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Abstract

One example of a cutting-edge technology that is opening up new channels for human-machine connection is
brain-computer interfaces, or BCls. From keyboards and mice to touchscreens, voice commands, and gesture
engagements, communication interfaces have evolved over time. New methods of controlling computer
systems and engaging with virtual worlds have gained appeal as computers become more and more ingrained
in daily life. These innovative applications range from gaming to teaching. It's important to handle ethical,
privacy, and security issues related to developing and applying Brain-Computer Interface (BCI) technology
from a balanced standpoint. Susceptible brain signals must be gathered and interpreted for BCI devices.
Unauthorized access to this material carries the risk of compromising privacy by disclosing private thoughts,
feelings, or other sensitive information. The initial areas of brain-computer interface (BCI) applications were
based on EEG and created for medical use, hoping to help patients get back to their regular lives. Beyond the
original purpose, EEG-based BCI applications have become more and more important in the non-medical
field, helping healthy individuals live better lives by becoming more productive, collaborative, and self-
developing, for example.
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1. Introduction

One of the BCI sectors that is evolving the fastest is the electroencephalography (EEG)-based brain-computer
interface (BCI). This technology has the potential to go far beyond the medical applications for which it was first
most popular. The study and discovery of Hans Berger, who found in 1924 that electrical signals of the human
brain could be detected from the scalp, made the use of EEG conceivable (Chorlian et al., 1995). The first finding,
which validated the ability of measuring brain activity using this technique, was performed with a basic
galvanometer (Abdulkader et al., 2015). Electrodes are applied to the scalp to detect brain activity caused by
electrical activity current flow during synaptic excitations of neuronal dendrites. Since then, more types of
brainwaves as well as the mental states connected to them have been identified. By creating a channel between
the brain and an external device, an EEG system may read biological signals and decipher certain elements of a
subject's cognitive state (Houssein et al., 2022). With BCI systems, users can operate an external actuator in almost
real-time via an EEG system. Using EEG-based BCI applications, a person might operate a computer or other
device with just their thoughts, doing away with the need for typical computer operation techniques such utilizing
their hands (Han et al., 2019). Applications for BCI based on EEG data could potentially be used to track subjects'
emotional, cognitive, and sleepiness levels (Venkatasubramanian et al., 2008).
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2. Future of the BCI

Humans have long dreamed of influencing their environment with their minds alone through telekinesis and
telepathy, from tales of cyborgs effortlessly managing mechanical bodies to exchanging ideas and images directly
from the mind (Das & Ray, 2024). These fantasies are no longer only a piece of fiction thanks to new technologies
that are continuously pushing the boundaries of reality, even though we are still not quite in the worlds of Ghost
in the Shell (Scherer et al., 2012). Specifically, the discipline of brain-computer interfaces, or BCls, is expanding
quickly and is expected to enable people to fully integrate technology with their bodies at some point. It has a
wide range of applications currently and has the potential to drastically alter our way of life (Wolpaw, 2013).

The field of brain-computer interface (BCI) is rapidly developing and showing some encouraging results that
could greatly improve people's lives (Lin et al., 2014). To get over the obstacles impeding the advancement of
BCI technology, researchers need to update their work on a regular basis. More specifically, as the field of brain
computer interface research is multidisciplinary, the engineers and scientists ought to collaborate to develop state-
of-the-art BCI applications. With the rapid advancements in BCI technology, people with neurological conditions,
disabilities, and other issues now have more options thanks to these significant changes in technology.

A large portion of current BCI research is focused on enhancing the quality of life for those who are disabled. Our
nerve systems carry signals from our brains to the portions of our body we wish to move. However, paralysis
happens when anything goes wrong, and messages cannot be transmitted or arrive at their intended location.
Presently, the goal of BCI research is to assist people who are paralyzed or otherwise incapable by restoring their
ability to communicate and control their body.

