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Chapter 1

Introduction

Digital technologies have taken hold over the past few decades in many scientific
and industrial sectors: from the aviation industry to medicine, from engineering to
agriculture. Thanks to the rapid development of hardware and software solutions, it
has been possible to implement techniques and technologies that were unthinkable
until recently. A striking example is the adoption of the Digital Twin (DT), which
is a digital counterpart, perfectly reproduced, of the object or model that is to be
studied [1]. The adoption of a DT allows the study, through numerical models, of
complex systems without having to materially build, implement or in some cases
destroy them, simplifying the search for new solutions also from an economic point
of view [2]. The digitization of processes and their scientific study has also been
introduced in agriculture where today it is possible to adopt advanced systems for
remote sensing, management of fields or farms, decision support [3]. In the specific
case of crop modeling, great advances have been made in the last decade thanks
to the development of the so-called FSPM, or biological/mathematical models that
take into account the functional processes of a plant, in connection and in relation
to its geometric structure [4, 5]. These models allow the creation of a particular DT
called plant in silico that is a digital plant with which it is possible to understand,
study and visualize all the possible changes made at physiological, genetic, pheno-
logical and other levels [6, 7]. In silico approaches can also be used at a larger scale,
at the stand level or on a territorial scale, to study broader phenomena. Also at the
stand or spatial level, the introduction of remote sensing in agriculture has allowed
further digitization of the field. The introduction in agriculture in recent years of
increasingly accessible and easy-to-use systems, thanks to sensors mounted on Un-
manned Aerial Vehicles, has allowed frequent, robust and accurate data collection.
These data are used in a variety of ways: from creating vegetation indices to ob-
tain prescription maps, to using them in Deep Learning algorithms for automatic
recognition of diseases, phenological status, land uses and more. The present study
aimed to develop advanced digitization techniques for some applications in the field
of agriculture with the goal of presenting and deploy some products used in concrete
applications by the industry of the sector. In the first chapter (2), the state of the art
of FSPM models has been reviewed, in particular those with a 3D tree structure out-
put. This review showed a lack of system-based models so a proof of concept of a
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biological/mathematical system-dynamics model coupled with a real-time 3D ren-
dering engine has been proposed. This solution has been studied because there is a
rapidly expanding industry sector that is, as a particular DT, process virtualization.
In agriculture, process virtualization, unlike the process industry, is mostly absent.
The study therefore proposes itself as a possible model of virtualization of biologi-
cally verisimilar trees (the aforementioned in silico plants) in order to be able to use
them in industrial agronomic applications, such as training of agricultural operators,
without having to physically grow, modify or perhaps destroy a real tree. This proof
of concept has been then developed in detail in chapter 3 where it has been explained
more in detail, developed with its characteristics, its code, its implementation and
its possible agronomic applications. A Deep Learning system for weed recognition
has been developed in chapter 4. This study has been carried out in order to have
an automated aerial (UAV) or terrestrial (UTV) system that allows selective recogni-
tion of weeds to be removed and not to be removed in order to provide farmers or
the industry with a Site-Specific Weed Management tool that allows them to save on
herbicide use. Finally, in chapter 5, a study has been developed on the interaction
between water flows and plants in vegetated channels in addition to other digital
agriculture applications for eco-hydraulics applications. The study has been possi-
ble thanks to the adoption of some digital techniques such as 3D scanning of plants
to create a DT used in numerical finite element simulations. In addition, Remote
Sensing approaches have been developed using multispectral sensors on drones to
calculate the Leaf Area Index (LAI) in hard-to-access vegetated channels and assess
the vegetation cover of the channel. This study on vegetated channels has been
carried out because the results obtained can be used by the mechanical, aerospace
or naval industry to produce vehicles optimized to work in conditions of high tur-
bulence, or more in a smaller sense to manage vegetated channels to optimize hy-
draulic flows without compromising the plant ecosystem. The projects presented in
this paper show how the digitization of agriculture is a broad field, both in terms of
applications and theory. The interest shown by industry in these applications raises
hopes for rapid future development in what are the different fields of application.
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Chapter 2

Biologically aware generation of
3D tree models: review of FSPM
models and scientific proposal

2.1 Introduction

Computer simulations of plant growth have a long history. Botanists and computer
scientists have tried to develop methods to generate natural objects synthetically
for over forty years [8, 9]. The first method for branching structure simulation us-
ing a computer called a cellular automaton was proposed by Ulam [10] in 1966:
an arrangement of square cells on a grid, directed by a computer program that
had the ability to adapt to different conditions. Greene [11] extended the cellular
automaton to a three-dimensional space called voxel space automata trying to simu-
late growing processes with reactions and adaptations to the environment. Simpler
models, which ignored even fundamental factors such as branch collisions, were de-
veloped later. Honda [12] proposed a model in which a variety of tree-like shapes
was obtained by changing few numeric parameters. Lindenmayer [13] proposed a
string rewriting system for cellular interaction commonly called the L-system, later
adopted to generate plants and trees with the contribution of Prusinkiewicz [14].

Oppenheimer [15] used fractals to form trees with more advanced parameters
such as branching angle, branch-to-parent size ratio, stem taper rates, helical twist,
and branches per stem segment. Oppenheimer introduced random variations to
alleviate some of the self-similarities intrinsic in fractal models (same specifications
for every recursive level). Other models were developed during the years, following
the needs of both 3D artists or professionals and botanists [16].

Following the development of these pioneering methodologies, the field has
been revolutionized in the last two decades thanks to the exponential rise of compu-
tational capabilities and the integration with mathematical-biological models. The
Functional–Structural Plant Models (FSPMs) in the last two decades have been de-
veloped by scientists in order to explore and integrate the structure and the underly-
ing processes of a plant [4]. Nowadays, the complexity of digital design has reached
elevated levels of quality standards allowing the use of 3D structure as output of



Chapter 2. Biologically aware generation of 3D tree models: review of FSPM
models and scientific proposal

4

FSPMs in order to characterize plant phenotypes [17] or as feedback to assess and
calculate light partitioning [18]. 3D plants can be part of several modeling systems,
being main components of many digital representations of landscapes or natural
scenarios [19]. As proposed by Pirk et al. [20], a 3D tree can be used in different sci-
entific applications, such as synthetic silviculture [21], generic digital representation
of real world [22], flow dynamics [23] and, as mentioned, in botany to determine
physiological parameters [6]. In botany, models are used to determine physiological
parameters [24, 25, 26]. Geometrical plant modeling allows researchers to validate
visually biological processes, such as the interaction of plants with light and environ-
ment. In ecology, plant models are of interest to visualize information of deep-lying
processes, allowing scientists to see “invisible” things [6]. Examples are represented
by how plants develop in reaction to disease or stress and how plants grow after
pruning [27, 28]. This is critical to study the competition of plants for light or to es-
timate field crop canopy photosynthesis [29, 30, 31] or carbon and water flows [32],
making an observer aware of the system’s mechanism.

In this chapter the author reviews the different modeling approaches of tree gen-
eration using FSPM that have 3D output to understand the state of the art of current
modeling approaches and how these models can benefit, if any and if functional to
the model, from the generated 3D structure. The author decided to focus the re-
view on models that describe the epigeal part of the plant by excluding those that
model only the root system. In subsection 2.2 the FSPM methods with 3D output
are presented and reviewed, grouped in three categories, depending on model cate-
gory: FSPM (Functional-Structural Plant Model, subsection 2.2.1), FPM (Functional
Plant Model, subsection 2.2.2), SPM (Structural Plant Model, subsection 2.2.3). In
subsection 2.2.4 the models described are compared according to their applications
in agronomy: which plant organs were modeled and considered, whether plant-
plant interaction in community is modeled, whether plant-soil interaction is mod-
eled, what processes were considered (e.g., carbon allocation, photosynthesis, and
so on), and the various agronomic and scientific applications.

As stated by Louarn and Song [4], one of the most promising horizon and op-
portunity of FSPMs is the use of non-invasive imaging and model based methods.
The author gives particular emphasis on their use of 3D model, how the 3D models
generated are validated and what are the scientific applications. In subsection 2.3
the author provides a brief description of 3D rendering techniques used to generate
synthetic trees and how these are used in commercial software. It is also provided
a proof of concept in subsection 2.4 for a link between a biological mathematical
model based on Ordinary Differential Equations (ODE) and a 3D rendering engine.
This link can operate in both ways, i.e., by rendering a tree using parameters from
ODE solutions, or by considering geometrical 3D data (e.g. the amount of light from
the scene) as input to solve ODEs.

The in-depth development, results of the model and potential agronomic devel-
opments and applications are provided in chapter 3
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2.2 Plant and Crops Models

The development of computer models of plant functioning and growth has been in
scientists’ interests in the last 40 years [33]. During the last 20 years, scientists ap-
proached a new method to model plants by creating and developing FSPMs [4]. The
main idea of this approach is to describe and model the plant as a population of
interconnected parts, ranging from the smallest scale (organism prospective and ge-
netic models) to the biggest one (community of plants and ecological models) [34].
Achieving this goal required a number of studies that made concepts such as those
of plant architecture widely recognized in botany and the scientific community [35,
36]. In parallel to the development of globally recognized models, the advancement
of computing power by personal computers has allowed the development of the
first methods and standards. The FSPM models allow a creation of “virtual” plants
thanks also to the possibility, given the presence of architecture models, to have as
output 3D models of plants [9]. This output, in addition to being visually immediate
for the evaluation of the biological model itself [4], allows a more precise calculation
of a series of interactions both with the external environment (virtual and not) such
as the amount of light intercepted [37, 38], the competition of plants in the commu-
nity [21] or external mechanical actions (e.g., pruning) [27] and with other parts of
the model of smaller scale [39], such as the reaction of the plant to diseases [28]. This
study focuses the attention on functional–structural models with 3D plant architec-
ture output. The studies reviewed in this section are grouped in three categories,
according to their modeling goal:

• FSPM: models that have both functional and structural modeling;

• FPM: models that have functional modeling;

• SPM: models that have only structural modeling

All the models reviewed have a 3D plant output. The objective of this review
chapter is to assess how the 3D output of models is generated, how it is useful for
the development of the model itself, how the 3D structure could be improved, and
how it could be a new opportunity for the further development of FSPM models.

All the models reviewed are shown in table 2.1 with their names, the program-
ming language used, and the modeling environment. The works reviewed have
been selected through a search on major public databases (Scopus, Web of Science,
ScienceDirect, SpringerLink, ACM Digital Library), among those that have 3D output
and that have a particular feedback in the scientific community in terms of citations
and applications.

Another table (Table 2.2) is presented in subection 2.2.4 to summarize the agro-
nomic applications, modeling objectives, modeled organs, and whether plant–plant
and plant–soil interactions are present in order to have an overview of the described
models and proceed to critically compare them.



Chapter 2. Biologically aware generation of 3D tree models: review of FSPM
models and scientific proposal

6

TABLE 2.1: Plant and crop models reviewed in this chapter catego-
rized in model types

Category Name Plant Part Programming Language Modelling Framework 3D Output Reference

FSPM

AMAPSim Shoot C++ AMAPstudio Yes [40]
CPlantBox Whole Plant Python Stand Alone - CRootBox Yes [41]
GreenLab Shoot Matlab, Java, C++, Scilab GreenLab Yes [42]
L-PEACH Whole Plant L+C L-Studio Yes [43]

Helios Shoot C++ Stand Alone Yes [44]
GroIMP Shoot XL-System, Java Stand Alone - GROGRA Yes [45]

V-Mango Shoot Python, L-Py, R OpenAlea Yes [28]
QualiTree Shoot UML Stand Alone Partial [46]

FPM
ARCHIMED Shoot Java AMAPStudio Yes [47]

RATP Shoot Python, F90 OpenAlea Partial [48]
Tomato Shoot Java GroIMP Yes [49]

SPM
OpenAlea Shoot Python OpenAlea Yes [50]
MAppleT Shoot C++, Python, L-Py OpenAlea Yes [51]
Top-vine Shoot Python OpenAlea Yes [52]

2.2.1 Functional–Structural Plant Models (FSPM)

Barczi et al. proposed in 2008 a structural whole-plant architecture simulator called
AMAPsim [40]. The main goal of AMAPsim model is to combine architectural and
physiological models, including both a general botanic framework and plug-in func-
tions. The model and software, written in C++ language, is mostly based on those
proposed by Bouchon et al. [53]. At its core, AMAPsim is a model designed to recon-
struct a 3D plant structure (SPM) using a set of botanical parameters and concepts
as growth engine. It has been classified in this work as an FSPM since, thanks to
its modular structure, it is possible to use plug-ins for modeling the functional part
of plants, becoming in all respects an FSPM. AMAPsim describes the plant as a set
of hierarchical levels starting from the axis, annual shoot, growing unit, zone, and
internode. The model considers the bud as a potential growth point. Once the topol-
ogy is determined, the plant components are placed in the 3D space according to
the method proposed by Jaeger [54] by associating geometric shapes to each plant
component, e.g., a cylinder to the internode and polygonal surfaces to the leaves.
These 3D components are placed in the environment according to geometric rules.
The curvature of the branches by their own weight is modeled according to beam
theory. The initial direction of the axes is defined according to phyllotaxis, and the
initial length and diameter vary over time according to proportion rules. In its basic
form as SPM, AMAPsim does not consider effects such as heliotropism or epitony.
However, due to the possibility of using plug-ins, these features were included later
as external module. The authors showed an example of their FSPM based on the
AMAPsim core, using tomato plants. Figure 2.1a shows the results of this simula-
tion: on the left (A) is shown a complete shape with detailed leaves; on the right (B),
a simplified shape with leaves is approximated to an equivalent area. As shown in
Figure 2.1a, the 3D output can be defined by to the computational power and the
wanted precision; however, it is not a real-time 3D rendering, and it is not possi-
ble to modify environmental variables runtime except at the end of every time-step
of simulation. The modularity of the AMAPsim model, as well as the possibility
of being able to use it without knowing programming languages, allows its use by
non-programmers simply by calibrating the input parameters.
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In 2020, Zhou et al. [41] introduced CPlantBox, a whole-plant functional–structural
modeling framework. The authors proposed a model that can simulate both root
and plant shoot as full plant structure and as a single topological network of or-
gans. The model is written in Python language, and the input parameter file are
XML-based to increase flexibility. As output, CPlantbox generates a one-dimensional
graph with 3D topological coordinates. The nodes of this output graph have prop-
erties such as 3D coordinates, radius, organ type, water potential, and others. The
workflow of the model is shown in Figure 2.1b. The model is capable of generat-
ing a 3D plant architecture for both the hypogeal and epigeal parts. For the epigeal
part, CPlantBox is able to generate different patterns of leaf orientation, depending
on the parameters set. The different structures are generated by changing the input
parameters. CPlantBox is also capable of calculating the impact on the plant of a het-
erogeneous environment. In this case, the input parameters are assigned manually
and punctually and cannot be varied during the run-time of the simulation. The
novelty introduced by CPlantBox consists in simulating as a single network both the
roots and the shoot and the possibility to couple it to water and carbon flow models,
making it a full FSPM. While having a 3D output of the plant architecture, we believe
that an improvement of this aspect can bring several benefits to the model itself: a
better 3D representation of the leaves and of the plant structure itself, as well as an
improved calculation of the ambient light input, can lead to a more accurate calcu-
lation of the photosynthesis process, improving the water and carbon flux model
data. In addition, improved 3D structure can be useful for calculating competition
between adjacent plants for both light and resources.

(A) 3D output of AMAPsim model: tomato
plant modeled with complete shape (a) and

simplified leaves shape (b)

(B) Major steps, as flow chart, in CPlant-
Box framework coupled with PiafMunch

FIGURE 2.1: (A) AMAPsim model 3D output (Barczi et al.
[40], with permission from Oxford University Press, 2021 license
5200260057623) and (B) working flow chart in CPlantBox model
(Zhou et al. [41] 2020. Published by Oxford University Press on be-
half of the Annals of Botany Company. Distributed under the terms

of the Creative Commons Attribution License)



Chapter 2. Biologically aware generation of 3D tree models: review of FSPM
models and scientific proposal

8

The GreenLab mathematical model proposed by de Reffye et al. [42] is based
on the architectural foundations of trees, identifying the basic components of plant
development. A key assumption is that axes of the same type are duplicated at dif-
ferent stages of development. GreenLab is an FSPM that integrates the functional and
structural part of metabolic processes with a phytomere-level structure. The model
has been developed over the years in different development environments and pro-
gramming languages. The development of the plant structure and its formalism is
based on a double-scale stochastic automaton. The 3D output provides the entire
topological basis, having a recursive system of equations as its basis (Figure 2.2a). In
addition to the graph visualization, GreenLab can also produce simple 3D structures
(Figure 2.2a), which are purely geometric since photosynthesis is not contemplated.
As stated by de Reffye et al. [42], compared to FSPM and crop models, GreenLab
falls “in the middle”, as a voluntarily simplified model both from the geometric and
structural point of view and from the physiological one. It is a “source–sink solver”:
a tool capable of solving source–sink dynamics during growth. Moreover, as stated
by the authors, unlike other FSPMs, GreenLab does not provide a fine description of
physiological processes. Its strength lies in the fact that it can be used both as a solver
of source–sink relationships and to model individual plants up to stand level. In ad-
dition to further developments that are underway by the authors, the possibility
of integrating GreenLab with a more performant and precise 3D geometric structure
could be a further step towards improving the model.

The L-PEACH model proposed by Allen et al. [43] is based on the PEACH model
by Grossman and DeJong [55] which models carbohydrate source–sink dynamics of
vegetative growth of fruit trees. While making it possible to avoid the use of empiri-
cal allocation coefficients, functional balance rules, or fixed allometric relationships,
the PEACH model completely ignored the relationship between architecture and
carbon allocation. In addition, it was not possible to evaluate differences in organ
size based on its position on the structure. The integration with L-systems allowed
these limitations to be overcome. L-PEACH was written in L+C language and im-
plemented in L-studio [56]. The plant model is also sensitive to variation in water
concentration, affecting carbohydrate production and flux. Figure 2.2b shows how
the simulated plant reacts to different concentrations of water: the tree on the left
has been simulated under conditions of full irrigation and the one on the right with
mild water stress during growth. The L-systems used in the L-PEACH model facili-
tates the integration of individual organ models into a branched growth structure as
well as dynamically updating the system of equations governing carbon partition-
ing. It also allows the interface between the plant model itself and the ambient light
partitioning model, as well as the water concentration model. L-PEACH attempts to
overcome some of the limitations that tree growth models based on carbon partition-
ing have had, as reviewed by [57]. However, the authors declare that more testing is
needed to have sufficient data to fully calibrate the model [43]. The flexibility given
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by the L-systems allows to adapt the studied model to different case studies. Integra-
tion between the two fields is promising and possible, as discussed in the following
sections.

(A) Various geometrical structures of trees
generated by GreenLab model

(B) Two peach trees structures with different
water intake made by L-PEACH model

FIGURE 2.2: The GreenLab (A) (de Reffye et al. [42], with permis-
sion from Oxford University Press, 2021 license 5200260511673) and
L-PEACH (B) (Allen et al. [43], with permission from John Wiley and
Sons, 2021 license 5200251150244.) models with their 3D structure

output

An integration between FSPM models and 3D rendering is introduced by Bai-
ley in 2019 [44] as a framework for plant and environmental modeling called Helios.
The author pointed out some important trade-offs in plant systems models and pro-
posed Helios as a different framework in which the mentioned trade-offs are prior-
itized. The complexity of the model is one of these trade-offs: simple models such
as the “big leaf” model proposed by Sinclair et al., Raupach and Finnigan, Friend
[58, 59, 60] can lead to very low computational effort but introduce inherent errors
and biases into the model approximation. On the other hand, more precise models
that simulate each individual leaf [61, 50] are more accurate but computationally
heavier. Another trade-off pointed out by Bailey is the choice between ease of use
and flexibility. Increasing the ability of the end user to have more control over the
configuration of the software inevitably results in a decrease in the ease of use of the
model framework. By automating some of the tedious and technical tasks, develop-
ers can increase ease of use but also create multiple limitations for advanced users.
An example is given by the non-sequentiality of processes: the simulation of the
photosynthesis, as an example, is based on cyclical processes linked between them.
Coupling these processes into a model requires iterations, which requires flexibility
when incorporated into a generalized modeling framework. This problem was also
discussed by Pradal et al. in the development of the OpenALEA model [50], where
some of the flexibility was sacrificed in the name of ease of use for the end user. The
author used C++ language as more efficient and flexible sacrificing some of the us-
ability [44, 56]. Sacrificing ease of use, the model is formulated to allow maximum



Chapter 2. Biologically aware generation of 3D tree models: review of FSPM
models and scientific proposal

10

user control over plugins (submodels), data flow, and execution. Helios is capable
of using complex biophysical models, utilizing the parallel computing capability of
GPUs to reduce computational weight. The core of the model is represented by a
class called Context, which manages the data and geometry of the model. The out-
put of the model is a 3D representation of the plant that can be exported as standard
OBJ or PLY files, coupled with XML files for simulation data. This way, coupling of
geometric data with other models such as GroIMP or OpenAlea is possible. The gen-
eration of 3D tree structure in Helios is possible thanks to the procedural tree gener-
ation submodel. This plug-in allows to create semirandom tree geometries through
the algorithm proposed by Weber and Penn [62]. The woody architecture of trees
is generated by recursive sets of branching levels with a random perturbation. The
procedural tree generation plug-in comes in Helios with predefined tree geometries
as shown in Figure 2.3a. The final tree is similar to ones generated with L-systems
approach. Although the Helios model has the ability to procedurally generate the 3D
structure of the tree, this function appears limited, having a defined number of trees
(predefined tree geometries). There is no possibility to generalize the procedure, as
in the other plug-ins, to generate the architecture according to a mathematical bio-
logical model; additionally, it is not in real-time. We believe that an improvement in
the tree structure generation part could improve the calculation of these submodel
parameters by allowing the user to appreciate any differences caused by the differ-
ent architectures generated, differences in light interception, competition between
nearby trees, and more.

The concept of relational growth grammars (RGG) proposed by Kurth et al. [63]
features a combination of L-systems and graph structures, using a generic program-
ming language. This concept was introduced to make the L-system formalism more
suitable for FSPMs since a plant is not the sum of individual parts and shows graph
structures that cannot be represented with L-systems which are a linear string of
symbols. The formalization of these concepts is exactly the concept of RGG, and
its implementation is the XL programming language. The linear sequence of sym-
bols of the L-systems is replaced by a real graph having a series of connected nodes
and edges. Typical FSPM relationships can be represented by the graphs and their
connections between nodes. The graphs themselves can be transformed by apply-
ing rules, such as the rule-based paradigm of L-systems. Kniemeyer et al. [45] put
together relational growth grammars in an interactive modeling platform, based on
the XL language, called GroIMP, with the aim of making the concepts of relational
growth grammars usable to the end user. GroIMP has a module for modeling 3D
parts, using geometric classes that include primitive shapes such as spheres, cones,
boxes, splines, surfaces, and lights, as well as a library of materials applicable to
shapes and surfaces. The generated 3D structure is rendered using the POV-Ray en-
gine [64]. On the 3D structure, the user can apply some modifications such as the
deletion of parts by interacting directly on the shape. The implementation of rela-
tional growth grammars in GroIMP was done via the XL programming language. It
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is defined as an extension of the Java language and allows to maintain the syntax
of the L-system rules. The language also allows queries and peforms mathematical
operations on data sets. All of this allows an implementation of the process-based
part of the plant models and links it with the structure. The structure visualization
is shown in Figure 2.3b with a basic example of a maple tree. RGG is not the only
extension of the L-system formalism: in the literature, it is possible to find several
extensions that take different directions, such as context-sensitive ones that allow
the modeling of local transport [56], global-sensitive ones that take into account the
global environment by interfacing the L-system with an external program [65], and
those of implementation of different programming languages, such as L+C that adds
the rules of L-systems to the programming language C++ [66]. These extentions re-
main in the framework of the L-system, and relational growth grammars extend the
formalism of L-systems towards the graph grammars to model the complex FSPM
in a natural way. Kniemeyer et al. [45] argue that the advantages of RGG are that
it can store tree- and graph-like structures as data instead of a sequence of sym-
bols that is inadequate for FSPM modeling of graph-like structures. The represen-
tation of structures is also immediate, avoiding the interpretation of turtle steps as
an algorithm, simplifying the interpretation of global and local rules. Moreover, the
use of a generic programming language is useful to implement the process-based
part of FSPM. L-systems have this kind of integration, for example with the already
mentioned L+C language with the L-PEACH model aforementioned [43], but does
not define any syntactic support for accessing and calculating on the entire struc-
ture. The calculated graph is exportable to be modeled in 3D software such as CIN-
EMA 4D or Maya. However, the 3D structure is only a graphical representation
and not a functional object for the model itself. Such a use could be in our opin-
ion an important step to further extend the model. The authors also pointed out
that GroIMP cannot solve systems of differential equations that are often the basis
of FSPMs. GroIMP has been implemented for modeling different plants and per-
forming functional–structural calculations, as shown by Zhu et al. in GrapeVineXL
[67].
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(A) Different 3D trees generated with
procedural tree generation plug-in in Helios

(B) GroIMP application on a 3D generated
maple tree

FIGURE 2.3: Helios (A) model outputs (Copyright © 2019 Bailey [44],
distributed under the terms of the Creative Commons Attribution Li-
cense) and GroIMP (B) generated maple tree (Reproduced with Cre-
ative Commons Attribution-NonCommercial-NoDerivs 3.0 Nether-

lands from Kniemeyer et al. [45])

An example of the application of FSPM as an agronomic tool for crop practice
design is V-MANGO proposed by Boudon et al. [28]. The model is based on a repre-
sentative FSPM of the mango tree (Mangifera indica L.) that reproduces the vegetative
and reproductive development of the tree and their interactions. The main goal of
the authors has been to create an integrative FSPM model of mango tree develop-
ment and fruit production to demonstrate that an FSPM can be used to formalize
the development of the complex architecture of mango trees also phenologically, to
show how the introduction of some temporal and structural factors can simulate the
complex interactions between vegetative and reproductive growth, to create a first
basis for a model that can be used for the design of cultural practices. V-MANGO
is based on the architecture model proposed by Hallè el al. [68], described as a se-
ries of growth units, inflorescences and fruits organized as an arborescent structure.
Growth units are composed of a series of internodes and leaves organized in a spiral
pattern. Boudon el al. [28] modeled several sub-models to integrate these different
scales and combined them consistently. A plant architecture model was first defined
simulating the visual part of the different entities (growth units and inflorescence)
by decomposing morphogenesis into elementary stochastic processes. Growth unit
geometry is defined by several variables such as axis length and diameter, number
of leaves, leaf length, width and area, internode length, and phyllotaxis (see figure
2.4a). Using all of these parameters, the authors have been able to accurately rep-
resent the geometry and location of each individual growth unit. All these growth
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unit, fruit, and inflorescence models have been assembled by the authors into a com-
plete architecture using an L-Py [69] module of the OpenaAlea [50] platform, using
L-system formalism with the Python language. The visualization of the structure
is then entrusted to the L-system formalism and rules. Although V-MANGO is a
complete FPSM, which models both the structural and functional part of the mango
tree and has as output a 3D structure of the tree, it has further integrations and
updates to be implemented, according to the authors. The 3D structure generated
by V-MANGO lacks a module to calculate the amount of intercepted light, and the
introduction of this module would allow a more accurate calculation of photosyn-
thesis in fruit production. Finally, the introduction of modules that take into account
agronomic practices, such as pruning, would allow the V-MANGO model to be used
as a tool for precision agriculture.

