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Keywords Abstract
Brain-Computer Interface (BCI), A new way of communication has been introduced to the world of technologies
Electroencephalography ~ (EEG), in the form of braincomputer interfaces (BCls) which enable direct interfacing
Neural Encoding and Decoding, between the human brain and the outer world. The study proposes a conceptual
Signal Processing, Deep Learning framework for the design of an EEG-based human brain interface for neural
Models, Cognitive States encoding and 'decoding. The design utilizes the EEG signals that effectively
measure brain wave patterns and, in turn, transform them into meaningful data.
During our study, we present the possibility of employing the most state-ofthe-art
Article History signal processing methods, the best feature extraction techniques, and the most
Received: 03 April 2026 efficient deep learning models for the sake of getting the most accurate and reliable
brain signal interpretation. One major area of work is to remove the noise from
Accepted: 15 May 2026 o ‘ . o ‘ ‘
' the brain signals, allow for real-time processing to cover individual differences in
Published: 30 May 2026 brain signals, and give ideas for expanding future research direction by using
neural encoding and decoding mechanisms. The presented conceptual model is
meant to be a step in the direction of developing much more versatile and

Copyright @Author adaptable BCI systems in neuroscience, assistive technology, and cognitive
Corresponding Author: * augmentation. This paper was written to examine the potential of an EEG-based
Ghulam Gilanie human-brain interface (HBI) to help us understand and implement brain

encoding and decoding mechanisms. The project is focused on grasping and
converting electroencephalogram (EEG) waves which are the signals of cognitive
states and the orders sent for communication and control to a computing system.
The detailed design of the HBI and the experimental setup are described,
including the use of noninvasive EEG recording equipment. In the development
of the HBI non-invasive EEG recording equipment is used to characterize
naturally occurring mental states and tasks. As for the main part of our approach,
we use CT algorithms such as deep neural networks and support vector machines

https://thesesjournal.com | Farooq et al., 2026 | Page 2419


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030
mailto:abid.farooq12@gmail.com
mailto:muhassan14@gmail.com
mailto:3muhmdsajjad@gmail.com
mailto:hinach1912@gmail.com
mailto:aqsakhursheedbwp@gmail.com
mailto:shafqat.ali@iub.edu.pk
mailto:chahsan146@gmail.com
mailto:saheranum1@gmail.com
mailto:shumailayasinlucky@gmail.com
mailto:gilanie@iub.edu.pk
https://doi.org/10.5281/zenodo.20484034

SPECTRUM OF ENGINEERING SCIENCES

ISSN (E) 3007-3138 (P) 3007-312X

VOLUME 4, ISSUE 5, 2026

for the EEG data to perform pattern recognition and signal classification tasks.
The results reveal a solid efficacy track record of the interface coupled with its
phenomenal potential in the field of medical rehabilitation, where it can be seen
as especially helpful for movementimpaired individuals, and in the field of
human-computer interaction. The challenges covered are signal variability, system
adaptability, and userspecific calibration. The rest of the discussion is about

future research directions focused on increasing protection and user-friendliness of
HBI, as well as on the theoretical applications in neurotherapy and educational

settings.

1. Introduction

Using the electroencephalogram (EEG) sensor,
what so far has happened in the brain of a human
being? Researchers detect it through the waves.
We go to the doctor or take our treatment until
we know how to execute this work manually [1].
An electroencephalogram is among the most used
epilepsy diagnostic techniques. An EEG recording
in a clinical setting usually lasts 20-30 minutes
(plus preparation time) [2]. It's a test that uses
metal discs (electrodes) connected to that same
skull to detect electrical activity in the brain. EEG
is commonly used in clinical settings to detect
variations in brain activity that might be beneficial
in the classification of brain illnesses, particularly
epilepsy or other seizure conditions. The
conditions may benefit from an EEG for diagnosis
or treatment [3]. A standard EEG may not always
be enough to diagnose the cause or decide the best
strategy for healing. Efforts could be undertaken
to obtain an EEG whereas a migraine is happening
in this situation. An epileptogenic tape is
distinguished from an inter-ictal observation, as
refers to the Data acquisition after bouts [4-16].
An extended EEG is usually used in conjunction
with a night-before-going-to-bed multimedia clip to
create an onset loop [17]. It could be accomplished
as an individual (at home) or as part of a
hospitalization, ideally to an Epilepsy Sensor
(EMU) with clinicians and also other staff skilled
in the treatment of epileptic clients [18]. If an
individual with epilepsy is being evaluated for
verse therapy, it is frequently essential to locate the
epileptic head event's focus (source) with a
granularity better beyond what frontal EEG can
offer. The fact that EEG is quiet allows for a more
thorough examination of reactions to sensory

