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Äëÿ ñèñòåìû íàáëþäåíèÿ ñ ìàòðè÷íûì ôîòîäåòåêòîðîì è êîëåáëþùåéñÿ îïòè-
÷åñêîé îñüþ ñðàâíèâàþòñÿ âèäû èíòåðïîëÿöèè ïðè ôîðìèðîâàíèè ìåæêàäðî-
âîé ðàçíîñòè ñ öåëüþ óìåíüøåíèÿ âëèÿíèÿ ñòàöèîíàðíîãî ôîíà ïðè îáíàðóæå-
íèè òî÷å÷íûõ îáúåêòîâ. Ðàññìàòðèâàþòñÿ ìåòîäû èíòåðïîëÿöèè ïðè íàëè÷èè
äðîáíîãî ñäâèãà (ìåíüøå øàãà ìàòðèöû ôîòîäåòåêòîðà). Ïðîâåäåíû âû÷èñëè-
òåëüíûå ýêñïåðèìåíòû, êîòîðûå îöåíèâàþò ýôôåêòèâíîñòü ìåòîäîâ èíòåðïî-
ëÿöèè ïðè îáíàðóæåíèè òî÷å÷íûõ îáúåêòîâ.

Ââåäåíèå. Ïðè îáíàðóæåíèè äâèæóùèõñÿ ñëàáîêîíòðàñòíûõ òî÷å÷íûõ
îáúåêòîâ ïî ïîñëåäîâàòåëüíîñòè èçîáðàæåíèé, ïîëó÷àåìûõ ìàòðè÷íûì ñåí-
ñîðîì, íåîáõîäèìî ïîäàâëÿòü ñòàöèîíàðíûé ôîí. Îäíèì èç ìåòîäîâ ïîäàâ-
ëåíèÿ ñòàöèîíàðíîãî ôîíà ÿâëÿåòñÿ ìåæêàäðîâàÿ îáðàáîòêà, çàêëþ÷àþùàÿ-
ñÿ â ïîëó÷åíèè ìåæêàäðîâîé ðàçíîñòè (ÌÊÐ) [1, 2] ñ öåëüþ äîñòîâåðíîãî âû-
äåëåíèÿ ïîëåçíîãî ñèãíàëà (â äàííîì ñëó÷àå äâèæóùåãîñÿ ìàëîðàçìåðíîãî
îáúåêòà). Îñíîâíîé çàäà÷åé ïðè âû÷èñëåíèè ÌÊÐ ÿâëÿåòñÿ êîìïåíñàöèÿ
ñäâèãà ìåæäó ñîñåäíèìè êàäðàìè ïîñëåäîâàòåëüíîñòè, êîòîðûé îáóñëîâëåí
êîëåáàíèÿìè îïòè÷åñêîé îñè ñåíñîðà. Äðîáíûé ñäâèã (ñäâèã ìåíüøå øàãà
ìàòðèöû ôîòîïðèåìíèêà) ìåæäó ñîñåäíèìè êàäðàìè ñ÷èòàåì èçâåñòíûì
[3–5]. Â äàííîé ðàáîòå ïðîâîäèòñÿ ñðàâíåíèå ýôôåêòèâíîñòè íåñêîëüêèõ
ïðîñòûõ âèäîâ èíòåðïîëÿöèè ïî îêðåñòíîñòè 2 2� òî÷êè äëÿ êîìïåíñàöèè
äðîáíîãî ñäâèãà ïðè âû÷èñëåíèè ÌÊÐ äâóõ ñîñåäíèõ êàäðîâ, ÷òî âàæíî äëÿ
ñèñòåì îáíàðóæåíèÿ ñ îãðàíè÷åíèÿìè íà îáúåì îïåðàòèâíîé ïàìÿòè è âû-
÷èñëèòåëüíûå ðåñóðñû.

