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1. Introduction

ssistive technologies have undergone a revolutionary change
thanks to brain-computer interfaces (BCIs), which enable
direct communication between the human brain and external
devices without the need for the peripheral nervous system. For
people with motor limitations, this breakthrough has great poten-
tial because it allows them to operate computers, wheelchairs, and
prosthetic limbs using just brain impulses. Electroencephalogra-
phy (EEG) is a neuroimaging modality that is particularly useful
because it is non-invasive, affordable, and has a high temporal
resolution. EEG allows for real-time monitoring of brain states by
recording electrical activity in the brain using electrodes applied
to the scalp. To extract significant patterns and features pertinent
to BCI applications, however, requires the use of advanced signal
processing techniques because the raw EEG signals are frequently
chaotic and complex. An extensive discussion of EEG signal
analysis methods, which are essential to the proper functioning of
brain-computer interfaces (BCIs), is provided in this study. We go
over every step of the EEG signal processing pipeline, including
feature extraction, classification, and preprocessing.
We also examine how these methods are applied in different
BCI use cases, emphasizing the progress and difficulties in each
field.

2. Literature Review

Organized by the essential steps of the signal processing pipeline
and their uses in BClIs, this part offers a thorough examination of
foundational works that have had a major impact on the area of
EEG signal analysis for BCIs.

2.1. Signal Preprocessing

Signal preprocessing, which attempts to improve the quality of
the EEG data by reducing noise and artifacts, is the cornerstone of
EEG signal analysis. EEGLAB, an open-source toolbox that uses
Independent Component Analysis (ICA) for efficient noise and
artifact reduction in EEG data, is introduced in the publication by
Delorme and Makeig [1]. To build on this, Winkler et al. [2] create
an automatic categorization method that eliminates artifactual
components, greatly improving the quality of EEG signals for
further analysis. Mullen et al. [3] present further developments
in real-time preprocessing approaches for wearable EEG sensors,
which increase artifact removal and signal improvement.

2.2. Feature Extraction

Converting the improved EEG signals into useful representations
for classification is the step from signal preprocessing to feature
extraction. Optimizing spatial filters, like Common Spatial
Patterns (CSP), is important for extracting discriminative features
from EEG signals, as discussed by Blankertz et al. [4]. The Filter
Bank Common Spatial Pattern (FBCSP) method is presented by
Angetal. [5]. It improves feature extraction by breaking down EEG
data into several frequency bands before using CSP. Combining
several feature sets can greatly enhance classification performance
in BCI applications, as shown by Dornhege et al. [6].

2.3. Classification Techniques

In BCI systems, classification—the process of using extracted infor-
mation to infer user intentions—is essential. A unique weighted
perceptron method for emotion recognition is presented by Zhang
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et al. [9], who demonstrate its performance in classification tasks.
With a focus on their application to EEG-based BClIs, Lotte et
al. [10] offer a thorough update on developments in classification
algorithms during the previous ten years. Robust techniques and
fast recognition systems are investigated in more detail by Ang et
al. [11] and Higashi et al. [12] in order to improve classification
performance in BCI tasks.

2.4. Applications in BCIs

Applications for brain-computer interfaces (BCIs) are numerous
and include emotion identification, cognitive status monitoring,
and motor control. Pfurtscheller and Neuper [17] concentrate on
the use of EEG signals for direct brain-computer communication
through motor imagery, whereas Wolpaw and Wolpaw [16] offer
a basic review of BCI concepts and useful applications. The use
of BCIs for people with severe motor impairments is examined by
Kiibler et al. [18], and He et al. [19] talk about how their Bayesian
Data Alignment (BDA) algorithm improves subject transferability
in SSVEPbased BCIs. In their discussion of methods for identifying
and interpreting emotional states, Abhang et al. [20] offer insights
on EEG-based emotion recognition.

3. Methodology

This study highlights significant advancements and breakthroughs
in a number of different areas related to this discipline, underscor-
ing the depth and breadth of research in EEG signal analysis for
BClIs. New applications for BCI have been made possible by the
incorporation of sophisticated signal processing techniques, which
has had a big impact on the technology and its users.

