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ÐÎÇÂ’ßÇÓÂÀÍÍß ÇÀÄÀ×² ²ÍÒÅÐÏÐÅÒÀÖ²¯ ÑÏÎÑÒÅÐÅÆÅÍÜ
Ç ÂÈÊÎÐÈÑÒÀÍÍßÌ ÑÏËÀÉÍ-ÍÀÁËÈÆÅÍÍß ÑÊÀÍÎÂÀÍÎ¯ ÔÓÍÊÖ²¯

Àíîòàö³ÿ. Ïîäàíî àíàë³ç òî÷íîñò³ ÷èñëîâî¿ ðåàë³çàö³¿ ÷àñòîòíîãî ìåòîäó
ðîçâ’ÿçóâàííÿ ³íòåãðàëüíîãî ð³âíÿííÿ â çàäà÷³ ³íòåðïðåòàö³¿ òåõí³÷íèõ ñïîñ-
òåðåæåíü ³ç âèêîðèñòàííÿì ñïëàéí-íàáëèæåííÿ ñêàíîâàíî¿ ôóíêö³¿. Äîñë³ä-
æåíî àëãîðèòì ðîçâ’ÿçàííÿ ³íòåãðàëüíîãî ð³âíÿííÿ çàäà÷³ ³íòåðïðåòàö³¿, ùî
´ðóíòóºòüñÿ íà çàñòîñóâàíí³ ìåòîäó ðåãóëÿðèçàö³¿ Òèõîíîâà ç ïîøóêîì ðîç-
â’ÿçêó â ÷àñòîòí³é îáëàñò³ ç óð³çàííÿì ñïåêòðó ÷àñòîò. Äëÿ ï³äâèùåííÿ òî÷-
íîñò³ ðåçóëüòàò³â ³íòåðïðåòàö³¿ çàïðîïîíîâàíî çàñòîñóâàííÿ ñïëàéí-íàáëè-
æåííÿ çíà÷åíü ñêàíîâàíî¿ ôóíêö³¿, òîáòî ïðàâî¿ ÷àñòèíè ³íòåãðàëüíîãî
ð³âíÿííÿ. Îòðèìàíî îö³íêó òî÷íîñò³ ðîçâ’ÿçêó ³íòåãðàëüíîãî ð³âíÿííÿ ³ç çà-
ñòîñóâàííÿì ìåòîäó ðåãóëÿðèçàö³¿ òà âðàõóâàííÿì ïîõèáêè, ùî ñóïðîâîä-
æóºòüñÿ íåòî÷í³ñòþ çàäàííÿ ïðàâî¿ ÷àñòèíè, à òàêîæ ïîõèáêè îá÷èñëåííÿ
çíà÷åíü ÿäðà. Çàïðîïîíîâàíî ñïîñ³á îá÷èñëåííÿ îïòèìàëüíîãî çà òî÷í³ñòþ
ñòåïåíÿ çãëàäæóâàëüíîãî ñïëàéí-íàáëèæåííÿ ñêàíîâàíî¿ ôóíêö³¿.

Êëþ÷îâ³ ñëîâà: çàäà÷à ³íòåðïðåòàö³¿, ³íòåãðàëüíå ð³âíÿííÿ Ôðåäãîëüìà, ìå-
òîä ðåãóëÿðèçàö³¿ Òèõîíîâà, óð³çàííÿ ñïåêòðó ÷àñòîò, ñïëàéí-íàáëèæåííÿ,
îö³íêà òî÷íîñò³.