Ìîäåëü ñèãíàëà. Ìîäåëü âõîäíîé ïîñëåäîâàòåëüíîñòè êàäðîâ ïðåäñòà-
âèì â âèäå

D t F t S t t( ) ( ) ( ) ( ),� � � �

ãäå F t( ) – ñòàöèîíàðíûé ôîí; S t( ) – ïîëåçíûé ñèãíàë; �( )t – íåêîððåëè-
ðîâàííûé øóì; t – íîìåð êàäðà. Äëÿ êîìïåíñàöèè ñòàöèîíàðíîãî ôîíà èñ-
ïîëüçóåì ÌÊÐ ìåæäó òåêóùèì êàäðîì D t( )�1 è åãî îöåíêîé ïî îïîðíîìó
êàäðó D t( ):

�D t D t D t( ) ( ) � ( ).� � �1
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Ðàñïîëîæåíèå òî÷åê íà ôðàãìåíòå îïîð-
íîãî èçîáðàæåíèÿ2 2� òî÷êè è òî÷êè òåêóùåãî
èçîáðàæåíèÿ ïðåäñòàâëåíî íà ðèñ. 1, ãäå Di

0,

i �1 4, , – òî÷êè îïîðíîãî èçîáðàæåíèÿ; D t –

òî÷êà òåêóùåãî èçîáðàæåíèÿ; �x – ñäâèã òåêó-
ùåãî êàäðà ïî êîîðäèíàòå X; �y – ñäâèã ïî êî-
îðäèíàòå Y.

Âèäû èíòåðïîëÿöèè. Â äàííîé ðàáîòå
äëÿ ñðàâíåíèÿ èñïîëüçîâàíû äåâÿòü àëãîðèò-
ìîâ èíòåðïîëÿöèè, èç êîòîðûõ ïåðâûå ñåìü

èçâåñòíû, à ïîñëåäíèå äâà ïðåäëîæåíû ñïåöèàëüíî äëÿ âû÷èñëåíèÿ ÌÊÐ.
1. Ïðîñòàÿ ðàçíîñòü � .D Dt � 1

0

2. Áëèæàéøèé ñîñåä � (min( ( ))).D D abs D Dt
i

i

t
i� �0 0 Â äàííîì ñëó÷àå áëè-

æàéøèé ñîñåä âûáèðàåòñÿ íå èç ìèíèìàëüíîãî ðàññòîÿíèÿ ìåæäó òî÷êàìè
îïîðíîãî è òåêóùåãî èçîáðàæåíèé, à èç ìèíèìóìà ìîäóëÿ ðàçíîñòè ìåæäó
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ãäå � i ir�1 (ri – ðàñ-

ñòîÿíèå îò D t äî òî÷åê Di
0 ).

5. Ìåäèàíà � ( ), , .D D it
i� �median 0 1 4

6. Áèëèíåéíàÿ èíòåðïîëÿöèÿ

� ,D a Dt
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4
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ãäå a x y1 1 1� � �( )( ),� � a x y2 1� �( ),� a x y3 1� �( ) ,� a x y4 � � � .
7. Îöåíêà ëèíåéíîãî ïðîãíîçà. Ïðåäïîëîæèì, ÷òî �D t çàâèñèò îò Di
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i �1 4, , ëèíåéíî, ò. å. D L Dt
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ïðîãíîçà. Îöåíêó ïîëó÷àåì ìåòîäîì íàèìåíüøèõ êâàäðàòîâ äëÿ êðèòåðèÿ
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ñôîðìèðîâàíû èç îòñ÷åòîâ ôðàãìåíòîâ îïîðíîãî è òåêóùåãî èçîáðàæåíèé.
Ðàçìåð ôðàãìåíòà, íà êîòîðîì îöåíèâàþòñÿ ïàðàìåòðû ëèíåéíîãî ïðîãíîçà,
âûáèðàåòñÿ èç ìèíèìóìà ñðåäíåêâàäðàòè÷íîãî îòêëîíåíèÿ (ÑÊÎ) ÌÊÐ, ñòå-
ïåíè «ãàøåíèÿ» îáúåêòîâ è âåðîÿòíîñòè îáíàðóæåíèÿ òî÷å÷íûõ îáúåêòîâ.

8. Áèëèíåéíàÿ èíòåðïîëÿöèÿ ñ ðàíäîìèçàöèåé äàííûõ. Â êà÷åñòâå íà-

÷àëüíîé îöåíêè áåðåòñÿ � .D a Dt
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D ci i
k0 � � , ãäå c – àìïëèòóäà øóìà; k K�1, – íîìåð èìèòàöèè ñëó÷àéíîãî
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øóìà; � i
k – äîáàâëÿåìûé íåçàâèñèìûé øóì â òî÷êè îïîðíîãî èçîáðàæåíèÿ.

