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HIGHLIGHTS

e Machine learning offers innovative and
sustainable weed management approaches.

e Herbicide use and environmental impact can
be reduced through machine learning.

e Machine learning models can classify weed
species and optimize herbicide usage.

e Real-time monitoring of invasive species is

possible with machine learning. 4
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ABSTRACT

Weed management is a crucial aspect of modern agriculture as invasive plants
can negatively impact crop yields and profitability. Long-established methods
of weed control, such as manual labor and synthetic herbicides, have been
widely used but come with their own set of challenges. These methods are
often time-consuming, labor-intensive, and pose environmental risks.
Herbicides have been the primary method of weed control due to their
efficiency and cost-effectiveness. However, over-reliance on herbicides has led
to environmental contamination, weed resistance, and potential health
hazards. To address these issues, researchers and industry experts are now
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exploring the integration of machine learning into chemical weed management
strategies. As technology advances, there is a growing interest in exploring
innovative and sustainable weed management approaches. This review
examines the potential of machine learning in chemical weed management.
Machine learning offers innovative and sustainable approaches by analyzing
large data sets, recognizing patterns, and making accurate predictions.
Machine learning models can classify weed species and optimize herbicide
usage. Real-time monitoring enables timely intervention, preventing invasive
species spread. Integrating machine learning into chemical weed management
holds promise for enhancing agricultural practices, reducing herbicide usage
and minimizing environmental impact. Validation and refinement of these

algorithms are needed for practical application.

1 Introduction

Weed management is a critical aspect of modern agriculture, as
invasive plants can significantly impact crop yields and
profitabilityl']. Long-established methods of weed control, such
as manual labor and herbicides, have been widely used in the
past. However, these methods can be time-consuming and
labor-intensive, and often pose environmental risks[>l. As
technology continues to advance, there is a growing interest in
exploring innovative and sustainable approaches to weed

management.

In recent years, machine learning has emerged as a powerful
tool in various domains, revolutionizing ways to solve complex
problems. Its ability to analyze vast amounts of data, recognize
patterns and make accurate predictions has led to novel
applications
particular, has witnessed the potential of machine learning

in numerous industries!’l. Agriculture, in
algorithms to optimize various processes and enhance

productivity.

Weeds, unwanted plants that compete with cultivated crops for

resources, present a constant challenge for farmers
worldwidel"l. Since their development in the 1940s, synthetic
herbicides have become the primary method for weed control
due to their efficiency and cost-effectiveness. However, the
indiscriminate use of herbicides have led to environmental
health

damagel*="1. To address these issues, researchers and industry

contamination, resistance  development, and

experts have begun exploring the integration of machine
learning into chemical weed management strategies. By
leveraging the power of computational algorithms and
advanced data analysis machine

techniques, learning

algorithms can provide valuable insights into optimizing

herbicide
improving weed management practices(’ I,

usage, reducing environmental impact, and

Machine learning models can be trained to recognize and
classify ~different weed species
characteristics, enabling more targeted and precise herbicide

based on their visual

application!'']. By analyzing large data sets containing
information on weed growth patterns, environmental
conditions and herbicide effectiveness, these models can learn
to identify optimal treatment strategies for specific weed
populations. Additionally, machine learning algorithms can
facilitate real-time monitoring of weed growth, allowing for
timely intervention, and preventing the further spread of
invasive species!'’. The effectiveness of chemical management
of weeds using machine learning holds great promise for
enhancing agricultural practices, reducing herbicide usage, and
minimizing environmental impact. However, further research
and development are required to refine these algorithms,
validate their performance in various agricultural settings and
ensure their practical applicability on a larger scale.

In this review, we summarize the current state of research
regarding the integration of machine learning in chemical weed
management, exploring the potential benefits, challenges, and
future prospects of this innovative approach. By reviewing this
emerging field, we aim to contribute to ongoing efforts in
developing sustainable and efficient weed control strategies
that can positively impact global agriculture.

2 Weed management challenges

2.1 Importance of weed management

Effective weed management is crucial in modern agriculture
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and is essential for ensuring optimal crop yields, maintaining
food security, and safeguarding the environmentl'*'*l. Weed
management strategies are also important for reducing the use
of herbicides and preserving soil health. Weed management
techniques should be designed for specific needs of the crop
Additionally, should be
monitored regularly to ensure its effectiveness!' ). To maximize

and landscape. weed control
the success of any weed control strategy, it is essential to assess
the crop and landscape carefully, select the most appropriate

techniques, and continually monitor progress.

Weeds compete with crops for vital resources such as water,
nutrients, light, and space. If left uncontrolled, weeds can
significantly reduce crop productivity, leading to economic
losses for farmers and potential food shortages for the growing
population['“l. In addition, weeds can also damage the
environment and ecosystems, as well as contaminate water
resources. Therefore, it is imperative to manage weeds in order
to maintain sustainable agriculture. Weed control methods
include physical removal, chemical control, cultural practices,
and biological control. Integrated weed management (IWM) is
the most effective strategy to reduce weed populations and
ensure long-term agricultural productivityl' .

Weeds not only compete with crops for resources but also act
as hosts for pests and diseases, further exacerbating agricultural
challenges!'*l. Additionally, certain weed species are known to
produce allelopathic compounds that can inhibit the growth
and development of neighboring cropsl'“l. Effective weed
management is, therefore, critical for maintaining agricultural
ecosystem health and vigor. Thus, it is important to develop
strategies to control weeds in order to protect agricultural
ecosystems. The subsequent section provides a comprehensive
exploration of the limitations associated with standard weed
control methods.

