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Agder County. Sira-Kvina has a total installed capacity of 1760 MW from 7 hydropower plants
and is the owner of Tonstad hydropower plant, which is Norway’s biggest hydropower plant
by production. Tonstad hydropower plant produces 3800 GWh per year, which is more than

half of Sira-Kvina’s total power production.
Several people have contributed to this thesis and deserve a big thank you:

e My supervisor Oddbjern Bruland for giving advice and lending equipment.

e My co-supervisor Kaspar Vereide in Sira-Kvina Power Company for providing the
thesis, joining me during summer survey, giving inputs and advice.

e Jon Ovedal in Sira-Kvina Power Company for his time with me performing winter
surveys over two days, transporting me by car and snowmobile to the survey sites and
performing manual snow measurements.

e The people at Verkstedloftet for all the fun and nice moments during the thesis period.
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Summary
Snow measurement with drones by use of photogrammetry to create 3D models of an area is a

new technology that can be very useful for hydropower companies to estimate snow storage.
With that, the hydropower companies can find the expected runoff from the snow storage into
the reservoirs. An improved estimation of expected runoff from snow storage will give better
foundation to plan the operation of the reservoir and increase the income from production. Snow
volume was requested to be measured at three different sites in Sira-Kvina Power Company’s
catchment area. The three chosen sites were Flatstol, Tjorhom and Nesjen which is located in
different areas of the catchment area. At these sites, photogrammetry with drone were
performed with and without snow on the ground. 3D models from photogrammetry was made
in the Pix4Dmapper software and volume calculations were performed in the software
CloudCompare. Several test flight were performed in different weather conditions to validate
which conditions were working or not, before flights in wintertime to take photogrammetry of
the snow. The results from the test flights revealed that only conditions with sun from clear sky
was appropriate due to much light reflection from the snow in overcast weather. From the winter
flight at Tjerhom, the GPS in the drone was not correctly calibrated and the obtained 3D model
was not usable. At Nesjen, 3D models from bare ground and snow covered ground was twisted
according to each other and not usable for volume calculation. The 3D model at Flatstol was
without issues except from a small offset between the two models in x and y direction. From
Flatstel, a mean snow depth obtained from photogrammetry was 0.48 meters and from manual
measurement, a snow depth of 0.35 meter was found. An increase in snow volume of 38% was
found from the 3D models according to the manual measurements. According to this, the results
showed that with a larger area covered by the drone, more differences in snow accumulation is
obtained than with manual measurements. The increased calculated snow volume gives
possibility for better planning of operation of reservoirs since the calculated runoff would be
higher. By assuming that the calculated increased expected runoff'is valid for half of Sira-Kvina
Power Company’s catchment area, an increase in calculated runoff of 59.67 million m? of water
is found. By producing more power in high demand periods, an extra income of 1.496 million

NOK is expected.
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Samandrag
Snemadling med drone ved bruk av fotogrammetri for & lage 3D modellar av eit omrade er ein

ny teknologi som kan vere veldig nyttig for vasskraftselskap for & berekne snemagasin. Med
det kan vasskraftselskapa finne forventa avrenning fra snemagasinet til vassmagasina. Eit
forbetra anslag for forventa avrenning frd snemagasinet vil gje eit betre grunnlag for 4 planlegge
bruk av vassmagasinet og auke inntekt fra produksjon. Snevolum var ferespurt til 4 bli funnen
pa tre forskjellege plassar i1 Sira-Kvina kraftselskap sitt nedbersfelt. Dei tre valde plassane var
Flatstel, Tjorhom og Nesjen som er lokalisert i ulike omrader av nedbersfeltet. Ved desse
stadane var det utfort fotogrammetri ved hjelp av drone med og utan sng pd bakken. 3D
modellar frd fotogrammetrien var laga i programmet Pix4Dmapper og volumkalkuleringar vart
utfort 1 programmet CloudCompare. For flygning med fotogrammetri pd vinterstid vart fleire
proveflygningar utfort i forskjellege vérforhold for & validere kva slags vérforhold som fungerte
og ikkje. Resultatet frad desse proveflygningane slo fast at det var kun vérforhold med sol fra
klar himmel som var tilstrekkeleg pd grunn av for mykje lysrefleksjon i overskya vér. Fra
vinterflygningane ved Tjerhom var ikkje GPS-en 1 drona korrekt kalibrert og 3D modellen som
vart laga var dermed ubrukeleg. Fra 3D modellane ved Nesjen var modellen fra bar grunn og
sngdekt grunn skeive 1 forhold til kvarandre, noko som gjorde dei ubrukelege for
volumkalkulering. 3D modellane fra Flatstel var utan problem utanom ein liten forskyving i x
og y retning mellom modellane. Fré Flatstol vart det funne ei gjennomsnittleg snadjupn pa 0,48
meter frd fotogrammetri og ei snedjupn pa 0,35 meter frd& manuelle mélingar. Det vart funne
ein auke i snegvolum péd 38% i 3D modellane i forhold til manuelle malingar. Resultata viser at
med eit storre areal dekt ved hjelp av ei drone sa finn ein meir forskjellar i snedjupne enn ved
manuelle malingar. Det auka kalkulerte snevolumet gjev moglegheiter for betre planlegging av
bruk av vassmagasin sidan den kalkulerte mengda avrenning er heogare. Ved a anta at kalkulert
auka avrenning er gyldig for halve nedbersfeltet til Sira-Kvina kraftselskap, sa er det funne ei
auka avrenning pa 59,67 millionar m®>. Ved & produsere meir kraft i periodar med heg

ettersporsel av straum, er ei ekstra inntekt pa 1,496 millionar kroner forventa.
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1 Introduction
In Norway 1/3 of the precipitation comes as snow. The snow accumulate during wintertime and

works as a water storage until it melts. It is crucial to know how much runoff the snowmelt will
cause, because this has several important factors: Power companies must know how much water
they have available for production, the government can calculate flood risk and by that know if
there is possibility for damage on infrastructure. Using snow storage data can also be used to
take environmental consideration. (Norges vassdrags- og energidirektorat, 2016) The
Norwegian Water Resources and Energy Directorate (NVE) mounted the first snow pillow in
Norway for measuring Snow Water Equivalent (SWE) on Filefjell in 1967. A snow pillow
detects the weight of the snow on top of the pillow by how much it is compressed. SWE is a

number telling how much water that is in the stored in the snow, and is found by

SWE = 22« s (1)

Pw

Where ps is the snow density (g cm™), pw is the water density ( 1 g cm™) and HS is the snow

depth in cm.

Today there is around 20 snow measurement stations for SWE in Norway spread around the
country and measure SWE from 85 m.a.s.l. to 1400 m.a.s.l. The most normal instrument to
measure SWE is a snow pillow, but snowweights and gammasensors are also used. (Norges

vassdrags- og energidirektorat, 2017)

Figure 1: NVE’s measurement stations for SWE in Norway. (NVE, et al., 2019)

Power companies like Sira-Kvina power company measure the snow depth and the SWE
manually to get an idea of how much runoff they can expect to their reservoirs from the snow
storage. The measurements are done at fixed spots, at specific times every year. Sira-Kvina
Power Company do their snow measurement in January/February and in March/April and send

in the results so NVE get a general overview and input to the climate analysis. The snow



measurement demand manpower and have costs with transportation of workers. Sira-Kvina
Power Company uses snowmobiles for traveling to the different locations where they do
measurements. By using drones the snow measurement will be done over a larger area and can
possibly be more accurate than measuring the snow depth at certain locations. The purpose of
this thesis is to test and get knowledge on how accurate snow measurement with drone is and

if it is a reliable source that can be used in the future.

2 Theory

Measurement of snow depth using photogrammetry from Unmanned Aerial Systems (UAS)
like drones is a generally new topic but have been performed in some previous cases.
Monitoring snow using UAS can be useful for snow hydrology, calculating runoff to reservoirs
for hydropower and mitigation, and it can be used to find snow depth in areas where snow
avalanches can occur (Biihler, et al., 2016). Specific snow depth in some regions can give

important information to different types of users.

In some places, snow depth is calculated by reciving information from nearby weather stations
or interpolating results from manual measurements. These results can be inaccurate in alpine
regions where the wind is highly affecting the snow distribution. The SWE can be found either
by for example snow pillow, cosmic ray or manual measurements. Compared to using laser
scanning from either manned or unmanned aircrafts to find snow depth, photogrammetry with

UAS is a cheaper option when cost of equipment and staff is taken into consideration.

In this section, two different projects where UAS have been used will be examined. Obtaining
snow depth by using drone can be favourable for hydrologists and hydropower plants if the

obtained snow depth and expected runoff is accurate.

2.1 Location 1: Close to Belverdere glacier, Italy.
The study site is at 2070 m.a.s.l. and at the study site the vegetation contains rocks and grass.

There are no trees in the approximated 6700 m? large study area, but two streams are crossing
the area. The terrain is homogeneous with a maximum terrain variation of approximately 7

meters.

The snow depth was found by comparing two Digital Surface Models (DSM) where one was
obtained in summer with bare ground and the other at peak accumulation of snow. They were
able to make DSM’s by taking pictures with a hexacopter. Flightheight in summer was on
average 65 meters and 60 meters in the winter. That gave a Ground Sample Distance (GSD) of

0.02 m. GSD is a number on how many centimetres of the ground that is covered in one pixel.
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A front overlap of the images was set to be 80% and 60% for the side overlap. Since snow can
be quite similar a higher overlap between the images can be applied to increase the chance for
the program to recognize similar pixels. In this project 84 images was used in the summer model
and 144 pictures in the winter model. In the summer the flight was performed at around 10 AM
and around noon in winter time. If the camera on the UAS has high resolution and the surface
area with snow is homogeneous, it can cause problems to recognize pixels between the pictures.

(Avanzi, et al., 2018)

GCP (Ground Control Points) was used to increase the accuracy of the geolocation. GCP’s are
placed out in the survey area as large squares, often black and white, to easily spot them from
the photogrammetry. The GPS position is manually measured at each GCP point and is added
to the software for processing the pictures. The program used for processing the pictures into a

3D model in this project was Agisoft Photoscan.

According to manual probing in the area the snow height found between the two 3D models
was larger than the snow height found from manual probing in 89% of the area. The remaining
11% was either no difference or showed less snow than manual probing. (Avanzi, et al., 2017)
The reason for these differences can be either that the snow height is underestimated from
manual probing or an overestimation in Agisoft Photoscan. Different topographical features
can cause differences in snow height measurement between the model and manual probing.
(Avanzi, et al., 2018) The bare ground can have different coverage in summer and winter.
During summer survey the length of the grass will be larger than in the winter survey, which

will affect the snow measurement in Agisoft Photoscan.

2.2 Location 2: Tschuggen and Briamabiihl located close to Davos,

Switzerland
Tschuggen is located at 1900 m.a.s.] in a valley that is in good shelter from strong winds and

Bramabiihl is located at around 2500 m.a.s.l. at a peak loacation where wind is affecting the
snow distribution. In alpine terrain where it is hard to enter a project site by foot or skis to do
snow measurements, UAS is advantageous due to easy portability and it can take off and land

relatively far away from the site of interest in good weather conditions.

As in the project close to the Belverdere glacier in Italy, Agisoft Photoscan was used in this
project. The results from the snow measurement with the UAS reveal that the snow height is
found to be 0.11 meters lower than the manual probe measurements on average. The partly high

grass and small bushes that was on Brdmabiihl at the surveyday without snow can probably



explain the reason to this difference. The flight without snow was performed on 21 September
2015. In Tschuggen there was different types of vegetation that could be up to 0.50 meters high
in the summer survey. When snow starts to accumaulate, the vegetation will be pressed down
due to the weight of the snow and form a layer on the ground that is basically snow free. When
mapping with photogrammetry in summer and winter, processing the pictures to DSM’s, and
comparing the models will underestimate the snow depth since the summer DSM is higher with
the vegetation. To get more accurate measurements photogrammetry in summer should be done
just after mowing, if the project site will be mowed during the year. Alternatively, right after
snowmelt in the spring if the site is hard to reach. When measuring the snow depth with manual
measurements, the probe will penetrate the vegetation that is pressed down and give an
overestimation of snowdepth. In these cases the real snowdepth should be somewhere between

the manual results and the result from the DSM’s. (Biihler, et al., 2016)

In the projected DSM it was found that places with shadow cause noise in the model that can
lead to wrong snow height calculations. Shadows could peak up to 0.40 meters above the rest
of the snow surface in the model. In bright conditions, noise was also obtained and at 0.15

meters at maximum above the original snow surface.

A testflight in wintertime was performed on an overcast day with fresh snow on the ground at
Tschuggen. In those conditions, the ground looks very homogenous and it is expected to be the
worst conditions for photogrammetry. Different Near Infrared (NIR) filters was tested and the
test showed that using a NIR830 (absorbing wavelengths larger than 830 nm) gave the best
results for the DSM. (Biihler, et al., 2016)

2.3 Study in Canada

From a study in Canada when measuring a snowpack that is less than 1 meter in depth with
UAS, the precision of the model was ranging from -5.7 cm to 10.3 cm. (Fernandes, et al., 2018)
That either means that the total volume of the snowpack from the model can vary negatively or
positive according to the manual measurement. Higher height during flight gives more
uncertainty. For a site with plain snowcover and a size of 100x100 meters, a 5 cm difference
between the actual snow cover and the model gives a difference of 500 m? with snow, which is

a lot over such a small area according to large catchment areas.

In the study GCP’s were used and the accuracy of the model was better than reported from other
studies. Fernandes believe that is a result of a high visibility of GCP’s in the images obtained

from the drone. (Fernandes, et al., 2018) At maximum, a GCP point was visible in 30 images.



3 Metodology

3.1 Study sites
The study sites are in Vest-Agder County in Norway, close to the village Tonstad where Sira-

Kvina Power Company have their main office. The sites are on places where Sira-Kvina
normally do their snow measurements. That makes it easier to compare results that is done with
the drone and the manual measurements. In total three different sites were chosen. The sites

were Flatstol, Tjerhom and Nesjen. All sites are northeast of Tonstad village.
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Figure 2: Survey sites (Kartverket, 2019)



3.1.1 Flatstel
Flatstel (59°03'05.9"N 6°57'14.3"E) is a quite plane site with minor elevation differences

located at 630 m.a.s.]. At this site the vegetation consist mostly of grass and small bushes. There
are marshes, a couple of trees and a river stream passing through the site. On the right side of

the road, there is a small rocky knoll and a cabin.

Figure 3: Survey area at Flatstol



3.1.2 Tjerhom
Tjerhom (58°53'11.8"N 6°51'00.3"E) is as Flatstel a quite plane site with minor elevation

differences located at 500 m.a.s.l. The study site is consists mostly of farmland. There are a few

trees, some fences to separate fields and on the left side of the road there is a small rocky knoll.

