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Abstract

This paper shows results of comparing performances of four unmanned aircraft systems (UAS) in terms of photogram-
metric survey’s quality. This study aims to investigate what is the more suitable UAS for specific applications considering
the required scale factor, such as for architectural, environmental, and restoration purposes. A series of photogrammetric
surveys were conducted in a hilly area of about 5 ha using Phantom 4 Adv, Mavic 2 Pro, Mavic Air 2, and Mavic Mini 2.
These unmanned aircrafts are commercial user—grade systems used mainly by private professionals. Several photogrammet-
ric reconstructions were performed by varying essential parameters, such as flight altitude and cameras of remotely piloted
aircraft systems (RPAS), applying structure-from-motion (SfM) algorithms to the images taken from the UAS. The surveys’
quality was analyzed by comparing the ground targets’ coordinates extrapolated from the point clouds to those measured
on the field with indirect georeferencing through GNSS technology. Fifty targets were installed and arranged following a
reasonably regular mesh. The boundary conditions were maintained the same for each flight mission, flight trajectories, and
the ground control point distribution on the ground. For each survey made by each of the four UAS, altimetric and planimetric
residuals were reported and compared. Average residuals from Phantom 4 Adv, about 15 mm, almost disappear compared
to the other UASs; the discrepancy is one order of magnitude. With a regular grid geometry of ground targets, the Mavic
Mini 2 led to an error average of about 5 cm. Remembering that the Mavic Mini 2 is an ultralight drone (does not require a
pilot's license), it could significantly reduce cost compared to the other systems.

Keywords UAS - Photogrammetry - Structure-from-motion (SfM) - Point Clouds - GNSS

Introduction

Structure-from-motion (SfM) photogrammetry is often used
as a topographic modelling technique. It combines the util-
ity of digital photogrammetry and ease of use derived from
multi-view computer vision methods. Thanks to the increas-
ing availability of imagery, particularly from unmanned
aerial vehicles, SfM photogrammetry represents a powerful
tool (James et al. 2019).

Unmanned aircraft systems (UAS), commonly named
drones, are gaining more and more importance in the world
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panorama of photogrammetric surveys (Barazzetti et al.
2014; Malinverni et al. 2016; Martinez et al. 2021; Nex
2011; Waagen 2019). Some typical applications are for
architectural or archaeological purposes, regional planning,
or risk analysis and mapping (Bitelli et al. 2017; Bocca-
rdo et al. 2015; Gomez & Purdie 2016; Samad et al. 2013;
Spangher et al. 2017).

Due to the technical improvements and miniaturization
of avionics and quality advancements of digital cameras,
UASs have been increasingly used as remote sensing plat-
forms (Parisi et al. 2019; Rau et al. 2016; Sarwar et al. 2016;
Turner et al. 2013).

At the same time, SfM photogrammetric processing has
played an increasing role in delivering digital elevation
models (DEMs) from UAS-based imagery (James & Rob-
son 2014). Several commercial software, such as Agisoft
Metashape, Meshroom, and 3DZefir, offer automated
photogrammetric reconstruction routines. Investigating
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photogrammetric error and the uncertainties associated with
SfM photogrammetric results are crucial tasks.

Mapping with unmanned aerial vehicles (RPASs) typi-
cally involves the deployment of ground control points
(GCPs) to georeference the images for generating topo-
graphic models (Hugenholtz et al. 2016). Even if recent UAS
are equipped with direct georeferencing systems (Gabrlik
2015; Pfeifer et al. 2012; Sanz-Ablanedo et al. 2018), due to
the poor performances of the low-cost inertial measurement
units hosted by the tested vehicles, we performed indirect
georeferencing (Ekaso et al. 2020; Eling et al. 2015; Stocker
et al. 2017).

Depending on the type of representation that a performed
topographic survey has to deliver, a specific type of instru-
ment can be adopted for the survey. For architectural draw-
ing, for instance, 1:50 or 1:100 graphical outputs have been
often used (Bonora et al. 2021; Sun & Zhang 2018). For
other applications, such as vast landscape, landslides, or riv-
erbeds surveying, smaller graphical scales have been used
(Bolkas et al. 2018; Gracchi et al. 2021; Michez et al. 2016).

For other applications, such as vast landscape, landslides,
or riverbeds surveying, smaller than 1:1000 graphical scales
have been used (Bolkas, 2019; Gracchi et al. 2021; Michez
et al. 2016; Mucchi et al. 2018). This study considers scale
factors smaller than 1:100 only; to achieve a 1:50 scale fac-
tor, a planimetric error of less than 1 cm must be guaranteed
and it is generally out of the range of drones. Considering
results from the resulting accuracy on a cartographic repre-
sentation, some considerations can also be made. It repre-
sents the uncertainty associated with the graphically repre-
sented information; historically, +0.2 mm is the minimum
distinguishable value from the human eye without a lens. In
general, the graphic error depends on the scale of the map,
as shown in Table 1.