2.2 Limitations of standard weed control methods

Standard weed control methods, such as manual labor,
mechanical control and herbicides, have been widely used.
However, these methods have several limitations that hinder
their long-term effectiveness and sustainability. Manual weed
control methods, such as hand-weeding or mechanical
cultivation, can be labor-intensive and time-consuming,
them
operations’]. The availability of skilled laborers for such tasks

making impractical for large-scale agricultural
is also a challenge in many regions. In addition, manual
methods are often not very effective in controlling weeds, as
weedy species can quickly adapt to new methods of weed

control. Finally, manual methods can be detrimental to the

environment, as they may damage the soil and disturb native

plant communities(”'],

Herbicides have been extensively used for weed control due to
their efficiency and cost-effectiveness. However, indiscriminate
herbicide use has led to environmental contamination,
including groundwater pollution, soil degradation and harm to
non-target organismsl’>*’l. Also, the repeated use of herbicides
can contribute to the development of herbicide-resistant weed
populations, further complicating weed management efforts. In
addition, herbicides can be toxic to agricultural workers if they
are exposed to them without proper protection!”’]. Standard
weed control methods often lack precision, resulting in the
over-application or under-application of herbicides. Over-
application can lead to wastage, increased costs and
environmental risks, while under-application may fail to

adequately control weeds, reducing crop yields!”".

2.3 Need for innovative approaches

Given the limitations of standard weed control methods, there
is a need for innovative approaches to weed management that
are efficient, sustainable, and environmentally friendly.
Innovative weed management approaches aim to minimize the
use of herbicides and reduce their environmental impact!*l. By
adopting sustainable practices, farmers can preserve soil health,
protect water resources, and maintain biodiversity in
agricultural landscapes!”>*‘l. In this regards, non-chemical
approaches include mechanical weed control, crop rotations,
cover crops, intercropping, the introduction of beneficial
organisms, and artificial intelligence-based practices. Adopting
sustainable agricultural practices offers farmers numerous
benefits, including increased crop yields and reduced reliance
on herbicides. These practices not only lead to economic
advantages but also generate favorable outcomes for the
a harmonious balance between

environment, creating

economic prosperity and ecological well-being.

Cutting-edge methodologies that harness the power of
machine learning and advanced technologies have emerged as
game-changing solutions, holding immense promise in
enabling precise and targeted weed control strategies. By
leveraging these innovative approaches, agricultural practices
can benefit from heightened accuracy and efficiency,
revolutionizing the way weeds are detected, monitored, and
managed within crop cultures. By identifying specific weed
species, mapping weed distribution, and predicting herbicide
efficacy, these approaches enable farmers to optimize herbicide
effectsl”'=11.

significantly reduce the cost of weed control, while also making

usage and minimize off-target This can
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farming more sustainable. Additionally, these approaches can
help farmers reduce the risk of herbicide drift, which can have
a negative impact on neighboring crops[*’l.

Implementing innovative weed management strategies can
offer long-term cost savings for farmers. By reducing herbicide
usage, minimizing labor requirements, and incorporating
efficient technologies, farmers can achieve higher returns on
their overall profitabilityl*’].
Additionally, farmers can adopt machine learning and

investment and improve
predictive analytics to anticipate and respond to the changing
needs of their crops. Machine learning can help farmers
identify the best weed management strategies for their
particular circumstances, enabling them to make informed
decisions that optimize their yields and reduce their costs!**l.
Meanwhile, innovative approaches to weed management can
adapt to diverse agricultural systems, cropping practices, and
changing environmental conditions. By using technological
advancements, farmers can enhance their resilience to evolving
weed pressures and mitigate weed infestation risks[’l. In
general, the importance of weed management in agriculture
cannot be overstated. Standard weed control methods have
their
sustainability. To address these challenges, there is a pressing

limitations that compromise effectiveness and
need for innovative approaches that optimize herbicide usage,
reduce environmental risks, and enhance weed management
precision and efficiency. By embracing innovative solutions,
farmers can achieve sustainable weed control, ensure optimal
crop yields, and contribute to a more resilient and productive

agricultural sector.

3 Machine learning in weed
management

Machine learning is a subfield of artificial intelligence that
focuses on the development of algorithms and models that can
learn from data and make predictions or decisions without
being explicitly programed!’’). In the context of weed
management, machine learning techniques are used to analyze
large data sets containing information on weed species,
environmental conditions, herbicide effectiveness and other
relevant factorsl’’>*"l. These data can then be used to identify
areas at high risk of weed invasion and develop targeted
strategies to prevent or control weed growth. Machine learning
can also be used to optimize herbicide application, ensuring
that the most effective herbicide is used in the right places at
the right timel*”]. By analyzing data such as temperature, soil
moisture, and soil type, machine learning can predict where
weeds are most likely to invadel*’]. This information can then

be used to target areas where herbicides should be applied and
to apply them at the right time to maximize their effectiveness.

Machine learning algorithms are trained using these data sets
to recognize patterns and relationships between input variables
(such as weed characteristics and environmental factors) and
(such as herbicide efficacy or weed
presence)!’']. The trained models can then be applied to make

output variables

predictions or provide recommendations for weed
management strategies in real-timel'’l. The predictions or
recommendations generated by these models can be used to
advise farmers on the most effective weed management
strategies for their particular situation. Thus, the use of Al-
driven models can help farmers make better decisions on weed

management[ 1

Machine learning algorithms are increasingly being used in
agriculture to identify, analyze, and predict various aspects of
These

algorithms can be applied in various ways, such as weed species

crop production, including weed management!'‘],

recognition, weed density estimation, herbicide efficacy
prediction, and decision support systems. By leveraging
machine learning, farmers and agricultural professionals can
optimize herbicide usage, reduce environmental impact, and
improve weed management efficiency and precision!*’].
Machine learning can also help identify which weeds are more
resistant to herbicides, helping farmers make informed
decisions about which herbicides to use and where to use
them[*].
overview of machine learning techniques, offering valuable

In the subsequent subsections, a comprehensive

insights into their wide-ranging applications in weed
management is presented. This exploration aims to provide
readers with a deeper understanding of the diverse ways in
which machine learning can be harnessed to address the
challenges and complexities associated with effective weed

management.

