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Àííîòàöèÿ. Ïîêàçàíî, ÷òî â îáúåêòàõ óïðàâëåíèÿ ñèãíàëû îáû÷íî ïðåä-
ñòàâëÿþò ñîáîé ðàçëè÷íûå ôèçè÷åñêèå âåëè÷èíû, òàêèå êàê òåìïåðàòóðà,
äàâëåíèå, âèáðàöèÿ è ò.ä. Ïîýòîìó ïðè ðåøåíèè çàäà÷ êîíòðîëÿ, äèàãíîñ-
òèêè è èäåíòèôèêàöèè âîçíèêàåò íåîáõîäèìîñòü ôîðìèðîâàíèÿ íîðìèðî-
âàííûõ êîððåëÿöèîííûõ ìàòðèö. Ïðîàíàëèçèðîâàíû òðóäíîñòè ôîðìèðîâà-
íèÿ íîðìèðîâàííûõ êîððåëÿöèîííûõ ìàòðèö çàøóìëåííûõ âõîäíûõ-âûõîä-
íûõ ñèãíàëîâ òåõíè÷åñêèõ îáúåêòîâ. Ïðåäëîæåíû àëãîðèòìû îïðåäåëåíèÿ
ýêâèâàëåíòíûõ îòñ÷åòîâ ïîìåõè è ïîëåçíîãî ñèãíàëà è ïîêàçàíà âîçìîæ-
íîñòü èõ èñïîëüçîâàíèÿ äëÿ ôîðìèðîâàíèÿ íîðìèðîâàííûõ êîððåëÿöèîííûõ
ìàòðèö, ýêâèâàëåíòíûõ êîððåëÿöèîííûì ìàòðèöàì ïîëåçíûõ ñèãíàëîâ çà-
øóìëåííûõ ñëó÷àéíûõ ïðîöåññîâ. Ïîêàçàíî, ÷òî ïðè ýòîì çíà÷èòåëüíî
óïðîùàåòñÿ ïðîöåäóðà ôîðìèðîâàíèÿ íîðìèðîâàííûõ êîððåëÿöèîííûõ ìàò-
ðèö è ñóùåñòâåííî óìåíüøàåòñÿ ïîãðåøíîñòü èõ ýëåìåíòîâ.

Êëþ÷åâûå ñëîâà: ñèãíàë, ïîìåõà, çàøóìëåííûé ñèãíàë, íîðìèðîâàííûå
êîððåëÿöèîííûå ìàòðèöû, îáúåêò, äèàãíîñòèêà.

ÂÂÅÄÅÍÈÅ

Èçâåñòíî, ÷òî ïðè ðåøåíèè çàäà÷ äèàãíîñòèêè è èäåíòèôèêàöèè òåõíè÷åñêîãî

ñîñòîÿíèÿ îáúåêòîâ óïðàâëåíèÿ âîçíèêàåò íåîáõîäèìîñòü ôîðìèðîâàíèÿ êîð-

ðåëÿöèîííûõ ìàòðèö [1–8]. Ýëåìåíòàìè ýòèõ ìàòðèö ÿâëÿþòñÿ îöåíêè àâòî-

êîððåëÿöèîííûõ è âçàèìíî êîððåëÿöèîííûõ ôóíêöèé âõîäíûõ-âûõîäíûõ ñëó-

÷àéíûõ ñèãíàëîâ îáúåêòà èññëåäîâàíèÿ. Îäíàêî íà ïîëåçíûå ñëó÷àéíûå ñèãíà-

ëû X t( ) , ïîëó÷àåìûå íà âûõîäàõ äàò÷èêîâ ýòèõ îáúåêòîâ, íàêëàäûâàþòñÿ

ïîìåõè E( )t , êîòîðûå òàêæå ïðåäñòàâëÿþò ñîáîé ñëó÷àéíûå ôóíêöèè. Ïðè÷è-

íû ïîÿâëåíèÿ ïîìåõ ðàçëè÷íû, íî âíå çàâèñèìîñòè îò èõ ïðîèñõîæäåíèÿ ðå-

çóëüòàòû âû÷èñëåíèÿ îöåíîê àâòîêîððåëÿöèîííûõ è âçàèìíî êîððåëÿöèîííûõ

ôóíêöèé èñêàæàþòñÿ, ÷òî â èòîãå ïðèâîäèò ê îøèáî÷íûì çíà÷åíèÿì ýëåìåí-

òîâ êîððåëÿöèîííûõ ìàòðèö è, êàê ñëåäñòâèå, ê íåàäåêâàòíîìó ðåøåíèþ çàäà÷

êîíòðîëÿ, äèàãíîñòèêè, ïðîãíîçà, èäåíòèôèêàöèè, îïòèìèçàöèè è äð. [9–11].

Îáû÷íî, åñëè èçâåñòíà ïðè÷èíà ïîÿâëåíèÿ ïîìåõè, åå ñòàðàþòñÿ óñòðàíèòü

ëèáî ïðèìåíÿþò ðàçëè÷íûå àëãîðèòìû è òåõíîëîãèè ôèëüòðàöèè [1, 2, 12].

Îäíàêî äëÿ ìíîãèõ ðåàëüíûõ îáúåêòîâ ïîìåõè â òåõíîëîãè÷åñêèõ ïðîöåññàõ âîç-

íèêàþò íå òîëüêî ïîä âëèÿíèåì âíåøíèõ ôàêòîðîâ E1 ( )t . Íåêîòîðûå èç ïîìåõ

E 2 ( )t êîñâåííî îòðàæàþò îïðåäåëåííûå ïðîöåññû, ïðèâîäÿùèå ê îáðàçîâàíèþ

äåôåêòîâ ïðè ýêñïëóàòàöèè èññëåäóåìûõ îáúåêòîâ [1–3, 13]. Âñëåäñòâèå ýòîãî

÷àñòî äèàïàçîí ñïåêòðà ñóììàðíîé ïîìåõè E E E( ) ( ) ( )t t t� �1 2 ïåðåñåêàåòñÿ ñî

ñïåêòðîì ïîëåçíîãî ñèãíàëà X t( ) è ìåæäó íèìè âîçíèêàåò êîððåëÿöèÿ. Êðîìå

òîãî, ñïåêòðû ïîìåõè E( )t è ïîëåçíîãî ñèãíàëà íå ÿâëÿþòñÿ ñòðîãî ñòàáèëüíûìè.

Ïîýòîìó â ïðîöåññå ôèëüòðàöèè íå âñåãäà äîñòèãàåòñÿ æåëàåìûé ðåçóëüòàò,

èíîãäà ìîæåò ïðîèçîéòè èñêàæåíèå ñïåêòðà ïîëåçíîãî ñèãíàëà X t( ) [1, 2, 12].

Â ñâÿçè ñ óêàçàííûìè ôàêòîðàìè â ïðåäëàãàåìîé ðàáîòå ðàññìàòðèâàåòñÿ

îäèí èç âîçìîæíûõ âàðèàíòîâ ñîçäàíèÿ àëüòåðíàòèâíûõ àëãîðèòìîâ è òåõíîëî-

ãèé ôîðìèðîâàíèÿ êîððåëÿöèîííûõ ìàòðèö ñ ýëåìåíòàìè, ýêâèâàëåíòíûìè ýëå-

ìåíòàì ìàòðèöû ïîëåçíûõ ñèãíàëîâ. Ýòî ïîçâîëèò ïîëó÷èòü êîíå÷íûé ðåçóëüòàò

ISSN 1019-5262. Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç, 2021, òîì 57, ¹ 4 177

© Ò.À. Àëèåâ, Í.Ô. Ìóñàåâà, Í.Ý. Ðçàåâà, 2021



ðåøåíèÿ ïåðå÷èñëåííûõ çàäà÷, èäåíòè÷íûé ðåçóëüòàòàì âû÷èñëåíèé äëÿ ìàòðèö

ñ ýëåìåíòàìè, íå èìåþùèìè ïîãðåøíîñòåé.

