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Abstract

In this research, we address the problem of smart insect-pest management for cotton crops. For the
study of this problem, we have positioned it in the framework of the paradigm of Smart agriculture.
In this context, Smart agriculture, also known as precision agriculture or digital agriculture, involves
the use of advanced technologies to improve agricultural productivity, efficiency, and sustainability.
Its focus is to use data-driven and innovative approaches to optimize farming practices and reduce
resource waste while ensuring food security. The development of approaches to aid in decision-making
for smart insect-pest management for agriculture is necessary to avoid the massive spread of insect
pests and the increase in environmental impact. Despite the existence of advances in smart agriculture,
integrated management of insect pests remains a challenge. To address this problem, our objective
was to develop methodologies, models, and approaches to support decision-making related to smart
insect-pest management for cotton crops. To achieve this objective, several sub-objectives were raised,
the first one was to design a metacognitive architecture for the smart management of cotton pests, the
second was to implement knowledge models for the smart management of cotton pests, and the third
was to implement novel AI concepts for the development of knowledge models. Particularly, several
research articles were developed to meet the objectives proposed in this thesis. Initially, a review
article on the latest trends in Smart agriculture using artificial intelligence and sensing techniques for
the management of insect pests and diseases in cotton was carried out. On the other hand, for the
first sub-objective, an article was conducted where a metacognitive architecture with metacognitive
tasks (meta-memory, meta-learning, meta-reasoning, meta-comprehension, and meta-knowledge) was
proposed for smart-pest management of cotton. To meet the second sub-objective, two articles were
proposed. The first article is a classification model of the cotton boll-weevil population and the second
article presented a fuzzy classification system to analyze the yield of cotton production. Regarding the
third sub-objective, two articles were proposed. The first article is about a system with autonomous
cycles of data analysis tasks for the integrated management of cotton. And the second article shows
how to enhance the insect pest classification in cotton using Transfer Learning techniques. In each
article, the strategies/models were evaluated using various datasets. The results showed the capacity

of the developed methodologies and models for decision-making in smart insect-pest management
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for cotton crops. Specifically, our proposals allow the prediction of the boll-weevil behaviors, the
diagnosis/prediction of cotton yield, and the prescription of strategies for cotton management into a

framework of a meta-cognitive architecture, with good results in performance metrics.

Keywords: Artificial intelligence, Machine learning, Predictive modeling, Prescriptive model-

ing, Smart agriculture, Precision agriculture, Cotton
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Resumen

En esta investigacién, abordamos el problema del manejo inteligente de plagas de insectos para cultivos
de algoddn. Para el estudio de esta problematica nos hemos posicionado en el marco del paradigma
de la Agricultura Inteligente. En este contexto, la agricultura inteligente, también conocida como
agricultura de precisiéon o agricultura digital, implica el uso de tecnologias avanzadas para mejorar la
productividad, la eficiencia y la sostenibilidad agricolas. Su objetivo es utilizar enfoques innovadores
y basados en datos, para optimizar las préacticas agricolas y reducir el desperdicio de recursos al
tiempo que se garantiza la seguridad alimentaria. El desarrollo de enfoques que ayuden en la toma
de decisiones para la gestion inteligente de plagas de insectos para la agricultura es necesario para
evitar la propagacién masiva de plagas de insectos y el aumento del impacto ambiental. A pesar de
la existencia de avances en agricultura inteligente, el manejo integrado de plagas de insectos sigue
siendo un desafio. Para abordar este problema, nuestro objetivo fue desarrollar metodologias, mod-
elos y enfoques para apoyar la toma de decisiones relacionadas con el manejo inteligente de plagas
de insectos para cultivos de algodén. Para lograr este objetivo se plantearon varios subobjetivos, el
primero fue disefiar una arquitectura metacognitiva para el manejo inteligente de plagas del algodoén,
el segundo fue implementar modelos de conocimiento para el manejo inteligente de plagas del algodoén,
y el tercero fue implementar novedosos conceptos de Inteligencia Artificial para el desarrollo de mod-
elos de conocimiento. Particularmente, se desarrollaron varios articulos de investigacién para cumplir
con los objetivos propuestos en esta tesis. Inicialmente se realizé un articulo de revisiéon sobre las
dltimas tendencias en Agricultura Inteligente utilizando inteligencia artificial y técnicas de sensado
para el manejo de plagas de insectos y enfermedades en algodén. Por otro lado, para el primer subobje-
tivo se realizé un articulo donde se proponia una arquitectura metacognitiva con tareas metacognitivas
(meta-memoria, meta-aprendizaje, meta-razonamiento, meta-comprensién y meta-conocimiento) para
la gestién inteligente de plagas. Para cumplir con el segundo subobjetivo se propusieron dos articulos.
El primer articulo es un modelo de clasificacién de la poblacién del picudo algodonero y el segundo
articulo presenté un sistema de clasificacion difusa para analizar el rendimiento de la produccién de
algodén. En cuanto al tercer subobjetivo, se propusieron dos articulos. El primer articulo trata sobre
un sistema con ciclos auténomos de andlisis de datos para la gestién integrada del algodén. Y el
segundo articulo muestra cémo mejorar la clasificacion de plagas de insectos en algodén utilizando
técnicas de Aprendizaje por Transferencia. En cada articulo, las estrategias/modelos se evaluaron
utilizando varios conjuntos de datos. Los resultados mostraron la capacidad de las metodologias y
modelos desarrollados para la toma de decisiones en el manejo inteligente de plagas de insectos en cul-
tivos de algodén. Especificamente, nuestras propuestas permiten la prediccion de los comportamientos
del picudo del algodonero, el diagnéstico/prediccién del rendimiento del algodén y la prescripeién de

