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Ðàññìîòðåíû àëãîðèòìû öèôðîâîé îáðàáîòêè äâóìåðíûõ ñèãíàëîâ, ïðåäíàçíà÷åííûå äëÿ êîððåêöèè 
èñêàæåíèé èçîáðàæåíèé ïðè íàáëþäåíèè íà àòìîñôåðíûõ òðàññàõ â ðåàëüíîì âðåìåíè. Ïðåäëîæåíà ïðîöå-
äóðà èçìåðåíèÿ ïàðàìåòðà òóðáóëåíòíîñòè íåïîñðåäñòâåííî â ìîìåíò íàáëþäåíèÿ êàê ñ ïðèìåíåíèåì ðåôå-
ðåíòíîãî îáúåêòà â âèäå ðàäèàëüíîé ìèðû, òàê è áåç íåãî. Äëÿ êîððåêöèè äðîæàíèÿ èçîáðàæåíèÿ, âûçâàí-
íîãî àòìîñôåðîé, èñïîëüçîâàí ýôôåêòèâíûé áûñòðîäåéñòâóþùèé àëãîðèòì êîððåëÿöèîííîãî ñëåæåíèÿ  
ñ íîðìèðîâêîé îïîðíîãî êàäðà. Àëãîðèòìû âîññòàíîâëåíèÿ ðàçìûòîãî èçîáðàæåíèÿ, îñíîâàííûå íà ìåòîäå 
èíâåðñíîé ôèëüòðàöèè óãëîâûõ ïðîñòðàíñòâåííûõ ÷àñòîò, ðåàëèçîâàíû ñ ïîìîùüþ ïðîöåäóð ïàðàëëåëüíûõ 
âû÷èñëåíèé èç áèáëèîòåê Intel MKL è IPP. Ïðèâåäåíû ðåçóëüòàòû êîìïüþòåðíîãî ìîäåëèðîâàíèÿ òóðáó-
ëåíòíîãî ðàñïëûâàíèÿ öèôðîâûõ èçîáðàæåíèé è åãî êîððåêöèè, à òàêæå ïðèìåðû îáðàáîòêè ýêñïåðèìåí-
òàëüíûõ âèäåîêàäðîâ íà ðåàëüíûõ àòìîñôåðíûõ òðàññàõ. 

 

Êëþ÷åâûå ñëîâà: îïòèêî-ýëåêòðîííûå ñèñòåìû, àòìîñôåðíàÿ òóðáóëåíòíîñòü, öèôðîâàÿ îáðàáîòêà 
èçîáðàæåíèé, ïàðàëëåëüíûå âû÷èñëèòåëüíûå àëãîðèòìû; optical-electronic systems, atmospheric turbulence, 
digital image processing, parallel computational algorithms. 

 

Ââåäåíèå 
 

Äëÿ ðåøåíèÿ ïðèêëàäíûõ çàäà÷, ñâÿçàííûõ  
ñ ïîëó÷åíèåì èçîáðàæåíèé â àòìîñôåðå, óæå äàâ- 
íî è óñïåøíî èñïîëüçóåòñÿ ïîäõîä, îñíîâàííûé  
íà öèôðîâîé ðåãèñòðàöèè èçîáðàæåíèé è ïîñëåäó-
þùåì óëó÷øåíèè èõ êà÷åñòâà ïóòåì êîìïüþòåðíîé 
îáðàáîòêè [1]. Ïîÿâëåíèå öèôðîâûõ âèäåîêàìåð  
è ïðîãðåññ â êîìïüþòåðíîé òåõíèêå ëèøü ñòèìó-
ëèðîâàëè èíòåðåñ ê ýòîé òåìå, òàê êàê ïîÿâèëàñü 
âîçìîæíîñòü ïðèìåíåíèÿ ðàçðàáîòàííûõ ìåòîäîâ  
â ðåàëüíîì âðåìåíè, â ÷àñòíîñòè ïðè íàáëþäåíèÿõ 
íà àòìîñôåðíûõ òðàññàõ [2]. Íàèáîëüøåå êîëè÷å-
ñòâî ïóáëèêàöèé ïî àëãîðèòìàì îáðàáîòêè èçîá-
ðàæåíèé ïîñâÿùåíî ìåòîäó «ñëåïîé äåêîíâîëþöèè», 
êîãäà îïòè÷åñêàÿ ïåðåäàòî÷íàÿ ôóíêöèÿ (ÎÏÔ) 
èñêàæàþùåãî ýëåìåíòà îïòè÷åñêîãî òðàêòà íåèç-
âåñòíà [3]. Îäíàêî ïðèìåíåíèå ðàçâèòûõ â ïîäîá-
íûõ ðàáîòàõ ìåòîäîâ, îñíîâàííûõ íà èòåðàöèîííûõ 
àëãîðèòìàõ, äëÿ íàáëþäåíèé â ðåàëüíîì âðåìåíè 
çàòðóäíèòåëüíî, òàê êàê òðåáóåò áîëüøîãî îáúåìà 
âû÷èñëåíèé. 

