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SUMMARY

In the field of steady-state visual evoked potential (SSVEP), stimulus paradigms are regularly arranged or
mimic the style of a keyboard with the same size. However, stimulation paradigms have important effects
on the performance of SSVEP systems, which correlatewith the electroencephalogram (EEG) signal ampli-
tude and recognition accuracy. This paper provides MP dataset that was acquired using a 12-target BCI
speller. MP dataset contains 9-channel EEG signals from the occipital region of 24 subjects under 5 stim-
ulation paradigms with different stimulus sizes and arrangements. Stimuli were encoded using joint fre-
quency and phasemodulation (JFPM)method. Subjects completed an offline prompted spelling task using
a speller under 5 paradigms. Each experiment contains 8 blocks, and each block contains 12 trials. De-
signers can use this dataset to test the performance of algorithms considering ‘‘stimulus size’’ and ‘‘stim-
ulus arrangement’’. EEG data showed SSVEP features through amplitude-frequency analysis. FBCCA and
TRCA confirmed its suitability.

INTRODUCTION

Brain-computer interface (BCI) technology builds a pathway between the brain and peripheral devices.1 The technology uses specific elec-

troencephalogram (EEG) signal acquisition devices to detect neural activity in the brain, analyze the signals and convert them into control

commands. After the device is in operation, it feeds the results back to the human brain and induces the generation of new EEG signals

that enable interaction between the human brain and the machine.

Steady-state visual evoked potential (SSVEP) is a kind of periodic evoked potential induced by rapid repetitive visual stimulation, which is a

special kind of EEG signal.2 When a visual stimulus is repeated at a certain frequency, such as a flashing light source or a vibrating pattern, this

frequency-specific stimulus is able to produce a potential response in the visual areas of the brain that matches the frequency of the stimulus.

Compared with other common BCI systems, such as P300 and motor imagery (MI), SSVEP-based BCI systems have higher signal-to-noise

ratios (SNRs), SSVEP-based BCI systems enhance signal-to-noise ratios (SNR), elevate the recognition accuracy and broaden the classification

capabilities. Besides, they are easy to achieve high information transfer rates (ITR) without training data of the users in advance.3,4 Benefit by its

high accuracy, fast response and robust reliability, SSVEP is widely used in the field for recognizing and decoding the subjects intention. In

turn, humans are empowered to manipulate and control external devices through the mere act of gazing at visual stimuli, thereby facilitating

seamless interaction with computers and other intelligent systems.

There have been many studies conducted on SSVEP. Experts and scholars have studied various aspects of coding algorithms,5 feature

recognition algorithms,6–9 and stimulation presentation10 for SSVEP-based BCI systems. Throughout these research processes, the SSVEP-

based datasets play an irreplaceable role. With SSVEP-based datasets, algorithm designers can directly measure the performance of their

algorithms through offline simulations instead of acquiring online EEG signals, which greatly improves the efficiency of their research.

Currently, there are a number of research groups that have made their datasets available.11–14 Since the speller system can fully utilize the

maximum number of target identifications that can be used by the paradigm compared to other application directions, most SSVEP-based

datasets employ a speller as a way of obtaining EEG datasets.

For example, a benchmark dataset with a BCI speller with 40 targets is provided in,11 providing a platform to compare the performance of

different algorithms. In,13 an available dataset is designed and acquired tomeet the needs of real-world applications, using the real keyboard

style in designing the stimulation paradigm.
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In the field of SSVEP, academics have not yet systematically investigated the effect of different stimulation styles. In previous datasets of

speller systems, the stimulation paradigms used to acquire EEG signals were either regularly arranged15–17 or mimics the style of a

keyboard13,18 with the same stimulus size. While the effect of the stimulation paradigm on the performance of the SSVEP system cannot

be ignored.19 Known as a common sense in the field SSVEP, the medium frequency band is the most obvious range of SSVEP response.20

Systematic discussion and adequate public dataset are recently provided to prove it.21 Furthermore, existing studies on different paradigms

mainly adjust different frequency ranges and frequency combinations,22 and explore the optimal frequency range20 and potential multi fre-

quency combinations.22 Besides, Benda23 have shown that the stimulus size affects the final recognition accuracy. The larger the stimulus size,

the larger the amplitude of the EEG signal that can be excited.24 MP dataset is set to support research in this direction.

In the field of human-computer interaction, setting the size and spatial position of targets based on the reuse rate and importance of con-

trol instructions can effectively improve the spatial utilization of the interaction interface and enhance the user experience. Considering flex-

ibility and reality, the targets in BCI system are not necessarily regularly arranged. They can be adjusted according to the user’s preference,

practical needs, and other factors. Therefore, algorithm designers should optimize their algorithms by considering the stimulus size and stim-

ulus arrangement to achieve the matching of paradigms and algorithms, so as to improve the performance of BCI system.

To support this research, this study provides a BCI dataset based on SSVEP. Our dataset can not only be used to study the effects of stim-

ulus size and stimulus arrangement on EEG signals, but also improve the feature recognition algorithms. FBCCA and TRCA are recognized as

conventional techniques. This research chose to use these two algorithms to verify the reliability and versatility of our dataset, After simple

algorithm adaptation, our dataset demonstrates their effective performance and robust reliability when subjected to analysis using these

methods. Algorithm designers can use this dataset to test the performance of their algorithms.

Compared with other existing datasets,25–30 our study provides a multiple paradigm SSVEP (MP SSVEP) dataset. MP SSVEP dataset was

recorded from a total of 24 subjects, including 2 experienced subjects and 22 novices. It has the following characteristics: (1) 5 stimulation

paradigms with different stimulus sizes and arrangements were used. (2) 12 targets were set up with a stimulation frequency range of

8–13.5 Hz at 0.5 Hz intervals, and phase codingwas also used. The duration of each frequency was 4 s and the recordingwas repeated 8 times.

