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Abstract
UAVs, equipped with optical cameras and GPS, are used to obtain high quality aerial
photographs. The photos are processed with photogrammetric techniques. Therefore, efficient
flight planning is required. Horizontal flight paths for photogrammetry are optimized by
open source programs like the Mission Planner from Ardupilot. When the topography is
mountainous or steep, the current flight planning is not ideal. For that reason, a program
is written to optimize the flight planning for complex topography. The idea is that the way
points lay smoothed and parallel to the landscape surface. Calculated flight plans are tested
successful in Attinghausen, Canton of Schwyz and Grimsel, Canton of Berne. Calculated way
points and GPS data were compared after the flight to obtain the nearest distance to the
ground.
The resulting aerial photographs are used to produce a three-dimensional photogrammetric
model, an orthophoto and a DEM per flight. Agisoft Photoscan was mainly used for this.
The new DEM from Agisoft is compared with the swissALTI3D (older DEM) from swisstopo.
Such comparisons are usually applied to detect mass changes. Adam Tech 3DM Analyst is
also used to create photogrammetric data of one flight. Orthophotos and DEM of both
softwares show good quality with resolutions till 5 mm per pixel.

1. Introduction
Unmanned Aerial Vehicles (UAVs) are remotely controlled, often semi-autonomous and are
used to obtain aerial photographs. Therefore, they are equipped with a GPS sensor and an
optical camera. This allows low-cost remote sensing with a relatively good picture quality.
Remote sensing with UAVs is a suitable solution during emergency scenarios to support
qualitative and quantitative evaluations (Giordan et al., 2015). In geo sciences, the UAV
images can be used for photogrammetric processing and autonomous flight is most suitable
to acquire photogrammetric data, even under moderate wind conditions (Eisenbeiß, 2009). To
realize autonomous flights, a flight path, composed of way points has to be defined. Di↵erent
flight paths are suggested (Eisenbeiß, 2009) for flat and moderate terrain, mountainous and
steep areas, or single objects/buildings . For flat and moderate terrain, the flight planning can
be done with the Mission Planner from Ardupilot, MPA (Oborne, 2016). To make flight plan
for mountainous and steep areas, it is suggested to fit a section of a digital elevation model
(DEM) with the best fitting plane. The flight path will be parallel to the fitting plane with a
certain distance to the slope. Photographs will be taken perpendicular to the fitting plane. A
similar method is developped for this study. The first goal of this thesis is to write a program
which plans the flight for complex topographic landscape surfaces semi-automatically and test
the flight plans at two sites. The stone pit in Attinghausen is chosen to apply the flight plan
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for very steep cli↵s. In the Grimsel region, flight plans for mountainous terrains are applied
with mean dip of slopes ranging from 40 to 70 degrees. After the flights, the aerial photos are
processed with di↵erent softwares to generate DEMs and orthophotos using photogrammetry
and structure from motion techniques. Simplified, photogrammetry is the science to receive
good information about 3D surface structure from images without physical contact (Schenk,
2005). The processing is similar for all photogrammetric software (Mendes et al., 2015).
First, tie points are found with a variation of the SIFT (scale-invariant feature transform)
algorithm. Then, a subset of images is used to find the internal camera orientation. The
absolute 3D coordinates of some points is needed to georeference the inferred model with the
least square method. With the aerial photos and internal camera orientations, a point cloud
and also a DEM and an orthophoto can be calculated. The second goal of this thesis is to
generate DEMs/orthophotos with di↵erent software and compare their quality.

2. Methods
2.1. UAV System
The group of Engineering Geology owns a hexa-copter of type XR6 from Airborne Robotics
(see Fig. 1). Airborne drones are used for many di↵erent professional applications. They are
used for the documentation of buildings, in the agriculture to optimize the crop or even in the
film industry for aerial videos. In gravel pits, stone quarries, train paths and open pit mines,
the UAVs can be used for example to measure the volume of mass changes. The XR6 has a
total weight of 5 kg and a load capacity of 1 kg. It is possible to fly maximum 18 minutes
which is enabled with two batteries of each 3700 mAh. Wind speed has to be below 10 m/s.
The maximum speed of the drone is 14 m/s. Limitation are the flying height of 250 m and a
horizontal radius of 1000 meters.
The XR6 is equipped with a GPS sensor of an accuracy of 5 m. The mounted camera is
a Sony Alpha 6000 with a 19 mm. The image sensor of the camera has a size of 15.6 mm x
23.5 mm and 24 megapixels. The XR6 is controlled with a remote control and a display to
broadcast the camera recording.

2.2. Flight Planning
2.2.1

Introduction

A flight plan for the systematic acquisition of photogrammetric images defines all the parameters of the camera, UAV and flight grid. Usually, the flight plan consists of parallel lines, and
photos are taken normal to the ground surface with a constant distance. For photogrammetry applications, we have to consider a number of geometrical constraints in order to retrieve
DEMs and orthophotos with the required ground resolution. Assuming a camera with with
focal length f , the sensor size S 0 , the height relative to the ground Hg , the ground distance
3

Figure 1. The UAV for the test flight, XR6 from Airborne Robotics, equipped with a camera Sony
Alpha 6000 and a GPS tracker for the navigation.

S of an image side can be calculated as follows (Eisenbeiß, 2009):
S = S 0 · Hg/f = S 0 · mb
Hg /f is also called image scale factor mb . Given the ground distance, the overlap p (lap of
two neighboring images on the same flight line) and the side lap q (the lap between images
on neighboring flight lines) of the images can be computed. Generally, photogrammetry
applications require overlap values between 60 % and 80 %, while side lap is required between
30 % and 60 % (Tarmizi et al., 2014). The distance A between two neighboring flight lines is
linked with the side lap. Photos are taken at predefined constant distances, called baseline B,
which is related to the overlap of the images by the following relationships (Eisenbeiß, 2009):
A = Sx · (1

q/100)

B = Sy · (1

p/100)

Here, the ground distance S of the image side is not the same for the distance A and
distance B. The image side depends on the camera sensor and most digital camera sensors
are non-square, but have a long side and a short side of an image. So, Sx and Sy depend on
the orientation of the camera during the flight. In that context, the ground resolution can
be calculated by dividing the ground distance Hg by the number of pixels. These relations
between the parameters Hg , S, A and B are shown in Fig. 2.
The height relative to the ground Hg is usually assumed constant. This is a reasonable
assumption for photogrammetric flights from airplanes or helicopter, where Hg is in the order
of several hundreds of meters. But in the case of UAVs, in order to retrieve centimeter scale
ground resolutions, Hg is generally set below 100 meters. Thus, considering a copter flying in
a horizontal plane while the landscape surface is mountainous, the height to the ground is not
4

Figure 2. Flight Parameters A, B, Hg are featured, modified after Mastor et al. (2014).

constant and this a↵ects most of the parameters described above. The result of inconsistent
ground distance is a set of photographs with di↵erent laps and di↵erent ground resolutions,
which is not ideal for photogrammetric processing. In this work, we adapted the standard
approach to define flight plans for UAVs in order to consider changes in the terrain due to
slope and obtain pictures with comparable resolutions and distortions. We first used Mission
Planner from Ardupilot to build up standard flight plans as described above. By starting
from a horizontal flight plan (2D), we considered two potential cases: (i) a slope ranging from
gentle to relatively steep angles; (ii) a vertical cli↵ with angles close to 90 degrees. For both
(i) and (ii) we developed specific Matlab routines. In the following, the main steps performed
for this adaption are described. A graphical user interface was also created for practical use.
2.2.2

General Situation of the Area of Interest

It is important to observe the weather and wind conditions before and during the flight. Rain
or wind speed greater than 10 m/s, do not allow flying. It is also an advantage to have good
light conditions: Sunny days are preferred. Snow is not desirable, but can sometimes not be
avoided e.g. at the Grimsel test area, there were some areas with snow. It is also important to
check the environment on obstacles like transmission towers, buildings, trees and rock walls.
For this, topographic maps and also DEMs (google earth, swissALTI3D) can be useful.
2.2.3

Mission Planner

The Mission Planner from Ardupilot (MPA) is a ground control program for planes, copters
and rovers (Oborne, 2016). We use MPA to create flight plan grids and transfer the flight
plan to the UAV. By defining a home position and an area of interest with a polygon, MPA
generates a 2D flight plan.
5

Figure 3. Settings in MPA are subdivided in group boxes. Most important are Simple, Grid, Copter,
Camera and Trigger Options. i) Simple Options: The camera can be chosen, if it is available. ’Altitude’
above ground has to be defined. ’Angle’ means the angle of the flight lines from north. ’Camera top
facing forward’ has to be unchecked, because the camera should face always perpendicular to the wall
and not in flying forward direction. Flying speed is defined and is used for the mission. Check ’Add
Takeo↵ and Land WP’s’ and ’Use RTL’ (Return To Launch). ii) Grid Options: Only the Overlap
and Sidelap are defined. iii) Copter Options: No delay is set. The ’Heading Hold’ is the azimuth
angle from north of the camera. iv) Camera Options: Focal Length, Image Width, Image Height,
Sensor Width and Sensor Height must be defined. v) Trigger Options: CAM TRIGG DIST is used
for continious triggering.