A more generic model aimed at modeling fruit trees is QualiTree, presented by
Lescourret et al. [46]. The authors presented QualiTree as a model that can simulate
the effects of different agronomic practices on fruit tree development, particularly
on the quality of fruits produced. The proposed model is highly targeted towards
the study and modeling of the quality of the fruits produced, focusing on some func-
tional aspects of their growth. The modeling of the tree was done considering only
the characteristic traits of the quality of the fruits produced (Figure 2.4b), leaving
the other parts of the tree separate as different compartments. From a level of de-
tail point of view, QualiTree falls in the middle between compartmental models and
those that use the description of individual organs to represent the architecture of the
tree, such as the other FSPMs described in this study. The hierarchical structure has
been developed with UML language which, through a representation based on ob-
ject/class programming paradigm, allows the hierarchical modeling proposed. The
functions (mathematical operations) encoded in the model have been classified as
specialized models and generalized models. According to the authors, specialized
models include all mathematical equations describing carbon allocation according
to source–sink systems and their balances, while generalized models include those
describing leaf photosynthesis, carbon assimilation by fruits, mobility of carbon re-
serves, daily growth requirements and others. Some of the improvements proposed
by the authors for QualiTree are the extension of the fruit quality parameters, the
amplification of the effects on the cultivation practices model, but above all the in-
tegration with QualiTree of light interception models for a more precise calculation
of photosynthesis. In this regard, we believe that the implementation of a generic
model such as QualiTree with a 3D rendering system of the structure, thus over-
coming the fact that the structure is already defined as input data, can improve the
calculation of light interception and consequently the calculation of photosynthesis
and all processes related to it. The authors also propose to scale the model in the
future from a tree scale to a tree group scale in addition to increasing the time scale
from one growing season to multiple consequential and consecutive seasons.
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(A) Mango tree structures, parameters, and
model calculations in V-Mango FSPM

(B) Fruit tree simulated in QualiTree with
representation of Fruits Units (FU—colored

lines) and old wood (black lines)

FIGURE 2.4: V-Mango (A) FSPB (Boudon et al. [28] 2020. Published by
Oxford University Press on behalf of the Annals of Botany Company.
Distributed under the terms of the Creative Commons Attribution Li-
cense) and QualiTree (B) model output (Reproduced with permission
from Lescourret et al. [46], published by Springer, 2011, license num-

ber 5198331325727)

2.2.2 Functional Plant Models (FPM)

The ARCHIMED model proposed by Dauzat et al. [47] integrates biophysical mod-
ules to model the complex interactions between leaf, plant, and plot scales. The
authors’ choice was to use a single-leaf scale for most processes such as photosyn-
thesis, leaf radiation, and energy balances. The modules present in ARCHIMED
allow the calculation of several biophysical processes such as the radiative balance
of organs, their transpiration, and their carbon assimilation. The ARCHIMED plat-
form includes two sub-platforms called ARCHIMED-φ and ARCHIMED-ψ, respec-
tively specialized in biophysical modeling and in 3D plant growth modeling. The
processes of photosynthesis and transpiration are controlled by stomatal conduc-
tance parameter which can limit photosynthesis by reducing carbon dioxide influx
and indirectly modulates leaf temperature through evaporation. In order to be able
to calculate all the parameters involved in the simulation, ARCHIMED presents a
system of modeling of the light and its quantity that arrives on the structure (in par-
ticular on the leaves) as photosynthetic active radiation (PAR). The light input is not
calculated in real time by the 3D environment, but it is a prior measurement. The
internal behavior of the leaves is governed by the water potential calculated accord-
ing to a sap flow model. ARCHIMED is capable of modeling interactions between
neighboring plants in the same plot. Each plant modifies its own environment either
due to its proximity to another plant or due to external elements such as wind. The
model used by ARCHIMED to calculate the light flux in the plot is the MMR (Mir-
Musc-RadBal) model as described in Dauzat et al. [70]. As shown in Figure 2.5a,
through the XPlo component of the AMAPstudio platform, it is possible to generate
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and render 3D tree structures from ARCHIMED model data. In the Figure 2.5a, a
coffee tree was generated and rendered. Through AMAPstudio, it is possible to mod-
ify the architecture, evaluate data, and visualize the structure. The modularity of
the simulation platform allows the future integration of other models to extend and
refine the system, as proposed by the authors themselves.

The functional tree model presented by Sinoquet et al. in 2001 [48] called RATP
(Radiation Absorption, Transpiration, Photosyntesis) allows the simulation of the
spatial distribution of radiation and leaf gas exchange within the vegetation as a
function of its structure and microclimate. The model has as input tree geometry,
microclimate variables, and properties of tree components. In the research proposed
by Sinoquet et al., the model was calibrated on a walnut tree on which all input pa-
rameters were measured. The RATP model does not allow a structure generation per
se, but the structure itself is input data. RATP according to the authors can be used
to study the allocation of resources between vegetative components and between
organs in the same plant. The model does not simulate the microclimate inside the
canopy except for radiation and wind speed in small scale according to empirical
relationships. As proposed, RATP is a model used to study water and carbon ex-
changes at the interface between the plant and the atmosphere. It does not have the
ability to generate a 3D model of the plant, and the input model of the structure is
given by field measurements of real trees. Thus, there is no exchange of information
between the virtual environment and the model with its parameters. Being a gener-
alized FPM model, it would be possible to integrate it with 3D rendering engines to
increase the accuracy of some calculations such as absorption and interception of so-
lar radiation, leaf distribution on the canopy structure, leaf irradiance measurement
and so on, relying on a precise architecture of synthetic tree.

(A) (B)

FIGURE 2.5: (a) Coffee tree simulated in ARCHIMED with XPlo
AMAPstudio’s module and Sunflow integrated renderer; (b) walnut
tree structure with division in 3D cells made by RATP model, Sino-
quet et al. [48], with permission from John Wiley and Sons, 2021 li-

cense 5200250775819.
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FPM models can also be used on non-tree plants. The applications in the lit-
erature are numerous, such as modeling the functionality of the tomato plant. In
particular, some studies have been performed using a virtual plant model to op-
timize certain growth conditions. For example, De Visser et al. [71] used in their
study a 3D model of tomato plant coupled to a ray-tracing model of lighting for the
optimization of the light itself showing that illumination efficiency increases when
the lamp light is directed at most to leaves that have a high photosynthetic potential.
Dieleman et al. [72] have instead demonstrated how, by conducting tests in a 3D vir-
tual environment, dynamic light spectra may offer perspectives to increase growth
and production in high-value production systems such as greenhouse horticulture
and vertical farming.

2.2.3 Structural Plant Models (SPM)

The main feature offered by the OpenALEA model is to provide researchers with a
visual and interactive interface to an FSPM application. OpenALEA due to these fea-
tures has been used as the basis for several models, some of which are mentioned in
this paper [28, 51, 73, 74]. The visual programming environment was conceived by
the authors as a way to integrate and connect the model rather than model feedback
and retroaction, which can still be done using specific dataflow nodes and biophys-
ical solvers (Figure 2.6a). The intricate interactions between plant functions, such as
hormonal control, resource partitioning, and water flow, are partially modeled and
require the definition and sharing of generic data structures representing different
plant processes at different scales and in parallel. Due to the fact that OpenALEA is
a general purpose model, the authors have chosen to develop it in an open-source,
object-oriented, platform-independent language with an easy-to-learn syntax such
as Python [75]. OpenALEA is based on the “component framework” principles in-
troduced by Councill and Heineman [76] that allow the dynamic combination of
independent pieces of software into a workflow. The authors have also developed a
visual programming environment, VisuAlea, that allows scientists to create complex
models without having to learn a programming language. In VisuAlea, it is possible
to graphically combine the different modules, nodes, and components provided by
the OpenALEA library and then run the model. Thanks to its modularity, OpenALEA
presents basic components already integrated for the modeling and analysis of plant
architecture, geomentric plant modeling, ecophysiological processes, and meristem
modeling and its simulation. VPlants is the successor of AMAPmod and is a package
for the modeling and analysis of the plant architecture, while for the modeling of the
geometry, there is the PlantGL graphics library that uses the procedural rendering
method proposed by Weber and Penn [62]. As described, the integration of modules
in the OpenALEA model allows the creation of 3D structures of plants aimed both
at the visualization of the model and at a functional use such as for the calculation
of light and rain interception. The procedural methods of shape generation used in
OpenALEA will be described in Section 2.3.
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An example of OpenALEA application is given by the MAppleT model presented
by Costes et al. [51], which aims to model the apple tree using biomechanical proper-
ties and mixed stochastic models. The integration of topology and geometry models
in a single simulation in order to make the architecture of an apple tree emerge from
the interactions between the processes was achieved by the authors using L-systems.
At the time of its publication, MAppleT, together with L-PEACH already described
in this paper [43], was one of the first approaches to the simulation of fruit trees with
development over the years and responsive to gravity. The 3D output turns out to
be only visual, used by the authors as a comparison with data measured on real
trees for model validation. It is not used as input to the biological model, e.g., for
calculating light interception, as well as in other models described in this work.

(A) (B)

FIGURE 2.6: (a) Overview of OpenALEA software interface with
dataflow and interconnectind nodes. On the lower right, the 3D
viewer is shown. Screenshot from software. Main research by Pradal
et al. [50]. (b) A five-year-old apple tree modeled with MAppleT.
Adapted from Costes et al. [51] with permission from CSIRO Pub-

lishing, 2021 license 1165429-1

FSPM, SPM, and FPM models are also used to evaluate how the structure of a
plant can modify its characteristics, understood as the ability to intercept light, fruit
distribution, production, gas exchange, water transport, and so on. These solutions
are also adopted for high-revenue species such as fruit trees and vineyards. In the
case of the vineyard, several studies have used these models to simulate the plant
in its functions and structure. An example is given by Top-Vine, proposed in 2005 by
Louarn et al. [52]. This model is proposed as a topiary approach based on an archi-
tectural model to simulate vine canopy structure with a 3D distribution of leaf area
for contrasted vine training systems. Leaf area is an input to the model that operates
at the shoot level and considers each shoot to have the same leaf area. The volume
is refined by the inputs which are field measurements of real vines using a 3D elec-
tromagnetic digitizer. Top-Vine has been implemented on the ALEA/OpenALEA plat-
form. The authors noted a close relationship between the field data and the model
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results at both the canopy and organ level, allowing, once the model is calibrated,
to be able to generate a structure at any desired time-step and allowing a light inter-
ception calculation. Thus, as in the model proposed by Louarn et al., other authors
have also used FSPM, SPM, and FPM models to virtually recreate the vine. Models
such as the one proposed by Zhu et al. [67], thanks to a 3D reconstruction of the
plant, allow the calculation of gas exchange, coupling it to the dynamics of water
transport.

2.2.4 Critical Comparison of Modeling Systems in Agronomical Applica-
tions

The development of FSPMs has matured significantly over the past 20 years and
has already provided significant results at different levels of organization and in
different fields of plant science. FSPM models are now at the core of fundamental
questions in plant biology and predictive ecology. The models studied in this work
exhibit specialization on a single plant or are generic frameworks on which specific
models have been developed. In particular, FSPMs present a more holistic modeling,
often of the whole plant or part of it (shoot or root), both the functional and the
structural part. The variety of model applications has also allowed the development
of SPM and FPM models, as a branch of FSPM models, which are specialized in a
particular aspect: structural only or functional only, by choice of the modeler and for
the aims of the development. Table 2.2 shows the differences between the various
models analyzed in terms of model aims, agronomic applications, the presence or
absence of plant–plant and plant–soil interactions, and the organs and processes
modeled.
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TABLE 2.2: Overview of reviewed models characteristics, aims and
agronomic applications
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As shown in Table 2.2, among the various models reviewed, there is a large het-
erogeneity between the processes considered, the organs modeled, and the agro-
nomic applications. AMAPsim uses the processes of carbon allocation and photo-
synthesis, modeling buds, stems, fruits, and leaves. The carbon allocation is man-
aged by external modules, which is possible thanks to the possibility of connection
with external modules specialized in particular functions. In the case of AMAP-
sim, the external module of carbon allocation is a specialization of the one already
used in GreenLab [111, 42] that calculates the storage of biomass, photosynthesis and
biomass allocation for each time unit according to current climate and current plant
shape, the length according to allometry on biomass, and the diameter according to
allometry on biomass. The allocated carbon is used to determine the size of the or-
gans, which in the case of AMAPsim are buds, stems, fruits, and leaves. CPlantBox,
unlike AMAPsim, considers the plant as a single connected network of organs and
models the allocation of water and carbon not as a redistribution of the data calcu-
lated according to the topology but as a flow generated by the potential difference
between the various organs of the plant according to the Münch theory [112]. In this
way, the model is able to simulate plant and roots as a single network, generalizing
the parameters so that they can be adapted to field measurements. The difference in
modeling approach and modeled organs leads to a number of different agronomic
applications. Applications of AMAPsim have been found in the literature in several
areas such as studying the response of trees to wind, as shown by Sellier et al. [79],
quantitative analysis of branching patterns [78], and how planting density and den-
sity can affect plant architecture [82]. These applications have been made possible,
as described in the previous section, by the integration of specialized external mod-
ules into AMAPsim. The different modeling approach of CPlantBox has allowed its
application in other agronomic fields such as in-field phenotyping. Magistri et al.
[84] used CPlantBox to rely on synthetically generated models instead of scanning
real plants in a controlled environment and use them to measure phenotypic traits
in an automated fashion without intensive manual work. GreenLab, as described in
subsection 2.2.1, is presented as a model that starts from a concise mathematical rep-
resentation at the phytomer level of metabolic processes to describe plant growth
and development at the individual level up to the stand level [42]. Carbon alloca-
tion was assessed by computing, according to the source–sink concept, the strength
of source organs and sink organs, calculating the plant demand as the sum of all
active sink organs at a given time t. The root system is considered as a simple, single
compartment, focusing only on the epigeal structure. The equation governing the
model has the form of a discrete dynamic system, as a function of time, set parame-
ters, allocated biomass, and environmental conditions over time. The development
of the botanical structure was developed in GreenLab by describing the physiolog-
ical rules of each new phytomer produced, using a graph notation approach. The
structures produced can be simple or complex depending on the characteristics of
the meristems. Random events that alter the development of the plant architecture
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are introduced into the model as stochastic functions that modify the automaton
transition rules. The validation of the model was found to be satisfactory for about
20 plant species (herbaceous, shrubs, and trees) showing stability of the estimated
parameters in different climatic conditions. Being a deliberately simplified generic
model, both from the point of view of ecophysiology and of representation of the
structure, the agronomic applications are different, even with the necessary approx-
imations. Feng et al. [89] used GreenLab to calculate the 3D structure of maize af-
ter evaluating and calculating the various parameters at a given planting density,
showing good adherence to the measured data. In plant breeding, Letort et al. [90]
considered the growth parameters, in first approximation, as invariants leading to
an efficient selection in the search of ideotypes. Moving from individual plant to
stand, the approximation of parameters increases as parameters are partitioned us-
ing a production area parameter, a function of density. Baey et al. [91] used this
approach to estimate stand biomass as a function of density, showing comparable
performance to other specific models. GreenLab, according to their authors, has a
modeling rigidity given the fact that feedback between growth and development is
ignored in addition to the lack of mortality models, things that will be supported
in future developments. Carbon allocation modeling has also been used in the lit-
erature to estimate fruit production and quality, as shown in L-PEACH, V-Mango,
and QualiTree among the models analyzed in this work. MAppleT also models car-
bon allocation, but in this case it is not targeted to fruit production and quality but
to plant architecture by simulating gravitrophism and light interception. Returning
to the models for estimating the production and quality of the fruit, L-PEACH is
proposed as a model aimed at studying the effects of crop load, in this case for the
peach tree. The model, like GreenLab, estimates carbon allocation through source–
sink interactions and the calculation of their potential. L-PEACH simulates the ef-
fects of management and genetic and environmental factors that may affect the plant
through complex interactions between plant organs, obtained by manipulating and
adjusting parameters such as fruit number, fruit behavior, and the stems’ storage ca-
pacity. The model is structured by modules, each for individual plant organs. Each
individual organ can be evaluated as a source or sink of carbohydrates. The physi-
ological parameters used were treated as electrical counterparts in that the calcula-
tion of carbohydrate storage, flux, and partitioning (amount (mass) of carbohydrate,
carbohydrate concentration, carbohydrate flux, rate of photosynthesis, source/sink
strength, resistance to concentration-driven flow) was done using equations studied
in principle for the calculation of linear electrical circuits. The model is also inter-
faced with a method for calculating light distribution using a quasi-Monte Carlo
method. The proposed model works well in a variety of agronomic applications
such as canopy management. As shown by Lopez et al. [93], L-PEACH has been
used to guide experimental research by helping to identify or develop quantitative
hypotheses of potential yield-limiting processes that can be measured in the field, as
well as the reaction of trees to external manipulations such as pruning. L-PEACH is
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a good example of how architectural growth, carbohydrate assimilation and parti-
tioning, and organ growth can simulate tree growth and physiology to provide in-
tegrated understanding of the environmental physiology of trees, in this case peach
trees [93]. While also modeling the allocation of carbon in fruit trees, QualiTree has
a different approach from L-PEACH because it does not generate the structure of
the tree with architecture algorithms but needs data for initialization of the model
that are the numbers of leafy shoots and fruits for each FU (Fruiting Unit). The
model, after getting also as inputs the environmental parameters such as tempera-
ture, humidity, and PPFD for photosynthesis calculation, proceeds to the estimation
of fruit quality. Agronomic practices influence the status of various classes such as
winter or summer pruning. Pruning changes the shape to the structure of the tree,
and QualiTree takes this into account by recalculating the source–sink balance and
carbon exchange depending on the number of fruiting units and the distances be-
tween them. The main application of this model is crop management. Miras-Avalos
et al. [107] used QualiTree to model peach tree reactions to a pest attack in differ-
ent domains: on different cultivars (Alexandra or Suncrest), thinning intensity, and
presence or absence of pest attack, showing a difference in the results of the fruit
quality calculation and offering satisfactory results. The model is limited only to
the size, quality, and yield of fruits and needs to be expanded with other quality
parameters and other modules such as the estimation of water absorption (to simu-
late irrigation practices). Designed to be a specific model for estimating fruit quality
and quantity, V-Mango uses carbon and water allocation processes for fruits only.
The modeled organs are fruits and flowers along with what the authors call Growth
Units (GU), modeled using empirical distributions and thermal time. Fruit growth
was determined using an ecophysiological model that simulated carbon and water-
related processes at the fruiting branch scale. The generated 3D models are used
to accurately calculate light interception and require several variables: axis length
and diameter; number of leaves; individual leaf length, width, and area; internode
length; and phyllotaxy. The values of these variables were measured from experi-
mental data. The fruit growth model simulated the daily increase of fresh mass of
each individual fruit and was calculated by dividing it into two growth phases: the
first corresponding to cell division and the second to cell expansion. The mass of
the fruit is calculated every day as a combination of the masses calculated in the two
phases of cell growth considering also the external environmental conditions such
as temperature, humidity, and light conditions. Although it is a specialized model
on a single type of fruit tree, V-Mango lends itself to several agronomic applications
such as studying phenology and how, for example, the tree under certain conditions
reacts to a pest attack, as shown by Boudon et al. [28]. V-Mango, despite being ap-
plied in several crop management applications, has not yet implemented the effects
of agronomic practices such as pruning that is instead present in other models re-
viewed in this work (e.g., L-PEACH cited earlier). Another specialized model on a



Chapter 2. Biologically aware generation of 3D tree models: review of FSPM
models and scientific proposal

