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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth
of content Web of Science offers to researchers, authors, publishers, and institutions sets it
apart from other research databases. The inclusion of News of NAS RK. Series of geology
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication
to providing the most relevant and influential content of geology and engineering sciences
to our community.

Kaszaxcman Pecnybnukacer ¥immuolx 2oiivim akademuscol « KP YA Xabapnapwr. ['eonocus
JICOHE MEXHUKANBIK RbLILIMOAD CepUsiColy &blibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyee KabulioanHeanwin
xabapaaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIOb
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yeoinaowvl. KP YFA Xabapnapel. eonoeust scane mexHUKAIbIK 2bLIbIMOAP CEpUsicol
Emerging Sources Citation Index-xe enyi 0i30iy Koamoacmulx ywin ey 03eKmi dcone
6edendi eeonocus JHcoHe MEXHUKATIBIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an0blebiMbI30bl

6in0ipeoi.

HAH PK coobwaem, umo nayunvii scypuan «Mseecmuss HAH PK. Cepusa ceonozuu u
MeXHUYecKux Hayk» ol npunsm 015 unoexcuposanusi 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codeporcanue 6 3mom uHOEKCUPOBAHUL HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as Oanvbheuue2o npuHAmMUs
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednacaem xauecmeo u enyoumy
KOHmeHma O ucciedogamenell, asmopos, uzoameneii u yupedxcoeHull. Brmouenue
Uszeecmua HAH PK. Cepus ceonocuu u mexuuueckux Hayk ¢ Emerging Sources Citation
Index demoncmpupyem nauty npusepiceHHOCHb K Hauboiee akmyaibHOMY U GIUAMETbHOMY
KOHMEHMY NO 2e0102UU U MEeXHUYeCKUM HAYKAM 0I5l Haule2o coooujecmad.
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OBCOMETOB Momic Kyasicyabl (6ac  pemakTopAblH — OpbIHOAcapbl), I€OJOTUs-MHUHEPAIOTUst
FBUIBIMIAPBIHBIH JTOKTOPBI, mpodeccop, KP YFA akagemuri, Y.M. Axmencadun arteiHmarst I'naporeonorus
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YKOJITAEB I'epoii XKoaraiiyiibl, reonorus-MHHEPAIOT sl FEUTBIMAAPBIHBIH TOKTOPHL, podeccop, KP YFA
KypMetTi akazgemuri, (Anmarsl, Kasakcran), https://www.scopus.com/authid/detail.uri?authorld=57112610200,
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uri?authorld=7103259215, https://www.webofscience.com/wos/author/record/1429613
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https://www.scopus.com/authid/detail.uri?authorld=55883084800,  https://www.webofscience.com/wos/author/
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npodeccopsl, (Hancn, ®panims), https://www.scopus.com/authid/detail.uri?authorld=7003436752, https://www.
webofscience.com/wos/author/record/1230499

HIEH Ilun, PhD, Kpitail reoforusiblk KOFaMbIHBIH Tay-KEH ICONOTHICHl KOMHTETI JHPEKTOPHIHBIH
opbiHOacapsl, AMEpPHKAaH/bIK JKOHOMHKAJIBIK TEOJOrTap KaybIMIAacThIFbIHBIH Mymreci, (Beibkin, Kerrait),
https://www.scopus.com/authid/detail.uri?authorld=57202873965,  https://www.webofscience.com/wos/author/
record/1753209

OUIIEP Akceub, KaybIMaacTeIpbuIFad npodeccop, PhD, Jlpesnen texHukanslK yHusepcureri, (JpesieH,
bepmun),  https://www.scopus.com/authid/detail.uri?authorld=35738572100, https://www.webofscience.com/
wos/author/record/2085986
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authid/detail.uri?authorld=7004624845

KATAJIUH Credan, PhD, xaysimpacteipsutran mnpodeccop, Texuukambsik yHuBepcuteTi ([pesnew,
I'epmanus), https://www.scopus.com/authid/detail.uri?authorld=35203904500, https://www.webofscience.com/
wos/author/record/1309251
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yHuBepcurerti, (Anmarsl, Kazaxcran), https://www.scopus.com/authid/detail.uri?authorld=55927684100, https://
www.webofscience.com/wos/author/record/1993614

