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Abstract

S tructure from motion photogrammetry presents a low-cost and time saving way of
generating digital surface models and orthoimages using image matching algorithms.

The use of structure from motion poses great potential where the implementation of
aerial imagery should not be underrated, for example in regards to landslide mapping.
Previous work has mostly focused on rather close range image acquisition techniques,
but little research has been done to implement aerial imagery for larger geophysical
processes, and previous research has left a gap for investigation of large landslides using
structure from motion from aerial imagery. Firstly in this thesis, a sensitivity study
was carried out of Årdal in western Norway (61.2684◦ N, 8.0385◦ E) to investigate the
structure from motion processing of aerial imagery and possible processing issues. This
was done by measuring absolute accuracy and random-access memory usage as well as
carrying out a topography assessment. Secondly, an application of the technique was
made to Fulånebba in western Norway (62.7233◦ N, 8.5801◦ E) to investigate a potential
landslide site by making digital surface model difference maps and displacement maps.
The main results showed firstly that topography, ground control point accuracy and
the degree of well calibrated intrinsic camera parameters were governing factors for the
absolute accuracy. Secondly, structure from motion was found to possibly yield digital
surface models with similar accuracies without intrinsic camera parameters as with pre-
calibrated cameras. Thirdly, random-access memory capacity was found to limit the
number of used aerial images, level of automation or quality of the result. Further, this
study suggests that structure from motion from aerial imagery might be used to imply
general terrain changes. Lastly, the displacement error between a pair of orthoimages
was found to be relative to the pixel size and the accuracy of the orthoimages after
co-registration.
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Chapter 1

Introduction and Objectives

1.1 Introduction

Digital surface models (DSMs) have traditionally been generated using photogrammet-
ric and differential global positioning system data or laser scanning (e.g. Lane et al.,
1994; Barker et al., 1997). With developing technology, new computational methods for
generating DSMs have been discovered, such as structure from motion (SfM) photogram-
metry. SfM is used to produce true-coloured 3D point clouds and models from a number
of overlapping 2D images taken from different angles without the need of pre-defined
ground control points (GCPs) or camera positions (James and Robson, 2012; Westoby
et al., 2012; Kääb et al., 2014; Nolan et al., 2015; Micheletti et al., 2015; Carrivick et al.,
2016; Gonçalves, 2016).

The technology has been used since the 1980s, but has developed and became more
available the recent years, as shown in Figure 1.1, due to advancement in computer
hardware and software algorithms (Carrivick et al., 2016). Since the interpretation
process is mainly computational, and the acquisition process is in no need of precise
camera destination, SfM is being considered a low-cost and time saving way of mapping
compared to previous aerial photogrammetry or laser scanning (James and Robson,
2012; Westoby et al., 2012; Micheletti et al., 2015; Nolan et al., 2015; Smith et al., 2015;
Gonçalves, 2016). SfM is sometimes specified to also implement multi-view stereo (MVS)
as SfM strictly speaking only refers to one part of the SfM workflow (Smith et al., 2015;
Carrivick et al., 2016). However, MVS image matching algorithms were always applied
in this thesis, hence SfM-MVS will be referred to interchangeably as SfM in this thesis.
The SfM algorithms will be referred to as the sparse cloud calculation or the align photos
step, as it is called such by the software developers from the SfM software used in this
thesis.
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CHAPTER 1. INTRODUCTION AND OBJECTIVES

Figure 1.1: Extent of academic literature com-
prising SfM (Carrivick et al., 2016).

The main advantage of using SfM for pro-
cessing of aerial imagery in comparison to
traditional photogrammetry is that there
is no need of camera parameters to end
up with a 3D model. It is a known prob-
lem that historical aerial images may lack
this information. Even if this metadata ex-
ists, the post processing of large numbers
of aerial images takes significantly longer
time, hence is more expensive, than with
the use of SfM. As an example, Redweik
et al. (2010) present coverages of Portugal
without intrinsic or extrinsic parameters
of tens of thousands of images in the 1930s
and 1940s. However, the parameters were
found after considerable manual process-
ing and calculations, which would have been avoided with an automatic process. In
addition, as pointed out by Gonçalves (2016), traditional photogrammetry would be
very time consuming, and hence also expensive.

For geographical mapping purposes and analysis, the resulting point cloud or DSM raster
from SfM is in need of georeferencing. This can either be done for the finished result
after SfM processing, or better yet be included as a part of the SfM workflow and be
accounted for when calculating camera orientations (Smith et al., 2015). The GCPs are
not needed to appear in all images as SfM uses feature matching for image alignment.

SfM technology has previously been applied to several purposes related to geosciences,
e.g. mapping of fluvial environments (e.g. Fonstad et al., 2013; Javernick et al., 2014;
Micheletti et al., 2014), glacial and periglacial environments (e.g. Westoby et al., 2012;
Whitehead et al., 2013; Kääb et al., 2014; Ryan et al., 2015; Girod et al., 2017), hillslope
landforms (e.g. James and Robson, 2012; Westoby et al., 2012; Lucieer et al., 2013;
Micheletti et al., 2014), coastal regions (e.g. James and Robson, 2012; Westoby et al.,
2012; Ružić et al., 2014) and aeolian landforms (e.g. Hugenholtz et al., 2013). However,
SfM is still considered a developing technique with vast potential, for example when it
comes to landslide mapping.

The importance of geographic information systems and remote sensing has been signifi-
cant to landslide hazard mapping the last decades due to the possibility to look at larger
scale changes and minimise subjective interpretation (Soeters and van Westen, 1996;
Delacourt et al., 2007; van Westen et al., 2008). A number of remote sensing techniques
have been applied to landslide zones, e.g. multispectral imagery (e.g. McKean et al.,
1991; Cheng et al., 2004) and thermal mapping (e.g. Whitworth et al., 2005). Yet, also
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despite modern laser scanning, photogrammetry is still relevant due to the high detailed
accurate 3D models relative to the potential survey extent at limited cost (van Westen
et al., 2008), as well as the historical archives of such imagery (Redweik et al., 2010).
SfM also offers directly coloured point clouds, using only one system, without the need
of potential errors connected to a draping process.

The technique of using SfM for landslide mapping has been applied by Lucieer et al.
(2013) to investigate an already developed landslide in Tasmania, Australia. This was
done using an unmanned aerial vehicle (UAV), and thus was limited to an area of 125
metres by 60 metres. The use of imagery from aeroplanes has the potential to increase
this area restriction significantly.

Landslides are some of the most dangerous natural hazards in Norway, not only by
causing direct damage to infrastructure in the landslide path, but also by initialising
other natural hazards such as tsunamis (Blikra et al., 2005). This is especially true in
western Norway where over 170 people have lost their lives due to landslide hazards in
the time span between 1905 and 2005 (Blikra et al., 2005). However, this thesis will
not go in detail regarding further safety measures, but will instead keep to mapping,
evaluation and analysis to show how SfM can be used to provide interpretable results.

The SfM technology and accuracy assessments, some using UAVs, have previously been
described in detail in various papers (e.g. Snavely et al., 2007; Westoby et al., 2012;
Fonstad et al., 2013; Hugenholtz et al., 2013; Johnson et al., 2014; Tonkin et al., 2014;
Micheletti et al., 2015). Girod et al. (2017) successfully processed imagery from an
aeroplane over Svalbard, Norway with the use of SfM. However, further investigation of
use and application of SfM with imagery from aeroplanes is in need of further study.

1.2 Research Objectives

This study aimed to investigate the amount of needed input for SfM in order to get
accurate results from aerial imagery, and how the result could be applied to analyse
areas prone to landslides. Dividing the thesis in a sensitivity study and an application
to an area prone to landslides helped to investigate absolute accuracy and geophysical
application separately. This study was focused around the absolute accuracy assessment
of SfM along with the practical use of the SfM software as well as giving an introduction
to the applications of DSMs from SfM for landslide mapping.

3



CHAPTER 1. INTRODUCTION AND OBJECTIVES

1.3 Structure of the Work

Some parts of this thesis are clearly divided as the study comprised two stages with
different comprehensive purposes. The work was done by first carrying out a sensitivity
study, followed by an application to a landslide area. This work is described in a total
of seven chapters, where each chapter is divided in sections that describe distinct topics
or applications regarding the respective chapter.

Chapter 1 describes previous work and is meant to give an overview of SfM photogram-
metry and landslide hazards, as well as defining the research objectives.

Chapter 2 presents the study areas for the two stages of the thesis. This chapter is meant
to familiarise the two study areas and their extent, together with describing governing
factors to why these sites were chosen.

Chapter 3 gives an overview of the data sources used, and gives an introduction to the
image acquisition for the purpose of SfM. Some theory behind image orthorectification
and DSM generation from point clouds is also given.

Chapter 4 presents the methodology used in this thesis. The chapter begins showing
the workflow. Further, the processing workflow of the SfM software is introduced as
well as possible limitations and deviations from this workflow for the purpose of this
study. In the end of Chapter 4, the statistical approach to the sensitivity study and the
geophysical approach to the landslide application are given.

Chapter 5 visualises the results from the methodology in Chapter 4, and some brief
explanatory interpretations to the results are suggested.

Chapter 6 discusses the results from Chapter 5, given the previous studies and ideas
presented in Chapter 1, as well as the methodology to this study given in Chapter 4.
These discussions are based on the study areas presented in Chapter 2, but will also
span to describe the possible use of SfM elsewhere.

At the end of this thesis, the conclusions in Chapter 7 are meant to highlight the main
points, answer the research objectives and give an idea of the potential of SfM.

4



Chapter 2

Study Areas

The study comprised two separate study areas. One was meant to test accuracy of the
generated DSMs with different input parameters and number of images, while the other
was meant to apply the result from the first part to a specific area prone to landslides
in order to investigate the actual potential of SfM from aerial images.

