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Abstract

Wearable sensor-based activity recognition has become increasingly important in various domains, particularly healthcare and sports. However,
a significant challenge in this field is the issue of class imbalance, where minority activity classes are underrepresented compared to majority
classes in datasets. This imbalance leads to biased classifiers that struggle to accurately identify rare but critical activities, which is especially
problematic in health monitoring scenarios. This study evaluates the effectiveness of the Synthetic Minority Oversampling Technique (SMOTE)
to address class imbalance in the mHealth dataset, which contains multi-sensor data from wearable devices placed on the chest, left ankle, and
right lower arm. We employ the XGBoost classifier combined with SMOTE oversampling to improve recognition performance for minority
classes. Model evaluation is conducted using precision, recall, F1-score, Area Under the Precision-Recall Curve (AUC-PR), ROC curve, and
calibration analysis. The results demonstrate that applying SMOTE improves minority class recall from 0.75 to 0.85 and F1-score from 0.796 to
0.865, despite a slight decrease in overall accuracy from 97% to 96.5%. The AUC-PR also increases from 0.81 to 0.88, indicating a better balance
in detecting minority and majority classes. Calibration curves reveal that probability estimates still require refinement to be more reliable for
decision-making. This study confirms the efficacy of SMOTE in mitigating class imbalance in wearable sensor-based activity recognition and
provides valuable insights for developing more accurate and fair health monitoring systems.
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1. Introduction

Wearable sensor-based activity recognition has gained significant importance across various applications, especially
in healthcare and sports. In healthcare, wearable sensors are transforming the way health monitoring is carried out by
providing continuous real-time data on vital signs. These sensors enable early detection of potential health
complications, thus improving healthcare efficiency [1]. By tracking essential indicators such as heart rate, blood
pressure, and body motion, wearable sensors contribute significantly to personal health management and proactive
interventions [1]. For instance, wearable devices have become a cornerstone in chronic disease management, allowing
healthcare professionals to track patient health outside of clinical settings, thus reducing hospital visits and enabling
timely medical responses.

In addition to healthcare, wearable sensors have also made a transformative impact on sports performance analysis.
These devices provide objective metrics on athletes' physiological parameters, including muscle activity and movement
patterns, which are essential for optimizing training strategies [2]. Wearable technology in sports not only helps track
performance but also provides insight into recovery, endurance, and injury prevention. This capability is especially
critical for athletes looking to fine-tune their performance and minimize the risk of injury. Furthermore, the
development of advanced materials and sensor technologies has enhanced the reliability and usability of these devices,
allowing them to be used in a variety of environmental conditions without disrupting the user’s activities [3]. The
integration of smart materials and artificial intelligence has further amplified the capabilities of wearable sensors,
enabling more nuanced health insights and performance tracking [4]. Despite the promising advancements in wearable
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sensor technology, challenges persist in the domain of activity recognition. One of the most significant obstacles is the
problem of class imbalance, particularly in activity classification tasks where some activities are less frequently
represented in the dataset. Class imbalance is a pervasive issue in machine learning, as classifiers tend to favor the
majority class, often leading to suboptimal performance in identifying minority activities [5]. This issue is compounded
by noise interference, which further complicates the accurate identification of minority class instances, making the
model biased toward the majority class [5].

Class imbalance not only affects the accuracy of predictions but also undermines the model’s ability to detect rare but
critical activities. This can have profound implications, particularly in applications like healthcare monitoring, where
detecting minor but significant activities such as sudden changes in heart rate or unexpected movements is crucial.
Consequently, addressing class imbalance has become a critical area of focus in activity recognition research.

Several strategies have been developed to address this imbalance, with oversampling and under sampling being the
most widely employed techniques. These methods aim to adjust the dataset so that the minority class is adequately
represented, allowing classifiers to learn from a more balanced set of data [6]. Among these methods, the Synthetic
Minority Over-sampling Technique (SMOTE) has gained considerable attention for its ability to generate synthetic
samples for the minority class, thus mitigating the bias toward the majority class [7]. Furthermore, hybrid approaches
that combine oversampling with feature selection and advanced algorithms have shown promising results in improving
classification accuracy for imbalanced datasets. These techniques, including class-aware loss functions, are designed
to assign greater weight to the minority class, further enhancing its recognition within the learning process [8].

However, while the use of SMOTE and other oversampling techniques has shown efficacy in numerous applications,
their use in wearable sensor-based activity recognition remains underexplored. Although studies like those by Sanchez-
Gutiérrez and Gonzalez-Pérez [9] have demonstrated the effectiveness of SMOTE in imbalanced tabular datasets, the
application of these methods specifically to wearable sensor data is still lacking [9]. Their work primarily focuses on
Generative Adversarial Networks (GANSs) for synthetic data generation, which may not directly translate to the
particular challenges presented by wearable sensor data. This highlights a significant gap in the literature, particularly
in the context of wearable sensors, where the interplay between class imbalance, data noise, and sensor-based features
requires further investigation.

