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Evaluation quality parameters of DEM generated withlow-cost UAV
photogrammetry and Structure-from-Motion (SfM) appr oach for
topographic surveying of small areas

Peter Blistart, Ludovit Kovani', Matej Paterd and Tomas Hugik®

Conventional geodetic methods and instruments asctotal station, or GNSS, are commonly used fadggc surveying of the
ground surface. In recent years, with the develaogno¢ drones - light Unmanned Aerial Vehicles (UAM their combination with a
digital camera, opens new opportunities in thedfief Earth's surface documentation. This combimatibtechnologies made it possible to
use digital photogrammetry to quickly and operdjivdocument the Earth's surface. Using UAV photogreetry, we can create an
accurate and detailed surface model. The surfacdemoan be created as GRID, TIN, respectively adoad of points, generated by
processing aerial survey images in some processiftgvare, for example, Agisoft Photoscan®. Its aacy depends essentially on two sets
of factors. One group are factors that depend am@a parameters, image flight and LMS processitg. §econd group consists of factors
that influence the accuracy of the model - theyeddpon the modelling method used and the numbpoiofs used to create the terrain
model. The research presented in this paper ains&dyze the accuracy of digital elevation mod&IENI) created from a various dense
cloud of points, obtained using low-cost UAV phaaogmetry. The aim was to define - determine theticriship between the number of
points entering the modelling and the accuracyhefterrain model obtained from the gradually ditlif@int-clouds. Quarry Jastraba in the
Slovak Republic was chosen as a representativedtesea. The terrain in the quarry has a morphatadly indented surface and is thus
suitable for verifying the functional dependencénseen the number of points and the quality - theueacy of the resulting model. The
results show that it is possible to identify thiatienship between the number of points used tatera terrain model and the accuracy of
the model. This article aims to present the UAVitytior surface documentation and DEM creationisTarticle addresses the accuracy of
the DEM and the optimum amount of points needegterate it.

Keywords:UAV, photogrammetry, structure from motion, DEMinp-cloud, GCP, regression analysis, RMSE.

1. Introduction

During geodetic activities, we often encounter gureement for surface landscape documentationdater
a digital model (DEM). The documentation of therdér is usually acquired by classical geodetic mdshand
instruments like GNSS or total stations (TS). Ilgéaareas, this process is laborious and slow. gioduct of
geodetic measurements carried out for documentafidhe terrain, a file with X, Y, Z coordinatesastained
(Kovanic et al., 2013). As a result, DEM is usuaihpated and evaluated. Its quality depends dyjrextl the
accuracy of the devices and methods used and mainthe number of measured points. To achieve eigare
and detailed surface model, it is necessary toegumore points on the terrain. This process is-tm@suming,
and nevertheless, we will not achieve the detad goality of the surface model obtained, for exampl
terrestrial laser scanning (TLS), LIDAR (Moudryagt, 2019) or photogrammetry approach. Mentionethoes
are known as non-selective. Their primary prodadthe dense point-cloud, which is subsequently ggeed.
For the large ground mapping, mainly the aeriattpiammetry is particularly relevant.

With regard to the obtained results, it is likehetmost appropriate equivalent of laser scannirge T
current trend in photogrammetry is the use of unmednaerial vehicles - UAV (Zhang and Elaksher, 2011
UAV photogrammetry is a cheap and in specific cbods accurate method of the surface documentation
create topographic maps and DEM (Colomina and Molia014, Remondino et al., 2011, Neitzel and
Klonowski, 2011).

UAV utilization and use of SfM brings benefits iev@ral geosciences. E.g. in mining (Xiang et &18),
(Kovanic et al., 2017), (Blistan et al., 2016), g8tia et al. 2019), (Frastia, 2005), (Pukanskal.eGl4),
(Vegsoova et al. 2019a), (Vegsoova et al. 2019thqgling (Pukanska et al. 2017), structural geol@ggming
Zachariah et al., 2018), The use of UAVs for stslepe documentation is presented in this work (Agiiéega
et al., 2018), Monitoring and stability of slopesldandslides (Yu et al., 2018), (Ardi et al., 2D1&Rossi et al.,
2018), The accuracy and evaluation of DEM is adai@{Goetz et al., 2018), (Kr3ak et al., 2016), l{/igal.,
2018), (Polat et al., 2018) or 3D reconstructiocthteques and SfM — (Carrivick et al., 2016), (Baret al.,
2017) etc.
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UAVs (Fig. 2) offer simple control using specialffteeare - control software (Siebert and Teizer, 2014
includes the UAV itself, as well as the controliteron the ground (Mozas-Calvache et al., 2012)ckiig with
the UAV, apart from the flight itself, involves mamctivities (Shahbazi et al., 2015). The mappiraykffow
consists of the definition of the preparatory phake flight planning, the autonomous flight, theatity check
of the data and the data processing. It is appatgprio use the GCP for the georeferencing of theefo
Determination of coordinates on GCP can be dona tiee optimized coordinate network (Stroner et2017),
where the systematic errors are maximally suppde@eun et al., 2015). The final data productsedesation
models, orthoimages, 3D models (Eisenbeiss, 20Ek &hd Remondino, 2013). The general workflow for
UAV data acquisition and processing is in Figure 3.