3.1 Overview of machine learning techniques

Machine learning as a subset of artificial intelligence has the
potential to revolutionize agriculture weed management!*’].
Chemical management of weeds, which involves herbicides, is
crucial to modern farming practices. However, the effectiveness
of these chemicals can vary widely depending on various
factors such as soil type, weather conditions, and weed
speciesl*“]. Machine learning can help farmers predict future
weed growth so they can adjust their weed management
strategies accordingly. This can help maximize chemical weed
effectiveness  while

management minimizing costs and

environmental impacts. A machine learning algorithm can be
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trained to identify weed species from satellite imagery and
predict when they will appear, allowing farmers to plan
herbicide applications accordingly!*”1.

Various types of machine learning can be used to manage
weeds. Supervised learning is one of the machine learning
techniques which involves training a machine learning model
using labeled datal""l. In weed management, labeled data could
include information about the type of weed such as weed
species, growth habit (broadleaf or grass), life cycle (annual or
perennial), the chemical applied, and its effectiveness. The
model can then predict the effectiveness of a particular
chemical on a specific weed in a new environment["'l, This
approach can help farmers make informed decisions about
which herbicides to apply and when to apply them. These
algorithms can be used for tasks such as weed species
recognition, where images or sensor data of weeds are labeled
with their corresponding species*’l. Popular supervised
learning algorithms include decision trees, random forests,
support vector machines (SVMs) and neural networks["*]. Rasti
et al."" introduced a supervised image classification method to
identify weeds in densely populated crop fields. Through an
evaluation of the scatter transform algorithm, as well as single
scale and multiscale techniques including Local Binary Pattern
(LBP), Gray Level Co-occurrence Matrix (GLCM), Gabor filter,
and convolutional neural networks (CNNs), can achieve an
accuracy rate of 85%.

Unsupervised learning trains machine learning models with
unlabeled datal”’l. Unlabeled data in weed management may
include information about the characteristics of different weed
species or herbicide properties!”*l. It is then possible for the
model to identify patterns and relationships that humans may
not see in these data. Researchers can use this approach to
develop new herbicides or optimize existing ones based on
their chemical propertiesl’’]. Clustering algorithms, such as
k-means and hierarchical clustering, are commonly used in
unsupervised learningl"*l. Also, this approach can be used to
identify the most effective times for weed control, such as when
certain chemicals are most effective against weeds. In addition,
it can help researchers develop strategies to control the spread
of weeds.

Reinforcement learning technique involves training a machine
learning model to interact with an environment and learn
through trial and errorl’>l. In weed management,
reinforcement learning could involve simulating different
scenarios for chemical applications and measuring their

outcomesl®'l. The agent learns to take actions (e.g., herbicide

application and manual weeding) based on feedback received
from the environment, optimizing long-term rewards such as
weed control efficacy. The model can then learn which
scenarios are most effective and adjust its behavior accordingly.
This approach can help farmers optimize herbicide use by
applying them only where they are most needed!""l.

Deep learning is the process of developing a machine learning
model using neural networks with multiple layers/®’l. Deep
learning models are trained on large amounts of data, allowing
them to recognize patterns that would have been difficult to
detect using standard machine learning models(®*]. This makes
them ideal for tasks that require high accuracy and specificity,
such as identifying weedsl’”]. In weed management, deep
learning could involve training a model to recognize different
weed species based on their visual characteristics or DNA
sequences(®”l, Deep learning algorithms, such as CNNs, are
particularly effective at image recognition tasks. CNNs can be
trained to identify and classify weed species based on visual
characteristics!°°l. The model can then predict which weeds
will be most responsive to a particular herbicide or suggest
alternative methods of controlling them[°’). This approach can
help farmers make more precise and targeted weed
management decisions. These machine learning techniques
have the potential to significantly improve chemical weed
management by providing farmers with more accurate and
timely information about which herbicides to use and when to
apply them![''],

3.2 Applications of machine learning in weed
management

The use of machine learning algorithms in weed management
offers innovative approaches to optimize herbicide use and
improve weed control practices. Among the most important
uses of machine learning for weed management are the
identification of weed species, the estimation of weed density,
the prediction of herbicide efficacy, decision support systems,
and the mapping and monitoring of weed populations!' -1,

Machine learning algorithms are capable of recognizing and
their
characteristics!°’l. Thus, farmers can utilize proper equipment

classifying weed species according to visual
for selectively apply herbicides to specific weed species,
minimizing chemical use. Images or remote sensing data can
be analyzed by machine learning algorithms to estimate weed
a field"]. Herbicide

application rates can be optimized based on this information,

density and distribution within

ensuring effective weed control and reducing the amount of
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chemicals applied. To predict the efficacy of different
herbicides against specific weed populations, machine learning
algorithms can analyze historical data on herbicide
applications, weed species, environmental conditions, and crop
growth["], Tt is possible to determine what herbicide is the

most effective for weed control based on this information.

