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�:�E�V�W�U�D�F�W 
Segmentation is a difficult stage in the processing and analysis of medical images. This is due to 
the high variability of their characteristics, low contrast processed images and the organization of 
complex geometric objects. The article covers the realization of Sobel operator and Canny 
algorithm using OpenMP parallel programming technology and NVIDIA CUDA. It is shown that 
the implementation of these algorithms for GPUs with CUDA technology improves imaging 
performance. Completion of the computational experiment showed the effectiveness of the 
implementation of Canny algorithm using CUDA technology, compared with OpenMP for 
different resolutions of medical images.  
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�d�h�l�h�j�u�_�� �h�i�j�_�^�_�e�y�x�l�� �b�k�k�e�_�^�h�\�Z�l�_�e�b���� �J�_�a�m�e�v�l�Z�l�h�f��
�k�_�]�f�_�g�l�Z�p�b�b�� �y�\�e�y�_�l�k�y�� �[�b�g�Z�j�g�h�_�� �b�e�b��
�b�_�j�Z�j�o�b�q�_�k�d�h�_�� �b�a�h�[�j�Z�`�_�g�b�_���� �\�� �d�h�l�h�j�h�f�� �d�Z�`�^�u�c��
�m�j�h�\�_�g�v�� �b�a�h�[�j�Z�`�_�g�b�y�� �k�h�h�l�\�_�l�k�l�\�m�_�l�� �d�h�g�d�j�_�l�g�h�f�m��
�d�e�Z�k�k�m�� �\�u�^�_�e�_�g�g�u�o�� �h�[�t�_�d�l�h�\���� �K�_�]�f�_�g�l�Z�p�b�y��
�y�\�e�y�_�l�k�y�� �k�e�h�`�g�u�f�� �f�h�f�_�g�l�h�f�� �\�� �h�[�j�Z�[�h�l�d�_�� �b��
�Z�g�Z�e�b�a�_���f�_�^�b�p�b�g�k�d�b�o���b�a�h�[�j�Z�`�_�g�b�c�����W�l�h���k�\�y�a�Z�g�h���k��
�\�u�k�h�d�h�c�� �\�Z�j�b�Z�[�_�e�v�g�h�k�l�v�x�� �b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d����
�k�e�Z�[�h�c�� �d�h�g�l�j�Z�k�l�g�h�k�l�v�x�� �h�[�j�Z�[�Z�l�u�\�Z�_�f�u�o��
�b�a�h�[�j�Z�`�_�g�b�c�� �b�� �k�e�h�`�g�h�c�� �]�_�h�f�_�l�j�b�q�_�k�d�h�c��
�h�j�]�Z�g�b�a�Z�p�b�_�c���h�[�t�_�d�l�h�\�� 

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

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

�H�^�g�b�f�b�� �b�a�� �\�b�^�h�\�� �k�_�]�f�_�g�l�Z�p�b�b�� �b�a�h�[�j�Z�`�_�g�b�c��
�y�\�e�y�x�l�k�y�� �Z�e�]�h�j�b�l�f�u�� �\�u�^�_�e�_�g�b�y�� �]�j�Z�g�b�p [1]. 
�=�j�Z�g�b�p�Z�� �± �w�l�h�� �j�_�a�d�b�c�� �i�_�j�_�o�h�^�� �y�j�d�h�k�l�b����
�k�e�_�^�h�\�Z�l�_�e�v�g�h���� �k�o�_�f�Z�� �Z�e�]�h�j�b�l�f�Z�� �a�Z�d�e�x�q�Z�_�l�k�y�� �\��
�h�[�g�Z�j�m�`�_�g�b�b�� �j�Z�a�j�u�\�h�\�� �y�j�d�h�k�l�b���� �>�e�y�� �l�h�]�h�� �q�l�h�[�u��
�g�Z�c�l�b�� �j�_�a�d�h�_�� �b�a�f�_�g�_�g�b�_�� �y�j�d�h�k�l�b���� �g�_�h�[�o�h�^�b�f�h��
�g�Z�c�l�b�� �Z�[�k�h�e�x�l�g�h�_�� �a�g�Z�q�_�g�b�_�� �]�j�Z�^�b�_�g�l�Z���� �l�Z�d�� �d�Z�d��
�g�Z�b�[�h�e�v�r�_�_�� �_�]�h�� �b�a�f�_�g�_�g�b�_�� �i�j�h�b�k�o�h�^�b�l�� �\��
�g�Z�i�j�Z�\�e�_�g�b�b���]�j�Z�g�b�p�u�� 

�>�Z�g�g�u�_�� �Z�e�]�h�j�b�l�f�u�� �^�h�\�h�e�v�g�h�� �l�h�q�g�u���� �h�^�g�Z�d�h��
�b�f�_�x�l���[�h�e�v�r�m�x���\�u�q�b�k�e�b�l�_�e�v�g�m�x���k�e�h�`�g�h�k�l�v���� 

�H�i�_�j�Z�l�h�j�� �K�h�[�_�e�y�� �± �^�b�k�d�j�_�l�g�u�c
�^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�c�� �h�i�_�j�Z�l�h�j���� �\�u�q�b�k�e�y�x�s�b�c��
�i�j�b�[�e�b�`�_�g�g�u�_�� �a�g�Z�q�_�g�b�y�� �i�j�h�b�a�\�h�^�g�u�o�� �j�Z�a�g�h�]�h��
�i�h�j�y�^�d�Z���^�e�y���n�m�g�d�p�b�b���y�j�d�h�k�l�b���i�b�d�k�_�e�_�c�����G�Z�b�[�h�e�_�_��
�j�Z�k�i�j�h�k�l�j�Z�g�_�g�g�u�f�� �i�j�b�f�_�j�h�f�� �i�j�Z�d�l�b�q�_�k�d�h�]�h��
�b�k�i�h�e�v�a�h�\�Z�g�b�y�� �y�\�e�y�_�l�k�y �h�i�j�_�^�_�e�_�g�b�_�� �]�j�Z�g�b�p��
���j�_�[�_�j���� �h�[�t�_�d�l�h�\�� �g�Z�� �b�a�h�[�j�Z�`�_�g�b�b���� �l���_���� �l�h�q�_�d��
�j�_�a�d�h�]�h���b�a�f�_�g�_�g�b�y���y�j�d�h�k�l�b�� 

�>�Z�g�g�u�c�� �h�i�_�j�Z�l�h�j�� �h�k�g�h�\�Z�g�� �g�Z�� �k�\�_�j�l�d�_��
�b�a�h�[�j�Z�`�_�g�b�y�� �k�� �p�_�e�h�q�b�k�e�_�g�g�u�f�b�� �n�b�e�v�l�j�Z�f�b���� �<��
�i�j�h�k�l�_�c�r�_�f�� �k�e�m�q�Z�_�� �h�i�_�j�Z�l�h�j�� �i�h�k�l�j�h�_�g�� �g�Z��
�\�u�q�b�k�e�_�g�b�b�� �k�\�_�j�l�h�d�� �b�k�o�h�^�g�h�]�h�� �b�a�h�[�j�Z�`�_�g�b�y�� �k��
�y�^�j�Z�f�b �%�ì  �b���á �%�ì  �h�[�_�k�i�_�q�b�\�Z�x�s�b�f�b�� �\�u�q�b�k�e�_�g�b�_
�i�_�j�\�u�o���i�j�h�b�a�\�h�^�g�u�o���i�h���g�Z�i�j�Z�\�e�_�g�b�y�f 

�)�ë=
e

F�s �r �s

F�t �r �t

F�s �r �s


i �)�ì =
e

F�s �t 
F�s
�r �r �r
�s �t �s


i (1) 

�H�i�_�j�Z�l�h�j�� �K�h�[�_�e�y�� �b�k�i�h�e�v�a�m�_�l�k�y�� �^�e�y��
�i�j�b�[�e�b�`�_�g�g�h�]�h�� �\�u�q�b�k�e�_�g�b�y�� �]�j�Z�^�b�_�g�l�Z�� �n�m�g�d�p�b�b��
�b�g�l�_�g�k�b�\�g�h�k�l�b�� �i�b�d�k�_�e�_�c�� �>���� ���@���� �I�j�b�f�_�g�_�g�b�_��
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�B�G�N�H�J�F�:�P�B�H�G�G�U�?���L�?�O�G�H�E�H�=�B�B 
INFORMATION TECHNOLOGIES  

�h�i�_�j�Z�l�h�j�Z�� �%�ë �i�h�a�\�h�e�y�_�l�� �h�i�j�_�^�_�e�b�l�v��
�i�j�b�[�e�b�`�_�g�g�h�_�� �a�g�Z�q�_�g�b�_�� �i�_�j�\�h�c�� �q�Z�k�l�g�h�c��
�i�j�h�b�a�\�h�^�g�h�c�� �b�a�f�_�g�_�g�b�y�� �b�g�l�_�g�k�b�\�g�h�k�l�b�� �\��
�]�h�j�b�a�h�g�l�Z�e�v�g�h�f�� �g�Z�i�j�Z�\�e�_�g�b�b���� �± �\�� �\�_�j�l�b�d�Z�e�v�g�h�f����
�G�Z�� �h�k�g�h�\�Z�g�b�b�� �^�Z�g�g�h�c�� �b�g�n�h�j�f�Z�p�b�b�� �f�h�`�g�h��
�\�u�q�b�k�e�b�l�v�� �f�Z�]�g�b�l�m�^�m�� �]�j�Z�^�b�_�g�l�Z�� �^�e�y �i�b�d�k�_�e�y�� �k��
�d�h�h�j�^�b�g�Z�l�Z�f�b��(i,j) �k�h�]�e�Z�k�g�h���n�h�j�f�m�e�_�������� 

���
�� �� 
L �� ���)�ë�� �� 
E �� ���%�ì ��  (2) 

�L�Z�d�`�_���� �b�k�i�h�e�v�a�m�y�� �i�h�e�m�q�_�g�g�u�_�� �^�Z�g�g�u�_����
�f�h�`�g�h�� �h�i�j�_�^�_�e�b�l�v�� �g�Z�i�j�Z�\�e�_�g�b�_�� �]�j�Z�^�b�_�g�l�Z�� �i�h��
�n�h�j�f�m�e�_�������� 

�à�Ü�Ý
L �ƒ�”�…�–�ƒ�•���:
�À�ä
�À�ã

) (3) 

�I�j�_�^�e�Z�]�Z�_�l�k�y�� �^�e�y�� �\�u�^�_�e�_�g�b�y�� �]�j�Z�g�b�p�� �g�Z��
�f�_�^�b�p�b�g�k�d�b�o�� �b�a�h�[�j�Z�`�_�g�b�y�o �b�k�i�h�e�v�a�h�\�Z�l�v��
�h�i�_�j�Z�l�h�j�� �D�w�g�g�b�� ���&�D�Q�Q�\���� �>���� ���@���� �:�e�]�h�j�b�l�f��
�h�[�g�Z�j�m�`�_�g�b�y�� �]�j�Z�g�b�p�� �D�w�g�g�b�� �k�h�k�l�h�b�l�� �b�a�� �q�_�l�u�j�_�o��
�w�l�Z�i�h�\�� 