estrategias para el manejo del algodén en el marco de una arquitectura metacognitiva, con buenos
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resultados en las métricas de rendimiento.

Palabras Clave: Inteligencia artificial, Aprendizaje automaético, Modelizaciéon predictiva,

Modelizacién prescriptiva, Agricultura inteligente, Agricultura de precision, Algodén
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Chapter 1

Introduction and research context

1.1 Problem statement and motivation

Cotton (Gossypium hirsutum L.) is an economically important crop. Cotton is the main source of
natural textile ber and one of the most important oil crops [1]. Cotton contains 49 species distributed
throughout most tropical and subtropical regions of the world. The world's cotton industry represents
a multibillion-dollar enterprise, from the production of raw ber to nished textile products [2]. About
25 million tons of cotton are annually produced in more than 100 countries [3]. Cotton is cultivated
on about 33 million hectares around the world [3, 4].

Insect pests and diseases in cotton crops generate large economic losses. If they are not controlled
in time, that is, at an early stage, they can cause an infestation, and decrease the production yield and
quality of the harvested product [5]. As an example, in Brazil, annual losses in agricultural production
due to insect pests can reach an average of 7.7%, equivalent to approximately $2.7.7 billion [6].
Entomological and pathogenic problems are one of the causes of low yields and economic losses in
cotton crops [7, 8].

On the other hand, Cognitive Informatics is a multidisciplinary research area that investigates
the internal information-processing mechanisms of the brain and natural intelligence [9]. Cognitive
Computing is an emerging paradigm of Arti cial Intelligence (Al) based on Cognitive Informatics,
which implements computational intelligence by autonomous inferences and perceptions, mimicking
the mechanisms of the brain and natural intelligence [9]. For independence, an intelligent system
should have cognitive (planning, understanding, and learning) and metacognitive processes (control
and monitoring of cognitive processes) [10]. Metacognition is cognition about cognition [11] and the
term metacognition in Al refers to the ability of an intelligent system to monitor and control its own
learning and reasoning processes [12, 13]. Thus, metacognitive processes like monitoring, controlling,

and goal setting, are related to the cognitive processes, therefore they are one of the main parts of a
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2 Introduction and research context

cognitive architecture [14]. Cognitive architecture refers to a theory about the structure of the human
mind and its computational instantiation in the elds of Al and computational cognitive science [15].
Cognitive architectures o er the following advantages to intelligent agents (1) greater autonomy in
decision-making [16, 17]; (2) fault tolerance since the system can identify faults and x them without
human intervention [18, 19]; (3) better response to unexpected events or to situations for which they
were not designed [17].

In addition, Al has contributed to several areas; in this case, this work focuses on its application
in agriculture, especially, in cotton crops. Smart agriculture (SA) plays an important role in cotton
crops, including the detection and control of insect pests and diseases. SA uses the interrelationship
of sensor-network technology, cloud-computing technology, and context-aware computing technology,
in order to manage the agriculture process [20]. SA includes strategies of integrated pest management
(IPM), which seeks to minimize the environmental impact of pesticide application and reduce risks to
human and animal health [21, 22]. IPM is based on very important aspects, such as the prevention
and monitoring of pests and diseases, which today are being assisted with detection equipment and
Al techniques. However, there are no solutions that integrate di erent knowledge models of the Al
(predictive, descriptive, and prescriptive models, among others) for smart management of cotton pests
[23].

