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SUMMARY

This study introduces a novel virtual cursor control system designed to empower individuals with neuro-
muscular disabilities in the digital world. By combining eye-tracking with motor imagery (Ml) in a hybrid
brain-computer interface (BCl), the system enhances cursor control accuracy and simplicity. Real-time clas-
sification accuracy reaches 87.92% (peak of 93.33%), with cursor stability in the gazing state at 96.1%.
Integrated into common operating systems, it enables tasks like text entry, online chatting, email, web
surfing, and picture dragging, with an average text input rate of 53.2 characters per minute (CPM). This
technology facilitates fundamental computing tasks for patients, fostering their integration into the on-
line community and paving the way for future developments in BCl systems.

INTRODUCTION

The development of the Internet is ever-changing. However, for patients with neuromuscular injuries, their inability to freely access informa-
tion online means they struggle to keep up with the times. Physical disabilities not only impact their mental well-being but also introduce
numerous inconveniences into their daily lives. Yet, the advent of brain-computer interface (BCl) technology offers a glimmer of hope for these
individuals."” BCI, a fusion of neuroscience and engineering, facilitates direct communication between the human brain and computers,
granting patients the ability to communicate with the outside world and control external devices.* Therefore, we hope that through this
study, we can build a bridge for patients with neuromuscular injuries to rapidly integrate with the Internet society and provide patients
with sufficient autonomy and freedom to contact the Internet, access the Internet, and utilize the Internet to have a positive psychological
experience and enhance their quality of life.

Many BCl devices® as well as more efficient BCl training algorithms®’ have been used in real life. Currently, BCl can be used to implement
functions such as drone control,® multi-directional wheelchair movement,” exoskeleton limb grasping,10 and spellers.M However, the execu-
tion of these functions is frequently solitary, and the subjects cannot independently operate the computer control. Therefore, it is crucial to
design a BCl system capable of implementing the mouse-control function. The preponderance of brain-controlled virtual cursor programs
employs invasive brain-computer interfaces (iBCl) at present. Dekleva et al. introduced a novel decoding approach for cursor click based
on identifying transient neural responses that emerge at the onset and offset of intended hand grasp. The transient-based approach offers
high-functioning, generalized click control suitable for both point-and-click and click-and-drag applications.'” Hosman et al. evaluated the
decoding of intended cursor velocity from human motor cortical signals using a long short-term memory (LSTM) neural network (RNN).
The experiment suggested that RNN decoding, when applied to human intracortical signals, could lead to significant improvements in
"% Although implantable brain-computer interfaces
provide higher dimensional and temporal resolution of information, there are high surgical risks as well as high costs, and non-invasive so-
lutions are more acceptable to patients compared to invasive solutions. Currently, there are non-invasive cursor control schemes realized
with the help of Steady-State Visual Evoked Potential (SSVEP) and P300. Kapgate et al. explored the feasibility of using noninvasive hybrid
SSVEP + P300 visual BCI (VBCI) for cursor control as a universal form of computer access. The proposed cursor control system has a graphical
user interface (GUI) design that simultaneously evokes both SSVEP and P300 signals in the human cortex.'* Hsu et al. utilized the high-fre-
quency stimulation characteristics of SSVEP to study the feasibility of using iterative filtering-empirical mode decomposition (IF-EMD) to

continuous two-dimensional (2D) cursor control and can offer superior iBCl cursor contro

implement a BCI cursor system.'” Wang et al. built a high-speed four-target BCI system for cursor control based on SSVEP, achieving the
evaluation of vigilance levels in brain-computer interface tasks.'® Li et al. introduce a hybrid BCI system leveraging P300 potentials and
SSVEP for improved asynchronous control. This system, applied in real-time wheelchair control, shows enhanced accuracy and response
speed through the innovative use of flickering buttons and intensified signals.'” Additionally, the team provides a comprehensive review
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Figure 1. Confusion matrix for real-time three-class classification results for one of the subjects

of the latest developments in multimodal BCls, highlighting several representative systems and their preliminary applications.'® Although
these methods fulfill the basic functions of a mouse, the subject’s attention is fully devoted to the system’s elicitation to the extent that he
or she is unable to focus on what he or she really wants to view, and prolonged visual stimulation also causes eyestrain in the subject. The
motor imagery (MI) electroencephalography (EEG) paradigm is a classic and extremely important paradigm in BCl research. By imagining
the execution of an action in the subject’s brain, the motor areas of the brain are activated, and non-invasive EEG equipment can detect
this neural signal. This activity can be generated completely spontaneously and does not require external stimulation, making the use of
MI EEG for cursor key function a good solution.