23

fruit tree is MAppleT. Unlike the previous ones, although modeling the carbon al-
location through the representation of the bud organs, stems, and leaves, being an
SPM (Structural Plant Model), it is aimed only at the study of the structure of the
tree (apple) influenced by gravity (gravitrophism). To do this, the authors have used
stochastic topology models, on a Growth Unit (GU) scale, modeling their succes-
sion according to Markov chains. In order to estimate the effects of gravity on the
structure, the authors also modeled the secondary growth of GUs and generated
the shape of individual branches according to the biomechanical component of the
model that estimates the bending and twisting of the branch itself. The generated
3D tree models were compared with empirical measurements on real trees, showing
similarity between the real and modeled data. The effect of gravity on branches is
also very similar to what the authors measured on real trees; however, the effect of
gravity on morphogenesis, i.e., simulated gravitropism, is partially implemented.
The authors note that there are discrepancies between the measured and model data
of branch inclinations that are found to be incorrectly simulated. While MAppleT
has limitations, it is the first model to simulate the effect of gravity on structure and
has been used subsequently for crop management applications and biomechanics
studies. For example, Han et al. [113] used MAppleT to estimate the efficiency of
light interception as a function of tree geometric trait. A different approach was pro-
posed by Bailey with the FSPM Helios model [44]. The proposed model does not
simulate carbon allocation but focuses more on the photosynthetic, energy balance,
radiation pattern, and stomatal conductance part. To do this, the author built the
model by separating it into “contexts”, “primitives” (defined as basic forms of indi-
vidual plant elements), and separate, specialized “plug-ins” where the user has full
control over parameters and processes. The plug-in (or module) for modeling radia-
tion transfer was developed by Bailey in 2018 using a reverse ray-tracing method for
modeling the net radiative flux in leaves [114]. The surface energy balance module
was developed by considering the surface area of the single primitive and some pa-
rameters such as Stefan–Boltzmann constant, emissivity, and surface temperature,
as well as external environmental parameters. The energy module depends on the
estimated position of the sun based on Gueymard’s [115] study. The stomatal con-
ductance module is based on the studies of Buckley et al. [116] where stomatal con-
ductance is given by a hyperbolic function of photosynthetically active photon flux
density and local vapor pressure deficit. The module for photosynthesis is given
by the studies of Johnson [117], and the mechanistic biochemical model of Farquhar
et al. [118] for C3 photosynthesis. One of the results that this model shows is that
there are minimal differences in simulations of radiation absorption, transpiration,
and photosynthesis through most of the day and in daily integrated distributions
between isolated and dense canopy trees, raising questions about the representation
of trees using simplified biophysical models. The Helios model was primarily used
to model grapevine and vineyard management. As shown by Bahr et al. [97], Helios
allows the estimation of sunburn damage to berry in the vineyard as a function of
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leaf structure, density, and position, as well as vineyard architecture. Another use
of the model was that proposed by Salter et al. [96] in phenotyping using a virtual
chickpea plant as support for validation of a 3D reconstruction system using struc-
ture from motion (SFM) algorithms. Radiative processes have also been modeled in
other works analyzed in this paper, such as the GroIMP model, which is proposed as
a generic model by combining L-systems with a graph structure and uses an inverse
ray tracing system: the scene consists of a series of light sources and objects that
absorb (or reflect) radiation. The ray is traced from the source to the target, in an
inverse mode to what happens in a classical ray tracing system. The amount of light
calculated at each point is used to estimate photosynthesis as the amount of carbon
assimilated into the leaves, given the calculated radiation and leaf area. The car-
bon thus assimilated is redistributed among the organs, which in the case of GroIMP
are buds and stems, via the carbon allocation model proposed by De Reffye et al.
[119]. Being a generic model, GroIMP has been used in several agronomic applica-
tions: Vermeiren et al. [120] studied how the shape of the leaves of a tomato plant
affects light interception, Kang et al. [100] characterized genotypically and pheno-
typically sunflower plantations based on differences in water budget, Streit et al.
[102] studied with GroIMP modeling how light interception changes when the ge-
ometry of Scots pine trees changes, and Kniemeyer et al. [45] studied how different
carrot plants compete with each other by self-shadowing processes and how plant-
ing can be optimized to maximize yield. Another generic model that exploits the
potential of radiation processes is OpenALEA. This model simulates, by using spe-
cialized single-function modules interconnected with each other, the organs buds,
stems and leaves, combining radiation processes with carbon and water allocation
processes. Specifically, to analyze branching patterns and architecture, OpenALEA
relies on the models proposed by Durand et al. [121] and Guedon et al. [122] based
on statistical models of Markov chains and change point detection. For the ecophys-
iological study, OpenALEA relies on the models already proposed by Chelle and An-
drieu [123] and Sinoquet et al. [48] Specifically, the radiation is calculated according
to a radiosity algorithm where two surfaces, one emitting and the other receiving,
are linked according to an equation that takes into account their transmittance, re-
flectance, and relative geometric position (how much they are exposed in front of
each other in terms of surface area). Photosynthesis and relative carbon gain are
computed for sunlit and shaded leaves of each vegetation component in each 3D cell.
Photosynthetic rates are simulated according to C3 theory, as already seen for Helios.
This model was used without including the potential limitation arising from triose
phosphate utilization. The agronomic applications of OpenALEA range from biome-
chanical studies on fruit trees to crop management of vines, as shown by Louarn
et al. [52]. The analyzed models RATP, Tomato, and Top-Vine share the modeling
structure with OpenALEA, using the same carbon and water allocation processes in
addition to radiation absorption processes. While RATP models bud organs, stems,
and fruits, Top-Vine and Tomato model only stems and leaves. Again, the agronomic
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applications are different. As for RATP, the model was used for studies of plant re-
sponse to drought. The geometry of the tree canopy was described as an array of 3D
cells of defined size on the three axes. Each cell can contain different parts of the tree
or be empty (Figure 2.5b), while the soil was discretized into a series of zones that
exchange radiation with the vegetation. The plant properties are physical, such as
angles of orientation of branches and leaves, and physiological (reactions to environ-
mental conditions of the photosynthesis process if there are leaves). The model has
as output the radiative balance, organ temperatures, carbon, and water balance in
shaded and illuminated areas in each 3D cell. Ngao et al. [124] used RATP to study
the variability of leaf temperature and stomatal conductance enhanced by drought
in apple tree. With Tomato, instead, Sarlikioti et al. [49] studied how plant architec-
ture affects light absorption and photosynthesis in tomato plants, using as a model
for the photosynthesis process the one already analyzed and proposed by Farquhar
et al. [118], while the light input module is given by the studies of Chelle and An-
drieu [123] by calculating it with the inputs being the amount of light absorbed by
each plant organ, the leaf transmittance and reflectance coefficients for the upper and
lower side of the leaf, and the light from the light sources that were used to simulate
the sky. The experiments were carried out in a virtual greenhouse at the variation
of the 3D architecture of the plant. The ARHIMED model has a different approach
in modeling the photosynthesis process: it is controlled together with transpiration
by stomatal conductance parameter which can limit photosynthesis by reducing car-
bon dioxide influx and indirectly modulates leaf temperature through evaporation.
Light exchange has been modeled by Vezy et al. [108] as a discretized model along
the directions, alternative to ray tracing and radiosity models, while the internal be-
havior of the leaves is governed by the water potential calculated according to a sap
flow model. Perez et al. [125] used ARHIMED to study architectural plasticity in
response to planting density of oil palm. Dauzat et al. [47] used ARHIMED to study
ecophysiological processes on 3D Virtual Stands.

In the review of these works, a fragmentary nature of the approaches emerged,
both from the model design point of view and more in depth, such as the choice
of programming languages. It is sufficient to note that, just taking into account the
works reviewed in this review, there are five different frameworks and ten program-
ming languages, in addition to the fact that each model has its own set of processes,
modules, organs, and applications. Many reuse modules already extensively vali-
dated in previous years, such as the C3 module of photosynthesis, while some pro-
pose new approaches but remain to be validated with field data. A greater unifor-
mity of the models can be achieved by improving the standard of integration of the
models, without losing a limited generality, as discussed by Louarn and Song [4].
The fragmentary nature of the proposed solutions can also be seen in the 3D out-
put of the studied models: all of them present a non real-time 3D rendering, with
different techniques. Only a few models use the 3D model as a functional part of
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the model itself, for example, to calculate the amount of light collected in photo-
synthesis processes. We believe that an improvement in this aspect can benefit the
development of FSPM models, such as in the paper by Zhu et al. [17], in which
the 3D architecture of plants in the field is derived from photography of real plants.
Their study applies this method to assess light distribution throughout the grow-
ing season. The 3D outputs of FSPMs could also be involved in the development
of deep learning methods used for automatic image analysis: the realistic represen-
tation of plant architecture that FSPMs can generate could serve as a novel way to
provide inexpensive datasets of rendered images for a wide range of phenotypes [4,
126, 127].

2.3 3D Tree Rendering Techniques

As discussed in the previous sections, the analyzed models allow a 3D reconstruc-
tion of the results. The 3D model is generated using computer graphics techniques
that can be generally classified in four categories: particle system and procedural
methods, rule-based methods, and hybrid methods [16]. These methods are the
most used and are based on the most recent and advanced techniques of 3D mod-
eling. In this subsection, the author provides a brief description of the rendering
methodologies to get a clearer picture of the potential they can have by coupling
them to a functional–structural model.

2.3.1 Particle Systems and Procedural Methods

The particle systems for the generation of trees were created by Reeves [128] to rep-
resent in synthetic images the remarkable variety of irregular shapes and random
variations exhibited by natural objects. Instead of using classical representations
based on surfaces such as polygons, patches and quadratic surfaces, particle sys-
tems represent objects as a cloud of primitive particles that occupy the volume [128].
The algorithm consists of two successive steps. First, the general characteristics of
the object are specified through a database; then, the generation of details comes in
to describe the object completely. Details such as branches, buds, twigs, and leaves
are generated in this phase. In the particle systems that shape trees, each tree is
traced as a set of segments and small circles representing the branches and leaves,
respectively. A set of initial features and dimensions, such as the height of the tree, is
stochastically assigned before invoking the recursive branch generation procedure.
The values of these parameters are randomly determined by distributions associated
with the type of tree, according to phyllotaxis. Particle systems can model solid ob-
jects that are conventionally modeled with surface-based techniques. An example of
the use of particle system technique to generate vegetation and trees is the SpeedTree®

commercial software [129]. This software is made specifically for video game and
movie development, and the graphic rendering is photorealistic. The focus is more
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on the visual results than on the biological modeling, although the generated trees
appear very realistic as shown in figure 2.7.

FIGURE 2.7: Tree generated with SpeedTree® software using particle
system

Weber and Penn [62] proposed in 1995 a new approach to tree rendering based
on particle systems with the goal of creating synthetic trees as realistically as pos-
sible. Weber and Penn’s procedure needs a set of approximately 50 input parame-
ters such as stem splits, stem children, stem radius, leaves, pruning, vertical attrac-
tion, leaf orientation, and degradation at a certain range. The approximation of the
model refers to simplification of tree shape and structure in order to minimize the
number of parameters. The general appearance and the lower part size of the tree
are the main parameters needed to start with tree generation. Then, branching lev-
els are considered as well as trunk foot shapes. The algorithm continues for every
maximal tree branching level using an average value in a range variation (i.e., child
branch angle, deviation angle, length relative to father branch, number of branches,
photropism) [130]. One of the most popular softwares using this approximate ap-
proach is Arbaro [131]. An example of a generated tree with Arbaro in shown in figure
2.8.
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FIGURE 2.8: Eastern cottonwood tree generated with Arbaro software
using Weber and Penn’s approximate approach

2.3.2 Rule-Based Methods

Rule-based methods differ from procedural algorithms by implementing a formal
rule in order to transform a primary state into a final one with the application of
a number of changes. This supplies a compact description of complex final condi-
tions, even if generating geometric data from a set of rules is an intensive compu-
tational task. Only recent computational advancements made it possible to work
with the vast amount of data associated with large objects in near real time. Lin-
denmayer systems (L-systems) for the generation of tree geometry, described thor-
oughly in [14], are widely used as rule-based method as described in the previous
section (L-PEACH [55], V-Mango [28], MAppleT [51]). In addition to the models al-
ready described, L-systems are also used in commercial 3D modeling software such
as OnyxTree from Onyx Computing [132]. Trees generated by this software are used
only as visual elements in 3D art productions: they are visually very similar to trees
(Figure 2.9), but they are lacking from the point of view of adherence to biological
rules and interaction with the virtual environment, since this is not their purpose.
However, they express all the potential that these technologies can put at the service
of the FSPM models already analyzed.
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FIGURE 2.9: Tree generated with OnyxTree® software using L-
systems generation method

Another rule-based technique is the combination of the latter and procedural
techniques, generating the shape as a combination of unitary components such as
leaves, trunk and branch parts, and fruits. The distributions are produced using
multiplication components that have built-in parameters defining the number of
objects to be generated, their distribution characteristics, and their orientation. By
connecting the components, the plant is defined as a directional graph. The graph
represents the system of rules, and its edges describe the production dependencies.
After the geometry of a parent component is generated, the production of the geom-
etry for all the children is invoked [16] until the entire descriptive graph is processed.
In this way, the components can be interlinked freely, and recursions are also possi-
ble. One software that uses this generation method is XFrog from XFrog Inc. [133]
(Figure 2.10). Nevertheless, as in other software, XFrog lacks a biological rule base.
The positive thing about rule-based object production methods is that most plants on
earth can be generated with a small number of components or parameters providing
a user-friendly interface, being a good base for a future link between 3D rendering
systems and FSPMs.
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FIGURE 2.10: Red Oak tree generated with XFrog software

2.3.3 Hybrid Methods

Hybrid 3D modeling methods are those that attempt a link between biological growth
rules and 3D shape generation rules. Some FSPM models discussed in this re-
view can be considered as hybrids in a broad sense as they combine a functional–
structural model with a 3D modeling part of the results obtained. From a 3D model-
ing software point of view, there are some noteworthy ones that try to create this link
between biological rules (minimal and often not scientifically correct) and 3D mod-
eling, showing the potential of the method. Laubwerk software developed Plants
Kit 14, a 3D rendering plug-in for commercial software that claims to be based on
botanical/biological rules [134]. In Plants Kit 14, the operator has the control only
on 3D rendering parameters such as level of details (LOD), polygon density, and
switching between “summer, fall, winter, spring” tree presets. Despite the claim of
being based on botanical/biological rules, the operator has no control on these rules
(Figure 2.11).
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FIGURE 2.11: Acero negundo rendered with Plants Kit 14 by Laubw-
erk software

The extensive research by Pirk et al. and the University of Kostanz [135, 20] on 3D
modeling of vegetation has led to the creation of a method to model synthetic trees to
be interactive with surroundings (e.g., obstacles) or extract plausible growing steps.
The generated trees can be used in 3D rendering software such as Maya, 3DS Max,
and Houdini but are not for scientific applications. TheGrove3D is a commercial plug-
in for Blender (Blender Foundation) [136] open-source 3D rendering software. It can
be considered as based on hybrid method because of the use of both procedural
rendering techniques and biological models. Trees are generated according to some
pre-set parameters (e.g., internode growth length, branch angle), with some of them
that are species-specific. The biological model is based on a simulation of tree growth
mechanisms such as branch elongation. The model considers the number of nodes
and growing buds regulate their own growth by controlling the flow of sugars and
hormones. The plug-in can grow and modify trees according to spatial occlusion or
regulate growth in presence or absence of light and shadow (Figure 2.12).
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FIGURE 2.12: Ponderosa Pine Hill generated with TheGrove3D plug-
in for Blender

Hybrid models are the proof that an interface between the world of photorealistic
3D rendering and mathematical biological models is possible. The potentialities, as
discussed, are numerous for both fields. For the modelers, it is possible to visualize
the result of their models in a satisfying way, besides having a more precise feedback
from the virtual environment, thanks to a structure very adherent to the reality, and
besides the not less important calculation of some environmental parameters, such
as the quantity of light, which is possible to calculate in a more precise way with
a 3D model. For the 3D artists, it is possible on the other hand to have even more
realistic trees because they are strictly adherent to biological rules of growth.

2.4 Scientific Proposal and First Proof of Concept

In this section, a scientific proposal is introducted for a link between a biological
mathematical model based on Ordinary Differential Equations (ODE) and a 3D real-
time rendering engine and the results of first experiments with the model, showing
how a synthetic tree reacts to different light amounts in a 3D real-time environment,
first with a simple simulation of an internode growing in different light conditions
(different growing rate), then expanding the model to the whole tree, showing how
it grows differently under different virtual environmental light conditions. This link
can operate in both ways, i.e., by rendering a tree using parameters from ODE so-
lutions or by considering geometrical 3D data (e.g., the amount of light from the
virtual scene) as input to solve the ODEs. We also provide the starting mathematical
biological model in Simile [137] and how we linked this model to the real-time 3D
rendering engine. The proposed model is presented in more detail, with its devel-
opment, detailed results and potential agronomic applications in chapter 3.

In particular, the final tree is made up of several independent and interconnected
modules, following object-oriented programming (OOP) paradigms:
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• A biological mathematical model to simulate the internode and branch growth;

• A 3D structure module to render the tree.

The mathematical model is a set of ordinary differential equations able to sim-
ulate the internode elongation and the rules for stopping growth. The internode
elongation is a function of environmental parameters (temperature and light) and
some species parameters (growth rate and max length). Stopping rules of internode
growth are simulated according to the concentration of an inhibitory substance pro-
duced during the internode elongation. Internodes grow until a given inhibitor con-
centration is reached; then, the tree enters a seasonal growth stop and starts growing
again after the inhibitor concentration reaches a minimum (Figure 2.13). Restarting
the growth, the system will generate one or more branches depending on the species-
specific parameters set. Figure 2.14 shows the first proposal of stock and flow model
representation in the system dynamics tool Simile [137].
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FIGURE 2.13: Internode length and inhibitor concentration first
simulations. (A) Internode length; (B) inhibitor concentration.
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FIGURE 2.14: First proposal of stock and flow model of internode
growth in the system dynamics tool Simile.

The 3D module is composed by two different sub-modules: (a) internode mod-
ule, finalized with the creation of the internode geometry (length and width) thanks
to the data calculated by the integrator, which contains the stop-growth rules (max-
imum length reached) and the positioning of the apical bud; (b) bud module, mod-
eled as a particular internode of unitary length, which stores information about the
number of children to be generated, the branching angle, and the state of the bud
(asleep/awake). A particular bud module called seed stores species-specific infor-
mation about the tree and is hierarchically the first bud from which all subsequent
buds, branches, and internodes descend. The modeling mathematical part is inde-
pendent from the rendering part due to its modularity: the change of mathematical
model does not affect the 3D generation part. The simulation is capable of calcu-
lating the amount of light in the virtual environment to be used as a parameter in
the mathematical model of growth. Global illumination, radiosity, and ray-tracing
solutions have been tested, each with their own precision and computational per-
formance, leading to the conclusion to use a custom shader for the calculation of
the amount of light. This solution is a balance between accuracy and computational
performance, sufficient for the purpose of simulation. An ambient light sensor has
been programmed that renders a temporary texture on the surface of the sensor it-
self, extracting an array of RGB values and converting them into brightness values.
The calculated value of the amount of light is used as a parameter in the calculation
of the length of the internode in the relative module. A higher light amount leads
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to higher internode growth, and vice versa lower light amount leads to lower in-
ternode growth, as shown in the first results (Figure 2.15). More detailed results and
development of the model are provided in chapter 3. The results of the first tests
with the model are shown in Figure 2.15. A first simulation was performed with a
simple one-child internode model at two different light conditions. In Figure 2.15a,
it can be seen that internodes grow differently depending on the amount of ambient
light in which they grow. The left internode has a shorter total length than the right
internode as it grew in a low light environment. The result will be different with
different amounts of light in terms of single internode length and total length. In the
presence of branches, as shown in Figure 2.15b,c, even a simple tree behaves differ-
ently. Specifically, it was set as number of children equal to 2 and branching angle
of 30° (the model allows to set species-specific parameters depending on the tree to
be modeled, with the number of children and branching angle being some of them).
From Figure 2.15b,c, it can be seen that the amount of light affects the total length of
the tree and the lengths of individual internodes. Branching is triggered when the
calculation of the inhibitor concentration, referred to the individual branch, reaches
its maximum value. Once the maximum concentration is reached, the tree enters
a seasonal growth stop phase until the inhibitor concentration reaches a minimum
value. Upon reaching the minimum value, the tree resumes growth by generating
the number of new branches set oriented according to the branching angle (Figure
2.13b). In addition, the length of the single internode decreases as the total height
of the tree increases, in accordance with the model. Internodes at the top of the tree
will be shorter than those on the main trunk (the first to grow from seed) because
they are closer to the maximum height of the tree.

(A) (B) (C)

FIGURE 2.15: Different growing rate and ramification of internodes
under different light conditions: (a) Amount of annual growth under
different light conditions, with low ambient light (in shadow) on the

left, and full ambient light on the right; (b) ramification process in
low light conditions, with different colors used to show different
internodes; (c) ramification process in full light conditions, with

colors used to show different internodes.
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2.5 Conclusions

As seen in previous sections, FSPM models can be used as a basis for creating 3D
models of trees that are consistent with biological rules. However, not all models
analyzed have 3D structure output that can be satisfactory from a visual or func-
tional point of view. Techniques for 3D modeling of photorealistic trees do exist, as
analyzed in section 2.3, and we believe that an integration between the two worlds
may be possible that can enhance both the field of mathematical biological modeling
by being able to calculate some parameters more precisely, and the field of 3D mod-
eling that can make use of a strong scientific basis to generate even more likely trees.
A proof of concept of this integration has been presented in this paper, showing
how it is possible to create a synthetic tree in a 3D real-time modeling environment
from a mathematical biological model. The flexibility of the model is given by the
use of interconnected modules according to the object-oriented programming (OOP)
paradigm. The use of a proprietary shader for calculating the amount of light in the
virtual environment provides further flexibility to the model. It is possible, in fact,
to use the calculated amount of light to modify the main growth parameters such
as branching angles and amount of growth. In this way, it is also possible to model
the competition for light between near trees in addition to the change in branching
direction caused by a tree’s own shadow. The proposed model is presented in more
detail, with its development, detailed results and potential agronomic applications
in chapter 3.

2.6 Scientific work produced

[138] - Mariano Crimaldi, Edoardo Pasolli, and Francesco Giannino. “Use of process-
based system dynamic models to generate biologically aware 3D trees”. In: 9th Inter-
national Conference on Functional-Structural Plant Models: FSPM2020.Hannover:
Institute of Horticultural Production Systems, Oct. 2020, pp. 117–118
[139] - Mariano Crimaldi, Fabrizio Cartenì, Francesco Giannino. VISmaF: Synthetic
tree for immersive virtual visualization in smart farming, in Proceedings of the 1st
International Electronic Conference on Agronomy, 3–17 May 2021, MDPI: Basel,
Switzerland, DOI: 10.3390/IECAG2021-09880
[140] - Mariano Crimaldi, Fabrizio Cartenì, and Francesco Giannino. “VISmaF: Syn-
thetic Tree for Immersive Virtual Visualization in Smart Farming. Part I: Scientific
Background Review and Model Proposal”. In: Agronomy 11.12 (Dec.2021). Num-
ber: 12 Publisher: Multidisciplinary Digital Publishing Institute, p. 2458. DOI:
10.3390/agronomy11122458.



37

Chapter 3

Real-Time 3D tree model
development, results and potential
agronomic applications

3.1 Introduction

Biological-mathematical tree models can be used for a wide range of agronomic
applications including crop management, visualization of ecosystem changes over
time, field phenotyping, crop loading effects, plant function testing, biomechanics,
and many others [141, 142, 50]. Some models propose a 3D tree output that, in ad-
dition to having functionality to visualize the result, offers an additional tool for the
evaluation of some parameters of the model itself (light interception and quantity,
temperature, obstacles, physical competition between multiple trees)[143]. Among
the various biological-mathematical models, those called Functional-Structural Plant
Models (FSPMs) in the last two decades have been developed by scientists to ex-
plore and integrate plant structure and its biological/functional processes [4]. The
complexity of 3D rendering has reached high levels of quality standards [16] that
allow the use of 3D structure not only as a simple visual output of FSPMs but also to
characterize plant phenotypes [17] or as feedback to evaluate and calculate light par-
titioning [18]. 3D plants can be part of several modeling systems, being major com-
ponents of many digital representations of landscapes or natural sceneries [19]. A
3D tree can be used in several scientific applications, such as synthetic forestry [21],
generic digital representation of the real world [22], flow dynamics [23] and, as men-
tioned, in botany to determine light distribution and physiological parameters [6,
24]. Geometric modeling of plants allows researchers to visually validate biological
processes, such as how plants interact with light and the environment. Among the
biological-mathematical models that provide 3D output, a biological-mathematical
model of a tree with a 3D output of its structure in a real-time 3D rendering (Unity©)
environment is presented in this paper after proposing a proof of concept in Part I
[140]. In section 3.2, the biological-mathematical model used is described (section
3.2.2), how it was implemented in code according to the object-oriented program-
ming paradigm and in Unity© (section 3.2.3), how a custom shader was developed
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to calculate the amount of light, and how virtual environmental parameters were
used as model input (section 3.2.6). The results obtained are presented in section
3.3 with possible combinations and variations between species-specific tree param-
eters, virtual environment parameters, and competition between neighboring trees.
In section 3.4 the results and possible agronomic applications of the model presented
in this work are discussed (3.4.1).

3.2 Materials and Methods

3.2.1 Model Description

The proposed model is based on a hybrid approach with IBM (Individual-Based
Model) elements and ODE elements interacting with each other [144]. The plant is
simulated as a set of internodes whose internal dynamics of each internode are de-
scribed by ODE, while the production of new internodes and interactions with the
external environment are managed by the IBM part. This model (section 3.2.2) is
linked to Unity© [145] rendering engine in order to provide a real-time, procedural
3D output of model calculations. The link can operate in both ways, i.e., by render-
ing a tree using parameters from ODE solutions, or by considering geometrical 3D
data (e.g. the amount of light from the virtual scene) as input to solve the ODEs.
Unity© has been chosen as 3D rendering engine because it offers a programming
flexibility given by the use of scripts in C# language and a series of tools for the man-
agement of geometries and their interactions (collisions, physics, hierarchy, etc.).
Unity© is also a widely used environment for many applications, mainly for the
production and development of videogames. Since it was designed as a video game
development environment, it has been necessary to program from scratch some fea-
tures necessary for the correct functionality of the model, such as a custom shader for
the calculation of the virtual environmental light but more importantly an algorithm
for the numerical resolution of the ODEs involved. In the following subsections is
shown how the model has been developed starting from the stock and flow model
representation in the System Dynamics tool Simile [137] and then all transferred in
Unity©, developing the modules in C# adhering to the Object-Oriented Program-
ming (OOP) paradigm (3.2.3). Being a real-time 3D rendering engine, through the
development in Unity© it has been possible to implement the variation of the virtual
environmental parameters during the run-time: it is not necessary to stop the simu-
lation in order to change these parameters and then to begin again but it is possible
to vary them in real-time observing instantly how the model adapts, changing the
input parameters and computing the modified tree architecture.

3.2.2 Growth model

The mathematical model representing the growth dynamics of the virtual plant’s
internodes has been developed as a set of ordinary differential equations (ODEs)
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representing the dynamics in time of three state variables: length (L) and width (D)
of the internode, and the accumulation of growth-associated inhibitory compounds
(I) which regulate the activity/dormancy states of the meristems within the organ.
More specifically, inhibitory compounds concentration (I) is considered represent-
ing the production of metabolic by-products accumulating within tissues that exert
a negative feedback on meristematic cellular activity. Thus, seasonally this accumu-
lation increases until growth is stopped (seasonal stop) and then resumes at the end
of the stop when all waste products are cleared.