The latter assumes that the UAV flies parallel to the ground surface and the camera
looks at nadir. A so-called “simple-grid” is created within the polygon, defining the flight
lines that the UAV has to follow to acquire properly overlapping photographs over the area
of interest. The final ground resolution of the photographs acquired is dependent on the
camera parameters, the speed of the UAV, and on additional constraints on overlaps between
subsequent acquisitions. It is important to use the settings like in Fig. 3. When the grid is
created, the instructions are stored in a .txt file, which provides the parameters for the flight
and a number of waypoints defining the path to follow during the mission to cover the area
of interest. The resulting flight plan is shown in Fig. 4.
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Figure 4. Overview of the flight in MPA. Red polygon is defined for the area of interest. The flight
path is calculated after the settings in Fig. 3. Green markers show the numbered way points, yellow
lines are the flight lines. Stats of the flight are shown as information.

2.2.4

Flight Planning for Mountainous and Steep Slopes

In order to generate a flight plan that adjusts the acquisition strategy depending on the
topography of the area of interest. In the first part of the concept, only the z values are
adapted of the way points provided by MPA. Then, in the second part of the concept, the x,
y and z value of the way points are corrected.
Data import and down sampling
We import the MPA text file and a DEM of the area of interest in UTM WGS-84 coordinates. In this coordinate system, the Earth is divided in 60 zones in longitude and latitude
(Bundesamt für Landestopografie Swisstopo, 2016). Every zone has its own Cartesian coordinate system. The x direction is towards east and the y direction towards north. This
coordinate system is more practical for the following computations. In some cases memoryintensive DEM datasets have to be imported. Thus, we also down sampled the input data
with bicubic interpolation in Matlab to a reasonable size for speeding up the procedure. So,
the down sampled DEM has 150 data points in y direction, which is a practical value.
Concepts
The first concept is optimized for a camera facing nadir. The second concept is better
suitable if the camera is facing perpendicular to the smoothed ground surface.
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Figure 5. Concept of the 3D flight planning if the camera is facing nadir. The orange surface is a
smoothed surface of the DEM. All the way points have the same vertical distance Hg to this function.
The resulting flight lines are shown.

After down sampling, we fit the DEM points with a polynomial fitting function. The degree
of the polynom can be chosen between first and fifth. The idea of the fitting function is that
the way points follow the trend of the topography. The fitting function is used as smoothed
surface. Thus, we assume that adapted waypoints have to be parallel to the smoothed surface.
Z values are calculated so that the vertical distance to the smoothed surface is constant. The
polynomial function depends on x and y. Output is a z value, almost the same like the
topography but smoothed. Inserting x and y values of the way points in the fitting function
plus the flying height gives us the new z values. It is important to note, that the flight height
correction will only change the z values and not the x and y values. Fig. 5 shows the designed
concept for a flight plan with the camera facing vertically down.
The first concept works perfectly, if the camera face vertically down. When the camera
is orientated normal to the ground surface, the previously described flight plan is not ideal.
The inclined camera orientations influences some parameters clarified additionally in Fig. 6:
1) The horizontal flight plan is constant in z direction. When the z component is added
for a 3D flight plan, the way points are more apart (Pythagoras’ theorem). Consequently,
if the horizontal flight is planned with a defined overlap and side lap, the laps are reduced
after the z correction. So, the horizontal flight plan has to be planned with a bigger side lap
and overlap in previous work. 2) The z values are shifted vertically by the desired height
above ground Hg . The perpendicular distance to the landscape surface is smaller than the
defined value Hg . 3) The area of interest is defined in the Mission Planner through a polygon
in a orthogonal map view. But the oblique camera orientations entails that a di↵erent area
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Figure 6. The flight plan, which is optimized for nadir camera orientation, can not be used if the
camera is facing perpendicular to the landscape surface. The three reasons are illustrated. The red
flight plan is has newly calculated z values, while the blue flight plan is the initial horizontal flight
plan. The arrow features that the way points of the red flight plan are more apart than the blue one.
The height above ground Hg (dashed fat line) is bigger than the perpendicular distance to the ground
(dotted thin line). Blue dots involve the captured area of a nadir facing camera while the red dots
involve a di↵erent area for a perpendicular camera orientation.

is captured. Described errors are very small if the mean dip angle of the slope is small, but
they become bigger with increasing dip angles.
Therefore, if the camera is normal orientated, another concept for calculating the flight plan
is necessary, shown in Fig. 7. The concept of the polynomial fitting surface is maintained.
But way points should not only change in z direction, but also in x and y directions. The
polynomial fitting function is calculated to get smoothed z values. We use the x and y values
of the 2D flight plan and z values on the polynomial fitting function as target points. The
camera will face in the direction of the target points. Then, the way points are calculated
with a constant distance to the target points. First, the x and y values of the old flight plan
are used to calculate z values of the target points with the polynomial fitting function. Then,
the best fitting plane of the DEM is calculated, used to get the normal vector to shift the
target point to get the way points. They are shifted in the direction of the normal vector by
the amount of the ground distance Hg .
Camera Orientation
For the camera orientations, there are di↵erent capabilities. When the ground surface is
horizontal, the camera usually is facing vertically down for photogrammetry (Schenk, 2005).
An oblique camera orientation is also a possiblity, but not further discussed here. Advantages
of the vertical orientation are the easy measurements, the sharpness of the images and less
hidden objects (Mastor et al., 2014). With a slope, there are two possibilities. Either the
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Figure 7. Concept of the 3D flight planning if the camera is facing perpendicular to the ground.
The orange surface is a smoothed fitting function of the DEM. All the way points have the same
perpendicular distance Hg to this function. The resulting flight plan is featured in red.

camera could face vertically down or perpendicular to the ground surface. Facing vertically
down produces a better projection on a horizontal plane, which is classical for orthophotos.
Wheras the perpendicular orientation produces a better DEM, because there are less hidden
objects. Whithin this projects frame, the camera of one flight is planned with facing vertically
and three flights with the camera facing normal to the ground in the applications.
The camera orientation during the flight can only be changed manually with the remote
control. But it is difficult to estimate the slope of the landscape surface. Two di↵erent ways
are tested to simplify this. One way is to take the mean slope of the DEM by calculating
a best fit plane. Then, the camera should face perpendicular to this plane. The camera
orientation is defined with the azimuth clockwise from north and with the dip angle from
horizontal. The azimuth angle is calculated with the partial derivative in x and y direction.
The angle is given by
Azimuth = arctan(fx /fy ) if fx > 0, fy > 0
Azimuth = 180 + arctan(fx /fy ) if fx > 0, fy < 0
Azimuth = 180 + arctan(fx /fy ) if fx < 0, fy < 0
Azimuth = 360

arctan(fx /fy ) if fx < 0, fy > 0

The dip angle of the camera facing is measured from horizontal downwards and is perpendicular to the direction of the gradient.
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Dip angle = 90 –arctan(slope)
This method works to get the mean camera orientation because a constant camera look
angle is sufficient. In the second method, only the slope of the area is calculated for every
point of the DEM. But the DEM consists only of points and a point has no slope. Therefore,
a linear interpolation function is used, so that neighboring points of the DEM are connected
linear. Then, the slope of the gradient at every point of the DEM is calculated. The result is
plotted in a figure with di↵erent colors for intervals of the slope.
2.2.5

Flight Planning for Vertical Cli↵s

The flight path for a vertical cli↵ could not really be created with the Mission Planner because
the flight path should be vertical. Instead of a path, only a single line is constructed. So the
Mission Planner creates a file with the correct format and used coordinate points. Only the
coordinate points of these two points are used because x and y values are for all flight lines
the same, only the altitude changes. This is shown in Fig. 8.

Figure 8. The flight plan in red for a steep cli↵ is developed to obtain pictures of a vertical cli↵. The
lowest point of the flight plan is 30 meters above home position. Then, the flight plan follows the way
points which go vertical up without changing x and y coordinates. The distance of the flight plan to
the wall is marked with Dw
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Location
Flying Height
Camera Lense
Camera Orientation
Resolution
Area
Distance
Speed
Time

Grimsel Lake
70 m
19 mm
Perpendicular
1.44 cm/px
2.1 hectars
1.4 km
4 m/s
6 min

Grimsel Lake
30 m
19 mm
Perpendicular
0.62 cm/px
0.6 hectars
0.95 km
3 m/s
5 - 6 min

Grimsel Lake
50 m
50 mm
Vertical
0.55 cm/px
2.1 hectars
2.1 km
3 m/s
11 - 12 min

Kunzentaennlein
50 m
19 mm
Perpendicular
1.03 cm/px
2.0 hectars
1.8 km
2 m/s
10 min

Table 1. Di↵erent flights at Grimsel are listed.

