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Abstract

The article presents the results of research on the development of a method for improving the positioning
accuracy of an UAV equipped with a single-frequency GPS receiver for determining the linear elements
of exterior orientation in aerial photogrammetry. Thus, the paper presents a computational strategy for
improving UAV position determination using the SPP code method and the products of the IGS service. The
developed algorithms were tested in two independent research experiments performed with the UAV platform
on which an AsteRx-m2 UAS single-frequency receiver was installed. As a result of the experiments, it was
shown that the use of IGS products in the SPP code method made it possible to improve the accuracy of the
linear elements to the level of about +2.088 m for X coordinate, +1.547 m for Y coordinate, +3.712 m for Z
coordinate. The paper also shows the trend of changes in the obtained accuracy in determining linear elements
of exterior orientation in the form of a linear regression function. Finally, the paper also applies the SBAS
corrections model for the improvement of UAV position calculation and determination of linear elements
of exterior orientation. In this case, the improvement in the accuracy of determining the linear elements
of exterior orientation is about +1.843 m for X coordinate, +1.658 m for Y coordinate, +7.930 m for Z
coordinate. As the obtained test results show, the use of IGS products and SBAS corrections in the SPP code
method makes it possible to improve the determination of UAV positions for the use in aerial photogrammetry.
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© 2023 Polish Academy of Sciences. All rights reserved

1. Introduction

As the technology becomes more advanced and production costs decrease, UAV platforms
are becoming an increasingly interesting alternative for imaging the Earth’s surface relative to the
cost of implementing projects using traditional airborne imaging technologies [1]. Moreover, in
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some cases, the use of manned aircraft for imaging may not be possible at all. In such situations,
unmanned imaging platforms can be important equivalents in the implementation of imaging
acquisition projects for the creation of aerial photogrammetry products [2,3]. The use of a UAV
with a mounted camera offers the possibility of acquiring high-resolution stereo images for small
areas. With such data it is possible to carry out the process of digital aerotriangulation, develop
a numerical terrain model, perform orthorectification and develop a digital orthophoto [4]. In
the case of digital aerotriangulation, an important aspect of the process at the initial stage is
the determination of approximate elements of exterior orientation [5]. To measure them, single-
frequency GPS receivers [6, 7] and inertial sensors that record platform tilts are most often
used [8, 9]. The approximate elements of exterior orientation are divided into linear elements
representing the coordinates of the centre of projection of aerial photographs [10] and angular
elements of the orientation of aerial photographs in space [11]. The coordinates of the centre
of the projection of aerial photos were assumed to be denoted as (X,,Y,, Z,), and the angular
coordinates of the orientation of the camera as (H, P, R) [12]. For the purpose of determining the
coordinates of the centre of projection of aerial photographs, it is necessary to know the excentre
of the position offset of the GPS receiver antenna and camera at the time of exposure [13]. While
the value of the excentre is provided in the UAV platform specific metric by the manufacturer,
the position of the GPS receiver antenna mounted on the platform must be determined. Low-cost
UAVs are equipped with single-frequency GPS receivers to record GPS code observations to
determine UAV coordinates [14]. Based on the recording of GPS code observations, it is possible
to determine the UAV’s position by using the Single Point Positioning (SPP) absolute positioning
method [15]. The problem of the SPP code method for UAV positioning is its low positioning
accuracy, reaching down to 10 m [16]. The low positioning accuracy of the UAV ultimately
results in low accuracy in determining the approximate linear elements of the exterior orientation.
Therefore, it is necessary to develop numerical algorithms to improve the accuracy of SPP code
positioning for the UAV platform. For the SPP code method, Satellite-based Augmentation Systems
(SBAS) corrections [17] and International GNSS Service (IGS) geodetic service products [18]
can be applied to improve the determination of UAV position accuracy and approximate linear
elements of exterior orientation.

