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ABSTRACT

In the last few decades, BCIs have transitioned from science fiction to reality through the development of neuroimaging,
signal processing, and device engineering. BCls are interfaces that can be invasive acquiring brain signals through
electrode implants or non-invasive via EEG, fMRI and fNIRS the interfaces clean, classify and use them with
algorithms to achieve applications like rehabilitation, assistive technologies, robotics, gaming or even neuroscience
research. The future of the BCI field is to develop direct C5 brain experiences by mitigating the technology challenges
of non-linear brain signal dynamics, feature extraction and psycho-neurophysiological fluctuations to create plug-and-
use business opportunities for the end-users. BCIs have already changed lives through communication. The more is to
be discovered in the field and has a really good potential for the well being of others .It aims to help humans that lacks
with the daily skills due to any reason that has disturbed the neurolink between the brain and the body . The
electroencephalogram, the most common non-invasive brain-computer interface method, is susceptible to noise and
artifacts. It also exhibits variability both within and between individuals across different sessions, devices, and tasks.
Consequently, developing a universal pattern recognition model for EEG-based BCI systems that performs optimally for
all users and conditions is challenging

1. Introduction

The pursuit of direct communication between the brain and external devices via Brain-Computer Interfaces (BCls) has
attracted considerable scientific attention since the 1960s and fueled numerous applications across domains. Emerging
breakthroughs in neurotechnology raise new hopes and highlight challenges, risk—benefit trade-offs, and ethical
concerns. BClIs offer novel modalities for communication and control by harnessing brain signals, thereby allowing
users to interact naturally, and noninvasively with the surrounding environment. The last four decades of research and
development efforts have focused on the acquisition and decoding of brain signals to achieve voluntary control of
communication interfaces, prosthetics, and other external devices, mainly in the medical domain.

A BCI may be defined as a communication system that allows users to control devices using brain signals alone. A basic
BCI consists of an input unit that records brain activity and a decoding algorithm that maps the high-dimensional
multidimensional signals to control commands. Information presentation methods, depending on the user’s intent, close
the control loop with feedback. The main elements of BCIs are acquisition of neural or electrophysiological signals or,
more broadly, neural activity, preprocessing, recognition or pattern recognition and classification of a signal, and
feedback of the signal acquired by the external device. Data transmission on the BCI system can be one-sided — only
outwards or two-sided — outward and inward.

A critical aspect of biomedical signal analysis is the development of flawless, intuitive Human-Machine Interfaces, a
category that includes Brain-Computer Interfaces. HMIs are increasingly vital in human lives, largely because advanced
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HMIs facilitate direct communication between external devices and humans, thereby eliminating the need for additional
control equipment.

2. Brain-Computer Interfaces

The human brain is widely recognized as the most intricate organ, a biological system whose complete structure and
functionality have yet to be successfully replicated or simulated. Recent advancements in medicine and information
technology have catalyzed the emergence of Brain-Computer Interfaces, particularly non-invasive systems reliant on
electroencephalography. BClIs are broadly categorized into invasive and non-invasive systems. Both categories typically
involve the real-time processing of information exchanged between the brain and a computer system, necessitating the
direct or indirect measurement of neural activity.

Direct measurement often involves recording the brain's electrical signals, whereas indirect methods include blood
oxygenation measurements, functional magnetic resonance imaging (fMRI), and functional infrared spectroscopy
(fNIRS). The evolution of BCI systems has progressed significantly from rudimentary EEG recordings to sophisticated
brain-computer communication paradigms. A BCI system acquires neural signals, analyzes them, and translates them
into specific commands, thereby enabling the complete or partial replacement of peripheral devices for action execution.