ÂÑÒÓÏ. ÌÀÒÅÌÀÒÈ×ÍÀ ÌÎÄÅËÜ

Ó òåîð³¿ òà ïðàêòèö³ ñòâîðåííÿ çàñîá³â âèì³ðþâàííÿ òà ñïîñòåðåæåííÿ ñóòòºâå

çíà÷åííÿ ìàº çàäà÷à çàáåçïå÷åííÿ òà ï³äâèùåííÿ òî÷íîñò³, ó ðîçâ’ÿçàíí³ ÿêî¿

âàæëèâó ðîëü â³ä³ãðàþòü ìàòåìàòè÷í³ ìåòîäè ³íòåðïðåòàö³¿ ñïîñòåðå-

æåíü [1–3]. Òî÷í³ñòü îïðàöþâàííÿ ñèãíàë³â âèçíà÷àº ÿê³ñòü ñèñòåì àâòîìàòè÷-

íîãî êåðóâàííÿ ñêëàäíèìè îá’ºêòàìè, ñèñòåì äèñïåò÷åðñüêîãî êåðóâàííÿ åëåê-

òðîåíåðãåòè÷íèìè òà ãàçîòðàíñïîðòíèìè ìåðåæàìè òîùî [1, 4]. Äëÿ îïðàöþ-

âàííÿ ñèãíàë³â ïîòð³áíî âèêîðèñòîâóâàòè åôåêòèâí³ àëãîðèòìè, à ï³ä ÷àñ

àíàë³çó ¿õíüî¿ òî÷íîñò³ âðàõîâóâàòè âñ³ ìîæëèâ³ äæåðåëà ïîõèáîê [5–8].

Çàäà÷à ³íòåðïðåòàö³¿ ñïîñòåðåæåíü çâîäèòüñÿ äî êóòîâî¿ ðåäóêö³¿ ñèãíàë³â, ÿêà

îïèñóºòüñÿ ³íòåãðàëüíèì ð³âíÿííÿì Ôðåäãîëüìà ïåðøîãî ðîäó âèãëÿäó [1, 2, 9]
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íÿ ïîòî÷íîãî êóòà âèì³ðþâàëüíîãî åëåìåíòà (àíòåíè), [ , ]a b — îáëàñòü

âèì³ðþâàííÿ (âèçíà÷åííÿ), R ( )� — ôóíêö³ÿ, ÿêà îïèñóº ä³àãðàìó íàïðàâëå-

íîñò³ (ÿäðî ³íòåãðàëüíîãî ð³âíÿííÿ), U ( )� — çíà÷åííÿ âèì³ðÿíîãî ñèãíàëó íà

âèõîä³ (ïðàâà ÷àñòèíà ³íòåãðàëüíîãî ð³âíÿííÿ).

Ðîçâ’ÿçîê ð³âíÿííÿ (1) îá÷èñëþâàòèìåìî çà ìåòîäîì ðåãóëÿðèçàö³¿ Òèõîíîâà

q-ãî ïîðÿäêó ç óð³çàííÿì ñïåêòðó ÷àñòîò [10–12]
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à R� �( ) — õàðàêòåðèñòèêà íàïðóæåíîñò³ åëåêòðîìàãí³òíîãî ïîëÿ ä³àãðàìè íà-

ïðàâëåíîñò³ íà ÷àñòîò³ �.

Ñêàíîâàíà ôóíêö³ÿ U ( )� — ïðàâà ÷àñòèíà ð³âíÿííÿ (1), çàäàíà íà â³äð³çêó

[ , ]a b ñâî¿ìè çíà÷åííÿìè â äèñêðåòíèõ òî÷êàõ � i a ih� � , i n� 0, , h a b n� �( ) /

ç äåÿêîþ ïîõèáêîþ. Ç âèãëÿäó ë³âî¿ ÷àñòèíè ð³âíÿííÿ (1) âèïëèâàº, ùî U ( )� º

ãëàäêîþ ôóíêö³ºþ àðãóìåíòó �, a b� �� . Äëÿ îòðèìàííÿ çíà÷åíü ôóíêö³¿ U ( )�
íà â³äð³çêó [ , ]a b ìîæíà âèêîðèñòàòè íàáëèæåííÿ, ùî ïîáóäîâàíî çà ¿¿ âèì³ðÿíè-

ìè çíà÷åííÿìè â äèñêðåòíèõ òî÷êàõ i n� 0, . ßêùî âèì³ðþâàííÿ ïðîâåäåíî ç âè-

ñîêîþ òî÷í³ñòþ, òî äëÿ îïèñó ôóíêö³¿ U ( )� îïòèìàëüíî âèêîðèñòàòè ÷åáèøîâ-

ñüêå íàáëèæåííÿ [13–15]. Îñê³ëüêè íà ðåçóëüòàòè âèì³ðþâàííÿ ìîæóòü âïëèâàòè

äåÿê³ âèïàäêîâ³ ôàêòîðè, òî â öüîìó ðàç³ äîö³ëüíî âèêîðèñòîâóâàòè çãëàäæóâàëü-

íå ñïëàéí-íàáëèæåííÿ [16–18].

