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Summary

The accuracy and consistency of geodata are important elements for reliable geo-information. This report
will focus on two components related to the reliability of geodata. The first component will address
reliability of the UAV data of the MAPIR Survey 3 sensor. The second will focus on improving location
accuracy of geodata with the use of the ArduSimpleRTK2B system.

The data of the MAPIR Survey 3 sensor gave unrealistically low NDVI values. The data was assessed
by analysing the reflectance histograms of non-calibrated and calibrated images. This showed an
unexpected response, namely the bands used for the NDVI calculations, the Orange and Near infrared
bands showed a very comparable response in both the non-calibrated and calibrated images. In addition,
the MAPIR data was compared to satellite data, Landsat 8 and Sentinel-2A, in order to assess the
possibility of developing a correction factor for the NDVI values of the MAPIR data. There was no clear
correlation between the two data sources, indicating that satellite data is not an appropriate source to
develop a correction factor with.

The ArduSimpleRTK2B system was assessed on its location accuracy and its ability to improve the
comparability of geodata. The ArduSimpleRTK2B system is a low-cost Real Time Kinematic (RTK)
system. The system was compared to the Topcon V, an established RTK system with an accuracy of
2cm. This showed promising results with an average difference of 1.1 cm in X-direction, 2.6 cm in Y-
direction and 6¢cm in elevation. The ArduSimple base station is able to determine its own location, where
the accuracy of this determination will increase with time. However, the system will be more accurate
when the base stations is provided with a known surveyed location.
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1.1

1.2

1.2.1

Infroduction

Internship organisation background

The internship will be conducted at FutureWater. FutureWater is a research and consultancy company.
Their main objective is to contribute to the sustainable management of water resources. FutureWater
focuses on the application and development of scientific methods and concepts to provide advice and
practical solutions in the field of water management. The company works at global, national and local
levels. They work with governments, river basin authorities, and NGOs. Important topics are water for
food, irrigation, water excess, water shortage, climate change, and river basin management.
FutureWater's key expertise is in the field of quantitative methods, based on simulation models,
geographic information systems and satellite observations.

The internship will be part of Horizon 2020 project TWIGA: Transforming Weather Water data into value-
added Information services for sustainable growth in Africa. This project aims to provide geo-information
on weather, water, and climate in Africa through innovative combinations of new in situ sensors and
satellite-based geo-data. The main role of FutureWater in the TWIGA project relates to the use of flying
sensors to map crop conditions, flood extent, and energy fluxes, complementing and improving data from
in situ sensors and satellites (FutureWater, 2020).

Context and justification of research

Context

Climate change has an influence on crop production. The change in temperature and precipitation, as
well as the occurrence of extreme events like droughts and floods, can significantly affect crop yields. In
addition, the changing climate can also affect the occurrence of pests and diseases within the crops
(Landi and Benelli., 2016). Geoinformation can play a role in the mitigation of these climate change
effect. Remote sensing can, for instance, be a useful tool to monitor crop conditions. The vegetation can
be monitored based on the spectral reflectance of the plant. When the crop is under stress, for instance,
due to a lack of water or a disease, this spectral reflectance will change (Mutanga et al., 2017). Crop
conditions are often expressed through vegetation indices. The indices can help in the assessment of
plant stress, water use, biomass and crop production (Xue and Su, 2017; Jackson and Heurte, 1991).

Sub-Sahara Africa is a region that could benefit from reliable and detailed geo-information. It is predicted
that climate change will have large impacts on the region. Predicted warmer and drier conditions will
have large impacts on agricultural activities in the region. These changes in weather conditions will affect
the duration of the growing season, the suitable areas for agriculture and the yield potential (IPPC, 2007).
In addition, food demands are expected to increase drastically in this area (van Ittersum et al., 2016).
Reliable and detailed geoinformation can help farmers and policymakers to adapt to and cope with the
impacts of the changing climate.

The significance of this topic

The accuracy and consistency of geodata are important elements for reliable geo-information. These
two elements are also influential for the comparison of data. This comparison can be between data from
the same source or between different sources (e.g. the comparison of satellite data with UAV data). This
research will focus on two components related to the reliability of geodata. The first component will
address the reliability of the UAV data of the MAPIR Survey 3 sensor. The second will focus on improving
location accuracy of geodata with the use of the ArduSimpleRTK2B system.



