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Abstract. This research analyses three fundamental paradigms in brain-computer interface
(BCI) systems: motor imagery (MI), sensorimotor rhythms (SMRs), and P300-based
paradigms, focusing on their methodology and applications. Motor imagery-based brain-
computer interface (MI-BCI) entails mentally practicing motor activities while adjusting
electroencephalography (EEG) patterns and utilising multimodal stimulation to enhance the
accuracy of classification. SMR-BCI employs precise EEG band oscillations to operate
prosthetics and virtual environments. Sensory threshold neuromuscular electrical stimulation is
used to improve performance. The P300 paradigm utilizes event-related potentials to control
devices, and includes advancements such as the omitted elicited paradigm to enhance
efficiency. In addition, the study examines control strategies for BCI systems, such as PID,
MPC, and shared control approaches. By utilizing MATLAB as a tool, one may ascertain the
distinction between different control strategies, highlighting their respective contributions to
improving system responsiveness and stability.
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1. Introduction

Brain-computer interface (BCI) technologies allow for direct connection between the brain and
external devices. These systems have the potential to significantly improve human-computer
interaction and provide assistance to people who have movement disabilities. Motor imagery (MI),
sensorimotor rhythms (SMRs), and P300-based paradigms are among the many BCI paradigms that
have been the subject of much investigation due to the unique mechanisms and applications that each
of these paradigms brings to the table. Through the use of electroencephalography (EEG) rhythms,
MI-BCI is able to facilitate device control without the need for real motor execution. This is
accomplished by focusing on the mental rehearsal of movements. The SMR-BCI system is based on
the detection of oscillations in the alpha and beta frequency bands across the sensorimotor cortex.
These oscillations are then translated into commands for prosthetics and virtual environments.
Through the utilization of event-related potentials, the P300-based paradigm is able to identify the
intentions of the user, which in turn enables communication and control of external equipment. This
research also digs into advanced control techniques for brain-computer interface (BCI) systems. These
strategies include proportional-integral-derivative (PID) control, model predictive control (MPC), and
shared control, all of which improve the precision and responsiveness of BCI applications.
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2. Non-invasive brain-computer interface mechanism research

2.1. Motor imagery paradigm

The motor imagery paradigm also known as MI-BCI (motor imagery-based brain-computer interface),
involves mentally rehearsing a motor action without any physical movement. The primary
electroencephalography rhythms can be modulated by MI, presented as decreased or increased EEG
power in mu/alpha (8-13 Hz) and beta (14-30) bands [1]. There are also many MI to improve motor
imagery patterns such as using dynamic video guidance. Research has demonstrated that this
technique can lead to a more pronounced decrease in brain activity and enhance the accuracy of MI-
BCI classification [2]. Another example is the use of multimodal stimulation paradigms, such as
visual-auditory stimulation and electrical stimulation with proprioceptive stimulation, which have been
shown to significantly improve the accuracy of classifying motor imagery tasks [2]. In addition, ta
study compared the impact of electrical stimulation and visual stimulation on motor imagery and
discovered that using multiple modes of stimulation can increase cortical activation during motor
imagining [3]. The combination of visual stimulation and functional electrical stimulation (FES) can
enhance motor cortical activation and classification performance during motor imagery tasks [4].
These examples demonstrate the effectiveness of multimodal stimulation paradigms in improving
motor imagery patterns and BCI classification performance.

2.2. Sensorimotor paradigm

The sensorimotor paradigm involves using sensorimotor rhythms (SMRs) in the brain to regulate BCIL.
SMRs are oscillations in the alpha (8-13 Hz) or beta (13-30 Hz) frequency bands over the motor and
sensorimotor cortex that are associated with motor imagery and execution. By detecting changes in
SMRs through EEG, BCls can be controlled noninvasively through motor imagery tasks [5]. BClIs can
interpret neural signals related to motor imagery activities, such as envisioning the movement of a
missing limb, by detecting changes in SMRs. These interpreted signals can then be used as orders for
controlling prosthetic limbs [6]. SMRs can also translate these neural signals into commands for
manipulating virtual objects in computer-generated environments. This application has implications
for virtual reality, gaming, and human-computer interaction, offering new avenues for immersive
experiences and user interfaces [7]. The use of sensory threshold neuromuscular electrical stimulation
(STM) is a promising approach to enhance sensorimotor BCI performance. STM involves the
application of electrical impulses at 40 Hz to modulate activity in the sensorimotor cortices and
improve MI classification for BCI control [8]. Studies have demonstrated that STM can be utilized to
specifically address the recovery of hand motor skills and produce both immediate and lasting
enhancements in hand sensorimotor performance [9]..

2.3. P300 based paradigm

The P300 BCI paradigm is a type of BCI that relies on the P300 event-related potential (ERP) to detect
brain activity and translate it into commands for external devices. The P300 ERP is a positive
deflection in the EEG that occurs approximately 300 milliseconds after a stimulus is presented to the
user [10]. The P300-speller paradigm is an example of P300 BCI paradigm, which detects the P300
ERP. The system can determine the user's intended character selection, allowing for communication
without physical actions [11]. A novel method called the omitted elicited paradigm has been proposed
to optimize the P300 BCI paradigm, where subjects are asked to pay attention to the pause of the
stimulator while the others are vibrating together [12]. Compared to the traditional sequential
paradigm, the omitted-elicited paradigm has two main advantages: The omitted elicited paradigm
leads to a higher ITR compared to the traditional sequential paradigm. This improvement is achieved
by changing the way of tactile stimulation to shorten the time spent per trial, resulting in a faster and
more efficient BCI system [13]. The omitted elicited paradigm requires subjects to pay more attention
to the pause of the target stimulator, which helps them concentrate on the target stimuli [14].
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3. Research of external machine control paths