Îòæå, äîñë³äæåííÿ ìîæëèâîñò³ ï³äâèùåííÿ òî÷íîñò³ ðîçâ’ÿçóâàííÿ ð³âíÿííÿ
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2

, ÿêà çàáåçïå÷óº äîñÿãíåííÿ

ì³í³ìóìó ôóíêö³îíàëà [16]
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äå p p, ,	 0 — äîïîì³æíèé ïàðàìåòð, à p pi i, 	 0, — çàäàí³ ÷èñëà. Î÷åâèäíî,

ùî äëÿ á³ëüøèõ çíà÷åíü ôóíêö³ÿ f i( )� ç ìåíøîþ ïîõèáêîþ â³äòâîðþº ñïîñ-

òåðåæóâàí³ çíà÷åííÿ U i( )� . Çíà÷åííÿ ïîâèíí³ óçãîäæóâàòèñÿ ç òî÷í³ñòþ

âèì³ðþâàííÿ. Äîïóñêàþ÷è ìîæëèâ³ñòü äåÿêîãî â³äõèëåííÿ ôóíêö³¿ f i( )� â³ä

çíà÷åíü U i( )� , i n� 0, , ³íêîëè ìîæíà íàâ³òü äîñòîâ³ðí³øå â³äîáðàçèòè õàðàêòåð

çàëåæíîñò³ öèõ çíà÷åíü, òîáòî äåùî ¿õ ï³äïðàâèòè [18].

Â³äïîâ³äíî äî [16] ì³í³ìóì ôóíêö³îíàëà (7) äîñÿãàºòüñÿ íà ôóíêö³¿, ÿêà º

ñïëàéíîì ïîðÿäêó 2 1m � . Äëÿ m �1 öå áóäå ëàìàíà, äëÿ m � 2 — êóá³÷íèé ñïëàéí.
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Îá÷èñëåííÿ íåâ³äîìèõ çíà÷åíü S i ñïëàéí-íàáëèæåííÿ äëÿ m �1 çâîäèòüñÿ äî

ðîçâ’ÿçóâàííÿ òðèä³àãîíàëüíî¿ ñèñòåìè ë³í³éíèõ àëãåáðà¿÷íèõ ð³âíÿíü. Àíàëîã³÷íî

îá÷èñëåííÿ çíà÷åíü ïàðàìåòð³â êóá³÷íîãî ñïëàéíà äëÿ m � 2 çâîäèòüñÿ äî ðîçâ’ÿçó-

âàííÿ ï’ÿòèä³àãîíàëüíî¿ ñèñòåìè ë³í³éíèõ àëãåáðà¿÷íèõ ð³âíÿíü [16].

ÏÎÕÈÁÊÀ ÑÏËÀÉÍ-ÀÏÐÎÊÑÈÌÀÖ²¯ ÑÊÀÍÎÂÀÍÎ¯ ÔÓÍÊÖ²¯

Îö³íèìî ïîõèáêó íàáëèæåííÿ ïðàâî¿ ÷àñòèíè U ( )� çãëàäæóâàëüíèì ñïëàéíîì
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îö³íþºòüñÿ ñï³ââ³äíîøåííÿì [16]
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ëåíòí³ âëàñòèâîñòÿì ãëàäêîñò³ U ( )� . Òîä³ ñïëàéí S m2 1� ( )� áóäå ³íòåðïîëþâàòè

U ( )� ³ äëÿ íüîãî áóäå ñïðàâåäëèâîþ îö³íêà

||
~

( ) ( ) || (
~

, )[ , ]
( )U S C h U hm C a b mk

k k� � �� ��2 1 , k m� �2 1, (15)

