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Abstract

Accurate forecasting of palm oil prices is crucial for agribusiness decision-making due to high market volatility influenced by dynamic weather
conditions. This study proposes a novel hybrid deep learning model combining Long Short-Term Memory (LSTM), Stacking Ensemble, and
Synthetic Minority Over-sampling Technique (SMOTE) to improve predictive accuracy and handle class imbalance in price trend classification.
The model was trained using a multivariate time-series dataset sourced from Kaggle, consisting of daily records of temperature, humidity, rainfall,
and palm oil prices. A binary classification scheme was applied by labeling instances as either price increase (class 1) or price stable/decrease
(class 0), based on a 0% price change threshold. Four experimental configurations were evaluated: standard LSTM, LSTM + SMOTE, LSTM +
Stacking, and the proposed LSTM + SMOTE + Stacking. The proposed model outperformed all baselines, achieving the highest accuracy of
83.12%, an F1-score of 0.8466, MAE of 0.1688, RMSE of 0.4109, and a perfect recall of 1.0000, indicating excellent sensitivity to minority class
trends. In contrast, the standard LSTM achieved only 77.32% accuracy and an F1-score of 0.7224, showing limited ability in handling imbalanced
data. Visualization of loss curves and confusion matrices confirmed the model’s learning stability and classification effectiveness. This study
contributes a novel integration of ensemble learning and oversampling in time-series commodity forecasting and demonstrates the effectiveness
of this approach in capturing weather-driven price patterns, offering a robust framework for predictive analytics in agriculture.
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1. Introduction

Palm oil is one of Indonesia’s most strategic agricultural commodities, contributing significantly to national economic
output [1], [2]. As the world’s largest producer of Crude Palm Oil (CPO), Indonesia maintains a highly dynamic market
in terms of production, distribution, and pricing. However, CPO prices are notoriously volatile and subject to a wide
range of influencing factors, both internal and external [3], [4]. Among internal factors, weather conditions—such as
rainfall, temperature, and humidity—have a direct impact on fresh fruit bunch (FFB) yields [5], [6], [7], which in turn
affect supply levels and market prices [8], [9], [10]. These complexities underscore the need for advanced
computational approaches, particularly Al-based algorithms, to achieve reliable price forecasting [11], [12]. Although
Convolutional Neural Networks (CNNs) were originally developed for image analysis, they have also been applied to
time-series prediction tasks by transforming sequential data into visual representations [13], [14]—using methods such
as Gramian Angular Fields and Recurrence Plots [15], [16].

Additionally, 1D-CNNs can be applied directly to time-series data by extracting local features through convolutional
filters [17], [18], [19]. CNNs offer notable advantages, including efficient feature extraction, faster training times, and
robustness to noise due to their parameter sharing mechanisms [20], [21]. However, they lack internal memory, which
limits their ability to model long-term dependencies—a critical requirement for price forecasting in time-series contexts
[22], [23]. To overcome this limitation, CNNs are often used as preliminary feature extractors, followed by sequential
models like LSTM or GRU for temporal learning [24], [25], [26]. Previous research has explored hybrid approaches
combining econometric methods and machine learning. For instance, [3] demonstrated the strength of integrating the
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Auto-Regressive Distributed Lag (ARDL) model with LSTM to capture both short- and long-term price dynamics of
CPO. Their study also utilized LASSO and SHAP for variable selection and interpretability, producing high predictive
accuracy using a 17-year dataset. Despite these strengths, the model relied heavily on macroeconomic variables and
lacked generalizability, having been validated only on Malaysian data.

Additionally, the complexity of LSTM may hinder practical adoption in industry settings with limited technical
capacity [3]. A related study [5] focused on daily weather prediction using a BiLSTM model enhanced with SMOTE
and ADASY N to address class imbalance. The model employed five years of real synoptic data and used multi-category
contingency tables for evaluation, enhancing both accuracy and applicability for flight safety. Despite the robust
implementation, the study was geographically limited to a single airport, and the heavy use of oversampling raised
concerns of overfitting. Furthermore, generalizing the model to other regions would require retraining due to
differences in local meteorological conditions [5].

