàâèòü àðãóìåíòèðîâàííûå çíà÷åíèÿ ïðåäåëüíîé ñêî-
ðîñòè äâèæåíèÿ òðàíñïîðòíûõ åäèíèö, çàâèñÿùèå îò
ñîñòîÿíèÿ ñðåäû, â êîòîðîé ýòè åäèíèöû ôóíêöèîíèðóþò.
Ïëàíèðîâàíèå ãðàôèêîâ äâèæåíèÿ ïðîèçâîäèòñÿ ñ ó÷åòîì
ìàêñèìàëüíî äîïóñòèìîé ñêîðîñòè, ÷òî ïðåäíàìåðåííî
èñêëþ÷àåò åå ïðåâûøåíèå â ïðîöåññå äâèæåíèÿ, à ïîñòî-
ÿííûé êîíòðîëü ñêîðîñòíîãî ðåæèìà äèñöèïëèíèðóåò ðà-
áîòó âîäèòåëåé. Èìåííî íåïîñòîÿíñòâî ñêîðîñòè äâèæåíèÿ
â îñíîâíîì è ïðåäîïðåäåëÿåò ðàçíîâèäíîñòü âàðèàíòîâ
òðåõìåðíîé îáîáùåííîé ôóíêöèè ñòåïåíè äîñòèæåíèÿ
öåëè óïðàâëåíèÿ.

Êâàëèôèêàöèÿ âîäèòåëåé, äîñòàòî÷íîñòü èõ ïîäãîòîâêè
(âëàäåíèå âñåñòîðîííåé îöåíêîé äîðîæíîé îáñòàíîâêè),
òðåáóåìûå äëÿ âîæäåíèÿ òðàíñïîðòíûõ ñðåäñòâ ïî ìàðø-
ðóòàì òîé èëè èíîé êàòåãîðèè ñëîæíîñòè, ìîãóò áûòü
âûÿâëåíû êàê çàðàíåå (â ïðîöåññå ñòàòèñòè÷åñêèõ èññëå-
äîâàíèé), òàê è íåïîñðåäñòâåííî âî âðåìÿ ïîâñåäíåâíîé
ðàáîòû. Ïîñêîëüêó ïðè óïðàâëåíèè èñïîëüçóþòñÿ äàííûå
î íîìåðå òðàíñïîðòíîé åäèíèöû, êîòîðûå ïðè æåëàíèè
âñåãäà ìîæíî äîïîëíèòü èíôîðìàöèåé î êâàëèôèêàöèè
âîäèòåëÿ, òî ïîÿâëÿåòñÿ âîçìîæíîñòü ïîäáèðàòü äëÿ êàæ-
äîé êàòåãîðèè ìàðøðóòà âîäèòåëåé ñ ñîîòâåòñòâóþùåé
ïîäãîòîâêîé, à òàêæå ïðåäîòâðàòèòü ïåðåêëþ÷åíèå (â ïðî-
öåññå ïåðåâîçîê) íà ñëîæíûé ìàðøðóò òðàíñïîðòíîé åäè-
íèöû, óïðàâëÿåìîé íåîïûòíûì âîäèòåëåì.

Âî âðåìÿ ðàáîòû âîäèòåëÿì íåîáõîäèìî ïðåäîñòàâëÿòü
ìèíèìàëüíî íåîáõîäèìûé îòäûõ. Êîðîòêèé îòäûõ ìîæåò
óõóäøèòü ðàáîòó âîäèòåëÿ, ò.å. ïîâðåäèòü áåçîïàñíîñòè
äâèæåíèÿ. Ñëèøêîì áîëüøîé - íåâûãîäåí. Ïðè÷åì, äëÿ
îòäûõà âàæíî âûáèðàòü íå òîëüêî åãî ïðîäîëæèòåëüíîñòü,
íî è âðåìÿ åãî ïðåäîñòàâëåíèÿ â òå÷åíèå ñìåíû. Ïðè ýòîì
ñëåäóåò ïðåäóñìîòðåòü îáåäåííûé ïåðåðûâ. Ïîýòîìó âñå
äàííûå î ðåæèìå ðàáîòû âîäèòåëåé çàíîñÿòñÿ òàêæå â
ïàìÿòü ñèñòåìû è èñïîëüçóþòñÿ ïðè ñîñòàâëåíèè ñâåäåíèé
î ìîìåíòàõ ãîòîâíîñòè âîäèòåëåé îòïðàâèòü òðàíñïîðòíîå
ñðåäñòâî â î÷åðåäíîé ðåéñ.

Ïîñòîÿííûé ó÷åò ÷èñëà òðàíñïîðòíûõ åäèíèö, ïðåêðà-
ùàþùèõ ó÷àñòèå â ïåðåâîçî÷íîì ïðîöåññå èç-çà òåõíè÷å-
ñêîé íåèñïðàâíîñòè, ïîâûøàåò îòâåòñòâåííîñòü çà âûïóñê
íà ëèíèþ èñïðàâíîãî ïîäâèæíîãî ñîñòàâà, ÷òî ñïîñîá-
ñòâóåò áåçàâàðèéíîé ðàáîòå îáùåñòâåííîãî òðàíñïîðòà.

Òàêèì îáðàçîì, âåðîÿòíîñòíûå ìîäåëè ïàðàìåòðû êîòî-
ðûõ îïðåäåëÿþòñÿ ñòàòèñòè÷åñêèìè èññëåäîâàíèÿìè òðàí-
ñïîðòíîé ñåòè, ïðèíàäëåæàò ê ïåðâîìó ïóòè ó÷åòà íåîïðå-
äåëåííîñòåé, à íå÷åòêîå óïðàâëåíèå ñ ïðîãíîçèðîâàíèåì -
êî âòîðîìó. Òàêîå îáúåäèíåíèå äàåò âîçìîæíîñòü ïîñðåä-
ñòâîì ìíîãîñâÿçíîãî óïðàâëåíèÿ îñóùåñòâëÿòü àâòîìàòè-
çàöèþ îïåðàöèé àíàëèçà ïîñòóïàþùåé ñ òðàíñïîðòíîé
ñåòè èíôîðìàöèè è âûðàáîòêè óïðàâëÿþùèõ âîçäåéñòâèé,
èñïîëüçóÿ äëÿ ýòîãî ñðåäñòâà ìèêðîïðîöåññîðíîé òåõíè-
êè. Òàêàÿ ñèñòåìà íîâîãî ïîêîëåíèÿ ñïîñîáíà ñîáðàòü è
îáðàáîòàòü áîëüøîå êîëè÷åñòâî èíôîðìàöèè, êîòîðóþ
ìîæíî èñïîëüçîâàòü äëÿ ïîäúåìà ïàññàæèðñêèõ ïåðåâîçîê
íà áîëåå âûñîêèé êà÷åñòâåííûé óðîâåíü. Ïîñðåäñòâîì
òàêîé äèñïåò÷åðñêîé ñèñòåìû ïàññàæèðû ïîëó÷àþò êàê áû
ýôôåêòèâíûé çàùèòíî-ïðàâîâîé ìåõàíèçì, ñ ïîìîùüþ êî-
òîðîãî îïëàòà, ïðîèçâåäåííàÿ èìè çà ïðîåçä â ãîðîäñêîì
òðàíñïîðòå, ñîïîñòàâëÿåòñÿ ñ êà÷åñòâîì ïðåäîñòàâëÿåìûõ
òðàíñïîðòíûìè ïðåäïðèÿòèÿìè óñëóã.
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ÈÑÏÎËÜÇÎÂÀÍÈÅ WEB-ÒÅÕÍÎËÎÃÈÉ ÄËß ÀÄÌÈÍÈÑÒÐÈÐÎÂÀÍÈß 
ÃÅÒÅÐÎÃÅÍÍÛÕ ÂÛ×ÈÑËÈÒÅËÜÍÛÕ ÑÅÒÅÉ

À.Â.Ïàðõîìåíêî, Ä.Â.Äàíèëü÷åíêî, À.À.Ñòåïàíåíêî

Â ñòàòüå ðàññìàòðèâàþòñÿ ñîâðåìåííûå ïîäõîäû ê àäìè-
íèñòðèðîâàíèþ êîðïîðàòèâíûõ ñåòåé. Ïðåäëàãàåòñÿ ïîäõîä,
áàçèðóþùèéñÿ íà èñïîëüçîâàíèè web-òåõíîëîãèé äëÿ àäìè-
íèñòðèðîâàíèÿ ãåòåðîãåííûõ êîðïîðàòèâíûõ ñåòåé.

Â ñòàòò³ ðîçãëÿäàþòüñÿ ñó÷àñí³ ï³äõîäè äî àäì³í³ñòðó-
âàííÿ êîðïîðàòèâíèõ ìåðåæ. Ïðîïîíóºòüñÿ ï³äõ³ä, ÿêèé áà-
çóºòüñÿ íà âèêîðèñòàíí³ web-òåõíîëîã³é â ñèñòåìàõ êåðó-
âàííÿ ãåòåðîãåííèìè êîðïîðàòèâíèìè ìåðåæàìè.

In this article were considered modern approaches for admin-
istration of corporative networks. Propose approach, which
based on using of web-technologies for administration heteroge-
neous corporative networks.

Ñðåäñòâà ñåòåâîãî è ñèñòåìíîãî àäìèíèñòðèðîâàíèÿ
íèêîãäà íå çàíèìàëè äîìèíèðóþùèõ ïîçèöèé â êîðïîðà-
òèâíûõ èíôîðìàöèîííûõ ñèñòåìàõ (ÈÑ). Òðàäèöèîííî
îòâîäèâøàÿñÿ èì âñïîìîãàòåëüíàÿ ðîëü ïðèâåëà ê òîìó,
÷òî ñòðóêòóðà è ôóíêöèè ÏÎ äàííîãî êëàññà îêàçàëèñü â
ïðÿìîé çàâèñèìîñòè îò àðõèòåêòóðû âû÷èñëèòåëüíûõ

ñèñòåì è ýâîëþöèîíèðîâàëè âìåñòå ñ íèìè.
Îñíîâíàÿ ïðîáëåìà, ñ êîòîðîé ñòàëêèâàþòñÿ àäìè-

íèñòðàòîðû èíôîðìàöèîííûõ ñèñòåì, çàêëþ÷àåòñÿ â òîì,
÷òî âìåñòî îäíîðîäíîé ñðåäû àäìèíèñòðàòîðàì (è èìåþ-
ùèìñÿ â èõ ðàñïîðÿæåíèè èíñòðóìåíòàëüíûì ñðåäñòâàì)
ïðèõîäèòñÿ èìåòü äåëî ñ ìíîãîîáðàçèåì ðåñóðñîâ, òàêèõ
êàê ðàçëè÷íûå êîìïüþòåðíûå ïëàòôîðìû, àêòèâíîå ñå-
òåâîå îáîðóäîâàíèå èëè ïðîãðàììíîå îáåñïå÷åíèå [1]. Ýòà
ãåòåðîãåííîñòü òðåáóåò ðåøåíèÿ íåñêîëüêèõ áîëüøèõ
êëàññîâ çàäà÷ àäìèíèñòðèðîâàíèÿ (ðèñ.1)

Òèïè÷íûì ïðèìåíåíèåì ðàçëè÷íûõ ÎÑ â êîðïîðàòèâ-
íûõ èíôîðìàöèîííûõ ñèñòåìàõ ÿâëÿåòñÿ ñëåäóþùåå.
Ðàáî÷èå ñòàíöèè ïîëüçîâàòåëåé ðàáîòàþò ïîä óïðàâëå-
íèåì ÎÑ MS Windows 9x/NT, íà ôàéëîâûõ ñåðâåðàõ
èñïîëüçóåòñÿ ÎÑ Novell NetWare, íà ñåðâåðå ïðèëîæåíèé
ïðèìåíÿåòñÿ MS Windows NT/2000 Server, ôóíêöèè
øëþçà â Internet è ñåðâåðà óäàëåííîãî äîñòóïà âûïîëíÿåò
êîìïüþòåð, ðàáîòàþùèé ïîä óïðàâëåíèåì Linux/UNIX.

Ðèñóíîê 1 - Êëàññèôèêàöèÿ çàäà÷ àäìèíèñòðèðîâàíèÿ ãåòåðîãåííûõ èíôîðìàöèîííûõ ñèñòåì
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Èñïîëüçîâàíèå ðàçëè÷íûõ ïðîãðàììíî-àïïàðàòíûõ
ïëàòôîðì îáóñëàâëèâàåòñÿ òåì, ÷òî êàæäàÿ îïåðàöèîííàÿ
ñèñòåìà èìååò ñâîè îñîáåííîñòè. Ñèñòåìû, ðàáîòàþùèå
ïîä óïðàâëåíèåì UNIX, èìåþò áîëüøóþ ñòåïåíü çàùè-
ùåííîñòè è áîëåå âûñîêóþ ïðîèçâîäèòåëüíîñòü. UNIX
èñïîëüçóåòñÿ äëÿ óïðàâëåíèÿ ýëåêòðîííîé ïî÷òîé, íîâî-
ñòÿìè èëè äëÿ ïîëó÷åíèÿ äîñòóïà ê Internet, à òàêæå ïðè
ïðîåêòèðîâàíèè â ïðèëîæåíèÿõ, èíòåíñèâíî èñïîëüçóþ-
ùèõ öåíòðàëüíûå ïðîöåññîðû êîìïüþòåðîâ, òàêèõ êàê
CAD/CAM. UNIX ïðåäñòàâëÿåò íàäåæíóþ, óñòîé÷èâóþ,
ìíîãîçàäà÷íóþ, ìíîãîïðîöåññîðíóþ, ìíîãîïîëüçîâàòåëü-
ñêóþ, õîðîøî ìàñøòàáèðóåìóþ ñðåäó. Ïðîãðàììíîå îáå-
ñïå÷åíèå, ðàáîòàþùåå ïîä óïðàâëåíèåì ÎÑ ñåìåéñòâà
Windows, èìååò óäîáíûé ïîëüçîâàòåëüñêèé èíòåðôåéñ,
÷òî íàøëî îòðàæåíèå â åãî âûñîêîé ïîïóëÿðíîñòè ñðåäè
ïîëüçîâàòåëåé ÏÊ. Ñåðâåðû è ðàáî÷èå ñòàíöèè, ðàáîòàþ-
ùèå ïîä óïðàâëåíèåì ÎÑ ñåìåéñòâà Windows, äåøåâëå,
÷åì ðàáîòàþùèå ïîä óïðàâëåíèåì UNIX, èõ ëåã÷å
àäìèíèñòðèðîâàòü, äëÿ íèõ ñóùåñòâóåò áîëüøå ïðîãðàì-
ìíîãî îáåñïå÷åíèÿ ñòîðîííèõ ðàçðàáîò÷èêîâ. Ôàéëîâûå
ñåðâåðû, ðàáîòàþùèå ïîä óïðàâëåíèåì ÎÑ Novell Net-
Ware, ïîêàçûâàþò áîëåå âûñîêóþ ïðîèçâîäèòåëüíîñòü,
÷åì ôàéë-ñåðâåðû, ðàáîòàþùèå ïîä óïðàâëåíèåì ÎÑ
ñåìåéñòâà Windows èëè UNIX. Îíè áîëåå íàäåæíû, ÷åì
Windows è ìåíåå äîðîãèå, ÷åì UNIX.

Ïðèìåíåíèå ðàçëè÷íûõ îïåðàöèîííûõ ñèñòåì òàêæå
îáóñëîâëåíî óäîâëåòâîðåíèåì òðåáîâàíèé ïîëüçîâàòåëåé ê
ïðîèçâîäèòåëüíîñòè êîðïîðàòèâíîé ñèñòåìû â öåëîì èëè
èíñòðóìåíòàëüíûì ñðåäñòâàì ïðîãðàììíîãî îáåñïå÷åíèÿ [2].

Åñëè äëÿ îòäåëüíîé ïëàòôîðìû çàäà÷è àäìèíèñòðè-
ðîâàíèÿ ðåøàþòñÿ ïðèìåíåíèåì ñòàíäàðòíûõ ñðåäñòâ äëÿ

ýòîé ïëàòôîðìû, òî â ãåòåðîãåííûõ ñðåäàõ èíòåãðàöèÿ è
âçàèìîäåéñòâèå ïðîãðàììíûõ ïðîäóêòîâ, ïðåäíàçíà÷åí-
íûõ äëÿ àäìèíèñòðèðîâàíèÿ, ÿâëÿåòñÿ äîñòàòî÷íî ñëîæ-
íîé çàäà÷åé (ðèñ.2).

Ñëîæíîñòü àäìèíèñòðèðîâàíèÿ ãåòåðîãåííîé ñðåäû çà-
êëþ÷àåòñÿ â ñëåäóþùåì. Ðàçëè÷íûå îïåðàöèîííûå ñèñòå-
ìû, àêòèâíîå ñåòåâîå îáîðóäîâàíèå íàñòîëüêî íå ïîõîæè
àðõèòåêòóðíî, ÷òî òîëüêî âûñîêîêâàëèôèöèðîâàííûé ñïå-
öèàëèñò ñ óçêîé ñïåöèàëèçàöèåé ìîæåò ýôôåêòèâíî îáñëó-
æèâàòü òîëüêî "ñâîé" ó÷àñòîê ðàáîòû. Òåì íå ìåíåå,
áîëüøèíñòâî çàäà÷ àäìèíèñòðèðîâàíèÿ î÷åíü ïîõîæè
ìåæäó ñîáîé, îòëè÷èå çàêëþ÷àåòñÿ ëèøü â ìåòîäå èõ
ðåàëèçàöèè. Äëÿ UNIX-ïîäîáíûõ ñèñòåì êîìàíäû è óòè-
ëèòû, ïðèìåíÿåìûå äëÿ àäìèíèñòðèðîâàíèÿ, ýòî êîíñîëü-
íûå ïðèëîæåíèÿ ñî ìíîæåñòâîì ïàðàìåòðîâ è ìîäèôè-
êàòîðîâ-êëþ÷åé. ÎÑ ñåìåéñòâà Windows èìåþò áîëåå
íàãëÿäíûé, íî íå áîëåå óäîáíûé ãðàôè÷åñêèé èíòåðôåéñ
ñðåäñòâ àäìèíèñòðèðîâàíèÿ. Äëÿ Windows íàïèñàíèå
ñöåíàðèåâ, ïðè ïîìîùè êîòîðûõ, ïîäîáíî UNIX, ìîæíî
îáëåã÷èòü ïðîöåññ àäìèíèñòðèðîâàíèÿ, ïðàêòè÷åñêè íå-
âîçìîæíî. Ïîäîáíîå ïîëîæåíèå äåë ïðèâîäèò ê çíà÷è-
òåëüíûì çàòðàòàì íà ñîäåðæàíèå ïåðñîíàëà, è çíà÷è-
òåëüíûì íåïðîèçâîäñòâåííûì ïîòåðÿì. Windows, UNIX,
NetWare ïðåäñòàâëÿþò ñîáîé ñëîæíûå îïåðàöèîííûå ñèñ-
òåìû è îñâîåíèå êàæäîé èç íèõ çàíèìàåò ìíîãî âðåìåíè.
×åì áîëüøå ñòåïåíü ðàçíîðîäíîñòè, òåì áîëüøåå êîëè-
÷åñòâî âûñîêîêâàëèôèöèðîâàííûõ ñïåöèàëèñòîâ òðåáóåò-
ñÿ ïðèâëå÷ü äëÿ àäìèíèñòðèðîâàíèÿ ñèñòåìû, òåì âûøå
çàòðàòû íà îáó÷åíèå è ñîäåðæàíèå îáñëóæèâàþùåãî
ïåðñîíàëà.

Ðèñóíîê 2 - Ñòðóêòóðà ñîâðåìåííîé âû÷èñëèòåëüíîé ñåòè
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Íàèáîëåå ðàñïðîñòðàíåííûì ïîäõîäîì ê êîíòðîëþ ñî-
ñòîÿíèÿ èíôîðìàöèîííîé ñèñòåìû ÿâëÿåòñÿ öåíòðàëèçî-
âàííûé ïîäõîä, êîãäà àäìèíèñòðàòîð êîíòðîëèðóåò ñîñòî-
ÿíèå è óïðàâëÿåò ÈÑ ñ îäíîé ðàáî÷åé ñòàíöèè. Íàðÿäó ñ
öåíòðàëèçîâàííûì ïîäõîäîì ñóùåñòâóåò ò.í. ëîêàëüíûé
ïîäõîä, êîãäà àäìèíèñòðàòîð óïðàâëÿåò íåêîòîðûì ñåòå-
âûì óñòðîéñòâîì, íåïîñðåäñòâåííî íàõîäÿñü "íà ðàññòîÿ-
íèè âûòÿíóòîé ðóêè" îò íåãî [3].

Ïîòðåáíîñòü â êîíòðîëå íàä ñåòüþ â öåëîì ñ îäíîé
óïðàâëÿþùåé ñòàíöèè âûçâàëà ê æèçíè ðàçëè÷íûå àðõè-
òåêòóðû ïëàòôîðì è ïðèëîæåíèé àäìèíèñòðèðîâàíèÿ.
Íàèáîëüøåå ðàñïðîñòðàíåíèå ñðåäè íèõ ïîëó÷èëà äâóõ-
óðîâíåâàÿ ðàñïðåäåëåííàÿ àðõèòåêòóðà "ìåíåäæåð - àãåí-
òû". Ïðîãðàììà-ìåíåäæåð ôóíêöèîíèðóåò íà óïðàâëÿþ-
ùåé êîíñîëè, ïîñòîÿííî âçàèìîäåéñòâóÿ ñ ìîäóëÿìè-
àãåíòàìè, êîòîðûå çàïóñêàþòñÿ â îòäåëüíûõ óñòðîéñòâàõ
ñåòè. Íà àãåíòû â òàêîé ñõåìå âîçëàãàþòñÿ ôóíêöèè ñáîðà
ëîêàëüíûõ äàííûõ î ïàðàìåòðàõ ðàáîòû êîíòðîëèðóåìîãî
ðåñóðñà, âíåñåíèå èçìåíåíèé â åãî êîíôèãóðàöèþ ïî
çàïðîñó îò ìåíåäæåðà, ïðåäîñòàâëåíèå ïîñëåäíåìó àäìè-
íèñòðàòèâíîé èíôîðìàöèè.

Íåñìîòðÿ íà î÷åâèäíûå óäîáñòâà äâóõóðîâíåâîé ñõåìû,
åå ïðèìåíåíèå â ðåàëüíîé ñåòåâîé ñðåäå ïðèâîäèò ê
âîçðàñòàíèþ îáúåìîâ ñëóæåáíîãî òðàôèêà è, êàê ñëåä-
ñòâèå, ñíèæåíèþ ýôôåêòèâíîé ïðîïóñêíîé ñïîñîáíîñòè,
äîñòóïíîé ïðèëîæåíèÿì [1]. Ýòîò ýôôåêò îêàçûâàåòñÿ
îñîáåííî çàìåòåí â ñëîæíûõ ñåãìåíòèðîâàííûõ ñåòÿõ,
ñîäåðæàùèõ áîëüøîå êîëè÷åñòâî àêòèâíûõ óñòðîéñòâ. Â
êà÷åñòâå ÷àñòè÷íîãî ðåøåíèÿ ïðîáëåìû èñ÷åðïàíèÿ ïðî-
ïóñêíîé ñïîñîáíîñòè áûëà ïðåäëîæåíà òðåõóðîâíåâàÿ
ñõåìà, â êîòîðîé ÷àñòü óïðàâëÿþùèõ ôóíêöèé äåëåãè-
ðîâàëàñü âàæíåéøèì ñåòåâûì óçëàì. Èíñòàëëèðîâàííûå â
ýòèõ óçëàõ ïðîãðàììû-ìåíåäæåðû ÷åðåç ñîáñòâåííóþ ñåòü
àãåíòîâ óïðàâëÿþò ðàáîòîé "ïîäîò÷åòíûõ" èì óñòðîéñòâ è
â òî æå âðåìÿ ñàìè âûñòóïàþò â ðîëè àãåíòîâ ïî îòíî-
øåíèþ ê îñíîâíîé ïðîãðàììå-ìåíåäæåðó (ìåíåäæåðó ìå-
íåäæåðîâ), çàïóùåííîé íà óïðàâëÿþùåé ñòàíöèè. Â ðå-
çóëüòàòå îñíîâíàÿ ÷àñòü ñëóæåáíîãî òðàôèêà îêàçûâàåòñÿ
ëîêàëèçîâàííîé â îòäåëüíûõ ñåòåâûõ ñåãìåíòàõ, ïîñêîëü-
êó "îáùåíèå" ëîêàëüíûõ ìåíåäæåðîâ ñ àäìèíèñòðàòèâíîé
êîíñîëüþ îñóùåñòâëÿåòñÿ òîëüêî òîãäà, êîãäà â ýòîì
äåéñòâèòåëüíî âîçíèêàåò íåîáõîäèìîñòü.

Íåîáõîäèìîñòü êîíòðîëèðîâàòü ðàáîòó ðàçíîîáðàçíîãî
îáîðóäîâàíèÿ â ãåòåðîãåííîé ñðåäå òðåáóåò óíèôèêàöèè
îñíîâíûõ óïðàâëÿþùèõ ïðîöåäóð. Óïîìÿíóòàÿ ñõåìà
"ìåíåäæåð - àãåíòû" íàøëà âûðàæåíèå â ïðîòîêîëå Simple
Network Management Protocol (SNMP), êîòîðûé áûñòðî
ñòàë áàçîâûì ïðîòîêîëîì ñåòåâîãî àäìèíèñòðèðîâàíèÿ, è
â ñòàíäàðòå äèñòàíöèîííîãî ìîíèòîðèíãà Remote Monitor-
ing(RMON). Óïðàâëåíèå íàñòîëüíûìè ñèñòåìàìè îáû÷íî
îñóùåñòâëÿåòñÿ íà áàçå ñòàíäàðòà Desktop Management
Interface (DMI), ðàçðàáîòàííîãî îðãàíèçàöèåé Desktop
Management Task Force (DMTF).

Òàêèì îáðàçîì, â ñóùåñòâóþùåì ïðîãðàììíîì îáåñïå-
÷åíèè, ïðåäíàçíà÷åííîì äëÿ óäàëåííîãî àäìèíèñòðèðîâà-
íèÿ, ìîæíî âûäåëèòü íåñêîëüêî íàèáîëåå ðàñïðîñòðà-
íåííûõ ïîäõîäîâ.

TELNET-ÄÎÑÒÓÏ

Ïðè ïîìîùè Telnet àäìèíèñòðàòîð ïîëó÷àåò äîñòóï ê
êîíñîëè êîìïüþòåðà. Îäíàêî, â Windows íå âñå áàçîâûå
äåéñòâèÿ ìîæíî îñóùåñòâëÿòü ïðè ïîìîùè äîñòóïà ê
êîìïüþòåðó òàêèì ñïîñîáîì. Íàïðèìåð, óïðàâëåíèå
ñåòåâûìè èíòåðôåéñàìè, ïàðàìåòðàìè çàïóñêà/îñòàíîâà
ñëóæá, ðåäàêòèðîâàíèå ðååñòðà, íàñòðîéêà ïàðàìåòðîâ
ðàáî÷åãî ñòîëà íåâîçìîæíî. Â UNIX ïðàêòè÷åñêè âñå ÏÎ
ìîæíî àäìèíèñòðèðîâàòü ïðè ïîìîùè telnet-äîñòóïà, îä-
íàêî, ðàçëè÷èå ñèíòàêñèñà êîìàíä è ñïîñîáîâ èõ
âûïîëíåíèÿ ñèëüíî îòëè÷àåòñÿ îò windows-ñèñòåì â ñèëó
èõ ðàçëè÷íîé àðõèòåêòóðû.

ÈÑÏÎËÜÇÎÂÀÍÈÅ ÃÐÀÔÈ×ÅÑÊÈÕ "ÒÎÍÊÈÕ" 
ÊËÈÅÍÒÎÂ

Âû÷èñëèòåëüíûå ñèñòåìû ñ ïðèìåíåíèåì "òîíêèõ" êëè-
åíòîâ, âîîáùå ãîâîðÿ, íàïîìèíàþò âîçâðàò ê ýïîõå
ìýéíôðåéìîâ, îäíàêî ïîëüçîâàòåëåé áîëüøå íå óäîâëåòâî-
ðÿþò òåðìèíàëû äëÿ ââîäà è âûâîäà òåêñòà. Âñå óæå
ïðèâûêëè ê áîëåå ñëîæíûì ãðàôè÷åñêèì èíòåðôåéñàì
ïîëüçîâàòåëÿ. Äëÿ àäìèíèñòðèðîâàíèÿ îïåðàöèîííûõ ñèñ-
òåì ñ ãðàôè÷åñêèì èíòåðôåéñîì ïîëüçîâàòåëÿ ñèñòåì íå-
îáõîäèì äîñòóï ê ðàáî÷åìó ñòîëó, ÷òî äàåò áîëüøåå
êîëè÷åñòâî âîçìîæíîñòåé óïðàâëåíèÿ ÎÑ. Òèïè÷íûìè
ïðåäñòàâèòåëÿìè ñèñòåì, îáåñïå÷èâàþùèõ äîñòóï ê ðàáî-
÷åìó ñòîëó ÏÊ, ÿâëÿþòñÿ VNC êîìïàíèè AT&T è Remote
Desktop êîìïàíèè Computer Associates. Ëîãè÷åñêè VNC
(è Remote Desktop) ðàçäåëåí íà äâå ÷àñòè: êëèåíòñêóþ è
ñåðâåðíóþ. Ñåðâåðíàÿ ÷àñòü çàïóñêàåòñÿ íà ñåðâåðå, ê
ãðàôè÷åñêîìó òåðìèíàëó êîòîðîãî íóæíî ïîëó÷èòü äî-
ñòóï. Êëèåíòñêàÿ ÷àñòü çàïóñêàåòñÿ íà òîì êîìïüþòåðå, ñ
êîòîðîãî íåîáõîäèìî ïîëó÷èòü äîñòóï ê ãðàôè÷åñêîìó
òåðìèíàëó. Ðåëèçû êëèåíòñêîé è ñåðâåðíîé ÷àñòè VNC
ñóùåñòâóþò äëÿ Windows è UNIX, ÷òî ïîçâîëÿåò èç UNIX
ïîëó÷èòü äîñòóï ê ãðàôè÷åñêîé "êîíñîëè" (ðàáî÷åìó
ñòîëó) Windows è íàîáîðîò (Remote Desktop - òîëüêî äëÿ
Windows). Îäíàêî, ïðè íèçêîñêîðîñòíûõ ñîåäèíåíèÿõ
èñïîëüçîâàíèå VNC ñòàíîâèòñÿ çàòðóäíèòåëüíûì, ò.ê. íå-
îáõîäèìî ïåðåäàâàòü áîëüøèå îáúåìû äàííûõ äëÿ íîð-
ìàëüíîãî îòîáðàæåíèÿ ñîäåðæèìîãî ýêðàíà êîìïüþòåðà-
ñåðâåðà íà ìîíèòîðå êîìïüþòåðà-êëèåíòà.

ÑÈÑÒÅÌÛ ÍÀ ÁÀÇÅ SNMP/DMI

Ê íèì îòíîñÿòñÿ ñèñòåìû òèïà OpenView êîìïàíèè
Hewlett-Packard, Spectrum êîìïàíèè Cabletron, Sun Net-
Manager/Solstice êîìïàíèè Sun Microsystems è ëèíèè
SystemView êîìïàíèè IBM. Ýòè ñèñòåìû ïðåäîñòàâëÿþò
ðàáî÷èé ìàòåðèàë - API ðàçðàáîò÷èêà, ñòàíäàðòíûé ïîëü-
çîâàòåëüñêèé èíòåðôåéñ è íåêîòîðûå áàçîâûå äàííûå î
ñåòè (íàïðèìåð, êàðòó ñåòè è áàçó äàííûõ àòðèáóòîâ
óçëîâ) - íåîáõîäèìûé ìèíèìóì, ïîçâîëÿþùèé ïðîèçâîäè-
òåëÿì îáîðóäîâàíèÿ ðàçðàáàòûâàòü ïðèëîæåíèÿ äëÿ íà-
ñòðîéêè è ìîíèòîðèíãà ñâîèõ ïðîäóêòîâ. Ìîùíûå ìíîãî-
ôóíêöèîíàëüíûå ñèñòåìû óïðàâëåíèÿ HP OpenView èëè
Sun NetManager, ñóùåñòâóþò è ñîâåðøåíñòâóþòñÿ óæå
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ìíîãî ëåò, îäíàêî äëÿ óïðàâëåíèÿ íåîäíîðîäíûìè ñåòÿìè
îíè ïîêà îñíàùåíû ÿâíî íåäîñòàòî÷íî. Ñèñòåìà OpenView
êîìïàíèè Hewlett-Packard õîðîøî ñïðàâëÿåòñÿ ñ óïðàâëå-
íèåì ñåòÿìè, ïîñòðîåííûìè â îñíîâíîì íà îáîðóäîâàíèè
êîìïàíèè Hewlett-Packard, ñèñòåìà Spectrum êîìïàíèè
Cabletron äåìîíñòðèðóåò âïå÷àòëÿþùèå ôóíêöèîíàëüíûå
âîçìîæíîñòè ïðè óïðàâëåíèè ñåòÿìè, ïîñòðîåííûìè íà
îáîðóäîâàíèè èìåííî ýòîé êîìïàíèè è ò.ä. [5]

Â êà÷åñòâå íåäîñòàòêîâ îïèñàííûõ ïîäõîäîâ ìîæíî
âûäåëèòü:

- ðàçëè÷èå èíòåðôåéñîâ ïîëüçîâàòåëÿ ÏÎ, ïðåäíàçíà-
÷åííîãî äëÿ àäìèíèñòðèðîâàíèÿ;

- óâåëè÷åíèå ñëóæåáíîãî òðàôèêà è óìåíüøåíèå ïðîèç-
âîäèòåëüíîñòè ñåðâåðíîãî ÏÎ çà ñ÷åò ïðåîáðàçîâàíèÿ è
ïåðåäà÷è áîëüøîãî êîëè÷åñòâà ñëóæåáíîé èíôîðìàöèè
ìåæäó ìåíåäæåðîì è àãåíòîì;

- çàòðóäíåíî èñïîëüçîâàíèå ñèñòåì óïðàâëåíèÿ â ñåòÿõ,
ñîñòîÿùèõ èç îáîðóäîâàíèÿ ðàçíûõ ïðîèçâîäèòåëåé (ñèñ-
òåìû óïðàâëåíèÿ íà÷èíàþò îøèáàòüñÿ è ïðèíèìàòü îäíè
óñòðîéñòâà çà äðóãèå, à ïðè óïðàâëåíèè ýòèìè óñòðîé-
ñòâàìè ïîääåðæèâàþò òîëüêî èõ îñíîâíûå ôóíêöèè);

- çàâèñèìîñòü ÏÎ, ïðåäíàçíà÷åííîãî äëÿ ðåàêòèâíîãî
àäìèíèñòðèðîâàíèÿ (êàê ìåíåäæåðîâ, òàê è àãåíòîâ), îò
ïëàòôîðìû ôóíêöèîíèðîâàíèÿ. 

Ïîýòîìó, íåîáõîäèìû ìåõàíèçìû è ïðîãðàììíûå ïðî-
äóêòû, ïîçâîëÿþùèå ñíèçèòü çàòðàòû íà àäìèíèñòðè-
ðîâàíèå èíôîðìàöèîííûõ ñèñòåì ìàñøòàáà ïðåäïðèÿòèÿ,
óíèôèöèðîâàòü èíòåðôåéñû ÏÎ, ïðåäíàçíà÷åííîãî äëÿ
àäìèíèñòðèðîâàíèÿ.

Äëÿ ðåøåíèÿ çàäà÷ àäìèíèñòðèðîâàíèÿ ãåòåðîãåííûõ
èíôîðìàöèîííûõ ñðåä ìîæåò áûòü èñïîëüçîâàí ïîäõîä,
áàçèðóþùèéñÿ íà èñïîëüçîâàíèè web-òåõíîëîãèé. Ñèëü-
íûå ñòîðîíû Web - â ïåðâóþ î÷åðåäü, ýòî ïðîñòîòà
ïðèìåíåíèÿ, à òàêæå íåçàâèñèìîñòü êëèåíòñêîé è ñåð-
âåðíîé ÷àñòåé îò îïåðàöèîííîé ñèñòåìû.

Â íàñòîÿùåå âðåìÿ íåêîòîðûå ñîôòâåðíûå êîìïàíèè
ðàáîòàþò íàä ðàçðàáîòêîé ñòàíäàðòîâ äëÿ ñèñòåì óïðàâ-
ëåíèÿ íà áàçå web, íàïðèìåð WBEM [4], ÷òî ïîäòâåð-
æäàåò àêòóàëüíîñòü ïîäîáíûõ ñèñòåì.

Â äàííîé ðàáîòå ïðåäëàãàåòñÿ íîâûé ïîäõîä ê àäìèíè-
ñòðèðîâàíèþ ãåòåðîãåííûõ ÈÑ. Â îñíîâå ïîäõîäà ëåæèò
êëàññè÷åñêàÿ äâóõóðîâíåâàÿ ìîäåëü "ìåíåäæåð-àãåíò".

Â êà÷åñòâå òðàíñïîðòà äàííûõ ïðåäëàãàåòñÿ èñïîëüçî-
âàíèå ïðîòîêîëà HTTP. Òàêîé âûáîð, â ïåðâóþ î÷åðåäü,
îáóñëîâëåí òåì, ÷òî HTTP ÿâëÿåòñÿ óíèâåðñàëüíûì òðàí-
ñïîðòíûì ïðîòîêîëîì äëÿ ïåðåäà÷è èíôîðìàöèè íà áàçå
Web. HTTP ðàñïðîñòðàíåí ïðàêòè÷åñêè ïîâñåìåñòíî, îí
ðåàëèçîâàí âî âñåõ áðîóçåðàõ Web íà êàæäîé ïëàòôîðìå.
Êðîìå òîãî, â íàøè äíè ïðàêòè÷åñêè ëþáàÿ ÎÑ - êàê
ñåðâåðíàÿ, òàê è íàñòîëüíàÿ - èìååò ñåðâåð Web. Áîëåå
òîãî, ïðàêòè÷åñêè âñÿêîå ìåæñåòåâîå óñòðîéñòâî, ñåòåâîé
ïðèíòåð èëè äðóãîé óïðàâëÿåìûé îáúåêò, ïîÿâèâøèéñÿ çà

ïîñëåäíèå äâà ãîäà, ñîäåðæèò âñòðîåííûé ñåðâåð Web,
áëàãîäàðÿ êîòîðîìó êîíôèãóðàöèÿ è ìîíèòîðèíã ìîãóò
ïðîèçâîäèòüñÿ íåïîñðåäñòâåííî èç áðîóçåðà. Ïî
èíôîðìàöèè Rapid Logic, êîìïàíèè-ðàçðàáîò÷èêà
èíñòðóìåíòàðèÿ äëÿ áûñòðîé ðàçðàáîòêè âñòðîåííûõ
óïðàâëÿþùèõ ïðèëîæåíèé, íåîáõîäèìàÿ äëÿ ðåàëèçàöèè
äåìîíà HTTP, ò. å. ñåðâåðà Web, ïàìÿòü â îïåðàöèîííîé
ñèñòåìå ðåàëüíîãî âðåìåíè íå ïðåâûøàåò 8 Êáàéò [5].

Äëÿ ïðåäñòàâëåíèÿ ñëóæåáíîé èíôîðìàöèè áûëî ïðè-
íÿòî ðåøåíèå èñïîëüçîâàòü êðîññ-ïëàòôîðìåííîå, óíèôè-
öèðîâàííîå ñðåäñòâî Extensible Markup Language (XML).
XML ïðåäñòàâëÿåò ñîáîé îáùåïðèçíàííûé, ñòàíäàðòèçè-
ðîâàííûé ìåæïëàòôîðìåííûé ìåõàíèçì óïðàâëåíèÿ, õðà-
íåíèÿ è ïåðåäà÷è èíôîðìàöèè. Ðåêîìåíäàöèÿ XML, âû-
äàííàÿ êîíñîðöèóìîì World Wide Wed Consortium,
ÿâëÿåòñÿ ìåæäóíàðîäíûì ýòàëîíîì, êîòîðûé áûë îäîáðåí
è ïðèíÿò òàêèìè êðóïíûìè ïðîèçâîäèòåëÿìè ïðîãðàì-
ìíîãî îáåñïå÷åíèÿ êàê Microsoft, Netscape, Sun, IBM è
ìíîãèìè äðóãèìè.

Ñîâìåñòíîå èñïîëüçîâàíèå XML è HTTP â ðàìêàõ åäè-
íîé ñèñòåìû ïîçâîëèò ðåøèòü íåêîòîðûå ïðîáëåìû óïðàâ-
ëåíèÿ ãåòåðîãåííûìè ÈÑ, à èìåííî: íàêëàäûâàåò íå òàêèå
âûñîêèå òðåáîâàíèÿ íà ñëóæåáíûé òðàôèê è ïëàòôîðìó
ôóíêöèîíèðîâàíèÿ ïî ñðàâíåíèþ ñ SNMP/DMI-ñèñòåìà-
ìè è ñîçäàåò ãèáêóþ, âûñîêîíàäåæíóþ, íå çàâèñèìóþ îò
ïëàòôîðìû ñðåäó îáìåíà èíôîðìàöèåé. Ïðîãðàììû ðàç-
áîðà XML ñóùåñòâóþò äëÿ ìíîãèõ ïëàòôîðì è íà ìíîãèõ
ÿçûêàõ ïðîãðàììèðîâàíèÿ. Èìåþùèéñÿ äëÿ ìíîãèõ ñðåä
ðàçðàáîòêè ïðîãðàììíîãî îáåñïå÷åíèÿ èíñòðóìåíòàðèé
ðàçðàáîòêè ïîçâîëÿåò îáðàùàòüñÿ ê ñòðóêòóðàì äàííûõ,
ñîäåðæàùèìñÿ â ïðåäñòàâëåííûõ ñ ïîìîùüþ XML
äàííûõ.

Âûøåèçëîæåííûé ïîäõîä ê àäìèíèñòðèðîâàíèþ ãåòå-
ðîãåííûõ ñðåä ÿâëÿåòñÿ ïðèíöèïèàëüíî íîâûì è íà ñåãîä-
íÿøíèé äåíü íå íàøåë ðåàëèçàöèè â ïðîäóêòàõ, ïðåäíàç-
íà÷åííûõ äëÿ óäàëåííîãî àäìèíèñòðèðîâàíèÿ ãåòåðîãåí-
íûõ èíôîðìàöèîííûõ ñèñòåì, ïîýòîìó ðàçðàáîòêà ïðî-
ãðàììíîãî ïðîäóêòà íà îñíîâå ïðåäëîæåííîãî ïîäõîäà
ÿâëÿåòñÿ àêòóàëüíîé íàó÷íîé çàäà÷åé.
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ÎÖÅÍÊÈ ÏÎÃÐÅØÍÎÑÒÅÉ ÂÛ×ÈÑËÅÍÈß ÑËÎÆÍÎÉ ÔÓÍÊÖÈÈ 
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Ì.Þ.Ñåíàøîâà

Îïèñàí ñïîñîá ïðåäñòàâëåíèÿ ñëîæíîé ôóíêöèè ìíîãèõ
ïåðåìåííûõ â âèäå ãðàôà. Ïîëó÷åíû ôîðìóëû äëÿ îöåíêè
ïîãðåøíîñòåé âû÷èñëåíèÿ ñëîæíîé ôóíêöèè. Îöåíêè ïîãðåø-
íîñòåé âû÷èñëÿþòñÿ íà îñíîâå ãðàôà, äâîéñòâåííîãî ãðàôó,
âû÷èñëÿþùåìó çíà÷åíèå ôóíêöèè. Îñîáåííî ïðîñòî ôîðìóëû
îöåíêè ïîãðåøíîñòåé âûãëÿäÿò äëÿ íåéðîííûõ ñåòåé.

The method of construction of a graf of a compound function
of many variables is described. Formulas for error estimations of
computation of the compound function are received. The error
estimations are computed on a base of dual graf. The formulas
for error estimations are especially simple for neural networks.

ÂÂÅÄÅÍÈÅ

Çàäà÷à îöåíêè òî÷íîñòè âû÷èñëåíèé àêòóàëüíà ñ òåõ
ïîð, êàê ëþäè íà÷àëè âû÷èñëÿòü. Ïîãðåøíîñòè âû÷èñ-
ëåíèé âîçíèêàþò èç-çà íåòî÷íûõ âõîäíûõ äàííûõ, èç-çà
ïîãðåøíîñòåé, âíîñèìûõ íà îòäåëüíûõ ýòàïàõ âû÷èñëå-
íèÿ, èç-çà ïîãðåøíîñòåé ñàìèõ ìåòîäîâ âû÷èñëåíèÿ.

Êàæäûé ðàç, êîãäà âîçíèêàåò íîâàÿ îáëàñòü ïðàêòèêè
âû÷èñëåíèé, âìåñòå ñ íåé ïîÿâëÿåòñÿ è íåîáõîäèìîñòü
îöåíèâàòü ïîãðåøíîñòè ýòèõ âû÷èñëåíèé.

Èíòåðåñ ê íåéðîííûì ñåòÿì ïåðåæèâàåò â íàñòîÿùåå
âðåìÿ î÷åðåäíîé âñïëåñê. Ýòî âûçâàíî òåì, ÷òî îíè
ÿâëÿþòñÿ óäîáíûì è äîñòàòî÷íî ïðîñòûì èíñòðóìåíòîì
äëÿ ñîçäàíèÿ ðàçëè÷íûõ ýêñïåðòíûõ ñèñòåì, ðåøåíèÿ
çàäà÷ êëàññèôèêàöèè è èçâëå÷åíèÿ çíàíèé èç äàííûõ è,
êðîìå òîãî, äàþò âîçìîæíîñòü âûñîêîïàðàëëåëüíûõ
ðåàëèçàöèé.

Ðàññìàòðèâàÿ íåéðîííóþ ñåòü êàê íàáîð ýëåìåíòîâ,
ïðîèçâîäÿùèõ íåêîòîðûå âû÷èñëåíèÿ íàä ïðèõîäÿùèìè ê
íèì äàííûìè, ìîæíî îöåíèâàòü òî÷íîñòü âû÷èñëåíèé êàê
äëÿ ñåòè â öåëîì, òàê è äëÿ êàæäîãî îòäåëüíîãî ýëåìåíòà.
Äëÿ íåéðîííîé ñåòè ìîæíî ðåøàòü äâå çàäà÷è,
îòíîñÿùèåñÿ ê îöåíêå òî÷íîñòè åå ðàáîòû: ïðÿìóþ è
îáðàòíóþ.

Ïîä ïðÿìîé çàäà÷åé ïîíèìàåòñÿ îöåíêà ïîãðåøíîñòåé
âûõîäíûõ ñèãíàëîâ ñåòè, åñëè çàäàíû ïîãðåøíîñòè âõîä-
íûõ ñèãíàëîâ è ïîãðåøíîñòè ýëåìåíòîâ ñåòè. Íàèáîëåå
áëèçêè ê ýòîé çàäà÷å ìåòîäû îöåíêè ïîãðåøíîñòåé ñ÷åòíî-
ðåøàþùèõ óñòðîéñòâ íà îñíîâå àíàëîãîâûõ ýëåìåíòîâ.

Ãîðàçäî áîëüøèé èíòåðåñ ïðåäñòàâëÿåò îáðàòíàÿ çàäà-
÷à. Ïîä îáðàòíîé çàäà÷åé ïîíèìàåòñÿ îöåíêà ïîãðåøíî-
ñòåé âíóòðåííèõ ñèãíàëîâ ñåòè, åå âõîäíûõ ñèãíàëîâ è
âåñîâ ñèíàïñîâ ïî çàäàííûì ïîãðåøíîñòÿì âûõîäíûõ
ñèãíàëîâ ñåòè.

Íåéðîííóþ ñåòü ìîæíî ðàññìàòðèâàòü êàê ñëîæíóþ
ôóíêöèþ ìíîãèõ ïåðåìåííûõ, ñîñòîÿùóþ èç ñóïåðïîçè-
öèè ôóíêöèé, âû÷èñëÿåìûõ íåéðîíàìè. Îäíàêî, â íåéðî-
íàõ, â îñíîâíîì, èñïîëüçóþòñÿ ôóíêöèè îäíîãî ïåðåìåí-
íîãî. Â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ îáîáùåíèå íåéðîí-
íûõ ñåòåé - ñëîæíûå ôóíêöèè, ïðåäñòàâèìûå êàê ñóïåðïî-
çèöèÿ ôóíêöèé íåñêîëüêèõ ïåðåìåííûõ.

1. ÃÐÀÔ ÂÛ×ÈÑËÅÍÈß ÑËÎÆÍÎÉ ÔÓÍÊÖÈÈ

Ðàññìàòðèâàåòñÿ ñëîæíàÿ ôóíêöèÿ ìíîãèõ ïåðåìåííûõ
F. Ïîä "ñëîæíîé" ôóíêöèåé ïîäðàçóìåâàåòñÿ, ÷òî F
ìîæåò áûòü ïðåäñòàâëåíà êàê ñóïåðïîçèöèÿ íåêîòîðîãî
íàáîðà "ïðîñòûõ" ôóíêöèé fi îò ìåíüøåãî ÷èñëà ïåðå-

ìåííûõ.
Äëÿ ïîñòðîåíèÿ ãðàôà, âû÷èñëÿþùåãî ñëîæíóþ ôóíê-

öèþ n ïåðåìåííûõ F, íóæíî ïðåäñòàâèòü ýòó ôóíêöèþ â
âèäå ñóïåðïîçèöèè ôóíêöèé ìåíüøåãî ÷èñëà ïåðåìåííûõ
fi. Ôóíêöèè fi 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.
Âåðøèíàìè ãðàôà áóäóò ôóíêöèè fi. Åñëè çíà÷åíèå

âåðøèíû fk ÿâëÿåòñÿ àðãóìåíòîì âåðøèíû fl, òî îíè

ñâÿçûâàþòñÿ ðåáðîì, íàïðàâëåííûì îò âåðøèíû fk ê

âåðøèíå fl. Òàêèì îáðàçîì, ïîëó÷àåì îðèåíòèðîâàííûé

ñâÿçíûé ãðàô, ñîîòâåòñòâóþùèé ôóíêöèè F. Áîëåå ïî-
äðîáíî ïîñòðîåíèå ãðàôà äëÿ âû÷èñëåíèÿ ñëîæíîé
ôóíêöèè îïèñàíî â [1, 2].

Âîçüìåì, íàïðèìåð, âûðàæåíèå äëÿ ñëîæíîé ôóíêöèè:

.

Íà ðèñóíêå 1 èçîáðàæåí ãðàô, ñîîòâåòñòâóþùèé ýòîé
ôóíêöèè. Îêðóæíîñòÿìè èçîáðàæåíû âåðøèíû ãðàôà, Si -

ðàçáèåíèå ôóíêöèé fi íà ñëîè ïî ãëóáèíå âõîæäåíèÿ â

ôóíêöèþ F.

