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Çàäà÷è èññëåäîâàíèÿ: ãåîàðõåîëîãè÷åñêîå êàðòèðîâàíèå òåððèòîðèè ðàéîíà èññëåäîâàíèé ñ 
ïðèìåíåíèåì ñîâðåìåííûõ àïïàðàòíûõ è ïðîãðàììíûõ ìåòîäîâ ñ èñïîëüçîâàíèåì àëãîðèòìîâ 
ðåêîíñòðóêöèè òðåõìåðíîé ñöåíû èç ôîòîãðàôèé, òàêèõ êàê structure from motion (SfM), àäàïòèðîâàííîé 
ê çàäà÷àì ãåîàðõåîëîãèè è êàðòèðîâàíèÿ âóëêàíèòîâ, à òàêæå ïðîäóêòîâ èõ êîíòàêòîâîãî ìåòàìîðôèçìà; 

– êîîðäèíèðîâàíèå ñåòè íàçåìíûõ îïîðíûõ òî÷åê è ìàðêèðîâêà èõ ìåñòîïîëîæåíèÿ ñïîñîáîì, 
ïîçâîëÿþùèì îïðåäåëèòü èõ ñ ôîòîñíèìêîâ, ñäåëàííûõ ÁÏËÀ; àýðîôîòîñúåìêà èññëåäóåìîé 
òåððèòîðèè ñ èñïîëüçîâàíèåì ÁÏËÀ;

– ðåàëèçàöèÿ àëãîðèòìîâ ôîòîãðàììåòðè÷åñêîé îáðàáîòêè ñíèìêîâ ïî ìåòîäó SfM ñ ïîëó÷åíèåì 
ïðîñòðàíñòâåííî­îðèåíòèðîâàííîãî ïëîòíîãî îáëàêà òî÷åê ìåñòíîñòè;

– ïîñòîáðàáîòêà ïëîòíîãî îáëàêà òî÷åê ñ ïîëó÷åíèåì òðåõìåðíîé ìîäåëè ìåñòíîñòè è îðòîôîòîïëàíà 
âûñîêîãî ïðîñòðàíñòâåííîãî ðàçðåøåíèÿ. 

Àêòóàëüíîñòü ðàáîòû çàêëþ÷àåòñÿ â ïðàêòè÷åñêîé ðåàëèçàöèè ñîâðåìåííûõ GNSS­òåõíîëîãèé c 
ïðèìåíåíèåì áåñïèëîòíîãî ëåòàòåëüíîãî àïïàðàòà äëÿ êàðòèðîâàíèÿ ãåîàðõåîëîãè÷åñêèõ îáúåêòîâ. 
Â êà÷åñòâå ìåòîäîâ èññëåäîâàíèÿ ïðèíÿòû àíàëèç è äåøèôðèðîâàíèå ñíèìêîâ âûñîêîãî ðàçðåøåíèÿ, 
âûïîëíåííûõ ñ ÁÏËÀ, è äðóãèõ öèôðîâûõ è êàðòîãðàôè÷åñêèõ ìàòåðèàëîâ; îáðàáîòêà è îöèôðîâêà 
èçîáðàæåíèé. Ñîçäàíû è ïðîàíàëèçèðîâàíû îðòîôîòîïëàí è öèôðîâàÿ ìîäåëü ìåñòíîñòè. Âûÿâëåíû 
ó÷àñòêè èçìåíåíèÿ ìèêðîðåëüåôà. Òåîðåòè÷åñêîå è ïðàêòè÷åñêîå çíà÷åíèå èññëåäîâàíèÿ çàêëþ÷àåòñÿ 
â ñîçäàíèè îðòîôîòîïëàíà è öèôðîâîé ìîäåëè ìåñòíîñòè Ñóõîòèíñêîãî ãåîàðõåîëîãè÷åñêîãî ðàéîíà 
ñ ïðèìåíåíèåì ñîâðåìåííûõ àïïàðàòíûõ ñðåäñòâ è ÁÏËÀ, êîòîðûå ïðåäñòàâëÿþò ñîáîé öèôðîâîå 
ãåîàðõåîëîãè÷åñêîå êàðòèðîâàíèå àðõåîëîãè÷åñêèõ ïàìÿòíèêîâ è  âêëþ÷àþò âñå ãèïñîìåòðè÷åñêèå 
óðîâíè è âûõîäû ìèíåðàëüíîãî ñûðüÿ íà ïëîùàäè 2,4 êì²

Êëþ÷åâûå ñëîâà: Çàáàéêàëüå; Òèòîâñêàÿ ñîïêà; ïàìÿòíèêè àðõåîëîãèè; ãåîàðõåîëîãè÷åñêîå êàðòèðîâàíèå; îðòîôî­
òîïëàí; öèôðîâàÿ ìîäåëü; áåñïèëîòíûé ëåòàòåëüíûé àïïàðàò; ãîðíàÿ ïîðîäà; îðîãîâèêîâàííûé âóëêàíèò; ïàëåîëèò

The practical implementation of the possibilities of using unmanned aerial vehicles (UAVs) in carrying out geo­
archaeological mapping of the Sukhotinsky geoarchaeological region is shown. The object of the study is the 
Sukhotinsky geoarchaeological region (Eastern Transbaikalia), associated with the source of mineral raw ma­
terials ­ the Titovskaya Sopka paleovolcano. The aim of the study is to create orthophotomap and digital terrain 
model specified. The objectives of the study included geoarchaeological mapping of the territory of the study 
area using modern hardware and software methods using algorithms for reconstructing a three­dimensional 
scene from photographs, such as structure from motion (SfM), adapted to the tasks of geoarcheology and map­
ping of volcanics, as well as the products of their contact metamorphism; coordination of ground control points’ 
network and marking of their location in a way that allows them to be identified from photographs taken by UAVs; 
realization of aerial photography of the area under consideration, using UAVs;implementation of algorithms for 
photogrammetric processing of images using the SfM method with obtaining a spatially­oriented dense cloud of 
terrain points; post­processing of a dense cloud of points with obtaining a three­dimensional terrain model and 
a high spatial resolution orthophotomap. 