POHHU Bepuarccon, Jlynn ynuepcurerinif Tasyy IIBIFBICTHI HEePCIEKTUBANIBI 3€PTTEY OPTAIBIFHIHBIH
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detail.uri?authorld=7005388716, https://www.webofscience.com/wos/author/record/1324908
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scopus.com/authid/detail.uri?authorld=55883084800, https://www.webofscience.com/wos/author/record/104868 1
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Abstract. This article is dedicated to studying the aspects of using Unmanned
Aerial Vehicles (UAVs) for topographic surveys in production, specifically
evaluating the impact of ground control points on the accuracy of generated
digital terrain models (DTMs). A comparative analysis was conducted to assess
the accuracy of coordinate determination from DJI Mavic 2 Pro drones and DJI
Mavic 2 Pro Post Processing Kinematic (PPK) TOPODRONE, which utilizes a
multi-frequency Global Navigation Satellite System (GNSS) receiver for precise
positioning of image centers.

Based on the collected imagery, DTMs were generated using Agisoft Metashape
Professional software with different configurations of ground control point
placement and density using ground markers.

As a result of analyzing the generated DTMs, the main advantage of using the
PPK method was identified, which showed a significant increase in the distance
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between ground control points, resulting in a reduced number of markers, decreased
point density, and reduced overall fieldwork, thus reducing financial and time costs.
Analytical dependencies for determining the sufficient number of ground markers
for any required area and the optimal distance between markers depending on the
desired resolution of the DTM were derived from the analysis. These dependencies
can be applicable in practice for UAV aerial photography production and for further
research in this field. The authors plan to continue their research in this direction to
optimize the preparatory work for aerial photography production.

Key words: unmanned aerial vehicle, planned-high-altitude justification, digital
model, ground marker, Post Processing Kinematic, mathematical assessment of
accuracy.
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AnHoTanmus. by Makana TonorpadusIbIK TYCIpiTiM ©HIIPiCiH/E YIIKBIIICHI3
YIIy anmnaparTapbiH MaiiianaHy acreKTUIepiH 3epTTeyre, aran aiTKaH/a Kep YCTi
XKocnapnbl-OMIKTIK HETi3MeMECiHIH KePTUTiKTI KepaiH MUQPIBIK MOJCIbISPiHIH
Jonairine acepin Oaranayra apHainFaH. 3eprreyai opbiHmay yuin DJI Mavic
2 Pro xxone DJI Mavic 2 Pro Post Processing Kinematic (PPK) TOPODRONE
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YIIKBIIICHI3 yITy ammapartapbiHad (¥¥A) amblHFaH KOOPIMHATTApAbl aHBIKTAy
TOIJITIHE  calbIcThIpManbl  Tangay kyprizingi. Kocemmma Post Processing
Kinematic momyni (kem xuimikti GNSS KaObUTAAFBIIT) KECKIH OPTaTBIKTAPBIHBIH
HaKThl KOOPJIMHATTAPBIH aHBIKTayFa MYMKIHJIIK Oepei.

Kunanran Qoromarepman Herizinge Agisoft Metashape Professional
OaFmapiaManblK JKacaKTaMachlHIa Xep OCTIHIeri Mapkepiep TYpiHAeri Tipek
KENICIHIH OpHAJIaCybl MEH THIFBI3IBIFBIHBIH OPTYPIl T€OMETPHSCHIH KOJIaHa
OTBIPHIIL, )KEPJIiH CaHIbIK Moaenbaepi (JKCM) sxkacamnbl.

