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Ðàññìàòðèâàþòñÿ�ìåòîäû�äèñòàíöèîííîãî�çîíäèðîâàíèÿ�Çåìëè,�èñïîëüçóåìûå�äëÿ�îáíàðóæåíèÿ�è�êàð
òèðîâàíèÿ�ðàçëèâîâ�íåôòè.�Èññëåäîâàíèÿ�íàïðàâëåíû�íà�ðåøåíèå�çàäà÷�â�îáëàñòè�àýðîêîñìè÷åñêîãî�
ìîíèòîðèíãà�ìåñò�íåôòåðàçðàáîòîê�è�íåôòÿíûõ�çàãðÿçíåíèé.�Îáúåêò èññëåäîâàíèÿ�–�èçîáðàæåíèÿ�èëè�
ïîñëåäîâàòåëüíîñòü� èçîáðàæåíèé� åñòåñòâåííîé� îêðóæàþùåé� ñðåäû.� Ïðåäìåò èññëåäîâàíèÿ� –� ìàòå
ìàòè÷åñêîå� ìîäåëèðîâàíèå�è� àïïàðàòíîïðîãðàììíîå� îáåñïå÷åíèå� äëÿ�îáðàáîòêè� è� àíàëèçà� èçîáðà
æåíèé,� ðàñïîçíàâàíèÿ� è� êëàññèôèêàöèè� îáðàçîâ,� ïîçâîëÿþùèå� îöåíèâàòü� ýêîëîãè÷åñêîå� ñîñòîÿíèå�
ìåñò�íåôòåðàçðàáîòîê�øåëüôîâîé�çîíû.�Öåëü�èññëåäîâàíèÿ�–�áëàãîäàðÿ�ïîëóàâòîìàòè÷åñêîìó�àíàëèçó�
èçîáðàæåíèé,�îïåðàòèâíî�îáíàðóæèâàòü�íåôòÿíûå�çàãðÿçíåíèÿ�â�øåëüôîâûõ�àêâàòîðèÿõ�ñ�èñïîëüçîâà
íèåì� íåéðîñåòåâûõ� àëãîðèòìîâ� ñâåðõòî÷íîãî� òèïà� (ResNet10)� ñ� äîëãîâðåìåííîé� è� êðàòêîâðåìåííîé�
ïàìÿòüþ� (LSTM)� ñåòè� ïðè� îáðàáîòêå� ìàòåðèàëîâ� îò� íåñêîëüêèõ� èñòî÷íèêîâ� èíôîðìàöèè,� òðåáóþùåé�
ïðîñòðàíñòâåííîãî� ñîîòâåòñòâèÿ� ìåæäó� èçîáðàæåíèÿìè.� Äëÿ� ðàñïîçíàâàíèÿ� îáúåêòîâ� íà� ìåñòíîñòè�
àíàëèçèðîâàëèñü�âèçóàëüíûå�äàííûå�íà�áàçå�ôîðìèðîâàíèÿ�óñòîé÷èâûõ�ïðèçíàêîâ�ñ�èñïîëüçîâàíèåì�
ãëóáîêèõ�íåéðîííûõ�ñåòåé.�Â�êà÷åñòâå�îñíîâû�ïðåäëàãàåòñÿ�èñïîëüçîâàòü�ìíîãîìåðíûå�íåîäíîðîäíûå�
(íåñêîëüêî�èçîáðàæåíèé)�äàííûå�äèñòàíöèîííîãî�çîíäèðîâàíèÿ.�Çàäà÷è èññëåäîâàíèÿ,�ðåàëèçóþùèå�
öåëü:� ñôîðìèðîâàòü� ìíîæåñòâî� íàáîðîâ� èçîáðàæåíèé,� ñîäåðæàùèõ� ñöåíû� â� óñëîâèÿõ� èçìåíÿþùåéñÿ�
îêðóæàþùåé� ñðåäû� (ïîãîäíûå� óñëîâèÿ,� îñâåùåííîñòü,� ñåçîííîñòü,� óãîë� îáçîðà);� èñïîëüçîâàòü� ñîá
ñòâåííóþ�áàçó,�ïîçâîëÿþùóþ�âûäåëèòü�óñòîé÷èâûå�ïðèçíàêè�èçîáðàæåíèé;�ðàçðàáîòàòü�ìåòîäû�è�àë
ãîðèòìû�îáðàáîòêè�è�àíàëèçà�èçîáðàæåíèé�äëÿ�ôîðìèðîâàíèÿ�óñòîé÷èâûõ�ïðèçíàêîâ,�îáðàçóþùèõ�ñöå
íû�èç�íåéðîííûõ�ñåòåé;�ïðîâåñòè�âû÷èñëèòåëüíûå�ýêñïåðèìåíòû�äëÿ�ñðàâíèòåëüíîãî�àíàëèçà�è�îöåíêè�
ðåçóëüòàòîâ�êëàññèôèêàöèè�è�êàòåãîðèçàöèè�ñ�èñïîëüçîâàíèåì�ìîäåëè�ñëîæíûõ�ñåòåé�äëÿ�óïðàâëåíèÿ�
êîìïëåêñíîé�èíôîðìàöèåé.�Äëÿ�ýòîãî�âûïîëíåíà�àâòîìàòè÷åñêàÿ�ðåãèñòðàöèÿ�ãåîìåòðè÷åñêèõ�äåôîð
ìàöèé� (ïåðåìåùåíèå,� âðàùåíèå,� èçìåíåíèå� ìàñøòàáà)� ñ� ïîìîùüþ� áèëèíåéíîé� èíòåðïîëÿöèè,� à� òàê
æå�òåñòèðîâàíèå�äëÿ�âîçìîæíîé�âàðèàöèè�ñòàòèñòè÷åñêîé�ìîäåëè�âíóòðè�íåîäíîðîäíîãî�ñêîëüçÿùåãî�
îêíà,�îñíîâàííîãî�íà�ïîëóàâòîìàòè÷åñêîì�ïîäõîäå,�øåëüôîâûõ�àêâàòîðèé�Íåôòÿíûõ�Êàìíåé�(Êàñïèé
ñêîå�ìîðå).��Ñòàíäàðòíûå�îäíîñëîéíûå�2D�ñåòè�LSTM�[18]�ïðèìåíÿþò�äëÿ�ðåøåíèÿ�ïðîáëåìû�ñåãìåíòà
öèè�òåêñòóð�ñ�ïîìîùüþ�êëàññèôèêàöèè�òåêñòóðíûõ�ïåðïèêñåëåé.�Ñåòü�òî÷íî�îöåíèâàåò�îáëàñòè�òåêñòóðû�
è�àâòîìàòè÷åñêè�àäàïòèðóåò�ðàçëè÷íûé�ìàñøòàá,�îðèåíòàöèþ�è�ôîðìó�îáëàñòåé�òåêñòóðû�íà�èçîáðàæå
íèè.�Ïîêàçàí�ïðîñòîé�ñïîñîá�ïðèìåíåíèÿ�ñåòåé�LSTM�äëÿ�ñåãìåíòàöèè�òåêñòóð,�ïðèâåäåíî�ñðàâíåíèå�
ýôôåêòèâíîñòè�(òî÷íîñòè)�ñ�èñïîëüçîâàíèåì�èçìåðåíèÿ�êà÷åñòâà�êëàññèôèêàöèè�íà�îñíîâå�èññëåäîâà
íèé�ñ�èñïîëüçîâàíèåì�íîâîé�ìåðû�ïîäîáèÿ,�îñíîâàííîé�íà�ñòàòèñòè÷åñêîé�ìîäåëè�(òðè�âåðñèè�ïðàâèëà�
áëèæàéøåãî�ñîñåäà�è�ìåòîä�ìàêñèìàëüíîãî�ïðàâäîïîäîáèÿ)�[6].�Ðåçóëüòàòû�èññëåäîâàíèé�â�öåëîì�ïîä
òâåðäèëè� ýôôåêòèâíîñòü� èñïîëüçîâàíèÿ� ïðåäëîæåííîé� ìîäåëè.� Âòîðîé� ôðîíò� èññëåäîâàíèé� (àíàëèç�
ðàñïîçíàâàíèÿ�îáúåêòîâ)�ïîêàçàë,�÷òî�êîíòåêñòíóþ�èíôîðìàöèþ�íåîáõîäèìî�ó÷èòûâàòü�â�ñèñòåìàõ�ðàñ
ïîçíàâàíèé� îáúåêòîâ.� Óäàëîñü� íàéòè� äîêàçàòåëüñòâà,� ÷òî�åñòåñòâåííîå� ôîðìèðîâàíèå� êëàñòåðîâ�óêà
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çûâàåò�íà�òî,�÷òî�âîçíèêëè�êîíòåêñòû,�êîòîðûå,�ïîâèäèìîìó,�áûëè�ôóíäàìåíòàëüíûìè�äëÿ�ðåçóëüòàòîâ�
ïðîèçâîäèòåëüíîñòè.�Îäíàêî�âàæíî� ïîä÷åðêíóòü,�÷òî�ýòè�ýêñïåðèìåíòû�íîñÿò�ýìïèðè÷åñêèé�õàðàêòåð�
è�ïðîâîäÿòñÿ�íà�îïðåäåëåííîé�áàçå�èçîáðàæåíèé,�õîðîøî�èçâåñòíîé�â�àêàäåìè÷åñêîé�íàó÷íîé�ñðåäå

