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Abstract: Digital twins are essential in Agriculture 5.0, providing an accurate digital representation
of agricultural objects and processes, enabling data-driven decision-making, the simulation of future
scenarios, and innovation for a more efficient and sustainable agriculture. The main objective of this
article is to review and compare the main tools for the development of digital twins for Agriculture
5.0 applications using 3D point cloud models created from photogrammetry techniques. For this
purpose, the most commonly used tools for the development of these 3D models are presented.
As a methodological approach, a qualitative comparison of the main characteristics of these tools
was carried out. Then, based on some images taken in an orange grove, a quality analysis of the
3D point cloud models obtained by each of the analyzed tools was carried out. We also obtained a
synthetic quality index in order to have a way to categorize the different pieces of software. Finally,
as a conclusion, we compared the performance of the different software tools and the point clouds
obtained by considering objective metrics (from the 3D quality assessment) and qualitative metrics in
the synthetic quality index. With this index, we found that OpenDroneMap was the best software in
terms of quality-cost ratio. Also, the paper introduces the concept of Agriculture 6.0, exploring the
integration of advancements from Agriculture 5.0 to envision the potential evolution of agricultural
practices and technologies, considering their impact on social and economic aspects.

Keywords: digital twin; point clouds; digital agriculture; tools

1. Introduction

Agriculture 4.0 is the integration of digital technologies into agricultural practices,
aiming to enhance productivity, efficiency, sustainability, and decision-making [1]. It
encompasses the use of sensors, drones, satellite imagery, data analytics, robotics, and other
intelligent systems to gather and analyze real-time data about crops, soil conditions, and
farm operations. This data-driven approach enables farmers to make informed decisions on
irrigation, fertilization, pest control, and harvesting, optimizing resource use and reducing
environmental impact.

The main benefits of Agriculture 4.0 are:

*  Enhanced productivity: data-driven decision-making optimizes inputs like water,
fertilizers, and pesticides, leading to higher yields and better resource utilization.

* Improved efficiency: automation and precision farming techniques reduce labor
requirements and minimize waste, streamlining operations.

*  Sustainability: data-driven precision agriculture helps conserve water, reduce pesticide
use, and minimize soil erosion, promoting sustainable practices.

*  Reduced risks: real-time monitoring and early detection of pests, diseases, and weather
conditions enable farmers to take proactive action, minimizing losses
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However, Agriculture 4.0 has several associated costs, like:

* Initial investment: implementing digital technologies requires upfront investments in
hardware, software, and expertise, which can be significant for smaller farms.

¢  Skills gap: upskilling farmers and agricultural workers to handle these technologies is
essential, and this may require training programs and resources.

e  Data management: organizing, analyzing, and interpreting the vast quantities of data
generated by digital tools can be challenging and require specialized expertise.

¢  Technology compatibility: ensuring a seamless integration of different technologies
and data platforms can be complex and require careful planning.

Agriculture 5.0 builds on advances in precision agriculture (Agriculture 4.0) and takes
digitization and automation to the next level. It is a futuristic and advanced vision of
agriculture that seeks to integrate cutting-edge technologies and intelligent systems to
drive efficiency, sustainability, and productivity in the agricultural sector [2].

Agriculture 5.0 uses technologies such as artificial intelligence (AI), machine learning,
robotics, drones, the Internet of things (IoT), and sensor systems to collect and analyze data
in real time [3]. These data are used to optimize farming operations, improve decision-
making, and maximize crop yields. One of the key aspects of Agriculture 5.0 is the
connectivity and interconnection of different agricultural devices and systems. Farmers
can remotely monitor and control their crops, animals, and equipment through digital
platforms. This allows for a more efficient management of resources, such as water and
fertilizers, and helps prevent diseases and pests by detecting them early.

Al plays a vital role in Agriculture 5.0 by enabling machines and systems to learn,
adapt, and make autonomous decisions [4]. Machine Learning algorithms help in analyzing
vast quantities of data collected from various sources, such as weather patterns, soil
conditions, crop health, and market trends. This information empowers farmers to make
data-driven decisions, optimize resource utilization, and maximize yields.

Big Data analytics in Agriculture 5.0 helps in processing and analyzing large volumes
of complex data to gain valuable insights. By combining data from multiple sources, such as
satellite imagery, sensors, drones, and historical records, farmers can monitor crop growth,
detect diseases and pests, and predict yield results [5]. This knowledge allows for precise
interventions, such as targeted irrigation, optimized fertilization, and timely pest control,
minimizing waste and reducing environmental impact.

The IoT enables the connectivity of devices and sensors in the agricultural ecosystem.
Smart sensors embedded in the field, livestock, and machinery collect real-time data on
soil moisture, temperature, humidity, animal behavior, and equipment performance. These
data are transmitted over 5G networks, providing high-speed, low-latency communication
crucial for real-time decision-making. Farmers can remotely monitor and control operations,
receive alerts, and automate tasks, resulting in improved operational efficiency and reduced
labor costs [6].

Furthermore, nowadays, digital twins (or DTs) are being widely used in various fields
of our lives, such as industry, healthcare, transportation, logistics, etc. [7]. A DT is an
accurate digital representation or replica of a physical object, process, or service. In Agricul-
ture 5.0, a DT is important because it allows the optimization of the planning, monitoring,
and control of the farm in real time, making data-driven decisions, simulating future sce-
narios, and fostering innovation [8]. It provides farmers with accurate information, helps
them anticipate problems, maximize yields, and develop more efficient and sustainable
solutions. In short, a DT is the key to driving efficiency and productivity in Agriculture 5.0.