3.1. Synthesis of Findings from the Literature

Signal preprocessing, feature extraction, and classification ap-
proaches have become focus points in the thorough investigation
of EEG signal analysis techniques for Brain-Computer Interfaces
(BCIs). These components are essential to creating BCIs that
convert brain activity into useful outputs that are both efficient
and effective.

The first stage in EEG signal analysis is called signal prepro-
cessing, and its goal is to improve the raw EEG signals’ quality
by eliminating noise and artifacts. Common methods include
individual Component Analysis (ICA), which divides EEG signal
sources into individual components so that artifacts like muscular
contractions and eye blinks can be recognized and eliminated.
Delorme and Makeig’s work on the EEGLAB toolkit, where ICA
permits clean EEG signals for subsequent analysis, notably high-
lights this method. Furthermore, bandpass filtering is a commonly
employed technique for isolating specific frequencies of interest,
often within the 0.5 to 50 Hz range, that correlate to distinct
cognitive and motor functions.

In order to automate artifact removal and improve real-time
applications, Winkler et al. place a strong emphasis on the
automatic classification of artifactual components.

The next crucial stage is feature extraction, which extracts the
most important data from the signals that have already been pre-
processed. Common techniques include time-frequency analysis
and Common Spatial Patterns (CSP). According to Ang et al., CSP
enhances the ability to distinguish between motor imagery activ-
ities by optimizing spatial filters to maximize variance between
different classes. This method works especially well in situations
where the ability to discriminate between left- and right-handed
movements is crucial. As Lotte et al. highlight in the context
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of BCIs, time-frequency techniques such as Short-Time Fourier
Transform (STFT) and Wavelet Transform are also utilized to
collect both temporal and spectral information from EEG data.
These techniques make it possible to extract dynamic elements
that are essential for comprehending how brain activity changes
over time.

In order to determine user intents, classification techniques
interpret these features. Support vector machines (SVMs), linear
discriminant analysis (LDA), and, more recently, convolutional
neural networks (CNNs) and recurrent neural networks (RNNs)
are examples of machine learning techniques that have demon-
strated great potential. According to research by Dornhege et
al., support vector machines (SVM) offer reliable classification
by identifying the best hyperplane to divide several classes in the
feature space. Because LDA can manage small sample numbers
and noise, it is widely employed in BCIs and is well-known for
its simplicity and effectiveness. According to Zhang et al., deep
learning techniques greatly improve classification accuracy for
non-linear patterns by using the hierarchical structure of neural
networks to automatically extract complicated characteristics from
raw EEG data.

BCI applications show how useful these signal processing and
categorization methods are in real-world scenarios. Pfurtscheller
and Neuper highlight how motor imagery BCIs, which rely
largely on the precise extraction and classification of EEG data
linked to motor planning and execution, allow users to control
external devices by envisioning particular actions. BCIs that
monitor cognitive states use algorithms to measure changes
in EEG patterns linked to various cognitive states in order to
evaluate the mental strain, attention span, and tiredness of their
users. The link between EEG signals and emotional states is
used by emotion recognition BCIs, as reported by Abhang et
al., to provide insights into user affective reactions that can be
utilized in adaptive human-computer interaction systems. The
significance of combining feature extraction, classification, and
strong preprocessing methods. In order to eliminate artifacts and
isolate significant signals, signal preprocessing techniques such as
band-pass filtering and ICA are essential. Time-frequency analysis
and CSP are two feature extraction approaches that give you the
tools you need to extract important information from complex EEG
data. For BCIs to convert EEG information into useful outputs,
classification techniques—which range from sophisticated deep
learning models to more conventional algorithms like SVM and
LDA—are essential. The real-world uses of these techniques
for emotion recognition, physical control, and cognitive status
monitoring demonstrate the revolutionary potential of BCIs across
a range of industries. In order to create more adaptable and useful
BCISs, future research should keep concentrating on improving the
accuracy, robustness, and usability of BCIs through the integration
of modern signal processing and machine learning approaches
and user-friendly brain-computer interfaces.