Êëþ÷åâûå ñëîâà: ðàäèîëîêàöèîííûå ñíèìêè, äèñòàíöèîííîå çîíäèðîâàíèå, ìîíèòîðèíã íåôòÿíûõ çàãðÿçíåíèé, 
êëàññèôèêàòîð ìàêñèìàëüíîãî ïðàâäîïîäîáèÿ, ðåêóððåíòíî ñâÿçàííûå áëîêè, óñòîé÷èâûå ïðèçíàêè èçîáðàæåíèé, 
íåéðîñåòåâûå àëãîðèòìû, cåòåâàÿ àðõèòåêòóðà, êîíòåêñòíàÿ èíôîðìàöèÿ, ïåðåìåùåíèå

Earth� remote� sensing� methods,� used� to� detect� and� map� oil� spills,� are� considered.�The� research� is�aimed� at�
solving�problems�in�the�field�of�aerospace�monitoring�of�oil�development�sites�and�oil�spills.�The�object�of�the�
research�is�images�or�a�sequence�of�images�of�the�natural�environment.�The�subject�of�the�research�is�presented�
by�mathematical�modeling�and�software�for�image�processing�and�analysis,�recognition�and�classification�of�im
ages,�to�assess�the�environmental�condition�of�offshore�oilfields.�The�aim�of�the�research�is�to�detect�oil�pollution�
in�the�shelf�area�by�means�of�semiautomated�image�analysis�using�superaccurate�neural�network�algorithms�
(ResNet10)� with� long� and� shortterm� memory� (LSTM)� when� processing� materials� from� several� information�
sources,�which�require�spatial�matching�between�the�images.�To�recognize�objects�on�the�ground,�visual�data�
have�been�analyzed�based�on�the�formation�of�stable�features�using�deep�neural�networks.�Multidimensional�het
erogeneous�(multiple�images)�remote�sensing�data�has�been�proposed�as�the�basis.�The�research�tasks,�which�
help�to�realize�the�aim�are:�to�form�a�set�of�image�sets,�containing�scenes�in�a�changing�environment�(weather�
conditions,�illumination,�seasonality,�viewing�angle);�to�use�own�base,�allowing�to�allocate�stable�image�features;�
to�develop�methods�and�algorithms�for�processing�and�analysis�of�images�for�formation�of�stable�features�form
ing� scenes� from�neural�networks;� to�conduct� computer� experiments� for� comparative� analysis� and�evaluation�
results�of�classification�and�categorization�with�the�use�of�neural�networks.�For�this�purpose�the�author�has�made�
automatic�registration�of�geometrical�deformations�(displacement,�rotation,�scale�change),�using�bilinear�inter
polation�and�testing�for�possible�variation�of�statistical�model�inside�the�inhomogeneous�sliding�window�based�
on�the�semiautomatic�approach�for�the�shelf�area�of� the�Oil�Rocks�(Caspian�Sea).� �Standard�singlelayer�2D�
LSTM�networks�[18]�are�used�to�solve�the�texture�segmentation�problem�by�classifying�texture�perpixels.�The�
network�accurately�estimates�texture�regions�and�automatically�adapts�the�different�scale,�orientation�and�shape�
of�texture�regions�in�the�image.�A�simple�way�of�using�LSTM�networks�for�texture�segmentation�is�shown,�and�the�
efficiency�(accuracy)�is�compared,�using�researchbased�measures�of�classification�quality�using�a�new�similarity�
measure�based�on�a�statistical�model�(three�versions�of�the�nearestneighbor�rule�and�the�maximum�likelihood�
method)�[6].�The�results�of�the�studies�have�generally�confirmed�the�effectiveness�of�the�proposed�model.�The�
second�front�of�the�research�(object�recognition�analysis)�has�shown�that�context�information�must�be�taken�into�
account�when�applying�object�recognition�systems.�It�has�become�possible�to�find�evidence�that�the�natural�for
mation�of�clusters�indicates�that�contexts�emerged,�which�appeared�to�be�fundamental�to�performance�results.�
However,� it� is� important�to�emphasize�that�these�experiments�are�empirical� in�nature�and�are�conducted�on�a�
particular�image�base�that�is�well�known�in�the�academic�scientific�community

Key words: Radar images; remote sensing, oil pollution monitoring, maximum likelihood classifier, recurrently linked blocks, 
persistent features of images, neural network algorithms, network architecture, context information; movement

Ââåäåíèå. Â� íàñòîÿùåå� âðåìÿ� èìååòñÿ�
çíà÷èòåëüíûé�îáúåì�ìàòåðèàëîâ�äèñòàí

öèîííîãî� çîíäèðîâàíèÿ� Çåìëè.� Ñóùåñòâóåò�
ïîòðåáíîñòü�â�àâòîìàòè÷åñêèõ�ìåòîäàõ�îáðà
áîòêè� èçîáðàæåíèé.� Ïðè� îáðàáîòêå� èçîáðà
æåíèé�ñëîæíî�àíàëèçèðîâàòü�ìíîãîìåðíûå�
íåîäíîðîäíûå� (íåñêîëüêî� èçîáðàæåíèé)�
äàííûå� â� îáùåì� äåïîçèòàðèè� äëÿ� ãðóïïè
ðîâàíèÿ� èëè� ñðàâíåíèÿ� ñîîòâåòñòâóþùåé�
èì�èíôîðìàöèè.

Ñóùåñòâóåò� áîëüøîå� êîëè÷åñòâî� ðàç
íîîáðàçíûõ� óíèâåðñàëüíûõ� èññëåäîâàòåëü

ñêèõ� ïàêåòîâ,� ïîçâîëÿþùèõ� îñóùåñòâëÿòü�
ðåàëèçàöèþ� àëãîðèòìîâ� îáðàáîòêè� ìíîãî
ìåðíûõ�äàííûõ�è�âûïîëíÿòü�ïîñëåäîâàòåëü
íûé�àíàëèç�èõ�ýôôåêòèâíîñòè.�Îäíàêî�îïûò�
ðåàëèçàöèè� áîëüøîãî� êîëè÷åñòâà� ïðîåê
òîâ� ïîêàçûâàåò,� ÷òî� îòñóòñòâóåò� îïòèìàëü
íàÿ� ìàòåìàòè÷åñêàÿ� ìîäåëü� è� îïòèìàëüíûå�
ñòàòèñòè÷åñêèå� àëãîðèòìû� äëÿ� îáðàáîòêè�
ìíîãîìåðíûõ� èçîáðàæåíèé,� íàïðàâëåííûå�
íà� äåòåêöèþ� ìåñò� íåôòåçàãðÿçíåíèé� è� èõ�
ïîñëåäîâàòåëüíîñòåé,� îáåñïå÷èâàþùèå� äî
ñòàòî÷íóþ� ýôôåêòèâíîñòü� â� óñëîâèÿõ� ïðî
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ñòðàíñòâåííîé� íåîäíîðîäíîñòè� è� ìóëüòè
ñïåêòðàëüíîãî� (ìíîãîçîíàëüíîãî)� õàðàêòåðà�
êîñìè÷åñêèõ�ñúåìîê.�

Èìååò� ìåñòî� ìíîæåñòâî� îáçîðíûõ� ïó
áëèêàöèé,�ïîñâÿùåííûõ�îáíàðóæåíèþ�ó÷àñò
êîâ�ðàçëèâîâ�íåôòè�[8;�10;�13;�14;�15;�16].�Â�
ýòèõ� èññëåäîâàíèÿõ� ïðèâåäåíû� ïðåèìóùå
ñòâà� èñïîëüçîâàíèÿ� ðàçëè÷íûõ� èñòî÷íèêîâ�
äèñòàíöèîííîãî�çîíäèðîâàíèÿ�è�ìåòîäîâ�äî
ñòèæåíèÿ� öåëè,� ïîñêîëüêó� ñîîòâåòñòâóþùèå�
ïîäõîäû� ìîãóò� ïðåäëîæèòü� ýôôåêòèâíûé�
ìîíèòîðèíã� ìîðñêîé� ñðåäû� è� ïîìî÷ü� îáíà
ðóæèòü� ó÷àñòêè� ðàçëèâîâ� íåôòè.� Â� èññëåäî
âàíèÿõ� â� êà÷åñòâå� îñíîâû� èñïîëüçóþòñÿ� íå
êîòîðûå� àëãîðèòìû� ãåíåðàöèè� ñëó÷àéíîãî�
ïîëÿ�ñ�òåêñòóðîé,�ñîîòâåòñòâóþùåé�ðåàëüíî�
ïîëó÷àåìûì�äàííûì�èç�èçîáðàæåíèé.�

Ìåòîäîëîãèÿ èññëåäîâàíèÿ.� Îäíèì� èç�
ñàìûõ� ðàñïðîñòðàíåííûõ� ïîäõîäîâ,� áàçè
ðóþùèõñÿ� íà� èñïîëüçîâàíèè� ëèíåéíûõ� àâ
òîðåãðåññèîííûõ� ìîäåëåé� ôîðìèðîâàíèÿ�
èçîáðàæåíèé,�ÿâëÿåòñÿ�ïîäõîä�êàçóàëüíîãî�è�
ïîëóêàçóàëüíîãî�òèïà�[5;�7;��8;�11;�14].

Îòëè÷èåì�äàííîãî�ïîäõîäà�ÿâëÿåòñÿ�ïå
ðèîäè÷íîñòü� ïîëó÷àåìûõ� àëãîðèòìîâ� ìî
äåëèðîâàíèÿ.� Äëÿ� îïðåäåëåíèÿ� ÷èñëîâûõ�
çíà÷åíèé� êîýôôèöèåíòîâ� àâòîðåãðåññèè� â�
àíàëîãè÷íûõ�àëãîðèòìàõ�íåîáõîäèìî�çíàòü�
ïðîñòðàíñòâåííóþ� êîððåëÿöèþ� ýòàëîííûõ�
òåêñòóð� è� îáåñïå÷èòü� ðåøåíèå� ñèñòåìû�
óðàâíåíèé�ÞëàÓîêåðà� [5],�÷òî�÷àñòî�ÿâëÿ
åòñÿ� çàòðóäíèòåëüíûì,� ñîïðÿæåíî� ñ� ñóùå
ñòâåííûìè�àíàëèòè÷åñêèìè�è�âû÷èñëèòåëü
íûìè� ñëîæíîñòÿìè,� è� åãî� âðÿä� ëè� ìîæíî�
îáîáùèòü� äëÿ� ñèòóàöèè,� êîãäà� äîñòóïíî�
áîëåå� äâóõ� èçîáðàæåíèé.� Àëüòåðíàòèâíûì�
ïîäõîäîì� ÿâëÿåòñÿ� ìîäåëü,� îïèñûâàþùàÿ�
òåêñòóðû� íà� îñíîâå� ïðîñòðàíñòâåííîãî�
Ôóðüåñïåêòðà�[1;�3;�4],�÷òî�ïîçâîëÿåò�ó÷è
òûâàòü� ãëîáàëüíûé� õàðàêòåð� ñâÿçåé� ìåæäó�
ýëåìåíòàìè� èçîáðàæåíèÿ.� Íåäîñòàòêîì�
ïîëó÷àåìûõ� ìîäåëåé� ÿâëÿåòñÿ� íåîáõîäè
ìîñòü� ïîñòðîåíèÿ� ñëîæíûõ� àëãîðèòìîâ�
ôîðìèðîâàíèÿ� ðàñïðåäåëåíèé� ïðîñòðàí
ñòâåííûõ�è�ôàçîâûõ�ñïåêòðîâ�è�îòñóòñòâèå�
âîçìîæíîñòè� ðåàëèçàöèè� áûñòðîäåéñòâó
þùèõ� ïðîöåäóð� ãåíåðàöèè� èñêóññòâåííûõ�
èçîáðàæåíèé� äëÿ� îáëàñòåé� ïðîèçâîëüíîé�
êîíôèãóðàöèè.

Íàçâàííûå� ïîäõîäû� ÿâëÿþòñÿ� ïîòðåá
íûìè� ïðîöåññà� ðó÷íîé� èíæåíåðèè� è� ñëîæ
íîãî�ìîäåëèðîâàíèÿ�äëÿ�ïîêðûòèÿ�âàðèàöèé�
òåêñòóðû.�Êðîìå�òîãî,�òðóäíî�îáîáùèòü�ðàç
ìåð�ïîäîêíà�ñ�íåèçâåñòíûì�ìàñøòàáîì.

Âìåñòî� èñïîëüçîâàíèÿ� ôèëüòðîâ,� âû
áðàííûõ� âðó÷íóþ,� ïðåäëîæåíî� ìàøèííîå�
îáó÷åíèå� ìåòîäàìè� ñåãìåíòàöèè� [2;� 9;� 20;�
21].�Ìíîãîêàíàëüíûå�ôèëüòðû�îáîáùåíû� â�
åäèíóþ�ñèñòåìó,�êîòîðàÿ�îáúåäèíÿåò�çàäà
÷ó�ïî�ïðåäñòàâëåíèþ�è�êëàññèôèêàöèè�ïðè
çíàêîâ.

Îáúåêò èññëåäîâàíèÿ� –� èçîáðàæåíèÿ�
èëè� ïîñëåäîâàòåëüíîñòü� èçîáðàæåíèé� åñòå
ñòâåííîé�îêðóæàþùåé�ñðåäû.�

Ïðåäìåò èññëåäîâàíèÿ� –� ìàòåìàòè÷å
ñêîå�ìîäåëèðîâàíèå�è�àïïàðàòíîïðîãðàìì
íîå� îáåñïå÷åíèå� äëÿ� îáðàáîòêè� è� àíàëèçà�
èçîáðàæåíèé,� ðàñïîçíàâàíèÿ� è� êëàññèôè
êàöèè�îáðàçîâ,�ìàøèííîãî�îáó÷åíèÿ,�ïîçâî
ëÿþùèå�îöåíèâàòü�ýêîëîãè÷åñêîå�ñîñòîÿíèå�
ìåñò�íåôòåðàçðàáîòîê�øåëüôîâîé�çîíû.