Kypsutran xep 6enepinin mudpibik moxenbaepia (JKCM) tannay HOTHXeCiHIE
Post Processing Kinematic omiciH KOJNaHYABIH HETI3Ti  apTHIKIIBIIBIFBI
AHBIKTAJIIBI, OJ1 TIPEK MapKepJep apachblHAAFbl KAIIBIKTHIKTBI €yip YIIFalTynaH
Typaapl, Oy ONapAblH CaHBIHBIH aNTapibIKTali TOMEHJAEYiHe, KETiHIH CHpEeK
OOJyBIHA KOHE JaNalibIK >KYMBICTAp/IBIH JKaIbl KOJEMiHIH TOMEHJCYiHe, SFHU
KapXKbUTBIK JKOHE YaKbIT IIBIFBIHIAPBIHBIH TOMEHJCYyiHe okenemi. Mapkepiep
apachIHAaFbl KANIBIKTBIKTBIH OCEpiH Tayjay OapbIChIHAA Ke3-KeNreH KaKeTTi
aliMaKka MapKepJepAiH KETKUIIKTI CaHbIH JXoHEe KYPBUIFaH pelibed MOAeNiHIH
K)XXeTTI a)XbIpaThIMIBUIBIFBIHA OAiJIAHBICTBI MapKepiep apachIHIAaFbl KaKeTTi
KAIIBIKTBIKTBl QHBIKTAy VINIH aHAIUTUKAIBIK TOYEJIUTIKTEp anmblHajbl. by
TOYEIIUTIKTEP YIIKBIIICHI3 a9p0(OTOTYCIpiIiM Kacay TOXKIpuOeCiH e KON TaHbLTYBI
MYMKiH, COHJal-aK OChI cajiaJlaFbl KOCBIMINA 3€PTTEYyNep YIIiH MaiIanaHbLTybl
MYMKiH. ABTOpiap a’poOoTOTYCIpiJiM eHAIpici YIIiH MalbIHIBIK *KYMBICTaPBhIH
OHTAWJIAHIBIPY YIIIH OCHI OaFBITTarbl 3epTTEYJEPIi JKaIFaCTHIPYIbl JKOCTapian
OTBIP.

Tyiiin ce3mep: YIIKBIIICHI3 YIIIy aImapaThl, KOCIAPIBI-OMIKTIK HeTi3aeMeci,
xep OenepiHiH MUQPIBIK Moei, xkep/eri Mapkepiep, Post Processing Kinematic,
TIOITIKTI MaTeMaTHKaJIbIK Oaraay.
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AnHotanusi. JlaHHas cTaThs TOCBAIIEHA HWCCIEJOBAaHUIO  ACIIEKTOB
WCTIOJIb30BaHUSl OCCIWJIOTHBIX JICTATeNbHBIX amllaparoB MpH TMPOU3BOJCTBE
Tornorpaduueckoidl ChbeMKH, B YAaCTHOCTH OIICHKE BIIMSIHUSI Ha3eMHOTO IUIaHOBO-
BBICOTHOTO OOOCHOBaHUSI Ha TOYHOCTH CO3/aBacMbIX UHM(POBBIX Mojenen
MECTHOCTH. [IJisi BBIMOSHEHHUSI UCCIIEOBAHUS MPOBEICH CPAaBHHUTEIILHBIA aHAIU3
TOYHOCTH OIpPEACTICHUSI KOOPAUHAT, MOTYYEHHBIX C OCCIMIOTHBIX JIeTaTeIbHBIX
armapatoB (BITJIA) DJI Mavic 2 Pro u DJI Mavic 2 Pro Post Processing Kinematic
(PPK) TOPODRONE. Jlononautensubiii Mmonyns PPK (Mmynstuuactoteiii GNSS
MPUEMHHK) TIO3BOJISIET ONPEEISTh TOUHBIC KOOPIAUHATHI IICHTPOB CHUMKOB.

Ha ocHoBe coOpanHOrO (QoTOMaTepuasa B NPOrPaMMHOM OOecIleueHUN
Agisoft Metashape Professional cozmansl nudposie Moaenn mectHocTd (LIMM)
C UCTIOJIb30BAHUEM PA3IMYHON T€OMETPUH PACTIONOKEHHS U TNIOTHOCTH OMOPHOH
CEeTH B BHJIC HA3EMHBIX MapKepPOB.