TABLE 3.1: Variables involved in tree growth ODEs system.

Variable Definition Assigned value

L Length of internode 0.1(t = 0)
I Concentration of inhibitor 0.1(t = 0)
D Width of internode (secondary growth) 0.1(t = 0)
t Simulation time 0

cL Optimal growth coefficient 0.5
cI Optimal inhibitor coefficient 0.2
cD Optimal secondary growth coefficient 0.01

envTemp Virtual environmental temperature as set by user
inputLight Light amount -

Hmax Max tree height species-specific
Imax Max inhibitor concentration 1
Imin Minimum inhibitor concentration 0.1

Dmax Max internode width 5
ki Season stop parameter 0.1

Specifically, the differential equation modeling the i-th internode length over
time is defined as follows:

dLi

dt
= α ∗ Li ∗

(
1− Li

Lmax

)
(3.1)

where:
α = cL ∗ envTemp ∗ inputLight (3.2)

with cL representing the optimal growth coefficient; envTemp as temperature given
by virtual environment and inputLight as the amount of light calculated into virtual
environment. Lmax represents the maximum length of the internode calculated as:

Lmax = 1− ∑ Li

Hmax
− 0.2 ∗ I

Imax
(3.3)

where ∑ Li is the actual tree height, Hmax is the tree max height as species-specific
parameter, I is the inhibitor concentration as calculated in equation 3.4, Imax is the
set maximum value of inhibitor concentration. The differential equation modeling
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inhibitor concentration is defined as follows:

dI
dt

= cI ∗ α ∗ Li ∗
(

1− Li

Lmax

)
− ki ∗ I (3.4)

where cI is the optimal inhibitor coefficient, ki is a given parameter that changes if
the tree is in seasonal stop or not. The parameter ki changes its value if the inhibitor
concentration reaches the Imax value or the Imin value, making the tree enter and exit
season stop, as follows:{

I ≥ 0.95 ∗ Imax → ki = 1 → season stop
I ≤ Imin → ki = 0 → restart growth

(3.5)

The differential equation modeling secondary growth is defined as follows:

dDi

dt
= dactual ∗ Di ∗

(
1− Di

Dmax

)
∗ ki (3.6)

where dactual is a parameter function of virtual environment temperature calculated
as:

dactual = cD ∗ envTemp ∗ inputLight (3.7)

where cD is the optimal secondary growth coefficient. Dmax is the maximum value
set for secondary growth and ki is a given parameter as in equation 3.5. An overview
of all variables involved, their definitions and assigned values are shown in table
3.1. This set of differential equations cannot be solved directly in Unity© because
there is no built-in differential equation solver. A C# script as abstract class has been
written that allows the above differential equations to be solved via the fourth-order
Runge-Kutta numerical method. This script has been associated with the internode
element for integration of its length and secondary growth, and with the branch
element for calculation of the inhibitor concentration. For example, the internode
element processes its length at each time step by numerically solving the associated
differential equation (equation 3.1) at each time step thanks to the integration script
created.

The internode elongation is then simulated as a function of environmental pa-
rameters (temperature and light) and some species-specific parameters (e.g., growth
rate and max length). Stopping rules of internode growth are simulated according
to the concentration of an inhibitory substance produced during the internode elon-
gation. Internodes grow until a given inhibitor concentration is reached, then the
tree enters a seasonal growth stop and then starts growing again after the inhibitor
concentration reaches a minimum. Restarting the growth, the system will generate
one or more branches depending on the species-specific parameters set (number of
children).
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FIGURE 3.1: Proposed tree growth model scheme and relationships
between modules.

3.2.3 Code structure and Unity3d development

The model shown in figure 3.1, a concise explanation of the model developed in
Simile (presented in the previous chapter 2) that translates in stock and flow repre-
sentation a system of ordinary differential equations that resolve numerically time
variable dimensions, describes as flow-chart the separation of working modules
and their mutual interactions. As discussed in the work by Crimaldi et al. [140],
the choice of a real-time 3D engine was decided on Unity© as it has some useful
features for the purpose. Unity© uses the C# language to code scripts associated
with elements (prefabs) in the working environment. Each element (or module) has
a linked C# script that defines its behavior. The C# language complies with the
object-oriented programming (OOP) paradigm: each element can inherit all com-
mon features, methods, functions and parameters from another. Unity© also allows
the management of the hierarchy between elements enabling to have elements as
father generating children, a situation that is well suited to modeling a tree where
there will be child internodes descending from common father. Moreover, thanks to
the use of Unity© as a real-time rendering engine, it is possible to change some pa-
rameters during run-time, parameters such as the virtual environment temperature;
quantity, direction and light characteristics allowing the modeling of some typical
situations of a tree growth like the cycle of day and night or the seasonal cycle.

As shown in figure 3.1 the tree has a number of parameters that allow the model
to run. Some are species specific, others are process parameters that change step by
step in real time as the simulation runs. The species-specific parameters are set at
the beginning of the simulation and do not change during the simulation. They are
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parameters proper of the tree species that is intended to simulate. In the model pro-
posed in this work it has been chosen to simulate as species-specific characteristics
the branching angle (defined as the angle of the new branch created in relation to
the parent), the number of children (defined as the number of new branches created
after the end of the seasonal stop of the tree, figure 3.1), the maximum height of
the tree (defined as the maximum height to which the tree will tend asymptotically,
figure 3.1) and the simulation time (defined as how long the simulation will run, 1
second in simulation equals to 1 day of tree life). These parameters were coded in
the C# script shown in Listing 1 as dumb code of Tree class.

public class Tree : MonoBehaviour {
// Number of children
public int NumChildren = 2;

// Ramification angle
public float RamAngle = 30f;

// Max tree height
public int maxTreeHeight = 100;

// Lists of Branches, Internodes and Nodes (buds)
public List<TreeNode> nodes = new List<TreeNode>();
public List<Internode> internodes = new List<Internode>();
public List<Bud> buds = new List<Bud>();

void Start() {
// Start tree with species-specific parameters;

}

void Update() {
// Update tree each time step until simulation time has reached;

}
}

LISTING 1: Tree script with species-specific parameters settings

These settings are possible in Unity© modifying the variables of the script via
the inspector (a built-in Unity© editor), figure 3.2, or via scripting. According to the
object-oriented programming paradigm, the other modules and sub-modules will
descend from the tree script, inheriting the common characteristics. Each module
that inherits from tree will have the same characteristics, for example it will inherit
the maximum height of the tree as a parameter. The tree module holds also lists of
all branches, internodes and buds (nodes) of tree to process the tree hierarchy.
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FIGURE 3.2: The species-specific parameters (number of children,
ramification angle, max tree height) modifiable via Unity© inspector
panel. The "simulation time" parameter sets the temporal length of

the simulation (1 second = 1 day)

The tree has a final structure formed by a series of nodes (lateral and apical buds)
and consequential internodes according to a hierarchy (figure 3.3). The main trunk is
the collection of main internodes father of all subsequent child internodes that have
a lower hierarchical scale up to the apical internodes that are the internodes posi-
tioned lower in the hierarchical scale. Branches are the entities that contain the entire
sequence of nodes and internodes and that manage, thanks to their code scripts, the
functions of generating new branches at certain branching angles and the concentra-
tion of inhibitor that will determine the seasonal stop of the tree. At the end of the
seasonal stop, as shown in figure 3.1, new branches are generated according to the
number of children set in the species-specific characteristics of the tree and according
to the branching angle. The actual branching angle deviates from the ideal branch-
ing angle set as a species-specific parameter based on the amount of light calculated
from the virtual environment as explained in subsection 3.2.6.

The Internode C# class manages the behavior of internode explained above. As
shown in the dumb code in Listing 2, the internode can have 3 states: awake, asleep
or dead. The three states can be changed thanks to external events or by other mod-
ules of the tree (i.e., by branch module at the end of the seasonal stop). The internode
only grows when it is in the awake state, is paused when it is in sleep state (it can
resume growth), and can no longer grow if it is in the dead state. At tree initiation,
the initial numerical conditions of the differential equations for calculating length
and width (secondary growth) are set as well as the creation of a GameObject (a fun-
damental object in Unity) "end" representing the end point of the internode whose
position is the numerical solution of the ODE that calculates the length (see method
public override void Init(Tree t) in Listing 2). This approach has been chosen
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FIGURE 3.3: Nodes-internodes scheme of a branch with branching
angles. ϕRAM is the bud rotation angle around internode axis; ϕBAM
is the bud angle to internode axis; ϕAAV is the apical bud angle to

internode axis

because in this way it is not created a 3D shape representing an internode and then
scaled according to the calculated length, but only the position of the end point is
calculated, reducing the computational load according to the principle of procedural
rendering as proposed by Weber and Penn [62].

The length of internode, e.g. the position of "end" GameObject, is calculated in
method public void UpdateGrowth() as well as the max internode length (as in
equation 3.3). The Internode class takes also as input parameter the light amount
(subsection 3.2.6) and temperature form virtual environment.
The private IEnumerator UpdateSecGrowth() is a peculiar class called coroutine.
The coroutine is used in Unity© as a method that can pause execution and return
control to Unity© but then continue where it left off on the following update. This
means that the action that takes place within a coroutine does not happen within a
single update like in standard methods. The use of coroutine is well suited to the
computation of secondary growth that must be updated during the season stop of
the tree and one step at a time.

The Branch C# class manages the behavior of branch(es) as explained before
(equation 3.4). As shown in the dumb code in Listing 3, the branch can have 3
states: awake, asleep or dead like the internode. The branch calculates the inhibitor
concentration numerically resolving the ODE (equation 3.4) setting the numeric ini-
tial conditions with method public void BranchInit(Tree t, Bud b), then calcu-
lates the numeric solution of the ODE at each time step performing the method
private void InhibitorUpdate(). This method stops when the inhibitor concen-
tration reaches its maximum and puts the tree (and the branch) in seasonal stop.
When the inhibitor concentration reaches its minimum, the method ends the sea-
sonal stop of the tree and restarts inhibitor concentration calculations, as well as
re-start growing the tree. While in seasonal stop, a coroutine method is called
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public class Internode : Tree{
// Internode state
public enum InternodeState {

Asleep, Awake, Dead
}

private IEnumerator UpdateSecGrowth() {
// Secondary growth ODE solution calculation via Integrator script

}

public override void Init(Tree t) {
// Create "end" object
// Set internode length initial conditions for ODE integration
// Set secondary growth initial conditions for ODE integration

}

public void InitInternode(Tree t, Branch b) {
// Create Light Meter instance at internode creation

}

public override void InitGrow() {
// Start internode growth

}

public Bud InitBud() {
// Start and put bud in place

}

public void UpdateGrowth() {
// Calculate internode length at each same step as ODE solution
// Calculate max internode length in function of actual length and max tree height
// Take as input the light amount and temperature
// Create a new bud at the end of growth and destroy light meter instance

}
}

LISTING 2: Internode script with all methods performing length cal-
culation and other variables and parameters

(private IEnumerator ChangeSeason()) that waits until the seasonal stop ends,
then creates new branches as the number of children set.

The Bud C# class manages the behavior of buds, both apical and lateral ones
(figure 3.3). As for internodes and branches, buds can have three states: awake,
asleep and dead. In this case, as shown in Listing 4, thanks to the update method
public void Update(), the script will check at each update if an external event af-
fects the buds, changing their state from asleep to awake or dead and vice versa.
If the bud is awakened by an external event, it will produce new branches calling
the method public Branch CreateBranch(). The new branches will be rotated at
certain angle function of light amount. The same method is called by Branch script
when seasonal stop ends.
The method public Internode CreateInternode() is called when the internode
stops growing having reached its maximum length. This method generates a new
internode child of the previous one with a rotation angle function of the amount of
light (ϕAAV in figure 3.3). Another important function that is handled by the Bud
class is leaf placement. In this work we decided not to model the leaves as an or-
gan of the plant with its own ODEs but only as an object in the 3D environment
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public class Branch : Tree {
public enum BranchState {

Asleep, Awake, Dead
}

public void BranchInit(Tree t, Bud b) {
// Set branch inhibitor initial conditions for ODE integration
// Add branch in tree branches list

}

private IEnumerator ChangeSeason() {
while (seasonStop)
{

// Stop while season stop
}
for (int i = 1; i < tree.NumChildren; i++)
{

// Create new branch(es) for every bud in the tree
}

// Ends season stop and restart growing
}

public override void BranchUpdate() {
// Update branch(es) and inhibitor concentration

}

private void InhibitorUpdate() {
// Calculate inhibitor concentration at each same step as ODE solution

if (!seasonStop && (annualInib >= 0.95 * inhibitorIntegrator.IMax))
{

// Activate season stop when inhibitor concentration reaches max
}

if (seasonStop && (annualInib <= inhibitorIntegrator.IMin))
{

// Restart growing when inhibitor concentration reaches min
}

}
}

LISTING 3: Branch script with all methods performing inhibitor con-
centration calculation and other variables and parameters

with its own mesh, orientation and rotation. This is because, during preliminary
tests, we found an exponential decay of computational performance as the num-
ber of leaves increases. The leaves, therefore, having their own shape and position,
will contribute to the calculation of light, influencing tree own shadow and conse-
quently the growth of the tree. In the Bud class the leaf position is managed by the
public override void Init(Tree t) method, which manages the angle and po-
sition on the bud itself. These parameters are either fixed as hard coded value or
depend on the position of the bud. A particular bud is the one named seed in the
hierarchy: it is considered as the first bud from which the main trunk grows. The
Bud class will call the public override void InitGrow() method if the bud is the
first (seed) and generate the first branch as the main trunk.

In Unity© engine, the whole structure of the tree is based on a hierarchy between
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public class Bud : Tree {
public enum BudState {

Asleep, Awake, Dead
}

public void Update() {
if (externalConditionOccured && state == BudState.Awake)
{

// Bud state changes to awake if it was set as asleep
state = BudState.Awake;
// Create a new branch from awaken bud

}
}

public Internode CreateInternode() {
// Create a new internode from bud after the father internode has stopped growing
var angle = // Function of light amount
// The new internode created is rotated as the angle function of light amount
return internode;

}

public Branch CreateBranch() {
// Create the number of new branches set
var angle = // Function of light amount
// New branches created are rotated at certain angle of ramification function
// of light amount
return branch;

}

public override void Init(Tree t) {
base.Init(t);
float leafAngle = // Depends on bud position or hard coded

// Leaf Placing
if (!geometry && !tree.skeletonOnly)
{

// Place leaf prefab on bud at position
}

}

public override void InitGrow() {
if (Seed || tree.NumChildren == 1)
{

// Create first branch (main trunk) from first bud (seed)
}

}
}

LISTING 4: Bud script with all methods performing internode cre-
ation, branch creation, leaf placement and other variables and param-

eters

the elements described above. Thanks to C# scripts and the object-oriented pro-
gramming paradigm, all elements are interconnected at the structure level itself but
also as behavior. Any single element can affect all other elements and vice versa.
The single elements in Unity© that have a shape and a behavior are called GameOb-
ject. The figure 3.4 shows a hierarchy of a tree in the very first phase of growth in
order to visualize a simple hierarchy that will evolve in a much more complex form.
It can be noticed how from the GameObject Tree all the other GameObject(s) descend
hierarchically, starting from the first bud called seed and then moving on to subse-
quent branches, internodes and buds. As explained above, the GameObject "end"
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is the one positioned in the space where it should be the end of the length of the
growing internode calculated step by step by solving the ODE (equation 3.1). The
GameObject "internode (clone)" is the one in charge of creating the mesh (or geom-
etry) of the internode from the starting point (the bud that generates it) to the end
point ("end"). By doing so, although it seems an artificial procedure, it is possible to
separate and make independent the calculation of the length of the internode (e.g.
the position of the GameObject "end") and the mesh or geometry of the same intern-
ode. The LightMeter in the hierarchy is the GameObject in charge of calculating the
amount of light from the external virtual environment, it will be described in detail
in the next paragraph.

FIGURE 3.4: Hierarchy in Unity© showing a simple early tree struc-
ture: one branch, two internodes, two buds

3.2.4 Numerical ODE integration method

The differential equations governing internode growth, inhibitor concentration, and
secondary growth (equations 3.1, 3.4, 3.2.2) must be solved numerically because they
do not have an explicit solution. There are several numerical methods for solving the
differential equations, each with its own approximations, boundary conditions, and
numerical errors. Of the many, the fourth-order Runge-Kutta method [146] was cho-
sen to be used in this work. In Unity© there is no module dedicated to the resolution
of differential equations, so it was necessary to program a script specialized in the
numerical resolution of ODEs using the numerical method of fourth-order Runge-
Kutta. As shown in dumb code in listing 5 at each time step, the integrator function
is passed the current values of internode length, inhibitor concentration and sec-
ondary growth so that the next time step is calculated having as initial value (initial
condition) the value at the previous time step. Having a code specialized only in
the integration of ODEs and separated from the rest allows a better allocation of
computational resources as it is possible to parallelize the process especially when
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the number of internodes and branches is very high and it is necessary to calculate
thousands of numerical solutions simultaneously.

abstract public class Integrator //: MonoBehaviour
{

// ODEs settings: x are values being integrated, xdot derivatives being calculated
abstract public void RatesOfChange(double[] x, double[] xdot, double t);

/// Step forward using 4th order Runge Kutta method
// x are values being integrated
// h is the time step
public double RK4Step(double[] x, double t, double h)
{

RatesOfChange(x, k1, t);
for (int i = 0; i < nEquations; i++)
{

store[i] = x[i] + k1[i] * h / 2.0;
}
RatesOfChange(store, k2, t);
for (int i = 0; i < nEquations; i++)
{

store[i] = x[i] + k2[i] * h / 2.0;
}
RatesOfChange(store, k3, t);
for (int i = 0; i < nEquations; i++)
{

store[i] = x[i] + k3[i] * h;
}
RatesOfChange(store, k4, t);
for (int i = 0; i < nEquations; i++)
{

x[i] = x[i] + (k1[i] + 2.0 * k2[i] + 2.0 * k3[i] + k4[i]) * h / 6.0;
}
return t + h;

}
}

LISTING 5: Integrator script with Runge-Kutta method to solve ODEs

3.2.5 Leaf Procedural Mesh Generator

As explained in the previous subsections, the leaves have not been modeled as an
organ, therefore without a module that models their biological function, but are still
present in the structure as simple meshes, positioned according to the rules managed
by the bud module (see listing 4) and participating in the calculation of shadows as
will be explained in the next paragraph (3.2.6). Since they are very numerous, es-
pecially in the final stages of growth, it was necessary to code them as procedural
meshes, using a method that at each event of leaf positioning generates a mesh with
a given shape and a predefined texture in the calculated position. With this solution,
it is possible to optimize the computational load of the operation because in mem-
ory will not be stored the 3D shape of the leaf with its texture but only the "law" that
generates its mesh, reducing the operations. In Unity© the procedural generation of
a mesh follows the principle that each mesh has a defined number of nodes, trian-
gles and the order in which these elements are counted. Triangles are considered by
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counting vertices counterclockwise. In the specific case, having to create a rectan-
gular mesh, the vertices to be generated will be 4, with 2 triangles. The dumb code
in listing 6 shows how these vertices are created and how the triangles are defined.
Once the mesh is generated, a texture will be applied to its surface, which will also
handle transparencies through the alpha channel. The textured mesh will be placed
at the point calculated by the bud module, as shown in the listing code.

public class LeafMeshGenerator : MonoBehaviour
{

private void Start()
{

CreateShape();
UpdateMesh();

}

void CreateShape()
{

vertices = new Vector3[]
{

// Creates an array of vertices in defined position
};

uv = new Vector2[]
{

// Creates an array of normals (positive faces of mesh)
};

triangles = new int[]
{

// Creates an array of triangles
};

}

void UpdateMesh()
{

// Generates mesh from vertices, triangles and normals arrays
}

}

LISTING 6: Procedural leaf mesh generator

3.2.6 Light amount calculation

A key part of the model development is to calculate the amount of light coming from
the virtual environment. Several shader solutions have been tested to find the opti-
mal one in terms of computational performance and flexibility. A shader is simply
a program that runs in the graphics pipeline and tells the computer how to render
each pixel. These programs are called shaders because they are often used to control
lighting and shading effects [147]. Standard lighting shaders are unable to compute
indirect light (such as diffusive light). The first shader tested was the one called
Global Illumination (GI) which allows the calculation of diffuse light [147]. GI con-
siders not only the light that comes directly from a given light source, but also how
that light on impact with a material continues to bounce around the given scene.
While very computationally efficient, the GI shader needs baked shadow to work.
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The baked shadows are shadows pre-calculated at the beginning of the simulation
and are not variable in real-time which makes the GI shader computationally per-
formant. With the shader GI it is not possible to calculate the own shadow, which
made us to discard it as a solution. Another shader tested was the so called Radiosity.
This shader calculates the light between actual scene triangles, rather than between
additional artificial structures (light probes, voxels etc). It is derived from heat trans-
fer calculations. The surfaces of the scene to be rendered are each divided up into
one or more smaller surfaces (patches) like finite-elements methods. A coefficient
describing how well the patches can see each other is calculated. Patches that are far
away from each other, or oriented at oblique angles relative to one another, will have
smaller coefficients. Brightness is function of coefficient for each patch (figure 3.5)
[147]. The Radiosity shader can calculate the indirect diffuse light even in real-time
and dynamic scenes, is less performant than GI (depends on number of patches) but
still relatively fast (using parallel GPU calculation) but the transition areas need a lot
of patches, making the algorithm less performant. Also, some transition areas are
hard to approximate with patches. Given the nature of a tree structure, with lots of
light transition zones,this solution has been discarded.

FIGURE 3.5: Parameters of two patches in Radiosity shader. dij is the
distance between the patches dai and daj; ni and nj are the vectors
normal of patches surface; θi and θj are the angles between dij and the

vectors normal to the surface ni and nj

The Ray-tracing shader calculates each ray as physical entity. Each ray can bounce
on surface so, according to physical properties of the object hit, a new set of multiple
rays is calculated. Having the physical properties of rays and object materials, it is
possible to calculate the amount of light precisely, even indirect, diffuse, irradiated,
reflected and diffracted light. The shader is very performance heavy and requires
dedicated hardware and shader optimization [147]. Despite being the most accurate
shader of all, given the nature of the tree structure, we noticed a decay in computa-
tional performance that prompted us to look for an alternative solution. The alter-
native solution, evaluating all the solutions previously shown, has been to write a
custom shader specialized in calculating the amount of light. A “light meter” sphere
GameObject is placed in the scene with a camera pointed on the object. The position
of the camera changes each frame to cover the entire surface. The camera renders a
very narrow texture and records into an array the values of RGB. Then, a conversion
from RGB values to brightness is made thanks to equation 3.8 from ITU-R BT.709
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standard [148] as shown in Listing 7 as dumb code. The final value of brightness
will be the sum of all arrays calculated at each camera positions.

Brightness = 0.2126 ∗ R + 0.7152 ∗ G + 0.0722 ∗ B (3.8)

public class LightMeter : MonoBehaviour
{

void Start()
{

// Define camera positions: front, back, left, right, up, down
}

void Update()
{

// Take pixel array values and calculate brightness
}

private void GetPix() {
// Render temporany texture at i-th position of camera

// RGB to brightness conversion of temporany texture
}

public void SumPix() {
Output = // Final brightness as sum of all i-th temporany textures brightness values

}
}

LISTING 7: Light meter script to calulare brightness from RGB array
of values

This way it is possible to calculate direct and indirect light, even if the object
is partially in shadow, in real-time and with a little weight on performance (if the
number of cameras is kept low).

FIGURE 3.6: Light Meter GameObject with texture rendering camera
in one position
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As shown in equations 3.1 and 3.2 as well as in the growing scheme in figure
3.1, the light input affects internode growth with a standardized calculated value
between 0 and 1. When the internode is growing in full light, with a value close to 1,
its growth will be maximum or very close to maximum. The light meter was placed
at the top of the growing internode, and then removed whenever the internode stops
growing, as it is no longer necessary to calculate the amount of light. By doing so, it
was possible to keep a relatively low number of light meters simultaneously active
during growth, managing to have a certain balance of computational performance.
In addition, by placing the light meter at the apex of the growing internode, it is
possible to vary the growth angle ϕAAV shown in the figure 3.3, which will deviate
from the ideal one as a function of the amount of light calculated.

