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ABSTRACT:

To produce accurate topographic data, Unmanned Aerial Vehicle (UAV) still rely on Ground Control
Points (GCPs) for georeferencing. However, using GCPs has several limitations, among others, related
to the cost and time required for field measurements. In addition, not all areas are accessible for GCPs
measurements due to poorly accessible terrain or security reasons. Direct georeferencing, a method to
determine precise camera position and orientation in UAVs using Global Navigation Satellite System
(GNSS) geodetic antenna. Post Processing Kinematic (PPK) or real-time coordinates can be applied to
determine the camera position. One satellite that sends corrections to the rover on Earth is the Quasi-
Zenith Satellite System (QZSS). This study aims to analyze the orthophoto accuracy of the results of
direct georeferencing using precise coordinates from the QZSS satellites. The flight parameter was
used at 60% sidelap and 80% overlap on an average flying altitude of 300 m above ground level
resulting in 135 photos with a Ground Sampling Distance (GSD) value of 6 cm. The accuracy of direct
georeferencing using QZSS horizontally and vertically was 1.134 m and 1.617 m, respectively.
Meanwhile, the same metric results using conventional GCPs were 0.417 m horizontally and 0.419 m
vertically. With these results, the horizontal accuracy of Direct Georeferencing using corrections from
QZSS can be used for large-scale mapping of the 1: 5,000 class 1 scale, while vertical accuracy can be
used for large-scale mapping of the 1: 5,000 class 3 scale. Direct georeferencing using QZSS
corrections has the potential to support the acceleration of large-scale mapping activities in Indonesia.

Key-words: Direct Georeferencing, Unmanned Aerial Vehicle, Quasi-Zenith Satellite System, Large-
scale mapping
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1. INTRODUCTION

The use of Unmanned Aerial VVehicle (UAV) technology for mapping activities is escalating since
it offers aerial photos with very high resolution. Compared to other methods such as satellite sensors,
UAV-based photogrammetry provides more benefits regarding data acquisition and the resulting
temporal resolution (Liu et al., 2022). With this capability, UAVSs are often used for rapid mapping
purposes such as disaster management (Restas, 2015), precision farming (Candiago et al., 2015;

Syetiawan & Haidar, 2019), landslides monitoring (Godone et al., 2020; D. Turner et al., 2015),
and coastal changes (N Long et al., 2016; Nathalie Long et al., 2016).

The accuracy and precision of photogrammetry are highly dependent on various factors,
including image quality, camera calibration, flight parameters, image processing algorithms, land
cover and surface textures, and the intensity of sunlight (H. Zhang et al., 2019). To produce accurate
topographic data, UAVs still rely on Ground Control Points (GCPs) for georeferencing (James et al.,
2017; 1. L. Turner et al., 2016). Meanwhile, the quality of GCPs depends on their density, which is
the number and distribution (Sanz-Ablanedo et al., 2018). Georeferencing is the process of registering
bundle adjustment results and photogrammetric processes to a particular coordinate system (Cramer
et al., 2000; Kraus, 1993). However, using GCPs has several limitations, among others, related to the
cost and time required for field measurements. In addition, not all areas are accessible for GCPs
measurements due to poorly accessible terrain or security reasons, for example, swamp, glacier, or
military areas.

Along with the development of current navigation satellite technologies, precise geodetic
antennas can be integrated into UAV systems. The goal is that each aerial photo can be referenced at
precise coordinates, a technique called direct georeferencing. The direct georeferencing process
requires the device to have an accurate position up to cm-level to obtain a precise camera position
and orientation in UAV measurements (Liu et al., 2022). Positioning computation methods, such as
Post Processing Kinematic (PPK) or real-time coordinates where the corrections are obtained from
radio signals or directly from satellites, can be applied to determine the camera position. One satellite
that sends corrections to the rover on Earth is the Quasi-Zenith Satellite System (QZSS).