To compensate for the shortcomings of the motorimagery brain-computer interface paradigm of having fewer commands and at the same
time achieve flexible control of the cursor, we introduce eye-tracker as an implementation solution. An eye-tracker is an instrument used to
track the trajectory of eye movements and is widely used in gaming and cognitive domains. Currently in the field of BCl, Xu et al. achieved 3D
control of multiple degrees of freedom (DOFs) robotic arms for multi-target reaching and grasping tasks with the help of a non-invasive EEG
cap, an eye-tracker, and computer vision algorithms. In this case, eye-tracking was used to determine the target of attention, and then com-
puter vision was used to find the target and grasp it.'” Park et al. designed an AR-based home appliance control system for elderly end-users
using SSVEP-based BCl and eye-tracking.”’ Li et al. proposed a practical hybrid BC speller to improve the performance of Chinese character
input by incorporating eye-tracking into the traditional P300 event-related potential spelling paradigm.”’ It is not difficult to find that the eye-
tracker in the current brain-computer interface field only acts as an auxiliary cognitive judgment and selection tool. In addition, the need for an
independent operating system and the problem of fewer functions are also reasons why the eye-tracker-based brain-computer interface sys-
tem cannot be popularized at present. However, we believe that the problem of brain-controlled cursor orientation movement can be well
solved if the eye movement trajectory can be mapped to the virtual cursor.

In this paper, a hybrid BCl system based on MI EEG signals and eye-tracking devices is proposed. The system takes the eye move-
ment trajectory recorded by the eye-tracker as the movement strategy of the virtual cursor and maps “imagining right hand grasping” to
the left click function of the cursor and “imagining left hand grasping” to the drag and drop function, thus realizing a hybrid BCI cursor
system.

RESULTS
Results of the three-class classification experiment
Figure 1 depicts the confusion matrix for one of the subjects’ real-time three-class classification results. The main diagonal of the confusion
matrix represents the prediction of the three categories, whereas the columns and rows represent the actual and predicted categories,
respectively, with darker colors indicating a more accurate prediction. In addition, we present in Table 1 the detailed three-category recog-
nition results for the 16 subjects.

As can be seen in Table 1, the average recognition accuracy of the three classifications for the 16 subjects was (87.92 + 2.67)%. For the
three classes, the average recognition accuracies are as follows: (85.84 + 5.62)% for “Imagining left hand grasping,” (?1.07 + 3.95)% for
“Imagining right hand grasping,” and (86.84 + 3.72)% for “Relaxing.”

Gaze positioning accuracy results
In our study, we propose an optimization algorithm for the problem of cursor instability in the gaze state. To evaluate the efficacy of the al-
gorithm, we designated a 64-pixel-diameter circle on the screen (1920 x 1080 pixels) as the gaze target. The subjects observed the target for
3 s while the system sampled at 90 Hz. In a comparison of each second as a unit, we present both the unoptimized and optimized outcomes.
The experimental outcomes are illustrated in Figure 2.

As can be seen from the figure, the unoptimized gaze points are more discrete, and the optimized gaze points are more clustered. The
stability is represented by the coverage of the sampled gaze points (blue dots) within the target area (red circles). The formula for calculation is
as follows:
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Table 1. Classification accuracies of Ml for all 16 subjects in the online experiment

“Left” recognition "“Right” recognition "“Relaxing” recognition Total recognition
Subject accuracy (%) accuracy (%) accuracy (%) accuracy (%)
1 92.13 100 87.87 B3
2 94.05 86.6 91.92 90.86
3 86.39 87.61 85.94 86.65
4 90.2 88.1 79.85 86.05
5 91.7 90.11 85.22 89.01
6 87.01 87.53 90.05 88.20
7 78.93 92.51 84.96 85.47
8 90.63 91.16 87.4 89.73
9 84.21 94.7 88.27 89.06
10 76.09 89.11 83.82 83.01
1" 86.01 97.88 78.99 87.63
12 85.49 88.33 90.56 88.13
13 86.81 95.11 89.68 90.53
14 85.11 90.77 90.52 88.80
15 84.98 89.41 85.62 86.67
16 73.76 88.23 88.84 83.61
AVG 85.84 + 5.62 91.07 + 3.95 86.84 + 3.72 87.92 + 2.67

Number of Points Inside the Circle
Total Number of Points

Coverage Ratio = ( ) * 100% (Equation 13)

Since some of the sampling points are not entirely outside the target area (that is, they intersect with the red circles), these points also affect
the stability. Therefore, we include these points in our calculations on a proportional basis. Quantifying the results gives us 72.9%, 75.5%, and
76.3% stability before optimization and 93.7%, 95.6%, and 96.1% stability after optimization.

