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ABSTRACT:

The following paper aims to test and evaluate the accuracy of UAV data for volumetric measurements to the conventional GNSS
techniques. For this purpose, an appropriate open pit quarry has been chosen. Two sets of measurements were performed. Firstly, a
stockpile was measured by GNSS technologies and later other terrestrial GNSS measurements for modelling the berms of the quarry
were taken. Secondly, the area of the whole quarry including the stockpile site was mapped by a UAV flight. Having considered how
dynamic our world is, new techniques and methods should be presented in numerous fields. For instance, the management of an open
pit quarry requires gaining, processing and storing a large amount of information which is constantly changing with time. Fast and
precise acquisition of measurements regarding the process taking place in a quarry is the key to an effective and stable maintenance.
In other words, this means getting an objective evaluations of the processes, using up-to-date technologies and reliable accuracy of
the results. Often legislations concerning mine engineering state that the volumetric calculations are to present +3% accuracy of the
whole amount. On one hand, extremely precise measurements could be performed by GNSS technologies, however, it could be really
time consuming. On the other hand, UAV photogrammetry presents a fast, accurate method for mapping large areas and calculating

stockpiles volumes. The study case was performed as a part of a master thesis.

1. INTRODUCTION

UAV photogrammetry has recently increased its popularity
among numerous engineering spheres. Besides mapping and
photogrammetric tasks, UAV perfectly complies with the needs
for engineering geodesy and mine engineering and in particular
volume computation. There are various ways in which to obtain
information about the current state of a quarry. These are
terrestrial geodetic measurements using a total station, GNSS
techniques, terrestrial and aerial photogrammetry and last but
not least laser scanning.

The effective management of a quarry requires fast and accurate
data which results must comply with a particular legislation.
Gaining up-to-date information about an open-pit quarry
consists of continuous surveying the constantly changing shape
of the quarry and its elements such as berms, bench heights,
slopes, etc. and reliable computation of the volume of the
extracted mass. The mining companies tend to monitor their
quarries frequently depending on the material they are
excavating. Monitoring could take place weekly, monthly or
every 3 months. (Mazhrakov, 2007) No matter how frequent the
necessity of surveying the stockpiles is, mining companies
should be presented with the fastest, most effective and reliable
methods of measurements and calculations.

The UAV photogrammetry covers the gap between classical
manned aerial photogrammetry and handmade surveying
techniques as it works in the close-range domain. The UAV
techniques combine aerial and terrestrial photogrammetry but
also introduce low-cost alternatives to the classic methods.
(Carvajal , 2011)

There are high accuracy requirements as far as heights are
concerned due to volume calculations and therefore high

resolution of the aerial images. However, very precise terrestrial
measurements could be extremely time consuming. On the other
hand, by photogrammetric techniques, large areas can be
covered in high details in less than an hour. (Patikova, 2004)

In comparison to classical geodetic methods, close range
photogrammetry is an efficient and fast method. It can
significantly reduce the time required for collecting terrestrial
data. The accuracy of the volume calculation is proportional to
the presentation of the land surface. The presentation of the
surface on the other hand is dependent on the number of
coordinated points, their distribution and its interpolation.
(YYilmaz, 2010)

This paper tends to outline the significance of the UAV
photogrammetry over classical terrestrial GPS measurements in
some particular cases for the mine engineering needs.

1.1 UAV platform

Nowadays the market provides with numerous UAV platforms
with different specifications and for different applications.
Often UAS are divided into two big groups — UAV with a fixed
wing and UAV with a rotor wing. The fixed-wing platforms are
relatively more flexible and easy to control than the UAV with
rotor wings. (Petrie, 2013) For the particular study case, a
continuous linear flight with previously set flight plan and
stable control is needed. The chosen platform (see Figure 1.) is
eBee with a fixed wing. The camera on board is Canon S110,
the size of the sensor is 7.44x5.58mm with 12MP resolution.
The GPS receiver on the board is a consumer grade GPS.
Having a GPS receiver on board provides the geotags of the
photos.
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Figure 1. UAV — eBee with a fixed wing by senseFly

