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Abstract

Efficient water management has become an
important challenge in modern agriculture due to
increasing  water  scarcity and  changing
environmental conditions. Traditional irrigation
systems mainly depend on fixed schedules and
manual monitoring, which often result in over-
irrigation, under-irrigation, water wastage, and
reduced crop productivity. To overcome these
limitations, this paper proposes AquaMind, a hybrid
ANN-driven intelligent irrigation system for
precision  water  optimization and  waste
minimization. The proposed system integrates
ensemble machine learning techniques with an
Artificial Neural Network (ANN) to improve
irrigation prediction and decision-making. In the first
stage, environmental parameters such as soil
moisture, soil temperature, air temperature, and
humidity are predicted using a hybrid regression
model that combines Gradient Boosting, XGBoost,
and AdaBoost through a voting mechanism. This
approach improves prediction accuracy and reduces
error rates under varying environmental conditions.
In the second stage, the predicted environmental
parameters along with crop type and time-related
features are provided as input to the ANN model for
irrigation classification. A novel hybrid activation
function called TANELU, which combines TANH
and ELU activation functions, is introduced to
enhance learning capability, improve gradient flow,
and achieve faster convergence. Experimental results
show that the proposed model achieves 93%
irrigation  classification accuracy, improving
prediction reliability and water management
efficiency compared to conventional approaches.
The system predicts irrigation requirements and
identifies suitable watering time with higher
accuracy while reducing unnecessary water usage.
Overall, the integration of ensemble learning and

ANN-based classification provides a scalable and
intelligent solution for precision agriculture and
sustainable farming practices.
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I. INTRODUCTION

Efficient water management has become a critical
challenge in modern agriculture due to increasing
water scarcity and the growing demand for food
production. Agriculture accounts for a major portion
of global freshwater consumption, making it
essential to adopt intelligent irrigation practices that
optimize water usage while maintaining crop
productivity. However, in many regions, irrigation is
still carried out using traditional methods such as
fixed scheduling or manual observation, which fail
to consider real-time environmental conditions.
These approaches often lead to over-irrigation or
under-irrigation, resulting in water wastage,
increased costs, and reduced crop yield.

With the advancement of sensing technologies and
data-driven techniques, smart irrigation systems
have gained significant attention. Machine learning
(ML) plays a vital role in analyzing environmental
data such as soil moisture, temperature, and humidity
to support accurate irrigation decisions. By learning
patterns from historical data, ML models can predict
irrigation requirements more effectively than
conventional methods. However, many existing
systems rely on single predictive models, which may
not perform consistently under varying
environmental conditions due to the complex and
non-linear nature of agricultural data.

To address these limitations, ensemble and hybrid
learning  approaches have been introduced.
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Ensemble regression techniques, such as Gradient
Boosting, XGBoost, and AdaBoost, combine
multiple models to improve prediction accuracy and
reduce error. These methods are particularly
effective in handling structured data and capturing
complex relationships between environmental
variables. By integrating predictions from multiple
models through a voting mechanism, the reliability
and robustness of environmental forecasting can be
significantly enhanced.
In addition to prediction, decision-making plays a
crucial role in irrigation systems. Artificial Neural
Networks (ANN) are widely used for classification
tasks due to their ability to model non-linear
relationships between inputs and outputs. However,
the performance of ANN models depends heavily on
the choice of activation functions, which influence
learning behavior and convergence. Traditional
activation functions such as GELU, TANH, and ELU
have their own strengths and limitations, and a single
function may not be sufficient to capture diverse
patterns in agricultural data.
To overcome this challenge, this paper proposes a
hybrid activation function that combines the
properties of TANH and ELU, enabling the neural
network to learn more effectively from complex
datasets. The proposed system integrates a hybrid
regression model for environmental prediction with
an ANN model using the hybrid activation function
for irrigation decision-making. Based on predicted
environmental conditions and contextual factors
such as crop type and time, the system determines
whether irrigation is required and identifies the
optimal time for watering.
The main contributions of this work are as follows:
e Development of a hybrid machine learning
framework combining ensemble regression
and ANN
e Implementation of a voting-based regression
model  for accurate  environmental
forecasting
e Design of a hybrid activation function to
improve ANN performance
e Integration of prediction and decision-
making into a unified irrigation system
e Enhancement of water efficiency and
support for sustainable agriculture
Overall, the proposed approach provides a practical
and scalable solution for smart irrigation,
contributing to improved water resource
management and precision farming.
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II. LITERATURE REVIEW

