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Abstract: The ground control points (GCPs) are used in the process of indirect georeferencing the 15 
Unmanned Aerial Systems (UAS) images. A minimum of 3 ground control points (GCPs) is 16 
required, but increasing the number of GCPs will lead to higher accuracy of the final results. The 17 
aim of the study is to provide the answer to the question of how many ground control points are 18 
necessary in order to derive high precision results. To obtain the results, an area of about 1 ha has 19 
been photographed with a low-cost UAS, namely DJI Phantom 3 Standard at two different heights: 20 
28 m and 35 m above ground, the camera being oriented in nadiral position and a number of 50 21 
ground control points were measured using a total station. In the first and the second scenario, the 22 
UAS images were processed using the Pix4D Mapper Pro software and 3DF Zephyr respectively, 23 
by performing a full bundle adjustment process, the number being gradually increased from 3 GCPs 24 
to 40. The third test was made with 3DF Zephyr Pro software using a free-network approach in the 25 
bundle adjustment. Also, the point clouds and the mesh surfaces derived automatically after using 26 
the minimum and the optimum number of GCPs respectively, were compared with a terrestrial 27 
laser scanner (TLS) point cloud. The results expressed a clear overview on the number of GCPs 28 
needed for the indirect georeferencing process with minimum influence on the final results. 29 
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 32 

1. Introduction 33 

Multiple photogrammetry applications are based on Unmanned Aerial Systems (UAS) due to 34 
cost efficient data acquisition and high spatio-temporal resolution imagery. Widely-used in various 35 
fields like land surveying and construction, the ground control points (GCPs) can greatly increase the 36 
accuracy of the 3D information and their measurement is an important aspect for georeferencing the 37 
UAS image blocks. The ground control points are used in the process of indirect georeferencing the 38 
Unmanned Aerial Systems images, a minimum of 3 ground control points being required, but 39 
increasing the number of GCPs will lead to higher accuracy of the final results i.e. point cloud, 3D 40 
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mesh, orthomosaic or digital surface model (DSM). Moreover, exceeding the number of ground 41 
control points is a time-consuming process, both in the field and computationally. 42 

A series of studies have been conducted on determining the optimum number of ground control 43 
points, but mainly for georeferencing the DSM [1-5], the orthoimage [2,3,6,7] and the point clouds [8] 44 
generated by processing the UAS images. Tahar et al. [7] studied the influence of the number and 45 
distribution of the GCPs for georeferencing the UAS images, but he did not use the SfM algorithm 46 
for image matching. It was demonstrated that increasing the number of ground control points will 47 
increase the accuracy of the final products [1,2]. Even so, the accuracy of the final products derived 48 
from UAS images is influenced by different factors, such as: camera’s focal length, flight altitude, 49 
camera orientation, image quality, processing software, type of UAS system (fixed wind or rotary 50 
wind), the precision with which targets can be measured and matched [1,8], each study contributes 51 
to the products improvement obtained by UAS technology. 52 

The main aim of this study is to determine the optimum number of ground control points in 53 
order to georeference a block of nadiral UAS images taken at two heights, in different scenarios and 54 
using two different software i.e. Pix4D Mapper software (commercialized by Pix4D and widely used 55 
in photogrammetric and remote sensing community) and 3DF Zephyr Pro software (that promises a 56 
lot in 3D reconstruction area, which is commercialized by 3Dflow) and to assess the accuracy of the 57 
final products i.e. dense point cloud and mesh surface (not only the DSM as mentioned in other 58 
studies [1-5]) by comparing the results with terrestrial laser scanner (TLS) point cloud and total 59 
station measurements, for three cases: using 3 GCPs and the determined optimum number of GCPs. 60 
Also, as already mentioned in Tonkin et al. [5], the accuracy of GCPs directly influence the accuracy 61 
of the final products, reason why for this study all GCPs were measured with precision of millimetres 62 
using a total station in a local coordinate system, by designing a spatial geodetic network. 63 

In this perspective, an area of about 1 ha has been photographed with a low-cost UAS, namely 64 
DJI Phantom 3 Standard, at two different heights and a number of 50 ground control points, 65 
uniformly distributed over the study area, were measured using a total station.  66 