In addition, it is possible to integrate machine learning

algorithms into decision support systems that provide real-time

weed management recommendations!'’l. These algorithms
generate alerts and suggest appropriate intervention strategies
by continuously monitoring field conditions, enabling timely
and targeted weed control. Using machine learning algorithms,
weed maps can be generated from satellite images or drone
data, highlighting areas with high weed densityl’'l. In this way,
herbicides can be applied precisely and weed growth can be
monitored in real time. As shown in , machine learning

models have a major role in the weed management process.

Table 1 Effect of machine learning models on weed management practices

Method Model Aim Result Reference
Weed RF classifier model Classify carrot plants and weeds Achieved an average classification accuracy of 94% [72]
classification from RGB
Bayesian unsupervised Separating crops from weeds Achieved 85% accuracy on segmenting of the weeds [73]
classification model and without any prior knowledge of the species present in
morphological analysis the field
Machine learning and Classifying common weeds in corn Highly successful with a few weed species in [74]
handcrafted image field distinguishing each other
processing
Unmanned aerial vehicles ~ Weed classification The model successfully classified Lithospermum [68]
(UAVs) imagery arvense, Spergula arvensis, Stellaria media,
Chenopodium album, and Lamium purpureum in that
field
Faster region-based Weed classification on sugarcane,  As a result of implementing the model, the [75]
convolutional neural spinach, pepper and banana trees  classification accuracy was 97%, weed precision was
network (CNN) 95%, weed recall was 99%, and the F1 score was 99%
for 242,000 epochs
Weed Deep learning-based weed ~ Weed detection and management ~ The model has achieved an accuracy of 98.88% by [76]

detection and detection model (YOLO
identification models)

Deep CNN models

in different crops

among the bell pepper field
Deep learning detection
models (YOLOv3, YOLOvV5, and lawns
and Faster R-CNN)
Neural network
implemented through the
PyTorch framework

Weed Deep learning techniques on Discern weed infestations in winter
mapping and UAV-derived RGB and wheat crops

spatial multispectral imagery

distribution

and deep neural network  beet fields

Automatic random forest-
OBIA algorithm using UAV  within crop rows
imagery
Optimization Hyperspectral imaging
of herbicide
application plants from glyphosate
Drop-on-demand robotic

system vegetables

High-resolution melting and Detection of target-site mutations

RT-qPCR probe assays
Perennial Ryegrass

Identification of weeds present

Weed detection in wheat crops

Aerial multispectral imaging Semantic weed mapping in sugar

Early weed mapping between and

Evaluation of crop damage of the

non-glyphosate resistant corn

Optimizing weed management in

conferring glyphosate resistance in

calculating the number of correctly predicted weeds in

the unseen data set

The overall accuracy of the selected models for weed [77]
identification varied from 95% to 98%

Weed species identification in fields The average accuracy of detection under the same [38]

training parameters was about 92%

The accuracy of weed removal from wheat crops [78]
ranged from 0.89 to 0.91

Provide accurate predictions (model accuracy > 0.9 on [71]
true out-of-bag data)

The model significantly helps in discriminating [79]
between crops and weeds by segmenting out

vegetation in the input images

UAV imagery combined with RF-OBIA allows rapid [80]
and accurate weed mapping within and between crops

The model serve as a basis for determining the severity ~ [31]
of crop damage from glyphosate

The system optimized control the weeds with as little [82]
as 7.6 pg glyphosate or 0.15 pg iodosulfuron per plant

The model had acceptable ability to rapidly detect the [83]
target-enzyme mutations at codon 106 in the EPSPS

gene in Lolium perenne
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4 Weed species identification using
machine learning

Machine learning is used to automatically identify and classify
different types of weeds in agricultural settings using different
techniques and models[*’l. To analyze and interpret weed-
related visual data, including images and spectral information,
machine learning algorithms are used, particularly those in the
computer vision domain(®’l. These algorithms can detect and
classify weeds based on their visual characteristics. They can
also identify weeds in crop fields with high precision and
accuracy, helping farmers manage their crops more effectively.

Machine learning could revolutionize agricultural weed
identification. For this, there are several key steps involved,
including data collection and preprocessing, machine learning
model selection and performance evaluation metrics!"’]. These
identification systems are being researched to enhance their
robustness, accuracy and real-world applicability. Thus,
machine learning looks to be a promising tool for agricultural
weed identification. This section comprehensively covers the
crucial aspects of weed species identification using machine
learning. It provides valuable insights into the data collection
and preprocessing stages, as well as the selection and evaluation
of machine learning models. Based on image processing,
shows weed detection procedures.

4.1 Data collection and preprocessing

It is crucial to collect high-quality images of various weed
species. Ideally, these images should be taken at different
growth stages, under different lighting conditions and with
different backgrounds. They should also be of different types,
including annuals, perennials, and biennials. Additionally,
high-quality images should be taken from multiple angles to
provide the best view of each species.

For supervised learning, each image must be labeled with its
corresponding weed species. Domain experts are required for
this process, which can be time-consuming. For model
training, data augmentation techniques (e.g., rotation, flipping,
and scaling) can be applied to the images in the next step in
order to increase the diversity of the data set. It may be possible
to speed up the convergence of the model by normalizing pixel
values to a common scale (e.g., 0 to 1). A final step is to divide
the data set into training, validation, and test sets to assess how
well the model generalizes. With these steps, the model can be
trained, validated, and tested, which can be used for successful
predictions.