The program is written with the purpose to be able to carry out the settings about the
flight planning in this new program. For the input values, there are camera/UAV options
and grid options. Camera/UAV options are the focal length, sensor size and the speed of the
UAV. Grid options are the side lap, overlap, flight altitude above home position, maximum
altitude and the distance to the wall. The applied equations are described in Section 2.2.1.
But instead of using the height above ground Hg , one uses the distance to the wall Dw .

2.3. Flight Applications
2.3.1

Grimsel, Canton of Berne

The Grimsel area belongs tectonically to the central part of the Aar Massif and contains
mostly granites and granodiorites (Labhart, 1977). The landscape of the Grimsel area is
characterized by di↵erent morphological forms. Our flights are especially interesting to study
the surface of exfoliation fractures like ripples mark, plumose structures and en échelon fringe
cracks (Ziegler et al., 2014). We selected two di↵erent areas for our flights. One is located east
of the Grimsel Lake and the other is located east of Grimsel Pass road at Kunzentaennlein
(Fig. 9). The starting position at the Grimsel Lake location is at an altitude of about 1920
m. At Kunzentaennlein it is about 1615 m.
The preview in Fig. 10 shows a smooth flight path because the topography is relatively
even. So, the flight plan looks nearly planar. The distance to the ground is quite constant.
Tab. 1 shows the di↵erent informations about the flights. At the Grimsel Lake area, two
flights were planned, using a 19 mm camera lense, facing perpendicular to the landscape
surface. The first one was planned to give an overview of the area and the second one to
obtain more detailed photographs of a sub-area. A third flight was planned with the 50
mm objective to obtain even more detailed photographs. The first flight has a distance at
70 m to the slope and is shown in Fig. 10. The calculated resolution is 1.44 cm per pixel.
Every 22 meters, a photograph is taken. The second flight plan, shown in Fig. 11, was 30
m above ground. We expect a much better ground resolution with 0.62 cm per pixel. Here,
photographs were taken every 9 m. Aside from the fact that the third flight plan is optimized
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Figure 9. Our test flights take place in Switzerland at the Grimsel region. In the detailed overview,
the two locations are marked with red points: At the location Kunzentaennlein in an altitude of 1615
m.a.s.l., two flights were performed. At the Location Grimsel Lake in an altitude of 1920 m.a.s.l., only
one flight was planned.

Figure 10. Flight at Grimsel Lake, planned with 70 m above ground. The flight path is featured in
red, the camera obtains the area below, with red dots tagged.

13

Figure 11. Flight at Grimsel Lake with 30 m above ground. The red lines represent the flight plan
with area of interest marked with dots.

with the 50 mm objective, it was planned with the camera facing nadir. At a flight height of
70 m, the ground resolution was calculated to 0.55 cm per pixel.
The starting position was planned on top of the gallery tunnel. Due to the snow on it, the
starting position was chosen on site directly beside the road. We had to take care to have no
road traffic while starting and landing of the UAV. The real starting position was about three
meters lower in altitude than the planned one. Only about 3 x 5 m were available as start
and landing platform. The GPS signal was good, there were always more than 10 satellites
connected. The flight with a mean distance of 70 m to the ground worked very well. Our
home position was about 300 m away from the flight plan. This made it hard to observe
the copter. The second flight, planned with a mean distance of 30 m to the ground, seemed
dangerous even if the preview of the flight looked safe. It was not possible to estimate how
close the copter was to the ground. So, we decided to interrupt the flight and ordered the
copter to return to launch. The third flight could not be performed since the UAV was not
able to load the now and heavier 50 mm objective.
The flight at Kunzentaennlein (Fig. 12) was planned with a mean distance of 50 m to the
ground. The photographs were taken every 6 meters, in total that are 194 pictures.
The starting position was chosen on the parking area with plenty of space for starting and
landing the UAV. Lighting conditions were very good: The sun was shining oblique onto the
landscape surface, so that the structures on the fracture surfaces were visible. However, some
fracture surfaces were still covered by snow. During the flight, it was a little windy. But the
UAV flew very stable. Altough the flying distance was 50 m to the ground, it seemed very
close. Therefore, we decided to stop the flight after three flight lines.
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Figure 12. The flight plan (in red) at Kunzentaennlein, which is 50 m above ground. The dots surround
the area of interest.

2.3.2

Attinghausen, Canton of Schwyz

The quarry in Attinghausen is property of the Gasperini AG since 1926. Hard quartz sandstone is mined there and later handled as building block, rail gravel and sand (Kesser and
Bergamin, 2011). Besides, brittle slate is also present. The sandstone and slate are part of
the Flysch series, deposited between Eozaen and Oligozaen, sheared and folded during the
Alpine orogenesis. Tectonically, this sedimentary rock sequence is the youngest unit of the
Helvetic. The quarry is characterized through a very steep, nearly vertical cli↵ with a height
of about 200 m (see Fig. 13). Because of this topography, Attinghausen is suitable as test
area to apply the flight plan.
The flight at Attinghausen was planned with the written mission planning program for
vertical cli↵s. An accurate DEM was necessary to plan the flight carefully because the topographic situation is very complex. There is not only a north-east orientated cli↵ but also
south-east and north-west orientated cli↵s. Therefore, the distances to all these cli↵s had to
be large enough, always more than 40 m. This safety gap is nessessary because of the GPS
connection, which could be weak in front of a cli↵. The cli↵ where the camera is facing is in
a distance of about 60 m. The dip angle of the camera was set horizontal because the wall is
nearly vertical, with a mean incline of about 80 degrees. The flight plan consists of four flight
lines, which di↵er only in flight height. They range from 50 m to 102 m. Every flight line is
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Figure 13. The stone pit of the Gasperini in Attinghausen. Red borders show the wall where our test
flight took place. Photo from Gasperini AG.

Figure 14. The red lines feature the flight plan in Attinghausen. It is surrounded by vertical cli↵s.

about 105 m long. The overlap is set to 65 percent. With these settings, 18 pictures should
be taken. With a copter speed of 3 m/s, the flight time is calculated to about 3.4 minutes.
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So, the flight was relatively short. The first flight is shown in Fig. 14. A second flight was
planned with the same settings. The only di↵erence is the flight line distance: They start at
100 m and go up to 190 m in steps of 30 m.
The XR6 is connected with the computer to load the MPA file on the XR6. Starting
was done manually to have a better control. Then, the automatic mode is activated. Both
flight plans for Attinghausen are accomplished correctly by the XR6. The distances to the
surrounding topography is always more than enough, to fly safely. The starting position is
a little bit higher than the planned one. This only influences the height of the waypoints,
because they are relative to the home position. So, the flight plan is shifted in height, but it
works anyway. The UAV flies very stable, even under light wind conditions.

2.4. Photogrammetric Processing
Agisoft Photoscan and Adam Tech were used for the image processing and reconstruction
of DEMs and orthophotos. Agisoft Photoscan uses a structure-from-motion algoritm which
is more flexibel. Di↵erent cameras can be used for the data aquisition and they must not be
calibrated. Adam Tech uses classical photogrammetry. More presettings about the camera are
essential. With Agisoft Photoscan, we processed all the aearial photos to obtain orthophotos
and DEMs. Some photos of the 30 m flight are also processed with Adam Tech for data
comparison. For photogrammetric processing with more than 100 images, like in our case, a
computer with a 64-bit operating system and at least 16 GB RAM is recommended (Siebert
and Teizer, 2014).
2.4.1

Agisoft Photoscan

Agisoft PhotoScan (Professional Edition) is an image-based 3D modeling software developed
for creating quality 3D content from images. It is based on the latest multi-view 3D reconstruction technology. The program works for random images, taken from any position and
is efficient for controlled and uncontrolled conditions. It is essential that an object is visible
on at least two images. Image alignment and 3D modelling are fully automated. First, PhotoScan searche common points on the images. The camera position for each picture can be
reconstructed. So, sparse points and camera positions are established. A sparse point cloud
is only the result of photo alignment but will not be directly used for the 3D construction
of the model. Using the found image positions, dense point clouds can be calculated. In the
next step, PhotoScan is building 3D polygonal mesh based on the dense point cloud. Two
di↵erent algorithms can be used: For planar surfaces, the height field algorithm and for any
kind of surfaces, the arbitrary algorithm. The mesh can be edited in PhotoScan or exported
to edit in other software. In the last step, PhotoScan generates orthomosaic and DEM. These
can be exported to do further work for example in ArcGIS.
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2.4.2

Adam Tech 3DM

3DM stands for 3-Dimensional Measurement application. Three di↵erent programs are used
in Adam Technology (Mine Mapping Suite 2.3.4): 3DM CalibCam to find out the internal
camera orientation, 3DM Analyst to generate point clouds and DTM Generator to generate
DTM models and orthophotos. All these programs use the principles of photogrammetry.
First, the camera calibration is performed, to find the interor camera orientation. The
interior orientation bundle adjustment method is used to compensate e↵ects of lens distortions. Images taken with digital cameras and scanned images are supported for the procedure.
Both close range and aerial images can be processed with 3DM Analyst. To get the 3D point
clouds, di↵erent images (at least two) of the same object and known locations of so-called
control points and/or the camera locations can be used. Least square bundle adjustment is
used. Furthermore, the software generates a 3D surface model, contours, and cross-sections
automatically. The accuracy is about 1:10000 of the size of the area covered by one image
of a digital camera. The obtained 3D data can be used directly in the 3DM Analyst to get
3D positions of object, measure distances and calculate volumes of specified area. For further analyzes, the data can be exported. The DTM Generator is efficient for multiple DTM
production.
2.4.3

Georeferencing

Figure 15. An example how to identify reference points in red. We set one marker on the bending
structure in the Kunzentaennlein database. On the left, the detailed point cloud is shown. On the
right is the SWISSIMAGE. The error after referencing the point with xy markers is about 0.19 m.