äå �(
~

, )( )U hk — ìîäóëü íåïåðåðâíîñò³ ôóíêö³¿
~

( )( )U k � , à Cmk — äåÿêà êîí-

ñòàíòà, ÿêà çàëåæèòü â³ä m ³ k. Â³äïîâ³äíî äî çðîáëåíèõ íàìè ïðèïóùåíü

ùîäî ôóíêö³¿
~

( )( )U k � ìàºìî

� �(
~

, ) ( , )( ) ( )U h A U hk k� 1 . (16)
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Îòæå, äëÿ îö³íêè ïîõèáêè ñïëàéí-íàáëèæåííÿ ñêàíîâàíî¿ ôóíêö³¿ îòðè-
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Çã³äíî ç îö³íêîþ (17) çá³ëüøåííÿ m íå ñïðè÷èíÿº çíà÷íîãî çìåíøåííÿ ïî-

õèáêè ñïëàéí-àïðîêñèìàö³¿ ôóíêö³¿ U ( )� . Âîäíî÷àñ îö³íêà (17) ì³ñòèòü âåëè÷èíè

|| ( ) ||( )
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U m
C a b

� 2
³ �( , )( )U hk , ÿê³ íå ìîæíà âèçíà÷èòè çà â³äñóòíîñò³ ³íôîðìàö³¿

ïðî âåëè÷èíó âõ³äíîãî ñèãíàëó. Òîìó äîö³ëüíî êîíêðåòèçóâàòè îö³íêó (17) çà

ïåâíîãî âèáîðó ÿäðà R ( )� ³ íàéá³ëüø õàðàêòåðíèõ âõ³äíèõ ñèãíàë³â.

Ðîçãëÿíåìî, íàïðèêëàä, ÿäðî
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p( ) ( )� �� � �� � 0 , a b� �� . (19)

Òîä³ ôóíêö³ÿ U ( )� ó ïðàâ³é ÷àñòèí³ ð³âíÿííÿ (1) áóäå ìàòè âèãëÿä
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��
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2
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r

2

2

0

2

2

(21)

äå
r

2

�
��

�
��

— ö³ëà ÷àñòèíà â³ä ÷àñòêè
r

2
. Äëÿ r 	 2 îòðèìóºìî îö³íêó
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Äëÿ ìîäóëÿ íåïåðåðâíîñò³ äèôåðåíö³éîâíî¿ ôóíêö³¿ ñïðàâäæóºòüñÿ íåð³âí³ñòü

� ��( , ) || || || || ( )f h f h f b a� � � � � . (22)

Îòæå, äëÿ ðîçãëÿäóâàíîãî âõ³äíîãî ñèãíàëó ìàòèìåìî

|| ( ) ( )||
min

,

U S
AC

p
m

mp

i n
i

� �� � ��
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�
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� (23)

�
�

��
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A C h
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k
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1
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2
1

2

1

2

1 2
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�
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2

1
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1

2� ��
��
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�

k

k k b a( )
!exp

( )

� �

�

�
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�
�
�

�

�

�
�
�
�

� �, .k m2 1

Àíàëîã³÷íî ìîæíà îòðèìàòè îö³íêó äëÿ äîâ³ëüíîãî âõ³äíîãî ñèãíàëó, âðàõî-

âóþ÷è, ùî

| ( )| ( ) ( ) || ( ) ||( ) ( ) ( )U R P d R

a

b

C
2 2 2� � � � � �� � � � �

�

�
�

�

�
��� [ , ] ( )a b

a

b

p d� �� �
�

�
�

�

�
�� . (24)

ÎÖ²ÍÊÀ ÏÎÕÈÁÊÈ ÐÎÇÂ’ßÇÊÓ ²ÍÒÅÃÐÀËÜÍÎÃÎ Ð²ÂÍßÍÍß
² ÂÈÁ²Ð ÑÒÅÏÅÍß ÑÏËÀÉÍÀ

Îö³íèìî ïîõèáêó ðîçâ’ÿçêó ³íòåãðàëüíîãî ð³âíÿííÿ (1), îòðèìàíîãî ç âèêîðèñ-

òàííÿì ìåòîäó ðåãóëÿðèçàö³¿ Òèõîíîâà ç ïîøóêîì ðîçâ’ÿçêó â ÷àñòîòí³é îá-

ëàñò³ ç óð³çàííÿì ñïåêòðó ÷àñòîò. Íåõàé R L a b( ) [ , ]� � 1 , P X( )� � ,

X W a bl�
2

[ , ] , l 	 1, U Y( )� � , Y L a b� 2 [ , ] . Âèçíà÷èìî ôóíêö³¿ P�
� �( ) ³ P�

	� �( )