Â ïîñëåäíèå ãîäû ïîÿâèëèñü ðàáîòû, â êîòîðûõ 
ïðåäëîæåí ìåòîä íàêîïëåíèÿ êîðîòêî-ýêñïîçèöè-
îííûõ êàäðîâ ñ ïîñëåäóþùåé èíâåðñíîé ôèëüò-
ðàöèåé èçîáðàæåíèÿ [4, 5]. Àëãîðèòìû âîññòàíîâ-
ëåíèÿ âêëþ÷àþò ñòàáèëèçàöèþ «îáëàñòè èíòåðåñà»  
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(ROI – region of interest), ñåãìåíòèðîâàíèå ROI, 
ñòàáèëèçàöèþ ñåãìåíòîâ (block matching), íàêîïëå-
íèå è îáðàòíóþ (èíâåðñíóþ) ôèëüòðàöèþ ROI. 
Íåîáõîäèìîñòü ïîäîáíûõ ìåð âûçâàíà òåì, ÷òî 
ïðèçåìíàÿ òóðáóëåíòíîñòü íà ïðîòÿæåííûõ àòìî-
ñôåðíûõ òðàññàõ â äëèííîôîêóñíûõ îïòè÷åñêèõ 
ñèñòåìàõ ñ óçêèì ïîëåì çðåíèÿ ïðîÿâëÿåò ñåáÿ  
â âèäå áëóæäàíèÿ è äðîæàíèÿ èçîáðàæåíèÿ è åãî 
ôðàãìåíòîâ, à òàêæå â ãåîìåòðè÷åñêèõ èñêàæåíèÿõ 
äåòàëåé ñöåíû. Òî÷íîñòü è áûñòðîäåéñòâèå âûøå-
óïîìÿíóòûõ àëãîðèòìîâ â èòîãå ìîãóò îïðåäåëÿòü 
êà÷åñòâî âîññòàíîâëåííûõ èçîáðàæåíèé, ïîëó÷åí-
íûõ â óìåðåííî ñèëüíîé òóðáóëåíòíîñòè â óñëîâè-
ÿõ àíèçîïëàíàòèçìà [6].  

Íàñòîÿùàÿ ðàáîòà ñîäåðæèò äàëüíåéøåå ðàçâè-
òèå îïèñàííîãî â [4, 5] ïîäõîäà. Ïðåäëîæåíû ïðî-
öåäóðû èçìåðåíèÿ èíòåíñèâíîñòè òóðáóëåíòíîñòè 
äëÿ ðåêîíñòðóêöèè èçîáðàæåíèé ìåòîäîì îáðàòíîé 
ôèëüòðàöèè äëÿ äâóõ ñöåíàðèåâ íàáëþäåíèÿ: ñ ðå-
ôåðåíòíûì îáúåêòîì (ðàäèàëüíîé ìèðîé) è áåç íå-
ãî. Äëÿ ñòàáèëèçàöèè äðîæàíèÿ ROI èñïîëüçóåòñÿ 
ýôôåêòèâíûé áûñòðîäåéñòâóþùèé àëãîðèòì êîð-
ðåëÿöèîííîãî òðåêèíãà ñ íîðìèðîâêîé îïîðíîãî 
êàäðà. Ïðîãðàììíîå îáåñïå÷åíèå ðåàëèçîâàíî ñ ïî-
ìîùüþ ïðîöåäóð ïàðàëëåëüíûõ âû÷èñëåíèé èç áèá-
ëèîòåê Intel MKL è IPP. Ïðèâåäåíû ïðèìåðû êîì-
ïüþòåðíîãî ìîäåëèðîâàíèÿ òóðáóëåíòíîãî ðàçìûòèÿ 
öèôðîâûõ èçîáðàæåíèé è èõ êîððåêöèè, à òàêæå 
ðåçóëüòàòû îáðàáîòêè âèäåîêàäðîâ, ïîëó÷åííûõ 
â ÈÎÀ ÑÎ ÐÀÍ â ýêñïåðèìåíòå íà ðåàëüíûõ àòìî-
ñôåðíûõ òðàññàõ. 
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Âèä ïåðåäàòî÷íîé ôóíêöèè 
îïòè÷åñêîé ñèñòåìû äëÿ êîððåêöèè 

àòìîñôåðíûõ èñêàæåíèé 
 

Ñïåêòð ìîùíîñòè ñðåäíåé èíòåíñèâíîñòè (îñ-
âåùåííîñòè) íåêîãåðåíòíîãî èçîáðàæåíèÿ â îïòè÷å-
ñêîé ñèñòåìå ñ öèôðîâîé îáðàáîòêîé âèäåîñèãíàëà 
ìîæíî ïðåäñòàâèòü â êàíîíè÷åñêîé îïåðàòîðíîé 
ôîðìå ÷åðåç ôóíêöèþ ïåðåäà÷è ìîäóëÿöèè ÔÏÌ 
(ìîäóëü êîìïëåêñíîé ÎÏÔ) â âèäå êàñêàäà ïðåîá-
ðàçîâàòåëåé [2]: 

