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Abstract: This paper is about the geometric and radiometric consistency of diverse and overlapping 
datasets acquired with the Parrot Sequoia camera. The multispectral imagery datasets were 
acquired above agricultural fields in Northern Italy and radiometric calibration images were taken 
before each flight. Processing was performed with the Pix4Dmapper suite following a single-block 
approach: images acquired in different flight missions were processed in as many projects, where 
different block orientation strategies were adopted and compared. Results were assessed in terms 
of geometric and radiometric consistency in the overlapping areas. The geometric consistency was 
evaluated in terms of point cloud distance using iterative closest point (ICP), while the radiometric 
consistency was analyzed by computing the differences between the reflectance maps and 
vegetation indices produced according to adopted processing strategies. For normalized difference 
vegetation index (NDVI), a comparison with Sentinel-2 was also made. This paper will present 
results obtained for two (out of several) overlapped blocks. The geometric consistency is good (root 
mean square error (RMSE) in the order of 0.1 m), except for when direct georeferencing is 
considered. Radiometric consistency instead presents larger problems, especially in some bands and 
in vegetation indices that have differences above 20%. The comparison with Sentinel-2 products 
shows a general overestimation of Sequoia data but with similar spatial variations (Pearson’s 
correlation coefficient of about 0.7, p-value < 2.2 × 10−16). 

Keywords: geometric consistency; radiometric consistency; point clouds; ICP; reflectance maps; 
vegetation indices; Parrot Sequoia 

 

1. Introduction 

1.1. Key Topics 

Precision agriculture (PA) [1] is a very significant societal challenge and promises to enable 
several significant improvements: increase of productivity; optimal, and thus reduced, use of 
pesticides and fertilizers; and decreased use of water. These will translate into substantial benefits, 
including making more food available for mankind, increasing environmental sustainability, and 
contributing to the mitigation of climate change effects [2]. One key component of precision 
agriculture is crop health diagnostic capability. Within this context, in the last 5 years the use of 
lightweight unmanned aerial vehicles (UAVs) equipped with multispectral sensors has become quite 
popular. UAV-based surveys offer unprecedented ground resolution and operational capability. The 
second feature is particularly significant when periodic monitoring has to be performed, as the 
operator is free to choose the optimal time to fly. 
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1.2. Background 

The processing of large datasets that cover wide areas and which need to be acquired by several 
UAV missions is still a challenging task. As for photogrammetric projects, these types of datasets, 
composed of various sub-blocks, require a careful assessment of the accuracy of the final products, 
from both geometric and radiometric points of view. This is even more true when time-series are 
analyzed; the consistency between data is mandatory in these cases. 

Regarding geometric issues, the recent evolution of UAVs has provided low-cost systems with 
direct georeferencing (DG) capability. DG has several advantages: it allows flights in remote areas 
where access could be difficult or impossible [3], and reduces mission time and costs, since no ground 
control points (GCPs) need to be installed and measured. Unfortunately, navigation-grade 
GPS/GNSS receivers (Global Positioning System/Global Navigation Satellite System), such as the one 
integrated with the Parrot Sequoia sensor [4], are not of sufficient quality in the solution position for 
georeferencing of images. Some authors investigated this topic [3,5,6], obtaining metric errors. GCPs 
are traditionally suggested for georeferencing purposes. The number and distribution of GCPs have 
been explored by several authors [7–10]. Independently from the extent of the surveyed area, they 
state that a small number of GCPs is useful when they are only needed to perform datum 
transformation, while a larger number is necessary when camera self-calibration must be performed. 
For this second aim, their spatial distribution is important too, as ground points must cover the whole 
area of interest. However, GCPs cannot always be guaranteed in some applications, such as in 
precision agriculture, where inaccessibility is a frequent condition due to crops’ stages of growth. In 
this case, other ground information can be useful, such as pre-existing orthophotos [11]. 

Independently from the strategy used for images orientation, the geometric quality of the results 
must be assessed both in terms of accuracy and consistency. Such analysis can be focused on exterior 
orientation parameters (EOPs) or on the photogrammetric products, such as dense point clouds or 
orthophotos. EOPs are traditionally evaluated by using a set of check points (CPs), which are 
considered during the bundle block adjustment as simple tie points; residuals between the 
photogrammetrically obtained object coordinates of markers and those preliminarily determined by 
surveying are then evaluated [12–14]. Photogrammetric products are assessed using additional 
information acquired by alternative systems, such as GNSS receivers and total stations [15,16] or light 
detection and ranging (LIDAR) [17–19]. 

Data quality can also be assessed in terms of consistency. This term means the agreement 
between different (partially overlapping) datasets acquired at the same time or at different times. 
Consistency can be assessed on various photogrammetric products, such as point clouds or 
orthophotos. The mentioned criterion is particularly significant when time-series are processed or 
when different processing strategies are tested, as in our case. Within this framework, [20] evaluated 
volumetric changes of a landslide areas using point clouds over a time-series, while [21] assessed the 
consistency of UAV-derived point clouds in relation to the focal length and target set. 

While geometry is almost always considered when quality assessment is performed, radiometry 
is less often investigated but plays a key role in several applications, such as precision agriculture 
and environmental pollution detection. Regarding radiometry, some critical issues remain unsolved, 
such as which corrections must be considered and modelled, and several authors recently started to 
investigate these aspects. Honkavaara et al. [22] studied and assessed a processing methodology for 
biomass estimation in agriculture with a lightweight UAV spectral camera under varying 
illumination conditions. In [23], authors captured images from an UAV with Parrot Sequoia and 
assessed canopy reflectance consistency in avocado and banana orchards in Australia, while in [24] 
reflectance anisotropy of potato canopies in the Netherlands was mapped with a frame camera 
mounted on an UAV. 

Although in recent years sensor manufacturers have improved in describing sensor performance 
and providing tools for performing radiometric corrections [25], the radiometric quality of data is 
still uncertain. The reliability of spectral information acquired by multispectral sensors mounted on 
UAVs is not completely clear [26]. Absolute accuracy might be insufficient for some applications, so 
that calibration procedures will be required [27]. 
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The proposed radiometric calibrations are based on the availability of spectral targets, whose 
reflectance response is measured in situ with a spectrometer [28–33]. After evaluating costs, 
surveying and processing times, and required instrumentations and expertise, this calibration 
methodology cannot be adopted as a routine method in precision agriculture. Indeed, farmers must 
take into consideration data quality as well as economic impact [26]. To ensure the dissemination and 
the use of calibration procedures in the agriculture sector, it is advisable to optimize the exploitation 
of consumer-friendly tools, and best practices must be simplified. 

1.3. Motivation 

Nowadays equipment vendors are making an effort to supply easy-to-use HW (Hardware) and 
SW (Software) so that crop monitoring can be performed by individual farmers. The bundle of Parrot 
Sequoia© (Parrot S.A., Paris, France) and Pix4D© (Pix4D S.A., Prilly, Switzerland) is a clear and 
popular example of this approach. The present paper arises from one simple yet crucial question: 
what is the reliability of the radiometric information and of the related vegetation indices acquired 
by the Sequoia camera and processed with the bundled Pix4DMapper software? Considering that 
UAV surveys for precision agriculture typically are multitemporal, the original question can be 
rephrased: what is the consistency between repeated surveys? In other words, when two datasets 
highlight differences for a certain part of a field, to what extent is this due to acquisition and 
processing errors, and to what extent does this point out a variation in the status of the crop? The 
importance of such questions is confirmed by the fact that only a few papers in the literature have 
explored them to date. 

The present work studies geometric and radiometric consistency of two overlapping datasets, 
acquired with a Sequoia camera and processed with the bundled software. We focus on geometry to 
avoid the influence of its inconsistencies on the quality of the radiometry. A distinctive feature of the 
paper is that the geometric consistency is not assessed by means of a (generally limited) number of 
check points (CPs), as is usually done. Instead, we assess it by exhaustively evaluating the distance 
between the whole generated point clouds. We investigate radiometry as well, because it is the main 
source for agronomic studies. Moreover, we compare datasets acquired almost at the same time. This 
is a strength, as the difference assessed in vegetation indices can only be attributable to sensor noise, 
and possibly to issues in the radiometric calibration procedure. 

2. Methods 

2.1. The Equipment 

The dataset was acquired with the HEXA-PRO™ UAV, which is operated by the Laboratory of 
Geomatics of the University of Pavia and is shown in Figure 1a. The vehicle was made by a small 
Italian company named Restart® and has the following main characteristics: 6 engines (290 W each 
one), Arducopter-compliant flight controller, maximum payload of 1.5 kg (partly used by the gimbal, 
weighting 0.3 kg), flight autonomy of approximately 15 min. The UAV was equipped with a Parrot 
Sequoia camera (see Figure 1c). Sequoia has a high-resolution RGB camera with a 4608 × 3456 pixel 
sensor, a pixel size of 1.34 μm, and a focal length of 4.88 mm; the ground sampling distance (GSD) is 
1.9 cm at 70 m height above ground level (AGL). Sequoia also has four monochrome cameras that are 
sensitive to the following spectral bands: green (G, 530–570 nm), red (R, 640–680 nm), red-edge (RE, 
730–740 nm), and near-infrared (NIR, 77–810 nm). Their resolution is 1280 × 960, with a pixel size of 
3.75 μm and a focal length equal to 3.98 mm; the GSD is 6.8 cm at the 70 m flying height (AGL), which 
was adopted for the described survey. 
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Figure 1. The equipment operated by the Laboratory of Geomatics of the University of Pavia: (a) the 
HEXA-PRO™ unmanned aerial vehicle (UAV) used for the survey; (b) the Airinov calibration target 
supplied with the camera; (c) the Parrot Sequoia camera (the imaging and irradiance sensors are 
shown); (d) an example of the artificial markers used. 