Nowadays, in which CAD software or digital maps allow
for almost infinite enlargements, the graphical error is still
the parameter that governs measurement accuracy based on
the client’s requests. For example, to return the survey on a
scale of 1:1000, where the graphic error is +20 cm, it will
not be necessary to go up to an accuracy of less than 5 cm,
as this would only involve a waste of energy and unnecessary
costs. In photogrammetric topographic surveys from UAS,
some authors worked on scale such as from 1:3000 to 1:100
(Barba et al., 2019; Lane et al., 2000). Obtaining a product

Table 1 Graphic error
according to a scale factor

Scale Factor Graphic error

1:100 21072
1:200 41072
1:500 1%#107!
1:1000 2#107!
1:2000 4%107"
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on a scale greater than 1: 100 is not possible with RTK
mode; for this reason, the considerations will be carried out
starting from the scale factor 100. The altimetric error can
be traditionally considered double in topography compared
to the planimetric one. The required threshold value on the
Z coordinate for three-dimensional can be regarded as equal
to twice those imposed on planimetric axes.

Recalling that the ground sampling distance represents
the size of the pixel on the field and is a function of the
focal length of the camera, flight altitude, and size of the
sensor’s pixel, it is a parameter that sets a lower limit to the
precision achievable on the points on the ground. The GSD
value of the 80 m height above ground level (AGL) flight of
the Phantom 4 Adv is 2.1 cm.

Tuning the choice of an appropriate surveying technique,
considering the expected result in terms of graphical output,
could help optimize the campaign costs and find a good bal-
ance between available resources and expected outcomes.

Integrating GNSS control network and photogrammet-
ric technique to design, implement, and perform a rigorous
topographic survey methodology has been depicted (Forlani
et al. 2019; Gabrlik et al. 2018).

The quality of a 3D model mainly depends on the sur-
vey’s quality and the photogrammetric reconstruction pro-
cess. The survey’s quality, in terms of accuracy, is dependent
on various parameters: method, performances of UAS avi-
onics, quality of cameras, the accuracy of GNSS observa-
tions (Lee & Choi 2016), camera calibration (Fraser 2013)
(Remondino & Fraser 2006), and georeferencing method
(Forlani et al. 2018).

This paper extends the investigation performed in other
publications (Peppa et al. 2019), (Dering et al. 2019), bring-
ing under observation two new UASs models.

This research has been carried out to investigate outcomes
of a series of photogrammetric surveys performed through
four DJI UAS different models, Phantom 4 Adv, Mavic 2
Pro, Mavic Air 2, and Mavic Mini 2. Predominant national
and international regulations are increasingly favoring small
drones in urban areas (Alamouri et al. 2021; Marshall 2021;
Rango & Laliberte 2010). For this reason and considering a
wide variety of urban applications for restoration purposes,
we focused the tests on small weight drones. The aircraft is
part of commercial user—grade systems primarily used by
private professionals. On the one hand, thanks to their off-
the-shelf configurations, they can help in rapidly planning
and performing low-altitude surveys.

On the other hand, due to their extraordinary easy-to-use
vocation, they are often deployed, paying little attention to
photogrammetric best practices. Following these considera-
tions, the tests have been designed to reproduce common
critical issues such as poor planning of camera network
geometry (Dai et al. 2014; Nocerino et al. 2013), camera
autocalibration, and different flighting AGLs.
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The tested UASs that present different configurations
achieve different overall mission performances and survey
quality.

Materials and methods

UAS

Four off-the-shelf consumer-grade UAS, namely, Phantom
4 Adv, Mavic 2 Pro, Mavic Air 2, and Mavic Mini 2, have
been used. In Table 2, the main specs have been reported.

GNSS receiver

The used GNSS receiver has been the TRIMBLE R8s sys-
tem with a 2-m-high pole and bipod support to guarantee
a steady equilibrium during acquisitions. The observations
were made in real-time kinematic (RTK) mode with area
correction from NETGEO permanent network (NRTK). A
number of satellites higher than 12 were verified for each
positioning, which was carried out with 3 acquisitions of 10
epochs each. The measured values were transformed using

the Verto software [45], developed by the Istituto Geogra-
fico Militare (IGM) with GK2 grid and georeferenced in
the EPSG 3003 reference system (Gauss Boaga fused west).
The three measured values were averaged, and this value
was considered as a reference on which to perform both
the checks and the photogrammetric frames. For altimetric
measurements 1.5 cm error and 0.8 for planimetric measure-
ments were considered.

SfM software

The SfM technique has been implemented through auto-
mated photogrammetric reconstruction routines. Con-
cerning the photogrammetric reconstruction, the Agisoft
Metashape’s professional version (1.6.6) has been used.
The software works through a standardized processing pipe-
line: structure from motion automatic processing to image
block orientation (Fig. 1), generating a 3D point cloud of
the acquired scene, causing a triangular mesh from the
point cloud, creating raster products such as digital eleva-
tion model (DEM) and orthophotos [46]. As first step, the
images have been imported without camera specifications
and have been filtered following a quality threshold. By

Table 2 UASS’ technical

N X UAS model Phantom 4 Mavic 2 Pro Mavic Air 2 Mavic Mini 2
specifications

Image Sensor Type 1" CMOS 1”7 CMOS %” CMOS %” CMOS

Pixel size 3,1 ym 2.4 ym 0.8 um 15 um

FOV 84° 77° 84° 83°

Focal Length 24 mm 28 mm 24 mm 24 mm

Optical Aperture /2.8-1/11 1/2.8-1/11 /2.8 /2.8

Shooting Distance 1 mto oo 1 mto oo 1 mto 1 mto co

ISO range 100-12,800 100-12,800 100-3600 100-12,800

Satellite Systems GPS + GLONASS GPS + GLONASS GPS + GLONASS GPS/GLO-
NASS/
GALILEO