While LSTM has shown great promise in time-series forecasting, it still suffers from several limitations when used as
a standalone model. These include susceptibility to overfitting, especially in the presence of limited or imbalanced
datasets [27], [28], and sensitivity to hyperparameter tuning [29], [30]. To overcome these challenges, ensemble
learning—particularly stacking—has emerged as a viable approach to improve model accuracy and stability [31], [32],
[33]. In stacking, multiple base learners (e.g., individual LSTM models) are combined using a meta-learner, thereby
increasing predictive performance through aggregated learning [34]. Another critical issue in real-world datasets is
class imbalance, where the model is biased toward majority trends due to skewed data distributions [21], [35]. In the
context of palm oil price prediction, this is particularly problematic as extreme price shifts are underrepresented in
historical records. To address this, the SMOTE is used to generate synthetic minority samples, improving model
balance and performance in regression or classification tasks involving imbalanced data [35], [36], [37]. Given this
background, this study aims to develop an optimized palm oil price prediction model that integrates LSTM, stacking
ensemble, and SMOTE techniques. By addressing both temporal dependency and data imbalance, the proposed model
is expected to enhance predictive accuracy and generalization, thereby offering a valuable decision-support tool for
stakeholders in the palm oil industry—including farmers, plantation companies, and policy makers [38], [39].

2. Literature Review

The forecasting of agricultural commodity prices, particularly for palm oil, has received considerable attention in both
economic and technological domains due to the high price volatility that significantly impacts stakeholders ranging
from smallholder farmers to large-scale industry actors [40], [41]. Palm oil prices are influenced by various factors,
including global demand and supply, currency exchange rates, trade policies, and—most fundamentally—production
conditions [3]. Among these, weather factors play a pivotal role in determining productivity. Variations in rainfall,
temperature, humidity, and sunlight intensity can directly affect crop yields and thus market supply and price
movement. Therefore, incorporating weather variables into forecasting models is essential to improve both the accuracy
and contextual relevance of predictions [4].

In recent years, advances in artificial intelligence—especially machine learning and deep learning—nhave significantly
improved the modeling of complex phenomena such as price forecasting [42], [43]. LSTM, a specialized form of
Recurrent Neural Network (RNN), has emerged as a powerful architecture for sequential data tasks [44], [45]. Designed
to overcome the limitations of traditional RNNs in capturing long-term dependencies, LSTM incorporates memory
cells and gated mechanisms (input, forget, and output gates) that allow it to retain and propagate relevant information
over time. This makes LSTM particularly well-suited for time-series tasks like commodity price forecasting. However,
LSTM models are not without drawbacks. They tend to be computationally intensive, sensitive to overfitting, and
require careful data handling and hyperparameter tuning [46], [47].

To overcome the limitations of single-model architectures, ensemble learning has gained prominence. One particularly
effective approach is stacking, which combines multiple base learners through a meta-learner to improve prediction
accuracy and model robustness. In the context of price forecasting, stacking allows the integration of various LSTM
configurations or the combination of LSTM with other architectures such as GRU, CNN, or even non-neural models
like XGBoost. The primary strength of stacking lies in its ability to reduce prediction error by leveraging the strengths
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of diverse models. However, this approach also introduces challenges, such as increased computational complexity and
the need for larger datasets to adequately train multiple models [48], [49].

Beyond model architecture, data distribution remains a critical challenge. Historical palm oil price data often exhibits
strong class imbalance, with the majority of values clustered within a narrow range, while extreme price changes occur
infrequently. This imbalance can lead to biased models that favor dominant patterns and overlook rare but significant
fluctuations. To mitigate this, the SMOTE is employed [35], [50]. SMOTE synthesizes new data points for the minority
class using interpolation between nearest neighbors, thereby enriching the dataset and enabling better generalization of
the model in regression contexts. As the relationship between weather and crop yields becomes better understood,
numerous studies have integrated weather data into price prediction models. These studies consistently show that
incorporating weather variables enhances forecast accuracy compared to models relying solely on historical price data.
LSTM models have also demonstrated superior performance over traditional statistical approaches such as ARIMA in
capturing nonlinear and temporal patterns [51], [52], [53]. However, the combined application of stacking and SMOTE
in commodity price forecasting remains underexplored, presenting an opportunity to contribute new insights and
techniques to the field. By integrating the temporal strength of LSTM, the ensemble advantages of stacking, and the
balancing capabilities of SMOTE, this study aims to develop a more reliable and accurate forecasting model for palm
oil prices—particularly under the influence of fluctuating weather conditions. The resulting model is expected to
support more informed decision-making in the palm oil industry and contribute to the advancement of data-driven
agribusiness forecasting solutions.