The reconstructed DEM and the orthophoto has to be georeferenced (Neitzel and Klonowski,
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Figure 16. The dense point cloud at Kunzentaennlein location. The flags are the 6 reference points.
PhotoScan fits these 6 points with the model as well as possible. The mean error is 0.49 m.

2011). Direct georeferencing is when the GPS data, that has been recorded during the flight,
is used. The GPS data including the recording time is written on the memory card. The synchronization between the GPS data and the camera data has to be done manually. Direct georeferencing can be done with high-end sensors, such as Di↵erential GPS and navigation-grade
IMUs (Eisenbeiß, 2009). Low-cost sensors imply indirect georeferencing. For the indirect
georeferencing, known point in the point cloud have to be referenced. Direct georeferencing
is faster, but the e↵ort of indirect georeferencing allows a more accurate result (Siebert and
Teizer, 2014).
To get referenced points, we used the orthophoto and DEM from swisstopo. Therefore,
they are short described below. PhotoScan recommends to reference at least 4 marker points.
The used orthophoto (SWISSIMAGE, 2015) and DEM (swissALTI3D, 2015) are both
from swisstopo (Bundesamt für Landestopografie Swisstopo, 2016). Swisstopo provides aerial
photographs taken from an aircraft and uses photogrammetry to create the SWISSIMAGE
orthophoto. The orthophoto ground resolution is either 0.25 m or 0.5 m depending on the
location. At our locations, it is only 0.5 meter. Standard deviation for the precision in
hilly terrains are +/- 3-5 m. The swissALTI3D is a raster with a mesh size of 2 m. To
19

Figure 17. The dense point cloud of the overview flight at Grimsel Lake location. The flags show the
5 reference points with a mean error of 1.04 m.

generate the swissALTI3D, swisstopo used di↵erent methods depending on the altitude. For
altitudes below 2000 m, they used airborne laser scanning. The standard derivation is 0.5 m.
For altitudes above 2000 m, they used the aerial photos and photogrammetric methods to
generate the DEM. Then, the standard deviation is +/- 1-3 meter.
Compared to the SWISSIMAGE and swissALTI3D, our DEM and orthophoto has a much
more detailed ground resolution. It was relativley difficult to identify common points. On
the SWISSIMAGE, most of the fractures were not visible. Also the lightning conditions were
di↵erent. We used points on the rock wall like fractures or edges. Fig. 15 shows an example
of a geore↵erenced marker.
For the location Kunzentaennlein, we set 6 marker points as reference (Fig. 16, with read
out coordinates from the swissALTI3D. Agisoft PhotoScan then fits the model with these 6
reference points. The marker points are visible in 8 to 30 photographs. PhotoScan shows the
error of every marker, which is the distance between the input value from swissALTI3D and
estimated position of the marker. For the Kunzentaennlein area, the mean error is about 0.49
m.
At the Grimsel Lake location, two flights were accomplished. SWISSIMAGE was used to
reference the point cloud of the overview flight. The point cloud of the sub-area is refered
in respect to the referenced DEM of the overview flight. This allows a good fitting between
them. For the overview area at location Grimsel Lake, 5 marker points were set which are
visible on 7 to 17 photographs. The mean error of the markers is 1.04 m. The 5 markers on
the area are shown in Fig. 17. For the detailed DEM, the defined 4 markers fit very well with
the model, with a mean error of only 0.036 m.
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2.4.4

Analyses of DEM and Orthophoto

ESRI ArcGIS was used to analyse the DEMs and orthophotos. Furthermore, di↵erences
between DEMs can be analyzed. Especially the di↵erence between the swissALTI3D and
our DEMs is of our interest. To make sure that they are adapted on each other, our DEM
is georeferenced based on the swissALTI3D. The swissALTI3D has with 2 m a much bigger
mesh size then our DEMs with about 2 - 3 cm. Therefore, the swissALTI3D is resampled with
the bilinear resampling technique. The bilinear resampling technique calculates each pixel
value by averaging (weighted for distance) the values of 4 sorrounding pixels. This produces
continious data of the swissALTI3D. Then, they are compared using the raster math toolbox.
The di↵erence in altitude is obtained, calculating our DEM minus the swissALTI3D.

3. Results
3.1. Programs for Flight Planning
Fig. 18 shows the created user interace for mission planning of mountainous and steep
slopes. As input, only a DEM (.tif) of the specific area, including the home position and
the flying area, and a horizontal flight plan (.txt, created in MPA) must be given. All flight
parameters like UAV, camera and grid options are already defined in the 2D flight plan
and can not be changed with this interface. The way points are smoothed with the defined
distance to the ground. The polynomial order of the function can be chosen between 1st and
5th. There are two program versions: MissionPlanningTopo is suitable for a normal camera
orientation. MissionPlanningNadir is optimized when the camera is facing vertical down.
Both program codes are in the appendix. After clicking the calculation button, the program
calculates the flight plan and exports a .txt file readable in MPA. A preview of the flight
plan and a map of the slopes of the landscape surface surface are plotted. Additionally, the
program suggests camera orientation and shows informations about the flight.
Fig. 19 shows the interface of the mission planning for a vertical cli↵. The loaded DEM
is used for the preview and to determines the altitude of the home position automatically.
The MPA file has to contain the correct format with two way points. The already existing
flight parameters in the MPA are changed in this program, depending on further settings.
For the input values, there are two groups of settings: ’Camera and UAV Options’ and ’Grid
Options’. With the accept button, the program writes a new MPA file based on the defined
parameters adding new way points with heigher flying altitude. Informations about the flight
are exhibited. A figure with a preview of the flight plan and a model with the slope of the
landscape surface are displayed.
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Figure 18. Flight Planning Interface for a mountainous landscape. Inputs are the DEM of the area
and a 2D flight plan from MPA. The polynomial degree for the adaption can be chosen between first
and fifth. The info group box shows the recommended camera orientation: Azimuth angle from north
and and dip angle from the horizontal. The distance, time and taken pictures during the flight are
displayed.

Figure 19. Flight Planning Interface for a steep cli↵. A DEM for the preview and a flight plan with
the coordinates must be loaded. All options about the camera, UAV and grid can be filled in. Focal
length, sensor size are depending on the camera. Speed of the UAV can be defined. Head Hold is
the azimuth angle from north of the camera. Overlap and side lap are can be chosen. Minimum and
Maximum Height of the flying drone. The distance from the wall must be defined. Flight informations
are shown: Distance and time of the flight, number of pictures, and distances between flight lines and
between taken pictures.

3.2. Flight Distance Validation
The suggested program for mountainous and steep slopes calculates way points that lie on
a polynomial surface, parallel to the smoothed ground surface with a defined distance. It has
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Way Points
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
Statistics
Minimum
Maximum
Mean
Standard Dev.