MAPIR Survey 3 sensor

FutureWater has a UAV equipped with a MAPIR Survey 3 sensor. One of the purposes of this sensor is
to be able to make detailed NDVI calculations. The Normalized Differenced Vegetation Index (NDVI) is
a widely used vegetation index. This index uses near-infrared (which vegetation reflects) and red light
(which vegetation absorbs). Healthy vegetation absorbs more of the red light and reflects a larger portion
of the near infrared compared to unhealthy or less vegetation (Fig 1). With the vegetation indices, it is
possible to make comparisons of vegetation over time and between locations. In order to make a good
comparison, it is important that there is reliable geodata. Satellite data is often too coarse when doing
analysis on field level, especially when the dimensions of the field are in the order of meters. The usage
of unmanned aerial vehicles (UAVs) enables the acquisition of higher resolution geodata and the usage
is relatively flexible (Barbedo, 2019).

infrareq  Visible
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Figure 1 The difference in reflection of near infrared and visible red
light for healthy (left) and unhealthy (right) vegetation. Source: Weier
and Herring, 2020

The MAPIR Survey 3 sensor has an OCN (Orange/Cyan/Near-infrared) filter. This filter captures orange
at 615nm, cyan at 490nm and near-infrared at 808nm. MAPIR aimed, with the shift to capture orange
instead of red light, to reduce the pixel noise caused by high red reflectance of soil when capturing areas
with soil. It should therefore be possible to get a higher level of contrast in the NDVI (MAPIR, 2020a).
The transmission of light of sensors OCN filter can be seen in Figure 2.
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Figure 2 The transmission of light of the MAPIR Survey 3 OCN filter. Source: MAPIR,
2020a.

The NDVI contrast differences between using an RGN (red/green/near-infrared) filter and OCN filter are
shown in Figure 3 (MAPIR, 2020a). In this figure the NDVI patterns are compared between an RGN and
an OCN image, the RGB image is the reference image which depicts the real situation. In the RGN
image, the red areas, which indicate soil, are almost always surrounded by yellow areas. In the OCN
image, the transition between soil and vegetation is more defined. In addition, smaller sections of
vegetation are also captured in the OCN image where this is not in the RGN image due to the pixel noise,
even though the pixel size is the same. This shows the advantages of using the MAPIR OCN data.
However, the NDVI values calculated based on FutureWater's UAV data with the OCN filter were much
lower than expected. The NDVI is normally calculated with red and near-infrared, with the following
formula (Rouse et al., 1974):

NIR-Red
NIR+Red

NDVI = (Equation 1)

When using the MAPIR OCN data, the NDVI is calculated based on the Orange and NIR bands (MAPIR,
2020a). These MAPIR NDVI values were especially low for vegetation; NDVI values ranging between
0.1 and 0.15 where 0.8-0.9 was expected. The NDVI values for bare soil, buildings, water, etc. were as
expected. As a result, these low NDVI values for vegetated areas are not representative of the status of
the vegetation and become incomparable to other (spectral reflectance data) sources. Therefore, there



is a need to assess the reasons behind the unrealistically low NDVI values of the MAPIR Survey 3 sensor
data in order to use the data for vegetation monitoring.

Figure 3 A pattern comparison of the difference in contrast when sing an RGN filter compared to the OCN
filter. Source: MAPIR, 2020a

The ArduSimpleRTK2B system

A high degree of global accuracy could help to improve the comparability of data. The usage of ground
control points (GCP) can greatly improve the global accuracy of UAV data. GCPs are clearly identifiable
objects within the images with known coordinates. These points and their known locations will be linked
to the UAV image to improve the data’s position accuracy. It is important to use a system which can
determine the accurate locations of the GCP (Sanz-Ablanedo et al., 2018; Rieke et al., 2011). Often Real
Time Kinematic (RTK) systems are used for this. The RTK technology enables high accuracy in real-
time (Saghravani et al., 2009). This is reached by measuring the signal from the same satellite by at
least two receivers. One of the receivers has a fixed location; 'the base station'. The other receiver, 'the
rover', can be a moving object. The rover receives messages from the base station regarding the
differences between both points (Pirti et al., 2013).

However, these RTK systems usually come with high investment cost. This research will assess the
performance of a low-cost dual-frequency GNSS receiver to improve the location accuracy of the data.
Within this research, the ArduSimpleRTK2B system (ArduSimple, 2020) will be assessed on its location
accuracy and its ability to improve the comparability of geodata. The ArduSimpleRTK2b is an Arduino
application board that makes it possible to have a fast evaluation of dual-band GNSS technology
including RTK functionality. The ArduSimpleRTK system can provide cm accuracy, comparable to high-
end GNSS RTK devices. Besides its considerably lower investment cost, the system is easy to transport
due to its compact size.