The accuracy of the system was then evaluated during the transition between the eye movement state and the gaze state. Figure 3A de-
picts the scenario for testing. On a circle with 880 pixels, 16 smaller circles with 64 pixels are evenly distributed. The circle’s center is the cur-
sor's starting point, and the smaller circles in 16 directions are its destination locations. Subjects were required to begin from the center, return
to the center of the circle after reaching the destination, and proceed clockwise to the next destination for 10 times. Figure 3B displays the
results of the experiment.

Based on the experimental results, it is evident that this work can obtain a satisfactory cursor movement trajectory in 16 orientations and
that the transformation of ocular states at the start and endpoints can also satisfy the requirements for daily computer operation.

Mouse control applications
The hybrid BCl operation scheme was applied to the Windows 10 operating system to verify the clicking and dragging functions.

Cursor typing application

Given the prevailing and prospective trend of utilizing BCI technology for text-based communication, it is noteworthy that several research
teams have successfully implemented text input methods employing P300 or SSVEP BCl. In light of this, we conducted an experiment focused
on cursor typing. The experiment may be conducted utilizing just the virtual keyboard provided by the Windows operating system and the
left-click functionality employed in this investigation. The experimental findings are depicted in Figure 4.

Figure 4A shows the disordered typing with letter prompts. Figure 4B shows free typing without restriction. We can see that the subjects
finished typing the sentence “Hello, nice to meet you!” in the Word document.

In the disordered typing experiment with alphabetic cues, the task consisted of 200 characters and 15% punctuation characters. The calcu-
lation of characters per minute (CPM) was conducted after completing an entire typing task. If an error was made during the task, the partic-
ipant cannot continue until the error was corrected. However, the timer for the task continued to count. Thus, the process of error correction
inevitably resulted in time loss, which impacted the overall CPM rate. The results showed an input accuracy of 93.97%, an average spelling
speed of 53.2 CPM, and a word input speed of 24.03 words per minute. Table 2 shows the spelling speed comparison with different BCI
spellers. It is evident that the velocity of typing utilizing the cursor in this task surpasses that of alternative methodologies.

The left-click operation is the most commonly utilized action in daily computer usage. Simultaneously, this operation holds paramount
significance as it serves as the fundamental means of interacting with the computer. Hence, this study encompasses the many interactions
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Figure 2. Comparison of jitter optimization results under 3-s gazing state
The red circles represent the gaze targets with a size of 64 pixels, whereas the blue dots indicate the sampled gaze points. The first, second, and third gaze
sampling results are displayed from left to right, where (A-C) represent the unoptimized 3-s gaze point results, and (D-F) represent the optimized 3-s gaze

point results.

X (px)

facilitated by the left-click function of the mouse, including but not limited to, message transmission and reception, internet surfing, and email

verification.

Drag-and-drop drawing application

In this experiment, we verified the drag-and-drop function of the cursor. We scattered several images on a canvas (Figure 5A), and subjects had
to drag the images and combine them to form a picture containing the sun, a house, and a tree. Figure 5B is a list of experimental “artworks.”

The average time taken by four participants to complete the painting is 45.45 s, with the fastest completion time being 39.23 s. The
completion time for drawing is provided for reference only, yet the experimental results indicate that the work is also effective in executing

the cursor's drag-and-drop functionality.

A

Figure 3. Test scheme and results for system accuracy during the transition between eye movement and gaze fixation states
(A) System test scheme with 16 small circles of 64 pixels evenly distributed on a circle of 880 pixels.

(B) System test results.
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Figure 4. Cursor-typing experiment
(A) Subject performed a disordered typing experiment with alphabetic cues.
(B) Free-typing experiment.

DISCUSSION

In this study, the click-and-drag function of the virtual cursor was implemented using real-time MI EEG signal three-class classification and eye-
tracking. The accuracy and functionality of the system were verified and analyzed by looking at the three-class classification accuracy, gaze
positioning accuracy, cursor typing experiments, and drag-and-drop drawing experiments.

Three-class classification performance

In the three-class classification experiment, subjects 1, 2, and 13 had recognition accuracies of over 90%, and the overall average recognition
accuracy for all 16 subjects was (87.92 + 2.67)%. It is noteworthy that among the average recognition accuracy of all categories, the “imagining
right hand grasping” category had a much higher recognition accuracy than the other two categories. One plausible explanation for this phe-
nomenon is that the individuals involved in the study were right-handed, which therefore led to a heightened response while engaging in the
motor imagery task of “imagining right hand grasping.”