Since one of the problems in cotton cultivation is the control of the boll weevil [24{26], we have
taken it as a case study to apply our research. Boll weevilAnthonomus grandis grandi9 is an insect
that feeds on the squares and bolls of the cotton plant, and causes huge losses in cotton crops [27].
Recent work has demonstrated the application of IPM using Al for the control of boll weevils in cotton
cultivation [28]. Cognitive architecture has been applied to the domain of agriculture. [29] presented
a cognitive architecture for automatic gardening, which is composed of a decision-making framework
with robotics techniques for sensing and acting to autonomously treat plants. However, nowadays,
to the best of our knowledge, there is no metacognitive architecture with knowledge models applied
to the management of the boll weevil in cotton crops. In the context of the identi ed problem, the

following research question is formulated:
What would be the contributions that Al can give to a more intelligent management of cotton crops?

In accordance with the research question, this work identi ed and focused on the following chal-
lenges: i) develop predictive models to know the behavior of insect pests attack in cotton, ii) imple-
ment prescriptive models in smart management of cotton related to insect pests, iii) develop diagnostic
models for cotton yield related to insect pests, iv) de ne a cotton-crop management system using a
cognitive-computing architecture, v) select the most useful variables related to insect pests attack
in cotton, carrying out a feature engineering process. These challenges were addressed under the

approach of smart insect-pest management for cotton crops.
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In summary, there is a need to develop di erent knowledge models for the smart management of
cotton pests. Our expectation is to develop knowledge models that can be integrated, in the future,

into our metacognitive architecture with autonomous tasks.

1.2 Research objectives

1.2.1 General objective

Build an intelligent system based on Al for smart insect-pest management in cotton crops.

1.2.2 Specic objectives
Design a metacognitive architecture for the smart management of cotton pests.

Implement knowledge models for the smart management of cotton pests.

Implement novel Al concepts for the development of smart management systems for cotton

pests.

1.3 Contributions and research scope

This research focuses on the development of models, methodologies, and computational approaches to
support decision-making in the management of pests in cotton (our case study is the boll weevil). The
study makes several contributions to the eld, which are outlined in this section. Firstly, a systematic
literature review (SLR) was conducted to identify the challenges and opportunities associated with
managing insect pests and diseases in cotton [23]. The review focused on two areas of interest, namely
Al and sensing techniques, which are relevant to the management of insect pests and diseases in
cotton. With this in mind, we identify challenges and opportunities for future work. Based on the
information reported in the SLR, we set out speci ¢ objectives related to metacognitive architectures,
diagnostic, predictive and prescriptive modeling, and transfer learning.

In this sense, we design a metacognitive architecture that integrates smart agriculture technologies,
knowledge models, and metacognitive functions. This integration points to a more e cient use of
agricultural, and technological resources, with greater autonomy and assistance to the farmer in
decision-making. We applied Al techniques on datasets related to the boll weevil in cotton crops to
generate predictive models with explanatory capacity, which means, models that allow us to evaluate
the behavior of included variables. Furthermore, we created models that can both diagnose and predict
the yield of cotton. We also developed prescriptive models that utilize optimization techniques to

suggest the most e ective strategies for managing cotton. By combining these predictive, diagnostic,
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and prescriptive models, we established an autonomous cycle. In addition, we implemented transfer
learning techniques (TL) to enhance our previous knowledge models. Transfer learning involves using
knowledge from previously learned tasks to improve the performance of new tasks. In general, the data
sources used to develop these knowledge models were obtained fr@ualombian Agricultural Institute
(ICA in Spanish), Colombian Cotton Confederation (CONALGODON in Spanish), and Institute of
Hydrology, Meteorology and Environmental StudiegIDEAM in Spanish). Data sources include capture
records of the boll weevil in pheromone traps, weather data, cotton production data, and the knowledge
of cotton growing and marketing experts. The case study used cotton-growing regions of Grdoba,
Colombia. The models/systems were evaluated using particular scenarios advised by experts in cotton
agriculture.

All the contributions made in this research are represented in several research articles. A total
of six (6) scienti ¢ articles were generated, of which two (2) are published and the other four (4) are

under review.

1.4 Thesis organization

This thesis is presented as a collection of articles developed to meet each of the proposed objectives.
Chapter 2 describes the results of our SLR. Chapter 3, Chapter 4, and Chapter 5 correspond to the
ful llment of the rst, second, and third objectives, respectively. One article was generated for the rst
sub-objective, two articles for the second sub-objective, and two articles for the third sub-objective.
These articles will be presented in each chapter.

