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Hand movement recognition using brain signals (EEG) and muscle signals (EMG) is one of the
central topics in neuroscience and biomedical engineering and has many applications in areas
such as neural prosthesis control, brain-computer interfaces (BCI), and rehabilitation of patients
with motor disorders. Accurate and rapid identification of hand movements can help improve
the quality of life of individuals with motor disabilities and plays an essential role in the
development of intelligent motor control systems. In this research, a novel approach for hand
movement recognition based on EEG and EMG signals and the use of deep neural networks is
presented. In this method, by employing signal preprocessing steps, nonlinear feature extraction,
and classification based on neural networks, the accuracy and speed of recognition have been
improved. In addition, the concept of coherence relationship between EEG and EMG signals has
been used to analyze the functional connection between brain and muscle. Evaluating changes
in the coherence relationship between high-density EEG and EMG signal connections has
provided more accurate recognition of hand movements. The experimental results show that the
proposed method has higher accuracy compared to existing methods. The use of a deep
convolutional neural network (CNN) along with the analysis of coherence relationships between
signals has significantly increased the accuracy of hand movement recognition; quantitative
evaluations show that the model on the training, test, and total data provides stable and reliable
performance with AUC values of 0.987, 0.919, and 0.971, and R? coefficients of 0.9956, 0.9803,
and 0.9679, respectively.
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Extended Abstract
Introduction

Hand movement recognition using brain signals (EEG) and muscle signals (EMG) is one of the
central topics in neuroscience and biomedical engineering, with extensive applications in neural prosthesis
control, brain-computer interfaces (BCI), and rehabilitation of patients with motor disorders. Accurate and
rapid identification of hand movements can improve the quality of life for individuals with motor
disabilities and plays an essential role in developing intelligent motor control systems. Despite significant
advances, most previous studies have either relied on independent features of each channel, neglecting the
interactive network of channels, or have used linear regression models that are limited when dealing with
noisy, nonlinear, and multivariate data. On the other hand, proposed neural networks in the literature (such
as VGG-based models and transformers) are often very heavy and challenging for real-time applications.
To address these limitations, the present study proposes a novel and lightweight framework for hand
movement recognition. Instead of using raw signal values, a coherence connectivity matrix between pairs
of channels (EEG-EMG and EMG-EMG) is computed. This matrix is extracted as a two-dimensional
image representing the frequency connectivity map of muscles and brain. Then, this matrix is fed as input
to a simplified convolutional neural network (CNN) consisting of three convolution layers and two fully
connected layers. The aim of this research is to demonstrate that replacing complex causality computations
with coherence relationship extraction and a lightweight CNN can significantly reduce the computational
burden of the model while maintaining or improving recognition accuracy.

Methods and Materials

The proposed research method consists of four main stages: (1) signal preprocessing, (2) coherence
connectivity matrix computation, (3) forming an image dataset from the matrices, and (4) classification
using a convolutional neural network (CNN).

Signal Preprocessing: Raw recorded EEG and EMG signals first undergo a series of preprocessing
operations. These include band-pass filtering to remove low-frequency noise (such as movement artifacts)
and high-frequency noise (such as power line noise); the suitable frequency range for EMG signals is
typically between 20 and 500 Hz, and for EEG signals depending on the desired frequency bands (e.g.,
alpha, beta). Normalization is performed to scale the amplitude of signals recorded from different channels
to a standard range (e.g., -1 to 1). Segmentation divides continuous time signals into shorter overlapping
segments using a sliding window; each segment or window constitutes one data sample for subsequent
analyses.

Coherence Connectivity Matrix Computation: For each time window of preprocessed signals, a
square matrix called the "coherence matrix" is computed. This matrix shows the functional connectivity
between every pair of signal channels (EEG-EMG, EMG-EMG) in the frequency domain. The
mathematical steps include: short-time Fourier transform to obtain frequency representations X(f) and
Y (f); computation of power spectral density (PSD) for each signal; computation of cross power spectral
density (CPSD) between two signals; and finally, computation of magnitude-squared coherence between
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of available channels (e.g., N channels), a symmetric NxN matrix is formed, where element (i,j) indicates
the coherence between channel i and channel j. This matrix is considered as a single-channel image.

Convolutional Neural Network Architecture: The computed coherence matrices are used as input
to a CNN for classifying hand movement type. The proposed architecture is a simplified and lightweight
version of common models such as VGG, designed to reduce computational load. The overall structure
includes: input layer (coherence matrix with dimensions NxNx1); three convolution layers with small
filters (e.g., 3x3) for extracting spatial features from the connectivity map, followed by ReL U activation
after each convolution layer; five max-pooling layers to reduce the dimensions of feature maps and
increase model robustness to small shifts in patterns; and two fully connected layers at the end of the
network that map extracted features to the movement class space.