Gaze stability optimization

In the gaze positioning accuracy experiments, from the comparison of the vertical results, we can see that by adding the “desire factor,” we
can largely reduce the jittering problem of the cursor in the gaze state. From the horizontal results, it can be noticed that the stability is grad-
ually increasing over the 3's, whether optimization is performed or not. It is also worth noting that the gap in stability results between the first
and second seconds is larger than the gap between the second and third seconds, a phenomenon that was observed both before and after
the optimization. We see this as a process of gradual rise in attention. At the first second, the subjects’ attention was just focused on the gaze
target, and as time went on, the subjects’ attention became more and more focused. This explains the gradual increase in stabilization over
the 3s. Once the attention is focused to a certain degree, the stabilization does not fluctuate as much, which explains why the stabilization gap
is smaller in the last 2 s than in the first 2 s.

Typing experiment performance

In the disordered typing experiment with alphabetic cues, subjects completed the cued typing task well and completed free typing of sen-
tences in the follow-up. During the cued typing phase, however, we observed that subjects made typographical errors. Because conventional
blind typing relies more on muscle memory than on looking at the keyboard's keys, misspelled letters are common in daily life. However, in our
cursor typing experiment, the virtual keyboard is presented on the screen. Therefore, subjects only need to press the corresponding keys on

Table 2. Spelling rate comparison with other types of BCl spellers

Team Method CPM (characters/min)
Lin et al.*? Tri-RSVP + P300 6

Hwang et al.”? SSVEPs 9.39

Nagel et al.”* Asynchronous VEPs 16.1

Nakanishi et al.”> SSVEPs 36.17

Mannan et al.?® SSVEP + Eye Tracking 25.79

Our MI + Eye Tracking 53.2

iScience 27, 110164, June 21, 2024 5
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Figure 5. Drag-and-drop drawing experiment
(A) A canvas with scattered geometric shapes.
(B) Drag-and-drop drawing results.

the virtual keyboard according to the letter cues. This one-to-one correspondence task should be difficult to make mistakes on. After
observing the experiment, we found that these errors were caused by the subjects’ fast eye movements. In other words, after the subject is-
sued the left click command, before clicking on the current letter, his eyes immediately moved to the next target letter, which led to mistouch-
ing. In the future, we will consider adding the function of key lock, i.e., locking the movement of the cursor during the clicking task, to achieve
the purpose of precise interaction.

Limitations of the study

This research still has some opportunities for further refinement. The first is an occasional mismatch between cursor commands and interactive
buttons due to rapid eye movements. The second is our current ability to recognize only a limited variety of EEG signal categories, which
constrains our system'’s functional expansion. Importantly, our study primarily involved able-bodied subjects, indicating a gap in our under-
standing of the system’s effectiveness for individuals with varying degrees of neuromuscular disabilities. This aspect highlights a critical area
for future research, as thoroughly testing and adapting our system for users with different abilities is essential for its applicability. In our future
research endeavors, we will continue to refine and enhance the applicability of our proposed method and system. Furthermore, we will delve
into critical areas such as long-term usability in everyday environments, the effects of user fatigue, and the sustained reliability of the system
over time. These focal points are pivotal for ensuring the practicality and efficacy of our system in real-world research settings.
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RESOURCE AVAILABILITY

Lead contact

Xiaoyan Shen (xiaoyansho@ntu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e Data is available from the lead contact upon request.
e The code is publicly available at https://github.com/eytydgshib/MI-BCl-real.git.
e Any additional information required is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A total of sixteen participants were recruited for the study (10 males and 6 females, average age: 24.6 + 1.49 years). All subjects were right-
handed and had normal or corrected vision. In addition, all subjects had no history of psychological or neurological disorders. All subjects
gave informed consent to the experimental study and signed an informed consent form. The experimental procedures were approved by
the Ethics Committee of Nantong University (NTU Ethics Approval (2022) No. 1). All participant data and privacy will be strictly protected
throughout the study. A description of the participants characteristics is provided in the Table S1.

METHOD DETAILS

System architecture

The system includes a computer, an EEG collection unit, an eye tracking unit, and a signal command processing unit, where the signal com-
mand processing unit is implemented on the same computer as the experimental presentation of the cursor control. We have divided the
cursor control functionality into two distinct operations: key functions and movement functions.

For the cursor key function, subjects imagined performing left- and right-hand grasping and relaxing movements, and the MI EEG signals
generated by this process were captured and processed by a computer to obtain the final three-class classification results. The classification
results are then corresponded to the cursor key commands. Given the prevalence of mouse key utilization and the dominant hand preference,
we establish a correlation whereby the "Imagining right hand grasping" is associated with the left click function, while the "Imagining left
hand grasping" is linked to the drag and drop function. To mitigate control mistakes resulting from sporadic erroneous signals and enhance
the precision and comfort of system control, we proposed a self-determined sliding window approach for command decoding of EEG signals.