A brief description of each chapter is presented below. Chapter 2 describes the results of our SLR
on Al and sensing techniques for the management of insect pests and diseases in cotton. This SLR
allowed us to identify trends, challenges, and research opportunities in this eld. Chapter 3 shows
the architecture for Smart agriculture with metacognitive functions that achieve sub-objective one.
Chapter 4 presents two articles to meet the second sub-objective proposed in this thesis. The rst
article corresponds to the development of classi cation models of the cotton boll-weevil population.
The second article corresponds to the development of a diagnostic model for cotton yield management.
Chapter 5 presents two articles, in the rst one, we propose the development of an autonomous cycle of
data analysis tasks for integrated cotton management, and in the other one, we propose TL techniques
to improve the accuracy of the predictive/classi cation models developed in sub-objective two. Finally,
Chapter 6 presents a summary of the conclusions of all the articles presented in the previous sections.

We also show the limitations of our research and possible future work.



Chapter 2

State of the art on smart
Insect-pest management for cotton

Crops

2.1 Motivation

In this chapter, we present an SLR that aims to provide a comprehensive overview of the recent
advances and applications of Al and sensing techniques for the management of insect pests and diseases
in cotton. At the time of the start of the research project, there was no review in the literature that
encompassed this approach in agriculture. The literature review highlights the potential of Al and
sensing techniques to help the farmer in decision-making related to insect pests and diseases in cotton.
Results point out that Al techniques with remote and eld sensing techniques have a wide potential

in the detection and diagnosis of diseases and insect pests in cotton. However, existing challenges to
face, and therefore, we propose challenges such as i) develop predictive models to know the behavior
of insect pests attack in cotton, ii) implement prescriptive models in smart management of cotton
related to insect pests, iii) develop diagnostic models for cotton yield related to insect pests, iv) de ne

a cotton-crop management system using a cognitive-computing architecture, v) select the most useful
variables related to insect pests attack in cotton using feature engineering. The article about the SLR

is in Appendix A.
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2.2 ldenti cation of the article

R. Toscano-Miranda, M. Toro, J. Aguilar, M. Caro, A. Marulanda, and A. Trebilcok, \Arti cial-
intelligence and sensing techniques for the management of insect pests and diseases in cotton: a
systematic literature review", The Journal of Agricultural Science, vol. 160, pp. 16-31, 2022,
doi:10.1017/S002185962200017X.

2.3 Abstract

Integrated pest management (IPM) seeks to minimize the environmental impact of pesticide applica-
tion and reduce risks to human and animal health. IPM is based on two important aspects -prevention
and monitoring of diseases and insect pests- which today are being assisted by sensing and arti cial-
intelligence (Al) techniques. In this paper, we surveyed the detection and diagnosis, with Al, of
diseases and insect pests, in cotton, which have been published between 2014 and 2021. This re-
search is a systematic literature review. The results show that Al techniques were employed -mainly-

in the context of (i) classication, (ii) image segmentation, and (iii) feature extraction. The most
used algorithms, in classi cation, were support vector machines, fuzzy inference, back-propagation
neural-networks and recently, convolutional neural networks; in image segmentation, k-means was the
most used; and, in feature extraction, histogram of oriented gradients, partial least-square regression,
discrete wavelet transform, and enhanced particle-swarm optimization were equally used. The most
used sensing techniques were cameras, and eld sensors such as temperature and humidity sensors.
The most investigated insect pest was the white y, and the disease was root rot. Finally, this paper
presents future works related to the use of Al and sensing techniques, to manage diseases and insect
pests, in cotton; for instance, implement diagnostic, predictive and prescriptive models to know when

and where the diseases and insect pests will attack and make strategies to control them.

2.4 Link to the full article

https://doi.org/10.1017/S002185962200017X



Chapter 3

Metacognitive Architecture for

Smart-Pest Management

3.1 Motivation

Cognitive architectures are important because they provide a framework for building smart systems
that can mimic humans to adapt to new situations and learn from experience. These architectures are
designed to handle di erent types of tasks, such as learning, reasoning, problem-solving, and decision-
making. They can be based on diagnostic, predictive, and prescriptive models that can be used to
improve performance in a wide range of elds, from healthcare to agriculture. We designed a cognitive
architecture for smart-pest management of cotton with metacognitive tasks, and a case study of the
architecture for predictive and prescriptive problems in the context of integrated pest management in
cotton. Thus, in this chapter, we present the paper for the ful liment of the rst objective (see the

article in Appendix B).

3.2 ldenti cation of the article

R. Toscano-Miranda, M. Caro, J. Aguilar, A. Trebilcok, and M. Toro, \A Smart-Pest Management
of Cotton based on a Metacognitive Architecture”, preprint submitted to International Journal of

Computational Science and Engineering

3.3 Abstract

The use of information technology in agriculture plays an important role in Smart-Pest Management.