2.2. The Block Structure 

On September 13, 2017, a photogrammetric survey was performed on the Santa Sofia farmstead, 
near Pavia, Northern Italy (Figure 2a). The test-site is a flat area totaling about 36 ha, used exclusively 
to cultivate rice. The whole acquisition was obtained by five flight missions, the planning for which 
is shown in Figure 2b, where the optical orthomosaic, which was used as background, was derived 
from a previous survey. In total, the project constituted about 1300 multispectral images, each 
composed of four bands. The AGL height was 70 m and image overlapping was 80% and 60% along- 
and across-track, respectively. The Sequoia camera was adopted, as previously mentioned. Twelve 
markers were placed on the ground and surveyed with the network real-time kinematic (NRTK) GPS 
mode. Virtual reference station (VRS) differential corrections were applied via connecting networked 
transport of RTCM (Radio Technical Commission for Maritime) via internet protocol (NTRIP - 
Networked Transport of RTCM via Internet Protocol) to the GNSS positioning service of “Regione 
Piemonte and Regione Lombardia” [34]. GCP coordinates have a planimetric and altimetric accuracy 
of 2–3 cm and 4–5 cm, respectively. GCPs were constituted by artificial markers with black and gray 
diamond shapes (Figure 1d); marker positions are illustrated in Figure 2b. At the beginning of each 
flight, the recommended radiometric calibration procedure was performed by acquiring the 
calibration target (Figure 1b). 

The present paper will only focus on flights 3 and 4, as these had a methodological purpose. The 
overlapping area allowed us to deeply analyze geometric and radiometric congruency under several 
processing scenarios (as described in Section 2.3), because it is quite wide (23 ha) and encompasses 4 
GCPs. 
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Figure 2. Unmanned aerial vehicle (UAV) survey framework: (a) site location; (b) the sub-block 
compositions. Note: light blue lines represent the flight outlines where the overlapping areas are 
clearly visible. The one considered in the paper is highlighted in red and includes four ground control 
points (GCPs), named 6, 7, 8, and 9. GCP locations are reported with green triangles. Coordinate 
reference system (CRS): WGS84/UTM 32N. Central coordinates (E, N): 506500, 5005600. 

2.3. The Photogrammetric Processing 

The photogrammetric project was carried out with Pix4Dmapper Pro, version 4.4.9. Only the 
four multispectral channels were considered, having 6.8 cm GSD; higher resolution RGB imagery 
was disregarded, as it is recorded in the JPEG format with a high compression factor, and has low 
quality compared to photogrammetry requirements. The processing followed the usual pipeline 
[35,36]: image alignment, tie point extraction, manual measurement of GCPs and CPs, bundle block 
adjustment (BBA), generation of dense point clouds, digital surface modeling (DSM), and creation of 
orthomosaic and reflectance maps. The software allows only one set of calibration target images to 
be used per project, so the photogrammetric processing followed a single-block approach. Four 
scenarios were depicted based on georeferentiation methodology and radiometric processing:  

1. Direct georeferencing (DG) scenario: no GCPs were inserted in the BBA and each sub-block was 
processed by direct photogrammetry using positions from the Sequoia integrated GPS receiver. 
This scenario was used only in geometric assessment. 

2. Independent georeferentiation/independent radiometric processing (Ig/Ir) scenario: the two 
blocks were independently processed in terms of geometry and radiometry. This scenario was 
used both in geometric and radiometric assessment. 

3. Independent georeferentiation/joint radiometric processing (Ig/Jr) scenario: this scenario is a 
variation of the previous one, in which orientation parameters were computed for each block 
independently, as in the second scenario, but the two flights were then merged for dense point 
cloud and reflectance maps generation. This scenario coincides with the so-called “merge 
option” in Pix4Dmapper software, and it is the recommended procedure for processing 
photogrammetric blocks with a large number of images and an overlapping area. It should 
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ensure that radiometric differences caused by a misalignment in the dense point clouds are 
avoided. Scenario Ig/Jr was used only in radiometric assessment. 

4. Joint georeferentiation/independent radiometric processing (Jg/Ir) scenario: the two blocks were 
jointly orientated, and the obtained exterior orientation parameters were then transferred to a 
single-block project for generation of dense point clouds and reflectance maps. In this scenario, 
possible radiometric inconsistencies due to separate computation of interior and exterior 
orientation parameters are eliminated. This scenario was used in both geometric and radiometric 
assessment. 

The bundle block adjustment parameters were set according to the described scenario, since they 
differ in terms of calibration method and camera optimization. In DG scenario, the calibration method 
was set to the “alternative” option. This choice is recommended when the surveyed area is flat (as in 
this case) and there is availability of good image geolocation; for the Sequoia sensor, the used 
geolocation comes from the on-board GPS receiver, even if its quality is low, as discussed before. For 
camera optimization, external parameters were all re-estimated, while for the internal ones they were 
adopted from the camera model that is delivered by Sequoia directly into the EXIF (Exchangeable 
image file) section of each image. As we knew from the Pix4D technical support, the parameters 
delivered into the EXIF are individually determined for each item at the factory. Their reliability is 
good, as reported in [11], in which the changes between nominal and optimized camera parameters 
were as low as 0.01%. In Ig/Ir and Ig/Jr scenarios, the calibration method was again set to 
“alternative”. For camera optimization, since the GCPs were imported and measured on each of the 
two blocks, both external and internal parameters were optimized. Finally, Jg/Ir is a two-step scenario 
in which the two blocks were jointly processed, and so the obtained internal and external parameters 
were used to separately generate the dense point clouds for each block. For the first step (image 
orientation), the parameters were set as equal to Ig/Ir; for the second step (single-block dense point 
cloud generation), the calibration method was set to geolocation-based, since accurate positioning 
and orientation are available from the first step. Besides, in this case, neither interior nor external 
parameters were optimized because they were directly imported in the first step of the project. 

All dense point cloud generation was performed by adopting the default options: half image 
size resolution images, point density was set to optimal, and a cloud point was accepted only if it was 
positively matched in at least three images. The average density was between 11 to 14 points per m3. 
In a preliminary test, the original image size resolution was also evaluated, but higher point density 
did not significantly improve the generation of orthophotos and reflectance maps; the requirements 
for precise agriculture are lower in comparison to other applications, such as 3D mapping, and the 
obtained resolution was considered satisfactory for the research aims. 

Pix4Dmapper allows generation of orthophotos and reflectance maps during step 3 of the 
processing, together with the computation of the DSM. In this study, products were generated with 
GSD equal to 0.10 m and project settings were the same for all considered scenarios. Reflectance maps 
were generated by setting camera and sun irradiance correction in the radiometric processing and 
calibration panel. This allows one to apply corrections to the camera parameters stored in the image 
metadata (i.e., vignetting, dark current, ISO), as well as for the sun irradiance information acquired 
with the proper sensor (see Figure 1c). Images of the calibration target are required to perform 
corrections. Hence, during the survey, the prescribed radiometric calibration procedure of the Parrot 
Sequoia camera was performed and the suitable calibration target (see Figure 1b) was imaged several 
times, with different exposure times. Acquisitions were taken at the beginning of each flight, so that 
different calibration data were stored for each flight, ensuring similar sky and illumination conditions 
between calibration images and flight images. 

For the radiometric processing and calibration, calibration images with the highest value of 
exposure time were retained and the software automatically detected target on them, defining the 
proper reflectance values for each spectral band as equal to 0.172, 0.215, 0.266 and 0.369 for green, 
red, red-edge, and NIR, respectively. 
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2.4. Geometric Consistency Assessment 

The iterative closest point (ICP) methodology was adopted to register overlapping point clouds, 
evaluate their distance, and estimate their geometric consistency. As is well-known in literature [37–
39], ICP is a procedure aiming to align point clouds without requiring the identification of 
homologous points. It starts by associating each point of cloud A to its closest point belonging to 
cloud B, then a coordinate transformation (typically a roto-translation, having six parameters, also 
known as a rigid body transformation in literature [40]) is estimated, based on the obtained coupled 
points, and applied to one point set. The procedure is iterated until the latest estimated 
transformation is negligible. A dedicated Matlab procedure was specifically developed at the 
University of Pavia, implementing ICP and including some unique features. Procedure flowcharts 
are reported in Figures 3 and 5. 

 
Figure 3. Flowchart for data preparation. 