1.3

Research aim and objectives

The main objective of this study is to improve the accuracy and consistency of FutureWater's geodata
to enable and improve the comparison of data in time and between multiple locations. This will also help
to improve the integration of the geodata with other techniques, for instance, satellite remote sensing.

The following sub-objectives are set up to address the main research objective:

e  Objective 1: Perform a quality assessment for the MAPIR Survey 3 sensor data in order to assess
the reasons behind the unrealistically low NDVI values.

e Objective 3: Develop a correction factor based on the insights gained from the quality assessment
to be able to compute realistic NDVI values from the MAPIR Survey 3 sensor data.

e Objective 3: Get the ArduSimple RTK system operating and assess the usability of the system.

e Objective 4: Compare the location accuracy of the ArduSimple RTK system to an established RTK
system to determine its performance.
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The concept of GNSS and RTK

GNSS

Global Navigation Satellite Systems (GNSS) comprise of a large number of satellites orbiting the earth.
GNSS is a generic name for any global navigation satellite system; this includes GPS (USA), Galileo
(EV), Glonass (RUS), and BeiDou (CHN). These systems are used to determine a user’s position on
earth. This is done by measuring the distance between a receiver and several satellites. GNSS satellites
send a signal in all directions. This signal consists of three elements, namely a carrier wave, spreading
code and navigation data. The satellite orbit and clock information are included in the navigation data.
The navigation data and spreading code send on the carrier wave. Each satellite has unique Pseudo
Random Noise (PRN) on the carrier wave, whereby it can be identified. A receiver obtains this PNR
signal. The travel time between the satellite and the receiver is determined through the shift in time of
the PRN code, this is also referred to as pseudorange code measurements. The travel time is multiplied
with the speed of light to calculate the range distance. The calculated range equals to a radius of a
sphere which is centred on a satellite. A receiver’s position is determined by the point on earth where
multiple of these circles meet (Fig. 3). To improve the accuracy of the measurement, a carrier phase
measurement is used. With this technique also the distance between the receiver and the satellite is
determined, however here it is done with the carrier wave (Teunissen and Montenbruck, 2017).

Figure 3 A visual representation on how a GNSS receivers’ position is
determined. Source: Teunissen and Montenbruck, 2017

RTK

The RTK technology consists of at least two GNSS receivers. One receiver is located at a known location,
this is referred to as the base station. The other receiver(s), the rover, is used to determine an unknown
position. The rover can be used in a static or mobile state. The system provides real-time correction,
which enables up to centimetre-level accuracy (Pirti et al., 2013; Xu, 2012). The RTK system has two
types of accuracy statuses: the float and fix solution. The float solution requires at least four common
satellites and provides an accuracy raging between 20cm and 1m. The fix solution needs at least five
common satellites, which will offer a within 2cm accuracy (Xu, 2012).

The basic setup of an RTK system can be seen in Figure 4. The base station sends correction data to
the rover. The corrections are based on the difference between the known location of the base station
and the location which is calculated by the base station based on the satellite connections at that
moment. The idea is that the rover station will have the same error sources as the base stations, which
will therefore be corrected for the rover’s position (Xu, 2012). The GNSS errors will be more similar if the
baseline, the distance between the base station and the rover, is smaller. Within the RTK there will not
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2.3.1

be corrected for multipath and receiver noise errors. More information on GNSS errors can be found in
the next sub-chapter.

[

. . - B
A Communication Link

Figure 4 The principle of RTK, where A is the base station and B the rover station. Source: Drotek, 2020

The data transfer between the base station and the rover can be established via different media. The
real-time data transmission can be via radio or via an internet connection (Bakula et al., 2009; Pirti et al.,
2013; Xu, 2012). This study will focus on the internet connection. The Network Transport of RTCM via
Internet Protocol (NTRIP) will be used to provide an online connection between the rover and the base
station (Uradzinski et al., 2008).

GNSS error sources

GNSS errors can have a variety of sources. In this chapter the errors will be described according to their
origin. The main sources of errors which will be discussed in this chapter are: Clock related errors, Signal
propagation errors, and system errors.

