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Abstract: Digital elevation models have been evolved in decades, their resolution and accuracy have improved
vividly. Geological, structural and geomorphological benefits of those high-quality digital elevation models enhanced
the quality of the research and engineering and unfold the visibility of the data. Modern techniques such as laser
scanners provide a quantum leap on digital modelling, however the cost of those methods limits their widespread
usage. Improvements in stereo-photogrammetry did not decelerate. On the contrary, the evolution of Structure from
Motion—Multi-view stereo-photogrammetry (SfM-MVS) method is accelerated by the continuous developments in
digital photography and computer vision technologies. We have used a lightweight drone to acquire digital aerial
photographs of an open mine pit for an ultimate purpose of modelling the terrain using SfIM-MVS procedure. We
have been able to derive a high resolution (0.3 m/pixel) DEM and a very high resolution (0.04 m/pixel) orthorectified
aerial image. Both datasets are representing the topography with high sample point densities. Elevation model dataset
has been compared with the regular topographic point measurements of the mine pit and the accuracy of the aerially
derived model have been investigated. Sources of modelling errors, the effect of temporal physical changes in the
terrain, effect and importance of geo-referencing have been discussed in detail. SfTM-MVS is a cost-effective, rapid
and promising technique for digital mapping, modelling and monitoring in various spatial scales of Geology.
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Oz: Sayisal yiikseklik modelleri (SYM) on yillar i¢inde evrilmis, hassasiyetleri ve ¢oziiniirliikleri de goriiniir olciide
artmistir. Bu yiiksek kaliteli SYM lerinin jeolojik, yapisal ve jeomorfolojik faydalari bilimsel arastirmanin ve
mithendislik uygulamalarinin kalitesini ciddi oranda artirmis ve verinin goriiniirliigiinii yiikseltmistir. Lazer tarama
gibi modern tekniklerin sayisal modellemede bir kuantum sigramasi yaratmasina ragmen bu metotlarin yiiksek maliyeti
uygulamalarim kisitlamaktaduwr. Stereo-fotogrametrideki ilerleme ise yavaslamamistir. Tersine, “Hareketten Yapi—
Cok bakili stereofotogrametri” (HY-CBS) metodunun gelisimi sayisal fotograflama ve bilgisayar teknolojisindeki
siirekli gelismeyle birlikte ivmelenmistiv. Bu ¢alismada, HY-CBS yontemi kullanarak yeryiizii modelleme nihai
amact ile hafif bir dron kullanarak bir a¢itk maden ocaginin hava fotograflart alinmistwr. Yiiksek ¢oziiniirliiklii (0.3
m/piksel) bir sayisal yiikseklik modeli ve ¢ok yiiksek ¢oziintirliiklii (0.04 m/piksel) bir ortorektifiye hava fotografi
olusturulmustur. Hem olusturulan SYM, hem de hava fotografi topografyayi ve maden ocagini yiiksek nokta
yogunlugu ile temsil etmektedir. Olusturulan yiikseklik modeli, maden ocaginin olagan topografik nokta dlgiimleri ile
kiyaslanmis ve havadan olusturulan modelin hassasiyeti incelenmistir. Modelleme hatalarimin kaynaklari, yerdeki
zamanla degisen fiziksel degisikliklerin etkisi ve jeoreferanslamanin énemi detaylica tartisilmistir. HY-CBS yontemi,
sayisal haritalama ve ¢ok c¢esitli jeolojik dlgeklerde modelleme ve gozlem amact ile kullanilabilecek, ¢ok uygun
maliyetli, hizli ve gelecek vadeden bir tekniktir.

Anahtar Kelimeler: 3B modelleme, A¢tk maden ocagi, Dron, Havadan gériintiileme, SYM, Yiiksek-¢oziiniirliik,
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INTRODUCTION

Recent significant strides in 3D model
reconstruction using Structure from Motion
Multi-View Stereo-photogrammetry (SfM-MVS)
algorithms in computer vision (Gong and Wang,
2011; Calakli et al. 2012) is rapidly spreading
on morphology based research in various scales.
Production of 3D point cloud data are no longer
limited to expensive and specialised devices like
laser/radar range scanners, but also possible with
uncalibrated consumer market digital cameras
(Furukawa and Ponce, 2007; Gong and Wang,
2011; James and Robson, 2012; Bemis etal. 2014).
StM-MVS modelling is opening a new era in earth
sciences allowing widespread use of timesaving,
high-resolution and multi-scale surface modelling
with low cost.

Several freely available and commercial
codes/software packages are available for SfM-
MVS procedure (Bemis et al. 2014); upon them,
a commercial software, Agisoft PhotoScan was
used in this study. SIM-MVS procedure builds a
simple point cloud data (Fig. 1a) using multiple
images acquired from different angles, distances
and positions. it builds a dense point cloud (Fig.