Îäíàêî ñ ó÷åòîì òîãî, ÷òî â îáúåêòàõ óïðàâëåíèÿ âõîäíûå-âûõîäíûå ñèãíà-

ëû ïðåäñòàâëÿþò ñîáîé ðàçëè÷íûå ôèçè÷åñêèå âåëè÷èíû (íàïðèìåð, òåìïåðàòó-

ðà, äàâëåíèå, âèáðàöèÿ, ïåðåìåùåíèå è ò.ä.), çíà÷åíèÿ êîòîðûõ âàðüèðóþòñÿ

â ðàçíûõ äèàïàçîíàõ, äëÿ ïðèâåäåíèÿ ýëåìåíòîâ ê áåçðàçìåðíûì âåëè÷èíàì ñëå-

äóåò ôîðìèðîâàòü íîðìèðîâàííûå ýêâèâàëåíòíûå êîððåëÿöèîííûå ìàòðèöû

ñ ýëåìåíòàìè, ýêâèâàëåíòíûìè ýëåìåíòàì íîðìèðîâàííûõ êîððåëÿöèîííûõ ìàò-

ðèö ïîëåçíûõ ñèãíàëîâ. Â ïðåäëàãàåìîé ðàáîòå ðàññìàòðèâàåòñÿ îäèí èç âîç-

ìîæíûõ âàðèàíòîâ ðåøåíèÿ ýòîé ïðîáëåìû.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Èçâåñòíî [1–3, 8], ÷òî òåõíè÷åñêîå ñîñòîÿíèå îáúåêòà â îáùåì ñëó÷àå îïèñû-

âàåòñÿ ìàòðè÷íûìè óðàâíåíèÿìè. Ïðè íîðìàëüíîì ñîñòîÿíèè îáúåêòà, êîãäà

îòñóòñòâóåò ïîìåõà îò ïîÿâëåíèÿ äåôåêòîâ, èçíîñîâ, êîððîçèè, òðåùèí, ïîëî-

ìîê è äðóãèõ íåèñïðàâíîñòåé, ìàòðè÷íîå óðàâíåíèå ñîñòîèò èç ìàòðèö, ýëå-

ìåíòàìè êîòîðûõ ÿâëÿþòñÿ îöåíêè àâòîêîððåëÿöèîííûõ è âçàèìíî êîððåëÿöè-

îííûõ ôóíêöèé ïîëåçíûõ ñèãíàëîâ X t( ), Y t( ):
� � �
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�

W W W t W N t( ) [ ( ) ( ) ... (( ) )]� � �0 1� � T — âåêòîð-ñòîëáåö èìïóëüñíûõ ïåðå-

õîäíûõ ôóíêöèé; R
N

X i t X i tXX
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( ) ( ) (( ) )� �� �
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1
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� � — îöåíêè àâòîêîððåëÿ-

öèîííîé ôóíêöèè öåíòðèðîâàííîãî ïîëåçíîãî âõîäíîãî ñèãíàëà X t( ),

R
N

X i t Y i tXY
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�
�

1

1

� � — îöåíêè âçàèìíî êîððåëÿöèîííîé ôóíê-

öèè öåíòðèðîâàííûõ ïîëåçíûõ âõîäíîãî X t( ) è âûõîäíîãî Y t( ) ñèãíàëîâ.

Îäíàêî ïðè ïîÿâëåíèè äåôåêòîâ âìåñòî ïîëåçíûõ ñèãíàëîâ X t( ), Y t( ) îò ñî-

îòâåòñòâóþùèõ äàò÷èêîâ ïîñòóïàþò çàøóìëåííûå ñèãíàëû G t X t t( ) ( ) ( )� � E ,

H( ) ( ) ( )t Y t t� �� . Íàëè÷èå ïîìåõ E( )t , �( )t èñêàæàåò ðåçóëüòàòû ðåøåíèÿ ìàò-

ðè÷íîãî óðàâíåíèÿ (1), òàê êàê äëÿ ðåàëüíûõ òåõíè÷åñêèõ îáúåêòîâ ôîðìèðîâà-

íèå êîððåëÿöèîííûõ ìàòðèö (2), (3) èç îöåíîê ïîëåçíûõ ñèãíàëîâ X t( ) è Y t( )

ñòàíîâèòñÿ íåâîçìîæíûì.

Ïðè ýòîì êîððåëÿöèîííûå ìàòðèöû (2), (3) ðåàëüíûõ òåõíîëîãè÷åñêèõ ïðî-

öåññîâ ïðåäñòàâëÿþòñÿ â âèäå
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RGG ( )� , RGH ( )� — îöåíêè àâòîêîððåëÿöèîííûõ è âçàèìíî êîððåëÿöèîííûõ

ôóíêöèé çàøóìëåííûõ öåíòðèðîâàííûõ ñèãíàëîâ G t( ), H( )t .

Â òî æå âðåìÿ íà ïðàêòèêå íà ìíîãèõ ðåàëüíûõ òåõíè÷åñêèõ îáúåêòàõ îöåí-

êè êîððåëÿöèîííûõ ôóíêöèé ïîëåçíûõ X t( ), Y t( ) è çàøóìëåííûõ G t( ), H( )t ñèã-

íàëîâ íîðìèðóþò, ÷òîáû ïðèâåñòè èõ ê áåçðàçìåðíûì âåëè÷èíàì [1, 2, 8, 13, 14].

Íîðìèðîâàííûå àâòîêîððåëÿöèîííûå è âçàèìíî êîððåëÿöèîííûå ôóíêöèè

rXX ( )� , rXY ( )� , rGG ( )� , rGH ( )� ïîëåçíûõ è çàøóìëåííûõ ñèãíàëîâ

âû÷èñëÿþòñÿ òàê:
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Ïðè ýòîì ñîîòâåòñòâóþùèå íîðìèðîâàííûå êîððåëÿöèîííûå ìàòðèöû çà-

øóìëåííûõ ñèãíàëîâ G t( ), H( )t ïðåäñòàâëÿþòñÿ â âèäå
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Î÷åâèäíî, ÷òî íîðìèðîâàííûå êîððåëÿöèîííûå ìàòðèöû ïîëåçíûõ ñèãíà-

ëîâ áóäóò èìåòü âèä [1–3, 8]:
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Ïðè ýòîì ìàòðè÷íîå óðàâíåíèå (1) ñ ó÷åòîì (11), (12) ïðåîáðàçóåòñÿ ê âèäó

� �

r r W t t N tXY XX( ) ( ) ( ), , , , ..., ( )� � � �� � �0 2 1� � � . (13)

Ñðàâíèâàÿ ìàòðèöû (9) è (11), (10) è (12), âèäèì, ÷òî èõ ñîîòâåòñòâóþùèå

ýëåìåíòû çíà÷èòåëüíî îòëè÷àþòñÿ, ò.å.

r rGG XX( ) ( )� �	 , r rG XYH ( ) ( )� �	 ,

âñëåäñòâèå ÷åãî èìåþò ìåñòî íåðàâåíñòâà
� �

r rGG XX( ) ( )� �	 ,
� �

r rG XYH ( ) ( )� �	 . (14)

Â ñâÿçè ñ ýòèì äëÿ óñòðàíåíèÿ ïîãðåøíîñòåé è, ñëåäîâàòåëüíî, íåðàâåíñòâ

(14), êîòîðûå ÷àñòî âîçíèêàþò íà ïðàêòèêå ïðè ôîðìèðîâàíèè íîðìèðîâàííûõ

êîððåëÿöèîííûõ ìàòðèö, íåîáõîäèìî ðàçðàáîòàòü àëãîðèòìû è òåõíîëîãèè ôîð-
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Î÷åâèäíî, ÷òî äîáèòüñÿ ïîëó÷åíèÿ ðàâåíñòâ (15) ìîæíî â ðåçóëüòàòå âû÷èñ-

ëåíèÿ ýëåìåíòîâ r
XX
e ( )� , r

XY
e ( )� , ýêâèâàëåíòíûõ ýëåìåíòàì ìàòðèöû ïîëåçíûõ

ñèãíàëîâ rXY ( )� , rXY ( )� :

r r
XX
e

XY( ) ( )� �� , r r
XY
e

XY( ) ( )� �� .