Ðèñóíîê 1 - Ãðàô ñëîæíîé ôóíêöèè

Ñ êàæäîé âåðøèíîé ãðàôà, ïðèíàäëåæàùåé íåíóëåâî-
ìó ñëîþ, àññîöèèðóåòñÿ àâòîìàò, âû÷èñëÿþùèé ôóíêöèþ
fi. Àâòîìàòû ñðàáàòûâàþò ïî ñëîÿì â äèñêðåòíûå ìîìåíòû

F x1 x2 x3, ,( ) f5 f3 x1 f1 x1 x2,( ),( ) f4 f1 x1 x2,( ) f2 x2 x3,( ),( ),( )=

S0 S3S2S1

x1

x2

x3

1
f

2
f
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ÏÅÐÅÌÅÍÍÛÕ

âðåìåíè (òàêòû). Â íà÷àëüíûé ìîìåíò ñôîðìèðîâàíû
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 ôóíêöèè F ïðè
êîíêðåòíûõ çíà÷åíèÿõ âåðøèí íóëåâîãî ñëîÿ. Áîëåå
ïîäðîáíî ïîñòðîåíèå ãðàôà äëÿ ñëîæíîé ôóíêöèè
îïèñàíî â [1].

Òèïè÷íûì ó÷àñòêîì ãðàôà ÿâëÿåòñÿ åãî âåðøèíà ñ
âõîäíûìè è âûõîäíûìè ñâÿçÿìè. Äëÿ òîãî ÷òîáû èìåòü
ïðåäñòàâëåíèå î ôóíêöèîíèðîâàíèè ãðàôà â öåëîì,
äîñòàòî÷íî âûÿñíèòü, êàê ôóíêöèîíèðóåò âåðøèíà ãðàôà.
Ïîýòîìó â äàëüíåéøåì, äëÿ ïðîñòîòû ðàññóæäåíèé, ìû
áóäåì ðàññìàòðèâàòü íå âåñü ãðàô, à íåêîòîðóþ âåðøèíó
ãðàôà.

2. ÎÖÅÍÊÀ ÏÎÃÐÅØÍÎÑÒÅÉ ÂÛ×ÈÑËÅÍÈß 
ÑËÎÆÍÎÉ ÔÓÍÊÖÈÈ

Ïðåäñòàâëåíèå ñëîæíîé ôóíêöèè ìíîãèõ ïåðåìåííûõ â
âèäå ãðàôà óäîáíî åùå è äëÿ îöåíêè ïîãðåøíîñòåé
âû÷èñëåíèÿ ôóíêöèè, â ñëó÷àå, åñëè àðãóìåíòû ôóíêöèè
èìåþò ïîãðåøíîñòè. Êàê áûëî óêàçàíî âûøå, âîçìîæíû
äâà ñïîñîáà îöåíêè ïîãðåøíîñòåé, âîçíèêàþùèõ ïðè
âû÷èñëåíèè çíà÷åíèÿ ñëîæíîé ôóíêöèè ìíîãèõ ïåðåìåí-
íûõ: ïðÿìîé è îáðàòíûé. Ïîä ïðÿìûì ñïîñîáîì ïîíèìà-
åòñÿ îöåíêà ïîãðåøíîñòè çíà÷åíèÿ ñëîæíîé ôóíêöèè,
åñëè çàäàíû ïîãðåøíîñòè àðãóìåíòîâ, êîòîðûå îäíîâðå-
ìåííî ÿâëÿþòñÿ âõîäíûìè âåðøèíàìè ãðàôà. Â ýòîì
ñëó÷àå ïî ãðàôó ñëîæíîé ôóíêöèè ïðîïóñêàåòñÿ êîíêðåò-
íûé íàáîð ðåàëüíûõ ïîãðåøíîñòåé è äëÿ íèõ âû÷èñëÿåòñÿ
êîíêðåòíîå çíà÷åíèå ïîãðåøíîñòè ôóíêöèè, êîòîðàÿ ÿâëÿ-
åòñÿ âûõîäíîé âåðøèíîé ãðàôà. Îäíàêî ïðè ýòîì òðóäíî
ñóäèòü, êàê èçìåíèòñÿ ïîãðåøíîñòü çíà÷åíèÿ ôóíêöèè,
åñëè íåìíîãî èçìåíèòü ïîãðåøíîñòè àðãóìåíòîâ. Äëÿ
êàæäîãî íîâîãî íàáîðà çíà÷åíèé ïîãðåøíîñòåé àðãóìåíòîâ
òðåáóåòñÿ çàíîâî âû÷èñëÿòü ïîãðåøíîñòè çíà÷åíèÿ
ôóíêöèè.

Ãîðàçäî óäîáíåå èñïîëüçîâàòü îáðàòíûé ñïîñîá. Ïîä
îáðàòíûì ñïîñîáîì ïîíèìàåòñÿ îöåíêà ïîãðåøíîñòåé
ïåðåìåííûõ, ïðè óñëîâèè, ÷òî çàäàíà ïîãðåøíîñòü çíà÷å-
íèÿ ñëîæíîé ôóíêöèè. Ïðè ýòîì äëÿ âñåõ ðåáåð è âåðøèí
ãðàôà, ïåðåõîäÿ îò ñëîÿ ê ñëîþ â îáðàòíîì ïîðÿäêå,
âû÷èñëÿþòñÿ èíòåðâàëû, â êîòîðûõ ìîãóò èçìåíÿòüñÿ
çíà÷åíèÿ ðåáåð è âåðøèí. Â ýòîì ñëó÷àå äëÿ ëþáîãî
çíà÷åíèÿ èç èíòåðâàëîâ, â êîòîðûõ ìîãóò èçìåíÿòüñÿ
ïîãðåøíîñòè âåðøèí âõîäíîãî ñëîÿ, ïîãðåøíîñòü âåðøèí
âûõîäíîãî ñëîÿ íå ïðåâûñèò çàäàííóþ. Ðàññìîòðèì îáðàò-
íûé ñïîñîá îöåíêè ïîãðåøíîñòåé.

Äëÿ îöåíêè ïîãðåøíîñòåé âû÷èñëåíèÿ ñëîæíîé ôóíê-
öèè íóæíî ïîñòðîèòü ãðàô, äâîéñòâåííûé èñõîäíîìó
ãðàôó, âû÷èñëÿþùåìó çíà÷åíèå ñëîæíîé ôóíêöèè. Ýòîò
äâîéñòâåííûé ãðàô èìååò òó æå ñèñòåìó ñâÿçåé, ÷òî è
èñõîäíûé, íî âñå ýëåìåíòû èñõîäíîãî ãðàôà çàìåíÿþòñÿ
íà äâîéñòâåííûå. Ïðè÷åì ñèãíàëû ïî äâîéñòâåííîìó ãðà-
ôó ïåðåäàþòñÿ â íàïðàâëåíèè, ïðîòèâîïîëîæíîì äâèæå-

íèþ ñèãíàëîâ ïî èñõîäíîìó ãðàôó. Äëÿ ïîñòðîåíèÿ äâîé-
ñòâåííîãî ãðàôà íåîáõîäèìî ïîñòðîèòü âåðøèíû, äâîé-
ñòâåííûå âåðøèíàì èñõîäíîãî ãðàôà. Èäåÿ äâîéñòâåí-
íîñòè èñïîëüçóåòñÿ â òî÷íîñòè òà æå, ÷òî è â ìåòîäå
îáðàòíîãî ðàñïðîñòðàíåíèÿ îøèáêè [2]. Îòëè÷èå ñîñòîèò
â ïîñòðîåíèè äâîéñòâåííûõ ýëåìåíòîâ.

Äëÿ îáùíîñòè ðàññóæäåíèé ïðåäïîëàãàåì, ÷òî ãðàô
èìååò íåñêîëüêî âûõîäíûõ âåðøèí .

Ïðåäïîëîæèì, ÷òî çàäàíû çíà÷åíèÿ âåðøèí âõîäíîãî
ñëîÿ ãðàôà vin è äëÿ íèõ âû÷èñëåíû çíà÷åíèÿ âåðøèí

âíóòðåííèõ ñëîåâ è âåðøèí âûõîäíîãî ñëîÿ . Áóäåì

íàçûâàòü ýòè çíà÷åíèÿ vin, çíà÷åíèÿ âåðøèí âíóòðåííèõ

ñëîåâ ãðàôà, à òàêæå çíà÷åíèÿ âåðøèí  òî÷íûìè.

Ïðåäïîëîæèì òåïåðü, ÷òî íàì òðåáóåòñÿ âû÷èñëèòü çíà÷å-
íèÿ ñëîæíîé ôóíêöèè, òî åñòü çíà÷åíèÿ âåðøèí , ñ

íåêîòîðîé òî÷íîñòüþ . Òî åñòü íóæíî íàéòè òàêèå
äîïóñòèìûå ïîãðåøíîñòè  âåðøèí âõîäíîãî ñëîÿ  vin,

÷òî ïîãðåøíîñòü âåðøèí âûõîäíîãî ñëîÿ  íå ïðå-

âûñèò çàäàííóþ ïîãðåøíîñòü .
Òèïè÷íûì ó÷àñòêîì ãðàôà ÿâëÿåòñÿ âåðøèíà ñ

âõîäÿùèìè è âûõîäÿùèìè ðåáðàìè. Ïîýòîìó, ÷òîáû
èìåòü ïðåäñòàâëåíèå î âû÷èñëåíèè ïîãðåøíîñòåé íà ãðà-
ôå, äîñòàòî÷íî âûÿñíèòü, êàê âû÷èñëÿþòñÿ ïîãðåøíîñòè
äëÿ òàêîé âåðøèíû.

Ðèñóíîê 2 - Âåðøèíà ãðàôà, âû÷èñëÿþùåãî çíà÷åíèå 
ñëîæíîé ôóíêöèè

Ðàññìîòðèì âû÷èñëåíèå ïîãðåøíîñòåé äëÿ íåêîòîðîé
âåðøèíû fi ãðàôà. Ïðåäïîëîæèì, ÷òî âåðøèíà fi èìååò k

âõîäÿùèõ ðåáåð è r âûõîäÿùèõ ðåáåð.
Ïîñêîëüêó ìû ñòðîèì âåðøèíó äâîéñòâåííîãî ãðàôà

äëÿ îöåíêè ïîãðåøíîñòåé, ñòðóêòóðà ñâÿçåé ó íàñ ñîõðà-
íÿåòñÿ, ýëåìåíòû çàìåíÿþòñÿ íà äâîéñòâåííûå, à ñèãíàëû
äâèæóòñÿ â íàïðàâëåíèè, ïðîòèâîïîëîæíîì äâèæåíèþ ñè-
ãíàëîâ â èñõîäíîì ãðàôå. Ïîýòîìó äâîéñòâåííàÿ âåðøèíà
áóäåò èìåòü r âõîäÿùèõ è k âûõîäÿùèõ ðåáåð. Ïðåäïî-
ëîæèì, ÷òî âû÷èñëåííûå ïðè îáðàòíîì ðàñïðîñòðàíåíèè
äîïóñòèìûå ïîãðåøíîñòè ðåáåð, âõîäÿùèõ â äâîéñòâåí-

íóþ âåðøèíó , ðàâíû . ×òîáû ïîïàñòü â

èíòåðâàëû ïîãðåøíîñòåé âûõîäíûõ âåðøèí, íàì òðåáó-
åòñÿ íàëàãàòü íàèáîëåå æåñòêèå òðåáîâàíèÿ íà âû÷èñ-

ëÿåìóþ îöåíêó ïîãðåøíîñòè âåðøèíû . Ïîýòîìó â

êà÷åñòâå ïîãðåøíîñòè âåðøèíû   âûáèðàåòñÿ
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Ïóñòü ôóíêöèÿ fi ÿâëÿåòñÿ íåïðåðûâíî äèôôåðåíöè-

ðóåìîé. Ïðåäïîëîæèì, ÷òî ïîãðåøíîñòü äâîéñòâåííîé

âåðøèíû , âû÷èñëåííàÿ ïðè îáðàòíîì ðàñïðîñòðàíåíèè,

ðàâíà . Òðåáóåòñÿ âû÷èñëèòü ïîãðåøíîñòè  âûõîäÿ-

ùèõ ðåáåð âåðøèíû  òàêèå, ÷òîáû ïîãðåøíîñòü çíà÷å-

íèÿ fi íå ïðåâûøàëà .

Ðàññìîòðèì ëèíåéíîå ïðèáëèæåíèå ôóíêöèè fi â îêðå-

ñòíîñòè òî÷êè :

Äëÿ äîñòèæåíèÿ íåîáõîäèìîé òî÷íîñòè âû÷èñëåíèé

òî÷íîå çíà÷åíèå ôóíêöèè  íå äîëæíî îòëè-

÷àòüñÿ îò çíà÷åíèÿ ôóíêöèè ñ ïîãðåøíîñòÿìè âõîäÿùèõ

ðåáåð  áîëåå, ÷åì íà :

. (2)

Ðàññìîòðèì ìîäóëü ýòîé ðàçíîñòè, çàìåíÿÿ çíà÷åíèå
ôóíêöèè ñ ïîãðåøíîñòÿìè âõîäÿùèõ ðåáåð íà ëèíåéíîå
ïðèáëèæåíèå â îêðåñòíîñòè òî÷êè :

 

Òàêèì îáðàçîì, äëÿ âûïîëíåíèÿ íåðàâåíñòâà (2) òðå-
áóåòñÿ, ÷òîáû âûïîëíÿëîñü óñëîâèå:

,

ãäå .

Â ïðåäïîëîæåíèè, ÷òî âñå  ðàâíû ìåæäó ñîáîé, ïðå-

äûäóùåå íåðàâåíñòâî ïðèíèìàåò âèä:

Îòñþäà ïîëó÷àåì îöåíêó äëÿ ïîãðåøíîñòåé âûõîäÿùèõ

ðåáåð âåðøèíû :

. (3)

Ïîëüçóÿñü ýòîé ôîðìóëîé è ôîðìóëîé (1) äëÿ ðåáåð,

âõîäÿùèõ â âåðøèíó , ìîæíî îöåíèòü ïîãðåøíîñòè äëÿ

ëþáîé âåðøèíû ãðàôà ïðè èçâåñòíûõ ïîãðåøíîñòÿõ âûõî-
äÿùèõ ðåáåð. Íà ðèñóíêå 3 ïîêàçàíà âåðøèíà äâîéñòâåí-
íîãî ãðàôà ñ îöåíêàìè ïîãðåøíîñòåé.

Ðèñóíîê 3 - Îöåíêè ïîãðåøíîñòåé äëÿ âåðøèíû fi.

Ïðè ïîìîùè ïîëó÷åííûõ ôîðìóë ìîæíî îöåíèòü ïî-
ãðåøíîñòè òîëüêî äëÿ îäíîãî êîíêðåòíîãî íàáîðà çíà÷å-
íèé âåðøèí vin âõîäíîãî ñëîÿ ãðàôà. Åñëè çàäàíî ìíîæå-

ñòâî äèñêðåòíûõ íàáîðîâ çíà÷åíèé âåðøèí vin, òî äëÿ

îöåíêè ïîãðåøíîñòåé ïî âñåìó ìíîæåñòâó íàáîðîâ â öåëîì
íóæíî âû÷èñëèòü ïîãðåøíîñòè äëÿ êàæäîãî íàáîðà çíà÷å-
íèé vin, à çàòåì äëÿ êàæäîé âåðøèíû ãðàôà âûáðàòü

ìèíèìóì ïîëó÷åííûõ ïîãðåøíîñòåé.
Åñëè âåðøèíû âõîäíîãî ñëîÿ vin ïðèíèìàþò çíà÷åíèÿ

èç íåêîòîðîé îáëàñòè , , ãäå n - ÷èñëî

âåðøèí âõîäíîãî ñëîÿ, Ai, Bi - äåéñòâèòåëüíûå ÷èñëà, òî

ìîæíî îöåíèòü ïîãðåøíîñòè âû÷èñëåíèé íà ãðàôå íå äëÿ
îäíîãî êîíêðåòíîãî íàáîðà âõîäíûõ çíà÷åíèé, à äëÿ âñåé
îáëàñòè âõîäíûõ çíà÷åíèé â öåëîì.

Äëÿ ýòîãî íóæíî èíòåðâàëû, â êîòîðûõ èçìåíÿþòñÿ
çíà÷åíèÿ âåðøèí âõîäíîãî ñëîÿ, ïðîïóñòèòü ïî ñåòè â
ïðÿìîì íàïðàâëåíèè. Ýòî äåëàåòñÿ ñëåäóþùèì îáðàçîì.
Çíà÷åíèÿ xi âåðøèí âõîäíîãî ñëîÿ çàìåíÿþòñÿ èíòåðâà-

ëàìè [Ai, Bi], â êîòîðûõ ýòè çíà÷åíèÿ ìîãóò èçìåíÿòüñÿ.

Ýòè èíòåðâàëû áóäóò çíà÷åíèÿìè ðåáåð, âõîäÿùèõ â
âåðøèíû ïåðâîãî ñëîÿ ãðàôà. Çàòåì íóæíî âû÷èñëèòü

èíòåðâàë èçìåíåíèÿ çíà÷åíèé äëÿ ôóíêöèé 

âåðøèí ïåðâîãî ñëîÿ, ãäå  íà îáëàñòè D,

ïðåäñòàâëÿþùåé ñîáîé k-ìåðíûé ïðÿìîóãîëüíèê, îãðàíè-
÷åííûé ñîîòâåòñòâóþùèìè èíòåðâàëàìè [Ai, Bi]. Â êà÷å-

ñòâå ëåâîãî êîíöà èíòåðâàëà âûáèðàåòñÿ ìèíèìóì ôóíê-
öèè íà îáëàñòè D, â êà÷åñòâå ïðàâîãî êîíöà èíòåðâàëà -
ìàêñèìóì. Ïîëó÷åííûé èíòåðâàë ïåðåäàåòñÿ íà âåðøèíû
ãðàôà ñëåäóþùåãî ñëîÿ ïî ðåáðàì, âûõîäÿùèì èç
âåðøèíû fi. Äëÿ âñåõ ïîñëåäóþùèõ ñëîåâ âû÷èñëåíèÿ

ïðîâîäÿòñÿ àíàëîãè÷íî. Ïîñëå òîãî, êàê äëÿ âñåõ âåðøèí
è ðåáåð ãðàôà âû÷èñëåíû èíòåðâàëû èçìåíåíèÿ èõ
çíà÷åíèé, ìîæíî âû÷èñëÿòü ñîîòâåòñòâóþùèå ïîãðåøíî-
ñòè, äâèãàÿñü â îáðàòíîì íàïðàâëåíèè. Ïðè ýòîì ôîðìóëà
(1) îñòàåòñÿ áåç èçìåíåíèé, à ôîðìóëà (3) ïðèíèìàåò âèä:
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fi x1 ε1± … xk εk±, ,( ) fi x1 … xk, ,( )– ε≤

x1 … xk, ,( )

fi x1 ε1± … xk εk±, ,( ) fi x1 … xk, ,( )–

fi x1 … xk, ,( )
fi x1 … xk, ,( )∂

xi∂
---------------------------------

i 1=

k

∑ εi±( )⋅

fi x1 … xk, ,( )–

–+

≈

≈

fi x1 … xk, ,( )∂
x∂

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

k

∑ εi±( )⋅ .=

max
vi

fi x1 … xk, ,( )∂
xi∂

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

i 1=

k

∑ εi vi⋅ ⋅ ε≤

vi 1– 1,{ }∈
εi

max
vi

fi x1 … xk, ,( )∂
xi∂

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

i 1=

k

∑ εi vi⋅ ⋅

εi
fi x1 … xk, ,( )∂

xi∂
---------------------------------

1=

k

∑⋅ ε.≤

=

=

fi′

εi ε
fi x1 … xk, ,( )∂

xi∂
---------------------------------

i 1=

k

∑⁄≤

fi ′

fi

ε1

ε2

ii
k
i x/f ∂∂

ε

1=Σ

εr

{ }ε ε≤
=

min i i

r

1

ii
k
i x/f ∂∂

ε

1=Σ

ii
k
i x/f ∂∂

ε

1=Σ

Ai xi Bi≤ ≤ i 1 n,=

fi x1 … xk, ,( )

xi Ai Bi,[ ]∈



117

Ò.Í.Øâàëþê:  ÁÈÁËÈÎÒÅÊÀ ÔÓÍÊÖÈÉ ×ÈÑËÎÂÎÃÎ ÏÎÄÌÍÎÆÅÑÒÂÀ ÑÈÑÒÅÌÛ ÊÎÌÏÜÞÒÅÐÍÎÉ 
ÀËÃÅÁÐÛ ÀÍÀËÈÒÈÊ-2000

. (4)

Ïðèìåíÿÿ ôîðìóëû (1) è (4), ìîæíî âû÷èñëèòü ïî-
ãðåøíîñòè äëÿ âñåé îáëàñòè çíà÷åíèé âõîäíûõ âåðøèí.

Îñîáåííî ïðîñòî ôîðìóëû îöåíîê ïîãðåøíîñòåé âû-
ãëÿäÿò äëÿ íåéðîííûõ ñåòåé [3,4]. Ôóíêöèÿìè âåðøèí
ãðàôà íåéðîííîé ñåòè áóäóò ëèáî àäàïòèâíûå ñóììàòîðû

, ëèáî ôóíêöèè îäíîé ïåðåìåííîé f(x). Äëÿ

àäàïòèâíîãî ñóììàòîðà ïîãðåøíîñòè âõîäíûõ ðåáåð îöå-

íèâàþòñÿ êàê , ãäå  - ïîãðåøíîñòè

âõîäíûõ ðåáåð,  - ïîãðåøíîñòü âåðøèíû,  - âåñà ñè-

íàïñîâ ñóììàòîðà. Äëÿ ôóíêöèè ñ îäíîé âõîäíîé ñâÿçüþ
îöåíêè ïîãðåøíîñòåé âûãëÿäÿò ñëåäóþùèì îáðàçîì:

, ãäå  - ïîãðåøíîñòü âõîäíîãî ðåáðà,  -

ïîãðåøíîñòü âûõîäíîãî ðåáðà, Z - òî÷íîå çíà÷åíèå âõîä-
íîãî ðåáðà âåðøèíû f.

ÇÀÊËÞ×ÅÍÈÅ

Ïîëó÷åííûå â ðàáîòå ôîðìóëû ïîçâîëÿþò îöåíèâàòü
ïîãðåøíîñòè âû÷èñëåíèé â âåðøèíàõ ãðàôîâ ñëîæíûõ
ôóíêöèé ìíîãèõ ïåðåìåííûõ ïðè çàäàííûõ ïîãðåøíîñòÿõ
âûõîäíûõ âåðøèí ýòèõ ãðàôîâ. Îñîáåííî ïðîñòî ôîð-
ìóëû îöåíêè ïîãðåøíîñòåé âû÷èñëåíèé âûãëÿäÿò äëÿ
ýëåìåíòîâ íåéðîííûõ ñåòåé.
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Ò.Í.Øâàëþê

Íàñòîÿùàÿ ðàáîòà ñîäåðæèò êðàòêîå îïèñàíèå áèáëèîòå-
êè îïåðàöèé è ôóíêöèé àðèôìåòè÷åñêîãî ïîäìíîæåñòâà ñèñ-
òåìû êîìïüþòåðíîé àëãåáðû ÀÍÀËÈÒÈÊ-2000. Ôóíêöèè è
îïåðàöèè áèáëèîòåêè îïðåäåëåíû íàä öåëûìè, ðàöèîíàëüíûìè
è äåñÿòè÷íûìè ÷èñëàìè ïðîèçâîëüíîé äëèíû. Áèáëèîòåêó
ìîæíî èñïîëüçîâàòü àâòîíîìíî äëÿ ðàñøèðåíèÿ îáëàñòè ïðè-
ìåíåíèÿ ÷èñëåííûõ ìåòîäîâ ïðè íåîáõîäèìîñòè âû÷èñëåíèé ñ
âûñîêîé òî÷íîñòüþ.

Present work contains the brief description of library of oper-
ations and functions of a arithmetic subset of a system of com-
puter algebra ANALYTIC-2000. The functions and operation of
library are determined on whole, rational and decimal numbers
of any length. The library can be used independently for expan-
sion of the area of application of numerical methods if necessary
calculations with high accuracy.

Àëãåáðû ÷èñåë ñ ìàíòèññàìè ïðîèçâîëüíîé äëèíû è
àëãåáðà ðàöèîíàëüíûõ ÷èñåë (ÀÐ×) ÿâëÿþòñÿ ïðèíöèïè-
àëüíî íåîáõîäèìîé ñîñòàâíîé ÷àñòüþ îðèåíòèðîâàííûõ íà
ðåàëèçàöèþ àíàëèòè÷åñêèõ è ÷èñëåííî-àíàëèòè÷åñêèõ ìå-
òîäîâ ñèñòåì ïðîãðàììèðîâàíèÿ (ñèñòåì êîìïüþòåðíîé
àëãåáðû).

Òàêèå àëãåáðû âõîäèëè â ñîñòàâ âñåõ ÿçûêîâ ñåìåéñòâà
ÀÍÀËÈÒÈÊ, êîòîðûå ïîä ðóêîâîäñòâîì àêàäåìèêà
Â.Ì.Ãëóøêîâà, íà÷èíàÿ ñ ñåðåäèíû 60-õ ãîäîâ, ðàçðàáà-
òûâàëèñü â èíñòèòóòå Ìàòåìàòè÷åñêèõ Ìàøèí è Ñèñòåì
ÍÀÍ Óêðàèíû. Ýòè àëãåáðû àïïàðàòíî ðåàëèçîâûâàëèñü

íà ÝÂÌ ñåðèè ÌÈÐ [1-3], à ñ êîíöà 80-õ ãîäîâ ïðîãðàì-
ìíî ðåàëèçóþòñÿ íà ÏÝÂÌ [4-8]. ßçûêîì ðåàëèçàöèè
ñòàíîâèòñÿ Ñè [9]. Ðåàëèçàöèÿ òàêèõ àëãåáð â ñèñòåìàõ
àíàëèòè÷åñêèõ ïðåîáðàçîâàíèé îêàçàëàñü åñòåñòâåííîé,
òàê êàê ýòè ñèñòåìû èçíà÷àëüíî îðèåíòèðîâàíû íà
îáúåêòû, áîëüøîãî îáúåìà ñî ñëîæíîé ñòðóêòóðîé [10-15].

Àðèôìåòè÷åñêîå ïîäìíîæåñòâî íîâîé âåðñèè ñåìåéñòâà
(ÀÍÀËÈÒÈÊ-2000) îáðàçóåò äîñòàòî÷íî ïîëíàÿ
áèáëèîòå-êà ýëåìåíòàðíûõ ôóíêöèé. Îíà ðàñøèðåíà òàê
æå çà ñ÷åò íåêîòîðûõ ñïåöèàëüíûõ ôóíêöèé ÿçûêà
ÀÍÀËÈÒÈÊ-2000.

Áèáëèîòåêà ìîæåò èñïîëüçîâàòüñÿ àâòîíîìíî â ðåæèìå
äèàëîãà èëè â ñîñòàâå äðóãèõ âû÷èñëèòåëüíûõ ñèñòåì.

Â çàâèñèìîñòè îò çàäàííîãî â ïðîãðàììå ðåæèìà âû-
÷èñëåíèé ôóíêöèé âûïîëíÿþòñÿ â ðàçëè÷íûõ ìîäèôè-
êàöèÿõ. Òàê â ðåæèìå âû÷èñëåíèé â àëãåáðå ðàöèîíàëü-
íûõ ÷èñåë òðàíñöåíäåíòíûå ôóíêöèè îò öåëûõ, ðàöèî-
íàëüíûõ èëè ñèìâîëüíûõ àðãóìåíòîâ íå âûïîëíÿþòñÿ.

Íàïðèìåð,  â ýòîì ðåæèìå íå âû÷èñëÿåòñÿ.
Áèáëèîòåêà òàê æå ÷àñòè÷íî ðåàëèçóåò âû÷èñëåíèÿ â
àëãåáðå êîìïëåêñíûõ ÷èñåë.
Ïðèìåð 1.

.

Ïðèìåð 2.

.

εi ε max
D

f τ∂
zi∂

--------

i 1=

k

∑⁄≤

α i xi⋅
i 1=

n

∑

εi ε α i

i 1=

k

∑⁄≤ εi

ε α i

ε1 ε f ′ Z( )⁄≤ ε1 ε

1 3⁄( )cos

4– i∗ 2=

ln 2.1–( ) 0.7419 i∗ π+=
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Òàêèå ñîîòíîøåíèÿ íàìíîãî îáëåã÷àþò èñïîëüçîâàíèå
ñèìâîëüíûõ ïðåîáðàçîâàíèé ïðè ïðîãðàììíîé ðåàëèçàöèè
âûêëàäîê â îáëàñòè êîìïëåêñíûõ ÷èñåë.

Âêëþ÷åíèå ðàöèîíàëüíûõ ÷èñåë â ñèñòåìû êîìïüþòåð-
íîé àëãåáðû â ïåðâóþ î÷åðåäü ñâÿçàíî ñ ïðîáëåìîé
ïðèâîäèìîñòè èëè òî÷íîãî íóëÿ, òàê êàê ïðè ïðèâåäåíèè
ïîäîáíûõ è äðóãèõ ñîïîñòàâëåíèÿõ ñèìâîëüíûå âûðàæå-
íèÿ íå ïîçâîëÿþò îïðåäåëÿòü ìàñøòàá êîýôôèöèåíòîâ è
ïðîâîäèòü îáû÷íûå äëÿ ÷èñëåííûõ ìåòîäîâ îêðóãëåíèÿ.
Ïðèìåð 3.

Â âûðàæåíèè  íåëüçÿ àâòîìàòè÷åñêè ïðåíå-
áðå÷ü âòîðûì ÷ëåíîì â ïðîöåññå ÷èñëåííî-àíàëèòè÷åñêèõ
ïðåîáðàçîâàíèé, òàê êàê ïðè íå÷èñëîâûõ çíà÷åíèÿõ a è b
íå âèäíû ìàñøòàáû ýòèõ âåëè÷èí.

Äëÿ ðåàëèçàöèè ÷èñëåííî-àíàëèòè÷åñêèõ ìåòîäîâ ÀÐ×
òàêæå íåîáõîäèìà ïðè îïðåäåëåíèè ñâîéñòâ ôóíêöèé â

îêðåñòíîñòÿõ ïîëþñîâ, òî÷åê âåòâëåíèÿ, ïðè èíòåãðèðî-
âàíèè áûñòðîîñöèëëèðóþùèõ ôóíêöèé è èññëåäîâàíèè
äðóãèõ îñîáåííîñòåé.
Ïðèìåð 4.

Ó ôóíêöèè  õàðàêòåð âåòâëåíèÿ çàâèñèò îò
òî÷íîãî çíà÷åíèÿ (÷åòíîñòè èëè íå÷åòíîñòè) p è q. ×òî
òîæå íå äîïóñêàåò íèêàêèõ îêðóãëåíèé.

Ýôôåêòèâíîñòü ðåàëèçàöèè ÀÐ× â ñîñòàâå ÿçûêîâ ñå-
ìåéñòâà ÀÍÀËÈÒÈÊ ÷àñòî äåëàåò âûãîäíûì èñïîëüçî-
âàíèå òî÷íûõ ÷èñëîâûõ ïðåîáðàçîâàíèé ïðè ïðèìåíåíèè
íåêîòîðûõ ÷èñëåííûõ ìåòîäîâ. Òàê ïðè ðåøåíèè ñèñòåì
ïëîõî îáóñëîâëåííûõ ëèíåéíûõ óðàâíåíèé ÷àñòî âìåñòî
ðàáîòû ñ äåñÿòè÷íûìè ÷èñëàìè îêàçûâàåòñÿ áîëåå
âûãîäíîé ðàáîòà â àëãåáðå ðàöèîíàëüíûõ ÷èñåë.
Ïðèìåð 5.
Äëÿ âû÷èñëåíèÿ îïðåäåëèòåëÿ:

ìåòîäîì Ãàóññà ïðè ïîëó÷åíèè 6 âåðíûõ çíàêîâ äëÿ ïîä-
òâåðæäåíèÿ ðåçóëüòàòà ïðèõîäèòñÿ âûïîëíÿòü âû÷èñëåíèÿ
òðèæäû: ñ ðàçðÿäíîñòüþ 6 çíàêîâ (ðåçóëüòàò -.302601Å-52),
çàòåì äëÿ ïðîâåðêè ñ óäâîåííîé ðàçðÿäíîñòüþ 12 çíàêîâ
(ðåçóëüòàò -.302605920028Å-52) è çàòåì 24 çíàêàìè (ðå-
çóëüòàò -.302605920012582099257137Å-52). Ïðîöåññ çàêàí-
÷èâàåòñÿ, êîãäà ïåðâûõ øåñòü çíàêîâ ïðè âòîðîì è òðåòüåì
âû÷èñëåíèÿõ ñîâïàäàþò. Â àëãåáðå ðàöèîíàëüíûõ ÷èñåë

òî÷íûé ðåçóëüòàò: 30260592*10-60 ïîëó÷àåòñÿ âòðîå

áûñòðåå1.
Îáùèì âèäîì îáúåêòà ÀÐ× â ñîñòàâå ÀÍÀËÈÒÈÊ-

2000 ÿâëÿåòñÿ ïàðà ÷èñåë ðàçäåëåííûõ çíàêîì äåëåíèÿ:
p/q (ïîäìíîæåñòâî äëÿ q=1 îáðàçóåò êîëüöî ïîëîæè-
òåëüíûõ è îòðèöàòåëüíûõ öåëûõ ÷èñåë ïðîèçâîëüíîé
äëèíû).

Ñèãíàòóðà àëãåáðû ñîñòîèò èç îïåðàöèé ñëîæåíèÿ,
âû÷èòàíèÿ, óìíîæåíèÿ, äåëåíèÿ è âîçâåäåíèÿ â öåëóþ
ñòåïåíü. Ðåàëèçàöèÿ îïåðàöèé íàä ðàöèîíàëüíûìè ÷èñëà-
ìè èñïîëüçóåò ñïåöèàëüíî ðàçðàáîòàííûå ýôôåêòèâíûå
àëãîðèòìû ðàáîòû ñ ÷èñëàìè ïðîèçâîëüíîé äëèíû (äëÿ
îïèñàíèÿ êîòîðûõ ïëàíèðóåòñÿ îòäåëüíàÿ ïîäîáíàÿ
ïóáëèêàöèÿ).

Îñîáîå çíà÷åíèå äëÿ ðåàëèçàöèè ÀÐ× èìååò àëãîðèòì
àâòîìàòè÷åñêîãî ñîêðàùåíèÿ ÷èñëèòåëÿ è çíàìåíàòåëÿ â
ðàöèîíàëüíîì ÷èñëå (äåëåíèå öåëûõ - åñëè çíàìåíàòåëü
ðåçóëüòàòà ðàâåí 1). Ðåàëèçàöèÿ ÀÐ× â ñèñòåìå
ÀÍÀËÈÒÈÊ-2000 îòëè÷àåòñÿ òåì, ÷òî ïðè òàêîì
ñîêðàùåíèè óäàëîñü èçáåæàòü îòäåëüíîãî äåëåíèÿ ÷èñëè-

òåëÿ è çíàìåíàòåëÿ íà îáùèé íàèáîëüøèé äåëèòåëü.
Âìåñòî ýòîãî ïàðàëëåëüíî ñ ðåêóððåíòíîé ïðîöåäóðîé
àëãîðèòìà Ýâêëèäà ÷èñëèòåëü è çíàìåíàòåëü îòäåëüíî
âû÷èñëÿþòñÿ ïî ðåêóððåíòíûì ôîðìóëàì ñîîòâåòñòâåííî:

,

,

ãäå  - ÷èñëî íóëåâûõ ðàçðÿäîâ â êîíöå ðåçóëüòàòà i+1

øàãà àëãîðèòìà Ýâêëèäà.
Âñåãî áèáëèîòåêà ñîäåðæèò 38 îïåðàöèé è ôóíêöèé â

îáëàñòü îïðåäåëåíèÿ, êîòîðûõ âõîäÿò îáúåêòû ÷èñëîâîãî
ïîäìíîæåñòâà ÿçûêà ÀÍÀËÈÒÈÊ-2000. Ýòè ôóíêöèè
óñëîâíî äåëÿòñÿ íà ñëåäóþùèå ãðóïïû:
àðèôìåòè÷åñêèå îïåðàöèè: +, -, *, /, **;
òðèãîíîìåòðè÷åñêèå ôóíêöèè: sin, cos, tg, ctg;
îáðàòíûå òðèãîíîìåòðè÷åñêèå ôóíêöèè: arcsin, arccos,
arctg, arcctg;
ãèïåðáîëè÷åñêèå òðèãîíîìåòðè÷åñêèå ôóíêöèè: sh, ch, th,
cth;
ëîãàðèôìè÷åñêèå ôóíêöèè: lg, ln;

exp(x) - ex;

sign(x) - , åñëè ; , åñëè

; , åñëè ;

abs(x) - àáñîëþòíîå çíà÷åíèå àðãóìåíòà;
ent(x) - öåëàÿ ÷àñòü x, ò.å. íàèáîëüøåå öåëîå, íå ïðåâîñõî-
äÿùåå x;

a 10 1000– ∗ b+

y xp q⁄=

0.119898 
0.1641975 
0.2869378 
0.943139 
0.745249 
0.2577296 
0.1623903 
0.2043867 
0.2591862 
0.3012919

0.856415 
0.1172839 
0.2049556 
0.673671 
0.532321 
0.1840926 
0.1159930 
0.1459905 
0.1851330 
0.2152085

0.856415 
0.117284 
0.2049556 
0.673671 
0.532321 
0.1840926 
0.1159931 
0.1459905 
0.1851330 
0.2152085

0.171283 
0.234568 
0.409911 
0.1347341 
0.1064641 
0.3681851 
0.2319861 
0.2919824 
0.3702666 
0.4304172

0.1027698 
0.1407408 
0.2459466 
0.808404 
0.638785 
0.2209111 
0.1391917 
0.1751893 
0.2221599 
0.2582503

0.856415 
0.117284 
0.2049555 
0.673670 
0.532320 
0.1840926 
0.1159931 
0.1459912 
0.1851333 
0.2152086

0.685132 
0.938272 
0.1639644 
0.538936 
0.425856 
0.147274 
0.927945 
0.1167931 
0.1481067 
0.1721669

0.1198981 
0.1641976 
0.2869377 
0.943138 
0.745248 
0.2577295 
0.1623903 
0.2043881 
0.2591868 
0.3012921

0.342566 
0.469136 
0.819822 
0.269468 
0.212928 
0.73637 
0.463972 
0.583962 
0.740535 
0.860835

0.685132 
0.938272 
0.1639644 
0.538936 
0.425856 
0.147274 
0.927944 
0.1167931 
0.1481067 
0.1721670

1.Òî÷íîå âðåìÿ çàâèñèò îò êîíêðåòíîé ÝÂÌ. Òàê íà Intel Celeron 500Mhz / RAM 64Mb / HDD 10Gb îáùåå âðåìÿ òðåõ èòåðàöèé 5 ìñ, âðåìÿ
òî÷íîãî ñ÷åòà 1,5 ìñ.

ui 1+ ui β ui 1–( )+=

vi 1+ vi β vi 1–( )+=

β

sign x( ) 1= x 0> sign x( ) 0=

x 0= sign x( ) 1–= x 0<
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int (x) - öåëàÿ ÷àñòü x (îòáðàñûâàíèå äðîáíîé ÷àñòè);
frc(x) - äðîáíàÿ ÷àñòü x, îïðåäåëÿåìàÿ êàê x-ent(x);

sqrt(x) - ;

rac(x) - ïðåîáðàçîâàíèå äåñÿòè÷íîãî x â ðàöèîíàëüíîå;
min(V) - ìèíèìàëüíîå çíà÷åíèå íà ìíîæåñòâå âñåõ êîìïî-
íåíò âåêòîðà V;
max(V) - ìàêñèìàëüíîå çíà÷åíèå íà ìíîæåñòâå âñåõ êîìïî-
íåíò âåêòîðà V;
gcd(x,y) - íàèáîëüøèé îáùèé äåëèòåëü äâóõ öåëûõ ÷èñåë;
ÏÎÐßÄÎÊ(x) - äâîè÷íûé ïîðÿäîê x, ïðåäñòàâëåííîãî âî âíó-
òðåííåì ôîðìàòå ÿçûêà ÀÍÀËÈÒÈÊ-2000;
ÌÀÍÒÈÑÑÀ(x) - ìàíòèññà x, ïðåäñòàâëåííîãî âî âíóòðåííåì
ôîðìàòå ÿçûêà ÀÍÀËÈÒÈÊ-2000;
NUM(x) - ÷èñëèòåëü;
DEN(x) - çíàìåíàòåëü;
ing - îïðåäåëåííûé èíòåãðàë (ïî ôîðìóëå Ñèìïñîíà);
sum - ñóììà;
prod - ïðîèçâåäåíèå;
agr - àãðåãàöèÿ. Ôóíêöèÿ ÿâëÿåòñÿ ñâåðíóòûì ïðåäñòàâëå-
íèåì âåêòîðà. Ðåçóëüòàòîì âûïîëíåíèÿ ÿâëÿåòñÿ âåêòîð,
àíàëîãè÷íî òîìó, êàê sum è prod ÿâëÿþòñÿ ñâåðíóòûìè
ñóììàìè è ïðîèçâåäåíèÿìè ïîñëåäîâàòåëüíûõ ñëàãàåìûõ
è ñîìíîæèòåëåé.

Âî âíóòðåííåì ïðåäñòàâëåíèè àðãóìåíòû è çíà÷åíèÿ
ïåðå÷èñëåííûõ ôóíêöèé ÿâëÿþòñÿ ñïåöèàëüíî îðãàíèçî-
âàííûìè ìàññèâàìè, íàä êîòîðûìè îïðåäåëåíû ñîîòâåò-
ñòâóþùèå àëãîðèòìû.

Ê ÷èñëó îñíîâíûõ àëãîðèòìîâ îòíîñÿòñÿ àëãîðèòì
âû÷èñëåíèÿ êîñèíóñà, ÷åðåç êîòîðûé âû÷èñëÿþòñÿ âñå
îñòàëüíûå òðèãîíîìåòðè÷åñêèå ôóíêöèè. Îí ñîñòîèò èç

äâóõ ýòàïîâ, íà ïåðâîì ýòàïå âû÷èñëÿåòñÿ cos(x/2n), ãäå
n çàâèñèò îò çàäàííîé òî÷íîñòè (ðàçðÿäíîñòè). Íà âòîðîì
ýòàïå ñ ïîìîùüþ ðåêêóðåòíîé ôîðìóëû

âû÷èñëÿåòñÿ cos(x).
Áàçîâîé ôóíêöèåé äëÿ âû÷èñëåíèÿ ëîãàðèôìîâ è

ãèïåðáîëè÷åñêèõ ôóíêöèé ÿâëÿåòñÿ ýêñïîíåíòà, êîòîðàÿ
àíàëîãè÷íî âû÷èñëÿåòñÿ ÷åðåç exp(x/2**n). È çàòåì ñ
ïîìîùüþ ðåêóððåíòíîé ôîðìóëû

âû÷èñëÿåòñÿ exp(x).

Ïðè âû÷èñëåíèè ln, , arccos è äåëåíèÿ ÷èñåë ñ
ïëàâàþùåé òî÷êîé ñòðîèòñÿ èòåðàöèîííûé ïðîöåññ.

Íàïðèìåð, ðåçóëüòàò äåëåíèÿ a/b ïîëó÷àåòñÿ ÷åðåç
âû÷èñëåíèå 1/b, äëÿ êîòîðîãî èñïîëüçóåòñÿ èòåððàöèîí-
íàÿ ôîðìóëà

yi+1=yi+yi*(1-b*y),

ãäå yi+1 - òåêóùåå ïðèáëèæåíèå è .

Âû÷èñëåíèå òàêèõ ôóíêöèé êàê sign, abs, ent è äðóãèõ
ïîëó÷àåòñÿ â ðåçóëüòàòå äîñòàòî÷íî ïðîñòûõ ïðåîáðàçî-
âàíèé ñîîòâåòñòâóþùèõ ìàññèâîâ. Ýôôåêòèâíîñòü èõ âû-
÷èñëåíèÿ äîñòèãàåòñÿ çàñ÷åò íåêîòîðûõ ïðèåìîâ ïðî-
ãðàììèðîâàíèÿ, êîòîðûå òàêæå áóäóò ïðèâåäåíû â
ïëàíèðóåìîé îòäåëüíîé ïóáëèêàöèè.

Òàê êàê ìåòîäû è àëãîðèòìû çàïàäíûõ ñèñòåì îáû÷íî
íå ïóáëèêóþòñÿ, åäèíñòâåííîé âîçìîæíîñòüþ ñðàâíåíèÿ
ýôôåêòèâíîñòè ÿâëÿåòñÿ ñðàâíåíèå êðèâûõ çàâèñèìîñòè
âðåìåíè îò ÷èñëà äåñÿòè÷íûõ çíàêîâ. Èç ïðèâåäåííûõ
íèæå ãðàôèêîâ âèäíî, ÷òî ýôôåêòèâíîñòü îñíîâíûõ
ôóíêöèé áèáëèîòåêè ìàëî îòëè÷àåòñÿ îò ýôôåêòèâíîñòè
ôóíêöèé òàêèõ ïîïóëÿðíûõ â íàñòîÿùåå âðåìÿ ñèñòåì êàê
MATHEMATICA è REDUCE.

Íà ðèñóíêàõ 1-3 èçîáðàæåíî òèïè÷íîå ñîîòíîøåíèå
ýôôåêòèâíîñòè äëÿ ÀÍÀËÈÒÈÊ-2000, MATHEMATICA
è REDUCE íà ïðèìåðàõ ôóíöèé ln, sin, arcsin. Ãðàôèêè
äàíû â ëîãàðèôìè÷åñêîé øêàëå, âðåìÿ â îòíîñèòåëüíûõ

åäèíèöàõ, êîòîðûå çàâèñÿò îò ÷àñòîòû ïðîöåññîðà1.

Ðèñóíîê 1 - Âðåìÿ âûïîëíåíèÿ ôóíêöèè  â çàâèñèìîñòè îò ÷èñëà äåñÿòè÷íûõ çíàêîâ ìàíòèññû

x

x 2i⁄( )cos 2∗ x 2 i 1–( )⁄( )∗ ∗ 2 1–cos=

1.Äëÿ ýêñïåðèìåíòà èñïîëüçîâàëñÿ Intel Celeron 500Mhz / RAM 64Mb / HDD 10Gb.

x 2i⁄( )exp x 2 i 1–( )⁄( )exp ∗ ∗ 2=

x

y 1 b⁄→

ln
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Íåîáõîäèìî îòìåòèòü, ÷òî ïðè îïåðèðîâàíèè ñ äëèí-
íûìè äåñÿòè÷íûìè ÷èñëàìè òàêæå ñóùåñòâóþò áîëüøèå
òåîðåòè÷åñêèå è ïðàêòè÷åñêèå âîçìîæíîñòè óâåëè÷åíèÿ
ýôôåêòèâíîñòè çàñ÷åò ðàñïàðàëëåëèâàíèÿ âû÷èñëèòåëüíî-
ãî ïðîöåññà ïðè èñïîëüçîâàíèè ñîâðåìåííîé âû÷èñëè-
òåëüíîé òåõíèêè.

Àâòîð ãëóáîêî áëàãîäàðåí Àëåêñååíêî Ò.Í., Êîíäðàøî-
âó Ñ.Â., Òåñëåðó Ã.Ñ., Ôèøìàíó Þ.Ñ. çà íåîöåíèìóþ ïî-
ìîùü â ðàáîòå.
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²ÍÒÅÐÂÀËÈ ² ²ÍÒÅÐÂÀËÜÍ² ÑÒÐÓÊÒÓÐÈ

Ã.Ì.Øèëî

Ðàññìîòðåíû âèäû èíòåðâàëüíûõ âõîäíûõ äàííûõ è
èíòåðâàëüíûõ ñòðóêòóð. Èññëåäîâàíû èõ îñíîâíûå ñâîéñòâà.
Ïîêàçàíî èñïîëüçîâàíèå èíòåðâàëüíûõ ñòðóêòóð äëÿ îöåíêè
ôóíêöèé è ðàñ÷åòà äîïóñêîâ ñ ó÷åòîì âíåøíèõ âîçäåéñòâèé.

Ðîçãëÿíóòî âèäè ³íòåðâàëüíèõ âõ³äíèõ äàíèõ òà ³íòåð-
âàëüíèõ ñòðóêòóð. Äîñë³äæåí³ ¿õ îñíîâí³ âëàñòèâîñò³. Ïîêà-
çàíî âèêîðèñòàííÿ ³íòåðâàëüíèõ ñòðóêòóð äëÿ îö³íþâàííÿ
ôóíêö³é ³ îá÷èñëåííÿ äîïóñê³â ç óðàõóâàííÿì ä³¿ çîâí³øí³õ
âïëèâ³â.

Kinds of interval input data and interval structures are con-
sidered. Their main properties are investigated. The using of
interval structures to estimate functions and calculate tolerances
taking into account external perturbations is shown.

ÂÑÒÓÏ

²ñíóþòü ð³çí³ ñïîñîáè îïèñó íåâèçíà÷åíîñòåé äàíèõ:
³ìîâ³ðí³ñí³ ìîäåë³, òåîð³ÿ íåâèçíà÷åíèõ ìíîæèí, ³íòåð-
âàëüíà ìàòåìàòèêà [1, 2]. Ïåðåâàãîþ ³íòåðâàëüíî¿ ìàòåìà-
òèêè º ìîæëèâ³ñòü îá÷èñëåííÿ ãàðàíòîâàíèõ ðîçâ'ÿçê³â.
Ïðè öüîìó íåîáõ³äíî ìàòè ³íôîðìàö³þ ëèøå ïðî ìåæ³
ïàðàìåòð³â ìîäåë³. Ïðàâèëà âèêîíàííÿ àðèôìåòè÷íèõ
îïåðàö³é çàëåæàòü â³ä âèäó âõ³äíèõ äàíèõ.

Àðèôìåòè÷í³ îïåðàö³¿ íàä ³íòåðâàëüíèìè ïàðàìåòðàìè,
ÿê³ çì³íþþòüñÿ âçàºìíî íåçàëåæíî âèêîíóþòüñÿ çà ïðà-
âèëàìè êëàñè÷íî¿ ³íòåðâàëüíî¿ àðèôìåòèêè [3] àáî ¿¿
ðîçøèðåíü [4-6]. Îäíàê äîñèòü ÷àñòî ïàðàìåòðè ìàòåìà-
òè÷íèõ ìîäåëåé ìàþòü âçàºìíî îäíîçíà÷íó â³äïîâ³äí³ñòü.
Â öüîìó âèïàäêó ³ñíóþ÷³ ³íòåðâàëüí³ àðèôìåòèêè íå
ìîæóòü çàñòîñîâóâàòèñü â ïîâíîìó îáñÿç³.

