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ABSTRACT

Background: Mixed-cropping are widely recognized for enhancing land-use efficiency, improving soil fertility and contributing to
long-term agricultural sustainability. However, choosing optimal crop combinations tailored to specific farm conditions remains a
challenging, particularly in developing regions.

Methods: To address this limitation, this study proposes a novel explainable artificial intelligence (XAl)-Driven hybrid machine learning
and ant colony optimization (ACO) framework (XAI-HACO) for mixed-crop recommendation, integrating soil nutrient, weather variables.
hybrid machine learning techniques such as random forest-extra trees (RF-ET), decision tree-C4.5 (DT-C4.5), extreme gradient
boosting-gradient boosting (XGBoost-GBoost), quadratic discriminant analysis-linear discriminant analysis (QDA-LDA) and support
vector machine-stochastic gradient decent (SVM-SGD) were developed and assessed using an indigenous mixed-crop dataset of
Andhra Pradesh, India. The models performance was assessed using accuracy, precision, recall, F1-score, confusion matrix and
ROC-Curve, while ACO was employed to optimize feature selection and model hyperparameters.

Result: The investigational results show that the proposed RF-ET hybrid model achieved superior performance 95.91% accuracy,
precision at 95.08%, recall at 95.91% and F1-score at 95.49%. These results show that the proposed XAI-HACO framework offers
a reliable, transparent, interpretability and data-driven decision support tool for farmers and agricultural stakeholders, facilitating
informed selection of suitable mixed-cropping systems.

Key words: Ant colony optimization, Explainable artificial intelligence (XAl), Hybrid machine learning, Mixed-crop system,

Recommendation system, Sustainable agriculture.

INTRODUCTION

Sustainable agriculture depends on smart decision-
making farmers need to use their land efficiently, boost
yield, and reduce risks from climate and pests. Mixed-
cropping, where two or more crops are grown together on
the same field, helps achieve these goals by improving
soil fertility, reducing pest pressure, increasing overall
productivity and giving farmers more stable income.
However, choosing the right crop combinations is not
simple. It requires understanding numerous aspects such
as soil nutrients (NPK), pH level, rainfall patterns, how well
crops grow together and even market demand. Traditionally,
farmers rely heavily on single-crop recommendation
practices and this system limit land utilization and
decrease farming productivity. With the rise of Machine
Learning (ML), we now have influential tools that can analyze
huge volumes of agricultural data and offer more consistent
recommendations. Currently most ML systems are
designed for recommending a single crop, not
combinations of crops grown together. However, these
models largely as black-box systems, proposing limited
transparency and interpretability, which makes it hard for
farmers to understand the reasoning behind the
recommended crops Gao et al., 2023. The study integrates
machine learning and swarm intelligence to improve crop
yield prediction and fertilization decisions. RF, ERT and
XGBoost models are tested, with ERT showing the best
performance. The proposed model effectively identifies
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optimal fertilization strategies with high accuracy (Ed-daoudi
et al., 2023). The study develops a web-based crop
recommendation system that uses machine learning to
suggest suitable crops based on soil and climate
conditions. Among the five algorithms tested, Random
Forest delivered the highest performance (Sajindra et al.,
2024). Proposes a deep learning model to estimate soil
NPK levels using plant growth features such as height,
leaf count and leaf area. The Levenberg-Marquardt
method with different transfer functions was tested,
showing improved predictions, with pure linear and tangent
sigmoid functions achieving the highest Pearson
correlation (Tkatek et al., 2023). The researchers developed
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and compared several ML prediction models, including
SVM, KNN, NB, RF, DT and XGBoost. They evaluated model
performance by employing error metrics like MSE, MAE,
RMSE and R-Squared (Khan et al., 2022). Presents a
machine learning-based fertilizer recommendation system
that leverages loT-enabled real-time soil nutrient data. By
integrating a soil fertility mapping framework, the system
provides context-aware and accurate fertilizer
recommendations Islam et al., 2023. Employs an ML-based
IoT system that collects real-time soil and climate data
through sensors and transmits it via MQTT. The data is
analyzed using machine learning models to recommend
suitable crops and optimal fertilizer plans based on current
soil conditions Kuradusenge et al., 2023. Uses machine
learning models comprising RF, PR and SVR to predict
crop yields for Irish potatoes and maize based on
climatological data Huang et al., 2023. Proposes a machine
learning-based soil analysis system that uses real-time
and sensor data to provide crop, irrigation and fertilizer
recommendations, helping farmers farm more sustainably
and proficiently Deepak, 2023. Develops an loT-based
monitoring system combined with machine learning to
recommend suitable crops. By integrating real-time field
data with ML models, it supports farmers in making
informed decisions on crop selection, timing and resource
management (Dey et al., 2024). Evaluated five ML models
on agricultural, horticultural and combined crop datasets,
concluding that predicting yields is more accurate when
crop types are analyzed separately (Musanase et al., 2023).
Estimates soil suitability for potato cultivation using rwanda
as a case study. It applies bootstrapping to expand limited
data, uses fuzzy logic for classification and evaluates
machine learning models to support accurate soil quality
prediction (Cruz et al., 2022). The study uses graph
convolutional networks and graph neural networks to
recommend crops by modeling relationships between
soil and climate features, enabling accurate seasonal
crop predictions (Kollu et al., 2023). Employs IoT data
and machine learning for fertilizer recommendation, using
SFFS for feature selection and Multilinear Regression for
classification. The proposed SFFS-MLR model
outperforms Random Forest, C4.5 and Naive Bayes
(Kukkar et al., 2024). Introduces AgroAdvisor, a hybrid
model combining RFXGB and DeepFM for crop
recommendation, achieving higher accuracy than
traditional ML and deep learning methods (Tamilarasan,
2024). Compares multiple ML models for crop
recommendation, with Random Forest performing best.
A hybrid approach combining Random Forest and PCA
further improves accuracy.