Öåëü èññëåäîâàíèÿ�–�áëàãîäàðÿ�ïîëóàâ
òîìàòè÷åñêîìó� àíàëèçó� èçîáðàæåíèé,� îïå
ðàòèâíî� îáíàðóæèòü� íåôòÿíûå� çàãðÿçíåíèÿ�
â� øåëüôîâûõ� àêâàòîðèÿõ� ñ� èñïîëüçîâàíèåì�
íåéðîñåòåâûõ�àëãîðèòìîâ�ñâåðõòî÷íîãî�òèïà�
(ResNet10)� ñ� äîëãîâðåìåííîé� è� êðàòêîâðå
ìåííîé�ïàìÿòüþ�(LSTM)�ñåòè�ïðè�îáðàáîòêå�
ìàòåðèàëîâ� îò� íåñêîëüêèõ� èñòî÷íèêîâ� èí
ôîðìàöèè,� òðåáóþùåé� ïðîñòðàíñòâåííîãî�
ñîîòâåòñòâèÿ� ìåæäó� èçîáðàæåíèÿìè.� Äëÿ�
ðàñïîçíàâàíèÿ� îáúåêòîâ� íà� ìåñòíîñòè� àíà
ëèçèðîâàëèñü� âèçóàëüíûå� äàííûå� íà� áàçå�
ôîðìèðîâàíèÿ� óñòîé÷èâûõ� ïðèçíàêîâ� ñ� èñ
ïîëüçîâàíèåì� ãëóáîêèõ� íåéðîííûõ� ñåòåé.� Â�
êà÷åñòâå�îñíîâû�ïðåäëàãàåòñÿ�èñïîëüçîâàòü�
ìíîãîìåðíûå�íåîäíîðîäíûå�(íåñêîëüêî�èçî
áðàæåíèé)�äàííûå�äèñòàíöèîííîãî�çîíäèðî
âàíèÿ�â�îáùåì�äåïîçèòàðèè�äëÿ�ãðóïïèðî
âàíèÿ�èëè�ñðàâíåíèÿ�ñîîòâåòñòâóþùåé�èì�
èíôîðìàöèè.��

Çàäà÷è èññëåäîâàíèÿ,� ðåàëèçóþùèå�
öåëü:

–� ñôîðìèðîâàòü� ìíîæåñòâî� íàáîðîâ�
èçîáðàæåíèé,� ñîäåðæàùèõ� ñöåíû� â� óñëîâè
ÿõ� èçìåíÿþùåéñÿ� îêðóæàþùåé� ñðåäû� (ïî
ãîäíûå� óñëîâèÿ,� îñâåùåííîñòü,� ñåçîííîñòü,�
óãîë�îáçîðà);

–� èñïîëüçîâàòü� ñîáñòâåííóþ� áàçó,� ïî
çâîëÿþùóþ� âûäåëèòü� óñòîé÷èâûå� ïðèçíàêè�
èçîáðàæåíèé;

–� ðàçðàáîòàòü� ìåòîäû� è� àëãîðèòìû� îá
ðàáîòêè�è�àíàëèçà�èçîáðàæåíèé�äëÿ�ôîðìè
ðîâàíèÿ�óñòîé÷èâûõ�ïðèçíàêîâ,�îáðàçóþùèõ�
ñöåíû�èç�íåéðîííûõ�ñåòåé;

–� ïðîâåñòè� âû÷èñëèòåëüíûå� ýêñïåðè
ìåíòû�äëÿ�ñðàâíèòåëüíîãî�àíàëèçà�è�îöåíêè�
ðåçóëüòàòîâ�êëàññèôèêàöèè�è�êàòåãîðèçàöèè�
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ñ�èñïîëüçîâàíèåì�ìîäåëè�ñëîæíûõ�ñåòåé�äëÿ�
óïðàâëåíèÿ�êîìïëåêñíîé�èíôîðìàöèåé.

Ïîñòàíîâêà çàäà÷è. Àíàëèç� äîñòóïíîé�
ëèòåðàòóðû�ïîêàçûâàåò,�÷òî�çàäà÷à�îïèñàíèÿ�
è�îáðàáîòêè�ïðîñòðàíñòâåííî�íåîäíîðîäíî
ãî� è� íåñòàöèîíàðíîãî� âî� âðåìåíè� ðåàëüíî
ãî� ìíîãîìåðíîãî� ìàòåðèàëà,� õàðàêòåðíûì�
ïðèìåðîì� êîòîðîãî� ÿâëÿþòñÿ� ñïóòíèêîâûå�
ìíîãîçîíàëüíûå� èçîáðàæåíèÿ,� â� íàñòîÿùåå�
âðåìÿ� íå� ÿâëÿåòñÿ� ðåøåííîé.� Â� ýòîé� ñâÿçè�
àêòóàëüíîé� çàäà÷åé� ÿâëÿåòñÿ� ñòðàòåãèÿ,� çà
êëþ÷àþùàÿñÿ� â� èñïîëüçîâàíèè� ñòàíäàðòíûõ�
îäíîñëîéíûõ�2D�ñåòåé�LSTM�[18].�Òàêàÿ�ñòðà
òåãèÿ�íå�òðåáóåò�êàêîéëèáî�ðó÷íîé�ïðåäâà
ðèòåëüíîé� îáðàáîòêè� èëè� ýòàïà� èçâëå÷åíèÿ�
ïðèçíàêîâ�è�âûâîäèò�ñåãìåíòèðîâàííîå�èçî
áðàæåíèå� áåç� îñòàòî÷íîé� îáðàáîòêè.� Ïðåä
âàðèòåëüíûé� óñïåõ� ïèêñåëüíîãî� ìíîãîìåð
íîãî� ïîäõîäà� ðåêóððåíòíîé� íåéðîííîé� ñåòè�
LSTM�ñ�èñïîëüçîâàíèåì�ìàðêèðîâêè�èçîáðà
æåíèé� [18]� è� îôëàéí� ðàñïîçíàâàíèÿ� ïî÷åð
êà�[17]�óêàçûâàåò�íà�ñïîñîáíîñòü�âûïîëíÿòü�
êëàññèôèêàöèþ� íà� óðîâíå� ïèêñåëåé.� Ïðåä
ëàãàåìàÿ� ñåòåâàÿ� ìîäåëü� îñíîâàíà� íà� èäåå�
Ãðåéâñà�[18],�íî�ñ�ãîðàçäî�áîëåå�ïðîñòîé�àð
õèòåêòóðîé� äëÿ� ñëîæíûõ� è� ðåàëüíûõ� äàííûõ�
äèíàìè÷åñêîé�âîäíîé�ïîâåðõíîñòè.

Ñåòü�òî÷íî�îöåíèâàåò�îáëàñòè�òåêñòóðû�
è�àâòîìàòè÷åñêè�àäàïòèðóåò�ðàçëè÷íûé�ìàñ
øòàá,�îðèåíòàöèþ�è�ôîðìó�îáëàñòåé�òåêñòó
ðû�íà�èçîáðàæåíèè.�Ïîêàçàí�ïðîñòîé�ñïîñîá�
ïðèìåíåíèÿ�ñåòåé�LSTM�ê�ïðîáëåìå�êëàññè
ôèêàöèè�òåêñòóð.�Ïðèâîäèòñÿ�ñðàâíèòåëüíûé�
àíàëèç� ýôôåêòèâíîñòè� (òî÷íîñòè)� ñ� èñïîëü
çîâàíèåì� èçìåðåíèÿ� êà÷åñòâà� êëàññèôèêà
öèè� íà� îñíîâå� èññëåäîâàíèé� ñ� èñïîëüçîâà
íèåì� íîâîé� ìåðû� ïîäîáèÿ,� îñíîâàííîé� íà�
ñòàòèñòè÷åñêîé�ìîäåëè�(òðè�âåðñèè�ïðàâèëà�
áëèæàéøåãî� ñîñåäà�è�ìåòîä�ìàêñèìàëüíîãî�
ïðàâäîïîäîáèÿ)�[6].

Ïîêàçàíî,� ÷òî� èñïîëüçîâàíèå� àïïàðàòà�
íåéðîííîé� ñåòè� (ÍÑ)� ïîçâîëÿåò� ýôôåêòèâ
íî� ðåøèòü� ïðîáëåìó� íàõîæäåíèÿ� ïðîñòðàí
ñòâåííûõ� ñâÿçåé� ìåæäó� ýëåìåíòàìè� ðåàëü
íûõ�èçîáðàæåíèé�(â�òîì�÷èñëå�è�íåëèíåéíûõ),�
ïðåäñòàâëÿÿ�èõ�â�âèäå�âåñîâ�ÍÑ,�ïîëó÷àåìûõ�
â� õîäå� îáó÷åíèÿ� ïî� ýòàëîííîìó� ôðàãìåíòó�
ðåàëüíîãî�èçîáðàæåíèÿ.