input. The conditions may benefit from an EEG
for diagnosis or treatment. Brain tumor, brain
damage from head injury, brain dysfunction that
can have a variety of causes, inflammation of the
brain, stroke, sleep disorder [19]. Small signal-to-
noise ratios and a variety of interference are two of
the most difficult issues in EEG-based BCI
research. Noise, artifacts, and interference are
terms used to describe unwanted signals found in
the primary signal. Outside or ambient causes and
endogenous inputs are the two types of EEG
artifacts. AC overhead wires, lights, and a wide
range of electronic devices are all external factors
that affect the quality (from computers, displays,
and TVs to wireless routers, notebooks, and
mobile phones, amongst others). Physical sound is
generated by a variety of physiological functions,
including motion, other electromyography
potentials, and skin-resistant variations [20-22].
High-tech and high activity (EOG, eye),
echocardiography movement (ECG, heart), chin
electromyogram (egg activity (EMG, muscle),
ballistocardiograph  interaction  (heart-related
pulsatile motion), and breathing are the most
common physiological sounds. Pre-processing is a
time-consuming procedure that involves removing
any undesirable items from the EEG signal. Input
value increases as a sign of good preparation,
resulting in higher feature separation and
behavioral point of view [23-32].

Brain-Computer Interfaces (BCls) harness neural
signals to control external devices, offering
profound enhancements in medical and
technological applications. Among various signal
acquisition methods, Electroencephalography
(EEG) stands out due to its non-invasiveness,
relatively low cost, and high temporal resolution.
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EEG-based BCIs decode neural activity to enable
communication and control, providing critical
advancements  in  assistive  technologies,
neurorehabilitation, and beyond [33-40].

Neural encoding and decoding involve the
transformation of brain activity into data and vice
versa, which are fundamental processes in the
development of effective BCls. These processes are
essential for interpreting user intentions from
neural patterns and translating them into
actionable commands in real-time. However, the
complexity of the brain's electrical activity and the
inherent limitations of EEG technology, such as
signal noise and spatial resolution, pose significant
challenges [41-53].

As the population’s age and the prevalence of
disabling conditions increase, the importance of
developing robust BClIs that can replace, restore,
enhance, or supplement physical capabilities
through neural control continues to grow.
Moreover, advances in EEG-based BClIs could also
expand our understanding of the brain, leading to
breakthroughs in cognitive science and neurology.
The proposed research topic seeks to address these
challenges by enhancing the models of neural
encoding and decoding within EEG-based BCls.
Improved accuracy and efficiency in these models
can directly translate to more responsive and
reliable systems, significantly impacting both the
user experience and the practical deployment of
BClIs in everyday applications [54-59].

The primary objectives of this research are to:

° Develop enhanced algorithms for real-
time neural decoding that are robust to noise and
capable of handling the high variability between
individual EEG signals.

° Create adaptive neural encoding models
that can effectively translate user intentions into
accurate outputs, improving the interaction
between the user and the BCI.

. Evaluate the performance of these models
in controlled environments and real-world
scenarios to establish their efficacy and reliability.
This research is poised to make several significant

contributions to the field of EEG-based BCls:

decoding
algorithms that improve the accuracy and speed of
interpreting EEG signals.

. Introduction  of  novel

o Development  of new  encoding
techniques that more accurately reflect the
underlying neural activity.

. Comprehensive testing of these models
against existing benchmarks to wvalidate
improvements and demonstrate real-world
applicability.

The introduction deals with the necessity of brain-
computer interfaces and how EEG aids in the
discovery of neuroscience, the research gaps
already in existence, and the first specific
objectives of our investigation are developed. The
literature review section concentrates on existing
technologies, research reviews, and theoretical
frameworks that affect neural encoding and
decoding. In the theoretical framework part,
information theory is investigated to EEG. We
provide a detailed exposition of advanced signal
processing techniques, and lastly, we highlight
some technological advancements that boost
EEG's . resolution. The Methodology section
entails  research design on how we select
participants and collect data, thus resulting in a
comprehensive and reliable experimental setup.
Findings from the experiment are presented, and
they are presented with a well-detailed data
analysis, which not only entails the results but also
interprets them in the context of our research.
Also, the inclusion of the Discussion section
regarding our results and the previous studies
broadens the context while exploring practical and
theoretical aspects of the subject, which is
complemented by the acknowledgment of some
limitations [60-77]. The competitive parameter for
the Discussion comes into play when we compare
our findings with existing studies, looking for
practical and theoretical implications, and
pointing out the limitations. Lastly, in
Conclusions and Future Research, we discuss the
main findings and the directions future research
might take and lay out potential realworld
applications
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2. Literature Review