ÿê ðîçâ’ÿçêè, ÿê³ ì³í³ì³çóþòü çãëàäæóâàëüíèé ôóíêö³îíàë

R P d U P

a

b

L W l	 � � � � � � �( ) ( ) ( ) || ( ) ||� � � � � �� 2
2

(25)

äëÿ íåòî÷íî çàäàíîãî ÿäðà || ( ) ( ) ||R R	 � � � � 	� � � � � � ³ ïðàâî¿ ÷àñòèíè

|| ( ) ( ) ||U U� � � �� � . Ôóíêö³¿ P�
� �( ) ³ P�

	� �( ) ìîæíà îòðèìàòè àíàëîã³÷íî äî ðîç-

â’ÿçêó P� �( ) ð³âíÿííÿ (2). Ôóíêö³ÿ P�
	� �( ) âèçíà÷àºòüñÿ ÿê ðîçâ’ÿçîê ð³âíÿííÿ
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P Q U d

a

b

�
	� 	�

��
�

� � � �( ) ( ) ( )� �� � ��
1

, � �[ , ]0 b , (26)

äå

Q G d	�
�
	�

�

�
�

� �� �( ) ( )cos( )
max

� �
1

0

, G
q�

	�
	

�
� �

� � �� � ��
( )

( )

( ) ( )
�

� �2 2 2
,

� � � �� �	 	( ) ( )cos( )� �2

0

R d
G

q

, R
f f

R df
G f

f

f
	 	� �( ) ( )

max

max

�
� �

1

1
1

,

à P�
� �( ) çàäîâîëüíÿº ð³âíÿííÿ

P Q U d

a

b

�
�

��
�

� � � �( ) ( ) ( )� �� � ��
1

, � �[ , ]0 b ,

â ÿêîìó Q( )� âèçíà÷àºòüñÿ çà ôîðìóëîþ (3).

Ïîõèáêà ðîçâ’ÿçêó ³íòåãðàëüíîãî ð³âíÿííÿ (1) äîð³âíþº

� ( ) ( ) ( ) ( ) ( ) ( ) )� � � � � � 
��
	�

� �
�

�� � � � � � �P P P P P P� � � �
(27)

� � � � �[ ( ) ( )] ( ) ( ) ( )P P�
	�

�
�� � � � �� � �1 2 3 .

Âðàõîâóþ÷è òî÷íèé ðîçâ’ÿçîê ð³âíÿííÿ (1)

P Q U d

a

b

( ) ( ) ( )*� � � � �� �� � �� , (28)

äå Q d* ( )
cos( )

( )

max

� �
�

��

� �
�

�

�� � �
1

0

, îòðèìóºìî

�1

0

1 1
( ) ( ) ( )

( ) ( )

( )
cos [ (

max

� � �
�

� � �

� �
� � ��

�
�

� � �
�

���P P
G

)]d d

a

b

� �� �, (29)

� 2

0

1
( ) ( ) ) ( )cos[ ( )][ (

max

� � 
�
�

� � � � ��
�

� �

�

�� � � �� ��P P G U ) ( )]� � �� U d d

a

b

� � � , (30)

� 3 ( ) ( ) ( )� � ��
	�

�
�� � �P P

�
� � �

� �

1
2 2 2

2 2 2�

� � �� � � � � ��

� � �� � ��

	( ( ) ) ( ( ) ( ))

( ( ) ( )

q q

q ) ( ( ) )
cos[ ( )]

max

� � ��
� � � � �

�

2 2
0 �

�� ��� q
a

b

d d .
(31)

Çíà÷åííÿ �1 ( )� õàðàêòåðèçóº ïîõèáêó, çóìîâëåíó çàñòîñóâàííÿì ìåòîäó

ðåãóëÿðèçàö³¿, � 2 ( )� — ïîõèáêó, ñïðè÷èíåíó íåòî÷í³ñòþ çàäàííÿ ïðàâî¿

÷àñòèíè, à � 3 ( )� — ïîõèáêó, çóìîâëåíó íåòî÷í³ñòþ çàäàííÿ ÿäðà. Îö³íþâàííÿ

öèõ ïîõèáîê ´ðóíòóºòüñÿ íà ìåòîä³, çàïðîïîíîâàíîìó â [19]. Öåé ìåòîä ïîëÿãàº

â äîñë³äæåíí³ êâàäðàòà ìîäóëÿ Ôóð’º-îáðàçó ÿäðà R ( )� íà íåñê³í÷åííîñò³ òà

â îêîëàõ íóë³â ïî ä³éñí³é îñ³ �.