Preliminarily (Figure 3), the common enveloped area for the two point clouds is determined. 
The clouds are then trimmed according to this area, adding a further precautionary buffer to avoid 
edge effects; the buffer value is set manually. Therefore, a subset of points is extracted (the so-called 
skeleton) from each of the point clouds that have a variable density. The skeleton is constituted by 
squared meshes with sides measuring 2 m and belonging to two classes. There are skeleton points 
inside meshes. Those lying on flat terrain contain 1 pt/m2, and therefore the spacing is 1 m. The others, 
which lie where there are ditches and escarpments, contain 64 pt/m2, with a spacing of 0.125 m. The 
skeleton was adopted to reduce the complexity of the calculation and to avoid flat terrain parts, where 
most of the original points are de-facto overweighed. 

The classification of each mesh of the skeleton was performed by selecting all the original cloud 
points lying in the mesh and estimating the interpolating plane. By imposing suitable criteria 
concerning the residuals (low residuals mean flat areas) and the deviation from the vertical of the 
plane normal, the two classes (flat and variable terrain) were decided quite effectively. In the current 
version, the thresholds used for skeleton classification must be tuned by the operator and inserted 
manually; an improved one is under development, based on machine-learning. An example of the 
skeleton structure is reported in Figure 4 for sub-block 3, showing the skeleton points for flat and 
steep parts of the terrain. 
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Figure 4. The skeleton structure for sub-block 3. (a) Overview: the parts shown in light grey have a 
lower resolution of 1 pt/m2; the darker parts have a higher resolution of 64 pt/m2. (b) Detailed view: 
individual skeleton points are visible, and their different densities can be easily detected. 

After defining the skeleton as described above, we used it to define a new point cloud. By this, 
we mean a set of points for which we know the 3D coordinates, the normal vector of the surface at 
their position, and the color, totaling 9 descriptors. Original point clouds A and B will be referred 
with the acronyms PCA and PCB, respectively, while point clouds obtained from skeletons will be 
named skeleton point clouds A and B, shortened to SPCA and SPCB, respectively. Each element of 
the skeleton point clouds has 9 descriptors, as stated before; some were known from the definition 
and some were calculated. For each skeleton mesh, the fitting plane was used to estimate the height 
of the interior skeleton points. The plane’s cartesian equation was also used to obtain its normal 
vector. Finally, the color was determined for each skeleton point by picking that of the closest original 
point. 

To perform quality assessment, data filtering, and further analysis, data used for each plane 
estimation was stored in a complex data structure. It is named cell array in the Matlab environment 
and can be thought of as a matrix where each element can store any kind of data structure. We created 
a cell array containing as many rows as the meshes constituting the skeleton and with 9 columns (the 
same number as the descriptors associated with each point cloud, but purely by chance—there is no 
relationship). For each mesh, the associated 9 cells contain the planimetric coordinates of the central 
point; mesh size; mesh point density, where we counted the number of the cloud points lying in the 
mesh and divide this by the area; mesh planimetric bounding box; mesh edge, intended as the points 
defining the corresponding polygon; coordinates of the original cloud points lying in the mesh; 
interpolating plane’s normal vector; parameters of the plane and its fitting goodness (the so-called 
Matlab gof (goodness of fit) data structure); and the descriptors of the skeleton points located inside. 
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Figure 5. Flowchart for ICP procedure. Note: K-D Tree, K-dimensional tree algorithm; MDL, KD 
tree model object; CTP, current transformation Parameters; TP, transformation parameters. 

Once SPCA and SPCB were created, they were used to fit the ICP transformation. The procedure 
(Figure 5) is iterative; it starts with the original SPCA and SPCB and finally produces the parameters 
of a six-parameter 3D rigid transformation aligning SPCB to SPCA. Each iteration:  

• has in its input the running SPCB (produced by the previous iteration; in the first iteration, this 
is SPCB itself), the SPCA (remaining unaltered for all the process), and the running 3D rigid 
transformation determined so far; 

• couples each point of the running SPCB with the closest point belonging to SPCA; 
• performs outlier rejection based on the points’ distances, the angle between the surface normals 

at the two points considered, and the norm of the difference between their RGB vectors; 
• determines the parameters of a refinement of the 3D rigid transformation aligning running SPCB 

and SPCA, by solving a non-linear least squares (NLLS) problem defined by Equation (1); in 
plain words, the NLLS solver evaluates the distance between each B-point (belonging to running 
SPCB) and the plane passing through the paired A-point (belonging to SPCA) and the normal 
to SPCA; it determines the unknowns in order to minimize the sum of all the distances; 

• applies the determined 3D transformation to the running SPCB; 
• composes the newly determined transformation with that received in the input; 
• returns the updated running SPCB and coordinate transformation. 
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The process is stopped when the latest estimated transformation is negligible. The above-
described process was coded in a Matlab toolbox coded at the University of Pavia. Among other 
features, the NLLS problem is solved with a robust approach, based on the Huber method. Moreover, 
the procedure takes advantage of the k-d tree functionalities (k-dimensional tree) to speed up point 
coupling, which are available in the used Matlab environment [40]. The k-d tree engine is trained for 
SPCA, which was kept fixed throughout the procedure. 

The mathematical formulation [41, 42] of the estimation for the coordinate transformation is 𝐶𝑃𝑇𝑜𝑝𝑡 =  𝑎𝑟𝑔 min∑ ((𝐶𝑃𝑇 ∙  𝑆𝑃𝐶𝐵  – 𝑆𝑃𝐶𝐴 ) ·  𝑛 )   (1)

where 𝑆𝑃𝐶𝐵  is the generic point of the skeleton B; 𝑆𝑃𝐶𝐴  is the correspondent point of the skeleton 
A, derived by nearest neighbor searching; 𝑛  is the normal vector at point 𝑆𝑃𝐶𝐴𝑖; 𝐶𝑃𝑇 is the 4 × 4 
3D rigid-body transformation matrix estimated from previous iterations; and 𝐶𝑃𝑇𝑜𝑝𝑡 is the 4 × 4 3D 
rigid-body transformation matrix estimated during the current iteration. 

2.5. Radiometric Consistency Assessment 

Radiometric consistency was assessed by computing, pixel by pixel, differences for the co-
registered reflectance maps in the overlapping area of photogrammetric blocks 3 and 4. Respective 
statistics were also analyzed. Considering that Sequoia is a sensor mainly dedicated to agricultural 
applications, assessment was conducted also for some vegetation index (VI) maps, since they 
commonly represent a proxy of vegetation parameters to be used for agronomy purposes. VI maps 
were computed in Matlab, by applying an index formula to proper reflectance maps (Table 1). 

Table 1. Vegetation indices (VIs) used in this study. 

Index Name Formula References 

NDVI Normalized Difference Vegetation Index 
𝑁𝑖𝑟 − 𝑅𝑒𝑑𝑁𝑖𝑟 + 𝑅𝑒𝑑 [43] 

GNDVI Green Normalized Difference Vegetation Index 
𝑁𝑖𝑟 − 𝐺𝑟𝑒𝑒𝑛𝑁𝑖𝑟 + 𝐺𝑟𝑒𝑒𝑛 [44] 

NDRE Normalized Difference Red-Edge Index 
𝑁𝑖𝑟 − 𝑅𝑒𝑑𝐸𝑑𝑔𝑒𝑁𝑖𝑟 + 𝑅𝑒𝑑𝐸𝑑𝑔𝑒 [45] 

NDVIre Red-Edge Normalized Difference Vegetation Index 
𝑅𝑒𝑑𝐸𝑑𝑔𝑒 − 𝑅𝑒𝑑𝑅𝑒𝑑𝐸𝑑𝑔𝑒 + 𝑅𝑒𝑑 [46] 

NGRDI Normalized Green Red Difference Index 
𝐺𝑟𝑒𝑒𝑛 − 𝑅𝑒𝑑𝐺𝑟𝑒𝑒𝑛 + 𝑅𝑒𝑑 [47] 

For Ig/Ir and Jg/Ir scenarios, maps derived from blocks 3 and 4 were directly compared, while 
Ig/Jr scenario was checked with respect to the single blocks of Ig/Ir scenario (see Section 2.3 for more 
details about scenario characteristics). From here on, maps are identified with the names “3 Ig/Ir”, “4 
Ig/Ir”, “3 Jg/Ir”, “4 Jg/Ir”, “Ig/Jr”, where “3” stands for block 3, and “4” for block 4. DG scenario was 
not considered for radiometric assessment. 

Moreover, since no ground truth was available, the reliability of reflectance and VI maps was 
evaluated by comparing maps with the one obtained from Sentinel-2 (S2) imagery. Indeed, a Sentinel-
2 acquisition two days after the survey (September 19, 2017) was available. Maps derived from the 
photogrammetric blocks (having a GSD equal to 0.10 m) were upscaled with a nearest-neighbor 
resampling to 10 m spatial resolution, to match Sentinel-2 imagery resolution. Correlation analysis 
was applied and statistics were performed on differences in terms of single bands and radiometric 
indices. 