Some scholars have studied using QZSS for real-time kinematic positioning combined with
multi-GNSS can improve positioning accuracy (Kitamura et al., 2014; Odolinski et al., 2015). QZSS
is a regional augmentation satellite owned by Japan that is used as a complement to existing satellite
systems like the Global Positioning System (GPS) or Beidou Satellite Navigation System (BDS)
(Kubo et al., 2004; Wu et al., 2004). The QZSS satellite was first launched in 2010 and operated along
with GPS and allows the combined processing of both systems (Hauschild et al., 2012). Furthermore,
the raised number of QZSS satellites, becoming four in 2018, resulted in increased availability,
reliability, integrity, and accuracy of positioning covering the Asia-Pacific region (Zaminpardaz et
al., 2018; Q. Zhang et al., 2018). The QZSS satellites have three quasi-zenith orbits/QZ0 (QZS-1,
QZS-2, QZS-4), but there is one satellite that has geostationary earth orbits/GEO (QZS-3) (Zhu et al.,
2020). By 2023, QZSS is expected to be expanded to a seven-satellite system, which will enable it to
provide better positioning, navigation, and timing (PNT) services (Li et al., 2021). It becomes an
advantage for the direct georeferencing method in UAVSs. This study aims to analyze the orthophoto
accuracy of the results of direct georeferencing using precise coordinates from the QZSS satellites.
The increased number of QZSS systems is expected to provide positive benefits, especially in rapid
mapping applications using UAVs around Indonesia.

2. STUDY AREA

The aerial photo acquisition was carried out in Pandanlandung, Wagir sub-district, Malang
Regency, Jawa Timur. The area of research is part of PERHUTANI, mainly dominated by vegetation,
having an altitude of approximately 600 m above sea level and a total area of roughly 50 hectares.
Figure 1 illustrates the area of interest (AOIl) in this study, where there are up to 100 m height
differences between the eastern and western parts. Therefore, the aerial photos were captured at an
average flying altitude of 300 m above ground level.
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Fig. 1. Data acquisition parameters in the study area.

The flight was planned in the east-west direction with a Ground Sampling Distance (GSD) value
of 6 cm. Subsequently, we used 60% sidelap and 80% overlap resulting in 135 photos with a flight
duration of approximately 20 minutes.

3. DATA AND METHODS

3.1. Sensor and UAYV specifications

For the aerial photo data collection, we used a fixed-wing UAV named FARM Mapper VTOL
V2.0 2100 mm wingspan equipped with the Vertical Take-Off and Landing (VTOL) feature. Fixed-
wing has the advantage of having more aerodynamic aircraft to fly longer than the multi-rotor type
(Boon et al., 2017). Table 1 (left) provides the complete specifications of the vehicle, and Table 1
(right) depicts the specifications of the camera used. The UAV used a Sony A6000 type CMOS
camera with a resolution of 24.3 Mega Pixels. This study used a mirrorless camera lens. Furthermore,
the MSJ antenna was mounted on the top of the fixed-wing to receive the QZSS signal (can be seen
in Figure 2). The offset between the MSJ antenna and non-metric camera was 13 cm vertically.

FARM Mapper VTOL

Fig. 2. QZSS antenna installation on Fixed-wing UAV.



126

Table 1.
UAYV and Non-Metric Camera Specifications.

FARM Mapper VTOL V2.0 Sony Alpha ILCE A6000

. . Epo+Fibercarbon (Wingspan E-mount Sony 20mm fixed,
Airframe: 2100mm) Lens F8
Flight . Pixhawk cube orange Pixel 24.3 MP
Controller:
gPS . * GPS here M8N Sensor type Sensor CMOS

ompass:
Control. Manual and Auto Dimension 120x67x45 mm
System:
Radio RFD 900x Type Mirrorless
Telemetry: yp
Servo: Emax 3504 MD Sensor Optical APS-C type (23.5 x 15.6 mm)

. 4120 430 Kv*1
Motor: 5008 400 Kv*4 Shutter speed 1/4000 to 30sec

Digital ~ Airspeed sensor,

Sensor: Barometer, Magnetometer, 3 Processor Bionz X image processor
Axis Gyroscope
Battery: LiPo 16.000 MAh 6S (2unit)

3.2. Control point parameter

This study compared orthophoto results from the direct georeferencing process using precise
coordinates of QZSS and the conventional method using GCPs. Accordingly, we measured control
points using geodetic GNSS and divided them into Ground Control Points (GCPs) and Independent
Check Points (ICPs), as shown in Figure 3. There were 20 control points in total, of which eight
points were GCPs, and the rest were ICPs. All control points were distributed evenly over the entire
study area. The conventional orthophoto method uses GCPs for the georeferencing process and tests
the accuracy of the results using ICPs. In contrast, the direct georeferencing method uses all control
points to check the accuracy of the orthophoto result.