A. BCI and Smart Environments

As interpreted by Maiseli et al., (2023), a cognitive controller system called the BCl-based Smart Living
Environmental Auto-Adjusted Control System (BSLEACS) can recognize the user's mental state and modify
adjacent components accordingly. For smart homes, BCI technology can be used with universal plug-and-play
(UPNnP) home networking (Kdgel et al., 2020). BCI can enhance physiological control over daily living activities
in homes, workplaces, and transit, as well as safety and comfort. By measuring how workers think, how much
work they perform, and how much time they spend at their desks, BCI can enhance working conditions.

B. Self-management and BCI

The feasibility of using fMRI to regulate emotion has been investigated, as has the applicability of BCI in teaching
self-control. Meanwhile, a different study suggested using hybrid BCI (rtf MRI-EEG BCI) to manage the
symptoms or feelings of depression and other neuropsychiatric problems through training sessions. Additionally,
the use of EEG-based emotional intelligence to manage stress associated with sporting competitions has been
studied.

C. Security and BCI

Most security systems in use today rely on knowledge-based features like passwords, objects, or biometric
identity. Still, they also contain flaws like duplicate biometric data, insecure passwords, and shoulder pain. These
shortcomings have been addressed by applying brain signals in cognitive biometrics as an identity verification
method. Additionally, these technologies could convey alerts anytime outside forces threaten a natural person.

D. BCI, together with games & entertainment

The implementation of BCI is beneficial to the gaming and entertainment industries. Many games allow you to
fly to any 2D or 3D virtual location, such as flying helicopters. In the BCl-based video game The Brain Arena,
users can score goals by imagining movements with their left or right hand. The brainball match, which aims to
reduce stress, was described in a study. Players in this game can only move the ball when they are at ease and the
one who is more relaxed or calm wins most of the time. They would thus try to learn how to manage or lower
their stress level.
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Figure 1. In Blizzard Entertainment, Inc.'s multiplayer online game World of Warcraft, the intendiX SOCI
module, and intendiX ACTOR protocol are utilized to control the motions and activities of an avatar

Developments are also aiding the creation of increasingly sophisticated BCI devices in artificial intelligence and
machine learning. Thanks to these technologies, gadgets may adjust to users’ unique requirements and preferences
by learning from their brain activity. For instance, researchers are creating prosthetic limbs that can adapt to a
user's movements and offer more intuitive and natural control by utilizing machine-learning algorithms.

Additionally, new treatments for neurological conditions like epilepsy, depression, and anxiety are being
developed using BCI technology. Researchers are using BCI devices to stimulate brain regions and alleviate
ailments. For example, a Deep Brain Stimulation (DBS) device has been developed by researchers to reduce
symptoms of depression in those who have not responded to traditional therapy.

3. Extension of Human Memory

Stephen Hawking proposed the idea of uploading the human mind into a computer. Despite concentrating on the
human mind and consciousness, this philosophical argument raises severe concerns about whether brain-computer
interface (BCI) technology may be a viable means of realizing the idea in the future. More specifically, how can
memory signals be taken out of the brain and decoded so that a computer can store them (a process known as
memory extension)? Humans can upload their memories into computers for faster processing, retrieval,
transmission, and control of external equipment if this technology is effectively developed.

Scientists have produced remarkable findings in recent advancements in brain-computer interface (BCI)
technology, demonstrating that brain signals may be captured and transformed into data representing intended
human activities. These findings may be expanded upon in future BCI research projects to explore the potential
applications of BCI in collecting human behaviors and characteristics for scientific inquiry.

However, this investigation should be conducted under stringent ethical guidelines—a requirement that the BCI
technology has not adequately addressed. This private data can be saved and retrieved from external physical
memory if appropriately collected. One can wonder where the suggested concept might find use. Envision a
counseling psychologist with precise data regarding an individual's characteristics and actions. It seems reasonable
to assume that an expert will offer well-informed guidance and a result that will significantly affect a user. This
scientific endeavor requires extensive multidisciplinary study to be accomplished (Maiseli et al., 2023).