²äåÿ îö³íêè ä³éñíîãî ÷èñëà ³íòåðâàëîì, ÿêà ïîêëàäåíà â
îñíîâó ³íòåðâàëüíî¿ ìàòåìàòèêè, äëÿ îö³íêè ìíîæèí íàáó-
âàº âèãëÿäó äâîõñòóïåíåâèõ ³íòåðâàëüíèõ ñòðóêòóð. Òàê³
çàäà÷³ âèíèêàþòü, íàïðèêëàä ïðè îö³íþâàíí³ ôóíêö³é [7]
³ âðàõóâàíí³ ä³¿ íàâêîëèøíüîãî ñåðåäîâèùà [8]. Ìîæëèâà
ð³çíà êîìá³íàö³ÿ ìåæîâèõ òî÷îê, ÿê³ õàðàêòåðèçóþòü
ìíîæèíó (ðèñ.1). Ïðè öüîìó óòâîðþþòüñÿ ³íòåðâàëüí³
ñòðóêòóðè ç ïëàâàþ÷èìè ìåæàìè (ðèñ.1, à), ç ïëàâàþ÷èìè
³íòåðâàëàìè (ðèñ.1, á) òà òâ³íè (ðèñ.1, â). Ç öèõ ñòðóêòóð
íàéá³ëüø äîñë³äæåí³ âëàñòèâîñò³ òâ³í³â [7], ÿê³ çàñòî-
ñîâóþòüñÿ äëÿ îö³íþâàííÿ ôóíêö³é.

à)

á)

â)

Ðèñóíîê 1 - ²íòåðâàëüí³ ñòðóêòóðè: à) ç ïëàâàþ÷èìè 
ìåæàìè; á) ç ïëàâàþ÷èìè ³íòåðâàëàìè; â) òâ³íè

Ìåòîþ ðîáîòè º äîñë³äæåííÿ âëàñòèâîñòåé ³íøèõ ³íòåð-
âàëüíèõ ñòðóêòóð ïðè ð³çíèõ âèäàõ ³íòåðâàëüíèõ äàíèõ.

1. ÎÑÍÎÂÍ² ÎÇÍÀ×ÅÍÍß

ÎÇÍÀ×ÅÍÍß 1. ²íòåðâàëüí³ äàí³ a òà b íàçèâàþòüñÿ
âçàºìíî îäíîçíà÷íèìè, ÿêùî ì³æ êîæíèì åëåìåíòîì
³íòåðâàëó a ³ñíóº âçàºìíî îäíîçíà÷íà â³äïîâ³äí³ñòü ç
êîæíèì åëåìåíòîì ³íòåðâàëó b.

ÎÇÍÀ×ÅÍÍß 2. Êîìóòàö³éíèì ³íòåðâàëîì íàçèâàºòü-
ñÿ ³íòåðâàë, ÿêèé âèçíà÷àºòüñÿ ñï³ââ³äíîøåííÿìè:
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, (1)

äå  ³  - íèæíÿ ³ âåðõíÿ ìåæ³ êîìóòàö³éíîãî ³íòåð-

âàëó;  - çíà÷åííÿ ïàðàìåòðó , ÿêå ðîçìåæîâóº âèêîðè-

ñòàííÿ ìåæ  ³ .

ÎÇÍÀ×ÅÍÍß 3. ²íòåðâàëüíîþ ñòðóêòóðîþ ç ïëàâàþ-
÷èìè ìåæàìè íàçèâàºòüñÿ ñòðóêòóðà âèäó:

, (2)

äå  ³  - íèæíÿ ³ âåðõíÿ ³íòåðâàëüí³ ìåæ³ ïàðàìåòðà ;

 ³  - çíà÷åííÿ ìåæ ³íòåðâàëó â³äïîâ³äíî ïðè íèæíüî-

ìó ³ âåðõíüîìó çíà÷åííþ çîâí³øíüîãî âïëèâó.
ÎÇÍÀ×ÅÍÍß 4. ²íòåðâàëüíîþ ñòðóêòóðîþ ç ïëàâàþ-

÷èìè ³íòåðâàëàìè íàçèâàºòüñÿ ñòðóêòóðà:

, (3)

äå  ³  - ³íòåðâàëüíèé ïàðàìåòð ïðè íèæíüîìó ³

âåðõíüîìó çíà÷åíí³ çîâí³øíüîãî âïëèâó.
Òâ³í öå ïàðà ³íòåðâàë³â, ÿê³ âèçíà÷àþòü âíóòð³øíþ ³

çîâí³øíþ îö³íêó [7]. Ç âèêîðèñòàííÿì ïðèéíÿòèõ îçíà-
÷åíü òâ³í çàïèñóºòüñÿ ó âèãëÿä³:

, (4)

äå  òà  - âíóòð³øíÿ ³ çîâí³øíÿ îö³íêè ³íòåðâàëó x.

2. ÀÐÈÔÌÅÒÈ×Í² ÎÏÅÐÀÖ²¯ ÍÀÄ 
²ÍÒÅÐÂÀËÜÍÈÌÈ ÑÒÐÓÊÒÓÐÀÌÈ

ÎÇÍÀ×ÅÍÍß 5. Àðèôìåòè÷í³ îïåðàö³¿ ì³æ âçàºìíî
îäíîçíà÷íèìè ³íòåðâàëàìè âèçíà÷àþòüñÿ ñï³ââ³äíî-
øåííÿìè

(5)

äå .

Â ñï³ââ³äíîøåííÿõ (5) âèêîðèñòîâóþòüñÿ ³íòåðâàëüí³

ðîçøèðåííÿ ôóíêö³é  òà , äå çíà÷åííÿ ³íòåðâàëó

x áåðåòüñÿ îäíàêîâèì.
ÎÇÍÀ×ÅÍÍß 6. Àðèôìåòè÷í³ îïåðàö³¿ ç êîìóòàö³éíèì

³íòåðâàëîì âèêîíóþòüñÿ çà ñï³ââ³äíîøåííÿìè:

(6)

äå .

ÍÀÑË²ÄÎÊ 1. ßêùî ó êîìóòàö³éíîìó ³íòåðâàë³

, òî ïðè âèêîíàíí³ àðèôìåòè÷íèõ îïåðàö³é

âèêîðèñòîâóþòüñÿ ñï³ââ³äíîøåííÿ:

, (7)

. (8)

Îñòàíí³é âèðàç îçíà÷àº, ùî ìíîæåííÿ íà  çì³íþº

îð³ºíòàö³þ ³íòåðâàëó íà ïðîòèëåæíó.
Àðèôìåòè÷í³ îïåðàö³¿ íàä êîæíèì ³ç âèä³â ³íòåð-

âàëüíèõ ñòðóêòóð ïîâèíí³ âèêîíóâàòèñü çà ñâî¿ìè
ïðàâèëàìè. Òàê³ ïðàâèëà âæå ðîçðîáëåí³ äëÿ òâ³í³â -
òâ³ííà àðèôìåòèêà [7]. Ö³ ïðàâèëà ìîæíà áóëî á âèêî-
ðèñòîâóâàòè äëÿ ³íøèõ ³íòåðâàëüíèõ ñòðóêòóð ç äîïîìî-
ãîþ íàî÷íèõ ïåðåòâîðåíü, ÿê³ âèò³êàþòü ³ç âèðàç³â (2)-(4).
Îäíàê, íàéá³ëüø ïðîñòî, ç âèêîðèñòàííÿì çâè÷àéíî¿
³íòåðâàëüíî¿ àðèôìåòèêè, âèêîíóþòüñÿ îïåðàö³¿ íàä
ñòðóêòóðàìè ç ïëàâàþ÷èìè ³íòåðâàëàìè.

ÒÅÎÐÅÌÀ 1 (ïëàâàþ÷èõ ³íòåðâàë³â). Â ðåçóëüòàò³
àðèôìåòè÷íî¿ îïåðàö³¿ íàä ³íòåðâàëüíèìè ñòðóêòóðàìè ç
ïëàâàþ÷èìè ³íòåðâàëàìè óòâîðþºòüñÿ ìíîæèíà ó âèãëÿä³
³íòåðâàëüíî¿ ñòðóêòóðè ç ïëàâàþ÷èìè ³íòåðâàëàìè:

(9)

åëåìåíòè ÿêî¿ âèçíà÷àþòüñÿ çà ïðàâèëàìè ³íòåðâàëüíèõ
îïåðàö³é â³äïîâ³äíèõ äî ñòðóêòóðè âèõ³äíèõ äàíèõ, äå

.

Äîâåäåííÿ. Áóäåìî ââàæàòè, ùî ïåðåõ³ä â³ä ñòàíó ,

 äî ñòàíó ,  â³äáóâàºòüñÿ ìèòòºâî, à ³íòåðâàëüí³

ñòðóêòóðè  òà  íå ìàþòü ïàì'ÿò³. Öå îçíà÷àº,

ùî ³íôîðìàö³ÿ ïðî ïîïåðåäí³é ñòàí ³íòåðâàëüíî¿
ñòðóêòóðè íå äîõîäèòü äî íàñòóïíîãî ñòàíó, òîáòî â

ñèñòåì³  íå âèíèêàº âçàºìîä³¿ ì³æ ³íòåð-

âàëàìè, ÿê³ â³äíåñåíî äî ð³çíèõ ñòàí³â. Çâ³äñè âèò³êàº, ùî

â ³íòåðâàëüí³é ñèñòåì³  ìîæóòü âçàºìîä³ÿòè

ò³ëüêè ³íòåðâàëè  òà  ³  òà , à äëÿ ³íøèõ

êîìá³íàö³é

, .

Â ðåçóëüòàò³ óòâîðþºòüñÿ ³íòåðâàëüíà ñòðóêòóðà ç ïëà-
âàþ÷èìè ³íòåðâàëàìè:

.

Îïåðàö³¿ íàä ³íòåðâàëàìè  òà  ïðîâîäÿòüñÿ çà

ïðàâèëàìè, ÿê³ âèçíà÷àþòüñÿ âèäîì âèõ³äíèõ äàíèõ.
ÍÀÑË²ÄÎÊ 2. Àðèôìåòè÷í³ îïåðàö³¿ íàä ³íòåðâàëü-

íèìè ñòðóêòóðàìè ç ïëàâàþ÷èìè ìåæàìè âèêîíóþòüñÿ çà

a a a;[ ]
a ,   x x0<( )

a ,   x x0>( )



= =

a a

x0 x

a a

Fb x( ) x;x( ) x
m
;x

p
[ ] ; xm;xp[ ]( )= =

x x x

xm xp

Fi x( ) xm;xp( ) x
m
;xm[ ] ; x

p
;xp[ ]( )= =

xm xp

T x( ) xl;xg( ) x
p
;xm[ ] ; x

m
;xp[ ]( )= =

xl xg

a∗ b a;a[ ] ∗ b;b[ ] a∗ b;a∗ b[ ] ,= =

xd
d a x( )∗ b x( )( ) 0≠ ,   x x∈ 

  ,

* + – ⋅ /, , ,{ }∈

a x( ) b x( )

a ∗ b a ; a[ ] ∗ b;b[ ]

a ∗ b; a ∗ b[ ] ,   x0 x∈( )

a ∗ b; a ∗ b[ ] ,   x x0< x∀ x∈,( )

a ∗ b; a ∗ b[ ] ,   x x0> x∀ x∈,( )







= =

* + – ⋅ /, , ,{ }∈

a a a= =

a ∗ b a∗ b;b[ ] a∗ b;a∗ b[ ]= =

1– ∗ b 1– b;b[ ]⋅ b– ; b–[ ]= =

1–

Fi a( )∗ Fi x( ) am;ap( )∗ xm;xp( )
am

∗ xm;ap
∗ xp( ) Fi a∗ x( ),

= =

= =

* + – ⋅ /, , ,{ }∈

am

xm ap xp

Fi a( ) Fi x( )

Fi a( )∗ Fi x( )

Fi a( )∗ Fi x( )
am xm ap xp

am
∗ xp ∅{ }= ap

∗ xm ∅{ }=

Fi a∗ x( ) am
∗ xm;ap

∗ xp( )=

am xm
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àëãîðèòìîì:

1. ²íòåðâàëüí³ ñòðóêòóðè  òà  ç äîïîìîãîþ

ñï³ââ³äíîøåíü (2) ³ (3) â³äîáðàæàþòüñÿ â ñòðóêòóðè ç
ïëàâàþ÷èìè ³íòåðâàëàìè:

; .

2. Ç äîïîìîãîþ ñï³ââ³äíîøåíü (9) âèêîíóþòüñÿ àðèô-
ìåòè÷í³ îïåðàö³¿ íàä ñòðóêòóðàìè ç ïëàâàþ÷èìè ³íòåð-
âàëàìè:

.

3. Óòâîðåíà ³íòåðâàëüíà ñòðóêòóðà â³äîáðàæàºòüñÿ â
ñòðóêòóðó ç ïëàâàþ÷èìè ìåæàìè:

.

ÍÀÑË²ÄÎÊ 3. Àðèôìåòè÷í³ îïåðàö³¿ íàä òâ³íàìè âè-
êîíóþòüñÿ çà àëãîðèòìîì:

1. Òâ³íè  òà  ç äîïîìîãîþ ñï³ââ³äíîøåíü (3)

òà (4) â³äîáðàæàþòüñÿ ó ³íòåðâàëüí³ ñòðóêòóðè ç ïëàâàþ-
÷èìè ³íòåðâàëàìè:

; .

2. Ç äîïîìîãîþ ñï³ââ³äíîøåíü (9) âèêîíóþòüñÿ àðèô-
ìåòè÷í³ îïåðàö³¿ íàä ñòðóêòóðàìè ç ïëàâàþ÷èìè ³íòåð-
âàëàìè

.

3. Óòâîðåíà ³íòåðâàëüíà ñòðóêòóðà â³äîáðàæàºòüñÿ ó
òâ³ííó ñòðóêòóðó

.

ÏÐÈÊËÀÄ 1. Çà äîïîìîãîþ ³íòåðâàëüíèõ ñòðóêòóð ç
ïëàâàþ÷èìè ³íòåðâàëàìè âèêîíàòè âíóòð³øíþ ³ çîâí³øíþ
îö³íêó ôóíêö³¿

ç òðüîìà çíà÷óùèìè öèôðàìè ï³ñëÿ äåñÿòêîâî¿ òî÷êè ïðè

.

Ìåæ³ ³íòåðâàë³â ïðè âíóòð³øí³õ îö³íêàõ îêðóãëþþòüñÿ
ó âíóòð³øíþ ñòîðîíó, ïðè çîâí³øí³õ - ó çîâí³øíþ.
Îá÷èñëåííÿ ïðîâîäÿòüñÿ çà ïðàâèëàìè (5) àðèôìåòèêè
âçàºìíî îäíîçíà÷íèõ ³íòåðâàë³â ³ çâîäèòüñÿ äî óòâîðåííÿ
³íòåðâàëüíî¿ ñòðóêòóðè ç ïëàâàþ÷èìè ³íòåðâàëàìè:

.

Ïåðåòâîðåííÿ äî ñòðóêòóðè ç ïëàâàþ÷èìè ³íòåðâàëàìè
ó òâ³í

äîçâîëÿº ïðîâåñòè ñóêóïíå îö³íþâàííÿ ôóíêö³¿.
Ïåðøèé òâ³ííèé ³íòåðâàë äàº âíóòð³øíþ îö³íêó ôóíê-

ö³¿ , äðóãèé - çîâí³øíþ. Îö³íêè, îòðèìàí³ çà äîïîìî-

ãîþ ³íòåðâàëüíèõ ñòðóêòóð ç ïëàâàþ÷èìè ³íòåðâàëàìè,
çá³ãàþòüñÿ ç îö³íêàìè ò³º¿ æ ôóíêö³¿ íàâåäåí³ â [7], äå
âèêîðèñòîâóâàëàñü òâ³ííà àðèôìåòèêà. Ïåðåâàãîþ íàâåäå-
íîãî ï³äõîäó º ìîæëèâ³ñòü âèêîðèñòàííÿ á³ëüø ïðîñòî¿
³íòåðâàëüíî¿ àðèôìåòèêè.

Êîæíà ç ³íòåðâàëüíèõ ñòðóêòóð ìàº ñâîþ îáëàñòü
çàñòîñóâàííÿ. Òâ³íè òðàäèö³éíî âèêîðèñòîâóþòüñÿ äëÿ
âíóòð³øíüî¿ ³ çîâí³øíüî¿ îö³íîê ñêëàäíèõ ôóíêö³é ïðè
îêðóãëåí³. ²íòåðâàëè ç ïëàâàþ÷èìè ìåæàìè çðó÷íî
âèêîðèñòîâóâàòè äëÿ îö³íêè ñòàá³ëüíîñò³ ïðèñòðî¿â. 

3. ÂÈÊÎÐÈÑÒÀÍÍß ²ÍÒÅÐÂÀËÜÍÈÕ 
ÑÒÐÓÊÒÓÐ ÄËß ÐÎÇÐÀÕÓÍÊÓ ÄÎÏÓÑÊ²Â

Ï³ä ä³ºþ çîâí³øí³õ âïëèâ³â (çì³íà òåìåïåðàòóðè, âî-
ëîãîñò³, îïðîì³íþâàííÿ, ñòàð³ííÿ òà ³íø³ ÷èííèêè) çíà-
÷åííÿ ïàðàìåòð³â ðàä³îåëåêòðîííèõ ïðèñòðî¿â çì³íþºòüñÿ
(ðèñ.2). Ïðè âçàºìîíåçàëåæí³é ä³¿ âïëèâ³â çíà÷åííÿ ïà-
ðàìåòðà íàáóâàº âèãëÿäó:

, (10)

äå  - íîì³íàëüíå çíà÷åííÿ ïàðàìåòðà ïðè íîðìàëüíèõ

óìîâàõ íàâêîëèøíüîãî ñåðåäîâèùà; , , , -

ïðèð³ñò çíà÷åííÿ ïàðàìåòðà, îáóìîâëåíèé çì³íîþ òåìïå-
ðàòóðè, ñòàð³ííÿì, çì³íîþ âîëîãîñò³ òà ³íòåíñèâíîñò³
îïðîì³íþâàííÿ.

Ðèñóíîê 2 - Çì³íà ìåæ ïàðàìåòð³â ïðè çîâí³øí³õ 
âïëèâàõ

Â çàãàëüíîìó âèïàäêó êîæåí ³ç öèõ ïðèðîñò³â ìàº
íåë³í³éíó çàëåæí³ñòü â³ä âåëè÷èíè çîâí³øí³õ âïëèâ³â

,

äå  - ôóíêö³ÿ çîâí³øíüîãî âïëèâó.

Àëå ó áàãàòüîõ âèïàäêàõ ¿õ ãðàô³êè àïðîêñèìóþòüñÿ
ë³í³éíèìè àáî êóñêîâî-íåïåðåðâíèìè ôóíêö³ÿìè. Íàïðè-
êëàä, ïðèð³ñò ïàðàìåòðà, îáóìîâëåíèé ä³ºþ òåìïåðàòóðè,
àïðîêñèìóºòüñÿ äâîìà ïðÿìèìè [9], îäíà ³ç ÿêèõ âèêî-
ðèñòîâóºòüñÿ ïðè òåìïåðàòóðàõ á³ëüøèõ íîðìàëüíî¿, à
äðóãà - ïðè ìåíøèõ. Äëÿ êîæíî¿ ³ç ä³ëÿíîê ïðèð³ñò ïàðà-
ìåòðà çàïèñóºòüñÿ ó âèãëÿä³:

; (11)

Fb a( ) Fb x( )

Fb a( ) Fi a( )→ Fb x( ) Fi x( )→

Fi a( )∗ Fi x( ) Fi a∗ x( )=

Fi a∗ x( ) Fb a∗ x( )→

T a( ) T x( )

T a( ) Fi a( )→ T x( ) Fi x( )→

Fi a( )∗ Fi x( ) Fi a∗ x( )=

Fi a∗ x( ) T a∗ x( )→

f x( ) 10ex x–( ) tgx x2–( )=

x 1 4;1 5,,[ ]∈

Fi f x( )( ) 150 219;513 267,,[ ] 150 296;513 429,,[ ],( )=

Fi f x( )( ) T f x( )( )→
150 296;513 267,,[ ] 150 219;513 429,,[ ],( )

=
=

f x( )

x xí xT∆ xt∆ xβ∆ xν∆ …+ + + + +=

xí

xT∆ xt∆ xβ∆ xν∆

xd∆ xí f d( )⋅=

f d( )

x∆ xíα
T

T0 T–( )= x∆ xíαT T T0–( )=
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äå  ³  - òåìïåðàòóðíèé êîåô³ö³ºíò ïàðàìåòðà â³äïî-

â³äíî ïðè çá³ëüøåí³ ³ çìåíøåí³ òåìïåðàòóðè;  - òåìïå-

ðàòóðà ïðè íîðìàëüíèõ óìîâàõ íàâêîëèøíüîãî ñåðåäîâè-

ùà;  ³  - íèæíº ³ âåðõíº çíà÷åííÿ òåìïåðàòóðè.

Ç âèêîðèñòàííÿì (11) ìîæíà ñï³ââ³äíîøåííÿ (10) ïåðå-
òâîðèòè äî âèãëÿäó:

(12)

äå  - ïðèð³ñò òåìïåðàòóðè;  - çâåäåíèé êî-

åô³ö³ºíò çîâí³øíüîãî âïëèâó;  - âåëè÷èíà çîâí³ø-

íüîãî âïëèâó (ïðèð³ñò òåìïåðàòóðè).
Çíÿòòÿ ä³¿ çîâí³øí³õ ÷èííèê³â ïîâåðòàº á³ëüø³ñòü

ïàðàìåòð³â äî ¿õ ïî÷àòêîâîãî ñòàíó, çà âèêëþ÷åííÿì
ïðîÿâè íåçâîðîòíèõ çì³í, îáóìîâëåíèõ ñòàð³ííÿì, äåÿêè-
ìè âèäàìè îïðîì³íþâàííÿ ³ òàêå ³íøå. Îòæå âèíèêàº
ÿâèùå, êîëè ï³ä ÷àñ åêñïëóàòàö³¿ ÐÅÀ ¿¿ ïàðàìåòðè
ïëàâàþòü â äåÿêèõ ìåæàõ ïðè â³äïîâ³äí³é çì³í³ çîâí³øí³õ
âïëèâ³â. Ïðè öüîìó óòâîðþþòüñÿ ³íòåðâàëè ç ïëàâàþ÷èìè
ìåæàìè.

Ç âèêîðèñòàííÿì ñï³ââ³äíîøåíü (12) òà (6) ìåæ³ ³íòåð-

âàëüíî¿ ñòðóêòóðè  íàáóâàþòü âèãëÿäó:

; (13)

. (14)

Ç äîïîìîãîþ ³íòåðâàë³â ç ïëàâàþ÷èìè ìåæàìè ìîæíà
îòðèìàòè óìîâè êîìïåíñàö³¿ çîâí³øí³õ âïëèâ³â.

ÂËÀÑÒÈÂ²ÑÒÜ 1 (êîìïåíñàö³¿). Ïðè âèêîíàíí³ àðèô-
ìåòè÷íèõ îïåðàö³é íàä ³íòåðâàëüíèìè ñòðóêòóðàìè ç ïëà-
âàþ÷èìè ìåæàìè

ïîëîæåííÿ ìåæ ðåçóëüòàòó íå çàëåæèòü â³ä âåëè÷èíè
çîâí³øí³õ âïëèâ³â, ÿêùî âèêîíóþòüñÿ óìîâè:

äëÿ îïåðàö³¿ ñêëàäàííÿ

; (15)

äëÿ îïåðàö³¿ â³äí³ìàííÿ

, (16)

äå ;  ³  - êîåô³ö³ºíòè çîâí³øíüî¿

ä³¿ íà ïàðàìåòðè  òà .

Äîâåäåííÿ. Ïåðåòâîðèìî ³íòåðâàëüí³ ñòðóêòóðè ç ïëà-

âàþ÷èìè ìåæàìè â ñòðóêòóðè ç ïëàâàþ÷èìè ³íòåðâàëàìè ³
âèêîíàºìî àðèôìåòè÷íó îïåðàö³þ äîäàâàííÿ íàä öèìè
ñòðóêòóðàìè:

(17)

²íòåðâàëüíà ñòðóêòóðà (17) â³äîáðàæàºòüñÿ â ñòðóêòóðó
ç ïëàâàþ÷èìè ìåæàìè

.

Ïîëîæåííÿ ìåæ ö³º¿ ñòðóêòóðè íå çì³íþºòüñÿ ïðè áóäü-
ÿêèõ çíà÷åííÿõ çîâí³øí³õ âïëèâ³â, ÿêùî âèêîíóþòüñÿ
óìîâè:

; . (18)

Ïðè ï³äñòàíîâö³ ñï³ââ³äíîøåíü (13) òà (14) ³ àíàëîã³÷-
íèõ âèðàç³â äëÿ ïàðàìåòðà a óìîâè (18) ðîçïàäàþòüñÿ ³
óòâîðþþòüñÿ ÷îòèðè óìîâè:

;  ;  ;  , (19)

äå  òà  - êîåô³ö³ºíòè çîâí³øí³õ ä³é ïàðàìåòð³â  òà

.

Óìîâè (19) ëåãêî îá'ºäíóþòüñÿ â îäíå ñï³ââ³äíîøåííÿ
(15). Äëÿ îïåðàö³¿ â³äí³ìàííÿ ç óðàõóâàííÿì âçàºìíî¿

çàëåæíîñò³ ³íòåðâàë³â  òà  óìîâè êîìïåíñàö³¿ íàáó-

âàþòü âèãëÿäó:

; ,

à ï³äñòàíîâêà ìåæ ³ç (13) òà (14) ïåðåòâîðþº ö³ óìîâè äî
ñï³ââ³äíîøåííÿ (16).

Ó çàãàëüíîìó âèïàäêó ïðè îïåðàö³ÿõ ìíîæåííÿ ³ ä³ëåí-
íÿ ï³äòðèìóâàòè íåçì³íí³ñòü ìåæ ³íòåðâàë³â íåìîæëèâî
îñê³ëüêè óìîâè ð³âíîñò³ ìåæ ³íòåðâàë³â çàëåæàòü â³ä âåëè-
÷èíè çîâí³øíüî¿ ä³¿, íàïðèêëàä, äëÿ îïåðàö³¿ ìíîæåííÿ:

.

Îäíàê çàëåæí³ñòü ïîëîæåííÿ ìåæ ³íòåðâàë³â çíà÷íî
çìåíøóºòüñÿ ÿêùî äëÿ îïåðàö³¿ ìíîæåííÿ âèêîíàòè
óìîâè:

(20)

Àíàëîã³÷í³é ïîâåä³íö³ ìåæ ïðè îïåðàö³ÿõ ä³ëåííÿ

â³äïîâ³äàº çì³íà çíàêó ïåðåä åëåìåíòàìè   àáî  â

ñï³ââ³äíîøåííÿõ (20).
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4. ÂÈÑÍÎÂÊÈ

Îá÷èñëåííÿ ìàòåìàòè÷íèõ ìîäåëåé, ÿê³ ó ñâîºìó ñêëàä³
ìàþòü ³íòåðâàëüí³ ñòðóêòóðè ç ïëàâàþ÷èìè ìåæàìè, â³ä-
áóâàºòüñÿ øëÿõîì â³äîáðàæåííÿ ¿õ ó ñòðóêòóðè ç ïëàâàþ-
÷èìè ³íòåðâàëàìè, ïðàâèëà âèêîíàííÿ àðèôìåòè÷íèõ
îïåðàö³é ç ÿêèìè çàëåæàòü â³ä âèäó ³íòåðâàëüíèõ äàíèõ ³
ðîçðîáëåí³ â äàí³é ðîáîò³. Çàïðîïîíîâàí³ ³íòåðâàëüí³
ñòðóêòóðè â³äîáðàæàþòüñÿ òàêîæ ó òâ³íè, ÿê³ âèêî-
ðèñòîâóþòüñÿ äëÿ îö³íþâàííÿ ôóíêö³é. Çàñòîñóâàííÿ
â³äîáðàæåííÿ ³íòåðâàëüíèõ ñòðóêòóð çíà÷íî ïîëåãøóº
âèêîíàííÿ àðèôìåòè÷íèõ îïåðàö³é ç òâ³íàìè. Â³ðîã³äí³ñòü
ðåçóëüòàò³â ï³äòâåðäæóºòüñÿ çá³ãîì îö³íîê, îòðèìàíèõ
çàïðîïîíîâàíèì ìåòîäîì ³ â³äîìèõ ³ç ïóáë³êàö³é.

²íòåðâàëüí³ ñòðóêòóðè ç ïëàâàþ÷èìè ìåæàìè çàñòîñî-
âóþòüñÿ äëÿ óðàõóâàííÿ ä³¿ çîâí³øí³õ âïëèâ³â. Â öüîìó
âèïàäêó ôîðìóâàííÿ åëåìåíò³â ñòðóêòóð â³äáóâàºòüñÿ ç
äîïîìîãîþ àðèôìåòè÷íèõ îïåðàö³é íàä âçàºìîîäíîçíà÷-
íèìè ³íòåðâàëàìè.
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ÓÄÊ 681.32

A FUZZY-TABU SEARCH APPROACH FOR THE PLANT LAYOUT PROBLEM

Turkbey Orhan, Alabas Cigdem

Ðàñõîäû íà ñèñòåìó ïîãðóçî÷íî-ðàçãðóçî÷íûõ ðàáîò
ñîñòàâëÿþò ïî÷òè 20-50% îáùåé ñåáåñòîèìîñòè
ïðîèçâîäñòâåííîé ñèñòåìû. Âñëåäñòâèå ýòîãî, ïðîáëåìà
ðàçìåùåíèÿ ïðåäïðèÿòèé - îäíà èç âàæíåéøèõ çàäà÷. Íî, òàê
êàê ïðîáëåìà ðàçìåùåíèÿ ïðåäïðèÿòèé - ýòî NP-ïîëíàÿ
ïðîáëåìà, èìåþùàÿ êîìáèíàòîðíóþ ñòðóêòóðó, ðàçìåùåíèå
ïðåäïðèÿòèé ÿâëÿåòñÿ ïëîõî èññëåäîâàííîé îáëàñòüþ. Â
íàñòîÿùåé ðàáîòå äëÿ ïðîáëåìû ðàçìåùåíèÿ ïðåäïðèÿòèé,
êîòîðàÿ ôîðìàëèçóåòñÿ êàê êâàäðàòè÷íàÿ ïðîáëåìà
íàçíà÷åíèÿ, èñïîëüçóåòñÿ çàïðåùàþùèé àëãîðèòì ïîèñêà,
êîòîðûé ÿâëÿåòñÿ îäíèì èç èíòåëëåêòóàëüíûõ
ýâðèñòè÷åñêèõ ìåòîäîâ. Îòëè÷íûé îò äðóãèõ èçâåñòíûõ
ïîäõîäîâ çàïðåùàþùåãî ïîèñêà, ðàçðàáîòàííûé àëãîðèòì
èñïîëüçóåò òåîðèþ íå÷åòêèõ ìíîæåñòâ. Ðàçðàáîòàííûé
àëãîðèòì çàïðåùàþùåãî ïîèñêà ñðàâíèâàåòñÿ ñ êëàññè÷åñêèì
àëãîðèòìîì çàïðåùàþùåãî ïîèñêà íà òåñòîâûõ çàäà÷àõ
ðàçëè÷íîé ðàçìåðíîñòè è ìåòîäîì ñëó÷àéíîãî ïîèñêà ñîãëàñíî
îïðåäåëåííûì êðèòåðèÿì ýôôåêòèâíîñòè ôóíêöèîíèðîâàíèÿ
òèïà "êà÷åñòâî ðåøåíèÿ è íîìåð íàéäåííîé òî÷êè â
ïðîñòðàíñòâå ðåøåíèé". Ñîãëàñíî ïîëó÷åííûì ðåçóëüòàòàì
ïîêàçàíî, ÷òî â îòíîøåíèè çàäà÷è ðàçìåùåíèÿ ïðåäïðèÿòèé
íå÷åòêèé çàïðåùàþùèé àëãîðèòì ïîèñêà ïðåâîñõîäèò äðóãèå
àëãîðèòìû.

Materials handling system cost expenditures make up nearly
20-50% of the total production cost of a manufacturing system.
Owing to this, the plant layout problem is one of the subjects
which are discussed mostly. But, because the plant layout prob-
lem is a NP-complete problem and has a combinatorial structure,
the plant layout is still an investigation area. In the content of
this study, for the plant layout problem, which is formalized as
Quadratic Assignment Problem, Tabu Search Algorithm, which is
one of the Smart Heuristic Techniques, is used. Different from
other tabu search/search approaches in the literature, the devel-
oped algorithm uses Fuzzy Set Theory. The developed Tabu
Search Algorithm in this study is compared with Classical Tabu
Search Algorithm on test problems in various sizes and Random
Search Method according to some performance criteria such as
"solution quality and the searched point number in the solution
space". According to received results, it's seen that in the plant
layout problem Fuzzy-Tabu Search Algorithm is superior to other
algorithms.

1. INTRODUCTION

Plant Layout Problem (PLP) has a strategical location in
the success of manufacturing systems. The main reason for
this fact is that, 20-50% of the total manufacturing cost orig-
inates from material management expenses. A good solution
for the PLP will assist the general productivity of the sys-
tem. On the contrary, a bad layout will lead to accumulation
of mid stores, collidation of material transport systems,
increment of preparation times and finally will lead to forma-

tion of long tails in the system (Jajodia et al. 1992). PLP
may require high cost investments in long term. Moreover,
relocation or improvement of a present plant/facility is not
only expensive and time consuming but also this prevents
activities of the workers and material flow (Sule, 1988). But
the strategical importance of plant layout design should not
be neglected.

The most popular formulation used in solution of PLPs is
Quadratic Assignment Problem (QAP). The other formula-
tions used for this purpose are quadratic set covering, linear
integer programming, mixed integer programming, graph the-
oretic models (Alvarenga et al. 2000).

Koopmans and Beckman (1957) formulized PLP as QAP
for the first time. The reason for naming this problem as
"quadratic assignment" is that, the variables of the object
function are second degree polinomial functions and the lim-
its also resemble linear assignment problem's limits. The aims

of QAP is to assign n facilities (machines, departments or

work stations) to n places optimally by minimizing the mate-

rial transport cost, which is defined as multiplication of work
flow and the distance travelled, as much as possible.

QAP formulation is given in equation 1.

Minimize  

Subject to:    (1)

   

 .

In the model given above  decision variable will be 1 if

facility  is assigned to area , otherwise it will be 0. The

work flow between facilities  and  is expressed as , the

distance between areas  and  is expressed as . The

object function in this problem is quadratic and it has a non-
convex structure. There are more than one local optimum

solutions for QAP and there are  solution points in the
solution space.
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2. LITERATUE SURVEY FOR QAP

QAP is a NP-complete problem. Gilmore (1963), Lawler
(1963), Burkard and Stratmann (1978), Bazaraa and
Elshafei (1979), Bazaraa and Sherali (1980) developed pro-
cedures that give the optimum results for this problem. But
the calculation ability of the optimum procedures provides
the solution of the layout problems which have at most 20
facilities (Resende et al. 1995).

Because of the combinatorial structure of the PLP and the
inadequency of the optimal procedures in solution of the
large sized problems, researchers directed themselves to
development of the heuristic algorithms on this subject.
These heuristics are classified in two, as construction and
improvement methods. Construction methods start the opera-
tion with an empty area and locate the facilities by choosing
them consequently till the layout is completed. On the other
hand in the improvement methods, the operation starts on a
present layout. This initial layout can be a result of structur-
ing algorithm or be selected randomly. Improvement meth-
ods try to reach better layout designs by changing the places
of the facility units reciprocally on the basis of the present
layout. Foulds (1983), Kusiak (1990) and Burkard (1990)
presented detailed surveys on heuristic algorithms.

Researchers are using smart heuristic approaches for QAP
recently because smart heuristic techniques such as Genetic
Algorithms (GAs), Simulated Annealing (SA), Tabu Search
(TS) and Artificial Neural Networks have been applied to
many problems till that time since they were developed and
they gave good solutions for these problems.

SA, which is presented as independent from each other by
Kirkpatrick et al.(1983) and Cerny (1985), is a probabilistic
method imitating the physical annealing procedure and many
researchers used this method in order to solve various PLPs.
Kim and Kim (1998), Chwif et al. (1998), Wang et al.
(1998), Bazarganlari and Kaebernick (1997), Meller and
Bozer (1996), Yip and Pao (1994) are the researchers who
have applied SA to PLPs most recently.

GAs, which is another smart heuristic algorithm, imitates
the "survival of the f?ttest" principle of the nature. Holland
(1975), DeJong (1975) and Goldberg (1989) are avant-
gardes of GAs. GAs have been used in order to solve various
PLPs till today. Zhang et al. (2000), Al-Hakim (2000), Gau
and Meller (1999), Kochhar and Heragu (1999), Hamamoto
et al. (1999), Tam and Chan (1998), Mak et al. (1998),
Suresh et al. (1995) applied GAs on PLPs successfully
recently.

TS, which is designed modernly by Glover (1989,1990), is
a smart heuristic technique assisting the local search proce-
dures in order to be saved from optimal traps. Abninnour-
Helm and Hadley (2000), Alvarenga et al. (2000), Chittra-
tanawat and Noble (1999), Chiang and Chiang (1998),
Chiang and Kouvelis (1996) are the most recent studies on
TS for PLPs.

Artificial Neural Networks, which take origin from studies
of McCulloch and Pitts (1943) and Rosenblatt (1962), imi-

tates the working principle of the human brain. Rossin et al.
(1999), Chung (1999), Kazurhiro et al. (1996), Liao (1994)
applied Artificial Neural Networks on PLP. On the other
hand, Badiru and Arif (1996) and Raoot and Rakshit (1994)
applied Fuzzy Set (FS) (Zadeh, 1965) based approaches on
PLP.

3. TABU SEARCH AND FUZZY SET THEORY

The philosophy of TS method is claimed by Glover and
Greenberg (1989) and Hansen (1986) for the first time inde-
pendently from each other. But, this name is given to the
method by Glover (1989,1990) who brought the method to
its present modern appearance. TS shows the route to neigh-
borhood search methods in order to be saved from local opti-
mal traps.

TS technique begins the search operation by any begin-
ning solution. Adjacent solutions received from the small
changes done on this solution makes up the localization of
the present solution and conversion of a solution into another
solution is named as moving. Classical neighborhood search
methods moves to another solution with better aim values
from the present neighborhood solution, they choose this
solution as the new present solution. This operation is
repeated till all of the adjacent solutions in the neighbor-
hood have a worser aim value and subsequently the solution
found in the end becomes a local optimal point.

TS technique uses various methods in order to save the
local search procedures from local traps. Primarily, the best
solution in the present neighborhood of the solution is cho-
sen as the new solution though it's worser than the present
solution. But the neighborhood solutions received by the
prohibited movements are not included in this selection oper-
ation. TS uses tabu list(s) in order to make the opposite of a
movement done before. For doing this, while moving to a
solution from the present solution another movement chang-
ing this movement into its previous solution is listed in the
tabu list and prohibited, in a way a tabu is made. The move-
ments listed in the tabu list stay in this list during a certain
iteration time and later on they are let to be done by ending
their tabu situation. This mechanism forming the short term
memory of TS prevents formation of cycles during the search
and provides saving from local optimal traps by changing the
route of the search. Search operation continues with the
selection of the adjacent solution which has the best aim
value and is not a tabu as the new present solution from the
neighborhood of the present solution. These operations are
repeated repeatedly till a stopping condition such as maxi-
mum iteration number is provided. Moreover, under some
special circumstances TS lets some movements to be made
although they are tabu. Among these special circumstances,
tabu demolishment principle, which is used most widely, is
let to be done when tabu has a better aim value than the one
of the best solution that is received by a movement through-
out the search.

On the other hand some properties of the movements
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made are kept in the long term memory of the tabu. In the
long term memory usually the permanent and temporariness
frequencies of the movements-meaning the iteration number
selected for forming the present solution and iteration num-
ber of taking out of the present solution are kept. This fre-
quency information is used for strengthening the search by
focusing it on certain areas and/or for varifying the search
by directing it to different areas in the solution space. In an
efficient TS algorithm strengthening and varifying strategies
carry a big importance. TS have been applied on many prob-
lems since it's claimed till now and quite a lot good results
are obtained. Glover and Laguna (1993) give a related litera-
ture survey on the application areas of this method.

Fuzzy Set Theory (FST) was spelled in mid-60s for the
first time. Zadeh (1965) set up bases of this theory. FST is
developed in order to manage with the uncertainities which
are not statistical in structure. The difference between fuzzy
and classic sets is their membership degrees. A member in the
classic set is a member of this set or not, thus membership
function is a (0,1) binary function. On the contrary, in the
fuzzy set membership,function can take any value between 0
and 1. In this case, a fractional membership degree defines
the partial membership of this member for that set. This
property is very useful when there are not clear borders
defining the main aspects of the set. One of the main advan-
tages of the fuzzy set function is that, it provides degreed
passage from the situation of being a member of the set to the
situation of not being a member (Hassanein and Cherlopalle,
1999).

In this study the reason for the necessity of assuming TS
and FST together is the systematic path showing in TS. The
strengthening and diversity strategies used in TS depend on
intensifying on good solution areas and reaching different
solution areas. But the balance between these two strategies
is important for the performance of the algorithm. Thus,
there're no definite answers for these questions such as "how
much does the research intensify on the good solution areas ?
and when one should direct towards the different solution
areas ?". Essentially, these questions are internally related
and their answers vary depending on the course of the search.
That's why in this study, a new fuzzy-tabu search algorithm
is developed by using a pre-defined fuzzy membership func-

tion in order to find out the answer to these questions during
the search.

4. FUZZY-TABU SEARCH ALGORITHM FOR QAP

In this study for the PLP which is formulized as QAP, an
heuristic algorithm depending on tabu search is developed.
This algorithm is completely different from the other TS
applications in the literature because it contains FS proper-
ties. The area structure used by the developed FTS, manage-
ment of tabu_list and the determination of fuzzy tabu

tenures are presented in the following parts.

4.1 Region structure

In the FTS algorithm, any solution vector in the solution
space shows which machine (or facility, unit) is appointed to
which area. The sequence of machine numbers and the areas
where these machines are appointed to are explained accord-
ing to the coding structure used in FTS algorithm. As an

example, for a 5 size PLP,  is the solu-

tion vector, the placement of machine 1 to area 2, machine 2
to area 1, machine 3 to area 3, machine 4 to area 5 and
machine 5 to area 4 are shown. Here it's assumed that all of
the sizes of all machines are suitable for placing to every
area.

According to the region structure the adjacents of a
present solution are received by the inter-change movements
which are possible to do on this solution, that means the
places of the chosen machines are changed reciprocally. Adja-
cent solutions received by the inter-change movements of x-
vector are given in figure 1 as a sample.

According to inter-change movement mechanism, if n
shows the size of the problem (area/number of machines),

 adjacent solutions of any solutions may be

received. FTS algorithm, which is a repeatedly method,
investigates the region of the present solution that's made up

of  adjacent solution in each iteration. Also, for

big sized problems ( ), it's possible to limit adjacent

solutions of the region width in one of its subsets.

x 2 1 3 5 4, , , ,{ }=

n n 1–( ) 2⁄

n n 1–( ) 2⁄

n 20>

Table 1 - Adjacent solutions received from inter-change movement of 

Inter-Changes 1 2 3 4

1 Adjacents received from inter-change 
of machine 2

={1,2,3,5,4} ={3,1,2,5,4} ={5,1,3,2,4} ={4,1,3,5,2}

2 Adjacents received from inter-change 
of machine 1

={2,3,1,5,4} ={2,5,3,1,4} ={2,4,3,5,1} Same as (1,1)

3 Adjacents received from inter-change 
of machine 3

={2,1,5,3,4} ={2,1,4,5,3} Same as (1,2) Same as (2,1)

4 Adjacents received from inter-change 
of machine 5

={2,1,3,4,5} Same as (1,4) Same as (2,3) Same as (3,1)

x 2 1 3 5 4, , , ,{ }=

x1' x2' x3' x4'

x5' x6' x7'

x8' x9'

x10'



129

Turkbey Orhan, Alabas Cigdem:  A FUZZY-TABU SEARCH APPROACH FOR THE PLANT LAYOUT PROBLEM

4.2 Tabu list management

In the FTS the movements which ruin a preformed inter-
change movement that converts the present solution into its
previous sitution, are prohibited along a certain repetition
number which is shown by tabu-tenure (theyre taken into
tabu class), thus this provides reaching different solution
regions by changing the direction of the search in the solu-
tion space. This principle lets the FTS algorithms to be saved
from the local best traps. For this purpose, a tabu list named

as tabu_list  ( 1, 2, ..., , 1, 2,..., ) is kept.

Tabu_list  method can be explained shortly as; the

present solution  ( 1, 2,..., ) shows any sequence
of machines (style of location to the areas) and the adjacent

solution obtained by the inter-change between machine a in

area  and machine  in area  is accepted as the new

present solution. In this situation, tabu_list  is updated

as follows in order to show the iter repetition number for the

purpose of prohibiting the departures of machines  and 
from the newly assaigned  and  areas sequentially,

.

Tabu_list  takes the value of the first iteration since

an inter-change movement has become a tabu and during the
following repetition number as tabu_tenure the related
movement becomes the tabu. Thus, in the following reviews
of the algorithm, the inter-change of machine  in area 

and machine  in area  becomes tabu if one of the unequal-
nesses is provided.

Lets explain the tabu_list  list management with an

example; the present solution shows sequence ,

, , , , 
(that means {2, 1, 3, 5, 4}) and the adjacent solution

received by inter-change of machines 2nd and 5th in the first
iteration is accepted as the new present solution. In this situ-
ation these assignings below occur:

,

,

, .

In the second repetition, if the adjacent solution obtained
from the inter-change of machines 2 and 5 in the present
solution provides one of the two inequations

"( ) or

( )", it's a tabu. Here,

because  this adjacent solution will be

a tabu when the tabu_tenure is 1 or a value more than 1. In
the FTS algorithm which value will be taken by the
tabu_tenure is determined according to a fuzzy membership
function. This subject will be emphasized in the next part.

4.3 Fuzzy-Tabu tenure

The studies made on TSA up to today show that the
tabu_tenure has a rather efficacy on the performance of the
algorithm. Choosing the tabu_tenure short leads to focussing
of the rearch to certain areas in the solution space (that
means strengthening it locally) while choosing it longer leads
to direction of the search towards different areas in the solu-
tion space (that means diversity in general). But, if the
tabu_tenure is chosen shorter than it has to be, the same
solutions will be reached at the end of a certain number of
repetitions, thus cycles will be formed, on the contrary if it's
chosen longer than normal, the quality of the solution will
decrease because we will not be able to quit from bad areas
in the solution space. In both conditions the solutions will be
far away from the global optimum. Due to this fact, in the
literature, we encounter the studies in which dynamic tabu
tenures are used instead of constant tabu tenures. Beside this,
strengthening and diversity strategies are considered together
in the tabu search algorithm. Using both of these two strate-
gies and the balance between them is really important in
terms of algorithm's success.

In this study, a different approach is developed in order to
determine the tabu_tenure. The basic logic of this approach
is both to diverse and strengthen the direction of the search
by choosing the tabu_tenure shorter for the opposite of the
movements which are repeated seldomly during the search
and by choosing the tabu_tenure longer for the opposite of
the movements which are repeated frequently. But at this
point the relative answers to these question "How often? or
How much frequent?" show the necessity of using the fuzzy
set theory. At the end of the trials, it's understood that the
fuzzy membership function which forms a same-directioned
linear relation between the assignment frequency of the
machines to areas and tabu_tenure, is suitable for the related
plant layout problem. Tabu_tenure_lower shows the lower
limit of tabu_tenure, tabu_tenure_upper shows the upper
limit of tabu_tenure and  shows the frequency of the

assignment of machine  and  which is normalized between

0 and 1, the choosen fuzzy membership function is shown in
equation 2. Graph of the fuzzy membership function is given
in figure 1.

(2)

The tabu_tenure of an inter-change movement which

attains machine  to area  is calculated by equation 2. In

order to determine  membership value, a frequency

( 1, ..., , 1, ..., ) list of the accomplished attain-
ments that are done by the inter-change movement of each
iteration is formed. This list, which works as a counter, is
updated as below after a movement, making the new present
solution in which inter-change between machine a on area p
and machine b on area q occurs.

i j,[ ] i = n j = n

i j,[ ]
x k[ ] k = n

p b q

i j,[ ]

a b
q p

tabu_list a q,[ ] iter=( ) and tabu_list b p,[ ] iter=( )

i j,[ ]

c r

d s

iter tabu_list c r,[ ] tabu_tenure+≤( ) or 
iter tabu_list d s,[ ] tabu_tenure+≤( ).

i j,[ ]
x k[ ]

x 1[ ] 2= x 2[ ] 1= x 3[ ] 3= x 4[ ] 5= x 5[ ] 4=
x =

Tabu_list 2 5,[ ] 1=

Tabu_list 4 1,[ ] 1=

x 1[ ] 4= x 5[ ] 2=

2 tabu_list 2 5,[ ] tabu_tenure+≤

2 tabu_list 5 4,[ ] tabu_tenure+≤

tabu_list 2 5,[ ] 1=

µi j

i j

tabu_tenureij tabu_tenure_lower
µi j 1–( ) tabu_tenure_lower tabu_tenure_upper–( ).

+
+

=

i j

µi j i j,[ ]

i = n j = n
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Figure 1 - Fuzzy membership function for determination 
of tabu tenures

, 

.

Frequency  list is converted into  membership

function values after normalizing it between 0 and 1. The for-
mula given in equation 3 is used for this operation.

. (3)

4.4 Steps of FTS algorithm

FTS algorithm, which is an iterational algorithm, starts
(runs) the search by considering the randomly chosen begin-
ning solution as the present solution and determines its adja-
cent solutions in the region of the present solution according
to the inter-change movement mechanism explained in part
4.1. Among these adjacent the one which has the best aim
function value, that means the lowest material handling cost
and which is not a tabu regarding the fuzzy tabu_tenure in
part 4.3 according to the given tabu list management in part
4.2 is chosen as the new present solution. But, when tabu
destroying criterion is taken into account, if the value of the
aim function of the adjacent solution, which is obtained by
an in-change movement classified as tabu, is better than the
value of the best aim function found during the search, this
adjacent solution is accepted as the new present solution

even if it is a tabu. The tabu_list  and frequency

( 1, ..., , 1 ,..., ) lists are updated after choosing

the new present solutions. All of these procedures are
repeated till the maximum iteration number, which is deter-
mined before, is reached. The steps of FTS algorithm show-
ing the f aim function is given below.

Step 1. Choose an x initial solution randomly and assign it
as the present solution:

.

The best solution .

Give the initial value to the iteration counter: .

Start the search with empty tabu and frequency lists.

Step 2. Find the adjacent of the  solution according

to inter-change movement mechanism.

, 1, ..., .

Step 3. For 1, ..., , calculate  val-

ues. Assume the adjacent solution which has the best 

value and is not a tabu or provides  cri-

terion is .

Step 4. Update the present solution: .

If , . 

Step 5. Update the tabu and frequency lists.
Convert the frequency list into membership function by

normalizing it.

Step 6. .

If , stop, if not go back to step 2.