2. Literature review

Up to now, as shown by the analysis of the state of the art, the topic of UAV platform
positioning using GPS satellite technology has been presented in many research works. Thus,
in the case of GPS positioning, one of the key elements is the development of algorithms for
controlling and monitoring changes in the platform’s coordinates in relation to the reference
flight trajectory [19]. This is important because the development of appropriate algorithms for
monitoring the flight of a UAV allows to avoid collisions in space and safely transport various
types of goods and services [20]. The developed algorithms for determining UAV coordinates
can be based on the concept of GPS/INS (inertial navigation system) positioning using Kalman
filtering [21]. UAV positioning typically uses single-frequency GPS receivers with different
accuracy classes under the SPP code positioning method [22,23]. This, in turn, affects the
accuracy of real-time UAV position determination during the execution of photogrammetric
raids [24]. The accuracy of GPS single-frequency positioning for UAVs in real time can be
improved using SBAS augmentation systems [25,26]. On this basis, it is possible to determine
the reliability of UAV positioning in accordance with ICAO requirements [27]. How important
the accuracy and integrity of UAV positioning is can be seen in the works [28-30], where the
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effects of intentional spoofing the determination of UAV position using GPS navigation systems
is shown. As regards UAV positioning using GPS single-frequency receivers, it is also possible to
monitor the status of the ionosphere [31] or also air pollution in the troposphere [32]. GPS single-
frequency positioning has its direct impact on photogrammetric and remote sensing applications in
UAV technology. The following research developments can be mentioned for these applications:
the impact of GPS single-frequency positioning quality on the development of map products
in professional photogrammetry [33], detection and localization of moving objects in aerial
photographs taken from low altitude by UAVs [34], determination of exterior orientation elements
in the process of digital aerotriangulation based on the use of data from a single-frequency GPS
receiver mounted on a UAV [35], determination of approximate accuracy of control points for
photogrammetric applications [36-38], detection and localization of a standing object in aerial
photographs taken from low altitude by a UAV [39], analysis of the accuracy of the digital
aerotriangulation process for alignment of a block of aerial photographs taken by a UAV [40,41],
application of UAV technology in navigation in heavily and poorly urbanized areas [42], UAV
positioning improvements for GPS/RADAR solution [43] and GPS/INS/LiDAR [44].

The following conclusions can be drawn from the analysis of the state of the art: low accuracy
of GPS single-frequency positioning for UAV technology for typical navigation purposes can
be noted; the obtained low accuracy of GPS single-frequency positioning for UAV technology
translates into the quality of final photogrammetric products in the aerotriangulation process;
single-frequency GPS positioning for UAV technology applied the SPP code method to determine
the coordinates of the unmanned platform; attempts to improve UAV position determination were
based on the application of SBAS corrections in the observation algorithm or the use of Kalman
filtering as a method for determining UAV position.

On this basis, the missing elements in the state-of-the-art analysis can be identified. Firstly, it is
necessary to optimize the UAV position calculation process with a selected measurement strategy.
This is mainly about the possibility of using IGS products and European Geostationary Navigation
Overlay Service (EGNOS) corrections in the process of developing GPS code observations. Thus,
some systematic error models in the observation equation of the SPP code method will be changed.
In this sense, the orbit errors, satellite clock biases, ionosphere and troposphere errors could be
reduced. Especially, the GPS satellite positions were calculated using the Lagrange polynomial
model based on IGS products and using EGNOS long time corrections in SBAS solutions. Next,
GPS satellite clock bias was estimated using the Lagrange polynomial model based on IGS
products and using EGNOS long time corrections in the SBAS solution. In turn, the ionosphere
delay was determined based on the IONEX format as an IGS product and using the EGNOS
ionospheric model in the SBAS solution. Moreover, the troposphere delay could be reduced using
the SNX_TRO format as an IGS product and using the Radio Technical Commission for Aeronautic
— Minimum Operational Performance Standards (RTCA-MOPS) model in the SBAS solution.

Secondly, it seems worth determining how the use of IGS products and EGNOS corrections
affects the determination of UAV positions and calculation of approximate line elements of
exterior orientation. It means how IGS products and EGNOS corrections improved the accuracy
terms of an UAV position in relation to the standalone GPS solution. In addition, how IGS products
and EGNOS corrections improved the linear elements of exterior orientation in photogrammetry
application.

Finally, it is necessary to determine the trend of changes for the calculated results of accuracy
of the approximate linear elements of exterior orientation during the photogrammetric flight.
It is important in detection of blunder errors in the linear elements of the external orientation.
Moreover, the direction of the trend of change shows whether linear elements of the external
orientation are increasing or decreasing for a series of images.
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3. Research methods

This section describes and presents the basic observation equations for the SPP code posi-
tioning method for UAV technology. For this purpose, the following algorithms are presented:

— the solution of the classical SPP using only GPS code observations and a GPS navigation
message (method No. 1),

— the solution of SPP using GPS code observations and IGS products (method No. 2),

— the solution of SPP using GPS code observations and EGNOS corrections (method No. 3).

Research methods No. 2 and 3 are designed to improve the determination of UAV position
coordinates, and thus improve the accuracy of UAV positioning relative to the classical solution
used in method No. 1.