Particularly, Arti cial intelligence helps to identify, monitor, control and make decisions about pests in

7



8 Metacognitive Architecture for Smart-Pest Management

crops. In this paper, we present a new metacognitive architecture, called Metacognitive Architecture
for a Smart-Pest Management of Cotton. Especially, this paper presents several contributions: (1)
a new architecture that implements several metacognitive tasks (meta-memory, meta-learning, meta-
reasoning, meta-comprehension, meta-knowledge); (2) a case study of the architecture for predictive
and prescriptive problems, in the context of integrated pest management in cotton; (3) an integrated

approach of data analytics and metacognition in smart systems.

3.4 Link to the full article

Appendix B



Chapter 4

Knowledge models for the smart

Mmanagement of cotton pests

4.1 Motivation

Knowledge models (KMs) are important for the smart management of cotton pests for several reasons:
i) Pest identi cation: KMs can provide accurate and up-to-date information about cotton pests. They
can help farmers and agronomists identify behaviors. This knowledge is crucial for implementing
e ective pest management strategies. ii) Early detection: KMs can assist in the early detection of
cotton pests. By analyzing data such as weather conditions, and pest occurrence patterns, they
can identify signs of pest infestations at an early stage. Early detection enables timely intervention,
reducing the risk of widespread damage and improving pest control. iii) Decision support: cotton
pest management involves making complex decisions, such as selecting appropriate control measures,
determining the optimal time for treatments, and evaluating economic expenses. KMs can provide
decision support by analyzing various factors and recommending suitable management strategies based
on current conditions and best practices. This helps farmers optimize their pest control e orts and
minimize costs. In summary, this chapter shows how the KMs for cotton pest management enhance
pest identi cation, enable early detection, and provide information for decision support, among other
things. Thus, in this chapter, we present two articles to ful Il the second objective. The rst article
presents one KM for the classi cation of the boll-weevil population in cotton crops. The second article

presents a second KM to analyze the yield of cotton production.

9
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4.2 A Classi cation Model of Cotton Boll-Weevil Population

421 Motivation

The motivation for a classi cation model of the cotton boll-weevil population is to help farmers and
agronomists identify the behavior of the pests and assist in the early detection of cotton pests. By
analyzing data such as weather conditions, and pest occurrence patterns, the classi cation model can
identify signs of pest infestations at an early stage. Also, it can aid in monitoring cotton pests by
analyzing data from various sources such as remote sensing and pest trap records. With this analysis,
the KM can predict potential outbreaks. Thus, in this section, we present the rst article to ful Il the

second objective. The complete article can be found in Appendix C.

4.2.2 Identi cation of the article

R. Toscano-Miranda, W. Hoyos, M. Caro, J. Aguilar, A. Trebilcok, and M. Toro, \A Classi ca-
tion Model of Cotton Boll-Weevil Population”, 2022 XVLIII Latin American Computer Conference
(CLEI) , pp. 1-5, 2022. doi:10.1109/CLEI56649.2022.9959893

In IEEE Xplore

4.2.3 Abstract

Integrated pest management (IPM) seeks to minimize the environmental impact of pesticide appli-
cation. IPM is based on two important aspects -prevention and monitoring of diseases and insect
pests- which today are being assisted by sensing and arti cial-intelligence (Al). Particularly, Al helps
to identify, monitor, control and make decisions about pests in crops. In this paper, we present a
comparison among ve machine-learning models to classify the population of the boll weevil in cot-
ton into three classes: low, medium, and high. Weather data (average daily rainfall, humidity, and
temperature) were used to classify the population of the boll weevil in the department of Grdoba,
Colombia. The results showed that XGBoost obtained the highest accuracy (88%). Results showed

that it is possible to classify boll-weevil populations using weather data.

4.2.4 Link to the full article

https://doi:10.1109/CLEI56649.2022.9959893
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4.3 A fuzzy classi cation system to analyze the yield of cotton

production

4.3.1 Motivation

The motivation for a fuzzy classi cation system to analyze the yield of cotton production is to provide
decision support by studying various factors. This allows the integration of diverse data sources and
provides a holistic view of pest management. The fuzzy classi cation system considers factors such as
pheromone control, cultural practices, and pesticide usage to develop sustainable and environmentally
friendly pest management plans. Particularly, this KM uses the classi cation model resulting from
the previous study (classi cation of the weevil population), and then, by incorporating new input
variables (crop stage, rainfall, fertilizer, pheromone traps, boll-weevil killing tube), the KM diagnoses
the crop yield. Thus, in this section, we present the second article to ful Il the second objective. The

complete article can be found in Appendix D.

4.3.2 Identi cation of the article

R. Toscano-Miranda, M. Caro, J. Aguilar, A. Trebilcok, and M. Toro, \A fuzzy classi cation system
to analyze the yield of cotton production”, preprint submitted to Information Processing and Man-

agement 2023.