Clock related errors

Timing is an important element in a GNSS system. The drift in time can translate in large errors of the
receiver measurements. Clock related errors can be caused by satellite clock errors, receiver clock
errors, and intersystem biases (Karaim et al., 2018). There are two main factors which affect satellite
clock errors. The first factor is clock stability. A satellite clock contains an atomic clock, these clocks are
highly stable however they have still some instability (Bibikar et al., 2014). Which ranges for a satellite
clock from 8.64 to 17.28ns a day. This equals to a range error of 2.59 to 5.18m (El-Rabbany, 2002). The
second factor is the relativistic effects. A clock on board of a satellite will appear to run faster compared
to the same clock on earth. Before the launch of a satellite, an offset will be made to the satellite’s clock
in order to compensate for these relativistic effects. However, due to the noncircular orbit of the satellites
there is still a small effect (Ashby, 1995; Karaim et al., 2018).

Receiver clock errors are usually much larger than satellite clock errors. This is the result of the usage
of less expensive clocks, which are less accurate compared to the clocks used in the satellites (Karaim
et al., 2018; Pratt et al., 2013).

The usage of multiple GNSS constellations (e.g. GPS, GLONASS, Galileo and BeiDuo) is a way to
improve the accuracy and the availability of receiver solution. However, each system has its own timing
system. These inter-system clock biases should be taken into account when working with multi-GNSS
constellations (Karaim et al., 2018).
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Signal propagation errors

The error sources which are in the group of signal propagation errors and which will be discussed are
the Sagnac effect, lonospheric error, Tropospheric error, and multipath error. The Sagnac effect is the
error caused by the earth’s rotation during the moment the satellite transmit it’s signal and the moment
the receiver receives the signal. This can result in an additional error in the measured range, when not
accounted for this effect (Kaplan and Hegarty, 2005; Ashby, 1995).

The ionospheric errors are errors which have an origin in the ionosphere, the upper layer of the
atmosphere at an altitude of about 1000km above the earth’s surface. The reflective properties in this
layer can influence the transmitted signal from the satellite. The solar activity, time of day and the season
are the key factors in determining the ionospheric conditions and thereby the magnitude of the errors.
The signal travels after the ionosphere through the troposphere. This layer is the lowest part of the
atmosphere which extends from about 20km above sea level until the earth’s surface. This layer can
also delay the satellite signal, this is mainly related to the wet and dry conditions within the layer (Karaim
et al., 2018).

When the signal is closer to the receiver it is possible that the signal reaches the antenna via more than
one path caused by signal reflections from the ground or surrounding structures, for example, buildings.
Usually one of the received signals is the direct signal, the other signals are reflected signals. These
reflected signals are delayed versions of the direct signal, these signals result in errors when making
measurements. The errors caused by this effect are referred to as Multipath errors (Georgiadou and
Kleusberg, 1988; Karaim et al., 2018).

System errors

There are also errors which are a result of the system itself, for example, satellite orbit errors and receiver
noise. The location of the receiver is determined by the distance between the satellite sending the signal
and the receiver. However, for this it is important to know the location of the satellite. The orbit of the
satellite is estimated by mathematical models; however, this is subject to errors when comparing it to
reality. It is possible to reduce these errors when there are global or local network corrections available
(Karaim et al., 2018).

Another possible source of error is the geometry of the satellites used when determining your position.
An even spread of satellites in the sky will result in more accurate position determination than when the
satellites are more clustered together. There are several dilution of precision (DOP) indicators which
describe the error caused by the relative positions of GNSS satellites. The PDOP represents the Position
Dilution of Precision, the HDOP represents the Horizontal Dilution of Precision, and the VDOP the
Vertical Dilution of Precision. A smaller DOP number indicates a better geometry and therefore less
possible error in the accuracy of the location position (Langley, 1999; ESRI, 2020). A higher number of
satellites can improve the satellite geometry; however, it is not a guaranty.

There are also error sources at the receiver end, referred to as receiver noise. It is considered white
noise and it can be minimised however it cannot be completely prevented. There is a variety of noise
types which comprise receiver noise. Thermal noise and noise by system components like the antenna
and cables are examples of noise types (Karaim et al., 2018; Langley, 1997).