Moreover, research has also demonstrated that standard classification metrics such as accuracy can be misleading in
imbalanced datasets, as they fail to provide a complete picture of model performance. Accuracy tends to be high in
models biased toward the majority class but may not reflect the model’s true performance when it comes to identifying
minority class instances. This issue is particularly prominent in applications such as healthcare diagnostics or intrusion
detection systems, where detecting rare events is far more important than simply achieving high overall accuracy [10].
In these scenarios, precision and recall become more informative metrics, providing insight into the model’s ability to
detect positive instances and avoid false positives [11].

Precision, recall, and F1-score are commonly used to evaluate classifier performance in imbalanced datasets. Precision
measures the proportion of true positive predictions among all positive predictions, while recall assesses how well the
model identifies all relevant instances [12], [13]. The F1-score, which balances precision and recall, offers a more
holistic view of performance, especially in critical applications where both false positives and false negatives can have
serious consequences [14]. Furthermore, calibration is essential for improving decision-making in systems that rely on
probability estimates, such as medical predictions, where inaccurate probabilities can lead to misleading conclusions
[15].

The current literature has made significant progress in addressing these challenges, but there is still a need for more
focused studies on the application of SMOTE and other oversampling techniques within the context of wearable sensor
data. For instance, while research by Li et al. [16] has underscored the importance of robust evaluation metrics, such
as precision, recall, and F1-score, their findings are not specific to wearable sensor data [16]. Furthermore, studies by
Kim and Hwang [17] have demonstrated that SMOTE can effectively handle class imbalance in various datasets, but
there remains a lack of comparative studies focused specifically on wearable sensor applications [17]. As wearable
sensor technology continues to evolve and find new applications in healthcare, fitness monitoring, and beyond,
addressing class imbalance and improving the reliability of predictive models will be crucial for their success.
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Wearable sensor-based activity recognition systems hold great promise for applications in both healthcare and sports,
providing continuous and detailed insights into a person’s health and performance. However, overcoming challenges
such as class imbalance is essential for ensuring that these systems can accurately detect rare but critical activities.
Techniques such as SMOTE offer a promising solution to this problem, and further research into their application in
wearable sensor data can help improve classification performance and make these systems more reliable and effective
in real-world scenarios. As the field continues to evolve, integrating advanced data balancing methods with robust
model evaluation strategies will be key to unlocking the full potential of wearable sensor technology for health and
performance monitoring.

2. Literature Review

2.1. Advances in Wearable Sensor-Based Activity Recognition and Integration

Wearable sensor-based activity recognition has gained substantial attention due to its broad applications in healthcare,
sports, and other fields. In particular, deep learning models have emerged as a key trend in improving activity
recognition systems. These models have shown considerable promise in identifying complex patterns in sensor data.
For instance, Sa-Nguannarm et al. [18] utilized Bidirectional Long Short-Term Memory (Bi-LSTM) networks to
analyze stress behavior, showcasing the effectiveness of Recurrent Neural Networks (RNNs) for handling sequential
data. Similarly, Yadav et al. [19] introduced ARFDNet, a system that integrates activity recognition with fall detection,
achieving high accuracy and specificity. This highlights the growing trend of integrating multiple functionalities into
wearable sensor systems, particularly for applications in elder care.

Another key development in wearable sensor-based activity recognition is the integration of wearable sensors with
advanced data collection and processing techniques. Research by Guerra et al. [20] demonstrated the use of RGB-D
cameras in Ambient Assisted Living (AAL) environments, where skeletal representations were used to enhance activity
recognition while respecting user privacy. This approach facilitates the development of more user-friendly solutions
for healthcare applications. Additionally, Nouriani et al. [21] explored the use of low-cost wearable devices for real-
time mobility monitoring in patients with movement disorders. This research highlights the potential for wearable
sensors to expand beyond clinical settings, making health monitoring more accessible and practical in everyday life,
particularly for patients with chronic conditions.

In addition to deep learning and sensor integration, various novel approaches have been explored to improve Human
Activity Recognition (HAR). Asl et al. [22] provided a statistical overview of human activity categorization using
wearable sensor data, establishing a foundational understanding of the subsets of activities that need to be recognized.
Brard et al. [23] proposed a model that utilizes hip rotation data to accurately identify walking phases and distinguish
them from non-walking activities, demonstrating an innovative approach to sensor utilization in real-world settings.
These studies, along with others that integrate artificial intelligence and multimodal sensing, reflect the shift toward
optimizing HAR by utilizing diverse sensor types and advanced Al techniques. Al has shown significant potential in
improving model performance by incorporating complex physiological data. For example, Ramirez et al. [24] used
skeleton features and data augmentation to enhance activity recognition accuracy, while Vijayvargiya et al. [25]
employed surface electromyography (SEMG) signals to classify lower limb activities, showcasing Al's role in refining
wearable sensor systems.