5. TRIAL STUDY

In order to show the efficacy of the developed FTS algo-
rithm, this algorithm is compared with Classical Tabu Search
(CTS) and Random Search (RS) algorithms, which use con-
stant tabu_tenure. The only difference between CTS and
FTS algorithms is that CTS algorithm considers a constant
tabu_tenure after pre-trials. CTS algorithm considers the
same principles completely with algorithm. The only differ-
ence between them is that tabu tenures are determined
according to fuzzy membership function in FTS algorithm
while a constant tabu_tenure is used is CTS algorithm. The
basic aim in comparison of FTS and CTS algorithms is to
determine whether using the fuzzy tabu_tenure increases the
efficacy of fuzzy search method on QAP or not. On the other
hand in RS algorithm, which is the simplest heuristic search
method, a certain sampling is done from the solution space
randomly and the solution with the lowest aim function
value among these solutions is accepted as the result of the
related trial. The sampling size, which is the only parameter
of RS algorithm, is accepted equal to the number of solutions
searched by FTS and CTS algorithms in solution space in
order to provide the comparison on the same base.

In order to compare the performances of the algorithm,
their small and large sized QAPs we produced randomly. For
small problems with 5, 6, 7, 8 and 9 sizes,the optimum solu-
tions are found by the enumeration method. Inter-plant dis-
tance and flow matrices for some of these small-scaled
problems are given in appendix 1. Optimum solutions for 10,
20 and 30 sized problems are not known. Also, in each size
there are 5 different QAP (different distance and work flow
matrices). According to this, FTS, CTS, RS algorithms are

compared on  QAPs. But, before the comparisons
for the purpose of determining the parameter values of CTS

µ

Tabu_tenure

1

0

Tabu_tenure_upperTabu_tenure_lower

frequency a q,[ ] frequency a q,[ ] 1+=

frequency b p,[ ] frequency b p,[ ] 1+=

i j,[ ] µ i j

µi j
frequency i j,[ ] min frequency i j,[ ]( )–

max frequency i j,[ ]( ) min frequency i j,[ ]( )–
-----------------------------------------------------------------------------------------------------------------=

i j,[ ] i j,[ ]

i = n j = n
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xpres

xkom
k( ) k = n n 1–( ) 2⁄

k = n n 1–( ) 2⁄ f xadj
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f xadj
k( )( )

f xadj
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s( )=
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iter max_iter>
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and FTS algorithms, the situation, in which the algorithms
have the highest success for the chosen different parameter
values, is searched. The pre-trials made show that,CTS and
FTS algorithms have a higher success when their parameters
depend on problem size ( ). In CTS algorithm tabu_tenure

is used as the only parameter. In FTS algorithm the parame-
ters are the upper and lower limits of the tabu_tenure func-
tion which is given in equation (2) (tabu_tenure_lower,
tabu_tenure_upper). The average successes of CTS and FTS
algorithms in different parameter levels determined according
to the problem size are given in table 2 and table 3 sequen-
tially. For the mentioned success the obtained average aim
value is considered as criterion.

In table 2, it is seen that the best result is obtained for 5-
10 sized problems when the tabu_tenure used in CTS algo-
rithm is taken as two times of problem size. The success of
CTS algorithm is higher when tabu_tenure is considered as
equal to problem size for 20 and 30 sized problems.

It's understood that in 5-10 sized problems
tabu_tenure_lower and tabu_tenure_upper parameters can be

chosen as  and  or  and  from table 3which is
formed in order to determine the parameters of FTS algo-

rithm. In our study  and  values are chosen. On the
other hand, for 20 sized problems the best success is obtained
when tabu_tenure_lower and tabu_tenure_upper parameters

are chosen as  and , for 30 sized problems the best

success is obtained when they're chosen as  and .
After determining the parameter values, algorithms are

tried on 40 different QAP for 5 times for each of them.
Though FTS and CTS algorithms have deterministic struc-
tures, trials are made by choosing the starting solutions ran-
domly. For problems with 5, 6, 7, 8 and 9 facilities the
stopping condition of FTS and CTS algorithms are consid-
ered as finding the best solution or the highest repetition
number that is 1.000. The highest repetition number is cho-
sen 1.500 for size 10, 2.500 for 20 and 3.500 for 30. The stop-
ping condition for RS algorithm is considered as the
condition when the sample size is equal to the number of
solutions searched by FTS and CTS in the related problems.

Average results of the problems with the best results
obtained by the algorithms are given in table 4 while the
data in table 4 are more generalized according to problem
sizes by taking their average in table 5. Again in table 6 the
best layout plans for small size problems are given. The aver-
age results of large size problems with an unknown best solu-
tion are seen in table 7. Here are the abbreviations used in
these tables: SSS is the size of solution space, OMHC is the
optimum material handling cost, OPDC is the optimum per-
centage of deviation from cost, SPSS is the searched percent-
age of solution space and FMHC is the found material
handling cost.

It's seen in table 4 that FTS algorithm can find the best
solution in all trials done for small sized problems by search-
ing only a small part of the solution space. CTS algorithm
again reaches the best solution in all trials done except the
problems 7/5 and 8/4. But the solution space search per-
centage of CTS algorithm reaches to higher values than that
of FTS algorithm as the size of the problem gets larger. On
the other hand RS algorithm shows a worser performance
than FTS and CTS algorithms do in terms of not only the
deviation from the best solution but also the solution space
search percentage. Although RS algorithm found the best
solution in all trials for problems with 5 size, it searched
nearly the whole solution space. Table 5, which is formed
according to the averages of the data on basic of size, shows
the higher success of FTS algorithms than that of CTS and
RS algorithms in all small problem sizes.

Table 2 - Average success of CTS algorithm in 
different parameter levels

N
Tabu_tenure

n/3 n/2 n 2n

5 15602,6 15602,6 15557,0 15557,0

6 16149,8 16149,8 15978,0 15978,0

7 25070,8 25021,0 24671,2 24613,0

8 29222,0 29158,4 28518,0 28518,0

9 43107,8 42969,0 42833,8 42695,0

10 43719,2 43719,2 43719,2 43470,0

20 702533,0 698096,8 692972,0 694188,2

30 480507,8 480785,2 479428,6 480155,6

Table 3 - Average success of FTS algorithm in 
different parameter levels

N
tabu_tenure_lower - tabu_tenure_upper

5 15602,6 15557,0 15557,0 15557,0 15557,0

6 16107,2 15978,0 15978,0 15978,0 15978,0

7 24826,4 24807,6 24807,6 24613,0 24613,0

8 29158,4 28654,8 28881,2 28518,0 28518,0

9 42969,0 42833,8 42833,8 42695,0 42695,0

10 43719,2 43533,8 43702,4 43470,0 43470,0

20 697941,2 693958,2 694002,8 692881,6 694495,8

30 479572,2 479690,6 479557,2 480604,0 481149,6

n

n 3⁄ n 2⁄– n 3⁄ n– n 2⁄ n– n 2⁄ n2– n n2–

n 2⁄ 2n n 2n

n 2⁄ 2n

n 2⁄ 2n

n 2⁄ n



132

ÓÏÐÀÂË²ÍÍß

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2001

Table 4 - Average success of the algorithms in all small sized test problems

QAP FTS CTS RS

Size/No SSS OMHC OPDC% SPSS% OPDC% SPSS% OPDC% SPSS%

5/1 120 317 0 11,83 0 9,5 0 100

5/2 120 5708 0 2,33 0 2,33 0 95,50

5/3 120 15557 0 3,83 0 3,83 0 100

5/4 120 9828 0 5,67 0 5,67 0 100

5/5 120 12198 0 4,67 0 4,67 0 89,01

6/1 720 18444 0 2,06 0 1,42 0,62 100

6/2 720 15978 0 1,61 0 1,50 0,27 88,64

6/3 720 19292 0 1,56 0 1,56 0,03 70,40

6/4 720 7953 0 3,64 0 6,19 1,36 94,58

6/5 720 17930 0 2,36 0 3,14 0,16 100

7/1 5040 14597 0 0,33 0 0,87 1,03 15,17

7/2 5040 26875 0 0,42 0 0,79 0,34 18,12

7/3 5040 24613 0 0,52 0 0,44 1,37 16,62

7/4 5040 24896 0 0,47 0 0,54 1,20 15,30

7/5 5040 21652 0 0,54 0,31 4,59 2,25 18,21

8/1 40320 34684 0 0,09 0 0,19 2,39 2,48

8/2 40320 32000 0 0,19 0 0,42 3,59 2,48

8/3 40320 28518 0 0,40 0 0,14 4,93 2,48

8/4 40320 31870 0 0,09 0,09 0,59 3,44 2,48

8/5 40320 25698 0 0,07 0 0,16 8,06 2,48

9/1 362880 30076 0 0,04 0 0,05 6,08 0,28

9/2 362880 42787 0 0,02 0 0,02 4,22 0,28

9/3 362880 34875 0 0,005 0 0,009 6,19 0,28

9/4 362880 36620 0 0,007 0 0,010 4,27 0,28

9/5 362880 42695 0 0,008 0 0,010 3,65 0,28

Table 5 - Average success of the algorithms according to small problem sizes

Size
FTS CTS RS

Ave.OPDC Ave.SPSS Ave.OPDC Ave.SPSS Ave.OPDC Ave.SPSS

5 0 5,667 0 5,200 0 96,902

6 0 2,246 0 2,762 0,488 90,724

7 0 0,456 0,062 1,446 1,238 16,684

8 0 0,168 0,018 0,300 4,482 2,480

9 0 0,016 0 0,020 4,882 0,280

Average 0 1,711 0,016 1,946 2,218 41,414
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In table 7 It's seen that RS algorithm has a rather worser
success rate than FTS and CTS algorithms in all problem
sizes in the comparisons made on big sized problems. Success
rates of FTS and CTS algorithms are same in problems with
size 10 except the problem 5. FTS algorithm is more efficient
than CTS algorithm for problem 5. In the table 7, it's again
seen that the usage of the fuzzy tabu tenures gives more suc-
cessful results for problems with size 20. Similarly, FTS algo-
rithm finds better results than CTS algorithm does in
problems with size 30 except problem 5. The average cost of
the solutions found by CTS algorithm in problem 5 with size
30 is much more lower. For big sized problems, RS algorithm

has rather worser success but FTS algorithm can reach much
more better results than CTS algorithm can do in general.

In figure 2 the convergence velocities of FTS, CTS, RS
algorithms on a layout problem with 20 facilities are given.
As it is seen RS algorithm converges to a much more worser
solution than FTS and CTS algorithms do. FTS algorithm
reaches much more better solutions than CTS algorithm does
even if it finds more costing solution than CTS does at the
beginning of the search.

Figure 2 - Convergences of FTS, CTS and RS algorithms for a problem with 20 facilities

Table 6 - The best layout plans for small sized 
problems

Size/No
The best 

layout plan
Size/No

The best layout 
plan 

5/1 5 1 3 2 4 7/4 2 1 5 7 6 3 4

5/2 1 5 2 4 3 7/5 7 6 2 4 1 3 5

5/3 4 3 2 5 1 8/1 2 5 7 4 3 1 8 6

5/4 3 5 1 4 2 8/2 7 8 3 6 5 1 4 2

5/5 3 1 4 5 2 8/3 5 1 8 6 4 3 7 2

6/1 3 4 1 2 5 6 8/4 7 6 5 1 2 4 3 8

6/2 2 1 3 4 6 5 8/5 6 5 2 1 4 7 3 8

6/3 4 1 3 2 5 6 9/1 1 3 6 9 4 8 5 7 2

6/4 3 4 2 1 5 6 9/2 5 3 9 8 7 1 4 6 2

6/5 6 1 2 3 4 5 9/3 9 1 4 7 5 3 6 2 8

7/1 7 6 5 4 2 1 3 9/4 8 2 1 6 4 7 3 9 5

7/2 1 7 4 5 3 6 2
9/5 7 4 2 5 3 8 6 1 9

7/3 5 3 1 4 2 6 7

Òàáëèöà 7 - Average material handling costs found by 
the algorithms in big sized test problems

Size/No FTS CTS RS

10/1 45157,0 45157,0 47621,8

10/2 43470,0 43470,0 46094,4

10/3 44282,0 44282,0 47735,8

10/4 42252,0 42252,0 45416,0

10/5 54287,0 54347,8 57124,0

20/1 692881,6 692972,0 1050269,6

20/2 210781,0 211294,8 226100,4

20/3 211765,6 212208,4 228372,0

20/4 202466,2 202912,0 219157,8

20/5 204522,0 205455,0 221068,2

30/1 470554,4 471890,0 507328,4

30/2 482664,6 482770,6 519662,4

30/3 442195,6 443678,8 481238,0

30/4 356066,2 356505,6 390911,2

30/5 479557,2 479428,6 519897,0
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Figure 3 - Search behaviours of FTS and CTS algorithms

In figure 3 search behaviors of FTS and CTS algorithms
on a layout problem with 10 facilities are seen. As under-
stood from the figure the search in CTS algorithm intensifies
at certain regions while it is directed towards different
regions in FTS algorithm and eventually it reaches to better
solutions than CTS algorithm does. Thus the efficacy of the
fuzzy tabu tenures are shown as the only difference between
these two algorithms is the usage of the fuzzy tabu_tenure.

6. SUMMARY

Because facility layout problem has a combinatorial struc-
ture and it is NP-complete, researchers are directed towards
using heuristic approaches for facility layout. The first
approaches applied to facility layout problem, which is mod-
elled as QAP generally, have former or improver structures.
These heuristics or their combinations can find a best but
local solution for the problem. Due to this fact, intelligent
heuristic techniques such as genetic algorithms, simulated
annealing, tabu search and artificial neural networks are
applied to QAPs and really good results are obtained.

In this study a tabu search algorithm which uses fuzzy
tabu tenures is developed and it's tried on various sized
QAPs. The developed algorithm is different from the tabu
search approaches in the literature in terms of the usage of
fuzzy tabu tenures. The developed tabu search algorithm is
compared with classical tabu search algorithm, which uses
static tabu_tenure and random search algorithm. Thus it is
aimed to show whether using the fuzzy tabu_tenure will give
better results or not. The obtained results show that fuzzy
tabu search algorithms is more dominant than other algo-
rithms in terms of the quality of the solutions found and the
number of the points searched in solution space.

In the continuation of this study we aim to investigate
whether tabu search algorithm using fuzzy tabu tenures is
also effective on some other NP-hard problems or not. Also,

whether different membership functions for tabu tenures will
increase the success of the algorithm or not will be investi-
gated.

APPENDIX 1

Material handling cost matrices for some small sized prob-
lems.

Problem 5/1: Distance and flow matrix.

  

Problem 6/2: Distance and flow matrix.

  

Problem 7/3: Distance and flow matrix.

  

44000

45000

46000

47000

48000

49000

50000

51000

52000

53000

0 2000 4000 6000 8000 10000 12000 14000 Iteration

Cost

FTS

CTS

1 2 3 4 5
1 – 2 6 10 7
2 – 8 10 9
3 – 3 4
4 – 12
5 –

1 2 3 4 5
1 – 0 3 5 10
2 – 11 0 6
3 – 8 9
4 – 7
5 –

1 2 3 4 5 6
1 – 97 22 92 11 57
2 – 56 12 70 60
3 – 52 13 15
4 – 23 24
5 – 76
6 –

1 2 3 4 5 6
1 – 16 43 42 9 37
2 – 33 11 25 45
3 – 16 37 35
4 – 35 36
5 – 16
6 –

1 2 3 4 5 6 7
1 – 70 85 74 22 15 18
2 – 51 55 76 86 36
3 – 70 39 40 84
4 – 45 77 11
5 – 84 54
6 – 57
7 –

1 2 3 4 5 6 7
1 – 45 18 16 16 19 2
2 – 32 24 36 2 33
3 – 32 12 16 36
4 – 17 22 44
5 – 31 32
6 – 45
7 –
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Problem 8/4: Distance and flow matrix.

 

Problem 9/5: Distance and flow matrix.
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ÊÎÄÈÐÎÂÀÍÈÅ ÑÈÃÍÀËÎÂ Â ÇÀÄÀ×Å ÍÅÉÐÎÝÌÓËßÖÈÈ

Å.Â.Áîäÿíñêèé, Í.Å.Êóëèøîâà

Â ñòàòüå ðàññìàòðèâàþòñÿ âîïðîñû ñîçäàíèÿ àäàïòèâíûõ
èñêóññòâåííûõ íåéðîííûõ ñåòåé, ðàáîòàþùèõ â ðåàëüíîì
âðåìåíè. Äëÿ îáðàáîòêè ïàðàìåòðîâ, çíà÷åíèÿ êîòîðûõ
ëåæàò â ðàçëè÷íûõ äèàïàçîíàõ, ïðåäëîæåíû êîäèðóþùèå è
äåêîäèðóþùèå íåéðîíû. Ïðèâåäåíà ñõåìà íåéðîýìóëÿöèè
îáúåêòà ñ ïðèìåíåíèåì ñåòè, âêëþ÷àþùåé íåéðîíû-êîäåðû è
äåêîäåðû.

Â ñòàòò³ ðîçãëÿäàþòüñÿ ïèòàííÿ ñòâîðåííÿ àäàïòèâíèõ
íåéðîííèõ ìåðåæ, ÿê³ ïðàöþþòü â ðåàëüíîìó ÷àñ³. Äëÿ
îáðîáêè ïàðàìåòð³â, çíà÷åííÿ ÿêèõ ëåæàòü â ð³çíèõ
äèàïàçîíàõ, ïðîïîíóþòüñÿ êîäóþ÷³ òà äåêîäóþ÷³ íåéðîíè.
Íàâåäåíî ñõåìó íåéðîåìóëÿö³¿ îá'ºêòó ³ç âæèâàííÿì ìåðåæ³,
ùî ì³ñòèòü íåéðîíè-êîäåðè òà äåêîäåðè.

Questions of real-time adaptive neuron networks creation are
researching in this paper. Parameters of real objects lies in dif-
ferent intervals. To process such values koding and decoding neu-
rons are proposed. Sceme of object's neuroemulation using
network with koding and decoding neurons is given.

ÂÂÅÄÅÍÈÅ

Çàäà÷à óïðàâëåíèÿ äèíàìè÷åñêèìè ñòîõàñòè÷åñêèìè
îáúåêòàìè â óñëîâèÿõ íåîïðåäåëåííîñòè ñôîðìèðîâàëà
îäíî èç êëþ÷åâûõ íàïðàâëåíèé â ñîâðåìåííîé òåîðèè
àâòîìàòè÷åñêîãî óïðàâëåíèÿ (ÒÀÓ) - àïïàðàò àäàïòèâíûõ
ñèñòåì, ñðåäè êîòîðûõ øèðîêîå ðàñïðîñòðàíåíèå ïîëó÷èëè
íåïðÿìûå ñèñòåìû, èëè àäàïòèâíûå ñèñòåìû óïðàâëåíèÿ ñ
èäåíòèôèêàòîðîì â öåïè îáðàòíîé ñâÿçè (ÀÑÈ) [1]. Â
ýòèõ ñèñòåìàõ ïàðàëëåëüíî îáúåêòó óïðàâëåíèÿ ïîäêëþ-
÷àåòñÿ íàñòðàèâàåìàÿ ìîäåëü, ïàðàìåòðû êîòîðîé óòî÷íÿ-
þòñÿ â ðåàëüíîì âðåìåíè ñ ïîìîùüþ àäàïòèâíîãî
èäåíòèôèêàòîðà, ðåàëèçóþùåãî òó èëè èíóþ ðåêóððåíò-
íóþ ïðîöåäóðó îöåíèâàíèÿ. Ïîëó÷åííûå îöåíêè ïàðàìåò-
ðîâ îáúåêòà èñïîëüçóþòñÿ äàëåå äëÿ ðàñ÷åòà óïðàâëÿþùèõ
âîçäåéñòâèé. Â êà÷åñòâå îñíîâíîãî íåäîñòàòêà òàêèõ ñèñòåì
ìîæíî îòìåòèòü òî, ÷òî ïðîöåäóðà èõ ñèíòåçà â çíà-

÷èòåëüíîé ìåðå îïèðàåòñÿ íà ëèíåàðèçàöèþ îáúåêòà óïðàâ-
ëåíèÿ, à â êà÷åñòâå íàñòðàèâàåìûõ ìîäåëåé èñïîëüçóþòñÿ
ëèíåéíûå ïî ïàðàìåòðàì ñòðóêòóðû.

Íåîáõîäèìîñòü óïðàâëåíèÿ ñóùåñòâåííî íåëèíåéíûìè
îáúåêòàìè â óñëîâèÿõ íå òîëüêî ïàðàìåòðè÷åñêîé, íî è
ñòðóêòóðíîé íåîïðåäåëåííîñòè ïðèâåëà ê ñîçäàíèþ ïðèí-
öèïèàëüíî íîâûõ àëãîðèòìîâ è ìåòîäîâ óïðàâëåíèÿ, ñâÿ-
çàííûõ ñ íåéðîñåòåâûìè òåõíîëîãèÿìè, è ñôîðìèðîâàëà
íîâîå íàïðàâëåíèå â ÒÀÓ, èçâåñòíîå êàê íåéðîóïðàâëåíèå
[2-9]. Â ðàìêàõ ýòîãî ïîäõîäà øèðîêîå ðàñïðîñòðàíåíèå
ïîëó÷èëà ñõåìà óïðàâëåíèÿ ñ íåéðîêîíòðîëëåðîì è íåéðî-
ýìóëÿòîðîì, êîòîðûé ôàêòè÷åñêè âûïîëíÿåò ôóíêöèþ
àäàïòèâíîãî èäåíòèôèêàòîðà [7, 10-12]. Â ïðîöåññå îáó÷å-
íèÿ íåéðîýìóëÿòîðà, â íåì ôîðìèðóåòñÿ èíôîðìàöèÿ,
èñïîëüçóåìàÿ äàëåå íåéðîêîíòðîëëåðîì äëÿ ôîðìèðîâàíèÿ
óïðàâëÿþùèõ ñèãíàëîâ. Åñòåñòâåííî, ÷òî òàêèå ñèñòåìû, â
çíà÷èòåëüíîé ìåðå îáëàäàþùèå èíòåëëåêòóàëüíûìè ñâîé-
ñòâàìè, õàðàêòåðèçóþòñÿ áîëüøèìè ôóíêöèîíàëüíûìè
âîçìîæíîñòÿìè, ÷åì ñòàâøèå óæå òðàäèöèîííûìè ÀÑÈ.

1. ÖÅÍÒÐÈÐÎÂÀÍÈÅ È ÍÎÐÌÈÐÎÂÀÍÈÅ 
ÏÅÐÅÌÅÍÍÛÕ Â ÐÅÀËÜÍÎÌ ÂÐÅÌÅÍÈ

Íåêîòîðûå ïðîáëåìû, ñâÿçàííûå ñ ñèíòåçîì íåéðîýìó-
ëÿòîðîâ, îïðåäåëÿþòñÿ íåîáõîäèìîñòüþ ïðåäâàðèòåëüíîé
îáðàáîòêè ïîñòóïàþùèõ íà íèõ ñèãíàëîâ, íåñóùèõ èí-
ôîðìàöèþ î âõîäíûõ è âûõîäíûõ ïåðåìåííûõ îáúåêòà.
Òàêàÿ îáðàáîòêà ïðåäïîëàãàåòñÿ è â íåêîòîðûõ ñõåìàõ
ÀÑÈ ñ öåëüþ ïîâûøåíèÿ ñêîðîñòè ñõîäèìîñòè ïðîöåññà
èäåíòèôèêàöèè [1] è ïðåäóñìàòðèâàåò öåíòðèðîâàíèå è
íîðìèðîâàíèå íàáëþäàåìûõ ïåðåìåííûõ îáúåêòà.

Ïðè ýòîì äëÿ îáúåêòà óïðàâëåíèÿ ñ  âõîäàìè ,

 è ñ  âûõîäàìè , 

m xi k( )
i 1 2 … m, , ,= p yl k( ) l 1 2 … p, , ,=
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(çäåñü  - òåêóùåå äèñêðåòíîå âðåìÿ) ôîðìè-

ðóåòñÿ p ëèíåéíûõ ìîäåëåé âèäà

, (1)

ãäå  - íàñòðàèâàåìûé ïàðàìåòð ìîäåëè, îïèñûâàþùèé

ñâÿçü ìåæäó l-ûì âûõîäîì è i-ûì âõîäîì îáúåêòà. Ïåðåõîä

ê êîäèðîâàííûì ïåðåìåííûì

; (2)

(çäåñü ñðåäíèå è ñòàíäàðòû âû÷èñëÿþòñÿ ñîãëàñíî èçâåñò-
íûì âûðàæåíèÿì 

, )

ïðèâîäèò ê ìîäåëÿì â ôîðìå

, (3)

ó êîòîðûõ

, ,

à ïàðàìåòðû  - ñóòü ÷àñòíûå êîýôôèöèåíòû êîððåëÿöèè

.

Ìåæäó ïàðàìåòðàìè ìîäåëåé (1) è (3) ñóùåñòâóåò îäíî-
çíà÷íàÿ ñâÿçü âèäà

, , ,

îäíàêî ñòðóêòóðà (3) ìîæåò áûòü íàñòðîåíà ãîðàçäî
áûñòðåå, õîòÿ â îáùåì ñëó÷àå áåç òàêîé ïðåäâàðèòåëüíîé
îáðàáîòêè ñèãíàëîâ ìîæíî áûëî áû è îáîéòèñü.

Â çàäà÷àõ íåéðîýìóëÿöèè âîçíèêàåò áîëåå ñëîæíàÿ
ñèòóàöèÿ. Äåëî â òîì, ÷òî ìîäåëè ôîðìàëüíûõ íåéðîíîâ
èñïîëüçóþò ôóíêöèè àêòèâàöèè, îáëàñòè çíà÷åíèé êîòî-
ðûõ ëåæàò â äîñòàòî÷íî óçêèõ ïðåäåëàõ: îáû÷íî ýòî
èíòåðâàëû [0;1] äëÿ ñèãìîèäàëüíîé ôóíêöèè è [-1;1] äëÿ
ãèïåðáîëè÷åñêîãî òàíãåíñà. Â ðåàëüíîñòè îáëàñòè îïðå-
äåëåíèÿ ïåðåìåííûõ ðåàëüíîãî îáúåêòà óïðàâëåíèÿ ãî-
ðàçäî øèðå ýòèõ èíòåðâàëîâ è ïîäà÷à ôàêòè÷åñêèõ
çíà÷åíèé ñèãíàëîâ íà ýìóëÿòîð ïðèâîäèò ê ïàðàëè÷ó
íåéðîñåòè. Â ñâÿçè ñ ýòèì èñïîëüçóþòñÿ ðàçëè÷íûå ïðî-
öåäóðû ïðåäâàðèòåëüíîé îáðàáîòêè ñèãíàëîâ (öåíòðè-
ðîâàíèå, íîðìèðîâàíèå, ìàñøòàáèðîâàíèå, øêàëèðîâàíèå)

[13-16], ñòàâÿùèå ñâîåé öåëüþ èçáåæàòü ýòîãî êðàéíå
íåæåëàòåëüíîãî ÿâëåíèÿ. Ëþáàÿ èç ïåðå÷èñëåííûõ ïðîöå-
äóð â îòäåëüíîñòè íå â ñîñòîÿíèè ïðåäóñìîòðåòü âñå
ñèòóàöèè, âîçíèêàþùèå ïðè ðàáîòå ñ ðåàëüíûì îáúåêòîì,
à ïîòîìó ïðåäñòàâëÿåòñÿ öåëåñîîáðàçíûì ââåñòè óíèôèöè-
ðîâàííûé àëãîðèòì îáðàáîòêè è êîäèðîâàíèÿ ñèãíàëîâ
îáúåêòà ïåðåä èõ ïîäà÷åé íà íåéðîýìóëÿòîð.

Ïðè ðàáîòå â ðåàëüíîì âðåìåíè îöåíêè ñðåäíåãî è
ñòàíäàðòà öåëåñîîáðàçíî ïîëó÷àòü ñ ïîìîùüþ ðåêóððåíò-
íûõ ïðîöåäóð

 , 

, 

,

ðåàëèçîâàòü êîòîðûå ìîæíî ñ ïîìîùüþ ýëåìåíòàðíîé ñõå-
ìû, ïîíÿòíîé áåç äîïîëíèòåëüíûõ ïîÿñíåíèé. Çàìåòèì

ëèøü, ÷òî ñèìâîëîì  îáîçíà÷åí ýëåìåíò ÷èñòîãî çàïàç-

äûâàíèÿ, ò.å. .

Ðèñóíîê 1 - Ñõåìà ðåêóððåíòíîãî îöåíèâàíèÿ ñðåäíåãî 
è ñòàíäàðòà ñòîõàñòè÷åñêîé ïîñëåäîâàòåëüíîñòè

Äàííàÿ ñõåìà ïîçâîëÿåò îñóùåñòâëÿòü öåíòðèðîâàíèå è
íîðìèðîâàíèå ïåðåìåííûõ â òåìïå ñ ïðîöåññîì àäàïòèâíîé
èäåíòèôèêàöèè.

2. ÏÐÅÎÁÐÀÇÎÂÀÍÈÅ ÑÈÃÍÀËÀ Ñ Ó×ÅÒÎÌ 
ÎÁËÀÑÒÈ ÎÏÐÅÄÅËÅÍÈß ÔÓÍÊÖÈÉ 
ÀÊÒÈÂÀÖÈÈ

Äëÿ íåéðîýìóëÿöèè ðåàëüíûõ îáúåêòîâ öåíòðèðîâàíèÿ
è íîðìèðîâàíèÿ ñèãíàëà ïî ñõåìå 1 îêàçûâàåòñÿ íåäî-
ñòàòî÷íî. Åñëè ñ÷èòàòü ñèãíàëû îáúåêòà ñòîõàñòè÷åñêèìè
ïîñëåäîâàòåëüíîñòÿìè, ïîä÷èíÿþùèìèñÿ, íàïðèìåð, íîð-
ìàëüíîìó çàêîíó ðàñïðåäåëåíèÿ, òî îáëàñòü èçìåíåíèÿ

öåíòðèðîâàííîãî è íîðìèðîâàííîãî ñèãíàëà  áóäåò

ëåæàòü, êàê ìèíèìóì, â èíòåðâàëå [-3;3], ÷òî øèðå îáëàñòè
îïðåäåëåíèÿ ñòàíäàðòíûõ ôóíêöèé àêòèâàöèè. Â ñâÿçè ñ
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ýòèì íåîáõîäèìî ïðîâåñòè ìàñøòàáèðîâàíèå ñèãíàëà 

ñ ïîìîùüþ ëèíåéíîãî ïðåîáðàçîâàíèÿ

, (4)

ãäå ïàðàìåòðû b0 è b çàäàþò òðåáóåìûå èíòåðâàëû.

Ââîäÿ èíòåðâàë âîçìîæíîãî èçìåíåíèÿ ñèãíàëà 

è èíòåðâàë âàðüèðîâàíèÿ ìàñøòàáèðîâàííîé ïåðåìåííîé

;

 

(îáû÷íî ïîëàãàåòñÿ  äëÿ ñèãìîèäàëüíîé

ôóíêöèè è  äëÿ ãèïåðáîëè÷åñêîãî

òàíãåíñà [15]), à òàêæå ìàñøòàáèðóþùèé ïàðàìåòð

,

íåñëîæíî çàïèñàòü ïðåîáðàçîâàíèå (4) ñèãíàëà  â âèäå

èëè ñ ó÷åòîì (2)

(5)

Äëÿ ðåàëèçàöèè âûðàæåíèÿ (5) öåëåñîîáðàçíî ââåñòè â
ðàññìîòðåíèå íåéðîí-êîäåð âõîäíûõ ñèãíàëîâ íåéðîýìó-

ëÿòîðà , ñõåìà êîòîðîãî ïðèâåäåíà íà ðèñóíêå 2, à

óñëîâíîå îáîçíà÷åíèå - íà ðèñóíêå 3.

Ðèñóíîê 2 - Ñõåìà íåéðîíà-êîäåðà âõîäíîãî ñèãíàëà

Ðèñóíîê 3 - Óñëîâíîå îáîçíà÷åíèå íåéðîíà-êîäåðà

Íå ìåíåå âàæíóþ ïðîáëåìó, ÷åì êîäèðîâàíèå âõîäíûõ
ñèãíàëîâ, ïðåäñòàâëÿåò îáðàòíîå ïðåîáðàçîâàíèå - äåêîäè-
ðîâàíèå ê ðåàëüíûì çíà÷åíèÿì ïåðåìåííûõ îáúåêòà óïðàâ-
ëåíèÿ. Äëÿ ðåøåíèÿ ýòîé çàäà÷è ìîæíî âîñïîëüçîâàòüñÿ
ñîîòíîøåíèÿìè

 

èëè â îáúåäèíåííîé ôîðìå

,

êîòîðàÿ ìîæåò áûòü ðåàëèçîâàíà â âèäå íåéðîíà-äåêîäåðà

âûõîäíîãî ñèãíàëà , ïðèâåäåííîãî íà ðèñ. 4, 5.

Ðèñóíîê 4 - Ñõåìà íåéðîíà-äåêîäåðà âûõîäíîãî ñèãíàëà

Ðèñóíîê 5 - Óñëîâíîå îáîçíà÷åíèå íåéðîíà-äåêîäåðà
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Íà ðèñóíêàõ  îáîçíà÷àåò ñèãíàë íà âûõîäå

íåéðîýìóëÿòîðà , à  - åãî äå-

êîäèðîâàííîå çíà÷åíèå, ÿâëÿþùååñÿ îöåíêîé l-ãî âûõîäíî-

ãî ñèãíàëà  ðåàëüíîãî îáúåêòà.

ÇÀÊËÞ×ÅÍÈÅ

Ïðèìåíåíèå ïîäîáíûõ êîäèðóþùèõ è äåêîäèðóþùèõ
íåéðîíîâ îòêðûâàåò øèðîêèå âîçìîæíîñòè â ñîçäàíèè
àäàïòèâíûõ íåéðîñåòåâûõ ñèñòåì, ðåøàþùèõ øèðîêèé
êðóã çàäà÷ èäåíòèôèêàöèè, óïðàâëåíèÿ, êîíòðîëÿ è
ïðîãíîçèðîâàíèÿ. Ïîñêîëüêó äëÿ îáó÷åíèÿ èñêóññòâåííîé
íåéðîííîé ñåòè íåîáõîäèìî äîñòàòî÷íî áîëüøîå ÷èñëî
èòåðàöèé íàñòðîéêè, â òàêèõ çàäà÷àõ ñåòü âçàèìîäåéñòâóåò
ñ ôèçè÷åñêèì îáúåêòîì â ðåàëüíîì âðåìåíè. Ðàçìåðíîñòü
âåêòîðîâ âõîäíûõ è âûõîäíûõ ïåðåìåííûõ äëÿ ðåàëüíûõ
îáúåêòîâ, êàê ïðàâèëî, ïðåâûøàåò åäèíèöó, à èíòåðâàëû
èçìåíåíèÿ ïåðåìåííûõ ìîãóò ðàçëè÷àòüñÿ íà íåñêîëüêî
ïîðÿäêîâ. Ïîýòîìó â íåéðîýìóëÿòîð öåëåñîîáðàçíî âêëþ-
÷èòü äîïîëíèòåëüíûé âõîäíîé ñëîé, êîòîðûé ñîñòîèò èç
êîäèðóþùèõ íåéðîíîâ, è âûõîäíîé ñëîé äåêîäèðóþùèõ
íåéðîíîâ, âûïîëíÿþùèõ îáðàòíîå ïðåîáðàçîâàíèå. Ñõåìà
ìîäåëèðîâàíèÿ, âêëþ÷àþùàÿ êîäèðóþùèå è äåêîäèðóþ-
ùèå íåéðîíû, ïîêàçàíà íà ðèñ.6.

Ðèñóíîê 6 - Ñõåìà íåéðîýìóëÿöèè îáúåêòà óïðàâëåíèÿ

Â òàêîé ñèñòåìå âõîäíîé âåêòîð ðåàëüíîãî îáúåêòà

 ÷åðåç ñëîé êîäèðóþùèõ íåéðîíîâ

C ïîñòóïàåò íà âõîäû íåéðîýìóëÿòîðà, áóäó÷è ïðåîá-

ðàçîâàííûì â . Àëãîðèòì îáó÷åíèÿ

ñ èñïîëüçîâàíèåì âûõîäíîãî âåêòîðà íåéðîííîé ñåòè

 è âûõîäíûõ ïåðåìåííûõ

îáúåêòà , ïðîõîäÿùèõ ÷åðåç êîäè-

ðóþùèå íåéðîíû C, ïðîèçâîäèò íàñòðîéêó ñåòè. Ïîñëå

îáó÷åíèÿ íåéðîýìóëÿòîð áóäåò ïðåäñòàâëÿòü ñîáîé ìîäåëü
ðåàëüíîãî îáúåêòà, ïðè ýòîì âûõîäíîé âåêòîð ïðå-
îáðàçóåòñÿ ñ ó÷åòîì ðåàëüíîãî ìàñøòàáà ïåðåìåííûõ â

 ñ ïîìîùüþ äåêîäèðóþùèõ íåéðî-

íîâ D.

Ïðåäëîæåííàÿ ñõåìà íåéðîýìóëÿòîðà âåñüìà óäîáíà ïðè
ñîçäàíèè èíòåëëåêòóàëüíûõ ñèñòåì óïðàâëåíèÿ è ÿâëÿåòñÿ
èíâàðèàíòíîé ê êîíêðåòíûì òèïàì ìîäåëèðóåìûõ îáúåêòîâ.
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ANN k( ), , ,

y1 k( ) y2 k( ) … yp k( ), , ,
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È.Ï.Ãàìàþí

Ïðåäëàãàåìàÿ ìàòåìàòè÷åñêàÿ ìîäåëü âîïëîùàåò îäíó èç
âàæíûõ êîíöåïöèé ñèñòåìíîãî àíàëèçà, êîòîðàÿ çàêëþ÷àåòñÿ
â ïðîöåññóàëüíîì ðàññìîòðåíèè ìîðôîëîãè÷åñêîãî ñðåçà
îáúåêòà ñáîðêè. Ìîäåëü ñîçäàåòñÿ íà îñíîâå ñåòåé Ïåòðè è
ïîçâîëÿåò ïîëó÷èòü îöåíêè ïðîäîëæèòåëüíîñòåé öèêëà ñáîð-
êè äëÿ ðàçëè÷íûõ âàðèàíòîâ ñòðóêòóðû ñîáèðàåìîãî îáúåêòà.
Ïðåäëàãàåòñÿ ïðîöåäóðà ïîñòðîåíèÿ ìîäåëè.

Ìàòåìàòè÷íà ìîäåëü, ùî ïðîïîíóºòüñÿ, âò³ëþº îäíó ç
âàæëèâèõ êîíöåïö³é ñèñòåìíîãî àíàë³çó, ÿêà ïîëÿãàº â ïðî-
öåñóàëüíîìó ðîçãëÿä³ ìîðôîëîã³÷íîãî çð³çó îá'ºêòó ñêëàäàííÿ.
Ìîäåëü ñòâîðþºòüñÿ íà îñíîâ³ ñ³òîê Ïåòð³ òà äîçâîëÿº îäåð-
æàòè îö³íêè òðèâàëîñò³ öèêëó ñêëàäàííÿ äëÿ ð³çíèõ âàð³àí-
ò³â ñòðóêòóðè ñêëàäàºìîãî îá'ºêòó. Ïðîïîíóºòüñÿ ïðîöåäóðà
ñòâîðåííÿ ìîäåë³.

The offered mathematical model makes one from important
system analysis concepts consisting in consideration of a morpho-
logical view of system as process. Model is created on Petri nets
basis and allows an estimation the duration of assembly cycle for
different variants of structure of assembled unit to be got. The
procedure of the model creating is offered.

ÂÂÅÄÅÍÈÅ

Ê ñáîðî÷íûì ïðîöåññàì ïðåäúÿâëÿþòñÿ òðåáîâàíèÿ âû-
ñîêîé ïðîèçâîäèòåëüíîñòè, òî÷íîñòè è íàäåæíîñòè. Îñíîâ-
íûìè ïóòÿìè âûïîëíåíèÿ ýòèõ òðåáîâàíèé ÿâëÿþòñÿ òåõ-
íè÷åñêèå, êîíñòðóêöèîííûå è îðãàíèçàöèîííûå.

Òåõíè÷åñêèå ïóòè ÿâëÿþòñÿ äîñòàòî÷íî î÷åâèäíûìè è
ðåàëèçóþòñÿ îáû÷íî â ðàìêàõ òåõíîëîãè÷åñêîãî êîìïëåêñà
ñáîðî÷íîãî ïðîèçâîäñòâà çà ñ÷åò ìåõàíèçàöèè è àâòî-
ìàòèçàöèè ïðîèçâîäñòâà, âíåäðåíèÿ íîâîé òåõíèêè è
òåõíîëîãèé.

Êîíñòðóêöèîííûå ïîëó÷èëè øèðîêîå ðàñïðîñòðàíåíèå
áëàãîäàðÿ âíåäðåíèþ ñèñòåìû DFMA, â êîòîðîé îñíîâ-
íûìè ôàêòîðàìè, îïðåäåëÿþùèìè ýôôåêòèâíîñòü ñáîðêè,
ñ÷èòàþòñÿ îáùåå ÷èñëî äåòàëåé â êîíñòðóêöèè èçäåëèÿ è
ëåãêîñòü (ïðîñòîòà) çàõâàòà è çàêðåïëåíèÿ äåòàëåé ïðè
ñáîðêå [1].

Îðãàíèçàöèîííûå ïóòè â îñíîâíîì èñïîëüçóþòñÿ äëÿ
îáåñïå÷åíèÿ âûñîêîé ïðîèçâîäèòåëüíîñòè è ðåàëèçóþòñÿ â
ðàìêàõ àâòîìàòèçèðîâàííîé ïîäñèñòåìû òåõíîëîãè÷åñêîé
ïîäãîòîâêè ñáîðî÷íîãî ïðîèçâîäñòâà. Ïðè ýòîì âûñîêàÿ
ïðîèçâîäèòåëüíîñòü äîñòèãàåòñÿ ìèíèìèçàöèåé ïðîèçâîä-
ñòâåííîãî öèêëà ñáîðêè èçäåëèé. Îñîáàÿ àêòóàëüíîñòü
ìèíèìèçàöèè ïðîèçâîäñòâåííîãî öèêëà ñáîðêè îáóñëàâëè-
âàåòñÿ òåì, ÷òî ñáîðêà, ÿâëÿÿñü çàâåðøàþùåé ñòàäèåé
ïðîèçâîäñòâåííîãî ïðîöåññà, êîíöåíòðèðóåò çíà÷èòåëüíûå
îáîðîòíûå ñðåäñòâà, îïðåäåëÿåìûå ðàçìåðîì íåçàâåð-
øåííîãî ïðîèçâîäñòâà.

Îðãàíèçàöèîííûå ïóòè ñâÿçûâàþò ñ ðåàëèçàöèåé òàêèõ

îðãàíèçàöèîííûõ ïðèíöèïîâ êàê ïàðàëëåëüíîñòü, ïðÿìàÿ
íàïðàâëåííîñòü, íåïðåðûâíîñòü, ïðîïîðöèîíàëüíîñòü è
ðèòìè÷íîñòü [2]. Àíàëèç ñîäåðæàíèÿ ýòèõ ïðèíöèïîâ
ïîêàçûâàåò, ÷òî èõ ðåàëèçàöèÿ äîñòèãàåòñÿ â îñíîâíîì
ñîîòâåòñòâóþùèì ðàñ÷ëåíåíèåì ñèñòåìíîãî òåõíè÷åñêîãî
îáúåêòà (ÑÒÎ) íà öåëîñòíûå ÷àñòè, ñáîðêà êîòîðûõ ìîæåò
îñóùåñòâëÿòüñÿ íåçàâèñèìî äðóã îò äðóãà ðàçëè÷íûìè
ýëåìåíòàìè ïðîèçâîäñòâåííîé ñèñòåìû ïóòåì âûïîëíåíèÿ
ñîãëàñîâàííûõ, óïîðÿäî÷åííûõ äåéñòâèé, íàïðàâëåííûõ
íà ïîñëåäîâàòåëüíîå ôîðìèðîâàíèå ïîäñèñòåì âñå áîëåå
âûñîêîãî èåðàðõè÷åñêîãî óðîâíÿ âïëîòü äî îáðàçîâàíèÿ
ñîáèðàåìîãî ÑÒÎ.

Ñòåïåíü ðåàëèçàöèè óêàçàííûõ ïðèíöèïîâ îòðàæàåòñÿ
ðàçëè÷íûìè âàðèàíòàìè òåõíîëîãè÷åñêîé ñõåìû ñáîðêè
(ÒÑÑ), ñîçäàâàåìîé íà ïåðâîì ýòàïå ðàçðàáîòêè òåõíîëî-
ãè÷åñêîãî ïðîöåññà ñáîðêè. Ýòè âàðèàíòû ïðåäîïðåäåëÿ-
þòñÿ âàðèàíòàìè ñòðóêòóðû ÑÒÎ è â ðàìêàõ êàæäîé
ñòðóêòóðû âàðèàíòàìè ïîñëåäîâàòåëüíîñòè ââîäà â ñáî-
ðî÷íûé ïðîöåññ ðàçëè÷íûõ ñòðóêòóðíûõ ýëåìåíòîâ ÑÒÎ -
ïîäñèñòåì ÑÒÎ (ñáîðî÷íûõ åäèíèö èçäåëèÿ) è ýëåìåíòîâ
ÑÒÎ (äåòàëåé èçäåëèÿ).

Îäíàêî êàê ëþáàÿ ñõåìà ÒÑÑ ÿâëÿåòñÿ âñåãî ëèøü
ñâîåîáðàçíûì ïåðåõîäîì îò ñîäåðæàòåëüíîãî îïèñàíèÿ
ïðîöåññà èëè îáúåêòà ê èõ ôîðìàëüíîìó îïèñàíèþ, èñêëþ-
÷àþùåìó íåîäíîçíà÷íîñòü ïðåäñòàâëåíèÿ è ïîçâîëÿþùåìó
äàòü êîëè÷åñòâåííóþ îöåíêó ñâîéñòâàì èçó÷àåìîãî îáúåê-
òà. Ïîýòîìó àêòóàëüíûì ÿâëÿåòñÿ ðàçðàáîòêà ìàòåìàòè-
÷åñêîé ìîäåëè, ïîçâîëÿþùåé îöåíèòü ïðîäîëæèòåëüíîñòü
öèêëà ñáîðêè äëÿ êàæäîãî âàðèàíòà ÒÑÑ.

ÏÐÅÄÏÎÑÛËÊÈ È ÄÎÏÓÙÅÍÈß

Òðàäèöèîííî ðàññìàòðèâàþò äâà òèïà ÒÑÑ - âååðíîãî
òèïà è ñ áàçîâûì ýëåìåíòîì.

Ñõåìû âååðíîãî òèïà ïðåäñòàâëÿþò ñîáîé äðåâîâèäíóþ
ñòðóêòóðó, ýëåìåíòàìè êîòîðîé ÿâëÿþòñÿ ýëåìåíòû è ïîä-
ñèñòåìû ÑÒÎ, ðàñïðåäåëåííûå ïî èåðàðõè÷åñêèì óðîâíÿì.
Ñâÿçè ìåæäó ýëåìåíòàìè ñòðóêòóðû îòðàæàþò âõîæäåíèå
îäíèõ â ñîñòàâ äðóãèõ. Ïðè ýòîì ïîäñèñòåìû òðåòüåãî è
áîëåå âûñîêèõ óðîâíåé ìîãóò âêëþ÷àòü â ñâîé ñîñòàâ êàê
ïîäñèñòåìû ëþáûõ áîëåå íèçêèõ óðîâíåé, òàê è îòäåëüíûå
ýëåìåíòû ÑÒÎ. Òàêèì îáðàçîì, ñõåìà âååðíîãî òèïà
àíàëîãè÷íà ñòðóêòóðå ÑÒÎ, îòðàæàþùåé åãî ñòðîåíèå èëè
ìîðôîëîãèþ. Ïðîöåññóàëüíîé õàðàêòåðèñòèêîé ñõåìû âå-
åðíîãî òèïà ÿâëÿåòñÿ ñòóïåíü ñáîðêè, êîòîðàÿ ñîîò-
âåòñòâóåò óðîâíþ èåðàðõèè â ñòðóêòóðå ÑÒÎ. Ïåðåõîä ñ
äàííîé ñòóïåíè ñáîðêè ê ñëåäóþùåé, áîëåå âûñîêîé,
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ñîîòâåòñòâóåò îáðàçîâàíèþ ïîäñèñòåì áîëåå âûñîêîãî óðîâ-
íÿ èç ïîäñèñòåì äàííîãî è âñåõ ïðåäøåñòâóþùèõ óðîâíåé,
à òàêæå èç ýëåìåíòîâ ÑÒÎ. Âîçìîæíîñòü òàêîãî ïåðåõîäà
îáóñëàâëèâàåòñÿ âîçìîæíîñòüþ îäíîâðåìåííîãî ñîïðÿæå-
íèÿ ñ ïîñëåäóþùåé åãî ôèêñàöèåé âñåõ ñîñòàâëÿþùèõ
÷àñòåé êàæäîé ïîäñèñòåìû ñòðóêòóðû. Òàêàÿ âîçìîæíîñòü
ïðåäñòàâëÿåò ñîáîé ðåäêèé ñëó÷àé è ñîîòâåòñòâóåò ìàêñè-
ìàëüíîé ïàðàëëåëüíîñòè ïðîöåññà ñáîðêè â ðàìêàõ äàííîé
ñòðóêòóðû ÑÒÎ.

Äîñòîèíñòâîì ñõåìû âååðíîãî òèïà ÿâëÿåòñÿ òî, ÷òî îíà
÷èñëîì ñòóïåíåé ñáîðêè âûðàæàåò ñòåïåíü ðàñ÷ëåíåííîñòè
èëè ñòåïåíü ñëîæíîñòè ñáîðêè. Ñóùåñòâåííûé åå íåäî-
ñòàòîê çàêëþ÷àåòñÿ â òîì, íå ïîêàçûâàåòñÿ ïîñëåäî-
âàòåëüíîñòü ââîäà â ñáîðî÷íûé ïðîöåññ ýëåìåíòîâ ñòðóê-
òóðû ÑÒÎ.

Ñõåìà ñ áàçîâûì ýëåìåíòîì îòðàæàåò ïîñëåäîâàòåëü-
íîñòü ââîäà â ñáîðî÷íûé ïðîöåññ îòäåëüíûõ ýëåìåíòîâ è
ïîäñèñòåì ÑÒÎ, à òàêæå òåõíîëîãè÷åñêèõ ìàòåðèàëüíûõ
ýëåìåíòîâ (êîìïàóíä, ôëþñ è äð.). Ïðè ýòîì â íåé âûäå-
ëÿþò âåòâè îáùåé è óçëîâûõ ñáîðîê. Âåòâü îáùåé ñáîðêè
ñîîòâåòñòâóåò ïîñëåäîâàòåëüíîñòè îáðàçîâàíèÿ ÑÒÎ èç íå-
ïîñðåäñòâåííî ñîñòàâëÿþùèõ åãî ñîãëàñíî ñòðóêòóðå ïîä-
ñèñòåìàì è îòäåëüíûõ ýëåìåíòîâ, à âåòâè óçëîâûõ ñáîðîê
ñîîòâåòñòâóþò ïîñëåäîâàòåëüíîñòÿì îáðàçîâàíèÿ ïîäñèñòåì
âñåõ óðîâíåé ñòðóêòóðû. Âåòâü îáùåé ñáîðêè íà÷èíàåòñÿ ñ
áàçîâîãî ýëåìåíòà ÑÒÎ, à âåòâè óçëîâûõ ñáîðîê íà÷èíà-
þòñÿ ñ áàçîâûõ ýëåìåíòîâ ñîîòâåòñòâóþùèõ ïîäñèñòåì.