4.3.3 Abstract

Properly managing the cultivation of cotton is essential because it directly impacts the amount of
cotton that is produced, making it a highly signi cant task. The aim of this work is the proposal

of a fuzzy classi cation system for diagnosis-prediction tasks of the cotton crop yield. We used a
soft computing method to handle/describe experts' knowledge. Seven input variables (attack level
of the red boll weevil, attack level of the black boll weevil, crop stage, rainfall, fertilizer, pheromone
traps, and boll-weevil killing tube) were considered in the system to analyze the cotton production.
System tests were carried out on di erent agricultural scenarios, to determine their robustness and
adaptability. According to the results, the fuzzy system has the capability to generate outputs that
correspond with the experts' evaluations, which can be used to help farmers select the best practices
in cotton crop management, in order to obtain the best yield in a specic context. The developed
models enhance our capacity to predict crop yields based on climate data, the soil and pest behaviors,

a valuable indicator for decision-making and overall sustainability.
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4.3.4 Link to the full article

Appendix D



Chapter 5

Novel Al concepts for the
development of smart management

systems for cotton pests

5.1 Motivation

This chapter integrates previous KMs using a new paradigm known as autonomous cycles of data
analysis tasks. It allows an integrated pest management (IPM): IPM is an approach that emphasizes
the e ective management of pests while minimizing environmental impact through a combination
of strategies. The autonomous cycles play a vital role in IPM by integrating diverse data sources
and KMs, providing a holistic view of pest management. Furthermore, this chapter explores the
application of TL techniques to enhance KMs. In summary, this chapter shows the integration of
KMs for cotton pest management and the improvement of the KMs using TL. Thus, in this chapter,
we present two articles to ful ll the third sub-objective. The rst article presents the integration

of several KMs using autonomous cycles of data analysis tasks for integrated cotton management.
The second article presents TL techniques for improving previous KMs about the classi cation of the

boll-weevil population.

13
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5.2 Precision farming using autonomous cycles of data anal-

ysis tasks for integrated cotton management

5.2.1 Motivation

The motivation for "Precision Farming using autonomous data analysis cycles for integrated cot-
ton management" is to implement integrated management with features such as pest identi cation,
early detection, monitoring, and decision support, managed by an autonomous cycle. This approach
integrates all previously implemented KM as data analysis tasks, such that can assist in the early
detection of cotton pests, can identify signs of pest infestations at an early stage, and can carry out
complex decisions, such as selecting appropriate control measures, determining the optimal time for
treatments, and evaluating economic expenses. In this sense, the autonomous cycle uses diverse data
sources, so that their KMs can autonomously monitor, analyze and make decisions about the cotton
crop to provide holistic view of pest management. The autonomous cycle monitors the crop condi-
tions, analyzes the data, predicts the crop yield, and recommends the best strategy to manage the
crop. This information helps stakeholders to e ciently allocate resources, guide interventions and
prevent extensive pest damage. Thus, in this section, we present the rst article to ful Il the third

sub-objective. The complete article can be found in Appendix E.

5.2.2 Identi cation of the article

R. Toscano-Miranda, M. Caro, J. Aguilar, A. Trebilcok, and M. Toro, \Precision farming using au-
tonomous data analysis cycles for integrated cotton management", preprint submitted tolnformation

Processing in Agriculture, 2023.

5.2.3 Abstract

Precision farming (PF) allows the e cient use of resources such as water, and fertilizers, among
others; as well, it helps to analyze the behavior of insect pests, in order to increase production and
decrease the cost of crop management. This paper introduces an innovative approach to integrated
cotton management, involving the implementation of an Autonomous Cycle of Data Analysis Tasks
(ACODAT). The proposed autonomous cycle is composed of a classi cation task of the population
of pests (boll weevil) (based on XGBoost), a diagnosis-prediction task of cotton yield (based on
a fuzzy system), and a prescription task of strategies for the adequate management of the crop
(based on genetic algorithms). The proposed system can evaluate several variables according to

the conditions of the crop, and recommend the best strategy for getting increase the cotton yield. In
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particular, the classi cation task has an accuracy of 88%, the diagnosis/prediction task obtained a 98%
of accuracy, and the genetic algorithm recommends the best strategy for the context analyzed. Focused
on integrated cotton management, our system o ers exibility and adaptability, which facilitates the

incorporation of new tasks.