To facilitate the cursor movement function, we activated an eye tracker to capture the gaze point coordinates of participants in real time,
thereby acquiring the cursor’s position information. Subsequently, the gaze point is converted into pixel coordinates and stored in the buffer.
The process of mapping the cursor position can be achieved by extracting the coordinates from the buffer and afterward substituting them
with the coordinates of the original cursor location. Subsequently, jitter optimization of the cursor in the gaze state enables cursor following.
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Participants will be asked to complete a set of target transitions/gaze tasks in 16 directions. During this period, the system will record the
cursor tracking trajectory to help participants become familiar with controlling the cursor using eye movements in the initial phase.

Finally, the cursor clicking functions controlled by MI EEG and the cursor movement functions controlled by eye tracking operate on the
computer cursor in an asynchronous parallel manner, achieving complete cursor functionality. Due to the asynchronous parallel control, the
clicking and movement functions do not conflict with each other, effectively replicating the operational logic of a real mouse. In practical ap-
plications, participants move the cursor via eye movements and execute clicking commands at the desired target location through M,
completing a cursor operation just as they would with a normal mouse (with the timing of execution entirely determined by the participant).

Signal acquisition
EEG signal acquisition module

The EEG signal acquisition device utilized in this study was OpenBCl (OpenBCl, New York, NY, USA), which operated at a sample frequency of
250 Hz. Upon receiving instructions to perform Ml tasks, participants exhibited activation in the pertinent regions of the cerebral cortex, which
ultimately led to the production of EEG signals displaying regular variations. The physiological rationale for utilizing MI EEG signals as input to
the BCl system lies in the notable stability and variability exhibited by these signals during specified temporal intervals.”” When unilateral limb
movements were imagined, the u (8-12 Hz) and 8 (13-30 Hz) rhythms in the contralateral primary sensorimotor cortical areas of the brain ex-
hibited a considerable decrease in energy.”®?” This is known as event-related desynchronization (ERD). In contrast, the energy of rhythms in
the ipsilateral primary sensorimotor cortical regions significantly increased. This result is known as event-related synchronization (ERS)™ Due
to the concentration of EEG signals related to the mental imagery of left-right movements in the C3 and C4 regions, the study employed a
simplified approach by utilizing only three dry electrodes - C3, Cz, and C4 - as measurement electrodes to alleviate the challenges associated
with processing multichannel data and enhance the overall comfort experienced by the participants. The electrodes were positioned in accor-
dance with the internationally recognized 10-20 standard for electrode placement, *' as depicted in Figure S1. Additionally, two ear clip elec-
trodes were utilized as reference electrodes.

OpenViBE (http://openvibe.inria.fr) is a free and open-source software for the recognition and processing of EEG signals in real time. The
Acquisition Server of OpenBCl and OpenViBE were interconnected to acquire real-time, high-resolution brain activity information. Subse-
quently, the MI BCI stimulator was accessed to provide stimulus cues to the participants. The stimulus cues were classified into three cate-
gories: left, right, and up arrows. The left and right arrows were used to symbolize the motor imagery of left- and right-hand grasping, respec-
tively, while the up arrow denoted relaxing. All three arrows appeared randomly and at the same interval. The participants engaged in the
respective motor imagery task in response to the provided stimulus cues, while the computer captured and documented the status of their
brain activity. The experimental paradigm is displayed in Figure S2. Prior to the experiment, all participants were provided with ample time to
become acquainted with the EEG cap and the experimental procedure. This process required 10-15 min before the formal experiment. Dur-
ing the training session, every participant was instructed to conduct a total of 10 sets of tests, and each experiment consisted of three left-right
Ml tasks and three relaxing tasks. Before each experiment begins, participants have 1 s to prepare. Then, a green cross appears on the screen
for 2 s to help the participants focus their attention. Subsequently, the system prompts the participants and records the EEG signals at that
moment, continuing for 5 s.

Mapping of gaze point to cursor position

This study employed eye tracking technology to ascertain the position of the cursor during the online task. An off-screen eye tracker, Tobii 4C
(Tobii Tech, Stockholm, Sweden), was used to detect the subject’s gaze position and map its coordinates to a computer cursor to control the
cursor on the monitor in front of the subject (a Twisted Nematic (TN) display with a resolution of 1920 * 1080 pixels and a ratio of 16:9 was
chosen for this work).

The gaze point acquired using the eye-tracker was not a precise point, but rather fell inside a circular area with a diameter of 96 pixels.
Hence, to perform cursor mapping, we choose to utilize the coordinates corresponding to the center of the circle and afterward normalized
such coordinates. The coordinate system used has its origin at the bottom left corner of the screen, denoted as (0, 0), and extends to the top
right corner, represented as (1, 1). The outcomes of the processing are visually depicted in Figure S3.