3. Methodology

To achieve the objective of developing a reliable and accurate palm oil price forecasting model based on weather-
related variables, a systematic and structured methodology is essential. This section outlines the research framework
in detail, encompassing data collection and preprocessing procedures, the architectural design of LSTM model, the
application of stacking as an ensemble learning strategy, and the use of the SMOTE for handling data imbalance. In
addition, the evaluation metrics and computational tools used in model development are described. These
methodological steps are designed to ensure that the resulting model not only achieves high predictive performance
but is also robust to data variability and representative of real-world conditions.

3.1. Dataset Description

This study employs a time-series dataset sourced from the Kaggle platform, selected for its accessibility, completeness,
and well-structured format. The dataset consists of five variables: Date, Temperature (°C), Humidity (%), Precipitation
(%), and Palm Qil Price (IDR). The date variable functions as the chronological index required for sequence-based
models such as LSTM. The weather variables serve as input features, while the palm oil price is the target output to be
forecasted. All data points were cleaned to remove missing values and ensure temporal alignment across features. The
values were then normalized using MinMaxScaler to standardize input ranges, an essential step for optimizing
convergence during deep learning model training. To see the summary statistics presentation of the main numeric
variables used, please see table 1.

Table 1. Presents the Summary Statistics of the Key Numerical Variables Used

Variable Mean Std Dev Min 25% 50% 75% Max
Temperature (°C) 18.99 16.86 14.00 5.00 21.00 30.00 39.00
Humidity (%) 68.52 20.48 20.00 57.00 70.00 83.00 109.00
Precipitation (%) 53.94 32.20 0.00 20.00 58.00 83.00 109.00
Price (IDR) 1609.69 37.07 1557.21 1572.23 1617.98 1648.03 1648.03

As shown table 1, the temperature variable has a wide range from 14°C to 39°C, indicating potential outliers or
measurement variability. Humidity and precipitation show higher values and broader dispersion, consistent with
tropical climate data. Palm oil price data, on the other hand, appears relatively stable with a narrow range of variation,
highlighting the importance of using advanced models to capture subtle but critical changes. To evaluate the
relationships between the input variables and the target variable (palm oil price), a correlation heatmap was generated
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(figure 1). The results indicate that temperature and humidity are positively correlated, suggesting that increases in
ambient temperature tend to coincide with higher humidity levels in the observed regions. Precipitation exhibits a
moderate correlation with palm oil prices, implying that rainfall levels may influence crop yield, thereby affecting
market prices. However, the overall correlation coefficients between individual weather variables and the price are
relatively low. This underscores the necessity of employing non-linear predictive models such as LSTM, which are
capable of capturing complex multivariate dependencies and temporal patterns that linear models may fail to detect.
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Figure 1. Correlation Heatmap: Weather Variables and Palm QOil Price
3.1. Research Design

This study adopts a quantitative research approach through computational experiments grounded in machine learning
techniques. The primary objective is to develop and optimize a time-series-based forecasting model for palm oil prices
using the LSTM architecture. To enhance predictive performance, the model integrates a stacking ensemble strategy
and employs the SMOTE to address data imbalance issues. The research process is structured into several stages: data

collection and preprocessing, model development, training and evaluation, and result analysis. A detailed overview of
the research workflow is presented in figure 2.
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Figure 2. Research Framework