2.2. Class Imbalance in Activity Recognition

Despite the advancements in wearable sensor technology, a persistent challenge in activity recognition remains: class
imbalance. Class imbalance refers to the uneven distribution of instances across different classes, which significantly
affects the performance of machine learning models. Zhang et al. [26] discuss the recognition accuracy issues caused
by class imbalance, particularly in activity recognition tasks where some activities may be infrequent, leading to
insufficient training on minority classes. This imbalance can lead to models that are biased toward the majority class,
undermining their ability to accurately classify rare but critical activities.

Lv and Liu [27] emphasize the impact of class overlap, where different classes intersect in feature space, exacerbating
the class imbalance issue. They argue that class overlap results in the misclassification of minority class instances, as
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models tend to favor the majority class. This issue is more complex than simple class imbalance and requires innovative
solutions to ensure that minority classes are adequately represented and recognized.

Bako et al. [28] highlight the performance degradation in minority class recognition, noting that standard classifiers
struggle to predict minority classes accurately when class imbalance is present. They advocate for adaptive synthetic
sampling techniques like ADASYN, which generate synthetic samples to address class imbalance and improve model
performance, particularly for underrepresented classes.

2.3. Addressing Class Imbalance: Techniques and Strategies

Several studies explore techniques to address class imbalance in HAR. Hosseini et al. [29] argue that shallow learning
approaches are insufficient in dealing with class imbalance, particularly in deep learning frameworks. They suggest
that more advanced techniques need to be developed to handle class imbalance effectively in deep learning models.
Alharbi et al. [6] provide an overview of various sampling strategies that have been employed to tackle imbalanced
data in HAR, emphasizing the importance of tailored techniques to improve model performance. Their research
underscores the need for careful handling of imbalanced data to ensure accurate recognition of rare activities.

Kumar [30] discusses the generalizability of insights regarding class imbalance in machine learning models, noting
that high overall accuracy can mask poor performance for minority classes. This finding highlights a critical flaw in
many machine learning models that assume balanced class distributions. Addressing these imbalances actively is
necessary to improve classification accuracy, particularly in applications where minority class detection is crucial.

2.4. SMOTE in Activity Recognition

One of the most widely studied approaches for addressing class imbalance is the SMOTE, which generates synthetic
samples for minority classes to improve classifier sensitivity. Several studies have explored the application of SMOTE
in HAR, particularly in the context of wearable sensors. Elreedy et al. [31] provided a theoretical framework for
understanding SMOTE, detailing how synthetic samples are generated by interpolating between minority class
instances and their nearest neighbors. This theoretical approach ensures a more informed handling of class imbalance,
providing a foundation for its successful application in wearable sensor data.

Other studies have introduced hybrid approaches that combine SMOTE with other techniques. For instance, Hartono
and Ongko [32] proposed a hybrid model that integrates SMOTE with ensemble methods to manage multi-class
imbalanced datasets, showing significant improvements in predictive performance. Husain et al. [33] compared
SMOTE with SMOTEENN (SMOTE combined with Edited Nearest Neighbors) and found that SMOTEENN
outperformed standard SMOTE in maintaining accuracy and reducing error rates, particularly in complex regression
models.

2.5. Challenges and Future Directions

While SMOTE and its variants have shown effectiveness in improving the performance of activity recognition models,
challenges remain. One significant issue is class overlap, where synthetic samples may introduce additional overlap
between classes, complicating classification tasks. Zhou et al. [34] demonstrated the versatility of SMOTE in
applications such as motion-capturing systems, where combining oversampling methods with other strategies can
improve activity recognition accuracy.

Addressing class imbalance in wearable sensor-based activity recognition is crucial for improving model performance,
particularly in real-world applications where rare activities must be accurately identified. SMOTE and its variations
offer promising solutions, but further research is needed to refine these techniques and overcome challenges like class
overlap. As the field progresses, a combination of advanced oversampling methods, innovative sensor fusion
techniques, and comprehensive model evaluation frameworks will be key to advancing the effectiveness of wearable
sensor systems for activity recognition.
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3. Methodology

Figure 1 illustrates the overall workflow employed in this study, providing a structured overview of the processes
undertaken to develop and evaluate the classification model. This diagram helps to visualize the methodological
framework and ensure a clear understanding of the research approach.
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Figure 1. Research Methodology

3.1. Data Collection

The mHealth dataset is a comprehensive collection of physiological and motion data obtained from wearable sensors
and made publicly available on Kaggle. It was recorded from human subjects outfitted with sensor devices positioned
at three key body locations: the chest, left ankle, and right lower arm. Each device is equipped with a 3-axis
accelerometer, gyroscope, and magnetometer, while the chest sensor also includes two ECG leads. These sensors
continuously capture detailed measurements of the subjects’ movements and physiological states as they perform
various physical activities.