(3) EEG signals from nine electrodes in the occipital region were collected and recorded using a wireless EEG signaling device. (4) Stimulus

events were accurately synchronized with EEG data. Based on above characteristics, this dataset is of great use in helping to evaluate SSVEP

detection algorithms, especially those that take into account stimulus size, stimulus arrangement.

The rest of the paper is organized as follows: Section II describes the experimental setup for data recording, including participants infor-

mation, stimulation presentation, experimental design, data acquisition, data preprocessing, and performance evaluation. Section III gives

the information about the dataset records. Section IV demonstrates the usability of the dataset from the evaluation results of both the ampli-

tude-frequency analysis and the feature recognition algorithm. Section V summarizes the article and discusses where the dataset can be

improved.
RESULTS
Participants

24 healthy subjects with normal or corrected-to-normal vision participated in the experiment (22 young adults aged 19–23 years, 2 middle-

aged adults aged 44 and 46 years, and 5 females). Of all subjects, 2 had experience with SSVEP-based BCI spellers in our previous study, and

the other 22 subjects were new to SSVEP-based BCI spellers. Each participant was asked to read and sign an informed consent form before

the experiment. Subjects received a $27.5 financial reward for their participation in this study. This study was approved by the Research Ethics

Committee of Shanghai University.
Stimulation presentation

The present study was designed as an offline BCI experiment using a 12-target BCI speller. It is commonly recognized that BCI paradigmswith

more than four targets are considered complex. For instance, a BCI control UAV typically requires only six target commands for up, down, left,

right, forward, and backward movements. When comparing with a standard database,13 they involve only one kind of paradigms, 40 targets

with 35 subjects, 5 s of signal length, and 6 blocks, totally 8400 tasks (1 kind 3 40 targets 3 35 subjects 3 6 blocks). In contrast, MP dataset

involves 5 distinct paradigms, 12 targets, 24 subjects, 8 s of signal length, and 8 blocks, totally 11520 tasks (5 kinds 3 12 targets 3 24

subjects 3 8 blocks), demonstrating a more sophisticated setup.

The objective of this research is to analyze the effects of different stimulus sizes and arrangements within BCI systems on user interaction

and system response. Figure 1 illustrates the five stimulation paradigms used in this experiment. The five stimulation paradigms have different

stimulus sizes and arrangements, and all are 33 4 stimulus matrices in terms of their general structure. The stimuli were displayed on an LCD

internal display of size 14.1 inches (brand ‘‘DELL Latitude 5430", resolution 1920 3 1080 pixels, refresh rate 60 Hz, max luminance 250nits).

The stimuli are all shaped as squares with a red dot in the center of the square, making it easy for the user to gaze at the stimulus square.

The experiment also had separate characters for each stimulus, located in the lower left corner of the stimulus, in order from left to right and

top to bottom: a, e, i, o, u, s, h, m, n, g, l, v, the size of the characters was 75 3 75 pixels square, and the color of the characters was black.

The specific designs of the 5 paradigms are as follows.

(1) Paradigm1: The squares are of the same size, with large square dimensions and regular arrangement. The sides of the stimulus squares

are 216 pixel dots long, and the stimulus squares are regularly spaced with the same spacing between rows and columns.
2 iScience 27, 111030, November 15, 2024



A

Paradigm 1

B

Paradigm 2

C

Paradigm 3
D

Paradigm 4

E

Paradigm 5

Figure 1. The 5 stimulation paradigms for which the experiment was designed

(A) Paradigm 1: The squares are of the same size, with large square dimensions and regular arrangement.

(B) Paradigm 2: The squares are of the same size, with small square dimensions and regular arrangement.

(C) Paradigm 3: The squares are decreasing in size by columns and regularly arranged.

(D) Paradigm 4: The squares are of the same size, with large square dimensions and irregular arrangement.

(E) Paradigm 5: The squares are irregularly arranged in decreasing size by row.
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(2) Paradigm2: The squares are of the same size, with small square dimensions and regular arrangement. The sides of the stimulus squares

are 50 pixel dots long. The stimulus squares are regularly spaced with the same spacing from row to row and column to column.

(3) Paradigm 3: The squares are decreasing in size by columns and regularly arranged. The side lengths of the stimulus squares are set to

275, 200, 150, and 50 pixel dots, respectively. and the distance between rows decreasing as the stimulus squares increased, but the

centers of the stimulus squares are located at the same horizontal line, and the distance between the horizontal lines of the two

rows is the same.

(4) Paradigm 4: The squares are of the same size, with large square dimensions and irregular arrangement. The stimulus square side

length is set to 216 pixel dots. The stimulus squares are presented in amore irregular position, with each stimulus square having varying

spacing relative to neighboring stimulus squares.

(5) Paradigm 5: The squares are irregularly arranged in decreasing size by row. The side lengths of the stimulus squares are set to 300, 150,

and 70 pixel dots, respectively. Stimulus squares are presented in a more irregular position, with each stimulus square having a

different spacing relative to neighboring stimulus squares.

The stimulation program was developed using Psychophysics Toolbox Ver. 3 (PTB-3)31 under MATLAB (MathWorks, Inc.). Using the joint

frequency and phase modulation (JFPM) method5, following a left-to-right, top-to-bottom coding sequence for the visual blinks of the

speller, the frequency and phase values for each character can be calculated as

f
�
kx ; ky

�
= f0 + Df 3

��
ky � 1

�
3 3 + ðkx � 1Þ� (Equation 1)
f
�
kx ; ky

�
= f0 + Df3

��
ky � 1

�
3 3 + ðkx � 1Þ� (Equation 2)

where f0 indicates the starting frequency, i.e., 8 Hz, and kx and ky indicate the row and column indexes of the stimulus square, respectively. f0
andDf are 8 Hz and 0.5 Hz, respectively, making the frequency range of the 12 characters [8–13.5 Hz]. f0 andDf are 0 and 0.35p, respectively,

making the range of the additional phases of the 12 characters [0–3.85 p].