3.2. Integrated Analysis of Methods and their Effective-
ness

The incorporation of signal preprocessing, feature extraction, and
classification algorithms is essential to the creation of effective
Brain-Computer Interfaces (BCIs).The main step in signal prepro-
cessing is to remove noise and artifacts from raw EEG data in order
to produce a clearer signal that can be used for additional analysis.
This phase can be expressed numerically as:

A =X =Xean
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where X e, is the EEG signal without artifacts, X is the raw
EEG data that was first obtained, and A is the noise and artifacts
that were eliminated. Important methods consist of:

1. Independent Component Analysis (ICA): This method sepa-
rates the EEG signal into separate components and concen-
trates on identifying noise components that are deducted from
the raw signal, such as eye blinks or muscle movements. The
following describes the process:

S =WX

where W is the unmixing matrix that produces statistically
independent components when applied to X. Reassembling the
components leaves behind after those categorized as artifacts are
eliminated to recreate X e,y -

2. Band-Pass Filtering: This technique, which is essential
for assessing cognitive or motor tasks, filters the signal to
keep just the frequency components within a given range
(usually 0.5 to 50 Hz, . The following formula represents it
mathematically:

Xfiltered =X h(t)

where the filter function applied via a convolution operation is
denoted by h(t) .

Feature extraction focuses on traits that are most indicative of
BCl-related tasks by converting preprocessed EEG signals into a
set of relevant features F .

F = (X jean)
is the representation for this.Typical methods include of:

1. Common Spatial Patterns (CSP): CSP is utilized to maximize
the variance between two classes of EEG signals, enhancing
feature distinction for motor imagery tasks. It seeks a
projection matrix Wcgp that maximizes:

T
WespZ1 Wesp

T
Wese WegpZ,Wesp

where Z; and %, are the covariance matrices of the signals from
the two classes. 2. Time-Frequency Analysis: Techniques

like the Short-Time Fourier Transform (STFT) or Wavelet
Transform are employed to capture temporal and spectral details:

STFT(Xclean)(T’ CO) = chlean(t) -eTiet. w(t - T)dt

where w(t —7) represents the window function centered around
time 7 and frequency w .

To ascertain the user’s purpose, classification techniques make
use of the extracted features F This stage, which can be represented
as follows, is essential for connecting these traits to particular brain
states or orders.

y =Y(F)

where ¥ is the classification function and y is the output. Typical
algorithms consist of:

1. SVM, or support vector machine: SVM finds the ideal
hyperplane in the feature space that maximizes the margin
between distinct classes, as shown by:

1 og
Izlvglzw w+CZ§i

where ¢ translates inputs to a higher-dimensional space, &; are
slack variables allowing classification flexibility, and w and b are
the hyperplane parameters.

2. Deep Learning Models: To automatically identify intricate
patterns from EEG data, models such as CNNs and RNNs use
numerous layers:

CNN output = f(W # Xeun +b)

where f is a non-linear activation function, W and b are the
weights and biases of the neural network layers.

The interplay between preprocessing, feature extraction, and
classification—all of which improve the usefulness and efficiency
of BCIs—is highlighted by this integrated analysis. Each step must
be carried out precisely to guarantee that raw EEG data is converted
into commands that can be used. Reliable and responsive BCIs
are necessary to help people who have motor impairments and
expand the potential uses of neuro-technological applications.

4. Challenges and Future Research Directions in
EEG Signal Analysis for BCIs

The challenges enumerated in the table I, highlight the tech-
nological and methodological gaps that currently exist in BCI
development. Addressing these will not only advance the field
technically but also improve the practical usability of BCIs in
everyday applications. The suggested future research directions
aim to tackle these challenges through innovative approaches like
advanced machine learning algorithms, integration of multiple
modalities, and improvements in hardware. Such advancements
are crucial for enhancing the performance, reliability, and user-
friendliness of BCIs, making them more accessible and effective
tools in both medical and consumer settings.