The basic observation equation for SPP positioning method No. 1 takes the form as written
below [45]:

[ =d+c- (dtr - dts) + Ion + Trop + Rel + TGD, (1)

where: [ — pseudorange (code measurement) on L1 frequency in the GPS system; d — geometric
distance between the satellite and the receiver, taking into account the correction of the Sagnac
effect; d = /(X — Xgps)2 + (Y — Ygps)? + (Z — Zgps)?; (X, Y, Z)— UAV coordinates, parameters
determined in the process of developing GPS code observations; (Xgps, YGps, Zgps) — GPS
satellite coordinates in the XYZ geocentric system, the coordinates are determined from the
Kepler orbit model; ¢ — speed of light; dfr — receiver clock correction, a parameter determined
together with the UAV coordinates; dts — the satellite clock correction, determined from the ond
degree polynomial from the GPS navigation message; lon — ionospheric correction, in the SPP
method determined based on the Klobuchar model; Trop — tropospheric correction, determined
based on a deterministic model of tropospheric delay; Rel — relativistic effect, determined from
navigation message data; TGD — the Timing Group Delay determined on the basis of data from
the navigation message.

In turn, the basic observation equation for the No. 2 SPP positioning method takes the
following form [46,47]:

l=d"+c- (dtr—dts’) + Ion’ + Trop + Rel + SDCB), + RDCB}, , (2)

where: [ — pseudorange (code measurement) on L1 frequency in GPS system; d’ —geometric dis-
tance between the satellite and the receiver, taking into account the correction of the Sagnac effect
and the phase centre characteristics of the satellite and receiver antennas based on the ANTEX
format; d’ = \/(X = X(ps)? + (Y = Yip)? + (Z = Z[pg)?; (X, Y, Z) — UAV coordinates, param-
eters determined using IGS products; (XC’;PS, YéPs’ Z(’JPS) — GPS satellite coordinates in the XYZ
geocentric frame, the coordinates are determined from the Lagrange polynomial based on the
EPH precise ephemeris from the IGS service; ¢ — speed of light; dtr — receiver clock correction,
a parameter determined together with the UAV coordinates; dts’ — the satellite clock correction,
determined using the CLK format from the IGS service; Ion’ —ionospheric correction, is interpo-
lated using the GRID from the IONEX format of the IGS service; Trop — tropospheric correction,
determined based on a deterministic model of tropospheric delay or using the SNX_TRO format
from the IGS service; Rel — relativistic effect, determined from EPH precise ephemeris data;
SDCB’p; — hardware delay for SDCBp; satellite, based on the DCB product from IGS ser-
vice; RDCB’ p; — hardware delay for RDCB p; receiver, determined with a Geometry-Free linear
combination or based on the DCB product from IGS service.
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Finally, the basic observation equation for SPP positioning with SBAS/EGNOS corrections
takes the following form [48,49]:

I =d" +c- (dtr—dis*) + lon" + Trop* + Rel + TGD + FC, 3)

where: / — pseudorange (code measurement) on L1 frequency in GPS system; d* — geometric dis-
tance between the satellite and the receiver, taking into account the correction of the Sagnac effect
and long term SBAS corrections; d* = \/(X = Xéps) 2+ (Y = Yip)2 +(Z = Zipe) % (X, Y, Z) -
UAV coordinates, parameters determined in the process of developing GPS code observations;
(XGps» Yips» Zéps) — GPS satellite coordinates in the XYZ geocentric system, the coordinates
are determined from the Kepler orbit model, taking into account long term SBAS corrections; ¢
— speed of light; dfr — receiver clock correction, a parameter determined together with the UAV
coordinates; dfs* — the satellite clock correction, determined from the 2"¢ degree polynomial from
the GPS navigation message, taking into account long term SBAS corrections; lon* —ionospheric
correction, determined using the SBAS ionosphere model; Trop* — tropospheric correction, deter-
mined from the RTCA-MOPS model dedicated to SBAS augmentation systems; Rel — relativistic
effect, determined from navigation message data; TGD — the Timing Group Delay determined on
the basis of data from the GPS navigation message, FC — fast SBAS corrections.

Using this method, the accuracy of the determination of the approximate linear elements of
the exterior orientation will be calculated as shown below [12,50]:

dX = Xo - chf,o
dy = Yo - Yref,o 5 (4)
dz =7, - Zref,o

where: (Xief, Yief, Zref) — reference values of the linear elements of the exterior orientation,
determined in the post-processing mode; Xrer, o = Xref + €x; Xref — reference trajectory of the
UAV flight along the X axis, determined using the RTK technique; Yier, o = Yrer + €y Yeer —
reference trajectory of the UAV flight along the Y axis, determined using the RTK technique;
Zref,o = Zret + €7 Zrer — reference trajectory of the UAV flight along the Z axis, determined using
the RTK technique.