 ( ) ( ) ( ) ( ) ( )I O A T C= .S S F F Fν ν ν ν ν  (1) 

Çäåñü = ν ν ν( ,  )x yν  – ìîäóëü âåêòîðà ïðîñòðàíñò-
âåííîé ÷àñòîòû; SI(ν) – êîìïëåêñíàÿ àìïëèòóäà 
äâóìåðíîãî ïðîñòðàíñòâåííîãî ñïåêòðà (ïðåîáðàçî-
âàíèÿ Ôóðüå) ñðåäíåé èíòåíñèâíîñòè èçîáðàæåíèÿ; 
SO(ν) – àìïëèòóäà ñïåêòðà ñðåäíåé èíòåíñèâíîñòè 
îáúåêòà; âåùåñòâåííûå ôóíêöèè FA(ν), FT(ν), FC(ν) – 
ÔÏÌ àòìîñôåðû, òåëåñêîïà è áëîêà öèôðîâîé îá-
ðàáîòêè ñîîòâåòñòâåííî. Â ñëó÷àå èäåàëüíîãî òåëåñ-
êîïà ñ êðóãëîé îñåñèììåòðè÷íîé àïåðòóðîé äèàìåò-
ðîì D ñ ðåçêèìè êðàÿìè ôîðìóëà äëÿ ïåðåäàòî÷íîé 
ôóíêöèè õîðîøî èçâåñòíà [2]: 

 ( ) � �′ ′ ′ ′ν π ν − ν − ν
� �� �

2

T =2/ arccos( ) 1 ,F   (2) 

ãäå ′ν ν + ν Ω2 2

D= /x y  – ðàäèàëüíàÿ íîðìèðîâàí- 
íàÿ ÷àñòîòà: 0 ≤ ν′ ≤ 1. Íîðìèðîâêà ïðîèçâîäèòñÿ  
íà ÷àñòîòó äèôðàêöèîííîãî ñðåçà ΩD = D/λ ïå-
ðåäàòî÷íîé ôóíêöèè òåëåñêîïà. Äëèíà âîëíû äëÿ 
åñòåñòâåííîãî îñâåùåíèÿ ïðèíèìàåòñÿ çà ñðåäíþþ 
âåëè÷èíó λ = λ = μ0,5 . .  

Âûðàæåíèå äëÿ êîðîòêî-ýêñïîçèöèîííîé ÔÏÌ 
ðàçìûòèÿ èçîáðàæåíèÿ â òóðáóëåíòíîé àòìîñôåðå 
äëÿ ðåæèìîâ áëèæíåãî è äàëüíåãî ïîëåé âïåðâûå 
ïîëó÷åíî Ä. Ôðèäîì [7]: 

 ( ) ( ){ }� �ν − ν Ω − α ν Ω
� �0

5/3 1/3
A D=exp 3,44 / 1 ( / ) .

r
F  (3)

 

Çäåñü ÷àñòîòà àòìîñôåðíîãî ñðåçà Ω
0r
 = r0/λ (r0 – 

ðàäèóñ êîãåðåíòíîñòè) îòâå÷àåò çà èíòåíñèâíîñòü 
èñêàæåíèé, à ïàðàìåòð α – çà äëèòåëüíîñòü ýêñïî-
çèöèè è õàðàêòåð èñêàæåíèé: α = 1 â ðåæèìå áëèæ-
íåãî ïîëÿ ( >> λD L ), 0,5 â ðåæèìå äàëüíåãî ïîëÿ 
( << λD L ) è 0 â ðåæèìå äëèòåëüíîé ýêñïîçèöèè 
(T >> 0,01 ñ). Ïàðàìåòð òóðáóëåíòíîñòè 

0 0= /
r

D D r  
îïðåäåëÿåò îòíîøåíèå äèàìåòðà ïðèåìíîé àïåðòó-
ðû ê ðàäèóñó êîãåðåíòíîñòè ñôåðè÷åñêîé âîëíû  
è îäíîâðåìåííî, ñîãëàñíî ôîðìóëå (3), ÿâëÿåòñÿ 
îòíîøåíèåì äèôðàêöèîííîé è àòìîñôåðíîé  ÷àñòîò 
ñðåçà = Ω Ω

0 0D/r r
D  è, ñëåäîâàòåëüíî, õàðàêòåðèçó-

åò ñèëó òóðáóëåíòíîãî ðàçìûòèÿ. 
Òàêèì îáðàçîì, âëèÿíèå àòìîñôåðíîé òóðáó-

ëåíòíîñòè ìîæíî êîìïåíñèðîâàòü ìåòîäîì èíâåðñ-
íîé ôèëüòðàöèè ñ ó÷åòîì òîãî, ÷òî ÔÏÌ àòìîñ-
ôåðû ïðåäñòàâëÿåò ñîáîé ýêñïîíåíöèàëüíûé íèç-