Fig.1 Orthomosaic of the
surveyed area

T
[ g T s i -
% i -
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Fig.2 Ground target

applying EXIF georeferencing information, the software
then estimated interior and exterior parameters. GCPs and
CkPs were measured trough GNSS receiver and manually
selected on the project images as a second step, 51 targets
were selected. The GCPs were then selected as a constraint
during the bundle block adjustment (BBA) procedure to put
the photogrammetric reconstruction within a local coordi-
nate system. CkPs were selected as check points. Once the

Fig.3 Sparse point cloud of the
study area and GCP regular grid

? Control Point

@ Springer

NE Area

Fig.4 South-West and North-East testing areas

bundle adjustment processes had been performed, exterior
and interior camera parameters were adjusted accurately. A
comparison between GCPs and CkPs model coordinates and
the coordinates observed by the GNSS survey has been per-
formed to assess georeferencing process accuracy. The accu-
racy has been expressed in pixels and meters. Root mean
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Table 3 UAS’ performed flight missions for different AGLs

Height above the ground AGL (m)

30 45 60 80
GSD (cm)

Phantom 4 Adv 0.8 1.3 1.8 2.4

Mavic 2 Pro 0.8 1.2 1.6 2.1

Mavic Air 2 0.5 0.8 1.1 1.4

Mavic Mini 2 1 1.6 2.1 2.8

as wind, temperature, humidity, and cloud coverage. The
flights were carried out over a portion of land, including an
olive grove, a vineyard, and some buildings (Fig. 2). Fifty-
one targets 0.3 x 0.3 m sized (Fig. 2) were positioned on the
ground based on a relatively regular grid and fixed on the
ground using stable anchoring supports.

Furthermore, a topographic nail has been solidly secured
in each target’s center, allowing for an accurate GNSS sur-
vey. The targets’ coordinates were measured with GNSS
observation using a 2-m stick. The observations made
through local area correction with a local station have been

Table 4 Residuals on GCP

UAS AGL (m)
and CKP for the survey made

Target

Xerror (m) Y error (m) Zerror (m) XY error (m) Total (m)

0.009 0.010 0.012 0.014 0.018
0.011 0.010 0.018 0.015 0.023
0.009 0.010 0.011 0.014 0.018
0.011 0.010 0.015 0.015 0.021
0.100 0.011 0.013 0.015 0.019
0.013 0.009 0.018 0.015 0.023
0.010 0.012 0.013 0.016 0.020
0.012 0.012 0.018 0.017 0.024

by Phantom 4 Adv at different Phantom 4 Adv 30 GCP
altitudes CKP
45 GCP
CKP
60 GCP
CKP
80 GCP
CKP
Target 306 - Phantom 4 ADV
0.014
0.012
0.01
o ] m 30
£ 0.008
- m45
e
£ 0.006 60
0.004 80
0.002 I I
0 ’_‘

z y X

Fig.5 Residuals from Phantom 4 on CKP 306

square error has been calculated for the GCPs and CkPs to
better depict the error distribution in the overall study area.

Surveying campaign

The performances of the various drones were investigated,
flying over an inclined terrain. The surveying campaign
was performed within 3 days. During the first 2 days, target
arrangement and GNSS survey were performed. The pho-
togrammetric flights were carried out during the third day
to maintain a reasonable stability of boundary conditions

performed stationing on each point for three acquisitions
of 10 epochs each. The average value of the three observa-
tions has been considered for each GCP. An instrumental
15-mm altimetric error and a 7-mm planimetric error were
considered. The coordinates have been transformed using a
local grid and framed in the EPSG 3003 reference system
(Gauss-Boaga West fuse). The targets (Fig. 3) have been
used as ground control points (GCPs) and check points
(CkPs) to improve and verify the quality of the photogram-
metric reconstruction.

Performing surveying

The surveys have been performed using the four UAS mod-
els described in the previous section. A regular speed and a
comparable overall flighting dynamic have been adopted to
guarantee a more stable flight. In particular, the surveying
operations have been performed using automatic flight mode
for Phantom 4 Adv and Mavic 2 Pro. For Mavic Air 2 and
Mavic Mini 2, the manual mode has been used as the mis-
sion planning software was not available. The flying AGL
has been maintained constant both in manual and automatic
missions. However, a flighting chart has been used during
flighting operations to maintain the same root followed by
the automatic flights and the same speed. In this way, the
overlapping images have been held close to the one obtained
through the automatic flight mode. The study area has been
divided into South-West and North-East (Fig. 4) sections to
reduce the error due to the slope inclination.

@ Springer
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Table 5 Residuals on GCP and CKP for the survey made by Mavic 2
Pro at different AGLs

Drone  Altitude Target X Y Z XY  Total
(m) error error error  error (m)
(m) (m) (m) (m)
Mavic 30 GCP 0.029 0.034 0.024 0.045 0.051
2 Pro
CKP 0.143 0.180 0.505 0.230 0.556
45 GCP 0.043 0.044 0.025 0.061 0.066
CKP 0.107 0.099 0.140 0.146 0.202
60 GCP 0.031 0.031 0.024 0.044 0.050
CKP 0.075 0.096 0.145 0.122 0.189
80 GCP 0.026 0.027 0.029 0.037 0.047
CKP 0.073 0.081 0.193 0.109 0.222

The complete area coverage has been performed, plan-
ning two missions for each UAS, one for each area. UAS
performances for different ground sampling distances (GSD)
have been investigated in terms of photogrammetric effi-
ciency, performing flights at four different AGLs for each
mission. For Phantom 4 Adv and Mavic 2 Pro, flights were
performed at 30, 45, 60, and 80 m AGLs (Table 3). Due to
logistics reasons, for Mavic Air 2 and Mavic Mini 2, the
flights have been carried out for 30 and 60 m only.