The presented mathematical algorithm (1-4) defines a computational strategy based on the
application of the observation equation for the SPP code method to determine the approximate
linear elements of the exterior orientation. However, it is also possible to additionally apply math-
ematical functions that determine the trend of change for the determined parameters (dXdYdZ).
For this purpose, a mathematical function in the form of a polynomial of degree 1 model was used.
The polynomial of degree 1 model commonly referred to as linear regression can be described
for the parameters (dXdYdZ) as [51]:

dXZCZX'l+bx, (5)
dY =ay -t + by, (6)
dZ=ay -t+by, @)

where: t — measurement epoch, time of observation; (ax, b,) — determined linear coefficients of
the polynomial of degree 1 for the parameter dX; (ay, by) — determined linear coefficients of
the polynomial of degree 1 for the parameter dY; (az, bz) — determined linear coefficients of the
polynomial of degree 1 for the parameter dZ.

The mathematical equations (5)—(7), assuming that the number of the input set of given
parameters (dXdYdZ) is much larger than the number of coefficients to be determined are solved
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with the least squares method as follows [52]:

Ox=N'-L
=A- —dl
v Ox , @)
m0 = M
r—s

where: Qx — vector with the determined linear coefficients of the polynomial (2 coefficients
each for the parameters dXdYdZ); N = AT - A — system of normal equations; A — coefficient
matrix; L = AT - dl; dI — vector with difference between measurements and modeled parameters;
m — standard deviation of corrections; » — number of observations of the input set, r > 2 for
mathematical equations (5-7); s — number of coefficients to be determined, s = 2 for mathematical
equations (5-7); v — correction vector.

4. Research experiment

As part of the research test, a test flight was performed using a UAV platform on which an
AsteRx-m2 UAS single-frequency receiver was installed to log GPS observations and navigation
data. The test flight was conducted on 7 September 2020 in the first test area, in northern Poland,
from 09:58:19 to 10:13:11 according to GPST. The flight height was between 100 and 130 m. The
air temperature during the flight was 17°C and the wind speed was 4.5 m/s. The flight scenario
had been planned so that the mission coverage did not include an urban area. The flight was con-
ducted in an east-west direction. The purpose of the test flight carried out was to verify and test the
performance of the proposed test methods for equations (1)—(2) and the algorithms from equations
(5)—(7). In addition, several hundred images were acquired as part of the survey campaign for the
realisation of photogrammetric studies, the longitudinal and transverse coverage of the images
was 75%. Based on the algorithms for research methods No. 1-2, the UAV coordinates were de-
termined, followed by the linear elements of the exterior orientation. For research method No. 1,
GPS observations and navigation data were used. For research method No. 2, GPS observations
and IGS geodetic products were used in the form of EPH precision ephemeris, CLK precision
clock format, satellite/receiver antenna phase centre characteristics from the ANTEX format,
global ionosphere maps from the IONEX format and hardware delays from the DCB format [53].
Mathematical calculations for equations (1)—(2) were performed in RTKLIB v.2.4.2 [54]. Next,
the determination of the UAV’s precise flight trajectory was performed using the differential
phase technique RTK [55]. The calculations at this stage were performed in Topcon MAGNET
Tools v.5.1.1.0 [56]. Next, the mathematical algorithm (4) for calculating the approximate linear
elements of the exterior orientation were implemented into a numerical script developed in the
Scilab v.6.0.0 language environment [57]. At this stage, the obtained parameter results (dXdYdZ)
were subjected to a smoothing process using the equation models (5-7). In addition, the coef-
ficients from equation (8) and the statistical parameters were determined according to equation
(8), i.e., the distribution of the corrections and the standard deviation. The final results derived
from the mathematical equations (4)—(8) were presented graphically using Scilab.

5. Research results
As part of the analysis of the test results obtained, the values of the parameters (dXdYdZ)

calculated from equation (4) are shown first. Figures 1-3 show the results of the accuracy of the
determination of the approximate linear elements of the exterior orientation. The results of the
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parameters (dXdYdZ) calculated from the comparison of the classical SPP solution against the
differential RTK solution (blue) and the comparison of the SPP solution with the IGS products
against the differential RTK solution (red) are juxtaposed. The accuracy of the determination of
the exterior orientation elements along the X-axis using test method No. 1 ranges from —2.899 m
to +2.796 m. In contrast, for test method No. 2, the accuracy of dX is +0.123 m to +2.088 m.
The use of IGS products in test method No. 2 enabled an improvement in the accuracy of the
determination of the exterior orientation elements along the X-axis by 44% relative to the SPP
solution using test method No. 1.