Although a comparison with ground truths calculated with a spectroradiometer would have 
been more effective, a test on compatibility between Sequoia and S2 data is also of scientific relevance, 
given the growing interest in the integration of data acquired from satellite and UAV platforms [48] 
for environmental applications [49,50], including PA [51–53], both from research and applied points 
of view. 
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3. Results 

3.1. Geometric Consistency 

3.1.1. Reliability of the ICP-Derived Transformations 

Since geometric consistency is based on ICP, it is mandatory to find a way to quantify the quality 
of this procedure, because if ICP fails, the estimated distance will not correspond to the actual one. It 
is known that the ICP estimation is not always reliable, especially when it is used to register almost 
flat clouds, as in our case. Registration is performed between two point clouds, namely PCA and 
PCB; it is possible to estimate the transformation PCA-to-PCB, which when applied to PCA, aligns it 
to PCB. This transformation is constituted by a roto-translation (i.e., the composition of a 3D shift and 
a 3D rotation). Of course, it is possible to estimate the PCB-to-PCA transformation, which should 
coincide, aside from uncertainties, with the inverse of the first one. We used the comparison between 
the estimated and calculated inverse transformation to infer the precision of our estimations. 

Results are shown in Table 2, where columns 3–5 report the components of the estimated shift 
(delta E, delta N, delta H) in meters and columns 6–8 show the rotation angles (ω, φ, κ) in degrees. 
Rows are grouped in fours, with each chunk being associated with one processing configuration. 
Row 1 reports the transformation (3-to-4) aligning point cloud 3 to cloud number 4. Row 2 shows the 
parameters of the calculated inverse transformation. Row 3 displays the parameters of the 4-to-3 
estimated transformation and row 4 shows the differences between rows 2 and 3. 

Excluding the DG scenario, in which direct georeferencing is adopted and point clouds are 
slightly deformed, the worst residual is 6 cm for the shift components and 0.06 deg for rotations. A 
distance-equivalent error (𝑒) can be computed for the resulting angular residual (𝛼) by assuming a 
distance (𝑑) of 100 m, corresponding to the half-width of the considered test area. By applying the 
simple formula 𝑒 = 𝑑𝛼, where the angle 𝛼 is expressed in radiants, it can be found that 𝑒 = 12 cm. 

Now, we must consider the granularity of the datasets (i.e., the points’ linear spacing). For the 
skeleton, this is considered for ICP estimation; as already explained, the spacing is 12.5 cm for dense 
parts and 100 cm elsewhere. As residuals of the transformation equal the discretization size of the 
considered datasets, we consider the estimated transformations reliable and precise. 

Table 2. Reliability of the iterative closest point (ICP)-estimated transformations to be used for cloud 
registration.  

 Translation Components [m] Rotation Angles [deg] 
Scenario Direction delta E delta N delta H delta ω delta φ delta κ 

DG 

3-to-4 −1.526 0.406 −2.417 0.3322 0.3721 −0.1110 
calc-4-to-3 1.511 −0.389 2.429 −0.3314 −0.3727 0.1088 

4-to-3 1.626 −0.352 2.326 −0.4372 −0.3867 0.0840 
differences −0.115 −0.037 0.103 0.1057 0.0134 0.0248 

Ig/Ir 

3-to-4 0.119 0.055 0.139 0.2388 −0.0648 −0.0082 
calc-4-to-3 −0.120 −0.055 −0.139 −0.2388 0.0648 0.0085 

4-to-3 −0.072 −0.044 −0.181 −0.2810 0.0662 0.0139 
differences −0.048 −0.011 0.042 0.0422 −0.0016 −0.0054 

Jg/Ir 

3-to-4 0.081 0.069 0.045 0.0704 −0.0057 −0.0197 
calc-4-to-3 −0.081 −0.069 −0.045 −0.0704 0.0057 0.0197 

4-to-3 −0.022 −0.033 0.010 −0.0110 0.0064 0.0194 
differences 0.059 0.036 0.055 0.0594 0.0007 −0.0003 

Scenario abbreviations: direct georeferencing (DG); independent georeferentiation/independent radiometric 
processing (Ig/Ir); joint georeferentiation/independent radiometric processing (Jg/Ir). 
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3.1.2. Assessment of the Distance between Overlapping Blocks 

There are three processing scenarios, and for each of them the distance between the two 
overlapping clouds (blocks 3 and 4) was assessed. Given two clouds, the ICP procedure was used to 
estimate the rigid transformation to register point cloud-A to point cloud-B. For the ICP procedure, 
the skeleton structures were used, as explained in Section 2.4, while for distance evaluation the 
original point clouds were considered. Once the transformation was applied, each point of B was 
coupled with the closest point from A; the components and the norm of the connecting vector were 
stored, together with the two indices addressing the selected point in the lists representing the two 
point-clouds. To work out the distance before ICP, the original point clouds were used with the same 
point couplings mentioned before. 

Limited data cleaning was performed. First, a buffer (0.9 scale factor) was created along the 
border of the analyzed regions and points inside were disregarded. The goal was to ignore border 
effects, where the geometry of photogrammetric measurements is weak, and consequently model 
deformations might occur. Furthermore, a limited blunder rejection was performed. The empirical 
cumulative distribution function (CDF) of the 3D distances between coupled points was calculated 
and the pairs corresponding to values exceeding the 99th percentile were discarded. 

Point cloud distances were assessed for the three scenarios, and descriptive statistics were 
applied to 4-tuples constituted by x, y, and z components of the displacement vector plus its norm. 
All the results are shown in Table 3. The first column reports the identifier of the scenario and how 
many point couples were used to evaluate the surface distance; columns 3 to 5 focus on the three 
components of the original clouds, while column 6 focuses on the 3D distance. 

Table 3. Summary statistics of the 3D distance between overlapping point clouds. 

  delta E [m] delta N [m] delta H [m] delta 3D [m] 

DG 
# 367982 

Min. −2.210 −0.164 −4.874 1.625 
Max. −1.352 1.050 −0.368 5.254 
Mean −1.736 1.214 −2.609 3.236 
STD 0.098 0.193 1.092 0.877 

RMSE 1.739 0.464 2.828 3.353 

Ig/Ir 
# 366061 

Min. −0.241 −0.294 −0.480 0.003 
Max. 0.361 0.377 0.362 0.493 
Mean 0.061 0.051 −0.043 0.167 
STD 0.080 0.089 0.098 0.066 

RMSE 0.100 0.103 0.107 0.179 

Jg/Ir 
# 378018 

Min. −0.253 −0.265 −0.291 0.001 
Max. 0.272 0.350 0.250 0.369 
Mean 0.006 0.038 −0.022 0.132 
STD 0.079 0.093 0.058 0.053 

RMSE 0.079 0.101 0.062 0.143 

The DG scenario shows large values, as expected, as the overlapping point clouds have an 
average 3D distance of 3.24 m. The considered scenario is based on direct georeferencing and the 
reported results confirm that the Sequoia’s on-board GPS receiver is unfit for georeferencing 
photogrammetric products. This is not a surprise for the authors, nor should it be for any aware user. 
However, in times of widespread use of photogrammetry [54], we thought it was worth noting. Ig/Ir 
and Jg/Ir scenarios both adopt GCPs within different adjustment strategies. The RMSE values of the 
residuals for the single components x, y, and z are range between 6 and 11 cm. Considering the 
already mentioned granularity of the analyzed datasets, the reported figures highlight that the 
overlapping point clouds are optimally aligned and consistent. 

Maps of the 3D distances between the overlapping point clouds are meaningful. Figure 6 shows 
them for all the three scenarios assessed. Remarkably, the three sub-figures shown adopt the same 
color map, even if Figure 6b,c only shows a small part of it. We also remark that values shown in 
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Table 3 and plots reported in Figure 6 are related to the original point clouds, as they were generated 
by the photogrammetric procedure. ICP was only used to properly couple points belonging to 
different clouds in order to conveniently evaluate their distance. 

Figure 6a highlights that in scenario DG, the clouds are quite far. Moreover, the map of the 
distances is a sort of a ramp, meaning that the two clouds are not simply displaced but are also 
affected by a significant rotation. The other two sub-figures are related to Ig/Ir and Jg/Ir scenarios and 
confirm that the distances are limited in size and are substantially constant. Moreover, Jg/Ir scenario 
shows lower values above the fields, where the terrain is flat, while distances are slightly greater 
beside dirt roads and ditches, where low vegetation is present. 

 
(a) 

 
(b) 

 
(c) 

Figure 6. The cloud 3D distance maps between areas 3 and 4, expressed in meters: (a) direct 
georeferencing (DG); (b) independent georeferentiation/independent radiometric processing (Ig/Ir); 
(c) joint georeferentiation/independent radiometric processing (Jg/Ir). 

3.2. Radiometric Consistency 

3.2.1. Assessment of the Radiometric Differences between Overlapping Blocks 

For the three processing scenarios, differences were calculated pixel by pixel among 
corresponding reflectance and VI maps in the overlapping area. While Ig/Ir and Jg/Ir scenarios were 
independently evaluated, Ig/Jr scenario was compared to the single blocks of Ig/Ir scenario (see 
Section 2.5). Descriptive statistics for differences calculated on reflectance maps are shown in Table 
4, and results of VIs maps are reported in Table 5. Although differences have similar ranges, it is 
important to remember that reflectance maps have values in the range [0, 1], while values for VIs 
maps are in the range [−1, 1]. 
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Table 4. Summary statistics of the differences between reflectance maps in the overlapping area. 