Table 2 reports for each UAS and for various flying
heights the ground sampling distance on the ground. Values
were calculated following Eq. (1).

H
Xosp = 7 X Ximg 1)

Target 306 - Mavic 2 Pro

0.03
0.025
0.02
s m30
£
g m45
§ 0.015 :
o] m60
0.01 ‘ ‘ 80
0.005 ‘ ‘
0 || I
z y X

Fig.6 Residuals from Mavic 2 Pro on CKP 306
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Fig.7 Sparse point cloud of NW area

where X_GSD is the GSD, H is the flying height, f'is the
focal length, and x_img is the sensor pixel size. A 60% side
overlap and an 80% end overlap were adopted.

Results

The following results have been obtained performing flights
at pre-established altitudes (30, 45, 60, 80 m) with a nearly
regular GCPs grid on the ground for each of the UAS.

Phantom 4 and Mavic 2 Pro

For the Phantom 4 Adv and Mavic 2 Pro, the whole study
area has been considered; for the Mavic Air 2 and Mavic
Mini 2, the NE area only has been considered. The shorter
distance between two consecutive GCPs is about 40 m. For

Table 6 Residuals on GCP and CKP for the survey made by Mavic
Air 2 Ady at different altitudes

Drone AGL  Target X Y Z XY Total
(m) error error error error  (m)
(m) (m) (m) (m)
Mavic 30 GCP 0.030 0.059 0.117 0.066 0.135
Air 2
CKP 0.032 0.085 0.255 0.091 0.270
60 GCP 0.066 0.089 0.096 0.111 0.147
CKP 0.062 0.109 0.174 0.126 0.215
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Target 306 - Mavic Air 2
0.09
0.08
0.07
0.06

0.05

m30

' 60
0.03
0.02
0.01

0 —
z y X

Fig. 8 Residuals from Mavic 2 Pro on CKP 308

o
o
SN

Error (m)

survey. For Mavic Air 2 and Mavic Mini 2 that covered the
NE area only, there are 15 GCPs and 12 CKPs only.

In Table 4, GCPs’ and CKPs’ residuals are calculated
on the photogrammetric reconstruction made by Phantom 4
Adv’s pictures. The worst case is represented for the 80-m
altitude. The higher residual value is lower than 0.025 m.

Figure 5 reports residuals for X, Y, Z axes and 30-, 45-,
60-, and 80-m altitude for Phantom 4 Adv.

In comparison with Phantom 4 Adv, the Mavic 2 Pro led
to worse results. The total deviation varies from 55.6 cm at
30 m to 18.9 cm at 60 m. Best results have been obtained
at 60 and 80 m AGL. Also, the average deviations on the
ground control point and checkpoint can be considered
homogeneous in this situation.

Attention was placed on targets 306 and 406, from which
it can be observed again how the vertical component of the
error is prevalent (Table 5).

Figure 6 reports residuals for X, Y, Z axes and 30, 45, 60,
and 80 m AGL for Mavic 2 Pro on target 306. The values
reported in the chart for each flight AGL represent errors
on CKPs.

Table 7 Residuals on GCP and

Drone AGL (m) Target Xerror(m) Y error(m) Zerror(m) XY error(m) Total (m)
CKP for the survey made by
Mavic Mini 2 Adv at different Mavic Mini 2 30 GCP  0.024 0.032 0.043 0.040 0.058
altitudes CKP  0.025 0.053 0.077 0.058 0.097
60 GCP  0.022 0.024 0.037 0.033 0.049
CKP 0017 0.035 0.055 0.038 0.067

Phantom 4 Adv and Mavic 2 Pro, which covered the whole
study area, 27 GCPs and 22 CKPs are comprised in the

Target 408 (GCP) - Mavic mini 2

0.06

0.05

Q
o
=

m30

Error (m)
o
&

60

Fig.9 Residuals on CKP 408

Mavic Air 2 and Mavic Mini 2

In this case, the surveys have been carried out within the
NW area only (Fig. 7). Two targets, 308 and 408, belonging
to the central part of the survey area were randomly chosen
to compare different flights and different UASs.

Table 6 and Fig. 8, respectively, resume residuals in X,
Y, and Z axes measured during a photogrammetric survey
made by Mavic air 2.

Table 7 and Fig. 9, respectively, resume residuals in X,
Y, and Z axes measured during a photogrammetric survey
made by Mavic air 2.

The Mavic Mini 2, unlike the Mavic Air 2, despite the
relatively small size and weight (<250 g), has interesting
results. The deviations calculated from the photogrammetric
reconstruction show good potential, especially in the case
of flying at 60 m, where the errors are even lower than the
Mavic 2 Pro.

Hereafter, a comparison of residuals for 60 m AGL flights
of the four UAS (Table 8) is shown.