êî÷àñòîòíûé ôèëüòð ïðîñòðàíñòâåííûõ ÷àñòîò. Äëÿ 
ýòîãî â áëîêå öèôðîâîé îáðàáîòêè FC(ν) â ôîð-
ìóëå (1) ïîñëå ïðåîáðàçîâàíèÿ îïòè÷åñêîãî èçîáðà-
æåíèÿ â öèôðîâóþ ôîðìó íåîáõîäèìî ðåàëèçîâàòü 
îïåðàòîð ôèëüòðàöèè â âèäå − −1 1

C T A= .F F F  Íà âû-
ñîêèõ ÷àñòîòàõ âáëèçè íóëÿ ôèëüòðóþùåé ôóíê-
öèè (3) ýòîò àëãîðèòì ìîæåò ïðèâåñòè ê ïåðåïîëíå-
íèþ ðàçðÿäíîé ñåòêè ïðîöåññîðà. Â êà÷åñòâå ìåòîäà 
ðåãóëÿðèçàöèè íà ïðàêòèêå èñïîëüçóþòñÿ âåñîâàÿ 
ôóíêöèÿ òåëåñêîïà FT, à òàêæå àëãîðèòì îãðàíè÷å-
íèÿ óñèëåíèÿ. 

 

Èçìåðåíèå ïàðàìåòðà òóðáóëåíòíîñòè 

0
rD  è ìîäåëèðîâàíèå ðàñïëûâàíèÿ 

èçîáðàæåíèÿ 
 

Äëÿ ðåêîíñòðóêöèè èçîáðàæåíèÿ íà âõîäå àë-
ãîðèòìà âû÷èñëåíèÿ îáðàòíîãî ôèëüòðà −1

A ,F  ñîãëà-
ñíî (3), íåîáõîäèìî çàäàòü çíà÷åíèÿ ïàðàìåòðîâ α 
è 

0
.

r
D  Ïàðàìåòð α âûáèðàåòñÿ ïî óñëîâèÿì íàáëþ-

äåíèÿ – äëèíå òðàññû è äëèòåëüíîñòè ýêñïîçèöèè. 
Ïàðàìåòð òóðáóëåíòíîñòè 

0
,

r
D  êàê ïðàâèëî, íåèç-

âåñòåí, íî ìîæåò áûòü èçìåðåí, ïðè÷åì íåïîñðåäñò-
âåííî íà òðàññå íàáëþäåíèÿ. Â íàñòîÿùåé ðàáîòå 
ïðåäëàãàåòñÿ ïðèìåíÿòü äëÿ ýòîãî ìåòîäèêó ïàññèâ-
íûõ îïòè÷åñêèõ èçìåðåíèé, ðàçðàáîòàííóþ è àï-
ðîáèðîâàííóþ íàìè íà àòìîñôåðíûõ òðàññàõ [9]. 
 Íà ïðàêòèêå âîçìîæíû äâà ñöåíàðèÿ íàáëþ-
äåíèÿ – ñ èñïîëüçîâàíèåì ñïåöèàëüíîãî èçìåðè-
òåëüíîãî ïðèáîðà â êà÷åñòâå ðåôåðåíòíîãî îáúåêòà  
è áåç íåãî. Ïåðâûé âàðèàíò îòëè÷àåòñÿ îò âòîðîãî 
ïîâûøåííîé òî÷íîñòüþ èçìåðåíèÿ. Â ýòîì ñëó÷àå  
â êà÷åñòâå èçìåðèòåëüíîãî èíñòðóìåíòà ïðåäëàãàåò-
ñÿ èñïîëüçîâàòü áèíàðíóþ ðàäèàëüíóþ ìèðó ñ åäè-
íè÷íûì êîíòðàñòîì CM = 1. Äëÿ íàõîæäåíèÿ r0 
ïðåäëàãàåòñÿ ñ ïîìîùüþ íåñëîæíîãî àëãîðèòìà èç-
ìåðÿòü äèàìåòð ðàçìûòèÿ ìèðû dq è ïî íåìó íàõî-
äèòü óãëîâîå ðàçðåøåíèå ϕq = dqθ/f äëÿ çàäàííîãî 
ïîðîãîâîãî çíà÷åíèÿ êîíòðàñòà q. Çäåñü θ – óãëî-
âîé ïåðèîä ïîëíîãî ñåêòîðà ìèðû; f – ôîêóñíîå 
ðàññòîÿíèå îïòè÷åñêîé ñèñòåìû [8]. Ïîñëå ýòîãî, 
èñïîëüçóÿ âûðàæåíèå äëÿ ðàäèóñà êîãåðåíòíîñòè 
ñôåðè÷åñêîé âîëíû ÷åðåç ñòðóêòóðíóþ õàðàêòåðè-
ñòèêó ïîêàçàòåëÿ ïðåëîìëåíèÿ, íàõîäèì 