4. Telepathy of Communication

Telepathy is the possibility of communication between people without needing physical contact or sensory
channels when BCI and CBI are used together. The brain-brain interface that results from combining BCI with
CBI is currently in the early phases of study and development. We anticipate more research in this area to increase
the use of telepathic communications across a range of scientific and engineering domains. As an illustration,
scientists might look into how human brains can be connected via the Internet of Things (10T) network to improve
people's ability to share experiences and knowledge.
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Although few studies show how BCI and 10T can be interfaced, connecting brains and 10T over a network is still
an unsolved problem that must be studied. Integrating BCI-10T and other communication modalities, such as
mind-mind and mind-machine interfaces, is necessary to investigate further capabilities and functions in human-
machine-human interactions. However, all of these technological developments ought to happen concurrently
with respect for human ethics.

5. Automation and Control

Due to its encouraging advancements, the automation and control sectors may find applications for BCI
technology; now, BCl is getting a lot of interest in the home automation and control space. In one case, technology
helps people with physical disabilities live independently by automating their regular tasks around the house. We
anticipate that BCI will have a favorable impact on industrial manufacturing processes as technology develops.
Scientists might look into how BCI fits into the fourth industrial revolution. To automate procedures in the
industrial sector, for example, a secure wireless network might be used to connect the BCI application (Maiseli,
2023).

6. Intelligence and Sharing

Do the BCI and CBI work together to rewire the brain so that people can share intelligence? Though it might seem
fictitious, the underlying ideas behind the technique imply that brains could be artificially modified.

A detailed explanation of the anatomy and process of the human brain is crucial for making a breakthrough, and
existing science cannot provide this.

7. Brain-Energy Harvesting

The human brain only makes up 2% of the body's mass, but a healthy adult only utilizes the body's 20% total
energy budget to carry out its functions. It is the third most energy-hungry bodily organ based on its percentage
of energy use.

We speculate that a portion of this massive amount of energy could be harvested by combining BCI technology
with other cutting-edge technologies to power low-energy external devices. To make the concept a reality,
research must determine how much brain energy a standard BCI device can extract (Maiseli et al., 2023).

8. Localised BCI

The mechanism of acquiring brain signals in BCI is non-discriminatory. The electrodes almost entirely pick up
all the impulses in the area where they are placed (under or on the skull). As a result, much noise and signals are
gathered for a single targeted job (movement of the prosthetic leg, for example), which makes interpreting such
data challenging. Nevertheless, we may tap the precise signals meant to operate a designated bodily part by
identifying the BCI system. For instance, in the case of an individual with speech impairments, the BCI system
might be positioned in a region that gets control signals straight from the brain. This development might lead to a
smaller and more effective BCI system.

9. Challenges, Threats, and Concerns of BCI

The development and deployment of Brain-Computer Interface (BCI) technology raise specific ethical, privacy,
and security concerns, but it is crucial to approach these considerations with a balanced perspective. BCI systems
involve the collection and interpretation of susceptible neural data. There is a risk that unauthorized access to this
data could lead to privacy breaches, revealing personal thoughts, emotions, or other intimate information.

A. Privacy

Until date, there are no guidelines for creating BCI applications. According to Takabi, this difficulty has led to
BCI applications with unfettered brain signal access. The authors' findings indicate that, as a result, users may
unknowingly provide critical information using these apps. Standards should be developed to specify acquisition
procedures, access control procedures, and encryption mechanisms, among other characteristics, to allay privacy
concerns.