  Green Red Red-Edge NIR 

3 Ig/Ir–4 Ig/Ir 

Min. −0.1923 −0.1640 −0.2957 −0.5217 
Max. 0.2822 0.2194 0.4168 0.5931 
Mean 0.0088 −0.0013 0.0268 0.0368 
STD 0.0572 0.0272 0.0367 0.1103 

RMSE 0.0579 0.0272 0.0454 0.1163 

3 Ig/Ir–Ig/Jr 

Min. −0.0947 −0.1042 −0.2336 −0.3432 
Max. 0.2538 0.1763 0.3557 0.6642 
Mean 0.0166 0.0061 0.0182 0.0482 
STD 0.0305 0.0131 0.0208 0.0692 

RMSE 0.0348 0.0144 0.0276 0.0843 

4 Ig/Ir–Ig/Jr 

Min. −0.1791 −0.1964 −0.3547 −0.3863 
Max. 0.1915 0.1696 0.2769 0.5047 
Mean 0.0079 0.0075 −0.0086 0.0115 
STD 0.0338 0.0195 0.0213 0.0613 

RMSE 0.0347 0.0208 0.0230 0.0624 

3 Jg/Ir–4 Jg/Ir 

Min. −0.1826 −0.1761 −0.3217 −0.5519 
Max. 0.2670 0.1874 0.4511 0.5831 
Mean 0.0087 −0.0014 0.0270 0.0365 
STD 0.0572 0.0276 0.0446 0.1104 

RMSE 0.0579 0.0277 0.0522 0.1163 

Table 5. Summary statistics of the differences between VI maps in the overlapping area. 

  NDVI GNDVI NDRE NDVIre NGRDI 

3 Ig/Ir–4 Ig/Ir 

Min. −0.4431 −0.3859 −0.2651 −0.5629 −0.4726 
Max. 0.4749 0.5066 0.3567 0.4930 0.6011 
Mean 0.0293 0.0064 −0.0003 0.0361 0.0392 
STD 0.0242 0.0678 0.0767 0.0616 0.0910 

RMSE 0.0380 0.0681 0.0767 0.0714 0.0991 

3 Ig/Ir–Ig/Jr 

Min. −0.3822 −0.2891 −0.2033 −0.4939 −0.3508 
Max. 0.5734 0.5924 0.4426 0.4208 0.4884 
Mean 0.0142 −0.0012 0.0248 −0.0008 0.0245 
STD 0.0183 0.0310 0.0513 0.0311 0.0538 

RMSE 0.0232 0.0310 0.0570 0.0311 0.0591 

4 Ig/Ir–Ig/Jr 

Min. −0.2675 −0.2200 −0.2502 −0.400 −0.5166 
Max. 0.3856 0.3130 0.3924 0.4575 0.3907 
Mean −0.0151 −0.0077 0.0252 −0.0370 −0.0146 
STD 0.0208 0.0450 0.0418 0.0467 0.0481 

RMSE 0.0257 0.0457 0.0488 0.0596 0.0503 

3 Jg/Ir–4 Jg/Ir 

Min. −0.4354 −0.3559 −0.4354 −0.6301 −0.4934 
Max. 0.5024 0.5452 0.7340 0.6121 0.6811 
Mean 0.0293 0.0062 0.0003 0.0359 0.0394 
STD 0.0271 0.0689 0.0861 0.0688 0.0942 

RMSE 0.0400 0.0691 0.0861 0.0775 0.1021 

The computed RMSE values are quite close to zero for all cases, but significant differences among 
single reflectance maps and VI maps can be stressed, considering minimum and maximum absolute 
values. In particular, differences with maximum and minimum values above 0.4 are calculated for 
the NIR maps, differences reach values close to 0.3 for the red-edge map, and lower values are 
registered for the green and red maps, with minimum and maximum absolute values below 0.2 for 
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the red maps in some cases. A similar behavior is also evident for the VI maps, where the differences 
calculated on NDVI maps assume lower RMSE values, while maximum and minimum values even 
greater than 0.5 are calculated for many VIs. The comparison between the statistics computed for 
Ig/Ir and Jg/Ir scenarios shows that both reflectance and VI map differences reach very similar values. 

To assess the significance of the calculated values, the differences are presented in the form of 
box and whisker plots. Figure 7 reports box and whisker plots for differences computed on reflectance 
maps, while in Figure 8 VI results are shown. The plots do not refer to the Jg/Ir scenario, as similar 
results are obtained with respect to Ig/Ir scenario. 

 
Figure 7. Box and whisker plots of differences computed on different reflectance maps in the 
overlapping area. 

 
Figure 8. Box and whisker plots of differences computed on different VI maps in the overlapping 
area. 

From the plots it is evident that results vary from map to map, but few general considerations 
can be drawn. Median values are overall around 0, while maximum and minimum values are outside 
of the confidence intervals and can be considered as outliers. For most cases, the variability of the 
differences is contained in the range [−0.2, 0.2]; thus, this interval of values is retained as significant 
for further analysis. The VIs can mitigate the effects of single reflectance maps, specifically the high 
differences registered for NIR maps are rather compensated in the NDVI maps. Moreover, with 
respect to the differences computed between single blocks (i.e., 3 Ig/Ir–4 Ig/Ir), results obtained 
considering Ig/Jr scenario (i.e., 3 Ig/Ir–Ig/Jr and 4 Ig/Ir–Ig/Jr) have narrower confidence intervals. 

Spatial distribution of the differences in the overlapping area is shown in Figures 9–11. For the 
sake of brevity, only the most significative results are presented. As a matter of fact, similar results 
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were registered for Ig/Ir and Jg/Ir scenarios. As regarding Ig/Jr scenario, green, NIR, and NDVI maps 
are shown, since the other maps have a similar spatial behavior. The remaining results are reported 
in Supplementary Materials (Figure S1–S3). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

Figure 9. Spatial distribution of differences in the overlapping area. Ig/Ir scenario: green (a), red (b), 
red-edge (c), NIR (d), NDVI (e), GNDVI (f), NDRE (g), NDVIre (h), and NGRDI (i). 
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(a) 

 
(b) 

 
(c) 

Figure 10. Spatial distribution of differences in the overlapping area for Ig/Jr scenario, with respect to 
block 3: green (a), NIR (b), NDVI (c). 

 
(a) 

 
(b) 

 
(c) 

Figure 11. Spatial distribution of differences in the overlapping area for Ig/Jr scenario, with respect to 
block 4: green (a), NIR (b), NDVI (c). 

A clear spatial pattern can be noted from the plots—the reflectance values tend to be 
overestimated as moving away from the center of the block (i.e., approaching the borders of the 
block); an analogous effect is visible in VI difference maps. This effect is more evident considering 
the differences calculated between the single blocks of Ig/Ir scenario (Figure 9). Tt is less evident when 
introducing also Ig/Jr scenario (Figures 10 and 11). No difference or very small differences are found 
in NDVI maps for all considered cases, which are uniformly distributed with no specific spatial 
profile in the overlapping area of blocks 3 and 4. 

3.2.2. Comparison with Sentinel-2 Imagery 

As described in Section 2.5, the reliability of Sequoia maps was assessed with respect to Sentinel-
2 data to evaluate the feasibility of data integration. First, an upscaling of maps derived from Sequoia 
imagery was required, then correlation analysis was computed (N = 265 samples). Results for the 
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correlation analysis are reported in Figure 12 and map statistics are summarized in Table 6. For the 
sake of brevity, only results for NDVI are shown. As a matter of fact, other studies are present in the 
literature focusing on the comparison of NDVI only [51,52]. RMSE values reported in Table 6 were 
calculated by considering the NDVI map from S2 imagery as a reference. 

Table 6. Summary statistics of the NDVI maps computed from S2 imagery and Sequoia imagery, in 
the overlapping area. 

 S2 3 Ig/Ir 4 Ig/Ir Ig/Jr 

NDVI 

Min. 0.3197 0.0998 0.0764 0.0221 
Max. 0.7787 0.8731 0.8926 0.8946 
Mean 0.5583 0.6262 0.5945 0.6119 
STD 0.0906 0.1323 0.1331 0.1324 

RMSE - 0.1140 0.0984 0.1090 
 

 
(a) 

 
(b) 

 
(c) 

Figure 12. Scatter plot and regression line for NDVI maps computed on S2 imagery with respect to 
Sequoia imagery: 3 Ig/Ir (a), 4 Ig/Ir (b), Ig/Jr (c). For each graph, the coefficient of determination (R2) 
and the Pearson’s correlation coefficients (ρ) are reported (p-value < 2.2 × 10−16). 

The correlation with NDVI map from S2 imagery shows a good correspondence: coefficients of 
determination are 0.5197 for 3 Ig/Ir, 0.5249 for 4 Ig/Ir, and 0.4840 for Ig/Jr. The NDVI map with the 
highest correspondence against S2 imagery is the one derived from 4 Ig/Ir data, with Pearson’s 
correlation coefficient ρ and RMSE equal to 0.7245 and 0.0984, respectively. Nevertheless, the 
regression lines show a slight overestimate of Sequoia data compared to S2; NDVI maps from Sequoia 
imagery report higher values with respect to the S2 map (as also summarized by higher values for 
max. and mean in Table 6) and cover wider ranges (lower values for min. and higher values for STD 
in Table 6). 