Figure 4: Survey area at Tjorhom



3.1.3 Nesjen
Nesjen (58°46'35.6"N 7°01'41.7"E) is located at 700 m.a.s.l. This site consist of varying

elevation with an elevation difference of over 50 meters. The area consist of bare mountain with
vegetation in between. At the lowest point the area consist of grass. The site also consist of trees

and a small quarry at the site.

Figure 5: Survey area at Nesjen

3.2 Type of drones and applications

Two different drones has been used during this project. Sira-Kvina Power Company provided
a DJI Phantom 4 for taking pictures for the 3D models. A DJI Mavic 2 Pro was provided by
NTNU for test flights in different weather conditions and as a backup drone for taking pictures
for the 3D models. Both drones used a mobile phone or an iPad to connect to the controller to
set parameters and perform missions. The screen on the iPad/mobile phone was also used to

connect to the camera on the drone to be able to get a view from the position of the drone.



Mainly three applications have been used: DJI GO 4, Ctrl+DJI and Pix4Dcapture. DJI GO 4 is
used for free flight mode, e.g. when taking pictures manually in different weather conditions.
The amount of pictures needed during testing to know if it is possible to make a working 3D
model is not so high, and therefore it is faster to take pictures manually instead of plotting in a
path for the drone to follow. Ctrl+DJI is an application that show information like position,
velocity in x, y and z direction, battery percentage, yaw, pitch and roll for the drone that is

connected. Yaw, pitch and roll tells us about the drone’s movement according to its axis.

Pitch Axis

Roll Axis

Yaw Axis

Figure 6. Direction of pitch, roll and yaw axis (DJI, 2016)

Ctrl+DJI is needed to use Pix4Dcapture on mobile devices and it is possible to open
Pix4Dcapture from Ctrl+DJI. These apps are developed from Pix4D and fulfils each other.
Pix4D have developed the software Pix4Dmapper that will be used to create the 3D models.
(Pix4D SA, 2019) In the Pix4Dcapture application there is the option to do different missions
and give settings to the missions. The main missions to use for making a 3D model is Double

Grid mission and Circular mission.

Do Q SETTINGS E LOGOUT
Plan new mission

= 7 T

R l 1

! =
POLYGON GRID DOUBLE GRID CIRCULAR FREE FLIGHT
MISSION MISSION MISSION MISSION MISSION
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Figure 7: Screenshot from the menu in the Pix4Dcapture app



Depending on the mission, different parameters are needed to be set for the selected mission.
Parameters can be mission area, flight altitude, speed, camera angle, image overlap and angle
between each picture. The different settings will have an impact on GSD and the flight time for

the mission.

3.3 Geolocation of drone
The drones that are used for this project have a Global Positioning System (GPS) and a

barometric sensor built in the drone. For each picture that is taken, the drone gives information
about the position and its altitude, this is saved together with the picture. This geolocation is
important for the algorithm in the Pix4D software. When the GPS position is known the
processing time of the models will be faster since the algorithm now knows which pictures that

possibly have some similar pixels. (Skille, 2018)

3.4 Geoid and Ellipsoide of the earth

A geoid is a measurement for mean sea level around the earth and define where the elevation
is zero. Since the world contains of land and not just sea, the mean sea level that would have
been where there is land, is affected by the land. The density in the earth is different all over
and that affects the geoid. Land is in general more dense than water and it also has gravitational
attraction that attracts water. In general, the mean sea level is higher where there is land than
on the ocean surface. (GIS Geography, 2019) In Pix4Dmapper the used Geoid in this thesis is
EGM (Earth Gravitational Model) 96. The WGS (World Geodetic System) WGS84 is a
reference ellipsoid to the earth and is used as a reference coordinate system for the earth.
WGS84 is referred to EGM 96 so GPS systems can find accurate elevation above sea level all
around the earth. (GIS Geography, 2018) The models are made in the same coordinate system

to have the same reference point.

3.5 Summer flight
The summer flight was performed on 1% October 2018 on Tjerhom and Flatstel. The flight at

Nesjen was performed during the summer the same year. Flight information from Nesjen has
not been accessed and is therefore not to be found in this thesis. All known information from
Nesjen is obtained from the quality report generated from the Pix4D software. 237 pictures was
taken at Nesjen. All flights in both summer and winter were flown with the camera angle at
70°, which means that the total area covered is larger than the area that was flown. The result

from that is that a larger model of the terrain will be obtained.
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3.5.1 Flatstel
At Flatstol three flights were performed in overcast weather at 6°C. At Flatstel some technical

issues occurred. The iPad that was connected to the controller for planning the flight missions
suddenly switched off during one of the flights. The most probable reason for this is due to low
temperatures combined with cold wind. However when the iPad was restarted it was easy to
continue the ongoing mission. When the iPad was switched off the drone started to hover in the
air in the same position until it got the command to continue it’s mission. In one of the missions,
the drone battery got down to 18%, and then the drone returned automatically. Also in this case
it was easy to resume the mission after the battery in the drone was changed. In total 236 pictures

was taken that would be used in the 3D model.

Table 1: Flight information from Flatstol in summer survey

Flight Altitude | Area Camera Front Side
pattern [m] [m] angle overlap | overlap
1. flight | Double grid 50 100x100 70° 70 % 60%
2. flight | Double grid 50 200x200 70° 70% 60%
3. flight | Circular 50 | 100x100 70° 10 degrees between
each picture

3.5.2 Tjerhom
At Tjorhom, three flights were performed. The flight was performed in sunny weather at 6°C.

All flights were performed successfully without any issues and in total 161 pictures were taken

at this site.

Table 2: Flight information from Tjorhom in summer survey

Flight Altitude | Area Camera Front Side
pattern [m] [m] angle overlap | overlap
1. flight | Double grid 50 100x100 70° 70 % 60%

2. flight Circular 50 100x100 70° 10 degreeg between
each picture

3. flight | Double grid 35 100x100 70° 70% | 60%

3.6 Test flight in different weather conditions
In order to get knowledge about photogrammetry on snow several test where performed. The

tests included different ISO settings to vary the amount of light that was able to enter the camera
lens and testing in different light due to weather conditions. The tests were performed over
several days to be able to test in many different weather and snow conditions. Similar for all

tests to get a good comparison was that all flights were performed with a flight height of 50
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meters and a camera angle at 70°. Information as date, time, temperature and weather conditions

for the test flights is found in Table 3.

Table 3: Winter test flight information

Date Time | Temperature Weather condition
6.2.2019 | 4PM -8°C Fully overcast
Overcasted where the sun break
7.2.2019 | 11 AM 0°C
through the sky
7.2.2019 | 2PM 1°C Sun from clear sky
8.2.2019 | 12 AM -1°C Fully overcast with light snowfall
Overcasted where the sun break
9.2.2019 | 1 PM 2°C
through the sky
15.2.2019 | 3PM 4°C Sun from clear sky
17.2.2019 | 2 PM 2°C Fully overcast

The first flight that was performed on the 6" February was in fully overcast weather. When
humans look on the snow in overcast weather it is hard to see the contours of the landscape that
is covered by snow. That is due to the snow is reflecting light in every direction that makes the
landscape look similar where there is no larger differences in terrain formation. Just like the
human eyes, the camera on the drone is also picking up all the light reflections and like the
human eye, it is hard to see contours on the snow surface. After uploading the pictures into the
Pix4Dmapper software and creating a 3D model, it was only objects without snow or snow
piles that was created in the model. How Pix4Dmapper are creating 3D models is more
explained in chapter 3.8 Creating 3D models in Pix4Dmapper. Flat snow surfaces had too
similar pixels so the software was not able to recognize similar pixels since everything was
looking the same. On the 7™ of February, two flights were performed at different times and
weather conditions. In the morning it was overcast, but the sun was breaking through the skies.
The result from that flight showed that it was easier to see details in the snow but not enough
to make a 3D model that was able to recognize pixels. Later the same day the clouds disappeared
and the sun was shining from clear sky. A new flight was performed, the pictures was uploaded
to the Pix4D software and a 3D model was successfully made. The sun made the snow more
clear with less reflections and it was easy to see the contours on the snow even on a flat surface.
Close to the test site there were trees that gave shadow into the test site and these shadows made

disturbance in the 3D model in form of spikes. The spots without shadow look perfectly fine
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and is flat without disturbing spikes. The software clearly had issues handling the shadows and
thought it was something rising up from the ground. In a volume calculation, the shadows is a

source of error if they are in the area where the volume is calculated.

Figure 8: 3D model with smooth surface without peaks

Figure 9: Error in 3D model due to peaks from shadow

On the 8" and 9" of February the weather conditions were overcast. On the 8" of February
there was light snowfall as well. The expectations for performing photogrammetry in snowy
weather and on a fresh snow surface on the 9™ of February with flat light was low. The result
also showed that it was not able to create a 3D model due to the issue with recognizing pixels.
Between 9™ of February and 15" of February, there was a lot of rain that changed the snow
condition. Voll measurement station that is located in Trondheim, measured 30.1 mm with

precipitation from the 9" of February until 15" of February, with a maximum temperature of
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10.3°C which results in heavy snowmelt. (Norwegian Meteorological Institute and Norwegian

Broadcasting Corporation, 2019)

When the test flights could be started again on the 15th of February, the afternoon sun was
shining from clear sky. The snow on the test site was compacted by the rain in the previous
days. Some places was more compact than others and it was easy to see the snow surface clearly
due to the small bumps. The Pix4D software did not have any problems creating a good-looking
model of the snow surface. Since the snow surface had new conditions after the rain, it might
be possible to create a 3D model in overcast weather. To see if the small unevenness in the
snowpack was sufficient to make a 3D model in flat light, a flight in overcast weather was to
be performed as fast as possible. If it was successful, it would be an added opportunity to
perform a flight with weather condition without sun on rough snow. A new test flight was
performed on the 17th of February, but the wanted scenario was not obtained since the snow
melted too much the last days. The snow surface was thin and started to be slushy in some areas.
That was the last flight that was performed in February due to lack of snow. The result from the
test flights were clearly that sun was needed to be able to create a 3D model with the Pix4D
software. The sun gives less reflections from the snowpack since the light is coming from one
direction and not from many directions like when it is overcast. By that it is easier to recognize
pixels in different pictures since the light is coming from one direction and the snow is not
looking similar over the entire area. To avoid the reflections when it is overcast, polarization

filters is a possible opportunity.

3.6.1 Trial with different ISO setting
The ISO is a setting to set how much light the sensors on the camera will capture. Low ISO

means less light obtained. Pictures with a high ISO will give noise, while a low ISO gives more
clear images. This was clearly seen when taking pictures with different ISO settings. The ISO
settings tested in this thesis ranged from ISO 100 until ISO 3600. Since snow is bright and
reflects much light, a low ISO is preferred. The test that was performed also showed that on
places where the snow accumulation was a bit uneven due to wind, some parts disappeared or
was not captured when the ISO was increased. In general test flights was done with ISO 100
since the ISO was set to automatic. On the 9" of February a flight was performed with ISO 200.
It was overcast weather where the sun breached through the skies. It was also a fresh snow
cover due to the snow that came the day before. The result from the flight was that it was able
to make a model, without peaks. After the rain event a new test with ISO 200 was performed

on the 17" of February. When the pictures were uploaded to the Pix4D software it was not able
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to calibrate the images. No errors were obtained during the flight or the setup to make the model,
and the geolocation of the images was fine. After the suggested troubleshooting from Pix4D,

no faults were found and the reason for why it was not able to calibrate the cameras is unclear.

3.6.2 Polarization testing
Polarization filters reduce the amount of light and reflections that enter the lens and by that it

filters out much of unwanted reflected light to enter the camera lens that occur on an overcast
day. Due to the test results in conditions with flat light, testing with different filters is an
interesting alternative to check if it is possible to obtain pictures that the program can use to
make a 3D model. In total 3 different types of polarization filters were tested. These were
ND4/PL, ND8/PL and ND16/PL. ND stands for Neutral Density and PL stands for Polarized
Lens. The ND/PL filters could be used either as a ND filter or as a ND + PL filter. ND filters is
a sunglass for the camera lens while PL as explained above can block reflected light from
entering the lens. The numbers on each filter tells how much light that is reduced from entering
the lense. A ND4 filter means that Y4 (25%) of the light is able to enter the lens, a NDS let 1/8
(12.5%) of the light enter the lens and so on. The filters are also reducing the f-stop setting. F-
stop is how much opening there is in the camera lens itself and when you add a filter that enables

less light to enter the lens, the filter affects the f-stop. (Chris Bray Photography, 2017)

Due to delivery time and bad weather conditions, including precipitation and wind, the flight
with polarization filters were not performed before the 13th of March. The snow condition were
not as wished since the snow surface had some slushy areas. The flights were performed in
overcast weather. After the flights the pictures for each filter were sorted out and inserted to the
Pix4D software. The result for all the models were more or less equal. The software partly
managed to make a 3D model for each filter type where all models had some holes in them.
The holes are there due to the program having trouble recognizing the pixels and therefore
nothing is made in those places. Where the model successfully have been made there is many
disturbing peaks, which make the model unusable. In general, the winter of 2018/2019 had less
snow than earlier years, this made the test flight window quite narrow since the weather

conditions needed to be as preferred for the flights.
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Figure 10: Obtained 3D model from photogrammetry with ND16/PL filter

Figure 11: Peaks in 3D model from photogrammetry with ND16/PL filter

3.7 Winter flight
The winter flight was performed 28.02.2019 — 01.03.2019. On the 28" February Tjerhom and

Flatstel was performed, and Nesjen on the 1% March. Since the proposed camera settings for
winter flights have a higher front and side overlap from earlier studies, this was also done in
this project. Flight information is shown in the tables below for their respective area. From the
previous experience from the summer flight when the iPad suddenly switched off it seemed
necessary to protect the iPad from cold temperatures and wind, or at least be able to heat it up
a bit. Several possible opportunities were suggested like a thermal vest, a neoprene cover for
the iPad with a heating source inside or use of heating pads. A thermal west would make it
unfeasible to move around with the controller if necessary, so this option was excluded. A
neoprene cover for the iPad with heating source would be sufficient, but it might create some

problems with attaching the cover sufficiently to the iPad with heating sources inside.
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Therefore, simple heating pads that could be attached to the iPad with tape was found to be the

best and most convenient solution to the problem.