3.1. PID Control Strategy

The proportional-integral-derivative (PID) control system is a feedback control mechanism in
engineering and industrial applications. The output of the PID controller is the sum of these three
components:

deg(t)

(t) = Kpep(t) + K, e(®) dt + K4 -

To incorporate a PID control strategy in a BCI, it is necessary to use feedback control to regulate
the system based on signals derived from the user's brain activity. BCI systems typically measure
neural signals, such as EEG signals, which allow the user to interact with the device or control an

external system [15].
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Figure 1. the PID pathway

3.2. MPC Strategy

The use of Model Predictive Control (MPC) in BCI systems can contribute to improving the
management and engagement between a user's brain signals and external devices compared to
traditional linear control methods. MPC employs a mathematical model to predict its future actions
and determine the optimal state [16].

yik+ik) LC

Figure 2. the MPC pathway

3.3. Shared Control Strategy and Application
Shared control is a collaborative control method where both human operators and autonomous systems
or robots contribute to the control of a system or complete a task. This approach combines the
decision-making and adaptability of human operators with the accuracy and effectiveness of
autonomous systems [17]. Shared control is the process of combining the output of the BCI decoder
with data from external sensors to regulate the behavior of dynamic devices. This approach has been
primarily utilized for implementing emergency stopping, obstacle avoidance, and semiautonomous
navigation in various dynamic devices [ 18]. Shared control can be categorized into two main branches:
systems that solely provide sensor feedback to the BCI user, and systems that involve an element of
automation, where a controller carries out actions based on sensor data [19].

Implementing PID control in BCI system enables more precisely and stable control of an external
machine using signals collected from user’s brain. For a Fuzzy PID Control in BCI control system, it
plays a vital role in realizing synergistic control between automation and brain control. By accessing
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the current status of the external machine in the non-invasive BCI and its switching rate,rather than
relying solely on direct user instructions, the control system is able to determine the switching
mechanism between automatic and brain control, thus improving the overall control performance [20].
By combing the Fuzzy PID control with the PID control, control signals can be optimized based on
environmental conditions and user intent [21].

4. Arithmetic simulation

4.1. Algorithm

Within the realm of control systems, simulation refers to the process of constructing a mathematical
representation of the system and utilizing the software tool MATLAB 2023b to examine the system's
behavior under various circumstances. This entails implementing PID, fuzzy PID, and MPC
controllers, as well as analyzing the system's reaction to the diverse control strategies. PID controllers
are widely used because of their simplicity and effectiveness in regulating the behavior of a system.

The PID controller calculates the output control signal based on the error between the desired
setpoint and the actual process variable. The PID controller consists of three components: the
proportional term, the integral term, and the derivative term. Each component serves a distinct purpose
in control. The proportional term provides an immediate response to the error, while the integral term
is employed to reduce steady-state error. immediate response, the integral term is used to eliminate
steady-state errors, and the derivative term is used to damp oscillations.

The tuning parameters of the PID controller, namely the proportional, integral, and differential
parameters, significantly impact the system control's effectiveness. As the differential tuning
parameter becomes smaller, the step response of the PD controller has a larger overshoot, but the
control response of the system is slower. On the contrary, as the differential tuning parameter becomes
larger, the overshot of the system decreases, and the control response of the system is faster.

4.2. Result
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Figure 3. Simulation result

Based on the simulation results, it can be observed that the PID controller exhibits a greater overshoot
and requires the most time to reach a condition of convergence. For the fuzzy PID controller, the
overshoot is smaller than the PID controller and the convergence speed is faster, so its performance is
better than the traditional PID controller. The MPC controller exhibits little overshoot and achieves the
fastest stabilization, making it the ideal choice for control performance. However, the rise time of the
MPC is relatively slower, taking approximately 0.1s to complete. However, in practice, the two main
factors that play an influence on the control object are the overshooting of the controller and the
convergence stabilization time. Therefore, the MPC controller has the best control effect, followed by
the fuzzy PID controller and the least PID controller. According to the aforementioned findings, the
utilization of Model Predictive Control (MPC) is deemed superior to the other two control methods
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due to the intricate nature of the Brain-Computer Interface (BCI) signal. Conversely, the response time
of Proportional-Integral-Derivative (PID) control is slower and more susceptible to errors.

5. Conclusion

To summarise, motor imaging, sensorimotor rhythms, and P300-based paradigms are fundamental
methods in BCI research, each with distinct advantages and uses. The use of multimodal stimulation
has greatly improved the accuracy of MI-BCI, while the versatility of SMR-BCI is seen in its
application for prosthesis control and virtual environments. The P300 paradigm, especially with
advancements like as the omitted elicited paradigm, is continuously progressing, enhancing the
effectiveness of communication between users and devices. Control techniques like as PID, MPC, and
shared control are essential for optimising the performance of BCI systems. Simulations have shown
that MPC is particularly successful in controlling complicated BCI signals.

In the future, researchers should persist in investigating methods to optimise the user experience of
EEG-based biometrics. This encompasses the reduction of cognitive burden, the minimization of user
irritation, and the guarantee of a comfortable and efficient engagement with the technology.
Furthermore, it is imperative to create more user-friendly and functional instructions for managing
devices through EEG signals. Research could investigate novel command paradigms, such as assistive
technology tailored for those with profound mobility limitations, such as utilising facial gestures, to
enhance detection accuracy and user contentment. Future research should prioritise the development of
collections that integrate traditional machine learning, deep learning approaches, and brain-computer
interface control system algorithms in order to enhance the overall performance of BCI control
systems.
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