This paper (78] proposes an
electroencephalogram-based remote pathology
detection system. A deep convolutional network
with 1D and 2D convolutions is used in the
system. A fusion network is used to combine
features from several convolutional layers. These
results suggest these the proposed process
operates. The proposed system is also tested in a
cloud-based framework, and its results are shown
to be comparable to those obtained with merely a
local server. In another paper [79] waveguide is
being used to resolve a nonlinear equation and
obtain cerebral EEG source data inside the motor
cortex (assessed inside 1 second before motion
initiation). Even though the created din works
effectively (exactness up down to 89:65 5:29
percentage for Hv against RE & 90:50 5:35 % in
HHI against He), one purpose of this research
would have been to investigate if indeed the deep
Network. The central region (near the
longitudinal fissure) and right temporal zone of
the premotor cortex, as well as the primary motor
cortex. Such findings call for a more in-depth
investigation of cortical areas that appear to be
important in the open/close preparation of the
hand.

This article [80] discusses the central nervous
system interaction (Brain-computer) is a system
that allows you to communicate with your
machine using your thoughts. Allows humans and
machines can speak with someone properly and
have seen widespread use in recent decades. The
four categories of decoding algorithms include
Semigroup topology, pattern recognition, and
pattern classification are all examples of
disassembly mechanisms. This article might
provide a comprehensive insight into the current
core notions but also methods for individuals
towards Techniques. The author [81] employed
this identification of many psychological
conditions. While it employs automation FE to
learn and progress by exploiting raw Brain activity,
(ii) it can be taught across the large quantity of data
offered by ERP, deep learning (DL) is a hot theme
for handling EEG. Under this work, a
comprehensive cartography investigation was
applied to 46 carefully selected primary papers.

Many of the conclusions are as follows:
Schizophrenia is perhaps the most severe
depressive ailment in more than 1/2 of something
like the studies, while convents occurred in about
a third half of it.

In this paper [82], the BCI system uses brainwave
data to communicate with a computer. To
interface with a digital system, designated brain
monitoring equipment is used. Many things have
changed in Approaches that were proposed inside
a large multitude of markets during the first two
decades, covering theatre, medicine, and mostly
defense. Security techniques on computers. This
article [83] Potentials generated by the activity of
the electrodes that have been implanted on the
scalp of the mind. Pattern classification has been a
difficult research subject in recent vyears.
Currently, the pattern classification jobs. SOM
was used to classify the signal processing procedure
in this paper, and we chose motor imagery with
the usage of a single trial EEG data (FICA). This
article [84] looks into the possibilities of creating a
hands-on learning environment system based on
auditory and tactile attention that does not require
the use of your eyes. Users were provided with
various streams of data at the same time. The EEG
signal is stream-tracking attention. The outcomes
demonstrated that the planned BCI system may
pique people's interest most individuals in the
study used multimodal inputs and showed
promise in terms of transferring knowledge across
numerous sessions.

This paper [85] proposes ways for judging
whenever a BCI might commence interpreting by
adding Atr (Auto Word Recognition)-based "term
identification" or  "awaken  instructions,"
enhancing effectiveness and precision for end
users using slightly elevated scalp EEG recorded
while people exposed to lexical variation in a clear,
digital sound environment or saw excessively wild,
genuine sound film segments. We created three
computer programs for recognition systems: a
word sitter (SS), a Phonetics vs. Hush (PS)
predictor, or an Auditory vs. Playback (AV)
stimulus-driven EEG reply to classifier. The
overarching purpose of this research is to develop
and test these strategies for a variety of
information extraction scenarios testing 16
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participants' Features extracted using artificial
neural topologies such as Remembering (LSTM)
and Convolutional Unions (GRUs).BCI [86] are
useful tools that allow people to communicate in
new ways by bypassing typical neuromuscular
channels. Sensorimotor rhythm (SMR)-based
BClIs are non-invasive, intuitive, and continuous,
allowing Electronics to be run by person, and
servos to be controlled by robots. Wheelchairs,
and even drones by decoding motor imagining
from EEG. Large to create, assess, and enhance.
The dataset contains over 600 hours of EEG
recordings from 62 healthy people, (mainly) right-
hand dominant subjects, acquired during online
and continuous BCI control throughout (up to)
11 training sessions per participant. Another study
[87] introduced a novel approach for collecting
and analyzing Brain activity of healthy volunteers
whilst also moving one‘s eyeballs using a BCI. The
purpose of Radiofrequency for this is to operate
an electromagnetic unit using a Brainwave
monitoring system. RF seems to be an artificial
neural way of constructing a series of judgment
trees, which together generate a base classifier,
with the classification by the most guesses
becoming the actress's rough estimation. Forecast.
The purpose of the Transceiver then would be to
operate an electromagnetic component using an
Ultrasound control method.