Accuracy [m]
°
1

-4 dX (GPS vs RTK)
dX (IGS vsRTK)

T T T T
35 800 36 000 36 200 36 400 36 600 36 800

Time of observations [s]

Fig. 1. Accuracy of linear elements of exterior orientation along the X-axis in the 1 flight test.

dY (GPS vs RTK)
dY (IGS vsRTK)

Accuracy [m]

T T T T
35 800 36 000 36 200 36 400 36 600 36 800

Time of observations [s]

Fig. 2. Accuracy of linear elements of exterior orientation along the Y-axis in the 1% flight test.

The accuracy of the determination of the elements of the exterior orientation along the Y-axis
using test method No. 1 ranges from —0.622 m to +4.099 m. In contrast, for test method No. 2, the
accuracy of dY is —0.377 m to +1.547 m. The use of IGS products in test method No. 2 enabled
an improvement in the accuracy of the determination of the exterior orientation elements along
the Y-axis by 26% relative to the SPP solution using test method No. 1.

The accuracy of the determination of the exterior orientation elements along the Z-axis for
test method No. 1 ranges from —7.585 m to +4.017 m. In contrast, for test method No. 2, the
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dZ (GPS vs RTK)
dZ (IGS vs RTK)

Accuracy [m]

T T T T
35800 36 000 36 200 36 400 36 600 36 800

Time of observations [s]

Fig. 3. Accuracy of linear elements of exterior orientation along the Z-axis in the 1% flight test.

accuracy of dZ is —1.491 m to +3.712 m. The use of IGS products in test method No. 2 enabled
the accuracy of the determination of external orientation elements along the Z-axis to be improved
by 90% relative to the SPP solution using test Method No. 1.

In order to determine the trend of change for the parameters (dXdYdZ), a 1-degree polynomial
model was used in the subsequent numerical accuracy analysis using equations (5)—(8). Fig. 4
shows the results of the time-variation characteristics for the parameter dX. The trend of change
of the dX parameter for method No. 1 can be described by a linear regression function as:
dX = —-0.0001491 - ¢ + 1.4837426. The scatter of the v-corrections for this function ranges from
—1.384 m to +4.379 m. The standard deviation parameter of the corrections — m is 0.396 m
and determines in this case the fit of the dX results with respect to the linear regression. In
contrast, the trend of the changes of the parameter dX for method No. 2 can be described by
the linear regression function as: dX = —0.0003279 - ¢ + 0.9444870. Furthermore, the scatter of
the v-corrections for this function ranges from —1.149 m to +0.640 m. In contrast, the standard
deviation of the corrections — m is 0.221 m in this case. For a better description of the linear
regression, the R? determination coefficient was estimated [58]. In this case, the R? determination
coeflicient amounts to 0.75 for methods No. 1 and No. 2.

2.5
2
15
1]
E 05+
Iy
g o1
3
S 054
<
a4
1.5
dX (GPS vsRTK)
24 1st degree polynomial (GPS vs RTK)
dX (IGS vsRTK)
2.5+ 1st degree polynomial (IGS vs RTK)
3 T T T T
35 800 36 000 36 200 36 400 36 600 36 800

Time of observations [s]

Fig. 4. Trend of changes of the parameter dX in the 1 flight test.
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Figure 5 shows the trend of change of the parameter dY using a 1-degree polynomial. The
trend of change of the parameter dY for method No. 1 can be described by a linear regression
function as: dY = —0.0001023 - 7 + 1.17620. The scatter of the v-corrections for this function
is —2.925 m to +1.749 m. The standard deviation parameter of the corrections — m is equal to
0.296 m. In contrast, the trend in changes of the parameter dY for method No. 2 can be described
by a linear regression function as: dY = 0.0002147 - ¢ + 0.7451850. In addition, the scatter of the
v-corrections for this function is from —0.742 m to +1.131 m. In contrast, the standard deviation
of the corrections — m is 0.201 m in this case. For parameter dY, the R? determination coefficient
equals 0.75 for methods No. 1 and No. 2.

dY (GPS vs RTK)
1t degree polynomial (GPS vs RTK)
dY (IGS vs RTK)

1t degree polynomial (IGS vs RTK)

Accuracy [m]

T
35800 36 000 36 200 36 400 36 600 36 800
Time of observations [s]

Fig. 5. Trend of changes of the parameter dY in the 1% flight test.