 ( )− λ ϕ3/5

0 = 0,159 ( ) / ,qr g q   

ãäå  

 � �π θ π
� �M T( )=1,8ln 4 (4 / )/ .qg q C F d q  (4) 

Ðåçóëüòàòû êîìïüþòåðíîãî ìîäåëèðîâàíèÿ ðàñ-
ïëûâàíèÿ â ðåæèìå äàëüíåãî ïîëÿ α = 0,5 è âîñ-
ñòàíîâëåíèÿ ïî ôîðìóëå (4) öèôðîâîãî èçîáðàæå-
íèÿ òåñòîâîé ìèðû äëÿ òðåõ çíà÷åíèé ïàðàìåòðà 
òóðáóëåíòíîñòè 

0r
D  = 10, 20, 30 ïðèâåäåíû íà ðèñ. 1. 

Â âåðõíåì ðÿäó êàðòèíû ðàçìûòèÿ ñîäåðæàò 
îêðóæíîñòè ñ ïîðîãîâûì êîíòðàñòîì âèäèìîñòè 
q = 0,05, èçìåðÿåìûì ïðîãðàììîé. Â íèæíåì ðÿäó  
 

 



 

566 Êîíÿåâ Ï.À. 
 

 

 
Ðèñ. 1. Êîìïüþòåðíîå ìîäåëèðîâàíèå ðàçìûòèÿ â äàëüíåé çîíå áèíàðíîé ðàäèàëüíîé ìèðû (âåðõíèé ðÿä) è âîññòàíîâëåíèÿ 
  ìåòîäîì îáðàòíîé ôèëüòðàöèè (íèæíèé ðÿä) 

 

ïîêàçàíû ðåçóëüòàòû ðåêîíñòðóêöèè ðàçìûòèÿ ìå-
òîäîì îáðàòíîé ôèëüòðàöèè ïî èçìåðåííûì çíà÷å-
íèÿì 

0
.

r
D  Òî÷íîñòü èçìåðåíèé (íà÷àëüíîå óãëîâîå 

ðàçðåøåíèå èñïîëüçóåìîé ìèðû) çàâèñèò îò ïî-
ëÿðíîãî ïåðèîäà ïîëíîãî ñåêòîðà θ, ò.å. îò ÷èñëà 
ñåêòîðîâ ìèðû. Íà ðèñ. 2 ïðèâåäåíû ãðàôèêè çàâè-
ñèìîñòè ýôôåêòèâíîãî ðàäèóñà ñïåêòðàëüíîé àìï-
ëèòóäû ðàçìûòîãî èçîáðàæåíèÿ SI(ν): 
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îò ïàðàìåòðà òóðáóëåíòíîñòè äëÿ ðàäèàëüíûõ ìèð  
ñ ÷èñëîì ñåêòîðîâ 8, 16, 32 è 64. Ýôôåêòèâíûé 
ðàäèóñ ñïåêòðà îäíîçíà÷íî ñâÿçàí ñ 

0r
D  è ìîæåò 

áûòü èñïîëüçîâàí äëÿ èçìåðåíèÿ ýòîãî ïàðàìåòðà 
òóðáóëåíòíîñòè ìåòîäîì êàëèáðîâêè. 

 

 
Ðèñ. 2. Çàâèñèìîñòü íîðìèðîâàííîãî ýôôåêòèâíîãî ðàäè-

óñà ñïåêòðàëüíîé àìïëèòóäû ìèðû îò 
0r

D  äëÿ ðàçëè÷íîãî 
  ÷èñëà ñåêòîðîâ ìèðû 

Ñ öåëüþ ñðàâíåíèÿ íà ðèñ. 2 ïðèâåäåí ãðàôèê 
äëÿ «èäåàëüíîé» òåñòîâîé ìîäåëè îáúåêòà – ãå-
íåðàòîðà áåëîãî øóìà, îáëàäàþùåãî ðàâíîìåðíûì 
ðàñïðåäåëåíèåì àìïëèòóäû âî âñåì äèàïàçîíå ñïåê-
òðà óãëîâûõ ïðîñòðàíñòâåííûõ ÷àñòîò. Ïî ïîâåäå-
íèþ êðèâûõ âèäíî, ÷òî â ñëàáîé òóðáóëåíòíîñòè âñå 
÷åòûðå ìèðû äàþò áëèçêèå ðåçóëüòàòû, íî ïî ìåðå 
óâåëè÷åíèÿ 

0r
D  ñêîðîñòü ïàäåíèÿ ðàçðåøåíèÿ òåì 

ìåíüøå, ÷åì áîëüøå ÷èñëî ñåêòîðîâ. ×òîáû ðàñøè-
ðèòü äèàïàçîí èçìåðåíèé, ìèðà ñ ÷èñëîì ñåêòî- 
ðîâ 64 áûëà âûáðàíà äëÿ ïðîâåäåíèÿ ýêñïåðèìåí-
òîâ íà ðåàëüíûõ àòìîñôåðíûõ òðàññàõ. 