ÑÏÅÖÈÔÈ×ÅÑÊÈÅ ÎÑÎÁÅÍÍÎÑÒÈ ÔÎÐÌÈÐÎÂÀÍÈß
ÍÎÐÌÈÐÎÂÀÍÍÛÕ ÝÊÂÈÂÀËÅÍÒÍÛÕ ÊÎÐÐÅËßÖÈÎÍÍÛÕ ÌÀÒÐÈÖ

Ðàññìîòðèì îñîáåííîñòè âû÷èñëåíèÿ íîðìèðîâàííûõ êîððåëÿöèîííûõ ìàòðèö,

ýëåìåíòàìè êîòîðûõ ÿâëÿþòñÿ îöåíêè êîððåëÿöèîííûõ ôóíêöèé ñòàöèîíàðíûõ

ýðãîäè÷åñêèõ çàøóìëåííûõ ñèãíàëîâ G t( ), H( )t ñ íîðìàëüíûì çàêîíîì ðàñïðå-

äåëåíèÿ. Ïðè ýòîì ôîðìóëû (6), (7) âû÷èñëåíèÿ îöåíîê àâòîêîððåëÿöèîííûõ

è âçàèìíî êîððåëÿöèîííûõ ôóíêöèé ìîæíî ïðåäñòàâèòü â âèäå [1–3, 13–15]:

R
N

G i t G i t
N

X i t X i tGG

i

N

i

( ) ( ) ( ) [ ( ) (( ) )� �� � � �
� �
�

1 1

1 1

� � � �
N

i t X i t� � �E( ) (( ) )� ��

� � � � � � �X i t i t i t i t R R RXX X( ) (( ) ) ( ) (( ] ( ) ( )� � � �E E E E� �� � � X RE EE( ) ( )� �� ,

R
N

G i t i t
N

X i t Y i t X iG

i

N

H H( ) ( ) ( ) [ ( ) (( ) ) (� �� � � �
�
�

1 1

1

� � � � � � �t i t

i

N

) (( ) )� �
�
� �

1

� � � �E E( ) (( ) ) ( ) (( ) )]i t Y i t i t i t� � � � �� � � � � �R R R RXY X Y( ) ( ) ( ) ( )� � � �� �E E ,

ãäå R
N

i t X i tX

i

N

E E( ) ( ) (( ) )� �� �
�
�

1

1

� � , R
N

X i t i tX

i

N

E E( ) ( ) (( ) )� �� �
�
�

1

1

� � ,

R
N

X i t i tX

i

N

� � � �( ) ( ) (( ) )� �� �
�
�

1

1

, R
N

i t Y i tY

i

N

E E( ) ( ) (( ) )� �� �
�
�

1

1

� � ,

R
N

i t i t

i

N

E E� � � �( ) ( ) (( ) )� �� �
�
�

1

1

— ñîîòâåòñòâóþùèå îöåíêè âçàèìíî êîððå-
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ëÿöèîííûõ ôóíêöèé; R
N

i t i t

i

N

EE E E( ) ( ) (( ) )� �� �
�
�

1

1

� � — îöåíêè àâòîêîððå-

ëÿöèîííîé ôóíêöèè ïîìåõè E( )t ; D R
N

i t i t

i

N

E EE E E� �
�
�( ) ( ) ( )0

1

1

� � — äèñïåð-

ñèÿ ïîìåõè E( )t .

Â ñëó÷àå îòñóòñòâèÿ êîððåëÿöèè ìåæäó ïîëåçíûìè ñèãíàëàìè X t( ) , Y t( )

è ïîìåõàìè E( )t , �( )t , ò.å. ïðè R XE ( )� � 0, R XE ( )� � 0, R X� ( )� � 0, R YE ( )� � 0,

RE� ( )� � 0 , ñ ó÷åòîì óñëîâèÿ

R
D

EE
E ïðè

ïðè
( )

,
�

�� �
� �

�
	



�
�0

èìååì

R
R D

R
XX

XX
GG ( )

( ) ,

( )
�

�� �
� � ��

�
�

	


�
�

0 E ïðè

ïðè
(16)

R RG XYH ( ) ( )� �� . (17)

Ñîãëàñíî (16) êîððåëÿöèîííóþ ìàòðèöó (4) çàøóìëåííûõ ñèãíàëîâ
�

RGG ( )�

ìîæíî ïðåîáðàçîâàòü ê âèäó:

�

R

R D R t R N t

R t R
GG

XX XX XX

XX XX( )

( ) ( ) ... [( ) ]

( ) (
� �

� �0 1E � �

� 0 2

1

) ... [( ) ]

... ... ... ...

[( ) ] [(

� �

�

D R N t

R N t R N

XX

XX XX

E �

� � �2 0) ] ... ( )�t R DXX E

. (18)

Èñïîëüçóÿ (17), âåêòîð-ñòîëáåö (5) òàêæå ìîæíî ïðåäñòàâèòü â âèäå
� �

R R R t R N t RG XY XY XY XYH
T

( ) [ ( ) ( ) ... [( ) ]] ( )� �� � �0 1� � . (19)

Î÷åâèäíî, ÷òî âåêòîð-ñòîëáåö (19) ìîæíî ñ÷èòàòü ýêâèâàëåíòíûì âåê-

òîð-ñòîëáöó (3) ïîëåçíûõ ñèãíàëîâ X t( ), Y t( ), òàê êàê îöåíêè èõ ñîîòâåòñòâóþ-

ùèõ ýëåìåíòîâ ñîâïàäàþò.

Â òîæå âðåìÿ, êàê ñëåäóåò èç (18), êîððåëÿöèîííàÿ ìàòðèöà
�

RGG ( )� çàøóì-

ëåííîãî ñèãíàëà G t( ) îòëè÷àåòñÿ îò êîððåëÿöèîííîé ìàòðèöû
�

R XX ( )� (2) ïîëåç-

íîãî ñèãíàëà X t( ) äèàãîíàëüíûìè ýëåìåíòàìè, êîòîðûå ïðåäñòàâëÿþò ñîáîé

ñóììó îöåíêè êîððåëÿöèîííîé ôóíêöèè ïîëåçíîãî ñèãíàëà R XX ( )0 è äèñïåðñèè

ïîìåõè DE.