In Nasirahmadi et al. [9], the authors highlight the significance of DTs in agriculture
as a virtual representation of farms with the potential to enhance productivity, efficiency,
and energy conservation. They offer an overview of the current state of the art in DT con-
cepts and technologies within agricultural contexts. The review outlines a comprehensive
framework for DTs encompassing soil management, irrigation, robotics, farm machinery,
and post-harvest food processing. It delves into various aspects such as data recording
(whose analysis allows the prediction of crop performance [10]), modeling (including Al
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and big data), simulation, analysis, prediction, and communication (e.g., [oT and wireless
technologies) within the agricultural DT framework. The paper concludes by emphasizing
the role of DT systems in supporting farmers through continuous real-time monitoring
of the physical and virtual farm environments, ushering in the next generation of digi-
talization in agriculture. The paper by Cesco et al. [11] establishes a threefold agenda,
proposing a farm-tailored framework for smart agriculture and DTs, exemplifying its im-
plementation through a nitrogen fertilization case study, and outlining challenges and
future potentials. The framework, structured around data collection, processing, analy-
sis, and application, employs an infological approach. The case study demonstrates the
framework’s utility in optimizing nitrogen fertilization by addressing spatial and temporal
variations in land, soil, and crop factors. The study emphasizes the role of DTs in predictive
analyses, ultimately benefiting agricultural sustainability and underscoring their potential
for small-farm regions.

In refs. [8,12], the authors offer a literature search, in which the first appearance of the
application of the concept of DT to the field of agriculture was in 2017. In these papers,
they show several examples, such as a prototype of a DT of a greenhouse in which they
use information collected by a robot, for example on soil nutrients and humidity. Another
example of a DT is on simulations of a garden to know what the robot should do to ensure
that the crop is in the ideal conditions to grow [13]. Also, a DT of a tomato crop is also
presented in [14], whose developer team set up a 3D model of the crop in order to add
real-time information from sensors, also with the aim of making the right decisions to
ensure that the real crop grows in the best conditions. In ref. [15], it is shown a prototype of
a DT on a smart farm, where the authors perform tests of their system with an example
plant. Also, in future work, the authors indicate that such a system will be applied to
larger projects, using Al (artificial intelligence), to enable sustainable development and
improve food security (and traceability). Also, in [16], the application of Al to point clouds
in agriculture helps to control cropping in vineyards.

The paper [17] introduces a novel decision support system tailored to urban farming
production, emphasizing distinctions from traditional agribusiness requirements. The
focus is on urban agriculture, particularly aquaponics, a method integrating plant and fish
cultivation in a water-efficient cycle. The study employs a cyber-physical implementation
of aquaponics, enhanced by a digital twin system and machine learning for adaptive capa-
bilities. Empirical results from a three-month trial showcase the effectiveness of data-driven
decision analytics and a digital twin model in planning aquaponic system production.
Additionally, the article proposes a modeling framework for large-scale urban agriculture
ecosystems, forming the foundation for a decision support system that coordinates activ-
ities among independent producers to achieve collective goals. Another work related to
aquaponics is [18], where the authors propose and deploy a whole efficient system for the
feeding cycle in fish farms and the generation of plant nutrients. This system has proven
to provide good aquaponics life-cycle monitoring metrics with different communication
technologies and has also allowed a reduction in energy consumption to make the system
more sustainable.

Another work based on smart farming [19] is about the design and implementation of
a farmer’s digital twin, in which the authors have wearable sensors that “are used to acquire
real-time data on bone rotation from a farmer’s body”, to control the farmer’s activity.

Agrilora [20] is a project of a digital twin for smart agriculture, with the objective of
increasing crop yields by addressing the problem of high maintenance and hardware costs,
deploying wireless sensors in the field to detect plant diseases.

Many of the works dealing with this DT idea are conceptual, such as the one developed
in [21], where the idea of a service/product for agriculture is shown, where artificial intelli-
gence and a DT are used to make decisions for the correct management of a greenhouse.
The DT has the function of controlling the environmental conditions of the greenhouse,
such as humidity and CO; level, as well as the possibility to control the windows and fans
of the greenhouse itself.
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Nowadays, drones have become an invaluable source of data for activities such
as inspection, surveillance, mapping, and 3D modeling [22]. Through a conventional
photogrammetric process, it is possible to obtain three-dimensional results, such as digital
surface models or digital terrain models (DSM/DTM), elevation contours, 3D textured
models, and vector data, among others, in a highly automated manner. These data can be
used in a wide variety of situations and scenarios.