The relevance of the work lies in the practical implementation of modern GNNS technologies using an un­
manned aerial vehicle for mapping geoarchaeological objects. Analysis and interpretation of high­resolution im­
ages taken from UAVs and other digital and cartographic materials, processing and digitization of images were 
taken as research methods. An orthophotomap and a digital terrain model were created and analyzed. Areas of 
microrelief change were revealed. The theoretical and practical significance of the study consists in creating an 
orthophotomap and a digital terrain model of the Sukhotinsky geoarchaeological region using modern hardware 
and a UAV, representing a digital geoarchaeological mapping of archaeological sites, including all hypsometric 
levels and outcrops of mineral raw materials on an area of 2,4 km²

Key words: Transbaikalia, Titovskaya Sopka, archaeological sites, geoarchaeological mapping, orthophotomap, digital mod­
el, unmanned aerial vehicle, rock, hornfels volcanic, Paleolithic Age 

Ââåäåíèå. Â ñîâðåìåííîé àðõåîëîãè÷å­
ñêîé íàóêå íàáëþäàåòñÿ ñóùåñòâåííûé 

ðîñò èíòåðåñà ê ïðîáëåìàì âçàèìîñâÿçè 
îáëèêà êàì åííûõ èíäóñòðèé è õàðàêòåðè­
ñòèê ìèíåðàëüíîãî ñûðüÿ, à òàêæå ê èçó÷å­
íèþ ðàéîíîâ åãî ðàñïðîñòðàíåíèÿ. Îäíèì èç 
ïåðâûõ, êòî âûñêàçàë èäåè î íåîáõîäèìîñòè 

ñîâìåñòíîé ðàáîòû àðõåîëîãîâ è ãåîëîãîâ â 
Ðîññèè, áûë èçâåñòíûé ìèíåðîëîã À. Å. Ôåð­
ñìàí. Îäíàêî åãî ïðåäëîæåíèå íå ïîëó÷èëî 
øèðîêîãî îòêëèêà ñðåäè àðõåîëîãîâ, çà èñ­
êëþ÷åíèåì Ã. À. Áîí÷­Îñìîëîâñêîãî (1932). 
Â îòå÷åñòâåííîé àðõåîëîãèè ðàçðàáîòêà «ñû­
ðüåâîé» ïðîáëåìàòèêè â ñåðåäèíå è êîíöå 
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XX â., êàê ïðàâèëî, ñâîäèëàñü ê âèçóàëüíûì 
îïðåäåëåíèÿì îãðàíè÷åííîé âûáîðêè ïðåä­
ìåòîâ èç êîëëåêöèè. Â òî æå âðåìÿ äàæå îò­
äåëüíûå èññëåäîâàíèÿ, ïðîâîäèâøèåñÿ íà 
òåððèòîðèè  Åâðîïåéñêîé ÷àñòè Ðîññèè, ïî­
êàçàëè ïëîäîòâîðíîñòü ñðàâíèòåëüíîãî àíà­
ëèçà ìèíåðàëîãî­ïåòðîãðàôè÷åñêîãî ñîñòà­
âà îðóäèé è êîíêðåòíûõ èñòî÷íèêîâ ñûðüÿ.

Â Çàáàéêàëüå òàêèì èñòî÷íèêîì êà÷å­
ñòâåííîãî ìèíåðàëüíîãî ñûðüÿ ñ ãëóáîêîé 
äðåâíîñòè ÿâëÿåòñÿ ïàëåîâóëêàí Òèòîâñêàÿ 
ñîïêà, ðàñïîëîæåííûé â ñîâðåìåííûõ ãðà­
íèöàõ ã. ×èòû. Íà ñêëîíàõ ñîïêè âûÿâëåíû 
ïîðÿäêà äâóõ äåñÿòêîâ ïàìÿòíèêîâ àðõåîëî­
ãèè, â îñíîâíîì êàìåííîãî âåêà, íåêîòîðûå 
èç íèõ èçâåñòíû óæå îêîëî ñòà ëåò [1; 3; 4]. 
Ïåðèîäè÷íîñòü èçó÷åíèÿ àðõåîëîãè÷åñêèõ 
îáúåêòîâ ïîðîäèëà ðÿä ïðîáëåì. Íàèáîëåå 
ñëîæíîé èç íèõ ÿâëÿåòñÿ îòñóòñòâèå òî÷íûõ 
ãåîäåçè÷åñêèõ ïðèâÿçîê ðàñêîïîâ, âîçìîæíî, 
çà èñêëþ÷åíèåì ìíîãîñëîéíîãî ïîñåëåíèÿ 
Ñóõîòèíî­4. Çà âåêîâóþ èñòîðèþ èçó÷åíèÿ 
îáúåêòîâ Ñóõîòèíñêîãî ãåîàðõåîëîãè÷åñêîãî 
ðàéîíà òàê è íå áûëà ñîçäàíà åäèíàÿ ãåîàðõå­
îëîãè÷åñêàÿ êàðòà, ôèêñèðóþùàÿ êîîðäèíàòû 
äðåâíèõ ìåñòîíàõîæäåíèé. Îáóñëîâëåííûå 
ýòîé ñèòóàöèåé ïðîáëåìû ÿðêî ïðîÿâèëèñü 
êàê â ðàáîòàõ àðõåîëîãîâ XX â., òàê è â ñîâðå­
ìåííûõ êîìïèëÿòèâíûõ òðóäàõ [5]. 