Êðîìå òîãî, êàê óêàçûâàëîñü ðàíåå, íà ïðàêòèêå äëÿ ðåàëüíûõ îáúåêòîâ ïðè

ðåøåíèè ïðèêëàäíûõ çàäà÷ äîñòàòî÷íî ÷àñòî âîçíèêàåò íåîáõîäèìîñòü íîðìèðî-

âàíèÿ ýëåìåíòîâ êîððåëÿöèîííûõ ìàòðèö. Î÷åâèäíî, ÷òî ñ ó÷åòîì (16) ôîðìóëó

(8) îïðåäåëåíèÿ îöåíîê íîðìèðîâàííîé àâòîêîððåëÿöèîííîé ôóíêöèè ìîæíî

ïðåîáðàçîâàòü òàê:

r
R

D

R D

D
GG

GG

G

XX

G

( )
( ) ( )

,�
� �

� �
�

�
� �

0
0 0 E (20)

r
R

D D

R

D
GG

GG

G

XX

X

( )
( ) ( )

�
� �

	 �
	

�
�

	
0

0 0

E

. (21)

Åñòåñòâåííî, ÷òî ôîðìóëó âû÷èñëåíèÿ îöåíîê íîðìèðîâàííûõ âçàèìíî êîð-

ðåëÿöèîííûõ ôóíêöèé òàêæå ìîæíî ïðåäñòàâèòü â âèäå:
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r
R

D D D D

R

D D
G

G

G

XY

X Y

H
H

E H

( )
( )

( )( )

( )
�

� �
	 �

� �
�0

�

. (22)

Ñëåäîâàòåëüíî, ýêâèâàëåíòíóþ íîðìèðîâàííóþ êîððåëÿöèîííóþ ìàòðèöó

(9) çàøóìëåííîãî ñèãíàëà G t( ) ñ ó÷åòîì (20), (21) ìîæíî ïðåäñòàâèòü â âèäå

�

r

R

D

R t

D D

R N t

D D

R

GG
e

GG

G

XX

G

XX

G

( )

( ) ( )
...

[( ) ]

� �

�

�

�

0 1� �

E E

XX

G

GG

G

XX

G

t

D D

R

D

R N t

D D

( ) ( )
...

[( ) ]

... ... ... ..

� �

�

�

�E E

0 2

.
[( ) ] [( ) ]

...
( )R N t

D D

R N t

D D

R

D

XX

G

XX

G

GG

G

�

�

�

�

1 2 0� �

E E

. (23)

Àíàëîãè÷íî ñ ó÷åòîì (22) òàêæå ìîæíî ñôîðìèðîâàòü ýêâèâàëåíòíóþ ìàò-

ðèöó íîðìèðîâàííîé âçàèìíî êîððåëÿöèîííîé ôóíêöèè

�

r
R

D D D D

R t

D D D D
G
e XY

G

XY

G
H

E H E H

( )
( )

( )( )

( )

( )( )
� �

� � � �

0

� �

�

�
�
�

...

...
[( ) ]

( )( )

R N t

D D D D

XY

G

�

� �

�

�
�
�

1 �

�E H

T

. (24)

Èç âûðàæåíèé (23), (24) ñëåäóåò, ÷òî äëÿ óñòðàíåíèÿ ïîãðåøíîñòåé, êîòîðûå

âîçíèêàþò ïðè íîðìèðîâàíèè êîððåëÿöèîííûõ ìàòðèö ïðè âûïîëíåíèè ñîîòíî-

øåíèé (16), (17), íåîáõîäèìî îïðåäåëèòü îöåíêè äèñïåðñèé DE è D� ïîìåõ E( )t ,

�( )t çàøóìëåííûõ ñèãíàëîâ G t( ), H( )t .

Â òî æå âðåìÿ, êàê óêàçûâàëîñü ðàíåå, äëÿ ðåàëüíûõ òåõíè÷åñêèõ îáúåêòîâ

õàðàêòåðíî â ïðîöåññå ýêñïëóàòàöèè ïåðåõîäèòü â ñêðûòûé ïåðèîä îáðàçîâàíèÿ

ðàçëè÷íûõ äåôåêòîâ [1, 2, 13]. Îáû÷íî âñå ýòî îòðàæàåòñÿ íà ñèãíàëàõ, ïîëó÷àå-

ìûõ îò ñîîòâåòñòâóþùèõ äàò÷èêîâ â âèäå øóìà, êîòîðûé â áîëüøèíñòâå ñëó÷àåâ

êîððåëèðóåòñÿ ñ ïîëåçíûìè ñèãíàëàìè X t( ), Y t( ) [1, 2, 13] , ò.å. R XE ( )� 	 0,

R XE ( )� 	 0, R YE ( )� 	 0.

Âñëåäñòâèå ýòîãî ñóììàðíàÿ ïîìåõà ôîðìèðóåòñÿ èç ïîìåõè E1 ( )t , âîçíèêà-

þùåé ïîä âëèÿíèåì âíåøíèõ ôàêòîðîâ, è èç øóìà E 2 ( )t , ïîÿâëÿþùåãîñÿ â ðå-

çóëüòàòå îáðàçîâàíèÿ ðàçëè÷íûõ äåôåêòîâ. Ïðè ýòîì äèñïåðñèÿ çàøóìëåííîãî

ñèãíàëà èìååò âèä

D R
N

G i t
N

X i t
N

X i tG GG

i

N

i

N

� � � �
� �
� �( ) ( ) ( ) ( )0

1 1
2

12

1

2

1

� � � E( )i t

i

N

�
�
� �

1

� � � �
�
�

1
0 2 0 02

1N
i t R R R

i

N

XX XE E EE( ) ( ) ( ) ( )� . (25)

Êàê ñëåäóåò èç ôîðìóëû (25), êîãäà ñóììàðíàÿ ïîìåõà

E E E( ) ( ) ( )t t t� �1 2 (26)

èìååò êîððåëÿöèþ ñ ïîëåçíûì ñèãíàëîì X t( ), òîãäà äèñïåðñèÿ åå ñóììàðíîé

ïîìåõè DE îïðåäåëÿåòñÿ ïî âûðàæåíèþ

D R RXE E EE� �2 0 0( ) ( ) . (27)
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Èç ôîðìóëû (27) ñëåäóåò, ÷òî äèñïåðñèÿ DE ñóììàðíîé ïîìåõè (26) ïðåä-

ñòàâëÿåò ñîáîé ñóììó äèñïåðñèè ïîìåõè, êîòîðàÿ âîçíèêàåò ïîä âëèÿíèåì âíåø-

íèõ ôàêòîðîâ REE ( )0 , è âçàèìíî êîððåëÿöèîííîé ôóíêöèè ìåæäó ïîëåçíûì ñèã-

íàëîì è ïîìåõîé R XE ( )0 , ïîÿâèâøåéñÿ â ðåçóëüòàòå îáðàçîâàíèÿ ðàçëè÷íûõ

íåèñïðàâíîñòåé â îáúåêòå [1, 2].

Â ñâÿçè ñ ýòèì ôîðìóëó îïðåäåëåíèÿ îöåíêè RGG ( )� ìîæíî ïðåäñòàâèòü

â âèäå:

R
R R R

R R
XX X

XX X
GG

E EE

E

ïðè

ï
( )

( ) ( ) ( ) ,

( ) ( )
�

�� �
� �

�
� �
�

0 2 0 0

2 ðè � ��	


�
�

(28)

Èç âûðàæåíèÿ (28) âèäíî, ÷òî ïðè íàëè÷èè êîððåëÿöèè, èñïîëüçóÿ îöåíêè

REE ( )0 è R XE ( )� , ìîæíî ôîðìèðîâàòü êîððåëÿöèîííûå ìàòðèöû
�

R
GG
e ( )� , ýêâè-

âàëåíòíûå ìàòðèöàì ïîëåçíûõ ñèãíàëîâ
�

R XX ( )� . Ïðè ýòîì èõ ìîæíî

ïðåäñòàâèòü â âèäå
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e
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R
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( )� , (29)

�
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e

GG
e
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e
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e
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( ) ( ) ... [( ) ]

( )
� �
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�
G

e
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e
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e
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e

r N t

r N t r

( ) ... [( ) ]
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1

�

�
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� [( ) ] ... ( )
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N t r

r

GG
e

XX

�

�

2 0�

�

� , (30)

ãäå R R R R
GG
e

GG X( ) ( ) ( ) ( )0 0 2 0 0� � �E EE , R R R
GG
e

GG X( ) ( ) ( )� � �� �2 E ïðè

� 	 0,

r
R R R

D DGG
e GG X

G

( )
( ) ( ) ( )

0
2 0 0

�
� �

�

� E EE

E

, r
R R

D DGG
e GG X

G

( )
( ) ( )

�
� �

�
�

�

2 E

E

ïðè � 	 0.