The use of photogrammetry allows the development of 3D point cloud maps. Through
this technique, in [23], an unsupervised method of vineyard detection and feature extraction
from 3D point cloud maps is presented. The proposed method allows the automatic
generation of maps of the regions of land covered by vineyards and, in addition, provides
information on the local orientation of the vine rows and the spacing between rows, spatially
organized in maps. Another example is [24], where an alternative approach is presented to
estimate the correct time of corn harvest; the proposed method focuses on the relationship
between the maturity data obtained by photogrammetry and the parameters produced
by the chemical analysis of maize. Another work where a photogrammetric approach is
developed is [25]. In that paper, the authors develop an automatic system to measure the
roughness of the ground surface from images taken on the ground with a simple digital
camera, without geometric restrictions. The accuracy of the system was determined on
artificial models built with polystyrene, whose position and elevation accuracies were
approximately 1.5 mm, while the error in surface estimation was less than 0.76% of the site
surface. These results show that two roughness indices, the surface tortuosity index and
the mean value of the height, are the most effective for discriminating the levels of tillage
of the agricultural soil. In [26], the authors also use photogrammetry but for monitoring
fruits at different growth stages. In this case, they estimate automatically the size of an
“in-field” apple, generating a point cloud “using structure-from-motion (5fM) and multi-
view stereo (MVS)” and estimating the size of the fruit. The downside of the job is the long
processing time.

Most of the work found is conceptual, although some prototypes have been tested.
Throughout the search, it was observed that none of the articles talks in detail about the
tools/technologies they intend to use when developing the DT from photogrammetric
techniques. Due to the scarcity of this type of study, the idea arose to write an article
in which a comparison is offered of several of these useful tools for the creation of DTs
using 3D point clouds obtained from photogrammetric techniques and oriented toward
digital agriculture.

Here, the ideas of the generation and use of DTs help us to elaborate the 3D models
with photogrammetric techniques. These models serve as a framework to enable the
collection of agricultural information with the IoT and detect problems with AI techniques.

The goal of this paper is twofold: firstly, to evaluate the efficacy of point clouds in the
creation of digital twins for agricultural applications, utilizing photogrammetric techniques
with both RGB and multispectral images. Secondly, to conduct a thorough review and
comparative analysis of tools dedicated to developing DTs for Agriculture 5.0 applications,
leveraging 3D point clouds. Furthermore, the paper explores a forward-looking concept,
Agriculture 6.0, aiming to integrate the advancements from Agriculture 5.0. This new
paradigm seeks to harness the collective innovations in the field, contemplating how
they can synergistically enhance various social and economic aspects. The discussion on
Agriculture 6.0 serves as a forward-thinking exploration into the potential evolution of
agricultural practices and technologies.

To accomplish this aim, after introducing the concepts of Agriculture 5.0 and DT, along
with articulating the core objective of this article, the subsequent content is systematically
organized as follows. In Section 2, an outline of the potential advantages inherent in
utilizing this technology within the context of Agriculture 5.0 is presented to describe the
methodological approach. Also, an exposition of contemporary tools applicable to DT
development is provided to describe the materials, elucidating their respective contribu-
tions to 3D modeling. Subsequently, these tools are subjected to testing and a comparative
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analysis in Section 3, culminating in the selection of the optimal candidate through the
determination of a synthetic quality metric. Lastly, Section 4 engages in a discourse on
the conclusions drawn from the study and delineates potential pathways for prospective
research endeavors, including a new concept called Agriculture 6.0, which is introduced in
order to take a step beyond Agriculture 5.0 as we know it today.

2. Materials and Methods

In order to describe the methodology used in this study, a description of photogram-
metric techniques and tools is described in the following subsections.

2.1. Photogrammetry to Generate Digital Twins in Agriculture 5.0

Photogrammetry is a technique that is used to measure and create three-dimensional
models of objects and environments by analyzing images [27]. It consists of the process
of capturing and analyzing photographs from different angles and using the visual and
geometric information contained in those images to reconstruct the shape, position, and
scale of objects in three-dimensional space. Photogrammetry is based on the principle of
triangulation, which involves finding common points in different images and calculating
their positions in 3D space using the geometry and parallax of images captured from differ-
ent perspectives. These common points are called control points and can be identifiable
visual points on images or artificial markers placed on objects.

The photogrammetry process generally involves several stages, which may include:

1. Image acquisition: photographs of the object or area of interest are captured from
different angles and positions. It is important to have good image coverage to obtain
an accurate reconstruction.

2. Image orientation: The position and relative orientation of each image are deter-
mined in relation to the others. This is accomplished by identifying common control
points in the images and using matching and adjustment techniques to estimate
orientation parameters.

3. Extraction of characteristic points: Key points and distinctive features are identified
in the images. These points are used to track and establish correspondences between
different images.

4. Matching and triangulation: correspondences are established between the characteris-
tic points in the different images, and triangulation is performed to calculate the 3D
positions of the points in space.

5. Three-dimensional model generation: A three-dimensional model is created from the
calculated 3D points. Depending on the required accuracy and the desired level of de-
tail, polygonal mesh models, dense point clouds, or surface models can be generated.

In the context of agriculture, photogrammetry is used to generate DTs, which are
accurate virtual representations of crops, land, and agricultural structures [28,29]. These
DTs provide detailed, real-time information on the status of crops and the agricultural
environment, helping farmers to make decisions and optimize their farming practices [30].
The use of photogrammetry and DTs in agriculture provides a number of benefits, such as:

¢ Crop monitoring: Generating DT from images allows farmers to obtain up-to-date
information on crop growth and condition. They can detect areas with water stress,
diseases, or pests, and take preventive or corrective measures in a timely manner.

* Land planning and management: A DT makes it easier to plan plantings, design irriga-
tion systems, and analyze soil characteristics. Farmers can evaluate topography, slope,
sun exposure, and other factors to make informed decisions about land preparation
and crop distribution.