According to Naveen et al. (2023) proposes an
algorithm that converts discrete values into factors, creates
multiple datasets and applies an extended K-means
approach with lambda estimation for class assignment
(Chen et al., 2025). Uses vegetation indices (NDVI, GNDVI,
and canopy cover) with machine learning models to predict
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crop growth and yield, validated using ground-based data
(Kalmani et al., 2024). The authors develop an enhanced
CNN-LSTM hybrid model with attention mechanisms to
improve wheat and rice yield prediction accuracy in India
(Na and Na, 2024). The study uses a VGG16-based CNN
model to detect soybean wilting, providing an accurate deep
learning approach for identifying crop stress.

Key gaps identified in previous studies

Despite the growing attention in machine learning crop
recommendation models, there remains a significant need
to explore how Explainable Artificial Intelligence (XAl) and
Hybrid Machine Learning can be effectively merge with
optimization techniques (XAI-HACO) for mixed-crop
recommendations. Existing studies uncommonly integrate
multiple classifiers within a combined XAI-HACO
framework. This study addresses these limitations by
introducing a novel XAI-HACO model specifically designed
for region-specific mixed-crop recommendation system.

According to Food and Agriculture Organization
(FAO, 2023) Disclose that 20-40% yield losses, while mixed
cropping in India can increase smallholder profits by up to
25%. However, the lack of digital tools limits its adoption,
highlighting the need for an ML-based system to support
optimal mixed-crop decisions.

This study presents a XAl-Enable Hybrid Machine
Learning and Ant Colony Optimization Framework (XAl-
HACO) that recommends optimal mixed-crop combinations
by analyzing soil, nutrient and climate data, specifically
tailored to the environments of Andhra Pradesh, India. The
proposed model can provide transparency, interpretability
and visual explanation for farmers to know the motive
behind the recommended crops.

Key contribution to this research a state-of-the-art XAl-
HACO mixed-crop recommendation system that can
accurately classify the most suitable mixed-cropping and
transparent, interpretable inform decision based on
regional soil and climatic conditions of individual farmland.