Âû÷èñëÿÿ � ( ),d a D ck
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� min( ( � )).
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k
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� �arg

Âûáîð âèäà è àìïëèòóäû øóìà, à òàêæå ÷èñëî èìèòàöèé çàâèñÿò îò ðåøà-
åìîé çàäà÷è è êîíòåêñòà îáðàáàòûâàåìûõ èçîáðàæåíèé (êðîìå òîãî, íåîáõî-
äèìî ó÷èòûâàòü âû÷èñëèòåëüíûå çàòðàòû). Øóì âçÿò ðàâíîìåðíûì ñ íóëå-
âûì ñðåäíèì, à åãî àìïëèòóäà – ïîðÿäêà çíà÷åíèÿ ÑÊÎ ïðîñòîé ÌÊÐ. ×èñëî
èìèòàöèé â àëãîðèòìå âûáèðàåòñÿ èç óñëîâèé ìàëûõ èçìåíåíèé ÑÊÎ ÌÊÐ.

9. Ëèíåéíàÿ èíòåðïîëÿöèÿ ñ ìèíèìèçàöèåé. Ïðåäëàãàåòñÿ èñïîëüçîâàòü
ëèíåéíóþ èíòåðïîëÿöèþ ïëîñêîñòÿìè P ii , , ,�1 4 ïðîõîäÿùèìè ÷åðåç êàæ-
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Êðèòåðèè ñðàâíåíèÿ. Çäåñü âûáðàíû äâà êðèòåðèÿ, êîòîðûå õàðàêòåðè-
çóþò îñíîâíûå êà÷åñòâà ìåæêàäðîé îáðàáîòêè ïðè îáíàðóæåíèè îáúåêòîâ.

1. Îòíîøåíèå s D t�( ( ))� (ñðåäíåãî çíà÷åíèÿ âåëè÷èíû àìïëèòóäû îáú-
åêòîâ s â ÌÊÐ ê ÑÊÎ øóìà ìåæêàäðîâîé ðàçíîñòè �( ( ))).�D t

2. Âåðîÿòíîñòü îáíàðóæåíèÿ îáúåêòîâ ïðè ôèêñèðîâàííîì ÷èñëå âûäå-
ëÿåìûõ îòìåòîê.

Ìîäåëèðîâàíèå. Äëÿ èìèòàöèè äðîáíîãî ñäâèãà â ïàðå èçîáðàæåíèé èñ-
ïîëüçóåòñÿ îäíî èçîáðàæåíèå íà «ïîäðîáíîé» ðåøåòêå. Ñäâèã ìåæäó îïîð-
íûì è òåêóùèì èçîáðàæåíèÿìè êðàòåí øàãó ïîäðîáíîé ðåøåòêè, à çíà÷åíèÿ
â òî÷êàõ îáðàáàòûâàåìûõ êàäðîâ ñîîòâåòñòâóþò ñðåäíèì çíà÷åíèÿì ÿðêîñòè
ôðàãìåíòîâ ( )9 9� èçîáðàæåíèé íà ïîäðîáíîé ðåøåòêå. Ðàçìåð èñõîäíîãî
èçîáðàæåíèÿ, êîòîðîå ñôîðìèðîâàíî ïàêåòîì òðåõìåðíîé ãðàôèêè PovRay
[6], íà ïîäðîáíîé ðåøåòêå ïðèíÿò ðàâíûì 2048 2048� òî÷åê. Ðàçìåð îáðàáà-
òûâàåìûõ èçîáðàæåíèé227 227� òî÷åê, äèàïàçîí ÿðêîñòåé ñîñòàâëÿë 0–255.
Âû÷èñëèòåëüíûå ýêñïåðèìåíòû áûëè ïðîâåäåíû äëÿ ÷åòûðåõ ïàð èçîáðàæå-
íèé ñ ðàçëè÷íûìè ðàäèóñàìè êîððåëÿöèè ôîíà rf : rf ~ 4 (118,70; 32,48),
rf ~ 7,5 (117,81; 33,51), rf ~ 12 (120,29; 33,27), rf ~ 24 (116,41; 35,15) (â
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ñêîáêàõ äàíû ñðåäíåå çíà÷åíèå è ÑÊÎ îïîðíûõ èçîáðàæåíèé). Òåêóùåå
èçîáðàæåíèå ñ íàíåñåííûìè îáúåêòàìè äëÿ rf �12 ïðèâåäåíî íà ðèñ. 2.