R B\
<
Il\r\n\é/e Capture or obtain images using
" gt cameras, drones, or other devices
~acquisition
. W _
\\\v/' Enhance the image quality and
Preprocessing remove noise with preprocessing
- - techniques
\\\\ \/" //, : ~
. Create a segmented image by
S separating the weeds from the
[ | background and other elements
~ - Y,
~_
. Extract relevant features from the
Heatore segmented regions to characterize
_extraction - the weeds )
y O _ : ——
~._ Build a classification model to
Cla ssiﬁ alion distinguish weeds from non-weed
| objects based on extracted features
9 A & il p N
. i Improve accuracy and refine the
Post- results using post-processing
i techniques
} Brocessm/g// q )
>
g — N
. Using the classification results, a
Weed weed map of the original image
. mapping | can be created
\\\¢// J

Fig. 1 Weed detection procedures based on image processing.

4.2 Machine learning models for weed species
identification

CNN s have proven highly effective at image classification tasks.
Common architectures, such as visual geometry group (VGG),
residual network (ResNet), and custom-designed networks,
. A VGG network-

based model was proposed by Fu et all*l for weed

may be used for weed identification!

identification in fields. In real fields, the accuracy of weed

detection was over 80% using Kaggle images.

A pre-trained model on a large data set (e.g., ImageNet) can be
fine-tuned to identify weed species!*’l. In addition to binary
classification, SVMs
classification[”’]. A VGG-SVM model was proposed to identify

rapeseed plants and weeds with 99.2% accuracy in training and

can also be wused for multiclass

92.1% accuracy in testing!"]. For classification, feature vectors
extracted from images can be fed into SVMsl”'l. It may be

possible to improve performance by using advanced

architectures such as capsule networks or attention

mechanisms in addition to CNNs["?1,



Mohammad MEHDIZADEH et al. Advancing agriculture with machine learning

295

5 Weed spatial distribution analysis

Analyzing weed spatial distribution involves determining how
weeds are arranged and spread across an areal”’]. Commonly,
weed mapping involves manual observation and sampling,
which can be time-consuming and inaccuratel’l. The use of
machine learning techniques provides a more accurate and
automated method of analyzing the spatial distribution of
weeds(”"], Nyamekye et al.[”] assessed the spatial and temporal
variation of aquatic weeds in the Lower Volta River using
machine learning. Their study demonstrated that combining
remote sensing data with machine learning can be used to
provide spatial and temporal distributions of aquatic weeds
such as water hyacinths. Using remote sensing technologies,
such as satellite imagery and unmanned aerial vehicles (UAVs),
data. Machine
algorithms can process these data to identify and map weed

enables high-resolution aerial learning
infestations across large agricultural or natural landscapes!”’l.
Geographic information systems (GIS) also make a crucial
contribution to weed spatial distribution analysis by offering an
effective framework for integrating diverse data sourcesl’’].
Machine learning algorithms can be applied to GIS data to
create detailed maps illustrating weed distribution patterns.
This technology can provide a comprehensive view of the
entire area, allowing researchers to identify areas of high weed
infestation and target control measures. Thus, GIS and remote
sensing provide an efficient tool for understanding weed
infestation patterns and deploying targeted control measures.
This section introduces the spatial distribution analysis of
weeds, followed by the development of predictive models for
estimating weed distribution, then explores the application of
machine learning techniques for spatial analysis, enhancing the
understanding of the underlying patterns and factors driving
weed distribution.

5.1 Predictive models for weed spatial distribution

Various environmental factors, historical data and other
relevant parameters are used in prediction models to forecast
weed spatial distribution!””]. Predictive models developed by
machine learning algorithms are particularly useful for
improving weed management decisions. These models are
reliable and accurate in predicting weed populations and their
distribution[' "], They are especially useful for predicting where
weeds are likely to appear, so that resources can be allocated
accordingly. Additionally, they can help to identify the most
vulnerable areas to weed invasion.

Machine learning algorithms, such as random forests, SVMs,
and neural networks, can analyze historical data to identify

patterns and correlations between environmental variables and
weed distribution! 1. These models can then predict weed
occurrence likelihood in specific areas. Combining multiple
machine learning models into ensemble approaches can
enhance prediction accuracy. Ensemble models, such as
gradient boosting, bagging and stacking, can be applied to

develop robust predictions for weed spatial distribution['].

5.2 Spatial analysis techniques using machine
learning

Within geographical data, spatial analysis examines spatial
relationships, patterns and processes. To manage weeds more
effectively, machine learning techniques offer innovative
approaches to spatial analysis!'']. Machine learning algorithms
are able to quickly identify patterns in large data sets, which
can be used to identify hotspots of weed growth and target
those areas for weed controll*’]. Additionally, machine learning
techniques can be used to model potential weed spread and
predict future infestations, allowing authorities to take
proactive measures to prevent and control weed growth. The
use of machine vision was applied to weed detection in peanut
fields by Zhang et al.l'"’l. As a result, the EM-YOLOv4-Tiny
network demonstrated significant efficiency in detecting a
single weed image in real-time. Machine learning applications
can integrate with precision agriculture technologies, such as
automated herbicide sprayers and robotic weed control
devices! 1. This integration enhances the spatial precision
of weed management practices, reducing chemical usage, and

minimizing environmental impact.

6 Optimization of herbicide
application

The application involves a

multifaceted approach, considering factors such as timing,

optimization of herbicide

dosage, formulation, technology, and environmental

responsibilityl'*“l. By adopting precision agriculture practices,
using appropriate adjuvants and tank mixtures, and being
informed about the latest advancements, farmers can enhance
weed control efficacy while minimizing herbicide ecological
footprint. A holistic and well-informed approach is essential to
achieving sustainable and effective herbicide application in
modern agriculture. Farmers should tailor their herbicide
application to the unique needs of their farms and the available
technologies. They should also monitor their crops closely to
ensure successful herbicide application and be aware of the
potential risks associated with herbicide use and take steps to

minimize their impact!'’’l. Taking these steps will help to
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ensure that modern agriculture remains sustainable and
effective in the long term. This section and its subsections
provide a comprehensive exploration of the optimization of
herbicide application. The subsections cover various aspects,
including strategies, factors influencing application, and the
integration of machine learning techniques. These machine
learning approaches encompass predictive modeling, weed
species identification, precision application with robotics,
decision support systems, weed density and spatial analysis,
and integration with the Internet of Things (IoT) and sensor
networks.

