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ABSTRACT
Unmanned aerial vehicles (UAVs) equipped with global navigation
satellite system-real-time kinematic (GNSS RTK) receivers allow dir-
ect georeferencing of the photogrammetric project without using
ground control points (GCPs). However, it is necessary to establish
the correct methodologies to reduce the errors inherent in these
systems, i.e. to reduce the systematic error of the elevation data.
For this purpose, multiple GNSS fixed base stations have been
used simultaneously. The results showed how the fact of using
different bases and averaging their corrections allows to obtain
results that improve the altimetric accuracy without the need to
use GCPs or oblique photographs. For flight altitudes of 50 m,
improvements in altimetric accuracy of 14% were obtained, while
for flight altitudes of 70 and 90 m, the improvements in altimetric
accuracy reached 35%. Regarding planimetric accuracy, no signifi-
cant improvements have been found. However, the total errors
are similar to those obtained with various combinations of GCPs
and closed to the ground sampling distance (GSD) of the photo-
grammetric project.
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1. Introduction

The increasing interest in recent years in unmanned aerial vehicles (UAVs) by the scien-
tific community, software developers and geomatics professionals has led to these systems
being used more and more widely in different fields of engineering and architecture (Liu
et al. 2014; Yao et al. 2019). Indeed, uses have been described such as precision agricul-
ture (Fernando et al. 2018; Grenzd€orffer et al. 2008; Huang et al. 2019; Meinen and
Robinson 2020; Sankey et al. 2021), forestry studies (Akar 2018; Hartling et al. 2021;
Navarro et al. 2020; Puliti et al. 2017; Tian et al. 2017), fire monitoring (Carvajal-Ram�ırez,
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da Silva, et al. 2019; Yuan et al. 2015), archaeology and cultural heritage (Carvajal-
Ram�ırez, Navarro-Ortega, et al. 2019; Doumit 2019; Mart�ınez-Carricondo et al. 2019;
P�erez et al. 2019), environmental surveying (Brunier et al. 2020; Eltner et al. 2013; Piras
et al. 2017), mining (Blistan et al. 2020; Kr�s�ak et al. 2016; Park and Choi 2020) traffic
monitoring (Kanistras et al. 2015; Salvo et al. 2014) and 3D reconstruction (Pavlidis et al.
2007; P€uschel et al. 2008; Themistocleous et al. 2016). UAV photogrammetry combined
with the structure from motion (SfM) technique is an excellent method for the mapping
and creation of point clouds, digital terrain models (DTMs), digital surface models
(DSMs) and orthophotos (Ag€uera-Vega et al. 2018; Mart�ınez-Carricondo et al. 2018;
Stefanik et al. 2011). SfM is a photogrammetric technique that automatically solves the
geometry of the scene, the camera positions and the orientation without requiring a pri-
ori specification of a network of targets that have known 3D positions (Snavely et al.
2008; Vasuki et al. 2014). In contrast to classic aerial photogrammetry, which required
rigorous flight planning and pre-calibration of the cameras (Kamal and Samar 2008),
SfM provides simplicity in the process, with no need for exhaustive planning (although
it is recommended if precise results are required) or the calibration of cameras, even
though images from different cameras can be used. The result of processing this algo-
rithm is a point cloud without scale or orientation whose georeferencing can be obtained
by direct methods (through the use of photographs with EXIF data) or by indirect meth-
ods using ground control points (GCPs), the position of which has previously been
measured by any accurate surveying means (Hugenholtz et al. 2016). Thus, the applica-
tion of UAV photogrammetry in the field of civil engineering can be situated between
techniques based on photogrammetry from images taken from conventional aircraft and
techniques using classic terrestrial systems, representing an economically viable alterna-
tive. In many of such cases, UAVs are more competitive because they require less time
for data acquisition and, in addition, they represent a significant cost reduction com-
pared with the use of classic manned aircraft (Aber et al. 2010). Therefore, UAV photo-
grammetry simplifies the work, makes it faster and improves the quality, though the
resulting model accuracy depends on many circumstances, such as the camera pitch
(Nesbit and Hugenholtz 2019; Vacca et al. 2017), the configuration and number of GCPs
(Ag€uera-Vega et al. 2017; Elkhrachy 2021; Sanz-Ablanedo et al. 2018), the flight trajec-
tory (Gerke and Przybilla 2016), image overlap (Gerke et al. 2016), the camera calibra-
tion method (Forlani et al. 2020; Jon et al. 2013) and the quality of the global navigation
satellite system (GNSS) signal processing (Padr�o et al. 2019; Tahar and Kamarudin 2016)
or software used for reconstruction (Jaud et al. 2016). The products resulting from the
photogrammetric process have traditionally been evaluated through the use of check-
points (CPs), measured accurately beforehand, which allow estimation of the deforma-
tions of the model obtained (Koska and K�remen 2013; K�remen 2019). However, in order
to obtain accurate models, it is very important to correctly determine the external and
internal orientation parameters of the camera, which have traditionally been solved by
using GCPs (indirect georeferencing) during the photogrammetric process (Ferrer-
Gonz�alez et al. 2020).