Efficient irrigation management has been an
important research area due to the increasing need
for sustainable water utilization in agriculture. Early
irrigation practices were primarily based on manual
observation and fixed scheduling methods. Although
these approaches were simple and widely adopted,
they lacked adaptability to changing environmental
conditions such as soil moisture, temperature, and
humidity. As a result, they often led to inefficient
water usage and inconsistent crop performance.
With the advancement of sensor technologies,
automated irrigation systems were introduced. These
systems used soil moisture sensors and weather data
to trigger irrigation based on predefined threshold
values. While they improved efficiency compared to
traditional methods, they were still limited by their
reliance on fixed rules and were unable to handle
dynamic and complex environmental variations
effectively.

To overcome these limitations, researchers began
applying machine learning techniques for irrigation
prediction and decision-making. Models such as
Decision Trees, Support Vector Machines (SVM),
and Random Forest have been widely used to
analyze environmental data and classify irrigation
requirements. Random Forest, in particular, has
shown strong performance due to its ability to handle
high-dimensional data and reduce overfitting.
However, single-model approaches often struggle to
maintain consistent accuracy across different
datasets and environmental conditions.

Atrtificial Neural Networks (ANN) have also been
extensively explored in agricultural applications due
to their capability to model complex and non-linear
relationships. ANN-based models have
demonstrated improved prediction accuracy for
irrigation and crop management tasks. Nevertheless,
their performance is highly dependent on model
parameters, especially activation functions, which
play a crucial role in learning behavior and
convergence. Standard activation functions such as
GELU, TANH, and ELU have limitations when
dealing with diverse and highly variable agricultural
data.

In recent years, ensemble learning methods have
gained significant attention as a means to improve
prediction accuracy and robustness. Techniques such
as Gradient Boosting, AdaBoost, and XGBoost
combine multiple weak learners to form a stronger
predictive model. These approaches are particularly
effective in regression tasks involving structured
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environmental data. By integrating multiple models,
ensemble methods can reduce prediction errors and
enhance generalization.

Furthermore, hybrid systems that combine
regression models with neural networks have been
proposed to improve both prediction and decision-
making processes. In such frameworks, regression
models are used to forecast environmental
parameters, and neural networks are employed to
determine irrigation requirements based on these
predictions. This layered approach enhances system
performance by leveraging the strengths of both
methodologies.

Despite these advancements, most existing irrigation
systems rely on standard activation functions within
neural networks, which may not fully capture the
complexity of agricultural data. There is a growing
need for innovative approaches that enhance
learning capability and improve model performance.
This research addresses this gap by introducing a
hybrid activation function integrated within a hybrid
machine learning framework, aiming to achieve
more accurate and reliable irrigation predictions.

II1. PROBLEM
OBJECTIVES

A. Problem Statement
Efficient irrigation management is a critical

STATEMENT AND

challenge in modern agriculture due to continuously
changing environmental conditions such as soil
moisture, temperature, and humidity. Traditional
irrigation practices, including fixed scheduling and
manual decision-making, do not consider real-time
field conditions. As a result, these methods often lead
to over-irrigation or under-irrigation, causing water
wastage, increased operational costs, and reduced
crop productivity.

Although machine learning-based approaches have
been introduced to improve irrigation decisions,
many existing systems rely on single predictive
models. These models often struggle to capture the
complex and non-linear relationships present in
agricultural data, resulting in inconsistent
performance  under  varying  environmental
conditions. Additionally, most systems do not
effectively integrate environmental prediction with
intelligent decision-making, which limits their
overall efficiency.

