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Synopsis:

The aim of the project is to perform an
analysis that provide us information enough to
know how accurate could be Geo-positioning
using a dual frequency mobile phone. To be
able to achieve the target of this project it
is necessary to know rst how dual frequency
positioning works on the mobile phone and
its expected precision and accuracy for the
computed position. On the other side it will
be needed have access to the raw data from the
mobile phone and its post processing. Once
that this is known it will be performed some
measurement under di erent scenarios. The
results of theses measurements will provide
information to analyze the quality of the
positioning obtained with the mobile phone.




Summary

The aim of this project is to evaluate the quality of the positioning of a dual frequency mobile phone, the
Xiaomi Mi8. This mobile phone is the rst dual frequency mobile pone that hits the market. It has a
huge expectation because it expected that it will provide an accuracy of decimeters. For test the mobile
phone, an analysis has been made of what factors a ect to obtain of the position, how it can be tested
and what it is the actual quality of the data that the mobile provide.

The Xiaomi Mi8 is equipped with a Broadcom BCMA47755 chip capable of processing dual frequency
GNSS signals. In the same way, it is capable of processing the signals of di erent GNSS, GPS, Galileo,
Beidou and Glonass constellations. This project focuses only on the study of dual frequency positioning
in GPS and Galileo since they are the only constellations with dual frequency that the mobile receives.
For this study, tests are designed in both static and kinematic in order to obtain the necessary information
to evaluate its precision and accuracy. These tests will be carried out both, in an open sky environment
and in an urban environment where the signal su ers distortions that a ect the quality of the nal
positioning. Thus, the quality of the positioning of this mobile phone can be evaluated in a favorable
situation and in another that is not.

Once the measurements have been carried out in the eld, the statistical evaluation of the results was
carried out, thus being able to quantify the pricing and accuracy in each case. For the evaluation of
the quality of the results, the calculation of the standard deviation with respect to the midpoint of
each measurement was carried out in the case of static tests. On the other hand, kinematics tests were
performed, to evaluate the quality of these it was necessary to obtain the regression line of each data set
to later calculate how much the points vary with respect to this line by obtaining the orthogonal distance
and its standard deviation.

Una vez efectuados las mediciones sobre el terreno, se procede a la evaluacion estadistica de los resultados
pudiendo asi cuanti car la preciosion y exactitud en cada caso. para la evaliacion de la calidad de los
resultados se efectuara el calculo de la desviacion estandar respecto del punto medio de cada medicion
en el caso de los test en estatico. Por otro lado se realizan tesd en cinematico, para evaluar la calidad de
estos es necesario obtener la linea de regresion de cada set de datos para posteriormente caluclar cuando
varian los puntos respecto a esta linea mediante la obtencion de la desviacion estandar.



Corona

The objective of this project that started in early February 2020 was to evaluate the precision and
accuracy of a dual frequency mobile phone, Xiaomi Mi8. To do this, it began to write this project
designing some tests in which the precision and accuracy would be evaluated by comparing measurements
made simultaneously with a Leica 1230+ gnss device provided by the Jaen University

Once the tests were designed, the coronavirus crisis began. In Spain a state of alarm was decreed from
March 14™ in which free movement of people was prohibited and Universities and any public places were
closed. This directly a ected the implementation of the project since have access to the Leica 1230+ gnss
equipment that the University of Jaen was going to lend me was impossible. Also, the fact of not being
able to circulate freely made it impossible to carry out the measurements properly. It was not until May
2"d when we began to be able to go outside but with time limitations. From then on, measurements were
performed only with the mobile phone but always conditioned by the time we could be on the street.
That is why the time used in the measurements is so short, when the ideal would have been to make
much longer measurements.

All of the above has conditioned and limited the completion of this project as originally planned, as well
as having to face and redo a part of the project has reduced the time taken for its completion.



Foreword

This is the thesis project on the MSc program for Surveying and Mapping at Aalborg University. The
project period stretches from 15t February 2020 to 12t June 2020. During the period that the world
su ered the corona virus situation that a ect directly the process of this thesis.