Currently, there is a move to simplify this process by direct georeferencing of the
photogrammetric project. This requires UAVs equipped with an onboard GNSS-real-time
kinematic (RTK). This equipment makes it possible to correct the positions of the cam-
eras at the moment of the shot with centimetric precision, making it possible to dispense
with the use of GCPs to georeference the photogrammetric model (�Stroner et al. 2021;
Toma�st�ık et al. 2019; T€urk et al. 2022; �Zabota and Kobal 2021) through GNSS-assisted
block orientation techniques (assisted aerial triangulation [AAT]), traditionally used in
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aerial photogrammetry for many years (Mirjam et al. 1998). If the correction of the cam-
era’s location data at the time of shooting is done a posteriori, we refer to post-processed
kinematic (PPK) mode, but the photogrammetric process remains the same. This is a
great advantage in terms of time and risk savings in inaccessible areas. Studies such as
(Cledat et al. 2020) allow to predict the mapping quality from the information that is
available prior to the flight, such as the flight plan, expected flight time, approximate
DTM, prevailing surface texture and embedded sensor characteristics.

With this methodology, the accuracy of the resulting model should be similar to that
of GNSS RTK/PPK and around one to two times the ground sampling distance (GSD)
according to (Santise et al. 2014; Zeybek 2021), but if we review the scientific literature,
we find mixed results. For example, research by Peppa et al. (2019), Taddia et al. (2020)
and Urban et al. (2020) concluded that this methodology produced systematically shifted
results on the Z-axis. On other occasions, the error obtained exceeded 10 cm (Canh et al.
2020; Ekaso et al. 2020; Forlani et al. 2018; Hugenholtz et al. 2016; �Stroner et al. 2020).
However, there seems to be a consensus that accuracy can be improved as at least one
GCP is used (Canh et al. 2020; Eker et al. 2021; �Stroner et al. 2020; Varbla et al. 2020).
Other studies have succeeded in reducing the Z-axis error by combining nadir and
oblique photography, leading to a better determination of the camera’s focal length and
thus of the internal orientation parameters (Los�e et al. 2020; Nesbit and Hugenholtz 2019;
�Stroner et al. 2021; Taddia et al. 2020). Other authors (Eker et al. 2021; Famiglietti et al.
2021) have carried out studies in which the influence of the type of reference station data
used has been evaluated; however, these studies did not analyse the influence of multiple
reference bases working simultaneously. There is, therefore, a gap in the scientific litera-
ture that has not been studied to date.

1.1. Objectives

This research aims to go a step further in the study of the accuracy of UAV photogram-
metry projects based on GNSS RTK on-board using simultaneously differential correc-
tions from multiple GNSS fixed base stations. The following methodology analyses this
novelty independently of the use of oblique images or GCPs.

2. Materials and methods

The methodology used in this work is shown in Figure 1.

2.1. Study site

The study site is located in Tabernas, a small town in the province of Almeria (Spain).
The south-west and north-east UTM coordinates (ETRS89 Zone 30) of this area are
(555.770, 4.102.860) and (556.098, 4.103.095), respectively. So the area of the plot was
328 m by 235 m, covering 7.70 ha. Figure 2 shows the location of the study area.