Ðåçóëüòàòû ìîäåëèðîâàíèÿ. Â âû÷èñëèòåëüíûõ ýêñïåðèìåíòàõ ñäâèã
ïðèíÿò �x � 6 è �y � 6 â øàãàõ ïîäðîáíîé ðåøåòêè êàê ìåíåå áëàãîïðèÿòíûé
âàðèàíò. Ðàçìåð ôðàãìåíòà, íà êîòîðîì îöåíèâàëèñü ïàðàìåòðû ëèíåéíîãî
ïðîãíîçà 7, ïîäáèðàëñÿ ïî ìèíèìóìó ÑÊÎ ÌÊÐ è íàèáîëüøåé âåëè÷èíå îò-
íîøåíèÿ max( ( ( )))s D t� � è ñîñòàâèë32 32� òî÷êè. Âûáîð ïàðàìåòðîâ â àë-
ãîðèòìå 9 îñóùåñòâëÿëñÿ ïî òåì æå êðèòåðèÿì, ÷òî è äëÿ ëèíåéíîãî ïðîãíî-
çà. Øóì âçÿò ðàâíîìåðíûì â äèàïàçîíå �0 5, ñ àìïëèòóäîé c �10, ÷òî ñî-
îòâåòñòâóåò çíà÷åíèþ ÑÊÎ ïðîñòîé ÌÊÐ. ×èñëî èìèòàöèé ðàâíî 5. Íà òåêó-
ùåå èçîáðàæåíèå íàíîñèëèñü 100 îáúåêòîâ ïóòåì äîáàâëåíèÿ ê ÿðêîñòè ôîíà
âåëè÷èí îäèíàêîâîé àìïëèòóäû a 0 â òî÷êàõ èçîáðàæåíèÿ.

Â òàáë. 1 ïðèâåäåíû ñðåäíåå çíà÷åíèå àìïëèòóäû îáúåêòîâ s â ÌÊÐ, ÑÊÎ
�( ( ))�D t ÌÊÐ è èõ îòíîøåíèå s D t�( ( )).� Âåëè÷èíà s õàðàêòåðèçóåò «ãà-
øåíèå» àìïëèòóäû îáúåêòîâ,�( ( ))�D t – êîìïåíñàöèþ ñòàöèîíàðíîãî ôîíà,
îòíîøåíèå s D t�( ( ))� – âåðîÿòíîñòü îáíàðóæåíèÿ.

Èç òàáëèöû âèäíî, ÷òî ïðè ìàëîì ðàäèóñå êîððåëÿöèè ( ~ )rf 4 àëãîðèò-
ìû ïî ïðèâåäåííûì ïàðàìåòðàì îòëè÷àþòñÿ íåçíà÷èòåëüíî, òàê êàê ôîí ÿâ-
ëÿåòñÿ ñëàáî êîððåëèðîâàííûì øóìîì è íèâåëèðóåò ñâîéñòâà àëãîðèòìîâ.
Àëãîðèòì 7 «ãàñèò» îáúåêòû áîëüøå äðóãèõ, ÷òî ñâÿçàíî ñ ðàçìåðîì ôðàã-
ìåíòà, ïî êîòîðîìó îöåíèâàþòñÿ ïàðàìåòðû ëèíåéíîãî ïðîãíîçà. Ïðîñòàÿ
ðàçíîñòü â äàííîì ñðàâíåíèè íå ðàññìàòðèâàëàñü, òàê êàê ïî äðóãèì ïàðà-
ìåòðàì èìååò õóäøèå õàðàêòåðèñòèêè. ÑÊÎ äëÿ ÌÊÐ â ñðåäíåì ëó÷øå äëÿ
àëãîðèòìîâ 6–9, è èõ ïðåèìóùåñòâî ðàñòåò ñ óâåëè÷åíèåì ðàäèóñà êîððåëÿ-
öèè. Âåëè÷èíà îòíîøåíèÿ s D t�( ( ))� áîëüøå äëÿ äâóõ ïîñëåäíèõ âèäîâ èí-
òåðïîëÿöèè, ÷òî îáóñëîâëåíî ëó÷øåé êîìïåíñàöèåé ñòàöèîíàðíîãî ôîíà.