Challenges Future Research Directions

Signal Artifacts and Noise
High Dimensionality of Data

Advanced Artifact Removal Techniques, Improved Real-Time Filtering
Dimensionality Reduction, Sparse Representation Models
Personalized BCI Systems, Transfer Learning

Data Augmentation Techniques, Few-shot Learning

Efficient Algorithm Development, Hardware Acceleration
Multimodal Data Fusion, Cross-modal Learning

‘Wearable and Portable Systems, User-Centric Design

Data Privacy Enhancements, Ethical Frameworks

Adaptive Signal Processing

Inter-subject and Intra-subject Variability
Limited Training Data

Real-time Processing Requirements
Integration with Other Modalities
Usability and User Comfort

Ethical and Privacy Concerns
Interpretation of Non-Stationary Signals

Table 1. Challenges and Future Research Directions in EEG-Based BCIs

5. Comparative Analysis of EEG-based BCI Stud-
ies

This analysis synthesizes findings from several EEG-based BCI

studies, focusing on dataset specifics, methodologies, results, and

performance metrics to highlight advancements and areas needing
improvement.

1) Datasets: A brief summary of the many datasets used in
different brain-computer interface (BCI) studies is provided
in table II, which also highlights the unique performance
features of each dataset. The datasets are categorized based
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Study Reference

Dataset Name Performance

[4]
(6]
[5]
[10]

Spatial Filter Optimization Dataset

BCI Competition Dataset

Frequency Band Decomposition Dataset
Decadal Review Dataset

High filtering performance

Moderate motor variability

Good feature extraction
Comprehensive performance analysis

Table 2. Summary of Datasets Used in BCI Studies

on performance outcomes, name, and reference. For example,
the “Spatial Filter Optimization Dataset” [4] is important for
investigations concerning signal robustness and clarity be-
cause of its great filtering performance. As a result of diversity
in motor imagery tasks, the “BCI Competition Dataset” [6] dis-
plays middling performance, which highlights the difficulties
in managing a range of user responses. The “Decadal Review
Dataset” [10] offers a thorough performance analysis that
offers a more comprehensive review across several datasets,
whereas the “Frequency Band Decomposition Dataset” [5]
excels in feature extraction capabilities. This summary aids in
understanding the strengths and limitations of each dataset,
guiding researchers in choosing the most appropriate dataset
for their specific BCI research goals.

Study Reference

Methodology Name Performance

Robust EEG Single-Trial Analysis

Feature Combination and Multiclass Paradigms
Filter Bank Common Spatial Pattern (FBCSP)
Classification Algorithm Review

High task distinction
Enhanced, varied performance
Better classification outcomes
Insightful ten-year review

2)

Table 3. Summary of Methodologies in BCI Studies

Methodologies: The table I lists the various approaches
used in brain-computer interface (BCI) research along with
the corresponding performance results for each. “Robust
EEG Single-Trial Analysis” [4], for example, achieves strong
task distinction, which is necessary for applications that
need to detect user intention precisely. The versatile nature
of combining several features is demonstrated by “Feature
Combination and Multiclass Paradigms” [6], which exhibit
improved performance across a variety of datasets. Better
categorization results are produced by the “Filter Bank
Common Spatial Pattern (FBCSP)” [5] methodology, which is
noteworthy for enhancing the accuracy of BCIs. Last but not
least, the “Classification Algorithm Review” [10] presents
a perceptive tenyear overview that gives a wide look on
the development and effectiveness of different classification
approaches over time. This table serves as a valuable resource
for researchers seeking to understand the effectiveness of
different BCI methodologies and their impact on study
outcomes.

Study Reference

Model Used Accuracy

(4]
(6]
(5]
[10]

Optimized Spatial Filtering Models
Multiclass Classification Approaches
FBCSP Model

Overview of Various Models

Up to 90% accuracy
70-85% variable accuracy
Generally above 80%
Widely varying accuracy

3)

16

Table 4. Summary of Results from BCI Studies

Result Outcomes: The table labeled IV, provides a succinct
summary of the accuracy outcomes from different models

II GJCST-G

used in brain-computer interface (BCI) studies. It showcases
how various approaches perform under research conditions,
offering a snapshot of their effectiveness. The “Optimized
Spatial Filtering Models” [4] are particularly notable, achiev-
ing up to 90% accuracy, which underscores their capability in
enhancing signal quality and interpretation. The “Multiclass
Classification Approaches” [6] exhibit a variable accuracy
range of 70% , reflecting their adaptability and challenges
across different datasets. The “FBCSP Model” [5] consis-
tently achieves over 80% accuracy, indicating its robustness
in feature extraction and classification tasks. Meanwhile,
the “Overview of Various Models” [10] demonstrates a broad
spectrum of accuracies, highlighting the diversity in model
performance across the field. This table is crucial for un-
derstanding the practical implications of these models in
real-world BCI applications, guiding future research and
development efforts towards enhancing model reliability and
efficiency.