Figure 12: Heating pads as heating source attached to the iPad

3.7.1 Flatstel
The flight was performed at 1.30 PM in sunny weather with 4°C. Since the drone batteries were

not fully charged it was expected that the batteries would reach the limit of 18% as experienced
in the summer flight, when the mission was paused and the drone returned by itself. That
happened, but as with the summer flight it was easy to resume the mission after changing
battery. To ensure that the heating pads had an important role by adding heat the iPad so it
would stay on during the flights, it was tested to switch the iPad on without heating pads. It
swithed on, but suddenly switched off after a few seconds. After adding heating pads, there
were no issues with the iPad and it was constantly switched on. A third flight was started with
higher overlap but did not finish due to the drone being out of battery. The third flight is not

included since the overlap from the 1% and 2™ flight was sufficient to create a good model.

Table 4: Flight information from Flatstol at winter survey

Flight Altitude | Area Camera Front Side
pattern [m] [m] angle overlap | overlap
1. flight | Double grid 50 200x200 70° 70 % 50%
2. flight | Circular 50 | 200x200 70° 10 degrees between
each picture

3.7.2 Tjerhom
The winter flight at Tjerhom were performed on 28™ of February, at 10 AM in sunny weather

and 0°C. This flight was performed with the DJI Mavic 2 Pro drone provided by NTNU, since
the iPad for the drone for Sira-Kvina was out of battery. The batteries to the drone from Sira-
Kvina was also just around 50% charged. The reason for this is that the iPad and the drone was

prepared some weeks before the flight would take place. The iPad was probably left on, and
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used it’s battery over time, and the drone battery’s start discharging after 10 days without use.
(DJI, 2016) The map on the phone was less detailed than the map on the iPad, so it was decided
to take a lunchbreak and charge the equipment for the drone from Sira-Kvina as much as

possible before the flights at Flatstal which was the next location.

Table 5: Flight information from Tjorhom at winter survey

Flight Altitude | Area Camera Front Side
pattern [m] [m] angle overlap | overlap
1. flight | Double grid 50 100x100 70° 80 % 80%
2. flight | Circular 50 | 100x100 70° 10 degrees between
each picture

3.7.3 Nesjen

The flights on Nesjen were performed on the 1% of March in sunny weather at -3°C at 10 AM.
At Nesjen a 3" flight was performed as a backup to give the model more details if needed since
the summer model had some holes in it. It turned out that two flights where sufficient to make

a good model, so the 3™ flight is not included.

Table 6: Flight information from Nesjen at winter survey

Flight Altitude | Area Camera Front Side
pattern [m] [m] angle overlap | overlap
1. flight | Double grid 50 130x200 70° 80 % 70%
2. flight | Circular 50 | 110x170 70° 10 degrees between
each picture

3.8 Creating 3D models in Pix4Dmapper

3D models in Pix4Dmapper are made by pixels being recognized in different images and
transferred from 2D to 3D. To be able to use images they must be calibrated correctly. Correct
calibration is obtained when the images have sufficient overlap, and the software is able to
differentiate items in the image. Many trees or a field that looks similar can cause problems if
there are nothing else in the image that can be recognized like roads. To match pixels, also
called keypoints, there must be at least two images that shows some of the same area. To
recognize keypoints they must have high contrast and contain interesting texture to get a
possible match. According to Pix4D the minimum recommended number for keypoint matches
in one picture is 1000. To secure that there would be similar points in the images, sufficient
front and side overlap was applied before flying the missions. Each matched keypoint get its

position calculated from the images that it is matched from and is placed in the point cloud
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where all matched keypoints are placed and together they make the 3D model. In Appendix B
to F, the quality report from the processed 3D models is found. In the appendixes there is
visualised were in the models the number of matched keypoints is high and low. More
information from the processing of the 3D models is also found in Appendix B to F. To secure
that both summer and winter models have the correct altitude according to each other, some
fixed points in the models were selected as a control points and the altitude was corrected to
obtain same elevation in the control points. Selection of control points was based on the wanted

control point being visible and without snow in the winter model.

3.8.1 3D model at Flatstol from summer survey
For the 3D model at Flatstal 236 images were imported to Pix4Dmapper from the summer

survey to create the model. In totalt 233 images were calibrated correctly and used. The three
images that were not calibrated are located in the corner of the model an would not have any
big impact for the total result. Pix4Dmapper managed to obtain a median of 70500 keypoints
per image. From these keypoints, 25350 were matched. At maximum 79700 keypoints were
found per image with 40140 matched keypoints, which tells that the number of keypoints
matches found at Flatstel is very good. (Pix4D support, 2019) The model obtained an average
GSD of 2.16 cm, which gives a high quality model. From Figure 13 some black holes are visible
in the model. These are spots where no keypoints were matched, and is left blank. The reason
that some spots don’t have matched keypoints is that the ground is too similar and it’s hard to
recognize similarities between pictures. On the small sideroad to the right in the model there
are some blank spots. At this place there is a bunch of trees with a lot of leaves. Many leaves
look the same and it is therefore hard to match keypoints in this area. Some places the ground
and the tree trunk is visible and a few points are recognized pixels from leaves and projected
above the ground. Close to those trees, there are some minor holes in the model. Without the
whole tree reproduced in the model, it will lead to a negative value in the volume calculations

if more of the tree is visible in the winter model.
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Figure 13: Summer 3D model at Flatstol

3.8.2 3D model at Flatstol from winter survey
From the winter survey at Flatstol 226 images were imported to the model and all of them were

correctly calibrated. A median of 23280 keypoints were found per image and 10470 of those
were matched. At maximum 42600 keypoints were found and 23860 were matched. The
average GSD is 2.15 cm. This model have less holes since there are no leaves on the trees, but
still there are some trees that stand close to each other and the software have trouble to
differentiate these and therefore no matches are found. Disturbance from shadows in this model
are minor but some disturbance is visible in larger shadowed areas as behind a hillside and a
cabin in the model. When both models for Flatstol were made, a geolocation check was
performed since the projects does not contain any GCP’s. With the summer model as reference,
the winter model at Flatstol had an offset of +0.18 m in x direction and -0.59 m in y-direction
according to the summer model. Since Flatstel in general is a relative flat area, the offset is
believed to not have much impact on the result, but the result is therefore not completely

accurate.
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Figure 14: Winter 3D model at Flatstol

3.8.3 3D model at Tjerhom from summer survey
At Tjerhom 161 images were imported to Pix4Dmapper and all of them were correctly

calibrated. A median of 69830 keypoints were found and 28400 of those were matched per
image. At maximum there were 79780 keypoints with 41160 matches. This also gives a model
of high quality. Since the summer flight at Tjerhom was performed in different altitudes, a GSD

of 1.77 cm was obtained.

Figure 15: Summer 3D model at Tjorhom

21



3.8.4 3D model at Tjerhom from winter survey
As mentioned in capter 3.7.2 Tjorhom the winter survey at Tjerhom was performed with the

DJI Mavic 2 Pro drone. 206 images were taken and 204 of them were correctly calibrated. After
importing the images into Pix4Dmapper and running the processing steps, it turned out that the
GPS on the drone was not correctly calibrated. The drones position was in general divided into
4 different areas as visualized in Figure 16 from the GPS position of the images. The result of
the inaccurate GPS position for the images was a highly disturbed model. A small part of the
model looks good, but the rest of the images seem to have been put together in a messy area a
bit over the good looking part. Accuracy of GPS coordinates is important to be able to process
models correctly. Pix4D also mention that with GPS coordinates the processing time for the
model will be faster since the model then knows which images that possibly share some of the

same pixels. (Pix4D SA, 2019)

Figure 16: Camera positions visualised with blue dots

Figure 17: Winter 3D model at Tjorhom
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Since the winter model at Tjerhom was not successfully processed, Kaspar Vereide in Sira-
Kvina power company performed a new flight with the DJI Phantom 4 drone. Due to limited
available time the flight was performed in overcast weather condition. From the earlier surveys
in this thesis, overcast weather condition is not suitable for photogrammetry with drone. After
receiving the images and processing them, the result was as expected. In areas where there is
snow, everything looks similar due to the light reflection and the Pix4D software is not able to
recognize similar pixels. Only road surfaces, vegetation between fields and power lines are
visible as seen in Figure 18. The powerline that is visible in the model also have much snow
disturbance around it. The quality report generated after the processing of this model is found
in Appendix F where the lack of calibrated cameras are visualized, and other parameters from
the flight are found. Since the attempts to create a winter model was not successful, volume

calculation from Tjerhom would be neglected in this thesis.

N N

Figure 18: Winter 3D model at Tjorhom after second flight
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3.8.5 3D model at Nesjen from summer survey

The 3D model for Nesjen in the summer is the model with the highest number of images used
to create the model. 237 images were imported to the model and all of them were calibrated
correctly. The median keypoint number is 54800 were 23360 of them were matched. At
maximum 62990 keypoints were found and 36060 of them were matched with other images.
The average GSD at Nesjen is 1.74 cm. From Figure 19 there are many holes in the model on
the right side of the road. This is because the terrain in this area is very steep and the drone had
it’s outer position just above the road during the flights. The terrain to the right of the model is
captured as well due to the camera angle on the drone. On the left side of the model there are
also a small lake that has some empty spots. This is most likely due to the fact that the surface
of the lake could change between each taken image due to small waves or the water surface
being too similar and therefore similar pixels is not obtained.

Figure 19: Summer 3D model at Nesjen
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3.8.6 3D model at Nesjen from winter survey
In the winter survey at Nesjen 226 images were captured. From these 225 were calibrated and

usable. The uncalibrated image is to the left in the model. It is probably uncalibrated due to that
no other images are taken on the same spot or in the same direction, even if the chosen overlap
should be sufficient. The median number of keypoints per image is 48640 per image and 21220
of them are matched. At maximum 49000 keypoints were found and 21180 of theme were
matched. The number of matched keypoints at Nesjen is around twice as many as matched
keypoints in the winter model from Flatstel. This is probably due to that at Nesjen there is more
bare ground in between the snow, so it is easier to recognize pixels. The average GSD at Nesjen
in wintertime is 1,38 cm. This is the lowest obtained GSD from the surveys in this thesis. In the
small quarry to the left in the model there is a blank spot in an area with shadow. That can be
caused by the shadow making the area darker and because of that it is harder to recognize
similar pixels. In the shadowed area, there is also some disturbing peaks. After controlling
elevation in fixed spots in each models at Nesjen it seems like the models were a bit twisted
according to each other, which will be useless for volume calculation. The same as Flatstol,
Nesjen also had an offset for the geolocation. With the summer model as reference, the winter
model at Nesjen had an offset of -0.39 m in x direction and -0.02 m in y-direction according to
the summer model. Since Nesjen is a more hilly area than Flatstel the impact of the volume

calculation will be greater and more unreliable.

Figure 20: Winter 3D model at Nesjen

25



4 Results

Performing volume calculation in Pix4Dmapper between two models was found to not be a
feasible solution. When an object was drawn in the bare ground 3D model that was supposed
to work as a base surface in the volume calculation, the object came out as a flat plane, which
is not sufficient. To calculate the snow volume, the point cloud from Pix4Dmapper was
exported to an .xyz file and imported into the CloudCompare software. CloudCompare is a
software were the user, for instance can calculate the volume between two point clouds, which

is the wanted result for the author.

4.1 Snow volume at Flatstel from CloudCompare
To avoid places in the model with larger holes an area of 140x190 meters was chosen. The

chosen area is consisting of a small hill, the road and a part of the flat area. The area is visualized
in Figure 22. The volume in CloudCompare is found by calculating the height difference in
similar coordinates. By taking Hwinter — Hsummer from the Z-coordinates, the height difference
between each point is found and the volume is calculated from that. Since the coordinates is
expressed in meters, the output from CloudCompare is also in meters. (Girardeau-Montaut,
2014) The two point clouds placed on top of each other in CloudCompare is visible in Figure
21. In Figure 21 trees from the summer survey is also visible since almost all the trees are higher
than the snow height. High trees with leaves on from the summer survey are then appearing

over the snow surface.

Figure 21: Winter 3D model at Flatstol placed over summer 3D model
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Figure 22: Area from winter 3D model and summer 3D model at Flatstol used for volume calculation

The result from the volume calculations in the 140x190 meter large area tells that there is a
snow volume of 12 853.5 m® of snow. The total area is 26 600 m> which gives an average snow
height of 0.48 meters. The manual measurement performed at Flatstel showed a snow depth of
0.35 metres, and when calculating volume with basic mathematic rules over the area by taking
area times snow height, a snow volume of 9310 m® is obtained. With drone, the snow
distribution is more covered and there is an increase in snow volume of 38% with the drone
measurements. It is important to keep in mind that the obtained mean snow depth of 0.48 meters
from CloudCompare is the mean depth of all measurements done in the area. There is both
positive and negative peaks because of trees in the volume calculation that would affect the
mean value. The manual measurement is done at one “random” spot in a flat area at Flatstol.
The increase shows that manual measurements give less snow than the volume obtained from

the measurements performed with drones. At Flatstal the vegetation had some grass, but the
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grass was not dense and should not affect the volume calculation, but there is of course a chance
that minor affects occurs. The snow distribution on Flatstel is mostly varying between 0 and 1
meters. Some places Hwinter — Hsummer 1S @ negative value and the reason is because of trees with
leaves in the summer have a higher Z value than the Z value at the same point in wintertime.
There is also cases where the leaves are not visible in the summer model and it is just the ground
that is visible below, while the tree trunk is visible in the winter model, and by that it causes a

much higher Z value than it is in reality.

Gauss: mean = 0.483213 / std.dev. = 0.270217 [164 classes]
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Figure 23: Snow distribution at Flatstol obtain from 3D models

The manual measurement was performed close to a ski track, south-west from the snowmobile
to easily be able to locate the measurement point in the model since no GPS measurement
equipment was brought and the drone was out of battery. To control the snow depth in the
model five spots close to each other at the measurement site were chosen. The control spots
forms a square with a point in each corner and a point in the middle of the square as seen in
Figure 24. At each point, the calculated snow depth from the models in Pix4Dmapper is stated.
The distance from the centre point and to the points forming the square is around one meter.
The obtained snow depth in these spots from the 3D models in Pix4Dmapper shows that the
snow depth obtained in the model is good according to the manual measurements, which

verifies that the computed snow volume from CloudCompare is pretty reliable.
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Figure 24: Snow depth at measurement spot obtained from 3D models

When volume is calculated in CloudCompare, the result also tells how many neighbouring
pixels that was found on average. Since one pixel have 8 neighbouring pixels as long as it is
not on the outer edge it is wished to achieve a number as close to 8 as possible. From the
calculation at Flatstel the average neighbouring cells were 8 which is maximum. Since the
maximum number of neighbouring cells were obtained, it tells that the selected area in the 3D
models used for volume calculation is dense and without holes which make them very

representative for volume calculation.