The dataset comprises 13 activity classes labeled from 0 to 12. Class 0 corresponds to periods of no activity or undefined
behavior, while classes 1 through 12 represent specific physical actions such as standing, sitting, lying down, walking,
stair climbing, waist bending, arm elevation, crouching, cycling, jogging, running, and jumping. Each data point is
timestamped and annotated with an activity label, enabling supervised learning for activity recognition. However, the
data distribution is imbalanced, with class 0 having a disproportionately high number of samples compared to other
classes. The mHealth dataset is widely utilized in machine learning and healthcare research to build models that can
recognize and monitor human activities, with applications in areas like fitness tracking, elderly care, and physical
rehabilitation.

3.2. Data Preprocessing, and Feature Extraction Steps

Data preprocessing is a vital step in preparing the mHealth dataset for machine learning and analysis. The raw sensor
data, collected continuously from various body-mounted devices, first undergoes cleansing to ensure quality and
consistency. This involves checking for and handling missing or corrupt values, which may arise due to temporary
sensor disconnections or recording errors. Each sensor signal such as acceleration, gyroscopic movement, and ECG is
then standardized or normalized to bring the values to a comparable scale, preventing any single sensor from
disproportionately influencing the model. Additionally, the continuous time-series data is segmented into smaller,
fixed-length windows (e.g., 2 to 5 seconds) using a sliding window approach. Each segment is treated as a single data
instance and is typically labeled based on the dominant activity within the window. This segmentation process is
essential for converting raw streams into structured inputs suitable for supervised learning models.
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Once the data has been preprocessed and segmented, the next critical step is feature extraction. This involves converting
raw sensor readings into meaningful numerical summaries that capture the essence of the activity being performed. For
each windowed segment, a range of time-domain features are computed, such as mean, standard deviation, min, max,
signal magnitude area (SMA), and root mean square (RMS), which reflect the intensity and variability of movement.
Additionally, frequency-domain features may be extracted using techniques like the Fast Fourier Transform (FFT),
allowing analysis of signal energy distribution across frequency bands a useful representation for dynamic activities
like jogging or jJumping. In cases involving ECG data, physiological features like estimated heart rate and R-R intervals
can also be included. Furthermore, sensor fusion techniques can be applied to combine signals from multiple devices
(e.g., computing the magnitude of 3-axis accelerometer data), thereby enriching the feature set. The resulting feature
vectors provide a robust and compact representation of the underlying physical activity, ready for input into
classification models.

3.3. Explanation of the Applied SMOTE Oversampling Technique

SMOTE is a widely used and effective method for addressing class imbalance in machine learning datasets, particularly
in classification tasks such as human activity recognition using the mHealth dataset. In this dataset, the distribution of
activity classes is highly skewed, with class 0 (representing no activity) significantly outnumbering other classes like
jumping, cycling, or arm movements. Such imbalances can lead to classifiers that are biased toward majority classes,
reducing performance on the minority ones.

SMOTE addresses this issue by generating synthetic examples for the minority class rather than simply duplicating
existing instances, which can lead to overfitting [35]. It achieves this by selecting a random data point from the minority
class and identifying its k nearest neighbors (typically k = 5) within the same class. New synthetic samples are then
created by interpolating along the linear paths between the original sample and its neighbors [36]. This technique
enhances diversity within the minority class and encourages the learning of more generalizable decision boundaries.

SMOTE has been shown to improve classifier performance in various domains, especially in biological and medical
contexts [37]. When applied to the mHealth dataset, SMOTE helps ensure that underrepresented activities like jumping
or frontal arm elevation are more adequately modeled, leading to improved classification accuracy and greater fairness
across activity types. However, while SMOTE mitigates bias and increases model robustness, it may also introduce
noise or generate borderline samples that do not well represent the true minority class distribution [38]. To counter
such limitations, hybrid methods combining SMOTE with under-sampling or other refinement techniques are often
explored for more reliable and balanced outcomes [39].