Figure 6 shows the trend of change of the parameter dZ using a 1-degree polynomial. The
trend of change of the parameter dZ for method No. 1 can be described by a linear regression
function as: dZ = —0.0008593 - r — 3.3938353. The scatter of the v-corrections for this function
is from —7.439 m to +3.776 m. The standard deviation parameter of the corrections — m is equal
to 0.879 m. In contrast, the trend of change in the parameter dZ for method 2 can be described
by a linear regression function as: dZ = —0.0007064 - ¢t + 0.6696555. In addition, the scatter of

dZ (GPS vs RTK)
1st degree polynomial (GPS vs RTK)

Attty V"VN“MY“VMMN'W[’"W

Accuracy [m]

35 800 36 000 36 200 36 400 36 600 36 800

Time of observations [s]

Fig. 6. Trend of changes of the parameter dZ in the 1% flight test.
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the v-corrections for this function ranges from —3.069 m to +2.099 m. In contrast, the standard
deviation of the corrections — m is 0.565 m in this case. For parameter dZ, the R? determination
coefficient equals 0.75 for methods No. 1 and No. 2.

6. Discussion

The discussion covers three main topics, i.e., the reproducibility of the computational process,
the use of an alternative method to improve determining the UAV’s position, and the comparison
of the obtained research results in relation to the state-of-the-art analysis.

6.1. The reproducibility of the proposed computational process

The developed algorithms were tested and proven in photogrammetric application in another
flight of the UAV platform. This time, the flight took place in the second test area in northern
Poland on 07.09.2020 from 11:59:01 to 12:10:45 according to GPST time. The air temperature
during the flight was 18°C and the wind speed was 3 m/s. The flight height was 150 m. Again,
the flight scenario had been planned so that the mission coverage was not over an urban area.
The flight was conducted in an east-west direction. As part of the flight, several hundred images
were also taken for the realisation of photogrammetric studies, the longitudinal and transverse
coverage of the images was 75%.

Figures 7-9 present the results of the accuracy of the exterior orientation elements deter-
mination along the XYZ-axes using test method No. 1 and No. 2. They also show the results
of the time variation of the parameters (dX,dY,dZ). The accuracy of the determination of the
elements of exterior orientation along the X axis using test method No. 1 ranges from —0.224 m
to +3.350 m. In contrast, for test method No. 2, the accuracy of dX is —0.792 m to +2.273 m.
The use of IGS products in test method No. 2 enabled the accuracy of the determination of the
exterior orientation elements along the X-axis to be improved by approximately 45% relative to
the SPP solution using test method No. 1. The trend of change in the parameter dX for test method
No. 1 can be described by a linear regression function as: dX = —0.0006215 - t + 0.9778952.
The scatter of the v-corrections for this function ranges from —2.381 m to +0.930 m. The stan-
dard deviation parameter of the corrections — m is 0.285 m. In contrast, the trend of change
in the parameter dX for method No. 2 can be described by a linear regression function as:

dX (GPS vs RTK)
1st degree polynomial (GPS vs RTK)
dX (IGS vs RTK)
1st degree polynomial (IGS vs RTK)

Accuracy [m]

T T T T T T T
43100 43200 43300 43400 43500 43600 43700 43800 43900
Time of observations [s]

Fig. 7. Trend of changes of the parameter dX in the 2" flight test.
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dX = -0.0000202 - t + 0.4203586. In addition, the scatter of the v-corrections for this function
ranges from —1.853 m to +1.212 m. In contrast, the standard deviation of the corrections — m is
0.254 m in this case. For parameter dX, the R? determination coefficient equals 0.75 for methods
No. 1 and No. 2.

dY (GPS vs RTK)
1st degree polynomial (GPS vs RTK)
dY (IGS vsRTK)
1st degree polynomial (IGS vs RTK)

Accuracy [m]
1

T T T T T T T
43100 43200 43300 43400 43500 43600 43700 43800 43900
Time of observations [s]

Fig. 8. Trend of changes of the parameter dY in the 2™ flight test.

dZ (GPS vs RTK)
1st degree polynomial (GPS vs RTK)
dZ (1GS vsRTK)
1st degree polynomial (IGS vs RTK)
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Accuracy [m]
n

T T T T T T T
43 100 43 200 43 300 43 400 43 500 43 600 43700 43 800 43 900

Time of observations [s]

Fig. 9. Trend of changes of dZ parameter in the 2" flight test.