1b) by reanalysing this point cloud data and finally
extracts surfaces and meshes from the dense point
cloud (Fig. lc, 1d). Final surfaces covering the
mesh could be coloured by the pixel values in
the photographs or could directly be texturized
using the pieces of the photographs (Fig. le, 1f).
Structure from Motion (SfM) theorem stands
on the assumption that the structure of four
non-coplanar points is recoverable from three
orthographic projections (Ullman, 1979). The first
stage of the 3D modelling procedure SfM uses
multiple images of a scene taken from different
positions, decomposes them into elements (which
denote identifiable feature points such as isolated
points, terminations of line segments, or texture
elements) and recover their three-dimensional
structure and motion (Ullman, 1979). PhotoScan
uses an algorithm similar to Scale Invariant
Feature Transform (SIFT - Lowe, 2004) for
feature detection and generates a descriptor for
each point based on its local neighbourhood
(‘Agisoft’, 2016). For relatively clean, regular and
dense point clouds, many existing algorithms have
been developed to extract the geometric surface
precisely (Gong and Wang, 2011).
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Figure 1. Multi-View stereo model of a coral specimen a) simple point cloud, b) dense point cloud, ¢) mesh model,
d) shaded surface model, e) colored surface model, f) texturized surface model.

Sekil 1. Bir mercan el drneginin ¢ok-bakili stereo modeli a) basit nokta bulutu, b) yogun nokta bulutu, c) kafes
modeli, d) gélgeli yiizey modeli, e) renkli yiizey modeli, f) doku bindirilmis yiizey modeli.
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Using matched features and camera
parameters embedded in the EXIF information,
a mathematical ‘camera model’ (along with
information on camera position and orientation,
if available) is built and is used to determine 3D
point coordinates from the two-dimensional (2D)
image coordinates (James and Robson, 2014).
These values are then simultaneously optimized
in a ‘bundle adjustment’ (Granshaw, 1980),
which produces a self-consistent 3D model with
associated camera parameters, by minimizing the
overall residual error (James and Robson, 2014).
Linking SfM output with multi-view stereo-
photogrammetry (MVS) algorithms efficiently
filters out noisy data and significantly increases
the number of reconstructed points resulting with
a high-quality data sufficient to build a surface
(James and Robson, 2012).

Several interesting and useful examples
from different research areas (some among many
examples are Gimenez et al. 2009; Niethammer
et al. 2010; James and Varley, 2012; Skarlatos
and Kiparissi, 2012; Calakli et al. 2012; Tuffen et
al. 2013; Bemis et al. 2014; Forte, 2014; Bennet,
2015; Burns et al. 2015; Haukaas, 2015; Shahbazi
et al. 2015; Van Damme, 2015; Vepakomma
et al. 2015; Tonkin et al. 2016) are shaping,
contributing and defining the limitations of the
new modelling technique. James and Robson
(2012) demonstrated the application of SfM-
MVS modelling from decimeter to kilometer
scale and presented a thorough discussion on the
precision of the method. Gomez and Purdie (2014)
used unregistered photographs acquired by an
unmanned aerial vehicle (UAV) to retrieve high-
resolution 3D model of a glacier terminus and
surrounding sub-vertical valley wall morphology.
Tong et al. (2015) processed and integrated point
cloud data generated by terrestrial laser scanning
with UAV imagery and created a 3D model for
mapping and monitoring of open-pit mine areas
and achieved decimeter-level accuracy. Using
SfM-MVS, Brothelonde et al. (2015) modelled
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the Yenkahe resurgent dome (Vanuatu), produced
high-resolution = DEM-orthophoto  pair
compared the results with satellite derived DEMs.
Lewis et al. (2015) created a DEM of Mammoth
Mountain fumarole area, then orthorectified and

and

georeferenced pre-dawn thermal infrared imagery
onto the SIM-MV'S model.

Traditional techniques such global

positioning systems (GPS) and electronic total

as

station (TS) provide point-based observations of
open-pit mine areas (Tong et al. 2015). Remote
locations, mountainous surroundings and sizes
of those pits often complicate the modelling
and monitoring studies; the cost of these ground
monitoring techniques is also rather high (Tong
et al. 2015). Lightweight UAVs may provide an
alternate and/or substitute data for 3D modelling
and monitoring of open-pit mines.

We have used SfIM-MVS method for high-
resolution topographical modelling of an open-pit
mine using the digital images we have acquired by
a lightweight drone. Espey open mine pit is one of
the largest borate mines in the world. The mine is
located in the Emet basin (Kiitahya, Turkey), in
a close proximity to a bigger open-mine borate
pit named Hisarcik. Both mines are mining for
Colemanite, concentrating the mineral and mainly
producing concentrated borate, boric acid and
Etiboron-ceramic as final products. Since 2014,
concentrated borate and boric acid production
capacity of the two mines are 900,000 and
290,000 tonnes/year, respectively (‘Etimaden’,
2016). In the Neogene Emet basin, the borates are
interlayered with tuff, claystone, and marl with
limestone occurring above and below the borate
lenses (Helvaci, 2015). In the Espey mine pit,
borates (Figure 2a, greenish grey coloured base
level) are overlain by reddish and then yellow-
alternations

beige limestone-marl-claystone

(Figure 2a).
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Figure 2. Espey open-pit mine, a) photograph of the mine pit, b) 3D colored surface model of the mine pit, c) Figure
showing the aerial image locations and number of overlapped images.
Sekil 2.Espey actk maden ocagi, a) ocagin fotografi, b) ocagin 3B renkli yiizey modeli, ¢) hava fotograflarinin

lokasyonlarini ve binili gériintii sayisin gésterir gekil.