Another important limitation is the use of standard
activation functions in Artificial Neural Networks
(ANN). Activation functions play a key role in
learning  patterns and  determining model
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performance. However, commonly used functions
such as GELU, TANH, and ELU may not fully
capture the diversity and variability of
environmental data, reducing the model’s ability to
generalize effectively.
Furthermore, many current irrigation systems lack
adaptability, scalability, and the ability to provide
accurate real-time recommendations. This highlights
the need for a more robust and intelligent system that
can handle dynamic data, improve prediction
accuracy, and support efficient irrigation
management.
B. Objectives
The primary objective of this research is to develop
an intelligent and efficient smart irrigation system
using hybrid machine learning techniques. The
specific objectives are as follows:
e To design and implement a hybrid machine
learning framework for irrigation prediction
e To accurately forecast environmental
parameters such as soil moisture,
temperature, and humidity
e Todevelop an ensemble regression model by
combining multiple algorithms for improved
prediction accuracy
e To implement an Artificial Neural Network
(ANN) for irrigation decision-making
e To design a hybrid activation function to
enhance learning capability and
classification performance
e To determine irrigation requirements and
optimal watering time based on predicted
conditions
e To reduce water wastage and improve
irrigation efficiency
e To support precision agriculture through
data-driven decision-making

IV. PROPOSED METHODOLOGY

A. System Overview

The proposed system, AquaMind, is designed using
a hybrid machine learning architecture that combines
ensemble regression techniques with an Artificial
Neural Network (ANN) for intelligent irrigation
prediction and decision-making. The complete
framework operates in two major stages. In the first
stage, environmental parameters are predicted using
multiple ensemble regression algorithms. In the
second stage, the predicted environmental values are
provided as input to the ANN model, which
determines irrigation requirements and identifies the
optimal watering time. This integrated approach
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improves prediction accuracy, enhances decision
reliability, and supports efficient water management
in agriculture.

Hybrid Smart Irrigation System Architecture
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B. Dataset Collection and Input Features
The system utilizes an agricultural dataset containing
important environmental and contextual parameters
related to irrigation management. The major input
features include:

¢ Soil Moisture

e Soil Temperature

e Air Temperature

e Humidity

e Crop Type

e Time of the Day
These features are represented as input vectors and
are used for both regression and classification
processes. The collected dataset helps the model
understand environmental behavior and irrigation
requirements under different agricultural conditions.
C. Data Preprocessing
Data preprocessing is performed to improve data
quality and model performance. The preprocessing
stage includes:
1. Missing Value Handling
Missing values in the dataset are replaced using
mean imputation to maintain consistency and avoid
data loss.
2. Noise Removal
Irrelevant and inconsistent data records are removed
to improve prediction accuracy.
3. Feature Normalization
Min-Max normalization is applied to scale all feature
values into a uniform range between 0 and 1 using

the formula:
X' = X - Xmin

Xmax - Xmin
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Normalization improves model stability, learning
efficiency, and convergence during training.

D. Feature Engineering

To capture environmental variations over time,
historical environmental data is utilized to generate
additional time-series features. Lag-based feature
generation helps the model learn temporal patterns
and improves forecasting capability. This process
enhances the ability of the system to handle dynamic
agricultural conditions effectively.

E. Hybrid Ensemble Regression Model
Environmental parameter prediction is performed
using a hybrid ensemble regression model that

combines:
e Gradient Boosting
e XGBoost
e AdaBoost

Each regression model is trained independently
using the prepared dataset. Their outputs are
combined using a Voting Regressor mechanism to
generate final predictions.

The combined prediction is calculated as:

k
1
Yorea = Ez Vi
i=1

where:
e krepresents the number of regression
models
e yrepresents the prediction generated by
each individual model
This ensemble strategy minimizes prediction errors,
improves robustness, and enhances overall
forecasting accuracy compared to single-model
approaches.
F. Irrigation Label Generation
Based on environmental conditions and agricultural
domain knowledge, irrigation labels are generated
for classification. The system determines:
e  Whether irrigation is required
e  Whether the current time is suitable for
watering
Generally, early morning and evening periods are
considered suitable watering times due to lower
evaporation rates and better water absorption.
G. Artificial Neural Network (ANN)
An Artificial Neural Network is implemented for
intelligent irrigation classification. The ANN
architecture consists of:
e Input Layer
e Hidden Layers
e Output Layer
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The input layer receives predicted environmental
parameters and contextual features. Hidden layers
learn complex non-linear relationships, while the
output layer produces final irrigation decisions such
as:
e Irrigation Required (Yes/No)
e Suitable Watering Time (Yes/No)
The ANN improves decision-making capability by
learning patterns from agricultural data.
H. Proposed Hybrid Activation Function
(TANELU)
To improve ANN performance, a novel hybrid
activation function named TANELU is introduced
by combining the characteristics of TANH and ELU
activation functions.
The proposed activation function provides:
e Improved gradient flow
o Faster convergence
e Better non-linear learning capability
¢ Reduced vanishing gradient issues
This hybrid activation function enables the neural
network to learn complex agricultural patterns more
efficiently compared to conventional activation
functions.
I. Model Training and Testing
The dataset is divided into:
¢ Training Dataset — 80%
o Testing Dataset — 20%
The regression and ANN models are trained using
the training dataset and evaluated using the testing
dataset. This process ensures proper generalization
and reduces the possibility of overfitting.
J. Final Prediction Framework
The final workflow of the proposed system is
summarized as follows:
1. Collect environmental and contextual data
2. Apply preprocessing and normalization
3. Predict environmental parameters using
ensemble regression
Provide predicted values to the ANN model
5. Generate irrigation decisions and watering
recommendations
The final output includes:
e Irrigation Requirement Prediction
e Suitable Watering Time Recommendation
K. Advantages of the Proposed System
The proposed methodology offers several
advantages:
e Improves irrigation prediction accuracy
e Reduces water wastage
e Supports precision agriculture
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¢ Handles dynamic environmental conditions
effectively
¢ Enhances ANN learning using the TANELU
activation function
e Provides scalable and intelligent irrigation
management
Overall, the proposed methodology delivers an
efficient, intelligent, and sustainable smart irrigation
framework for modern agricultural applications.

V. RESULTS AND DISCUSSION

A. Experimental Setup

The proposed smart irrigation system is
implemented using Python with libraries such as
NumPy, Pandas, Scikit-learn, XGBoost, and
TensorFlow/Keras. The dataset consists of
environmental parameters including soil moisture,
soil temperature, air temperature, and humidity,
along with crop and time-related features.

Data preprocessing techniques such as mean
imputation and Min-Max normalization are applied
to ensure data quality and consistency. The dataset is
divided into training and testing sets using an 80:20
ratio. All models are trained and evaluated under the
same conditions to ensure a fair comparison.

B. Performance Evaluation Metrics

The performance of the regression and classification
models is evaluated using standard metrics:

e Mean Squared Error (MSE): Measures the
average squared difference between
predicted and actual values

e Root Mean Squared Error (RMSE):
Provides error in the same unit as the data

e Mean Absolute Error (MAE): Measures
the average magnitude of errors

e Accuracy: Measures correct classification
of irrigation decisions

e Precision, Recall, and F1-Score: Evaluate
classification reliability

These metrics provide a comprehensive evaluation
of both prediction and decision-making
performance.
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C. Comparative Analysis of Models

All Algorithms Environment Forecasting Performance Graph

Algorithms
N MAE
- MSE
0.06 1 _ MSE

0.08 ¢

0.04 4

0.02 1 I I
0.00

"
k==

- B

AdaBoost
Random Forest
XGBoost

Extension Hybrid Mode!

Parameters
Fig 2: Performance Comparison of Regression
Models
The performance of individual regression models
and the hybrid regression model is compared to
evaluate improvement in prediction accuracy.

Table 1: Regression Model Performance

Comparison
Model MAE | MSE | RMSE
AdaBoost 0.020 | 0.010 | 0.030

Hybrid Model | 0.005 | 0.002 | 0.015
Random Forest | 0.065 | 0.010 | 0.090
XGBoost 0.006 | 0.002 | 0.016
The results show that the hybrid regression model
achieves lower error values compared to individual

models, indicating improved prediction accuracy
and robustness.

D. ANN Classification Performance

The classification performance of the ANN model is
evaluated using both traditional activation functions
and the proposed hybrid activation function.