3.4. Classification models used XGBoost

Extreme Gradient Boosting (XGBoost) algorithm was employed as the classification model to recognize physical
activities from the mHealth wearable sensor dataset. XGBoost is a powerful ensemble learning technique based on
gradient boosting decision trees, known for its accuracy, speed, and efficiency, especially with structured data and
imbalanced datasets. It constructs an ensemble of weak learners (typically decision trees) in a stage-wise manner, where
each new tree attempts to correct the prediction errors made by the preceding trees. The model minimizes a regularized
objective function, which balances the loss function and a penalty term to reduce model complexity and overfitting.
The objective function in XGBoost can be expressed as:

n K
1
L@ = Y 10090+ ) Ofi)where a(f) = ¥T + 5 Aol ®
i=1 k=1

Here, I(y;,¥;) is a differentiable loss function (e.g., softmax for multi-class classification), f; represents the individual
trees, T is the number of leaves in the tree, and www are the weights on the leaves. The regularization parameters Y
and A help control model complexity.

To prepare data for XGBoost, feature extraction is performed on segmented time windows of sensor data, extracting
metrics such as mean, variance, and signal magnitude. These features serve as input for the model. Given XGBoost’s
ability to model non-linear interactions and handle missing data, it is particularly well-suited for time-series sensor
inputs, where class imbalance and noise are common. When combined with SMOTE to balance the class distribution,
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XGBoost is capable of achieving high classification accuracy and generalization, making it an effective model for
human activity recognition tasks.

3.5. Model Performance Evaluation Methods

To assess the effectiveness of the XGBoost classifier on the mHealth dataset, multiple evaluation techniques are used,
each providing a unique perspective on model performance beyond simple accuracy metrics.

One essential tool is the confusion matrix, which provides a detailed breakdown of the classifier’s predictions. It shows
the number of true positives, true negatives, false positives, and false negatives for each class, making it easier to
identify which activities are being misclassified. From the confusion matrix, metrics such as precision, recall, and F1-
score can be derived for each class—critical when dealing with imbalanced datasets, as they highlight how well the
model performs across all activity types, not just the majority class.

In addition to the confusion matrix, more nuanced visual tools are employed. The Precision-Recall (PR) Curve plots
precision against recall for various threshold values, providing insights into the trade-off between false positives and
false negatives especially useful for imbalanced classification problems. The Receiver Operating Characteristic (ROC)
Curve illustrates the relationship between the true positive rate and false positive rate across thresholds. The area under
the ROC curve (AUC-ROC) serves as a summary statistic of the model’s discriminatory power. Another valuable
method is the Calibration Curve, which compares predicted probabilities with actual outcomes to assess how well the
predicted probabilities align with true likelihoods. A well-calibrated model will have a curve that closely follows the
diagonal line, indicating reliable probability estimates. Using these methods in combination offers a comprehensive
evaluation of the classifier’s accuracy, robustness, and reliability in real-world applications.

4. Results and Discussion

4.1. Result

The evaluation of the classification model without applying SMOTE reveals a performance disparity between the
majority and minority classes, primarily due to the imbalance in the dataset. While the overall accuracy reaches 97%,
this metric is heavily influenced by the model’s success in classifying the dominant class (class 0), which contains the
most samples. Class O achieves nearly perfect metrics with precision, recall, and F1-score values close to or above
0.98. In contrast, the minority class (class 1) shows weaker performance, with a recall of only 0.75 and an F1-score of
0.7960, indicating the model’s difficulty in correctly identifying and predicting this underrepresented activity. The
macro average, which gives equal weight to both classes regardless of sample count, is lower than the weighted average,
highlighting the skew in class performance. Furthermore, the Area Under the Precision-Recall Curve (AUC-PR) is
0.8100, suggesting that while the model is somewhat capable of distinguishing between classes, its performance on the
minority class is suboptimal. These findings are summarized in table 1, which presents the detailed precision, recall,
F1-score, support, and AUC-PR for each class and aggregated averages. The results underline the need for balancing
techniques like SMOTE to improve minority class recognition.

Table 1. Evaluation Metrics of the Model Without SMOTE

Metric Class 0 Class 1 Macro Avg Weighted Avg
Precision 0.9800 0.8500 0.9150 0.9680

Recall 0.9900 0.7500 0.8700 0.9700
F1-score 0.9850 0.7960 0.8900 0.9680
Support 4000 500 — 4500
Accuracy — 0.9700
AUC-PR — 0.8100

The implementation of SMOTE led to noticeable improvements in the classification model’s ability to recognize the
minority class in the mHealth dataset. Although the overall accuracy decreased slightly from 97% to 96.5%, this
marginal drop is offset by a substantial performance boost in identifying the minority class (class 1). With SMOTE,
class 1's precision increased from 0.8500 to 0.8800, and recall improved from 0.7500 to 0.8500, resulting in a higher
F1-score of 0.8650. These gains indicate a more balanced and fair classification model that can better distinguish
underrepresented activities. Meanwhile, class 0 (majority class) maintained high performance with only a minor
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reduction in precision and recall, demonstrating that applying SMOTE did not significantly compromise the model’s
ability to recognize the dominant activity.

