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Abstract

Photogrammetric models constructed from unmanned aerial vehicle
(UAV) data are nowadays used for determining areas or volumes in
many scientific and practical applications. The presented study
discusses the possibility of direct georeferencing of
photogrammetric models based on onboard navigational GNSS. It is
widely expected that all UAV-derived data need to be
georeferenced with a sub-decimeter accuracy. The aim of the work
was to test whether it would not be enough to georeference
photogrammetric models only using navigation GNSS. Imagery
from several locations was wused for the construction of
photogrammetric models using GCPs or navigational GNSS only.
All models were transformed into the same coordinate system using
the same transformation key to facilitate comparisons. For the first
comparisons, a 7-element transformation was performed to facilitate
analysis of the systematic shift, rotation, and scale change between
the models. It confirmed that the scale change of the
photogrammetric model constructed using navigation GNSS data
only from that constructed using GCPs was very small, with a
maximum change of 2% (scale change of 0.98). The 7-element
transformation also revealed that the models are mutually shifted
and rotated. The tilts were below 2°, and the horizontal shifts are
consistent with the (in)accuracy of the navigational GNSS (the
highest deviation was 3.7m). The data were also transformed using
a 4-element transformation (shifted and rotated along the Z-axis) to
enable an analysis of the change of the shape. Subsequently, areas
and volumes of both point clouds were calculated; the differences in
volumes were below 10%, differences in areas even below 4%. For
analysis of local deformations on an extensive site, an airfield area
was used. The analysis of distances measured on an
orthophotomosaic of a relatively large area (9.5 km2) revealed a
mean absolute deviation between the GNSS and GCP data, which is
a surprisingly good result. This method is suitable for identifying
potential local deformations that can occur in photogrammetric
models in the spaces between GCPs. The reported experiments
demonstrate that the calculations of volumes and areas using only
onboard UAV GNSS navigation data can be sufficient for many
applications.
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Introduction

Photogrammetric models based on imagery acquired with unmanned aerial vehicles (UAVs) are currently
used for many practical and scientific applications. Such models can be used in the fields of geodesy and
cartography (Sedina et al., 2019),(Moudry et al., 2018), (Pukanska et al., 2014), (Kr$ak et al., 2016), (Blistan et
al., 2019), (Kovani¢, 2013), (Kovani¢ et al., 2020), civil engineering (Ridolfi et al., 2017),(Buffi et al., 2017),
agriculture (Tomastik et al., 2019), (Christiansen et al., 2017), ecology (Sun et al., 2017), (Ventura et al.,
2018),(Moudry et al., 2019), geohazard monitoring (Frastia et al., 2014),(Blistanova et al. 2014), (Blistanova et
al. 2015),(Blistanet al., 2016), (Jovancevi¢ et al., 2016), (Rossi et al., 2018), (Peppa et al., 2017), (Salvini et al.,
2018), (Kovacevic et al., 2018), (Kaufmann et al., 2018), (Vivero and Lambiel, 2019), environmental
applications (Duré et al., 2018), (Padr6 et al., 2019), (Urban et al., 2019), etc.Only models obtained by 3D
scanning can be compared with these photogrammetric models in detail and quality, e. g. (Blistan et al., 2020),
(Ktemen, 2018), (Vaskova, 2016), (Kfemen and Koska, 2016), (Pukansk4 et al., 2020).

A photogrammetric model is in principle scale-free, unoriented, and unplaced in the space. It must be
georeferenced and scaled for practical use, which is, most commonly, being done using ground control points
(GCPs). Many studies with practical experiments and tests focusing on the accuracy of the resulting
photogrammetric model depending on the number and location of GCPs were published, for example, (Rangel et
al., 2018), (Aguera-Vega et al., 2016), (Sanz-Ablanedo et al., 2018), (Ferrer - Gonzdlez et al., 2020). It is also
possible to georeference the model using only data from onboard sensors (most commonly, gyroscopes and
GNSS-RTK receiver). Nevertheless, the use of solely GNSS RTK data is associated with certain problems with
internal orientation elements (gtroner et al., 2020), (Przybilla et al., 2020), and for this reason, even such data are
usually used only in combination with GCPs (Taddia et al., 2020), (Santise et al., 2014), (Forlani et al., 2018),
(Forlani et al., 2019).