Since the coordinates of the cursor are represented in the form of pixel coordinates. Hence, it is imperative to transform the gaze coor-
dinates into pixel coordinates in a proportionate manner. To perform the mapping process, it is necessary to acquire the parameters of the
experimental screen. This involves determining the proportion of (xg, yo) within the X axis and Y axis value ranges. Subsequently, these pro-
portions are multiplied by the pixel resolution of the display to derive the corresponding pixel coordinates. As an illustration, where the co-
ordinates of the gaze point are (0.662, 0.437), the appropriate pixel coordinates may be calculated as follows:

(0.(:62 « 1920px, 0.4:37

* 1080px) = (1271px,472px) (Equation 1)

Ultimately, the pixel coordinate is employed as the resultant value to supplant the existing data pertaining to the cursor position.

The process of mapping from gaze point to cursor position is shown in Figure S4. The initial step involves calibrating the eye movement
data of the participant. Subsequently, the real-time original gaze point coordinates of the participant are derived by fitting the eye movement
data with the calibration information. Then, the acquired original gaze point coordinates are normalized. Finally, the normalized gaze point
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coordinates are converted to pixel coordinates and recorded into the buffer. Checking for existing viewpoint coordinates in the buffer before
cursor mapping is the initial step; if not, return to the previous step to obtain the viewpoints and rewrite them. The data will be replaced with
the coordinates of the current cursor if there are already coordinates in the buffer, in order to realize positional mapping and empty the cache
in order to free up memory.

EEG signal processing

EEG Preprocessing

Wavelet Transform filters are applied to the signals at the electrodes, aimed at enhancing the signals of relevant brain regions through spatial
differencing. Following this, an 8th-order Butterworth band-pass filter is used to filter the EEG signals, with the frequency ranges set as 4-8 Hz,
8-12 Hz, 12-16 Hz, 16-20 Hz, 20-24 Hz, 24-28 Hz, 28-32 Hz, 32-36 Hz, and 36-40 Hz. This is done to precisely analyze the signal quality of each
sub-band and generate specific filter characteristics.*” By meticulously evaluating and processing the signals of each frequency band, we
ensure that only high-quality data are used for the final classification analysis.

MI-EEG signal feature extraction

During the process of human motor imagery, the brain generates two distinct types of rhythmic signals that exhibit noticeable variations: the
mu-rhythm signal, which oscillates at a frequency range of 8-12 Hz, and the beta-rhythm signal, which oscillates at a frequency range of 13-
30 Hz*® The presence of ERS and ERD phenomena can lead to alterations in the power spectra of mu-rhythm and beta-rhythm in EEG
data.””*° Hence, spatial filters can be employed for the purpose of feature extraction in relation to this energy shift. The common spatial
pattern (CSP) method is well recognized as the predominant spatial filtering technique in use.***" The algorithm leverages the spatial distri-
bution of features to project the EEG signal onto a subspace. By diagonalizing the matrix, the algorithm identifies a set of spatial filters that
optimize the projection process. These filters aim to maximize the variance difference between two types of signals, thereby generating
feature vectors that exhibit the desired level of differentiation. The CSP algorithm is expressed as follows:

wTX1TX1a) 0w Cw
o' X Xw 0 Cw’

J(w)

(Equation 2)

where w is the spatial filter trained from the extracted feature vectors, T represents the transpose, X; represents the data matrix of the motion
imagery classes, and C; represents the covariance matrix of classes 1 and 2. Although the CSP algorithm can gain algorithmic advantages in
time and space, there is an overfitting problem when the data sample is too small.

In this paper, the Tikhonov regularized common spatial pattern (TRCSP) method is employed as a solution to address the issue of over-
fitting.*>® The regularization of the CSP algorithm, as shown in Equation 1, is achieved by imposing a prior on the spatial filter. These prior
serves to penalize solutions that do not adhere to the prior information. The penalty function P(w) in Equation 2 is the metric employed to
quantify the extent to which the spatial filter w adheres to the specified previous condition. As the degree of requirements that w fulfills in-
creases, the magnitude of P(w) decreases. The TRCSP method is a fusion of the CSP and Tikhonov regularization (TR) techniques. The TR
model is a well-established regularization technique that was initially proposed for regression issues to address the issue of including penalty
terms through the use of weights. The penalty term P(w) for the TRCSP method is defined as follows:

w0 Cw .
J(w) = m7 (Equation 3)
P(w) = H‘U”Z =v'w=0l, (Equation 4)

where ain Equation 2 is the regularization parameter which can be defined by us (the higher a, the more satisfied the prior), and in Equation 3
represents the identity matrix. The optimization process of changing a spatial filter can yield good results even when there is minimal training
data or noise present. After several iterations, the parameter "a." was ultimately assigned a value of 3.