The choice of this area is based on its morphology and the proximity of a vertex of
the REGENTE geodetic network (Red Geod�esica Nacional por T�ecnicas Espaciales). The
elevation range of the study area is 60 m, varying from 440 to 500 m above mean sea
level (MSL). The vegetation in the area is of desert type, with no large trees and only
small shrubs. Figure 3 shows the morphology of the study zone.
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2.2. GNSS surveying of ground Control points

Before the photogrammetric flights were performed, a traditional GNSS survey was car-
ried out, materializing a total of 14 points distributed throughout the study site. All
these points were materialized by means of targets that allowed their later viewing from
the photographs taken by the UAV. The targets consisted of A3 size (420mm by
297mm) red paper on which was two black squares. Figure 4(b) shows a detail of one
of these targets. The three-dimensional (3D) coordinates of these points were measured
with a GNSS receiver working in RTK mode, with the fixed base station situated at the
geodetic vertex of the REGENTE network called Bardinales, shown in Figure 4(a). The
3D coordinates of the base are 555783.214, 4102976.657 and 502.927 m, respectively.
Horizontal coordinates are referred to UTM Zone 30 N (European Terrestrial Reference
System 1989, ETRS89), and the elevation is referred to the MSL using the EGM08
REDNAP geoid model. Both rover and base GNSS receivers were Emlid Reach RS2

Figure 1. Flowchart of the methodology used in this work.

Figure 2. Location of the study area. Coordinates are referred to UTM Zone 30 N (European Terrestrial Reference
System 1989, ETRS89).
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systems. For RTK measurements, these multi-band geodetic instruments have a manu-
facturer’s stated accuracy specification of ±7mm þ1 ppm horizontal RMS and ±14mm
þ1 ppm vertical RMS. As the distance between the base station and the study area was
approximately 200 m, the horizontal and vertical errors were around 7 and 14mm. In
addition, all targets were measured statically using a bipod by averaging all the observa-
tions received in the 60-second interval.

Once the topographic survey of the targets had been completed, the rover was
restarted as a second fixed base station. Thus, prior to the start of the flights, two fixed
base stations were available, Base 1 (located at the geodetic vertex of Bardinales) and
Base 2, located in the central area of the study area. Figure 5 shows the final location
status of the two bases and the 14 targets placed on the ground. The satellite constella-
tion was always good, with PDOP (position dilution of precision) values below three in
all flights.

Figure 3. Morphology of the study zone.

Figure 4. (a) Geodetic vertex of the REGENTE Network, named Bardinales; (b) Example of static target measurement
for this work.
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2.3. Image acquisition

The images used in this work were taken from a rotatory wing DJI Phantom 4 RTK UAV
with four rotors. This equipment has a navigation system using GPS and GLONASS. In
addition, it is equipped with a front, rear and lower vision system that allows it to detect
surfaces with a defined pattern and adequate lighting and avoid obstacles with a range
between 0.2 and 7 m. The Phantom 4 RGB camera is equipped with a one-inch, 20-mega-
pixel (5472 by 3648) sensor and has a manually adjustable aperture from F2.8 to F11. The
lens has a fixed focal length of 8.8mm and horizontal FOV of 84�. The technique of
acquiring photographs from a UAV comes from airborne photogrammetry on the aircraft,
in which a block of photographs is formed from parallel flight lines flown in a snake pat-
tern at a stable altitude with a constant overlap and a vertical camera angle (90�) (Martin
et al. 2016). The RTK system allows the storage of satellite observation data for PPK.

Three flights were performed at different altitudes: 50, 70 and 90 m, all measured from
the take-off point located in the upper part of the study area. All flights were planned and
executed automatically with DJI GS RTK application for the purpose of obtaining nadiral
photographs. Also, all flights were performed with passes in two perpendicular directions
in order to produce a full double grid. The 50-m flight consisted of a total of 366 photo-
graphs, with an equivalent mean GSD of 2.16 cm, arranged in seven longitudinal and 14
transverse passes. The flight at 70-m altitude consisted of a total of 195 photographs, with
an equivalent mean GSD of 2.84 cm, arranged in four longitudinal and 10 transverse
passes. The flight at 90-m altitude consisted of a total of 127 photographs, with an equiva-
lent mean GSD of 3.48 cm, arranged in four longitudinal and eight transverse passes. In
accordance with the flight altitude, the UAV speed and the light conditions at the time of
flight, the shutter speed was adjusted to minimize the effect of blurring on the images
taken. The camera was triggered every two seconds, and the flight speed was set to obtain

Figure 5. Final disposition of the control targets used in this work and of the two fixed base stations.
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forward and side overlaps of 70%. Figure 6 shows an example of the route followed by
the drone for the flight at a 50-m altitude.