MATERIALS AND METHODS

This study presents a novel mixed-crop recommendation
framework that combines XAI-HACO to provide accurate,
context-specific mixed-crop recommendations for the soil
and climate conditions of Andhra Pradesh, India. Using
primary soil and climatic features obtained from Indian
Institute of Soil Science (l1ISS), Bhopal, the system
integrates multiple classifiers including RF-ET, DT-C4.5,
XGBoost-GBoost, QDA-LDA and SVM-SGD to enhance
predictive performance. The incorporated ACO technique
further optimizes mixed-crop patterns, resulting in a
robust, data-driven recommendation framework. Fig 1
illustrate the sequence modules of the XA-HACO system,
form the data collection and pre-processing to hybrid
model training, ACO optimization, model evaluation and
final mix-crop recommendation.
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Dataset

The datasets have been collected from Indian Institute of
Soil Science, Bhopal. By utilizing a specific region of Andhra
Pradesh, India. The dataset includes soil and climate
variables consist of (NPK), temperature, humidity, pH and
rainfall. A total of 2552 entries and 36 different variety of
crops were collected for this study. Fig 2 indicate sample
records from the processed dataset, emphasizing soil and
climate features with their corresponding mixed-crop labels
utilized in model training and evaluation.

The dataset samples were collected from all the major
towns in Andhra Pradesh, India. Finally, the study also
considered the aggregation of all agricultural seasons.
Fig 3 demonstrate the major cities that soil and climate
samples were collected.

Data preprocessing

This is one of the most significant phase in machine
learning since the accuracy and performance of the
machine learning technique are dependent on the
excellence of the data that we keep (Sani et al., 2023). Data
pre-processing consists of selecting some important
features, fixing missing data values, removing duplicates,
overfitting and under-fitting, dealing with outliers, feature
engineering and so on. Feature selection The process of
selecting the appropriate input parameters from the dataset
that contribute the most to the prediction output of a machine
learning model.

Model training and testing

The dataset is spread into training and testing batches,
which enhances memory efficiency and accuracy.
A validation set continuously analyzes the models

model based on the validation parameters. After training is
completed, we tested on a different test set to see how fit it
generalizes to new data.

Model performance evaluation

The model assessment refers to the method in machine
learning during which performance of a model is analytically
assess and evaluated. The purpose is to find out how
good the prediction quality of the model is and how well.
Each mixed-crop recommendation models accuracy,
precision and recall score were thoroughly assessed.

Accuracy

A simple technique to assess accuracy is to look at how
frequently the classifier predicts accurately. The ratio of the
total of precisely predicted outcomes to all of the models
predictions can be used to calculate accuracy.

True positives (TP) + True negatives (TN)
TP+ TN+ FP + FN

Accuracy =

Precision

Describes as the ratio of true positives to the sum of true
positives and false positives, which indicates the accuracy
of positive predictions.

True positives (TP)

Precision =
True positives (TP) + False positives (FP)

Recall

Is the ratio of true positives to the sum of true positives and
false negatives, which indicates how successfully the
model classifies all appropriate events.

True positives (TP)

Recall =
performance to sidestep overfitting and selects the optimal True positives (TP) + False negatives (FN)
Datasat Ant Colorty
collection | Optimization
; (Aco)
DataPre- Model Training Hybrid ML > - xed- |
| processing and Testing ‘ algorithms Model Evalustion Crop !
| | Recommendation
= = -
Fig 1: Proposed model workflow.
df.tail()
N P K temperature humidity pH rainfall label
2548 140 14 350 22107190 78583201 6.364730 74.941366 cotton, soybean, pigeon pea
2549 160 18 400 23.038140 76.110215 6.913679 91.496975 cotton, soybean, pigeon pea
2550 180 22 450 24.547953 75397527 7.766260 63.880799 cotton, soybean, pigeon pea
2551 200 26 500 23.738680 75775038 7.556064 76.636692 cotton, soybean, pigeon pea
2552 220 30 550 22.318719 83.861300 7.288377 65.357470 cotton, soybean, pigeon pea