Åùå îäíèì àñïåêòîì èçó÷åíèÿ àðõåîëî­
ãè÷åñêèõ ïàìÿòíèêîâ ðàéîíà Òèòîâñêîé ñîï­
êè ñòàë àíàëèç ìèíåðàëüíîãî ñûðüÿ, òàêæå íå 
íàøåäøèé îòðàæåíèÿ â èññëåäîâàíèÿõ XX â. 
Â Çàáàéêàëüå íàó÷íûå ïðîåêòû, ñâÿçàííûå 
ñ ñûðüåâîé ñîñòàâëÿþùåé êàìåííûõ èíäó­
ñòðèé, ïðîâîäÿòñÿ ñ 2005 ã., à äëÿ îáúåêòîâ 
Òèòîâñêîé ñîïêè – ñ 2015 ã.  

Ñóõîòèíñêèé ãåîàðõåîëîãè÷åñêèé ðàé­
îí ðàñïîëîæåí â ïðåäåëàõ Òèòîâñêîé ñîï­
êè, ïðåäñòàâëÿþùåé ñîáîé âóëêàíè÷åñêóþ 
ïîñòðîéêó òðèàñîâîãî âîçðàñòà. Â ðåçóëü­
òàòå ïîëó÷åííûå ïðè ãåîàðõåîëîãè÷åñêîì 
êàðòèðîâàíèè äàííûå ïîçâîëÿþò âûÿâèòü 
ïðîñòðàíñòâåííîå ðàñïðîñòðàíåíèå ïàìÿò­
íèêîâ, îñíîâàííûõ íà ðîãîâèêàõ è îðîãîâèêî­
âàííûõ âóëêàíèòàõ – ìåñòíîì ìèíåðàëüíîì 
ñûðüå âûñîêîãî êà÷åñòâà. Ïðè ýòîì âåðîÿò­
íîñòü ïîèñêà äðåâíèõ ìàñòåðñêèõ ñ ïîìîùüþ 
ëåòàòåëüíîãî àïïàðàòà âåñüìà âåëèêà, ïî­
ñêîëüêó ïðîöåññ îðîãîâèêîâàíèÿ âóëêàíèòîâ 
ñâÿçàí ñ âîçäåéñòâèåì íà íèõ ôðàãìåíòîâ 
ãðàíèòîèäîâ Ìîëîêîâñêîé èíòðóçèè, îòëè÷à­
þùèõñÿ ïî öâåòó îò âìåùàþùèõ èõ âóëêàíè­
òîâ ñðåäíåãî ñîñòàâà.

Àêòóàëüíîñòü èññëåäîâàíèÿ çàêëþ÷åíà 
â ïðàêòè÷åñêîé ðåàëèçàöèè âîçìîæíîñòåé 
ïðèìåíåíèÿ áåñïèëîòíûõ ëåòàòåëüíûõ àïïà­
ðàòîâ (ÁÏËÀ) ïðè ïðîâåäåíèè ãåîàðõåîëîãè­
÷åñêîãî êàðòèðîâàíèÿ Ñóõîòèíñêîãî ãåîàðõå­
îëîãè÷åñêîãî ðàéîíà. Âûïîëíåíèå ïîäîáíûõ 
ðàáîò àêòóàëüíî è â ïðàêòè÷åñêîé ðåàëèçà­
öèè ñîâðåìåííûõ GNSS (Global Navigation 
Satellite System) òåõíîëîãèé c ïðèìåíåíèåì 
áåñïèëîòíîãî ëåòàòåëüíîãî àïïàðàòà äëÿ 
êàðòèðîâàíèÿ ãåîàðõåîëîãè÷åñêèõ îáúåêòîâ. 
Èçó÷åíèå ñîñòàâà è ñâîéñòâ ñûðüÿ, èñïîëü­
çîâàííîãî äëÿ ïðîèçâîäñòâà àðòåôàêòîâ, 
â ñî÷åòàíèè ñ äåòàëüíûì êàðòèðîâàíèåì ñ 
ïðèìåíåíèåì ñîâðåìåííûõ ãåîäåçè÷åñêèõ 
òåõíîëîãèé ïîçâîëÿåò íà íîâîì óðîâíå ïî­
äîéòè ê ðåøåíèþ âîïðîñîâ î âçàèìîäåéñòâèè 
÷åëîâåêà ñ ìèíåðàëüíûì ñûðüåì â Çàáàéêà­
ëüå, âûâîäèò íà áîëåå òî÷íûé óðîâåíü ïîèñêà 
íîâûõ ïàìÿòíèêîâ â ðàìêàõ êîíêðåòíîãî ãåî­
àðõåîëîãè÷åñêîãî ðàéîíà. Ðàçðàáîòàííîñòü 
òåìû èññëåäîâàíèÿ äëÿ Çàáàéêàëüÿ íàõîäèò­
ñÿ íà êðàéíå íèçêîì óðîâíå, à ïóáëèêàöèè 
ïîëíîñòüþ îòñóòñòâóþò. Â òî æå âðåìÿ äëÿ 
ñîâðåìåííîé ãåîàðõåîëîãèè äàííàÿ òåìàòèêà 
àêòèâíî ðàçðàáàòûâàåòñÿ è íàõîäèòñÿ â èñ­
ñëåäîâàòåëüñêîì òðåíäå [2; 6; 7; 8]. Â ðàáîòàõ 
îñâåùàåòñÿ ïðàêòè÷åñêîå èñïîëüçîâàíèå ñî­
âðåìåííûõ GNSS­òåõíîëîãèé c ïðèìåíåíèåì 
áåñïèëîòíîãî ëåòàòåëüíîãî àïïàðàòà äëÿ êàð­
òèðîâàíèÿ ãåîàðõåîëîãè÷åñêèõ îáúåêòîâ.