Figure 2 illustrates the frequency and phase values set for the target in each paradigm. In this study, a sampled sinusoidal stimulation

method32,33 was used to present visual flicker on an LCD monitor. To obtain an accurate SSVEP response, by modulating the screen lumi-

nance, a stimulation sequence sðf ; i;fÞ corresponding to the stimulation frequency f can be generated

sðf ; i;fÞ = 1=2f1 + sin½2pf ði =RÞ + f�g; (Equation 3)

where sinðÞ denotes the generation of a sine wave, i denotes the frame index in the stimulation sequence, R is the refresh rate of the display,

which was experimentally set to 60, and f is the additional phase. 0 and 1 denote the highest and lowest luminance in the stimulation

sequence.

Experimental design

The experimental environment was a dimly lit (light intensity of approximately 10 Lux), noiseless room. Subjects were required to sit comfort-

ably in a chair at an eye distance of 60 cm from the screen in which the stimulation were presented.
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Figure 2. Frequency and phase of 5 stimulation paradigms

(A–E) Following a left-to-right, top-to-bottom coding sequence, the stimulation frequencies ranged from 8 Hz to 13.5 Hz at intervals of 0.5 Hz, and the additional

phase ranged from 0 to 3.85 p at intervals of 0.35 p.
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The experiment required subjects to complete an offline prompted spelling task using a BCI speller. Figure 3 illustrates the flow of the

experiment, which consisted of 5 paradigms of the task, each containing 8 blocks, and each block containing 12 trials corresponding to all

12 characters indicated in random order. The duration of each trail was 8 s, and the stimulation presentation process was divided into 3 steps.

(1) Visual Cue: Before the arrival of the stimulation, a cue red dot was displayed on the screen for 2 s to assist with the cuing, which was

used to prompt the user where to look when the next round of stimulation was displayed, corresponding to the red dot in the center of

the stimulus;

(2) Stimulation Presentation: At the end of the cuing time, all stimuli started to flash for 4 s, and subjects were required to gaze at the

stimulus corresponding to the cued red dot appeared in Visual Cue period at this time;

(3) Rest: After the stimulation presentation, there was a 2-s rest period, at which time the screen was grayed out and the countdown to the

next stimulus was displayed in the upper right.

After the 8 blocks of each paradigm, subjects were given 8 min to rest.

Data acquisition

In this system, the device used for EEG signal acquisition was a NeuroHUB from Neuracle (Neuracle, Inc.), which acquired EEG signals at a

sampling rate of 1000 Hz, showed in Figure 4. The placement of electrodes followed the extended 10–20 system, and Figure 5 shows the nine

electrodes in the occipital region selected for the experiments, namely Pz, PO5, Oz, O1, PO3, O2, PO4, POz and PO6 (ordered according to

the number of the channels in the dataset). Besides, the electrodes were placed in the CPz and AFz positions as reference and ground. During

the recording process, all electrode resistances were kept below 10 kU. Stimulation events were generated by the stimulation program and

were recorded on the event channel synchronized with the EEG data.

In the preparation stagebefore the experiment, the subjects were required towash their scalps andwear awet electrodeEEG signal acqui-

sition cap. The electrode channels were injectedwith conductive paste to acquire the EEG signals in a non-invasivemanner. Then the principle

of SSVEP, the style of the five stimulation paradigms used in the experiment were introduced, and the first block of Paradigm 1 was played to

make the subjects understand the experiment. Subjects were also told to avoid blinking during the 5-s stimulation duration and to minimize

thinking about other things as much as possible.

Data preprocessing

Data epochs were extracted from the recorded continuous EEG signals based on the stimulation response from the event channel. For each

trial, data for the stimulation presentation period of 4 s were extracted. In order to reduce the storage and computational cost, all epochs are

downsampled to 250 Hz11. For the raw EEG data, an EEGLAB34 was used applying a 50 Hz FIR notch filter to remove the power line noise, and

data epochs were extracted from the filtered continuous data.

Performance evaluation

Recognition accuracy and ITR are commonly used to evaluate the performance of SSVEP-based BCI systems. ITR (in bits/min) can be esti-

mated as35
4 iScience 27, 111030, November 15, 2024



Figure 3. Process of the experiment to be completed by each subject, which consisted of 5-paradigm task

Each paradigm task contained 8 blocks, and each block contained 12 trials lasting 8 s. The trail was divided into 3 steps: (1) Visual Cue (6 s), (2) Stimulation

Presentation (4 s) and (3) Rest (2 s).
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ITR =

�
log2 M + P log2 P + ð1 � PÞlog2

�
1 � P

M � 1

�
3 60

	
T ; (Equation 4)

where M is the number of targets, P is the recognition accuracy, and T (seconds/selection) is the average time for selection. In order to es-

timate the actual ITR, we add a gaze transfer time of 2 s to T in the actual calculation.
Data records

Dataset information

The dataset contains 120MATLABMAT files corresponding to the data under the 5-paradigm experiment for all 24 subjects (about 450MB in

total). The data were stored as double precision floating point values in MATLAB. The naming scheme is combined according to the subject

index as well as the paradigm index, i.e., S1-1.mat,., S24-1.mat; S1-2.mat,., S24-2.mat; S1-3.mat,., S24-3.mat; S1-4.mat, ., S24-4.mat;

S1-5.mat,., S24-5.mat.When loaded, each file generates a 4-Dmatrix named ‘‘data’’ in theMATLABworkspace with dimensions [9, 1000, 12,

8]. The four dimensions respectively indicate ‘‘Electrode index’’, ‘‘Time points’’, ‘‘Target index’’, and ‘‘Block index’’. For the experiments under

a single paradigm, the data matrix consists of 96 trials (12 targets3 8 blocks), and each trial consists of 9 channels of 4 s data length (43 250 =

1000 points). Among the publicly available files, a file named ‘‘Readme.txt’’ explains the data structure and other task-related information.