Ìåòîäû è ìàòåðèàëû. Èñïîëüçîâàëîñü�
ïðîãðàììíîå�îáåñïå÷åíèå�äëÿ�àíàëèçà�äàí
íûõ� äèñòàíöèîííîãî� çîíäèðîâàíèÿ� Çåìëè�
ResNet10� (íåéðîñåòåâûå� àëãîðèòìû� ñâåð
òî÷íîãî� òèïà),� ERDAS� Imagine� 6.7� è� SNAP�
Desktop� (Sentinel� Application� Platform� 8.0.0).�

Íåêîòîðûå� ñòàòèñòè÷åñêèå� ïîêàçàòåëè� èñ
ïîëüçîâàëèñü�â�êà÷åñòâå�ôóíêöèé�äëÿ�äàííûõ�
âðåìåííûõ� ðÿäîâ� Sentinel1À.� Äëÿ� ðàñ÷åòîâ�
ïðèìåíÿëñÿ�áåñïëàòíî�äîñòóïíûé�íàáîð�èí
ñòðóìåíòîâ� äëÿ� àíàëèçà� âðåìåííûõ� ðÿäîâ�
äëÿ� Matlab� (http://pub.ist.ac.at/~schloegl/
matlab/tsa/).�

Â� ïðîöåññå� ýêñïåðèìåíòàëüíûõ� ðàáîò�
âûïîëíåí� ìíîãîâðåìåííîé� àíàëèç,� ñîáðà
íà�ñåðèÿ�èçîáðàæåíèé�ñ�èþíÿ�2017�ã.�ïî�íî
ÿáðü�2018�ã.,�êîòîðûå�ïðåäñòàâëåíû�â�òàáë.��1�
ó÷àñòêà� øèðèíîé� 52,08� êì,� äëèíîé� 45,2� êì,�
ïëîùàäüþ�2354�êì2.�Ãåîãðàôè÷åñêèå�êîîðäè
íàòû�ó÷àñòêà:�
Âñå�äàííûå�ãðóïïèðîâêè�ñïóòíèêîâ�Sentinel
1À,�êîòîðûå�áûëè�èñïîëüçîâàíû,�äîñòóïíû�â�
Öåíòðå�îòêðûòîãî�äîñòóïà�Åâðîïåéñêîãî�êîñ
ìè÷åñêîãî�àãåíòñòâà�[12].

Ðåãèñòðàöèÿ èçîáðàæåíèé (èëè ñîãëà
ñîâàíèå). Ê�èñõîäíûì�èçîáðàæåíèÿì�ïðèìå
íåíî�íåñêîëüêî�àâòîìàòè÷åñêèõ�ðåãèñòðàöèé�
ãåîìåòðè÷åñêèõ�äåôîðìàöèé�(ïåðåìåùåíèå,�
âðàùåíèå�è�èçìåíåíèå�ìàñøòàáà).�Çàòåì�èñ
êàæåííîå�èçîáðàæåíèå�çàðåãèñòðèðîâàíî�íà�
èñõîäíîì�èçîáðàæåíèè�ñ�ïîìîùüþ�áèëèíåé
íîé�èíòåðïîëÿöèè.

Ðåçóëüòàòû� ñðàâíåíèÿ� ðàñ÷åòíûõ� ïàðà
ìåòðîâ� ñ� ôàêòè÷åñêèìè� ïîêàçàíû� â� òàáë.� 2.�
Èç� òàáëèöû� ñëåäóåò,� ÷òî� ðàñ÷åòíûå� ïàðàìå
òðû� î÷åíü� áëèçêè� ê� ðåàëüíûì.� Ýòî� äåìîí
ñòðèðóåò� ýôôåêòèâíîñòü� è� íàäåæíîñòü� ðå
ãèñòðàöèè.� Êîëè÷åñòâåííî� îöåíèòü� òî÷íîñòü�
ïðåîáðàçîâàíèÿ,� âû÷èñëåííóþ� ìåòîäîì� ðå
ãèñòðàöèè,�ñëîæíî.�

Äëÿ�ãåîìåòðè÷åñêèõ�ìåòîäîâ�ýòî�áóäåò�
çàâèñåòü� îò� òî÷íîñòè� êîíòðîëüíûõ� äàííûõ.�
Òî÷íîñòü� ðåãèñòðàöèè� òðàäèöèîííî� õàðàê
òåðèçóåòñÿ�ñðåäíåé�êâàäðàòè÷åñêîé�îøèá
êîé� (RMSE),� êîòîðàÿ� ïðåäñòàâëÿåò� ñîáîé�
âåëè÷èíó� ðàññòîÿíèÿ� ìåæäó� ïîëîæåíèåì�
êîíòðîëüíîé�òî÷êè�ïîñëå�èñïðàâëåíèÿ�èçî
áðàæåíèÿ� è� åå� ïîëîæåíèåì� íà� èçîáðàæå
íèè.�RMSE�îïðåäåëÿåòñÿ�ñëåäóþùèì�óðàâ
íåíèåì:

������������������������������������
���(1)

èëè� affineaffinei TyxTyx ),,(),( '' = � âû÷èñëåííîå� àô
ôèííîå� ïðåîáðàçîâàíèå, ||),(),(|| ''

ii yxyx - � –
åâêëèäîâî�ðàññòîÿíèå;�
����N�–�êîëè÷åñòâî�ïàð�êîíòðîëüíûõ�òî÷åê.�Åäè
íèöà� èçìåðåíèÿ,� èñïîëüçóåìàÿ� äëÿ� îïðåäå
ëåíèÿ�RMSE,�îñíîâàíà�íà�ïèêñåëÿõ.
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Òî÷íîñòü� ðåãèñòðàöèè� îöåíèâàëàñü� ïó
òåì�âû÷èñëåíèÿ�RMSE�(1)�â�êàæäîé�êîíòðîëü
íîé�òî÷êå.�Èç�îáùåãî�êîëè÷åñòâà�êîíòðîëüíûõ�
òî÷åê� âûáðàíî� âñåãî� äåñÿòü.� Êàê� ïîêàçàíî� â�
òàáë.� � 3,� òî÷íîñòü� â� êàæäîé� îòäåëüíîé� êîí

òðîëüíîé� òî÷êå� ñîñòàâëÿåò� ìåíåå� 0,15� ïèê
ñåëÿ.� Îáùàÿ� ñðåäíÿÿ� êâàäðàòè÷íàÿ� îøèáêà�
ìåíåå�0,1�ïèêñåëÿ�ïîëó÷åíà�äëÿ�äåñÿòè�êîí
òðîëüíûõ� òî÷åê,� ÷òî� ÿâëÿåòñÿ� îòíîñèòåëüíî�
âûñîêîé�òî÷íîñòüþ.�

Òàáëèöà�1�/�Table�1
Èçîáðàæåíèÿ Sentinel1À, èñïîëüçîâàííûå â äàííîé ðàáîòå [20] / 

Sentinel1A images used in this work [20] 

Èçîáðàæåíèå Sentinel1À / Image Sentinel1À Äàòà ñåàíñà ñúåìêè / 
Date of the shooting session

S1A_IW_GRDH_1SDV_20170612T142845_20170612T142910_017002_01C507_11DB 12 Èþíÿ 2017

S1A_IW_GRDH_1SDV_20170624T142846_20170624T142911_017177_01CA5E_6929 24 Èþíÿ 2017

S1A_IW_GRDH_1SDV_20171102T024356_20171102T024421_019080_020461_0628 2 Íîÿáðÿ 2017

S1A_IW_GRDH_1SDV_20170822T024354_20170822T024419_018030_01E445_60F4 22 Àâãóñòà 2017

S1A_IW_GRDH_1SDV_20171010T142851_20171010T142916_018752_01FA61_8AB4 10 Îêòÿáðÿ 2017

S1A_IW_GRDH_1SDV_20170711T143657_20170711T143722_017425_01D1D4_67DC 11 Èþëÿ 2017

S1A_IW_GRDH_1SDV_20180425T143659_20180425T143724_021625_025472_6713 25 Àïðåëÿ 2018

S1A_IW_GRDH_1SDV_20180923T142857_20180923T142922_023827_02999B_B1C9 23 Ñåíòÿáðÿ 2018