4. Discussion 

4.1. Geometric Consistency 

Geometric consistency was evaluated by computing the distance between the whole dense point 
clouds for the DG, Ig/Ir, and Jg/Ir scenarios. The Ig/Jr scenario was disregarded because although it 
is interesting for the study of radiometry, it is based on the extraction of a unique, common point 
cloud, and therefore there is nothing to check. Thanks to the high numerosity of the samples (the 
used clouds have between 105 and 106 points), we obtained very significant statistical figures. In 
addition, we could perform a sort of continuous evaluation of the distance between the overlapping 
surfaces. 

The datasets considered are quite challenging for ICP, as the terrain is quite flat and the only 
height variations are due to medium-sized streams. Nevertheless, our developed algorithm proved 
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to be reliable; indeed, we performed the closure check by composing direct and inverse 
transformations and obtained residual parameters (shift components and rotation angles), which are 
limited in size and equivalent to the granularity of the considered point clouds, having an average 
distance of around 12 cm (see Section 3.1.1). 

Cross checks of overlapping point clouds can be usefully applied when no or few CPs are 
available. Moreover, this allows detection of fine-grained deformations. Scenario DG is related to 
direct georeferencing, performed through the measurements of the Sequoia’s on-board GPS receiver. 
Results are poor, not surprisingly, as the average distance between the clouds is above 3 m. The point 
sets are significantly shifted and rotated. This result was largely expected, but we think it is worth 
mentioning to warn newer photogrammetrists. Such georeferencing precision is not acceptable, even 
for precision agriculture applications. In Ig/Ir and Jg/Ir scenarios, bundle block adjustment was 
performed by means of 4 GCPs. Similar results are shown for both scenarios. Indeed, RMSE values 
of the components of the point-wise shift vectors are within 10 cm. It is the order of magnitude of the 
granularity of point clouds and of the pixel size of the generated orthomosaics. Such figures assure 
us that no difference or negligible radiometric differences are induced by geometric consistency 
issues. 

In summary, two main findings come from geometry assessment: we have been able to reliably 
estimate a rigid 3D transformation by robust ICPs between almost flat point clouds; and we have 
demonstrated that the geometric consistency is good, so that the inconsistencies shown by radiometry 
have a different origin. 

4.2. Radiometric Consistency 

As already stressed by many authors in the literature [28–30,55], radiometric corrections are 
necessary when using sensors mounted on UAV for PA, but the ease of use and diffusion is limited. 
The radiometric processing available in Pix4Dmapper software for the Sequoia camera provides most 
of the corrections, including vignetting, dark current, exposure time, and sunlight irradiance, but 
omits other possible causes of radiometric variations [23]. First, this research points out that 
radiometric inconsistencies due to differences in the acquisition geometry remain unsolved. 
Reflectance values of pixels at the borders of the blocks tend to be overestimated, as a consequence 
of the inclination of the point of view during the photogrammetric survey. From Figure 9, it is evident 
that differences are not uniformly distributed, but present a clear spatial pattern. Higher difference 
values (absolute values) are measured at the borders of the overlapping area, while the lowest values 
approach the center of the area. This demonstrates the presence of a high edge effect on the reflectance 
maps, which must be considered during flights planning. In practical use, it is advisable to plan UAV 
surveys covering an area wider than the one of interest. Enlarging the survey area should guarantee 
uniformity in the acquisition geometry even in the edges, otherwise characterized by non-negligible 
radiometric distortions. 

Radiometric differences are not affected by different geometric processing of the blocks, as 
confirmed by the similar values of the differences computed for Ig/Ir and Jg/Ir scenarios for both 
reflectance and VI maps (Tables 4 and 5). As can be noted from RMSE values reported in the tables, 
differences calculated for some VI maps are lower than values obtained for reflectance maps, 
meaning that some indices can decrease inconsistencies of single reflectance bands [56]. Considering 
the Ig/Jr scenario, the differences are moderate with respect to Ig/Ir scenario for both reflectance and 
VI maps, with mean values overall close to zero. The edge effect is also still evident from the spatial 
distributions shown in Figures 10 and 11, however with lower values, as is evident in the box plots 
in Figures 7 and 8. As a matter of fact, it should be recalled that the Ig/Jr scenario corresponds to the 
procedure recommended by Pix4Dmapper software to process large photogrammetric blocks. For 
adjacent blocks acquired with separate but temporally close flights, the recommended merging 
option can partially correct the effect of illumination geometry and mitigate radiometric 
inconsistencies in the overlapping areas between blocks. 

There are still uncertainties regarding the obtained absolute values of reflectance and for the 
derived indices [56], and consequently in the quantitative use of the Sequoia data for the possible 
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calculation of biophysical parameters. From the results reported in this study, it should be noted that 
in some areas, differences have values close or even larger than 0.2 (absolute value). Therefore, the 
different processing scenarios have an impact on the results in terms of radiometry. A difference of 
this magnitude cannot be neglected in the operational phase for precision agriculture applications; 
even more so if used for multitemporal surveys. As a matter of fact, the map that shows the most 
homogeneous values in all cases is NDVI, which is widely used in most agriculture applications [57–
60]. 

Regarding the comparison with S2, which is limited in this paper to NDVI, it should be 
mentioned that despite the analysis being affected by the different geometric resolutions of sensors 
and acquisition platforms, a significative correlation is found between Sequoia and S2 maps. 
Following the approach of [52], the Pearson’s correlation coefficient can be adopted as a map 
similarity measure. The obtained coefficients, which are close to 0.7, prove a coherence between the 
data collected from the different platforms and show similar spatial variability values of NDVI maps, 
which are to be interpreted as the same behavior in terms of crop vigor [61]. Therefore, the 
compatibility and integration of NDVI maps obtained by Sequoia and Pix4D systems should be 
feasible along with the Sentinel-2 products. 

5. Conclusions 

Even though producers and developers have made great efforts to enhance them, radiometric 
corrections leave significant radiometric distortions in orthomosaics obtained by Sequoia and Pix4D 
systems, which can result in biased absolute values. This study shows that relevant differences are 
found depending on flight geometry and block processing choices, with differences that can reach 
20% of pixel values for single reflectance bands or VIs, thus reducing the effective use in PA. 
Moreover, available radiometric corrections do not guarantee uniform accuracy and consistency of 
results, and this can cause difficulties in comparing surveys carried on out different lightening 
conditions. Careful planning of the survey, together with proper choices of image processing, can 
enhance the results. Very high image overlap yields uniformity over a single block, and edge 
distortions can be reduced by surveying a wider area that includes the study area. 

Nevertheless, for large surveys that imply the acquisition and processing of separated sub-
blocks, the merge option suggested by Pix4D is effective in reducing radiometric inconsistencies in 
adjacent areas. This fact, together with the high correlation found with S2 products, proves that 
Sequoia is suitable for agronomic purposes, but great attention must be paid to the planning of the 
survey and to the data processing. 

Therefore, it is necessary to increase the awareness in the use of sensors and semi-automatic data 
processing to deeply understand the strengths and weaknesses of UAV usage for PA. In this study, 
the choice to process the dataset following the proposed scenarios (Section 2.3) instead of a standard 
workflow was driven by the apparently impossibility of attributing the corresponding calibration set 
of images to each block. The new Sequoia+ sensor should bypass this issue because no calibration 
target is needed; imagery processing exploits a new fully automatic calibration pipeline in Pix4D. The 
authors do not have experience with this new camera release, however, they consider the proposed 
processing method an interesting and simple way to assess the performance of new sensors. 

Finally, the applicability of the proposed method can be extended. In this paper, geometric and 
radiometric consistency was evaluated comparing results obtained from two almost 
contemporaneous flights, processed following a single-block approach. The same method can be 
used to evaluate consistency between two or more blocks acquired days or month apart; in other 
words, the method can be used to assess time-series. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. Figure S1: Spatial 
distribution of differences in the overlapping area for scenario Ig/Jr with respect to block 3: red (a), red-edge (b), 
GNDVI (c), NDRE (d), NDVIre (e), NGRDI (f). Figure S2: Spatial distribution of differences in the overlapping 
area for scenario Ig/Jr with respect to block 4: red (a), red-edge (b), GNDVI (c), NDRE (d), NDVIre (e), NGRDI 
(f). Figure S3: Spatial distribution of differences in the overlapping area. Scenario Jg/Ir: green (a), red (b), red-
edge (c), NIR (d), NDVI (e), GNDVI (f), NDRE (g), NDVIre (h), NGRDI (i). 



Appl. Sci. 2019, 9, 5314 21 of 24 

Author Contributions: Conceptualization, M.F. and V.C.; formal analysis, M.F., G.R., G.S., and V.C.; 
methodology, G.S. and V.C.; project administration, M.F.; software, M.F. and G.R.; supervision, G.S. and V.C.; 
visualization, M.F. and G.R.; writing—original draft, M.F., G.R., G.S., and V.C.; writing—review and editing, 
M.F., G.R., G.S., and V.C. 

Acknowledgments: Paolo Marchese is a technician of the Laboratory of Geomatics of the University of Pavia. 
He is the pilot of the UAV, plans the flight missions, carries out maintenance, and performs sensor integration; 
he is gratefully acknowledged here. We want to thank the farmhouse owner too, Roberto Manfredi, for always 
kindly allowing us to enter his property and carry out our activities. 

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

References 

1. Candiago, S.; Remondino, F.; De Giglio, M.; Dubbini, M.; Gattelli, M. Evaluating multispectral images and 
vegetation indices for precision farming applications from UAV images. Remote Sens. 2015, 7, 4026–4047, 
doi:10.3390/rs70404026. 