METHODOLOGY

Topographic measurements of the open mines are
regularly performed using Total Station (TS). The
derived aerial model was compared with the latest
TS measurement of the Espey mine. Topographic
TS measurements of the area covered by the aerial
model contain 4496 measurement points which
was acquired by a Leica Nova TM50 monitoring
station by readings at natural surface (with 2 mm
+ 2 ppm accuracy). TS measurements yield a point
density of 0.008 points/m? and a DEM resolution
of 4.24 m/pixel.

UAV Imaging

We used Phantom 2 vision+ which is a lightweight
(1242 g) UAV designed for image acquisition
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(Figure 3). The vehicle was equipped with an
integrated 14 MP camera (with a wide-angle lens)
mounted on a 3 axis gimbal. The focal depth of
the camera is 5 mm. Images in 4384 x 3288 pixel
resolution were taken every 4 seconds during the
flights and recorded on 4 GB micro SD card on the
vehicle. All of the images were acquired during
two flights; each flight lasting approximately
16 minutes. Flights were performed by manual
controlling at three different heights 80, 100 and
120 meters. The footprint of a single image is
~244 x 180 meters and the ground pixel size is ~55
mm. This allowed an approximate image overlap
of 77% for image pairs (Figure 2c). Images were
taken both by nadir looking angle and incidence
angle approximating 45°.
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Figure 3. Lightweight drone used to create the surface model and orthorectified image of the mine pit.
Sekil 3. Maden ocaginin ortorektifiye gériintiisiinii ve yiizey modelini yaratmak igin kullanilan hafif dron.

Aerial Topographic Modelling

491 images were acquired during the flights, 132
of them were manually eliminated as they were
blurry, unfocused or accidentally shot the landing
gear of the UAV. A total of 359 images were used
to construct the 3D model of the mine pit (Figure
2c). The computer used for modelling was a
standard notebook computer with § GB RAM.

3D modelling was carried out using a
commercial software Agisoft Photoscan version
1.1.6 © (‘Agisoft’, 2016) which performs a
Structure from Motion with Multi-view stereo-
photogrammetric approach for reconstruction.
Photo alignment was carried out using 25,306 tie
points resulting with a low-density point cloud
model. In the second step, the aligned photographs
were used to reconstruct the high-density SfM-
MVS 3D model that was comprised of 7,152,017
points. Then the mesh and the textured mesh were
created from this model. High-resolution DEM
and orthorectified image were the derivatives
of this model. The modelling process lasted
approximately 6 hours.

Nine of the TS points recorded during the
topographic modelling survey were used as ground
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control points to geo-reference the model (Figure
2b: yellow points). RMS error of the georeferencing
was calculated as 0.89 m in X-direction, 1.71 m in
Y-direction and 3.9 m in Z-direction; overall RMS
error of the georeferencing was calculated to be
4.3 meters. Consequences of this high referencing
error was further discussed under the discussion
topic.

3D MODEL OF THE MINE

The resulting model covers an area of 0.55 km?
with long axes approaching 1.4 km vs 0.5 km;
it provides a very high-resolution orthorectified
image and a digital elevation model. The resolution
of'the orthorectified image is 0.037 m/pixel (Figure
4) while the resolution of the DEM is 0.299 m/
pixel (Figure 5a) with a point density of 716.86
and 11.20 points per square meter respectively.

Figure 4 shows the high-resolution
orthorectified aerial image ofthe borax mine; Figure
4b and Figure 4c zoom smaller areas marked with
the yellow frame in the larger images (Figures 4a
and 4b). Aerial image (Figure 4) is very satisfying
for a wide range of geological applications.



inan ULUSOY, Erdal SEN, Alaettin TUNCER, Harun SONMEZ, Hasan BAYHAN

Produced high resolution aerial imagery has a
potential for use in detailed geological mapping
(Figure 4a), structural analysis (Figure 4b) and
in even more detailed geological, structural
and geomorphological (Figure 4c) studies as an
accessory dataset. Production of orthorectified
aerial imagery using lightweight UAVs is a cost
effective and fast response procedure which may

Meters
0.50.25.0 0.5

aid periodical open mine monitoring in a four-
dimensional space. In the case of monitoring
pits, UAV imagery provides successful data for
detailed geological mapping, helps early detection
of joint/crack initiation and helps to locate weak
zones such as alteration or water escape zones (eg.
Yiicel and Turan, 2016; Mackenzie et al. 2016;
McLeod et al. 2013).

Figure 4. Derived orthorectified aerial photograph of the a) study area, b) zoomed section of the previous photograph
showing the structural detail, c) higher zoom showing the limits of the study, please note the shadow of our colleague

waving the drone.

