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Performance of UAV-Based Digital
Orthophoto Generation for Emergency
Response Applications
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Abstract – Unmanned Aerial Vehicles (UAVs) have
been used for accurate orthophoto generation based on
advanced Global Navigation Satellite System (GNSS)
techniques. In recent years, the UAV systems have
become an effective tool for fast monitoring of damages
caused by disasters such as the earthquake hazards.
The conventional orthophoto generation based on
ground control points takes too much time during
emergency situations. In the study, different
methodologies for the processing of the acquired GNSS
Positioning data for direct georeferencing of UAVs
were investigated in terms of various orbit products.
Evaluating the fitness for emergency response
applications, the ground control points (GCPs) also
used for validation of the generated orthophoto
without using GCPs and based on Precise Point
Positioning (PPP) approach. In this study, Ultra-Rapid,
Rapid and Final PPP methods based on GNSS
observations were used for direct geo-referencing.
Thirteen GCPs were located at the study area for the
validation of the orthophoto accuracy generated by
direct geo-referencing.
Keywords – Unmanned Aerial Vehicles, Orthophoto,
GNSS, Precise Point Positioning, Image Processing.
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1. Introduction
Historically, the construction of 3D models was
created from analogue stereo pairs by manual
orientation of stereo pairs. The advent of the
Structure from Motion (SfM) algorithm brought a
new paradigm in the field of photogrammetry [1].
The internal orientation parameters are calculated
using ground control points (GCPs) or IMU (inertial
measurement unit) + GPS (global positioning
system) information [2]. Feature detection and image
matching are the first steps of SfM. For this purpose,
key point detection algorithms are used, such as the
scale invariant feature transform (SIFT) [3]. The
main steps of SIFT are scale-space extrema
detection, key point localization, orientation
assignment and key point descriptor [4]. After this,
corresponding key points are defined by descriptors
and a dense point cloud is generated [5]. The SfM
digital photogrammetry technique allows precise 3D
object models to be created from multiple unmanned
aerial vehicle (UAV) stereo images. The 3D models
generated by SfM photogrammetry are efficient for
multi-scale analysis which is not comparable with
traditional methods [6]. Recent developments in
UAV and SfM techniques have made them a feasible
option in many different applications [7]. Compared
to other techniques, UAVs are more time- and costeffective. The increase in sensor capabilities has
made UAV systems very popular for civil
applications [8].
This popularity has led the UAV-SfM technique to
be used for different purposes to create 3D point
cloud data, digital elevation models (DEMs) and
digital orthophotos [9]. [10] used UAV-SfM and
Light Detection and Ranging (LiDAR) data to
determine and monitor topographic changes. [11]
used UAV-SfM to create a DEM. The resulting DEM
has been used for calculation of drift volume in
quantifying snow drift on Arctic structures. [12]
showed three examples of coastal zone monitoring
by means of UAV-SfM technique which have a
greater potential for practical applications of coastal
zone monitoring. [13] reported vertical root-meansquare error (RMSE) values of 0.106 m for Test 1
with 126 GCPs and 0.097 m for Test 2 with 107
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GCPs that were derived from UAV-SfM for flight
altitude of 100 m. Here, the GCPs were measured by
real-time kinematic (RTK) GNSS method with a
better accuracy of 2 cm both horizontally and
vertically. [14] calculated horizontal and vertical
accuracies as 0.058m and 0.100 m respectively by
UAV-SfM. They worked on a road cut-slope and the
coordinates of GCPs were measured with RTK and
post-processing kinematic (PPK) methods. [15] used
the UAV-SfM technique for reconstruction of
damaged archaeological sites. The GCPs were
measured by RTK GNSS method and then all the
GNSS data including UAV flight data were postprocessed. They calculated horizontal, vertical, and
total errors as 0.024 m, 0.026 m and 0.035 m,
respectively.
As seen in the studies mentioned above, GNSS
allows both RTK and PPK methods for positioning
the moving UAVs and GCPs. At least two receivers
are required for both RTK and PPK surveys. One
receiver is located on a reference point and the other
is located on a UAV. There is a communication link
between these receivers during the flight in real time.
If the pseudo-range data are used, the positioning
accuracy of the UAV position is at the sub-meter
level by differential GNSS (DGNSS) measurements.