As mentioned above, research of direct georeferencing mostly focuses on GNSS-RTK data with expected
centimeter accuracy (Stroner et al., 2013). However, a vast majority of UAVs are equipped just with a GNSS
receiver capable of providing data with navigational accuracy only (i.e., approx. 5m). Although this accuracy in
itself is relatively low, it is necessary to take into account several factors. The first is a large number of photos
(typically hundreds to thousands) with high overlap. The second fact that must be taken into account is that in
the unreferenced photogrammetric model, we are not speaking of each point's absolute accuracy within a
coordinate system but rather a differential accuracy between individual points of the model, which can be
estimated to be approx. 0.5 m for differences between any two individual points. In the case of a model
consisting of a high number of photographs and coordinates, the overall accuracy of the model can be expected
to be better — ideally, it should be the original accuracy multiplied by 1N(n') (where n' is the number of
redundant values — photographs for the transformation of the model into the coordinate system). In reality,
accuracy could be sufficient for many applications (Moudry et al., 2018).

The aim of this study was to determine the achievable accuracy and usability of photogrammetric models
created using the Structure-from-Motion (SfM) technique from photographs taken with a UAV with an onboard
navigation GNSS receiver. This type of UAVs is widely available on the market (for example, DJI drones
Phantom 4, Mavic, and many others), cheap, and widely used.The evaluation was performed from the
perspective of the scale change of the model, area, and volume determined from the model. All these are
common applications of remote sensing technologies that do not require a geodetic accuracy of georeferencing.

Material and Methods

The evaluation utilized data acquired from UAVs with an onboard navigational GNSS receiver. GCPs were
stabilized and georeferenced in the areas of interest using a GNSS-RTK receiver. From these data, two
photogrammetric models were calculated for each location, one using GCPs, the other using onboard GNSS data
only.

To ensure data homogeneity, coordinates in the WGS-84 provided by the GNSS receiver were transformed
into the local S-JTSK and Bpv coordinate systems, which are mandatory in the Czech Republic, using the same
transformation key, which prevented any changes in the size or shape.

Data used for testing

The evaluation utilized data from various projects utilizing two different UAVs with two cameras (Tab. 1).
Data for evaluation were cropped from the full model in a way allowing a meaningful calculation of area and
(especially) volume. For these purposes, the imagery of the study areas 1-4 with a high altitudinal difference was
acquired using a rotary wing UAV, while the evaluation of dimensions only was performed from imagery
utilizing a fixed-wing UAV.
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Tab. 1 Used UAVs, cameras, and overlap

Study area UAV Camera Camera Resolution Front and side overlap
1-4 DJI Phantom 4 Pro FC6310 5472 x 3648 60 %
5 SenseFlyeBee S.0.D.A 5472 x 3648 60 %

In all locations, GCPs were placed (in figures marked by red dots) and georeferenced using GNSS RTK
(Trimble Geo XR) with the accuracy of GCP 0.03 m. Photogrammetric models were calculated in the Agisoft
Metashape v. 1.6.3.

Study area 1

On this site, a part of the railroad embankment was chosen as the analyzed area (Fig. 1). The total size of
the area of interest is 100 x 100 m, with the elevation difference of approximately 16 m. Four GCPs were placed
in the corners of the area of interest. Altogether, 131 photos were taken, 1 pixel corresponded to approx. 0.01 m
(ground sample distance GSD). The altitude of the flight above the terrain was between 20 mand 50 m due to its
height diversity; in addition to automatic flight with the lens axis vertically downwards, additional manual
imaging was also performed with the lens axis perpendicular to the terrain.The mean GCP residual deviation
(total error in Metashape) of the photogrammetric model calculation was 0.016 m.