2.1 Sensitivity Study

A highland region near the western shore of the lake Torolmen (61.2684◦ N, 8.0385◦ E) in
Sogn og Fjordane county in western Norway was seen as a good site to test the accuracy
of the generated DSMs. The area used for validation of the DSMs was about 1 050
metres above sea level (a.s.l.) and about 0.8 km2 large. The site offered little vegetation
which could affect the temporal change of measurements between the aerial images and
the laser scan used for validation. Since the area was within Årdal municipality, this
study area will be referred to as Årdal in this thesis.

The overall area with overlapping aerial images consisted of the lake Torolmen in the
east, but also features with defined texture to be recognised with the SfM processing.
The topography was a flat to undulating valley, and the area was good to use due to the
high-accuracy laser scan coverage. As seen in Figure 2.1, the lake itself was not part of
the 0.8 km2 area used for validation against the laser scan.

Further, the area had good coverage of aerial images from 2010 which also was a trig-
gering factor in choosing this study area.

5
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Figure 2.1: Study area west of the lake Torolmen in Sogn og Fjordane county, Norway (maps
provided by The Norwegian Mapping Authority) and an orthoimage from 2010 of the area.

2.2 Application to Landslide Mapping

The Norwegian Water Resources and Energy Directorate (NVE) has put together an
interactive online map solution known as NVE Atlas (atlas.nve.no). Using this tool the
study area for the technique application was chosen. The map contained information of
possible unstable areas prone to landslides which were not currently being investigated
by NVE.

However, the choosing of study area for this part of the project was not exclusively
determined based on the NVE Atlas. In order to successfully derive any results about
slope displacement it would be necessary with an area without too much vegetation
as it is prone to significant variations in shape between the images, even with a small
temporal scale. It was also preferable with a study area which had as high resolution
images as possible with overlap of at least three images over three different time periods
in order to investigate short- and long-term changes in the area.

Taking these factors into account, an area in western Norway was found suitable. Fulånebba
(62.7233◦ N, 8.5801◦ E) is a peak at 1 428 metres a.s.l. in Møre og Romsdal county. It
was about 400 metres along the western ridge of this peak that NVE had reported a
possibly unstable area opening up a crack (62.7245◦ N, 8.5710◦ E). The whole western
slope will be referred to as Fulånebba in this thesis, and had a 35◦ inclination with an ex-
pected velocity of some centimetres per year, i.e. extremely slow to very slow according
to Cruden and Varnes (1996).

6
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The possibly unstable area was also prone to rockfalls. There had been reported a series
of rockfalls in the area between 2004 and 2009, thus it was intriguing to investigate if
these rockfalls could be seen in the DSMs from SfM. The Norwegian National Road 70
at the bottom of the slope by the side of the Sunndalsfjord ran partially in tunnels along
the shore of the fjord until December 2010 when the road was laid in a 7.4 km long tunnel
underneath Fulånebba (Horgen, 2010). The building of the tunnel was a direct result
of landslide danger to the annual average daily traffic of 2 500 vehicles (Horgen, 2010).
The location of Sunndalsøra town at the end of the fjord approximately five kilometres
from Fulånebba leads to the risk of flooding and considerable short evacuation time if
large parts of the mountainside would fall in the fjord.

Fulånebba has snow-covered parts throughout the year, which were interesting to inves-
tigate as a possible challenge to the SfM algorithms. The flights were flown in September
for all the years of 1979, 2006 and 2010.

Figure 2.2: Southwestern slope of Fulånebba in Møre og Romsdal county, Norway (maps
provided by The Norwegian Mapping Authority) and an orthoimage from 2006 of the area used
for geophysical analyses.
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Chapter 3

Data: Imagery for SfM and Laser
Scan

In this chapter, image acquisition for the purpose of SfM will be presented, followed by
a presentation of the data used and produced in this thesis.

3.1 Image Acquisition for SfM

The image acquisition when gathering images for photogrammetry is traditionally done
by experts to ensure correct camera positioning so that stereo overlap is achieved. Pro-
viding sufficient overlap opens up for 3D modelling, hence also orthoimage generation
and generation of digital elevation models (DEMs).

There is a number of known issues which have to be accounted for in regards to image
acquisition for traditional photogrammetry which also applies for images used for SfM
processing. Factors that must be considered include the use of image acquisition with an-
gular coverage of object of interest, minimum coverage of two oblique overlapping images,
short temporal change between overlapping images and static partly light-absorbent het-
erogeneous surfaces (Favalli et al., 2012; Westoby et al., 2012; Smith et al., 2015).

In addition, SfM also requires up to hundreds of overlapping images (Favalli et al., 2012).
Hardware limitations when using high quality input images, such as aerial imagery with
192 megapixels as used here, have also been reported as an additional issue (Agisoft,
2012; Smith et al., 2015). Thus, these issues were expected to present limitations in the
sensitivity study, but would also be part of the sensitivity study itself.

There are mainly two organised approaches to gathering images for the purpose of SfM.

9



CHAPTER 3. DATA

Figure 3.1: The two approaches to image acquisition for photogrammetry. One approach is to
acquire overlapping images around an object (A), another is to fly over a surface and provide
sufficient inter- and intra-band overlap (B).

These approaches are shown in Figure 3.1. One way is to go around an object and
acquire highly oblique overlapping images so that the image centres converge towards
an object in space (Figure 3.1A). This is a good acquisition method for smaller accessible
objects as it gives the photographer control so that the images are taken in stereo in
regards to the object features and texture. However, this is a rather inefficient way if
looking at larger objects such as the mountain slopes in this thesis. This first technique is
most certainly not applicable to areas of square kilometres size despite the increasing use
of UAVs, which limits the possibility of investigating geomorphological and geophysical
processes with a larger coverage.

Figure 3.2: Intra- and inter-
band overlap of square im-
ages. Arrows indicate flight
direction for the two flight
lines.

Hence, the need of a second way of image acquisition arises.
This way is how aeroplanes, satellites and sometimes UAVs
acquire images without considerable change in altitude (Fig-
ure 3.1B). Certain challenges which would be easier to ac-
count for with the first technique could arise because of the
constant altitude, e.g. stereo shadow zones where the mini-
mum demand of two overlapping images is not met. Images
taken with this technique have so-called intra- and inter-
band overlap as shown in Figure 3.2. Intra-band overlap is
the overlap between images on the same flight line, while the
inter-band overlap is the overlap between images on neigh-
bouring flight lines. This causes a problem in regards to
the need of short temporal change between overlapping im-
ages, as the images with inter-band overlap will be taken
only when one whole flight line is completed. This also in-
cludes the time it takes for the aeroplane to turn and stabilise for image acquisition from
aeroplanes. Hence, natural phenomena such as solar illumination, wind speed and wind
direction might have changed, leading to variable solar reflectance to the camera. One
way of limiting this is to fly with an ultra-wide-angle lens, although this gives larger

10
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stereo shadow zones in the imagery. Another way of limiting the need of inter-band
overlap is to increase the flying altitude, which would decrease image resolution and
accuracy (Ackermann and Schneider, 1992; Eide and Mardal, 1993; Wind, 2008; Smith
et al., 2015). Both of these approaches would lead to fewer flight lines. The acquisition
technique can be used with a nadir looking camera which is oriented vertically down on
the terrain surface as in Figure 3.1B, and as all the imagery used in this thesis. However,
the cameras can also be oblique, offering greater stereo geometry, but also more stereo
shadow zones with limited number of images.

3.2 Aerial Imagery

The images used in the sensitivity study were taken in 2010. The images had a ground
sampling distance (GSD) of 33 centimetres, which would be expected to give visually
good results using SfM provided a scene with textures and heterogeneous features. These
images had an intra-band overlap of 60 % and an inter-band overlap of 20 %.

For the SfM application to Fulånebba, images were acquired from the years 1979, 2006
and 2010 for the purpose of looking at changes in the mountainside. Images were also
acquired for 1971, but had to be discarded due to the lack of stereo overlap at the
mountain slope. All the images from 1979, 2006 and 2010 had an intra-band overlap of
60 %. The inter-band overlap was 20 % for the flight 2010, but there was no planned
inter-band overlap in 1979, and the flight in 2006 was of such large coverage that there
was no inter-band overlap over the study area. The images were taken early September
each of the study years, and 8, 3 and 10 images were used for the years 1979, 2006 and
2010, respectively. The images were of varying GSDs, and since the images from 1979
were taken with an analogue camera the GSD was not provided. However, a GSD could
be derived from the dots per inch (DPI) of the scanner and the original scale of the
image. The calculation is shown in Equation 3.1.

GSD = (DPI ∗ scale)−1

=

(
2032 dots/inch ∗ 1

15000

)−1

=

(
2032

0.0254
dots/m ∗ 1

15000

)−1

=
0.0254

2032
m/dot ∗ 15000

= 0.19m

(3.1)

Equation 3.1: Estimation of GSD from scanning of analogue images over Fulånebba from 1979
with scale of 1:15000.

11
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The GSDs are given together with the other flight information in Table 3.1. All image
sets were ordered by The Norwegian Mapping Authority (Kartverket) and flown with a
196 megapixels Microsoft Vexcel UltraCam Xp digital camera, except for the flight in
1979 which was flown with a Wild RC 10 analogue camera. The images from the latter
camera were digitised using a 2032 DPI scanner. Due to the scanning process of the
analogue images from 1979, a slight rotation was made to the images, thus leading to
false image inputs. The images had to have identical geometry, i.e. pixel size, rotation
and distortion, in order for the SfM software to recognise the images as being from the
same camera. In order to cope with this, the images were rotated and resampled based
on the fiducial marks in the free open-source MicMac software (The French National
Institute of Geographic and Forest Information, http://logiciels.ign.fr/?-Micmac).