¢  Optimization of agricultural inputs: By generating DTs, farmers can accurately monitor
crop health and apply agricultural inputs (such as fertilizers or pesticides) in a localized
and targeted manner. This reduces input wastage and minimizes environmental impact.
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* Yield analysis and crop forecasting: A DT makes it possible to keep track of crop
growth and yield over time. Farmers can assess plant health, estimate expected yields,
and plan to harvest more efficiently.

Finally, DT technology serves as a powerful innovation driver within the agricultural
sector. It empowers farmers to explore, test, and refine new technologies, practices, and
business models within a virtual environment before implementing them in the real world.
This approach fosters a culture of experimentation, ultimately leading to the development
of more efficient, sustainable, and profitable solutions for the agricultural industry. A DT,
in this context, emerges as a catalyst for progress and positive change.

2.2. Tools for the Development of Digital Twins in Agriculture 5.0

In this section, we conducted an extensive survey of prevalent tools employed for 3D
model development through photogrammetry. These tools serve as the foundational step
for subsequent applications in DT technology within the field of agriculture. We considered
a diverse set of both licensed and open-source software options, as illustrated in Figure 1.
This comprehensive approach allowed us to evaluate a broad spectrum of tools, catering to
various needs and preferences.

/— Photogrammetry Software —\
' il ™y
Proprietary Software Open-source Software
- Agisoft - Open Drone Map - Micmac
- Pix4DMapper - Colmap - Regard 3D
-DJI - Meshroom - 3Df Zephyr
- Reality Capture - Insight3D

AV - 4

Figure 1. Toolkit scheme for the analysis.

A.  Agisoft Metashape (Agisoft Metashape, available at: https://www.agisoft.com (ac-
cessed on 17 February 2024)) allows the generation of high-quality 3D models from
photographs using advanced structure-from-motion and dense point-matching al-
gorithms. With this tool, you can align images, generate dense point clouds, create
polygonal meshes, and apply realistic textures. Agisoft Metashape is used in various
industries, such as architecture, archaeology, and agriculture, to obtain accurate and
visually appealing models (see Figure 2a).

B. Pix4d Mapper (Pix4d Mapper, available at: https:/ /www.pix4d.com/product/pix4
dmapper-photogrammetry-software/ (accessed on 17 February 2024) offers a spe-
cialized photogrammetry software package. This tool allows us to generate 3D
models and maps from images taken by drone cameras, and its main applications
include precision agriculture and topography, as it allows us to generate vegetation
index maps to assist in agricultural management and detailed 3D terrain models
(see Figure 2b). Pix4d can be used to level and smooth digital surfaces, as well as
automatically classify point clouds.

C.  OpenDroneMap (OpenDroneMap, available at: https:/ /www.opendronemap.org
(accessed on 17 February 2024) is an open-source software for processing drone
imagery and generating 3D models, maps, and orthophotos (see Figure 2c). Among
the different applications of ODM (OpenDroneMap), there is precision agriculture,
since, in addition to the creation of dense and high-resolution point clouds of crops,
it also offers an R package that allows one to obtain information on how these crops
are doing (vegetation index, detection of poor plant condition, etc.).
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DJI Terra (DJI Terra, available at: https://enterprise.dji.com/es/dji-terra (accessed
on 17 February 2024) is a D]I-developed platform that allows the construction of 3D
models from photogrammetry and drone images, allowing the transformation of
physical locations into digital ones (see Figure 2d). It also offers detailed mission
planning for automatic flights, linking it with the 3D modeling function. Applica-
tions include mapping and surveying, precision agriculture, and disaster manage-
ment/emergency response.

Colmap (Colmap, available at: https://demuc.de/colmap/ (accessed on 17 February
2024) is an open-source tool for 3D model reconstruction from ordered or unordered
images. It has several applications such as in photogrammetry or virtual reality.
It is a general-purpose, end-to-end image-based 3D reconstruction pipeline with a
graphical and command-line interface.

Meshroom (Meshroom, available at: https:/ /alicevision.org/#meshroom (accessed
on 17 February 2024) is an open-source software based on the AliceVision 3D recon-
struction framework. It offers photogrammetry options, allowing the construction
of detailed point cloud-based models from images or videos from different angles
(see Figure 2e). It can have applications in architecture, design, and video games,
among others.

Insight3d (Insight3d, available at: https:/ /insight3d.sourceforge.net (accessed on
17 February 2024) is an open-source software that is based on 3D modeling of
photographs taken from different angles, based on the different points it finds in
common between these images. This tool does not allow you to process more than a
certain number of photos, so it may not be as useful for large projects.