Fig. 1 — Study area 1 (left - entire study area; right — analyzed area) — isometric view

Study area 2

On this site, we measured the railroad embankment volume (Fig. 2). The total size of the area of interest is
117 x 185 m, with the elevation difference of approximately 15 m. Eight GCPs were placed on the perimeter as
well as on top of the embankment. Altogether, 119 photos were taken, 1 pixel corresponded to approx. 0.02m.
The altitude of the flight above the terrain was between 30 mand70 m due to its height diversity; in addition to
automatic flight with the lens axis vertically downwards, additional manual imaging was also performed with the
lens axis perpendicular to the terrain.The mean GCP residual deviation of the photogrammetric model
calculation was 0.034 m.

Fig. 2 — Study area 2 (left - entire study area; right — analyzed area) — top view
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Study area 3

This site is a deep cutting with a railroad track (Fig. 3). The total size of the area of interest is 1390 x 141 m,
with the elevation difference of approximately 22 m. 16 GCPs were placed in the area of interest, 15 of which
were placed at the perimeter and one in the middle of the area to be analyzed. Altogether, 306 photos were taken,
1 pixel corresponded to approx. 0.02 m. The altitude of the flight above the terrain was between 50 mand70 m,
automatic horizontal flight with the lens axis vertically downwards was performed. The mean GCP residual
deviation of the photogrammetric model calculation was 0.032 m.

Fig. 3 — Study area 3 (left - entire study area; right — analyzed area) — isometric view

Study area 4

This site is located on the slope with a landslide (Fig. 4). The total size of the area of interest is 100 x 60 m,
with the elevation difference of approximately 18 m. Six GCPs were placed on the perimeter of the landslide and
used for georeferencing of the photogrammetric model. Altogether, 207 photos were taken, 1 pixel corresponded
to approx. 0.01 m. The altitude of the flight above the terrain was between 30 mand80 m, due to its height
diversity; in addition to automatic flight with the lens axis vertically downwards, additional manual imaging was
also performed with the lens axis perpendicular to the terrain. The mean GCP residual deviation of the
photogrammetric model calculation was 0.018 m.

35m
_

Fig. 4 — Study area 4 (left - entire study area; right — analyzed area) — isometric view

Study area 5

The site is one of a small airfield (Fig. 5). 26 GCPs were uniformly distributed throughout the area and used
for georeferencing. The size of the area is approx. 3,800 x 2,500 m, elevation difference approx. 7 m. 4,124
images were acquired, the pixel size was approx. 0.03 m. The altitude of the flight above the terrain was about
100 m, automatic horizontal flight with the lens axis vertically downwards was performed. The mean GCP
residual deviation of the photogrammetric model was 0.010 m. Due to the area size, no volume calculations were
performed here and, hence, the whole area was analyzed from the perspective of dimensions only.
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Fig. 5 — Study area 5 (the whole model) — top view

Data processing

All images contain information about the position of acquisition from the UAV GNSS receiver with an
accuracy of approx. 5 m in the WGS84 coordinate system. The coordinates were transformed into the S-JTSK
(position) and Bpv (elevation) coordinate system of the Czech Republic to distinguish the positional and
altitudinal components and express the characteristics in meters. A global transformation key without additional
secondary (local) transformations was used to maximize the data homogeneity.

The acquired imagery was transformed into point clouds always in two variants; the first model was created
using the standard method with GCPs (hereinafter called GCP model), and the other model (hereinafter GNSS
model) was created using the navigational UAV GNNS data only.

Data point clouds of the first four sites were cropped to include the same area of analysis for both GCP and
GNSS models; the areas were delimited using the GCPs (outer edges of the targets), forming a convex area (Fig.
1 — 4, left — the entire model of the site; right — the "cropped" analyzed area).

The data of the airfield site (Study area 5) were for both the GNSS and GCP models transformed into
orthophoto images, in which 32 identical horizontal distances between clearly identifiable points were measured
(Fig. 6). These were subsequently compared to analyze the differences between both models (model
deformations).
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Fig. 6 — The measured distances in the Study area 5 (measured distances marked by yellow lines)

Accuracy assessment

Each tested site was represented by point clouds calculated with GCPs (GCP model) and with GNSS data
only (GNSS model) in the same coordinate system (position in S-JTSK and elevation in Bpv). For analysis of
the resulting point clouds, a 7-element spatial transformation was calculated to define the mutual rotation in the
Rotation matrix R (three angles of rotation around the three coordinate axes @, B, J), scale change (coefficient
m), and a systematic shift of the coordinates (coefficients T, Ty, 7). Mathematically, the transformation can,
therefore, be written as:

X x Ty
<Y>=m-R(a,[)’,y)-<y>+<Ty>, (1)
Z Z T;

where the X, Y, Z are the coordinates of the GCPs in the point cloud constructed with GCPs and x,y,z are
coordinates of GCPs (or, in this case, checkpoints) calculated from the GNSS model.