In this study [88] the facial reactions of disabled
people (well, daft, and chronic illnesses) or rather
Dementia youth related to image historic
buildings and Electroencephalography (CNN) by
developing a technique for legitimate crib that
used LSTM classification techniques and lengthy
short fuse (LSTM). Fiftyfive young adults (35
males and 25 females) refused to participate in the
emotion detection investigation, including an
older of 22.9 years. Honora. A total of 19
university students volunteered to capture EEG
waves. Harlike traits are apparent at first. Faces
and eyes are Its technique can discover it. This
velocity attribute is clinically meaningful. The
framework was tested using a one-way OVA with a
success level of p 0.01. Readings are also captured
using the thirteen EEG signal receiver (EPOC)
ports. In another paper [89] present a novel
machine learning approach (CNN)-based method

for building a pertaining third BCI. A total of 18
people took part in the first BCI experiments,
which were designed to distinguish between an
advanced math exercise and an idle state job. The
standard topic- To achieve prediction performance
comparable to that of the intended topic original
and unique BCI, relying on established in 1962
BCI  required (24  conditioning  trials
(approximately 12 minutes). Our Convolutional
neural method is expected to minimize the
requirement for personal interests training visits,
making established in 1962 BCIs much more
realistic.

2.1. Challenges and Limitations Established
from the Reviewed Literature

Referring to the collection of research papers you
have, we learn a lot about the most recent
developments in brain-computer interface (BCI)
technology and its applications across various
fields. This paper is centered on a sophisticated
pathology detection system that is based on a deep
convolutional network that implements both 1D
and 2D convolutions to deal with EEG data.
Besides, the system is also subject to the respective
studies and evaluations, namely in a cloud-based
framework and as a local server setup, and their
performance is compared to being almost
identical. On the other hand, another scholar
deals with the source data resolution of
waveguides, particularly the brain activities of the
motor cortex during the movement initiation.
That work constitutes success in an 85-90% hand
motion preparation period and emphasizes the
roles of some specific cortical areas.

The papers deep into different decoding
algorithms for BCls are useful in improving the
interaction between the human brain and
machine, thus enabling intuitive communication
through cerebral activity. These kinds of machines
are adopted in sectors like medicine, defense,
entertainment, and more. Regarding signal
processing, one of the papers presents the use of
Self-Organizing Maps (SOM) to extract similarities
between EEG data during motor imagery tasks,
thus it becomes a big step forward in pattern
classification techniques. Also, one of the major
areas of BCI development is a study attempting to
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create artificial BCls that work entirely without
any vision input but using sound and touch
information instead. This method is not only
desirable for user engagement, but it also happens
to be efficient for information transfer over a series
of sessions. The third piece of research suggests
superior development in word discrimination
using advanced word recognition techniques.
Therefore, they can respond better and are more
accurate thanks to employing automatic speech
recognition systems in noisy environments.

3. Theoretical Framework

Information theory is a mathematical framework
used for quantifying the process of
communication and data transmission. In the
context of neural circuits, it helps in
understanding how information is encoded in the
neural signals and decoded by either biological
systems or technological tools. This theory applies
entropy and mutual information concepts to
measure the amount of information transmitted
between neurons or from neural activity to a
machine. The key challenge in applying
information theory to EEG-based BClIs is the
extraction of meaningful information from
complex, often noisy, and high-dimensional data
sets. This involves optimizing signal-to-noise ratios
and ensuring the robustness of data transmission
in realtime BCI applications.

Signal processing techniques are crucial for
enhancing the quality of EEG data by filtering out
noise and extracting relevant features for analysis
[90]. Techniques such as Fourier transforms for
spectral analysis, wavelet transforms for time-
frequency analysis, and spatial filtering methods
like Common Spatial Patterns (CSP) and
Independent Component Analysis (ICA) are
commonly used. These methods help in
distinguishing neural signals from artifacts (such
as those caused by muscle movements or external
electrical sources) and in isolating the brain
activities relevant to specific BCI tasks.

EEG technology captures the electrical activity of
the brain via electrodes placed on the scalp. The
signals recorded are predominantly the
postsynaptic potentials of cortical neurons. The
resolution of EEG is primarily temporal, with

high-resolution capabilities that allow it to capture
fluctuations in brain activity in the order of
milliseconds. This makes EEG particularly
suitable for applications requiring realtime
analysis.