 

Êîððåêöèÿ ðàñïëûâàíèÿ èçîáðàæåíèÿ 
íà àòìîñôåðíûõ òðàññàõ  

â ðåàëüíîì âðåìåíè 
 

Âî âòîðîì ñöåíàðèè íàáëþäåíèÿ, ïðè êîòîðîì 
îòñóòñòâóåò âîçìîæíîñòü ïðèìåíåíèÿ ñïåöèàëüíîãî 
èíñòðóìåíòà äëÿ èçìåðåíèÿ 

0
,

r
D  ïðåäëàãàåòñÿ îöå-

íèâàòü ïàðàìåòð òóðáóëåíòíîñòè ïî èçìåðåíèþ 
äðîæàíèÿ èçîáðàæåíèÿ ñàìîãî îáúåêòà íàáëþäå-
íèÿ. Äëÿ ýòîãî â íàñòîÿùåé ðàáîòå îöåíèâàåòñÿ 
ðàäèóñ êîãåðåíòíîñòè r0 

ïî äèñïåðñèè ôëóêòóàöèé 
óãëîâ ïðèõîäà γσ2  ïóòåì èçìåðåíèÿ â ïëîñêîñòè 
èçîáðàæåíèÿ äðîæàíèÿ ROI ìåòîäîì êîððåëÿöèîí-
íîãî ñëåæåíèÿ [10]: 

 ( )−
γσ

3/5
2 1/3 2

0 = 0,1447 ,r k D  ãäå π λ=2 / .k  (6) 

Äëÿ êîððåêöèè ðàñïëûâàíèÿ ìåòîäîì îáðàòíîé 
ôèëüòðàöèè îñóùåñòâëÿëîñü «ñèíòåçèðîâàíèå» óñ-
ðåäíåííîãî öèôðîâîãî èçîáðàæåíèÿ ROI, êîòîðîå 
çàòåì ïîäâåðãàëîñü öèôðîâîé îáðàáîòêå. Äëÿ óñ-
ðåäíåíèÿ âûáèðàëèñü ROI èç ñåðèè êàäðîâ ñ ýêñïî-



 

 Îáðàáîòêà öèôðîâûõ èçîáðàæåíèé äëÿ êîððåêöèè àòìîñôåðíûõ òóðáóëåíòíûõ èñêàæåíèé â ðåàëüíîì âðåìåíè 567 
 

çèöèåé êîðîòêîé äëèòåëüíîñòè (< 1 ìñ). Ïåðåä íà-
êîïëåíèåì ñòàáèëèçèðîâàëîñü äðîæàíèå ROI, äëÿ 
÷åãî èñïîëüçîâàëñÿ ýôôåêòèâíûé ïàðàëëåëüíûé 
àëãîðèòì êîððåëÿöèîííîãî òðåêèíãà ñ íîðìèðîâêîé 
îïîðíîãî êàäðà [10]. Ôàêòè÷åñêè îáå îïåðàöèè – 
èçìåðåíèå äðîæàíèÿ ROI ñ âû÷èñëåíèåì r0 è ñòà-
áèëèçàöèÿ êàäðà – âûïîëíÿþòñÿ îäíîâðåìåííî, ÷òî 
óñêîðÿåò îáðàáîòêó. 

Â óñëîâèÿõ óìåðåííîé è ñèëüíîé òóðáóëåíòíî-
ñòè â êàäðå èçîáðàæåíèÿ ìîãóò ïîÿâëÿòüñÿ çîíû 
«àíèçîïëàíàòèçìà», ñìåùåíèÿ êîòîðûõ íå çàâè- 
ñÿò äðóã îò äðóãà, òîãäà âîçíèêàåò íåîáõîäèìîñòü  
â ñåãìåíòèðîâàíèè êàäðîâ. Ýòî óñëîæíÿåò âû÷èñ-
ëåíèÿ è ìîæåò çàìåäëèòü ðàáîòó êîìïüþòåðíîé 
ïðîãðàììû, äåëàÿ íåâîçìîæíûìè íàáëþäåíèÿ  
â ðåàëüíîì âðåìåíè. Ñ öåëüþ óñêîðåíèÿ âû÷èñ-
ëåíèé äëÿ ðåàëèçàöèè âñåõ ïðîöåäóð èçìåðåíèé  
è öèôðîâîé îáðàáîòêè áûëè ñîçäàíû ïàðàëëåëüíûå 
âû÷èñëèòåëüíûå àëãîðèòìû, îñíîâàííûå íà ñëåäóþ-
ùèõ ôóíêöèÿõ áèáëèîòåê Intel MKL [11] è IPP: 
ïðåîáðàçîâàíèå ôîðìàòà êàäðà – ippiConvert_8u32f, 
ìåäèàííàÿ ôèëüòðàöèÿ – ippiFilterMedian_32f, 
  

íîðìàëèçàöèÿ ÿðêîñòè – ippsNormalize_32f, èçâëå-
÷åíèå ROI – ippmExtract_m_32f, áûñòðîå äâóìåð-
íîå ïðåîáðàçîâàíèå Ôóðüå – MKL_DFTI. 