EEG-based affective Brain-Computer Interfaces, which discern and utilize emotional states derived from
electroencephalography signals, represent a burgeoning field of inquiry. Furthermore, significant regression problems
within EEG-based BCIs include, but are not limited to, the estimation of driver drowsiness and user reaction time.
Recent investigations have also revealed that BCls are susceptible to adversarial attacks, wherein meticulously crafted
minute perturbations are introduced into benign EEG ftrials to mislead machine learning

Advanced research on brain-computer interfaces (BCIs) in 2025 focuses on multidisciplinary exploration spanning
neuroscience, bioengineering, computational modeling, and clinical applications. This field integrates efforts to
improve hardware, algorithms, and signal processing techniques for higher performance and usability, with a growing
emphasis on real-time neural signal decoding and closed-loop systems
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. BCI Design and Neural Integration:\ Research is advancing the development of sophisticated BCI systems that
seamlessly integrate with neural processes, employing novel techniques to improve brain signal acquisition, noise

reduction, and signal reliability for practical use.

. Medical Applications:\ There is extensive study into neuroprosthetics, motor rehabilitation, and treatment of
neurological disorders such as stroke, ALS, Parkinson's, and paralysis. Recent trials have improved the clinical
translation of BClIs for restoring communication and motor control.

. Brain—to-Text and Speech Decoding:\ Breakthroughs include decoding thoughts into text or speech with high

accuracy and speed, aiding patients with speech impairments. Human trials using implanted arrays have demonstrated
brain-driven communication at rates comparable to natural speech.

. H\Ion-lnvasive and Minimally Invasive Technologies:\ Research is making strides in new non-invasive
recording methods such as digital holography and microelectrode arrays, aiming to reduce surgical risks while
increasing spatial and temporal resolution

Electroencephalography signals are inherently weak, prone to contamination by interference and noise, and exhibit non-
stationary characteristics within the same subject, as well as variability across different subjects and sessions. This
makes it difficult to develop a universal machine learning model for EEG-based Brain-Computer Interface systems that
performs optimally across various subjects, sessions, devices, and tasks. Typically, a calibration session is required to
gather training data for each new subject, a process that is often time-consuming and inconvenient for users.

Machine learning techniques, including transfer learning and active learning, are employed for this purpose. TL shows
particular promise due to its ability to leverage data or knowledge from similar subjects, sessions, devices, or tasks to
enhance learning for new ones. Furthermore, TL can be combined with other machine learning methods, such as active
learning, to achieve even better performance. This paper specifically examines TL within EEG-based brain-computer
interfaces. Three primary classification paradigms in EEG-based BCls will be discussed:

1) Motor imagery involves modifying neuronal activity in sensorimotor areas, mimicking actual movement. Since
different Mls activate distinct brain regions (e.g., the left hemisphere for right-hand MI and the center for feet MI), BCIs

can decode MI from EEG signals and translate it into specific commands.

2) Event-related potentials are standardized EEG responses to visual, auditory, or tactile stimuli. The P300, appearing
approximately 300 ms after an infrequent stimulus, is the most commonly used ERP.

(source : from studyings of Dongrui Wu, Yifan Xu and Bao-Liang Lu )
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3. HISTORICAL DEVELOPMENT OF BCI

BClIs began with early EEG experiments in the 1970s and evolved through intracortical implants and non-invasive
wearables; the field has shifted from lab demos to clinically oriented implants and consumer headsets

Recent innovations to mention*

* New clinical demonstrations and human implant trials (companies/university projects) have accelerated translation
from bench to bedside. ((WIRED][4])

* Emergence of *endovascular* and less-invasive implant approaches reducing surgical burden. ([sciencedirect.com]
4. Medical Application

Healthcare leverages brain signals across all stages, from prevention and discovery to diagnosis, rehabilitation, and
recovery. The critical role of medical prevention stems from the potential for functional loss and reduced alertness, often
associated with smoking and/or drinking.

The impact of smoking and alcohol on the attentiveness of brain waves has been elucidated in [x]. Traffic accidents are
considered a primary cause of death or severe injuries, as noted in [x]. Research across various fields has consistently
focused on understanding the rationale behind future prevention efforts. For example, studies have investigated the
concentration levels of individuals experiencing motion sickness, particularly drivers [x].