GNSS height determination

The GNSS technology has many positive aspects, however, a weakness of the system is that the initially
indicated heights are not physically meaningful. The height provided by the GNSS is the height relative
to the ellipsoid. This ellipsoidal height is a mathematical simplified representation of the shape of the
earth (Fotopoulos, 2003; Brown et al., 2011). It is not a relative height to a reference surface; this
reference surface is for instance in the Netherlands the Normaal Amsterdams Peil (NAP). This



referenced height is also referred to as orthometric height. The difference between the ellipsoidal height
and the orthometric height is referred to as the geoid height. How these different heights relate to each
other can be seen in Figure 5. Here it is also visible that the orthometric height is calculated by subtracting
the geoid height from the ellipsoidal height.

~TN.  H=h-N

N - geoid height
H - orthometric height (Global Mean Se:

h - ellipsoid height

L
I

Figure 5 A schematic overview of the geoid height (N), the orthometric height (H) and the
ellipsoidal height (h). Source: unavco, 2020

The geoid height can be obtained from a regional gravimetric geoid model or a global geopotential model
(Fotopoulos, 2003). A widely used global geopotential model is the EGN96 model (Lemoine et al., 1998).
This model is also the default model the ArduSimple RTK setup. Besides global geopotential models
there are also regional gravimetric models. These models can provide a higher level of detail and more
accurate data (Fotopoulos, 2003).
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3.1.1

Methodology

This chapter is divided in two main blocks. The first block will focus on quality assessment for the MAPIR
Survey 3 sensor data and the second block on the ArduSimple RTK System.

MAPIR

As mentioned before the NDVI values of the MAPIR Survey 3 sensor data are unrealistically low, which
affects the usability of the data. Firstly, a quality assessment was carried out in order to assess the
reasons behind the unrealistically low NDVI values. Secondly, the MAPIR data was compared to satellite
data. This was done to assessed if based on correlations between the MAPIR bands and the satellite
data bands it could be possible to develop a correction factor for the MAPIR data, which would enable
to generate usable NDVI values

Raw vs. calibrated data

The raw data of the MAPIR sensor needs to be pre-processed before it can be used for the NDVI
calculations. One of the pre-processing steps is to calibrate the data based on a calibration ground target
using the empirical line method. The ground target contains four compartments, the reflectance values
of each of the compartments have been measured by a spectrometer. Within the calibration process, the
captured reflectance values are compared to the known reflectance values of the ground target
compartments. This is done in MAPIR software (MAPIR, 2020b). After the images are calibrated, they
are combined to form an orthophoto mosaic. Agisoft Photoscan was used for this.

Reflectance histograms were created for both the uncorrected and corrected orthophoto mosaics of the
MAPIR Survey 3 data. This was done for multiple locations. Reflectance histograms were made for the
entire location and for selected homogeneous vegetated areas within the locations. The comparison of
the reflectance histograms was done to show if and how the response of the bands changed during the
calibration. Three locations were analysed: Belmermeer (the Netherlands), Nhamatanda (Mozambique),
and Westmorland (the United States). The data from Westmorland is made available by MAPIR, as an
example dataset (MAPIR, 2020c). The NDVI calculations based on this MAPIR example data are
realistic. The other datasets are from FutureWater. It is of interest if there is a difference in reflection
pattern and in the response on the calibration process between the MAPIR data and FutureWater
images.

Multiple flights were made on the same location in Belmermeer in the Netherlands on 29-05-2019, the
second (F02) and the third (FO3) flights were used for the analysis. This Belmermeer location is
characterized by healthy grassland. The data from Nhamatanda, Mozambique contains multiple fields
with varying vegetation. Two plots were selected, one with CROP1 and the other with CROP2. The flight
was made on 04-12-2019. Rapini is the dominant crop depicted in the data of Westmorland in the United
States. This data was from 01-11-2018. The areas which were analysed are shown in Annex .

The image quality assessment after radiometric correction is often analyzed with the relative values of
mean errors (R-RMSE) (Wierzbicki et al., 2018). This indicator was also used in this case. The R-RMSE
is expressed as a percentage, where low percentages indicate a better preservation of the spectral
information (Wierzbicki et al., 2018; Cakir and Khorram, 2008). The R-RMSE is determined by the
following formula (Wierzbicki et al., 2018):

DNf ysea (10),i — DNoriginal (k)i )2
DNoriginal (k)
N

N
i=1(

R — RMSE, =
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Where DN is the pixel value, i is the pixel number in band k, k is the number of the spectral band, and N
is the number of observations. This analysis has done for the selected homogeneous vegetated areas
within the locations. The area of this selection was reduced for the images of both the Dutch flights and
for the side in the USA. This was done to reduce the computational time.