5.2.4 Link to the full article

Appendix E

5.3 Di erent transfer learning approaches for insect pest clas-

si cation in cotton

5.3.1 Motivation

The motivation for "Improving Insect Pest Classi cation in Cotton Using Transfer Learning Tech-
nigues" is to improve the quality of the KM for classi cation. Given a KM that is not attaining

the desired precision, TL techniques allow us to improve it by reusing previous KMs which obtained
better results. Particularly, the quality of the KM by regions in Grdoba is very di erent due to the
data available of each one. These data have information on captures of the boll weevil in pheromone
traps. Three types of TL techniques, namely instance-, feature-, and parameter-based, were used.
These techniques help when there are few instances or characteristics in the training data. In this
way, we increased the number of instances and/or characteristics to train the models, when necessary.
TL techniques were used to improve the lowest results in some regions. In this sense, TL is useful
for transferring knowledge learned in one context, then applying it in di erent but related contexts

to improve the results in these contexts. Thus, in this section, we present the second article to ful ll

the third sub-objective. The complete article can be found in Appendix F.

5.3.2 Identi cation of the article

R. Toscano-Miranda, W. Hoyos, M. Caro, J. Aguilar, A. Trebilcok, and M. Toro, \Di erent transfer
learning approaches for insect pest classi cation in cotton”, Applied Soft Computing vol. 153, pp.
111283, 2024.
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5.3.3 Abstract

Boll weevil is an important pest that a ects cotton crops worldwide, causing signi cant economic
losses. The classi cation of the boll-weevil population is crucial for developing e ective pest man-
agement strategies. However, the limited availability of data and features makes classi cation a
challenging task. This study aimed to investigate the use of Transfer Learning (TL) techniques to
improve the classi cation of boll weevil populations. Three types of TL techniques, instance-based,
feature-based, and parameter-based, were studied to improve the classi cation performance of the
machine learning algorithms. This work used data from two domains, one with a limited number of
instances and the other with a limited number of features, to test the proposed approach. Climate
variables were incorporated as features to predict the level of the boll-weevil attack. The proposed ap-
proach achieved signi cant improvements in classi cation accuracy for both the limited instances and
limited feature domains. The case with few instances initially, reached an accuracy of 90.79%, while
the case with few features reached an accuracy of 96.28%. The results demonstrate the e ectiveness
of TL techniques in improving the classi cation of boll-weevil populations in cotton crops when there

is a limited amount of data and/or features.

5.3.4 Link to the full article

Appendix F



Chapter 6

Conclusions

This thesis made contributions on smart insect-pest management for cotton crops. In this chapter,
we present a summary of the results of all the work presented above. In addition, we show limitations

and research opportunities for the future.

6.1 Summary

The integration of information technology, speci cally arti cial intelligence, in agriculture is crucial
for the implementation of Smart-Pest Management systems. This study introduces a novel metacogni-
tive architecture, named Metacognitive Architecture for a Smart-Pest Management of Cotton, which
addresses various metacognitive tasks, including meta-memory, meta-learning, meta-reasoning, meta-
comprehension, and meta-knowledge. The contributions of this study are threefold. Firstly, it presents
a new architecture that incorporates multiple metacognitive tasks, providing a comprehensive frame-
work for Smart-Pest Management. Secondly, a case study is conducted to demonstrate the e ectiveness
of the proposed architecture in addressing predictive and prescriptive problems within the context of
integrated pest management in cotton. Lastly, the study emphasizes the importance of integrating
data analytics with metacognitive capabilities in the development of intelligent systems for agricul-
ture. By leveraging the capabilities of arti cial intelligence and metacognition, this study signi cantly
advances the eld of Smart-Pest Management by enabling the identi cation, monitoring, control, and
decision-making processes related to pests in agricultural crops. The integrated approach presented
in this study contributes to sustainable and e cient agricultural systems.

In addition, we developed a KM to classify the population of the boll weevil in cotton. The
classi cation model utilized information on pheromone traps and sensors. The sensors got weather
data such as average daily rainfall, humidity, and temperature from regions of the department of

rdoba, Colombia. Also, this study proposed a fuzzy classi cation system for the diagnosis and
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prediction of cotton crop yield, employing a soft computing method to leverage expert knowledge. The
system incorporates seven input variables, including the attack levels of the red and black boll weevils,
crop stage, rainfall, fertilizer usage, pheromone trap data, and boll-weevil killing tube information.
By analyzing these variables, the system provides insights into cotton production. Rigorous testing
was conducted across diverse agricultural scenarios to assess the system's robustness and adaptability.
The results indicate that the fuzzy system is capable of generating outputs that align with expert
evaluations. This capacity enables farmers to make informed decisions and select the most suitable
practices for cotton crop management in speci c contexts, thereby optimizing yield. By employing

a fuzzy classi cation system and leveraging expert knowledge, this research signi cantly contributes
to improving cotton crop management. The developed models enhance our ability to predict crop
yields by incorporating climate data, soil conditions, and pest behaviors. This information serves as a

valuable indicator for decision-making and contributes to overall sustainability in cotton cultivation.