The model below builds on the research of Mason and Birch and has elements that could stop sensitive personal
data from being accessed without the user's knowledge. Prior to obtaining brain signals, the BCI system presents
the user with specific access rules in order to protect the privacy and high integrity of the data. A "Feature
selection” component in the signal-processing block keeps good features meant for translation and classification.
Additionally, for BCI applications that are connected to networked devices via the Internet, we recommend
encrypting the translated features (control commands) prior to transmission. This procedure keeps hackers from
changing the control commands, which could endanger the user's security.
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Other cutting-edge technologies, such as blockchain, can also stop attackers from gaining illegal access to control
orders. Finally, the encrypted control commands are decoded by a feature decryption block in the model, enabling
the BCI applications to use them.
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Figure 2. A brain-computer interface (BCI) system that improves privacy by including encryption and
decryption components

B. Training Sets

Usability issues significantly influence the training process in BCI, although training sets are often minimal. The
training sessions are demanding and time-consuming for the subjects. Still, they provide the necessary skills for
the user to communicate with the system and learn how to control their neurophysiological signals. Therefore, a
key consideration in developing a BCI is balancing the degree of training necessary for the interfaces to function
correctly, and the intricacy of technology involved in interpreting the user's mental activity.

C. Lack of Data Analysis Method

As all BCI implementations occur online, the classifiers should be assessed online. They should also be verified
to ensure they are simple and can quickly and accurately calibrate in real time. The invariance performance of
BCls can be enhanced even when various feature sets, such as covariance matrices, are used with domain
adaptation algorithms. This suggests that domain adaptation and transfer learning could be a workable strategy
for developing BCls that do not require calibration.

D. Safety

According to Maiseli et al., (2023) invasive BCI types are typically associated with safety concerns. Invasive
brain-tissue implantation (BCI) raises the risk of infection because it can harm blood arteries and nerve cells.
Furthermore, the implant may be rejected by the body's natural defense mechanism, which would view it as an
alien object (biocompatibility problem). The potential for scar tissue to grow following surgery raises further
safety concerns for invasive BCI, as this could eventually deteriorate the quality of the collected brain signals. A
thorough understanding of the functioning of the human body and its interactions with outside substances is
necessary to tackle this difficulty. BCI scientists and engineers should apply the knowledge to create high-caliber
and secure BCI applications.

E. Participants’Availability for ClinicalTrials

Being a relatively new and developing technology, BCI presents various underprivileged populations with
prospects that seem promising. Most individuals are unaware of the advantages and disadvantages of technology,
especially those who live in undeveloped countries. Getting enough people to test the BCl medical devices might
be difficult.

People should consent to ethical standards before accepting, adopting, and using BCI technology. We observed
in this investigation that there have been few attempts to begin BCI device clinical trials. Given cultural and
traditional norms, clinical trials are advised to involve a broad and more significant number of individuals from
other nations. Studies might also be required to determine how well society accepts BCI technology. In this work,
we found a few papers examining human behavior regarding the acceptability of BCI devices. Therefore, it is
advised that, even with the benefits, this technology offer; consider the variables while developing new gadgets.

F. Big Data

A vast amount of information is stored in the brain to support various human functions. Moreover, this primary
body organ produces a multitude of electrical impulses that track, direct, and control human behavior. BCI appears
to create a massive data issue that requires advanced methods to solve. Regrettably, Because of a lack of
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knowledge about the basic principles underlying brain function, BCI researchers may not have collected and
utilized all the brain signals and data. Researchers must understand essential aspects of the nervous system, such
as neuroplasticity, which enables neurons to reorganize themselves flexibly during learning or damage healing.
Researchers need to ascertain the electrode network's resolution on the scalp to capture brain signals as efficiently
as possible using non-invasive BCI. Electrodes for invasive BCI must be positioned beneath the scalp for best
results.

10. Trends of BCIResearch

Maiseli et al. retrieved the metadata of 25,336 papers from Scopus on August 26, 2022, to analyze the trend of
BCl research (2023). The search term that was used was "Brain-computer interface,” which includes the following
similar search string variations according to Scopus research rules: brain-interfaces, brain-computer interface,
brain-machine interface, brain-interface, brain-interface (BCI), brain-interfaces (BClIs), brain-machine interfaces,
brain-interface (BCI), and brain interface.