Ðåçóëüòàòû îáíàðóæåíèÿ îáúåêòîâ, êîòîðûå äîáàâëÿëèñü ê ôîíó, äàíû â
òàáë. 2. ×èñëî âûäåëÿåìûõ îòìåòîê ïðèíÿòî ðàâíûì 120, ÷òî ñîîòâåòñòâóåò
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âåðîÿòíîñòè ëîæíîé òðåâîãè ~ , .0 00038 Îáíàðóæåíèå îòìåòîê ïðîâîäèëîñü â
ÌÊÐ ïî ïîðîãó, êîòîðûé âûáèðàëñÿ èç óñëîâèé âûäåëåíèÿ çàäàííîãî ÷èñëà
îòìåòîê. ×èñëî îòìåòîê â ýêñïåðèìåíòàõ íå âñåãäà ðàâíî 120, à íåñêîëüêî
ìåíüøå èç-çà äèñêðåòíîãî øàãà ïîðîãà. Äàííûå ïðèâåäåíû äëÿ îòíîøåíèÿ
ñèãíàë/øóì ~ ,5 6� êîòîðîå îïðåäåëÿëîñü àìïëèòóäîé îòìåòîê äëÿ ðàçëè÷-
íûõ çíà÷åíèé rf .
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Ò à á ë è ö à 1