This project is concerned with the quality of the positioning provided by a mobile phone, collect the raw
data from satellites signals and the evaluation of the precision and accuracy of the positioning obtained.
The Thesis is based on the data collected with mobile phone Xiaomi Mi8. The reason to use this mobile
is because it is the rst mobile equipped with dual frequency positioning.

A big thanks is given to the thesis supervisor Jens Peter Cederholm for guiding the thesis towards the
right direction. Also | want to thanks to Vojtech Jindra for his patience and help when | started to learn
Python.



Readers Guide:

Appendix

There is an appendix for this project containing the following items:

Python code.

Results of python calculations and plots.

Results of the post-process with GnssAnalisysApp.

Information about the geodetic point.

List of abbreviations

APP : Application

ADR: Accumulated Delta Range

ETRS89: EuropeanT errestrial R eferenceSystem 1989
GNSS: Global N avigation Satellite System

GPS: Global Position System

GSA: European GNSS A gency

GLONASS: GLO bal NA vigation Satellite System

IGN : Instituto Geoga co N acional; Geographic National Institute
ns: nanosecond

RL: RegressionLine

ROI : Red deOrden I nferior; second level geodetic network
RNSS: Radio N avigation Satellite System

SD: Standard D eviation

UTM : U niversal T ransversalM ercator

WGS: W orld Geodetic System

WLS: W eighted L east Squares
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1 Introduction

The continuous development of GNSS technology looking for a higher accuracy and precision lead us to
the dual-frequency on mobile phones. Dual-frequency signal allows to compute a better positioning and
navigation in urban environments.

The investment from the European GNSS Agency, GSA, on dual-frequency trying to get the non-
professional costumer about the bene ts of use this technology was huge. With this statement | want to
know how the use of dual frequency will implement the quality of positioning from a qualitative point of

view. Knowing the expected accuracy that that it could be reached | will performed measurement to get
my own result and compare with the expected.

Dual-frequency signal GNSS in combination with the Broadcom BCM47755 chip, a chip able read dual-
frequency on mobile phones, is expected to compute the position with an accuracy of up to a few
decimetres. This"will create opportunities for new applications in areas such augmented reality, vehicle
navigation and mapping."[1]

Dual-frequency has led to improvements in the dierent uses of positioning. For example, vehicle
navigation, one of the most common used of positioning, will increase substantially it quality in urban
environment due to dual-frequency on mobile phones. Also when positioning is used for safety purposes,
dual-frequency implies a decreased in the area of search, therefore nd the location of an accident in
the country side will be faster. These are just a couple examples for non survey uses but there are wide
options that apply to other business large bene ts from agriculture to geo-marketing.



2 Problem statement

This section will establish the problem statement which will be developed on following sections and try
to answered the questions exposed below on this section.

Performing measurement and collecting raw data to evaluate the increment of accuracy expected using
dual-frequency positioning will be the aim of this project. Once that the data will be processed it should
be possible to answered the following question:

- Which positional accuracy and precision does a dual-frequency GNSS mobile phone deliver?

To nd out the answer to this main question it will be necessary to look for how to evaluate the di erent
factors that a ect the position. Finding the sources of errors and how each one a ect to the position, how
the position is computed and any other parameter that could interfere substantially on the nal position.
Answering these factor allows us to get to answer the previous question. The way in which it is intended
to achieve this is to answer the sub-questions exposed below:

- Which are the parameters that a ect to compute the position and how do the errors aect to
compute the position?

- How it will be tested the accuracy and the precision?

Finally, the conclusion will provide information based on the previous results about the possible used of
this technology.



3 Method

To address the project it is necessary to set up a path that will be followed to be able to nd an answer
to the questions exposed orsection 2, Problem Statement.

Firstly on section 4, Theory, is divided in di erent subsections. Where the rst one, section 4.3, exposed
what frequencies are used on this project, to which constellations belongs and how many satellites have
available the frequencies needed for the project. Also it is explained the bene ts of positioning based on
dual-frequency. And also, talks about the errors that can a ect the signal and the distance range error
of each one. Nextsubsection, section 4.4,explain the mobile phone used on this project, the chip that
is capable to get positioning using dual-frequency. Thersection 4.5explain how it is possible to get raw
measurement data from the mobile phone, the data provided and the app use for this purpose and how
the app works. Finally is the section 4.6, this subsection is the most relevant for the project, it is on this
subsection where is explained how the position is computed and data will be tested. An explanation of
the software used, how the data will be computed and the output data will be found. Also the statistics
used in order to evaluate the accuracy and precision.