@ Springer
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Table 8 Residuals for 60 m

. Drone Target Xerror(cm) Yerror (cm) Zerror (cm) XY error (cm)  Total (cm)
AGL flights for all the UAS
models Phantom 4 Adv GCP  0.947 1.087 1.236 1.441 1.898
CKP 1.278 0.872 1.696 1.547 2.296
Mavic 2 Pro GCP 4.185 4.345 1.684 6.033 6.263
CKP 4.056 3.640 2.128 5.450 5.850
Mavic Air 2 GCP 5.678 8.291 7.251 10.049 12.392
CKP 6.036 8.515 11.888 10.437 15.819
Mavic Mini 2 GCP 2.224 2.265 3.602 3.175 4.802
CKP 1.806 3.158 4.707 3.638 5.949
Fig. 10 Chart of residuals on
GCPs and CKPs of the four 60m - Planimetric error
UAS 0.140
0.120
E
— 0.100
2
5 0.080
£ 0060
£
€ 0.040
* 0,020
0.000
107- GCP 207 - CkP 308- GCP 408 - CkP 506 - GCP 605 - CkP 703 - GCP
Targets

Phantom 4 Adv Mavic 2 Pro Mavic Air 2 Mavic Mini

Fig. 11 Chart of residuals on ) )
GCPs and CKPs of the four 60m - Planimetric error
UAS 0.140

0.120
0.100
0.080
0.060

0.040

Planimetric error [m]

0.020

0.000
107 - GCP 207 - CkP 308-GCP 408 - CkP 506 - GCP 605 - CkP 703 - GCP
Targets

Phantom 4 Adv Mavic 2 Pro Mavic Air 2 Mavic Mini

Fig. 12 Chart of median calcu-

lated for planimetric error Median - Planimetric error
0.1

0.08
o B Phantom 4 Adv
= 0.06
= ® Mavic 2 Pro
wv)
=< 0.04
é ® Mavic Air 2

0.02

. Mavic Mini 2
o M o
CkP GCP Total
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Table 9 Median calculated for planimetric error

Median—Planimetric error (m)

CkP GCP Total
Phantom 4 Adv 0.010386282 0.014466739 0.01140596
Mavic 2 Pro 0.048813929 0.05549858 0.050663934
Mavic Air 2 0.084235221 0.093203695 0.091427594
Mavic Mini 2 0.043908212 0.03228804 0.033704128

Table 10 Median calculated for altimetric error

Median—Altimetric error (m)

CkP GCP Total
Phantom 4 Adv 0.00919127 0.005447245 0.006076
Mavic 2 Pro 0.00608625 0.003561335 0.00503028
Mavic Air 2 0.0869282 0.0391105 0.0448956
Mavic Mini 2 0.0304379 0.0272344 0.0304379

Table 11 Standard deviation calculated for planimetric error

STD—PIlanimetric error (m)

CkP GCP Total
Phantom 4 Adv 0.010637361 0.011037224 0.009957469
Mavic 2 Pro 0.005146664 0.017168324 0.01302303
Mavic Air 2 0.026358215 0.010972396 0.017275788
Mavic Mini 2 0.021756609 0.019272246 0.018553111

Table 12 Standard deviation calculated for altimetric error

STD—Altimetric error (m)

CkP GCP Total
Phantom 4 Adv 0.010417933 0.014164856 0.008025801
Mavic 2 Pro 0.004367404 0.00572253 0.002652819
Mavic Air 2 0.054247758 0.050286355 0.061500418
Mavic Mini 2 0.024374146 0.033208627 0.019771235

Table 13 Standard deviation calculated on planimetric and altimetric
error

STD—Planimet- STD—Altimetric error (m)
ric error (m)

GCP_all_UAS  CkP_all_UAS GCP_all_ UAS CkP_all_UAS
0.032615433 0.032452646 0.038382081 0.043662317
Total

0.031991364 0.040379821

All things considered, average residuals from Phantom 4
Adyv, about 15 mm, almost disappear compared to the other
UASs; the discrepancy is one order of magnitude. We can
even assert that Mavic Air 2, limited to the proposed set
up and to the border conditions on which tests have been
performed, could be difficult to use for topographic survey
purposes. The average error is around 10 mm. The Mavic 2
Pro and the Mavic Mini 2 show similar planimetric residu-
als. The Mavic 2 Pro is better for elevation error; however,
the Mavic Mini 2 demonstrated good performances. This
last represents the most surprising result of this UASs com-
parison. With a regular grid geometry of ground targets, the
Mavic Mini 2 led to an error average of about 5 cm. Remem-
bering that the Mavic Mini 2 is an ultralight drone (does not
require a pilot's license), it could significantly reduce cost
compared to all the others.

Discussions

Phantom 4 Adv brought excellent results for the four ana-
lyzed flight AGLs. The errors reported for the three axes
are around 2 cm. With a minimal variance, we can say that
values are similar for all ground targets; the point clouds
have been close settled around to the GCP allowing for the
same CKP accuracy.

Two targets belonging to the central part of the survey
area were chosen to make a more immediate comparison
amongst different flights made by different UASs: the 306
GCP and 406 CKP.