Subject information

The ‘‘Sub_info.txt’’ file gives information about all subjects. There are 4 parameters for each subject, including ‘‘Subject Index’’, ‘‘Gender’’,

‘‘Age’’ and ‘‘Group (with or without training)’’. Subjects were categorized into ‘‘experienced’’ group (2 subjects, S1-X-S2-X) and ‘‘naive’’ group

(22 subjects, S3-X-S24-X) based on their experience in SSVEP-based BCI.
Figure 4. The acquisition device

NeuroHUB from Neuracle.
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Figure 5. Nine electrodes in the occipital region
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Technical validations

Amplitude-frequency analysis

In order to assess the signal quality of the dataset, this study analyzed the SSVEP feature of all subjects under the experiments of Paradigm1 to

Paradigm5. Figure 6 shows the targets selected for the analysis: all targets in the first row and columnof the 33 4 stimulus array were selected,

totaling 6, at the following frequencies: 8 Hz, 8.5 Hz, 9 Hz, 9.5 Hz, 10 Hz, and 12 Hz.

Figures 7, 8, 9, 10 and 11 show the amplitude spectra of theOz electrodes for 6 targets under 5 paradigms of the experiment. These ampli-

tude spectra were obtained by band-pass filtering the EEG data of all subjects between 7 Hz and 70 Hz11, averaging the data over 8 blocks for

a specific target in a specific paradigm, and finally applying the fast Fourier transform (FFT). The magnitude values at the SSVEP frequencies

are marked by red circles in the figure.

(1) For ‘‘Paradigm 1: The squares are of the same size, with large square dimensions and regular arrangement.’’, as shown in

Figure 7, among the six targets, except for the one at 8 Hz, distinct peak amplitudes can be observed at both the fundamental fre-

quency and the first harmonic frequency. The values of the peak amplitudes at the SSVEP frequencies of the six targets are relatively

similar.

(2) For ‘‘Paradigm 2: The squares are of the same size, with small square dimensions and regular arrangement.", as shown in Figure 8, the

peaks of all six targets can be observed at the position of the first harmonic of the SSVEP frequency, but the peaks are not obvious. At

the same time, the values of the peak amplitude of the SSVEP frequency were relatively similar for all six targets. For Paradigm 2, the

size of its stimulus is much smaller than that of Paradigm 1. Accordingly, the peak amplitude values of the SSVEP frequencies in the

amplitude spectra are significantly smaller than those in Paradigm 1.

(3) For ‘‘Paradigm 3: The squares are decreasing in size by columns and regularly arranged.’’, as shown in Figure 9, peaks are observed at

the fundamental and first harmonic frequency positions for all six targets. For the four targets, 8.0 Hz, 8.5 Hz, 9.0 Hz, and 9.5 Hz, which

had decreasing stimulus square sizes, the amplitude of the SSVEP frequency conformed to the trend of decreasing with decreasing

stimulus size, and the peaks became less pronounced. For the three targets with the same stimulus size of 8.0 Hz, 10.0 Hz, and

12.0 Hz, the peak amplitudes of their SSVEP frequencies were more similar.

(4) For ‘‘Paradigm 4: The squares are of the same size, with large square dimensions and irregular arrangement.’’, as shown in Figure 10,

obvious peak amplitudes can be observed at both the fundamental and the first harmonic for all six targets. The peak amplitudes are

relatively similar for all six targets. Compared with Paradigm 1, the peak amplitude values at the SSVEP frequency are relatively similar

for both.

(5) For ‘‘Paradigm5: The squares are irregularly arranged in decreasing size by row.’’, as shown in Figure 11, all six targets observe peaks at

the fundamental and first harmonic frequency positions. For the four targets, 8.0 Hz, 8.5 Hz, 9.0 Hz, and 9.5 Hz, which have the same

stimulus square size andmore similar peak amplitudes, the peaks are clearly observed at both the fundamental and first harmonic fre-

quency locations. For the three targets with decreasing stimulus sizes, 8.0 Hz, 10.0 Hz, and 12.0 Hz, their peak amplitude values at the
6 iScience 27, 111030, November 15, 2024



Figure 6. Six targets selected for amplitude-frequency analysis
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SSVEP frequency also tend to a decreasewith decreasing stimulus size. The peak frequency become less pronounced compared to the

other frequencies.

These results all show that the SSVEP features in the EEG signals in this dataset are identifiable.

Evaluation of paradigms using FBCCA and TRCA method

Filter bank canonical correlation analysis (FBCCA)7 and task-related component analysis (TRCA)8 were two commonly used algorithms for

SSVEP classification. FBCCAaims to enhance SSVEPdetection by integrating both fundamental and harmonic frequency elements. The appli-

cation of TRCA-based spatial filters resulted in a notable superiority over the extended CCA-based approach concerning both classification

accuracy and ITR. The study used these two algorithms to classify SSVEP signals for all subjects in the dataset for 12 targets in 5 paradigms to

analyze the effect of the different designs of the paradigms on the results. EEG data from all 9 electrode channels were used as input signals

for filter bank analysis.