Satellite comparison

Satellite data is widely used for NDVI calculations. The red and near-infrared (NIR) bands of the satellite
data are used for the generation of the NDVI. The MAPIR sensor has an OCN filter and uses the Orange
and NIR bands for the NDVI calculations. The hypothesis is that there are correlations between the NIR
bands of the MAPIR and satellite data and between the Orange and Red bands of the two sources. It is
assessed if based on these correlations it could be possible to develop a correction factor for the MAPIR
data which would enable to generate usable NDVI values.

Two locations were selected for this analysis; an agricultural area with Rapini in Westmorland in The
United States and an agricultural grassland area in Belmermeer in The Netherlands. The data from
Westmorland was made available by MAPIR, as an example dataset (MAPIR, 2020c). For the location
in Belmermeer, there were two flights available of the same location. Both flights were analysed.

The satellite data of Sentinel-2A and Landsat 8 was used. The Sentinel-2A data was used for the analysis
with the two flights from Belmermeer and the Landsat 8 data was used for the flight of Westmorland.
Initially, the aim was to use Sentinel-2A for both locations, however, there was no appropriate Sentinel-
2A data available for the location in Westmoreland for the same period the UAV flight was made.

The MAPIR UAV data of Westmorland was from 01-11-2018 and the Landsat 8 data to which it was
compared from 05-11-2018. Both the UAV flights of Belmermeer were from 29-05-2019, the Sentinel-2A
data was from 18-05-2019.

The Sentinel-2A and Landsat 8 data was accessed through Google Earth Engine (GEE). GEE is a cloud-
based platform which enables uses to access and process satellite images and geospatial data (Google,
2020)

The Sentinel-2A data has a spatial resolution of 10m for the Red and NIR bands (ESA, 2020) and the
Landsat 8 data has a resolution of 30m (NASA, 2020). The MAPIR data was resampled with the bilinear
method to match the resolution of the Sentinel-2A data or the Landsat data in order to compare the two
sources. A linear regression analysis was performed in R to find the correlation between the NIR bands
of the two sources and the correlation of the MAPIR Orange and Sentinel Red band.



3.2

The ArduSimple RTK System

The ArduSimple RTK system consists of two 'simpleRTK2B' boards. One of these boards functions as
the base station and the other one is the rover station. The schematic setup of the base station and the
rover can be seen in Figure 6. Both the base station and the rover are connected to a U-blox GNSS
Multiband antenna and are powered by the ‘Power+GPS’ port. The base station is equipped with a WiFi
NTRIP Master, this enables a WiFi communication link between the base station and the rover. On the
rover station the ‘TX’ and ‘RX’ ports are connected, to enable the correct messages. The configuration
of the boards was done with U-Blox software U-center 19.12. Annex IV contains the user manual of the
ArduSimple RTK system. To test the performance of the system three main experiments were
conducted, which will be described below.

«H. A

Figure 6 The schematic setup of the base station (A), and the rover station (B)



3.2.1 Test 1

This test was done to test the performance of the ArduSimple
rover in an RTK setup compared to an established RTK system.
The ArduSimple rover was connected to an NRTIP connection
to a base station located in Radio Kootwijk: KOS100NLDO. This
base station is one of the multiple base stations TU Delft has
set up in the Netherlands (http://gnssi.tudelft.nl/dpga/). The
station in Radio Kootwijk was selected due to its closest
proximity.

The established RTK system which was used for this was the
Topcon Hiper V. This system has 2 cm accuracy. The rover of
the Topcon connects to base stations of 06-GPS RTK network
(06-gps, 2020).

The test was conducted on the Wageningen University campus.
The U-shaped hill located next to the Orion building (Fig. 7) was
sampled with 11 transects, with five points each. The points
were clearly marked to ensure that both systems would sample
the same locations. The 55 points were sampled with both the
ArduSimple and the Topcon RTK system. The latitude,
longitude and altitude of all points were recorded. The
difference between the measured points of both systems was Figure 7 The sampled locations on the U-shaped hill at
compared in X, Y, and Z direction. Furthermore, the line the Wageningen University campus

distances between the corresponding points were calculated.