Ðîçãëÿíåìî âèïàäîê X C a b� [ , ] , à Y L a b� 2 [ , ]. Íåõàé p� 1 4/ , òîä³

â³äïîâ³äíî äî [19] äëÿ �1 ( )� ìàºìî

|| ( ) ||�1 1� � � C , (32)

äå 0 1 3� � / . Ïîðÿäîê îö³íêè � 2 ( )� çá³ãàºòüñÿ ç ïîðÿäêîì â³äïîâ³äíîãî çíà-

÷åííÿ â [19]
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|| ( ) || /� 2 2� � �� C , (33)

äå
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l l2 2 2 1
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1
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( ) ...
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, l 	 1.

Îö³íêà � 3 ( )� âèçíà÷àºòüñÿ ñï³ââ³äíîøåííÿì

|| ( ) ||� 3 3
1� 	� �� �C , (34)

äå 0 3 4� �� / .

Çà íàÿâíîñò³ ïîõèáêè ï³ä ÷àñ âèçíà÷åííÿ ïðàâî¿ ÷àñòèíè ð³âíÿííÿ (1) ³ îá-

÷èñëåííÿ çíà÷åííÿ ÿäðà â³äïîâ³äíî äî (32), (33) ³ (34) îö³íêà ïîõèáêè ðîçâ’ÿçêó

ð³âíÿííÿ (1) áóäå

|| ( ) || ( )� � � � � �� � ��C C C1 2 3 , (35)

äå

� �� ��

�

�
�
�min ,

1

2
1 .

Àñèìïòîòè÷íî îïòèìàëüíó îö³íêó øâèäêîñò³ çá³æíîñò³ ðåãóëÿðèçîâàíîãî

ðîçâ’ÿçêó ð³âíÿííÿ (1) äî òî÷íîãî â ìåòðèö³ ïðîñòîðó L a bð [ , ] äëÿ � � 0 i 	 � 0

îòðèìàºìî øëÿõîì ì³í³ì³çàö³¿ çà � ïðàâî¿ ÷àñòèíè íåð³âíîñò³ (35)

� 	 �
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��
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��

�
C C

C

2 3

1

1

. (36)

Îòæå, äëÿ îö³íêè ïîõèáêè � ( )� ðîçâ’ÿçêó ³íòåãðàëüíîãî ð³âíÿííÿ (1) îòðè-

ìóºìî

|| ( ) || ( ) /( )� � � 	   �� � �C C C2 3 , (37)

äå

C C
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  � �  �/( ) /( )
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Âèõîäÿ÷è ç íåð³âíîñòåé (17) ³ (37), ìîæíà îö³íèòè ñòåï³íü îïòèìàëüíîãî çà

òî÷í³ñòþ çãëàäæóâàëüíîãî ñïëàéí-íàáëèæåííÿ ñêàíîâàíî¿ ôóíêö³¿ U ( )�

 !
r
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C M A C hmk
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� � �


�

�
�
�
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�
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�
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�
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2 1ln( ) ln( ) ,� � � �1,

(38)
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m
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#
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%
&
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max || ( ) || ( ) / max ,( )