Figure 2 illustrates the overall research framework for palm oil price prediction based on weather-related factors,
employing deep learning techniques and advanced data preprocessing. The process begins with the input of palm oil
price data and weather variables, followed by preprocessing steps that include handling missing values, data
augmentation (if needed), and normalization using MinMaxScaler to ensure consistent feature scaling. In the data
preprocessing stage, a class labeling process is performed to convert the price regression data into a binary classification
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format, namely class 1 (price increase) and class 0 (stable/decrease). This labeling is performed by comparing the palm
oil price on day t with the price on the previous day (t-1). If the price difference exceeds the 0% threshold (positive),
the data is labeled 1 (increase); whereas if the price difference is zero or negative, it is labeled 0 (decrease/stable). This
strategy aims to simplify the prediction task and adapt the model to the classification approach used in the study. After
preprocessing, SMOTE is applied to address class imbalance and reduce model bias toward majority patterns. The
balanced dataset is then split into 80% training and 20% testing data. Model implementation involves training four
different configurations: baseline LSTM, LSTM with SMOTE, LSTM with stacking, and the proposed hybrid model
combining LSTM + SMOTE + Stacking. Each model is evaluated using multiple performance metrics, including
Accuracy, Precision, Recall, F1-score, Mean Absolute Error (MAE), Root Mean Squared Error (RMSE), and ROC-
AUC. These evaluations are analyzed to determine the most effective model for predicting palm oil prices under
weather-influenced conditions.

This study employs a structured and comprehensive application of SMOTE and stacking ensemble to enhance model
performance in commaodity price prediction tasks. SMOTE is an oversampling method used to address class imbalance
by generating synthetic samples for the minority class through interpolation between existing nearest neighbors. The
synthetic data point is generated as follows:

Xsynthetic = Xi T A. (xi(NN) - X;) (1)

A€[0,1] is a random number. This process is repeated until a balanced class distribution is achieved. Stacking, on the
other hand, is an ensemble learning technigque that combines multiple base learners to generate individual predictions,
which are then used as input for a meta-learner to produce the final output. The stacking model aims to minimize the
aggregated prediction error by learning non-linear combinations of the base models’ outputs, expressed mathematically
as:

Ming ) Lo H(hr (60, - i ())) 2)
i=1

L is a loss function, such as Mean Squared Error (MSE) for regression or log-loss for classification tasks. The dataset
is partitioned into two subsets: 80% for training and 20% for testing, to ensure model generalizability and avoid
overfitting. The model implementation stage compares two main approaches: baseline models and the optimized
stacking-based models. The stacking approach combines these same models into an ensemble framework to improve
predictive accuracy. Upon training completion, all models are evaluated using a set of performance metrics, including
Accuracy, Precision, Recall, F1 Score, MAE, RMSE, and ROC-AUC.

TP+TN

Accuracy = oo rprEN (3)
Precision = TPTfFP 4)
Recall = TPZPFN ®)
_ Precision X Recall 6
F1Score = 2 x PrecisionXRecall ( )
1

MAE = ~ 31 |y; — i (7)
n = total amount of data (sampel),yi = actual value (%) ke — 1, (8)
1 (9)

RMSE = \[;Z?ﬂ(yl' —¥1)?
AUC = [ TPR(x)dx (10)

The evaluation results serve as the basis for identifying the most accurate and reliable model for palm oil price
prediction based on weather-related factors. This approach is designed to ensure that the final model is not only
statistically robust but also adaptable to the complexities of real-world data.
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3.2. Proposed Model

This study proposes a new forecasting model designed to improve the accuracy and stability of palm oil price
predictions by incorporating weather factors as input variables. The model combines three main approaches: LSTM
for time-series processing, SMOTE for handling data imbalance, and stacking ensemble to enhance prediction
performance by combining multiple models. This integrated approach addresses the limitations found in individual
models and aims to provide better results, especially in capturing price fluctuations influenced by weather patterns and
historical trends. Four models were tested in this study to evaluate the impact of stacking and SMOTE on prediction
performance, particularly in the context of imbalanced data. The comparison is presented in table 2.

Table 2. Comparative Summary of Model Characteristics

Specification Standard LSTM + LSTM + LSTM + Stacking + SMOTE
LSTM Stacking SMOTE (proposed)
Model Complexity Low High Medium Very High
Imbalanced Data Handling No No Yes Yes
Ensemble Techniques No Yes No Yes
Prediction Accuracy Sufficient Good Good Very Good
Generalization Ability Limited Good Fair Very Good
Noise Robustness Low Medium Good High
Training Time Fast Longer Medium Longest
Advantages _ Easy _ Strong_ quel Fair data_ Combined benefits of stacking and
implementation combination representation SMOTE
Disadvantages Ovetgl;gtstmg, mgéar?gj Ct& N eWnsiiln( blre High complexg[é/s,tcomputatlonal