Îáúåêòîì èññëåäîâàíèÿ ÿâëÿåòñÿ Ñó­
õîòèíñêèé ãåîàðõåîëîãè÷åñêèé ðàéîí, ñâÿ­
çàííûé ñ èñòî÷íèêîì ìèíåðàëüíîãî ñûðüÿ, 
ïàëåîâóëêàíîì Òèòîâñêàÿ ñîïêà; ïðåäìå­
òîì – ãåîàðõåîëîãè÷åñêîå êàðòèðîâàíèå ñ 
ïðèìåíåíèåì ñîâðåìåííûõ àïïàðàòíûõ è 
ïðîãðàììíûõ ìåòîäîâ. Öåëü – ñîçäàíèå îð­
òîôîòîïëàíà è öèôðîâîé ìîäåëè ìåñòíîñòè 
Ñóõîòèíñêîãî ãåîàðõåîëîãè÷åñêîãî ðàéîíà. 
Çàäà÷è èññëåäîâàíèÿ: 1) ïðîâåäåíèå ïîëå­
âîãî ýòàïà ñ ïðèâÿçêîé óñòðîéñòâ ãëîáàëü­
íûõ íàâèãàöèîííûõ ñèñòåì GNSS (Global 
Navigation Satellite System); 2) êîîðäèíèðîâà­
íèå ñåòè íàçåìíûõ îïîðíûõ òî÷åê; 3) àýðîôî­
òîñúåìêà èññëåäóåìîé òåððèòîðèè ñ èñïîëü­
çîâàíèåì ÁÏËÀ; 4) ïîñòîáðàáîòêà ïëîòíîãî 
îáëàêà òî÷åê ñ ïîëó÷åíèåì òðåõìåðíîé ìî­
äåëè ìåñòíîñòè è îðòîôîòîïëàíà. Ñïîñîáîì 
àðãóìåíòàöèè â ðàáîòå ÿâëÿåòñÿ ññûëêà íà 
èñòî÷íèêè, îïèñûâàþùèå ïðèìåíåíèå àëãî­
ðèòìîâ ðåêîíñòðóêöèè òðåõìåðíîé ñöåíû èç 
ôîòîãðàôèé êàê â òåîðèè, òàê è íà ïðàêòèêå. 
Ìåòîäîëîãèÿ ñîñòîèò â èñïîëüçîâàíèè àëãî­
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ðèòìîâ ðåêîíñòðóêöèè òðåõìåðíîé ñöåíû èç 
ôîòîãðàôèé, òàêèõ êàê structure from motion 
(SfM), àäàïòèðîâàííîé ê çàäà÷àì ãåîàðõåî­
ëîãèè è êàðòèðîâàíèÿ âóëêàíèòîâ, à òàêæå ïðî­
äóêòîâ èõ êîíòàêòîâîãî ìåòàìîðôèçìà. Ìå­
òîäîëîãèÿ èññëåäîâàíèÿ ïðåäñòàâëÿåò ñîáîé 
ñî÷åòàíèå ðàçëè÷íûõ ÷àñòíîíàó÷íûõ ìåòîäîâ 
èç îáëàñòè ãåîäåçèè, ãåîëîãèè, àðõåîëîãèè è 
ïåòðîàðõåîëîãèè. Òàêèì îáðàçîì,  ñî÷åòàíèå 
ðàçíîïëàíîâûõ ðàáîò (ïîëåâûõ íàçåìíûõ, àý­
ðîôîòîãðàôè÷åñêèõ, êàìåðàëüíûõ) ñ öåëüþ 
êîíòðîëÿ è ñîâåðøåíñòâîâàíèÿ èñïîëüçóåìûõ 
ìåòîäîâ, íàõîäÿùèõñÿ íà ñòûêå ãåîëîãè÷å­
ñêèõ, èíæåíåðíûõ è àðõåîëîãè÷åñêèõ ìåòîäîâ, 
ïîçâîëèëè ñîçäàòü öèôðîâóþ ìîäåëü Ñóõîòèí­
ñêîãî ãåîàðõåîëîãè÷åñêîãî ðàéîíà. 

Ìåòîäû èññëåäîâàíèÿ. Ìåòîä Structure 
from Motion (SfM) ïðèìåíÿåòñÿ äëÿ ôîòî­
ãðàììåòðè÷åñêîé îáðàáîòêè öèôðîâûõ èçî­
áðàæåíèé ñ öåëüþ ãåíåðèðîâàíèÿ òðåõìåð­
íûõ ìîäåëåé ëþáûõ ïîâåðõíîñòåé [7; 9]. 
Èñïîëüçîâàíèå SfM â çàäà÷àõ ãåîàðõåîëîãèè 
ïîçâîëÿåò ïîëó÷àòü òîïîãðàôè÷åñêèå êàðòû, 
îðòîôîòîïëàíû, öèôðîâûå ìîäåëè ðåëüåôà, 
òðåõìåðíûå ìîäåëè ëàíäøàôòîâ, àðõåîëî­
ãè÷åñêèõ ðàñêîïîê, ñîîðóæåíèé, îáúåìíûå 
ìîäåëè âíóòðåííèõ ïîâåðõíîñòåé ïåùåð è 
áîëüøîå êîëè÷åñòâî äðóãèõ îáúåêòîâ, êîòî­
ðûå ñëîæíî èçìåðèòü ñòàíäàðòíûìè ãåîìå­
òðè÷åñêèìè ìåòîäàìè.

Ñîçäàíèå òðåõìåðíûõ ìîäåëåé ñ èñ­
ïîëüçîâàíèåì ìåòîäà SfM âêëþ÷àåò â ñåáÿ 
òðè îñíîâíûõ ýòàïà [9]:

1. Ïîëó÷åíèå íàáîðà öèôðîâûõ èçîáðà­
æåíèé èíòåðåñóþùåãî îáúåêòà, ñäåëàííûõ ñ 
ðàçíûõ ðàêóðñîâ ñúåìêè.

2. Ôîòîãðàììåòðè÷åñêàÿ îáðàáîòêà èçî­
áðàæåíèé è ïîëó÷åíèå òðåõìåðíîé ìîäåëè 
îáúåêòà.

3. Ïðîñòðàíñòâåííàÿ ïðèâÿçêà ìîäåëè ñ 
èñïîëüçîâàíèåì íàçåìíûõ òî÷åê.