The prevailing error is the planimetric one; on target 406
(CKP), the predominant deviation is in the vertical direction
z. This statement is valid on targets 306 and 406 and a gen-
eral level on all GCPs and CKPs. Furthermore, it is possible
to see how the 80 m has led to slightly worse results than the
other flight AGLs, which can be considered similar in terms
of obtained results.

A targets’ single raw of the ground target grid was chosen
to carry out a general comparison on the targets, formed
by a GCP (107, 308, 506, 703) and a CKP (207, 408, 605)
alternately. As previously highlighted, the geometry of the
ground points’ grid ensures that there are no significant dif-
ferences between GCP and CKP. Figures 10 and 11 shows
the planimetric deviations on the targets; in Fig. 12, the alti-
metric deviations.

The next Tables 9, 10, 11, 12, 13 report statistics of the
survey in terms of median and standard deviation (STD)
for planimetric and altimetric error on targets GCP (107,
308, 506, 703) and a CKP (207, 408, 605). Statistics are
calculated for GCPs, CKPs, and the total amount of targets.

Table 13 shows a STD value for GCPs s and CKPs sub-
stantially equal on planimetric error. A slight difference
between GCPs and CKPs is otherwise reported for altimetric
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Fig. 13 Chart of median calcu-
lated for altimetric errors

Fig. 14 Chart of standard devia-
tion calculated for planimetric
erTors

Fig. 15 Chart of standard devia-
tion calculated for altimetric
errors

Table 14 Planimetric graphic
errors performing flights at
different AGLs
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Table 15 Altimetric graphic

: Scala Graphic error Phantom 4 Adv Mavic 2 Pro Mavic Air 2 Mavic Mini 2
errors through performing
flights at different AGLs 1:100 4 cm 30,45 m _ _ _
1:200 8 cm 30, 45, 60, 80 m - - -
1:500 20 cm 30, 45, 60, 80 m 30, 45, 60, 80 m - 30, 60 m

error. The total altimetric error is 1 cm higher than the plani-
metric one.

Figures 12 and 13 show medians for planimetric and
altimetric error on targets GCP (107, 308, 506, 703) and a
CKP (207, 408, 605). The median value for the altimetric
error of Mavic Air 2 is twice with respect to the others.
Figures 14 and 15 show standard deviation for planimetric
and altimetric error on targets GCP (107, 308, 506, 703)
and a CKP (207, 408, 605). Even in this case, Mavic Air 2
reached worse results.

Tables 14 and 15 show the flight AGL suitable for a pho-
togrammetric survey respecting the graphical error limits
imposed by the required representation scale and GSD. The
values indicate for each drone the flight AGL at which it
is possible to fly to ensure the success of a survey at the
defined representation scale in terms of planimetric error.

Conclusions

By varying essential parameters such as flight AGL and
cameras (RPAS models), several photogrammetric recon-
structions were performed applying structure-from-motion
(SfM) algorithms using the images taken from the UAS. The
surveys’ quality was analyzed by comparing the ground tar-
gets’ coordinates extrapolated from the point clouds to those
measured on the field with indirect georeferencing through
GNSS technology.

Looking at the results, the difference between GCPs and
CKPs, in terms of error, is moderated. If, usually, the error
associated to CKPs should represent the more severe quality
control parameter, in this case for some UAS the GCP error
is higher than the one from CKPs.

The Phantom 4 Adv confirmed the expectations, one of
the most used drones for photogrammetry. All four flight
AGLs used guarantee accuracy limits to the 1:200 scale.
Flight AGLs up to 45 m can generate 1:100 products.

The Mavic 2 Pro cannot assure an acceptable average
error for scale factors 100 and 200; however, it is suitable
from 1:500 upwards.

The Mavic Air 2 is difficult to be used for 1: 100 and 1:
200 scales. It is within 1: 500 at an AGL of 30 m. It is also
worth noticing that the sensor is a 48-MP pixel 2 X 2 binning.
With 2 X 2 binning, four adjacent pixels are binned into one
larger pixel and readout.

The Mavic Mini 2 has exceeded expectations; at the
height of 60 m, it could be used for a 1:200 scale. The flight
at 60 m resulted better than at 30 m: this could be due to the
non-optimal network camera geometry. A low signal-noise
ratio, which is probably due to the sensor size (1/2.3" for 12
MP), could even play a role.

Acknowledgements The authors would like to thank the Associate
Society of Engineering Spaziottantatre, Via Uguccione della Faggiola
111, 50126 Firenze (FI) info@spaziottantatre.com

Author contribution Conceptualization, Francesco Mugnai. Data cura-
tion, Francesco Mugnai, Francesco Vezzosi. Formal analysis, Franc-
esco Mugnai, Pietro Longinotti. Investigation, Francesco Mugnai.
Methodology, Francesco Mugnai. Resources, Francesco Vezzosi, Gra-
zia Tucci. Software, Francesco Mugnai, Francecso Vezzosi. Supervi-
sion, Francesco Mugnai, Grazia Tucci. Validation, Francesco Mugnai,
Francesco Vezzosi. Visualization, Francesco Mugnai, Pietro Longi-
notti. Writing—original draft, Francesco Mugnai. Writing—review and
editing, Francesco Mugnai, Grazia Tucci.