According to the analysis, the subject of BCI has been continuously developing over the years, as evidenced by
publications that cover everything from theoretical frameworks and core ideas to real-world implementations.
Research reveals that brain-computer interface (BCI) can greatly enhance the quality of life for individuals with
physical disabilities. Due to the extensive array of fields in which BCI systems find application, researchers have
dedicated more work to addressing practical issues.

According to BCI studies, the sector has grown exponentially to date. For example, over the course of five years
(from 2016 to 2021), the number of publications on BCI increased over time by a factor of roughly 1.5. This
pattern points to a growing need for BCI among scientists and the public, which emphasizes the necessity for
more in-depth BCI research.

Regarding the entire quantity of publications on BCI, the United States is still in the forefront, albeit (Fig. 3). This
observation would be predicted given the United States' superior economic and technological might. Future
research on the reason of the drop in BCI publications in this country starting in 2019 will be interesting. One way
the US may improve the trend of BCI publications is to encourage collaborative writing with Chinese colleges or
academic institutions.

The US, Germany, China, Japan, and India are the five nations with the highest volume of BCI publications. The
writers from these countries collaborate to progress BCI research. Considering the importance of BCI as a
technology for the socioeconomic advancement of people, we advise that similar initiatives be implemented in
other nations, particularly in the global south.

Advanced BCI research should be conducted by organizations from low-income economies, as the World Bank
defines them, with an emphasis on fulfilling the third Sustainable Development Goal: "good health and well-
being"(Anonymous, 2022).

Africa produces only 0.95 percent of all BCI articles worldwide, indicating a research gap in this area (Fig. 2b).
This tiny percentage can be explained by the lack of financing for BCI research advancement and assistance (Fig.
5).

Funding agencies may need to keep an eye on Africa as a possible BCI research continent. Africa may make a
major contribution to BCI research, with more than 2,000 universities and organizations, and an expected total
population of 2 billion people by 2024—roughly quadrupled as compared to that of Europe. Millions of Africans
could live better thanks to the techniques and findings of BCI research. In Africa, there are about 80 million
disabled persons, including people who suffer from serious mental illnesses and physical disabilities who could
benefit from BCI results, according to UN figures.

Thus, with the help of governments and funding agencies, African academics and innovators should take
advantage of BCI technology's potential to solve the continent's current practical problems.

The lack of technology in Africa may also be contributing to the low number of BCI publications, as BCI research
necessitates sophisticated infrastructure and sophisticated equipment. Africa may find that working together with
the developed nations—particularly The United States and China—to conduct research on BCI is a practical and
successful way to get the results that are desired in this field.

Broadly speaking, the field of BCI research highlights an array of intriguing issues that require discussion among
academics. Our research found that diverse national approaches to the BCI problem are based on local factors.
For instance, studies on BCI from rich nations tend to concentrate on the technology's industrial applications,
whereas studies from underdeveloped nations primarily address how the technology helps to improve human life
quality (e.g., lengthening the average lifespan).
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China and The United States, who have made great strides in the research on Brain machine interaction, provide
bright futures for the technology in the fourth industrial revolution. There is, however, concern about the risks
that the technology could cause if mishandled.

These many nations have used BCI in practical applications to advance humanity. After carefully examining the
metadata of the 25,336 publications that were analyzed, we discovered highly developed BCI research facilities
that provide outcomes that have beneficial real-world effects. Developing nations, like those in Africa, do not
have the infrastructure necessary to fund BCI research. Therefore, thoroughly investigating the competitive
benefits of BCI technology may prove to be quite difficult in these countries.

a) The ability to multitask

To develop cutting-edge concepts and more potent BCI applications, the various disciplines that make up the field
of BCI should be connected. We found that some significant fields have not been sufficiently involved in BCI
research, according to the examination of Scopus data (Fig. 7).

