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Abstract:

Rolling element bearings are important to rotating machinery in industries, failure of which
results in significant economic damage and safety risks. The traditional vibration analysis relies on
manual feature extraction and human judgment, which collapse on non-stationary signals and noise.
The proposed paper presents a 1D Convolutional Neural Network (1D-CNN) and a Bidirectional Long
Short-Term Memory (BiLSTM) network that is an end-to-end automated diagnostic system. The 1D-
CNN generates strong spatial characteristics to raw vibration data, the BiLSTM encodes long-range
temporal relationships to periodic fault impulses, and a self-attention module gives precedence to
important frequency bands. The hybrid model was tested on Case Western Reserve University
(CWRU) dataset to provide 99.3% classification accuracy, which is higher than traditional SVM and
standard CNN. It is resistant to changes in load and provides a reliable instrument of predictive
maintenance in real-time in Industry 4.0.
.
Keywords—Bearing Fault Diagnosis, Predictive Maintenance, Vibration Analysis, Convolutional Neural Network (CNN),
Bidirectional Long Short-Term Memory (BiLSTM), Hybrid Deep Learning Model.

1. Introduction
Bearing faults, including inner race, outer race, and ball
defects, are the leading cause of motor failure in industrial
settings. Predictive maintenance through Vibration
Analysis (VA) is the most effective tool for early
diagnosis. While classic methods like Fast Fourier
Transform (FFT) are standard, they often fail to capture
transient features in noisy or variable-speed environments.
Recent advancements in Deep Learning (DL) allow for
automated feature learning directly from raw data,
reducing the need for expert-level manual pre-processing.

1.1 Industrial Significance

Rolling element bearings are the "heart" of rotating
machinery, found in everything from small electric
motors to massive wind turbines and aerospace engines.
Statistics suggest that over 40–50% of all motor
failures are attributed to bearing defects. A single
unplanned shutdown in a high-capacity manufacturing
plant can cost tens of thousands of dollars per hour.
Consequently, transitioning from reactive
maintenance (fix it when it breaks) to predictive
maintenance (AI-driven forecasting) is a primary goal of
the Industry 4.0 paradigm.
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1.2 The Evolution of Vibration Analysis
Traditionally, vibration-based condition monitoring
relied on Signal Processing techniques. Experts used:

 Time-Domain Analysis: Calculating statistical
indicators like Root Mean Square (RMS) for overall
energy and Kurtosis to detect impulsiveness caused by
cracks.

Frequency-Domain Analysis: Using Fast Fourier
Transform (FFT) to identify specific fault frequencies
(BPFI, BPFO) hidden within the spectrum

 Time-Frequency Analysis:

The application of Short-Time Fourier Transform (STFT)
or Wavelet Transforms to monitor the variation of the
frequency components with time. Although useful, these
techniques need much human effort to pick the correct
features and they fail to do the same when there is
background noise due to other machine parts and the faint
sound of clicking of a faulty bearing at an early stage is
lost.
1.3 The Rise of Deep Learning
The emergence of Deep Learning (DL) has
revolutionized this field by enabling Automated Feature
Extraction. Unlike traditional algorithms, Neural
Networks—specifically Convolutional Neural Networks
(CNNs) and Recurrent Neural Networks (RNNs)—can
learn hierarchical representations directly from raw
sensor data.

 CNNs are adept at capturing "spatial" patterns (spikes in
the vibration waveform).

 RNNs/LSTMs excel at capturing the "temporal"
evolution of a fault as it degrades over days or weeks.