Figure 12 shows the average accuracy and average ITR of all 24 subjects for FBCCA, TRCA algorithms under 5 paradigms and different

data lengths, respectively. In terms of parameterization of the algorithms, the number of FBCCA filter banks is 5 and up to the 3rd harmonic

is analyzed. TRCA algorithm also uses 5 filter banks for the sub-band decomposition.
A

8.0 Hz

B

8.5 Hz

C

9.0 Hz
D

9.5 Hz

E

10.0 Hz

F

12.0 Hz

Figure 7. Amplitude spectra of the six targets in Paradigm 1

(A–F) Except for the one at 8 Hz, distinct peak amplitudes can be observed at both the fundamental frequency and the first harmonic frequency. The values of the

peak amplitudes at the SSVEP frequencies of the six targets are relatively similar.
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A

8.0 Hz

B

8.5 Hz

C

9.0 Hz
D

9.5 Hz

E

10.0 Hz

F

12.0 Hz

Figure 8. Amplitude spectra of the six targets in Paradigm 2

(A–F) The peaks of all six targets can be observed at the position of the first harmonic of the SSVEP frequency, but the peaks are not obvious. The values of the

peak amplitude of the SSVEP frequency were relatively similar for all six targets.
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Comparing the performance of FBCCA with TRCA for the five paradigms, it is found that the recognition accuracy and ITR under different

paradigms conforms to the following trend: Paradigm 1 z Paradigm 4 > Paradigm 5 z Paradigm 3 > Paradigm 2. Paradigm 1, the widely

adopted paradigm for common SSVEP datasets, showed more similar results to the other datasets with regularly arranged stimuli when

they were analyzed for performance. And Paradigm 4 was ordered more irregularly based on Paradigm 1, but demonstrated performance
A

8.0 Hz

B

8.5 Hz

C

9.0 Hz
D

9.5 Hz

E

10.0 Hz

F

12.0 Hz

Figure 9. Amplitude spectra of the six targets in Paradigm 3

(A–F) Peaks are observed at the fundamental and first harmonic frequency positions for all six targets. For the four targets, 8.0 Hz, 8.5 Hz, 9.0 Hz, and 9.5 Hz, which

had decreasing stimulus square sizes, the amplitude of the SSVEP frequency conformed to the trend of decreasing with decreasing stimulus size, and the peaks

became less pronounced. For the three targets with the same stimulus size of 8.0 Hz, 10.0 Hz, and 12.0 Hz, the peak amplitudes of their SSVEP frequencies were

more similar.
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A

8.0 Hz

B

8.5 Hz

C

9.0 Hz
D

9.5 Hz

E

10.0 Hz

F

12.0 Hz

Figure 10. Amplitude spectra of the six targets in Paradigm 4

(A–F) Obvious peak amplitudes can be observed at both the fundamental and the first harmonic for all six targets. The peak amplitudes are relatively similar for all

six targets. Compared with Paradigm 1, the peak amplitude values at the SSVEP frequency are relatively similar for both.
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similar to it. Paradigm 2 largely reduces the size of the stimulus from 2143 214 pixel points to 503 50 pixel points based on Paradigm 1, and

the analysis shows that this paradigm has less satisfactory results. Paradigm 3 and Paradigm 5, 2 paradigms with different stimulus sizes under

the same stimulation paradigm, both show lower performance than Paradigm 1 and Paradigm 4, but the FBCCA, TRCA results under

different stimulation times prove that the paradigm is still usable and their performance can be improved through algorithmic improvements.
A

8.0 Hz

B

8.5 Hz

C

9.0 Hz
D

9.5 Hz

E

10.0 Hz

F

12.0 Hz

Figure 11. Amplitude spectra of the six targets in Paradigm 5

(A–F) All six targets observe peaks at the fundamental and first harmonic frequency positions. For the four targets, 8.0 Hz, 8.5 Hz, 9.0 Hz, and 9.5 Hz, which have the

same stimulus square size and more similar peak amplitudes, the peaks are clearly observed at both the fundamental and first harmonic frequency locations. For

the three targets with decreasing stimulus sizes, 8.0 Hz, 10.0 Hz, and 12.0 Hz, their peak amplitude values at the SSVEP frequency also tend to a decrease with

decreasing stimulus size, and their peak frequency become less pronounced compared to the other frequencies.
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A

Accuracy of FBCCAmethod

B

Accuracy of TRCAmethod

ITR of FBCCAmethod ITR of TRCAmethod

C D

Figure 12. Cross-sectional comparison of accuracy and ITR of five paradigms using FBCCA method and TRCA method

(A–D) Accuracy and ITR for all 5 paradigms both show the trend: Paradigm 1 z Paradigm 4 > Paradigm 5 z Paradigm 3 > Paradigm 2.
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Cross-sectional comparison results show that different paradigms are designed to perform differently and that similar paradigms have similar

performance.

Evaluating FBCCA and TRCA method

The dataset also has the capability to analyze the performance of the algorithms. Here we use FBCCA and TRCA methods to show how the

dataset can be used.

The impact of time on accuracy and ITR: Figure 13 shows that the accuracy of both FBCCA and TRCA increases with increasing data length

in all five SSVEPparadigms. Comparing FBCCAwith TRCA, the accuracy of TRCA fromParadigm1 to Paradigm5 is higher than that of FBCCA

at the moments before 1 s. The recognition accuracy of TRCA algorithm is better than that of FBCCAmethod in a short period of time (<1 s).