S1A_IW_GRDH_1SDV_20180817T024401_20180817T024426_023280_028805_0B4F 17 Àâãóñòà 2018

S1A_IW_GRDH_1SDV_20180823T143706_20180823T143731_023375_028B09_6202 23 Àâãóñòà 2018

S1A_IW_GRDH_1SDV_20180923T142857_20180923T142922_023827_02999B_B1C9 23Ñåíüÿáðÿ 2018

S1A_IW_GRDH_1SDV_20181004T024402_20181004T024427_023980_029E94_0BE2 4 Îêòÿáðÿ 2018

Òàáëèöà�2�/�Table�2

�Ñðàâíåíèå ïàðàìåòðîâ, àëãîðèòìîì íàñòðîéêè ñ ðåàëüíûìè ïàðàìåòðàìè / 
Comparison of parameters, by the tuning algorithm with real parameters

Ïàðàìåòðû òðàíñôîðìàöèè / 
Transformation Parameters x , ° , %

Ðåàëüíûå ïàðàìåòðû / Real parameters 118 235 17 123

Ðàñ÷åòíûå ïàðàìåòðû / Calculated parameters 118,632 234,823 16,952 123,301

Òàáëèöà�3�/�Table�3�

RMSE, ðàññ÷èòàííûå â êîíòðîëüíûõ òî÷êàõ (â ïèêñåëÿõ) / RMSE calculated at control points (in pixels)

Êîíòðîëüíûå òî÷êè / 
Control points 1 2 3 4 5 6 7 8 9 10 Èòîãî RMSE / 

Total RMSE

RMSE 0,07 0,09 0,04 0,01 0,04 0,03 0,04 0,03 0,03 0,14 0,04

Ðàçäåëåíèå òåêñòóðû ñ ïîìîùüþ 2D ñå
òè LSTM.�Ñåòåâàÿ�àðõèòåêòóðà:�ñåòü,�êîòîðàÿ�
ïðèìåíÿëàñü�äëÿ�ñåãìåíòàöèè�òåêñòóð,�âêëþ
÷àëà� òðè� óðîâíÿ:� îäèí� âõîäíîé� ñëîé,� îäèí�
ñêðûòûé� ñëîé,� îäèí� âûõîäíîé� ñëîé.� Ñåòè�
ïîëó÷àþò�äâóìåðíûé�(2D)�ìàññèâ�â�êà÷åñòâå�
âõîäíûõ� äàííûõ.� Çíà÷åíèå� RGB� ïèêñåëè� ïî
äàþòñÿ� ïðÿìî� íà� ñêðûòûé� ñëîé.� Îí� ñîñòîèò�

èç� ÷åòûðåõ�ðåêóððåíòíî�ñâÿçàííûõ� áëîêîâ� ñ�
ïîäñåòÿìè� LSTM.� Â� ïîäñåòè� ÿ÷åéêà� ïàìÿòè�
èñïîëüçóåòñÿ� êàê� ñàìîïîäêëþ÷åíèå,� à� øëþ
çû�ââîäà,�çàáâåíèÿ�è�âûâîäà�óïðàâëÿþò�õðà
íåíèåì�äàííûõ�(ðèñ.�1).�

Ïîâòîðÿþùèåñÿ� ñîåäèíåíèÿ� îñóùåñò
âëÿþò� äîñòóï� êî� âñåì� íàïðàâëåíèÿì� êàæäî
ãî� ïèêñåëÿ� (ñëåâà� íàïðàâî,� ñïðàâà� íàëåâî,�
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ñâåðõó�âíèç�è�ñíèçó�ââåðõ;� �ñêðûòûõ�åäè
íèö� äëÿ� ìåðíûõ� äàííûõ)� è� íàêàïëèâàþò�
èíôîðìàöèþ.� Ñëåäîâàòåëüíî,� ãëîáàëüíàÿ�
èíôîðìàöèÿ� îáî� âñåõ� ïèêñåëÿõ� îêðóæåíèÿ�
ñïîñîáñòâóåò� îêîí÷àòåëüíîìó� âûâîäó.� Íà
êîíåö,� êîíòåêñòíàÿ� èíôîðìàöèÿ� îáî� âñåõ�

íàïðàâëåíèÿõ� èç� ñêðûòîãî� ñëîÿ� îòïðàâëÿåò
ñÿ� íà� åäèíñòâåííûé� âûõîäíîé� ñëîé.� Ðàçìåð�
âûõîäíîãî� ñëîÿ� ñîîòâåòñòâóåò� êîëè÷åñòâó�
êëàññîâ,�è�êàæäûé�âûõîäíîé�áëîê�îáåñïå÷è
âàåò�âåðîÿòíîñòü�êàæäîãî�êëàññà�òåêñòóðû�íà�
ïèêñåëü.

Ðèñ. 1. Ïîäðîáíàÿ ñõåìà áëîêà äîëãîé êðàòêîñðî÷íîé ïàìÿòè, èñïîëüçóåìàÿ â ñêðûòûõ ñëîÿõ 
ðåêóððåíòíîé íåéðîííîé ñåòè / Fig. 1. Detailed scheme of the long shortterm memory block 

used in the hidden layers of the recurrent neural network

Îáó÷åíèå ñåòè. ×òîáû� íàéòè� îïòèìàëü
íóþ� ñåòåâóþ� ìîäåëü� çàäà÷è,� ñíà÷àëà� íàðà
áàòûâàëñÿ� äðóãîé� ðàçìåð� ñêðûòîãî� áëîêà�
íà�ïîñòîÿííîì� ðàçìåðå� âõîäíûõ�ïèêñåëåé�è�
îïðåäåëÿëñÿ� ýìïèðè÷åñêè.� Ðàçìåð� âõîäíî
ãî�è�âûõîäíîãî�ñëîåâ�çàâèñèò�îò�êîëè÷åñòâà�
ïèêñåëåé�è�êëàññà�òåêñòóðû�ñîîòâåòñòâåííî.�
Ñåòü� îáó÷àåòñÿ� ñ� èñïîëüçîâàíèåì� 179� ñëó
÷àéíûõ�âûáîðîê�ðàçìåðîì�100�×�100�ñ�ôèêñè
ðîâàííîé�ñêîðîñòüþ�îáó÷åíèÿ�è�èìïóëüñîì.�

Ïðåäëàãàåìûé ïîäõîä òðåáîâàë êîì
ïëåêñà äàííûõ ïîëåâîãî îáñëåäîâàíèÿ. Ïî
ëó÷åíû� òðåíèðîâî÷íûå� òî÷êè� è� ñîîòâåòñòâó
þùèå� âðåìåííûå� ðÿäû.� Ïåðâîå,� ÷òî� íóæíî�
ó÷èòûâàòü�â�ýòîì�ñöåíàðèè�–�ýòî�óâåëè÷åíèå�
êîëè÷åñòâà� îáó÷àþùèõ� âûáîðîê,� ÷òîáû� ëó÷
øå�ïðåäñòàâèòü�ôàêòè÷åñêîå�ðàñïðåäåëåíèå�
âðåìåííûõ� ðÿäîâ� ïèêñåëåé� â� ïðîñòðàíñòâå�
ïðèçíàêîâ,� îòíîñèòåëüíî� èíòåðåñóþùåé� îá
ëàñòè�(ðèñ.�2).�

Íàáîð�îáðàçöîâ�áûë�ðàçäåëåí�íà�òðè�ïîä
ìíîæåñòâà:� òðåíèðîâî÷íûå� äàííûå� (98� %),�
êîíòðîëüíûé�íàáîð�äàííûõ�óñòàíîâêè�ðàçðà
áîò÷èêà�(1�%),�òåñòîâûå�òî÷êè�(1�%).�Ìîäåëü�
ðàçðàáàòûâàëàñü� ïîñðåäñòâîì� íåñêîëüêèõ�
âû÷èñëåíèé� è� îöåíîê� ïîêàçàòåëåé� ïðîèç

âîäèòåëüíîñòè� (òî÷íîñòü� è� ïîòåðè),� à� òàêæå�
âèçóàëüíîãî� àíàëèçà� êëàññèôèöèðîâàííîé�
ïëîùàäè� íåôòåðàçëèâîâ� íà� âîäíîé� ïîâåðõ
íîñòè.� Â� ýêñïåðèìåíòå� â� êà÷åñòâå� òî÷íîñòè�
òåñòèðîâàíèÿ� âûáðàíà� ìàêñèìàëüíàÿ� òî÷
íîñòü�ïî�âñåì�ïàðàìåòðàì.