Traditional EEG systems typically use a limited
number of electrodes, which can restrict the
spatial resolution of the data captured. In contrast,
advanced EEG systems, such as high-density EEG
arrays, utilize a much larger number of electrodes
spread across the scalp, significantly improving the
spatial resolution and the granularity of data
captured. This enhancement allows for more
precise localization of brain activity and better
discrimination between closely situated sources of
signals, albeit at the cost of increased
computational demands and more complex data
processing requirements.

Reviewing existing EEG-based BCI models, we
observe that most systems focus on tasks such as
motor imagery, cognitive state assessment, and
command execution for assistive technologies.
Models typically involve the use of machine
learning algorithms, such as linear classifiers,
support vector machines, or neural networks, to
decode the EEG signals.

While these models have shown promise, they
often suffer from several limitations:

o Many models struggle to generalize across
different subjects due to inherent variability in
brain anatomy and function.

. Changes in the user's mental state or
external environmental factors can affect the
consistency of EEG signals, requiring continuous
recalibration of the system.

o The need for frequent recalibration and
the complexity of the initial setup make many
existing systems less user-friendly.

Also, when applying these algorithms to the brain
activity data in a real-world context, the levels of
sighal noise might be too high and non-
synchronous. Thus, to measure the efficiency of
such hardware in artificial intelligence, one would
utilize a digital computer, which does not apply a
time-consuming iterative decoding algorithm to
calculate a threshold value producing the encoded
data.
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The research of these problems through the
progression of less vulnerable, adaptable, and
quicker neural networks is also a recommended
step for the development of BCI based on EEG
that is applied. A major cost-benefit trade-off will
be the choice of sorting out the shortcomings of
the  signal  processing  algorithms  and
implementing additional machine learning
techniques that are both automatic and
unsupervised by human operators, to be a wise
decision. Additionally, measurements of the
functionality of any hardware-based Al system
were carried out on a digital computer as
traditional methods use the iterative decoding
algorithm to find a set of data that is encoded.

4. Research design

4.1. Hypothesis

A new algorithm for neural decoding will reduce
the error rate by 30% compared to existing
models. This hypothesis is based on the
expectation that the innovative decoding
algorithm, utilizing advanced machine learning
techniques, will be more efficient at handling the
variability and noise typical in EEG data.

Neural encoding models developed using deep
learning techniques will outperform traditional

Bluetooth / Wi-Fi&

Smart Home o
Environment | )|
Edge

Computing

statistical methods in terms of accuracy and
processing speed. This hypothesis suggests that the
application of deep learning frameworks, known
for their ability to manage large datasets and
extract complex features, will provide superior
performance in encoding neural signals into a
usable format for BCls.

4.2.  Methodology

In recent years, traditional methods for evaluating
and interpreting EEG signals have predominantly
involved manual feature selection, extraction, and
dimensionality ~ reduction, followed by
classification based on these features. These
conventional techniques are often time-
consuming and may not consistently deliver
optimal performance due to the extensive process
required for feature engineering. To address these
limitations and improve the efficiency and
accuracy of brain signal analysis, there has been a
shift towards leveraging deep-learning-based
models. Our research focuses on the capabilities of
deep learning features embedded within
convolutional neural networks (CNNs) for
enhanced interpretation of EEG data. We propose
a comprehensive framework for the automated
decoding of cognitive states from EEG signals, as

illustrated in Figure 1.
Cloud

(1)) Hospitals and Doctors ™

Figure 1: Overview of Proposed Methodology
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4.2.1. Participants

For the research study, participant selection will
adhere to specific criteria to ensure data integrity
and relevance. The age range for participants is set
between 18 to 55 years to capture a broad
spectrum of adult cognitive functions while
excluding potential complications from age-
related neural degeneration. To further enhance
the reliability of the EEG data, we will only include
individuals who have no history of neurological or
psychiatric ~ disorders,  thereby = minimizing
confounding variables that could influence the
EEG readings. Additionally, certain exclusion
criteria will be strictly enforced: individuals with
any scalp conditions that might impede proper
electrode placement will not be eligible. Similarly,
those with metal implants or who are currently
taking medications known to alter EEG signals
will also be excluded from participation. This
careful selection process is designed to ensure that
the EEG data collected are as accurate and as
reflective of typical neural activity as possible.

4.2.2.  Data Collection

For the collection of EEG data, the study will
employ a high-density EEG system equipped with
at least 128 electrodes. This setup is chosen to
ensure comprehensive coverage of the scalp and
high spatial resolution of the brain's electrical
activity. The electrode configuration will adhere to
the 10-20 international system, which is a
standardized method for electrode placement.
This standardization allows for consistency in data
collection and facilitates comparability with other
EEG studies. To control environmental variables
that could potentially affect the EEG readings, all
sessions will be conducted in a sound-attenuated
room with controlled lighting. Each recording
session is designed to last approximately 60
minutes. This duration includes time for setup,
calibration, and necessary breaks. These breaks are
critical to reduce participant fatigue and maintain
optimal engagement and comfort throughout the
data collection process.