Control points were measured using a Leica GS14 and SOUTH Galaxy G1. The observation time
of each point was one hour with an interval of five seconds for satellite recording data. The GNSS
data processing was performed using the static differential method, which refers to a geodetic control
point (ID: TTG.1290). This study used both satellite segments from GPS and GLONASS. Table 2
presents complete GNSS data processing parameters to obtain the coordinates of each control point.

Table 2.
Control Point Processing Parameter.
Parameter Description
Positioning mode Static differential
Base TTG.1290
Frequencies signal Dual Frequency (L1 and L2)
Datum SRGI 2013 (ITRF.08 epoch 2012)
Elevation Mask (°) 10
Satellite data interval 5 seconds
Satellite ephemeris Broadcast

Satellite segment GPS and GLONASS
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Fig. 3. Control points configuration in the study area. Red triangles represent GCPs, yellow circles are ICPs,
and green lines represent areas of interest.

3.3. Accuracy assessment

This study assessed the accuracy of the orthophoto product from the direct georeferencing
method and the use of GCPs by testing the geometric accuracy. The results were evaluated by
comparing the coordinates of aerial photos with the control coordinates of the field measurements.
The provisions for geometrical accuracy refer to the Regulation of the Head of the Geospatial
Information Agency (BIG) No. 18 of 2021 regarding procedures for providing geospatial information.
The geometric accuracy of the geospatial data is shown in Table 3. The geometric accuracy of the
map is expressed in Circular Error with a confidence level of 90% (CE90) for the horizontal
component and 90% Linear Error (LE90) for the vertical component. Measuring geometric accuracy
was applied by calculating the Root Mean Square Error (RMSE) value. The RMSE values for the
horizontal and vertical components can be seen in equations 1 and 2. Meanwhile, the calculation of
the CE90 and LE90 values can be seen in equations 3 and 4, respectively:

Z[(X _X 24(y _Y 2]
RMSE}orizontal = \/ (Xdata check)n (Ydaata— Ycheck) 1)

2[ Z ata— ZC ec 2]
RMSEyertical = \/ Caat heck) 2

n
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CE90 = 1,5175x RMSEhorizontal ®)
LE90 = 1,6499 x RMSE e tical 4

where n is the total number of checkpoints on the map, X is the coordinates on the axis — X, Y is
the coordinates on the axis — Y, Z is the coordinates on the axis — Z, RMSE;, o izontal IS the error at
horizontal position (XY), and RMSE, . +ica1 the error at vertical position (Z). The horizontal position

in this study refers to the UTM Projected Coordinate System, while the vertical position refers to the
height of the WGS84 ellipsoid.

Table 3.
Geometry Accuracy of Geospatial Data Based on the Regulation of the Head of BIG No. 18 of 2021.
1:5,000 scale 1:1,000 scale
No Aspect
Class1l Class?2 Class 3 Class 1 Class 2 Class 3

1 Spatial resolution (m) 0.25 0.50 0.75 0.05 0.10 0.15
2 Hor. accuracy (CE90) (m) 1 2 3 0.20 0.40 0.60
3 Vert. accuracy (LE90) (m) 0.50 0.75 1 0.10 0.15 0.20

4. RESULTS AND DISCUSSIONS

Figure 4 shows the results of processing control points using commercial GNSS data processing
software. The control point processing results show that the horizontal precision ranged from 0.007
m to 0.031 m, while the vertical precision ranged between 0.006 m and 0.098 m. Furthermore, the
RMSE varied between 0.013 m and 0.039 m with the fixed solution of phase ambiguity for all control
points. The accuracy results were sufficient for georeferencing or as a checkpoint.

Control Point Accuracy
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Fig. 4. Control point processing results.