The resulting coefficients show the global mutual rotation of both point clouds, their global systematic
shifts, and the scale change. These data were used for the assessment of the overall agreement between the
models.

In addition, to be able to evaluate other deformations of the photogrammetric model and resulting practical
usability of the GNSS-derived model, a 4-element transformation was performed, in which only the rotation
around the Z-axis and systematic shifts in three axes (T, Ty, T coefficients) were calculated. The models' scales
and tilt were not changed to fit each other, which allowed us to analyze the scale change and differences between
results calculated from these two models. RMSD (root mean square difference) in individual axes was chosen as
the measure of the (dis)agreement between the models. An additional 4-element transformation was also
performed using the iterative closest point (ICP) algorithm applied to the full point clouds. Hereinafter, we will
use the terms ICP transformation and GCP transformation to describe these two methods.

Subsequently, the areas and volumes of the Study areas 1-4 were compared. Volumes were calculated
relative to a flat, strictly horizontal plane intersecting the lowest point of the analyzed area. The four-element
transformation was used to analyze local deformations of the models on the volume calculated from the point
clouds. The two models of each site were intersected, and the volumes of added and removed material were
determined.
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The volume and area calculations were performed in CloudCompare ver. 2.11.0, using the raster method
(gtroner, 2019),. The above described coordinate transformations were performed in the same software.

In Study area 5 (Airfield), where there is a high amount of data and the terrain is not rugged, horizontal
distances of identical points were determined on the orthophotomosaic of both GCP and GNSS models to reveal
potential local deformations of the models in the areas between GCPs that might not be detected during the
global transformation. As the photogrammetric model's character is generally elastic, it was necessary to verify
whether individual models do not deviate from each other at points that are at greater distances from GCPs. This
comparison was performed directly in Agisoft Metashape.

Results
Global agreement of the point clouds (7-element transformation)

The 7-element transformation results allow us to perform a global comparison of the point clouds
constructed using GCPs and GNSS. Tab. 2 shows that the scale change is very close to 1, and the positional
shifts are (except for the Z-axis) within the expected navigational GNSS boundaries. The large shift in the Z-axis
is caused by the setup of the DJI UAV, which records information about the relative altitude above the starting
point rather than absolute Z-coordinates in the WGS84 coordinate system. In Study area 5, where the eBee UAV
was used, even this information was within the expected GNSS accuracy. The rotations of the models around
individual axes (yaw, pitch, roll) are, similar to the systematic shift, within the expected limits of the GNSS
accuracy.

Tab. 2 — Comparison of individual site modelsusingthe 7-element transformation

Study area Max. Seale Scale Systematic shift Rotation around axes
(analyzed dimension change change T, T, T. X Y V4
part) [m] effect [m] [m] [m] [m] [°] [°] 0

1 44 0.98291 0.75 0.690 0.348 184.337 0.332 0.630 0.569
2 120 1.00244 0.30 1.509 2.738 22.935 1.387 2.318 0.421
3 1210 1.00043 0.52 0.154 1.716 18.707 0.609 0.366 0.704
4 27 0.97955 0.55 0.019 0.271 114.098 0.011 0.596 0.390
5 3800 0.99997 0.11 2.178 0.960 0.398 0.038 0.050 0.021

Analysis of the point cloud deformations (4-element transformation)

Analysis of the 4-point transformation allows us to evaluate the internal agreement of the point clouds
expressed as the root mean square error in space (RMSDxyz). Tab. 3 shows higher deviations in the study areas
2 (where the 7-element transformation also indicated the highest deviations) and 3 (a very long site where even a
slight tilt causes high positional differences between the point clouds. Tab. 3 also shows the characteristics of the
elevation-specific component of the differences (RMSD,), demonstrating that the Z component contributes the
most to the global RMSDyy7. Due to the character of the comparison, the RMSD values in the X and Y axes are
not relevant.