1. �=�Z�m�k�k�h�\�Z���n�b�e�v�l�j�Z�p�b�y��
2. �N�b�e�v�l�j�Z�p�b�y���K�h�[�_�e�y��
3. �I�h�^�Z�\�e�_�g�b�_���g�_���f�Z�d�k�b�f�m�f�h�\��
4. �>�\�h�c�g�Z�y���i�h�j�h�]�h�\�Z�y���n�b�e�v�l�j�Z�p�b�y.
�>�_�l�_�d�l�h�j�� �j�_�[�_�j�� �D�w�g�g�b�� �i�j�_�^�g�Z�a�g�Z�q�_�g�� �^�e�y��

�i�h�b�k�d�Z�� �]�j�Z�g�b�p�� �g�Z�� �b�a�h�[�j�Z�`�_�g�b�b���� �=�j�Z�g�b�p�u �± �w�l�h��
�e�b�g�b�b�� �g�Z�� �b�a�h�[�j�Z�`�_�g�b�b���� �\�� �d�h�l�h�j�u�o�� �i�j�h�b�k�o�h�^�b�l��
�j�_�a�d�h�_���b�a�f�_�g�_�g�b�_���y�j�d�h�k�l�b���� 

�P�_�e�v�x���D�w�g�g�b���[�u�e�h���j�Z�a�j�Z�[�h�l�Z�l�v���h�i�l�b�f�Z�e�v�g�u�c��
�Z�e�]�h�j�b�l�f���h�[�g�Z�j�m�`�_�g�b�y���]�j�Z�g�b�p�����m�^�h�\�e�_�l�\�h�j�y�x�s�b�c��
�l�j�z�f���d�j�b�l�_�j�b�y�f�� 

�x �o�h�j�h�r�_�_�� �h�[�g�Z�j�m�`�_�g�b�_�� ���D�w�g�g�b�� �l�j�Z�d�l�h�\�Z�e
�w�l�h�� �k�\�h�c�k�l�\�h�� �d�Z�d�� �i�h�\�u�r�_�g�b�_��
�h�l�g�h�r�_�g�b�y �k�b�]�g�Z�e/�r�m�f); 

�x �o�h�j�h�r�Z�y �e�h�d�Z�e�b�a�Z�p�b�y�� ���i�j�Z�\�b�e�v�g�h�_��
�h�i�j�_�^�_�e�_�g�b�_���i�h�e�h�`�_�g�b�y���]�j�Z�g�b�p�u���� 

�x �_�^�b�g�k�l�\�_�g�g�u�c���h�l�d�e�b�d���g�Z���h�^�g�m���]�j�Z�g�b�p�m��
�:�e�]�h�j�b�l�f�� �^�_�l�_�d�l�h�j�Z�� �]�j�Z�g�b�p�� �g�_��

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

�<�� �^�Z�g�g�h�f�� �Z�e�]�h�j�b�l�f�_�� �i�j�_�^�e�Z�]�Z�_�l�k�y��
�b�k�i�h�e�v�a�h�\�Z�l�v�� �b�g�n�h�j�f�Z�p�b�x�� �h�� �g�Z�i�j�Z�\�e�_�g�b�b��
�]�j�Z�g�b�p�u�� �^�e�y�� �l�h�]�h���� �q�l�h�[�u�� �m�^�Z�e�y�l�v�� �l�h�q�d�b�� �j�y�^�h�f�� �k��
�]�j�Z�g�b�p�_�c�� �b�� �g�_�� �j�Z�a�j�u�\�Z�l�v�� �k�Z�f�m�� �]�j�Z�g�b�p�m�� �\�[�e�b�a�b��
�e�h�d�Z�e�v�g�u�o���f�Z�d�k�b�f�m�f�h�\���]�j�Z�^�b�_�g�l�Z�����I�h�k�e�_���w�l�h�]�h���g�Z��
�k�e�_�^�m�x�s�_�f�� �w�l�Z�i�_�� �i�j�_�^�e�Z�]�Z�_�l�k�y�� �k�� �i�h�f�h�s�v�x�� �^�\�m�o��
�i�h�j�h�]�h�\�� �m�^�Z�e�y�l�v�� �k�e�Z�[�u�_�� �]�j�Z�g�b�p�u���� �i�j�b�� �w�l�h�f��
�n�j�Z�]�f�_�g�l�� �]�j�Z�g�b�p�u�� �h�[�j�Z�[�Z�l�u�\�Z�_�l�k�y�� �d�Z�d�� �p�_�e�h�_����
�?�k�e�b�� �a�g�Z�q�_�g�b�_�� �]�j�Z�^�b�_�g�l�Z�� �]�^�_-�g�b�[�m�^�v�� �g�Z��
�b�k�k�e�_�^�m�_�f�h�f���n�j�Z�]�f�_�g�l�_���i�j�_�\�u�k�b�l���\�_�j�o�g�b�c���i�h�j�h�]����

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

�<�d�e�x�q�_�g�b�_�� �\�� �Z�e�]�h�j�b�l�f�� �D�w�g�g�b��
�r�m�f�h�i�h�^�Z�\�e�_�g�b�y�� �k�� �h�^�g�h�c�� �k�l�h�j�h�g�u�� �i�h�\�u�r�Z�_�l��
�m�k�l�h�c�q�b�\�h�k�l�v�� �j�_�a�m�e�v�l�Z�l�h�\���� �Z�� �k�� �^�j�m�]�h�c �± 
�m�\�_�e�b�q�b�\�Z�_�l���\�u�q�b�k�e�b�l�_�e�v�g�u�_���a�Z�l�j�Z�l�u���b���i�j�b�\�h�^�b�l��
�d���b�k�d�Z�`�_�g�b�x���b���^�Z�`�_���i�h�l�_�j�_���i�h�^�j�h�[�g�h�k�l�_�c���]�j�Z�g�b�p����
�L�Z�d���� �g�Z�i�j�b�f�_�j���� �l�Z�d�b�f�� �Z�e�]�h�j�b�l�f�h�f�� �k�d�j�m�]�e�y�x�l�k�y��
�m�]�e�u�� �h�[�t�_�d�l�h�\�� �b�� �j�Z�a�j�m�r�Z�x�l�k�y�� �]�j�Z�g�b�p�u�� �\�� �l�h�q�d�Z�o��
�k�h�_�^�b�g�_�g�b�c.  

�J�Z�k�k�f�h�l�j�b�f�� �[�h�e�_�_�� �i�h�^�j�h�[�g�h�� �h�k�g�h�\�g�u�_�� �w�l�Z�i�u��
�j�_�Z�e�b�a�Z�p�b�b���Z�e�]�h�j�b�l�f���D�w�g�g�b���>���� 8]. 

1. �K�]�e�Z�`�b�\�Z�g�b�_�� �m�^�Z�e�_�g�b�_�� �r�m�f�Z��
�i�h�k�j�_�^�k�l�\�h�f���n�b�e�v�l�j�Z���=�Z�m�k�k�Z����

�I�m�k�l�v�� �b�k�o�h�^�g�h�_�� �b�a�h�[�j�Z�`�_�g�b�_�� �[�m�^�_�l�� �a�Z�^�Z�g�h��
�y�j�d�h�k�l�v�x x (m, n������ �=�Z�m�k�k�h�\�h�� �j�Z�a�f�u�l�b�_�� �k���j�Z�^�b�m�k�h�f��
r  �k�q�b�l�Z�_�l�k�y���i�h���n�h�j�f�m�e�_�������� 

�U�:�I�á �J�; 
L
�s

�t�è�N�6

Í �A

�7�:�à�. �6�á�.�;

�.�Ý�. �T�:�I 
E �Q�á �J 
E �R�;
�è�á�é

 
(4) 

�I�j�_�^�_�e�u�� �k�m�f�f�b�j�h�\�Z�g�b�y�� �i�h u �b v �f�h�`�g�h��
�\�u�[�b�j�Z�l�v�� �d�Z�d�� �i�e�x�k�� �f�b�g�m�k�� �g�_�k�d�h�e�v�d�h�� �k�b�]�f���� �l���_����
�j�Z�^�b�m�k�h�\ r���� �q�l�h�� �^�Z�z�l�� �k�e�h�`�g�h�k�l�v�� �Z�e�]�h�j�b�l�f�Z��
�i�h�j�y�^�d�Z���2��r2�����h�i�_�j�Z�p�b�c���g�Z���i�b�d�k�_�e�v������ 

�I�_�j�\�h�_�� �m�k�d�h�j�_�g�b�_�� �^�Z�z�l�� �k�\�h�c�k�l�\�h��
�k�_�i�Z�j�Z�[�_�e�v�g�h�k�l�b�� �]�Z�m�k�k�h�\�Z�� �j�Z�a�f�u�l�b�y���� �L�h�� �_�k�l�v����
�f�h�`�g�h���i�j�h�\�_�k�l�b���n�b�e�v�l�j�Z�p�b�x���i�h���h�k�b x �^�e�y���d�Z�`�^�h�c��
�k�l�j�h�d�b���� �i�h�e�m�q�_�g�g�h�_�� �b�a�h�[�j�Z�`�_�g�b�_�� �h�l�n�b�e�v�l�j�h�\�Z�l�v��
�i�h y �i�h�� �d�Z�`�^�h�f�m�� �k�l�h�e�[�p�m�� �b�� �i�h�e�m�q�b�l�v�� �l�h�l�� �`�_��
�j�_�a�m�e�v�l�Z�l�� �k�h�� �k�e�h�`�g�h�k�l�v�x�� �2��r���� �h�i�_�j�Z�p�b�c�� �g�Z��
�i�b�d�k�_�e�v���� 

2. �I�h�b�k�d �]�j�Z�^�b�_�g�l�h�\���� �i�j�b�f�_�g�y�_�l�k�y��
�^�b�k�d�j�_�l�g�u�c�� �^�b�n�n�_�j�_�g�p�b�j�h�\�Z�g�g�u�c�� �h�i�_�j�Z�l�h�j��
�K�h�[�_�e�y���� �d�h�l�h�j�u�_�� �\�u�q�b�k�e�y�_�l�� �i�j�b�[�e�b�`�_�g�g�h�_��
�a�g�Z�q�_�g�b�_���]�j�Z�^�b�_�g�l�Z���\���d�Z�`�^�h�c���l�h�q�d�_�� 