1.1 GNSS receiver

For the past twenty years or more, the GNSS technologies have
become inseparable part of the geodetic world. The receivers
could be various and for various purposes. Most often, for
engineering tasks RTK receivers are used. The GPS receiver
used for the study case is Leica viva GS08 plus with the
possibility of measuring in real time with code and phase
measurements. VTR (Virtual Reference Station) regime was
used. The GPS receiver is a dual-frequency instrument with the
following technical parameters regarding the accuracy, stated by
the manufacturer — 5mm + 0.5 ppm RMS horizontal and 10mm
+ 0.5 ppm vertical. The real time kinematic mode for the regime
of Virtual Reference Station requires at least 5 reference
stations with distance of about 70km between each other. The
reference stations are constantly sending their satellite signals to
a central server. The corrections of the measurements are
generated by this sever and the GPS receives corrected
coordinates of the measured points. (SmartBul.Net, 2015)

ETY o

Figure 2. GNSS receiver GPS viva G08 plus by Leica
1.2 Software solutions

The flight plan was set in eMotion as it is a part of the eBee
platform. The photogrammetric imagery data was processed in
Pix4Dmapper. Pix4D offers automatic initial processing and
creating of DSM. The volumetric calculations of the UAV data
were also processed in Pix4Dmapper. As for the volume from
the GNSS measurements AutoCAD Civil 3D was used.

2. THE SURVEYED OPEN-PIT QUARRY

The quarry is located in the outskirts of Lukovit town, in
Lovech region, 120km north-east from the Bulgarian capital
Sofia. The excavated material is clay which is later used for the
production of building materials. The quarry has been in
function for 10 years now. The clay is being stored for a
particular time period. The measurements were performed on
the same day of 25™ July, 2015.

3. UAV FLIGHT AND DATA PROCESSING
3.1 UAV flight

The flight plan was set with 2.8cm/pixel ground resolution and
75% lateral and longitudinal overlap of the images. The values
for the overlap are bigger than the theoretical ones. This is due
to the necessity of great amount of keypoints to be detected in

the images. The result is one flight in both directions for
27min47sec. The average flying height is 118m above the
ground.

i

Figure 3. Preparation for the flight. eBee detecting its take-off
position by receiving GNSS signals

Figure 4. Monitoring the flight on the ground (25.07.2015)
3.2 Setting Ground Control Points

Establishing ground control points (GCP) provides the model
created on tie points with georeferenced and improved relative
orientation. Given the fact that the GPS receiver on the eBee’s
board is a consumer grade, a few types of errors are expected.
They could be errors due to noise in the signal, lack of
synchronization between exposition of the camera and the GPS
measurement.

Before the flight itself, seven GCPs were put (5 GCPs in the
surrounding of the quarry and 2 in the quarry) (see Figure 5.
The control points were distributed in relatively same distance
between each other in order not to accumulate errors in the
model if being close to each other. Most of the GCPs were put
on the borders of the quarry. In order for the points to be visible
in as many images as possible, the flight lines were extended so
that more terrain is captured outside of the quarry. The GCPs
coordinates were measured by the aforementioned GPS receiver
working with RTK mode using Virtual Reference Station
regime.

Figure 5. GCP distribution, image Google Earth

3.3 Image Processing
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The eBee’s flight resulted in 417 geotagged images. The
photogrammetric data was processed with the software
Pix4Dmapper. All the 417 images were processed and the
achieved Ground Sampling Distance - (GSD) was 3.44cm. As
the processing itself takes up to a couple of hours, an
experiment with only 209 images was performed, meaning only
the images from one flight direction. As a result, the Initial
Processing took up to 9min52sec. The achieved GSD in this
case was 3.46cm. No matter the reduced number of images, the
GSD value was preserved.

3.3.1 Camera Calibration

A really crucial step of the initial processing is the camera
calibration. The calibration process optimizes the camera
parameters. The software Pix4Dmapper orient the cameras
using the keypoint matches. Initially the process is conducted by
iterations to restore the camera geometry. The iterations start
with taking two cameras only. The calculated camera
parameters based on image content only are presented in Table
2 and the radial and tangential distortion in Table 1.