Sekil 4. Uretilen ortorektifive hava fotografi a) ¢alisma alamnin fotografi, b) énceki fotografin yapisal detayt
gosteren yakinlastirilmis kesimi, ¢) calismanin sinirlarini gosteren daha yiiksek yakinlastirma, detay icin dron’a el

sallayan meslektagimizin gélgesine dikkat ediniz.
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DEM derived by SfM-MVS modelling
is presented in Figure 5a to provide a visual
comparison with the DEM obtained by TS
measurements (Figure 5b). In Figure 5, both
DEMs have been presented with a colour spectrum
that draped over the shaded relief products in two
different sun azimuth angles (135 and 315 degrees
respectively). High point density (11.20 points/
m?) of the DEM by SfM-MVS (Figure 5a) resulted
in a superior DEM quality and higher resolution
when compared to DEM by TS (Figure 5b). Due
to lower point density (0.008 points/m?), a false
micro-hummocky terrain have been observed
in DEM by TS. Sharp topographic features and
bench geometry are better modelled by the SfM-
MVS derived DEM (Figure 5a).

The difference between the two DEMs was
further investigated both by arithmetic difference
and by the percentage difference between the
models (Figure 6). The arithmetic difference
has been calculated by D,-D, and the percentage
difference have been calculated by the following
formula: [ (D, -D,)/((D, +D,)/2)]* 100; where
D, is the SfIM-MSV derived DEM and D, is the
TS derived DEM. Difference frequency diagram

have been presented in Figure 7a. Root mean
square (RMS) error on the control for the SfM-
MVS model have been calculated 3.61 m and the
percentage difference have been expressed within
+1.2% (Figure 6a,b). RMS error is an indicator of
precision of the SEIM-MVS cloud data with respect
to the control (TS) data, and it has been calculated
below 2 meters for the 80% and below 1 meter
for the 50% of the dataset (Figure 7). Finally, we
carried out a statistical comparison between two
dataset. Based on the hypothesis that two dataset
have no meaningful difference, t-test concerning
‘paired two samples for means’ results with a
t-value of 1.15 (Table 1). When compared with the
t-critical (1.15 < 1.96), the hypothesis is accepted
stating that the difference between the two DEM
sets is not meaningful and important. The margin
of error in our determination is lower than 5 %.

Differences between the DEMs have been
categorized into four main groups and indicated
in Figure 6a: A) differences due to modelling, B)
differences due to temporal physical changes, C)
differences observed at bench crests and along
slopes, D) nail shaped alternating differences near
bench toes.

Table 1. Results of t-test comparing two elevation models at 95% confidence level.
Cizelge 1.295 giiven araliginda iki yiikseklik modelini kiyaslayan t-testi sonuglart.

TS
Mean 948.4461
Variance 1797.047
Observations 4497
Pearson Correlation 0.996205
Hyp. Mean Diff. 0
df 1
t Stat 1.15
t Critical two-tail 1.96

Drone
947.4026
1889.738

4497
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Figure 5. Comparison of the Digital Elevation models derived by a) SfM-MVS method and by b) TS measurements
under different lighting. Both DEMs are draped over a shaded relief derived from its own.

Sekil 5. Uretilen sayisal yiikseklik modellerinin farkly isik kosullar altinda karsilastirilmast a) HY-CBS yontemi ile
olusturulan model, b) TS ol¢iimleri ile olusturulan model. Her iki SYM de kendilerinden tiiretilen golgeli yiikselti
modeli tizerine oturtulmugstur.
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DISCUSSION

It is worthwhile to discuss the possible causes
of differences between DEMs generated by
MSV modelling and TS measurements. A
common definition for precision depending on
the measurement distance has been introduced
by James and Robson (2012) where the relative
precision rate is expressed as ‘measurement
precision: observation distance’ (i.e. a precision
of 1 centimeter over measurement distance of
10 meters is expressed as 1:1000). On various
scales (from hand specimen to aerial imagery
photographed by DSLR cameras) James and
Robson (2012) achieved a precision rate exceeding
1:1000. Assuming the flight height of 25 meters
as the measurement distance (to model a building
using DSLR cameras), Esposito et al. (2014) have
measured a precision rate of 1:250 on the entire
model and achieved better precision than 1:500
locally. Using the lightweight UAV and 5 mm
fixed focal length camera in our case, we have
achieved a precision rate exceeding 3:100 for the
entire model and 1:100 locally (Figure 7).

Sources of Modelling Errors

Susceptibility of the modelling depends on the
variables and errors due to image acquisition,
modelling method, and geo-referencing (eg. Fan
etal. 2015).

Three main factors favouring a better model
quality are high image resolution, an even
and strong light condition and a stable image
acquisition system. High image resolution can
easily be achieved by digital non-metric cameras.
As expected, height of the UAV during image
acquisition and the resolution capability of the
camera of are determinant factors for image
resolution by changing the ground pixel size. On
the other hand, higher image resolution requires
a stronger CPU to process the increasing amount
of data. Light condition drastically changes the
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quality of the resulting model. Our experiences
showed that a decimeter scale sample requires
~80 images to build a high-quality model using
artificial lighting conditions in the laboratory,
while similar sample could be modelled with the
same quality in the field conditions under sunlight
with ~30 images. Stability of the camera during
image acquisition increases the sharpness, thus
the detail of the resulting model. During flight, the
stability of the camera could easily be achieved
using three-axis electronic gimbals.

Separate image sets acquired at different
flight (thus different image acquisition) altitudes
or a discontinuous image set with a gap in between
may result in relatively separated or en-echelon
3D models. To exemplify this phenomenon,
we have eliminated a set of images from the
open mine model intensively to produce a
discontinuous image set. STIM-MVS modelling of
this discontinuous image set has resulted with an
en-echelon model (Figure 8).