For FBCCA algorithm, with a data length of 4s, Figure 13A shows Paradigm 1 can achieve a classification accuracy of 91.32%, Paradigm 2 only

49.52%, Paradigm 3 79.99%, Paradigm 4 90.84%, followed by Paradigm 5 79.08%, respectively. As for TRCA algorithm, Paradigm 1 to Para-

digm 5 can achieve 78.43%, 32.81%, 64.54%, 78.82%, and 64.11% accuracy in the case of 4 s, respectively.

Figure 14 shows the variation of ITR over time. Except for Paradigm 2, the ITR of the remaining four paradigms significantly increased and

the ITR of Paradigm 2 increases slightly with accuracy over time. TRCAmethod showed superior ITR to FBCCAmethod for shorter stimulation

duration (<1 s). In the study, a 2-s sight transfer time was considered in the ITR calculation. Under the five SSVEP paradigms, TRCA method

showed superior ITR to FBCCAmethod for shorter stimulation. Figure 12 shows the ITR of FBCCAmethod for Paradigms 1 through 5 peaked

at moments of 2.0 s, 4.0 s, 2.8 s, 2.0 s, 2.4 s and were able to achieve 38.18, 12.35, 26.43, 39.14, and 27.29 bits/min, respectively. While TRCA

method peaks at 1.6 s, 2.8 s, 2.4 s, 1.6 s, and 1.6 s moments, and is able to achieve 28.75, 5.22, 17.89, 30.82, and 18.87 bits/min, respectively.

The influence of sub-bands number and time on accuracy: Since both FBCCAand TRCAdecompose the data into sub-bands,7,8 Figures 15

and 16 show the accuracy and ITR of FBCCA and TRCA for five paradigms under the number of sub-bands of 3, 4, and 5, respectively, and the

length of the data of 4 s and 2 s. The results show that the number of sub-bands of FBCCA algorithm and TRCA algorithm are not better with a

larger number of sub-bands.

For FBCCA algorithm, under the stimulation duration of 4 s, the accuracy and ITR of Paradigm 1 decreasedwith the increase of the number

of sub-bands; the accuracy and ITR of Paradigm 2 and Paradigm 5 increased with the increase of the number of sub-bands; the accuracy of

Paradigm 3 and Paradigm 4 was less affected by the change of the number of sub-bands, while the ITR of Paradigm 3 increased with the

increase of the number of sub-bands and that of Paradigm 4 was highest under the number of 4 sub-bands.

At a stimulation duration of 2 s, Paradigm 1, Paradigm 2, and Paradigm 4 had the highest accuracy at a number of 4 sub-bands, while the

accuracy of Paradigm2 and Paradigm5 increasedwith the number of sub-bands. In TRCAmethod, for two different stimulation duration of 4 s

and 2 s, the accuracy of the 5 paradigms with ITR decreases with increasing number of sub-bands.
10 iScience 27, 111030, November 15, 2024
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Paradigm 3
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D E

Figure 13. Accuracy of FBCCA and TRCA methods over time

(A–E) Under the five SSVEP paradigms, the accuracy of both FBCCA and TRCA increases with increasing data length in all five SSVEP paradigms. The recognition

accuracy of TRCA algorithm is better than that of FBCCA method in a short period of time (<1 s). The error bars indicate standard errors.
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DISCUSSION

The present study provides the dataset used to study SSVEP-based BCIs that were encoded for stimuli using the JFPMmethod. Unlike other

datasets, the proposed dataset was acquired using a wireless EEG signaling device to record 9-channel SSVEP signals in the occipital region,

capturing five 12-target stimulation paradigms with different stimulus sizes and arrangements: (1) Paradigm 1: The squares are of the same

size, with large square dimensions and regular arrangement. (2) Paradigm 2: The squares are of the same size, with small square dimensions

and regular arrangement. (3) Paradigm 3: The squares are decreasing in size by columns and regularly arranged. (4) Paradigm 4: The squares
A

Paradigm 1

B

Paradigm 2

C

Paradigm 3
D

Paradigm 4

E

Paradigm 5

Figure 14. ITR of FBCCA and TRCA methods over time

(A–E) Except for Paradigm 2, the ITR of the remaining four paradigms significantly increased and the ITR of Paradigm 2 increases slightly with accuracy over time.

TRCA method shows superior ITR to FBCCA method for shorter stimulation duration (<1 s). The error bars indicate standard errors.
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A

FBCCA accuracy of 4 s data length

B

TRCA accuracy of 4 s data length

C

FBCCA accuracy of 2 s data length

D

TRCA accuracy of 2 s data length

Figure 15. Accuracy of FBCCA and TRCA under sub-bands number of 3, 4, 5 for 5 paradigms with data length of 4 s and 2 s respectively

(A) FBCCA result of 4 s data length.

(B) TRCA result of 4 s data length.

(C) FBCCA result of 2 s data length.

(D) TRCA result of 2 s data length.
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are of the same size, with large square dimensions and irregular arrangement. (5) Paradigm 5: The squares are irregularly arranged in

decreasing size by row. The dataset collected using these five paradigms can be used to study the effect of stimulus size and arrangement

on the EEG signal in the stimulation paradigm. Designers can improve the algorithms based on the two factors of ‘‘stimulus size’’ and ‘‘stim-

ulus arrangement’’ and test the performance of the algorithms with the help of this dataset. This study demonstrates the usability of the data-

set in terms of amplitude-frequency analysis, paradigm analysis, and classification algorithm analysis.

After processing the data using the FFT, the results showed that significant peak amplitudes were observed at the fundamental and first

harmonic positions in all five paradigms, especially at the first harmonic. The amplitudes of the fundamental and harmonic components

decreased as the response frequency increased. The value of the peak amplitude of the SSVEP decreased with the decrease in the size of

the stimulus. The results in the amplitude spectra demonstrate that the EEG data from all subjects in this dataset possess SSVEP properties.