2.4. Post-processed camera locations

Once the three photogrammetric flights were completed, the observation data stored in
the two GNSS fixed base stations (Base 1 and Base 2) were downloaded. The first step
consisted of converting these observation files to Receiver Independent Exchange Format
(RINEX) data using Emlid Studio software. In this way, we obtain from the .ubx file
extension the navigation and observations files of the bases in .22 P and .22O extensions,
respectively. The next step consisted of applying the differential corrections of the bases
to all the photographs obtained in the photogrammetric flight. This process was carried
out using ATygeo version 1.8 software, which allows the correction of the photograph
metadata from the drone navigation file (.obs) and the fixed base station observation and
navigation files. This process was carried out twice, the first time from Base 1 and the
second time from Base 2. Once the corrected metadata file was obtained from both bases,
a third correction was made by averaging the corrections obtained at Bases 1 and 2. In
this way, for each flight altitude, three sets of photographs with corrected metadata were
obtained: Base 1, Base 2 and Average B1 and B2.

2.5. Photogrammetric processing

The photogrammetric process was carried out using the software package Agisoft
Metashape Professional# version 1.6.1.10009. This software is based on the SfM algo-
rithm, and it obtains excellent results compared with other similar software (Sona et al.
2014; Zeybek and Serkan 2021). The photogrammetric processing consists of three main
steps. First, the alignment of the images is carried out by feature identification and feature
matching. Simultaneously, the software obtains internal and external camera orientation

Figure 6. Example of the route followed by the drone for the 50-m height flight.
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parameters, including non-linear radial distortion parameters. For this, the software only
needs to start from an approximate focal length value, which is extracted from the EXIF
metadata of the photographs. Different types of precision can be set, though in this work,
it was set to medium. At the end of this step, the positions of each of the cameras, their
orientation in space, the 3D coordinates of a sparse point cloud of the terrain and an esti-
mation of the camera calibration parameters are obtained. The second step consists of
referencing the sparse point cloud to an absolute coordinate system (ETRS89 and frames
in the UTM, in the case of this study) and densifying it to obtain a much more defined
model. This process was also executed with the quality of medium. Using the height field
method, the mesh is obtained from the dense point cloud. The third step applies a texture
to the mesh obtained in the previous step. Finally, the orthophoto is exported, and a grid
DSM can be generated from the point cloud. As the geolocation data of the photographs
has been obtained with high accuracy due to the GNSS RTK on board the drone, the
bundle adjustment can be carried out without the use of GCPs, i.e. by direct georeferenc-
ing. However, all studies performed with conventional GNSS suggest that increasing the
number of GCPs used during the camera calibration process for indirect georeferencing
allows optimal accuracies to be obtained (Mart�ınez-Carricondo et al. 2018; Sanz-Ablanedo
et al. 2018). Therefore, the 14 field targets could be used interchangeably as GCPs or as
CPs to evaluate the accuracy of the photogrammetric project. Under this approach, a total
of 54 photogrammetric projects were processed according to the combinations shown in
Table 1 and taking into account that for each possible combination, five repetitions were
performed (GCPs from one to five). Thus, 234 results were obtained.

2.6. Accuracy assessment

The accuracy of all photogrammetric projects was evaluated using the surveyed points
that had not been used for georeferencing (CPs), using the typical root mean square error
(RMSE) formulation (Mart�ınez-Carricondo et al. 2018). From this formulation, RMSEX,
RMSEY and RMSEZ were obtained, and finally, RMSET, which is the total error obtained
in the CP.

3. Results

Figure 7 shows the results obtained for the planimetric error of the photogrammetric
projects. For each flight height and for each correction base, from one GCP the graph
shows the average value of the five repetitions carried out. For the 50-m height and cor-
rections from Base 1, the error varied from 0.040 m without GCPs to 0.036 m with five
GCPs. For the 50-m height and corrections from Base 2, the error ranged from 0.043 m
without GCPs to 0.038 m with five GCPs. For the 50-m height and using both correction
bases, the error ranged from 0.040m without GCPs to 0.036 m with five GCPs. For the
70-m height and corrections from Base 1, the error ranged from 0.048 m without GCPs

Table 1. Summary of photogrammetric projects carried out.