�J�_�a�m�e�v�l�Z�l�h�f�� �i�j�b�f�_�g�_�g�b�y���h�i�_�j�Z�l�h�j�Z�� �K�h�[�_�e�y���\��
�d�Z�`�^�h�c�� �l�h�q�d�_�� �b�a�h�[�j�Z�`�_�g�b�y�� �y�\�e�y�_�l�k�y�� �e�b�[�h�� �\�_�d�l�h�j��
�]�j�Z�^�b�_�g�l�Z�� �y�j�d�h�k�l�b�� �\�� �w�l�h�c�� �l�h�q�d�_���� �e�b�[�h�� �_�]�h�� �g�h�j�f�Z����
�>�e�y�� �h�[�g�Z�j�m�`�_�g�b�y�� �b�a�f�_�g�_�g�b�c�� �b�g�l�_�g�k�b�\�g�h�k�l�b�� �\��
�]�h�j�b�a�h�g�l�Z�e�v�g�h�f���g�Z�i�j�Z�\�e�_�g�b�b����dx�����b���\�_�j�l�b�d�Z�e�v�g�h�f��
�g�Z�i�j�Z�\�e�_�g�b�b����dy�����\�u�q�b�k�e�y�x�l�k�y���\�_�e�b�q�b�g�Z���F���d�j�Z�y���b��
�g�Z�i�j�Z�\�e�_�g�b�_�� �]�j�Z�^�b�_�g�l�Z�� ���� �i�h�� �n�h�j�f�m�e�Z�f�� �������� �b�� ��������
�k�h�h�l�\�_�l�k�l�\�_�g�g�h�� 

https://ru.wikipedia.org/wiki/%D0%A1%D0%B8%D0%B3%D0%BD%D0%B0%D0%BB
https://ru.wikipedia.org/wiki/%D0%A6%D0%B8%D1%84%D1%80%D0%BE%D0%B2%D0%BE%D0%B9_%D1%88%D1%83%D0%BC_%D0%B8%D0%B7%D0%BE%D0%B1%D1%80%D0%B0%D0%B6%D0%B5%D0%BD%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%93%D1%80%D0%B0%D0%B4%D0%B8%D0%B5%D0%BD%D1%82
https://ru.wikipedia.org/wiki/%D0%93%D0%B8%D1%81%D1%82%D0%B5%D1%80%D0%B5%D0%B7%D0%B8%D1%81
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�B�G�N�H�J�F�:�P�B�H�G�G�U�?���L�?�O�G�H�E�H�=�B�B 
INFORMATION TECHNOLOGIES  

�/ 
L 
§�@�ë
�6 
E �@�ì�6 (5) 

�à 
L �P�=�J�?�5�@
�×�ä

�×�ã
�A (6) 

3. �I�h�^�Z�\�e�_�g�b�_�� �g�_�� �f�Z�d�k�b�f�m�f�h�\���� �e�h�d�Z�e�v�g�u�_
�f�Z�d�k�b�f�m�f�u�� �h�l�f�_�q�Z�x�l�k�y�� �d�Z�d�� �]�j�Z�g�b�p�u���� �M�^�Z�e�y�x�l�k�y��
�i�b�d�k�_�e�b���� �d�h�l�h�j�u�_�� �g�_�� �y�\�e�y�x�l�k�y�� �q�Z�k�l�v�x�� �d�j�Z�y����
�k�e�_�^�h�\�Z�l�_�e�v�g�h���� �h�k�l�Z�g�m�l�k�y�� �l�h�e�v�d�h�� �l�h�g�d�b�_�� �e�b�g�b�b����
�G�Z�� �w�l�h�f�� �w�l�Z�i�_���� �e�h�d�Z�e�v�g�u�c�� �f�Z�d�k�b�f�m�f�� �\�^�h�e�v��
�g�Z�i�j�Z�\�e�_�g�b�y�� �]�j�Z�^�b�_�g�l�Z�� �h�[�g�Z�j�m�`�b�\�Z�_�l�k�y�� �k��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�f���a�g�Z�q�_�g�b�c���F���b�������� 

4. �>�\�h�c�g�Z�y�� �i�h�j�h�]�h�\�Z�y�� �n�b�e�v�l�j�Z�p�b�y���� �_�k�e�b
�a�g�Z�q�_�g�b�_�� �i�b�d�k�_�e�y�� �\�u�r�_�� �\�_�j�o�g�_�c�� �]�j�Z�g�b�p�u���� �l�h�� �h�g�Z��
�i�j�b�g�b�f�Z�_�l�� �f�Z�d�k�b�f�Z�e�v�g�h�_�� �a�g�Z�q�_�g�b�_���� �_�k�e�b�� �g�b�`�_�� �± 
�i�b�d�k�_�e�v�� �i�h�^�Z�\�e�y�_�l�k�y���� �>�\�h�c�g�Z�y�� �i�h�j�h�]�h�\�Z�y��
�n�b�e�v�l�j�Z�p�b�y�� �b�k�i�h�e�v�a�m�_�l�k�y�� �\�� �d�Z�q�_�k�l�\�_�� �k�j�_�^�k�l�\�Z��
�m�k�l�j�Z�g�_�g�b�y�� �i�h�e�h�k���� �I�h�e�h�k�Z�� �± �w�l�h�� �j�Z�a�[�b�_�g�b�_��
�d�h�g�l�m�j�Z�� �d�j�Z�y���� �\�u�a�\�Z�g�g�h�_�� �h�i�_�j�Z�l�h�j�h�f�� �\�u�o�h�^�g�h�]�h��
�d�h�e�_�[�Z�g�b�y���\�u�r�_���b���g�b�`�_���i�h�j�h�]�h�\�h�]�h���m�j�h�\�g�y���� 

�?�k�e�b�� �_�^�b�g�k�l�\�_�g�g�u�c�� �i�h�j�h�]���� �W���� �i�j�b�f�_�g�y�_�l�k�y�� �d��
�b�a�h�[�j�Z�`�_�g�b�x�� �b�� �d�j�Z�c�� �b�f�_�_�l�� �k�j�_�^�g�x�x�� �k�b�e�m����
�j�Z�\�g�m�x�� �W������ �l�h�� �b�a-�a�Z�� �r�m�f�Z���� �[�m�^�m�l�� �k�e�m�q�Z�b���� �d�h�]�^�Z��
�d�j�Z�c�� �h�i�m�k�d�Z�_�l�k�y�� �g�b�`�_�� �i�h�j�h�]�h�\�h�]�h�� �m�j�h�\�g�y���� �<��
�j�Z�\�g�h�c�� �k�l�_�i�_�g�b�� �h�g�� �[�m�^�_�l�� �l�Z�d�`�_�� �j�Z�k�i�j�h�k�l�j�Z�g�y�l�v�k�y��
�\�u�r�_�� �i�h�j�h�]�Z�� �i�j�b�g�y�l�b�y�� �d�j�Z�y���� �i�h�o�h�`�_�]�h�� �g�Z��
�i�m�g�d�l�b�j�g�m�x�� �e�b�g�b�x���� �E�x�[�h�c�� �i�b�d�k�_�e�v�� �\��
�b�a�h�[�j�Z�`�_�g�b�b���� �d�h�l�h�j�u�c�� �b�f�_�_�l�� �a�g�Z�q�_�g�b�_�� �[�h�e�v�r�_�_����
�q�_�f�� �W���� �i�j�_�^�i�h�e�h�`�b�l�_�e�v�g�h�� �y�\�e�y�_�l�k�y�� �d�j�Z�_�\�u�f��
�i�b�d�k�_�e�_�f���� �b�� �g�_�f�_�^�e�_�g�g�h�� �h�[�h�a�g�Z�q�Z�_�l�k�y�� �d�Z�d��
�l�Z�d�h�\�h�c���� �A�Z�l�_�f���� �e�x�[�u�_�� �i�b�d�k�_�e�b���� �d�h�l�h�j�u�_��
�k�h�_�^�b�g�y�x�l�k�y �k���w�l�b�f���d�j�Z�_�\�u�f���i�b�d�k�_�e�_�f���b���d�h�l�h�j�u�_��
�b�f�_�x�l�� �a�g�Z�q�_�g�b�_���� �[�h�e�v�r�_�_�� �q�_�f�� �W������ �l�Z�d�� �`�_��
�\�u�[�b�j�Z�x�l�k�y�� �d�Z�d�� �d�j�Z�_�\�u�_�� �i�b�d�k�_�e�b���� �>�e�y�� �g�Z�q�Z�e�Z��
�^�\�b�`�_�g�b�y�� �\�^�h�e�v�� �d�j�Z�y�� �g�_�h�[�o�h�^�b�f�� �]�j�Z�^�b�_�g�l�� �W������ �Z��
�^�e�y���h�d�h�g�q�Z�g�b�y���± �]�j�Z�^�b�_�g�l���g�b�`�_���W��. 

�>�e�y�� �l�_�k�l�b�j�h�\�Z�g�b�y�� �i�j�h�]�j�Z�f�f�u�� �k�_�]�f�_�g�l�Z�p�b�b��
�b�a�h�[�j�Z�`�_�g�b�b�� �f�_�l�h�^�h�f�� �D�w�g�g�b�� �b�� �K�h�[�_�e�y����
�j�_�Z�e�b�a�h�\�Z�g�g�u�o�� �k�� �i�h�f�h�s�v�x�� �l�_�o�g�h�e�h�]�b�b�� �2�S�H�QMP 
�b�k�o�h�^�g�h�_�� �b�a�h�[�j�Z�`�_�g�b�_���� �i�j�_�^�k�l�Z�\�e�_�g�g�h�_�� �g�Z��
�j�b�k�m�g�d�_���� �i�h�^�Z�\�Z�e�h�k�v�� �g�Z�� �\�o�h�^�� ������ �j�Z�a�Z���� �D�Z�`�^�u�c��
�i�j�h�^�_�e�Z�g�g�u�c�� �w�d�k�i�_�j�b�f�_�g�l�� �i�j�h�\�h�^�b�e�k�y�� �k�� �h�^�g�b�f��
�b�a�h�[�j�Z�`�_�g�b�_�f���� �g�h�� �j�Z�a�g�h�]�h�� �j�Z�a�j�_�r�_�g�b�y���� �I�h�k�e�_��
�\�u�i�h�e�g�_�g�b�y�� �h�[�j�Z�[�h�l�d�b�� �b�a�h�[�j�Z�`�_�g�b�c���� �i�j�h�]�j�Z�f�f�Z��
�i�j�h�b�a�\�h�^�b�e�Z�� �i�h�^�k�q�_�l�� �\�j�_�f�_�g�b�� �\�u�i�h�e�g�_�g�b�y��
�h�i�_�j�Z�p�b�c���g�Z�^���b�a�h�[�j�Z�`�_�g�b�_�f�����<���h�i�_�j�Z�l�h�j�_���K�h�[�_�e�y��
�i�j�h�]�j�Z�f�f�Z�� �k�q�b�l�Z�e�Z�� �a�Z�� �k�d�h�e�v�d�h�� �\�j�_�f�_�g�b�� �f�Z�k�d�Z��
�i�j�h�c�^�_�l�� �i�h�� �\�k�_�f�� �i�b�d�k�_�e�y�f���� �<�� �h�i�_�j�Z�l�h�j�_�� �D�w�g�g�b��
�i�j�h�]�j�Z�f�f�Z�� �k�q�b�l�Z�e�Z�� �a�Z�� �k�d�h�e�v�d�h�� �\�j�_�f�_�g�b��
�i�j�h�b�a�h�c�^�_�l�� �n�b�e�v�l�j�Z�p�b�y�� �i�h�� �=�Z�m�k�k�m�� �\�u�i�h�e�g�_�g�b�_��
�h�i�_�j�Z�l�h�j�Z�� �K�h�[�_�e�y���� �i�h�^�Z�\�e�_�g�b�_�� �g�_�� �f�Z�d�k�b�f�m�f�h�\�� �b��
�^�\�h�c�g�m�x���i�h�j�h�]�h�\�m�x���n�b�e�v�l�j�Z�p�b�x�� 