To find the snow volume without measure SWE manually would save time when working in
the field. The SWE could be obtained either from interpolation between SWE measurement
stations in Norway or calculating it from a formula. From the interpolated values from the SWE
measurement stations, the SWE at Flatstol on the 28" of February was 96.6 mm. (NVE, et al.,
2019) This value is quite much lower than the measured SWE value on 119.2 mm, and would
be considered as to unreliable. Each interpolated cell is 1 km? large, and from the neighbouring
cells from the measurement spot the SWE in the interpolated cells are ranging from 95.6 mm
to 292.8 mm. In 7 out of 8 cells the SWE is larger than 200 mm which confirms that these
interpolated values are not reliable. Tests on calculating the density of the snow without
measuring it has been carried out, but it is not a strait forward calculation. The snow density
(ps) 1s dependent on the snow height, snow temperature, history of deposition of snow and
density of initial snow layers. (Sturm, et al., 2010) Since these parameters are hard to achieve,

the theoretical calculation for SWE will not be further investigated in this thesis.
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4.2 Snow volume at Nesjen from CloudCompare
At Nesjen the point cloud from Pix4Dmapper was exported to an .xyz file similar to Flatstel.

After importing the point clouds to CloudCompare it was easy to see that the point clouds were
slightly twisted according to each other, as expected from the controls in Pix4Dmapper. As
Figure 25 shows, the model seems to have snow cover in one part and it is snow free in the
other part. With a twisted point cloud, volume calculation can not be performed since the results
will be wrong and not reliable. No correction solution to align models correctly without GCP
was found in the Pix4Dmapper software. There are no cases were two models from the same

site, where one is with snow and the other is without snow, were compared.

Figure 25: Section of winter 3D model placed above summer 3D model at Nesjen
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4.3 Economic impact of snow measurements with drones
From Flatstel the snow measurement from the drone showed an increase in snow storage of

38% according to the manual measurements. The increased snow storage shows that there will
be more water than first expected to produce electric power from and more income can therefore
be generated. Comparing the two measurement methods gives the following volumes over the

surveyed area:

Table 7: Comparison of results between manual measurements and drone measurements

. Snow
Flatstel SIS SWE (mm) | Area (m?) ol | Vo lmsns
(m) 3 (m”)
(m”)
Manual 0.35 119.2 26 600 9310 3170.72
measurement
Liroiue 0.48 163.4 26 600 12 853.5 4346.44
measurement

The drone measurements show an increase in calculated runoff of 1175.72 m® over the 26 600
m? large survey area. By assuming that the difference in snow volume and calculated runoff
between drone and manual measurements is linear, an increase in calculated runoff per square

kilometre is 44 200 m® with a SWE of 163.4 mm.

Due to that data for snow storage in the Sira-Kvina catchment area was not accessed,
assumptions for the increased income has to be made. Sira-Kvina Power Company have a total
catchment area of 2700 km?, and by assuming that the calculated increase in expected runoff is
valid for half of Sira-Kvina’s catchment area, an area of 1350 km? is obtained. That gives in
total 59.67 million m?® in additional expected water runoff in the calculations, which would give
opportunities for better planning of use of reservoirs. Sira-Kvina then gets possibilities to
produce more when there is high demand in the market and can earn more money. Given a
scenario with a power plant with a net head of 100 meters, a turbine efficiency of 0.92 and an
extra income of 0.10 NOK/KWh since the water can be used for production when there is high
demand. For calculation simplicity, the water is equally divided over one year with the power
plant running constantly and assuming an extra earning of 0.10 NOK/KWh all the time. On the
59.67 million m? of water, the power plant would generate 14.96 GWh in one year with 0.10
NOK/KWh more in income from production. The expected income before tax is then 1.496
mill NOK. The effect of the possibility for better operation of the reservoir is therefore quite

large. The increased calculated runoff would probably not be correct for the whole 1350 m?
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large area, but it gives an idea that with better reservoir operation, more income could be

generated with more accurate snow measurements.

Since the hydropower system in Sira-Kvina is combined and the water is used more than once
in different power plants, the real increased income would be higher. There is a need for more
complex calculations for operation of all the reservoirs and power plants to find the approximate
total possible increase in income. These complex calculations will not be investigated in this

thesis.

S Conclusion
Snow measurement with drone is an interesting new technology, but also a time demanding

topic. Snow measurement with drones is a great opportunity to perform snow measurement
over larger areas and cover differences in snow accumulation to obtain a more accurate snow
volume. Performance of drone photogrammetry with snow on the ground have been
investigated and to make sufficient 3D models there is a need of sunny weather to be able to
create good 3D models without empty spots. Creation of 3D models that was performed in
Pix4Dmapper had very good numbers of obtained matched keypoints, which made nice and
clear 3D models in general. In the models there are less disturbance from shadow when the sun
is standing high on the sky in comparison to a low sun. The 3D models from Flatstel gave a
good base to perform volume calculations in CloudCompare and compare these results
according to results from manual measurments. The improved snow measurement with drones
gives possibilities for better operation of reservoirs and by that Sira-Kvina can get more income

by producing more when there is high demand.
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6 Proposal for future work
Further work should investigate more on possibilities to take pictures in different weather

conditions without sun. If there is a way to obtain good and reliable 3D models when the
photogrammetry have been performed in overcast weather there will be more opportunities to

perform the photogrammetry on snow without being dependent on the weather conditions.

In this thesis GCP was not used, since it demand proper measurement equipment. It is
interesting to investigate how much measurements will be affected if GCP’s are added and
centimetric accuracy can be obtained. If GCP’s should be used, there should also be sufficient
time to place out and measure all spots. Time can be a problem if many places need to be

surveyed in a short amount of time due to limitations in good weather conditions.

During flight, dense forest and larger shadowed areas should be captured from a lower altitude

to obtain more details and by that obtaining a better 3D model.

By using a hexacopter, a larger camera with higher image resolution could be attached. If even
better details in the 3D models are obtained and how much longer the processing time of the

models would be is interesting.
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Appendix B — Quality report from summer survey at Flatstol

Quality Report i

Generabed wih PisdDrapper werdon 4.3.33

(D Important: Click on the different icons for

@ Help to analyee the results in the Cuality Repart

ﬂ Addiional information about the sedions

Q Click hare for addifonal fips o analyze the Quality Report

Summary ﬂ
Project Flatstolprosjekt
Processed 2019-05-06 17:09:44
Camera Mbdel Mameds) FC330_3.6_4000:3000 (RGB)
Avarage Ground Samgling Distance (GSD) 216 cm/0B85in
Quality Check (i ]
(7 images median of TOS17 keypoints per image Q
() Dataset 233 out of 236 images calibrated (98%), all images enabled (]
@mw 3.44% relafiva difference betwean initial and opimized infemal camera parameters ﬂ
(%) Matching median of 25352 5 malches per calibrated image [ ]
{7} Georeferencing yes, no 30 GCP D
Calibration Details o
Murmber of Calibrated Images 233 out of 236
MNumber of Gealocated Images 236 out of 236
@ Initial Image Positions (i ]
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Figure 2: Top view of the initial image position. The green line follows the position of the images in Sme starting from the large blue dot.

ﬁ} Computed Image/GCPs/Manual Tie Points Positions
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images. Dark green ellipses indicate the absolule position uncertainty of the bundie

@Ahsulutn camera position and orientation uncertainties ﬂ
Xm] ¥ [m] Z[m] Omega [degree] Fhi [degree] Kappa [degres]
Mean 0131 0131 0218 0071 0070 0.065
Sigma 21 0.0z 06 ooz 0006 0023
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Bundle Block Adjustment Details

Mumber of 20 Keypoint Cbsenations for Bundle Block Adjustment B28566
Mumber of 30 Points for Bundle Block Adjustment 2414365
Mean Reprojection Emor [pixels) 0193

@ Intermal Camera Parametars

£ FC330_3.6_4000x3000 (RGE). Sensor Dimensions: 6.317 [mm)] x 4.738 [mm] ﬂ

EF 0 FEI30_16_4000x3000

Focal Principal Principal
L " Pointx Fointy R1 R2 R3 T T2
. 2285722 [pbel] | 2000.006 [pixsl] 1500,003 [pied]
Inifial Values 3610 jmm) 3,150 [mm] 2350 mm) 0001 {002 0000  0uDoi 0001
- 2364543 [poel] | 2069 555 [pissl] 1519.960 [pixel]
Optimized \alues 3734 [mm) 3,569 [mm) 2401 [mm] -0.003 L.005 0003 000D 0
o 0125 [pivel] 0,048 [piel] 0.080 [piss]
Uncerzinties (Sigma) 0,000 fmm] 0,000 [mm] {0,000 [mm] 0.000 0000 0000 QD00 000
)
F
% Cpx
Coy

The comrelation bebasen camera iniemal parameters

R1 defermined byfhe bundle adjusiment. White indicates a full
comelaiion between the pammeters, ie. any change in one can
be fully compensated by the other. Black indicates that the
RZ parameter is completelyindspendent, and is not aflected by
ofher parametens.

R3

T1

T2

The number of Automatic Tie Points (ATPs ) per piel, everaged ouer all images of the camera model,
is color coded between bladk and white. White indicates that, on everage, maore than 16 ATPs hawe
bean estracted at the pixel locaion. Black indicates that, on average, 0 ATPs have been exfracted at
the pixel location. Click on the image to the see the awerage direcion and magnitude of the re-
projection emor for each pisel. Mote that the weclons are scaled for befer vis usliztion. The scale bar
indicates the magnitude of 1 piel emor.

(@ 20 Keypoints Table i ]
Number of 2D Keypaints per image Numiber of Meiched 2D Keypoints per image

Median 70517 25353

Mn 47761 2031

Max 70697 40139

Mean £8803 25874
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i m oi [-1]
(@ 30 Points from 20 Keypoint Match

Murnber of 30 Points Cbsened
In 2 Images 1792484
In 3 Images 378080
In4 Images 123782
In 5 Images 51845
In & Images 25840
In7 Images 14383
In & Images B714
In 8 Images 5471
In 10 Images a7
In 11 Images 2723
In 12 Images 1812
In 13 Images 1289
In 14 Images 45
In 15 Images 705
In 16 Images
In 17 Images 388
In 18 Images 305
In 19 Images 248
In 20 Images 189
In21 Images 173
In 22 Images 128
In 23 Images 118
In 24 Images 104
In 25 Images 8o

In 26 Images 58

In 27 Images 51

In 28 Images %

In 29 Images 19

In 30 Images 2
In31 Images 1

In 32 Images 17

In 33 Images 13

In 34 Images 12

In 35 Images a

In 36 Images 3

In 37 Images 3

In 38 Images 3

In 20 Imagas 2
In41 Images 2

In 43 Images 1
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(#) 2D Keypoint Matches

Uncartainty edlipaes 1000x magnified

25 223 444 666 8BB 1111 1333 1555 1777 2000

Mumber of rmaiches

Figure 5 Compuisd bnage posilions with links bebassn mabched images. The darfoness of B links indicades e mamber of madched 20 keypoinis boteoon e
images. Bright links indicade weak links and reguire manual e poinks. or mone images. Dark green ellipses. inflcabe the relafive camens posiBon unconiadndy of e
bundle bock sdjusimaent resull

(@ Relative camera position and orientation uncertainties i ]
X[m] Yim | Zjm] | Cmegaldegres] Phi idegree] Kapps [degres]
Mean 0004 0004 0.003 0.005 0004 0.003
Eigma oo 0.0 0.001 0002 0o 0.001
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Geolocation Details

(@) Absolute Geolocation Variance

n Emor [m)] MeEmor [ Ganlocation Emor X[%)
= 1500 0.00
1500 1200 0.00
1200 a0 .00
.00 .00 0.00
£00 a0 601
300 000 3605
000 ann 54.08
ann 00 185
600 800 0.00
a0 12,00 0.00
12,00 1500 0.00
15.00 - 0.00
Mean jm] 0.000005
Sigma [m] 1531214
RMS Error [m] 1531214

0.000006
1520028
1520028

11.16
4120

0000031
33Toar
3amoar

Min Exmor and Max Efvor repressnt geclocalion ermor Inieny als bibessn -1.5 and 1.5 Bmes the maximum accuracy of all the images. Calumns X ¥, Z show e

percentage of images with

Hon enmors ‘within the predefined sror inlery als. Tho geolooalon amor is the diference bebween the inftial and computed image

positions. Mot that the image geolosaton efmors & not conmespond 1o e sccuracy of te chsersed 30 points.

@ Relative Geolocation Variance n
Relative Geolocation Emor Images X [%] Images ¥ [%] mages 7 [%)]
.00, 1.00) a5y 100,00 100,00
[F2.00, 2.00) 100.00 A100.00 100,00
[-3.00, 3.00) 10000 100,00 100.00
Meaan of Geolocation Accuracy jm] 5000000 5000000 10.000000
Sigma of Geolocation Accuracy [mi] 0000000 0000000 Q000000
Images X, ¥, Zrepresent the perceniange of ineges with a relalive geolocation ermor in X, ¥, 2
Geglocabion Criertabonal Vanance RME [dagres]
Ormiega
Phi
s
Ceuwca: abaont AWS wr o of Pa orieslalion anghes given by B dilfer e Selmeen S cilial and cospuled reage s ntation angdes.
Initial Processing Details i ]
System Information i ]
CPLE Inlel () Core{TM) i7-2600 CPU @ 3 40GHz
Haar dvssare: RAt 5EE
GPLE AVD Radeon HD 5450 (Deiver: 15.201.1151.1008)
Operaing Syslem Windows 10 Educafion, G4-bil
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Coordinate Systems

Image Coordinate System
Cutput Coordinate Systam

Processing Options

Detected Template

Keypoints Image Scale
Achanced: Malching Image Pairs
Achanced: Malching Strateqgy
Achanced: Keypaint Exraction

Achanced: Calibration

Point Cloud Densification details

Processing Options

Image Scale
Point Density
Minirmum Mumber of Malches
3D Tesdured Mesh Generation

3D Tesdured Mesh Settings:

LoD

Achanced: 30 Texured Mesh Seftings
Achanced: Image Groups

Achanced: Use Processing Area
Achanced: Use Annotalions

Results

MNumber of Generaled Tiles
MNumber of 3D Densified Points

Average Density (per m3)

DSM, Orthomosaic and Index Details

Processing Options

DEMand Orthomosaic Resolution
DSMFFilers

Raster DSM

Orhomosaic

WGS B4 (EGMS6 Geoid)
WGS 84/ UTMzone 32N (EGMSE Geoid)

B 3DModels

Full, image Scale: 1

Frea Flight or Temestrial

Use Geometrically erified Malching: no
Targeted Mumber of Keypoints: Automalic

Calibration Method: Standard
Intemal Parameters Optimization: All
Exemal Parameters Oplimiztion: Al
Rematch: Auto, yes

multiscale, 1/2 (Hall image siza, Default)
Cptirnal
3

r

Resolution: Medium Resolution (default)
Color Balancing: no

Ganaraled: no

Sample Density Divider: 1
groupd

yas

yas

1 %6580 (216 [emipoel])

MNoise Filledng: yes

Surface Smoothing: yas, Type: Sharp
Generatad: yes

Method: Inverse Distance Weighting
Merge Tiles: yas

Generatad: yes

Merge Tiles: yas

GeoTIFF Without Transparency: no
Google Maps Tiles and KM: no
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Appendix C — Quality report from winter survey at Flatstol
Quality Report [ i

Generated with Pixd0mapper verdon 4.3.33

@ Important: Click on the different icons for:

@ Help to analyze the resulis in the Quality Report

o Additional information about the sections

(‘D Click here for additional fips 1o analyzs the Quality Report

Summary i ]
Project Flatstolvar
Processad 20190507 13:02:44
Carmnera Modeal Name(s) FC330_356_ 40003000 (RGE)
Muerage Ground Sampling Distance (GSD) 2.15¢cm /0B85 in

Quality Check [ ]
@ Images median of 23277 keypainis perimage o
@I‘.‘nm 226 out of 226 Images calibrated (1008%), all images enabled Q
@ Camera Optimization 3.52% relative difference betwesn iniial and optimized intemal camera parameaters o
&) Matching median of 104686 malches per calibrated image o
@ Geareferancing yes, no 30 GCP &
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Calibration Details

Murnber of Calibrated Images 226 out of 226
Number of Geolocaled Images 226 out of 226

@ Initial Image Positions

Figure 2: Top view of the iniial image position. The green line follows the pogition of the irages in time ataring from the large blue dol
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@ Computed Image/GCPs/Manual Tie Paints Positions
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Figure: 3: Offset bebween initial (blue dots) and computed (green dots) image positions: as well as the offset between the GCPs inifial positions (blue crosses) and
their computed positions (green crosses) in the opview (XY plane), frontview (XZ plane), and side-view [YZ plane). Dark green ellipses indicate the absoluie
position uncertaingy of the bundle block adjustment reswlt.

