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Abstract—Structure from motion (SFM) combined with multi view
stereo (MVS) reconstruction is a cost effective mieod to assess
topographic change, to analyse long term developmerand to
perform risk assessments. The objective of this sy was the
comparison of two image acquisition methods, terrésal handheld
and UAV based photography regarding the detectablehanges over
time and the differences between the point clouds fothe
‘Abtissingrube’ — a sinkhole in Thuringia, Germany. The imagery
was taken yearly from 2017 to 2019 with both UAV ath handheld
camera. The 3D point clouds were processed within ghsoft
PhotoScan Pro. Additionally the point precisions we estimated
with SFM_Georef and the differences in the resultig point clouds
were compared using multiscale model to model cloudomparison
with precision maps (M3C2-PM) in CloudCompare. Theresulting
differences are 10.2 percent of detectable changetiveen the 2019
UAV and terrestrial point cloud with a mean detectdle change of
9.0 mm. Change detection from 2017 to 2019 shows.Bpercent of
detectable change and a mean detectable change 8f&mm within
the sinkhole. The resulting coverage of the sinkhelwas generally
higher by the point clouds derived from UAV in comprison to the
handheld camera.

. INTRODUCTION

Structure from motion (SFM) and multi view sterédd\{S)
reconstruction, originating from computer visiomgaithms by
Ref. [1], are applied widely within the analysis edrth surface
processes in the last years to create dense 31 gouds of
surfaces out of optical imagery [2]. Although implented in
various open source programs, Agisoft PhotoScarsRneferred
in many scientific publications [3]. Terrestrial rtoeld
photography is the most basic approach, at the obshe
limitation of viewing angles and position of thenser [4]. UAVs
supporting consumer grade cameras and flight &atin offer
better options in sensor position and viewing asmgleith the low
cost and weight of consumer grade cameras, higbbilmsurvey

methods are possible, including the usage of sANs for
image acquisition [5]. SFM has already been apltestales from
large planar regions for digital elevation modeleation,
landslides, rivers and sinkholes to erosion measemnés within
the millimeter range in laboratory work [4, 6-9].e$tarch
comparing accuracies of point clouds derived wigMSMVS to
those of TLS and LIiDAR show no disadvantages, gisareful
GCP placement, calibration and a sufficient nundiémages [2,
3, 10, 11 and 12]. Less studies have compared iffexethices
between using terrestrial or aerial imagery [13.d\state of the
art point cloud comparison method in complex toppgy the
multiscale model to model cloud comparison (M3C2Ref. [14]
is often applied. Assessing the spatial uncer&sntiithin the
derived point clouds resulting from the SFM-MVSaithms and
georeferencing is decisive for identifying areas deftectable
change. Profound methods have been developed wik' U
imagery based on the random variations within tHeMS
photogrammetry workflow deriving precision maps][@6on the
comparison of repeated surveys of the same sunfdlcim a short
time span [16].

The objective of this study was the comparisonnaf image
acquisition methods - terrestrial handheld and UA¥sed
photography - regarding the detectable changestowerand the
differences between the point clouds with precisi@ps from the
same day. The comparison was based on imagery t#kdre
sinkhole Abtissingrube in 2017, 2018 and 2019.

The sinkhole is located in Northern Thuringia ore th
Kyffhauser Southern Margin Fault which causes lowaralized
groundwater to rise and infiltrate the overlayiedisnentary rocks
of the Permian, which are very good aquifers. Smhuprocesses
caused by the water are assumed to have triggleesibtmation
of the sinkhole [17].
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Il. METHODS The precision maps were combined with the dense clouds

Data was recorded yearly in autumn for 2017, 2018 and 207 ithin CloudCompare with a distance based spherical normal
with a terrestrial and an aerial approach 'I"he UAV wa Istribution interpolation. As the sparse clouds were thinner in

maneuvered manually to record images from above and within tg9¢etated areas, this lead to points without precision within the
sinkhole. The terrestrial imagery was taken with a handhel ense clouds. Norma!slwere calculated using the qgadrlc local
camera from the edge of the sinkhole. Georeferencing wadlfacé model and minimum spanning tree. Comparison of the
accomplished with ground control points (GCPs) by surveyin ense clouds was done with the M3C2 plugin with precision maps
targets laid out around the sinkhole with a GNSS (Leica Vivgapled [14]. Cylinders are created for each core point along the
GS10 & GS15). Sensor characteristics and weather conditions t ?al normal qllrectlon 1o qqlculate the mean d|stanc_e of the two
influence the results of the SFM are given in Table 1 and fouds. By using the precision maps variable local differences in

Software for the analysis was Agisoft PhotoScan Pro 1.4 ?oint quality are also considered [14]. Scales for the cylinders were
SFM_Georef 3.1 and CloudCompare 2.10 alpha " "Calculated within the plugin. For each comparison the whole cloud

was set as core points. Points of the resulting comparison without
Within PhotoScan Pro, all images were masked by hand to tlzevalue for uncertainty were ignored as these are for the most part
extent of the sinkhole to reduce vegetation. SFM was used to createanges due to vegetation. Then percentage of detectable change,
the sparse cloud, which represents prominent features withire. where the level of detection was smaller than the distance of
overlapping images as tie points. This was done with a key pointeasured change, was calculated based upon the initial cloud in
limit of 40,000 and a tie point limit of 10,000 with masks appliedeach comparison. Mean and median for measured change and the
to key points and adaptive camera model fitting. With the tidevel of detection were calculated for the area where detected
points, camera positions and viewing angles were reconstructethange was observed.
The sparse clouds were filtered gradually to only contain points
with a reprojection error, reconstruction uncertainty and projectio
accuracy of 0.2, 15 and 10 for UAV data and 0.2, 30 and 10 f