FBCCA and TRCA algorithms were used for cross-sectional evaluation of the paradigms. Under the same feature recognition algorithm,

the comparison between different paradigms shows that the differences in paradigm design have different performance, and similar para-

digms have similar performance. It indicates that MP dataset can be used tomeasure and compare the performance of algorithms, especially

helpful for improving the algorithms that consider ‘‘stimulus size’’ and ‘‘stimulus arrangement’’.

FBCCA and TRCA methods are used to explore the effect of time and number of sub-bands on the recognition results. It demonstrates

that this dataset also has the capability to analyze the performance of the algorithms.

Under the five SSVEP paradigms, the accuracy of both FBCCA and TRCA increases with the data length. The ITR peaks at 2.0 s, 4.0 s, 2.8 s,

2.0 s, and 2.4 s moments for FBCCAmethod in Paradigm 1 to Paradigm 5, and for TRCAmethod at 1.6 s, 2.8 s, 2.4 s, 1.6 s, and 1.6 s moments.

TRCA accuracy of Paradigm 1 to Paradigm 5 was higher than that of FBCCA at moments before 0.8 s, 1.2 s, 0.8 s, 0.8 s, 0.8 s, 0.8 s, and 0.8 s,

respectively. TRCA method showed superior recognition accuracy than FBCCA method for shorter stimulation duration. Coherently, ITR of

TRCA method was higher than that of the FBCCA method in the same period.

Limitations of the study

There is potential for further enhancement in this dataset. First, SSVEP paradigms with a larger number of targets could be designed, in which

there are more diverse settings for stimulus size and arrangement. Second, more subjects could be recruited for the experiment to obtain a

wide sample of data. In addition, other details of the paradigm can be explored to study the impact on the systemperformance. For example,

similarly shaped letters in the BCI speller, such as ‘‘m’’ and ‘‘n’’, may cause the subjects to make errors during the free spelling process if their

stimuli are set too close to each other.
12 iScience 27, 111030, November 15, 2024



A

FBCCA ITR of 4 s data length

B

TRCA ITR of 4 s data length

C

FBCCA ITR of 2 s data length

D

TRCA ITR of 2 s data length

Figure 16. ITR of FBCCA and TRCA under sub-bands number of 3, 4, 5 for 5 paradigms with data length of 4 s and 2 s respectively

(A) FBCCA result of 4 s data length.

(B) TRCA result of 4 s data length.

(C) FBCCA result of 2 s data length.

(D) TRCA result of 2 s data length.
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In addition, the current paradigm-based frequency stimulation is prone to cause eye fatigue of subjects, and later work are planned in the

direction of SSPVEP (steady-state peripheral visual evoked potential) and MCVEP (multi-color visual evoked potential) to improve comfort of

BCI user. The collected data mode is single EEG, and the Neurahub device can also collect EOG, EMG, ECG, blood oxygen, and heart rate;

the subsequent data collection will supplement the data of these physiological modes.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

MP Dataset This paper GitHub: https://github.com/MULT-SA-SSVEP-Paradigm.

Software and algorithms

MATLAB R2023b The Mathworks, Natick, MA, USA https://www.mathworks.com/products/matlab.html

EEGLAB Delorme and Makeig https://sccn.ucsd.edu/eeglab/index.php

Original code This paper GitHub:https://github.com/MULT-SA-SSVEP-Paradigm

Other

Neurahub Neuracle http://www.neuracle.cn/productinfo/1643986.html

DELL Latitude 5430 DELL https://www.dell.com/en-us/shop/dell-laptops/

latitude-5430-laptop/spd/latitude-5430-laptop
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants

24 healthy subjects with normal or corrected-to-normal vision participated in the experiment (22 young adults aged 19-23 years, 2 middle-

aged adults aged 44 and 46 years, and 5 females, all Chinese). Of all subjects, 2 had experience with SSVEP-based BCI spellers in our previous

study, and the other 22 subjects were new to SSVEP-based BCI spellers. Each participant was asked to read and sign an informed consent

form before the experiment. This study was approved by the Research Ethics Committee of Shanghai Universi.

METHOD DETAILS

Stimulation presentation

The present study was designed as an offline BCI experiment using a 12-target BCI speller. It is commonly recognized that brain-computer

interface (BCI) paradigms with more than four targets are considered complex.

The objective of this research is to analyze the effects of different stimulus sizes and arrangements within BCI systems on user interaction

and system response. The five stimulation paradigms have different stimulus sizes and arrangements, and all are 3 3 4 stimulus matrices in

terms of their general structure. The stimuli were displayed on an LCD internal display of size 14.1 inches (brand ‘‘DELL Latitude 5430", res-

olution 192031080 pixels, refresh rate 60 Hz,max luminance 250nits).

The stimuli are all shaped as squares with a red dot in the center of the square, making it easy for the user to gaze at the stimulus square.

The experiment also had separate characters for each stimulus, located in the lower left corner of the stimulus, in order from left to right and

top to bottom: a, e, i, o, u, s, h, m, n, g, l, v, the size of the characters was 753 75 pixels square, and the color of the characters was black. The

specific designs of the 5 paradigms are as follows:

(1) Paradigm1: The squares are of the same size, with large square dimensions and regular arrangement. The sides of the stimulus squares

are 216 pixel dots long, and the stimulus squares are regularly spaced with the same spacing between rows and columns.

(2) Paradigm2: The squares are of the same size, with small square dimensions and regular arrangement. The sides of the stimulus squares

are 50 pixel dots long. The stimulus squares are regularly spaced with the same spacing from row to row and column to column.