6.1 Herbicide application strategies

Effective herbicide application is a critical component of

modern agriculture and land management practices.
Herbicides are essential for controlling weeds, enhancing crop
yields and maintaining overall ecosystem healthl' '] Strategies
for herbicide application should emphasize the importance of
precision, timing and responsible use to maximize efficacy

while minimizing environmental impact.

Herbicide application strategies are diverse and should be
specific  crops, species, and
environmental conditions!''']. Integrating various approaches,

selected based on weed
such as pre-emergence and post-emergence applications, along
with embracing IWM and precision agriculture, can contribute
Careful
selection, and

weed controll'l.
herbicide

environmental factors is needed to achieve a balance between

to sustainable and effective

consideration of  timing,
optimal weed control and minimizing herbicide ecological
impactl''”],

Pre-emergence herbicide application is one of the most
effective strategies allowing treatment of the soil before weed
seeds germinate or seedlings emergel' '], This strategy prevents
weed establishment, offering a proactive approach to weed
control. Precise timing is crucial for pre-emergence
applications, as herbicides need to be in place before weed
germination''*]. This method is particularly effective in annual

cropping systems, where planting timing is predictable.

The common strategy for herbicide application is post-
emergence, which involves treating weeds after emergencel'"l.
This strategy allows for more efficient control of existing weed
populations. In this strategy, selective herbicides target specific
weed species while minimizing harm to non-target species!' ‘1.
Proper timing is crucial to maximize post-emergence
application effectiveness, as weeds are most vulnerable at

certain growth stages.

Another strategy is IWM, which is a holistic approach that
combines various control methods, including herbicides, to
IWM
considers ecological, economic, and social aspects of weed

achieve sustainable and effective weed controll*®].

management, emphasizing the integration of chemical,
I This

strategy aims to reduce reliance on herbicides alone and

biological, cultural, and mechanical control methods!
mitigate herbicide-resistant weed populations.

Precision agriculture is the process of using technology, such as
GPS-guided equipment and sensors, to optimize herbicide
This
application, reducing overall herbicide use, and minimizing

applicationl’ '], strategy allows for site-specific

environmental impact!''“], Variable-rate technology is a key
component of precision agriculture, enabling adjustments to
herbicide rates based on real-time datal'”’l. A successful
implementation of this strategy requires the introduction of

effective and accurate technologies, as well as farmer training.

6.2 Factors influencing optimal herbicide
application

Achieving optimal herbicide application is a dynamic process
influenced by various factors that encompass the characteristics
of both the target weeds and the surrounding environment.
Farmers and land managers must navigate a complex interplay
of biological, environmental, and technological factors to
herbicide
minimizing the potential negative consequences associated

ensure effectiveness and sustainability while

with herbicide usel'”'l. Tt is essential to carefully assess the
potential for herbicide drift and runoff, as well as the potential
effects on beneficial species and non-target organismsl'**>'*’l.
Also, farmers should carefully consider the costs and benefits
of different herbicide application strategies. An overview of the
key factors influencing herbicide application is shown in

6.3 Machine learning approaches for herbicide
optimization

Machine learning in agriculture has improved precision and
efficiency. The use of machine learning techniques in herbicide
revolutionize ~ weed

optimization  can management

strategiesl’’].  Through data-driven insights, predictive
modeling and spatial analysis, machine learning can help
farmers make better decisions, reduce herbicide use, and
enhance sustainabilityl'’’l, By harnessing the power of
predictive modeling, image recognition, robotics, decision
support systems, sensors, spatial analysis, and IoT integration,

herbicide application strategies can be optimized!'**'*°], The
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Fig. 2 Key factors influencing optimal herbicide application, along with their critical considerations.

result is improved weed control and a more sustainable and
environmentally conscious approach to herbicide use in
agriculture. As technology continues to evolve, the synergy
between machine learning and herbicide optimization holds
substantial promise for the future of weed management in
agriculture. For herbicide optimization, various machine
learning approaches are used, as explained below. The
effectiveness of machine learning models on chemical weed
management is presented in

6.3.1 Predictive modeling for weed growth

Machine learning excels at developing predictive models for
weed growth based on historical data, environmental variables,
and crop management practices!'’']. Using these models,
farmers can anticipate and plan herbicide applications more
effectively by forecasting weed emergence and growth patterns.
Algorithms, such as random forests and neural networks, can
be used to analyze complex data sets to identify correlations
and make accurate predictions regarding weed growth under
varying conditions!'*>'*°l. Machine learning provides farmers
with a powerful tool to optimize herbicide application
strategies. The predictive models for weed growth have several
primary advantages, including early detection of weed
outbreaks, improved timing for herbicide applications, and

greater precision for targeting specific weed species!' *l.