The flights for the different years were carried out with different camera settings, and
two different settings were used during the flight over Fulånebba in 2010. Calibrations
from the respective calibration reports are given in Table 3.2.

Table 3.1: Flight information from the image sets used in this thesis. All images were ordered
by Kartverket.

Area Year Camera
GSD

[cm]

Survey

Company

Årdal 2010 Vexcel UltraCam Xp 33 Blom Geomatics AS

Fulå-

nebba

1979 Wild RC 10 19∗ F.M. Kart

2006 Vexcel UltraCam Xp 50 TerraTec AS

2010 Vexcel UltraCam Xp 20 COWI AS
∗GSD was estimated as shown in Equation 3.1.

12
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Table 3.2: Calibrations for the cameras used to capture the images used in this thesis. The
same type of camera was used for the years 2006 and 2010 for flights in both study areas, but
with different settings. Two different settings were used in the flight over Fulånebba in 2010.

Area Year
Pixel Size (x×y)

[µm]

Focal Length

[mm]

Principal Point (x, y)

[mm]

Årdal 2010 6.0×6.0 100.500 0.000, 0.000

Fulå-

nebba

1979 * 153.490 0.006, -0.002

2006 9.0×9.0 101.400 -0.180, 0.180

2010
6.0×6.0 100.500 0.000, 0.120

6.0×6.0 100.500 0.000, 0.000

Lens distortion was less than 0.002 mm for all flights.

*Camera pixel size is not given in an analogue camera.

3.3 Laser Data

The laser data used for validation of the DSMs from SfM in the sensitivity study in
Årdal was from a Leica ALS50-II laser scanner with the attributes given in Table 3.3.
The data gathering was carried out by TerraTec AS in 2011 on contract from Kartverket.
Kartverket had a standard elevation accuracy tolerance of 0.04 m standard deviations
per point relative to real time kinematic global navigation satellite system (RTK GNSS)
measurements, and a minimum tolerance of two points per square metre for flat areas
(Kartverket, 2011). However, they also note that it is acceptable with decreasing ac-
curacy with more undulating terrain. Kartverket compared 144 points from the laser
scanning with a RTK GNSS and found that the standard deviation in elevation was
greater than the threshold of 0.04 m (Table 3.4). Yet, it is important to keep in mind
the undulating terrain. Thus, the accuracy was approved by Kartverket.

For the purpose in this thesis, these errors of centimetre scale were seen as more than
accurate enough in order to compare them with the DSMs from SfM. The generated
DSMs were expected to give mean absolute errors of approximately 0.5 metres according
to an extrapolation of a linear relationship between mean absolute error and survey range
from Smith and Vericat (2015).
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Table 3.3: Attributes for the laser scanner covering the area around Torolmen. Data extracted
from Morstad (2011).

Laser Scanner Leica ALS50-II

Flight Altitude Above Terrain 1 300 m

Flight Speed 36 m/s

Laser Pulse 82 200 Hz

Field of View ± 30 degrees

Side Overlap 20%

Table 3.4: Results for accuracy of the laser scanning around Torolmen. Note that the standard
deviation in elevation is greater than the threshold of 0.04 metres. However, it is also important
to keep in mind the increasing uncertainties with the undulating terrain. Differences are given
relative to RTK GNSS measurements of 144 points. Data extracted from Morstad (2011).

Average dz (m) 0.005

Minimum dz (m) -0.119

Maximum dz (m) 0.123

Standard Deviation (m) 0.055

3.4 DSMs and Orthoimages

A DSM is a 3D model which has been projected onto a 2D surface. Each grid cell in
the DSM shows the vertical distance of the terrain surface to a reference surface, usually
mean sea level, hence they are sometimes referred to as 2.5D models (Weibel and Heller,
1991; Hirt, 2014). Contrary to the digital terrain model (DTM), the DSM also includes
features, such as terrain and infrastructure (Wood, 2008). The term DEM is meant to
comprehend both the DTM and DSM terms, but is often used interchangeably to mean
the same as DTM (Wood, 2008).

An orthoimage is a geometrically corrected georeferenced image. For this, an accurate
DEM is used to project the image onto an orthoimage as shown in Figure 3.3. The use of
a DTM for this orthorectification will lead to only the ground level being orthorectified,
hence leaving the objects on the ground, e.g. trees and houses, more as they were in the
original image, i.e. with radial displacement. However, objects would get orthorectified
using a DSM for the rectification, but the orthoimage would also partially lack data
where the objects were displayed in the original image.

Regardless of whether a DTM or DSM is used for orthorectification, an error in any of
these would have direct impact on the accuracy of the orthoimage (Wiesel, 1985; Kääb,
2005). Unless the error is in the principal point of the image, this projection error would
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lead to raster cells being projected wrongly onto the orthoimage as shown in Figure 3.4.

Another advantage of obtaining an accurate DSM is the ability to rightfully calculate
DSM difference to obtain vertical change between pixels in two DSMs (Wheaton et al.,
2009; Nuth and Kääb, 2011; James et al., 2012).

Figure 3.3: Principles of orthorectification
with an image being projected onto a DTM
(Wiesel, 1985).

Figure 3.4: An incorrect DSM leads to
horizontal projection errors in the orthoim-
age.
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Chapter 4

Method: Tools and SfM
Photogrammetry

The following sections present the Agisoft PhotoScan software and the analyses done in
this thesis. The purpose of this chapter is to give insight in how the data was used to
create accurate DSMs and orthoimages for the purpose of landslide mapping. Figure 4.1
gives an overview of the three main stages of the thesis; research phase, sensitivity
study and application to Fulånebba. All the following chapters focus on the stages
regarding the sensitivity study in Årdal and application to Fulånebba from the workflow
in Figure 4.1.

Firstly in this chapter, a quick overview of the processing workflow in PhotoScan will be
presented. Further, the specific application of PhotoScan for the purpose of this thesis
will be presented, and lastly the methodology for the sensitivity study and application
to Fulånebba will be presented.
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Figure 4.1: Workflow of the steps used in this thesis. The thesis is divided into three main
stages; the research phase, sensitivity study in Årdal and application to Fulånebba. Several steps
within the workflow were investigated using different inputs. These are represented with diamond
shaped squares. 1 represents a repetitious step done 24 times for the sensitivity study and three
times for the application to Fulånebba. The same workflow was used for the Application of
Fulånebba, except that GCPs were set from Norgeskart for the 2006 application, and then the
2006 orthoimage was used to georeference the applications to 1979 and 2010. Follow the red
arrows from 1 when multiple arrows for the application to Fulånebba.
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4.1 Processing Workflow

Agisoft PhotoScan version 1.2.6 (Agisoft LLC, http://www.agisoft.com/) was used as
the SfM software in the workflow in Figure 4.1.

The processing steps in the following list are based on the recommended workflow found
in the Agisoft tutorial (see: Agisoft, 2016b). The load camera positions step from this
tutorial was omitted for all DSMs as extrinsic camera parameters are just occasionally
available for historical aerial imagery. The image quality from the Vexcel UltraCam
Xp images were of very good quality, and with plenty of clear features, so that the
PhotoScan software was expected to accurately give the extrinsic parameters from the
image matching. It was experimented with using as few input parameters as possible
throughout the sensitivity study to accommodate for flight scenarios were these param-
eters would be unknown. Thus, it was also experimented to process without the use of
intrinsic camera parameters, but the input for extrinsic camera parameters were skipped
as a common factor for all the runs with the SfM software.

Further, the steps in the workflow regarding SfM are described in the list below. Pho-
toScan is a black-box software, i.e. known as a software which restricts the user the
possibility to dive into the equations and programming implemented in the software
itself. Hence, certain details of these steps are to some extent hidden in the Agisoft
PhotoScan software, but they will still be discussed here based on the workflow from
Agisoft and the introductions to SfM from Snavely et al. (2007), Westoby et al. (2012)
and Smith et al. (2015).

1. Load photos: To begin with, the images which were acquired from Kartverket
were loaded into the software. The camera positions were as mentioned earlier not
imported.

2. Align photos: The align photos tool was used to find the approximate locations
of the camera at the time of the image acquisition. The exact algorithms used
for this are hidden in PhotoScan, although technical support for Agisoft have
revealed that the algorithm is similar to the Scale-Invariant Feature Transform
(SIFT) algorithm (Semyonov, 2011).

The basic idea of the SIFT algorithm partly implemented in PhotoScan is to
identify distinctive features invariant to both scale and rotation (Lowe, 2004).

These features are later used to find the extrinsic camera parameters using the
five-point algorithm (see: Nistér, 2004; Li and Hartley, 2006). Exchangeable image
file format (EXIF) tags are important in order to find intrinsic parameters in SfM
software (Smith et al., 2015). If the EXIF tags do not exist, PhotoScan assumes a
35 mm equivalent focal length of 50 mm (Agisoft, 2016a). The 35 mm equivalent
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focal length is the actual focal length of the camera multiplied by the crop factor.
For a full-frame aerial imagery, the 35 mm equivalent focal length becomes the
same as the actual focal length. This leads to the assumption from PhotoScan of
a 50 mm focal length as a potential large error source as focal lengths for cameras
used for aerial imagery are significantly larger (Table 3.2). PhotoScan implements
a bundle adjustment with bundles of light rays that reach the camera from the
features located in 3D space. This bundle adjustment yields, together with the
EXIF tags, the intrinsic parameters (Smith et al., 2015).

The result from the align photos step is a not yet georeferenced sparse point cloud.

3. Define and measure GCPs: The main idea behind using GCPs was to perform
the georeferencing. However, these GCPs were not necessarily visual in more
than three images, as it is not necessary in order to calculate the orientation of
the cameras when applying SfM. The GCPs could however be used to optimize
camera alignment to improve accuracy in the georeferencing of the resulting DSM.