70 m Flight
70.3 m
67.6 m
65.8 m
69.5 m
71.3 m
65.6 m
69.7 m
72.1 m
70.4 m
69.7 m
67.6 m
65.0 m
68.4 m
73.0 m
-

30 m Flight
29.2 m
27.0 m
28.3 m
30.4 m
32.9 m
28.8 m
27.9 m
32.1 m
30.3 m
28.2 m
30.6 m
29.3 m
29.7 m
30.4 m
29.8 m
29.8 m

50 m Flight
46.4 m
48.1 m
47.4 m
44.8 m
45.5 m
52.6 m
49.1 m
41.7 m
42.2 m
46.5 m
45.8 m
47.4 m
48.5 m
46.6 m
-

65.0 m
73.0 m
69.0 m
2.4 m

27.0 m
32.9 m
29.7 m
1.5 m

41.7 m
52.6 m
46.6 m
2.6 m

Table 2. Nearest distance between every calculated way point and the ground surface.
Way Points
1
2
3
4
5
6
7
8
9
10
11
12
13
14
Statistics
Minimum
Maximum
Mean
Standard Dev.
set GPS radius

70 m Flight
6.5 m
3.6 m
7.4 m
4.4 m
8.5 m
5.9 m
10.0 m
7.0 m
11.0 m
8.1 m
12.5 m
11.7 m
14.0 m
13.7 m

30 m Flight
4.6 m
3.4 m
5.6 m
4.9 m
6.6 m
5.3 m
7.8 m
5.4 m
7.9 m
5.4 m
7.8 m
6.4 m
8.9 m
7.1 m

50 m Flight
7.2 m
6.3 m
7.9 m
6.2 m
8.1 m
-

3.6 m
14.0 m
8.9 m
3.2 m
5m

3.4 m
9.5 m
6.4 m
1.6 m
5m

6.2 m
8.1 m
7.1 m
0.8 m
8m

Table 3. Distance between command way points and GPS signal. The values should be in the range
of the GPS radius.

to be validated, if the suggested method works. Therefore, the nearest distance to the actual
ground surface for every calculated way point was determined. This is featured in Tab. 2.
The calculated 70 m and 30 m flights show good results. Mean distance of the 70 m flight is
69 m with a standard deviation of 2.4 m. For the 30 m flight, the mean distance is 29.7 m
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Data Points
Minimum
Maximum
Mean
Standard Deviation

70 m Flight
1437
55.3 m
66.6 m
60.6 m
2.7 m

30 m Flight
1334
23.8 m
31.0 m
26.8 m
1.9 m

50 m Flight
1062
54.2 m
62.5 m
58.6 m
2.4 m

Table 4. Nearest distance between GPS data and ground surface for the di↵erent flights.

and with a standard deviation of 1.5 m. The 50 m flight gave the worst result with a mean
value of 46.6 m and a standard deviation of 2.6 m.
To judge the GPS positions, they are compared with the commanded way points (Tab.
3). The altitude of the way points is always relative to the starting position. The starting
position is determined for the flight planning with the swissALTI3D. But the UAV calculates
with the GPS measured starting position. So, the shift depends on the GPS accuracy and
the accuracy of swissALTI3D. The standard deviation of the swissALTI3D is 1-3 m. For the
GPS, it is about 5 m. At the Grimsel Lake, we used the same starting position for both
flights but the obtained GPS altitude was 3.2 m di↵erent.
The UAV flies to every way point with a defined radius. For the 70 m flight and 30 m
flight, the radius was 5 m and for the 50 m flight, it was 8 m. So, the distance between way
points and GPS position should be in that range (Tab. 3). With mean distances of 8.9 m for
the 70 m flight and 6.4 m for the 30 m flight, this is clearly too large. The 50 m flight is with
a mean distance of 7.1 m in the range of 8 m.
For the 50 m flight at Kunzentaennlein, the way points are calculated relative to the

(a) View from above.

(b) View from south-east.

Figure 20. The green-yellow-red colored points are GPS data, while red points are relatively close to
the ground and green values are less close. Blue points are the defined way points of the flight. GPS
data feature that the UAV was closer than defined.
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(a) Total area of the orthophoto.

(b) Sub-area of the hillshade model.

Figure 21. Reconstructed orthophoto and a clip of the hillshade model, both of the 30 m flight at
Grimsel Lake.

displayed altitude of the MPA. It turns out that this was a mistake: The displayed altitude
in MPA was about 20 m lower than the GPS height. Therefore, the commanded way points
are about 20 m heigher than intended.
More detailed statistics about the GPS positions are represented in Tab. 4, where the GPS
positions are relative to the ground surface. In Fig. 23, the calculated way points and the
GPS positions are illustrated.

3.3. DEMs/Orthophotos
The photographs taken at the locations Grimsel have a very good quality. This promotes
also the quality of the DEM and the orthophoto.
Figs. 21, 22 and 23 show resulting parts of the orthophoto and hillshade models, processed
with Agisoft Photoscan. Tab. 5 lists the ground resolutions of the orthophotos and the cell
size of the DEMs. The cell size of DEMs is about twice as large as the resolution of the
corresponding orthophoto. In general, the resulting DEMs/orthophotos are all very sharp,
with good contrast to see detailed structures on the rock. It is normal that the margins of the
orthophotos/DEMs are frayed and inaccurate. Only single individual areas contain artefacts.
Artefacts appear when less or bad data are available at some areas.
The two flights at Grimsel Lake are suitable to compare because they contain partially the
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(a) Total area of the orthophoto.

(b) Sub-area of the hillshade model.

Figure 22. Reconstructed orthophoto and a clip of the hillshade model, both of the 30 m flight at
Grimsel Lake.
70 m Flight
30 m Flight
50 m Flight

Resolution of Orthophoto
1.27 cm
0.52 cm
1.18 cm

Cell Size DEM
2.53 cm
1.03 cm
2.36 cm

Table 5. Ground resolution per pixel of the di↵erent flights are listed and compared with the cell size
of the DEMs.

same area. Obviously, the 70 m flight includes a bigger area than the 30 m flight. But on the
other hand, the better resolution of the 30 m flight is visible on small scale. Moreover, the
orthophotos have slightly di↵erent lighting conditions. Both datasets contain areas at parts
which are better or lesser quality.
The Kunzentaennlein flight with 50 m flight distance features especially good lighting of
the orthophoto. Unexpected is that the ground resolution of the orthophoto is not much
better than the one for the 70 m flight at Grimsel Lake. Unfortunately, the obtained area
in Kunzentaennlein is relatively small, because the flight was stopped some minutes before
finishing.
Artefacts due to hidden objects appear in all flights. But artefacts due to difficult refections
of wet surfaces on the rock and splashing water appear more in the data of the 30 m flight
(Fig. 24a). Water can cause blurred data. Artefacts due to less data informations appear on
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(a) Total area of the orthophoto.

(b) Sub-area of the hillshade model.

Figure 23. Reconstructed orthophoto and a clip of the hillshade model, both of the 30 m flight at
Grimsel Lake.

orthophoto and DEM (Fig. 24b, green surrounded). One sort of artefactur appear only in the
hillshade model. Regular structures on the surface which are only a fail in data processing
and do not really exist on the rock (Fig. 24b, blue surrounded). They should not be mixed
up with arrest marks, an appearance on exfoliation fractures.
The accuracy of the DEM, created with Agisoft Photoscan, is compared with the DEM
of swisstopo, swissALTI3D. They fit together generally, because our DEMs are georeferenced
based on the swissALTI3D data. Fig. 25 shows the di↵erence between the DEM of the 70
meter flight and the swissALTI3D. Our new DEM is relatively lower than the swissALTI3D
in general. Snow areas are not present in the swissALTI3D, hence it is visible in the map:
The mass di↵erence is 2 m or more.
The 30 m flight is also processed with Adam Tech, to compare the DEM and the orthophoto
with the Agisoft data. The resolution of the Adam Tech is defined manually by the user,
but one should avoid up-sampling. We calculated two orthophotos for Adam Tech, one with
4 mm and the second with 8 mm resolution. Fig. 26 features the compared orthophotos.
The sharpness of the orthophotos is very good for both, Agisoft and Adam Tech. They
both contain artefacts, but interestingly not at the same areas. The DEMs are compared
in altitude. In average, the Adam Tech DEM is 2.1 cm heigher than the Agisoft DEM with
a standard deviation of 12.5 cm. Big di↵erences occur at chasms. This indicates, that the
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(a) Artefacts in the orthophoto.

(b) Artefacts in the hillshade model.

Figure 24. Appearing Artefacts are freatured in the hillshade of the 30 m flight. (a) Wet rock surfaces
also cause miss interpretations in the orthophotos. The left part of the image is sharper than the right
part. (b) Blue marked artefacts are due to the DEM creating algoritm, they only appear in the DEM
and not in the orthophoto. Green marked artefacts are due to less informations. This part is not good
visible on the obtained photographs.

models are di↵erent in x and y directions. Only a comparision in altitude is not helpful,
because the x and y positions have also an error. This will be discussed later.
Unfortunately, the obtained photos from Attinghausen do have such a bad quality, that
photogrammetry is not possible. Agisoft Photoscan did not find tie points. Two problems
are reasonable for this. First of all, there were only 12 pictures taken for the first flight.
In the instruction file, the setting was to take continuously every 26 meters a picture at a
total length of 470 meters. As calculated previously, 18 pictures should be taken. So, much
more pictures should have been taken. We can not explain, how this happened. Either there
exists an error in the Mission Planner or the camera trigger system had a problem. Secondly,
the aerial photos are of low resolution. The camera setting was on manual with the standard
photogrammetric settings. Maybe, someone changed accidently the settings when the camera
was mounted to the UAV.