Ïåðâûé ýòàï â çàâèñèìîñòè îò ïðî­
ñòðàíñòâåííûõ ðàçìåðîâ èññëåäóåìîãî îáú­
åêòà è ðåçóëüòèðóþùåãî ðàçðåøåíèÿ ìîäåëè 
ðåëüåôà ìîæåò âêëþ÷àòü ïîëó÷åíèå ñåðèè èç 
ñîòåí è äàæå òûñÿ÷ öèôðîâûõ ôîòîñíèìêîâ. 
Â ïðîöåññå ñúåìêè ñîáëþäàåòñÿ óñëîâèå 
îáåñïå÷åíèÿ âçàèìíîãî ïåðåêðûòèÿ èçîáðà­
æåíèé íà óðîâíå íå ìåíåå 30 %. Ïðè ýòîì 
êàæäóþ ìîäåëèðóåìóþ òî÷êó íåîáõîäèìî 
ïðåäñòàâèòü íå ìåíåå ÷åì ñ òðåõ ðàçíûõ ðà­
êóðñîâ íà òðåõ ðàçíûõ ôîòîñíèìêàõ (ðèñ. 1). 
Â öåëÿõ ïîñòðîåíèÿ òðåõìåðíûõ ìîäåëåé ñ 
íàèëó÷øèì êà÷åñòâîì íåîáõîäèìî èçáåãàòü 
ïîâåðõíîñòè ñ âûñîêîé îòðàæàþùåé ñïîñîá­
íîñòüþ, íàïðèìåð, ïðîçðà÷íûå âîäíûå îáú­
åêòû èëè íåñòàáèëüíûå, äèíàìè÷åñêè èçìåí­
÷èâûå ñòðóêòóðû, òàêèå êàê êðîíû äåðåâüåâ, 
êóñòàðíèêè.

Ðèñ. 1. Ñõåìà ñúåìêè òðåõìåðíîãî îáúåêòà äëÿ äàëüíåéøåé ôîòîãðàììåòðè÷åñêîé îáðàáîòêè [9] / 
Fig. 1. The scheme of shooting a three­dimensional object for further photogrammetric processing according [9]
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Ïîñëå òîãî êàê ïîëó÷åíà ñåðèÿ öèôðî­
âûõ ñíèìêîâ, ïðîèçâîäèòñÿ èõ ôîòîãðàì­
ìåòðè÷åñêàÿ îáðàáîòêà ñ èñïîëüçîâàíèåì 
Agisoft Photoscan (http://www.agisoft.ru); ïðè­
ìåíåíèåì àëãîðèòìà ìàñøòàáíî­èíâàðè­
àíòíîé òðàíñôîðìàöèè ïðèçíàêîâ (SIFT) äëÿ 
âûÿâëåíèÿ ñõîæèõ äåòàëåé è âçàèìíîãî ñî­
ïîñòàâëåíèÿ ïðîñòðàíñòâåííîãî ïîëîæåíèÿ 
îáúåêòîâ íà ñíèìêàõ (ðèñ. 2). Ñõîæèå ïðèçíà­
êè èñïîëüçóþòñÿ äëÿ ïîëó÷åíèÿ áàçîâûõ îáú­

åìíûõ ôîðì îáúåêòîâ (ðàçðåæåííîãî îáëàêà 
òî÷åê) è ïðîñòðàíñòâåííîãî êàðêàñà ïîñòðî­
åíèÿ ðåçóëüòèðóþùåé òðåõìåðíîé êîìïîçè­
öèè. Äëÿ ñóùåñòâåííîé äåòàëèçàöèè ìîäåëè 
ïðèìåíÿåòñÿ àëãîðèòì patch­based multi­view 
stereo (PMVS) [10], êîòîðûé ãåíåðèðóåò ïëîò­
íîå îáëàêî òî÷åê çà ñ÷åò äåêîìïîçèöèè èçî­
áðàæåíèé ïî êëàñòåðàì ñ óñòàíîâëåííûì 
óðîâíåì ïðîñòðàíñòâåííîãî ðàçðåøåíèÿ.

Ðèñ. 2. Ïðèìåð ïîèñêà ïîïàðíî ñîîòâåòñòâóþùèõ ïèêñåëåé íà èçîáðàæåíèÿõ Ñóõîòèíñêîãî 
ãåîàðõåîëîãè÷åñêîãî ðàéîíà ïî ìåòîäó Structure from Motion â Agisoft Photoscan (ñèíèì îáîçíà÷åíû 
êîððåêòíûå ñâÿçè; êðàñíûì – íåêîððåêòíûå, ñëåâà – 54 ñîîòâåòñòâèÿ, ñïðàâà – 3256 ñîîòâåòñòâèé) /

Fig. 2. An example of searching for matching pixels in pairs in the images of the Sukhotinsky 
geoarchaeological region using the Structure from Motion method in Agisoft Photoscan (blue denotes correct 

links, red denotes incorrect ones, left ­ 54 matches, right – 3256 matches)

Ðåçóëüòàòû èññëåäîâàíèÿ è èõ îáñóæäå­
íèå. Â êà÷åñòâå òåõíè÷åñêîãî îñíàùåíèÿ äëÿ 
ïîëó÷åíèÿ ñåðèè ôîòîñíèìêîâ èñïîëüçóþòñÿ 
öèôðîâûå ôîòîêàìåðû, óñòàíîâëåííûå íà 
áåñïèëîòíûõ ëåòàòåëüíûõ àïïàðàòàõ (ÁÏËÀ). 
Ñî÷åòàíèå èçîáðàæåíèé, ïîëó÷åííûõ ñ ÁÏËÀ 
è àëãîðèòìîì SfM, óñïåøíî ïðèìåíÿåòñÿ ïðè 
ïðîâåäåíèè àðõåîëîãè÷åñêèõ èññëåäîâàíèé. 