Inexpensive UAV carriers are currently available. terms of price-performance ratio, they are an
interesting solution for reducing the incurred sodtheir main drawbacks are inferior quality compzameras,
which are used due to their low weight mainly wifteap and smaller UAV’s. In our research, we famus
verifying the quality of the DEM surface of the guaobtained by photogrammetry using a low-cost UAYiis
problem deals with many works (Fritz et al., 20N8ranjan et al., 2007; Moudry et al., 2019; Urbanak,
2018). The benefit of this article is the analysfishe quality of the model in terms of the minimon optimal)
amount of points needed to its generation. We cauepthat the precision of the surface model crbbielow-
cost UAVphotogrammetry meets the required accurerterion and the models thus obtained should be
considerably cheaper, reliable and more detailad DEM created from points using GNSS or LIDAR.

2. Material and Methods
2.1. Study area

As the area of interest for testing and evaluatainthe quality of the DEM obtained by UAV
photogrammetry, the quarry site Jastraba near Zaar Hronom in Slovakia was chosen (Figure 1). is th
quarry, the excavation of perlite is starting atgemt. The terrain relief in the quarry is unstablel
morphologically rugged. Therefore the standard géodneasurements are complicated. In the direcfahe
slope of the terrain, there are numerous furrowsiéal by flowing water during heavy rainfalls. Thésgows
are on average 15-20cm deep, but some reach a depth cm (Figure 1). This terrain is interestirgg fts
complexity and its difficulty documentation usindNGS or TS. The detailed surveying of the entirdasar of
the quarry with the focus at least the deepesbWsrwould be time-consuming, and the resulting rhaaald
not be able to its true shape capture in necesksnil. Surveying all the smaller terrain featufalsout 15cm
deep) is practically not possible. This quarry whesen due to the occurrence of different surfgped — flat
(smooth) and rough.
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2.2. Methods and equipment

The lowcost UAV DJI Phantom 4 (Fig. 2 and Table 1) wasdufor the photogrammetric measurem:
The flight was conducted in 6 airstrips in heig0 m above the average terrain level (FigureDuring the
flight, 178 images were takehongitudinal and lateral image overlap was setG®&o8For the transformation ¢
the frame block into the S-JTSKamalinate syste used in the Slovak republic, tgnound control points (GCF
were used. Theiroordinates were determined terrestriby the total statioheica TS 0; using the spatial polar
method.Local coordinates were transformed by congruemtsfcrmation on connectinpoints determined by

GNSS method. Leica GPS 900strumen with differential RTN corrections was used. Congagly, the
absolute horizontal and vertical RMSE were up t80fmm and +40mm. Relative (inner) spatial RMSE &f

GCPs was up to £ 5mm.

Tab. 1. DJI Phantom 4technical paramete.

Aircraft
Weight (Battery & Propellers included); 1380g
Max Ascent / Descent Speed: 6m/s / 4m/s
Max Flight Speed: 20m/s
Max. flight time: 28 min. LS
Camera |
Operating Environment Temperature: | 0°C-40°C I = :p
Sensor size: 1/2.3" -I -
Effective Pixels: 12 Megapixels - 7 o
Focal length 20mm 1; i
FOV 94° (Y &
Resolution: 4000x3000 e o
Gimbal pitch -90° to +30°
Remote Control
Communication Distance (open area): CE Complia_nt: 1.3,5km; .
FCC Compliant: 5km Fig. 2. UAV -DJI Phantom 4

— Flight parameters ——
Ground Sample Distance
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— Additional parameters — ‘

4 Mission Planning &

Image acquisition

Available devices —
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— Image stitching/mosaic

Camera calibration

Ground Control Points

DTM/DSM
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Digital photogrammetry -
> Feature extraction
— *  Ortho-image
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Fig. 3. Workflow for UAV data acquisition and pessing (Nex an

Fig. 4. Terrain model with theosition of image and GCP

Remondino, 2013).