Table 2 summarizes the specifications and characteristics of the four forecasting models evaluated in this study. The
standard LSTM model is the simplest in terms of implementation and training time but struggles with data imbalance
and generalization, making it prone to overfitting. The LSTM + Stacking model improves prediction accuracy and
generalization through ensemble techniques, yet remains vulnerable to minority class bias. Meanwhile, the LSTM +
SMOTE model addresses data imbalance effectively, offering better noise robustness, though it lacks the benefits of
model combination. The proposed model (LSTM + Stacking + SMOTE) integrates both enhancements—data balancing
and ensemble learning—resulting in the highest accuracy, generalization capability, and robustness. However, it also
introduces greater complexity and computational demands. This comparison enables the evaluation of how stacking
and hyperparameter tuning contribute to improving commodity price prediction performance. The structure of the
stacking model is illustrated in figure 3 below.

Figure 3 illustrates the architectural differences between (a) the proposed stacking model and (b) the baseline stacking
model, both built on LSTM. In the proposed method, the model begins with an LSTM layer containing 50 units and
RelL U activation, followed by a Dropout layer (0.2) to prevent overfitting. The intermediate output is then passed
through a Dense layer with a sigmoid activation (Dense (1, activation='sigmoid"). Instead of treating this as the final
output, the architecture applies another Dropout (0.2) followed by a Dense layer with 64 neurons and ReLU activation,
representing a two-stage stacking approach. The Adam optimizer is used for training.
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Figure 3. Comparison of Stacking Architectures

In contrast, the baseline model adopts a more linear architecture: an LSTM layer followed by a Dropout (0.3), then two
Dense layers (64 units, ReLU activation) separated by another Dropout (0.2), without any intermediate prediction
output. The proposed design is expected to enhance performance by leveraging the intermediate prediction as an
additional feature representation, ultimately improving final prediction accuracy. The component-wise comparison is
shown in table 3.

Table 3. Component-wise Comparison Between the Proposed Method and the Baseline Model

Aspect Proposed Method Baseline Model

Initial Layer Output Dense (1, activation="sigmoid") No initial output

Final Dense Addition Yes (Dense (64, activation="relu")) Yes (Dense (64, activation="relu"))

Initial Dropout 0.2 0.3

Optimizer Adam (explicitly defined) Not specified (default optimizer assumed)

Focus Combination of intermediate prediction and post- Direct feature mapping through dense
processing layers

— Enhanced generalization and ability to handle non- Basic prediction without intermediate

Obijective : : . .

linear stacking representation or tuning

source: processed data

Table 3 provides a component-level comparison between the proposed stacking method and the baseline model. The
key distinction lies in the inclusion of an intermediate prediction layer (Dense (1, activation="sigmoid")) in the proposed
model, which serves as a preliminary output and is further processed to enhance feature representation. Both models
include a final Dense layer with ReL.U activation, but the proposed method employs a lower dropout rate (0.2 vs. 0.3),
potentially balancing regularization and learning capacity more effectively.

Additionally, the proposed model explicitly defines the Adam optimizer, offering better control over optimization
behavior, whereas the baseline uses the default setting. In terms of architectural focus, the proposed model emphasizes
a combination of intermediate prediction and post-processing, enabling stronger generalization and improved handling
of nonlinear stacking interactions. The baseline, by contrast, follows a direct path to dense layers without intermediate
refinement, limiting its ability to adapt to complex input dynamics.

4, Results and Discussion

This section presents the results of implementing and testing palm oil price prediction models based on weather-related
factors using the LSTM architecture, the SMOTE, and stacking ensemble methods. Each model was evaluated using
preprocessed data, which was partitioned into training and testing subsets. The analysis compares the performance of
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each configuration based on several evaluation metrics, with emphasis on prediction accuracy, generalization
capability, and effectiveness in handling data imbalance. This section also includes a detailed explanation of the dataset,
training procedures, and model evaluation outcomes.

