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�<�b�d�h�j�b�k�l�Z�g�g�y���f�_�l�h�^�•�\���f�Z�r�b�g�g�h�]�h���g�Z�\�q�Z�g�g�y�����^�h�a�\�h�e�y�}���a�g�Z�q�g�h���i�•�^�\�b�s�b�l�b���_�n�_�d�l�b�\��
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�\�^�y�d�b�� �\�b�d�h�j�b�k�l�Z�g�g�x�� �\�� �j�•�a�g�b�o�� �i�j�h�]�j�Z�f�Z�o�� �i�j�h�]�g�h�a�m�\�Z�g�g�y���� �G�Z�i�j�b�d�e�Z�^���� �f�g�h�`�b�g�g�•�� �e�•�g�•�c�g�•��
�j�_�]�j�_�k�•�€�� �f�h�`�g�Z�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b�� �^�e�y�� �a�g�Z�o�h�^�`�_�g�g�y�� �a�\�
�y�a�d�m�� �f�•�`�� �a�f�•�g�g�b�f�b�� �l�Z���� �h�k�h�[�e�b�\�h����
�^�e�y���h�p�•�g�d�b���k�i�h�`�b�\�Z�g�g�y���_�g�_�j�]�•�€���>�����@�� 
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�I�j�h�p�_�k���f�h�^�_�e�x�\�Z�g�g�y���i�h�q�b�g�Z�}�� �i�j�h�p�_�^�m�j�Z���j�h�a�i�h�^�•�e�m���g�Z�[�h�j�m���^�Z�g�b�o���g�Z���^�\�•�� �\�b�[�•�j�d�b����
�l�j�_�g�m�\�Z�e�v�g�m���•�� �l�_�k�l�h�\�m���� �P�•�� �\�b�[�•�j�d�b���\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y���\�� �f�h�^�m�e�y�o���j�h�a�j�h�[�d�b���[�Z�a�h�\�b�o���i�j�h��
�]�g�h�a�g�b�o���f�h�^�_�e�_�c���•���\���f�h�^�m�e�•���h�p�•�g�d�b���y�d�h�k�l�•���p�b�o���f�h�^�_�e�_�c�����D�j�Z�s�•���i�j�h�]�g�h�a�g�•���f�h�^�_�e�•���\�b�d�h�j�b��
�k�l�h�\�m�x�l�v�k�y���i�•�^�k�b�k�l�_�f�h�x���i�j�h�]�g�h�a�m�\�Z�g�g�y�����K�i�h�q�Z�l�d�m���n�h�j�f�m�x�l�v�k�y���i�j�h�]�g�h�a�b���g�Z���h�k�g�h�\�•���[�Z��
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�k�•�x���^�Z�g�b�o�������K�_�a�h�g�g�•�k�l�v���i�h�f�•�l�g�h���\�Z�j�•�x�}���m���q�Z�k�•�����s�h���i�h�\�l�h�j�x�}�l�v�k�y���d�h�`�_�g���l�b�`�^�_�g�v�����Z�e�_ � �̂b��
�k�i�_�j�k�•�y���a�g�Z�q�_�g�v���k�_�a�h�g�g�h�k�l�•���^�h�\�h�e�•���g�b�a�v�d�Z�����:�g�Z�e�•�a���Z�\�l�h�d�h�j�_�e�y�p�•�€���^�Z�g�b�o���\�b�y�\�b�\���i�h�f�•�j�g�b�c��
�a�\�
�y�a�h�d���f�•�`���a�g�Z�q�_�g�g�y�f�b���q�Z�k�h�\�h�]�h���j�y�^�m���g�Z���\�k�•�o���^�_�\�
�y�l�b���a�k�m�\�Z�o�����K�l�m�i�•�g�v���a�\�
�y�a�d�m���f�•�`���q�Z�k�h��
�\�b�f���j�y�^�h�f���l�Z���c�h�]�h���a�k�m�g�m�l�b�f�b���d�h�i�•�y�f�b���d�•�e�v�d�•�k�g�h���i�j�h�Z�g�Z�e�•�a�h�\�Z�g�h���a�Z���^�h�i�h�f�h�]�h�x���]�j�Z�n�•�d�•�\��
�$�&�)�� �l�Z�� �3�$�&�)���� �A�g�Z�q�_�g�g�y�� �$�&�)�� �i�h�k�l�m�i�h�\�h�� �a�f�_�g�r�m�x�l�v�k�y�� �a�•�� �a�[�•�e�v�r�_�g�g�y�f�� �e�Z�]�m���� �Z�e�_�� �a�Z�l�m��
�o�Z�g�g�y �\�•�^�[�m�\�Z�}�l�v�k�y���i�h�\�•�e�v�g�h�����P�_���k�\�•�^�q�b�l�v���i�j�h���g�Z�y�\�g�•�k�l�v���l�j�_�g�^�m���\���q�Z�k�h�\�h�f�m���j�y�^�•�����K�l�Z�l�b��
�k�l�b�q�g�•���l�_�k�l�b���>�Z�j�[�•�g�Z-�M�h�l�k�h�g�Z���l�Z���;�j�h�c�r�Z-�=�h�l�n�j�•���g�Z���g�Z�y�\�g�•�k�l�v���Z�\�l�h�d�h�j�_�e�y�p�•�€���i�•�^�l�\�_�j�^�b��
�e�b���€�€���•�k�g�m�\�Z�g�g�y���� 
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�g�•�c�g�h�k�l�•�� �i�j�h�p�_�k�m���� �y�d�•�c�� �^�h�k�e�•�^�`�m�\�Z�\�k�y���� �L�_�k�l�b�� �>�•�d�•-�N�m�e�e�_�j�Z���� �.�3�6�6�� �l�Z�� �l�_�k�l�� �N�•�e�•�i�k�Z-
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�I�•�^�]�h�l�h�\�e�_�g�b�c�� �^�e�y�� �f�h�^�_�e�x�\�Z�g�g�y�� �g�Z�[�•�j�� �^�Z�g�b�o�� �[�m�e�h�� �i�h�^�•�e�_�g�h�� �m�� �k�i�•�\�\�•�^�g�h�r�_�g�g�•��
���������������L�Z�d�b�f���q�b�g�h�f�����������k�i�h�k�l�_�j�_�`�_�g�v���[�m�e�h���\�b�^�•�e�_�g�h���y�d���g�Z�\�q�Z�e�v�g�m���\�b�[�•�j�d�m�����y�d�Z���i�•�^�]�h�l�h��
�\�e�_�g�Z�� �^�e�y�� �g�Z�\�q�Z�g�g�y�� �f�h�^�_�e�_�c�� �l�Z�� �Z�g�Z�e�•�a�m�� �€�o�� �Z�^�_�d�\�Z�l�g�h�k�l�•���� �:�� ������ �k�i�h�k�l�_�j�_�`�_�g�v�� �[�m�e�h�� �a�Z�e�b��
�r�_�g�h���y�d���l�_�k�l�h�\�m���\�b�[�•�j�d�m�����i�j�b�a�g�Z�q�_�g�m���^�e�y���i�_�j�_�\�•�j�d�b���y�d�h�k�l�•���[�Z�a�h�\�b�o���i�j�h�]�g�h�a�g�b�o���f�h�^�_�e�_�c����
�L�Z�d�b�c���i�•�^�o�•�^���^�h�a�\�h�e�y�}���m�g�b�d�g�m�l�b���i�_�j�_�g�Z�\�q�Z�g�g�y���� �d�h�e�b���f�h�^�_�e�v���i�h�d�Z�a�m�}���\�b�k�h�d�•�� �j�_�a�m�e�v�l�Z�l�b��
�g�Z���g�Z�\�q�Z�e�v�g�b�o���^�Z�g�b�o�����Z�e�_���i�h�]�Z�g�h���i�j�Z�p�x�}���g�Z���g�h�\�b�o�����g�_�\�•�^�h�f�b�o���^�Z�g�b�o�� 

�Y�d���h�k�g�h�\�g�•���i�j�h�]�g�h�a�g�•���f�h�^�_�e�•���[�m�e�b���j�h�a�]�e�y�g�m�l�•���f�h�^�_�e�•���$�5�,�0�$���6�$�5�,�0�$�����f�h�^�_�e�•���_�d��
�k�i�h�g�_�g�p�•�c�g�h�]�h�� �a�]�e�Z�^�`�m�\�Z�g�g�y���� �j�_�]�j�_�k�•�c�g�•�� �g�_�c�j�h�f�_�j�_�`�_�\�•�� �f�h�^�_�e�•�� �l�Z�� �%�6�7�6�� �f�h�^�_�e�•�� �>�e�y��
�d�h�`�g�h�€���f�h�^�_�e�•���[�m�e�h���i�•�^�•�[�j�Z�g�h���k�l�j�m�d�l�m�j�m���l�Z���a�g�Z�c�^�_�g�h���i�Z�j�Z�f�_�l�j�b�����i�j�b���y�d�b�o���f�h�^�_�e�•���f�Z�e�b��
�g�Z�c�d�j�Z�s�•�� �i�h�d�Z�a�g�b�d�b�� �y�d�h�k�l�•�� �i�_�j�_�^�[�Z�q�_�g�v�� �g�Z�� �l�_�k�l�h�\�h�f�m�� �g�Z�[�h�j�•�� �^�Z�g�b�o���� �=�j�Z�n�•�q�g�_�� �i�h�^�Z�g�g�y��
�j�_�a�m�e�v�l�Z�l�•�\���f�h�^�_�e�x�\�Z�g�g�y���l�Z���i�j�h�]�g�h�a�m�\�Z�g�g�y���a���\�b�d�h�j�b�k�l�Z�g�g�y�f���[�Z�a�h�\�b�o���i�j�h�]�g�h�a�g�b�o���f�h�^�_��
�e�_�c���i�j�_�^�k�l�Z�\�e�_�g�h���g�Z���j�b�k�m�g�d�m���������>�e�y���d�h�`�g�h�€���f�h�^�_�e�•���]�j�Z�n�•�d�b���^�_�f�h�g�k�l�j�m�x�l�v���i�j�h�]�g�h�a�m�\�Z�g��
�g�y�� �e�b�r�_�� �l�_�k�l�h�\�h�€�� �q�Z�k�l�b�g�b�� �q�Z�k�h�\�h�]�h�� �j�y�^�m���� �M�� �l�Z�[�e�b�p�•�� ���� �i�h�^�Z�g�h�� �a�g�Z�q�_�g�g�y�� �f�_�l�j�b�d�� �y�d�h�k�l�•��
�i�j�h�]�g�h�a�•�\���i�•�k�e�y���g�Z�\�q�Z�g�g�y���l�Z���l�_�k�l�m�\�Z�g�g�y���d�h�`�g�h�€���a���[�Z�a�h�\�b�o���i�j�h�]�g�h�a�g�b�o���f�h�^�_�e�_�c�� 

 
�J�b�k�m�g�h�d�������± �=�j�Z�n�•�d�b���n�Z�d�l�b�q�g�b�o���h�[�k�y�]�•�\���f�h�`�e�b�\�h�€���a�Z�i�j�Z�\�d�b���^�b�a�_�e�v�g�b�f���i�Z�e�b�\�h�f��

�^�e�y���l�Z�g�d�Z���‹�������g�Z���l�_�k�l�h�\�h�€���\�b�[�•�j�p�•���l�Z���i�j�h�]�g�h�a�b���a���\�b�d�h�j�b�k�l�Z�g�g�y�f���g�Z�c�d�j�Z�s�b�o���f�h�^�_�e�_�c��
�i�j�h�]�g�h�a�m�\�Z�g�g�y 
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�L�Z�[�e�b�p�y���� 
�L�Z�[�e�b�p�y���h�p�•�g�h�d���y�d�h�k�l�•���i�j�h�]�g�h�a�m���^�e�y���l�_�k�l�h�\�h�€���\�b�[�•�j�d�b���g�Z���h�k�g�h�\�•���g�Z�c�d�j�Z�s�b�o���f�h�^�_�e�_�c 

�‹  �L�b�i�b���f�h�^�_�e�_�c 
�F�_�l�j�b�d�b���y�d�h�k�l�•���i�j�h�]�g�h�a�•�\ 

MSE RMSE MAE 

1 
�F�h�^�_�e�v���%�6�7�6�����e�h�d�Z�e�v�g�b�c���j�•�\�_�g�v������
�l�j�_�g�^�������l�b�`�g�_�\�Z���k�_�a�h�g�g�•�k�l�v) 

1,3343 1,1551 1,0594 

2 
�F�h�^�_�e�v���_�d�k�i�h�g�_�g�p�•�c�g�h�]�h���a�]�e�Z�^�`�m�\�Z�g�g�y 
(�f�h�^�_�e�v���O�h�e�v�l�Z) 

1,5666 1,2517 0,9637 

3 ARIMA (0,1,4)(1,0,0)[7] 3,5024 1,8715 1,6171 

4 NNAR (25,25,k)[7], Max_it=1500 11,4945 3,3904 2,8733 

�G�Z�c�d�j�Z�s�•���i�h�d�Z�a�g�b�d�b���i�h���f�_�l�j�b�d�Z�f���y�d�h�k�l�•���h�l�j�b�f�Z�g�h���i�h�����%�6�7�6���f�h�^�_�e�•�����p�_���i�j�h�^�_�f�h�g��
�k�l�j�h�\�Z�g�h���•���g�Z���j�b�k���������•���i�h���l�Z�[�e�b�p�•���������:�e�_���\���a�\�¶�y�a�d�m���a�•�����k�d�e�Z�^�g�•�k�l�x���i�j�h�p�_�k�m�����y�d�•�c���^�h�k�e�•�^�`�m��
�\�Z�\�k�y�����[�m�e�Z���i�h�l�j�_�[�Z���k�d�h�j�b�k�l�Z�l�b�k�v���i�•�^�o�h�^�Z�f�b���i�h���i�h�d�j�Z�s�_�g�g�x���y�d�h�k�l�•���i�j�h�]�g�h�a�•�\�����L�h�f�m���[�m��
�e�b�� �\�b�d�h�j�b�k�l�Z�g�•�� ���� �f�_�l�h�^�•�\�� �d�h�f�[�•�g�m�\�Z�g�g�y�� �i�j�h�]�g�h�a�g�b�o�� �a�g�Z�q�_�g�v���� �f�_�l�h�^�� �i�j�h�k�l�h�]�h�� �m�k�_�j�_�^��
�g�_�g�g�y���� �f�_�^�•�Z�g�g�b�c�� �f�_�l�h�^���� �f�_�l�h�^�� �f�•�g�•�f�Z�e�v�g�h�€�� �^�b�k�i�_�j�k�•�€���� �f�_�l�h�^�� �h�[�_�j�g�_�g�h�]�h�� �j�Z�g�]�m���� �f�_�l�h�^��
�i�h�[�m�^�h�\�b���j�_�]�j�_�k�•�c�g�h�€���f�h�^�_�e�•���a���d�h�_�n�•�p�•�}�g�l�Z�f�b���i�•�^�•�[�j�Z�g�b�f�b���f�_�l�h�^�h�f���g�Z�c�f�_�g�r�b�o���d�\�Z�^�j�Z��
�l�•�\���� �f�_�l�h�^�� �i�h�[�m�^�h�\�b�� �j�_�]�j�_�k�•�c�g�h�€�� �f�h�^�_�e�•�� �a�� �d�h�_�n�•�p�•�}�g�l�Z�f�b�� �i�•�^�•�[�j�Z�g�b�f�b�� �f�_�l�h�^�h�f�� �g�Z�c��
�f�_�g�r�h�]�h���Z�[�k�h�e�x�l�g�h�]�h���\�•�^�o�b�e�_�g�g�y���•���f�_�l�h�^���d�h�f�[�•�g�m�\�Z�g�g�y�����d�•�e�v�d�h�o���j�_�]�j�_�k�•�c�g�b�o���f�h�^�_�e�_�c����
�M�� �l�Z�[�e�b�p�•�� ���� �i�j�_�^�k�l�Z�\�e�_�g�h�� �a�g�Z�q�_�g�g�y�� �f�_�l�j�b�d�� �y�d�h�k�l�•�� �i�j�h�]�g�h�a�•�\�� �i�•�k�e�y�� �d�h�f�[�•�g�m�\�Z�g�g�y�� �i�j�h��
�]�g�h�a�g�b�o���a�g�Z�q�_�g�v���[�Z�a�h�\�b�o���i�j�h�]�g�h�a�g�b�o���f�h�^�_�e�_�c�� 

�L�Z�[�e�b�p�y���� 
�H�p�•�g�d�b���l�h�q�g�h�k�l�•���i�j�h�]�g�h�a�m���r�e�y�o�h�f���d�h�f�[�•�g�Z�p�•�€���i�j�h�]�g�h�a�g�b�o���a�g�Z�q�_�g�v�� 

�^�e�y���g�Z�c�d�j�Z�s�b�o���[�Z�a�h�\�b�o���f�h�^�_�e�_�c 

�‹  
�L�b�i�b���f�h�^�_�e�_�c���d�h�f�[�•�g�m�\�Z�g�g�y���i�j�h�]�g�h�a�g�b�o��

�a�g�Z�q�_�g�v 

�F�_�l�j�b�d�b���y�d�h�k�l�•���i�j�h�]�g�h�a�•�\ 

MSE RMSE MAE 

1 �F�h�^�_�e�v���i�j�h�k�l�h�]�h���m�k�_�j�_�^�g�_�g�g�y 4,4347 2,1059 1,7710 

2 �F�_�^�•�Z�g�g�Z���f�h�^�_�e�v 3,3955 1,8427 1,5612 

3 �F�h�^�_�e�v���f�_�l�h�^�m���f�•�g�•�f�Z�e�v�g�h�€���^�b�k�i�_�j�k�•�€ 2,4205 1,5558 1,2558 

4 �F�h�^�_�e�v���f�_�l�h�^�m���a�\�h�j�h�l�g�h�]�h���j�Z�g�]�m 0,8535 0,9238 0,6858 

5 
�J�_�]�j�_�k�•�c�g�Z���f�h�^�_�e�v���a���d�h�_�n�•�p�•�}�g�l�Z�f�b�����i�•�^�•�[��
�j�Z�g�b�f�b���f�_�l�h�^�h�f���g�Z�c�f�_�g�r�b�o���d�\�Z�^�j�Z�l�•�\ 

3,0357 1,7423 1,4338 

6 
�J�_�]�j�_�k�•�c�g�Z���f�h�^�_�e�v���a���d�h�_�n�•�p�•�}�g�l�Z�f�b�����\�b�[��
�j�Z�g�b�f�b���f�_�l�h�^�h�f���g�Z�c�f�_�g�r�h�]�h���Z�[�k�h�e�x�l��
�g�h�]�h���\�•�^�o�b�e�_�g�g�y 

0,7938 0,8910 0,7434 

7 
�F�h�^�_�e�v�����s�h���[�Z�a�m�}�l�v�k�y���g�Z���d�h�f�[�•�g�Z�p�•�€���d�•��
�e�v�d�h�o���j�_�]�j�_�k�•�c�g�b�o���f�h�^�_�e�_�c 

0,8250 0, 9083 0,7858 
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�<���j�_�a�m�e�v�l�Z�l�•���i�h�j�•�\�g�y�g�g�y���f�_�l�j�b�d���y�d�h�k�l�•���i�j�h�]�g�h�a�•�\���a���l�Z�[�e�b�p�v�������•�������f�h�`�g�Z���i�h�[�Z�q�b�l�b����
�s�h���l�j�b���a���k�_�f�b�����f�_�l�h�^�•�\���d�h�f�[�•�g�m�\�Z�g�g�y���^�_�f�h�g�k�l�j�m�x�l�v���i�h�d�j�Z�s�_�g�g�y���y�d�h�k�l�•���i�j�h�]�g�h�a�•�\���\���i�h��
�j�•�\�g�y�g�g�•�� �a�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �i�h�� �%�6�7�6�� �f�h�^�_�e�•���� �P�_�� �j�_�a�m�e�v�l�Z�l�b�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �f�_�l�h�^�m�� �h�[�_�j�g�_��
�g�h�]�h���j�Z�g�]�m�����f�_�l�h�^�m���g�Z���h�k�g�h�\�•���j�_�]�j�_�k�•�c�g�h�€���f�h�^�_�e�•���a���d�h�_�n�•�p�•�}�g�l�Z�f�b���i�•�^�•�[�j�Z�g�b�f�b���f�_�l�h�^�h�f��
�g�Z�c�f�_�g�r�h�]�h���Z�[�k�h�e�x�l�g�h�]�h���\�•�^�o�b�e�_�g�g�y���•���f�_�l�h�^�m���d�h�f�[�•�g�m�\�Z�g�g�y���d�•�e�v�d�h�o���j�_�]�j�_�k�•�c�g�b�o���f�h�^�_��
�e�_�c���� 

�=�j�Z�n�•�d�� �a�Z�e�b�r�d�•�\�� �l�Z�� �^�•�Z�]�g�h�k�l�b�q�g�_�� �l�_�k�l�m�\�Z�g�g�y�� �g�Z�� �h�k�g�h�\�•�� �f�h�^�_�e�•�� �d�h�f�[�•�g�m�\�Z�g�g�y�� �i�j�h��
�]�g�h�a�•�\���^�h�^�Z�l�d�h�\�h���i�•�^�l�\�_�j�^�`�m�x�l�v���y�d�•�k�l�v���f�h�^�_�e�•���l�h�f�m�����s�h���f�h�^�_�e�v���i�_�j�_�\�•�j�_�g�Z���g�Z���g�Z�y�\�g�•�k�l�v��
�Z�\�l�h�d�h�j�_�e�y�p�•�€�� �\�� �a�Z�e�b�r�d�Z�o�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �l�_�k�l�m�� �;�h�d�k�Z-�E�x�g�]�Z���� �l�Z�� �]�_�l�_�j�h�k�d�_�^�Z�k�l�b�q�g�h�k�l�•����
�G�h�j�f�Z�e�v�g�•�k�l�v���j�h�a�i�h�^�•�e�m���a�Z�e�b�r�d�•�\���i�•�^�l�\�_�j�^�`�_�g�h���a�Z���^�h�i�h�f�h�]�h�x���l�_�k�l�m���R�Z�i�•�j�h-�<�•�e�d�Z�� 

�A�Z���^�h�i�h�f�h�]�h�x���h�i�b�k�Z�g�b�o���i�j�h�p�_�^�m�j�� �a�^�•�c�k�g�x�}�l�v�k�y���i�j�h�]�g�h�a�m�\�Z�g�g�y���h�[�¶�}�f�•�\�� �f�h�`�e�b�\�h��
�]�h���g�Z�i�h�\�g�_�g�g�y���•�g�r�b�o���l�Z�g�d�•�\���k�m�^�g�h�\�h�€���k�b�k�l�_�f�b���a�[�_�j�•�]�Z�g�g�y���i�Z�e�b�\�Z�������I�j�h�]�g�h�a�m�\�Z�g�g�y���a�^�•�c�k��
�g�x�}�l�v�k�y���^�e�y���d�h�`�g�h�]�h���l�Z�g�d�m���i�h���j�_�a�m�e�v�l�Z�l�Z�f���c�h�]�h���f�h�g�•�l�h�j�b�g�]�m�� 

�>�e�y���i�•�^�\�b�s�_�g�g�y���_�n�_�d�l�b�\�g�h�k�l�•���_�d�k�i�e�m�Z�l�Z�p�•�€���}�f�g�h�k�l�_�c���\���k�b�k�l�_�f�Z�o���a�[�_�j�•�]�Z�g�g�y���i�Z�e�b��
�\�Z���\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y���h�p�•�g�d�Z���i�h�l�j�_�[���\���i�Z�e�b�\�•���i�h���Z�]�j�_�]�h�\�Z�g�b�f���i�h�d�Z�a�g�b�d�Z�f�����h�d�j�_�f�h���i�h���l�b��
�i�Z�f�� �i�Z�e�b�\�Z�� ���^�b�a�_�e�v�g�h�f�m�� �i�Z�e�b�\�m�� �l�Z�� �f�Z�a�m�l�m������ �I�h�k�e�•�^�h�\�g�•�k�l�v�� �d�j�h�d�•�\�� �^�e�y�� �h�l�j�b�f�Z�g�g�y�� �i�j�h��
�]�g�h�a�•�\�� �i�h�� �Z�]�j�_�]�h�\�Z�g�b�f�� �i�h�d�Z�a�g�b�d�Z�f�� �i�h�\�g�•�k�l�x�� �\�•�^�i�h�\�•�^�Z�}�� �j�h�a�j�h�[�e�_�g�h�€�� �k�l�j�m�d�l�m�j�•�� �•�g�l�_�e�_�d��
�l�m�Z�e�v�g�h�€���k�b�k�l�_�f�b���i�j�h�]�g�h�a�m�\�Z�g�g�y���I�F�F�����j�b�k�������� 

�<�b�k�g�h�\�d�b�����M�� �k�l�Z�l�l�•�� �j�h�a�]�e�y�g�m�l�h�� �i�j�h�]�g�h�a�m�\�Z�g�g�y�� �g�Z�� �h�k�g�h�\�•�� �f�_�l�h�^�•�\�� �f�Z�r�b�g�g�h�]�h�� �g�Z��
�\�q�Z�g�g�y�� �^�e�y�� �k�b�k�l�_�f�� �f�h�g�•�l�h�j�b�g�]�m�� �i�Z�e�b�\�Z�� �g�Z�� �k�m�^�g�•���� �1�g�n�h�j�f�Z�p�•�c�g�Z�� �k�b�k�l�_�f�Z�� �k�d�e�Z�^�Z�}�l�v�k�y�� �a��
�l�Z�d�b�o���i�•�^�k�b�k�l�_�f�����i�•�^�k�b�k�l�_�f�Z���a�[�h�j�m���l�Z���a�[�_�j�•�]�Z�g�g�y���•�g�n�h�j�f�Z�p�•�€�����i�•�^�k�b�k�l�_�f�Z���i�•�^�]�h�l�h�\�d�b���^�Z��
�g�b�o�����i�•�^�k�b�k�l�_�f�Z���Z�g�Z�e�•�a�m���l�Z���i�h�i�_�j�_�^�g�v�h�€���h�[�j�h�[�d�b���^�Z�g�b�o�����i�•�^�k�b�k�l�_�f�Z���f�h�^�_�e�x�\�Z�g�g�y���l�Z���i�•�^��
�k�b�k�l�_�f�Z���i�j�h�]�g�h�a�m�\�Z�g�g�y���� 

�M���i�•�^�k�b�k�l�_�f�•���i�j�h�]�g�h�a�m�\�Z�g�g�y���•�g�n�h�j�f�Z�p�•�c�g�h�€���k�b�k�l�_�f�b���j�_�Z�e�•�a�h�\�Z�g�h���f�h�^�m�e�v���i�h�[�m�^�h�\�b��
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Intelligent system for predicting parameters of fuel and lubricants. 
The article considers an intelligent forecasting system for monitoring fuel volumes on a 

ship. The system solves the following monitoring tasks: data analysis and evaluation, model 
building and forecasting values for decision-making. The information system consists of the 
following subsystems: information collection and storage subsystem, data preparation subsys-
tem, data analysis and pre-processing subsystem, modelling subsystem and forecasting sub-
system. The forecasting subsystem provides a forecast value combination module, which im-
plements seven different methods of combining forecast values. In most cases, combination 
helps to improve the quality of forecasts. The experimental part of the study considers the 
problem of predicting the volumes of possible filling of fuel storage systems based on a report 
on regular data collection on the level and amount of fuel in the tanks on a ship. The follow-
ing machine learning methods were used for forecasting: ARIMA/SARIMA models, exponen-
tial smoothing, regression neural network models and BSTS models. The quality assessment 
of the obtained forecast values was carried out using the following quality metrics: MAE, 
MSE, RMSE. The information system allows you to obtain high-quality fuel quantity forecasts 
for tanks of various types, as well as generalized indicators. 

Keywords: Intelligent forecasting system, machine learning methods, fuel monitoring, 
combining forecast values. 
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�l�Z�d�l�m�� �j�h�a�]�e�y�^�Z�}�l�v�k�y�� �[�_�a�� �l�_�j�l�y���� �i�j�b���p�_�g�l�j�Z�e�v�g�h�� �i�j�b�d�e�Z�^�_�g�h�f�m�� �g�Z�\�Z�g�l�Z�`�_�g�g�•�� �\�a�^�h�\�`�� �h�k�•��
�k�b�f�_�l�j�•�€���� �s�h�� �\�•�^�i�h�\�•�^�Z�}�� �j�_�`�b�f�m�� �h�k�v�h�\�h�]�h�� �k�l�b�k�d�m�� �r�l�Z�f�i�Z���� �I�h�i�_�j�_�q�g�b�c�� �i�_�j�_�j�•�a�� �r�l�Z�f�i�Z��
�f�Z�}���^�\�h�a�\�¶�y�a�g�m���n�h�j�f�m�����A�Z�^�Z�q�m���^�h�k�e�•�^�`�_�g�g�y���• �\�•�a�m�Z�e�•�a�Z�p�•�€���j�_�a�m�e�v�l�Z�l�•�\���l�j�_�[�Z���\�b�d�h�g�Z�l�b���^�e�y��
�r�l�Z�f�i�•�\�� �m���n�h�j�f�•���d�j�m�]�h�\�h�]�h���d�•�e�v�p�y�����_�e�•�i�l�b�q�g�h�]�h���d�•�e�v�p�y���•���d�•�e�v�p�y���h�[�f�_�`�_�g�h�]�h���^�\�h�f�Z���d�h�g��
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�i�Z�j�Z�f�_�l�j�b�� �l�Z�� �m�f�h�\�b�� �a�Z�^�Z�q�•���� �>�Z�e�•�� �m�� �k�_�j�_�^�h�\�b�s�•�� �$�Q�V�\�V�� �n�h�j�f�m�}�l�v�k�y�� �k�d�•�g�q�_�g�g�h-�_�e�_�f�_�g�l�g�Z 
�f�h�^�_�e�v�����s�h���\�d�e�x�q�Z�}���i�h�[�m�^�h�\�m���]�_�h�f�_�l�j�•�€�����a�Z�^�Z�g�g�y���f�Z�l�_�j�•�Z�e�v�g�b�o���\�e�Z�k�l�b�\�h�k�l�_�c�����g�Z�e�Z�r�l�m��
�\�Z�g�g�y�� �d�h�g�l�Z�d�l�g�b�o�� �m�f�h�\�� �•�� �^�b�k�d�j�_�l�b�a�Z�p�•�x�� �^�h�k�e�•�^�`�m�\�Z�g�h�€�� �a�h�g�b���� �I�•�k�e�y�� �p�v�h�]�h�� �\�k�l�Z�g�h�\�e�x��
�x�l�v�k�y���]�j�Z�g�b�q�g�•���m�f�h�\�b���l�Z���g�Z�\�Z�g�l�Z�`�_�g�g�y�����Z���m���\�b�i�Z�^�d�m���g�_�^�h�k�l�Z�l�g�v�h�€���l�h�q�g�h�k�l�•���\�b�d�h�g�m�}�l�v�k�y��
�m�l�h�q�g�_�g�Z���^�b�k�d�j�_�l�b�a�Z�p�•�y�����J�_�a�m�e�v�l�Z�l�b���q�b�k�_�e�v�g�h�]�h���j�h�a�\�¶�y�a�Z�g�g�y���i�_�j�_�\�•�j�y�x�l�v�k�y���g�Z���a�[�•�`�g�•�k�l�v��
�l�Z�� �i�h�j�•�\�g�x�x�l�v�k�y�� �a�� �\�•�^�h�f�b�f�b�� �j�•�r�_�g�g�y�f�b���� �M�� �j�Z�a�•�� �j�h�a�[�•�`�g�h�k�l�_�c�� �i�Z�j�Z�f�_�l�j�b�� �f�h�^�_�e�•�� �d�h�j�b��
�]�m�x�l�v�k�y�����H�l�j�b�f�Z�g�•���^�Z�g�•���]�h�l�m�x�l�v�k�y���^�h���i�h�^�Z�e�v�r�h�€���h�[�j�h�[�d�b���r�e�y�o�h�f���n�•�e�v�l�j�Z�p�•�€�����\�b�^�Z�e�_�g�g�y��
�g�_�j�_�e�_�\�Z�g�l�g�h�€�� �•�g�n�h�j�f�Z�p�•�€�� �l�Z�� �_�d�k�i�h�j�l�m�� �m�� �n�h�j�f�Z�l�� �(�[�F�H�O���� �i�•�k�e�y�� �q�h�]�h�� �\�h�g�b�� �i�_�j�_�^�Z�x�l�v�k�y�� �m��
�k�_�j�_�^�h�\�b�s�_�� �0�$�7�/�$�%���� �G�Z�� �g�Z�k�l�m�i�g�h�f�m�� �_�l�Z�i�•�� �a�^�•�c�k�g�x�}�l�v�k�y�� �•�g�l�_�j�i�h�e�y�p�•�y�� �a�� �g�_�h�[�o�•�^�g�h�x��
�l�h�q�g�•�k�l�x�� �l�Z�� �i�_�j�_�\�•�j�d�Z�� �^�Z�g�b�o�� �g�Z�� �g�Z�y�\�g�•�k�l�v�� �r�m�f�•�\�� �q�b�� �Z�g�h�f�Z�e�•�c���� �M�� �j�Z�a�•�� �i�h�l�j�_�[�b�� �a�Z�k�l�h�k�h��
�\�m�x�l�v�k�y���i�j�h�p�_�^�m�j�b���a�]�e�Z�^�`�m�\�Z�g�g�y�����i�•�k�e�y���q�h�]�h���i�j�h�\�h�^�b�l�v�k�y���\�•�a�m�Z�e�•�a�Z�p�•�y�� 

�A�Z�\�_�j�r�Z�e�v�g�b�f�� �d�j�h�d�h�f�� �}�� �h�l�j�b�f�Z�g�g�y���i�h�\�g�h�€���d�Z�j�l�b�g�b���d�h�g�l�Z�d�l�g�h�€���\�a�Z�}�f�h�^�•�€���� �i�j�b�^�Z�l��
�g�h�€�� �^�e�y�� �i�h�^�Z�e�v�r�h�]�h�� �Z�g�Z�e�•�a�m�� �l�Z�� �•�g�l�_�j�i�j�_�l�Z�p�•�€���� �L�Z�d�b�f�� �q�b�g�h�f���� �g�Z�\�_�^�_�g�b�c�� �Z�e�]�h�j�b�l�f�� �m�� �\�b��
�]�e�y�^�•�� �[�e�h�d-�k�o�_�f�b�� �\�•�^�h�[�j�Z�`�Z�}�� �i�h�\�g�m�� �i�h�k�e�•�^�h�\�g�•�k�l�v�� �^�•�c���± �\�•�^�� �f�Z�l�_�f�Z�l�b�q�g�h�€�� �i�h�k�l�Z�g�h�\�d�b��
�a�Z�^�Z�q�•���l�Z���i�h�[�m�^�h�\�b���k�d�•�g�q�_�g�g�h-�_�e�_�f�_�g�l�g�h�€���f�h�^�_�e�•���^�h���_�d�k�i�h�j�l�m���j�_�a�m�e�v�l�Z�l�•�\���•���€�o�g�v�h�€���h�[�j�h�[��
�d�b���m���k�_�j�_�^�h�\�b�s�•���0�$�7�/�$�%�����>�e�y���i�j�Z�d�l�b�q�g�h�€���j�_�Z�e�•�a�Z�p�•�€���p�v�h�]�h���i�•�^�o�h�^�m���Z�\�l�h�j�Z�f�b���[�m�e�h���j�h��
�a�j�h�[�e�_�g�h���g�b�a�d�m���i�j�h�]�j�Z�f�g�b�o���n�j�Z�]�f�_�g�l�•�\���d�h�^�m�����y�d�•���a�Z�[�_�a�i�_�q�m�x�l�v���Z�\�l�h�f�Z�l�b�a�Z�p�•�x �h�[�j�h�[�d�b����
�•�g�l�_�j�i�h�e�y�p�•�x���l�Z���i�h�^�Z�e�v�r�m���\�•�a�m�Z�e�•�a�Z�p�•�x���j�_�a�m�e�v�l�Z�l�•�\�� 
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�J�b�k�m�g�h�d 1 - �:�e�]�h�j�b�l�f���f�h�^�_�e�x�\�Z�g�g�y���a�Z�^�Z�q�•���d�h�g�l�Z�d�l�g�h�€���\�a�Z�}�f�h�^�•�€ 
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�G�b�`�q�_�� �g�Z�\�_�^�_�g�h�� �i�j�b�d�e�Z�^�b�� �h�d�j�_�f�b�o�� �n�j�Z�]�f�_�g�l�•�\�� �d�h�^�m�� �•�a�� �i�h�y�k�g�_�g�g�y�f�� �€�o�� �n�m�g�d�p�•�h��
�g�Z�e�v�g�h�]�h�� �i�j�b�a�g�Z�q�_�g�g�y���� �K�i�h�q�Z�l�d�m�� �i�j�h�]�j�Z�f�Z�� �a�^�•�c�k�g�x�}�� �•�f�i�h�j�l�� �•���i�•�^�]�h�l�h�\�d�m�� �^�Z�g�b�o���� �h�l�j�b��
�f�Z�g�b�o���a�Z���^�h�i�h�f�h�]�h�x���i�j�h�]�j�Z�f�g�h�]�h���d�h�f�i�e�_�d�k�m���$�Q�V�\�V�����^�e�y���i�h�^�Z�e�v�r�h�€���h�[�j�h�[�d�b�� 

clearvars; clc;  
filePath = 'B: \ Aspi rant \ Data \ Circle.xlsx';  
raw = readm atrix(filePath, 'Range','A:C');  
X = raw(:,1);  Y = raw(:,2);  Z = raw(:,3);  

 
�G�b�`�q�_���i�j�_�^�k�l�Z�\�e�_�g�h���n�j�Z�]�f�_�g�l�b���i�j�h�]�j�Z�f�g�h�]�h���d�h�^�m�����i�j�b�a�g�Z�q�_�g�•���^�e�y���i�h�[�m�^�h�\�b�����'- i 

3D-�\�•�a�m�Z�e�•�a�Z�p�•�€���h�[�j�h�[�e�_�g�b�o���^�Z�g�b�o���m���j�•�a�g�b�o���n�h�j�f�Z�l�Z�o�� 
1. 3D-�\�•�a�m�Z�e�•�a�Z�p�•�y�� �a�Z�[�_�a�i�_�q�m�}�� �p�•�e�•�k�g�_�� �m�y�\�e�_�g�g�y�� �i�j�h�� �i�j�h�k�l�h�j�h�\�b�c�� �\�b�]�e�y�^�� �i�h�e�y��

�l�b�k�d�•�\�� �Z�[�h���^�_�n�h�j�f�Z�p�•�c���� �k�i�j�b�y�x�q�b���•�g�l�m�€�l�b�\�g�h�f�m�� �Z�g�Z�e�•�a�m���n�h�j�f�b���d�h�g�l�Z�d�l�g�h�€���a�h�g�b���� �]�e�b�[�b��
�g�b���\�l�b�k�g�_�g�g�y�����k�b�f�_�l�j�•�€���l�Z���j�h�a�i�h�^�•�e�m���i�h���h�[�¶�}�f�m�� 

subplot(2,2,1);  
surf(Xq, Yq, - Zf1, 'EdgeColor','none');  
view(3); axis vis3d; grid off; xticks([]); yticks([]); 

zticks([]);  
xlabel('X \ rightarrow'); ylabel('Y \ rightarrow'); zlabel('Z 

\ downarrow');  
ti tle('3D - �h�]�e�y�^�
���� 

2. 2D-�\�•�a�m�Z�e�•�a�Z�p�•�y���± �^�e�y���i�e�h�s�b�g�b��OXZ: 
subplot(2,2,2);  
surf(Xq, Yq, - Zf1, 'EdgeColor','none');  
view(0,0); axis vis3d; grid off; xticks([]); yticks([]); 

zticks([]);  
xlabel('X \ rightarrow'); ylabel('Y \ rightarrow'); zlabel('Z 

\ downarrow');  
title ( (X )');  

3. 2D-�\�•�a�m�Z�e�•�a�Z�p�•�y���± �^�e�y���i�e�h�s�b�g�b��OYZ: 
subplot(2,2,3);  
surf(Xq, Yq, - Zf1, 'EdgeColor','none');  
view(90,0); axis vis3d; grid off; xticks([]); yticks([]); 

zticks([]);  
xlabel('X \ rightarrow'); ylabel('Y \ rightarrow'); zlabel('Z 

\ downarrow');  
title ���
�;�h�d�h�\�b�c���\�b�]�e�y�^����Y)');  

4. 2D-�\�•�a�m�Z�e�•�a�Z�p�•�y���± �^�e�y���i�e�h�s�b�g�b��OXY.  
subplot(2,2,4);  
surf(Xq, Yq, - Zf1, 'EdgeColor','none');  
view(0,90); axis vis3d; grid off; xticks([]); yticks([]); 

zticks([]);  
xlabel('X \ rightarrow'); ylabel('Y \ rightarrow'); zlabel('Z 

\ downarrow');  
ti �W�O�H���
�<�b�]�e�y�^���a�]�h�j�b�
���� 
exportgraphics(f2, [name '_3D.png'], 'Resolution', 300);  
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�J�b�k�m�g�h�d��2 - �J�h�a�i�h�^�•�e���g�h�j�f�Z�e�v�g�h�]�h���l�b�k�d�m���i�•�^���d�j�m�]�h�\�b�f���d�•�e�v�p�_�\�b�f���r�l�Z�f�i�h�f��r1/r2=0.3 

 
�;�m�e�h�� �j�h�a�]�e�y�g�m�l�h�� �d�h�g�l�Z�d�l�g�•�� �a�Z�^�Z�q�•���� �s�h�� �h�i�b�k�m�x�l�v�� �i�j�h�p�_�k�� �\�^�Z�\�e�x�\�Z�g�g�y�� �Z�[�k�h�e�x�l�g�h��

�`�h�j�k�l�d�h�]�h�� �p�b�e�•�g�^�j�b�q�g�h�]�h�� �r�l�Z�f�i�m�� �a�� �i�e�h�k�d�h�x�� �h�k�g�h�\�h�x�� �m�� �h�^�g�h�j�•�^�g�b�c���•�a�h�l�j�h�i�g�b�c�� �i�j�m�`��
�g�b�c���i�•�\�i�j�h�k�l�•�j���� 

�<�a�Z�}�f�h�^�•�y���m���a�h�g�•���d�h�g�l�Z�d�l�m���\�•�^�[�m�\�Z�e�Z�k�v���[�_�a���l�_�j�l�y�����Z���g�Z�\�Z�g�l�Z�`�_�g�g�y���[�m�e�h���i�j�b�d�e�Z�^�_�g�_��
�p�_�g�l�j�Z�e�v�g�h���� �l�h�[�l�h�� �m�a�^�h�\�`�� �h�k�•�� �k�b�f�_�l�j�•�€�� �r�l�Z�f�i�m���� �I�h�i�_�j�_�q�g�b�c�� �i�_�j�_�j�•�a�� �r�l�Z�f�i�Z�� �a�Z�c�f�Z�\��
�^�\�h�a�\�¶�y�a�g�m�� �n�h�j�f�m���� �A�Z�^�Z�q�•�� �^�h�k�e�•�^�`�_�g�g�y�� �•�� �\�•�a�m�Z�e�•�a�Z�p�•�€�� �j�_�a�m�e�v�l�Z�l�•�\�� �[�m�e�h�� �\�b�d�h�g�Z�g�h�� �^�e�y��
�r�l�Z�f�i�•�\�� �m���n�h�j�f�•���d�j�m�]�h�\�h�]�h���d�•�e�v�p�y�����_�e�•�i�l�b�q�g�h�]�h���d�•�e�v�p�y���•���d�•�e�v�p�y���h�[�f�_�`�_�g�h�]�h���^�\�h�f�Z���d�h�g��
�p�_�g�l�j�b�q�g�b�f�b���d�j�b�\�b�f�b���m���n�h�j�f�•���k�b�f�_�l�j�b�q�g�h���a�^�_�n�h�j�f�h�\�Z�g�b�o���_�e�•�i�k�•�\�� 

�>�e�y���\�b�i�Z�^�d�m���r�l�Z�f�i�m���m���n�h�j�f�•���d�j�m�]�h�\�h�]�h���d�•�e�v�p�y���j�h�a�i�h�^�•�e���g�h�j�f�Z�e�v�g�h�]�h���l�b�k�d�m���i�j�_�^��
�k�l�Z�\�e�_�g�h�� �g�Z�� �j�b�k���� ������ �M�� �i�h�e�y�j�g�•�c�� �k�b�k�l�_�f�•�� �d�h�h�j�^�b�g�Z�l�� �j�•�\�g�y�g�g�y�� �]�j�Z�g�b�p�•�� �m�� �a�Z�]�Z�e�v�g�h�f�m�� �\�b��

�]�e�y�^�•���[�m�^�_���i�j�b�c�f�Z�l�b���\�b�]�e�y�^��1=r1 �l�Z��2=r2, r1<r2. 

�>�e�y���r�l�Z�f�i�Z�� �m���n�h�j�f�•���_�e�•�i�l�b�q�g�h�]�h���d�•�e�v�p�y���j�h�a�i�h�^�•�e���g�h�j�f�Z�e�v�g�h�]�h���l�b�k�d�m���i�j�_�^�k�l�Z�\�e�_��
�g�h���g�Z���j�b�k�������� 
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�J�b�k�m�g�h�d���� - �J�h�a�i�h�^�•�e���g�h�j�f�Z�e�v�g�h�]�h���l�b�k�d�m���i�•�^���_�e�•�i�l�b�q�g�b�f���d�•�e�v�p�_�\�b�f���r�l�Z�f�i�h�f 

�����_�d�k�_�g�l�j�b�k�b�l�_�l���-� ������ 

 
�Y�d�s�h�� �i�j�b�c�g�y�l�b�� �n�h�d�m�k�� �_�e�•�i�k�Z�� �a�Z�� �i�h�e�x�k���� �Z�� �\�_�e�b�d�m�� �\�•�k�v���± �a�Z�� �i�h�e�y�j�g�m�� �\�•�k�v���� �l�h�� �c�h�]�h��

�j�•�\�g�y�g�g�y���\���i�h�e�y�j�g�b�o���d�h�h�j�^�b�g�Z�l�Z�o���f�Z�l�b�f�_���\�b�]�e�y�^ 

 

 

 
�± �n�h�d�Z�e�v�g�•�c�����i�Z�j�Z�f�_�l�j�b���� - �_�d�k�p�_�g�l�j�b�k�b�l�_�l���_�e�•�i�k�•�\�����± �i�h�e�y�j�g�b�c���j�Z�^�•�m�k, < 

, < , < . 

�>�e�y�� �r�l�Z�f�i�Z�� �m�� �n�h�j�f�•�� �d�•�e�v�p�y�� �h�[�f�_�`�_�g�h�]�h�� �k�b�f�_�l�j�b�q�g�h�� �a�^�_�n�h�j�f�h�\�Z�g�b�f�b�� �_�e�•�i�k�Z�f�b����
�j�h�a�i�h�^�•�e���g�h�j�f�Z�e�v�g�h�]�h���l�b�k�d�m���i�j�_�^�k�l�Z�\�e�_�g�h���g�Z���j�b�k�������� 
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�J�b�k�m�g�h�d���� -  �J�h�a�i�h�^�•�e���g�h�j�f�Z�e�v�g�h�]�h���l�b�k�d�m���i�•�^���n�h�j�f�•���k�b�f�_�l�j�b�q�g�h���a�^�_�n�h�j�f�h�\�Z�g�b�f�b��
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Numerical Investigation of the Contact Interaction of Complex-Shaped Bodies Using 
Integrated Computational Platforms 

The paper presents an approach to solving problems of numerical modeling of the con-
tact interaction between rigid cylindrical punches and an elastic half-space, which combines 
the use of Ansys for constructing and solving finite element models with MATLAB for ad-
vanced postprocessing and visualization of the obtained results. A distinctive feature of the 
study is the integrated use of numerical methods and computer visualization tools in different 
software environments to analyze the contact interaction of punches of complex geometry 
with an isotropic homogeneous elastic half-space. The analysis focuses on punches with cir-
cular ring, elliptical ring, and symmetrically deformed elliptical ring cross-sections, which 
form a doubly connected contact region under the action of a centrally applied load in an ax-
isymmetric problem formulation, i.e., under axial compression applied along the punch axis. 
Within the Ansys environment, finite element models were constructed with explicit considera-
tion of the geometric complexity of the punches, and a systematic analysis of the influence of 
discretization parameters on the quality and stability of the numerical solution was carried 
out. This made it possible to clarify the requirements for the mesh in the vicinity of the contact 
zone and to obtain displacement and stress fields that are suitable for further detailed inter-
pretation. The subsequent postprocessing of the numerical results was performed in 
MATLAB, where three-dimensional visualizations and contour plots of the contact pressure 
field were implemented, allowing for a clearer representation of the spatial structure and lo-
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calization of stress concentrations in the contact region. Within the proposed approach, a 
numerical study of the regularities of axisymmetric contact interaction of bodies of complex 
geometry was carried out, and it was demonstrated that the combined Ansys�±MATLAB work-
flow is effective for analyzing the results of contact mechanics problems. The extended visual-
ization capabilities improve the quality of interpretation of the numerical data, support more 
reliable verification of the finite element models, and form a basis for the subsequent optimi-
zation of the structural parameters of elements of technical systems operating under contact 
loading. 

Keywords: numerical modeling, finite element method (FEM), three-dimensional con-
tact problem, punch, post-processing, data visualization, stresses, axial compression, Ansys, 
MATLAB, software tools. 
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 Vik. Hnatushenko, I. Udovyk, C. Heipke, M. Hnatushenko�� 
APPLYING MACHINE LEARNING TECHNIQUES TO ANALYZE FOREST FIRE 

IMPACTS ON SENTINEL -2 IMAGERY ACROSS UKRAINE  
 
Abstract. Forest fires pose severe ecological and socio-economic threats, necessitating 
efficient tools for rapid damage assessment. This study presents a machine learning approach 
for detecting burnt forest areas in Ukraine using multispectral Sentinel-2 imagery. A new 
manually annotated dataset was developed for training semantic segmentation models, 
addressing the scarcity of open data for the region. The proposed convolutional neural 
network, based on an encoder�±decoder architecture with Xception blocks, effectively captures 
spectral patterns associated with fire damage. Experiments conducted on Sentinel-2 Level-2A 
imagery of the Kinburn Peninsula (October 2022) demonstrate high detection performance, 
achieving an Intersect�L�R�Q�� �R�Y�H�U�� �8�Q�L�R�Q�� ���,�R�8���� �R�I�� ���������� �7�K�H�� �U�H�V�X�O�W�V�� �F�R�Q�I�L�U�P�� �W�K�H�� �P�R�G�H�O�¶�V��
capability for accurate burnt-area mapping and highlight its potential for broader 
applications in regional fire monitoring and environmental management. 
Keywords: Burnt Forest Area Detection, Machine Learning, Convolutional Neural Networks, 
Spectral Bands, Ukraine Forests 
 

Introduction/Background . Forest fires annually cause significant damage in Ukraine 
and worldwide, destroying thousands of hectares of forests and deteriorating their water-
protective, soil-retaining, CO2-storing and other beneficial properties. Such events disrupt the 
planned forestry operations and the use of forest resources, leading to substantial economic, 
social, and ecological losses. Besides the direct impact of fires [1], the state of forests depends 
on a complex of additional factors, which can be altered by fire: abiotic factors (climate and 
soil-hydrological conditions), biotic factors (diseases and pests of the forest), anthropogenic 
factors (recreation, environmental pollution, transformation of ecological conditions, etc.). 

Burnt forest area detection is a crucial and complex problem that requires the use of 
accurate, reliable, and efficient methods. The main challenges for this task can be divided into 
the following categories [2]: early detection, detection accuracy, prediction and monitoring, 
necessary resources, and further constraints (logistics etc.). Traditional methods such as 
ground patrols or aerial photography are not sufficiently effective in solving these problems: 

�‡ Ground patrols are limited in their range and may not detect a fire in time, especially 
in large and inaccessible forest areas. 

�‡ Aerial photography, although covering larger areas in a short time, is expensive and 
dependent on weather conditions. 

                                              

���‹  Hnatushenko Vik., Udovyk I., Heipke C., Hnatushenko M., 2026 
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In recent years, there has been an increasing focus on the application of modern 
technologies such as satellite remote sensing and machine learning across various domains, 
including monitoring forest fires, mapping flood events, and damage cartography. Satellite 
remote sensing enables the collection of forest fire data over extensive areas and in real-time, 
significantly enhancing the speed and accuracy of burnt fire area detection. High-resolution 
datasets have facilitated the development and application of numerous forest fire mapping 
methods [3]. Primarily, these methods focus on detecting changes by creating carefully 
selected input data characteristics [4]. Machine learning, particularly neural networks, assists 
in rapidly analyzing large volumes of data and in identifying complex patterns indicative of 
fire presence [5,6]. 

The detection and analysis of forest fire outbreaks is a costly and complex process 
without specialized automated tools. This has led to efforts to create automated systems for 
detecting and assessing forest fires globally. A key direction in the creation of such systems is 
the development of methods for processing satellite data and creating extensive fire datasets 
using multispectral Sentinel-2 imagery, suitable for segmentation models. This significantly 
simplifies the process of assessing areas covered by fire and enhances the accuracy of the 
assessments.  

Materials and Methods. Our comprehensive workflow for identifying burnt forest 
areas using multispectral Sentinel-2 data, from the perspective of machine learning 
technology application, consists of the following stages: 

�‡ Manual creation of a dataset on burt forest areas (we use images of the Kinburn 
Peninsula of Ukraine), based on multispectral Sentinel-2 imagery suitable for machine 
learning-based semantic segmentation models [7,8]. 

�‡ Conducting a series of experiments to evaluate the effectiveness of neural network 
semantic segmentation models for monitoring and detecting burnt forest areas. 

�‡ Testing a pre-trained neural network capable of detecting burnt forest areas from 
Sentinel-2 images. 

Considering the dynamic nature of natural processes, it was inferred that the satellite 
data from Sentinel-2A and Sentinel-2B offer a well-balanced combination of spatial, spectral, 
and temporal indicators. Sentinel data come at two different levels of processing: level-1C 
and level-2A. The level-1C product includes measurements of top-of-atmosphere (TOA) 
reflectance and the parameters required to convert them into radiances. Additionally, it 
provides multispectral registration at a sub-pixel level. On the other hand, the level-2A 
product provides subpixel multispectral registration and orthorectified bottom-of-atmosphere 
reflectance. This makes level-2A the more favorable choice. 

In the advancement of burnt forest area detection methodologies, a specialized 
convolutional neural network (CNN) architecture has been developed to capitalize on the 
spectral properties of Sentinel-2 multispectral imagery [9]. The architecture is grounded in an 
encoder-decoder framework, meticulously crafted to execute semantic segmentation with high 
accuracy. 
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At the core of the CNN architecture lies the encoder, which is designed to methodically 
extract spectral features from the input data. Through a succession of convolutional layers, the 
encoder progressively diminishes the spatial dimensions while concurrently expanding the 
feature map depth. This deliberate reduction and enrichment process is essential for isolating 
the spectral signatures that are indicative of and land cover class, including wildfire-affected 
regions. 

Transitioning from the encoder, the middle layer of the network serves as an 
enhancement conduit for the encoded features. Crucially, it retains the spatial dimensions of 
the feature set, thereby safeguarding the contextual information of the imagery, which is vital 
for the decoding phase. 

The decoder component of the architecture is tasked with the spatial reconstruction of 
the feature set. It employs a series of decoding blocks that systematically increase the tensor's 
resolution. This is achieved through transposed convolutions that work in concert with 
features carried over from the encoder, enabling precise localization of the affected areas. 

A defining element of the network's architecture is the integration of Xception blocks. 
These blocks utilize the concept of depthwiseseparableconvolutions [10], allowing for the 
independent processing of spatial and channel features. This approach not only curtails the 
number of parameters within the model but also significantly enhances computational 
efficiency. Such efficiency is paramount when dealing with the intricate task of burnt forest 
area detection, where the model must discern subtle spectral discrepancies indicative of fire 
damage. 

The architectural design of the CNN, with its incorporation of Xception blocks within 
the encoder-decoder framework, equips the model with the capability to perform real-time 
burnt forest area detection and monitoring. It is adapted to the dynamic and diverse conditions 
presented by natural landscapes, ensuring that the segmentation of wildfire-affected areas is 
both precise and computationally efficient. 

Experiments and Discussion. The test area for carrying out the experiments is the 
Kinburn Peninsula in Ukraine, which separates the Dnieper-Bug estuary from the Black Sea, 
see Figure 1. A fire was identified in Sentinel-2 satellite imagery acquired on 04.10.2022. As 
a result of the outbreak of fires in forested areas and fields, nearby settlements were 
evacuated. According to the State Emergency Service of Ukraine https://dsns.gov.ua/en, the 
majority of fires in the territory during the considered period were provoked by missile 
strikes, leading to chaotic locations of the fires. Consequently, the affected regions are 
typically non-overlapping and do not coalesce in most instances. 

Further Sentinel-2 images were taken during the burning fire with a cloud of smoke, 
which complicated data processing. The images were acquired from the official website of the 
United States Geological Survey (USGS) (USGS. Sentinel-2 Missions: Sentinel-2 Levels of 
Processing. https://earthexplorer.usgs.gov/). We manually examined the Sentinel-2 level 2-A 
imagery to identify images captured with less than 1% cloud cover when the affected area was 
imaged, and then selected the three bands B04, B03 and B02 for further processing.  

The neural network, designed for burnt forest area detection from satellite imagery, was 
trained using the PyTorch library. The dataset for this task included 12 training patches and 3 
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validation patches representing the result of a burnt areas. Ground truth, which was used for 
training, validation and testing, was collected manually from the imagery. Commencing with 
the Adam optimizer, the network's learning rate was set at 0.001. The training was conducted 
over 50 epochs, with a batch size of 16, carefully chosen to balance computational efficiency 
and gradient calculation accuracy. To reduce the effects of overfitting, the training 
incorporated regularization techniques such as Dropout, applied at a rate of 0.5, to enforce the 
learning of robust features. Early Stopping [11] was utilized, ceasing training if no 
improvement in validation loss was noted over a span of 10 epochs.  

The model's performance was assessed using the Intersection over Union (IoU) metric, 
which evaluates the precision of the segmentation predictions. The model with the lowest 
validation loss was selected for future application in burnt forest area detection tasks. 

 
Figure 1 - Kinburn Peninsula (centre) in the Mykolaiv region, Ukraine 

 

          
Area before the fire   After the fire  Result for detecting 

of burnt areas 
Figure 2 - The territories covered by fire on theKinburn Peninsula 
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Evaluating the precision of identifying wildfire locations in Figure 2 is an essential step. 
This can be done by comparing the detection results to a reference mask using established 
measurement indices.In this work we refrained from measuring the overall accuracy (OA) due 
to its susceptibility to unburned pixels, as the dominance of unburned classes in such 
imbalanced datasets adversely affects the results. For instance, if the burned area accounts for 
just 10% of the entire image while the unburned area constitutes 90%, even without detecting 
any burned area, the model appears to be 90% accurate. 

Instead, our assessment involves analyzing both the visual appearance and numerical 
measures of the results. The intersection over union (IoU), also known as the Jaccard  
Index [12], was employed to assess the accuracy of the segmentation outcomes. 

Results and Conclusion. One challenge for image segmentation models utilizing 
machine learning is the need for accessible sets of publicly available training data to identify 
features and extract them for making accurate decisions. This is particularly the case for 
countries and regions that are less studied in the context of forest fire ecology, such as 
Ukraine. In this study, a dataset on forest fires in Ukraine was created using multispectral 
Sentinel-2 imagery to develop a remote sensing model for image segmentation, object 
detection, and classification of burnt forest areas. This dataset supports binary classification 
for detecting burnt and unburnt areas. 

The method presented utilizes result of the burnt areas detection from Sentinel-2A 
satellite data, offering the best current compromise between spatial, spectral, and temporal 
resolution among publicly available satellite data, with the aid of convolutional neural 
networks.Results of the conducted experiments using the created dataset and proposed ML 
architecture demonstrate an IoUof 95% for the Kinburn Peninsula (Ukraine) for the developed 
detection model. 

Future research will address the challenge of often unbalanced datasets, such as classes 
with fewer pixels. Multitemporal series of satellite images will be employed to gain more 
detailed information about the conditions leading to forest fires (e.g., bombardments) and to 
provide insights into land cover types. Furthermore, efforts will be made to generalize these 
results to more extensive and larger test sites and to train a neural network to classify the 
degree of fire impact, which will necessitate field validation. 
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Applying machine learning techniques to analyze forest fire impacts  
on Sentinel-2 imagery across Ukraine 

Abstract. Forest fires pose severe ecological and socio-economic threats and require 
timely, accurate mapping to support response and recovery. This study develops a machine-
learning pipeline for detecting burnt forest areas across Ukraine from multispectral Sentinel-
2 Level-2A imagery. Results demonstrate that a carefully designed CNN and targeted dataset 
enable reliable burnt-area mapping from widely available Sentinel-2 data, supporting 
regional monitoring and future generalization efforts. 

Recent Studies and Publications Analysis. Remote sensing and deep learning have 
become central to burned-area mapping. Recent literature highlights  the value of Sentinel-2 
multispectral imagery for uni-temporal and multi-temporal burned-area mapping ,the 
application of deep neural networks for semantic segmentation of high-resolution satellite 
images  and architectural advances such as depthwise-separable convolutions (Xception) to 
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reduce parameters while preserving representational power. Reviews emphasize early 
detection, imbalanced classes, and the need for representative labeled datasets. 

Research Objective. To develop and evaluate a machine-learning approach for 
accurate detection of burnt forest areas in Ukraine using multispectral Sentinel-2 imagery, 
producing a labelled dataset suitable for semantic segmentation and assessing model 
performance using robust metrics (IoU), with a case study on the Kinburn Peninsula 

Main Body of Research. A manually annotated dataset was built from Sentinel-2 Level-
2A scenes covering the Kinburn Peninsula (Mykolaiv region), selecting scenes with <1% 
cloud cover and capturing the October 4, 2022 fire event. The detection pipeline centers on a 
convolutional encoder�±decoder semantic segmentation network. Models were implemented in 
PyTorch. Training used the Adam optimizer (learning rate = 0.001), a batch size of 16, and 
up to 50 epochs with early stopping (patience = 10) to avoid overfitting. Regularization via 
dropout (rate 0.5) and careful monitoring of validation loss were applied. Given the strong 
class imbalance typical of burnt-area mapping, overall accuracy was avoided; instead 
Intersection over Union (IoU, Jaccard Index) was used as the primary evaluation metric to 
provide reliable assessment of the burnt class detection performance. On the Kinburn test set 
(October 2022 scenes), the best performing configuration achieved an IoU of 95% for the 
burnt class.  

Conclusions. This study demonstrates that a purpose-built machine-learning pipeline 
using Sentinel-2 multispectral imagery and an Xception-enhanced encoder�±decoder CNN can 
accurately map burnt forest areas in Ukraine, achieving an IoU of 95% on the Kinburn 
Peninsula case study. The manual dataset produced for this work fills an important regional 
data gap, enabling robust semantic segmentation tailored to local wildfire characteristics. 
Future work should expand the dataset spatially and temporally, incorporate additional 
spectral bands and multitemporal sequences to improve resilience to smoke and phenological 
variability, and validate performance across diverse Ukrainian forest landscapes. Broader 
generalization and field validation will be critical steps toward operational regional fire-
monitoring systems. 
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�i�h�j�h�]�m�\�Z�g�g�y���H�p�m���^�e�y���l�_�j�b�l�h�j�•�c�����s�h���a�Z�a�g�Z�e�b���l�_�o�g�h�]�_�g�g�h�€���d�Z�l�Z�k�l�j�h�n�b���i�•�k�e�y���j�m�c�g�m�\�Z�g�g�y��
�D�Z�o�h�\�k�v�d�h�€�� �=�?�K���� �<�b�d�h�j�b�k�l�Z�g�h�� �h�i�l�b�q�g�•�� �k�m�i�m�l�g�b�d�h�\�•�� �a�g�•�f�d�b��Sentinel-���� �l�Z�� �h�p�•�g�_�g�h�� �l�h�q��
�g�•�k�l�v���f�Z�k�d�m�\�Z�g�g�y���\�h�^�g�b�o���h�[�¶�}�d�l�•�\���� �y�d�•�� �f�Z�x�l�v���]�_�l�_�j�h�]�_�g�g�•�� �\�e�Z�k�l�b�\�h�k�l�•�����I�j�h�Z�g�Z�e�•�a�h�\�Z��
�g�h�� �h�k�g�h�\�g�•�� �\�h�^�g�•�� �•�g�^�_�d�k�b�� �a�� �Z�\�l�h�f�Z�l�b�q�g�b�f�� �\�b�a�g�Z�q�_�g�g�y�f�� �h�i�l�b�f�Z�e�v�g�h�]�h�� �i�h�j�h�]�m�� �a�Z�� �f�_�l�h��
�^�h�f���H�p�m�����<�k�l�Z�g�h�\�e�_�g�h�����s�h���0�1�'�:�,���a�Z�[�_�a�i�_�q�m�}���g�Z�c�\�b�s�m���l�h�q�g�•�k�l�v���\�b�a�g�Z�q�_�g�g�y���f�_�`���\�h�^��
�g�b�o�� �i�h�\�_�j�o�h�g�v�� �^�e�y�� �f�Z�e�b�o�� �h�[�¶�}�d�l�•�\�� �a�•�� �k�d�e�Z�^�g�b�f�b�� �g�_�h�^�g�h�j�•�^�g�b�f�b�� �d�h�g�l�m�j�Z�f�b���� �l�h�^�•�� �y�d��
�$�:�(�,�� �^�_�f�h�g�k�l�j�m�}�� �\�b�k�h�d�m�� �q�m�l�e�b�\�•�k�l�v�� �^�h�� �^�j�•�[�g�b�o�� �\�h�^�h�c�f���� �H�l�j�b�f�Z�g�•�� �j�_�a�m�e�v�l�Z�l�b��
�i�•�^�l�\�_�j�^�`�m�x�l�v���^�h�p�•�e�v�g�•�k�l�v���i�h�}�^�g�Z�g�g�y���k�i�_�d�l�j�Z�e�v�g�b�o���•�g�^�_�d�k�•�\���a���Z�\�l�h�f�Z�l�b�a�h�\�Z�g�b�f���i�h��
�j�h�]�m�\�Z�g�g�y�f���a�Z���f�_�l�h�^�h�f���H�p�m���^�e�y���h�i�_�j�Z�l�b�\�g�h�]�h���f�h�g�•�l�h�j�b�g�]�m���\�h�^�g�b�o���h�[�¶�}�d�l�•�\���m���^�b�g�Z�f�•�q��
�g�h���l�j�Z�g�k�n�h�j�f�h�\�Z�g�b�o���e�Z�g�^�r�Z�n�l�Z�o���� 
�D�e�x�q�h�\�•�� �k�e�h�\�Z: �\�h�^�g�•�� �j�_�k�m�j�k�b���� �\�h�^�g�•�� �i�h�\�_�j�o�g�•���� �\�h�^�h�c�f�b���� �Z�\�l�h�f�Z�l�b�a�h�\�Z�g�_�� �d�Z�j�l�m�\�Z�g�g�y����
�k�m�i�m�l�g�b�d�h�\�b�c���f�h�g�•�l�h�j�b�g�]���� �f�_�l�h�^�b���>�A�A���� �]�_�h�i�j�h�k�l�h�j�h�\�•�� �^�Z�g�g�•���� �k�i�_�d�l�j�Z�e�v�g�•�� �•�g�^�_�d�k�b���� �f�_��
�l�h�^���H�p�m�����6�H�Q�W�L�Q�H�O-2.  
 

�<�k�l�m�i�� �<�h�^�g�•�� �j�_�k�m�j�k�b���} �d�j�b�l�b�q�g�h���\�Z�`�e�b�\�b�f�� �_�e�_�f�_�g�l�h�f�� �^�e�y���a�Z�[�_�a�i�_�q�_�g�g�y���k�l�Z�e�h�]�h��
�j�h�a�\�b�l�d�m���d�j�Z�€�g�b�����i�•�^�l�j�b�f�Z�g�g�y���_�d�h�e�h�]�•�q�g�h�€���j�•�\�g�h�\�Z�]�b���l�Z���]�Z�j�Z�g�l�m�\�Z�g�g�y���i�j�h�^�h�\�h�e�v�q�h�€���[�_�a��
�i�_�d�b�����<���m�f�h�\�Z�o���]�e�h�[�Z�e�v�g�b�o���•���j�_�]�•�h�g�Z�e�v�g�b�o���a�f�•�g���k�i�h�k�l�_�j�•�]�Z�}�l�v�k�y���k�m�l�l�}�\�_���i�h�]�•�j�r�_�g�g�y���k�l�Z��
�g�m�� �\�h�^�g�b�o�� �_�d�h�k�b�k�l�_�f���� �s�h�� �i�•�^�d�j�_�k�e�x�}���g�_�h�[�o�•�^�g�•�k�l�v�� �€�o�g�v�h�]�h�� �i�h�k�l�•�c�g�h�]�h���� �k�b�k�l�_�f�g�h�]�h�� �l�Z��
�\�b�k�h�d�h�l�h�q�g�h�]�h�� �f�h�g�•�l�h�j�b�g�]�m���� �H�^�g�b�f�� �•�a�� �h�k�g�h�\�g�b�o�� �q�b�g�g�b�d�•�\�� �p�b�o�� �a�f�•�g�� �}�� �]�e�h�[�Z�e�v�g�_�� �i�h��
�l�_�i�e�•�g�g�y�����y�d�_���k�i�j�b�q�b�g�y�}���i�•�^�\�b�s�_�g�g�y���k�_�j�_�^�g�v�h�j�•�q�g�b�o���l�_�f�i�_�j�Z�l�m�j�����a�[�•�e�v�r�_�g�g�y���q�Z�k�l�h�l�b���c��
�•�g�l�_�g�k�b�\�g�h�k�l�•�� �i�h�k�m�r�e�b�\�b�o�� �i�_�j�•�h�^�•�\���� �a�f�_�g�r�_�g�g�y�� �j�•�q�d�h�\�h�]�h�� �k�l�h�d�m�� �l�Z�� �^�_�]�j�Z�^�Z�p�•�x�� �\�h�^�g�h-
�[�h�e�h�l�g�b�o���m�]�•�^�v [1-4]. 

�A�Z�� �^�Z�g�b�f�b�� �M�d�j�Z�€�g�k�v�d�h�]�h�� �]�•�^�j�h�f�_�l�_�h�j�h�e�h�]�•�q�g�h�]�h�� �•�g�k�l�b�l�m�l�m���� �i�j�h�l�y�]�h�f�� �h�k�l�Z�g�g�•�o��
�l�j�v�h�o�� �^�_�k�y�l�b�e�•�l�v�� �k�_�j�_�^�g�v�h�j�•�q�g�Z�� �l�_�f�i�_�j�Z�l�m�j�Z�� �i�h�\�•�l�j�y�� �\�� �M�d�j�Z�€�g�•�� �a�j�h�k�e�Z�� �i�j�b�[�e�b�a�g�h�� �g�Z�� 
�������� �ƒ�&���� �s�h�� �i�_�j�_�\�b�s�m�}�� �k�_�j�_�^�g�•�� �]�e�h�[�Z�e�v�g�•�� �l�_�f�i�b�� �i�h�l�_�i�e�•�g�g�y�� �l�Z�� �}�� �\�b�s�b�f�� �a�Z�� �i�h�d�Z�a�g�b�d�b��
�[�•�e�v�r�h�k�l�•�� �j�_�]�•�h�g�•�\�� �/�\�j�h�i�b���� �G�_�a�\�Z�`�Z�x�q�b�� �g�Z�� �k�l�Z�[�•�e�v�g�•�k�l�v�� �j�•�q�g�h�€�� �d�•�e�v�d�h�k�l�•�� �h�i�Z�^�•�\���� �i�•�^�\�b��
�s�_�g�g�y�� �i�h�l�_�g�p�•�c�g�h�€�� �\�b�i�Z�j�h�\�m�\�Z�g�h�k�l�•�� �i�j�b�a�\�h�^�b�l�v�� �^�h�� �a�j�h�k�l�Z�g�g�y�� �^�_�n�•�p�b�l�m�� �\�h�e�h�]�b�� �l�Z�� �i�h��
�]�•�j�r�_�g�g�y���\�h�^�g�h�]�h���[�Z�e�Z�g�k�m�����s�h���i�•�^�k�b�e�x�}���\�h�^�g�b�c���k�l�j�_�k���g�Z���l�_�j�b�l�h�j�•�€���d�j�Z�€�g�b [5]. 

�I�j�h�]�g�h�a�g�•�� �d�e�•�f�Z�l�b�q�g�•�� �f�h�^�_�e�•�� �k�\�•�^�q�Z�l�v�� �i�j�h�� �i�h�^�Z�e�v�r�_�� �a�j�h�k�l�Z�g�g�y�� �l�_�f�i�_�j�Z�l�m�j�b����
�h�q�•�d�m�}�l�v�k�y�� �i�•�^�\�b�s�_�g�g�y�� �g�Z�� �������±�������� �ƒ�&�� �^�h�� ���������� �j�h�d�m�� �l�Z�� �g�Z�� �������±�������� �ƒ�&�� �^�h�� �d�•�g�p�y�� �;�;�,��
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�k�l�h�e�•�l�l�y���a�Z�e�_�`�g�h���\�•�^���k�p�_�g�Z�j�•�€�\���\�b�d�b�^�•�\���i�Z�j�g�b�d�h�\�b�o���]�Z�a�•�\���>���@�����H�^�g�h�q�Z�k�g�h���i�_�j�_�^�[�Z�q�Z�}�l�v�k�y��
�a�f�•�g�Z�� �i�j�h�k�l�h�j�h�\�h-�q�Z�k�h�\�h�]�h�� �j�h�a�i�h�^�•�e�m�� �h�i�Z�^�•�\���� �€�o�� �a�[�•�e�v�r�_�g�g�y�� �m�� �a�b�f�h�\�b�c�� �i�_�j�•�h�^�� �l�Z�� �a�f�_�g��
�r�_�g�g�y�� �\�e�•�l�d�m�� �c�� �\�h�k�_�g�b���� �h�k�h�[�e�b�\�h�� �\�� �i�•�\�^�_�g�g�b�o�� �l�Z�� �k�o�•�^�g�b�o�� �j�_�]�•�h�g�Z�o���� �K�m�d�m�i�g�•�k�l�v�� �l�Z�d�b�o��
�l�_�g�^�_�g�p�•�c���±  �i�h�^�h�\�`�_�g�g�y�� �l�_�i�e�h�]�h�� �k�_�a�h�g�m���� �a�j�h�k�l�Z�g�g�y�� �q�Z�k�l�h�l�b�� �l�_�i�e�h�\�b�o�� �o�\�b�e�v���� �g�_�j�•�\��
�g�h�f�•�j�g�b�c�� �j�h�a�i�h�^�•�e�� �h�i�Z�^�•�\�� �l�Z�� �•�g�l�_�g�k�b�n�•�d�Z�p�•�y�� �\�b�i�Z�j�h�\�m�\�Z�g�g�y���± �i�j�b�a�\�h�^�b�l�v�� �^�h�� �k�m�l�l�}�\�b�o��
�a�f�•�g�� �]�•�^�j�h�e�h�]�•�q�g�h�]�h�� �j�_�`�b�f�m���� �i�h�]�e�b�[�e�_�g�g�y�� �i�j�h�[�e�_�f�b�� �i�h�k�m�o���� �a�g�b�`�_�g�g�y�� �j�•�\�g�•�\�� �‰�j�m�g�l�h�\�b�o��
�\�h�^���•���^�_�]�j�Z�^�Z�p�•�€���f�Z�e�b�o���\�h�^�h�c�f�� 

�:�g�l�j�h�i�h�]�_�g�g�•�� �n�Z�d�l�h�j�b���l�Z�d�h�`���k�i�j�b�y�x�l�v���i�h�]�•�j�r�_�g�g�x���k�l�Z�g�m���\�h�^�g�b�o���_�d�h�k�b�k�l�_�f���� �A�h��
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�j�_�k�m�j�k�h�}�f�g�b�f�b�� �l�Z�� �a�Z�e�_�`�g�b�f�b�� �\�•�^�� �^�h�k�l�m�i�g�h�k�l�•�� �f�•�k�p�_�\�h�k�l�•���� �2�o�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �k�m�l�l�}�\�h��
�m�k�d�e�Z�^�g�x�}�l�v�k�y�� �m�� �\�•�^�^�Z�e�_�g�b�o�� �•�� �l�_�o�g�h�]�_�g�g�h�� �l�j�Z�g�k�n�h�j�f�h�\�Z�g�b�o�� �j�Z�c�h�g�Z�o���� �Z�� �l�Z�d�h�`�� �m�� �a�h�g�Z�o��
�Z�d�l�b�\�g�b�o�� �[�h�c�h�\�b�o�� �^�•�c���� �G�Z�� �p�v�h�f�m�� �l�e�•�� �h�i�l�b�q�g�•�� �k�m�i�m�l�g�b�d�h�\�•�� �^�Z�g�•�� �6�H�Q�W�L�Q�H�O-���� �\�•�^�d�j�b�\�Z�x�l�v��
�f�h�`�e�b�\�•�k�l�v�� �h�l�j�b�f�Z�g�g�y�� �k�b�k�l�_�f�Z�l�b�q�g�b�o���� �k�l�Z�g�^�Z�j�l�b�a�h�\�Z�g�b�o�� �•�� �i�j�h�k�l�h�j�h�\�h �j�_�i�j�_�a�_�g�l�Z�l�b�\��
�g�b�o�� �k�i�h�k�l�_�j�_�`�_�g�v���� �s�h�� �j�h�[�b�l�v�� �€�o�� �h�^�g�b�f�� �•�a�� �d�e�x�q�h�\�b�o�� �•�g�k�l�j�m�f�_�g�l�•�\�� �k�m�q�Z�k�g�h�]�h�� �]�•�^�j�h�_�d�h��
�e�h�]�•�q�g�h�]�h���k�m�i�m�l�g�b�d�h�\�h�]�h���f�h�g�•�l�h�j�b�g�]�m�� 

�E�Z�g�^�r�Z�n�l�� �d�h�e�b�r�g�v�h�]�h�� �D�Z�o�h�\�k�v�d�h�]�h�� �\�h�^�h�k�o�h�\�b�s�Z�� �i�•�k�e�y�� �j�m�c�g�m�\�Z�g�g�y�� �D�Z�o�h�\�k�v�d�h�€��
�=�?�K���i�_�j�_�l�\�h�j�b�\�k�y���g�Z���k�d�e�Z�^�g�m���i�j�h�k�l�h�j�h�\�m���f�h�a�Z�€�d�m�����s�h���i�h�}�^�g�m�}���h�]�h�e�_�g�•���^�•�e�y�g�d�b�����f�m�e�h�\�•��
�i�h�\�_�j�o�g�•�����a�Z�[�h�e�h�q�_�g�•���f�Z�k�b�\�b�����f�h�e�h�^�•���g�Z�k�Z�^�`�_�g�g�y���c���q�b�k�e�_�g�g�•���^�j�•�[�g�•���\�h�^�h�c�f�b�����L�Z�d�Z���]�_�l�_��
�j�h�]�_�g�g�•�k�l�v�� �a�g�Z�q�g�h�� �m�k�d�e�Z�^�g�x�}�� �Z�\�l�h�f�Z�l�b�a�h�\�Z�g�_�� �k�i�_�d�l�j�Z�e�v�g�_�� �\�b�^�•�e�_�g�g�y�� �\�h�^�b���� �h�k�d�•�e�v�d�b��
�k�i�_�d�l�j�Z�e�v�g�•�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �i�•�^�k�l�b�e�Z�x�q�h�€�� �i�h�\�_�j�o�g�•�� �j�•�a�d�h�� �\�Z�j�•�x�x�l�v �m�� �f�_�`�Z�o�� �d�h�j�h�l�d�b�o��
�\�•�^�k�l�Z�g�_�c���� �L�_�j�b�l�h�j�•�y���� �l�j�Z�g�k�n�h�j�f�h�\�Z�g�Z�� �\�g�Z�k�e�•�^�h�d�� �l�_�o�g�h�]�_�g�g�h�€�� �d�Z�l�Z�k�l�j�h�n�b���� �\�b�j�•�a�g�y�}�l�v�k�y��
�\�b�k�h�d�h�x���k�i�_�d�l�j�Z�e�v�g�h�x���g�_�h�^�g�h�j�•�^�g�•�k�l�x�����s�h���i�h�l�j�_�[�m�}���j�_�l�_�e�v�g�h���i�•�^�•�[�j�Z�g�b�o���•�g�k�l�j�m�f�_�g�l�•�\��
�^�e�y���d�h�j�_�d�l�g�h�€���•�^�_�g�l�b�n�•�d�Z�p�•�€���\�h�^�g�b�o���i�h�\�_�j�o�h�g�v�� 

�K�i�_�d�l�j�Z�e�v�g�•�� �\�h�^�g�•�� �•�g�^�_�d�k�b���a�Z�e�b�r�Z�x�l�v�k�y�� �h�^�g�b�f�� �•�a�� �[�Z�a�h�\�b�o�� �•�g�k�l�j�m�f�_�g�l�•�\�� �^�b��
�k�l�Z�g�p�•�c�g�h�]�h�� �d�Z�j�l�h�]�j�Z�n�m�\�Z�g�g�y�� �\�h�^�g�b�o�� �h�[�¶�}�d�l�•�\���� �Z�^�`�_�� �^�h�a�\�h�e�y�x�l�v�� �\�b�h�d�j�_�f�e�x�\�Z�l�b�� �\�h�^�g�•��
�i�h�\�_�j�o�g�•�� �g�Z�� �h�k�g�h�\�•�� �\�•�^�f�•�g�g�h�k�l�_�c�� �m�� �€�o�� �k�i�_�d�l�j�Z�e�v�g�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�o���� �I�j�h�l�_�� �q�m�l�e�b�\�•�k�l�v��
�d�h�`�g�h�]�h�� �•�g�^�_�d�k�m�� �^�h�� �\�a�Z�}�f�h�^�•�€�� �\�h�^�b�� �a�� �j�h�k�e�b�g�g�•�k�l�x���� �‰�j�m�g�l�Z�f�b�� �q�b�� �Z�g�l�j�h�i�h�]�_�g�g�b�f�b��
�h�[�¶�}�d�l�Z�f�b���•�k�l�h�l�g�h���\�i�e�b�\�Z�}���g�Z���d�•�g�p�_�\�b�c���j�_�a�m�e�v�l�Z�l�����>�h�^�Z�l�d�h�\�h���k�b�l�m�Z�p�•�y���m�k�d�e�Z�^�g�x�}�l�v�k�y���\��
�m�f�h�\�Z�o���l�•�g�_�c�����a�f�•�r�Z�g�b�o���i�•�d�k�_�e�•�\���•���n�j�Z�]�f�_�g�l�h�\�Z�g�h�€���[�_�j�_�]�h�\�h�€���e�•�g�•�€�����s�h���k�l�\�h�j�x�}���i�h�l�j�_�[�m���m��
�\�b�d�h�j�b�k�l�Z�g�g�•�� �•�g�^�_�d�k�•�\�� �•�a�� �i�•�^�\�b�s�_�g�h�x�� �k�i�_�d�l�j�Z�e�v�g�h�x�� �k�_�e�_�d�l�b�\�g�•�k�l�x���� �>�e�y�� �p�v�h�]�h�� �r�b�j�h�d�h��
�a�Z�k�l�h�k�h�\�m�x�l�v���k�i�_�d�l�j�Z�e�v�g�•���•�g�^�_�d�k�b�����y�d�•���[�Z�a�m�x�l�v�k�y���g�Z���d�h�g�l�j�Z�k�l�•���f�•�`���\�•�^�[�b�\�g�h�x���a�^�Z�l�g�•�k�l�x��
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�\�h�^�b���� �‰�j�m�g�l�•�\�� �l�Z�� �j�h�k�e�b�g�g�h�k�l�•�� �>��-�����@���� �K�_�j�_�^ �g�b�o Normalized Difference Water Index 
(NDWI) �j�h�a�j�Z�o�h�\�m�}�l�v�k�y �a�Z �n�h�j�f�m�e�h�x: 

 
NDWI = (Green �± NIR) / (Green + NIR),     (1) 

 
�^�_ NIR �± �d�h�_�n�•�p�•�}�g�l�b �\�•�^�[�b�l�l�y �m �[�e�b�`�g�v�h�f�m �•�g�n�j�Z�q�_�j�\�h�g�h�f�m �^�•�Z�i�Z�a�h�g�• �_�e�_�d�l�j�h�f�Z�]��
�g�•�l�g�h�]�h �k�i�_�d�l�j�m, Green �± �m �a�_�e�_�g�h�f�m. �?�n�_�d�l�b�\�g�b�c���^�e�y���\�•�^�d�j�b�l�b�o���\�h�^�g�b�o���Z�d�\�Z�l�h�j�•�c�����i�j�h��
�l�_���q�m�l�e�b�\�b�c���^�h���\�i�e�b�\�m���j�h�k�e�b�g�g�h�k�l�•���l�Z���m�j�[�Z�g�•�a�h�\�Z�g�b�o���i�h�\�_�j�o�h�g�v�� 

�K�\�•�c�� �j�h�a�\�b�l�h�d�� �h�l�j�b�f�Z�\�� �0�R�G�L�I�L�H�G�� �1�R�U�P�D�O�L�]�H�G�� �'�L�I�I�H�U�H�Q�F�H�� �:�D�W�H�U�� �,�Q�G�H�[�� �� ���0�1�'�:�,������
�y�d�b�c�� �a�Z�[�_�a�i�_�q�m�}�� �[�•�e�v�r�� �l�h�q�g�_�� �\�b�^�•�e�_�g�g�y�� �\�h�^�g�b�o�� �h�[�¶�}�d�l�•�\�� �g�Z�� �k�m�i�m�l�g�b�d�h�\�b�o�� �a�g�•�f�d�Z�o���� �g�•�`��
�k�l�Z�g�^�Z�j�l�g�b�c���1�'�:�,���>����-�����@�����1�g�^�_�d�k���0�1�'�:�,���j�h�a�j�Z�o�h�\�m�}�l�v�k�y���a�Z���n�h�j�f�m�e�h�x�� 

 
MNDWI = (Green - SWIR) / (Green + SWIR),     (2) 

 
�^�_���6�:�,�5��- �d�h�_�n�•�p�•�}�g�l�b���\�•�^�[�b�l�l�y���m���d�h�j�h�l�d�h�o�\�b�e�v�h�\�h�f�m���•�g�n�j�Z�q�_�j�\�h�g�h�f�m���k�i�_�d�l�j�•�������*�U�H�H�Q���± 
�m���a�_�e�_�g�h�f�m�� 

�A�Z�f�•�g�Z���1�,�5���g�Z���6�:�,�5���i�•�^�\�b�s�m�}���l�h�q�g�•�k�l�v���\�b�^�•�e�_�g�g�y���\�h�^�b���\���m�f�h�\�Z�o���n�j�Z�]�f�_�g�l�h�\�Z�g�b�o��
�•���l�_�o�g�h�]�_�g�g�h���f�h�^�b�n�•�d�h�\�Z�g�b�o���e�Z�g�^�r�Z�n�l�•�\�� 

�R�b�j�h�d�h�]�h�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �g�Z�[�m�\�� �•�g�^�_�d�k�� �Z�\�l�h�f�Z�l�b�q�g�h�]�h�� �\�b�^�•�e�_�g�g�y�� �\�h�^�b�� �$�X�W�R�P�D�W�H�G��
�:�D�W�H�U�� �(�[�W�U�D�F�W�L�R�Q�� �,�Q�G�H�[�� ���$�:�(�,������ �$�:�(�,�� �^�h�a�\�h�e�y�}�� �i�•�^�\�b�s�b�l�b�� �l�h�q�g�•�k�l�v�� �Z�\�l�h�f�Z�l�b�q�g�h�]�h��
�\�b�^�•�e�_�g�g�y���\�h�^�g�b�o���h�[�¶�}�d�l�•�\���g�Z���k�m�i�m�l�g�b�d�h�\�b�o���a�h�[�j�Z�`�_�g�g�y�o�����h�k�h�[�e�b�\�h���\���m�f�h�\�Z�o���l�•�g�_�c�����m�j��
�[�Z�g�•�a�h�\�Z�g�b�o�� �l�_�j�b�l�h�j�•�c�� �l�Z�� �a�f�•�r�Z�g�b�o�� �i�•�d�k�_�e�•�\���� �$�:�(�,�� �h�i�b�k�m�}�l�v�k�y�� �l�Z�d�b�f�b�� �n�h�j�f�m�e�Z�f�b����
�Z�^�Z�i�l�h�\�Z�g�b�f�b���i�•�^���j�•�a�g�•���l�b�i�b���i�h�\�_�j�o�h�g�v���>��-�����@�����>�e�y���l�_�j�b�l�h�j�•�c���[�_�a���l�•�g�_�c�� 

 
�$�:�(�,�ˆ�V�K� ���
���*�U�H�H�Q��- SWIR1) - (0.25*NIR + 2.75*SWIR2),    (3) 

 
�>�e�y �^�•�e�y�g�h�d �•�a �l�•�g�y�f�b: 
 

�$�:�(�,�Š�K� �%�O�X�H�������������
�*�U�H�H�Q��- 1.5*(NIR + SWIR1) - 0.25*SWIR2,    (4) 
 

�^�_ NIR �± �d�h�_�n�•�p�•�}�g�l�b �\�•�^�[�b�l�l�y �m �[�e�b�`�g�v�h�f�m �•�g�n�j�Z�q�_�j�\�h�g�h�f�m �^�•�Z�i�Z�a�h�g�• �_�e�_�d�l�j�h�f�Z�]��
�g�•�l�g�h�]�h �k�i�_�d�l�j�m; Green,  Blue �± �m �a�_�e�_�g�h�f�m  �l�Z �k�b�g�v�h�f�m, �\�•�^�i�h�\�•�^�g�h;  SWIR1, SWIR2 - 
�d�h�_�n�•�p�•�}�g�l�b �\�•�^�[�b�l�l�y �m �d�h�j�h�l�d�h�o�\�b�e�v�h�\�h�f�m �•�g�n�j�Z�q�_�j�\�h�g�h�f�m �k�i�_�d�l�j�•.  

AWEI �^�_�f�h�g�k�l�j�m�} �k�l�•�c�d�•�k�l�v �^�h �a�f�•�r�Z�g�b�o �i�•�d�k�_�e�•�\, �j�_�e�v�}�n�g�h�€ �g�_�h�^�g�h�j�•�^�g�h�k�l�• �l�Z 
�m�f�h�\, �i�j�b�l�Z�f�Z�g�g�b�o �e�Z�g�^�r�Z�n�l�Z�f, �a�f�•�g�_�g�b�f �l�_�o�g�h�]�_�g�g�h�x �d�Z�l�Z�k�l�j�h�n�h�x. 

�>�e�y���Z�\�l�h�f�Z�l�b�a�h�\�Z�g�h�]�h���h�l�j�b�f�Z�g�g�y���f�Z�k�h�d���i�h�\�_�j�o�g�_�\�b�o���\�h�^���a�Z�k�l�h�k�h�\�Z�g�h���f�_�l�h�^���H�p�m����
�s�h�� �^�h�a�\�h�e�y�}�� �Z�\�l�h�f�Z�l�b�q�g�h�� �\�b�a�g�Z�q�Z�l�b�� �h�i�l�b�f�Z�e�v�g�_�� �i�h�j�h�]�h�\�_�� �a�g�Z�q�_�g�g�y�� �g�Z�� �h�k�g�h�\�•��
�f�•�g�•�f�•�a�Z�p�•�€�� �\�g�m�l�j�•�r�g�v�h�d�e�Z�k�h�\�h�€�� �^�b�k�i�_�j�k�•�€�� �f�•�`�� �]�j�m�i�Z�f�b�� �i�•�d�k�_�e�•�\���� �L�Z�d�b�c�� �i�•�^�o�•�^�� �m�k�m�\�Z�}��
�k�m�[�¶�}�d�l�b�\�g�•�k�l�v�� �j�m�q�g�h�]�h�� �\�b�[�h�j�m�� �i�h�j�h�]�•�\���� �s�h�� �}�� �d�j�b�l�b�q�g�h�� �\�Z�`�e�b�\�b�f�� �m�� �k�i�_�d�l�j�Z�e�v�g�h�� �g�_�h�^��
�g�h�j�•�^�g�b�o�� �k�_�j�_�^�h�\�b�s�Z�o���� �k�n�h�j�f�h�\�Z�g�b�o�� �\�g�Z�k�e�•�^�h�d�� �l�_�o�g�h�]�_�g�g�h�€�� �l�j�Z�g�k�n�h�j�f�Z�p�•�€�� �l�_�j�b�l�h�j�•�€����
�I�h�}�^�g�Z�g�g�y�� �k�i�_�d�l�j�Z�e�v�g�b�o�� �•�g�^�_�d�k�•�\�� �•�a�� �Z�\�l�h�f�Z�l�b�a�h�\�Z�g�b�f�� �i�h�j�h�]�m�\�Z�g�g�y�f�� �a�Z�[�_�a�i�_�q�m�}�� �f�h�`��
�e�b�\�•�k�l�v�� �k�l�\�h�j�_�g�g�y�� �j�_�i�j�_�a�_�g�l�Z�l�b�\�g�b�o�� �f�Z�k�h�d�� �\�h�^�g�h�€�� �i�h�\�_�j�o�g�•�� �g�Z�\�•�l�v�� �m�� �k�d�e�Z�^�g�b�o�� �m�f�h�\�Z�o��
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�]�•�^�j�h�^�b�g�Z�f�•�q�g�h�€�� �g�_�h�^�g�h�j�•�^�g�h�k�l�•���� �l�j�Z�g�k�n�h�j�f�h�\�Z�g�b�o�� �\�g�Z�k�e�•�^�h�d�� �l�_�o�g�h�]�_�g�g�b�o�� �d�Z�l�Z�k�l�j�h�n����
�G�Z���j�b�k�m�g�d�m�������g�Z�\�_�^�_�g�h���k�m�i�m�l�g�b�d�h�\�_���a�h�[�j�Z�`�_�g�g�y���6�H�Q�W�L�Q�H�O-�����a�Z���q�_�j�\�_�g�v�������������j�h�d�m���± �q�_�j�_�a��
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Assessment of the accuracy of automated mapping methods  
for water surfaces based on spectral indices 

The paper presents a comprehensive analysis of the effectiveness of Sentinel-2 spectral 
water indices in combination with automated thresholding using the Otsu method for mapping 
surface waters in areas affected by man-made disasters. The object of the study was the water 
area of the former Kakhovka Reservoir, whose landscape after the destruction of the Kakhov-
ka HPP is characterized by pronounced spectral heterogeneity, the presence of mixed pixels, 
and a fragmented shoreline. Sentinel-2 optical images of medium spatial resolution were used 
for the analysis, which made it possible to assess the impact of spatial and structural hetero-
geneity of landscapes, including fragmented water bodies, wetlands, bare soil, and young 
vegetation. Four spectral indices �± NDWI, MNDWI, AWEIsh, and AWEInsh �± were used to 
evaluate water delineation effectiveness, followed by automatic determination of the optimal 
threshold using the Otsu method. 

Comparison of the resulting masks with reference data showed that MNDWI provides 
the highest accuracy and overall consistency, while the AWEI indices exhibit increased sensi-
tivity to small and low-contrast water bodies. NDWI demonstrated limitations under spectral-
ly complex conditions, particularly in the presence of vegetation and turbid surfaces.  

The obtained results emphasize the importance of using Sentinel-2 SWIR channels to 
increase the contrast of water features and confirm the feasibility of combining the MNDWI 
and AWEI indices. This approach improves the completeness and reliability of mapping in 
areas affected by man-made disasters. The study demonstrates the potential of automated sat-
ellite monitoring methods to support hydro-ecological management in complex anthropogeni-
cally modified environments. The proposed methodology can serve as a basis for further work 
on water mapping, water-use planning, and developing adaptation strategies for water-
landscape transformations. 

Keywords: water resources, water surfaces, reservoirs, automated mapping, satellite 
monitoring, remote sensing methods, geospatial data, spectral indices, Otsu method,  
Sentinel-2. 
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�j�h�l�g�_���� �d�h�e�b�� �^�Z�l�q�b�d�� �]�_�g�_�j�m�}�� �g�_�]�Z�l�b�\�g�m�� �^�b�n�_�j�_�g�p�•�Z�e�v�g�m�� �a�f�•�g�m�����K�Z�f�_�� �p�•�� �•�f�i�m�e�v�k�b�� �a�f�•�g�� �•��
�\�b�y�\�e�y�x�l�v�k�y�� 

�K�Z�f�� �1�Q-�^�Z�l�q�b�d�� �j�h�a�f�•�s�_�g�h�� �\�� �]�_�j�f�_�l�b�q�g�h�� �a�Z�d�j�b�l�h�f�m�� �f�_�l�Z�e�_�\�h�f�m�� �d�h�j�i�m�k�•�� ���j�b�k�� 2) 
�^�e�y���i�h�d�j�Z�s�_�g�g�y���k�l�•�c�d�h�k�l�•���^�h���r�m�f�m�����l�_�f�i�_�j�Z�l�m�j�b���l�Z���\�h�e�h�]�h�k�l�•�����Q�m�l�e�b�\�b�c���_�e�_�f�_�g�l���a�Z�o�b��



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

48 

�s�_�g�h���\�•�d�h�g�p�_�f�����\�b�]�h�l�h�\�e�_�g�b�f���a���f�Z�l�_�j�•�Z�e�m�����s�h���i�j�h�i�m�k�d�Z�}���1�Q-�\�b�i�j�h�f�•�g�x�\�Z�g�g�y�����a�Z�a�\�b�q�Z�c��
�p�_���d�j�_�f�g�•�}�\�b�c���f�Z�l�_�j�•�Z�e���a���i�h�d�j�b�l�l�y�f�������A�Z���\�•�d�h�g�p�_�f���j�h�a�l�Z�r�h�\�Z�g�•���^�\�Z���a�[�Z�e�Z�g�k�h�\�Z�g�•���^�Z�l�q�b��
�d�b�����j�b�k�� 3). 

 
�J�b�k�m�g�h�d�������± �3�,�5���k�_�g�k�h�j���'�������6 

 

 
�J�b�k�m�g�h�d�������± �J�h�a�l�Z�r�m�\�Z�g�g�y���^�\�h�o���a�[�Z�e�Z�g�k�h�\�Z�g�b�o���^�Z�l�q�b�d�•�\���m���3�,�5���k�_�g�k�h�j�•���'�������6 

 
�G�Z�����j�b�k�� �������i�j�_�^�k�l�Z�\�e�_�g�h���d�j�_�k�e�_�g�g�y�����s�h���i�h�d�Z�a�m�}���\�•�d�g�h���k�_�g�k�h�j�Z���a�����^�\�h�f�Z���_�e�_�f�_�g�l�Z���a��

�q�m�l�e�b�\�h�]�h���f�Z�l�_�j�•�Z�e�m���>���@�� 
�G�Z�� ���j�b�k�� ������ �a�h�[�j�Z�`�_�g�h�� �\�g�m�l�j�•�r�g�x�� �k�o�_�f�m���� �<�Z�`�e�b�\�h�x�� �•�g�l�_�]�j�h�\�Z�g�h�x�� �q�Z�k�l�b�g�h�x�� �k�_�g��

�k�h�j�Z���}���-�)�(�7���>���@�����y�d�b�c���a�Z�[�_�a�i�_�q�m�}���^�m�`�_���g�b�a�v�d�b�c���j�•�\�_�g�v���r�m�f�m���l�Z���[�m�n�_�j�b�a�m�}���g�Z�^�a�\�b�q�Z�c�g�h��
�\�b�k�h�d�b�c�� �•�f�i�_�^�Z�g�k�� �^�Z�l�q�b�d�•�\���� �i�_�j�_�l�\�h�j�x�x�q�b�� �c�h�]�h�� �g�Z�� �k�b�]�g�Z�e���� �y�d�b�c�� �f�h�`�_�� �\�•�^�q�m�l�b�� �q�•�i��
�h�[�j�h�[�e�_�g�g�y���k�b�]�g�Z�e�m�����g�Z�i�j�b�d�e�Z�^�����%�,�6�����������>���@���� 

 
�J�b�k�m�g�h�d�������± PIR �k�_�g�k�h�j��RE200B�����\�g�m�l�j�•�r�g�y���k�o�_�f�Z 
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PIR-�k�_�g�k�h�j�b���^�h�k�b�l�v���m�g�•�\�_�j�k�Z�e�v�g�•���l�Z���a�^�_�[�•�e�v�r�h�]�h���\�•�^�j�•�a�g�y�x�l�v�k�y���e�b�r�_���p�•�g�h�x���l�Z���q�m��
�l�e�b�\�•�k�l�x�����;�•�e�v�r�•�k�l�v�� �k�i�j�Z�\�`�g�v�h�€�� �©�f�Z�]�•�€�ª�� �\�•�^�[�m�\�Z�}�l�v�k�y�� �a�� �h�i�l�b�d�h�x���� �P�_�� �^�h�k�b�l�v�� �]�Z�j�g�Z�� �•�^�_�y��
�^�e�y���\�b�j�h�[�g�b�p�l�\�Z����PIR-�k�_�g�k�h�j���l�Z���k�o�_�f�Z���}���n�•�d�k�h�\�Z�g�b�f�b���l�Z���d�h�r�l�m�x�l�v���d�•�e�v�d�Z���^�h�e�Z�j�•�\�����E�•�g�a�Z��
�d�h�r�l�m�}���e�b�r�_���d�•�e�v�d�Z���p�_�g�l�•�\���•���f�h�`�_���^�m�`�_���e�_�]�d�h���a�f�•�g�x�\�Z�l�b���r�b�j�b�g�m�����^�•�Z�i�Z�a�h�g�����^�•�Z�]�j�Z�f�m���^�•�€����
�G�Z�����j�b�k�� ���������e�•�g�a�Z���²  �p�_���i�j�h�k�l�h���r�f�Z�l�h�d���i�e�Z�k�l�b�d�m�����Z�e�_���p�_���g�_���h�a�g�Z�q�Z�}�����s�h���a�h�g�Z���\�b�y�\�e�_�g�g�y��
�²  �p�_���e�b�r�_���^�\�Z���i�j�y�f�h�d�m�l�g�b�d�b�����A�Z�a�\�b�q�Z�c���f�b���o�h�q�_�f�h���f�Z�l�b���a�h�g�m���\�b�y�\�e�_�g�g�y���g�Z�[�Z�]�Z�l�h���[�•�e�v��
�r�m�����>�e�y���p�v�h�]�h���f�b���\�b�d�h�j�b�k�l�h�\�m�}�f�h���i�j�h�k�l�m���e�•�g�a�m�����l�Z�d�m���y�d���l�•�����s�h���\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y���\���d�Z��
�f�_�j�•���� �\�h�g�Z�� �k�l�b�k�d�Z�}�� �\�_�e�b�d�m�� �i�e�h�s�m�� ���g�Z�i�j�b�d�e�Z�^���� �i�_�c�a�Z�`���� �m�� �f�Z�e�m�� ���g�Z�� �i�e�•�\�p�•�� �Z�[�h�� �&�&�'-
�k�_�g�k�h�j�•�������M���3�,�5- �^�Z�l�q�b�d�•�\���q�Z�k�l�•�r�_���a�Z���\�k�_���\�b�d�h�j�b�k�l�h�\�m�x�l�v���e�•�g�a�b���N�j�_�g�_�e�y�����j�b�k�� 5). 

 
�J�b�k�m�g�h�d�������± �E�•�g�a�Z���N�j�_�g�a�_�e�y 

�E�•�g�a�Z���N�j�_�g�_�e�y���d�h�g�p�_�g�l�j�m�}���k�\�•�l�e�h�����a�Z�[�_�a�i�_�q�m�x�q�b���r�b�j�r�b�c���^�•�Z�i�Z�a�h�g���•�g�n�j�Z�q�_�j�\�h�g�h��
�]�h���\�b�i�j�h�f�•�g�x�\�Z�g�g�y���^�e�y���^�Z�l�q�b�d�Z�����j�b�k�� 5). 

 

 
�J�b�k�m�g�h�d�������± �J�h�[�h�l�Z���e�•�g�a�b���N�j�_�g�a�_�e�y 
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�J�b�k�m�g�h�d�������± �I�h�}�^�g�_�g�g�Z�y���e�•�g�a�b���N�j�_�g�a�_�e�y���a���3�,�5���k�_�g�k�h�j�h�f���5�(�������% 

 
�A�Z�� �j�Z�o�m�g�h�d�� �e�•�g�a�b�� �N�j�_�g�_�e�y���� �l�_�i�_�j�� �m�� �g�Z�k�� �g�Z�[�Z�]�Z�l�h�� �[�•�e�v�r�b�c�� �^�•�Z�i�Z�a�h�g���� �H�^�g�Z�d��

�g�Z�k�i�j�Z�\�^�•�� �m�� �g�Z�k�� �^�\�Z�� �k�_�g�k�h�j�b���� �•���� �s�h�� �s�_�� �\�Z�`�e�b�\�•�r�_���� �g�Z�f�� �g�_ �i�h�l�j�•�[�g�•�� �^�\�Z�� �k�i�j�Z�\�^�•�� �\�_�e�b�d�•��
�i�j�y�f�h�d�m�l�g�b�d�b�� �h�[�e�Z�k�l�•�� �k�i�j�b�c�g�y�l�l�y���� �Z�� �j�Z�^�r�_�� �j�h�a�d�b�^�Z�g�•�� �d�•�e�v�d�Z�� �f�Z�e�_�g�v�d�b�o�� �h�[�e�Z�k�l�_�c���� �L�h�`��
�e�•�g�a�m���j�h�a�^�•�e�_�g�h���g�Z���d�•�e�v�d�Z���k�_�d�p�•�c�����d�h�`�g�Z���a���y�d�b�o���}���e�•�g�a�h�x���N�j�_�g�_�e�y�����j�b�k�� 7). 