@l Absolute camera position and orientation uncertainties

A[m] ¥ [m] Z[m] Omeaga [degree] Phi [degrea] Kappa [degrea]
Mean 0.147 0.147 0247 0.078 0.077 0.074
Sigma 0020 0.020 0m7 0.013 0.007 0,025
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Bundle Block Adjustment Details

Mumibar of 2N Kaypnint Cheanations or Fomdla Rlock Adjistrmsnt

Murriber of 3D Paints for Bundle Block Adjustment

Mean Reprojection Emor [pixels]

@' Internal Camera Parameters

E FC330_3.6_4000x3000 (RGBE). Sensor Dimensions: 6.317 [mm] x 4.738 [mm]

EXIF 10 FCI30_3.6 40003000

Principal

Point y
15000003 [pixef]
2368 [mm]
1515435 [pisel]
2.383 [mm]

0,084 [pied]
0000 [rmim]

Ri

-0.001

-0.003

0.000

R2 R3

0002 0u00o
0003 Qo2
0.000 000a

PRIIRTR
B5R499

0226

T T2
0001 0001
0,000 0.0
0000 0.000

Tha correlation between camera intemal paramelars
delermined by the bundla adjusiment VWhile indicalas a full
correlation betwean the paramaters, ie. anychange in ane can
be fully compensaled by the other. Black indicales that the
paramedar is complalely independant, and is nol aflecied by
other paramalers.

T2

Tha number of Automatic Tie Points (ATPs) per pisel, averaged over all images of the camera model,
is color coded babween black and while. While indicales that, on average, more than 18 ATPs have
bean exdraciad at the pivel location. Black indicates that, on average, 0 ATPs have bean exdracied at
the pixel location. Click on the image 1o the sea the average diredtion and magnitude of the re-
projection emor for @ach pixel. Nole that the vectors are scaled for beliar visualization. The scale bar
indicates the magnitude of 1 pixel emor.

Focal Principal
Length Paint x
3 2285722 [pied] 2000006 [pis)
Inifial Values 3610 jmm] 3158 [mim]
. 2366381 [pbel] | 2069.173 [phel]
Optimized Values 3.737 fmm] 3.268 fmm]
R 0.146 [jpized] 0.048 [pisel]
Uncarainties (Sigma) 0.000 fmm] 0.000 [rmm]
g F
g Cox
Coy
R1
R3
T1
@ 2D Keypolints Table
Murnber of 20 Keypaints per Image
Median 27T
Min 20007
M 42619
Mean 24887

MNurriber af Matched 20 Keypoints par knage

10469
5884

23857
11605
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@ 3D Points from 2D Keypoint Matches

Murnibser o 30 Poinls Observed

In 2 Images 513109
In 3 Images 156260
In 4 Images 71905
In 5 Images 40306
In 6 Images 24306
In 7 Images 16204
In & Images 10804
In 9 Images 7540
In 10 Images 5318
In 11 Images 3539
In 12 Images 2563
In 13 Images 1940
In 14 Images 1354
In 15 Images 983
In 16 Images 734
In 17 Images 482
In 18 Images e
In 19 Images 52
In 20 Images 152
In 21 Images 104
In 22 Images 04
In 23 Images 48
In 24 Images 41

In 25 Images 0
In 26 Images 18
In 27 Images 18
In 28 Images 2

In 28 Images 5

In 30 Images B

In 31 Images 1

In 32 Inages 3

In 33 Images 3

In 41 Images 1
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@ 2D Keypoint Matches

Unicertainty ellipses 1000xmagnified

Mu ofm B ] ] ] ] _—

25 222 444 666 888 1111 1333 1555 1777 2000

Figure §: Computed image positions with links images. The dark of the links indi ] of 20 keypoinks: bebwresen the
images. Bright links indicade weak links and reguine manual e poirts or more images. Dark green ellipses indicate the relative camera posifon unoerainty of the
burdie bliook adjustment resuit.

@ Relative camera position and orientation uncertainties ﬂ
X[m] ¥ [m] Z[m] Omega [degres] FPhi [degres] Kappa [degres]
Mean 0004 0004 0.003 0.005 0005 0003
Sigma 0001 0001 0.001 0.001 0002 0001
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Geolocation Details

@Msnlutn Geolocation Variance

Min Emor [m] MexEmoe [m]
- -15.00
-15.00 -12.00
1200 000
900 £.00
£00 -3.00
-3.00 0.00
0.00 300
3.00 B.00
.00 9,00
9.00 1200
1200 15.00
15.00 -
Mean [m]

Sigma [mi]

RMS Error [m]

Gedlocation Emor X [%]
0.00
0.00
0.00
0.00
796
47.79
3319
11.06
0.00
0.00

0.00

0000005
1962132
1962132

Geolocation EmorY %]
0.00
0.00
0.00
0.00
7.96
30.38
4558
7.08
0.00
0.00

0.00
0.00
-0.000001
1.880805
1.880805

000
000

0000002
Q.6T8387
Q.6T8387

Min Error and Max Error represent geclooation error imiervals between «1.5 and 1.5 Smes the maximuem accuracy of all the images. Columns X, Y, Z show the
percentage of images with gealocation errors within the predefined error infervals. The geolocation emmor is the difference beteoen the initial and compuied image
positions. Note that the image geolocation emrors do not comespond io the accuracy of the observed 30 points.

@ Relative Geolocation Variance

Relative Gaolocation Emor

1.0, 1.00]

[F2.00, 2.00]

[-3.00, 2.00]

Mean of Geolocation Accuracy [m]
Sigma of Geolocation Accuracy [m]

Images X[%] Images Y[%]
88.67 8778
100.00 100.00
100.00 100.00
5.000000 5000000
0000000 0000000

Images X, ¥, Z nepresent the percentage of images with a relative geolocation ermor in X, ¥, Z

Omega
Phi
Kappa

RME [degree)

aar
3882
7400

Geolocation RMS ermor of the orentation angles given by the difference betseen the initial and compnied image orisntation angles.

Initial Processing Details

System Information

CPU: Intel{R) Core(Th) i7-2600 CPU @ 340GHz

RAkt BGE

GFU: AND Radeon HID 5450 (Driver: 15.201.1151.1008)

Operating System

Coordinate Systems

Image Coordinate System
Output Coordinate System

Windows 10 Education, 54-hit

WS 84 (EGMSE Geaid)

WES B4/ UTMzone 32N (EGM96 Geoid)
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Images Z [%]

100.00

100.00

100.00

10.000000

0.000000
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Processing Options

Detecied Templaie

Heypoints Image Scale
Advanced: Maiching Image Pairs
Advanced: Maiching Sirategy
Advanced: Keypoint Exraction

Advanced: Calibraion

Point Cloud Densification details

Processing Options

Image Scale

Point Density

Minimum Mumber of Meiches

3D Tesdured Mesh Generation

A0 Testured Mesh Satings:

LoD

Advanced: 3D Testured Mesh Setfings
Advanced: Image Groups

Advanced: Use Processing Area
Advanced: Uise Annotations

Results
Mumber of Generated Tiles

Mumber of 30 Densified Points
fumrage Eu'tsi'ty{permaj

DSM, Orthomosaic and Index Details

Processing Options

D5 and Orthomosaic Resolution

DEMFilters

Rasiar DSM

COrthomosaic

B 30 Models

Full, Image Scale: 1

Free Flight or Terresirial

Use Geometrically Vierified Meiching: no
Tamgeted Mumbser of Keypoinis: Aulomatic
Calibration Method: Standanrd

Internal Parameters. Optimizaior: All
Extemnal Parameters. Optimization: All
Remaich: Auto, yes

muliscale, 12 (Halfimage size, Default)
Optimal

3

VES

Resoluion: Medium Resolution (default)
Caolor Balancing: no

Generated: no

Sample Density Divder: 1

groupi

VES
VES

14862823

1 xGS0D (215 [cmidpioed])

Noise Fillering: yes

Swrface Smoothing: yes, Type: Sharp
Generated: yves

Method: Imerse Distance Weighting
Merge Tiles: yes

Generated: s

Merge Tiles: yes

GeoTIFF Without Transparency: no
Google Maps Tiles and BhL: no
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Appendix D — Quality report from summer survey at Tjoerhom

Quality Report B

Generated with Pixd Dmapper verdon 4.3.27

@ Important: Click on the different icons for:

@ Help to analyze the results in the Quality Report

o Additional information about the sections

@ Click here for additioral fips o analyze the Cuality Report

Summary i ]
Project Tjorhomprosjekt
Processad 2018-10-10 1540113
Camera Modeal Name(z) FC330 36 4000=2000 (RGH)
Auerage Ground Sampling Distance (G50) 1.77cm/0.70in
Tirne for Initial Processing (without report) 06h:03m:59s

Quality Check i ]
@ Images median of 0828 keypoints per image °
@ Dataset 161 out of 161 images calibrated (100%&), all images enabled 0
@ Camera Optimization 4.33% relative diference batween inifial and optimized intemal camera parameters 0
@ Matching median of 28402 1 matches per calibrated image 0
@ Georeferencing yes, no 30 GCP &

L - -

Calibration Details (i ]
Murnber of Calibrated Images 161 out of 161
Mumber of Geolocaled Images 161 out of 161

@ Initial Image Positions o
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Figure 2: Top view of the iniial image position. The green line follows the position of the images in time starting from the large biue dol

@ Computed Image/GCPs/Manual Tie Points Positions
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B R RONR
8 CIEPTHT P TP @

Uncartainty ellipses 10x magnified

Figure 3: Offsst betwesn initial (blue dots) and computed [gresn dota) image positions as well as the offsst between the GCPs initial positions (blue crossss) and
their eomputed positions (green crosses) in the bop-view [OF plane), fronbview (X2 plane), and side-view [YZ plane). Dark green ellipses indicate the absolute
posilion uncertainly of the bundle bleck adjustment result

@Ahsulute camera position and orientation uncertainties o
X[mi] ¥ [m] Z[m] Omega [degree] Phi [degresa] Kappa [degree]
Mean 0110 0111 0178 0.063 0066 0076
Sigma 0014 0015 0.004 0.006 0.004 0010

Bundle Block Adjustment Details i@

56

Number of 2D Keypaint Cbsenations for Bundle Block Adjustment 4513918
Number of 30 Points for Bundle Block Adjustment 1702156
Mean Reprojeciion Error [pixeds] 0204
'&) Internal Camera Parameters
E FC330_3.6_4000x3000 (RGB). Sensor Dimensions: 6.317 [mm] x 4.738 [mm)] 0
EXIF ID: FC330_3.5_4000x3000
Focal Principal Principal
Length Point x Pointy R1 R2 R3 T T2
) 2085722 phel] | 2000.006 [pbel] | 1500.003 [pbel]
Initial Values 3610 [mm] 3,150 [mm] 2360 [mm] 0001 0002 0000 000 0.001
2384875 [pbel] 2071557 [pbel] | 1510.904 [pbel]
Optimized Values 3767 [mm) 3272 [mm) 2.386 [mm] 0004 0002 0002 0000 0.001
Uncertainties (Sigma) &[1:]23 Er”nﬂ] g% {mﬁ] g% Eﬂ]’:{] 0000 0000 0000 0000 0000



PEEENOD

&
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The comelation between camera intemal parametars
determined by the bundle adjustment. While indicates a full
cormelation between the parametars, ke. any change in one can

be fully compensated by the other. Black indicates that the
parameter is completely independent, and is not affiected by
other parameters.

(@ 2D Keypoints Table

Median

Mean

T2

Thi number of Automatic Tie Points (ATPs) per pisel, averaged over all images of the camera model,
I= color coded batwean black and white. White indicates that, on average, more than 16 ATPs have
ben exracied at the pixel location. Black indicates that, on average, 0 ATPs have bean exracted at
the pise location. Click on the image o the see the average direction and magnitude of the re-
projeciion amor for each phel. Note that the vectors ane scaled for betier visualization. The scale bar
indicates the magnitude of 1 pixel emor.