Micmac (Micmac, available at: https://micmac.ensg.eu/index.php/Accueil (ac-
cessed on 17 February 2024) an open-source tool used for 3D reconstruction, or-
thophotos, and depth maps in different fields such as cartography, industry, forestry,
or archaeology, among others. It is developed at the IGN (French National Geo-
graphic Institute) and the ENSG (French National School of Geographic Sciences).
Regard3D (Regard3D, available at: https:/ /www.regard3d.org (accessed on 17 Febru-
ary 2024) is a tool capable of transforming photos of an object from different angles
into a 3D model using photogrammetry techniques, generating a three-dimensional
representation of the exact object (see Figure 2f). It allows camera calibration, tri-
angulation, creation, and texturing of 3D models. It is open-source software and is
often used in fields such as cartography, archaeology, and virtual reality.
RealityCapture (RealityCapture, available at: https://www.capturingreality.com
(accessed on 17 February 2024) is a photogrammetry software for creating virtual
reality scenes, textured 3D meshes, orthographic projections, georeferenced maps
from images and/or laser scans (see Figure 2g). It is used in various fields, like the
others, in cartography for the creation of maps, in video games, in virtual reality,
archaeology, and geology. On its official website, you can see several examples of
interesting projects, such as scans of entire human bodies or historical buildings.
3DF Zephyr (3DF Zephyr, available at: https:/ /www.3dflow.net/3df-zephyr-photo
grammetry-software/ (accessed on 17 February 2024) is the photogrammetry soft-
ware solution from 3Dflow. It is specialized in the automatic reconstruction of 3D
models from photographs and scan data (see Figure 2h).

Of the 11 tools presented, from our image datasets (124 images with a resolution

of 5280 x 3956), we were able to successfully obtain 3D models in only 8 of them. The
remaining three tools had the following limitations:

Insight3d: this software, although functional for generating models from a small
number of photos, is not suitable for processing large datasets.

Micmac: we encountered errors when trying to process our dataset with Micmac,
mainly due to it being a very old tool.

Colmap: Colmap created very sparse point clouds and did not provide meaningful
visual representations.
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These findings highlight the importance of tool selection based on the specific require-
ments and scale of a project, as not all tools are equally suitable for all applications.

(g) RealityCapture (h) 3DF Zephyr

Figure 2. Visual comparison of colored point clouds with different tools.

3. Results and Discussion: Qualitative and Quantitative Tool Comparison

In this section, we perform a comparative analysis of the tools introduced in the
previous section. We begin with a qualitative assessment of the eight selected tools. Subse-
quently, we delve into an objective evaluation of the quality of 3D models derived from the
photogrammetry techniques integrated into each of these software applications.

3.1. Qualitative Analysis

Table 1 shows the qualitative analysis carried out. The first element analyzed was the
hardware requirements. In this regard, D]I Terra required the most RAM (32 GB), followed
by Agisoft Metashape. Other software applications such as Pix4dMapper, Meshroom, and
3DF Zephyr recommended 32 GB of RAM for proper operation, although they could work
with 16 GB.
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Table 1. Qualitative analysis of the tools analyzed. N/A: not available.

Free Image Processing

Hardware Requirements API

Software Multispectral

Georeferencing

Elevation
Models

Distance
Measurements

Distributed
Processing

Agisoft Metashape

Minimum:

- Between 16 and 32 GB of RAM
- CPU: Intel processor or

AMD with 4/8 cores

- GPU: NVIDIA or AMD

with more than 700 cores

Pix4dMapper

Minimum:
- Between 4 and 16 GB RAM

Recommended: X v v
- Between 16 and 32 GB of RAM

- SSD hard drive, between 15 and

120 GB of free space

OpenDroneMap

Minimum:

- CPU 64 bit

- 20 GB of disk space
-4 GB of RAM

Recommended:
- CPU last generation
- 100 GB of disk space
-16 GB of RAM

DJI Terra

Minimum:

- NVIDIA graphic card

- 32 GB of RAM

- OS 64-bit Windows 7 or higher

Recommended:
- NVIDIA graphic card
GeForce GTX 2070 or higher

Meshroom

Minimum:

- OS: Windows x64, Linux, macOS
- CPU: recent Intel or AMD

- RAM: 8 GB

- NVIDIA CUDA-enabled GPU

Recommended:

- CPU: Intel Core i7 or AMD Ryzen 7
-RAM: 32 GB

- Hard Drive: 20 GB+ HDD or SDD

- GPU: NVIDIA GeForce GTX 1070

N/A

Regard3D

- OS: 64-bit versions

of Windows and Mac OS X
- Windows 7 or newer

- Mac OS X 10.7 or newer

- RAM recommended: 8 GB
or more

N/A

N/A

RealityCapture

Minimum:

- 64-bit PC with at

least 8 GB of RAM

- 64-bit Microsoft Windows version

7/8/8.1/10 or Windows Server X v X
version 2008+

- NVIDIA graphics card with

CUDA 3.0+ capabilities and

1 GBRAM

N/A

3DF Zephyr

Minimum:

- OS: Windows 11/10/8.1/8 (64 bit)
-RAM: 16 GB

- Hard disk space: 10 GB

of free HDD space

- Processor: dual core 2.0 GHz

or equivalent processor

Recommended:

-RAM: 32 GB

- Hard disk: 20 GB free
HDD Space—SSD drive

N/A
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The rest of the tools could work properly if they had between 8 and 16 GB of RAM.
On a interesting note, ODM was the tool requiring the least RAM, since it could work with
4 GB. The next aspect to analyze was the type of license required. In this case, we had four
open-source licensed tools, which were ODM, Meshroom, Regard3D, and 3DF Zephyr,
while the other four tools had a paid license with various types of plans, some of them
costing more than EUR 3000.

Another interesting aspect is the availability of an API; this allows the possibility to
develop new functionalities in an easier way. In this case, the tools that had this feature
were Agisoft Metashape, Pix4dMapper, ODM, and Reality Capture. All the tools analyzed
except Regard3D and RealityCapture had the ability to process multispectral images, a
very interesting aspect in the field of digital agriculture since there are many indicators
(normalized reflectance index or NRI, normalized difference vegetation index or NDVI,
etc.) that are obtained from these types of images.