Occasions have been noted where models
derived from vertical imagery show systematic
broad-scale deformations, expressed as a doming
(Rosnell and Honkavaara, 2012; James and
Robson, 2014; Javernick et al. 2014) or concavity
(Skarlatos and Kiparissi, 2012) of the central
domain of the model. The doming effect results
from near-parallel imaging directions (flight
routes) and inaccurate correction of radial lens
distortion (James and Robson, 2014). James
and Robson (2014) showed that it is possible to
overcome the doming effect by a collection of
additional oblique images within the near-parallel
imaging sets. Although we did not have additional
high-resolution digital elevation data to prove
analytically, we had terrain models free of doming
effect just by using near-parallel image sets as well.
Image sets with high overlap rates acquired with
wide-angle lenses may offer a secondary formula
for prevention of doming effect. 50-60% overlap
between adjacent images of near-parallel imaging
routes provide sufficient bundle adjustment for



Inan ULUSQY, Erdal SEN, Alaettin TUNCER, Harun SONMEZ, Hasan BAYHAN

3D reconstruction (e.g. Krauss, 1993; James and
Robson, 2012; Abdullah et al. 2013, Bemis et
al. 2014). Predefined course run with autopilot
instead of manual piloting facilitates systematic
data collection which for sure increases the model
accuracy.

Figure 6a: ‘A’ exemplifies the modelling errors
we have observed in the open mine pit model. The
error is also clearly visible in the Figure 2b near
the ground control point 10, resembling a buckled
paper edge. SfM algorithms have been proved
to be powerful for matching disparate imagery
but can produce relatively poor feature-position
precision (Remondino, 2006; Barazetti et al.
2010; James and Robson, 2012). It is possible to
examine and remove these mismatch errors during
carly stages of modelling.

Temporal Physical Changes

While correlating two DEMs, an additional source
ofthe arithmetic difference is the temporal physical
changes in topography. Those changes include
rock-falls, mass movements, slope instabilities,
gravitational jointing and cracking, tectonics,
vegetation and man-made changes. Rather than
a source of error in 3D modelling, those changes
are the subject of temporal monitoring for safety
and volume estimations. SfM-MVS modelling
has the capacity to monitor these changes rapidly
and in high quality. Figure 6a: ‘B’ marks the
excavated areas and rockfalls occurred between
the TS measurements and UAV photography.
For example, excavated volume between two
topographic acquisitions was calculated to be
199,666 m* (Figure 6a: area drawn by dashed
lines).

Differences due to Geo-referencing

One of the main factors that can affect the
model accuracy is the susceptibility of the
geo-referencing. When analysed in detail, the
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arithmetic differences of two DEMs of the open
mine model presented here showed negative
trending topographic changes at the southeast
domain while showing positive trending
topographic changes at the north-western domain
of the mine (Figure 6a: C). To further investigate
these trends we overlapped the two DEMs (Figure
9a) and presented the arithmetic difference map
in 3D (Figure 9b). The directional trending in the
difference between the DEMs is better visualized
in Figure 9. It is clear that the difference on the
benches is negligible but main differential errors
have been observed at the bench crests and along
slopes (Figure 9a,b). This phenomenon was also
clarified with a graph correlating both TS points
and SfIM-MVS point cloud data (Figure 10) which
shows that these crest/slope errors may be up to ~6
meters in horizontal and ~14 meters in the vertical
direction. Even a small shift in horizontal direction
may result in high vertical drop when comparing
two DEMs because of the high inclination of the
bench slopes. We have concluded that the axial
rotations during geo-referencing cause those
major differential trends between two DEMs
(Figure 9b). Both a counter-clockwise rotation at
z-axis and a clockwise rotation at x-axis during
geo-referencing may bring forth the differential
error observed in the model (Figure 9b). Most of
the precision error cumulated at the bench slopes
is indicating the erroneous results of a poor geo-
referencing. The best way to avoid geo-referencing
errors is to perform a syn-flight referencing using
flags that are pre-referenced accurately.

Differences due to Uneven Resolution of DEMs

Comparing two DEMs (TS DEM via SfM-MVS
DEM) with different ground resolution produces
an additional differential error. TS DEM has a
ground resolution of 4.24 m/pixel and a point
density of 0.008 points/m? while the SfTM-MVS
DEM is superior in quality with is 0.299 m/
pixel ground resolution with a point density of
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11.20 points/m?. Interpolation of lower resolution
TS DEM with lower point density results in
higher interpolation smoothing in the generated
DEM. The interpolation smoothing in the lower
resolution TS DEM appears as alternating
artificial hills and depressions due to the lower

density of the measurement points (Figure 9a: D).
In hence, when the two sets of elevation models
are compared, these artificial hills and depressions
are added and subtracted and erroneously creates
nail shaped alternating terrain near bench toes
(Figure 6a: D).

1:5,000

Figure 6. Arithmetic comparison of Digital elevation models, a) arithmetic difference of DEMs, b) percentage
difference calculated. (A: modelling errors, B: temporal physical changes, C: differences due to geo-referencing, D:
differences due to uneven resolution of DEMs, dashed line: excavated area).