0
Mumbear of 2D Keypoints par Image MNumber of Matched 20 Keypoints per Image
BOR2E 284032
53001 11906
TaTE2 41181
G005 28037
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(@ 3D Points from 2D Keypoint Matches

Mumber of 30 Points Cbeened
In 2 Images 1177963
In 3 Images 287975
In 4 Images 110090
In & Imageas 51828
In & Images 27914
In 7 Imageas 16115
In 8 images 9047
In 9 mages 6322
In 10 Images 4125
In 11 Images 2820
In 12 Images 1924
In 13 Images 1362
In 14 Images 879
In 15 Images GES
In 16 Images 491
In 17 Images 389
In 18 Images 266
In 19 Images 215
In 20 Images 178
In 21 Images 135
In 22 Images 87
In 23 Images 79
In 24 Images T4
In 25 Images 42
In 26 Images 47
In 27 Images 27
In 28 Images 20
In 28 Images 17
I 30 Images 10
In 31 Images 1
In 32 Images 5
In 33 Images 2
In 34 Images 5
I 35 Images 3
In 36 Images 3
In 37 Images 2
In 38 Images 1
In 40 Images 1
In41 Images 2
In 47 Images 1
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@ 2D Keypoint Maiches o

Uncertainty ellipses 1000x magnified

Number of matches = -__——
25 222 444 666 888 1111 1333 1555 1777 2000
Figure 5: Computed image positions with links between matched images. The darkness of the links indicates the number of matched 20 keypoints between the

images. Bright links indicate weak links and require manual e paints or more images. Dark green ellipses indicate the relative camera position uncertainty of the
bundle block adjustment resull

{i} Relative camera position and orientation uncertainties o
X [mi] ¥ [ Z[m] Omega [degres] Phi [degree] Kappa [degree]
Mean 0002 0002 0002 0.004 0.003 o002
Sigma 0,000 0.000 0.000 0.001 0.001 0001
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Geolocation Details

@Nasnlul& Geolocation Variance

Min Error fm)]
-15.00
-12.00

-8.00

-6.00

-3.00

000

3.00

6.00

.00

1200

15.00

Mean [m]
Sigma [m]
FMS Error [m]

Max Emor [m]
1500
12,00
900
600
300
0.00
300
6.00
9,00
1200
1500

Geolocation Error X[%a]
0.00

0.00

0.00

0.00

ara
41.61
8217
248

0.00

0.00

0.00

0.00
0000001
12898594
1289854

Geolocation Emmor ¥ [%)]
0.00
0.00
0.00
0.00
559
3230
50,63
248
0.00
0.00
0.00
0.00
0.000000
1452885
1452885

Gealocation Emor Z [%]
0.00

0.00

0.00

0.00
27.33
17.39
27.33
2795
0.00
0.00
0.00
0.00
0.000006
3306327
3306327

Min Error and Max Error represent geolocation ermor interv als between -1.5 and 1.5 fimes the maximum accuracy of all the images. Columns X, Y, Z show the
percentage of images with geclocation errors within the predefined armor intervals. The geolocaion error is the difierence betwsen the initial and computed image
positions. Nobe that the image geolocation ermors do nol corespond o the accuracy of the chserved 3D points.

@ Relative Geolocation Variance

Redative Gaclocation Error

[-1.00, 1.00]
[-2.00, 2.00]

[-3.00, 3.00]

Mean of Geolocation Accuracy [m]
Sigma of Geolocation Accuracy [m]

Geolocation Orientational Variancs

Omega
Pl
Kappa

Images X[%] Images ¥ %]
99.38 100.00
100.00 100.00
100.00 100.00
5.000000 5.000000
0.000000 0.000000

i

Imagas 7 [%]
100.00
100.00

100.00
10.000000
0.000000

Images X, ¥, Z represent the percentage of images with a relative geolocation errorin X, ¥, Z

RME [degree]

Gealocation RMS error of the orientabion angles given by the difierence bebween the initial and computed image arientaion angles.
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Initial Processing Details O

System Infermation 0

CPU: Intel{R) Core(Th i7-2600 CPU @ 3.40GHz

Hardwara Rt BGB
GPU: AND Radeon HD 5450 (Driver: 15.201.1151.1008)
Oparating System Windows 10 Education, 64-bit
Coordinate Systems o
Image Coordinate Sysiam WWES B4 (EGMIE Geald)
Cutput Coordinate Systam WIGS B4 / UTMzone 32N (EGM 96 Geold)
Processing Options o
Detected Template 2 30 Models
Keypaints Image Scale Full, Image Scale: 1
Advanced: Matching Image Pairs Frene Flight or Termesirial
Advanced: Matching Strategy Use Geomedrically Verfied Matching: no
Advanced: Keypoint Exiraction Targeted Mumber of Keypoints: Automatic

Calibration Method: Standard

, ) Intemal Parameters Cptimization: Al

Advanced: Calibration Exemal Parameters Optimization: Al
Rematch: Auto, yes

- - - -
Point Cloud Densification details o
Processing Options o
Image Scale multiscale, 1/2 (Halfimage size, Default)
Point Density COptimal
Mrimum Mumber of Matchas 3
3D Textured Mesh Generation s
. Resolution: Medium Resolution (default)
3D Testured Mesh Settings: Color Balanding: no
LoD Ganeraled: no
Acdvanced: 3D Texured Mash Setfings Sample Density Divider: 1
Acdvanced: image Groups group1
Advanced: Use Processing Area Yes
Achanced: Use Annotations Ves
Time for Paint Cloud Densification 41m:56s
Time for Point Clowd Classification A,
Time for 30 Tesured Mesh Generation 06m:21s
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Mumber of Generated Tiles 1
Number of 30 Densified Peints 11906018
Pumrage Density (per m>) 80417

DSM, Orthomosaic and Index Details

Processing Options

DEM and Orthomczaic Resolution 1xGSD (1.77 [emplel])

Lol mmm yes, Type: Sharp
Generated: yes

Rastar DSM Method: Inverse Distance Weighting
Merge Tiles: yes
Ganerated: yes

Crihomoesic mﬁgm Transparency. no
Google Maps Tiles and KM_: no

Time for DSM Generation 11mad5s

Tirme for Orthomcosaic Ganeration 43med3s

Tirne for DT Generation 00s

Tirne for Contour Lines Genaration 00s

Time for Reflectance Map Ganeration 00s

Tirne for Index Map Generation 00s
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Appendix E — Quality report from winter survey at Tjerhom

Quality Report [ o2

Genarsed with PixdCmapper verdon 4.3.33

@ Importart: Click on the difierent icons for:

@ Help to analyze the results in the Quality Report

o Additional information about the sections

(Q Click hese for additional fips 10 analyzs the Quality Report

Summary i ]
Project Tiorhamar
Processad 20190507 131745
Camera Model Name(s) L1D-20c_10.3 547255648 (RGB)
Muerage Ground Sampling Distance (GSD) 0.11 e/ 0.04 in

Quality Check [ ]
(@ images mecdian of 83463 keypoints per image (]
&)I‘.‘nﬁut 204 out of 206 images calibrated (99%), all images enabled, 2 blocks &
ﬁ) Camera Optimization 1.53% relative diference batwesn iniial and optimized intemal camera parameatars °
&) Matching median of 16288 8 maiches per calibrated image o
@ Gaoreferancing yes, no 30 GCP H

Calibration Details 0
Number of Calibrated Images 204 aut of 206
Number of Geolocated Images 206 out of 206

@ Initial Image Positions 0

‘ ee—————

Figure 2: Top view of the initial image position. The green line follows the posiion of the images in time starting from the large blue dol

® Computed Image/GCPs/Manual Tie Points Positions i ]
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Figure 3: Offset between initial (blue dots) and computed [green dols) image positions as well as the offset between the GCPs initial positions (blue erosses) and
their computed positions (green crosses) in the top-view (XY plane]. frontview (XZ plane), and side-yiew (YZ plane). Red dots indicate disabled o uncalibrated

images.
@Absulute camera position and orientation uncertainties ﬂ
Unicartainty computation failed.
Bundle Block Adjustment Details o
Number of 2D Keypoint Cbeenations for Bundle Block Adjustment 3830683
Nurnber of 30 Paints for Bundle Block Adjustrment 1695381
Mean Reprojection Emror [pixels] 0444
@ Internal Camera Parameters
= L1D-20c_10.3_5472x3648 (RGB). Sensor Dimensions: 12.825 [mm] x 8.550 [mm] ﬂ
EXIF ID: L10-20e_10.3_5472x3648
Focal Principal Principal
Langih Pointx Pointy R1 Rz R3 T T2
) 4470830 [pied] 2770870 [pixed] 1688700 [pixed)
Initial Valuas 10479 fmm) 6.494 mm] 3,981 [mm) 0009 | 0040 0050 40003 | 0002
Optimized Values :gﬁg}mﬂ gi%’ﬁm[f’“] ;gﬁﬁmﬁ"”’] 0018 0012 -0026 0005 0002
. 0816 [piel] 1.028 [pixel] 0B73 [pixel]
Uncartainties (Sigma) 0.002 fmm) 0,002 fmm) 0.002 fmm] 0001 | 0005 = 0.007 0.000 0,000



PEERUOT
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The comelation between camera inlernal parametars
detemmined by the bundle adjustment. White indicates a full
cormelation betwaen the parameters, ke. anydhange in one can

be fully compensated by the other. Black indicales that the
parameter ks completely independent, and is not affected by
other parameters.

(@ 2D Keypoints Table

Median
Mn

Mean

Thi number of Automatic Tie Points (ATPs ) per pixel, averaged over all images of the cameara model,
I= color coded batwean black and white. White indicates that, on average, mona than 16 ATPs hawve
ben exdracied at the piel location. Black indicates that, on average, 0 ATPs have been exractsd at
the pixed location. Click on the image to the see the average direction and magnitude of the re-
projection error for each pixel. Note that the veciors are scaled for better visualization. The scale bar
Indicates the magnitude of 1 phel emor.

0o
MNumber of 2D Keypoints per Image humber of Matched 2D Keypoints per Image
83463 16289
GT00T 7B
88763 57203
81675 19268
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@ 30 Points from 2D Keypoint Matches

Mumber of 30 Points Obsared
In 2 images 1422916
In 3 Images 166303
In 4 Images 48478
In 5 Images 22449
In & Images 12453
In 7 images T438
In & Images 4772
In @ images 3495
In 10 Images 2841
In 11 Images 1726
In 12 Images 932
In 13 Images ToF
In 14 Images 261
In 15 Images 121
In 16 Images B85
In 17 Images 68
In 18 Images 48
In 18 Images 44
In 20 Images 47
In 21 Images 29
In 22 Images 3
In 23 Images 26
In 24 Images 21
In 25 Images 13
In 26 Images 15
In 27 Images 13
In 28 Images L
In 29 Images 8
In 30 Images 8
In 31 Images 7
In 32 Images 3]
I 33 Images 5
In 34 Images 1
In 35 Images 3
In 39 Images 2
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(@ 2D Keypoint Matches [ ]

-k
25 222 444 666 B88 1111 1333 1555 1777 2000
Figure 5: Compated image positions with links between matched images. The dark of the links indicales the number of matched 2D keypoints between the
images. Bright links indicate weak links and require manual e points or more images.
- -

Geolocation Details 0
@Ahsulutu Geolocation Variance o

Mn Errar fm] Max Error [m] Gaolocation Emror X[%] Geolocation Error Y [%] Geolocation Emar Z [%]

- -15.00 30010 3495 0.00

-15.00 -12.00 707 0.00 0.00

=-12.00 800 291 29 0.00

-8.00 500 194 874 0.00

-£.00 =300 194 0gr 0.00

=300 0.00 291 194 37.86

0.00 3.00 874 194 B2.14

3.00 6.00 194 0ar 0.00
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6.00 9.00
9.00 12.00
12,00 15.00
15.00 -
Mean [m]

Sigma [m]
RMS Error [m]

2m

oa7

388

33.98
0142813
21.632567
21633039

71T

388

087

495
0.886140
28630344
28644054

0.00
0.00
0.00
0.00

0.030428
0.146336
0.149466

Min Error and Max Emor represent geclocation error intery als between -1.5 and 1.5 imes the maximum accuracy of all the images. Columns X, Y, Z show the
percentage of images with geclocation ermors within the predefined armor intervals. The geolocation error is the difference between the initial and computed image
positions. Nobe that the image geolocation emors do nol comespond o the accuracy of the observed 3D points.

@ Relative Geolocation Variance

Redative Gaolocation Emar

[-1.00, 1.00]

[-2.00, 2.00]

[-3.00, 3.000

Mean of Geolocation Accuracy [m]
Sigma of Geolocation Accuracy [m]

Images X[%]

15.53
2038
3592
5.000000
0.000000

Images Y [%]

4.85
281
30.10
5.000000
0.000000

Images X, ¥, Z represent the percentage of images with a relative geolocation ermorin X, ¥, Z

Gaolocation Orentational Variancs
Omega

Phi

Kappa

RMS [degree]
113879

47054
71465

Images Z[%]
100.00
100.00
100.00
10.000000
0.000000

Geolocation RMS error of the orientation angles given by the difference bebaesn the initial and computed image orentation angles.

Initial Processing Details

System Infermation

Hardware

Operating System

Coordinate Systems

Image Coordinate Sysiam
Output Coordinate System

Processing Options

Detected Template

Keypoints Image Scale
Advanced: Matching Image Pairs
Advanced: Matching Strategy
Aevanced: Keypalnt Exraction

Advanced: Calibration

CPLE Intel{R) Cone(Th i7-2600 CPU @ 3.40GHz

RAt BGB

GPLE AMD Radeon HD 5450 (Driver: 15.201.1151.1008)
Windows 10 Education, 64-bit

WWIGES B4 (EGMO6 Geaid)
VVES 84 / UTMzne 32N (EGMS6 Gaoid)

2 3D Models
Full, Image: Scale: 1

Free Flight or Termesirial

Use Geometrically Verfied Matching: no
Targeted Mumber of Keypoints: Automatic

Calibration Method: Standard
Intemial Parameders Oplimization: Al

Exemal Parameters Optimization: All

Rematch: Auto, yes
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Point Cloud Densification details

Processing Options

Imaae Scale

Point Density

Mnimum Number of Matches
30 Terured Mesh Ganeration

3D Testured Mesh Seffings:

LoD

Advanced: 3D Texdured Mesh Seffings
Acvanced: image Groups

Advanced: Use Processing Area
Advanced: Use Annaotations

Resulis
Number of Generaled Tikes

Number of 3D Densified Points
#uerage Density (per m?)