Fig 2: lllustrate the dataset of Andhra Pradesh used for mixed-crop recommendation.
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Fl-score

Incorporate precision and recall into a sole balanced metric,
creating it particularly suitable for evaluating models on
imbalanced datasets where accuracy can be deceptive.
Precision * Recall
Precision + Recall

Fl-score=2*

Confusion matrix

A confusion matrix is a performance assessment tool in
machine learning that visualizes the accuracy of a
classification model. It indicates the totals of true positives,
true negatives, false positives and false negatives, helping
to evaluate model performance, detect misclassifications
and enhance overall prediction accuracy.

For a dataset of size N

N = True positive (TP) + True negative (TN) + False
positive (FP) + False negative (FN)

Receiver operating characteristics curve

Shows how fit a classification model achieves by illustrating

the trade-off among the true positive rate (TPR) and (the

false positive rate (FPR) across diverse decision thresholds.
True positives rate (TPR)

True positives (TP) + False negatives (FN)

ROC - Curve =

Algorithm-XAI-HACO mixed-crop recommendation
System

Step 1: Collect the dataset (Regional dataset).

Step 2: Perform data-preprocessing (Data cleaning, replacing
missing values, feature selection and engineering).

Step 3: Model training and testing (Split the dataset into
80% for training and 20% for testing).

Step 4: Building hybrid ML models (RF+ET, DT+C4.5,
XGBoost+GBoost, QDA+LDA, SVM+SGD.

Step 5: Define (Ant colony optimization) Initialize necessary
parameters and pheromone trials.

While not termination do.

Generate ant population.

Calculate fitness values associated with each ant.

Find best solution through selection methods.

Update pheromone trial.

End while.

End procedure.

Step 6: Model performance evaluation (Accuracy, precision,
recall, F1-score, confusion matrix, ROC-curve).

Step 7: XAI-HACO mixed-crop recommendation.

RESULTS AND DISCUSSION

The results of our proposed XAI-HACO mixed-crop
recommendations obtained using RF-ET, DT-C4.5,
XGBoost-GBoost, QDA-LDA and SVM-SGD, models
show that RF-ET outperforms the others with 0.95.91%
accuracy. The hybrid machine learning mod els
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were compared using various performance metrics. Table
1 show the accuracy, precision, recall and F1-score of the
XAI-HACO recommendation models used. The proposed
XAI-HACO model offers personalized mixed-crop
recommendations by analyzing an indigenous soil and
climatic conditions of individual farmers farmland,
enabling the cultivation of diverse and suitable mixed-
crop. This has the potential to significantly improve farm
production and increase the economic returns for farmers.

Fig 4 proves the ROC curve comparison of the hybrid
ML models, proving their discriminative capability by
contrasting true positive rates against false positive rates
across diverse classification thresholds.

Fig 5 describes the confusion matrix of proposed
model, indicating classification performance across various
mixed-crop classes and highlighting the distribution of
correct and misclassified predictions.

Fig 6 shows a sample prediction output of the trained
hybrid model, demonstrating how input soil and climatic
features are processed to generate a recommended
suitable mixed-crop.
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Fig 3: Study area from which soil and climate were derived, i.e.
Andhra Pradesh.

ROC Curve Comparison of Hybrid Machine Learning Models
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Fig 4: ROC-curve of XAlI-HACO models.
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Fig

5: lllustrate the RF-ET

confusion matrix.

classifier mixed-crop

recommendation

crop_app=joblib.load('crop app')

crop_arr=[[200, 100, 100, 30, 560, 1.50, 46]]

hybrid_preds=crop_app.predict{(crop_arr)

C:\Users\AHMED GIMBA\anaconda3\Lib\site-packages\:

sifier was fitted with feature names
warnings.warn(

hybrid_preds

array(['maize, cowpea, groundnut'], dtype=object)

Fig 6: Demonstrate the model prediction for mixed-crop before

employing XAl.