Sekil 6. Sayisal Yiikseklik Modellerinin aritmetik kiyaslamast a) SYM lerin aritmetik farki ve b) hesaplanan yiizde
farki. (A:modelleme hatalari, B: zamana bagl fiziksel degisiklikler, C: jeo-referanslamaya bagl farkhiliklar, D:
SYM lerin farkl ¢oziiniirliikleri nedeniyle olusan farkiiklar, kesikli ¢izgi: kazim alani).

233



inan ULUSOY, Erdal SEN, Alaettin TUNCER, Harun SONMEZ, Hasan BAYHAN

a |
900
800
700
600
500
400
300
200
100
0
J}Qs:m‘mtvh;mobhqcm".o
F 3 g geeqgFe s - ©2dE |
Frequency of differences
b 35
3 -]
]
25
g 15 °
o
» o
- 1
& o
o
0.5 o
0 o
0 10 20 30 40 50 60 70 80 90 100
Compared Data Cloud (SfM-MVS vs TS in %)

Figure 7. Accuracy of the produced model, a) Histogram of the arithmetic difference between two models, b) Graph
showing the accuracy of the SIM-MVS derived elevation data with respect to TS measurements.

Sekil 7. Olusturulan modelin hassasiyeti, a) Iki yiikseklik modeli arasindaki aritmetik farkin histogrami, b) TS
ol¢iimlerine kiyasla HY-CBS ile tiiretilmis yiikseklik verisinin hassasiyetini gésterir grafik.

Figure 8. Erroneous en-echelon surface model generated as a result of discontinuous / incomplete image dataset.
Sekil 8. Siireksiz / tamamlanmamus veri seti sonucu basamak sekilli hata ile olugmus yiizey modeli.
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a Overlapped TS and MVS DEMs

Figure 9. Visualization of the difference of two DEMs. a) Overlapped SfM-MVS and TS derived DEMs and b) 3D

visualization of arithmetic difference (Figure 6a) between the DEMs.
Sekil 9. [ki SYM 'nin farkinin gérsel olarak ifadesi. a) HY-CBS ve TS ile tiiretilen SYM lerin iistiiste cakigtirilms hali

ve b) SYMler arasindaki aritmetik farkin (Sekil 6a) 3B gosterimi.
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Figure 10. Graph comparing the direct TS measurement points and coinciding elevation points derived by SfM-MVS

modelling.

Sekil 10. TS ol¢iim noktalar: ve bunlara karsilik gelen HY-CBS modeli ile iiretilmis yiikseklik degerlerini kiyaslayan

grafik.

CONCLUSION

3D modelling of open mines using lightweight
UAV’s and multi-view stereo modelling method
is a cheap and efficient method that can fulfill
the commercial and engineering needs. The
method has a potential to supersede the existing
expensive methods such as laser image detection
and laborious methods such use mapping by
point detection systems in the near future. Using
low budget instrumentation and software, within
a considerably short working time (including
fieldwork and computer modelling) MSV with
lightweight UAV provide tangible results.

Using a lightweight UAV equipped with a 5
mm fixed focal length camera which is stabilized
by an electronic gimbal, we were able to produce
a high resolution (0.3 m/pixel) DEM and a very
high resolution (0.04 m/pixel) orthorectified aerial
image. Both datasets have high point density
(orthophoto: 716.86 points/m? and DEM: 11.20
points/m?) and we achieved an elevation precision
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better than 3 m for the entire dataset and 1 m
for the 50% of the dataset. Derived imagery and
elevation data presents affordable, rapid and
quality data for monitoring and mapping mining
terranes. A discussion on the quality of the method
and basic quality improvement strategies (such as
syn-flight georeferencing and autonomous flight)
have been explicated.

Rapid and easy execution of the modelling
workflow allows temporal monitoring and
helps investigating and quantifying manmade
geomorphological modifications and changes due
to mass movements, crack/fault formations, water
and vegetation.

Future increase in flight time and payload
capacity in lightweight UAVs will extend the
investigation area and increase the quality of the
models. Use of workstations with high RAM for
modelling allows building DEMs with higher
resolution. Resolution of the orthorectified
imagery depends mainly on the resolution of the
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camera, lighting conditions and distance from the
target.

Besides geological and geomorphological
applications, SfTM-MVS is a promising technique
for areas such as archaeology, urban planning,
agriculture/forest ~ engineering,  construction
engineering and preservation of cultural heritage
with high precision earth modelling capabilities.
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GENISLETILMIS OZET

“Hareketten yap1— Cok bakili stereofotogrametri”
(HY-CBS) yontemi ile 3 Boyutlu (3B) model
olusturma ¢alismalarindaki ~ giincel —atilimlar
(Gong ve Wang, 2011, Calakli vd. 2012) yontemin
morfoloji kékenli ¢calismalarda hizla yayilmasin
saglanistir. 3B nokta bulutu verisinin iiretilmesi
artik sadece pahali ve oézellesmis cihazlar olan
lazer / radar aralik olgerlerle simirli degildir.
Kalibrasyonsuz, tiiketici  6lgegindeki  sayisal
kameralarla da 3B nokta bulutu verisi tiretmek
miimkiindiiv (Furukawa ve Ponce, 2007, Gong ve
Wang, 2011; James ve Robson, 2012; Bemis vd.
2014). HY-CBS yontemi genis olcekte, ¢ok ucuza,
yiiksek ¢oziiniirliiklii yiizey modellemesinin oniinii
agarak yerbilimlerinde yeni bir ¢cag agmaktadir.