The accuracy of the determination of the elements of exterior orientation along the Y-axis
using test method No. 1 ranges from +0.105 m to +3.790 m. In contrast, for test method No. 2,
the accuracy of dY is —0.867 m to +4.145 m. The use of IGS products in test method No. 2
enabled the accuracy of the determination of the exterior orientation elements along the Y-axis
to be improved by approximately 25% relative to the SPP solution using test method No. 1. The
trend of change in the parameter dY for method No. 1 can be described by a linear regression
function as: dY = —0.000788 - ¢ + 1.0845907. The scatter of the v-corrections for this function
ranges from —2.718 m to +0.973 m. The standard deviation parameter of the corrections — m is
0.335 m. In contrast, the trend of change in the parameter dY for method No. 2 can be described
by a linear regression function as: dY = —0.0001968 - ¢ + 0.6749552. In addition, the scatter of
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the v-corrections for this function is between —3.473 m and +1.542 m. In contrast, the standard
deviation parameter of the corrections — m is 0.323 m in this case. For parameter dY, the R?
determination coefficient is close to 0.75 for methods No. 1 and No. 2.

The accuracy of the determination of the elements of exterior orientation along the Z-axis
using test method No. 1 ranges from —5.556 m to —0.962 m. In contrast, for test method No. 2,
the accuracy of dZ is —2.970 m to +3.146 m. The use of IGS products in test method No. 2
enabled the accuracy of the determination of the exterior orientation elements along the Z-axis
to be improved by approximately 97% relative to the SPP solution using test method No. 1. The
trend of change in the parameter dZ for test method No. 1 can be described by a linear regression
function as: dZ = —0.0014775 - t — 3.5390173. The scatter of the v-corrections for this function
ranges from —2.578 m to +1.765 m. The standard deviation parameter of the corrections — m is
0.424 m. In contrast, the trend in change of the parameter dZ for method No. 2 can be described
by a linear regression function as: dZ = —0.0002709 - ¢ —0.0177996. In addition, the scatter of the
v-corrections for this function is from —3.164 m to +2.948 m. In contrast, the standard deviation
parameter of the corrections — m is 0.415 m in this case. For parameter dZ, the R? determination
coeflicient amounts to 0.75 for methods No. 1 and No. 2.

6.2. Use of SBAS/EGNOS corrections as an alternative method to improve UAV position
determination

In the second part of the discussion, an alternative algorithm is presented to improve the
determination of the UAV’s position and thus improve the accuracy of the determination of the
linear elements of the exterior orientation. Namely, for this purpose, SBAS corrections from the
EGNOS augmentation system [59] were applied to modify the observation equation in the SPP
code method. Equation (3) is used to improve the SPP code positioning with SBAS corrections
and, for the purpose of the present study, defines test method No. 3. From equation (3), the
XYZ geocentric coordinates of the UAV position are determined, and then the approximate linear
elements of the external orientation are calculated according to equation (4). Subsequently, the
accuracy parameters (dXdYdZ) are determined according to equation (4). Figures 10-12 compare
the parameters (dXdYdZ) determined from test method No. 1 and 3. Test data from the first test
area of flight No. 1 were used in the comparative analysis. The accuracy of determination of
the parameters (dXdYdZ) using test method No. 1 is discussed and presented in Section 5 of

0.5 4

0.5 4

Accuracy [m]
1

dX (GPS vs RTK)
dX (SBAS vs RTK)

T T T
35800 36 000 36 200 36 400 36 600 36 800
Time of observations [s]

Fig. 10. Accuracy of linear elements of exterior orientation along the X-axis in the 2" flight test.
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this paper. On the other hand, the accuracy of the determination of the parameters (dXdYdZ)
using test method No. 3 ranges from —0.755 m to +1.843 m along the X axis, from —0.499 m
to +1.658 m along the Y axis, from —2.126 m to +7.930 m along the Z axis, respectively. And
further, the application of EGNOS corrections in the SPP code method allowed to increase the
accuracy of the determination of the linear elements of the exterior orientation by respectively:
48% along the X-axis, 38% along the Y-axis and 77% along the Z-axis relative to the results
obtained for test method No. 1.

dY (GPS vs RTK)
dY (SBAS vsRTK)

Accuracy [m]

T T T T
35 800 36 000 36 200 36 400 36 600 36 800

Time of observations [s]

Fig. 11. Accuracy of linear elements of exterior orientation along the Y-axis in the 2" flight test.

6 dZ (GPS vs RTK)
dZ (SBAS vsRTK)

Accuracy [m]
N

T T T T
35800 36 000 36 200 36 400 36 600 36 800

Time of observations [s]

Fig. 12. Accuracy of linear elements of exterior orientation along the Z-axis in the 2" flight test.