B pesynbrare anamuza co3maHHBIX IUPPOBBIX Mojenel mectHoct (LIMM)
OIIpEZICNICHO OCHOBHOE MPEUMYIIECTBO HCMONb30BaHUs MeTona Post Processing
Kinematic, xoTopoe 3akmio4aeTcsi B 3HAYMTEILHOM YBEITHUCHHU PACCTOSHUS
MEXIy ONMOPHBIMH MapKepamH, YTO MPUBOIMT K CYHICCTBEHHOMY CHIKCHHUIO UX
YHcia, pa3pekeHHI0 CETH W yMEHBIICHHI0 001ero o0beMa MOJNeBhIX padoT, T.c.
CHIDKCHUIO (DMHAHCOBBIX M BpPEMEHHBIX 3arpar. B mporecce aHann3a BIMSHUS
paccTosHUS MEXKAy MapKepaMH TMOJyYeHbl aHATUTHYECKHE 3aBHCHUMOCTH IS
OIIpe/ieNIeHNs] AOCTAaTOYHOrO YHCiIa MapKepoB Ha JI0OYI0 TpeOyeMyro IMJIoNIajb
1 HEOOXOAMMOTO PAcCTOSHUSI MEXKIy MapKepaMH B 3aBUCUMOCTH OT TpeOyeMoro
paspenieHus co3aBaeMoi MOJIEIM MECTHOCTH. JlaHHbBIE 3aBUCIMOCTH MOTYT OBIThH
MPUMEHHUMBI B TIPAKTHUKE MTPOU3BOACTBA OCCIMIOTHOM a3pO(OTOCHEMKH, a TaKKe
WCTIONIb30BAaHbBl sl JajbHEHIINX MCCICAOBAaHWN B JIAaHHOW oOmactu. ABTOPHI
TUTaHUPYIOT IPOJOJDKUTH UCCIIEOBAHMS B JAHHOM HANPaBICHUH JJIsl ONTUMHU3AINN
MOATOTOBUTEIBHBIX pabOT AJISl MPOM3BOACTBA a9POPOTOCHEMKH.

KiroueBble cjioBa: OeclMIIOTHBIN JIeTaTeNIbHBIN annapar, TJaHOBO-BBICOTHOE
00ocHOBaHUsL, IH(POBasi MOZIETb MECTHOCTH, Ha3eMHbIe Mapkepsl, Post Processing
Kinematic, MmaTemaTnueckast OlleHKa TOYHOCTH.

Introduction. Unmanned digital imaging is the perspective, actively developing
technology, applied in execution of geodesics, surveying, cadaster works and
mapping of different level of complexity (Rafael Bailon-Ruiz, et all, 2022; Salvini,
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et all, 2018). It has enormous potential, which actively expands the spheres of
application. One of main aspects for creation of detailed dimensional digital terrain
model is the definition of parameters for photogrammetric calibration. Calibration
of elements of interior orientation is made on the basis of ground points (markers),
which allows reaching of higher level of accuracy in height and on plane. Definition
of focal distance in calibration process is one of key elements of model calculation
at photographic operations. The goal of decision is to define the influence of
geometric location of supporting markers on inaccuracy in digital terrain model at
performing of unmanned aerial photography applying different equipment.

The study was performed in quarry located in Central Kazakhstan, which was
under long-term conservation. At the moment, quarry is gone to ground water. In
2019 water pumping and reclamation were started. In the process of pumping, the
need appeared to refresh the plan of mining operations for underlying drowned
horizons. High water content of rock massif in the territory of quarry resulted the
impossibility to execute this work by traditional methods. Lower horizons of quarry
were unavailable for direct in-situ measurements of bench crests using tacheometer
or GNSS equipment (Beregovoi, et all, 2017; Dorokhov, et all, 2018), applying
methods of radar interferometry (Ozhigina, 2016) was impossible as well. Aerial
photography using unmanned aerial vehicles (UAV) was the only possible way to
execute this work (Giordian, et all, 2017; Koukouvelas, et all, 2020; Ozhygin, et
all, 2021); at that, coordination of supporting ground markers was made by GNSS
equipment in safe areas, in considerable distance from drowned areas.

Materials and main methods of research. To define the parameters of
photogrammetric calibration and sufficient number of supporting ground markers,
the study included two types of aerophotogrammetric systems with similar
unmanned aerial vehicle DJI Mavic 2 Pro:

1) The first flight was made with DJI Mavic 2 Pro drone in standard trim by
DJI company. This drone has long flight time (31 minutes) due to small size and
special structure with proper aecrodynamics. In standard trim, DJI Mavic 2 Pro has
the camera of 4K (5472x3648pix) and navigation receiver, which records in GPS
system, with accuracy 3 to 10 m, which allows drone to orientate in space and make
flight along the pre-defined route.

2) The second flight was made by DJI Mavic 2 Pro Post Processing Kinematic
(PPK) drone with installed geodesic upgrade by TOPODRONE. This upgrade is
composed of miniature multisystem and multifrequency satellite receiver, which
allows to define the position of drone in the air in the moment of photo shooting
with accuracy up to centimeters (picture 1).