Tab. 3 — RMSDs at individual sites after the 4-element GCP transformation

Area | GCP transformation | ICP transformation
Study area Number of
(analyzed part) GCPs [m2] RMSDyy; | RMSD; | RMSDxy; | RMSD,
[m] [m] [m] [m]

1 4 875 0.464 0.338 0.168 0.203

2 8 6418 1.359 1.244 0.587 0.569

3 16 37278 | 2.485 1.277 0.993 0.893

4 6 421 0.328 0.457 0.074 0.128

The 4-point transformation can be highly affected by the number and position of the GCPs (that are usually
placed on the edge of the analyzed area). The ICP (Iterative Closest Point) algorithm was used as an alternative
transformation, and the results were evaluated to remove this problem. In Table 3, RMSDyy; and RMSD; are
presented; the deviation values are notably smaller at all sites than in the case of the GCP transformation. A
comparison between sites again shows the highest deviations (associated with the highest tilt) in the Study areas
2 and 3 with a high contribution of the deviation in the Z-axis.
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Comparison of the volume and area

Tab. 4 shows the comparison of the volumes calculated from GCP and GNSS point clouds. The relative
difference is at most 10 %, indicating that the use of simple navigational GNSS without GCPs could be
sufficient for many applications.

Tab. 4 — Comparison of volumes calculated using GCPs and GNSS point clouds

Study area GCP | GNSS | Difference | Relative difference
(analyzed part) | [m’] | [m’] [m’] [%]
1 7906 8387 481 6
2 76532 | 84405 7873 10
3 373029 | 411562 | 38533 10
4 3216 3465 249 8

The comparison of areas calculated from GCP and GNSS point clouds is shown in Tab. 5. Here, the
maximum relative difference is even smaller (4% at the most). Similar to the volume calculation, the area
calculation also depends to a large degree on the tilt of the model as the area is defined as the projection of the
model on the horizontal plane. Altogether, the influence is, however, less pronounced when calculating areas.

Tab. 5 — Comparison of areas calculated using GCP and GNSS point clouds

Study area GCP | GNSS | Difference | Relative difference
(analyzed part) | [m*] | [m?] [n’] [%]
1 875 899 24 3
2 6418 | 6364 54 1
3 37278 | 36267 1011 3
4 421 437 16 4

Differential volume analysis of the point clouds

Differential volume analysis after a 4-element transformation indicates the influence of the tilt and scale
change (resulting, for example, in the change of the horizontal reference plane due to a different lowest point in
individual models) of the GNSS model relative to the GCP model. Tab. 6 demonstrates that from the volume
analysis perspective, all corresponding models are mutually rotated (tilted) and that the differences are directly
proportional to the size of the analyzed study area. The highest RMSD after the 4-element transformation was
observed for Study area 3. A closer look at the Added and Removed volumes shows that almost all volume in
this area is Removed, which implies that the GCP transformation (using GCPs on the perimeter only) may be
unsuitable as it disregards the situation inside the area properly.

Tab. 6 — Differential volume analysis of the GCP and GNSS point clouds using GCP transformation

Study area ?reza Addf d Rem%ved Diffe rfnce AZEI;’; r};illcgeh '
m’] [m’] [m’] [m’] m]
1 875 138 36 102 0.12
2 6418 4266 1355 2911 0.45
3 37278 17 48152 48135 129
4 421 18 19 1 0.00

Results of volume analysis using the ICP algorithm are presented in Tab. 7. All added/removed volumes are
smaller than in the case of the GCP transformation, which indicates that the ICP method is more suitable for this
purpose. The ratio of the added and removed volumes can indicate where the models intersect.