�J�•�a�g�•�� �n�Z�k�_�l�b�� �l�Z�� �i�•�^�e�•�g�a�b�� ���j�b�k�� �������� �k�l�\�h�j�x�x�l�v�� �^�•�Z�i�Z�a�h�g�� �a�h�g�� �\�b�y�\�e�_�g�g�y���� �s�h �q�_�j�]�m��
�x�l�v�k�y���h�^�g�Z���a���h�^�g�h�x�����L�Z�d�h�`���p�_�g�l�j�b���e�•�g�a���m���]�j�Z�g�y�o���\�b�s�_���©�g�_�\�•�^�i�h�\�•�^�g�•�ª���± �d�h�`�g�Z���•�g�r�Z���\�d�Z��
�a�m�}���g�Z���j�•�a�g�•���i�h�e�h�\�b�g�b���k�_�g�k�h�j�g�h�]�h���_�e�_�f�_�g�l�Z���3�,�5�� 

 
�J�b�k�m�g�h�d������- �N�Z�k�_�l�b���l�Z���i�•�^�e�•�g�a�b 

 
�J�b�k�m�g�h�d�������± �>�•�Z�]�j�Z�f�Z���g�Z�i�j�Z�\�e�_�g�h�k�l�•���a�h�g���k�i�j�Z�p�x�\�Z�g�g�y�������k�_�g�k�h�j�•�\���\���k�_�j�_�^�b�g�•���^�Z�l�q�b�d�m 
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�F�_�l�h�^�b�d�Z���_�d�k�i�_�j�b�f�_�g�l�m. �;�m�e�h���i�j�h�\�_�^�_�g�h���^�h�k�e�•�^�`�_�g�g�y���f�h�`�e�b�\�h�k�l�•���\�b�d�h�j�b�k�l�Z�g�g�y��
�^�Z�l�q�b�d�m�� �[�_�a�� �e�•�g�a�b�� �l�Z�� �a�•�� �a�\�b�q�Z�c�g�h�x�� �k�d�e�y�g�h�x�� �e�•�g�a�h�x���� �>�Z�l�q�b�d�� �\�� �p�v�h�f�m�� �^�h�k�e�•�^�•�� �a�Z�d�j�•�i�e�x��
�\�Z�\�k�y���g�Z���r�l�Z�l�b�\�•�����j�b�k�� �����������>�e�y���h�l�j�b�f�Z�g�g�y���j�_�a�m�e�v�l�Z�l�•�\���k�b�]�g�Z�e���h�^�g�h�q�Z�k�g�h���[�m�e�h���i�h�^�Z�g�h���g�Z��
�'�'�0�� �f�m�e�v�l�b�f�_�l�j�� �6�'�0���������� �l�Z�� �p�b�n�j�h�\�b�c�� �h�k�p�b�e�h�]�j�Z�n�� �6�'�6�������;-�+�'���� �L�Z�d�� �y�d�� �^�•�Z�i�Z�a�h�g��
�k�b�]�g�Z�e�m�� �[�m�\�� �\�•�^�g�h�k�g�h�� �g�_�\�_�e�b�d�b�c�� �í�� �\�•�^�� �h�^�b�g�b�p�v�� �^�h�� �^�_�k�y�l�d�•�\�� �f�•�e�•�\�h�e�v�l���� �Z�� �•�g�l�_�j�\�Z�e�� �k�l�_��
�`�_�g�g�y���^�h�k�y�]�Z�\���^�_�k�y�l�d�•�\���k�_�d�m�g�^�����l�h���\�b�d�h�j�b�k�l�Z�g�g�y���f�m�e�v�l�b�f�_�l�j�m���[�m�e�h���[�•�e�v�r���^�h�p�•�e�v�g�b�f�����•���m��
�i�h�^�Z�e�v�r�h�f�m���g�Z�\�_�^�_�g�h���^�Z�g�•�����s�h���[�m�e�b���h�l�j�b�f�Z�g�•���k���f�m�e�v�l�b�f�_�l�j�m�� 

 
�J�b�k�m�g�h�d���������± �Q�Z�k�l�b�g�Z���k�l�_�g�^�m���^�e�y���^�h�k�e�•�^�`�_�g�g�y���1�Q���^�Z�l�q�b�d�m�����y�d�Z���h�l�j�b�f�m�}���k�b�]�g�Z�e 

 
�<�� �y�d�h�k�l�•�� �h�[�¶�}�d�l�Z���� �g�Z�� �y�d�b�c�� �k�i�j�Z�p�v�h�\�m�}�� �^�Z�l�q�b�d�� �j�m�o�m�� �[�m�e�h�� �\�b�d�h�j�b�k�l�Z�g�h�� �i�e�Z�k�l�b�d�h�\�m��

�i�e�y�r�d�m���a���\�h�^�h�x���l�_�f�i�_�j�Z�l�m�j�h�x���i�j�b�[�e�b�a�g�h�������� �.�����>�e�y���\�•�^�l�\�h�j�_�g�g�y���h�^�g�h�l�b�i�g�h�€���^�b�g�Z�f�•�d�b��
�\�� �h�[�f�_�`�_�g�h�f�m�� �i�j�h�k�l�h�l�•�� �[�m�e�h�� �k�l�\�h�j�_�g�h�� �f�Z�y�l�g�b�d�� �\�� �_�n�_�d�l�b�\�g�h�x�� �^�h�\�`�b�g�h�x�� �������� m. 
�<�•�^�k�l�Z�g�v���\�•�^���k�_�g�k�h�j�Z���^�h���f�Z�y�l�g�b�d�Z���k�d�e�Z�^�Z�e�Z�����������f�_�l�j�Z���� �Z���Z�f�i�e�•�l�m�^�Z���k�y�]�Z�e�Z�������� �P�����O�Z�j�Z�d��
�l�_�j�g�b�c���q�Z�k���a�Z�l�m�o�Z�g�g�y���d�h�e�b�\�Z�g�v���[�m�\���a�g�Z�q�g�h���[�•�e�v�r�b�f�����g�•�`���q�Z�k���\�b�f�•�j�x�\�Z�g�g�y�����a�Z�\�^�y�d�b���^�h��
�k�l�Z�l�g�v�h�€���^�h�[�j�h�l�g�h�k�l�•���k�b�k�l�_�f�b�����M���l�h�c���`�_���q�Z�k���k�e�•�^���\�•�^�f�•�l�b�l�b�����s�h���m���g�Z�y�\�g�b�o���m�f�h�\�Z�o���g�_�f�h��
�`�e�b�\�h�� �m�g�b�d�g�m�l�b�� �g�_�d�h�g�l�j�h�e�v�h�\�Z�g�b�o�� �•�g�n�j�Z�q�_�j�\�h�g�b�o�� �\�i�e�b�\�•�\���� �s�h�� �\�•�^�h�[�j�Z�`�Z�}�l�v�k�y�� �m�� �\�b��
�]�e�y�^�•���•�f�i�m�e�v�k�g�b�o���a�Z�\�Z�^���g�Z���]�j�Z�n�•�d�Z�o�� 

�:�g�Z�e�•�a�� �j�_�a�m�e�v�l�Z�l�•�\. �>�h�k�e�•�^�� �i�h�d�Z�a�Z�\���� �s�h�� �[�_�a�� �e�•�g�a�b�� �i�_�j�_�^�� �k�_�g�k�h�j�h�f���� �\�� �h�k�l�Z�g�g�v�h�]�h��
�\�d�j�Z�c�� �g�b�a�v�d�Z�� �q�m�l�e�b�\�•�k�l�v���� �;�_�a�� �e�•�g�a�b�� �k�b�]�g�Z�e�� �g�Z�� �\�b�o�h�^�•�� �\�� ������ �j�Z�a�•�\�� �k�e�Z�[�r�b�c�� �i�h�� �Z�f�i�e�•�l�m�^�•����
�D�h�e�b�� �`�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�e�Z�k�v�� �k�d�e�y�g�Z�� �e�•�g�a�Z�� �k�b�]�g�Z�e�� �a�h�\�k�•�f�� �a�g�b�d�� �a�� �\�b�o�h�^�m�� �k�_�g�k�h�j�Z���� �P�_��
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The influence of the focusing system on the sensitivity of the PIR sensor 
Passive infrared motion sensors (hereinafter referred to as PIR sensors) are the most 

important components of modern security and automation systems. These sensors are de-
signed to detect the presence of people by detecting infrared radiation emitted by their bodies. 
The technical documentation for PIR sensors does not describe how it works without a focus-
ing lens, or if it can work without one at all. This article describes the study of the possibility 
of using a PIR motion sensor without a lens. 

A study was conducted on the possibility of using a sensor without a lens and with a 
conventional glass lens. The experiment showed that without a lens in front of the sensor, the 
latter has extremely low sensitivity. Without a lens, the output signal is 10 times weaker in 
amplitude. When a glass lens was used, the signal completely disappeared from the sensor 
output. This is due to the fact that conventional glass does not transmit infrared radiation of 
the corresponding range. On the other hand, when using a sensor without a lens, the reaction 
to objects located in the near zone was greater. Based on both a priori information and the 
data obtained as a result of experiments, the following conclusions can be drawn: 

1. The design and materials of the PIR sensors that were studied allow for the success-
ful detection of the movement of bodies whose temperature differs from the surrounding envi-
ronment by tens of degrees.  

2. Without the use of a Fresnel lens, detection of warm objects is possible only in the 
near zone. With the use of an appropriate lens, the detection zone is significantly expanded.  

3. Using conventional optical range lenses to successfully work with these sensors is 
practically impossible. 

Key words: PIR sensor, D203S. 
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�c�h�]�h���i�h�j�•�\�g�y�g�g�y���a���\�•�^�h�f�b�f�b���i�•�^�o�h�^�Z�f�b�� 

�<�b�d�e�Z�^�_�g�g�y���h�k�g�h�\�g�h�]�h���f�Z�l�_�j�•�Z�e�m���^�h�k�e�•�^�`�_�g�g�y�����>�e�y���a�Z�[�_�a�i�_�q�_�g�g�y���^�_�p�_�g�l�j�Z�e�•�a�Z��
�p�•�€���i�•�^�� �q�Z�k���\�b�j�•�r�_�g�g�y���d�h�g�n�e�•�d�l�•�\�� �l�Z���d�h�f�m�g�•�d�Z�p�•�€�� �m���p�•�c���j�h�[�h�l�•�� �i�j�h�i�h�g�m�}�l�v�k�y���i�_�j�_�c�l�b���\�•�^��
�©�l�h�j�]�•�\�ª�� �f�•�`�� �Z�]�_�g�l�Z�f�b�� �^�h�� �©�m�a�]�h�^�`�_�g�g�y�ª�� �f�•�`�� �g�b�f�b�� �g�Z�� �h�k�g�h�\�•�� �i�h�^�•�[�g�h�k�l�•�� �k�l�Z�g�•�\���� �H�l�`�_����
�d�h�`�_�g�� �Z�]�_�g�l�� �f�Z�l�b�f�_�� �j�_�Z�e�•�a�h�\�g�b�c�� �d�h�f�m�g�•�d�Z�p�•�c�g�b�c�� �j�•�\�_�g�v���� �s�h�� �\�•�^�i�h�\�•�^�Z�l�b�f�_�� �a�Z�� �k�l�\�h�j�_�g��
�g�y�����d�_�j�m�\�Z�g�g�y���l�Z���j�_�Z�d�p�•�x���g�Z���a�Z�^�Z�q�•���q�b���d�h�g�n�e�•�d�l�b���m���k�b�k�l�_�f�•�� 

�K�l�\�h�j�_�g�g�y���g�h�\�h�]�h���f�_�l�h�^�m���‰�j�m�g�l�m�}�l�v�k�y���g�Z���\�b�d�h�j�b�k�l�Z�g�g�•���i�h�g�y�l�l�y���©�j�_�a�h�g�Z�g�k�m�ª���± �\�b��
�[�•�j�d�h�\�h�]�h���i�•�^�k�b�e�_�g�g�y���j�_�Z�d�p�•�€���i�j�b���a�[�•�]�m���i�Z�j�Z�f�_�l�j�•�\���i�h�q�Z�l�d�h�\�h�]�h���\�i�e�b�\�m�����Y�d�s�h���j�h�a�]�e�y�^�Z��
�l�b���p�_���i�h�g�y�l�l�y���m �n�•�a�b�p�•�����l�h �j�_�a�h�g�Z�g�k���^�h�a�\�h�e�y�}���i�_�j�_�^�Z�\�Z�l�b���_�g�_�j�]�•�x���a���f�Z�d�k�b�f�Z�e�v�g�h�x���_�n�_�d��
�l�b�\�g�•�k�l�x�����< �•�g�n�h�j�f�Z�p�•�c�g�b�o���k�b�k�l�_�f�Z�o���Z�g�Z�e�h�]�h�f���_�g�_�j�]�•�€���} �•�g�n�h�j�f�Z�p�•�y���l�Z���h�[�q�b�k�e�x�\�Z�e�v�g�b�c��
�j�_�k�m�j�k�����<�•�^�i�h�\�•�^�g�h���Z�]�_�g�l-�•�g�•�p�•�Z�l�h�j���i�h�k�b�e�Z�}���i�h�q�Z�l�d�h�\�b�c���a�Z�i�b�l�����o�\�b�e�x�����m���f�_�j�_�`�m�����Z �i�h�l�•�f 
�h�[�j�h�[�e�y�}�� �e�b�r�_�� �l�•�� �a�Z�i�b�l�b���� �y�d�•���©�j�_�a�h�g�m�x�l�v�ª�� ���a�[�•�]�Z�x�l�v�k�y�� �a�� �c�h�]�h�� �i�h�l�h�q�g�b�f�� �k�l�Z�g�h�f���� �P�_�c��
�i�•�^�o�•�^���i�_�j�_�]�m�d�m�}�l�v�k�y���a���d�h�g�p�_�i�p�•�y�f�b���r�Z�[�e�h�g�m���©Publish/Subscribe�ª���l�Z���k�_�f�Z�g�l�b�q�g�h�€���f�Z�j�r��
�j�m�l�b�a�Z�p�•�€���� �Z�e�_�� �^�h�^�Z�}�� �^�b�g�Z�f�•�q�g�b�c���d�h�f�i�h�g�_�g�l���� �k�l�m�i�•�g�v�� �\�•�^�i�h�\�•�^�g�h�k�l�•�� ���Z�f�i�e�•�l�m�^�Z�� �j�_�a�h�g�Z�g��
�k�m�����a�f�•�g�x�}�l�v�k�y���\���q�Z�k�•���a�Z�e�_�`�g�h���\�•�^���k�l�Z�g�m���Z�]�_�g�l�Z-�^�\�•�c�g�b�d�Z�� 

�J�h�a�]�e�y�g�_�f�h���^�_�l�Z�e�v�g�•�r�_���j�_�Z�e�•�p�•�x���f�_�o�Z�g�•�a�f�•�\���d�h�f�m�g�•�d�Z�p�•�€���\���f�_�l�h�^�•���j�_�a�h�g�Z�g�k�g�b�o���a�Z��
�i�b�l�•�\���� �G�_�o�Z�c�� �m�� �k�b�k�l�_�f�•�� �p�b�n�j�h�]�h�� �^�\�•�c�g�b�d�Z�� �k�d�e�Z�^�g�h�€�� �k�b�k�l�_�f�b�� �•�k�g�m�}�� �f�g�h�`�b�g�Z�� �Z�]�_�g�l�•�\ 

. �D�h�`�_�g���Z�]�_�g�l�� �m���f�h�f�_�g�l�� �q�Z�k�m��t �h�i�b�k�m�}�l�v�k�y���\�_�d�l�h�j�h�f���k�l�Z�g�m�� �m��

�[�Z�]�Z�l�h�\�b�f�•�j�g�h�f�m���i�j�h�k�l�h�j�•���h�a�g�Z�d : 

                                          (1) 

�^�_��  �± �\�_�d�l�h�j�� �n�•�a�b�q�g�b�o�� �i�Z�j�Z�f�_�l�j�•�\�� ���d�h�h�j�^�b�g�Z�l�b���� �r�\�b�^�d�•�k�l�v���� �j�•�\�_�g�v�� �_�g�_�j�]�•�€����

�l�_�f�i�_�j�Z�l�m�j�Z�����\�•�[�j�Z�p�•�y�������s�h���h�l�j�b�f�m�}�l�v�k�y���a���k�_�g�k�h�j�•�\���n�•�a�b�q�g�h�]�h���h�[�
�}�d�l�Z; 

 �± �\�_�d�l�h�j�� �d�h�f�i�_�l�_�g�p�•�c�� �l�Z�� �j�_�k�m�j�k�•�\�� ���l�b�i�� �h�[�e�Z�^�g�Z�g�g�y���� �^�h�k�l�m�i�g�•�� �•�g�k�l�j�m�f�_�g�l�b����

�e�•�p�_�g�a�•�€�����\�•�e�v�g�Z���i�Z�f�
�y�l�v��; 

 �± �\�_�d�l�h�j���p�•�e�_�c���l�Z���a�h�[�h�\�
�y�a�Z�g�v�����i�h�l�h�q�g�_���a�Z�\�^�Z�g�g�y�����q�_�j�]�Z�����i�j�•�h�j�b�l�_�l���� 

�K�l�Z�g�� �d�h�`�g�h�]�h�� �Z�]�_�g�l�Z�� �f�h�`�_�� �[�m�l�b�� �j�h�a�r�b�j�_�g�b�c�� �[�•�e�v�r�b�f�� �g�Z�[�h�j�h�f�� �h�a�g�Z�d���� �s�h�� �f�h�`�_��
�q�Z�k�l�d�h�\�h���\�i�e�b�g�m�l�b���g�Z���q�Z�k���h�[�q�b�k�e�_�g�v���� �i�j�h�l�_���a�Z�\�`�^�b���a�Z�e�b�r�Z�}�l�v�k�y���g�Z���j�h�a�]�e�y�^���i�j�h�}�d�l�m�\�Z��
�e�v�g�b�d�Z���k�b�k�l�_�f�b�����L�Z�d�h�`���d�h�`�_�g���Z�]�_�g�l���f�Z�}���•�g�^�b�\�•�^�m�Z�e�v�g�b�c���g�Z�[�•�j���o�Z�j�Z�d�l�_�j�b�k�l�b�d�����s�h���f�h�`�_��
�i�h�\�g�•�k�l�x���Z�[�h���q�Z�k�l�d�h�\�h���k�o�h�^�b�l�b�k�v���q�b���g�_���k�o�h�^�b�l�b�k�v���•�a���g�Z�[�h�j�h�f���o�Z�j�Z�d�l�_�j�b�k�l�b�d���•�g�r�b�o���Z�]�_��
�g�l�•�\�� 

�<�•�^�i�h�\�•�^�g�h���m���i�_�\�g�b�c���f�h�f�_�g�l�����d�h�e�b���Z�]�_�g�l-�•�g�•�p�•�Z�l�h�j���i�h�l�j�_�[�m�}���d�h�f�m�g�•�d�Z�p�•�€���a���•�g�r�b�f�b��

�Z�]�_�g�l�Z�f�b���^�e�y���\�b�j�•�r�_�g�g�y���d�h�g�n�e�•�d�l�m���q�b���i�_�\�g�h�€���a�Z�^�Z�q�•�����\�•�g���k�l�\�h�j�x�}���j�_�a�h�g�Z�k�g�b�c���a�Z�i�b�l�� , 

�s�h���a�Z�^�Z�}�l�v�k�y���g�Z�k�l�m�i�g�b�f���\�_�d�l�h�j�h�f�� 

                                                      (2) 
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�^�_��  �± �\�_�d�l�h�j���\�b�f�h�]���^�h���\�b�d�h�g�Z�\�p�y�����h�i�b�k�m�}�l�v�k�y���\�_�d�l�h�j�h�f���k�l�Z�g�m���Z�]�_�g�l�Z; 

 �± �i�j�•�h�j�b�l�_�l���a�Z�i�b�l�m�� 

 �± �q�Z�k���`�b�l�l�y���a�Z�i�b�l�m��(Time to live, TTL); 

 �± �i�h�j�•�]���Z�d�l�b�\�Z�p�•�€���j�_�a�h�g�Z�g�k�m�����f�•�g�•�f�Z�e�v�g�_���h�p�•�g�d�Z���\�•�^�i�h�\�•�^�g�h�k�l�•���\�_�d�l�h�j�m���\�b�f�h�]�� 

�M���k�\�h�x���q�_�j�]�m���Z�]�_�g�l�b-�\�b�d�h�g�Z�\�p�•���h�l�j�b�f�m�x�l�v���j�_�a�h�g�Z�g�k�g�•���a�Z�i�b�l�b���l�Z���h�[�q�b�k�e�x�x�l�v���k�b�e�m 

�j�_�a�h�g�Z�g�k�m�����k�l�m�i�•�g�v���\�•�^�i�h�\�•�^�g�h�k�l�•���a�Z�i�b�l�m�����N�m�g�d�p�•�y���j�_�a�h�g�Z�g�k�m�� �\�b�a�g�Z�q�Z�}���k�l�m�i�•�g�v��

�\�•�^�i�h�\�•�^�g�h�k�l�•���Z�]�_�g�l�Z�� �a�Z�i�b�l�m��. �P�y���n�m�g�d�p�•�y���}���\�b�a�g�Z�q�Z�e�v�g�b�f���n�Z�d�l�h�j�h�f���^�e�y���d�h�j�_�d�l�g�h�€��

�j�h�[�h�l�b���f�_�l�h�^�m���l�Z���f�h�`�_���\�b�a�g�Z�q�Z�l�b�k�v���•�g�^�b�\�•�^�m�Z�e�v�g�h���i�j�h�}�d�l�m�\�Z�e�v�g�b�d�h�f���k�b�k�l�_�f�b���a���h�]�e�y�^�m��
�g�Z�� �g�Z�y�\�g�•�� �n�Z�d�l�h�j�b���� �>�e�y�� �i�j�b�d�e�Z�^�m���� �n�m�g�d�p�•�y�� �j�_�a�h�g�Z�g�k�m�� �f�h�`�_�� �[�m�l�b�� �\�b�a�g�Z�q�_�g�Z�� �y�d�� �a�\�Z�`�_�g�Z��
�d�h�k�b�g�m�k�g�Z�� �i�h�^�•�[�g�•�k�l�v�� �a�� �m�j�Z�o�m�\�Z�g�g�y�f�� �h�[�f�_�`�m�\�Z�e�v�g�b�o�� �n�Z�d�l�h�j�•�\���� �y�d�s�h�� �\�_�d�l�h�j�b�� �k�l�Z�g�•�\��
�f�Z�x�l�v���h�^�g�Z�d�h�\�m���j�h�a�f�•�j�g�•�k�l�v�� 

                         (3) 

�^�_  �± �n�m�g�d�p�•�y�� �O�_�\�•�k�Z�c�^�Z���� �s�h�� �a�Z�[�_�a�i�_�q�m�}�� �\�b�d�h�g�Z�g�g�y�� �`�h�j�k�l�d�b�o�� �h�[�f�_�`�_�g�v���a�Z�i�b�l�m, 

�g�Z�i�j�b�d�e�Z�^�����g�Z�y�\�g�•�k�l�v���d�h�g�d�j�_�l�g�h�]�h���•�g�k�l�j�m�f�_�g�l�m.  
�M���k�\�h�x���q�_�j�]�m���h�[�q�b�k�e�_�g�g�y���a�g�Z�q�_�g�g�y���d�h�k�b�g�m�k�g�h�€���i�h�^�•�[�g�h�k�l�•���a�Z�[�_�a�i�_�q�m�\�Z�l�b�f�_���i�h�r�m�d��

�g�Z�c�[�•�e�v�r�� �i�•�^�o�h�^�y�s�h�]�h�� �Z�]�_�g�l�Z�� ���a�� �g�Z�c�[�•�e�v�r�h�x�� �d�•�e�v�d�•�k�l�x�� �i�h�l�j�•�[�g�b�o�� �j�_�k�m�j�k�•�\���� �k�_�j�_�^�� �\�k�•�o��
�l�b�o�����s�h���i�j�h�c�r�e�b���a�Z�^�Z�g�•���h�[�f�_�`�_�g�g�y�����A�g�Z�q�_�g�g�y���i�j�•�h�j�b�l�_�l�m���[�m�^�_���i�j�h�i�h�j�p�•�c�g�h���f�Z�k�r�l�Z�[�m��
�\�Z�l�b���h�[�q�b�k�e�_�g�_���a�g�Z�q�_�g�g�y���^�e�y���i�j�b�r�\�b�^�r�_�g�g�y���h�[�j�h�[�d�b���\�b�k�h�d�h�i�j�•�h�j�b�l�_�l�g�b�o���a�Z�i�b�l�•�\�� 

�I�•�k�e�y���h�[�q�b�k�e�_�g�g�y���a�g�Z�q�_�g�g�y���j�_�a�h�g�Z�g�k�m���n�h�j�f�m�}�l�v�k�y���\�•�^�i�h�\�•�^�v���Z�]�_�g�l�Z-�\�b�d�h�g�Z�\�p�y�����G�Z��
�\�•�^�f�•�g�m���\�•�^���[�•�g�Z�j�g�h�€���e�h�]�•�d�b�����]�h�^�b�l�v�k�y / �g�_���]�h�^�b�l�v�k�y�������f�_�l�h�^���j�_�a�h�g�Z�g�k�g�b�o���a�Z�i�b�l�•�\���\�\�h�^�b�l�v��
�•�f�h�\�•�j�g�•�k�g�m�� �l�Z�� �q�Z�k�h�\�m�� �a�Z�e�_�`�g�•�k�l�v�� �j�_�Z�d�p�•�€�� �\�•�^�� �k�b�e�b�� �j�_�a�h�g�Z�g�k�m���� �Q�Z�k�� �a�Z�l�j�b�f�d�b�� �\�•�^�i�h�\�•�^�•��

 �^�e�y���Z�]�_�g�l�Z�� �\�b�a�g�Z�q�Z�}�l�v�k�y���h�[�_�j�g�_�g�h���i�j�h�i�h�j�p�•�c�g�h���^�h���\�_�e�b�q�b�g�b���j�_�a�h�g�Z�g�k�m�� 

                                         (4) 

�^�_ �± �[�Z�a�h�\�b�c�� �q�Z�k�h�\�b�c�� �•�g�l�_�j�\�Z�e���� �Z�� �± �d�h�_�n�•�p�•�}�g�l�� �q�m�l�e�b�\�h�k�l�•���� �a�Z�� �^�h�i�h�f�h�]�h�x�� �y�d�h�]�h��

�f�h�`�g�Z�� �j�_�]�m�e�x�\�Z�l�b���� �g�Z�k�d�•�e�v�d�b�� �k�b�e�v�g�h�� �a�f�_�g�r�m�}�l�v�k�y�� �q�Z�k�� �\�•�^�i�h�\�•�^�•�� �i�j�b�� �a�[�•�e�v�r�_�g�g�•�� �a�g�Z��

�q�_�g�g�y�� �j�_�a�h�g�Z�g�k�m������ �L�Z�d�Z�� �a�Z�e�_�`�g�•�k�l�v�� �]�Z�j�Z�g�l�m�}���� �s�h�� �Z�]�_�g�l�� �a�� �g�Z�c�\�b�s�b�f�� �j�•�\�g�_�f��

�\�•�^�i�h�\�•�^�g�h�k�l�•�����©�g�Z�c�k�b�e�v�g�•�r�b�f���j�_�a�h�g�Z�g�k�h�f�ª�����\�•�^�i�h�\�•�k�l�v���i�_�j�r�b�f�����P�_���^�h�a�\�h�e�y�}���•�g�•�p�•�Z�l�h�j�m��
�i�j�b�c�g�y�l�b�� �i�_�j�r�m�� �`�� �\�Z�e�•�^�g�m�� �\�•�^�i�h�\�•�^�v�� ���)�L�U�V�W-come, Best-�I�L�W������ �a�g�Z�q�g�h�� �k�d�h�j�h�q�m�x�q�b �q�Z�k��
�h�q�•�d�m�\�Z�g�g�y���i�h�j�•�\�g�y�g�h���a�•���a�[�h�j�h�f���m�k�•�o���i�j�h�i�h�a�b�p�•�c���m���&�1�3�� �L�Z�d�h�`���f�h�`�e�b�\�b�f���}���\�Z�j�•�Z�g�l�����d�h��
�e�b�� �Z�]�_�g�l�m-�•�g�•�p�•�Z�l�h�j�m�� �m�� �i�_�\�g�h�f�m�� �i�j�h�f�•�`�d�m�� �q�Z�k�m�� �i�h�l�j�•�[�g�h�� �a�•�[�j�Z�l�b�� �m�k�•�� �\�•�^�i�h�\�•�^�•�� �\�•�^�� �Z�]�_�g��
�l�•�\-�\�b�d�h�g�Z�\�p�•�\���l�Z���h�p�•�g�b�l�b���€�o�����s�h���q�Z�k�l�d�h�\�h���a�[�•�e�v�r�b�l�v���r�Z�g�k���h�[�j�Z�g�g�y���g�Z�c�h�i�l�b�f�Z�e�v�g�•�r�h�]�h��
�\�Z�j�•�Z�g�l�Z���k�_�j�_�^���f�h�`�e�b�\�b�o���� 

�H�d�j�_�f�h���\�Z�j�l�h���m�l�h�q�g�b�l�b���i�j�h�p�_�k���h�[�j�h�[�d�b���k�d�e�Z�^�g�b�o���d�h�g�n�e�•�d�l�•�\���m���k�b�k�l�_�f�•�����Y�d�s�h���\�•�^��
�[�m�e�Z�k�v���k�b�l�m�Z�p�•�y�����a�Z���y�d�h�€���^�\�Z���Z�]�_�g�l�b���d�h�g�d�m�j�m�x�l�v���a�Z���i�_�\�g�b�c���j�_�k�m�j�k�����g�Z�i�j�b�d�e�Z�^�����^�\�•���f�Z�r�b��
�g�b �a�m�k�l�j�•�e�b�k�y���m���\�m�a�v�d�h�f�m���d�h�j�b�^�h�j�•�����l�h���i�j�•�h�j�b�l�_�l���h�l�j�b�f�Z�}���l�h�c�����o�l�h���\�b�d�h�g�m�} �a�Z�\�^�Z�g�g�y�����a�Z��
�i�b�l�����•�a���\�b�s�b�f���i�j�•�h�j�b�l�_�l�h�f�����:�]�_�g�l���a���g�b�`�q�b�f���i�j�•�h�j�b�l�_�l�h�f���h�l�j�b�f�m�}���©�g�Z�d�Z�a�ª���i�h�k�l�m�i�b�l�b�k�y��
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�l�Z�� �h�q�•�d�m�}�� �k�\�h�}�€�� �q�_�j�]�b���� �Y�d�s�h�� �i�j�•�h�j�b�l�_�l�b�� �j�•�\�g�•���� �\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y�� �\�g�m�l�j�•�r�g�•�� �f�_�o�Z�g�•�a�f�b��
�i�j�•�h�j�b�l�_�l�•�\���k�b�k�l�_�f�b���Z�[�h���\�b�i�Z�^�d�h�\�•���a�g�Z�q�_�g�g�y���^�e�y���i�_�j�_�j�Z�o�m�g�d�m���a�g�Z�q�_�g�v���j�_�a�h�g�Z�g�k�m�� 

�H�l�`�_���� �i�j�h�p�_�k�� �d�h�f�m�g�•�d�Z�p�•�€�� �a�Z�^�e�y�� �\�b�j�•�r�_�g�g�y�� �d�h�g�n�e�•�d�l�m�� �q�b�� �j�h�a�i�h�^�•�e�m�� �a�Z�\�^�Z�g�v�� �i�j�h��
�o�h�^�b�l�v���g�Z�k�l�m�i�g�•���n�Z�a�b�� 

1. �G�Z�^�k�b�e�Z�g�g�y�� ���(�P�L�V�V�L�R�Q���� �:�]�_�g�l-�•�g�•�p�•�Z�l�h�j�� �\�b�y�\�e�y�}�� �d�h�g�n�e�•�d�l�� ���g�Z�i�j�b�d�e�Z�^���� �i�j�h�]�g�h��
�a�m�}�l�v�k�y���\�b�o�•�^���a���e�Z�^�m���i�•�^�r�b�i�g�b�d�Z�������>�Z�e�•���Z�]�_�g�l���n�h�j�f�m�}���\�_�d�l�h�j���\�b�f�h�]�����i�h�l�j�•�[�_�g���j�_�f�h�g�l�g�b�c��
�j�h�[�h�l���a���•�g�k�l�j�m�f�_�g�l�h�f���;�����l�Z���g�Z�^�k�b�e�Z�}���\�•�^�i�h�\�•�^�g�b�c���a�Z�i�b�l���m���f�_�j�_�`�m���Z�]�_�g�l�•�\�� 

2. �I�h�]�e�b�g�Z�g�g�y�� �l�Z�� �j�_�a�h�g�Z�g�k�� ���$�E�V�R�U�S�W�L�R�Q�� �	�� �5�H�V�R�Q�D�Q�F�H�������I�h�l�_�g�p�•�c�g�•�� �Z�]�_�g�l�b-
�\�b�d�h�g�Z�\�p�•�� �h�l�j�b�f�m�x�l�v�� �i�h�\�•�^�h�f�e�_�g�g�y�� �l�Z�� �h�[�q�b�k�e�x�x�l�v�� �a�g�Z�q�_�g�g�y�� �j�_�a�h�g�Z�g�k�m�� ���\�•�^�i�h�\�•� �̂g�h�k�l�•��
�a�Z�i�b�l�m������ �Y�d�s�h�� �Z�]�_�g�l�� �g�_�� �\�•�^�i�h�\�•�^�Z�}�� �m�f�h�\�Z�f�� �Z�[�h�� �\�•�^�i�h�\�•�^�g�•�k�l�v�� �g�b�`�q�Z�� �a�Z�� �f�•�g�•�f�Z�e�v�g�_�� �a�g�Z��
�q�_�g�g�y�����l�h���i�h�^�Z�e�v�r�Z���h�[�j�h�[�d�Z���a�m�i�b�g�y�l�v�k�y�����s�h���^�h�a�\�h�e�y�}���a�g�b�a�b�l�b���l�j�Z�n�•�d�� 

3. �L�b�f�q�Z�k�h�\�Z�� �f�h�^�m�e�y�p�•�y�� ���7�H�P�S�R�U�D�O�� �0�R�G�X�O�D�W�L�R�Q���� �:�]�_�g�l�b���� �s�h�� �\�•�^�i�h�\�•�^�Z�x�l�v�� �m�f�h�\�Z�f��
�a�Z�i�b�l�m�����h�[�q�b�k�e�x�x�l�v���a�g�Z�q�_�g�g�y���a�Z�l�j�b�f�d�b���l�Z���\�k�l�Z�g�h�\�e�x�x�l�v���l�Z�c�f�_�j���^�e�y���g�Z�^�k�b�e�Z�g�g�y���\�•�^�i�h��
�\�•�^�•�����Y�d�s�h���i�h�l�h�q�g�b�c���Z�]�_�g�l���h�l�j�b�f�m�}���i�h�\�•�^�h�f�e�_�g�g�y�����s�h���•�g�r�b�c���Z�]�_�g�l�� �m�`�_���h�[�j�h�[�e�y�}���a�Z�i�b�l��
�^�h���a�Z�d�•�g�q�_�g�g�y���l�Z�c�f�_�j�Z�����\�•�g���k�d�Z�k�h�\�m�}���k�\�h�x���\�•�^�i�j�Z�\�d�m�����\�•�^�[�m�\�Z�}�l�v�k�y���i�j�b�]�g�•�q�_�g�g�y���\�•�^�]�m�d�m���� 

4. �<�•�^�]�m�d���l�Z���n�•�d�k�Z�p�•�y�����5�H�V�S�R�Q�V�H�� �	���&�R�P�P�L�W�P�H�Q�W���� �L�Z�c�f�_�j���Z�]�_�g�l�Z���a���g�Z�c�\�b�s�b�f���j�_�a�h��
�g�Z�g�k�h�f���k�i�j�Z�p�v�h�\�m�}���i�_�j�r�b�f���•���\�•�g���g�Z�^�k�b�e�Z�}���i�h�\�•�^�h�f�e�_�g�g�y���Z�]�_�g�l�m-�•�g�•�p�•�Z�l�h�j�m���a���i�j�h�i�h�a�b�p�•��
�}�x���\�b�d�h�g�Z�l�b���a�Z�i�b�l���� �1�g�•�p�•�Z�l�h�j���� �h�l�j�b�f�Z�\�r�b���i�_�j�r�m�����Z�[�h���i�_�j�r�•��K�����i�j�h�i�h�a�b�p�•�c���� �h�p�•�g�x�}���€�o���•��
�g�Z�^�k�b�e�Z�}���i�•�^�l�\�_�j�^�`�_�g�g�y���l�Z���k�b�]�g�Z�e���\�•�^�f�•�g�b���^�e�y���•�g�r�b�o�� 

�<�•�^�i�h�\�•�^�g�h�� �h�l�j�b�f�m�}�f�h�� �g�Z�k�l�m�i�g�m�� �^�•�Z�]�j�Z�f�m�� �i�h�k�e�•�^�h�\�g�h�k�l�_�c�� ���j�b�k���� ������ �^�e�y�� �\�b�d�h�g�Z�g�g�y��
�j�_�a�h�g�Z�g�k�g�h�]�h�� �a�Z�i�b�l�m�� �^�e�y�� �^�\�h�o�� �Z�]�_�g�l�•�\�� �^�e�y�� �\�b�i�Z�^�d�m���� �d�h�e�b�� �h�^�b�g�� �•�a�� �g�b�o�� �\�•�^�i�h�\�•�^�Z�}�� �\�b�f�h��
�]�Z�f�����Z���•�g�r�b�c���± �g�•�� 

 
�J�b�k�m�g�h�d 1 - �>�•�Z�]�j�Z�f�Z���i�h�k�e�•�^�h�\�g�h�k�l�_�c���^�e�y���i�j�b�d�e�Z�^�m���\�b�d�h�g�Z�g�g�y���j�_�a�h�g�Z�g�k�g�h�]�h���a�Z�i�b�l�m 
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�>�e�y�� �j�_�Z�e�•�a�Z�p�•�€�� �f�_�l�h�^�m�� �k�l�j�m�d�l�m�j�Z�� �Z�]�_�g�l�Z �m�� �k�b�k�l�_�f�•�� �p�b�n�j�h�\�h�]�h�� �^�\�•�c�g�b�d�Z�� �f�Z�}�� �[�m�l�b��
�j�h�a�r�b�j�_�g�Z�� �k�i�_�p�•�Z�e�•�a�h�\�Z�g�b�f�b�� �f�h�^�m�e�y�f�b���� �K�l�Z�g�^�Z�j�l�g�Z�� �%�'�,-�Z�j�o�•�l�_�d�l�m�j�Z�� ���%�H�O�L�H�I-Desire-
�,�Q�W�H�Q�W�L�R�Q�����^�h�i�h�\�g�x�}�l�v�k�y���©�J�_�a�h�g�Z�g�k�g�b�f���r�Z�j�h�f�ª�����5�H�V�R�Q�D�Q�F�H���/�D�\�H�U�������y�d�b�c���i�j�Z�p�x�}���g�Z���g�b�`��
�q�h�f�m���j�•�\�g�•���Z�[�k�l�j�Z�d�p�•�€�����[�e�b�`�q�_���^�h���f�_�j�_�`�_�\�h�]�h���•�g�l�_�j�n�_�c�k�m�����D�h�f�i�h�g�_�g�l�����s�h���\�•�^�i�h�\�•�^�Z�}���a�Z��
�j�_�a�h�g�Z�g�k�g�•���a�Z�i�b�l�b�����\�d�e�x�q�Z�}���g�Z�k�l�m�i�g�•���f�h�^�m�e�•�� 

1. �F�h�^�m�e�v�� �k�i�j�b�c�g�y�l�l�y�� ���3�H�U�F�H�S�W�L�R�Q�� �0�R�G�X�O�H��, �y�d�b�c�� �h�l�j�b�f�m�}�� �^�Z�g�•�� �\�•�^�� �,�R�7-�k�_�g�k�h�j�•�\��
�n�•�a�b�q�g�h�]�h���^�\�•�c�g�b�d�Z�� 

2. �=�_�g�_�j�Z�l�h�j�� �i�j�h�n�•�e�x�� ���3�U�R�I�L�O�H�� �*�H�Q�H�U�D�W�R�U������ �s�h�� �^�b�g�Z�f�•�q�g�h�� �h�g�h�\�e�x�}�� �\�_�d�l�h�j�� �k�l�Z�g�m��
�Z�]�_�g�l�Z�� 

3. �D�h�f�i�Z�j�Z�l�h�j �j�_�a�h�g�Z�g�k�m�� ���5�H�V�R�Q�D�Q�F�H�� �&�R�P�S�D�U�D�W�R�U��, �y�d�b�c�� �\�b�d�h�g�m�}�� �r�\�b�^�d�_�� �h�[�q�b�k��
�e�_�g�g�y�� �n�m�g�d�p�•�€��R���� �P�_�� �f�h�^�m�e�v�� �}�� �f�Z�l�_�f�Z�l�b�q�g�b�f�� �y�^�j�h�f�� �f�_�l�h�^�m�� �l�Z�� �f�Z�}�� �[�m�l�b�� �h�i�l�b�\�•�a�h�\�Z�g�b�f��
�^�e�y���\�_�d�l�h�j�g�b�o���h�i�_�j�Z�p�•�c�� 

4. �D�h�g�l�j�h�e�_�j�� �d�h�f�m�g�•�d�Z�p�•�€�� ���&�R�P�P�X�Q�L�F�D�W�L�R�Q�� �&�R�Q�W�U�R�O�O�H�U������ �s�h�� �d�_�j�m�}�� �\�•�^�i�j�Z�\�d�h�x�� �i�h�\�•��
�^�h�f�e�_�g�v���a���m�j�Z�o�m�\�Z�g�g�y�f���j�h�a�j�Z�o�h�\�Z�g�h�€���a�Z�l�j�b�f�d�b�� 

�<�•�^�i�h�\�•�^�g�h���h�l�j�b�f�m�}�f�h���g�Z�k�l�m�i�g�m���^�•�Z�]�j�Z�f�m���d�h�f�i�h�g�_�g�l�•�\���Z�]�_�g�l�Z�����j�b�k�� 2). 

 
�J�b�k�m�g�h�d 2 - �>�•�Z�]�j�Z�f�Z���d�h�f�i�h�g�_�g�l�•�\���Z�]�_�g�l�Z���p�b�n�j�h�\�h�]�h���^�\�•�c�g�b�d�Z�� 

�a���i�•�^�l�j�b�f�d�h�x���j�_�a�h�g�Z�g�k�g�b�o���a�Z�i�b�l�•�\ 
 
�:�g�Z�e�•�a���h�l�j�b�f�Z�g�b�o���j�_�a�m�e�v�l�Z�l�•�\�����>�e�y���^�h�k�e�•�^�`�_�g�g�y���j�h�a�j�h�[�e�_�g�h�]�h���f�_�l�h�^�m���[�m�e�h���j�_�Z��

�e�•�a�h�\�Z�g�_�� �i�j�h�]�j�Z�f�g�_�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �^�e�y�� �•�f�•�l�Z�p�•�c�g�h�]�h�� �f�h�^�_�e�x�\�Z�g�g�y�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �f�h�\�b��
�i�j�h�]�j�Z�f�m�\�Z�g�g�y���3�\�W�K�Rn�����>�e�y���\�b�d�h�g�Z�g�g�y���^�b�k�d�j�_�l�g�h-�i�h�^�•�}�\�h�]�h���f�h�^�_�e�x�\�Z�g�g�y �[�m�e�Z���\�b�d�h�j�b��
�k�l�Z�g�Z�� �[�•�[�e�•�h�l�_�d�Z��SimPy. �A�� �h�]�e�y�^�m�� �g�Z�� �i�j�b�r�\�b�^�r�_�g�g�y�� �j�h�[�h�l�b�� �f�_�l�h�^�m�� �^�e�y�� �f�Z�l�_�f�Z�l�b�q�g�b�o��
�h�[�q�b�k�e�_�g�v���[�m�e�b���a�Z�k�l�h�k�h�\�Z�g�•���q�b�k�_�e�v�g�•���f�_�l�h�^�b���[�•�[�e�•�h�l�_�d�b��NumPy. 

�>�e�y���f�h�^�_�e�x�\�Z�g�g�y���[�m�e�h���h�[�j�Z�g�h���k�p�_�g�Z�j�•�c���i�_�j�_�f�•�s�_�g�g�y���j�h�[�h�l�•�\���i�h���k�d�e�Z�^�m���j�h�a�f�•�j�h�f��
������ �g�Z���������� �I�_�j�_�^���Z�]�_�g�l�Z�f�b���k�l�h�y�e�h���a�Z�\�^�Z�g�g�y���\�b�d�h�g�Z�l�b���\�b�i�Z�^�d�h�\�•�� �a�Z�y�\�d�b���g�Z���i�_�j�_�f�•�s�_�g�g�y����
�\�j�Z�o�h�\�m�x�q�b���g�Z�k�l�m�i�g�•���h�[�f�_�`�_�g�g�y�����\�m�a�v�d�•���i�j�h�o�h�^�b�����f�h�`�e�b�\�•�k�l�v���[�e�h�d�m�\�Z�g�g�y�������h�[�f�_�`�_�g�b�c��
�a�Z�j�y�^�� �[�Z�l�Z�j�_�c���� �h�[�f�_�`�_�g�Z�� �d�•�e�v�d�•�k�l�v�� �a�Z�j�y�^�g�b�o�� �k�l�Z�g�p�•�c�� ���� �h�^�b�g�b�p�v������ �>�e�y�� �d�j�Z�s�h�€�� �^�_�f�h�g��
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�k�l�j�Z�p�•�€���g�Z���\�_�e�b�d�b�o���k�b�k�l�_�f�Z�o���d�•�e�v�d�•�k�l�v���Z�]�_�g�l�•�\���a�f�•�g�x�\�Z�e�Z�k�v���\�•�^���������^�h�������������Z���l�Z�d�h�`���a�f�•�g�x��
�\�Z�e�Z�k�v���d�•�e�v�d�•�k�l�v���a�Z�\�^�Z�g�v���g�Z���i�_�j�_�f�•�s�_�g�g�y�����>�e�y���d�h�`�g�h�]�h���g�Z�[�h�j�m���Z�]�_�g�l�•�\���f�h�^�_�e�x�\�Z�g�g�y���\�•��
�^�[�m�\�Z�e�h�k�v���m���k�b�k�l�_�f�Z�o�����^�_���a�Z�k�l�h�k�h�\�Z�g�h���j�•�a�g�•���f�_�l�h�^�b���d�h�f�m�g�•�d�Z�p�•�€�����\�b�j�•�r�_�g�g�y���d�h�g�n�e�•�d�l�•�\������
�j�h�a�j�h�[�e�_�g�b�c�� �f�_�l�h�^�� �j�_�a�h�g�Z�g�k�g�b�o�� �a�Z�i�b�l�•�\���� �f�_�o�Z�g�•�a�f�� �i�_�j�_�]�h�\�h�j�•�\���� �^�_�� �\�•�^�[�m�\�Z�}�l�v�k�y�� �i�h�r�m�d��
�]�e�h�[�Z�e�v�g�h�]�h���h�i�l�b�f�Z�e�v�g�h�]�h���j�•�r�_�g�g�y�����l�Z���i�j�h�l�h�d�h�e���d�h�g�l�j�Z�d�l�g�h�€���f�_�j�_�`�•�����&�1�3�������i�j�b���y�d�h�f�m��
�a�Z�i�b�l-�\�•�^�i�h�\�•�^�v���c�^�_���\�•�^���d�h�`�g�h�]�h���Z�]�_�g�l�Z�� 

�>�e�y���i�h�j�•�\�g�y�g�g�y���[�m�e�b���h�[�j�Z�g�•���g�Z�k�l�m�i�g�•���i�h�d�Z�a�g�b�d�b�����f�_�l�j�b�d�b�����_�n�_�d�l�b�\�g�h�k�l�•�� 

1.  �± �k�_�j�_�^�g�•�c���q�Z�k���m�a�]�h�^�`�_�g�g�y���\�•�^���i�h�y�\�b���a�Z�i�b�l�m���^�h���m�d�e�Z�^�Z�g�g�y���d�h�g�l�j�Z�d�l�m���� 

2.  �± �k�m�f�Z�j�g�Z���d�•�e�v�d�•�k�l�v���i�h�\�•�^�h�f�e�_�g�v���m���f�_�j�_�`�•���g�Z���h�^�g�_���a�Z�\�^�Z�g�g�y�� 

3.  �± �\�•�^�k�h�l�h�d���m�k�i�•�r�g�h���\�b�d�h�g�Z�g�b�o���a�Z�\�^�Z�g�v�����l�Z�c�f-�Z�m�l�•�\���� 

4.  �± �\�•�^�o�b�e�_�g�g�y���m���������a�g�Z�c�^�_�g�h�]�h���j�•�r�_�g�g�y���\�•�^���l�_�h�j�_�l�b�q�g�h���h�i�l�b�f�Z�e�v�g�h�]�h. 

�I�j�h�Z�g�Z�e�•�a�m�}�f�h���j�_�m�e�v�l�Z�l�b���i�h���d�h�`�g�•�c���a���f�_�l�j�b�d�����H�l�j�b�f�Z�g�•���j�_�a�m�e�v�l�Z�l�b�����Z���k�Z�f�_�����k�_�j�_�^��

�g�•�c���q�Z�k���m�a�]�h�^�`�_�g�g�y�� ���l�Z�[�e�� �������^�_�f�h�g�k�l�j�m�x�l�v�����s�h���f�_�o�Z�g�•�a�f���i�_�j�_�]�h�\�h�j�•�\���}���g�Z�c�i�h�\�•�e�v��

�g�•�r�b�f�� �q�_�j�_�a���k�d�e�Z�^�g�•�� �•�l�_�j�Z�l�b�\�g�•�� �i�j�h�p�_�^�m�j�b���l�h�j�]�•�\�� �^�e�y���^�h�k�y�]�g�_�g�g�y���]�e�h�[�Z�e�v�g�h�]�h���h�i�l�b�f�m��
�f�m�����s�h���k�l�Z�}���d�j�b�l�b�q�g�b�f���i�j�b��N = 200.  

�L�Z�[�e�b�p�y���� 

�K�_�j�_�^�g�•�c���q�Z�k���m�a�]�h�^�`�_�g�g�y�������f�k 

�D�•�e�v�d�•�k�l�v �Z�]�_��
�g�l�•�\ (N) 

CNP (Contract Net 
Protocol) 

�F�_�o�Z�g�•�a�f �i�_�j�_�]�h�\�h�j�•�\ 
(Negotiation) 

RRM (Resonance 
Request Method) 

20 125 214 38 
50 293 547 45 
100 648 1152 58 
200 1451 3813 82 

 
CNP �i�h�d�Z�a�m�}�� �e�•�g�•�c�g�_�� �a�j�h�k�l�Z�g�g�y�� �a�Z�l�j�b�f�h�d��O(n)���� �h�k�d�•�e�v�d�b�� �f�_�g�_�^�`�_�j�� �a�f�m�r�_�g�b�c�� �h�[��

�j�h�[�e�y�l�b�� �i�j�h�i�h�a�b�p�•�€�� �\�•�^�� �m�k�•�o�� �\�•�e�v�g�b�o�� �Z�]�_�g�l�•�\���� �G�Z�l�h�f�•�k�l�v�� �f�_�l�h�^�� �j�_�a�h�g�Z�g�k�g�b�o�� �a�Z�i�b�l�•�\�� �^�_��
�f�h�g�k�l�j�m�}���g�Z�c�\�b�s�m���k�l�Z�[�•�e�v�g�•�k�l�v�����Q�Z�k���j�_�Z�d�p�•�€���a�j�h�k�l�Z�}���g�_�a�g�Z�q�g�h�����a���������^�h���������f�k�����g�Z�\�•�l�v���i�j�b��
�a�[�•�e�v�r�_�g�g�•�� �d�•�e�v�d�h�k�l�•�� �Z�]�_�g�l�•�\�� �m�� ������ �j�Z�a�•�\���� �L�Z�d�Z�� �i�h�\�_�^�•�g�d�Z�� �e�_�]�d�h�� �i�h�y�k�g�x�}�l�v�k�y�� �l�b�f���� �s�h��
�Z�]�_�g�l-�•�g�•�p�•�Z�l�h�j�� �g�_�� �q�_�d�Z�}�� �\�•�^�i�h�\�•�^�_�c�� �\�•�^�� �m�k�•�o���� �Z�� �e�b�r�_�� �\�•�^�� �i�_�j�r�h�]�h�� �Z�]�_�g�l�Z-�\�b�d�h�g�Z�\�p�y���� �s�h��
�a�j�_�a�h�g�m�\�Z�\�����\�•�^�i�h�\�•�^�Z�\�� �m�k�•�f�� �\�b�f�h�]�Z�f���� �l�Z���f�Z�\�� �g�Z�c�d�j�Z�s�m���h�p�•�g�d�m���\�•�^�i�h�\�•�^�g�h�k�l�•���� �H�l�`�_���� �a�Z��

�i�j�h�i�h�g�h�\�Z�g�b�c���f�_�l�h�^���f�Z�}���k�d�e�Z�^�g�•�k�l�v��O(k)�����i�j�b���q�h�f�m�� . 

�L�Z�[�e�b�p�y������ 

�K�m�f�Z�j�g�Z���d�•�e�v�d�•�k�l�v���i�h�\�•�^�h�f�e�_�g�v�� 

�D�•�e�v�d�•�k�l�v �Z�]�_��
�g�l�•�\ (N) 

CNP (Contract Net 
Protocol) 

�F�_�o�Z�g�•�a�f �i�_�j�_�]�h�\�h�j�•�\ 
(Negotiation) 

RRM (Resonance 
Request Method) 

20 42 68 5.4 
50 107 165 6.2 
100 239 341 7.1 
200 416 725 8.5 
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�H�l�j�b�f�Z�g�•���a�g�Z�q�_�g�g�y���k�m�f�Z�j�g�h�€���d�•�e�v�d�h�k�l�•���i�h�\�•�^�h�f�e�_�g�v��  ���l�Z�[�e�� �������^�_�f�h�g�k�l�j�m�x�l�v����

�s�h���f�_�l�h�^���j�_�a�h�g�Z�g�k�g�b�o���a�Z�i�b�l�•�\�� �k�i�j�Z�\�^�•�� �a�Z�[�_�a�i�_�q�m�}�� �a�g�b�`�_�g�g�y���l�j�Z�n�•�d�m�� �g�Z���i�h�g�Z�^���������� �i�h��
�j�•�\�g�y�g�h�� �a��CNP���� �h�k�d�•�e�v�d�b�� �i�h�\�•�^�h�f�e�_�g�g�y�� �i�j�h�i�h�a�b�p�•�€�� �g�Z�^�k�b�e�Z�x�l�v�� �e�b�r�_�� �Z�]�_�g�l�b�� �a�� �\�b�k�h�d�b�f��
�j�•�\�g�_�f�����l�h�^�•���y�d���m��CNP �\�•�^�i�h�\�•�^�Z�x�l�v���f�Z�c�`�_���\�k�•���\�•�e�v�g�•���Z�]�_�g�l�b�� 

�I�•�^���q�Z�k���h�q�b�k�e�_�g�g�y���\�•�^�k�h�l�d�Z���m�k�i�•�r�g�h���\�b�d�h�g�Z�g�b�o���a�Z�\�^�Z�g�v�������a�Z�\�^�Z�g�g�y���\�\�Z��̀Z�e�h�k�v 

�i�j�h�\�Z�e�_�g�b�f�����y�d�s�h���Z�]�_�g�l-�\�b�d�h�g�Z�\�_�p�v �g�_���[�m�\���a�g�Z�c�^�_�g�b�c���a�Z���^�h�i�m�k�l�b�f�b�c���q�Z�k�����\�b�g�b�d���l�Z�c�f-
�Z�m�l��. 

�L�Z�[�e�b�p�y���� 

�<�•�^�k�h�l�h�d���m�k�i�•�r�g�h���\�b�d�h�g�Z�g�b�o���a�Z�\�^�Z�g�v�� 

�D�•�e�v�d�•�k�l�v �Z�]�_��
�g�l�•�\ (N) 

CNP (Contract Net 
Protocol) 

�F�_�o�Z�g�•�a�f �i�_�j�_�]�h�\�h�j�•�\ 
(Negotiation) 

RRM (Resonance 
Request Method) 

20 99.5% 99.9% 99.2% 
50 98.2% 99.5% 98.9% 
100 91.3% 88.5% 97.4% 
200 76.5% 62.9% 94.8% 

 
�H�l�j�b�f�Z�g�•���^�Z�g�•�����l�Z�[�e�� �������i�h�d�Z�a�m�x�l�v�����s�h���i�j�b���f�Z�e�h�f�m���g�Z�\�Z�g�l�Z�`�_�g�g�•���f�_�o�Z�g�•�a�f���i�_�j�_�]�h��

�\�h�j�•�\���}���g�Z�c�[�•�e�v�r���_�n�_�d�l�b�\�g�b�f��  �H�^�g�Z�d���i�j�b��N=200 �_�n�_�d�l�b�\�g�•�k�l�v���d�e�Z�k�b�q�g�b�o���f�_�l�h�^�•�\���j�•�a�d�h��
�i�Z�^�Z�}���� �&�1�3�� �k�l�j�Z�`�^�Z�}�� �\�•�^�� �i�_�j�_�\�Z�g�l�Z�`�_�g�g�y�� �q�_�j�]�b�� �i�h�\�•�^�h�f�e�_�g�v���� �Z�� �f�_�o�Z�g�•�a�f�� �i�_�j�_�]�h�\�h�j�•�\��
�\�k�_���[�•�e�v�r�_���g�Z�l�b�d�Z�}�l�v�k�y���g�Z���l�Z�c�f-�Z�m�l�b�����h�k�d�•�e�v�d�b���Z�]�_�g�l�b���\�b�l�j�Z�q�Z�x�l�v���g�Z�^�l�h���[�Z�]�Z�l�h���q�Z�k�m���g�Z��
�m�a�]�h�^�`�_�g�g�y���� �i�h�d�b�� �k�b�l�m�Z�p�•�y�� �m�� �k�b�k�l�_�f�•�� �a�f�•�g�x�}�l�v�k�y���� �F�_�l�h�^�� �j�_�a�h�g�Z�g�k�g�b�o�� �a�Z�i�b�l�•�\�� �a�[�_�j�•�]�Z�}��
�\�b�k�h�d�m�� �j�_�a�m�e�v�l�Z�l�b�\�g�•�k�l�v�� ���!���������� �a�Z�\�^�y�d�b�� �r�\�b�^�d�h�k�l�•���� �d�j�Z�s�_�� �i�j�b�c�g�y�l�b�� �k�m�[�h�i�l�b�f�Z�e�v�g�_��
�j�•�r�_�g�g�y���f�b�l�l�}�\�h�����g�•�`���r�m�d�Z�l�b���•�^�_�Z�e�v�g�_���g�Z�^�l�h���^�h�\�]�h�����>�h���l�Z�d�b�o���\�b�k�g�h�\�d�•�\���k�i�h�g�m�d�Z�}���Z�g�Z�e�•�a 

�a�g�Z�q�_�g�v�����l�Z�[�e�� �������\�•�^�o�b�e�_�g�g�y���\�•�^���l�_�h�j�_�l�b�q�g�h�]�h���h�i�l�b�f�m�f�m�������s�h���\�b�a�g�Z�q�Z�\�k�y���i�_�j�_�^���a�Z��

�i�m�k�d�h�f���d�h�` �g�h�]�h���i�j�h�]�h�g�m���f�h�^�_�e�x�\�Z�g�g�y�� 
�L�Z�[�e�b�p�y���� 

�<�•�^�o�b�e�_�g�g�y���\�•�^���l�_�h�j�_�l�b�q�g�h���h�i�l�b�f�m�f�m�� 

�D�•�e�v�d�•�k�l�v �Z�]�_��
�g�l�•�\ (N) 

CNP (Contract Net 
Protocol) 

�F�_�o�Z�g�•�a�f �i�_�j�_�]�h�\�h�j�•�\ 
(Negotiation) 

RRM (Resonance 
Request Method) 

20 12.4% 1.5% 5.8% 
50 14.8% 2.2% 6.5% 
100 18.2% 3.8% 7.9% 
200 24.5% 5.1% 9.2% 

 
�Y�d�� �[�Z�q�b�f�h���� �f�_�l�h�^�� �j�_�a�h�g�Z�g�k�g�b�o���a�Z�i�b�l�•�\�� �i�h�k�l�m�i�Z�}�l�v�k�y�� �f�_�o�Z�g�•�a�f�m�� �i�_�j�_�]�h�\�h�j�•�\�� �g�Z�� ��-

���������s�h���i�h�y�k�g�x�}�l�v�k�y���r�\�b�^�d�b�f���\�b�[�h�j�h�f���Z�]�_�g�l�Z-�\�b�d�h�g�Z�\�p�y���^�e�y���i�•�^�\�b�s�_�g�g�y���r�\�b�^�d�h�^�•�€���l�Z��
�a�f�_�g�r�_�g�g�y���l�j�Z�n�•�d�m�����F�_�l�h�^���f�h�`�_���k�i�h�g�m�d�Z�l�b���^�h���h�[�j�Z�g�g�y���g�_���g�Z�c�[�e�b�`�q�h�]�h���j�h�[�h�l�Z�����Z���l�h�]�h����
�o�l�h���i�_�j�r�b�f���©�a�j�_�a�h�g�m�\�Z�\�ª�����g�Z�i�j�b�d�e�Z�^�����q�_�j�_�a���d�j�Z�s�b�c���a�Z�j�y�^���[�Z�l�Z�j�_�€�����g�Z�\�•�l�v���y�d�s�h���\�•�g���l�j�h��
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�o�b�� �^�Z�e�•������ �I�j�h�l�_�� �a�Z�i�j�h�i�h�g�h�\�Z�g�b�c�� �f�_�l�h�^�� �k�l�Z�[�•�e�v�g�h�� �i�_�j�_�\�_�j�r�m�}���&�1�3���� �h�k�d�•�e�v�d�b�� �n�m�g�d�p�•�y��
�j�_�a�h�g�Z�g�k�m���\�j�Z�o�h�\�m�}���d�h�f�i�e�_�d�k�g�b�c���k�l�Z�g���Z�]�_�g�l�Z���i�j�b���f�_�g�r�b�o���a�Z�l�j�Z�l�Z�o���g�Z���d�h�f�m�g�•�d�Z�p�•�x�� 

�<�b�k�g�h�\�d�b�����I�•�^�� �q�Z�k���p�v�h�]�h���^�h�k�e�•�^�`�_�g�g�y���[�m�e�h���j�h�a�j�h�[�e�_�g�h���f�_�l�h�^���j�_�a�h�g�Z�g�k�g�b�o���a�Z�i�b��
�l�•�\�����5�5�0�������s�h���a�Z�[�_�a�i�_�q�m�}���f�_�o�Z�g�•�a�f�b���d�h�h�j�^�b�g�Z�p�•�€���l�Z���\�b�j�•�r�_�g�g�y���d�h�g�n�e�•�d�l�•�\���m���f�m�e�v�l�b�Z�]�_��
�g�l�g�b�o���k�b�k�l�_�f�Z�o���p�b�n�j�h�\�b�o���^�\�•�c�g�b�d�•�\�����A�Z���m�f�h�\�b���^�b�g�Z�f�•�q�g�h�€���g�_�\�b�a�g�Z�q�_�g�h�k�l�•���l�Z���h�[�f�_�`�_�g�b�o��
�j�_�k�m�j�k�•�\�� �h�l�j�b�f�Z�g�h�� �f�Z�l�_�f�Z�l�b�q�g�•�� �a�Z�e�_�`�g�h�k�l�•�� �n�m�g�d�p�•�€�� �j�_�a�h�g�Z�g�k�m�� �l�Z�� �q�Z�k�m�� �\�•�^�]�m�d�m���� �;�m�e�h��
�h�i�b�k�Z�g�h���l�Z���i�j�h�Z�g�Z�e�•�a�h�\�Z�g�h���\�o�•�^�g�•���l�Z���\�b�o�•�^�g�•���i�Z�j�Z�f�_�l�j�b���f�_�l�h�^�m�����a�h�d�j�_�f�Z���\�_�d�l�h�j�b���k�l�Z�g�•�\��
�Z�]�_�g�l�•�\���l�Z���i�h�j�h�]�h�\�•���a�g�Z�q�_�g�g�y���j�_�a�h�g�Z�g�k�m�����k�i�h�k�h�[�b���€�o���h�l�j�b�f�Z�g�g�y�� 
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Resonance request method for conflict resolution in the multiagent systems  
of the digital twins 

Various approaches to organizing interaction and coordination in distributed systems 
are considered. The centralized approach has a big disadvantage due to scalability limits and 
single points of failure. The classic decentralized approach cannot be used in some cases due 
to the high communication overhead and latency. One of such cases is the conflict resolution 
in multi-agent digital twins, where the Resonance Request Method can be really useful. 

The purpose of the research is to develop a method of creating a communication and 
conflict resolution mechanism, which will provide the possibility of determining the optimal 
task allocation based on state similarity. 

The paper examines the interaction dynamics of the system "initiator - executor". Under 
the condition of dynamic environments, the mathematical model of the resonance function 
and selective query filtering was obtained. In view of the use in cyber-physical systems, the 
input and output parameters of the method were described and analyzed, as well as the meth-
ods of obtaining them. 

As a result of the evaluation of the speed of the method using Python simulation, a mod-
ification of the search way for the optimal sensitivity threshold was proposed. 

The comparative analysis showed the high efficiency of the proposed coordination sys-
tem with optimally adjusted resonance parameters. The proposed method allows to reduce the 
communication traffic by approximately 90% compared to standard protocols. Also, the 
method made it possible to speed up the requests processing by an average of 3-10 times, re-
duce the load on the network and handle cases when real-time coordination is a rather diffi-
cult problem. 

The input and output parameters of the method and ways of obtaining them were de-
scribed and analyzed. A comparative numerical analysis showed the high efficiency of the 
functioning of such a conflict resolution system with optimally adjusted parameters of the 
resonance requests. 
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�k�•�y���•�g�l�_�j�Z�d�l�b�\�g�h�]�h���\�_�[-�j�_�k�m�j�k�m���a���\�b�\�q�_�g�g�y���•�g�n�h�j�f�Z�l�b�d�b���•�a���a�Z�k�l�h�k�m�\�Z�g�g�y�f�� �R�1-�Z�]�_�g�l�Z�� 
�I�h�^�Z�g�h�� �j�_�a�m�e�v�l�Z�l�b�� �l�_�k�l�m�\�Z�g�g�y�� �j�h�a�j�h�[�d�b�� �l�Z�� �^�h�k�e�•�^�`�_�g�g�y�� �_�n�_�d�l�b�\�g�h�k�l�•�� �^�h�i�h�f�h�]�b��
�r�l�m�q�g�h�]�h���•�g�l�_�e�_�d�l�m �m���g�Z�\�q�Z�e�v�g�h�f�m���i�j�h�p�_�k�•���\�b�\�q�_�g�g�y���•�g�n�h�j�f�Z�l�b�d�b�� 
�D�e�x�q�h�\�•�� �k�e�h�\�Z���� �\�_�[-�j�_�k�m�j�k���� �h�k�\�•�l�Z���� �r�l�m�q�g�b�c�� �•�g�l�_�e�_�d�l���� �•�g�n�h�j�f�Z�l�b�d�Z���� �g�h�\�Z�� �m�d�j�Z�€�g�k�v�d�Z��
�r�d�h�e�Z����openai, python, javascript. 
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�i�g�h�k�l�•���m�q�Z�k�g�b�d�•�\���g�Z�\�q�Z�e�v�g�h�]�h���i�j�h�p�_�k�m�����•�g�l�_�j�Z�d�l�b�\�g�h�]�h���i�h�^�Z�g�g�y���f�Z�l�_�j�•�Z�e�m���l�Z���i�_�j�k�h�g�Z�e�•��
�a�Z�p�•�€���i�j�h�p�_�k�m���g�Z�\�q�Z�g�g�y���� 

�A�]�•�^�g�h�� �a�� �h�k�l�Z�g�g�•�f�b�� �^�h�k�e�•�^�`�_�g�g�y�f�b�� �1�g�k�l�b�l�m�l�m�� �p�b�n�j�h�\�•�a�Z�p�•�€�� �h�k�\�•�l�b�� �G�:�I�G�� �M�d�j�Z�€�g�b��
�[�m�e�h���\�b�y�\�e�_�g�h���>���@�������s�h�����^�e�y�����h�j�]�Z�g�•�a�Z�p�•�€�����l�Z�����a�^�•�c�k�g�_�g�g�y�����^�b�k�l�Z�g�p�•�c�g�h�]�h���l�Z���a�f�•�r�Z�g�h�]�h�����g�Z��
�\�q�Z�g�g�y�� �j�_�k�i�h�g�^�_�g�l�b�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�� �� �l�Z�d�•�� �� �p�b�n�j�h�\�•�� �•�g�k�l�j�m�f�_�g�l�b���� �9�L�E�H�U�� ���± 78,4%;  
Zoom �± �������������� �k�Z�c�l�� �g�Z�\�q�Z�e�v�g�h�]�h�� �a�Z�d�e�Z�^�m���± 23,5%; Google workspace for education - 
�������������� �F�•�c�D�e�Z�k���± �������������� �?�e�_�d�l�j�h�g�g�b�c�� �s�h�^�_�g�g�b�d���± �������������� �G�Z�\�q�Z�e�v�g�Z�� �i�e�Z�l�n�h�j�f�Z�� �g�Z��
�\�q�Z�e�v�g�h�]�h���a�Z�d�e�Z�^�m���± 14,3%; Telegram �± 13,3%; Padlet �± 11%; FlippedClassroom �± 10,9%; 
Microsoft Office 365 �± 7,6%; Microsoft Teams �± 4,7%; WhatsApp �± 3,3%; Moodle �± 3,2%. 

�>�e�y���i�j�h�\�_�^�_�g�g�y���m�j�h�d�•�\�����l�Z�����i�h�a�Z�d�e�Z�k�g�b�o�����a�Z�o�h�^�•�\�����m�q�b�l�_�e�•�����l�Z�����i�_�^�Z�]�h�]�•�q�g�•�����i�j�Z�p�•�\��
�g�b�d�b���a�Z�k�l�h�k�h�\�m�\�Z�e�b���l�Z�d�•���j�_�k�m�j�k�b�����G�Z���M�j�h�d�����± 84,7%; YouTube �± ���������������<�k�_�h�k�\�•�l�Z���± 71%; 
�<�k�_�m�d�j�Z�€�g�k�v�d�Z�� �� �r�d�h�e�Z�� �h�g�e�Z�c�g���± 41,6%; EdEra �± ���������� �k�h�p�•�Z�e�v�g�•�� �f�_�j�_�`�•�� ���)�D�F�H�E�R�R�N����
�1�Q�V�W�D�J�U�D�P�����± 24,5%; Learning.ua �± 21,4%; Prometheus �± ���������������;�e�h�]�b�����f�_�j�_�`�_�\�•�����`�m�j�g�Z�e�b�� 
�s�h�^�_�g�g�b�d�b�� �� �i�h�^�•�c���� ���± 11,7%; Kahoot �± ������������ �P�b�n�j�h�\�Z�� �h�k�\�•�l�Z�� �©�>�•�y�ª��- 8,5%; Classtime �± 
������������ �\�•�^�_�h�m�j�h�d�b�� �g�Z�� �L�J�D�� �©�D�b�€�\�ª�� �l�Z�� �� �f�•�k�p�_�\�b�o�� �l�_�e�_�d�Z�g�Z�e�Z�o���± 6,5%; Edpuzzle �± 1,4%;  
TED �± 1,1%. 

�M�l�•�f�� �n�m�g�d�p�•�h�g�Z�e�� �a�Z�a�g�Z�q�_�g�b�o�� �i�e�Z�l�n�h�j�f�� �g�_�� �i�j�b�a�g�Z�q�_�g�b�c�� �^�e�y�� �G�M�R-�h�p�•�g�x�\�Z�g�g�y�� �l�Z��
�g�_���a�^�Z�l�g�b�c���i�h�\�g�•�k�l�x���a�Z�^�h�\�h�e�v�g�b�l�b���\�b�f�h�]�b���j�_�n�h�j�f�b�����A�h�d�j�_�f�Z�����\���g�b�o���\�•�^�k�m�l�g�}���Z�\�l�h�f�Z�l�b��
�a�h�\�Z�g�_�� �h�p�•�g�x�\�Z�g�g�y�� �a�Z�� �]�j�m�i�Z�f�b�� �j�h�a�\�b�l�d�m���� �i�•�^�k�m�f�d�h�\�•���j�h�[�h�l�b�� �l�Z�� �k�l�Z�l�b�k�l�b�d�Z���� �D�j�•�f�� �l�h�]�h����
�a�Z�a�g�Z�q�_�g�•�� �i�e�Z�l�n�h�j�f�b�� �g�_�� �a�Z�[�_�a�i�_�q�m�x�l�v�� �m�� �i�h�\�g�h�f�m�� �h�[�k�y�a�•�� �j�_�Z�e�•�a�Z�p�•�x�� �d�h�f�i�_�l�_�g�l�g�•�k�g�h-
�h�j�•�}�g�l�h�\�Z�g�h�]�h���i�•�^�o�h�^�m���l�Z���i�_�j�k�h�g�Z�e�•�a�Z�p�•�€���g�Z�\�q�Z�g�g�y�� 

�A�•�� �k�l�j�•�f�d�b�f�� �j�h�a�\�b�l�d�h�f�� �r�l�m�q�g�h�]�h�� �•�g�l�_�e�_�d�l�m�� �i�h�k�l�Z�e�h�� �l�Z�d�h�`�� �i�b�l�Z�g�g�y�� �c�h�]�h�� �\�i�j�h�\�Z��
�^�`�_�g�g�y�� �m�� �k�n�_�j�m�� �h�k�\�•�l�b���� �M�� �^�h�k�e�•�^�`�_�g�g�y�o���d�Z�n�_�^�j�b�� �•�g�n�h�j�f�Z�p�•�c�g�h-�d�h�f�m�g�•�d�Z�p�•�c�g�b�o�� �l�_�o�g�h��
�e�h�]�•�c���\�� �h�k�\�•�l�•�� �n�Z�d�m�e�v�l�_�l�m���i�j�b�j�h�^�g�b�q�b�o���g�Z�m�d���•�� �l�_�o�g�h�e�h�]�•�c���M�g�•�\�_�j�k�b�l�_�l�m�� �J�Z�^�`�Z�[�o�Z�l�� �F�Z��
�o�Z�k�Z�j�Z�d�o�Z�f�� �m�� �L�Z�€�e�Z�g�^�•�� �a�Z�� ���������� �j���� �[�m�\�� �i�j�h�Z�g�Z�e�•�a�h�\�Z�g�b�c�� �\�i�e�b�\�� �j�•�a�g�b�o�� �l�_�o�g�h�e�h�]�•�c�� �R�1�� �g�Z��
�j�_�a�m�e�v�l�Z�l�b���g�Z�\�q�Z�g�g�y�����\�b�d�h�j�b�k�l�h�\�m�x�q�b���g�Z�k�l�Z�g�h�\�b���3�5�,�6�0�$���l�Z���^�_�d�•�e�v�d�Z���Z�g�Z�e�•�l�b�q�g�b�o���i�•�^��
�o�h�^�•�\�����a�h�d�j�_�f�Z���g�h�\�•�l�g�•���a�Z�k�l�h�k�m�\�Z�g�g�y���Z�e�]�h�j�b�l�f�•�\�� �1�D�L�Y�H�� �%�D�\�H�V���� �7�)-�,�'�)�� �l�Z���f�h�^�_�e�_�c���g�Z���h�k��
�g�h�\�•���%�(�5�7���>���@�����A�Z�]�Z�e�v�g�b�c���Z�g�Z�e�•�a���\�b�y�\�b�\���a�g�Z�q�g�b�c���i�h�a�b�l�b�\�g�b�c���j�h�a�f�•�j���_�n�_�d�l�m���O�_�^�`�_�k�Z���>���@��
(Hedges' g = 0,86 , 95%-�c�� �^�h�\�•�j�q�b�c�� �•�g�l�_�j�\�Z�e�� ���>�1���� �>������������ ���������@������ �s�h�� �k�\�•�^�q�b�l�v�� �i�j�h�� �k�m�l�l�}�\�•��
�i�_�j�_�\�Z�]�b���•�g�l�_�]�j�Z�p�•�€���R�1���\���h�k�\�•�l�m�����H�k�h�[�e�b�\�h�€���m�\�Z�]�b���a�Z�k�e�m�]�h�\�m�}���\�i�e�b�\���q�Z�l-�[�h�l�•�\���l�Z���]�_�g�_�j�Z��
�l�b�\�g�h�]�h���R�1����Hedges' �J��� �����������������������>�1���>���������������������@�������y�d�•���i�j�h�^�_�f�h�g�k�l�j�m�\�Z�e�b���g�Z�c�•�k�l�h�l�g�•�r�b�c��
�i�h�a�b�l�b�\�g�b�c�� �\�i�e�b�\�� �g�Z�� �j�_�a�m�e�v�l�Z�l�b�� �g�Z�\�q�Z�g�g�y�� �k�l�m�^�_�g�l�•�\���� �H�g�e�Z�c�g-�g�Z�\�q�Z�g�g�y�� �l�Z�� �a�Z�k�l�h�k�m�g�d�b��
�\�•�j�l�m�Z�e�v�g�h�€�� �j�_�Z�e�v�g�h�k�l�•�� �i�h�d�Z�a�Z�e�b�� �i�h�f�•�j�g�b�c�� �i�h�a�b�l�b�\�g�b�c�� �_�n�_�d�l�� ��Hedges' g = 0,79, 95%  
�>�1���>-���������������������@�������l�h�^�•���y�d���k�b�k�l�_�f�b���m�i�j�Z�\�e�•�g�g�y���g�Z�\�q�Z�g�g�y�f�����/�0�6�����l�Z���R�1-�i�e�Z�l�n�h�j�f�b���i�j�h�^�_��
�f �h�g�k�l�j�m�\�Z�e�b�� �i�_�j�k�i�_�d�l�b�\�g�b�c���� �i�j�h�l�_�� �k�l�j�b�f�Z�g�•�r�b�c�� �\�i�e�b�\�� ��Hedges' g = 0,62, 95%  
�>�1���>���������������������@�����>���@�� 

�H�l�`�_���� �•�g�l�_�]�j�Z�p�•�y�� �r�l�m�q�g�h�]�h�� �•�g�l�_�e�_�d�l�m�� �\�� �h�k�\�•�l�g�}�� �k�_�j�_�^�h�\�b�s�_�� �f�h�`�_�� �k�i�j�b�y�l�b�� �i�•�^�\�b��
�s�_�g�g�x�� �y�d�h�k�l�•�� �g�Z�\�q�Z�g�g�y�� �a�Z�\�^�y�d�b�� �g�Z�^�Z�g�g�x�� �i�_�j�k�h�g�Z�e�•�a�h�\�Z�g�h�€�� �^�h�i�h�f�h�]�b�� �m�q�g�y�f�� �m�� �i�j�h�p�_�k�•��
�a�Z�k�\�h�}�g�g�y�� �g�h�\�b�o�� �a�g�Z�g�v���� �<�h�^�g�h�q�Z�k�� �k�m�q�Z�k�g�•�� �h�k�\�•�l�g�•�� �k�b�k�l�_�f�b���� �p�b�n�j�h�\�•�� �k�_�j�\�•�k�b�� �l�Z�� �j�_�k�m�j�k�b��
���y�d�� �m�d�j�Z�€�g�k�v�d�•���� �l�Z�d���•�� �k�\�•�l�h�\�•���� �Z�[�h���g�_���f�Z�x�l�v���l�Z�d�h�]�h���n�m�g�d�p�•�h�g�Z�e�m���� �Z�[�h���i�j�h�i�h�g�m�x�l�v���c�h�]�h���\��
�h�[�f�_�`�_�g�h�f�m���n�h�j�f�Z�l�•�����L�h�f�m���Z�d�l�m�Z�e�v�g�h�x���a�Z�^�Z�q�_�x���}���j�h�a�j�h�[�d�Z���•�g�l�_�j�Z�d�l�b�\�g�h�]�h���\�_�[-�j�_�k�m�j�k�m��
�a���\�b�\�q�_�g�g�y���•�g�n�h�j�f�Z�l�b�d�b���g�Z���h�k�g�h�\�•���k�m�q�Z�k�g�b�o���•�g�n�h�j�f�Z�p�•�c�g�b�o���l�_�o�g�h�e�h�]�•�c�����y�d�b�c���\�•�^�i�h�\�•�^�Z��
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�l�b�f�_�� �g�h�\�•�l�g�•�f�� �k�l�Z�g�^�Z�j�l�Z�f�� �G�M�R�� �l�Z�� �f�•�k�l�b�l�b�f�_�� �R�1-�Z�]�_�g�l�Z�� �^�e�y�� �i�•�^�l�j�b�f�d�b�� �m�q�g�•�\�� 
�m���g�Z�\�q�Z�g�g�•�� 

�F�_�l�Z���^�h�k�e�•�^�`�_�g�g�y�����F�_�l�h�x���^�h�k�e�•�^�`�_�g�g�y���}���i�•�^�\�b�s�_�g�g�y���_�n�_�d�l�b�\�g�h�k�l�•���g�Z�\�q�Z�e�v�g�h�]�h��
�i�j�h�p�_�k�m�� �a�� �•�g�n�h�j�f�Z�l�b�d�b�� �r�e�y�o�h�f�� �k�l�\�h�j�_�g�g�y�� �•�g�l�_�j�Z�d�l�b�\�g�h�]�h�� �\�_�[-�j�_�k�m�j�k�m�� �a�� �_�e�_�f�_�g�l�Z�f�b��
�r�l�m�q�g�h�]�h���•�g�l�_�e�_�d�l�m���\�•�^�i�h�\�•�^�g�h���^�h���\�b�f�h�]���j�_�n�h�j�f�b���G�h�\�h�€���M�d�j�Z�€�g�k�v�d�h�€���R�d�h�e�b�� 

�H�k�g�h�\�g�Z���q�Z�k�l�b�g�Z�����>�e�y���\�b�j�•�r�_�g�g�y���i�h�k�l�Z�\�e�_�g�h�€���a�Z�^�Z�q�•���[�m�e�h���a�Z�i�j�h�i�h�g�h�\�Z�g�h���l�Z���j�h�a��
�j�h�[�e�_�g�h���•�g�l�_�j�Z�d�l�b�\�g�b�c���\�_�[-�j�_�k�m�j�k���m���\�b�]�e�y�^�•���d�e�•�}�g�l-�k�_�j�\�_�j�g�h�]�h���a�Z�k�l�h�k�m�g�d�m��[6], [7]�����A�Z�]�Z��
�e�v�g�Z���Z�j�o�•�l�_�d�l�m�j�Z �•�g�l�_�j�Z�d�l�b�\�g�h�]�h���\�_�[-�j�_�k�m�j�k�m���g�Z�\�_�^�_�g�Z���g�Z���j�b�k�����������K�_�j�\�_�j�g�Z���q�Z�k�l�b�g�Z���\�•�^��
�i�h�\�•�^�Z�}���a�Z���h�[�j�h�[�d�m���a�Z�i�b�l�•�\�����Z�\�l�_�g�l�b�n�•�d�Z�p�•�x���d�h�j�b�k�l�m�\�Z�q�•�\�����a�[�_�j�_�`�_�g�g�y���l�Z���h�[�j�h�[�d�m���^�Z�g�b�o����
�\�a�Z�}�f�h�^�•�x�� �a�� �[�Z�a�h�x�� �^�Z�g�b�o�� �•�� �a�h�\�g�•�r�g�•�f�b�� �k�_�j�\�•�k�Z�f�b���� �a�h�d�j�_�f�Z���� �a�� �$�3�,�� �r�l�m�q�g�h�]�h�� �•�g�l�_�e�_�d�l�m����
�D�e�•�}�g�l�k�v�d�Z�� �q�Z�k�l�b�g�Z���a�Z�[�_�a�i�_�q�m�}�� �\�•�^�h�[�j�Z�`�_�g�g�y�� �•�g�l�_�j�n�_�c�k�m�� �d�h�j�b�k�l�m�\�Z�q�Z���� �•�g�l�_�j�Z�d�l�b�\�g�m��
�\�a�Z�}�f�h�^�•�x���� �m�\�_�^�_�g�g�y�� �l�Z�� �\�•�^�i�j�Z�\�e�_�g�g�y�� �^�Z�g�b�o���� �D�h�j�b�k�l�m�\�Z�q�•�� ���\�q�b�l�_�e�•���� �m�q�g�•�� �l�Z�� �Z�^�f�•�g�•�k�l�j�Z��
�l�h�j�b���r�d�h�e�b������ �f�h�`�m�l�v���a�Z�o�h�^�b�l�b���g�Z���\�_�[-�j�_�k�m�j�k�� �q�_�j�_�a���•�g�l�_�j�n�_�c�k�� �m���[�j�Z�m�a�_�j�•�� �[�_�a���i�j�b�\�¶�y�a�d�b��
�^�h���i�j�b�k�l�j�h�x�� 

 
�J�b�k�m�g�h�d������- �A�Z�]�Z�e�v�g�Z���Z�j�o�•�l�_�d�l�m�j�Z���•�g�l�_�j�Z�d�l�b�\�g�h�]�h���\�_�[-�j�_�k�m�j�k�m 

 
�K�l�h�j�•�g�d�b���\�_�[-�j�_�k�m�j�k�m���a�]�j�m�i�h�\�Z�g�•���a�]�•�^�g�h���j�h�e�_�c���d�h�j�b�k�l�m�\�Z�q�•�\�����y�d�b�f�b���}���\�q�b�l�_�e�•�����m�q�g�•��

�l�Z���Z�^�f�•�g�•�k�l�j�Z�l�h�j�b���r�d�h�e�b�� 
�<�q�b�l�_�e�v�� �f�Z�}�� �f�h�`�e�b�\�•�k�l�v�� �k�l�\�h�j�x�\�Z�l�b�� �a�Z�\�^�Z�g�g�y�� �l�j�v�h�o���l�b�i�•�\���� �a�Z�\�^�Z�g�g�y���a�� �\�•�^�d�j�b�l�h�x��

�\�•�^�i�h�\�•�^�^�x�����l�_�k�l�h�\�•���a�Z�\�^�Z�g�g�y���•���a�Z�\�^�Z�g�g�y���g�Z���i�j�h�]�j�Z�f�m�\�Z�g�g�y�����^�_���m�q�g�•���f�Z�x�l�v���i�b�k�Z�l�b���d�h�^���g�Z��
�f�h�\�•�� �3�\�W�K�R�Q���� �>�h�� �a�Z�\�^�Z�g�v�� �•�a�� �i�j�h�]�j�Z�f�m�\�Z�g�g�y�� �\�q�b�l�_�e�v�� �f�h�`�_�� �m�\�•�f�d�g�m�l�b�� �q�b�� �\�b�f�d�g�m�l�b�� �^�h�i�h��
�f�h�]�m���R�1-�Z�]�_�g�l�Z�����I�•�k�e�y���\�•�^�i�j�Z�\�e�_�g�g�y���a�Z�\�^�Z�g�v�����\�q�b�l�_�e�v���f�h�`�_���g�Z���\�•�^�i�h�\�•�^�g�•�c���k�l�h�j�•�g�p�•���i�_��
�j�_�]�e�y�g�m�l�b���j�_�a�m�e�v�l�Z�l���\�b�d�h�g�Z�g�g�y���a�Z�\�^�Z�g�g�y���•���h�p�•�g�b�l�b���c�h�]�h�� 

�D�e�•�}�g�l�k�v�d�Z�� �q�Z�k�l�b�g�Z�� �j�_�Z�e�•�a�h�\�Z�g�Z�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �f�h�\�b�� �j�h�a�f�•�l�d�b�� �+�7�0�/���� �l�Z�� �f�h�\�b��
�k�l�b�e�•�\�� �&�6�6���� �>�e�y�� �i�j�b�k�d�h�j�_�g�g�y�� �g�Z�i�b�k�Z�g�g�y�� �d�h�^�m�� �d�e�•�}�g�l�k�v�d�h�€�� �q�Z�k�l�b�g�b�� �[�m�\�� �\�b�d�h�j�b�k�l�Z�g�b�c��
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�r�Z�[�e�h�g�•�a�Z�l�h�j���-�L�Q�M�D�������A�Z���^�h�i�h�f�h�]�h�x���p�v�h�]�h���•�g�k�l�j�m�f�_�g�l�m���[�m�e�h���i�j�b�[�j�Z�g�h���^�m�[�e�x�\�Z�g�g�y���d�h�^�m��
�g�Z�� �k�l�h�j�•�g�d�Z�o�� �r�e�y�o�h�f�� �k�l�\�h�j�_�g�g�y�� �k�l�h�j�•�g�h�d-�r�Z�[�e�h�g�•�\�� �l�Z�� �€�o�� �i�h�^�Z�e�v�r�h�]�h�� �j�h�a�r�b�j�_�g�g�y�� �g�Z��
�•�g�r�•���k�l�h�j�•�g�d�b�����;�m�e�h���k�l�\�h�j�_�g�h���g�Z�k�l�m�i�g�•���k�l�h�j�•�g�d�b-�r�Z�[�e�h�g�b�����r�Z�[�e�h�g���k�e�m�`�[�h�\�b�o���k�l�h�j�•�g�h�d����
�r�Z�[�e�h�g�� �k�l�h�j�•�g�h�d�� �Z�^�f�•�g�•�k�l�j�Z�l�h�j�Z���� �r�Z�[�e�h�g�� �k�l�h�j�•�g�h�d�� �m�q�g�y�� �l�Z�� �\�q�b�l�_�e�y���� �r�Z�[�e�h�g�� �k�l�h�j�•�g�h�d��
�k�l�\�h�j�_�g�g�y �a�Z�\�^�Z�g�g�y�� �\�q�b�l�_�e�y�� �l�Z�� �r�Z�[�e�h�g�� �k�l�h�j�•�g�h�d�� �\�b�d�h�g�Z�g�g�y�� �a�Z�\�^�Z�g�v�� �m�q�g�_�f���� �A�Z�� �^�h�i�h�f�h��
�]�h�x�� �n�j�_�c�f�\�h�j�d�Z�� �%�R�R�W�V�W�U�D�S�� �[�m�e�h�� �h�j�]�Z�g�•�a�h�\�Z�g�h�� �d�Z�j�d�Z�k�� �k�l�h�j�•�g�h�d���� �i�Z�g�_�e�•�� �g�Z�\�•�]�Z�p�•�€�� �l�Z�� �d�h�f��
�i�h�g�_�g�l�b�� 

�>�b�a�Z�c�g���]�j�Z�n�•�q�g�h�]�h���•�g�l�_�j�n�_�c�k�m���d�h�j�b�k�l�m�\�Z�q�Z���[�m�e�h���\�b�d�h�g�Z�g�h���m���i�Z�k�l�_�e�v�g�b�o���d�h�e�v�h�j�Z�o����
�A�g�•�f�h�d���_�d�j�Z�g�m���•�g�l�_�j�n�_�c�k�m���k�l�h�j�•�g�d�b���\�o�h�^�m���i�j�_�^�k�l�Z�\�e�_�g�h���g�Z���j�b�k�������� 

 
�J�b�k�m�g�h�d�������± �K�l�h�j�•�g�d�Z���\�o�h�^�m���g�Z���•�g�l�_�j�Z�d�l�b�\�g�b�c���\�_�[-�j�_�k�m�j�k 

 
�;�_�d�_�g�^-�q�Z�k�l�b�g�Z���•�g�l�_�j�Z�d�l�b�\�g�h�]�h���\�_�[-�j�_�k�m�j�k�m���[�m�e�Z���j�h�a�j�h�[�e�_�g�Z���f�h�\�h�x���i�j�h�]�j�Z�f�m�\�Z�g��

�g�y���3�\�W�K�R�Q���g�Z���h�k�g�h�\�•���n�j�_�c�f�\�h�j�d�m���)�O�D�V�N�����y�d�b�c���i�j�b�a�g�Z�q�_�g�b�c���^�e�y���j�h�a�j�h�[�d�b���\�_�[-�a�Z�k�l�h�k�m�g�d�•�\��
�a�Z���k�i�_�p�b�n�•�d�Z�p�•�}�x��WSGI (Web Server Gateway Interface) �l�Z���\�o�h�^�b�l�v���^�h���_�d�h�k�b�k�l�_�f�b��Pallets 
Projects.  

�>�e�y�� �\�•�^�i�j�Z�\�e�_�g�g�y�� �\�•�^�i�h�\�•�^�_�c�� �m�q�g�•�\�� �[�m�e�h�� �\�b�d�h�j�b�k�l�Z�g�h�� �f�_�o�Z�g�•�a�f�� �)�H�W�F�K�� �$�3�,���� �s�h�� �a�Z��
�[�_�a�i�_�q�m�}���a�^�•�c�k�g�_�g�g�y���Z�k�b�g�o�j�h�g�g�b�o���+�7�7�3-�a�Z�i�b�l�•�\���^�h���\�_�[-�k�_�j�\�_�j�•�\���l�Z���^�h�a�\�h�e�y�}���i�_�j�_�^�Z�\�Z�l�b��
�^�Z�g�•���m���n�h�j�f�Z�l�•���-�6�2�1�� 

�>�e�y���d�h�`�g�h�€���k�l�h�j�•�g�d�b���g�Z���[�_�d�_�g�^�•���[�m�e�h���g�Z�e�Z�r�l�h�\�Z�g�h���r�e�y�o�����U�R�X�W�������J�h�m�l�b���k�l�h�j�•�g�h�d���[�m��
�e�b���j�h�a�^�•�e�_�g�•���•���a�]�j�m�i�h�\�Z�g�•���\���h�d�j�_�f�•���n�Z�c�e�b���a�Z���^�h�i�h�f�h�]�h�x���f�_�o�Z�g�•�a�f�m���)�O�D�V�N���%�O�X�H�S�U�L�Q�W�����y�d�b�c��
�^�h�a�\�h�e�b�\���j�h�a�^�•�e�b�l�b���e�h�]�•�d�m���k�l�h�j�•�g�h�d���m�q�g�y�����\�q�b�l�_�e�y�����Z�^�f�•�g�•�k�l�j�Z�l�h�j�Z�����k�e�m�`�[�h�\�b�o���k�l�h�j�•�g�h�d��
�l�Z���n�m�g�d�p�•�c���h�[�j�h�[�d�b���^�Z�g�b�o���� 

�M�k�•�� �^�Z�g�•�� �d�h�j�b�k�l�m�\�Z�q�•�\�� �l�Z�� �a�Z�\�^�Z�g�v�� �a�[�_�j�•�]�Z�x�l�v�k�y�� �m�� �[�Z�a�•�� �^�Z�g�b�o���� �k�l�\�h�j�_�g�h�€�� �g�Z�� �h�k�g�h�\�•��
SQLite. SQLite - �p�_���e�_�]�d�Z���\�[�m�^�h�\�Z�g�Z���j�_�e�y�p�•�c�g�Z���k�b�k�l�_�f�Z���d�_�j�m�\�Z�g�g�y���[�Z�a�Z�f�b���^�Z�g�b�o�����s�h���^�h��
�a�\�h�e�y�}���a�[�_�j�•�]�Z�l�b���\�k�x���[�Z�a�m���^�Z�g�b�o���\���h�^�g�h�f�m���n�Z�c�e�•�����g�_���i�h�l�j�_�[�m�}���d�h�g�n�•�]�m�j�Z�p�•�€���l�Z���}���[�_�a�d�h�r��
�l�h�\�g�h�x���� �M�l�•�f�� �m�� �i�h�^�Z�e�v�r�h�f�m�� �a�Z�i�e�Z�g�h�\�Z�g�h�� �i�_�j�_�o�•�^�� �g�Z�� �h�[�
�}�d�l�g�h-�j�_�e�y�p�•�c�g�m�� �k�b�k�l�_�f�m�� �d�_�j�m��
�\�Z�g�g�y���[�Z�a�Z�f�b���^�Z�g�b�o���3�R�V�W�J�U�H�6�4�/�� 

�<�a�Z�}�f�h�^�•�y�� �a�� �[�Z�a�h�x�� �^�Z�g�b�o�� �g�Z�� �[�_�d�_�g�^�•�� �\�•�^�[�m�\�Z�}�l�v�k�y�� �m�� �\�b�]�e�y�^�•�� �a�Z�i�b�l�•�\���� �y�d�•�� �a�^�•�c�k�g�x��
�x�l�v�k�y�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �[�•�[�e�•�h�l�_�d�b�� �V�T�O�L�W�H������ �y�d�Z�� �\�d�e�x�q�_�g�Z�� �m�� �k�l�Z�g�^�Z�j�l�g�m�� �[�•�[�e�•�h�l�_�d�m�� �3�\�W�K�R�Q����
�>�h�^�Z�\�Z�l�b�� �m�� �[�Z�a�m�� �^�Z�g�b�o�� �a�Z�\�^�Z�g�g�y���� �h�p�•�g�d�b�� �l�Z�� �j�_�a�m�e�v�l�Z�l�b�� �j�h�a�\�¶�y�a�Z�g�g�y�� �a�Z�\�^�Z�g�v�� �f�h�`�m�l�v�� �y�d��
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�m�q�g�•�����l�Z�d���•���\�q�b�l�_�e�•�����>�h�^�Z�\�Z�l�b���Z�[�h���\�b�^�Z�e�y�l�b���d�h�j�b�k�l�m�\�Z�q�•�\���a���[�Z�a�b���^�Z�g�b�o���f�h�`�m�l�v���e�b�r�_���Z�^��
�f�•�g�•�k�l�j�Z�l�h�j�b���g�Z���\�•�^�i�h�\�•�^�g�b�o���k�l�h�j�•�g�d�Z�o�� 

�1�g�l�_�]�j�Z�p�•�y�� �R�1-�Z�]�_�g�l�Z�� �[�m�e�Z�� �j�_�Z�e�•�a�h�\�Z�g�Z�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �f�h�^�_�e�•�� �2�S�H�Q�$�,-mini-������ �P�_�� �}��
�i�h�e�_�]�r�_�g�Z�� �\�_�j�k�•�y�� �\�_�e�b�d�h�€�� �f�h�\�g�h�€�� �f�h�^�_�e�•�� �2�S�H�Q�$�,���� �y�d�Z�� �g�Z�c�d�j�Z�s�_�� �i�•�^�o�h�^�b�l�v�� �^�e�y�� �j�h�a�\�
�y��
�a�Z�g�g�y�� �i�h�k�l�Z�\�e�_�g�h�€�� �a�Z�^�Z�q�•�� �\�� �m�f�h�\�Z�o�� �h�[�f�_�`�_�g�h�]�h�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �n�m�g�d�p�•�c�� �f�h�^�_�e�•�� �2�S�H�Q�$�,����
�J�h�[�h�l�Z�� �a �f�h�^�_�e�e�x�� �2�S�H�Q�$�,-mini-���� �a�^�•�c�k�g�x�}�l�v�k�y�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �[�•�[�e�•�h�l�_�d�b�� �R�S�H�Q�D�L�� �f�h�\�b��
�3�\�W�K�R�Q���� �M�� �]�h�e�h�\�g�h�f�m�� �n�Z�c�e�•�� �D�S�S���S�\�� �[�m�e�b�� �g�Z�e�Z�r�l�h�\�Z�g�•�� �y�d�� �i�Z�j�Z�f�_�l�j�b�� �i�•�^�d�e�x�q�_�g�g�y���� �l�Z�d�� �•��
�a�Z�^�Z�g�b�c�� �[�Z�a�h�\�b�c�� �i�j�h�f�i�l���� �m�� �y�d�h�f�m�� �\�d�Z�a�Z�g�•�� �•�g�k�l�j�m�d�p�•�€�� �^�h�� �j�h�[�h�l�b���� �^�h�i�h�f�Z�]�Z�l�b�� �m�q�g�x�� �m��
�j�h�a�\�¶�y�a�Z�g�g�•�� �a�Z�\�^�Z�g�g�y�����Z�� �g�_�� �j�h�a�\�¶�y�a�m�\�Z�l�b�� �a�Z�\�^�Z�g�g�y�� �a�Z�� �g�v�h�]�h���� �N�j�Z�]�f�_�g�l�� �d�h�^�m�� �n�m�g�d�p�•�€���� �s�h��
�\�•�^�i�h�\�•�^�Z�}���a�Z���a�Z�i�m�k�d���R�1-�Z�]�_�g�l�Z�����g�Z�\�_�^�_�g�h���g�Z���j�b�k������ 

from openai import OpenAI  
client = OpenAI(api_key=os.getenv("OPENAI_API_KEY"))  
@app.route("/ai_help", methods=["POST"])  
def ai_help():  
    dat a = request.get_json()  
    task_text = data.get("task", "")  
    messages = data.get("messages", [])  
 
    if not any(msg["role"] == "system" for msg in messages):  
        system_prompt = (  
            ���L�b���² �^�h�[�j�h�a�b�q�e�b�\�b�c���i�h�f�•�q�g�b�d���m�q�g�y���a���i�j�h�]�j�Z�f�m�\�Z�g�g�y������ 
            ���G�_���j�h�a�\�¶�y�a�m�c���a�Z�^�Z�q�m���i�h�\�g�•�k�l�x������ 
            ���A�Z�f�•�k�l�v���p�v�h�]�h���k�l�Z�\���g�Z�\�•�^�g�•���a�Z�i�b�l�Z�g�g�y�����i�h�y�k�g�x�c��

�i�j�b�g�p�b�i�b������ 
            ���^�h�i�h�f�Z�]�Z�c���a�j�h�a�m�f�•�l�b���•���a�g�Z�c�l�b���j�•�r�_�g�g�y���k�Z�f�h�k�l�•�c�g�h���� 
        )  
        messages.insert(0, {"role": "system", "content": 

system_prompt })  
        messages.insert(1, {"role": "user", "content": f" �H�k�v 

�a�Z�\�^�Z�g�g�y: {task_text}"})  
     
    try:  
        response = client.chat.completions.create(  
            model="gpt - 3.5 - turbo",  
            messages=messages,  
            temperature=0.7  
        )  

�J�b�k�m�g�h�d�������± �N�j�Z�]�f�_�g�l���d�h�^�m���n�m�g�d�p�•�€�����s�h���\�•�^�i�h�\�•�^�Z�}���a�Z���a�Z�i�m�k�d���R�1-�Z�]�_�g�l�Z 
  
�M�� �i�_�j�r�h�f�m�� �j�y�^�d�m�� �g�Z�� �i�h�^�Z�g�h�f�m�� �n�j�Z�]�f�_�g�l�•�� �i�j�h�]�j�Z�f�g�h�]�h�� �d�h�^�m�� �i�•�^�d�e�x�q�Z�}�l�v�k�y��

�[�•�[�e�•�h�l�_�d�Z��openai �f�h�\�b��Python���� �y�d�Z�� �m�� �^�j�m�]�h�f�m�� �j�y�^�d�m�� �^�h�a�\�h�e�y�}�� �i�•�^�d�e�x�q�b�l�b��API �l�Z��
�j�h�a�i�h�q�Z�l�b�� �j�h�[�h�l�m�� �a�� �g�Z�^�k�b�e�Z�g�g�y�� �a�Z�i�b�l�•�\�� �^�h�� �k�_�j�\�_�j�Z��OpenAI-mini-������ �H�d�j�•�f�� �i�j�h�f�i�l�m���� �m��
�i�h�\�•�^�h�f�e�_�g�g�y���^�h�^�Z�}�l�v�k�y���l�_�d�k�l���k�Z�f�h�]�h���a�Z�\�^�Z�g�g�y�����s�h�[���R�1-�Z�]�_�g�l���g�_���i�j�h�k�l�h���^�Z�\�Z�\���a�Z�]�Z�e�v�g�•��
�i�•�^�d�Z�a�d�b���� �Z�� �i�•�^�d�Z�a�m�\�Z�\���� �y�d�� �\�b�d�h�g�m�\�Z�l�b�� �d�h�g�d�j�_�l�g�_�� �a�Z�\�^�Z�g�g�y���� �A�^�Z�l�g�•�k�l�v�� �R�1-�Z�]�_�g�l�Z�� �f�Z�c�`�_��
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�f�b�l�l�}�\�h���g�Z�^�Z�\�Z�l�b���•�g�n�h�j�f�Z�p�•�x���f�h�`�_���i�•�^�j�b�\�Z�l�b���d�j�b�l�b�q�g�_���f�b�k�e�_�g�g�y���l�Z���f�h�l�b�\�Z�p�•�x�����L�h�f�m��
�R�1-�Z�]�_�g�l�Z���k�e�•�^���\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b���^�e�y���i�•�^�d�Z�a�h�d���l�Z���a�Z�h�o�h�q�_�g�g�y���]�e�b�[�r�b�o���^�h�k�e�•�^�`�_�g�v���� �Z���g�_��
�e�b�r�_���^�e�y���r�\�b�^�d�b�o���\�•�^�i�h�\�•�^�_�c [8]. 

�E�h�]�•�d�Z�� �\�a�Z�}�f�h�^�•�€�� �a�� �•�g�l�_�e�_�d�l�m�Z�e�v�g�b�f�� �i�h�f�•�q�g�b�d�h�f�� �\�b�g�_�k�_�g�Z�� �\�� �h�d�j�_�f�b�c�� �n�Z�c�e��
�D�L�B�F�K�D�W���M�V���� �M�� �g�v�h�f�m�� �j�_�Z�e�•�a�h�\�Z�g�h�� �d�_�j�m�\�Z�g�g�y�� �f�h�^�Z�e�v�g�b�f�� �\�•�d�g�h�f�� �l�Z�� �n�m�g�d�p�•�x�� �a�q�b�l�m�\�Z�g�g�y��
�a�f�•�k�l�m���a�Z�\�^�Z�g�g�y���[�_�a�i�h�k�_�j�_�^�g�v�h���a���Z�d�l�b�\�g�h�]�h���[�e�h�d�m���\�_�[-�k�l�h�j�•�g�d�b�����I�j�h�p�_�k���h�[�j�h�[�d�b���a�Z�i�b�l�m��
�Z�d�l�b�\�•�a�m�}�l�v�k�y�� �g�Z�l�b�k�d�Z�g�g�y�f�� �d�g�h�i�d�b���³�>�h�i�h�f�h�]�Z�� �R�1� �́��� �i�•�k�e�y�� �q�h�]�h�� �l�_�d�k�l�� �a�Z�\�^�Z�g�g�y�� �j�Z�a�h�f�� �•�a��
�\�•�^�i�h�\�•�^�g�b�f�b���•�g�k�l�j�m�d�p�•�y�f�b���i�_�j�_�^�Z�}�l�v�k�y���^�h���f�h�^�_�e�•�����N�j�Z�]�f�_�g�l���i�j�h�]�j�Z�f�g�h�]�h���d�h�^�m�����s�h���j�_��
�Z�e�•�a�m�}���p�_�c���f�_�o�Z�g�•�a�f�����g�Z�\�_�^�_�g�h���g�Z���j�b�k�������� 

      fetch("/ai_help", {  
        method: "POST",  
        headers: {  
          "Content - Type": "application/json"  
        },  
        body: JSON.stringify({  
          task: tas kText,  
          messages: messageHistor  })  
      })  
        .then(response => response.json())  
        .then(data => {  
          const aiReply = data.reply;  
          chatContainer.innerHTML += `<p><strong> �R�1:</strong> 

${aiReply}</p>`;  
          messageHi story.push({ role: "assistant", content: 

aiReply });  
        })  

�J�b�k�m�g�h�d�������± �N�j�Z�]�f�_�g�l���d�h�^�m���d�_�j�m�\�Z�g�g�y���f�h�^�Z�e�v�g�b�f���\�•�d�g�h�f���R�1-�Z�]�_�g�l�Z 
 

�:�e�]�h�j�b�l�f�� �j�h�[�h�l�b�� �R�1-�Z�]�_�g�l�Z�� �i�_�j�_�^�[�Z�q�Z�}�� �\�b�d�h�g�Z�g�g�y�� �Z�k�b�g�o�j�h�g�g�h�]�h�� �a�Z�i�b�l�m�� �^�h�� �k�_�j��
�\�_�j�g�h�]�h�� �f�Z�j�r�j�m�l�m�� ���D�L�B�K�H�O�S�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �f�_�l�h�^�m�� �I�H�W�F�K���� �M���l�•�e�•�� �a�Z�i�b�l�m�� �i�_�j�_�^�Z�x�l�v�k�y�� �^�Z�g�•��
�i�j�h�� �i�h�l�h�q�g�_�� �a�Z�\�^�Z�g�g�y�� �l�Z�� �•�k�l�h�j�•�x�� �^�•�Z�e�h�]�m�� �m�� �n�h�j�f�Z�l�•�� �-�6�2�1���� �M�� �j�Z�a�•�� �\�b�g�b�d�g�_�g�g�y�� �i�h�f�b�e�h�d��
�•�g�n�h�j�f�Z�p�•�y���i�j�h���a�[�•�c���\�b�\�h�^�b�l�v�k�y���d�h�j�b�k�l�m�\�Z�q�m�����Z���l�_�o�g�•�q�g�•���^�_�l�Z�e�•���i�h�^�•�€���n�•�d�k�m�x�l�v�k�y���\���d�h�g��
�k�h�e�•�����L�Z�d�b�c���i�•�^�o�•�^���a�Z�[�_�a�i�_�q�m�}���g�Z�^�•�c�g�m���•�g�l�_�]�j�Z�p�•�x���d�e�•�}�g�l�k�v�d�h�€���q�Z�k�l�b�g�b���a���$�3�,���R�1-�Z�]�_�g�l�Z����
�s�h���^�h�a�\�h�e�y�}���j�_�Z�e�•�a�m�\�Z�l�b���•�g�l�_�j�Z�d�l�b�\�g�m���i�•�^�l�j�b�f�d�m���\���f�_�`�Z�o���g�Z�\�q�Z�e�v�g�h�]�h���\�_�[-�j�_�k�m�j�k�m�� 

�A�g�•�f�h�d���q�Z�k�l�b�g�b���_�d�j�Z�g�m���i�•�^���q�Z�k���j�h�[�h�l�b���R�1-�Z�]�_�g�l�Z���^�e�y���i�j�h�k�l�h�]�h���a�Z�\�^�Z�g�g�y���i�j�_�^�k�l�Z�\��
�e�_�g�h���g�Z���j�b�k�����������G�Z���g�v�h�f�m���g�Z�\�_�^�_�g�Z���k�l�h�j�•�g�d�Z���\�b�d�h�g�Z�g�g�y���a�Z�\�^�Z�g�g�y���g�Z���i�j�h�]�j�Z�f�m�\�Z�g�g�y�����[�e�h�d��
�^�e�y���g�Z�i�b�k�Z�g�g�y���d�h�^�m���l�Z���[�e�h�d���a�Z�i�m�s�_�g�h�]�h���q�Z�l�m���•�a���R�1-�i�h�f�•�q�g�b�d�h�f�� 

 
�J�b�k�m�g�h�d�������± �I�j�b�d�e�Z�^���a�Z�i�m�k�d�m���^�h�i�h�f�h�]�b���R�1���g�Z���k�l�h�j�•�g�p�•���\�b�d�h�g�Z�g�g�y���a�Z�\�^�Z�g�g�y 
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�>�e�y���j�h�[�h�l�b���a���$�3�,-�d�e�x�q�_�f���R�1-�Z�]�_�g�l�Z���^�h�^�Z�l�d�h�\�h���i�•�^�d�e�x�q�_�g�Z���[�•�[�e�•�h�l�_�d�Z���G�R�W�H�Q�Y�����P�_��
�}�����q�m�l�e�b�\�•�����^�Z�g�•�����•���l�h�f�m���\�h�g�b���a�[�_�j�•�]�Z�x�l�v�k�y���m���a�f�•�g�g�•�c���k�_�j�_�^�h�\�b�s�Z���\�����H�Q�Y-�n�Z�c�e�•�����s�h���}���g�_��
�h�[�o�•�^�g�b�f���� �g�Z�k�Z�f�i�_�j�_�^���� �a�Z�^�e�y�� �[�_�a�i�_�d�b���� �>�e�y�� �\�a�Z�}�f�h�^�•�€�� �\�_�[-�a�Z�k�l�h�k�m�g�d�m���� �j�h�a�j�h�[�e�_�g�h�f�m�� �g�Z��
�[�Z�a�•���)�O�D�V�N�����•�a���n�Z�c�e�h�f���d�h�g�n�•�]�m�j�Z�p�•�€���\�b�d�h�j�b�k�l�Z�g�h���[�•�[�e�•�h�l�_�d�m���G�R�W�H�Q�Y�����y�d�Z���a�q�b�l�m�}���d�h�g�n�•�]�m�j�Z��
�p�•�c�g�b�c�� �n�Z�c�e�� �l�Z�� �j�h�[�b�l�v�� �$�3�,-�d�e�x�q�•�� �^�h�k�l�m�i�g�b�f�b�� �^�e�y�� �i�j�h�]�j�Z�f�b�� �q�_�j�_�a�� �k�l�Z�g�^�Z�j�l�g�b�c�� �•�g�l�_�j��
�n�_�c�k�����L�Z�d�b�c���i�•�^�o�•�^���a�Z�[�_�a�i�_�q�m�}���g�Z�e�_�`�g�b�c���j�•�\�_�g�v���[�_�a�i�_�d�b���h�k�\�•�l�g�v�h�€���i�e�Z�l�n�h�j�f�b�����]�Z�j�Z�g�l�m��
�x�q�b�����s�h���^�h�k�l�m�i���^�h���i�h�l�m�`�g�h�k�l�_�c���r�l�m�q�g�h�]�h���•�g�l�_�e�_�d�l�m���a�Z�e�b�r�b�l�v�k�y���a�Z�o�b�s�_�g�b�f�� 
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Interactive web resource for teaching computer science in general secondary education 
with AI agent integration 

The paper presents the design, implementation, and evaluation of an interactive web-
based educational resource that aimed at supporting the teaching and learning of computer 
science in general secondary education within the framework of the New Ukrainian School 
reform. The study's relevance is determined by the ongoing digitalization of education and the 
growing demand for flexible, interactive, and student-centered learning environments that 
correspond to modern educational standards. 