Íåäîñòàòêîì ñõåìû ñ áàçîâûì ýëåìåíòîì ÿâëÿåòñÿ òî,
÷òî â åå îïèñàíèè íå óêàçûâàþòñÿ óñëîâèÿ, îïðåäåëÿþùèå
ïîñëåäîâàòåëüíîñòü ââîäà â ñáîðî÷íûé ïðîöåññ ñòðóêòóð-
íûõ ýëåìåíòîâ ÑÒÎ. Òàêèìè îñíîâíûìè óñëîâèÿìè ÿâëÿ-
þòñÿ êîíñòðóêòèâíî-òåõíîëîãè÷åñêèå óñëîâèÿ äîñòóïà è
áàçèðîâàíèÿ. Ñ ó÷åòîì èõ ìîæíî äàòü ñëåäóþùåå îïðå-
äåëåíèå ÒÑÑ ÑÒÎ.

ÒÑÑ ÿâëÿåòñÿ íàãëÿäíûì ñðåäñòâîì äëÿ îòîáðàæåíèÿ
ïîñëåäîâàòåëüíîñòè ââîäà â ñáîðî÷íûé ïðîöåññ ñòðóêòóð-
íûõ ýëåìåíòîâ ÑÒÎ, îïðåäåëÿåìîé îòíîøåíèÿìè ïðåäøå-
ñòâîâàíèÿ íà îñíîâå êîíñòðóêòèâíî-òåõíîëîãè÷åñêèõ óñëî-
âèé äîñòóïà è áàçèðîâàíèÿ.

Äàííûì îïðåäåëåíèåì ïîäòâåðæäàåòñÿ äâîéñòâåííûé
õàðàêòåð ÒÑÑ. Ñ îäíîé ñòîðîíû, îíà îòðàæàåò ñòðóêòóðó
ÑÒÎ, òî åñòü åãî ìîðôîëîãèþ, à ñ äðóãîé ñòîðîíû, îòðà-
æàåò ïðîöåññ ñáîðêè, îïðåäåëÿåìûé îòíîøåíèÿìè ïðåäøå-
ñòâîâàíèÿ ìåæäó ýëåìåíòàìè ñòðóêòóðû ÑÒÎ. Ïîýòîìó
ÒÑÑ ìîæíî ñ÷èòàòü âîïëîùåíèåì îäíîé èç âåäóùèõ
êîíöåïöèé ñèñòåìíîãî àíàëèçà - ïðîöåññóàëüíîãî ðàññìîò-
ðåíèÿ ìîðôîëîãè÷åñêîãî ñðåçà ÑÒÎ [3]. Ïðè ýòîì íåîá-
õîäèìî èìåòü â âèäó èìåííî ïðîöåññ ñáîðêè êàê ïðîöåññ
îáðàçîâàíèÿ ïîäñèñòåì ÑÒÎ è ÑÒÎ â öåëîì.

Äëÿ ïðîöåññà ñáîðêè õàðàêòåðíûìè ÿâëÿþòñÿ òàêèå
îñîáåííîñòè åãî ðåàëèçàöèè êàê ïàðàëëåëüíîñòü, äèñêðåò-
íîñòü è àñèíõðîííîñòü. Ïîýòîìó íàèáîëåå ïîäõîäÿùåé ìà-
òåìàòè÷åñêîé ñõåìîé äëÿ ïîñòðîåíèÿ ìàòåìàòè÷åñêîé ìîäå-
ëè òàêîãî ïðîöåññà ÿâëÿåòñÿ ñåòü Ïåòðè, ýëåìåíòû è ìåõà-
íèçìû âûïîëíåíèÿ êîòîðîé ïðåäíàçíà÷åíû äëÿ îòðàæåíèÿ

óêàçàííûõ îñîáåííîñòåé [4].
Îñíîâíûìè ýëåìåíòàìè ñåòè Ïåòðè ÿâëÿþòñÿ ïåðåõîäû

è ïîçèöèè. Ïåðåõîäû ñîîòâåòñòâóþò âûïîëíÿåìûì äåé-
ñòâèÿì, ê ÷èñëó êîòîðûõ â ìîäåëèðóåìîì ïðîöåññå îòíî-
ñÿòñÿ äåéñòâèÿ ïî ñîïðÿæåíèþ ýëåìåíòîâ, ôèêñàöèè ñî-
ïðÿæåíèÿ è êîíòðîëþ âûïîëíåííîãî ñîïðÿæåíèÿ. Ïîçèöèè
ñîîòâåòñòâóþò óñëîâèÿì, ïðåäîïðåäåëÿþùèì âîçìîæíîñòü
ðåàëèçàöèè äåéñòâèé, à òàêæå ïîäòâåðæäàþùèì ôàêò âû-
ïîëíåíèÿ äåéñòâèé. Óñëîâèÿ ñ÷èòàþòñÿ âûïîëíåííûìè, åñ-
ëè â ñîîòâåòñòâóþùèõ ïîçèöèÿõ ïîÿâëÿåòñÿ òàêîé äèíàìè-
÷åñêèé ýëåìåíò êàê ôèøêà (ìåòêà). Âîçíèêíîâåíèå è
óíè÷òîæåíèå ôèøåê îñóùåñòâëÿåòñÿ ñîãëàñíî ïðàâèëàì
âûïîëíåíèÿ ñåòè Ïåòðè.

Ñâÿçè ñåòè Ïåòðè îïðåäåëÿþòñÿ ìåæäó åå ðàçíîòèïíûìè
ýëåìåíòàìè. Îíè íàïðàâëåíû îò ïîçèöèé ê ïåðåõîäàì è îò
ïåðåõîäîâ ê ïîçèöèÿì. Ê êàæäîìó ïåðåõîäó äîëæíû áûòü
íàïðàâëåíû ñâÿçè îò ïîçèöèé, ñîîòâåòñòâóþùèõ óñëîâèÿì
âõîæäåíèÿ ñîïðÿãàåìûõ ýëåìåíòîâ â îïðåäåëåííóþ ïîä-
ñèñòåìó ñòðóêòóðû ÑÒÎ, è äëÿ êîòîðûõ â äàííûé ìîìåíò
ñáîðêè âûïîëíÿþòñÿ óñëîâèÿ áàçèðîâàíèÿ è äîñòóïà. Â
ýòîì âûðàæàåòñÿ ó÷åò ìîðôîëîãèè ÑÒÎ, íåîáõîäèìîñòü
ó÷åòà êîòîðîé îáóñëàâëèâàåòñÿ äâîéñòâåííûì õàðàêòåðîì
ÒÑÑ. Îò ïåðåõîäà äîëæíà áûòü íàïðàâëåíà ñâÿçü ê
ïîçèöèè, ñîîòâåòñòâóþùåé óñëîâèþ, êîòîðîå ïîäòâåðæäàåò
ôàêò âûïîëíåííîãî äåéñòâèÿ.

ÌÀÒÅÌÀÒÈ×ÅÑÊÀß ÌÎÄÅËÜ È ÅÅ 
ÃÐÀÔÈ×ÅÑÊÀß ÈËËÞÑÒÐÀÖÈß

Èåðàðõè÷íîñòü ñòðóêòóðû ÑÒÎ ïðåäîïðåäåëÿåò èåðàð-
õè÷íîñòü ìîäåëè ÒÑÑ íà îñíîâå ñåòè Ïåòðè ñ óêàçàííûì
îïðåäåëåíèåì åå ïîçèöèé, ïåðåõîäîâ è ñâÿçåé ìåæäó íèìè.
Â èåðàðõè÷åñêîé ìîäåëè ÒÑÑ ïîçèöèè ïî óðîâíÿì ðàñ-
ïðåäåëÿþòñÿ ñëåäóþùèì îáðàçîì:

- íà íóëåâîì óðîâíå ðàñïîëàãàþòñÿ ïîçèöèè, ñîîòâåò-

ñòâóþùèå óñëîâèÿì "èìååòñÿ ýëåìåíò  ÑÒÎ",

êîòîðûå ïðèíèìàþò çíà÷åíèå "èñòèíà" ïðè íàëè÷èè ôèøêè
â ïîçèöèè è çíà÷åíèå "ëîæü" ïðè îòñóòñòâèè ôèøêè;

- íà óðîâíÿõ îò ïåðâîãî äî ïðåäïîñëåäíåãî ðàñïîëàãàþò-
ñÿ ïîçèöèè, ñîîòâåòñòâóþùèå óñëîâèÿì "âûïîëíåíî ñîïðÿ-

æåíèå ïîäìíîæåñòâà ýëåìåíòîâ ", ãäå

ñîñòàâ ïîäìíîæåñòâà îïðåäåëÿåòñÿ ñîñòàâîì ýëåìåíòîâ

 â ïîäñèñòåìàõ ñòðóêòóðû ÑÒÎ, äëÿ êî-

òîðûõ âûïîëíÿþòñÿ óñëîâèÿ äîñòóïà è áàçèðîâàíèÿ;
- íà ïîñëåäíåì óðîâíå ðàñïîëàãàåòñÿ åäèíñòâåííàÿ ïîçè-

öèÿ, ñîîòâåòñòâóþùàÿ óñëîâèþ "âûïîëíåíî ñîïðÿæåíèå

âñåõ ýëåìåíòîâ ÑÒÎ ìíîæåñòâà ",

ïîÿâëåíèå â êîòîðîé ôèøêè îçíà÷àåò çàâåðøåíèå ïðîöåññà
ñáîðêè.

Ìåæäó óðîâíÿìè èåðàðõèè ðàñïîëàãàþòñÿ ïåðåõîäû,
ñîîòâåòñòâóþùèå ñîáûòèÿì êàê ýëåìåíòàðíûì äåéñòâèÿì

ïî ñîïðÿæåíèþ ýëåìåíòîâ ïîäìíîæåñòâ âèäà 

.

di i 1 n,∈( )

di1
di2

… dik
, , ,{ }

di1
di2

… dik
, , ,{ }

D di i 1 n,∈( ){ }=

di1
{ di2

…, , ,

dik
}



142

ÓÏÐÀÂË²ÍÍß

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2001

Ñâÿçè, îòðàæàÿ âîçìîæíîñòü ñîïðÿæåíèÿ ýëåìåíòîâ

ïîäìíîæåñòâà , íàïðàâëÿþòñÿ îò ïîçè-

öèé íåêîòîðûõ óðîâíåé ê ïåðåõîäàì. Êðîìå ýòîãî,
ïðîâîäèòñÿ ñâÿçü îò êàæäîãî ïåðåõîäà ê ïîçèöèè ñëåäóþ-
ùåãî óðîâíÿ, êîòîðàÿ ñîîòâåòñòâóåò óñëîâèþ "âûïîëíåíî

ñîïðÿæåíèå ýëåìåíòîâ ïîäìíîæåñòâà ".

Íàïðèìåð, äëÿ èçäåëèÿ íà ðèñóíêå 1 è îäíîãî èç
âàðèàíòîâ åãî ñòðóêòóðû íà ðèñóíêå 2 ãðàôè÷åñêàÿ
èëëþñòðàöèÿ ìàòåìàòè÷åñêîé ìîäåëè ÒÑÑ íà îñíîâå ñåòè
Ïåòðè ïîêàçûâàåòñÿ íà ðèñóíêå 3.

Ðèñóíîê 1

Ðèñóíîê 2

Ðèñóíîê 3

Ïîçèöèè íóëåâîãî óðîâíÿ  ñîîòâåòñòâóþò

óñëîâèÿì "èìååòñÿ ýëåìåíò di". Íàëè÷èå ôèøåê â ýòèõ ïî-

çèöèÿõ îçíà÷àåò, ÷òî ñîîòâåòñòâóþùèå óñëîâèÿ ïðèíèìàþò
çíà÷åíèå "èñòèíà".

Îïðåäåëèì ñîñòîÿíèå ñáîðî÷íîãî ïðîöåññà ðàñïðåäåëå-
íèåì ôèøåê ïî ïîçèöèÿì ñåòè. Ïîýòîìó íàëè÷èå ôèøåê â
ïîçèöèÿõ íóëåâîãî óðîâíÿ ñëåäóåò ðàññìàòðèâàòü êàê
íà÷àëüíîå ñîñòîÿíèå ýòîãî ïðîöåññà èëè êàê ãîòîâíîñòü ê
ðåàëèçàöèè ïðîöåññà ñáîðêè.

Ñâÿçè  îçíà÷àþò âîçìîæíîñòü ñî-

ïðÿæåíèÿ ýëåìåíòîâ d2 è d3  ñîãëàñíî ñòðóêòóðå ÑÒÎ íà

ðèñóíêå 2 è óñëîâèÿì äîñòóïà è áàçèðîâàíèÿ, à ñâÿçè

 îçíà÷àþò âîçìîæíîñòü ñîïðÿæåíèÿ

ýëåìåíòîâ d4 è d5 îïÿòü ñîãëàñíî ñòðóêòóðå ÑÒÎ è

óñëîâèÿì äîñòóïà è áàçèðîâàíèÿ.
Íàëè÷èå ôèøåê â ïîçèöèÿõ  ïðåäîïðåäåëÿåò

âîçìîæíîñòü çàïóñêà ïåðåõîäà , à â ïîçèöèÿõ -

ïåðåõîäà . Ïåðåõîäû ìîãóò áûòü çàïóùåíû îäíîâðå-

ìåííî, ÷òî è äåìîíñòðèðóåò ïàðàëëåëüíîñòü âûïîëíåíèÿ

ñáîðî÷íîãî ïðîöåññà. Çàïóñê ïåðåõîäîâ , òî åñòü

âûïîëíåíèå äåéñòâèé ïî ñîïðÿæåíèþ ýëåìåíòîâ d2, d3 è

d4, d5 ïðèâîäèò ê óäàëåíèþ ôèøåê èç ïîçèöèé p02, p03,

p04, p05 è ê ïîÿâëåíèþ ôèøåê â ïîçèöèÿõ p11, p12.

Ïîÿâëåíèå ôèøåê â ïîçèöèÿõ p11, p12 îçíà÷àåò, ÷òî

âûïîëíåíû ñîîòâåòñòâåííî óñëîâèÿ "ðåàëèçîâàíî ñîïðÿæå-

íèå ýëåìåíòîâ d2, d3" è "ðåàëèçîâàíî ñîïðÿæåíèå ýëå-

ìåíòîâ d4, d5". Â ðåçóëüòàòå ñîïðÿæåíèÿ ýëåìåíòîâ d2, d3

îáðàçóåòñÿ ïîäñèñòåìà Sb1. Òàêèì îáðàçîì, ÷àñòü ñåòè

Ïåòðè, ïðåäñòàâëåííàÿ ïîçèöèÿìè p02, p03, p11 è ïåðå-

õîäîì , ñîîòâåòñòâóåò óçëîâîé ñáîðêå ïîäñèñòåìû Sb1 â

ÒÑÑ ñ áàçîâûì ýëåìåíòîì.

Íàëè÷èå ôèøåê â  îçíà÷àåò, ÷òî ñáîðî÷íûé

ïðîöåññ ïåðåøåë â äðóãîå ñîñòîÿíèå, â êîòîðîì, ñîãëàñíî
ïðàâèëàì âûïîëíåíèÿ ñåòè, ðàçðåøåí çàïóñê ïåðåõîäîâ

. Êðîìå ýòîãî, åñëè â óêàçàííîé íà ðèñóíêå 3 ñåòè

ïðåäóñìîòðåòü ìåõàíèçì âîçâðàùåíèÿ ôèøåê â ïîçèöèè
íóëåâîãî óðîâíÿ ïóòåì ïðîâåäåíèÿ ñâÿçåé îò ïåðåõîäîâ,
çàïóñê êîòîðûõ óäàëÿåò ôèøêè èç ýòèõ ïîçèöèé, òî

ðàññìîòðåííûé ðàíåå çàïóñê ïåðåõîäîâ  íå òîëüêî

óäàëèë áû ôèøêè èç ïîçèöèé  è , íî

âîçâðàòèë áû èõ â ýòè æå ïîçèöèè. Ïîñëåäíåå îçíà÷àåò,
÷òî â òîò ìîìåíò, êîãäà ðàçðåøåí çàïóñê ïåðåõîäîâ

, áóäåò ðàçðåøåí çàïóñê åùå è ïåðåõîäîâ .

Òàêèì îáðàçîì, â íîâîé ìàðêèðîâêå ñåòè, à çíà÷èò â íîâîì
ñîñòîÿíèè ñáîðî÷íîãî ïðîöåññà, âîçìîæíî îäíîâðåìåííîå
âûïîëíåíèå ñðàçó óæå ÷åòûðåõ äåéñòâèé, îòðàæàåìûõ

çàïóñêîì ïåðåõîäîâ , . Çàïóñê ïåðåõîäà 

ñîîòâåòñòâóåò âûïîëíåíèþ äåéñòâèÿ ïî ñîïðÿæåíèþ ýëå-
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ìåíòà  ñ ðàíåå ñîïðÿæåííûìè ýëåìåíòàìè , òî

åñòü ñ ïîäñèñòåìîé Sb1, à çàïóñê ïåðåõîäà  ñîîòâåò-

ñòâóåò âûïîëíåíèþ äåéñòâèÿ ïî ñîïðÿæåíèþ ýëåìåíòà 

ñ ðàíåå ñîïðÿæåííûìè ýëåìåíòàìè . Çàïóñê ïåðå-

õîäîâ  ñîîòâåòñòâóåò ïîâòîðíîìó âûïîëíåíèþ äåé-

ñòâèé ïî ñîïðÿæåíèþ ýëåìåíòîâ  è .

Ïîÿâëåíèå ôèøåê â ïîçèöèÿõ  âòîðîãî óðîâíÿ â

ðåçóëüòàòå çàïóñêîâ ïåðåõîäîâ  îçíà÷àåò ïåðåõîä

ñáîðî÷íîãî ïðîöåññà â ñëåäóþùåå ñîñòîÿíèå. Íàëè÷èå
ôèøêè â ïîçèöèè  îçíà÷àåò, ÷òî "âûïîëíåíî ñîïðÿ-

æåíèå  è Sb1", à íàëè÷èå ôèøêè â  îçíà÷àåò, ÷òî

"âûïîëíåíî ñîïðÿæåíèå ". Ïîñëåäíåå åùå îçíà-

÷àåò, ÷òî îáðàçîâàíà ïîäñèñòåìà Sb2. ×àñòü ñåòè, ñî-

ñòîÿùàÿ èç ïîçèöèé  è ïåðåõîäîâ

, ñîîòâåòñòâóåò óçëîâîé ñáîðêå ïîäñèñòåìû Sb2.

Â ñåòè íà ðèñóíêå 3 êðîìå óêàçàííûõ ÷àñòåé, ñîîòâåò-

ñòâóþùèõ óçëîâûì ñáîðêàì ïîäñèñòåì Sb1, Sb2, âûäåëÿåò-

ñÿ ÷àñòü, ïðåäñòàâëåííàÿ ïîçèöèÿìè 

è ïåðåõîäàìè , êîòîðàÿ ñîîòâåòñòâóåò îñíîâíîé

ñáîðêå ÑÒÎ.
Íàëè÷èå ôèøåê â ïîçèöèÿõ  ïðåäîïðåäåëÿåò

âîçìîæíîñòü çàïóñêà ïåðåõîäà , ðåàëèçàöèÿ êîòîðîãî

îçíà÷àåò âûïîëíåíèå äåéñòâèÿ ïî ñîïðÿæåíèþ ïîäñèñòåìû

Sb2 ñ ðàíåå âûïîëíåííûì ñîïðÿæåíèåì   è Sb1. Çàïóñê

 ïðèâîäèò ê îáðàçîâàíèþ ôèøêè â ïîçèöèè , ÷òî

îçíà÷àåò âûïîëíåíèå óñëîâèÿ "ðåàëèçîâàíî ñîïðÿæåíèå

, Sb1, Sb2". Íàêîíåö, íàëè÷èå ôèøêè â ïîçèöèÿõ

 ïðåäîïðåäåëÿåò âîçìîæíîñòü çàïóñêà ïåðåõîäà

, ðåàëèçàöèÿ êîòîðîãî ïðèâîäèò ê îáðàçîâàíèþ ÑÒÎ,

÷òî ïîäòâåðæäàåòñÿ ïîÿâëåíèåì ôèøêè â ïîçèöèè .

Öèêë ñáîðêè ÑÒÎ çàâåðøåí.
Ìîäåëü, ãðàôè÷åñêàÿ èëëþñòðàöèÿ êîòîðîé ïîêàçàíà íà

ðèñóíêå 3, îòðàæàåò äâîéñòâåííûé õàðàêòåð ÒÑÑ è
ðåàëèçàöèþ òàêèõ îðãàíèçàöèîííûõ ïðèíöèïîâ, êàê ïà-
ðàëëåëüíîñòü, ïðÿìàÿ íàïðàâëåííîñòü, ðèòìè÷íîñòü. Ïà-
ðàëëåëüíîñòü îáåñïå÷èâàåòñÿ âîçìîæíîñòüþ îäíîâðåìåííî-
ãî çàïóñêà ðàçðåøåííûõ ïåðåõîäîâ. Ïðÿìàÿ íàïðàâëåí-
íîñòü îáåñïå÷èâàåòñÿ îòñóòñòâèåì îáðàòíûõ ñâÿçåé îò
ïîçèöèé ê ïåðåõîäàì, ÿâëÿþùèìñÿ âõîäíûìè äëÿ ïîçèöèé
áîëåå íèçêèõ óðîâíåé èåðàðõèè. Ðèòìè÷íîñòü îáåñïå÷è-
âàåòñÿ âîññòàíîâëåíèåì ìàðêèðîâêè ïîçèöèé íóëåâîãî
óðîâíÿ, ÷òî ïîçâîëÿåò âîçîáíîâëÿòü öèêë ñáîðêè.

Ðåàëèçàöèÿ äðóãèõ îðãàíèçàöèîííûõ ïðèíöèïîâ - ïðî-
ïîðöèîíàëüíîñòè è íåïðåðûâíîñòè, êîòîðûå ñâÿçûâàþòñÿ ñ
ñîãëàñîâàíèåì âî âðåìåíè îïðåäåëåííûõ äåéñòâèé, à òàêæå
îöåíêà â öåëîì ïðîäîëæèòåëüíîñòè öèêëà ñáîðêè, âîçìîæ-
íû íà îñíîâå äðóãîé ìîäåëè, ÿâëÿþùåéñÿ ìîäèôèêàöèåé
ðàññìîòðåííîé. Òàêîé ìîäèôèêàöèåé ÿâëÿåòñÿ ìîäåëü íà
îñíîâå âðåìåííîé ñåòè Ïåòðè, êîòîðàÿ â ÿâíîì âèäå ó÷è-
òûâàåò âðåìÿ âûïîëíåíèÿ äåéñòâèé. Ãðàôè÷åñêàÿ èëëþ-

ñòðàöèÿ ìîäåëè íà îñíîâå âðåìåííîé ñåòè Ïåòðè, ñîîò-
âåòñòâóþùàÿ ñòðóêòóðå ÑÒÎ íà ðèñóíêå 2, ïîêàçûâàåòñÿ
íà ðèñóíêå 4.

Ðèñóíîê 4

Â ìîäèôèöèðîâàííîé ìîäåëè ïåðåõîäû ïðåäñòàâëÿþòñÿ
ìîäóëÿìè, êîòîðûå îáåñïå÷èâàþò ó÷åò ïðîäîëæèòåëüíîñòè
äåéñòâèé ñ ôèêñàöèåé ìîìåíòîâ èõ íà÷àëà è îêîí÷àíèÿ.
Òàêèå ìîäóëè ñîçäàþòñÿ íà îñíîâå îáûêíîâåííîé ñåòè
Ïåòðè [5].

Ìîìåíòû ïîñòóïëåíèÿ ôèøåê â ïîçèöèè ïðåäñòàâëÿþò
âàæíóþ èíôîðìàöèþ êàê äëÿ îöåíêè ïðîäîëæèòåëüíîñòè
öèêëà ñáîðêè, òàê è äëÿ îöåíêè ñòåïåíè ðåàëèçàöèè
ïðèíöèïîâ ïðîïîðöèîíàëüíîñòè è íåïðåðûâíîñòè.

Òàê ìîìåíò ïîñòóïëåíèÿ ôèøêè â ïîçèöèþ, ñîîòâåò-
ñòâóþùóþ óñëîâèþ "âûïîëíåíî ñîïðÿæåíèå âñåõ ýëåìåí-

òîâ ÑÒÎ ìíîæåñòâà " (ïîçèöèÿ  â

ðàññìàòðèâàåìîì ïðèìåðå), ïðè èçâåñòíîì ìîìåíòå íà÷àëà
ïðîöåññà ñáîðêè (ìîìåíò ðàçìåùåíèÿ ôèøåê â ïîçèöèÿõ
íóëåâîãî óðîâíÿ) ïîçâîëÿåò îïðåäåëèòü ïðîäîëæèòåëü-
íîñòü öèêëà ñáîðêè.

Ìîìåíòû ïîñòóïëåíèÿ ôèøåê â ïîçèöèè, ÿâëÿþùèåñÿ
âõîäíûìè äëÿ êàæäîãî èç ïåðåõîäîâ, ïîçâîëÿþò ñóäèòü î
ñîãëàñîâàííîñòè âñåõ ïðåäøåñòâóþùèõ äåéñòâèé. Åñëè âñå
óêàçàííûå ìîìåíòû ñîâïàäàþò, òî ýòî ñâèäåòåëüñòâóåò î
ñîãëàñîâàííîì õàðàêòåðå ïðåäøåñòâóþùèõ äåéñòâèé. Â
ïðîòèâíîì ñëó÷àå - î íåñîãëàñîâàííîì õàðàêòåðå ïðåäøå-
ñòâóþùèõ äåéñòâèé.

Ñòåïåíü ðåàëèçàöèè ïðèíöèïîâ ïðîïîðöèîíàëüíîñòè è
íåïðåðûâíîñòè ìîæåò áûòü îöåíåíà êàê îòíîøåíèå ÷èñëà
ïåðåõîäîâ, âî âõîäíûõ ïîçèöèÿõ êîòîðûõ ôèøêè ïîÿâëÿ-
þòñÿ îäíîâðåìåííî, ê îáùåìó ÷èñëó ïåðåõîäîâ ñåòè.

Ïðåäëàãàåìàÿ ìîäåëü îòíîñèòñÿ ê êëàññó èìèòàöèîí-
íûõ, ïîñêîëüêó ïîëó÷àåìûå íà åå îñíîâå ðåçóëüòàòû íå
âû÷èñëÿþòñÿ êàê â ñëó÷àå àíàëèòè÷åñêèõ ìîäåëåé, à
ÿâëÿþòñÿ ñëåäñòâèåì ýêñïåðèìåíòà (èìèòàöèè), çàêëþ÷àþ-
ùåãîñÿ â âûïîëíåíèè ñåòè Ïåòðè ñîãëàñíî îïðåäåëåííûì
ïðàâèëàì.
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ÏÐÎÖÅÄÓÐÀ ÏÎÑÒÐÎÅÍÈß ÌÎÄÅËÈ

Äëÿ ðåàëüíûõ ÑÒÎ, ÷èñëî ýëåìåíòîâ êîòîðûõ ìîæåò
èñ÷èñëÿòüñÿ äåñÿòêàìè è ñîòíÿìè åäèíèö, ñîñòàâëåíèå
ïðåäëàãàåìîé ìîäåëè èõ ÒÑÑ ÿâëÿåòñÿ òðóäîåìêèì ïðî-
öåññîì. Òàêàÿ òðóäîåìêîñòü âîçðàñòàåò â íåñêîëüêî ðàç ñ
ó÷åòîì ðàçëè÷íûõ âàðèàíòîâ ñòðóêòóð ÑÒÎ è ïîñëåäî-
âàòåëüíîñòåé ââîäà â ñáîðî÷íûé ïðîöåññ ýëåìåíòîâ è ïîä-
ñèñòåì â ðàìêàõ êàæäîé ñòðóêòóðû. Ïîýòîìó ðàçðàáîòàòü
âñåâîçìîæíûå âàðèàíòû ìîäåëåé ÒÑÑ è ïîëó÷èòü íà èõ
îñíîâå îöåíêè ïðîäîëæèòåëüíîñòåé öèêëîâ ñáîðêè â ïðè-
åìëåìûå ñðîêè âîçìîæíî ëèøü ïóòåì ðåàëèçóåìûõ ñ
ïîìîùüþ êîìïüþòåðà ïðîöåäóð. Ê ÷èñëó òàêèõ îòíîñèòñÿ
ïðîöåäóðà, îñíîâàííàÿ íà ïîñëåäîâàòåëüíîì ïðèìåíåíèè
àëãîðèòìà ñáîðêè-ðàçáîðêè AA ê ñîñòàâíûì ýëåìåíòàì
ñòðóêòóðû ÑÒÎ, òî åñòü ê ÑÒÎ â öåëîì è åãî ïîäñèñòåìàì.
Ïðèìåíåíèå AA ê ÑÒÎ è åãî ïîäñèñòåìàì ïîçâîëÿåò
ñôîðìèðîâàòü öåïî÷êè îñíîâíîé è óçëîâûõ ñáîðîê â âèäå
öåïî÷åê îòíîøåíèé ïðåäøåñòâîâàíèé ìåæäó íåïîñðåä-
ñòâåííî èõ ñîñòàâëÿþùèõ ñòðóêòóðíûõ ýëåìåíòîâ ñ ó÷åòîì
óñëîâèé áàçèðîâàíèÿ è äîñòóïà [6]. Çàòåì íà êàæäîé
èòåðàöèè ïðîöåäóðû îñóùåñòâëÿåòñÿ îáúåäèíåíèå ýëåìåí-
òîâ ÑÒÎ, ðàçäåëåííûõ â öåïî÷êàõ ïåðâûì ñëåâà çíàêîì
ïðåäøåñòâîâàíèÿ. Ýòî òå ýëåìåíòû, ñîïðÿæåíèå êîòîðûõ
äîïóñêàåòñÿ ðàññìàòðèâàåìûì âàðèàíòîì ñòðóêòóðû ÑÒÎ
è óñëîâèÿìè áàçèðîâàíèÿ è äîñòóïà. Îáúåäèíåííûå ýëå-
ìåíòû çàêëþ÷àþòñÿ â ñêîáêè è ñ÷èòàþòñÿ íîâûì ýëåìåí-
òîì, òî åñòü ïîíÿòèþ ýëåìåíò â öåïî÷êàõ ïðèäàåòñÿ ðåêóð-
ñèâíûé õàðàêòåð.

Ïóñòü, íàïðèìåð, â ðåçóëüòàòå ïðèìåíåíèÿ àëãîðèòìà
AA, ðàññìàòðèâàåìîãî êàê íåêîòîðîå ïðåîáðàçîâàíèå, ê

ïîäñèñòåìå Sbk ïîëó÷åíà öåïî÷êà îòíîøåíèé ïðåäøåñòâî-

âàíèé ñëåäóþùåãî âèäà:

.

Çàìåòèì, ÷òî ýëåìåíòû  è , ðàçäåëåííûå â öåïî÷êå

çàïÿòîé, ìîãóò îäíîâðåìåííî ñîïðÿãàòüñÿ ñ ýëåìåíòîì .

Íà ïåðâîé èòåðàöèè ïðîöåäóðû îñóùåñòâëÿåòñÿ îáúåäè-
íåíèå ýëåìåíòîâ, ðàçäåëåííûõ ïåðâûì ñëåâà çíàêîì ïðåä-

øåñòâîâàíèÿ, òî åñòü ýëåìåíòîâ . Ýòî îáúåäè-

íåíèå îïðåäåëÿåòñÿ êàê íîâûé ýëåìåíò è îáîçíà÷àåòñÿ

. Çàòåì îñóùåñòâëÿåòñÿ ïðåîáðàçîâàíèå öå-

ïî÷êè òàê, ÷òî ó÷àñòîê öåïî÷êè  çàìåíÿåòñÿ

ýëåìåíòîì . Â ðåçóëüòàòå öåïî÷êà ïðèîáðåòàåò

âèä

.

Íà ñëåäóþùåé èòåðàöèè îñóùåñòâëÿåòñÿ îáúåäèíåíèå
ýëåìåíòîâ, ðàçäåëåííûõ ïåðâûì ñëåâà çíàêîì ïðåäøå-
ñòâîâàíèÿ ïðåîáðàçîâàííîé öåïî÷êè. Ýòî îáúåäèíåíèå
îïÿòü îïðåäåëÿåòñÿ êàê íîâûé ýëåìåíò è îáîçíà÷àåòñÿ

.

Òàêèå îáúåäèíåíèÿ è ïðåîáðàçîâàíèÿ öåïî÷êè îñóùå-
ñòâëÿþòñÿ äî òåõ ïîð, ïîêà âñå ýëåìåíòû öåïî÷êè íå áóäóò
îïðåäåëåíû êàê íîâûé ýëåìåíò, êîòîðûé îáîçíà÷àåòñÿ êàê

.

Â ðåçóëüòàòå òàêîãî îáúåäèíåíèÿ ñòàòóñ ýëåìåíòà ïîëó-

÷àåò ïîäñèñòåìà Sbk, ÷òî îáîçíà÷àåòñÿ . Ýòî ïîçâîëÿåò

îñóùåñòâëÿòü àíàëîãè÷íûå ïðåîáðàçîâàíèÿ òåõ öåïî÷åê, â
êîòîðûå âõîäèò äàííàÿ ïîäñèñòåìà.

Â öåëîì ïðîöåäóðà ïîñòðîåíèÿ ìîäåëè ðåàëèçóåòñÿ êàê
ïîñëåäîâàòåëüíîñòü ñëåäóþùèõ äåéñòâèé.

1.Ïóòåì ïðèìåíåíèÿ àëãîðèòìà AA ê ñòðóêòóðå ÑÒÎ
ñîçäàþòñÿ öåïî÷êè îñíîâíîé è óçëîâûõ ñáîðîê â âèäå
öåïî÷åê îòíîøåíèé ïðåäøåñòâîâàíèé.

2.Ðåàëèçóåòñÿ îïåðàöèÿ îáúåäèíåíèÿ ýëåìåíòîâ ÑÒÎ â
öåïî÷êàõ îòíîøåíèé ïðåäøåñòâîâàíèé è ýëåìåíòû, âîøåä-
øèå â îáúåäèíåíèÿ, îïðåäåëÿþòñÿ êàê íîâûé ýëåìåíò.

3.Îò ýëåìåíòîâ, âîøåäøèõ â îáúåäèíåíèå, ïðîâîäèòñÿ
ñâÿçü ê ïåðåõîäó, ñîîòâåòñòâóþùåìó äåéñòâèþ ïî ñîïðÿ-
æåíèþ ýòèõ ýëåìåíòîâ.

4.Îò êàæäîãî ïåðåõîäà ïðîâîäèòñÿ ñâÿçü ê ïîçèöèè,
ñîîòâåòñòâóþùåé óñëîâèþ "âûïîëíåíî ñîïðÿæåíèå ýëåìåí-
òîâ îáúåäèíåíèÿ".

5.Ïðîâîäèòñÿ ïðåîáðàçîâàíèå öåïî÷åê îòíîøåíèé ïðåä-
øåñòâîâàíèé ñ ó÷åòîì ïîëó÷åííûõ íîâûõ ýëåìåíòîâ.

6.Ïðîâåðÿåòñÿ, ïîëó÷èë ëè ñòàòóñ íîâîãî ýëåìåíòà
ÑÒÎ? Åñëè äà, òî ïðîöåäóðà çàâåðøåíà. Â ïðîòèâíîì
ñëó÷àå, îñóùåñòâëÿåòñÿ ïåðåõîä ê äåéñòâèþ 2.

Ðåàëèçàöèÿ óêàçàííûõ äåéñòâèé íà ïðèìåðå ñòðóêòóðû
ÑÒÎ, ïîêàçàííîé íà ðèñóíêå 2, ïðèâîäèò ê ñëåäóþùåìó
ðåçóëüòàòó.

Âûïîëíåíèå ïåðâîãî äåéñòâèÿ ïîçâîëÿåò ïîëó÷èòü öå-
ïî÷êè îñíîâíîé è óçëîâûõ ñáîðîê â âèäå òàêèõ îòíîøåíèé
ïðåäøåñòâîâàíèé:

,                  

,                         

.

Â ïåðâîé öåïî÷êå îáúåäèíåíèå  è  íå ÿâëÿåòñÿ

âîçìîæíûì, òàê êàê  íå èìååò ñòàòóñà ýëåìåíòà. Âîç-

ìîæíî îáúåäèíåíèå ýëåìåíòîâ ,  âòîðîé öåïî÷êè è

ýëåìåíòîâ ,  òðåòüåé öåïî÷êè. Â ðåçóëüòàòå îáúåäè-

íåíèÿ ýëåìåíòîâ ,  ñòàòóñ íîâîãî ýëåìåíòà ïîëó÷àåò

ïîäñèñòåìà , ÷òî îáîçíà÷àåòñÿ . Äàëåå îáðàçóåòñÿ

ïåðåõîä , ê êîòîðîìó ïðîâîäÿòñÿ ñâÿçè îò ïîçèöèé ,

 ñîîòâåòñòâóþùèõ óñëîâèÿì "èìååòñÿ ýëåìåíò " è

"èìååòñÿ ýëåìåíò ", à òàêæå îáðàçóåòñÿ ïåðåõîä , ê

êîòîðîìó ïðîâîäÿòñÿ ñâÿçè îò ïîçèöèé , , ñîîòâåò-

ñòâóþùèõ óñëîâèÿì "èìååòñÿ ýëåìåíò " è "èìååòñÿ ýëå-

ìåíò ". Çàòåì îñóùåñòâëÿåòñÿ ïðåîáðàçîâàíèå öåïî÷åê,

â ðåçóëüòàòå êîòîðîãî îíè ïðèîáðåòàþò âèä
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,                        

,                           

.

Íà ñëåäóþùåé èòåðàöèè ïðîöåäóðû âîçìîæíî îáúåäèíå-

íèå ýëåìåíòîâ ,  ïåðâîé öåïî÷êè, òàê êàê ïîäñèñòåìà

 ðàññìàòðèâàåòñÿ êàê ýëåìåíò, è ýëåìåíòîâ 

âòîðîé öåïî÷êè. Â ðåçóëüòàòå îáúåäèíåíèÿ  ñòà-

òóñ íîâîãî ýëåìåíòà ïîëó÷àåò ïîäñèñòåìà , ÷òî îáîçíà-

÷àåòñÿ . Îáðàçóþòñÿ ïåðåõîäû , ê êîòîðûì è îò

êîòîðûõ ïðîâîäÿòñÿ ñâÿçè. Ïðåîáðàçîâàííûå öåïî÷êè íà
âòîðîé èòåðàöèè ïðèîáðåòàþò âèä

,                             

,                                        

.

Íà òðåòüåé èòåðàöèè âîçìîæíî îáúåäèíåíèå ýëåìåíòîâ

òîëüêî ïåðâîé öåïî÷êè. Îáúåäèíÿþòñÿ ýëåìåíòû 

è . Â ðåçóëüòàòå îáúåäèíåíèÿ è ïðåîáðàçîâàíèÿ öå-

ïî÷êè ïðèîáðåòàþò âèä

,                           

,                                   

.

Íàêîíåö, íà ÷åòâåðòîé èòåðàöèè â ðåçóëüòàòå îáúåäèíå-

íèÿ ýëåìåíòîâ  è  ñòàòóñ íîâîãî ýëåìåíòà

ïîëó÷àåò ÑÒÎ, ÷òî îáîçíà÷àåòñÿ êàê . Òàêèì îáðàçîì,
ïðåîáðàçîâàííûå öåïî÷êè íà ÷åòâåðòîé èòåðàöèè ïðè-
îáðåòàþò âèä

,                            

,                                     

,

÷òî ïîçâîëÿåò çàâåðøèòü ïðîöåäóðó ïîñòðîåíèÿ ìàòåìà-
òè÷åñêîé ìîäåëè ÒÑÑ, ãðàôè÷åñêàÿ èëëþñòðàöèÿ êîòîðîé
áûëà ðàíåå ïîêàçàíà íà ðèñóíêå 3.
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Ðàçðàáîòàí àëãîðèòì, ïîçâîëÿþùèé îñóùåñòâëÿòü êëàññè-
ôèêàöèþ îáúåêòîâ è îöåíèâàòü çíà÷èìîñòü èõ ïðèçíàêîâ.
Îïèñàíà íåéðîñåòåâàÿ èíòåðïðåòàöèÿ ðàçðàáîòàííîãî àëãî-
ðèòìà. Ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåíòîâ ïî àïðîáàöèè
ðàññìîòðåííîãî àëãîðèòìà.

Ðîçðîáëåíî àëãîðèòì, ùî äîçâîëÿº çäiéñíþâàòè êëàñèôi-
êàöiþ îá'ºêòiâ òà îöiíþâàòè çíà÷èìiñòü ¿õíiõ îçíàê. Îïèñàíî
íåéðîìåðåæåâó iíòåðïðåòàöiþ ðîçðîáëåíîãî àëãîðèòìó. Íàâå-
äåíi ðåçóëüòàòè åêñïåðèìåíòiâ ç àïðîáàöi¿ ðîçãëÿíóòîãî
àëãîðèòìó.

The algorithm permitting to realize a classification of objects
and to evaluate a significance of their features is developed. The
neural network interpretation of the developed algorithm is
described. The results of experiments on approbation of the con-
sidered algorithm are considered.

ÂÂÅÄÅÍÈÅ

Â ñâÿçè ñ òðåáîâàíèÿìè ê ïîâûøåíèþ êà÷åñòâà ïðèáî-
ðîâ è ìåõàíèçìîâ è âñå âîçðàñòàþùèì çíà÷åíèåì ñëîæíûõ
è äîðîãîñòîÿùèõ ñèñòåì âåñüìà àêòóàëüíîé â íàñòîÿùåå
âðåìÿ ñòàíîâèòñÿ çàäà÷à îöåíêè ñîñòîÿíèÿ ñëîæíûõ ñèñòåì
â ïðîöåññå èõ èçãîòîâëåíèÿ è ýêñïëóàòàöèè.

Òðåáîâàíèÿ, ïðåäúÿâëÿåìûå ê èçäåëèÿì â ñîâðåìåííîì
ïðîèçâîäñòâå, îáåñïå÷èâàþòñÿ íå òîëüêî ñîçäàíèåì âûñî-
êîíàäåæíûõ èçäåëèé, íî è îðãàíèçàöèåé íàäëåæàùåãî êîí-
òðîëÿ, îñóùåñòâëÿåìîãî ïðè èõ ýêñïëóàòàöèè. Îñíîâíîé
çàäà÷åé ýêñïëóàòàöèîííîãî êîíòðîëÿ ÿâëÿåòñÿ ïîääåðæà-
íèå ðàáîòîñïîñîáíîãî ñîñòîÿíèÿ êîíòðîëèðóåìûõ ñèñòåì â
òå÷åíèå çàäàííîãî ïðîìåæóòêà âðåìåíè.

Ïðè ðàçðàáîòêå, èçãîòîâëåíèè è ýêñïëóàòàöèè îáúåêòà

AA:S d1  Sb1  Sb2  d7→ p p p

Sb1 d2 d3,( )∼
AA:Sb2 d4 d5 ,( )  d6→ p

d1 Sb1

Sb1 d4 d5,( ) d6,

d4 d5,( ) d6,

Sb2

Sb2 t21 t22,

AA:S d1 Sb1 ,( )  Sb2  d7→ p p

Sb1 d2 d3,( )∼

Sb2 d4 d5,( ) d6,( )∼

d1 Sb1,( )

Sb2

AA:S d1 Sb1 ,( ) Sb2, )  d7→ p

Sb1 d2 d3,( )∼

Sb2 d4 d5,( ) d6,( )∼

d1 Sb1 ,( ) Sb2, ) d7

S

S d1 Sb1 ,( ) Sb2, ) d7,( )(∼

Sb1 d2 d3,( )∼

Sb2 d4 d5,( ) d6,( )∼
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ïðèíèìàþòñÿ ðàçíîîáðàçíûå ìåðû, íàïðàâëåííûå íà îáå-
ñïå÷åíèå åãî áåçîòêàçíîñòè. Îäíàêî ïîëíîñòüþ óñòðàíèòü
âîçìîæíîñòü ïîÿâëåíèÿ îòêàçîâ íå óäàåòñÿ. Ïîýòîìó
çàäà÷à ïîääåðæàíèÿ ðàáîòîñïîñîáíîãî ñîñòîÿíèÿ îáúåêòà
çàêëþ÷àåòñÿ, ïðåæäå âñåãî, â ñâîåâðåìåííîì ðàñïîçíà-
âàíèè îòêàçîâ è óñòðàíåíèè ïðè÷èí èõ ïîÿâëåíèÿ.
Ðàñïîçíàâàíèå îòêàçîâ íåîáõîäèìî è äëÿ òîãî, ÷òîáû
ïðåäóïðåäèòü àâàðèéíûå ñèòóàöèè, êîòîðûå ìîãóò ïîâëå÷ü
çà ñîáîé òÿæåëûå ïîñëåäñòâèÿ.

Íàèáîëåå äåéñòâåííûìè ìåòîäàìè îöåíêè ñîñòîÿíèÿ
îáúåêòîâ è ïðîãíîçèðîâàíèÿ åãî èçìåíåíèÿ âî âðåìåíè
ÿâëÿþòñÿ ìåòîäû òåõíè÷åñêîé äèàãíîñòèêè, êîòîðàÿ ðåøà-
åò çàäà÷è ðàñïîçíàâàíèÿ ñîñòîÿíèé ñèñòåìû, îïðåäåëåíèÿ
ïðè÷èí íàðóøåíèÿ ðàáîòîñïîñîáíîñòè, à òàêæå óñòàíîâ-
ëåíèÿ âèäà è ìåñòà äåôåêòà.

Â íàñòîÿùåå âðåìÿ ðàçðàáîòàí áîëüøîé àðñåíàë ìåòîäîâ
òåõíè÷åñêîé äèàãíîñòèêè, âêëþ÷àþùèé ñòàòèñòè÷åñêèå,
âåðîÿòíîñòíûå, ëîãè÷åñêèå [1], íå÷åòêèå è íåéðîñåòåâûå
ìåòîäû [2].

Ñòàòèñòè÷åñêèå, âåðîÿòíîñòíûå è ëîãè÷åñêèå ìåòîäû
õàðàêòåðèçóþòñÿ îòíîñèòåëüíîé ïðîñòîòîé ðåàëèçàöèè, îä-
íàêî òðåáóþò äîñòàòî÷íî áîëüøîãî îáúåìà ýêñïåðèìåíòàëü-
íûõ äàííûõ è íå ïîçâîëÿþò ïîëó÷àòü âûñîêîòî÷íûå ìîäå-
ëè ìíîãîìåðíûõ îáúåêòîâ è ïðîöåññîâ.

Â ñâîþ î÷åðåäü íåéðîñåòåâûå ìåòîäû è ìåòîäû íå÷åòêîé
ëîãèêè ïîçâîëÿþò ñòðîèòü áîëåå òî÷íûå ìîäåëè â óñëîâèÿõ
îãðàíè÷åííîãî íàáîðà îáó÷àþùèõ äàííûõ, íî ïðè ýòîì
õàðàêòåðèçóþòñÿ îòíîñèòåëüíîé ñëîæíîñòüþ ïðàêòè÷åñêîé
ðåàëèçàöèè è âûñîêèìè òðåáîâàíèÿìè ê ðåñóðñàì ÝÂÌ.

Ïîýòîìó äîñòàòî÷íî àêòóàëüíîé ÿâëÿåòñÿ ðàçðàáîòêà
ìåòîäîâ, îáëàäàþùèõ îòíîñèòåëüíîé ïðîñòîòîé ðåàëèçà-
öèè, õàðàêòåðèçóþùèõñÿ îòíîñèòåëüíî íåâûñîêèìè òðåáî-
âàíèÿìè ê ðåñóðñàì ÝÂÌ è ïðè ýòîì ïîçâîëÿþùèõ
ñòðîèòü äîñòàòî÷íî òî÷íûå ìîäåëè ìíîãîìåðíûõ íåëèíåé-
íûõ îáúåêòîâ è ïðîöåññîâ. Ïîäìíîæåñòâîì òàêèõ ìåòîäîâ
ÿâëÿþòñÿ ýâðèñòè÷åñêèå ìåòîäû - ìåòîäû íå èìåþùèå
ñòðîãîãî òåîðåòè÷åñêîãî îáîñíîâàíèÿ, îñíîâàííûå íà îïûòå
è èíòóèöèè ðàçðàáîò÷èêà.

Â íàñòîÿùåé ðàáîòå äëÿ ðåøåíèÿ çàäà÷è äèàãíîñòèêè
ïðåäëàãàåòñÿ èñïîëüçîâàòü ýâðèñòè÷åñêèé àëãîðèòì, ïîçâî-
ëÿþùèé íå òîëüêî îñóùåñòâëÿòü êëàññèôèêàöèþ îáúåêòîâ,
íî è îöåíèâàòü çíà÷èìîñòü ïðèçíàêîâ, õàðàêòåðèçóþùèõ
äàííûå îáúåêòû.

1. ÀËÃÎÐÈÒÌ ÎÖÅÍÊÈ ÇÍÀ×ÈÌÎÑÒÈ 
ÏÐÈÇÍÀÊÎÂ È ÐÀÑ×ÅÒÀ ÏÀÐÀÌÅÒÐÎÂ 
ÐÅØÀÞÙÅÃÎ ÏÐÀÂÈËÀ

Ïðèçíàêè, õàðàêòåðèçóþùèå ìîäåëèðóåìûé îáúåêò (ïðî-
öåññ), áóäåì óñëîâíî äåëèòü íà çíà÷èìûå è íåçíà÷èìûå. Ê
çíà÷èìûì áóäåì îòíîñèòü òå ïðèçíàêè, êîòîðûå òåñíî
ñâÿçàíû ñ âûõîäíûì ïàðàìåòðîì è ïðåíåáðåæåíèå êîòîðû-
ìè ìîæåò ñóùåñòâåííî óõóäøèòü ìîäåëü, ê íåçíà÷èìûì -
òå ïðèçíàêè, êîòîðûå ñëàáî ñâÿçàíû (èëè âîîáùå íå
ñâÿçàíû) ñ âûõîäíûì ïàðàìåòðîì è ïðåíåáðåæåíèå êîòî-
ðûìè íå óõóäøàåò ìîäåëü, ëèáî óõóäøàåò, íî íå íà ìíîãî.