Ýêñïåðèìåíòû íà ïðèçåìíîé òðàññå äëèíîé 
475 ì íà Áàçîâîì ýêñïåðèìåíòàëüíîì êîìïëåêñå 
(ÁÝÊ) ÈÎÀ ÑÎ ÐÀÍ ïðîâîäèëèñü ñ ðàäèàëüíîé 
ìèðîé ñ ÷èñëîì ñåêòîðîâ 64. Çàõâàò êàäðîâ îñóùå-
ñòâëÿëñÿ öèôðîâîé âèäåîêàìåðîé ñî âðåìåíåì ýêñ-
ïîçèöèè 0,5 ìñ è ÷àñòîòîé 100 Ãö íà òåëåñêîïå ñ D = 
= 15 ñì. Íà ðèñ. 3 ñëåâà ïîêàçàí òèïè÷íûé êàäð 
ñåðèè èç 1000 êàäðîâ, êîòîðûé ÿâëÿåòñÿ îäíîé 
ìãíîâåííîé âûáîðêîé èç àíñàìáëÿ ñëó÷àéíûõ ðåà-
ëèçàöèé è èìååò õàðàêòåðíûå èñêàæåíèÿ, ïðèñóùèå 
êîðîòêî-ýêñïîçèöèîííîìó èçîáðàæåíèþ. Ïóòåì óñ-
ðåäíåíèÿ òàêèõ âûáîðîê çà èíòåðâàë âðåìåíè 10 ñ 
áûëà ïîëó÷åíà êàðòèíà ñðåäíåé èíòåíñèâíîñòè 
(ðèñ. 3 â öåíòðå), ïî êîòîðîé èçìåðÿëñÿ 

0r
D  è ïðî-

èçâîäèëàñü êîððåêöèÿ ðàñïëûâàíèÿ (ðèñ. 3 ñïðàâà). 
Íàáëþäåíèÿ çà ðåàëüíûìè îáúåêòàìè íà ïðè-

çåìíîé òðàññå äëèíîé 2 êì ïðîâîäèëèñü áåç ðåôå-
ðåíòíîãî îáúåêòà. Íà ðèñ. 4 ñëåâà ïîêàçàíî ìãíî-
âåííîå ðàçìûòîå èçîáðàæåíèå ñöåíû áåç îáðàáîòêè. 
 

 

 
Ðèñ. 3. Êîðîòêî-ýêñïîçèöèîííûé êàäð (0,5 ìñ) èçîáðàæåíèÿ ìèðû â ðåæèìå áëèæíåãî ïîëÿ íà òðàññå äëèíîé 475 ì (ñëåâà), 
ðåçóëüòàò óñðåäíåíèÿ ïî ñåðèè èç 1000 êàäðîâ (â öåíòðå) è âîññòàíîâëåíèÿ èçîáðàæåíèÿ ìåòîäîì îáðàòíîé ôèëüò- 
  ðàöèè (ñïðàâà) 

 

 
Ðèñ. 4. Ïðèìåð ðàçìûòîãî àòìîñôåðîé ðåàëüíîãî èçîáðàæåíèÿ èç ñåðèè êàäðîâ, ïîëó÷åííûõ íà äèñòàíöèè 2 êì (ñëåâà),  
  è ðåçóëüòàò âîññòàíîâëåíèÿ ROI ìåòîäîì îáðàòíîé ôèëüòðàöèè â ðåàëüíîì âðåìåíè (ñïðàâà) 



 

568 Êîíÿåâ Ï.À. 
 

 
ROI íàõîäèëàñü â öåíòðå êàäðà è èìåëà êâàäðàò-
íóþ ôîðìó ðàçìåðîì 256 × 256 ïèêñåëåé. Ïîñëå ñòà-
áèëèçàöèè ROI â êàæäîì êàäðå ïðîèçâîäèëîñü åå 
ðåêóðñèâíîå óñðåäíåíèå â ðåàëüíîì âðåìåíè íà-
áëþäåíèÿ, à òàêæå îáðàòíàÿ ôèëüòðàöèÿ è âûâîä 
íà ìîíèòîð ìîíîõðîìíîãî èçîáðàæåíèÿ ñ ÷àñòîòîé 
25 Ãö (ðèñ. 4 ñïðàâà). Â óñëîâèÿõ ñëàáî-óìåðåí- 
íîé òóðáóëåíòíîñòè óäàâàëîñü óâåëè÷èâàòü ðàçìåð 
ROI äî ðàçðåøåíèÿ HD (1280 × 720 ïèêñåëåé)  
è ïðîâîäèòü íàáëþäåíèå ñ ÷àñòîòîé 20 Ãö, èñïîëü-
çóÿ ñòàíäàðòíûé PC (ïðîöåññîð Intel i7 3,5 ÃÃö). 