Òàêèì îáðàçîì, èç âûðàæåíèé (29) è (30) âèäíî, ÷òî ïðè íàëè÷èè êîððåëÿ-

öèè ìåæäó ïîëåçíûì ñèãíàëîì è ïîìåõîé, ò.å. ïðè R XE ( )� 	 0, äëÿ ôîðìèðîâà-

íèÿ ýêâèâàëåíòíûõ êîððåëÿöèîííûõ ìàòðèö íåîáõîäèìî îïðåäåëèòü îöåíêè äèñ-

ïåðñèèè ïîìåõè DE è âçàèìíî êîððåëÿöèîííóþ ôóíêöèþ ìåæäó ïîëåçíûì ñèã-

íàëîì è ïîìåõîé R XE ( )� . Ðàçðàáîòêà àëãîðèòìîâ è òåõíîëîãèé îïðåäåëåíèÿ

óêàçàííûõ îöåíîê ïîçâîëÿåò â ðåçóëüòàòå àíàëèçà çàøóìëåííûõ ñèãíàëîâ ñôîð-

ìèðîâàòü êîððåëÿöèîííûå ìàòðèöû, ýêâèâàëåíòíûå ìàòðèöàì ïîëåçíûõ ñèãíà-

ëîâ. Ñ ó÷åòîì òîãî, ÷òî òåõíîëîãèÿ êîððåëÿöèîííîãî àíàëèçà çàùóìëåííûõ ñèã-

íàëîâ øèðîêî ïðèìåíÿåòñÿ âî ìíîãèõ îáëàñòÿõ [1–8], ñîçäàíèå òåõíîëîãèé êîð-

ðåëÿöèîííîãî àíàëèçà ïîëåçíîãî ñèãíàëà è òåõíîëîãèé àíàëèçà ïîìåõè èìååò êàê

òåîðåòè÷åñêîå, òàê è âàæíîå ïðàêòè÷åñêîå çíà÷åíèå. Â ñâÿçè ñ ýòèì öåëåñîîáðàç-

íî ôîðìèðîâàòü íîðìèðîâàííûå ýêâèâàëåíòíûå êîððåëÿöèîííûå ìàòðèöû.

Äàëåå ðàññìàòðèâàåòñÿ îäèí èç âîçìîæíûõ âàðèàíòîâ ðåøåíèÿ ýòîé çàäà÷è.
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ÀËÃÎÐÈÒÌÛ ÊÎÐÐÅÊÖÈÈ ÏÎÃÐÅØÍÎÑÒÅÉ ÝËÅÌÅÍÒÎÂ ÊÎÐÐÅËßÖÈÎÍÍÛÕ
ÌÀÒÐÈÖ ÇÀØÓÌËÅÍÍÛÕ ÑÈÃÍÀËÎÂ ÏÓÒÅÌ ÏÎÑÒÐÎÅÍÈß ÌÀÒÐÈÖÛ
Ñ ÝÊÂÈÂÀËÅÍÒÍÛÌÈ ÝËÅÌÅÍÒÀÌÈ

Äàëåå áóäåò ïîêàçàíî, ÷òî ìîæíî óìåíüøèòü ïîãðåøíîñòè òðàäèöèîííûõ ìå-

òîäîâ êîððåëÿöèîííîãî àíàëèçà çàøóìëåííûõ ñèãíàëîâ, ïðèìåíèâ òåõíîëîãèþ

îïðåäåëåíèÿ ýêâèâàëåíòíûõ îòñ÷åòîâ èõ ïîìåõè E e i t( )� [1, 2]. Âíà÷àëå ðàñ-

ñìîòðèì âîçìîæíîñòü âû÷èñëåíèÿ ïðèáëèæåííûõ âåëè÷èí îòñ÷åòîâ ïîìåõè

E( )i t� , êîòîðûå òðóäíî èçìåðèòü. Àíàëèç ñóùåñòâóþùèõ âàðèàíòîâ ðåøåíèÿ

ýòîé çàäà÷è ïîêàçàë [1, 2], ÷òî ñ èñïîëüçîâàíèåì òåõíîëîãèè âû÷èñëåíèÿ

îöåíêè äèñïåðñèè ïîìåõè DE ìîæíî âìåñòî òðóäíî èçìåðèìûõ îòñ÷åòîâ ïî-

ìåõè E( )i t� îïðåäåëèòü èõ ïðèáëèæåííûå ýêâèâàëåíòíûå âåëè÷èíû E e ( ) .i t�

Â ðàáîòàõ [1–3, 8, 13] äîêàçàíî, ÷òî ôîðóìóëó âû÷èñëåíèÿ äèñïåðñèè ïîìåõè

E( )t ìîæíî ïðåäñòàâèòü â âèäå
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Èñõîäÿ èç (31), ïðèáëèæåííóþ ýêâèâàëåíòíóþ îöåíêó êâàäðàòà îòñ÷åòà ïî-
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ãäå P — âåðîÿòíîñòü.

Èñõîäÿ èç äàííîãî ïðèáëèæåííîãî ðàâåíñòâà âåðîÿòíîñòåé (33), ìîæíî çà-
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Àíàëîãè÷íî âûðàæåíèþ (32) ìîæíî óòâåðæäàòü, ÷òî, íåñìîòðÿ íà âîçìîæ-

íûå îòêëîíåíèÿ ïðèáëèæåííûõ âåëè÷èí ýêâèâàëåíòíûõ îòñ÷åòîâ E e i t( )� îò èõ
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Òîãäà ôîðìóëó âû÷èñëåíèÿ ñðåäíåé âåëè÷èíû E( )i t� îòñ÷åòîâ ïîìåõè E( )i t�

ìîæíî ñâåñòè ê âû÷èñëåíèþ ñðåäíåé âåëè÷èíû ýêâèâàëåíòíûõ îòñ÷åòîâ ïîìå-

õè E e i t( )� , ò.å.
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Èç ðàâåíñòâ (31)–(36) ñëåäóåò, ÷òî ñ ïîìîùüþ ýêâèâàëåíòíûõ îòñ÷åòîâ ïî-
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Áëàãîäàðÿ ýòîìó ïîÿâëÿåòñÿ âîçìîæíîñòü, âûäåëèâ ýêâèâàëåíòíûå îòñ÷åòû

ïîìåõè E e i t( )� èç çàøóìëåííîãî ñèãíàëà G i t( )� , ïî ïîëó÷åííûì ýêâèâàëåíòíûì
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Â ðåçóëüòàòå ïîëó÷àåì ðàâåíñòâî R RXX
X X
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( ) ( )� �� , êîòîðîå ïîêàçûâàåò,

÷òî, èñïîëüçóÿ ýêâèâàëåíòíûå îòñ÷åòû ïîìåõè E e i t( )� è ïîëåçíîãî ñèãíàëà

X i te ( )� , ìîæíî çíà÷èòåëüíî óìåíüøèòü ïîãðåøíîñòü òðàäèöèîííûõ òåõíîëîãèé

êîððåëÿöèîííîãî àíàëèçà çàøóìëåííûõ ñèãíàëîâ.
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Ïðè ýòîì î÷åâèäíî, ÷òî ôîðìóëû îïðåäåëåíèÿ îöåíîê íîðìèðîâàííûõ êîð-

ðåëÿöèîííûõ ôóíêöèé ìîæíî ïðåäñòàâèòü â âèäå
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÷òî ïîçâîëÿåò óñòðàíèòü ïîãðåøíîñòè íîðìèðîâàíèÿ, âîçíèêàþùèå ïðè ïðè-

ìåíåíèè ôîðìóëû (8).