The proposed web resource integrates contemporary web technologies and includes 
role-based access for students, teachers, and administrators, enabling the creation, comple-
tion, and assessment of various types of learning tasks. Special attention is given to the inte-
gration of an AI-based assistant, which provides contextual support for students during pro-
gramming tasks and can be enabled or disabled by the teacher depending on pedagogical ob-
jectives. 

The research methodology i�Q�F�O�X�G�H�V�� �D�Q�� �H�Y�D�O�X�D�W�L�R�Q�� �R�I�� �W�K�H�� �V�\�V�W�H�P�¶�V�� �W�H�F�K�Q�L�F�D�O�� �S�H�U�I�Rr-
mance, usability, and reliability, as well as an experimental comparison of learning outcomes 
for students working with and without AI assistance. The results indicate that AI-supported 
learning can positively influence learning efficiency without replac�L�Q�J�� �W�K�H�� �W�H�D�F�K�H�U�¶�V�� �U�R�O�H�� �L�Q��
the educational process. 

The developed solution demonstrates the potential of AI-enhanced educational digital 
platforms to support competency-based learning and personalized instruction. It can serve as 
a foundation for further development of digital educational systems aligned with the princi-
ples of the New Ukrainian School. The results demonstrate the effectiveness and feasibility of 
using AI agents to improve the quality and personalization of computer science education. 
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�:�g�g�h�l�Z�p�•�y�����M �k�l�Z�l�l�• �\�b�d�h�g�Z�g�h �d�h�f�i�e�_�d�k�g�_ �^�h�k�e�•�^�`�_�g�g�y �i�j�h�[�e�_�f�Z�l�b�d�b �i�•�^�]�h�l�h�\�d�b 
�•�g�`�_�g�_�j�•�\-�f�_�o�Z�g�•�d�•�\ �a�Z �g�Z�i�j�y�f�h�f �d�h�g�k�l�j�m�d�l�h�j�k�v�d�h-�l�_�o�g�h�e�h�]�•�q�g�h�€ �i�•�^�]�h�l�h�\�d�b �\�b�j�h�[��
�g�b�p�l�\�Z �\ �m�f�h�\�Z�o �^�b�k�l�Z�g�p�•�c�g�h�]�h �g�Z�\�q�Z�g�g�y, �a�m�f�h�\�e�_�g�h�]�h �\�h�}�g�g�b�f �k�l�Z�g�h�f �\ �M�d�j�Z�€�g�•. 
�H�[�‰�j�m�g�l�h�\�Z�g�h �j�h�e�v �k�b�k�l�_�f �m�i�j�Z�\�e�•�g�g�y �`�b�l�l�}�\�b�f  �p�b�d�e�h�f �\�b�j�h�[�m (PLM) �y�d �n�m�g�^�Z�f�_�g��
�l�Z�e�v�g�h�]�h �•�g�k�l�j�m�f�_�g�l�m �n�h�j�f�m�\�Z�g�g�y �p�b�n�j�h�\�b�o �d�h�f�i�_�l�_�g�p�•�c �•�g�`�_�g�_�j�Z-�f�_�o�Z�g�•�d�Z. �I�j�h�\�_��
�^�_�g�h �^�_�l�Z�e�v�g�b�c �i�h�j�•�\�g�y�e�v�g�b�c �Z�g�Z�e�•�a �Z�j�o�•�l�_�d�l�m�j�b, �n�m�g�d�p�•�h�g�Z�e�v�g�b�o �f�h�`�e�b�\�h�k�l�_�c �l�Z 
�e�•�p�_�g�a�•�c�g�h�€ �i�h�e�•�l�b�d�b �i�j�h�\�•�^�g�b�o �k�\�•�l�h�\�b�o �i�e�Z�l�n�h�j�f���� �l�Z�d�b�o�� �y�d�� Siemens Teamcenter, 
�'�D�V�V�D�X�O�W�� �6�\�V�W�q�P�H�V�� ���'�(�;�3�(�5�,�(�1�&�(���� �3�7�&�� �:�L�Q�G�F�K�L�O�O���l�Z �\�•�l�q�b�a�g�y�g�h�€ �k�b�k�l�_�f�b IT-
Enterprise. �J�h�a�]�e�y�g�m�l�h �l�_�o�g�•�q�g�• �Z�k�i�_�d�l�b �h�j�]�Z�g�•�a�Z�p�•�€ �\�•�^�^�Z�e�_�g�h�]�h �^�h�k�l�m�i�m �l�Z �i�b�l�Z�g�g�y 
�•�g�n�h�j�f�Z�p�•�c�g�h�€ �[�_�a�i�_�d�b. �:�d�p�_�g�l�h�\�Z�g�h �m�\�Z�]�m �g�Z �i�_�j�_�\�Z�]�Z�o �\�i�j�h�\�Z�^�`�_�g�g�y �\�•�l�q�b�a�g�y�g�h�€ 
�i�e�Z�l�n�h�j�f�b �^�e�y �\�b�\�q�_�g�g�y �i�j�h�p�_�k�•�\ �l�_�o�g�h�e�h�]�•�q�g�h�]�h �g�h�j�f�m�\�Z�g�g�y, �m�i�j�Z�\�e�•�g�g�y 
�k�h�[�•�\�Z�j�l�•�k�l�x �l�Z �n�h�j�f�m�\�Z�g�g�y �^�h�d�m�f�_�g�l�Z�p�•�€ �a�]�•�^�g�h �a �>�K�L�M. �A�Z�i�j�h�i�h�g�h�\�Z�g�h �f�_�l�h�^�b�q�g�• 
�j�_�d�h�f�_�g�^�Z�p�•�€ �s�h�^�h �•�g�l�_�]�j�Z�p�•�€ �j�•�a�g�h�j�•�^�g�b�o �&�$�'���&�$�0���&�$�(���3�/�0�� �k�b�k�l�_�f�� �m�� �}�^�b�g�b�c��
�h�k�\�•�l�g�•�c���i�j�h�k�l�•�j���m�g�•�\�_�j�k�b�l�_�l�m�� 
�D�e�x�q�h�\�•�� �k�e�h�\�Z�� PLM-�k�b�k�l�_�f�b, �p�b�n�j�h�\�Z �l�j�Z�g�k�n�h�j�f�Z�p�•�y �h�k�\�•�l�b, �^�b�k�l�Z�g�p�•�c�g�_ �g�Z�\�q�Z�g�g�y, 
�m�i�j�Z�\�e�•�g�g�y �`�b�l�l�}�\�b�f  �p�b�d�e�h�f, �d�h�g�k�l�j�m�d�l�h�j�k�v�d�h-�l�_�o�g�h�e�h�]�•�q�g�Z �i�•�^�]�h�l�h�\�d�Z �\�b�j�h�[��
�g�b�p�l�\�Z, �m�i�j�Z�\�e�•�g�g�y �•�g�`�_�g�_�j�g�b�f�b �^�Z�g�b�f�b, �p�b�n�j�h�\�b�c �h�k�\�•�l�g�•�c �i�j�h�k�l�•�j 
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3D-�f�h�^�_�e�x�\�Z�g�g�y�� ���&�$�'������ �Z�� �c�� �d�h�f�i�_�l�_�g�p�•�y�f�b�� �j�h�[�h�l�b�� �\�� �}�^�b�g�h�f�m�� �•�g�n�h�j�f�Z�p�•�c�g�h�f�m�� �i�j�h��
�k�l�h�j�•���i�•�^�i�j�b�}�f�k�l�\�Z���� �j�h�a�m�f�•�l�b�� �i�j�b�g�p�b�i�b�� �m�i�j�Z�\�e�•�g�g�y�� �^�Z�g�b�f�b�� �i�j�h�� �\�b�j�•�[�� ���3�'�0������ �e�h�]�•�d�m��
�l�_�o�g�h�e�h�]�•�q�g�h�€���i�•�^�]�h�l�h�\�d�b�����&�$�3�3�����l�Z���i�e�Z�g�m�\�Z�g�g�y���j�_�k�m�j�k�•�\�����(�5�3���� 

�<���m�f�h�\�Z�o���\�h�}�g�g�h�]�h���k�l�Z�g�m���\���M�d�j�Z�€�g�•���k�b�k�l�_�f�Z���\�b�s�h�€���l�_�o�g�•�q�g�h�€���h�k�\�•�l�b���i�h�k�l�Z�e�Z���i�_�j�_�^��
�[�_�a�i�j�_�p�_�^�_�g�l�g�b�f���\�b�d�e�b�d�h�f��- �g�_�h�[�o�•�^�g�•�k�l�x���a�Z�[�_�a�i�_�q�_�g�g�y���y�d�h�k�l�•���•�g�`�_�g�_�j�g�h�€���i�•�^�]�h�l�h�\�d�b���\��
�m�f�h�\�Z�o�� �l�j�b�\�Z�e�h�]�h�� �^�b�k�l�Z�g�p�•�c�g�h�]�h�� �g�Z�\�q�Z�g�g�y�� �l�Z�� �g�_�k�l�Z�[�•�e�v�g�h�k�l�•�� �•�g�n�j�Z�k�l�j�m�d�l�m�j�b���� �L�j�Z��
�^�b�p�•�c�g�Z�� �f�h�^�_�e�v�� �g�Z�\�q�Z�g�g�y���� �s�h�� �[�Z�a�m�}�l�v�k�y�� �g�Z�� �n�•�a�b�q�g�•�c�� �i�j�b�k�m�l�g�h�k�l�•�� �k�l�m�^�_�g�l�•�\�� �m�� �d�h�f�i�
�x��

                                              

���‹  �I�•�d�•�e�v�g�y�d���:���<�������P�b�\�•�g�^�Z���G���1��, 2026 



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

77 

�l�_�j�g�b�o���d�e�Z�k�Z�o���l�Z���e�Z�[�h�j�Z�l�h�j�•�y�o���m�g�•�\�_�j�k�b�l�_�l�m�����k�l�Z�e�Z���q�Z�k�l�d�h�\�h���Z�[�h���i�h�\�g�•�k�l�x���g�_�^�h�k�l�m�i�g�h�x����
�P�_�� �i�j�b�a�\�_�e�h�� �^�h�� �j�h�a�j�b�\�m�� �f�•�`�� �l�_�h�j�_�l�b�q�g�b�f�b�� �a�g�Z�g�g�y�f�b�� �l�Z�� �i�j�Z�d�l�b�q�g�b�f�b�� �g�Z�\�b�q�d�Z�f�b���� �k�l�m��
�^�_�g�l�b�� �f�h�`�m�l�v�� �\�b�\�q�b�l�b�� �l�_�h�j�•�x�� �f�_�o�Z�g�•�a�f�•�\���� �Z�e�_�� �\�l�j�Z�q�Z�x�l�v�� �f�h�`�e�b�\�•�k�l�v�� �i�j�Z�p�x�\�Z�l�b�� �a��
�e�•�p�_�g�a�•�c�g�b�f�� �i�j�h�f�b�k�e�h�\�b�f�� �i�j�h�]�j�Z�f�g�b�f�� �a�Z�[�_�a�i�_�q�_�g�g�y�f���� �y�d�_���a�Z�a�\�b�q�Z�c���\�b�f�Z�]�Z�}�� �i�h�l�m�`�g�b�o��
�j�h�[�h�q�b�o���k�l�Z�g�p�•�c���l�Z���a�Z�o�b�s�_�g�b�o���e�h�d�Z�e�v�g�b�o���f�_�j�_�`�� 

�H�k�h�[�e�b�\�h�€�� �]�h�k�l�j�h�l�b���g�Z�[�m�\�Z�}�� �i�j�h�[�e�_�f�Z�� �d�h�g�k�l�j�m�d�l�h�j�k�v�d�h-�l�_�o�g�h�e�h�]�•�q�g�h�€�� �i�•�^�]�h�l�h�\�d�b��
�\�b�j�h�[�g�b�p�l�\�Z�����D�L�I�<������ �Y�d�s�h���]�_�h�f�_�l�j�b�q�g�_���f�h�^�_�e�x�\�Z�g�g�y���f�h�`�g�Z���q�Z�k�l�d�h�\�h���j�_�Z�e�•�a�m�\�Z�l�b���g�Z��
�i�_�j�k�h�g�Z�e�v�g�b�o�� �g�h�m�l�[�m�d�Z�o�� �k�l�m�^�_�g�l�•�\�� �a�Z�� �^�h�i�h�f�h�]�h�x���g�Z�\�q�Z�e�v�g�b�o�� �\�_�j�k�•�c�� �&�$�'-�k�b�k�l�_�f���� �l�h��
�i�j�h�p�_�k�b���d�h�e�_�d�l�b�\�g�h�€���j�h�[�h�l�b���� �m�i�j�Z�\�e�•�g�g�y���\�_�j�k�•�y�f�b���^�h�d�m�f�_�g�l�•�\���� �m�a�]�h�^�`�_�g�g�y���a�f�•�g���l�Z���l�_�o��
�g�h�e�h�]�•�q�g�h�]�h���g�h�j�f�m�\�Z�g�g�y���\�b�f�Z�]�Z�x�l�v���j�h�a�]�h�j�l�Z�g�g�y���k�d�e�Z�^�g�b�o���k�_�j�\�_�j�g�b�o���3�/�0-�i�e�Z�l�n�h�j�f�����<��
�m�f�h�\�Z�o�� �[�e�_�d�Z�m�l�•�\���� �f�•�]�j�Z�p�•�€�� �k�l�m�^�_�g�l�•�\�� �l�Z�� �\�b�d�e�Z�^�Z�q�•�\���� �Z�� �l�Z�d�h�`�� �h�[�f�_�`�_�g�h�]�h�� �n�•�g�Z�g�k�m�\�Z�g�g�y��
�A�<�H���� �\�b�g�b�d�Z�}�� �g�Z�]�Z�e�v�g�Z�� �i�h�l�j�_�[�Z�� �m�� �i�h�r�m�d�m�� �l�Z�� �\�i�j�h�\�Z�^�`�_�g�g�•�� �i�j�h�]�j�Z�f�g�b�o�� �j�•�r�_�g�v���� �y�d�•�� �[��
�i�h�}�^�g�m�\�Z�e�b���o�f�Z�j�g�m���Z�j�o�•�l�_�d�l�m�j�m�����g�b�a�v�d�•���\�b�f�h�]�b���^�h���d�e�•�}�g�l�k�v�d�h�]�h���h�[�e�Z�^�g�Z�g�g�y�����_�d�h�g�h�f�•�q�g�m��
�^�h�k�l�m�i�g�•�k�l�v�� �l�Z�� �i�h�\�g�m�� �\�•�^�i�h�\�•�^�g�•�k�l�v�� �\�•�l�q�b�a�g�y�g�b�f�� �k�l�Z�g�^�Z�j�l�Z�f�� ���>�K�L�M���� �/�K�D�>���� �/�K�L�>������
�1�]�g�h�j�m�\�Z�g�g�y���p�•�}�€���i�j�h�[�e�_�f�b���a�Z�]�j�h�`�m�}���\�b�i�m�k�d�h�f���n�Z�o�•�\�p�•�\�����g�_���]�h�l�h�\�b�o���^�h���j�_�Z�e�•�c���k�m�q�Z�k�g�h�]�h��
�\�b�j�h�[�g�b�p�l�\�Z���� �s�h�� �}�� �d�j�b�l�b�q�g�b�f�� �j�b�a�b�d�h�f�� �^�e�y�� �i�•�k�e�y�\�h�}�g�g�h�€�� �\�•�^�[�m�^�h�\�b�� �i�j�h�f�b�k�e�h�\�h�]�h�� �i�h��
�l�_�g�p�•�Z�e�m���M�d�j�Z�€�g�b. 

�:�g�Z�e�•�a�� �h�k�l�Z�g�g�•�o�� �^�h�k�e�•�^�`�_�g�v�� �•�� �i�m�[�e�•�d�Z�p�•�c�����I�j�h�[�e�_�f�Z�l�b�d�Z�� �m�i�j�Z�\�e�•�g�g�y�� �`�b�l�l�}�\�b�f��
�p�b�d�e�h�f�� �\�b�j�h�[�m�� �}�� �i�j�_�^�f�_�l�h�f�� �‰�j�m�g�l�h�\�g�b�o�� �^�h�k�e�•�^�`�_�g�v�� �m�� �k�\�•�l�h�\�•�c�� �g�Z�m�p�•���� �N�m�g�^�Z�f�_�g�l�Z�e�v�g�•��
�h�k�g�h�\�b�� �3�/�0�� �y�d�� �k�l�j�Z�l�_�]�•�q�g�h�]�h�� �i�•�^�o�h�^�m�� �^�h�� �[�•�a�g�_�k�m�� �\�b�d�e�Z�^�_�g�•�� �m�� �i�j�Z�p�y�o�� �>�`���� �K�l�Z�j�d�Z�� �>���@����
�:�\�l�h�j�� �\�b�a�g�Z�q�Z�}�� �3�/�0�� �g�_�� �i�j�h�k�l�h�� �y�d�� �g�Z�[�•�j�� �i�j�h�]�j�Z�f�g�h�]�h�� �a�Z�[�_�a�i�_�q�_�g�g�y���� �Z�� �y�d�� �•�g�l�_�]�j�h�\�Z�g�m��
�•�g�n�h�j�f�Z�p�•�c�g�m���k�l�j�Z�l�_�]�•�x�����s�h���h�[�
�}�^�g�m�}���e�x�^�_�c�����i�j�h�p�_�k�b���l�Z���l�_�o�g�h�e�h�]�•�€�����D�h�g�p�_�i�p�•�x���p�b�n�j�h��
�\�b�o�� �^�\�•�c�g�b�d�•�\���� �y�d�Z�� �}�� �y�^�j�h�f�� �k�m�q�Z�k�g�b�o�� �3�/�0-�k�b�k�l�_�f���� �^�_�l�Z�e�v�g�h�� �j�h�a�d�j�b�l�h�� �m�� �^�h�k�e�•�^�`�_�g�g�y�o�� 
�F���� �=�j�•�\�a�Z�� �l�Z�� �>�`���� �<�•�d�_�j�k�Z�� �>���@���� �^�_�� �h�[�‰�j�m�g�l�h�\�Z�g�h�� �g�_�h�[�o�•�^�g�•�k�l�v�� �k�b�g�o�j�h�g�•�a�Z�p�•�€�� �\�•�j�l�m�Z�e�v�g�h�€��
�f �h�^�_�e�•�� �a�� �n�•�a�b�q�g�b�f�� �h�[�
�}�d�l�h�f�� �m�� �j�_�Z�e�v�g�h�f�m�� �q�Z�k�•���� �P�•�� �j�h�[�h�l�b�� �n�h�j�f�m�x�l�v�� �l�_�h�j�_�l�b�q�g�b�c�� �[�Z�a�b�k��
� �̂h�k�e�•�^�`�_�g�g�y���� �h�^�g�Z�d�� �\�h�g�b�� �h�j�•�}�g�l�h�\�Z�g�•�� �i�_�j�_�\�Z�`�g�h�� �g�Z�� �k�l�Z�[�•�e�v�g�•�� �_�d�h�g�h�f�•�d�b�� �l�Z�� �j�h�a�\�b�g�_�g�m��
IT-�•�g�n�j�Z�k�l�j�m�d�l�m�j�m�����g�_���\�j�Z�o�h�\�m�x�q�b���k�i�_�p�b�n�•�d�m���d�j�b�a�h�\�b�o���m�f�h�\�� 

�I�b�l�Z�g�g�y���p�b�n�j�h�\�h�€���l�j�Z�g�k�n�h�j�f�Z�p�•�€���\�b�s�h�€���h�k�\�•�l�b���\���M�d�j�Z�€�g�•���\���m�f�h�\�Z�o���\�h�}�g�g�h�]�h���k�l�Z�g�m��
�Z�d�l�b�\�g�h�� �j�h�a�]�e�y�^�Z�x�l�v�k�y�� �m�� �\�•�l�q�b�a�g�y�g�•�c�� �i�_�j�•�h�^�b�p�•���� �L�Z�d���� �Z�g�Z�e�•�a�� �i�j�Z�d�l�b�d�� �i�•�^�]�h�l�h�\�d�b�� �•�g�`�_��
�g�_�j�g�b�o���n�Z�o�•�\�p�•�\���m���g�Z�\�q�Z�e�v�g�h-�g�Z�m�d�h�\�h-�\�b�j�h�[�g�b�q�b�o���p�_�g�l�j�Z�o���l�_�o�g�•�q�g�b�o���m�g�•�\�_�j�k�b�l�_�l�•�\���i�h��
�d�Z�a�m�}�����s�h���•�g�l�_�]�j�Z�p�•�y���3�/�0-�l�Z���&�$�'���&�$�0���&�$�(-�k�b�k�l�_�f�� �m���g�Z�\�q�Z�e�v�g�b�c���i�j�h�p�_�k���k�i�j�b�y�}���n�h�j��
�f�m�\�Z�g�g�x�� �d�e�x�q�h�\�b�o�� �p�b�n�j�h�\�b�o�� �d�h�f�i�_�l�_�g�p�•�c�� �l�Z�� �g�Z�[�e�b�`�_�g�g�x�� �h�k�\�•�l�g�•�o�� �i�j�h�]�j�Z�f�� �^�h�� �\�b�f�h�]��
�i�j�h�f�b�k�e�h�\�h�k�l�•�� �>���@���� �1�g�r�•�� �^�h�k�e�•�^�`�_�g�g�y�� �\�d�Z�a�m�x�l�v�� �g�Z�� �g�_�h�[�o�•�^�g�h�k�l�•�� �Z�^�Z�i�l�Z�p�•�€�� �d�h�g�k�l�j�m�d��
�l�h�j�k�v�d�h-�l�_�o�g�h�e�h�]�•�q�g�b�o���[�Z�a���^�Z�g�b�o���•���\�i�j�h�\�Z�^�`�_�g�g�y���Z�\�l�h�f�Z�l�b�a�h�\�Z�g�b�o���3�/�0-�j�•�r�_�g�v�����s�h���h�i��
�l�b�f�•�a�m�x�l�v���_�e�_�d�l�j�h�g�g�•���^�h�\�•�^�g�b�d�b���� �m�i�j�Z�\�e�•�g�g�y���^�h�k�l�m�i�h�f���•���\�b�d�h�g�Z�g�g�y���l�_�o�g�h�e�h�]�•�q�g�b�o���h�i�_��
�j�Z�p�•�c���� �y�d�� �k�d�e�Z�^�h�\�h�€�� �g�Z�\�q�Z�e�v�g�h�]�h�� �i�j�h�p�_�k�m�� �\�� �l�_�o�g�•�q�g�b�o�� �A�<�H�� �M�d�j�Z�€�g�b���>���@���:�\�l�h�j�b�� �k�e�m�r�g�h��
�a�Z�a�g�Z�q�Z�x�l�v���� �s�h�� �n�j�Z�]�f�_�g�l�Z�j�g�_�� �\�b�\�q�_�g�g�y�� �h�d�j�_�f�b�o�� �i�j�h�]�j�Z�f�g�b�o���i�Z�d�_�l�•�\�� �g�_�� �^�Z�}�� �k�l�m�^�_�g�l�Z�f��
�p�•�e�•�k�g�h�]�h�� �m�y�\�e�_�g�g�y�� �i�j�h�� �`�b�l�l�}�\�b�c�� �p�b�d�e�� �\�b�j�h�[�m���� �<�Z�`�e�b�\�b�f�� �Z�k�i�_�d�l�h�f�� �}�� �•�g�l�_�]�j�Z�p�•�y�� �•�g�`�_��
�g�_�j�g�b�o���l�Z���m�i�j�Z�\�e�•�g�k�v�d�b�o���^�Z�g�b�o�����M�����k�\�h�€�c���i�j�Z�p�•���-�����'�X�G�D���>���@���j�h�a�]�e�y�^�Z�}���•�g�l�_�]�j�Z�p�•�x���3�/�0���l�Z��
�(�5�3���k�b�k�l�_�f���y�d���h�k�g�h�\�m���p�b�n�j�h�\�h�€���l�j�Z�g�k�n�h�j�f�Z�p�•�€���f�Z�r�b�g�h�[�m�^�•�\�g�b�o���i�•�^�i�j�b�}�f�k�l�\�����\�d�Z�a�m�x�q�b��
�g�Z���g�_�h�[�o�•�^�g�•�k�l�v���i�h�^�h�e�Z�g�g�y �©�d�e�Z�i�l�b�d�h�\�h�€���Z�\�l�h�f�Z�l�b�a�Z�p�•�€�ª�� 

�I�j�h�l�_�����Z�g�Z�e�•�a���g�Z�y�\�g�b�o���i�m�[�e�•�d�Z�p�•�c���^�h�a�\�h�e�y�}���\�b�y�\�b�l�b���g�b�a�d�m���g�_�\�b�j�•�r�_�g�b�o���i�b�l�Z�g�v�� 



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

78 

������ �>�h�f�•�g�m�\�Z�g�g�y�� �a�Z�o�•�^�g�b�o�� �i�j�b�d�e�Z�^�•�\���� �;�•�e�v�r�•�k�l�v�� �^�h�k�e�•�^�`�_�g�v�� �n�h�d�m�k�m�x�l�v�k�y�� �g�Z�� �i�j�h��
�^�m�d�l�Z�o���k�\�•�l�h�\�b�o���e�•�^�_�j�•�\���± �6�L�H�P�H�Q�V���7�H�D�P�F�H�Q�W�H�U���>���@�����'�D�V�V�D�X�O�W���6�\�V�W�q�P�H�V���Z�[�h���3�7�&��Windchill. 
�I�j�b���p�v�h�f�m���g�_�^�h�k�l�Z�l�g�v�h���m�\�Z�]�b���i�j�b�^�•�e�y�}�l�v�k�y���i�j�h�[�e�_�f�Z�f���Z�^�Z�i�l�Z�p�•�€���p�b�o���k�b�k�l�_�f���^�h���m�d�j�Z�€�g��
�k�v�d�b�o�� �k�l�Z�g�^�Z�j�l�•�\�� �h�n�h�j�f�e�_�g�g�y�� �l�_�o�g�•�q�g�h�€�� �^�h�d�m�f�_�g�l�Z�p�•�€�� ���>�K�L�M�� �,�6�2�� ���������� �>���@���� 
�>�K�L�M�������������>���@�������s�h���}���d�j�b�l�b�q�g�b�f���^�e�y���i�•�^�]�h�l�h�\�d�b���•�g�`�_�g�_�j�•�\�����y�d�•���i�j�Z�p�x�\�Z�l�b�f�m�l�v���m���i�j�Z�\�h��
�\�h�f�m���i�h�e�•���M�d�j�Z�€�g�b�� 

������ �L�_�o�g�•�q�g�•�� �[�Z�j�
�}�j�b���� �1�k�g�m�x�q�•�� �f�_�l�h�^�b�d�b�� �q�Z�k�l�h�� �•�]�g�h�j�m�x�l�v�� �l�_�o�g�•�q�g�•�� �h�[�f�_�`�_�g�g�y�� �^�b��
�k�l�Z�g�p�•�c�g�h�]�h�� �g�Z�\�q�Z�g�g�y�� ���g�b�a�v�d�Z�� �i�j�h�i�m�k�d�g�Z�� �a�^�Z�l�g�•�k�l�v�� �d�Z�g�Z�e�•�\�� �a�\�
�y�a�d�m���� �k�e�Z�[�d�_�� ���a�Z�e�•�a�h���� �m��
�k�l�m�^�_�g�l�•�\������ �I�b�l�Z�g�g�y�� �i�h�j�•�\�g�y�g�g�y�� ���\�Z�`�d�b�o���� �d�e�•�}�g�l�k�v�d�b�o�� �^�h�^�Z�l�d�•�\�� �l�Z�� �\�_�[-�h�j�•�}�g�l�h�\�Z�g�b�o��
�j�•�r�_�g�v���m���d�h�g�l�_�d�k�l�•���^�h�k�l�m�i�g�h�k�l�•���^�e�y���k�l�m�^�_�g�l�Z���\�b�k�\�•�l�e�_�g�h���g�_�^�h�k�l�Z�l�g�v�h�� 

������ �<�•�l�q�b�a�g�y�g�b�c�� �k�h�n�l���� �I�h�i�j�b�� �g�Z�y�\�g�•�k�l�v�� �i�h�l�m�`�g�b�o�� �m�d�j�Z�€�g�k�v�d�b�o�� �j�h�a�j�h�[�h�d���� �a�h�d�j�_�f�Z��
�i�e�Z�l�n�h�j�f�b�� �,�7-�(�Q�W�H�U�S�U�L�V�H�� �>���@���� �m�� �g�Z�m�d�h�\�•�c�� �e�•�l�_�j�Z�l�m�j�•�� �[�j�Z�d�m�}�� �d�h�f�i�e�_�d�k�g�b�o�� �i�h�j�•�\�g�y�e�v�g�b�o��
�^�h�k�e�•�^�`�_�g�v�����y�d�•���[���a�•�k�l�Z�\�e�y�e�b���n�m�g�d�p�•�h�g�Z�e���\�•�l�q�b�a�g�y�g�h�]�h���I�A���a�•���k�\�•�l�h�\�b�f�b���Z�g�Z�e�h�]�Z�f�b���k�Z�f�_���\��
�j�h�a�j�•�a�•�� �h�k�\�•�l�g�v�h�]�h�� �i�h�l�_�g�p�•�Z�e�m���� �Q�Z�k�l�h�� �\�•�l�q�b�a�g�y�g�•�� �k�b�k�l�_�f�b�� �j�h�a�]�e�y�^�Z�x�l�v�k�y�� �e�b�r�_�� �y�d�� �(�5�3��
���[�m�o�]�Z�e�l�_�j�•�y���k�d�e�Z�^������ �l�h�^�•�� �y�d���€�o�g�•�� �f�h�`�e�b�\�h�k�l�•�� �m���k�n�_�j�•�� �3�'�0���3�/�0���l�Z���l�_�o�g�h�e�h�]�•�q�g�h�€���i�•�^�]�h��
�l�h�\�d�b���a�Z�e�b�r�Z�x�l�v�k�y���i�h�a�Z���m�\�Z�]�h�x���^�h�k�e�•�^�g�b�d�•�\. 

�L�Z�d�b�f�� �q�b�g�h�f���� �Z�d�l�m�Z�e�v�g�•�k�l�v�� �^�Z�g�h�€�� �j�h�[�h�l�b�� �a�m�f�h�\�e�_�g�Z�� �g�_�h�[�o�•�^�g�•�k�l�x�� �a�Z�i�h�\�g�b�l�b�� �p�x��
�i�j�h�]�Z�e�b�g�m�� �l�Z�� �g�Z�^�Z�l�b�� �g�Z�m�d�h�\�h�� �h�[�‰�j�m�g�l�h�\�Z�g�•�� �j�_�d�h�f�_�g�^�Z�p�•�€�� �s�h�^�h�� �\�b�[�h�j�m�� �3�/�0-
�k�_�j�_�^�h�\�b�s�Z���� �y�d�_�� �[�� �\�•�^�i�h�\�•�^�Z�e�h�� �k�m�q�Z�k�g�b�f�� �k�l�Z�g�^�Z�j�l�Z�f�� �,�6�2�� �>�����@���� �\�j�Z�o�h�\�m�\�Z�e�h�� �k�i�_�p�b�n�•�d�m��
�g�Z�p�•�h�g�Z�e�v�g�h�]�h�� �f�Z�r�b�g�h�[�m�^�m�\�Z�g�g�y�� �l�Z�� �[�m�e�h�� �_�n�_�d�l�b�\�g�b�f�� �\�� �m�f�h�\�Z�o�� �^�b�k�l�Z�g�p�•�c�g�h�€�� �h�k�\�•�l�b��
�\�h�}�g�g�h�]�h���q�Z�k�m�� 

�F�_�l�Z�� �^�h�k�e�•�^�`�_�g�g�y�� �i�h�e�y�]�Z�}�� �m�� �i�j�h�\�_�^�_�g�g�•�� �k�b�k�l�_�f�g�h�]�h�� �i�h�j�•�\�g�y�e�v�g�h�]�h�� �Z�g�Z�e�•�a�m��
�n�m�g�d�p�•�h�g�Z�e�v�g�b�o�� �f�h�`�e�b�\�h�k�l�_�c�� �k�m�q�Z�k�g�b�o�� �3�/�0-�k�b�k�l�_�f�� �^�e�y�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �i�h�\�g�h�]�h�� �p�b�d�e�m��
�d�h�g�k�l�j�m�d�l�h�j�k�v�d�h-�l�_�o�g�h�e�h�]�•�q�g�h�€�� �i�•�^�]�h�l�h�\�d�b���\�b�j�h�[�g�b�p�l�\�Z�� �\�� �m�f�h�\�Z�o�� �^�b�k�l�Z�g�p�•�c�g�h�€�� �h�k�\�•�l�b����
�h�p�•�g�p�•���€�o���l�_�o�g�•�q�g�h�€���^�h�k�l�m�i�g�h�k�l�•���l�Z���\�•�^�i�h�\�•�^�g�h�k�l�•���\�b�f�h�]�Z�f���m�d�j�Z�€�g�k�v�d�h�]�h���f�Z�r�b�g�h�[�m�^�m�\�Z�g��
�g�y�� 

�<�b�d�e�Z�^�_�g�g�y���h�k�g�h�\�g�h�]�h���f�Z�l�_�j�•�Z�e�m���^�h�k�e�•�^�`�_�g�g�y�� �I�j�h�p�_�k���i�•�^�]�h�l�h�\�d�b���\�b�j�h�[�g�b�p�l�\�Z��
�g�Z�� �d�h�g�k�l�j�m�d�l�h�j�k�v�d�h-�l�_�o�g�h�e�h�]�•�q�g�h�f�m�� �j�•�\�g�•�� �\�•�^�a�g�Z�q�Z�}�l�v�k�y �a�g�Z�q�g�h�x�� �k�d�e�Z�^�g�•�k�l�x�� �•�g�n�h�j��
�f�Z�p�•�c�g�b�o�� �\�a�Z�}�f�h�a�\�¶�y�a�d�•�\�� �f�•�`�� �d�h�g�k�l�j�m�d�l�h�j�k�v�d�b�f�b�� �l�Z�� �l�_�o�g�h�e�h�]�•�q�g�b�f�b�� �j�•�r�_�g�g�y�f�b���� �s�h��
�h�k�h�[�e�b�\�h���Z�d�l�m�Z�e�•�a�m�}�l�v�k�y���a�Z�� �m�f�h�\���^�b�k�l�Z�g�p�•�c�g�h�]�h���g�Z�\�q�Z�g�g�y���� �?�n�_�d�l�b�\�g�•�k�l�v���p�v�h�]�h���i�j�h�p�_�k�m��
�a�g�Z�q�g�h�x���f�•�j�h�x���a�Z�e�_�`�b�l�v���\�•�^���i�j�h�]�j�Z�f�g�b�o���a�Z�k�h�[�•�\�����y�d�•���a�Z�[�_�a�i�_�q�m�x�l�v���m�a�]�h�^�`�_�g�m���j�h�[�h�l�m���a��
3D-�f�h�^�_�e�y�f�b���� �l�_�o�g�h�e�h�]�•�q�g�b�f�b�� �f�Z�j�r�j�m�l�Z�f�b�� �l�Z�� �k�m�i�j�h�\�•�^�g�h�x�� �^�h�d�m�f�_�g�l�Z�p�•�}�x���� �A�Z�� �l�Z�d�b�o��
�m�f�h�\���Z�d�l�m�Z�e�v�g�b�f���}���Z�g�Z�e�•�a���k�m�q�Z�k�g�b�o���3�/�0-�k�b�k�l�_�f���a���i�h�]�e�y�^�m���€�o���n�m�g�d�p�•�h�g�Z�e�v�g�b�o���f�h�`�e�b�\�h��
�k�l�_�c���•���i�j�b�^�Z�l�g�h�k�l�•���^�h���\�b�d�h�j�b�k�l�Z�g�g�y���\���h�k�\�•�l�g�v�h�f�m���i�j�h�p�_�k�•�� 

�:�g�Z�e�•�a�� �p�b�o�� �i�e�Z�l�n�h�j�f�� �k�\�•�^�q�b�l�v �i�j�h�� �•�k�l�h�l�g�•�� �\�•�^�f�•�g�g�h�k�l�•�� �€�o�� �Z�j�o�•�l�_�d�l�m�j�b���� �n�m�g�d�p�•�h��
�g�Z�e�v�g�b�o�� �f�h�`�e�b�\�h�k�l�_�c�� �l�Z�� �i�j�b�^�Z�l�g�h�k�l�•�� �^�h�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �\�� �h�k�\�•�l�g�v�h�f�m�� �i�j�h�p�_�k�•���� �L�Z�d���� �k�b��
�k�l�_�f�Z���6�L�H�P�H�Q�V���7�H�D�P�F�H�Q�W�H�U���}�� �h�^�g�•�}�x���a���g�Z�c�i�h�r�b�j�_�g�•�r�b�o�� �m���k�\�•�l�•�� �l�Z���n�Z�d�l�b�q�g�b�f�� �]�Z�e�m�a�_�\�b�f��
�k�l�Z�g�^�Z�j�l�h�f���^�e�y���Z�_�j�h�d�h�k�f�•�q�g�h�€���c���Z�\�l�h�f�h�[�•�e�v�g�h�€���i�j�h�f�b�k�e�h�\�h�k�l�•�����2�€���k�b�e�v�g�b�f�b���k�l�h�j�h�g�Z�f�b���}��
�]�e�b�[�h�d�Z�� �•�g�l�_�]�j�Z�p�•�y�� �a�� �&�$�'-�k�b�k�l�_�f�h�x�� �1�;�� �l�Z�� �k�_�j�_�^�h�\�b�s�_�f�� �6�L�P�F�H�Q�W�H�U���� �Z�� �l�Z�d�h�`�� �j�h�a�\�b�g�_�g�•��
�f�_�o�Z�g�•�a�f�b�� �m�i�j�Z�\�e�•�g�g�y�� �d�h�g�n�•�]�m�j�Z�p�•�y�f�b�� �\�b�j�h�[�•�\���� �s�h�� �f�•�k�l�y�l�v�� �a�g�Z�q�g�m�� �d�•�e�v�d�•�k�l�v�� �d�h�f�i�h��
�g�_�g�l�•�\�����<�h�^�g�h�q�Z�k���d�e�Z�k�b�q�g�Z���d�e�•�}�g�l-�k�_�j�\�_�j�g�Z���Z�j�o�•�l�_�d�l�m�j�Z���p�•�}�€���k�b�k�l�_�f�b���}���j�_�k�m�j�k�h�}�f�g�h�x���l�Z��



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

79 

�\�b�f�Z�]�Z�}�� �i�h�l�m�`�g�h�]�h�� �Z�i�Z�j�Z�l�g�h�]�h�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �•�� �k�l�Z�[�•�e�v�g�h�]�h�� �d�Z�g�Z�e�m�� �a�\�¶�y�a�d�m���� �s�h�� �m�k�d�e�Z�^��
�g�x�}�� �€�€�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �\�� �m�f�h�\�Z�o�� �^�b�k�l�Z�g�p�•�c�g�h�]�h�� �g�Z�\�q�Z�g�g�y���� �G�Z�y�\�g�•�k�l�v�� �Z�H�E-�d�e�•�}�g�l�Z�� �$�F�W�L�Y�H��
�:�R�U�N�V�S�D�F�H�� �q�Z�k�l�d�h�\�h�� �a�g�•�f�Z�}�� �p�•�� �h�[�f�_�`�_�g�g�y���� �i�j�h�l�_�� �c�h�]�h�� �\�i�j�h�\�Z�^�`�_�g�g�y�� �i�h�l�j�_�[�m�}�� �a�g�Z�q�g�b�o��
�k�_�j�\�_�j�g�b�o�� �j�_�k�m�j�k�•�\�� �•�� �\�b�k�h�d�h�€�� �d�\�Z�e�•�n�•�d�Z�p�•�€�� �,�7-�i�_�j�k�h�g�Z�e�m���� �s�h�� �}�� �i�j�h�[�e�_�f�Z�l�b�q�g�b�f�� �a�Z�� �m�f�h�\��
�g�_�k�l�Z�[�•�e�v�g�h�]�h�� �_�g�_�j�]�h�i�h�k�l�Z�q�Z�g�g�y���� �D�j�•�f�� �l�h�]�h���� �Z�d�Z�^�_�f�•�q�g�•�� �e�•�p�_�g�a�•�€�� �q�Z�k�l�h�� �f�Z�x�l�v�� �h�[�f�_�`�_�g��
�g�y���� �i�h�\�¶�y�a�Z�g�•�� �a�� �i�j�b�\�¶�y�a�d�h�x�� �^�h�� �•�g�n�j�Z�k�l�j�m�d�l�m�j�b�� �d�h�g�d�j�_�l�g�h�]�h�� �a�Z�d�e�Z�^�m�� �\�b�s�h�€�� �h�k�\�•�l�b���� �s�h��
�m�k�d�e�Z�^�g�x�}���j�h�[�h�l�m���k�l�m�^�_�g�l�•�\���i�h�a�Z���m�g�•�\�_�j�k�b�l�_�l�k�v�d�b�f�b���e�Z�[�h�j�Z�l�h�j�•�y�f�b�� 

�I�e�Z�l�n�h�j�f�Z�� �'�D�V�V�D�X�O�W�� �6�\�V�W�q�P�H�V�� ���'�(�;�3�(�5�,�(�1�&�(�� �j�_�Z�e�•�a�m�}�� �•�g�r�b�c�� �d�h�g�p�_�i�l�m�Z�e�v�g�b�c��
�i�•�^�o�•�^���� �\�•�^�f�h�\�e�y�x�q�b�k�v�� �\�•�^�� �n�Z�c�e�h�\�h�€�� �f�h�^�_�e�•�� �a�[�_�j�•�]�Z�g�g�y�� �^�Z�g�b�o�� �g�Z�� �d�h�j�b�k�l�v�� �h�[�¶�}�d�l�g�h-
�h�j�•�}�g�l�h�\�Z�g�h�€���[�Z�a�b���l�Z���d�h�g�p�_�i�p�•�€���[�•�a�g�_�k-�^�h�k�\�•�^�m�����<�h�g�Z���g�Z�^�Z�}���i�h�l�m�`�g�•���•�g�k�l�j�m�f�_�g�l�b���k�b�k�l�_�f��
�g�h�€�� �•�g�`�_�g�_�j�•�€�� �l�Z�� �f�h�^�_�e�x�\�Z�g�g�y�� �k�d�e�Z�^�g�b�o�� �\�b�j�h�[�•�\���� �h�^�g�Z�d�� �€�€�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �\�� �h�k�\�•�l�g�v�h�f�m��
�i�j�h�p�_�k�•�� �h�[�f�_�`�m�}�l�v�k�y�� �\�b�f�h�]�Z�f�b�� �^�h�� �k�l�Z�[�•�e�v�g�h�]�h�� �\�b�k�h�d�h�r�\�b�^�d�•�k�g�h�]�h�� �•�g�l�_�j�g�_�l-�a�¶�}�^�g�Z�g�g�y����
�k�d�e�Z�^�g�•�k�l�x�� �•�g�l�_�j�n�_�c�k�m�� �d�h�j�b�k�l�m�\�Z�q�Z�� �l�Z�� �\�b�k�h�d�h�x�� �\�Z�j�l�•�k�l�x�� �i�•�^�i�b�k�d�b�� �g�Z�\�•�l�v�� �a�Z�� �Z�d�Z�^�_��
�f�•�q�g�b�f�b���i�j�h�]�j�Z�f�Z�f�b�����>�h�^�Z�l�d�h�\�b�f���g�_�^�h�e�•�d�h�f���}���g�_�^�h�k�l�Z�l�g�y���Z�^�Z�i�l�Z�p�•�y���i�e�Z�l�n�h�j�f�b���^�h���\�b��
�f�h�]�� �/�K�D�>���� �s�h�� �a�f�m�r�m�}�� �k�l�m�^�_�g�l�•�\�� �\�b�d�h�g�m�\�Z�l�b�� �a�g�Z�q�g�m�� �q�Z�k�l�b�g�m�� �h�n�h�j�f�e�_�g�g�y�� �d�h�g�k�l�j�m�d��
�l�h�j�k�v�d�h�€���^�h�d�m�f�_�g�l�Z�p�•�€���\�j�m�q�g�m�� 

PLM-�k�b�k�l�_�f�Z�� �3�7�&�� �:�L�Q�G�F�K�L�O�O�� �•�a�� �k�Z�f�h�]�h�� �i�h�q�Z�l�d�m�� �j�h�a�j�h�[�e�y�e�Z�k�y�� �a�� �m�j�Z�o�m�\�Z�g�g�y�f�� �Z�H�E-
�Z�j�o�•�l�_�d�l�m�j�b���� �s�h�� �a�Z�[�_�a�i�_�q�m�}�� �a�j�m�q�g�b�c�� �\�•�^�^�Z�e�_�g�b�c�� �^�h�k�l�m�i�� �•�� �j�h�[�h�l�m�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �Z�i�Z��
�j�Z�l�g�b�o�� �a�Z�k�h�[�•�\�� �k�_�j�_�^�g�v�h�]�h�� �d�e�Z�k�m���� �A�g�Z�q�g�h�x�� �i�_�j�_�\�Z�]�h�x�� �}�� �•�g�l�_�]�j�Z�p�•�y�� �a�� �l�_�o�g�h�e�h�]�•�y�f�b�� �^�h��
�i�h�\�g�_�g�h�€�� �j�_�Z�e�v�g�h�k�l�•�� �l�Z�� �1�g�l�_�j�g�_�l�m�� �j�_�q�_�c���� �y�d�•�� �^�h�a�\�h�e�y�x�l�v�� �j�_�Z�e�•�a�h�\�m�\�Z�l�b�� �g�Z�\�q�Z�e�v�g�•�� �k�p�_��
�g�Z�j�•�€�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �p�b�n�j�h�\�b�o�� �^�\�•�c�g�b�d�•�\�� �j�_�Z�e�v�g�h�]�h�� �h�[�e�Z�^�g�Z�g�g�y���� �J�Z�a�h�f�� �•�a�� �l�b�f�� �k�d�e�Z�^��
�g�•�k�l�v�� �g�Z�e�Z�r�l�m�\�Z�g�g�y�� �[�•�a�g�_�k-�i�j�h�p�_�k�•�\�� �i�•�^�� �k�i�_�p�b�n�•�d�m�� �h�d�j�_�f�b�o�� �g�Z�\�q�Z�e�v�g�b�o�� �^�b�k�p�b�i�e�•�g�� �h�[��
�f�_�`�m�}���€�€���]�g�m�q�d�•�k�l�v���m���d�h�g�l�_�d�k�l�•���h�k�\�•�l�g�•�o���i�j�h�]�j�Z�f�� 

�H�d�j�_�f�h�€�� �m�\�Z�]�b���a�Z�k�e�m�]�h�\�m�}�� �\�•�l�q�b�a�g�y�g�Z���k�b�k�l�_�f�Z�� �,�7-�(�Q�W�H�U�S�U�L�V�H���� �y�d�Z���i�h�}�^�g�m�}���n�m�g�d�p�•�h��
�g�Z�e�v�g�•�k�l�v�� �3�'�0�� �l�Z�� �&�$�3�3�� �•�� �j�h�a�j�h�[�e�y�}�l�v�k�y�� �a�� �m�j�Z�o�m�\�Z�g�g�y�f�� �j�_�Z�e�•�c�� �m�d�j�Z�€�g�k�v�d�h�]�h�� �\�b�j�h�[��
�g�b�p�l�\�Z���� �G�Z�� �\�•�^�f�•�g�m�� �\�•�^�� �[�•�e�v�r�h�k�l�•�� �a�Z�j�m�[�•�`�g�b�o�� �3�/�0-�j�•�r�_�g�v���� �\�h�g�Z�� �a�Z�[�_�a�i�_�q�m�}�� �i�h�\�g�m��
�\�•�^�i�h�\�•�^�g�•�k�l�v���\�b�f�h�]�Z�f�� �g�Z�p�•�h�g�Z�e�v�g�b�o���k�l�Z�g�^�Z�j�l�•�\���� �a�h�d�j�_�f�Z���>�K�L�M���� �Z�\�l�h�f�Z�l�b�q�g�h���n�h�j�f�m�x��
�q�b���f�Z�j�r�j�m�l�g�•���l�Z���h�i�_�j�Z�p�•�c�g�•���d�Z�j�l�b�����Z���l�Z�d�h�`���•�g�r�m���l�_�o�g�h�e�h�]�•�q�g�m���^�h�d�m�f�_�g�l�Z�p�•�x�����J�h�a�\�b�g�_�g�•��
�^�h�\�•�^�g�b�d�b�� �h�[�e�Z�^�g�Z�g�g�y���� �•�g�k�l�j�m�f�_�g�l�m�� �c�� �f�Z�l�_�j�•�Z�e�•�\���� �Z�� �l�Z�d�h�`�� �\�[�m�^�h�\�Z�g�•�� �Z�e�]�h�j�b�l�f�b�� �j�h��
�a�j�Z�o�m�g�d�m���j�_�`�b�f�•�\���j�•�a�Z�g�g�y���l�Z���g�h�j�f���q�Z�k�m���^�Z�x�l�v���a�f�h�]�m���k�l�m�^�_�g�l�Z�f���\�b�d�h�g�m�\�Z�l�b���g�_���n�h�j�f�Z�e�v��
�g�_���� �Z�� �j�_�Z�e�v�g�_�� �l�_�o�g�h�e�h�]�•�q�g�_�� �g�h�j�f�m�\�Z�g�g�y���� �<�Z�` �e�b�\�h�x�� �i�_�j�_�\�Z�]�h�x�� �}�� �•�g�l�_�]�j�Z�p�•�y�� �•�g�`�_�g�_�j�g�b�o��
�j�•�r�_�g�v���a���_�d�h�g�h�f�•�q�g�b�f�b���i�h�d�Z�a�g�b�d�Z�f�b���� �s�h���^�h�a�\�h�e�y�}�� �\�� �j�_�`�b�f�•�� �j�_�Z�e�v�g�h�]�h���q�Z�k�m���h�p�•�g�x�\�Z�l�b��
�\�i�e�b�\���\�b�[�h�j�m���f�Z�l�_�j�•�Z�e�•�\���•���l�_�o�g�h�e�h�]�•�c���g�Z���i�e�Z�g�h�\�m���k�h�[�•�\�Z�j�l�•�k�l�v���\�b�j�h�[�m�����G�Z�y�\�g�•�k�l�v���k�m�q�Z�k��
�g�h�]�h�� �Z�H�E-�d�e�•�}�g�l�Z���� �f�h�[�•�e�v�g�h�]�h�� �a�Z�k�l�h�k�m�g�d�m�� �l�Z�� �e�h�y�e�v�g�h�€�� �Z�d�Z�^�_�f�•�q�g�h�€�� �i�h�e�•�l�b�d�b���� �h�j�•�}�g�l�h�\�Z��
�g�h�€�� �g�Z�� �a�Z�d�e�Z�^�b�� �\�b�s�h�€�� �h�k�\�•�l�b�� �M�d�j�Z�€�g�b���� �j�h�[�b�l�v���p�x�� �k�b�k�l�_�f�m�� �h�k�h�[�e�b�\�h�� �i�j�b�^�Z�l�g�h�x�� �^�e�y�� �\�b��
�d�h�j�b�k�l�Z�g�g�y���\���m�f�h�\�Z�o���^�b�k�l�Z�g�p�•�c�g�h�]�h���l�Z���a�f�•�r�Z�g�h�]�h���g�Z�\�q�Z�g�g�y�� 

�<���l�Z�[�e�b�p�•�������g�Z�\�_�^�_�g�h���j�h�a�r�b�j�_�g�_���i�h�j�•�\�g�y�g�g�y���k�b�k�l�_�f���a�Z���d�e�x�q�h�\�b�f�b���d�j�b�l�_�j�•�y�f�b�����s�h��
�\�i�e�b�\�Z�x�l�v�� �g�Z�� �y�d�•�k�l�v�� �h�k�\�•�l�g�v�h�]�h�� �i�j�h�p�_�k�m���� �H�j�]�Z�g�•�a�Z�p�•�y�� �^�b�k�l�Z�g�p�•�c�g�h�]�h�� �g�Z�\�q�Z�g�g�y�� �k�m�i�j�h��
�\�h�^�`�m�}�l�v�k�y�� �k�m�l�l�}�\�b�f�b�� �\�b�d�e�b�d�Z�f�b���� �a�h�d�j�_�f�Z�� �s�h�^�h�� �Z�i�Z�j�Z�l�g�h�]�h�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �k�l�m�^�_�g�l�•�\����
�;�•�e�v�r�•�k�l�v�� �i�j�h�n�_�k�•�c�g�b�o�� �&�$�'���3�/�0-�k�b�k�l�_�f�� �\�b�f�Z�]�Z�x�l�v�� �g�Z�y�\�g�h�k�l�•�� �\�b�k�h�d�h�i�j�h�^�m�d�l�b�\�g�b�o��
�]�j�Z�n�•�q�g�b�o���i�j�h�p�_�k�h�j�•�\�����l�h�^�•���y�d���m���k�l�m�^�_�g�l�•�\���\�^�h�f�Z���a�^�_�[�•�e�v�r�h�]�h���^�h�k�l�m�i�g�•���k�l�Z�g�^�Z�j�l�g�•���g�h�m�l��
�[�m�d�b���Z�[�h���•�]�j�h�\�•���I�D�����H�^�g�b�f���•�a���_�n�_�d�l�b�\�g�b�o���j�•�r�_�g�v���}���a�Z�k�l�h�k�m�\�Z�g�g�y���l�_�o�g�h�e�h�]�•�€���\�•�j�l�m�Z�e�v�g�h�€��
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�^�_�k�d�l�h�i�g�h�€�� �•�g�n�j�Z�k�l�j�m�d�l�m�j�b�� ���9�L�U�W�X�D�O�� �'�H�V�N�W�R�S�� �,�Q�I�U�D�V�W�U�X�F�W�X�U�H���� �9�'�,������ �d�h�e�b�� �m�g�•�\�_�j�k�b�l�_�l�� �j�h�a��
�]�h�j�l�Z�}�� �k�_�j�\�_�j�b���\�•�j�l�m�Z�e�•�a�Z�p�•�€���� �Z���k�l�m�^�_�g�l�b���h�l�j�b�f�m�x�l�v���^�h�k�l�m�i�� �^�h���\�•�j�l�m�Z�e�v�g�b�o���j�h�[�h�q�b�o���k�_��
�j�_�^�h�\�b�s���q�_�j�_�a���\�_�[-�[�j�Z�m�a�_�j�����i�j�b���p�v�h�f�m���\�k�•���h�[�q�b�k�e�x�\�Z�e�v�g�•���i�j�h�p�_�k�b���\�b�d�h�g�m�x�l�v�k�y���g�Z���k�_�j��
�\�_�j�•�� 

�L�Z�[�e�b�p�y���� 
�D�h�f�i�e�_�d�k�g�b�c���Z�g�Z�e�•�a���3�/�0-�k�b�k�l�_�f���^�e�y���i�•�^�]�h�l�h�\�d�b���•�g�`�_�g�_�j�•�\-�f�_�o�Z�g�•�d�•�\ 

�D�j�b�l�_�j�•�c Siemens Teamcenter Dassault 
3DEXPERIENCE 

PTC Windchill IT-Enterprise 

�:�j�o�•�l�_�d�l�m�j�Z SOA (Service Oriented 
�$�U�F�K�L�W�H�F�W�X�U�H������ �I�h�l�j�_��
�[�m�}�� ���l�h�\�k�l�h�]�h����
�d�e�•�}�g�l�Z�� �^�e�y�� �i�h�\�g�h�€��
�n�m�g�d�p�•�h�g�Z�e�v�g�h�k�l�•�� 

Data-driven Plat-
form. Cloud 
(SaaS) �Z�[�h On-
premise. 

Web-centric. Ja-
va-based archi-
tecture. 

�L�j�b�j�•�\�g�_�\�Z �Z�j��
�o�•�l�_�d�l�m�j�Z. Web-
�d�e�•�}�g�l, Smart-
�d�e�•�}�g�l. 

�<�b�f�h�]�b�� �^�h�� �d�Z��
�g�Z�e�m���a�\�
�y�a�d�m 

�<�b�k�h�d�•�� ���h�k�h�[�e�b�\�h�� �^�e�y��
�i�_�j�_�^�Z�q�•�����'-�a�[�•�j�h�d������ 

�<�b�k�h�d�•���� �I�h�l�j�_�[�m�}��
�k�l�Z�[�•�e�v�g�h�]�h�� �a�
�}�^��
�g�Z�g�g�y���a���o�f�Z�j�h�x�� 

�K�_�j�_�^�g�•���� �>�h�[�j�_��
�h�i�l�b�f�•�a�h�\�Z�g�b�c��
web-�l�j�Z�n�•�d�� 

�K�_�j�_�^�g�•���� �F�h�`��
�e�b�\�•�k�l�v�� �j�h�[�h�l�b�� �a��
�d�_�r�h�\�Z�g�b�f�b�� �^�Z��
�g�b�f�b�� 

�:�^�Z�i�l�Z�p�•�y�� �^�h��
�>�K�L�M��
���/�K�D�>���/�K�L�>�� 

�G�b�a�v�d�Z���� �I�h�l�j�_�[�m�}�� �^�h��
�j�h�]�h�€�� �d�Z�k�l�h�f�•�a�Z�p�•�€�� �l�Z��
�j�h�a�j�h�[�d�b�� �r�Z�[�e�h�g�•�\��
�a�\�•�l�•�\�� 

�G�b�a�v�d�Z���� �H�j�•�}�g�l�Z��
�p�•�y�� �g�Z�� �k�l�Z�g�^�Z�j�l�b��
ISO/ANSI. 

�K�_�j�_�^�g�y���� �F�h�`��
�e�b�\�•�k�l�v��
�g�Z�e�Z�r�l�m�\�Z�g�g�y��
�a�\�•�l�•�\�� 

�<�b�k�h�d�Z���� �<�[�m�^�h��
�\�Z�g�•�� �n�h�j�f�b�� �^�h�d�m��
�f�_�g�l�•�\���� �d�e�Z��
�k�b�n�•�d�Z�l�h�j�b�� �l�Z��
�^�h�\�•�^�g�b�d�b���>�K�L�M�� 

�N�m�g�d�p�•�h�g�Z�e��
�&�$�3�3�� ���L�_�o�g�h��
�e�h�]�•�y�� 

Teamcenter Manufac-
turing (�i�h�l�m�`�g�b�c, �Z�e�_ 
�k�d�e�Z� �̂g�b�c). 

DELMIA 
(�h�j�•�}�g�l�Z�p�•�y �g�Z 
�k�b�f�m�e�y�p�•�x �j�h��
�[�h�l�•�\ �l�Z �_�j�]�h��
�g�h�f�•�d�m). 

MPMLink 
���k�l�j�m�d�l�m�j�h�\�Z��
�g�b�c���� �Z�e�_�� �i�h�l�j�_��
�[�m�}�� �g�Z�i�h�\�g�_�g�g�y��
�[�Z�a���� 

�I�h�l�m�`�g�b�c�� �f�h��
�^�m�e�v���� �J�h�a�j�Z�o�m�g�h�d��
�j�_�`�b�f�•�\���� �g�h�j��
�f�m�\�Z�g�g�y�� �i�j�Z�p�•�� �l�Z��
�f�Z�l�_�j�•�Z�e�•�\�� 

�<�Z�j�l�•�k�l�v�� �\�i�j�h��
�\�Z�^�`�_�g�g�y�� �m��
�A�<�H 

�<�b�k�h�d�Z�� ���k�_�j�\�_�j�b����
�Z�^�f�•�g�•�k�l�j�m�\�Z�g�g�y���� 

�<�b�k�h�d�Z�� ���i�•�^�i�b�k��
�d�Z���� 

�K�_�j�_�^��
�g�y���<�b�k�h�d�Z�� 

�K�_�j�_�^�g�y�� ���i�Z�j�l��
�g�_�j�k�v�d�•�� �i�j�h�]�j�Z�f�b��
�^�e�y�� �m�d�j�Z�€�g�k�v�d�b�o��
�A�<�H���� 

�;�_�a�i�_�d�Z�� �^�Z�g�b�o��
���e�h�d�Z�e�•�a�Z�p�•�y) 

�K�_�j�\�_�j�b���f�h�`�m�l�v���[�m�l�b��
�a�Z���d�h�j�^�h�g�h�f�� 

�O�f�Z�j�Z���i�_�j�_�\�Z�`�g�h��
�\���/�K���K�R�:�� 

�A�Z�e�_�`�b�l�v�� �\�•�^��
�•�g�k�l�Z�e�y�p�•�€�� 

�E�h�d�Z�e�•�a�Z�p�•�y�� �\��
�M�d�j�Z�€�g�•���� �F�h�`��
�e�b�\�•�k�l�v�� �j�h�a�]�h�j��
�l�Z�g�g�y�� �\�� �a�Z�o�b�s�_��
�g�h�f�m�� �i�_�j�b�f�_�l�j�•��
�A�<�H�� 

 
�<�•�l�q�b�a�g�y�g�Z���k�b�k�l�_�f�Z���,�7-�(�Q�W�H�U�S�U�L�V�H���f�Z�}���k�i�_�p�b�n�•�q�g�m���i�_�j�_�\�Z�]�m���\���p�v�h�f�m���d�h�g�l�_�d�k�l�•�����a�Z�\��

�^�y�d�b�� �h�i�l�b�f�•�a�h�\�Z�g�h�f�m�� �\�_�[-�d�e�•�}�g�l�m�� �\�h�g�Z�� �a�g�Z�q�g�h�� �f�_�g�r�� �\�b�f�h�]�e�b�\�Z�� �^�h�� �j�_�k�m�j�k�•�\�� �9�'�,�� �m��
�i�h�j�•�\�g�y�g�g�•�� �a�� �j�•�r�_�g�g�y�f�b�� �6�L�H�P�H�Q�V�� �Z�[�h�� �'�D�V�V�D�X�O�W���� �s�h�� �^�h�a�\�h�e�y�}�� �a�g�b�a�b�l�b�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �g�Z��
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�k�_�j�\�_�j�g�m�� �•�g�n�j�Z�k�l�j�m�d�l�m�j�m�� �m�g�•�\�_�j�k�b�l�_�l�m�� �l�Z�� �a�Z�[�_�a�i�_�q�m�}�� �k�l�Z�[�•�e�v�g�m�� �•�� �^�h�k�l�m�i�g�m�� �j�h�[�h�l�m�� �k�l�m��
�^�_�g�l�•�\���m���^�b�k�l�Z�g�p�•�c�g�h�f�m���k�_�j�_�^�h�\�b�s�•�� 

�<���m�f�h�\�Z�o���\�•�c�g�b���l�Z���h�[�f�_�`�_�g�h�]�h���n�•�g�Z�g�k�m�\�Z�g�g�y���m�g�•�\�_�j�k�b�l�_�l�•�\�����\�Z�j�l�•�k�l�v���\�h�e�h�^�•�g�g�y���I�A��
�\�b�o�h�^�b�l�v�� �g�Z�� �i�_�j�r�b�c�� �i�e�Z�g���� �A�Z�d�m�i�•�\�e�y�� �d�h�f�_�j�p�•�c�g�b�o�� �e�•�p�_�g�a�•�c�� �a�Z�o�•�^�g�b�o�� �k�b�k�l�_�f�� �q�Z�k�l�h�� �}��
�g�_�^�h�k�y�`�g�h�x�����<�h�^�g�h�q�Z�k�����d�h�f�i�Z�g�•�y���,�7-�(�Q�W�H�U�S�U�L�V�H���>���@���Z�d�l�b�\�g�h���i�•�^�l�j�b�f�m�}���h�k�\�•�l�g�•���•�g�•�p�•�Z�l�b�\�b����
�g�Z�^�Z�x�q�b�� �g�_�� �e�b�r�_�� �^�h�k�l�m�i�� �^�h�� �I�A���� �Z�� �c�� �f�_�l�h�^�b�q�g�•���f�Z�l�_�j�•�Z�e�b���� �K�l�j�Z�l�_�]�•�q�g�h�� �\�Z�`�e�b�\�h�� �j�h��
�a�m�f�•�l�b���� �s�h�� �i�•�k�e�y�� �a�Z�\�_�j�r�_�g�g�y�� �\�•�c�g�b�� �i�h�q�g�_�l�v�k�y�� �f�Z�k�r�l�Z�[�g�Z�� �\�•�^�[�m�^�h�\�Z�� �i�j�h�f�b�k�e�h�\�h�k�l�•��
�M�d�j�Z�€�g�b�����I�•�^�i�j�b�}�f�k�l�\�Z�f���a�g�Z�^�h�[�e�y�l�v�k�y���n�Z�o�•�\�p�•�����y�d�•���j�h�a�m�f�•�x�l�v���k�i�_�p�b�n�•�d�m���e�h�d�Z�e�v�g�h�]�h���\�b��
�j�h�[�g�b�p�l�\�Z�����\�f�•�x�l�v���i�j�Z�p�x�\�Z�l�b���a���g�Z�p�•�h�g�Z�e�v�g�h�x���g�h�j�f�Z�l�b�\�g�h�x���[�Z�a�h�x���l�Z �\�•�l�q�b�a�g�y�g�b�f���k�h�n��
�l�h�f���g�Z���k�h�l�g�y�o���i�•�^�i�j�b�}�f�k�l�\�� 

�<�b�k�g�h�\�d�b�����>�b�k�l�Z�g�p�•�c�g�Z�� �i�•�^�]�h�l�h�\�d�Z�� �•�g�`�_�g�_�j�•�\-�f�_�o�Z�g�•�d�•�\�� �\�b�f�Z�]�Z�}�� �i�_�j�_�o�h�^�m�� �\�•�^��
�n�j�Z�]�f�_�g�l�Z�j�g�h�]�h�� �h�k�\�h�}�g�g�y�� �h�d�j�_�f�b�o�� �•�g�k�l�j�m�f�_�g�l�•�\�� �^�h�� �d�h�f�i�e�_�d�k�g�h�]�h�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �3�/�0-
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Strategies of digital transformation in the training of mechanical engineers  
under distance learning conditions 

This study addresses the challenges of training mechanical engineers in design and 
technological production under distance learning imposed by martial law in Ukraine. The 
sudden shift to remote education revealed significant gaps in practical training, especially in 
access to industrial-grade software for collaborative design, version control, and technologi-
cal data management. Product Lifecycle Management (PLM) systems are essential tools for 
developing digital competencies and understanding the full product lifecycle. 

Recent research emphasizes the strategic role of PLM in integrating design, process 
planning, and production data, supporting the use of digital twins and synchronizing virtual 
and physical product models. Integrating PLM with CAD/CAM/CAE systems in higher tech-
nical education enhances digital skills and aligns programs with industry needs. However, 
adaptation of PLM platforms to remote learning conditions, national standards, and limited 
IT infrastructure is not yet fully explored. 

The study evaluates modern PLM system - Siemens Teamcenter, Dassault 
3DEXPERIENCE, PTC Windchill, and the domestic IT-Enterprise platform - considering 
functionality, technical accessibility, compliance with DSTU standards, web availability, VDI 
compatibility, and cost efficiency for higher education.  

The study concludes that effective digital transformation requires combining exposure 
to global PLM concepts with hands-on practice in nationally adapted platforms. A hybrid ap-
proach fosters systemic understanding of the product lifecycle, practical readiness for local 
manufacturing, and competencies aligned with industry standards. Methodological recom-
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mendations are provided for integrating diverse CAD/CAM/CAE/PLM tools into a unified 
digital educational environment. 

Keywords: PLM systems, digital transformation of education, distance learning, prod-
uct lifecycle management, design and technological training, engineering data management, 
digital educational environment. 
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Modeling a queue system for generation of seo-optimized texts  
in a highly loaded environment 

The work is dedicated to the development of a system for automated generation of SEO-
optimized texts with subsequent modeling of the queue system to reduce the costs of creating 
high-quality content, simplify the process of generating texts and ensure their compliance 
with modern SEO requirements. Research on mechanisms of interaction with AI services to 
optimize the process of generating texts under conditions of restrictions on the number of re-
quests and data processing speed. Studies of existing solutions for automatic content genera-
tion were conducted, including the consideration of services based on artificial intelligence, 
such as ChatGPT. As a result, limitations of existing approaches were identified, mainly re-
lated to their insufficient scalability or API limitations. A Q-scheme was synthesized to solve 
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a specific problem, an asynchronous modeling algorithm was adapted, and a modeling of the 
queue system of SEO-optimized texts was carried out. Improved algorithms for interacting 
with AI services ensure stable and efficient operation, allowing not only to reduce the cost of 
the content filling process, but also to make it as efficient as possible, while maintaining the 
quality of the texts at a level that is not inferior to the work of professional copywriters. 
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Research on the efficiency of implementing a microservice system  
for monitoring users and resources on the AWS cloud platform 

The relevance of this study is driven by the need to improve the effectiveness of monitor-
ing microservice-based systems in cloud environments for e-commerce, particularly on the 
AWS platform. This is achieved through a comparative analysis of implementations developed 
in different programming languages and an assessment of their suitability for use in high-
load systems. Special attention is given to ensuring the stability and performance of system 
components, optimizing the utilization of computing and network resources, increasing the 
speed of user request processing, and improving the efficiency of resource management under 
dynamically changing load conditions. The paper considers key aspects of studying the effec-
tiveness of the microservice system for monitoring users and resources of the AWS cloud plat-
form, implemented using C# and Go. The results of performance and resource utilization be-
tween implementations in the C# and Go programming languages were analyzed to determine 
the feasibility of using each language in e-commerce systems with a cloud architecture. To 
reproduce a load close to real user behavior, a PHP script was developed. It provides paral-
lel execution of HTTP requests and collection of service response statistics. A series of load 
tests were performed with a gradual increase in the number of simultaneous requests. The 
results obtained allow to analyze the use of processor resources, RAM, and service response 
time at different load levels. Comparison of average values showed a stable difference be-
tween implementations, which is confirmed by both tabular data and graphical monitoring 
results in the AWS EC2 environment. Additional analysis of long-term moderate load metrics 
showed that in the absence of significant differences in network traffic and the number of 
packets, the increased CPU utilization in the C# implementation is due to the peculiarities of 
code execution and the request processing model. Thus, the conducted study confirmed that 
the implementation of the metrics microservice on Go demonstrates lower computational re-
source consumption and shorter response time under the same load conditions, which justifies 
the feasibility of its use when building microservice monitoring systems in cloud environ-
ments. 
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�H��V�����Dravets�����D��V�����F�Zkhonina�� 
STUDY OF THE NON-STATIONARY TEMPERATURE FIELD  

ALONG THE THICKNESS OF A MULTILAYER EXTERNAL WALL PANEL OF A 
RESIDENTIAL BUILDING IN WINTER  

 
Abstract. Solved the relevant problem of studying the non-stationary temperature field along 
the thickness of a multilayer external wall panel of a residential building with daily fluctua-
tions in ambient temperature in the winter period. 
Key words: multilayer external wall panel, temperature field, non-stationary calculation, in-
sulation of a residential building, enclosing structure. 

 
Introduction . In winter, the problem of heating residential buildings and storing heat in 

them becomes relevant. The main problem is taking into account the daily change in ambient 
temperature, which requires non-stationary calculations of the temperature field of enclosing 
structures that have a multilayer structure. The study of the non-stationary temperature field 
and heat fluxes of multilayer wall panels of buildings will allow for the correct design of the 
geometric parameters of the layers of their external wall panels and the optimal selection of 
insulation materials. This direction is dedicated to the study of the problem of energy conser-
vation �± a relevant problem of modern times in Ukraine. 

Analysis of recent research and publications. Residential, cultural, administrative and 
industrial buildings are large consumers of thermal energy. According to experts, up to 50% 
of energy consumed can be saved annually in the stock of residential and non-residential 
buildings through energy-saving measures. Considering the fact that heat loss through build-
ing envelopes accounts for up to 80% of all total heat losses [3], thermal calculation of build-
ing envelopes becomes relevant. 

Calculating the temperature field in the enclosing parts of buildings is also relevant for 
the implementation of many factors, including: 

�± energy efficiency: thermal calculation allows you to determine the geometric parame-
ters of enclosing structures and optimally select thermal insulation material, which leads to 
minimizing heat loss and, as a result, reducing heating costs; 

�± preventing destruction: the calculated temperature field prevents the formation of 
condensation and mold in the rooms, which can lead to the gradual destruction of structures; 

�± endurance: extending the endurance of building structures is possible by taking into 
account the heat resistance and strength of their materials, which is based on the calculation of 
the thermal field of enclosing structures; 

                                              

���‹  �Dravets �H��V�������F�Zkhonina �D��V., 2026 
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�± thermal protection and accordance with building codes: thermal calculation ensures 
accordance of enclosing structures with the requirements of modern building codes and regu-
lations in terms of thermal protection and safety; 

�± comfort: maintaining optimal indoor temperatures without sudden changes is critically 
important for creating comfortable living or working conditions for people. 

In work [4], a study of heat flows and an analysis of heat losses of opaque external en-
closures of heated premises was conducted, taking into account various methods for assessing 
the heat-shielding properties of external walls: without taking into account heat-conducting 
inclusions (external walls in the heat engineering calculation are a homogeneous opaque en-
closure); taking into account heat-conducting inclusions according to the standards in force in 
Ukraine and according to the European standard, as well as instrumental determination of the 
characteristics of thermal protection. It has been shown that taking into account heat-
conducting inclusions, even for a building without complex structural solutions for enclo-
sures, leads to an increase in heat loss of up to 14%, which may change the energy efficiency 
class of the building. 

In paper [5], a simplified discrete analogue, presented in a dimensionless form, was de-
veloped for the numerical solution of unsteady heat transfer problems. This was achieved by 
using a one-dimensional initial model. The use of such a model is sufficient for solving most 
practically important problems. The stability of numerical calculations at large time discreti-
zation steps and high accuracy of calculations on extremely small computational grids are 
shown. 

The article [6] is devoted to the study of unsteady heat conduction in a solid wall and 
contains mathematical modeling of asymmetric heating and cooling of the wall due to imper-
fect heat transfer from both sides. The method used to obtain an analytical solution in a long-
time process is presented. The solution method allows to obtain the temperature distribution 
in the heated (cooled) wall using the Laplace transform. Its validity is verified by numerical 
calculation using the COMSOL Multiphysics software. In the example that was tested, the 
maximum difference between the analytical and numerical solutions was about 3.5%, taking 
into account the possible maximum and minimum temperatures in the wall under given condi-
tions. 

The thermal response of a building's envelope has a significant impact on the overall 
comfort conditions in the room, as well as on the energy efficiency of buildings. Most Central 
and Northern European countries focus mainly on optimizing the efficiency of buildings dur-
ing the heating season. However, future projections show the potential for a significant in-
crease in cooling demand due to building overheating. In this context, the focus of the  
paper [7] was on assessing the transient performance of different facade walls (light and 
heavy building systems) during typical Central European summer conditions. In addition to 
the influence of wall composition, the effects of orientation and high-intensity passive cooling 
on thermal response were also investigated. The results showed significant differences in the 
thermal behavior of east-, south-, and west-facing walls. 
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Thus, the review of recent studies shows that, despite the significant influence of many 
factors on the thermal state of building structures, the issue of conducting non-stationary 
thermal calculation of a multilayer enclosing structure remains relevant, especially in the win-
ter period. 

The purpose of the study: to investigate the non-stationary distribution of the tempera-
ture field along the thickness of a four-layer wall panel of a residential building depending on 
the daily change in ambient temperature in the winter period. 

Presentation of the main material of the study. Calculated cases of the location of 
building materials in the layers of the wall panel and their coefficients of thermal conductivity 
are presented in the table 1. 

Table 1 
The location of building materials in the layers of the wall panel 

and their thermal conductivity coefficients )gradhm(kcal, �˜�˜�O  

 Wall panel layers 

Material  
of a layer 

Concrete inner 
textured layer 

Cement fibro-
lite 

Mineral wool  
plate 

Concrete outer 
textured layer 

Layer thick-
ness, mm 

80 70 55 40 

Number 
of a layer 

1 2 3 4 

gradhm
kcal

,

�˜�˜

�O

 1,400 0,130 0,060 1,400 

 
The scheme of the arrangement of layers in a multilayer wall panel in relation to the in-

terior and the environment is shown in Fig. 1. 
Fig. 2 shows a graph of the temperature of a four-layer wall panel each layer depending 

on time, taking into account changes in ambient air temperature. 
The non-stationary calculation of the temperature field in a four-layer flat wall, illustrat-

ed by the lines in Fig. 2, was obtained using the methodology that described in [3]. 
Analysis of the graph in Fig. 2 shows that lines 3-4 and 4 have a noticeable effect of de-

creasing ambient temperature (the lines have a clearly expressed temperature minimum). 
Lines 1-2 and 2-3 almost do not contain such minima, which indicates sufficient thermal insu-
lation properties of layer 3 �± mineral wool plate. The line 1, which models the temperature on 
the inner surface of a residential building, has an almost rectilinear shape and proves that 
comfortable temperature conditions inside the building by this model of the arrangement of 
layers in the wall panel are ensured. 
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Figure 1 - Scheme of a multilayer external wall panel: 
1 �± concrete inner textured layer; 2 �± cement fibrolite;  

3 �± mineral wool plate; 4 �± concrete outer textured layer 
 

 
Figure 2 - Distribution of the temperature field along the thickness  

of a four-layer external wall panel depending on the ambient air temperature:  
air in room �± indoor air; 1 �± the inner surface of a wall indoors;  

1-2, 2-3, 3-4 �± contact surfaces of layers 1 and 2, 2 and 3, 3 and 4  
respectively; 4 �± outer surface of the outer layer; air out �± ambient air 
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Analysis of calculations shows that the effect of low ambient air temperature on the 
temperature inside the room when it passes through a multilayer enclosing building structure 
can be reduced by one or both of two methods: 

�± firstly, by increasing the thickness of the thermal insulation layer; 
�± secondly, by choosing a thermal insulation material with the lowest possible thermal 

conductivity coefficient. 
�7�K�H���S�U�H�V�H�Q�W�H�G���U�H�V�X�O�W�V���Z�H�U�H���W�H�V�W�H�G���D�W���W�K�H�������W�K���D�Q�G�������V�W���,�Q�W�H�U�Q�D�W�L�R�Q�D�O���&�R�Q�I�H�U�H�Q�F�H�V�� �³�0�D�Q��

�D�Q�G���6�S�D�F�H�´���>��-2]. 
Conclusions. In the course of the task, the following types of work were carried out and 

the following conclusions were obtained: 
1) the problem of heat saving and the need to use thermal insulation coatings are con-

sidered; 
2) the methodology and basic principles of conducting non-stationary thermal calcula-

tions of a multilayer flat wall were studied; 
3) non-stationary calculations of temperatures through a four-layer flat wall taking into 

account the daily change in ambient temperature in the winter period were carried out; 
4) a graph of the temperature through thickness of the multilayer wall depending on 

time has been constructed, which allows determining the geometric parameters of each layer 
of the multilayer external flat wall of a residential building and optimally selecting the type of 
thermal insulation material; 

5) ways to reduce the impact of daily fluctuations in air temperature in winter on indoor 
temperature are proposed. 
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�k�l�Z�}���\�b�[�•�j���f�Z�l�_�j�•�Z�e�•�\ �l�Z���]�_�h�f�_�l�j�b�q�g�b�o���i�Z�j�Z�f�_�l�j�•�\���i�j�h�r�Z�j�d�•�\���[�Z�]�Z�l�h�r�Z�j�h�\�b�o���h�]�h�j�h��
�^�`�m�\�Z�e�v�g�b�o�� �k�l�•�g�h�\�b�o�� �i�Z�g�_�e�_�c�� �i�j�b�f�•�s�_�g�v���� �J�h�[�h�l�Z�� �i�j�b�k�\�y�q�_�g�Z�� �^�h�k�e�•�^�`�_�g�g�x�� �g�_�k�l�Z�p�•�h��
�g�Z�j�g�h�f�m�� �j�h�a�i�h�^�•�e�m�� �i�h�e�y�� �l�_�f�i�_�j�Z�l�m�j�b�� �a�Z�� �l�h�\�s�b�g�h�x�� �q�h�l�b�j�b�r�Z�j�h�\�h�€�� �a�h�\�g�•�r�g�v�h�€�� �h�]�h�j�h��
�^�`�m�\�Z�e�v�g�h�€�� �k�l�•�g�h�\�h�€�� �i�Z�g�_�e�•�� �`�b�l�e�h�\�h�]�h�� �[�m�^�b�g�d�m���\�� �a�b�f�h�\�b�c�� �i�_�j�•�h�^�� �i�j�b�� �^�h�[�h�\�h�f�m�� �d�h�e�b��
�\�Z�g�g�•���l�_�f�i�_�j�Z�l�m�j�b���g�Z�\�d�h�e�b�r�g�v�h�]�h���i�h�\�•�l�j�y���\�•�^���±50�K���^�h���±250�K�����<���y�d�h�k�l�•���f�Z�l�_�j�•�Z�e�•�\���r�Z��
�j�•�\���k�l�•�g�h�\�h�€���i�Z�g�_�e�•���^�h�k�e�•�^�`�_�g�h�����[�_�l�h�g�g�b�c���\�g�m�l�j�•�r�g�•�c���n�Z�d�l�m�j�g�b�c���r�Z�j�����n�•�[�j�h�e�•�l���p�_�f�_��
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M.I. Tverdostup�� 
HARMONIC INDUCTOR -TO-FREQUENCY CONVERTER BASED ON 

IMPEDANCE CONVERTER   
 

Abstract. Objective - increased sensitivity of F-metrically inductance converter. Found man-
agement conditions Slope conversion measuring  generator based on a combination of the 
operating circuit by varying  the parametric elementary sensor inductance compensation in-
cluded  in the oscillator, resonant circuit. 
Keywords: inductance, resistance, impedance, sensor, generator, combined operating circuit, 
frequency increment, compensation,  sensitivity, F-meter. 

 
Introduction . In modern devices, measurement and control method is widely used F-

meters, allowing relatively easy to convert the reactans sensor frequency harmonic oscilla-
tions [1]. The disadvantage of this method is its limited sensitivity to a change in the con-
trolled parameter. So, urgent is the establishment of tools to increase the sensitivity of the 
method of control F-meters. 

In [2,3] laid the foundations for the synthesis of impedance converters on operational 
amplifiers. Conclusions [4] indicate the usefulness of the combination of the operating circuit 
to create a measuring generator with controlled sensitivity. 

Formulation of the problem. The aim is to develop F-meter sensitive to changes in the 
parametric sensor inductance. 

Main part . Measuring generator based on a linear combination of the operating circuit 
(LCOC) is shown in Fig. 1. The linear combination of the operating diagram with inductive 
impedance in the negative feedback loop is the presence of a characteristic combination of 
feedback, and the fact that the external drive signals U1 and U2 received in phase to both woos 
da operational amplifier DA2. From the findings of the work [4], the input impedance is 
LCOC   

 = (                                               (1) 

where �± integrated inductor L1  impedance and internal resistance of r1; R2,R3 
- the active resistance of the circuit combined feedback amplifier DA2; 

 - complex impedance parallel-connected resistance  and capaci-

ty  ; n = U2 /U1, U1 and U2 - driving voltage signals. Repeater on DA1 amplifier with a resis-
tive divider R�:, R�< is a source of excitation voltage U2 , U1 -phase input voltage. The ratio of 
the stress field can be represented by the ratio of the divider resistors in the form of  

,                                                      (2) 

                                              

���‹  Tverdostup M.I., 2026 
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while the input impedance expressed by the parameters of the scheme will be 

                   (3) 

 

 
                            �Z���������������������������������������������������������������������������������������������������E�� 
Figure 1 - Measuring LCOC generator based on (a); 

LCOC equivalent representation (b) 
 

It is also true that represented by the input parameters is 

= r in + Lin,                                                  (4) 

where  r in, Lin - input resistance and inductance. Then (3) and (4) the expression of active and 
inductive component input impedance 

 

                       (5) 

                        (6)   

showing that in this scheme, L1 inductance and internal resistance r1 is converted into the in-
put inductance Lin and resistance r �\�o with the multiplication factor equal to 

                                                (7)  

                                               
which, when RB >> RA, can take larger values. From (5) it follows that multiplication 
resistance r1 is accompanied by compensation negative active component of the input 
impedance equal LCOC 

,                                           (8) 

)(R �� �:�� r1 at the input resistance r �\�o �:  0, which indicates the possibility of a significant 

increase in the quality factor inductance. 
From (6) it follows that multiplication by m inductance L1 ratio occurs simultaneously 

with a decrease in its initial value by , which will be called the compensating 

inductance L�d. Expression (6) in the form 
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 .                                                 (9) 

Suppose that under the influence of a controlled parameter of the inductance  L1 of the 
sensor changes by, the �ûL1  input inductance becomes LCOC  

 .                       (10) 

 
From (9), (10) it follows that the absolute and relative increment of the input inductance 

up 

                                                 (11) 

                                     (12) 

 

and, when . It can be seen that the absolute increment of the input 

inductance is determined by multiplying the coefficient m, and the relative increase - the value 
of the compensating inductance L�d. This shows that the possible scaling �E�D�H�K inductance 
sensor with control values of sensitivity to the monitored parameters. 

To the input capacitance connected LCOC  , which with the input inductance 

forms an oscillating circuit with a resonance frequency 

  .                                                      (13) 

From (5) it follows that if the condition  r1<  in the circuit there is a negative 

resistive component of the input impedance LCOC  to compensate ohmic losses in the circuit 
and provides a stationary harmonic oscillations at the resonant frequency (13), which, subject 
to (9) is vie 

  .                                                  (14) 

 

If you change the sensor inductance frequency increment can be defined as 

    =    ��  .         (15) 

From (15) we see that the frequency increment is substantially increased when 

. The latter justifies the possibility of increasing the sensitivity of F-meters based on 

LCOC to L1 inductance change parametric sensor. 
Experimental   verification   of  the   expressions   (14)   and   (15)  was carried  out  on  

the  measuring  generator  (Fig.1),  assembled  on operational amplifiers  ICL7650  with  

inductance   L1 = 21 mH,   capacitance � �� ������������ ���)�� �D�Q�G�� �D�Q�� �L�Q�L�W�L�D�O�� �U�D�W�H�� �R�I�� �������� �+�]���� �)�L�J���� ����

shows the experimental module increments  frequency generator of incremental inductance 

sensor by varying the values of the compensating inductance  from 0 to 17.23 mH. 
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Experimental data show that,  depending  linear; while compensating inductance 

 (curve 5) sensitivity to minimum and 7.5 Hz/mH, while increasing the value 

increases   the  sensitivity   (depending 1 - 4), so  when = 17.23 mH (1 relationship) 

increases the sensitivity of five times to 39.2 Hz/mH. This confirms that the magnitude of the 

compensating inductance , relative to the initial inductance sensor can be controlled 

oscillator sensitivity measuring conditions within  

 
Figure 2 �± Increment frequency generator as a function of   L1 inductance sensor for differ-

ent values compensating  inductance L�d 
 
Experimental family conversion features (Fig. 3) changing the compensating inductance 

from 0 (relation 5) to 17.23 mH (1 relationship) also support an increase in the steepness of 

the conversion characteristics when . 

Calculated according to (14) and (15) are in good agreement with the experimental data, 
the difference (due to nonidea sectional amplifiers and precision measuring devices) are not 
pre-exceeds 5%. 

Conclusion. Studies measuring the generator on the basis of a linear combination of the 
operating circuit showed after-blowing: 

- compensation for sensor initial inductance while multiplying its increments allow you 
to manage the change, you often measuring oscillator; 

- changing the frequency measuring generator sous-substantially determined by the val-
ue of the compensating inductance; 

- the use of measuring generator based on linear combinate operating schemes can in-
crease the sensitivity of F-meters to a change in inductance of the parametric transducer. 
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Figure 3 - Characteristics of the measuring conversion generator 
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Abstract. The study addresses the vulnerabilities of cryptocurrency wallets to network attacks. 
A secure cross-platform architecture is proposed, integrating Air-Gap, PSBT, and M-of-N 
multisignature mechanisms. The solution implements isolated online and offline modules with 
transaction data exchange via QR codes. Results demonstrate that this architectural ap-
proach effectively ensures private key isolation and enhances the security of digital asset 
transactions. 
Keywords: cryptocurrency wallet, Air-Gap, cold storage, multisignature, PSBT, QR code, 
blockchain, offline signing, cross-platform application. 

 
Problem statement. The rapid growth in cryptocurrency transaction volumes has 

intensified the focus on secure asset storage and protection mechanisms. Cryptocurrency 
wallets constitute a fundamental component of blockchain infrastructure, enabling user 
interaction with decentralized networks. However, they also represent a critical vulnerability 
within this ecosystem. Unlike traditional financial systems, where security is enforced by 
centralized regulatory entities, decentralized architectures transfer full responsibility for asset 
protection to individual users. 

Cryptocurrency wallets are generally classified into two categories: hot wallets and cold 
wallets, distinguished primarily by their connectivity to the Internet and corresponding 
security characteristics. Hot wallets operate on devices with continuous network access, 
offering high usability for routine transactions. This category encompasses software solutions 
such as Trust Wallet and MetaMask, as well as mobile and web applications provided by 
cryptocurrency exchanges. Nevertheless, persistent connectivity significantly increases 
exposure to cyber threats. Common attack vectors include phishing, malware (e.g., spyware 
and clipboard hijackers), and exploitation of zero-day vulnerabilities in operating systems 
such as Android, iOS, and Windows. According to Chainalysis, a substantial proportion of 
cryptocurrency asset losses result from compromises of hot wallets through browser 
extensions and mobile platforms [1]. 

Conversely, cold wallets are designed to maintain complete isolation from online 
environments, prioritizing maximum security. This class includes paper wallets and hardware 
wallets. Paper wallets provide full offline storage but are susceptible to physical damage, loss, 
or destruction, rendering them impractical for frequent use. 

                                              

���‹  Ponomarev I.V., 2026 
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Hardware wallets, exemplified by Ledger and Trezor, secure private keys within 
dedicated hardware modules, thereby mitigating remote compromise risks. However, these 
devices exhibit functional limitations and remain vulnerable to specific threats, including 
supply chain attacks, partial opacity of source code, and risks associated with physical 
connectivity via USB, Bluetooth, or NFC, which introduce additional attack surfaces. 

To increase the security of transactions in the blockchain, a multi-signature mechanism 
is used, which requires several independent signatures to confirm the operation. Instead of a 
single private key, the M-of-N rule is used, where N is the total number of owners and M is 
the minimum number of signatures required to complete a transaction. This approach prevents 
unauthorized access, as compromising a single key does not allow the transaction to be com-
pleted. In the Bitcoin blockchain, multi-signature is implemented through scripts (e.g., 
P2WSH) and the BIP-174 Partially Signed Bitcoin Transaction (PSBT) format [2], and in the 
Ethereum blockchain, through smart contracts such as Safe with threshold and permission 
logic [3]. 

A common cybersecurity practice to protect critical data, such as private cryptographic 
keys or confidential transactions, is the use of air-gapped devices. These are computers or 
hardware systems that are physically isolated from any network connections, including the 
Internet, local networks, and wireless interfaces. Such isolation means that the device has no 
active network ports or radio channels, making it inaccessible to remote attacks. Interaction 
with such devices is carried out via offline data transfer methods, such as QR codes or USB 
media, which allows you to maintain isolation and minimize the risks of compromise. 

Thus, it is relevant to consider a combination of several technologies for ensuring the 
security of cryptocurrency wallets. 

Analysis of the latest research and publications. The security of cryptocurrency wal-
lets remains a key topic of current research. The paper by Guri et al. [4] addresses the problem 
of private key leakage even from isolated (air-gapped) systems. The authors demonstrate the 
possibility of attacks through side channels (electromagnetic, acoustic), which calls into ques-
tion the absolute security of offline devices. 

The study by Homoliak et al. [5] proposes the concept of SmartOTPs, a two-factor au-
thentication mechanism for smart contracts that uses QR codes and hash chains to transmit 
signatures offline. This solution increases the security of transactions without losing conven-
ience. 

Another important direction is the standardization of the transaction signing process. 
Homoliak et al. (2024) review modern approaches to multi-signature and PSBT, which allow 
for collective control of assets [6]. CertiK [7] analyzes PSBT vulnerabilities in DeFi projects 
and offers recommendations for secure implementation, including SIGHASH verification and 
avoiding UTXO dust. 

The study by Das et al. [8] focuses on threshold signatures, which provide compactness 
and efficiency for multi-party protocols. This is especially relevant for cold wallets, where 
minimizing the risk of compromise is important. 

Special attention is paid to hardware wallets. Dabrowski et al. [9] showed architectural 
shortcomings of popular solutions (Ledger, Trezor), in particular supply ch�D�L�Q�� �U�L�V�N�V���� �â�R�U�I�� �H�W��



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

120 

al. [10] performed a large-scale analysis of 17 hardware wallet models, revealing implementa-
tion problems, although the cryptographic algorithms remain robust. 

Comparative studies (Haryadi et al. [11], Lim et al. [12]) demonstrate a trade-off be-
tween the convenience of hot wallets and the security of cold wallets. Hybrid solutions are 
considered a promising direction that combines the advantages of both approaches. 

In general, current work emphasizes the need for a comprehensive approach: a combi-
nation of Air-Gap, multi-signature, PSBT and cryptographic protection of local data to create 
secure and convenient cryptocurrency wallets. 

Purpose of the research. The aim of the research is to develop an architecture and cre-
ate a cross-platform cryptocurrency wallet that provides: 

1) physical isolation of private keys (Air-Gap) during the signing process; 
2) use of the PSBT standard for secure data exchange between online and offline mod-

ules; 
3) integration of the QR process for transferring transaction data between isolated envi-

ronments, which eliminates direct network connection and increases resistance to attacks; 
4) implementation of a multi-signature mechanism for collective control of assets; 
5) use of cryptographic algorithms to protect the local database. 
Presentation  of  the  main  research  material. When developing a cross-platform 

wallet application, cold storage technologies, air-gapped devices, data transfer using QR 
codes and multi-signatures are combined in a single architecture. 

To achieve maximum security, the wallet is divided into two physical modules: the 
online Watcher module and the offline Signer module.  

In addition, the system is structured according to the principle of a three-level architec-
ture: Core, Transport, UI. 

The Core level includes cryptographic primitives, key management and multi-signature 
logic. The Transport level implements Air-Gap, PSBT exchange between modules via QR 
codes. The UI interface level is responsible for transaction management, address book and 
credential verification (Fig. 1). 

 
Figure 1 - Architecture of a two-module wallet with a three-tier structure 
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�7�K�H���R�Q�O�L�Q�H���:�D�W�F�K�H�U���P�R�G�X�O�H���L�V���L�Q�V�W�D�O�O�H�G���R�Q���W�K�H���X�V�H�U�¶�V���P�D�L�Q���V�P�D�U�W�S�K�R�Q�H���Z�L�W�K���Q�H�W�Z�R�U�N���Dc-
cess. It connects to blockchains (Bitcoin, Ethereum) to obtain balances and transaction histo-
ry. It stores only the extended public key (xPub), which allows generating all wallet addresses 
for receiving funds, but does not allow spending them. It forms the initial transaction structure 
(UTXO for BTC, Nonce for ETH) and visualizes it in the form of a QR code. It accepts the 
signed transaction from the offline module and sends it to the blockchain network. 

The offline Signer module is installed on an isolated device (without a SIM card, Wi-Fi 
and Bluetooth). It generates the Seed phrase and private keys, encrypts them and stores them 
�L�Q���W�K�H���G�D�W�D�E�D�V�H���� �7�K�H�Q���� �L�W���U�H�D�G�V���W�K�H���4�5���F�R�G�H���I�U�R�P�� �W�K�H���:�D�W�F�K�H�U���P�R�G�X�O�H���� �F�K�H�F�N�V���W�K�H���X�V�H�U�¶�V���Sa-
rameters and applies a digital signature in an isolated environment. 

The wallet initialization process is critical and occurs exclusively in the offline Signer 
module. A cryptographically stable random number generator (CSPRNG) is used to generate 
a 256-bit sequence. A checksum is added to it, after which the data is divided into groups of 
11 bits. Each group corresponds to a word from the BIP-39 dictionary, which results in a 24-
word seed phrase that is used to restore the wallet. The seed phrase is converted to 512-bit 
binary data (seed) using the PBKDF2 function with 2048 iterations of HMAC-SHA512. Ac-
cording to the BIP-44 standard, a hierarchical derivation structure is used, which determines 
the order of key and address generation [14]. This approach allows one wallet to manage mul-
tiple cryptocurrencies (Bitcoin, Ethereum) and different types of addresses. 

Key storage is implemented using the built-in SQLite database, while encryption is used 
to protect confidential information, where the user's password serves as the basis for generat-
ing the encryption key. The PBKDF2 function is used to convert the password to a 256-bit 
AES key, and all data in the keys table, including the seed phrase and private keys, are en-
crypted using the AES-256-CBC algorithm before being written to the database. This ap-
proach guarantees that even in the event of theft of the device and gaining access to the file 
system, the attacker will not be able to read the keys without knowing the password. 

The algorithm for working with a multi-signature wallet via the Air-gap interface con-
sists of the following stages. 

First, in the Watcher module, the user forms a transaction, specifying the recipient's ad-
dress and the amount. The application receives current data from the blockchain, creates a 
PSBT package and displays it as a QR code. 

Next, each of the M signature participants opens the Signer module on their offline de-
vice and scans this code. After that, Signer module decrypts the transaction, shows the details 
���³�6�H�Q�G�L�Q�J�� �������� �%�7�&�� �W�R�� �E�F���T�������� �)�H�H���� �������������� �%�7�&�´������ �D�Q�G�� �W�K�H�� �X�V�H�U�� �S�K�\�V�L�F�D�O�O�\�� �Y�H�U�L�I�L�H�V�� �W�K�H�� �L�Q�I�Rr-
mation. For authorization, a password is entered, based on which the private key is decrypted. 
Then the module digitally signs the transaction, clears the memory and generates a new QR 
code with a partially signed transaction. 

Watcher module sequentially scans all signed codes from M offline modules, checks 
their validity and forms the final PSBT with the M-of-N threshold. When the number of sig-
natures reaches the threshold, the transaction becomes valid and is broadcast to the blockchain 
network. 
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The client-level implementation of the wallet modules is made using modern cross-
platform technologies. The mobile interface is built on Vue.js in combination with the Quasar 
Framework, which provides adaptive design and component architecture. Apache Cordova is 
�X�W�L�O�L�]�H�G���W�R�� �D�F�F�H�V�V�� �W�K�H�� �G�H�Y�L�F�H�¶�V�� �K�D�U�G�Z�D�U�H��capabilities, such as the camera and file storage, by 
integrating native APIs into the web application. 

The desktop implementation is based on Electron, enabling the application to run as a 
native app on Windows, macOS, and Linux while maintaining a unified codebase. In parallel, 
the Progressive Web App (PWA) mode is supported for working in a browser with offline 
caching and push notifications. 