One notable feature of the TRCSP method is that the newly formulated objective function remains a generalized eigenvalue problem,
which can be solved by solving the eigenvalue problem. Nevertheless, due to the lack of symmetric features in the numerator and denom-
inator of the objective function after including the regular component, it is necessary to get two eigenvalue solutions to derive the ultimate
spatial filter. Specifically, we need to solve the following two objective functions:

w Ciw
R — E i
Ji(w) o CrotawTlo’ (Equation 5)
w Cow .
L(0) = e e (Equation 6)

The maximization of Jj(w) corresponds to the maximization of variance in the first class of tasks and the minimization of variance in the
second class of tasks. Conversely, the maximization of J;(w) corresponds to the maximization of variance in the second class of tasks and
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the minimization of variance in the first class of tasks. The matrices of eigenvectors produced by the solution of the objective function are as
follows:

My = (Co+al)™"'C, (Equation 7)

M, = (C1+al)’1C2, (Equation 8)

The ideal spatial filter is formed by selecting the feature vectors that correspond to the greatest eigenvalues. The ensuing feature extrac-
tion procedure is consistent with the classic CSP approach.

Pattern recognition

Pattern recognition refers to the cognitive process of extracting distinctive characteristics from a given dataset through the acquisition of
input signals. These acquired features are subsequently utilized to categorize, recognize, segment, or predict novel data points. The outcome
of pattern recognition serves as the primary and immediate indication of the subject’s cognitive state in BCl systems. Hence, the utilization of
an efficient and precise pattern recognition methodology is of utmost importance.

The Support Vector Machine (SVM) is a widely employed supervised learning method that is frequently utilized for the resolution of binary
and multiple classification issues.®’*® By mapping the samples into a high-dimensional feature space and utilizing the support vectors in the
feature space, the SVM finds the hyperplane. The objective of optimization is to identify an ideal hyperplane that simultaneously maximizes
the sample margin and minimizes the sample error. SVM exhibit quicker training times in comparison to neural network methods. This advan-
tage stems from the ability of SVM to turn the optimization issue into a convex optimization problem, allowing for the attainment of the global
optimal solution using an efficient mathematical technique.

In our study, three types of EEG signals need to be categorized. The problem can be decomposed into three binary classification subprob-
lems. In each binary classification problem, one category is treated as positive and the others as negative, thus constituting a "one-to-rest"
supportvector machine, as shown in Figure S5. Three sets of OVR-SVM classifiers were “left vs. right and relaxing,” “right vs. left and relaxing,”
and "relaxing vs. left and right.” The ratio of training and testing sets was 7:3. Only the results of the positive set were obtained for each set of
classifiers fi(x),x = 1,2,3, and the result files were then combined into a single triple classification output. In real-time classification, the largest
fi(x) was used as the output.

Functional optimization
To attain system stability and accuracy during interactions, while mitigating mistakes resulting from sporadic erroneous signals, we proposed
algorithmic optimization in both cursor jitter and command discrimination.

Cursor jitter optimization method

Cursor jitter is the erratic movement of the cursor on the display. Traditionally, the manipulation of cursors has relied on the utilization of
external computer input devices, such as mice and touchpads. These external input devices utilize mechanical or optical principles to attain
accurate and consistent control over the cursor. In contrast to conventional control techniques, the accuracy of gazing localization is influ-
enced by both its inherent precision and other physiological conditions like visual fatigue, resulting in the occurrence of inevitable jitter. Opti-
mizing the jitter of the cursor has the potential to boost operational precision, improve the user experience, and mitigate eye strain. Currently,
several experts and researchers have put forward various optimization strategies to address the issue of jitter in the eye movement state.*”"
However, it is worth noting that the interaction process predominantly takes place during the gaze state.

In this research, we present a novel approach termed the "desire factor" optimization method to address the issue of jitter in the gaze
state. A "desire factor" v is introduced into the cursor coordinate update expression. The specific value of y is determined by evaluating
the disparity between the current coordinates and the coordinates at the previous moment. Subsequently, v is multiplied by the coordinate
difference and added to the previous moment's coordinate value to obtain the updated cursor position. The expression for updating the
coordinates is presented in Equations 8 and 9.

Koew = Xpre+7X(Xcurr - Xpre)7 (Equation 9)

Ynew = Ypre+7Y(Ycurr - Ypre)7 (Equation 10)

where the variables Xnew and Yew represent the new cursor coordinates, whereas Xye and Yy represent the coordinates at the previous
instant. The variables X.,; and Yeur represent the current coordinates. Additionally, yx and vy represent the desire factor in the
X-direction and Y-direction, respectively. The value of the "desire factor" v is determined by the following functional relationship:

1

Yx = @7 Ay = |)(Cu,r — Xp,e|7 (Equation 11)
T+e 20
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where the variable A denotes the absolute value of the difference between the current coordinate and the preceding coordinate. The formula
has the capacity to indicate the magnitude of the "desire" of the cursor to undergo movement. When the magnitude of variable A increases, it
indicates a higher level of intention to move the cursor, resulting in a value of y that approaches 1. Conversely, when the magnitude of A
decreases, it signifies a lower level of intention to move the cursor, leading to a value of y that is near to 0.