Table 2: Classification Performance Comparison

Model Accurac | Precisio | Recal | F1-

y n 1 Scor
e

ANN with | 89% 0.88 0.87 | 0.87

GELU

ANN with | 90% 0.89 0.88 | 0.88

TANH

ANN 93% 0.92 0.91 0.91

with

TANELU

(Propose

d)

The proposed hybrid activation function improves
classification accuracy and overall model
performance by effectively capturing non-linear
patterns in the data.
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Prediction

E. Discussion
The experimental results confirm that the proposed
hybrid approach improves the overall performance
of the smart irrigation system. The ensemble
regression model effectively reduces prediction
errors by combining multiple algorithms, resulting in
more accurate estimation of environmental
parameters compared to individual models.
The ANN model further enhances decision-making
by accurately classifying irrigation requirements and
suitable watering time. The use of the hybrid
activation function (TANELU) plays a significant
role in improving learning efficiency and
classification accuracy by handling non-linear
patterns more effectively.
Compared to traditional irrigation methods and
single-model approaches, the proposed system
provides more consistent and reliable results under
varying environmental conditions. This integration
of prediction and classification enables better
irrigation planning and supports efficient water
usage.
The evaluation results indicate high accuracy with
minimal misclassification. Reducing incorrect
irrigation decisions is essential, as it directly impacts
water conservation and crop productivity. The
proposed system successfully addresses this by
improving both prediction and decision stages.
However, the system’s performance depends on
dataset quality and may require adaptation for
different environmental conditions. Real-time
implementation also requires integration with
sensors and deployment infrastructure.
Overall, the proposed approach offers a practical and
scalable solution for smart irrigation, contributing to
improved water management and sustainable
agriculture.

VI. CONCLUSION
This paper presented AquaMind, a hybrid ANN-
driven intelligent irrigation system developed to
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improve irrigation prediction and optimize water
utilization in modern agriculture. The proposed
framework  combines  ensemble  regression
techniques with an Artificial Neural Network (ANN)
to enhance both environmental forecasting and
irrigation decision-making. The ensemble regression
model, which integrates Gradient Boosting,
XGBoost, and AdaBoost through a voting
mechanism, effectively improves the prediction
accuracy of environmental parameters such as soil
moisture, temperature, and humidity.

To further enhance classification performance, a
novel hybrid activation function called TANELU
was introduced by combining the advantages of
TANH and ELU activation functions. The proposed
activation function improves gradient flow,
accelerates convergence, and enables the ANN
model to learn complex non-linear agricultural
patterns more efficiently. Based on predicted
environmental conditions and contextual features,
the system accurately determines irrigation
requirements and identifies suitable watering time.
Experimental results demonstrate that the proposed
hybrid framework outperforms traditional irrigation
methods and single-model machine learning
approaches in terms of prediction accuracy,
reliability, and water optimization. The system
successfully reduces unnecessary water usage while
supporting efficient irrigation planning and
improved crop productivity.

Overall, the proposed smart irrigation framework
provides a scalable, intelligent, and practical solution
for precision agriculture. By integrating hybrid
machine learning techniques with ANN-based
decision-making, the system contributes to
sustainable water resource management, minimizes
irrigation waste, and supports the development of
smart farming environments for future agricultural
applications.

VII. FUTURE SCOPE

The proposed AquaMind smart irrigation system
can be further enhanced by integrating IoT-based
sensors for real-time monitoring of soil moisture,
temperature, humidity, and rainfall conditions. This
integration can improve prediction accuracy and
enable automatic irrigation decisions based on live
environmental data.

Future improvements may include the use of
advanced deep learning models such as LSTM and
GRU networks to better analyze time-dependent
environmental patterns and increase forecasting
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efficiency. In addition, mobile and cloud-based
applications can be developed to help farmers
monitor field conditions and control irrigation
remotely.

The system can also be expanded to support different
crop types, soil conditions, and geographical regions,
making it more adaptable for large-scale agricultural
applications. Furthermore, integrating weather
forecasting systems and renewable energy sources
such as solar-powered irrigation can improve
sustainability and reduce operational costs.

Overall, these enhancements can transform the
proposed framework into a more intelligent,
scalable, and fully automated irrigation system that
supports precision agriculture, efficient water
management, and sustainable farming practices.
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