4. Discussion
The calculated way points generally have an acceptable distance to the landscape surface.
The standard deviation are mainly associated with the polynomial function: Way points lay
in the polynomial function which is sometimes heigher or lower than the actual landscape
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Figure 25. (a) Di↵erences are features between the new DEM and swissALTI3D. Positive means that
the new DEM is heigher. (b) The new orthophoto. (c) The SWISSIMAGE.

surface. This is deliberate to produce a smoothed flight plan. Tendentially, the way points are
too close to the landscape surface. To investigate this, one has to understand the concept of
the 3D flight plan: The target points, with the same x and y coordinates like the 2D flight plan,
are calculated based on the polynomial fitting surface. Then, the target points are shifted
perpendicular to the best fitting plane. Why is not every target point shifted perpendicular
to a tangent plane of the polynomial fitting plane? Well, this would give a better result for
the nearest distance. But then, the way points would be shifted in di↵erent directions which
would end up in an irregular flight plan. If the polynomial surface was concave, the way
points would be near together but more apart for a convex surface. Therefore, we used the
perpendicular distance to the best fitting plane, so that all the target points are shifted in
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(a) Adam Tech orthophoto.

(b) Agisoft orthophoto.

Figure 26. Both orthophotos satisfy with a very good quality. Here, an artefact in the Adam Tech
is visible at the snow areas. The orthophoto of Agisoft looks better in that area, but contains other
artefacts instead.

the same direction to get the final way points. But the result exhibits, that improvements
are still possible.
The application in the field is featured that one main problem is that the way points must
be given relative to the home position: The di↵erence in altitude between planned home
position based on a DEM and the used home position of GPS produces a shift in the flight
plan. The swissALTI3D is reliable, but we advice against DEMs where the accuracy is not
known.
The accuracy of the GPS data is worse than anticipated. We expected a deviation of 5
m for the Grimsel Lake flights and 8 m for the Kunzentaennlein flights, corresponding to
the way point radius.The UAV reaches the way point if it gets into the defined radius. The
result exhibits that the GPS position is always lower than the commanded way point. This
makes sense, because the UAV does not have to fly heigher if the radius of the way point is
already reached. For the 50 m flight, it is quite good. The 70 m flight contains some GPS
positions with distances to the command way point up to 14 m. This could be attributed to
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the inaccuracy of the GPS coordinates.
The mean distance of the flights to the ground, figured out from the GPS positions, is
mainly responsible for the obtained resolutions of the orthophotos and DEMs. Therefore,
the flight planning is one of the fundamentals to obtain good photograph data. Another
important condition is the camera. The camera Sony Alpha 6000 makes brilliant images,
if it is adjusted correctly. The quality of the orthophoto and DEM reconstructions of the
pictures depends besides photograph resolution and lighting conditions on the used software.
Both softwares, Agisoft based on struction from motion techniques and Adam Tech based on
traditional photogrammetry, delivered good results. Artefacts can be avoided removing low
quality photographs or trying other algoritms for the building of orthophotos and DEMs.
DEMs were only compared in altitude. It would be necessary to compare them also in x
and y directions. Without the subdivision in x, y and z directions, a solid statement, how
well the DEMs fit together, is not possible. This could be done in further work.
The comparison between swissALTI3D and our new DEM featured that they are very
similar, in respect of the accuracy of swissALTI3D. A successful georeferencing is elementary
for this. So, when the result is not good, a repetition of the georeferencing could improve the
result. Our example in Fig. 25 presents also applications like the detections of mass changes.
The next step would be to calculate the excact volume like in (Siebert and Teizer, 2014): The
as-planned model engineers built in advance is compared with the present DEM, to calculate
the volume of cut and fill areas. With two high quality DEMs, before and after the mass
movement, the detection is even better.

5. Conclusion
Known open-source softwares do not allow to plan UAV flights, considering the topography.
Therefore, new concepts are developed to optimize the flight planning of complex topography.
Programs are written to simplify the planning and applied in the Swiss Alps. The main
program is called MissionPlanningTopo and created for mountainous and steep areas with
the challenge to proof a safe distance to the landscape surface. A special version for nadir
camera orientation (MissionPlanningNadir) and for vertical cli↵s (MissionPlanningCli↵) were
also programmed. The distance between way points and ground surface showed a solid result.
So, it is possible now to plan flights for every kind of topography with the new programs, in
combination with the Mission Planner from Ardupilot. Created flight plans were tested in
Grimsel and Attinghausen without complications. Way points are transmitted to the UAV
with an altitude relative to a home position which can lead to errors because our program
calculates relative to a DEM and the UAV relative to GPS. Additionally, the UAV follows the
way points just in a certain radius and flies always lower than defined. The obtained pictures
have very good quality in general, which is associated with the successful flight planning and
the good camera. Processed DEMs/orthophotos have good quality with Agisoft Photoscan
31

and Adam Tech as well. Furthermore, the di↵erence between new and old DEMs are useful
to detect mass changes.
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Appendix
Program 1: FlightPlanningTopo

warning off;
%% input data
% Reference DEM
demfile = get(handles.edit1,'String');
% Mission Planner File
missionfile = get(handles.edit2,'String');
% Readfile
fid=fopen(missionfile,'rt');
head=fscanf(fid,'%s',3);
mission=fscanf(fid,'%f', [12,inf]);
mission=mission';
fclose(fid);
%% prepare data of the flight plan
% Waypoints
wp=mission(:,4)==16 & mission(:,3)==3;
WP=mission(wp,:);
speed = mission(3,6);

% speed of the UAV

% Flight height
home=mission(:,4)==16 & mission(:,3)==0;
H g = WP(home,11); % height above ground
% longitude and latitude of the home position
Lon home = mission(home,9);
Lat home = mission(home,10);
% X and Y of the home position
[X home, Y home] = deg2utm(Lon home,Lat home);
% deg2utm from Rafael Palacios, Universidad Pontificia Comillas, Madrid, Spain
% X and Y from the 2D flight plan
Lon2D = WP(:,9);
Lat2D = WP(:,10);
% X and Y in utm coordinates
[X 2D, Y 2D, utmzone] = deg2utm(Lon2D,Lat2D);
% deg2utm from Rafael Palacios, Universidad Pontificia Comillas, Madrid, Spain
%% prepare the data of the DEM
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[A, R] = geotiffread(demfile);
xx=R.XWorldLimits(1):R.CellExtentInWorldX:R.XWorldLimits(2)-R.CellExtentInWorldX;
yy=R.YWorldLimits(1):R.CellExtentInWorldY:R.YWorldLimits(2)-R.CellExtentInWorldY;
A(A<0)=nan;
zz=flipud(A);
% computation of slope and aspect
[Xx,Yy]=meshgrid(xx,yy);
% DEM data with reasonable size
size1 = 150;
Xx2=imresize(Xx,[size1 size1*size(Xx,2)/size(Xx,1)]);
Yy2=imresize(Yy,[size1 size1*size(Yy,2)/size(Yy,1)]);
zz2=imresize(zz,[size1 size1*size(zz,2)/size(zz,1)]);
%% data fit
[xData, yData, zData] = prepareSurfaceData( Xx2, Yy2, zz2 );
% Set up fittype and options.
polyorder = get(handles.popupmenu1,'Value');
if polyorder == 1
ft = fittype( 'poly11'
elseif polyorder == 2
ft = fittype( 'poly22'
elseif polyorder == 3
ft = fittype( 'poly33'
elseif polyorder == 4
ft = fittype( 'poly44'
else
ft = fittype( 'poly55'
end

);
);
);
);
);

% Fit model to data.
poly fit = fit( [xData, yData], zData, ft , 'Normalize', 'on' );
%% calculate slope of the linear interpolated surface
interp fit = fit( [xData, yData], zData, 'linearinterp', 'Normalize', 'on' );
[FX, FY] = differentiate(interp fit, Xx2,Yy2);
Slopes = sqrt(FX.*FX + FY.*FY);
% slope at every point
SlopesD = rad2deg(atan(Slopes));
% in degree
%% calculate azimuth and dip angle of camera orientation
linear fit = fit( [xData, yData], zData, 'poly11', 'Normalize', 'on' );
% Calculating the derivation in X and Y direction
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[FX, FY] = differentiate( linear fit, 1,1);
Slope = sqrt(FX*FX+FY*FY);

% mean slope

% azimuth: from north, of the camera
% aziview: used for matlab figure --> view()
if FX > 0
if FY > 0
azimuth = rad2deg(atan(FX/FY));
else
azimuth = 180+rad2deg(atan(FX/FY));
end
aziview = -azimuth;
else
if FY < 0
azimuth = 180+rad2deg(atan(FX/FY));
else
azimuth = 360+rad2deg(atan(FX/FY));
end
aziview = 360-azimuth;
end
handles.textAzi.String = [num2str(round(azimuth,0)),'degree'];
SlopeD = atan(Slope);

% mean slope in degree

% dip angle from horizontal
dip = 90-rad2deg(SlopeD);
handles.textDip.String = [num2str(round(dip,0)),'degree'];
%% new values of the 3D flight plan
% Length, used to calculate unit length of the normal vector
Length = sqrt(FX*FX+FY*FY+1);
% new x and y values
X 3D = X 2D-H g *FX/Length;
Y 3D = Y 2D-H g *FY/Length;
[xlon, ylat] = utm2deg(X 3D,Y 3D,utmzone);
% utm2deg from Rafael Palacios, Universidad Pontificia Comillas, Madrid, Spain
Z 3D = poly fit(X 2D,Y 2D)+H g/Length;
% find absolute altitude at home position
i = 1;
while X home > xx(1,i)
i = i + 1;
end
j = 1;
while Y home > yy(1,j)
j = j + 1;
end
Z home = zz(j,i);
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H rel = Z 3D - Z home;