4. Optimise camera alignment: If GCPs are already imported to the project, the
optimisation of the camera alignment might be used. This step allows for recal-
culation of one or more intrinsic camera parameters, i.e. focal length, principal
point, skew, radial distortion and tangential distortion coefficients.

5. Set bounding box: A bounding box could be set to reduce random-access mem-
ory (RAM) usage, as the extensive number of points gathered in the next step
could provide a challenge to the computer hardware. If it is a requirement with
high density of 3D points in the resulting point cloud, the PhotoScan user is able
to divide the project in several chunks with same camera parameters and process
them individually in order to cope with this challenge.

6. Build dense cloud: The multi-view stereo image matching is done in the build
dense cloud step in PhotoScan. This step generally multiplies the number of
matching points by a minimum of two orders of magnitude (Smith et al., 2015).
However, this study showed that the multiplication of matching points could be
as much as four or five orders of magnitude as seen an example of in Figure 4.2
and Figure 4.3 depending on factors providing unique features in the images, e.g.
surface roughness, solar illumination and image size. Agisoft is hesitant on reveal-
ing the exact algorithm used for this step in the PhotoScan software (Semyonov,
2011). However, Smith et al. (2015) have mentioned that a patch-based MVS
algorithm like the one from Furukawa and Ponce (2010) is common for physical
geography applications. Using such an algorithm, patches are grown around key
points and processed individually, hence the resulting point density will depend
heavily on the key point matching.

7. Generate DEM and orthoimage: A DEM, or more accurately referred to as a
DSM in this thesis, could be generated in PhotoScan from the dense cloud. This
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reprojects the 3D point cloud to an 2D raster grid with elevations, yielding a DSM
like the one in Figure 4.4. This process was done together with the orthorecti-
fication in order to create maps from which it was possible to investigate both
elevation and planar changes separately.

Figure 4.2: Sparse point cloud with 3 997
points from the align photos step in the sensi-
tivity study.

Figure 4.3: Dense point cloud with 114 553 789
points from the build dense cloud step in the
sensitivity study.

Figure 4.4: DSM from the gen-
erate DEM step in the sensitivity
study.

4.2 Use of Agisoft PhotoScan

Having chosen the study area and made a plan for the needed input to the different
steps in PhotoScan, some inputs in the processing workflow will be addressed in this
section. Further, some differences between the sensitivity study and the application to
Fulånebba will be mentioned.

4.2.1 Repetitious Workflow in the Sensitivity Study

In order to test the accuracy of the DSMs with a varying number of input images, the
workflow in Figure 4.1 was repeated from the step marked 1 a total of 24 times in the
sensitivity study. This resulted in DSMs for each run with PhotoScan using from two
to nine input images with the three different inputs shown in Table 4.1. Some of the
projects used GCPs from one of the online maps from Kartverket, known as Norgeskart
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(www.norgeskart.no). The different tested source data were inaccurate GCPs from
Norgeskart, accurate GCPs from hillshade map of the acquired laser scan, calibration
of intrinsic camera parameters through SfM, and input of intrinsic camera parameters
from camera calibration report. Thus resulting in 24 DSMs.

Table 4.1: Source data used in the sensitivity study. A, B and C represent respective runs
through the PhotoScan software. Each run was carried out eight times with use of two to nine
images, thus leading to 24 DSMs.

Intrinsic Camera Parameters Source GCP Source

A PhotoScan Norgeskart

B PhotoScan Laser scan

C Camera calibration report Laser scan

The images for each of the three projects in the sensitivity study were uploaded one
by one, i.e. one image was uploaded, georeferenced and ran through the SfM workflow
before the next image was loaded and ran through the SfM software with only placing
the GCPs in the newly loaded image without moving them in the already loaded images.

4.2.2 Random Access Memory Limitations

Limitations were reported by Agisoft (2012) to be in regards to the dense correlation
with a 12 megapixels camera. Thus, it was interesting to investigate these limitations
with the Vexcel UltraCam XP camera with 196 megapixels.

The utilisation of RAM within PhotoScan restricts the number of images that can be
processed in one group, or chunk as referred to by Agisoft. Agisoft stress that the RAM
utilisation for the dense correlation is dependent on the number and resolution of the
images, selected quality and overlap (Agisoft, 2012). Even though it is possible to divide
a session into several chunks, and process them individually before stitching them back
together, the possibility to avoid this gives less manual work with the software, and hence
is more efficient. As the image resolution, selected quality and overlap were constant,
the RAM usage for different numbers of images with the 196 megapixels camera could
be monitored. This was done using a desktop computer with a maximum RAM of 32
gigabytes.

There are mainly four ways of limiting RAM usage: (i) Resampling, (ii) chunk process-
ing, (iii) decrease in dense calculation quality or (iv) limiting the bounding box while
processing. This was done by limiting the bounding box while processing for the sen-
sitivity study. It was made an attempt to resample the input images by a factor of
2.5 in the application to Fulånebba in 2010, but as shown in Figure 4.5, the resulting
lens residuals became fairly large, ultimately leading to a decrease in dense calculation

22



VETLE ODIN JONASSEN

quality instead of the resampling. The dense calculation quality was decreased in the
application to Fulånebba in 1979. When the RAM usage was measured, this was done
at Årdal, where none of these ways to limit RAM were necessary with the processing of
the three first images.

Figure 4.5: Residual plots showing deviations between error free lenses and the actual lenses
used in PhotoScan for each of the two cameras used over Fulånebba in 2010 after resampling
by a factor of 2.5. The boundaries represent the camera lens boundaries, and the scale is the
camera pixel size related to the displayed vectors. The colour of the respective vectors becomes
redder with greater residuals.

4.2.3 Use of GCPs

As the GCPs were the source of georeferencing, errors in these would have led to wrong-
fully georeferenced DSMs and orthoimages. In the sensitivity study, a total of 15 GCPs
were used with the distribution shown in Figure 4.6. The images were processed with
varying the quality of the source data in order to test the importance of georeferencing.
The image sets were processed once using GCPs from Norgeskart, and twice using more
accurate GCPs from a hillshade map of the acquired laser scan. Separate attempts
were carried out to optimize camera alignment with both the attempts with GCPs from
Norgeskart and GCPs from the laser scan as shown in Table 4.1. These accurate GCPs
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were set with an uncertainty of two metres as the GCPs were gathered from a 0.5 metres
resolution hillshade map based on an airborne laser scanning. The inaccurate GCPs
from Norgeskart were set with a five metres uncertainty.

Figure 4.6: Distribution of GCPs used for georeferencing and automatic camera calibration in
Årdal. The underlying map is the hillshade map from the laser scan from which GCP coordinates
were picked for the investigation with more accurate GCPs. These points were also used for
the georeferencing with less accurate GCPs, only that GCP coordinates were acquired from
Norgeskart.

The respective GCP residuals for the processing with nine images at Årdal are shown in
Figure 4.7. The figure shows the residuals for each of the three projects with the different
input parameters shown in Table 4.1. Further, Table 4.2, Table 4.3 and Table 4.4 show
the exact values from which Figure 4.7 were plotted together with the total root mean
square error (RMSE).

Point 3 was an outlier, i.e. had especially large residual, as shown in Figure 4.7, Table 4.3
and Table 4.4. However, this GCP was set correctly in the images and had the right
coordinates, thus there was no obvious reason to exclude it. If the accuracy of this GCP
was to be tested, this could be done by applying check points around the GCP and check
the accuracy of these. Such an approach would lead to large residuals for all the check
points if the model was distorted.

The GCPs were gathered from Norgeskart for the application to Fulånebba in 2006. The
remaining projects for the other years were georeferenced using the resulting orthoimage
from the processing of the imagery from 2006 as a reference. 8, 13 and 11 GCPs were
used for the georeferencing of the images from 1979, 2006 and 2010, respectively. The
distributions of GCPs and their respective residuals at Fulånebba for the different time
steps are shown in Figure 4.8.
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Figure 4.7: GCP locations and estimates for each of the three projects with source data from Table 4.1 at Årdal. The plots show the GCPs in the processing
of nine images. Elevation residuals are represented by ellipse colour. North and east residuals are represented by ellipse shape. Estimated GCP locations are
marked with dots.
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Table 4.2: GCP residuals and total RMSE at Årdal for nine images with the source data from
A in Table 4.1, i.e. the project with GCPs from Norgeskart and intrinsic camera calibration from
PhotoScan.

Label
X residual

[m]

Y residual

[m]

Z residual

[m]

Total

residual

[m]

point 1 1.48 -0.97 5.93 6.19

point 2 1.41 -2.28 8.41 8.82

point 3 0.38 -1.28 0.48 1.41

point 4 1.05 0.30 1.44 1.81

point 5 -1.59 0.42 -13.67 13.77

point 6 0.65 -0.74 6.11 6.19

point 7 1.40 -0.12 -5.86 6.03

point 8 0.59 4.26 -11.16 11.96

point 9 0.52 0.63 2.45 2.63

point 10 0.01 0.52 3.13 3.17

point 11 -1.76 0.16 -6.92 7.14

point 12 0.71 4.44 -8.63 9.73

point 13 0.97 -0.15 5.65 5.74

point 14 -0.72 -1.84 6.97 7.24

point 15 -2.32 -2.31 5.61 6.49

RMSE 1.19 1.93 7.03 7.39
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Table 4.3: GCP residuals and total RMSE at Årdal for nine images with the source data from
B in Table 4.1, i.e. the project with GCPs from the laser scan and intrinsic camera calibration
from PhotoScan.