Then on section 5, Test Design,we will found two main subsections, Static and Kinematic. Both of
them explain the location of each measurement. The case of th8tatic is divided in two, one uses a point
of known coordinates so it will be possible to evaluate precision and accuracy and a second one in an
urban scenario. TheKinematic it is only performed on a urban scenario. On this section it is explained
the design to test the position, what constellation and frequencies will be used to compute the position.
Finally the analysis of all the computed position mentioned before. The statistic used on each case and
how it will be evaluated.

On section 6, Test execution describes all the work performed on the site and the post-process of the
data as was explained on the previous sections. Here will be found a representative example of each
situation, the rest of the tests are found on the attached appendix.

The section 7, Resultswill expose the results of the evaluation of all tests. How precise the position is at
each case and also how accurate it is on the case of the static test over the point of known coordinates.
It will include too the explanation of why there are some measurements provide some errors and where
it comes from.

section 8, Conclusionwill expose the nding from this project also there are the answer to the questions
exposed onsection 2

The following chapters will explain deeply the whole process exposed above.
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4 Theory

4.1 Introduction

The section is divided on subsections where it is explained the signals frequencies that it use for this
project, the sources of distortions and how much a ects them to compute the distance to get the position.
Also exposed the hardware and software need to get the data and compute the position. A nal section
will explain how the computed position will be evaluated and tested.

The information obtained on this section will provide the knowledge to design and execute the test.

4.2 Coordinate system

Positioning based on GNSS technology uses the reference frame World Geodetic System 1984 [2] (WGS84),
that is a 3-dimensional coordinate reference frame for establishing latitude, longitude and heights. The
coordinates obtained for the project will be based on this system expressed on degrees, latitude and
longitude, the heights will be expressed on meter from the ellipsoid. These coordinates will be used to
compute distances and evaluate the precision and accuracy so it is decided to transform them to ETRS89
[3] UTM zone 30 and works with X, Y, h coordinates in meters.

The ERTS89 system is high precision system for GNSS georeferencing in Europe, this is based on the
ellipsoid GRS80 that is slightly di erent from the one of WGS84. The di erences are minimum for the
area located on the projection UTM zone 30 where this project take place. Then the project will be
performed with coordinates ETRS89 UTM zone 30.

4.3 Dual-frequency

Originally it was needed an expensive device and to get access to more than one signal from the satellites.
The new cheaper and smaller chips for mobile allow us to compute get bene ts to compute the position
using dual-signal.

Positioning based on dual-frequency or multi-frequency was not possible for mobile phones unt{iaomi
Mi 8 mobile phone was launched to the market. Then positioning using dual-frequency based on signal
L1+L5 in the case of GPS constellation and E1+E5a from Galileo constellation was possible. Based on
this two constellation and signals the project will be developed.

To obtain the position based on dual-frequency it is needed that both, space segment and user segment
works with the same signals. On the space segment side, satellites emit di erent signals but the ones that
concerned this project are the ones mentioned above froGPS and Galileo. Galileo is the constellation
that has more satellites available that works onE5a signal. On the other side the user segment must
be able to collect and process those multi-frequency signals in order to compute the position. For this
purpose the dual-frequency mobile phone<iaomi Mi8 is used to perform the tests that will be exposed
on section 5

The addition to use of the frequencies signals like.5 and E5a to compute dial-frequency positioning have
bene ts like: [4] [5]
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" Improved ionospheric correction.
~ Signal redundancy.

~ Improved signal accuracy.

" Reduced multipath problems.

" Improved accuracy of positioning and timing..

Following it will be explain brie y about the signals that are used by GPS and Galileo constellations
that can be collected for the mobile phone.