The dataset employed for the experimental phase
is locally developed and obtained from Kaggle the
State Brain Imaging Lab is compiling the data after
the First Tehran BCI Tournament (ibid).10

healthy appropriate people's
Electroencephalography (eighter girls and four
males, on general, are 31 years old reported.
Signal-capturing equipment with 64 channels and
a 24,000 Hz sample frequency is used. Station 33
is a television channel.

The most widely expressed feeling Underlying
hardware, DEAP, and Kernel is present in EEG
datasets. A multivariate sample obtained in
reaction to the Platform owners, was released in
2011. Eighteen people saw a total of 200 different
emotive videos. During the first investigation,
participants  were shown excerpts from
professionally made films and asked to judge how
each image affected their mood. Assertiveness,
reactivity, and resonance are only a few of the
aspects. Imanol-second HCI test, the participants
were shown video segments or photos with
emotion labels and determined to rate not when
the classifications appeared accurate. Study
gathered EEG data. Communication, facial
expressions, and other bodily data were recorded
on 32 channels. (2) EEG was included in the
DEAP  dataset published in 2011. (32
multichannel) records of systemic vital signs of 30
members witnessing (40 yet another live
performance. The topics included were asked to
assess each film on wvalence, arousal, and other
factors The Grain information was launched in
2017. Whenever fifteen volunteers examined
fifteen effective videos, three periods of EEG data
(62 channels) were acquired from them. Excerpts
between six well-known Mandarin flicks the
period between to examine the steady emotional
state, two sessions were not plus or minus one
week and patterns that develop throughout time
It’s worth noting that all the samples provided
utilize 2D films or photos as Mesoporous
materials. Templates et al. presented an emotive
EEG collection utilizing eight virtual reality
situations as Microcontrollers in 2018. But getting
a job is difficult. At the cranium, the
electromagnetic patterns of the mind have a huge
variety of spatial resolutions. For, there has been a
subsurface and adequate system identification
precision. A 9-channel low-density cog recording
was employed.
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4.3. Data format

The statistics shown in this are made up of
approximately 3s repetitions spanning 64 streams.
Statistics on muscle activity or physical
implementation are collected. W RW M= (2)
Consequently, W would be computed through the
following equations: 1 1 TWRWM=(3)22TW
RW M= (4) MM 112 + = (5) In Eq. (5), Lis the
identity matrix. Therefore, the problem will be
converted into an eigenvalue problem expressed

Signal
Acquisition

through Eq. (6): 1 2 RW RW = A (6) The
eigenvalues consist of: 11 2 2, jet jet A =w R wand
w R wj A =j where we is the jot eigenvector. The
eigenvalue and are the elements of M1 and M2,
and respectively. Thus, when 1j A is high, 2 j A is
low, and the variance of the output for one class
will be higher than that of the other, thereby, an
increase in the separability and processing flow
shown in Figure 2.

—> Preprocessing —>

Feature
Extraction and » Classification
Selection

Figure 2: Signal Processing Workflow

4.3.1. Stimuli

The stimuli used in the study are carefully selected
to elicit distinct brain responses, facilitating the
examination of neural encoding and decoding
processes [91]. A combination of auditory, visual,
and sensory stimuli will be utilized to target
various sensory processing areas and cognitive
response mechanisms within the brain. Auditory
stimuli will include both simple tones and
complex spoken commands to engage different
auditory processing centers [92]. Visual stimuli will
consist of flashing lights and moving patterns,
designed to stimulate visual cortex activity and
assess the brain's response to visual changes [93].
Sensory stimuli, involving mild tactile sensations,
will be applied to explore somatosensory
processing. The purpose of using such a diverse
range of stimuli is to activate specific brain regions
involved in sensory processing and cognitive
functions. This approach aids in comprehensive
assessment of how these different sensory inputs
are encoded by neural circuits and how effectively
the resulting data can be decoded, thus measuring
the efficiency of neural encoding and decoding in
a controlled experimental setup.

4.3.2. Experimental Procedures

Systematically designed experimental procedures
are aimed at the investigation of neural encoding
and decoding capabilities of the participants by
carrying out various cognitive tasks. Each

participant will go through several different tasks
to trigger different brain networks. These tasks are
primarily the reaction time tests that deal with the
speed and correctness of the participant's
responses to stimuli; decision-making tasks, which
look at cognitive processing and judgment; and
memory tests, which assess both short-term and
long:term memory capabilities.