2. Study area 67 

The study area of about 1 ha is located near the Faculty of Hydrotechnical Engineering, Geodesy 68 
and Environmental Engineering from “Gheorghe Asachi” Technical University of Iasi, Romania, 69 
covering the building roof, the parking lot and the green area in the vicinity. 70 

3. Materials and Methods 71 

3.1. Measurement of ground control points (GCPs) 72 

Within the project, the solution to design a spatial geodetic network determined by GNSS 73 
technology has been chosen, providing a homogeneous and unitary precision of all three components 74 
of spatial positioning. The spatial geodetic network was designed with 4 points, two of which were 75 
grounded in the green area behind the Faculty of Hydrotechnical Engineering, Geodesy and 76 
Environmental Engineering, and the other two were located on the roof, in the northern part of the 77 
building. For the present research, a local reference and coordinate system was adopted. 78 

There were grounded 50 uniformly distributed points in the study area: 29 points in the green 79 
space (reinforced concrete poles to ensure different heights), 2 points of the GNSS network (concrete), 80 
9 points in the parking lot (metallic bolts) and 10 points on the roof (marked with paint) (Figure 1). 81 

Each new point was double measured using a mini prism from the ends of a GNSS base. For 82 
determining the final spatial coordinates of the detail points, the weighted indirect compensation 83 
model was applied for each new point, obtaining a total accuracy of a few millimetres. To assure the 84 
visibility on the UAS images, the points were marked using plexiglass plates that have been drawn 85 
with two black and orange triangles, 3 mm thick, 40 cm × 40 cm, with a central hole of 5 mm diameter. 86 
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Figure 1. (a) The spatial distribution of the 50 GCPs and the study area limit in the local coordinate 87 
system, (b) UAS image with the location of the 50 GCPs. 88 

3.2. Data Acquisition 89 

The area of interest has been photographed with DJI Phantom 3 Standard, a low-cost UAS, at 90 
two different heights: 28 m and 35 m above ground. The low-cost UAS platform has a built-in digital 91 
camera equipped with a 6.2031 mm by 4.6515 mm image sensor capable of taking images with a 92 
resolution of 12 MP and 4000 x 3000 pixels. The flight planning was made with Pix4D software, 93 
choosing the longitudinal and transversal overlap of 80% and 40%, respectively, the camera being 94 
oriented in nadiral position. For 28 m height, the flight was made in double grid, 122 images being 95 
acquired with 1 cm GSD while for 35 m, the flight was made in single grid, 51 images with the GSD 96 
of 1.24 cm being acquired. In order to assess the accuracy of the point clouds and the mesh surfaces 97 
automatically generated based on UAS images, a comparison was done with a TLS point cloud. In 98 
addition, this resulted from registering four point clouds obtained with Maptek I-Site 8820 terrestrial 99 
laser scanner from the ends of the two GNSS bases, using the direct georeferencing process. 100 

3.3. Data processing 101 

As mentioned before, the proposed tests have been made taking into account different scenarios. 102 
In all the scenarios, the UAS images were processed with a minimum number of ground control 103 
points while the 47 remaining control points served as check points (CP) for accuracy assessment. For 104 
the evaluation, the CPs were manually measured on each oriented image, the coordinates being 105 
compared with the ones determined with high precision by the GNSS technology. Then, the number 106 
of GCPs was gradually increased up to 40, the accuracy being checked on the remaining 10 CPs. The 107 
Euclidian distance between the two coordinate sets for a point was calculated based on the measured 108 
coordinates, followed by the determination of the root mean square error (RMSE). 109 