Tab. 7 — Differential volume analysis of the GCP and GNSS point clouds using the ICP transformation

Study area Areza Addfd Rem(;ved Diﬂerfnce A/;ei?fzr};lf:t
[m’] [m’] [m’] [m’] CIm]
1 875 77 86 9 0.01
2 6418 809 2429 1620 0.25
3 37278 13485 21622 8137 0.22
4 421 17 14 3 0.01

368



Rudolf URBAN et al. / Acta Montanistica Slovaca, Volume 25 (2020), Number 3, 361-374

Fig. 7 shows the elevation differences of Study site 1 between the GCP and GNSS models, using the ICP
algorithm transformation. Fig. 8 then shows which of the GNSS (blue) and GCP (red) models is on top in the
individual pixels; the figure on the left shows data after the 4-element transformation using GCPs, the one on the
right shows the same after transformation using the ICP algorithm. It is obvious that the transformation on GCPs
takes into account only differences at the GCPs while the ICP transformation works with the entire surface and
the fit of the areas is, therefore, better. The data in Tab. 6 and 7 correspond with this graphic depiction.

0.500000
0.437500

0.375000

0.312500

0.250000

0.187500

0.125000

0.062500

0.000000

-0.062500
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0187500 ||

-0.250000

/ % -0.312500
Y -0.375000

-0.437500
-0.500000

AR 3 - m

S models — Study area 1, ICP transformation (in meters)

Fig. 8 — Depiction of the model intersections; left — transformation using GCP, right — transformation using the ICP algorithm; red — GCP-
transformed model on top, blue — ICP-transformed model on top

Longitudinal deformation at the Study area 5

A comparison of the distances at the Study area 5 (Airfield) is shown in Tab. 8. The maximum deviation
was 7%, and the mean relative difference (calculated from absolute values) was 1.3% of the nominal distance
values (the maximum detected difference was 0.044 m). The mean difference was -0.003 m, the mean difference
calculated from absolute values was 0.016 m, and the sample standard deviation was 0.020 m.
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Tab. 8 — Longitudinal deformations of the Airport model

, GCP model | GNSS model | Difference Difference

Distance No m] m] m] [%]
1 127.464 127.445 0.019 0.01
2 28.428 28.420 0.008 0.03
3 43.197 43.217 -0.020 -0.05
4 47.213 47.227 -0.014 -0.03
5 77.405 77.403 0.002 0.00
6 56.305 56.294 0.011 0.02
7 84.205 84.201 0.004 0.00
8 76.329 76.355 -0.026 -0.03
9 87.196 87.186 0.010 0.01
10 689.888 689.886 0.002 0.00
11 102.436 102.452 -0.016 -0.02
12 160.077 160.086 -0.009 -0.01
13 181.450 181.440 0.010 0.01
14 54.419 54.401 0.018 0.03
15 42.721 42.690 0.031 0.07
16 404.616 404.620 -0.004 0.00
17 327.846 327.842 0.004 0.00
18 406.210 406.193 0.017 0.00
19 94.741 94.749 -0.008 -0.01
20 117.850 117.858 -0.008 -0.01
21 158.074 158.099 -0.025 -0.02
22 250.154 250.115 0.039 0.02
23 210.751 210.734 0.017 0.01
24 990.487 990.531 -0.044 0.00
25 448.795 448.806 -0.011 0.00
26 268.641 268.644 -0.003 0.00
27 441.688 441.676 0.012 0.00
28 216.642 216.672 -0.030 -0.01
29 264.819 264.857 -0.038 -0.01
30 177.989 177.984 0.005 0.00
31 440.092 440.114 -0.022 0.00
32 585.777 585.803 -0.026 0.00

These values demonstrate that positionally, the GNSS photogrammetric model fits the GCP model very
well. No significant local positional deformations were found in the GNSS model. Taking the GSD of 0.03 m
into account, we can consider the GNSS a suitable method for local area calculations.

Discussion

Measuring surfaces and areas is currently a common application of (not only) civil engineering geodesy
utilizing UAVs and the photogrammetric SfM method. The standard approach is to use GCPs georeferenced
using a terrestrial GNSS-RTK receiver. The required accuracy of the determined volumes and areas is usually
not high; for this reason, we have undertaken an experiment in which these values were calculated solely from
the navigational GNSS data recorded by the UAV during image acquisition.