4) Overall Performance: [4] demonstrated the strongest per-

formance with high precision in real-time EEG signal clas-
sification, crucial for responsive BCI applications. « [6]
showed variability which may affect user experience, sug-
gesting a need for dataset-specific tuning. [5] provided robust
feature extraction capabilities, enhancing the reliability of
signal interpretation.  [10] offered a valuable overview of
trends and progress, identifying high-performing models and
methodologies that have shaped recent BCI advancements.

Analysis Based on Tables:

« The datasets table reveals that the “Spatial Filter Optimization
Dataset” used in [4] leads in terms of clarity and definition
of EEG signals, providing robust data for testing advanced
processing techniques.

» The methodologies table highlights the “Robust EEG Single-
Trial Analysis” from [4] as particularly effective, with its
application yielding high classification accuracies and demon-
strating the potential for real-time BCI applications.

From the results table, the optimized spatial filtering models
employed in [4] are noted for their high accuracy, which is
paramount for efficient BCI operation.

« The overall performance review indicates that while each
study contributes uniquely to the field, [4]’s comprehen-
sive approach combining advanced signal processing with
machine learning techniques offers the most immediate ap-
plication potential, especially in developing responsive and
user-friendly BCI systems.

Explanation: The comparative research highlights the impor-
tance of enhancing the usability and efficacy of BCI systems by
ongoing improvements and customizations to EEG datasets and
techniques. In order to increase adaptability and performance
across a range of BCI applications, future research should con-
centrate on resolving the heterogeneity in user experience and
improving models.

The accuracy of the Optimized Spatial Filtering (OSF) models
is displayed in

a) Figure 1: for four distinct studies: Decadal Review, BCI

Competition, Frequency Band Decomposition, and Spatial
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OSF - Accuracy (%)

Decadal Review

Frequency Band Decomposition

BCl Competition

Spatial Filter Optimization
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Figure 1. OSF - Accuracy (%)

Other CNN models - Accuracy (%)

Decadal Review
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Figure 2. Other CNN models - Accuracy (%)
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Overall Comparison - Accuracy (%)
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Filter Optimization. The graph shows that the OSF models
function robustly in a thorough analytic scenario, with the
OSF models achieving their best accuracy in the Decadal
Review. This implies that OSF models perform especially
well when handling huge and varied datasets.

The accuracy percentages of different Convolutional Neural
Network (CNN) models used in the same four investigations are
displayed in

b) Figure 2: . It emphasizes how effectively CNN models
function in general across a range of applications, with the

Decadal Review noting the highest accuracy. This constancy
highlights CNNs’ adaptability and dependability when processing
intricate BCI data.

The accuracy of several BCI models and techniques, such as
spatial filtering, multiclass classification, and frequency band
decomposition, is shown overall in

c) Figure 3: . Every model demonstrates a high degree of
accuracy, coming close to or surpassing 70% ,demonstrating
the usefulness of these methods in BCI applications. This al-
lencompassing perspective aids in determining which models
may offer the best performance in various situations.

The EEG signal is shown in

d) Figure 4: both before and after noise cancellation. The
EEG signal that is noisy or distorted is shown in the top
graph, while the cleaned and filtered version of the same
signal is shown in the bottom graph. The significance and
effectiveness of noise reduction approaches in improving the
usability and clarity of EEG data for BCI applications are best
illustrated by this visual contrast.

e) Figure 5: illustrates, for the same four investigations, the
accuracy of the Filter Bank Common Spatial Pattern (FBCSP)
model as previous figures. The FBCSP model performs
remarkably well in extracting and categorizing features
from EEG signals, especially in large and diverse datasets,
as demonstrated by its exceptionally high accuracy in the
Decadal Review.

In the four investigations, the accuracy of Multiclass classifica-
tion models is displayed in

f) Figure 6: . The performance of the Multiclass models varies
here, with a noteworthy peak in the Decadal Review. This diversity
suggests that although multiclass models are highly successful,
how well they work may be highly dependent on the particulars
of the dataset under study.