Specialized libraries are used to work with blockchains: 
�‡�� �E�L�W�F�R�L�Q�M�V-lib �²  for generating and processing PSBT, generating keys, signatures and 

working with the UTXO model. 
�‡���H�W�K�H�U�V���M�V���²  for interacting with Ethereum-compatible networks, including generating 

transactions, calculating EIP-712 hashes, verifying signatures and calling smart contracts. 
Conclusions. The proposed two-module architecture ensures private key isolation with-

in an offline environment, eliminating network-based compromise risks. By integrating Air-
Gap, PSBT, and M-of-N multisignature with robust AES-256 encryption, the system achieves 
high security without sacrificing usability. The cross-platform implementation provides a uni-
fied user experience across mobile and desktop devices. Ultimately, the developed solution 
effectively balances hardware-level protection, cryptographic transparency, and functional 
accessibility. 
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�^�Z�x�l�v�k�y���� �A�h�\�g�•�r�g�•�� �a�Z�\�Z�^�b�� �\�� �k�_�j�_�^�h�\�b�s�•�� �i�_�j�_�^�Z�q�•�� �^�Z�g�b�o�� �\�b�g�b�d�Z�x�l�v�� �\�g�Z�k�e�•�^�h�d�� �^�•�€�� �j�•�a�g�h��
�f�Z�g�•�l�g�b�o�� �^�`�_�j�_�e�� �\�b�i�j�h�f�•�g�x�\�Z�g�g�y�� �_�e�_�d�l�j�h�f�Z�]�g�•�l�g�h�€�� �_�g�_�j�]�•�€���� �y�d�•�� �f�h�`�m�l�v�� �[�m�l�b�� �l�Z�d�h�`����
�k�l�\�h�j�_�g�•���r�l�m�q�g�h���� 

�I�h�k�l�Z�g�h�\�d�Z�� �a�Z�^�Z�q�•�����>�h�k�e�•�^�b�l�b�� �i�j�h�p�_�k�� �d�h�g�\�_�}�j�g�h�€�� �i�_�j�_�^�Z�q�•�� �[�e�h�d�•�\�� �n�j�_�c�f�•�\�� �•�g��
�n�h�j�f�Z�p�•�€ �g�Z�� �d�Z�g�Z�e�v�g�h�f�m�� �j�•�\�g�•�� �\�� �a�Z�r�m�f�e�_�g�b�o�� �d�Z�g�Z�e�Z�o�� �d�h�f�i�¶�x�l�_�j�g�b�o���f�_�j�_�`���� �<�b�a�g�Z�q�b�l�b��
�a�Z�e�_�`�g�•�k�l�v���a�Z�]�Z�e�v�g�h�€���d�•�e�v�d�h�k�l�•���n�j�_�c�f�•�\���i�_�j�_�^�Z�g�b�o���m�k�i�•�r�g�h���•���i�h�r�d�h�^�`�_�g�b�o���i�j�b���i�_�j�_�^�Z�q�•��
�\�•�^�� �h�[�¶�}�f�m�� �^�h�^�Z�l�d�m���� �s�h�� �i�_�j�_�^�Z�}�l�v�k�y���� �^�h�\�`�b�g�b�� �\�•�d�g�Z�� �•�� �•�f�h�\�•�j�g�h�k�l�•�� �c�h�]�h�� �m�k�i�•�r�g�h�€�� �i�_�j�_��
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�^�Z�q�•���� �<�b�a�g�Z�q�b�l�b���h�[�f�_�`�_�g�g�y���g�Z���^�h�\�`�b�g�m���\�•�d�h�g���i�j�b���j�•�a�g�b�o���j�•�\�g�y�o���•�g�l�_�g�k�b�\�g�h�k�l�•�� �[�•�l�h�\�b�o��
�i�h�f�b�e�h�d�� 

�H�k�g�h�\�g�Z�� �q�Z�k�l�b�g�Z�����I�j�b�� �^�h�k�e�•�^�`�_�g�g�•�� �f�_�o�Z�g�•�a�f�•�\�� �i�_�j�_�^�Z�q�•�� �•�g�n�h�j�f�Z�p�•�€�� �\�� �a�Z�r�m�f�e�_��
�g�h�f�m���k�_�j�_�^�h�\�b�s�•���g�Z�c�[�•�e�v�r���q�Z�k�l�h���\�b�d�h�j�b�k�l�h�\�m�x�l�v���^�b�k�d�j�_�l�g�b�c���m���q�Z�k�•���=�Z�m�k�h�\�k�v�d�b�c���d�Z�g�Z�e��
�[�_�a���i�Z�f�¶�y�l�•�����<���l�Z�d�h�f�m���d�Z�g�Z�e�•���[�•�l�h�\�•���i�h�f�b�e�d�b���}���g�_�a�Z�e�_�`�g�b�f�b���•���j�•�\�g�h�f�•�j�g�h���j�h�a�i�h�^�•�e�_�g�b�f�b��
�i�h���j�h�a�j�y�^�Z�o���•�g�n�h�j�f�Z�p�•�€�����s�h���i�_�j�_�^�Z�}�l�v�k�y���>���@�����G�_�o�Z�c��L �l�Z��Pb �i�h�a�g�Z�q�Z�x�l�v���^�h�\�`�b�g�m���n�j�_�c�f�m��
�l�Z���•�f�h�\�•�j�g�•�k�l�v���i�h�f�b�e�d�b���\���h�^�g�h�f�m���j�h�a�j�y�^�•���n�j�_�c�f�m�����E�L�W���H�U�U�R�U���U�D�W�H��- �%�(�5�����\�•�^�i�h�\�•�^�g�h�����L�h�^�•��
�•�f�h�\�•�j�g�•�k�l�v�� �l�h�]�h���� �s�h�� �n�j�_�c�f���^�h�\�`�b�g�b��L �[�m�^�_�� �m�k�i�•�r�g�h�� �i�_�j�_�^�Z�g�b�c���� �l�h�[�l�h�� �i�_�j�_�^�Z�g�b�c�� �g�_��
�i�h�r�d�h�^�`�_�g�b�f�� �^�h�j�•�\�g�x�}�� 

                             L
bbLbbbFS PPPPPP )1()1)...(1)(1)(1( 321 ��� ��������� ,                 (1) 

�^�_��Pb1= Pb2= Pb3� �«�  PbL= Pb. 
�I�j�b�i�m�k�l�b�f�h���� �s�h�� �i�_�j�_�^�Z�q�Z�� �•�g�n�h�j�f�Z�p�•�€�� �a�^�•�c�k�g�x�}�l�v�k�y�� �g�Z�� �d�Z�g�Z�e�v�g�h�f�m�� �j�•�\�g�•��

�d�h�f�i�¶�x�l�_�j�g�h�€���f�_�j�_�`�•���a���\�b�d�h�j�b�k�l�Z�g�g�y�f���d�h�\�a�g�h�]�h���\�•�d�g�Z���^�h�\�`�b�g�h�x��n �n�j�_�c�f�•�\�����J�h�a�]�e�y�g�_�f�h��
�k�i�h�q�Z�l�d�m�� �k�b�l�m�Z�p�•�x���� �d�h�e�b���j�•�\�_�g�v���r�m�f�m���}�� �g�_�\�_�e�b�d�b�f���± BER=5�-10-7���� �>�h�\�`�b�g�m���i�h�e�y���^�Z�g�b�o��
�n�j�_�c�f�m���i�j�b�c�f�_�f�h���k�l�Z�g�^�Z�j�l�g�h�x�����\�•�^�i�h�\�•�^�g�h���^�h���l�_�o�g�h�e�h�]�•�€���(�W�K�H�U�Q�H�W���\�h�g�Z���^�h�j�•�\�g�x�}��L=1,5 
�N�%� ������������ �E���� �A�Z�]�h�e�h�\�h�d �n�j�_�c�f�m�� �k�d�e�Z�^�Z�}�� ������ �%���� �l�h�[�l�h���i�j�b�[�e�b�a�g�h�� ���������� �\�•�^�� �^�h�\�`�b�g�b���i�h�e�y��
�^�Z�g�b�o�����l�h�f�m���\���i�h�^�Z�e�v�r�b�o���j�h�a�j�Z�o�m�g�d�Z�o���f�b���g�_���[�m�^�_�f�h���c�h�]�h���i�j�b�c�f�Z�l�b���^�h���m�\�Z�]�b�� 

�1�f�h�\�•�j�g�•�k�l�v�� �m�k�i�•�r�g�h�€�� �i�_�j�_�^�Z�q�•�� �d�h�\�a�g�h�]�h�� �\�•�d�g�Z�� �a��n �n�j�_�c�f�Z�f�b�� �a�]�•�^�g�h�� �� �� �n�h�j�f�m�e�•�� ��������
�^�h�j�•�\�g�x�} 

                                                    .                                                  (2) 

�>�e�y��n=6  PWS� ���������������I�j�b���p�v�h�f�m����n�� PWS� �������������l�h�[�l�h���\���i�_�j�r�h�f�m���g�Z�[�e�b�`�_�g�g�•���f�h�`�g�Z��
�\�\�Z�`�Z�l�b�����s�h���m�k�•�������n�j�_�c�f�•�\���d�h�\�a�g�h�]�h���\�•�d�g�Z���m�k�i�•�r�g�h���i�j�h�o�h�^�y�l�v���^�h���h�^�_�j�`�m�\�Z�q�Z�����:�e�_���•�k�g�m�}����
�o�h�q���•���^�h�k�l�Z�l�g�v�h���f�Z�e�Z�����Z�e�_���d�•�g�p�_�\�Z���•�f�h�\�•�j�g�•�k�l�v���i�h�r�d�h�^�`�_�g�g�y���n�j�_�c�f�•�\���\�•�d�g�Z������ 

                                                     PWD=1-PWS=0,035.                                                    (3) 
�<�•�^�i�h�\�•�^�g�h���^�h���p�v�h�]�h���i�j�b���i�_�j�_�^�Z�q�•���a�g�Z�q�g�h�€���d�•�e�v�d�h�k�l�•���n�j�_�c�f�•�\���^�h�k�l�Z�l�g�v�h���h�[�¶�}�f�g�h�]�h��

�^�h�^�Z�l�d�m���^�_�y�d�Z���q�Z�k�l�b�g�Z���n�j�_�c�f�•�\���[�m�^�_���i�h�r�d�h�^�`�_�g�Z���� 
�J�h�a�]�e�y�g�_�f�h�� �i�_�j�_�^�Z�q�m�� �^�h�^�Z�l�d�m�� �h�[�¶�}�f�h�f�� �\��N0 �n�j�_�c�f�•�\���� �J�h�a�•�[�¶�}�f�h�� �p�_�c�� �^�h�^�Z�l�h�d�� �g�Z��

�[�e�h�d�b���i�h��n �n�j�_�c�f�•�\���\���d�h�`�g�h�f�m���[�e�h�p�•�����L�m�l���j�h�a�f�•�j���[�e�h�d�m���k�i�•�\�i�Z�^�Z�}���a���j�h�a�f�•�j�h�f���\�•�d�g�Z�����I�h��
�a�g�Z�q�b�f�h���a�Z�]�Z�e�v�g�m���d�•�e�v�d�•�k�l�v���[�e�h�d�•�\���n�j�_�c�f�•�\�����i�_�j�_�^�Z�g�b�o���m�k�i�•�r�g�h���•���i�h�r�d�h�^�`�_�g�b�o���i�j�b���i�_��
�j�_�^�Z�q�•���y�d����Q�� �����L�h�^�• 

                                            PWS),                                (4) 

�^�_���•�f�h�\�•�j�g�•�k�l�v���m�k�i�•�r�g�h�€���i�_�j�_�^�Z�q�•���[�e�h�d�Z���n�j�_�c�f�•�\�����l�h�[�l�h���n�j�_�c�f�•�\���\���f�_�`�Z�o���d�h�\�a�g�h�]�h���\�•�d�g�Z����
�\�b�a�g�Z�q�Z�}�l�v�k�y���n�h�j�f�m�e�h�x���������� 

�I�•�k�e�y�� �^�Z�g�h�]�h�� �_�l�Z�i�m�� �i�_�j�_�^�Z�q�•�� �\�•�d�g�h�� �a�k�m�\�Z�}�l�v�k�y�� �g�Z�� ��n �n�j�_�c�f�•�\���� �l�h�[�l�h�� �g�Z�� �^�h�\�`�b�g�m��
�[�e�h�d�Z���� �I�h�r�d�h�^�`�_�g�•�� �\�� �i�j�h�p�_�k�•�� �i�_�j�_�^�Z�q�•�� �n�j�_�c�f�b�� �\�b�y�\�e�y�x�l�v�k�y�� �� �\�•�^�i�j�Z�\�g�b�d�h�f�� �Z�[�h�� �i�h��
�a�Z�d�•�g�q�_�g�g�x���l�Z�c�f-�Z�m�l�m���h�q�•�d�m�\�Z�g�g�y���i�•�^�l�\�_�j�^�`�_�g�g�y���$�&�.�����Z�[�h���i�j�b���h�^�_�j�`�Z�g�g�•���g�_�]�Z�l�b�\�g�h�]�h��
�i�•�^�l�\�_�j�^�`�_�g�g�y���1�$�.�����G�Z���^�j�m�]�h�f�m���_�l�Z�i�•���i�_�j�_�^�Z�q�•���p�•���i�h�r�d�h� �̂`�_�g�•���n�j�_�c�f�b���\�d�e�x�q�Z�x�l�v�k�y���m��
�g�Z�k�l�m�i�g�b�c���[�e�h�d���•���^�h�i�h�\�g�x�x�l�v�k�y���g�Z�k�l�m�i�g�b�f�b���i�h�k�e�•�^�h�\�g�b�f�b���a�Z���g�h�f�_�j�Z�f�b���n�j�_�c�f�Z�f�b���i�_��
�j�_�^�Z�\�Z�}�f�h�]�h�� �^�h�^�Z�l�d�m���� �Y�d�s�h�� �•�g�l�_�g�k�b�\�g�•�k�l�v�� �a�Z�\�Z�^�� �}�� �g�_�\�_�e�b�d�h�x�� �f�h�`�g�Z�� �\�\�Z�`�Z�l�b���� �s�h�� �^�j�m��
�]�b�f�� �_�l�Z�i�h�f�� �a�Z�d�•�g�q�m�}�l�v�k�y���i�_�j�_�^�Z�\�Z�g�g�y���i�h�r�d�h�^�`�_�g�b�o���g�Z���i�_�j�r�h�f�m���_�l�Z�i�•�� �n�j�_�c�f�•�\���� �•�� �i�•�k�e�y��
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�p�v�h�]�h���_�l�Z�i�m�� �� �[�m�^�_���f�h�` �e�b�\�•�k�l�v���j�h�a�l�Z�r�m�\�Z�l�b�� �m�k�•�� �n�j�_�c�f�b���i�_�j�r�h�]�h���[�e�h�d�m�� �\�� �i�h�k�e�•�^�h�\�g�h�f�m��
���a�Z���g�h�f�_�j�Z�f�b�����i�h�j�y�^�d�m���•���\�•�^�i�j�Z�\�b�l�b���g�Z���d�Z�g�Z�e�v�g�b�c���j�•�\�_�g�v���h�^�_�j�`�m�\�Z�q�Z�� 

�J�h�a�]�e�y�g�_�f�h�� �p�_�c�� �i�j�h�p�_�k�� �[�•�e�v�r�� �^�h�d�e�Z�^�g�h�� �g�Z�� �i�j�b�d�e�Z�^�•���� �I�j�b�i�m�k�l�b�f�h���� �s�h�� �^�h�^�Z�l�h�d����
�y�d�b�c���i�h�l�j�•�[�g�h���i�_�j�_�^�Z�l�b���� �f�Z�}�� �h�[�¶�}�f�� �������� �F�<���� �^�h�\�`�b�g�Z���n�j�_�c�f�m���� �y�d���•�� �j�Z�g�•�r�_�����± �������� �d�<���� �1�g��
�l�_�g�k�b�\�g�•�k�l�v�� �a�Z�\�Z�^�� �o�Z�j�Z�d�l�_�j�b�a�m�}�l�v�k�y�� �%�(�5� ���-10-7,10-6,5�-10-6���� �� �>�h�\�`�b�g�Z�� �\�•�d�g�Z�� �a�f�•�g�x�}�l�v�k�y��
�\�•�^��n� �����^�h��n� ���������H�^�_�j�`�Z�g�•���^�Z�g�•���i�j�_�^�k�l�Z�\�e�_�g�•���\���l�Z�[�e�b�p�•������ 

�A�Z�]�Z�e�v�g�Z���d�•�e�v�d�•�k�l�v���n�j�_�c�f�•�\�����i�_�j�_�^�Z�g�b�o���m�k�i�•�r�g�h���•���i�h�r�d�h�^�`�_�g�b�o���i�j�b���i�_�j�_�^�Z�q�•�� 
�L�Z�[�e�b�p�y���� 

N   �%�(�5� ���-����-7 BER=10-6 �%�(�5� ���-����-6 
PS N0/n Q�� PS N0/n Q�� PS N0/n Q�� 

6 0,965 167 172 0,931 167 177 0,698 167 216 
8 0,953 125 131 0,908 125 137 0,619 125 173 
10 0,942 100 106 0,887 100 111 0,549 100 145 
12 0,931 83 89 0,856 83 95 0,487 83 126 
15 0,914 67 73 0,835 67 78 0,407 67 107 
20 0,887 50 56 0,787 50 61 0,301 50 85 
25 0,861 40 46 0,741 40 50 0,223 40 71 
30 0,835 33 38 0,698 33 43 0,165 33 60 
35 0,811 29 34 0,657 29 38 0,122 29 54 
40 0,787 25 30 0,619 25 35 0,091 25 48 

 
�Y�d�� �\�b�^�g�h�� �a�� �l�Z�[�e������ �i�j�b�� �a�[�•�e�v�r�_�g�g�•�� �^�h�\�`�b�g�b�� �\�•�d�g�Z�� �\�•�^�g�h�k�g�_�� �\�•�^�o�b�e�_�g�g�y�� �f�•�`��N0/n �•����

Q�����a�[�•�e�v�r�m�}�l�v�k�y���� �P�_�c�� �_�n�_�d�l�� �k�m�l�l�}�\�h�� �i�•�^�k�b�e�x�}�l�v�k�y�� �i�j�b�� �a�[�•�e�v�r�_�g�g�•�� �•�g�l�_�g�k�b�\�g�h�k�l�•�� �a�Z�\�Z�^����
�l�h�[�l�h�� �\�_�e�b�q�b�g�b�� �%�(�5���� �1�g�r�b�f�b�� �k�e�h�\�Z�f�b���� �d�•�e�v�d�•�k�l�v�� �i�h�\�l�h�j�g�b�o�� �_�l�Z�i�•�\�� �i�_�j�_�k�b�e�Z�g�g�y�� �\�•�d�h�g����
�g�_�h�[�o�•�^�g�b�o���^�e�y���n�h�j�f�m�\�Z�g�g�y���\�•�j�g�h�€�����i�_�j�r�h�q�_�j�]�h�\�h�€�����i�h�k�e�•�^�h�\�g�h�k�l�•���n�j�_�c�f�•�\���a�[�•�e�v�r�m�}�l�v��
�k�y���� �a�[�•�e�v�r�m�x�q�b�� �\�� �k�\�h�x�� �q�_�j�]�m�� �a�Z�l�j�b�f�d�m�� �i�_�j�_�^�Z�q�•�� �^�Z�g�b�o�� �^�h�^�Z�l�d�Z���� �G�Z�� �j�b�k������ �i�h�d�Z�a�Z�g�•�� �a�Z��
�e�_�`�g�h�k�l�•���\�•�^�g�h�k�g�h�]�h���\�•�^�o�b�e�_�g�g�y����� ��Q��-N0/n)/N0/n  �\�•�^�����^�h�\�`�b�g�b���\�•�d�g�Z��n �i�j�b���j�•�a�g�b�o���a�g�Z��
�q�_�g�g�y�o���%�(�5�� 

�:�g�Z�e�•�a �^�Z�g�b�o �l�Z�[�e.1 �• �a�Z�e�_�`�g�h�k�l�_�c �g�Z �j�b�k.1 �i�h�d�Z�a�m�}, �s�h �i�j�b �a�[�•�e�v�r�_�g�g�• �^�h�\�`�b�g�b 
�\�•�d�g�Z �•  �•�g�l�_�g�k�b�\�g�h�k�l�• �a�Z�\�Z�^ (BER) �d�•�e�v�d�•�k�l�v �\�b�d�j�b�\�e�_�g�b�o �a�Z�\�Z�^�Z�f�b �n�j�_�c�f�•�\, �y�d�• �g�_�h�[��
�o�•�^�g�h �i�_�j�_�^�Z�l�b �g�Z �^�j�m�]�h�f�m �_�l�Z�i�• �i�j�b �a�Z�i�h�\�g�_�g�g�• �d�h�\�a�g�h�]�h �\�•�d�g�Z  �g�Z�k�l�m�i�g�b�f �[�e�h�d�h�f 
�n�j�_�c�f�•�\, �a�[�•�e�v�r�m�}�l�v�k�y. �P�_�c�� �g�Z�k�l�m�i�g�b�c�� �[�e�h�d�� �f�•�k�l�b�l�v�� �y�d�� �\�b�d�j�b�\�e�_�g�•�� �g�Z�� �i�_�j�r�h�f�m�� �_�l�Z�i�•��
�n�j�_�c�f�b�� �l�Z�d�� �•�� �g�Z�k�l�m�i�g�•�� �a�Z�� �i�h�k�e�•�^�h�\�g�•�k�l�x�� �n�j�_�c�f�b���� �y�d�•�� �i�_�j�_�^�Z�x�l�v�k�y�� �i�_�j�r�b�c�� �j�Z�a���� �I�j�b��
�i�h�j�•�\�g�y�g�h�� �g�_�\�_�e�b�d�h�f�m�� �j�•�\�g�•�� �i�h�f�b�e�h�d�� �%�(�5� �� ���-����-7 �g�Z�\�•�l�v�� �i�j�b�� �\�_�e�b�d�•�c�� �^�h�\�`�b�g�•�� �\�•�d�g�Z��
n� �������d�•�e�v�d�•�k�l�v���d�h�i�•�c���n�j�_�c�f�•�\�����s�h���i�_�j�_�^�Z�x�l�v�k�y���m���k�d�e�Z�^�•���\�•�d�g�Z���g�Z���^�j�m�]�h�f�m���_�l�Z�i�•���g�_���i�_�j�_��
�\�b�s�m�}���������� 

�I�j�b�� �%�(�5� ����-6 �p�y�� �d�•�e�v�d�•�k�l�v�� �\�`�_�� �k�d�e�Z�^�Z�}�� �������� �l�h�[�l�h�� �g�_�� �f�h�`�g�Z�� �\�b�d�e�x�q�b�l�b���� �s�h�� �q�Z��
�k�l�b�g�Z���a���p�b�o���\�b�d�j�b�\�e�_�g�b�o���g�Z���i�_�j�r�h�f�m���_�l�Z�i�•���i�_�j�_�^�Z�q�•���n�j�_�c�f�•�\���[�m�^�_���i�h�\�l�h�j�g�h���\�b�d�j�b�\�e�_�g�Z��
�i�j�b���i�_�j�_�^�Z�q�•���g�Z���^�j�m�]�h�f�m���_�l�Z�i�•���•���m�\�•�c�^�_���\���k�d�e�Z�^���l�j�_�l�v�h�]�h���\�•�d�g�Z�����P�_���i�j�b�\�_�^�_���^�h���i�h�f�•�l�g�h�]�h��
�a�[�•�e�v�r�_�g�g�y���a�Z�l�j�b�f�d�b�����g�_�h�[�o�•�^�g�h�€���^�e�y���n�h�j�f�m�\�Z�g�g�y���\�•�j�g�h�€���i�h�k�e�•�^�h�\�g�h�k�l�•���a���������n�j�_�c�f�•�\���i�h��
�l�h�d�m�����s�h���i�h�k�l�m�i�b�e�Z���a���f�_�j�_�`�_�\�h�]�h���j�•�\�g�y���\�•�^�i�j�Z�\�g�b�d�Z���g�Z���c�h�]�h���d�Z�g�Z�e�v�g�b�c���j�•�\�_�g�v�� 
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�I�j�b�� �i�•�^�\�b�s�_�g�h�f�m�� �j�•�\�g�•�� �a�Z�\�Z�^�� ���%�(�5� �� ���-����-6���� �k�b�l�m�Z�p�•�y�� �k�m�l�l�}�\�h�� �i�h�]�•�j�r�m�}�l�v�k�y���� �s�h��
�\�•�^�h�[�j�Z�`�Z�}�l�v�k�y���\�_�j�o�g�v�h�x���d�j�b�\�h�x���g�Z���j�b�k���������Y�d�s�h���i�j�b���g�_�\�_�e�b�d�h�f�m���\�•�d�g�•���a��n� �����d�•�e�v�d�•�k�l�v��
�\�b�d�j�b�\�e�_�g�b�o���g�Z���i�_�j�r�h�f�m���_�l�Z�i�•���i�_�j�_�^�Z�q�•���n�j�_�c�f�•�\���g�Z�[�e�b�`�m�}�l�v�k�y���^�h�����������l�h���i�j�b��n� �������\�h�g�Z��
�\�`�_���k�d�e�Z�^�Z�}�������������I�j�b���p�v�h�f�m���•�k�g�m�}���k�m�l�l�}�\�Z���•�f�h�\�•�j�g�•�k�l�v���\�b�d�h�j�b�k�l�Z�g�g�y���l�j�_�l�v�h�]�h���•���q�_�l�\�_�j��
�l�h�]�h���_�l�Z�i�•�\���i�_�j�_�^�Z�q�•���^�e�y���n�h�j�f�m�\�Z�g�g�y���g�_�h�[�o�•�^�g�h�€���i�h�k�e�•�^�h�\�g�h�k�l�•���n�j�_�c�f�•�\�����S�h�[���m�g�b�d�g�m�l�b��
�p�v�h�]�h���y�\�b�s�Z�����y�d�_���k�m�l�l�}�\�h���a�f�_�g�r�m�}���k�f�m�]�m���i�j�h�i�m�k�d�Z�g�g�y���f�_�j�_�`�•�����i�h�l�j�•�[�g�h���h�[�f�_�`�b�l�b���^�h�\��
�`�b�g�m���\�•�d�g�Z���^�h��n� �����i�j�b���%�(�5� �����-����-6 �•����n� �������i�j�b���%�(�5� ����-6. 

 
�J�b�k�p�g�h�d��1 - �<�•�^�g�h�k�g�_���a�[�•�e�v�r�_�g�g�y���a�Z�]�Z�e�v�g�h�€���d�•�e�v�d�h�k�l�•���n�j�_�c�f�•�\�������\�•�^���^�h�\�`�b�g�b 

�\�•�d�g�Z n�����x- �%�(�5� �����-����-7���”- BER=10-6�����v- �%�(�5� �����-����-6. 
 
�<�b�k�g�h�\�d�b���� �>�h�k�e�•�^�`�_�g�h�� �i�j�h�p�_�k�� �d�h�g�\�_�}�j�g�h�€�� �i�_�j�_�^�Z�q�•�� �n�j�_�c�f�•�\�� �•�g�n�h�j�f�Z�p�•�€�� �g�Z�� �^�j�m��

�]�h�f�m���j�•�\�g�•���\���a�Z�r�m�f�e�_�g�b�o���d�Z�g�Z�e�Z�o���d�h�f�i�¶�x�l�_�j�g�b�o���f�_�j�_�`�����<���y�d�h�k�l�•���f�h�^�_�e�v�g�h�]�h���a�Z�k�l�h�k�h�\�Z��
�g�h�� �]�Z�m�k�h�\�k�v�d�b�c�� �d�Z�g�Z�e�� �[�_�a�� �i�Z�f�¶�y�l�•���� �\�� �y�d�h�f�m�� �[�•�l�h�\�•�� �i�h�f�b�e�d�b�� �}�� �g�_�a�Z�e�_�`�g�b�f�b�� �•�� �j�•�\�g�h�f�•�j�g�h��
�j�h�a�i�h�^�•�e�_�g�b�f�b�� �i�h�� �j�h�a�j�y�^�Z�o�� �•�g�n�h�j�f�Z�p�•�€���� �s�h�� �i�_�j�_�^�Z�}�l�v�k�y���� �1�g�l�_�g�k�b�\�g�•�k�l�v�� �i�h�f�b�e�h�d�� �\�•�^�h�[��
�j�Z�`�Z�}�l�v�k�y���i�Z�j�Z�f�_�l�j�h�f���%�(�5�����%�L�W���(�U�U�R�U���5�D�W�H���� 

�I�_�j�_�^�Z�q�Z�� �•�g�n�h�j�f�Z�p�•�€�� �a�^�•�c�k�g�x�}�l�v�k�y�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �[�e�h�d�•�\�� �n�j�_�c�f�•�\���� �j�h�a�f�•�j�� �[�e�h�d�•�\��
�k�i�•�\�i�Z�^�Z�}���a���j�h�a�f�•�j�h�f���d�h�\�a�g�h�]�h���\�•�d�g�Z�����<�b�a�g�Z�q�_�g�h���a�Z�e�_�`�g�•�k�l�v���a�Z�]�Z�e�v�g�h�€���d�•�e�v�d�h�k�l�•���n�j�_�c�f�•�\��
�i�_�j�_�^�Z�g�b�o�� �m�k�i�•�r�g�h�� �•�� �i�h�r�d�h�^�`�_�g�b�o�� �i�j�b�� �i�_�j�_�^�Z�q�•�� �\�•�^�� �h�[�¶�}�f�m�� �^�h�^�Z�l�d�m���� �s�h�� �i�_�j�_�^�Z�}�l�v�k�y����
�^�h�\�`�b�g�b���\�•�d�g�Z���•���•�f�h�\�•�j�g�h�k�l�•���m�k�i�•�r�g�h�€���i�_�j�_�^�Z�q�•���c�h�]�h���[�e�h�d�m�� 

�I�h�d�Z�a�Z�g�h�����s�h���i�j�b���a�[�•�e�v�r�_�g�g�•���^�h�\�`�b�g�b���\�•�d�g�Z���•�����•�g�l�_�g�k�b�\�g�h�k�l�•���a�Z�\�Z�^�����%�(�5�����d�•�e�v�d�•�k�l�v��
�\�b�d�j�b�\�e�_�g�b�o���a�Z�\�Z�^�Z�f�b���n�j�_�c�f�•�\�����y�d�•���g�_�h�[�o�•�^�g�h���i�_�j�_�^�Z�l�b���g�Z���^�j�m�]�h�f�m���_�l�Z�i�•���i�j�b���a�Z�i�h�\�g�_�g��
�g�•���d�h�\�a�g�h�]�h���\�•�d�g�Z�����g�Z�k�l�m�i�g�b�f���[�e�h�d�h�f���n�j�_�c�f�•�\�����a�[�•�e�v�r�m�}�l�v�k�y�� 

�I�j�b���i�h�j�•�\�g�y�g�h���g�_�\�_�e�b�d�h�f�m���j�•�\�g�•���i�h�f�b�e�h�d�����%�(�5� �����-����-7 �g�Z�\�•�l�v���i�j�b���\�_�e�b�d�•�c���^�h�\�`�b�g�•��
�\�•�d�g�Z��n� �������d�•�e�v�d�•�k�l�v���d�h�i�•�c���n�j�_�c�f�•�\�����s�h���i�_�j�_�^�Z�x�l�v�k�y���m���k�d�e�Z�^�•���\�•�d�g�Z���g�Z���^�j�m�]�h�f�m���_�l�Z�i�•���g�_��
�i�_�j�_�\�b�s�m�}�� ���������� �I�j�b�� �%�(�5� ����-6 �p�y�� �d�•�e�v�d�•�k�l�v�� �\�`�_�� �k�d�e�Z�^�Z�}�� �������� �l�h�[�l�h�� �q�Z�k�l�b�g�Z�� �a�� �p�b�o��
�n�j�_�c�f�•�\�� �[�m�^�_�� �i�h�\�l�h�j�g�h�� �\�b�d�j�b�\�e�_�g�Z�� �i�j�b�� �i�_�j�_�^�Z�q�• �g�Z�� �^�j�m�]�h�f�m�� �_�l�Z�i�•�� �•�� �m�\�•�c�^�_�� �\�� �k�d�e�Z�^��
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�l�j�_�l�v�h�]�h���\�•�d�g�Z�����P�_���i�j�b�\�_�^�_���^�h���a�[�•�e�v�r�_�g�g�y���q�Z�k�m�����g�_�h�[�o�•�^�g�h�]�h���^�e�y���n�h�j�f�m�\�Z�g�g�y���i�h�k�e�•�^�h�\��
�g�h�k�l�•�� �n�j�_�c�f�•�\�� �s�h�� �i�h�k�l�m�i�b�e�Z�� �a�� �f�_�j�_�`�_�\�h�]�h�� �j�•�\�g�y�� �\�•�^�i�j�Z�\�g�b�d�Z���� �I�j�b�� �i�•�^�\�b�s�_�g�h�f�m�� �j�•�\�g�•��
�a�Z�\�Z�^�� ���%�(�5� �� ���-����-6���� �k�b�l�m�Z�p�•�y�� �s�_�� �k�m�l�l�}�\�h�� �i�h�]�•�j�r�m�}�l�v�k�y���� �S�h�[���g�_�� �^�h�i�m�k�l�b�l�b�� �k�m�l�l�}�\�h�]�h��
�a�f�_�g�r�_�g�g�y�� �k�f�m�]�b�� �i�j�h�i�m�k�d�Z�g�g�y�� �f�_�j�_�`�•���� �i�h�l�j�•�[�g�h�� �h�[�f�_�`�b�l�b�� �^�h�\�`�b�g�m�� �\�•�d�g�Z�� �^�h��n� ���� �i�j�b��
�%�(�5� �����-����-6 �•����n� �������i�j�b���%�(�5� ����-6. 
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The pipeline transmission of frame blocks in noisy computer channels 
The process of pipeline transmission of information frames at the second level in noisy 

channels of computer networks has been studied. As a model, we use a Gaussian memoryless 
channel, in which bit errors are independent and uniformly distributed over the bits of the 
transmitted information. The error intensity is reflected by the BER (Bit Error Rate) parame-
ter. Information is transmitted using frame blocks, the size of the blocks coincides with the 
size of the sliding window. The dependence of the total number of frames transmitted success-
fully and damaged during transmission on the volume of the transmitted application, the 
length of the window and the probability of its successful transmission has been determined. 
Analysis of the obtained data shows that with increasing window length and interference in-
tensity (BER), the number of frames distorted at the first stage of transmission increases. The 
distorted frames must be transmitted at the second stage when filling the sliding window with 
the next block of frames. This next block contains both the frames distorted at the first stage 
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and the frames following in sequence, which are transmitted for the first time. It is shown that 
�Z�L�W�K�� �D�� �U�H�O�D�W�L�Y�H�O�\�� �V�P�D�O�O�� �H�U�U�R�U�� �U�D�W�H�� �%�(�5� ��������-7 and the use of the window contained n=40 
standard frames, the number of copies of damaged frames transmitted as part of the window 
at the second stage does not exceed 20%. At BER=10-6 this number is already 40%, i.e. some 
of these frames will be re-distorted during transmission at the second stage and will be in-
cluded in the third window. This will lead to an increase in the time required to form the same 
sequence of frames that arrived from the third network layer. At higher interference levels 
���%�(�5� ����������-6), the situation worsens significantly. If, with a small window of n=8, the number 
of frames distorted at the first stage of transmission approaches 40, then at n=40 it is already 
92%. In this case, there is a significant probability of using the third and fourth stages of 
transmission to form the required sequence of frames. To avoid a significant reduction in 
network throughput, it is necessary to limit the window length to n� ���� �D�W�� �%�(�5� �� ��������-6 and 
n=20 at BER=10-6. 

 

�O�Z�g�^�_�p�v�d�b�c �<�h�e�h�^�b�f�b�j �K�_�j�]�•�c�h�\�b�q �± � .̂�l.�g., �i�j�h�n�_�k�h�j, �a�Z�\. �d�Z�n�_�^�j�b �_�e�_�d�l�j�h�g�g�b�o �h�[��
�q�b�k�e�x�\�Z�e�v�g�b�o �f�Z�r�b�g �>�g�•�i�j�h�\�k�v�d�h�]�h �g�Z�p�•�h�g�Z�e�v�g�h�]�h �m�g�•�\�_�j�k�b�l�_�l�m �•�f. �H�e�_�k�y �=�h�g�q�Z�j�Z.  
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�\�h�j�x�\�Z�g�•�k�l�v���j�_�a�m�e�v�l�Z�l�•�\���•���a�j�m�q�g�•�k�l�v���Z�g�Z�e�•�a�m�����<���j�h�[�h�l�•���\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�v���^�\�Z���•�g�l�_�]�j�h�\�Z��
�g�b�o�� �k�_�j�_�^�h�\�b�s�Z�� �j�h�a�j�h�[�d�b�� ���,�'�(������ �y�d�•�� �}�� �^�_-�n�Z�d�l�h�� �k�l�Z�g�^�Z�j�l�Z�f�b�� �^�e�y�� �\�•�^�i�h�\�•�^�g�b�o�� �f�h�\�� �i�j�h��
�]�j�Z�f�m�\�Z�g�g�y [2-5]. 

�>�e�y�� �j�_�Z�e�•�a�Z�p�•�€�� �l�Z�� �l�_�k�l�m�\�Z�g�g�y�� �i�Z�l�_�j�g�•�\�� �f�h�\�Z�f�b�� �&������ �&������ �l�Z�� �3�\�W�K�R�Q�� �� �h�[�j�Z�g�h�� �k�_�j�_�^�h��
�\�b�s�_���0�L�F�U�R�V�R�I�W���9�L�V�X�D�O���6�W�X�G�L�R�����Z���^�e�y���f�h�\�b���-�D�Y�D��-  �k�_�j�_�^�h�\�b�s�_���,�Q�W�H�O�O�L�-���,�'�(�� 

�>�e�y���a�Z�[�_�a�i�_�q�_�g�g�y���d�h�j�_�d�l�g�h�k�l�•���l�Z���\�•�^�l�\�h�j�x�\�Z�g�h�k�l�•���j�_�a�m�e�v�l�Z�l�•�\�����\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�y��
�k�l�Z�g�^�Z�j�l�g�•�� �[�•�[�e�•�h�l�_�d�b�� �f�h�\�� �i�j�h�]�j�Z�f�m�\�Z�g�g�y���� �[�_�a�� �a�Z�e�m�q�_�g�g�y�� �k�l�h�j�h�g�g�•�o�� �n�j�_�c�f�\�h�j�d�•�\���� �s�h�[��
�m�g�b�d�g�m�l�b���\�i�e�b�\�m���a�h�\�g�•�r�g�•�o���h�i�l�b�f�•�a�Z�p�•�c�����m�g�•�n�•�d�h�\�Z�g�h���e�h�]�•�d�m���i�j�b�d�e�Z�^�•�\�����Z�[�b���\�k�•���j�_�Z�e�•�a�Z��
�p�•�€���i�Z�l�_�j�g�•�\���\�b�d�h�g�m�\�Z�e�b���h�^�g�Z�d�h�\�•���^�•�€���l�Z���f�Z�e�b���i�h�j�•�\�g�x�\�Z�g�m���k�d�e�Z�^�g�•�k�l�v�����\�b�d�h�j�b�k�l�Z�g�h���\�[�m��
�^�h�\�Z�g�•�� �a�Z�k�h�[�b�� �\�b�f�•�j�x�\�Z�g�g�y�� �q�Z�k�m�� �\�b�d�h�g�Z�g�g�y���� �^�h�k�l�m�i�g�•�� �m�� �\�•�^�i�h�\�•�^�g�b�o�� �f�h�\�Z�o�� �i�j�h�]�j�Z�f�m��
�\�Z�g�g�y���� �a�Z�[�_�a�i�_�q�_�g�h�� �h�^�g�Z�d�h�\�•�� �m�f�h�\�b�� �a�Z�i�m�k�d�m�� �i�j�h�]�j�Z�f���� �a�h�d�j�_�f�Z�� �a�Z�i�m�k�d�� �m�� �j�_�`�b�f�•�� �5�H�O�H�D�V�H��
���^�_�� �p�_�� �f�h�`�e�b�\�h���� �l�Z�� �\�b�f�d�g�_�g�g�y�� �a�Z�c�\�b�o�� �n�h�g�h�\�b�o�� �i�j�h�p�_�k�•�\���� �i�j�h�\�_�^�_�g�h�� �i�h�i�_�j�_�^�g�}�� �l�_�k�l�m��
�\�Z�g�g�y���k�_�j�_�^�h�\�b�s�����s�h�[���i�_�j�_�d�h�g�Z�l�b�k�y���m���d�h�j�_�d�l�g�h�k�l�•���g�Z�e�Z�r�l�m�\�Z�g�v���•���k�l�Z�[�•�e�v�g�h�k�l�•���\�b�d�h�g�Z�g��
�g�y���>���@�� 

�>�_�l�Z�e�v�g�h�� �i�j�h�Z�g�Z�e�•�a�h�\�Z�g�h�� �i�¶�y�l�v�� �d�e�x�q�h�\�b�o�� �i�h�j�h�^�`�m�\�Z�e�v�g�b�o�� �i�Z�l�_�j�g�•�\���� �)�D�F�W�R�U�\��
�0�H�W�K�R�G���� �$�E�V�W�U�D�F�W�� �)�D�F�W�R�U�\���� �%�X�L�O�G�H�U���� �3�U�R�W�R�W�\�S�H�� �l�Z�� �6�L�Q�J�O�H�W�R�Q���� �>�e�y�� �d�h�`�g�h�]�h�� �a�� �g�b�o�� �\�b�a�g�Z�q�_�g�h��
�k�n�_�j�m�� �a�Z�k�l�h�k�m�\�Z�g�g�y���� �i�_�j�_�\�Z�]�b���� �h�[�f�_�`�_�g�g�y�� �l�Z�� �l�b�i�h�\�•�� �k�p�_�g�Z�j�•�€�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �m�� �k�m�q�Z�k�g�b�o��
�i�j�h�]�j�Z�f�g�b�o���k�b�k�l�_�f�Z�o�����>�e�y���a�Z�[�_�a�i�_�q�_�g�g�y���d�h�j�_�d�l�g�h�k�l�•���l�Z���h�[�¶�}�d�l�b�\�g�h�k�l�•���Z�g�Z�e�•�a�m���\�k�•���i�Z�l�_�j��
�g�b�� �j�_�Z�e�•�a�h�\�m�\�Z�e�b�k�y�� �a�� �h�^�g�Z�d�h�\�h�x�� �e�h�]�•�q�g�h�x�� �k�l�j�m�d�l�m�j�h�x���� �s�h�� �^�h�a�\�h�e�b�e�h�� �[�_�a�i�h�k�_�j�_�^�g�v�h��
�i�h�j�•�\�g�x�\�Z�l�b�� �h�l�j�b�f�Z�g�•�� �j�•�r�_�g�g�y���� �J�_�Z�e�•�a�Z�p�•�€�� �[�m�e�b�� �\�b�d�h�g�Z�g�•�� �a�� �m�j�Z�o�m�\�Z�g�g�y�f�� �h�k�h�[�e�b�\�h�k�l�_�c��
�d�h�`�g�h�€���f�h�\�b���i�j�h�]�j�Z�f�m�\�Z�g�g�y�����a�h�d�j�_�f�Z���f�h�^�_�e�_�c���l�b�i�•�a�Z�p�•�€�����k�b�g�l�Z�d�k�b�q�g�b�o���d�h�g�k�l�j�m�d�p�•�c�����f�_��
�o�Z�g�•�a�f�•�\���d�_�j�m�\�Z�g�g�y���i�Z�f�¶�y�l�l�x���l�Z���k�l�Z�g�^�Z�j�l�g�b�o���[�•�[�e�•�h�l�_�d�� 

�>�e�y���i�h�j�•�\�g�y�e�v�g�h�]�h���Z�g�Z�e�•�a�m���h�p�•�g�x�\�Z�g�g�y���a�^�•�c�k�g�x�\�Z�e�h�k�v���a�Z���l�Z�d�b�f�b���d�j�b�l�_�j�•�y�f�b�����y�d�� 
�x �d�•�e�v�d�•�k�l�v���j�y�^�d�•�\���d�h�^�m�����/�2�&���� 
�x �k�d�e�Z�^�g�•�k�l�v���g�Z�i�b�k�Z�g�g�y���l�Z���h�[�k�y�]���r�Z�[�e�h�g�g�h�]�h���d�h�^�m�� 
�x �l�b�i�•�a�Z�p�•�y���l�Z���€�€���\�i�e�b�\���g�Z���Z�j�o�•�l�_�d�l�m�j�g�m���k�l�j�h�]�•�k�l�v�� 
�x �a�j�m�q�g�•�k�l�v���j�_�Z�e�•�a�Z�p�•�€���l�Z���q�b�l�Z�[�_�e�v�g�•�k�l�v���d�h�^�m�� 
�x �i�h�l�_�g�p�•�c�g�Z���_�n�_�d�l�b�\�g�•�k�l�v���\�b�d�h�g�Z�g�g�y���l�Z���h�k�h�[�e�b�\�h�k�l�•���d�h�f�i�•�e�y�p�•�€���Z�[�h���a�Z�i�m�k�d�m�� 
 �I�_�j�r�b�f���j�h�a�]�e�y�^�Z�\�k�y���i�Z�l�_�j�g��Factory Method, �^�e�y���c�h�]�h���h�[�¶�}�d�l�b�\�g�h�]�h���Z�g�Z�e�•�a�m���\�b�d�h��

�j�b�k�l�h�\�m�\�Z�e�Z�k�v�� �h�^�g�Z�d�h�\�Z�� �e�h�]�•�q�g�Z�� �j�_�Z�e�•�a�Z�p�•�y���� �y�d�Z�� �k�l�\�h�j�x�\�Z�e�Z�� �� �^�\�Z�� �i�j�h�^�m�d�l�b�� ���3�U�R�G�X�F�W�$����
�3�U�R�G�X�F�W�%������ �a�Z�k�l�h�k�h�\�m�\�Z�e�Z�� �Z�[�k�l�j�Z�d�l�g�b�c�� �&�U�H�D�W�R�U���� �h�[�¶�}�d�l�b�� �k�l�\�h�j�x�\�Z�e�b�k�y�� �q�_�j�_�a�� �i�_�j�_�\�b�a�g�Z��
�q�_�g�b�c�� �I�D�F�W�R�U�\�� �P�H�W�K�R�G���� �\�b�d�h�g�m�\�Z�e�Z�� �h�^�g�Z�d�h�\�m�� �d�•�e�v�d�•�k�l�v�� �h�i�_�j�Z�p�•�c���� �J�_�a�m�e�v�l�Z�l�b�� �i�h�j�•�\�g�y�g�g�y��
�g�Z�\�_�^�_�g�•���m���l�Z�[�e�b�p�y�o�������l�Z������ 

�L�Z�[�e�b�p�y���� 
�A�Z�]�Z�e�v�g�_���i�h�j�•�\�g�y�g�g�y 

�F�h�\�Z LOC Boilerplate 
code 

�K�d�e�Z� �̂g�•�k�l�v��
�g�Z�i�b�k�Z�g�g�y 

�D�h�f�_�g�l�Z�j 

C++ ~95 �<�b�k�h�d�b�c �<�b�k�h�d�Z �G�Z�c�[�•�e�v�r�b�c�� �d�h�g�l�j�h�e�v���� �Z�e�_��
�k�d�e�Z�^�g�b�c 

Java ~90 �<�b�k�h�d�b�c �K�_�j�_� �̂g�y �D�e�Z�k�b�q�g�b�c���*�R�)-�_�l�Z�e�h�g 
C# ~70 �K�_�j�_�^�g�•�c �K�_�j�_� �̂g�v�h-

�g�b�a�v�d�Z 
�K�b�g�l�Z�d�k�b�q�g�•���k�i�j�h�s�_�g�g�y 

Python ~50 �G�b�a�v�d�b�c �G�b�a�v�d�Z �G�Z�c�d�h�j�h�l�r�b�c���•���g�Z�c�]�g�m�q�d�•�r�b�c 
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�L�Z�[�e�b�p�y���� 

�F�h�\�Z �<�i�e�b�\���g�Z���i�Z�l�_�j�g 
C++ �I�Z�l�_�j�g���i�h�l�j�•�[�g�b�c���^�e�y���d�h�g�l�j�h�e�x 
Java �I�Z�l�_�j�g���²  �Z�j�o�•�l�_�d�l�m�j�g�b�c���k�l�Z�g�^�Z�j�l 
C# �I�Z�l�_�j�g���f�h�`�g�Z���k�i�j�h�k�l�b�l�b 
Python �I�Z�l�_�j�g���q�Z�k�l�h���d�h�g�p�_�i�l�m�Z�e�v�g�b�c 

 
�>�e�y���a�Z�[�_�a�i�_�q�_�g�g�y���d�h�j�_�d�l�g�h�k�l�•���l�Z���\�•�^�l�\�h�j�x�\�Z�g�h�k�l�•���j�_�a�m�e�v�l�Z�l�•�\���Z�g�Z�e�•�a�m���\�b�d�h�j�b�k�l�Z�g�h��

�•�^�_�g�l�b�q�g�m���e�h�]�•�q�g�m���k�l�j�m�d�l�m�j�m���i�Z�l�_�j�g�Z��Abstract Factory �^�e�y���\�k�•�o���q�h�l�b�j�v�h�o���f�h�\���i�j�h�]�j�Z�f�m��
�\�Z�g�g�y�>��-���@�����J�_�Z�e�•�a�Z�p�•�y���[�Z�a�m�}�l�v�k�y���g�Z���d�e�Z�k�b�q�g�h�f�m���*�R�)-�i�•�^�o�h�^�•���l�Z���f�Z�}���l�Z�d�•���k�i�•�e�v�g�•���o�Z�j�Z�d�l�_��
�j�b�k�l�b�d�b���� �\�b�a�g�Z�q�_�g�h�� �^�\�Z�� �l�b�i�b�� �Z�[�k�l�j�Z�d�l�g�b�o�� �i�j�h�^�m�d�l�•�\�� ���3�U�R�G�X�F�W�$���� �3�U�R�G�X�F�W�%������ �j�_�Z�e�•�a�h�\�Z�g�h��
�^�\�Z���k�•�f�_�c�k�l�\�Z���d�h�g�d�j�_�l�g�b�o���i�j�h�^�m�d�l�•�\�����)�D�P�L�O�\�������l�Z���)�D�P�L�O�\�����������k�l�\�h�j�_�g�h���Z�[�k�l�j�Z�d�l�g�m���n�Z�[�j�b��
�d�m���a���f�_�l�h�^�Z�f�b���k�l�\�h�j�_�g�g�y���d�h�`�g�h�]�h���l�b�i�m���i�j�h�^�m�d�l�•�\�����d�e�•�}�g�l�k�v�d�b�c���d�h�^���i�j�Z�p�x�}���\�b�d�e�x�q�g�h���a��
�Z�[�k�l�j�Z�d�p�•�y�f�b�����[�_�a���a�g�Z�g�g�y���d�h�g�d�j�_�l�g�b�o���d�e�Z�k�•�\�����a�Z�f�•�g�Z���n�Z�[�j�b�d�b���i�h�\�g�•�k�l�x���a�f�•�g�x�}���k�•�f�_�c�k�l��
�\�h�� �k�l�\�h�j�x�\�Z�g�b�o�� �h�[�¶�}�d�l�•�\�� �[�_�a�� �f�h�^�b�n�•�d�Z�p�•�€�� �d�e�•�}�g�l�Z���� �J�_�a�m�e�v�l�Z�l�b�� �i�h�j�•�\�g�y�g�g�y�� �g�Z�\�_�^�_�g�•�� �m��
�l�Z�[�e�b�p�y�o�������l�Z������ 

�L�Z�[�e�b�p�y���� 
�A�Z�]�Z�e�v�g�_���i�h�j�•�\�g�y�g�g�y 

�F�h�\�Z LOC 
���§�� 

Boilerplate 
code 

�K�d�e�Z� �̂g�•�k�l�v��
�g�Z�i�b�k�Z�g�g�y 

�D�h�f�_�g�l�Z�j 

C++ ~150 �>�m�`�_���\�b�k�h�d�b�c �<�b�k�h�d�Z �F�Z�d�k�b�f�Z�e�v�g�Z�� �k�l�j�h�]�•�k�l�v���� �k�d�e�Z�^�g�_��
�d�_�j�m�\�Z�g�g�y���i�Z�f�¶�y�l�l�x 

Java ~145 �>�m�`�_���\�b�k�h�d�b�c �K�_�j�_�^�g�v�h-
�\�b�k�h�d�Z 

�D�e�Z�k�b�q�g�b�c�� �_�l�Z�e�h�g�� �*�R�)���� �^�h�[�j�_��
�f�Z�k�r�l�Z�[�m�}�l�v�k�y 

C# ~130 �<�b�k�h�d�b�c �K�_�j�_�^�g�y �F�_�g�r�_�� �r�Z�[�e�h�g�g�h�]�h�� �d�h�^�m���� �g�•�`�� �m��
Java 

Python ~95 �G�b�a�v�d�b�c �G�b�a�v�d�Z �G�Z�c�d�h�f�i�Z�d�l�g�•�r�Z���j�_�Z�e�•�a�Z�p�•�y 

 
�L�Z�[�e�b�p�y������ 

�F�h�\�Z �<�i�e�b�\���g�Z���i�Z�l�_�g�j 
C++ �I�Z�l�_�j�g���d�j�b�l�b�q�g�h���\�Z�`�e�b�\�b�c���^�e�y���[�_�a�i�_�d�b���l�Z���d�h�g�l�j�h�e�x 
Java �I�Z�l�_�j�g���}���Z�j�o�•�l�_�d�l�m�j�g�b�f���k�l�Z�g�^�Z�j�l�h�f 

C# �>�h�a�\�h�e�y�}���k�i�j�h�k�l�b�l�b���j�_�Z�e�•�a�Z�p�•�x���[�_�a���\�l�j�Z�l�b���k�l�j�m�d�l�m�j�b 
Python �I�Z�l�_�j�g���g�h�k�b�l�v���d�h�g�p�_�i�l�m�Z�e�v�g�b�c���o�Z�j�Z�d�l�_�j 

 
�>�e�y�� �Z�g�Z�e�•�a�m�� �i�Z�l�_�j�g�Z��Builder  �\�b�d�h�j�b�k�l�Z�g�h�� �h�^�g�Z�d�h�\�m�� �e�h�]�•�q�g�m�� �f�h�^�_�e�v�� �i�h�[�m�^�h�\�b��

�k�d�e�Z�^�g�h�]�h�� �h�[�¶�}�d�l�Z���� �y�d�Z�� �i�h�\�g�•�k�l�x�� �\�•�^�i�h�\�•�^�Z�}�� �d�e�Z�k�b�q�g�h�f�m�� �h�i�b�k�m�� �*�R�)���� �g�Z�y�\�g�b�c�� �k�d�e�Z�^�g�b�c��
�i�j�h�^�m�d�l���a���l�j�v�h�f�Z���q�Z�k�l�b�g�Z�f�b�����3�D�U�W�$�����3�D�U�W�%�����3�D�U�W�&�������\�b�a�g�Z�q�_�g�h���•�g�l�_�j�n�_�c�k���%�X�L�O�G�H�U�����s�h���h�i�b��
�k�m�}���i�h�_�l�Z�i�g�_���k�l�\�h�j�_�g�g�y���i�j�h�^�m�d�l�m�����j�_�Z�e�•�a�h�\�Z�g�h���&�R�Q�F�U�H�W�H�%�X�L�O�G�H�U�����y�d�b�c���•�g�d�Z�i�k�m�e�x�}���i�j�h�p�_�k��
�k�d�e�Z�^�Z�g�g�y���� �\�b�d�h�j�b�k�l�Z�g�h�� �'�L�U�H�F�W�R�U���� �s�h�� �a�Z�^�Z�}�� �n�•�d�k�h�\�Z�g�b�c���i�h�j�y�^�h�d�� �i�h�[�m�^�h�\�b���� �d�e�•�}�g�l�� �h�l�j�b��
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�f�m�}�� �]�h�l�h�\�b�c�� �i�j�h�^�m�d�l�� �e�b�r�_�� �i�•�k�e�y���a�Z�\�_�j�r�_�g�g�y�� �d�h�g�k�l�j�m�x�\�Z�g�g�y���� �J�_�a�m�e�v�l�Z�l�b�� �i�h�j�•�\�g�y�g�g�y��
�g�Z�\�_�^�_�g�•���m���l�Z�[�e�b�p�y�o�������l�Z������ 

�L�Z�[�e�b�p�y���� 
�A�Z�]�Z�e�v�g�_���i�h�j�•�\�g�y�g�g�y 

�F�h�\�Z �/�2�&�����§�� Boilerplate 
code 

�K�d�e�Z� �̂g�•�k�l�v��
�g�Z�i�b�k�Z�g�g�y 

�D�h�f�_�g�l�Z�j 

C++ ~120 �<�b�k�h�d�b�c �<�b�k�h�d�Z �F�Z�d�k�b�f�Z�e�v�g�b�c�� �d�h�g�l�j�h�e�v����
�f�•�g�•�f�Z�e�v�g�•���U�X�Q�W�L�P�H-�\�b�l�j�Z�l�b 

Java ~115 �<�b�k�h�d�b�c �K�_�j�_�^�g�v�h-
�\�b�k�h�d�Z 

�D�Z�g�h�g�•�q�g�Z���*�R�)-�j�_�Z�e�•�a�Z�p�•�y 

C# ~105 �K�_�j�_�^�g�•�c �K�_�j�_� �̂g�y �F�_�g�r�_���r�Z�[�e�h�g�g�h�]�h���d�h�^�m 
Python ~80 �G�b�a�v�d�b�c �G�b�a�v�d�Z �G�Z�c�d�h�f�i�Z�d�l�g�•�r�Z���j�_�Z�e�•�a�Z�p�•�y 

 
�L�Z�[�e�b�p�y������ 

�F�h�\�Z �<�i�e�b�\���g�Z���i�Z�l�_�j�g 
C++ �a�Z�[�_�a�i�_�q�m�}���k�l�j�h�]�b�c���d�h�g�l�j�h�e�v���k�l�j�m�d�l�m�j�b 
Java �i�Z�l�_�j�g���n�h�j�f�Z�e�•�a�m�}���k�d�e�Z�^�g�•���d�h�g�k�l�j�m�d�l�h�j�b 
C# �q�Z�k�l�h���d�h�f�[�•�g�m�}�l�v�k�y���a���I�O�X�H�Q�W-�•�g�l�_�j�n�_�c�k�Z�f�b 
Python �f�Z�}���[�•�e�v�r�_���d�h�g�p�_�i�l�m�Z�e�v�g�b�c���o�Z�j�Z�d�l�_�j 

 
�>�e�y���i�j�h�\�_�^�_�g�g�y���d�h�j�_�d�l�g�h�]�h���i�h�j�•�\�g�y�e�v�g�h�]�h���Z�g�Z�e�•�a�m���i�Z�l�_�j�g�Z��Prototype �\�b�d�h�j�b�k�l�Z�g�h��

�•�^�_�g�l�b�q�g�m���d�h�g�p�_�i�l�m�Z�e�v�g�m���f�h�^�_�e�v�����\�b�a�g�Z�q�_�g�h���•�g�l�_�j�n�_�c�k���3�U�R�W�R�W�\�S�H���a���f�_�l�h�^�h�f���F�O�R�Q�H���������j�_��
�Z�e�•�a�h�\�Z�g�h���&�R�Q�F�U�H�W�H�3�U�R�W�R�W�\�S�H���a���^�\�h�f�Z���i�h�e�y�f�b���k�l�Z�g�m�����)�L�H�O�G�$�����)�L�H�O�G�%�������d�e�h�g�m�\�Z�g�g�y���\�b�d�h�g�m��
�}�l�v�k�y���r�e�y�o�h�f���k�l�\�h�j�_�g�g�y���g�h�\�h�]�h���h�[�¶�}�d�l�Z���l�h�]�h���`���d�e�Z�k�m���a���d�h�i�•�x�\�Z�g�g�y�f���a�g�Z�q�_�g�v���i�h�e�•�\�����\�b��
�d�h�j�b�k�l�Z�g�h���3�U�R�W�R�W�\�S�H���5�H�J�L�V�W�U�\�����y�d�b�c���a�[�_�j�•�]�Z�}���i�j�h�l�h�l�b�i�b���l�Z���i�h�\�_�j�l�Z�}���€�o���d�e�h�g�b���a�Z���d�e�x�q�_�f����
�d�e�•�}�g�l�k�v�d�b�c�� �d�h�^�� �i�j�Z�p�x�}�� �\�b�d�e�x�q�g�h�� �q�_�j�_�a�� �f�_�o�Z�g�•�a�f�� �d�e�h�g�m�\�Z�g�g�y���� �J�_�a�m�e�v�l�Z�l�b�� �i�h�j�•�\�g�y�g�g�y��
�g�Z�\�_�^�_�g�•���m���l�Z�[�e�b�p�y�o�������l�Z������ 

�L�Z�[�e�b�p�y���� 
�A�Z�]�Z�e�v�g�_���i�h�j�•�\�g�y�g�g�y 

�F�h�\�Z LOC 
���§�� 

Boilerplate 
code 

�K�d�e�Z� �̂g�•�k�l�v��
�g�Z�i�b�k�Z�g�g�y 

�D�h�f�_�g�l�Z�j 

C++ ~110 �<�b�k�h�d�b�c �<�b�k�h�d�Z �I�h�\�g�b�c���d�h�g�l�j�h�e�v���g�Z�^���i�Z�f�¶�y�l�l�x 

Java ~100 �<�b�k�h�d�b�c �K�_�j�_�^�g�y �<�•�^�f�h�\�Z�� �\�•�^�� �&�O�R�Q�H�D�E�O�H�� �i�•�^�\�b�s�m�}��
�[�_�a�i�_�d�m 

C# ~90 �K�_�j�_�^�g�•�c �G�b�a�v�d�h-
�k�_�j�_�^�g�y 

�I�j�h�k�l�Z���l�Z���q�b�k�l�Z���j�_�Z�e�•�a�Z�p�•�y 

Python ~70 �G�b�a�v�d�b�c �G�b�a�v�d�Z �G�Z�c�d�h�j�h�l�r�b�c�� �l�Z�� �g�Z�c�q�b�l�Z�[�_�e�v��
�g�•�r�b�c���d�h�^ 
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�L�Z�[�e�b�p�y������ 

�F�h�\�Z �<�i�e�b�\���g�Z���i�Z�l�_�j�g�� 
C++ �3�U�R�W�R�W�\�S�H���g�_�h�[�o�•�^�g�b�c���^�e�y���[�_�a�i�_�q�g�h�]�h���d�h�i�•�x�\�Z�g�g�y 
Java �I�Z�l�_�j�g���a�Z�f�•�g�x�}���g�_�[�_�a�i�_�q�g�b�c���&�O�R�Q�H�D�E�O�H 
C# �Q�•�l�d�Z�����[�_�a�i�_�q�g�Z���f�h�^�_�e�v���d�e�h�g�m�\�Z�g�g�y 
Python �3�U�R�W�R�W�\�S�H���q�Z�k�l�h���a�Z�f�•�g�x�}�l�v�k�y���F�R�S�\ 

 
�>�e�y���i�j�h�\�_�^�_�g�g�y���d�h�j�_�d�l�g�h�]�h���i�h�j�•�\�g�y�e�v�g�h�]�h���Z�g�Z�e�•�a�m���i�Z�l�_�j�g�Z��Singleton �\�b�d�h�j�b�k�l�Z�g�h��

�h�^�g�Z�d�h�\�m���e�h�]�•�q�g�m���f�h�^�_�e�v���i�h�[�m�^�h�\�b�� �i�j�b�\�Z�l�g�_���k�l�Z�l�b�q�g�_���i�h�e�_�����y�d�_���a�[�_�j�•�]�Z�}���}�^�b�g�b�c���_�d�a�_�f��
�i�e�y�j�� �d�e�Z�k�m���� �i�j�b�\�Z�l�g�b�c�� �d�h�g�k�l�j�m�d�l�h�j���� �s�h�� �m�g�_�f�h�`�e�b�\�e�x�}�� �k�l�\�h�j�_�g�g�y�� �h�[�¶�}�d�l�Z�� �a�a�h�\�g�•���� �i�m�[��
�e�•�q�g�b�c�� �k�l�Z�l�b�q�g�b�c�� �f�_�l�h�^�� �^�h�k�l�m�i�m���� �y�d�b�c�� �i�_�j�_�\�•�j�y�}���� �q�b�� �•�k�g�m�}�� �_�d�a�_�f�i�e�y�j�� �l�Z�� �a�Z�� �i�h�l�j�_�[�b��
�k�l�\�h�j�x�}�� �c�h�]�h���� �i�h�\�_�j�l�Z�}�� �i�h�k�b�e�Z�g�g�y�� �g�Z�� �g�v�h�]�h���� �J�_�a�m�e�v�l�Z�l�b�� �i�h�j�•�\�g�y�g�g�y�� �g�Z�\�_�^�_�g�•�� �m�� 
�l�Z�[�e�b�p�y�o�������l�Z�������� 

�L�Z�[�e�b�p�y������ 
�A�Z�]�Z�e�v�g�_���i�h�j�•�\�g�y�g�g�y 

�F�h�\�Z LOC 
���§�� 

Boilerplate 
code 

�K�d�e�Z� �̂g�•�k�l�v��
�g�Z�i�b�k�Z�g�g�y 

�D�h�f�_�g�l�Z�j 

C++ 45 �<�b�k�h�d�b�c �K�_�j�_�^�g�y �I�h�l�j�_�[�m�}�� �j�m�q�g�h�]�h�� �d�_�j�m�\�Z�g�g�y��
�i�Z�f�¶�y�l�l�x 

Java 40 �K�_�j�_�^�g�•�c �K�_�j�_�^�g�y �D�e�Z�k�b�q�g�b�c���*�R�)-�i�•�^�o�•�^ 
C# 38 �G�b�a�v�d�b�c�� �G�b�a�v�d�Z �G�Z�c�[�•�e�v�r�� �d�h�f�i�Z�d�l�g�Z�� �k�l�Z�l�b�q�g�h��

�l�b�i�•�a�h�\�Z�g�Z���\�_�j�k�•�y 
Python 30 �F�•�g�•�f�Z�e�v�g�b�c �F�•�g�•�f�Z�e�v�g�Z �E�h�]�•�q�g�Z���•�f�•�l�Z�p�•�y���i�j�b�\�Z�l�g�h�k�l�• 

 
�L�Z�[�e�b�p�y�������� 

�F�h�\�Z �<�i�e�b�\���g�Z���i�Z�l�_�j�g�� 
C++ �I�h�\�g�b�c���d�h�g�l�j�h�e�v���g�Z�^���i�Z�f�¶�y�l�l�x 

Java �Y�\�g�_���j�h�a�^�•�e�_�g�g�y���\�•�^�i�h�\�•�^�Z�e�v�g�h�k�l�_�c�� 
C# �J�_�Z�e�•�a�Z�p�•�y���g�_���}���i�h�l�h�d�h�[�_�a�i�_�q�g�h�x 
Python �<�•�^�k�m�l�g�•�k�l�v���k�m�\�h�j�b�o���h�[�f�_�`�_�g�v���g�Z���k�l�\�h�j�_�g�g�y���h�[�¶�}�d�l�Z�� 

 
�I�Z�l�_�j�g�� �6�L�Q�J�O�H�W�R�Q�� �m�� �\�k�•�o�� �j�_�Z�e�•�a�Z�p�•�y�o�� �i�h�\�g�•�k�l�x�� �\�•�^�i�h�\�•�^�Z�}�� �d�e�Z�k�b�q�g�h�f�m�� �\�b�a�g�Z�q�_�g�g�x��

�l�Z���i�j�Z�p�x�}���•�^�_�g�l�b�q�g�h���a���l�h�q�d�b���a�h�j�m���d�e�•�}�g�l�k�v�d�h�]�h���d�h�^�m�����I�j�h�l�_���\�b�[�•�j���f�h�\�b���i�j�h�]�j�Z�f�m�\�Z�g�g�y��
�k�m�l�l�}�\�h���\�i�e�b�\�Z�}���g�Z�� �h�[�k�y�]���d�h�^�m�����k�d�e�Z�^�g�•�k�l�v���j�_�Z�e�•�a�Z�p�•�€�����d�h�g�l�j�h�e�v���g�Z�^���j�_�k�m�j�k�Z�f�b�����i�j�h�^�m�d��
�l�b�\�g�•�k�l�v���\�b�d�h�g�Z�g�g�y�� 

�&���� �}�� �g�Z�c�d�j�Z�s�b�f�� �d�h�f�i�j�h�f�•�k�h�f�� �f�•�`�� �q�b�l�Z�[�_�e�v�g�•�k�l�x���� �d�h�f�i�Z�d�l�g�•�k�l�x�� �l�Z�� �k�l�j�h�]�•�k�l�x����
�&������ �^�h�p�•�e�v�g�b�c�� �m�� �k�b�k�l�_�f�Z�o�� �a���d�j�b�l�b�q�g�b�f�b�� �\�b�f�h�]�Z�f�b�� �^�h�� �r�\�b�^�d�h�^�•�€���� �3�\�W�K�R�Q�� �h�i�l�b�f�Z�e�v�g�b�c��
�^�e�y���r�\�b�^�d�h�]�h���i�j�h�l�h�l�b�i�m�\�Z�g�g�y�����-�D�Y�D���a�Z�[�_�a�i�_�q�m�}���d�e�Z�k�b�q�g�m�����g�Z�^�•�c�g�m���l�Z���n�h�j�f�Z�e�•�a�h�\�Z�g�m���j�_��
�Z�e�•�a�Z�p�•�x�� 

�<�b�k�g�h�\�d�b�����A�Z���j�_�a�m�e�v�l�Z�l�Z�f�b���i�j�h�\�_�^�_�g�h�]�h���Z�g�Z�e�•�a�m���\�k�l�Z�g�h�\�e�_�g�h�����s�h���f�h�\�Z��Python �a�Z��
�[�_�a�i�_�q�m�}�� �g�Z�c�f�_�g�r�b�c�� �h�[�k�y�]�� �d�h�^�m�� �l�Z�� �g�Z�c�g�b�`�q�b�c�� �i�h�j�•�]�� �\�o�h�^�`�_�g�g�y�� �^�e�y�� �j�_�Z�e�•�a�Z�p�•�€�� �i�h�j�h��
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�^�`�m�\�Z�e�v�g�b�o���i�Z�l�_�j�g�•�\�����s�h���j�h�[�b�l�v���€�€���a�j�m�q�g�h�x���^�e�y���i�j�h�l�h�l�b�i�m�\�Z�g�g�y���l�Z���r�\�b�^�d�h�€���j�h�a�j�h�[�d�b����
�<�h�^�g�h�q�Z�k���^�b�g�Z�f�•�q�g�Z���l�b�i�•�a�Z�p�•�y���a�f�_�g�r�m�}���j�•�\�_�g�v���n�h�j�f�Z�e�v�g�h�]�h���d�h�g�l�j�h�e�x���l�Z���f�h�`�_���m�k�d�e�Z�^��
�g�x�\�Z�l�b���i�•�^�l�j�b�f�d�m���\�_�e�b�d�b�o���k�b�k�l�_�f�� 

�F�h�\�Z C# �i�j�h�^�_�f�h�g�k�l�j�m�\�Z�e�Z�� �h�i�l�b�f�Z�e�v�g�b�c�� �[�Z�e�Z�g�k�� �f�•�`�� �k�l�j�h�]�•�k�l�x�� �Z�j�o�•�l�_�d�l�m�j�b�� �l�Z��
�a�j�m�q�g�•�k�l�x�� �j�_�Z�e�•�a�Z�p�•�€���� �F�h�\�Z�� �^�h�a�\�h�e�y�}�� �j�_�Z�e�•�a�h�\�m�\�Z�l�b�� �i�h�j�h�^�`�m�\�Z�e�v�g�•�� �i�Z�l�_�j�g�b�� �a�� �f�_�g�r�b�f�b��
�g�Z�d�e�Z�^�g�b�f�b���\�b�l�j�Z�l�Z�f�b���i�h�j�•�\�g�y�g�h���a���-�D�Y�D���� �a�[�_�j�•�]�Z�x�q�b���i�j�b���p�v�h�f�m���i�_�j�_�\�Z�]�b���k�l�Z�l�b�q�g�h�€���l�b��
�i�•�a�Z�p�•�€���l�Z���k�m�q�Z�k�g�b�o���f�h�\�g�b�o���d�h�g�k�l�j�m�d�p�•�c�� 

�F�h�\�Z Java �a�Z�[�_�a�i�_�q�m�}�� �g�Z�c�[�•�e�v�r�� �n�h�j�f�Z�e�•�a�h�\�Z�g�b�c���l�Z���d�Z�g�h�g�•�q�g�b�c���i�•�^�o�•�^���^�h���j�_�Z�e�•�a�Z��
�p�•�€���i�h�j�h�^�`�m�\�Z�e�v�g�b�o���i�Z�l�_�j�g�•�\�����s�h���j�h�[�b�l�v���€�€���a�j�m�q�g�h�x���^�e�y���\�_�e�b�d�b�o���d�h�j�i�h�j�Z�l�b�\�g�b�o���k�b�k�l�_�f����
�^�_���h�k�h�[�e�b�\�_���a�g�Z�q�_�g�g�y���f�Z�x�l�v���i�•�^�l�j�b�f�d�Z���� �f�Z�k�r�l�Z�[�h�\�Z�g�•�k�l�v���l�Z���q�•�l�d�_���^�h�l�j�b�f�Z�g�g�y���Z�j�o�•�l�_�d��
�l�m�j�g�b�o���k�l�Z�g�^�Z�j�l�•�\�����J�Z�a�h�f���•�a���l�b�f���p�_���k�m�i�j�h�\�h�^�`�m�}�l�v�k�y���[�•�e�v�r�b�f���h�[�k�y�]�h�f���d�h�^�m���l�Z���a�g�Z�q�g�h�x��
�d�•�e�v�d�•�k�l�x���r�Z�[�e�h�g�g�b�o���d�h�g�k�l�j�m�d�p�•�c�� 

�F�h�\�Z C++���� �m���k�\�h�x���q�_�j�]�m�����g�Z�^�Z�}���g�Z�c�\�b�s�b�c���j�•�\�_�g�v���d�h�g�l�j�h�e�x���g�Z�^���j�_�k�m�j�k�Z�f�b���l�Z���i�h��
�l�_�g�p�•�c�g�h�� �g�Z�c�d�j�Z�s�m�� �i�j�h�^�m�d�l�b�\�g�•�k�l�v���� �h�^�g�Z�d�� �j�_�Z�e�•�a�Z�p�•�y�� �i�h�j�h�^�`�m�\�Z�e�v�g�b�o�� �i�Z�l�_�j�g�•�\�� �p�•�}�x��
�f�h�\�h�x���}���g�Z�c�[�•�e�v�r���k�d�e�Z�^�g�h�x���a���l�h�q�d�b���a�h�j�m���k�b�g�l�Z�d�k�b�k�m�����d�_�j�m�\�Z�g�g�y���i�Z�f�¶�y�l�l�x���l�Z���a�Z�]�Z�e�v�g�b�f��
�d�h�]�g�•�l�b�\�g�b�f�����g�Z�\�Z�g�l�Z�`�_�g�g�y�f���g�Z���j�h�a�j�h�[�g�b�d�Z�� 

�A�Z�]�Z�e�h�f�� �j�_�a�m�e�v�l�Z�l�b�� �^�h�k�e�•�^�`�_�g�g�y�� �i�•�^�l�\�_�j�^�`�m�x�l�v���� �s�h�� �_�n�_�d�l�b�\�g�•�k�l�v�� �a�Z�k�l�h�k�m�\�Z�g�g�y��
�i�h�j�h�^�`�m�\�Z�e�v�g�b�o���i�Z�l�_�j�g�•�\���a�g�Z�q�g�h�x���f�•�j�h�x���a�Z�e�_�`�b�l�v���g�_���e�b�r�_���\�•�^���k�Z�f�h�]�h���i�Z�l�_�j�g�Z�����Z���c���\�•�^��
�h�[�j�Z�g�h�€�� �f�h�\�b�� �i�j�h�]�j�Z�f�m�\�Z�g�g�y�� �l�Z�� �d�h�g�l�_�d�k�l�m�� �\�b�d�h�j�b�k�l�Z�g�g�y���� �I�Z�l�_�j�g�b�� �i�j�h�}�d�l�m�\�Z�g�g�y�� �g�_�� �}��
�m�g�•�\�_�j�k�Z�e�v�g�b�f�� �j�•�r�_�g�g�y�f���� �h�^�g�Z�d�� �a�Z�� �m�f�h�\�b�� �h�[�‰�j�m�g�l�h�\�Z�g�h�]�h�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �\�h�g�b�� �k�m�l�l�}�\�h��
�i�•�^�\�b�s�m�x�l�v���y�d�•�k�l�v���Z�j�o�•�l�_�d�l�m�j�b���i�j�h�]�j�Z�f�g�h�]�h���a�Z�[�_�a�i�_�q�_�g�g�y�����k�i�j�h�s�m�x�l�v���c�h�]�h���j�h�a�\�b�l�h�d���l�Z��
�k�m�i�j�h�\�•�^�� 
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Comparative analysis of the effectiveness of pattern application 
The paper presents a comprehensive theoretical and practical study of creational de-

sign patterns. The main attention was focused on the analysis of the mechanisms of object 
creation, reducing the coupling between system components and increasing the level of ab-
straction of architectural solutions. Five key patterns were analyzed in detail: Factory Meth-
od, Abstract Factory, Builder, Prototype and Singleton. The implementation of the patterns 
was performed in the programming languages C#, C++, Python and Java. To ensure the cor-
rectness and objectivity of the analysis, all patterns were implemented with the same logical 
structure, which allowed for direct comparison of the obtained solutions. The implementa-
tions accounted for the specific characteristics of each programming language, including typ-
ing models, syntactic constructs, memory management mechanisms and standard libraries. 

For comparative analysis, the implementations were evaluated according to the follow-
ing criteria: 

�‡���Q�X�P�E�H�U���R�I���O�L�Q�H�V���R�I���F�R�G�H�����/�2�&���� 
�‡���F�R�P�S�O�H�[�L�W�\���R�I���Z�U�L�W�L�Q�J���D�Q�G���D�P�R�X�Q�W���R�I���W�H�P�S�O�D�W�H���F�R�G�H�� 
�‡���W�\�S�L�Q�J���D�Q�G its impact on architectural rigor; 
�‡���H�D�V�H���R�I���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���D�Q�G���U�H�D�G�D�E�L�O�L�W�\���R�I���W�K�H���F�R�G�H�� 
�‡���S�R�W�H�Q�W�L�D�O���S�H�U�I�R�U�P�D�Q�F�H���D�Q�G���I�H�D�W�X�U�H�V���R�I���F�R�P�S�L�O�D�W�L�R�Q���R�U���O�D�X�Q�F�K�� 
According to the results of the analysis, Python provides the smallest amount of code 

and the lowest threshold of entry for implementing generative patterns, which makes it con-
venient for prototyping and rapid development. At the same time, dynamic typing reduces the 
level of formal control and can complicate the support of large systems. 

C# demonstrated the optimal balance between architectural rigor and ease of imple-
mentation. The language allows implementing generative patterns with lower overhead com-
pared to Java, while maintaining the advantages of static typing and modern language con-
structs. 

Java provides the most formalized and canonical approach to implementing generative 
patterns, making it suitable for large enterprise systems where maintainability, scalability, 
and strict adherence to architectural standards are of particular importance. However, this 
comes with a larger amount of code and a significant number of template constructs. 

C++, in turn, provides the highest level of control over resources and potentially the 
best performance, however, the implementation of generative patterns in this language is the 
most complex in terms of syntax, memory management, and overall cognitive load on the de-
veloper.  

The conclusions and practical results obtained in the work can be used in object-
oriented programming, as well as in the practical activities of software developers when 
choosing architectural solutions for real software projects. 
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�^�e�y���i�h�r�m�d�m�� 

�>�b�n�m�a�•�c�g�•�� �f�h�^�_�e�•�� ���'�L�I�I�X�V�L�R�Q���0�R�G�H�O�V�����± �p�_���d�e�Z�k���]�_�g�_�j�Z�l�b�\�g�b�o���f�h�^�_�e�_�c���� �a�Z�k�g�h�\�Z�g�b�o��
�g�Z���i�j�h�p�_�k�•���^�h�^�Z�\�Z�g�g�y���r�m�f�m���^�h���^�Z�g�b�o���l�Z���g�Z�\�q�Z�g�g�y���g�_�c�j�h�f�_�j�_�`�•���\�•�^�g�h�\�e�x�\�Z�l�b���\�b�o�•�^�g�b�c��
�j�h�a�i�h�^�•�e���>���@�� 

�/�D�W�H�Q�W�� �'�L�I�I�X�V�L�R�Q�� �0�R�G�H�O�V�� ���/�'�0���� �\�b�d�h�j�b�k�l�h�\�m�}�� �_�g�d�h�^�_�j�� �^�e�y�� �i�_�j�_�l�\�h�j�_�g�g�y�� �^�Z�g�b�o��
�[�•�e�v�r���d�h�f�i�Z�d�l�g�_���e�Z�l�_�g�l�g�_���i�j�h�k�l�•�j���� �/�'�0���^�h�a�\�h�e�y�}���i�j�Z�p�x�\�Z�l�b���a���f�_�g�r�b�f�b���h�[�k�y�]�Z�f�b���^�Z��
�g�b�o�����s�h���k�m�l�l�}�\�h���k�d�h�j�h�q�m�}���h�[�q�b�k�e�x�\�Z�e�v�g�•���\�b�l�j�Z�l�b���>���@�� 

�<�b�o�•�^�g�_�� �a�h�[�j�Z�`�_�g�g�y���T0 �a�Z�� �^�h�i�h�f�h�]�h�x�� �_�g�d�h�^�_�j�Z���'  �i�_�j�_�l�\�h�j�x�}�l�v�k�y�� �g�Z�� �e�Z�l�_�g�l�g�b�c��
�\�_�d�l�h�j���h�a�g�Z�d���V0 �a�]�•�^�g�h���a���n�h�j�f�m�e�h�x���������� 

�V0 = �' (�T0),      (1) 

�^�_ �T0 - �a�h�[�j�Z�`�_�g�g�y�� 
�V0 �± �e�Z�l�_�g�l�g�_���m�y�\�e�_�g�g�y�����s�h���f�•�k�l�b�l�v���h�k�g�h�\�g�•���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���a�h�[�j�Z�`�_�g�g�y��0; 
�'  �± �_�g�d�h�^�_�j��  

�I�•�k�e�y �a�Z�\�_�j�r�_�g�g�y �]�_�g�_�j�Z�p�•�€�� �i�•�^�k�m�f�d�h�\�b�c �e�Z�l�_�g�l�g�b�c �\�_�d�l�h�j �V�B�P �^�_�d�h�^�m�}�l�v�k�y���\ �a�h�[��

�j�Z�`�_�g�g�y �a �^�h�i�h�f�h�]�h�x �^�_�d�h�^�_�j�Z �& �a�]�•�^�g�h �n�h�j�f�m�e�h�x��(2): 
�T�B0 = �&(�V�B0),     (2) 

�^�_ �T�B0 - �\�•�^�g�h�\�e�_�g�_ �a�h�[�j�Z�`�_�g�g�y�� 
�V�B0 - �\�•�^�g�h�\�e�_�g�_ �e�Z�l�_�g�l�g�_ �m�y�\�e�_�g�g�y�� 
�& - �>�_�d�h�^�_�j�� 

�<�b�d�h�j�b�k�l�Z�g�g�y �e�Z�l�_�g�l�g�h�]�h �i�j�h�k�l�h�j�m �^�h�a�\�h�e�y�} �a�f�_�g�r�b�l�b �j�h�a�f�•�j���^�Z�g�b�o�����s�h���k�d�h�j�h�q�m�}��
�q�Z�k���g�Z�\�q�Z�g�g�y���l�Z���h�[�k�y�]���g�_�h�[�o�•�^�g�h�€���i�Z�f�
�y�l�•�����D�j�•�f���l�h�]�h�����e�Z�l�_�g�l�g�•�� �m�y�\�e�_�g�g�y���[�•�e�v�r���k�l�•�c�d�•���^�h��
�r�m�f�m�����s�h���i�h�d�j�Z�s�m�}���y�d�•�k�l�v���\�•�^�g�h�\�e�_�g�b�o���a�h�[�j�Z�`�_�g�v���g�Z���\�b�o�h�^�•�� 

�6�W�D�E�O�H���'�L�I�I�X�V�L�R�Q���i�j�_�^�k�l�Z�\�e�y�}���k�h�[�h�x���j�_�Z�e�•�a�Z�p�•�x���/�'�0�����j�h�a�j�h�[�e�_�g�m���^�e�y���]�_�g�_�j�Z�p�•�€���\�b��
�k�h�d�h�y�d�•�k�g�b�o���a�h�[�j�Z�`�_�g�v �g�Z �h�k�g�h�\�• �l�_�d�k�l�h�\�b�o �h�i�b�k�•�\���>���@�� 

�:�j�o�•�l�_�d�l�m�j�Z��Stable Diffusion �\�d�e�x�q�Z�}�� �l�j�b�� �d�h�f�i�h�g�_�g�l�b���± �\�Z�j�•�Z�p�•�c�g�b�c�� �Z�\�l�h�d�h�^�m�\�Z��
�e�v�g�b�d����VAE�������l�_�d�k�l�h�\�b�c���_�g�d�h�^�_�j���l�Z��UNet ���j�b�k�m�g�h�d�������� 

https://evergreens.com.ua/ua/articles/classical-machine-learning.html
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�J�b�k�m�g�h�d���� - �:�j�o�•�l�_�d�l�m�j�Z Stable Diffusion 

 
�<�Z�j�•�Z�p�•�c�g�b�c�� �Z�\�l�h�d�h�^�m�\�Z�e�v�g�b�d�� ���9�$�(���� �\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y�� �^�e�y�� �i�_�j�_�l�\�h�j�_�g�g�y�� �a�h�[�j�Z��

�`�_�g�v���T0 �\���e�Z�l�_�g�l�g�m���\�b�k�l�Z�\�m���V0 �l�Z���g�Z�\�i�Z�d�b�� 
�L�_�d�k�l�h�\�b�c �_�g�d�h�^�_�j �i�_�j�_�l�\�h�j�x�} �l�_�d�k�l�h�\�m �i�•�^�d�Z�a�d�m �? �\ �_�f�[�_�^�•�g�]���ì(�?) �����y�d�b�c���}���q�b�k��

�e�h�\�b�f�� �\�_�d�l�h�j�h�f���� �s�h�� �\�•�^�h�[�j�Z�`�Z�}�� �k�_�f�Z�g�l�b�q�g�b�c�� �a�f�•�k�l�� �l�_�d�k�l�m�� �P�_�c�� �_�f�[�_�^�^�b�g�]�� �\�b�d�h�j�b�k�l�h��
�\�m�}�l�v�k�y���^�e�y���d�h�`�g�h�]�h���d�j�h�d�m���a�\�h�j�h�l�g�h�]�h���^�b�n�m�a�•�c�g�h�]�h���i�j�h�p�_�k�m���y�d���m�f�h�\�Z���]�_�g�_�j�Z�p�•�€�� 

UNet �± �^�b�n�m�a�•�c�g�Z���g�_�c�j�h�g�g�Z���f�_�j�_�`�Z�����s�h���g�Z�\�q�Z�}�l�v�k�y���i�_�j�_�^�[�Z�q�Z�l�b���^�h�^�Z�g�b�c �r�m�f �ó �g�Z 
�d�h�`�g�h�f�m �d�j�h�d�m �P. 

�6�W�D�E�O�H�� �'�L�I�I�X�V�L�R�Q�� �}�� �]�g�m�q�d�h�x�� �l�Z�� �i�h�l�m�`�g�h�x�� �Z�j�o�•�l�_�d�l�m�j�h�x�� �^�e�y�� �]�_�g�_�j�Z�p�•�€ �a�h�[�j�Z�`�_�g�v�� 
�A�Z�\�^�y�d�b �\�•�^�d�j�b�l�h�f�m �\�b�o�•�^�g�h�f�m �d�h�^�m �• �•�g�l�_�]�j�Z�p�•�}�x �a LoRA, �\�h�g�Z �f�h�`�_ �_�n�_�d�l�b�\�g�h���\�b��
�d�h�j�b�k�l�h�\�m�\�Z�l�b�k�y�� �i�j�b�� �j�h�a�i�h�^�•�e�_�g�h�f�m�� �g�Z�\�q�Z�g�g�•���� �^�_�� �h�k�h�[�e�b�\�h�� �\�Z�`�e�b�\�b�f�b�� �}�� �_�d�h�g�h�f�•�y�� �j�_��
�k�m�j�k�•�\�� �l�Z�� �a�Z�o�b�k�l�� �^�Z�g�b�o���� �P�_�� �j�h�[�b�l�v�� �€�€�� �h�i�l�b�f�Z�e�v�g�b�f�� �\�b�[�h�j�h�f�� �^�e�y���a�Z�k�l�h�k�m�g�d�m���� �s�h�� �j�h��
�a�j�h�[�e�y�}�l�v�k�y�� 

�G�_�a�\�Z�`�Z�x�q�b�� �g�Z�� �\�b�k�h�d�m �y�d�•�k�l�v�� �]�_�g�_�j�h�\�Z�g�b�o�� �a�h�[�j�Z�`�_�g�v���� �^�b�n�m�a�•�c�g�•���� �f�Z�x�l�v�� �\�_�e�b�d�m��
�d�•�e�v�d�•�k�l�v�� �i�Z�j�Z�f�_�l�j�•�\���� �s�h�� �j�h�[�b�l�v�� �€�o�� �g�Z�\�q�Z�g�g�y�� �g�Z�� �g�h�\�b�o�� �^�Z�g�b�o�� �\�d�j�Z�c�� �j�_�k�m�j�k�h�f�•�k�l�d�b�f�b. 
�>�e�y�� �\�b�j�•�r�_�g�g�y�� �p�•�}�€�� �i�j�h�[�e�_�f�b�� �\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y�� �f�_�l�h�^�� �/�R�5�$�� ���/�R�Z-Rank  
Adapatation) [5]. 

�H�k�g�h�\�g�Z���•�^�_�y���/�R�5�$���i�h�e�y�]�Z�}���\���l�h�f�m�����s�h�[���a�Z�e�b�r�b�l�b���\�b�o�•�^�g�•���\�Z�]�b���f�h�^�_�e�•���g�_�a�f�•�g�g�b��
�f�b�����a�Z�f�h�j�h�`�_�g�b�f�b�����•���^�h�^�Z�l�b���^�h���g�b�o���g�b�a�v�d�h�j�Z�g�]�h�\�_���^�h�i�h�\�g�_�g�g�y�����A�Z�f�•�k�l�v���h�g�h�\�e�_�g�g�y���i�h�\��
�g�h�€���f�Z�l�j�b�p�•�����/�R�5�$���g�Z�\�q�Z�}���^�\�•���a�g�Z�q�g�h���f�_�g�r�•���f�Z�l�j�b�p�•�� 

�>�Z�g�b�c �i�j�h�p�_�k �i�j�_�^�k�l�Z�\�e�_�g�b�c �n�h�j�f�m�e�h�x (3): 
�9  = �9 0 + �¨�9 ,      (3) 

�^�_���9  - �i�•�^�k�m�f�d�h�\�Z �\�Z�]�h�\�Z �f�Z�l�j�b�p�y �r�Z�j�m�� 
�9 0 - �a�Z�f�h�j�h�`�_�g�Z �f�Z�l�j�b�p�y �\�Z�]�� �h�l�j�b�f�Z�g�Z �a �i�_�j�_�^�[�Z�q�_�g�h�€ �f�h�^�_�e�•�� 
�¨�9  - �g�b�a�v�d�h�j�•�\�g�_�\�_ �Z�^�Z�i�l�b�\�g�_ �^�h�^�Z�\�Z�g�g�y �^�h �\�Z�]�� ���/�R�5�$-�•�g�
�}�d�p�•�y������ �\�b�j�Z�`�_�g�_�� �q�_�j�_�a��
�f�Z�l�j�b�p�•���# �•���$; 
�# �Ð �¦  �N�î�G , �$ �Ð �¦  �@�î�N - �m�q�g�• �f�Z�l�j�b�p�• �Z�^�Z�i�l�Z�p�•�€�� 
�N - �j�Z�g�]���Z�^�Z�i�l�Z�p�•�€�� 
�@ - �j�h�a�f�•�j�g�•�k�l�v �\�b�o�•�^�g�h�]�h �i�j�h�k�l�h�j�m �r�Z�j�m�� 
�G - �j�h�a�f�•�j�g�•�k�l�v �\�o�•�^�g�h�]�h �i�j�h�k�l�h�j�m �r�Z�j�m�� 
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�>�Z�g�b�c���i�•�^�o�•�^���^�h�a�\�h�e�y�}���a�g�Z�q�g�h���a�g�b�a�b�l�b���d�•�e�v�d�•�k�l�v���i�Z�j�Z�f�_�l�j�•�\�����s�h���g�Z�\�q�Z�x�l�v�k�y���a���@ �î��
�G �^�h���N �î�����@ + �G�������s�h���d�j�b�l�b�q�g�h���\�Z�`�e�b�\�h���i�j�b���\�b�d�h�j�b�k�l�Z�g�g�•���^�b�n�m�a�•�c�g�b�o���f�h�^�_�e�_�c���\���m�f�h�\�Z�o��
�h�[�f�_�`�_�g�b�o���h�[�q�b�k�e�x�\�Z�e�v�g�b�o���j�_�k�m�j�k�•�\���Z�[�h���^�e�y���i�_�j�k�h�g�Z�e�•�a�h�\�Z�g�h�€���]�_�g�_�j�Z�p�•�€�� 

�N�_�^�_�j�Z�l�b�\�g�_�� �g�Z�\�q�Z�g�g�y���± �p�_�� �f�_�l�h�^�� �f�Z�r�b�g�g�h�]�h�� �g�Z�\�q�Z�g�g�y���� �m�� �y�d�h�f�m�� �f�h�^�_�e�•�� �g�Z�\�q�Z��
�x�l�v�k�y�� �g�Z�� �j�h�a�i�h�^�•�e�_�g�b�o�� �i�j�b�k�l�j�h�y�o���� �[�_�a�� �i�_�j�_�^�Z�q�•�� �e�h�d�Z�e�v�g�b�o�� �^�Z�g�b�o�� �g�Z�� �p�_�g�l�j�Z�e�•�a�h�\�Z�g�b�c��
�k�_�j�\�_�j���>���@�� 

�I �j�h�p�_�k�� �n�_�^�_�j�Z�l�b�\�g�h�]�h�� �g�Z�\�q�Z�g�g�y�� �f�Z�}�� �•�l�_�j�Z�l�b�\�g�m�� �i�j�h�p�_�^�m�j�m�� �\�a�Z�}�f�h�^�•�€�� �f�•�`�� �p�_�g��
�l�j�Z�e�v�g�b�f�� �k�_�j�\�_�j�h�f�� �•�� �f�g�h�`�_�g�h�x�� �d�e�•�}�g�l�•�\���� �y�d�•�� �f�Z�x�l�v�� �\�e�Z�k�g�•�� �g�Z�[�h�j�b�� �^�Z�g�b�o���� �G�Z�� �i�_�j�r�h�f�m��
�_�l�Z�i�•�� �k�_�j�\�_�j�� �•�g�•�p�•�Z�e�•�a�m�}�� �]�e�h�[�Z�e�v�g�m�� �f�h�^�_�e�v�� �•�� �\�•�^�i�j�Z�\�e�y�}�� �€�€�� �i�Z�j�Z�f�_�l�j�b�� �\�k�•�f�� �i�•�^�d�e�x�q�_�g�b�f��
�d�e�•�}�g�l�Z�f�����H�l�j�b�f�Z�\�r�b �f�h�^�_�e�v�����d�h�`�_�g���d�e�•�}�g�l���i�j�h�\�h�^�b�l�v���e�h�d�Z�e�v�g�_���g�Z�\�q�Z�g�g�y���g�Z���k�\�h�€�o���i�j�b��
�\�Z�l�g�b�o���d�h�j�b�k�l�m�\�Z�e�v�g�b�p�v�d�b�o���^�Z�g�b�o�����g�_���i�_�j�_�^�Z�x�q�b���k�Z�f�•���^�Z�g�•�����Z���e�b�r�_���\�b�d�h�j�b�k�l�h�\�m�x�q�b���€�o��
�^�e�y���h�g�h�\�e�_�g�g�y���e�h�d�Z�e�v�g�b�o���d�h�i�•�c���f�h�^�_�e�•�����I�•�k�e�y���a�Z�\�_�j�r�_�g�g�y���e�h�d�Z�e�v�g�h�]�h���g�Z�\�q�Z�g�g�y���d�e�•�}�g�l�b��
�g�Z�^�k�b�e�Z�x�l�v���g�Z���k�_�j�\�_�j�� �h�g�h�\�e�_�g�• �i�Z�j�Z�f�_�l�j�b���k�\�h�€�o���f�h�^�_�e�_�c���^�e�y���Z�]�j�_�]�Z�p�•�€�����i�•�k�e�y���q�h�]�h���i�j�h��
�p�_�k���i�h�\�l�h�j�x�}�l�v�k�y�����j�b�k�m�g�h�d�������� 

 
�J�b�k�m�g�h�d���� - �K�o�_�f�Z �n�_�^�_�j�Z�l�b�\�g�h�]�h �g�Z�\�q�Z�g�g�y 

 
�N�_�^�_�j�Z�l�b�\�g�_���g�Z�\�q�Z�g�g�y���^�b�n�m�a�•�c�g�b�o���f�h�^�_�e�_�c�� 
FedAvg �± �p�_���h�^�b�g���•�a���g�Z�c�i�h�i�m�e�y�j�g�•�r�b�o���Z�e�]�h�j�b�l�f�•�\���n�_�^�_�j�Z�l�b�\�g�h�]�h���g�Z�\�q�Z�g�g�y�����a�Z�k�g�h��

�\�Z�g�b�c�� �g�Z�� �m�k�_�j�_�^�g�_�g�g�y�� �e�h�d�Z�e�v�g�b�o�� �h�g�h�\�e�_�g�v�� �f�h�^�_�e�_�c���� �g�Z�\�q�_�g�b�o�� �g�Z�� �^�Z�g�b�o�� �d�e�•�}�g�l�•�\�� �>���@����
�=�e�h�[�Z�e�v�g�Z���f�h�^�_�e�v���i�j�_�^�k�l�Z�\�e�_�g�Z���i�Z�j�Z�f�_�l�j�Z�f�b�����y�d�•���h�g�h�\�e�x�x�l�v�k�y���a�]�•�^�g�h���a���n�h�j�f�m�e�h�x���������� 

 (4) 
�^�_�� �ñ (t+1) - �i�Z�j�Z�f�_�l�j�b �]�e�h�[�Z�e�v�g�h�x �f�h�^�_�e�• �g�Z �•�l�_�j�Z�p�•�€ �P + 1 ; 
�ñ (t+1) - �i�Z�j�Z�f�_�l�j�b �e�h�d�Z�e�v�g�h�x �f�h�^�_�e�• �g�Z �d�e�•�}�g�l�Z �G �g�Z �•�l�_�j�Z�p�•�€ �P + 1 ; 
�J�G - �d�•�e�v�d�•�k�l�v �^�Z�g�b�o �g�Z �d�e�•�}�g�l�Z �G ; 

�J - �a�Z�]�Z�e�v�g�_ �d�•�e�v�d�•�k�l�v �^�Z�g�b�o�� 
�-  - �a�Z�]�Z�e�v�g�_ �d�•�e�v�d�•�k�l�v �d�e�•�}�g�l�•�\�� 
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�G�_�a�\�Z�`�Z�x�q�b�� �g�Z�� �k�\�h�x�� �i�j�h�k�l�h�l�m�� �l�Z�� �_�n�_�d�l�b�\�g�•�k�l�v�� �\�� �m�f�h�\�Z�o�� �h�^�g�h�j�•�^�g�b�o�� �^�Z�g�b�o����
�)�H�G�$�Y�J�� �k�l�b�d�Z�}�l�v�k�y�� �a�� �l�j�m�^�g�h�s�Z�f�b�� �i�j�b�� �j�h�[�h�l�•�� �a�� �g�_�h�^�g�h�j�•�^�g�b�f�b�� �^�Z�g�b�f�b���� �M�� �l�Z�d�b�o�� �k�b�l�m��
�Z�p�•�y�o�� �e�h�d�Z�e�v�g�•�� �f�h�^�_�e�•�� �f�h�`�m�l�v�� �k�b�e�v�g�h�� �\�•�^�o�b�e�y�l�b�k�y�� �\�•�^�� �]�e�h�[�Z�e�v�g�h�€���� �s�h�� �k�i�h�\�•�e�v�g�x�}��
�a�[�•�`�g�•�k�l�v���Z�[�h���g�Z�\�h�^�b�l�v���^�h���g�_�k�l�•�c�d�b�o���j�_�a�m�e�v�l�Z�l�•�\�� 

�Y�d���[�Z�a�h�\�b�c���Z�e�]�h�j�b�l�f���n�_�^�_�j�Z�l�b�\�g�h�]�h���g�Z�\�q�Z�g�g�y���m���k�\�h�}�f�m���a�h�k�l�Z�k�m�g�d�m���h�[�j�Z�g�h���)�H�G�$�Y�J��
�± �g�Z�^�•�c�g�_���•���i�h�r�b�j�_�g�_���j�•�r�_�g�g�y�����y�d�_���\�•�^�j�•�a�g�y�}�l�v�k�y���i�j�h�k�l�h�l�h�x���j�_�Z�e�•�a�Z�p�•�€�� 

LoRA �± �p�_�� �f�_�l�h�^�� �^�h�g�Z�\�q�Z�g�g�y�� �\�_�e�b�d�b�o�� �f�h�^�_�e�_�c���� �y�d�b�c�� �^�h�^�Z�}�� �^�h�� �\�b�o�•�^�g�b�o�� �e�•�g�•�c�g�b�o��
�r�Z�j�•�\�� �g�b�a�v�d�h�j�Z�g�]�h�\�•�� �f�Z�l�j�b�p�• �# �Ð �¦ �N�î�G �/�� �$ �Ð �¦ �@�î�N���� �^�_���N �± �j�Z�g�]���� �Z���G �/�� �@ �± �j�h�a�f�•�j�b��

�\�b�o�•�^�g�b�o�� �r�Z�j�•�\�� �f�h�^�_�e�• �A�Z�f�•�k�l�v �^�h�g�Z�\�q�Z�g�g�y �\�k�•�o �\�Z�]�� LoRA �g�Z�\�q�Z�} �f�Z�l�j�b�p�• �# �• �$ �a�Z��
�e�b�r�Z�x�q�b���\�Z�]�b���n�•�d�k�h�\�Z�g�b�f�b�� 

�:�e�]�h�j�b�l�f FedEx-Lora [7], �j�h�a�j�h�[�e�_�g�b�c �^�e�y�� �j�h�[�h�l�b�� �a�� �\�_�e�b�d�h�f�Z�k�r�l�Z�[�g�b�f�b�� �f�h�\�g�b��
�f�b�� �f�h�^�_�e�y�f�b���� �\�b�j�•�r�m�}�� �i�j�h�[�e�_�f�m�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �a�Z�e�b�r�d�h�\�h�]�h�� �h�g�h�\�e�_�g�g�y���� �y�d���i�h�d�Z�a�Z�g�h�� �m��
�n�h�j�f�m�e�•���������� 

                         (5) 
�^�_�����9 0

(�P+1) �± �h�g�h�\�e�_�g�•���i�Z�j�Z�f�_�l�j�b���a�Z�f�h�j�h�`�_�g�h�€���f�h�^�_�e�•���^�e�y���P + 1 
�9 0�P �± �i�Z�j�Z�f�_�l�j�b���a�Z�f�h�j�h�`�_�g�h�€���f�h�^�_�e�•���g�Z���•�l�_�j�Z�p�•�€���P 
�$�G�P �l�Z���#�G�P �± �e�h�d�Z�e�v�g�•���f�Z�l�j�b�p�•���g�Z���d�e�•�}�g�l�•���G 
�¨�9 �P �± �d�h�j�b�]�m�x�q�_�� �h�g�h�\�e�_�g�g�y���� �y�d�_�� �d�h�f�i�_�g�k�m�}�� �j�•�a�g�b�p�x�� �f�•�`�� �m�k�_�j�_�^�g�_�g�b�f�� �l�\�h�j�h�f�� �l�Z�� �l�\�h��
�j�h�f���m�k�_�j�_�^�g�_�g�b�o���f�Z�l�j�b�p�v 
�- �± �d�•�e�v�d�•�k�l�v���d�e�•�}�g�l�•�\ 

�M�� �)�H�G�(�[-�/�R�5�$�� �i�Z�j�Z�f�_�l�j�b�� �[�Z�a�h�\�h�€�� �f�h�^�_�e�•���9 0 �h�g�h�\�e�x�x�l�v�k�y�� �g�Z�� �d�h�`�g�h�f�m �j�Z�m�g�^�• 
�g�Z�\�q�Z�g�g�y�� �s�h �n�Z�d�l�b�q�g�h �h�a�g�Z�q�Z�} �q�Z�k�l�d�h�\�_ �g�Z�\�q�Z�g�g�y �[�Z�a�h�\�h�€���f�h�^�_�e�•�� 

�<�j�Z�o�h�\�m�x�q�b���h�k�h�[�e�b�\�h�k�l�•���l�Z���i�_�j�_�\�Z�]�b���^�Z�g�h�]�h���i�•�^�o�h�^�m�� �^�e�y �j�_�Z�e�•�a�Z�p�•�€ �n�_�^�_�j�Z�l�b�\�g�h��
�]�h �g�Z�\�q�Z�g�g�y LoRA �\ �a�h�k�l�Z�k�m�g�d�m �[�m�\ �h�[�j�Z�g�b�c �Z�e�]�h�j�b�l�f FedEx-LoRA �± �y�d���h�i�l�b�f�Z�e�v�g�_ 
�j�•�r�_�g�g�y �^�e�y �d�h�j�_�d�l�g�h�€ �Z�]�j�_�]�Z�p�•�€���l�Z���i�•�^�\�b�s�_�g�g�•���y�d�h�k�l�•���f�h�^�_�e�•�� 

�K�b�k�l�_�f�Z�����s�h���j�h�a�j�h�[�e�y�}�l�v�k�y�����}���d�e�•�}�g�l-�k�_�j�\�_�j�g�b�f���a�Z�k�l�h�k�m�g�d�h�f�����i�j�b�a�g�Z�q�_�g�b�f���^�e�y���]�_��
�g�_�j�Z�p�•�€���� �^�h�g�Z�\�q�Z�g�g�y�� �l�Z�� �Z�]�j�_�]�Z�p�•�€�� �]�_�g�_�j�Z�l�b�\�g�b�o�� �f�h�^�_�e�_�c�� �•�� �/�R�5�$-�Z�^�Z�i�l�_�j�•�\�� �m�� �j�Z�f�d�Z�o�� �n�_��
�^�_�j�Z�l�b�\�g�h�]�h�� �g�Z�\�q�Z�g�g�y���� �K�b�k�l�_�f�Z�� �k�d�e�Z�^�Z�}�l�v�k�y�� �a�� �k�_�j�\�_�j�g�h�€�� �l�Z�� �d�e�•�}�g�l�k�v�d�h�€�� �q�Z�k�l�b�g���� �s�h��
�\�a�Z�}�f�h�^�•�x�l�v�� �f�•�` �k�h�[�h�x �i�h �f�_�j�_�`�• �q�_�j�_�a API. �K�_�j�\�_�j �a�^�•�c�k�g�x�} �m�i�j�Z�\�e�•�g�g�y �f�h�^�_�e�y�f�b����
�a�[�_�j�•�]�Z�g�g�y���l�Z���Z�]�j�_�]�Z�p�•�x���h�g�h�\�e�_�g�v�����Z���l�Z�d�h�`���d�h�h�j�^�b�g�Z�p�•�x���h�[�f�•�g�m���^�Z�g�b�f�b�����D�e�•�}�g�l�k�v�d�Z���q�Z��
�k�l�b�g�Z�� �a�Z�[�_�a�i�_�q�m�}�� �\�a�Z�}�f�h�^�•�x�� �d�h�j�b�k�l�m�\�Z�q�Z�� �a�� �k�b�k�l�_�f�h�x���� �Z�� �l�Z�d�h�`�� �\�b�d�h�g�m�}�� �^�h�g�Z�\�q�Z�g�g�y�� �f�h��
�^�_�e�_�c���l�Z���j�h�[�h�l�m���a���^�Z�g�b�f�b�� 

�>�•�Z�]�j�Z�f�Z�� �i�h�k�e�•�^�h�\�g�h�k�l�•���� �i�j�_�^�k�l�Z�\�e�_�g�Z�� �g�Z�� �j�b�k�m�g�d�m�� ������ �•�e�x�k�l�j�m�}�� �\�a�Z�}�f�h�^�•�y�� �d�h�j�b�k�l�m��
�\�Z�q�Z���� �d�e�•�}�g�l�k�v�d�h�€�� �•�� �k�_�j�\�_�j�g�Z�� �q�Z�k�l�b�g���^�h�^�Z�l�d�b�� �m�� �i�j�h�p�_�k�•�� �n�_�^�_�j�Z�l�b�\�g�h�]�h�� �g�Z�\�q�Z�g�g�y���� �G�Z��
�^�•�Z�]�j�Z�f�•�� �\�•�^�h�[�j�Z�`�_�g�h�� �d�e�x�q�h�\�•�� �_�l�Z�i�b�� �j�h�[�h�l�b�� �k�b�k�l�_�f�b���� �h�l�j�b�f�Z�g�g�y�� �f�h�^�_�e�•���� �e�h�d�Z�e�v�g�_�� �^�h��
�g�Z�\�q�Z�g�g�y�����g�Z�^�k�b�e�Z�g�g�y���h�g�h�\�e�_�g�v���l�Z���€�o���Z�]�j�_�]�Z�p�•�y���g�Z���k�_�j�\�_�j�•�� 
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�J�b�k�m�g�h�d���� - �>�•�Z�]�j�Z�f�Z �i�h�k�e�•�^�h�\�g�h�k�l�• �n�_�^�_�j�Z�l�b�\�g�h�]�h �g�Z�\�q�Z�g�g�y 

 
FedFlowServe�U���}���a�Z�k�l�h�k�m�g�d�h�f �a���\�b�d�h�j�b�k�l�Z�g�g�y�f���n�j�_�c�f�\�h�j�d�m���)�O�D�V�N�����s�h���j�_�Z�e�•�a�m�}���j�h��

�[�h�l�m�� �k�_�j�\�_�j�Z [8]. �K�_�j�\�_�j�� �h�j�]�Z�g�•�a�h�\�Z�g�b�c�� �a�Z�� �f�h�^�m�e�v�g�b�f�� �i�j�b�g�p�b�i�h�f�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f��
�h�d�j�_�f�b�o�� �k�_�j�\�•�k�•�\���� �d�h�`�_�g�� �a�� �y�d�b�o�� �\�•�^�i�h�\�•�^�Z�}�� �a�Z�� �\�b�d�h�g�Z�g�g�y�� �d�h�g�d�j�_�l�g�h�]�h�� �a�Z�\�^�Z�g�g�y��- �]�_�g�_��
�j�Z�p�•�x���8�8�,�'�����8�Q�L�Y�H�U�V�D�O�O�\���8�Q�L�T�X�H���,�G�H�Q�W�L�I�L�H�U�������Z�]�j�_�]�Z�p�•�x���f�h�^�_�e�_�c�����j�h�[�h�l�m �a���n�Z�c�e�Z�f�b�����L�Z�d�b�c��
�i�•�^�o�•�^���a�Z�[�_�a�i�_�q�m�}���f�Z�k�r�l�Z�[�h�\�Z�g�•�k�l�v�����q�b�l�Z�g�•�k�l�v���d�h�^�m���l�Z���k�i�j�h�s�m�}���k�m�i�j�h�\�•�^���k�b�k�l�_�f�b�� 

�)�H�G�)�O�R�Z�� �}�� �d�e�•�}�g�l�k�v�d�b�f�� �^�h�^�Z�l�d�h�f���� �y�d�b�c �a�Z�[�_�a�i�_�q�m�}�� �a�j�m�q�g�b�c�� �•�g�l�_�j�n�_�c�k�� �^�e�y��
�\�a�Z�}�f�h�^�•�€���a���k�_�j�\�_�j�h�f�����h�l�j�b�f�Z�g�g�y���•�g�n�h�j�f�Z�p�•�€���i�j�h���f�h�^�_�e�•���l�Z���/�R�5�$-�Z�^�Z�i�l�_�j�b�����Z���l�Z�d�h�`���^�h�a��
�\�h�e�y�}���d�h�j�b�k�l�m�\�Z�q�Z�f���i�j�Z�p�x�\�Z�l�b���a���e�h�d�Z�e�v�g�b�f�b���^�Z�g�b�f�b�� 

�A�Z�[�_�a�i�_�q�m�}�� 
- �<�a�Z�}�f�h�^�•�x���a���k�_�j�\�_�j�h�f�� 
- �J�h�[�h�l�m���a���^�Z�l�Z�k�_�l�Z�f�b�� 
- �=�_�g�_�j�Z�p�•�x���a�h�[�j�Z�`�_�g�v�� 
- �G�Z�\�q�Z�g�g�y���f�h�^�_�e�_�c���•���/�R�5�$- �Z�^�Z�i�l�_�j�•�\�� 
- �J�_�Z�e�•�a�Z�p�•�x���d�h�j�b�k�l�m�\�Z�e�v�g�b�p�v�d�h�]�h���•�g�l�_�j�n�_�c�k�m�� 
�I�j�b�d�e�Z�^�b���l�_�d�k�l�h�\�h�]�h���h�i�b�k�m���i�j�_�^�k�l�Z�\�e�_�g�h���g�Z���j�b�k�m�g�d�m������ 
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�J�b�k�m�g�h�d������- �I�j�b�d�e�Z�^�b���l�_�d�k�l�h�\�h�]�h���h�i�b�k�m 

 
�L�_�k�l�m�\�Z�g�g�y���•���Z�g�Z�e�•�a���j�_�a�m�e�v�l�Z�l�•�\. �>�e�y���h�p�•�g�d�b���y�d�h�k�l�•���n�_�^�_�j�Z�l�b�\�g�h�]�h���g�Z�\�q�Z�g�g�y���\�b��

�d�h�j�b�k�l�h�\�m�\�Z�e�Z�k�v�� �f�_�l�j�b�d�Z�� �)�,�'���� �s�h�� �i�h�j�•�\�g�x�\�Z�e�Z�� �j�h�a�i�h�^�•�e�b�� �a�]�_�g�_�j�h�\�Z�g�b�o�� �a�h�[�j�Z�`�_�g�v�� �l�Z��
�j�_�Z�e�v�g�b�o���^�Z�g�b�o�����Y�d���^�Z�l�Z�k�_�l���\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�y���a�h�[�j�Z�`�_�g�g�y���K�_�f�Z���:�e�v�l�f�Z�g�Z��- �]�_�g�_�j�Z�e�v��
�g�h�]�h���^�b�j�_�d�l�h�j�Z���2�S�H�Q�$�,�������F�h�^�_�e�v���6�W�D�E�O�H���'�L�I�I�X�V�L�R�Q�����������a���^�h�g�Z�\�q�Z�g�y�f���q�_�j�_�a���/�R�5�$���g�Z�\�q�Z�e�Z��
�k�y�� �g�Z�� �i�
�y�l�b�� �d�e�•�}�g�l�Z�o�� �a�� �g�_�j�•�\�g�h�f�•�j�g�b�f�� �j�h�a�i�h�^�•�e�h�f�� �^�Z�g�b�o���� �������� �������� �������� ������ �•�� ������ �a�h�[�j�Z�`�_�g�v������
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�k�y���g�Z���h�k�g�h�\�•���h�[�k�y�]�m���^�Z�g�b�o�����j�h�a�f�•�j�m���[�Z�l�q�Z���l�Z���q�b�k�e�Z���_�i�h�o�����a�Z���h�^�g�Z�d�h�\�b�o���i�Z�j�Z�f�_�l�j�•�\�������I�•�k�e�y��
�d�h�`�g�h�]�h���j�Z�m�g�^�m���a�Z���^�h�i�h�f�h�]�h�x���i�h�l�h�q�g�h�€���\�_�j�k�•�€���f�h�^�_�e�•���]�_�g�_�j�m�\�Z�e�b�k�y���a�h�[�j�Z�`�_�g�g�y�����g�Z���h�k��
�g�h�\�•���y�d�b�o���j�h�a�j�Z�o�h�\�m�\�Z�e�h�k�y���a�g�Z�q�_�g�g�y���)�,�'���s�h�^�h���l�_�k�l�h�\�h�€���\�b�[�•�j�d�b�����>�e�y���i�h�j�•�\�g�y�g�g�y���l�Z�d�h�`��
�i�j�h�\�h�^�b�e�h�k�y���p�_�g�l�j�Z�e�•�a�h�\�Z�g�_���g�Z�\�q�Z�g�g�y���f�h�^�_�e�•�� �g�Z���i�h�\�g�h�f�m���g�Z�[�h�j�•���a�����������a�h�[�j�Z�`�_�g�v�����A�g�Z��
�q�_�g�g�y���f�_�l�j�b�d�b���)�,�'���^�e�y���p�_�g�l�j�Z�e�•�a�h�\�Z�g�h�]�h���g�Z�\�q�Z�g�g�y��- 124,34. 
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1 178,39 165,66 147,22 166,21 175,23 150,51 
2 168,57 155,09 140,83 150,42 162,77 138,04 
3 160,48 150,5 135,77 152,39 157,26 133,85 
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Information system for image generation with the possibility of federated learning  
and further training of generative models 

The paper discusses the development and research of an information system for image 
generation based on modern generative artificial intelligence models with support for feder-
ated learning and retraining mechanisms. The proposed system is focused on ensuring effec-
tive generation of visual content while maintaining the confidentiality of user data, which is 
especially relevant in conditions of limited access to centralized data sets. 

The research analyzes the architecture of the information system, the principles of inte-
gration of generative models, as well as approaches to organizing federated learning, in 
which model parameters are updated on local nodes without transmitting the output data to 
the central server. Particular attention is paid to methods of retraining models, which allow 
the system to adapt to new types of images, styles and user requirements during operation. 