% H relative to the home position

mission(wp,9)=xlon;
mission(wp,10)=ylat;
mission(wp,11)=H rel;
%% save mission
fid=fopen([missionfile(1:end-4),'T',missionfile(end-3:end)],'w');
fprintf(fid,'%s %s %s\n',head(1:3),head(4:6),head(7:9));
fprintf(fid,'%6.0f %6.0f %6.0f %6.0f %10f %10f %10f %10f %10f %10f %12f %6.0f\n',mission');
fclose(fid);
%% calculating the flight time and distance
distance = 0;
for i=1:size(X 3D)-1
distance = distance + sqrt((X 3D(i+1,1)-X 3D(i,1))ˆ2 + ...
(Y 3D(i+1,1)-Y 3D(i,1))ˆ2 + (Z 3D(i+1,1)-Z 3D(i,1))ˆ2);
end
B = mission(6,5); % distance between pictures
Pic = round(distance/B,0); % number of pictures
handles.textPic.String = num2str(Pic);
distance = distance + sqrt((X 3D(1,1)-X home)ˆ2 + ...
(Y 3D(1,1)-Y home)ˆ2 + (Z 3D(1,1)-Z home)ˆ2);
distance = distance + sqrt((X 3D(i+1,1)-X home)ˆ2 + ...
(Y 3D(i+1,1)-Y home)ˆ2 + (Z 3D(i+1,1)-Z home)ˆ2);
handles.textDist.String = [num2str(round(distance,0)),' m'];
time in secs = distance/speed;
time string='';
nmins = 0;
if time in secs >= 60
nmins = floor((time in secs)/60);
if nmins > 1
minute string = ' mins, ';
else
minute string = ' min, ';
end
time string = [time string num2str(nmins) minute string];
end
nsecs = time in secs - 60*nmins;
time string = [time string sprintf('%2.0f', nsecs) ' secs'];
handles.textFT.String = time string;
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%% Feature flight plan
figure( 'Name', 'Slope');
surf(Xx2,Yy2,zz2,SlopesD); shading flat
colormap(parula(8))
colormap(jet)
colorbar
axis equal
hold on
plot3(X 3D,Y 3D,Z 3D,'-k*','LineWidth',2);
view(aziview,dip);
figure( 'Name', 'Flight Plan Overview');
surf(Xx2,Yy2,zz2); shading flat
box on, hold on, axis equal
colormap([0.9 0.9 0.9])
camlight(315,45)
view(aziview,dip);
xlabel('X Coordinates (m)');
ylabel('Y Coordinates (m)');
zlabel('Z (m.a.s.l.)');
plot3(X 3D,Y 3D,Z 3D,'-rx','LineWidth',2);
plot3(X home,Y home,Z home,'k.','MarkerSize',30);

Program 2: FlightPlanningNadir

warning off;
%% input data
% Reference DEM
demfile = get(handles.edit1,'String');
% Mission Planner File
missionfile = get(handles.edit2,'String');
% Readfile
fid=fopen(missionfile,'rt');
head=fscanf(fid,'%s',3);
mission=fscanf(fid,'%f', [12,inf]);
mission=mission';
fclose(fid);
%% prepare data of the flight plan
% Waypoints
wp=mission(:,4)==16 & mission(:,3)==3;
WP=mission(wp,:);
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speed = mission(3,6);

% speed of the UAV

% Flight height
home=mission(:,4)==16 & mission(:,3)==0;
H g = WP(home,11); % height above the ground
% longitude and latitude of the home position
Lon home = mission(home,9);
Lat home = mission(home,10);
% X and Y of the home position
[X home, Y home] = deg2utm(Lon home,Lat home);
% X and Y from the 2D flight plan
Lon2D = WP(:,9);
Lat2D = WP(:,10);
% X and Y in utm coordinates
[X 2D, Y 2D] = deg2utm(Lon2D,Lat2D);
%% prepare the data of the DEM
[A, R] = geotiffread(demfile);
xx=R.XWorldLimits(1):R.CellExtentInWorldX:R.XWorldLimits(2)-R.CellExtentInWorldX;
yy=R.YWorldLimits(1):R.CellExtentInWorldY:R.YWorldLimits(2)-R.CellExtentInWorldY;
A(A<0)=nan;
zz=flipud(A);
% computation of slope and aspect
[Xx,Yy]=meshgrid(xx,yy);
% DEM data with reasonable size
size1 = 150;
Xx2=imresize(Xx,[size1 size1*size(Xx,2)/size(Xx,1)]);
Yy2=imresize(Yy,[size1 size1*size(Yy,2)/size(Yy,1)]);
zz2=imresize(zz,[size1 size1*size(zz,2)/size(zz,1)]);
%% data fit
[xData, yData, zData] = prepareSurfaceData( Xx2, Yy2, zz2 );
% Set up fittype and options.
polyorder = get(handles.popupmenu1,'Value');
if polyorder == 1
ft = fittype( 'poly11' );
elseif polyorder == 2
ft = fittype( 'poly22' );
elseif polyorder == 3
ft = fittype( 'poly33' );
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elseif polyorder == 4
ft = fittype( 'poly44' );
else
ft = fittype( 'poly55' );
end
% Fit model to data.
poly fit = fit( [xData, yData], zData, ft, 'Normalize', 'on' );
%% calculate slope of the linear interpolated surface
interp fit = fit( [xData, yData], zData, 'linearinterp', 'Normalize', 'on' );
[FX, FY] = differentiate(interp fit, Xx2,Yy2);
Slopes = sqrt(FX.*FX + FY.*FY);
% slope at every point
SlopesD = rad2deg(atan(Slopes));
% in degree
%% calculate azimuth and dip angle of camera orientation
linear fit = fit( [xData, yData], zData, 'poly11', 'Normalize', 'on' );
% Calculating the derivation in X and Y direction
[FX, FY] = differentiate( linear fit, 1,1);
Slope = sqrt(FX*FX+FY*FY);

% mean slope

% azimuth: from north, of the camera
% aziview: used for matlab figure --> view()
if FX > 0
if FY > 0
azimuth = rad2deg(atan(FX/FY));
else
azimuth = 180+rad2deg(atan(FX/FY));
end
aziview = -azimuth;
else
if FY < 0
azimuth = 180+rad2deg(atan(FX/FY));
else
azimuth = 360+rad2deg(atan(FX/FY));
end
aziview = 360-azimuth;
end
handles.textAzi.String = [num2str(round(azimuth,0)),'degree'];
SlopeD = atan(Slope);

% mean slope in degree

% dip angle from horizontal
dip = 90-rad2deg(SlopeD);
handles.textDip.String = [num2str(round(dip,0)),'degree'];
%% new z values of the flight plan
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Z 3D = poly fit(X 2D,Y 2D)+H g;
% find absolute altitude at home position
i = 1;
while X home > xx(1,i)
i = i + 1;
end
j = 1;
while Y home > yy(1,j)
j = j + 1;
end
Z home = zz(j,i);
H rel = Z 3D - Z home;

% H relative to the home position

mission(wp,11)=H rel;
%% save mission
fid=fopen([missionfile(1:end-4),'N',missionfile(end-3:end)],'w');
fprintf(fid,'%s %s %s\n',head(1:3),head(4:6),head(7:9));
fprintf(fid,'%6.0f %6.0f %6.0f %6.0f %10f %10f %10f %10f %10f %10f %12f %6.0f\n',mission');
fclose(fid);
%% calculating the flight time and distance
distance = 0;
for i=1:size(X 2D)-1
distance = distance + sqrt((X 2D(i+1,1)-X 2D(i,1))ˆ2 + ...
(Y 2D(i+1,1)-Y 2D(i,1))ˆ2 + (Z 3D(i+1,1)-Z 3D(i,1))ˆ2);
end
B = mission(6,5); % distance between pictures
Pic = round(distance/B,0); % number of pictures
handles.textPic.String = num2str(Pic);
distance = distance + sqrt((X 2D(1,1)-X home)ˆ2 + ...
(Y 2D(1,1)-Y home)ˆ2 + (Z 3D(1,1)-Z home)ˆ2);
distance = distance + sqrt((X 2D(i+1,1)-X home)ˆ2 + ...
(Y 2D(i+1,1)-Y home)ˆ2 + (Z 3D(i+1,1)-Z home)ˆ2);
handles.textDist.String = [num2str(round(distance,0)),' m'];
time in secs = distance/speed;
time string='';
nmins = 0;
if time in secs >= 60
nmins = floor((time in secs)/60);
if nmins > 1
minute string = ' mins, ';
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else
minute string = ' min, ';
end
time string = [time string num2str(nmins) minute string];
end
nsecs = time in secs - 60*nmins;
time string = [time string sprintf('%2.0f', nsecs) ' secs'];
handles.textFT.String = time string;
%% Feature flight plan
figure( 'Name', 'Slope');
surf(Xx2,Yy2,zz2,SlopesD); shading flat
colormap(parula(8))
colormap(jet)
colorbar
axis equal
hold on
plot3(X 2D,Y 2D,Z 3D,'-k*','LineWidth',2);
view(aziview,dip);
figure( 'Name', 'Flight Plan Overview');
surf(Xx2,Yy2,zz2); shading flat
box on, hold on, axis equal
colormap([0.9 0.9 0.9])
camlight(315,45)
view(aziview,dip);
xlabel('X Coordinates (m)');
ylabel('Y Coordinates (m)');
zlabel('Z (m.a.s.l.)');
plot3(X 2D,Y 2D,Z 3D,'-rx','LineWidth',2);
plot3(X home,Y home,Z home,'k.','MarkerSize',30);