Â ðåçóëüòàòå ýêâèâàëåíòíóþ íîðìèðîâàííóþ êîððåëÿöèîííóþ ìàòðèöó
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Òàêèì îáðàçîì, ìîæíî ñ÷èòàòü, ÷òî íîðìèðîâàííûå êîððåëÿöèîííûå ìàòðè-

öû
�

r
X X

e
e e

( )� ,
�

r
X Y

e
e e

( )� , ñôîðìèðîâàííûå èç îöåíîê, âû÷èñëåííûõ ïî ýêâèâà-

ëåíòíûì îòñ÷åòàì ïîëåçíûõ ñèãíàëîâ X i te ( )� , Y i te ( )� , áóäóò ýêâèâàëåíòíû
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Ïðè ýòîì ìàòðè÷íûå óðàâíåíèÿ (1) è (13) ìîæíî ïðåäñòàâèòü â âèäå
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Òàêèì îáðàçîì, ìîæíî çíà÷èòåëüíî óìåíüøèòü ïîãðåøíîñòè, ïðîâåñòè êîð-

ðåëÿöèîííûé àíàëèç çàøóìëåííûõ ñèãíàëîâ, ïîâûñèòü óðîâåíü àäåêâàòíîñòè

ïðè ðåøåíèè çàäà÷ êîíòðîëÿ, äèàãíîñòèêè è èäåíòèôèêàöèè òåõíè÷åñêîãî ñîñòî-

ÿíèÿ îáúåêòîâ óïðàâëåíèÿ. Îòìåòèì, ÷òî èìåÿ äàííûå îá ýêâèâàëåíòíûõ îòñ÷å-

òàõ ïîìåõè E e i t( )� è ïîëåçíîãî ñèãíàëà X i te ( )� , ìîæíî óëó÷øèòü òàêæå ðå-

çóëüòàòû ðåøåíèÿ çàäà÷ óïðàâëåíèÿ.

ÒÅÕÍÎËÎÃÈß ÏÐÎÂÅÄÅÍÈß ÂÛ×ÈÑËÈÒÅËÜÍÎÃÎ ÝÊÑÏÅÐÈÌÅÍÒÀ

Äàëåå ïðèâîäÿòñÿ ðåçóëüòàòû âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ ïî êîððåêöèè

ïîãðåøíîñòåé ýëåìåíòîâ êîððåëÿöèîííûõ ìàòðèö çàøóìëåííûõ ñèãíàëîâ ñ ïî-

ìîùüþ ïîñòðîåíèÿ ìàòðèöû ñ ýêâèâàëåíòíûìè ýëåìåíòàìè. Âû÷èñëèòåëüíûå

ýêñïåðèìåíòû ïðîâîäèëèñü ñ èñïîëüçîâàíèåì ñðåäñòâà êîìïüþòåðíîé ìàòåìà-

òèêè MATLAB.

Îñóùåñòâëÿåòñÿ îäíà èç ðåàëèçàöèé ñòàöèîíàðíîãî ýðãîäè÷åñêîãî ïîëåçíî-

ãî ñèãíàëà X t( ), êîòîðûé ñ÷èòàåòñÿ èñòèííûì ïîëåçíûì ñèãíàëîì. Ñ ïîìîùüþ

ãåíåðàòîðà ñëó÷àéíûõ ÷èñåë ôîðìèðóåòñÿ êîððåëèðîâàííàÿ ñ ïîëåçíûì ñèãíà-

ëîì X t( ) íîðìàëüíî ðàñïðåäåëåííàÿ ïîìåõà E( )t ñ çàäàííûì çíà÷åíèåì ñðåäíåãî

êâàäðàòè÷åñêîãî îòêëîíåíèÿ 	 E è íóëåâûì ìàòåìàòè÷åñêèì îæèäàíèåì mE � 0.
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Ïðåäïîëàãàåòñÿ, ÷òî ýòî èñòèííàÿ ïîìåõà. Ôîðìèðóåòñÿ çàøóìëåííûé ñèãíàë

G t X t t( ) ( ) ( )� � E [16] .

Ïîñëå ýòîãî ñîãëàñíî (34) âû÷èñëÿþòñÿ ýêâèâàëåíòíûå îòñ÷åòû ïîìåõè
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Çàòåì ñ èñïîëüçîâàíèåì ôîðìóë (8), (9), (11), (23), (28), (30) ôîðìèðóþòñÿ
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X X XX

XX

e e

e e

( )
| ( ) ( )|

( )
%�

�
�100 .

Äàëåå ôîðìèðóþòñÿ ìàòðèöû îòíîñèòåëüíûõ ïîãðåøíîñòåé ýëåìåíòîâ íîð-

ìèðîâàííîé ìàòðèöû çàøóìëåííûõ ñèãíàëîâ �
�

rGG ( )� è ýêâèâàëåíòíûõ ñèãíà-
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Ïðîâîäèòñÿ ñðàâíåíèå âåëè÷èí îòíîñèòåëüíûõ ïîãðåøíîñòåé ýëåìåíòîâ íîð-

ìèðîâàííîé ìàòðèöû �
�

rGG ( )� çàøóìëåííûõ ñèãíàëîâ è íîðìèðîâàííîé ìàòðè-

öû �
�

r
X Xe e ( )� ýêâèâàëåíòíûõ ñèãíàëîâ è äåëàþòñÿ ñîîòâåòñòâóþùèå âûâîäû.

ÐÅÇÓËÜÒÀÒÛ ÂÛ×ÈÑËÈÒÅËÜÍÛÕ ÝÊÑÏÅÐÈÌÅÍÒÎÂ
È ÑÐÀÂÍÈÒÅËÜÍÎÃÎ ÀÍÀËÈÇÀ

Èçâåñòíî, ÷òî ëþáîé ñòàöèîíàðíûé ñëó÷àéíûé ïðîöåññ X t( ) íà áåñêîíå÷íîì

èíòåðâàëå T ìîæíî ñêîëü óãîäíî òî÷íî àïïðîêñèìèðîâàòü ëèíåéíîé êîìáèíà-

öèåé ãàðìîíè÷åñêèõ êîëåáàíèé ñî ñëó÷àéíîé àìïëèòóäîé è ôàçîé [16]:

X t a
T

t b
T

tk vk k( ) cos sin� �
�

�
�
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!

2 2
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��
 � �
 "
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�
��

 

!
""

�
�
v

n

1

,

åñëè èçâåñòíû ôóíêöèè ðàñïðåäåëåíèÿ âåðîÿòíîñòè êîýôôèöèåíòîâ a k� , b k�

è ôàç ��k , �
�1 k

, � �2 k . Ïîýòîìó ñìîäåëèðîâàí ïîëåçíûé ñëó÷àéíûé ñèãíàë

X t
k

T

n

( )
( . )

� �
�

�
�

�

�
�

 

!

"
"
�58

1 5
200sin 
 � â âèäå âîçìóùåííîé ãàðìîíè÷åñêîé äèñ-

êðåòíîé ôóíêöèè ñ íà÷àëüíîé ôàçîé �, êîòîðàÿ èìååò ðàâíîìåðíîå ðàñïðåäå-

ëåíèå âåðîÿòíîñòåé, ãäå k K#[ , ]0 , K � 2598; ïîêàçàòåëü ñòåïåíè n �1 5. ; ïåðèîä

ñèãíàëà T �1196; íà÷àëüíàÿ ôàçà � çàäàåòñÿ â âèäå rand(size(k)) pi / 3$ (çäåñü

ôóíêöèÿ rand(size(k)) ôîðìèðóåò âåêòîð, ñîðàçìåðíûé ñ âåêòîðîì k, ýëåìåíòà-

ìè êîòîðîãî ÿâëÿþòñÿ ñëó÷àéíûå âåëè÷èíû, ðàñïðåäåëåííûå ïî ðàâíîìåðíîìó

çàêîíó â èíòåðâàëå (0,1)).