Òðàäèöèîííî äëÿ îöåíêè ñòåïåíè ñâÿçè ïàðàìåòðîâ èñ-
ïîëüçóþò ðàçëè÷íûå êðèòåðèè, íàèáîëåå èçâåñòíûì ïðåä-
ñòàâèòåëåì êîòîðûõ ÿâëÿåòñÿ êîýôôèöèåíò êîððåëÿöèè.
Îäíàêî êîýôôèöèåíò êîððåëÿöèè â îñíîâíîì ïðèìåíèì
ëèøü äëÿ îöåíêè âçàèìîñâÿçè âåùåñòâåííûõ ïàðàìåòðîâ, â
òî âðåìÿ êàê âî ìíîãèõ çàäà÷àõ äèàãíîñòèêè íåîáõîäèìî
ïîëó÷àòü îöåíêó âçàèìîñâÿçè âåùåñòâåííîãî (ïðèçíàê) è
äèñêðåòíîãî (íîìåð êëàññà) ïàðàìåòðîâ. Ñ äðóãîé ñòîðî-
íû, ïðè ïîñòðîåíèè äèàãíîñòè÷åñêèõ ìîäåëåé æåëàòåëüíî
çàðàíåå çíàòü, ñêîëüêî ïîòðåáóåòñÿ ðàçäåëÿþùèõ ïëîñêî-
ñòåé äëÿ îñóùåñòâëåíèÿ êëàññèôèêàöèè, ÷òî íåëüçÿ îöå-
íèòü, èñõîäÿ èç êîýôôèöèåíòà êîððåëÿöèè.

Îáúåäèíÿÿ âûøåèçëîæåííûå ñîîáðàæåíèÿ, â êà÷åñòâå
ìåðû ñâÿçè ïðèçíàêà è âûõîäíîãî ïàðàìåòðà (ìåðû âëèÿ-
íèÿ ïðèçíàêà íà âûõîäíîé ïàðàìåòð) áóäåì èñïîëüçîâàòü
êîëè÷åñòâî èíòåðâàëîâ, íà êîòîðûå ðàçáèâàåòñÿ äèàïàçîí
çíà÷åíèé ïðèçíàêà, òàêèõ, ÷òî ýêçåìïëÿðû, ñî çíà÷åíèåì
ïðèçíàêà, ïîïàâøèì â îäèí èíòåðâàë, îòíîñÿòñÿ ê îäíîìó
è òîìó æå êëàññó, à ýêçåìïëÿðû ñìåæíûõ èíòåðâàëîâ
îòíîñÿòñÿ ê ðàçíûì êëàññàì. Î÷åâèäíî, ÷òî òàêàÿ ìåðà
ïîçâîëèò íå òîëüêî îöåíèòü çíà÷èìîñòü ïðèçíàêà (÷åì
ìåíüøå êîëè÷åñòâî èíòåðâàëîâ, òåì áîëüøå çíà÷èìîñòü è
íàîáîðîò), íî è îöåíèòü íåîáõîäèìîå êîëè÷åñòâî ðàçäåëÿ-
þùèõ ïðÿìûõ äëÿ êëàññèôèêàöèè ïî äàííîìó ïðèçíàêó.
Îäíîâðåìåííî ñ îöåíêîé çíà÷èìîñòè ïðèçíàêîâ ïðåäñòàâ-
ëÿåòñÿ âîçìîæíûì äëÿ êàæäîãî èíòåðâàëà íàéòè ãðàíè÷-
íûå çíà÷åíèÿ ïðèçíàêà äëÿ ýêçåìïëÿðîâ îáó÷àþùåé
âûáîðêè, êîòîðûå ìîæíî áóäåò èñïîëüçîâàòü ïðè êëàñ-
ñèôèêàöèè.

Îáîáùàÿ âûøåèçëîæåííîå, ñôîðìóëèðóåì àëãîðèòì
îöåíêè çíà÷èìîñòè ïðèçíàêîâ è ðàñ÷åòà ïàðàìåòðîâ
ðåøàþùåãî ïðàâèëà

Øàã 1. Èíèöèàëèçàöèÿ. Çàäàòü îáó÷àþùóþ âûáîðêó ýê-

çåìïëÿðîâ, ïðåäñòàâëåííóþ â âèäå ìàññèâà äàííûõ p, â

êîòîðîì ïðèçíàêè ëèíåàðèçîâàíû ïî ñòðîêàì, à ýêçåìï-

ëÿðû - ïî ñòîëáöàì, à òàêæå ñîîòâåòñòâóþùèé ìàññèâ t,
ñîäåðæàùèé íîìåðà êëàññîâ, ñîïîñòàâëåííûå ýêçåìïëÿðàì

îáó÷àþùåé âûáîðêè (0 èëè 1). Ñîçäàòü ìàññèâ nx, ðàâíûé

ïî ðàçìåðó êîëè÷åñòâó ïðèçíàêîâ N, ýëåìåíòû êîòîðîãî

áóäóò ñîäåðæàòü ÷èñëî èíòåðâàëîâ äëÿ êàæäîãî ïðèçíàêà.

Óñòàíîâèòü nx(i) = 0, i = 1,...,N, ãäå i - íîìåð òåêóùåãî

ïðèçíàêà. Çàíåñòè êîëè÷åñòâî ýêçåìïëÿðîâ îáó÷àþùåé

âûáîðêè â ïåðåìåííóþ S. Óñòàíîâèòü íîìåð òåêóùåãî

ïðèçíàêà i=1.

Øàã 2. Åñëè , òîãäà ïåðåéòè íà øàã 3, â ïðîòèâíîì

ñëó÷àå - ïåðåéòè íà øàã 12.

Øàã 3. Çàíåñòè â áóôåð ïðèçíàêà x âåêòîð çíà÷åíèé i-ãî

ïðèçíàêà èç îáó÷àþùåé âûáîðêè: , j=1,...,S;

çàíåñòè â áóôåð êëàññà y êîïèþ ìàññèâà t: ,

j=1,...,S.

Øàã 4. Îòñîðòèðîâàòü ìàññèâû x è y â ïîðÿäêå âîçðàñ-

òàíèÿ ìàññèâà x (øàãè 4.1-4.7 ðåàëèçóþò ïðîñòåéøèé àëãî-

ðèòì ïóçûðüêîâîé ñîðòèðîâêè, êîòîðûé ìîæíî çàìåíèòü
íà ïðàêòèêå áîëåå áûñòðîäåéñòâóþùèì àëãîðèòìîì).

i N≤

x j( ) p i j,( )=

y j( ) t j( )=
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Øàã 4.1 Óñòàíîâèòü íîìåð òåêóùåãî ýêçåìïëÿðà îáó÷à-

þùåé âûáîðêè j=1.

Øàã 4.2 Åñëè , òîãäà ïåðåéòè íà øàã 4.3, â

ïðîòèâíîì ñëó÷àå - ïåðåéòè íà øàã 5.
Øàã 4.3 Óñòàíîâèòü íîìåð òåêóùåãî ýêçåìïëÿðà:

.

Øàã 4.4 Åñëè , òîãäà ïåðåéòè íà øàã 4.5, â

ïðîòèâíîì ñëó÷àå - ïåðåéòè íà øàã 4.7.

Øàã 4.5 Åñëè x(j)>x(k), òîãäà óñòàíîâèòü: ,

x(j) = x(k), x(k) = tmpx, tmpy = y(j), , y(k) =

=tmpy, ãäå tmpx è tmpy - áóôåðíûå ïåðåìåííûå.

Øàã 4.6 Óñòàíîâèòü: k=k+1. Ïåðåéòè íà øàã 4.4.

Øàã 4.7 Óñòàíîâèòü: j=j+1. Ïåðåéòè íà øàã 4.2.

Øàã 5. Óñòàíîâèòü: s = 1, k = 1.

Øàã 6. Åñëè , òîãäà óñòàíîâèòü tempa=x(s), ãäå

tempa - áóôåð äëÿ õðàíåíèÿ ëåâîé ãðàíèöû k-ãî èíòåðâàëà

i-ãî ïðèçíàêà, è ïåðåéòè íà øàã 7, â ïðîòèâíîì ñëó÷àå -

ïåðåéòè íà øàã 11.

Øàã 7. Ïîêà (s<S) è (y(s) = y(s+1)) âûïîëíÿòü: s=s+1.

Øàã 8. Åñëè (s = S) è (y(s) = y(s-1), òîãäà óñòàíîâèòü:

, , , k =

= k+1, s = s+1, ïåðåéòè íà øàã 10. Çäåñü Kx(i,k) - íîìåð

êëàññà ñîïîñòàâëåííûé ýêçåìïëÿðàì îáó÷àþùåé âûáîðêè,

çíà÷åíèå i-ãî ïðèçíàêà êîòîðûõ ïîïàäàåò âíóòü k-ãî

èíòåðâàëà; Ax(i,k) è Bx(i,k) - ëåâàÿ è ïðàâàÿ ãðàíèöû k-ãî

èíòåðâàëà i-ãî ïðèçíàêà, ñîîòâåñòâåííî.

Øàã 9. Åñëè (s < S) è (y(s) y(s+1)), òîãäà óñ-

òàíîâèòü: Kx(i,k) = y(s), Ax(i,k) = tempa, Bx(i,k) = x(s),

k = k+1, s = s+1, nx(i) = nx(i)+1, â ïðîòèâíîì ñëó÷àå -

óñòàíîâèòü: Kx(i,k) = y(s), Ax(i,k) = x(s), Bx(i,k) = x(s),

k = k+1, s = s+1.

Øàã 10 Ïåðåéòè íà øàã 6.

Øàã 11 Óñòàíîâèòü: i=i+1, ïåðåéòè íà øàã 2.

Øàã 12 Îñòàíîâ.
Â ðåçóëüòàòå âûïîëíåíèÿ øàãîâ 1-12 äëÿ îáó÷àþùåé

ïàðû {p,t} ìû ïîëó÷èì ìàññèâ nx, ñîäåðæàùèé äëÿ êàæ-

äîãî ïðèçíàêà êîëè÷åñòâî èíòåðâàëîâ íà êîòîðûå îí ðàç-
áèâàåòñÿ (äëÿ îöåíêè èíôîðìàòèâíîñòè ïðèçíàêîâ íåîáõî-

äèìî ïðèíÿòü NNx(i) = min(nx)/nx(i), i=1,...,N), à òàêæå

ìàññèâû Ax, Bx è Kx, ñîäåðæàùèå èíôîðìàöèþ î ãðàíèöàõ

èíòåðâàëîâ è íîìåðàõ êëàññîâ, ñîïîñòàâëåííûõ èì äëÿ
âñåõ ïðèçíàêîâ. Íà îñíîâå ýòèõ ìàññèâîâ áóäåì îñóùå-
ñòâëÿòü êëàññèôèêàöèþ.

2. ÀËÃÎÐÈÒÌ ÊËÀÑÑÈÔÈÊÀÖÈÈ

Îäíîìåðíóþ êëàññèôèêàöèþ ïî i-ìó ïðèçíàêó áóäåì

îñóùåñòâëÿòü ñëåäóþùèì îáðàçîì. Íàéäåì èíòåðâàë, â
êîòîðûé ïîïàäàåò çíà÷åíèå ïðèçíàêà è îòíåñåì ýêçåìïëÿð
ïî äàííîìó ïðèçíàêó ê êëàññó, íîìåð êîòîðîãî ñîïîñòàâ-
ëåí èíòåðâàëó, â êîòîðûé ïîïàëî çíà÷åíèå ïðèçíàêà. Åñëè

çíà÷åíèå ïðèçíàêà íå ïîïàäàåò íè â îäèí èíòåðâàë èç

îïðåäåëåííûõ â ìàññèâàõ Ax è Bx, òîãäà îòíåñåì ýêçåìï-

ëÿð ïî äàííîìó ïðèçíàêó ê êëàññó, ñîïîñòàâëåííîìó ýê-
çåìïëÿðàì áëèæàéøåãî èíòåðâàëà.

Ïðîèçâåäÿ îäíîìåðíûå êëàññèôèêàöèè ýêçåìïëÿðà ïî
âñåì ïðèçíàêàì, îòîáðàçèì ðåçóëüòàòû êëàññèôèêàöèé ñ
èíòåðâàëà [0,1] íà èíòåðâàë [-1,1] è íàéäåì èõ ñóììó,

âçâåøåííóþ ñ ïîìîùüþ êîýôôèöèåíòîâ NNx(i). Î÷åâèäíî,

÷òî ðåçóëüòàòû îäíîìåðíîé êëàññèôèêàöèè äëÿ çíà÷èìûõ
ïðèçíàêîâ â ýòîì ñëó÷àå áóäóò âíîñèòü áîëüøèé âêëàä â
ñóììó, ÷åì ðåçóëüòàòû êëàññèôèêàöèè ïî ìàëîçíà÷èìûì
ïðèçíàêàì. Ðàññ÷èòàâ âçâåøåííóþ ñóììó, îòîáðàçèì åå íà
èíòåðâàë [0,1], ÷òî è áóäåò èòîãîâûì ðåçóëüòàòîì êëàñ-
ñèôèêàöèè ýêçåìïëÿðà ïî âñåì ïðèçíàêàì.

Äëÿ îöåíêè îòíîñèòåëüíîé íàäåæíîñòè êëàññèôèêàöèè
äëÿ íåñêîëüêèõ ýêçåìïëÿðîâ ðàçäåëèì ìîäóëü âçâåøåííîé
ñóììû ðåçóëüòàòîâ êëàññèôèêàöèè (áåç îòîáðàæåíèÿ íà
èíòåðâàë [0,1]) íà ìàêñèìàëüíîå ïî ìîäóëþ çíà÷åíèå
âçâåøåííîé ñóììû äëÿ äàííûõ ýêçåìïëÿðîâ.

Îáîáùàÿ âûøåñêàçàííîå, çàïèøåì àëãîðèòì êëàññè-
ôèêàöèè.

Øàã 1. Èíèöèàëèçàöèÿ. Çàäàòü ìàññèâû p, nx, Ax, Bx è

Kx.
Øàã 2. Íàéòè îöåíêè çíà÷èìîñòè äëÿ ïðèçíàêîâ:

NNx(i) = min(nx(i))/nx(i), i=1,...,N.

Øàã 3. Óñòàíîâèòü íîìåð òåêóùåãî ýêçåìïëÿðà j=1.

Øàã 4. Åñëè , òîãäà ïåðåéòè íà øàã 5, â ïðîòèâíîì

ñëó÷àå - ïåðåéòè íà øàã 15
Øàã 5. Óñòàíîâèòü çíà÷åíèå âçâåøåííîé ñóììû ðåçóëü-

òàòîâ îäíîìåðíûõ êëàññèôèêàöèé j-ãî ýêçåìïëÿðà rj = 0,

íîìåð òåêóùåãî ïðèçíàêà j-ãî ýêçåìïëÿðà: i=1.

Øàã 6. Åñëè , òîãäà ïåðåéòè íà øàã 7, â ïðîòèâíîì

ñëó÷àå - ïåðåéòè íà øàã 12

Øàã 7. Óñòàíîâèòü ðåçóëüòàò êëàññèôèêàöèè äëÿ j-ãî

ýêçåìïëÿðà ïî i-ìó ïðèçíàêó r(i)=0;

Øàã 8. Îïðåäåëèòü èíòåðâàë, ê êîòîðîìó îòíîñèòñÿ j-ûé

ýêçåìïëÿð ïî i-ìó ïðèçíàêó è íîìåð êëàññà, ñîïîñòàâ-

ëåííûé äàííîìó èíòåðâàëó.

Øàã 8.1. Åñëè p(i,j)<Ax(i,1), òîãäà r(i)=Kx(i,1), ïåðå-

éòè íà øàã 9, â ïðîòèâíîì ñëó÷àå - ïåðåéòè íà øàã 8.2.

Øàã 8.2. Åñëè p(i,j)>Bx(i,nx(i)+1), òîãäà óñòàíîâèòü

r(i) = Kx(i,nx(i)+1) è ïåðåéòè íà øàã 9, â ïðîòèâíîì ñëó-

÷àå - ïåðåéòè íà øàã 8.3.

Øàã 8.3. Óñòàíîâèòü: k=1.

Øàã 8.4. Åñëè k nx(i)+1, òîãäà ïåðåéòè íà øàã 8.5, â

ïðîòèâíîì ñëó÷àå - ïåðåéòè íà øàã 9.

Øàã 8.5. Åñëè (p(i,j) Ax(i,k)) è (p(i,j) Bx(i,k)),

òîãäà óñòàíîâèòü r(i)=Kx(i,k) è ïåðåéòè íà øàã 9, â

ïðîòèâíîì ñëó÷àå - ïåðåéòè íà øàã 8.6.

Øàã 8.6. Åñëè (k<nx(i)+1) è (p(i,j)>Bx(i,k)) è

(p(i,j)<Ax(i,k+1)), òîãäà ïåðåéòè íà øàã 8.7, â ïðîòèâíîì

ñëó÷àå - ïåðåéòè íà øàã 8.8.

Øàã 8.7. Åñëè (Ax(i,k+1)-p(i,j))<(p(i,j)-Ax(i,k+1)), òîã-

j S≤

k j 1+=

k S≤

tmpx x j( )=

y j( ) y k( )=

s S≤

Kx i k,( ) y s( )= Ax i k,( ) tempa= Bx i k,( ) x s( )=

≠

j S≤

i N≤

≤

≥ ≤
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äà óñòàíîâèòü r(i) = Kx(i,k+1), â ïðîòèâíîì ñëó÷àå - óñòà-

íîâèòü r(i) = Kx(i,k).

Øàã 8.8. Óñòàíîâèòü: k=k+1, ïåðåéòè íà øàã 8.4

Øàã 9. Åñëè r(i)>0, òîãäà óñòàíîâèòü r(i) = 1, â ïðîòèâ-

íîì ñëó÷àå óñòàíîâèòü r(i) = -1.

Øàã 10. Óñòàíîâèòü: rj = rj+(r(i).*NNx(i)).

Øàã 11. i=i+1, ïåðåéòè íà øàã 6.

Øàã 12. Óñòàíîâèòü pr(j)=rj, ãäå pr(j) - ìàññèâ, ñîäåð-

æàùèé îöåíêè îòíîñèòåëüíîé óâåðåííîñòè (íàäåæíîñòè)
êëàññèôèêàöèè.

Øàã 13. Åñëè rj>0, òîãäà óñòàíîâèòü t(j)=1, â ïðîòèâ-

íîì ñëó÷àå - óñòàíîâèòü t(j)=0. Çäåñü t - ìàññèâ ðåçóëü-

òàòîâ êëàññèôèêàöèè.

Øàã 14. Óñòàíîâèòü: j=j+1, ïåðåéòè íà øàã 4.

Øàã 15. Óñòàíîâèòü: pr = |pr|/max(|pr|).

3. ÍÅÉÐÎÑÅÒÅÂÀß ÈÍÒÅÐÏÐÅÒÀÖÈß 
ÀËÃÎÐÈÒÌÀ ÊËÀÑÑÈÔÈÊÀÖÈÈ

Ðàññìîòðåííûé àëãîðèòì êëàññèôèêàöèè ÿâëÿåòñÿ íå-
èòåðàòèâíûì è ìîæåò áûòü èñïîëüçîâàí äëÿ ïîñòðîåíèÿ è
íàñòðîéêè âåñîâ íåéðîííîé ñåòè ïðÿìîãî ðàñïðîñòðàíåíèÿ -
ìíîãîñëîéíîãî ïåðñåïòðîíà [2].

Äëÿ ýòîãî ôóíêöèè àêòèâàöèè äëÿ âñåõ íåéðîíîâ ñåòè

ñëåäóåò çàäàòü êàê 

Âåñîâîé êîýôôèöèåíò q-ãî âõîäà -ãî íåéðîíà -ãî

ñëîÿ óñòàíîâèòü â ñîîòâåòñòâèè ñ ôîðìóëîé:

k=1,..,nx(i); i=1,...,N.

Ñõåìà ïåðñåïòðîíà, âåñà êîòîðîãî íàñòðîåíû ïî ïðåäëî-
æåííîé ôîðìóëå ïðåäñòàâëåíà íà ðèñóíêå 1.

Òàêàÿ ñõåìà áóäåò îáåñïå÷èâàòü òîëüêî æåñòêóþ êëàñ-
ñèôèêàöèþ, ò.å. ýêçåìïëÿð ìîæåò áûòü êëàññèôèöèðîâàí
òîëüêî â òîì ñëó÷àå, åñëè çíà÷åíèÿ âñåõ åãî ïðèçíàêîâ
ïîïàäàþò â èíòåðâàëû, çíà÷åíèÿ êëàññîâ äëÿ êîòîðûõ
ñîïîñòàâëåíû àëãîðèòìîì ðà÷åòà ïàðàìåòðîâ ðåøàþùåãî
ïðàâèëà.

Äëÿ òîãî, ÷òîáû îñóùåñòâëÿòü áîëåå ãèáêóþ êëàññè-
ôèêàöèþ ïåðåä ñîçäàíèåì åå íåéðîñåòåâîé ðåàëèçàöèè äëÿ
êàæäîãî ïðèçíàêà ñëåäóåò íàéòè âñå òå èíòåðâàëû,
êîòîðûì íå ñîïîñòàâëåíû íîìåðà êëàññîâ, ðàçäåëèòü ýòè
èíòåðâàëû ïîïîëàì è èçìåíèòü çíà÷åíèÿ ïðàâîé ãðàíèöû
ïðåäûäóùåãî è ëåâîé ãðàíèöû ïîñëåäóþùåãî ñìåæíûõ
èíòåðâàëîâ, êîòîðûì ñîïîñòàâëåíû íîìåðà êëàññîâ, ÷òîáû
ïîãëîòèòü ýòîò èíòåðâàë. Íàïðèìåð, åñëè ïðàâàÿ ãðàíèöà

ïðåäûäóùåãî èíòåðâàëà ðàâíà b, à ëåâàÿ ãðàíèöà ïîñëåäó-

þùåãî èíòåðâàëà ðàâíà a, òîãäà óñòàíîâèòü: b=b+(a-b)/2,

a=a-(a-b)/2. Ïîñëå ÷åãî ïðîèçâåñòè ïîñòðîåíèå íåéðîñåòå-

âîé ðåàëèçàöèè.

4. ÝÊÑÏÅÐÈÌÅÍÒÛ È ÐÅÇÓËÜÒÀÒÛ

Äëÿ ïðåäëîæåííîãî àëãîðèòìà áûëè ðàçðàáîòàíû ïðî-
öåäóðû íà ÿçûêå ïðîãðàììíîãî ïàêåòà Matlab5.2 ôèðìû
MathWorks Inc. Äëÿ èññëåäîâàíèÿ ïðàêòè÷åñêîé ïðèìåíè-
ìîñòè ðàçðàáîòàííîãî ìåòîäà íà åãî îñíîâå ðåøàëèñü ðàç-
ëè÷íûå çàäà÷è òåõíè÷åñêîé è ìåäèöèíñêîé äèàãíîñòèêè,
ðàñïîçíàâàíèÿ îáðàçîâ è ïðîãíîçèðîâàíèÿ. Â ÷àñòíîñòè, ðå-
øàëèñü: çàäà÷à äèàãíîñòèêè èçäåëèé ýëåêòðîííîé òåõíèêè
ïî 15 ïðèçíàêàì [3-5], çàäà÷à êëàññèôèêàöèè ñåëüñêîõî-
çÿéñòâåííûõ ðàñòåíèé íà êóëüòóðíûå è ñîðíûå ïî ðåçóëü-
òàòàì äèñòàíöèîííîãî çîíäèðîâàíèÿ (55 ïðèçíàêîâ) [6-13],
çàäà÷à ïðîãíîçèðîâàíèÿ ñïîðòèâíîãî ïîòåíöèàëà ñïîðòñìå-
íîâ ïî ðåçóëüòàòàì áèîõèìè÷åñêîãî êîíòðîëÿ (18 ïðèçíà-
êîâ) [14,15], çàäà÷à äèàãíîñòèêè ãàçîòóðáèííûõ àâèàäâèãà-
òåëåé (â ðàçíûõ ýêñïåðèìåíòàõ îò 10000 äî 100 ïðèçíàêîâ)
[16-28], çàäà÷à ïðîãíîçèðîâàíèÿ êà÷åñòâà àóäèîõàðàêòåðè-
ñòèê ìàãíèòíûõ ãîëîâîê (5 ïðèçíàêîâ) [29,30].

Ðåçóëüòàòû ïðîâåäåííûõ ýêñïåðèìåíòîâ ïðåäñòàâëåíû â
òàáëèöå 1.

Êàê âèäíî èç òàáëèöû, ðàçðàáîòàííûé àëãîðèòì ïîçâî-
ëÿåò ñ äîñòàòî÷íî âûñîêîé òî÷íîñòüþ ñòðîèòü ìîäåëè ìíî-
ãîìåðíûõ îáúåêòîâ è ïðîöåññîâ. Äîñòàòî÷íî âûñîêèå ñðåä-
íèå ïîêàçàòåëè íàäåæíîñòè êëàññèôèêàöèè ïîêàçûâàþò,
÷òî êëàññèôèêàöèÿ èìååò íåñëó÷àéíûé õàðàêòåð.

Âûãîäíûì îòëè÷èåì ïðåäëîæåííîãî àëãîðèòìà ÿâëÿåòñÿ
òî, ÷òî îí ïîçâîëÿåò íå òîëüêî ïðîèçâîäèòü êëàññè-
ôèêàöèþ, íî è îöåíèâàòü åå îòíîñèòåëüíóþ íàäåæíîñòü.
Òàêæå ñëåäóåò îòìåòèòü, ÷òî âàæíîé îñîáåííîñòüþ äàííîãî
àëãîðèòìà ÿâëÿåòñÿ òî, ÷òî ïîñëå ïîñòðîåíèÿ ìîäåëè
ìîæíî íå òîëüêî îöåíèòü èíôîðìàòèâíîñòü ïðèçíàêîâ, íî
è èñêëþ÷èòü ìàëîçíà÷èìûå ïðèçíàêè è ïðè ýòîì ìîäåëü íå
íóæíî áóäåò ïåðåñòðàèâàòü.

ψ x( )
0 x 0;≤,
1 x, 0.>



=

ρ µ

wq
µ ρ,( )

NNx i( ) µ, 6 ρ, 1 q, 2i 1;–= = =

NNx i( ) µ,– 6 ρ, 1 q, 2i;= = =

0 µ, 6 ρ, 1 q, 0;= = =

0 µ, 5 ρ q,∀, 0;= =

1 µ, 5 ρ, 2i 1 q,– 1;= = =

1 µ,– 5 ρ, 2i q, 1;= = =

0 µ, 4 ρ q,∀, 0;= =

1 µ, 4 ρ q,∀, 0;>=

1 µ, 3 ρ q,∀, 1;= =

Kx i k,( ) µ, 3 ρ q,∀, 0;= =

1– µ, 2 ρ q,∀, 0;= =

1 µ, 2 ρ q,∀, 0;>=

1 µ, 1 ρ, 2i 1 q,– 1;= = =

1 µ,– 1 ρ, 2i q, 1;= = =

Ax i k,( )– µ, 1 ρ, 2i 1 q,– 0;= = =

Bx i k,( ) µ, 1 ρ, 2i q, 0.= = =












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Òàáëèöà 1 - Ðåçóëüòàòû ýêñïåðèìåíòîâ

Çàäà÷à ðàñïîçíàâàíèÿ
Âåðîÿòíîñòü îøèáêè 
ðàñïîçíàâàíèÿ äëÿ 

îáó÷àþùåé âûáîðêè

Óðîâåíü äîñòîâåðíîñòè êëàññèôèêàöèè 
äëÿ îáó÷àþùåé âûáîðêè

ìèíèìàëüíûé ìàêñèìàëüíûé ñðåäíèé

äèàãíîñòèêà èçäåëèé ýëåêòðîííîé òåõíèêè 0 0.52 1 0.82

êëàññèôèêàöèÿ ðàñòåíèé 0 0.9849 1 0.9995

ïðîãíîçèðîâàíèå ñïîðòèâíîãî ïîòåíöèàëà 0.035 0.075 1 0.553

äèàãíîñòèêà àâèàäâèãàòåëåé 0 1 1 1

ïðîãíîçèðîâàíèå êà÷åñòâà àóäèîõàðàêòåðèñòèê 
ìàãíèòíûõ ãîëîâîê

0.045 0.15 1 0.633
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ÄÅÒÀËÅÉ, ÏÎÊÓÏÍÛÕ ÊÎÌÏËÅÊÒÓÞÙÈÕ ÈÇÄÅËÈÉ È ÌÀÒÅÐÈÀËÎÂ

Þ.Ç.Æèòíèêîâ, À.À.Ôàòêèí, Ò.Â.Ðóëåâà

Â ðàáîòå ðàññìàòðèâàåòñÿ ïîäõîä àâòîìàòèçèðîâàííîé
èäåíòèôèêàöèè ñòàíäàðòíûõ äåòàëåé, ïîêóïíûõ êîìïëåêòó-
þùèõ èçäåëèé è ìàòåðèàëîâ íà îñíîâå ïàðàìåòðè÷åñêîãî îïè-
ñàíèÿ íîðìàòèâíîé äîêóìåíòàöèè, ðåãëàìåíòèðóþùåé èõ
óñëîâíîå îáîçíà÷åíèå.

The approach of the automated identification of standard
details, purchased products and materials is considered on the
basis of the parametrical description of the normative documen-
tation regulating their conditional designation.

Â óñëîâèÿõ ìåëêîñåðèéíîãî, ìíîãîíîìåíêëàòóðíîãî
ïðîèçâîäñòâà ñäåðæèâàþùèì ôàêòîðîì áûñòðîãî ïåðåõîäà
îò âûïóñêà îäíîãî èçäåëèÿ ê äðóãîìó ÿâëÿåòñÿ ïîäãîòîâêà
ïðîèçâîäñòâà, âðåìÿ êîòîðîé ìîæåò ïðåâîñõîäèòü âðåìÿ
âûïóñêà äàííîãî èçäåëèÿ.

Òàêèå õàðàêòåðíûå îñîáåííîñòè êàê:
- ìíîãîíîìåíêëàòóðíîñòü èçäåëèé;
- ðàçíîîáðàçèå ïðèìåíÿåìûõ êîíñòðóêöèîííûõ ìàòåðèàëîâ;
- íîâèçíà è ñëîæíîñòü èçãîòàâëèâàåìîé ïðîäóêöèè;
- ñæàòûå ñðîêè èçãîòîâëåíèÿ, à òàê æå âûñîêèå òðåáîâàíèÿ

ê êà÷åñòâó èçäåëèé â öåëîì è ê åãî îòäåëüíûì ýëåìåíòàì,
÷òî íàêëàäûâàåò ñïåöèôè÷íûå îãðàíè÷åíèÿ íà âíåäðåíèå
ñëåäóþùèõ ïðîãðåññèâíûõ ìåòîäîâ óïðàâëåíèÿ ïîäãîòîâ-
êîé ïðîèçâîäñòâà.

Ïðîãðåññèâíûå ìåòîäû óïðàâëåíèÿ ïîäãîòîâêîé ïðî-
èçâîäñòâà ïðåäñòàâëåíû â èíòåãðèðîâàííûõ ñèñòåìàõ
(ÈÑÓÏ), ðàçðàáîòàííûõ êàê çàïàäíûìè, òàê è îòå÷åñò-
âåííûìè ïðîèçâîäèòåëÿìè. Ñðåäè ýòèõ ñèñòåì èìåþòñÿ êàê
íàñòðîåííûå ïîä îïðåäåëåííûé òèï ïðîèçâîäñòâà, òàê è
óíèâåðñàëüíûå. È â òîì è â äðóãîì ñëó÷àå òðåáóåòñÿ
äîïîëíèòåëüíàÿ ïîäãîòîâêà ïðåäïðèÿòèÿ-ïîòðåáèòåëÿ â ÷à-
ñòè òåõíè÷åñêîãî îñíàùåíèÿ, ôîðìàëèçàöèè îñíîâíîé èñ-
õîäíîé èíôîðìàöèè, êâàëèôèêàöèè ïåðñîíàëà, ïñèõîëîãè-
÷åñêîé ïîäãîòîâêè, à òàêæå çàèíòåðåñîâàííîñòè ïåðâîãî
ðóêîâîäèòåëÿ.

Ïðîáëåìàòè÷íà, îñîáåííî â óñëîâèÿõ åäèíè÷íîãî ïðîèç-
âîäñòâà, çàäà÷à ïî ôîðìàëèçàöèè èñõîäíîé èíôîðìàöèè.
Ñïåöèôèêà ïðîèçâîäñòâà, êîòîðóþ íóæíî ñîõðàíèòü äëÿ
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ïåðñïåêòèâíîãî ïëàíèðîâàíèÿ, íàêëàäûâàåò ñâîé îïå÷àòîê
íà õàðàêòåð èñõîäíîé èíôîðìàöèè.

Ôîðìàëèçîâàòü èíôîðìàöèþ - çíà÷èò ïîäãîòîâèòü åå ê
çàâåäåíèþ â áàçó äàííûõ (ÁÄ) âíåäðÿåìîé ñèñòåìû. Èñ-
õîäíàÿ èíôîðìàöèÿ äîëæíà ñîîòâåòñòâîâàòü òðåáîâàíèÿì
âíåäðÿåìîé ñèñòåìû ïî ñîäåðæàíèþ, ôîðìèðîâàíèþ,
àêòóàëèçàöèè, õðàíåíèþ, à òàêæå ÿâëÿåòñÿ îñíîâíîé äëÿ
ðåøåíèÿ êîìïëåêñà çàäà÷, ïîâûøàþùèõ ýôôåêòèâíîñòü
óïðàâëåíèÿ ïðîèçâîäñòâîì.

Â ïðåäëîæåííûõ íà ðûíêå ïðîãðàììíûõ ïðîäóêòàõ ïî
óïðàâëåíèþ ïðîèçâîäñòâîì âêëþ÷åíû ïîäñèñòåìû êîí-
ñòðóêòîðñêîé è òåõíîëîãè÷åñêîé ïîäãîòîâêè êàê ñðåäñòâî
ââîäà èñõîäíûõ äàííûõ è îïåðàòèâíî-äèñïåò÷åðñêîãî êîí-
òðîëÿ êàê ñðåäñòâî èíòåðïðåòàöèè ïîëó÷åííûõ ðåçóëüòàòîâ
(ðèñ. 1).

Îäíàêî äëÿ âíåäðåíèÿ è ïîääåðæêè èñõîäíûõ ìàññèâîâ
ñèñòåìû, â ÷àñòíîñòè, ñîñòàâà èçäåëèÿ è áàçû ìàòåðèàëîâ
íåîáõîäèìî çàêîäèðîâàòü ñòàíäàðòíûå åäèíèöû ïðîèçâîä-
ñòâà (ñòàíäàðòíûå ÄÑÅ, ÏÊÈ, ìàòåðèàëû) äëÿ îïòèìè-
çàöèè õðàíåíèÿ è îáðàáîòêè èíôîðìàöèè.

Öèôðîâîé êîä, ïðèñâàèâàåìûé ÄÑÅ, ÏÊÈ, ìàòåðèàëó
ïîçâîëÿåò îäíîçíà÷íî èäåíòèôèöèðîâàòü îáúåêò, èñêëþ÷àÿ
äóáëèðîâàíèå è ñîäåðæèò èíôîðìàöèþ î ïàðàìåòðàõ
çàêîäèðîâàííîãî îáúåêòà (ãåîìåòðè÷åñêèõ õàðàêòåðèñòè-
êàõ, ìàðêå ìàòåðèàëà, ïîêðûòèè è ò.ä.).

Ïðîöåññó êîäèðîâàíèÿ â óñëîâèÿõ åäèíè÷íîãî ïðîèç-
âîäñòâà îòâîäèòñÿ îäíî èç âåäóùèõ ìåñò íà ýòàïå òåõ-
íè÷åñêîé ïîäãîòîâêè ïðîèçâîäñòâà. Ýòî ñâÿçàíî ñ òðóäîåì-

êîñòüþ äàííîãî ïðîöåññà, îáóñëîâëåííîé â ïåðâóþ î÷å-
ðåäü, ìíîãîíîìåíêëàòóðíîñòüþ çàêàçîâ. Âî-âòîðûõ, ïðåä-
ñòàâëåíèå èíôîðìàöèè î ñîñòàâå èçäåëèÿ íà áóìàæíûõ
íîñèòåëÿõ íå ôîðìàëèçîâàíî è òðåáóåò óòî÷íåíèÿ, ÷òî â
êîíå÷íîì èòîãå ñîïðÿæåíî ñ èñïîëüçîâàíèåì íîðìàòèâíîé
äîêóìåíòàöèè (ÍÄ). Ïîëîæåíèå óñóãóáëÿåòñÿ òàêîé ñïå-
öèôè÷íîé îñîáåííîñòüþ åäèíè÷íîãî ïðîèçâîäñòâà - êàê
íåïîâòîðÿåìîñòü çàêàçà, òî åñòü ðàáîòû ïî ôîðìàëèçàöèè
äàííûõ ïðîâîäÿòñÿ ïåðèîäè÷åñêè äëÿ êàæäîãî çàêàçà ñ
ìàêñèìàëüíûì ïðèâëå÷åíèåì òðóäîâûõ ëþäñêèõ, èíôîð-
ìàöèîííûõ ðåñóðñîâ. Ê òîìó æå ðàáîòû ïî ôîðìàëèçàöèè
äàííûõ íåîáõîäèìî âûïîëíÿòü â ñæàòûå ñðîêè, äèêòóåìûå
äîãîâîðîì íà ïîñòàâêó çàêàçà, ÷òî ÿâëÿåòñÿ åùå îäíîé
óíèêàëüíîé îñîáåííîñòüþ èíäèâèäóàëüíîãî ïðîèçâîäñòâà.
Ðåøèòü ïðîáëåìó ôîðìàëèçàöèè äàííûõ ïðè òàêèõ îãðà-
íè÷åíèÿõ ìîæíî òîëüêî çà ñ÷åò îïòèìèçàöèè ðàáîò íà
äàííîì ýòàïå.

Àíàëèç ïðîöåññà êîäèðîâàíèÿ ñòàíäàðòíûõ åäèíèö ïðî-
èçâîäñòâà ïîêàçàë, ÷òî â îñíîâó íàèáîëåå ýôôåêòèâíîãî è
ïåðñïåêòèâíîãî ñðåäñòâà îïòèìèçàöèè íåîáõîäèìî çàëî-
æèòü ìîäåëèðîâàíèå ñèñòåìû. À òàê êàê îáúåêò êîäèðîâà-
íèÿ èëè îáîçíà÷åíèå ñòàíäàðòíûõ åäèíèö ïðîèçâîäñòâà
ðåãëàìåíòèðóåòñÿ íîðìàòèâíîé äîêóìåíòàöèåé (ÍÄ), òî
ïðåäìåòíóþ îáëàñòü ìîäåëè ñîñòàâëÿþò âñå íîðìàòèâíûå
äîêóìåíòû, äåéñòâóþùèå íà ïðåäïðèÿòèè è ðåãóëèðóþùèå
êà÷åñòâî ñîîòâåòñòâóþùåé ïðîäóêöèè íà âñåõ ýòàïàõ
æèçíåííîãî öèêëà.

Ðèñóíîê 1 - Ñõåìà âûïîëíåíèÿ ðàáîò íà ýòàïå ÒÏÏ
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Ìåòîäîëîãè÷åñêàÿ ïëàòôîðìà ìîäåëè çàêëþ÷àåòñÿ â
ïðåäñòàâëåíèè èíôîðìàöèè ÍÄ â âèäå íàáîðà ïàðàìåòðîâ,
ïðèñóòñòâóþùèõ â óñëîâíîì îáîçíà÷åíèè ñòàíäàðòíûõ
åäèíèö ïðîèçâîäñòâà, ñ çàêðåïëåíèåì çà êàæäûì ïàðà-
ìåòðîì ñâîåãî èíäèâèäóàëüíîãî ìåñòà â ýòîé ïîñëåäîâà-
òåëüíîñòè.

Ïðåäëàãàåòñÿ òàêóþ ïîñëåäîâàòåëüíîñòü îïðåäåëèòü êàê
ôîðìóëó îáîçíà÷åíèÿ è ïðåäñòàâèòü â âèäå:

,

ãäå j - ïîðÿäêîâûé íîìåð ÍÄ;  - ïîñëåäîâàòåëüíîñòü; -

ïàðàìåòð; i - ïîðÿäêîâûé íîìåð ïàðàìåòðà; z - øàã

íóìåðàöèè ïàðàìåòðîâ; n - êîëè÷åñòâî ïàðàìåòðîâ.

Òàêîé ôóíêöèîíàëüíîé çàâèñèìîñòüþ îïèñûâàåòñÿ êàæ-
äûé ðåãëàìåíòèðóåìûé îáúåêò ÍÄ. Ïîä îáúåêòîì ÍÄ
ïîíèìàåòñÿ òèï ñòàíäàðòíîé åäèíèöû, èìåþùåé ñòðóêòóðè-
ðîâàííîå óñëîâíîå îáîçíà÷åíèå. Íàïðèìåð, ÃÎÑÒ 24705 -
“Ðåçüáà ìåòðè÷åñêàÿ” ðåãëàìåíòèðóåò ãàéêè, âèíòû, áîëòû
è äðóãîé êðåïåæ. Òàêèì îáðàçîì, äàííàÿ ó÷åòíàÿ åäèíèöà
(ÃÎÑÒ 24705) â ñèñòåìå áóäåò îïèñàíà íåñêîëüêèìè
ôîðìóëàìè îáîçíà÷åíèÿ ñîîòâåòñòâåííî.

Êàæäûé ýëåìåíò ôîðìóëû îáîçíà÷åíèÿ (ïàðàìåòð) îá-
ëàäàåò íàáîðîì ñâîéñòâ: íàèìåíîâàíèåì, ïîðÿäêîâûì íî-
ìåðîì, äèàïàçîíîì äîïóñòèìûõ çíà÷åíèé, à òàê æå íîð-
ìàòèâíûìè ññûëêàìè, ñîîòâåòñòâóþùèìè ñòðóêòóðå ñòàí-
äàðòà. Ãðàôè÷åñêîå èçîáðàæåíèå ïàðàìåòðà ïðåäñòàâëåíî
íà ðèñóíêå 2.

Ãðàôè÷åñêè êàæäàÿ ãðàíü îïèñûâàåò ãðóïïó ñâîéñòâ.

 

Ðèñóíîê 2 - Ãðàôè÷åñêîå èçîáðàæåíèå ïàðàìåòðà

Âåðõíÿÿ ãðàíü - èìÿ ïàðàìåòðà (íîìåð, íàèìåíîâàíèå,
òèï). Ïåðåäíÿÿ ãðàíü - ãðóïïà çíà÷åíèé ïàðàìåòðà. Ïðàâàÿ
ãðàíü - àäðåñ ïàðàìåòðà (íîðìàòèâíûå ññûëêè). Ëåâàÿ
ãðàíü - ãðóïïà êîäîâ çíà÷åíèé ïàðàìåòðà.

Ñâÿçü ìåæäó ÍÄ, êàê îáúåêòàìè ìîäåëè, îñóùåñòâëÿ-
åòñÿ ïîñðåäñòâîì íîðìàòèâíûõ ññûëîê. Îðãàíèçàöèÿ
ññûëîê ñ ïàðàìåòðà îäíîãî ÍÄ íà ïàðàìåòð ýòîãî æå èëè
äðóãîãî ÍÄ ìîæíî ñ÷èòàòü ñàìûì ðàñïðîñòðàíåííûì
ñïîñîáîì îðãàíèçàöèè ññûëîê. Â ýòîì ñëó÷àå â êà÷åñòâå
çíà÷åíèé èññëåäóåìîãî ïàðàìåòðà èñïîëüçóþòñÿ çíà÷åíèÿ
ññûëî÷íîãî. Ìåíåå ðàñïðîñòðàíåí ñïîñîá îðãàíèçàöèè
ññûëêè ñ ïàðàìåòðà îäíîãî ÍÄ íà íåñêîëüêî ïàðàìåòðîâ
ðàçíûõ ÍÄ. Ïàðàìåòðû ññûëî÷íûõ ÃÎÑÒîâ ðàâíîöåííû,
è èñïîëüçîâàíèå êàêîãî-ëèáî èç íèõ äëÿ çàìåíû èññëåäóå-
ìîãî îïðåäåëÿåòñÿ îãðàíè÷åíèÿìè, íàêëàäûâàåìûìè íà
äîïóñòèìûå ñî÷åòàíèÿ çíà÷åíèé èññëåäóåìîãî ïàðàìåòðà è
äðóãèõ ïàðàìåòðîâ ôîðìóëû îáîçíà÷åíèÿ. Â îñòàëüíûõ
ñëó÷àÿõ çíà÷åíèå èññëåäóåìîãî ïàðàìåòðà ÿâëÿåòñÿ ñîñòàâ-
íûì èç çíà÷åíèé ññûëî÷íûõ ïàðàìåòðîâ.

Ïðèìåð îðãàíèçàöèè ññûëîê ïðåäñòàâëåí íà ðèñóíêå 3.

Ðèñóíîê 3 - Ãðàôè÷åñêîå èçîáðàæåíèå ññûëîê ÃÎÑÒà 7798-70
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Òàêèì îáðàçîì, â ýëåêòðîííîì àðõèâå ñèñòåìû ñòàíäàðò
áóäåò õðàíèòüñÿ â âèðòóàëüíîì âèäå, òî åñòü ïðåäñòàâëÿòü
ñîáîé ïîñëåäîâàòåëüíîñòü ïàðàìåòðîâ, ïðèñóòñòâóþùèõ â
óñëîâíîì îáîçíà÷åíèè ñòàíäàðòíîé åäèíèöû ïðîèçâîäñòâà,
ðåãëàìåíòèðîâàííîé äàííûì ñòàíäàðòîì. Íàáîð ïàðàìåòðîâ
ñòðîãî ñîîòâåòñòâóåò óñëîâíîìó îáîçíà÷åíèþ äàííîé ñòàí-
äàðòíîé åäèíèöû, íî çíà÷åíèÿ ïàðàìåòðîâ ìîãóò õðàíèòüñÿ
â ññûëî÷íûõ ÍÄ, åñëè òàêîâûå èìåþòñÿ.

Ðåçóëüòàòîì ïîñòðîåíèÿ ñèñòåìû ÿâëÿåòñÿ ðåøåíèå ïðî-
áëåìû ôîðìàëèçàöèè äàííûõ ïî ñòàíäàðòíûì åäèíèöàì
ïðîèçâîäñòâà, à èìåííî, àâòîìàòèçèðîâàííîå êîäèðîâàíèå.

Ðàñïîëàãàÿ èíôîðìàöèåé î ñòðóêòóðå (íàáîðå ïàðàìåò-
ðîâ) óñëîâíîãî îáîçíà÷åíèÿ ñòàíäàðòíîé åäèíèöû è î
ïîðÿäêå ñëåäîâàíèÿ ýòèõ ïàðàìåòðîâ â êîäå, ÏÝÂÌ çàïèñü
ðàñïîçíàåòñÿ è óïîðÿäî÷èâàåòñÿ â ñîîòâåòñòâèè ñ ôîð-
ìóëîé êîäèðîâàíèÿ.

,

ãäå  - ïîñëåäîâàòåëüíîñòü ïàðàìåòðîâ; X - äåñÿòè÷íûé

öèôðîâîé ðàçðÿä êîäîâîãî îáîçíà÷åíèÿ; N - ÷èñëî ðàçðÿ-

äîâ êîäîâîãî îáîçíà÷åíèÿ (äëèíà êîäà); i -ïîðÿäêîâûé íî-

ìåð ïàðàìåòðà â ; z - øàã íóìåðàöèè ïàðàìåòðîâ; n -

êîëè÷åñòâî ïàðàìåòðîâ â ; 

 - îäíîçíà÷íûå êîäû çíà÷åíèé ïàðà-

ìåòðîâ â .

Ïîëíûé öèôðîâîé êîä îáîçíà÷åíèÿ ñòàíäàðòíîé
åäèíèöû ïðîèçâîäñòâà àâòîìàòè÷åñêè ñîñòàâëÿåòñÿ èç
îäíîçíà÷íûõ êîäîâ çíà÷åíèé ïàðàìåòðîâ â ñîîòâåòñòâèè ñ

óñòàíîâëåííûì ïîðÿäêîì â .

Ïàðàëëåëüíî ñ ïðîöåññîì êîäèðîâàíèÿ ÏÝÂÌ îñó-
ùåñòâëÿåòñÿ êîíòðîëü íàä êîððåêòíîñòüþ íàïèñàíèÿ
îáîçíà÷åíèÿ.

Àâòîìàòèçàöèÿ ïðîöåññà êîäèðîâàíèÿ îáåñïå÷èò îäíî-
çíà÷íóþ èäåíòèôèêàöèþ ñòàíäàðòíûõ åäèíèö ïðîèçâîä-
ñòâà, â òîì ÷èñëå ñòàíäàðòíûõ äåòàëåé è, â êîíå÷íîì èòîãå,
ïîçâîëèò ýôôåêòèâíî ðåøàòü çàäà÷ó óíèôèêàöèè, òî åñòü
îáúåäèíåíèÿ îäíîòèïíûõ äåòàëåé â ïàðòèè.

Óíèôèêàöèÿ ñòàíäàðòíûõ äåòàëåé â óñëîâèÿõ èíäèâè-
äóàëüíîãî ïðîèçâîäñòâà ïîçâîëèò îïòèìèçèðîâàòü âûïîë-
íåíèå ðàáîò íà ìíîãèõ ýòàïàõ æèçíåííîãî öèêëà èçäåëèÿ,
â òîì ÷èñëå íà ýòàïàõ ïðîåêòèðîâàíèÿ êîíñòðóêòîðñêîé è
òåõíîëîãè÷åñêîé äîêóìåíòàöèè, ðàñ÷åòà çàãîòîâîê, íîðìè-
ðîâàíèÿ îïåðàöèé òåõïðîöåññà, ïðîåêòèðîâàíèÿ ñðåäñòâ
òåõíîëîãè÷åñêîãî îñíàùåíèÿ, à òàêæå ìåõàíè÷åñêîé
îáðàáîòêè.

Òàêèì îáðàçîì, ïðåäëàãàåìûé ïîäõîä ê îðãàíèçàöèè
ìàññèâà îáåñïå÷èò ýôôåêòèâíîå ðåøåíèå ôîðìàëèçàöèè
äàííûõ íà ýòàïå ÒÏÏ è ïîçâîëèò, â êîíå÷íîì èòîãå,
ñîêðàòèòü ñðîêè ñîçäàíèÿ è ñòîèìîñòü âûïóñêàåìîé
ïðîäóêöèè.
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Â ðàáîòå ðàññìàòðèâàåòñÿ ïîñòðîåíèå ñõåìû íå÷åòêîãî
àäàïòèâíîãî óïðàâëåíèÿ äëÿ íåëèíåéíîé äèíàìè÷åñêîé ñèñòå-
ìû. Àäàïòèâíûé íå÷åòêèé ðåãóëÿòîð ñòðîèòñÿ íà îñíîâå àíà-
ëèçà çíàíèé îá îáúåêòå óïðàâëåíèÿ ñ ïîìîùüþ ëþäåé-îïåðàòî-
ðîâ â âèäå If-Then ïðàâèë. Ïàðàìåòðû ôóíêöèè ïðèíàäëåæíî-
ñòè, õàðàêòåðèçóþùèå ëèíãâèñòè÷åñêèå ïåðåìåííûå äëÿ âõîä-
íûõ è âûõîäíûõ ñèãíàëîâ ðåãóëÿòîðà, îïðåäåëÿþòñÿ ïî óñëî-
âèþ îáåñïå÷åíèÿ óñòîé÷èâîñòè ñèñòåìû óïðàâëåíèÿ.