For UAS image processing using the 3DF Zephyr Pro software, the images were imported into 110 
the software and the project was processed without specifying the type of camera and the calibration 111 
parameters, so for the interior and exterior orientation parameters for each camera position an 112 
approximation was made based on the EXIF information. All the GCPs were manually measured on 113 
each oriented image they appear (minimum 3). The file containing this information was exported and 114 
based on this project, the new ones were created (a project for 3GCPs and 47 CPs, one for 4GCPs and 115 
46 CPs etc.), each time importing the same image measurements for the GCPs. In order to bring the 116 
results into the local coordinate system, the option “Scale model with control points” was chosen. On 117 
the following stage, a table with the coordinates of all the GCPs appears and it was checked 118 
“Constraint” and “Control” boxes for the control points (3-40 control points) and only the “Control” 119 
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box for the points serving as check points (47-10 check points). The constraints confidence weight 120 
was left as default value i.e. 50%. Furthermore, it was selected the “Perform Bundle Adjustment” 121 
option and for “Advanced settings” the interior orientation with radial and tangential parameters 122 
adjustment was chosen. After running the bundle adjustment process, the errors for each control and 123 
check point were displayed in pixels and in meters. The coordinates of all 50 GCPs were exported 124 
and compared with the coordinates determined with high precision. The options “Aerial” for 125 
“Category” and “Default” for “Presets” were chosen in order to generate the dense point cloud. For 126 
the mesh surface creation, the options “Aerial” for “Category” and “Default- Sharp Features” for 127 
“Presets” were chosen. To perform the third scenario with the 3DF Zephyr Pro software, i.e. using a 128 
free-network approach in the bundle adjustment and only at the end of the bundle adjustment 129 
process, the GCPs have to be used for applying a similarity (Helmert) transformation in order to bring 130 
the image network results into the desired reference coordinate system, the option “Perform Bundle 131 
Adjustment” remains unchecked. 132 

Processing in Pix4D implies several steps, but mainly consists in importing the desired images 133 
in a new project and regarding the “Image properties” and “Output/GCP Coordinate System”, the 134 
Arbitrary (m) coordinate system was selected and the “Geolocation” option was not applied in the 135 
process. Therefore, as “Template” the 3D Maps was chosen, being suitable for the project’s 136 
applications (is recommended for nadir flights with a high overlap and generates as deliverables the 137 
point cloud, 3D mesh, DSM and the orthomosaic). As an advanced processing option, for the 138 
matching strategy it was used the geometrically verified matching. With “GCP/MTP Manager”, the 139 
file with the control points was imported as well as the corresponding marks for each image (the 140 
same marks exported from the 3DF Zephyr Pro software), and after the horizontal and vertical 141 
accuracy (m) was changed to 0.002, the involved GCP were selected by changing the “Type” while 142 
the remaining points were left as Manual Tie Point (MTP). After the initial processing, for the second 143 
stage, point cloud and mesh generation, the default options were applied.  144 

4. Results 145 

4.1. Results corresponding to 28 m height flight 146 

When using the Pix4D software and a full bundle adjustment process, for the minimum number 147 
of GCPs it was obtained a RMSE of 81 cm, calculated for 47 CPs whereas for the maximum number, 148 
i.e. 40 GCPs, it was obtained a RMSE of 2 cm, calculated for the remaining 10 CPs, although after only 149 
5 GCPs the error decreases down to 28 cm from 53 cm (Figure A1b, Table D1). The analysed results 150 
presented in Appendix A, show that the sub-decimetre error is obtained with 12 GCPs, and the 151 
optimum number of GCPs for georeferencing the nadiral UAV images is 14, as from this point the 152 
errors varies in range of 1 cm until reaching 36 GCPs, for which the RMSE is 1.6 cm. 153 

When using the 3DF Zephyr Pro software and a full bundle adjustment process, for the 154 
minimum number of GCP it was obtained a RMSE of 49 cm while for the maximum number, i.e. 40 155 
GCPs the obtained RMSE is 2.5 cm (Figure A1a, Table D1). As expressed by the results presented in 156 
Appendix A, the sub-decimetre error is obtained with 14 GCPs, and the optimum number of GCPs 157 
for georeferencing the nadiral UAV images is 20, as from this point the errors varies in range of 1 cm 158 
until reaching 36 GCPs, where the RMSE is 2.6 cm. 159 

Regarding the third test made with 3DF Zephyr Pro software, it was obtained for the minimum 160 
number of GCP a RMSE of 61.1 cm and for the maximum number a RMSE of 27.1 cm (Figure A3a). 161 