In this study, the proposed jitter optimization algorithm based on the “desire factor” reduces the jitter of the cursor during gaze and greatly

7AY = |Ycurr - Ypre}v (Equation 12)

improves stability during interaction.

Cursor command decoding for self-determined sliding window

In our work, we translated MI EEG signals to cursor key instructions, mapping "imagining right hand grasping" to the left click function of the
cursor and "imagining left hand grasping" to the drag and drop function. However, if the EEG signals sampled instantaneously are only
outputted in an "if-else" manner, not only would the entire system run too quickly, but we would also run into the issue of producing incorrect
commands when there isn't enough time to rectify or reject the error signals. This increases the mistake rate and leads to a rise in the system'’s
error rate, which has a significantimpact on the operational experience. One potential solution to address the issue of the system operating at
an excessively high frequency is to introduce a time delay®’ However, it is important to note that the sampling frequency of the EEG cap re-
mains unchanged. Consequently, the EEG cap continues to sample data during the system’s delay period, resulting in the subsequent dis-
carding of the sampled data due to the system'’s delay. Therefore, the delay strategy may significantly diminish the retention of valuable sig-
nals. Moreover, the utilization of sliding windows is a prevalent method for decoding. The conventional sliding window discrimination method
employs a window with a fixed extent to separate signals. However, in our experiment, the commands provided by the participants were
created autonomously and exhibited random characteristics.”"* As a result, the use of a fixed width sliding window was unable to promptly
differentiate between these directives. Even though adaptive sliding-window decoding algorithms have been presented, “* the modification
of the window size is postponed until after the transmission of the signal stream, resulting in significant delays. Considering the uncertainty of
the command issued in this experiment, the strategy of window resizing cannot match the actual control. The adaptive sliding window de-
coding method is therefore inappropriate for this scenario.

In order to ensure more comfortable and accurate control of the system and to reduce the sporadic errors, we propose a self-determined
sliding window approach to decoding the commands. The term "self-determined"” in the context is intended to indicate that the sliding win-
dow’s durations and overlaps for command decoding are adapted based on the individual's Ml EEG signal characteristics rather than being
fixed a priori. This approach is somewhat akin to self-paced or asynchronous Ml window selection, where the system dynamically adjusts to the
user’s natural variability in executing Ml tasks, rather than enforcing a strict, uniform timing across all users. The features "imagining left/right
hand grasping" corresponded to the starting pointer, denoted as "left-b/right-b" of the sliding window. Similarly, the feature "relaxing" was
used to describe the ending pointer, denoted as "relax-e" of the sliding window. Given the prevalence of mouse key utilization and the domi-
nant hand preference, we establish a correlation whereby the "Imagining right hand grasping" is associated with the left click function, while
the "Imagining left hand grasping" is linked to the drag and drop function, and "relaxing" signal take no action. As shown in Figure S6, when
"imagining right hand grasping" is detected, the signal flow is marked with "right-b" as the beginning of the sliding window; when "relaxing"
is received, the signal flow is marked with "relax-e" as the ending of the sliding window. This method returns a sliding window with “right-b" as
the starting pointer and “relax-e” as the ending pointer; the output of this sliding window corresponds to the left-click method. Similarly, start-
ing with "imagining left-handed grasping" and ending with "relaxing" will result in a sliding window starting at “left-b” and ending at “relax-
e”, whose output corresponds to a drag and drop function, where dragging starts at "left-b" and ends at "relax-e".

QUANTIFICATION AND STATISTICAL ANALYSIS
BCI decoding performance

EEG data from the subjects were exported and analyzed using OpenViBE 2.2.0 and Excel 2021 to determine the classification accuracy for
each category of motor imagery (Table 1).

Gaze positioning accuracy performance

Eye-tracking sampling points within a 3-s interval were obtained using Python 3.8.10, and the stability was calculated. The stability was rep-
resented by the coverage ratio of the sampling points within the target area, using the following formula:

Number of Points Inside the Circle
Total Number of Points

Coverage Ratio = ( ) * 100%

Since some of the sampling points are not entirely outside the target area (that is, they intersect with the red circles), these points also affect
the stability. Therefore, we include these points in our calculations on a proportional basis (Figure 2).
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