The robust fuzzy adaptive control scheme is developed for a
class of unknown nonlinear SIMO systems. An adaptive fuzzy
controller is synthesized from a collection of fuzzy If-Then rules.
The parameters of the membership functions characterizing the
linguistic terms in the If-Then rules change according to some
adaptive law for the purpose of controlling a plant to track a ref-
erence trajectory. These fuzzy If-Then rules are collected from
experienced operators.

Ñîâðåìåííûé ýòàï ðàçâèòèÿ èíäóñòðèàëüíîãî îáùåñòâà
õàðàêòåðèçóåòñÿ âíåäðåíèåì âî âñå îòðàñëè ïðîìûøëåííî-
ñòè è òåõíèêè ñðåäñòâ àâòîìàòèçàöèè, íà÷èíàÿ îò ïðîñòûõ

ëîêàëüíûõ óñòðîéñòâ äî ñëîæíûõ óïðàâëÿþùèõ êîìïëåê-
ñîâ. Îäíîé èç öåíòðàëüíûõ ïðîáëåì ïðè ñîçäàíèè òàêîãî
ðîäà ïðîèçâîäñòâ ÿâëÿþòñÿ ïðîåêòèðîâàíèå è ðåàëèçàöèÿ
íà ñîâðåìåííîé òåõíè÷åñêîé áàçå ýôôåêòèâíûõ ñèñòåì àâ-
òîìàòè÷åñêîãî óïðàâëåíèÿ, îáåñïå÷èâàþùèõ âûñîêîå êà÷å-
ñòâî ôóíêöèîíèðîâàíèÿ óïðàâëÿåìûõ îáúåêòîâ è òåõíîëî-
ãè÷åñêèõ ïðîöåññîâ. Íà ïåðâîì ýòàïå ïðîåêòèðîâàíèÿ óêà-
çàííûõ ñèñòåì îñíîâíîé çàäà÷åé ÿâëÿåòñÿ ñèíòåç ðåãóëÿ-
òîðîâ, êîòîðûå ãàðàíòèðóþò àñèìïòîòè÷åñêóþ óñòîé÷è-
âîñòü çàìêíóòûõ ñèñòåì è óäîâëåòâîðÿþò îïðåäåëåííîé
ñîâîêóïíîñòè èíæåíåðíûõ òðåáîâàíèé ê êà÷åñòâåííûì
ñâîéñòâàì ñèñòåì â ïåðåõîäíûõ ïðîöåññàõ è óñòàíîâèâøèõ-
ñÿ ðåæèìàõ. Îäíàêî ñèíòåç äåòåðìèíèðîâàííûõ ðåãóëÿòî-
ðîâ ïðè îòñóòñòâèè àäåêâàòíîãî ìàòåìàòè÷åñêîãî îïèñàíèÿ
îáúåêòà óïðàâëåíèÿ, ÷òî ÷àñòî èìååò ìåñòî íà ïðàêòèêå,
ïðåäñòàâëÿåò ñëîæíóþ çàäà÷ó. Â äàííîé ðàáîòå ïðåäëîæåí
ïîäõîä ïîñòðîåíèÿ óïðàâëåíèÿ íåëèíåéíûì äèíàìè÷åñêèì

Ôîê ϕ
i 1=

n
X N( )[ ] iz=

ϕ

Ôîá

Ôîá X N( )[ ] 10 X N( )[ ] 20, ,
X N( )[ ] 30 … X N( )[ ] i, ,
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ïðîöåññîì íà îñíîâå íå÷åòêîãî ðåãóëÿòîðà.
Ðàññìîòðèì êëàññ äèíàìè÷åñêèõ ñèñòåì, èìåþùèõ îïè-

ñàíèå â ôîðìå

(1)

ãäå  - âåêòîð

ñîñòîÿíèÿ;  - óïðàâëÿþùèé ñèãíàë;  - íåëèíåéíàÿ èëè

ëèíåéíàÿ ôóíêöèÿ. Öåëü ñèíòåçà ñîñòîèò â îïðåäåëåíèè

òàêîãî óïðàâëåíèÿ , êîòîðîå ñíà÷àëà ïåðåâîäèò
îáúåêò èç ïðîèçâîëüíîãî íà÷àëüíîãî ñîñòîÿíèÿ  â îêðå-

ñòíîñòü çàäàâàåìîãî ìíîãîîáðàçèÿ , à çàòåì îáå-

ñïå÷èâàåò äàëüíåéøåå åãî äâèæåíèå âäîëü  ê

íà÷àëó êîîðäèíàò ïðîñòðàíñòâà ñîñòîÿíèé . Ïðè

ýòîì îáåñïå÷èâàåòñÿ ìèíèìèçàöèÿ ôóíêöèîíàëà âèäà

, (2)

ãäå ,  - ïîñòîÿííûå êîýôôèöèåíòû;  - àãðåãèðî-

âàííàÿ ìàêðîïåðåìåííàÿ, ïðåäñòàâëÿþùàÿ ñîáîé íåêîòî-
ðóþ ïðîèçâîëüíóþ äèôôåðåíöèðóåìóþ èëè êóñî÷íî-íå-

ïðåðûâíóþ ôóíêöèþ è ;  - íåêîòîðàÿ

ôóíêöèÿ, óäîâëåòâîðÿþùàÿñÿ ñëåäóþùèì óñëîâèÿì:
à) îäíîçíà÷íîñòè, íåïðåðûâíîñòè è äèôôåðåíöèðóåìîñòè

ïðè âñåõ çíà÷åíèÿõ  ;

á)  ;

â)   ïðè ëþáûõ .

Ýòî óñëîâèå ìîæåò áûòü ðåàëèçîâàíî, åñëè óïðàâëÿþ-
ùèé ñèãíàë îïðåäåëèòü ñîãëàñíî âûðàæåíèþ [1]

, (3)

ãäå ; , ; .

Îäíàêî ïðè îòñóòñòâèè äîñòàòî÷íîé èíôîðìàöèè î

ôóíêöèÿõ  ðåàëèçîâàòü óïðàâëÿþùèé ñèãíàë â âèäå

(3) íåâîçìîæíî. Â ýòîì ñëó÷àå âîçìîæíûì âàðèàíòîì ðå-
øåíèÿ ìîæåò áûòü ïðèìåíåíèå íå÷åòêîãî ðåãóëÿòîðà.

Íå÷åòêèé ðåãóëÿòîð ñîñòîèò èç ôàçèôèêàòîðà, ìåõàíèç-
ìà íå÷åòêîãî âûâîäà è äåôàçèôèêàòîðà. Ïðàâèëà óïðàâëå-

íèÿ  çàïèñûâàþòñÿ â âèäå

(4)

ãäå  - âõîäíûå ïåðåìåííûå ðåãóëÿòîðà; u -

óïðàâëÿþùèé ñèãíàë (âûõîä ðåãóëÿòîðà); ,  - ëèí-

ãâèñòè÷åñêèå ïåðåìåííûå, õàðàêòåðèçèðóþùèåñÿ ôóíêöèÿ-

ìè ïðèíàäëåæíîñòè , ;  - êîëè÷åñò-

âî ïðàâèë. Ïðè èñïîëüçîâàíèè ìåòîäà öåíòðàëüíîé ïëî-

ùàäè äëÿ ðåøåíèÿ çàäà÷è äåôàçèôèêàöèè âûõîä  èìååò

âèä [2]

, (5)

ãäå  - ÷èñëåííîå çíà÷åíèå óïðàâëÿþùåãî ñèãíàëà, ïðè

êîòîðîì . Ïðè ðåøåíèè çàäà÷è ñèíòåçà îíè

ïîäëåæàò îïðåäåëåíèþ. Ââîäèì îáîçíà÷åíèå íå÷åòêîé

âåêòîðíîé ôóíêöèè , ãäå

 èìååò âèä

. (6)

Òîãäà âûðàæåíèå (5) ñ ó÷åòîì (6) ïðèìåò âèä

, (7)

ãäå .

Âûðàæåíèå (3) ñ ó÷åòîì âûáîðà  è

, ãäå  - ïîñòîÿííûå êîýôôèöèåíòû,

ïðèìåò âèä

. (8)

Ïåðåïèøåì (1) â âèäå:

(9)

Óïðàâëÿþùèé ñèãíàë  ìîæåò áûòü àïïðîêñèìèðîâàí âû-

ðàæåíèåì (7) ñ êîýôôèöèåíòàìè . Ñèñòåìà äèôôåðåí-

öèàëüíûõ óðàâíåíèé (9) ñ ó÷åòîì (7) è (8) ïîñëå íåêîòî-
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ðîãî ïðåîáðàçîâàíèÿ ïðèìåò âèä

(10)

ãäå . Ïîñòðîèì ôóíêöèþ Ëÿïóíîâà äëÿ ñèñòå-

ìû (10) â âèäå

, (11)

ãäå  - ïîëîæèòåëüíàÿ ïîñòîÿííàÿ. Ïîëíàÿ ïðîèçâîäíàÿ

ïî âðåìåíè îò ôóíêöèè Ëÿïóíîâà â âèäå (11) â ñèëó (10) 

 

Îòìåòèì, ÷òî . Òîãäà  ïðèìåò âèä

. (12)

Îäíèì èç âîçìîæíûõ âûáîðîâ  äëÿ îáåñïå÷åíèÿ

óñòîé÷èâîñòè çàìêíóòîé ñèñòåìû (ò.å. ) ÿâëÿåòñÿ

.

Â êà÷åñòâå ÷èñëåííîãî ïðèìåðà ïðîâîäèì ñèíòåç íå÷åò-
êîãî ðåãóëÿòîðà äëÿ íåëèíåéíîé äèíàìè÷åñêîé ñèñòåìû:

(13)

Ðåçóëüòàòû ìîäåëèðîâàíèÿ ñ âûáðàííûì ìíîãîîáðàçèåì

 äëÿ ÷åòûðåõ ðàçíûõ íà÷àëüíûõ óñëîâèé

, , , 

ïðåäñòàâëåíû íà ðèñóíêå 1. Êàê ïîêàçûâàþò èññëåäî-
âàíèÿ, âûáîð âåëè÷èíû  ñóùåñòâåííî âëèÿåò íà ôîðìó

ïåðåõîäíîãî ïðîöåññà. Íà ðèñóíêå 2 ïîêàçàíû êðèâûå

ïåðåõîäíîãî ïðîöåññà äëÿ , ,  ïðè

.

Â çàêëþ÷åíèè ìîæíî äåëàòü ñëåäóþùèå âûâîäû:
1. Ïðåäëîæåííûé ìåòîä ïîñòðîåíèÿ óïðàâëåíèÿ íåëè-

íåéíûì äèíàìè÷åñêèì ïðîöåññîì íà îñíîâå àäàïòèâíîãî
íå÷åòêîãî ðåãóëÿòîðà îáåñïå÷èâàåò àñèìïòîòè÷åñêóþ óñòîé-
÷èâîñòü çàìêíóòîé ñèñòåìû óïðàâëåíèÿ.

2. Èñïîëüçîâàíèå èäåè àïïðîêñèìèðîâàòü óïðàâëÿþùèé
ñèãíàë íå÷åòêîé ñèñòåìîé ñ ïîñëåäóþùåé àäàïòàöèåé ïî-
çâîëÿåò ðåøàòü çàäà÷ó ñèíòåçà ðåãóëÿòîðà ïðè íåäîñòàòî÷-
íîé èíôîðìàöèè î ìàòåìàòè÷åñêîì îïèñàíèè óïðàâëÿåìîãî
ïðîöåññà (îáúåêòà óïðàâëåíèÿ).

3. Êà÷åñòâî ïåðåõîäíîãî ïðîöåññà ìîæåò áûòü çàäàíî

âûáîðîì ìíîãîîáðàçèÿ  è êîýôôèöèåíòîâ , .

4. Ïîëó÷åííûé àäàïòèâíûé íå÷åòêèé ðåãóëÿòîð ïðîñò â
ðåàëèçàöèè, ÷òî ìîæåò ñóùåñòâåííî ïîâûñèòü áûñòðîäåé-
ñòâèå ñèñòåìû óïðàâëåíèÿ.
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Âûïîëíåí îáçîð ëèòåðàòóðû, êàñàþùåéñÿ âîïðîñîâ óïðàâ-
ëåíèÿ ñèíõðîííûì äâèãàòåëåì ñ ïîñòîÿííûìè ìàãíèòàìè.
Ðàññìîòðåíî 38 èñòî÷íèêîâ, êîòîðûå îòíîñÿòñÿ ê ïåðèîäó
1993-2000 ã., è îòðàæàþò ñîñòîÿíèå è îñíîâíûå òåíäåíöèè â
óêàçàííîé îáëàñòè.

Âèêîíàíî îãëÿä ë³òåðàòóðè, ùî òîðêàºòüñÿ ïèòàíü êåðó-
âàííÿ ñèíõðîííèìè äâèãóíàìè ç ïîñò³éíèìè ìàãí³òàìè. Ðîç-
ãëÿíóòî 38 äæåðåë, êîòð³ â³äíîñÿòüñÿ äî ïåð³îäó 1993-2000 ð.,
òà â³ääçåðêàëþþòü ñòàí òà îñíîâí³ òåíäåíö³¿ âêàçàíî¿

ãàëóç³.

The survey of the literature, concerned to the questions of per-
manent magnet synchronous motor control is carried out. There
were included 38 sources, since 1993 till 2000, which reflected
the state and main trends in this field.

Ñèíõðîííûé äâèãàòåëü ñ ïîñòîÿííûìè ìàãíèòàìè
(ÑÄÏÌ), áëàãîäàðÿ ñâîèì âûñîêèì ýêñïëóàòàöèîííûì õà-
ðàêòåðèñòèêàì, ÿâëÿåòñÿ íàèáîëåå ïåðñïåêòèâíîé ìàøèíîé
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â äèàïàçîíå ìàëûõ è ñðåäíèõ ìîùíîñòåé. ÑÄÏÌ ïðîñòîé
ïî êîíñòðóêöèè, íå èìååò ïîòåðü íà âîçáóæäåíèå è îáëà-
äàåò âûñîêîé ñòàáèëüíîñòüþ ñêîðîñòè ðîòîðà. Ýòè êà÷åñòâà
âûäåëÿþò åãî èç ðÿäà âñåõ îñòàëüíûõ ìàøèí è îáåñïå-
÷èâàþò åìó ïðèìåíåíèå â ñèñòåìàõ àâòîìàòèêè, ïðèâîäàõ
ïîäà÷è ñòàíêîâ, ïðåöèçèîííûõ ñèñòåìàõ ñëåæåíèÿ, à òàêæå
ñèñòåìàõ, ãäå ñòàáèëüíîñòü ñêîðîñòè ÿâëÿåòñÿ ïåðâîñòåïåí-
íûì òðåáîâàíèåì, ïðåäúÿâëÿåìûì ê òåõíîëîãè÷åñêîìó
ïðîöåññó.

Ïîñòîÿííîå óäåøåâëåíèå ìàãíèòíûõ ìàòåðèàëîâ, â ÷àñò-
íîñòè, âíåäðåíèå ñïëàâîâ ðåäêîçåìåëüíûõ ìåòàëëîâ, ñî-
âåðøåíñòâîâàíèå àïïàðàòíîé áàçû óïðàâëåíèÿ äåëàþò âîç-
ìîæíûì èñïîëüçîâàíèå ýòîãî òèïà äâèãàòåëåé â òåõ îáëà-
ñòÿõ, ãäå òðàäèöèîííî ïðèìåíÿëèñü äâèãàòåëè ïîñòîÿííîãî
òîêà (ÄÏÒ) èëè àñèíõðîííûå äâèãàòåëè (ÀÄ). Èñïîëüçî-
âàíèå ÑÄÏÌ êàê àëüòåðíàòèâû ÄÏÒ â ðåãóëèðóåìîì
ïðèâîäå ñòàëî âîçìîæíûì ñ ïîÿâëåíèåì ñîîòâåòñòâóþùåé
ïðåîáðàçîâàòåëüíîé è öèôðîâîé âû÷èñëèòåëüíîé òåõíèêè.
Ïðåæäå âñåãî, ýòî ñâÿçàíî ñ âíåäðåíèåì ïðåîáðàçîâàòåëåé
íà òðàíçèñòîðàõ ñ èçîëèðîâàííûì çàòâîðîì (Insulated
Gate Bipolar Transistor (IGBT)), èñïîëüçîâàíèåì ïðèíöè-
ïîâ øèðîòíî-èìïóëüñíîé ìîäóëÿöèè (ØÈÌ, Pulse Width
Modulation (PWM)), ïðåîáðàçîâàíèÿ ïåðåìåííîãî òîêà â
ïåðåìåííûé (ÀÑ-ÀÑ) [1-2, 23].

Íàïðàâëåíèå ðàçâèòèÿ ïðèíöèïîâ óïðàâëåíèÿ îáóñëàâ-
ëèâàåòñÿ ðàçâèòèåì àïïàðàòíîé áàçû ïðèâîäà: ïàðàìåò-
ðàìè ñàìîãî äâèãàòåëÿ è åãî êà÷åñòâàìè, íàëè÷èåì äàò-
÷èêîâ óãëà ïîâîðîòà è (èëè) ñêîðîñòè, òèïîì ïðåîáðàçîâà-
òåëÿ, âû÷èñëèòåëüíîé ìîùíîñòüþ êîíòðîëëåðà. Ðåàëèçà-
öèÿ óïðàâëåíèÿ ÑÄÏÌ ñ ó÷åòîì ýòèõ òðåáîâàíèé ïîçâî-
ëÿåò ñóäèòü îá ýôôåêòèâíîñòè èñïîëüçóåìûõ àëãîðèòìîâ.

Â ëèòåðàòóðå ÷àñòî âñòðå÷àåòñÿ ïîíÿòèå âåíòèëüíîãî
äâèãàòåëÿ (ÂÄ) èëè áåñêîëëåêòîðíîãî äâèãàòåëÿ ïîñòîÿí-
íîãî òîêà ñ âîçáóæäåíèåì îò ïîñòîÿííûõ ìàãíèòîâ (Brush-
less Direct Current Motor with Permanent Magnets). Ýòà
ìàøèíà ïî ñâîåé êîíñòðóêöèè íè÷åì íå îòëè÷àåòñÿ îò
êëàññè÷åñêîãî ÑÄÏÌ, èçìåíåí ëèøü ïðèíöèï ïèòàíèÿ.
ÑÄÏÌ ïèòàåòñÿ îò èñòî÷íèêà ïåðåìåííîãî òîêà èëè íàïðÿ-
æåíèÿ, êàê ïðàâèëî, ôîðìèðóåìîãî ïðè ïîìîùè ØÈÌ, à
ÂÄ - òðàïåöèèäàëüíûì íàïðÿæåíèåì, ïèòàþùèì ñîîòâåò-
ñòâóþùèå ôàçû äâèãàòåëÿ, è ïåðåêëþ÷àåìûì ïî ìåðå
ïîâîðîòà ðîòîðà.

Íà ïðîòÿæåíèè ïîñëåäíèõ 20 ëåò ïðåäñòàâëåíèå óðàâíå-
íèé ÑÄÏÌ â ðîòîðíîé ñèñòåìå êîîðäèíàò ñòàëî îñíîâíûì
ñïîñîáîì îïèñàíèÿ åãî ðàáîòû. Óðàâíåíèÿ ìàøèíû âî âðà-
ùàþùèõñÿ êîîðäèíàòàõ îáåñïå÷èâàþò áîëüøóþ íàãëÿä-
íîñòü ïðîòåêàþùèõ â îáìîòêàõ ñòàòîðà ïðîöåññàõ. Äåé-
ñòâèòåëüíûå òîêè è íàïðÿæåíèÿ ñòàòîðà â ïðèâåäåííîé
äâóõôàçíîé íåïîäâèæíîé ñèñòåìå êîîðäèíàò ñâÿçàíû ñ ðî-
òîðíûìè âåëè÷èíàìè îäíîçíà÷íûì ïðåîáðàçîâàíèåì. Ýòè
ïðåîáðàçîâàíèÿ îñíîâàíû íà ïðåäïîëîæåíèè î ñèììåòðè÷-
íîñòè ýëåêòðè÷åñêèõ è ìàãíèòíûõ öåïåé âñåõ îáìîòîê.
Êðîìå ðîòîðíîé ñèñòåìû êîîðäèíàò èíîãäà ïðèìåíÿåòñÿ
ñòàòîðíàÿ, ïðè ýòîì çíà÷åíèå èíäóêòèâíîñòè îáìîòîê ñòà-
òîðà ñâÿçàíî òðèãîíîìåòðè÷åñêèìè çàâèñèìîñòÿìè ñ óãëîì

ïîâîðîòà ðîòîðà, ÷òî íå òàê óäîáíî.
Äëÿ ðåàëèçàöèè óïðàâëåíèÿ ÑÄÏÌ ïî ñòàíäàðòíûì

ñõåìàì (ñ èñïîëüçîâàíèåì ÏÈ-ðåãóëÿòîðà) íåîáõîäèì
òàõîãåíåðàòîð è (èëè) äàò÷èê ïîëîæåíèÿ ðîòîðà. Âû÷èñ-
ëÿÿ ïðîèçâîäíóþ îò ïîëîæåíèÿ, ìîæíî îïðåäåëèòü ñêî-
ðîñòü. Ýòà âåëè÷èíà èñïîëüçóåòñÿ â óðàâíåíèÿõ äâèãàòåëÿ
âî âðàùàþùåéñÿ ñèñòåìå êîîðäèíàò, à òàêæå â óðàâíåíèÿõ
ïåðåõîäà èç ñòàòîðíîé ñèñòåìû â ðîòîðíóþ ñèñòåìó. Ïðè
ïèòàíèè âåíòèëüíîãî äâèãàòåëÿ óãîë ïîâîðîòà íåîáõîäèì
äëÿ îïðåäåëåíèÿ âðåìåíè êîììóòàöèè òðàíçèñòîðîâ èëè
òèðèñòîðîâ. Â ñîâðåìåííîé ëèòåðàòóðå â ðÿäå ðàáîò [3-6,
11, 12, 22, 28, 29] îò÷åòëèâî ïðîñìàòðèâàåòñÿ òåíäåíöèÿ ê
îòêàçó îò èñïîëüçîâàíèÿ äàò÷èêîâ ìåõàíè÷åñêèõ âåëè÷èí
(Sensorless Control) è âîññòàíîâëåíèÿ âåêòîðà ñîñòîÿíèÿ
ñèñòåìû ñ ïîìîùüþ ðàçëè÷íûõ îöåíèâàþùèõ ìîäåëåé. Ýòî
îáóñëîâëåíî òåì, ÷òî ýòè äàò÷èêè ñíèæàþò íàäåæíîñòü
âñåé ñèñòåìû, óâåëè÷èâàþò ñòîèìîñòü ïðèâîäà, óõóäøàþò
ìàññîãàáàðèòíûå ïîêàçàòåëè. Êðîìå ýòîãî, ïðè îïðåäåëå-
íèè ñêîðîñòè ïóòåì äèôôåðåíöèðîâàíèÿ óãëà ïîâîðîòà ïî-
ìåõè ìîãóò ñóùåñòâåííî ïîâëèÿòü íà ïðîöåññ óïðàâëåíèÿ.
Íåñìîòðÿ íà òî, ÷òî ñîâðåìåííûå êîììåð÷åñêè ðàñïðî-
ñòðàíÿåìûå ïðèâîäû âûïóñêàþòñÿ ñî âñòðîåííûìè äàò÷è-
êàìè ïîëîæåíèÿ ðîòîðà, ïåðñïåêòèâà óïðàâëåíèÿ áåç äàò-
÷èêîâ ìåõàíè÷åñêèõ âåëè÷èí îñòàåòñÿ î÷åíü çàìàí÷èâîé. Â
ðàáîòå [3] ïðåäëàãàåòñÿ èíòåðåñíûé àëãîðèòì â äèñêðåòíîé
ôîðìå, êîòîðûé ïðîèçâîäèò îöåíêó ïîëîæåíèÿ, ñêîðîñòè è
êîíñòàíòû ÝÄÑ äâèãàòåëÿ (ïîòîêà ïîñòîÿííîãî ìàãíèòà).
Êîíòðîëëåð âû÷èñëÿåò òîê, ïîëîæåíèå è ñêîðîñòü ìîäåëè,
à çàòåì èñïîëüçóåò ïîãðåøíîñòü äåéñòâèòåëüíîãî òîêà è òî-
êà ìîäåëè äëÿ îöåíêè äåéñòâèòåëüíîé ñêîðîñòè. Äëÿ ýòîãî
ïðîèçâîäèòñÿ ðÿä óïðîùåíèé â óðàâíåíèÿõ ìîäåëè: äëÿ
íåáîëüøèõ óãëîâ îøèáêè ñèíóñ áåðåòñÿ ðàâíûì ñâîåìó àð-
ãóìåíòó, à êîñèíóñ - åäèíèöå. Ýòî äàåò âîçìîæíîñòü ðàñ-
ñìàòðèâàòü óðàâíåíèÿ êîíòóðîâ êàê íåçàâèñèìûå è ïóòåì
ïîäñòàíîâêè â íèõ èçìåðÿåìûõ çíà÷åíèé òîêîâ èäåíòèôè-
öèðîâàòü ïàðàìåòðû ñèñòåìû. Ïî ñóòè, ñòðîèòüñÿ íàáëþ-
äàòåëü êîíñòàíòû ÝÄÑ.

Îöåíêà óãëà ïîâîðîòà ñ ïîìîùüþ ðàñøèðåííîãî ôèëü-
òðà Êàëìàíà (ÐÔÊ, Extended Kalman Filter (EKF)) ïðè-
ìåíÿåòñÿ â ðàáîòàõ [4, 5, 6, 20]. ÐÔÊ ïîçâîëÿåò ïîñðåä-
ñòâîì îïòèìàëüíîé ôèëüòðàöèè ñèãíàëîâ âûïîëíèòü îöåí-
êó ïàðàìåòðîâ ñòîõàñòè÷åñêîé ñèñòåìû è åå ïåðåìåííûõ.
Îäíàêî ðàñ÷åò àëãîðèòìà ôèëüòðà Êàëìàíà ñâÿçàí ñ
áîëüøèì îáúåìîì âû÷èñëåíèé, ÷òî âûçûâàåò îïðåäåëåííûå
òðóäíîñòè ñ ðåàëèçàöèåé åãî â ðåæèìå ðåàëüíîãî âðåìåíè.
Ïðè ðåàëèçàöèè ýòîãî àëãîðèòìà çà ñ÷åò áîëüøîãî âðåìåíè
ðàñ÷åòà ðàñòåò ôàçîâàÿ çàäåðæêà óïðàâëåíèÿ.

Àäàïòèâíûå ñèñòåìû ÿâëÿþòñÿ äðóãèì íàïðàâëåíèåì
ðàçâèòèÿ àëãîðèòìîâ óïðàâëåíèÿ, ïðè ýòîì ðåàëèçîâàíû
êàê àëãîðèòìû ñ äàò÷èêàìè, òàê è áåç íèõ [6,8-10, 34].
Îñíîâíûì ñïîñîáîì àäàïòàöèè ÿâëÿåòñÿ èñïîëüçîâàíèå
àäàïòèâíîé ñèñòåìû ñ íàñòðàèâàåìîé ìîäåëüþ (Model Ref-
erence Adaptive System (MRAS)). Ñïîñîá ðåàëèçóåòñÿ ïó-
òåì èçìåíåíèÿ ïàðàìåòðîâ ìîäåëè. Íåäîñòàòêîì ýòèõ ñèñ-
òåì òàêæå ÿâëÿåòñÿ áîëüøàÿ âû÷èñëèòåëüíàÿ íàãðóçêà íà
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êîíòðîëëåð.
Ïðèìåíåíèå íàáëþäàòåëåé ñîñòîÿíèÿ (State Observers)

[7, 11, 12] ÿâëÿåòñÿ åñòåñòâåííûì ñïîñîáîì âîññòàíîâëåíèÿ
çíà÷åíèÿ âåêòîðà ñîñòîÿíèÿ ñ èñïîëüçîâàíèåì ìàòðè÷íîãî
ïðåäñòàâëåíèÿ ñèñòåìû. Òàê, â [7] âûïîëíÿåòñÿ ðàçëîæå-
íèå âåêòîðà îáúåêòà íà íàáëþäàåìóþ è èçìåðÿåìóþ ÷àñòè,
è ñîîòâåòñòâóþùåå åìó ðàçëîæåíèå ìàòðèöû ñîñòîÿíèÿ
îáúåêòà ñ öåëüþ ïîñòðîåíèÿ íàáëþäàòåëÿ Î'Ðåéëè.

Â ðàáîòå [11] íàáëþäàòåëü èñïîëüçóåòñÿ äëÿ ïðåäñêà-
çàíèÿ çíà÷åíèÿ òîêîâ íà 1 öèêë âïåðåä, ÷òî ðåøàåò
ïðîáëåìó óñòðàíåíèÿ çàïàçäûâàíèÿ óïðàâëåíèÿ. Îäíàêî
ïðåäëàãàåìàÿ ñèñòåìà ïîñòðîåíà áåç ó÷åòà ìàãíèòíîãî íà-
ñûùåíèÿ, ïîòåðü â ìåäè è ñòàëè, àíèçîòðîïíîñòè ðîòîðà

äâèãàòåëÿ (èíäóêòèâíîñòè ïî îñÿì d è q ïðèíÿòû ðàâíû-

ìè), ÷òî ñíèæàåò îïòèìàëüíîñòü ïðåäëàãàåìîãî ìåòîäà.
Äðóãèì ñïîñîáîì óïðàâëåíèÿ ÿâëÿåòñÿ ïðèìåíåíèå

ñèñòåì ñî ñêîëüçÿùèìè ðåæèìàìè (Sliding Mode Systems)
[13-15]. Îñîáåííîñòü ýòèõ ñèñòåì, ïðèíàäëåæàùèõ ê ñèñòå-
ìàì ñ ïåðåìåííîé ñòðóêòóðîé, ñîñòîèò â òîì, ÷òî çíàê
óïðàâëåíèÿ ìåíÿåòñÿ ïðè ïåðåñå÷åíèè òàê íàçûâàåìîé ïî-
âåðõíîñòè ñêîëüæåíèÿ, ïðåäñòàâëÿþùåé ñîáîé ñïåöèàëü-
íûì îáðàçîì ñîñòàâëåííîå óðàâíåíèå, â êîòîðîå â êà÷åñòâå
ïåðåìåííûõ âõîäÿò ïåðåìåííûå ñîñòîÿíèÿ îáúåêòà.
Íåäîñòàòêàìè òàêîãî ìåòîäà ÿâëÿþòñÿ âîçìîæíàÿ ïîòåðÿ
óñòîé÷èâîñòè íà ó÷àñòêå äîñòèæåíèÿ ïîâåðõíîñòè
ïåðåêëþ÷åíèÿ; âûñîêî÷àñòîòíûå ïåðåêëþ÷åíèÿ, êîòîðûå
âåäóò ê áûñòðîìó èçíîñó ìåõàíè÷åñêèõ è ýëåêòðè÷åñêèõ
÷àñòåé ïðèâîäà; âûñîêèå òðåáîâàíèÿ ê ïðåîáðàçîâàòåëþ.

Ïðÿìîå óïðàâëåíèå ìîìåíòîì (Direct Torque Control
(DTC)) [16, 17, 18, 19, 21, 33] ìîæåò áûòü îñóùåñòâëåíî
ïðè ïèòàíèè ñèíõðîííîãî äâèãàòåëÿ îò èíâåðòîðà òîêà.
Òàêèå ñèñòåìû îáëàäàþò ðÿäîì ïðåèìóùåñòâ: äîñòèãàåòñÿ
ðîáàñòíîñòü ïî îòíîøåíèþ ê ðàçáðîñó ïàðàìåòðîâ, óïðî-
ùàåòñÿ àëãîðèòì óïðàâëåíèÿ çà ñ÷åò îòñóòñòâèÿ òîêîâîãî
êîíòóðà ðåãóëèðîâàíèÿ, îáåñïå÷èâàåòñÿ âûñîêîå áûñòðî-
äåéñòâèå ñèñòåìû. Îäíàêî ìåòîä íå èçáàâëåí îò ñåðüåçíîãî
íåäîñòàòêà: ïðè ìàëûõ óãëàõ íàãðóçêè âîçíèêàþò ïóëü-
ñàöèè ìîìåíòà è êîëåáàíèÿ ñêîðîñòè ðîòîðà.

Íåéðîííûå ñåòè (Neuron Network), èñïîëüçîâàííûå äëÿ
ïîñòðîåíèÿ àëãîðèòìà óïðàâëåíèÿ ÑÄÏÌ îò èíâåðòîðà
ïåðåìåííûé òîê - ïåðåìåííûé òîê (ÀÑ-ÀÑ) [23] ïðåäñòàâ-
ëÿþò ñîáîé ñàìîîáó÷àþùèåñÿ ñåòè, âêëþ÷àþùèå â ñåáÿ òðè
ñëîÿ íåéðîíîâ - âõîäíîé, ñêðûòûé è âûõîäíîé. Îáó÷åíèå
âëèÿåò íà çíà÷åíèå âåñîâûõ êîýôôèöèåíòîâ â ïåðåäàòî÷-
íûõ ôóíêöèÿõ íåéðîíîâ. Àëãîðèòìû ðàñ÷åòà íå îòíîñÿòñÿ
ê ïðîñòûì àëãîðèòìàì ïî âû÷èñëèòåëüíîé íàãðóçêå.

Êà÷åñòâåííî íîâûì ìåòîäîì óïðàâëåíèÿ ÑÄÏÌ ÿâëÿåò-
ñÿ èñïîëüçîâàíèå íàáëþäàòåëÿ íåîïðåäåëåííîñòåé (Uncer-
tainties Observer). Ýòî íàïðàâëåíèå â äàííîé îáëàñòè ïî-
ëó÷èëî ðàçâèòèå â ñàìîå ïîñëåäíåå âðåìÿ [24, 25, 26].
Ñóòü ñèñòåì, ïîñòðîåííûõ ïî òàêîìó ïðèíöèïó, ñîñòîèò â
ñâåäåíèè íåîïðåäåëåííîñòåé ïàðàìåòðîâ è âíåøíèõ âîç-
ìóùåíèé â åäèíûé âåêòîð íåîïðåäåëåííîñòåé, åãî îöåíêà è
êîìïåíñàöèÿ ñ ïîìîùüþ íàáëþäàòåëÿ, à òàêæå çàäàíèå
ñòåïåíè ðîáàñòíîñòè ïóòåì åãî íàñòðîéêè. Ïðèâëåêàòåëü-

íîñòü ìåòîäà ñîñòîèò â òîì, ÷òî â êà÷åñòâå íåîïðåäå-
ëåíîñòåé ìîãóò ðàññìàòðèâàòüñÿ íåëèíåéíîñòè ñèñòåìû,
îáóñëîâëåííûå íàñûùåíèåì ìàãíèòíîé öåïè, êîòîðûå ïðÿ-
ìî íå îòðàæåíû â óðàâíåíèÿõ ìàøèíû, íî îêàçûâàþò
âëèÿíèå íà äèíàìè÷åñêèå ïðîöåññû â ïðèâîäå. Êðîìå òîãî,
ïðåäëàãàåìûå àëãîðèòìû îòëè÷àþòñÿ îòíîñèòåëüíîé âû-
÷èñëèòåëüíîé ïðîñòîòîé.

Èíòåðåñíàÿ ìåòîäèêà ïðåäëàãàåòñÿ â [32]; ïðîöåññû â
äâèãàòåëå ðàçáèâàþòñÿ íà äâå ãðóïïû: áûñòðûå è ìåäëåí-
íûå. Ê ìåäëåííûì ïðîöåññàì îòíîñÿòñÿ ýëåêòðîìåõàíè÷å-
ñêèå, ê áûñòðûì - ýëåêòðîìàãíèòíûå. Ðàçäåëåíèå ñèñòåìû
íà äâå ïîäñèñòåìû è ðåøåíèå èõ ñ ïîìîùüþ èòåðàöèîííûõ
àëãîðèòìîâ ïîçâîëÿåò ïîñòðîèòü áåçäàò÷èêîâûé àëãîðèòì,
áîëåå âûãîäíûé ñ òî÷êè çðåíèÿ âû÷èñëèòåëüíîé íàãðóçêè,
÷åì àëãîðèòìû ñ ôèëüòðîì Êàëìàíà.

Êðîìå îïèñàííûõ ïîäõîäîâ, ïîñòðîåííûõ äëÿ êà÷å-
ñòâåííîé îòðàáîòêè ïðîãðàììíîãî çàäàíèÿ, ñóùåñòâóåò ðÿä
ìåòîäîâ, ïîñòðîåííûõ íà îñíîâå îïòèìèçàöèè ýíåðãîïî-
òðåáëåíèÿ ñ ó÷åòîì ïàðàìåòðîâ äâèãàòåëÿ.

Â áîëüøèíñòâå ðàáîò, àâòîðû ïðåñëåäóþò ñòðàòåãèþ

ïîääåðæàíèÿ òîêà  ñ öåëüþ èçáàâëåíèÿ îò "âðåäíî-

ãî" âîçìóùàþùåãî ñëàãàåìîãî â óðàâíåíèè ìîìåíòà äâèãà-
òåëÿ. Îäíàêî òàêîé ðåæèì ðàáîòû ïðèâîäà íå ÿâëÿåòñÿ
îïòèìàëüíûì ñ òî÷êè çðåíèÿ ïîòåðü â ìåäè, ò.ê. ðàçâè-
âàåìûé äâèãàòåëåì ìîìåíò ìîæíî äîñòè÷ü ïðè ìåíüøèõ
ðåàëüíûõ òîêàõ. Ïî ñóòè äåëà, ÑÄÏÌ ñ ðàäèàëüíûì ðàñ-

ïîëîæåíèåì ìàãíèòîâ  ÿâëÿåòñÿ êîìáèíàöèåé "÷èñ-

òîãî" ÑÄÏÌ è ñèíõðîííîãî ðåàêòèâíîãî äâèãàòåëÿ. ßñíî,
÷òî îïòèìóì ðàáîòû òàêîãî äâèãàòåëÿ íå ìîæåò áûòü

ðåàëèçîâàí ñòðàòåãèåé . Èññëåäîâàíèÿ ïîâåäåíèÿ

ÑÄÏÌ ïðè íåíóëåâûõ ðàçìàãíè÷èâàþùèõ òîêàõ  ïðîâå-

äåíî â ðàáîòàõ [35, 36, 37]. Ïîëó÷åííûå ðåçóëüòàòû ñâèäå-
òåëüñòâóþò î âîçìîæíîñòè çíà÷èòåëüíîãî ñíèæåíèÿ ýíåðãî-
ïîòðåáëåíèÿ ÑÄÏÌ (íà 30% â [36]).

Ïîäõîä, öåëüþ êîòîðîãî ÿâëÿåòñÿ âûÿâëåíèå íåèñïðàâ-
íîñòåé ÂÄÏÌ âî âðåìÿ ðàáîòû, ïðåäëîæåí â [38]. Ýòîò
ìåòîä îñíîâàí íà îïðåäåëåíèè çíà÷åíèé ñèãíàëüíûõ ôóíê-
öèé. Ïðè íåèñïðàâíîñòè äâèãàòåëÿ ñ ïîìîùüþ ðàçíîñòè
ïîêàçàíèé îöåíèâàòåëåé (óðàâíåíèé ìîäåëè ñèñòåìû, ãäå
ïî íåñêîëüêèì äàííûì ïàðàìåòðàì âû÷èñëÿþòñÿ îñòàëü-
íûå) è äàò÷èêîâ ñòðîèòñÿ òàáëèöà èäåíòèôèêàöèè ïî-
ëîìîê.

Âûïîëíåííûé îáçîð ëèòåðàòóðû ïîçâîëÿåò âûäåëèòü
ñëåäóþùèå îñíîâíûå ïðèîðèòåòû ðàçâèòèÿ àëãîðèòìîâ
óïðàâëåíèÿ.

1. Òî÷íîñòü îòðàáîòêè ïðîãðàììíîãî çàäàíèÿ (ñêîðîñòè
èëè ïîëîæåíèÿ ðîòîðà). Â îòíîøåíèè ÑÄÏÌ ýòî òðåáîâà-
íèå àêòóàëüíî â ñìûñëå âîçìîæíûõ ïîäñèíõðîííûõ êîëå-
áàíèé ñêîðîñòè ðîòîðà. Êðîìå ýòîãî, ñóùåñòâóþò îãðàíè÷å-
íèÿ íà äèíàìè÷åñêèå ðåæèìû ìàøèíû - ñ èñïîëüçîâàíèåì
ñóùåñòâóþùèõ ðîáàñòíûõ ìåòîäîâ ìîæíî ñôîðìèðîâàòü
ïðàêòè÷åñêè ëþáîé ïåðåõîäíûé ïðîöåññ, íî ñêà÷êè òîêîâ
ìîãóò íå ïðîéòè áåçâðåäíî äëÿ ìàãíèòíîé ñèñòåìû ðîòîðà.
Îïðåäåëåíèå äîïóñòèìîé ãðàíèöû äèíàìè÷åñêèõ ðåæèìîâ

Id 0=
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Id 0=

Id
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ÿâëÿåòñÿ áîëüøèì ïîëåì äëÿ ðàçâèòèÿ ìåòîäîâ óïðàâ-
ëåíèÿ.

2. Íå÷óâñòâèòåëüíîñòü ê íåîïðåäåëåííîñòÿì ïàðàìåòðîâ
ÑÄÏÌ è ïîìåõàì. Ïðè íàëè÷èè áîëüøèõ êîýôôèöèåíòîâ
óñèëåíèÿ ðåãóëÿòîðîâ, îáåñïå÷èâàþùèõ ðîáàñòíîñòü ñèñòå-
ìû, ïîñëåäíÿÿ ñòàíîâèòñÿ ÷óâñòâèòåëüíîé ê âûñîêî÷àñòîò-
íûì ïîìåõàì.

3. Ìèíèìèçàöèÿ ýëåêòðîïîòðåáëåíèÿ. Ðàçðàáîòêà àëãî-
ðèòìîâ, îïòèìèçèðóþùèõ ïîòðåáëÿåìóþ ïðèâîäîì ìîù-
íîñòü êàê â ñòàòè÷åñêèõ, òàê è â äèíàìè÷åñêèõ ðåæèìàõ,
ìîæåò áûòü îñóùåñòâëåíà çà ñ÷åò ðàçìàãíè÷èâàþùèõ òîêîâ
ïðîäîëüíîé îñè.

4. Ðàñøèðåíèå äèàïàçîíà ðåãóëèðîâàíèÿ â ñòîðîíó ìà-
ëûõ ñêîðîñòåé. Ïðîáëåìà ñâÿçàíà ñ âëèÿíèåì ïóëüñàöèé
ìîìåíòà íà ìàëûõ ñêîðîñòÿõ. Ïðè áîëüøèõ ñêîðîñòÿõ
ïóëüñàöèè ìîìåíòà íå îêàçûâàþò ñóùåñòâåííîãî âëèÿíèÿ,
ò.ê. îíè ôèëüòðóþòñÿ çà ñ÷åò èíåðöèîííîñòè ðîòîðà [34].

5. Óìåíüøåíèå êîëè÷åñòâà äàò÷èêîâ. Î÷åâèäíî, ÷òî äàò-
÷èêè ìåõàíè÷åñêèõ âåëè÷èí çíà÷èòåëüíî óõóäøàþò ýêñ-
ïëóàòàöèîííûå è ñòîèìîñòíûå ïàðàìåòðû ïðèâîäà. Óñòðà-
íåíèå äàò÷èêîâ ïîâûøàåò íàäåæíîñòü ýëåêòðîïðèâîäà. Èñ-
ïîëüçîâàíèå âñòðîåííûõ îïòè÷åñêèõ äàò÷èêîâ ïîëîæåíèÿ â
ñîâðåìåííûõ ïðèâîäàõ è ïîëó÷åíèå ñêîðîñòè ïóòåì äèô-
ôåðåíöèðîâàíèÿ ïîëîæåíèÿ ÿâëÿåòñÿ ïðèåìëåìûì ïóòåì
ðåøåíèÿ äàííîé ïðîáëåìû. Îäíàêî, ñëåäóåò îòìåòèòü, ÷òî
áåçäàò÷èêîâûå àëãîðèòìû áîëåå ÷óâñòâèòåëüíû ê ðàçáðîñó
ïàðàìåòðîâ.

6. Ïðîñòîòà àëãîðèòìîâ â àñïåêòå âû÷èñëèòåëüíîé íà-
ãðóçêè. Íåñìîòðÿ íà ñòðåìèòåëüíûé ðîñò ìîùíîñòè ïðî-
öåññîðîâ, áîëåå ïðîñòûå àëãîðèòìû îáåñïå÷èâàþò ìåíüøåå
âðåìÿ ðàñ÷åòà, à çíà÷èò, è ôàçîâóþ çàäåðæêó óïðàâëåíèÿ.
Êðîìå òîãî, áîëåå ïðîñòûå àëãîðèòìû ïîçâîëÿþò èñïîëü-
çîâàòü áîëåå äåøåâûå ìèêðîïðîöåññîðû.

7. Èññëåäîâàíèå ðàáîòîñïîñîáíîñòè ÑÄÏÌ ñ ìíîãîìàñ-
ñîâûìè îáúåêòàìè óïðàâëåíèÿ. ÑÄÏÌ ÷àñòî ïðèìåíÿåòñÿ
êàê ñåðâîäâèãàòåëü â ðîáîòèçèðîâàííûõ ñèñòåìàõ, äèíàìè-
êà êîòîðûõ î÷åíü ñëîæíà. Òàêèå îáúåêòû îòíîñÿòñÿ ê êëàñ-
ñó íåîïðåäåëåííûõ. Â òî æå âðåìÿ, òðåáîâàíèÿ ê òî÷íîñòè
óïðàâëåíèÿ ðîáîòàìè î÷åíü âûñîêè, ÷òî ñòàâèò ñîîòâåò-
ñòâóþùóþ çàäà÷ó.

Îáèëèå ïóáëèêàöèé, ðàçíîîáðàçèå ïðèìåíÿåìûõ ìåòî-
äèê, èõ íîâèçíà è êà÷åñòâåííîå îòëè÷èå äðóã îò äðóãà
ñâèäåòåëüñòâóþò îá èíòåíñèâíîñòè èññëåäîâàíèé â äàííîé
îáëàñòè, ïîä÷åðêèâàþò ïåðñïåêòèâíîñòü äàííîãî êëàññà
ýëåêòðè÷åñêèõ ìàøèí, ñîâìåñòèâøèõ â ñåáå ïðîñòîòó äâè-
ãàòåëÿ ïåðåìåííîãî òîêà, à ïî âîçìîæíîñòÿì óïðàâëåíèÿ
ïðåâçîøåäøèõ ÄÏÒ. Èç íàáëþäàåìîé äèíàìèêè ðîñòà ïî-
ïóëÿðíîñòè ÑÄÏÌ ìîæíî ñäåëàòü âûâîä î íåîáõîäèìîñòè
ðàçðàáîòêè àëãîðèòìîâ óïðàâëåíèÿ, ñâÿçàííûõ ñ èñïîëüçî-
âàíèåì ïðÿìîãî óïðàâëåíèÿ ìîìåíòîì, íàáëþäàòåëåé ñî-
ñòîÿíèÿ è íåîïðåäåëåííîñòåé, àäàïòèâíûõ àëãîðèòìîâ è
íåéðîííûõ ñåòåé, àëãîðèòìîâ óïðàâëåíèÿ, îáåñïå÷èâàþ-
ùèõ îïòèìèçàöèþ ïîòðåáëÿåìîé ìîùíîñòè è ïîêàçàòåëåé
êà÷åñòâà.
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ÊÐÈÒÅÐÈÈ ÑÈÍÒÅÇÀ ÍÎÌÈÍÀËÜÍÛÕ ÌÎÄÅËÅÉ Â ÇÀÄÀ×ÀÕ 
ÍÀÁËÞÄÅÍÈß È ÓÏÐÀÂËÅÍÈß

Â.È.Êîðòóíîâ

Àíàëèçèðóþòñÿ êðèòåðèè âûáîðà íîìèíàëüíûõ ìîäåëåé â
çàäà÷àõ óïðàâëåíèÿ è íàáëþäåíèÿ, äîêàçûâàþòñÿ óñëîâèÿ
ñóùåñòâîâàíèÿ òàêèõ ìîäåëåé â ñõåìàõ êîìáèíèðîâàííîãî
óïðàâëåíèÿ. Ïðîèçâåäåíû ïîñòàíîâêè çàäà÷ ïàðàìåòðè÷åñêîãî
ñèíòåçà íîìèíàëüíûõ ìîäåëåé ïî ìíîæåñòâåííûì àïðèîðíûì
äàííûì èñõîäíîé ìîäåëè îáúåêòà.

Àíàë³çóþòüñÿ êðèòåð³¿ âèáîðó íîì³íàëüíèõ ìîäåëåé â çàäà-
÷àõ êåðóâàííÿ òà ñïîñòåðåæåííÿ, äîâîäÿòüñÿ óìîâè ³ñíóâàííÿ
òàêèõ ìîäåëåé â ñõåìàõ êîìá³íîâàíîãî êåðóâàííÿ. Çä³éñíåí³
ïîñòàíîâêè çàäà÷ ïàðàìåòðè÷íîãî ñèíòåçó íîì³íàëüíèõ ìî-
äåëåé ç áàãàòüìà àïð³îðíèìè äàíèìè âèõ³äíî¿ ìîäåë³ îá'ºêòó.

Criterions of choice of nominal models for control and obser-
vation are analysed. Existence conditions of such models are
proved for combined control schemes. The statements of paramet-
rical synthesis of nominal models using multiple priori dates of
object origin model are produced.

ÂÂÅÄÅÍÈÅ

Ïðè ïðîåêòèðîâàíèè ñèñòåì óïðàâëåíèÿ, ðåàëèçóþùèõ
ðîáàñòíîå óïðàâëåíèå ñ âíóòðåííèìè ìîäåëÿìè êàê ñàìîãî
îáúåêòà, òàê è âíåøíèõ âîçìóùåíèé [1,2], ïðåäïîëàãàåòñÿ
çíàíèå íîìèíàëüíîé ìîäåëè (ÍÌ) ñ ôèêñèðîâàííûìè
ïàðàìåòðàìè. Êà÷åñòâî òàêèõ ìåòîäîâ óïðàâëåíèÿ çàâèñèò
îò äèàïàçîíîâ èçìåíåíèÿ ïàðàìåòðîâ îáúåêòà è ñòðóêòóðû
âûáðàííûõ ìîäåëåé. Ìîäåëü ìîæåò ôóíêöèîíèðîâàòü ïà-
ðàëëåëüíî ñ îáúåêòîì óïðàâëåíèÿ èëè ñ çàìêíóòîé ñèñ-
òåìîé â öåëîì. Â ïîñëåäíåì ñëó÷àå íîìèíàëüíóþ ìîäåëü
ñ÷èòàþò ýòàëîííîé ìîäåëüþ, êàê îòðàæåíèå òðåáóåìûõ ïî-
êàçàòåëåé êà÷åñòâà ñèñòåìû óïðàâëåíèÿ. Â áîëüøèíñòâå
ñëó÷àåâ çàäà÷à ñèíòåçà íîìèíàëüíîé ìîäåëè ðåøàåòñÿ
èíòóèòèâíî íà îñíîâå îïûòà ðàçðàáîò÷èêîâ, õîòÿ âûáîð
íîìèíàëüíîé ìîäåëè âëèÿåò íà ïàðàìåòðû çàêîíîâ óïðàâ-
ëåíèÿ è êà÷åñòâî ñèñòåìû â öåëîì.