4.2. Results corresponding to 35 m height flight 162 

Considering the Appendix A data for Pix4D software, can be underlined that the sub-decimetre 163 
error is achieved with 14 GCPs and that 15 GCPs represents the optimum number for georeferencing 164 
the nadiral UAV images, as for the following tests the errors varies within 1 cm (Figure A2b, Table 165 
D2). Similarly, concerning the case of 3DF Zephyr Pro software, the optimum number of GCPs is also 166 
15 (Figure A2a, Table D2). Comparing the two software in terms of the minimum error, 7 cm 167 
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corresponds to Pix4D software when using 32 GCPs and, respectively, 8.4 cm to 3DF Zephyr Pro for 168 
19 GCPs. On the other hand, the third case of image processing with 3DF Zephyr Pro software 169 
without performing a bundle adjustment, the minimum number of GCP obtained a RMSE of 1.32 cm 170 
whereas the maximum number has a RMSE of 28.8 cm (Figure A3b). 171 

To determine the accuracy of the 3D point clouds and mesh surfaces (Appendix B, C), it was 172 
utilized the comparison method between the point cloud and a reference mesh surface, considered 173 
for this case study the mesh created based on the TLS data. The comparisons were made using the 174 
“Distance-Cloud/Mesh Dist” function from the “Tools” menu implemented into CloudCompare 175 
software, being calculated the Hausdorff distances between each point and the corresponding 176 
triangle surface. The calculated distances were summarized in Table 1.  177 

Table 1. Standard deviation obtained for the UAS points and vertices of the mesh triangles 178 
respectively, automatically generated in Pix4D and 3DF Zephyr software for the two flights. 179 

Software 
28 m flight 35 m flight 

Point cloud s[cm] Mesh s[cm]  Point cloud s[cm] Mesh s[cm] 

Pix4D (3 GCPs) 98.6 86.7 65.4 57.7 

3DF Zephyr (3 GCPs) 55.5 46.6 80.7 79.1 

Pix4D (optimum GCPs) 9.8 12.6 8.0 8.8 

3DF Zephyr (optimum GCPs) 10.4 12.4 7.1 8.7 

4. Discussion 180 

Before image processing in Pix4D, several tests were made to assure the right workflow. For 181 
both flights, 5 to 18 cameras (for 35 m and 28 m, respectively) remained uncalibrated when the 182 
settings were left as default and for improving the number of calibrated cameras without adding 183 
more control points, after various tests like importing the GCP after the initial processing (resulted 1 184 
block with 5 uncalibrated cameras for 35 m) or running the project without MTP (resulted 2 image 185 
blocks and 4 uncalibrated cameras for 28 m), changing the coordinate system for the entire project 186 
and importing the images without geolocation gave the best results: 1 image block with 1 187 
uncalibrated camera for 35 m and 6 cameras for 28 m. On the other hand, from a time-consumption 188 
perspective, it was verified if the computed position of the control points remains unchanged when 189 
the project is overwritten and optimized (e.g. when computing the project from X GCP to X+1 GCP). 190 
The situation where a new project is done each time is more beneficial because in the first situation 191 
the results from the first project influence the ones from the following project and for avoiding any 192 
errors is better to process independently each scenario. For a quick overview on the processed project, 193 
the Quality Report offers various details including information of GCP, section where two points, 49 194 
and 97, are listed in red as if it weren’t taken into consideration but when checking their properties 195 
in “rayCloud” the positions are computed. Moreover, the rayCloud offers the user the possibility to 196 
export the points as shapefile or other similar formats but not table format extensions (e.g. txt).  197 