�I�j�b�� �j�Z�k�k�f�h�l�j�_�g�b�b�� �i�j�h�[�e�_�f�� �h�[�j�Z�[�h�l�d�b��
�b�a�h�[�j�Z�`�_�g�b�c���� �[�u�e�h�� �\�u�y�\�e�_�g�h���� �q�l�h�� �h�^�g�h�c�� �b�a��
�]�e�Z�\�g�u�o�� �i�j�h�[�e�_�f�� �² �w�l�h�� �i�j�b�k�m�l�k�l�\�b�_�� �r�m�f�Z�� �\��

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

�<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �^�e�y�� �l�_�k�l�b�j�h�\�Z�g�b�y��
�j�Z�a�j�Z�[�h�l�Z�g�g�u�o�� �Z�e�]�h�j�b�l�f�h�\�� �b�k�i�h�e�v�a�h�\�Z�e�b�k�v��
�f�_�^�b�p�b�g�k�d�b�_�� �b�a�h�[�j�Z�`�_�g�b�y�� �>���@���� �L�Z�d�� �g�Z�� �j�b�k�m�g�d�_�� ����
�i�j�_�^�k�l�Z�\�e�_�g�h�� �b�k�o�h�^�g�h�_�� �b�a�h�[�j�Z�`�_�g�b�_�� �d�e�_�l�d�b��
�d�j�h�\�b���� �i�h�e�m�q�_�g�g�h�_�� �k�� �i�h�f�h�s�v�x�� �w�e�_�d�l�j�h�g�g�h�]�h��
�f�b�d�j�h�k�d�h�i�Z���� �<�j�Z�q�Z�f���� �d�h�l�h�j�u�_�� �b�a�m�q�Z�x�l�� �k�\�h�c�k�l�\�Z��
�d�e�_�l�d�b���d�j�h�\�b���b���f�h�]�m�l���i�h���j�Z�a�f�_�j�Z�f���b���n�h�j�f�Z�f���w�l�b�o��
�d�e�_�l�h�d�� �h�i�j�_�^�_�e�b�l�v�� �^�b�Z�]�g�h�a�� �a�Z�[�h�e�_�\�Z�g�b�y����
�g�_�h�[�o�h�^�b�f�h�� �a�g�Z�l�v�� �l�h�q�g�u�_�� �d�h�g�l�m�j�u�� �\�g�m�l�j�_�g�g�b�o��
�w�e�_�f�_�g�l�h�\���w�l�b�o���d�e�_�l�h�d���� 

�G�Z�f�b�� �i�j�_�^�e�Z�]�Z�_�l�k�y�� �^�e�y�� �\�u�^�_�e�_�g�b�y�� �]�j�Z�g�b�p��
�\�g�m�l�j�_�g�g�b�o���w�e�_�f�_�g�l�h�\���d�e�_�l�h�d���b�k�i�h�e�v�a�h�\�Z�l�v���\�u�r�_��
�i�j�b�\�_�^�_�g�g�u�_�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�u�_�� �f�_�l�h�^�u�� �K�h�[�_�e�y��
�b�� �D�w�g�g�b���� �j�_�Z�e�b�a�h�\�Z�g�g�u�_�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f��
�i�Z�j�Z�e�e�_�e�v�g�u�o���l�_�o�g�h�e�h�]�b�c���i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y�� 

�G�Z�� �j�b�k�m�g�d�Z�o�� ���� �b�� ���� �i�j�_�^�k�l�Z�\�e�_�g�u��
�b�a�h�[�j�Z�`�_�g�b�y�����i�h�e�m�q�_�g�g�u�_���\���j�_�a�m�e�v�l�Z�l�_���h�[�j�Z�[�h�l�d�b��
�b�a�h�[�j�Z�`�_�g�b�y���� �i�j�_�^�k�l�Z�\�e�_�g�g�h�]�h�� �g�Z�� �j�b�k�m�g�d�_�� ������ �k��
�i�h�f�h�s�v�x�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�u�o�� �f�_�l�h�^�h�\�� �D�w�g�g�b�� �b��
�K�h�[�_�e�y���� 

�I�h�� �h�[�j�Z�[�h�l�Z�g�g�u�f�� �b�a�h�[�j�Z�`�_�g�b�y�f�� �f�h�`�g�h��
�k�^�_�e�Z�l�v�� �\�u�\�h�^���� �q�l�h�� �f�_�l�h�^�� �D�w�g�g�b�� �[�h�e�_�_��
�w�n�n�_�d�l�b�\�_�g���� �l�Z�d�� �d�Z�d�� �i�h�a�\�h�e�y�_�l�� �m�[�b�j�Z�l�v�� �r�m�f�� �g�Z��
�b�a�h�[�j�Z�`�_�g�b�b���� �Z�� �l�Z�d�`�_���� �[�e�Z�]�h�^�Z�j�y�� �^�\�h�c�g�h�c��
�i�h�j�h�]�h�\�h�c�� �n�b�e�v�l�j�Z�p�b�b���� �e�b�g�b�b�� �]�j�Z�g�b�p�� �g�Z��
�h�[�j�Z�[�h�l�Z�g�g�h�f�� �b�a�h�[�j�Z�`�_�g�b�b�� �i�h�e�m�q�Z�l�k�y�� �[�h�e�_�_��
�l�h�g�d�b�f�b���� �;�e�Z�]�h�^�Z�j�y�� �l�h�f�m���� �q�l�h�� �f�_�l�h�^�� �D�w�g�g�b��
�i�h�a�\�h�e�y�_�l�� �\�u�^�_�e�b�l�v�� �[�h�e�_�_�� �l�h�g�d�b�_�� �d�j�Z�y��
�b�a�h�[�j�Z�`�_�g�b�y�� �k�i�_�p�b�Z�e�b�k�l�m�� �i�j�_�^�h�k�l�Z�\�e�y�_�l�k�y��
�\�h�a�f�h�`�g�h�k�l�v�� �[�h�e�_�_�� �d�Z�q�_�k�l�\�_�g�g�h�� �\�u�i�h�e�g�b�l�v��
�\�b�a�m�Z�e�v�g�u�c���Z�g�Z�e�b�a���k�\�h�c�k�l�\���d�e�_�l�d�b���d�j�h�\�b�� 

�J�b�k������ �B�k�o�h�^�g�h�_���b�a�h�[�j�Z�`�_�g�b�_���d�e�_�l�d�b���d�j�h�\�b����
�i�h�e�m�q�_�g�g�h�_���k���i�h�f�h�s�v�x���w�e�_�d�l�j�h�g�g�h�]�h���f�b�d�j�h�k�d�h�i�Z 
Fig. 1. Initial blood cell image obtained by an electron 

microscope 
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�B�G�N�H�J�F�:�P�B�H�G�G�U�?���L�?�O�G�H�E�H�=�B�B 
INFORMATION TECHNOLOGIES  

�<�Z�`�g�h�c�� �a�Z�^�Z�q�_�c�� �\�� �h�[�e�Z�k�l�b�� �h�[�j�Z�[�h�l�d�b��
�b�a�h�[�j�Z�`�_�g�b�c���y�\�e�y�_�l�k�y���m�k�d�h�j�_�g�b�_���\�j�_�f�_�g�b���j�Z�[�h�l�u��
�k�e�h�`�g�u�o�� �Z�e�]�h�j�b�l�f�h�\�� �a�Z�� �k�q�_�l�� �b�k�i�h�e�v�a�h�\�Z�g�b�y��
�l�_�o�g�h�e�h�]�b�c�� �i�Z�j�Z�e�e�_�e�v�g�h�]�h�� �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y����
�W�l�Z�� �i�j�h�[�e�_�f�Z�� �[�u�e�Z�� �j�_�r�_�g�Z�� �g�Z�f�b�� �k�� �i�h�f�h�s�v�x��
�j�_�Z�e�b�a�Z�p�b�b�� �Z�e�]�h�j�b�l�f�h�\�� �g�Z��GPU �>���@���� �>�e�y��
�j�_�Z�e�b�a�Z�p�b�b�� �\�u�k�h�d�h�i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�]�h�� �f�_�l�h�^�Z��
�h�[�g�Z�j�m�`�_�g�b�y�� �]�j�Z�g�b�p�� �g�Z�� �f�_�^�b�p�b�g�k�d�b�o��
�b�a�h�[�j�Z�`�_�g�b�y�o���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���Z�e�]�h�j�b�l�f�Z���D�w�g�g�b 
�[�u�e�Z�� �b�k�i�h�e�v�a�h�\�Z�g�Z�� �l�_�o�g�h�e�h�]�b�y�� �i�Z�j�Z�e�e�_�e�v�g�h�]�h��
�i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y���&�8�'�$ [10].  

�J�b�k������ �B�a�h�[�j�Z�`�_�g�b�_�� �i�h�e�m�q�_�g�g�h�_���i�h�k�e�_���h�[�j�Z�[�h�l�d�b��
�b�k�o�h�^�g�h�]�h���f�h�^�b�n�b�p�b�j�h�\�Z�g�g�u�f���f�_�l�h�^�h�f���K�h�[�_�e�y 

Fig. 2. An image obtained after the processing by the 
original modified Sobel 

�J�b�k������ �B�a�h�[�j�Z�`�_�g�b�_�����i�h�e�m�q�_�g�g�h�_���i�h�k�e�_���h�[�j�Z�[�h�l�d�b��
�b�k�o�h�^�g�h�]�h���f�h�^�b�n�b�p�b�j�h�\�Z�g�g�u�f���f�_�l�h�^�h�f���D�w�g�g�b 

Fig. 3. The image obtained after processing the original 
modified by Canny method 

�J�Z�k�q�_�l�u�� �\�u�i�h�e�g�y�e�b�k�v�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f��
�\�b�^�_�h�d�Z�j�l�u�� �1�9�,�'�,�$�� �*�H�)�R�U�F�H�� �*�7�� �������0�� �g�Z�� �[�Z�a�_��
�Z�j�o�b�l�_�d�l�m�j�u��Fermic ���� �=�[�� �]�e�h�[�Z�e�v�g�h�c�� �i�Z�f�y�l�b�� �b��
�q�Z�k�l�h�l�h�c�� ������ �=�=�p���� �>�e�y�� �h�p�_�g�d�b�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�]�h��
�i�j�h�]�j�Z�f�f�g�h�]�h�� �i�h�^�o�h�^�Z�� �[�u�e�� �b�k�i�h�e�v�a�h�\�Z�g��
�i�j�h�p�_�k�k�h�j��CPU �,�Q�W�H�O�� �&�R�U�H�� �L���� ���������0�� �k�� �q�Z�k�l�h�l�h�c��
���������=�=�p���b���i�Z�f�y�l�v�x�����*�%�� 