3.2.7 Virtual environmental model inputs

The Unity© environment allows for parameters as model inputs that can be defined
as environmental. In the previous paragraph it has been shown how it is possible to
calculate the amount of light that is a part of the environmental parameters. Unity©
allows the programming and modeling of other parameters that can be classified as
environmental. As shown in the model diagram in figure 3.1, another environmen-
tal parameter that was chosen as an input to the model, in addition to the amount of
light, is temperature. Obviously in a virtual environment it is not possible to record
a real temperature but it is possible to model its trend and use the simulated numer-
ical data as model input. In the case considered in this work, the temperature data
is an input that influences the coefficient α in the growth of the internode (equations
3.1 and 3.2). In combination with the amount of light, therefore, the temperature will
affect the amount of internode growth. In Unity©, the Animation Curve function was
used to simulate the non-constant temperature trend (temperature changes during
seasonal and daily cycles). As the name suggests, the Animation Curve is natively
used as a function to manage the behavior of an animation. However, it is possi-
ble to use it for any parameter, value, variable in the model. As shown in figure
3.7, the script Tree parameter called Temp Setting Animation Curve is managed by a
curve that varies the value along a time range. In the example case in question, the
temperature varies over a period of time from 1 to 365 (simulating a year) starting
from the minimum value of 15 reaching the peak at 23 and then decreasing again.
Once the 365th step has been passed, the cycle starts again from 1 as if the year was
starting again. The temperature value will be different for each time-step which as
mentioned corresponds to a day for each second of simulation.
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FIGURE 3.7: Temperature animation curve used to simulate the vari-
ability of temperature during the year

It is possible to create more complex curves to better simulate the real variability
of temperature over time. Moreover, the animation curve can also be used to manage
the variability of other environmental parameters such as the already mentioned
ambient light in order to simulate the day/night cycle.

3.2.8 Experimental design

In order to test the potential of the model and its flexibility and adaptability to dif-
ferent conditions and parameter settings, experiments were conducted consisting
of growing trees in the virtual environment created in Unity© with different com-
binations of both species-specific and environmental parameters. Specifically, sim-
ulations were first carried out leaving the environmental parameters fixed: with a
constant temperature (set to 25°C) and amount of light (set to 1, corresponding to
a tree growing in full light), only changing the species-specific parameters such as
number of buds and branching angle. Specifically, tests were carried out with:

• number of buds: 2 - 3 - 4;

• branching angle: 30° - 40° - 55° - 60°.

Tests with a number of buds equal to 1 have already been done in the preliminary
tests contained in the previous companion publication [140]. Tests made by chang-
ing environmental parameters were done by keeping a fixed number of buds and
varying the temperature, the quantity and the direction of origin of the light source.
The temperature regimes adopted in these simulations are as follows:

• fixed temperature at three different values: 15°C - 25°C - 35°C;

• variable temperature over time as explained in the previous paragraph (3.2.7).
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Competition tests were carried out by growing 2, 3 and 4 trees with the same species-
specific parameters and temperature at a variable distance (1m, 2m). Tree competi-
tion is for light as no module was modeled that simulates resources and thus com-
petition for resources (e.g., nutrients, water). Finally, tests have been performed
by varying species-specific parameters to simulate the growth of different species
of trees; in this work, columnar-shaped trees (such as a Populus nigra) and conical-
shaped trees (such as a Picea abies) have been modeled. All tests were carried out for
a growth duration of 5 years (1826.25 seconds of simulation). In order to understand
the expected behavior of the simulations, Simile computations were performed. The
graphs produced by Simile software (see subsection 3.2.2) show the expected behav-
iors from the simulation, then confirmed by the model in Unity©. In the follow-
ing subsections, the results with the different combinations of parameters discussed
in the previous paragraph are shown. While computing the position of the leaves
and considering them in the calculation of tree self shadow but not modeled as or-
gans, the results of the simulations in Unity© are shown without the presence of
the leaves to analyze and evaluate the architecture of the resulting trees with their
species-specific characteristics.

3.3 Results

3.3.1 Species-specific parameter changes - fixed environmental parame-
ters

The expected behavior, with fixed environmental parameters, is the one shown by
the Simile simulations in figure 3.8. The tree grows by increasing internode length,
until it reaches the maximum internode length calculated as in equations 3.1 and
3.3. At the end of growth, the internode stops growing, the apical bud generates
a new child internode that will grow to its maximum length. Simultaneously, the
inhibitor concentration increases until it reaches its maximum. When the maximum
concentration value is reached, according to equation 3.4, the tree enters the sea-
sonal stop and secondary growth starts. Inhibitor concentration begins to decrease
until it reaches its minimum, the tree starts growing again, secondary growth stops,
inhibitor concentration begins to increase again, as does internode growth. At the
end of the seasonal stop, new branches will also be generated, of the same number
as set in the species-specific parameters of the tree. The expected behavior of the
simulation is, therefore, to have internodes that decrease their maximum length as
they approach the maximum tree height. The result will be that the first internodes
(those in the main trunk) will be longer than the apical internodes.
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FIGURE 3.8: Internode length and Inhibitor concentration
simulations in Simile as expected behaviour with fixed

environmental parameters. SS = Season Stop. Numbers are the
count of internodes

The result obtained in Unity© with fixed environmental parameters, 55° branch-
ing angle and 2 children (branches) is shown in figure 3.9. The tree reached after 5
years (1826.25 seconds) of simulation the height of 2.6m. It can be noticed that the
number of internodes in the main trunk is the same as in the simulations in Simile
(figure 3.8). It is possible to see the set branching angle and how the apical intern-
odes are shorter than those in the main trunk.

FIGURE 3.9: Tree growth with fixed temperature (25°C), fixed
light source (top) and amount, 55° branching angle and 2 children
branches. The apical internodes are displayed with different colors

for showing purpose

By increasing the number of children, while leaving the environmental param-
eters constant, the tree appears more dense with branches as the number of new
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branches generated is higher. The apical internodes remain shorter than those in the
main trunk, as can be seen in figure 3.10 where the simulation generated a tree 2.55m
in height.

FIGURE 3.10: Tree growth with fixed temperature (25°C), fixed
light source (top) and amount, 55° branching angle and 3 children
branches. The apical internodes are displayed with different colors

for showing purpose

Same effect generating a tree with 4 children, as shown in figure 3.11, where it
was generated a tree 2.4m high.

FIGURE 3.11: Tree growth with fixed temperature (25°C), fixed
light source (top) and amount, 55° branching angle and 4 children
branches. The apical internodes are displayed with different colors

for showing purpose
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By changing the branching angle instead, the results obtained are shown in figure
3.12. It can be seen that by changing the branching angle from 30° (figure 3.12a), 40°
(figure 3.12b), and 60° (figure 3.12c) the tree widens the canopy and takes up more
space. The heights are also different, respectively 2.4m for the trees with 30° and 60°
branching angles, and 2.6m for the tree with 40° branching angle.

FIGURE 3.12: Tree growth with fixed temperature (25°C), fixed light
source (top) and amount and 2 children branches. The branching an-
gle showed is (a) 30°, (b) 40° and (c) 60°. The apical internodes are

displayed with different colors for showing purpose

3.3.2 Virtual environment parameter changes

The expected behavior, changing the virtual environmental temperature, is the one
shown by the Simile simulations in figure 3.13. By changing the temperature, the
behaviors of the internode length and inhibitor concentration curves change. By
lowering the temperature, internode growth is slower. The variation in inhibitor
concentration also changes, slowing it down as well. At lower temperature, there-
fore, we will have the effect of seeing a tree grow, for the same simulation time, lower
and less branched because it takes longer to reach the value of maximum internode
length and maximum inhibitor concentration, which causes the tree to enter sea-
sonal stop late, generating at lower heights the new branches. The result of growing
a tree at a low temperature is shown in figure 3.14b where it also possible to see that
the first branching is lower in height than the tree growing at higher temperature in
figure 3.14a.
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FIGURE 3.13: Internode length and Inhibitor concentration
simulations in Simile as expected behaviour with changing

environmental temperature

By contrast, increasing temperature will cause internode length and inhibitor
concentration to increase faster, reaching their maximum values sooner. We will
have the effect of seeing a tree grow, for the same simulation time, higher and more
branched because it reaches the value of maximum internode length and maximum
inhibitor concentration quickly, which causes the tree to enter seasonal stop soon,
generating at higher heights the new branches, as shown in figure 3.14a.

(A) 35°C environment temperature (B) 15°C
environment
temperature

FIGURE 3.14: Tree growth with changing environmental
temperature, fixed light source (top) and amount, 55° branching

angle and 2 children branches

As described in subsection 3.2.7, the temperature can also be changed dynami-
cally over time, following a variation curve. In this study, the variation curve is as
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shown in figure 3.7: the temperature starts at second 1 (day 1) from a value of 15°C,
reaches a maximum at second 182 (day 182) of 25°C and then drops back down to a
value of 15°C at second 365 (day 365) and then starts again from day 1. The variation
curve can have values and curvature at will, in this work it was set up this way to
demonstrate how the growth function and thus the resulting tree adapts to changes
in virtual environmental parameters in real time. From simulations in Simile showed
in figure 3.15, it can be seen that the internode length curve slows down in the early
part due to the lower starting temperature. As the temperature dynamically returns
to the "standard" value of 25°C, the curve adapts and approaches the ideal (with
fixed temperature) curve shown in Figure 9. After the second 182 (day 182) the tem-
perature starts to decrease again and the curve changes in turn, slowing down the
growth of the internode (figure 3.15a). The same trend is shown in the curve of the
inhibitor concentration: slow increase in the first part, ideal situation in the middle
part, slowed down in the second part where the temperature has a descending trend
(figure 3.15b).
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FIGURE 3.15: Internode length and inhibitor concentration
simulations in Simile as expected behaviour with time variable

environmental temperature

The resulting tree with dynamically time changing temperature is shown in fig-
ure 3.16.
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FIGURE 3.16: Tree growth with dynamically time changing environ-
mental temperature, fixed light source (top) and amount, 55° branch-

ing angle and 2 children branches

It is possible to notice in figure 3.16 how the dynamic variation of the temper-
ature makes the internodes grow in different measures according to the period in
which the simulation is in the curve of variation of the temperature, in agreement
with the model in Simile and the trends shown in figure 3.15. In addition, the tree is
shorter in height (2.0m) than those grown under ideal conditions as growth is slowed
at the periods when the temperature deviates from the ideal, increasing (first phase
of the temperature change curve) and decreasing (second phase of the temperature
change curve).

As shown in the synthetic model diagram in figure 3.1 and elaborated in the
internode growth equations 3.1 and 3.2, the amount of virtual ambient light affects
the rate of internode growth. The effect, as the amount of light changes, is quite
similar to that shown in figure 3.13a, where as the temperature changes the rate of
internode growth changes. Also in the case of the amount of light, if the amount
of light is reduced, the growth rate of the internode will also be reduced, i.e. for
the same simulation time the internode will grow more slowly and less. In addition
to the amount of light, as explained in subsection 3.2.3, the direction of the light
source will also affect growth. Specifically, internodes will grow by changing the
angle ϕAAV (apical bud angle to internode axis, figure 3.3) to turn towards the light
source. This effect can be clearly seen by placing a light source to the side, creating
parts of the tree in full light and others in shadow, as shown in figure 3.17. The
shadowed parts of the tree have internodes with a low growth rate due to low light,
growing less, nothing at all if the light amount is zero. The brighter parts of the tree
have higher internode growth rates as well as directing towards the light source. The
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light not being equally distributed over the entire tree as in the previous results will
also result in less overall tree growth, producing a smaller tree than ideal conditions.

(A) Tree growth with light source from right (B) Tree growth with light source from left

FIGURE 3.17: Tree growth with 55° branching angle, 2 children
branches and different light sources

3.3.3 Competition between neighboring trees

The model’s ability to adapt to the amount and location of the light source allows it
to simulate even competing groups of nearby trees. Figure 3.18 shows the growth
of 2 trees 1m away from each other while figure 3.19 shows 2 trees 2m away from
each other. In figure 3.20 3 trees are shown growing 1m distance apart and in figure
3.21 2m distance apart. Figure 3.22 shows 4 trees grown in two parallel rows at 1m
between trees and between rows. Lastly, figure 3.23 shows the growth of 4 trees
arranged in 2 rows at a distance of 2m between trees and 2m between rows.

(A) Side view of 2 trees growing at 1m
distance

(B) Top view of 2 trees growing at 1m
distance

FIGURE 3.18: Group of 2 trees growing at 1m distance
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(A) Side view of 2 trees growing at 2m
distance

(B) Top view of 2 trees growing at 2m
distance

FIGURE 3.19: Group of 2 trees growing at 2m distance

(A) Side view of 3 trees growing at 1m
distance

(B) Top view of 3 trees growing at 1m
distance

FIGURE 3.20: Group of 3 trees growing at 1m distance
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(A) Side view of 3 trees growing at 2m
distance

(B) Top view of 3 trees growing at 2m
distance

FIGURE 3.21: Group of 3 trees growing at 2m distance

(A) Side view of 4 trees growing at 1m
distance

(B) Top view of 4 trees growing at 1m
distance

FIGURE 3.22: Group of 4 trees growing at 1m distance
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(A) Side view of 4 trees growing at 2m
distance

(B) Top view of 4 trees growing at 2m
distance

FIGURE 3.23: Group of 4 trees growing at 2m distance

The greatest effects of competition for light can be seen in simulations with groups
of trees at shorter distances from each other (1m) where the proximity of trees in-
creases shade decreasing the rate of growth of internodes closer to the next tree and
therefore more in shade. At higher distances the amount of shade generated by one
tree on another is much less, causing neighboring trees to grow in near ideal condi-
tions.

3.3.4 Model adaptation to different tree shapes

The tree models shown in the previous subsections all show cluttered globe-shaped
trees. By changing the model parameters as described in the previous sections, you
can model different types of tree shapes. In the examples proposed in figures 3.24
and 3.25, it is possible to see how by setting a branching angle of 45° and a number
of children equal to 2, it was possible to recreate a tree with a columnar shape, as
can be a tree of the species Populus nigra (figure 3.24a, with a comparison with a
real photo of Populus nigra in figure 3.24b). Figure 3.25a shows a tree with a conical
shape, with a number of children equal to 5 and a branching angle of 90° for the
primary branches (those directly descended from the main trunk) and 55° for the
secondary and tertiary branches (those descended from the primary or subsequent
branches). In the case shown in figure 3.25a, it is possible to compare this type of
tree with a real photo of a conifer with the same characteristics, such as a Picea abies
in figure 3.25b.
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(A) Columnar shaped tree with branching
angle equal to 45° and number of children

set equal to 2

(B) Real photo of a Populus nigra for
comparison. Photo courtesy of T. Davis

Sydnor, The Ohio State University,
Bugwood.org

FIGURE 3.24: Visual comparison for columnar shaped tree
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(A) Conical shaped tree with branching
angle of 90° for the primary branches, 55° for

the secondary and tertiary branches and
number of children equal to 5

(B) Real photo of a Picea abies for
comparison. Photo courtesy of Judy Slater,

Bugwood.org

FIGURE 3.25: Visual comparison for conical shaped tree

3.4 Discussion

The results shown in section 3.3 show how the model is adaptable to different speci-
fications, species-specific parameters, and environmental conditions. The flexibility
given by the OOP paradigm allows a separation of modules (and their code) while
remaining interconnected at the functional level. It is possible to change at any time
any ODE that rules a specific module without having to modify the 3D rendering
part nor affecting other parts of the code. Any change made can be immediately dis-
played in the generated output structure. In addition to ODEs, the results show that
changes are also possible to the parameters that regulate growth, showing different
outputs depending on the changes. By modifying species-specific parameters, it is
possible to model potentially any tree species with different numbers of children,
different maximum heights, and different branching angles. Being a real-time ren-
dering environment and procedurally computing the solutions of the ODEs at each
frame and rendering the results, it is also possible to modify the inputs of virtual
environment parameters such as temperature and light. For the temperature, the
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parameter is only numerical not being related to a physical component of the vir-
tual environment and its variation modifies the amount of growth of the internode
and therefore of the tree, as well as the concentration of inhibitor. As for light, in
the virtual environment its value and position are linked to a physical component
(light source). Changing the amount and position, therefore the direction of the
light source, changes the rate of growth of the internode and therefore of the entire
tree, also changing the direction of growth by simulating phototropism. Despite be-
ing a compromise between the precision of ray-tracing (but too heavy computation-
ally) and the computational lightness of the GI (but not very accurate), the system
adopted for the calculation of the amount of light turns out to be satisfactory for the
aim of the work proving to be adaptable to the desired growth conditions. Although
not shown in the results, the presence of the leaves contributes to the calculation of
the self shadow and influences the amount of light measured. The leaves them-
selves were not modeled as an organ and do not have a specific module, something
the authors will count on implementing in future work. Thanks to the calculation of
the amount of light in real time, it was also possible to model small groups of trees
competing with each other for light showing how the proximity and therefore the
shadow generated by another tree, also affects the growth of the internodes (and the
tree) modifying the amount of light detected. Competition for resources and their
implementation is another module that the authors plan to incorporate in future
work.

3.4.1 Potential agronomic applications of the model

The possible agronomic applications of the model presented in this work may be
various. As shown in chapter 2 of other similar models, the potential of FSPMs with
3D output can be numerous. In the case of the model presented in this work, the
authors count on being able to use it in applications to study the effects on the archi-
tecture of planting density, to calibrate allometric models, or even for quantitative
analysis of branching patterns. Another potential use of the presented model, being
in real-time, is to implement it in an immersive visualization system to train agri-
cultural operators in the practice of pruning or more simply to evaluate the effects
of pruning on tree structure where with the help of the model could be determined
tree row volume (TRV), and based on that the appropriate application rate and dose.
The authors are already working on a system that allows the "slicing" in real time of
the meshes that are part of the tree structure to visualize the pruning operation and
its effects. The modularity of the proposed system can also be used to implement
effects of plant pathologies and visualize their consequences.
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3.5 Conclusions

The use of FSPM models has been well established in the modeling community for
two decades [24, 4]. Many models now have 3D output that allows rapid visual-
ization of results as well as being an integral part of the model itself as a provider
of input parameters, as described in chapter 2. The use of a real-time 3D render-
ing engine allowed the authors to create a link between a mathematical biological
model of tree growth and the procedural creation of its architecture. This solution
differs from other proposals of integration between models and 3D rendering in that
is capable of having as input the parameters of the virtual environment in real time
(amount of light and temperature), calculating at each variation (at each simulation
time step) the solutions to the ODEs that regulate the processes showing immedi-
ately the result as a modification of the structure. While showing a flexibility that is
well suited to the purpose, thanks to the implementation of interconnected modules
adhering to the OOP paradigm specialized in individual components of the tree, the
model has some margin for improvement such as the implementation of a module
for the modeling of leaves as organs, or the integration of competition for resources
in neighboring trees. Further studies are underway by the authors to implement
the above features, as well as physical changes to the generated structure in the 3D
environment such as a pruning operation.

3.6 Scientific work produced

[139] - Mariano Crimaldi, Fabrizio Cartenì, Francesco Giannino. VISmaF: Synthetic
tree for immersive virtual visualization in smart farming, in Proceedings of the 1st
International Electronic Conference on Agronomy, 3–17 May 2021, MDPI: Basel,
Switzerland, DOI: 10.3390/IECAG2021-09880
[149] - Mariano Crimaldi, Fabrizio Cartenì, and Francesco Giannino. Integration of
a System Dynamics model and 3D tree rendering - VISmaF Part II: Model Develop-
ment, Results and Potential Agronomic Applications. SUBMITTED to Agronomy
(2022)
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Chapter 4

Deep Learning approach to
sustainable weeds on-field
management

4.1 Drone and sensor technology for sustainable weed man-
agement: a review

4.1.1 Introduction

Biotic threats such as insects, weeds, fungi, viruses, and bacteria can broadly affect
crop yield and quality. Among these, weeds are the most impacting problem caus-
ing remarkable yield loss worldwide [150]. The most characterized effect of weeds
is competition for resources such as light [151], water [152], space [153], and nutri-
ents [154]. In addition, specific chemical signals and/or toxic molecules produced
by weeds may interfere with a normal crop development [155]. A distinctive trait
of wild species, including weeds, is their high physiological, morphological, and
anatomical plasticity which makes them more tolerant than crop species to environ-
mental stressors [156, 157, 158]. Moreover, weeds interact with other biological com-
ponents of the environment, acting as refuge for plant pests such as insects, fungi,
and bacteria that can harm close in crops [159]. For example, wild oats (Avena fatua
L.) can harbor the etiological agents of the powdery mildew in crops such as wheat
(Triticum aestivum L.), oats, and barley (Hordeum vulgare L.); altamisa (Parthenium
hysterophorus L.) can be a secondary host of the common hairy caterpillar (Diacrisia
obliqua Walk.); Cyperus rotundus can host the root-knot Meloidogyne graminicola and,
therefore, can contribute to their spreading in the field. Finally, weed infestation
may affect fresh and processed products quality such as beer, wine, forage. In this
respect, weed residuals may cause accumulation of off-flavors products, or in some
cases, can make them harmful to humans and animals. Weeds may also contain
high levels of allergens and/or toxic metabolites that, if ingested, can cause asthma,
skin rash, and other reactions. Most weed research aims at developing strategies that
can reduce the deleterious impact of the interspecific competition between crops and
weeds and recent technological advances may further contribute to this scope, while
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improving the sustainability of weed control. Worldwide, weed competition causes
severe yield reduction in all major crops, such as wheat (23%), soy-bean (37%), rice
(37%), maize (40%), cotton (36%), and potato (30%) [150]. Yearly, weeds cause 50%
yield losses of corn and soybean productivity in North America. For corn, this
equates to a loss of 148 million tons for an economical loss of over $26.7 billion.
In Australia, yield loss due to weeds accounts for 2.76 million tons of grain from
different plants, including wheat, barley, oats, canola, sorghum, and pulses. The an-
nual global economic loss caused by weeds has been estimated to be more than $100
billion U.S. dollars, despite world-wide annual herbicide sales in the range of $25
billion. In Europe, herbicides are the second most-sold pesticides. They accounted
for 35% of all pesticide sales in 2018, overcoming insecticides and acaricides (Figure
4.1)[160].

FIGURE 4.1: Percentage (of total volume in kilograms) of pesticide
sales by category in Europe in 2018 [160]

4.1.2 Weed management requires an integrated approach

In 2050, the world population will quadruplicate, reaching 9.15 billion people. How-
ever, the predicted increase in food demand will be hardly met by the current pro-
duction system. Also, climate change will be an additional challenge for the human
food supply in the near future. Among all the processes affecting crop productivity,
weed management will be one of the hardest challenges. Mechanical and chemical
weed control has disadvantages that probably will impede them to be effective for
future weed management. Mechanical methods are scarcely efficient, and herbicides
have a high ecological impact. An approach that minimizes the drawbacks of me-
chanical and chemical weed control is Integrated Weed Management (IWM). IWM
combines chemical, biological, mechanical, and/or crop management methods, and
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represents a model to improve the efficiency and sustainability of weed control [152].
In contrast to traditional methods, IWM integrates several agro-ecological aspects
such as the role of conservation tillage and crop rotation on weeds seed bank dynam-
ics, the ability to forecast the critical period of weed interference and their competi-
tion with crops, and the specific critical levels of crops/weeds interaction. Therefore,
an effective IWM must rely on a thorough knowledge of crop-weeds competition
dynamics, which currently represents one of the most active research areas in weed
science.

4.1.3 New technologies for site-specific weed management

Precision agriculture relies on technologies that combine sensors, information sys-
tems, and informed management to optimize crop productivity and to reduce the
environmental impact [161]. Nowadays, precision agriculture has a broad range
of applications and it is employed in different agricultural contexts including pests
control [162], fertilization, irrigation [163], sowing [164] and harvesting [165]. Preci-
sion agriculture can be effectively applied to IWM also. In the last decade, precision
agriculture has rapidly advanced because of technological innovations in the areas
of sensors, computer hardware, nanotechnology, unmanned vehicles systems and
robots [166] that may allow for specific identification of weeds that are present in
the field. Unmanned aerial vehicles (UAV) are one of the most successful technolo-
gies applied in precision agriculture [60]. Unmanned Vehicles systems are mobile
Aerial (UAV) or Terrestrial (UTV) platforms that provide numerous advantages for
the execution and monitoring of farming activities [167]. UAVs can be highly valu-
able since they allow for Site-Specific Weed Management (SSWM) (Figure 4.2).

FIGURE 4.2: Site-specific weed management (SSWM) scheme realized
by drones and its economical and agro-ecological implications
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SSWM is an improved weed management approach for highly efficient and en-
vironmentally safe control of weed populations [168], enabling precise and continu-
ous monitoring and mapping of weed infestation. SSWM consents to optimize weed
treatments for each specific agronomical situation [169]. The combination of UAVs
with advanced cameras and sensors, able to discern specific weeds [170], and GPS
technologies, that provide geographical information for field mapping, can help in
precisely monitoring large areas in a few minutes. Thanks to more accurate planning
of weed management that can increase mechanical methods effectiveness and/or
reduce herbicide spread [171], the potential agro-ecological and economic implica-
tions of SSWM are remarkable, yielding lower production costs, reducing the onset
of weed resistance, improving biodiversity, and containing environmental impacts
[172]. The application of UAVs to weed control can, therefore, contribute to improve
the sustainability of future agricultural production systems that must comply with
an increasing world population [173].