6. Conclusion

The study offers a thorough analysis of the most recent methods
for analyzing EEG signals that are used to improve the func-
tionality of brain-computer interfaces (BCIs). The whole EEG
signal processing pipeline—preprocessing, feature extraction, and
classification—is covered in this work, along with an exploration
of its applications in several BCI use cases.

The preprocessing phase is essential for eliminating noise and
artifacts from unprocessed EEG data, and methods like band-pass
filtering and Independent Component Analysis (ICA) work well
for separating the signal’s interference-free components. During
the feature extraction stage, techniques like time-frequency analy-
sis and Common Spatial Patterns (CSP) are frequently employed to

20 [}
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convert the preprocessed signals into meaningful representations
that may be used for classification. In the classification stage,
different techniques including Support Vector Machines (SVM),
Linear Discriminant Analysis (LDA), and deep learning models are
used to interpret the retrieved characteristics and determine user
intentions. In order to achieve effective EEG data analysis in BCIs,
the research emphasizes the significance of integrating signal
preprocessing, feature extraction, and classification algorithms.

The total performance and dependability of BCIs are greatly
influenced by each stage, hence it is imperative to comprehend
and optimize these processes as a whole. The study outlines a
number of difficulties in EEG signal analysis for brain-computer
interfaces (BCIs), such as noise and artifacts in the signal, high
data dimensionality, variability within and between subjects, a lack
of training data, the need for real-time processing, integration with
other modalities, usability and user comfort, ethical and privacy
issues, and the interpretation of non-stationary signals. In addition
to offering a thorough overview of EEG signal analysis methods for
BClIs, the study emphasizes how crucial it is to integrate various
methods in order to create successful and efficient BCI systems.

Future research and applications pertaining to Brain-Computer
Interfaces (BCIs) will be greatly impacted by the thorough exam-
ination of EEG signal analysis methods. By combining cutting-
edge feature extraction, classification, and signal preprocessing
techniques, more precise and effective BCI systems can be cre-
ated, improving communication and enabling people with severe
motor disabilities to engage with their surroundings. Moreover,
the performance and dependability of BCIs as a whole can be
enhanced by the creation of customized BCI systems that can
adjust to each user’s unique EEG patterns and brain reactions. The
problem of inadequate training data can also be addressed by using
transfer learning and data augmentation techniques, allowing
for the development of BCIs that are usable by a larger group of
people. Furthermore, The adoption and utility of BCIs in daily life
can be increased by the development of portable, wearable, and
pleasant BCI systems. The accuracy and robustness of BCIs can
also be improved by integrating them with other modalities, such
as electromyography (EMG) and electrooculography (EOG). Fur-
thermore, BClIrelated problems can be addressed and responsible
and secure use of the technology ensured via the establishment
of ethical frameworks and improvements to data privacy. BCI
research and applications appear to have a bright future ahead of
them. They have the power to transform how people with motor
impairments interact with their surroundings and enhance their
general quality of life.

To sum up, this thorough research of EEG signal analysis
methods for BCIs has brought to light how important it is to
incorporate sophisticated signal preprocessing, feature extraction,
and classification approaches in order to create successful and
efficient BCI systems. The state-of-the-art in EEG signal analysis
has been thoroughly examined in this work, along with the
difficulties and restrictions associated with using the methods
that are now available. In order to address the issues of signal
artifacts, high dimensionality, and inter-subject variability, the
review has also highlighted a number of future research objectives,
including the creation of tailored BCI systems, transfer learning,
data augmentation, and adaptive signal processing.

This research has broad implications, with potential applications
in the fields of healthcare, gaming, education, and the military
and defense. The creation of cutting-edge BCI systems has the
potential to transform how people with motor disabilities engage
with their surroundings and enhance their quality of life in
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general. Moreover, the accuracy and resilience of these systems
can be improved by integrating BCIs with other modalities. The
present review offers a thorough exposition of EEG signal analysis
methodologies for brain-computer interfaces (BCIs), emphasizing
the significance of incorporating sophisticated signal processing
techniques to attain successful and efficient BCI systems. With
the potential to change the lives of those with motor disabilities
and others, the future of BCI research and applications appears
bright.
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