Sensor Width [mm]: 7.40
Sensor Height [mm] 5.60
Focal Length [mml]: 5.20

Table 1. Initial camera parameters of Canon S110 RGB

Sensor Width [mm]: 7.44

Sensor Height [mm] 5.58

Pixel size [um]: 1.86
Focal Length [mm]: 5.32049
Principal Point x [mm]: | 3.80836
Principal Pointy [mm]: | 2.77957

Table 2. Optimized values of the camera parameters

For precise optimization, the initial camera parameters should
be within 5% (0.26mm difference) of the optimized values after
the initial process of the images. In the particular case, the
difference between the camera parameters before and after is
0.12mm.

By defining the camera parameters, we receive information
regarding the radial and tangential distortion of the camera
lenses. The distortion is related to the principal point. This
means that in order to define the radial distortion, the image
coordinates x’p,y’e must be corrected by the shift of the
principal point x’o,y’0. (Luhmann, 2014)
The camera external parameters are defined for each image by
the camera position:

T=(,.T,.T,). @
Where Tx, Ty and T. are the coordinates of the camera
projection center in a world coordinate system. The rotation
matrix R defines the camera orientation based on the angles @ ,
@and .

R=Rx,.Ry,.Rz, )

Let X=(X, Y, Z) is a 3D point in a world coordinate system,
then its position in a camera coordinate system X’=(X",Y",Z’) is
given by:

X'=R"(X-=T) (3)
The camera distortion model is defined as follows:

X
Let the point{xhj 7+ |be homogeneous point or:
Y Sl
7
r’=x2+y?, Q)

Where r is the image radius from the point xn, yn to the principal
point. The distorted homogeneous point in a camera coordinate
system (Xnd, Ynd) is given by:

X | _ [ @+RIZ+Rr + R, + 2Ty, +T,(r* +2(x,)° ) (5)
Yha - @RI+ Rr* +Rr®)y, +21,%,y, +T,(r* + 2(y,)*

The pixel coordinate (xd, ya) of the 3D point projection is given

by:
(th j _ _[ thd J i Cy ©)
Yha fyhd C,

Where f is the focal length and cx, cyare the pixel coordinated of
the principal point. (Luhmann, 2014)

Radial Distortion R1: -0.040
Radial Distortion R2: -0.012
Radial Distortion R3: 0.007
Tangential Distortion T1: | 0.000
Tangential Distortion T2: | 0.004

Table 3. Radial and tangential distortion of the camera lens

Only 6 out of 209 images were not georeferenced (Figure 7.).
These are situated in the borders of the flight area. This is due to
insufficient image data and overlap. The overlap is essential for
the keypoints extraction and matching. Non-georeferenced
images are marked in red on the left side of the flight area. The
seven ground control points were marked after the initial
processing with RMS error of 0.004m. The GSD (Ground
Sampling Distance) was used for analyzing the accuracy. In
regards to this, the accuracy of the GCPs is less than even one
time the GSD = 3.46cm (Table 3).

Figure 6. Image positions on the flight strips

Figure 7. Non-georeferenced images marked in red on the left
side of the rectangle, indicating the flight area

3.3 Accuracy of the Photogrammetric Model
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Theoretically, only three ground control points are needed for
the transformation between model coordinate system and
geodetic system. Error accumulation in the image matching
could be prevented by initiating GCPs at the ends and in the
middle of the object as it is in the study case. The accuracy of
the GCPs is a biased estimate of the accuracy. Basically, it
shows the accuracy of marking the points themselves, not the
accuracy of the model after georeferencing. That is why check
points are inserted. An end and a middle point were selected for
the check control. They were not taken into account for the
georeferenced process and optimization. Check points indicate
the accuracy of the model. Table 4 shows the accuracy of
marking the ground control points. In Table 5 the real accuracy
if the model is shown by the two check points.