Five study areas differing in character, slope, and size were analyzed. For each site, a point cloud was
calculated using GCPs as well as GNSS only data, and the point clouds were compared. First, a 7-element
transformation was applied to the GNSS model to fit the GCP model (yielding 3 rotation axes, 3 systematic
shifts, one in each axis, and the scale change). In addition, a 4-element transformation was calculated,
determining only the rotation around the Z-axis and 3 systematic shifts (only applied on the 4 smaller sites).
Results from the 7-element transformation show that the scale change is close to 1 in all sites and that the
positional shifts, as well as rotations, are within the expected GNSS accuracy. Only the shift in the Z-axis is high
in the case of the UAV produced by DIJI as the data from their system record elevation above the starting site,
not an absolute elevation. This, in effect, prevents users of DJI UAVs from combining data from more than one
flight without using GCPs.

Two algorithms of the 4-element transformation were used. The first one used only GCP targets in the point
clouds as these points are easy to identify. The second transformation used the ICP algorithm, i.e., a
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transformation of point clouds throughout their whole surfaces. The results of both methods are consistent with
the navigational accuracy. The method utilizing GCP targets showed worse results than ICP as the GCPs were
placed only on the analyzed area's perimeter.

A comparison of the volumes and areas calculated using GNSS and GCP models was the most important
part of the experiment. The volume calculations differed at most by 10%, which is, considering the typical
accuracy requirements, sufficient for many applications. In the case of the area calculations, the results were
even better — the relative difference did not exceed 4%. An additional differential volume analysis revealed that
the GNSS model did not suffer from local deformations but the differences were caused by the tilt of the entire
model. The 4-element transformation using the ICP algorithm provided better results in this respect. The last
comparison of the point clouds was performed on a large site of an airfield (9.5 km* compared to the smallest
site of only 0.037 km?) where distances between points clearly identifiable from the orthophotomosaics were
compared. Due to the extent of the area, data were acquired using multiple flights of a fixed-wing UAV. The
differences of the measured distances between the GCP and GNSS models were characterized by the mean
difference of 0.003 m, mean difference of absolute values of 0.016 m, and the sample standard deviation of
0.020 m. Considering the GSD of 0.03m, these differences are very small. The mean absolute deviation was 1.3
%, which means that no significant local deformations were present in the GNSS model throughout the area.

Conclusions

It is widely expected that all UAV-derived data need to be georeferenced with a sub-decimeter accuracy.
We believe that this is not true and that for some applications, such as area and volume calculations, the accuracy
of the navigational GNSS is sufficient.

Using a 7-element transformation, we confirmed that the scale change of the photogrammetric model
constructed using GNSS data only from that constructed using GCPs was very small, with a maximum change of
2% (scale change of 0.98).

The 7-element transformation also revealed that the models are mutually shifted and rotated. The tilts were
below 2° and the horizontal shifts are consistent with the (in)accuracy of the navigational GNSS (the highest
deviation was 3.7m). However, the elevation difference when using navigational GNSS data only can be much
higher when using UAVs produced by DJI, which is not due to the errors in measurement but due to the method
their UAVs store the altitude data (not as absolute elevation but as a relative elevation above the starting point,
which is considered the O elevation). For this reason, navigational GNSS mounted on UAVs produced by DJI
cannot be used for direct absolute georeferencing, which was, nevertheless, expected.

The analysis of distances measured on an orthophotomosaic of a relatively large area (9.5 km?) revealed a
mean absolute deviation between the GNSS and GCP data, which is a surprisingly good result. This method is
suitable for identifying potential local deformations that can occur in photogrammetric models in the spaces
between GCPs. No such local deformations were, however, found here.

We have also found out that the areas calculated from the GCP and GNSS models differ only slightly
(maximum of 4%). Similarly, volumes differed by no more than 10%. Considering that only navigational data
with the accuracy of only approx. 5 m were used for georeferencing, this comparison is very favorable for
GNSS. These differences are small, and for many applications, the accuracy is sufficient to justify
georeferencing using navigational GNSS only, without using GPCs.
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