The following process was to process aerial photos, where the geotagging process was first
carried out to input QZSS precise coordinates into the photo. The precise coordinates of the QZSS
satellite are used to determine the camera principal point position and external orientation parameters.
Figure 5 shows the reconstruction of aligned photos using accurate coordinates from the QZSS
satellite. It shows that the is a misaligned photo, indicated by the small overlap area with the other
photos. Furthermore, the tie point results of numerous pairs of overlapping photos are used to build
dense point clouds (presented in Figure 6). The western part of the study area is densely covered with
vegetations. In result, some places contain holes in the cloud due to imperfect tie point reconstruction.
The total point cloud formed is 7,155,017 for the research area of 50 hectares.
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Fig. 5. Reconstruction of aligned photos using precise coordinates from the QZSS satellite.

Perspective 300

Fig. 6. Build dense cloud process.

The main difference between direct georeferencing using QZSS and conventional GCP is the
process of obtaining accurate coordinates. Before acquiring aerial photo, QZSS receiver needs to
initiate satellites for 5-10 minutes to fix coordinates. In contrast, conventional GCP requires a total
observation time of around 8 hours (for 8 control points) according to the accuracy of the needed
control points. Direct georeferencing based on Inertial Measurement Unit (IMU) and GNSS is
preferred due to the time and cost efficiency than GCP field deployment, surveying, and recognition
in images.

Figure 7 shows orthophoto mosaic results using direct georeferencing and conventional GCPs.
The accuracy of direct georeferencing using QZSS horizontally and vertically was 1.134 mand 1.617
m, respectively (Table 4). Meanwhile, the same metric results using conventional GCPs (Table 5)
were 0.417 m horizontally and 0.419 m vertically. A study by Turner et al. (Turner et al., 2012)
showed similar results, where direct georeferencing yielded horizontal accuracy of 1.2 m when
conventional GCPs increased the accuracy up to 0.10-0.15 m. The integration of QZSS and GPS can
produce accurate Real-Time Kinematic Precise Point Positioning at an accuracy of up to cm level
with 4-satellite constellation (Asari et al., 2016). However, in the application of moving vehicles,
faster-fixed coordinates are needed. There is still error correction signal from QZSS due to satellite
connection to fast-flying UAV and environmental characteristics around the measurement such as
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ionospheric effect. Moreover, Syetiawan et al. (Syetiawan et al., 2020) revealed that direct
georeferencing could produce a horizontal accuracy of up to 4 cm using post-processing kinematic in
a relatively small research area. The direct georeferencing method relies heavily on the accuracy of
the GNSS used to record the camera position. Instead of post-processed the camera position, the
coordinates were directly corrected from QZSS in this study.

Direct Georeferencing With GCP
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Fig. 8. Interpolation of residues of direct georeferencing method: Horizontal Residu (left);
Vertical Residu (right).

The highest residue of the direct georeferencing result in the horizontal component was 2.6 m,
while in the vertical component was 4.9 m. Figure 7 illustrates the distribution of residue on the
horizontal component, where GCPs-based mainly differ at the centimeter level, with the most
considerable residue of 0.25 m at the ICP01 point. Figure 8 shows the residual interpolation on the
horizontal and vertical components using direct georeferencing. Overall, the most significant residue
in horizontal occurred in the western part of the study area, which is steep, with an elevation difference
of roughly 100 m compared to the east area.

In addition, direct georeferencing using QZSS corrections can be used for large-scale mapping
of 1: 5,000 scale class 2 considering its horizontal accuracy and class 3 based on its vertical accuracy
in Table 3. On the other hand, the horizontal and vertical accuracy of the conventional GCPs method
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was suitable for large-scale mapping of 1: 1,000 scale class 3. Direct georeferencing using QZSS is
less accurate than conventional GCP terms of accuracy. Direct georeferencing, however, is more
effective at reducing field measurement time while ensuring accuracy. According to Sutanta et al.
(2016), only a few areas have completed detailed mapping in Indonesia at scales of 1:5,000 and
1:10,000. Especially considering that Indonesia's land area is almost 2 million square kilometers. The
need also increases along with the demand for topographic maps in detailed spatial plans. As a result,
direct georeferencing with QZSS satellite correction has the potential to support the acceleration of
large-scale mapping activities in Indonesia.