Label
X residual

[m]

Y residual

[m]

Z residual

[m]

Total

residual

[m]

point 1 2.01 -3.83 1.99 4.76

point 2 2.94 -4.30 1.80 5.51

point 3 -8.58 5.58 -4.02 10.99

point 4 2.24 -0.25 0.81 2.40

point 5 1.79 1.74 -0.94 2.67

point 6 -0.60 -0.40 0.77 1.06

point 7 2.08 0.13 -0.16 2.09

point 8 0.98 3.30 -1.29 3.68

point 9 0.16 -0.35 1.29 1.35

point 10 -0.23 -1.28 1.38 1.89

point 11 0.31 0.12 -0.42 0.54

point 12 -0.97 3.87 -1.75 4.35

point 13 -0.63 -0.88 0.20 1.10

point 14 -0.14 -2.51 0.86 2.65

point 15 -1.39 -0.95 -0.53 1.76

RMSE 2.63 2.62 1.53 4.014
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Table 4.4: GCP residuals and total RMSE at Årdal for nine images with the source data from
C in Table 4.1, i.e. the project with GCPs from the laser scan and intrinsic camera calibration
from the camera calibration report.

Label
X residual

[m]

Y residual

[m]

Z residual

[m]

Total

residual

[m]

point 1 1.39 -1.97 0.84 2.55

point 2 2.26 -1.83 0.55 2.96

point 3 -9.10 6.14 -3.77 11.61

point 4 1.78 -0.92 0.78 2.15

point 5 1.83 -0.18 0.83 2.02

point 6 -0.64 0.29 -0.25 0.74

point 7 2.32 -0.79 0.88 2.61

point 8 0.45 -0.64 0.12 0.79

point 9 0.26 0.08 0.25 0.37

point 10 0.17 -0.25 0.45 0.54

point 11 0.89 -1.21 1.13 1.88

point 12 -1.59 -0.11 -0.20 1.60

point 13 -0.58 -0.28 -0.63 0.90

point 14 0.68 0.07 -0.23 0.72

point 15 -0.14 1.59 -0.77 1.77

RMSE 2.67 1.85 1.15 3.44
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Figure 4.8: GCP locations and estimates for each of the three study years at Fulånebba. Elevation residuals are represented by ellipse colour. North and east
residuals are represented by ellipse shape. Estimated GCP locations are marked with dots. GCPs outside image area indicate lack of stereo coverage.
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4.2.4 Calculation of Intrinsic Camera Parameters

Another variable test in the sensitivity study was done in regards to the intrinsic camera
parameters. Only focal length, pixel size and principal point were applied when intrinsic
parameters were set manually from the camera calibration report. This means that skew
and distortion parameters were set to zero, i.e. the images were seen as error free in
regards to these parameters.

When the cameras were not pre-calibrated from the calibration report, all of the param-
eters mentioned above were calculated by the PhotoScan software. This was done only
for the attempt with accurate GCPs from the laser scan hillshade map, and not with
the uncertain GCPs from Norgeskart.

4.3 DSM Accuracy Assessment

Figure 4.9: Accuracy of DEMs from other studies using
SfM (Smith and Vericat, 2015).

Mean and standard deviation for
the difference from the laser scan
were calculated for each of the 24
DSMs from the sensitivity study
in order to look at the absolute
accuracy. As proposed by Höhle
and Höhle (2009), a robust statis-
tical approach is better for evalu-
ating DEM accuracy as such an
approach excludes outliers statis-
tically, i.e. the largest differences
in the terrain between the laser
scan and the image acquisition
used in this thesis. A robust sta-
tistical approach can be used to get a greater picture of the true distribution of the data
as there are no distributional assumptions (Chilès and Delfiner, 2012).

With robust statistics in mind, box-and-whisker plots were made from the difference
between the laser scanning and the DSMs from SfM. These plots do not show the lower
or upper five percentiles of the data, but rather focus on the 25 percentile, median and
75 percentile, together with showing the 5 and 95 percentiles. Error bar plots were made
with an exclusion of differences greater than 10 metres.

The validation was done using a raster-to-point validation where the laser scan points
from the first return of the laser were projected onto the DSM raster from SfM and
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compared. The recommended validation method by Smith et al. (2015) and Smith and
Vericat (2015) is a point-to-point validation by comparing the 3D point clouds directly,
i.e the point clouds from SfM and laser scan in this study. However, the DSM resulting
from SfM had a resolution of approximately 35 centimetres, and the density of the
point cloud from the laser scan was approximately two points per square metre. Thus,
as the DSM resolution was higher than the laser scan point density, it was seen as
easier and similarly accurate to project the laser scan points onto the raster from SfM
instead of doing the point-to-point validation. An extrapolation of Figure 4.9 led to an
approximate estimated mean absolute accuracy a little over 0.5 metres given the range,
i.e. flight altitude, of approximately 5 600 metres above ground level used for Årdal in
the sensitivity study.

4.4 Geophysical Analyses

It was decided to use the focal length, pixel size and principle point parameters from
the camera calibration reports over Fulånebba for the respective flight years based on
the results from the vertical accuracy assessment.

DSM differencing was used to enhance areas of elevation change between the three
time stages in the geophysical application at Fulånebba. As all rasters were exported
from PhotoScan with the same pixel size, this could be done without significant post-
processing interpolation. The DSM differencing was carried out by subtracting pixels in
the DSM from the oldest time stage from the corresponding pixels in the DSM from the
latest time step.

Subsequently, a displacement map was created with the purpose of showing a potential
large slope movement if present from year 2006 to 2010. This was done using the
Correlation Image Analysis Software (CIAS) (Kääb and Vollmer, 2000; Heid and Kääb,
2012). CIAS relies on two orthoimages with the same pixel size as input, and yields
horizontal displacement vectors of the scene with a spacing distance specified by the
user. Thus, the orthoimages of Fulånebba were created with a pixel size of 0.62 metres
for all the study years. CIAS uses a block matching algorithm, unlike the one used to
detect features in the PhotoScan software. The principle of the block matching algorithm
is shown in Figure 4.10. Firstly, a reference block with desired size is picked from the
orthoimage of the first time step. For this study, the reference block size was set to ten
by ten metres as large stones and other features about this size were seen as reasonable
objects to follow to investigate soil creep of the slope. Secondly, a test area is chosen from
the orthoimage of the second time step. This is the possible area where the reference
block might have moved between the two orthoimages. This was set to 100 by 100 pixels,
i.e. 62 by 62 metres, in this study as a greater displacement than this over the four years
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was unlikely for a very slow moving soil creep. A smaller value could have led to missing
of potential rock slides. Further, a correlation coefficient is created by CIAS to find the
most likely terrain displacement. In the final results from this study, all displacements
with a lower correlation coefficient than 0.7 were masked out.

Figure 4.10: Principle of block matching as used by CIAS (Kääb, 2002). A reference block is
picked from the orthoimage of the first time step, and a test area is chosen from the orthoimage of
the second time step. The highest correlation coefficient is picked as the true terrain displacement.

Figure 4.11: Upper image
was blurred after orthorecti-
fication due to the use of all
images of Fulånebba. Lower
image shows the same area
without blur as the images
with shadows in these areas
were discarded.

There were discovered some visual artefacts in the orthoim-
ages which could potentially cause CIAS to yield great er-
rors. These artefacts were blurred patches due to the sun an-
gle change between the two orthoimages, thus leading to ex-
tensive shadow zones to the west of Fulånebba. PhotoScan
used a mosaic tool where the images used for orthorectifica-
tion were more blended the closer to the seamline between
images the pixel was (Agisoft, 2016a). As this resulted in
a blurred orthoimage for 2010 as shown in the upper part
of Figure 4.11, the images with the most shadows were dis-
carded before orthorectification, resulting in an orthoimage
without these artefacts as shown in the lower part of Fig-
ure 4.11.

A possible limitation with the normalized cross-correlation
(NCC) calculation used in CIAS is that the pixel size limits
the precision (Debella-Gilo and Kääb, 2011). In addition,
the NCC is sensitive to noise, as well as rotation and scale
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change between the orthoimages (Lewis, 1995; Zhao et al., 2006; Debella-Gilo and Kääb,
2011). Debella-Gilo and Kääb (2011) have also reported that the displacement cannot
be less than the mean error of the image co-registration for the displacement calculations
to be successful.

In addition to this, a displacement map of Fulånebba for the same time period was
created with the use of co-registration using the same orthoimages. This option included
applying the Helmert transformation as shown in Equation 4.1 (Vaníček and Krakiwsky,
1982; Teunissen, 1988). CIAS used the Helmert transformation to find rotation around
Z-axis, scale change between the two orthoimages, and translation, i.e. shift, along the
X- and Y-axes. This was done with a total of 30 tie points between the images to see if
possible errors in the displacement map could be accounted for with co-registration.

p⃗′ = R · r⃗ + p⃗′0 (4.1)

Equation 4.1: Equation of the Helmert transformation. r⃗ is the coordinates transformed
into system p⃗′ in respect to the rotation matrix R and the translation vector p⃗′0 (Vaníček and
Krakiwsky, 1982; Teunissen, 1988).

An accuracy assessment of the horizontal displacements at Fulånebba was done by run-
ning the orthoimage generated from 2006 thorough the CIAS software and comparing it
to an orthoimage based on the same images from Kartverket. Thus, leading to vectors
which showed errors in the orthorectification from SfM processing. Lastly, there was
made an attempt to co-register the 2006 orthoimages from SfM and Kartverket with 30
tie points.
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Chapter 5

Results: Interpretation of DSMs
and Orthoimages

This chapter is meant to present the results from the SfM sensitivity study and appli-
cation to Fulånebba. The two stages are presented individually as the workflow for the
later application to Fulånebba was based on the results from the sensitivity study. Hence
the results from the sensitivity study will be presented first, followed by the processing
results from the three periods for the application to Fulånebba.

5.1 Sensitivity Study

A total of 24 DSMs were made in the sensitivity study in order to find expected results
from different extents of automation and processing inputs. The variables tested were
the significances of applying intrinsic camera calibration and accurate GCPs, as well
as investigating the significance of the number of images uploaded to the software. In
addition to this, a measurement of RAM usage was also done.