When the carrier-phase data are used in RTK
applications, the position accuracy is increased to the
centimeter level [16]. The limitation of the RTK
method is that there are distance-dependent biases,
such as orbit bias, ionosphere bias and troposphere
bias. These limitations can be eliminated by
establishing GNSS reference stations worldwide,
named Continuously Operated Reference Systems
(CORS). The Virtual Reference Station (VRS)
technique is an efficient method of transmitting
corrections using a data link to the users for RTK
positioning [17]. The Turkish Continuously
Operating Reference Stations, named CORS-TR, has
been used in Turkey since 2008. The overall
positioning accuracy is under 5 cm [18] with no need
for a base receiver setup for UAV flights.
The Precise Point Positioning (PPP) technique [19]
has developed as a powerful technique with several
advantages [20] versus relative positioning methods.
The one of these advantages is no base or network
stations is necessary. And also, there is no need for
simultaneous observations and no limit in range with
the use of valid correction data [21]. The
International GNSS Service (IGS) orbit/clock
products are provided in various types, from the
Ultra-Rapid and Rapid to the Final ephemeris [22].
Although PPP is a well-established technique, it
requires a significant convergence time of 30 minutes
or more to reach an accuracy of a few centimeters
[23], [24]). In recent years, PPP with ambiguity
resolution (PPP-AR) has been developed to improve
the accuracy of the estimated coordinates and to
shorten the initialization time [20], [25], [26]. PPP-
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AR typically involves three steps: first step is
estimation of float ambiguities; second step is
solving integer ambiguities; and the last step is
validating the integer solution. The receiver
fractional phase biases are removed by singledifferencing [24]. Only by providing precise
atmospheric information to PPP users, can
instantaneous centimeter-level accuracy be obtained
[27]. The positioning accuracy can be improved
remarkably by using PPP-AR method especially in
real-time processing or when the observation period
is short [23] such as UAV flights. Natural Resources
Canada (NRCAN) is a public provider of PPP-AR
for post-processed and real-time decoupled clock
(DC) products [28].
The PPP method achieved popularity after the
GNSS data processing procedure became more
practical by using online web-based services without
the need for owning specialized software or an
experienced user [26]. The GNSS data are processed
by these web services based on academic softwares
such as BERNESE, GIPSY/OASIS, GAMIT, etc.
Canadian Spatial Reference System (CSRS),
Automatic Precise Positioning Service (APPS),
Magic GNSS and GNSS Analysis and Positioning
Software (GAPS) are the examples of PPP online
web services. The CSRS-PPP service, which is used
in this study, was established by NRCAN in 2003
[29]. It is possible that single- or dual-frequency
kinematic/static GNSS data can be processed free by
e-mail authorization. In August 2018, the CSRS-PPP
service modernized its processing engine to include
PPP-AR with added single-frequency PPP
positioning using code and phase observations.
[30] made an experimental analysis of GPS flight
data onboard a fixed-wing small UAV with a result
of 6 cm 3D positioning accuracy for a short-duration
flight, such as 5 minutes, by post process kinematic
PPP. They used two dual-frequency GNSS receivers
and the position processes were solved by using
JPL’s GIPSY-OASIS and the open-source RTKLIB
software. [31] made an experimental test by PPP on a
fixed-wing
UAV
which
demonstrated
photogrammetric mapping at centimeter-level
accuracy in planimetry and about a decimeter in
height, from flights of 25 to 30 minutes duration at a
flight height of 120 m. Leica Infinity software was
preferred for processing the GPS PPK data. The
mean differences between the PPK and GPS PPP
results were about 1 to 3 cm horizontally and about
10 cm in height without GCPs. [32] achieved
topographic uncertainties of ± 12 cm horizontally
and ± 14 cm vertically when flying at an altitude of
∼450 m above ground level of a glacier without
GCPs by fixed-wing UAV.
In this study, the performance of the GNSS PPP
method with the Ultra-Rapid, Rapid and Final
ephemeris for UAV-based orthophoto map
generation was investigated.
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2. Materials and Methods
For determining the GNSS PPP performance for
UAV-based digital orthophoto generation, the
football stadium was selected as a test area. Thirteen
GCPs were placed at the test area for the validation
of the orthophoto accuracy generated by PPP direct
geo-referencing. The distribution of control points is
given in Figure 1.