The performance and efficiency of the proposed system are evaluated in terms of the 
quality of generated images, learning speed and resistance to changes in input data. The re-
sults obtained confirm the feasibility of using a federated approach and further training of 
generative models to create scalable, adaptive, and secure image generation information sys-
tems. 

https://arxiv.org/pdf/2410.09432
https://arxiv.org/pdf/1912.04977
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In the future, it is planned to expand the functionality of the system, including adding 
full registration and authorization, the ability to use multiple LoRA adapters simultaneously, 
increasing the number of models available for training and generation, and implementing ad-
ditional algorithms for federated learning. 
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�I�h�k�l�Z�g�h�\�d�Z�� �a�Z�\�^�Z�g�g�y�����F�_�l�Z�� �j�h�[�h�l�b�� �i�h�e�y�]�Z�}�� �m�� �i�h�[�m�^�h�\�•�� �f�_�l�h�^�m�� �i�h�\�_�^�•�g�d�h�\�h�]�h��
�i�j�h�n�•�e�x�\�Z�g�g�y���d�h�j�b�k�l�m�\�Z�q�•�\�����y�d�b�c���\�b�y�\�e�y�}���Z�g�h�f�Z�e�•�€���g�Z���h�k�g�h�\�•���\�•�^�o�b�e�_�g�v���\�•�^���d�h�g�l�_�d�k�l�m�Z��
�e�v�g�h�€�� �g�h�j�f�b�� �l�Z�� �\�h�^�g�h�q�Z�k�� �a�Z�e�b�r�Z�}�l�v�k�y�� �i�j�b�^�Z�l�g�b�f�� �^�h�� �i�j�Z�d�l�b�q�g�h�€�� �_�d�k�i�e�m�Z�l�Z�p�•�€���� �F�_�l�h�^��
�i�h�\�b�g�_�g���a�Z�[�_�a�i�_�q�m�\�Z�l�b���f�•�g�•�f�•�a�Z�p�•�x���d�•�e�v�d�h�k�l�•���o�b�[�g�b�o���l�j�b�\�h�]���� �a�j�h�a�m�f�•�e�m���e�h�]�•�d�m�� �k�i�j�Z�p�x��
�\�Z�g�g�y���•���f�h�`�e�b�\�•�k�l�v���Z�^�Z�i�l�Z�p�•�€���^�h���i�h�k�l�m�i�h�\�b�o���a�f�•�g���i�h�\�_�^�•�g�d�b���l�Z���k�i�h�k�h�[�•�\���d�h�f�m�g�•�d�Z�p�•�€���d�h��
�j�b�k�l�m�\�Z�q�•�\���� 

�>�e�y�� �^�h�k�y�]�g�_�g�g�y�� �f�_�l�b�� �g�_�h�[�o�•�^�g�h�� �n�h�j�f�Z�e�v�g�h�� �\�b�a�g�Z�q�b�l�b�� �i�h�\�_�^�•�g�d�h�\�b�c�� �i�j�h�n�•�e�v�� �y�d��
�k�m�d�m�i�g�•�k�l�v���k�l�Z�l�b�k�l�b�q�g�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���Z�d�l�b�\�g�h�k�l�•���d�h�j�b�k�l�m�\�Z�q�Z���m���q�Z�k�h�\�b�o���\�•�d�g�Z�o���l�Z���a�Z��
�^�Z�l�b�� �f�•�j�m�� �\�•�^�o�b�e�_�g�g�y�� �i�h�l�h�q�g�h�€�� �i�h�\�_�^�•�g�d�b�� �\�•�^�� �[�Z�a�h�\�h�]�h�� �d�h�j�_�d�l�g�h�]�h�� �i�j�h�n�•�e�x���� �I�h�l�j�•�[�g�h��
�j�h�a�j�h�[�b�l�b�� �i�j�h�p�_�^�m�j�m�� �Z�\�l�h�f�Z�l�b�a�h�\�Z�g�h�]�h�� �\�•�^�[�h�j�m�� �h�a�g�Z�d�� �•�� �d�h�j�_�d�p�•�€�� �€�o�� �\�Z�]���� �q�_�j�_�a�� �l�_�� �s�h��
�g�Z�^�f�•�j�g�Z�� �j�h�a�f�•�j�g�•�k�l�v�� �i�h�]�•�j�r�m�}�� �m�a�Z�]�Z�e�v�g�_�g�g�y�� �l�Z�� �m�k�d�e�Z�^�g�x�}�� �•�g�l�_�j�i�j�_�l�Z�p�•�x���� �L�Z�d�h�`�� �\�Z�`��
�e�b�\�h�x�� �}�� �� �f�h�`�e�b�\�•�k�l�v�� �d�h�g�l�j�h�e�v�h�\�Z�g�h�� �a�f�•�s�m�\�Z�l�b�� �[�Z�e�Z�g�k�� �f�•�`�� �q�m�l�e�b�\�•�k�l�x�� �l�Z�� �o�b�[�g�b�f�b��
�k�i�j�Z�p�x�\�Z�g�g�y�f�b���f�_�o�Z�g�•�a�f�m���i�j�b�c�g�y�l�l�y���j�•�r�_�g�g�y���i�j�h���Z�g�h�f�Z�e�•�x�����s�h���d�j�b�l�b�q�g�h���^�e�y���i�j�Z�d�l�b��
�q�g�h�]�h���\�b�d�h�j�b�k�l�Z�g�g�y���f�_�l�h�^�m���\���j�_�Z�e�v�g�b�o���k�b�k�l�_�f�Z�o���d�h�j�i�h�j�Z�l�b�\�g�h�€���[�_�a�i�_�d�b�� 

�M�a�]�h�^�`�_�g�b�c�� �f�_�o�Z�g�•�a�f�� �i�h�r�m�d�m�� �d�h�g�n�•�]�m�j�Z�p�•�€�� �^�_�l�_�d�l�h�j�Z�� �i�•�^�� �_�d�k�i�e�m�Z�l�Z�p�•�c�g�•�� �\�b�f�h�]�b��
�a�Z�[�_�a�i�_�q�m�}�l�v�k�y�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �]�_�g�_�l�b�q�g�h�]�h�� �Z�e�]�h�j�b�l�f�Z�� �^�e�y�� �\�b�a�g�Z�q�_�g�g�y�� �k�d�e�Z�^�m�� �h�a�g�Z�d����
�€�o�g�•�o�� �\�Z�]�� �•�� �i�h�j�h�]�•�\�� �j�_�Z�]�m�\�Z�g�g�y���� �=�h�e�h�\�g�Z�� �m�\�Z�]�Z�� �i�j�b�^�•�e�y�}�l�v�k�y�� �d�h�f�i�j�h�f�•�k�m�� �f�•�`�� �y�d�•�k�l�x�� �\�b��
�y�\�e�_�g�g�y�����k�l�Z�[�•�e�v�g�•�k�l�x���k�b�]�g�Z�e�•�\���•���•�g�l�_�j�i�j�_�l�h�\�Z�g�•�k�l�x�����l�h�[�l�h���g�Z���l�•���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�����y�d�•���\�b��
�a�g�Z�q�Z�x�l�v���j�_�Z�e�v�g�m���p�•�g�g�•�k�l�v���8�(�%�$-�^�_�l�_�d�l�h�j�Z���^�e�y���'�/�3-�k�_�j�_�^�h�\�b�s�� 

�?�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z���q�Z�k�l�b�g�Z���j�h�[�h�l�b���f�Z�}���i�_�j�_�\�•�j�b�l�b�����m���y�d�b�o���k�Z�f�_���m�f�h�\�Z�o���l�Z���a�Z���y�d�b�f�b��
�i�h�d�Z�a�g�b�d�Z�f�b���l�Z�d�Z���_�\�h�e�x�p�•�c�g�h���g�Z�e�Z�r�l�h�\�Z�g�Z���d�h�g�n�•�]�m�j�Z�p�•�y���^�Z�}���i�j�Z�d�l�b�q�g�b�c���\�b�]�j�Z�r�� 

�<�b�d�e�Z�^�� �h�k�g�h�\�g�h�]�h�� �f�Z�l�_�j�•�Z�e�m�����I�h�l�•�d�� �k�i�h�k�l�_�j�_�`�_�g�v�� �d�h�j�i�h�j�Z�l�b�\�g�h�]�h�� �k�_�j�_�^�h�\�b�s�Z��
�j�h�a�]�e�y�^�Z�}�l�v�k�y���y�d���k�m�d�m�i�g�•�k�l�v���_�e�_�f�_�g�l�Z�j�g�b�o���i�h�^�•�c�����d�h�`�g�Z���a���y�d�b�o���n�•�d�k�m�}���^�•�x���d�h�j�b�k�l�m�\�Z�q�Z��
�\���q�Z�k�•���j�Z�a�h�f���•�a���d�h�g�l�_�d�k�l�h�f�� 

 (1) 

�^�_�� �± �•�^�_�g�l�b�n�•�d�Z�l�h�j���d�h�j�b�k�l�m�\�Z�q�Z���� �± �q�Z�k�h�\�Z���f�•�l�d�Z���� �± �l�b�i���^�•�€���� �± �j�_�k�m�j�k���h�[�¶�}�d�l���^�h�k�l�m��

�i�m���� �± �d�h�g�l�_�d�k�l�g�•���Z�l�j�b�[�m�l�b�����a�h�d�j�_�f�Z���j�h�[�h�q�Z���k�l�Z�g�p�•�y�����,�3�����j�h�e�v�����d�Z�g�Z�e���� 

�>�e�y�� �i�h�[�m�^�h�\�b�� �i�j�h�n�•�e�x�� �i�h�\�_�^�•�g�d�Z�� �Z�]�j�_�]�m�}�l�v�k�y�� �m�� �q�Z�k�h�\�•�� �\�•�d�g�Z�� �l�j�b�\�Z�e�•�k�l�x��. 

�F�g�h�`�b�g�Z���i�h�^�•�c���d�h�j�b�k�l�m�\�Z�q�Z�� �m���\�•�d�g�•���a���•�g�^�_�d�k�h�f�� �\�b�a�g�Z�q�Z�}�l�v�k�y���y�d 

 (2) 
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�^�_��  �± �i�•�^�f�g�h�`�b�g�Z�� �i�h�^�•�c�� �d�h�j�b�k�l�m�\�Z�q�Z������ �q�Z�k�h�\�•�� �f�•�l�d�b�� �y�d�b�o�� �g�Z�e�_�`�Z�l�v�� �•�g�l�_�j�\�Z�e�m��

�����û���± �l�j�b�\�Z�e�•�k�l�v���\�•�d�g�Z�����N���± �•�g�^�_�d�k���\�•�d�g�Z�� 

�G�Z���h�k�g�h�\�•�� �n�h�j�f�m�}�l�v�k�y���\�_�d�l�h�j���h�a�g�Z�d���i�h�\�_�^�•�g�d�b�� 

 (3) 

�^�_��  �± �\�_�d�l�h�j�� �h�a�g�Z�d���d�h�j�b�k�l�m�\�Z�q�Z�� �m���\�•�d�g�•��;  �± �d�•�e�v�d�•�k�l�v���h�a�g�Z�d���� �± 

�a�g�Z�q�_�g�g�y��-�€���h�a�g�Z�d�b�����D�h�g�d�j�_�l�g�b�c���k�d�e�Z�^���h�a�g�Z�d���\�•�^�i�h�\�•�^�Z�}���^�h�k�l�m�i�g�b�f���`�m�j�g�Z�e�Z�f�����Z�\�l�_�g�l�b��

�n�•�d�Z�p�•�y�����n�Z�c�e�h�\�•���^�•�€�����f�_�j�_�`�_�\�•���a�¶�}�^�g�Z�g�g�y�����^�h�k�l�m�i���^�h���k�_�j�\�•�k�•�\�����•���i�h�\�b�g�_�g���[�m�l�b���k�m�f�•�k�g�b�f���•�a��
UEBA-�e�h�]�Z�f�b�����g�Z���y�d�b�o���\�b�d�h�g�m�}�l�v�k�y���h�p�•�g�x�\�Z�g�g�y�� 

�S�h�[���\�j�Z�o�m�\�Z�l�b���^�j�_�c�n���i�h�\�_�^�•�g�d�b�����^�e�y���d�h�`�g�h�€���h�a�g�Z�d�b���i�•�^�l�j�b�f�m�}�l�v�k�y���©�g�h�j�f�Z�ª���m���\�b��

�]�e�y�^�•���_�d�k�i�h�g�_�g�p�•�c�g�h���a�\�Z�`�_�g�h�]�h���k�_�j�_�^�g�v�h�]�h���a���d�h�_�n�•�p�•�}�g�l�h�f���a�Z�[�m�\�Z�g�g�y�� . 

 (4) 

�^�_��  �± �Z�^�Z�i�l�b�\�g�_�� �k�_�j�_�^�g�}�� �a�g�Z�q�_�g�g�y��-�€�� �h�a�g�Z�d�b�� �^�e�y�� �d�h�j�b�k�l�m�\�Z�q�Z���m�� �\�•�d�g�•��; �± 

�d�h�_�n�•�p�•�}�g�l���a�Z�[�m�\�Z�g�g�y���� �± �i�h�l�h�q�g�_���a�g�Z�q�_�g�g�y���h�a�g�Z�d�b�� 

�F�Z�k�r�l�Z�[���h�a�g�Z�d���g�h�j�f�Z�e�•�a�m�}�l�v�k�y���q�_�j�_�a���Z�^�Z�i�l�b�\�g�m���^�b�k�i�_�j�k�•�x�� 

 
(5) 

�^�_��  �± �_�d�k�i�h�g�_�g�p�•�c�g�h���a�\�Z�`�_�g�Z���^�b�k�i�_�j�k�•�y��-�€���h�a�g�Z�d�b����  �± �d�\�Z�^�j�Z��

�l�b�q�g�_���\�•�^�o�b�e�_�g�g�y���� 
�<�•�^�o�b�e�_�g�g�y���i�h�l�h�q�g�h�€���i�h�\�_�^�•�g�d�b���\�•�^���g�h�j�f�b���a�Z�^�Z�}�l�v�k�y���g�h�j�f�Z�e�•�a�h�\�Z�g�h�x���\�_�e�b�q�b�g�h�x�� 

 
(6) 

�^�_��  �± �g�h�j�f�Z�e�•�a�h�\�Z�g�Z���f�•�j�Z���\�•�^�o�b�e�_�g�g�y���� �± �f�Z�e�Z���d�h�g�k�l�Z�g�l�Z���^�e�y���q�b�k�_�e�v�g�h�€��

�k�l�•�c�d�h�k�l�•�� 
�:�g�h�f�Z�e�v�g�•�k�l�v���i�h�\�_�^�•�g�d�b���m���\�•�d�g�•���h�i�b�k�m�}�l�v�k�y���a�\�Z�`�_�g�h�x���k�m�f�h�x���\�•�^�o�b�e�_�g�v�����Z�e�_���e�b�r�_��

�a�Z�� �l�b�f�b�� �h�a�g�Z�d�Z�f�b���� �y�d�•�� �Z�d�l�b�\�h�\�Z�g�•�� �d�h�g�n�•�]�m�j�Z�p�•�}�x�� �^�_�l�_�d�l�h�j�Z���� �P�_�� �a�Z�[�_�a�i�_�q�m�}�� �d�_�j�h�\�Z�g�m��
�k�d�e�Z�^�g�•�k�l�v���•���i�•�^�‰�j�m�g�l�y���^�e�y���•�g�l�_�j�i�j�_�l�Z�p�•�€�� 

 

(7) 

�^�_�� �± �k�d�Z�e�y�j�g�b�c���k�d�h�j���Z�g�h�f�Z�e�v�g�h�k�l�•���^�e�y���d�h�j�b�k�l�m�\�Z�q�Z�� �m���\�•�d�g�•��; �± �•�g�^�b��

�d�Z�l�h�j���\�d�e�x�q�_�g�g�y��-�€���h�a�g�Z�d�b���� �± �\�Z�]�Z���h�a�g�Z�d�b�� 

�J�•�r�_�g�g�y���i�j�h���l�j�b�\�h�]�m���a�Z�^�Z�}�l�v�k�y���i�h�j�h�]�h�f��. 
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 (8) 

�^�_��  �± �\�b�o�•�^���^�_�l�_�d�l�h�j�Z���������± �l�j�b�\�h�]�Z���������± �g�h�j�f�Z������  �± �•�g�^�b�d�Z�l�h�j�g�Z���n�m�g�d�p�•�y����

 �± �i�h�j�•�]���k�i�j�Z�p�x�\�Z�g�g�y�� 

�D�h�g�n�•�]�m�j�Z�p�•�y�� �^�_�l�_�d�l�h�j�Z�� �d�h�^�m�}�l�v�k�y�� �y�d�� �o�j�h�f�h�k�h�f�Z�����s�h�� �h�^�g�h�q�Z�k�g�h�� �\�b�a�g�Z�q�Z�}�� �k�d�e�Z�^��
�h�a�g�Z�d�����€�o���\�Z�]�b���l�Z���i�Z�j�Z�f�_�l�j�b���Z�^�Z�i�l�Z�p�•�€�� 

 (9) 

�^�_�� �± �o�j�h�f�h�k�h�f�Z����  �± �[�•�g�Z�j�g�Z���f�Z�k�d�Z���h�a�g�Z�d����  �± �\�_�d�l�h�j��

�\�Z�]���� �± �i�h�j�•�]���l�j�b�\�h�]�b���� �± �d�h�_�n�•�p�•�}�g�l���a�Z�[�m�\�Z�g�g�y���\���i�j�h�n�•�e�•�� 

�K�d�e�Z�^�g�•�k�l�v���f�h�^�_�e�•���\�b�f�•�j�x�}�l�v�k�y���q�Z�k�l�d�h�x���Z�d�l�b�\�g�b�o���h�a�g�Z�d�� 

 

(10) 

�^�_��  �± �g�h�j�f�h�\�Z�g�Z���k�d�e�Z�^�g�•�k�l�v���� �± �d�•�e�v�d�•�k�l�v���h�a�g�Z�d�� 

�H�i�_�j�Z�p�•�c�g�Z�� �k�l�Z�[�•�e�v�g�•�k�l�v�� �k�b�]�g�Z�e�•�\�� �n�•�d�k�m�}�l�v�k�y�� �q�_�j�_�a�� �f�•�g�e�b�\�•�k�l�v�� �i�h�l�h�d�m�� �l�j�b�\�h�]����

�G�_�o�Z�c�� �± �f�g�h�`�b�g�Z���d�h�j�b�k�l�m�\�Z�q�•�\�����Z�� �± �d�•�e�v�d�•�k�l�v���l�j�b�\�h�]���m���\�•�d�g�•��: 

 
(11) 

�>�e�y���•�g�l�_�j�\�Z�e�m���h�p�•�g�x�\�Z�g�g�y���^�h�\�`�b�g�b�� �\�\�h�^�b�l�v�k�y���d�h�_�n�•�p�•�}�g�l���\�Z�j�•�Z�p�•�€���i�h�l�h�d�m���l�j�b�\�h�]��

�y�d���f�•�j�Z���g�_�k�l�Z�[�•�e�v�g�h�k�l�•�� 

 
(12) 

�^�_��  �± �\�•�^�g�h�k�g�Z���\�h�e�Z�l�b�e�v�g�•�k�l�v���i�h�l�h�d�m���l�j�b�\�h�]���� �•��  �± �\�•�^�i�h�\�•�^�g�h���k�_�j�_�^�g�}���l�Z��

�k�l�Z�g�^�Z�j�l�g�_���\�•�^�o�b�e�_�g�g�y���i�h�k�e�•�^�h�\�g�h�k�l�•��;  �± �f�Z�e�Z���d�h�g�k�l�Z�g�l�Z�� 

�N�m�g�d�p�•�y���i�j�b�k�l�h�k�h�\�Z�g�h�k�l�•���a�Z�^�Z�}���d�h�f�i�j�h�f�•�k���f�•�`���y�d�•�k�l�x���\�b�y�\�e�_�g�g�y���l�Z���_�d�k�i�e�m�Z�l�Z�p�•�c��
�g�b�f�b�� �r�l�j�Z�n�Z�f�b���� �H�k�d�•�e�v�d�b�� �i�h�k�l�Z�g�h�\�d�Z�� �j�h�[�h�l�b�� �g�_�� �i�_�j�_�^�[�Z�q�Z�}�� �©�l�h�l�Z�e�v�g�h�€�� �i�_�j�_�\�Z�]�b�ª�� �a�Z��
�\�k�•�f�Z���f�_�l�j�b�d�Z�f�b�����p�•�e�v�h�\�Z���n�m�g�d�p�•�y���i�j�y�f�h���d�Z�j�Z�}���o�b�[�g�•���l�j�b�\�h�]�b�����g�_�k�l�Z�[�•�e�v�g�•�k�l�v���k�b�]�g�Z�e�•�\���•��
�g�Z�^�f�•�j�g�m���k�d�e�Z�^�g�•�k�l�v���� 

 (13) 

�^�_��  �± �a�g�Z�q�_�g�g�y�� �i�j�b�k�l�h�k�h�\�Z�g�h�k�l�•���� �± F1-�f�•�j�Z���� �h�[�q�b�k�e�_�g�Z�� �g�Z��

�\�Z�e�•�^�Z�p�•�c�g�h�f�m�� �•�g�l�_�j�\�Z�e�•�� �^�e�y�� �d�h�g�n�•�]�m�j�Z�p�•�€��;  �± �q�Z�k�l�d�Z�� �o�b�[�g�h�i�h�a�b�l�b�\�g�b�o��

�k�i�j�Z�p�x�\�Z�g�v����  �± �d�h�_�n�•�p�•�}�g�l�b�� �\�Z�]�� �r�l�j�Z�n�•�\���� �s�h�� �a�Z�^�Z�x�l�v�� �i�h�e�•�l�b�d�m�� �d�h�f �i�j�h�f�•�k�m��

�a�Z�e�_�`�g�h���\�•�^���\�Z�j�l�h�k�l�•���j�_�Z�]�m�\�Z�g�g�y���\���h�j�]�Z�g�•�a�Z�p�•�€�� 
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�1�g�l�_�j�i�j�_�l�h�\�Z�g�•�k�l�v�� �a�Z�[�_�a�i�_�q�m�}�l�v�k�y�� �l�b�f���� �s�h�� �k�d�h�j�� �}�� �e�•�g�•�c�g�h�x�� �d�h�f�i�h�a�b�p�•�}�x �\�g�_�k�d�•�\��
�h�d�j�_�f�b�o���h�a�g�Z�d�����>�e�y���d�h�`�g�h�€���h�a�g�Z�d�b���\�b�a�g�Z�q�Z�}�l�v�k�y���\�g�_�k�h�d���m���d�h�g�d�j�_�l�g�_���k�i�j�Z�p�x�\�Z�g�g�y�� 

 (14) 

�?�d�k�i�_�j�b�f�_�g�l�b�� �\�b�d�h�g�Z�g�h�� �g�Z�� �i�m�[�e�•�q�g�h�f�m�� �g�Z�[�h�j�•�� �`�m�j�g�Z�e�•�\�� �&�/�8�(-�/�'�6�� �>���@���� �y�d�b�c��
�f�•�k�l�b�l�v���i�h�^�•�€���j�_�Z�e�v�g�b�o�����d�•�e�v�d�h�o���l�b�k�y�q���Z�g�h�g�•�f�•�a�h�\�Z�g�b�o���d�h�j�b�k�l�m�\�Z�q�•�\�����>�e�y���\�•�^�l�\�h�j�x�\�Z�g�h��
�]�h�� �h�p�•�g�x�\�Z�g�g�y�� �Z�g�h�f�Z�e�v�g�•�� �i�h�^�•�€�� �^�h�^�Z�x�l�v�k�y�� �r�l�m�q�g�h���� �i�•�k�e�y�� �i�_�\�g�h�]�h�� �f�h�f�_�g�l�m�� �i�h�^�•�€���� �s�h��

�i�j�b�i�b�k�m�x�l�v�k�y�� �d�h�j�b�k�l�m�\�Z�q�m������ �a�Z�f�•�g�x�x�l�v�k�y�� �g�Z�� �k�l�Z�l�b�k�l�b�q�g�h�� �[�•�e�v�r�_�� �k�o�h�`�•�� �g�Z�� �•�g�r�b�c��

�i�j�h�n�•�e�v���� �L�Z�d�Z�� �i�h�k�l�Z�g�h�\�d�Z�� �^�h�[�j�_�� �m�a�]�h�^�`�m�}�l�v�k�y�� �a�� �i�j�b�d�e�Z�^�g�h�x�� �8�(�%�$-�e�h�]�•�d�h�x���� �g�Z�� �i�j�Z�d��
�l�b�p�•�� �Z�g�Z�e�•�l�b�d�Z�� �p�•�d�Z�\�b�l�v�� �k�l�•�c�d�_�� �a�f�•�s�_�g�g�y�� �a�\�b�q�g�h�]�h�� �i�j�h�n�•�e�x���� �y�d�_�� �i�•�^�\�b�s�m�}�� �j�b�a�b�d�� �•�g�p�b��
�^�_�g�l�m�����Z���g�_���Z�g�h�f�Z�e�v�g�Z���i�h�^�•�y���y�d���l�Z�d�Z���>���@�� 

�;�Z�a�h�\�•���f�_�l�h�^�b���\�•�^�[�b�j�Z�e�b�k�y���l�Z�d�����s�h�[���i�h�d�j�b�\�Z�l�b���l�b�i�h�\�•���d�e�Z�k�b���8�(�%�$-�j�•�r�_�g�v�������L�����k�l�Z��
�l�b�k�l�b�q�g�b�c�� �k�d�h�j�b�g�]�� �g�Z�� �h�k�g�h�\�•�� �g�h�j�f�Z�e�•�a�h�\�Z�g�b�o�� �\�•�^�o�b�e�_�g�v�� �[�_�a�� �h�i�l�b�f�•�a�Z�p�•�€�� �\�Z�]���� ���L�L���� �h�^��
�g�h�d�e�Z�k�h�\�•�� �l�Z�� �Z�g�k�Z�f�[�e�_�\�•�� �f�h�^�_�e�•�� �^�e�y�� �\�b�y�\�e�_�g�g�y�� �Z�g�h�f�Z�e�•�c�� �m�� �\�_�d�l�h�j�g�h�f�m�� �i�j�_�^�k�l�Z�\�e�_�g�g�•����
���L�L�L�����^�\�h�k�l�m�i�_�g�_�\�b�c���i�•�^�o�•�^���•�a���]�j�m�[�b�f���\�•�^�[�h�j�h�f���d�Z�g�^�b�^�Z�l�•�\���•���^�_�l�Z�e�•�a�Z�p�•�}�x���e�b�r�_���^�e�y���i�•�^�h��
�a�j�•�e�b�o�� �n�j�Z�]�f�_�g�l�•�\���� �s�h�� �\�•�^�h�[�j�Z�`�Z�}�� �•�^�_�x�� �©�F�R�D�U�V�H-to-�I�L�Q�H�ª�� �m�� �i�h�\�_�^�•�g�d�h�\�•�c�� �Z�g�Z�e�•�l�b�p�•��[3]. 
�H�d�j�_�f�h���d�h�g�l�j�h�e�x�\�Z�\�k�y���\�i�e�b�\���k�Z�f�_���_�\�h�e�x�p�•�c�g�h�€���h�i�l�b�f�•�a�Z�p�•�€�����y�d���j�_�n�_�j�_�g�k���j�h�a�]�e�y�^�Z�e�Z��
�k�y�� �d�h�g�n�•�]�m�j�Z�p�•�y�� �a�� �l�b�f�� �k�Z�f�b�f�� �g�Z�[�h�j�h�f�� �h�a�g�Z�d���� �Z�e�_�� �a�� �n�•�d�k�h�\�Z�g�b�f�b�� �\�Z�]�Z�f�b�� �l�Z�� �i�h�j�h�]�h�f����
�i�•�^�•�[�j�Z�g�b�f���l�j�Z�^�b�p�•�c�g�h�x���\�Z�e�•�^�Z�p�•�}�x���[�_�a���i�h�r�m�d�m���i�h���i�•�^�f�g�h�`�b�g�Z�o�� 

�A�Z�i�j�h�i�h�g�h�\�Z�g�b�c�� �f�_�l�h�^�� �h�i�l�b�f�•�a�m�\�Z�\�� �o�j�h�f�h�k�h�f�m�� ���� �^�_�� �a�Z�^�Z�}��

�i�•�^�f�g�h�`�b�g�m�� �Z�d�l�b�\�g�b�o�� �h�a�g�Z�d���� �± �€�o�� �\�Z�]�b���� �± �i�h�j�•�]�� �l�j�b�\�h�]�b���� �± �i�Z�j�Z�f�_�l�j�� �a�Z�[�m�\�Z�g�g�y����

�=�_�g�_�l�b�q�g�b�c���Z�e�]�h�j�b�l�f���g�Z�e�Z�r�l�h�\�m�\�Z�\�k�y���\���j�_�`�b�f�•���i�h�f�•�j�g�h�]�h���[�x�^�`�_�l�m���i�h�r�m�d�m�����i�h�i�m�e�y�p�•�y��
40�±�������h�k�h�[�b�g���������±�������i�h�d�h�e�•�g�v�����l�m�j�g�•�j�g�b�c���\�•�^�[�•�j���f�Z�e�h�]�h���j�h�a�f�•�j�m�����•�f�h�\�•�j�g�•�k�l�v���d�j�h�k�h�\�_�j�m��
�[�e�b�a�v�d�h�����������l�Z���f�m�l�Z�p�•�€���g�Z���j�•�\�g�•�����������±0.08. 

�>�Z�g�•���Z�]�j�_�]�m�\�Z�e�b�k�y���m���^�h�[�h�\�•���\�•�d�g�Z�������A�Z�]�Z�e�h�f���\�b�d�h�j�b�k�l�Z�g�h���������������d�h�j�b�k�l�m�\�Z�q�•�\��

�l�Z�����������^�•�[���k�i�h�k�l�_�j�_�`�_�g�v�����s�h���^�Z�e�h�������������������\�•�d�h�g�������:�g�h�f�Z�e�v�g�•���_�i�•�a�h�^�b���\�\�h�^�b�e�b�k�y���\��

���������� �\�•�d�h�g�� ������ �������� �i�h�a�b�l�b�\�g�b�o�� �i�j�b�d�e�Z�^�•�\������ �s�h�� �a�[�_�j�•�]�Z�}�� �o�Z�j�Z�d�l�_�j�g�m�� �^�e�y�� �8�(�%�$�� �^�b�k�[�Z��
�e�Z�g�k�g�•�k�l�v�� �•�� �j�h�[�b�l�v�� �l�h�q�g�•�k�l�v�� �h�k�h�[�e�b�\�h�� �q�m�l�e�b�\�h�x�� �^�h�� �o�b�[�g�b�o�� �l�j�b�\�h�]�� �>���@���� �H�p�•�g�x�\�Z�g�g�y�� �\�b��
�d�h�g�Z�g�h���g�Z���l�_�k�l�h�\�h�f�m���\�•�^�j�•�a�d�m���i�•�k�e�y���g�Z�e�Z�r�l�m�\�Z�g�g�y���i�h�j�h�]�•�\���•���i�Z�j�Z�f�_�l�j�•�\���g�Z���i�h�i�_�j�_�^�g�v�h�f�m��
�q�Z�k�h�\�h�f�m���•�g�l�_�j�\�Z�e�•�� 

�L�Z�[�e�b�p�y���� 
�I�h�j�•�\�g�y�g�g�y���a�Z�i�j�h�i�h�g�h�\�Z�g�h�]�h���f�_�l�h�^�m���a���[�Z�a�h�\�b�f�b 

�F�_�l�h�^  
  

  Complexity  

�K�l�Z�l�b�k�l�b�q�g�b�c���k�d�h�j�b�g�]��(i) 0.058 0.028 84 0.62 1.00 
�H�^�g�h�d�e�Z�k�h�\�Z�� �f�h�^�_�e�v�� �m�� �\�_�d�l�h�j�g�h�f�m��
�i�j�h�k�l�h�j�•��(ii ) 

0.063 0.025 76 0.60 1.00 

�>�\�h�k�l�m�i�_�g�_�\�b�c coarse-to-fine �i�Z�c��
�i�e�Z�c�g (iii)  

0.075 0.019 58 0.52 0.85 

�=�: -�h�i�l�b�f�•�a�Z�p�•�y��  0.093 0.013 41 0.39 0.35 
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�M�� �l�Z�[�e�b�p�•��1 �g�Z�\�_�^�_�g�h�� �j�_�a�m�e�v�l�Z�l�b���i�h�j�•�\�g�y�g�g�y�� �a�� �[�Z�a�h�\�b�f�b�� �f�_�l�h�^�Z�f�b. �I�h�j�•�\�g�y�g�h�� �a��

�^�\�h�_�l�Z�i�g�b�f��coarse-to-fine �i�Z�c�i�e�Z�c�g�h�f�� �[�_�a���_�\�h�e�x�p�•�c�g�h�€�� �h�i�l�b�f�•�a�Z�p�•�€�� �a�j�h�k�l�Z�}�� �e�b�r�_�� �a��

������������ �^�h�� �������������� �s�h�� �}�� �g�_�a�g�Z�q�g�b�f�� �i�h�d�j�Z�s�_�g�g�y�f�����G�Z�l�h�f�•�k�l�v�� �m�� �l�b�o�� �i�h�d�Z�a�g�b�d�Z�o���� �y�d�•�� �\�b�a�g�Z��
�q�Z�x�l�v���j�_�Z�e�v�g�m���\�Z�j�l�•�k�l�v���_�d�k�i�e�m�Z�l�Z�p�•�€���8�(�%�$-�^�_�l�_�d�l�h�j�Z�����i�_�j�_�\�Z�]�Z���[�•�e�v�r���\�b�j�Z�`�_�g�Z�����Q�Z�k�l�d�Z��
�o�b�[�g�h�i�h�a�b�l�b�\�g�b�o���k�i�j�Z�p�x�\�Z�g�v���a�f�_�g�r�m�}�l�v�k�y �a���������������^�h�����������������l�h�[�l�h���i�j�b�[�e�b�a�g�h���g�Z�����������m��
�\�•�^�g�h�k�g�h�f�m���\�b�f�•�j�•�����Z���\�h�e�Z�l�b�e�v�g�•�k�l�v���i�h�l�h�d�m���l�j�b�\�h�]���a�Z���d�h�_�n�•�p�•�}�g�l�h�f���\�Z�j�•�Z�p�•�€���i�Z�^�Z�}���a������������
�^�h�������������� �s�h���\�•�^�i�h�\�•�^�Z�}���[�e�b�a�v�d�h���������� �\�•�^�g�h�k�g�h�]�h���a�g�b�`�_�g�g�y�� �K�_�j�_�^�g�y���d�•�e�v�d�•�k�l�v���l�j�b�\�h�] �g�Z��
�^�h�[�m�� �a�f�_�g�r�m�}�l�v�k�y�� �a�� ������ �^�h�� �������� �h�l�`�_�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �g�Z���Z�g�Z�e�•�l�b�d�•�\ �k�l�Z�}�� �g�b�`�q�b�f �•�� �[�•�e�v�r��
�i�j�h�]�g�h�a�h�\�Z�g�b�f. 

�>�e�y���[�Z�a�h�\�b�o���i�•�^�o�h�^�•�\��  �j�•�\�g�Z���h�^�b�g�b�p�•�����s�h���h�a�g�Z�q�Z�}���\�b�d�h�j�b�k�l�Z�g�g�y���\�k�v�h��

�]�h�� �i�j�h�k�l�h�j�m�� �h�a�g�Z�d�� �Z�[�h�� �[�e�b�a�v�d�h�]�h�� �^�h�� �g�v�h�]�h�� �i�•�^�i�j�h�k�l�h�j�m���� �M�� �a�Z�i�j�h�i�h�g�h�\�Z�g�h�f�m�� �f�_�l�h�^�•��

 �k�l�Z�g�h�\�b�l�v�� ������������ �l�h�[�l�h�� �Z�d�l�b�\�g�h�x �a�Z�e�b�r�Z�}�l�v�k�y�� �i�j�b�[�e�b�a�g�h�� �l�j�_�l�b�g�Z�� �h�a�g�Z�d����

�A�f�_�g�r�_�g�g�y�� �j�h�a�f�•�j�g�h�k�l�•�� �i�h�\�_�^�•�g�d�h�\�h�]�h�� �i�j�h�n�•�e�x�� �k�i�j�h�s�m�}�� �i�h�y�k�g�_�g�g�y�� �k�i�j�Z�p�x�\�Z�g�v�� �•�� �a�g�b��
�`�m�}�� �j�b�a�b�d�� �l�h�]�h���� �s�h�� �k�b�k�l�_�f�Z�� �i�h�q�g�_�� �j�_�Z�]�m�\�Z�l�b�� �g�Z�� �d�h�j�h�l�d�h�q�Z�k�g�•�� �Z�[�h�� �d�h�g�l�_�d�k�l�g�h�� �g�_�k�l�•�c�d�•��
�k�b�]�g�Z�e�b�����i�j�h�^�m�d�m�x�q�b���a�Z�c�\�•���l�j�b�\�h�]�b�� 

�H�l�j�b�f�Z�g�•�� �j�_�a�m�e�v�l�Z�l�b�� �i�h�y�k�g�x�x�l�v�k�y�� �k�l�j�m�d�l�m�j�h�x�� �h�i�l�b�f�•�a�Z�p�•�€���� �?�\�h�e�x�p�•�c�g�b�c�� �i�h�r�m�d��
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Evolutionary adaptation of DLP policies under concept drift in streaming data 

In modern streaming DLP systems deployed across cloud and hybrid environments, 

fixed policies degrade rapidly due to concept drift. Operators must simultaneously control the 

risk-weighted miss cost, limit the false-alarm burden, meet latency SLOs, and keep alert 

streams stable under tight memory and compute budgets. These competing objectives are not 

adequately balanced by traditional detectors or manual policy tuning. 

We present an online evolutionary controller that casts policy adaptation as 

constrained multi-objective optimization. The method uses a chromosome encoding with drift-

aware exploration�±exploitation switching, an archive of vetted policies for warm starts, a 

compact active mixture, and guarded rollbacks for operational safety. On six streams 

(synthetic and real), the controller keeps the integrated cost within 0�±3.5% of the best 

�E�D�V�H�O�L�Q�H�����P�H�D�Q���D�E�V�R�O�X�W�H���J�D�S���§���������������V�X�V�W�D�L�Q�V���S�������O�D�W�H�Q�F�\���E�H�O�R�Z�����������P�V�����D�Q�G���U�H�G�X�F�H�V���D�O�H�U�W-

rate volatility by 50�±63% while maintaining comparable or lower false-alarm rates. 

Two practical sensitivities emerge: the drift-gate threshold governing the 

exploration/exploitation balance, and short-lived compute bursts immediately after detected 

changes. Warm starts, a compact mixture, and mutation-budget guards mitigate these effects 

without sacrificing responsiveness. 

Keywords: genetic algorithms, Data Loss Prevention, anomaly detection, concept drift, 

cloud security 
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�i�h�e�•�]�h�g�����k�d�e�Z�^�g�b�c���h�[�¶�}�d�l���l�h�s�h������ 

�I�h�e�h�`�_�g�g�y�� �d�h�`�g�h�]�h�� �h�[�¶�}�d�l�Z��iS  �\�� �i�j�h�k�l�h�j�•�� 2R  �\�b�a�g�Z�q�Z�}�l�v�k�y�� �i�Z�j�Z�f�_�l�j�Z�f�b�� �j�h�a�f�•��

�s�_�g�g�y�� ( , , )�  � Ti i i ip x y ���� �s�h�� �a�Z�^�Z�x�l�v�k�y�� �\�_�d�l�h�j�h�f�� �l�j�Z�g�k�e�y�p�•�€��( , )i ix y  �l�Z���d�m�l�h�f�� �i�h�\�h�j�h�l�m��

[0, 2 )�T �• �Si .  
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�A�Z�n�•�d�k�m�}�f�h�� �i�h�e�h�`�_�g�g�y�� �h�[�e�Z�k�l�•�� �i�h�d�j�b�l�l�y��2� : � • R ���� �a�Z�^�Z�\�r�b�� �€�€�� �i�Z�j�Z�f�_�l�j�b�� �j�h�a�f�•��

�s�_�g�g�y 0 (0, 0,0)� p �����I�•�k�e�y���l�j�Z�g�k�n�h�j�f�Z�p�•�€�����l�j�Z�g�k�e�y�p�•�€���l�Z���i�h�\�h�j�h�l�m�����h�[�¶�}�d�l�Z��iS   �h�l�j�b�f�m��

�}�f�h���i�Z�j�Z�f�_�l�j�b�a�h�\�Z�g�b�c���h�[�¶�}�d�l��( )i iS p . 

�K�n�h�j�f�m�}�f�h�� �k�d�e�Z�^�g�b�c�� �� �i�Z�j�Z�f�_�l�j�b�a�h�\�Z�g�b�c�� �h�[�¶�}�d�l���� �s�h�� �g�Z�a�\�_�f�h�� �d�h�g�n�•�]�m�j�Z�p�•�}�x�� �i�h�d��
�j�b�l�l�y�� 

1
( ) (0) ( )

� 
�: � �:p

n

i i
i

S p ,                                                (1) 

�^�_�� 1 1 1 1( ,..., ) ( , , ,..., , , )� � �T �Tp n n n np p x y x y .  

�I�e�h�s�Z���d�h�g�n�•�]�m�j�Z�p�•�€���i�h�d�j�b�l�l�y�����������\�b�a�g�Z�q�Z�}�l�v�k�y���y�d���i�e�h�s�Z���i�_�j�_�l�b�g�m���h�[�e�Z�k�l�•�� (0)�:  �a��

�h�[�¶�}�^�g�Z�g�g�y�f���l�j�Z�g�k�n�h�j�f�h�\�Z�g�b�o���h�[�¶�}�d�l�•�\ ( ), 1,...,� i iS p i n: 

�� ��
1

( ) ( ) (0) ( )
� 

� § � ·� �P �: � �:� ¨ � ¸
� © � ¹

p p
n

i i
i

F area S p .                     (2) 

�N�m�g�d�p�•�y��( )pF  �}���g�_�]�e�Z�^�d�h�x�����f�h�`�_���f�Z�l�b���j�h�a�j�b�\�b���l�Z���j�•�a�d�m���a�f�•�g�m���]�j�Z�^�•�}�g�l�•�\�����h�k�d�•�e�v��

�d�b���a�Z�e�_�`�b�l�v���\�•�^���]�_�h�f�_�l�j�b�q�g�b�o���i�_�j�_�l�b�g�•�\���•���q�Z�k�l�d�h�\�b�o���g�Z�d�e�Z�^�Z�g�v�� 
�F�_�l�h�x���h�i�l�b�f�•�a�Z�p�•�€���}���f�Z�d�k�b�f�•�a�Z�p�•�y���p�•�}�€���n�m�g�d�p�•�€�� 

max ( )
�•p W

pF , 

�^�_��W - �f�g�h�`�b�g�Z���^�h�i�m�k�l�b�f�b�o���i�Z�j�Z�f�_�l�j�•�\���j�h�a�f�•�s�_�g�g�y���i�h�d�j�b�\�Z�x�q�b�o���h�[�¶�}�d�l�•�\���� 
�M�d�Z�`�_�f�h�� �^�_�y�d�•�� �g�Z�c�i�h�r�b�j�_�g�•�r�•�� �h�[�f�_�`�_�g�g�y�� �g�Z�� �i�Z�j�Z�f�_�l�j�b�� �j�h�a�f�•�s�_�g�g�y�� �i�h�d�j�b�\�Z�x��

�q�b�o�� �h�[�¶�}�d�l�•�\��W .  �G�_�o�Z�c�� �a�Z�^�Z�g�h��k �a�Z�[�h�j�h�g�_�g�b�o�� �a�h�g��1,..., kZ Z , 2�•iZ R ���� �y�d�•�� �\�b�a�g�Z�q�Z�x�l�v��

�h�[�e�Z�k�l�•���� �\�� �y�d�b�o�� �g�_�� �f�h�`�g�Z�� �j�h�a�l�Z�r�h�\�m�\�Z�l�b�� �p�_�g�l�j�b�� �h�[�¶�}�d�l�•�\���� �Z�e�_�� �y�d�•�� �f�h�`�m�l�v�� �[�m�l�b�� �i�h�d�j�b�l�•��
�k�Z�f�b�f�b���h�[�¶�}�d�l�Z�f�b�� 

�N�h�j�f�Z�e�v�g�h���f�Z�}�f�h�� 

1,...,( ,   1,., ) .., .� � �  �• � i i j i n jx y kZ                            (3) 

�L�Z�d�•�� �h�[�f�_�`�_�g�g�y�� �}�� �k�m�l�l�}�\�b�f�� �m�� �k�p�_�g�Z�j�•�y�o���� �d�h�e�b�� �\�b�f�Z�]�Z�}�l�v�k�y�� �j�h�a�f�•�s�_�g�g�y�� �k�_�g�k�h�j�•�\��
�i�h�a�Z�� �g�_�[�_�a�i�_�q�g�b�f�b�� �a�h�g�Z�f�b���� �\�k�l�Z�g�h�\�e�_�g�g�y�� �[�Z�a�h�\�b�o�� �k�l�Z�g�p�•�c�� �i�h�a�Z�� �`�b�l�e�h�\�b�f�b�� �k�_�d�l�h�j�Z�f�b����
�j�h�a�f�•�s�_�g�g�y���f�h�[�•�e�v�g�b�o���i�m�g�d�l�•�\���\���[�_�a�i�_�q�g�b�o���f�•�k�p�y�o���i�j�b���f�Z�d�k�b�f�Z�e�v�g�h�f�m���h�o�h�i�e�_�g�g�•�� 

�>�e�y���a�Z�k�l�h�k�m�\�Z�g�g�y���f�_�l�Z�_�\�j�b�k�l�b�d���l�Z���$�,-�h�j�•�}�g�l�h�\�Z�g�b�o���f�_�l�h�^�•�\���q�Z�k�l�h���\�b�d�h�j�b�k�l�h�\�m�x�l�v��
�r�l�j�Z�n�g�_�� �i�j�_�^�k�l�Z�\�e�_�g�g�y���� �y�d�_�� �i�_�j�_�\�h�^�b�l�v�� �a�Z�^�Z�q�m�� �m�f�h�\�g�h�€�� �h�i�l�b�f�•�a�Z�p�•�€�� �\�� �[�_�a�m�f�h�\�g�m�� �n�h�j��
�f�m�� 

�� ��max ( ) ( )� � � Up pF P ,                                           (4) 

�^�_�� 0� U � ! �r�l�j�Z�n�g�b�c���d�h�_�n�•�p�•�}�g�l�����Z���r�l�j�Z�n�g�m���n�m�g�d�p�•�x��( )pP  �a�Z�^�Z�}�f�h���y�d 

�� ��2
1 1

( ) max 0, ( , )
�  �  

� � ¦ � ¦p
n k

j i i
i j

Z x yP . 

�M�� �i�h�^�Z�e�v�r�h�f�m�� �^�h�i�m�k�l�b�f�h�� �a�Z�f�•�g�x�\�Z�l�b�� �`�h�j�k�l�d�•�� �r�l�j�Z�n�b�� �g�Z �Z�^�Z�i�l�b�\�g�•���� �g�_�c�j�h�g�g�•��
�h�p�•�g�d�b���r�l�j�Z�n�•�\�����i�j�h�}�d�p�•�c�g�•���h�i�_�j�Z�l�h�j�b�����d�h�f�[�•�g�h�\�Z�g�•���k�o�_�f�b�� 

�H�k�h�[�e�b�\�h�k�l�•�� �a�Z�^�Z�q�•�� �������� �l�Z�� �k�d�e�Z�^�g�h�s�•�� �h�i�l�b�f�•�a�Z�p�•�€�� �\�b�g�b�d�Z�x�l�v�� �q�_�j�_�a�� �]�_�h�f�_�l�j�b�q�g�m��
�i�j�b�j�h�^�m�����H�i�_�j�Z�p�•�€���h�[�¶�}�^�g�Z�g�g�y���•���i�_�j�_�l�b�g�m���f�g�h�`�b�g���f�Z�x�l�v���\�b�k�h�d�m���h�[�q�b�k�e�x�\�Z�e�v�g�m���k�d�e�Z�^��
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�g�•�k�l�v���� �h�k�h�[�e�b�\�h�� �i�j�b�� �^�_�k�y�l�d�Z�o�� �•�� �k�h�l�g�y�o�� �h�[�¶�}�d�l�•�\�� �G�_�]�e�Z�^�d�•�k�l�v�� �l�Z�� �[�Z�]�Z�l�h�_�d�k�l�j�_�f�Z�e�v�g�•�k�l�v��
�n�m�g�d�p�•�€���������������i�h�\�y�a�Z�g�Z���a���l�b�f�����s�h���j�•�a�g�•���j�h�a�l�Z�r�m�\�Z�g�g�y���h�[�¶�}�d�l�•�\���f�h�`�m�l�v���^�Z�\�Z�l�b���i�j�b�[�e�b�a�g�h��
�h�^�g�Z�d�h�\�_�� �i�h�d�j�b�l�l�y�� �•�k�g�m�x�l�v�� �d�h�f�[�•�g�Z�p�•�c�g�•�� �d�h�g�n�•�]�m�j�Z�p�•�€���� �^�_�� �h�[�¶�}�d�l�b�� �g�Z�d�e�Z�^�Z�x�l�v�k�y�� �Z�[�h��
�©�j�h�a�o�h�^�y�l�v�k�y�ª���g�Z���h�d�j�_�f�•���k�_�]�f�_�g�l�b�� 

�D�•�e�v�d�•�k�l�v�� �a�f�•�g�g�b�o�� �a�Z�^�Z�q�•�� �������� �^�h�j�•�\�g�x�}��3n���� �s�h�� �j�h�[�b�l�v�� �€�€�� �g�Z�^�k�d�e�Z�^�g�h�x�� �\�`�_�� �i�j�b��
n>20. 

�H�i�l�b�f�Z�e�v�g�b�c���j�h�a�\�¶�y�a�h�d���a�Z�^�Z�q�•�����������a�Z�e�_�`�b�l�v���y�d���\�•�^���d�h�h�j�^�b�g�Z�l�����l�Z�d���•���\�•�^���d�m�l�•�\�����Z���l�Z��
�d�h�`���\�•�^���\�a�Z�}�f�g�b�o���g�Z�d�e�Z�^�Z�g�v���•���l�h�i�h�e�h�]�•�€���h�[�e�Z�k�l�•�����A���p�b�o���i�j�b�q�b�g���m���i�h�^�Z�e�v�r�b�o���j�h�a�^�•�e�Z�o���j�h��
�a�]�e�y�^�Z�x�l�v�k�y���j�h�c�h�\�•���l�Z���_�\�h�e�x�p�•�c�g�•���f�_�l�h�^�b���]�e�h�[�Z�e�v�g�h�]�h���i�h�r�m�d�m���� �f�_�f�_�l�b�q�g�•���d�h�f�[�•�g�Z�p�•�€���a��
�e�h�d�Z�e�v�g�b�f�b�� �h�i�l�b�f�•�a�Z�l�h�j�Z�f�b���� �k�m�j�h�]�Z�l�g�_�� �f�h�^�_�e�x�\�Z�g�g�y�� �n�m�g�d�p�•�€�� �i�h�d�j�b�l�l�y���� �8�0�/-
�h�j�•�}�g�l�h�\�Z�g�Z���Z�j�o�•�l�_�d�l�m�j�Z���^�e�y���f�h�^�m�e�v�g�h�€���j�_�Z�e�•�a�Z�p�•�€���k�b�k�l�_�f�b�� 

�F�_�l�Z�_�\�j�b�k�l�b�q�g�•�� �Z�e�]�h�j�b�l�f�b�� �h�i�l�b�f�•�a�Z�p�•�€�����A�Z�^�Z�q�Z�� �g�_�i�_�j�_�j�\�g�h�]�h�� �i�h�d�j�b�l�l�y�� �o�Z�j�Z�d��
�l�_�j�b�a�m�}�l�v�k�y���\�b�k�h�d�h�x���j�h�a�f�•�j�g�•�k�l�x���i�j�h�k�l�h�j�m���i�Z�j�Z�f�_�l�j�•�\�����g�_�]�e�Z�^�d�h�x���•���[�Z�]�Z�l�h�_�d�k�l�j�_�f�Z�e�v��
�g�h�x���p�•�e�v�h�\�h�x���n�m�g�d�p�•�}�x���� �k�d�e�Z�^�g�b�f�b���]�_�h�f�_�l�j�b�q�g�b�f�b���h�i�_�j�Z�p�•�y�f�b�����i�_�j�_�l�b�g�b���� �h�[�_�j�l�Z�g�g�y����
�l�j�Z�g�k�n�h�j�f�Z�p�•�€���h�[�¶�}�d�l�•�\�����l�Z���g�Z�y�\�g�•�k�l�x���a�Z�[�h�j�h�g�_�g�b�o���a�h�g�����M���l�Z�d�b�o���m�f�h�\�Z�o���d�e�Z�k�b�q�g�•���^�_�l�_�j��
�f�•�g�h�\�Z�g�•�� �f�_�l�h�^�b���� �s�h�� �[�Z�a�m�x�l�v�k�y�� �g�Z�� �]�j�Z�^�•�}�g�l�g�•�c�� �•�g�n�h�j�f�Z�p�•�€�� �Z�[�h�� �j�_�]�m�e�y�j�g�h�k�l�•�� �p�•�e�v�h�\�h�€��
�n�m�g�d�p�•�€���� �\�l�j�Z�q�Z�x�l�v�� �_�n�_�d�l�b�\�g�•�k�l�v���� �A�g�Z�q�g�h�� �d�j�Z�s�•�� �j�_�a�m�e�v�l�Z�l�b�� �^�_�f�h�g�k�l�j�m�x�l�v�� �i�h�i�m�e�y�p�•�c�g�•��
�f�_�l�Z�_�\�j�b�k�l�b�d�b�����a�^�Z�l�g�•���\�b�d�h�g�m�\�Z�l�b���]�e�h�[�Z�e�v�g�b�c���i�h�r�m�d���m���k�d�e�Z�^�g�b�o���]�_�h�f�_�l�j�b�q�g�b�o���i�j�h�k�l�h��
�j�Z�o�� 

�D�e�x�q�h�\�h�x�� �h�k�h�[�e�b�\�•�k�l�x�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �j�h�c�h�\�b�o�� �Z�e�]�h�j�b�l�f�•�\�� �m�� �a�Z�^�Z�q�Z�o�� �i�h�d�j�b�l�l�y�� �}��
�l�_���� �s�h���d�h�`�_�g�� �Z�]�_�g�l�� �Z�e�]�h�j�b�l�f�m�� �i�j�_�^�k�l�Z�\�e�y�}�� �i�h�\�g�m�� �d�h�g�n�•�]�m�j�Z�p�•�x�� �h�[�¶�}�d�l�•�\�� �i�h�d�j�b�l�l�y�� ������, 

�l�h�[�l�h�� �\�_�d�l�h�j�� �i�Z�j�Z�f�_�l�j�•�\��1 1 1 1( ,..., ) ( , , ,..., , , )� � �T �Tp n n n np p x y x y ���� �y�d�b�c�� �\�b�a�g�Z�q�Z�}�� �i�h�e�h��

�`�_�g�g�y���l�Z���h�j�•�}�g�l�Z�p�•�x���\�k�•�o���h�[�}�d�l�•�\�� 
�L�Z�d�b�f�� �q�b�g�h�f�����j�m�o�� �Z�]�_�g�l�•�\�� �m�� �i�j�h�k�l�h�j�•�� �j�•�r�_�g�v�� �\�•�^�i�h�\�•�^�Z�}�� �]�_�h�f�_�l�j�b�q�g�•�c�� �i�_�j�_�[�m�^�h�\�•��

�k�l�j�m�d�l�m�j�b�� �i�h�d�j�b�l�l�y���� �P�_�� �^�h�a�\�h�e�y�}�� �•�g�l�_�j�i�j�_�l�m�\�Z�l�b�� �i�Z�j�Z�f�_�l�j�b�� �f�_�l�Z�_�\�j�b�k�l�b�d�� �g�_�� �e�b�r�_�� �\��
�Z�[�k�l�j�Z�d�l�g�h�f�m���i�h�r�m�d�h�\�h�f�m���k�_�g�k�•�����Z���y�d���f�_�o�Z�g�•�a�f�b���d�_�j�m�\�Z�g�g�y���]�_�h�f�_�l�j�•�}�x���i�h�d�j�b�l�l�y. 

�G�b�`�q�_�� �j�h�a�]�e�y�g�m�l�h�� �h�k�g�h�\�g�•�� �i�h�i�m�e�y�p�•�c�g�•�� �Z�e�]�h�j�b�l�f�b�� �l�Z�� �€�o�g�•�� �]�_�h�f�_�l�j�b�q�g�•�� 
�•�g�l�_�j�i�j�_�l�Z�p�•�€�� 

Particle Swarm Optimization (PSO) [7]. �M���3�6�2���d�h�`�g�Z���q�Z�k�l�b�g�d�Z���p�_���i�h�\�g�Z���d�h�g�n�•�]�m�j�Z��
�p�•�y�� �i�h�d�j�b�l�l�y���� �R�\�b�^�d�•�k�l�v�� �q�Z�k�l�b�g�d�b�� �\�b�a�g�Z�q�Z�}���� �g�Z�k�d�•�e�v�d�b�� �Z�]�j�_�k�b�\�g�h�� �l�j�Z�g�k�n�h�j�f�m�x�l�v�k�y��

�h�[�¶�}�d�l�b��( ), 1,...,� i iS p i n. �<�_�e�b�d�•�� �d�h�f�i�h�g�_�g�l�b���r�\�b�^�d�h�k�l�•�� �i�j�b�a�\�h�^�y�l�v���^�h���a�g�Z�q�g�b�o���i�_�j�_��

�f�•�s�_�g�v���l�Z���i�h�\�h�j�h�l�•�\�� �Z���f�Z�e�•���± �^�h���i�e�Z�\�g�h�€�����k�l�Z�[�•�e�v�g�h�€���i�_�j�_�[�m�^�h�\�b���i�h�d�j�b�l�l�y�� �H�k�g�h�\�g�•���i�Z��
�j�Z�f�_�l�j�b�� �3�6�2�� �f�Z�x�l�v�� �q�•�l�d�b�c�� �]�_�h�f�_�l�j�b�q�g�b�c�� �a�f�•�k�l�����1�g�_�j�p�•�c�g�b�c�� �d�h�_�n�•�p�•�}�g�l���\�b�a�g�Z�q�Z�}�� �•�g�_�j��
�p�•�x���d�h�g�n�•�]�m�j�Z�p�•�€���� �\�_�e�b�d�•���a�g�Z�q�_�g�g�y���i�j�b�a�\�h�^�y�l�v���^�h���a�[�_�j�_�`�_�g�g�y���g�Z�i�j�y�f�d�m���j�m�o�m���� �Z���f�Z�e�•�� �^�h��
�j�•�a�d�h�€���i�_�j�_�[�m�^�h�\�b�����D�h�]�g�•�l�b�\�g�b�c���d�h�_�n�•�p�•�}�g�l���\�•�^�i�h�\�•�^�Z�}���a�Z���e�h�d�Z�e�v�g�•���d�h�j�_�d�p�•�€���h�[�¶�}�d�l�•�\���i�h��
�d�j�b�l�l�y���g�Z���h�k�g�h�\�•���\�e�Z�k�g�b�o���\�^�Z�e�b�o���i�h�e�h�`�_�g�v�����K�h�p�•�Z�e�v�g�b�c���d�h�_�n�•�p�•�}�g�l���k�i�j�y�f�h�\�m�}���d�h�g�n�•�]�m��
�j�Z�p�•�x���^�h���l�•�}�€�����s�h���^�Z�e�Z���g�Z�c�[�•�e�v�r�m���i�e�h�s�m���i�h�d�j�b�l�l�y�� �L�Z�d�b�f���q�b�g�h�f�����3�6�2���^�•�}���y�d���]�e�h�[�Z�e�v�g�b�c��
�f�_�o�Z�g�•�a�f���i�_�j�_�[�m�^�h�\�b���\�k�•�}�€���k�b�k�l�_�f�b���j�h�a�f�•�s�_�g�g�y�����i�e�Z�\�g�h���Z�[�h���j�•�a�d�h���Z�^�Z�i�l�m�x�q�b���k�l�j�m�d�l�m�j�m��
�a�Z�e�_�`�g�h���\�•�^���i�Z�j�Z�f�_�l�j�•�\�� 

Fish School Search (FSS) [8]. �M���)�6�6���d�h�`�g�Z�����j�b�[�Z�����l�Z�d�h�`���}���d�h�g�n�•�]�m�j�Z�p�•�}�x���i�h�d�j�b�l�l�y����
�L�j�b���h�k�g�h�\�g�•���h�i�_�j�Z�l�h�j�b���f�Z�x�l�v���]�_�h�f�_�l�j�b�q�g�_���l�e�m�f�Z�q�_�g�g�y�����1�g�^�b�\�•�^�m�Z�e�v�g�b�c���j�m�o �\�•� �̂i�h�\�•�^�Z�}��



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

167 

�e�h�d�Z�e�v�g�h�f�m�� �a�k�m�\�m�� �l�Z�� �h�[�_�j�l�Z�g�g�x�� �_�e�_�f�_�g�l�•�\�� �i�h�d�j�b�l�l�y�� �l�h�[�l�h�� �g�_�\�_�e�b�d�b�o�� �a�f�•�g�� �i�Z�j�Z�f�_�l�j�•�\��

�j�h�a�f�•�s�_�g�g�y��( , , )�  � Ti i i ip x y ). �1�g�k�l�b�g�d�l�b�\�g�b�c�� �j�m�o�� �a�Z�^�Z�}���m�k�_�j�_�^�g�_�g�g�y�� �m�k�i�•�r�g�b�o�� �a�f�•�g�� �\�•��

�^�h�[�j�Z�`�Z�}���m�a�]�h�^�`�_�g�m�� �i�_�j�_�[�m�^�h�\�m�� �j�h�a�f�•�s�_�g�g�y�� �h�[�¶�}�d�l�•�\���� �k�i�j�y�f�h�\�Z�g�m�� �g�Z�� �a�[�•�e�v�r�_�g�g�y�� �i�h�d��
�j�b�l�l�y���\�Z�`�e�b�\�b�o���^�•�e�y�g�h�d���h�[�e�Z�k�l�•�� �D�h�e�_�d�l�b�\�g�_���k�l�b�k�d�Z�g�g�y���j�h�a�r�b�j�_�g�g�y�� �\�b�a�g�Z�q�Z�}���f�Z�k�r�l�Z�[��
�l�j�Z�g�k�n�h�j�f�Z�p�•�c�� �j�h�a�r�b�j�_�g�g�y���i�j�b�a�\�h�^�b�l�v���^�h���Z�d�l�b�\�g�h�]�h���^�h�k�e�•�^�`�_�g�g�y���g�h�\�b�o���]�_�h�f�_�l�j�b�q�g�b�o��
�d�h�g�n�•�]�m�j�Z�p�•�c�� �Z���k�l�b�k�d�Z�g�g�y���^�h���n�•�d�k�Z�p�•�€���i�_�j�k�i�_�d�l�b�\�g�h�€���l�h�i�h�e�h�]�•�€���i�h�d�j�b�l�l�y�� �)�6�6���}���i�j�b�j�h�^��

�g�h���Z�^�Z�i�l�b�\�g�b�f���^�h���k�d�e�Z�^�g�b�o���]�_�h�f�_�l�j�•�c���h�[�e�Z�k�l�•��2� : � • R �l�Z���g�Z�y�\�g�h�k�l�•���a�Z�[�h�j�h�g�_�g�b�o���a�h�g�� 

Firefly Algorithm (FA) [9].  �M�� �)�$�� �•�g�l�_�g�k�b�\�g�•�k�l�v�� �k�\�•�l�•�g�g�y�� �Z�]�_�g�l�•�\�� �\�•�^�i�h�\�•�^�Z�}�� �i�e�h�s�•��
�i�h�d�j�b�l�l�y���� �:�e�]�h�j�b�l�f�� �f�Z�}�� �q�•�l�d�m�� �•�g�l�_�j�i�j�_�l�Z�p�•�x�� �i�j�b�l�y�]�Z�g�g�y�� �^�h�� �y�k�d�j�Z�\�b�o�� �Z�]�_�g�l�•�\�� �\�•�^�i�h�\�•��
�^�Z�}�� �j�m�o�m�� �^�h�� �d�h�g�n�•�]�m�j�Z�p�•�c�� �a�� �d�j�Z�s�b�f�� �j�h�a�l�Z�r�m�\�Z�g�g�y�f�� �h�[�¶�}�d�l�•�\�� �H�k�g�h�\�g�b�f�� �i�Z�j�Z�f�_�l�j�h�f�� �\��
�Z�e�]�h�j�b�l�f�•���}���i�Z�j�Z�f�_�l�j���i�h�]�e�b�g�Z�g�g�y���J�����s�h���\�b�a�g�Z�q�Z�}���h�d�•�e���^�•�€���]�_�h�f�_�l�j�b�q�g�b�o���l�j�Z�g�k�n�h�j�f�Z�p�•�c. 

�F�Z�e�_���J �i�j�b�a�\�h�^�b�l�v���^�h���³�^�Z�e�_�d�b�o���k�l�j�b�[�d�•�\�´���m���i�j�h�k�l�h�j�•���i�h�d�j�b�l�l�y�� �Z���\�_�e�b�d�_���J - �^�h���^�j�•�[�g�h�€��

�l�h�q�d�h�\�h�€���d�h�j�_�d�p�•�€���i�h�e�h�`�_�g�v���•���h�j�•�}�g�l�Z�p�•�c���h�[�¶�}�d�l�•�\�� �)�$���^�h�[�j�_���i�j�Z�p�x�}���a���f�m�e�v�l�b�f�h�^�Z�e�v�g�b��
�f�b���]�_�h�f�_�l�j�•�y�f�b�����Z�e�_���i�h�l�j�_�[�m�}���l�h�g�d�h�]�h���g�Z�e�Z�r�l�m�\�Z�g�g�y���i�Z�j�Z�f�_�l�j�•�\�� 

Artificial Bee Colony (ABC) [10]. �L�j�b���l�b�i�b���[�^�`�•�e���\�b�a�g�Z�q�Z�x�l�v���j�•�a�g�•���Z�k�i�_�d�l�b���d�h�j�_�d�p�•�€��
�i�h�d�j�b�l�l�y�� �A�Z�c�g�y�l�•���[�^�`�h�e�b �d�h�g�l�j�h�e�x�x�l�v���e�h�d�Z�e�v�g�•���^�_�n�h�j�f�Z�p�•�€���d�h�g�n�•�]�m�j�Z�p�•�c, �s�h���\�•�^�i�h�\�•��
�^�Z�}�� �l�h�q�d�h�\�b�f�� �a�f�•�g�Z�f�� �h�d�j�_�f�b�o�� �h�[�¶�}�d�l�•�\�� �K�i�h�k�l�_�j�•�]�Z�q�• �\�•�^�i�h�\�•�^�Z�e�v�g�•�� �a�Z�� �\�b�[�•�j�� �g�Z�c�d�j�Z�s�b�o��
�d�h�g�n�•�]�m�j�Z�p�•�c�� �•�� �^�j�•�[�g�•�� �f�h�^�b�n�•�d�Z�p�•�€�� �h�j�•�}�g�l�Z�p�•�c���i�h�e�h�`�_�g�v�� �J�h�a�\�•�^�g�b�p�v�d�•�� �[�^�`�h�e�b �a�Z�[�_�a�i�_��
�q�m�x�l�v�� �i�h�\�g�b�c�� �i�_�j�_�a�Z�i�m�k�d�� �q�Z�k�l�b�g�b�� �i�h�i�m�e�y�p�•�€���� �l�h�[�l�h���]�_�g�_�j�Z�p�•�y�� �g�h�\�b�o�� �]�_�h�f�_�l�j�b�q�g�b�o��
�k�l�j�m�d�l�m�j�� �i�h�d�j�b�l�l�y���� �s�h�� �\�Z�`�e�b�\�h�� �i�j�b �k�d�e�Z�^�g�b�o�� �h�[�f�_�`�_�g�g�y�o�� �$�%�&�� �^�_�f�h�g�k�l�j�m�}�� �k�b�e�v�g�m��
�a�^�Z�l�g�•�k�l�v���^�h���i�h�r�m�d�m���g�h�\�b�o���d�h�g�n�•�]�m�j�Z�p�•�c���l�Z���i�h�^�h�e�Z�g�g�y���e�h�d�Z�e�v�g�b�o���f�•�g�•�f�m�f�•�\�� 

�R�b�j�h�d�b�c�� �k�i�_�d�l�j�� �i�h�\�_�^�•�g�d�h�\�b�o�� �f�_�o�Z�g�•�a�f�•�\�� �j�•�a�g�b�o�� �f�_�l�Z�_�\�j�b�k�l�b�d�� �^�h�a�\�h�e�y�}�� �€�f�� �i�h-
�j�•�a�g�h�f�m���\�a�Z�}�f�h�^�•�y�l�b���a���]�_�h�f�_�l�j�•�}�x���i�h�d�j�b�l�l�y�� 

�L�Z�[�e�b�p�y�������m�a�Z�]�Z�e�v�g�x�}���d�e�x�q�h�\�•���\�e�Z�k�l�b�\�h�k�l�•���d�h�`�g�h�]�h���i�•�^�o�h�^�m���l�Z���g�Z�^�Z�}���i�h�j�•�\�g�y�e�v�g�m��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�m���j�h�c�h�\�b�o���Z�e�]�h�j�b�l�f�•�\���m���g�_�i�_�j�_�j�\�g�b�o���a�Z�^�Z�q�Z�o���f�Z�d�k�b�f�Z�e�v�g�h�]�h���i�h�d�j�b�l�l�y  

�L�Z�[�e�b�p�y���� 

�: �e�]�h�j�b�l�f �=�e�h�[�Z�e�v�g�b�c��
�i �h�r�m�d 

�K�l�•�c�d�•�k�l�v���^�h��
�e�h�d�Z�e�v�g�b�o��
�f �•�g�•�f�m�f�•�\ 

�H�j�•�}�g�l�h�\�g�Z��
�y�d�•�k�l�v���i�h�d��

�j�b�l�l�y 
�R�\ �b�^�d�•�k�l�v �H�k�h�[�e�b�\�h�k�l�• 

PSO �<�b�k�h�d�Z �K�_�j�_�^�g�y �;�Z�a�h�\�Z �<�b�k�h�d�Z 
�R�\�b�^�d�Z�� �a�[�•�`�g�•�k�l�v����
�j�b�a�b�d�� �\�l�j�Z�l�b�� �j�•�a��
�g�h�f�Z�g�•�l�l�y 

FSS �<�b�k�h�d�Z �<�b�k�h�d�Z �<�b�s�Z���a�Z���3�6�2 �K�_�j�_�^�g�y 
�:�^�Z�i�l�b�\�g�•�k�l�v�� �^�h��
�k�d�e�Z�^�g�h�€�� �]�_�h�f�_�l�j�•�€��
�h�[�e�Z�k�l�• 

FA �K�_�j�_� �̂g�y �K�_�j�_�^�g�y 
�I�h�^�•�[�g�Z�� �^�h��
PSO 

�K�_�j�_�^�g�y�±
�g�b�a�v�d�Z 

�Q�m�l�e�b�\�•�k�l�v�� �^�h�� �i�Z��
�j�Z�f�_�l�j�Z�� �i�h�]�e�b�g�Z�g��
�g�y 

ABC �K�_�j�_� �̂g�y �<�b�k�h�d�Z 
�>�_�s�h���\�b�s�Z���a�Z��
PSO �G�b�a�v�d�Z 

�F�_�o�Z�g�•�a�f�b�� �i�_�j�_�a�Z��
�i�m�k�d�m�� �i�h�d�j�Z�s�m�x�l�v��
�\�b�o�•�^�� �•�a�� �e�h�d�Z�e�v�g�b�o��
�f�•�g�•�f�m�f�•�\ 
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�F�_�f�_�l�b�q�g�•�� ���]�•�[�j�b�^�g�•���� �Z�e�]�h�j�b�l�f�b���>�����@���� �G�Z�� �\�•�^�f�•�g�m�� �\�•�^�� �©�q�b�k�l�b�o�ª�� �j�h�c�h�\�b�o�� �q�b��
�_�\�h�e�x�p�•�c�g�b�o�� �f�_�l�h�^�•�\���� �f�_�f�_�l�b�q�g�b�c�� �i�•�^�o�•�^�� �•�g�l�_�]�j�m�}���]�e�h�[�Z�e�v�g�b�c�� �k�l�h�o�Z�k�l�b�q�g�b�c�� �i�h�r�m�d 
(PSO, FSS, A�%�&�� �Z�[�h�� �_�\�h�e�x�p�•�c�g�•�� �Z�e�]�h�j�b�l�f�b�������e�h�d�Z�e�v�g�m�� �h�i�l�b�f�•�a�Z�p�•�x (BFGS, Nelder�±
�0�H�D�G�����3�R�Z�H�O�O���l�h�s�h���� 

�E�h�d�Z�e�v�g�Z���h�i�l�b�f�•�a�Z�p�•�y���\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y���y�d���•�g�l�_�g�k�b�\�g�b�c���i�h�r�m�d �^�e�y���^�h�\�_�^�_�g�g�y���i�_��
�j�k�i�_�d�l�b�\�g�b�o���j�•�r�_�g�v�����l�h�^�•���y�d���j�h�c�h�\�b�c���f�_�l�h�^���i�j�h�^�h�\�`�m�}���^�h�k�e�•�^�`�_�g�g�y���i�j�h�k�l�h�j�m���g�Z���]�e�h�[�Z��
�e�v�g�h�f�m���j�•�\�g�•�����P�_���^�Z�}���d�•�e�v�d�Z���\�Z�`�e�b�\�b�o���_�n�_�d�l�•�\�����I�h���i�_�j�r�_�����l�h�q�g�_���]�_�h�f�_�l�j�b�q�g�_���³�^�h�\�_�^�_�g��
�g�y�´���j�•�r�_�g�v�����E�h�d�Z�e�v�g�•���f�_�l�h�^�b���[�_�a�i�h�k�_�j�_�^�g�v�h���i�j�Z�p�x�x�l�v���a���i�Z�j�Z�f�_�l�j�Z�f�b���j�h�a�l�Z�r�m�\�Z�g�g�y���l�Z��

�h�j�•�}�g�l�Z�p�•�€���h�[�¶�}�d�l�•�\���i�h�d�j�b�l�l�y��1 1 1 1( ,..., ) ( , , ,..., , , )� � �T �Tp n n n np p x y x y . �<�h�g�b���^�h�a�\�h�e�y�x�l�v��

�l�h�q�g�h�� �i�h�a�b�p�•�h�g�m�\�Z�l�b�� �h�[�¶�}�d�l�b���� �f�•�g�•�f�•�a�m�\�Z�l�b�� �g�_�[�Z�`�Z�g�•�� �i�_�j�_�d�j�b�l�l�y���� �i�h�d�j�Z�s�m�\�Z�l�b�� �m�a�]�h��
�^�`�_�g�g�y�� �a�� �f�_�`�Z�f�b�� �h�[�e�Z�k�l�•���� �d�h�j�b�]�m�\�Z�l�b�� �i�h�j�m�r�_�g�g�y�� �h�[�f�_�`�_�g�v���� �L�h�[�l�h�� �]�e�h�[�Z�e�v�g�b�c�� �Z�e�]�h��
�j�b�l�f���³�g�Z�[�e�b�`�Z�}�´���d�h�g�n�•�]�m�j�Z�p�•�x���^�h���^�h�[�j�_���i�h�d�j�b�l�h�€���a�h�g�b�����Z���e�h�d�Z�e�v�g�b�c���i�h�d�j�Z�s�m�}���€�€�� 
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�?�n�_�d�l�b�\�g�Z���Z�j�o�•�l�_�d�l�m�j�Z���g�Z���h�k�g�h�\�•���i�j�b�g�p�b�i�m��Deep Sets: �d�h�j�_�d�l�g�h���i�j�Z�p�x�}���a���f�g�h�`�b��

�g�Z�f�b���a�f�•�g�g�h�]�h���j�h�a�f�•�j�m���l�Z���g�_���a�Z�e�_�`�b�l�v���\�•�^���i�h�j�y�^�d�m���h�[�¶�}�d�l�•�\�����^�h�a�\�h�e�y�}���d�h�^�m�\�Z�l�b���d�h�` �g�b�c��
�h�[�¶�}�d�l�� �i�h�d�j�b�l�l�y�� �h�d�j�_�f�h���� �Z�� �i�h�l�•�f�� �Z�]�j�_�]�m�\�Z�l�b�� �•�g�n�h�j�f�Z�p�•�x�� �i�_�j�_�^�� �n�•�g�Z�e�v�g�b�f�� �i�j�h�]�g�h�a�h�f����
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�g�Z���j�Z�g�g�•�o���_�l�Z�i�Z�o���h�i�l�b�f�•�a�Z�p�•�€���h�p�•�g�d�b���\�b�d�h�g�m�x�l�v�k�y���g�_�c�j�h�k�m�j�h�]�Z�l�h�f�����Z���^�e�y���g�Z�c�d�j�Z�s�b�o���j�•��
�r�_�g�v���i�j�h�\�h�^�b�l�v�k�y���m�l�h�q�g�_�g�g�y���l�h�q�g�b�f�b���]�_�h�f�_�l�j�b�q�g�b�f�b���f�_�l�h�^�Z�f�b�� 

�G�_�c�j�h�g�g�h-�d�_�j�h�\�Z�g�•�� �Z�^�Z�i�l�b�\�g�•�� �r�l�j�Z�n�g�•�� �n�m�g�d�p�•�€�����M�� �a�Z�^�Z�q�Z�o�� �i�h�d�j�b�l�l�y�� �a�� �h�[�f�_�`�_�g��
�g�y�f�b���d�j�b�l�b�q�g�h���\�Z�`�e�b�\�h���d�h�g�l�j�h�e�x�\�Z�l�b���i�h�j�m�r�_�g�g�y���l�b�i�m�������������l�h�[�l�h���a�Z�[�h�j�h�g�m���j�h�a�l�Z�r�h�\�m��
�\�Z�l�b���p�_�g�l�j�b���h�[�¶�}�d�l�•�\���m���\�b�a�g�Z�q�_�g�b�o���a�h�g�Z�o�����D�e�Z�k�b�q�g�•���r�l�j�Z�n�g�•���n�m�g�d�p�•�€���\�b�f�Z�]�Z�x�l�v���j�m�q�g�h�]�h��
�\�b�[�h�j�m���d�h�_�n�•�p�•�}�g�l�•�\�����G�Z�^�l�h���f�Z�e�b�c���r�l�j�Z�n���^�h�i�m�k�d�Z�}���i�h�j�m�r�_�g�g�y�����Z���g�Z�^�l�h���\�_�e�b�d�b�c���j�m�c�g�m�}��
�i�j�h�p�_�k���h�i�l�b�f�•�a�Z�p�•�€���q�_�j�_�a���`�h�j�k�l�d�•���]�j�Z�^�•�}�g�l�b�� 
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�<�b�d�h�j�b�k�l�Z�g�g�y�� �g�_�c�j�h�g�g�h�€�� �f�_�j�_�`�•�� �^�e�y�� �d�_�j�m�\�Z�g�g�y�� �r�l�j�Z�n�h�f�� �^�h�a�\�h�e�y�}�� �Z�\�l�h�f�Z�l�b�q�g�h��
�Z�^�Z�i�l�m�\�Z�l�b���r�l�j�Z�n�b �a�Z�e�_�`�g�h���\�•�^���k�l�Z�g�m���i�h�r�m�d�m�� �F�_�j�_�`�Z���g�Z�\�q�Z�}�l�v�k�y���i�_�j�_�^�[�Z�q�Z�l�b�����y�d���a�f�•��
�g�Z���r�l�j�Z�n�m���\�i�e�b�g�_���g�Z���i�j�h�]�j�_�k���h�i�l�b�f�•�a�Z�p�•�€�� 

�I�j�b�� �p�v�h�f�m�� �g�_�f�Z�}�� �g�_�h�[�o�•�^�g�h�k�l�•�� �j�m�q�g�h�]�h�� �i�•�^�[�h�j�m�� �i�Z�j�Z�f�_�l�j�•�\���� �h�k�d�•�e�v�d�b�� �r�l�j�Z�n�g�Z��
�n�m�g�d�p�•�y�� �k�l�Z�}�� �q�Z�k�l�b�g�h�x�� �h�i�l�b�f�•�a�Z�p�•�c�g�h�]�h�� �i�j�h�p�_�k�m���� �Z�� �g�_�� �a�h�\�g�•�r�g�•�f�� �n�•�d�k�h�\�Z�g�b�f�� �_�e�_�f�_�g��
�l�h�f�� 

�L�Z�d�b�c�� �i�•�^�o�•�^�� �a�Z�[�_�a�i�_�q�m�}�� �[�Z�e�Z�g�k�� �f�•�`�� �i�h�r�m�d�h�f�� �•�� �^�h�l�j�b�f�Z�g�g�y�f�� �h�[�f�_�`�_�g�v���� �Y�d�s�h��
�d�h�g�n�•�]�m�j�Z�p�•�y���k�b�k�l�_�f�Z�l�b�q�g�h���i�h�j�m�r�m�}���h�[�f�_�`�_�g�g�y�����l�h���f�_�j�_�`�Z���a�[�•�e�v�r�m�}���r�l�j�Z�n�����Y�d�s�h���Z�e��
�]�h�j�b�l�f���a�Z�k�l�j�y�]�Z�}���m���e�h�d�Z�e�v�g�h�f�m���f�•�g�•�f�m�f�•�����l�h���f�_�j�_�`�Z���q�Z�k�l�d�h�\�h���a�f�_�g�r�m�}���r�l�j�Z�n�����^�h�a�\�h�e�y��
�x�q�b���^�h�k�e�•�^�b�l�b���g�h�\�•���h�[�e�Z�k�l�•�����N�Z�d�l�b�q�g�h�����g�_�c�j�h�g�g�Z���f�_�j�_�`�Z���n�h�j�f�m�}���^�b�g�Z�f�•�q�g�m���d�Z�j�l�m���q�m�l��

�e�b�\�h�k�l�•�����y�d�Z���k�i�•�\�\�•�^�g�h�k�b�l�v���a�g�Z�q�_�g�g�y���r�l�j�Z�n�m���a�•���k�d�e�Z�^�g�•�k�l�x���l�h�i�h�e�h�]�•�€���h�[�e�Z�k�l�•��/�: Z . 
�1�g�l�_�]�j�Z�p�•�y�� �a�� �j�h�c�h�\�b�f�b�� �l�Z�� �f�_�f�_�l�b�q�g�b�f�b�� �Z�e�]�h�j�b�l�f�Z�f�b�����D�h�f�[�•�g�Z�p�•�y�� �g�_�c�j�h�k�m�j�h�]�Z��

�l�•�\���•���Z�^�Z�i�l�b�\�g�b�o���r�l�j�Z�n�•�\���k�l�\�h�j�x�}���[�Z�]�Z�l�h�j�•�\�g�_�\�m���Z�j�o�•�l�_�d�l�m�j�m���h�i�l�b�f�•�a�Z�p�•�€�����m���y�d�•�c��  

�x �j�h�c�h�\�•�� �Z�e�]�h�j�b�l�f�b�� ���3�6�2���� �)�6�6���� �$�%�&���� �\�b�d�h�g�m�x�l�v���]�e�h�[�Z�e�v�g�b�c�� �i�h�r�m�d �m�� �i�j�h�k�l�h�j�•��
�]�_�h�f�_�l�j�b�q�g�b�o���i�Z�j�Z�f�_�l�j�•�\��  

�x �g�_�c�j�h�k�m�j�h�]�Z�l���a�Z�[�_�a�i�_�q�m�}���r�\�b�^�d�m���l�Z���]�e�Z�^�d�m���h�p�•�g�d�m���i�h�d�j�b�l�l�y�����i�j�b�k�d�h�j�x�x�q�b���i�h��
�r�m�d��  

�x �f�_�f�_�l�b�q�g�•�� �d�h�f�i�h�g�_�g�l�b�� ���e�h�d�Z�e�v�g�•�� �h�i�l�b�f�•�a�Z�l�h�j�b���� �m�l�h�q�g�x�x�l�v�� �g�Z�c�d�j�Z�s�•�� �a�g�Z�c�^�_�g�•��
�d�h�g�n�•�]�m�j�Z�p�•�€��  

�x �g�_�c�j�h�g�g�b�c���r�l�j�Z�n�g�b�c���f�h�^�m�e�v���]�Z�j�Z�g�l�m�}���^�h�l�j�b�f�Z�g�g�y���i�j�h�k�l�h�j�h�\�b�o���h�[�f�_�`�_�g�v �[�_�a��
�\�l�j�Z�l�b���f�h�`�e�b�\�h�k�l�•���^�h�k�e�•�^�`�m�\�Z�l�b���g�h�\�•���k�l�j�Z�l�_�]�•�€���j�h�a�f�•�s�_�g�g�y�� 

�L�Z�d�Z���•�g�l�_�]�j�Z�p�•�y�� �^�h�a�\�h�e�y�}�� �_�n�_�d�l�b�\�g�h���i�j�Z�p�x�\�Z�l�b���•�a���a�Z�^�Z�q�Z�f�b���a���^�_�d�•�e�v�d�h�f�Z���k�h�l�g�y�f�b��
�i�Z�j�Z�f�_�l�j�•�\�����a�^�•�c�k�g�x�\�Z�l�b���h�i�l�b�f�•�a�Z�p�•�x���g�Z���g�_�j�_�]�m�e�y�j�g�b�o���l�Z���k�d�e�Z�^�g�b�o���]�_�h�f�_�l�j�•�y�o�����h�l�j�b�f�m��
�\�Z�l�b�� �\�b�k�h�d�h�y�d�•�k�g�•�� �d�h�g�n�•�]�m�j�Z�p�•�€�� �g�Z�\�•�l�v�� �m�� �\�b�i�Z�^�d�Z�o���� �^�_�� �l�h�q�g�b�c�� �j�h�a�\�¶�y�a�h�d�� �h�[�q�b�k�e�b�l�b�� �g�_��
�f�h�`�e�b�\�h�����H�l�`�_���� �g�_�c�j�h�f�_�j�_�`�_�\�•�� �l�_�o�g�h�e�h�]�•�€�� �}�� �n�m�g�^�Z�f�_�g�l�Z�e�v�g�b�f�� �d�h�f�i�h�g�_�g�l�h�f�� �k�m�q�Z�k�g�b�o��
�f�_�l�h�^�•�\�� �h�i�l�b�f�•�a�Z�p�•�€�� �a�Z�^�Z�q�� �i�h�d�j�b�l�l�y���� �<�h�g�b�� �^�h�a�\�h�e�y�x�l�v���a�g�b�a�b�l�b�� �h�[�q�b�k�e�x�\�Z�e�v�g�m�� �k�d�e�Z�^��
�g�•�k�l�v �h�p�•�g�x�\�Z�g�g�y�� �p�•�e�v�h�\�h�€�� �n�m�g�d�p�•�€�����Z�\�l�h�f�Z�l�b�q�g�h�� �Z�^�Z�i�l�m�\�Z�l�b�� �r�l�j�Z�n�b �m�� �a�Z�^�Z�q�Z�o�� �a�� �h�[�f�_��
�`�_�g�g�y�f�b�����i�•�^�\�b�s�b�l�b���y�d�•�k�l�v���•���k�l�Z�[�•�e�v�g�•�k�l�v���i�h�r�m�d�m, �f�Z�k�r�l�Z�[�m�\�Z�l�b���f�h�^�_�e�•���^�h���\�_�e�b�d�b�o���h�[��
�e�Z�k�l�_�c���l�Z���k�d�e�Z�^�g�b�o���n�h�j�f. 

�L�Z�d�b�f�� �q�b�g�h�f���� �i�h�}�^�g�Z�g�g�y�� �g�_�c�j�h�k�m�j�h�]�Z�l�•�\���� �Z�^�Z�i�l�b�\�g�b�o�� �r�l�j�Z�n�g�b�o�� �n�m�g�d�p�•�c�� �•�� �j�h�c�h��
�\�b�o���Z�e�]�h�j�b�l�f�•�\���n�h�j�f�m�}���_�n�_�d�l�b�\�g�m���•�g�l�_�e�_�d�l�m�Z�e�v�g�m���j�Z�f�d�m���^�e�y���j�h�a�\�¶�y�a�Z�g�g�y���a�Z�^�Z�q���g�_�i�_�j�_��
�j�\�g�h�]�h���i�h�d�j�b�l�l�y���m���j�_�Z�e�v�g�b�o���i�j�h�k�l�h�j�h�\�b�o���k�p�_�g�Z�j�•�y�o�� 

UML -�h�j�•�}�g�l�h�\�Z�g�_�� �f�h�^�_�e�x�\�Z�g�g�y�� �Z�j�o�•�l�_�d�l�m�j�b�� �n�j�_�c�f�\�h�j�d�m�� �^�e�y�� �a�Z�^�Z�q�� �g�_�i�_�j�_��
�j�\�g�h�]�h���i�h�d�j�b�l�l�y�����>�e�y���i�h�[�m�^�h�\�b���•�g�l�_�]�j�h�\�Z�g�h�€���•�g�n�h�j�f�Z�p�•�c�g�h�€���l�_�o�g�h�e�h�]�•�€�����y�d�Z���i�•�^�l�j�b�f�m�}��
�a�Z�^�Z�q�•���g�_�i�_�j�_�j�\�g�h�]�h���i�h�d�j�b�l�l�y�����i�h�l�j�•�[�g�Z���n�h�j�f�Z�e�v�g�Z���Z�j�o�•�l�_�d�l�m�j�Z�����a�^�Z�l�g�Z���i�h�}�^�g�Z�l�b �]�_�h�f�_��
�l�j�b�q�g�•�� �f�h�^�m�e�•���� �h�i�l�b�f�•�a�Z�p�•�c�g�•�� �Z�e�]�h�j�b�l�f�b���� �g�_�c�j�h�f�_�j�_�`�_�\�•�� �d�h�f�i�h�g�_�g�l�b���l�Z���a�Z�k�h�[�b���i�j�h�k�l�h��
�j�h�\�h�€�� �•�g�l�_�]�j�Z�p�•�€���� �?�n�_�d�l�b�\�g�b�f�� �•�g�k�l�j�m�f�_�g�l�h�f�� �^�e�y�� �h�i�b�k�m�� �l�Z�d�h�€�� �Z�j�o�•�l�_�d�l�m�j�b�� �}�� �8�0�/���� �y�d�b�c��
�a�Z�[�_�a�i�_�q�m�}���m�g�•�n�•�d�h�\�Z�g�_���\�•�^�h�[�j�Z�`�_�g�g�y���k�l�j�m�d�l�m�j�g�b�o���•���n�m�g�d�p�•�h�g�Z�e�v�g�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���k�b��
�k�l�_�f�b��  
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�<���h�k�g�h�\�•���g�Z�r�h�]�h���i�•�^�o�h�^�m���i�h�d�e�Z�^�_�g�•���^�\�Z���d�e�x�q�h�\�•���Z�k�i�_�d�l�b���8�0�/-�f�h�^�_�e�x�\�Z�g�g�y - �n�m��
�g�d�p�•�h�g�Z�e�v�g�Z�� �k�l�j�m�d�l�m�j�Z�� �k�b�k�l�_�f�b�� �l�Z�� �€�€�� �\�g�m�l�j�•�r�g�y�� �f�h�^�m�e�v�g�Z�� �h�j�]�Z�g�•�a�Z�p�•�y���� �O�h�q�Z�� �8�0�/-
�^�•�Z�]�j�Z�f�b���g�_���i�h�^�Z�x�l�v�k�y���m���k�l�Z�l�l�•���]�j�Z�n�•�q�g�h�����l�_�d�k�l�h�\�b�c���h�i�b�k���\�•�^�h�[�j�Z�`�Z�}���€�o���a�f�•�k�l���•���e�h�]�•�d�m�� 

�N�m�g�d�p�•�h�g�Z�e�v�g�Z�� �k�l�j�m�d�l�m�j�Z�� �k�b�k�l�_�f�b�� ���d�h�g�p�_�i�p�•�y�� �8�V�H�� �&�D�V�H��. �N�m�g�d�p�•�h�g�Z�e�v�g�Z�� �f�h�^�_�e�v��
�\�b�a�g�Z�q�Z�}���h�k�g�h�\�g�•���k�p�_�g�Z�j�•�€���\�a�Z�}�f�h�^�•�€���d�h�j�b�k�l�m�\�Z�q�Z���a���n�j�_�c�f�\�h�j�d�h�f�����2�€���p�_�g�l�j�Z�e�v�g�Z���•�^�_�y���i�h��
�e�y�]�Z�}�� �m�� �\�b�^�•�e�_�g�g�•�� �d�e�x�q�h�\�b�o�� �^�•�c���� �s�h�� �h�o�h�i�e�x�x�l�v�� �i�h�\�g�b�c�� �p�b�d�e�� �j�h�[�h�l�b�� �•�a�� �a�Z�^�Z�q�_�x�� 
�i�h�d�j�b�l�l�y���� 

�G�Z���d�h�g�p�_�i�l�m�Z�e�v�g�h�f�m���j�•�\�g�•���n�m�g�d�p�•�h�g�Z�e�v�g�Z���k�l�j�m�d�l�m�j�Z���\�d�e�x�q�Z�}���l�Z�d�•���f�h�` �e�b�\�h�k�l�•�� 

�x �A�Z�\�Z�g�l�Z�`�_�g�g�y�� �]�_�h�f�_�l�j�•�€�� �h�[�e�Z�k�l�•�� �i�h�d�j�b�l�l�y�� �l�Z�� �a�Z�[�h�j�h�g�_�g�b�o�� �a�h�g�� 
�D�h�j�b�k�l�m�\�Z�q���f�h�`�_���•�f�i�h�j�l�m�\�Z�l�b���i�j�h�k�l�h�j�h�\�•�� �^�Z�g�•�� �m���j�•�a�g�b�o���n�h�j�f�Z�l�Z�o���� �s�h���^�Z�}�� �a�f�h�]�m���a�Z�k�l�h��
�k�h�\�m�\�Z�l�b���f�_�l�h�^�b���i�h�d�j�b�l�l�y���\���j�_�Z�e�v�g�b�o���i�j�h�k�l�h�j�h�\�b�o���k�_�j�_�^�h�\�b�s�Z�o�� 

�x �D�h�g�n�•�]�m�j�Z�p�•�y�� �i�Z�j�Z�f�_�l�j�•�\�� �a�Z�^�Z�q�•���� �P�_�� �\�d�e�x�q�Z�}�� �\�b�[�•�j�� �l�b�i�m�� �h�[�¶�}�d�l�•�\�� �i�h�d�j�b�l�l�y���� �d�•��
�e�v�d�•�k�l�v���_�e�_�f�_�g�l�•�\�����i�Z�j�Z�f�_�l�j�b���l�j�Z�g�k�n�h�j�f�Z�p�•�€���l�Z���k�l�j�m�d�l�m�j�m���h�[�f�_�`�_�g�v�� 

�x �<�b�[�•�j�� �l�Z���g�Z�e�Z�r�l�m�\�Z�g�g�y���f�_�l�h�^�m���h�p�•�g�x�\�Z�g�g�y���i�h�d�j�b�l�l�y���� �N�j�_�c�f�\�h�j�d�� �^�h�a�\�h�e�y�}�� �\�b��
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Integrated ai-based framework for the continuous coverage problems  
with geometric constraints 

Abstract. The paper presents an integrated methodology for an AI-based hybrid 
framework designed to solve the continuous coverage problem under geometric constraints. 
The relevance of this work is driven by the wide range of applications of coverage models in 
telecommunications, logistics, robotics, territorial monitoring, and spatial planning, where 
classical discrete formulations become insufficient due to the complexity of real geographic 
regions and the necessity to optimize continuous parameters. The problem statement focuses 
on developing a methodological approach capable of combining complex geometric 
operations, global optimization procedures, and intelligent predictive models to enhance 
computational efficiency. The aim of the study is to construct a unified hybrid framework that 
integrates metaheuristic and memetic optimization methods with neural surrogate models and 
a UML-oriented information system architecture. The proposed methods include swarm and 
evolutionary algorithms, adaptive penalty mechanisms, neural approximation models, and 
combined techniques for coverage area evaluation. The results are presented in the form of a 
conceptual comparison of the efficiency of different framework components and their 
synergistic influence on the accuracy and performance of the optimization process. The 
conclusions emphasize the applicability of the integrated AI-based framework to large-scale 
coverage problems and its potential for further development towards dynamic and multi-
criteria problem settings. 

Keywords: continuous coverage, spatial modeling, swarm optimization, memetic 
algorithms, artificial intelligence, UML architecture. 
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 �� �� �� ��, , 0u x y v x y�  �  , �� ��, w w x y� , 
2 2

2 2 0
w w

x y
� w � w

� � �  
� w � w

.  

�1�a���k�i�•�\�\�•�^�g�h�r�_�g�v���D�h�r�•���\�b�l�•�d�Z�}�����s�h���d�h�f�i�h�g�_�g�l�b���^�_�n�h�j�f�Z�p�•�€���a�Z�^�Z�x�l�v�k�y���l�Z�d 

 
1
2xz

w
x

�H
�w

� 
�w

, 
1
2yz

w
y

�H
�w

� 
�w

, 0xy xx yy zz�H �H �H �H� � � � . (4) 

�A���j�•�\�g�y�g�g�y�����������d�h�f�i�h�g�_�g�l�b���l�_�g�a�h�j�Z���g�Z�i�j�m�`�_�g�v���f�h�`�g�Z���a�Z�i�b�k�Z�l�b���y�d 

 2xz xz

w
x

�V �P�H �P
�w

�  �  
�w

, 2yz yz

w
y

�V �P�H �P
�w

�  �  
�w

, (5) 

�Z���•�g�r�•���d�h�f�i�h�g�_�g�l�b���g�Z�i�j�m�`�_�g�g�y���^�h�j�•�\�g�x�x�l�v���g�m�e�x�� 

�H�k�d�•�e�v�d�b���� ��, w x y  �}�� �]�Z�j�f�h�g�•�c�g�h�x�� �n�m�g�d�p�•�}�x���� �i�h�a�g�Z�q�Z�}�f�h�� �q�_�j�_�a���� ��, x y�\  �k�i�j�y�`�_�g�m��

�^�h���g�_�€���]�Z�j�f�h�g�•�c�g�m���n�m�g�d�p�•�x�����<�\�h�^�y�q�b���d�h�f�i�e�_�d�k�g�m���a�f�•�g�g�m��z x i y�  � ������f�h�`�_�f�h���a�Z�i�b�k�Z�l�b�� 

 �� ��Rew F z� � ª � º� ¬ � ¼, �� �� �� �� �� ��, , F z w x y i x y�\�  � �. (6) 

�^�_�� �� ��F z  �}�� �Z�g�Z�e�•�l�b�q�g�h�x�� �n�m�g�d�p�•�}�x��z  �g�Z�� �i�e�h�s�b�g�•��S S S� � � ��  � ‰ �i�h�a�Z�� �f�_�`�Z�f�b�� �l�j�•�s�b�g�b��

���j�b�k�� ���������L�h�^�•���a �j�•�\�g�y�g�g�y�����������f�Z�}�f�h 

 �� �� �� �� �� ��1
xz yz

dF w w
z F z i i

dz x y
� V � V

�P
� w � w�c� � �� � ��
� w � w

,  

 �� �� �� ��
2yz

i
F z F z

�P
�V � ª � º� c � c�  � �� ¬ � ¼, �� �� �� ��

2xz F z F z
�P

�V � ª � º� c � c�  � �� ¬ � ¼. (7) 

�J�•�\�g�y�g�g�y���j�•�\�g�h�\�Z�]�b���g�Z���i�h�\�_�j�o�g�•���l�j�•�s�b�g�b�����I�h�a�g�Z�q�b�f�h���q�_�j�_�a���^ �`3 1i i
e

� 
 �\�_�d�l�h�j�b���k�l�Z�g�^�Z�j��

�l�g�h�]�h�� �[�Z�a�b�k�m�� �l�j�b�\�b�f�•�j�g�h�]�h�� �i�j�h�k�l�h�j�m���� �L�h�^�•�� �g�Z�� �h�k�g�h�\�•�� �j�•�\�g�y�g�g�y�� �������� �m�f�h�\�b�� �j�•�\�g�h�\�Z�]�b�� �g�Z��
�i�h�\�_�j�o�g�•���l�j�•�s�b�g�b���a�Z�i�b�r�m�l�v�k�y���m���\�b�]�e�y�^�•���>���������@�� 

 , 0s
ij j ie n e�D�E �E �D� V � V� ª � º� � �  � ¬ � ¼, s

ij i jk n n�D�E �D�E� V � V� ª � º� � ¬ � ¼, (8) 

�^�_��, 1, 3� D � E� . 

�<�j�Z�o�h�\�m�x�q�b���� �s�h�� �\�� �g�Z�r�h�f�m�� �\�b�i�Z�^�d�m�� �g�h�j�f�Z�e�v�� �^�h�� �i�h�\�_�j�o�g�•�� �l�j�•�s�b�g�b�� �k�i�j�y�f�h�\�Z�g�Z��

�\�a�^�h�\�`��2e  �Z�[�h���g�Z�i�j�y�f�d�m��y �����j�•�\�g�y�g�g�y�����������g�Z�[�m�\�Z�x�l�v���\�b�]�e�y�^�m 

 , , 0s s
xx x xz z xy�V �V �V� ª � º�� �� � � ¬ � ¼, , , 0s s

zx x zz z yz�V �V �V� ª � º�� �� � � ¬ � ¼, (9) 

 
2 2

2 20yy

v v
x z

� V � V�¸
� w � w

� ª � º� �� ��� ¬ � ¼�w

� § � ·
�¨
� © � ¹�w

,  (10) 

 �� �� �� ��00 02s s s
�D�E �D�E �D�E �J�J �D�E�V �V �G �P �V �H �O �V �H �G� �� �� �� �� , (11) 

�^�_��, , 1, 3�D �E �J� . 



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

181 

�A���h�k�l�Z�g�g�•�o���j�•�\�g�y�g�v���l�Z�����������•�����������\�b�l�•�d�Z�x�l�v���k�i�•�\�\�•�^�g�h�r�_�g�g�y���f�•�`���i�h�\�_�j�o�g�_�\�b�f�b�����g�Z���[�_��
�j�_�]�Z�o���l�j�•�s�b�g�b�����l�Z���h�k�g�h�\�g�b�f�b���g�Z�i�j�m�`�_�g�g�y�f�b���m���\�b�]�e�y�^�• 

 �� �� 0
02

s
s s
xz xz xz

� P � V
�V �P �V �H �V

�P
��

� �� � , �� �� 0
02

s
s s
yz yz yz

� P � V
�V �P �V �H �V

�P
��

� �� �  (12) 

�M�� �p�b�o�� �j�•�\�g�y�g�g�y�o�� �\�j�Z�o�h�\�Z�g�h���� �s�h�� �^�e�y�� �\�a�Z�}�f�h�a�\�¶�y�a�Z�g�h�]�h�� �•�g�l�_�j�n�_�c�k�m�� �^�_�n�h�j�f�Z�p�•�€�� �g�Z��

�i�h�\�_�j�o�g�•�� �^�h�j�•�\�g�x�x�l�v�� �^�_�n�h�j�f�Z�p�•�y�f�� �m�� �i�j�b�e�_�]�e�h�f�m�� �h�k�g�h�\�g�h�f�m�� �f�Z�l�_�j�•�Z�e�•���� �l�h�[�l�h��s
xz xz� H � H�  

�l�Z��syz yz� H � H� . 

�<�j�Z�o�h�\�m�x�q�b�� �^�Z�e�•���� �s�h�� �j�h�a�]�e�y�^�Z�}�l�v�k�y�� �Z�g�l�b�i�e�h�k�d�b�c�� �a�k�m�\���� �j�•�\�g�y�g�g�y�� ���������� ���������� �f�h�`�m�l�v��
�[�m�l�b���a�\�_�^�_�g�•���^�h���\�b�]�e�y�^�m 

 , 0s
xz x yz� V � V� ª � º� � �  � ¬ � ¼. (13) 

�L�j�•�s�b�g�Z�� �l�b�i�m��III  �a�� �i�h�\�_�j�o�g�_�\�b�f�� �g�Z�l�y�]�h�f�����I�h�a�g�Z�q�b�f�h�� �]�j�Z�g�b�p�•�� �g�b�`�g�v�h�€��0y ��  �l�Z��

�\�_�j�o�g�v�h�€��0y �!  �i�•�\�i�e�h�s�b�g���a�g�Z�d�Z�f�b�����í�����l�Z�������������\�•�^�i�h�\�•�^�g�h�����L�h�^�•�����a���j�•�\�g�y�g�g�y���������������]�j�Z�g�b�q��

�g�•���m�f�h�\�b���g�Z���i�h�\�_�j�o�g�•���l�j�•�s�b�g�b���f�h�`�g�Z���a�Z�i�b�k�Z�l�b���y�d 

 �� �� �� �� 0
s
xz

yz yzx
�V

� V � V
� � � ��w

�� �� � 
�w

�����g�Z���\�_�j�o�g�v�h�f�m���[�_�j�_�a�•�� (14) 

 �� �� �� �� 0
s
xz

yz yzx
�V

� V � V
� � � ��w

�� �� � 
�w

�����g�Z���g�b�`�g�v�h�f�m���[�_�j�_�a�•�� (15) 

�i�j�b�q�h�f�m�� �\�� ������������ �� �� ��0
yz yz�V �V

��
� ���� �Z�� �\�� ������������ �� �� ��0

yz yz�V �V
��

� ���� �^�_���� ��0
yz�V  �í�� �j�•�\�g�h�f�•�j�g�_ �a�k�m�\�g�_���g�Z�i�j�m��

�`�_�g�g�y�����s�h���i�j�b�d�e�Z�^�_�g�_���^�h���[�_�j�_�]�•�\���l�j�•�s�b�g�b���� 
�A�� �j�•�\�g�y�g�v�� ���������� ���������� ������������ ���������� �•�� ������������ �^�e�y�� �l�j�•�s�b�g�b��a x a�� �� �� , 0y � ���� �[�_�j�_�]�b�� �y�d�h�€�� �a�Z��

�a�g�Z�x�l�v���j�•�\�g�h�f�•�j�g�h�]�h���a�k�m�\�g�h�]�h���g�Z�i�j�m�`�_�g�g�y���� ��0
yz�V �����m�f�h�\�b���g�Z���[�_�j�_�]�Z�o���l�j�•�s�b�g�b���f�h�`�g�Z���a�Z�i�b��

�k�Z�l�b���g�Z�k�l�m�i�g�b�f���q�b�g�h�f���� 
�G�Z���\�_�j�o�g�v�h�f�m���[�_�j�_�a�•�� 

 �� �� �� �� �� �� �� �� �� ��
2

(0) (0) 0
0 2

0

2z

s s
sxz

yz yz yz y

w
F z F z

x x
�V �P �V

�V �V �P �V �V�V
���� � w � ��w � ª � º�c�c �c�c� �� � �� �� � �� ��� ¬ � ¼� w � w
. (16) 

�G�Z���g�b�`�g�v�h�f�m���[�_�j�_�a�• 

 �� �� �� �� �� �� �� �� �� ��
2

(0) (0) 0
0 2

0

2z

s s
sxz

yz yz yz y

w
F z F z

x x
�V �P �V

�V �V �P �V �V�V
���� � w � ��w � ª � º�c�c �c�c� �� � �� �� � �� ��� ¬ � ¼� w � w
. (17) 

�;�m�^�_�f�h���l�Z�d�h�`���\�\�Z�`�Z�l�b�����s�h���a�Z�^�Z�g�_���j�•�\�g�h�f�•�j�g�_���a�k�m�\�g�_���g�Z�i�j�m�`�_�g�g�y��yz yz� V � V�f�  �g�Z���g�_��

�k�d�•�g�q�_�g�g�h�k�l�•���� 
�<�j�Z�o�h�\�m�x�q�b�� ���������� �l�Z�� ������������ �a�� �j�•�\�g�y�g�v�� �������� �f�h�`�g�Z�� �k�n�h�j�f�m�e�x�\�Z�l�b�� �m�f�h�\�b�� �g�Z�� �[�_�j�_�]�Z�o��

�l�j�•�s�b�g�b���� 
�G�Z���\�_�j�o�g�v�h�f�m���[�_�j�_�a�•�� 

 �� �� �� �� �� �� �� �� �� ��00

2 2yz

si
F z F z F z F z

�P
�V

�V�P � � � ����ª �º �ª �º�c �c �c�c �c�c�� � �� ���¬ �¼ �¬ �¼. (18) 

�G�Z���g�b�`�g�v�h�f�m�� 

 �� �� �� �� �� �� �� �� �� ��00

2 2yz

si
F z F z F z F z

�P
�V

�V�P � � � ����ª �º �ª �º�c �c �c�c �c�c�� � �� ���¬ �¼ �¬ �¼. (19) 
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�I�j�b�� �Z�g�l�b�i�e�h�k�d�•�c�� �^�_�n�h�j�f�Z�p�•�€�� ���l�j�•�s�b�g�Z�� �l�b�i�m��III ���� �h�q�_�\�b�^�g�h���� �s�h��w w� � � ��  � � ���� �L�h�^�•�� �g�Z��
�h�k�g�h�\�•�����������j�•�\�g�y�g�g�y�������������l�Z�������������f�h�`�g�Z���a�Z�i�b�k�Z�l�b���m���\�b�]�e�y�^�•�� 
�g�Z���\�_�j�o�g�v�h�f�m���[�_�j�_�a�•�� 

 �� �� �� �� �� �� �� �� �� ��00

2 2yz

si
F z F z F z F z

�P
�V

�V�P � � � ����ª �º �ª �º�c �c �c�c �c�c�� � �� ���¬ �¼ �¬ �¼, (20) 

�g�Z���g�b�`�g�v�h�f�m�� 

 �� �� �� �� �� �� �� �� �� ��00

2 2yz

si
F z F z F z F z

�P
�V

�V�P � � � ����ª �º �ª �º�c �c �c�c �c�c�� � �� ���¬ �¼ �¬ �¼. (21) 

�H�k�d�•�e�v�d�b���f�b���i�j�b�i�m�k�l�b�e�b���j�•�\�g�h�f�•�j�g�b�c���j�h�a�i�h�^�•�e���g�Z�i�j�m�`�_�g�v���g�Z���g�_�k�d�•�g�q�_�g�g�h�k�l�•���•�� �g�Z��

�[�_�j�_�]�Z�o�� �l�j�•�s�b�g�b���� �l�h�� �g�Z�� �h�k�g�h�\�•�� �i�_�j�r�h�]�h�� �j�•�\�g�y�g�g�y�� �������� �f�Z�}�f�h �� �� �� �� 0F z F z� c � c� � �  , �a�\�•�^�d�b��

�h�l�j�b�f�m�}�f�h�� 

 �� �� �� ��F z F z� c � c�  � � . (22) 

�G�Z�]�Z�^�Z�}�f�h���>�����@�����s�h�� 

 �� �� �� ��F z F z�  �•�� �� �� �� ��F x F x� � � �� , �� �� �� ��F x F x� � � �� . (23) 

�K�d�e�Z�\�r�b���j�•�\�g�y�g�g�y�������������l�Z�������������f�Z�}�f�h 

 �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ���� ��0
0

2
2 y

s
z

i
F z F z F z F z F z F z

�P
� P � V�V

� � � � ����� § � ·�ª �º �ª �º�c �c �c �c �c�c �c�c�� �� �� � �� �� ��� ¨ � ¸�¬ �¼ �¬ �¼� © � ¹
. (24) 

�<�b�d�h�j�b�k�l�h�\�m�x�q�b���������������h�l�j�b�f�m�}�f�h 

 �� �� �� �� �� �� �� ���� �� �� �� �� �� �� ���� ��0
(0)2

2 yz
si

F z F z F z F zF z F z
�P

�P�V �V ��� � � �� � � � ��
� � c � c�c �c �c�c �c��� � � � �c�� � � � �. (25) 

�:�e�_���a�]�•�^�g�h���a�������������l�Z�������������f�Z�}�f�h 

�� �� �� �� �� �� �� �� �� �� �� ��F z F z F z F z F z F z
� � � ��� �� �� ��

�� �c �c �c �c �c �c�� � ���� �  � � . 