Ìîäåëü�CNN�ðåàëèçîâàíà�ñ�èñïîëüçîâà
íèåì�áèáëèîòåêè�Keras�è�ïîñòåïåííî�óëó÷øà
ëàñü�ïóòåì�êîððåêòèðîâêè�íåïðåðûâíûõ�îáó
÷àþùèõ� âûáîðîê�äî� äîñòèæåíèÿ�ñëåäóþùåé�
àðõèòåêòóðû�è�ãèïåðïàðàìåòðîâ:

1)�àðõèòåêòóðíûå�ñëîè:
–�ÿ÷åéêà�LSTM�ñ�256�ñêðûòûìè�áëîêàìè;����
–�ïîëíîñòüþ�ñâÿçàííûé�âûõîäíîé�ñëîé�ñ�

softmax�ôóíêöèåé�àêòèâàöèè;�
2)� ôóíêöèÿ� ïîòåðü:� êàòåãîðèàëüíàÿ�

êðîññýíòðîïèÿ;
3)�îïòèìèçàòîð:�Àäàì;
4)�ñêîðîñòü�îáó÷åíèÿ:�0,00001;
5)�ðàçìåð�ïàðòèè:�16;
6)�êîëè÷åñòâî�ýïîõ:�25.
Òåñòû�ïðîâîäèëèñü�â�êîíòåéíåðå�Docker�ñ�

íàñòðîåííîé�ïîäãîòîâëåííîé�ê�Keras�ñðåäîé,�
ðàáîòàþùåé� íà� õîñòå� è� îñíàùåííîé� 12� ïðî
öåññîðàìè� Intel� (R)�Xeon�(R)�CPU�E52620�v2�
@�2.10�ÃÃö�è�24�ÃÁ�îïåðàòèâíîé�ïàìÿòè.
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Ðèñ. 2. Áëîêñõåìà ýòàïîâ ïîäãîòîâêè íåéðîííîé ñåòè. Ïðåäñòàâëåíû îïåðàöèè, âûïîëíÿåìûå 
ëþäüìè, ïàðàëëåëîãðàììû ïðåäñòàâëÿþò àâòîìàòèçèðîâàííûå îïåðàöèè (ñêðèïòû), 

à ðîìáèê – óñëîâíóþ îïåðàöèþ / Fig.  2. Block diagram of the stages of neural network preparation. 
Operations performed by people are represented, parallelograms represent automated operations (scripts), 

and a rhombus represents a conditional operation

Äëÿ�îïðåäåëåíèÿ�ìàêñèìàëüíîãî�ñîâïà
äåíèÿ�ìåæäó�íèìè�ïðîãíîçèðóåìûå�ðåãèîíû�
áûëè� îòñîðòèðîâàëè� îò� áîëüøèõ� ê� ìàëûì.�
Ýòî�ïîìîãëî�èçáåæàòü�äâîéíîãî�ïðèñâîåíèÿ�
ðåãèîíà.� Ìàêñèìàëüíàÿ� îáëàñòü� ïåðåêðû
òèÿ� ìåæäó� ïðîãíîçèðóåìûì� è� äîñòîâåðíûì�
èçîáðàæåíèÿìè� ñîâïàäàåò,� è� êîýôôèöèåíò�
ïåðåêðûòèÿ� áóäåò� ñîîòâåòñòâîâàòü� êà÷åñòâó�
êëàññèôèêàöèè�ïî�ïëîùàäè.�Ñëåäîâàòåëüíî,�
îáíàðóæèâàþòñÿ� íàèáîëåå� âåðîÿòíûå� ñõîä
ñòâà� ìåæäó� äîñòîâåðíûì� è� ïðåäñêàçàííûì�
èçîáðàæåíèÿìè,� òî÷íîñòü� êëàññèôèêàöèè�
èçîáðàæåíèÿ� (А

ссi
)� âû÷èñëÿåòñÿ� ñëåäóþùèì�

îáðàçîì:

ãäå�R�–�íîìåð�îáëàñòè�â�íàçåìíîì�èçîáðàæå
íèè;

IA è� g
rA � –� ïëîùàäü� âñåãî� èçîáðàæåíèÿ� è�

ìåòêà� r� â� �ðåàëüíîå� íàçåìíîå� èçîáðàæåíèå�
ñîîòâåòñòâåííî;

s
rA –�ìàêñèìàëüíàÿ�÷àñòü�ñîîòâåòñòâóþùåé�

îáëàñòè� äëÿ� ìåòêè� r� â� ïðîãíîçèðóåìîì� èçî
áðàæåíèè;

s
r

g
r AA З � –� ïëîùàäü� ïåðåêðûâàþùåéñÿ� ÷à

ñòè�ìåæäó� g
rA �è������.�

Ðåçóëüòàòû èññëåäîâàíèÿ è èõ îáñóæ
äåíèÿ. Â� èññëåäîâàíèè� èñïîëüçîâàëèñü� äâà�

àëãîðèòìà� êëàññèôèêàöèè:� ïðàâèëî� áëè
æàéøåãî� ñîñåäà� (kNN)� è� êëàññèôèêàòîð�
ìàêñèìàëüíîãî� ïðàâäîïîäîáèÿ,� à� òàêæå� òðè�
ðàçëè÷íûõ�âàðèàíòà�ïðàâèëà�áëèæàéøåãî�ñî
ñåäà�(ðèñ.�4...6).�Âñå�íàáîðû�äàííûõ�êëàññè
ôèöèðîâàíû�ýòèìè�÷åòûðüìÿ�ìåòîäàìè�[17].�

Îïèøåì�òðè�âåðñèè�ïðàâèëà�áëèæàéøå
ãî�ñîñåäà.�Â�ïåðâûõ�äâóõ�ìåòîäàõ:�kNN�ñ�k�=�1�
è�k�=�9.�Ýòî�îçíà÷àåò,�÷òî�ïåðâûé�èñïîëüçîâàí�
äëÿ�êëàññèôèêàöèè� îäíîãî� ñîñåäà� (1NN),� à�
âòîðîé� –� äåâÿòè� ñîñåäåé� (9NN).� Â� òðåòüåì�
ìåòîäå� èñïîëüçîâàëèñü� ñðåäíèå� çíà÷åíèÿ�
îáëàñòåé�îáó÷åíèÿ�(äàëåå�ÌDÌ).�

Ýòîò� êëàññèôèêàòîð� òàêæå� íàçûâàåòñÿ�
ìèíèìàëüíûì� ðàññòîÿíèåì� äî� ñðåäíèõ� çíà
÷åíèé.�Âèçóàëüíàÿ�èíòåðïðåòàöèÿ�äàåò�õîðî
øåå� ïðåäñòàâëåíèå� î� ðåçóëüòàòå� êëàññèôè
êàöèè,� íî� ñëåäóåò� ïðîâåðèòü� îêîí÷àòåëüíóþ�
òî÷íîñòü.� Â� òàáë.� 4� ïðèâåäåíû� ðåçóëüòàòû�
âñåõ� âûïîëíåííûõ� ýêñïåðèìåíòîâ.� Âàðèàíò�
9NN�ðàáîòàåò�òàê�æå�õîðîøî,�êàê�ëó÷øèé�ìå
òîä�äëÿ�îïðåäåëåííîãî�íàáîðà�äàííûõ,�òîãäà�
êàê� ìàêñèìàëüíàÿ� âåðîÿòíîñòü� âàðüèðóåòñÿ�
îò�ëó÷øåãî�äî�õóäøåãî.�Ìîæíî�îòìåòèòü,�÷òî�
óìåíüøåíèå�ðàçìåðíîñòè,� â� îñíîâíîì,�ïðè
âîäèò� ê� õóäøåé� òî÷íîñòè� (çà� èñêëþ÷åíèåì�
PCA).�Îäíàêî�äàæå�â�ýòèõ�ñëó÷àÿõ�ïî�íåêîòî
ðûì�êëàññèôèêàöèÿì�áûëè�äîñòèãíóòû�õîðî
øèå�ðåçóëüòàòû.