Figure 1. The distribution of GCPs

The coordinates of the control points were
determined with Network Real Time Kinematic
(NRTK) positioning by using the VRS method
(Figure 2) based on CORS-TR Network GNSS
stations observations. Elevation angle was selected as
100 and an average of 10 observations (epoch) were
used for determining the coordinates. Table 1 shows
the Easting, Northing values, and the Ellipsoidal
Heights (h) of the GCPs.

UAV at a flight height of 40 m above the ground.
80% overlap is selected for the flight plan. The
trajectory of the UAV and the image positions during
the flight are given in Figure 3. The test flight was
done on 21st August 2019 when the weather
conditions were suitable for UAV flight. The
temperature was about 26º C, the sky was open, and
the wind speed was suitable during the flight, which
was approximately taken 10 minutes.

Figure 3. Flight plan and the image positions

The Phantom 4 RTK UAV Model GNSS receiver
can collect data from the GPS, GLONASS and
Galileo Satellite systems. Moreover, the L1&L2,
B1&B2 and E1&E5a GNSS signals can be received
for the GPS and GLONASS, BEIDOU and
GALILEO systems, respectively. In addition, the
UAV is equipped with a 20-megapixel camera with a
1" CMOS sensor and a gimbal with a pitching
interval between −90° and +30° (Figure 4).

Figure 2. Study area and GCPs
Table 1. Coordinates of GCPs (ITRF14)
GCP
1
2
3
4
5
6
7
8
9
10
11
12
13

Easting (m)
406275.7840
406366.0894
406249.4872
406301.3482
406334.1224
406342.9482
406310.3016
406277.5045
406329.1466
406325.3860
406292.4504
406259.7934
406268.6760

Northing (m)
4544092.7875
4544070.5094
4543952.7105
4544017.4062
4544009.0883
4544043.9089
4544052.5152
4544060.9212
4543937.6226
4543974.1688
4543982.6300
4543991.1043
4544026.0464

h (m)
101.2683
101.1942
101.0263
101.5182
101.2132
101.2162
101.4332
101.2432
101.3623
101.2282
101.3643
101.1702
101.2593

In order to produce the orthophoto map, images
were collected by using the DJI Phantom 4 RTK

TEM Journal – Volume 10 / Number 4 / 2021.

Figure 4. DJI Phantom 4 RTK flight parameters

For orthophoto generation with the Phantom 4
RTK UAV, classical RTK, NRTK as well as PPK
(by using the ability to record RINEX GNSS
observations) positioning methods can be used. In
this study, RINEX GNSS data were recorded at a 5
Hz interval. The Phantom 4 RTK also records a
Timestamp.MRK file that contains the offset of the
antenna phase center to the camera CMOS center in
the north-east-down coordinate system at the time the
photo was taken. Also, the exposure times of the
photos in UTC time are recorded in the
Timestamp.MRK files. By using exposure times, it is
possible to synchronize the GNSS data and photos
for the PPK process.
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In this study, for determining the accuracy of the
GNSS PPP method in UAV digital orthophoto
generation, RINEX GNSS data were processed with
the Ultra-Rapid, Rapid and Final ephemeris by using
the CSRS online PPP service. The PPP resulting
positions were interpolated by using the offset values
in the Timestamp. MRK file depending on UTC
times, and the image coordinates at the exposure
times resulting from the Ultra-Rapid, Rapid and Final
PPP processes were obtained.
Pix4D Mapper software was used for processing
the images and generating the digital orthophoto
maps. At the process stage of Pix4D Mapper, image
coordinates resulting from the Ultra-Rapid, Rapid
and Final PPP processes were imported, and no GCP
was selected for generating the digital orthophotos
(Figure 5).

Ultra-Rapid PPP, Rapid PPP, and Final PPP digital
orthophotos were generated after the Pix4D process
(Figure 6).

Figure 6. Digital orthophoto map of the study area

3. Results And Discussion
The coordinates of 13 GCPs were obtained from
three generated orthophoto maps for the Ultra-Rapid,
Rapid and Final PPP processes respectively.
Orthophoto-based GCP co-ordinates were compared
with the known GCP coordinates and the differences
for the Ultra-Rapid, Rapid and Final PPP processes
are given in Table 2.

Figure 5. Pix4D Mapper process
Table 2. Coordinate differences of GCPs (Known – Ultra-Rapid PPP)
Final
GCPs
1
2
3
4
5
6
7
8
9
10
11
12
13

Rapid

Ultra-Rapid

Difference in Northing (cm)
-0.6
4.3
2.2
0.6
6.2
4.0
1.9
-0.4
-2.2
0.6
2.3
0.1
0.8
1.7
0.5
0.1
3.9
1.6
-0.6
3.8
2.0
2.5
5.0
3.3
0.5
-1.6
-2.4
2.0
0.9
0.0
-0.5
-0.7
-2.6
0.9
1.4
0.5
2.6
2.2
1.7

Final

Rapid

Ultra-Rapid

Difference in Easting (cm)
-2.9
-4.4
-5.2
-2.2
-0.2
-0.4
-2.7
-5.7
-6.0
-1.6
-3.2
-2.8
-2.2
-0.7
-1.4
-2.4
-0.4
-1.3
-2.8
-2.6
-3.2
-2.6
-4.4
-5.1
-2.9
-2.5
-2.9
-2.7
-1.4
-1.2
-2.7
-4.0
-4.3
-2.9
-5.0
-5.7
-3.2
-5.5
-6.4