GCP Number T 0XYIZ ox[m] | ov[m] | oz[m]
GCP110001 | 0.020/0.020 | -0.002 0.004 0.001
GCP110002 | 0.020/0.020 | +0.002 | 0.000 0.000
GCP110005 | 0.020/0.020 | 0.006 -0.004 | -0.008
GCP110007 | 0.020/0.020 | -0.002 | -0.006 | -0.003
GCP110004 | 0.020/0.020 | -0.003 0.008 0.010

Mean [m] 0.000 0.000 0.000
Sigma [m] 0.003 0.005 0.006
RMS Error 0.003 | 0005 | 0.006
[m]
Table 4. Residuals of the ground control points

Point Number 00Xz ox[m] | ov[m] | oz[m]
CP110006 0.020/0.020 | -0.009 0.010 -0.036
CP110003 0.020/0.020 | -0.025 | -0.014 0.020

Mean [m] 0.020/0.020 | -0.017 | -0.002 -0.008

Sigma [m] 0.008 0.012 0.028

RMS Exrror 0018 | 0012 | 0029
[m]

Table 5. Residuals of the check points

A Point Cloud Densification is the second step of the
photogrammetric process and it took 34min57sec. A 3D
textured mesh was generated for 15min32sec. This is an
essential and compulsory step before getting to volumetric
calculation. In conclusion the overall time estimated for the
processing of the photogrammetric data was around 1 hour
including DSM (Digital Surface Model) and orthomosaic
creation (see Figure 8).

Figure 8. Orthomosaic and Digital Surface Model (DSM) of the
quarry

3.4 GPS measurements

The GPS measurements were performed the same day of 25
July 2015. A stockpile Ne4 was measured. The estimated time
was one hour and a half. Later the berms of the quarry was

measured for more than 5 hours. The number of points
altogether is 615 (Figure 9). The measurement of the stockpile
consists of 100 points. Characteristic breaklines were measured
to define accurately the real surface of the stockpile. Its
boundary was defined by 28 points (Figure 10). After
processing, a surface was created in AutoCAD Civil 3D by a
group of points and after creation it was defined by 5 contours
with one meter interval as shown on Figure 10.

Figure 9. The whole quarry measured by GPS with 615 points
for more than 5 hours

757

" Stockpile 4 ‘\f“f
12606 m3 s |

Figure 10. Stockpile surface measured by GPS and created in
Civil 3D

4 VOLUME CALCULATION

4.1 Calculating the volume of the stockpile from the
photogrammetric flight

Basically the principles of calculating the volume of an object in
any kind of photogrammetric software, slightly differs from the
conventional methods. Unless a Point Cloud Densification is
created, Pix4D is unable to compute any volume (Pix4D, 2015).
A base surface is needed, so when creating a volume object the
stockpile is enclosed by a 3D polylines with vertexes with
known coordinates X, Y and Z. The stockpile we are surveying
has been enclosed with 59 vertexes (Figure 11). The software
creates a grid network of the base surface, for itself, with
interval - the value of the Ground Sampling Distance. In the
particular case the GSD is 3.46cm/pixel. Volume has been
computed cell by cell where the volume of a single cell is given
by the equation (1):

V, =L W.H,, 7
where Li, Wi being the length and width of the cell

which corresponds to GSD=3.46¢cm (Li=Wi=GSD) and Hi being
the height of the cell. The height of the cell is the difference
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between the terrain altitude of the cell given in its center and the
base altitude in the cell’s center. This expressed in math’s
language results in the following equation (8):

Hi :ZTi _ZBi’ @)

where Hiis the height of cell i;

ZTiis the altitude in the center of the cell i of the 3D
terrain;

Zaiis the altitude in the center of cell i from the base
surface.
Consequently, the volume’s equation for each and every cell
could be concluded in the following formula (3):

Vi=GSDGSD.(Z;; ~Zy) =GSD*.(Z;; - Zs) ©)

Furthermore, it is essential to outline that Pix4D measures a Cut
Volume — when the terrain is higher than the base surface, and a
Fill Volume — when the terrain is beneath the base.