Flying height (m) Fixed base station Number of GCPs used Repetitions

50 Base 1 0 –
70 Base 2 1 5
90 Average B1 and B2 2 5
– – 3 5
– – 4 5
– – 5 5
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to 0.036 m with five GCPs. For the 70-m height and corrections from Base 2, the error
ranged from 0.045 m without GCPs to 0.035 m with five GCPs. For the 70-m height and
using both correction bases, the error ranged from 0.046m without GCPs to 0.035m with
five GCPs. For the 90-m height and corrections from Base 1, the error ranged from
0.055m without GCPs to 0.036m with five GCPs. For the 90-m height and corrections
from Base 2, the error ranged from 0.050m without GCPs to 0.035m with five GCPs. For
the 90-m height and using both correction bases, the error ranged from 0.052m without
GCPs to 0.037 m with five GCPs.

Figure 8 shows the results obtained for the altimetric error of the photogrammetric
projects. For each flight height and for each correction base from one GCP onwards, the
graph shows the average value of the five repetitions carried out. For the 50-m height and
corrections from Base 1, the error had a fairly continuous behaviour, from 0.023m with-
out GCPs and reaching a maximum of 0.024 m for four GCPs. For the 50-m height and
corrections from Base 2, the minimum error was 0.018 m without GCPs, and there was a
maximum of 0.024 m for five GCPs. For the 50-m height and making use of the two cor-
rection bases, the minimum error was 0.018 m without GCPs, and the maximum was
0.025 m with four GCPs. For the 70-m height and corrections from Base 1, the error was
0.023 m without GCPs and a peak at 0.027 m with one GCP. For the 70-m height and
corrections from Base 2, an error of 0.026 m was obtained without GCPs, and it
decreased to 0.019 m with five GCPs. For the 70-m height and using both correction
bases, the minimum error was 0.016 m without GCPs, and the maximum error was
0.023 m with one GCP. For the 90-m height and corrections from Base 1, the maximum
error was 0.027 m without GCPs, and the minimum was 0.022 m for two GCPs. For the
90-m height and corrections from Base 2, the maximum error was 0.029 m without
GCPs, and the minimum was 0.019 m for two GCPs. For the 90-m height and making
use of the two correction bases, the minimum error was 0.018 m without GCPs, and the
maximum was 0.027 m for one GCP.

Figure 9 shows the composition of the total error obtained in the photogrammetric
projects. For each flight height and for each correction base from one GCP onwards, the

Figure 7. Planimetric error obtained in photogrammetric projects.
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graph shows the average value of the five repetitions carried out. For the 50-m height and
corrections from Base 1, the error ranges from 0.046m without GCPs to 0.043m for five
GCPs. For the 50-m height and corrections from Base 2, the error ranges from 0.046m
without GCPs to 0.045m for five GCPs. For the 50-m height and using the two correction
bases, an error of 0.044 m is obtained without GCPs, with a maximum of 0.048 m for
one GCP. For the 70-m height and corrections from Base 1, the error ranges from
0.053 m without GCPs to 0.042 m for five GCPs. For the 70-m height and corrections
from Base 2, the error ranges from 0.052 m without GCPs to 0.040 m for five GCPs. For
the 70-m height and using the two correction bases, an error of 0.049 m is obtained with-
out GCPs, with a maximum of 0.050 m for one GCP and a minimum of 0.040 m for five
GCPs. For the 90-m height and corrections from Base 1, the error varies from 0.061 m
without GCPs to 0.043 m for five GCPs. For the 90-m height and corrections from Base
2, the error varies from 0.057 m without GCPs to 0.041 m for five GCPs. For the 90-m
height and making use of the two correction bases, the error obtains a maximum of
0.055 m without GCPs and a minimum of 0.042 m for five GCPs.