5.1.1 DSM Accuracy Assessment

Figure 5.1 and Figure 5.2 show differences between the laser scan used as reference and
the DSMs from SfM processing in PhotoScan with and without input for intrinsic camera
parameters and with varying GCP accuracy. Errors greater than 10 metres are masked
out in Figure 5.2.

It is worth noting the correlation between absolute accuracy and number of images. Also
note the varying y-axis limits in the respective figures. In general, the absolute accuracy
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can be said to improve with the number of images used for SfM and more accurate GCPs.
In addition, the input of well calibrated intrinsic camera parameters seems to increase
the absolute accuracy significantly with limited amount of images. A trend where the
laser scan is approximately 0.4 metres below the DSMs from SfM can be seen in the
projects where the laser scan has been used to set GCPs. This could possibly be related
to the large GCP elevation residual of point 3 as shown in Figure 4.7.

Thus, an attempt to generate a DSM of Årdal was carried out using seven images with
input for intrinsic camera parameters from the camera calibration report and GCPs from
the laser scan without GCP number 3. A box-and-whisker plot of the difference between
this DSM and the laser scan is shown in Figure 5.3, and is equivalent to the project with
seven images in Figure 5.1 with removal of one GCP. The accuracy is seen to improve
to a median value of about 0.1 metres.

RMSE in relation to the laser scan was calculated for each of the resulting 24 DSMs and
is shown in Figure 5.4.
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Figure 5.1: Box-and-whisker plots of difference between reference laser scan and DSMs from
SfM. A, B and C represent the same source data as in Table 4.1; A) Difference between laser scan
and DSM from SfM with CGPs from Norgeskart and intrinsic camera calibration from PhotoScan.
B) Difference between laser scan and DSM from SfM with GCPs from laser scan and intrinsic
camera calibration from PhotoScan. C) Difference between laser scan and DSM from SfM with
GCPs from laser scan and intrinsic camera calibration from the camera calibration report.
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Figure 5.2: Error bar plots of mean and standard deviations of difference between reference
laser scan and DSMs from SfM. Large errors greater than 10 metres have been masked out. A,
B and C represent the same source data as in Table 4.1; A) Difference between laser scan and
DSM from SfM with CGPs from Norgeskart. B) Difference between laser scan and DSM from
SfM with GCPs from hillshade map from the laser scan. C) Difference between laser scan and
DSM from SfM with input for intrinsic camera parameters from the camera calibration report
and GCPs from hillshade map of the laser scan.
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Figure 5.3: Box-and-whisker plot of difference between reference laser scan and DSM from SfM.
The plot is based on the source data from C in Table 4.1; GCPs from laser scan and intrinsic
camera calibration from the camera calibration report.

Figure 5.4: RMSE in relation to laser scan from the 24 DSMs generated in the sensitivity
study. Large errors greater than 10 metres have been masked out. A, B and C represent
the same source data as in Table 4.1, and the lines are quadratic fitting curves matching the
respective coloured data. A) Difference between laser scan and DSM from SfM with CGPs from
Norgeskart and intrinsic camera calibration from PhotoScan. B) Difference between laser scan
and DSM from SfM with GCPs from laser scan and intrinsic camera calibration from PhotoScan.
C) Difference between laser scan and DSM from SfM with GCPs from laser scan and intrinsic
camera calibration from the camera calibration report.
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5.1.2 Significance of Topography on Absolute Accuracy

A difference map between the laser scan and the DSM from nine images with input for
intrinsic camera parameters from the camera calibration report is shown in Figure 5.5.
This is the map from which the statistics for nine aerial images in the Figure 5.1B and
Figure 5.2B are based. Thus, Figure 5.5 can be said to be a visualisation of the difference
between most accurate DSM created without input for intrinsic camera parameters in
the sensitivity study and the laser scan. The figure shows that the absolute accuracy
decreases with complex topography.

Figure 5.5: Difference map between the laser scanning and the DSM from nine images with
input for intrinsic camera parameters from the camera calibration report. It is clear that the
DSM accuracy decreases with complex topography. Water is masked out and appears white in
the figure.

5.1.3 RAM Usage

Figure 5.6 shows the results together with the measurements from Agisoft with the same
selected quality. As the processing quality is selected the same for the two cameras, and
the number of images with varying image resolution were plotted separately, only the
overlap between the images from the same camera is unknown, and could yield an error to
these plots. Greater overlaps than 60 % intra-band overlap and 20 % inter-band overlap
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are recommended for SfM (Favalli et al., 2012), and could also change the plotted lines
in Figure 5.6. It was expected that the data from Agisoft (2012) had significantly greater
overlap as those images were taken for the purpose of SfM, unlike the aerial images used
in this thesis. All lines in the plot follow a linear relationship between number of images
and RAM usage as proposed by Agisoft (2012).

The recording of RAM usage was done over Årdal, as that year had the possibility
to measure RAM usage for up to three images without resampling, chunk processing,
decrease in dense calculation quality or limiting the bounding box while processing. The
RAM usage exceeded the maximum 32 gigabytes after the processing with the third
image. That led to limiting of the bounding box for processing with more than three
images, and ended the RAM monitoring of the dense calculation.

Figure 5.6 shows that the RAM usage increases more rapidly per image used the more
amount of megapixels the camera has. The figure also suggests that the RAM usage
goes up with increasing image size, regardless of amount of images used.

Figure 5.6: RAM usage for the sparse and dense correlations from the 196 megapixels Vexcel
UltraCam Xp and a 12 megapixels camera used by Agisoft (2012).

5.2 Application to Fulånebba

It was chosen to focus on a part along the western slope of Fulånebba as this site had
been reported as a possible unstable area with occasional rockfalls from NVE Atlas.
However, the whole of Fulånebba was interpreted in order to look at the differences from
2006 to 2010. There was a limited coverage consisting mainly of forest between 1979
and 2006, and thus only a DSM difference was made, and not any displacement map for
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this period. In this section, the camera residuals are also shown as they were significant
for the further analysis of the slope change.

5.2.1 Camera Residuals

Residual plots were extracted from the PhotoScan report as these plots were seen as
good indicators of the accuracy of the model. The residual plots for the cameras used
over Fulånebba in 1979 and 2006 are shown in Figure 5.7 and Figure 5.8, respectively.
The residuals for 1979 are much larger due to the analogue source which was digitised
with resampling to achieve proper image geometry.

Figure 5.7: Residual plot showing deviations between an error free lens and the actual lens
used in PhotoScan for the camera used over Fulånebba in 1979. The boundaries represent the
camera lens boundaries, and the scale is the camera pixel size related to the displayed vectors.
The colour of the respective vectors becomes redder with greater residuals.

The resampling of the images before processing of the 2010 model of Fulånebba led to
great errors in the residual plots (Figure 4.5). Thus a new model was created for 2010
without resampling. The residual plots for the latter camera lenses used in the model
are shown in Figure 5.9. This is the model on which further analyses were based.
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Figure 5.8: Residual plot showing deviations between an error free lens and the actual lens
used in PhotoScan for the camera used over Fulånebba in 2006. The boundaries represent the
camera lens boundaries, and the scale is the camera pixel size related to the displayed vectors.
The colour of the respective vectors becomes redder with greater residuals.

Figure 5.9: Residual plots showing deviations between error free lenses and the actual lenses
used in PhotoScan for each of the two cameras used over Fulånebba in 2010. The boundaries
represent the camera lens boundaries, and the scale is the camera pixel size related to the
displayed vectors. The colour of the respective vectors becomes redder with greater residuals.

5.2.2 DSM Difference Maps

The analyses of the SfM derived DSMs yielded two DSM difference maps comparing the
surface of 2006 with the surface of 2010, and the surface of 1979 with the surface of 2006
respectively. In the following figures, higher numbers suggest rise in surface elevation,
while lower numbers suggest decrease in elevation. This section will firstly present the
DSM difference map between 1979 and 2006, and then the difference map between 2006
and 2010.
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Difference Map Between 1979 and 2006

Figure 5.10 shows the DSM difference map of the Fulånebba area between 1979 and
2006.

One potential landslide area sticks out by the shoreline following the valley south of
Fulånebba (coordinates 477500 E, 6953000 N in Figure 5.10). This area is zoomed in
Figure 5.11.

Some of the areas show to have gained elevation, such as the example in Figure 5.12 and
the valley east of the area in Figure 5.11.

Figure 5.10: DSM difference map of Fulånebba between 1979 and 2006 (left) and orthoimage
from 2006 (right). One area near the bottom of the Fulånebba slope to lowered significantly in
this period. Various other areas also show both positive and negative trends in elevation change.
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Figure 5.11: DSM difference map of Fulånebba between 1979 and 2006. The subfigures show the
lower slope area with significant change. (A) Enlarged DSM difference map, (B) 1979 orthoimage
and (C) 2006 orthoimage.
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Figure 5.12: DSM difference map of Fulånebba between 1979 and 2006. The subfigures show
an area with significant positive change in elevation. (A) Enlarged DSM difference map, (B)
1979 orthoimage and (C) 2006 orthoimage.
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Difference Map Between 2006 and 2010

Figure 5.13 shows the DSM difference map of the Fulånebba area between 2006 and 2010.
Higher numbers suggest rise in surface elevation, while lower numbers suggest decrease.

It is worth noting the four distinct areas where the overall trend shows that the surface
was lowered significantly. Two of these areas are enlarged in Figure 5.14 and Figure 5.15.

A second note should be made in regards to the overall DSM difference in Figure 5.13;
where the eastern part of the Fulånebba peak seems to have risen, while the western
part seems to have lowered during these years. Other features that stick out with great
change in this figure are snow covered areas.

Some artificial straight lines where the DSMs differ significantly can be seen as well.