Òðåõìåðíàÿ ðåêîíñòðóêöèÿ îáúåêòîâ ïîìî­
ãàåò ïðè äîêóìåíòèðîâàíèè àðõåîëîãè÷åñêèõ 
ðàñêîïîê, ïîçâîëÿÿ ñ âûñîêîé òî÷íîñòüþ 
îöåíèâàòü èçìåíåíèÿ ïðîñòðàíñòâåííûõ ãðà­
íèö èññëåäóåìûõ îáúåêòîâ [6; 8; 10].

Â ðàáîòå èñïîëüçîâàí ÁÏËÀ DJI 
Phantom 3, óêîìïëåêòîâàííûé öèôðîâîé ôî­
òîêàìåðîé Sony EXMOR FC300S ñ ðàçðåøå­
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íèåì 12 ìåãàïèêñåëåé. Ïðîãðàììèðîâàíèå 
òðàåêòîðèé äâèæåíèÿ ëåòàòåëüíîãî àïïàðà­
òà è ìåñò ñúåìêè îñóùåñòâëÿëîñü ñ ïðèìå­
íåíèåì Pix4D Capture è Ctrl+DJI äëÿ ïîëíîãî 
ïîêðûòèÿ èçó÷àåìîé ìåñòíîñòè. Âî âðåìÿ 
ñúåìêè àâòîìàòè÷åñêè ôèêñèðîâàëîñü ïî­
ëîæåíèå ëåòàòåëüíîãî àïïàðàòà è çàïèñû­
âàëîñü â exif­òåã öèôðîâîãî èçîáðàæåíèÿ ñ 
èñïîëüçîâàíèåì áîðòîâîãî óñòðîéñòâà GPS.

Äëÿ ïîëó÷åíèÿ ñåðèè öèôðîâûõ èçî­
áðàæåíèé ïðîâåäåíî ÷åòûðå çàïóñêà ÁÏËÀ 
â Ñóõîòèíñêîì ãåîàðõåîëîãè÷åñêîì ðàéîíå. 
Îáùàÿ ïëîùàäü ñúåìêè ñîñòàâèëà 2,4 êì2, 
ïîëó÷åíî 525 ñíèìêîâ òåððèòîðèè. Ôîòî­
ãðàììåòðè÷åñêàÿ îáðàáîòêà è ïîñòðîåíèå 
áàçîâîãî êàðêàñà ìîäåëè íà ýòàïå ïîñòðî­
åíèÿ ðàçðåæåííîãî îáëàêà òî÷åê ïîäðàçó­
ìåâàåò ïðîâåäåíèå òåñòèðîâàíèÿ êà÷åñòâà 
èñõîäíûõ äàííûõ. Ïðîâîäèëàñü ïðîâåðêà 

äîñòàòî÷íîñòè ïåðåêðûòèÿ ñíèìêîâ, ïåðå­
ñåêàþùèõñÿ íà èññëåäóåìîé òåððèòîðèè. 
Ñ÷èòàëèñü íåäîñòîâåðíûìè è èñêëþ÷àëèñü 
èç àíàëèçà ñåãìåíòû áàçîâîé ìîäåëè, îáðà­
çîâàííûå íàëîæåíèåì ìåíåå òðåõ ñíèìêîâ, à 
òàêæå ðàçìûòûå ôîòîñíèìêè è íå ïîêðûâà­
þùèå èçó÷àåìóþ òåððèòîðèþ. Äëÿ ôèëüòðà­
öèè øóìîâ, ñâÿçàííûõ ñ äðåâåñíî­êóñòàð­
íèêîâîé ðàñòèòåëüíîñòüþ, ïðè ïîñòðîåíèè 
öèôðîâîé ìîäåëè ðåëüåôà îñóùåñòâëÿëàñü 
êëàññèôèêàöèÿ ïëîòíîãî îáëàêà òî÷åê. Òî÷êè 
îòíîñèëèñü ê ïîâåðõíîñòè çåìëè èñõîäÿ èç 
ïðåäïîëîæåíèÿ íå ïðåâûøåíèÿ óãëà íàêëîíà 
â 20 ° íà ðàññòîÿíèè 1 ì â ïðåäåëàõ ïëîùàäêè 
50×50 ì. Âñå íå óäîâëåòâîðÿþùèå äàííîìó 
óñëîâèþ òî÷êè îòôèëüòðîâûâàëèñü êàê øóìû 
(ðèñ. 3). Ñâåäåíèÿ î ãåîìåòðè÷åñêèõ ïàðàìå­
òðàõ ìîäåëè ïðåäñòàâëåíû â òàáë. 1.

Ðèñ. 3. Ôèëüòðàöèÿ øóìîâ, ñâÿçàííûõ ñ äðåâåñíî­êóñòàðíèêîâîé ðàñòèòåëüíîñòüþ ïðè ïîñòðîåíèè 
ìîäåëè ðåëüåôà (ñëåâà – ïëîòíîå îáëàêî òî÷åê áåç êëàññèôèêàöèè; ñïðàâà – ðåçóëüòàò 

êëàññèôèêàöèè) / Fig. 3. Filtering noise associated with tree and shrub vegetation when building a terrain 
model (on the left – a dense point cloud without classification, on the right – the result of classification)