4. Discussion

If we focus only on the planimetric error, there is a clear trend that indicates that the
error decreases as we increase the number of GCPs used during the bundle adjustment.
This behaviour is in line with many studies carried out with UAVs and conventional
GNSS (Ag€uera-Vega et al. 2017; Mart�ınez-Carricondo et al. 2018; Sanz-Ablanedo et al.
2018). It is also evident that increasing the flight height increases the planimetric errors
obtained, which is also in line with numerous previous studies (Ag€uera-Vega et al. 2016;
Quoc Long et al. 2020). However, this seems to be limited as the number of GCPs
increases, with all projects obtaining very similar values in the 0.035–0.037 m range. All
these results have obtained the expected accuracy of one to two GSD. It seems clear, then,
that it is possible to reduce the planimetric error either by increasing the number of

Figure 8. Altimetric error obtained in photogrammetric projects.
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GCPs or by reducing the flight height without using GCPs. For the planimetric error, the
GNSS fixed base station chosen for the photo metadata corrections does not seem to have
any influence, nor does the fact of averaging the data from two different bases. The results
achieved are better than those obtained by (Eker et al. 2021), who analysed different refer-
ence station bases and concluding that the best results were obtained with a short-baseline
PPK method obtaining corrections from a GNSS base station.

Regarding the analysis of the altimetric error, the influence of increasing the number
of GCPs used in the bundle adjustment is not so evident. For the three flight heights and
using only a single correction base, the best results have been obtained with two GCPs,
but then there is a slight deterioration as the number of GCPs continues to increase. The
influence of flight height on the altimetric error is not so evident either, though as the
number of GCPs is varied, the error fluctuates randomly without a clear pattern that
would allow conclusions to be drawn. This lack of a clear trend is consistent with the ran-
domness of the results obtained by other authors (Ekaso et al. 2020; Forlani et al. 2018;
�Stroner et al. 2020; Taddia et al. 2020), even when duplicating flights with the same con-
figuration and the same UAV. However, the best results have been obtained without using
GCPs and by using metadata from the photographs averaged with the two correction
bases. In fact, for these flights, when using a GCP, the results worsen significantly, though
there is some improvement when increasing the GCPs. It is very interesting that for the
three flight heights, the altimetric error without GCPs and with the two correction bases
is clearly below the corresponding GSD, representing a great advance in terms of accuracy
with respect to other previous studies, for example, the study by (Forlani et al. 2018).
This is very enlightening, as it offers a different way to improve the accuracy of photo-
grammetric projects without the need to increase the number of GCPs as in (Canh et al.
2020; Los�e et al. 2020; Taddia et al. 2020; Zhang et al. 2019) or to include oblique photo-
graphs to enhance camera calibration data as in the studies by (Los�e et al. 2020; �Stroner
et al. 2021; Taddia et al. 2020; Vacca et al. 2017).

Figure 9. Total error obtained in photogrammetric projects.
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Regarding the total error, being the composition of the planimetric and altimetric
error, there is still a clear pattern in which the flight height clearly influences the accur-
acy, especially when no GCPs are used. The classic pattern of improving accuracy as the
number of GCPs increases is also maintained, but the influence of using two correction
bases and flight height is no longer evident. The results are very similar from the use of
two GCPs. However, for a flight height of 50 m and using the two correction bases, the
increase in the number of GCPs produces a practically negligible improvement, obtaining
an accuracy below two GSD and very similar to that obtained in other combinations with
five GCPs.

5. Conclusions

UAVs equipped with GNSS RTK receivers allow direct georeferencing of the photogram-
metric project without the need to use GCPs. The aim of this research has been to
improve the accuracy of these photogrammetric projects without the need to use oblique
photographs or GCPs. This research has demonstrated a complementary way to those
explored by previous research, consisting of obtaining geolocation data from flight photo-
graphs as accurately as possible. To this end, the use of multiple GNSS fixed base stations
has been proposed, correcting the geolocation data of the photographs simultaneously by
averaging the differential corrections.

The results have shown how this methodology considerably reduces the altimetric
errors, placing them in limits even below the GSD. Therefore, for flight altitudes of 50 m,
improvements in altimetric accuracy of 14% were obtained, while for flight altitudes of 70
and 90 m the improvements in altimetric accuracy reached 35%. In relation to planimetric
error, no significant improvements have been observed. However, the total errors are
similar to those obtained with various combinations of GCPs and closed to the GSD of
the photogrammetric project.

This advance represents a new methodology to obtain accurate UAV photogrammetry
results in those cases where the use of GCPs is not feasible, gaining in operator safety and
reducing operation times.
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