Final

Rapid

Ultra-Rapid

Difference in Height(cm)
-1.4
-6.8
-5.9
-0.7
-5.1
-5.1
-0.5
-5.1
-4.7
-0.3
-9.4
-9.1
1.2
-8.9
-8.0
1.5
-8.3
-8.1
1.2
-7.7
-6.9
-2.8
-9.3
-8.9
-0.9
-3.7
-3.3
3.7
-6.5
-6.4
0.3
-8.5
-8.0
-0.1
-9.9
-8.9
-1.2
-10.1
-9.1

Table 3. Summary of coordinate differences

Ultra-Rapid
Rapid
Final

-2.6
-1.6
-0.6

-6.4
-5.7
-3.2

-9.08
-10.07
-2.78

4.0
6.2
2.6

-0.4
-0.2
-1.6

-3.3
-3.7
3.7

0.7
2.2
0.8

-3.5
-3.1
-2.6

-7.1
-7.6
0.0

2.1
2.4
1.1

2.1
1.9
0.4

1.9
2.1
1.6

Coordinates
Diff.

Easting

Height

Northing

Easting

Height

Northing

Easting

Height

Standard Deviation (cm)

Northing

Mean (cm)

Height

Maximum (cm)

Easting

Minimum (cm)

Northing

PPP Method

1724

TEM Journal – Volume 10 / Number 4 / 2021.

TEM Journal. Volume 10, Issue 4, Pages 1721‐1727, ISSN 2217‐8309, DOI: 10.18421/TEM104‐31, November 2021.

According to the results based on three different
orbit products demonstrate that similar results are
obtained from the three different PPP processing
methods. The coordinate differences in northing,
easting, and height for the three PPP methods are
shown in Figure 7, Figure 8 and Figure 9
respectively. The minimum, maximum and mean
values and standard deviations of differences are
given in Table 3 as a summary of the results.

Figure 7. Coordinate differences in northing for PPP
methods

Figure 8. Coordinate differences in easting for PPP
methods

Figure 9. Coordinate differences in height for PPP
methods

In the Table 3, the overall accuracy is represented
for two different orbit products (ultra-rapid and
rapid) generated by International GNSS Service for
real time or near real time positioning. The final orbit
product also evaluated for the upper limit of accuracy
that can be used for post processing scenarios.
4. Conclusion
Using a direct georeferencing approach in
photogrammetry is a challenging factor of validating
the geometric accuracy of generated orthophoto
without GCP checkpoints. In this study, 13 GCP
checkpoints were used to investigate the orthophoto
generation accuracy by direct georeferencing based
on PPP approach.

TEM Journal – Volume 10 / Number 4 / 2021.

As can be seen in Table 2, the Ultra-Rapid, Rapid
and Final PPP methods produce 2.1 cm for horizontal
while 4.9 cm for vertical accuracy. Furthermore, the
standard deviations demonstrate that the confidence
of the obtained accuracy is sufficient for urgent
mapping applications. As a conclusion, the
orthophoto generation without using GCPs and based
on PPP method provide 3.5 cm accuracy for 3
dimensional spaces when the whole coordinate
components evaluated together. On the other hand,
the approach of PPP needs a convergence time due to
the restriction of ambiguity resolution techniques
especially for real time kinematic applications. If the
study area is covered by Active GNSS Network, the
NRTK techniques (VRS: Virtual Reference Stations,
FKP: Flachen Korrectur Parameter and MAC: Master
Auxiliary Concept) can be used instead of absolute
positioning techniques to avoid time consuming
convergence time. However, the PPP technique gives
an opportunity for providing position information,
which can be used anywhere in the world and is
accurate for emergency situations, even with fast
orbit products. Ultra-Rapid PPP method can be used
to determine the image exposure time coordinates
instead of waiting for the final ephemeris
information.
In terms of the image processing stage of UAV
orthophoto production, choosing GCPs causes a
significant time loss. In addition, if GCPs were used,
they should be measured and processed by geodetic
techniques or GNSS methods before UAV flights.
De-pending on the number of GCPs which are to be
established according to the characteristics of the
flight area, the geodetic measurements to determine
the GCP coordinates cause significant time loss and
indirect cost increase.
Consequently, many studies in the literature
suggest using a small number of GCPs as a
validation input in order to avoid and correct the
random GNSS positioning errors [33]. However, the
results demonstrate that without using the GPCs, the
accuracy of the PPP technique for the orthophoto
generation provide sufficient results especially for
maps needed in emergency situations such as in
earthquake, fire or search and rescue operations.
The usability of the method examined in this study
in wider areas can be determined by additional
studies. For example, testing the PPP GNSS direct
geo-referencing method in areas with different
topographic structures will contribute to determining
the usability of the method in different areas. It has
been determined with this study that in areas where
the topography does not change much, sufficient
results can be obtained with the PPP GNSS direct
geo-referencing method.
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