Òàáëèöà 1 / Table 1 

Ãåîìåòðè÷åñêèå ïàðàìåòðû ìîäåëè / Geometric parameters of the model

 Ìåñòî ïðîâåäåíèÿ 
èññëåäîâàíèé / 

Research location

Êîëè÷åñòâî 
ñíèìêîâ / 
Number of 

shots

Ðàçðåæåííîå
îáëàêî òî÷åê, 
ìëí / Sparse

point cloud, mln

Ïëîòíîå 
îáëàêî 

òî÷åê, ìëí /
 Dense point 
cloud, mln

Ïðîñòðàíñòâåííîå 
ðàçðåøåíèå ðàñòðà 
îðòîôîòîïëàíà, ì / 
Orthomosaic raster 

spatial resolution, m

Ïðîñòðàíñòâåííîå 
ðàçðåøåíèå ðàñòðà 

ÖÌÐ, ì / Spatial 
resolution of the 
DEM raster, m

Ñóõîòèíñêèé ãåîàðõåî­
ëîãè÷åñêèé ðàéîí / 
Sukhotinsky geoar­
chaeological region

525 0,38 131,3 0,057 0,116
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Èñïîëüçîâàíèå ìåòîäà SfM ïîçâîëÿåò 
ïðîâîäèòü ðåêîíñòðóêöèþ ëþáûõ ñòàòè÷íûõ 
òðåõìåðíûõ ïîâåðõíîñòåé. Îäíàêî ïðè ðå­
øåíèè çàäà÷ ìîäåëèðîâàíèÿ îáúåêòîâ, ðàñ­
ïîëîæåííûõ íà ïîâåðõíîñòè Çåìëè, áîëüøóþ 
ðîëü èãðàåò ïðîñòðàíñòâåííî­êîîðäèíàòíàÿ 
ïðèâÿçêà ðåêîíñòðóèðóåìîé ñöåíû. Äëÿ ýòèõ 
öåëåé âûïîëíåíû ïîëåâûå òîïîãðàôî­ãåî­
äåçè÷åñêèå ðàáîòû ñ èñïîëüçîâàíèåì GNSS 
êîìïëåêòà Trimble R8s+R10 è ïîñòîáðàáîòêîé 
íà Trimble Business Center. Íà òåððèòîðèè 
Ñóõîòèíñêîãî ãåîàðõåîëîãè÷åñêîãî ðàéî­

íà çàëîæåíû íàçåìíûå êîíòðîëüíûå òî÷êè â 
âèäå êâàäðàòîâ ðàçìåðîì 0,5×0,5 ì, æåñò­
êî çàêðåïëåííûå íà ïîâåðõíîñòè Çåìëè. Íà 
ðåçóëüòèðóþùèõ ñíèìêàõ ðàçìåðû êàæäîãî 
êâàäðàòà ñîñòàâëÿëè íå ìåíåå 10×10 ïèêñå­
ëåé (ðèñ. 4). Âñåãî â ïðåäåëàõ ðàéîíà ðàçìå­
ùåíî 29 êîíòðîëüíûõ òî÷åê, èõ êîîðäèíàòû è 
âûñîòíûå îòìåòêè ïîñëóæèëè áàçîé äëÿ ïî­
ñòðîåíèÿ öèôðîâîé ìîäåëè ðåëüåôà è îðòî­
ôîòîïëàíà ìåñòíîñòè â ðåçóëüòàòå îïåðàöèè 
òåêñòóðèðîâàíèÿ è ïðèâÿçêè ê ñèñòåìå êîîð­
äèíàò (ðèñ. 5).

Ðèñ. 4. Íàçåìíûå ìåòêè êîíòðîëüíûõ òî÷åê (ñëåâà – âèä ñ çåìëè; ñïðàâà – âèä ñ âûñîòû 150 ì) / 
Fig. 4. Ground control points (left – view from the ground, right – view from a height of 150 m)



Âåñòíèê ÇàáÃÓ. 2020. Ò. 26. ¹ 9                                                                              Íàóêè î Çåìëå

20

Ðèñ. 5. Ôðàãìåíò îðòîôîòîïëàíà è öèôðîâîé ìîäåëè ìåñòíîñòè Ñóõîòèíñêîãî ãåîàðõåîëîãè÷åñêîãî 
ðàéîíà / Fig. 5. Fragment of the orthophotomap and digital terrain model of the Sukhotinsky 

geoarchaeological region

Îöåíêà òî÷íîñòè ïîñòðîåíèÿ ìîäåëè 
âûïîëíåíà ïóòåì êðîññ­âàëèäàöèè, ñîïî­
ñòàâëåíèÿ èìåþùèõñÿ äàííûõ òîïîãðà­
ôî­ãåîäåçè÷åñêîé ñúåìêè ñ èñïîëüçîâà­
íèåì GNSS (ýòàëîííûé âàðèàíò) è äàííûõ, 
ïîëó÷åííûõ â ðåçóëüòàòå ðåêîíñòðóêöèè 
ðåëüåôà ïî ìåòîäó SfM (îöåíèâàåìûé âà­
ðèàíò).

Â êà÷åñòâå îöåíî÷íîé ìåòðèêè âûáðà­
íà âåëè÷èíà ñðåäíåêâàäðàòè÷íîé îøèá­
êè ìîäåëèðîâàíèÿ m, îïðåäåëåííàÿ ïî 
ôîðìóëå

ãäå Z
i,ì

 – îòìåòêà ïîâåðõíîñòè â êîíòðîëüíîé 
òî÷êå, îïðåäåëåííàÿ ïî ðåçóëüòàòàì ìîäå­
ëèðîâàíèÿ ïî ìåòîäó SfM (îöåíèâàåìûé âà­
ðèàíò);

Z
i,ý

 – îòìåòêà ïîâåðõíîñòè â êîíòðîëüíîé 
òî÷êå, îïðåäåëåííàÿ ïî ðåçóëüòàòàì òîïî­
ãðàôî­ãåîäåçè÷åñêîé ñúåìêè ñ èñïîëüçîâà­
íèåì GNSS (ýòàëîííûé âàðèàíò);

n – êîëè÷åñòâî íàçåìíûõ êîíòðîëüíûõ òî÷åê.