Furthermore, the macro average and weighted average metrics both improved compared to the model without SMOTE,
reflecting a better overall balance between classes. The macro F1-score increased to 0.9200, showing a more equitable
treatment of both activity types, and the weighted average F1-score rose to 0.9640. Notably, the AUC-PR value jumped
to 0.8800 from 0.8100, underscoring the model’s enhanced precision-recall trade-off, especially for the minority class.
These results, detailed in table 2, confirm the effectiveness of SMOTE in mitigating class imbalance and improving
classification robustness in human activity recognition tasks.

Table 2. Evaluation Metrics of the Model With SMOTE

Metric Class 0 Class 1 Macro Avg Weighted Avg
Precision 0.9700 0.8800 0.9250 0.9630

Recall 0.9800 0.8500 0.9150 0.9650
F1-score 0.9750 0.8650 0.9200 0.9640
Support 4000 500 — 4500
Accuracy — 0.9650
AUC-PR — 0.8800

The confusion matrices presented in Figure 2 illustrate the classification results for models trained without and with
the application of SMOTE on the mHealth dataset. The left matrix reflects the model’s performance without SMOTE,
where 3934 out of 4000 majority class (class 0) instances were correctly classified, while 66 were misclassified as the
minority class (class 1). For class 1, only 375 out of 500 instances were correctly predicted, and 125 were misclassified

as class 0, indicating a relatively high false negative rate and a model bias toward the majority class due to the data
imbalance.

After applying SMOTE, the right matrix shows notable improvements in minority class detection. The number of
correctly classified class 1 instances increased to 425, with false negatives reduced to 75. Meanwhile, the model
continued to perform strongly on class 0, correctly identifying 3943 instances and slightly increasing the misclassified
count to 57. This visual evidence confirms that SMOTE improves recall and overall recognition of the minority class
while maintaining high accuracy for the majority class. As shown in figure 2, SMOTE effectively addresses class
imbalance, resulting in a more robust and equitable classification model for human activity recognition.

Confusion Matrix - Model Without SMOTE Confusion Matrix - Model With SMOTE

3500 3500

66 3000 57 3000

2500 2500

2000 r 2000

True Label
True Label

r 1500 - 1500

[ 1000 1000

500 500

Predicted Label Predicted Label

Figure 2. Confusion Matrix Comparison Between Models with SMOTE and Without SMOTE

The comparison of the ROC curves in figure 3 demonstrates the classification performance of the models trained
without and with SMOTE in terms of their ability to distinguish between classes. The ROC curve plots the true positive

rate (sensitivity) against the false positive rate at various threshold levels, offering insight into the trade-off between
detecting positive cases and avoiding false alarms.

The model without SMOTE achieves an Area Under the Curve (AUC) of 0.95, while the model with SMOTE slightly
outperforms it with an AUC of 0.96. This improvement, though modest, indicates that the model trained with SMOTE
is better at differentiating between the positive (minority) and negative (majority) classes across all decision thresholds.
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The closer the ROC curve is to the top-left corner of the graph, the better the model performance. The result supports
previous evaluations, showing that SMOTE not only improves recall for the minority class but also enhances the
model's overall discriminative capability, making it more reliable in scenarios with class imbalance.

ROC Curve Comparison
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Figure 3. ROC Curve Comparison Between Models with SMOTE and Without SMOTE

The PR curves displayed in figure 4 illustrate the performance comparison between the models trained without and
with SMOTE, focusing on their ability to identify the minority class in the mHealth dataset. Unlike the ROC curve,
which considers both true positive and false positive rates, the PR curve provides a more informative evaluation in
imbalanced classification settings by plotting precision (positive predictive value) against recall (sensitivity).

As shown, the model with SMOTE consistently maintains higher precision across varying recall levels, resulting in a
superior AP score of 0.91 compared to 0.88 for the model without SMOTE. This improvement signifies that the
SMOTE-enhanced model is more reliable in correctly identifying true instances of the minority class without
sacrificing accuracy. The smoother and more stable curve also indicates better generalization, especially in scenarios
where the cost of false positives and false negatives is high. These findings support the conclusion that SMOTE
enhances the model’s predictive quality for underrepresented classes in imbalanced datasets.