Figure 5.13: DSM difference map of Fulånebba between 2006 and 2010 (left) and orthoimage
from 2010 (right). Four areas near the bottom of the Fulånebba slope have lowered significantly
in this period. Snow covered areas also show significant elevation change.
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Figure 5.14: DSM difference map of Fulånebba between 2006 and 2010. The subfigures show
the northernmost lower slope area with significant change. (A) Enlarged DSM difference map,
(B) 2006 orthoimage and (C) 2010 orthoimage.
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Figure 5.15: DSM difference map of Fulånebba between 2006 and 2010. The subfigures show
the third northernmost lower slope area with significant change. (A) Enlarged DSM difference
map, (B) 2006 orthoimage and (C) 2010 orthoimage.
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5.2.3 Displacement Map Between 2006 and 2010

The displacement maps displayed in Figure 5.16 and Figure 5.17 show displacement of
100 m2 areas of Fulånebba between 2006 and 2010 from the CIAS software. Considering
the limited coverage of 1979, it was decided not to process a displacement map between
1979 and 2006 or 2010. Displacement vectors with max correlation coefficient less than
0.7 have been masked out in the figures. Figure 5.17 visualises the direct impact of DSM
errors leading to wrongly projected orthoimages.

A displacement map of Fulånebba with co-registration of the orthoimages before the
block matching was also made in CIAS. The parameters found from the Helmert trans-
formation in CIAS which were applied to the orthoimage from 2006 are shown in Ta-
ble 5.1. From the table, it looked as if the main contributor to artificial change between
the orthoimages was the great shift in Y-direction of over 0.4 metres. This displacement
map in Figure 5.18 also shows displacements between 2006 and 2010. In general, little
change can be seen from Figure 5.16.

Table 5.1: Parameters for co-registration of orthoimages of Fulånebba between 2006 and 2010
found by CIAS using the Helmert transformation with 30 tie points.

Scale change 1.0003520

Rotation change [deg] 359.98

Shift dx dy [m] -0.056 0.442
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Figure 5.16: Displacement map of 100 m2 areas overlaid orthoimage from 2006 with 100 metres
contour interval. The size of the arrows represents the extent of displacement. Vectors with max
correlation coefficients less than 0.7 have been masked out.
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Figure 5.17: Displacement map of 100 m2 areas overlaid DSM difference map between 2006
and 2010 with 100 metres contour interval. The size of the arrows represents the extent of
displacement. Vectors with max correlation coefficients less than 0.7 have been masked out.
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Figure 5.18: Displacement map of 100 m2 areas created with co-registration of orthoimages
overlaid orthoimage from 2006 with 100 metres contour interval. The size of the arrows represents
the extent of displacement. Vectors with max correlation coefficients less than 0.7 have been
masked out.
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5.2.4 Orthoimage Accuracy Assessment

An accuracy assessment of the 2006 orthoimage was carried out in order to investigate
the horizontal errors of orthoimages from SfM processing. Figure 5.19 shows the error
vectors of Fulånebba between the 2006 orthoimage from SfM and a 2006 orthoimage
from Kartverket. The errors, i.e. vector lengths and directions, increased with steeper
slopes. A threshold of a max correlation coefficient for the CIAS test area of minimum
0.7 was applied, but all maximum correlation coefficients were larger than the threshold
as the orthoimages were projected from the same input aerial images, and thus had very
similar features.

Table 5.2 shows the co-registration parameters from the Helmert transformation. In
practise, these parameters show a significant translation with minor rotational and scale
change.

Table 5.2: Parameters for co-registration of orthoimages of Fulånebba from SfM and Kartverket
in 2006 found by CIAS using the Helmert transformation with 30 tie points.

Scale change 0.99962093

Rotation change [deg] 0.00

Shift dx dy [m] 0.827 0.987
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Figure 5.19: Error vectors of 100 m2 areas overlaid orthoimage from 2006 with 100 metres
contour interval. The size and direction of the arrows represent the the errors and show deviations
between orthoimages from SfM and Kartverket from 2006.
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Chapter 6

Discussion: Accuracy and
Landslide Mapping Potential of
SfM

As described in Chapter 1, the aim of this study was to investigate the amount of
needed input for SfM processing, and how the result could be applied to analyse areas
prone to landslides using aerial images with large coverage. The techniques used for this
examination were described in Chapter 4, and the results were presented in Chapter 5.
These results consist of absolute accuracy assessment, RAM-usage investigation, DSM
difference and displacement maps.

This discussion will be divided into the sensitivity study with the accuracy assessment
and RAM usage, and the application to Fulånebba with the DSM difference maps and
displacement maps.

6.1 Sensitivity study

The complexity of the Agisoft PhotoScan software, along with the commercial environ-
ment surrounding the software, made it rather difficult to test. PhotoScan is a black-
box software, thus tests were more difficult to interpret as it was uncertain what effects
changes in one of the many input parameters had on the algorithms in the software. In
addition to this, it should be mentioned that the repeatability of this work could be
dependent on using the exact same version of the PhotoScan software, i.e. Agisoft Pho-
toScan version 1.2.6, as algorithms in newer versions might be changed without provision
of describing documentation.
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6.1.1 Accuracy Assessment

Despite the many changeable parameters, the accuracy assessment gave a visualisation
of what to expect from the accuracy with change in GCP accuracy or source of intrin-
sic camera parameters (Figure 5.1 and Figure 5.2). The subfigures of Figure 5.1 and
Figure 5.2 will be referred to respectively as A, B and C according to Table 4.1 in this
section. The overall trend can be said to be the same for both the box-and-whisker
plots (Figure 5.1) and the error bar plots (Figure 5.2), being that accuracy increases
with number of images. The exception is the case were GCPs from Norgeskart were
used together with automatic calculation of intrinsic camera parameters (Subfigure A).
In this case, a badly measured GCP or a poorly aligned ninth image, due to for example
bad light conditions, might have shifted the model enough to make an effect on the
DSM differencing. The box-and-whisker plots show that the distribution often is skewed
towards zero, meaning that most of the model is shifted from the laser scan, while a
smaller area still is quite accurate.

Further, the same figures clearly state Subfigure A as the least accurate one. However,
considering Subfigure B, it became clear that the accuracy after the addition of the
seventh image increased significantly, especially seen in the standard deviation. With
the use of nine images, the accuracy of Subfigure B became comparable to the accuracy
of Subfigure C.

However, the accuracy of Subfigure C was constantly better than Subfigure B due to the
precise camera calibration given in the camera calibration report. Thus, it seemed like
PhotoScan was not able to calculate these parameters as precisely as given in the camera
calibration report with only nine images. Yet, a significant accuracy improvement can
still be seen in Subfigure B with the addition of the seventh Vexcel UltraCam Xp image.

The accuracy was almost constant in Subfigure C. This was due to the consistency of the
possible bundle adjustment given fixed camera parameters. The only factor which might
have changed the camera positions was a change in GCPs. As the GCPs were set with
two metres accuracy, this was shown with the import of the fifth image in Figure 5.1C.
In this figure, the model was shifted in relation to the real world coordinates, thus also
the accuracy changed.

A distinct error of approximately 0.4 metres can be seen in Subfigure B and Subfigure
C. This could be due to the great residual of point 3 in Figure 4.7. The point was found
to be lower in the laser scan than in the DSMs from SfM, hence would drag the model
to a lower elevation. The point itself was a rock on top of a hill, which could have been
poorly matched due to the hill steepness or the shape of the rock. When this point
was masked out, the median error dropped from about 0.4 metres to about 0.1 metres
(Figure 5.3). This observation strengthens the claim that the error is due to the great
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residual of point 3, and shows the importance of accurate GCPs for absolute accuracy
assessment of DSMs.

It is worth noting that the mean absolute accuracy expected from the extrapolation
of Figure 4.9 by Smith and Vericat (2015) corresponded well with the mean absolute
accuracies found in this study. The RMSE from Figure 5.4 also proved similar to the ex-
trapolation from Smith and Vericat (2015). However, with use of already well calibrated
cameras, such as the camera used at Årdal, the RSME has been shown to decrease.
Subsequently leading to a vertical RMSE in the range of two pixel sizes, or 0.1 ‰ of the
flight height. This is approximately what is expected from traditional photogrammetry
(Ackermann and Schneider, 1992; Eide and Mardal, 1993; Kääb, 2005; Wind, 2008).

6.1.2 Significance of Topography on Absolute Accuracy

The investigation of significance of topography on absolute accuracy (Figure 5.5) showed
that the accuracy decreased with more complex topography. Rocky areas or gullies are
going to consist of more shadow areas compared to flatter areas, which have been shown
to be the main reason for the decreasing accuracy in those areas (Kääb, 2005). Water
also poses a possible source of error as it is often rapidly changing, and hence can lead
to unrecognisable features.

6.1.3 RAM Usage

It was interesting to further investigate how the measurements of RAM usage with a
12 megapixels camera from Agisoft (2012) corresponded with the RAM usage for the
196 megapixels camera used in this thesis. Figure 5.6 shows the results from this thesis
as well as the results from Agisoft (2012). Some limitations to this investigation were
present as a desktop computer with a total of 32 gigabytes of RAM was used. However,
it is clear from the results that the RAM usage increased significantly with the amount
of megapixels. The RAM usage per added image also increased more rapidly given a
camera with more megapixels. The gradient of gigabytes per image is reported to be
linear (Agisoft, 2012). Keeping this linear relationship in mind, the result from Figure 5.6
shows that the gradient of RAM usage for a 12 megapixels camera was 0.005 GB/image
for the sparse point cloud calculation and 0.064 GB/image for the dense point cloud
calculation. However, with the 196 megapixels camera, the gradient of RAM usage was
0.016 GB/image for the sparse point cloud calculation and 15.14 GB/image for the dense
point cloud calculation. This leads to the need of resampling, chunk processing, decrease
in dense calculation quality or limiting the bounding box while processing. Hence, as
of today, the great RAM usage is a noticeable drawback to using high-resolution aerial
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imagery for SfM.