DSM, Orthomosaic and Index Details

Processing Options

DEM and Orthomiceaic Resolution
DSM Flters

Rastar DSM

Orthomosaic

multiscale, 172 (Half image size, Default)
Oplimal

3

YES

Resolution: Medium Resolution (default)
Color Balancing: no

Generaled: no

Sample Density Divider: 1

group

YES

yas

1
5555234
337655

1 xGED (0114 [erm/phwel])

Nolse Filtering: yes

Surface Smoothing: ves, Type: Shamp

Generated: yes

Method: Inverse Distance Welghting
Merge Tiles: yes

Generated: yes

Merge Tiles: yes
GeaTIFF Without Transpanency: no
Google Maps Tiles and KML: no
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Appendix F — Quality report from 2"! winter survey at Tjerhom

Quality Report [ i)

Generated with PixdDmapper verdon 4.3.33

(D Important: Click on the different icons for

@ Help to analyze the results in the Quality Report

o Additional information about the sections

@ Click here for additional tips to analyes the Quality Repaort

Summary i ]
Project Tjerhomvarkaspar
Procassad 201904-01 2025110
Camera Model Namea(s) FC330_36_4000:3000 (RGE)
HMuerage Ground Sampling Distance (GSD) 214 em/ 0,84 in

Quality Check i ]
@ mages median of 13826 keypoints per image (]
@ Dataset 39 out of 75 images calibrated (52%), all images enabled ﬂ.
@ Camera Optimization 3.63% relative diference babween iniial and optimized intemal camera parameters o
@ Matching median of 1252 82 maiches per calibrated image o
@ Georeferancing yes, no 30 GCP &
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Calibration Details

Number of Calibrated Images
Number of Geolocaled Images

@ Initial Image Positions

39 outaf 75
T5outaf TS

Figure 2: Top view of the initial image posiion. The green line follows the poaition of the images in time tarting from the Large blue dol

71



@ Computed Image/GCPs/Manual Tie Points Positions

%@@@QO@ -
8 & @. . |

SHECT T T

e

=
S
-

Uncartainty ellipses 10x magnified

Figure 3: Offset between initial [blue dots) and computed [green dels) image posilions as well as the offsel between the GCPs initial positions (blue erosses) and
their compuled posilions (green crosses) in the lopview (XY plane), rentview (XZ plane), and side-view [YZ plane). Red dobs indicate disabled or uncalibrated
images. Dark green ellipses indicats the absolute position uncertainty of the bundle Bock adjustment resull

@Ahsulutu camera position and orientation uncertainties 0
X[m] ¥ [m] Z[m] Omega [degree] Phi [degres] Kappa [degree]
Mean 0416 0439 0603 0226 0258 0204
Sigma 0054 0.082 0013 0.004 0.003 o7
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Number of 2D Keypaoint Obsenations for Bundle Block Adjustment

Mumnber of 30 Points for Bundle Block Adjustment
Mean Reprojeciion Emror [pixeds]

@ Internal Camera Parameters

£ FC330_3.6_4000x3000 (RGB). Sensor Dimensions: 6.317 [mm] x 4.738 [mm]

EXIF ID: FC330_3.6_4000x3000

Focal

Length
Z285.722 [phel]
3610 [mm]
2368 881 [plxel]
3,741 [rm)

Iniial Vialues

Cptimized Values

1.530 [plwel]
0.002 [mim)

Uncartainties (Sigma)

Principal
Point x
2000006 [piel]
3.159 [mim]

2057 187 [poed]
3249 [mim]

0.323 [pixed]
0.001 [mm]

@) 2D Keypoints Table

Number of 2D Keypoints per Image

Median 13826
Mn 11819
e 18251
Mean 14428

Principal
Point y
1500.003 [piel]
2369 [mm]

1515.110 [poed]
2.393 [mm]

0.973 [phel]
0.002 [mm]

Thie comalation between camera intemal parameters

R

00001

0,003

0,000

R2

-0.002

0,003

0.001

R3

0.000

000

0.001

™

40.001

0.000

0.000

00001

0.000

0.000

detemined by the bundle adjustment. White indicates a full
cormalation betwaen the parametars, ke. any change in one can
b fully compensated by the other. Black indicates that the
parameater is completely independent, and is not affiected by
ofher parameters.

T2

MNumber of Matched 2D Keypoints per Image

1253
169

4027
1477

73

The number of Automatic Tie Points (ATPs) per pixel, averaged over all images of the camera model,
Is enlor coded batwean black and white. White indicates that, on average, more than 16 ATPs have
been exdracied at the pivel location. Black indicates that, on average, 0 ATPs have bean exracted at
the pisel location. Click on the image o the see the average direcion and magnitude of the re-
projecion ermor for each phel. Note that the vectors are scaled for better visualization. The scale bar
Indicates the magnitude of 1 pixel emor.



@ 3D Points from 2D Keypoint Matches

Mumber of 30 Points Obsened
In 2 Imageas 15191
In 3 Images 3199
In 4 Images 1H8
In 5 Images T5
In & Images 432
In 7 images 260
In 8 Images 147
In & Images 85
In 10 Images 58
In 11 Images 48
In 12 Images 23
In 13 Images 16
In 14 Images 21
In 15 Images 8
In 16 Images 5
In 17 Images 3
In 18 Images 2
In 19 Images 1
In 20 Images 1
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(@ 2D Keypoint Matches

S of) %)
Q
=
O 1

0
0 N

By oo Ry

Uncertainty ellipses 100xmagnified

25 125 251 377 503 628 754 880 1006 1132

Mumber of matches

Figure 5: Cormputed image posilions with links between matched images. The darkness of the links indcales the number of matehed 20 keypoints between the
irmages. Bright links indicats weak links and require manual e points or more images. Dark green ellipses indicate the relati position uncertsinty of the

bundle Hock adjustment resull
@ Relative camera position and orientation uncertainties 'ﬂ'
K[m] Y[m] Z[m] Omega [degree] Phi [degree] Kappa [degree]
Mean 0.011 0012 0.009 0.021 0.020 0011
Slgma 0.005 0.006 0.005 0.007 0.008 0003
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Geolocation Details

@Ahsulutu Geolocation Variance

Mn Error fm)]
-15.00
-12.00

-0.00

-6.00

-3.00

0.00

300

6.00

900

12.00

15.00

Mean [m]
Sigma [m]
RMS Error [m]

Max Eror [m]
1500
4200
0800
£00
300
0.00
300
£.00
.00
12.00
15.00

Geolocation Emor X[%]
0.00

0.00

0.00

0.00

0.00
TE.92
1282
1026
0.00

0.00

0.00

0.00
40.000012
1574066
1574066

Geolocation Emar Y [%]
0.00
0.00
0.00
0.00
513
3333
£1.54
0.00
0.00
0.00
0.00
0.00
0.000001
1637446
1637446

Geolocation Emor Z [%]
0.00

0.00

0.00

.00

0.00
5385
4615
0.00

0.00

0.00

.00

0.00
0.000018
0.832854
0.832854

Min Error and Max Error represent geclocation error interv als betwesn -1.5 and 1.5 times the maximum accuracy of all the images. Calumns X, Y, Z show the
percentage of images with geclocation errars within the predefined ermor interv als. The geolocation error is the difference between the initial and computed image
positions. Mote that the image gealocation erfors do nol comrespond 1o the scturacy of the obsenved 30 points.

@ Relative Geolocation Variance

Redative Geolocation Emor

[-1.00, 1.00]
[-2.00, 2.00]
[-3.00, 3.00]

Mean of Geoclocation Accuracy [m]
Sigma of Geolocation Accuracy [m]

Geolocation Orientational \ariancs

Omega
Phil

Kappa

Images X[%]

5000000
0.000000

o
Images Y [%] Images Z [3%]
o7.44 100.00
100.00 100.00
100.00 100.00
5.000000 10.000000
0.000000 0.000000

Images X, ¥, Z represent the percentage of images with a relative geolocation ermorind, ¥, Z

RIS [degree]
2494
1635
8977

Geolocation RMS error of the orientation angles given by the difference bebseen the initial and computed image orentation angles.



Initial Processing Details

System Information

CPU: Intel{R) Core(Th) i7-2600 CPU @ 3.40GH:

Hardwara Rant 8BGE
GPU: AVD Radeon HD 5450 (Driver: 15.201.1151.1008)
Operating System Windows 10 Education, 64-bit

Coordinate Systems

Image Coordinate Systam
Output Coondinate Systam

Processing Options

Detected Template

Keypoints Image Scale
Achanced: Matching Image Pairs
Acvanced: Matching Strategy
Acvanced: Keypoint Exiraction

Advanced: Calibration

WSS B4 (EGMS6 Geid)
WWGS B4 / UTMznne 32N (EGM 96 Geoid)

2 30 Models

Full, Image Scale: 1

Free Flight or Temestrial

Use Geometrically erdfied Matching: no
Targeted Number of Keypoints: Automatic

Calibration Method: Standard
Internial Parameters Oplimization: Al
Exemal Parameters Optimization: All
Rematch: futo, yes

Point Cloud Densification details

Processing Options

Image Scale

Paint Density

Mrirmum Mumber of Matchas
3D Tesured Mesh Genaration

3D Textured Mesh Setfings:

LoD

Advanced: 3D Texured Mesh Settings
Achanced: Image Groups

Advanced: Use Processing Area
Advanced: Use Annotations

Results
MNumber of Generated Tiles

Number of 3D Densified Peints
Auerage Density (per m?)

muliscale, 172 (Half image size, Default)
Optimal

3

Vas

Resolution: Medium Resolution (defauit)
Color Balancing: no

Genaraled: no

Sample Density Divider: 1
graup

Yas

Vas

921886
276.17
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DSM, Orthomosaic and Index Details

Processing Options

DEMand Orthomesaic Resolution 1 %GB0 (2.14 [emipizal])
=T MNoise Filtering: yas
Filrs Surface Smoathing: yas, Type: Shamp
Generaled: yes
Raster DEM Method: Inverse Distance Weighiing
Merge Tiles: yes

Generated: yes
Tl Merge Tiles: yes
iy GeaTIFF Without Transpanency. no
Google Maps Tiles and KML: no
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Appendix G — Quality report from summer survey at Nesjen

Quality Report [

Genermted with Pixd Dmapper verdon 4.3.27

(_D Important: Click on the different icons for

@ Help to analyze the results in the Quality Report

o Additional information about the sections

@ Click here for additional fips 1o analyes the Quality Report

Summary i ]
Project Mesjen
Processad 2018-10-05 15:20:01
Camera Modeal Name(s) FC330 36 4000:3000 (RGB)
Muerage Ground Sampling Distance (GSD) 1.74cm /068 in
Tirme for Initial Processing (without report) 02h26me43s

Quality Check i ]
(7 Images median of 54804 keypoints per image (]
@I‘.‘nﬁu{ 237 out of 237 images calibrated (100%), all images enabled Q
@ Camera Optimization 4 BA% relative difference betaeen iniial and optimized intemal camera parameters Q
&) Mateching median of 233601 maiches per calibrated image o
'@' Georeferencing ves, no 30 GCP ‘f_\..

- - -

Calibration Details i ]
Mumnber of Calibrated Images 237 out of 237
Number of Geolocated Images 237 out of 237

@Iﬂitiﬂl Image Positions o
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Figure 2: Top view of the initial image position. The green line follows the position of the images in time starting from the Lange blue dol.
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@ Computed Image/GCPs/Manual Tie Points Positions
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Uncertainty ellipses 10x magnified

Figure 3: Dffset between initial blue dots) and computed (green dets) image pesitions as well as the offset between the GCPs initial positions (blue erosses) and
their compated positions [green crosses) in the top-view (XY plane), fronby iew [XZ plane), and side-view (YZ plane). Dark green ellipses indicale the absolute
position uncertainty of e bundle block adjustment result
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@Absulula camera position and orientation uncertainties

X[m] ¥ [m] Z[m] Omega [degrea] Phi [degres] Kappa [degresa]
Mean 0471 0176 0262 0.084 0004 0.076
Sigma 0.028 0033 0.025 0.002 0.003 0.004
Bundle Block Adjustment Details o
Mumber of 2D Keypoint Obsenations for Bundle Block Adjustment 5457875
Mumber of 30 Points for Bundle Block Adjustment 2054937
Mean Raprojecion Error [pixeds] 0228
@ Internal Camera Parameters
= FC330_3.6_4000x3000 (RGRB). Sensor Dimensions: 6.317 [mm] x 4.738 [mm] o
EXIF ID: FC330_3.6_4000x3000
Focal Principal Principal
Length P Pointy R1 Rz R3 T T2
. 2285722 [phael] 2000.006 [pbel] 1500.003 [pixel]
Inifial \alues 3610 [mm] 3159 [mm] 2369 [mm] 0001 0002 0000 0001 | -0.001
2367 314 [phael] 1573709 [pel] 1404448 [pbel]
Optimized Values 3786 [mm] 3417 o] 2218 [mm)] 0003 0013 0007 | -0000 | 0000
Uncertainties (Sigma) g:% Fﬂﬁ']] gﬁg’é Rﬁ] gﬂ Emﬂ] 0000 0000 0000 0000 0000

PEYEIALOD

-]
E.
]

82

The comalation between camera internal parametars
detemrnined by the bundle adjustment. White indicates a full
comelation between the parameters, ke. anychange in one can
be fully compensated by the other. Black indicates that the
parameter is completely independent, and is not affected by
other parameters.

The number of Automatic Tie Points (ATPs) per pixel, averaged over all images of the camera model,
Is enlor coded batwean black and white. White indicates that, on average, more than 16 ATPs have
been exracied at the pbel location. Black indicates that, on average, 0 ATPs have been exracted at
the pisel location. Click on the image o the see the average direction and magnitude of the re-
projeciion ermor for each pixel. Note that the veciors are scaled for betier visualization. The scale bar
Indicates the magnitude of 1 phel emor.



(@ 2D Keypoints Table

Median
Min
Mawe
Mean

Mumber of 2D Keypoints per Image

54804
41710
62988
54413

Number of Matched 2D Keypoints per Image
23360

6249

36064

23029

(@ 3D Points from 2D Keypoint Matches

In 2 Imageas

In 3 Images

In 4 mages

In 5 Images

In & mages

In 7 magas

In & Images

In & Imageas

I 10 Images
In 11 Images
In 12 Images
In 13 Images
In 14 Images
In 15 Images
In 16 Images
In 17 Images
In 18 Images
In 18 Images
In 20 Images
In 21 Images
In 22 Images
In 23 Images
In 24 Images
In 25 Images
In 26 Images
In 27 Images
In 28 Images
In 28 Images
I 30 Images
In 31 Images
In 32 Images
In 33 Images
In 35 Images
In 37 Images

MNumber of 30 Points Obsened

1422015
3T
134654
62554
35105
20948
13064
o082
5604
3808
2489
1665
1052
695
465
283
172
104

m

65

47

32

18

|

15

13

8

11

= R L 4= R L
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@ 20 Keypoint Matches 0

-l -

i i'- AT

Uncertainty ellpses 1000xmagnified

25 222 444 666 888 1111 1333 1555 1777 2000

Figure 5: Computed image posilions with links between matched images. The darkness of the links indicates the number of matched 2D keypoints between the
images. Bright links indicale weak links and require manual tie poinks or more images. Dark green ellipses indicale the relalive camera position uncertainty of the
bundle block adjusiment reaull
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'@' Relative camera position and orientation uncertainties

X[m] ¥ [mi]
Mean 0004 0.004
Sigma 0,001 0.001
Geolocation Details

Z[m)

0.004
0.002

0.007
D.002

Omega [dagres]

Phi [degree]

0.006
0002

Kappa [degree]

0.004
0001

@) Absolute Geolocation Variance

Min Errar [m)
-15.00
-12.00
-9.00
-6.00
-3.00
0.00

3.00

6.00

9.00
1200
1500
Mean [m]

Sigma [m]
RMS Error [m]

I Erraor [m]
-15.00
1200
-8.00
-6.00
=300
0.00
3.00
6.00
9.00
1200
1500

Gaolocation Error X[%]
0.00

000

0.00

084

581
39.24
4852
506

042

000

0.00

000
-0.000000
1801290
1801290

Geolocation Error Y [%]
0.00

0.00

0.00

253
7T
4262
3840
8.86
042
0.00
0.00
0.00
0.000002
2211837
2211837

Geolocation Emrar Z [%)]

0.00
0.00
0.00
0.00
0.00

46.84
53.16

0.00
0.00
0.00
0.00
0.00

-0.000012
0673320
0673320

Min Error and Max Error represent geolocation ermor interv als between -1.5 and 1.5 imes the maximum accuracy of all the images. Columns X, Y, Z show the
percentage of images with geclocation errors within the predefined ermor intervals. The geolocation eror is the difierence between the iniial and computed image
positions. Nobe that the image geolocation ermons do not cormespond fo the accuracy of the chserved 3D points.