Processing of the images was performed by the ghetometric softwarAgisoft PhotoScan® using tt
Structure from Motion method?arameters of image alignment were set to highiktgeneric preselection
the images. Key point limit value was set to 40(RMSE value on GCP’s before optimization was 55muah
33 after theoptimization. Value of residuals on control poimtas 45mm. GSD is 1®m / pixel. Dense cloud
generation parameters were set to high quality mild depth filteringto maintain high detc. In whole locality,
22 million points were generate@While processing, the ground extraction was performed to raainsurface
details and the sufficiemumber of morphology poir on the terrain.

Digital elevation model (DEM)

The Digital Elevation Model (DEM) is most often foed by a triangular network genere between
directly or indirectlysurveyed pointsfor example, photogrammetric measurem(@tten and Yue, 2010). DE
created from geodetic measurements is usually piedén the form of a wire model with a triangustiructure,
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and in the case of DEM created from photogrammetdasurements, this wire model is complemented by a
photorealistic texture. Using photorealistic tegtoreates almost perfect digital copies of the nemaild.

The quality of DEM depends on the density of theuindata, the accuracy of the geodetic method tesed
collect the data, and the selection of the interfpoh method used to generate it (Song and Nar®;200rst,
2014).

Several methods are used to generate DEM. Delamiaagulation belongs to the simplest ones. Delguna
triangulation as a duality to the Voronoi diagrambased on the definition that each cell of theovior diagram
contains one point from the set. The sides of #ielacated exactly halfway between the Pi anddtpis of the
two adjacent cells represent the axis perpendidoldahe triangulation edge, can be seen in Figura Bther
words, by joining two neighbouring Voronoi cellsg wet the Delaunay triangulation edge. In each déoa,
intertwined orthogonality applies (George and Baiwaki, 1998).

Fig.5. Delaunay triangulation(George and Borouchdl®98).

Point clouds preparation

Images obtained by aerial photogrammetry were fpilycessed by Agisoft PhotoScan®. Obtained dense
point-cloud was exported. 3D model of the areahefwhole quarry and the nearest surroundings wisneiol
(Fig. 4). Objects such as vegetation and air poims filtered using ground extraction in TrimbledRVorks®
software. Subsequently, the area of interest wagped by the polygonal fence to create a finalcsiele for
further processing. The whole cut out was name@exseral surface - 1506mwith dimensions of approximately
50 x 25m. This area was divided into two smalletgphaving different morphometric characteristiosie part
was less rugged, flat and was named as Flat (sinsotface - 700/ The second, more rugged area was named
Rough surface 350n{Fig. 6). The preparatory work thus resulted iéhpoint-clouds in separated files.

Ll

] Flat (Smooth) surface

| Rough surface L
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Fig.6. Dividing of the surfaces

The next step was the gradual dilution of pointd®. The original dense point-clouds were spatially
filtered using Trimble RealWorks®. The density bé fpoints was gradually decreased over a rangetylénsn
5cm to 100cm. In this range, separate sets weegette Point-clouds with an interval of densityutdn of 5 cm
were obtained. For a distance between points from 1o 5 m, the interval of density dilution was 1 m
Examples of point-clouds are shown in fig. 7. Statal parameters of generated point-clouds asitineber of
points per lrharea for individual areas are shown in Table 2.

Fig.7. Examples of the spatially filtered pointuatis

The original cloud without spatial filtration wab@sen as the reference. Mesh surfaces for thesg-gouds
were generated. The created models contained B&@1§oints for the General area, 333 857 pointshier-lat
part and 473 212 points for the Rough part.

Comparing each set of points with the correspondéigrence surface, their distances were determined
The CloudCompare v. 2.10.2 software was used. fibaest distances of each point of the comparetbsiie
local mesh model of the reference surface werermi@ied. The total RMSE of the individual files frothe
reference model is expressed in Tab. 2.

On fig. 8 (a) to (j), the calculated surface diéfieces for the General area are shown graphicadlgaise of
a large number of files, only selected files cquoegling to the distance between points are ligidfig. a) —
5cm, b) —20cm, c) — 40 cm, d) — 60 cm, €) —i@Q®} — 100 cm, g) — 200 cm, h) — 300 cm, i) — 409 j) —
500 cm. Similarly, fig. 9 and fig. 10 shows diffapes for Flat and Rough surfaces. They are disglaye
according to the same colour scale. The highefardifices are approaching to the red colour.
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Tab. 2: Statistics of the point-clouds and calocathparameters