SHAP Summary Plot of XAl Model for Mixed-Crop Recommendation
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Fig

7: lllustrate the SHAP prediction summary plot of mixed-crop

recommendation.

Fig 7 demonstrate the SHAP summary plot of the XAl
model, showing the relative significance and influence of
soil and climatic parameters on mixed-crop recommendation
results.

This SHApley Additive exPlanations (SHAP) summary
explains why the proposed XAI-HACO-based model
recommends maize, cowpea and groundnut together as
demonstrated in the Fig 7. High (N) level strongly drive
the model toward recommending maize, indicating
maize demand high nitrogen and also moderate nitrogen
levels support cowpea and groundnut. The soil nutrient
levels strongly support crops like maize, which requires
more nutrients to grow healthy. Temperature and humidity
are appropriate for cowpea and groundnut, which grow
well in warm environments and support to enhance soil
fertility. Soil pH value influence how well crops soak-up
nutrients. The pH level indicate supports groundnut
development. Rainfall has a lesser effect, which means
the crops can still perform well even with modest
precipitation.

The findings of this study demonstrate XAI-HACO
offers strong potential for addressing real-world mixed-
crop recommendation challenges. By incorporating
essential soil nutrient and climatic variables nitrogen
(N), phosphorus (P), potassium (K), temperature, humidity,
pH value and rainfall the proposed framework effectively
captures the complex interactions present in
high-dimensional agricultural datasets. Among the
evaluated hybrid models, the RF-ET classifier attained
the highest performance, attaining an accuracy of 95.91%
and consistently outperforming other hybrid approaches
such as DT-C4.5, XGBoost-GBoost, QDA-LDA and SVM-
SGD. lIts strong predictive accuracy, robustness and
capability to generalize effectively to unseen data
highlight its suitability for use in agricultural decision-
support systems.

The results emphasize the significant promise of
XAI-HACO in advancing precision agriculture.
In particular, the superior performance of the RF-ET
model suggests that algorithms capable of handling
diverse feature sets, reducing overfitting and capturing
complex decision boundaries are especially effective for
mixed-crop recommendation tasks. This study
demonstrates that such intelligent, data-driven
frameworks can support more accurate and efficient crop
planning, eventually enhancing farmland utilization,
improving agricultural productivity and provide
transparent inform decision-making for farmers.

Table 1: XAI-HACO mixed-crop recommendation performance metrics.

Hybrid algorithms Accuracy Precision Recall Fl-score
RF-ET 0.95.91% 0.95.08% 0.95.91% 0.95.49%
DT-C4.5 0.91.59% 0.91.72% 0.91.59% 0.91.65%
XG Boost-G Boost 0.94.13% 0.94.25% 0.94.13% 0.94.18%
QDA-LDA 0.83.17% 0.83.73% 0.83.17% 0.83.44%
SVM-SGD 0.88.45% 0.88.97% 0.88.45% 0.88.70%
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CONCLUSION

This study introduced an innovative XAI-HACO framework
to enhance crop selection and planning across varying
agro-ecological conditions. By utilizing key soil and climatic
variables comprise of nitrogen, phosphorus, potassium,
temperature, humidity, pH and rainfall the proposed
framework successfully captured the complex and non-
linear interactions that influence optimal crop combinations
in region specific farms condition. Among the tested hybrid
models, the RF-ET classifier achieved the highest overall
performance, consistently surpassing other hybrid
approaches. Its strong predictive accuracy and stable
generalization ability highlight its potential for practical use
in agronomic decision-support systems.

The results demonstrate the effectiveness of novel
XAI-HACO techniques to develop intelligent and context-
aware mixed-crop recommendation solutions. The XAl-
HACO framework provides a robust, data-driven tool that
can assist farmers in improving crop productivity,
optimizing farmland utilization, transparent and
interpretability decision and encouraging more
sustainable agricultural practices. Future research should
give emphasis to farmer-centric decision support system.
A model that can be employed as a web-based or mobile,
by allowing farmers to get explainable recommendations
in their local dialects.
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