The georeferencing of the models, generated by each of the analyzed applications,
is a very important feature when we are talking about digital agriculture. This quality
allows us to locate the digital twins on a map in an unequivocal way. All the applications,
except Meshroom and Regard3D, allowed this feature. Linked to this, we have elevation
models. Elevation models are a digital representation of the land surface. These can
help farmers understand the topography of their land, which can be useful for planning
water management, fertilizer application, and other aspects of farming. Meshroom and
Regard3D were the only ones that did not have this feature. In addition, we included in
this analysis the option of distance measurements on the generated 3D model. This aspect
was supported by most software applications, except for Meshroom and Regard3D.

Finally, the last feature analyzed was the possibility of distributed processing; in this
case, ODM and Agisoft Metashape allowed this option. This can be an important aspect if
you want to speed up processes and generate digital twins automatically after each flight.

3.2. Quantitative Analysis

To perform the quantitative analysis of the tools discussed throughout the article, we
created a 3D model with a point cloud obtained from the images captured by the DJI Mavic
3M (DJI Mavic 3M, more information: https://ag.dji.com/es/mavic-3-m (accessed on 17
February 2024) drone in some fields of El Puig, Valencia. To generate this point cloud, a
dataset with 142 images was obtained with a series of flights. Figure 3 shows an orthophoto
of the flight.

& ElPuig Ortofoto ¥ Saludvegetal i Modelode superfice

j

‘B
|

Figure 3. Orthophoto generated by ODM of the test flight carried out in May 2023 in El Puig, Valencia.

The first parameter that was analyzed was the processing time of photogrammetry to
create a 3D point cloud model from the 142 images. These times depend on the characteris-
tics of the machine on which the tools are installed. In our case, all of them were installed on
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the same machine. The features of that machine were 12th Gen Intel(R) Core(TM) i7-12700F
CPU @2.10 GHz, a 25 MB cache memory, 2 x 16 GB DIMM DDR4 3200 RAM, a WD Blue
SN570 SSD 1 TB M.2 NVMe drive, Windows 11 x 64-bit operating system.

In terms of the time used by each tool to generate the point cloud, the fastest were DJI
Terra, RealityCapture, and ODM,; at 14, 20, and 25 min, respectively. Agisoft Metashape,
Pix4dMapper, and 3df Zephyr took about 40 min. Meshroom and Regard3d took more than
an hour. Table 2 shows the number of points in the pointclouds obtained by the different
software studied in this paper.

Table 2. Number of points obtained with each piece of software.

Software Number of Points
Agisoft Photoscan 81,298,807
Pix4D Mapper 19,218,130

DJI Terra 5,737,547
OpenDroneMap 21,569,057
Meshroom 4,599,051
Regard3D 10,163,553
Reality Capture (EDU) 535,345

3DF Zephyr 2,077,621

To perform the quality study, each model generated by each analyzed tool was saved
in the “.ply” format. These 3D point cloud models were evaluated using the NR-3DQA [31]
tool available on Github (Accessed on 10 November 2023: https:/ /github.com/zzc-1998
/NR-3DQA /tree/main).

Following the guidelines of [31], we extracted the following geometric features from
their tool’s assortment of metrics, for the objective assessment of point cloud quality:

e Curvature index (ranges from zero to one): This measurement assesses the degree
to which a curve differs from a straight line, commonly indicating roughness or
smoothness. Greater values indicate improved quality for the same model.

* Anisotropy index (ranges from zero to one): It is the measurement of variations in
geometric properties in different directions. Lower values indicate higher quality for
the same model.

*  Linearity index (ranges from zero to one): It measures the level of similarity to a
straight line. In this context, higher values indicate higher quality for the identi-
cal model.

*  Flatness index (ranges from zero to one): This parameter measures how closely a sur-
face approximates a flat plane. A low value indicates higher quality for a given model.

*  Sphericity index (ranges from zero to one): It measures how closely an object’s shape
resembles that of a perfect sphere. Higher values indicate greater quality for the
same model.

Figures 4-8 show the mean values and the standard deviation of the selected metrics,
i.e., curvature, anisotropy, linearity, flatness, and sphericity, for each 3D model obtained
with the tools analyzed in this work.

When examining the curvature metric (see Figure 4), our evaluation indicated that
Agisoft stood out as the top-performing software with a mean value of 0.11, with DJI Terra
(0.059) and ODM (0.051) closely following. The remaining analyzed software tools demon-
strated quite similar performances in this regard with values near or smaller than 0.04.

A similar behavior occurred when we analyzed the anisotropy in Figure 5. Agisoft
with a value of 0.78 and DJI Terra and ODM (with values of 0.89 and 0.9, respectively) had
lower values than the other tools analyzed, but their standard deviation was lower. The rest
of the tools had similar values, except Meshroom, which had a higher standard deviation.

Figure 6 shows the mean linearity value and standard deviation for each tool evaluated.
In this case, all the tools obtained similar values close to 0.4, except for RealityCapture and
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Agisoft Metashape, which had a mean value of 0.54 and 0.47, respectively. Therefore, they
were the best ones in this metric, and 3DF Zephyr, which obtains a mean value of 0.45, was
the worst.