4.1. Dataset Description

The dataset used in this study comprises five key variables: date, temperature, humidity, rainfall, and palm oil price.
The data were sourced from the Kaggle platform: https://www.kaggle.com/code/theeyeschico/crop-analysis-and-
prediction/input, which provides structured time-series information on historical weather conditions and commodity
prices. In this study, the weather-related variables serve as input features, while the palm oil price acts as the target
variable to be predicted. Figure 4 illustrates the class distribution of the target variable before and after the application
of SMOTE. Prior to oversampling (left), the dataset exhibited a significant imbalance, with Class 0 (e.g., stable or
decreasing prices) having substantially more instances than Class 1 (e.g., increasing prices). This imbalance could lead
to biased model predictions favoring the majority class. After applying the SMOTE, the dataset was balanced, as shown
on the right side of the figure. SMOTE synthetically generated new instances for the minority class (Class 1), resulting
in equal representation of both classes. This balancing process is essential to improve model sensitivity, particularly in
detecting rare but critical price fluctuation patterns.

Label Distribution Before SMOTE Label Distribution After SMOTE
1200 { 1200 {

1000 1000

800 1 800 1

600 -

Amount
Amount
o
=)
S

400 - 400

0 1 0 1
Class Class

Figure 4. SMOTE Distribution Results

4.2. Model Training and Evaluation

To assess the effectiveness of each model in learning and identifying data patterns, performance visualization during
the training phase is essential. One of the key indicators analyzed is the accuracy curve across training epochs for both
the training and validation sets. This metric provides insight into model stability, convergence behavior, and potential
issues such as overfitting or underfitting. Figure 5 presents the training and validation accuracy curves for the four
evaluated models: the baseline LSTM, LSTM with stacking, LSTM with SMOTE, and the proposed hybrid model
combining LSTM, stacking ensemble, and SMOTE.

a) LSTM + Stacking + b) LSTM + SMOTE c) LSTM + Stacking d) Baseline LSTM
SMOTE (Proposed)
Figure 5. Compares the Training and Validation Accuracy Curves Across Four Different Model Configurations

The proposed model (figure 5a) demonstrates the most stable and consistently high accuracy throughout training,
indicating strong learning convergence and minimal overfitting. Both training and validation curves steadily improve
and remain close, suggesting good generalization. In contrast, the LSTM + SMOTE model (figure 5b) exhibits
significant fluctuations in validation accuracy, implying instability and potential overfitting to minority class patterns
generated by SMOTE. Similarly, the LSTM + Stacking model (figure 5c) shows a sharp rise in accuracy during early
epochs but later plateaus, which may indicate early convergence but limited long-term learning. The baseline LSTM
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model (figure 5d) achieves acceptable accuracy but shows signs of noise and lower generalization performance
compared to the optimized configuration. Overall, these results confirm that the proposed hybrid model not only
improves accuracy but also delivers better learning stability and adaptability across epochs. Figure 6 presents the
training and validation loss curves for the four model variants.

Loss Loss Loss Loss

Train Loss

N\ { e,

e o T — Nany,

a) LSTM + Stacking + b) LSTM + SMOTE c¢) LSTM + Stacking d) Baseline LSTM
SMOTE (Proposed)
Figure 6. Compares the Training and Validation Loss Curves Across Four Different Model Configurations

The proposed hybrid model (figure 6a) exhibits the most stable and consistently decreasing loss values across epochs
for both training and validation sets. The convergence pattern suggests efficient learning with minimal overfitting, as
indicated by the close alignment of training and validation loss curves. The LSTM + SMOTE model (figure 6b), while
initially showing sharp loss reduction, displays sudden spikes in validation loss, indicating training instability and
possible overfitting to synthetic minority data. The stacking-only model (figure 6¢) shows gradual convergence but
with a relatively larger gap between training and validation loss, hinting at limited generalization. The baseline LSTM
model (figure 6d) achieves rapid convergence with minimal fluctuation but plateaus early and fails to achieve further
improvement. This behavior reflects a lack of adaptive learning capacity in capturing more complex patterns. These
results reinforce the effectiveness of the proposed model in reducing prediction error and improving model reliability
through integrated optimization strategies.