On the basis of two flights done, applying different parameters of
photogrammetric calibration, it is possible to define the number of supporting
ground markers, necessary and sufficient for best results (Sanz-Ablanedo, et all,
2018). Notify that using drone with geodesic upgrade causes more precise results.
For photogrammetric calibration, the information on points determination in
space, presented in pictures, and their coordinates in three-dimensional space. This
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information is used for definition of internal and external parameters of camera,
which gives the opportunity of correct projection of the image on plane and
definition of geometric characteristics of objects.

Number of supporting ground markers, necessary for sufficient calibration,
depends on number of factors, such as resolution and elevation angle of camera,
vegetation cover of earth surface, etc. Thus, to define the optimal number of
markers and parameters of photogrammetric calibration, it is necessary to consider
the peculiarities of definite location and goal of study, and select the corresponding
aerophotogrammetric system depending on required accuracy and resources
(Benassi, et all, 2017).

Volume coordinates of drone position in the air in the moment of photo shooting,
is one of main piece of information necessary orientation of photos relative to
each other during the whole route of drone flight and for further creation of digital
terrain model and orthophotoplan of the location. Despite the type of applied UAV,
presence of ground traverse is necessary, because it plays the key role in calibration
of focal distance of camera.

1- Condition of power module; 2-Quality of received GNSS signal;
3- Condition of record on memory card; 4-Presence of inaccuracies in the system;
5-Socket for micro SD; 6- Dual-frequency (L1/L2) antenna

Picture 1 — DJI Mavic 2 Pro PPK TOPODRONE
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Thus, necessary condition for efficient unmanned digital imaging is the creation
of horizontal and vertical photo-control of due quality. Horizontal and vertical
survey in the object was created using geodesic satellite receiver Leica GS14 in
differential measuring mode. The accuracy definition of center of ground labels
amounted 1-2 cm on plane and 2 cm vertically.

In the process of creation of digital terrain models (DTM) on the basis of the
first flight, main basic data for UAV camera calibration, were the coordinates of
ground traverse (Oniga, V.-E. and et all, 2020). At the second flight, main role
in orientation of DTM was assigned on exact definition of picture center, made
according to the method of Post Processing Kinematic (PPK), due to geodesic
upgrade by TOPODRONE (Bolkas, 2019).

To replace the metadata of navigation coordinates of pictures with highly
accurate coordinates obtained by PPK method, special software was used, presented
by TOPODRONE — TOPOSETTER. Thus, DTM was created on the basis of shots
with exact centers, which gives the opportunity to model to have correct vertical
and horizontal coordinates before the correction process in reference to ground
traverse. At that, vertical exactness of this DTM will be lower by several digits
compared to plan, through uncertainty of camera focal distance. To increase the
vertical accuracy, the calibration is made in reference to fixed ground markers,
located on natural location.

Results of research. To process the complex of geospatial data obtained from
two types of UAYV, the software Agisoft Metashape Professional was applied.

The first stage of processing of geospatial data is aerial triangulation, where the
position and spatial orientation is defined for each photo. This is made by definition
of points and lines in space, which are marked on photo and then connected to
three-dimensional space. After that, the expanded point cloud is created by finding
peculiar points on each photo. Peculiar points are unique features of the photo,
which might be used for identification of the photo and its position in three-
dimensional space. For example, peculiar point might be the angle of the building
or some special part of landscape, which is emphasized on the photo. After finding
peculiar points on each photo, the software defines the points, coinciding between
photos.

In the result of this process, photos are oriented relatively to each other,
considering their spatial geotagging. Agisoft Metashape Professional gives the
opportunity to polarize photos regarding their common pixels, due to line overlap
of photos by 80% and lateral overlap by 70%. On the basis of software algorithm,
peculiar points (peculiarities) of each photo are defined on the basis of common
pixels; they are considered in the current stage of processing for creation of expanded
point cloud. At processing, the number of peculiar points (peculiarities) and number
of possible point projections are pre-defined, which are found in common photos.
Too high or too low parameter value may cause the loss of some part of dense point
cloud or to excessive noise. Agisoft Metashape Professional software calculates the
depth maps only for those pairs of photos where the number of correspondences if
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higher than pre-defined limit. This limit is 100 correspondences or 10% of maximal
number of correspondences between this photo and other photos of the project.
Thus, the expanded point cloud is composed. Depending on applied equipment
complex (with PPK and without PPK), details of reproduction of expanded point
cloud do not vary.