�>�e�y�� �l�h�]�h���� �q�l�h�[�u�� �m�\�b�^�_�l�v�� �k�m�s�_�k�l�\�_�g�g�m�x��
�j�Z�a�g�b�p�m�� �\�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �j�Z�[�h�l�u�� �j�Z�a�j�Z�[�h�l�Z�g�g�u�o��
�Z�e�]�h�j�b�l�f�h�\�� �[�u�e�� �\�u�i�h�e�g�_�g�� �\�u�q�b�k�e�b�l�_�e�v�g�u�c��
�w�d�k�i�_�j�b�f�_�g�l���� �j�_�a�m�e�v�l�Z�l�u�� �d�h�l�h�j�h�]�h�� �[�u�e�h�� �j�_�r�_�g�h��
�i�j�_�^�k�l�Z�\�b�l�v���\���\�b�^�_���]�j�Z�n�b�d�Z���a�Z�\�b�k�b�f�h�k�l�b���\�j�_�f�_�g�b��
�\�u�i�h�e�g�_�g�b�y�� �i�j�h�]�j�Z�f�f�u�� �h�l�� �j�Z�a�e�b�q�g�u�o�� �j�Z�a�f�_�j�h�\��
�j�Z�a�j�_�r�_�g�b�y�� �b�a�h�[�j�Z�`�_�g�b�y�� �i�j�b�� �\�u�i�h�e�g�_�g�b�b��
�j�Z�k�q�_�l�h�\�� �g�Z�� �&�3�8�� �b�� �g�Z�� �*�3�8���� �I�j�b�� �w�l�h�f�� �g�Z�� �h�k�b��
�Z�[�k�p�b�k�k�� �h�l�f�_�q�Z�e�b�k�v�� �i�h�d�Z�a�Z�g�b�y�� �j�Z�a�j�_�r�_�g�b�y��
�b�a�h�[�j�Z�`�_�g�b�y�����g�Z���h�k�b���h�j�^�b�g�Z�l���± �\�j�_�f�y���\�u�i�h�e�g�_�g�b�y��
�i�j�h�]�j�Z�f�f�u�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �g�Z�� �]�j�Z�n�b�d�_���� �i�j�b�\�_�^�_�g�g�h�f�� �g�Z��
�j�b�k�m�g�d�_�� ������ �i�h�d�Z�a�Z�g�Z�� �a�Z�\�b�k�b�f�h�k�l�v�� �\�j�_�f�_�g�b��
�\�u�i�h�e�g�_�g�b�y�� �h�i�_�j�Z�l�h�j�Z�� �K�h�[�_�e�y�� �h�l�� �j�Z�a�e�b�q�g�u�o��
�j�Z�a�j�_�r�_�g�b�c���b�a�h�[�j�Z�`�_�g�b�y���i�j�b���b�k�i�h�e�v�a�h�\�Z�g�b�b���&�3�8��
�b���*�3�8�� 

�I�j�h�Z�g�Z�e�b�a�b�j�h�\�Z�\�� �^�Z�g�g�u�_�� �]�j�Z�n�b�d�b���� �f�h�`�g�h��
�k�^�_�e�Z�l�v�� �\�u�\�h�^���� �q�l�h�� �i�j�b�� �j�_�Z�e�b�a�Z�p�b�b�� �Z�e�]�h�j�b�l�f�Z��
�K�h�[�_�e�y�� �g�Z�� �1�9�,�'�,�$�� �&�8�'�$�m�^�Z�e�h�k�v�� �i�h�e�m�q�b�l�v��
�m�k�d�h�j�_�g�b�_���i�j�b�[�e�b�a�b�l�_�e�v�g�h���\���������j�Z�a�����i�h���k�j�Z�\�g�_�g�b�x��
�k���l�_�o�g�h�e�h�]�b�_�c���2�S�H�Q�0�3�� 

�J�b�k�� 4. �=�j�Z�n�b�d���a�Z�\�b�k�b�f�h�k�l�b���\�j�_�f�_�g�b���\�u�i�h�e�g�_�g�b�y��
�h�i�_�j�Z�l�h�j�Z���K�h�[�_�e�y���h�l���j�Z�a�j�_�r�_�g�b�y���b�a�h�[�j�Z�`�_�g�b�y���i�j�b��

�b�k�i�h�e�v�a�h�\�Z�g�b�b��CPU �b��GPU 
Fig. 4. Graph of Sobel operator time execution dependence 

on the image size by using the CPU and GPU 
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�B�G�N�H�J�F�:�P�B�H�G�G�U�?���L�?�O�G�H�E�H�=�B�B 
INFORMATION TECHNOLOGIES  

�J�b�k�������� �=�j�Z�n�b�d���a�Z�\�b�k�b�f�h�k�l�b���\�j�_�f�_�g�b���\�u�i�h�e�g�_�g�b�y��
�Z�e�]�h�j�b�l�f�Z���D�w�g�g�b���h�l���j�Z�a�e�b�q�g�u�o���j�Z�a�j�_�r�_�g�b�c��
�b�a�h�[�j�Z�`�_�g�b�y���i�j�b���b�k�i�h�e�v�a�h�\�Z�g�b�bCPU �b��GPU 

Fig. 5. Graph of Canny algorithm execution time 
dependence on different image resolutions when using 

CPU and GPU 
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Abstract 
The article proposes a model that allows to explore a multivariate probability density for random 
variables representing the cosine of phase difference with uniform distribution. The study 
demonstrates the results of modeling as a histogram of the experimental data. The developed 
model allowed getting approximate formulas for the n-dimensional probability density of the 
cosine of the phase difference for �Q�”��. The results of this study may be relevant when assessing 
the effectiveness of signal reception with random parameters.  
Keywords: computer modeling; multivariate probability density; incoherent reception; 
interpolation. 

�<�\�_�^�_�g�b�_ 
�I�_�j�_�^�Z�q�Z�� �b�g�n�h�j�f�Z�p�b�b�� �i�h�� �d�Z�g�Z�e�Z�f�� �k�\�y�a�b����

�j�Z�^�b�h�e�h�d�Z�p�b�y���� �j�Z�^�b�h�g�Z�\�b�]�Z�p�b�y���� �n�b�a�b�q�_�k�d�b�_��
�w�d�k�i�_�j�b�f�_�g�l�u�� �b�� �l���^���� �k�\�y�a�Z�g�u�� �k�� �i�j�h�[�e�_�f�h�c��
�b�a�f�_�j�_�g�b�y�� �b�� �h�i�j�_�^�_�e�_�g�b�y�� �i�Z�j�Z�f�_�l�j�h�\�� �k�b�]�g�Z�e�h�\����
�g�_�k�m�s�b�o�� �b�g�n�h�j�f�Z�p�b�x�� �h�[�� �b�k�k�e�_�^�m�_�f�h�f�� �h�[�t�_�d�l�_����
�B�g�n�h�j�f�Z�p�b�y�� �f�h�`�_�l�� �[�u�l�v�� �a�Z�d�e�x�q�_�g�Z�� �\�� �Z�f�i�e�b�l�m�^�_��
�k�b�]�g�Z�e�Z���� �q�Z�k�l�h�l�_���� �n�Z�a�_���� �\�j�_�f�_�g�b�� �a�Z�^�_�j�`�d�b�� �b�� �l���^����
�<�h�� �\�k�_�o�� �w�l�b�o�� �k�e�m�q�Z�y�o�� �g�_�h�[�o�h�^�b�f�h�� �h�i�j�_�^�_�e�b�l�v�� �k��
�g�_�d�h�l�h�j�h�c�� �i�h�]�j�_�r�g�h�k�l�v�x�� �b�k�l�b�g�g�h�_�� �a�g�Z�q�_�g�b�_��

�b�a�f�_�j�y�_�f�h�]�h�� �i�Z�j�Z�f�_�l�j�Z���� �L�_�f�� �[�h�e�_�_�� �q�l�h�� �k�b�]�g�Z�e����
�g�_�k�m�s�b�c�� �b�g�n�h�j�f�Z�p�b�x���� �i�h�^�\�_�j�`�_�g�� �\�h�a�^�_�c�k�l�\�b�x��
�i�h�f�_�o�� �b�� �b�k�d�Z�`�_�g�b�c���� �\�h�a�g�b�d�Z�x�s�b�o���� �g�Z�i�j�b�f�_�j���� �\��
�k�e�m�q�Z�_�� �f�g�h�]�h�e�m�q�_�\�h�]�h�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y�� �k�b�]�g�Z�e�Z����
�I�h�w�l�h�f�m���Z�e�]�h�j�b�l�f�u�����i�h���d�h�l�h�j�u�f���h�[�j�Z�[�Z�l�u�\�Z�x�l�k�y��
�k�b�]�g�Z�e�u���� �^�h�e�`�g�u�� �m�q�b�l�u�\�Z�l�v�� �k�e�m�q�Z�c�g�u�c�� �o�Z�j�Z�d�l�_�j��
�w�l�b�o�� �k�b�]�g�Z�e�h�\���� �<�� �k�\�y�a�b�� �k�� �w�l�b�f�� �[�u�e�Z�� �j�Z�a�\�b�l�Z��
�f�Z�l�_�f�Z�l�b�q�_�k�d�Z�y�� �l�_�h�j�b�y�� �h�[�j�Z�[�h�l�d�b�� �k�b�]�g�Z�e�h�\����
�h�k�g�h�\�Z�g�g�Z�y�� �g�Z�� �l�_�h�j�b�b�� �\�_�j�h�y�l�g�h�k�l�_�c���� �l�_�h�j�b�b��
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�B�G�N�H�J�F�:�P�B�H�G�G�U�?���L�?�O�G�H�E�H�=�B�B 
INFORMATION TECHNOLOGIES  

�k�e�m�q�Z�c�g�u�o �i�j�h�p�_�k�k�h�\�� �b�� �f�Z�l�_�f�Z�l�b�q�_�k�d�h�c��
�k�l�Z�l�b�k�l�b�d�b�� 