Â ñòàòüå àíàëèçèðóþòñÿ êðèòåðèè âûáîðà ÍÌ ïî
ýíåðãåòè÷åñêîìó êðèòåðèþ è äîêàçûâàþòñÿ óñëîâèÿ ñóùå-

ñòâîâàíèÿ òàêèõ ìîäåëåé â ñõåìàõ êîìáèíèðîâàííîãî
óïðàâëåíèÿ.

1. ÊÐÈÒÅÐÈÈ ÑÈÍÒÅÇÀ ÍÎÌÈÍÀËÜÍÛÕ 
ÌÎÄÅËÅÉ

Íà âûáîð ÍÌ îêàçûâàåò âëèÿíèå èñïîëüçóåìûé ìåòîä
óïðàâëåíèÿ, â êîòîðîì ìîãóò ïî ðàçíîìó ðåàëèçîâûâàòüñÿ
âíóòðåííèå ìîäåëè. Ñîîòâåòñòâèå íîìèíàëüíîé ìîäåëè
îáúåêòó, öåëÿì è çàäà÷àì óïðàâëåíèÿ, èìåþùèìñÿ îãðàíè-
÷åíèÿì, òåõíè÷åñêèì ñðåäñòâàì ðåàëèçàöèè ìîæåò èìåòü
ìåñòî ïðè îïðåäåëåííûõ åå ñâîéñòâàõ. Òàê, ïðèìåíèòåëüíî
ê àäàïòèâíûì ñèñòåìàì èñïîëüçîâàíèå ýòàëîííûõ ìîäåëåé
ïðèâîäèò ê âûâîäàì [3], ÷òî ïîðÿäêè ìîäåëè îáúåêòà è
íîìèíàëüíîé ìîäåëè äîëæíû ñîâïàäàòü äëÿ îáåñïå÷åíèÿ
ñõîäèìîñòè àëãîðèòìîâ àäàïòàöèè. Äëÿ ðîáàñòíûõ ìåòîäîâ
óïðàâëåíèÿ âàæíûì ÿâëÿåòñÿ ñîõðàíåíèå ñâîéñòâ óñòîé÷è-
âîñòè óïðàâëåíèÿ ïðè ìíîæåñòâåííîé ïàðàìåòðè÷åñêîé
íåîïðåäåëåííîñòè îáúåêòà [4]. Â ýòîì ñëó÷àå êðèòåðèåì
ñèíòåçà ñëåäóåò âûáðàòü ìàêñèìàëüíóþ ðîáàñòíîñòü äëÿ
îáåñïå÷åíèÿ óñòîé÷èâîñòè ñèñòåìû óïðàâëåíèÿ ïðè íàèáî-
ëåå øèðîêèõ îòêëîíåíèÿõ ïàðàìåòðîâ îáúåêòà îò íîìè-
íàëüíûõ [8]. Äëÿ ñèñòåì ñ îãðàíè÷åííûìè ðåñóðñàìè íà
óïðàâëåíèå íåîáõîäèìî âûáèðàòü ÍÌ ïî ýíåðãåòè÷åñêîìó
êðèòåðèþ. Òàêèì îáðàçîì, ñèíòåç ÍÌ, êàê ïðîöåäóðà
óïðîùåíèÿ èëè ðåäóêöèè èñõîäíîé ìîäåëè, íåîáõîäèìî
ðåøàòü íà îñíîâå íåêîòîðîãî ïîä÷èíåííîãî êðèòåðèÿ.

Åñëè ïðè ñèíòåçå ÍÌ ñòàâèòüñÿ öåëü óïðîùåíèÿ èëè
ðåäóêöèè ìîäåëè, òî ìîæíî âîñïîëüçîâàòüñÿ ñëåäóþùèìè
èçâåñòíûìè ìåòîäàìè ïîëó÷åíèÿ óïðîùåííûõ èëè íîìè-
íàëüíûõ ìîäåëåé: ïðèíöèï ñðàâíåíèÿ, ìåòîä ñèíãóëÿðíûõ
âîçìóùåíèé, ìåòîä âåñîâûõ ôóíêöèé, ìåòîä ìàòðè÷íûõ
íåðàâåíñòâ, ìåòîä àïïðîêñèìàöèè èëè ðåäóêöèè.

Èäåÿ ìåòîäà ïðèíöèïà ñðàâíåíèÿ [5] ñîñòîèò â çàìåíå
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íåêîòîðîé ñëîæíîé ìîäåëè áîëåå ïðîñòîé ìîäåëüþ ïî
íåêîòîðîìó ïîêàçàòåëþ òàê, ÷òî íà âñåì âðåìåííîì èíòåð-
âàëå âûáðàííûé ïîêàçàòåëü äëÿ óïðîùåííîé ìîäåëè áûë
íå ìåíüøå (íå áîëüøå), ÷åì äëÿ ïîëíîé ìîäåëè. Ïðèìå-
íèòåëüíî ê äèíàìè÷åñêèì ïðîöåññàì êîíñòðóêòèâíûå ðåøå-
íèÿ ïîëó÷åíû íà îñíîâå ôóíêöèé Ëÿïóíîâà, êàê íåêîòî-
ðûå ìàæîðàíòû äèíàìè÷åñêèõ ïðîöåññîâ èëè ìîäåëè ñðàâ-
íåíèÿ [5]. Ýòè ìîäåëè ìàæîðèðóþò íîðìó âåêòîðà ñîñòîÿ-
íèÿ ïîëíîé ìîäåëè è ðåøàþò çàäà÷ó âûáîðà íîìèíàëüíîé
ìîäåëè â âèäå ëèíåéíîãî ñòàöèîíàðíîãî äèíàìè÷åñêîãî
çâåíà ïåðâîãî ïîðÿäêà. Äëÿ ñëîæíûõ ìîäåëåé, êîòîðûå
ìîæíî äåêîìïîçèðîâàòü íà íåñêîëüêî ïðîñòûõ, ïðèìåíÿ-
åòñÿ ïðèíöèï ñðàâíåíèÿ íà îñíîâå âåêòîðíûõ ôóíêöèé
Ëÿïóíîâà.

Ìåòîä ñèíãóëÿðíûõ âîçìóùåíèé îñíîâàí íà äåêîìïî-
çèöèè - àãðåãèðîâàíèè è îòíîñèòñÿ ê êëàññó ìåòîäîâ ñî
ñòðóêòóðíûìè âîçìóùåíèÿìè. Ìåòîä ñèíãóëÿðíûõ âîçìó-
ùåíèé ïîçâîëÿåò äåêîìïîçèðîâàòü ìîäåëü íà ñîñòàâíûå
÷àñòè ñ ìåäëåííîé è áûñòðîé äèíàìèêîé. Ïðèìåíèòåëüíî ê
çàäà÷å âûáîðà íîìèíàëüíîé ìîäåëè êîíñòðóêòèâíîñòü ìå-
òîäà îãðàíè÷èâàåòñÿ ðàçäåëåíèåì ìîäåëè íà ýëåìåíòû ñ
îòëè÷àþùèìèñÿ ìàñøòàáàìè âðåìåíè.

Â ìåòîäå âåñîâûõ ôóíêöèé [5], åñëè ñîáñòâåííûå çíà÷å-
íèÿ ïîëíîé ëèíåéíîé ìîäåëè ðàçëè÷íû, òî ïåðåäàòî÷íàÿ
ôóíêöèÿ ìîäåëè ñðàâíåíèÿ ïðåäñòàâëÿåòñÿ àïåðèîäè÷å-
ñêèì çâåíîì ïåðâîãî ïîðÿäêà. Â ýòîì çâåíå ïîñòîÿííàÿ
âðåìåíè âûáèðàåòñÿ îáðàòíîé ê âåëè÷èíå ìèíèìàëüíîãî ïî
ìîäóëþ ñîáñòâåííîãî çíà÷åíèÿ, à êîýôôèöèåíò óñèëåíèÿ
êàê ñðåäíåå ãåîìåòðè÷åñêîå çíà÷åíèå ïî âñåì âõîäàì è
âûõîäàì.

Â ìåòîäå ìàòðè÷íûõ íåðàâåíñòâ [5] ìîäåëè ñðàâíåíèÿ
ìîæíî ïîëó÷èòü íà îñíîâå îöåíêè ðåøåíèÿ óðàâíåíèÿ
ìîäåëè ïî íîðìå, à ðàçëè÷èå íîìèíàëüíûõ ìîäåëåé áóäåò
îïðåäåëÿòüñÿ ðàçëè÷èåì èñïîëüçóåìûõ ìàòðè÷íûõ íîðì.
Êîíñòðóêòèâíûå ðåøåíèÿ äëÿ ìàæîðàíò è ìèíîðàíò ïîëó-
÷åíû äëÿ ëîãàðèôìè÷åñêîé ìàòðè÷íîé íîðìû.

Ìåòîäû ïîëó÷åíèÿ ìîäåëåé ñðàâíåíèÿ âåðõíåãî è íèæ-
íåãî ïðåäåëîâ ïàðàìåòðîâ ïîêàçûâàþò âîçìîæíûé äèàïà-
çîí ñâîéñòâ íîìèíàëüíûõ ìîäåëåé, íî íå ïîêàçûâàþò ñïî-
ñîá âûáîðà íîìèíàëüíîé ìîäåëè èç ïîëó÷åííîãî äèàïà-
çîíà.

Â ñòàòüå ñòàâèòüñÿ çàäà÷à ñèíòåçà íîìèíàëüíîé ìîäåëè
èç óñëîâèé ðåàëèçàöèè óïðàâëåíèÿ ïî ýíåðãåòè÷åñêîìó
êðèòåðèþ. Ñôîðìóëèðóåì òðåáîâàíèÿ ê íîìèíàëüíîé ìî-
äåëè è îáîñíóåì êðèòåðèè ñèíòåçà òàêîé ìîäåëè.

Íîìèíàëüíàÿ ìîäåëü äîëæíà óäîâëåòâîðÿòü ñëåäóþùèì
òðåáîâàíèÿì:

- ýíåðãåòè÷åñêîé äîñòèæèìîñòè (ýíåðãåòè÷åñêîé îãðàíè-
÷åííîñòè ñèãíàëîâ óïðàâëåíèÿ);

- ôèçè÷åñêèì îãðàíè÷åíèÿì íà ôàçîâûå ïåðåìåííûå è
ïàðàìåòðû;

- ñîîòâåòñòâèþ, ïðèíÿòîìó óðîâíþ àäåêâàòíîñòè;
- êîíñòðóêòèâíîñòè â ðåøåíèè çàäà÷ ñèíòåçà àëãîðèòìîâ

êîíòðîëÿ è óïðàâëåíèÿ;
- òåõíè÷åñêîé ðåàëèçóåìîñòè â ñèñòåìàõ óïðàâëåíèÿ.

Ýíåðãåòè÷åñêàÿ îãðàíè÷åííîñòü ñèãíàëîâ óïðàâëåíèÿ
âûçâàíà ñóùåñòâóþùèìè îãðàíè÷åíèÿìè èñïîëíèòåëüíûõ
îðãàíîâ, êàê ïî àìïëèòóäå, òàê è ïî ìîùíîñòè. Óïðî-
ùåííàÿ íîìèíàëüíàÿ ìîäåëü ìîæåò ïîâûñèòü ðåàëèçóå-
ìîñòü àëãîðèòìîâ óïðàâëåíèÿ, íî ìîæåò íå îáåñïå÷èòü
ýíåðãåòè÷åñêóþ îãðàíè÷åííîñòü, ÷òî ïðèâåäåò ê äîïîëíè-
òåëüíûì çàòðàòàì íà óïðàâëåíèå.

Èçâåñòíûå ñõåìû ôîðìèðîâàíèÿ äîïîëíèòåëüíîãî ñèã-
íàëà óïðàâëåíèÿ ïî âíóòðåííåé ìîäåëè ïðèíöèïèàëüíî
ñâîäÿòñÿ ê äâóì òèïàì: "äèôôåðåíöèàëüíîé âèëêå" [6] è
ñõåìå ñ âíóòðåííåé ìîäåëüþ [2,7].

Äàëåå ðàññìàòðèâàåì çàäà÷ó ñèíòåçà ÍÌ äëÿ ñõåìû,
ïîêàçàííîé íà ðèñóíêå 1à, ãäå îáîçíà÷åíî: ÊÌ - êîððåêòè-
ðóþùàÿ ìîäåëü; ÌÎ - ìîäåëü îáúåêòà; ÍÌ - íîìèíàëüíàÿ
ìîäåëü.

a)

á)

Ðèñóíîê 1 - Ñõåìû âçàèìîñâÿçè äâóõâõîäîâîé ÍÌ â 
çàäà÷å óïðàâëåíèÿ (à) è íàáëþäåíèÿ (á)

2. ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Îáúåêò óïðàâëåíèÿ îïèñûâàåòñÿ ñèñòåìîé íåëèíåéíûõ
óðàâíåíèé

, , , (1)x· t( ) f x u Θ t, , ,( )= x t0( ) x0= y t( ) g x u Θ t, , ,( )=
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ãäå  - âåêòîð ñîñòîÿíèÿ,  - âåêòîð

óïðàâëåíèÿ,  - âåêòîð âûõîäà,  -

èçìåíÿþùèéñÿ âåêòîð ïàðàìåòðîâ îáúåêòà èç íåêîòîðîãî

îãðàíè÷åííîãî ìíîæåñòâà ,  - êîíå÷íîìåðíîå åâêëè-

äîâî ïðîñòðàíñòâî ðàçìåðíîñòè n.

Äëÿ ñèñòåìû (1) ïðåäïîëàãàåì ñóùåñòâîâàíèå ëèíåéíîé
ìîäåëè, äîñòàòî÷íî áëèçêîé ê îáúåêòó ïî íîðìå

 ïðè ñðàâíèòåëüíî ìàëîé âåëè÷èíå

, è ïðåäñòàâëÿåìîé ñèñòåìîé

, , (2)

ãäå , , ,  ñ ñîîò-

âåòñòâóþùèìè ðàçìåðíîñòÿìè ìàòðèö , , , 

ñîñòîÿíèÿ, óïðàâëåíèÿ è íàáëþäåíèÿ.
Îïðåäåëèì ëèíåéíóþ ìîäåëü îáúåêòà ÷åðåç íîìè-

íàëüíóþ

(3)

ãäå  - âåêòîð ýêâèâàëåíòíûõ âîçìóùåíèé, ó÷è-

òûâàþùèé âíóòðåííèå è âíåøíèå âîçìóùåíèÿ,  - ñèã-

íàë äîïîëíèòåëüíîãî óïðàâëåíèÿ èç ñõåìû êîìïåíñàöèè,

,  - ìàòðèöû óïðàâëåíèÿ è íàáëþäåíèÿ ïî âîç-

ìóùåíèþ.
Ââåäåì ñëåäóþùèå îïðåäåëåíèÿ.
Îïðåäåëåíèå 1. Ëèíåéíàÿ íîìèíàëüíàÿ ìîäåëü (2) íà-

çûâàåòñÿ äîñòèæèìîé ïî âûõîäó, åñëè äëÿ ëþáîãî îãðàíè-

÷åííîãî âåêòîðà ýêâèâàëåíòíîãî âîçìóùåíèÿ , íå-

êîòîðîãî íîìèíàëüíîãî âåêòîðà ïàðàìåòðîâ  ñóùå-

ñòâóåò îãðàíè÷åííûé âåêòîð óïðàâëåíèÿ 

òàêîé, ÷òî äëÿ ìîäåëåé (2) è (3) âûïîëíÿåòñÿ

 ïðè .

Îïðåäåëåíèå 2. Ëèíåéíàÿ íîìèíàëüíàÿ ìîäåëü (2) íà-
çûâàåòñÿ ÷àñòè÷íî äîñòèæèìîé, åñëè äëÿ ëþáîãî îãðà-

íè÷åííîãî âåêòîðà ýêâèâàëåíòíîãî âîçìóùåíèÿ ,

íåêîòîðîãî íîìèíàëüíîãî âåêòîðà ïàðàìåòðîâ  è

äëÿ íåêîòîðîãî óðîâíÿ ñîãëàñîâàííîñòè  ìîäåëåé (2) è

(3) ñóùåñòâóåò îãðàíè÷åííûé âåêòîð óïðàâëåíèÿ

 òàêîé, ÷òî âûïîëíÿåòñÿ íåðàâåíñòâî

.

Ïðåäñòàâèì çàâèñèìîñòü âõîäà è âûõîäà îáúåêòà ÷åðåç
ëèíåéíóþ ìîäåëü (3) â îïåðàòîðíîé ôîðìå

, (4)

ãäå ,  - äèíàìè÷åñêèå îïåðàòîðû ìîäåëè

îáúåêòà ïî óïðàâëåíèþ è âîçìóùåíèþ, à  - îïåðàòîð

äèôôåðåíöèðîâàíèÿ,  - ñîñòàâëÿþ-

ùàÿ âûõîäà ñîáñòâåííîãî äâèæåíèÿ, îïðåäåëÿåìàÿ âåêòî-

ðîì íà÷àëüíûõ óñëîâèé . Äâóõâõîäîâóþ íîìèíàëüíóþ

ìîäåëü çàïèøåì â ôîðìå íàáëþäàòåëÿ ñîñòîÿíèÿ

, (5)

ãäå ,  - äèíàìè÷åñêèå îïåðàòîðû íàáëþäàòå-

ëÿ ÍÌ ïî óïðàâëåíèþ è íàáëþäåíèþ, -

ñîñòàâëÿþùàÿ âûõîäà ñîáñòâåííîãî äâèæåíèÿ ÍÌ. Ïðè

ïàðàìåòðèçàöèè ÍÌ ïðåäïîëàãàåì, ÷òî 

ïðè .

Äëÿ îïåðàòîðà ìîäåëè îáúåêòà ïðåäïîëàãàåì àääèòèâíîå
âûäåëåíèå ÍÌ

, (6)

ãäå  - àääèòèâíûå íåïàðàìåòðè÷åñêèå íåîïðåäåëåí-

íîñòè,  - íîìèíàëü-

íàÿ ÷àñòü ìîäåëè.
Äîïîëíèòåëüíîå óïðàâëåíèå â ñîîòâåòñòâèè ñî ñõåìîé

íà ðèñ.1à çàïèøåì , ãäå

 - îïåðàòîð êîððåêòèðóþùåé ìîäåëè.

Ñòàâèòñÿ çàäà÷à îïðåäåëåíèÿ óñëîâèé ñîõðàíåíèÿ
ñâîéñòâ äîñòèæèìîñòè ÍÌ ñ ìíîæåñòâåííûìè çíà÷åíèÿìè

ïàðàìåòðîâ îáúåêòà .

3. ÓÑËÎÂÈß ÄÎÑÒÈÆÈÌÎÑÒÈ 
ÍÎÌÈÍÀËÜÍÎÉ ÌÎÄÅËÈ

ÍÌ âûáèðàåì ïî ñîîáðàæåíèÿì îãðàíè÷åííîñòè äîïîë-
íèòåëüíîãî ñèãíàëà óïðàâëåíèÿ, òîãäà ñîîòâåòñòâóþùàÿ
çàìêíóòàÿ ñèñòåìà ïî ñâîéñòâó äîñòèæèìîñòè ÿâëÿåòñÿ
ðîáàñòíîé. Ñîõðàíåíèå ñâîéñòâ ðîáàñòíîñòè óïðàâëåíèÿ ïî
ìîäåëè, êàê è íåîáõîäèìîãî óñëîâèÿ äîñòèæèìîñòè ÍÌ,
âîçìîæíî ïðè âûïîëíåíèè óñëîâèé, êîòîðûå äàþòñÿ
ñëåäóþùåé òåîðåìîé.

Ïðèâåäåì áåç äîêàçàòåëüñòâà ñëåäóþùåå âàæíîå óòâåð-
æäåíèå äëÿ ëèíåéíûõ ñèñòåì.

Ëåììà. Äëÿ ëèíåéíîé ñèñòåìû âèäà (2) ñïðàâåäëèâû
òîæäåñòâà ìàòðè÷íûõ ïåðåäàòî÷íûõ ôóíêöèé

, 

.

Òåîðåìà 1 (Q-êðèòåðèé äîñòèæèìîñòè ïî âûõîäó ÍÌ).
Íîìèíàëüíàÿ ëèíåéíàÿ ìîäåëü, îïðåäåëÿåìàÿ âåêòîðîì
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ïàðàìåòðîâ , áóäåò ïîëíîñòüþ äîñòèæèìîé ïî

âûõîäó äëÿ âñåõ âèäîâ íåîïðåäåëåííîñòåé îáúåêòà è âñåõ

âîçìîæíûõ çíà÷åíèé ïàðàìåòðîâ , åñëè:

a) âåêòîð ýêâèâàëåíòíîãî âîçìóùåíèÿ ÿâëÿåòñÿ îãðàíè-

÷åííûì  è âûïîëíÿåòñÿ óñëîâèå ñîãëàñîâàííîñòè

óïðàâëåíèÿ è âîçìóùåíèÿ;

b) ìàòðèöà  ãóðâèöåâà;
c)  è âåêòîð äîïîëíèòåëüíîãî óïðàâëåíèÿ îïðå-

äåëÿåòñÿ îïåðàòîðîì ÊÌ , à  -

îáðàòèìûé îïåðàòîð;

d) âûïîëíÿåòñÿ óñëîâèå 

íà âñåì ìíîæåñòâå çíà÷åíèé ïàðàìåòðîâ , òîãäà

 ïðè  äëÿ îãðàíè÷åííîãî ñèãíà-

ëà óïðàâëåíèÿ.
Äîêàçàòåëüñòâî.
Çàïèøåì âûõîä îáúåêòà è ñèãíàë äîïîëíèòåëüíîãî

óïðàâëåíèÿ â ñîîòâåòñòâèè ñî ñõåìîé íà ðèñ.1.à

, 

Äîïîëíèòåëüíîå óïðàâëåíèå ïîñëå ïðåîáðàçîâàíèÿ ìîæ-
íî çàïèñàòü ÷åðåç îïåðàòîðíîå âûðàæåíèå

Èç ïðåäïîëîæåíèÿ òåîðåìû, ÷òî 

äîïîëíèòåëüíîå óïðàâëåíèå óïðîùàåòñÿ

Íà îñíîâàíèè îïåðàòîðíîãî òîæäåñòâà ëåììû

 ñëåäóåò óïðîùåííîå âûðà-

æåíèå äîïîëíèòåëüíîãî óïðàâëåíèÿ

(7)

Ïîäñòàíîâêà âåêòîðà äîïîëíèòåëüíîãî óïðàâëåíèÿ

 â îïåðàòîðíîå óðàâíåíèå âûõîäà ÌÎ äàåò

Ïîñëåäíåå ñëàãàåìîå âûðàæåíèÿ ìîæíî óïðîñòèòü íà
îñíîâå ìàòðè÷íûõ òîæäåñòâ ëåììû è

Ðàçíîñòü âûõîäîâ 

ìîæíî îöåíèòü ïî íîðìå è  âñëåäñòâèå

ïðåäïîëîæåíèÿ óñòîé÷èâîñòè ÍÌ, ÷òî äîêàçûâàåò àñèìï-
òîòè÷åñêîå ñîâïàäåíèå âûõîäîâ ìîäåëè îáúåêòà è ÍÌ.

Äîêàçàòåëüñòâî îãðàíè÷åííîñòè ñèãíàëà  ìîæíî

ïîëó÷èòü îöåíêîé ïî íîðìå âûðàæåíèÿ (7).
Êîíñòðóêòèâíûé ïîäõîä â ñèíòåçå ÍÌ ìîæíî ïîëó÷èòü

äëÿ îïòèìàëüíî äîñòèæèìîé ÍÌ.
Îïðåäåëåíèå 3. Íîìèíàëüíóþ ìîäåëü, îïðåäåëÿåìóþ

âåêòîðîì ïàðàìåòðîâ , íàçîâåì îïòèìàëüíî

äîñòèæèìîé, åñëè äëÿ îãðàíè÷åííîãî âåêòîðà ýêâèâàëåíò-

íîãî âîçìóùåíèÿ  ñóùåñòâóåò îãðàíè÷åííûé âåê-

òîð óïðàâëåíèÿ , âûïîëíÿåòñÿ óñëîâèå

äîñòèæèìîñòè ïî âûõîäó è ïàðàìåòðû íîìèíàëüíîé ìîäå-
ëè ÿâëÿþòñÿ îïòèìàëüíûìè ïî êðèòåðèþ ýíåðãåòè÷åñêèõ

çàòðàò âåêòîðà äîïîëíèòåëüíîãî óïðàâëåíèÿ 

, (8)

íà ìíîæåñòâå âîçìîæíûõ çíà÷åíèé íîìèíàëüíûõ ïàðà-
ìåòðîâ.

Îïòèìàëüíàÿ äîñòèæèìîñòü íîìèíàëüíîé ìîäåëè îïðå-
äåëÿåòñÿ ñïîñîáîì îöåíêè ýêâèâàëåíòíîãî âîçìóùåíèÿ, êî-
òîðûé íàêëàäûâàåò îñîáåííîñòè ïðè âûïîëíåíèè äîñòèæè-
ìîñòè. ×àñòî âàæíî îáåñïå÷èòü äîñòèæèìîñòü òîëüêî äëÿ
íåêîòîðîé ðàáî÷åé ïîëîñû ÷àñòîò è, ñîîòâåòñòâåííî, íåîá-
õîäèìî ìîäèôèöèðîâàòü è êðèòåðèè äîñòèæèìîñòè.

Íåêîòîðûì îãðàíè÷åíèåì âûïîëíåíèÿ êðèòåðèÿ äîñòè-

æèìîñòè ìîäåëè ÿâëÿåòñÿ îáðàòèìîñòü îïåðàòîðà .

Åñëè îãðàíè÷èòü ÷àñòîòíóþ ïîëîñó âîññòàíàâëèâàåìûõ
âîçìóùåíèé, òî äëÿ îáðàùåíèÿ ìîæíî èñïîëüçîâàòü
ýôôåêòèâíûå èòåðàöèîííî èíâåðñíûå ôèëüòðû [9,10] è
âûïîëíèòü òåì ñàìûì óñëîâèå ÷àñòè÷íîé äîñòèæèìîñòè.

4. ÊÐÈÒÅÐÈÈ ÏÀÐÀÌÅÒÐÈ×ÅÑÊÎÃÎ ÑÈÍÒÅÇÀ 
ÍÌ

Êðèòåðèåì âûáîðà íîìèíàëüíîé ìîäåëè ñ÷èòàåì èíòå-
ãðàëüíóþ õàðàêòåðèñòèêó íà ìíîæåñòâå âîçìîæíûõ çíà÷å-
íèé íîìèíàëüíîé ìîäåëè îò íîðìû âåêòîðà äîïîëíè-
òåëüíîãî óïðàâëåíèÿ

. (9)
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Èç ñõåìû âêëþ÷åíèÿ ÍÌ, ïðåäñòàâëåííîé íà ðèñ.1à,

çàïèøåì âåêòîð  â âèäå

(10)

Âûðàæåíèå (10) ñîäåðæèò ðàçíîñòü âûõîäîâ ïîëíîé è
íîìèíàëüíîé ìîäåëåé íà îäèí è òîò æå âõîäíîé ñèãíàë

, êîòîðûé äîáàâëÿåò ìíîæèòåëü â ýíåðãåòè÷åñêèé

êðèòåðèé è íå çàâèñèò îò ñèíòåçèðóåìûõ ïàðàìåòðîâ. Äëÿ
ðåøåíèÿ çàäà÷è ñèíòåçà ÍÌ ïî êðèòåðèþ (9) ýòîò ñèãíàë
äîëæåí óäîâëåòâîðÿòü òðåáîâàíèÿì øèðîêîïîëîñíîãî ñèã-
íàëà è îãðàíè÷åííîãî ïî ýíåðãèè. Òàêèì òðåáîâàíèÿì îòâå-
÷àåò ñèãíàë "åäèíè÷íîé ñòóïåíüêè" èëè "áåëîãî øóìà" ñ
îãðàíè÷åííîé ïîëîñîé, êîòîðûé â ïðåäåëàõ ïîëîñû
ïðîïóñêàíèÿ ñèñòåìû óïðàâëåíèÿ ìîæíî ñ÷èòàòü "áåëûì
øóìîì". Ïðè íåïîñðåäñòâåííîì èñïîëüçîâàíèè âûðàæåíèÿ
ñèãíàëà äîïîëíèòåëüíîãî óïðàâëåíèÿ (10) â êðèòåðèè (9)
õàðàêòåðèñòèêè âîçìóùåíèé íå îêàçûâàþò âëèÿíèå íà
îïòèìàëüíûå çíà÷åíèÿ íîìèíàëüíûõ ïàðàìåòðîâ, ïîýòîìó
âòîðîå ñëàãàåìîå â (10) ìîæíî îïóñòèòü è êðèòåðèé
ïàðàìåòðè÷åñêîãî ñèíòåçà çàïèøåòñÿ

.(11)

Åñëè ñðàâíèòü âûõîäíûå ñèãíàëû ïîëíîé è íîìèíàëü-
íîé ìîäåëåé ïðè ðàññìîòðåííîì ñëó÷àéíîì âõîäíîì ñèãíà-
ëå, êðèòåðèåì ñðàâíåíèÿ ñëåäóåò ñ÷èòàòü ýíåðãåòè÷åñêóþ
ìîùíîñòü ðàçíîñòè âûõîäîâ, ê êîòîðûì ïðèìåíåí îïåðàòîð

.

Êðèòåðèé (11) ìîæíî ìîäèôèöèðîâàòü íà îñíîâå èìåþ-
ùåéñÿ ñòàòèñòè÷åñêîé èíôîðìàöèè î ïëîòíîñòè ðàñïðåäå-
ëåíèÿ ïàðàìåòðîâ, òîãäà êðèòåðèé ñðåäíåãî ðèñêà çàïèøåì

, (12)

ãäå  - ôóíêöèÿ ïëîòíîñòè ðàñïðåäåëåíèÿ ïàðà-

ìåòðîâ.
Ïðè èçâåñòíîé ñòðóêòóðå íîìèíàëüíîé ìîäåëè ïàðàìåò-

ðè÷åñêèé ñèíòåç òàêîé ìîäåëè çàêëþ÷àåòñÿ â âûáîðå
îïòèìàëüíûõ ïî êðèòåðèþ (12) ïàðàìåòðîâ ñ ó÷åòîì
èìåþùèõñÿ îãðàíè÷åíèé

, , . (13)

Ðåøåíèå îïòèìèçàöèîííîé çàäà÷è â îáùåì âèäå ïîëó-
÷àòü çàòðóäíèòåëüíî, íî äëÿ êîíêðåòíûõ ëèíåéíûõ ìîäå-
ëåé ñ èíòåðâàëüíûìè õàðàêòåðèñòèêàìè âîçìîæíû àíàëè-
òè÷åñêèå ðåøåíèÿ.
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Ðàçðàáîòàíà èíôîðìàöèîííî-èçìåðèòåëüíàÿ ñèñòåìà, ðåà-
ëèçóþùàÿ èçìåðåíèå ïðîíèöàåìîñòè ìàòåðèàëîâ. Ïîëó÷åíî
àíàëèòè÷åñêîå ðåøåíèå ñèñòåìû íåñòàöèîíàðíûõ äèôôåðåí-
öèàëüíûõ óðàâíåíèé äâèæåíèÿ ãàçà ÷åðåç ïðîíèöàåìûé ìàòå-
ðèàë, îïèñûâàþùèõ äàííóþ ñèñòåìó.

The informationly-metrical system realizing the material per-
meability measurement is developed. The analytical solution of

the non-steady differential equations of gas motion through a
permeable material for the system has been obtained.

Ïðè èçãîòîâëåíèè è èñïîëüçîâàíèè ôèëüòðóþùèõ ýëå-
ìåíòîâ íåèçáåæíî âñòàåò âîïðîñ êîíòðîëÿ èõ êà÷åñòâà. Â
çàâèñèìîñòè îò êîíêðåòíîé îáëàñòè èñïîëüçîâàíèÿ ôèëüò-
ðà äëÿ êîíòðîëÿ âûáèðàþòñÿ òå èëè èíûå ïàðàìåòðû.
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Ñóùåñòâóåò íåñêîëüêî ìåòîäîâ îïðåäåëåíèÿ ïàðàìåòðîâ
ïðîíèöàåìîãî ìàòåðèàëà, èç êîòîðîãî âûïîëíåí ôèëüòð,
íî íàèáîëåå ïåðñïåêòèâíûì èç íèõ ÿâëÿåòñÿ ãàçîäèíà-
ìè÷åñêèé ìåòîä [1]. Îí îñíîâàí íà òîì, ÷òî äèíàìèêà òå÷å-
íèÿ ãàçà ÷åðåç ïîðèñòûé ìàòåðèàë îïðåäåëÿåòñÿ ñòðóê-
òóðîé åãî ïîð. Ðåàëèçàöèÿ ýòîãî ìåòîäà òðåáóåò ïðîâåäå-
íèÿ ìíîãîêðàòíûõ âûñîêîòî÷íûõ èçìåðåíèé è òðóäîåìêîé
ñòàòèñòè÷åñêîé îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàííûõ. Àâ-
òîìàòèçàöèÿ èçìåðåíèÿ ïàðàìåòðîâ ôèëüòðîâ ïîçâîëèò ñî-
êðàòèòü âðåìÿ êîíòðîëÿ, ïîâûñèòü îáúåêòèâíîñòü ïîëó÷àå-
ìûõ äàííûõ, èñêëþ÷èòü ãðóáûå îøèáêè èçìåðåíèé.

Òàêèì îáðàçîì, çàäà÷åé ðàáîòû ÿâëÿåòñÿ, âî-ïåðâûõ,
ïîëó÷åíèå çàâèñèìîñòåé, ñâÿçûâàþùèõ äèíàìèêó ãàçîâûõ
ïðîöåññîâ ñ ïàðàìåòðàìè, îïèñûâàþùèìè ñòðóêòóðó ìàòå-
ðèàëà ôèëüòðà, âî-âòîðûõ, ñîçäàíèå ïðîãðàììíîãî è àïïà-
ðàòíîãî îáåñïå÷åíèÿ äëÿ èíôîðìàöèîííî-èçìåðèòåëüíîé
ñèñòåìû, àëãîðèòì ðàáîòû êîòîðîé îñíîâàí íà ïîëó÷åííûõ
óðàâíåíèÿõ. Êîíå÷íûì ðåçóëüòàòîì ïðèìåíåíèÿ äàííîé
ñèñòåìû ÿâëÿåòñÿ îïðåäåëåíèå àêòèâíîé ïîðèñòîñòè, êîýô-
ôèöèåíòà ïðîíèöàåìîñòè, ýêâèâàëåíòíîãî äèàìåòðà ïîð
ìàòåðèàëà ôèëüòðà.

Ïðåäëàãàåìàÿ ñòðóêòóðà èíôîðìàöèîííî-èçìåðèòåëüíîé
ñèñòåìû ðàçðàáîòàíà íà îñíîâå ôèçè÷åñêîé ìîäåëè, ïðèâå-
äåííîé íà ðèñóíêå 1. Ìîäåëü ìîæíî ðàçäåëèòü íà äâå
ôóíêöèîíàëüíûå ÷àñòè: ñèñòåìó íàïîëíåíèÿ è èçìåðè-
òåëüíûé áëîê.

Ðèñóíîê 1 - Ôèçè÷åñêàÿ ìîäåëü èíôîðìàöèîííî-
èçìåðèòåëüíîé ñèñòåìû

Ñèñòåìà íàïîëíåíèÿ ïðåäíàçíà÷åíà äëÿ ïîäà÷è â èçìå-
ðèòåëüíûé áëîê ãàçîâ èëè ãàçîâûõ ñìåñåé. Îíà ñîñòîèò èç
áàëëîíà âûñîêîãî äàâëåíèÿ 1, ñíàáæåííîãî âåíòèëåì 2,
ìàíîìåòðàìè 3 è 5, äðîññåëåì 4. Äëÿ î÷èñòêè ïîäàâàåìîãî
ãàçà ïðåäóñìîòðåí ôèëüòð-îñóøèòåëü 6. Ñèñòåìà íàïîë-
íåíèÿ è åìêîñòü 8 ñîåäèíÿþòñÿ òðóáîïðîâîäîì, èìåþùèì
ýëåêòðîïíåâìîêëàïàí 7.

Èçìåðèòåëüíûé áëîê ñëóæèò äëÿ ïîëó÷åíèÿ è îáðàáîò-
êè äàííûõ î äàâëåíèè â åìêîñòè 8, äëÿ óïðàâëåíèÿ ðàáî-
òîé ýëåêòðîïíåâìîêëàïàíîâ 7 è 9. Îí ñîñòîèò èç äàò÷èêà

äàâëåíèÿ, ýëåêòðîííîé ñèñòåìû îáðàáîòêè èíôîðìàöèè è
èçìåðèòåëüíîé ãîëîâêè.

Â êà÷åñòâå äàò÷èêà äàâëåíèÿ 12 èñïîëüçóåòñÿ ïðåîáðàçî-
âàòåëü àáñîëþòíîãî äàâëåíèÿ â óíèôèöèðîâàííûé òîêîâûé
ñèãíàë "Ñàïôèð-22".

Ñèñòåìà îáðàáîòêè èíôîðìàöèè ñîñòîèò èç ÝÂÌ 13, êî-
òîðàÿ ÷åðåç ïàðàëëåëüíûé ïîðò (LPT1) ñâÿçàíà ñ äàò÷èêîì
äàâëåíèÿ è ýëåêòðîïíåâìî-êëàïàíàìè 7 è 9.

Èçìåðèòåëüíàÿ ãîëîâêà 10 ïðåäíàçíà÷åíà äëÿ çàêðåïëå-
íèÿ èññëåäóåìîãî ôèëüòðà 11 è ñîçäàíèÿ óñëîâèé äëÿ òå÷å-
íèÿ ÷åðåç íåãî ãàçà.

Â êàëèáðîâàííóþ åìêîñòü ïîäàåòñÿ ãàç, íà÷àëüíîå äàâ-
ëåíèå, òåìïåðàòóðà è ïëîòíîñòü êîòîðîãî ðàâíû ñîîòâåòñò-

âåííî , , . Ïðè ýòîì âûïîëíÿåòñÿ óñëîâèå

. Äëÿ ñîõðàíåíèÿ ïåðåïàäà äàâëåíèé ìåæäó êà-

ëèáðîâàííîé åìêîñòüþ è àòìîñôåðîé ýëåêòðîïíåâìî-êëà-
ïàí 9 çàêðûò.

Ïðè îïðåäåëåíèè ïàðàìåòðîâ ìàòåðèàëà êëàïàí 9
îòêðûâàåòñÿ è ïîä äåéñòâèåì èçáûòî÷íîãî äàâëåíèÿ ãàç èç
êàëèáðîâàííîé åìêîñòè âûõîäèò â àòìîñôåðó, ïðè ýòîì
ôèëüòðóÿñü ÷åðåç èñïûòûâàåìûé ìàòåðèàë. Ïàðàìåòðû ìà-
òåðèàëà: àêòèâíàÿ ïîðèñòîñòü, ïðîíèöàåìîñòü è ýêâèâà-
ëåíòíûé äèàìåòð ïîð îïðåäåëÿþòñÿ â ðåçóëüòàòå èçìåðå-
íèÿ èçìåíåíèÿ äàâëåíèÿ â êàëèáðîâàííîé åìêîñòè.

Èñõîäíûìè çàâèñèìîñòÿìè äëÿ ïîëó÷åíèÿ ðàñ÷åòíûõ
óðàâíåíèé ÿâëÿþòñÿ çàêîíû ñîõðàíåíèÿ ìàññû è êîëè÷åñò-
âà äâèæåíèÿ ãàçà [2], óðàâíåíèÿ ñâÿçûâàþùèå ïàðàìåòðû
ãàçà (äàâëåíèå, ïëîòíîñòü, ñêîðîñòü ôèëüòðàöèè) è óðàâ-
íåíèÿ Âåéñáàõà, ó÷èòûâàþùèå ïîòåðè äàâëåíèÿ íà ãðàíèöå
ïîðèñòîãî òåëà:

; (1)

; (2)

; (3)

; (4)

; (5)

. (6)

Çäåñü  - àêòèâíàÿ ïîðèñòîñòü ìàòåðèàëà;  - ïëîòíîñòü

ãàçà; u  -  ñêîðîñòü òå÷åíèÿ ãàçà; Fi - ìåæôàçíàÿ ñèëà òðå-

íèÿ; V - îáúåì êàëèáðîâàííîé åìêîñòè; S - ïëîùàäü ïîïå-

ðå÷íîãî ñå÷åíèÿ èññëåäóåìîãî îáðàçöà; P - äàâëåíèå ãàçà â

åìêîñòè; R0 - óäåëüíàÿ ãàçîâàÿ ïîñòîÿííàÿ; T - òåìïåðàòóðà

ãàçà;  - êîýôôèöèåíò èçáû-

òî÷íîñòè äàâëåíèÿ; ,  - ïîòåðè äàâëåíèÿ íà

âõîäíîé è âûõîäíîé ãðàíèöå ïîðèñòîãî òåëà ñîîòâåòñòâåí-
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íî; ,   - êîýôôèöèåíòû ïîòåðü ñîîòâåòñòâåííî íà

âõîäå è âûõîäå ïîðèñòîãî òåëà; , 

ñêîðîñòíîé íàïîð ãàçà íà âõîäå è âûõîäå ïîðèñòîãî òåëà

ñîîòâåòñòâåííî;  - àòìîñôåðíîå äàâëåíèå,  - èç-

áûòî÷íîå äàâëåíèå â êàëèáðîâàííîé åìêîñòè, t - âðåìÿ; x -
êîîðäèíàòà.

Ðåøåíèå äëÿ äàâëåíèÿ ãàçà â êàëèáðîâàííîé åìêîñòè
áóäåì èñêàòü ìåòîäîì ðàçäåëåíèÿ ïåðåìåííûõ â âèäå

. (7)

Äëÿ ðåøåíèÿ ïîëó÷åííîé ñèñòåìû ñíà÷àëà ïîäñòàâèì â
âûðàæåíèå (1) óðàâíåíèÿ (3, 4)

(8)

Â ðåçóëüòàòå ïîëó÷èì âûðàæåíèå

. (9)

Äëÿ îïðåäåëåíèÿ êîíêðåòíîãî çíà÷åíèÿ êîýôôèöèåíòà

A ðàññìîòðèì ãðàíè÷íûå óñëîâèÿ. Ïðè x*=0 X=P0, ñëåäî-

âàòåëüíî, A=P0. Ïðè ýòîì ïðè x*=1 , íî

ïî ãðàíè÷íûì óñëîâèÿì íåîáõîäèìî, ÷òîáû ïðè x*=1 X=0.

Âèäèì, ÷òî ïðè äàííîì ðåøåíèè óðàâíåíèÿ (8) íåâîç-
ìîæíî ïîëó÷èòü ðåøåíèå, óäîâëåòâîðÿþùåå åãî ãðàíè÷íûì
óñëîâèÿì.

Äëÿ òîãî ÷òîáû îïèñàòü ðåàëüíîå ðàñïðåäåëåíèå äàâëå-

íèÿ ïî òîëùèíå ìàòåðèàëà ïðåäïîëîæèì, ÷òî ôóíêöèÿ X
èìååò âèä

. (10)

Äëÿ óäîâëåòâîðåíèÿ ãðàíè÷íûõ óñëîâèé íåîáõîäèìî
èñïîëüçîâàòü ñëåäóþùåå âûðàæåíèå

. (11)

Çíà÷åíèå k ÿâëÿåòñÿ êîýôôèöèåíòîì ïðè ïåðåìåííîé x* â
âûðàæåíèè (9). Àíàëèçèðóÿ ôîðìóëó (11) âèäèì, ÷òî âû-

ðàæåíèå  îïðåäåëÿåò ôîðìó

ðàñïðåäåëåíèÿ äàâëåíèÿ ïî òîëùèíå ìàòåðèàëà, à âûðàæå-

íèå  ÿâëÿåòñÿ ïîñòîÿííîé âåëè÷èíîé.

Îäíàêî, âûðàæåíèå (11) íå ÿâëÿåòñÿ ðåøåíèåì óðàâíå-

íèÿ (8). Ñêîððåêòèðóåì óðàâíåíèå (11), èñïîëüçóÿ ôîðìó-
ëó (7). Íå èçìåíÿÿ õàðàêòåðà ðàñïðåäåëåíèÿ äàâëåíèÿ ïî
òîëùèíå ìàòåðèàëà óâåëè÷èì åãî íà÷àëüíûé óðîâåíü íà âå-

ëè÷èíó , à çàòåì âû÷òåì ýòó æå âåëè÷è-

íó èç çíà÷åíèÿ äàâëåíèÿ îêðóæàþùåé ñðåäû. Âîçíèêàþ-
ùèå âñëåäñòâèå ýòîãî ïîãðåøíîñòè ó÷òåì ââåäåíèåì

êîððåêòèðóþùåé ôóíêöèè .

Â èòîãå óðàâíåíèå äëÿ X ïðèíèìàåò âèä

, (12)

à âûðàæåíèå (7) ïåðåïèøåì â âèäå

.(13)

Äàëåå ðåøèì óðàâíåíèå (2), ó÷èòûâàÿ çàâèñèìîñòè
(3,4) è çàäàâàÿ íà÷àëüíûå óñëîâèÿ.

Ìåæôàçíàÿ ñèëà òðåíèÿ Fi îïðåäåëèòñÿ âûðàæåíèåì

, (14)

Äëÿ ìåäëåííûõ òå÷åíèé, ê êîòîðûì îòíîñèòñÿ ôèëüòðà-
öèîííîå, ìîæíî ïðåíåáðå÷ü âòîðûì ÷ëåíîì óðàâíåíèÿ
(14). Âûðàçèì âñå ïåðåìåííûå âåëè÷èíû â ýòîé ôîðìóëå
÷åðåç äàâëåíèå, ïðè ýòîì çàìåòèì, ÷òî äèíàìè÷åñêàÿ âÿç-

êîñòü  çàâèñèò îò äàâëåíèÿ ãàçà. ×òîáû èçáàâèòüñÿ îò

ýòîé çàâèñèìîñòè ïåðåéäåì îò äèíàìè÷åñêîé âÿçêîñòè  ê

êèíåìàòè÷åñêîé âÿçêîñòè  ñîãëàñíî âûðàæåíèÿ .

(15)

Ïîäñòàâèì âûðàæåíèÿ (3),(4),(15) â äèôôåðåíöèàëüíîå
óðàâíåíèå (2)

(16)

Ðåøàÿ ïîñëåäíåå óðàâíåíèå, ïîëó÷èì âûðàæåíèå äëÿ

îïðåäåëåíèÿ T

. (17)

Ïîäñòàâèì ïîëó÷åííûå âûðàæåíèÿ â ôîðìóëó (13)
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(18)

Àíàëèçèðóÿ âûðàæåíèå (18), âèäèì, ÷òî êîððåêòèðîâî÷-

íàÿ ôóíêöèÿ  äîëæíà óäîâëåòâîðÿòü óñëîâèÿì

, . Äðóãèìè ñëîâàìè, êîððåêòèðîâî÷-

íàÿ ôóíêöèÿ, ó÷èòûâàþùàÿ îòêëîíåíèå âûñîòû ïðîôèëÿ
ðàñïðåäåëåíèÿ äàâëåíèÿ îò çíà÷åíèÿ äàâëåíèÿ

îêðóæàþùåé ñðåäû, ñ óâåëè÷åíèåì t äîëæíà óìåíüøàòüñÿ

àíàëîãè÷íî óìåíüøåíèþ ôóíêöèè T (17). Ïîýòîìó

ïðèíèìàåì

. (19)

Ïðîâåäÿ ïðåîáðàçîâàíèÿ, îêîí÷àòåëüíî ïåðåïèøåì
âûðàæåíèå (18) â âèäå:

.(20)

Äëÿ îïèñàíèÿ ôèëüòðàöèè ãàçà â ðåàëüíûõ ñèñòåìàõ
íåîáõîäèìî ââåñòè ïîïðàâêó íà ïåðåïàä äàâëåíèé ïðè
âõîäå è âûõîäå ãàçà èç ïîðèñòîãî ìàòåðèàëà. Èçâåñòíî, ÷òî
âõîäíûå è âûõîäíûå ïîòåðè äàâëåíèÿ ãàçà â ïîðèñòîé
ñðåäå ðåêîìåíäóåòñÿ îïðåäåëÿòü ïî ôîðìóëàì Âåéñáàõà
(5,6).

Ïîäñòàâëÿÿ âûðàæåíèÿ (3), (4) â óðàâíåíèå äëÿ
ñêîðîñòíîãî íàïîðà ïîëó÷èì

(21)

Òàêèì îáðàçîì, âûðàæåíèÿ (5), (6) ìîæíî çàïèñàòü â
âèäå

(22)

äëÿ âõîäíîãî ñå÷åíèÿ x=1;

(23)

äëÿ âûõîäíîãî ñå÷åíèÿ x=0;

Ñ ó÷åòîì ïîòåðü äàâëåíèÿ íà âõîäå è âûõîäå ïîðèñòîãî
ìàòåðèàëà âûðàæåíèå (20) ïðèìåò âèä

(24)

Íà îñíîâå äàííîãî óðàâíåíèÿ ðåàëèçîâàíî ïðîãðàììíîå
îáåñïå÷åíèå èíôîðìàöèîííî-èçìåðèòåëüíîé ñèñòåìû.
Ïðîãðàììíûé ïðîäóêò ñîçäàí â ñðåäå Turbo Vision,
àëãîðèòì ðàáîòû ïðîãðàììû ïðèâåäåí íà ðèñóíêå 2.
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Ðèñóíîê 2 - Àëãîðèòì ðàáîòû ïðîãðàììû

Â ðåçóëüòàòå ðàáîòû ïîëó÷åíû çàâèñèìîñòè, ñâÿçûâàþ-
ùèå äèíàìèêó ôèëüòðàöèîííîãî òå÷åíèÿ ãàçà ñ âíóòðåííèì
ñòðîåíèåì ïîðèñòîãî ìàòåðèàëà. Ðàçðàáîòàíà
èíôîðìàöèîííî-èçìåðèòåëüíàÿ ñèñòåìà äëÿ êîíòðîëÿ
êà÷åñòâà ôèëüòðîâ ãàçîäèíàìè÷åñêèì ìåòîäîì. Ñèñòåìà
ìîæåò ïðèìåíÿòüñÿ äëÿ ïðàêòè÷åñêîãî èñïîëüçîâàíèÿ â
òåõíîëîãè÷åñêîì ïðîöåññå êîíòðîëÿ êà÷åñòâà
ôèëüòðóþùèõ ýëåìåíòîâ.
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