On the other hand, this study introduces an autonomous cycle of data analysis tasks for inte-
grated cotton management. The autonomous cycle for integrated cotton management consists of
three main tasks: a classi cation task for population estimation of boll weevils using XGBoost, a
diagnosis-prediction task for cotton yield utilizing a fuzzy system, and a prescription task employing
genetic algorithms to recommend optimal crop management strategies. The system evaluates vari-
ous variables based on crop conditions and provides recommendations for maximizing cotton yield.
The classi cation task achieves an accuracy of 88%, demonstrating its e ectiveness in estimating the
population of boll weevils. The diagnosis task exhibits a high accuracy of 98%, enabling an accu-
rate analysis of cotton yield. Furthermore, the genetic algorithm e ectively recommends the best
strategy for the speci c context analyzed. Focused on integrated cotton management, this system
o ers exibility and adaptability, facilitating the inclusion of new tasks as needed. By leveraging
advanced technologies and data analysis, the proposed approach optimizes resource allocation, en-
hances decision-making, and ultimately, increases cotton yield. The autonomous cycle for integrated
cotton management presented in this paper represents a signi cant advancement in precision farm-
ing and cotton management. Its accuracy in estimating pest populations and predicting yield, and

recommendation capabilities contribute to the e cient and sustainable management of cotton crops.

Finally, as was mentioned before, the classi cation of boll weevil populations is a critical task
for e ective pest management in cotton crops, considering the signi cant economic losses caused
by this pest worldwide. However, limited data availability and features pose challenges to accurate
classi cation. This study investigated the application of TL techniques to enhance the classi ca-
tion performance of boll weevil populations. Three types of TL techniques, namely instance-based,
feature-based, and parameter-based, were studied to improve the performance of machine learning

algorithms in classi cation. The proposed approach analyzed two data problems: one with a limited
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number of instances and another with a limited number of features. The results showcased signi cant
improvements in classi cation accuracy for both domains with limited instances and limited features.

In the case of limited instances, the proposed approach achieved an accuracy of 90.79%, while in the
case of limited features, the accuracy reached 96.28%. These outcomes demonstrate the e ectiveness
of TL technigues in enhancing the classi cation of boll weevil populations in cotton crops, especially
when data and/or features are scarce. Ultimately, these advancements contribute to the development

of more e cient and sustainable approaches to combat boll weevil infestations in cotton crops.

6.2 Limitations and future work

With the results of the present thesis, we were able to meet the proposed objectives. However,
this thesis had some limitations in terms of region data, the models, and of the variables that were
missing to incorporate, which are summarized below. Regarding the data of the regions, this study
included several cotton regions of rdoba, other regions were left out of the study due to the lack
of sensors. The data was collected from sources with few sensors. It would be very useful to increase
the number of sensors to have more accurate data from the region. On the other hand, it would be
important to incorporate sensors that can record more climatic variables. The use of more climatic
variables would enrich the KMs. This study only included regions of Grdoba. If all the cotton-
growing regions of Colombia are incorporated, then a much more complete behavior of the weevil
could be determined, and better control of the insect in the country obtained. With a greater number
of sensors and pheromone traps in all cotton-growing regions, then the models would have more
complete information to predict the spread of insects. Finally, pheromone traps are not electronic
with real-time data collection. If electronic traps with the ability to read the data in real-time are
used, then the KMs predictions would have greater precision.

On the other hand, regarding the models, for crop yield predictions, only the boll weevil was
considered in the case study. If information about other insects and diseases is included, then it is
possible to have a more complete vision of the attacks that crops have. This would allow, for example,
to develop multi-detection models of diseases or pest attacks.

Other limitation of the current study is regarding the variables that were missing to incorporate.
The current study refers to the general use of the amount of fertilizer. We did not include each specic
fertilizer class. This could be overcome by specifying the amount of each fertilizer and adding this
information to the model. Also, this study did not include other environmental variables such as soil
organic matter, weed coverage percentage, and tillage system management, which can be considered
in future works. The analysis could also include other variables such as: the rainfall distribution,
the mean temperatures (day/night gradient), the amount of solar radiation, the density of plants in

cotton cultivation, the date of planting, the timely weed control, and so on.
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Finally, according to our metacognitive architecture, sensor information (Ground Level) was used
and KMs (Object Level) were implemented. Future works would be oriented to the implementation
of the metacognitive functions on the Meta Level. In this sense, this allows Al systems to reason and
adapt to the situation with self-awareness. Also, we plan to integrate our metacognitive architecture
with the multi-agent systems paradigm, to take advantage of the existing modeling capabilities and

implementations in agent theory.
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