 

Çàêëþ÷åíèå 
 

Ïðèâåäåíû ïðèìåðû êîìïüþòåðíîãî ìîäåëèðî-
âàíèÿ òóðáóëåíòíîãî ðàçìûòèÿ öèôðîâûõ èçîáðà-
æåíèé è èõ êîððåêöèè, à òàêæå ðåçóëüòàòû âîññòà-
íîâëåíèÿ ìîíîõðîìíûõ èçîáðàæåíèé â ðåàëüíîé 
àòìîñôåðå. Ïîëó÷åííûå äàííûå ïîçâîëÿþò ñäåëàòü 
âûâîä î âîçìîæíîñòè è ýôôåêòèâíîñòè ìåòîäà îá-
ðàòíîé ôèëüòðàöèè äëÿ êîððåêöèè òóðáóëåíòíûõ 
èñêàæåíèé â ðåàëüíîì âðåìåíè è ñ âûñîêèì ðàçðå-
øåíèåì. 

Ïðèìåíåíèå äëÿ èçìåðåíèÿ äðîæàíèÿ ROI  
àëãîðèòìà êîððåëÿöèîííîãî ñëåæåíèÿ (òðåêèíãà)  
ñ íîðìèðîâêîé îïîðíîãî êàäðà ïîêàçûâàåò åãî âû-
ñîêóþ íàäåæíîñòü â óñëîâèÿõ ðàçâèòîé òóðáóëåíò-
íîñòè ïðè ñåãìåíòèðîâàíèè ROI. Ðåàëèçàöèÿ ìå-
òîäà â âèäå ïàðàëëåëüíûõ âû÷èñëèòåëüíûõ ïðîöå-
äóð ñ èñïîëüçîâàíèåì ôóíêöèé èç áèáëèîòåê Intel 
MKL è IPP äåëàåò âîçìîæíûì ïðîâåäåíèå íàá-
ëþäåíèé íà àòìîñôåðíûõ òðàññàõ â ðåàëüíîì âðå-
ìåíè. Èçìåíåíèÿ èíòåíñèâíîñòè òóðáóëåíòíîñòè 
âî âðåìåíè êîíòðîëèðóþòñÿ ââåäåííîé â ïðîöåññ 
íàáëþäåíèÿ ïðîöåäóðå èçìåðåíèÿ 

0
,

r
D  ïîýòîìó 

êîððåêòèðîâêà êîýôôèöèåíòà óñèëåíèÿ â îáðàòíîì 
ôèëüòðå ïðîèñõîäèò ïîñòîÿííî. Áëàãîäàðÿ ýòîìó 
ïîÿâëÿåòñÿ âîçìîæíîñòü àäàïòèâíîé êîððåêöèè è ðå-
ãèñòðàöèè èçîáðàæåíèÿ â àâòîìàòè÷åñêîì ðåæèìå. 
 Ïåðåõîä îò ìîíîõðîìíûõ èçîáðàæåíèé ê öâåò-
íûì äîëæåí óâåëè÷èòü âðåìÿ öèôðîâîé îáðàáîòêè, 
ïîýòîìó íåîáõîäèìû äàëüíåéøèå óñèëèÿ ïî ïîâû-
øåíèþ ïðîèçâîäèòåëüíîñòè âû÷èñëåíèé è îïòè-
ìèçàöèè ïðîöåäóð. Äëÿ êîìôîðòíîãî íàáëþäåíèÿ  
ñ ÷àñòîòîé êàäðà 25 Ãö öâåòíîãî èçîáðàæåíèÿ  
ñ î÷åíü âûñîêèì ðàçðåøåíèåì (íàïðèìåð, ñòàíäàð-
òà Full HD 1920 × 1080 ïèêñåëåé) ïðèìåíåíèå ìåòî-
äà îáðàòíîé ôèëüòðàöèè ìîæåò ïîòðåáîâàòü ìîù- 
 

íîñòåé ñîâðåìåííîé âûñîêîïðîèçâîäèòåëüíîé ðàáî-
÷åé ñòàíöèè ñ ìíîãîÿäåðíûì ïðîöåññîðîì ÷àñòîòîé 
äî 5 Ããö. 

Ðàáîòà âûïîëíåíà â ðàìêàõ ãîñóäàðñòâåííîãî 
çàäàíèÿ ÈÎÀ ÑÎ ÐÀÍ. 
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P.A. Konyaev. Image processing for real-time correction of atmospheric turbulent distortions. 
Algorithms for real time two-dimensional digital image processing when observing on atmospheric paths 

are considered. A procedure for measuring the turbulence parameter directly during observation is suggested. It 
can be applied both with the use of a reference object (a radial mire), and without it. An efficient high-speed 
correlation tracking algorithm with reference frame normalization was applied to correct the image jitter caused 
by the atmosphere. Blurred image restoration algorithms based on the inverse filtration of angular spatial fre-
quencies are implemented with the use of parallel computing procedures from the Intel� MKL and IPP librar-
ies. The results of computer simulation of digital images blur and its correction are presented, as well as 
examples of processing experimental video frames on real atmospheric paths. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