Dataset and Evaluation Setup: The input signal database used in this research includes
simultaneous recording of brain signals (EEG) and muscle signals (EMG) from 5 different participants.
The experimental scenario includes three types of hand movements: flexion, extension, and fist clenching,
each recorded in two separate repetitions per individual. For each record, four channels of data were
collected, including one EEG channel from electrode C3 and three EMG channels from hand muscles
(ECR, ECU, and EMG). Signals were recorded at a sampling frequency of fs=1000 Hz and passed through
a band-pass filter in the frequency range of 20 to 450 Hz to remove unwanted noise. In the proposed
method, filtered data were segmented using sliding time windows with a length of 256 samples and 128
samples overlap. Then, coherence matrices between all channel pairs were computed, and a 4x4 matrix
was obtained for each window, which was fed as input (in the form of two-dimensional images) to the
neural network. The data were divided into 80% training and 20% testing with a random seed of 42 for
reproducibility. The CNN architecture included: input layer (4x4x1), convolution layer 1 (8 filters, 3x3
kernel, same padding), pooling layer 1 (2x2 window, stride 2), convolution layer 2 (16 filters, 3x3 kernel),
fully connected layer 1 (32 neurons), and fully connected layer 2 (3 neurons for three-class output). The
Adam optimizer was used with an initial learning rate of 0.01, and the number of epochs was 30.

Findings

The results of applying the model to training, test, and total datasets are summarized. Quantitative
evaluation of the proposed CNN in training and testing stages showed: for training data, accuracy=0.9970,
sensitivity=0.9968, specificity=0.9985, RMSE=0.0545, R2=0.9956; for test data, accuracy=0.9901,
sensitivity=0.9855, specificity=0.9934, RMSE=0.1091, R2=0.9803; and for total data, accuracy=0.9928,
sensitivity=0.9929, specificity=0.9964, RMSE=0.1463, R2=0.9679. The confusion matrices showed that
in the training set, values of 117, 106, and 112 on the main diagonal indicate very high accuracy in
identifying all three classes, with only minor errors between classes. In the test set, values of 33, 32, and
28 on the main diagonal indicate appropriate generalization capability. The confusion matrix for all data
showed values of 140, 140 on the main diagonal, indicating the model maintained its stability even after
merging training and test data. The ROC curve analysis showed AUC values of 0.987 for training data,
0.919 for test data, and 0.971 for all data. The scatter plots of true versus predicted values showed that
most data points are concentrated near the diagonal line, indicating high prediction accuracy. The R?
coefficients for training, test, and total data were 0.9956, 0.9803, and 0.9679, respectively, indicating very
high correlation between actual and predicted values. Comparison with previous studies showed that while
improved coherence estimation led to classification accuracy of about 83.50% in those works, the present



method using coherence matrices and deep CNN architecture achieved much higher AUC and R2 values,
demonstrating that the two-dimensional coherence representation and deep learning significantly enhance
the model's ability to discriminate movement classes.

Conclusion

In this research, a novel method for processing and analyzing data (with emphasis on noise
reduction, movement artifacts, and execution time) was presented, and its performance was evaluated on
a set of real data. Experimental results showed that the proposed algorithm outperforms conventional
methods in terms of accuracy, sensitivity, specificity, and area under the ROC curve, while its
computational complexity is such that the total system execution time is significantly reduced. Achieving
recognition accuracy of about 99% indicates that the model has high discriminatory power and can
significantly reduce the probability of diagnostic error in practical scenarios. Analysis of ROC curves,
scatter plots, and results on training, test, and total datasets showed that the proposed method has
appropriate stability and acceptable resistance to data variations and possible noise. This is particularly
important in sensitive applications where diagnostic errors can have serious consequences. The
combination of high accuracy with noise and movement artifact reduction suggests that the proposed
approach can help improve the quality of monitoring and decision-making in systems based on this type
of data. Based on the obtained results, it is suggested that future research test the proposed algorithm on
larger and more diverse datasets in terms of recording conditions, noise type, and statistical population to
more comprehensively evaluate its generalizability. Also, combining this method with other deep learning
techniques or advanced feature extraction methods can be used to further reduce execution time and
computational resources while maintaining or increasing recognition accuracy. Developing a real-time
version of this algorithm for implementation in practical systems and portable devices is another suggested
path for future work. Finally, it is recommended that model interpretability aspects be considered so that,
in addition to accuracy and efficiency, more analysis and trust of domain experts in system outputs can be
provided.
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