GPS Signal Characteristics [6]

GPS constellation consists of 31 satellites in orbit, dated 20 February 2020, of which only 12 of them
emit L5 signal. Therefore, the global positioning based on dual frequency L1 + L5 is limited. These are
the GPS frequencies used for the civil use and belong to RNSS (Radio Navigation Satellite System) from
what it would be called the lower band and upper band, for L1 its frequency is 1575.42 MHz and in the
case of L5 is 1176.45 MHz.

Galileo Signal Characteristics [7]

Galileo constellation consists of 28 satellites, of which 26 are operational in orbit. It is estimated that

the constellation will be completed throughout this year 2020 with the launch of four new satellites to

have a backup in case of any fail. UnlikeGPS, all satellites emit both signals E1 and E5 frequencies.
Consequently, this supposes a better global coverage and a signi cant positioning improvement from
GPS. Galileo constellation also works in upper and lower band with the same frequencies aSPS.

Figure 1: RNSSGalileo and GPS Frequencies Plans.

Errors[8]

Di erent factors a ect directly the computed position. Some come from external parameters and other

come from the receiver or the satellites. The quantity of how the parameters a ect the position is di erent

as it is shown on the followingtable 1this is refereed to a Single Frequency Absolute Positioning. This
section will be explain where this parameters come from and in which amount they a ect.
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Contributing Source Error Range
Satellite Clocks +2m
Orbit Errors +25m
lonospheric Delays +5m
Tropospheric Delays +0.5m
Receiver Noise +0.3m

Table 1: Errors sources for Standard measurement.[8] [9]

Satellite Clocks.

The satellite clock is highly accurate but they still drift a small amount that has a signi cantly consequence
in the position obtained by the receiver. This drift use to be around a few nanoseconds (ns) but a drift
from 8 to 17 ns become in an error aroundt 2.5 to + 5 meters.

Orbit errors.

Satellites are travelling in known orbit so the position of the satellite is know when the signal is sent.
However the orbit can vary a small amount that a ect to the result of compute the distance from the
satellite to the receiver. The orbits of the satellites are corrected by the ground segment but anyway
there are still a small error that could up to + 2.5 meters.

lonospheric Delays.

The ionosphere is a layer of the atmosphere that contains ions. These ions cause
delay on the signal that could cause error oft 5 meters. The ionospheric delay
is the largest error that a ects positioning.

Tropospheric Delays.

The troposphere is a layer of the atmosphere that is nd closest to the Earth's
surface. This error is caused by the humidity, temperature and atmospheric

pressure.
Figure 2: lonospheric
There exits correction model for these atmospheric errors that can be apply in and Tropospheric Delays

order to reduce them.
Receiver noise.

This error varies in relation with the hardware of the receiver. Lower cost receivers should have more
noise. As the case of the project is to evaluate a mobile phone the the receiver noise is expected to be
high.

Multipath.

Multipath occurs when the signal is re ected by any object before reach the receiver so the signal takes
more time to be read by the receiver. That imply that the computed distance from the satellite to the
receiver is longer.

13



Figure 3: Multipath

4.4 Receiver

For this project it will be used a Xiaomi Mi8 mobile phone to perform the measurements.

Xiaomi MI8 [10]

Xiaomi Mi8 mobile phone is the rst one to hit the market that is able to compute the position using
dual-frequency technology. This is thanks to the Broadcom BCM47755 [11]. The chip is able to read
dual-frequency from the signal L1 + L5 from GPS and E1 + E5a from Galileo among other constellations
but only these two will be used on this project.

45 Data collection

Another issue that need to be handle is get access to the raw data from the mobile phone. Collect raw
data is important to be able to compute the position using the data that we | want. Been able to perform
the test only with the data that matters to achieve the aim of this project.

The data collection from the mobile phone is performed with mobile appGnssLogger this App was
developed byAndroid Developers[12] from Google and the app collected and created a .txt le with the
raw data measured from all the satellites available at the moment. The le is automatically named with
the date and the time when start to collect data. g. 4.