4.3. Model Evaluation Results

To assess the classification performance of the models in distinguishing palm oil price categories, a confusion matrix
was employed as a visual evaluation tool. This matrix provides detailed insights into correct predictions (true positives
and true negatives) as well as misclassifications (false positives and false negatives), which are essential for calculating
precision, recall, and F1-score. In this study, the target variable was divided into two categories—such as “price
decrease/stable” and “price increase”—t0 evaluate each model’s ability to detect price trend changes based on historical
and weather-related data. Model performance was evaluated using both regression and classification metrics, including
MAE, RMSE, and R-squared (R?) for prediction accuracy, as well as Precision, Recall, and F1-score to assess pattern
recognition capabilities. The results indicate that the proposed hybrid model (LSTM + SMOTE + Stacking)
outperformed all other configurations, achieving the lowest error rates and highest predictive accuracy. It demonstrated
consistent performance in capturing complex price patterns influenced by weather dynamics. The baseline LSTM
model recorded the weakest performance, while the LSTM + SMOTE and LSTM + Stacking models showed notable
improvements, though still inferior to the proposed approach. These findings confirm that combining data balancing
techniques with ensemble learning substantially enhances the model’s accuracy and resilience in forecasting weather-
driven commodity price fluctuations. Figure 7 shows the confusion matrix for the four model configurations.

Confusion Matrix Confusion Matrix Confusion Matrix - Stacking Canfusion Matrix

- 200
175
150
125
E
¥ - 100
s
- - 50
-25
-0
o o
Predicted Fredicted Predicted

a) Proposed b) LSTM + SMOTE c¢) LSTM + Stacking d) Baseline LSTM
Figure 7. Presents the Confusion Matrices for the Four Model Configurations
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The proposed model (figure 7a) shows the most balanced and accurate classification, achieving perfect recall for the
positive class (price increase), as indicated by 218 true positives and zero false negatives. Despite a moderate number
of false positives (79), this model demonstrates a strong ability to detect minority class instances without sacrificing
overall performance. The LSTM + SMOTE model (figure 7b) correctly identifies a high number of positive and
negative cases but still misclassifies 58 negative and 50 positive instances, suggesting moderate improvement in
balance handling yet limited precision. In contrast, the LSTM + Stacking model (figure 7c) achieves high true negative
counts (201) but underperforms in positive class recognition, with only 87 true positives and 45 false negatives. This
indicates a bias toward the majority class and reduced sensitivity to minority patterns. The baseline LSTM (figure 7d)
has the lowest recall and precision, particularly evident in the misclassification of 59 negatives and 24 false negatives,
reflecting its inability to adequately capture non-linear and imbalanced patterns in the dataset. These findings further
confirm the superiority of the proposed hybrid model, particularly in contexts involving skewed distributions and
complex weather-driven price fluctuations. To see a comparison of the Receiver Operating Characteristic (ROC) curves
for the four model variants, see figure 8 below.

Receiver Operating Characteristic (ROC) ROC Curve ROC Curve - Stacked Model ROC Curve

a) LSTM + Stacking + o - )
SMOTE (Proposed) b) LSTM + SMOTE c) LSTM + Stacking d) Baseline LSTM

Figure 8. Compares the Receiver Operating Characteristic (ROC) Curves For Four Model Variants

The proposed model (figure 8a) achieves the highest Area Under the Curve (AUC) score of 0.89, indicating superior
classification performance across various threshold settings. The ROC curve demonstrates strong separability, with a
high true positive rate (TPR) and low false positive rate (FPR), confirming the model’s effectiveness in detecting
positive class instances. In comparison, the LSTM + SMOTE model (figure 8b) records an AUC of 0.77, showing
moderate improvement over the baseline but still limited in sensitivity. The LSTM + Stacking model (figure 8c)
achieves an AUC of 0.85, reflecting better performance than SMOTE alone, but slightly below the proposed hybrid
model. The baseline LSTM model (figure 8d) registers the lowest AUC of 0.67, indicating weak class separability and
lower discriminatory capability. Its ROC curve closely follows the diagonal reference line, suggesting a near-random
classification behavior. Overall, the ROC analysis reinforces the earlier findings that the proposed hybrid model
consistently outperforms other configurations in terms of both precision and robustness, especially in handling
imbalanced and nonlinear data.

4.4. Discussion

The experimental results confirm that applying SMOTE to balance the dataset has a positive impact on the model's
ability to recognize rare price variations, such as sharp increases or decreases that are underrepresented in the historical
data. When using the standard LSTM without additional preprocessing techniques, the model tends to overfit to
dominant patterns (e.g., stable prices) and fails to capture significant changes. This limitation is reflected in the lower
recall and F1-score for the minority class. Table 4 presents the quantitative evaluation results of the four tested models
based on six key performance metrics: Accuracy, Precision, Recall, F1 Score, MAE, and RMSE. The proposed model
(LSTM + Stacking + SMOTE) consistently outperforms all other configurations across these metrics, demonstrating
superior predictive accuracy, improved error minimization, and stronger capability in identifying complex and rare
price patterns.