�L�h�^�•���j�•�\�g�y�g�g�y�������������i�j�b�c�f�Z�}���\�b�]�e�y�^�� 

 �� �� �� ���� �� �� �� �� �� �� �� �� ���� ��0
02 yz

sF z F zi F z F z�P �V � P � V � � � �� � � �
��� c � c�� �c�c �c�c� �� �� . (26) 

�>�Z�e�•�����a�Z�i�b�r�_�f�h���g�_�\�•�^�h�f�m���n�m�g�d�p�•�x���� ��F z  �y�d���•�g�l�_�]�j�Z�e���l�b�i�m���D�h�r�•���>�����@���� 

 �� �� �� ��1 1
2

a

yz
a

f t dt
F z

i t z i
�V

� S � P��

�f�c �  � �
���³ . (27) 

�L�h�^�•�����\�j�Z�o�h�\�m�x�q�b���\�b�f�h�]�m���h�[�f�_�`�_�g�h�k�l�•���g�Z�i�j�m�`�_�g�v���g�Z���d�•�g�p�y�o���l�j�•�s�b�g�b�����h�l�j�b�f�Z�}�f�h���� 

 �� �� �� ��
�� ��

�� �� �� �� �� ��
2

1 1 1
2 2 2

aa a a

a a aa

f t dt f t f t dt f t dt
F z

i t z i t z i t zt z�S �S �S�� �� ����

� c � c� ª � º
�c�c � � �� �� � � « � »�� �� ���� � ¬ � ¼

�³ �³ �³ , (28) 

�^�_�� �� �� �� �� �� ��0f t F z F z
� � � �� c � c�  � �, 0a t a�� �d �d , ( ) ( ) 0f a f a� �� �  ���k�d�•�g�q�_�g�g�_�� �g�Z�i�j�m�`�_�g�g�y�� �m�� �\�_�j��

�r�b�g�Z�o���l�j�•�s�b�g�b���� 
�A���j�•�\�g�y�g�v�������������������������l�Z�������������h�l�j�b�f�m�}�f�h���l�Z�d�_���k�b�g�]�m�e�y�j�g�_���•�g�l�_�]�j�h-�^�b�n�_�j�_�g�p�•�Z�e�v�g�_���j�•��

�\�g�y�g�g�y���i�_�j�r�h�]�h���i�h�j�y�^�d�m���l�b�i�m���D�h�r�•���^�e�y���g�_�\�•�^�h�f�h�€���n�m�g�d�p�•�€���� ��f t �i�j�b�� �> �@, t a a� • � � : 

 
�� �� �� �� �� �� �� ���� ��

0

0
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yz
a

s
yz

f t dt
f t

t t
� P � V

�P
�S

�V�V
��

�f�c� � � ��� � ��
���³ , 0a t a�� �d �d , �� �� �� �� 0f a f a� �� � . (29) 
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�J�h�a�\�
�y�a�Z�g�g�y�� �k�b�g�]�m�e�y�j�g�h�]�h�� �•�g�l�_�]�j�h-�^�b�n�_�j�_�g�p�•�Z�e�v�g�h�]�h�� �j�•�\�g�y�g�g�y���� �Y�d�s�h�� �i�h�d�e�Z�k�l�b��

/t a�[ � , 0 0 /t a�[ �  �m���j�•�\�g�y�g�g�•���������������l�h���h�l�j�b�f�Z�}�f�h 
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�[ �[ �[�P
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�S �[ �[
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� V � V�f

��

�� � �� ��
��

���³ , 01 1�[�� �d �d . (30) 

�>�h�^�Z�l�d�h�\�h���i�h�a�g�Z�q�Z�x�q�b���� �� �� ��g f a� [ � [� �����a���j�•�\�g�y�g�g�y�������������h�l�j�b�f�m�}�f�h�� 

 
�� �� �� �� �� �� �� ���� ��00 0
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2
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g dt dg

d

� [ � [�P
�V
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�f
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� � � ���� 
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���³ , 01 1�[�� �d �d , �� �� �� ��1 0= 1g g � � �  . (31) 

�J�h�a�\�¶�y�a�h�d���j�•�\�g�y�g�g�y�������������g�Z���h�k�g�h�\�•���>�����@���f�Z�}���\�b�]�e�y�^ 
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� ¨ � ¸���� � © � ¹

���³ , 

 �� ��0 1, 1�[ � • � � , (1) ( 1) 0g g� �� � . (32) 

�I�h�f�g�h�`�b�\�r�b���h�[�b�^�\�•���q�Z�k�l�b�g�b���g�Z��2
01 �[�� �f�Z�}�f�h 

 �� �� �� �� �� ��1 1 2
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0 0
01 1

11
1

s dg
g g d d

a d
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�[ �[ �[ �[ �[

�S �P�S �[ �[ �[� � � �

� § � ·����
�� �� �� � � ¨ � ¸��� © � ¹
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�� ���� �� 1 2
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02 1yy zz
d

�V �[
�[

�P�S �[

�V

�[
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� 
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�³ . (33) 

�;�m�^�_�f�h���j�h�a�r�m�d�m�\�Z�l�b���n�m�g�d�p�•�x���� ��0g �[  �m���n�h�j�f�• 

 �� �� �� ��0 0
0

N

m m
m

g a T� [ � [
� 

� �¦ , 0 [ 1,1]�[ � • � � , (34) 

�^�_�� �� ��0mT �[  �i�j�_�^�k�l�Z�\�e�y�}��m -�c���i�h�e�•�g�h�f���Q�_�[�b�r�_�\�Z���i�_�j�r�h�]�h���j�h�^�m�� 

�A�Z�k�l�h�k�h�\�m�x�q�b�� �d�j�Z�c�h�\�•�� �m�f�h�\�b��(1) ( 1) 0g g� �� �  �•�� �\�b�d�h�j�b�k�l�h�\�m�x�q�b�� �j�•�\�g�y�g�g�y�� ������������

�a�g�Z�o�h�^�b�f�h�����s�h 

 �� �� �� �� �� ��
0 0

1 1 1 0
N N

m

m m m
m m

g a T a
�  �  

�� � �� � �� � � ¦ � ¦,  

 �� �� �� ��
0 0

1 1 0
N N

m m m
m m

g a T a
�  �  

� � � � ¦ � ¦, �� �� �� ��1 1
m

mT �� � �� , �� ��1 1mT � . (35) 

�D�j�•�f���l�h�]�h�����^�e�y���i�h�e�•�g�h�f�m���Q�_�[�b�r�_�\�Z���^�j�m�]�h�]�h���j�h�^�m���� ��mU x �����f�Z�}�f�h 

 
�� �� �� ��1

m
m

dT x
mU x

dx ��� . (36) 

�H�l�`�_�����a���j�•�\�g�y�g�v�������������•�������������a�g�Z�o�h�^�b�f�h�����s�h 
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� § � ·
�  �  � ¨ � ¸

� © � ¹
� ¦ � ¦, 0 [ 1,1]�[ � • � � . (37) 
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�I�•�^�k�l�Z�\�e�y�x�q�b���j�•�\�g�y�g�g�y�������������l�Z�������������^�h���j�•�\�g�y�g�g�y���������������f�Z�}�f�h 
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� ª � º� § � ·����
�� �� �� � � « � »� ¨ � ¸��� « � »� © � ¹� ¬ � ¼

�¦ � ³ � ³ 
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�³ , 0 [ 1,1]�[ � • � � . (38) 

�<�b�d�h�j�b�k�l�h�\�m�}�f�h�� �\�e�Z�k�l�b�\�h�k�l�•�� �h�j�l�h�]�h�g�Z�e�v�g�h�k�l�•�� �i�h�e�•�g�h�f�m�� �Q�_�[�b�r�_�\�Z�� �l�Z�� �g�Z�k�l�m�i�g�•�� �•�g��
�l�_�]�j�Z�e�v�g�•���k�i�•�\�\�•�^�g�h�r�_�g�g�y�� 
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���³ , 0,1,2,...n � , �� ��
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mT x dx
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� � � �
� 

���³ , 0,1,2,...m� . (39) 

�H�l�`�_�����g�Z���h�k�g�h�\�•�������������j�•�\�g�y�g�g�y�������������a�\�h�^�b�l�v�k�y���^�h���\�b�]�e�y�^�m 
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� ª � º� § � ·� § � ·��� � � �
�� �� �� � ��� « � »� ¨ � ¸� ¨ � ¸��� © � ¹� © � ¹� ¬ � ¼

��
�¦ . 

�<�b�[�_�j�_�f�h�� �f�g�h�`�b�g�m�� �l�h�q�h�d�� �d�h�e�h�d�Z�p�•�€��0 0i

i
cos

N
�S

� [ � [ � § � ·� � �� � ¨ � ¸
� © � ¹

, 1,2, , 1i N�  � ����� �•�� �\�� �j�_��

�a�m�e�v�l�Z�l�•�� �h�l�j�b�f�Z�}�f�h �g�Z�k�l�m�i�g�m�� �k�b�k�l�_�f�m�� �e�•�g�•�c�g�b�o�� �Z�e�]�_�[�j�Z�€�q�g�b�o�� �j�•�\�g�y�g�v�� �\�•�^�g�h�k�g�h�� �g�_�\�•�^�h��

�f�b�o���d�h�_�n�•�p�•�}�g�l�•�\��ma : 
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�f ��
�  � � , 1,2,..., 1i N�  � �. (40) 

�<�j�Z�o�h�\�m�x�q�b�� �\�e�Z�k�l�b�\�•�k�l�v�� �i�h�e�•�g�h�f�•�\�� �Q�_�[�b�r�_�\�Z�� �i�_�j�r�h�]�h�� �j�h�^�m���� ��cos cosmT m� T � T� , 

�k�b�k�l�_�f�Z�������������a�\�h�^�b�l�v�k�y���^�h���g�Z�k�l�m�i�g�h�]�h���\�b�]�e�y�^�m�� 
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� ª � º�§ �· �� ���§ �· �§ �· �§ �·� « � »�� �� �� �� � �¨ �¸ �¨ �¸ �¨ �¸� ¨ � ¸��� « � »�© �¹ �© �¹ �© �¹� © � ¹� ¬ � ¼
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, 1,2,..., 1i N�  � �, (41) 
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�D�j�•�f���l�h�]�h�����a���j�•�\�g�y�g�v���]�j�Z�g�b�q�g�b�o���m�f�h�\�������������f�Z�}�f�h�� 
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�H�l�`�_�����j�h�a�\�
�y�a�Z�g�g�y���j�•�\�g�y�g�g�y�������������a�\�_�^�_�g�h���^�h���j�h�a�\�
�y�a�Z�g�g�y���k�b�k�l�_�f�b���j�•�\�g�y�g�v�������������•������������

�\�•�^�g�h�k�g�h���g�_�\�•�^�h�f�b�o���d�h�_�n�•�p�•�}�g�l�•�\��ma �����<���i�h�^�Z�e�v�r�h�f�m���d�h�_�n�•�p�•�}�g�l�b��ma  �i�•�^�k�l�Z�\�e�y�x�l�v�k�y���^�h��

�n�h�j�f�m�e�b�������������^�e�y���h�l�j�b�f�Z�g�g�y���g�_�\�•�^�h�f�h�€���n�m�g�d�p�•�€���� ��0g �[ . 

�J�_�a�m�e�v�l�Z�l�b�� �l�Z�� �h�[�]�h�\�h�j�_�g�g�y�����M�� �p�v�h�f�m�� �j�h�a�^�•�e�•�� �a�^�•�c�k�g�x�}�l�v�k�y�� �q�b�k�_�e�v�g�_�� �j�h�a�\�
�y�a�Z�g�g�y��
�j�•�\�g�y�g�v�������������•�������������^�e�y���^�•�Z�i�Z�a�h�g�m���i�Z�j�Z�f�_�l�j�•�\���i�h�\�_�j�o�g�•�����h�l�j�b�f�Z�g�b�o���a���j�h�[�h�l�b���>�����@�����I�j�h�\�_��
�^�_�f�h���k�i�h�q�Z�l�d�m���i�h�j�•�\�g�y�g�g�y���a���\�•�^�h�f�b�f�b���d�e�Z�k�b�q�g�b�f�b���j�_�a�m�e�v�l�Z�l�Z�f�b�����>�e�y���p�v�h�]�h���j�h�a�]�e�y�g�_�f�h��
�Z�g�l�b�i�e�h�k�d�m���a�Z�^�Z�q�m���^�e�y���l�•�e�Z���a���l�j�•�s�b�g�h�x�����\���y�d�•�c���g�_�o�l�m�x�l�v�k�y���i�h�\�_�j�o�g�_�\�•���_�n�_�d�l�b�����H�k�l�Z�g�g�y��
�a�Z�^�Z�q�Z���f�Z�}���Z�g�Z�e�•�l�b�q�g�b�c���j�h�a�\�
�y�a�h�d�����g�Z�\�_�^�_�g�b�c�����g�Z�i�j�b�d�e�Z�^�����\���>�����@�� 

�� ��
2 2

yz
xz yz

i z
iF z

z a

�V
�P �V �V

�f��
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�L�h�^�•���i�j�b�� 0z x i�o �� �˜  �g�Z���> �@,a a�� : �� ��
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�c �  �  

� � � �
, 

�Z���i�j�b�� 0z x i�o �� �˜  �g�Z���> �@,a a�� : �� ��
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yz yz
xz yz

i x x
F z

i a x a x
i

� V � V
�P �V �V

� f � f
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��
�c � � � 

� � � �
. 

�L�h�[�l�h���g�Z���> �@,a a�� : 
2 2

, 0yz
xz yz

x

a x

�V
� V � V

�f
� � � ���

�  �  
��

, 
2 2

, 0yz
xz yz

x

a x

�V
� V � V

�f
� � � ��  �  

��
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�P�_���h�a�g�Z�q�Z�}�����s�h 

 �� �� �� ���� �� �� ��
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2 yz
xz xz

x
F z F z f x

a x

�V
�V �V �P �P

�f
� � � �� � � � ��

� c � c�� � �� � � 
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  (43) 

�G�Z���j�b�k�� �����g�Z�\�_�^�_�g�h���k�l�j�b�[�h�d���g�Z�i�j�m�`�_�g�g�y�������������\���h�d�h�e�•���i�j�Z�\�h�€���\�_�j�r�b�g�b���l�j�•�s�b�g�b���i�j�b��

�i�h�\�_�j�o�g�_�\�h�f�m�� �g�Z�i�j�m�`�_�g�g�•��eS ���� �s�h�� �a�f�•�g�x�}�l�v�k�y�� �\�� �^�•�Z�i�Z�a�h�g�•��0,001 0,1eS� � � ����� �\�g�m�l�j�•�r�g�v��

�h�f�m�� �l�b�k�d�m�� �m�� �l�j�•�s�b�g�•�� �� ��2161.73 /s J m�P � ���� �i�h�\�_�j�o�g�_�\�h�f�m�� �g�Z�l�y�]�m�� �� ��2
0 1.3 /J m�V � ���� �f�h��

�^�m�e�•�� �a�k�m�\�m�� �^�e�y�� �h�k�g�h�\�g�h�]�h�� �f�Z�l�_�j�•�Z�e�m���� ��9168 10 �I�Z�P�  �  ̃ �•�� 0.1yzS � V � P�f�  �  ���� �D�j�b�\�Z���1 
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�J�b�k�m�g�h�d��4 - �A�Z�e�_�`�g�•�k�l�v���j�•�a�g�b�p�•���g�Z�i�j�m�`�_�g�v��
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�g�Z���[�_�j�_�]�Z�o���l�j�•�s�b�g�b 

�J�b�k�m�g�h�d��5 - �A�f�•�g�Z���^�h�l�b�q�g�h�]�h���g�Z�i�j�m�`�_�g�g�y�� 
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Effect of surface elasticity in the analysis of nanocracks 
under anti-plane load field 

The influence of surface elasticity on the stress-strain state of a crack type III, which 
occurs under antiplane shear deformations of a linearly elastic body, is investigated. Mechan-
ical effects that arise near surfaces, particularly at the crack faces, are taken into account us-
ing the Gurtin and Murdoch continuum surface-boundary model. Equilibrium conditions on 
the crack surface are formulated, as well as the relationship between surface and body stress-
es. Using these relationships, refined boundary conditions are written on the upper and lower 
faces of the crack, which are further analyzed using the methods of the theory of complex var-
iable functions. As a result of this analysis, a first-order singular integro-differential equation 
with a Cauchy-type kernel is formulated. For its solution, the representation of unknown func-
tions in terms of Chebyshev polynomials of the first kind and the method of collocation on the 
nodes of these polynomials are used. The solution of the resulting system of linear algebraic 
equations allows to obtain the coefficients of the specified expansions. A formula for calculat-
ing the stress on the crack extension is found, which is expressed by an integral with a Cau-
chy type kernel. A comprehensive analysis of the peculiarities of the numerical implementa-
tion of the developed algorithm is carried out. It includes variations in the number of compo-
nents in the expansions of unknown functions in Chebyshev polynomials and the number of 
nodes in Gauss quadrature formulas for calculating the specified integral. The behavior of 
the stress difference between the upper and lower crack faces as well as the distribution of 
another stress component on the crack extension is graphically illustrated in the vicinity of 
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the right tip. The dependence of these quantities on the values of the uniform shear stress 
specified on the crack edges is also illustrated. It is shown that the consideration of surface 
elasticity becomes especially noticeable when the crack length is less than a micrometer. Fur-
ther decrease of this length leads to significant change of the character of the stress distribu-
tion in the vicinity of the crack tip. In particular, the square root singularity of the stresses at 
the crack tips, which is characteristic for the classical crack model, disappears and the 
stresses at these tips become finite. 

Keywords: stresses, surface elasticity, crack, antiplane deformation, integro-differential 
equation, analytical method. 
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�G�Z���j�b�k���������i�j�_�^�k�l�Z�\�e�_�g�•���^�\�Z���k�p�_�g�Z�j�•�€���G�K�����f�h�`�e�b�\�•���p�_�g�l�j�b���i�_�j�r�h�]�h���•���^�j�m�]�h�]�h���_�l�Z�i�•�\��
�_�\�Z�d�m�Z�p�•�€�����i�j�b���p�v�h�f�m���i�m�g�d�l�b���i�_�j�\�b�g�g�h�]�h���a�[�h�j�m���}���k�i�•�e�v�g�b�f�b���^�e�y���h�[�h�o���k�p�_�g�Z�j�•�€�\�����Z���d�•�g�p�_�\�•��
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�i�m�g�d�l�b���}���\�b�a�g�Z�q�_�g�b�f�b���a�Z�a�^�Z�e�_�]�•�^�v�����Z�e�_���q�Z�k�l�b�g�Z���a���g�b�o���m���j�Z�a�•���h�d�j�_�f�b�o���G�K���f�h�`�_���[�m�l�b���g�_��
�^�h�k�l�m�i�g�h�x�� 

�>�e�y���i�h�[�m�^�h�\�b���f�Z�l�_�f�Z�l�b�q�g�h�€���f�h�^�_�e�•���\�\�_�^�_�f�h���l�Z�d�•���i�h�a�g�Z�q�_�g�g�y�� 

�G�_�o�Z�c��  �± �f�g�h�`�b�g�Z���f�h�`�e�b�\�b�o���k�p�_�g�Z�j�•�€�\���G�K�����d�h�`�_�g���a���y�d�b�o���\�b�a�g�Z�q�Z��

�}�l�v�k�y���g�Z�k�l�m�i�g�b�f�b�� �i�Z�j�Z�f�_�l�j�Z�f�b���� �
 �± �l�_�j�b�l�h�j�•�y�� �j�_�]�•�h�g�m���� �± �l�_�j�b�l�h�j�•�y�� �G�K����

 �± �a�h�g�Z���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���f�•�k�p�y���a�[�h�j�m�� �^�e�y���k�p�_�g�Z�j�•�x���V���� �± �s�•�e�v�g�•�k�l�v���g�Z�k�_��

�e�_�g�g�y�����i�h�k�l�j�Z�`�^�Z�e�h�]�h���m���j�_�a�m�e�v�l�Z�l�•���G�K���a�Z���k�p�_�g�Z�j�•�}�f���V���� �± �d�h�h�j�^�b�g�Z�l�b���f�•�k��

�p�y�� �a�[�h�j�m�� ���� �y�d�•�� �i�h�l�j�•�[�g�h�� �\�b�a�g�Z�q�b�l�b����  �± �d�h�h�j�^�b�g�Z�l�b�� �k�o�h�\�b�s�Z 

 ���a�Z�a�^�Z�e�_�]�•�^�v�� �\�•�^�h�f�•������ �± �[�Z�a�h�\�Z�� �i�j�h�i�m�k�d�g�Z�� �a�^�Z�l�g�•�k�l�v�� �f�•�k�p�y�� �a�[�h�j�m��i;  �± 

�f�•�k�l�d�•�k�l�v���k�o�h�\�b�s�Z��j;  �± � �̂h�k�l�m�i�g�•�k�l�v���k�o�h�\�b�s�Z���M���^�e�y���k�p�_�g�Z�j�•�x���V���������± �^�h�k�l�m�i�g�_��������

�± �g�_�^�h�k�l�m�i�g�_������ �± �d�h�_�n�•�p�•�}�g�l�����m���k�d�•�e�v�d�b���j�Z�a�•�\���f�h�`�g�Z���a�f�•�g�b�l�b���i�h�l�m�`�g�•�k�l�v���f�•�k�p�y���a�[�h�j�m��i 

�^�e�y���k�p�_�g�Z�j�•�x���V���� �± �\�•�^�k�h�l�h�d���\�•�^���i�h�l�h�q�g�h�€���i�h�l�m�`�g�h�k�l�•���p�_�g�l�j�m�����g�Z���y�d�b�c���f�h�`�g�Z���f�Z�d�k�b�f�Z��

�e�v�g�h�� �€�€�� �a�[�•�e�v�r�b�l�b����  �± �f �Z�j�r�j�m�l�g�b�c�� �q�Z�k�� �\�•�^�� �l�h�q�d�b�� �^�h�� �f�•�k�p�y�� �a�[�h�j�m��; 

 �± �\�Z�j�l�•�k�l�v���l�j�Z�g�k�i�h�j�l�m�\�Z�g�g�y���a���f�•�k�p�y���a�[�h�j�m�� �^�h���k�o�h�\�b�s�Z��;  �± �^�h�^�Z�l�d�h�\�•��

�\�b�l�j�Z�l�b���i�j�b���j�h�a�r�b�j�_�g�g�•�� �i�h�l�m�`�g�h�k�l�•�� �k�o�h�\�b�s�Z���f�•�k�p�y���a�[�h�j�m���� �j�h�a�j�Z�o�h�\�Z�g�•�� �g�Z���h�^�g�m���h�^�b�g�b��

�p�x���j�_�k�m�j�k�m���� �± �c�f�h�\�•�j�g�•�k�l�v���j�_�Z�e�•�a�Z�p�•�€���k�p�_�g�Z�j�•�x���V�����^�_��;  �± �d�•�e�v�d�•�k�l�v���e�x��

�^�_�c�����i�_�j�_�\�_�a�_�g�b�o���a���f�•�k�p�y���a�[�h�j�m�� �^�h���k�o�h�\�b�s�Z�� �^�e�y���k�p�_�g�Z�j�•�x���V���� �± �d�h�_�n�•�p�•�}��

�g�l�b�����y�d�•���\�b�a�g�Z�q�Z�x�l�v���i�j�•�h�j�b�l�_�l�g�•�k�l�v���\�b�l�j�Z�l�����•���\�j�Z�o�h�\�m�x�l�v���i�j�b�\�_�^�_�g�g�y���€�o���^�h���[�_�a�j�h�a�f�•�j�g�h��
�]�h���\�b�]�e�y�^�m�� 

 
�J�b�k�m�g�h�d���� - �>�\�Z���k�p�_�g�Z�j�•�€���G�K�����j�h�a�f�•�s�_�g�g�y���p�_�g�l�j�•�\���•���a�h�g�m�\�Z�g�g�y���l�_�j�b�l�h�j�•�€���G�K 
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�>�e�y�� �d�h�`�g�h�]�h��  �\�\�_�^�_�f�h�� �^�h�� �j�h�a�]�e�y�^�m�� �d�e�Z�k�� �± �d�e�Z�k�� �\�k�•�o�� �f�h�`�e�b�\�b�o��

�j�h�a�[�b�l�l�•�\���f�g�h�`�b�g�b�� �g�Z�� �i�•�^�f�g�h�`�b�g�� 

 
�•�� �i�h�a�g�Z�q�b�f�h��  �d�e�Z�k���\�k�•�o���f�h�`�e�b�\�b�o��

�j�h�a�[�b�l�l�•�\���d�h�`�g�h�€���•�a���k�m�d�m�i�g�h�k�l�•���l�_�j�b�l�h�j�•�c�� �g�Z�� �i�•�^�f�g�h�`�b�g�� 

�F�Z�l�_�f�Z�l�b�q�g�Z�� �i�h�k�l�Z�g�h�\�d�Z�� �a�Z�^�Z�q�•�� �j�h�a�f�•�s�_�g�g�y�� �i�_�j�\�b�g�g�b�o�� �i�m�g�d�l�•�\�� �a�[�h�j�m �•�� �^�\�h�_�l�Z�i��
�g�h�]�h���j�h�a�i�h�^�•�e�m�� �_�\�Z�d�m�Z�p�•�c�g�b�o���i�h�l�h�d�•�\�� �a���f�•�g�•�f�•�a�Z�p�•�}�x���k�_�j�_�^�g�•�o���a�Z���\�k�•�f�Z���f�h�`�e�b�\�b�f�b���k�p�_��
�g�Z�j�•�y�f�b���G�K���a�Z�]�Z�e�v�g�b�o���\�b�l�j�Z�l���a�Z�i�b�k�m�}�l�v�k�y���m���l�Z�d�b�c���k�i�h�k�•�[�� 

 

 
�a�Z���m�f�h�\���g�Z 
- �i�h�l�m�`�g�•�k�l�v���f�•�k�p�v���a�[�h�j�m�� 

 (1) 

- �m�k�•���_�\�Z�d�m�c�h�\�Z�g�•���f�_�r�d�Z�g�p�•���j�h�a�i�h�^�•�e�y�x�l�v�k�y���a�Z���d�•�g�p�_�\�b�f�b���i�m�g�d�l�Z�f�b�� 

 (2) 

- �f�•�k�l�d�•�k�l�v���d�•�g�p�_�\�b�o���i�m�g�d�l�•�\�����k�o�h�\�b�s���� 

 (3) 

- �j�h�a�r�b�j�_�g�g�y�����m���j�Z�a�•���g�_�h�[�o�•�^�g�h�k�l�•�����f�•�k�l�d�h�k�l�•���i�_�j�\�b�g�g�b�o���i�m�g�d�l�•�\�� 

 (4) 

- �a�h�g�m�\�Z�g�g�y���l�_�j�b�l�h�j�•�€�� 

 (5) 

   (6) 

       (7) 

 
�E�_�]�d�h���i�h�d�Z�a�Z�l�b�����s�h���m�f�h�\�h�x���j�h�a�\�¶�y�a�g�h�k�l�•���a�Z�^�Z�q�•�����������± ���������}���g�Z�k�l�m�i�g�Z���i�h�^�\�•�c�g�Z���g�_�j�•��

�\�g�•�k�l�v�� 
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 (8) 

�Y�d�s�h���d�•�g�p�_�\�•���p�_�g�l�j�b���a�[�h�j�m���j�h�a�l�Z�r�h�\�Z�g�•�� �m���[�_�a�i�_�q�g�b�o���^�e�y���[�m�^�v-�y�d�h�]�h���k�p�_�g�Z�j�•�x���f�•��

�k�p�y�o���� �������l�h���m�f�h�\�Z����8�����g�Z�[�m�\�Z�}���\�b�]�e�y�^�m�� 

 (9) 

�A�Z�m�\�Z�`�_�g�g�y�����>�e�y���\�j�Z�o�m�\�Z�g�g�y���f�Z�d�k�b�f�Z�e�v�g�h���f�h�`�e�b�\�h�]�h���q�Z�k�m���_�\�Z�d�m�Z�p�•�€ �^�h���a�Z�^�Z�q�•����������
�± (7�����f�h�`�g�Z���^�h�^�Z�l�b���m�f�h�\�m 

 
 �± �k�_�j�_�^�g�y���r�\�b�^�d�•�k�l�v���e�x�^�b�g�b�� 

�H�[�‰�j�m�g�l�m�\�Z�g�g�y���f�_�l�h�^�m���j�h�a�\�¶�y�a�Z�g�g�y���a�Z�^�Z�q�•. �G�_�o�Z�c���\�b�d�h�g�m�x�l�v�k�y�� �m�f�h�\�b������������ �<�\�_��

�^�_�f�h���o�Z�j�Z�d�l�_�j�b�k�l�b�q�g�•���n�m�g�d�p�•�€���i�•�^�f�g�h�`�b�g�� �m���\�b�]�e�y�^�•�� 

   

�L�h�^�•���n�m�g�d�p�•�h�g�Z�e�� �f�h�`�g�Z���a�Z�i�b�k�Z�l�b���\���_�d�\�•�\�Z�e�_�g�l�g�h�f�m���\�b�]�e�y�^�•�� 

 

 

 
�Z���•�g�l�_�]�j�Z�e�b��  �\���h�[�f�_�`�_�g�g�y�o���������������������a�Z�f�•�g�b�l�b���g�Z . 

�A�Z�^�Z�q�Z���:�����A�g�Z�c�l�b 

,     (10) 

�a�Z���m�f�h�\ 

 (11) 

 (12) 

 (13) 

 (14) 

 (15) 

 (16) 
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 (17) 

 (18) 

 

 
�<�•�^���a�Z�^�Z�q�Z���: �����y�d�Z���}���a�Z�^�Z�q�_�x���g�_�k�d�•�g�q�_�g�g�h�\�b�f�•�j�g�h�]�h���f�Z�l�_�f�Z�l�b�q�g�h�]�h���i�j�h�]�j�Z�f�m�\�Z�g�g�y��

�a�� �[�m�e�_�\�b�f�b�� �a�f�•�g�g�b�f�b������ �i�_�j�_�c�^�_�f�h�� �^�h�� �a�Z�^�Z�q�•�� �a�•�� �a�g�Z�q�_�g�g�y�f�b�� �d�h�f�i�h�g�_�g�l�� �\�_�d�l�h�j-

�n�m�g�d�p�•�€�� �g�Z���\�•�^�j�•�a�d�m���>�������@�� 

�A�Z�^�Z�q�Z �; �����A�g�Z�c�l�b�� , �����y�d�•���f�•�g�•�f�•�a�m�x�l�v���n�m�g�d�p�•��

�h�g�Z�e��  �a�Z���m�f�h�\�������������± �������������Z���f�g�h�`�b�g�Z�� �\�b�a�g�Z�q�Z�}�l�v�k�y���l�Z�d�� 

 
 

. 

�A�j�h�a�m�f�•�e�h�����s�h 

 

(19) 

�^�_�� �f�•�g�•�f�m�f�� �i�j�Z�\�h�j�m�q�� �h�[�q�b�k�e�x�}�l�v�k�y�� �a�Z�� �^�h�i�m�k�l�b�f�b�f�b�� �g�Z�[�h�j�Z�f�b�� �a�f�•�g�g�b�o�� �\�_�e�b�q�b�g����

�I�j�b���d�h�`�g�h�f�m���n�•�d�k�h�\�Z�g�h�f�m���^�h�i�m�k�l�b�f�h�f�m���g�Z�[�h�j�•���\�_�d�l�h�j�•�\��, �����y�d�•��

�f�•�g�•�f�•�a�m�x�l�v�� �n�m�g�d�p�•�h�g�Z�e��  �a�Z�� �m�f�h�\�� �����������± (18), �\�g�m�l�j�•�r�g�y�� �a�Z�^�Z�q�Z�� �\�� ���������� �}��

�j�h�a�\�¶�y�a�g�h�x���� �Z�^�`�_�� �f�h�\�Z�� �c�^�_�� �i�j�h�� �n�m�g�d�p�•�h�g�Z�e���� �y�d�b�c�� �}�� �k�_�i�Z�j�Z�[�_�e�v�g�b�f���� �e�•�g�•�c�g�b�f�� �\�•�^�g�h�k�g�h��

�d�h�`�g�h�€�� �a�� �d�h�f�i�h�g�_�g�l�� �\�_�d�l�h�j-�n�m�g�d�p�•�€�� �g�Z�� �h�i�m�d�e�•�c���� �a�Z�f�d�g�_�g�•�c���� �h�[�f�_�`�_�g�•�c�� �f�g�h��

�`�b�g�•�� �]�•�e�v�[�_�j�l�h�\�Z���i�j�h�k�l�h�j�m�� ���� �D�j�•�f�� �l�h�]�h���� �k�_�j�_�^�� �f�g�h�`�b�g�b���h�i�l�b�f�Z�e�v�g�b�o���j�h�a�\�¶�y�a�d�•�\��

�a�Z�^�Z�q�•���;  �}���h�i�l�b�f�Z�e�v�g�•���j�h�a�\�¶�y�a�d�b���a�Z�^�Z�q�•���: . 
�>�e�y�� �h�l�j�b�f�Z�g�g�y�� �g�_�h�[�o�•�^�g�b�o�� �•�� �^�h�k�l�Z�l�g�•�o�� �m�f�h�\�� �h�i�l�b�f�Z�e�v�g�h�k�l�•�� �^�e�y�� �a�Z�^�Z�q�•���;  �\�\�_�^�_�f�h��

�n�m�g�d�p�•�h�g�Z�e���E�Z�]�j�Z�g�`�Z���\���g�Z�k�l�m�i�g�h�f�m���\�b�]�e�y�^�•�� 
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�^�_��  

, ���� �g�Z�[�•�j�� �^�\�h�€�k�l�b�o�� �a�f�•�g��

�g�b�o�� ,  

 

�I�Z�j�m�� �g�Z�[�h�j�•�\�� �a�f�•�g�g�b�o��  �[�m�^�_�f�h�� �g�Z�a�b�\�Z�l�b��

�k�•�^�e�h�\�h�x���l�h�q�d�h�x �n�m�g�d�p�•�h�g�Z�e�m�� �g�Z���f�g�h�`�b�g�•�� �����y�d�s�h 

 
�^�e�y���\�k�•�o��  , , , . 

�A�Z�^�Z�q�Z�����^�\�h�€�k�l�Z���^�h���a�Z�^�Z�q�•���;�� �n�h�j�f�m�e�x�}�l�v�k�y���l�Z�d�� 

.   

 (20) 
�K�i�j�Z�\�_�^�e�b�\�h�x�� �}�� �l�_�h�j�_�f�Z�� �^�\�h�€�k�l�h�k�l�•���� �a�]�•�^�g�h�� �y�d�h�€�� �s�h�[�� �a�Z�^�Z�q�• �;  �l�Z�� ���������� �[�m�e�b��

�i�h�\�¶�y�a�Z�g�•�� �k�i�•�\�\�•�^�g�h�r�_�g�g�y�f�� �^�\�h�€�k�l�h�k�l�• , �l�Z�� �\�_�j�o�g�y�� �]�j�Z�g�v�� �\������������ �[�m�e�Z�� �^�h�k�y�` �g�h�x, 

�g�_�h�[�o�•�^�g�h�� �•�� �^�h�k�l�Z�l�g�v�h�� �•�k�g�m�\�Z�g�g�y�� �k�•�^�e�h�\�h�€�� �l�h�q�d�b�� �n�m�g�d�p�•�h�g�Z�e�m��

 �g�Z�� �f�g�h�`�b�g�• . �:���� �h�l�`�_, 

�j�h�a�\�¶�y�a�Z�g�g�y���i�Z�j�b���a�Z�^�Z�q���;  �l�Z�������������_�d�\�•�\�Z�e�_�g�l�g�h���i�h�r�m�d�m���k�•�^�e�h�\�h�€���l�h�q�d�b���n�m�g�d�p�•�h�g�Z�e�m�� �g�Z��

�\�d�Z�a�Z�g�•�c���f�g�h�`�b�g�•�� 
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�G�_�o�Z�c�� �m�� �n�m�g�d�p�•�h�g�Z�e�•��  �\�_�d�l�h�j�b��

 �}�� �^�h�\�•�e�v�g�b�f�b�� �^�h�i�m�k�l�b�f�b�f�b���� �Z�e�_�� �n�•�d��

�k�h�\�Z�g�b�f�b. �I�h�a�g�Z�q�b�f�h�� 

 
�J�h�a�]�e�y�g�_�f�h���a�Z�^�Z�q�m 

     (21) 

�^�_��  

�>�e�y���d�h�`�g�h�€���^�h�\�•�e�v�g�h�€���n�•�d�k�h�\�Z�g�h�€���l�h�q�d�b������ �^�_�� , �\�\�_�^�_�f�h���^�h���j�h�a�]��

�e�y�^�m���n�m�g�d�p�•�x��(SN+S�����a�f�•�g�g�b�o�� 

 
�P�y���n�m�g�d�p�•�y�� �\�b�a�g�Z�q�_�g�Z���g�Z���^�_�d�Z�j�l�h�\�h�f�m���^�h�[�m�l�d�m  �i�j�h�}�d�p�•�c���f�g�h�`�b�g �l�Z��  

�^�e�y�� .  

�L�_�h�j�_�f�Z���������>�e�y���l�h�]�h���s�h�[�� �^�h�i�m�k�l�b�f�Z���i�Z�j�Z  �[�m�e�Z���j�h�a�\�¶�y�a�d�h�f��

�a�Z�^�Z�q�•���������������g�_�h�[�o�•�^�g�h���•���^�h�k�l�Z�l�g�v�h�����Z�[�b���f�Z�c�`�_ �\�k�x�^�b���^�e�y , �\�b�d�h�g�m�\�Z�e�Z�k�v���g�Z�k�l�m�i�g�Z��

�m�f�h�\�Z: 

 = .   (22) 

�>�h�\�_�^�_�g�g�y�����G�_�h�[�o�•�^�g�•�k�l�v�����G�_�o�Z�c��  �± �h�i�l�b�f�Z�e�v�g�b�c�� �j�h�a�\�¶�y�a�h�d��

�a�Z�^�Z�q�•���������������l�h�[�l�h��  

   (23) 

   (24) 

�I�h�d�Z�`�_�f�h���� �s�h�� �f�Z�c�`�_�� �\�k�x�^�b�� �^�e�y  �p�y�� �i�Z�j�Z��  �a�Z�^�h�\�h�e�v�g�y�}�� �m�f�h�\�m��

�������������I�j�b�i�m�k�l�b�f�h���i�j�h�l�b�e�_�`�g�_�����•�k�g�m�}���•���i�•�^�f�g�h�`�b�g�Z�� �f�g�h�`�b�g�b�� �l�Z�d�Z�����s�h��  

�l�Z��  �m�f�h�\�Z�������������g�_���\�b�d�h�g�m�}�l�v�k�y�����l�h�[�l�h�� �•�k�g�m�}�� �����^�e�y���y�d�h�€���k�i�j�Z�\�_�^��

�e�b�\�h�x���}���g�_�j�•�\�g�•�k�l�v�� 

 
�K�d�e�Z�^�_�f�h���g�h�\�m���i�Z�j�m���^�h�i�m�k�l�b�f�b�o���n�m�g�d�p�•�c���^�e�y���a�Z�^�Z�q�•������������ 
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�1�g�l�_�]�j�m�x�q�b��  �i�h���\�k�•�c���h�[�e�Z�k�l�•�� �l�Z���^�h�^�Z�x�q�b���d�h�g�k�l�Z�g�l�m��D, �y�d�Z���^�h�j�•�\��

�g�x�} 

 

 
�h�l�j�b�f�m�}�f�h�� 

 

 
�J�h�a�•�[�¶�}�f�h�� �Z�g�Z�e�h�]�•�q�g�b�f�� �q�b�g�h�f�� �•�g�l�_�]�j�Z�e�� �m�� �n�m�g�d�p�•�h�g�Z�e�•�� �i�j�b��

 �l�Z�� �i�h�j�•�\�g�x�}�f�h�� �i�j�Z�\�•�� �q�Z�k�l�b�g�b�� �h�l�j�b�f�Z�g�b�o�� �k�i�•�\�\�•�^�g�h�r�_�g�v����

�i�j�b�o�h�^�b�f�h���^�h���\�b�k�g�h�\�d�m�� 

 
�s�h���i�j�h�l�b�j�•�q�b�l�v�������������� 

�:�g�Z�e�h�]�•�q�g�h���� �f�h�`�g�Z�� �i�j�b�i�m�k�l�b�l�b�� �•�k�g�m�\�Z�g�g�y�� �i�•�^�f�g�h�`�b�g�b�� �f�g�h�`�b�g�b�� �l�Z�d�h�€���� �s�h��

 �l�Z��  �•�k�g�m�}��  �f�Z�}���f�•�k�p�_���g�_�j�•�\�g�•�k�l�v 

 
�L�h�^�•���g�Z���i�Z�j�•�� �����\�b�a�g�Z�q�_�g�•�c���g�Z�k�l�m�i�g�b�f���q�b�g�h�f 

 
�[�m�^�_���i�h�j�m�r�m�\�Z�l�b�k�v�� �m�f�h�\�Z�������������� �H�l�j�b�f�Z�g�_���i�j�h�l�b�j�•�q�q�y���^�h�\�h�^�b�l�v���g�_�h�[�o�•�^�g�•�k�l�v�� �m�f�h��

�\�b�������������Z�[�b���i�Z�j�Z��  �[�m�e�Z���j�h�a�\�¶�y�a�d�h�f���a�Z�^�Z�q�•������������ 

�>�h�k�l�Z�l�g�•�k�l�v�� �G�_�o�Z�c �i�Z�j�Z��  �a�Z�^�h�\�h�e�v�g�y�}�� �m�f�h�\�m�� ���������� �f�Z�c�`�_�� �\�k�x�^�b�� �^�e�y��

�����I�h�d�Z�`�_�f�h�����s�h���\�h�g�Z���}���j�h�a�\�¶�y�a�d�h�f���a�Z�^�Z�q�•�������������� 

�G�_�o�Z�c���^�e�y�� �����L�h�^�•���f�Z�c�`�_���^�e�y���\�k�•�o�� 
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�1�g�l�_�]�j�m�x�q�b���p�•���g�_�j�•�\�g�h�k�l�•���a�Z���\�k�•�f�Z�� �l�Z���\�j�Z�o�h�\�m�x�q�b���l�_�����s�h���g�_�j�•�\�g�•�k�l�v���f�h�`�_���g�_��

�\�b�d�h�g�m�\�Z�l�b�k�v���e�b�r�_���g�Z���f�g�h�`�b�g�•���l�b�o���l�h�q�h�d���a��, �a�g�Z�q�_�g�g�y���i�•�^�•�g�l�_�]�j�Z�e�v�g�h�€���n�m�g�d�p�•�€���\���y�d�b�o��

�g�_���\�i�e�b�\�Z�}���g�Z���\�_�e�b�q�b�g�m���•�g�l�_�]�j�Z�e�m�����h�l�j�b�f�Z�}�f�h: 

 

 
�A���h�]�e�y�^�h�f���g�Z���k�d�e�Z�^���f�g�h�`�b�g�b�� �•���h�a�g�Z�q�_�g�g�y���o�Z�j�Z�d�l�_�j�b�k�l�b�q�g�b�o���n�m�g�d�p�•�c��

�f�g�h�`�b�g�������a���p�v�h�]�h���\�b�i�e�b�\�Z�}�� 

 

 

 

 
�>�h�^�Z�x�q�b�� �i�j�Z�\�h�j�m�q�� �l�Z�� �e�•�\�h�j�m�q�� �\�� �h�l�j�b�f�Z�g�b�o�� �g�_�j�•�\�g�h�k�l�y�o�� �d�h�g�k�l�Z�g�l�m������ �h�l�j�b�f�Z�}�f�h��

�g�_�j�•�\�g�h�k�l�•�������������������������� 
�L�_�h�j�_�f�m���^�h�\�_�^�_�g�h�� 
�<�b�s�_�� �a�Z�^�Z�q�m���:  �j�_�^�m�d�h�\�Z�g�h�� �^�h�� �a�Z�^�Z�q�•���; ���� �L�_�h�j�_�f�Z�� �^�\�h�€�k�l�h�k�l�•�� �a�\�h�^�b�l�v�� �j�h�a�\�¶�y�a�Z�g�g�y��

�h�k�l�Z�g�g�v�h�€���^�h���i�h�r�m�d�m���k�•�^�e�h�\�h�€���l�h�q�d�b���€�€���n�m�g�d�p�•�h�g�Z�e�m���E�Z�]�j�Z�g�`�Z�� �A�Z�n�•�d�k�m�}�f�h���m���g�v�h�f�m���\�_�d��

�l�h�j�b�� ���� �y�d�• �}�� �^�h�\�•�e�v�g�b�f�b���� �Z�e�_�� �^�h�i�m�k�l�b��

�f�b�f�b�����L�h�^�•�����a�]�•�^�g�h���l�_�h�j�_�f�b���������^�e�y���\�b�a�g�Z�q�_�g�g�y���j�_�r�l�b���d�h�f�i�h�g�_�g�l���k�•�^�e�h�\�h�€���l�h�q�d�b���n�m�g�d�p�•��

�h�g�Z�e�m���E�Z�]�j�Z�g�`�Z���i�h�l�j�•�[�g�h���^�e�y���d�h�`�g�h�€���l�h�q�d�b���� �a��  �j�h�a�\�¶�y�a�Z�l�b���a�Z�^�Z�q�m������������ 

�G�_�o�Z�c�� �± �^�h�\�•�e�v�g�Z�� �n�•�d�k�h�\�Z�g�Z�� �l�h�q�d�Z�� �a������ �M�� �k�b�e�m�� �k�_�i�Z�j�Z�[�_�e�v�g�h�k�l�•�� �n�m�g�d�p�•�€��

 �\�•�^�g�h�k�g�h���k�m�d�m�i�g�h�k�l�•���k�\�h�€�o���a�f�•�g�g�b�o�����f�Z�}���f�•�k�p�_���g�Z�k�l�m�i�g�Z���j�•�\�g�•�k�l�v�� 
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�L�h�q�d�Z��  �[�m�^�_���j�h�a�\�¶�y�a�d�h�f���a�Z�^�Z�q�•���������� �l�h�^�•���•���e�b�r�_���l�h�^�•�����d�h�e�b���\�b�d�h�g�m�\�Z��

�l�b�f�m�l�v�k�y���m�f�h�\�b�� 

1.  ; 

2.  . 

�>�e�y�� �^�h�\�•�e�v�g�h�€�� �n�m�g�d�p�•�y��  �^�h�k�y�]�Z�}�� �k�\�h�]�h�� �f�•�g�•�f�Z�e�v�g�h�]�h�� �a�g�Z��

�q�_�g�g�y���a�Z���\�k�•�f�Z���� �����^�_ 

 

 
�\���l�h�q�p�•�� �����q�b�€���d�h�f�i�h�g�_�g�l�b���a�Z�^�h�\�h�e�v�g�y�x�l�v���m�f�h�\�b�����^�e�y   

    

  (28) 
�K�_�j�_�^�� �m�k�•�o�� �j�h�a�\�¶�y�a�d�•�\�� �a�Z�^�Z�q�•���;  �j�h�a�]�e�y�g�_�f�h�� �l�•���� �y�d�•�� �}�� �d�j�Z�c�g�•�f�b�� �l�h�q�d�Z�f�b�� �^�h�i�m�k�l�b�f�h�€��

�f�g�h�`�b�g�b�� �€�€�� �j�h�a�\�¶�y�a�d�•�\�� ���m�� �k�b�e�m�� �^�h�\�•�e�v�g�h�k�l�•�� �\�b�[�h�j�m�� �a�g�Z�q�_�g�g�y  �Z�� �k�Z�f�_���� �^�e�y�� ����

�^�e�y   

 

 (29) 

�>�e�y�� =  �\���g�_�j�•�\�g�h�k�l�•���������������a�h�d�j�_�f�Z���������������f�Z�}���f�•�k�p�_���j�•�\�g�•�k�l�v�� 

 
�A���p�v�h�]�h���\�b�i�e�b�\�Z�}�����s�h���k�_�j�_�^���d�h�f�i�h�g�_�g�l���\�_�d�l�h�j�Z�� �\�������������•�k�g�m�}���e�b�r�_���h�^�g�Z���h�^�b��

�g�b�q�g�Z���d�h�f�i�h�g�_�g�l�Z�����g�_�o�Z�c���€�€���g�h�f�_�j��, �l�h�^�•���p�x���n�h�j�f�m�e�m���f�h�`�g�Z���a�Z�i�b�k�Z�l�b���l�Z�d�� 
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 (30) 

�I�•�^�k�l�Z�\�e�y�x�q�b�������������•��  �\���n�m�g�d�p�•�x�� �����h�l�j�b�f�Z�}�f�h�� 

 

 
�<���k�b�e�m���^�h�\�•�e�v�g�h�k�l�•���\�b�[�h�j�m���l�h�q�d�b�������h�i�l�b�f�Z�e�v�g�_���a�g�Z�q�_�g�g�y���n�m�g�d�p�•�h�g�Z�e�m���a�Z�^�Z�q�•������������

�i�j�b�� �n�•�d�k�h�\�Z�g�b�o�� �\�_�d�l�h�j�Z�o�� �a�Z�i�b�r�_�l�v�k�y��

�m���l�Z�d�b�c���k�i�h�k�•�[�� 

 

 

 

 
�M�� �k�b�e�m�� �^�h�\�•�e�v�g�h�k�l�•�� �\�b�[�h�j�m�� �\�_�d�l�h�j�•�\������ �a�� �m�j�Z�o�m�\�Z�g�g�y�f�� �h�l�j�b�f�Z�g�h�]�h��

�\�b�j�Z�a�m���m�l�h�q�g�b�f���a�Z�^�Z�q�m (20): 

 
   (31) 

�>�j�m�]�b�c�� �^�h�^�Z�g�h�d�� �m�� �\�b�j�Z�a�•�� �f�h�`�g�Z�� �d�h�g�d�j�_�l�b�a�m�\�Z�l�b���� �i�h�a�Z�y�d�� �f�•�g�•�f�Z�e�v�g�_�� �c�h�]�h�� �a�g�Z��

�q�_�g�g�y���^�h�k�y�]�Z�}�l�v�k�y���a�Z �l�Z�d�b�o���a�g�Z�q�_�g�v��  �^�e�y���m�k�•�o����  

�•��  
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�I�j�b���p�v�h�f�m 

 
 

�G�_�o�Z�c���l�_�i�_�j���\���a�Z�^�Z�q�•�������������m�k�•���i�Z�j�Z�f�_�l�j�b�����d�j�•�f�������}���n�•�d�k�h�\�Z�g�b�f�b�����L�h�^�•�� 

 
�<�_�e�b�q�b�g�b������ �a�Z�� �y�d�b�o�� �^�h�k�y�]�Z�}�l�v�k�y�� �f�•�g�•�f�Z�e�v�g�_�� �a�Z�� �a�g�Z�q�_�g�g�y�� �\�� �n�m�g�d�p�•�€��

, �a�Z�^�h�\�h�e�v�g�y�x�l�v���m�f�h�\�m�� 

 
�D�h�`�g�Z���g�_�j�•�\�g�•�k�l�v���•�a���g�Z�k�l�m�i�g�h�€���k�b�k�l�_�f�b�� 

 

 
�\�b�d�h�g�m�}�l�v�k�y�����y�d�s�h�� 

 
�:�� �h�l�`�_���� �i�•�^�k�l�Z�\�e�y�x�q�b�� �h�l�j�b�f�Z�g�•�� �\�b�j�Z�a�b�� �m������ �a�Z�^�Z�q�Z����31���� �i�j�b���^�h�\�•�e�v�g�b�o���a�g�Z�q�_�g�g�y�o��

�j�_�r�l�b���a�f�•�g�g�b�o���g�Z�[�m�\�Z�}���\�b�]�e�y�^�m�� 

     (32) 

, 

�^�_�� 
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�H�l�`�_�����g�Z�\�_�^�_�g�•���f�•�j�d�m�\�Z�g�g�y���}���^�h�\�_�^�_�g�g�y�f���g�Z�k�l�m�i�g�h�€���l�_�h�j�_�f�b�� 

�L�_�h�j�_�f�Z���������G�_�o�Z�c���\�� �a�Z�^�Z�q�•���:  �n�m�g�d�p�•�€ �^�e�y�� �m�k�•�o�� . �H�i�l�b��

�f�Z�e�v�g�b�c���j�h�a�\�¶�y�a�h�d���a�Z�^�Z�q�• �:  �\�b�a�g�Z�q�Z�}�l�v�k�y���g�Z�k�l�m�i�g�b�f�b���m�f�h�\�Z�f�b���� 

1) �o�Z�j�Z�d�l�_�j�b�k�l�b�q�g�•�� �n�m�g�d�p�•�€���i�•�^�f�g�h�`�b�g���� �s�h���k�d�e�Z�^�Z�x�l�v���h�i�l�b�f�Z�e�v�g�_���j�h�a�[�b�l�l�y���g�Z�� 

�i�•�^�f�g�h�`�b�g �d�h�`�g�m���a���f�g�h�`�b�g�� :  

 
2) �a�f�•�g�g�•�� �j�h�a�r�b�j�_�g�g�y�� �i�h�l�m�`�g�h�k�l�_�c�� ���f�•�k�l�d�h�k�l�•���� �p�_�g�l�j�•�\�� �i�_�j�r�h�]�h�� �_�l�Z�i�m���� ���^�e�y�� �m�k�•�o����

 �•��   

 
3) ,  �}���j�h�a�\�¶�y�a�d�h�f���a�Z�^�Z�q�•������������ 

4) �^�e�y�� �\�b�y�\�e�_�g�g�y�� �a�\�¶�y�a�d�•�\�� �f�•�`�� �p�_�g�l�j�Z�f�b�� �i�_�j�r�h�]�h�� �•�� �^�j�m�]�h�]�h�� �_�l�Z�i�•�\���� �l�h�[�l�h�� �i�h�r�m�d�m��

�h�i�l�b�f�Z�e�v�g�b�o���\�_�e�b�q�b�g�� �i�h�l�h�d�•�\���j�_�k�m�j�k�m���f�•�`���g�b�f�b �^�e�y���d�h�`�g�h�]�h���k�p�_�g�Z�j�•�x��  �k�e�•�^��

�j�h�a�\�¶�y�a�Z�l�b���g�Z�k�l�m�i�g�m���a�Z�^�Z�q�m���e�•�g�•�c�g�h�]�h���i�j�h�]�j�Z�f�m�\�Z�g�g�y���l�j�Z�g�k�i�h�j�l�g�h�]�h���l�b�i�m�� 

 
�a�Z���m�f�h�\�� 

 

 

 
�H�l�`�_���� �f�Z�l�_�f�Z�l�b�q�g�_�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �a�Z�^�Z�q�•�� �j�h�a�f�•�s�_�g�g�y�� �i�j�h�f�•�`�g�b�o�� �e�h�]�•�k�l�b�q�g�b�o��

�p�_�g�l�j�•�\���•���^�\�h�_�l�Z�i�g�h�]�h���j�h�a�i�h�^�•�e�m���j�_�k�m�j�k�•�\���\���m�f�h�\�Z�o���g�_�\�b�a�g�Z�q�_�g�h�k�l�•�����i�h�\�¶�y�a�Z�g�h�€���a���c�f�h�\�•�j��
�g�•�k�l�x���i�h�y�\�b�� �j�•�a�g�b�o���g�Z�^�a�\�b�q�Z�c�g�b�o�� �k�b�l�m�Z�p�•�c���� �j�h�a�j�h�[�e�_�g�h���a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �h�k�g�h�\�g�b�o�� �i�h��
�e�h�`�_�g�v���l�_�h�j�•�€���g�_�i�_�j�_�j�\�g�b�o���e�•�g�•�c�g�b�o���a�Z�^�Z�q���h�i�l�b�f�Z�e�v�g�h�]�h���j�h�a�[�b�l�l�y���f�g�h�`�b�g���•���l�_�h�j�•�€���^�\�h�€��
�k�l�h�k�l�•���� �A�Z�k�l�h�k�m�\�Z�g�g�y�� �a�Z�i�j�h�i�h�g�h�\�Z�g�h�]�h�� �i�•�^�o�h�^�m�� �^�Z�}�� �f�h�`�e�b�\�•�k�l�v�� �a�g�Z�c�l�b�� �h�i�l�b�f�Z�e�v�g�b�c��
�j�h�a�\�¶�y�a�h�d���^�\�h�_�l�Z�i�g�h�€���a�Z�^�Z�q�•���j�h�a�f�•�s�_�g�g�y-�j�h�a�i�h�^�•�e�m���a���m�j�Z�o�m�\�Z�g�g�y�f���j�•�a�g�b�o���k�p�_�g�Z�j�•�€�\���G�K���\��
�Z�g�Z�e�•�l�b�q�g�h�f�m�� �\�b�]�e�y�^�•���� �I�j�b�� �p�v�h�f�m�� �i�_�\�g�Z�� �q�Z�k�l�b�g�Z�� �c�h�]�h���i�Z�j�Z�f�_�l�j�•�\�� �}�� �j�h�a�\�¶�y�a�d�h�f�� �^�h�i�h�f�•��
�`�g�h�€���h�i�l�b�f�•�a�Z�p�•�c�g�h�€���a�Z�^�Z�q�•���a���g�_�]�e�Z�^�d�h�x���p�•�e�v�h�\�h�x���n�m�g�d�p�•�}�x���[�Z�]�Z�l�v�h�o���a�f�•�g�g�b�o�����1�l�_�j�Z�p�•�c��
�g�b�c���Z�e�]�h�j�b�l�f���j�h�a�\�¶�y�a�Z�g�g�y���a�Z�^�Z�q�•���f�h�`�_���[�m�l�b���j�h�a�j�h�[�e�_�g�b�c���g�Z���h�k�g�h�\�•���•�g�l�_�]�j�Z�p�•�€���k�m�q�Z�k�g�b�o��
�f�_�l�h�^�•�\���g�_�]�e�Z�^�d�h�€���h�i�l�b�f�•�a�Z�p�•�€���l�Z���e�•�g�•�c�g�h�]�h���i�j�h�]�j�Z�f�m�\�Z�g�g�y�� 
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�<�b�k�g�h�\�d�b���l�Z���i�_�j�k�i�_�d�l�b�\�b���i�h�^�Z�e�v�r�b�o���^�h�k�e�•�^�`�_�g�v�����M���j�h�[�h�l�•���a�Z�i�j�h�i�h�g�h�\�Z�g�h���f�Z��
�l�_�f�Z�l�b�q�g�m�� �f�h�^�_�e�v�� �h�i�l�b�f�•�a�Z�p�•�€�� �k�b�k�l�_�f�b�� �_�d�k�l�j�_�g�h�€�� �e�h�]�•�k�l�b�d�b�� �a�� �^�\�h�_�l�Z�i�g�b�f�� �j�h�a�i�h�^�•�e�h�f��
�e�x�^�k�v�d�b�o���•���f�Z�l�_�j�•�Z�e�v�g�b�o���i�h�l�h�d�•�\�����y�d�Z���i�h�}�^�g�m�}���g�_�i�_�j�_�j�\�g�b�c���i�j�h�k�l�h�j�h�\�b�c���j�h�a�i�h�^�•�e���g�Z�k�_��
�e�_�g�g�y�� �a�� �\�b�[�h�j�h�f�� �i�m�g�d�l�•�\�� �a�[�h�j�m�� �l�Z�� �[�_�a�i�_�q�g�b�o�� �p�_�g�l�j�•�\�� �•�� �\�j�Z�o�h�\�m�}�� �j�•�a�g�•�� �k�p�_�g�Z�j�•�€�� �\�b�g�b�d��
�g�_�g�g�y���g�Z�^�a�\�b�q�Z�c�g�b�o���k�b�l�m�Z�p�•�c�� 

�J�h�a�j�h�[�e�_�g�b�c���i�•�^�o�•�^���^�h�a�\�h�e�y�}���\�b�a�g�Z�q�Z�l�b���h�i�l�b�f�Z�e�v�g�•���f�•�k�p�y���a�[�h�j�m���g�Z�k�_�e�_�g�g�y�����\�•�^�i�h��
�\�•�^�g�•�� �a�h�g�b�� �€�o�� �_�\�Z�d�m�Z�p�•�€�� �l�Z�� �j�Z�p�•�h�g�Z�e�v�g�h�� �j�h�a�i�h�^�•�e�y�l�b�� �e�x�^�k�v�d�•�� �i�h�l�h�d�b�� �f�•�`���e�h�]�•�k�l�b�q�g�b�f�b��
�p�_�g�l�j�Z�f�b���a���m�j�Z�o�m�\�Z�g�g�y�f���\�•�^�k�l�Z�g�•�����q�Z�k�m���i�_�j�_�f�•�s�_�g�g�y���l�Z���l�j�Z�g�k�i�h�j�l�g�b�o���h�[�f�_�`�_�g�v�����A�Z�i�j�h��
�i�h�g�h�\�Z�g�•�� �f�Z�l�_�f�Z�l�b�q�g�•���i�h�k�l�Z�g�h�\�d�b���l�Z���f�_�l�h�^�b���f�h�`�m�l�v���[�m�l�b���\�b�d�h�j�b�k�l�Z�g�•�� �^�e�y���h�p�•�g�x�\�Z�g�g�y��
�q�Z�k�m�� �_�\�Z�d�m�Z�p�•�€�� �l�Z�� �Z�g�Z�e�•�a�m�� �g�Z�k�e�•�^�d�•�\�� �j�_�Z�e�•�a�Z�p�•�€�� �j�•�a�g�b�o�� �k�p�_�g�Z�j�•�€�\�� �g�Z�^�a�\�b�q�Z�c�g�b�o�� �k�b�l�m�Z�p�•�c��
�h�j�]�Z�g�Z�f�b���m�i�j�Z�\�e�•�g�g�y���l�Z���k�e�m�`�[�Z�f�b���j�_�Z�]�m�\�Z�g�g�y�� 

�J�h�[�h�l�Z���\�b�d�h�g�Z�g�Z���\�� �j�Z�f�d�Z�o���^�_�j�`�Z�\�g�h�€���[�x�^�`�_�l�g�h�€���g�Z�m�d�h�\�h�€���l�_�f�Z�l�b�d�b�����������8��������������
�©�F�Z�l�_�f�Z�l�b�q�g�_�� �•�� �d�h�f�i�¶�x�l�_�j�g�_�� �f�h�^�_�e�x�\�Z�g�g�y�� �j�Z�p�•�h�g�Z�e�v�g�h�]�h�� �j�h�a�i�h�^�•�e�m�� �f�Z�l�_�j�•�Z�e�v�g�b�o�� �j�_��
�k�m�j�k�•�\���m���[�Z�]�Z�l�h�j�•�\�g�_�\�b�o���l�j�Z�g�k�i�h�j�l�g�h-�e�h�]�•�k�l�b�q�g�b�o���k�b�k�l�_�f �Z�o�ª�� 
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Mathematical modeling of the location of logistics centers  
and two-stage distribution of material flows: a scenario approach 

The two-stage process of population evacuation and distribution of material resources 
in an emergency logistics system, which includes population collection points and evacuation 
centers, is examined. It is assumed that the population is continuously distributed across the 
region, while the selection of collection points and evacuation centers is carried out consider-
ing various emergency scenarios and constraints on territory accessibility and available re-
sources. The aim of the study is to ensure the efficient organization of evacuation and materi-
al flows by developing a mathematical model and optimization methods that allow determin-
ing the coordinates, number, and capacity of collection points and evacuation centers, as well 
as rationally allocating human and material flows between stages. 

The mathematical formulation of the problem is based on a combined use of continuous 
and discrete approaches: the population and collection points are considered continuously 
distributed within the region, whereas safe stay points are treated as discrete objects. The 
model enables the optimal determination of areas from which the population should gather at 
specific collection points and how population flows are distributed to safe stay points, taking 
into account factors such as distance, travel time, facility capacity, and different emergency 
scenarios. This approach formalizes the two-stage evacuation process and provides an as-
sessment of key logistical indicators of the system. 

Key words: scenario approach, multi-stage logistics processes, area zoning, mathemat-
ical model, optimization, location-allocation problems, system analysis. 
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�L�Z�d�����]�j�Z�n�•�d�b��
�l�j�Z�}�d�l�h�j�•�c���a�Z�e�_�`�g�h��
�\�•�^���i�Z�j�Z�f�_�l�j�•�\ 
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�f�_�l�j�•�\ 

�L�Z�d�����Z�^�Z�i�l�Z�p�•�y���^�h��
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�L�Z�d�����]�j�Z�n�•�d�b��
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�e�_�g�v 
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Calculator 
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�L�Z�d�����j�h�a�i�•�a�g�Z�\�Z�g��
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Using artificial intelligence in the study of higher mathematics by students  
of technical specialties: educational effect 

This article explores the effectiveness of using artificial intelligence (AI) tools in sup-
porting the training of technical students in higher mathematics. The aim of the article is to 
�L�Q�Y�H�V�W�L�J�D�W�H���D�Q�G���D�V�V�H�V�V���W�K�H���L�P�S�D�F�W���R�I���$�,���S�O�D�W�I�R�U�P�V���R�Q���V�W�X�G�H�Q�W�V�¶���D�F�D�G�H�P�L�F���S�H�U�I�R�U�P�D�Q�F�H�����P�R�W�L�Ya-
tion, and development of analytical thinking in the process of mastering complex mathemati-
cal concepts. The research methodology is based on a comparative analysis of the functional 
capabilities of several AI platforms, including Maple, Wolfram Alpha, Julius AI, 
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MathGPTPro, Symbolab, Maple Calculator, and GeoGebra, along with experimental evalua-
tion of their effectiveness in real educational settings within technical universities. 

�7�K�H���V�W�X�G�\���Z�D�V���F�R�Q�G�X�F�W�H�G���W�K�U�R�X�J�K���D�Q���D�Q�D�O�\�V�L�V���R�I���V�W�X�G�H�Q�W�V�¶���D�F�D�G�H�P�L�F���U�H�V�X�O�W�V���D�Q�G���W�K�H�L�U���Ln-
teractions with AI tools. The findings show that AI platforms significantly reduce the time re-
quired for routine calculations - such as solving differential equations or performing matrix 
operations - allowing students to focus on conceptual understanding. It was demonstrated 
that adaptive AI algorithms provide personalized learning paths by offering optimally chal-
lenging tasks and instant feedback, which enhances both motivation and learning efficiency. 
Moreover, AI systems support automated theorem proving and modeling of complex systems, 
which fosters research skills and a deeper understanding of the interconnections between 
mathematical objects. 

The practical value of this study lies in justifying the integration of AI technologies into 
the educational process of technical universities, aligning with modern trends of educational 
digitalization and contributing to the preparation of qualified engineers with strong analyti-
cal competencies. The use of AI tools allows for the optimization of higher mathematics in-
struction, improving both the quality of knowledge acquisition and the effectiveness of peda-
gogical interaction. Future research prospects include the development of advanced algo-
rithms for contextual analysis and explainable AI implementation in higher education. 

Keywords: artificial intelligence, technical specialties, digital education, AI platforms, 
mathematical modeling, mathematical analysis, information technologies. 
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�^�h���p�_�g�l�j�Z�e�v�g�h�€���k�b�k�l�_�f�b���m�i�j�Z�\�e�•�g�g�y�����s�h���^�h�a�\�h�e�y�}���Z�\�l�h�f�Z�l�b�a�m�\�Z�l�b���[�Z�]�Z�l�h���j�m�l�b�g�g�b�o���i�j�h��
�p�_�k�•�\���l�Z���a�f�_�g�r�b�l�b���j�b�a�b�d���e�x�^�k�v�d�b�o���i�h�f�b�e�h�d���>���@�� 

�<�i�j�h�\�Z�^�`�_�g�g�y�� �5�)�,�'-�l�_�o�g�h�e�h�]�•�c�� �m�� �f�_�^�b�q�g�b�o�� �m�k�l�Z�g�h�\�Z�o�� �f�Z�}�� �i�h�l�_�g�p�•�Z�e�� �a�g�Z�q�g�h�� �i�h��
�d�j�Z�s�b�l�b�� �d�h�h�j�^�b�g�Z�p�•�x�� �f�•�`�� �j�•�a�g�b�f�b�� �\�•�^�^�•�e�_�g�g�y�f�b���� �a�Z�[�_�a�i�_�q�m�x�q�b�� �e�•�d�Z�j�y�f�� �r�\�b�^�d�b�c�� �^�h��
�k�l�m�i�� �^�h�� �\�Z�`�e�b�\�h�€�� �•�g�n�h�j�f�Z�p�•�€���� �P�_�� �f�h�`�_�� �g�_�� �l�•�e�v�d�b�� �i�•�^�\�b�s�b�l�b�� �_�n�_�d�l�b�\�g�•�k�l�v�� �j�h�[�h�l�b��
�f�_�^�b�q�g�h�]�h�� �i�_�j�k�h�g�Z�e�m���� �Z�e�_�� �c�� �i�h�d�j�Z�s�b�l�b�� �y�d�•�k�l�v�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �i�Z�p�•�}�g�l�•�\���� �a�f�_�g�r�m�x�q�b��
�q�Z�k���h�q�•�d�m�\�Z�g�g�y���l�Z���i�•�^�\�b�s�m�x�q�b���l�h�q�g�•�k�l�v���^�•�Z�]�g�h�k�l�b�q�g�b�o���l�Z���e�•�d�m�\�Z�e�v�g�b�o���i�j�h�p�_�^�m�j���>���@�� 

RFID (Radio Frequency Identification) �± �p�_�� �l�_�o�g�h�e�h�]�•�y�� �Z�\�l�h�f�Z�l�b�q�g�h�€�� �•�^�_�g�l�b�n�•�d�Z�p�•�€����
�y�d�Z���\�b�d�h�j�b�k�l�h�\�m�}���j�Z�^�•�h�o�\�b�e�•�� �^�e�y���a�q�b�l�m�\�Z�g�g�y���l�Z���a�Z�i�b�k�m���^�Z�g�b�o���a���f�•�l�h�d���� �i�j�b�d�j�•�i�e�_�g�b�o���^�h��
�h�[�
�}�d�l�•�\���� �K�b�k�l�_�f�Z���5�)�,�'�� �k�d�e�Z�^�Z�}�l�v�k�y���a���l�j�v�h�o���h�k�g�h�\�g�b�o���d�h�f�i�h�g�_�g�l�•�\�����5�)�,�'-�f�•�l�d�b���� �a�q�b�l�m��
�\�Z�q�•�\�� �l�Z�� �p�_�g�l�j�Z�e�v�g�h�€�� �k�b�k�l�_�f�b�� �m�i�j�Z�\�e�•�g�g�y�� �^�Z�g�b�f�b�� �>���@���� �5�)�,�'-�f�•�l�d�b�� �f�h�`�m�l�v�� �[�m�l�b�� �Z�d�l�b�\��
�g�b�f�b���� �i�Z�k�b�\�g�b�f�b�� �Z�[�h�� �g�Z�i�•�\�i�Z�k�b�\�g�b�f�b���� �a�Z�e�_�`�g�h�� �\�•�^�� �k�i�h�k�h�[�m�� �`�b�\�e�_�g�g�y�� �l�Z�� �i�_�j�_�^�Z�q�•�� 
�^�Z�g�b�o���>���@�� 

�Y�d���i�j�Z�p�x�}���5�)�,�'�� 

�� RFID-�f�•�l�d�Z���± �f�•�k�l�b�l�v���f�•�d�j�h�q�b�i�� �l�Z�� �Z�g�l�_�g�m���� �y�d�•�� �^�h�a�\�h�e�y�x�l�v�� �a�[�_�j�•�]�Z�l�b���l�Z�� �i�_�j�_�^�Z��
�\�Z�l�b�� �^�Z�g�•���� �I�Z�k�b�\�g�•�� �f�•�l�d�b�� �Z�d�l�b�\�m�x�l�v�k�y�� �i�h�e�_�f�� �a�q�b�l�m�\�Z�q�Z���� �l�h�^�•�� �y�d�� �Z�d�l�b�\�g�•�� �f�Z�x�l�v�� �\�e�Z�k�g�_��
�^�`�_�j�_�e�h���`�b�\�e�_�g�g�y�� 

�� �a�q�b�l�m�\�Z�q���± �\�b�i�j�h�f�•�g�x�}���j�Z�^�•�h�o�\�b�e�•���^�e�y���Z�d�l�b�\�Z�p�•�€���f�•�l�h�d���l�Z���a�q�b�l�m�\�Z�g�g�y���€�o���^�Z�g�b�o�� 

�� �p�_�g�l�j�Z�e�v�g�Z�� �k�b�k�l�_�f�Z���± �h�l�j�b�f�m�}�� �^�Z�g�•�� �\�•�^�� �a�q�b�l�m�\�Z�q�•�\���� �h�[�j�h�[�e�y�}�� �€�o�� �l�Z�� �•�g�l�_�]�j�m�}�� �m��
�\�•�^�i�h�\�•�^�g�•���•�g�n�h�j�f�Z�p�•�c�g�•���k�b�k�l�_�f�b���>���@�� 

RFID-�l�_�o�g�h�e�h�]�•�€���r�b�j�h�d�h���\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y���m���j�•�a�g�b�o���]�Z�e�m�a�y�o�����\�d�e�x�q�Z�x�q�b���h�o�h�j�h�g�m��
�a�^�h�j�h�\�
�y�����e�h�]�•�k�l�b�d�m�����j�b�l�_�c�e���l�Z���\�b�j�h�[�g�b�p�l�\�h�����a�Z�\�^�y�d�b���€�o���a�^�Z�l�g�h�k�l�•���Z�\�l�h�f�Z�l�b�a�m�\�Z�l�b���i�j�h�p�_��
�k�b���l�Z���a�f�_�g�r�b�l�b���j�b�a�b�d���i�h�f�b�e�h�d���>���@�� 

�L�_�o�g�h�e�h�]�•�y���j�Z�^�•�h�q�Z�k�l�h�l�g�h�€���•�^�_�g�l�b�n�•�d�Z�p�•�€�����5�)�,�'���� �j�h�[�b�l�v���j�_�\�h�e�x�p�•�x���\�� �]�Z�e�m�a�•�� �f�_�^�b��
�p�b�g�b�����i�h�d�j�Z�s�m�x�q�b���^�h�]�e�y�^���a�Z���i�Z�p�•�}�g�l�Z�f�b���l�Z���_�n�_�d�l�b�\�g�•�k�l�v���j�h�[�h�l�b�����A�Z�k�l�h�k�m�\�Z�g�g�y���5�)�,�'���\��
�h�o�h�j�h�g�•�� �a�^�h�j�h�\�¶�y�� �\�d�e�x�q�Z�x�l�v�� �\�•�^�k�l�_�`�_�g�g�y�� �i�Z�p�•�}�g�l�•�\���� �d�_�j�m�\�Z�g�g�y�� �e�•�d�Z�f�b�� �l�Z�� �d�h�g�l�j�h�e�v�� �a�Z��
�i�Z�k�•�\���� �s�h�� �j�Z�a�h�f�� �i�h�d�j�Z�s�m�}�� �j�_�a�m�e�v�l�Z�l�b�� �f�_�^�b�q�g�h�€�� �^�h�i�h�f�h�]�b�� �l�Z�� �a�f�_�g�r�m�}�� �\�b�l�j�Z�l�b���� �G�Z�i�j�b��
�d�e�Z�^���� �^�h�a�Z�l�h�j�b�� �e�•�d�•�\�� �•�a�� �i�•�^�l�j�b�f�d�h�x�� �5�)�,�'�� �g�Z�]�Z�^�m�x�l�v�� �i�Z�p�•�}�g�l�Z�f�� �i�j�h�� �g�_�h�[�o�•�^�g�•�k�l�v�� �i�j�b�c��
�g�y�l�b���e�•�d�b���\�q�Z�k�g�h�����s�h���k�m�l�l�}�\�h���k�i�j�b�y�}���^�h�l�j�b�f�Z�g�g�x���j�_�`�b�f�m�����D�j�•�f���l�h�]�h�����k�b�k�l�_�f�b���5�)�,�'���i�h��
�e�_�]�r�m�x�l�v���\�•�^�k�l�_�`�_�g�g�y���f�_�^�b�q�g�b�o���i�j�b�k�l�j�h�€�\�����a�Z�[�_�a�i�_�q�m�x�q�b���€�o���^�h�k�l�m�i�g�•�k�l�v���•���a�f�_�g�r�m�x�q�b��
�\�l�j�Z�l�b���� �D�j�•�f�� �l�h�]�h���� �l�h�j�]�h�\�_�e�v�g�•�� �Z�\�l�h�f�Z�l�b�� �5�)�,�'�� �a�Z�[�_�a�i�_�q�m�x�l�v�� �e�_�]�d�b�c�� �^�h�k�l�m�i�� �^�h�� �e�•�d�•�\����
�k�i�j�h�s�m�x�q�b�� �i�j�h�p�_�k�� �\�b�^�Z�q�•���� �A�Z�]�Z�e�h�f���� �•�g�l�_�]�j�Z�p�•�y�� �l�_�o�g�h�e�h�]�•�€�� �5�)�,�'�� �\�� �h�o�h�j�h�g�m�� �a�^�h�j�h�\�¶�y �g�_��
�l�•�e�v�d�b�� �h�i�l�b�f�•�a�m�}�� �m�i�j�Z�\�e�•�g�g�y�� �j�_�k�m�j�k�Z�f�b���� �Z�e�_�� �c�� �i�h�d�j�Z�s�m�}�� �[�_�a�i�_�d�m�� �i�Z�p�•�}�g�l�•�\�� �•�� �i�h�d�j�Z�s�m�}��
�^�h�k�\�•�^�� 

�:�g�Z�e�•�a�� �h�k�l�Z�g�g�•�o�� �^�h�k�e�•�^�`�_�g�v�� �•�� �i�m�[�e�•�d�Z�p�•�c�� �I�h�l�h�q�g�b�c�� �k�l�Z�g�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �5�)�,�'-
�l�_�o�g�h�e�h�]�•�c���m���f�_�^�b�q�g�b�o���m�k�l�Z�g�h�\�Z�o���\�b�k�\�•�l�e�x�}���a�g�Z�q�g�•���f�h�`�e�b�\�h�k�l�•���^�e�y���i�h�d�j�Z�s�_�g�g�y���m�i�j�Z�\��
�e�•�g�g�y�� �f�_�^�b�q�g�b�f�b�� �^�Z�g�b�f�b�� �l�Z�� �h�i�_�j�Z�p�•�c�g�b�f�b�� �i�j�h�p�_�k�Z�f�b���� �J�•�a�g�•�� �^�h�k�e�•�^�`�_�g�g�y�� �i�•�^�l�\�_�j��
�^�`�m�x�l�v���_�n�_�d�l�b�\�g�•�k�l�v���5�)�,�'�� �m���e�h�]�•�k�l�b�p�•�����f�h�g�•�l�h�j�b�g�]�m���Z�d�l�b�\�•�\���l�Z���d�_�j�m�\�Z�g�g�•���•�g�n�h�j�f�Z�p�•�}�x��
�i�Z�p�•�}�g�l�•�\�� 

�>�h�k�e�•�^�`�_�g�g�y���)�U�\���•�� �/�H�Q�H�U�W���>���@���^�_�f�h�g�k�l�j�m�}�����y�d���5�)�,�'���f�h�`�_���i�h�d�j�Z�s�b�l�b���j�_�Z�d�p�•�x���e�•�d�Z��
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�d�j�b�l�b�q�g�b�o���k�b�l�m�Z�p�•�y�o�� 
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�J�b�k�m�g�h�d�������± �:�j�o�•�l�_�d�l�m�j�Z���k�b�k�l�_�f�b 
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�g�b�f�b���^�Z�g�b�f�b 
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Designing an efficient architecture for an RFID-oriented medical system 
Modern healthcare institutions face growing challenges in managing medical data ef-

fectively and ensuring automation of routine processes. Radio Frequency Identification 
(RFID) technology has proven to be a powerful tool for improving patient identification, re-
ducing human error, and streamlining data access and logistics within hospitals. However, 
limited attention has been given in recent studies to comprehensive integration of RFID sys-
tems with existing medical information infrastructures, particularly concerning data protec-
tion and architectural design. 

This paper proposes an efficient client-server architecture for RFID-based medical sys-
tems, aimed at ensuring secure and scalable handling of medical records. The research ana-
lyzes a range of architectural approaches, including simple local RFID configurations, peer-
to-peer networks, and microservice models, outlining their limitations in the healthcare con-
text. As a result, a custom client-server model has been developed using a relational database 
and secure API-based communication between server and multiple client types (web and mo-
bile). 

The proposed architecture supports centralized data storage and processing, ensures 
integrity and confidentiality of patient information, and enables flexible integration with 
third-party healthcare platforms. A modular database design is also presented, including pa-
tient profiles, medical history, prescriptions, and user management. 

Comparative analysis demonstrates that the proposed model outperforms traditional 
architectures in scalability, automation, and data security. By minimizing administrative 
workload and enhancing access to reliable patient data, the system improves quality of care 
and opens perspectives for further research and innovation in medical IT solutions. 

Keywords: RFID technologies, medical information systems, relational databases, cli-
ent-server architecture, automation, medical records, patient identification, data protection. 
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�k�h�j�l�•�\�� �d�Z�j�l�h�i�e�•���� �g�_�i�j�b�^�Z�l�g�b�o�� �\�� �y�d�h�k�l�•�� �€�`�•�� �^�e�y�� �d�h�e�h�j�Z�^�k�v�d�h�]�h�� �`�m�d�Z���� �<�•�^�h�f�•�� �f�_�l�h�^�b�� �g�_��
�a�Z�\�`�^�b���_�d�h�e�h�]�•�q�g�h���q�b�k�l�•���q�b���f�Z�e�h�_�n�_�d�l�b�\�g�•�����G�Z�i�j�b�d�e�Z�^�����y�d�s�h���d�m�j���a�Z�i�m�k�d�Z�e�b���g�Z���^�•�e�y�g�d�m��
�a���d�Z�j�l�h�i�e�_�x���^�e�y���l�h�]�h�����s�h�[���\�h�g�b���a�g�b�s�b�e�b���d�h�e�h�j�Z�^�k�v�d�b�o���`�m�d�•�\�����l�h���d�h�g�k�l�Z�l�h�\�Z�g�h�����s�h���d�m��
�j�b���k�d�e�v�h�\�m�x�l�v �l�Z�d�h�`���e�b�k�l�y���j�h�k�e�b�g���l�Z���a�Z�l�h�i�l�m�x�l�v���d�m�s�•�� 

�M���j�h�[�h�l�Z�o��[5, 9] �g�Z�\�_�^�_�g�h�����s�h���^�e�y���j�h�a�j�h�[�d�b���Z�d�m�k�l�b�q�g�h�]�h���k�i�h�k�h�[�m���a�g�b�s�_�g�g�y���r�d�•�^��
�e�b�\�h�€���d�h�f�Z�o�b���g�_�h�[�o�•�^�g�h���f�Z�l�b���l�j�b���h�k�g�h�\�g�•���\�_�e�b�q�b�g�b�����f�Z�k�m���l�•�e�Z���r�d�•�^�e�b�\�h�€���d�h�f�Z�o�b�����`�h�j�k��
�l�d�•�k�l�v���•���j�_�a�h�g�Z�g�k�g�m���q�Z�k�l�h�l�m���l�•�e�Z�� 

�H�i�b�k�Z�g�•�� �\�b�s�_���_�n�_�d�l�b���}�� �i�_�j�_�^�m�f�h�\�h�x���^�e�y�� �k�l�\�h�j�_�g�g�y���Z�d�m�k�l�b�q�g�b�o���k�i�h�k�h�[�•�\�� �l�Z���i�j�b��
�k�l�j�h�€�\�����s�h���g�Z�^�Z�x�l�v���a�]�m�[�g�m���^�•�x���g�Z���h�j�]�Z�g�•�a�f�b���r�d�•�^�e�b�\�b�o���d�h�f�Z�o���\�a�Z�]�Z�e�•�� 

�I�h�j�•�\�g�y�g�h�� �a�� �\�•�^�h�f�b�f�b�� �f�_�o�Z�g�•�q�g�b�f�b���� �o�•�f�•�q�g�b�f�b�� �l�Z�� �[�•�h�e�h�]�•�q�g�b�f�b�� �k�i�h�k�h�[�Z�f�b�� �Z�d�m�k��
�l�b�q�g�b�c���a�Z�[�_�a�i�_�q�m�}���a�g�b�`�_�g�g�y���l�j�m�^�h�f�•�k�l�d�h�k�l�•���j�h�[�•�l���a�•���a�g�b�s�_�g�g�y���r�d�•�^�e�b�\�h�€���d�h�f�Z�o�b�����L�j�_�[�Z��
�\�j�Z�o�h�\�m�\�Z�l�b���� �s�h�� �o�•�f�•�q�g�•�� �f�_�l�h�^�b�� �s�_�� �c�� �l�h�d�k�b�q�g�•�� �•�� �^�e�y�� �h�j�]�Z�g�•�a�f�m�� �e�x�^�b�g�b���� �<�� �l�h�c�� �q�Z�k�� �y�d����
�Z�d�m�k�l�b�q�g�b�c���k�i�h�k�•�[���g�_���q�b�g�b�l�v���l�h�d�k�b�q�g�h�€���^�•�€�� 
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�G�Z�k�l�m�i�g�b�f�� �d�j�h�d�h�f�� �i�h�\�b�g�g�•�� �[�m�l�b�� �\�b�d�h�g�Z�g�•�� �^�h�k�e�•�^�`�_�g�g�y�� �a�� �f�h�`�e�b�\�h�k�l�•�� �a�g�b�s�_�g�g�y��
�Z�d�m�k�l�b�q�g�b�f�b�� �k�i�h�k�h�[�Z�f�b�� �`�b�\�b�o�� �e�b�q�b�g�h�d�� �d�h�e�h�j�Z�^�k�v�d�h�]�h�� �`�m�d�Z�����J�h�a�j�h�[�d�Z�� �p�v�h�]�h�� �f�_�l�h�^�m�� �}��
�\�Z�`�e�b�\�b�f���a�Z�\�^�Z�g�g�y�f�����P�_���\�b�a�g�Z�q�Z�}���Z�d�l�m�Z�e�v�g�•�k�l�v���h�[�j�Z�g�h�€���l�_�f�b���^�h�k�e�•�^�`�_�g�v�� 

�F�_�l�Z���•���a�Z�\�^�Z�g�g�y�����F�_�l�h�x���j�h�[�h�l�b �}���j�h�a�j�h�[�d�Z���f�_�l�h�^�b�d���j�h�a�j�Z�o�m�g�d�•�\���l�Z���_�d�k�i�_�j�b�f�_�g��
�l�Z�e�v�g�b�o���^�h�k�e�•�^�`�_�g�v���f�_�o�Z�g�•�q�g�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���l�•�e���`�b�\�b�o���e�b�q�b�g�h�d���d�h�e�h�j�Z�^�k�v�d�h�]�h���`�m�d�Z��
�^�e�y���i�h�^�Z�e�v�r�h�]�h���a�g�b�s�_�g�g�y���e�b�q�b�g�h�d���Z�d�m�k�l�b�q�g�b�f���k�i�h�k�h�[�h�f������ 

�I�j�b�� �p�v�h�f�m�� �\�b�j�•�r�m�\�Z�e�b�k�v���g�Z�k�l�m�i�g�•�� �a�Z�\�^�Z�g�g�y: - �j�h�a�j�h�[�b�l�b�� �f�_�l�h�^�b�d�m�� �l�Z�� �i�j�h�\�_�k�l�b��
�j�h�a�j�Z�o�m�g�d�b���h�k�g�h�\�g�b�o���f�_�o�Z�g�•�q�g�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���l�•�e�� �`�b�\�b�o���e�b�q�b�g�h�d���� �]�_�h�f�_�l�j�b�q�g�b�o���i�Z��
�j�Z�f�_�l�j�•�\�� �l�•�e�Z���� �f�Z�k�b�� �l�•�e�Z���� �`�h�j�k�l�d�h�k�l�•���� �f�h�^�m�e�x�� �X�g�]�Z���� �`�h�j�k�l�d�h�k�l�•�� �j�_�a�h�g�Z�g�k�g�h�€�� �q�Z�k�l�h�l�b��
�r�e�y�o�h�f���f�h�^�m�e�x�\�Z�g�g�y�f���l�•�e���e�b�q�b�g�h�d���p�b�e�•�g�^�j�Z�f�b���d�•�g�p�_�\�h�€���^�h�\�`�b�g�b���a�•���k�l�Z�e�b�f���i�_�j�_�l�b�g�h�f�� 

- �i�j�h�\�_�k�l�b�� �h�[�‰�j�m�g�l�m�\�Z�g�g�y�� �\�i�e�b�\�m�� �Z�d�m�k�l�b�q�g�b�o�� �\�b�i�j�h�f�•�g�x�\�Z�g�v���� �^�h�\�_�k�l�b�� �_�n�_�d��
�l�b�\�g�•�k�l�v���Z�d�m�k�l�b�q�g�h�]�h���k�i�h�k�h�[�m���a�g�b�s�_�g�g�y���e�b�q�b�g�h�d�� 

- �j�h�a�j�h�[�b�l�b �f�_�l�h�^�b�d�m�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o�� �\�b�a�g�Z�q�_�g�v�� �f�_�o�Z�g�•�q�g�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d��
�l�•�e���`�b�\�b�o���e�b�q�b�g�h�d�� 

- �k�l�\�h�j�b�l�b���i�j�b�g�p�b�i�h�\�m���k�o�_�f�m���c���d�h�g�k�l�j�m�d�p�•�x���i�j�b�k�l�j�h�x���^�e�y���\�b�f�•�j�x�\�Z�g�v�� 
- �i�j�h�\�_�k�l�b���\�b�f�•�j�x�\�Z�g�g�y���l�Z���Z�g�Z�e�•�a���h�l�j�b�f�Z�g�b�o���j�_�a�m�e�v�l�Z�l�•�\�� 
- �\�b�^�Z�l�b���j�_�d�h�f�_�g�^�Z�p�•�€���^�e�y���i�j�h�_�d�l�m�\�Z�g�g�y���Z�d�m�k�l�b�q�g�b�o���i�j�b�k�l�j�h�€�\���^�e�y���a�g�b�s�_�g�g�y���`�b��

�\�b�o�� �e�b�q�b�g�h�d�� �d�h�e�h�j�Z�^�k�v�d�h�]�h�� �`�m�d�Z���� �P�_�� �^�h�a�\�h�e�b�l�v�� �m�� �i�h�^�Z�e�v�r�h�f�m�� �\�b�a�g�Z�q�b�l�b�k�y�� �a�� �o�Z�j�Z�d�l�_��
�j�b�k�l�b�d�Z�f�b�� �i�j�b�k�l�j�h�€�\���� �q�Z�k�l�h�l�h�x�� �•�� �Z�f�i�e�•�l�m�^�h�x�� �]�_�g�_�j�m�\�Z�g�g�y�� �Z�d�m�k�l�b�q�g�h�]�h�� �i�h�e�y���� �y�d�_�� �[�m�^�_��
�g�_�]�Z�l�b�\�g�h���\�i�e�b�\�Z�l�b���g�Z���l�•�e�h���`�b�\�h�€���e�b�q�b�g�d�b���d�h�e�h�j�Z�^�k�v�d�h�]�h���`�m�d�Z�� 

�H�[�¶�}�d�l�h�f���^�h�k�e�•�^�`�_�g�g�y �}���k�i�h�k�h�[�b���l�Z���i�j�b�k�l�j�h�€���^�e�y���a�g�b�s�_�g�g�y���r�d�•�^�g�b�d�•�\���j�h�k�e�b�g���g�Z��
�h�k�g�h�\�•�� �f�h�^�_�e�x�\�Z�g�g�y�� �l�Z�� �k�l�\�h�j�_�g�g�y�� �f�_�l�h�^�b�d�� �j�h�a�j�Z�o�m�g�d�•�\�� �f�_�o�Z�g�•�q�g�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �`�b��
�\�b�o���l�•�e���r�d�•�^�g�b�d�•�\���j�h�k�e�b�g�� 

�I�j�_�^�f�_�l�h�f���^�h�k�e�•�^�`�_�g�g�y �}���k�l�\�h�j�_�g�g�y���f�_�l�h�^�b�d���j�h�a�j�Z�o�m�g�d�•�\���l�Z���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o��
�\�b�f�•�j�x�\�Z�e�v�g�b�o�� �j�h�[�•�l�� �a�� �\�b�a�g�Z�q�_�g�g�y�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �`�b�\�h�]�h�� �l�•�e�Z�� �e�b�q�b�g�d�b�� �d�h�e�h�j�Z�^�k�v�d�h�]�h��
�`�m�d�Z�����Z���l�Z�d�h�`���k�l�\�h�j�_�g�g�y���i�j�b�k�l�j�h�x���^�e�y���i�j�h�\�_�^�_�g�g�y���\�b�f�•�j�x�\�Z�g�v�� 

�F�_�l�h�^�b���^�h�k�e�•�^�`�_�g�v �[�Z�a�m�x�l�v�k�y���g�Z���l�_�h�j�_�l�b�q�g�b�o���h�k�g�h�\�Z�o���h�i�h�j�m���f�Z�l�_�j�•�Z�e�•�\�����\�b�d�h�j�b��
�k�l�Z�g�g�•���a�g�Z�g�v���a���f�_�l�h�^�•�\���\�b�f�•�j�x�\�Z�e�v�g�h�€���l�_�o�g�•�d�b�� 

�I�h�k�l�Z�g�h�\�d�Z�� �a�Z�^�Z�q�•�� �<�� �h�k�g�h�\�m�� �j�h�a�j�h�[�d�b�� �Z�d�m�k�l�b�q�g�h�]�h�� �k�i�h�k�h�[�m���� �y�d�b�c�� �[�b�� �h�d�Z�a�m�\�Z�\��
�a�]�m�[�g�m�� �^�•�x�� �g�Z�� �l�•�e�h�� �`�b�\�h�€�� �e�b�q�b�g�d�b�� �d�h�e�h�j�Z�^�k�v�d�h�]�h�� �`�m�d�Z���� �i�h�d�e�Z�^�_�g�•�� �^�h�k�e�•�^�`�_�g�g�y�� �i�j�h��
�g�_�]�Z�l�b�\�g�b�c���\�i�e�b�\���Z�d�m�k�l�b�q�g�b�o���d�h�e�b�\�Z�g�v���g�Z���l�•�e�h���e�x�^�b�g�b���q�b���l�•�e�h���r�d�•�^�g�b�d�•�\���j�h�k�e�b�g�����I�j�b��
�p�v�h�f�m���\�j�Z�o�h�\�m�}�f�h�����s�h���a�]�m�[�g�b�c���\�i�e�b�\���Z�d�m�k�l�b�q�g�b�o���d�h�e�b�\�Z�g�v���g�Z���`�b�\�_���l�•�e�h���f�Z�}���g�Z�c�[�•�e�v�r�m��
�_�n�_�d�l�b�\�g�•�k�l�v���� �d�h�e�b�� �q�Z�k�l�h�l�Z�� �\�i�e�b�\�m�� �l�Z�� �\�e�Z�k�g�Z�� �q�Z�k�l�h�l�Z�� �l�•�e�Z�� �k�i�•�\�i�Z�^�Z�x�l�v���� �Y�d�� �i�h�d�Z�a�m�x�l�v��
�j�•�r�_�g�g�y�� �\�•�^�h�f�b�o�� �j�•�\�g�y�g�v�� �f�_�o�Z�g�•�d�b���� �\�b�a�g�Z�q�b�l�b�� �a�g�Z�q�_�g�g�y�� �j�_�a�h�g�Z�g�k�g�h�€���q�Z�k�l�h�l�b�� �l�•�e�Z�� �f�h�`��
�e�b�\�h���� �y�d�s�h���\�•�^�h�f�•�� �f�_�o�Z�g�•�q�g�•���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���p�v�h�]�h���l�•�e�Z���� �L�h�[�l�h�� �]�_�h�f�_�l�j�b�q�g�•�� �i�Z�j�Z�f�_�l�j�b����
�f�Z�k�Z�����`�h�j�k�l�d�•�k�l�v�����f�h�^�m�e�v���X�g�]�Z�� 

�L�h�f�m�� �i�j�b�i�m�k�d�Z�}�f�h���� �s�h�� �l�•�e�h�� �`�b�\�h�€�� �e�b�q�b�g�d�b�� �d�h�e�h�j�Z�^�k�v�d�h�]�h�� �`�m�d�Z�� �f�h�^�_�e�x�}�l�v�k�y�� �y�d��
�p�b�e�•�g�^�j�b�q�g�_���i�j�m�`�g�_���l�•�e�h���•�a���k�l�Z�e�b�f���i�_�j�_�l�b�g�h�f�� 

�>�e�y�� �a�g�Z�o�h�^�`�_�g�g�y�� �a�g�Z�q�_�g�g�y�� �j�_�a�h�g�Z�g�k�g�h�€�� �q�Z�k�l�h�l�b�� �j�h�a�j�Z�o�m�g�d�h�\�b�f�� �r�e�y�o�h�f�� �l�Z�� �r�e�y��
�o�h�f���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o���^�h�k�e�•�^�`�_�g�v���[�m�^�_�f�h���\�b�a�g�Z�q�Z�l�b���]�_�h�f�_�l�j�b�q�g�•���i�Z�j�Z�f�_�l�j�b�����f�Z�k�m���l�•�e��
�e�b�q�b�g�h�d���� �`�h�j�k�l�d�•�k�l�v���� �f�h�^�m�e�v�� �X�g�]�Z���� �:�� �i�h�l�•�f�� �h�l�j�b�f�Z�}�f�h�� �a�g�Z�q�_�g�g�y�� �j�_�a�h�g�Z�g�k�g�h�€�� �q�Z�k�l�h�l�b��
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�l�•�e�Z���g�Z���h�k�g�h�\�•���\�•�^�h�f�b�o���j�•�\�g�y�g�v���•���k�i�•�\�\�•�^�g�h�r�_�g�v�����<�b�d�h�g�Z�g�g�y���p�v�h�]�h���a�Z�\�^�Z�g�g�y���\�b�a�g�Z�q�Z�}���Z�d��
�l�m�Z�e�v�g�•�k�l�v���h�[�j�Z�g�h�€���l�_�f�b�� 

�:�g�Z�e�•�l�b�q�g�b�c���h�]�e�y�^�����G�Z�k�Z�f�i�_�j�_�^���j�h�a�]�e�y�g�_�f�h���\�•�^�h�f�•���j�h�[�h�l�b���i�j�h���g�_�]�Z�l�b�\�g�b�c���\�i�e�b�\��
�Z�d�m�k�l�b�q�g�b�o�� �d�h�e�b�\�Z�g�v�� �g�Z�� �e�x�^�_�c���� �<�•�^�h�f�h�� �>������ ������ ��-�����@���� �s�h�� �^�h�� �n�Z�d�l�h�j�•�\���� �g�_�k�i�j�b�y�l�e�b�\�h��
�\�i�e�b�\�Z�x�q�b�o���g�Z���h�j�]�Z�g�•�a�f���e�x�^�b�g�b�����\�•�^�g�h�k�y�l�v�k�y���\�i�e�b�\���g�b�a�v�d�h�q�Z�k�l�h�l�g�b�o���Z�d�m�k�l�b�q�g�b�o���d�h�e�b��
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�a�\�m�d�h�\�b�o���d�h�e�b�\�Z�g�v�������K�Z�g�•�l�Z�j�g�•���g�h�j�f�b���•�g�n�j�Z�a�\�m�d�m���g�Z���j�h�[�h�q�b�o���f�•�k�p�y�o�ª�� �‹�� ��������-80) [15]. 
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�i�j�b�c�f�Z�x�l�v���\�_�e�b�q�b�g�m���a�\�m�d�h�\�h�]�h���l�b�k�d�m���Z�[�h���j�•�\�_�g�v���a�\�m�d�h�\�h�]�h���l�b�k�d�m�����\�b�j�Z�`�_�g�b�c���\���^�;�����M�A������
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�d�h�e�b�\�Z�g�g�y�f�b���\���e�Z�[�h�j�Z�l�h�j�g�b�o���m�f�h�\�Z�o���>����-35]. 
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�^�_�f�i�n�m�\�Z�e�v�g�b�f�b���•�� �•�g�r�b�f�b���\�e�Z�k�l�b�\�h�k�l�y�f�b���� �<�b�^���•���o�Z�j�Z�d�l�_�j�� �j�•�\�g�y�g�v���� �s�h���h�i�b�k�m�x�l�v���d�h�e�b��
�\�Z�e�v�g�•�� �j�m�o�b�� �l�•�e�Z�� �[�•�h�e�h�]�•�q�g�h�]�h�� �h�[�
�}�d�l�Z�� �Z�[�h�� �h�d�j�_�f�b�o�� �c�h�]�h�� �q�Z�k�l�b�g���� �\�b�a�g�Z�q�Z�x�l�v�k�y�� �i�j�b�c�g�y��
�l�b�f�b�� �Z�i�j�h�d�k�b�f�Z�p�•�y�f�b�� �•�� �i�j�b�i�m�s�_�g�g�y�f�b���� �f�_�`�•�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �y�d�b�o�� �i�h�\�b�g�g�•�� �\�b�\�h�^�b�l�b�k�y�� �a��
�h�k�g�h�\�g�b�o�� �a�Z�d�h�g�•�\�� �n�•�a�b�d�b�� �^�h�k�e�•�^�`�m�\�Z�g�b�o�� �y�\�b�s���� �>�e�y�� �i�h�[�m�^�h�\�b�� �f�Z�l�_�f�Z�l�b�q�g�h�€�� �f�h�^�_�e�•��
�[�•�h�e�h�]�•�q�g�h�]�h�� �h�[�
�}�d�l�Z�� �g�_�h�[�o�•�^�g�•�� �^�Z�g�•�� �i�j�h�� �c�h�]�h�� �n�•�a�b�d�h-�f�_�o�Z�g�•�q�g�•�� �•�� �k�l�j�m�d�l�m�j�g�•�� �o�Z�j�Z�d�l�_�j�b��
�k�l�b�d�b�� 

�I�j�b�c�g�y�l�h�� �i�h�\�_�^�•�g�d�m�� �i�j�m�`�g�h�]�h�� �l�•�e�Z�� �i�j�h�f�h�^�_�e�x�\�Z�l�b�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �i�j�m�`�b�g���� �Z��
�\/�y�a�d�h�]�h�� �l�•�e�Z�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �i�h�j�r�g�y�� �m�� �p�b�e�•�g�^�j�•���� �l�h�^�•�� �i�h�\�_�^�•�g�d�m�� �j�_�Z�e�v�g�h�€�� �f�_�o�Z�g�•�q�g�h�€�� �k�b��
�k�l�_�f�b���f�h�`�g�Z���h�i�b�k�Z�l�b�����\�b�d�h�j�b�k�l�h�\�m�x�q�b���f�_�l�h�^�b���_�e�_�d�l�j�h-�f�_�o�Z�g�•�q�g�b�o���Z�g�Z�e�h�]�•�c�����L�m�l���\�b�d�h��
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�o�Z�g�•�q�g�b�o���k�b�k�l�_�f�� 

�G�Z���p�•�c���h�k�g�h�\�•���f�h� �̀g�Z���a�Z�i�b�k�Z�l�b���j�•�\�g�y�g�g�y���j�m�o�m���l�•�e���r�d�•�^�e�b�\�b�o���d�h�f�Z�o�����\�•�j�m�k�•�\�����L�h�[�l�h���y�d���\�
�y�a��
�d�h���i�j�m�`�g�h�€���d�h�e�b�\�Z�e�v�g�•���k�b�k�l�_�f�b��[23, 24, 30]. 
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�g�Z���l�•�e�h���•���l�d�Z�g�b�g�b���`�b�\�h�€���•�k�l�h�l�b���a�^�•�c�k�g�x�x�l�v���a�g�Z�d�h�a�f�•�g�g�h�x���k�b�e�h�x���a���q�Z�k�l�h�l�h�x���\�•�[�j�Z�p�•�c�g�b�o��
�d�h�e�b�\�Z�g�v�� �l�Z�� �Z�f�i�e�•�l�m�^�h�x���� �y�d�Z�� �^�h�j�•�\�g�x�}�� �\�•�^�g�h�r�_�g�g�x�� �k�b�e�b�� �j�h�a�j�b�\�m�� �k�i�h�e�m�q�g�b�o�� �l�d�Z�g�b�g��
�l�•�e�Z���^�h���€�o���i�e�h�s�•���i�_�j�_�j�•�a�m�����•���q�Z�k�l�h�l�h�x���j�•�\�g�•�c���\�e�Z�k�g�•�c���q�Z�k�l�h�l�•���`�b�\�h�]�h���l�•�e�Z�� 

�I�j�h�\�_�^�_�g�•�� �^�h�k�e�•�^�`�_�g�g�y�� �i�h�� �\�i�e�b�\�m�� �a�]�m�[�g�h�€�� �^�•�€�� �Z�d�m�k�l�b�q�g�b�o�� �d�h�e�b�\�Z�g�v�� �g�Z�� �l�•�e�h�� �r�d�•�^��
�e�b�\�h�]�h�� �d�h�f�Z�o�b���� �H�l�j�b�f�Z�g�b�c�� �i�h�a�b�l�b�\�g�b�c�� �_�n�_�d�l�� �>�����@���� �J�h�a�j�h�[�e�_�g�h�� �l�Z�� �a�Z�o�b�s�_�g�•�� �i�Z�l�_�g�l�Z�f�b��
�^�_�d�•�e�v�d�Z���\�Z�j�•�Z�g�l�•�\���d�h�g�k�l�j�m�d�p�•�c���Z�d�m�k�l�b�q�g�b�o���\�b�i�j�h�f�•�g�x�\�Z�q�•�\�����i�j�b�a�g�Z�q�_�g�b�o���^�e�y���a�g�b�s�_�g�g�y��
�d�h�e�h�j�Z�^�k�v�d�b�o�� �`�m�d�•�\�� �Z�d�m�k�l�b�q�g�b�f�b���o�\�b�e�y�f�b�� �l�h�[�l�h�� �g�Z�� �_�e�_�d�l�j�h�^�b�g�Z�f�•�q�g�h�f�m�� �i�j�b�g�p�b�i�•�� �j�h��
�[�h�l�b���l�Z���g�Z���h�k�g�h�\�•���k�b�j�_�g���>�������������@�� 

�A�� �Z�g�Z�e�•�a�m�� �g�Z�\�_�^�_�g�b�o�� �j�h�[�•�l�� �i�j�h�i�h�g�m�}�l�v�k�y�� �Z�d�m�k�l�b�q�g�b�c�� �f�_�l�h�^�� �a�g�b�s�_�g�g�y�� �l�•�e�� �`�b�\�b�o��
�e�b�q�b�g�h�d�� �d�h�e�h�j�Z�^�k�v�d�h�]�h�� �`�m�d�Z���� �s�h�� �i�h�e�y�]�Z�}�� �\�� �f�_�o�Z�g�•�q�g�h�f�m�� �\�i�e�b�\�•�� �g�Z�� �€�o�� �l�•�e�h�� �l�b�k�d�h�f�� �a��
�g�Z�k�l�m�i�g�b�f�� �€�o�� �j�h�a�j�b�\�h�f���� �I�j�b�q�h�f�m�� �f�_�o�Z�g�•�q�g�b�c�� �\�i�e�b�\�� �g�Z�� �l�•�e�h�� �a�^�•�c�k�g�x�x�l�v�� �Z�d�m�k�l�b�q�g�b�f�b��
�d�h�e�b�\�Z�g�g�y�f�b�� �a�� �Z�f�i�e�•�l�m�^�h�x�� �a�\�m�d�h�\�h�]�h�� �l�b�k�d�m�� �\�� �i�h�\�•�l�j�•���� �s�h�� �^�h�j�•�\�g�x�}�� �\�•�^�g�h�r�_�g�g�x�� �k�b�e�b��
�j�h�a�j�b�\�m�� �l�d�Z�g�b�g�� �l�•�e�� �e�b�q�b�g�h�d�� �\�� �€�o�� �i�e�h�s�•�� �i�_�j�_�l�b�g�m�� �•�� �q�Z�k�l�h�l�h�x���� �s�h�� �^�h�j�•�\�g�x�}�� �\�e�Z�k�g�•�c�� �q�Z��
�k�l�h�l�•�� 

�J�•�r�_�g�g�y�� �a�Z�\�^�Z�g�g�y �F�h�^�_�e�x�}�f�h�� �l�•�e�h�� �`�b�\�h�€�� �e�b�q�b�g�d�b�� �k�i�j�h�s�_�g�h�� �p�b�e�•�g�^�j�h�f�� �•�a�� �k�l�Z��
�e�b�f�� �i�_�j�_�l�b�g�h�f���� �<�� �l�Z�d�h�f�m�� �\�b�i�Z�^�d�m�� �`�h�j�k�l�d�•�k�l�v�� �l�•�e�Z �e�b�q�b�g�d�b���K���f�h�`�g�Z�� �a�g�Z�c�l�b�� �a�� �\�b�j�Z�a�m��
[37]:  

                      ,         (1) 

�^�_ P - �k�b�e�Z�����s�h���^�•�}���g�Z���e�b�q�b�g�d�m�����û�O - �Z�[�k�h�e�x�l�g�_���k�l�b�k�d�Z�g�g�y���e�b�q�b�g�d�b�� 
�<�•�^�h�f�h�����s�h���^�e�y���l�•�e�Z���p�b�e�•�g�^�j�b�q�g�h�€���n�h�j�f�b���>�����@����  

       ,      (2) 
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�^�_��E - �f�h�^�m�e�v���i�h�a�^�h�\�`�g�v�h�€���i�j�m�`�g�h�k�l�•�����s�h���o�Z�j�Z�d�l�_�j�b�a�m�}���`�h�j�k�l�d�•�k�l�v �f�Z�l�_�j�•�Z�e�m�����l�h�[��
�l�h�� �h�i�•�j�� �c�h�]�h�� �i�j�m�`�g�b�f�� �^�_�n�h�j�f�Z�p�•�y�f�� F - �i�e�h�s�Z�� �i�h�i�_�j�_�q�g�h�]�h�� �i�_�j�_�j�•�a�m���l�•�e�Z �e�b�q�b�g�d�b��
�p�b�e�•�g�^�j�b�q�g�h�€���n�h�j�f�b����d �±�^�•�Z�f�_�l�j���p�b�e�•�g�^�j�b�q�g�h�]�h���l�•�e�Z�����<�•�^�i�h�\�•�^�g�h���\�b�j�Z�a���^�e�y���a�g�Z�o�h�^�`�_�g�g�y��
�a�g�Z�q�_�g�g�y��E �f�h�^�m�e�x���i�h�a�^�h�\�`�g�v�h�€���i�j�m�`�g�h�k�l�•���g�Z���h�k�g�h�\�•����������a ���������\�b�]�e�y�^�Z�}�� 

      ,       (3) 

�>�_���^�e�y���i�e�h�s�b�g�b���i�_�j�_�l�b�g�m���f�Z�}�f�h 

.        (4) 

�;�Z�q�b�f�h���� �s�h�� �i�h�i�_�j�\�Z�o�� �l�j�_�[�Z�� �\�b�a�g�Z�l�b�� �]�_�h�f�_�l�j�b�q�g�•�� �i�Z�j�Z�f�_�l�j�b�� �l�•�e�Z�� �e�b�q�b�g�d�b�� �g�Z�� �h�k��
�g�h�\�•���\�b�f�•�j�•�\�����L�h�f�m���k�d�e�Z�^�Z�}�f�h���f�_�l�h�^�b�d�m���\�b�f�•�j�•�\�����s�h���^�Z�k�l�v���g�Z�f���f�h�`�e�b�\�•�k�l�v���k�d�e�Z�k�l�b���^�Z�g�•��
�h�� �]�_�h�f�_�l�j�b�q�g�b�o�� �l�Z�� �f�Z�k�h�\�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�o�� �l�•�e�Z�� �e�b�q�b�g�d�b���� �<�_�e�b�q�b�g�m���û�O �Z�[�k�h�e�x�l�g�h�]�h��
�k�l�b�k�d�Z�g�g�y�� �e�b�q�b�g�d�b�� �f�h�`�g�Z�� �h�l�j�b�f�Z�l�b�� �l�_�`�� �l�•�e�v�d�b�� �g�Z�� �h�k�g�h�\�•�� �i�j�h�\�_�^�_�g�g�y�� �\�b�f�•�j�•�\�� �m��
�k�i�_�p�•�Z�e�v�g�h�f�m���i�j�b�k�l�j�h�€�����J�_�a�m�e�v�l�Z�l�b���j�h�a�j�Z�o�m�g�d�m���`�h�j�k�l�d�h�k�l�•�����i�e�h�s�•���i�h�i�_�j�_�q�g�h�]�h���i�_�j�_�j�•�a�m��
�•���f�h�^�m�e�y���i�h�a�^�h�\�`�g�v�h�€���i�j�m�`�g�h�k�l�•���l�•�e�Z���e�b�q�b�g�d�b�����j�_�a�h�g�Z�g�k�g�h�€���q�Z�k�l�h�l�b���l�•�e�Z���a�Z�i�b�k�m�x�l�v�k�y���\��
�l�Z�[�e�b�p�x���i�•�k�e�y���i�j�h�\�_�^�_�g�g�y���\�b�f�•�j�•�\�� 

�F�_�l�h�^�b�d�Z�� �\�b�f�•�j�•�\���<�b�f�•�j�b�� �i�j�h�\�h�^�b�e�b�k�y�� �\�� �m�f�h�\�Z�o�� �i�j�b�f�•�s�_�g�g�y�� �e�Z�[�h�j�Z�l�h�j�•�€�� �d�Z��
�n�_�^�j�b���l�_�o�g�•�q�g�h�€���f�_�o�Z�g�•�d�b���>����-�����@�����>�e�y���\�b�f�•�j�•�\���\�b�d�h�j�b�k�l�Z�g�b�c���i�j�b�k�l�j�•�c�����s�h���i�h�d�Z�a�Z�g�b�c���g�Z��
�j�b�k�m�g�d�m������ 

 
�J�b�k�m�g�h�d �����F���N�h�l�h���i�j�b�k�l�j�h�x���l�Z�� 

�^�h�i�h�f�•�`�g�b�o���\�b�f�•�j�x�\�Z�e�v�g�b�o�� 
�•�g�k�l�j�m�f�_�g�l�•�\�����\�Z�]�b���l�Z���f�•�d�j�h�f�_�l�j 

�I�h�k�e�•�^�h�\�g�•�k�l�v���\�b�d�h�g�Z�g�g�y���\�b�f�•�j�x�\�Z�g�v�� 
������ �<�b�f�•�j�x�}�f�h�� �^�h�\�`�b�g�m�� �l�Z�� �^�•�Z�f�_�l�j�� �d�h�`�g�h�€�� �a��

�`�b�\�b�o���e�b�q�b�g�h�d�����s�h���h�[�j�Z�g�•���^�h���_�d�k�i�_�j�b�f�_�g�l�m�� 
�������G�Z���\�Z�]�Z�o���f�•�j�y�}�f�h���l�Z���n�•�d�k�m�}�f�h���\�Z�]�m���d�h�`�g�h�€��

�a���e�b�q�b�g�h�d�� 
3�����@�b�\�m���e�b�q�b�g�d�m���j�h�a�f�•�s�m�}�f�h���\���k�l�Z�d�Z�g�•���i�j�b��

�k�l�j�h�x���� �A�Z�� �^�h�i�h�f�h�]�h�x�� �f�•�d�j�h�f�_�l�j�Z�� �n�•�d�k�m�}�l�v�k�y�� �\�b��
�k�h�l�Z���l�•�e�Z���e�b�q�b�g�d�b���� 

������ �>�Z�e�•�� �^�h�� �d�h�`�g�h�€�� �a�� �e�b�q�b�g�h�d�� �i�h�k�e�•�^�h�\�g�h�� �i�h��
�q�_�j�a�•�� �i�j�b�d�e�Z�^�Z�}�l�v�k�y�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �k�b�e�Z�f�b��P1, P2, 
P3, P4, P5, [�G] �\�_�e�b�q�b�g�Z�� �y�d�b�o�� �d�h�g�l�j�h�e�x�}�l�v�k�y�� �a�Z��
�^�h�i�h�f�h�]�h�x�� �f�Z�g�h�f�_�l�j�Z���� �P�_�� �a�^�•�c�k�g�x�}�l�v�k�y�� �r�e�y�o�h�f��
�^�h�^�Z�\�Z�g�g�y�� �]�b�j�v�h�d�� �g�Z�� �g�Z�\�Z�g�l�Z�`�m�\�Z�e�v�g�_�� �i�j�b�k�l�h�k�m��
�\�Z�g�g�y�� 

������ �I�•�k�e�y�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �n�•�d�k�m�}�f�h�� �f�•�d�j�h�f�_�l��
�j�h�f���g�h�\�_���a�g�Z�q�_�g�g�y���\�b�k�h�l�b���l�•�e�Z���e�b�q�b�g�d�b�� 

�������J�Z�o�m�}�f�h���k�l�b�k�g�_�g�g�y���û�O. 
 