Brain-Computer Interface systems, through their mental state monitoring function, also aid in predicting and detecting
health issues such as abnormal brain structures, seizures, sleep disorders, and brain swelling.

Electroencephalography offers a cost-effective alternative to MRI and CT scans for identifying tumors caused by
uncontrolled cell division. While brain tumor detection systems based on EEG have been a central theme of research in
[x], other work has concentrated on breast cancer identification using EEG signals [x].

Mobility rehabilitation assists patients with reduced mobility in regaining lost function and restoring previous levels of
mobility, or at least adapting to acquired disabilities. A stroke occurs when the brain's blood supply is interrupted or
reduced, leading to oxygen and nutrient deprivation in brain tissue.

This can result in sudden speech loss, memory impairment, or paralysis on one side of the body. Consequently,
disabilities and stroke have become significant subjects of numerous research endeavors [X].
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Electroencephalography serves as an economical alternative to more costly imaging modalities like MRI and CT scans,
enabling the detection of tumors caused by uncontrolled cellular division. While extensive research has focused on
identifying breast cancer using EEG signals, the development of brain tumor detection systems based on EEG has also
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been a central theme in studies. For example, Sharanreddy and Kulkarni devised a system capable of identifying EEG
abnormalities associated with tumors and seizures.

Beyond tumor identification, EEG research also contributes to mobility rehabilitation, a type of physical therapy for
patients with impaired movement, aiming to restore function or facilitate adaptation to new disabilities. Furthermore,
strokes, which occur when the brain's blood supply is interrupted or reduced, depriving tissue of oxygen and nutrients,
can result in sudden speech loss, memory impairment, or paralysis. Both disabilities and stroke recovery have become
focal points of numerous studies investigating solutions that involve brain signal analysis.

+ Smoking
Prevention + Alconclism
« Motion sickness

* Tumors
+ Brain disorder
« Sleep disorder

Detection and
Dignosis

Rehabilitation | +« Brain stroke
and + Disability
Restoration + Psychological disorder

5. Components of BCI System

A typical BCI system comprises several key components: signal acquisition, preprocessing, feature extraction,
classification, and an application interface. The signal acquisition phase involves recording electrophysiological signals
and transmitting them for subsequent enhancement. Brain signal acquisition methods can be broadly categorized into
invasive and non-invasive techniques, as depicted in Fig. 4. Following acquisition, the preprocessing component aims to
improve the signal-to-noise ratio. Feature extraction then identifies discriminative characteristics from the enhanced
signal, effectively reducing the data volume before it is fed into the classification component. Finally, classifiers
translate these extracted features into operational commands for the connected device.

This section delves into the fundamental concepts of Transfer Learning, along with related ideas such as domain
adaptation and covariate shift, and explores various TL scenarios specifically within EEG-based Brain-Computer
Interfaces. In the field of machine learning, a feature vector is commonly represented by the bold symbol . To highlight
that each EEG trial is a two-dimensional matrix, this paper uses to denote a trial, where signifies the number of
electrodes and represents the number of time domain samples.

A. TL Concepts

Transfer learning in EEG-based Brain-Computer Interfaces can manifest in different scenarios depending on the
distinctions between the source and target domains. These include:

1) Cross-subject TL, where data from multiple individuals are utilized to simplify the calibration process for a new
participant. In this context, the task and EEG equipment typically remain consistent across subjects.
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2) Cross-session TL, which involves leveraging data from previous recording sessions to facilitate the calibration of a
new session. For instance, data collected on prior days can inform current calibration efforts. Here, the subject, task, and

EEG device usually stay the same across sessions.
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6. Technical Foundations

6.1 Neural Signal Acquisition

* Flexible, wearable brain electronic sensors (FBES)* for higher SNR in consumer wearables and better comfort for

long-term monitoring. ([Nature][6])

* *Fully wireless implant systems™* that reduce tethering and infection risk while enabling high-bandwidth recording.
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6.2 Signal Processing and Decoding :

Signal pipelines include pre-processing (artifact removal), feature extraction, and machine-learning decoding; the big
problems are non-stationarity and subject variability.