�<�h�� �f�g�h�]�b�o�� �a�Z�^�Z�q�Z�o�� �k�l�Z�l�b�k�l�b�q�_�k�d�h�c��
�j�Z�^�b�h�l�_�o�g�b�d�b�� �h�k�m�s�_�k�l�\�e�y�_�l�k�y�� �i�j�b�_�f�� �k�b�]�g�Z�e�h�\����
�i�j�_�^�k�l�Z�\�e�y�x�s�b�o�� �k�h�[�h�c�� �k�m�f�f�m�� �g�_�a�Z�\�b�k�b�f�u�o��
�k�e�m�q�Z�c�g�u�o�� �\�_�e�b�q�b�g���� �G�Z�i�j�b�f�_�j���� �i�j�b��
�g�_�d�h�]�_�j�_�g�l�g�h�f�� �i�h�w�e�_�f�_�g�l�g�h�f�� �i�j�b�_�f�_�� �k��
�g�Z�d�h�i�e�_�g�b�_�f�����\�u�i�h�e�g�y�_�l�k�y���k�e�h�`�_�g�b�_��n �w�e�_�f�_�g�l�h�\��
�k�b�]�g�Z�e�Z�� �k�h�� �k�e�m�q�Z�c�g�u�f�b�� �n�Z�a�Z�f�b�� �i�j�b�� �i�h�k�l�h�y�g�g�h�c��
�b�e�b�� �k�e�m�q�Z�c�g�h�c�� �Z�f�i�e�b�l�m�^�_�� �>���@���� �I�j�b�� �w�l�h�f�� �d�Z�`�^�u�c��
�w�e�_�f�_�g�l�� �k�b�]�g�Z�e�Z�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �n�j�Z�]�f�_�g�l��
�]�Z�j�f�h�g�b�q�_�k�d�h�]�h�� �d�h�e�_�[�Z�g�b�y�� �k�h�� �k�e�m�q�Z�c�g�h�c��
�g�Z�q�Z�e�v�g�h�c�� �n�Z�a�h�c���� �b�f�_�x�s�_�c�� �j�Z�\�g�h�f�_�j�g�h�_��
�j�Z�k�i�j�_�^�_�e�_�g�b�_�� �g�Z�� �b�g�l�_�j�\�Z�e�_�� �����·���Œ������ �:�f�i�e�b�l�m�^�Z��
�k�m�f�f�u��n �w�e�_�f�_�g�l�h�\�� �k�b�]�g�Z�e�Z�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c��
�k�e�m�q�Z�c�g�m�x���\�_�e�b�q�b�g�m�����a�Z�\�b�k�y�s�m�x���h�l���a�g�Z�q�_�g�b�c���n�Z�a��
�d�Z�`�^�h�]�h�� �b�a��n �k�m�f�f�b�j�m�_�f�u�o�� �n�j�Z�]�f�_�g�l�h�\��
�]�Z�j�f�h�g�b�q�_�k�d�h�]�h�� �d�h�e�_�[�Z�g�b�y���� �B�a�\�_�k�l�g�h�� �>������ ���@���� �q�l�h��
�Z�f�i�e�b�l�m�^�Z�� �k�m�f�f�u�� �^�\�m�o�� �w�e�_�f�_�g�l�h�\�� �k�b�]�g�Z�e�Z�� �k��
�i�h�k�l�h�y�g�g�h�c�� �Z�f�i�e�b�l�m�^�h�c�� �i�h�e�g�h�k�l�v�x�� �h�i�b�k�u�\�Z�_�l�k�y��
�i�e�h�l�g�h�k�l�v�x�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �k�e�m�q�Z�c�g�h�c�� �\�_�e�b�q�b�g�u��
��=cos���31-�32)=cos���¨�3������ �i�j�_�^�k�l�Z�\�e�y�x�s�_�c�� �k�h�[�h�c��
�d�h�k�b�g�m�k�� �j�Z�a�g�h�k�l�b�� �n�Z�a�� �^�\�m�o�� �k�m�f�f�b�j�m�_�f�u�o��
�d�h�e�_�[�Z�g�b�c������ 
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�<�� �k�e�m�q�Z�_�� �k�m�f�f�b�j�h�\�Z�g�b�y��n�•���� �w�e�_�f�_�g�l�h�\��
�k�b�]�g�Z�e�Z�� �g�_�h�[�o�h�^�b�f�h�� �b�f�_�l�v�� �k�h�h�l�\�_�l�k�l�\�_�g�g�h��n-
�f�_�j�g�m�x�� �i�e�h�l�g�h�k�l�v�� �\�_�j�h�y�l�g�h�k�l�b�� �d�h�k�b�g�m�k�Z��
�j�Z�a�g�h�k�l�b�� �n�Z�a���� �<�� �l�_�h�j�b�b�� �\�_�j�h�y�l�g�h�k�l�_�c�� �h�l�k�m�l�k�l�\�m�_�l��
�n�h�j�f�m�e�Z��n-�f�_�j�g�h�c�� �i�e�h�l�g�h�k�l�b�� �j�Z�k�i�j�_�^�_�e�_�g�b�y��
�k�e�m�q�Z�c�g�u�o�� �\�_�e�b�q�b�g���� �i�j�_�^�k�l�Z�\�e�y�x�s�b�o�� �k�h�[�h�c��
�d�h�k�b�g�m�k�� �j�Z�a�g�h�k�l�b�� �n�Z�a���� �b�f�_�x�s�b�o�� �j�Z�\�g�h�f�_�j�g�h�_��
�k�e�m�q�Z�c�g�h�_�� �j�Z�k�i�j�_�^�_�e�_�g�b�_���� �L�_�f�� �g�_�� �f�_�g�_�_����
�i�h�l�j�_�[�g�h�k�l�v�� �\�� �l�Z�d�h�c�� �n�h�j�f�m�e�_�� �\�h�a�g�b�d�Z�_�l�� �\�k�y�d�b�c��
�j�Z�a���� �d�h�]�^�Z�� �g�_�h�[�o�h�^�b�f�h�� �\�u�i�h�e�g�b�l�v�� �h�i�_�j�Z�p�b�x��
�m�k�j�_�^�g�_�g�b�y�� �i�h�� �k�e�m�q�Z�c�g�h�c�� �\�_�e�b�q�b�g�_�������� �M�d�Z�a�Z�g�g�u�_��
�h�[�k�l�h�y�l�_�e�v�k�l�\�Z�� �h�i�j�_�^�_�e�y�x�l�� �Z�d�l�m�Z�e�v�g�h�k�l�v�� �l�_�f�u��
�b�k�k�e�_�^�h�\�Z�g�b�c�����b�a�e�h�`�_�g�g�u�o���\���^�Z�g�g�h�c���k�l�Z�l�v�_���� 

�>�e�y���g�Z�o�h�`�^�_�g�b�y���n�h�j�f�m�e��n-�f�_�j�g�h�c���i�e�h�l�g�h�k�l�b��
�j�Z�k�i�j�_�^�_�e�_�g�b�y�� �d�h�k�b�g�m�k�Z�� �j�Z�a�g�h�k�l�b�� �n�Z�a�� �f�h�`�g�h��
�b�k�i�h�e�v�a�h�\�Z�l�v�� �>���� ���@�� �e�b�[�h�� �f�_�l�h�^��
�o�Z�j�Z�d�l�_�j�b�k�l�b�q�_�k�d�b�o�� �n�m�g�d�p�b�c�� �k�� �i�h�k�e�_�^�m�x�s�b�f��
�j�_�r�_�g�b�_�f�� �q�b�k�e�_�g�g�u�f�b�� �f�_�l�h�^�Z�f�b���� �e�b�[�h��
�k�l�Z�l�b�k�l�b�q�_�k�d�h�_���f�h�^�_�e�b�j�h�\�Z�g�b�_���k���Z�i�i�j�h�d�k�b�f�Z�p�b�_�c��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �^�Z�g�g�u�o�� �\�� �\�b�^�_�� �d�Z�d�h�c-�e�b�[�h��
�n�m�g�d�p�b�b�����I�j�b���w�l�h�f���k�e�_�^�m�_�l���b�f�_�l�v���\���\�b�^�m�����q�l�h���i�j�b��
n�!�!���� �i�e�h�l�g�h�k�l�v�� �\�_�j�h�y�l�g�h�k�l�_�c��wn(��) �^�h�e�`�g�Z��
�k�l�j�_�f�b�l�v�k�y���d���g�h�j�f�Z�e�v�g�h�f�m���a�Z�d�h�g�m���j�Z�k�i�j�_�^�_�e�_�g�b�y����
�Z�� �i�j�b�� �f�Z�e�u�o�� �a�g�Z�q�_�g�b�y�o��n �a�Z�d�h�g�� �j�Z�k�i�j�_�^�_�e�_�g�b�y��
�[�m�^�_�l�� �k�b�e�v�g�h�� �\�b�^�h�b�a�f�_�g�y�l�v�k�y���� �B�f�_�g�g�h�� �i�h�w�l�h�f�m�� �\��
�^�Z�g�g�h�c�� �k�l�Z�l�v�_�� �i�j�b�\�h�^�y�l�k�y�� �j�_�a�m�e�v�l�Z�l�u��
�b�k�k�e�_�^�h�\�Z�g�b�c��n-�f�_�j�g�h�c�� �i�e�h�l�g�h�k�l�b�� �\�_�j�h�y�l�g�h�k�l�b��

�d�h�k�b�g�m�k�Z�� �j�Z�a�g�h�k�l�b�� �n�Z�a�� �^�e�y��n�”������ �Z�� �a�Z�l�_�f��
�i�j�h�b�a�\�h�^�b�l�k�y�� �h�p�_�g�d�Z�� �g�h�j�f�Z�e�b�a�Z�p�b�b�� �k�h�\�f�_�k�l�g�h�]�h��
�j�Z�k�i�j�_�^�_�e�_�g�b�y�� �^�e�y��n �k�e�m�q�Z�c�g�u�o�� �\�_�e�b�q�b�g�� �i�j�b��
n>>1. 

�H�k�g�h�\�g�Z�y���q�Z�k�l�v 
�P�_�e�v�x�� �k�l�Z�l�v�b���y�\�e�y�_�l�k�y�� �b�k�k�e�_�^�h�\�Z�g�b�_ n-

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

�I�h�k�l�Z�g�h�\�d�Z���a�Z�^�Z�q�b 
�I�j�b�� �g�_�d�h�]�_�j�_�g�l�g�u�o�� �f�_�l�h�^�Z�o�� �i�_�j�_�^�Z�q�b��

�k�b�]�g�Z�e�h�\�� �i�h�� �d�Z�g�Z�e�Z�f�� �j�Z�^�b�h�k�\�y�a�b�� �n�Z�a�Z��
�i�j�b�g�b�f�Z�_�f�h�]�h�� �k�b�]�g�Z�e�Z�� �h�[�u�q�g�h�� �y�\�e�y�_�l�k�y��
�k�e�m�q�Z�c�g�h�c�� �\�_�e�b�q�b�g�h�c���� �i�j�b�g�b�f�Z�x�s�_�c�� �a�g�Z�q�_�g�b�y�� �\��
�i�j�_�^�_�e�Z�o�� �h�l�� ���� �^�h�� ���Œ���� �I�m�k�l�v�� �n�Z�a�Z�� �k�b�]�g�Z�e�Z�� �± 
�k�e�m�q�Z�c�g�Z�y�� �\�_�e�b�q�b�g�Z�� �3���� �d�h�l�h�j�Z�y�� �j�Z�k�i�j�_�^�_�e�_�g�Z��
�j�Z�\�g�h�f�_�j�g�h�� �g�Z�� �b�g�l�_�j�\�Z�e�_�� �>������ ���Œ�@���� �<�� �w�l�h�f�� �k�e�m�q�Z�_��
�>���@���� �a�Z�d�h�g�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �3�� �h�i�b�k�u�\�Z�_�l�k�y�� �i�j�h�k�l�u�f��
�\�u�j�Z�`�_�g�b�_�f��f(�3)=1/2�Œ �i�j�b�� ���”�3�”���Œ���� �L�j�_�[�m�_�l�k�y��
�b�k�k�e�_�^�h�\�Z�l�v�� �\�_�j�h�y�l�g�h�k�l�g�u�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b��
�g�_�d�h�]�_�j�_�g�l�g�h�]�h�� �i�j�b�z�f�Z�� �j�Z�^�b�h�k�b�]�g�Z�e�Z�� �k��
�g�Z�d�h�i�e�_�g�b�_�f��n �w�e�_�f�_�g�l�h�\�� �g�Z�� �h�k�g�h�\�_��
�k�l�Z�l�b�k�l�b�q�_�k�d�h�]�h���f�h�^�_�e�b�j�h�\�Z�g�b�y�� 