,

s
rA
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Òàáëèöà�4�/ Table�4�
Ñðàâíåíèå òî÷íîñòè ðàñïîçíàâàíèÿ òåêñòóðû íà èçîáðàæåíèÿõ, % / 

Comparison of texture recognition accuracy in images, %

Äàò÷èê / 
Sensor Äàòà / Date MDM 1NN 9NN ML ResNet10

Sentinel1À Ïîëÿðèçàöèè âìåñòå VV+VH ïîëÿðèçîâàííûå 
èçîáðàæåíèÿ 68,4 71,2 67,2 44,4 83,6

Sentinel1À 3 èçîáðàæåíèÿ PCA, ðàññ÷èòàííûå íà îñíîâå 
âñåõ ïîëÿðèçîâàííûõ èçîáðàæåíèé VV è VH 73,2 71,2 63,4 64,4 88,9

Sentinel1À

Âûáîð ñöåíû (îäíà äàòà, îäíà ïîëÿðèçàöèÿ):

– èñïîëüçîâàíèå êîýôôèöèåíòà 
Ôèøåðà (17.08.2018, VV ïîëÿðèçîâàíî) 45,6 33,2 40,1 42,9 74,3

– èñïîëüçîâàíèå ñòóïåí÷àòîé 
  ðåãðåññèè (23.09.2018, VV ïîëÿðèçîâàíî) 54,8 53,2 54,1 51,6 69,0

Sentinel1À

Âûáîð ñöåíû (äâå äàòû, îáå ïîëÿðèçàöèè):

– èñïîëüçîâàíèå êîýôôèöèåíòà Ôèøåðà 
(ñðåäíåå, ìèí,

ñðåäíåêâàäðàòè÷íîå çíà÷åíèå, ýíòðîïèÿ)
40,0 55,2 57,6 62,8 77,8

– èñïîëüçîâàíèå ïîøàãîâîé ðåãðåññèè (std, 
max,min, ýêñöåññ) 47,6 59,2 58,8 61,6 86,2

Ðèñ. 3. Êëàññèôèêàöèÿ ïîëÿðèçîâàííûõ èçîáðàæåíèé Sentinel1À (ïîëÿðèçàöèè âìåñòå VV+VH)
(1A_IW_GRDH_1SDV_20170612T142845) ñ ïîìîùüþ 9NN (ñëåâà) è ML (ñïðàâà) / Fig. 3. Classification of 

polarized Sentinel1A images (polarizations together VV+VH) 1A_IW_GRDH_1SDV_20170612T142845) 
using 9NN (left) and ML (right). 

Ðèñ. 4. Êëàññèôèêàöèÿ òðåõ êîìïîíåíòîâ PCA èç ïîëÿðèçîâàííûõ èçîáðàæåíèé Sentinel1À VV è VH îò 
12.06.2017 ã., ResNet10 (a), SNAP 9NN (á) è ML (c). Ñöåíû áûëè ïîëÿðèçîâàíû VV / 

Fig. 4. Classification of three PCA components from Sentinel1A VV and VH polarized images from June 12, 
2017, ResNet10 (a), SNAP 9NN (b), and ML (c). The scenes were polarized VV. 

à)�����������������������������������������������������������á)������������������������������������������������������������ñ)

à)�����������������������������������������������������������á)������������������������������������������������������������ñ)

Âîäíàÿ 
ïîâåðõíîñòü

Âîäíàÿ 
ïîâåðõíîñòü

Ïðèçíàêè
íåôòåïðîÿâëåíèÿ

Ïðèçíàêè
íåôòåïðîÿâëåíèÿ

Âîäíàÿ 
ïîâåðõíîñòü

Âîäíàÿ 
ïîâåðõíîñòü

Íåïðàâèëüíî
èäåíòèôèöèðîâàííûå
îáúåêòû

Íåïðàâèëüíî
èäåíòèôèöèðîâàííûå
îáúåêòû
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Íàèëó÷øåå�êà÷åñòâî�ñåãìåíòàöèè�íà�îñ
íîâå�ïëîùàäåé�(óñðåäíåííîå�ïî�12�òåñòîâûì�
îáðàçöàì)�ñðàâíèâàåòñÿ�â�òàáë.�4.�Â�ïðåäëà

ãàåìîé�ìåòîäèêå�ñåòü�LSTM�ïðèâåëà�ê�âûñî
êîé�ïðîèçâîäèòåëüíîñòè�ñ�ëó÷øèì�(äëÿ�ñåòåé�
LSTM)�ðåçóëüòàòîì.�

Ðèñ. 5. Êëàññèôèêàöèÿ îäíîé ñöåíû Sentinel1À (îäíà äàòà, îäíà ïîëÿðèçàöèÿ) ResNet10 (a), SNAP 
9NN (á) è ML (c). Ñöåíû äëÿ âåðõíåãî ðÿäà îò 17.08.2018 ã. âûáèðàþòñÿ ñ ïîìîùüþ äèñêðèìèíàíòíîãî 
îòíîøåíèÿ Ôèøåðà, à ñöåíû äëÿ íèæíåãî ðÿäà îò 23.09.2018 ã. âûáèðàþòñÿ ñ ïîøàãîâîé ðåãðåññèåé. 
Îáå èñïîëüçîâàííûå ñöåíû ïîëÿðèçîâàíû VV/ Fig. 5. Classification of one Sentinel1A scene (one date, 
one polarization) ResNet10 (a), SNAP 9NN (b) and ML (c). Scenes for the top row from 08/17/2018 are 

selected using the Fisher discriminant ratio, and the scenes for the bottom row from 09/23/2018 are selected 
with stepwise regression.Both scenes used were polarized by VV

Çàêëþ÷åíèå. Â�ñòàòüå�ïðåäñòàâëåíà�îñ
íîâàííàÿ�íà�îáó÷åíèè�ñåãìåíòàöèÿ�òåêñòóð�ñ�
èñïîëüçîâàíèåì� 2D� ñåòåé� LSTM.� Ñåòü� îáëà
äàåò� âûñîêîé� äèñêðèìèíàöèîííîé� ñïîñîá
íîñòüþ� ñ� åäèíñòâåííîé� îáó÷àåìîé� ìîäåëüþ�
äëÿ�êàæäîãî�ïèêñåëÿ,�êîòîðàÿ�íå�òðåáóåò�îò
äåëüíîãî�èçâëå÷åíèÿ�ïðèçíàêîâ.�Ñåòü�ó÷èòû
âàåò�äàííûå�î�ïèêñåëå�è�åãî�îêðóæåíèè�è�íå�
òðåáóåò� îòäåëüíîãî� ïðîñòðàíñòâåííîãî� ìî
äåëèðîâàíèÿ.�Îíà�ìîæåò�àâòîìàòè÷åñêè�èçó
÷àòü�îáðàçöû�òåêñòóðû�äëÿ�êàæäîãî�ïèêñåëÿ.

Ðèñ. 6. Êëàññèôèêàöèÿ ÷åòûðåõ ñöåí Sentinel1À (äâå äàòû, îáå ïîëÿðèçàöèè) ñ ResNet10 (a), SNAP 
9NN (á) è ML (c). Ñöåíû äëÿ âåðõíåãî ðÿäà îò 12.06.2017 ã. è ñöåíû äëÿ íèæíåãî ðÿäà îò 02.11.2017 ã. 

âûáèðàþòñÿ ñ ïîìîùüþ äèñêðèìèíàíòíîãî îòíîøåíèÿ Ôèøåðà / Fig. 6. Classification of four Sentinel1A 
scenes (two dates, both polarizations) with ResNet10 (a), SNAP 9NN (b), and ML (c). Scenes for the top row 

from 06.12.2017 and scenes for the bottom row from 02.11.2017 are 
selected using the Fisher discriminant ratio
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