0.14

0.12

0.1

0.08

Curvature index

0.06

0.02

Agisoft Pix4dmapper ODM Dji Terra Meshroom Regard3d RealityCapture 3DF Zephyr

Point cloud tools

Figure 4. Mean (and standard deviation) values for the curvature metric for every piece of software.
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0.6
0.4
0.2

0

Agisoft Pix4dmapper Dji Terra Meshroom Regard3d RealityCapture 3DF Zephyr

Anisotropy index

Point cloud tools

Figure 5. Mean (and standard deviation) values for the anisotropy metric for every piece of software.
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0.4
0.3
0.2
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Point cloud tools

Figure 6. Mean (and standard deviation) values for the linearity metric for every piece of software.
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Figure 7. Mean (and standard deviation) values for the flatness metric for every piece of software.
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Sphericity index
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Figure 8. Mean (and standard deviation) values for the sphericity metric for every piece of software.

In the case of the flatness metric analysis presented in Figure 7, we can observe that the
software with the best performance was Agisoft (0.31), followed by RealityCapture (0.38),
and DJI Terra (0.42); the rest of the analyzed tools had similar performance, obtaining a
flatness value greater than 0.5. When analyzing the deviation, we see that a similar range
was obtained by all the tools.

Finally, if we analyze sphericity (see Figure 8, we see that the behavior observed in the
rest of the variables previously analyzed is repeated. Agisoft was the software with the
best score (0.21) in this metric, followed by DJI Terra (0.20) and ODM (0.095). After that,
the rest of the tools had values below 0.07.

In Figure 2, we can see different captures of the 3D models generated by each tool from
images captured by the DJI Mavic 3M drone at the selected location (El Puig, Valencia).
Figure 9 shows a more enlarged view, where the details and differences between each
software tool can be better perceived.
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(f) Regard3D

s

(g) RealityCapture (h) 3DF Zephyr

Figure 9. Visual comparison of a detailed colored point cloud with the different selected tools.

3.3. Design of a Synthetic Quality Metric for Software Selection

In order to establish a unique metric for software evaluation, a synthetic metric was
designed to qualify and model the quality of the software.

Taking into account the mean values and standard deviations of the metrics pre-
viously evaluated (shown in Figures 4-8), we obtained the coefficient of variation as
Ametric;/metric; and designed the synthetic metric as a function of this coefficient of varia-
tion (CV) for each metric, considered as the standard deviation (Ametric;) divided by the
mean value (metric;). This is shown in Equation (1):

Ax _f(ASph AFla ALin AAni ACur
x Sph ' Pla’ Lin ' Ani’ Cur

)

where Sph stands for sphericity, Pla stands for planarity (or flatness), Lin stands for linearity,
Ani stands for anisotropy, and Cur is curvature.

The results of the relative values for each metric are in Table 3. Figure 10 shows
the correlation among the CVs of the point cloud quality metrics. Here, we can see that
anisotropy is one of the outlier metrics in this set.
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Table 3. Coefficients of variation (CV) for every metric and software tool.
Software Sph Pla Lin Ani Cur
Agisoft 0.6219 0.5399 0.3951 0.1663 0.5087
Pix4DMapper 1.3013 0.3427 0.4877 0.0968 1.2058
ODM 1.1353 0.3411 0.4440 0.1195 1.0314
DJI Terra 0.5373 0.4220 0.4314 0.1249 0.9475
Meshroom 1.0000 0.3006 0.4242 1.0000 1.0000
Regard3D 1.1324 0.3070 0.4261 0.0547 1.0644
RealityCapture 1.0639 0.5025 0.3620 0.0804 0.9373
3DF Zephyr 1.2219 0.2856 0.4333 0.0725 1.1512

Ani 0.8
06

Lin . . - 04

r 02

- 00

- —02

. Sph Q F—04

Figure 10. Correlation-graphic for all the CV values of the quality metrics.

We propose the design of the synthetic metric as a multilinear composed variable in
the form exposed in Equation (1). In a first approach, we used the summation of all of these
CV values. Furthermore, we used Table 1 considering as weighting factors whether the
software did not have an API (85%) and whether it was not free software (85%). After using
this procedure with the coefficients of variation, we developed a multilinear model taking
the synthetic quality (SynthQ) metric as the dependent variable. In RStudio, we used the
linear modeling (Im) function to compute this multilinear model. The result of that model
is shown in Equation (2). Furthermore, Table 4 shows a summary of the whole multilinear
regression study.

SynthQ = 1.243 4 1.450 - Sph — 0.241 - Pla — 0.141 - Cur 2)

As indicated in the explanation of the features, we can see that the Agisoft Metashape
tool was the one that provided the best quality (as it provided a high number of points in
Table 2), followed by DJI Terra and finally Pix4D Mapper, which was the one that obtained
the worst result on that test. In this case, all these options required a license fee and here, we
applied a payload. With our model, OpenDroneMap (ODM) appeared as the best option in
terms of cost-benefit relationship, as shown in Table 5.
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Table 4. Summary of the multilinear analysis with all the CVs used to model the synthetic quality
metric with 3 parameters.

Estimate Std. Error t Value Pr (>|t))
(Intercept) 1.2434 1.8106 0.687 0.530
Sph 1.4504 0.7347 1.974 0.120
Pla —0.2409 2.2934 —0.105 0.921
Cur —0.1439 1.2560 —0.115 0.914

Table 5. Synthetic quality metric as a result of the application of the multilinear model to the CVs
(with 3 parameters).