Data availability Data is available on request from the authors. The
data supporting this study’s findings are available from the correspond-
ing author, (Mugnai F.), upon reasonable request.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Bonora V, Maseroli R, Mugnai F, Tucci G (2021). GNNS control net-
work supporting large historical building architectural survey. The
International Archives of the Photogrammetry, Remote Sensing
and Spatial Information Sciences, XLVI-M-1-2, 8§7-91. 10.5194/
isprs-archives-XLVI-M-1-2021-87-2021

Alamouri A, Lampert A, Gerke M (2021) An Exploratory Investigation
of UAS Regulations in Europe and the Impact on Effective Use
and Economic Potential. Drones 5(3):63

@ Springer


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

Applied Geomatics

Barazzetti L, Brumana R, Oreni D, Previtali M, Roncoroni F (2014).
True-orthophoto generation from UAV images: implementation
of a combined photogrammetric and computer vision approach.
ISPRS Annals of Photogrammetry, Remote Sensing & Spatial
Information Sciences, 2(5)

Bitelli G, Balletti C, Brumana R, Barazzetti L, D’urso MG, Rinaudo
F, Tucci G (2017). Metric documentation of cultural heritage:
Research directions from the Italian gamher project.

Boccardo P, Chiabrando F, Dutto F, Tonolo FG, Lingua A (2015) UAV
deployment exercise for mapping purposes: Evaluation of emer-
gency response applications. Sensors 15(7):15717-15737

Bolkas D, Vazaios I, Peidou A, Vlachopoulos N (2018) Detection of
rock discontinuity traces using terrestrial LIDAR data and space-
frequency transforms. Geotech Geol Eng 36(3):1745-1765

Dai F, Feng Y, Hough R (2014) Photogrammetric error sources and
impacts on modeling and surveying in construction engineering
applications. Visualization in Engineering 2(1):2

Dering GM, Micklethwaite S, Thiele ST, Vollgger SA, Cruden AR
(2019) Review of drones, photogrammetry and emerging sensor
technology for the study of dykes: Best practises and future poten-
tial. J Volcanol Geoth Res 373:148-166

Ekaso D, Nex F, Kerle N (2020) Accuracy assessment of real-time
kinematics (RTK) measurements on unmanned aerial vehicles
(UAV) for direct geo-referencing. Geo-Spatial Information Sci-
ence 23(2):165-181

Eling C, Wieland M, Hess C, Klingbeil L, Kuhlmann H (2015)
Development and evaluation of a UAV based mapping system
for remote sensing and surveying applications. The International
Archives of Photogrammetry, Remote Sensing and Spatial Infor-
mation Sciences 40(1):233

Forlani G, Diotri F, di Cella UM, Roncella R (2019) Indirect UAV
strip georeferencing by on-board GNSS data under poor satellite
coverage. Remote Sensing 11(15):1765

Forlani G, Dall’Asta E, Diotri F, Cella UM di, Roncella R, Santise M
(2018). Quality assessment of DSMs produced from UAYV flights
georeferenced with on-board RTK positioning. Remote Sensing,
10(2), 311

Fraser CS (2013) Automatic camera calibration in close range photo-
grammetry. Photogramm Eng Remote Sens 79(4):381-388

Gabrlik P (2015) The use of direct georeferencing in aerial photogram-
metry with micro UAV. IFAC-PapersOnLine 48(4):380-385

Gabrlik P, la Cour-Harbo A, Kalvodova P, Zalud L, Janata P (2018)
Calibration and accuracy assessment in a direct georefer-
encing system for UAS photogrammetry. Int J Remote Sens
39(15-16):4931-4959

Garilli E, Bruno N, Autelitano F, Roncella R, Giuliani F (2021) Auto-
matic detection of stone pavement’s pattern based on UAV photo-
grammetry. Autom Constr 122:103477. https://doi.org/10.1016/j.
autcon.2020.103477

Gomez C, Purdie H (2016) UAV-based photogrammetry and geocom-
puting for hazards and disaster risk monitoring—a review. Geoen-
vironmental Disasters 3(1):1-11

Gracchi T, Rossi G, Stefanelli CT, Tanteri L, Pozzani R, Moretti S
(2021) Tracking the Evolution of Riverbed Morphology on the
Basis of UAV Photogrammetry. Remote Sensing 13(4):829

Hugenholtz C, Brown O, Walker J, Barchyn T, Nesbit P, Kucharczyk
M, Myshak S (2016) Spatial accuracy of UAV-derived ortho-
imagery and topography: Comparing photogrammetric models
processed with direct geo-referencing and ground control points.
Geomatica 70(1):21-30

James MR, Robson S (2014) Mitigating systematic error in topographic
models derived from UAV and ground-based image networks.
Earth Surf Proc Land 39(10):1413-1420

James MR, Chandler JH, Eltner A, Fraser C, Miller PE, Mills JP,
Noble T, Robson S, Lane SN (2019) Guidelines on the use of

@ Springer

structure-from-motion photogrammetry in geomorphic research.
Earth Surf Proc Land 44(10):2081-2084

Lee S, Choi Y (2016) Comparison of topographic surveying results
using a fixed-wing and a popular rotary-wing unmanned aerial
vehicle (drone). Tunnel and Underground Space 26(1):24-31

Malinverni ES, Barbaro CC, Pierdicca R, Bozzi CA, Tassetti AN
(2016). UAV surveying for a complete mapping and documenta-
tion of archaeological findings. The early neolithic site of Por-
tonovo. International Archives of the Photogrammetry, Remote
Sensing & Spatial Information Sciences, 41.