Ïîìåõà E( )t ïîä÷èíÿåòñÿ íîðìàëüíîìó çàêîíó ðàñïðåäåëåíèÿ ñ ìàòåìàòè-

÷åñêèì îæèäàíèåì mE � 0 489. è ñðåäíèì êâàäðàòè÷åñêèì îòêëîíåíèåì 	 E � 20.

Êîýôôèöèåíò êîððåëÿöèè ìåæäó ïîëåçíûì ñèãíàëîì X t( ) è ïîìåõîé E( )t ñî-

ñòàâëÿåò rXE � 0 1856. .

Ðåçóëüòàòû âû÷èñëåíèé ïðåäñòàâëåíû â òàáë. 1–3.

Ñðàâíèòåëüíûé àíàëèç ðåçóëüòàòîâ âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ.
Ïîñëå àíàëèçà ïîëó÷åííûõ ðåçóëüòàòîâ ñäåëàíû ñëåäóþùèå âûâîäû:

— äëÿ êîíòðîëÿ ýôôåêòèâíîñòè ïðåäëîæåííûõ àëãîðèòìîâ ìàòðèöû ñôîðìè-

ðîâàíû òàê, ÷òîáû çíà÷åíèÿ ýëåìåíòîâ ìàòðèöû
�

rXX ( )� ñãåíåðèðîâàííîãî ïî-

ëåçíîãî ñèãíàëà X t( ) è ìàòðèöû
�

rGG ( )� ñãåíåðèðîâàííîãî çàøóìëåííîãî ñèã-

íàëà G t( ) ñèëüíî îòëè÷àëèñü îäíà îò äðóãîé (ñì. òàáë. 1), ò.å. r i tGG ( )� 	
	 r i tXX ( )� ;
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— çíà÷åíèÿìè ïîãðåøíîñòåé ìåæäó îöåíêàìè ñðåäíèõ è ñðåäíèõ êâàäðàòè-

÷åñêèõ îòêëîíåíèé ïîëåçíîãî ñèãíàëà X t( ) è ýêâèâàëåíòíîãî ïîëåçíîãî ñèãíà-

ëà X te ( ) ìîæíî ïðåíåáðå÷ü, ïîñêîëüêó m mX X e� , 	 	X X e� , òàê êàê

mX � 200 34. , m
X e � 200 87. , �mX � 0 265. %, 	 X � 41 069. , 	

X e � 42 001. , �	 X �
� 2 2686. % ;

— çíà÷åíèÿìè ïîãðåøíîñòåé ìåæäó ýëåìåíòàìè ìàòðèöû
�

rXX ( )� ïîëåçíîãî

ñèãíàëà X t( ) è ìàòðèöû
�

r
X Xe e ( )� ýêâèâàëåíòíîãî ïîëåçíîãî ñèãíàëà X te ( )

òàêæå ìîæíî ïðåíåáðå÷ü, òàê êàê (ñì. òàáë. 1, 2) r i t r i t
X X

XXe e
( ) ( )� �� ;

— íåñìîòðÿ íà òî, ÷òî ìàòðèöû ñôîðìèðîâàíû òàêèì îáðàçîì, ÷òîáû âåëè÷è-

íû îòíîñèòåëüíûõ ïîãðåøíîñòåé ýëåìåíòîâ ìàòðèöû �
�

rGG ( )� âàðüèðîâàëèñü

â øèðîêèõ ïðåäåëàõ (îò 17 % äî 0 % , ñì. òàáë. 3), âåëè÷èíû îòíîñèòåëüíûõ
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Ìàòðèöà ïîãðåøíîñòåé �
�

r
GG

( )� , % Ìàòðèöà ïîãðåøíîñòåé �
�

r
X X

e e ( )� , %

0 15.6 16.8 17.0 14.3 15.2 15.8 0 4.7 1.77 1.76 5.79 9.79 3.0

15.6 0 15.6 16.8 17.0 14.3 15.2 4.7 0 4.7 1.77 1.76 5.79 9.79

16.8 15.6 0 15.6 16.8 17.0 14.3 1.77 4.7 0 4.7 1.77 1.76 5.79

17.0 16.8 15.6 0 15.6 16.8 17.0 1.76 1.77 4.7 0 4.7 1.77 1.76

14.3 17.0 16.8 15.6 0 16.8 17.0 5.79 1.76 1.77 4.7 0 4.7 1.77

15.2 14.3 17.0 16.8 15.6 0 16.8 9.79 5.79 1.76 1.77 4.7 0 4.7

15.8 15.2 14.3 17.0 16.8 15.6 0 3.0 9.79 5.79 1.76 1.77 4.7 0

Ò à á ë è ö à 3

Ìàòðèöà
�

r
X X

e e ( )� ýêâèâàëåíòíîãî ïîëåçíîãî ñèãíàëà X t
e ( )

1 0.85836 0.86669 0.79176 0.71752 0.50277 0.41286

0.85836 1 0.85836 0.86669 0.79176 0.71752 0.50277

0.86669 0.85836 1 0.85836 0.86669 0.79176 0.71752

0.79176 0.86669 0.85836 1 0.85836 0.86669 0.79176

0.71752 0.79176 0.86669 0.85836 1 0.85836 0.86669

0.50277 0.71752 0.79176 0.86669 0.85836 1 0.85836

0.41286 0.50277 0.71752 0.79176 0.86669 0.85836 1

Ò à á ë è ö à 2

Ìàòðèöà
�

rXX ( )� ïîëåçíîãî ñèãíàëà X t( ) Ìàòðèöà r
GG

( )� çàøóìëåííîãî ñèãíàëà G t( )

1 0.90 0.85 0.78 0.68 0.56 0.43 1 0.76 0.71 0.65 0.58 0.47 0.36

0.90 1 0.90 0.85 0.78 0.68 0.56 0.76 1 0.76 0.71 0.65 0.58 0.47

0.85 0.90 1 0.90 0.85 0.78 0.68 0.71 0.76 1 0.76 0.71 0.65 0.58

0.78 0.85 0.90 1 0.90 0.85 0.78 0.65 0.71 0.76 1 0.76 0.71 0.65

0.68 0.78 0.85 0.90 1 0.90 0.85 0.58 0.65 0.71 0.76 1 0.76 0.71

0.56 0.68 0.78 0.85 0.90 1 0.90 0.47 0.58 0.65 0.71 0.76 1 0.76

0.43 0.56 0.68 0.78 0.85 0.90 1 0.36 0.47 0.58 0.65 0.71 0.76 1

Ò à á ë è ö à 1



ïîãðåøíîñòåé ýëåìåíòîâ ìàòðèöû �
�

r
X Xe e

( )� èçìåíÿþòñÿ â óçêèõ ïðåäåëàõ

îò 5 % äî 0 % (èñêëþ÷åíèå ñîñòàâëÿåò òî÷êà âáëèçè íóëÿ (9%) (ñì. òàáë. 3)).

Òàêèì îáðàçîì, ìíîæåñòâî ïðîâåäåííûõ âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ

ñâèäåòåëüñòâóåò î äîñòîâåðíîñòè àëãîðèòìîâ ôîðìèðîâàíèÿ íîðìèðîâàííûõ ýê-

âèâàëåíòíûõ êîððåëÿöèîííûõ ìàòðèö çàøóìëåííûõ ñëó÷àéíûõ ñèãíàëîâ.