4.1.4 UAVs remote sensing techniques and sensors

UAVs have become a common tool in precision agriculture [174, 175]. Thanks to
their affordability, user-friendliness and versatility, UAVs are often the primary choice
for fast and precise in situ remote sensing or survey operations. Despite their ver-
satility, these systems may be used for different purposes, depending on the sensors
they carry on. Ongoing research is looking at the best solutions to integrate data
collected from sensors on UAVs, ground sensors and other data sources for better
management of punctual operations in the field, with a particular focus on smart
agriculture and big data management [176, 177]. Although UAVs systems do not
offer the same territorial coverage as satellites, they offer a spatial and temporal res-
olution that other systems do not [178, 179]. From an economic point of view, the
use of drones requires the investment to buy a UAV system with at least a 0.1cm/px
resolution RGB camera, a trained pilot for flight management and post-processing
software capabilities. The initial UAV investment is compensated by the repeata-
bility of flights, which increases the frequency of datasets delivered, and the higher
resolution compared to other systems [180, 181]. UAVs systems also have further
advantages: (1) the possibility to collect easily deployable data in real time (exclud-
ing post-processing); (2) they can be used to survey areas with high level of hazard
and/or difficult to reach; (3) they allow operators to collect data even with unfavor-
able weather conditions, such as in very cloudy or foggy days, under which satellite
detection systems fail or produce very altered datasets [179]. The most important
sensors available as payload are mainly categorized into three classes depending on
the spectral length and number they can record:

• RGB (Red, Green, Blue) or VIS (Visible) sensors;

• Multispectral sensors;
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• Hyperspectral sensors

The RGB or VIS sensors are the most common and largely available commer-
cial cameras (Table 4.1). Their possible applications have been the focus of most
research for years due to their potential and low-cost operational requirements [182,
183]. These sensors are used to calculate vegetation indices such as the Green/Red
Vegetation Index (GRVI), Greenness Index (GI) and Excessive Greenness (ExG) with
acceptable or high levels of accuracy [184, 185]. Also, RGB sensors have been in-
creasingly used for machine learning techniques in object recognition, phenology,
pathologies, and similar purposes. The typical workflow of processing RGB images
from UAVs for remote sensing is: 1. pre-flight planning, 2. flight and image acquisi-
tion, 3. post-processing and indexes or dataset extrapolation. Phase 1 is critical and
essential to collect data of useful quality for the purpose. In the pre-flight planning
phase, the parameters to consider are the definition of the study area, the flight alti-
tude, site topography, weather forecast and local regulations for unmanned flights.
In phase 2, it is recommended to keep the data flow sufficient to store data and to
check if the acquisition platform can acquire the amount of data required. It could
be possible to encounter I/O errors due to the inadequacy of the platform with con-
sequent loss of information or abortion of the mission. In phase 3, for RGB sensors,
there is no need to perform radiometric calibration, which is the case when using
multispectral and hyperspectral sensors. RGB data can be used per se or to create a
georeferenced orthomosaic. In this case, the individual images are rectified, georef-
erenced using GPS data and stitched together to form a single image (orthomosaic)
covering the entire study area. Orthomosaics can be generated either with RGB val-
ues as they are or after calculating the desired vegetation indices. If RGB images are
to be used in machine learning algorithms, the workflow is different [186, 187, 188,
189]. In this case, it is necessary to collect a large dataset of images for the training
and testing of the algorithm [190]. This dataset may already be available from third-
party sources, such as PlantVillage [191] or PlantDoc [192]. Alternatively, it can be
created from scratch if the purpose of the research is not covered by existing datasets
[193]. In this case, the acquisition, selection and processing of the images are criti-
cal, because the final dataset can affect both the training and the use of the neural
network, with risks of producing biased results [194].

TABLE 4.1: RGB cameras and their main specifications

Camera Model
Sensor type and resolution

[Mpx]
Sensor Format

Sensor Size
[mm]

Weight
[kg]

Price (approx.)
[€]

Canon EOS 5d Mark IV CMOS 30.4 Full Frame 36.0 x 24.0 ca. 1.0 ca. 1000
Nikon D610 CMOS 24.3 Full Frame 36.0 x 24.0 ca. 1.250 ca. 1000

Sony Alpha 7R II CMOS 42 Full Frame Mirrorless 35.0 x 24.0 ca. 0.6 ca. 1200
Sony Alpha a6300 CMOS 24 Small Frame Mirrorless 23.5 x 15.6 ca. 0.8 ca. 800

Panasonic Lumix DMC GX8 CMOS 20 Small Frame Mirrorless 17.3 x 13 ca. 0.5 ca. 1000
Panasonic Lumix DMC GX80 DLMOS 16 Small Frame Mirrorless 17.3 x 13 ca. 0.5 ca. 500

DJI Phantom 4 Pro * CMOS 20 Small Frame 13.2 x 8.8 ca. 1.5 (with UAV) ca. 1500 (with UAV)
DJI Mavic 2 Pro * CMOS 20 Small Frame 13.2 x 8.8 ca. 1.5 (with UAV) ca. 1500 (with UAV)
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The multispectral sensors are used for a wider range of calculations of vegetation
indices as they can rely on a higher number of radiometric bands. A comparison of
the most common multispectral sensors, specific for UAV systems, is shown in table
4.2.

TABLE 4.2: Multispectral sensors and their main specifications

Camera Model Resolution [Mpx] Spectral Bands
Ground Sample Distance

[cm/px]
Weight

[kg]
Price (approx.)

[€]
Micasense RedEdge-M 1280 x 960 (1.2 Mpx per EO band) Red, Green, Blue, Near-Infrared, Red Edge 8 (per band) at 120 m AGL ca. 0.180 ca. 5000

Micasense RedEdge-MX 1280 x 960 (1.2 Mpx per EO band) Blue, green, red, red edge, near infrared (NIR) 8 (per band) at 120 m AGL ca. 0.231 ca. 5000

Micasense Altum
2064 x 1544 (3.2 Mpx per EO band)

160 x 120 thermal infrared
EO: Blue, green, red, red edge, near-infrared (NIR)

LWIR: thermal infrared 8-14um
5.2cm per pixel (per EO band) at 120m AGL

81cm per pixel (thermal) at 120m
ca. 0.405 ca. 6000

TertaCam MCAW 6 1.3 6 user selectable narrow bands (450 µm to 1000 µm) - ca. 0.550 ca. 17000
TetraCam ADC Lite 3.2 Green, Red, Near-Infrared (NIR) - ca. 0.2 ca. 3000

TetraCam ADC Micro 3.2 Green, Red, Near-Infrared (NIR) - ca. 0.09 ca. 3000
Parrot Sequoia+ 1.2 Blue, Green, Red, Red Edge, Near-Infrared (NIR) - ca. 0.7 ca. 5000

With multispectral sensors, the range of vegetation indices that can be monitored
is considerably extended compared to those that can be calculated with only three
RGB bands. Moreover, the workflow has minor variations. For these sensors, in
phase 1, the radiometric calibration and atmospheric correction phases are strictly
required. Many multispectral sensors, such as the Micasense RedEdge series or the
Parrot Sequoia + , have downwelling irradiance sensors and a calibrated reflectance
panel to address some of the requirements for radiometric calibration 5.1. Due to a
lower resolution of the sensors compared to RGB ones, a lower flight altitude and
an adequate horizontal and vertical overlap of recorded images must be taken into
account to obtain an adequate ground resolution for the surveyed objective and to
avoid missing data. In phase 2, having a higher number of radiometric bands to
record, the dataflow will be higher so is critical to avoid I/O errors, missing data
or mission failures [195]. Due to multi-lenses nature of the sensors in phase 3, the
data collected suffer from the parallax problem. As a consequence, images have to
be rectified, georeferenced and must be stacked to generate a single image with dif-
ferent radiometric levels, and calibrated with the downwelling irradiance sensors
data acquired during the flight [196]. After this procedure, it is possible to generate
a multispectral orthomosaic and then calculate the requested indexes [197]. Multi-
spectral images are also used in machine learning applications taking into account
the multi-camera nature of sensors and the different bands recorded. Thanks to the
availability of a higher number of radiometric bands, the machine learning algo-
rithms can be extended to not-visible recognition such as early stage plant disease,
field quality assessment, soil water content, and more [197].

The hyperspectral sensors can record hundreds to thousands of narrow radio-
metric bands, usually in visible and infrared ranges. To deal with hyperspectral
applications, the choice of number and radiometric range of bands is critical. Each
band or combination of bands, being very narrow, can detect a specific field charac-
teristic. Each hyperspectral sensor can detect only a certain number of bands, so the
aim of survey must be very clear to choose the right sensor. Although hyperspectral
sensors have decreased in price in recent years, they are still an important starting in-
vestment since they are much more expensive than RGB and multispectral sensors.
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In addition, they are heavier and bigger than other sensors, often making their use
on UAV systems difficult and/or excessively onerous in terms of payload. Some of
most used hyperspectral sensors in UAVs application and their main characteristics
are shown in table 4.3.

TABLE 4.3: Hyperspectral sensors and their main characteristics

Camera Model Lens Spectral Range [µm]
Spectral Bands

[Number and µm]
Weight

[kg]
Price (approx.)

[€]
CUBERT Snapshot + PAN 450 – 995 125 (8 µm) ca. 0.5 Ca. 50000

Cornirg microHSI 410 SHARK CCD/CMOS 400 – 1000 300 (2 µm) ca. 0.7 -
Rikola Ltd. hyperspectral camera CMOS 500 – 900 40 (10 µm) ca. 0.6 ca. 40000

Specim-AISA KESTREL16 Push-broom 600 – 1640 350 (3 – 8 µm) ca. 2.5 -
Headwall Photonics

Micro-hyperspec X-series NIR
InGaAs 900 – 1700 62 (12.9 µm) ca. 1.1 -

In this case, the workflow for radiometric calibration is more complex compared
to other sensors. Some calibration methods needed for these sensors are derived
from manned aircraft hyperspectral platforms, based on artificial targets to assess
data quality, to correct radiance, and to generate a high-quality reflectance data-cube
[198]. In phase 1, the planning must also be carried out in time and not only in space
because, in addition to the spectrometric resolution, hyperspectral sensors have a
temporal resolution due to the different acquisition method. In phase 2, it should be
considered that both images’ size and data flow are bigger than multispectral/RGB
images. Moreover, these sensors may acquire a large amount of data, but the pay-
load limitations of UAVs may not allow the transport of adequate file storage sys-
tems. Phase 3 for hyperspectral images is critical: quality assessment is one of the
critical issues of hyperspectral data and some problems associated with the quality
of the images have not been completely overcome. Among those, the stability of the
sensor itself (due to the nature of UAV platforms) and the vibrations involved can
comprise a good calibration of the sensor. Subsequently, on post-processed data, it is
possible to calculate narrowband indices such as chlorophyll absorption ratio index
(CARI), greenness index (GI), greenness vegetation index (GVI), modified chloro-
phyll absorption ratio index (MCARI), modified normalized difference vegetation
index (MNDVI), simple ratio (SR), transformed chlorophyll absorption ratio index
(TCARI), triangular vegetation index (TVI), modified vegetation stress ratio (MVSR),
modified soil-adjusted vegetation index (MSAVI) and photochemical reflectance in-
dex (PRI) [199].

4.1.5 Applications of UAVs to weed management

UAVs are ideal to identify weed patches. The main advantages of UAVs compared
to UTVs are the shorter monitoring/surveying time they require and optimal con-
trol in the presence of obstacles, which is critical when working between crop rows
[200] In a few minutes, UAVs can cover many hectares flying over the field, thus pro-
viding the photographic material for weed patches identification. These images are
processed via deep neural network, convolutional neural network, and object-based
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image analysis [201, 202]. Based on a systematic review of the literature concerning
weed identification by UAVs, it can be concluded that mainly three types of cam-
eras are used for weed patches identification: RGB, multispectral and hyperspectral
cameras (Table 4.4).

TABLE 4.4: Weed patches identification by different types of camera
(multispectral, RGB, hyperspectral)

Crop
Weed

(common name)
Weed

(scientific name)
Type of camera Main results

- Palmer amaranth - Amaranthus palmeri Hyperspectral camera Discriminate glyphosate-resistant from glyphosate-sensitive weeds
- Spotted knapweed

-Babysbreath
- Centaurea maculosa

- Gypsophila paniculata
Hyperspectral camera Detection invasive species affecting forests, rangelands, and pastures

- Bunchgrass
- Egyptian crowfoot grass

- False amaranth
- Awnless barnyard grass

- Phalaris minor
- Dactyloctenium aegyptium

- Digera arvensis
- Echinochloa colona

RGB camera Identify different weeds

- Ragwort - Jacobaea vulgaris (Senecio jacobaea) Multispectral camera Discriminate weeds in pastures
-Buffel Grass

-Spinifex
- Cenchrus ciliaris

- Triodia sp.
RGB camera Discriminate two different weeds

- Beta vulgaris
- Zea mays

- Hordeum vulgare
- Lens esculenta
- Pisum sativum

- Phaseolus vulgaris
- Carthamus tinctorius

- Cicer arietinum

- Kochia
- Marestail

- Common lambsquarters

- Bassia scoparia
- Conyza canadensis
- Chenopodium album

Hyperspectral camera Discriminate glyphosate and dicamba resistant genotypes from sensitive genotypes

- Triticum spp.
- Triticosecale

RGB camera Comparison of cereal genotypes

Beta vulgaris Weeds Multispectral camera Discriminate crop vs weeds
Beta vulgaris Weeds Multispectral camera Discriminate crop vs weeds
Beta vulgaris - Thistle - Cirsium arvense Multispectral camera Discriminate crop vs weeds

Beta vulgaris
- Thistle

- Wild buckwheat
- Ryegrass

- Cirsium arvense
- Fallopia convolvulus
- Lolium multiflorum

Multispectral camera Discriminate crop vs weeds

Beta vulgaris - Thistle - Cirsium arvense Multispectral camera Discriminate crop vs weeds
Cicer arietinum Weeds Hyperspectral camera Discriminate crop vs weeds

Glycine max
- Palmer amaranth

- Barnyardgrass
- Large crabgrass

- Amaranthus palmeri
- Echinochloa crus-galli

- Digitaria
sanguinalis

- RGB camera
- Multispectral camera

Assessment of crop injury from dicamba

Heliathus annuus

- Pigweed
- Mustard

- Bindweed
- Lambsquarters

- Amaranthus blitoides
- Sinapis arvensis

- Convolvulus arvensis L
- Chenopodium album L

- RGB camera
- Multispectral camera

Discriminate crop vs weeds

Hordeum vulgare
- Thistle

- Coltsfoot
- Cirsium arvense
- Tussilago farfara

RGB camera Discriminate crop vs weeds

Hordeum vulgare - Thistle - Cirsium arvense RGB camera Discriminate crop vs weeds
Hordeum vulgare - Thistle - Cirsium arvense RGB camera Discriminate crop vs weeds

Lactuca sativa
- Common groundsel

- Shepherd’s purse
- Sow thistle

- Senecio vulgaris
- Capsella bursa pastoris

- Sonchus spp.
Multispectral camera Discriminate crops vs weeds

Sorghum spp.

- Amaranth
- Pigweed

- Barnyard grass
- Mallow

- Nut grass
- Fat Hen

- Amaranthus macrocarpus
- Portulaca oleracea

- Echinochloa crus galli
-E. colona

-Malva spp.
- Cyperus rotundus

- Chenopodium album

Hyperspectral camera Discriminate crop vs weeds

Triticum durum
- Wild oat

- Canarygrass
- Ryegrass

- Avena sterilis
- Phalaris canariensis

- Lolium rigidum
Multispectral camera Discriminate crop vs weeds

Triticum durum
- Wild oat

- Canarygrass
- Ryegrass

- Avena fatua
- Phalaris canariensis

- Lolium rigidum

- Hyperspectral camera
-Multispectral camera

Discriminate crop vs weeds

Triticum sp. - Thistle - Cirsium arvense RGB camera Discriminate crop vs weeds
Triticum spp. Weeds Hyperspectral camera Discriminate crop vs weeds
Vitis vinifera - Bermuda grass - Cynodon dactylon RGB camera Discriminate crop vs weeds

Zea mays Weeds Multispectral camera Discriminate crop vs weeds

Zea mays
- Common lambsquarters

- Thistle
- Chenopodium album

- Cirsium arvense
Multispectral camera Discriminate monocotyledons (crops) vs dicotyledons (weeds)

Zea mays
- Common lambsquarters

- Thistle
- Chenopodium album

- Cirsium arvense
Multispectral camera Discriminate crop vs weeds

Zea mays
- Mat amaranth
- Johnsongrass

- Amaranthus blitoides
- Sorghum halepense

Multispectral camera Discriminate crop vs weeds

These cameras are very similar in terms of information obtained for the purpose
of weeds identification. Indeed, the three camera types can recognize weed patches
with good accuracy depending on flying altitude, camera resolution and UAV used.
UAVs have been mainly tested on important crops such as Triticum spp., Hordeum
vulgare, Beta vulgaris, Zea mays [203]. These are among the most cultivated crops
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worldwide and are highly susceptible to weed competition especially in early phe-
nological stages. In these crops, it was possible to identify several dicotyledonous
weeds including Amaranthus palmeri, Chenopodium album and Cirsium arvense [204,
205], as well as different monocotyledonous such as Phalaris spp., Avena spp. and
Lolium spp. [206, 207]. These weed species are wide-spread globally and can be a
serious threat to different crops. Therefore, the combined use of UAVs and image
processing technologies may contribute to effectively control different weed species
interfering with the crops with relevant environmental benefits [208].

4.1.6 Conclusions

The use of UAVs and machine learning techniques allow for the identification of
weed patches in a cultivated field with accuracy and can improve weed manage-
ment sustainability [202]. Weed patches identification by UAVs can facilitate inte-
grated weed management (IWM), reducing both the selection pressure vs herbicide-
resistant weeds and herbicides diffusion in the environment [171]. Recent research
has shown that new technologies are able to discern single weed species in open
fields [170, 207]. If integrated with weed management planning, this information
gathered via remote imaging analysis can contribute to sustainably improve weed
management. In addition, imaging analysis can help in the study of weed dynamics
in the field, as well as their interaction with the crop, which both represent a nec-
essary step to define new strategies for weed management based on interspecific
crop–weed interactions [209, 210, 211]. Recent studies demonstrate that some weed
communities are actually not detrimental to crop yield and quality [209, 210]. In
winter wheat cultivation, a highly diversified weed community caused lower yield
losses than a less diversified one [211]. In soybean, through a combination of field
experiments in which weed species were manipulated in composition and abun-
dance, it has been shown that increasing levels of weed competition resulted in an
increase in seed protein content without impairing yield. Most likely, the integration
of known and emerging technologies in this field will greatly improve the sustain-
ability of weed control, following the SSWM approach. By image analysis, different
machine learning techniques will be able to provide a reliable overview of the level
and type of infestation. Specific algorithms can be trained to manage weeds removal
by Autonomous Weeding Robot (AWR), via herbicide spray or mechanical means,
as showed in figure 4.3 as proof of concept [212].
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FIGURE 4.3: A proof of concept of an integrated automatic weed man-
agement system

Also, the creation of a specific weed images dataset is crucial to achieve this
goal. This approach must necessarily rely on a dataset of photographs taken in ded-
icated experimental fields, labeled in extended COCO/POCO (Common Objects in
COntext/ Plant Objects in COntext) format [194] and integrated with images from
Plant-Village dataset [191] or other existing ones. New insights on weed popula-
tion dynamics and their competition with crops are needed in order to extend this
approach to real agricultural contexts, so as to specifically recognize and eliminate
only harmful weed species. The overall objective is to overcome the consequences
of biological vacuum around the crop, which has been proved to be highly impact-
ing for both biotic and the abiotic components of the environment [213, 214], with
long-term consequences on human safety on earth.

4.2 Optimizing Crop Segmentation in Heterogeneous Agri-
culture Scenario across Phenology of Brassica oleracea
var. botrytis

4.2.1 Introduction

Weeds, which are defined as undesirable plant species, grow simultaneously along
the crops and consume the nutrients which are mandated only for crop consump-
tion. This inhibits the crop growth and harbors threat in terms of viral crop diseases
and problematic insects. They are mostly damaging to crop yield if they have ad-
vantages over the crop in some or the other way. Mapping and removal of weeds
in early stages of weed emergence will not only be relatively less complicated but
also less time-and-cost consuming over later stages of the crop where there is high
spectral overlap and heterogeneity. Therefore, there’s a need for mechanism which
facilitates identification of crops and weeds in early stages so that irrespective of
temporal change, crops and/or weeds can be segmented and classified across all
phenological stages. There are various publications dealing in discrimination of
crops and weeds in digital images, over parameters of spectra, geometry, texture,
and height (see 4.1. Although commercially some solutions are oriented at early
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stages of weed growth, there’s a need for less computationally expensive solutions
which can facilitate and augment segmentation. This produces a cascading require-
ment for tools which should be capable of periodical monitoring of crops for precise
intervention for weed removal. If spraying of weedicides could be limited to just the
weed-affected areas, the ecological harm in terms of soil contamination and over-
spraying onto crop regions can be reduced. This can be achieved when the weed
information in aerial images is supported by geolocation information at millime-
ter level accuracy. The assessments in this subsection showed that crop and weed
segmentation through use of machine learning and deep learning algorithms like
ResNet, DenseNet, U-Net, DeepCluster DeepLab and VGGNet had limitations in
terms of handling of spectral overlap and performance in heterogenous environ-
ments.

4.2.2 Materials and Methods

The study in this subsection is focused on facilitating crop segmentation across early
stages of cauliflower in a heterogeneous environment where there are varying light-
ing conditions, different soil moisture levels, occlusion and infestation by weeds.
The sensor in use is DJI Phantom IV Pro for capturing true color (RGB) images and
Micasense RedEdge-M for capturing multi-spectral images of cauliflower crop field
at different time intervals. The study area is a cauliflower field located in Depart-
ment of Agricultural Sciences, University of Naples Federico II, Portici, Italy. The
classes of interest in the imagery are weeds and cauliflower leaves, The analysis
over these images was done by making use of several band ratios such as Normal-
ized Difference Vegetation Index (NDVI), Modified Soil Adjusted Vegetation Index
(MSAVI2), some image super resolution techniques and morphological operations
for optimization of segmentation outputs. The preliminary results have crop seg-
mentation masks as the end output. The subsequent step would be automatic anno-
tation. Current methods require annotating images in a manual fashion via image
labeling software/tools such as CVAT or LabelStudio which is time consuming and
tedious. The aim is therefore to facilitate a tool that improves the quality of the
image in terms of level of details and crop characters in presence of weeds. There is
also a requirement to understand the spectral overlap among weeds and cauliflower
leaves in order to quantify the correlation among both. The final goal is to improve
the recognition of weeds and ameliorate the classification process amongst under-
lying species of weeds. Once the crops are segmented in the early stages of weed
growth, these results can be a prerequisite for training and annotations. Mapping
weed affected areas for mechanized-spraying of herbicides through drones (UAVs)
and/or rovers (UTVs). Not only this will provide a huge relief from ecological per-
spective but also beneficial for any project from economical point of view.

Flight missions were scheduled at a one-week time interval in order to appreciate
the phenological growth of weeds. Two flights were conducted each week: one with
an RGB sensor and the other with a multispectral sensor (MicaSense RedEdge-M)
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with a mission that ensured an overlap between successive snapshots of at least
75%. An example flight plan with the relative positions of the individual shots is
shown in figure 4.4.

FIGURE 4.4: Flight plan of a multispectral survey mission

4.2.3 Results and Discussion

First results were obtained by applying object based segmentation algorithms. A
first approach was to segment the crop and then exclude it from the subsequent
process, in order to segment only the weeds while excluding the crop. The results of
this first approach can be seen in figure 4.5, where different segmentation techniques
based on different algorithms are shown. figure 4.5d shows a first segmentation of
the weeds obtained with the elimination of the cultivation thanks to the segmenta-
tion of the first phase, as explained above.
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FIGURE 4.5: First results with segmentation algorithms

Subsequently, the algorithm was tuned to be able to allow direct weed segmen-
tation. The processing area was confined to the intra-row and inter-row space of the
crop, as shown in figure 4.6.

FIGURE 4.6: Area of interest for segmentation algorithm

The key steps in this approach were as follows:

• UAV image sequence;

• Subset creation;

• Bicubic SR at interpolation factor 4 (optional);

• MSAVI2 (Modified soil adjusted vegetation index);

• Otsu thresholding;



Chapter 4. Deep Learning approach to sustainable weeds on-field management 83

• Mask inversion;

• Morphological erosion by radius > 0 and radius < 3 for weeds And radius
> 7 and radius < 10 for cauliflowers.

The results can be seen in figure 4.7 where it can be seen that, starting from
a pure RGB image (figure 4.7a), a first segmentation results unsatisfactory (figure
4.7b), while using a multispectral index that allows the removal of the soil and iso-
late the weeds (in the specific case MSAVI2), the segmentation of the weeds results
better and satisfactory (figure 4.7c).