General surface

Flat surface

Rough surface

b Distance_ | Number of Number of . | Number of points .| Number of points
etwe(z;r; points points points per 1rh RMSE (m) Number of points per 1nf RMSE (m) Number of points per 1n7 RMSE (m)
po'i?]f_réfgu 4 | 1218667 870 - 333 857 742 - 473 212 1121 -
0,05 374 587 268 0,009 110 021 245 0,008 136 700 324 0,011
0,1 114 924 83 0,010 34 305 77 0,008 41 353 100 130,0
0,15 55 548 40 0,012 16 951 38 0,008 20 051 48 40,01
0,2 33138 24 0,014 9 786 22 0,008 11761 28 0,014
0,25 21 468 16 0,013 6 529 15 0,009 7691 19 0,014
0,3 15117 11 0,013 4663 11 0,009 5479 13 0,017
0,35 11 381 9 0,013 3509 8 0,010 4162 10 0,018
0,4 8920 7 0,014 2637 6 0,010 3154 8 0,018
0,45 7 195 6 0,016 2118 5 0,011 2490 6 0,020
0,5 5700 5 0,017 1740 4 0,012 2 040 5 0,023
0,55 4714 4 0,020 1448 4 0,013 1687 4 0,024
0,6 3990 3 0,021 1239 3 0,013 1442 4 0,025
0,65 3442 3 0,022 1087 3 0,014 1235 3 0,028
0,7 2981 3 0,022 949 3 0,015 1090 3 0,031
0,75 2607 2 0,025 802 2 0,015 954 3 0,033
0,8 2320 2 0,027 692 2 0,016 834 2 0,032
0,85 2089 2 0,027 618 2 0,018 734 2 0,034
0,9 1903 2 0,028 564 2 0,018 654 2 0,037
0,95 1669 2 0,030 502 2 0,019 578 2 0,039
1 1492 2 0,031 464 2 0,019 523 2 0,044
2 383 1 0,063 123 1 0,023 145 1 0,074
3 175 1 0,112 58 1 0,033 69 1 0,126
4 102 1 0,140 35 1 0,045 36 1 0,168
5 66 1 0,192 23 1 0,058 26 1 0,225
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General/whole surface

Fig. 8: Differences of the compared point-cloudtte reference model — General surface
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Flat/smooth surface

Fig. 9: Differences of the compared point-cloudte reference model — Flat surface
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Rough surface

Fig. 10: Differences of the compared point-cloudhe reference model — Rough surface
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Results and discussion
Regression and correlation analysis

Several mathematical functions were used duringgssing. However, polynomial functions have protetde
most suitable for the dependence of point distamzk standard deviation and the power function Herpoint
distance and number of points per unit area.

Polynomial function:fix) = a + B.x + p.y* + 6. + ...
Power function: f(x) =n.x*

Functional dependence and the degree of functidepéndence for individual surface types were catedl
using regression and correlation analysis. A patyiab function preferably approximates the depenglenc
between variables. The regression model equatiessritbe the investigated relationship between ptistance
(point density) and RMSE. The degree of dependéateeen the analyzed parameters and the modelled
function is described by the Pearson coefficiemisé®l on the polynomial function, an increasing ddpece is
described where, with increasing distance betwesntp (gradual dilution of points in the cloud, amting to
Table 2), the value of the RMSE increases. The RM&islts from the result of comparing two cloudaiagt
each other, the original with all points and thadyrally diluted clouds. As the distance between pbimts
increases, the standard deviation also increaselsthaus the accuracy of the modelled object deeseabhe
values are shown in Tab. 2.

The correlation coefficient Rcompares the estimated and actual values ande®asltues ranging from 0 to 1.
In the case of a value of 1, there is a strongetatipn (100%) between the estimated and actuakgahnd vice
versa. Concerning the results of the regressioncancklation analysis, functions describing the edefence
between the above parameters, which were burdeitadmeasurement errors, processing errors and nando
factors, were determined during measurement anckpsing. Using the computed values with modellifhthe
determined functions, the resulting graph can bedu® determine the number of points per surfaea ar
regarding the required accuracy and charactereofitbasured area. Tab. 3 shows the regression equations
and calculated correlation coefficients separatetyall surfaces and the selected maximum distdreteveen
points up to 5m and up to 1m. The graphs also shewalues determined in the tab. 2. In the graphfig. 11
and 12, these dependencies are indicated as follwalsies rise from zero values from left to right):
- General/whole: blue

- Smooth/flat: orange

- Rough/rugged: grey.

Tab. 3: Coefficients of polynomial functions aratrelation coefficients obtained by regression amairelation analysis of individual
surfaces.