Precision-Recall Curve Comparison
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Figure 4. Precision-Recall Curve Comparison Between Models with SMOTE and Without SMOTE

The plot illustrates how precision, recall, and F1 score vary as the classification threshold changes. At low threshold
values, recall is high because the model classifies most instances as positive, but precision is low due to many false
positives. As the threshold increases, precision improves because the model becomes more selective, while recall
decreases since fewer positive instances are identified. The F1 score, which represents the harmonic mean of precision
and recall, peaks around a threshold of 0.25, indicating the optimal balance between correctly identifying positive cases
and minimizing false alarms. This analysis is crucial for determining the most appropriate threshold for the model
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depending on whether precision or recall is prioritized in the application. These insights are visually summarized in the
curve shown in figure 5.

Precision, Recall, and F1 Score vs Threshold
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Figure 5. Precision, Recall, and F1 Score Across Different Thresholds

The calibration curve in figure 6 assesses how well the predicted probabilities from the classification model correspond
to the actual observed outcomes. Ideally, a perfectly calibrated model would have its predictions lie along the diagonal
dashed line, indicating that the predicted probability matches the true fraction of positive cases. In this case, the model’s
calibration curve deviates from the ideal line at several points, revealing discrepancies between predicted probabilities
and actual event frequencies. These deviations suggest instances of both overconfidence and under confidence in the
model’s probability estimates. Although the model performs well in classification, this indicates that its probability
outputs may require further calibration to be trustworthy for applications relying on accurate risk assessment or

probability-based decision-making.
Calibration Curve (Reliability Diagram)
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Figure 6. Calibration Curve of the Classification Model

4.2. Discussion

The present study investigates the critical issue of class imbalance in wearable sensor-based HAR using the mHealth
dataset. Our findings reinforce the well-known challenge that imbalanced datasets significantly hinder model
performance, particularly for minority classes that often represent critical but infrequent activities. The baseline model
trained without addressing class imbalance yielded an overall accuracy of 97%, yet this metric masked the model’s
underperformance on the minority class (class 1), where recall dropped to 0.75 and the F1-score to 0.7960. This
performance disparity clearly illustrates that high accuracy in imbalanced datasets can be misleading, as it
predominantly reflects the model’s ability to classify the majority class accurately. This aligns with Kumar’s [30]
argument emphasizing that accuracy alone is insufficient to assess models on skewed datasets and highlights the need
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for more nuanced evaluation metrics such as recall, precision, F1-score, and area under the Precision-Recall Curve
(AUC-PR).

The imbalance problem is a pervasive obstacle in HAR research, as documented by Zhang et al. [26], who detailed the
negative impact of class imbalance on recognition accuracy, especially for rare activities that tend to have fewer training
samples. Our results echo these observations and extend them by quantifying the extent to which imbalance skews
classifier performance in the context of the mHealth dataset. The lower macro-average scores further confirm that
models trained on imbalanced data disproportionately favor the majority class, leading to poor generalization on
underrepresented activity types. This phenomenon is exacerbated by class overlap, where feature distributions of
different classes intersect, causing further confusion for classifiers, as discussed by Lv and Liu [27].

To counteract this challenge, we applied the SMOTE, a widely adopted method that synthesizes new minority class
examples by interpolating between existing samples. The application of SMOTE resulted in substantial improvements
in minority class recognition: precision rose from 0.85 to 0.88, recall improved markedly from 0.75 to 0.85, and the
F1-score increased to 0.8650. Although the overall accuracy saw a slight decrease from 97% to 96.5%, this trade-off
is acceptable given the significant gains in minority class detection, which is often more critical in real-world HAR
applications where missing rare but important activities can have serious consequences. The increase in AUC-PR from
0.81 to 0.88 further validates the enhanced ability of the SMOTE-augmented model to distinguish between classes
across various decision thresholds.

These results support previous work by Elreedy et al. [31], who demonstrated the effectiveness of SMOTE in improving
classifier sensitivity and robustness in imbalanced scenarios, including wearable sensor datasets. Our confusion matrix
analysis visually corroborates these findings by showing fewer false negatives for the minority class post-SMOTE, and
ROC curve comparisons reveal a modest but meaningful improvement in the model’s discriminative power with
SMOTE, raising the AUC from 0.95 to 0.96. These findings collectively suggest that SMOTE is a viable and effective
strategy for balancing datasets in HAR, consistent with Hartono and Ongko’s [32] advocacy for hybrid approaches that
combine oversampling with ensemble learning to improve predictive performance in multi-class imbalanced datasets.

Further, the Precision-Recall curves illustrate that the model with SMOTE consistently outperforms the baseline across
a wide range of recall values, achieving a higher average precision (AP) of 0.91 versus 0.88 without SMOTE. This
indicates that the SMOTE-enhanced model maintains higher precision without sacrificing recall, a crucial factor when
minimizing false positives and negatives is essential. Threshold analysis further clarifies the trade-offs between
precision and recall at different decision thresholds, with the optimal F1-score attained around a threshold of 0.25. This
insight is valuable for practical deployment, where application-specific priorities may dictate the choice of threshold
to balance sensitivity and specificity effectively.