terrestrial imagery respectively. These settings within PhotoScdfSult in local loss of surface information. To minimize the impact
Pro were used to reduce the possible tie points of the imagesq the survey on the study area and to not risk any further collapse,

only high quality ones. The lowered reconstruction uncertainty ifE9€tation was not cleared within the sinkhole. Furthermore any

the terrestrial sparse clouds were to ensure that the sparse clo [fuption by accessing the sinkhole would have impacted the

do not show too large holes within the slopes where unobstructégSUlts: Over the survey period, large areas at the bottom of the
Inkhole became overgrown with dense vegetation so that not all

ground surfaces were visible. The GCPs were marked manua ; N :
within the imagery, upon which the sparse cloud wa getation within the sinkhole could be masked out.

Obstruction by vegetation is a large challenge with optical
ta, as shorter wavelengths are not able to penetrate foliage and

georeferenced. Then the camera alignment was optimized with the Table 1: Survey characteristic:

GCPs. With MVS reconstruction, all the imagery based on the _ i

prior estimated camera positons was matched in a three  Date Lighting Vegetatior GCPs

dimensional dense cloud with medium quality and mild depth2017 22. Marct Steep incidenc  Dry browr 8

filtering which represents the photographed structure. 201¢ 22.Nov  Diffuse lightinc ~ Green, som 8
Bundle adjustment was carried out with a 10,000 fold Monte—zmg 05. Nov Steep incidenc ér:ce)gl 10

Carlo approach to generate precision maps with SFM_Georef
containing precisions of each point in the sparse clouds for x, y and

z axis [9, 15].
Table 2: Used sensors and resulting point cle
Year Sensor Resolution Focal length Image count/used Sparse Cloud Dense Cloud
2017 DJI FC330 4000 x 3000 4 mm 353/353 37,037 2,651,375
Nikon D3000 3872 x 2592 18/21 mm 221/94 13,051 2,311,397
2018 DJI FC6310 5472 x 3648 9 mm 564/542 54,443 8,767,159
Nikon D3000 3872 x 2592 18 mm 169/157 30820 2,402,887
2019 DJI FC330 4000 x 3000 4 mm 287/278 34,612 2,673,191
Nikon D3000 3872 x 2592 18 mm 178/177 21929 2,707,662
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Figure 1. Left: Comparison of the dense clouds derived from 2019 terrestrial and aerial data, projected on the aeRightidDdmparison of the dense clouds

derived from 2017 and 2019 aerial data, projected on the 2017 aerial cloud. Shown are points with a measured change of 0.6 m relative to the projected clou
along with the density curve next to the color bar. The upper figures show the general measured change, where point precisions were present. The lower figure
show detectable change, where the change measured was greater than the level of detection. The missing points in the figures are due to exclusion of points w
measured change larger than 0.6 m, exclusion of points without point precision estimate (upper figures) and exclusion of non-detectable change (lower figures)

branches from within the sinkhole were an additional limitation to
. RESULTS AND CONCLUSIONS the viewpoints. This is in line with findings from Ref. [3] as the

A first result for the sensor comparison can be drawn fror@ccuracy of the point cloud does not increase linearly with the
Table 2. The same filtering, except for a higher reconstructioRumber of used images, but levels off to diminishing returns after
uncertainty, results in more tie points out of the UAV data. Thé& sufficient number [3].
dense clouds show less difference in point count with exception of e comparison of the dense clouds derived from2019
2018. Here also the number of used images has to be accounigdestrial and airborne data resulted in a percentage of detectable
for: with the UAV approaqh,'lmage recording was faster a}nd MOrghange of 10 % (273,068 out of 2,673,191, Figure 1 (on the left)).
data could be acquired within each study. Manual operation of theye mean and median of the measured change of the points of
handheld camera also lead to more blurred images, protrudig@tectable change were 0.009 m and 0.049 m respectively with a
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mean and median level of detection of 0.049 m a@dOm. The
comparison of the dense clouds derived from aeldé from
2017 to 2019 shows 61 % of points with detectalilange
(1,618,638 out of 2,651,375, Figure 1 (on the dightlere the
mean and median of detectable change were 0.058dn0.822
m with mean and median of level of detection oR0.@nd 0.018
m.

Regarding the small number of points with deteetablange
in the sensor comparison, we conclude that theerdiffces
between photogrammetric results are minor. Theeefdhe
algorithms within Agisoft PhotoScan Pro create polouds that
represent the sinkhole with comparable precisiomwéler, the
reduced viewing angles in the handheld approaath teanore
obstruction in this complex relief, as well as lowisibility of the
targets used as GCPs. This lead to a less complatesentation
of the sinkhole in the point cloud derived from ttegrestrial
imagery and to potentially higher errors in georefeing.
Looking at the change detection between 2017 ari®,2the
survey in 2017 and 2019 had comparable lightingiels as the
same sensors in use. This plays an important fastsensor type
and lighting conditions influence the precisionS#fM. Deriving
the precision maps and applying them within the 238int
cloud comparison gives us confidence in the deéetehanges
within the years 2017 and 2019. Over the two yeaiop we can
identify areas where material disappeared and aclated in
areas with less vegetation.
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