,

� � 	2

1
3 ,

h — êðîê â³äë³êó çíà÷åíü ñêàíîâàíî¿ ôóíêö³¿ U ( )� , � — ïîõèáêà çíà÷åíü

ôóíêö³¿ U ( )� , 	 — ïîõèáêà îá÷èñëåííÿ çíà÷åíü íàïðóæåíîñò³ åëåêòðîìàãí³òíîãî

ïîëÿ ä³àãðàìè íàïðàâëåíîñò³ R ( )� , à [ ]x — ö³ëà ÷àñòèíà ÷èñëà x. Íà ïðàêòèö³

ìîæíà âèêîðèñòîâóâàòè á³ëüø ãðóáó îö³íêó çíà÷åííÿ ñòåïåíÿ îïòèìàëüíîãî çà

òî÷í³ñòþ çãëàäæóâàëüíîãî ñïëàéí-íàáëèæåííÿ ñêàíîâàíî¿ ôóíêö³¿ U ( )�
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1. (39)
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ÂÈÑÍÎÂÊÈ

Çàñòîñóâàííÿ çãëàäæóâàëüíîãî ñïëàéí-íàáëèæåííÿ çíà÷åíü ñêàíîâàíî¿ ôóíêö³¿

çàáåçïå÷óº ï³äâèùåííÿ òî÷íîñò³ ³íòåðïðåòàö³¿ ðåçóëüòàò³â ñïîñòåðåæåííÿ íà

îñíîâ³ ³íòåãðàëüíîãî ð³âíÿííÿ Ôðåäãîëüìà ïåðøîãî ðîäó ç ð³çíèöåâèì ÿäðîì.

Âèõîäÿ÷è ç îö³íêè òî÷íîñò³ ðîçâ’ÿçóâàííÿ ³íòåãðàëüíîãî ð³âíÿííÿ ìåòîäîì ðå-

ãóëÿðèçàö³¿ ç óðàõóâàííÿì ïîõèáêè, ÿêà ñïðè÷èíåíà íåòî÷í³ñòþ çàäàííÿ ïðàâî¿

÷àñòèíè, é ïîõèáêè îá÷èñëåííÿ çíà÷åííÿ ÿäðà, ñòåï³íü îïòèìàëüíîãî çà

òî÷í³ñòþ çãëàäæóâàëüíîãî ñïëàéí-íàáëèæåííÿ ñêàíîâàíî¿ ôóíêö³¿ ìîæíà îá-

÷èñëèòè çà ôîðìóëîþ (39).
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À.Ô. Âåðëàíü, Ï.Ñ. Ìàëà÷èâñêèé, ß.Â. Ïèçþð
ÐÅØÅÍÈÅ ÇÀÄÀ×È ÈÍÒÅÐÏÐÅÒÀÖÈÈ ÍÀÁËÞÄÅÍÈÉ
Ñ ÈÑÏÎËÜÇÎÂÀÍÈÅÌ ÑÏËÀÉÍ-ÏÐÈÁËÈÆÅÍÈß ÑÊÀÍÈÐÎÂÀÍÍÎÉ ÔÓÍÊÖÈÈ

Àííîòàöèÿ. Ïðåäñòàâëåí àíàëèç òî÷íîñòè ÷èñëîâîé ðåàëèçàöèè ÷àñòîòíîãî ìå-
òîäà ðåøåíèÿ èíòåãðàëüíîãî óðàâíåíèÿ â çàäà÷å èíòåðïðåòàöèè òåõíè÷åñêèõ
íàáëþäåíèé ñ èñïîëüçîâàíèåì ñïëàéí-ïðèáëèæåíèÿ ñêàíèðîâàííîé ôóíêöèè.
Èññëåäîâàí àëãîðèòì ðåøåíèÿ èíòåãðàëüíîãî óðàâíåíèÿ çàäà÷è èíòåðïðåòàöèè,
îñíîâàííûé íà ïðèìåíåíèè ìåòîäà ðåãóëÿðèçàöèè Òèõîíîâà ñ ïîèñêîì ðåøå-
íèÿ â ÷àñòîòíîé îáëàñòè ñ óðåçàíèåì ñïåêòðà ÷àñòîò. Äëÿ ïîâûøåíèÿ òî÷íîñòè
ðåçóëüòàòîâ èíòåðïðåòàöèè ïðåäëîæåíî ïðèìåíåíèå ñïëàéí-ïðèáëèæåíèÿ çíà-
÷åíèé ñêàíèðîâàííîé ôóíêöèè, ò.å. ïðàâîé ÷àñòè èíòåãðàëüíîãî óðàâíåíèÿ.
Ïîëó÷åíà îöåíêà òî÷íîñòè ðåøåíèÿ èíòåãðàëüíîãî óðàâíåíèÿ ñ ïðèìåíåíèåì
ìåòîäà ðåãóëÿðèçàöèè è ó÷åòîì ïîãðåøíîñòè, ÷òî ñîïðîâîæäàåòñÿ íåòî÷íîñòüþ
çàäàíèÿ ïðàâîé ÷àñòè, à òàêæå ïîãðåøíîñòè âû÷èñëåíèÿ çíà÷åíèé ÿäðà. Ïðåä-
ëîæåí ñïîñîá âû÷èñëåíèÿ îïòèìàëüíîé ïî òî÷íîñòè ñòåïåíè ñãëàæèâàþùåãî
ñïëàéí-ïðèáëèæåíèÿ ñêàíèðîâàííîé ôóíêöèè.