* * Adaptive Al models* (transfer learning, few-shot learning) that generalize across sessions and users, reducing per-
user calibration. ([arXiv][3])

* Real-time closed-loop decoding with low-latency wireless links for prosthetic control.

6.3 Neural Modulation and Feedback

Beyond reading, BCIs increasingly deliver feedback or stimulation (electrical, ultrasonic) to shape brain activity —
essential for rehabilitation and bidirectional control.

*Ultrasound neuromodulation trials* (non-invasive stimulation) being explored for mood and psychiatric indications.
([The Guardian][8])

*Sensory feedback for prosthetics* producing realistic touch via simultaneous stimulation and recording (bidirectional
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BCI). ([Financial Times])

7. Classification of BClIs

7.1 Invasive vs Non-invasive

Invasive BCls (intracortical, ECoG) offer high fidelity for precise prosthetic control; non-invasive (EEG, fNIRS) are
safer and portable but noisier—choice depends on clinical need and risk tolerance. ([PMC])

* *Endovascular (through-blood-vessel) electrodes* and miniaturized multi-electrode patches lower invasiveness.
([sciencedirect.com])

* Commercial pushes toward *medical-grade yet removable implants* to balance durability and patient safety. ([the-
innovation.org])

7.2 Active / Reactive / Passive BCIs

Active BCls use intentional modulation (motor imagery), reactive BCIs use stimulus-evoked responses (P300, SSVEP),
and passive BCIs monitor mental state; each suits different applications and user burden.
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Hybrid paradigms mixing *active + passive* signals to allow both explicit control and adaptive assistance (e.g., in
rehabilitation). ((MDPI])

8. Safety, Privacy, and Security Considerations

Safety spans biocompatibility for implants, fail-safe behavior for device control, and strong encryption/authentication
for telemetry. Privacy requires treating brain signals as highly sensitive health data. ([PMC])

* Research into *secure, low-power wireless communication* for implants and on-chip encryption to prevent
interception. ((MDPI]) Within this domain, numerous applications exist; for example, the detection of signal distortions
via electroencephalography and eye movement, alongside the identification of irregular behavior and suspicious objects,
is discussed in. In situations where multiple testers and viewers are observing a recording of a doubtful event, only EEG
and precise eye movement can discern potential targets that are otherwise undetectable. Furthermore, various research
efforts have explored the authentication of EEG signals generated from driving behavior, integrating them into smart
navigation systems.

* Fail-safe modes and regulatory pathways for rapid incident reporting of device malfunctions. ([the-innovation.org])

9. Evaluation and Validation Methodologies

Key challenges remain: signal noise and drift, user variability, regulatory hurdles, cost, and ethical safeguards. Future
directions emphasize flexible implants, Al decoding, bidirectional interfaces, and real-world deployment. ([PMC])

* *Fully wireless, implantable BCIs* and minimally invasive endovascular devices nearing human trials. ((MDPI][7])

* *Bidirectional systems* restoring both control and touch using simultaneous recording + stimulation (human
demonstrations reported). ([Financial Times][9])

* Policy and standards work to secure neurodata, plus Al methods to reduce

calibration time and increase generalisability.
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10. Data augmentation