HY-CBS yonteminde farkli agi, pozisyon ve
uzakliklardan alinan bir¢ok goriintii yardimiyla
basit bir ‘nokta bulutu’ olusturulur. Bu basit
nokta bulutunun tekrar islenmesi ile bir ‘yogun
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nokta bulutu’ ve en sonunda da bu veri setinden
‘kafes-yiizey’ tiretilir (Sekil la, b, c). ‘Kafes-
yiizey’, fotograflardaki piksel degerlerine gore
renklendirilebilir — veya dogrudan
fotograftan kesilerek model iizerine yapistirtlarak
bir doku olusturulabilmektedir (Sekil 1d, e, f). 3B
modelleme yonteminin ilk etabr olan Hareketten-
Yapi (HY) algoritmasi farkli pozisyonlardan
cekilmis pek ¢cok goriintiiyii tarar, bu gériintiileri

yiizeyler

elementlerine (izole noktalar, ¢izgisel unsurlarin
bitis noktalar
aywdedilebilir yapisal unsurlar) ayirir ve bunlarin
tic boyutlu yapisini ve hareketini bu unsurlari
tekrar birlestirerek yeniden olusturur (Ullman,
1979). Bu ilk asamada kullandigimiz yontem,
Olcege gore degismeyen unsur dontistiirme temelli
bir unsur tespit algoritmasidir (SIFT — Love,
2004) ve her nokta icin noktanin lokal komsularin
kullanarak bir tamm (konum, renk, doku vs.)
olusturur.

veya dokusal wunsurlar gibi

Degisik arastirma alanlarindan pek ¢ok ilgi
¢ekicivefaydali ornekuygulamabuyenimodelleme
tekniginin sinwrlarint ¢izmekte, teknige katkida
bulunmakta ve teknigin sinirlarini belirlemektedir
(pek ¢ok ornekten bazilart sunlardir: Gimenez vd.
2009; Niethammer vd. 2010; James ve Varley,
2012; Skarlatos ve Kiparissi, 2012; Calakli vd.
2012; Tuffen vd. 2013; Bemis vd. 2014, Bennet,
2015; Shahbazi vd. 2015; Van Damme, 2015;
Vepakomma vd. 2015, Tonkin vd. 2016).

Arastirma kapsaminda hafif bir dron ile alinan
hava fotograflart kullanilarak, HY-CBS yontemi
ile bir a¢tk maden ocaginin yiiksek ¢oziiniirliiklii
modellemesi ger¢eklestirilmis, olusturulan model,
ocagin olagan noktasal topografik olgiimleri ile
kiyaslanmigtir.

Calismada havadan goriintii  almak igin
tasarlanmis hafif (1242 g) bir insansiz hava
aract olan Phantom 2 vision+ kullanilmistir
(Sekil 3). Arag, 3 eksenli bir dengeleme halkasina
(gimbal) oturtulmus 14 MP ¢oziiniirliiklii bir
kamera tagimaktadir. Kameramin odak derinligi
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S mm’dir. Uguglar sirasinda 4384 x 3288 piksel
¢oziinirliiklii - goriintiiler her 4 saniyede bir
cekilmis ve arag itizerindeki 4GB hafizali bir
mikro SD karta kaydedilmistir. Tiim goriintiiler
iki ucus ile alinmistir, her bir ucus yaklastk 16
dakika stirmiistiir. Ucuslar 80, 100 ve 120 metre
yiikseklikte manuel kontrol ile gerceklestirilmistir.
Tek bir fotografin ayakizi (gosterdigi alan) ~244
x 180 metre ve yer piksel boyutu ~55 mmdir. Bu
kosul, goriintii ¢iftleri arasinda yaklasik %77 lik
bir binili goriintii imkdnt olusturmaktadir (Sekil
2¢c). Goriintiiler hem nadir yonlii (asag yonlii)
bakis hem de 45° acili bakis ile alinmistir
Ocagin olagan nokta él¢iimleri Leica Nova 50TM
Total Station (TS) ile dogal yiizeyden ol¢iim ile
almmustir, TS olgiimlerinin nokta yogunlugu 0,008
nokta/m? 'dir, 4,24 m Sayisal Yiikseklik Modeli
(SYM) ¢oziiniirliigii elde edilmistir.

Uguslar siiresince 491 gorintii  alinmus,
bunlardan 132 tanesi daha sonranetolmadigindan,
odakly olmadigindan veya yanhshkla [HA nin inig
takimlarint ¢ektigi icin manuel olarak elenmistir.
Maden ocagimin 3B modelini olusturmak igin
toplamda 359 goriintii kullanilmistir (Sekil 2c).
Veriyi modellemek icin kullanilan bilgisayar 8 GB
RAM a sahip bir diziistii bilgisayardur.