2. Schieffer, J.; Dillon, C. The economic and environmental impacts of precision agriculture and interactions 
with agro-environmental policy. Precis. Agric. 2015, 16, 46–61, doi:10.1007/s11119-014-9382-5. 

3. Turner, D.; Lucieer, A.; Watson, C. An automated technique for generating georectified mosaics from ultra-
high resolution unmanned aerial vehicle (UAV) imagery, based on structure from motion (SfM) point 
clouds. Remote Sens. 2012, 4, 1392–1410, doi:10.3390/rs4051392. 

4. Parrot. Available online: https://community.parrot.com/t5/Sequoia/bd-p/Sequoia (accessed on 13 June 
2019). 

5. Chiang, K.W.; Tsai, M.L.; Chu, C.H. The development of an UAV borne direct georeferenced 
photogrammetric platform for ground control point free applications. Sensors 2012, 12, 9161–9180, 
doi:10.3390/s120709161. 

6. Lussem, U.; Bareth, G.; Bolten, A.; Schellberg, J. Feasibility study of directly georeferenced images from 
low-cost unmanned aerial vehicles for monitoring sward height in a long-term experiment on grassland. 
Grassl. Sci. Eur. 2017, 22, 354–356. 

7. Tahar, K.N. An evaluation on different number of ground control points in unmanned aerial vehicle 
photogrammetric block. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2013, 40, 93–98. 

8. James, M.R.; Robson, S.; d’Oleire-Oltmanns, S.; Niethammer, U. Optimising UAV topographic surveys 
processed with structure-from-motion: Ground control quality, quantity and bundle adjustment. 
Geomorphology 2017, 280, 51–66, doi:10.1016/j.geomorph.2016.11.021. 

9. Mesas-Carrascosa, F.J.; Torres-Sánchez, J.; Clavero-Rumbao, I.; García-Ferrer, A.; Peña, J.M.; Borra-Serrano, 
I.; López-Granados, F. Assessing optimal flight parameters for generating accurate multispectral 
orthomosaicks by UAV to support site-specific crop management. Remote Sens. 2015, 7, 12793–12814, 
doi:10.3390/rs71012793. 

10. Assmann, J.J.; Kerby, J.T.; Cunliffe, A.M.; Myers-Smith, I.H. Vegetation monitoring using multispectral 
sensors—best practices and lessons learned from high latitudes. J. Unmanned Veh. Syst. 2018, 7, 54–75, 
doi:10.1139/juvs-2018-0018. 

11. Fernández-Guisuraga, J.; Sanz-Ablanedo, E.; Suárez-Seoane, S.; Calvo, L. Using unmanned aerial vehicles 
in postfire vegetation survey campaigns through large and heterogeneous areas: Opportunities and 
challenges. Sensors 2018, 18, 586, doi:10.3390/s18020586. 

12. Caroti, G.; Martínez-Espejo Zaragoza, I.; Piemonte, A. Accuracy assessment in structure from motion 3D 
reconstruction from UAV-born images: The influence of the data processing methods. Int. Arch. 
Photogramm. Remote Sens. Spat. Inf. Sci. 2015, 40, doi:10.5194/isprsarchives-XL-1-W4-103-2015. 

13. Benassi, F.; Dall’Asta, E.; Diotri, F.; Forlani, G., Morra di Cella, U., Roncella, R.; Santise, M. Testing accuracy 
and repeatability of UAV blocks oriented with GNSS-supported aerial triangulation. Remote Sens. 2017, 9, 
172, doi:10.3390/rs9020172. 

14. Martínez-Carricondo, P.; Agüera-Vega, F.; Carvajal-Ramírez, F.; Mesas-Carrascosa, F.J.; García-Ferrer, A.; 
Pérez-Porras, F.J. Assessment of UAV-photogrammetric mapping accuracy based on variation of ground 
control points. Int. J. Appl. Earth Obs. 2018, 72, 1–10, doi:10.1016/j.jag.2018.05.015. 

15. Harwin, S.; Lucieer, A. Assessing the accuracy of georeferenced point clouds produced via multi-view 
stereopsis from unmanned aerial vehicle (UAV) imagery. Remote Sens. 2012, 4, 1573–1599, 
doi:10.3390/rs4061573. 



Appl. Sci. 2019, 9, 5314 22 of 24 

16. Casella, V.; Franzini, M. Modelling steep surface by various configurations of nadir and oblique 
photogrammetry. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2016, 3, doi:10.5194/isprsannals-III-1-
175-2016. 

17. Jaud, M.; Passot, S.; Le Bivic, R.; Delacourt, C.; Grandjean, P.; Le Dantec, N. Assessing the accuracy of high-
resolution digital surface models computed by PhotoScan® and MicMac® in sub-optimal survey 
conditions. Remote Sens. 2016, 8, 465, doi:10.3390/rs8060465. 

18. Fritz, A.; Kattenborn, T.; Koch, B. UAV-based photogrammetric point clouds—Tree stem mapping in open 
stands in comparison to terrestrial laser scanner point clouds. Int. Arch. Photogramm. Remote Sens. Spat. Inf. 
Sci. 2013, 40, 141–146, doi:10.5194/isprsarchives-XL-1-W2-141-2013. 

19. Wallace, L.; Lucieer, A.; Malenovský, Z.; Turner, D.; Vopěnka, P. Assessment of forest structure using two 
UAV techniques: A comparison of airborne laser scanning and structure from motion (SfM) point clouds. 
Forests 2016, 7, 62, doi:10.3390/f7030062. 

20. Turner, D.; Lucieer, A.; de Jong, S. Time series analysis of landslide dynamics using an unmanned aerial 
vehicle (UAV). Remote Sens. 2015, 7, 1736–1757, doi:10.3390/rs70201736. 

21. Clapuyt, F.; Vanacker, V.; Van Oost, K. Reproducibility of UAV-based earth topography reconstructions 
based on Structure-from-Motion algorithms. Geomorphology 2016, 260, 4–15, 
doi:10.1016/j.geomorph.2015.05.011. 

22. Honkavaara, E.; Saari, H.; Kaivosoja, J.; Pölönen, I.; Hakala, T.; Litkey, P.; Mäkynen, J.; Pesonen, L. 
Processing and Assessment of Spectrometric, Stereoscopic Imagery Collected Using a Lightweight UAV 
Spectral Camera for Precision Agriculture. Remote Sens. 2013, 5, 5006–5039, doi:10.3390/rs5105006. 

23. Tu, Y.-H.; Phinn, S.; Johansen, K.; Robson, A. Assessing Radiometric Correction Approaches for Multi-
Spectral UAS Imagery for Horticultural Applications. Remote Sens. 2018, 10, 1684, doi:10.3390/rs10111684. 

24. Roosjen, P.P.J.; Suomalainen, J.M.; Bartholomeus, H.M.; Kooistra, L.; Clevers, J.G.P.W. Mapping 
Reflectance Anisotropy of a Potato Canopy Using Aerial Images Acquired with an Unmanned Aerial 
Vehicle. Remote Sens. 2017, 9, 417, doi:10.3390/rs9050417. 

25. Parrot for Developers. Available online: https://forum.developer.parrot.com/t/parrot-announcement-
release-of-application-notes/5455?source_topic_id=6558 (accessed on 18 June 2019). 

26. Borgogno Mondino, E.; Gajetti, M. Preliminary considerations about costs and potential market of remote 
sensing from UAV in the Italian viticulture context. Eur. J. Remote Sens. 2017, 50, 310–319, 
doi:10.1080/22797254.2017.1328269. 

27. Aasen, H.; Honkavaara, E.; Lucieer, A.; Zarco-Tejada, P.J. Quantitative Remote Sensing at Ultra-High 
Resolution with UAV Spectroscopy: A Review of Sensor Technology, Measurement Procedures, and Data 
Correction Workflows. Remote Sens. 2018, 10, 1091, doi:10.3390/rs10071091. 

28. Guo, Y.; Senthilnath, J.; Wu, W.; Zhang, X.; Zeng, Z.; Huang, H. Radiometric Calibration for Multispectral 
Camera of Different Imaging Conditions Mounted on a UAV Platform. Sustainability 2019, 11, 978, 
doi:10.3390/su11040978. 

29. Mafanya, M.; Tsele, P.; Botai, J.O.; Manyama, P.; Chirima, G.J.; Monate, T. Radiometric calibration 
framework for ultra-high-resolution UAV-derived orthomosaics for large-scale mapping of invasive alien 
plants in semi-arid woodlands: Harrisia pomanensis as a case study. Int. J. Remote Sens. 2018, 39, 5119–5140, 
doi:10.1080/01431161.2018.1490503. 

30. Honkavaara, E.; Khoramshahi, E. Radiometric Correction of Close-Range Spectral Image Blocks Captured 
Using an Unmanned Aerial Vehicle with a Radiometric Block Adjustment. Remote Sens. 2018, 10, 256, 
doi:10.3390/rs10020256. 

31. Miyoshi, G.T.; Imai, N.N.; Tommaselli, A.M.G.; Honkavaara, E.; Näsi, R.; Moriya, E.A.S. Radiometric block 
adjustment of hyperspectral image blocks in the Brazilian environment. Int. J. Remote Sens. 2018, 39, 4910–
4930. 