Table 4. Evaluation Metrics

Model Accuracy  Precision  Recall  F1 Score MAE RMSE
LSTM + Stacking + SMOTE (Proposed) 0.8312 0.7340 1.0000 0.8466 0.1688 0.4109
LSTM + SMOTE 0.7692 0.7434 0.7706 0.7568 0.2308 0.4804
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LSTM + Stacking 0.7869 0.7250 0.6591 0.6905 0.2131 0.4616
Baseline LSTM 0.7732 0.6467 0.8182 0.7224 0.2268 0.4762

Table 4 summarizes the evaluation results of the four tested models across six performance metrics. The proposed
model—LSTM + Stacking + SMOTE—achieved the highest scores in nearly all metrics. It recorded the best accuracy
(0.8312), recall (1.0000), and F1 score (0.8466), indicating excellent capability in identifying both majority and
minority classes. Notably, the perfect recall shows that the model was able to detect all instances of the minority class
(i.e., significant price changes), without missing any relevant cases. Furthermore, the model also achieved the lowest
error rates, with MAE of 0.1688 and RMSE of 0.4109, reinforcing its robustness and predictive reliability. In
comparison, the LSTM + SMOTE model improved recall (0.7706) over the standard model (0.8182) but suffered from
higher MAE and RMSE, suggesting that while it better handled data imbalance, it lacked fine-grained accuracy. The
LSTM + Stacking model performed better in terms of overall accuracy (0.7869) but had the lowest recall (0.6591),
reflecting limited sensitivity to minority class patterns. The baseline LSTM model showed the weakest performance in
most metrics, particularly precision (0.6467) and F1 score (0.7224), underscoring its inability to generalize in complex,
imbalanced data scenarios. These results highlight the advantage of combining data balancing and ensemble learning,
affirming that the proposed hybrid model provides a more comprehensive and effective solution for weather-based
palm oil price prediction.

Figure 9 displays a heatmap comparing the performance of all models across six evaluation metrics. Darker shades
represent higher values for Accuracy, Precision, Recall, and F1 Score, while lighter shades in MAE and RMSE indicate
better error performance (lower is better). The LSTM + SMOTE + Stacking (Proposed) model consistently shows the
most favorable values, with the highest accuracy (0.8312), recall (1.0000), and F1-score (0.8466), along with the lowest
MAE (0.1688) and RMSE (0.4109). In contrast, the baseline LSTM model shows weaker performance across most
metrics, especially in Precision and RMSE. This heatmap offers a compact and interpretable visual comparison,
reinforcing that the proposed hybrid approach provides a well-balanced model with superior classification power and
minimal prediction error.

Model Performance Comparison Heatmap (All Metrics)
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Figure 9. Comparing the Performance of All Models Across Six Evaluation Metrics

Model

5. Conclusion

This study proposed a hybrid forecasting model for palm oil price prediction that integrates LSTM, stacking ensemble
learning, and SMOTE. By incorporating weather-based variables as input features, the model aims to capture both
linear and nonlinear dependencies, while addressing the challenge of imbalanced datasets commonly found in
commodity pricing scenarios. Through comparative experiments involving four model configurations—baseline
LSTM, LSTM + SMOTE, LSTM + Stacking, and the proposed hybrid approach—the results consistently demonstrate
the superiority of the proposed model across multiple evaluation metrics. It achieved the highest accuracy (0.8312),
perfect recall (1.0000), the highest F1 score (0.8466), and the lowest error values (MAE of 0.1688 and RMSE of
0.4109). These results validate the effectiveness of combining data balancing and ensemble learning in enhancing
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model generalization, particularly in forecasting complex, weather-driven price fluctuations. The findings contribute
both theoretically and practically to the field of time-series prediction in agriculture and commodity economics. Future
research may explore integrating additional external variables such as macroeconomic indicators or deploying real-
time forecasting systems using online learning frameworks.
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