Source: Esti, BigitaiGlobe,
CNESIATREDS, USDA. USGS
UserCom

3.2.2 Test2

The second test was focused on the base station. The aim of this test was to discover the required time
the base station needs to determine an accurate location. The user of the ArduSimple RTK system has
two options to initialise the base station. The first option is to provide the base station with a known
surveyed location, this is preferred since this will give a more accurate result. The second option is to let
the base station determine its own location, where after a certain time the location will be fixed and the
sending of the correction messages will start. This option is referred to as the ‘Survey-in mode’. The base
station was placed under clear sky conditions. The location (latitude, longitude and altitude) of the station
was recorded after 2, 5, 10, 20, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330, 360, 390, and 420
minutes. The location of the base station was also determined by the rover station with an RTK
connection with the KOS100NLDO base station. This was used as the reference location to which the
locations of the ArduSimple base station were compared. Besides the location comparison, the PDOP,
HDOP and VDOP were also determined for each measurement.

3.2.3 Test3

Within this test the overall performance of the combined, rover and base station, ArduSimple RTK system
was assessed with a focus on the settings within the base station. There were four sets of data points
collected under different settings (Table 1):

e  For the first set of points, the base station was set to the ‘survey-in’ mode, where the base station
had 10 minutes to determine its position with an accuracy of a minimal of 2 meters before the
location was locked and the rover was connected.

e The second set of points were taken when the base station was provided with a known surveyed
location, where the altitude was set to the ellipsoid height.


http://gnss1.tudelft.nl/dpga/
https://www.06-gps.nl/netwerk-rtk/
https://www.06-gps.nl/netwerk-rtk/

e For the third set, the location of the base station was also provided, this is also refed to as fixed
mode. The altitude provided in this set was the ‘Normaal Amsterdams Peil’ (NAP) height.

e The fourth set of point were taken when the rover was connected to the previously mentioned
base station in Radio Kootwijk; KOS100NLD1.

Table 1 An overview of the settings during the different sets of measurements.

Name of set Base station location mode Provide Altitude ‘ Rover connected to

‘SURVEY-IN’ Survey-in - Own base station
‘Own_Base ELL’ Fixed Ellipsoid Own base station
‘Own_Base NAP’ Fixed NAP Own base station
‘Base_KOS’ - - KOS100NLD1

The base station was in each set placed on the same location, namely on a ‘Rijksdriehoekstelsel’ (RD)
point at the ‘Ginkelse hei’ near the town of Ede (NSGI, 2020; Rijkswaterstaat, 2020). This location (Fig.
8) was selected because it was in a clear sky environment, clearly marked with a concrete pillar with an
iron rod in the centre to indicate the exact location, and relatively close to the office of FutureWater. In
addition, this RD-point was on top of a hill which was also interesting from an elevation measurement
point of view. The location of the point is Lat: 52° 02' 40,44912", Lon: 5° 42' 22,22006", and an altitude
of 47.839m NAP. To attain the ellipsoid height for this point, the Dutch NLGEO2004 geoid model was
used (Crombaghs and de Bruijne, 2004). The sampled points were compared in X, Y, and Z direction
and also the line distance between the measured points was determined. The elevation was corrected
to have all the same format, be able to compare the sampled points in the Z direction.

Each set consists of 24 points taken on the same locations. The four corners of the concrete pillar were
sampled. In the extension of each corner of the pillar, there were four points, with 2.5 to 3 meters between
the points. There were four additional points, each at a different side of the pillar at a distance of 10m.
The difference between the measured points of the four sets was compared in X, Y, and Z direction. The
line distances between the corresponding points were also calculated.
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Figure 8 The location of the RD-point on the 'Ginkelse hei' near the town of Ede.
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4 Results and discussion

4.1 MAPIR image analysis

In this chapter, the results of the MAPIR image analysis will be presented. The first subchapter will give
the results of the created reflectance histograms. The second chapter will provide the results of the
comparison with satellite data. The discussion of the provided results in this chapter will directly follow
the given results. The last chapter will address general discussion points.

4.1.1 Reflective histograms

Within this subchapter the reflectance histograms of the selected homogeneous vegetated areas will be
provided, this will be of the raw and the calibrated images. The reflectance histogram of the overall
images can be found in Annex Il. As mentioned in the introduction, the MAPIR Survey 3 sensor has an
OCN (Orange/Cyan/Near-infrared) filter. Band 1 is orange at 615nm, cyan at 490nm is Band 2 and Band

3 is the near-infrared band at 808nm.