�>�e�y�� �b�k�k�e�_�^�h�\�Z�g�b�y��n-�f�_�j�g�h�c�� �i�e�h�l�g�h�k�l�b��
�j�Z�k�i�j�_�^�_�e�_�g�b�y�� �\�_�j�h�y�l�g�h�k�l�_�c�� �d�h�k�b�g�m�k�Z�� �j�Z�a�g�h�k�l�b��
�n�Z�a�� �l�j�_�[�m�_�l�k�y�� �k�h�a�^�Z�l�v�� �f�h�^�_�e�v���� �]�_�g�_�j�b�j�m�x�s�m�x��
�a�Z�^�Z�g�g�h�_�� �f�g�h�`�_�k�l�\�h��n �k�e�m�q�Z�c�g�u�o�� �\�_�e�b�q�b�g��
��� �k�R�V���3�������]�^�_�� �k�e�m�q�Z�c�g�Z�y�� �\�_�e�b�q�b�g�Z�� �3���� �d�h�l�h�j�Z�y��
�j�Z�k�i�j�_�^�_�e�_�g�Z�� �j�Z�\�g�h�f�_�j�g�h�� �g�Z�� �b�g�l�_�j�\�Z�e�_�� �>������ ���Œ�@����
�I�j�h�]�j�Z�f�f�Z�� �^�h�e�`�g�Z�� �\�d�e�x�q�Z�l�v�� �\�� �k�_�[�_�� �]�_�g�_�j�Z�l�h�j��
�k�e�m�q�Z�c�g�u�o�� �q�b�k�_�e���3���� �j�Z�k�i�j�_�^�_�e�_�g�g�u�o�� �i�h��
�j�Z�\�g�h�f�_�j�g�h�f�m�� �a�Z�d�h�g�m�� �\�� �b�g�l�_�j�\�Z�e�_�� �>������ ���Œ�@����
�l�j�b�]�h�g�h�f�_�l�j�b�q�_�k�d�m�x�� �n�m�g�d�p�b�x�� �\�u�q�b�k�e�_�g�b�y��
�F�R�V���3������ �g�Z�d�h�i�b�l�_�e�v�� �k�m�f�f�u��n �a�g�Z�q�_�g�b�c�� �b�� �i�h�\�l�h�j��
�w�d�k�i�_�j�b�f�_�g�l�Z�� �k�h�� �k�[�h�j�h�f�� �k�l�Z�l�b�k�l�b�d�b���� �>�e�y��
�i�j�h�\�_�^�_�g�b�y�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �[�u�e�Z�� �b�k�i�h�e�v�a�h�\�Z�g�Z��
�i�j�b�d�e�Z�^�g�Z�y�� �i�j�h�]�j�Z�f�f�Z��MATLAB �Š���� �k�� �i�h�f�h�s�v�x��
�d�h�l�h�j�h�c�� �j�_�Z�e�b�a�h�\�Z�g�� �Z�e�]�h�j�b�l�f�� �j�Z�a�j�Z�[�h�l�Z�g�g�h�c��
�f�h�^�_�e�b�� �b�� �\�b�a�m�Z�e�b�a�Z�p�b�y�� �j�_�a�m�e�v�l�Z�l�h�\��
�f�h�^�_�e�b�j�h�\�Z�g�b�y�� 

�K�l�j�m�d�l�m�j�g�Z�y�� �k�o�_�f�Z�� �j�Z�a�j�Z�[�h�l�Z�g�g�h�c�� �f�h�^�_�e�b��
�b�a�h�[�j�Z�`�_�g�Z���g�Z���j�b�k�������� 

�J�b�k�������� �K�l�Z�l�b�k�l�b�q�_�k�d�Z�y���f�h�^�_�e�v 
Fig. 1. Statistical model 
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�I�_�j�_�f�_�g�g�u�f�b�� �\�� �f�h�^�_�e�b�� �y�\�e�y�x�l�k�y�� �^�\�Z��
�i�Z�j�Z�f�_�l�j�Z����n �± �q�b�k�e�h�� �k�e�Z�]�Z�_�f�u�o�� �k�m�f�f�u���� �b��N �± 
�d�h�e�b�q�_�k�l�\�h�� �h�i�u�l�h�\�� �\�� �w�d�k�i�_�j�b�f�_�g�l�_���� �J�_�a�m�e�v�l�Z�l��
�\�u�\�h�^�b�l�k�y�� �\�� �\�b�^�_�� �]�b�k�l�h�]�j�Z�f�f���� �o�Z�j�Z�d�l�_�j�b�a�m�x�s�b�o��
�k�l�Z�l�b�k�l�b�d�m�� �i�h�e�m�q�_�g�g�u�o�� �a�g�Z�q�_�g�b�c�� �k�e�m�q�Z�c�g�h�c��
�\�_�e�b�q�b�g�u���b���_�z���a�Z�d�h�g���j�Z�k�i�j�_�^�_�e�_�g�b�y�� 

�P�_�e�v�� �b�k�k�e�_�^�h�\�Z�g�b�c���� �i�j�h�\�h�^�b�f�u�o�� �g�Z�� �^�Z�g�g�h�c��
�f�h�^�_�e�b���� �± �i�h�e�m�q�b�l�v�� �a�Z�d�h�g�u�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �^�e�y��
�a�Z�^�Z�g�g�u�o�� �a�g�Z�q�_�g�b�c��n �b�� �g�Z�c�l�b�� �i�j�b�[�e�b�`�_�g�b�_��
�l�_�h�j�_�l�b�q�_�k�d�h�c�� �n�m�g�d�p�b�b�� �j�Z�k�i�j�_�^�_�e�_�g�b�y����
�i�h�k�l�j�h�_�g�g�h�_�� �k�� �i�h�f�h�s�v�x�� �\�u�[�h�j�d�b�� �b�a�� �g�_�]�h����
�D�h�e�b�q�_�k�l�\�h�� �h�i�u�l�h�\�� �i�j�b�g�y�l�h��N=100000���� �b�� �w�l�h��
�a�g�Z�q�_�g�b�_�� �b�k�i�h�e�v�a�h�\�Z�g�h�� �^�e�y�� �\�k�_�o�� �w�d�k�i�_�j�b�f�_�g�l�h�\��
�g�Z���^�Z�g�g�h�c���f�h�^�_�e�b�� 

�>�e�y�� �g�Z�o�h�`�^�_�g�b�y�� �\�u�j�Z�`�_�g�b�y���� �h�i�b�k�u�\�Z�x�s�_�]�h��
�w�f�i�b�j�b�q�_�k�d�b�_�� �^�Z�g�g�u�_���� �[�u�e�h�� �i�j�b�g�y�l�h�� �j�_�r�_�g�b�_��

�b�k�i�h�e�v�a�h�\�Z�l�v�� �b�g�l�_�j�i�h�e�y�p�b�h�g�g�u�_�� �i�h�e�b�g�h�f�u���� �b��
�i�j�h�b�a�\�h�^�b�l�v�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�_�� �\�u�q�b�k�e�_�g�b�y�� �\��
�i�j�h�]�j�Z�f�f�g�h�c���k�j�_�^�_��MATLAB �Š. 

�J�_�a�m�e�v�l�Z�l�u���\�u�q�b�k�e�b�l�_�e�v�g�u�o���w�d�k�i�_�j�b�f�_�g�l�h�\ 
�<�� �o�h�^�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �i�h�e�m�q�_�g�u�� �a�Z�d�h�g�u��

�k�h�\�f�_�k�l�g�h�]�h���j�Z�k�i�j�_�^�_�e�_�g�b�y��n �k�e�m�q�Z�c�g�u�o���\�_�e�b�q�b�g��
�^�e�y��n�”������ �G�Z�� �j�b�k���� ������a���[���\���] �i�j�_�^�k�l�Z�\�e�_�g�u��
�j�_�a�m�e�v�l�Z�l�u���f�h�^�_�e�b�j�h�\�Z�g�b�y���\���\�b�^�_���]�b�k�l�h�]�j�Z�f�f���i�j�b��
n=2, 3, 4, 5 �k�h�h�l�\�_�l�k�l�\�_�g�g�h�� 

�K�h�i�h�k�l�Z�\�e�_�g�b�_�� �]�b�k�l�h�]�j�Z�f�f�� �i�h�d�Z�a�u�\�Z�_�l��
�k�m�s�_�k�l�\�_�g�g�h�_�� �j�Z�a�e�b�q�b�_�� �a�Z�d�h�g�h�\�� �j�Z�k�i�j�_�^�_�e�_�g�b�y��
�k�e�m�q�Z�c�g�h�c�� �\�_�e�b�q�b�g�u����n  �^�e�y�� �j�Z�a�e�b�q�g�u�o�� �a�g�Z�q�_�g�b�c 
n�� �I�j�b�� �w�l�h�f�� �h�q�_�\�b�^�g�h���� �q�l�h�� �m�`�_�� �i�j�b��n=5
�g�Z�[�e�x�^�Z�_�l�k�y�� �g�h�j�f�Z�e�b�a�Z�p�b�y�� �a�Z�d�h�g�Z�� �j�Z�k�i�j�_�^�_�e�_�g�b�y��
�k�e�m�q�Z�c�g�h�c���\�_�e�b�q�b�g�u����n . 