- Distance between points:< 5m:

Surface Regression model Adjusted R
General/whole y = 0,0026% + 0,0241x + 0,0058 R2 = 0,9964
Flat/smooth y = 0,0028% + 0,0293x + 0,008 R2 =0,9988
Rough y = 0,0002% + 0,0087x + 0,0079  R=0,9836

- Distance between points:< 1m:

Surface Regression model Adjusted R
General/whole y = 0,0098% + 0,0131x + 0,0088  R2 =0,9810
Flat/smooth y = 0,016% + 0,0158x + 0,0104 R2=0,9873
Rough y = 0,0053% + 0,0075x + 0,0069 R2 = 0,9905

Using the same method, the functional relationsveen the point distance (point density) and the remof
points per unit area were determined. The powertion best approximates this curve. Results argvstin the
tab. 4 and on the graphs on fig. 11 and 12 are sttgvthe black curve.
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Tab. 4:Coefficients of power functions and correlationfficeents obtained by regression and correlatioralysis for General suace.

Surface

Distance between points:< 5m:

Regression model Adjusted R
General/whole y = 1,04255 8 R2 =

Distance between points:< 1m:

0,9996

Surface Regression mgdel Adjusted R
General/whole y = 1,112958 R2=0,9994.
0,25 1000,00
y = 0,0028x? + 0,0293x + 0,008 E

0,2

0,05

R?=0,9988

y = 1,0425x1862
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Fig. 11: Graphical representation of regression functionsifalividual terrain model- a distance opoints up to 51
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Fig. 12: Graphical representation of regression functionsifalividual terrain model- a distance of points up to :

Based on measured and processed data in the foewahfation of their functional dependencies, we @atain
two types of functions between three variablesgeaxy,the distance between points, number of points per
unit), which are connected byrfeational links. When solving the accuracy of a nlade can determine befo
measuring how exactly, in terms of the number ahtgoand their distance from each other, we haw&uteey

208



Acta Montanistica Slovaca Volume4 (2019), number 3, 198-212

the given surface to achieve the necessary lling accuracy. Such procedure can be used in prac, for
example, in aerial photogrammetry, laser scanrifagsical geodetic measurement, where the reqdieadity
of points in mapping will be determined based onresults.

Analytical solution of the dependence of rodel quality on the number of points

Fig. 11 and 12 are graphical representations afessjpn functions expressing the quality of theaiar
model as a function of the number of points usethéir modiling. The nomograms in Fig. 13 and 14 expi
the dependence of the accuracy of the terrain madéhe amount of input data. In practice, nomograarsbe
used for:

- determining the minimum number of points per unéaafor required model accur:

- determination of the minimum mutual distance cints for required model accuracy and vice v

- determination of the standard deviation of the rhatla known number of measured points per una

- determination of the standard deviation of the rhatla known distance between the measured |

Figures 13 and 14 show examples of the use of ¢dineogram for each model. The curs of the arrows
correspond to the colosiof the surfaces. Based on the predeterminedrmamivalue of the standard deviati
for the design and modiglg, we draw a hdzontal line from the RMSE scale to the curve of tirea unde
consideration (for example, greyeugh surface). When intersecting the approximatianve of a given surfac
the line from the intersection point runs vertigalb the scale "Distance lween points in the cloud (m)
Finally, we place the horizontal line again frore foint of intersection of the power curve (blattkYhe scale
"Points per unit area”. In this way, we get an égatibn of the number of points needed to achiexgivan
accuracy. Reciprocally, if we know the number of geiper unit area in an existing cloud and we assiim®
type of surface we can determine the expected RM8E.third way of using the nomogram is if we knthe
distance of points in the existing clouc an input parameter. Then it is possible to deriWSE from the
nomogram.
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Fig.14: Functional dependence between model qualitynumber of points used for its creation - dadise of points up to 1m
Conclusion

Using the regression and correlation analysis, mioest suitable regression functions for describimg t
quality of the terrain model at the representaldaality Jastraba estimated. The locality is spedif that it was
possible to allocate two types of surfaces - romugth flat. The correlation and regression analystsrthines the
dependence between the distance of points andtdheasd deviation expressing the quality of thaultesy
model. The dependence between the number of ppértsinit area and the standard deviation expreshimg
quality of the resulting model was also determined.

Nomograms were created from regression models ssipigethe functional dependence between the quality
of the model and the number of points used focriéation. Nomograms were created for three typesidaces
- rough, flat and general. A nomogram with a mutdistance of points up to 5m can be used for common
geodetic measurements using TS or GNSS. The nomogith the mutual distance of points to 1m can bedu
for terrestrial or UAV laser scanning or UAV photaghmetry.
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