FIGURE 4.7: Weed segmentation in area of interest

Preliminary results show that segmentation even of weeds in an early phenolog-
ical state is possible. However, the segmentation algorithm needs to be improved
in order to handle the various time phases of weed growth during which the shape,
size, and morphological characteristics of weeds change.

4.2.4 Conclusions

By creating automated segmentation masks, it is possible to speed up, or even auto-
mate, the process of labeling images in order to use the datasets to train an artificial
intelligence to recognize weeds using Deep Learning algorithms. The results dis-
played above show promising approaches towards this purpose. The first approach
of segmenting the crop and then excluding it and segmenting only the weeds turned
out to be unsatisfactory in contrast to the approach of directly segmenting the weeds
using pure RGB source images or via multispectral indices. Further studies are un-
derway to refine the segmentation algorithms and automate the process.
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Chapter 5

Digital agriculture in ecohydraulics
applications

5.1 Bulk Drag Predictions of Riparian Arundo donax Stands
through UAV-Acquired Multispectral Images

5.1.1 Introduction

The presence of aquatic vegetation inside vegetated open channels has a strong im-
pact on flood hazards in urban areas [217, 218, 219]. The identification of the riparian
vegetation traits affecting flow resistance is one of the most relevant topics of both
modeling and experimental analyses in ecohydraulics [220, 221]. Riparian plants
behave differently depending on their bio-mechanical and morphometric traits, and
on their submergence. According to Västilä and Järvelä [220], when flexural rigid-
ity of riparian plant’s stems is very far from negligible, flow resistance associated
with weed riparian vegetation species can be computed by exploiting Leaf Area In-
dex (LAI). to estimate the so-called bulk drag coefficient (CD)[222, 223]. The impli-
cations of the interaction between flow and vegetation in vegetated water bodies
on their main fluid dynamic features have been largely investigated in many ex-
perimental and numerical analyses by schematizing riparian plants as natural-like
elements [224, 225, 226, 227]. Among other methods associated with remote sens-
ing data, digital processing of images acquired through Unmanned Aerial Vehicles
(UAV) represents a promising tool for mapping the most relevant riparian vegeta-
tion parameters within vegetated water bodies. UAV-based multi and hyperspec-
tral images have been largely applied in many forestry and precision agriculture
studies [228, 229, 230, 231]. However, a methodology for predicting the main hy-
drodynamic features of real vegetated water bodies based on these approaches is
still an open research window. Indeed, most previous studies in real-scale ripar-
ian vegetation and hydrodynamic conditions have analyzed riparian plants by di-
rectly collecting them from the field, as reported by Västilä and Järvelä [220]. In
this chapter is presented one of the first efforts in estimating and validating bulk
drag coefficients (CD) induced by 9–10m high Arundo donax stands, a very common
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riparian species [232], covering an abandoned drainage channel, based on vegeta-
tive flow resistance model proposed by Västilä and Järvelä for rigid plants [220]
through the digital processing of UAV-acquired multispectral images. As shown by
Etminan et al. [233], when dealing with real vegetated water bodies, vortices and
mixing production associated with riparian vegetation stands depends on the only
bulk drag coefficients (CD), which consequently affects the environmental quality
of both terrestrial and aquatic ecosystems within. Thus, to predict the effects of
riparian vegetation stands morphometry on the hydrodynamic behavior of real veg-
etated streams, the knowledge of real-scale bulk drag coefficients (CD) is essential.
First, the study case is presented in terms of ecohydraulic and phenological condi-
tions of the examined riparian vegetation species. Streamwise velocity components
and ground-based Leaf Area Index (LAI) measurements were carried out at 30 cross-
sections uniformly spaced along the examined vegetated drainage channel by means
of a propeller-type OTT® C31 Universal Current Meter (OTT HydroMet - Kempten,
Germany) and LI-COR® LAI2000 Plant Canopy Analyzer (LI-COR Inc. - Lincoln,
Nebraska USA) device, respectively. The ground-based LAI measurements of the
portion of Arundo donax stands effectively interacting with water flow (hereinafter
indicated as LAI∗) were then correlated to UAV-based Normalized Difference Vege-
tation Index (NDVIUAV) maps of the examined riparian stands to obtain LAI∗ maps
of the whole channel, whose values are hereinafter indicated as LAI∗UAV . In detail, 10
ground-based LAI∗ measurements were randomly taken across each of the 30 exam-
ined cross-sections, and the NDVIUAV values corresponding to the pixel located at
the same measuring points were then compared to them. It was demonstrated that
the uncertainties associated with LAI∗UAV∗ of the examined 9 − 10m high Arundo
donax stands based on digital processing of multispectral images do not heavily
affect the distribution of (CD) predictions along the examined vegetated drainage
channel, being NDVI a very robust predictor of LAI∗.

5.1.2 Materials and Methods

Study Area

The study area examined in the present study is a 115.5m long and 5.50m wide aban-
doned vegetated drainage channel, with a slope approximately equal to 0.5%, col-
onized by 9− 10m high Arundo donax stands, most known as giant reed, located in
Nola (Campania, Southern Italy), as displayed in figure 5.1. Three experimental field
campaigns were carried out in the study area, two of them devoted respectively to
flow velocity measurements and ground-based Leaf Area Index measurements of
Arundo donax stands’ portion effectively interacting with flow (LAI∗) at 30 channel’s
cross-sections, whilst the third was devoted to Normalized Difference Vege-tation
Index (NDVI) mapping derived by UAV-acquired multispectral images of the ex-
amined riparian plants.
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FIGURE 5.1: Study area overview: the yellow ellipse indicates the
vegetated drainage channel fully covered by 9 − 10m high Arundo

donax stands. The yellow arrow indicates the flow direction

The examined channel serves a densely urbanized area, representing both a key
infrastructure for mitigating pluvial and flash floods and offers important ecosystem
services. It is uniformly 2m deep and thus the 9− 10m high Arundo donax stands
were emergent. Figure 5.2a gives a view of the examined drainage channel, while
figure 5.2b and figure 5.2c show respectively its upstream and downstream cross-
sections.

FIGURE 5.2: (a) Aerial view of the vegetated drainage channel fully
covered by 9− 10m high Arundo donax stands, indicated by the yel-
low ellipse, and drainage channel’s retaining wall. (b) Upstream and
(c) Downstream cross-sections of the vegetated drainage channel, re-
spectively indicated by dashed and continuous white ellipses. The

yellow arrow indicates the flow direction
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As depicted in figure 5.3, LAI∗ and flow velocity measurements were carried
out at 30 cross-sections, uniformly distributed along the vegetated drainage channel
examined in the present study, located 3.85m apart. In detail, 10 LAI∗ measure-
ments were randomly carried out at each cross-section for a total of 300 data, while
the streamwise velocity measurements were performed at 27 measuring points be-
longing to an experimental measuring grid arranged to calculate the flow average
velocity U. It was then possible to estimate a discharge of 0.14m3s−1.

FIGURE 5.3: Aerial view of the 30 cross-sections of the vegetated
drainage channel fully covered by 9− 10m high Arundo donax, located

3.85m apart. The yellow arrow indicates the flow direction

The three experimental setups adopted here to perform streamwise velocity com-
ponents u, LAI∗, and NDVI measurements are described in the next subsections.

Experimental Hydrodynamic and Riparian Vegetation Measurements

Hydrodynamics of vegetated streams is highly affected by the different responses
of the natural elements involved in the real-scale interaction between water flow
and riparian plants to water flow. As shown in figure 5.4, rigid and emergent reed,
or giant reed stands, covering vegetated open channels are subjected to two forces
according to the well-known cantilever beam theory: weight force W, proportional
to gravity acceleration g and drag force FD, proportional to flow average velocity U.
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FIGURE 5.4: Hydrodynamic scheme of rigid emergent Arundo donax
stands interacting with water flow in vegetated streams: h and hv are
the water level and the height of the stand, respectively. The yellow
arrow indicates the flow direction. Adapted from Lama and Chirico

[223]

Under these physical assumptions, flow average velocity U can be expressed as
follows [223]:

U =

√
2g

CDLAI∗
RJ (5.1)

where CD is the so-defined bulk drag coefficient [220] to which corresponds the
flow average velocity U of each Arundo donax stand analyzed here, LAI∗ is the Leaf
Area Index of the portion of Arundo donax stands effectively interacting with flow,
R is the hydraulic radius defined by the ratio between flow area wetted perimeter
at each cross-section, and J is the slope of the energy line, equal to the channel’s
bed longitudinal slope under the hypothesis of uniform flow conditions. Thus, by
applying the model proposed by Västilä and Järvelä [220], it is possible to compute
the corresponding values of bulk drag coefficients CD as follows:

CD =
2g

U2LAI∗
RJ (5.2)

Streamwise velocity components u (ms−1) were measured at each of the 30 chan-
nel’s cross-sections through a propeller-type OTT® C31 Universal Current Meter, as
depicted in figure 5.5a. The experimental measuring grid was composed of 27 points
spaced 0.50m in both vertical and spanwise (or horizontal) directions, as shown in
figure reffig:measuringgridb. Flow area and wetted perimeter of each cross-sections
were assessed by considering the real channel’s bed topography. Flow average ve-
locities U were then computed once the experimental cross-sectional u distribution
at each examined channel’s cross-section was known.
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FIGURE 5.5: (a) Scheme of the measuring grid composed of 27 points
at each cross-section (violet measuring points) employed for the ex-
perimental velocity measurements. (b) Propeller-type OTT® C31
Universal Current Meter device, sliding on a vertical round wading
rod (red bidirectional dashed arrows). The yellow arrow indicates the

flow direction

LAI analysis is representative of riparian vegetation growth and health, widely
employed in the analysis of climate change effects on flooding hazards, as reported
in many works on the protection and improvement of ecological services in both
natural and manmade environments [199, 234, 184]. In the present study, a total of
300 LAI∗ measurements were performed at 30 cross-sections, spaced 3.85m along
the vegetated drainage channel under diffusive sky conditions to reduce the effect
of sunlight fluctuations. As displayed in figure 5.6a, ten LAI∗ measurements were
randomly retrieved at each cross-section and then used for further statistical anal-
yses, according to an experimental methodology introduced by Lama et al. [235].
In their research, the authors analytically quantified the uncertainty in indirect LAI
measurements and its impact on the accuracy of flow velocity estimations based on
the vegetative flow resistance model proposed by Västilä and Järvelä [220]. After a
preliminary phase of signal calibration indicated by figure 5.6b, the 150° wide op-
tical sensor of LI-COR® LAI2000 Plant Canopy Analyzer device measured the rate
of sunlight transmitted through the Arundo donax canopy corresponding to the por-
tion of vegetation going from the top of the channel’s retaining wall (position G1 in
figure 5.6a) to water table (position G2 in figure 5.6a), indicated as ∆∗. It was com-
puted as the difference between the ground-based LAI measurements carried out at
position G1 and those per-formed at position G2. An example of ground-based LAI
measurements carried out at position G1 is reported in figure 5.6c.
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FIGURE 5.6: (a) Experimental scheme of LAI∗ measurements: G1 and
G2 are respectively the measuring positions located above the chan-
nel’s retaining wall and above water level (purple circles), while ∆∗

is the portion of Arundo donax effectively interacting with flow (pur-
ple line), to which corresponds LAI∗. (b) Sunlight calibration of LI-
COR® LAI2000 Plant Canopy Analyzer device and (c) ground-based
LAI measurements at position G1 associated with the channel’s up-

stream cross-section

In this chapter, UAV-based images of the examined vegetated drainage channel
were acquired through a MicaSense® RedEdge-M (MicaSense - Seattle, USA) mul-
tispectral camera mounted on a FIMI® Xiaomi MiDrone 4k multirotor (FIMI Robot
Technology Co., Ltd. - Shenzen, China) device and supported by GPS + compass
and downwelling sun sensors, as shown in figure 5.7a. A total of 1640 multispec-
tral images were taken on average for each experimental UAV flight. After data
collection in the field, the acquired images were then digitally post-processed. The
radiometric calibration of the MicaSense® RedEdge-M multispectral camera’s sen-
sors (Figure 5.7b) was carried out by taking a single multispectral photograph to a
reference calibration panel (Figure 5.7c) before and after each UAV flight. In detail,
the radiometric calibration was performed by considering the experimental sunlight
conditions in the field, based on the known panel wavelength value, as described by
Mamaghani and Salvaggio [236] and Hakala et al. [237], among others. As shown
in figure 5.7d, since the experimental field is in a highly urbanized area, Ground
Control Points (GCP) were taken either by taking coordinates of known fixed points
(building corners, street corners, and so on) or by using GCPs placed in the experi-
mental area. All GCPs have known coordinates recorded by a differential real-time
kinematics (RTK) GPS [238].
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FIGURE 5.7: (a) View of the UAV employed in this study. Multispec-
tral camera, downwelling sun sensor, and GPS + compass sensor are
here indicated by yellow, pink, and blue arrows, respectively. (a) Mi-
caSense® RedEdge-M multispectral camera, fixed as payload on the
selected UAV. (c) Reference calibration panel employed for calibrat-
ing the multispectral camera to the field sunlight condi-tions and (d)

Ground control point overview (orange arrow)

In this chapter, digital image and orthorectification processing were performed
according to the following workflow:

1. Import photos and manually remove image outliers: photos taken before and
during UAV take-off, during UAV landing, photos outside the boundaries of
the experi-mental vegetated drainage channel;

2. Conversion of geotagged images (WGS84) GPS coordinates to match GCPs
coordinate system;

3. Photo alignment and import GCPs list (also include the accuracy of 3D coordi-
nates X/Y/Z);

4. Verify and link markers to images. It was feasible to mark each GCP in 3–6
images since the acquired images and markers have the same coordinate ref-
erence system;

5. Sparse point cloud cleaning, removing all points with reprojection error higher
than 1, camera alignment optimization, and dense cloud building;

6. Digital Elevation Model (DEM) building from dense cloud and orthomosaic
based on DEM.



Chapter 5. Digital agriculture in ecohydraulics applications 93

MicaSense® RedEdge-M multispectral camera’s most relevant parameters and their
ranges are summarized in the next table 5.1.

TABLE 5.1: Main parameters of the MicaSense® RedEdge-M multi-
spectral camera employed in this chapter, and ranges

Parameters Ranges
Weight 170g (Including DLS)
Dimensions 9.4cm ∗ 6.3cm ∗ 4.6cm
Power 4.2V - 15.8V, 4W nominal, 8W peak
Spectral Bands Narrowband: Blue, Green, Red, Red Edge, Near IR
Ground Sample Distance 8.2cm/pixel (per band) at 120m AGL
Max Capture Speed 1 capture per second (all bands), 12-bit RAW

The UAV device employed here to acquire and then digitally process the mul-
tispectral images of the 9 – 10m high Arundo donax stands covering the examined
vegetated drainage channel is shown in figure 5.8a. Each experimental UAV flight
plan was set to obtain the highest quality of image acquisition in terms of the camera
sensors’ coverage, as displayed in figure 5.8b.

FIGURE 5.8: (a) UAV (yellow ellipse) and (b) experimental flight plan
overviews. The yellow arrow indicates the flow direction

In this chapter, the UAV flight plan was set to an altitude and a flight speed
equal respectively to 20m and 3ms−1, this way it was possible to obtain an average
overlap between two consecutive multispectral photos of 75% both vertically (along
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the flight direction) and horizontally (orthogonal to the flight direction) as well as
minimize the influence of wind turbulence generated by UAV rotors on the exam-
ined Arundo donax stands. All the multispectral images acquired here were then
processed via a structure-from-motion algorithm to rectify, stitch, and assemble the
orthomosaic of the vegetated drainage channel. UAVs are considered as a fast way to
assess riparian vegetation indicators such as riparian stands LAI in hardly accessible
areas like abandoned vegetated streams. The digital processing of multispectral im-
ages acquired through UAV devices represents a useful tool to remotely observe the
growth in riparian vegetation cover and, therefore, the hydrodynamic behavior of
vegetated open channels colonized by riparian stands in natural phenological con-
ditions. The first outcome of this research is represented by the direct correlation be-
tween NDVI derived by UAV-acquired multispectral images (NDVIUAV) and LAI∗

measurements of the examined riparian vegetation cover, obtained by adopting the
same methodology reported in previous precision agriculture studies on UAV-based
crop production indicators [239, 240]. Riparian vegetation NDVIUAV maps are ex-
tremely useful for flooding risk management in natural and urban vegetated areas.
In detail, NDVIUAV estimations of the 9 – 10m high Arundo donax stands were eas-
ily derived by digitally processing UAV-acquired multispectral images by applying
the following equation obtained on the basis of the spectral reflectance wavelengths
ranging between 680nm and 785nm [241, 242]:

NDVIUAV =
ρNIR − ρRED

ρNIR + ρRED
(5.3)

where ρNIR and ρRED are the experimental spectral reflectance measurements of
the examined Arundo donax stands acquired by the multispectral camera’s sensors
in the Red-Edge and Near-Infrared regions, respectively. The typical values of the
five spectral bands and center wavelength acquired by the multispectral camera’s
sensors are shown in table 5.2, where the Band Number and corresponding names,
the center of each spectral band in terms of Wavelength (nm), and the Bandwidth
(nm) in terms of Full Width at Half Maximum (FWHM) are summarized.

TABLE 5.2: Spectral bands acquired by the multispectral camera’s
sensors and features: Band Number, Band Name, Center Wavelength
(nm), and Bandwidth (nm) in terms of Full Width at Half Maximum

(FWHM)

Band Number Band Name Center Wavelength (nm) Bandwidth FWHM (nm)
1 Blue 475 20
2 Green 560 20
3 Red 668 10
4 Red Edge 717 10
5 Near IR 840 40

In this chapter, the LAI∗ map associated with the 9 – 10m high Arundo donax
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stands covering the examined vegetated drainage channel was obtained based on a
comparison performed between NDVIUAV map and LAI∗ measurements, both cor-
responding to the same 10 measuring pixels randomly distributed across each of the
30 channel’s cross-sections, for a total of 300 pairs of data. NDVIUAV values were
computed from a multispectral orthomosaic created in Agisoft® Metashape Pro v1.6
software via raster algebra operations to stitch together all UAV-acquired multispec-
tral images were aiming at creating a single digital image of the examined vegetated
drainage channel. The 300 pairs of data were randomly split into a training dataset
composed of 200 pairs of data, employed to calibrate the linear regression and a test
dataset composed of 100 pairs of data, to validate it, as suggested by Arsenault et al.
[243], among others.

Following equation 5.2, the average LAI∗ referred to each of the 30 examined
channel’s cross-sections and those estimated by applying the linear regression law
obtained between NDVIUAV and LAI∗were employed to calculate the cross-sectional
bulk drag coefficients (CD), respectively indicated as CDob. and as CDes. . By directly
comparing them, it was possible to analyze the impact of the uncertainty in UAV-
based LAI∗ (LAI∗UAV) values on the real-scale bulk drag coefficients (CD) predictions
associated with the vegetated drainage channel examined in this study, to assess
the reliability in employing them in more complex ecohydraulic numerical models
of real vegetated streams fully covered by riparian weed species as Arundo donax
stands at field scale.

5.1.3 Results

Flow Velocity Measurements

For the sake of brevity, figure 5.9a and figure 5.9b show the experimental cross sec-
tional distributions of streamwise velocity components u (ms−1) at respectively the
only upstream and downstream cross sections of the vegetated drainage channel
fully covered by 9− 10m high Arundo donax stands.
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FIGURE 5.9: Experimental cross sectional distributions of streamwise
velocity components u (ms−1) at the vegetated drainage channel’s (a)

upstream and (b) downstream cross sections

In table 5.3 are summarized the experimental values of flow area A (m2), wet-
ted perimeter χ (m), hydraulic radius R (m), and flow average velocity U (ms−1)
computed at the same 30 channel’s cross sections selected for comparing LAI∗ and
NDVIUAV .
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TABLE 5.3: Values of the hydraulic parameters of the 30 measuring
channels’ cross sections: flow area A (m2), wetted perimeter χ (m),

hydraulic radius R (m), and flow average velocity U (ms−1)

Cross-Section A (m2) χ (m) R (m) U (ms−1)
1 8.695 8.120 1.071 0.01725
2 8.720 8.060 1.082 0.01720
3 8.705 8.115 1.073 0.01723
4 8.730 8.240 1.059 0.01718
5 8.656 8.145 1.063 0.01733
6 8.673 8.116 1.069 0.01730
7 8.689 8.148 1.066 0.01726
8 8.711 8.161 1.067 0.01722
9 8.654 8.162 1.060 0.01733
10 8.667 8.116 1.068 0.01731
11 8.734 8.129 1.074 0.01717
12 8.697 8.123 1.071 0.01725
13 8.710 8.144 1.069 0.01722
14 8.630 8.112 1.064 0.01738
15 8.724 8.130 1.073 0.01719
16 8.686 8.126 1.069 0.01727
17 8.724 8.115 1.075 0.01719
18 8.710 8.120 1.073 0.01722
19 8.700 8.112 1.072 0.01724
20 8.600 8.134 1.057 0.01744
21 8.670 8.171 1.061 0.01730
22 8.768 8.152 1.076 0.01711
23 8.713 8.114 1.074 0.01721
24 8.555 8.105 1.056 0.01753
25 8.668 8.130 1.066 0.01731
26 8.668 8.160 1.062 0.01731
27 8.665 8.117 1.068 0.01731
28 8.760 8.120 1.079 0.01712
29 8.631 8.128 1.062 0.01738
30 8.650 8.130 1.064 0.01734

Arundo donax Stands’ NDVIUAV Map

As suggested by Jimenez-Berni et al. [244], it was feasible to obtain the so-called
Canopy Height Model (CHM) map in figure 5.10a, representing the map of Arundo
donax stands’ heights directly from DEM based on the digital processing of the UAV-
acquired multispectral images. Then, the NDVIUAV map was retrieved by applying
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equation 5.3 at each pixel of the UAV-acquired multispectral images, as shown in
figure 5.10b.

FIGURE 5.10: UAV-based (a) Canopy Height Model (CHM) and (b)
Normalized Difference Vegetation Index (NDVIUAV) maps of the 9 –
10m high Arundo donax stands. The yellow arrow indicates the flow

direction

It is important to highlight here that UAV-acquired multispectral images refer to
the reflectance properties of the upper portions of Arundo donax stands’ canopy and
stems, which are necessarily correlated to the lower stands’ portion effectively inter-
acting with water flow dynamics, due to phenological and morphological processes,
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inevitably affected by the whole Arundo donax growth [245]. A complete analysis
of the interplay between all the biological components of green volumes involved
in these processes is out from the purposes of this chapter and will be examined
more in detail in further works on riparian Arundo donax and Phragmites australis
stands’ growth. Consequently, the further comparative analysis can be considered
as properly representative of the real phenological evolution of the examined ripar-
ian vegetation species.

NDVIUAV and LAI∗ Correlation, Calibration and Validation

As reported in figure 5.11, in order to detect the degree of dependence between LAI∗

and NDVIUAV and to establish a possible correlation between the two experimen-
tal vegetation indices corresponding to the examined 9 – 10m high Arundo donax
stands, a linear regression analysis was performed on 300 pairs of data recorded at
30 channel’s cross-sections, based on split sampling validation method. In detail,
200 data were analyzed for the training set to calibrate the regression linear law, and
the remaining 100 data were employed for validating it.

FIGURE 5.11: Linear law between NDVIUAV and LAI∗ referred to
the 30 channel’s cross-sections, for a total of 300 pairs of data. The
Training (200 pairs of data) and Test datasets (100 pairs of data) are in-
dicated here by yellow unfilled circles and purple unfilled diamonds,

respectively

A high correlation existing between NDVIUAV values and LAI∗ ones was ob-
served in figure 5.11, testified by a coefficient of determination R2 equal to 0.77. This
demonstrates that NDVIUAV represents a good predictor for LAI∗ measurements
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in vegetated flows fully covered by senescent Arundo donax stands. The regression
model obtained here is a linear function with an angular coefficient equal to 0.94
and a low intercept equal to 0.37. Based on a test set composed of 100 pairs of data,
the validation of the linear regression confirmed the high level of correlation exist-
ing between the two riparian vegetation indices analyzed here (R2 = 0.75). The
LAI∗ values obtained by applying the linear law displayed in figure 5.11 to all the
NDVIUAV map pixels are indicated as LAI∗UAV , and the corresponding map is pre-
sented in figure 5.12 to visualize LAI∗UAV distribution along the whole vegetated
drainage channel fully covered by 9 – 10m high Arundo donax stands.

FIGURE 5.12: LAI∗UAV map of the vegetated drainage channel fully
covered by 9 – 10m high Arundo donax stands. The yellow arrow in-

dicates the flow direction

Comparison of Bulk Drag Coefficients (CD) Predictions

Figure 5.13 reports a comparative analysis performed between bulk drag coefficients
(CD) predictions obtained by employing respectively ground-based LAI∗ (CDob.) and
LAI∗UAV estimations (CDes.) of the examined Arundo donax stands. A linear regres-
sion analysis was carried out to easily evaluate the impact of the performance of
UAV-based multispectral imagery on (CD) predictions accuracy, based on the vege-
tative flow resistance model proposed by Västilä and Järvelä for rigid and emergent
riparian stands [220].
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FIGURE 5.13: Comparison of bulk drag coefficients obtained through
average LAI∗ and LAI∗UAV estimations at the 30 channel’s cross sec-

tions, respectively indicated as (CDob. ) and (CDes. )

It emerges from the comparative analysis shown in figure 5.13 that CDob.) and
CDes.) assume values extremely comparable, almost identical, as indicated by a very
high coefficient of determination R2 = 0.98.