Similarly to method No. 2, the use of method No. 3 to improve the determination of UAV
coordinates and at the same time improve the accuracy of the determination of the linear elements
of the exterior orientation is reasonable in practice. As the test results show, test methods No. 2
and 3 have proven to be effective in photogrammetric applications. This is particularly relevant
when using single-frequency GPS receivers and code-based positioning algorithms for UAV
technology. A summary comparison of the obtained accuracy results of the linear elements of the
exterior orientation in flight test in the first test area is shown in Table 1.

453


https://doi.org/10.24425/mms.2023.146423

www.czasopisma.pan.pl P N www.journals.pan.pl

=
~—

K. Krasuski et al.: ALGORITHMS FOR IMPROVING THE POSITION DETERMINATION OF AN UAV EQUIPPED.. ..

Table 1. Comparison of accuracy of linear elements of exterior orientation based on three research methods

Accuracy parameter Method No. 1 Method No. 2 Method No. 3

dx -2.899 mto+2.796 m | +0.123 mto +2.088 m | —0.755 m to +1.843 m
dy -0.622 mto +4.099 m | —0.377 mto +1.547 m | —0.499 m to +1.658 m
dz -7.585mto+4.017m | —=1.491 mto +3.712m | —2.126 m to +7.930 m

6.3. Comparison of research results obtained with reference to the state-of-the-art analysis

The third part of the discussion compares the obtained research results in the context of the
current state of knowledge. Based on the results, it can be concluded that:

— the use of IGS products in the SPP code method improved the UAV positioning accuracy
quite significantly, similarly to the work [46],

— the use of SBAS corrections in the SPP code method improved UAV positioning accuracy
quite significantly, similarly to the studies [25,26],

— the accuracy of the determination of the approximate elements of the exterior orientation
was determined in this work, similarly to the works [12],

— the obtained final UAV positioning accuracy due to IGS products and SBAS corrections is
higher than the accuracy results shown in papers [24,25],

— the algorithms developed in this work could potentially be used in the studies [27,31,33—
35,39,43,44].

7. Conclusions

This article presents the results of experimental research and numerical analysis of UAV
position determination and determination of linear elements of exterior orientation for aerial
photogrammetry. The main objective of the research was to develop a methodology to improve
the accuracy of determining the linear elements of exterior orientation by using algorithms to
improve the position determination of a UAV equipped with a single-frequency GPS receiver.
For this purpose, the SPP code method algorithm modified with IGS service products, i.e., EPH
precision ephemeris, CLK precision clocks, the IONEX format, the DCB format, the ANTEX
format, was used. The developed algorithm was tested in two independent research experiments
performed with the UAV platform, on which an AsteRx-m2 UAS single-frequency receiver was
installed. Based on the analysis, it was found that the use of the SPP absolute positioning method
algorithm with IGS products improved the determination of the UAV’s position and improved the
accuracy of determining the linear elements of the exterior orientation. The use of IGS products
in the SPP code method made it possible to improve the accuracy of determining the linear
elements of exterior orientation to the level of about +2.088 m for X coordinate, +1.547 m for Y
coordinate, +3.712 m for Z coordinate. For the obtained results of the accuracy of determination
of linear elements of exterior orientation, trends of changes as a function of time were determined
in the form of a linear regression function. The paper also applied an alternative algorithm for
improving the determination of UAV positions and linear elements of exterior orientation based
on the use of SBAS corrections. In this case, the improvement in the accuracy of determining
the linear elements of exterior orientation is about +1.843 m for X coordinate, +1.658 m for Y
coordinate, +7.930 m for Z coordinate. Based on the results obtained, it can be said that the use
of IGS products and SBAS corrections in the SPP code method makes it possible to improve

454



the
pho

www.czasopisma.pan.pl P N www.journals.pan.pl
Y

Metrol. Meas. Syst.,Vol. 30 (2023), No. 3, pp. 441-459
DOI: 10.24425/mms.2023.146423

position determination of a UAV equipped with a single-frequency GPS receiver for use in
togrammetry. In addition, the presented research methods could be used:

— in aerial navigation for flight planning and flight trajectory correction in real time,

in geodesy for reduction and modelling the systematic biases in GPS observations,

in aerial transport for determination the accuracy parameter as one of factors of quality of
GPS satellite positioning,

in aerial photogrammetry for approximate orientation the block images,

in aerial photogrammetry in the initial phase of aerotriangulation processing.
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