Figure 4: TXT le derived from GnssLoger

Also the App will provide some information during the measurement as it show below. There are four
screenshots from the AppGnssLoggerwhere it can set up some parameter that will be added to the
measurements g. 5a. Also a comparison between the position computed at each epoch and the mean
WSL position computed g. 5b. The last two images provide an example of the signal strength from
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each satellite. On this case theg. 5¢ shows the satellites fromGPS constellation and g. 5d shows the
satellites from Galileo constellation. It can be observed that beside theGPS has more satellites on the
sky at that moment, the instability is so high in comparison with Galileo that are only 6 satellites but
much more stable.

(a) Options. (b) Position (c) GPS signal strength. (d) Galileo signal strength.

Figure 5: GnssLogger Screenshots

4.6 Post-process/Positioning

Post-processing the data will be handle withGnssAnalysisApp This desktop app was developed also
from Android Developers [12] from Google It is a Matlab script that allow to adjust parameters like the
elevation mask, the tropospheric and ionospheric errors before compute the position. Also it analyzes
the signal strength, the clock errors and the position.

The gure below, g. 6, shows the main screen ofGnssAnalysisApp where it can be possible to
select satellites, apply or not atmospheric corrections or change the angle of the elevation mask.
GnssAnalysisApp is provided with extra scripts that can be added in order to adjust some parameters
or apply some lters that it is not possible to do it directly from the main screen.

After running the software it will bring graphic information about the signal strength, clock errors and
positioning. Also it will deliver les with the position computed raw applying Kalman Iter and ADR
(Acumulated Delta Range).
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Figure 6: GnssAnalysisApp Control Panel.

The analysis to study the quality of each test will be done by evaluate the precision and the accuracy.
Depend of each test, if there are know coordinates to compare or not, it will be possible to calculate both
or only the precision. But each situation will be evaluated by the analysis of the raw position delivered
by GnssAnalysis This data is the position computed by WLS (Weighted Least Squares) using the raw
pseudoranges.

Once that the data is process withGnssAnalysis it will print out the plots shows on g. 7 and g. 8.
These plots provide information about the signal g. 7 - 1 and 2, and the skyplot, g. 8 - 8, of all the
satellites at the moment of the measurement. Also shows the plots about the clocks, thg. 7 - 3 shows
the pseudoranges. Theng. 7 - 4 plot shows the receiver clock o set and frequency. Finally it shows
plots for pseudorange and ADR (Accumulated Delta Range) measurements. They. 8 - 5 plot shows the
position from weighted-least-squares thus it is a way to visualize the aggregate measurement errors. The
g. 8 - 6 and 7 plots show individual measurement residual errors. The residual error is the di erence
between the measurement and the expected value.
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Figure 7: GnssAnalysisApp Plots, I.

The most important for this project are the g. 8 - 5 and 6. Taking a look on the second ongy. 8 - 6
will give information about if there are any signal with a frequency error too big, so this satellite will be
avoid to compute the position. Then the g. 8 - 5 will provide the raw position that will be evaluated.

Figure 8: GnssAnalysisApp Plots, II.

17



After the program nish all the computations, automatically deliver 12 les as show the image below,
g. 9. There are rinex les for each constellation, the KMI les and nmea from the computed position
under the three situations, raw, Kalman and ADR, The correction model for the atmospheric corrections
and a copy of the raw data. The one that will be used to evaluated the position is therawPr.kml le.
This le provide coordinates from the WGS84 system computed position using only the raw pseudorange
data. These coordinates will be used for the statistical analysis of the position as is exposed below.

Figure 9: Output les from GnssAnalysis.

Finally, to analyse the quality of the position the standard deviation for the static tests will be computed
and the regression line in the case of the kinematic. For theses statistic analysis was written Bython
script for each case that provide the statistical results and a graphic to show how the points are spared
and the distances to the line. Scripts are found at appendixsection 9.2 and section 9.3

"The standard deviation (SD) is a measure of the amount of variation or dispersion of a set of values.
A low standard deviation indicates that the values tend to be close to the mean or the expected value of
the set, while a high standard deviation indicates that the values are spread out over a wider rangé¢l3]

The SD will be applied to the static tests. To obtain the SD of the coordinates points normally is
computed the mean of the coordinates and thesD will give dispersion of the points respect of the mean.
On this project exits two situations, the test over the geodetic point, where the coordinates are known
and the tennis court test where the coordinates are not known. So over the geodetic point instead of use
the mean to compute the SD it will be used the known coordinates of the point. In this way it will be
possible to evaluate the precision and accuracy. The case of the tennis court has not the true coordinates
of the point so SD will be calculated with the mean of the data set, this only provide information about
precision. Both cases will be evaluated also by computing the error ellipse of each set.
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Figure 10: Example for computing the standard deviation of a static test.