Agisoft (2012) have stressed that the main factor for RAM usage during the dense point
calculation is the number of images, resolution, selected quality and overlap. The overlap
might be a source of error in Figure 5.6 as mentioned in Chapter 5.

6.2 Application to Fulånebba

The Fulånebba area was mainly chosen due to the temporal extent of aerial images, the
reported rockfalls and the reported potential large landslide. SfM was meant to present
an easy approach to analysis of similar slopes. Yet, some limitations were faced during
the analyses. The most significant limitation was the lack of stereo overlap from the older
image sets. Aerial images from 1971 were also investigated before deciding to use the
ones from 1979 in this thesis. A problem arose as the image footprints from the older
coverage maps were hand drawn and planned according to the road network running
through the Møre og Romsdal county. This led to limited coverage of the mountain
areas, made it more difficult to read the coverage map and made it more difficult to read
if a stereo coverage of images would be present at a certain terrain elevation. It is clear
from Figure 5.10 that only the lower areas from 1979 were successfully modelled.

The lack of data proved challenging to the long term displacement investigation of
Fulånebba. However, a DSM differencing was still carried out between 1979 and 2006
to see if it was possible to identify rockfalls from the series reported by NVE between
2004 and 2009.

6.2.1 DSM Difference Maps

Two main areas stuck out in the DSM difference overview in Figure 5.10. One is to the
south in the figure (coordinates 6953000 N, 477500 E), where the terrain seems to have
lowered between 1979 and 2006. The area is enlarged in Figure 5.11. The other is to the
north (coordinates 6956000 N, 476250 E), where the terrain seems to have risen during
the same 27 years. This area is enlarged in Figure 5.12.

With a closer look at Figure 5.11 it becomes clear that this DSM change is due to an
active protection measure against debris flows. In this case, trees have been cut down
and fortification to the river has been built to prevent rapid erosion in case of a debris
flow. It is mainly the result of removal of the trees that is visible in the DSM difference.
Figure 5.12 shows an area were forest seems to have grown significantly. The same type
of limited areas of growth can be seen multiple places in Figure 5.10. Thus, SfM can be
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said to give a good overview of the terrain change in an area as Fulånebba.

There are no clear signs of any rockfalls between 1979 and 2006 in Figure 5.10. This
might be either because the rockfalls happened in the early 1980s, thus trees had time
to grow back and perhaps even shadow the landslide detachment zone, or because the
rockfalls were too small to tear down any vegetation. The latter option is the most likely
for the rockfalls reported in this area in 2004.

The DSM difference between 2006 and 2010 (Figure 5.13) gives more data to analyse
as the coverage was better for these two years than for the historical images from 1979.
Four potential landslide areas are visible to the left of Fulånebba, where two of them
are enlarged in Figure 5.14 and Figure 5.15. Several snow covered areas are also shown
to have gained elevation, suggesting that SfM could be used to monitor snow depth
change provided good radiometric resolution in the images. This has previously been
done successfully by Nolan et al. (2015). The overall trend of the DSM difference can be
seen from Figure 5.13 to be that the surface has lowered to the west and risen to the east,
proposing that the models are slightly shifted or rotated from each other. Further, some
straight lines where the DSM difference changes significantly can be seen. These straight
lines mark the borders where the number of overlapping images changes, thus resulting
in a border with a less accurate model on the side of the border with less overlapping
images.

Figure 5.14 shows the northernmost of the four areas with significant decrease in ele-
vation. It is clear that the elevation change is due to a number of fallen trees from
the orthoimages from 2006 (Figure 5.14B) and 2010 (Figure 5.14C). This supports the
observation that SfM could be used to map terrain change, hence also the scars and
destructions from earlier landslides. Figure 5.15 also visualises the denser forest in 2006
(Figure 5.15B) than 2010 (Figure 5.15C).

6.2.2 Displacement Maps

Displacement maps showing horizontal change between 2006 and 2010 were made in order
to investigate the velocity of the slope movements at Fulånebba and potential errors in
the orthoimages. Figure 5.16 shows the displacement with 100 metres resolution. It
became clear from this figure that some vectors were pointing towards up-hill slope
movement, and thus also different directions than expected. These errors were due to
the shift between the two orthoimages from 2006 and 2010. As explained by Kääb
(2005), and shown in Figure 3.4, errors in the DSM will have direct impact on the
orthorectification of images, i.e. result in projection errors. In addition, some large
vectors implying displacement of several metres can be seen in Figure 5.16. These clear
errors are likely due to the pixels in the reference block being relatively similar to another
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object inside the test area, thus leading to a high correlation coefficient and a wrongly
calculated displacement vector.

Figure 5.17 shows the displacement vectors overlaid the DSM difference map between
2006 and 2010. This figure shows that the errors in displacement vectors calculated from
the orthoimages are related to the errors found in the DSM difference, i.e. great errors
for the displacement vectors could be found where great errors were found in the DSM
difference.

It was made an attempt to accommodate for the displacement vectors pointing the
wrong directions by co-registering the orthoimages before running them through the
CIAS software. A co-registration would help accounting for the possible errors in GCPs
(Figure 4.8). Using 30 tie points, a Helmert transformation was carried out yielding
the parameters shown in Table 5.1. The most wrong parameter from the table was
seen to be the shift in north-south direction of over 44 centimetres. However, applying
these parameters by carrying out the Helmert transformation led to little change in the
vectors after running CIAS (Figure 5.18). Only a few vectors became more precise in
direction and size, and led to the conclusion that the model itself had been distorted.
This is backed up by the camera residual plots from Figure 5.8 and Figure 5.9, where
some large residuals were found. These residuals were likely due to pixel mismatching in
PhotoScan, which would have led to a distorted model. Hence, this study strengthens the
claims from Debella-Gilo and Kääb (2011), as the CIAS software was not able to detect
changes due to the error of co-registration and the rotation between the orthoimages.

The horizontal residuals from the vectors in Figure 5.18 show the horizontal precision
relative between the two orthoimages from 2006 and 2010 of approximately one to two
pixel sizes after co-registration. The accuracy assessment of the orthoimage from 2006
(Figure 5.19) showed an accuracy of approximately one to two pixel sizes in flat bare-
earth terrain, and up to ten pixel sizes in steep vegetated slopes such as the 35◦ western
slope of Fulånebba. As mentioned earlier, these errors were dependent on the vertical
accuracy of the DSM used for orthorectification. An area to the north (coordinates
6954850 N, 478125 E) and an area to the east (coordinates 6953750 N, 479210 E) in
Figure 5.19 showed smaller errors than the rest of the orthoimage. A co-registration of
the 2006 orthoimages from SfM and Kartverket (Table 5.2) led to a redistribution of
errors throughout the vectors, and thus the two orthoimages could be said to have been
distorted from each other.
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Conclusions

This thesis has focused on the accuracy of SfM from aerial imagery and the application
to the landslide prone area around Fulånebba. The conclusions from this thesis are
summarised below:

• Absolute accuracy assessment, both using mean and standard deviation as well as
robust statistics, showed that GCP accuracy and degree of well calibrated intrinsic
camera parameters were governing factors for the accuracy of the resulting DSMs
from aerial imagery.

• The results imply that it is possible to achieve similar vertical absolute accura-
cies as processing with given calibration of intrinsic camera parameters from the
camera calibration report by processing at least seven images in the PhotoScan
software. After processing seven images, the absolute mean accuracy was approx-
imately 0.4 metres with input for intrinsic camera parameters from the camera
calibration report with another 0.5 metres standard deviation. Without this in-
put, the absolute mean accuracy was approximately 0.8 metres with 0.9 metres
standard deviation. This is with similar topography, and same image overlap and
quality as the images used in this study.

• Vertical RMSE was approximately two times the pixel size, or 0.1 ‰ of the flight
height, for the DSMs generated with input for intrinsic camera parameters from
the camera calibration report and GCPs from the laser scan.

• Comparison of surface topography and vertical accuracy showed a relationship
between the two. Hence, increasingly complex topography is likely to give greater
errors in absolute accuracy.

• The computer RAM usage was shown to increase with the number and image
size of processed images in the PhotoScan software. However, resampling, chunk
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processing, decrease in dense calculation quality or limiting the bounding box
while processing could be used to account for this limitation.

• In this study, resampling in the pre-processing gave significant camera lens residu-
als when this was left to PhotoScan to calculate, while decrease in dense calculation
quality gave more reasonable lens residuals. Hence, the number of images needed
for accurate parameter calibration in the PhotoScan software was found to be
related to the image quality of the images used for calibration.

• General terrain changes from rockfalls, e.g. fallen trees, could be seen with DSM
differencing, but the detachment zones themselves were not successfully identified
in this thesis.

• SfM from aerial imagery offers a simple approach to investigating other surface
changes than landslides, e.g. tree growth or snow depth change.

• Precisely co-registered images are needed to analyse displacement of a slope us-
ing aerial imagery. Still the analysis would be ambiguous and prone to errors if
the change is less than the pixel size. No significant slope creep was found at
Fulånebba.

• The horizontal precision relative between two DSMs from SfM was found to be
approximately one to two pixel sizes after co-registration. Hence, it should be
possible to find horizontal displacements with this magnitude of uncertainty using
CIAS from SfM generated orthoimages of standard Norwegian aerial imagery given
similar texture and topography as Fulånebba.

• Horizontal accuracy between the 2006 orthoimages at Fulånebba from SfM and
Kartverket showed errors from one to two pixel sizes at flat bare-earth terrain to
appproximately ten pixel sizes in vegetated steep slopes.
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