As per the protocol, control conditions will be
conducted for comparison. These control
conditions include a resting baseline task whereby
participants are required to be immobile with their
eyes closed to keep relaxed, and passive
visual/auditory =~ perception  tasks  where
participants are just observing or listening to non-
stressful content without reacting. These
additional measurements are important to ensure
the comparability of data collected from different
cognitive tasks and sessions.

To make the flavors of the EEG data reliable and
consistent, the study will include repeated
measures. Each participant will go through a
plethora of sessions, as then any possible changes
in the EEG responses could be observed over time
and under various task conditions. This way the
repeated measures procedure not only entails
trustworthiness of the research results but also
makes it possible to detect any intraindividual
brain variations which might interfere with the
interpretation of the encoding and decoding
process.
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4.3.3. Preprocessing

4.3.3.1. Noise Reduction

To address the issue of frequency noise, band-pass
filters will be applied to the EEG data [94]. These
filters are designed to remove frequencies outside
the typical brainwave bands, specifically
frequencies lower than 1 Hz and higher than 40
Hz. This filtering helps in mitigating the effects of
slow drifts and high-frequency noise, which can
obscure the true neural signals of interest.

4.3.3.2. Artifact Removal

Independent Component Analysis (ICA) is a
powerful statistical method used to separate mixed
signals into their constituent components [94]. In
the context of EEG data, ICA will be employed to
identify and exclude components that represent
artifacts rather than actual brain activity. These
artifacts often include signals caused by eye blinks,
muscle movements, and electrical interference
from the environment or EEG equipment. By
isolating and removing these components, the
purity of the neural signals is significantly
enhanced, making the subsequent analysis more
reliable.

4.3.3.3. Signal Enhancement

Spatial filtering techniques will be utilized to
further enhance the signal-to-noise ratio of the
EEG data [95]. These techniques focus on
improving the clarity of the signals derived from
specific brain regions, thereby facilitating more
accurate neural encoding and decoding. Spatial
filters are particularly effective in distinguishing
between signals from closely situated sources and
in suppressing spatially diffuse background noise.
By enhancing the quality of the neural signals,
these techniques play a crucial role in the accurate
interpretation and analysis of EEG data, crucial
for the successful operation of brain-computer
interfaces.

4.3.4. Encoding Models

The development of encoding models is a central
aspect of this research, aimed at translating EEG
data into a format that can be effectively used for
further analysis and interpretation. For this
purpose, convolutional neural networks (CNNs)

will be utilized due to their proven effectiveness in
handling spatial and temporal data. CNNs are
particularly suited for EEG data as they can
capture the spatial distributions and temporal
dynamics of brain activity across different
electrode sites. These models will be trained to
identify patterns in the EEG that correlate with
various cognitive states induced by the
experimental tasks. The architecture of the CNNs
will be designed to account for both local features,
captured by individual electrodes, and global
patterns across the entire electrode array, thus
ensuring a comprehensive understanding of the
neural activities.

4.3.4.1. Features

The features selected for encoding through CNNs
will focus on those that are most predictive of task
performance and cognitive state. These include:
Power Spectral Densities by analyzing the power
spectral densities across specific frequency bands
(e.g., theta, alpha, beta, and gamma), the models
can capture the intensity of brain activity within
frequencies that are known to be relevant to
different types of cognitive processing.
Connectivity measures such as coherence or phase
synchronization between different regions of the
brain will be analyzed to understand how different
areas of the brain interact during various tasks.
These measures provide insights into the
functional connectivity of the brain, which is
critical for tasks that require coordination between
different cognitive processes.

These features will be systematically extracted and
used as input to the CNNs, enabling the models
to learn how different patterns of brain activity
correspond to specific cognitive functions. The
output of these encoding models will form a
feature set that accurately represents the
underlying neural processes, which can then be
decoded to infer the participant's intent or
cognitive state. This approach not only enhances
the precision of neural decoding but also
contributes to a deeper understanding of the
neural mechanisms underlying different cognitive
activities.
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4.3.5. Decoding Algorithms

The decoding phase of the EEG data processing is
critical for translating the encoded features into
actionable outputs that can be used to control
BCIs. To accomplish this, machine learning
algorithms such as Support Vector Machines
(SVM) and Recurrent Neural Networks (RNN)
will be developed and trained. SVMs are well-
regarded for their effectiveness in classification
tasks, particularly when the data dimensionality is
high relative to the number of samples. They will
be used to classify the cognitive states based on the
static features extracted by the encoding models.
On the other hand, RNNs, which excel in
processing sequences with temporal dependencies,
are ideal for decoding the dynamic aspects of EEG
data that evolve over time. RNNs will be employed
to interpret sequences of neural activity, allowing
for the prediction of participant responses or
actions in real-time. This combination of SVM
and RNN will ensure robustness in handling both
the spatial features and temporal patterns present

in the EEG data.