�������<�k�•���^�Z�g�•���\�b�f�•�j�•�\���a�Z�g�h�k�b�f�h���m���l�Z�[�e�b�p�x������ 

�������J�h�a�j�Z�o�h�\�m�}�f�h���f�h�^�m�e�v���X�g�]�Z���l�Z �`�h�j�k�l�d�•�k�l�v���l�•�e�Z���`�b�\�h�€���e�b�q�b�g�d�b�����>�Z�g�•���j�Z�o�m��
�g�d�•�\���a�Z�g�h�k�b�f�h���m���l�Z�[�e�b�p�x���������<���l�Z�[�e�b�p�y�o���i�h�a�g�Z�q�_�g�•�����‹���F���g�h�f�_�j���\�b�f�•�j�x�\�Z�g�g�y���i�j�b��
�i�j�h�\�_�^�_�g�g�•���_�d�k�i�_�j�b�f�_�g�l�m����G �F���\�Z�]�Z���l�•�e�Z���e�b�q�b�g�d�b����l �F���\�b�k�h�l�Z���p�b�e�b�g�^�j�m�����s�h���}���l�•��
�e�h�f���e�b�q�b�g�d�b����d  �F���^�•�Z�f�_�l�j���p�b�e�•�g�^�j�m�� 
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�I�j�h�\�_�^�_�g�•�� �\�b�f�•�j�b�� �•�� �j�h�a�j�Z�o�m�g�d�b�� �a�Z�� �i�•�^�k�m�f�d�h�f�� �^�h�a�\�h�e�y�x�l�v�� �a�g�Z�c�l�b�� �j�_�a�h�g�Z�g�k�g�m�� �q�Z�k��
�l�h�l�m��f �l�•�e�Z���`�b�\�h�€���e�b�q�b�g�d�b���a���f�Z�l�_�f�Z�l�b�q�g�h�]�h���\�b�j�Z�a�m���>�������������@�� 

,                                                          (5) 

�^�_���K - �`�h�j�k�l�d�•�k�l�v���l�•�e�Z���e�b�q�b�g�d�b����f - �j�_�a�h�g�Z�g�k�g�Z���q�Z�k�l�h�l�Z����m �± �f�Z�k�Z���l�•�e�Z���`�b�\�h�€���e�b�q�b�g�d�b���� 
�L�Z�[�e�b�p�y���� 

�I�h�d�Z�a�Z�g�g�y���\�b�f�•�j�•�\ 
�‹  �*�î��

�������q�l��
N) 

�O�î��
�������q�ñ��
m) 

�G�î��
�������q�ñ��
m) 

�3�v� �����î�����q�l��
�1�� �û�O�î�����q�ñ��
m 

�3�w� �����î�����q�l��
�1�� �û�O�î�����q�ñ��
m 

�3�x� �����î�����q�l��
�1�� �û�O�î�����q�ñ��
m 

�3�y� �����î�����q�l��
�1�� �û�O�î�����q�ñ��
m 

�3�z� �����î�����q�l��
�1�� �û�O�î�����q�ñ��
m 

1 120 6.0 5.00 0.820 0.930 1.680 1.800 2.180 
2 100 9.0 6.00 0.640 0.875 1.190 1.610 1.840 
3 150 10.0 7.00 0.630 0.755 1.500 1.590 1.950 
4 110 7.5 5.10 0.620 0.860 1.180 1.620 1.820 
5 150 9.0 5.15 0.750 0.960 1.210 2.050 2.420 

 

�>�Z�g�•�� �j�h�a�j�Z�o�m�g�d�•�\�� �g�Z�\�_�^�_�g�•�� �m�� �l�Z�[�e�b�p�•�� ������ �<�� �l�Z�[�e�b�p�•�� �i�h�a�g�Z�q�_�g�•���û�O - �Z�[�k�h�e�x�l�g�_�� �k�l�b�k��
�d�Z�g�g�y���e�b�q�b�g�d�b�����K��- �`�h�j�k�l�d�•�k�l�v���l�•�e�Z���e�b�q�b�g�d�b����F �± �i�e�h�s�Z���i�_�j�_�l�b�g�m���l�•�e�Z����E - �f�h�^�m�e�v���X�g�]�Z, 
f - �j�_�a�h�g�Z�g�k�g�Z���q�Z�k�l�h�l�Z. 

�L�Z�[�e�b�p�y������ 
�J�_�a�m�e�v�l�Z�l�b���j�h�a�j�Z�o�m�g�d�•�\ 

�‹  �û�O�����P C, N/m �)�����P�ð E, Pa f, Hz 
1 0.00082 0.2393  60.96 7.1088 
 0.00093 0.2636  67.17 7.4623 
 0.00168 0.1752 0.0000196 44.63 6.0826 
 0.0018 0.1907  48.59 6.3468 
 0.00218 0.18  45.86 6.1658 
2 0.00064 0.3066  65.09 8.8146 
 0.000875 0.2802  59.50 8.4275 
 0.00119 0.2473 0.0000283 52.51 7.9171 
 0.00161 0.2132  45.27 7.3513 
 0.00184 0.2133  45.28 7.3519 
3 0.00063 0.3114  56.67 7.2540 
 0.000755 0.3248  59.10 7.4077 
 0.0015 0.1962 0.0000385 35.70 5.7577 
 0.00159 0.2159  39.29 6.0399 
 0.00195 0.2012  36.62 5.8310 
4 0.00062 0.3164  79.07 8.5389 
 0.00086 0.2851  71.24 8.1051 
 0.00118 0.2494 0.0000204 62.32 7.5805 
 0.00162 0.2119  52.95 6.9876 
 0.00182 0.2156  53.87 7.0481 
5 0.00075 0.2616  64.76 6.6484 
 0.00096 0.2554  63.23 6.5693 
 0.00121 0.2432 0.0000208 60.21 6.4106 
 0.00205 0.1675  41.46 5.3193 
 0.00242 0.1621  40.14 5.2342 
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�H�[�]�h�\�h�j�_�g�g�y�� �j�_�a�m�e�v�l�Z�l�•�\�� �_�d�k�i�_�j�b�f�_�g�l�m. �L�Z�d�b�f �q�b�g�h�f, �m �j�_�a�m�e�v�l�Z�l�• �_�d�k�i�_�j�b��
�f�_�g�l�•�\ �h�l�j�b�f�Z�g�• �g�_�h�[�o�•�^�g�• �^�Z�g�• �i�j�h �]�_�h�f�_�l�j�b�q�g�• �l�Z �n�•�a�b�d�h-�f�_�o�Z�g�•�q�g�• �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b �l�•�e 
�`�b�\�b�o �e�b�q�b�g�h�d, �s�h �g�_�h�[�o�•�^�g�• �^�e�y �i�h�[�m�^�h�\�b �f�Z�l�_�f�Z�l�b�q�g�h�€ �f �h�^�_�e�• �d�h�e�b�\�Z�g�v �[�•�h�e�h�]�•�q�g�h�]�h 
�h�['�}�d�l�Z: �e�b�q�b�g�d�b �d�h�e�h�j�Z�^�k�v�d�h�]�h �`�m�d�Z. �H�l�j�b�f�Z�g�•���a�g�Z�q�_�g�g�y���`�h�j�k�l�d�h�k�l�_�c���l�•�e���`�b�\�b�o���e�b�q�b��
�g�h�d���k�l�Z�g�h�\�e�y�l�v���\�•�^�����������������g���f���^�h�����������������G���f�����A�g�Z�q�_�g�g�y���f�h�^�m�e�y���i�j�m�`�g�h�k�l�•���\�•�^�������������I�Z���^�h��
�����������I�Z�����A�g�Z�q�_�g�g�y���j�_�a�h�g�Z�g�k�g�b�o���q�Z�k�l�h�l���k�d�e�Z�e�b���\�•�^���������������=�p���^�h���������������=�p�� 

�<�b�a�g�Z�q�_�g�_���a�g�Z�q�_�g�g�y���j�_�a�h�g�Z�g�k�g�h�€���q�Z�k�l�h�l�b���l�Z�d�h�]�h���l�•�e�Z���^�h�a�\�h�e�b�l�v���k�i�j�h�_�d�l�m�\�Z�l�b���i�j�b��
�k�l�j�•�c�����s�h���a�f�h�`�_���h�d�Z�a�m�\�Z�l�b���a�]�m�[�g�m���^�•�x���g�Z���r�d�•�^�g�b�d�Z���j�h�k�e�b�g�� 

�<�b�f�•�j�x�\�Z�e�v�g�b�c�� �i�j�b�k�l�j�•�c�� �^�e�y�� �j�_�Z�e�•�a�Z�p�•�€�� �_�d�k�i�_�j�b�f�_�g�l�•�\�����I�j�b�k�l�j�•�c�� �^�_�n�h�j�f�Z�p�•�c��
�e�b�q�b�g�d�b�� �d�h�e�h�j�Z�^�k�v�d�h�]�h �`�m�d�Z�� �\�•�^�g�h�k�b�l�v�k�y�� �^�h�� �\�b�f�•�j�x�\�Z�e�v�g�b�o�� �i�j�b�e�Z�^�•�\�� �•�� �f�h�`�_�� �[�m�l�b�� �\�b��
�d�h�j�b�k�l�Z�g�b�c�� �^�e�y�� �a�g�Z�o�h�^�`�_�g�g�y�� �^�_�n�h�j�f�Z�p�•�€�� �e�b�q�b�g�d�b���� �<�� �i�h�^�Z�e�v�r�b�o�� �^�h�k�e�•�^�`�_�g�g�y�o�� �p�_�� �^�h�a��
�\�h�e�b�l�v�� �a�g�Z�c�l�b�� �j�_�a�h�g�Z�g�k�g�m�� �q�Z�k�l�h�l�m�� �e�b�q�b�g�h�d�� �d�h�f�Z�o�b�� �a�� �f�_�l�h�x�� �€�o�� �i�h�^�Z�e�v�r�h�]�h�� �a�g�b�s�_�g�g�y��
�\�i�e�b�\�h�f���Z�d�m�k�l�b�q�g�b�o���o�\�b�e�v���g�Z���l�•�c���`�_���q�Z�k�l�h�l�•�� 

�<�•�^�h�f�•�� �i�j�b�e�Z�^�b�� �a�� �\�b�f�•�j�x�\�Z�g�v�� �f�_�o�Z�g�•�q�g�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �[�m�^�•�\�_�e�v�g�b�o�� 
�d�h�g�k�l�j�m�d�p�•�c��[39]. �G�_�^�h�e�•�d�Z�f�b���p�b�o���i�j�b�e�Z�^�•�\���}���l�_�����s�h���\�h�g�b���i�j�b�a�g�Z�q�_�g�•���^�e�y���\�b�f�•�j�m���^�_�n�h�j��
�f�Z�p�•�c���[�m�^�•�\�_�e�v�g�b�o���h�i�h�j�����Z���g�_���`�b�\�b�o�����f�Z�e�b�o���a�Z���j�h�a�f�•�j�Z�f�b���l�•�e�����L�Z�d�h�`���i�j�b�e�Z�^�b���f�Z�x�l�v���g�_��
�\�_�e�b�d�m�� �l�h�q�g�•�k�l�v�� �\�b�f�•�j�x�\�Z�g�v���� �I�j�b�k�l�j�h�€�� �i�j�Z�p�x�x�l�v�� �\�� �i�Z�j�•�� �a�� �j�h�a�j�b�\�g�b�f�b���� �[�h�� �\�h�g�b�� �g�_��
�a�^�Z�l�g�•���g�Z���k�Z�f�h�k�l�•�c�g�_���g�Z�\�Z�g�l�Z�`�_�g�g�y���^�h�k�e�•�^�`�m�\�Z�g�h�]�h���a�j�Z�a�d�Z�����P�_���\���k�\�h�x���q�_�j�]�m���m�k�d�e�Z�^�g�x�}��
�i�j�h�p�_�k�� �\�b�f�•�j�x�\�Z�g�g�y�� �^�_�n�h�j�f�Z�p�•�c���� �L�Z�d�•�� �i�j�b�e�Z�^�b�� �g�_�� �i�j�b�a�g�Z�q�_�g�•�� �^�e�y�� �i�j�h�\�_�^�_�g�g�y��
�\�b�f�•�j�x�\�Z�g�v���f�_�o�Z�g�•�q�g�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���`�b�\�b�o���h�j�]�Z�g�•�a�f�•�\�� 

�<�•�^�h�f�b�c�� �i�j�b�k�l�j�•�c�� �\�b�a�g�Z�q�_�g�g�y�� �^�_�n�h�j�f�Z�p�•�€�� �d�e�_�c�d�h�\�b�g�b�� �>�����@���� �s�h�� �f�•�k�l�b�l�v�� �j�Z�f�m����
�a�h�\�g�•�r�g�•�c�� �d�h�j�i�m�k���� �h�i�•�j�g�b�c�� �k�l�h�e�b�d�� �a�� �i�e�h�k�d�h�x�� �j�h�[�h�q�h�x�� �i�h�\�_�j�o�g�_�x���� �g�Z�\�Z�g�l�Z�`�m�\�Z�e�v�g�_��
�i�j�b�k�l�h�k�m�\�Z�g�g�y�� �a�� �i�m�Z�g�k�h�g�h�f�� �•�� �\�•�^�e�•�d�h�\�b�f�� �i�j�b�k�l�j�h�}�f���� �]�Z�e�v�f�m�x�q�b�c�� �f�_�o�Z�g�•�a�f���� �j�_�e�_�� �q�Z�k�m����
�<�•�^�e�•�d�h�\�b�c���i�j�b�k�l�j�•�c���f�Z�}���i�j�h�a�h�j�m���r�d�Z�e�m�����_�d�j�Z�g���•���\�d�Z�a�•�\�g�b�d�����<�•�g���\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y���a�]�•�^�g�h��
�>�_�j�`�k�l�Z�g�^�Z�j�l�m�� ����������-8���� �^�e�y�� �\�b�f�•�j�x�\�Z�g�g�y�� �^�_�n�h�j�f�Z�p�•�€�� �d�e�_�c�d�h�\�b�g�b�� �i�•�^�� �\�b�a�g�Z�q�_�g�b�f��
�g�Z�\�Z�g�l�Z�`�_�g�g�y�f�����i�j�b���p�v�h�f�m���^�•�Z�]�g�h�k�l�m�}�l�v�k�y���y�d�•�k�l�v���d�e�_�c�d�h�\�b�g�b���a�_�j�g�Z���•���[�h�j�h�r�g�Z�����I�j�b�k�l�j�•�c��
������ �k�_�d�m�g�^�� �\�i�e�b�\�Z�}�� �g�Z�� �a�j�Z�a�h�d�� �d�e�_�c�d�h�\�b�g�b�� �a�� �i�_�\�g�b�f�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�f���� �I�h�� �a�Z�d�•�g�q�_�g�g�x�� ������
�k�_�d�m�g�^�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �h�i�l�b�q�g�h�]�h�� �^�Z�l�q�b�d�Z �n�•�d�k�m�}�l�v�k�y�� �^�_�n�h�j�f�Z�p�•�y�� �a�j�Z�a�d�Z���� �g�Z�\�Z�g�l�Z�`�_�g�g�y��
�a�g�•�f�Z�}�l�v�k�y�� �•�� �\�b�^�Z�}�l�v�k�y�� �j�_�a�m�e�v�l�Z�l���� �S�h�[�� �a�Z�n�•�d�k�m�\�Z�l�b�� �^�_�n�h�j�f�Z�p�•�x�� �\�� �i�j�b�e�Z�^�•�� �\�b�d�h�j�b�k�l�h��
�\�m�}�l�v�k�y�� �a�^�Z�l�g�•�k�l�v�� �d�e�_�c�d�h�\�b�g�b�� �i�j�h�i�m�k�d�Z�l�b�� �k�\�•�l�e�h���� �D�•�e�v�d�•�k�l�v�� �k�\�•�l�e�Z���� �s�h�� �i�j�h�i�m�k�d�Z�}�l�v�k�y��
�d�e�_�c�d�h�\�b�g�h�x���� �a�f�_�g�r�m�}�l�v�k�y�� �a�� �€�€�� �[�•�e�v�r�h�x�� �^�_�n�h�j�f�Z�p�•�}�x���� �I�h�� �a�Z�d�•�g�q�_�g�g�x�� �\�b�f�•�j�•�\�� �i�j�b�e�Z�^��
�\�b�^�Z�}���j�_�a�m�e�v�l�Z�l���\���h�^�b�g�b�p�y�o���\�b�f�•�j�m���<�>�D�����d�h�_�n�•�p�•�}�g�l���y�d�h�k�l�•���d�e�_�c�d�h�\�b�g�b�������s�h���g�_���}���i�j�b�c��
�g�y�l�b�f���^�e�y���a�Z�]�Z�e�v�g�h�]�h���\�b�d�h�j�b�k�l�Z�g�g�y���m���l�_�o�g�•�p�•�� 

�G�_�^�h�e�•�d�h�f�� �\�b�f�•�j�x�\�Z�g�g�y�� �^�_�n�h�j�f�Z�p�•�€�� �p�b�f�� �i�j�b�e�Z�^�h�f�� �}�� �l�_���� �s�h�� �\�� �h�k�g�h�\�m�� �\�b�f�•�j�•�\�� �^�_��
�n�h�j�f�Z�p�•�€���i�h�d�e�Z�^�_�g�Z���\�e�Z�k�l�b�\�•�k�l�v���d�e�_�c�d�h�\�b�g�b���i�j�h�i�m�k�d�Z�l�b���k�\�•�l�e�h�����l�h�f�m���i�j�b�k�l�j�•�c���g�_���f�h�`�_��
�[�m�l�b���a�Z�k�l�h�k�h�\�Z�g�h���^�e�y���a�g�Z�o�h�^�`�_�g�g�y���^�_�n�h�j�f�Z�p�•�c���g�_�i�j�h�a�h�j�h�€���e�b�q�b�g�d�b���d�h�e�h�j�Z�^�k�v�d�h�]�h���`�m��
�d�Z���q�b���•�g�r�h�€���[�•�h�e�h�]�•�q�g�h�€���`�b�\�h�€���•�k�l�h�l�b�����L�Z�d�h�`���m���i�j�b�k�l�j�h�€���\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y���a�Z�g�Z�^�l�h���\�_�e�b��
�d�_���g�Z�\�Z�g�l�Z�`�_�g�g�y�����•�a���a�Z���q�h�]�h���\�•�g���g�_ �f�h�`�_���[�m�l�b���a�Z�k�l�h�k�h�\�Z�g�b�c���^�e�y���j�h�[�h�l�b���a���d�h�f�Z�o�Z�f�b�����<�•�g��
�l�Z�d�h�`���g�_���h�k�g�Z�s�_�g�b�c���g�_�h�[�o�•�^�g�b�f�b���d�j�•�i�e�_�g�g�y�f�b���� �M���g�v�h�f�m���\�•�^�k�m�l�g�y���f�h�`�e�b�\�•�k�l�v���j�_�]�m�e�x��
�\�Z�g�g�y�� �g�Z�\�Z�g�l�Z�`�_�g�g�y���� �\�� �l�h�c�� �q�Z�k���� �y�d�� �m�� �\�b�i�Z�^�d�m�� �\�b�f�•�j�•�\�� �^�_�n�h�j�f�Z�p�•�c�� �`�b�\�h�€�� �•�k�l�h�l�b�� �i�h�l�j�_��
�[�m�}�l�v�k�y���a�f�•�g�g�_���g�Z�\�Z�g�l�Z�`�_�g�g�y�� 
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�<�� �h�k�g�h�\�m�� �d�h�g�k�l�j�m�d�l�b�\�g�h�€�� �k�o�_�f�b�� �g�h�\�h�]�h�� �i�j�b�e�Z�^�m�� �>�����@�� �i�h�d�e�Z�^�_�g�Z�� �a�Z�^�Z�q�Z�� �j�h�a�j�h�[�d�b��
�i�j�b�k�l�j�h�x�� �\�b�f�•�j�x�\�Z�g�g�y�� �^�_�n�h�j�f�Z�p�•�c�� �`�b�\�b�o�� �e�b�q�b�g�h�d�� �d�h�e�h�j�Z�^�k�v�d�h�]�h�� �`�m�d�Z���� �s�h�� �i�h�^�Z�e�•��
�a�j�h�[�b�l�v���f�h�`�e�b�\�b�f���i�j�h�\�_�k�l�b���j�h�a�j�Z�o�m�g�d�b���j�_�a�h�g�Z�g�k�g�h�€���q�Z�k�l�h�l�b���e�b�q�b�g�d�b���d�h�f�Z�o�b���l�Z���^�h�a�\�h��
�e�b�l�v�� �_�n�_�d�l�b�\�g�h�� �a�g�b�s�m�\�Z�l�b�� �p�b�o�� �r�d�•�^�g�b�d�•�\�� �\�b�i�j�h�f�•�g�x�\�Z�g�g�y�f�� �Z�d�m�k�l�b�q�g�b�o�� �o�\�b�e�v�� �g�Z��
�\�b�a�g�Z�q�_�g�•�c���q�Z�k�l�h�l�•. 

�I�h�k�l�Z�\�e�_�g�Z�� �a�Z�^�Z�q�Z�� �\�b�j�•�r�m�}�l�v�k�y�� �l�b�f���� �s�h�� �\�� �i�j�b�k�l�j�h�€���� �y�d�b�c�� �f�•�k�l�b�l�v�� �j�Z�f�m�� �l�Z�� �g�Z�\�Z�g��
�l�Z�`�m�\�Z�e�v�g�_�� �i�j�b�k�l�h�k�m�\�Z�g�g�y���g�h�\�b�f�� �}�� �l�_���� �s�h�� �g�Z�\�Z�g�l�Z�`�m�\�Z�e�v�g�_�� �i�j�b�k�l�h�k�m�\�Z�g�g�y�� �f�Z�}�� �k�l�Z�d�Z�g��
�^�e�y���a�Z�d�j�•�i�e�_�g�g�y �`�b�\�h�€���e�b�q�b�g�d�b���a���g�Z�i�j�Z�\�e�y�x�q�h�x���l�Z���]�\�b�g�l�h�\�h�x���i�Z�j�h�x���^�e�y���j�_�]�m�e�x�\�Z�g�g�y��
�\�b�k�h�l�b���k�l�Z�d�Z�g�m�����G�Z���g�Z�i�j�y�f�g�•�c���k�l�Z�d�Z�g�m���i�j�b�}�^�g�Z�g�Z���r�Z�j�g�•�j�g�h���]�h�c�^�Z�e�d�Z�����g�Z���]�h�c�^�Z�e�d�m���h�d�Z��
�a�m�x�l�v���l�b�k�d���]�b�j�v�d�b���•���^�Z�e�•���p�_�c���l�b�k�d���i�_�j�_�^�Z�}�l�v�k�y���g�Z���l�•�e�h���e�b�q�b�g�d�b�����>�h���k�l�Z�d�Z�g�m���i�j�b�}�^�g�m�}�l�v��
�k�y���f�Z�g�h�f�_�l�j�����s�h���^�h�a�\�h�e�y�}���\�b�f�•�j�y�l�b���\�_�e�b�q�b�g�b���g�Z�\�Z�g�l�Z�`�_�g�g�y���g�Z���`�b�\�m���e�b�q�b�g�d�m�����<�b�d�h�j�b��
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Methods of calculation and experimental research of mechanical characteristics  
of living larvae bodies in the destruction of pests by acoustic means 

The paper focuses on the advancement of experimental and analytical methodologies 
for examining the mechanical properties of living larvae of Leptinotarsa decemlineata (Colo-
rado potato beetle) to facilitate their eradication through acoustic resonance. The signifi-
cance of this research is underscored by the necessity to substitute chemical pest control 
methods, which are detrimental to human health and the environment, with ecological acous-
tic technologies. This research is conducted within the domains of applied mechanics and 
biomechanics, building upon prior investigations into the acoustic eradication of detrimental 
insects. 

The examination of contemporary scientific literature reveals that low-frequency acous-
tic and vibrational phenomena exert both detrimental and beneficial effects on biological tis-
sues. Research conducted by V. S. Didkovskyi, V. T. Hrynchenko, G. I. Sokol, and others vali-
dates that resonance phenomena in biological structures can induce structural disruption 
when the external frequency aligns with the organism's natural frequency. The authors sug-
gest using controlled acoustic waves to kill pest larvae by taking advantage of their biome-
chanical resonance. 

To implement this concept, the authors devised a novel methodology for assessing the 
�P�H�F�K�D�Q�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �O�L�Y�L�Q�J�� �O�D�U�Y�D�H���� �H�Q�F�R�P�S�D�V�V�L�Q�J�� �V�W�L�I�I�Q�H�V�V���� �P�D�V�V���� �D�Q�G�� �<�R�X�Q�J�¶�V�� �P�R�Gulus. 
The larvae were represented as cylindrical elastic entities with a uniform cross-section. A 
new measuring tool was created and patented (Patent of Ukraine No. 153662, 2023) for test-
ing deformation in a controlled way with known loads. The setup has a micrometer, a ma-
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nometer, and a loading mechanism that can be changed to measure deformation in living bio-
logical specimens very accurately.   

The experimental results indicated stiffness values between 0.3248 N/m and 1.1621 
�1���P���� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �U�D�Q�J�L�Q�J�� �I�U�R�P�� ������������Pa to 79.07 Pa, and natural resonance frequen-
cies from 5.23 Hz to 8.54 Hz. These results show that it is possible to get destructive reso-
nance with acoustic emitters set to these frequencies. 

The developed methodologies and instrumentation establish a basis for the design of ef-
fective acoustic devices for pest management. The use of these kinds of systems will make it 
possible to get rid of pests in agriculture in a way that is safe for the environment and doesn't 
use chemicals. This will greatly lower ecological risks and make sure that crops are protected 
in a way that is sustainable. 

Keywords: living bodies, mechanical characteristics, Colorado potato beetle larvae, 
device, experimental research, acoustic influence, destruction. 
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�]�Z�e�v�g�h�€���i�h�l�m�`�g�h�k�l�•���Z�[�h���•�g�l�_�g�k�b�\�g�h�k�l�•���k�b�]�g�Z�e�m�� 

 
 (1) 

�^�_�� �± �a�Z�]�Z�e�v�g�Z���d�•�e�v�d�•�k�l�v���l�h�q�h�d���m���k�b�]�g�Z�e�•�����± �Z�f�i�e�•�l�m�^�Z���k�b�]�g�Z�e�m���\���f�h�f�_�g�l���q�Z�k�m�� 

�± Spectral Centroid (SC) �± �k�i�_�d�l�j�Z�e�v�g�b�c���p�_�g�l�j�h�€�^ �± �o�Z�j�Z�d�l�_�j�b�a�m�}���p�_�g�l�j���f�Z�k���k�i�_�d��
�l�j�Z�� �k�b�]�g�Z�e�m���� �\�b�a�g�Z�q�Z�x�q�b�� �k�_�j�_�^�g�x�� �q�Z�k�l�h�l�m���� �a�\�Z�`�_�g�m�� �a�Z�� �Z�f�i�e�•�l�m�^�Z�f�b���� �•�� �\�•�^�h�[�j�Z�`�Z�}��
�j�h�a�i�h�^�•�e���_�g�_�j�]�•�€���\���k�i�_�d�l�j�•�� 

 

 (2) 
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�^�_�� �± �d�•�e�v�d�•�k�l�v�� �q�Z�k�l�h�l�g�b�o�� �[�•�g�•�\�����± �q�Z�k�l�h�l�Z��-�]�h�� �[�•�g�m�� �k�i�_�d�l�j�Z�����± �Z�f �i�e�•�l�m�^�Z��

�k�i�_�d�l�j�Z���g�Z���q�Z�k�l�h�l�• . 

�± Spectral Bandwidth (SB) �± �r�b�j�b�g�Z���k�i�_�d�l�j�Z���± �}���f�•�j�h�x���j�h�a�i�h�^�•�e�m���q�Z�k�l�h�l���m���k�i�_�d�l�j�•��
�k�b�]�g�Z�e�m���� �h�p�•�g�x�}���� �g�Z�k�d�•�e�v�d�b�� �Z�f�i�e�•�l�m�^�b�� �q�Z�k�l�h�l�� �\�•�^�o�b�e�y�x�l�v�k�y�� �\�•�^�� �k�_�j�_�^�g�v�h�]�h�� �a�g�Z�q�_�g�g�y��
�k�i�_�d�l�j�Z�� 

 

 

(3) 

�^�_�� �± �d�•�e�v�d�•�k�l�v�� �q�Z�k�l�h�l�g�b�o�� �[�•�g�•�\�����± �q�Z�k�l�h�l�Z��-�]�h�� �[�•�g�m�� �k�i�_�d�l�j�Z�����± �Z�f �i�e�•�l�m�^�Z��

�k�i�_�d�l�j�Z���g�Z���q�Z�k�l�h�l�•��,  �± �k�i�_�d�l�j�Z�e�v�g�b�c���p�_�g�l�j�h�€�^. 

�±  Spectral Rolloff �± �k�i�_�d�l�j�Z�e�v�g�b�c�� �j�h�e�h�n���± �p�_�� �i�Z�j�Z�f�_�l�j���� �s�h�� �\�b�a�g�Z�q�Z�}�� �q�Z�k�l�h�l�m����
�g�b�`�q�_���y�d�h�€���k�d�h�g�p�_�g�l�j�h�\�Z�g�b�c���a�Z�^�Z�g�b�c���\�•�^�k�h�l�h�d�����g�Z�i�j�b�d�e�Z�^���������������a�Z�]�Z�e�v�g�h�€���_�g�_�j�]�•�€���k�i�_�d��
�l�j�Z���a�\�m�d�h�\�h�]�h���k�b�]�g�Z�e�m�� 

 

 
(4) 

�^�_�� �± �d�•�e�v�d�•�k�l�v�� �q�Z�k�l�h�l�g�b�o�� �[�•�g�•�\�� �± �q�Z�k�l�h�l�Z��-�]�h�� �[�•�g�m�� �k�i�_�d�l�j�Z�����± �Z�f �i�e�•�l�m�^�Z��

�k�i�_�d�l�j�Z���g�Z���q�Z�k�l�h�l�•��, �± �i�h�j�h�]�h�\�_���a�g�Z�q�_�g�g�y�����a�Z�a�\�b�q�Z�c���\�b�[�b�j�Z�x�l�v��=0.85), �±�g�h�f�_�j��

�[�•�g�m�� �k�i�_�d�l�j�Z���� �^�h�� �y�d�h�]�h�� �g�Z�d�h�i�b�q�_�g�Z�� �i�_�\�g�Z�� �q�Z�k�l�d�Z�� �k�m�f�Z�j�g�h�€�� �i�h�l�m�`�g�h�k�l�•�� �k�i�_�d�l�j�Z���� �s�h��
�\�•�^�i�h�\�•�^�Z�}���h�[�j�Z�g�h�f�m���i�h�j�h�]�h�\�h�f�m���a�g�Z�q�_�g�g�x��. 

�± Zero Crossing Rate (ZCR) �± �q�Z�k�l�h�l�Z���i�_�j�_�l�b�g�m���g�m�e�y���± �p�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���Z�m�^�•�h��
�k�b�]�g�Z�e�m�����s�h���\�b�a�g�Z�q�Z�}���d�•�e�v�d�•�k�l�v �a�f�•�g���a�g�Z�d�m���k�b�]�g�Z�e�m�����i�_�j�_�l�b�g�•�\���g�m�e�v�h�\�h�€���h�k�•�����a�Z���h�^�b�g�b�p�x��
�q�Z�k�m�� 

�± Harmonic Component (HC) �± �]�Z�j�f�h�g�•�c�g�Z���k�d�e�Z�^�h�\�Z���± �p�_���q�Z�k�l�b�g�Z���k�b�]�g�Z�e�m�����s�h���o�Z��
�j�Z�d�l�_�j�b�a�m�}�l�v�k�y�� �l�j�b�\�Z�e�b�f�b���� �i�e�Z�\�g�b�f�b�� �]�Z�j�f�h�g�•�q�g�b�f�b�� �a�\�m�d�Z�f�b���� �l�b�i�h�\�b�f�b�� �^�e�y�� �f�_�e�h�^�b�q��
�g�b�o�� �l�Z�� �]�Z�j�f�h�g�•�q�g�b�o�� �•�g�k�l�j�m�f�_�g�l�•�\�� ���g�Z�i�j�b�d�e�Z�^���� �\�h�d�Z�e���� �k�l�j�m�g�g�•�� �Z�[�h�� �^�m�o�h�\�•�� �•�g�k�l�j�m�f�_�g�l�b������
�<�b�a�g�Z�q�Z�}�l�v�k�y���r�e�y�o�h�f���a�Z�k�l�h�k�m�\�Z�g�g�y���f�_�^�•�Z�g�g�h�]�h���n�•�e�v�l�j�Z���\�a�^�h�\�`���q�Z�k�h�\�h�€���h�k�•�� 

�± �3�H�U�F�X�V�V�L�Y�H�� �K�R�P�S�R�Q�H�Q�W�� ���3�)�� �± �i�_�j�d�m�k�b�\�g�Z�� �k�d�e�Z�^�h�\�Z���± �p�_�� �q�Z�k�l�b�g�Z�� �k�b�]�g�Z�e�m���� �s�h��
�f�•�k�l�b�l�v�� �d�h�j�h�l�d�•���� �j�•�a�d�•�� �a�\�m�d�b���� �l�b�i�h�\�•�� �^�e�y�� �m�^�Z�j�g�b�o�� �•�g�k�l�j�m�f�_�g�l�•�\�� ���g�Z�i�j�b�d�e�Z�^���� �[�Z�j�Z�[�Z�g�b����
�o�Z�c-�o�_�l�b���l�h�s�h�������J�h�a�j�Z�o�h�\�m�}�l�v�k�y���a�Z���^�h�i�h�f�h�]�h�x���f�_�^�•�Z�g�g�h�]�h���n�•�e�v�l�j�Z���\�a�^�h�\�`���q�Z�k�l�h�l�g�h�€���h�k�•�� 

�± Tempo (BPM �± beats per minute) �± �l�_�f�i�����r�\�b�^�d�•�k�l�v���m�^�Z�j�•�\���a�Z���o�\�b�e�b�g�m�����± �i�h�d�Z�a��
�g�b�d���� �s�h�� �\�b�f�•�j�x�}�� �r�\�b�^�d�•�k�l�v�� �\�b�d�h�g�Z�g�g�y�� �f�m�a�b�q�g�h�]�h�� �l�\�h�j�m�� �l�Z�� �o�Z�j�Z�d�l�_�j�b�a�m�}�� �c�h�]�h��
�j�b�l�f�•�q�g�b�c���•���^�b�g�Z�f�•�q�g�b�c���o�Z�j�Z�d�l�_�j�� 

�± Mel-Frequency Cepstral Coefficients (MFCCs) �± �f�_�e-�q�Z�k�l�h�l�g�•�� �d�_�i�k�l�j�Z�e�v�g�•��
�d�h�_�n�•�p�•�}�g�l�b���± �p�_�� �g�Z�[�•�j�� �d�h�_�n�•�p�•�}�g�l�•�\���� �y�d�•�� �f�h�^�_�e�x�x�l�v�� �l�_�f�[�j�Z�e�v�g�•�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �Z�m�^�•�h��
�k�b�]�g�Z�e�m���>���@�����>�e�y���Z�g�Z�e�•�a�m���j�h�a�j�Z�o�h�\�Z�g�h���i�_�j�r�•���������d�h�_�n�•�p�•�}�g�l�•�\�� 

�>�e�y���d�h�`�g�h�€���a �i�_�j�_�e�•�q�_�g�b�o���h�a�g�Z�d�����a�Z���\�b�g�y�l�d�h�f���l�_�f�i�m���� �[�m�e�b���h�[�q�b�k�e�_�g�•�� �k�_�j�_�^�g�}�� �a�g�Z��
�q�_�g�g�y���l�Z���^�b�k�i�_�j�k�•�y���� 
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�G�Z�\�q�Z�g�g�y�� �f�h�^�_�e�•�� �a�^�•�c�k�g�_�g�h�� �g�Z�� �\�_�d�l�h�j�•�� �h�a�g�Z�d�� �j�h�a�f�•�j�g�•�k�l�x�� �������� �y�d�b�c�� �f�•�k�l�b�l�v�� �m�k�•��
�j�h�a�]�e�y�g�m�l�•�� �Z�m�^�•�h�h�a�g�Z�d�b���� �h�[�q�b�k�e�_�g�•�� �^�e�y�� ��-�k�_�d�m�g�^�g�b�o�� �n�j�Z�]�f�_�g�l�•�\�� �d�h�f�i�h�a�b�p�•�c���� �J�h�a�i�h�^�•�e��
�^�Z�g�b�o�� �g�Z�� �g�Z�\�q�Z�e�v�g�b�c���� �\�Z�e�•�^�Z�p�•�c�g�b�c�� �l�Z�� �l�_�k�l�h�\�b�c�� �g�Z�[�h�j�b�� �i�j�h�\�_�^�_�g�h�� �m�� �k�i�•�\�\�•�^�g�h�r�_�g�g�•��
�������������•�a���a�Z�k�l�h�k�m�\�Z�g�g�y�f���k�l�j�Z�l�b�n�•�d�h�\�Z�g�h�€���\�b�[�•�j�d�b�����s�h���a�[�_�j�•�]�Z�}���i�j�h�i�h�j�p�•�€���d�e�Z�k�•�\���m���d�h�`�g�h�f�m��
�g�Z�[�h�j�•���� �^�e�y�� �i�•�^�\�b�s�_�g�g�y�� �m�a�Z�]�Z�e�v�g�x�x�q�h�€�� �a�^�Z�l�g�h�k�l�•�� �f�h�^�_�e�•���� �<�Z�`�e�b�\�h�� �a�Z�a�g�Z�q�b�l�b���� �s�h�� �\�k�•��
10 �n�j�Z�]�f�_�g�l�•�\�� �h�^�g�h�]�h �f�m�a�b�q�g�h�]�h�� �l�\�h�j�m�� �i�h�\�b�g�g�•�� �g�Z�e�_�`�Z�l�b�� �^�h�� �h�^�g�h�]�h�� �c�� �l�h�]�h�� �`�� �g�Z�[�h�j�m����
�Z�[�b�� �m�g�b�d�g�m�l�b�� �©�\�b�l�h�d�m�� �•�g�n�h�j�f�Z�p�•�€�ª�� �f�•�`�� �g�Z�\�q�Z�e�v�g�b�f�� �•�� �l�_�k�l�h�\�b�f�� �g�Z�[�h�j�Z�f�b���� �I�h�j�m�r�_�g�g�y��
�p�v�h�]�h�� �i�j�b�g�p�b�i�m�� �i�j�b�a�\�_�^�_�� �^�h�� �l�h�]�h���� �s�h�� �f�h�^�_�e�v�� �l�_�k�l�m�\�Z�l�b�f�_�l�v�k�y�� �g�Z�� �^�Z�g�b�o���� �y�d�•�� �q�Z�k�l�d�h�\�h��
�\�h�g�Z���\�`�_���[�Z�q�b�e�Z���i�•�^���q�Z�k���l�j�_�g�m�\�Z�g�g�y�����s�h���k�i�h�l�\�h�j�x�}���h�p�•�g�d�m���€�€���m�a�Z�]�Z�e�v�g�x�x�q�h�€���a�^�Z�l�g�h�k�l�•�� 

�H�p�•�g�x�\�Z�g�g�y�� �y�d�h�k�l�•�� �f�h�^�_�e�•�� �\�b�d�h�g�Z�g�h�� �a�Z�� �l�Z�d�b�f�b�� �i�h�d�Z�a�g�b�d�Z�f�b���� �l�h�q�g�•�k�l�v�� ���D�F�F�X�U�D�F�\������
�\�e�m�q�g�•�k�l�v�� ���S�U�H�F�L�V�L�R�Q������ �i�h�\�g�h�l�Z�� ���U�H�F�D�O�O������ �)��-�f�_�l�j�b�d�Z�� ���)��-�V�F�R�U�H���� �l�Z�� �f�Z�l�j�b�p�y�� �i�h�f�b�e�h�d��
(confusion matrix). 

�>�e�y���Z�\�l�h�f�Z�l�b�a�h�\�Z�g�h�]�h���i�•�^�[�h�j�m���]�•�i�_�j�i�Z�j�Z�f�_�l�j�•�\���[�m�e�h���\�b�d�h�j�b�k�l�Z�g�h���f�h�^�m�e�v���2�S�W�X�Q�D����
�y�d�b�c���j�_�Z�e�•�a�m�}���g�_���e�b�r�_���\�b�i�Z�^�d�h�\�b�c���i�h�r�m�d���Z�[�h���i�_�j�_�[�•�j���a�Z���n�•�d�k�h�\�Z�g�b�f���k�•�l�d�h�\�b�f���i�e�Z�g�h�f�����Z��
�a�Z�k�l�h�k�h�\�m�}�� �•�g�l�_�e�_�d�l�m�Z�e�v�g�m�� �k�l�j�Z�l�_�]�•�x�� �h�i�l�b�f�•�a�Z�p�•�€�� �g�Z�� �h�k�g�h�\�•�� �[�Z�c�}�k�•�\�k�v�d�h�]�h�� �i�•�^�o�h�^�m���± �a�h��
�d�j�_�f�Z���� �f�_�l�h�^�m�� �7�3�(�� ���7�U�H�H-structured Parzen Estimator) �± �h�p�•�g�x�\�Z�q�� �I�Z�j�a�_�g�Z���� �s�h�� �\�b�d�h�j�b��
�k�l�h�\�m�}���^�_�j�_�\�h�i�h�^�•�[�g�m���k�l�j�m�d�l�m�j�m���h�p�•�g�d�b���j�h�a�i�h�^�•�e�m���c�f�h�\�•�j�g�h�k�l�_�c�� 

�>�e�y���g�Z�^�Z�g�g�y���f�h�^�_�e�•���]�g�m�q�d�h�k�l�•���[�m�e�h���j�_�Z�e�•�a�h�\�Z�g�h���^�b�g�Z�f�•�q�g�m���Z�j�o�•�l�_�d�l�m�j�m���[�Z�]�Z�l�h�r�Z��
�j�h�\�h�]�h�� �i�_�j�p�_�i�l�j�h�g�Z���� �y�d�Z�� �^�h�a�\�h�e�y�}�� �a�f�•�g�x�\�Z�l�b�� �d�•�e�v�d�•�k�l�v�� �i�j�b�o�h�\�Z�g�b�o�� �r�Z�j�•�\�� �•�� �g�_�c�j�h�g�•�\�� �m��
�d�h�`�g�h�f�m�� �a�� �g�b�o���� �A�^�•�c�k�g�_�g�h�� �������� �_�d�k�i�_�j�b�f�_�g�l�•�\�� �•�a�� �\�Z�j�•�x�\�Z�g�g�y�f�� �g�Z�k�l�m�i�g�b�o�� �]�•�i�_�j�i�Z�j�Z��
�f�_�l�j�•�\�����d�•�e�v�d�•�k�l�v���i�j�b�o�h�\�Z�g�b�o���r�Z�j�•�\���± �\�•�^�������^�h���������d�•�e�v�d�•�k�l�v���g�_�c�j�h�g�•�\���m���d�h�`�g�h�f�m���i�j�b�o�h�\�Z��
�g�h�f�m���r�Z�j�•���± �\�•�^���������^�h�������������d�h�_�n�•�p�•�}�g�l���g�Z�\�q�Z�g�g�y���± �m���^�•�Z�i�Z�a�h�g�•���\�•�^�������������������^�h���������������d�•�e�v��
�d�•�k�l�v���_�i�h�o���± �\�•�^���������^�h�������� 

�G�Z�� �j�b�k�m�g�d�m�� ���� �g�Z�\�_�^�_�g�h�� �a�g�Z�q�_�g�g�y�� �n�m�g�d�p�•�€�� �\�l�j�Z�l�� �•�� �l�h�q�g�h�k�l�•�� �f�h�^�_�e�•�� �^�e�y�� �d�h�`�g�h�]�h�� �a��
�i�j�h�\�_�^�_�g�b�o���_�d�k�i�_�j�b�f�_�g�l�•�\�� 

 
�J�b�k�m�g�h�d�������± �A�g�Z�q�_�g�g�y���n�m�g�d�p�•�€���\�l�j�Z�l���•���l�h�q�g�h�k�l�•���f�h�^�_�e�•���g�Z���d�h�`�g�h�f�m���a���_�l�Z�i�•�\���i�•�^�[�h�j�m��

�]�•�i�_�j�i�Z�j�Z�f�_�l�j�•�\���f�h�^�m�e�_�f���2�S�W�X�Q�D 
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�H�l�j�b�f�Z�g�h���l�Z�d�•���h�i�l�b�f�Z�e�v�g�•���]�•�i�_�j�i�Z�j�Z�f�_�l�j�b���g�_�c�j�h�g�g�h�€���f�_�j�_�`�•�����d�•�e�v�d�•�k�l�v���g�_�c�j�h�g�•�\���m��
�^�\�h�o���i�j�b�o�h�\�Z�g�b�o���r�Z�j�Z�o���± �������������������������d�j�h�d���g�Z�\�q�Z�g�g�y���± �������������������d�•�e�v�d�•�k�l�v���_�i�h�o���± 43. 

�G�Z�� �j�b�k�m�g�d�m�� ���� �i�j�_�^�k�l�Z�\�e�_�g�h�� �Z�j�o�•�l�_�d�l�m�j�m�� �f�h�^�_�e�•���� �k�n�h�j�f�h�\�Z�g�m�� �\�•�^�i�h�\�•�^�g�h�� �^�h��
�i�•�^�•�[�j�Z�g�b�o���i�Z�j�Z�f�_�l�j�•�\�� 

 
�J�b�k�m�g�h�d���� �± �:�j�o�•�l�_�d�l�m�j�Z���g�_�c�j�h�f�_�j�_�`�•���a���i�•�^�•�[�j�Z�g�b�f�b���h�i�l�b�f�Z�e�v�g�b�f�b���i�Z�j�Z�f�_�l�j�Z�f�b 

 

�G�Z���j�b�k�m�g�d�m������ �\�•�^�h�[�j�Z�`�_�g�h���a�f�•�g�b���a�g�Z�q�_�g�v���n�m�g�d�p�•�€���\�l�j�Z�l�� �•�� �l�h�q�g�h�k�l�•�� �^�e�y���l�j�_�g�m�\�Z�e�v��
�g�h�€���l�Z���\�Z�e�•�^�Z�p�•�c�g�h�€���\�b�[�•�j�h�d���m���i�j�h�p�_�k�•���g�Z�\�q�Z�g�g�y���f�h�^�_�e�•�� 

 
�J�b�k�m�g�h�d�������± �>�b�g�Z�f�•�d�Z���a�f�•�g�b���n�m�g�d�p�•�€���\�l�j�Z�l���•���l�h�q�g�h�k�l�•���i�•�^ �q�Z�k���l�j�_�g�m�\�Z�g�g�y���f�_�j�_�`�• 

 

�Y�d���\�b�^�g�h���a���]�j�Z�n�•�d�Z�����i�•�k�e�y���������_�i�h�o�b���k�i�h�k�l�_�j�•�]�Z�}�l�v�k�y���a�g�Z�q�g�_���a�j�h�k�l�Z�g�g�y���n�m�g�d�p�•�€���\�l�j�Z�l��
�g�Z���\�Z�e�•�^�Z�p�•�c�g�•�c���\�b�[�•�j�p�•���� �s�h���k�\�•�^�q�b�l�v���i�j�h���i�h�q�Z�l�h�d���i�_�j�_�g�Z�\�q�Z�g�g�y���f�h�^�_�e�•���� �L�h�f�m���^�h�p�•�e�v�g�h��
�a�m�i�b�g�b�l�b���g�Z�\�q�Z�g�g�y���k�Z�f�_���g�Z���p�•�c���_�i�h�k�•���^�e�y���m�g�b�d�g�_�g�g�y���\�d�Z�a�Z�g�h�]�h���_�n�_�d�l�m. 

�G�Z�� �j�b�k�m�g�d�m�� ���� �g�Z�\�_�^�_�g�h�� �j�_�a�m�e�v�l�Z�l�b�� �d�e�Z�k�b�n�•�d�Z�p�•�€�� �g�Z�\�q�_�g�h�x�� �f�h�^�_�e�e�x�� �^�e�y��
3-�k�_�d�m�g�^�g�b�o���n�j�Z�]�f�_�g�l�•�\���Z�m�^�•�h�� 

�>�e�y�� �Z�]�j�_�]�m�\�Z�g�g�y�� �j�_�a�m�e�v�l�Z�l�•�\�� ������ �i�_�j�_�^�[�Z�q�_�g�v�� �g�_�c�j�h�g�g�h�€�� �f�_�j�_�`�•�� �i�h�� �d�h�`�g�h�f�m�� �f�m��
�a�b�q�g�h�f�m���l�\�h�j�m���a�Z�k�l�h�k�h�\�m�\�Z�e�b�k�y���g�Z�k�l�m�i�g�•���f�_�l�h�^�b���Z�g�k�Z�f�[�e�_�\�h�]�h���]�h�e�h�k�m�\�Z�g�g�y�� 

�± Hard Votin �J�� ���`�h�j�k�l�d�_�� �]�h�e�h�k�m�\�Z�g�g�y�����± �d�h�`�_�g�� �d�e�Z�k�b�n�•�d�Z�l�h�j�� �j�h�[�b�l�v�� �h�d�j�_�f�b�c��
�i�j�h�]�g�h�a�����Z���h�k�l�Z�l�h�q�g�_���j�•�r�_�g�g�y���i�j�b�c�f�Z�}�l�v�k�y���g�Z���h�k�g�h�\�•���[�•�e�v�r�h�k�l�•���]�h�e�h�k�•�\���� 
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�± �6�R�I�W���9�R�W�L�Q�J�����f�
�y�d�_���]�h�e�h�k�m�\�Z�g�g�y�����± �\�j�Z�o�h�\�m�x�l�v�k�y���c�f�h�\�•�j�g�h�k�l�•���g�Z�e�_�`�g�h�k�l�•���a�j�Z�a�d�Z��
�^�h�� �d�h�`�g�h�]�h�� �d�e�Z�k�m���� �s�h�� �]�_�g�_�j�m�x�l�v�k�y�� �d�e�Z�k�b�n�•�d�Z�l�h�j�Z�f�b���� �i�•�^�k�m�f�h�\�m�x�l�v�k�y�� �c�f�h�\�•�j�g�h�k�l�•�� �^�e�y��
�d�h�`�g�h�]�h���d�e�Z�k�m�����i�•�k�e�y���q�h�]�h���h�[�b�j�Z�}�l�v�k�y���d�e�Z�k���•�a���g�Z�c�[�•�e�v�r�h�x���k�m�f�Z�j�g�h�x���c�f�h�\�•�j�g�•�k�l�x���>�����@�� 

�± �%�R�U�G�D���&�R�X�Q�W�����f�_�l�h�^���;�h�j�^�Z�����± �k�i�_�p�b�n�•�q�g�b�c���\�b�^���j�Z�g�]�h�\�h�]�h���]�h�e�h�k�m�\�Z�g�g�y�����m���y�d�h�f�m��
�d�h�`�g�h�f�m�� �d�e�Z�k�m�� �i�j�b�a�g�Z�q�Z�x�l�v�k�y�� �[�Z�e�b�� �a�Z�e�_�`�g�h�� �\�•�^�� �c�h�]�h�� �i�h�a�b�p�•�€�� �m�� �j�Z�g�`�h�\�Z�g�h�f�m�� �k�i�b�k�d�m��
�d�h�`�g�h�]�h�� �d�e�Z�k�b�n�•�d�Z�l�h�j�Z���� �D�e�Z�k�� �•�a�� �g�Z�c�[�•�e�v�r�h�x�� �k�m�f�h�x�� �[�Z�e�•�\�� �\�•�^�� �m�k�•�o�� �d�e�Z�k�b�n�•�d�Z�l�h�j�•�\�� �h�[�b��
�j�Z�}�l�v�k�y���y�d���h�k�l�Z�l�h�q�g�b�c���i�j�h�]�g�h�a���>�����@�� 

 
�J�b�k�m�g�h�d�������± �F�Z�l�j�b�p�y���i�h�f�b�e�h�d���d�e�Z�k�b�n�•�d�Z�p�•�€���g�_�c�j�h�g�g�h�€���f�_�j�_�`�• 

 

�J�b�k�m�g�h�d�� ���� �•�e�x�k�l�j�m�}�� �j�h�a�i�h�^�•�e�� �d�h�j�_�d�l�g�b�o�� �l�Z�� �g�_�d�h�j�_�d�l�g�b�o�� �i�_�j�_�^�[�Z�q�_�g�v���� �h�l�j�b�f�Z�g�b�o��
�f�_�l�h�^�h�f�� �]�h�e�h�k�m�\�Z�g�g�y�� �;�h�j�^�Z�� �^�e�y�� �d�h�`�g�h�]�h�� �d�e�Z�k�m�� �h�d�j�_�f�h���� �L�\�h�j�b�� �d�e�Z�k�b�q�g�h�€�� �f�m�a�b�d�b�� �l�Z��
�`�Z�g�j�m�� �d�Z�g�l�j�•�� �[�m�e�b�� �d�e�Z�k�b�n�•�d�h�\�Z�g�•�� �a�� �\�b�k�h�d�h�x�� �l�h�q�g�•�k�l�x���� �l�h�^�•�� �y�d�� �l�h�q�g�•�k�l�v�� �d�e�Z�k�b�n�•�d�Z�p�•�€��
�`�Z�g�j�•�\�� �j�h�d���� �j�_�]�]�•�� �l�Z�� �o�•�i-�o�h�i�� �\�b�y�\�b�e�Z�k�v�� �g�b�`�q�h�x���� �s�h�� �f�h�`�_�� �[�m�l�b�� �i�h�y�k�g�_�g�h�� �€�o�� �[�•�e�v�r�h�x��
�\�Z�j�•�Z�l�b�\�g�•�k�l�x�� 

 
�J�b�k�m�g�h�d�������± �F�Z�l�j�b�p�y���i�h�f�b�e�h�d���]�h�e�h�k�m�\�Z�g�g�y���f�_�l�h�^�h�f���;�h�j�^�Z 
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�M���l�Z�[�e�b�p�•�������g�Z�\�_�^�_�g�•���f�_�l�j�b�d�b���y�d�h�k�l�•���i�_�j�_�^�[�Z�q�_�g�v���y�d���[�_�a�i�h�k�_�j�_�^�g�v�h���^�e�y���[�Z�]�Z�l�h�r�Z��
�j�h�\�h�]�h�� �i�_�j�p�_�i�l�j�h�g�m�� ��MLP������ �l�Z�d�� �•�� �^�e�y�� �i�h�}�^�g�Z�g�v�� �c�h�]�h�� �j�_�a�m�e�v�l�Z�l�•�\�� �•�a�� �\�•�^�i�h�\�•�^�g�b�f�b�� �f�_�l�h��
�^�Z�f�b���Z�g�k�Z�f�[�e�_�\�h�]�h���]�h�e�h�k�m�\�Z�g�g�y�� 

�L�Z�[�e�b�p�y���� 
�F�_�l�j�b�d�b���y�d�h�k�l�•���i�_�j�_�^�[�Z�q�_�g�v���f�h�^�_�e�_�c 

Model Accuracy Precision Recall F1-score 
MLP 72.7% 73.2% 72.7% 72.7% 
MLP + Hard Voting 81% 81.7% 81% 80.9% 
MLP + Soft Voting 82% 82.6% 82% 81.8% 
MLP + Borda Count 83% 83.7% 83% 82.8% 

 
�<�b�k�g�h�\�d�b. �M �j�h�[�h�l�• �j�h�a�]�e�y�g�m�l�h �f�_�l�h�^�b �j�h�a�j�Z�o�m�g�d�m �q�Z�k�h�\�b�o �l�Z �q�Z�k�l�h�l�g�b�o 

�Z�m�^�•�h�h�a�g�Z�d �• �\�k�l�Z�g�h�\�e�_�g�h, �s�h �i�h�}�^�g�Z�g�g�y �g�Z�\�•�l�v �g�_�\�_�e�b�d�h�€ �d�•�e�v�d�h�k�l�• �l�Z�d�b�o �h�a�g�Z�d �•�a �\�b�d�h��
�j�b�k�l�Z�g�g�y�f �e�b�r�_ �€�o �k�_�j�_�^�g�•�o �a�g�Z�q�_�g�v �l�Z �^�b�k�i�_�j�k�•�c �m �y�d�h�k�l�• �\�o�•�^�g�b�o �^�Z�g�b�o �^�e�y �l�j�_�g�m�\�Z�g��
�g�y �g�_�c�j�h�f�_�j�_�`�• �a�Z�[�_�a�i�_�q�m�} �^�h�k�b�l�v �\�b�k�h�d�• �j�_�a�m�e�v�l�Z�l�b �`�Z�g�j�h�\�h�€ �d�e�Z�k�b�n�•�d�Z�p�•�€. �P�_�� �^�h�k�y��
�]�Z�}�l�v�k�y�� �g�Z�\�•�l�v�� �i�j�b�� �a�Z�k�l�h�k�m�\�Z�g�g�•�� �\�•�^�g�h�k�g�h�� �i�j�h�k�l�h�€�� �Z�j�o�•�l�_�d�l�m�j�b�� �g�_�c�j�h�g�g�h�€�� �f�_�j�_�`�•���± �i�_�j��
�p�_�i�l�j�h�g�m���a���^�\�h�f�Z���i�j�b�o�h�\�Z�g�b�f�b���r�Z�j�Z�f�b���l�Z���g�_�\�_�e�b�d�h�x���d�•�e�v�d�•�k�l�x���g�_�c�j�h�g�•�\�� �m���g�b�o�����:�\�l�h��
�f�Z�l�b�q�g�b�c���i�•�^�[�•�j���]�•�i�_�j�i�Z�j�Z�f�_�l�j�•�\���f�_�j�_�`�•���a�^�•�c�k�g�_�g�h���a�Z���^�h�i�h�f�h�]�h�x���f�h�^�m�e�y���2�S�W�X�Q�D�����i�•�k�e�y��
�q�h�]�h�� �i�j�h�\�_�^�_�g�h�� �g�Z�\�q�Z�g�g�y�� �l�Z�� �l�_�k�l�m�\�Z�g�g�y�� �f�h�^�_�e�•�� �g�Z�� �g�Z�[�h�j�•�� �f�m�a�b�q�g�b�o�� �^�Z�g�b�o�� �*�7�=�$�1����
�I�h�^�•�e������-�k�_�d�m�g�^�g�b�o���f�m�a�b�q�g�b�o���m�j�b�\�d�•�\���g�Z���������q�Z�k�l�b�g���^�e�y���l�j�_�g�m�\�Z�g�g�y���g�_�c�j�h�f�_�j�_�`�•�����Z���l�Z��
�d�h�`�� �i�h�^�Z�e�v�r�_�� �h�[�¶�}�^�g�Z�g�g�y�� �i�_�j�_�^�[�Z�q�_�g�v�� �^�e�y�� �d�h�`�g�h�]�h�� �n�j�Z�]�f�_�g�l�Z�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �f�_��
�l�h�^�•�\���`�h�j�k�l�d�h�]�h�����f�¶�y�d�h�]�h���]�h�e�h�k�m�\�Z�g�g�y���l�Z���j�Z�g�]�h�\�h�]�h���]�h�e�h�k�m�\�Z�g�g�y���f�_�l�h�^�h�f���;�h�j�^�Z���^�h�a�\�h��
�e�b�e�b���k�m�l�l�}�\�h���i�•�^�\�b�s�b�l�b���l�h�q�g�•�k�l�v���d�e�Z�k�b�n�•�d�Z�p�•�€�� 
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Intelligent audio file classification system 
The continuously increasing volume of music compositions highlights the need for effec-

tive organization to ensure convenient user access. Genre classification is one of the common 
approaches, enabling listeners to select tracks according to their individual preferences and 
receive automated recommendations for new content. The literature review of previous stud-
ies demonstrated that different types of artificial neural network architectures are used for 
classification, utilizing various audio features and their combinations for training. Using mel-
frequency cepstral coefficients (MFCCs) as input data revealed the advantages of convolu-
tional neural networks (CNN) over multilayer perceptrons (MLP) and recurrent neural net-
works (RNN). Evaluating activation functions such as Sigmoid, Tanh, ReLU, Leaky ReLU, 
ELU on MLP, RNN and CNN showed that Leaky ReLU achieved the best performance due to 
its ability to retain scaled negative gradients, unlike ReLU, which just zeros them out. A com-
bined CNN+RNN architecture provided great results using MFCCs and spectrograms as in-
put data. This study aims to analyze the effectiveness of combining various types of audio fea-
tures for genre classification using a multilayer perceptron, as well as to explore methods for 
improving classification accuracy. Time-domain and frequency-domain audio features were 
examined. The neural network was trained and tested on the GTZAN dataset, containing 1000 
audio samples with duration of 30 seconds, 100 samples for each of 10 genres. The hyperpa-
rameters were automatically optimized using the Optuna framework, which applies intelligent 
search based on Tree-structured Parzen Estimator. Furthermore, a post-processing mecha-
nism based on hard voting, soft voting, and the Borda count method was introduced. Experi-
mental results demonstrate that the proposed ensemble approach significantly enhances the 
classification accuracy compared to the baseline model. 

Keywords: artificial intelligence, neural networks, machine learning, intelligent system, 
solving classification task, recognition quality metrics, model parameters optimization, en-
semble voting methods, audio features, musical genres. 
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�[�Z���K�R�:�����8�6�*�6���� 
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�r�\�b�^�d�h�k�l�•�� �l�Z�� �h�[�¶�}�d�l�b�\�g�h�k�l�•�� �i�h�j�•�\�g�y�g�h�� �a�� �j�m�q�g�b�f�b�� �f�_�l�h�^�Z�f�b���� �>�e�y�� �\�b�y�\�e�_�g�g�y�� �j�h�a�e�h�f�•�\��
�f�h�^�_�e�v���]�e�b�[�h�d�h�]�h���g�Z�\�q�Z�g�g�y �f�h�`�_���^�_�e�•�f�•�l�m�\�Z�l�b���p�•�e�m���f�_�j�_�`�m���j�h�a�e�h�f�•�\���m�����'���h�[�¶�}�f�•���a�Z���]�h��
�^�b�g�b���� �a�Z�\�^�Z�g�g�y���� �y�d�_�� �a�Z�c�g�y�e�h�� �[�� �m�� �_�d�k�i�_�j�l�Z-�e�x�^�b�g�b�� �f�•�k�y�p�•���� �J�_�a�m�e�v�l�Z�l�b�� �}�� �g�_�� �e�b�r�_��
�r�\�b�^�r�b�f�b�����Z�e�_���c���[�•�e�v�r���i�h�\�l�h�j�x�\�Z�g�b�f�b���l�Z���f�_�g�r���k�o�b�e�v�g�b�f�b���^�h���m�i�_�j�_�^�`�_�g�h�k�l�•���h�d�j�_�f�h��
�]�h���•�g�l�_�j�i�j�_�l�Z�l�h�j�Z�����M���d�e�Z�k�b�n�•�d�Z�p�•�€���n�Z�p�•�c���g�_�d�h�g�l�j�h�e�v�h�\�Z�g�•���f�_�l�h�^�b�����l�Z�d�•���y�d���6�2�0�����f�h�`�m�l�v��
�r�\�b�^�d�h�� �Z�g�Z�e�•�a�m�\�Z�l�b�� �^�_�k�y�l�d�b�� �Z�l�j�b�[�m�l�•�\�� �h�^�g�h�q�Z�k�g�h���� �\�b�y�\�e�y�x�q�b�� �l�h�g�d�•�� �r�Z�[�e�h�g�b�� �l�Z�� �]�_�h��
�e�h�]�•�q�g�•�� �l�_�g�^�_�g�p�•�€���� �y�d�•�� �}�� �g�_�i�h�f�•�l�g�b�f�b�� �^�e�y�� �e�x�^�k�v�d�h�]�h�� �h�d�Z���ñ�ï�� �D�h�g�l�j�h�e�v�h�\�Z�g�•�� �&�1�1���� �d�h�e�b��
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Application of machine learning methods in the processing  
of 3D seismic images 

This paper presents a comprehensive technical review of machine learning (ML) and 
deep learning (DL) methods applied to 3D seismic image analysis in geophysical exploration. 
The exponential growth in seismic data acquisition has created a "big data" challenge where 
single 3D surveys generate terabytes of complex volumetric data, making traditional manual 
interpretation increasingly impractical and subjective. This work systematically examines the 
paradigm shift from hypothesis-driven manual interpretation to data-driven automated pat-
tern recognition, addressing the critical need for more efficient, objective, and repeatable an-
alytical tools in the energy sector, environmental monitoring, and geological risk assessment. 

The paper provides an in-depth analysis of state-of-the-art neural network architectures 
and their specific applications in seismic interpretation. Convolutional Neural Networks 
(CNNs) and U-Net architectures are examined for their effectiveness in fault detection, 
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achieving clean, consistent results in hours compared to months of manual work. Advanced 
architectures like TransUnet and Dual U-Net are explored for their ability to capture both 
local and global geological features. The study covers supervised learning approaches for 
lithofacies classification and stratigraphic interpretation, as well as unsupervised methods 
combining Principal Component Analysis (PCA) with Self-Organizing Maps (SOM) for ex-
ploratory analysis in data-limited regions. 

Significant emphasis is placed on practical implementation challenges and solutions. 
The paper details workflows for handling SEGY format data using Python ecosystems (segyio, 
segysak with xarray and dask), strategies for multi-attribute analysis, and approaches to 
overcome the critical bottleneck of labeled training data scarcity through synthetic data gen-
eration, augmentation techniques, and utilization of public datasets (F3, FORCE, TerraNu-
bis). Emerging research frontiers are thoroughly discussed, including self-supervised learn-
ing (SSL) for leveraging unlabeled data, physics-informed neural networks (PINNs) for in-
corporating domain knowledge, and uncertainty quantification (UQ) methods for assessing 
model confidence. 

Keywords: machine learning, deep learning, 3D seismic data, convolutional neural 
networks, geophysical interpretation, fault detection, Python, SEGY. 
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�A�]�_�g�_�j�h�\�Z�g�•���a�Z�\�^�Z�g�g�y���y�\�e�y�x�l�v���k�h�[�h�x���n�m�g�d�p�•�€�����^�e�y���y�d�b�o���g�_�h�[�o�•�^�g�h���a�g�Z�c�l�b���i�h�o�•�^�g�m����
�<�Z�`�e�b�\�b�f���_�l�Z�i�h�f���}���i�_�j�_�\�•�j�d�Z���d�h�j�_�d�l�g�h�k�l�•���a�]�_�g�_�j�h�\�Z�g�h�]�h���a�Z�\�^�Z�g�g�y���i�_�j�_�^���c�h�]�h���i�h�^�Z�g�g�y�f��
�a�^�h�[�m�\�Z�q�m���h�k�\�•�l�b�����P�_���a�Z�[�_�a�i�_�q�m�}���m�g�b�d�g�_�g�g�y���i�h�f�b�e�h�d���m���n�h�j�f�m�e�x�\�Z�g�g�•���a�Z�\�^�Z�g�v���l�Z���i�•�^�\�b��
�s�m�}�� �l�h�q�g�•�k�l�v�� �d�h�g�l�j�h�e�x���� �H�k�h�[�e�b�\�•�k�l�x�� �a�Z�i�j�h�i�h�g�h�\�Z�g�h�]�h�� �i�•�^�o�h�^�m�� �}�� �n�h�j�f�Z�� �g�Z�^�Z�g�g�y��
�\�•�^�i�h�\�•�^�•���� �\�h�g�Z�� �i�h�^�Z�}�l�v�k�y�� �g�_�� �m�� �\�b�]�e�y�^�•�� �q�b�k�e�h�\�h�]�h�� �a�g�Z�q�_�g�g�y���� �Z�� �m�� �\�b�]�e�y�^�•�� �f�Z�l�_�f�Z�l�b�q�g�h�€��
�n�h�j�f�m�e�b���� �s�h�� �^�h�a�\�h�e�y�}�� �h�p�•�g�x�\�Z�l�b�� �g�_�� �l�•�e�v�d�b�� �i�j�Z�\�b�e�v�g�•�k�l�v�� �j�h�a�\�
�y�a�d�m���� �Z�e�_�� �c�� �]�e�b�[�b�g�m�� �j�h��
�a�m�f�•�g�g�y���a�^�h�[�m�\�Z�q�_�f���f�_�l�h�^�•�\���^�b�n�_�j�_�g�p�•�x�\�Z�g�g�y���l�Z���f�Z�l�_�f�Z�l�b�q�g�b�o���i�j�b�g�p�b�i�•�\�� 

�:�g�Z�e�•�a���h�k�l�Z�g�g�•�o���^�h�k�e�•�^�`�_�g�v���l�Z���i�m�[�e�•�d�Z�p�•�c�� �J�h�a�\�b�l�h�d���l�_�o�g�h�e�h�]�•�c���m���k�n�_�j�•���h�[�j�h�[�d�b��
�k�b�f�\�h�e�v�g�b�o �\�b�j�Z�a�•�\���� �q�b�k�_�e�v�g�b�o�� �f�_�l�h�^�•�\�� �h�[�q�b�k�e�_�g�g�y�� �l�Z�� �f�Z�r�b�g�g�h�]�h�� �g�Z�\�q�Z�g�g�y�� �\�•�^�d�j�b�\�Z�}��

                                              

���‹  �A�_�e�_�g�p�h�\���>���=�������R�Z�i�h�\�Z�e�h�\���D���1��, 2026 
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�g�h�\�•���f�h�`�e�b�\�h�k�l�•���^�e�y���k�l�\�h�j�_�g�g�y���•�g�l�_�e�_�d�l�m�Z�e�v�g�b�o���k�b�k�l�_�f�����y�d�•���a�^�Z�l�g�•���_�n�_�d�l�b�\�g�h���h�p�•�g�x�\�Z��
�l�b���l�Z���d�h�g�l�j�h�e�x�\�Z�l�b���a�g�Z�g�g�y���k�l�m�^�_�g�l�•�\���s�h�^�h���\�b�\�q�_�g�b�o���f�Z�l�_�f�Z�l�b�q�g�b�o���d�h�g�p�_�i�p�•�c�����L�Z�d�•���k�b��
�k�l�_�f�b�� �f�h�`�m�l�v�� �Z�\�l�h�f�Z�l�b�q�g�h�� �Z�^�Z�i�l�m�\�Z�l�b�k�y�� �^�h�� �i�h�l�j�_�[�� �d�h�j�b�k�l�m�\�Z�q�Z���� �g�Z�^�Z�x�q�b��
�•�g�^�b�\�•�^�m�Z�e�•�a�h�\�Z�g�b�c�� �i�•�^�o�•�^�� �^�h�� �d�h�g�l�j�h�e�x�� �y�d�h�k�l�•�� �a�g�Z�g�v�� �l�Z�� �g�Z�^�Z�x�q�b���a�\�h�j�h�l�g�b�c�� �a�\�
�y�a�h�d�� �^�e�y��
�i�h�^�Z�e�v�r�h�]�h���\�^�h�k�d�h�g�Z�e�_�g�g�y���g�Z�\�q�Z�g�g�y�� 

�<�j�Z�o�h�\�m�x�q�b�� �\�_�e�b�d�m�� �d�•�e�v�d�•�k�l�v���a�^�h�[�m�\�Z�q�•�\�� �h�k�\�•�l�b�� �m�� �k�m�q�Z�k�g�b�o�� �h�k�\�•�l�g�•�o���m�k�l�Z�g�h�\�Z�o�� �l�Z��
�i�h�l�j�_�[�m�� �\�� �_�n�_�d�l�b�\�g�h�f�m�� �d�h�g�l�j�h�e�•�� �€�o�g�•�o�� �a�g�Z�g�v�� �a�� �f�Z�l�_�f�Z�l�b�d�b���� �j�h�a�j�h�[�d�Z�� �•�g�l�_�e�_�d�l�m�Z�e�v�g�b�o��
�•�g�n�h�j�f�Z�p�•�c�g�b�o�� �k�b�k�l�_�f�� �^�e�y�� �p�•�}�€�� �p�•�e�•�� �f�h�`�_�� �f�Z�l�b�� �a�g�Z�q�g�b�c�� �i�j�Z�d�l�b�q�g�b�c�� �\�i�e�b�\�� �g�Z�� �y�d�•�k�l�v��
�h�k�\�•�l�b���l�Z���i�•�^�]�h�l�h�\�d�m���n�Z�o�•�\�p�•�\���m���p�•�c���h�[�e�Z�k�l�•�����L�Z�d�•���k�b�k�l�_�f�b���f�h�`�m�l�v���k�i�j�b�y�l�b���i�h�d�j�Z�s�_�g�g�x��
�j�_�a�m�e�v�l�Z�l�•�\���g�Z�\�q�Z�g�g�y���l�Z���a�Z�[�_�a�i�_�q�b�l�b���[�•�e�v�r���h�[�
�}�d�l�b�\�g�m���h�p�•�g�d�m���a�g�Z�g�v���k�l�m�^�_�g�l�•�\�����<�h�g�b���^�h��
�k�l�m�i�g�•�� �^�e�y�� �\�b�d�h�g�Z�g�g�y�� �\�� �f�_�j�_�`�•�� �l�Z�� �g�_�� �\�b�f�Z�]�Z�x�l�v�� �j�_�}�k�l�j�Z�p�•�€�� �d�h�j�b�k�l�m�\�Z�q�Z���� �s�h�� �j�h�[�b�l�v�� �€�o��
�a�j�m�q�g�b�f�b���^�e�y���\�b�d�h�j�b�k�l�Z�g�g�y���m���g�Z�\�q�Z�e�v�g�b�o���i�j�h�p�_�k�Z�o�� 

�H�^�g�b�f�� �a���l�Z�d�b�o���g�Z�i�j�y�f�d�•�\�� �}�� �i�e�Z�l�n�h�j�f�b���^�e�y���k�l�\�h�j�_�g�g�y���l�_�k�l�•�\���� �P�•���i�e�Z�l�n�h�j�f�b���g�Z�^�Z��
�x�l�v�� �•�g�k�l�j�m�f�_�g�l�b�� �^�e�y�� �k�l�\�h�j�_�g�g�y�� �j�•�a�g�h�f�Z�g�•�l�g�b�o�� �l�_�k�l�•�\�� �a�� �f�Z�l�_�f�Z�l�b�d�b���� �y�d�•�� �a�Z�a�\�b�q�Z�c�� �\�b�d�h��
�j�b�k�l�h�\�m�x�l�v���[�Z�a�m���a�Z�^�Z�q���� �[�Z�a�m�x�l�v�k�y���g�Z���k�l�Z�g�^�Z�j�l�b�a�h�\�Z�g�b�o���Z�[�h���a�Z�a�^�Z�e�_�]�•�^�v���� �i�•�^�]�h�l�h�\�e�_�g�b�o��
�g�Z�[�h�j�Z�o�� �a�Z�\�^�Z�g�v�� �>���@���� �L�Z�d�•�� �k�b�k�l�_�f�b�� �f�Z�x�l�v�� �g�b�a�d�m�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �l�Z�� �Z�j�o�•�l�_�d�l�m�j�g�b�o �i�•�^��
�o�h�^�•�\�����s�h���\�b�a�g�Z�q�Z�x�l�v���€�o���n�m�g�d�p�•�h�g�Z�e�v�g�•���f�h�`�e�b�\�h�k�l�•�� 

�L�_�k�l�h�\�•�� �k�b�k�l�_�f�b�� �a�� �n�•�d�k�h�\�Z�g�b�f�b�� �a�Z�\�^�Z�g�g�y�f�b�� �y�\�e�y�x�l�v�� �k�h�[�h�x �g�Z�c�[�•�e�v�r�� �i�h�r�b�j�_�g�b�c��
�l�b�i�� �k�b�k�l�_�f���� �^�_�� �d�h�j�b�k�l�m�\�Z�q�Z�f�� �i�j�h�i�h�g�m�x�l�v�k�y�� �a�Z�\�^�Z�g�g�y�� �a�� �[�Z�a�b�� �^�Z�g�b�o���� �y�d�•�� �i�•�^�]�h�l�h�\�e�_�g�•��
�\�b�d�e�Z�^�Z�q�Z�f�b���Z�[�h���j�h�a�j�h�[�g�b�d�Z�f�b���d�m�j�k�m�� �H�k�h�[�e�b�\�h�k�l�y�f�b���l�Z�d�b�o���k�b�k�l�_�f���}�� 

- �g�Z�y�\�g�•�k�l�v�� �a�Z�a�^�Z�e�_�]�•�^�v�� �k�d�e�Z�^�_�g�b�o�� �l�_�k�l�•�\�� �a�� �\�Z�j�•�Z�g�l�Z�f�b�� �\�•�^�i�h�\�•�^�_�c�� �Z�[�h�� �\�•�^�d�j�b�l�b�f�b��
�i�b�l�Z�g�g�y�f�b�� 

- �a�^�•�c�k�g�_�g�g�y�� �h�p�•�g�x�\�Z�g�g�y�� �g�Z�� �i�h�j�•�\�g�y�g�g�•�� �\�•�^�i�h�\�•�^�•�� �d�h�j�b�k�l�m�\�Z�q�Z�� �a�� �d�h�j�_�d�l�g�h�x��
�\�•�^�i�h�\�•�^�^�x���\���[�Z�a�•���^�Z�g�b�o�� 

- �\�b�d�h�j�b�k�l�Z�g�g�y���� �y�d�� �i�j�Z�\�b�e�h���� �^�e�y�� �i�_�j�_�\�•�j�d�b�� �[�Z�a�h�\�b�o �a�g�Z�g�v�� �Z�[�h�� �r�\�b�^�d�h�]�h�� 
�h�p�•�g�x�\�Z�g�g�y�� 

�I�j�b�d�e�Z�^�h�f���l�Z�d�b�o���k�b�k�l�_�f�� �}�� �l�_�k�l�b���g�Z���h�k�\�•�l�g�•�o���i�e�Z�l�n�h�j�f�Z�o���� �l�Z�d�b�o���y�d���0�R�R�G�O�H���>���@���� �^�_��
�\�b�d�e�Z�^�Z�q�•���f�h�`�m�l�v���k�l�\�h�j�x�\�Z�l�b���i�b�l�Z�g�g�y���g�Z���l�_�f�m�����>�b�n�_�j�_�g�p�•�Z�e�v�g�_���q�b�k�e�_�g�g�y�����a���\�Z�j�•�Z�g�l�Z��
�f�b���\�•�^�i�h�\�•�^�_�c���Z�[�h���n�h�j�f�m�e�x�\�Z�g�g�y�f���\�•�^�d�j�b�l�b�o���i�b�l�Z�g�v�� 

�1�g�l�_�j�Z�d�l�b�\�g�•���l�j�_�g�Z�`�_�j�b �\�d�e�x�q�Z�x�l�v���a�Z�\�^�Z�g�g�y�����s�h���k�i�j�y�f�h�\�Z�g�•���g�Z���•�g�l�_�j�Z�d�l�b�\�g�_���g�Z�\��
�q�Z�g�g�y���a���f�h�`�e�b�\�•�k�l�x���i�_�j�_�\�•�j�d�b���\�•�^�i�h�\�•�^�_�c���\�� �j�_�Z�e�v�g�h�f�m�� �q�Z�k�•���� �H�k�h�[�e�b�\�h�k�l�y�f�b���l�Z�d�b�o���l�j�_��
�g�Z�`�_�j�•�\���}�� 

- �a�Z�\�^�Z�g�g�y�� �\�b�[�b�j�Z�x�l�v�k�y�� �a�� �n�•�d�k�h�\�Z�g�h�]�h�� �g�Z�[�h�j�m���� �i�j�h�l�_�� �f�h�`�m�l�v�� �f�Z�l�b�� �i�_�\�g�•�� �\�Z�j�•�Z�p�•�€��
���g�Z�i�j�b�d�e�Z�^�����j�•�a�g�•���i�Z�j�Z�f�_�l�j�b���m���n�m�g�d�p�•�y�o�����^�e�y���y�d�b�o���i�h�l�j�•�[�g�h���a�g�Z�c�l�b���j�h�a�\�¶�y�a�h�d���� 

- �i�•�^�d�Z�a�d�b���l�Z���i�h�d�j�h�d�h�\�b�c���j�h�a�[�•�j���j�•�r�_�g�v���^�e�y���k�Z�f�h�g�Z�\�q�Z�g�g�y�� 
- �f�h�`�e�b�\�•�k�l�v�� �•�g�l�_�]�j�Z�p�•�€�� �a�� �•�g�r�b�f�b�� �g�Z�\�q�Z�e�v�g�b�f�b�� �f�Z�l�_�j�•�Z�e�Z�f�b�� ���\�•�^�_�h�m�j�h�d�b���� �l�_�h�j�_��

�l�b�q�g�•���^�h�\�•�^�g�b�d�b���� 
�I�j�b�d�e�Z�^�h�f�� �l�Z�d�b�o�� �k�b�k�l�_�f�� �f�h�`�g�Z�� �g�Z�a�\�Z�l�b�� �.�K�D�Q�� �$�F�D�G�H�P�\�� �>���@���� �^�_�� �d�h�j�b�k�l�m�\�Z�q�� �f�h�`�_��

�h�l�j�b�f�Z�l�b���a�Z�\�^�Z�g�g�y���g�Z���a�g�Z�o�h�^�`�_�g�g�y���i�h�o�•�^�g�b�o���•�� �i�•�k�e�y���d�h�`�g�h�]�h���d�j�h�d�m���h�l�j�b�f�Z�l�b���i�•�^�d�Z�a�d�b��
�Z�[�h���i�h�y�k�g�_�g�g�y�� 
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�K�b�k�l�_�f�b���a���Z�^�Z�i�l�b�\�g�b�f���g�Z�\�q�Z�g�g�y�f. �P�_���k�b�k�l�_�f�b�����s�h���\�b�d�h�j�b�k�l�h�\�m�x�l�v���[�Z�a�m���a�Z�\�^�Z�g�v���•��
�Z�e�]�h�j�b�l�f�b���Z�^�Z�i�l�b�\�g�h�]�h���g�Z�\�q�Z�g�g�y���^�e�y���Z�\�l�h�f�Z�l�b�q�g�h�]�h���i�•�^�[�h�j�m���a�Z�\�^�Z�g�v���a�Z�e�_�`�g�h���\�•�^���j�•�\�g�y��
�i�•�^�]�h�l�h�\�d�b���m�q�g�y�����H�k�h�[�e�b�\�h�k�l�•���p�b�o���k�b�k�l�_�f���}�� 

- �[�Z�a�Z���a�Z�\�^�Z�g�v���a�Z�a�\�b�q�Z�c���f�Z�}���k�l�j�m�d�l�m�j�m���a���a�Z�\�^�Z�g�g�y�f�b���j�•�a�g�h�€���k�d�e�Z�^�g�h�k�l�•�� 
- �k�b�k�l�_�f�Z�� �Z�g�Z�e�•�a�m�}�� �j�_�a�m�e�v�l�Z�l�b�� �i�h�i�_�j�_�^�g�•�o�� �k�i�j�h�[�� �•�� �Z�^�Z�i�l�m�}�� �g�Z�k�l�m�i�g�•�� �a�Z�\�^�Z�g�g�y�� �^�e�y��

�[�•�e�v�r���l�h�q�g�h�]�h���h�p�•�g�x�\�Z�g�g�y���Z�[�h���^�e�y���\�^�h�k�d�h�g�Z�e�_�g�g�y���a�g�Z�g�v�� 
- �f�h�`�m�l�v���f�•�k�l�b�l�b���y�d���l�_�h�j�_�l�b�q�g�•�����l�Z�d���•���i�j�Z�d�l�b�q�g�•���a�Z�\�^�Z�g�g�y�� 
�I�j�b�d�e�Z�^�h�f�� �l�Z�d�h�€�� �k�b�k�l�_�f�b�� �f�h�`�_�� �\�b�k�l�m�i�Z�l�b�� �$�/�(�.�6�� ���$�V�V�H�V�V�P�H�Q�W�� �D�Q�G�� �/�H�D�U�Q�L�Q�J�� �L�Q��

Knowledge Spaces) [4] �± �k�b�k�l�_�f�Z���� �s�h�� �Z�^�Z�i�l�m�}�� �g�Z�\�q�Z�e�v�g�b�c�� �i�e�Z�g�� �a�Z�e�_�` �g�h�� �\�•�^�� �\�•�^�i�h�\�•�^�_�c��
�m�q�g�y���•���i�j�h�i�h�g�m�}���g�h�\�•���a�Z�\�^�Z�g�g�y���^�e�y���a�f�•�p�g�_�g�g�y���k�e�Z�[�d�b�o���a�g�Z�g�v�� 
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�h�p�•�g�x�\�Z�g�g�y���a�g�Z�g�v���a�^�h�[�m�\�Z�q�•�\�����L�Z�d�b�f���q�b�g�h�f�����e�x�^�k�v�d�b�c���n�Z�d�l�h�j���[�m�^�_���g�_�]�Z�l�b�\�g�h���\�i�e�b�\�Z�l�b��
�g�Z���g�Z�^�•�c�g�_���n�m�g�d�p�•�h�g�m�\�Z�g�g�y �k�b�k�l�_�f�b���� 

�H�k�g�h�\�g�b�c�� �\�b�k�g�h�\�h�d�� �a�� �p�v�h�]�h��- �k�b�k�l�_�f�Z�� �g�_�� �i�h�\�b�g�g�Z�� �f�•�k�l�b�l�b�� �[�Z�a�b�� �a�Z�\�^�Z�g�v�� �l�Z�� �[�Z�a�b��
�\�•�^�i�h�\�•�^�_�c���� �A�Z�\�^�Z�g�g�y�� �i�h�\�b�g�g�•�� �]�_�g�_�j�m�\�Z�l�b�k�y�� �Z�\�l�h�f�Z�l�b�q�g�h�� �g�Z�� �i�•�^�k�l�Z�\�•�� �\�•�^�i�h�\�•�^�g�b�o�� �i�j�Z��
�\�b�e�����i�_�j�_�\�•�j�y�l�b�k�y���g�Z���d�h�j�_�d�l�g�•�k�l�v���l�Z���\�b�j�•�r�m�\�Z�l�b�k�y���\���h�d�j�_�f�h�f�m���i�j�h�]�j�Z�f�g�h�f�m���f�h�^�m�e�•�� 

�G�Z���h�k�g�h�\�•���p�b�o���d�j�b�l�_�j�•�€�\���[�m�e�b���\�b�j�•�r�_�g�h���j�h�a�j�h�[�e�y�l�b���k�b�k�l�_�f�m�� �m���\�b�]�e�y�^�•���\�_�[�^�h�^�Z�l�d�m��
RESTFul API �Z�j�o�•�l�_�d�l�m�j�b���� �L�Z�d�b�c���i�•�^�o�•�^�� �a�Z�[�_�a�i�_�q�m�}�� �]�g�m�q�d�•�k�l�v�� �•�� �f�Z�k�r�l�Z�[�h�\�Z�g�•�k�l�v�� �k�b�k�l�_��
�f�b���� �h�k�d�•�e�v�d�b���\�•�^�k�m�l�g�•�k�l�v���k�l�Z�l�b�q�g�b�o���[�Z�a���^�Z�g�b�o���^�h�a�\�h�e�y�}�� �^�b�g�Z�f�•�q�g�h���n�h�j�f�m�\�Z�l�b���a�Z�\�^�Z�g�g�y��
�l�Z�� �Z�\�l�h�f�Z�l�b�a�m�\�Z�l�b�� �€�o�� �i�_�j�_�\�•�j�d�m���� �>�e�y�� �j�_�Z�e�•�a�Z�p�•�€�� �p�v�h�]�h�� �i�•�^�o�h�^�m�� �[�m�e�h�� �h�[�j�Z�g�h�� �Z�j�o�•�l�_�d�l�m�j�m��
�5�(�6�7�I�X�O�� �$�3�,���� �y�d�Z�� �}�� �r�b�j�h�d�h�� �\�b�a�g�Z�g�b�f�� �k�l�Z�g�^�Z�j�l�h�f�� �m�� �\�_�[�j�h�a�j�h�[�p�•�� �M�� �j�h�a�j�h�[�e�x�\�Z�g�•�c�� �k�b��
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�k�l�_�f�•���5�(�6�7�I�X�O���$�3�,���[�m�^�_���\�•�^�i�h�\�•�^�Z�l�b���a�Z���]�_�g�_�j�Z�p�•�x���a�Z�\�^�Z�g�v�����i�_�j�_�\�•�j�d�m���€�o�g�v�h�€���d�h�j�_�d�l�g�h�k�l�•��
�l�Z�� �h�[�j�h�[�d�m�� �\�•�^�i�h�\�•�^�_�c�� �d�h�j�b�k�l�m�\�Z�q�•�\���� �P�_�� �a�Z�[�_�a�i�_�q�b�l�v�� �_�n�_�d�l�b�\�g�m�� �\�a�Z�}�f�h�^�•�x�� �f�•�`��
�d�e�•�}�g�l�k�v�d�h�x�� �l�Z�� �k�_�j�\�_�j�g�h�x�� �q�Z�k�l�b�g�Z�f�b���� �Z�� �l�Z�d�h�`�� �^�h�a�\�h�e�b�l�v�� �f�Z�k�r�l�Z�[�m�\�Z�l�b�� �k�b�k�l�_�f�m��
�\�•�^�i�h�\�•�^�g�h���^�h���a�j�h�k�l�Z�x�q�b�o���\�b�f�h�]�� 

�������H�k�d�•�e�v�d�b���f�h�\�Z���c�^�_ �i�j�h���f�Z�l�_�f�Z�l�b�q�g�•���^�b�k�p�b�i�e�•�g�b�����l�h���\�•�^�i�h�\�•�^�v���g�Z���a�Z�\�^�Z�g�g�y���f�h�`�_��
�[�m�l�b�� �m�� �\�b�]�e�y�^�•�� �q�b�k�e�Z���� �y�d�� �m�� �[�•�e�v�r�h�k�l�•�� �•�k�g�m�x�q�b�o�� �k�b�k�l�_�f���� �Z�[�h�� �m�� �\�b�]�e�y�^�•�� �n�h�j�f�m�e�b���� �Y�d�s�h��
�\�•�^�i�h�\�•�^�v�� �j�h�a�]�e�y�^�Z�}�l�v�k�y�� �y�d���q�b�k�e�h���� �l�h�� �a�^�h�[�m�\�Z�q�� �i�h�\�b�g�_�g�� �h�[�j�Z�l�b�� �h�^�g�_�� �a�� �^�_�d�•�e�v�d�h�o��
�\�Z�j�•�Z�g�l�•�\�� ���a�� �y�d�b�o�� �e�b�r�_�� �h�^�g�Z�� �\�•�j�g�Z�� �\�•�^�i�h�\�•�^�v������ �Z�[�h�� �\�\�_�k�l�b�� �\�e�Z�k�g�b�c�� �j�h�a�\�¶�y�a�h�d�� �a�Z�^�Z�q�•���� �<��
�h�k�l�Z�g�g�v�h�f�m�� �\�b�i�Z�^�d�m�� �\�b�k�g�h�\�h�d�� �i�j�h�� �\�•�j�g�m�� �\�•�^�i�h�\�•�^�v�� �i�j�b�c�f�Z�}�l�v�k�y�� �g�Z�� �i�•�^�k�l�Z�\�•�� �h�p�•�g�d�b��
�[�e�b�a�v�d�h�k�l�•���^�\�h�o���q�b�k�_�e���± �_�l�Z�e�h�g�g�h�]�h���j�h�a�\�¶�y�a�d�m�����y�d�•�c���f�•�k�l�b�l�v�k�y���\���[�Z�a�•���\�•�^�i�h�\�•�^�_�c�����l�Z���q�b�k��
�e�Z���� �s�h�� �g�Z�^�Z�}�� �a�^�h�[�m�\�Z�q���� �L�Z�d�Z�� �•�^�_�h�e�h�]�•�y�� �f�Z�}���� �h�d�j�•�f�� �q�b�k�l�h�� �l�_�o�g�•�q�g�b�o�� �i�j�h�[�e�_�f���� �k�m�l�l�}�\�b�c��
�g�_�^�h�e�•�d���� �Z�� �k�Z�f�_���� �\�h�g�Z�� �^�Z�}�� �f�h�`�e�b�\�•�k�l�v�� �a�^�h�[�m�\�Z�q�m�� �\�\�_�k�l�b�� �m�f�h�\�g�h�� �\�•�j�g�m�� �\�•�^�i�h�\�•�^�v�� �g�_��
�j�h�a�\�¶�y�a�m�x�q�b���a�Z�^�Z�q�m�����G�Z�i�j�b�d�e�Z�^�����\���j�h�a�^�•�e�•�� �©�>�b�n�_�j�_�g�p�•�Z�e�v�g�_���q�b�k�e�_�g�g�y�ª�� �a�Z�\�^�Z�g�g�y���i�_�j�_�^��

�[�Z�q�Z�}�� �h�[�q�b�k�e�b�l�b�� �i�h�o�•�^�g�m�� �^�_�y�d�h�€�� �n�m�g�d�p�•�€�� �\�� �l�h�q�p�•�� ���� �Y�d�s�h�� �a�^�h�[�m�\�Z�q��
�i�Z�f�¶�y�l�Z�}���\�b�a�g�Z�q�_�g�g�y���i�h�o�•�^�g�h�€�����l�h���\�•�g���e�_�]�d�h���a�g�Z�c�^�_���€�€���i�j�b�[�e�b�a�g�_���a�g�Z�q�_�g�g�y�� 

. 
�i�j�b�q�h�f�m�� �m�� �i�_�j�_�\�Z�`�g�•�c�� �[�•�e�v�r�h�k�l�•�� �\�b�i�Z�^�d�•�\�� �€�€�� �l�h�q�g�•�k�l�v�� �[�m�^�_�� �p�•�e�d�h�f�� �a�Z�^�h�\�•�e�v�g�h�x�� �m��
�i�h�j�•�\�g�y�g�g�•���a���j�_�a�m�e�v�l�Z�l�h�f���Z�g�Z�e�•�l�b�q�g�h�]�h���^�b�n�_�j�_�g�p�•�x�\�Z�g�g�y�����H�q�_�\�b�^�g�h�����s�h���^�e�y���h�^�_�j�`�Z�g�g�y��
�l�Z�d�h�]�h���j�h�a�\�¶�y�a�d�m���a�^�h�[�m�\�Z�q�m���g�_���i�h�l�j�•�[�g�•���a�g�Z�g�g�y���i�j�h���i�j�Z�\�b�e�Z���^�b�n�_�j�_�g�p�•�x�\�Z�g�g�y���l�Z���i�h�o�•�^�g�•��
�_�e�_�f�_�g�l�Z�j�g�b�o�� �n�m�g�d�p�•�c�����L�b�f �g�_�� �f�_�g�r���� �l�Z�d�Z�� �\�•�^�i�h�\�•�^�v�� �[�m�^�_�� �•�g�l�_�j�i�j�_�l�h�\�Z�g�Z�� �y�d�� �\�•�j�g�Z���� �s�h��
�g�_���[�m�^�_���h�[�¶�}�d�l�b�\�g�h�x���h�p�•�g�d�h�x�� 

�>�e�y�� �a�Z�i�h�[�•�]�Z�g�g�y�� �l�Z�d�b�o�� �\�b�i�Z�^�d�•�\�� �k�b�k�l�_�f�Z�� �i�h�\�b�g�g�Z�� �h�p�•�g�x�\�Z�l�b�� �\�•�^�i�h�\�•�^�v���� �y�d�Z��
�g�Z�^�Z�}�l�v�k�y�� �g�_�� �q�b�k�e�h�f���� �Z�� �n�h�j�f�m�e�h�x���� �>�e�y�� �p�v�h�]�h�� �[�m�e�b�� �\�b�d�h�j�b�k�l�Z�g�g�•�� �l�Z�d�•�� �[�•�[�e�•�h�l�_�d�b�� �y�d��
MathJax [7]. 