The differences between the RMSE obtained for each number of GCPs by processing the projects 198 
with Pix4D software and Zephyr Pro software respectively, are very similar in range of a few 199 
millimetres up to 3 cm, except the first three case: using 3, 4 and 5 GCPs when the RMSE is with 40% 200 
smaller in the case of 3DF Zephyr Pro software for the 28 m flight, the reason being unclear. Moreover, 201 
when using the 3DF Zephyr Pro software all images were orientated without making any additional 202 
steps. The RMSE is influenced by the errors encountered in some CP points namely 1, 49 and 97 203 
situated on the roof edge. The optimum number of GCPs for georeferencing the UAS images when 204 
using the Pix4D software was 14 for the 28 m flight and 15 for the 35 m flight and when using the 205 
3DF Zephyr Pro software the optimum number was 20 for the 28 m flight and 15 for the 35 m flight, 206 
similar results being reported in [3] but for georeferencing a Digital Surface Model derived from a 207 
120 m flight. The number of GCPs had a very small influence on RMSEx and RMSEy starting with 6 208 
GCPs used in the georeferencing process, as it can be seen from the graphics reported in Figure A1, 209 
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A2 and A3 and the flight altitude had not significant influences on RMSEz, contrary to the results 210 
reported in [2]. Moreover, increasing the number of GCPs had a significant influence on RMSEz until 211 
a certain number was reached and it increased the accuracy of the final products as also mentioned 212 
in [1,2]. 213 

Very large errors were found in the area situated outside the surface covered by the GCPs (the 214 
parking lot situated on the right side of the building) being approximately 3 m when using only 3 215 
GCPs, decreasing to a decimetre level when using the optimum number, but still being five times 216 
larger than those encountered in GCPs area.  217 

5. Conclusions  218 

This article presented a metric evaluation of automatically generated point clouds and mesh 219 
surfaces, based on UAS images acquired with a low-cost platform, i.e. DJI Phantom 3 Standard, using 220 
two different software with the capability of automatically orienting the images, Pix4D and 3DF 221 
Zephyr Pro. We also determined the optimum number of GCPs in order to georeference a block of 222 
nadiral UAS images, by processing the images with 3 GCPs, 4 GCPs, up to 40 GCPs, founding almost 223 
the same number for the 28 m and 35 m flight and for the two different software. We can conclude 224 
that in order to obtain high accuracy of the final products, a density of 1 GCP/200 m2 is necessary. 225 

The results expressed a clear overview on the number of GCPs needed for the indirect 226 
georeferencing process with minimum influence on the final results. 227 

Acknowledgments: This work was supported by a grant of the Romanian Ministry of Research and Innovation, 228 
CCCDI - UEFISCDI, project number PN-III-P2-2.1-CI-2017-0623, within PNCDI III. 229 

Author Contributions: Ersilia Oniga and Ioana Breaban conceived and designed the experiments and analysed 230 
the data; Ersilia Oniga, Ioana Breaban and Florian Statescu performed the surveys and processed the 231 
measurements; Ersilia Oniga and Ioana Breaban wrote the paper. 232 

Conflicts of Interest: The authors declare no conflict of interest. 233 

References 234 

1. Gindraux, S.; Boesch, R.; Farinotti, D. Accuracy Assessment of Digital Surface Models from Unmanned 235 
Aerial Vehicles’ Imagery on Glaciers. Remote Sens. 2017, 9, 186. 236 

2. Agüera-Vega, F.; Carvajal-Ramírez, F.; Martínez-Carricondo, P. Accuracy of digital surface models and 237 
orthophotos derived from unmanned aerial vehicle photogrammetry. J. Surv. Eng. 2016, 143, 4016025. 238 

3. Agüera-Vega, F.; Carvajal-Ramírez, F.; Martínez-Carricondo, P. Assessment of photogrammetric mapping 239 
accuracy based on variation ground control points number using unmanned aerial vehicle. Measurement 240 
2017, 98, 221–227. 241 

4. Jaud, M.; Passot, S.; Le Bivic, R.; Delacourt, C.; Grandjean, P.; Le Dantec, N. Assessing the Accuracy of High 242 
Resolution Digital Surface Models Computed by PhotoScanR and MicMacR in Sub-Optimal Survey 243 
Conditions. Remote Sens. 2016, 8, 1–18. 244 

5. Tonkin, T.N.; Midgley, N.G. Ground-Control Networks for Image Based Surface Reconstruction: An 245 
Investigation of Optimum Survey Designs Using UAV Derived Imagery and Structure-from-Motion 246 
Photogrammetry. Remote Sens. 2016, 8, 1–8. 247 