5.1.4 Discussion

UAV-based remote sensing allows recording riparian vegetation dimensional traits
in areas whose access is difficult. UAVs are widely used in precision agriculture and
forestry studies and applications to calculate and then mapping riparian vegetation
indexes. Their use can be extended to the prediction LAI in areas where it is not
possible to easily harvest riparian vegetation samples, such as abandoned vegetated
open channels. The outcomes of the study in this chapter showed a good correlation
between ground-based LAI measurements and NDVI derived by digital processing
of UAV-acquired multispectral images. The outcomes in terms of LAI distributions
agree with the main findings of the study carried out by Fagnano et al. [246] who
experimentally recorded LAI of Arundo donax stands during their whole phenologi-
cal evolution for one year. The accuracy of LAI estimations of the portion of 9 – 10m
high Arundo donax stands effectively interacting with water flow, derived from the
NDVIUAV map obtained from UAV-acquired multispectral image is highly compa-
rable with the outcomes of the study proposed by Tan et al. [247], which analyzed
different types of wheat plants at distinct growth and foliation stages. Indeed, they
obtained values of coefficients of determination R2 equal to 0.78, 0.77, and 0.76 for re-
spectively erectophile, middle, and planophile samples, equal to that observed here
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(R2 = 0.77), corresponding to a phenological condition of Arundo donax senescence.
The main assumption made here in terms of ground-based LAI estimations leads to
the morphological and phenological correlations existing between the upper ripar-
ian canopy and lower stems. This issue can be overcome in future studies by accu-
rately monitoring the 3D morphometry of Arundo donax stands’ covers at field scale
in many different vegetated streams in natural conditions. It was observed that bulk
drag coefficients predictions are independent, or very little dependent, on the uncer-
tainty in LAI∗ derived by digital processing of UAV-acquired multispectral images
of Arundo donax stands covering the examined vegetated drainage channel, indicat-
ing that UAV-based NDVI is a suitable parameter to be employed in the prediction
of bulk drag coefficients of senescent riparian Arundo donax stands. It is extremely
interesting since, as reported in the studies performed by Luhar and Nepf [248] and
Zhang and Nepf [249], an accurate prediction of the actual bulk drag coefficients
is crucial for analyzing the effects of the combination of stems reconfiguration and
plants canopy sheltering on the mean and turbulent hydrodynamic behavior of real
vegetated water bodies. Differently from the study case in this chapter characterized
by the massive presence of invasive and senescent Arundo donax stands, Zhang and
Nepf [249] have examined experimental data retrieved under a condition of patchy
riparian vegetation, which inevitably limited the reduction of bulk drag coefficients
(CD) compared to the experimental field condition of total riparian vegetation aban-
donment observed in our real-scale analysis.

5.1.5 Conclusions

Bulk drag coefficients (CD) associated with a real vegetated drainage channel fully
covered by 9 – 10m high Arundo donax stands were predicted and validated here,
based on the LAI map derived by NDVI assessments obtained through digital pro-
cessing of UAV-acquired multispectral images of the riparian vegetation cover.
NDVIUAV map values were correlated to ground-based LAI measurements of Arundo
donax portion effectively interacting with flow to obtain LAI∗ maps to estimate the
bulk drag coefficients (CD) associated with 30 cross-sections identified along the ex-
amined vegetated drainage channel. It was possible applying the predictive model
of vegetative flow resistance proposed by Västilä and Järvelä [220] once the exper-
imental values of the main hydraulic and hydrodynamic features measured at the
same channel’s cross-sections were known. The strong capability of UAV-acquired
multispectral imagery in estimating the bulk drag coefficients (CD) of the examined
vegetated drainage channel fully covered by 9 – 10m highArundo donax stands was
then demonstrated by a comparative analysis performed between (CD) prediction
assessed by considering the average observed and UAV-based LAI measurements at
the same 30 channel’s cross-sections, respectively. Also, it was demonstrated here
that NDVI data recordings based on UAV-acquired multispectral images can be ex-
ploited to develop further methods for predicting actual LAI∗ or other riparian and
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aquatic vegetation indices, such as those based on deep learning/machine learn-
ing algorithms, already widely validated in many precision agriculture and rainfall
prediction studies. Further studies are certainly undergoing to develop these algo-
rithms and making even faster the assessment of the most relevant changes in water
flow dynamic features of vegetated open channels associated with different riparian
vegetation species, under many distinct ecohydraulic conditions, by also analyzing
the key bio-mechanical and morphometric properties of riparian stands at micro-
scale. The results of the study in this work represent a satisfactory advance in the
monitoring of riparian vegetation dimensional properties in the field, particularly in
real-scale models and simulations of vegetated flows to be employed as supporting
tool for the proposal of the most appropriate mitigating scenarios of flooding events
in natural and urban areas surrounding vegetated water bodies.

5.2 Impact of Riparian Plants Biomass Assessed by UAV Ac-
quired Multispectral Images on the Hydrodynamics of
Vegetated Streams

5.2.1 Introduction

Ecohydraulics is a discipline based on ecology and environmental hydraulics, mixed
together in order to furnish a useful tool to predict the behaviour of vegetated open
channels to land and reclamation area managers and forestry engineers. The pro-
cessing of Unnamed Aerial Vehicle (UAV) acquisitions is a fast way to assess ri-
parian vegetation biomass, synthetically expressible by means of Leaf Area Index
(LAI), in hard-accessible areas such as vegetated open channels in natural condi-
tions. The work in this subchapter has the aim to integrate UAV-based plant indexes
and hydraulics measurement to assess and predict how biomass change can affect
the behaviour of vegetated water bodies by considering a vegetative flow resistance
model based on Leaf Area Index (LAI). Defining the most appropriate management
practice of riparian vegetation inside both natural and manmade water bodies is
crucial for assuring a balance between a satisfactory level of hydraulic conveyance
and a high environmental value of water. In the study in this subchapter, It has been
analyzed the accuracy of modeled hydraulic features of vegetated open channel es-
timated by employing two methods of biomass assessments: ground-based LAI and
UAV-derived vegetation indexes. It was possible obtaining LAI maps quickly re-
lated to Normalized Difference Vegetation Index (NDVI) maps by processing UAV-
acquired multispectral images. Six values of flow average velocities, representa-
tive of the typical values of flow average velocity regimes occurring in vegetated
drainage channels, were considered: 0.030, 0.035, 0.040, 0.045, 0.050, and 0.060 ms−1.
Thus, by applying the LAI-based flow resistance model, it was possible to compute
the corresponding values of bulk drag coefficients.
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5.2.2 Materials and Methods

As depicted in figure 5.14, the experimental study area is a vegetated drainage chan-
nel fully covered by emergent invasive riparian plants, located in the Municipality
of Napoli (Southern Italy).

FIGURE 5.14: Experimental area overview: vegetated drainage chan-
nel in Napoli (Southern Italy). The flow direction goes from the bot-

tom to the top of the figure

Riparian vegetation UAV-based NDVI and ground-based LAI measurements were
carried out and then compared aiming at analytically predicting the hydrodynamic
behaviour of the examined vegetated channel (see 5.1). As displayed in figure 5.15,
the flight scheme employed in this subchapter work aimed at covering the experi-
mental borders of the examined vegetated water body as much as possible.
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FIGURE 5.15: Experimental scheme of the flight plan selected for the
present study case

5.2.3 Result and Discussion

The UAV-based and ground-based LAI measurements of the examined vegetated
water body were then compared in terms of average values, corresponding to 30
random pixels located along the channel. The next figures 5.16a and 5.16b show
the values of average NDVI derived from the digital processing of UAV-acquired
images and ground-based LAI measurements, hereinafter respectively indicated as
LAIGm and NDVIUAVm .



Chapter 5. Digital agriculture in ecohydraulics applications 106

FIGURE 5.16: (a) NDVIUAVm (green bars) and (a) LAIGm (magenta
bars) values. The black continuous horizontal line represents the av-
erage value, while the black dashed horizontal lines represent the
mean value ± standard deviation. The yellow arrow indicates the

flow direction

As illustrated in figure 5.16a, NDVIUAVm data are characterized by a mean value
and a standard deviation respectively equal to 0.98 and 0.02. From the analysis of
figure 5.16b, it can be observed that LAIGm mean value is equal to 3.13, while the
standard deviation is 0.20, exactly ten times the one referred to NDVIUAVm . The
same values appearing in figure 5.17a and figure 5.17b are represented in figure 5.17
to establish a possible correlation between the two variables.
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FIGURE 5.17: Linear law between NDVIUAVm and LAIGm

As figure 5.17 suggests, a satisfactory correlation exists between NDVIUAVm val-
ues – one for each investigated point – and LAIGm ones - again, one for each in-
vestigated location. This demonstrates that NDVIUAVm can be considered a good
predictor for ground-based LAI measurements in vegetated flows. The regression
model here obtained is a linear function with an angular coefficient equal to 8.7 and
an intercept of −5.4 with a coefficient of determination equal to 0.71. It is important
to highlight here that since LAI = −5.4 for NDVI = 0 has no physical significance,
the accuracy of observed linear law depends on the experimental ranges of data col-
lected experimentally (5.1). In the next figure 5.18 are shown the average values of
LAIGe , representing the LAIG estimated under the correlation law indicated in figure
5.18.
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FIGURE 5.18: LAIGe (soft blue). The black continuous horizontal line
represents the average value, while the black dashed horizontal lines
represent the mean value ± standard deviation. The yellow arrow

indicates the flow direction

To better analyze and then discuss the outcomes in terms of bulk drag coeffi-
cients variability among the 30 random pixels analyzed here, the variation ranges
are represented in figure 5.19 as a function of the six increasing values of flow aver-
age velocities selected for the analyses conducted in the present study: 0.030, 0.035,
0.040, 0.045, 0.050, and 0.060 ms−1.

FIGURE 5.19: Box plots indicating the variabilities in drag coefficients
for the six values of flow average velocities considered in the present

study: 0.030, 0.035, 0.040, 0.045, 0.050, and 0.060 ms−1

It emerges from the analysis of figure 5.19 that the variability in bulk drag coeffi-
cients values estimated at to the examined 30 pixels strongly decreased moving from
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U = 0.030ms−1 to U = 0.060ms−1, testified by two corresponding standard devia-
tions equal to 2.23 and 0.58, respectively. The number of extreme data, here defined
as the bulk drag coefficients values greater than 3 times the interquartile lengths,
was the same for all the data (indicated by the red crosses in figure 5.19), and equal
to 3.

5.2.4 Conclusions

Starting from the comparison between LAI derived from UAV and ground-based
LAI measurements based on optical devices, it was possible evaluating the impact
of the accuracy of UAV techniques on the prediction of vegetated channels’ fluid
dynamics main features by employing predictive models based on LAI (5.1). From
the preliminary results obtained in this subsection study, it was possible assessing
that UAV-based biomass estimations can be effectively used in the modeling of flow
dynamics in real vegetated streamlines. The promising results of this subsection
study can be used in more sophisticated and complete experimental and modeling
analysis on the real-scale hydrodynamics of vegetated water bodies.

5.3 Assessing The Role Of Gap Fraction On The Leaf Area
Index (LAI) Estimations Of Riparian Vegetation Based
On Fisheye Lenses

5.3.1 Introduction

The detection and modeling of morphometric and bio-mechanical properties of real
aquatic and riparian vegetation is one of the key issues in Ecohydrology and Ecohy-
draulics [250]. Among many parameters indicating the status of riparian vegetation
biomass, the well-known Leaf Area Index (LAI) must be considered as the most rep-
resentative when dealing with vegetated rivers or water bodies in general. LAI has
been measured in many different agricultural and forestry scenarios [251] but a very
few studies can be addressed to this topic in the context of riparian ecosystems (see
5.1). In this subsection study, the two most important indirect methods of LAI were
compared to assess the influence of gap fraction on LAI estimations of weed ripar-
ian plats: LI-COR® LAI-2000 Plant Canopy Analyzer device and Fisheye lenses. In
detail, a statistical analysis of gap fraction was performed here to assess its influ-
ence on Fisheye lenses for weed riparian plants’ species, covering both natural and
manmade water bodies [252].

5.3.2 Materials and Methods

The Study area is represented by a vegetated drainage channel heavily colonized by
woody emergent invasive riparian vegetation, located in the territory of the Munic-
ipality of Napoli (Southern Italy), as shown in figure 5.20.
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FIGURE 5.20: View of the study area: vegetated drainage channel in
Napoli (Southern Italy)

Twenty riparian plants were selected along the drainage channel to evaluate the
sensitivity of Fisheye-based LAI to gap fraction values. The reference Leaf Area
Index (LAI) values were obtained by employing the plants’ transmittance-device
LI-COR® LAI-2000 Plant Canopy Analyzer, as suggested by many previous ecohy-
drology and ecohydraulics studies and reviews (see 5.1). In figure 5.21 is shown
an example of LAI-2000 Plant Canopy Analyzer measurements when dealing with
weed plants.

FIGURE 5.21: Indirect Leaf Area Index (LAI) estimations by LI-COR®
LAI2000 Plant Canopy Analyzer

LAI values obtained through LI-COR® device were then comparted with those
obtained by gap fraction inversion by employing a system of fisheye + camera lens.
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Fisheye lenses used in this subsection study are adopted since they can be easily
transported through vegetated streams, and then adopted according to many exper-
imental set-up.

5.3.3 Results

The following figure 5.22 shows the outcomes of the binarization process employed
here for the Fisheye-based HD photos of the examined woody riparian plants. Each
circle in figure 5.22 refers to a different gap fraction depending on a specific Digital
Number (DN) threshold: 250, 200, 150, 100.

FIGURE 5.22: Example of DHP binarized associated with woody
riparian plants for different gap fraction depending on DN thresh-
old: DN = 250 (red dashed circle), DN = 200 (blue dashed circle),
DN = 150 (yellow dashed circle), and DN = 100 (violet dashed cir-

cle). The black filled circle indicates the lens center

In the following figure 5.23 is reported the comparative analysis carried out be-
tween LAI values computed by employing LI-COR® LAI-2000 Plant Canopy Ana-
lyzer device and Fisheye system associated with as binarization threshold at DN =

100, respectively indicated as LAIGAP1 and LAIGAP2.
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FIGURE 5.23: Comparative analysis between LAIGAP1 and LAIGAP2
values for weed riparian species

As it can be easily detected in figure 5.23, there is a good correlation between
LAIGAP1 and LAIGAP2 associated with weed riparian plants, as shown by a coeffi-
cient of determination R2 = 0.76.

5.3.4 Discussion

The results obtained in the present study agree with previous studies on the influ-
ence of gap fraction on the Leaf Area Index (LAI) of emergent riparian vegetation
plants. In this subsection work, the effect of gap fraction was investigated by con-
sidering different threshold values of Digital Number (DN), growing from 100 to
250, in order to identify the optimal gap fraction value associate to DN, to which
corresponded the highest accuracy in terms of Leaf Area Index (LAI) prediction de-
rived by LI-COR® LAI-2000 Plant Canopy Analyzer device. The good correlation
observed between LAI derived by the two methods employed here testified that gap
fraction can be also analyzed by simpler techniques as commercial camera and fish-
eye lenses. The very promising results presented here can be effectively considered
as primary insight in terms of proposal of new predictive models of the main hydro-
dynamic properties of vegetated channels, as indicated in the following figure 5.24,
to be then employed for the calibration and validation of numerical hydrodynamic
models and simulations.
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FIGURE 5.24: Example of experimental ecohydraulic measurements
in terms of streamwise velocity components, to be employed for cal-
ibrating and validating Computational Fluid Dynamics (CFD) simu-

lations of real vegetated flows

In detail, the riparian vegetation elements can be better modeled and simulated
from the bio-hydrodynamic perspective by considering their actual morphometric
and phenological characteristics as the Leaf Area Index (LAI) proposed here. In the
following figure 5.25 is reported and example of CFD simulation of a real vegetated
flow colonized by circular weed riparian plants.
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FIGURE 5.25: Example of Computation Fluid Dynamic (CFD) simu-
lation snapshot for a real vegetated open channel. The flow direction

goes from the bottom to the top of the figure

As depicted in figure 5.25, the direct analysis of the hydrodynamic behaviour of
real vegetated steams can furnish highly detailed trends and patterns of vegetation-
induced turbulence and vortices or eddies.

5.3.5 Conclusions

The work presented in this subsection well demonstrates that gap fraction differ-
ently influences LAI of riparian vegetation based on the imagery of Fisheye Lenses,
depending on the distinct species and phonological stages analyzed in this study.
In fact, it was observed that the phenological evolution and the biomechanical be-
haviour of riparian vegetation stems and leaves sensibly affected the performance
of the binarization of images acquired by Fisheye lenses. The chance of utilizing the
main findings obtained in this study represent an interesting advance in the char-
acterization of real riparian stands covering both manmade and natural vegetated
water bodies, aiming at properly assessing their actual hydrodynamic features.

5.4 Field-scale remote sensing of ecohydraulic and ecohydro-
logic phenomena in vegetated waterways

5.4.1 Introduction

Plants embody the physical borders between vegetated water bodies and surround-
ing ground, with important effects on natural habitats growing within them, as
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shown in figure 5.26.

FIGURE 5.26: Scheme of terrestrial and aquatic ecosystems develop-
ing in vegetated wetlands and lowlands

The main eco-hydrodynamic features of both manmade and natural vegetated
channels are influenced by riparian plants’ morphometry and architecture, strongly
affecting their structural and bio-mechanical properties. The values of these real-
scale properties are obtainable from other physically-based vegetation indices as
Leaf Area Index (LAI), Normalized Difference Vegetation Index (NDVI), and Plant
Phenology Index (PPI) (see 5.1). It was demonstrated that, among other indices, LAI
represents a highly reliable predictor of plants’ canopy and distribution covering
vegetated waterways (5.4.4). Figure 5.27 reports the ecohydraulic classification of
riparian vegetation growing within vegetated watercourses: emergent, floating, and
submerged, occurring when stems and canopy develop above, on, and below the
water table, respectively.

FIGURE 5.27: Detailed overview of field-scale ecohydraulic riverine
and acquatic vegetation classification: A) emergent plants (black cir-
cle), B) floating plants (blue ellipse), and C) submerged plants (orange

ellipse)

As demonstrated in many notable ecohydraulic studies and reviews, LAI is a
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crucial element in the prediction of the hydraulic roughness of vegetated flows cov-
ered by rigid plants, given the linear association existing between LAI and the so-
defined vegetative global flow resistance (5.1). Among other remote sensing tech-
niques, drone-based imagery can be considered as highly suitable for characterizing
the full-scale eco-hydrodynamic behaviour of vegetated waterways derived by LAI
trends, since it can be simply employed in almost all environmental and orographic
contexts in the field (4.1). The recent technological improvements on real-scale scans
based on portable gaming-type devices are considered by environmental, forestry,
and hydraulic engineers as a useful tool for the indirect estimation of rigid plants
and stands’ LAI. In this subsection study, the accuracy of this method in predicting
LAI values associated with rigid riparian plants was compared to those derived by
multispectral images analysis retrieved by drone-based remote sensing (4.1) repre-
senting a very important starting point in the calibration of vegetative flow resis-
tance formulas for predicting the main ecohydrologic and ecohydraulic features of
vegetated water systems colonized by rigid aquatic and riverine plants and patches.

5.4.2 Materials and Methods

Thirty rigid plants covering an Italian vegetated ditch were monitored in the present
study case to compute LAI through real-scale scan derived by a commercial gaming-
type portable device and drone-based HD images acquired through an embedded
multispectral camera. Figure 5.28 illustrates an example of the commercial-type
drone employed here. After a preliminary calibration stage of the multispectral cam-
era to the environmental radiative sunlight conditions, the riparian plants’ stems
and canopies were then monitored through drone-based multispectral acquisitions
to obtain LAI via raster-algebra algorithms.

FIGURE 5.28: Detailed overview of the commercial-type drone em-
ployed in the present study case: the yellow and the red arrows indi-
cate the drone equipped with a multispectral camera and its remote

controller, respectively
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Figure 5.29a and figure 5.29b display frontal and above real-scale scans of the
examined plants, respectively. Thus, each scan was processed by using free imagery
software for calculating LAI of the thirty rigid plants examined in the present study
case.

FIGURE 5.29: Real-scale scans of rigid plants colonizing an Italian
vegetated ditch: (a) above and (b) frontal scans. The red ellipse indi-

cates the gaming-type device

Figure 5.30 shows the results of the real-scale scans for one of the rigid plants
analyzed here.

FIGURE 5.30: Digital processing of real-scale scan for a single rigid
plant, with ground level indicated by red dashed lines

First, LAI values of the thirty rigid plants retrieved by processing the real-scale
scans (hereinafter indicated as LAIω) were evaluated and then compared to those
computed by multispectral UAV-based orthomosaic analysis (hereinafter indicated
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as LAIδ) to identify a convenient relation between the two parameters analyzed here.
LAIDRONE values were computed by following the indications of Lama et al. [253],
on the basis of experimental correlations retrieved between NDVI and ground-based
LAI, as shown in figure 5.31.

FIGURE 5.31: Drone-based NDVI for a fully vegetated abandoned
ditch

In detail, the NDVI othomosaic map was obtained by combining several drone-
based multispectral orthophotos, which are geometrically corrected (orthorectified)
images, to achieve a uniform scale in output with given projection function over the
entire map.

5.4.3 Result and Discussion

Table 5.4 reports the values of LAIω and LAIδ derived in this study for the thirty
examined rigid plants.
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TABLE 5.4: LAIω and LAIδ values computed for the rigid plants sur-
veyed in this subsection experimental study case

LAIω LAIδ

3.20 3.14
3.07 3.12
2.50 3.00
2.76 2.81
3.10 3.21
3.21 3.25
3.32 3.51
3.45 3.33
3.63 3.71
3.51 3.44
3.27 3.29
3.28 3.34
3.43 3.28
3.51 3.63
3.41 3.45
3.50 3.48
3.40 3.51
3.46 3.55
3.53 3.46
3.42 3.48
3.38 3.41
3.43 3.53
3.39 3.44
3.36 3.29
3.41 3.37

The linear association observed in the present study case between LAIω and
LAIδ values corresponding to thirty rigid plants colonizing the Italian fully vege-
tated abandoned ditch analyzed here can be expressed as follows:

LAIδ = 0.701 ∗ LAIω + 1.052 (5.4)

As described in many previous ecohydraulic studies, LAI values retrieved from
the field represent support for modeling the eco-hydrodynamic behaviour of con-
structed and natural vegetated open channels. Thus, given a coefficient of determi-
nation R2 of 0.754, a good correlation was identified by comparing LAIω to LAIδ of
thirty rigid plants covering the examined Italian fully vegetated abandoned ditch.
The results of the comparative analysis carried out in this subsection study case are
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useful for further ecohydraulic and slope stability research, especially for the con-
tinuous monitoring of the most relevant hydrodynamic phenomena affecting vege-
tated waterways colonized by very stiff aquatic vegetation. As pointed out by many
notable modeling and experimental ecohydraulic studies and reviews dealing with
the prediction of the eco-hydrologic and eco-hydrodynamic parameters character-
izing complex aquatic ecosystems, the analysis of the behavior of riverine plants at
full scale is a key factor in the environmental engineering management pertaining
to vegetated water systems and natural resources in general, especially from the
perspective of future severe rainfall and flooding events due to extreme weather
conditions related to imminent Climate Change patterns.

5.4.4 Conclusions

According to both forestry engineering models and botanical expectations, the lin-
ear relation retrieved in the present study case for obtaining accurate drone-based
LAI predictions allows reproducing the actual full-scale morphometric trends of ri-
parian stands to be employed in flume laboratory and field experiments involving
various riparian vegetation species covering bed and banks of vegetated waterways.
It can be stated that drone-based LAI values associated with hardly rigid riparian
vegetation can be effectively considered as good predictors of those obtained from
the real-scale scan imagery based on portable gaming-type scan devices. This is a
very promising finding, to be taken properly into account for future research dealing
with both experimental and modeling Ecohydrology and Ecohydraulics. There is no
doubt that considerable advance to the predictive performance of the methodology
proposed in this study case can be reached out through the application of high-
resolution machine learning approaches, artificial intelligence and soft-computing
models in detail, to be applied on ecohydraulic datasets for the estimation of the
values of the main traits of riparian vegetation patches and stands over time, af-
fecting both fluid dynamic average patterns and chaotic fluctuations generated by
highly three-dimensional vortex shedding and Eco-hydrodynamic wake turbulent
structures .
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