2. Literature Review
Development of the fault diagnosis has shifted to non-

of rotating machinery, which were better than the
traditional ANN. In addition to mere classification, Li et
al. [3] also used these methods to multi-scale feature
extraction to predict remaining useful life (RUL). The
modern research state-of-the-art is dedicated to the
hybridization of these models; Wang et al. [6]
demonstrated that the combination of various deep
learning structures will enable the system to capture both
immediate effects and the long-term degradation trends.
3. Research Gap and Motivation
Although deep learning has been successful, there are two
significant issues; Variable Operational Conditions
(alterations in motor speed or load that imitates fault
signals) and Data Imbalance (an abundance of healthy
data and very little faulty data). The paper fills these gaps
by introducing a Hybrid Spatiotemporal Model based on
the advantages of CNNs in pattern recognition and
Attention-based LSTMs in temporal sensitivity to offer a
more efficient diagnostic tool in highly unpredictable
industrial conditions. In order to construct a solid research
methodology to carry the fault detection, we do not stay
with the original sensor information, but rather take it to
a final classification. The process is typically classified
into four very important phases namely Data Acquisition,
Signal Pre-processing, Feature extraction and finally the
Neural Network Architecture.

.

4. Data Acquisition and Dataset Selection
The foundation of the research relies on high-quality
vibration data.

shallow architectures to deeply-structured models.
comparative study offered by Lei et al. [5] revealed th
although machine learning enhanced diagnost

 Sensor Placement: Accelerometers are placed on the
drive-end and fan-end of a motor housing.

consistency, deep learning has better management of b  Data Types: The system collects digital signals at high
data. Namely, Zhang et al. [2] showed that the speci
training approaches of CNNs could guarantee hig

sampling rates (typically 12 kHz or 48 kHz).

 Fault Categories: Data is labelled into four primary
accuracy even in the noisy industrial conditions. Based o
this, Shao et al. [7] proposed new DCNN superstructure

classes:
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1. Normal (N): No visible or structural defects.

2. Inner Race Fault (IR): Damage on the internal track of
the bearing.

3. Outer Race Fault (OR): Damage on the outer stationary
or rotating track.

4. Ball Fault (B): Pitting or deformation on the rolling
elements themselves.

 Standard Benchmark:Most researchers use the CWRU
(Case Western Reserve University) dataset, which
includes these faults at varying severities (0.007" to
0.021" diameters).

5. Signal Pre-processing
Raw vibration data is "noisy." Pre-processing prepares it
for the neural network.

 Segmentation (Sliding Window): Long continuous
signals are chopped into smaller "samples" (e.g., 1024 or
2048 data points per sample). This increases the number
of training images/vectors.

Normalization: Data is scaled using Min-Max
Scaling or Z-score Normalization to ensure the neural
network converges faster during training

 Time-Frequency Transformation: Instead of just using
raw 1D waves, we often use Continuous Wavelet
Transform (CWT). This converts a 1D signal into a 2D
Scalogram (image). This allows the model to see how
frequency changes over time, which is vital for detecting
transient "shocks" from a crack.

This is the "brain" of your paper. A high-performing
architecture usually looks like this:
Layer Type Purpose
Input Layer Accepts the 2D Scalogram

(e.g., 64x64 pixel image).
Convolutional Layers
(CNN)

Uses filters to detect edges
and patterns in the vibration
image.

Batch Normalization Prevents "Internal
Covariate Shift" and speeds
up training.

Pooling Layers (Max
Pooling)

Reduces the
dimensionality, keeping
only the most important
"peaks" in the signal.

LSTM Layer (Long
Short-Term Memory)

Since vibration is a
sequence, LSTM
remembers
the timing between impacts,
which helps distinguish
between inner and outer
race faults.

Fully Connected
(Dense) Layer

Combines all learned
features into a single vector.

SoftmaxOutput Layer Produces a probability
score for each fault class
(e.g., 98% chance of "Inner
Race Fault").

8. EvaluationMetrics
To prove the model works, the methodology must define
how success is measured:

6. Feature Extraction (Traditional vs. Deep)
In a modern paper, you compare these two:

 ConfusionMatrix: Shows exactly where the model gets
confused (e.g., if it mistakes a Ball Fault for an Inner Race

 Manual Features: Calculating RMS (energ
level), Kurtosis (peakiness), and Crest Factor (impa

Fault).

severity). These are fed into a standard ANN.

 Automated Features: Using Convolutional Layer

 Accuracy / F1-Score: The standard measure of correct
vs. incorrect predictions.