6. Tahar, K.N. An evaluation on different number of ground control points in unmanned aerial vehicle 248 
photogrammetric block. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2013, XL-2/W2, 93–98. 249 

7. Tahar, K.N.; Ahmad, A.; Abdul,W.; Wan, A.; Akib, M.; Mohd,W.; Wan, N. Assessment on Ground Control 250 
Points in Unmanned Aerial System Image Processing for Slope Mapping Studies. Int. J. Sci. Eng. Res. 2012, 251 
3, 1–10. 252 

8. Harwin, S.; Lucieer, A. Assessing the Accuracy of Georeferenced Point Clouds Produced via Multi-View 253 
Stereopsis from Unmanned Aerial Vehicle (UAV) Imagery. Remote Sens. 2012, 4, 1573–1599. 254 

©  2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access 255 
article distributed under the terms and conditions of the Creative Commons Attribution 256 
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).  257 

http://creativecommons.org/licenses/by/4.0/


The 2nd International Electronic Conference on Remote Sensing (ECRS 2018), 22 March–5 April 2018;  
Sciforum Electronic Conference Series, Vol. 2, 2018 

7 

 

Appendix A  258 

  
(a) (b) 

Figure A1. Errors obtained for 28 m height when using 3 to 40 GCPs along x, y and z directions, as 259 
well as the RMSE performing a full bundle adjustment process (a) using Pix4D software, (b) using 260 
3DF Zephyr Pro software. 261 

  
(a) (b) 

Figure A2. Errors obtained for 35 m height when using 3 to 40 GCPs along x, y and z directions, as 262 
well as the RMSE performing a full bundle adjustment process (a) using Pix4D software, (b) using 263 
3DF Zephyr Pro software. 264 

  
(a) (b) 

Figure A3. Errors obtained by performing a Helmert transformation in 3DF Zephyr Pro sotware when 265 
using 3 to 40 GCPs along x, y and z directions, as well as the RMSE (a) for 28m flight, (b) for 35 m 266 
flight. 267 

  268 
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Appendix B  269 

Table B1. The UAS point clouds generated in Pix4D and 3DF Zephyr software for the two flights and 270 
for the minimum and optimum number of ground control points. 271 

3DF ZEPHYR PRO   PIX4D 

 28 m heigh  

 

Minimum GCPs: 

 

3 Control Points 

47 Check Points 

 

 

Optimum GCPs: 

 

3DF Zephyr Pro 

20 Control Points 

30 Check Points 

 

Pix4D 

14 Control Points 

35 Check Points 

35 m heigh 

 

Minimum GCPs: 

 

3 Control Points 

47 Check Points 

 

 

Optimum GCPs: 

 

15 Control Points 

35 Check Points 

 

 272 

  273 
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Appendix C  274 

Table C1. The mesh surfaces generated in Pix4D and 3DF Zephyr software for the two flights and for 275 
the minimum and optimum number of ground control points. 276 

 3DF ZEPHYR PRO   PIX4D 

28 m heigh 

 

Minimum GCPs: 

 

3 Control Points 

47 Check Points 

 

 

Optimum GCPs: 

 

3DF Zephyr Pro 

20 Control Points 

30 Check Points 

 

Pix4D 

14 Control Points 

35 Check Points 

35 m heigh 

 

Minimum GCPs: 

 

3 Control Points 

47 Check Points 

 

 

Optimum GCPs: 

 

15 Control Points 

35 Check Points 

 

 277 

  278 



The 2nd International Electronic Conference on Remote Sensing (ECRS 2018), 22 March–5 April 2018;  
Sciforum Electronic Conference Series, Vol. 2, 2018 

10 

 

Appendix D  279 

Table D1. Errors obtained for 28 m height along x, y and z directions, as well as the RMSE performing 280 
a full bundle adjustment process using 3DF Zephyr Pro and Pix4D software. 281 

 282 

 283 

 284 
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Table D2. Errors obtained for 35 m height along x, y and z directions, as well as the RMSE performing 285 
a full bundle adjustment process using 3DF Zephyr Pro and Pix4D software. 286 

 287 