(3) Paradigm 3: The squares are decreasing in size by columns and regularly arranged. The side lengths of the stimulus squares are set to

275, 200, 150, and 50 pixel dots, respectively. The stimulus squares are arranged in a regular pattern, with the same spacing between

columns and the same distance between rows, and the distance between rows decreasing as the stimulus squares increased, but the

centers of the stimulus squares are located at the same horizontal line, and the distance between the horizontal lines of the two rows is

the same.

(4) Paradigm 4: The squares are of the same size, with large square dimensions and irregular arrangement. The stimulus square side

length is set to 216 pixel dots. The stimulus squares are presented in amore irregular position, with each stimulus square having varying

spacing relative to neighboring stimulus squares.

(5) Paradigm 5: The squares are irregularly arranged in decreasing size by row. The side lengths of the stimulus squares are set to 300, 150,

and 70 pixel dots, respectively. Stimulus squares are presented in a more irregular position, with each stimulus square having a

different spacing relative to neighboring stimulus squares.

The stimulation program was developed using Psychophysics Toolbox Ver. 3 (PTB-3) under MATLAB (MathWorks, Inc.).
16 iScience 27, 111030, November 15, 2024
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Experimental design

The experimental environment was a dimly lit (light intensity of approximately 10 Lux), noiseless room. Subjects were required to sit comfort-

ably in a chair at an eye distance of 60 cm from the screen in which the stimulation were presented.

The experiment required subjects to complete an offline prompted spelling task using a BCI speller. The flow of the experiment is con-

sisted of 5 paradigms of the task, each containing 8 blocks, and each block containing 12 trials corresponding to all 12 characters indicated in

random order. The duration of each trail was 8 s, and the stimulation presentation process was divided into 3 steps:

(1) Visual Cue: Before the arrival of the stimulation, a cue red dot was displayed on the screen for 2 s to assist with the cuing, which was

used to prompt the user where to look when the next round of stimulation was displayed, corresponding to the red dot in the center of

the stimulus;

(2) Stimulation Presentation: At the end of the cuing time, all stimuli started to flash for 4 s, and subjects were required to gaze at the

stimulus corresponding to the cued red dot appeared in Visual Cue period at this time;

(3) Rest: after the stimulation presentation, there was a 2 s rest period, at which time the screen was grayed out and the countdown to the

next stimulus was displayed in the upper right.

After the 8 blocks of each paradigm, subjects were given 8 minutes to rest.

Data acquisition

In this system, the device used for EEG signal acquisition was a NeuroHUB from Neuracle (Neuracle, Inc.), which acquired EEG signals at a

sampling rate of 1000 Hz. The placement of electrodes followed the extended 10-20 system, and the experiments selected nine electrodes in

the occipital region, namely Pz, PO5, Oz, O1, PO3, O2, PO4, POz and PO6 (ordered according to the number of the channels in the dataset).

Besides, the electrodes were placed in the CPz and AFz positions as reference and ground. During the recording process, all the electrode

resistance were kept below 10 kU. Stimulation events were generated by the stimulation program and were recorded on the event channel

synchronized with the EEG data.

In the preparation stage before the experiment, the subjects were required to wash their scalp andwear a wet electrode EEG signal acqui-

sition cap. The electrode channels were injectedwith conductive paste to acquire the EEG signals in a non-invasivemanner. Then the principle

of SSVEP, the style of the five stimulation paradigms used in the experiment were introduced, and the first block of Paradigm 1 was played to

make the subjects understand the experiment. Subjects were also told to avoid blinking during the 5-second stimulation duration and tomini-

mize thinking about other things as much as possible.

Data preprocessing

Data epochs were extracted from the recorded continuous EEG signals based on the stimulation response from the event channel. For each

trial, data for the stimulation presentation period of 4 s were extracted. In order to reduce the storage and computational cost, all epochs are

downsampled to 250 Hz11. For the raw EEG data, an EEGLAB was used applying a 50 Hz FIR notch filter to remove the power line noise, and

data epochs were extracted from the filtered continuous data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Amplitude-frequency analysis

In order to assess the signal quality of the dataset, this study analyzed the SSVEP feature of all subjects under the experiments of Paradigm1 to

Paradigm5. In the targets selected for the analysis, all targets in the first row and columnof the 33 4 stimulus array were selected, totaling 6, at

the following frequencies: 8 Hz, 8.5 Hz, 9 Hz, 9.5 Hz, 10 Hz, and 12 Hz. The amplitude spectra were obtained by band-pass filtering the EEG

data of all subjects between 7 Hz and 70 Hz, averaging the data over 8 blocks for a specific target in a specific paradigm, and finally applying

the fast Fourier transform (FFT). The results show that the SSVEP features in the EEG signals in this dataset are identifiable.

Evaluation of paradigms using FBCCA and TRCA method

Filter bank canonical correlation analysis (FBCCA) and task-related component analysis (TRCA) were two commonly used algorithms for

SSVEP classification. FBCCAaims to enhance SSVEPdetection by integrating both fundamental and harmonic frequency elements. The appli-

cation of TRCA-based spatial filters resulted in a notable superiority over the extended CCA-based approach concerning both classification

accuracy and ITR. The study used these two algorithms to classify SSVEP signals for all subjects in the dataset for 12 targets in 5 paradigms to

analyze the effect of the different designs of the paradigms on the results. EEG data from all 9 electrode channels were used as input signals

for filter bank analysis.

In terms of parameterization of the algorithms, the number of FBCCA filter banks is 5 and up to the 3rd harmonic is analyzed. TRCA al-

gorithm also uses 5 filter banks for the sub-band decomposition.

Evaluating FBCCA and TRCA method

The dataset also has the capability to analyze the performance of the algorithms. Here we use FBCCA and TRCA methods to show how the

dataset can be used.
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