32. Johansen, K.; Raharjo, T. Multi-temporal assessment of lychee tree crop structure using multi-spectral 
RPAS imagery. Int. Arch. Photogramm. Remote Sens. Spatial Inf. Sci. 2017, 42, 165–170, doi:10.5194/isprs-
archives-XLII-2-W6-165-2017. 

33. Ahmed, O.S.; Shemrock, A.; Chabot, D.; Dillon, C.; Williams, G.; Wasson, R.; Franklin, S.E. Hierarchical 
land cover and vegetation classification using multispectral data acquired from an unmanned aerial 
vehicle. Int. J. Remote Sens. 2017, 38, 2037–2052, doi:10.1080/01431161.2017.1294781. 

34. GNSS Positioning Service Portal of Regione Piemonte and Regione Lombardia. Available online: 
https://www.spingnss.it/spiderweb/frmindex.aspx (accessed on 16 August 2019). 



Appl. Sci. 2019, 9, 5314 23 of 24 

35. Casella, V.; Chiabrando, F.; Franzini, M.; Manzino, A.M. Accuracy assessment of a photogrammetric UAV 
block by using different software and adopting diverse processing strategies. In Proceedings of the 5th 
International Conference on Geographical Information Systems Theory, Applications and 
Management.Heraklion, Crete, Greece, 3–5 May 2019. 

36. Ronchetti, G.; Pagliari, D.; Sona, G. DTM generation through UAV survey with a fisheye camera on a 
vineyard. Int. Arch. Photogramm. Remote Sens. Spatial Inf. Sci. 2018, 42, 983–989, doi:10.5194/isprs-archives-
XLII-2-983-2018. 

37. Rusinkiewicz, S.; Levoy, M. Efficient variants of the ICP algorithm. 3DIM 2001, 1, 145–152. 
38. Gelfand, N.; Ikemoto, L.; Rusinkiewicz, S.; Levoy, M. Geometrically stable sampling for the ICP algorithm. 

3DIM 2003, 1, 260–267, doi:10.1109/IM.2003.1240258. 
39. Glira, P.; Pfeifer, N.; Briese, C.; Ressl, C. Rigorous strip adjustment of airborne laser scanning data based 

on the ICP algorithm. Int. Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2015, 2, 73–80, 
doi:10.5194/isprsannals-II-3-W5-73-2015. 

40. M ATLAB. Statistics and Machine Learning Toolbox; The MathWorks, Inc.: Natick, MA, USA, 2019. 
41. Low, K.L. Linear Least-Squares Optimization for Point-to-Plane ICP Surface Registration; Technical report, 4; 

University of North Carolina: Chapel Hill, NC, USA, 2004. 
42. Chen, Y.; Medioni, G. Object modelling by registration of multiple range images. Image Vis. Comput. 1992, 

10, 145–155, doi:10.1016/0262-8856(92)90066-C. 
43. Rouse, J.W., Jr.; Haas, R.H.; Schell, J.A.; Deering, D.W. Monitoring Vegetation System in the Great Plains 

with ERTS. In Proceedings of the Third Earth Resources Technology Satellite-1 Symposium, Greenbelt, 
MD, USA, 10–14 December 1974. 

44. Gitelson, A.A.; Kaufman, Y.J.; Merzlyak, M.N. Use of a green channel in remote sensing of global vegetation 
from EOS-MODIS. Remote Sens. Environ. 1996, 58, 289–298, doi:10.1016/S0034-4257(96)00072-7. 

45. Barnes, E.M.; Clarke, T.R.; Richards, S.E.; Colaizzi, P.D.; Haberland, J.; Kostrzewski, M.; Waller, P.; Choi, 
C.; Riley, E.; Thompson, T.; et al. Coincident detection of crop water stress, nitrogen status and canopy 
density using ground based multispectral data. In Proceedings of the Fifth International Conference on 
Precision Agriculture, Bloomington, MN, USA, 16–19 July 2000. 

46. Gitelson, A.A.; Merzlyak, M.N. Spectral reflectance changes associated with autumn senescence of 
Aesculus hippocastanum L. and Acer platanoides L. leaves. Spectral features and relation to chlorophyll 
estimation. J. Plant Physiol. 1994, 143, 286–292, doi:10.1016/S0176-1617(11)81633-0. 

47. Gitelson, A.A.; Kaufman, Y.J.; Stark, R.; Rundquist, D. Novel algorithms for remote estimation of vegetation 
fraction. Remote Sens. Environ. 2002, 80, 76–87, doi:10.1016/S0034-4257(01)00289-9. 

48. Dash, J.P.; Pearse, G.D.; Watt, M.S. UAV Multispectral Imagery Can Complement Satellite Data for 
Monitoring Forest Health. Remote Sens. 2018, 10, 1216, doi:10.3390/rs10081216. 

49. Puliti, S.; Saarela, S.; Gobakken, T.; Ståhl, G.; Næsset, E. Combining UAV and Sentinel-2 auxiliary data for 
forest growing stock volume estimation through hierarchical model-based inference. Remote Sens. Environ. 
2018, 204, 485–497, doi:10.1016/j.rse.2017.10.007. 

50. Stark, D.J.; Vaughan, I.P.; Evans, L.J.; Kler, H.; Goossens, B. Combining drones and satellite tracking as an 
effective tool for informing policy change in riparian habitats: A proboscis monkey case study. Remote Sens. 
Ecol. Conserv. 2018, 4, 44–52. 

51. Matese, A.; Toscano, P.; Di Gennaro, S.F.; Genesio, L.; Vaccari, F.P.; Primicerio, J.; Belli, C.; Zaldei, A.; 
Bianconi, R.; Gioli, B. Intercomparison of UAV, Aircraft and Satellite Remote Sensing Platforms for 
Precision Viticulture. Remote Sens. 2015, 7, 2971–2990, doi:10.3390/rs70302971. 

52. Khaliq, A.; Comba, L.; Biglia, A.; Ricauda Aimonino, D.; Chiaberge, M.; Gay, P. Comparison of Satellite 
and UAV-Based Multispectral Imagery for Vineyard Variability Assessment. Remote Sens. 2019, 11, 436, 
doi:10.3390/rs11040436. 

53. Zhang, S.; Zhao, G.; Lang, K.; Su, B.; Chen, X.; Xi, X.; Zhang, H. Integrated Satellite, Unmanned Aerial 
Vehicle (UAV) and Ground Inversion of the SPAD of Winter Wheat in the Reviving Stage. Sensors 2019, 19, 
1485, doi:10.3390/s19071485. 

54. Strecha, C. From expert to everyone: Democratizing photogrammetry. In Proceedings of the ISPRS 
Technical Commission II Symposium “Toward Photogrammetry 2020”, Riva del Garda, Italy, 3–7 June 
2018. 

55. Iqbal, F.; Lucieer, A.; Barry, K. Simplified radiometric calibration for UAS-mounted multispectral sensor. 
Eur. J. Remote Sens. 2018, 51:1, 301-313, doi:10.1080/22797254.2018.1432293. 



Appl. Sci. 2019, 9, 5314 24 of 24 

56. Stow, D.; Nichol, C.J.; Wade, T.; Assmann, J.J.; Simpson, G.; Helfter, C. Illumination Geometry and Flying 
Height Influence Surface Reflectance and NDVI Derived from Multispectral UAS Imagery. Drones 2019, 3, 
55, doi:10.3390/drones3030055. 

57. González-Piqueras, J. Radiometric Performance of Multispectral Camera Applied to Operational Precision 
Agriculture. In Proceedings of the IGARSS 2018—2018 IEEE International Geoscience and Remote Sensing 
Symposium, Valencia, Spain, 22–27 July 2018; pp. 3393–3396, doi:10.1109/IGARSS.2018.8518786. 

58. Teal, R.K.; Tubana, B.; Girma, K.; Freeman, K.W.; Arnall, D.B.; Walsh, O.; Raun, W.R. In-season prediction 
of corn grain yield potential using normalized difference vegetation index. Agron. J. 2006, 98, 1488–1494, 
doi:10.2134/agronj2006.0103. 

59. Katsigiannis, P.; Misopolinos, L.; V. Liakopoulos, V.; T. K.; Alexandridis, T.K.; Zalidis, G. An autonomous 
multi-sensor UAV system for reduced-input precision agriculture applications. In Proceedings of the 24th 
Mediterranean Conference on Control and Automation (MED), Athens, Greece, 21–24 June 2016; pp. 60–
64, doi:10.1109/MED.2016.7535938. 

60. Freidenreich, A.; Barraza, G.; Jayachandran, K.; Khoddamzadeh, A.A. Precision Agriculture Application 
for Sustainable Nitrogen Management of Justicia brandegeana Using Optical Sensor Technology. 
Agriculture 2019, 9, 98, doi:10.3390/agriculture9050098. 

61. Di Gennaro, S.F.; Dainelli, R.; Palliotti, A.; Toscano, P.; Matese, A. Sentinel-2 Validation for Spatial 
Variability Assessment in Overhead Trellis System Viticulture Versus UAV and Agronomic Data. Remote 
Sens. 2019, 11, 2573. 

 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

 