Òàáëèöà 2 /  Òable 2 
Ïàðàìåòðû îöåíèâàíèÿ òî÷íîñòè ìîäåëè / Parameters for estimating model accuracy

Ìåñòî 
ïðîâåäåíèÿ 

èññëåäîâàíèé / 
Research 
location

Ïëîùàäü 
ñúåìêè, 

êì2 /
Survey 

area, km²

Êîëè÷åñòâî 
ïîðíûõ 

òî÷åê äëÿ 
ïðèâÿçêè 
/ Anchor 

points for 
snapping

Ñðåäíåêâàäðàòè÷åñêàÿ 
îøèáêà îïðåäåëåíèÿ 
âûñîòíûõ îòìåòîê ïî 
ìîäåëè (m), ì / Root­
mean­square error of 

determination of heights 
according to the model 

(m), m

Ìèíèìàëüíàÿ 
îøèáêà îïðå­

äåëåíèÿ âûñîò­
íûõ îòìåòîê, ì 
/ Minimum error 
in determining 

heights, m

Ìàêñèìàëüíàÿ 
îøèáêà îïðå­

äåëåíèÿ âûñîò­
íûõ îòìåòîê, ì 
/ Maximum error 
in determining 

heights, m

Ñóõîòèíñêèé 
ãåîàðõåîëîãè÷åñêèé 
ðàéîí / Sukhotinsky 
geoarchaeological 
region

1,34 29 0,076 0,011 0,154

Òàêèì îáðàçîì, âûÿâëåííàÿ íîâèçíà 
èññëåäîâàíèÿ ñâÿçàíà ñ ïèëîòíûì ïðèìå­
íåíèåì ÁÏËÀ è àëãîðèòìîâ ðåêîíñòðóêöèè 
òðåõìåðíîé ñöåíû èç ôîòîãðàôèé, òàêèõ êàê 
structure from motion (SfM), àäàïòèðîâàííûõ 
äëÿ íóæä ãåîàðõåîëîãè÷åñêîãî êàðòèðîâà­
íèÿ.

Çàêëþ÷åíèå. Â õîäå ïîëåâûõ è êàìå­
ðàëüíûõ ðàáîò â ïðåäåëàõ Ñóõîòèíñêîãî ãåî­
àðõåîëîãè÷åñêîãî ðàéîíà â 2020 ã. âûïîëíåí 
öèêë ïîëåâûõ è êàìåðàëüíûõ ðàáîò ñ öåëüþ 
ñîçäàíèÿ îðòîôîòîïëàíà è öèôðîâîé ìîäå­
ëè ìåñòíîñòè óêàçàííîãî ðàéîíà.

,
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Íà ïîëåâîì ýòàïå èññëåäîâàíèé èñïîëü­
çîâàí êîìïëåêñ ãåîäåçè÷åñêîãî îáîðóäî­
âàíèÿ, âêëþ÷àþùèé GNSS êîìïëåêò Trimble 
R8s+R10 è ÁÏËÀ DJI Phantom 3, îñíàùåííûé 
êàìåðîé Sony EXMOR FC300S. Äëÿ ðàáîòû 
ÁÏËÀ ïðèìåíåíû ñïåöèàëèçèðîâàííûå ïðî­
ãðàììíûå ïðîäóêòû, òàêèå êàê: Pix4D Capture 
è Ctrl+DJI. Äëÿ ãåíåðèðîâàíèÿ öèôðîâîé ìî­
äåëè ðåëüåôà è îðòîôîòîïëàíîâ èç àýðîôî­
òîñíèìêîâ ïðèìåíÿëîñü ïðîãðàììíîå îáå­
ñïå÷åíèå Agisoft Photoscan. 

Èòîãîâàÿ öèôðîâàÿ ìîäåëü ñîçäàíà äëÿ 
ïëîùàäè 2,4 êì² (÷åòûðå ïðîõîäà ïî 0,6 êì²) 
èç 525 âàëèäíûõ ôîòîãðàôèé, âûïîëíåííûõ 
ïîä óãëîì 90° ñ ÁÏËÀ. Îíà âêëþ÷èëà áîëüøèí­
ñòâî àðõåîëîãè÷åñêèõ ïàìÿòíèêîâ Ñóõîòèí­
ñêîãî ãåîàðõåîëîãè÷åñêîãî ðàéîíà, à òàêæå 
âûõîäû îðîãîâèêîâàííûõ âóëêàíèòîâ îñíîâ­
íîãî âèäà ìèíåðàëüíîãî ñûðüÿ Òèòîâñêîé 

ñîïêè, ñâÿçàííûõ ñ ñóõîòèíñêîé ìàñòåðñêîé 
êàìåííîãî âåêà. Ñîçäàíèå åäèíîé ïðîñòðàí­
ñòâåííîé öèôðîâîé ìîäåëè, îáúåäèíèâøåé 
âñå àðõåîëîãè÷åñêèå îáúåêòû íà óêàçàííîé 
ïëîùàäè, èìååò ñóùåñòâåííîå çíà÷åíèå äëÿ 
äàëüíåéøåãî êîìïëåêñíîãî  èçó÷åíèÿ ïàìÿò­
íèêîâ ðàéîíà, ÷òî â  ïîëíîé ìåðå îïðåäåëÿåò 
íîâèçíó èññëåäîâàíèÿ.

Äðóãèì âàæíåéøèì ïðàêòè÷åñêèì ñëåä­
ñòâèåì âûïîëíåííîãî ïðîåêòà ÿâëÿåòñÿ 
óñòàíîâëåíèå ãèïñîìåòðè÷åñêèõ óðîâíåé ñ 
òî÷íûìè ãåîäåçè÷åñêèìè ïðèâÿçêàìè îò­
êðûòûõ ðàíåå àðõåîëîãè÷åñêèõ îáúåêòîâ, ÷òî 
ïîçâîëèò ïðîâîäèòü ïîèñê íîâûõ ïàìÿòíèêîâ 
êàìåííîãî âåêà ñ îïîðîé íà ïîíèìàíèå ðàñ­
ïîëîæåíèÿ âûÿâëåííûõ è çàôèêñèðîâàííûõ 
ãèïñîìåòðè÷åñêèõ óðîâíåé, â òîì ÷èñëå è ìè­
êðîðåëüåôà ìåñòíîñòè. 
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