Table 4.
Horizontal and Vertical Accuracy of Direct Georeferencing.
::o;;zontal Vertical
IDpoint  Ax(m) Ax*2 Ay(m) Ay”"2 A Az (m) inm
(Ax72 -+ (Az72)
Ay*2)
GCPO1 -0.058 0.003 -1.104 1219 1.223 0.202 0.041
GCP02 -0.081 0.007 -1.614 2.605 2.612 -1.004 1.008
GCP03 0.359 0.129 -1.397 1950 2.079 -0.701 0.491
GCP04 -0.500 0.250 -0.489 0.239 0.489 -0.717 0.514
GCP05 0.397 0.157 -0.436 0.190 0.347 1.776 3.154
GCP06 -0.157 0.025 0.523 0.274 0.298 0.594 0.353
ICP0O1 0.023 0.001 -0.365 0.133 0.134 1.524 2.323
ICP02 -0.233  0.054 -0.328 0.108 0.162 -0.543 0.295
ICP04 0.139 0.019 -0.884 0.782 0.801 0.940 0.884
ICP05 -0.105 0.011 -0.477 0.227 0.238 -0.279 0.078
ICP06 -0.090 0.008 -0.483 0.233 0.241 0.440 0.194
ICP0O7 -0.325  0.105 0.250 0.063 0.168 0.164 0.027
ICP08 0.095 0.009 -0.226 0.051 0.060 0.137 0.019
ICP10 0.038 0.001 0.043 0.002 0.003 1.046 1.094
ICP11 -0.361  0.131 0.135 0.018 0.149 -0.075 0.006
ICP12 0.230 0.053 0.665 0.442  0.495 2.213 4.897
Total 9.499 15.377
Variance 0.559 0.961
RMSE 0.748 0.980
Accuracy 1.617
Table 5.
Horizontal and Vertical Accuracy of Conventional GCPs.

o :—r|]0r:1|zontal yertical
. AX (m) Ax*2 Ay (m) Ay*2 Az (m) inm
point Ax*2  + (Az™2)

Ay”"2)
ICPO1  -0.049 0.002 0.500 0.250 0.252 -0.446 0.199
ICP02 -0.315 0.099 -0.224 0.050 0.150 0.150 0.022
ICP04 -0.026 0.001 0.282 0.080  0.080 -0.250 0.063
ICPO5 -0.123 0.015 -0.101 0.010  0.025 0.236 0.056
ICP06  -0.256 0.066 0.030 0.001  0.067 0.418 0.175
ICPO7 -0.074 0.005 -0.066 0.004 0.010 -0.173 0.030
ICPO8  -0.130 0.017 -0.100 0.010  0.027 0.150 0.022
ICP09 -0.190 0.036 -0.270 0.073  0.109 -0.226 0.051
ICP10 -0.207 0.043 -0.128 0.016  0.059 0.084 0.007
ICP11 -0.244 0.060 0.011 0.000 0.060 -0.290 0.084
ICP12  0.042 0.002 -0.259 0.067  0.069 -0.024 0.001
Total 0.907 0.710
Variance 0.076 0.065
RMSE 0.275 0.254
Accuracy 0.419
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5. CONCLUSIONS

The Direct Georeferencing method relies heavily on the accuracy of the GNSS used to record the
camera position. The horizontal and vertical accuracy of the Direct Georeferencing method using
QZSS was 1.134 m and 1.617 m. In accordance with BIG Head Regulation No. 18 of 2021, the
horizontal and vertical accuracy is enough to create a large-scale map of 1: 5,000. The challenge ahead
is to maintain the stability of the positioning satellite correction to obtain a precise position in real
time. As a result, large-scale map creation can be completed quickly while retaining the quality of the
final product.

This research still has a limitation because satellite coordinates recording does not coincide with
the timing of the camera opening the lens. The UAV vehicle travels at a speed of 8-12 m/s, so it is
not easy to synchronize the camera trigger with the sampling frequency of the GNSS receiver
perfectly. Therefore, it is expected that there will be a fully integrated system in the future, where the
GNSS antenna records the vehicle's position simultaneously with the camera records images.
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