3B modelleme Hareketten-yapi ve Cok-bakili
stereofotogrametrik yontem kullanan lisansl
Agisoft Photoscan© (‘Agisoft’, 2016) yazilimi
(siiriim 1.1.6) ile gerceklestirilmistir. Fotograf
hizalama 25.306 baglanti noktast kullanilarak
yapilmig ve diisiik yogunluklu nokta bulut modeli
olusturulmustur.  Ikinci asamada  hizalanmus
fotograflar 7.152.017 noktadan olusan yiiksek
yogunluklu 3B HY-CBS modelini olusturmak
icin kullamilmisti. Daha sonra kafes ve doku
eklenmis kafes bu yiiksek yogunluklu modelden
olusturulmustur. Yiiksek c¢oziintirliiklii SYM ve
ortorektifiye goriintiiler bu modelden tiiretilmistir.
Modelleme siireci yaklasik 6 saat siirmiistiir. TS
noktalarinin dokuz tanesi jeoreferanslama igin
yer kontrol noktasi olarak kullanmilmistir (Sekil
2b: sart noktalar). Jeoreferanslama isleminin
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RMS hatast X-yoniinde 0,89 m, Y-yoniinde 1,71
m, Z-yoniinde 3,9 m ve genel olarak da 4,3 metre
olarak hesaplanmistir. Bu yiiksek referanslama
hata paywun sonuglart
irdelenmistir.

Hafif bir IHA kullanarak, yiiksek ¢oziiniirliiklii
(0,299 m/piksel) bir SYM (Sekil 5a) ve ¢ok yiiksek
¢oziintirliiklii (0,037 m/piksel) bir ortorektifiye
hava fotografi (Sekil 4) iiretilmisti. Her iki
veri seti de yiiksek nokta yogunluguna sahiptir
(ortofoto: 716,86 nokta/m’ ve SYM: 11,20 nokta/
m?). Olusturulan model 0,55 km?’lik bir alani
kaplamaktadir ve uzun eksenleri 1,4 km'ye 0,5 km
uzunlugundadir. HY-CBS modelleme yontemiyle

tartisma  boliimiinde

tiiretilmis SYM ile ocagin olagan TS olgiim
sonuglart kiyaslanmis, havadan tiretilen modelin
hassasiyeti sorgulanmigtir (Sekiller 6, 7, 9 ve 10).
Olusturulan modelin tamamu icin 3 metreden daha
hassas, veri setinin %505si icin de I metreden
daha hassas yiikseklik dogrulugu elde edilmistir.
Iki veri setinin t-testi ile kiyaslanmasi sonucunda
veri setleri arasindaki farkin anlamsiz ve 6nemsiz
oldugu gosterilmistir (Cizelge 1). Bu yargimizda
hata payr %5 'in altindadr.

Modellme Sfarkliliklar,
bagl fiziksel degisiklikler, jeo-referanslamaya
bagh farkhihiklar ve SYM’lerin ayni olmayan
¢oziiniirliigiine bagh farkliliklar tartisilmis, basit
kalite artirma stratejileri onerilmigtir (otonom
ugus ve ugus ile es zamanli jeoreferanslama gibi).

Hafif IHA lar kullanilarak cok-bakili stereo
modelleme yontemi ile actk maden ocaklarinin 3B
modellemesi ticari ve miihendislik ihtiyaglarini
karsilayabilecek ucuz ve etkili bir ydéntemdir.
Yontem, yakin gelecekte lazer goriinti alimi
gibi pahali ve nokta haritalama gibi zahmetli
yontemlerin yerini alabilecek potansiyele sahiptir.
Diistik  biitceli  enstriimantasyon ve yazilim
kullanilarak dikkate deger olgiide kisa ¢alisma
zamamyla (arazi ve bilgisayar modellemesi
bir arada) hafif I[HA ile CBS giivenilir sonuclar
verebilmektedir.

kaynakl zamana
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Modelleme is akisimin izl ve kolay
uygulanabilirligi  zamana bagh degisiklikleri
gozlemlemeye, suni jeomorfolojik degisiklikleri,
kiitle hareketlerine, kirtk catlak olusumlarina, su
ve vejetasyona bagh degisimleri incelemeye ve
sayisallastirmaya olanak saglamaktadur.

Hafif [HA’larin ucus zamaminda ve yiik
kapasitelerinde  yakin
gelecek artis, model kalitesini
alamini artiracaktir. Yiiksek hafizali bilgisayar
istasyonlarin kullanimi daha yiiksek ¢oziiniirliiklii
modeller  tiretmeye  olanak  tammaktadw.
Ortorektifiye gériintiiniin ¢oziiniirliigii esas olarak
kamera ¢oziiniirliigiine, 151k kosullarina ve hedefe
olan uzakliga baghdur.

zamanda  meydana

ve inceleme

Jeolojik ve jeomorfolojik uygulamalarin
yanmisira, HY-CBS, yiiksek hassasiyetli modelleme
kapasitesiyle arkeoloji, sehir planlama, ziraat/
orman miihendisligi, yap1 miihendisligi ve kiiltiirel
varliklarin alanlarinda

korunmast gelecek

vadeden bir yontemdir.
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