For instance, the study of the human mind and behavior is the subject of psychology, which accounts for under
1% of the papers on BCI. Combining psychology with other academic fields could be a significant step toward
creating even more effective and useful BCI systems that have the potential to positively alter humankind.
Creating multidisciplinary research teams from other fields may need financing and strategic strategies, but these
teams are essential to maximizing the promising potential of BCI.
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Region 1
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TOTAL

Number of publications
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Table 3: Number of articles for each discipline on brain-computer interfaces

Discipline Number of publications  Discipline Number of
publications
Computer Science 10850 Physics and Astronomy 1700
Engineering 9970 Biochemistry, Geneticsand 1800
Molecular Biology
Medicine 4800 Decision Sciences 450
Neuroscience 4700 Materials Science 1200
Mathematics 2600 Chemical Engineering 650
Others 3000
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11. Future Work

The future of Brain-Computer Interface (BCI) technology holds exciting possibilities, particularly in the realm of
decoding thoughts to text. As researchers and engineers continue to advance BCI capabilities, several critical areas

of future work emerge:

i Enhanced Decoding Accuracy
Improving the accuracy of decoding thoughts is a critical aspect of future BCI development. Researchers are
refining algorithms and signal processing mechanisms to enhance the precision and reliability of translating brain
signals into meaningful text output.

ii. Increased Communication Speed

The speed at which thoughts can be translated into text is crucial for practical BCI applications. Future efforts aim
to increase the communication speed, making the technology more efficient and user-friendly. This involves

optimizing signal processing algorithms and exploring innovative neural decoding strategies.

iii. Expanding Vocabulary and Complexity

Current BCI systems often have limited vocabularies and struggle to decode thoughts that are more complex.
Future work involves expanding the range of words and phrases that can be reliably interpreted, enabling users to

express themselves with a broader and more nuanced vocabulary.

iv. Real-time Feedback and Correction

Integrating real-time feedback mechanisms into BCI systems can enhance user experience and accuracy. Future
research may focus on developing systems that provide quick response to users, allowing them to correct or

modify their thoughts for more accurate text output (Han et al., 2021).
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V. Integration with Smart Devices

A key goal is the seamless integration of BCI technology with everyday devices such as smartphones and
computers. This would enable users to control and interact with their devices using their thoughts, opening up
new possibilities for individuals with mobility impairments or communication disorders.

Vi. Improved User Experience and Comfort

Future BCI systems aim to prioritize user comfort and convenience. This includes the development of more
ergonomic and wearable devices and minimizing the training required for users to adapt to and effectively use the
technology.

Vii. Ethical and Privacy Considerations

As BCI technology advances, addressing ethical and privacy concerns becomes increasingly essential. Future
work involves establishing robust guidelines and safeguards to ensure the responsible and secure use of BCI
devices, particularly when decoding personal thoughts and information.

In summary, the future of BCI and decoding thoughts to text holds great promise for revolutionizing
communication and accessibility. Current research and development efforts will likely lead to more sophisticated
and user-friendly systems that empower individuals with new ways to interact with the world.

12. Conclusion

The future of Brain-Computer Interface (BCI) technology holds immense promise, with potential applications
ranging from medical rehabilitation to enhancing human capabilities and creating new forms of communication.
However, the journey towards fully realizing these benefits is fraught with significant challenges and potential
threats that must be carefully navigated. The idea of using BCIs to improve cognitive or physical abilities raises
concerns regarding consent, equity, and the potential to exacerbate social disparities. The solution to these moral
conundrums will depend on creating inclusive, egalitarian policies that guard against abuse and guarantee fair
access. In addition, one must take into account the psychological and cultural ramifications. The introduction of
BCls into daily life may change identity, interpersonal relationships, and even our understanding of what it is to
be human. To comprehend and direct these revolutionary developments, public dialogue and multidisciplinary
research will be essential.
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