Data augmentation is a widely used machine learning technique that artificially expands the training dataset. It achieves
this by generating additional samples through the application of various transformations. This technique improves the
model's capacity to generalize by exposing it to a broader spectrum of data variations, which in turn enhances its
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performance and robustness. To enrich the data used for recalibration, we also apply data augmentation methods.
Specifically, we introduce two types of synthetic noise to the neural features. First, we add white noise directly to the
input feature vectors at each time step, which provides the model with a more diverse set of inputs. Second, we
introduce artificial random offsets to the mean values of the neural features. This is done to improve the decoder model's
resilience to shifts in baseline firing rates. This dual approach to augmentation significantly boosts the model's overall
performance and stability.
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Figure 2,
Participant S3 drinking from a bottle using the DLR robotic arm. (a) Four sequential images

from the first successful trial showing participant 83 using the robotic arm to grasp the
bottle, bring it towards her mouth, drink coffee from the bottle through  straw (her standard
method of drinking), and place the bottle back on the table. The researcher in the
background was positioned to monitor the participant and robotic arm, (See Supplementary
Movie 1 from which these frames are extracted).
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11. Technical Challenges

The human brain is an exceptionally intricate, nonlinear, and nonstationary system, making the detection of chaotic
neural ensemble behavior a significant challenge for Brain-Computer Interfaces. The inherent non-stationary nature of
electrophysiological brain signals poses a primary hurdle in developing effective BCI systems. Factors such as the
psychological and emotional states stemming from different interactions can contribute to the variability observed in
EEG signals. Noise also presents a considerable challenge for BCI technology, acting as a crucial factor exacerbating
the nonstationarity issue. This noise includes unwanted signals caused by shifts in electrode positions and environmental
interference.

To maintain high spatial accuracy, signals are recorded from multiple channels. As the amount of data required to
accurately characterize diverse signals grows exponentially with vector dimensionality, several feature extraction
methods have been proposed. These methods are vital for identifying distinguishing features. Ideally, for each class, it is
preferable to utilize five to ten times more training samples than the number of dimensions. However, for BCI systems,
this approach is unsustainable in a highly dimensional environment, leading to the "curse of dimensionality."
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12. CONCLUSION

Brain-computer interfaces represent revolutionary systems that establish a direct link between the human brain and
external devices, transforming neural signals into digital commands to control computers, prosthetics, or other hardware.
These innovative technologies offer renewed hope to individuals suffering from severe physical impairments, providing
them with alternative methods for communication and interaction that bypass conventional neural pathways and muscle
movements.

12.1 Key Takeaways

. BCIs have progressed rapidly from theoretical concepts to functional prototypes, finding applications in
areas such as neurorehabilitation and the purely thought-driven control of digital devices.

. The most significant and immediate advantages are evident in restoring lost functionalities for people
affected by paralysis, brain injuries, or neurodegenerative conditions, although their future commercial utility
could extend considerably beyond the healthcare sector.

. While contemporary non-invasive and implantable BCIs now enable users to manipulate cursors, select
icons, or operate robotic limbs, the technology continues to confront substantial hurdles, including precision,
operational speed, user training requirements, and the need for less intrusive recording methods.
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12.2 Future Outlook

o Academic and industrial research in BCI technology is experiencing rapid growth, and forthcoming
innovations—such as more comfortable, high-resolution non-invasive devices—could soon integrate BCIs into
daily life.

. Experts anticipate that enhancements in materials science, more sophisticated algorithms, and improved
feedback mechanisms will lead to higher adoption rates and expanded applications in the coming decades.

. The field is poised for a transformative impact, harmonizing advancements in neuroscience with the
subsequent generation of human-computer interaction.

12.3 Notable Technological Breakthroughs

. Significant advancements include the development of ultra-thin electrode arrays capable of capturing
high-resolution neural signals directly from the cortical surface, thereby minimizing invasiveness and enhancing
data fidelity.

o Furthermore, the emergence of non-invasive methodologies, such as digital holographic imaging,
facilitates the acquisition and interpretation of brain signals extracranially, considerably broadening the
accessibility of BCI applications to a wider demographic not amenable to surgical intervention.

o The Synchron Stentrode device exemplifies a crucial innovation, being implantable via endovascular
approaches rather than craniotomy. This technology empowers individuals with conditions such as
Amyotrophic Lateral Sclerosis or paralysis to control external devices, including tablets and smart-home
systems, and to communicate through volitional thought, underscoring substantial improvements in both
accessibility and user autonomy.
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