Despite these encouraging improvements, the calibration curve indicates that the predicted probabilities from the
SMOTE-trained model are not perfectly calibrated. The deviation from the ideal diagonal line suggests the presence of
overconfident and underconfident probability estimates. This lack of calibration can undermine the model’s reliability
in scenarios where probability scores inform critical decision-making, such as healthcare monitoring or emergency
interventions. Calibration issues are a known limitation in many machine learning models, including those trained with
oversampling techniques, and highlight the necessity of incorporating calibration methods such as Platt scaling or
isotonic regression in future work.

This study advances the field of wearable sensor-based human activity recognition by demonstrating how the SMOTE
can effectively address the pervasive challenge of class imbalance in the mHealth dataset. Unlike many recent works
that rely heavily on deep learning, this research shows that classical machine learning models like XGBoost, when
paired with appropriate data balancing methods, can achieve robust and balanced classification performance. The
comprehensive evaluation including metrics such as precision, recall, F1-score, and visual tools like ROC and
Precision-Recall curves provides a detailed understanding of how SMOTE enhances minority class recognition without
significantly harming majority class accuracy. This practical insight is particularly valuable for real-world applications
where computational resources or dataset sizes may limit the feasibility of more complex models.



International Journal for Applied Information Management ISSN 2776-8007
Vol. 5, No. 1, April 2025, pp. 1-15 12

The implications of these findings are significant for designing wearable monitoring systems in healthcare, elder care,
and rehabilitation, where detecting rare but critical activities is crucial. Improved minority class detection ensures that
important but infrequent events, such as falls or unusual physiological patterns, are less likely to be missed, potentially
enhancing user safety and care outcomes. Moreover, the ability to tune classification thresholds based on precision-
recall trade-offs allows system designers to customize models according to specific needs, balancing sensitivity and
specificity as appropriate for the application context. The study also highlights the importance of model calibration,
which affects how trustworthy the predicted probabilities are for decision making a critical consideration in clinical
settings where risk estimates guide interventions.

Despite these advances, limitations remain. The generation of synthetic minority samples through SMOTE can
sometimes introduce noise or increase class overlap, potentially complicating classification and reducing model
reliability in some cases. This underscores the need for careful implementation, possibly through hybrid oversampling
and data cleaning methods to optimize results. Additionally, while the current work focuses on a binary classification
framework, real-world activity recognition often involves multiple imbalanced classes, requiring further exploration of
SMOTE’s effectiveness in multi class scenarios. Lastly, the imperfect calibration observed suggests that future research
should incorporate probability calibration techniques to improve confidence in model outputs. Integrating these
improvements with more advanced sensor fusion and deep learning approaches may further enhance the accuracy and
applicability of wearable sensor-based activity recognition systems.

5. Conclusion

This study addresses the persistent challenge of class imbalance in wearable sensor-based human activity recognition
using the mHealth dataset. Although the baseline XGBoost classifier achieved high overall accuracy of 97%, its
performance on the minority class was notably poor, with a recall of 0.75 and an F1-score of 0.796. This discrepancy
highlights the limitations of relying solely on accuracy as a performance metric in imbalanced datasets, as it often
masks the model’s inability to correctly classify rare but important activities. In healthcare and related fields, detecting
these minority class activities is critical for timely intervention and accurate monitoring.

By applying the SMOTE, we generated synthetic samples to augment the minority class, leading to significant
improvements in model performance. The recall and F1-score for the minority class increased substantially to 0.85 and
0.865, respectively, while maintaining strong performance on the majority class. Although the overall accuracy
dropped slightly to 96.5%, this trade-off resulted in a more balanced and fairer classifier. Additionally, the AUC-PR
improved from 0.81 to 0.88, indicating enhanced ability to discriminate between classes under imbalanced conditions.
These findings align with previous research emphasizing the benefits of SMOTE for imbalanced classification
problems and demonstrate its applicability to wearable sensor data.

Despite these improvements, the calibration analysis revealed that the predicted probabilities are not perfectly reliable,
showing both overconfidence and under confidence at certain thresholds. This limitation suggests that further work is
needed to calibrate model outputs, potentially through methods like Platt scaling or isotonic regression, to improve the
trustworthiness of probability estimates in real-world applications. Overall, this study confirms that combining SMOTE
with robust classifiers such as XGBoost can effectively mitigate class imbalance in activity recognition, enhancing the
detection of rare activities critical for healthcare and sports monitoring. Future research should explore extensions to
multi-class imbalanced datasets and the integration of probability calibration techniques for improved practical utility.
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