The second step of geospatial data processing is in spatial reference of expanded
point cloud. Expanded point cloud is composed of photos with fixed navigation
coordinates. However, these coordinates might be not enough exact for creation
of high-precision DTM. That is why it is necessary to make spatial reference, to
reach the required accuracy. Spatial reference of digital terrain model may vary
depending on UAV packaging. For example, at creation of DTM without using
precise photo centers, the key role is played by horizontal and vertical survey of
aerial photography, which is represented with ground markers. These markers are
set on the ground and their exact geodesic coordinates are defined beforehand.

In the process of reference using precise photo centers (PPK), navigation
coordinates of photos are replaced with more precise ones, obtained by calculation
under PPK method. Thus, horizontal and vertical survey on the ground is used in
combination with precise coordinates of photo centers.

The third step is in creation of dense point cloud. To get the dense point cloud,
Metashape applies algorithms that combine the data from different angles and
positions, to create the maximally precise object model. These algorithms eliminate
mistakes as well, which may appear at data processing, and give the opportunity to
obtain the most precise point cloud.

After creating dense point cloud, we can move to another stage of DTM creation,
which includes the creation of texturized 3D-model, and then generation of DTM
itself (picture 2).

The area of studies object amounts 80 hectares. The height of flights amounted
140 meters at DTM resolution of 2,52 cm/px. In this work, the distance between
supporting markers is measured using pixels (px), because depending on detailing
(afield pixel dimension) the flight height is changed. The higher is the flight, the
bigger is the pixel (afield), which results the increase of distance between supporting
markers in designed network, and vice versa.

To define the influence of geometry of horizontal and vertical survey of aerial
photography (location of ground markers and their number) on accuracy of created
digital terrain models, the supporting markers were positioned in the area of
80 hectares, in amount of 1 to 15, and the comparative analysis was made with
accuracy estimation, considering different geometric positioning and number of
supporting markers (Agiiera-Vega, et all, 2018). The obtained models created with
PPK method and without it, were separated subject to number of uncertainties in
the plan. Thus, three categories were defined:

«c» category — large uncertainty (over 150mm);

«b» category — moderate uncertainty (150mm to 50mm);

«a» category — small uncertainty (below 50mm).
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All the values of uncertainties in measurements, related to geospatial data, are
measured and estimated in reference to exact positions of supporting markers on
ground, which are main starting points and are compared to digital terrain model.

Picture 2 — Digital model of the location

Processing results for digital terrain models are presented in table 1.

Table 1 — Processing results for digital terrain models

Number Uncertainties in axles Planned Vector Distance .
. . Distance,
of displacement, | displacement, | between Px
markers X.mm | Y,mm | Z mm mm mm markers, m
Processing results, PPK excluded
420 387 579 571 813 582 23095
346 160 420 381 567 504 20000
164 129 251 209 326 451 17897
130 112 150 172 228 412 16349
84 80 135 116 178 381 15119
77 75 122 107 163 356 14127
75 68 107 101 147 336 13333
73 60 95 94 134 319 12659
65 55 82 85 118 304 12063
51 44 67 67 95 291 11548
32 35 55 47 73 279 11071
25 20 43 32 54 269 10675
23 19 32 30 44 260 10317
Processing results, PPK included
110 213 99 240 259 - -
98 150 85 179 198 713 28294
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3 84 89 82 122 147 582 23095
4 79 74 76 108 132 504 20000
5 65 68 72 94 118 451 17897
6 54 55 45 77 89 412 16349
40 27 15 48 51 381 15119
37 24 15 44 47 356 14127
36 20 13 41 43 336 13333
30 20 13 36 38 319 12659
30 18 11 35 37 304 12063
27 16 11 31 33 291 11548
25 15 10 29 31 279 11071
20 15 9 25 27 269 10675
12 10 9 16 18 260 10317

Analysis of accuracy estimation of digital terrain models, considering different
geometric positioning and number of supporting markers showed the following:

- at creation of DTM using DJI Mavic 2 Pro in standard trim by DJI (without
PPK) it is necessary to have minimum 3 supporting markers, which form the plane
together; «c» category (large uncertainty — red color) takes place at using 3 to 8
markers, distance between markers amounts 582 +356m respectively, the planned
uncertainty is within range of 107mm (at 8 markers) ~571mm (at 3 markers),
height uncertainty amounts 122 mm (at 8 markers) +~ 579 mm (at 3 markers), spatial
uncertainty is increased from 163mm up to 813mm in accordance with decrease of
number of markers; «b» category (moderate uncertainty — amber color) takes place
at use 9 to 13 markers, distance between markers amounts 336+279m respectively,
maximal deviations in plan reach 101 mm (at 9 markers), minimal ones — 47 mm
(at 13 markers), height uncertainty has dynamic pattern of 55mm (mpu 13 markers)
to 107mm (at 9 markers), and spatial uncertainty is changed within the range of
73mm to 147mm at decrease of number of markers from 13 to 9; «a» category
(small uncertainty — green color) is reached at number of markers of 14 and more,
distance between markers up to 269m, uncertainty in plan up to 32 mm, height
uncertainty amounts 43mm - at 14 markers, 32mm — at 15. Vector displacement of
model in reference to control markers at 14 markers in this case is equal to 54 mm,
at 15 - 44 mm;

- at creation of DTM using DJI Mavic 2 Pro with installed PPK module, there
shall be no less than 1 supporting marker, for exact vertical bridging of expanded
point cloud, the calibration of focal distance (f) is necessary in reference to ground
markers, at that, the more supporting markers are used in calibration of focal
distance, the more accurate is f value; at accuracy analysis of digital terrain model,
created using DJI Mavic 2 Pro with installed PPK module, category corridors for
uncertainties rate in the plan vastly differ from previous option, without using
PPK: «c» category (large uncertainty — red color) includes models, where no more
than 2 markers were used at processing, distance between markers amounts 713
m, planned uncertainty at use of 1 marker reaches 240mm, at use of 2 markers
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— 179mm, height uncertainty is measured from 99mm - at 1 marker up to 85mm
- at 2 ones, spatial uncertainty amounts 198+259mm; «b» category (moderate
uncertainty —amber color) includes models, where 3 to 6 markers were used during
the processing, distance between markers amounts 582m (at 3 markers) +412m (at
6 markers), uncertainty in plan is decreased respectively from 122mm till 77mm
at increase of markers from 3 to 6, height uncertainty is within the range of 82mm
(at 3 markers) + 45mm (at 6 markers), spatial uncertainty is changed within the
range from 89mm (at 6 markers) to 147mm (at 3 markers); «a» category (small
uncertainty — green color) at use of PPK technology is reached at use of 7 markers,
compared to the option without PPK, such level of accuracy was reached at use of
14 markers only, distance between markers amounts 381m (at 7 markers) + 260m
(at 15 markers), uncertainty in plan is decreased from 48mm to 16mm at increase
of markers from 7 to 15, height uncertainty amounts 15mm at 7 markers and 9mm
at 15 ones, spatial uncertainty is changed respectively within the range from 51mm
to 18mm at 7 and 15 markers.

Thus, at increase of number of ground markers, involved in creation of DTM,
the accuracy of model is being increased constantly. This is influenced by position
of markers, as well as by distance between them. The distance relationship between
markers is tracked, which directly influences the accuracy measurement for the
model.

At increase of number of supporting markers, involved in model processing,
distance between them is decreased, which positively influences the accuracy of the
model. At that, influence of each following marker in the processing becomes less,
but general trend to accuracy increase remains positive.

This observation results the logic conclusion that there is the relationship
between accuracy, number of markers and area of the object (distance between
markers). This relationship may be expressed in form of markers sufficiency
coefficient per defined area:

k = = (1)
where M — number of markers;

S— area of the object, hectares.
Calculation of sufficiency coefficient at use of supporting ground markers only:

k = 2 =0,175ha
80

Calculation of sufficiency coefficient at use of coordinates of photo centers and
ground markers:

7
- - -1
k = 20 0,088ha
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These values are suitable for use of photographic equipment matrix of 20 Mpx
with resolution ability on ground 2,52 cm/px. In case of increase of pixel dimension,
coefficient (k) will be decreased.

The results of experiment may also disclose the range of distances between
markers, where the geometry of support ground network will be sufficient for
digital terrain model of high accuracy.

Considering the resolution of shooting during the study (2,52 cm/px), we can
convert this effective distance to pixels:

Lpx = % : 2

rne LPpX-— distance between supporting marks in pixels,

L— distance between supporting marks in centimeters,

a — resolution cm/px.