The total volume of the stockpile is given by the equation (10):

V, =V, +Ve, (10)
where Vr is the total volume of the stockpile

Vc = Cut Volume
VE = Fill volume

What we received as a result from the volume computation is
the following:

Cut Volume 12 753m?3
Fill Volume -3m?
Total Volume | 12 749m?3
ovT 231.57m?
Volume Error 1.81%

Table 6. Volume calculated in Pix4D from UAV data

Figure 11. The stockpile enclosed by a 3D polyline

3.1 Calculating the volume of a stockpile from the GNSS
measurements

In order to calculate the volume of the stockpile in Civil 3D, a
surface has been created from the contours. Contours
themselves were created from the points measured by GNSS
techniques. The function chosen to be used is Surface Stage
Storage Volume. There are two calculation methods for this
function — Average End Area and Conic Approximation
(AUTODESK, 2015). For the case study a Conic
Approximation method was used. Similarly to the Pix4D
method, here we have two sectional areas. The software

calculates the volume between them two. Basically, the two
areas are added together and along with the square root of their
product and altogether multiplied by one third of the distance or
height between them. This could be simplified by the following
equation:

Vol(A+AJAR). @)

where V = the volume between the two section areas
h = height between the two section areas
Az = the area of the created surface
Az =the area of the base line

In practice, having created the surface earlier, we have to select
the Stage Storage in the Analyze tab, select Average End Area
and Conic Approximation. By this stage of the process a base
should be defined which is simply performed by defining a base
surface from entities and choosing the created surface of the
stockpile. The volume of the stockpile was calculated with a
base surface with height Z=150m.The results are the following:

Total Volume 12 606m?3

Table 7. Total Volume of the stockpile computed in Civil 3D

4. COMPARISON BETWEEN AND UAV AND GPS
VOLUMES

The estimated accuracy of the comparison is up to 3% - 4%. In
some countries the legislation states that the volume should be
calculated with a precision of +3% of the whole material. Of
course this value depends on many factors such as the type of
material being excavated in the quarry, the atmospheric
conditions, etc. Given the fact that the measurements were
performed only in regards to the study case, requirements of
achieving less than a 3% difference in the comparison were
established. (Mazhdrakov, 2007)

Expecting no difference in the volumes is not realistic at all as
for the different methods of achieving the data. The computed
difference is 143.99m3 as the volume from the UAV flight
turned out to be a higher value. Large as this difference could
seem, when presented in percentage it would be more accurate.
As our goal was a smaller difference than 3% which is
approximately 382.5m3, the results present a volume difference
of 1.1%. In other words, the height difference between the two
UAYV and GPS surface is 0.032m or 3.2cm. Moreover, the result
could state that the height difference between the UAV and
GNSS surface is os= 3.2cm (Cryderman, 2015).

_Owr [m’] , 12)
° s[m’]

Where O,; the volume error and S is the area of the reference
surface.

5. CONCLUSIONS

By this study case, a confirmation of the promising UAV
application in stockpile volume calculation was sought. Two
values of the volume of the same stockpile were generated as
the data was gained by two different methods and consequently
processed in a different way. The volume received from the
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UAV data is 12 749m3 and the volume received from the GNSS
points — 12 606 m3. As a result, the UAV volume turned out to
be bigger with 144m3. It is more proper to express the
difference in percentage which would be 1.1% difference from
the whole amount.

It is important to indicate that the UAV data was gathered faster
than the terrestrial GPS measurements. The whole area of the
quarry was mapped for less than a 30 min in comparison to 5
hours of GNSS measurements. As the image number was
reduced, the time for post-process seem to be same.

The achieved accuracy is within the set legitimate error of +3%
which was the main target of the study case. Furthermore, one
of the main purposes of the survey is to outline the undisputed
application of UAV photogrammetry in the mine engineering.
Fortunately, the results of the above study case proves it.
Moreover, we should not oversee the fact that UAV
technologies would improve drastically, so some future analysis
reach better conclusions. To summarize, the paper presented the
efficiency and reliability of the unmanned aerial
photogrammetry when it comes to volumetric measurements.
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