"Linear regression (LR) is a linear approach to modeling the relationship between a scalar response (or
dependent variable) and one or more explanatory variables (or independent variables). The case of one
explanatory variable is called simple linear regression[14]

Same that happened at the tennis court, the kinematic test has not know coordinates to compare and
evaluate the measurement so for the kinematic test will be computed thd.R. By calculated the LR we
are going to obtain a line from the measured points. This line represent the best adjust to the data, once
that this line is obtained we can set this one as reference to compute the precision of the measurements
by computing the orthogonal distance from each point to the line. The distances will be used to obtain
the precision of the measurements.
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Figure 11: Example of computing the regression line for a kinematic test.

Performing these calculations it will be obtained how much the position vary from the true position in
the case of the geodetic point and how much drift from the mean position in the others tests. This
results should provide the information required to evaluate if dual frequency increased the precision and

accuracy of positioning.
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5 Tests Design

On this section it will be exposed how the tests are designed in order to get information enough to
evaluate the quality of the positioning used a dual-frequency mobile phone. These tests will evaluated
the precision and accuracy. For this purpose the section is structured in the following subsection§tatic
and Kinematic. On them it be explained how each tests was performed.

Due to Corona situation, this project altered the initial design of the tests and consequently how to deal
with the measurement on the site. Originally, the tests were designed to evaluate the position obtained
with the mobile phone by comparing the results with the measurement performed with alLeica 1230+
Gnss borrowed by the University of Jaeen . Because of the lockdown that was not possible. Another issue
derived from the Corona situation was the schedule restriction to go out. It was possible to go out only in
two windows of time each day but only once per day. This schedule conditioned the duration and when
the measurement could be performed. This is the reason why the tests are designed as it is explained in
the following sections.

Figure 12: Jeen, Spain

Tests were performed in Jan, capital of the province with the same name,g. 12, the province is located
in Andalusia, South of Spain. The location belong to the UTM zone 30 N.

5.1 Static

5.1.1 Data collection

The static test it designed to evaluate the precision and accuracy of the computed position by the mobile
phone over a point where the coordinates are known. The measurement was performed over a geodetic
point, San Juan de Dos sited at 6 kilometers to the North the city of Jaen (Spain). This geodetic
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point belong to the ROI, Red de Orden Inferior, a second level of geodetic points with a baseline around
7 kilometers between points. The coordinates of those geodetic points have freely access at the IGN,
Instituto Geogir co Nacional [15] (Geographic National Institute). The coordinates are referred to the
ETRS89 and ED50 system and the elevation is ellipsoidal and ASL at Alicante (Spain). The geographic
coordinates refereed to the ETRS89 system are the following:

" X:434148,756 m
" Y: 4186420,323 m

~ Alt. Ellipsoidal: 489.366 m

This coordinates were compensated on November 1st 2009 and have a 95% con dence ellipse. All the
info referred to the geodetic point is found insection section 9.1 at page 49

Because of the restrictions derived from the Corona situation where people was not allow to go out freely
and most of public areas where closed the data was collected on two set of 10 minutes each, once in the
morning another in the evening, with the APP GnssLogger The measurement were performed on the
11" of May, 2020. The mobile phone were placed on top of the geodetic point. Despite the app collect
data for the four constellations, GPS, Galileo, Glonass and Beidufor the aim of the project only GPS
and Galileo will be used because these two are the only one that provide a second frequency, L5/E5a
respectively, from which the mobile phone is able to collect data.

Figure 13: Geodetic Point Location.
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