Êëþ÷åâûå ñëîâà: çàäà÷à èíòåðïðåòàöèè, èíòåãðàëüíîå óðàâíåíèå Ôðåäãîëü-
ìà, ìåòîä ðåãóëÿðèçàöèè Òèõîíîâà, óðåçàíèå ñïåêòðà ÷àñòîò, ñïëàéí-ïðèáëè-
æåíèÿ, îöåíêà òî÷íîñòè.

A.F. Verlan, P.S. Malachivskyy, Ya.V. Pizyur
SOLVING THE PROBLEM OF INTERPRETING OBSERVATIONS USING
THE SPLINE APPROXIMATION OF THE SCANNED FUNCTION

Abstract. An accuracy analysis of the numerical implementation of the frequency
method for solving the integral equation in the problem of interpreting technical
observations using the spline approximation of the scanned function is presented.
The algorithm for solving the integral equation of the interpretation problem,
which is based on the application of the Tikhonov regularization method with the
search for a solution in the frequency domain with a truncation of the frequency
spectrum is investigated. To increase the accuracy of the interpretation results, the
use of spline approximation of the values of the scanned function, i.e., the
right-hand side of the integral equation, is proposed. An estimate of the accuracy
of solving the integral equation using the regularization method and taking into
account the error accompanied by the inaccuracy of the right-hand side, as well as
the error in calculating the values of the kernel is obtained. A method for
calculating the optimal degree of smoothing spline for approximation of the
scanned function that provides the required accuracy is proposed..

Keywords: interpretation problem, Fredholm integral equation, Tikhonov
regularization method, frequency spectrum truncation, spline approximation,
accuracy estimation.

Âåðëàíü Àíàòîë³é Ôåäîðîâè÷,
÷ë.-êîð. ÍÀÏÍ Óêðà¿íè, äîêòîð òåõí. íàóê, ïðîôåñîð, ãîëîâíèé íàóêîâèé ñï³âðîá³òíèê ²íñòèòóòó

ïðîáëåì ìîäåëþâàííÿ â åíåðãåòèö³ ³ì. Ã.ª. Ïóõîâà ÍÀÍ Óêðà¿íè, Êè¿â, e-mail: afverl@gmail.com.

Ìàëà÷³âñüêèé Ïåòðî Ñòåôàíîâè÷,
äîêòîð òåõí. íàóê, ïðîôåñîð, çàâ³äóâà÷ â³ää³ëó Öåíòðó ìàòåìàòè÷íîãî ìîäåëþâàííÿ ²íñòèòóòó

ïðèêëàäíèõ ïðîáëåì ìåõàí³êè ³ ìàòåìàòèêè ³ì. ß.Ñ. Ï³äñòðèãà÷à ÍÀÍ Óêðà¿íè, Ëüâ³â,

e-mail: Petro.Malachivskyy@gmail.com.

Ï³çþð ßðîïîëê Âîëîäèìèðîâè÷,
êàíäèäàò ô³ç.-ìàò. íàóê, äîöåíò êàôåäðè Íàö³îíàëüíîãî óí³âåðñèòåòó «Ëüâ³âñüêà ïîë³òåõí³êà»,

e-mail: yaropolk.v.piziur@lpnu.ua.

ISSN 1019-5262. Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç, 2021, òîì 57, ¹ 4 103