Software Multi-Linear Model
Agisoft 1.6509
Pix4D Mapper 2.4437
ODM 2.6596
DJI Terra 1.2895
Meshroom 2.1059
Regard3D 2.2601
RealityCapture (EDU) 2.1510
3DF Zephyr 2.3641

After conducting a comprehensive review of related works, we identified only one
relevant paper [32]. This paper initiated a comparison of tools for agronomy point cloud
representation, providing a foundational reference point for our research. To extend beyond
the existing state of the art, we expanded and enriched this comparative analysis. Unlike
the previous work, we incorporated additional tools and introduced quality metrics for a
more nuanced evaluation of point clouds.

Our dataset, acquired using a DJI Mavic 3M drone in the agricultural fields of El Puig,
Valencia, Spain, offers a rich foundation for a meticulous assessment of software tools. This
dataset, capturing the complexities of real-world agricultural scenarios, serves as a valuable
resource for a more detailed and robust evaluation.

Expanding the toolset, we introduced options like 3DF Zephyr and RealityCapture,
while omitting others such as Ensomosaic and MicMac. Exclusions were guided by prac-
tical considerations, as rendering challenges were encountered, potentially attributed to
limitations posed by the available number of photographs. Consequently, our evaluation
encompassed 11 tools, with reliable and validated results obtained from 8 of them.

In comparison to the study in [32], our use case showcased a broader spectrum of
tools, presenting image captures from all software tools compatible with our dataset.
Additionally, our research introduced a meticulously calibrated quality analysis of point
clouds, exceeding the scope of the prior study. This ensured a more comprehensive
understanding of the capabilities and limitations of the considered software tools in the
context of agricultural point cloud representation. Finally, we designed a synthetic metric
to qualify and model the quality of the software, taking into account the mean values and
standard deviations of the metrics analyzed in Section 3.3.

4. Conclusions

In this paper, we explored the advantages of integrating digital agricultural models,
particularly through photogrammetry techniques. We conducted an extensive study to
assess the benefits of utilizing photogrammetry for the creation of digital twins (DTs) in
the agricultural domain. Subsequently, we performed both qualitative and quantitative
analyses of the four most commonly used tools for implementing these photogrammetric
techniques and generating 3D models.

The quantitative assessment was conducted in terms of the evaluation of the different
quality metrics, such as curvature, anisotropy, linearity, flatness, and sphericity. The
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correlation of the coefficients of variation for every piece of software within each quality
metric allowed us to determine that a model with three of these metrics (i.e., sphericity,
planarity/flatness and curvature) was optimum for the generation of a new synthetic
metric. Also, the qualitative assessment of the different tools enabled the evaluation
of the main characteristics that were of interest to us (i.e., free software, availability of
API, georeferencing). These quantitative and qualitative metrics were used to model a
synthetic quality metric which involved all the aforementioned aspects. The evaluation of
the synthetic metric allowed us to categorize the different software tools with the inclusion
of the three qualitative aspects, which modulated the synthetic quality model, weighting
these aspects up to a certain level (here 85%) if they were not available in the software.
The evaluation ranking identified OpenDroneMap as the best option considering that it is
open-source, georeferenced, and has an API to process the point clouds.

Our comprehensive evaluation of the study leads us to conclude that the Open-
DroneMap (ODM) tool presents the best quality-to-features ratio, and it is the software
that shows the best cost-benefit relationship. Notably, it offers high-quality results, is an
open-source tool with continuous improvements, and boasts faster computation times.
Furthermore, the tool’s versatile features make it adaptable for a wide range of projects in
the agricultural sector.

Agriculture has always been an essential part of mankind, providing food, livelihoods,
and contributing to socio-economic development [33]. The relationship between Agricul-
ture 5.0 and society is multifaceted and encompasses various aspects. Beyond Agriculture
5.0, there is a strong connection between agriculture and society, this union between society
and the new era of digital agriculture could be called Agriculture 6.0.

In Agriculture 6.0, the integration of DTs will improve education and knowledge
exchange. DTs serve as virtual representations of agricultural systems, enabling real-time
data exchange and decision-making. Using machine learning and sensor data, DTs can
gather information about physical models and create accurate virtual representations. This
facilitates knowledge transfer among farmers, researchers, and stakeholders, allowing
them to better understand complex agricultural processes. Farmers can access and analyze
real-time data from DTs, enabling them to make informed decisions and optimize their
farming practices. In addition, DTs can serve as educational tools, providing interactive and
immersive experiences for students and professionals to learn about sustainable farming
techniques and resource management.

However, the farmer’s participation in these actions for crop improvement through
technology is not always uniform. Here, the critical point is always the cost and financial
commitment of the agricultural community [2]. They always appreciate systems without
any cost, but this is not always a possibility. They are usually reluctant to invest in
research and automated new technologies, as their knowledge on maintaining the systems
is usually low.

To sum up, Agriculture 6.0 can facilitate knowledge sharing and capacity building
through digital platforms, enabling farmers to access information, best practices, and
expert advice. This can enhance agricultural productivity, improve farming techniques, and
empower farmers with the necessary skills and knowledge to adapt to changing agricultural
landscapes, but the involvement and commitment of all the social network, and even the
agricultural community is of major importance for the successful implementation of this
type of technology.
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