ÇÀÊËÞ×ÅÍÈÅ

Îáùåèçâåñòíî, ÷òî ðåøåíèå ìíîãèõ çàäà÷ èäåíòèôèêàöèè è óïðàâëåíèÿ ñâî-

äèòñÿ ê ðåøåíèþ ìàòðè÷íîãî óðàâíåíèÿ è ïðè ýòîì òðåáóåòñÿ ôîðìèðîâàíèå

ñîîòâåòñòâóþùèõ êîððåëÿöèîííûõ ìàòðèö. Òåîðåòè÷åñêè ðåøåíèå ýòèõ âîïðî-

ñîâ íåïðîáëåìàòè÷íî. Îäíàêî ïðè ïðèìåíåíèè ýòîãî ìåòîäà äëÿ ðåøåíèÿ òà-

êèõ ïðàêòè÷åñêèõ çàäà÷, êàê èäåíòèôèêàöèÿ äèíàìèêè èçìåíåíèÿ òåõíè÷åñêî-

ãî ñîñòîÿíèÿ îáúåêòîâ óïðàâëåíèÿ — ìîðñêèõ ïëàòôîðì, óñòàíîâîê áóðåíèÿ,

êîìïðåññîðíûõ ñòàíöèé è ò.ä., âîçíèêàåò ìíîæåñòâî ïðîáëåì. Íàïðèìåð, êîã-

äà ñèãíàëû ïðåäñòàâëÿþò ñîáîé ðàçëè÷íûå ôèçè÷åñêèå âåëè÷èíû è òðåáóåòñÿ

ïðèìåíÿòü ïðîöåäóðó èõ íîðìèðîâàíèÿ. Â ýòîì ñëó÷àå îêàçûâàåòñÿ, ÷òî ïðè

ôîðìèðîâàíèè íîðìèðîâàííûõ êîððåëÿöèîííûõ ìàòðèö âîçíèêàþò äîïîëíè-

òåëüíûå ïîãðåøíîñòè. Êðîìå òîãî, äîñòàòî÷íî ÷àñòî â ïðîöåññå ýêñïëóàòàöèè

îáúåêòà ïî ïðîøåñòâèè âðåìåíè ìåæäó ïîëåçíûì ñèãíàëîì è ïîìåõîé ïîÿâëÿ-

åòñÿ êîððåëÿöèÿ, ÷òî îêàçûâàåò çíà÷èòåëüíîå âëèÿíèå íà ïîãðåøíîñòü ôîðìè-

ðîâàíèÿ ýëåìåíòîâ êîððåëÿöèîííîé ìàòðèöû. Ïðè ðåøåíèè ïðàêòè÷åñêèõ çà-

äà÷, êðîìå óêàçàííûõ ïðîáëåì, âîçíèêàþò òàêæå äðóãèå, ìåíåå çíà÷èòåëüíûå.

Ïðåäëàãàåìàÿ ðàáîòà, â ïåðâóþ î÷åðåäü, ïîñâÿùåíà óñòðàíåíèþ òðóäíîñòåé

øèðîêîãî ïðèìåíåíèÿ óêàçàííîé òåîðèè íà ïðàêòèêå. Ïðåäëàãàåìûå òåõíîëîãèÿ

êîððåêöèè îöåíîê êîððåëÿöèîííûõ ôóíêöèé ñ èñïîëüçîâàíèåì îöåíîê âçàèìíî

êîððåëÿöèîííîé ôóíêöèè ìåæäó ïîìåõîé è ïîëåçíûì ñèãíàëîì è îöåíêè äèñ-

ïåðñèè ïîìåõè, à òàêæå òåõíîëîãèÿ ðåøåíèÿ ýòîãî âîïðîñà ñ èñïîëüçîâàíèåì ýê-

âèâàëåíòíûõ îòñ÷åòîâ ïîìåõè è ïîëåçíîãî ñèãíàëà ìîãóò óñïåøíî ïðèìåíÿòüñÿ

âî âñåõ îáëàñòÿõ, ãäå èñïîëüçóþòñÿ òåõíîëîãèè êîððåëÿöèîííîãî àíàëèçà

çàøóìëåííûõ ñèãíàëîâ.
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Ò.À. Àë³ºâ, Í.Ô. Ìóñàºâà, Í.Å. Ðçàºâà
ÀËÃÎÐÈÒÌÈ ÔÎÐÌÓÂÀÍÍß ÅÊÂ²ÂÀËÅÍÒÍÈÕ ÍÎÐÌÎÂÀÍÈÕ ÊÎÐÅËßÖ²ÉÍÈÕ
ÌÀÒÐÈÖÜ ÇÀØÓÌËÅÍÍß ÂÈÏÀÄÊÎÂÈÕ ÑÈÃÍÀË²Â

Àíîòàö³ÿ. Ó îá’ºêòàõ êåðóâàííÿ ñèãíàëè çàçâè÷àé ïðåäñòàâëÿþòü ñîáîþ
ð³çí³ ô³çè÷í³ âåëè÷èíè, òàê³ ÿê òåìïåðàòóðà, òèñê, â³áðàö³ÿ òîùî. Òîìó ï³ä
÷àñ ðàçâ’ÿçàííÿ çàäà÷ êîíòðîëþ, ä³àãíîñòèêè òà ³äåíòèô³êàö³¿ âèíèêàº íå-
îáõ³äí³ñòü ôîðìóâàííÿ íîðìîâàíèõ êîðåëÿö³éíèõ ìàòðèöü. Ïðîíàë³ç³ðîâàíî
òðóäíîù³ ôîðìóâàííÿ íîðìîâàíèõ êîðåëÿö³éíèõ ìàòðèöü çàøóìëåíèõ
âõ³äíèõ-âèõ³äíèõ ñèãíàë³â òåõí³÷íèõ îá’ºêò³â. Çàïðîïîíîâàíî àëãîðèòìè
âèçíà÷åííÿ åêâ³âàëåíòíèõ â³äë³ê³â ïåðåøêîäè ³ êîðèñíîãî ñèãíàëó ³ ïîêàçà-
íî ìîæëèâ³ñòü ¿õíüîãî âèêîðèñòàííÿ äëÿ ôîðìóâàííÿ íîðìîâàíèõ êîðå-
ëÿö³éíèõ ìàòðèöü, åêâ³âàëåíòíèõ êîðåëÿö³éíèì ìàòðèöÿì êîðèñíèõ ñèãíàë³â
çàøóìëåíèõ âèïàäêîâèõ ïðîöåñ³â. Äîâåäåíî, ùî ó öüîìó ðàç³ çíà÷íî ñïðî-
ùóºòüñÿ ïðîöåäóðà ôîðìóâàííÿ íîðìîâàíèõ êîðåëÿö³éíèõ ìàòðèöü ³ ñóòòºâî
çìåíøóºòüñÿ ïîõèáêà ¿õí³õ åëåìåíò³â.

Êëþ÷îâ³ ñëîâà: ñèãíàë, ïåðåøêîäà, çàøóìëåííèé ñèãíàë, íîðìîâàí³ êîðå-
ëÿö³éí³ ìàòðèö³, îá’ºêò, ä³àãíîñòèêà.

ISSN 1019-5262. Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç, 2021, òîì 57, ¹ 4 191



T.A. Aliev, N.F. Musaeva, N.E. Rzayeva
ALGORITHMS FOR GENERATING THE EQUIVALENT NORMALIZED
CORRELATION MATRICES OF NOISY RANDOM SIGNALS

Abstract. It is shown that in control objects, signals are usually various physical
quantities, such as temperature, pressure, vibration, etc. Therefore, when solving
problems of control, diagnostics, and identification, it becomes necessary to
generate normalized correlation matrices. The difficulties of generating
normalized correlation matrices of noisy input-output signals of engineering
objects are analyzed. Algorithms are proposed for determining equivalent
samples of the noise and the useful signal and the possibility of their use for
generating normalized correlation matrices equivalent to the correlation matrices
of useful signals of noisy random processes is shown. It is shown that in this
case, the procedure of the formation of normalized correlation matrices is
substantially simplified and the error of their elements is significantly reduced.

Keywords: signal, noise, noisy signal, normalized correlation matrices, object,
diagnostics.
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