Program 3: FlightPlanningCliff

warning off;
% Reference DEM
demfile = get(handles.edit1,'String');
% Mission Planner File
missionfile = get(handles.edit2,'String');
fid=fopen(missionfile,'rt');
% Readfile
head=fscanf(fid,'%s',3);
mission=fscanf(fid,'%f', [12,inf]);
mission=mission';
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fclose(fid);
% define params
% commands
% Hold Head Input from Gui
HHI = str2double(get(handles.editHH,'String'));
p holdhead=mission(:,4)==115;
mission(p holdhead,5)=HHI;
HH=mission(p holdhead,:);
holdhead=HH(1,:);
wp=mission(:,4)==16 & mission(:,3)==3;
WP=mission(wp,:);
p setcam=mission(:,4)==206;
setcam=mission(p setcam,:);
cam line=setcam(1,:);
% camera settings when UAV flys horizontal
cam up = setcam(2,:);
% camera settings when UAV flys upwards
p home=mission(:,4)==16 & mission(:,3)==0;
% p takeoff=mission(:,4)==22;
% p changespeed=mission(:,4)==178;
p land=mission(:,4)==20;
landing=mission(p land,:);
MinH = str2double(get(handles.editMinH,'String'));
mission(wp,11) = MinH;
% Camera FOV
% FL=55; % focal lenght in mm
FL = str2double(get(handles.editFL,'String'));
% Sv=15.6; % sensor heigth in mm
Sv = str2double(get(handles.editSv,'String'));
% Sh=23.5; % sensor lenght in mm
Sh = str2double(get(handles.editSh,'String'));
% Dw: distance to the wall in m
Dw = str2double(get(handles.editDW,'String'));
q = str2double(get(handles.editSidelap,'String'));

% Sidelap

p = str2double(get(handles.editOverlap,'String'));

% Overlap

S1 = Sv*Dw/FL; % ground distance of the image in m (vertical camera view)
a = S1*(1-q/100); % distance between the flight lines in m
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S2 = Sh*Dw/FL; % ground distance of the image in m (horizontal camera view)
B = S2*(1-p/100); % distance between taken photos
% vu = 3; %velocity of the UAV in m/s
vu = str2double(get(handles.editV,'String'));
mission(3,6) = vu;
% maximum flight height over ground level in m
MaxH = str2double(get(handles.editMaxH,'String'));
%% new mission: mcliff
mcliff = mission;

% the first 9 lines stay the same:
% it contains home position, wp1, wp2 and all other
% necessary informations

j=1;
for i=MinH:a:MaxH
b = mod(j,2);
% changes in every loop from 1 to 0 and then again from 0 to 1
% the flight path first is horizontal from wp2 to wp1
% in the next loop going up and then horizontal from wp1 and wp2 ...
mcliff(5+4*j,:) = holdhead;
mcliff(6+4*j,:) = WP(b+1,:);
mcliff(6+4*j,11) = MinH+a*j;
mcliff(7+4*j,:) = holdhead;
mcliff(8+4*j,:) = WP(2-b,:);
mcliff(8+4*j,11) = MinH+a*j;
j=j+1;
end
% last two lines
mcliff(size(mcliff,1)+1,:) = cam up;
mcliff(size(mcliff,1)+1,:) = landing;
% overlap adjustment
p setcam2=mcliff(:,4)==206 & mcliff(:,5)>0;
mcliff(p setcam2,5) = B;
for i=1:size(mcliff,1)
mcliff(i,1) = i-1;

% numbering of the first column

end
%% preparing DEM data for the preview in figure
[A, R] = geotiffread(demfile);
xx=R.XWorldLimits(1):R.CellExtentInWorldX:R.XWorldLimits(2)-R.CellExtentInWorldX;
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yy=R.YWorldLimits(1):R.CellExtentInWorldY:R.YWorldLimits(2)-R.CellExtentInWorldY;
A(A<0)=nan;
zz=flipud(A);
%% x,y and z of home position and waypoints of the new mission matrix
newwp = mcliff(:,4)==16;
newWP=mcliff(newwp,:);
newWP(1,11)=30;
Lat=newWP(:,9);
Lon=newWP(:,10);
[x,y] = deg2utm(Lat,Lon);
% it has to be in utm84 cord. like the DEM
% deg2utm from Rafael Palacios, Universidad Pontificia Comillas, Madrid, Spain
z rel = newWP(:,11);
% z, relative to the ground
% find absolute altitude at home position
i = 1;
while x(1,1) > xx(1,i)
i = i + 1;
end
j = 1;
while y(1,1) > yy(1,j)
j = j + 1;
end
z = zz(j,i)+z rel; % altitude relative to sea level
mcliff(p home,11) = zz(j,i);
%% calculating the flight time
distance = 0;
for i=2:size(x)-1
distance = distance + sqrt((x(i+1,1)-x(i,1))ˆ2 + ...
(y(i+1,1)-y(i,1))ˆ2 + (z rel(i+1,1)-z rel(i,1))ˆ2);
end
NI = round(distance/B,0);
distance = distance + sqrt((x(2,1)-x(1,1))ˆ2 + ...
(y(2,1)-y(1,1))ˆ2 + (z rel(2,1)-z rel(1,1))ˆ2);
distance = distance + sqrt((x(i+1,1)-x(1,1))ˆ2 + ...
(y(i+1,1)-y(1,1))ˆ2 + (z rel(i+1,1)-z rel(1,1))ˆ2);
time in secs = distance/vu;
time string='';
nmins = 0;
if time in secs >= 60
nmins = floor((time in secs)/60);
if nmins > 1
minute string = ' mins, ';
else
minute string = ' min, ';
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end
time string = [time string num2str(nmins) minute string];
end
nsecs = time in secs - 60*nmins;
time string = [time string sprintf('%2.0f', nsecs) ' secs'];
%% Output in the Flight Information Panel
handles.text time.String = time string;
handles.text dist.String = [num2str(round(distance,0)),' m'];
handles.text lines.String = [num2str(round(a,0)),' m'];
handles.text images.String = [num2str(round(B,0)),' m'];
handles.text NI.String = num2str(round(NI,0));
%% Printing to a new text file
fid=fopen([missionfile(1:end-4),'C',missionfile(end-3:end)],'w');
fprintf(fid,'%s %s %s\n',head(1:3),head(4:6),head(7:9));
fprintf(fid,'%6.0f %6.0f %6.0f %6.0f %10f %10f %10f %10f %10f %10f %12f %6.0f\n',mcliff');
fclose(fid);
%%
[Xx,Yy]=meshgrid(xx,yy);
size1 = 300;
Xx2=imresize(Xx,[size1
Yy2=imresize(Yy,[size1
zz2=imresize(zz,[size1

size1*size(Xx,2)/size(Xx,1)]);
size1*size(Yy,2)/size(Yy,1)]);
size1*size(zz,2)/size(zz,1)]);

[xData, yData, zData] = prepareSurfaceData(Xx2, Yy2, zz2);
% Fit model to data.
[fitresult, gof] = fit( [xData, yData], zData, 'linearinterp', 'Normalize', 'on' );
[FX, FY] = differentiate(fitresult, Xx2,Yy2);
slope = sqrt(FX.*FX + FY.*FY);
slope degree = rad2deg(atan(slope));
%% Feature flight plan
figure;
surf(Xx2,Yy2,zz2,slope degree); shading flat
box on, hold on, axis equal tight off
colormap(parula(8))
colormap(jet)
colorbar;
plot3(x,y,z,'-k*','LineWidth',2);
xlabel('X Coordinates (m)');
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ylabel('Y Coordinates (m)');
zlabel('Z (m.a.s.l.)');
figure;
surf(xx,yy,zz); shading flat
box on, hold on, axis equal
colormap([0.9 0.9 0.9])
camlight(10,90)
plot3(x,y,z,'-rx','LineWidth',2)
xlabel('X Coordinates (m)');
ylabel('Y Coordinates (m)');
zlabel('Z (m.a.s.l.)');
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