At use of ground markers only, efficient distance in pixels for reaching of
accurate results is calculated as follows:

. 26900
PX = 75

At use of coordinates of photo centers and ground markers, efficient distance in
pixels is calculated as follows:

= 10675px

L 3100 _ 15119
PX= 55" bx

According to the results of data in Table 1, the graph of dependence of distance
between supporting marks and uncertainty of digital terrain model was constructed
(picture 3).

In the result it was found that at absence of precise photo centers distance
between supporting markers shall be no less than 10 675px, and at use of PPK
method, the distance between supporting markers reaches 15 119px.

Thus, main advantage of PPK method application is in significant increase of
distance between supporting markers, which results the decrease of their amount and
total scope of field works, which, in turn, decreases financial and time expenditures
(Hugenholtz C. 2016).
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Picture 3 — Schedule of dependence of DTM uncertainty
on geometric location of support labels

Discussion. Use of unmanned digital imaging is the efficient and safe method for
execution of geodesics, surveying, cadaster works and mapping in conditions when
in-situ measurements are impossible or hazardous for people. Unmanned systems
may be applied for photo shooting in inaccessible or hazardous areas. However, to
reach the high accuracy of digital terrain model, it is necessary to make the system
calibration and define the focal distance, which requires the use of ground points
(markers). As well, correct positioning of supporting markers and their coordinate
labeling using GNSS equipment is the important aspect.

Importantly, that use of unmanned systems of aerial photography decreases
the risk of uncertainties related to human factor. Besides, unmanned systems may
cover bigger areas and make photo shooting within shorter period, which increases
the efficiency of work and decreases costs.

Use of UAV to obtain geospatial data and creation of digital terrain models on
their base comprises new approach to obtaining of precise and high-quality data
for solving of number of urgent problems on high level. This might be useful for
different industries, such as geodesy, construction, geology, ecology, etc.

For example, at design of buildings and infrastructure objects it is necessary
to have exact data on landscape and other peculiarities of location. Digital terrain
models, obtained with unmanned aerial vehicles, may present these data with high
resolution and accuracy, which may decrease risks at design and construction.

In geology and ecology, digital terrain models may be used for study of changes
of earth surface and its condition in different times. For example, change of
landscape or vegetative cover may certify the climate change or man-made impact
on the environment (Rafael Bailon-Ruiz and et all, 2022; Tseshkovskaya, et all,
2019).

As well, digital terrain models might be used for creation of virtual media for
learning and training, such as flight stimulators, which might be useful for training
of pilots and other specialists.
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In general, use of unmanned aerial vehicles to obtain geospatial data and creation
of digital terrain models and objects, comprises the important and perspective
approach, which might be widely used in different industries and scientific spheres.

Conclusion. One of main conditions for creation of accurate digital terrain
models use of supporting markers. However, application of markers requires
significant costs for their installation and maintenance. Besides, installation of
markers in several areas might be complicated.

In the process of study, analytical dependences were obtained, which allow
defining the range of sufficiency of markers for any required area and necessary
distance between markers depending on required resolution of created digital terrain
model. This gives the opportunity to optimize the works in creation of horizontal
and vertical survey to make the aerial photo shooting using UAV.

In the result of analysis of created digital terrain models it was defined that
application of Post Processing Kinematic method gives the opportunity to decrease
the number of necessary supporting ground markers more than by 50% and increase
the distance between markers by 4/%. During the analysis of influence of distance
between markers, authors disclosed the analytical dependences to define the range
of sufficiency of markers for any required area and necessary distance between
markers depending on required resolution of created digital terrain model. These
dependences might be practically used in unmanned aerial photography, and further
applied for studies in this area.

It is suggested that study of relative position of markers may result the definition
of optimal configuration of markers, which ensures the best quality and accuracy of
created digital terrain models at minimal amount of markers and resources. As well,
authors may consider the opportunity to apply other methods, such as Real Time
Kinematic, for future increase of accuracy of created models of the area.

Further study in the sphere of relative positions of markers may result the
definition of optimal configuration of markers, which ensures the best quality and
accuracy of created models of the area at minimal amount of markers and resources.
This may significantly increase the efficiency of unmanned aerial photography and
decrease the expenses for measurements. Authors plan to continue the scientific
researches in this sphere, targeted to definition of role of relative position of markers
in change of quality and accuracy of created models of the area.
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