6.3.2 Weed species identification

Machine learning algorithms, particularly image recognition
models, have demonstrated success in automating weed species
identification['*]. By processing images captured by drones or
cameras, these algorithms can differentiate between crops and
various weed species in real-timel' 'l. This capability enables
targeted herbicide applications, minimizing the need for
blanket treatments and minimizing the impact on non-target
vegetation. Additionally, the use of image recognition can
reduce labor costs associated with manual identification of
1. Also, it can help reduce the risk of herbicide drift,
which can cause environmental damage. Precision agriculture,
real-time decision making, cost reduction, environmental

weeds!

impact, herbicide drift mitigation, increased crop yield, data-
driven insights and adaptability are the advantages of these
algorithms.

6.3.3 Precision herbicide application with robotics

Integrating machine learning with robotics has led to the
development of autonomous herbicide application systems!'*“].
These robotic systems use machine learning algorithms to
navigate fields, identify weeds, and precisely apply herbicides
only where needed!'*”l. By using sensors and real-time data
analysis, these robots can adapt to changing field conditions,
1. This

helps reduce chemical usage, protect the environment and

ensuring optimal herbicide dosage and coverage!
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Table 2 Efficiency of machine learning models in chemical weed management

Used model Aim Result

Reference

High-resolution
hyperspectral imaging
acquisition system

Hierarchical cluster
analysis

Deep convolutional

Classifying herbicide sites
of action

Assessing New Zealand’s
herbicide-resistant weed
potential

Detection of herbicide weed

neural networks (CNNs) control spectrum in turfgrass

Hyperspectral imaging
through machine
learning

Robotic system

Intelligent weeding
robot

Analyzing the crop damage
caused by dicamba on non-
dicamba-tolerant soybeans

In-row weed management in
vegetables

Intra-row weed management
in maize (Zea mays)

Autonomous GPS-based Assessing the tilled area for

system

Light-activated sensor-
controlled sprayer

Novel sensor-based
method

Drone-based herbicide
application

RGB (red, green and
blue) images from
drones

Drone sprayers

Computer vision

intra-row weed control
Weed control in postharvest
wheat

Evaluation of herbicide
efficacy under real field
conditions in durum wheat
Effective weed control in
rice (Oryza sativa)

Weed control threshold
estimation

Weed control in soybean
(Glycine max)
Classification and

machine learning system management of rice field

based on stereo vision

Deep learning CNN's

Hyperspectral imaging
and machine learning

weeds

Weed detection in perennial
ryegrass

Weeds identification in
pastures

Chlorophyll fluorescenceldentification of herbicide-

imaging sensor

UV-induced
fluorescence sensor

resistant Alopecurus
myosuroides populations
Weed-crop discrimination
in corn

The combination of hyperspectral imaging and machine learning was very
effective in rapidly screening and precisely classifying a wide spectrum of
herbicides, achieving an accuracy rate of over 80% as early as one day after
treatment

The hierarchical cluster analysis identified eight weed species as high-risk
assemblages, including all species known to be herbicide-resistant in New
Zealand

Training based on the herbicide weed control spectrum demonstrated high
accuracy in detecting and discriminating weeds

Hyperspectral imaging captures the spectral response to soybean injury caused
by dicamba sprays. An overall accuracy of more than 90% was achieved by the
recoverability spectral indices developed

A 10-fold reduction in herbicide use was achieved by using the robot in the field
trial to control all weeds

In actual conditions, 93% accuracy in weed detection was achieved with deep
learning, and 90% efficiency in weed removal was obtained by the robot

With a high level of effectiveness, the system controlled weeds mechanically
between and within rows

In comparison with broadcast sprayers, this system reduced herbicide use by
23% to 55%

The method was reported as an effective tool for improving weed management

Herbicide application by drones significantly reduced weed density and weed
dry weight, and resulted in the highest grain and straw yield in rice

The method provided an acceptable estimate of weed cover value

By drone sprayer, Pendimethalin and Imazamox 35% EC + Imazethapyr proved
to be more effective than by knapsack or boom sprayer

Stereo vision technology, as well as the hybrid ANN-BA classifier developed for
increased classification accuracy, demonstrated promising results

The use of neural networks was highly effective in detecting Euphorbia
maculata and Glechoma hederacea growing in perennial ryegrass

Using hyperspectral imaging, four weeds were successfully identified with an
overall accuracy of 70% to 100%

95% of classifications were correct when the model detected herbicide stress in
weeds

Under laboratory conditions, classification success rate was 92%

[

]

maximize crop vyields. Site-specific herbicide application,

the most suitable herbicide, application rate and timing!

reduction in herbicide usage and costs, and minimization of
environmental impact are the main benefits of this algorithm.
A robotic herbicide application flowchart is shown in

6.3.4 Decision support systems

Machine learning-based decision support systems help farmers
These

systems consider a range of factors, including weather

make informed herbicide application choices!'™'].

conditions, soil properties and historical data, to recommend

providing real-time insights, these systems empower farmers to
I. The use of this
approach may result in a reduction in herbicide resistance

optimize weed management strategies!

development. Additionally, these systems improve decision-
making efficiency and tailor recommendations for specific field
conditions.

6.3.5 Weed density and spatial analysis

By leveraging data from diverse sources, such as satellite
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Fig. 3 Flowchart of a precision herbicide application with robotics.

imagery, UAVs, and ground sensors, machine learning
algorithms are used to generate comprehensive maps
I. The
integration of these technologies facilitates the accurate

pinpointing areas exhibiting elevated weed densityl

identification and mapping of weed distribution patterns
across the field. These detailed maps serve as valuable tools for
farmers, enabling targeted herbicide applications based on
identified weed hotspots!'*“1. This approach optimizes resource
utilization and minimizes the environmental impact associated
with indiscriminate herbicide use. The significance of machine
learning-driven spatial analysis in providing actionable insights
for precision agriculture, offering farmers a strategic and
efficient means to manage weed infestations and enhance
overall crop productivityl' *°1.