4.3.5.1. Optimization

To optimize the performance of the SVM and
RNN, techniques such as cross-validation will be
utilized. Cross-validation helps in tuning the
hyperparameters of the models while also
preventing overfitting. This method involves
dividing the data into several subsets (folds), using
some for training and the remainder for testing.
By cycling which subsets are used for training and
which are used for validation, the models can be
more reliably generalized to new, unseen data.

4.3.5.2. Cross-Validation

K-fold cross-validation will be an integral part of
the validation process to ensure that the decoding
models perform consistently across different
subsets of the data. This method not only aids in
assessing the effectiveness of the models but also
helps in identifying potential biases or weaknesses
in the models' ability to generalize across different
cognitive tasks and participant groups.

4.3.5.3. Independent Test Sets

To further validate the decoding algorithms, data
collected from a separate group of participants
who were not involved in the initial model
training will be used. This independent test set
approach is crucial for testing the efficacy and
robustness of the decoding algorithms under
conditions that simulate real-world applications.
By evaluating how well the algorithms perform
with completely new data from different subjects,
researchers can better understand the practical
limitations and capabilities of the BCI system.
This structured approach to developing,
optimizing, and validating decoding algorithms
ensures that the BCI system is not only effective in
controlling experimental settings but also reliable
and practical for realworld applications.

5. Expected Outcomes

5.1. Model Performance

New concepts forthcoming, including the
development of novel ways of encoding and
decoding the nervous system through EEG
devices, are predicted to show a considerable leap
in the degree of accurateness and speed together
with such indispensability as reliability. The
inclusion of more sophisticated convolutional
neural networks (CNNs) and machine learning
algorithms such as SVM and RNN in the current
state will result in the superior performance of
these models and will make it possible to interpret
complex neural patterns more precisely. It is
expected that the accuracy will improve by 20 to
30% when compared with existing models. It
should be noted that the necessary speed for real-
time BCI applications is expected to be better.
This will happen through the decoding latency
that will be moved backed by up to 50%, hence,
the BCI and the users will have a smoother
conversation. Apart from that, the models’
resistance to noise and EEG signal changes should
increase robustness of these models, consequently,
they will become more userfriendly which will
allow them to be used in everyday situations.
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5.2. Applications

The advancements from this research have the
potential to impact several real-world applications
significantly:

° Enhanced decoding models can improve
the efficacy of neurofeedback therapies used in
mental health and cognitive rehabilitation,
allowing for more personalized and efficient
treatments.

. In mobility and communication for
individuals with disabilities, more accurate and
faster BCls can translate into better control over
assistive  devices, such as wheelchairs or
communication aids, enhancing users'
independence and quality of life.

° Improved encoding and decoding
techniques can be applied to refine diagnostic
tools for neurological disorders, providing more
precise measurements that could lead to earlier
detection and more targeted interventions.

5.3. Limitations

Despite the anticipated advancements, certain
limitations are inherent to this research:

° The generalizability of the findings may be
limited by the sample size, as a larger cohort is
typically required to validate the effectiveness
across a diverse population.

. The resolution and sensitivity of EEG
devices may still limit the accuracy of data
collection, impacting the overall performance of
the BCL

. Variability in individual neural profiles
and external environmental factors might affect
the consistency of the results across different
settings.

6. Conclusion and Future Work

This research efforts the implementation of
technologies in the Electroencephalography
(EEG) field which concerns Brain-Computer
Interfaces, by addressing some existing problems.
By dropping the big players such as the various
neural network types, neural modeling, and time
series, the computer learns with the kind of stimuli
of a "virtual" human being that can vividly interact
with the environment from both the computer's
sides. To this end, it increases the accuracy, speed,

and reliability of neural processes, besides
enhancing the technical capabilities of brain-
computer interfaces and expanding the range of
practical uses so that they become more reliable,
accessible to, and more used by real-world people.
The methodological framework developed
integrates rigorous experimental procedures,
meticulous data collection and preprocessing
protocols, and cuttingedge computational
models. This multifaceted approach ensures that
the study comprehensively addresses the
complexities of neural data and provides robust
solutions that can be applied to improve the
functionality and usability of BCls.

Future research directions could include
increasing the sample size to strengthen the
robustness and generalizability of the conclusions,
experimenting on the integration of multimodal
data (such as EEG together with biometric
signals), and fabricating adaptive algorithms that
can be individually configured to the users'
customs manpower states and therefore learn to
regulate the relevant operation without the need
for frequent recalibration.
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