@ Relative Geolocation Variance

Redative Geolocation Emror

[-1.00, 1.00]
[2.00, 2.00]
[3.00, 3.00]

Mean of Geolocation Accuracy [m]
Sigma of Geolocation Accuracy [m]

Geolocation Crientational Varianos

Omega
Phii

Kappa

Images X [%] Images Y [%]
9578 9494
100.00 100.00
100.00 100.00
5.000000 5.000000
0.000000 0.000000

with a relative geslocalion arrorin X, ¥, Z

RMS [degree]

2492
2822
8685

o

Images Z [3%]
100.00
100.00
100.00
10.000000
0.000000

Geslocation RMS errer of the erientalion angles given by the difference bebween the initial and computed image orentation angles.
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Initial Processing Details

System Information

CPU: Intel(R) Cora{Th i7-2600 CPU (@ 3. 40GHz

Hardware Rt BGEB

GPL: AMD Radeon HD 5450 (Driver: 15.201.1151.1008)

Operating System

Coordinate Systems

Image Coordinate Syskem
Output Coordinate Systam

Processing Options

Detected Template

Keypoints Image Scale
Acvanced: Matching Image Pairs
Advanced: Matching Strategy
Aehvanced: Keypoint Extraction

Advanced: Calibration

Point Cloud Densification details

Processing Options

Image Scale

Point Density

Mnimum Mumber of Maiches
3D Testured Mesh Ganeration

3D Testured Mesh Setfings:

LoD

Advanced: 3D Texured Mesh Setfings
Advanced: image Groups

Advanced: Use Processing Area
Advanced: Use Annotations

Time for Point Clowd Densification
Time for Point Clowd Classification
Tirme for 30 Tesured Mesh Generation

Number of Procassed Clusters
Number of Generated Tiles
Mumber of 30 Densified Points

#uerage Density (per m™)

Windows 10 Education, 64-bit

VWSS B4 (EGMO6 Geoid)
WSS 84 / UTMznne 32N (EGMS6 Geaid)

S 30 Models

Full, Image Scale: 1

Fresa Flight or Termestrial

Use Geometrically Verified Matching: no
Targeted Mumber of Keypoints: Automatic

Calibration Method: Standand
Internal Parameters Oplimization: All
Estemal Parameters Optimization: All
Rematch: Auto, yes

muliiscale, 1/2 (Half image size, Dafault)
Optimal
3

s

Resolution: Medium Resolution (default)
Color Balanding: no

Ganerated: no

Sample Density Divider: 1
group

yes

yes
Oh:16m:06s

A
12m:d9s

449 86
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DSM, Orthomosaic and Index Details

Processing Options

DEM and Othomosaic Resolution
DEM Filters

Raster DSM

Orthomosaic

Time for DSM Generation

Time for Orthomesaic Generation
Time for DTM Generation

Time for Contour Lines Genaration
Time for Reflectance Map Ganeration
Time for Index Map Ganeration

1 xGSD (1.74 [em/pl])
Notse Fltening: yes
Surface Smoathing: yes, Type: Sharp

Ganerated: yes

Method: Imerse Distance Weighting
Merge Tiles: ves

Generated: yes

Merge Tiles: ves
GeoTIFF Without Transparency: no
Google Maps Tiles and KML: no

33m:22e
01 1imd1s
00=

00s

00s

00s
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Appendix H — Quality report from winter survey at Nesjen

Quality Report [ it ]

Generated with PixdDmapper verdon 4.3.33

@ Important: Click on the diffierent icons for:

@ Help to analyze the results in the Quality Report

o Additional information about the secfions

@ Click hase for additional fipe 1o analyze the Quality Repert

Summary o
Project Nesjenvar
Processad 201903-22 18:3548
Camera Model Name(s) FC330_ 38 40003000 (RGE)
Suerage Ground Sampling Distance (GSD) 1.38 cm/0.54 in
Tirme for Initial Processing (without report) 01h:56m:57s

Quality Check 0
() kmages median of 48636 keypoints per image (]
&) Datasat 225 out of 226 Images calibrated (99%), all images enabled, 3 blocks &
@ Camera Optimization 4 78% relative difference between initial and optimized intemal camera parameaters O
@ Matching median of 21220.5 maiches per calibrated image o
'@' Gacreferencing yes, no 30 GCP &
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Calibration Details

Mumber of Calibrated Images 225 out of 226
Mumber of Geolocaled Images 226 out of 226

@ Initial Image Positions

Figure 2: Top view of the iniial image position. The green line follows the pogition of the irages in time ataring from the large bloe dol
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@ Computed Image/GCPs/Manual Tie Points Positions
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Uncertainty ellipses 10x magnified

Figure 3: Offsel between initial [blue dobs) and compuled (green dols) image positions as well as the offsel between the GCPa inilial positions (blue crosses) and
their compuled positions |green erosses) in the lopview (XY plane). freabyiew [XZ plane), and side-view [YZ plane). Red dots indicals disabled or uncalibrated
images. Dark green ellipses indicate the absolute position uncertainty of the bundle bock adjustment result.
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@ﬁhsulul& camera position and orientation uncertainties

X[m] ¥ [m] Zm]
Mean 0203 0210 0.338
Sigma 0.027 0.035 0017

Bundle Block Adjustment Details

Omega [degres]

0.110

ooz

Number of 2D Keypoint Obsenations for Bundle Block Adjustment

MNumber of 30 Paints for Bundle Block Adjustment
Mean Raprojeciion Emor [pixeds]

@ Internal Camera Parameters

Phi [degres]

0116

0.008

£ FC330_3.6_4000x3000 {RGB). Sensor Dimensions: 6.317 [mm] x 4.738 [mm)]

EXIF ID: FC330_3.6_4000x3000

Focal Principal
Length Point x
- 2985722 [phel] | 2000.006 [pbel]
Initial Values 3610 [mm] 3.158 [mm]
23595155 [phel] 2070.560 [pied]
Optimized Values 3783 [mm] 3270 [mm]
Uncertainties (Sigma) g% Eﬂﬂ] g% Eﬁ‘lﬁ]]
g F
=
3 Cox
Coy
R1
R2
R3
T1

g
:

Principal
Point y
1500.003 [pbed]
2 369 [mim]
1495257 [pbed]
2362 [mm]

0119 [plsed]
0.000 [rmm]

The comelation between camera intemal parametars

R

0001

-0u002

0.000

R2

0,002

40,006

0.000

Kappa [degrese]

0116

0e

R3

0,000

0004

0.000

™

-0.001

0.000

0.000

0001

0.001

0.000

deternined by the bundle adjustment. White indicates a full
cormelation between the parameters, ke. any change in one can
be fully compensated by the other. Black indicates that the
parameter is completely independent, and is not affected by
other parameters.

T2

91

The number of Automatic The Paints (ATPs) per pixel, averaged over all images of the camera model,
Iz color coded batween black and white. White indicates that, on average, more than 16 ATPs hawe
been exracted at the poel location. Black indicates that, on average, 0 ATPs havwe been exracted at
the pixed location. Click on the image o the see the average direction and magnitude of the re-
projection eror for each pixel. Note that the vectors are scaled for betier isualization. The scale bar
indicates the magnitude of 1 pixel emor.



@ 20 Keypoints Table

Median
Mn
Max
Mean

Number of 2D Keypoints per Image

48536
27618
65781
48995

MNumber of Matched 2D Keypoints per Image
21220

424

38821

21181

@ 3D Points from 2D Keypoint Matches

In 2 Images
In 3 Images
In4 Images
In 5 Images
In & Images
In7 Images
In 8 Images
In9 Images

In 10 Images
In 11 Images
In 12 Images
In 13 Images
In 14 Images
In 15 Images
In 16 Images
In 17 Images
In 18 Images
In 18 Images
In 20 Images
In21 Images
In 22 Images
in 23 Images
in 24 Images
in 25 images
in 26 Images
In 27 Images
In 28 Images
Ini 29 Images
Ini 30 Images
In31 Images
In 32 Images
In 33 Images
In 34 Images
In 35 Images
In 40 Images

Mumber of 30 Points Cbsened
1188506
316980
124515
55082
20678
17153
10585
TO16
4500
313
2100
1506
1188
042
630
564
403

321

248

£

S LI
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@'ZD Keypoint Matches

iy e

*ﬂ - g AR ."r -

Uncartainty ellipses 500xmagnified

MNumber of matches

25 222 444 666 BBB 1111 1333 1555 1777 2000

bundle Bock adjustment resull
93

Figure 5: Computed image positions with links between matched images. The darkness of the links indicates the number of matched 2D keypoints between the
irmages. Bright links indicate weak links and require manual tie points of more images. Dark green ellipses indicale the relative camera position uncertainty of the



@ Relative camera position and crientation uncertainties

X[m] ¥ ]
Mean 0,004 0.004
Siama 0.002 0.003
Geolocation Details

Zfm) Omega [degree]

0.004 0.008
0.002 0.004

Phi [degree]
0.007
0.003

Kappa [degree]
0,008

0L005

@ Absolute Geolocation Variance

Mn Error [m)]
-15.00
-12.00

-0.00

6,00

-3.00

0.00

3.00

6.00

900

12.00

15.00

Mean [m]
Sigma [m]
RMS Error [m]

Max Error [m]
1500
12,00
400
£00
300
0.00
300
.00
8.00
12.00
15.00

Gaolocation Error X [%5]
0.00

0.00

0.00

0.00

66T
4356
431
667

0.00

0.00

0.00

0.00
0007735
1622203
162221

Geolocation Emor Y [%]
0.00
0.00
0.00
0.00
522
5022
3778
578
0.00
0.00
0.00
0.00
0.005245
1628341
1628349

Geolocation Emor Z [%]
0.00

0.00

0.00

D44

578
2133
7244
0.00

0.00

0.00

0.00

0.00
0016183
1570363
1570447

Min Error and Max Error represent geolocation error intery als between -1.5 and 1.5 fimes the maximum aceuracy of all the images. Columns X, ¥, Z show the
percentage of images with geclocation errors within the predefined error interv als. The geolocation error is the difference between the initial and computed image
positions. Mobe that the image gealocation ermors do nol comespond 1o the accuracy of the observed 30 points.

@ Relative Geolocation Variance

Relative Geolocation Emror

[-1.00, 1.00]
(-2.00, 2.00]
[-3.00, 3.00]

Mean of Geoclocation Accuracy [m]
Sigma of Geolocation Accuracy [m]

Geolocation Orientational Variancs

Omega
Pi
Kappa

i ]
Images X[%] Images ¥ %] Images Z [%]
g8 22 99 56 100.00
100.00 100.00 100.00
100.00 100.00 100.00
5000000 5.000000 10.000000
0.000000 0.000000 0.000000

Images X, ¥, Z represent the percentage of images with a relative geolocation ermorinX, Y, Z

RNV [degree]
2148
4.330
7122

Geolocation RMS error of the crientation angles given by the difference bebween the iniial and computed image orentaion angles.
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Initial Processing Details

System Information

CPL: Intel{R) Core{TM) i7-2600 CPU @3 40GHz

Hardware Rt BGEB
GPU: AMD Radeon HD 5450 (Driver: 15201 .1151.1008)
Oparating System Windows 10 Education, B4-bit

Coordinate Systems

Image Coordinate System WSS B4 (EGMOE Geoid)
Cutput Coordinate System WSS B4/ UTMzone 32N (EGMS6 Geoid)

Processing Options

Detecied Template 2 ap Models

Keypoints Image Scale Full, Image Scale: 1

Avanced: Matching Image Pairs Frese Flight or Termestrial

Aevanced: Matching Strategy Use Geometrically Verified Matching: no
Aevanced: Keypoint Exraction Targeted Number of Keypoints: Automatic

Calibration Method: Standard
. . Intemial Parameders Optimization: Al
Advanced: Calibration Exemal Parameters Optimization: Al
Rematch: Auto, yes

Point Cloud Densification details

Processing Options

Image Scale multizcale, 1/2 (Half image size, Default)
Puaint Density Optimnal
Mnimum Number of Matches 3
3D Testured Mesh Generation e
30 Testured Mesh Settings: mg‘r:ﬁﬁg‘ Resalution (defauit)
LOD Ganerated: no
Advanced: 30 Texdured Mesh Settings Sample Density Dividar: 1
Advanced: image Groups group1
Advanced: Use Processing Area Yo
Advanced: Use Annotations T
Time for Point Clowd Densification 0hd2m:21s
Tirme for Point Clowd Classification MNA
Time for 30 Tesured Mesh Generation 09m:35s
Results
MNumber of Processed Clusters -
MNumber of Generated Tiles 1
MNurnber of 3D Densified Points 16632197
Auerage Density (per m2) 813.13
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DSM, Orthomosaic and Index Details

Processing Options

DEM and Orthomesaic Resolution
DEM Filters

Raster DSM

Crthomosaic

Tirne for DSM Ganeration

Time for Orthomesaic Generation
Time for DT Generation

Tirne for Contour Lines Ganaration
Time for Refleciance Map Generation
Tirme for Index Map Generation

1 xGED (1.38 [ernipixel])
Moise Flerng: yes
Surface Smoathing: yves, Typa: Sharp

Generated: s

Method: Inverse Distance Weighting
Meme Tiles: yas

Generated: yes

Merge Tiles: yes

GeaTIFF Without Transparency. no
Google Maps Tilkes and KML: no

21m:31s
01h04m:55s

5888
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