6.3.6

Using data from soil sensors, weather stations and diverse IoT

Integration with internet of things and sensor networks

devices, machine learning algorithms are used to dynamically
adapt herbicide application plans in response to evolving
The
facilitates

environmental conditions in agricultural fields!'*’].

integration of IoT and sensor networks
uninterrupted monitoring of key parameters, allowing machine
learning models to make informed decisions regarding
herbicide dosage and distribution. The inherent advantages of
this approach include the continuous refinement of weed
management plans, leading to a reduction in herbicide waste
and the associated environmental impact. Also, the dynamic
adaptation enabled by this integrated system contributes to
increased efficiency and adaptability in weed management
practices!'?. As a result of this approach, IoT technologies,

sensor networks and machine learning algorithms are being

combined to revolutionize herbicide application in agriculture,
making crop management more efficient and sustainable.

provides an overview of chemical weed management
using machine learning technologies.

7 Benefits and challenges of machine
learning in weed management

Machine learning has multifaceted benefits in agriculture.
Machine
management, exhibit remarkable precision in differentiating

learning algorithms, when applied to weed
between crops and various weed species, allowing for efficient
herbicide applications!'“]. Processing data in real-time
empowers farmers with immediate insights into weed presence,
1. Also, adaptability of

machine learning models to diverse environments enables

fostering prompt decision making!

efficient weed management in various agricultural settings.
Likewise, machine learning has a positive impact through cost
reduction through automated weed detection, reducing the
need for manual labor and therefore optimizing operations
expensesl' *»'0']. Additionally, targeted herbicide applications

driven by machine learning models minimize the
environmental impact associated with excessive herbicide use,
preserving non-target vegetation!'*’l. The generated data not
only refines current weed management practices but also
contributes to a data-driven understanding of weed
distribution patterns and the effectiveness of herbicide
applications. Overall, the incorporation of machine learning in
weed management stands as a transformative approach,
offering  precision,

efficiency and sustainability in

contemporary agricultural practices.
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Fig.4 Overview of machine learning technologies for effective chemical weed management.

A complex landscape of challenges and limitations surrounds
the integration of machine learning in weed management!'®*1,
As machine learning applications are adopted for precision
agriculture, critical impediments emerge. The foremost
challenge lies in the acquisition of high-quality and diverse data
sets, indispensable for robust machine learning model
training!’'l. Addressing the challenge of model generalization
requires continuous research and refinement to enhance
Model

generalization across varied environmental conditions and

adaptability across diverse agricultural landscapes.

weed species poses a substantial obstacle, requiring nuanced
model development strategies. The largely unavoidable risk of
bias within training data raises concerns regarding the ethical
and unbiased deployment of machine learning-driven weed
management systemsl'*’l. The interpretability of complex
machine learning models is viewed as a limitation, impacting
user trust and comprehension. Additionally, the seamless
integration of machine learning technologies with existing
agricultural systems necessitates compatibility, underscoring
the need for meticulous planning and adaptation.

8 Future directions and research
opportunities

As the application of machine learning technologies in
precision farming continues to evolve, a diverse potentials and
Despite the

challenges, machine learning models should be considered a

emerging challenges have become evident.

way for improving weed detection, classification, and
management. The integration of novel data sources, including
hyperspectral imaging and advanced sensor technologies, holds
promise for weed

refining machine learning-driven

management accuracy and scope. Future research should also
focus on addressing challenges such as model interpretability,
biases, and seamless integration with existing agricultural
Also,
learning and other advanced machine learning techniques can

systems. exploring the potential of reinforcement
contribute to the development of more adaptive and resilient
weed management systems. Emerging technologies and trends
in machine learning integration into weed management
practices are contributing to more efficient, sustainable, and
targeted approaches to weed detection and control. Some
notable emerging technologies and trends include advanced
sensor technologies, remote sensing and UAVs, data fusion
and integration, robotic systems, and precision applications,
real-time analytics and decision support systems, biological
control and IPM, continuous learning and adaptability, and
blockchain technology for traceability. Through these future
directions, the weed management in modern agriculture can

enter in a new era of innovation, sustainability and efficiency.

9 Conclusions

In conclusion, the integration of machine learning techniques
into chemical weed management practices holds significant
promise for addressing the challenges associated with standard
weed control methods. This review highlights the potential
benefits of using machine learning algorithms in weed
management, including enhanced precision, reduced chemical
and improved sustainability. By

usage, leveraging

computational algorithms and advanced data analysis
techniques, machine learning models can accurately identify
and classify weed species, analyze weed spatial distribution, and

optimize herbicide application strategies. These capabilities
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enable targeted and precise weed management, leading to

increased  agricultural  productivity and  minimized

environmental impact.

However, it is important to acknowledge that further research
and development are necessary to refine these algorithms,
validate their performance in diverse agricultural settings, and
ensure their practical applicability on a larger scale. The
limitations of current weed control methods, such as labor-
intensive manual labor and indiscriminate herbicide use,
necessitate the exploration of innovative and sustainable
approaches. Machine learning, along with other emerging

technologies, offers a pathway toward more efficient and

environmentally friendly weed management.

By considering the current state of research in the field of
machine learning in weed management, this review is intended
contribute to ongoing efforts in developing sustainable and
effective weed control strategies. The optimization of herbicide
usage, reduction of environmental contamination and
preservation of agricultural ecosystem health are critical
aspects that can be achieved through the integration of
machine learning into weed management practices. Ultimately,
the successful implementation of machine learning techniques
in weed management has the potential to positively impact
global agriculture and ensure food security in a sustainable

manner.
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