Íîìåð

àëãîðèòìà

rf

Àìïëèòóäà îáúåêòîâ

a0 5� a0 10�

s � ( ( ))�D t s D t� ( ( ))� s � ( ( ))�D t s D t� ( ( ))�

1

2

3

4

5

6

7

8

9

4

2,4348

5,5484

4,6454

4,8996

4,7843

4,7971

4,2223

4,6165

4,8377

16,7493

5,6410

6,9386

6,9088

7,1148

6,7190

6,6336

5,5130

4,5315

0,1454

0,9836

0,6695

0,7092

0,6724

0,7139

0,6365

0,8374

1,0676

7,4348

10,5484

9,6454

9,8996

9,7843

9,7971

9,1772

9,8042

9,8377

16,7521

5,6552

6,9489

6,9195

7,1250

6,7299

6,6448

5,5243

4,5477

0,4438

1,8652

1,3880

1,4307

1,3732

1,4557

1,3811

1,7748

2,1632

1

2

3

4

5

6

7

8

9

7,5

5,7746

4,9652

5,1200

4,8065

5,1858

4,9780

4,6220

5,0172

4,9657

11,4683

4,0866

4,1158

4,1206

4,1808

3,9422

3,8752

2,8481

2,6298

0,5035

1,2150

1,2440

1,1664

1,2404

1,2627

1,1927

1,7616

1,8883

10,7746

9,9652

10,1200

9,8065

10,1858

9,9780

9,5832

9,7764

9,9657

11,4753

4,1048

4,1343

4,1384

4,1991

3,9612

3,8955

2,8815

2,6581

0,9389

2,4277

2,4478

2,3696

2,4257

2,5189

2,4601

3,3928

3,7492

1

2

3

4

5

6

7

8

9

12

5,1732

5,0573

4,6665

4,6485

4,6191

4,6481

4,5704

4,7082

4,9487

7,1797

2,7104

2,2751

2,2938

2,2990

2,1530

2,1174

1,2757

1,4314

0,7205

1,8659

2,0511

2,0266

2,0091

2,1589

2,1586

3,6908

3,4571

10,1732

10,0573

9,6665

9,6485

9,6191

9,6481

9,5320

9,8858

9,9487

7,1900

2,7381

2,3065

2,3248

2,3299

2,1860

2,1538

1,3254

1,4827

1,4149

3,6731

4,1909

4,1502

4,1286

4,4135

4,4256

7,4586

6,7097

1

2

3

4

5

6

7

8

9

24

4,6177

5,2854

4,8632

4,9130

4,9577

4,8888

4,8451

4,9077

4,9536

4,1859

1,7101

1,1912

1,2121

1,1997

1,1125

1,0683

0,5775

0,7473

1,1032

3,0908

4,0826

4,0534

4,1324

4,3945

4,5354

8,4989

6,6283

9,6177

10,2854

9,8632

9,9130

9,9577

9,8888

9,7981

9,9234

9,9536

0,2024

1,7551

1,2517

1,2719

1,2605

1,1772

1,1413

0,6937

0,8415

2,2886

5,8602

7,8798

7,7937

7,8997

8,4000

8,5850

14,3052

11,8288



Â òàáë. 3 ïðèâåäåíû ðåçóëüòàòû îáíàðóæåíèÿ îáúåêòîâ äëÿ èçîáðàæåíèé
ñ rf ~ 12 è a 0 10� ïðè ðàçëè÷íûõ äðîáíûõ ñìåùåíèÿõ, êîòîðûå ïîäòâåðæ-

äàþò ïðåèìóùåñòâà âàðèàíòîâ èíòåðïîëÿöèè 8, 9. Èç òàáëèöû âèäíî, ÷òî
âàðèàíò ñìåùåíèé �x � 6, �y � 6 ÿâëÿåòñÿ íåáëàãîïðèÿòíûì äëÿ âñåõ àë-
ãîðèòìîâ.
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Ò à á ë è ö à 2

Íîìåð

àëãîðèòìà

rf � 4 rf � 7,5 rf � 12 rf � 24

a0 30� a0 20� a0 10� a0 5�

×èñëî îáíàðóæåííûõ îáúåêòîâ è îòìåòîê

1

2

3

4

5

6

7

8

9

5 116

79 120

81 118

77 120

73 120

83 120

81 119

91 120

98 120

10 120

72 120

93 120

90 120

86 120

95 120

94 119

98 120

99 120

6 118

21 119

79 120

78 118

75 120

81 119

86 120

94 120

98 120

5 120

22 120

75 119

77 119

75 120

81 119

85 120

100 120

98 119

Íîìåð

àëãîðèòìà
a0 15� a0 10� a0 5� a0 3�

1

2

3

4

5

6

7

8

9

0 118

9 120

13 117

18 120

12 120

16 117

20 119

17 119

39 120

0 118

3 120

21 119

22 120

17 120

24 117

27 118

24 119

50 119

1 117

3 119

7 118

13 120

7 118

12 119

15 120

14 118

42 120

3 119

6 118

19 119

22 118

18 119

23 116

31 118

73 117

63 118

Ò à á ë è ö à 3

Íîìåð

àëãîðèòìà

Ñìåùåíèÿ � �x y,

2,2 2,6 2,8 6,2 6,6 6,8 8,2 8,6 8,8

×èñëî îáíàðóæåííûõ îáúåêòîâ

1

2

3

4

5

6

7

8

9

99

99

14

99

10

100

100

100

100

10

39

25

81

21

96

96

99

100

7

88

16

75

11

100

100

100

100

8

39

21

83

18

98

97

100

100

6

21

79

78

75

81

86

93

98

5

46

43

78

39

91

94

99

100

6

87

12

77

8

100

100

100

100

4

52

39

79

36

89

90

99

99

5

79

27

62

21

98

100

100

100



Çàêëþ÷åíèå. Äëÿ àëãîðèòìà îáíàðóæåíèÿ ìàëîðàçìåðíûõ ïîäâèæíûõ
îáúåêòîâ, èñïîëüçóþùåãî ìåòîä ìåæêàäðîâîé îáðàáîòêè, ïðîâåäåíî ñðàâíå-
íèå äåâÿòè âèäîâ èíòåðïîëÿöèè, êîìïåíñèðóþùèõ ñäâèã ñîñåäíèõ êàäðîâ.
Âû÷èñëèòåëüíûì ýêñïåðèìåíòîì ïîêàçàíî, ÷òî ïðåäëîæåííûå âàðèàíòû
èíòåðïîëÿöèè 8, 9 ïî ïðèíÿòûì êðèòåðèÿì äàþò â ñðåäíåì ëó÷øèå ðåçóëüòà-
òû. Ïî âû÷èñëèòåëüíîé ñëîæíîñòè àëãîðèòìû 1–6 çíà÷èòåëüíî ïðîùå, ÷åì
àëãîðèòìû 7–9.
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