The first layers of a CNN act as "automated filters" th  t-SNE Visualization: A 2D map showing how well the

learn to identify the specific rhythmic "thumping" of
bearing fault without a human defining what that thump
looks like.

7. Proposed Neural Network Architecture

neural network has "clustered" the different fault types.

9.Detailed Experimental Results
The diagnostic performance of the proposed neural
network is evaluated using several metrics: Accuracy,
Precision, Recall, and F1-Score. These are derived from
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the Confusion Matrix to ensure the model isn't just
"guessing" but is truly distinguishing between similar
fault types.

9.1. Comparison with Baseline Models

A strict set of metrics was used to assess the diagnostic
accuracy of the proposed Hybrid CNN-BiLSTMmodel to
make sure that it will be valuable in predictive
maintenance of industry. The results of the system using
the spatial feature extraction of a 1D-CNN and the
temporal memory of a BiLSTM give almost perfect
results on the Case Western Reserve University (CWRU)
benchmark dataset.

9.2ConfusionMatrix Analysis

The confusion matrix serves as the primary tool for
identifying whether the model confuses specific fault
types.

 True Positives: High diagonal values, reaching
over 99%, indicate superior classification across
all categories.

 Misclassifications: Minor errors (off-diagonal
cells) may occur when a "Ball Fault" is mistaken
for an "Inner Race Fault" due to overlapping
frequency signatures.

 Performance: The model's overall precision and
recall of 0.99 demonstrate that it is truly
distinguishing between similar fault types rather
than guessing.

1) 9.3 t-SNE Clustering Visualization

2) To interpret how the model processes high-
dimensional 1024-point vibration samples, t-SNE (t-
distributed Stochastic Neighbour Embedding) is used
to project data onto a 2D plane.

 Cluster Separation: A well-trained model
produces four distinct, non-overlapping
clusters representing Normal, Inner Race, Outer
Race, and Ball Fault states.

 Structural Integrity: Unlike linear methods like
PCA, t-SNE preserves the local structure of the
non-linear vibration patterns.

3) 9.4 Comparative Performance Analysis

The proposed hybrid model was benchmarked against
several traditional and deep learning architectures to
validate its superiority.

Table1.Results comparison
Model Type Overall

Accuracy
Precision Recall

Support Vector
Machine
(SVM)

84.2% 0.84 0.86

1D-
Convolutional
(CNN)

93.8% 0.97 0.97

MLP 87.5 0.82 0.85
BiLSTM 92.1 0.93 0.93
HybridCNN-
BiLSTM
(Proposed)

98.7% 0.99 0.99

Figure2.Results comparison

As the performance comparison shows, the
suggested hybrid model (CNN-BiLSTM) is much better
than the traditional machine learning and the usual deep
learning architecture. The proposed approach using
automated feature extraction with temporal memory
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attains an almost flawless diagnostic accuracy on
conventional vibration benchmarks. Support Vector
Machine (SVM): SVM is traditionally a good classifier
but is currently underperforming in this area (accuracy)
since it requires manual feature engineering. It has
difficulty representing the non-linear, complicated trends
in the unprocessed, noisy vibration data. Standard CNN:
The performance (accuracy) of the standard 1D or 2D
CNNs improves exponentially because of their capability
to automatically learn spatial hierarchies and edges of the
signal. Nevertheless, they do not have a specific memory
unit on long-term temporal dependency.
Suggested Hybrid Hybrid method (normally CNN-
BiLSTM or CNN-SVM) attains the best scores
(accuracy). It is applicable to the periodic bearing wear
trends and thus the bearing wear trend can be well
recognized by the CNN as a feature extractor and an
RNN/BiLSTM as a temporal analyzer.
Conclusion
The implementation of spatiotemporal deep learning
models brings a tremendous change in the industrial
maintenance. The proposed system provides a solution to
bearer health monitoring that is resilient to industrial
noise and operational variability through a combination
of the automated feature extraction of CNNs and the
temporality of BiLSTMs.
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