MathJax - �p�_���[�•�[�e�•�h�l�_�d�Z���^�e�y���\�•�^�h�[�j�Z�`�_�g�g�y���f�Z�l�_�f�Z�l�b�q�g�b�o���n�h�j�f�m�e���g�Z���\�_�[-�k�l�h�j�•�g�d�Z�o����
�<�h�g�Z�� �^�h�a�\�h�e�y�}�� �Z�\�l�h�f�Z�l�b�q�g�h�� �i�_�j�_�l�\�h�j�x�\�Z�l�b�� �f�Z�l�_�f�Z�l�b�q�g�•�� �n�h�j�f�m�e�b���� �g�Z�i�b�k�Z�g�•�� �\�� �j�•�a�g�b�o��
�n�h�j�f�Z�l�Z�o���� �\�� �]�j�Z�n�•�q�g�b�c�� �\�b�]�e�y�^���� �y�d�b�c�� �f�h�`�g�Z�� �\�•�^�h�[�j�Z�`�Z�l�b�� �g�Z�� �k�l�h�j�•�g�p�•���� �<�h�g�Z�� �^�h�a�\�h�e�y�}��
�\�•�^�h�[�j�Z�`�Z�l�b�� �n�h�j�f�m�e�b�� �\�� �a�\�b�q�g�h�f�m�� �\�b�^�•���� �s�h�� �i�h�e�_�]�r�m�}�� �k�i�j�b�c�g�y�l�l�y�� �f�Z�l�_�f�Z�l�b�q�g�h�]�h�� �d�h�g��
�l�_�g�l�m���d�h�j�b�k�l�m�\�Z�q�Z�f�b�� 

������ �K�e�•�^���f�Z�l�b���g�Z�� �m�\�Z�a�•���� �s�h���\�� �a�Z�]�Z�e�v�g�h�f�m���\�b�i�Z�^�d�m���g�_���•�k�g�m�}�� �}�^�b�g�h�]�h���\�Z�j�•�Z�g�l�m���a�Z�i�b�k�b��
�n�h�j�f�m�e�b���� �l�h�[�l�h�� �h�^�b�g�� �•�� �l�h�c�� �k�Z�f�b�c�� �j�h�a�\�¶�y�a�h�d�� �a�Z�^�Z�q�•�� �f�h�`�g�Z�� �a�Z�i�b�k�Z�l�b�� �\�� �j�•�a�g�b�c�� �k�i�h�k�•�[����
�G�_�o�Z�c���a�Z�\�^�Z�g�g�y���}���\���\�b�a�g�Z�q�_�g�g�•���i�h�o�•�^�g�h�€���n�m�g�d�p�•�€ 

. 
�<�•�j�g�m���\�•�^�i�h�\�•�^�v���f�h�`�g�Z���i�j�_�^�k�l�Z�\�b�l�b���l�Z�d�b�f�b���n�h�j�f�m�e�Z�f�b�� 

 

 

, �•���l�Z�d���^�Z�e�•�����<�k�•���p�•���n�h�j�f�m�e�b���}���\�•�j�g�b�f�b�� 
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�L�Z�d�b�f���q�b�g�h�f�����•�g�l�_�j�i�j�_�l�m�\�Z�l�b���j�h�a�\�¶�y�a�h�d���m���\�b�]�e�y�^�•���n�h�j�f�m�e�b���y�d���k�b�f�\�h�e�v�g�m���d�h�g�k�l�Z�g��
�l�m�� �Z�[�k�h�e�x�l�g�h�� �g�_�f�h�`�e�b�\�h���� �I�h�l�j�•�[�_�g�� �Z�e�]�h�j�b�l�f���� �y�d�•�c�� �^�h�a�\�h�e�b�\�� �[�b�� �a�j�h�[�b�l�b�� �\�b�k�g�h�\�h�d�� �i�j�h��
�\�•�j�g�m�� �\�•�^�i�h�\�•�^�v�� �i�j�b�� �g�Z�y�\�g�h�k�l�•�� �a�g�Z�q�g�h�€���d�•�e�v�d�h�k�l�•�� �\�Z�j�•�Z�g�l�•�\�� �a�Z�i�b�k�m�� �n�h�j�f�m�e�b���� �L�h�f�m�� �[�m�e�h��
�j�h�a�j�h�[�e�_�g�h���n�m�g�d�p�•�x���y�d�b�c���i�_�j�_�\�h�^�b�l�v���n�h�j�f�m�e�m���a���l�_�d�k�l�h�\�h�]�h���l�b�i�m���m���f�Z�l�_�f�Z�l�b�q�g�b�c���l�b�i����
�s�h���^�h�a�\�h�e�y�}���i�j�h�\�h�^�b�l�b���f�Z�l�_�f�Z�l�b�q�g�•���h�i�_�j�Z�p�•�€���g�Z�^���\�b�j�Z�a�h�f������ 

�J�_�a�x�f�m�x�q�b�� �\�b�s�_�\�b�d�e�Z�^�_�g�_���� �k�m�q�Z�k�g�Z�� �•�g�l�_�j�Z�d�l�b�\�g�Z�� �k�b�k�l�_�f�Z�� �d�h�g�l�j�h�e�x�� �a�g�Z�g�v�� �a���f �Z��
�l�_�f�Z�l�b�q�g�b�o���^�b�k�p�b�i�e�•�g���i�h�\�b�g�g�Z���a�Z�^�h�\�h�e�v�g�y�l�b���l�Z�d�b�f���\�b�f�h�]�Z�f�� 

- �]�_�g�_�j�Z�p�•�y�� �a�Z�\�^�Z�g�v�� �\�•�^�[�m�\�Z�}�l�v�k�y�� �g�Z�� �i�•�^�k�l�Z�\�•�� �i�j�Z�\�b�e�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �\�b�i�Z�^�d�h�\�b�o��
�q�b�k�_�e�� 

- �\�•�^�[�m�\�Z�}�l�v�k�y���h�p�•�g�d�Z���\�•�^�i�h�\�•�^�•�����y�d�Z���a�Z�^�Z�}�l�v�k�y���n�h�j�f�m�e�h�x�� 
- �\�b�k�g�h�\�h�d�� �i�j�h�� �\�•�j�g�m�� �\�•�^�i�h�\�•�^�v�� �}�� �h�[�¶�}�d�l�b�\�g�b�f�� �l�Z�� �g�_�� �a�Z�e�_�`�b�l�v�� �\�•�^�� �k�i�h�k�h�[�m�� �a�Z�i�b�k�m��

�n�h�j�f�m�e�b�� 
�G�b�`�q�_���[�m�^�m�l�v���j�h�a�]�e�y�g�m�l�b���f�h�`�e�b�\�•���r�e�y�o�b���^�e�y���a�Z�[�_�a�i�_�q�_�g�g�y���l�Z�d�b�o���\�b�f�h�]�� 
�=�_�g�_�j�Z�p�•�y�� �a�Z�\�^�Z�g�v�� �Y�d�� �i�j�b�d�e�Z�^�� �j�h�a�]�e�y�g�_�f�h�� �Z�e�]�h�j�b�l�f�� �]�_�g�_�j�Z�p�•�€�� �a�Z�\�^�Z�g�v�� �^�e�y�� �i�_�j��

�r�h�]�h�� ���g�Z�c�g�b�`�q�h�]�h���� �j�•�\�g�x�� �j�h�a�^�•�e�m�� �©�>�b�n�_�j�_�g�p�•�Z�e�v�g�_�� �q�b�k�e�_�g�g�y�ª���� �y�d�b�c�� �i�_�j�_�^�[�Z�q�Z�}�� �e�b�r�_ 
�a�g�Z�g�g�y���a�^�h�[�m�\�Z�q�Z���i�j�h���i�h�o�•�^�g�•���_�e�_�f�_�g�l�Z�j�g�b�o���n�m�g�d�p�•�c���l�Z���\�b�d�h�j�b�k�l�Z�g�g�y���h�k�g�h�\�g�b�o���i�j�Z�\�b�e�Z��
�^�b�n�_�j�_�g�p�•�x�\�Z�g�g�y���� 

�Q�_�j�]�h�\�_���a�Z�\�^�Z�g�g�y���]�_�g�_�j�m�}�l�v�k�y���l�Z�d�b�f���q�b�g�h�f���� 

, (1) 

�^�_���:1 �l�Z���:2  �± �g�Z�l�m�j�Z�e�v�g�•�� �\�b�i�Z�^�d�h�\�•�� �q�b�k�e�Z������ �y�d�•�� �\�b�a�g�Z�q�Z�x�l�v��
�n�m�g�d�p�•�x�� 

1 �± �k�l�_�i�_�g�_�\�Z���n�m�g�d�p�•�y����; 

2 �± �e�h�]�Z�j�b�n�f�•�q�g�Z���n�m�g�d�p�•�y���� ; 

3 �± �i�h�d�Z�a�g�b�d�h�\�Z���n�m�g�d�p�•�y����; 

4 �± �l�j�b�]�h�g�h�f�_�l�j�b�q�g�Z���n�m�g�d�p�•�y����. 
�I�Z�j�Z�f�_�l�j�b�� �n�m�g�d�p�•�c�� �h�[�b�j�Z�x�l�v�k�y�� �\�b�i�Z�^�d�h�\�b�f�� �q�b�g�h�f�� �y�d�� �_�e�_�f�_�g�l�b�� �\�_�d�l�h�j�•�\�� �\�•�^�h�f�h�€��

�j�h�a�f�•�j�g�h�k�l�•�����g�Z�i�j�b�d�e�Z�^�� 

; ; ; 

; ; . 
�L�j�b�]�h�g�h�f�_�l�j�b�q�g�•���n�m�g�d�p�•�€���\�b�a�g�Z�q�Z�x�l�v�k�y���\���l�Z�d�b�c���k�i�h�k�•�[�� 

; 

; 

; 

. 
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�L�Z�d�b�f�� �q�b�g�h�f���� �]�_�g�_�j�Z�p�•�y�� �a�Z�\�^�Z�g�g�y�� �i�_�j�_�^�[�Z�q�Z�}�� �g�Z�y�\�g�•�k�l�v�� �r�_�k�l�b�� �Z�[�h�� �k�_�f�•�� �� �\�b�i�Z�^�d�h��
�\�b�o�� �q�b�k�_�e�� �^�e�y�� �\�b�a�g�Z�q�_�g�g�y�� �d�h�g�d�j�_�l�g�b�o�� �n�m�g�d�p�•�c�� �l�Z�� �€�o�� �i�Z�j�Z�f�_�l�j�•�\���� �G�Z�i�j�b�d�e�Z�^���� �\�b�i�Z�^�d�h��
�\�b�f���q�b�k�e�Z�f�����������������������������������������������\�•�^�i�h�\�•�^�Z�}���l�Z�d�b�c���\�Z�j�•�Z�g�l���a�Z�^�Z�q�•�� 

. (2) 

�:�e�]�h�j�b�l�f�� �i�_�j�_�\�•�j�d�b�� �\�•�^�i�h�\�•�^�_�c�� �J�h�a�]�e�y�g�_�f�h�� �k�b�l�m�Z�p�•�x���� �d�h�e�b�� �l�j�b�� �a�^�h�[�m�\�Z�q�Z��
�h�^�_�j�`�Z�e�b���a�Z�\�^�Z�g�g�y���m���\�b�]�e�y�^�•�����������l�Z���g�Z�^�Z�e�b���l�Z�d�b���\�•�^�i�h�\�•�^�•�� 

; (3) 

; (4) 

. (5) 

�H�q�_�\�b�^�g�h���� �s�h�� �n�m�g�d�p�•�y�� �������� �g�_�� �}�� �\�•�j�g�b�f�� �j�h�a�\�¶�y�a�d�h�f�� �a�Z�^�Z�q�•���� �Z�� �n�m�g�d�p�•�€�� �������� �l�Z�� ���������± 
�\�•�j�g�•�� �j�h�a�\�¶�y�a�d�b�� �g�_�a�\�Z�`�Z�x�q�b�� �g�Z�� �l�_���� �s�h�� �f�Z�x�l�v�� �j�•�a�g�b�c�� �\�b�]�e�y�^���� �H�q�•�d�m�}�l�v�k�y���� �s�h�� �k�b�k�l�_�f�Z��
�k�i�j�h�f�h�`�g�Z���•�^�_�g�l�b�n�•�d�m�\�Z�l�b���[�m�^�v-�y�d�m���\�•�^�i�h�\�•�^�v���y�d���\�•�j�g�m�����Z�[�h���g�_�\�•�j�g�m�� 

�I�j�b�� �j�h�a�j�h�[�p�•�� �k�b�k�l�_�f�b�� �d�h�g�l�j�h�e�x�� �a�g�Z�g�v�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�\�k�y�� �g�Z�k�l�m�i�g�•�c�� �i�•�^�o�•�^����
�N�m�g�d�p�•�y���� �a�h�[�j�Z�`�_�g�g�y���y�d�h�€���h�^�_�j�`�m�}�� �a�^�h�[�m�\�Z�q���� �l�Z���n�m�g�d�p�•�y���� �a�h�[�j�Z�`�_�g�g�y���y�d�h�€���\�•�g���g�Z�^�Z�}�� �y�d��
�\�•�^�i�h�\�•�^�v���� �}�� �i�j�h�p�_�^�m�j�Z�f�b-�n�m�g�d�p�•�y�f�b�� �i�j�h�]�j�Z�f�g�h�]�h�� �f�h�^�m�e�y���� �l�h�[�l�h�� �i�_�j�_�l�\�h�j�x�x�l�v�� �\�o�•�^�g�_��
�a�g�Z�q�_�g�g�y�� �Z�j�]�m�f�_�g�l�m�� �m�� �\�b�o�•�^�g�_�� �a�g�Z�q�_�g�g�y�� �n�m�g�d�p�•�€���� �>�e�y�� �•�^�_�g�l�b�n�•�d�Z�p�•�€�� �\�•�^�i�h�\�•�^�•�� �y�d�� �\�•�j�g�h�€��
�g�_�h�[�o�•�^�g�h���� �s�h�[�� �i�j�b�[�e�b�a�g�_�� �a�g�Z�q�_�g�g�y�� �i�h�o�•�^�g�h�€�� �n�m�g�d�p�•�€�� �������� �\�� �[�m�^�v-�y�d�•�c�� �l�h�q�p�•�� �a�� �h�[�e�Z�k�l�•��
�•�k�g�m�\�Z�g�g�y���n�m�g�d�p�•�€���[�m�e�h���\���^�_�y�d�h�f�m���k�_�g�k�•���[�e�b�a�v�d�•�f���^�h���a�g�Z�q�_�g�g�y���i�h�o�•�^�g�h�€�����s�h���\�b�a�g�Z�q�_�g�Z���a��
�\�b�d�h�j�b�k�l�Z�g�g�y�f���Z�g�Z�e�•�l�b�q�g�h�]�h���^�b�n�_�j�_�g�p�•�x�\�Z�g�g�y�����l�h�[�l�h���a�•���a�g�Z�q�_�g�g�y�f�b���n�m�g�d�p�•�c�����������± ���������m��
�l�•�c���k�Z�f�•�c���l�h�q�p�•�� 

. 
(6) 

�A�� �f�_�l�h�x�� �i�•�^�\�b�s�_�g�g�y�� �g�Z�^�•�c�g�h�k�l�•�� �•�^�_�g�l�b�n�•�d�Z�p�•�€�� �\�•�j�g�b�o�� �\�•�^�i�h�\�•�^�_�c�� �\�\�Z�`�Z�}�l�v�k�y�� �^�h��
�p�•�e�v�g�b�f���i�_�j�_�\�•�j�y�l�b���m�f�h�\�m�����������g�Z���f�g�h�`�b�g�•���l�h�q�h�d�� 

. 

(7) 

�G�Z�� �h�k�g�h�\�•�� �h�i�b�k�m�� �f�h�`�g�Z�� �k�l�\�h�j�b�l�b�� �d�h�g�p�_�i�l�� �k�b�k�l�_�f�b�� �^�e�y�� �Z�\�l�h�f�Z�l�b�a�h�\�Z�g�h�]�h�� �]�_�g�_��
�j�m�\�Z�g�g�y�� �l�Z�� �i�_�j�_�\�•�j�d�b�� �a�g�Z�g�v�� �a�� �l�_�f�b�� �i�h�o�•�^�g�b�o�� �n�m�g�d�p�•�c�� �f�h�`�g�h�� �k�l�\�h�j�b�l�b�� �8�0�/�� �^�•�Z�]�j�Z�f�m��
���j�b�k��������: 

- �]�_�g�_�j�Z�p�•�y�� �\�b�i�Z�^�d�h�\�b�o�� �q�b�k�_�e �²  �k�b�k�l�_�f�Z�� �g�Z�� �i�h�q�Z�l�d�h�\�h�f�m�� �_�l�Z�i�•�� �]�_�g�_�j�m�}�� �g�Z�[�•�j��
�\�b�i�Z�^�d�h�\�b�o���q�b�k�_�e�����y�d�•���[�m�^�m�l�v���\�b�d�h�j�b�k�l�Z�g�•���^�e�y���k�l�\�h�j�_�g�g�y���f�Z�l�_�f�Z�l�b�q�g�h�]�h���\�b�j�Z�a�m�� 

- �]�_�g�_�j�Z�p�•�y�� �f�Z�l�_�f�Z�l�b�q�g�h�€�� �n�m�g�d�p�•�€���²  �g�Z�� �h�k�g�h�\�•�� �a�]�_�g�_�j�h�\�Z�g�b�o�� �q�b�k�_�e�� �k�b�k�l�_�f�Z�� �k�l�\�h��
�j�x�}���f�Z�l�_�f�Z�l�b�q�g�b�c���\�b�j�Z�a���a�Z���i�_�\�g�b�f�b���i�j�Z�\�b�e�Z�f�b���a�Z���l�_�f�h�x���©�>�b�n�_�j�_�g�p�•�Z�e�v�g�_���q�b�k�e�_�g�g�y�ª�� 

- �n�h�j�f�Z�l�m�\�Z�g�g�y���\�b�j�Z�a�m���a�Z���^�h�i�h�f�h�]�h�x���0�D�W�K�-�D�[���²  �f�Z�l�_�f�Z�l�b�q�g�b�c���\�b�j�Z�a���i�_�j�_�^�Z�}�l�v�k�y��
�\���f�h�^�m�e�v���0�D�W�K�-�D�[���^�e�y���d�h�j�_�d�l�g�h�]�h���\�•�^�h�[�j�Z�`�_�g�g�y�����P�_���^�h�a�\�h�e�y�}���i�j�_�^�k�l�Z�\�b�l�b���c�h�]�h���m���a�j�m�q��
�g�h�f�m���^�e�y���q�b�l�Z�g�g�y���\�b�]�e�y�^�•���g�Z���\�_�[�k�l�h�j�•�g�p�•�� 

- �\�_�[�k�l�h�j�•�g�d�Z���²  �i�•�k�e�y���l�h�]�h���y�d���\�b�j�Z�a �\�•�^�n�h�j�f�Z�l�h�\�Z�g�b�c���•���\�•�^�h�[�j�Z�`�_�g�b�c�����d�h�j�b�k�l�m�\�Z�q��
�\�a�Z�}�f�h�^�•�}�� �a�� �\�_�[�k�l�h�j�•�g�d�h�x���� �<�•�g�� �h�l�j�b�f�m�}�� �a�Z�\�^�Z�g�g�y�� �m�� �\�b�]�e�y�^�•�� �f�Z�l�_�f�Z�l�b�q�g�h�]�h�� �\�b�j�Z�a�m�� �l�Z��
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�\�\�h�^�b�l�v���k�\�h�x���\�•�^�i�h�\�•�^�v���m���i�h�e�_���\�\�_�^�_�g�g�y�����>�e�y���a�j�m�q�g�h�k�l�•���d�h�j�b�k�l�m�\�Z�q���f�h�`�_���k�d�h�j�b�k�l�Z�l�b�k�y��
�g�Z�[�h�j�h�f�� �a�Z�]�h�l�h�\�e�_�g�b�o�� �n�m�g�d�p�•�c���� �y�d�•�� �^�h�a�\�h�e�y�x�l�v�� �r�\�b�^�d�h�� �^�h�^�Z�l�b�� �€�o�� �^�h�� �i�h�e�y�� �\�\�_�^�_�g�g�y����
�I�•�k�e�y�� �\�\�_�^�_�g�g�y�� �\�•�^�i�h�\�•�^�•�� �d�h�j�b�k�l�m�\�Z�q�� �g�Z�^�k�b�e�Z�}�� �k�\�h�x�� �\�•�^�i�h�\�•�^�v�� �^�h�� �k�b�k�l�_�f�b�� �^�e�y�� �i�_��
�j�_�\�•�j�d�b�����D�j�•�f���l�h�]�h�����g�b�`�q�_���d�g�h�i�d�b���\�•�^�h�[�j�Z�`�Z�}�l�v�k�y���\�•�^�i�h�\�•�^�v�����y�d�Z���\�\�_�^�_�g�Z���d�h�j�b�k�l�m�\�Z�q�_�f����
�a���f�_�l�h�x���i�_�j�_�\�•�j�d�b���d�h�j�_�d�l�g�h�k�l�•���k�\�h�]�h���a�Z�i�b�k�m���i�_�j�_�^���g�Z�^�k�b�e�Z�g�g�y�f�����j�b�k���������� 

- �q�b�k�_�e�v�g�_�� �^�b�n�_�j�_�g�p�•�x�\�Z�g�g�y �n�m�g�d�p�•�€���²  �^�e�y�� �d�h�`�g�h�€�� �a�]�_�g�_�j�h�\�Z�g�h�€�� �n�m�g�d�p�•�€�� �h�[��
�q�b�k�e�x�}�l�v�k�y���q�b�k�_�e�v�g�Z���i�h�o�•�^�g�Z���f�_�l�h�^�h�f���k�d�•�g�q�_�g�g�b�o���j�•�a�g�b�p�v���g�Z���f�g�h�`�b�g�•���l�h�q�h�d�� 

- �h�[�q�b�k�e�_�g�g�y�� �Z�g�Z�e�•�l�b�q�g�h�€�� �i�h�o�•�^�g�h�€���²  �\�b�d�h�j�b�k�l�h�\�m�x�q�b�� �Z�g�Z�e�•�l�b�q�g�•�� �f�_�l�h�^�b���� �h�[��
�q�b�k�e�x�}�l�v�k�y���l�h�q�g�_���a�g�Z�q�_�g�g�y���i�h�o�•�^�g�h�€���g�Z���f�g�h�`�b�g�•���l�h�q�h�d�� 

- �i�h�j�•�\�g�y�g�g�y�� �j�_�a�m�e�v�l�Z�l�•�\���²  �i�h�j�•�\�g�y�g�g�y�� �j�_�a�m�e�v�l�Z�l�•�\�� �q�b�k�_�e�v�g�h�]�h�� �l�Z�� �Z�g�Z�e�•�l�b�q�g�h�]�h��
�^�b�n�_�j�_�g�p�•�x�\�Z�g�g�y���a�Z���n�h�j�f�m�e�h�x���������� 

- �\�b�k�g�h�\�h�d���i�j�h���m�k�i�•�r�g�_���\�b�d�h�g�Z�g�g�y���²  �g�Z���h�k�g�h�\�•���i�h�j�•�\�g�y�g�g�y���k�b�k�l�_�f�Z���\�b�a�g�Z�q�Z�}�����q�b���}��
�\�•�^�i�h�\�•�^�v�� �d�h�j�b�k�l�m�\�Z�q�Z�� �i�j�Z�\�b�e�v�g�h�x�� �Z�[�h�� �g�_�i�j�Z�\�b�e�v�g�h�x���� �•�� �\�•�^�h�[�j�Z�`�Z�}�� �j�_�a�m�e�v�l�Z�l�� �m�� �[�•�g�Z�j��
�g�h�f�m���\�b�^�•�����Z�[�h���a�Z�i�b�k�m�}���c�h�]�h�� 

 
�J�b�k�m�g�h�d 1 �± �8�0�/���^�•�Z�]�j�Z�f�Z���k�b�k�l�_�f�b 

 
�J�b�k�m�g�h�d��2 �± �I�j�h�l�h�l�b�i���k�b�k�l�_�f�b 
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�<�b�k�g�h�\�d�b�����:�g�Z�e�•�a���j�_�a�m�e�v�l�Z�l�•�\���q�b�k�_�e�v�g�b�o���_�d�k�i�_�j�b�f�_�g�l�•�\���^�h�a�\�h�e�b�\���a�j�h�[�b�l�b���\�b�k�g�h��
�\�h�d�� �i�j�h�� �^�h�p�•�e�v�g�•�k�l�v�� �i�h�^�Z�e�v�r�h�]�h�� �j�h�a�\�b�l�d�m�� �k�b�k�l�_�f�� �d�h�g�l�j�h�e�x�� �a�g�Z�g�v�� �\�� �g�Z�i�j�y�f�d�m���� �s�h�� �a�Z��
�i�j�h�i�h�g�h�\�Z�g�b�c���Z�\�l�h�j�Z�f�b�����G�Z�y�\�g�•�k�l�v���k�b�k�l�_�f�b���i�j�Z�\�b�e���^�h�a�\�h�e�y�}���]�_�g�_�j�m�\�Z�l�b���a�g�Z�q�g�h���[�•�e�v�r�m��
�d�•�e�v�d�•�k�l�v���a�Z�\�^�Z�g�v�����g�•�`���i�j�b���j�m�q�g�h�f�m���n�h�j�f�m�\�Z�g�g�y���[�Z�a�b���a�Z�\�^�Z�g�v�����F�h�`�e�b�\�•�k�l�v���g�Z�^�Z�g�g�y���a�^�h��
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Concepts for designing knowledge assessment systems  
in mathematical disciplines under distance education conditions 

The article presents a novel approach to the design of knowledge assessment systems 
for students studying the discipline of Differential Calculus. In contrast to most existing sys-
tems, which rely on fixed databases of tasks and answers, the proposed solution introduces a 
dynamic model that automatically generates tasks based on predefined rules using random 
numbers. Each generated task represents a mathematical function for which the derivative 
must be calculated. Before presenting the task to the student, the system checks its validity. 
The answer is submitted not as a numeric value but in the form of a symbolic mathematical 
expression. This significantly enhances the quality of assessment by enabling evaluation of 
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both correctness and depth of understanding of differentiation methods. Recent advances in 
symbolic computation, numerical methods, and machine learning have opened new possibili-
ties for developing intelligent systems capable of adapting to the individual needs of learners. 
Existing platforms �²  such as Moodle, Khan Academy, ALEKS, Proctorio, and ExamSoft �²  
offer various testing frameworks. However, they are primarily based on static question banks, 
which often limits their flexibility, adaptability, and ability to provide personalized feedback. 
This paper outlines the limitations of such systems and highlights the necessity for more adap-
tive and interactive approaches in mathematical e-learning environments. 

The objective of the study is to develop and test an algorithm for task generation, au-
tomatic solution computation, comparison with the student's submitted answer, and determi-
nation of the answer's correctness. The study also aims to ensure that the method used allows 
for formula-based responses to be evaluated fairly, even when the same solution is presented 
in multiple algebraically equivalent forms. The core of the proposed system is built on a 
RESTful API architecture. This allows tasks to be generated in real-time using randomized 
parameters and validated programmatically before delivery. The solution also utilizes 
MathJax for formatting and displaying mathematical content in a clear, readable manner 
within a web interface. An essential component of the system is its capability to interpret sym-
bolic expressions and compare them analytically and numerically. The comparison is done by 
evaluating the difference between the user-submitted derivative and the system-generated so-
lution over a range of values using both symbolic differentiation and numerical finite differ-
ence methods. 

A specific example is discussed involving the generation of derivative problems from 
randomly selected elementary functions�² polynomial, exponential, logarithmic, and trigono-
metric. The structure of such problems is defined by a set of randomly generated parameters, 
which enables a practically unlimited variety of tasks. The system includes mechanisms to 
compare student-submitted expressions with the reference solution through evaluation at mul-
tiple points, reducing the likelihood of false positives and ensuring objectivity. The findings 
suggest that this rule-based task generation approach enables a higher degree of individuali-
zation and significantly reduces the dependency on static databases. Moreover, assessing 
symbolic expressions rather than mere numerical values allows the system to better reflect the 
actual understanding and application of calculus concepts by students. The proposed system 
was prototyped and visualized through a UML diagram and web interface, demonstrating its 
practicality and user-centered design. The results of numerical experiments support the via-
bility of the proposed approach. The system's rule-based task generation and symbolic re-
sponse evaluation enhance assessment reliability and objectivity. Unlike systems reliant on 
preloaded question banks, the proposed method provides flexibility, reduces manual work-
load, and supports deeper learning. However, the current system is best suited for problems 
of basic to moderate complexity, as higher-level tasks may require more sophisticated sym-
bolic input and parsing mechanisms. 

Keywords: distance learning, knowledge control system, differential calculus, system 
of rules for generating tasks, algorithm for evaluating answers. 

 



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

282 

�A�_�e�_�g�p�h�\ �>�f�b�l�j�h �=�_�]�_�f�h�g�h�\�b�q �± � .̂�l.�g., �i�j�h�n�_�k�h�j, �a�Z�\�•�^�m�\�Z�q �d�Z�n�_�^�j�• �•�g�n�h�j�f�Z�p�•�c�g�b�o 
�k�b�k�l�_�f, �G�Z�\�q�Z�e�v�g�h-�g�Z�m�d�h�\�b�c �•�g�k�l�b�l�m�l �³�M�d�j�Z�€�g�k�v�d�b�c �^�_�j�`�Z�\�g�b�c �o�•�f�•�d�h-�l�_�o�g�h�e�h�]�•�q�g�b�c 
�m�g�•�\�_�j�k�b�l�_�l� .́  
ORCID: https://orcid.org/0009-0009-1959-3153 
�R�Z�i�h�\�Z�e�h�\���D�b�j�b�e�h���1�]�h�j�h�\�b�q���± �Z�k�i�•�j�Z�g�l���d�Z�n�_�^�j�b���•�g�n�h�j�f�Z�p�•�c�g�b�o���k�b�k�l�_�f�� �G�Z�\�q�Z�e�v�g�h-
�g�Z�m�d�h�\�b�c���•�g�k�l�b�l�m�l���³�M�d�j�Z�€�g�k�v�d�b�c���^�_�j�`�Z�\�g�b�c���o�•�f�•�d�h-�l�_�o�g�h�e�h�]�•�q�g�b�c���m�g�•�\�_�j�k�b�l�_�l�´.  
ORCID: https://orcid.org/0009-0007-8069-8136 
 

Zelentsov Dmytro �± doctor of technical sciences, professor, head of department of infor-
mation systems, scientific and educational institute �³�8�N�U�D�L�Q�L�D�Q���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\���R�I���&�K�H�P�L�F�D�O��
Technology�´���� 
ORCID: https://orcid.org/0009-0009-1959-3153 
Shapovalov Kyrylo �± postgraduate student, department of information systems, scientific and 
educational institute �³�8�N�U�D�L�Q�L�D�Q���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\���R�I���&�K�H�P�L�F�D�O���7�H�F�K�Q�R�O�R�J�\�´.  
ORCID: https://orcid.org/0009-0007-8069-8136 

https://orcid.org/0009-0009-1959-3153


�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

283 

 

�A�F�1�K�L 
 

CONTENTS 
 

 

�D�Z�e�•�g�•�g�Z �1.�H., �=�h�`�b�c���H���I������ 
�R�b�y�g���K���,�������=�h�`�b�c���<���H������ 
�I�Z�k�l�_�j�g�Z�d���E���X��  
�1�g�l�_�e�_�d�l�m�Z�e�v�g�Z���k�b�k�l�_�f�Z�� 
�i�j�h�]�g�h�a�m�\�Z�g�g�y���i�Z�j�Z�f�_�l�j�•�\�� 
�i�Z�e�b�\�g�h-�f�Z�k�l�b�e�v�g�b�o���f�Z�l�_�j�•�Z�e�•�\ 3 

Kalinina I.O., Gozhyj O.P.,  
Shiyan S.I., Gozhyi V.O.,  
Pasternak L.Yu.  
Intelligent system for forecasting fuel 
and lubricant parameters 

3 
 
�=�h�g�q�Z�j�h�\���Y���:�������A�Z�c�p�_�\�Z���L���:���� 
�Q�b�k�_�e�v�g�_���^�h�k�e�•�^�`�_�g�g�y���d�h�g�l�Z�d�l�g�h�€��
�\�a�Z�}�f�h�^�•�€���l�•�e���k�d�e�Z�^�g�h�€���n�h�j�f�b�� 
�g�Z���h�k�g�h�\�•���•�g�l�_�]�j�h�\�Z�g�b�o�� 
�h�[�q�b�k�e�x�\�Z�e�v�g�b�o���i�e�Z�l�n�h�j�f 15 

 
Honcharov Y.A., Zaytseva T.A. 
Numerical investigation of the contact 
interaction of complex-shaped bodies 
using integrated computational 
platforms 15 

 
�=�g�Z�l�m�r�_�g�d�h���<�•�d���<�������M�^�h�\�b�d���1���F������
�O�Z�c�i�d�_���D�������=�g�Z�l�m�r�_�g�d�h���F���<��  
�A�Z�k�l�h�k�m�\�Z�g�g�y���f�_�l�h�^�•�\���f�Z�r�b�g�g�h�]�h��
�g�Z�\�q�Z�g�g�y���^�e�y���Z�g�Z�e�•�a�m���\�i�e�b�\�m���e�•�k�h�\�b�o��
�i�h�`�_�`���g�Z���a�g�•�f�d�b���6�H�Q�W�L�Q�H�O-�����i�h��
�M�d�j�Z�€�g�• 27 

 
Hnatushenko Vik., Udovyk I., 
Heipke Ch., Hnatushenko M. 
Applying machine learning techniques 
to analyze forest fire impacts on 
Sentinel-2 imagery across Ukraine 

27 
 
�D�Z�\�Z�p���2���2�������D�Z�\�Z�p���X���<������ 
�K�_�j�]�}�}�\�Z���D���E�������J�h�c���>���F���� 
�H�p�•�g�d�Z���l�h�q�g�h�k�l�•���f�_�l�h�^�•�\�� 
�Z�\�l�h�f�Z�l�b�a�h�\�Z�g�h�]�h���d�Z�j�l�m�\�Z�g�g�y���\�h�^�g�b�o��
�i�h�\�_�j�o�h�g�v���g�Z���h�k�g�h�\�•���k�i�_�d�l�j�Z�e�v�g�b�o��
�•�g�^�_�d�k�•�\ 36 

 
Kavats O. �H�������.�D�Y�D�W�V Y. V., 
�6�H�U�J�L�H�L�H�Y�D���.���/�������5�R�L���'�����F�� 
Assessment of the accuracy of 
automated mapping methods for water 
surfaces based on spectral indices 

36 
 
�A�b�f�h�]�e�y�^���:���X������ 
�=�m�^�Z���:���1�������<�b�j�h�^�h�\���H���K��   
�<�i�e�b�\���k�b�k�l�_�f�b���n�h�d�m�k�m�\�Z�g�g�y�� 
�g�Z���q�m�l�e�b�\�•�k�l�v���3�,�5���^�Z�l�q�b�d�m 46 

 
Zimoglyad A.Yu., 
Guda A.I., Vyrodov O.S.  
The influence of the focusing system 
on the sensitivity of the PIR sensor 46 

 
�:�l�Z�f�Z�g�x�d �H���<�������K�m�e�_�f�Z���/���K��  
�F�_�l�h�^���j�_�a�h�g�Z�g�k�g�b�o���a�Z�i�b�l�•�\���^�e�y��
�\�b�j�•�r�_�g�g�y���d�h�g�n�e�•�d�l�•�\���m�� 
�f�m�e�v�l�b�Z�]�_�g�l�g�b�o���k�b�k�l�_�f�Z�o���p�b�n�j�h�\�b�o��
� �̂\�•�c�g�b�d�•�\ 

 
 
 

55 

 
Atamaniuk O.V., Sulema Y.S. 
Resonance request method for conflict 
resolution in the multiagent systems of 
the digital twins 

 
 
 
 

55 
 
 
 

 
 
 

 
 
 

 
 
 
 



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

284 

�;�h�^�x���D���H�������<�h�\�d���K���F��  
�1�g�l�_�j�Z�d�l�b�\�g�b�c���\�_�[-�j�_�k�m�j�k���a���\�b�\�q�_�g�g�y��
�•�g�n�h�j�f�Z�l�b�d�b���m���a�Z�d�e�Z�^�Z�o���a�Z�]�Z�e�v�g�h�€��
�k�_�j�_�^�g�v�h�€���h�k�\�•�l�b���•�a���i�•�^�d�e�x�q�_�g�g�y�f��
�R�1-�Z�]�_�g�l�Z 

 
 
 
 

66 

Bodiu K.O., Vovk S.M. 
 Interactive web resource for teaching 
computer science in general secondary 
education with AI agent integration 

 
 
 
 
 

66 
 
�I�•�d�•�e�v�g�y�d���:���<�������P�b�\�•�g�^�Z���G���1��  
�K�l�j�Z�l�_�]�•�€���p�b�n�j�h�\�h�€���l�j�Z�g�k�n�h�j�f�Z�p�•�€��
�i�•�^�]�h�l�h�\�d�b���•�g�`�_�g�_�j�•�\-�f�_�o�Z�g�•�d�•�\�� 
�\���m�f�h�\�Z�o���^�b�k�l�Z�g�p�•�c�g�h�]�h���g�Z�\�q�Z�g�g�y 

 
 
 
 

76 

 
Pikilniak A.V., Tsyvinda N.I.  
Strategies of digital transformation in 
the training of mechanical engineers 
under distance learning conditions 

 
 
 
 
 

76 
 
�<�h�e�d�h�\�k�v�d�b�c���H���K�������G�•�d�•�r�b�g�Z���H���X�� 
�F�h�^�_�e�x�\�Z�g�g�y���k�b�k�l�_�f�b���q�_�j�]���^�e�y�� 
�]�_�g�_�j�Z�p�•�€���6�(�2-�h�i�l�b�f�•�a�h�\�Z�g�b�o���l�_�d�k�l�•�\��
�m���\�b�k�h�d�h�g�Z�\�Z�g�l�Z�`�_�g�h�f�m���k�_�j�_�^�h�\�b�s�• 85 

 
Volkovskyi O.S., Nikishyna O.Yu. 
Modeling a queue system for 
generating SEO-optimized texts in a 
highly loaded environment 

 
 
 

85 
 
�K�i�•�j�•�g�p�_�\���<���<���� 
�K�i�•�j�•�g�p�_�\�Z���H���<�����>�m�[�•�g�Z���/���K��  
�>�h�k�e�•�^�`�_�g�g�y���_�n�_�d�l�b�\�g�h�k�l�•���j�_�Z�e�•�a�Z�p�•�€��
�f�•�d�j�h�k�_�j�\�•�k�g�h�€���k�b�k�l�_�f�b���f�h�g�•�l�h�j�b�g�]�m��
�d�h�j�b�k�l�m�\�Z�q�•�\���l�Z���j�_�k�m�j�k�•�\���o�f�Z�j�g�h�€��
�i�e�Z�l�n�h�j�f�b��AWS 97 

 
Spirintsev V.V.  
Spirintseva O.V. Dubina E.S. 
Research on the effectiveness of the 
implementation of a microservice 
system for monitoring users and 
resources of the AWS cloud platform 

 
 
 

97 
    
�D�j�Z�\�_�p�v���H���<�������F�Z�o�h�g�•�g�Z���D���<��  
�>�h�k�e�•�^�`�_�g�g�y���g�_�k�l�Z�p�•�h�g�Z�j�g�h�]�h���i�h�e�y��
�l�_�f�i�_�j�Z�l�m�j�b���a�Z���l�h�\�s�b�g�h�x�� 
�[�Z�]�Z�l�h�r�Z�j�h�\�h�€���a�h�\�g�•�r�g�v�h�€���k�l�•�g�h�\�h�€��
�i�Z�g�_�e�•���`�b�l�e�h�\�h�]�h���[�m�^�b�g�d�m���\���a�b�f�h�\�b�c��
�i�_�j�•�h�^ 105 

�D�U�D�Y�H�W�V���H���9�������0�D�N�K�R�Q�L�Q�D���D���9�� 
Study of the non-stationary 
temperature field along the thickness 
of a multilayer external wall panel of a 
residential building in winter 

105 
    
�L�\�_�j�^�h�k�l�m�i���F���1��  
�=�Z�j�f�h�g�•�c�g�b�c���i�_�j�_�l�\�h�j�x�\�Z�q�� 
�•�g�^�m�d�l�b�\�g�h�k�l�•���\���q�Z�k�l�h�l�m���g�Z���h�k�g�h�\�•��
�d�h�g�\�_�j�l�h�j�Z���•�f�i�_�^�Z�g�k�m 112 

Tverdostup M.I.  
Harmonic inductor-to-frequency 
converter based on impedance 
converte 112 

    
�I�h�g�h�f�Z�j�v�h�\���1���<��  
�:�j�o�•�l�_�d�l�m�j�Z���[�_�a�i�_�q�g�h�]�h�� 
�d�j�b�i�l�h�]�Z�f�Z�g�p�y���g�Z���h�k�g�h�\�•���f�_�o�Z�g�•�a�f�•�\��
Air -�*�D�S���l�Z���f�m�e�v�l�b�i�•� �̂i�b�k�m 118 

Ponomarev I.V.  
Architecture of a secure 
cryptocurrency wallet based on Air-
Gap and multisignature mechanisms 118 

 
  

 

 



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

285 

�O�Z�g�^�_�p�v�d�b�c���<���K������ 
�I�h�e�m�o�•�g���=���<�������K�d�m�j�Z�l�h�\�k�v�d�b�c���1���:�� 
�D�h�g�\�_�}�j�g�Z���i�_�j�_�^�Z�q�Z���[�e�h�d�•�\���n�j�_�c�f�•�\���\��
�a�Z�r�m�f�e�_�g�b�o���d�Z�g�Z�e�Z�o���d�h�f�i�¶�x�l�_�j�g�b�o��
�f�_�j�_� ̀ 125 

Khandetskyi V.S.,  
Polyhin G.V., Skuratovskyi �1���:��  
The pipeline transmission of frame 
blocks in noisy computer channels 
reliability criteria 125 

    
�F�Z�l�\�}�}�\�Z���G���H��  
�I�h�j�•�\�g�y�e�v�g�b�c���Z�g�Z�e�•�a���_�n�_�d�l�b�\�g�h�k�l�•��
�a�Z�k�l�h�k�m�\�Z�g�g�y���i�Z�l�_�j�g�•�\ 132 

Matveeva N.O.  
Comparative analysis of the effective-
ness of pattern application 132 

 
�H�k�l�j�h�\�k�v�d�Z���D���X�������;�h�j�b�k�x�d���<���I�� 
�1�g�n�h�j�f�Z�p�•�c�g�Z���k�b�k�l�_�f�Z���^�e�y���]�_�g�_�j�Z�p�•�€��
�a�h�[�j�Z�`�_�g�v���a���f�h�`�e�b�\�•�k�l�x�� 
�n�_�^�_�j�Z�l�b�\�g�h�]�h���g�Z�\�q�Z�g�g�y���l�Z�� 
�^�h�g�Z�\�q�Z�g�g�y���]�_�g�_�j�Z�l�b�\�g�b�o���f�h�^�_�e�_�c 139 

 
Ostrovska K., Borysyuk V.  
Information system for image  
generation with the possibility of  
federated learning and further training 
of generative models 139 

    
�<�•�`�_�\�k�v�d�b�c���I���<�������K�Z�\�_�g�d�h���H���K�� 
�I�h�\�_�^�•�g�d�h�\�_���i�j�h�n�•�e�x�\�Z�g�g�y�� 
�d�h�j�b�k�l�m�\�Z�q�•�\���l�Z���\�b�y�\�e�_�g�g�y���Z�g�h�f�Z�e�•�c��
�g�Z���h�k�g�h�\�•���]�_�g�_�l�b�q�g�h�]�h���Z�e�]�h�j�b�l�f�m 148 

Vizhevskyi P., Savenko O.  
Evolutionary tuning of a UEBA and 
anomaly detection 

148 
    
�=�Z�\�j�b�e�x�d���/���:������ 
�K�l�j�m�d�h�\���<���F�������M�a�e�h�\���>���X��  
�1�g�l�_�]�j�h�\�Z�g�b�c���$�,-�[�Z�a�h�\�Z�g�b�c�� 
�n�j�_�c�f �\�h�j�d���^�e�y���a�Z�^�Z�q���g�_�i�_�j�_�j�\�g�h�]�h��
�i�h�d�j�b�l�l�y���a���]�_�h�f�_�l�j�b�q�g�b�f�b�� 
�h�[�f�_�`�_�g�g�y�f�b 160 

Havryliuk Y.,  
Strukov V., Uzlov D.  
Integrated AI-based framework for the 
continuous coverage problems with 
geometric constraints 

160 
    
�D�e�}�p�d�h�\���H���F������ 
�R�_�\�_�e�v�h�\�Z���:���/�������E�h�[�h�^�Z���<���<��  
�?�n�_�d�l���i�h�\�_�j�o�g�_�\�h�€���i�j�m�`�g�h�k�l�•���i�j�b��
�Z�g�Z�e�•�a�•���g�Z�g�h�l�j�•�s�b�g�b���\���Z�g�l�b�i�e�h�k�d�h�f�m��
�i�h�e�•���g�Z�\�Z�g�l�Z�`�_�g�v 177 

Kletskov O.,  
Sheveleva A., Loboda V.  
Effect of surface elasticity in the  
analysis of nanocracks under  
anti-plane load field 177 

    
�D�h�j�y�r�d�•�g�Z���E���K�������K�l�Z�g�•�g�Z���H���>��  
�F�Z�l�_�f�Z�l�b�q�g�_���f�h�^�_�e�x�\�Z�g�g�y�� 
�j�h�a�f�•�s�_�g�g�y���e�h�]�•�k�l�b�q�g�b�o���p�_�g�l�j�•�\���l�Z��
�^�\�h�_�l�Z�i�g�h�]�h���j�h�a�i�h�^�•�e�m���f�Z�l�_�j�•�Z�e�v�g�b�o��
�i�h�l�h�d�•�\�����k�p�_�g�Z�j�g�b�c���i�•�^�o�•�^ 191 

Koriashkina L.S., Stanina O.D. 
Mathematical modeling of the location 
of logistics centers and two-stage  
distribution of material flows:  
a scenario approach 191 

 

 

  
 
 



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

286 

�K�Z�q�Z�g�x�d-�D�Z�\�_�p�v�d�Z���G���<������ 
�=�_�l�f�Z�g�x�d���H���1�������=�m�^�Z���H���<��  
�<�b�d�h�j�b�k�l�Z�g�g�y���r�l�m�q�g�h�]�h���•�g�l�_�e�_�d�l�m���m��
�\�b�\�q�_�g�g�•���\�b�s�h�€���f�Z�l�_�f�Z�l�b�d�b�� 
�k�l�m�^�_�g�l�Z�f�b���l�_�o�g�•�q�g�b�o�� 
�k�i�_�p�•�Z�e�v�g�h�k�l�_�c�����h�k�\�•�l�g�•�c���_�n�_�d�l 212 

Sachaniuk-Kavets`ka N.V.,  
Hetmaniuk O.I., Huda O.V.  
The use of artificial intelligence  
in the study of higher mathematics  
by students of technical specialties:  
educational effect 212 

    
�K�f�h�e�_�g�k�v�d�b�c���F���F�������K�•�^�_�g�d�h���/���<�� 
�I�j�h�}�d�l�m�\�Z�g�g�y���_�n�_�d�l�b�\�g�h�€�� 
�Z�j�o�•�l�_�d�l�m�j�b���5�)�,�'-�h�j�•�}�g�l�h�\�Z�g�h�€�� 
�f�_�^�b�q�g�h�€���k�b�k�l�_�f�b 226 

Smolenskyi M.M., Sidenko Ie.V.  
Designing an efficient architecture for 
an RFID-oriented medical system 

226 
    
�K�h�d�h�e���=���1�������K�g�h�[�d�h���>���H��  
�F�_�l�h�^�b�d�b���j�h�a�j�Z�o�m�g�d�•�\���l�Z�� 
�_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o���^�h�k�e�•�^�`�_�g�v�� 
�f�_�o�Z�g�•�q�g�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���l�•�e���`�b�\�b�o��
�e�b�q�b�g�h�d���m���a�g�b�s�_�g�g�•���r�d�•�^�g�b�d�•�\�� 
�Z�d�m�k�l�b�q�g�b�f���k�i�h�k�h�[�h�f 237 

Sokol G.I., Snobko D.O.  
Methods of calculations and  
experimental studies of the mechanical 
characteristics of the bodies of living 
larvae in the destruction of pests by 
acoustic methods 237 

    
�K�m�e�_�c�f�Z�g�h�\���/���K��  
�1�g�l�_�e�_�d�l�m�Z�e�v�g�Z���k�b�k�l�_�f�Z�� 
�d�e�Z�k�b�n�•�d�Z�p�•�€���Z�m�^�•�h�n�Z�c�e�•�\ 252 

Suleymanov Y.  
Intelligent audio file  
classification system 252 

    
�>�f�b�l�j�•�}�\�Z���1���K�������>�f�b�l�j�_�g�d�h���:���F�� 
�A�Z�k�l�h�k�m�\�Z�g�g�y���f�_�l�h�^�•�\���f�Z�r�b�g�g�h�]�h��
�g�Z�\�q�Z�g�g�y���\���h�[�j�h�[�p�•�����'���k�_�c�k�f�•�q�g�b�o��
�a�h�[�j�Z�`�_�g�v 262 

Dmytriieva I.S., Dmytrenko A.M.  
Application of machine learning  
methods in the processing of 3D  
seismic images 262 

    
�A�_�e�_�g�p�h�\���>���=�������R�Z�i�h�\�Z�e�h�\���D���1�� 
�D�h�g�p�_�i�p�•�€���i�j�h�_�d�l�m�\�Z�g�g�y���k�b�k�l�_�f�� 
�d�h�g�l�j�h�e�x���a�g�Z�g�v���a���f�Z�l�_�f�Z�l�b�q�g�b�o 
 �^�b�k�p�b�i�e�•�g���\���m�f�h�\�Z�o���^�b�k�l�Z�g�p�•�c�g�h�€��
�h�k�\�•�l�b 272 

Zelentsov D., Shapovalov K.  
Concepts for designing knowledge  
assessment systems in mathematical 
disciplines under distance education 
conditions 272 



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

287 

�J�?�N�?�J�:�L�B 

�M�>�D�������������� 
�D�Z�e�•�g�•�g�Z�� �1���H������ �=�h�`�b�c�� �H���I������ �R�b�y�g�� �K���,������ �=�h�`�b�c�� �<���H������ �I�Z�k�l�_�j�g�Z�d�� �E���X�����1�g�l�_�e�_�d�l�m��

�Z�e�v�g�Z�� �k�b�k�l�_�f�Z�� �i�j�h�]�g�h�a�m�\�Z�g�g�y�� �i�Z�j�Z�f�_�l�j�•�\�� �i�Z�e�b�\�g�h-�f�Z�k�l�b�e�v�g�b�o�� �f�Z�l�_�j�•�Z�e�•�\ ������ �K�b��
�k�l�_�f�g�•���l�_�o�g�h�e�h�]�•�€�����J�_�]�•�h�g�Z�e�v�g�b�c���f�•�`�\�m�a�•�\�k�v�d�b�c���a�[�•�j�g�b�d���g�Z�m�d�h�\�b�o���i�j�Z�p�v����- �<�b�i�m�k�d��1(162). �± 
�>�g�•�i�j�h����������6. �± �K�������± 14. 

�M�� �k�l�Z�l�l�•�� �j�h�a�]�e�y�^�Z�}�l�v�k�y�� �•�g�l�_�e�_�d�l�m�Z�e�v�g�Z�� �k�b�k�l�_�f�Z�� �i�j�h�]�g�h�a�m�\�Z�g�g�y�� �^�e�y�� �f�h�g�•�l�h�j�b�g�]�m��
�h�[�¶�}�f�•�\�� �i�Z�e�b�\�Z�� �g�Z�� �k�m�^�g�•���� �1�g�n�h�j�f�Z�p�•�c�g�Z�� �k�b�k�l�_�f�Z�� �k�d�e�Z�^�Z�}�l�v�k�y�� �a�� �l�Z�d�b�o�� �i�•�^�k�b�k�l�_�f���� �i�•�^�k�b��
�k�l�_�f�Z���a�[�h�j�m���l�Z���a�[�_�j�•�]�Z�g�g�y���•�g�n�h�j�f�Z�p�•�€�����i�•�^�k�b�k�l�_�f�Z���i�•�^�]�h�l�h�\�d�b���^�Z�g�b�o�����i�•�^�k�b�k�l�_�f�Z���Z�g�Z�e�•�a�m��
�l�Z�� �i�h�i�_�j�_�^�g�v�h�€�� �h�[�j�h�[�d�b �^�Z�g�b�o���� �i�•�^�k�b�k�l�_�f�Z�� �f�h�^�_�e�x�\�Z�g�g�y�� �l�Z�� �i�•�^�k�b�k�l�_�f�Z�� �i�j�h�]�g�h�a�m�\�Z�g�g�y����
�<�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�•�c�� �q�Z�k�l�b�g�•�� �^�h�k�e�•�^�`�_�g�g�y�� �j�h�a�]�e�y�^�Z�}�l�v�k�y�� �i�j�h�[�e�_�f�Z�� �i�j�h�]�g�h�a�m�\�Z�g�g�y�� �h�[��
�k�y�]�•�\���f�h�`�e�b�\�h�]�h���a�Z�i�h�\�g�_�g�g�y���k�b�k�l�_�f���a�[�_�j�•�]�Z�g�g�y���i�Z�e�b�\�h�f���g�Z���h�k�g�h�\�•���a�\�•�l�m���i�j�h���j�_�]�m�e�y�j�g�b�c��
�a�[�•�j���^�Z�g�b�o���i�j�h���j�•�\�_�g�v���l�Z���d�•�e�v�d�•�k�l�v���i�Z�e�b�\�Z���\���j�_�a�_�j�\�m�Z�j�Z�o���g�Z���k�m�^�g�•�����1�g�n�h�j�f�Z�p�•�c�g�Z���k�b�k�l�_�f�Z��
�^�h�a�\�h�e�y�}�� �h�l�j�b�f�m�\�Z�l�b�� �\�b�k�h�d�h�y�d�•�k�g�•�� �i�j�h�]�g�h�a�b�� �d�•�e�v�d�h�k�l�•�� �i�Z�e�b�\�Z�� �^�e�y�� �j�_�a�_�j�\�m�Z�j�•�\�� �j�•�a�g�b�o��
�l�b�i�•�\�����Z���l�Z�d�h�`���m�a�Z�]�Z�e�v�g�_�g�•���i�h�d�Z�a�g�b�d�b�� 

�;�•�[�e. 15, �•�e. 4, �l�Z�[�e. 2. 
�M�>�D������������������������������ 
�=�h�g�q�Z�j�h�\�� �Y���:������ �A�Z�c�p�_�\�Z�� �L���:�����Q�b�k�_�e�v�g�_���^�h�k�e�•�^�`�_�g�g�y�� �d�h�g�l�Z�d�l�g�h�€�� �\�a�Z�}�f�h�^�•�€�� �l�•�e��

�k�d�e�Z�^�g�h�€���n�h�j�f�b���g�Z���h�k�g�h�\�•���•�g�l�_�]�j�h�\�Z�g�b�o���h�[�q�b�k�e�x�\�Z�e�v�g�b�o���i�e�Z�l�n�h�j�f �������K�b�k�l�_�f�g�•���l�_�o��
�g�h�e�h�]�•�€�����J�_�]�•�h�g�Z�e�v�g�b�c���f�•�`�\�m�a�•�\�k�v�d�b�c���a�[�•�j�g�b�d���g�Z�m�d�h�\�b�o���i�j�Z�p�v����- �<�b�i�m�k�d�������������������± �>�g�•�i�j�h����
2026. �± �K��15 �± 26. 

�M�� �j�h�[�h�l�•�� �i�j�_�^�k�l�Z�\�e�_�g�h�� �i�•�^�o�•�^�� �^�h�� �j�h�a�\�¶�y�a�Z�g�g�y�� �a�Z�^�Z�q�� �f�h�^�_�e�x�\�Z�g�g�y�� �d�h�g�l�Z�d�l�g�h�€��
�\�a�Z�}�f�h�^�•�€�� �`�h�j�k�l�d�b�o�� �p�b�e�•�g�^�j�b�q�g�b�o�� �r�l�Z�f�i�•�\�� �•�a�� �i�j�m�`�g�b�f�� �i�•�\�i�j�h�k�l�h�j�h�f���� �s�h�� �i�h�}�^�g�m�}�� �a�Z��
�k�l�h�k�m�\�Z�g�g�y�� �$�Q�V�\�V�� �^�e�y�� �i�h�[�m�^�h�\�b�� �l�Z�� �j�h�a�j�Z�o�m�g�d�m�� �k�d�•�g�q�_�g�g�h-�_�e�_�f�_�g�l�g�b�o�� �f�h�^�_�e�_�c�� �•��
�0�$�7�/�$�%���^�e�y���j�h�a�r�b�j�_�g�h�]�h���i�h�k�l�i�j�h�p�_�k�•�g�]�m���l�Z���\�•�a�m�Z�e�•�a�Z�p�•�€���� �H�k�h�[�e�b�\�•�k�l�x �j�h�[�h�l�b���}�� �•�g�l�_��
�]�j�h�\�Z�g�_�� �\�b�d�h�j�b�k�l�Z�g�g�y���q�b�k�_�e�v�g�b�o�� �f�_�l�h�^�•�\�� �l�Z�� �a�Z�k�h�[�•�\�� �d�h�f�i�¶�x�l�_�j�g�h�€�� �\�•�a�m�Z�e�•�a�Z�p�•�€�� �\�� �j�•�a�g�b�o��
�i�j�h�]�j�Z�f�g�b�o�� �i�Z�d�_�l�Z�o�� �^�e�y�� �Z�g�Z�e�•�a�m�� �d�h�g�l�Z�d�l�g�h�€�� �\�a�Z�}�f�h�^�•�€�� �r�l�Z�f�i�•�\�� �k�d�e�Z�^�g�h�€�� �]�_�h�f�_�l�j�•�€�� �a��
�i�j�m�`�g�b�f�� �•�a�h�l�j�h�i�g�b�f�� �h�^�g�h�j�•�^�g�b�f�� �i�•�\�i�j�h�k�l�h�j�h�f���� �J�h�a�]�e�y�^�Z�x�l�v�k�y�� �r�l�Z�f�i�b�� �a�� �d�j�m�]�h�\�b�f�� 
�_�e�•�i�l�b�q�g�b�f�� �l�Z�� �k�b�f�_�l�j�b�q�g�h-�a�^�_�n�h�j�f�h�\�Z�g�b�f�� �_�e�•�i�l�b�q�g�b�f�� �d�•�e�v�p�_�\�b�f�� �i�_�j�_�j�•�a�h�f���� �s�h�� �n�h�j��
�f�m�}�� �^�\�h�a�\�¶�y�a�g�m���h�[�e�Z�k�l�v���d�h�g�l�Z�d�l�m���i�•�^�� �^�•�}�x���p�_�g�l�j�Z�e�v�g�h�]�h���g�Z�\�Z�g�l�Z�`�_�g�g�y���\�� �m�f�h�\�Z�o���h�k�_�k�b��
�f�_�l�j�b�q�g�h�€���i�h�k�l�Z�g�h�\�d�b���a�Z�^�Z�q�•�����<�b�d�h�g�Z�g�h���Z�g�Z�e�•�a���j�_�a�m�e�v�l�Z�l�•�\�����i�h�[�m�^�h�\�Z�g�h���]�j�Z�n�•�d�b���� 

�;�•�[�e�������������•�e�������� 
�M�>�D���������������������������� 
�=�g�Z�l�m�r�_�g�d�h���<�•�d���<������ �M�^�h�\�b�d�� �1���F������ �O�Z�c�i�d�_���D������ �=�g�Z�l�m�r�_�g�d�h���F���<�����A�Z�k�l�h�k�m�\�Z�g�g�y���f�_��

�l�h�^�•�\���f�Z�r�b�g�g�h�]�h���g�Z�\�q�Z�g�g�y���^�e�y���Z�g�Z�e�•�a�m���\�i�e�b�\�m���e�•�k�h�\�b�o���i�h�`�_�`���g�Z���a�g�•�f�d�b���6�H�Q�W�L�Q�H�O-2 
�i�h�� �M�d�j�Z�€�g�• ������ �K�b�k�l�_�f�g�•�� �l�_�o�g�h�e�h�]�•�€���� �J�_�]�•�h�g�Z�e�v�g�b�c�� �f�•�`�\�m�a�•�\�k�v�d�b�c�� �a�[�•�j�g�b�d�� �g�Z�m�d�h�\�b�o��
�i�j�Z�p�v����- �<�b�i�m�k�d�������������������± �>�g�•�i�j�h�����������������± �K��27 �± 35. 

�<�b�d�h�j�b�k�l�h�\�m�x�q�b�� �f�m�e�v�l�b�k�i�_�d�l�j�Z�e�v�g�•�� �a�g�•�f�d�b�� �a�� �k�m�i�m�l�g�b�d�Z�� �6�H�Q�W�L�Q�H�O-������ �f�b�� �i�j�h�i�h��
�g�m�}�f�h���Z�e�]�h�j�b�l�f�� �g�Z���h�k�g�h�\�•�� �f�h�^�_�e�_�c���f�Z�r�b�g�g�h�]�h���g�Z�\�q�Z�g�g�y���^�e�y���\�b�y�\�e�_�g�g�y���k�i�Z�e�_�g�b�o���e�•�k�h��
�\�b�o���^�•�e�y�g�h�d���� �K�l�\�h�j�_�g�h���g�h�\�b�c���g�Z�[�•�j�� �^�Z�g�b�o���i�j�h���e�•�k�h�\�•�� �i�h�`�_�`�•�����i�j�b�^�Z�l�g�b�c���^�e�y���k�_�f�Z�g�l�b�q��
�g�b�o���f�h�^�_�e�_�c���k�_�]�f�_�g�l�Z�p�•�€�����A�Z�i�j�h�i�h�g�h�\�Z�g�b�c���Z�e�]�h�j�b�l�f���\�b�d�h�j�b�k�l�h�\�m�}���i�•�^�o�•�^���g�Z���h�k�g�h�\�•���d�h�g��
�\�h�e�x�p�•�c�g�b�o�� �g�_�c�j�h�g�g�b�o�� �f�_�j�_�`�� ���&�1�1���� �•�� �[�m�\�� �i�j�h�l�_�k�l�h�\�Z�g�b�c�� �g�Z�� �a�g�•�f�d�Z�o�� �k�m�i�m�l�g�b�d�Z��



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

288 

�6�H�Q�W�L�Q�H�O���� �h�l�j�b�f�Z�g�b�o�� �m�� �`�h�\�l�g�•�� ���������� �j�h�d�m�� �^�e�y�� �i�•�\�h�k�l�j�h�\�Z�� �D�•�g�[�m�j�g���� �M�d�j�Z�€�g�Z���� �a�� �l�h�q�g�•�k�l�x��
���������a�Z���i�h�d�Z�a�g�b�d�h�f���,�R�8�� 

�;�•�[�e���������� 
�M�>�D������������������������ 
�D�Z�\�Z�p���2���2�������D�Z�\�Z�p���X���<�������K�_�j�]�}�}�\�Z �D���E�������J�h�c���>���F�� �H�p�•�g�d�Z���l�h�q�g�h�k�l�•���f�_�l�h�^�•�\���Z�\�l�h��
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�H�[�¶�}�d�l�h�f���^�h�k�e�•�^�`�_�g�g�y���h�[�j�Z�g�h���Z�d�\�Z�l�h�j�•�x���d�h�e�b�r�g�v�h�]�h���D�Z�o�h�\�k�v�d�h�]�h���\�h�^�h�k�o�h�\�b�s�Z�����e�Z�g�^��
�r�Z�n�l�� �y�d�h�€�� �i�•�k�e�y�� �j�m�c�g�m�\�Z�g�g�y�� �D�Z�o�h�\�k�v�d�h�€�� �=�?�K�� �o�Z�j�Z�d�l�_�j�b�a�m�}�l�v�k�y�� �j�•�a�d�h�x�� �k�i�_�d�l�j�Z�e�v�g�h�x��
�g�_�h�^�g�h�j�•�^�g�•�k�l�x�����g�Z�y�\�g�•�k�l�x���a�f�•�r�Z�g�b�o���i�•�d�k�_�e�•�\���•���n�j�Z�]�f�_�g�l�h�\�Z�g�h�x���[�_�j�_�]�h�\�h�x���e�•�g�•�}�x�����>�e�y��
�Z�g�Z�e�•�a�m�� �\�b�d�h�j�b�k�l�Z�g�h�� �h�i�l�b�q�g�•�� �a�g�•�f�d�b�� �6�H�Q�W�L�Q�H�O-���� �•�a�� �k�_�j�_�^�g�v�h�x�� �i�j�h�k�l�h�j�h�\�h�x�� �j�h�a�^�•�e�v�g�h�x��
�a�^�Z�l�g�•�k�l�x���� �s�h���^�Z�e�h���a�f�h�]�m���h�p�•�g�b�l�b���\�i�e�b�\���i�j�h�k�l�h�j�h�\�h-�k�l�j�m�d�l�m�j�g�h�€���g�_�h�^�g�h�j�•�^�g�h�k�l�•�� �e�Z�g�^��
�r�Z�n�l�•�\���� �\�d�e�x�q�g�h�� �a�� �n�j�Z�]�f�_�g�l�h�\�Z�g�b�f�b�� �\�h�^�h�c�f�Z�f�b���� �a�Z�[�h�e�h�q�_�g�b�f�b �^�•�e�y�g�d�Z�f�b���� �h�]�h�e�_�g�b�f��
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�l�h�f�Z�l�b�q�g�b�f���\�b�a�g�Z�q�_�g�g�y�f���h�i�l�b�f�Z�e�v�g�h�]�h���i�h�j�h�]�m���a�Z���f�_�l�h�^�h�f���H�p�m�� 

�;�•�[�e���������������J�b�k����3. 
�M�>�D�������������������� 
�A�b�f�h�]�e�y�^���:���X������ �=�m�^�Z���:���1������ �<�b�j�h�^�h�\�� �H���K���� ���<�i�e�b�\�� �k�b�k�l�_�f�b�� �n�h�d�m�k�m�\�Z�g�g�y�� �g�Z�� �q�m�l��

�e�b�\�•�k�l�v���3�,�5���^�Z�l�q�b�d�m �������K�b�k�l�_�f�g�•���l�_�o�g�h�e�h�]�•�€�����J�_�]�•�h�g�Z�e�v�g�b�c���f�•�`�\�m�a�•�\�k�v�d�b�c���a�[�•�j�g�b�d���g�Z�m��
�d�h�\�b�o���i�j�Z�p�v����- �<�b�i�m�k�d�������������������± �>�g�•�i�j�h�����������������± �K��46 �± 54. 

�;�m�e�h�� �i�j�h�\�_�^�_�g�h�� �^�h�k�e�•�^�`�_�g�g�y �f�h�`�e�b�\�h�k�l�•�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �^�Z�l�q�b�d�m�� �[�_�a�� �e�•�g�a�b�� �l�Z�� �a�•��
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�;�•�[�e. 3, �•�e. 13. 
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�n�e�•�d�l�•�\�� �m�� �f�m�e�v�l�b�Z�]�_�g�l�g�b�o�� �k�b�k�l�_�f�Z�o�� �p�b�n�j�h�\�b�o�� �^�\�•�c�g�b�d�•�\ ������ �K�b�k�l�_�f�g�•�� �l�_�o�g�h�e�h�]�•�€����
�J�_�]�•�h�g�Z�e�v�g�b�c���f�•�`�\�m�a�•�\�k�v�d�b�c���a�[�•�j�g�b�d���g�Z�m�d�h�\�b�o���i�j�Z�p�v����- �<�b�i�m�k�d�������������������± �>�g�•�i�j�h�����������������± 
�K��55 �± 65. 

�J�h�a�]�e�y�^�Z�x�l�v�k�y�� �j�•�a�g�•�� �i�•�^�o�h�^�b�� �^�h�� �h�j�]�Z�g�•�a�Z�p�•�€�� �\�a�Z�}�f�h�^�•�€�� �l�Z�� �d�h�h�j�^�b�g�Z�p�•�€�� �m�� �j�h�a�i�h�^�•�e�_��
�g�b�o���k�b�k�l�_�f�Z�o�����a�h�d�j�_�f�Z�����\�•�^�h�f�•���i�j�h�l�h�d�h�e�b���\�b�j�•�r�_�g�g�y���d�h�g�n�e�•�d�l�•�\���m���f�m�e�v�l�b�Z�]�_�g�l�g�b�o���k�_�j�_��
�^�h�\�b�s�Z�o�� �p�b�n�j�h�\�b�o�� �^�\�•�c�g�b�d�•�\���� �J�h�a�j�h�[�e�_�g�h�� �g�h�\�b�c�� �f�_�l�h�^�� �\�b�j�•�r�_�g�g�y�� �d�h�g�n�e�•�d�l�•�\���l�Z��
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�j�_�a�h�g�Z�g�k�m���^�e�y���a�f�_�g�r�_�g�g�y���d�h�f�m�g�•�d�Z�p�•�c�g�h�]�h���g�Z�\�Z�g�l�Z�`�_�g�g�y���f�_�j�_�`�•���l�Z���a�Z�i�j�h�i�h�g�h�\�Z�g�h���f�Z��
�l�_�f�Z�l�b�q�g�m���f�h�^�_�e�v�� �k�_�e�_�d�l�b�\�g�h�€�� �n�•�e�v�l�j�Z�p�•�€�� �a�Z�i�b�l�•�\�� �g�Z�� �h�k�g�h�\�•�� �i�h�^�•�[�g�h�k�l�•�� �k�l�Z�g�•�\�� �Z�]�_�g�l�•�\����
�G�Z�\�_�^�_�g�h���^�•�Z�]�j�Z�f�b���i�h�k�e�•�^�h�\�g�h�k�l�_�c���l�Z���d�h�f�i�h�g�_�g�l�•�\���^�e�y���k�b�k�l�_�f���•�a���a�Z�k�l�h�k�m�\�Z�g�g�y�f���j�h�a�j�h�[��
�e�_�g�h�]�h���f�_�l�h�^�m�����g�Z�\�_�^�_�g�h���j�_�a�m�e�v�l�Z�l�b���Z�g�Z�e�•�a�m���_�n�_�d�l�b�\�g�h�k�l�•���a�Z�k�l�h�k�m�\�Z�g�g�y���a�Z�i�j�h�i�h�g�h�\�Z�g�h��
�]�h�� �i�•�^�o�h�^�m�� �m�� �i�h�j�•�\�g�y�g�g�•�� �a�� �d�e�Z�k�b�q�g�b�f�b�� �i�j�h�l�h�d�h�e�Z�f�b���� �Z�� �l�Z�d�h�`�� �^�h�k�e�•�^�`�_�g�g�y�� �r�\�b�^�d�h�^�•�€��
�i�j�h�]�j�Z�f �g�h�€���j�_�Z�e�•�a�Z�p�•�€���a�Z�e�_�`�g�h���\�•�^���d�•�e�v�d�h�k�l�•���Z�]�_�g�l�•�\���m���k�b�k�l�_�f�•�� 
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�a�Z�d�e�Z�^�Z�o���a�Z�]�Z�e�v�g�h�€���k�_�j�_�^�g�v�h�€���h�k�\�•�l�b���•�a���i�•�^�d�e�x�q�_�g�g�y�f���R�1-�Z�]�_�g�l�Z ������ �K�b�k�l�_�f�g�•���l�_�o�g�h��
�e�h�]�•�€���� �J�_�]�•�h�g�Z�e�v�g�b�c�� �f�•�`�\�m�a�•�\�k�v�d�b�c�� �a�[�•�j�g�b�d�� �g�Z�m�d�h�\�b�o�� �i�j�Z�p�v����- �<�b�i�m�k�d�� �����������������± �>�g�•�i�j�h����
2026. �± �K��66 �± 75. 

�M���k�l�Z�l�l�•���j�h�a�]�e�y�g�m�l�h���j�h�a�j�h�[�d�m���l�Z���^�h�k�e�•�^�`�_�g�g�y���•�g�l�_�j�Z�d�l�b�\�g�h�]�h���\�_�[-�j�_�k�m�j�k�m���^�e�y���g�Z�\��
�q�Z�g�g�y�� �•�g�n�h�j�f�Z�l�b�d�b�� �m�� �a�Z�d�e�Z�^�Z�o�� �a�Z�]�Z�e�v�g�h�€�� �k�_�j�_�^�g�v�h�€�� �h�k�\�•�l�b�� �\�� �m�f�h�\�Z�o�� �j�_�n�h�j�f�b�� �G�h�\�h�€��
�m�d�j�Z�€�g�k�v�d�h�€�� �r�d�h�e�b���� �H�k�h�[�e�b�\�m�� �m�\�Z�]�m�� �i�j�b�^�•�e�_�g�h�� �•�g�l�_�]�j�Z�p�•�€�� �R�1-�Z�]�_�g�l�Z�� �y�d�� �•�g�k�l�j�m�f�_�g�l�Z��
�i�•�^�l�j�b�f�d�b���m�q�g�•�\���i�•�^���q�Z�k���\�b�d�h�g�Z�g�g�y���a�Z�\�^�Z�g�v�����a�h�d�j�_�f�Z���a���i�j�h�]�j�Z�f�m�\�Z�g�g�y�����H�i�b�k�Z�g�h���Z�j�o�•�l�_�d��
�l�m�j�m�� �k�b�k�l�_�f�b���� �n�m�g�d�p�•�h�g�Z�e�v�g�•�� �f�h�`�e�b�\�h�k�l�•�� �^�e�y�� �j�•�a�g�b�o�� �j�h�e�_�c�� �d�h�j�b�k�l�m�\�Z�q�•�\�� �l�Z�� �j�_�a�m�e�v�l�Z�l�b��
�_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�]�h�� �h�p�•�g�x�\�Z�g�g�y�� �_�n�_�d�l�b�\�g�h�k�l�•�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �r�l�m�q�g�h�]�h�� �•�g�l�_�e�_�d�l�m���� �H�l��
�j�b�f�Z�g�•�� �j�_�a�m�e�v�l�Z�l�b�� �i�•�^�l�\�_�j�^�`�m�x�l�v�� �^�h�p�•�e�v�g�•�k�l�v�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �•�g�l�_�j�Z�d�l�b�\�g�b�o�� �\�_�[-�a�Z�k�h�[�•�\��
�•�a���R�1���^�e�y���i�•�^�\�b�s�_�g�g�y���y�d�h�k�l�•���l�Z���i�_�j�k�h�g�Z�e�•�a�Z�p�•�€���g�Z�\�q�Z�e�v�g�h�]�h���i�j�h�p�_�k�m���a���•�g�n�h�j�f�Z�l�b�d�b�� 

�;�•�[�e�����������•�e�������� 
�M�>�D������������������������������������ 
�I�•�d�•�e�v�g�y�d�� �:���<������ �P�b�\�•�g�^�Z�� �G���1�� �K�l�j�Z�l�_�]�•�€�� �p�b�n�j�h�\�h�€�� �l�j�Z�g�k�n�h�j�f�Z�p�•�€�� �i�•�^�]�h�l�h�\�d�b�� �•�g��

�`�_�g�_�j�•�\-�f�_�o�Z�g�•�d�•�\���\���m�f�h�\�Z�o���^�b�k�l�Z�g�p�•�c�g�h�]�h���g�Z�\�q�Z�g�g�y �������K�b�k�l�_�f�g�•���l�_�o�g�h�e�h�]�•�€�����J�_�]�•�h�g�Z��
�e�v�g�b�c�� �f�•�`�\�m�a�•�\�k�v�d�b�c�� �a�[�•�j�g�b�d�� �g�Z�m�d�h�\�b�o�� �i�j�Z�p�v����- �<�b�i�m�k�d�� �����������������± �>�g�•�i�j�h���� �������������±  
�K��76 �± 84. 

�J�h�a�]�e�y�g�m�l�h���i�j�h�[�e�_�f�b���i�•�^�]�h�l�h�\�d�b���•�g�`�_�g�_�j�•�\-�f�_�o�Z�g�•�d�•�\���m���^�b�k�l�Z�g�p�•�c�g�h�f�m���g�Z�\�q�Z�g�g�•���\��
�m�f�h�\�Z�o���\�h�}�g�g�h�]�h���k�l�Z�g�m�����I�j�h�Z�g�Z�e�•�a�h�\�Z�g�h���i�j�h�\�•�^�g�•��PLM-�k�b�k�l�_�f�b���l�Z���€�o�g�x���i�j�b�^�Z�l�g�•�k�l�v���^�e�y��
�n�h�j�f�m�\�Z�g�g�y���p�b�n�j�h�\�b�o���d�h�f�i�_�l�_�g�p�•�c�����•�g�l�_�]�j�Z�p�•�€��CAD/CAM/CAE �l�Z���\�•�^�i�h�\�•�^�g�h�k�l�•���>�K�L�M����
�A�Z�i�j�h�i�h�g�h�\�Z�g�h���j�_�d�h�f�_�g�^�Z�p�•�€���s�h�^�h���_�n�_�d�l�b�\�g�h�]�h���\�i�j�h�\�Z�^�`�_�g�g�y���3�/�0���m���g�Z�\�q�Z�e�v�g�b�c���i�j�h��
�p�_�k�� 

�;�•�[�e. 10. 
�M�>�D�������� 
�<�h�e�d�h�\�k�v�d�b�c�� �H���K������ �G�•�d�•�r�b�g�Z�� �H���X�� �F�h�^�_�e�x�\�Z�g�g�y�� �k�b�k�l�_�f�b�� �q�_�j�]�� �^�e�y�� �]�_�g�_�j�Z�p�•�€��

SEO-�h�i�l�b�f�•�a�h�\�Z�g�b�o���l�_�d�k�l�•�\�� �m�� �\�b�k�h�d�h�g�Z�\�Z�g�l�Z�`�_�g�h�f�m�� �k�_�j�_�^�h�\�b�s�• ������ �K�b�k�l�_�f�g�•�� �l�_�o�g�h��
�e�h�]�•�€���� �J�_�]�•�h�g�Z�e�v�g�b�c�� �f�•�`�\�m�a�•�\�k�v�d�b�c�� �a�[�•�j�g�b�d�� �g�Z�m�d�h�\�b�o�� �i�j�Z�p�v����- �<�b�i�m�k�d�� �����������������± �>�g�•�i�j�h����
2026. �± �K��85 �± 96. 

�J�h�[�h�l�Z�� �i�j�b�k�\�y�q�_�g�Z�� �j�h�a�j�h�[�p�•�� �k�b�k�l�_�f�b�� �^�e�y�� �Z�\�l�h�f�Z�l�b�a�h�\�Z�g�h�€�� �]�_�g�_�j�Z�p�•�€��SEO-
�h�i�l�b�f�•�a�h�\�Z�g�b�o�� �l�_�d�k�l�•�\�� �a�� �i�h�^�Z�e�v�r�b�f�� �f�h�^�_�e�x�\�Z�g�g�y�f�� �k�b�k�l�_�f�b�� �q�_�j�]���� �>�h�k�e�•�^�`�_�g�•�� �f�_�o�Z�g�•�a��
�f�b���\�a�Z�}�f�h�^�•�€���a���R�1-�k�_�j�\�•�k�Z�f�b���^�e�y���h�i�l�b�f�•�a�Z�p�•�€���i�j�h�p�_�k�m���]�_�g�_�j�Z�p�•�€���l�_�d�k�l�•�\�����K�b�g�l�_�a�h�\�Z�g�Z���4-



�©�K�b�k�l�_�f�g�• �l�_�o�g�h�e�h�]�•�€�ª��1 (162) 2026 �©�6�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�L�H�V�ª 

 

ISSN 1562-9945 (Print) 
ISSN 2707-7977 (Online) 

290 

�k�o�_�f�Z�� �^�e�y�� �\�b�j�•�r�_�g�g�y�� �d�h�g�d�j�_�l�g�h�€�� �a�Z�^�Z�q�•���� �Z�^�Z�i�l�h�\�Z�g�b�c�� �Z�k�b�g�o�j�h�g�g�b�c�� �f�h�^�_�e�x�x�q�b�c�� �Z�e�]�h��
�j�b�l�f�����a�^�•�c�k�g�_�g�_���f�h�^�_�e�x�\�Z�g�g�y���k�b�k�l�_�f�b���q�_�j�]���6�(�2-�h�i�l�b�f�•�a�h�\�Z�g�b�o���l�_�d�k�l�•�\�����<�^�h�k�d�h�g�Z�e�_�g�g�•��
�Z�e�]�h�j�b�l�f�b���\�a�Z�}�f�h�^�•�€���a���R�1-�k�_�j�\�•�k�Z�f�b�����I�h�d�Z�a�Z�g�h�����s�h���h�k�g�h�\�g�b�f���\�m�a�v�d�b�f���f�•�k�p�_�f���}���_�l�Z�i���i�_��
�j�_�\�•�j�d�b���m�g�•�d�Z�e�v�g�h�k�l�•�����s�h���h�[�‰�j�m�g�l�h�\�m�}���\�b�d�h�j�b�k�l�Z�g�g�y���q�_�j�]���•���i�Z�j�Z�e�_�e�v�g�h�€���h�[�j�h�[�d�b�����A�Z�i�j�h��
�i�h�g�h�\�Z�g�b�c���i�•�^�o�•�^���a�Z�[�_�a�i�_�q�m�}���k�l�Z�[�•�e�v�g�m���j�h�[�h�l�m���k�b�k�l�_�f�b�����a�f�_�g�r�_�g�g�y���\�b�l�j�Z�l���•���a�[�_�j�_�`�_�g�g�y��
�\�b�k�h�d�h�€���y�d�h�k�l�•���d�h�g�l�_�g�l�m���� 

�;�•�[�e�����������•�e�����������l�Z�[�e�������� 
�M�>�D�������������������������������� 
�K�i�•�j�•�g�p�_�\�� �<���<���� �K�i�•�j�•�g�p�_�\�Z�� �H���<���� �>�m�[�•�g�Z�� �/���K�����>�h�k�e�•�^�`�_�g�g�y�� �_�n�_�d�l�b�\�g�h�k�l�•�� �j�_��

�Z�e�•�a�Z�p�•�€�� �f�•�d�j�h�k�_�j�\�•�k�g�h�€�� �k�b�k�l�_�f�b�� �f�h�g�•�l�h�j�b�g�]�m�� �d�h�j�b�k�l�m�\�Z�q�•�\�� �l�Z�� �j�_�k�m�j�k�•�\�� �o�f�Z�j�g�h�€��
�i�e�Z�l�n�h�j�f�b���$�:�6 // �K�b�k�l�_�f�g�•���l�_�o�g�h�e�h�]�•�€�����J�_�]�•�h�g�Z�e�v�g�b�c���f�•�`�\�m�a�•�\�k�v�d�b�c���a�[�•�j�g�b�d���g�Z�m�d�h�\�b�o��
�i�j�Z�p�v����- �<�b�i�m�k�d�������������������± �>�g�•�i�j�h�����������������± �K��97 �± 104. 

�J�_�Z�e�•�a�h�\�Z�g�h���l�Z���^�h�k�e�•�^�`�_�g�h���f�•�d�j�h�k�_�j�\�•�k�g�m�� �k�b�k�l�_�f�m���f�h�g�•�l�h�j�b�g�]�m���d�h�j�b�k�l�m�\�Z�q�•�\�� �•�� �j�_��
�k�m�j�k�•�\�� �o�f�Z�j�g�h�€�� �i�e�Z�l�n�h�j�f�b��AWS���� �Z�� �l�Z�d�h�`�� �i�j�h�\�_�^�_�g�h�� �i�h�j�•�\�g�y�e�v�g�b�c�� �Z�g�Z�e�•�a�� �^�\�h�o�� �j�_�Z�e�•�a�Z��
�p�•�c���k�_�j�\�•�k�m���f�_�l�j�b�d���g�Z���f�h�\�Z�o��C�����l�Z��Go�����<�b�d�h�g�Z�g�h���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�_���l�_�k�l�m�\�Z�g�g�y���i�j�h�^�m�d��
�l�b�\�g�h�k�l�•���f�•�d�j�h�k�_�j�\�•�k�•�\���g�Z���_�d�a�_�f�i�e�y�j�Z�o��AWS EC�������i�j�h�\�_�^�_�g�h���Z�g�Z�e�•�a���\�b�d�h�j�b�k�l�Z�g�g�y��CPU, 
�h�i�_�j�Z�l�b�\�g�h�€���i�Z�f�¶�y�l�•���l�Z���q�Z�k�m���\�•�^�i�h�\�•�^�•���k�_�j�\�•�k�•�\�����Z���l�Z�d�h�`���j�h�a�j�h�[�e�_�g�h���f�_�l�h�^�b�d�m���i�h�j�•�\�g�y�e�v��
�g�h�€�� �h�p�•�g�d�b�� �_�n�_�d�l�b�\�g�h�k�l�•�� �j�_�Z�e�•�a�Z�p�•�c���� �s�h�� �\�b�a�g�Z�q�Z�}�� �a�Z�d�h�g�h�f�•�j�g�h�k�l�•�� �a�f�•�g�b�� �i�j�h�^�m�d�l�b�\�g�h�k�l�•��
�i�•�^���j�•�a�g�b�f�b���j�•�\�g�y�f�b���g�Z�\�Z�g�l�Z�`�_�g�g�y�����H�l�j�b�f�Z�g�•���j�_�a�m�e�v�l�Z�l�b���\�b�a�g�Z�q�Z�x�l�v���^�h�p�•�e�v�g�•�k�l�v���a�Z�k�l�h��
�k�m�\�Z�g�g�y���a�Z�a�g�Z�q�_�g�b�o���f�h�\���i�j�h�]�j�Z�f�m�\�Z�g�g�y���\���k�b�k�l�_�f�Z�o���_�e�_�d�l�j�h�g�g�h�€���d�h�f�_�j�p�•�€���a���o�f�Z�j�g�h�x���Z�j��
�o�•�l�_�d�l�m�j�h�x���� �s�h�� �j�h�a�r�b�j�x�}�� �m�y�\�e�_�g�g�y�� �i�j�h�� �\�b�[�•�j�� �l�_�o�g�h�e�h�]�•�c�� �^�e�y�� �f�•�d�j�h�k�_�j�\�•�k�g�b�o�� �k�b�k�l�_�f��
�f�h�g�•�l�h�j�b�g�]�m�� 

�;�•�[�e�����������•�e�����������l�Z�[�e�������� 
�M�>�D�������������������������������� 
�D�j�Z�\�_�p�v�� �H���<������ �F�Z�o�h�g�•�g�Z�� �D���<�����>�h�k�e�•�^�`�_�g�g�y�� �g�_�k�l�Z�p�•�h�g�Z�j�g�h�]�h�� �i�h�e�y�� �l�_�f�i�_�j�Z�l�m�j�b��

�a�Z�� �l�h�\�s�b�g�h�x�� �[�Z�]�Z�l�h�r�Z�j�h�\�h�€�� �a�h�\�g�•�r�g�v�h�€�� �k�l�•�g�h�\�h�€�� �i�Z�g�_�e�•�� �`�b�l�e�h�\�h�]�h�� �[�m�^�b�g�d�m�� �\�� �a�b��
�f�h�\�b�c�� �i�_�j�•�h�^�������� �K�b�k�l�_�f�g�•�� �l�_�o�g�h�e�h�]�•�€���� �J�_�]�•�h�g�Z�e�v�g�b�c�� �f�•�`�\�m�a�•�\�k�v�d�b�c�� �a�[�•�j�g�b�d�� �g�Z�m�d�h�\�b�o��
�i�j�Z�p�v����- �<�b�i�m�k�d�������������������± �>�g�•�i�j�h�����������������± �K��105 �± 111. 

�I�j�h�\�_�^�_�g�h�� �g�_�k�l�Z�p�•�h�g�Z�j�g�b�c�� �l�_�i�e�h�\�b�c�� �j�h�a�j�Z�o�m�g�h�d�� �q�h�l�b�j�b�r�Z�j�h�\�h�€�� �a�h�\�g�•�r�g�v�h�€�� �k�l�•��
�g�h�\�h�€���i�Z�g�_�e�•���a���m�j�Z�o�m�\�Z�g�g�y�f���^�h�[�h�\�h�€���a�f�•�g�b���l�_�f�i�_�j�Z�l�m�j�b���g�Z�\�d�h�e�b�r�g�v�h�]�h���i�h�\�•�l�j�y���\���a�b�f�h��
�\�b�c���i�_�j�•�h�^�����i�h�[�m�^�h�\�Z�g�h���d�j�b�\�•���a�Z�e�_�`�g�h�k�l�•���l�_�f�i�_�j�Z�l�m�j�b���d�h�`�g�h�]�h���r�Z�j�m���k�l�•�g�h�\�h�€���i�Z�g�_�e�•���\�•�^��
�q�Z�k�m���� �J�_�a�m�e�v�l�Z�l�b���j�h�[�h�l�b���f�h�`�m�l�v���[�m�l�b���\�b�d�h�j�b�k�l�Z�g�b�f�b���i�j�b���i�j�h�}�d�l�m�\�Z�g�g�•�� �h�]�h�j�h�^�`�m�\�Z�e�v��
�g�b�o���d�h�g�k�l�j�m�d�p�•�c���`�b�l�e�h�\�b�o �l�Z���i�j�h�f�b�k�e�h�\�b�o���[�m�^�•�\�_�e�v���a���f�_�l�h�x���h�i�l�b�f�Z�e�v�g�h�]�h���\�b�[�h�j�m���j�•�a��
�g�h�\�b�^�•�\���l�_�i�e�h�a�Z�o�b�k�g�b�o���f�Z�l�_�j�•�Z�e�•�\���l�Z���\�b�a�g�Z�q�_�g�g�y���]�_�h�f�_�l�j�b�q�g�b�o���i�Z�j�Z�f�_�l�j�•�\���h�d�j�_�f�b�o���r�Z��
�j�•�\���[�Z�]�Z�l�h�r�Z�j�h�\�h�€���a�h�\�g�•�r�g�v�h�€���k�l�•�g�h�\�h�€���i�Z�g�_�e�•���`�b�l�e�h�\�h�]�h���[�m�^�b�g�d�m�� 

�;�•�[�e. 7, �•�e. 2, �l�Z�[�e. 1. 
�M�>�D�����������������±187.4  
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Air -�*�D�S���l�Z���f�m�e�v�l�b�i�•�^�i�b�k�m���������K�b�k�l�_�f�g�•���l�_�o�g�h�e�h�]�•�€�����J�_�]�•�h�g�Z�e�v�g�b�c���f�•�`�\�m�a�•�\�k�v�d�b�c���a�[�•�j�g�b�d��
�g�Z�m�d�h�\�b�o���i�j�Z�p�v����- �<�b�i�m�k�d�������������������± �>�g�•�i�j�h�����������������± �K��118 �± 124. 

�J�h�a�]�e�y�^�Z�}�l�v�k�y���Z�j�o�•�l�_�d�l�m�j�Z���d�j�b�i�l�h�]�Z�f�Z�g�p�y���� �s�h���[�Z�a�m�}�l�v�k�y���g�Z���n�•�a�b�q�g�•�c���•�a�h�e�y�p�•�€���i�j�b��
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�g�Z�e�v�g�b�c�� �f�•�`�\�m�a�•�\�k�v�d�b�c�� �a�[�•�j�g�b�d�� �g�Z�m�d�h�\�b�o�� �i�j�Z�p�v����- �<�b�i�m�k�d�� �����������������± �>�g�•�i�j�h���� �������������± 
�K��125 �± 131. 
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�g�^�Z�j�l�g�b�o�� �n�j�_�c�f�•�\�� �d�•�e�v�d�•�k�l�v�� �i�h�r�d�h�^�`�_�g�b�o�� �n�j�_�c�f�•�\�� �g�_�� �i�_�j�_�\�b�s�m�}�� ���������� �I�j�b�� �%�(�5� ����-6 
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UDC 004.85 
Kalinina I.O., Gozhyj O.P., Shiyan S.I., Gozhyi V.O., Pasternak L.Yu. Intelligent 

system for forecasting fuel and lubricant parameters // System technologies. N 1(162) - 
Dnipro, 2026.- P.3 �± 14. 

The article considers an intelligent forecasting system for monitoring fuel volumes on a 
ship. The information system consists of the following subsystems: information collection and 
storage subsystem, data preparation subsystem, data analysis and preprocessing subsystem, 
modeling subsystem and forecasting subsystem. The experimental part of the study considers 
the problem of forecasting the volumes of possible filling of fuel storage systems based on a 
report on regular data collection on the level and amount of fuel in tanks on a ship. The 
information system allows you to obtain high-quality forecasts of the amount of fuel for tanks 
of various types, as well as generalized indicators. 

Bibl. 15, ill. 4, table. 2. 
UDC 378, 519.876.5 
Honcharov Y.A., Zaytseva T.A. Numerical investigation of the contact interaction of 

complex-shaped bodies using integrated computational platforms // System technologies. 
N 1(162) - Dnipro, 2026.- P.15 �± 26. 

The paper presents an approach to solving problems of modeling the contact interaction 
of rigid cylindrical punches with an elastic half-space, which combines the use of Ansys for 
constructing and solving finite element models and MATLAB for advanced post-processing 
and visualization. A distinctive feature of the study is the integrated use of numerical methods 
and computer visualization tools in different software packages to analyze the contact 
interaction of punches of complex geometry with an elastic isotropic homogeneous half-
space. The punches considered have circular, elliptic, and symmetrically deformed elliptic 
ring cross-sections, which form a doubly connected contact region under a central load in an 
axisymmetric problem setting. The results are analyzed and plots are constructed. 

Ref. 11, ill. 5. 
UDC 004.93, 004.8 
Hnatushenko Vik., Udovyk I., Heipke Ch., Hnatushenko M. Applying machine 

learning techniques to analyze forest fire impacts on Sentinel-2 imagery across Ukraine 
// System technologies. N 1(162) - Dnipro, 2026.- P.27 �± 35. 

Utilizing multispectral imagery from the Sentinel-2 satellite, we propose an algorithm 
based on machine learning models for the detection of burnt forest areas. A new dataset on 
forest fires has been created, suitable for semantic segmentation models. The proposed 
algorithm uses an approach based on convolutional neural networks (CNN), it was tested on 
Sentinel satellite images acquired in October 2022 for the Kinburn Peninsula, Ukraine, to 
have an accuracy in terms of IoU of 95%. 

Refs. 12. 
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UDK 528.9:556.3 
Kavats O. �H�������.�D�Y�D�W�V Y. V., Serg�L�H�L�H�Y�D���.���/�������5�R�L���'�����F����Assessment of the accuracy of 

automated mapping methods for water surfaces based on spectral indices // System 
technologies. N 1(162) - Dnipro, 2026.- P.36 �± 45. 

The paper presents a comprehensive analysis of the effectiveness of Sentinel-2 spectral 
water indices in combination with automated thresholding using the Otsu method for mapping 
surface waters in areas affected by man-made disasters. The object of the study was the water 
area of the former Kakhovka Reservoir, whose landscape after the destruction of the 
Kakhovka HPP is characterized by pronounced spectral heterogeneity, the presence of mixed 
pixels, and a fragmented shoreline. Sentinel-2 optical images of medium spatial resolution 
were used for the analysis, which made it possible to assess the impact of spatial and 
structural heterogeneity of landscapes, including fragmented water bodies, wetlands, bare soil, 
and young vegetation. Four spectral indices �± NDWI, MNDWI, AWEIsh, and AWEInsh �± 
were used to evaluate water delineation effectiveness, followed by automatic determination of 
the optimal threshold using the Otsu method. 

Bib. 12, Fig. 3. 
UDC 681.586.5  
Zimoglyad A.Yu., Guda A.I., Vyrodov O.S. The influence of the focusing system on 

the sensitivity of the PIR sensor // System technologies. N 1(162) - Dnipro, 2026.-  
P.46 �± 54. 

A study was conducted to investigate the possibility of using a sensor without a lens and 
with a conventional glass lens. The experiment showed that without a lens in front of the 
sensor, the latter has extremely low sensitivity. Without a lens, the output signal is 10 times 
weaker in amplitude. When a glass lens was used, the signal completely disappeared from the 
sensor output. This is due to the fact that conventional glass does not transmit infrared 
radiation of the corresponding range. On the other hand, when using a sensor without a lens, 
the reaction to objects located in the near zone was greater.  

Bib. 3, fig. 13. 
UDC 004.021 
Atamaniuk O.V., Sulema Y.S. Resonance request method for conflict resolution in 

the multiagent systems of the digital twins // System technologies. N 1(162) - Dnipro, 
2026.- P.55 �± 65. 

Various approaches to organizing interaction and coordination in distributed systems 
are examined, specifically focusing on existing conflict resolution protocols within multi-
agent digital twin environments. A novel method for conflict resolution and resource 
allocation is developed, based on the resonance request mechanism. The study also addresses 
the optimal tuning of the adaptive sensitivity threshold and the resonance function to reduce 
network communication load, proposing a mathematical model for selective query filtering 
based on agent state similarity. Sequence and component diagrams for systems implementing 
the developed method are presented. Furthermore, the paper demonstrates the results of an 
efficiency analysis comparing the proposed approach with classical protocols, alongside a 
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performance study of the software implementation relative to the number of agents in the 
system. 

Bibl. 12, ill. 2, tabl. 4. 
UDC 004.9:37 
Bodiu K.O., Vovk S.M. Interactive web resource for teaching computer science in 

general secondary education with AI agent integration // System technologies. N 1(162) - 
Dnipro, 2026.- P.66 �± 75. 

The article presents the development and evaluation of an interactive web-based 
resource for teaching computer science in secondary education institutions within the 
framework of the New Ukrainian School reform. Special attention is paid to the integration of 
an AI agent as a supportive tool for students while completing tasks, particularly 
programming assignments. The system architecture and key functional features are described. 
An experimental study was conducted to assess the impact of AI assistance on learning 
outcomes and task completion efficiency. The results demonstrate the effectiveness and 
feasibility of using AI agents to improve the quality and personalization of computer science 
education. 

Bibl. 8, fig. 7. 
UDC 378.147:621:004.9 
Pikilniak A.V., Tsyvinda N.I. Strategies of digital transformation in the training of 

mechanical engineers under distance learning conditions // System technologies. N 1(162) 
- Dnipro, 2026.- P.76 �± 84. 

The article addresses the challenges of training mechanical engineers through distance 
learning under wartime conditions. Leading PLM systems are analyzed for their suitability in 
developing digital competencies, integrating CAD/CAM/CAE, and complying with national 
standards (DSTU). Recommendations for effective PLM implementation in the educational 
process are proposed. 

Ref. 10. 
UDC 004 
Volkovskyi O.S., Nikishyna O.Yu. Modeling a queue system for generating SEO-

optimized texts in a highly loaded environment // System technologies. N 1(162) - Dnipro, 
2026.- P.85 �± 96. 

The paper is devoted to the development of a system for the automated generation of 
SEO-optimized texts with subsequent modeling of a queue system. Mechanisms of interaction 
with AI services aimed at optimizing the text generation process are investigated. A Q-
scheme for solving a specific problem is synthesized, an asynchronous modeling algorithm is 
adapted, and a queue system for SEO-optimized texts is modeled. The algorithms of 
interaction with AI services are improved. It was shown that the main bottleneck is the stage 
of uniqueness verification, which justifies the use of queues and parallel processing. The 
proposed approach ensures stable system operation, cost reduction, and preservation of high 
content quality. 

Ref. 3, fig. 4, tabl. 3. 
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UDC 004.4:004.738.5 
Spirintsev V.V. Spirintseva O.V. Dubina E.S. Research on the effectiveness of the 

implementation of a microservice system for monitoring users and resources of the AWS 
cloud platform  // System technologies. N 1(162) - Dnipro, 2026.- P.97 �± 104. 

A microservice system for monitoring users and resources of the AWS cloud platform 
has been implemented and studied, and a comparative analysis of two implementations of the 
metrics service in the C# and Go languages has been conducted. Experimental testing of 
microservice performance on AWS EC2 instances has been performed, analysis of CPU 
usage, RAM usage, and service response time has been conducted, and a methodology for 
comparative assessment of implementation effectiveness has been developed, which 
determines the patterns of performance changes under different load levels. The results 
obtained determine the feasibility of using the specified programming languages in e-
commerce systems with cloud architecture, which expands the idea of the choice of 
technologies for microservice monitoring systems. 

Bibl. 6, ill. 6, table. 1. 
UDK 536.212:699.059 
�D�U�D�Y�H�W�V���H���9�������0�D�N�K�R�Q�L�Q�D���D���9����Study of the non-stationary temperature field along 

the thickness of a multilayer external wall panel of a residential building in winter // 
System technologies. N 1(162) - Dnipro, 2026.- P.105 �± 111. 

A non-stationary thermal calculation of a four-layer external wall panel was carried out, 
taking into account the daily change in ambient air temperature in the winter period; curves of 
the temperature dependence of each layer of the wall panel on time were constructed. The 
results of the work can be used in the design of enclosing structures of residential and 
industrial buildings in order to optimally select types of heat-shielding materials and 
determine the geometric parameters of individual layers of a multilayer external wall panel of 
a residential building. 

�%�•�E�O�����������•�O�����������W�D�E�O�������� 
�8�'�K�������������������± 187.4  
Tverdostup M.I. Harmonic inductor -to-frequency converter based on impedance 

converte // System technologies. N 1(162) - Dnipro, 2026.- P.112 �± 117. 
The features of the construction of an inductance-to-frequency converter for harmonic 

oscillations based on an impedance converter are analysed. Conditions for controlling the 
steepness of the conversion characteristic of a measuring generator based on an impedance 
converter by changing the degree of compensation of the initial inductance of a parametric 
sensor connected to a resonant circuit have been found.  

Bibl. 4, ill. 3. 
UDC 004.056.5:004.41 
Ponomarev I.V. Architecture of a secure cryptocurrency wallet based on Air-Gap 

and multisignature mechanisms // System technologies. N 1(162) - Dnipro, 2026.-  
P.118 �± 124. 

The article considers a cryptocurrency wallet architecture based on the physical 
isolation of private keys from the network. A two-tier system consisting of an online Watcher 
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module and an offline Signer module is proposed. Interaction between them is implemented 
via QR codes using the PSBT standard, which eliminates digital attack vectors. The software 
is developed using Vue.js, Quasar, Cordova, and Electron, ensuring cross-platform 
compatibility. The use of the M-of-N multisignature mechanism and AES-256 encryption 
guarantees collective control and data protection against physical access. The proposed 
solution effectively balances high-level security with user convenience. 

Ref. 14, fig. 1. 
UDC 681.3.07 
Khandetskyi V.S., Polyhin G.V., Skuratovskyi �1���:�� The pipeline transmission of 

frame blocks in noisy computer channels // System technologies. N 1(162) - Dnipro, 2026.-  
P.125 �± 131. 

The dependence of the total number of frames transmitted successfully and damaged 
during transmission on the volume of the transmitted application, the length of the window 
and the probability of its successful transmission has been determined. It is shown that with a 
�U�H�O�D�W�L�Y�H�O�\�� �V�P�D�O�O�� �H�U�U�R�U�� �U�D�W�H�� �%�(�5� ���-����-7 and the use of the window contained n=40 standard 
frames, the number of copies of damaged frames transmitted as part of the window at the sec-
ond stage does not exceed 20%. At BER=10-6 this number is already 40%, i.e. some of these 
frames will be re-distorted during transmission at the second stage and will be included in the 
third window. This will lead to an increase in the time required to form the same sequence of 
frames that ar�U�L�Y�H�G���I�U�R�P���W�K�H���W�K�L�U�G���Q�H�W�Z�R�U�N���O�D�\�H�U�����$�W���K�L�J�K�H�U���L�Q�W�H�U�I�H�U�H�Q�F�H���O�H�Y�H�O�V�����%�(�5� �����-����-6), 
the situation worsens significantly. To avoid a significant reduction in network throughput, it 
is necessary to limit the window length to n� �����D�W���%�(�5� �����-����-6 and n=20 at BER=10-6. 

Ref. 5, tabl.1, fig. 1. 
UDC 004.021; 004.383  
Matveeva N.O. Comparative analysis of the effectiveness of pattern application // 

System technologies. N 1(162) - Dnipro, 2026.- P.132 �± 138. 
The features of implementing basic generative patterns in the C#, C++, Python, and Ja-

va programming languages are considered and systematized. A comparative analysis of pat-
tern implementations is performed. Common features and differences in approaches to pattern 
implementation are identified depending on the level of typing and memory management 
mechanisms. 

Bibl. 7, tabl. 10. 
UDC 004.8:621.391 
Ostrovska K., Borysyuk V. Information system for image generation with the possi-

bility of federated learning and further training of generative models // System 
technologies. N 1(162) - Dnipro, 2026.- P.139 �± 147. 

The paper considers the development and research of an information system for image 
generation based on modern generative artificial intelligence models with support for federat-
ed learning and further training mechanisms. 

Bibl.9, Fig.4, tabl.1. 
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UDC 004.056.53:004.89 
Vizhevskyi P., Savenko O. Evolutionary tuning of a UEBA and anomaly detection // 

System technologies. N 1(162) - Dnipro, 2026.- P.148 �± 159. 
This paper addresses the operational limits of user and entity behavior analytics under 

drift, class imbalance, and contextual variability, which often yield persistent false alarms and 
unstable alert streams. The goal is to design a profiling method that remains interpretable and 
adaptive while reducing alert noise. We use a streaming window-based representation with 
exponential forgetting, and apply a genetic algorithm to optimize the detector configuration 
(feature subset, weights, decision threshold, and adaptation parameter) with explicit penalties 
for FPR, alert volatility, and model complexity. Experiments on CLUE-LDS with controlled 
profile-�F�K�D�Q�J�H�� �L�Q�M�H�F�W�L�R�Q�� �V�K�R�Z�� �P�R�G�H�U�D�W�H�� �)���� �L�P�S�U�R�Y�H�P�H�Q�W�� �������������:�������������� �D�O�R�Q�J�V�L�G�H�� �V�W�U�R�Q�J�H�U��
g�D�L�Q�V���L�Q���)�3�5���������������:�����������������&�9�B�D�O�H�U�W�������������:���������������D�Q�G���F�R�P�S�O�H�[�L�W�\�������������:������������ 

Refs. 10, figs. 0, tables 1. 
UDC 519.688 
Havryliuk Y., Strukov V., Uzlov D. Integrated AI -based framework for the continu-

ous coverage problems with geometric constraints // System technologies. N 1(162) - 
Dnipro, 2026.- P.160 �± 176. 

The paper presents an integrated methodology for an AI-based hybrid framework de-
signed to solve the continuous coverage problem under geometric constraints.  

The aim of the study is to construct a unified hybrid framework that integrates metaheu-
ristic and memetic optimization methods with neural surrogate models and a UML-oriented 
information system architecture. 

Bibl.21. 
UDC 539.3 
Kletskov O., Sheveleva A., Loboda V. Effect of surface elasticity in the analysis of 

nanocracks under anti-plane load field // System technologies. N 1(162) - Dnipro, 2026.- 
P.177 �± 190. 

The influence of surface elasticity on the stress�±strain state of a Mode III crack under 
antiplane shear conditions has been investigated. The Gurtin�±Murdoch surface elasticity mod-
el, which accounts for mechanical effects near the crack surface, was employed. The method 
of complex functions and a singular integro-differential equation with a Cauchy-type kernel 
were applied. To solve the problem, the unknown functions were expanded in Chebyshev 
polynomial series and the collocation method was used. It is shown that accounting for sur-
face elasticity eliminates the stress singularity at the crack tips. The obtained results reveal a 
significant effect of crack microdimensions on the stress distribution, which is important for 
nanomechanics. 

Bible 14, ill. 5, tab. 1. 
UDC 519.8 
Koriashkina L.S., Stanina O.D. Mathematical modeling of the location of logistics 

centers and two-stage distribution of material flows: a scenario approach // System 
technologies. N 1(162) - Dnipro, 2026.- P.191 �± 211. 
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The two-stage process of population evacuation and distribution of material resources in 
an emergency logistics system, which involves the placement of collection points and evacua-
tion centers, is examined. The population is considered continuously distributed across the 
region, while the selection of points and centers accounts for emergency scenarios and limited 
accessibility of territories and resources. The aim is to efficiently organize evacuation and ma-
terial flows using a mathematical model and optimization methods that determine the loca-
tion, number, and capacity of collection points and evacuation centers, as well as rationally 
allocate human and material flows between stages.  

Bibl. 17, ill. 1. 
UDC 004.8:51+378.147 
Sachaniuk-Kavets`ka N.V., Hetmaniuk O.I., Huda O.V. The use of artificial intelli-

gence in the study of higher mathematics by students of technical specialties: education-
al effect // System technologies. N 1(162) - Dnipro, 2026.- P.212 �± 225. 

The study confirms that AI systems significantly accelerate the execution of standard 
mathematical operations (such as differential equations and matrix calculations), allowing 
students to focus on the conceptual understanding of the material. Adaptive AI algorithms 
create individualized learning pathways with optimally challenging tasks and instant feed-
back, enhancing both student motivation and learning outcomes. AI platforms support auto-
mated theorem proving a�Q�G�� �F�R�P�S�O�H�[�� �V�\�V�W�H�P�V�� �P�R�G�H�O�L�Q�J���� �W�K�H�U�H�E�\�� �I�R�V�W�H�U�L�Q�J�� �V�W�X�G�H�Q�W�V�¶�� �U�H�V�H�D�U�F�K��
competencies. The practical significance of this work lies in substantiating the integration of 
AI technologies into technical universities, aligning with the broader digital transformation of 
education. Future research will focus on developing contextual algorithms for explainable ar-
tificial intelligence. 

Bibl. 15, fig. 7, tabl. 2. 
UDC 004.9 
Smolenskyi M.M., Sidenko Ie.V. Designing an efficient architecture for an RFID-

oriented medical system // System technologies. N 1(162) - Dnipro, 2026.- P.226 �± 236. 
The article explores the use of RFID technologies in medical information systems. It 

analyzes various architectural approaches and justifies the use of a client-server model with a 
relational database. The proposed architecture ensures high scalability, data security, and ef-
fective medical data management. Special attention is paid to automation, protection, and 
flexible integration with other healthcare IT systems. 

Ref. 21, fig. 4, tabl. 1. 
UDK 531.7 
Sokol G.I., Snobko D.O. Methods of calculations and experimental studies of the 

mechanical characteristics of the bodies of living larvae in the destruction of pests by 
acoustic methods // System technologies. N 1(162) - Dnipro, 2026.- P.237 �± 251. 

In order to destroy harmful insects and their larvae by acoustic means, methods of cal-
culations and experimental studies of the mechanical characteristics of the bodies of living 
Colorado potato beetle larvae have been developed. The work is carried out within the 
framework of the section of applied mechanics "Biomechanics". A new device for conducting 
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experimental studies of the mechanical characteristics of the bodies of living larvae was pro-
posed and used in the measurements of mechanical characteristics. The design scheme of this 
device is protected by a Ukrainian patent for an invention and utility model. The destruction 
of Colorado potato beetle larvae by acoustic waves will allow us to move from chemical 
methods of pest control, which are toxic to humans, to environmentally friendly, acoustic 
methods. 

Bibl. 42, ill. 2, tab. 2. 
UDC 004.85, 519.688 
Suleymanov Y. Intelligent audio file classification system // System technologies. 

N 1(162) - Dnipro, 2026.- P.252 �± 261. 
Genre classification effectiveness of using time-domain and frequency-domain audio 

features for training a multilayer perceptron was observed. The hyperparameters were auto-
matically optimized using the Optuna framework. Furthermore, a post-processing mechanism 
based on hard voting, soft voting, and the Borda count method was introduced. Experimental 
results demonstrate that the proposed ensemble approach significantly enhances the classifica-
tion accuracy compared to the baseline model. 

Ref. 11, fig. 5, tab. 1. 
UDC 004.9 
Dmytriieva I.S., Dmytrenko A.M. Application of machine learning methods in the 

processing of 3D seismic images // System technologies. N 1(162) - Dnipro, 2026.-  
P.262 �± 271. 

The article presents a comprehensive technical review of the application of machine 
learning and deep learning methods for analyzing 3D seismic images in geophysical explora-
tion. It addresses the problem of processing terabytes of seismic data, which traditionally re-
quires months of manual interpretation, and justifies the need to transition to automated anal-
ysis methods. 

Ref. 16. 
UDC 004.9:378.147:51 
Zelentsov D., Shapovalov K. Concepts for designing knowledge assessment systems 

in mathematical disciplines under distance education conditions // System technologies. 
N 1(162) - Dnipro, 2026.- P.272 �± 282. 

The article presents a novel approach to the design of knowledge assessment systems 
for students studying the discipline of Differential Calculus. In contrast to most existing sys-
tems, which rely on fixed databases of tasks and answers, the proposed solution introduces a 
dynamic model that automatically generates tasks based on predefined rules using random 
numbers. Each generated task represents a mathematical function for which the derivative 
must be calculated. Before presenting the task to the student, the system checks its validity. 
The answer is submitted not as a numeric value but in the form of a symbolic mathematical 
expression. 

Ref. 9. 
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