Marshall DM (2021). UAS Regulations, Standards, and Guidance.
Introduction to Unmanned Aircraft Systems, 101-136

Martinez JG, Albeaino G, Gheisari M, Volkmann W, Alarcén LF
(2021) UAS point cloud accuracy assessment using structure
from motion-based photogrammetry and PPK georeferencing
technique for building surveying applications. ] Comput Civ Eng
35(1):5020004

El Meouche R, Hijazi I, Poncet PA, Abunemeh M, Rezoug M (2016).
UAV photogrammetry implementation to enhance land surveying,
comparisons and possibilities. International Archives of the Pho-
togrammetry, Remote Sensing & Spatial Information Sciences, 42

Michez A, Piégay H, Jonathan L, Claessens H, Lejeune P (2016) Map-
ping of riparian invasive species with supervised classification of
Unmanned Aerial System (UAS) imagery. Int J Appl Earth Obs
Geoinf 44:88-94

Nex F (2011). UAV photogrammetry for mapping and 3d modeling—
current status and future perspectives. International Archives of
the Photogrammetry, Remote Sensing and Spatial Information
Sciences, 38(1/C22)

Nocerino E, Menna F, Remondino F, Saleri R (2013). Accuracy and
block deformation analysis in automatic UAV and terrestrial
photogrammetry-Lesson learnt. ISPRS Annals of the Photogram-
metry, Remote Sensing and Spatial Information Sciences, 2(5/
W1), 203-208

Parisi EI, Suma M, Giile¢ Korumaz A, Rosina E, Tucci G (2019). Aer-
ial Platforms (UAV) surveys in the VIS and TIR range. applica-
tions on archaeology and agriculture. International Archives of the
Photogrammetry, Remote Sensing & Spatial Information Sciences

Peppa MV, Hall J, Goodyear J, Mills JP (2019). Photogrammetric
assessment and comparison of DJI Phantom 4 pro and phantom 4
RTK small unmanned aircraft systems. ISPRS Geospatial Week
2019

Pfeifer N, Glira P, Briese C (2012) Direct georeferencing with on board
navigation components of light weight UAV platforms. Interna-
tional Archives of the Photogrammetry, Remote Sensing and Spa-
tial Information Sciences 39(B7):487-492

Rango A, Laliberte A (2010) Impact of flight regulations on effective
use of unmanned aircraft systems for natural resources applica-
tions. J Appl Remote Sens 4(1):43539

Rau J-Y, Jhan J-P, Li Y-T (2016) Development of a large-format uas
imaging system with the construction of a one sensor geome-
try from a multicamera array. IEEE Trans Geosci Remote Sens
54(10):5925-5934

Remondino F, Fraser C (2006) Digital camera calibration methods:
considerations and comparisons. International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sci-
ences 36(5):266-272

Samad AM, Kamarulzaman N, Hamdani MA, Mastor TA, Hashim
KA (2013). The potential of Unmanned Aerial Vehicle (UAV)
for civilian and mapping application. 2013 IEEE 3rd International
Conference on System Engineering and Technology, 313-318

Sanz-Ablanedo E, Chandler JH, Rodriguez-Pérez JR, Ordéiiez C (2018)
Accuracy of unmanned aerial vehicle (UAV) and SfM photogram-
metry survey as a function of the number and location of ground
control points used. Remote Sensing 10(10):1606


https://doi.org/10.1016/j.autcon.2020.103477
https://doi.org/10.1016/j.autcon.2020.103477

Applied Geomatics

Sarwar O, Rinner B, Cavallaro A (2016). Design space exploration for
adaptive privacy protection in airborne images. 2016 13th IEEE
International Conference on Advanced Video and Signal Based
Surveillance (AVSS), 159-165

Spangher A, Visintini D, Tucci G, Bonora V (2017). Geomatic 3D
modeling of a statue (also) for structural analysis and risk evalua-
tion: the example of San Giovannino Martelli in Florence. Interna-
tional Archives of the Photogrammetry, Remote Sensing & Spatial
Information Sciences, 42

Stocker C, Nex F, Koeva M, Gerke M (2017) Quality assessment
of combined IMU/GNSS data for direct georeferencing in the
context of UAV-based mapping. The International Archives of

Photogrammetry, Remote Sensing and Spatial Information Sci-
ences 42:355

Sun Z, Zhang Y (2018) Using drones and 3D modeling to survey
Tibetan architectural heritage: A case study with the multi-door
stupa. Sustainability 10(7):2259

Turner D, Lucieer A, Wallace L (2013) Direct georeferencing of ultra-
high-resolution UAV imagery. IEEE Trans Geosci Remote Sens
52(5):2738-2745

Waagen J (2019) New technology and archaeological practice. Improv-
ing the primary archaeological recording process in excavation by
means of UAS photogrammetry. J Archaeol Sci 101:11-20

@ Springer



	Performing low-altitude photogrammetric surveys, a comparative analysis of user-grade unmanned aircraft systems
	Abstract
	Introduction
	Materials and methods
	UAS
	GNSS receiver
	SfM software
	Surveying campaign
	Performing surveying

	Results
	Phantom 4 and Mavic 2 Pro
	Mavic Air 2 and Mavic Mini 2

	Discussions
	Conclusions
	Acknowledgements 
	References