The reflectance histograms of MAPIR's example
data, both the raw and processed data, are shown
in Figure 9 and 10. The Orange and Cyan bands
have a similar pattern in the unprocessed image
and the NIR band has a peak of the same height,
however with higher data values. When
comparing the histograms of the unprocessed and
the calibrated images, it shows the effect of the
calibration. Within the calibration process, the
peaks of the Orange and Cyan bands became
narrower and shifted to the left. This was the result

of more concentrated and lower data values.
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Figure 9 The reflectance histogram of the raw image with the
land use of Rapini in the USA

Figure 11 depicts the reflection histogram of the raw data of FO2 in Belmermeer, the Netherlands. All
bands show comparable patterns. However, the Cyan and NIR bands show the most similarities. When
looking at the calibrated image (Fig. 12) it can be seen that the Cyan and NIR bands have a less similar

pattern, however, the difference between the bands
is still very limited. This similar pattern in the
calibrated image also explains the low NDVI values.
The values of the Orange and NIR bands, which are
used for the NDVI calculations, are generally close
together. When going back to the unprocessed data
it is also striking that the difference between the
Orange and NIR bands is so small. It is healthy green
vegetation, therefore it was expected that there
would already be a large difference between the
Orange and NIR bands, because it would have
reflected a large portion of the near-infrared and
absorbed most of the visible light (Weier and Herring,

2020).

USA Rapini - Calibrated
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Figure 10 The reflectance histogram of the processed image
with the land use of Rapini in the USA

The same reflectance response is visible in the other flight which was conducted in Belmermeer (Fig 13
and 14). The bands also show here comparable reflectance response with little deviation between the
bands. This is the case for both the non-calibrated and calibrated image.
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Figure 12 The reflectance histogram of the land use grass of the

Figure 11 The reflectance histogram of the land use grass of the raw
calibrated image of FO2 in Belmermeer, NL.

image of FO2 in Belmermeer, NL.
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Figure 13 The reflectance histogram of the land use grass of the raw  Figure 14 The reflectance histogram of the land use grass of the
image of FO3 in Belmermeer, NL. calibrated image of FO3 in Belmermeer, NL

Figure 15 and 16 show the reflectance response of the raw and calibrated image of the field with crop 1
in Mozambique and Figure 17 and 18 for the crop 2 field. It can be seen that the Orange and NIR band
show a vary comparable response in both the raw images (Figure 15 and 17). The Orange and NIR
bands were less similar for crop 1 in the calibrated image, however, for crop 2 the band maintained their
similar response.

The little difference in response of the Orange and NIR bands in the raw image as well as in the calibrated
image was not as expected. Both the fields were with healthy vegetation, it was expected to have low
reflection in the visible and high in the infrared, which would have caused a non-corresponding response
of the Orange and NIR bands.
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Figure 15 The reflectance histogram of the land use Crop 1 of theraw  Figure 16 The reflectance histogram of the land use Crop 1 of the

image of Mozambique calibrated image of Mozambique
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Figure 17 The reflectance histogram of the land use Crop 2 of the Figure 18 The reflectance histogram of the land use Crop 2 of the
raw image of Mozambique calibrated image of Mozambique

Table 2 gives the R-RMSE in percentages for each band of the selected areas. In this table, it can be
seen how each band changed as a result of the calibration process. This accounted both for over and
underestimation. Band 3, which is the NIR band, changed the least compared to the other bands. Which
means that the calibrated pixel values are relatively closest to their original observed pixel values (Cakir
and Khorram, 2008). However, there are some variations between the locations. Some variations were
expected since the calibration corrects for local reflectance conditions (e.g. due to cloudiness, time of
day) during the moment of when the image was captured. However, overall all the R-RMSE values are
relatively high when comparing it to literature (Aiazzi et la., 2002; Cakir and Khorram, 2008; Wierzbicki
et al., 2018). Indicating that the calibration process altered the images relatively much. This is the case
for both the MAPIR example data as for Future Water’s data, which adds to the assumption that the raw
images of FutureWater's MAPIR sensor did not give a correct initial response.

The images of the MAPIR sensor of FutureWater all showed an unexpected response. The Orange and
NIR bands gave a very similar reflection response in the raw images. This did not sufficiently improve
after calibration. The similar response was not expected due to the heathy vegetation types depicted in
the images. The similar response for the Orange and NIR band explained the unrealistically low NDVI
values. The example data of MAPIR gave the expected response for the depicted 