�J�b�k. 2. �=�b�k�l�h�]�j�Z�f�f�u �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o �^�Z�g�g�u�o 
Fig. 2. Histograms of the experimental data 

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

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

�I�h�e�m�q�_�g�g�h�_�� �j�Z�k�i�j�_�^�_�e�_�g�b�_�� �k�� �m�\�_�e�b�q�_�g�b�_�f��n 
�k�l�j�_�f�b�l�k�y�� �d�� �g�h�j�f�Z�e�v�g�h�f�m�� ���]�Z�m�k�k�h�\�h�f�m���� �a�Z�d�h�g�m��
�j�Z�k�i�j�_�^�_�e�_�g�b�y���� �q�l�h�� �y�\�e�y�_�l�k�y�� �b�e�e�x�k�l�j�Z�p�b�_�c��
�p�_�g�l�j�Z�e�v�g�h�c�� �i�j�_�^�_�e�v�g�h�c�� �l�_�h�j�_�f�u�� �^�e�y�� �h�^�b�g�Z�d�h�\�h��
�j�Z�k�i�j�_�^�_�e�_�g�g�u�o�� �k�e�Z�]�Z�_�f�u�o�� �>���@���� �<�� �^�Z�g�g�h�f�� �k�e�m�q�Z�_ 
�i�j�b��n=5 �k�h�\�f�_�k�l�g�h�_�� �j�Z�k�i�j�_�^�_�e�_�g�b�_�� �k�e�m�q�Z�c�g�u�o��
�\�_�e�b�q�b�g�� �m�`�_�� �f�h�`�g�h�� �k�q�b�l�Z�l�v�� �[�e�b�a�d�b�f�� �d��
�g�h�j�f�Z�e�v�g�h�f�m���� 
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�J�b�k�������� �G�h�j�f�b�j�h�\�Z�g�g�u�_���]�j�Z�n�b�d�b���h�]�b�[�Z�x�s�b�o���]�b�k�l�h�]�j�Z�f�f 
Fig. 3. Normalized graphs of envelope histograms

�K�l�Z�l�b�k�l�b�q�_�k�d�b�_�� �^�Z�g�g�u�_���� �i�h�e�m�q�_�g�g�u�_�� �\�� �o�h�^�_��
�f�h�^�_�e�b�j�h�\�Z�g�b�y�� �b�� �i�j�h�b�e�e�x�k�l�j�b�j�h�\�Z�g�g�u�_�� �\�� �\�b�^�_��
�]�j�Z�n�b�d�h�\�� �g�Z�� �j�b�k�� ������ �i�j�_�^�k�l�Z�\�e�y�x�l�� �k�h�[�h�c��
�h�i�j�_�^�_�e�_�g�g�u�_�� �f�Z�l�_�f�Z�l�b�q�_�k�d�b�_�� �a�Z�\�b�k�b�f�h�k�l�b����
�d�h�l�h�j�u�_�� �m�^�h�[�g�_�_�� �h�i�b�k�Z�l�v�� �\�� �n�h�j�f�_�� �Z�g�Z�e�b�l�b�q�_�k�d�b��
�a�Z�^�Z�g�g�u�o�� �n�m�g�d�p�b�c���� �>�e�y�� �w�l�h�]�h�� �g�_�h�[�o�h�^�b�f�h��
�i�j�h�b�a�\�_�k�l�b�� �b�g�l�_�j�i�h�e�y�p�b�x�� �b�� �h�i�j�_�^�_�e�b�l�v��
�m�j�Z�\�g�_�g�b�_�� �j�_�]�j�_�k�k�b�b�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �^�Z�g�g�u�o��
[3]. 

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

�H�[�j�Z�[�h�l�d�Z�� �k�l�Z�l�b�k�l�b�q�_�k�d�b�o�� �^�Z�g�g�u�o��
�f�h�^�_�e�b�j�h�\�Z�g�b�y�� �h�k�m�s�_�k�l�\�e�y�e�Z�k�v�� �k�� �i�h�f�h�s�v�x��
�n�m�g�d�p�b�b�� �0�$�7�/�$�%�� �S�R�O�\�I�L�W�������� �d�h�l�h�j�Z�y�� �\�u�i�h�e�g�y�_�l��

�Z�i�i�j�h�d�k�b�f�Z�p�b�x���i�h�e�b�g�h�f�Z�f�b�����<���d�Z�q�_�k�l�\�_���i�j�b�f�_�j�Z��
�g�Z�� �j�b�k���� ���� �b�a�h�[�j�Z�`�_�g�� �]�j�Z�n�b�d�� �b�g�l�_�j�i�h�e�b�j�m�x�s�_�c��
�n�m�g�d�p�b�b���� �i�j�_�^�k�l�Z�\�e�y�x�s�_�c�� �k�h�[�h�c�� �i�h�e�b�g�h�f��
�r�_�k�l�h�c�� �k�l�_�i�_�g�b���� �A�Z�^�Z�q�Z�� �b�g�l�_�j�i�h�e�y�p�b�b�� �\�� �^�Z�g�g�h�f��
�k�e�m�q�Z�_�� �k�\�h�^�b�l�k�y�� �d�� �i�h�b�k�d�m�� �d�h�w�n�n�b�p�b�_�g�l�h�\��
�i�h�e�b�g�h�f�Z�� �k�� �i�h�f�h�s�v�x�� �\�k�l�j�h�_�g�g�h�c�� �n�m�g�d�p�b�b��
polyfit(). 

�J�b�k. 4. �N�m�g�d�p�b�y �b�g�l�_�j�i�h�e�y�p�b�b 
Fig. 4. Interpolation function 
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�>�Z�g�g�Z�y�� �b�g�l�_�j�i�h�e�y�p�b�y�� �i�j�h�\�h�^�b�e�Z�k�v�� �^�e�y��
�n�m�g�d�p�b�b�� �i�e�h�l�g�h�k�l�b�� �\�_�j�h�y�l�g�h�k�l�b�� �i�j�b��n=5. �G�b�`�_��
�i�j�b�\�_�^�_�g�h�� �\�u�j�Z�`�_�g�b�_�� �n�m�g�d�p�b�b�� �b�g�l�_�j�i�h�e�y�p�b�b�� �g�Z��
�j�b�k���������\���\�b�^�_���n�h�j�f�m�e�u���������� 

���˜���˜���˜��� 456 0085,000002,00002,0)( xxxxf  

998,00004,0155,00002,0 23 ���˜���˜���˜�� xxx        (2) 

�>�e�y�� �h�p�_�g�d�b�� �l�h�q�g�h�k�l�b�� �b�g�l�_�j�i�h�e�y�p�b�b�� �f�h�`�g�h��
�i�j�h�b�a�\�_�k�l�b�� �j�Z�k�q�_�l�� �k�j�_�^�g�_�d�\�Z�^�j�Z�l�b�q�_�k�d�Z�y��
�i�h�]�j�_�r�g�h�k�l�b���i�h���n�h�j�f�m�e�_���������� 
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�]�^�_��s(t) �²  �b�k�o�h�^�g�Z�y���n�m�g�d�p�b�y�� 
( )s t �²  �a�g�Z�q�_�g�b�y�� �Z�i�i�j�h�d�k�b�f�b�j�h�\�Z�g�g�h�c��

�n�m�g�d�p�b�b�����\�a�y�l�u�_���h�l���Z�j�]�m�f�_�g�l�h�\���b�k�o�h�^�g�h�c�� 

�>�e�y��n=5 �k�j�_�^�g�_�d�\�Z�^�j�Z�l�b�q�_�k�d�Z�y�� �i�h�]�j�_�r�g�h�k�l�v��
�b�g�l�_�j�i�h�e�y�p�b�b���j�Z�\�g�Z�������������� 

�G�Z�� �j�b�k���� ���� �i�j�b�\�_�^�_�g�u�� �Z�g�Z�e�h�]�b�q�g�u�_��
�Z�i�i�j�h�d�k�b�f�Z�p�b�b���^�e�y��n=3,4. 

�J�b�k. 5. �B�g�l�_�j�i�h�e�y�p�b�y �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o �^�Z�g�g�u�o 
Fig. 5. Interpolation of the experimental data

�<�� �������� �b�� �������� �i�j�b�\�_�^�_�g�u�� �\�u�j�Z�`�_�g�b�y��
�k�h�h�l�\�_�l�k�l�\�m�x�s�b�o���n�m�g�d�p�b�c���b�g�l�_�j�i�h�e�y�p�b�b�� 

���˜���˜���˜���˜��� 3456 0032,003,000005,00013,0)( xxxxxf

037,1009,028,0 2 ���˜���˜�� xx   (4) 

���˜���˜���˜���˜��� 3456 0003,0014,000002,00037,0)( xxxxxf

9314,0001,019,0 2 ���˜���˜�� xx   (5) 

�I�j�b��n=3 �k�j�_�^�g�_�d�\�Z�^�j�Z�l�b�q�_�k�d�Z�y�� �i�h�]�j�_�r�g�h�k�l�v��
�b�g�l�_�j�i�h�e�y�p�b�b���k�h�k�l�Z�\�b�e�Z�������������������i�j�b��n=4 �± 0,0324. 

�>�e�y�� n=2 �i�h�^�h�[�j�Z�l�v�� �i�j�h�k�l�m�x��
�Z�i�i�j�h�d�k�b�f�b�j�m�x�s�m�x�� �n�m�g�d�p�b�x�� �g�_�� �m�^�Z�e�h�k�v����
�H�^�g�Z�d�h�� �\�u�q�b�k�e�_�g�b�_�� �^�\�m�f�_�j�g�h�c�� �i�e�h�l�g�h�k�l�b��
�\�_�j�h�y�l�g�h�k�l�b�� �g�_�� �l�j�_�[�m�_�l�� �i�h�b�k�d�Z��
�Z�i�i�j�h�d�k�b�f�b�j�m�x�s�_�]�h���\�u�j�Z�`�_�g�b�y�����l�Z�d���d�Z�d���^�e�y���g�_�]�h��
�k�m�s�_�k�l�\�m�_�l�� �l�h�q�g�h�_�� �\�u�j�Z�`�_�g�b�_���� �h�i�j�_�^�_�e�y�_�f�h�_��
�n�h�j�f�m�e�h�c������������ 

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

�i�h�e�m�q�_�g�u�� �Z�i�i�j�h�d�k�b�f�b�j�m�x�s�b�_�� �n�h�j�f�m�e�u�� �^�e�y��n-
�f�_�j�g�h�c���i�e�h�l�g�h�k�l�b���\�_�j�h�y�l�g�h�k�l�b���d�h�k�b�g�m�k�Z���j�Z�a�g�h�k�l�b��

�n�Z�a�� �^�e�y��n�”������ �I�h�d�Z�a�Z�g�h�� �q�l�h�� �^�e�y�� �a�g�Z�q�_�g�b�c��n>5 
�i�e�h�l�g�h�k�l�v�� �\�_�j�h�y�l�g�h�k�l�_�c�� �f�h�`�_�l�� �[�u�l�v��
�Z�i�i�j�h�d�k�b�f�b�j�h�\�Z�g�Z�� �g�h�j�f�Z�e�v�g�u�f�� �a�Z�d�h�g�h�f��
�j�Z�k�i�j�_�^�_�e�_�g�b�y���� �J�_�a�m�e�v�l�Z�l�u�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �f�h�]�m�l��
�[�u�l�v�� �b�k�i�h�e�v�a�h�\�Z�g�u�� �i�j�b�� �i�j�h�\�_�^�_�g�b�b��
�k�l�Z�l�b�k�l�b�q�_�k�d�b�o�� �j�Z�k�q�z�l�h�\�� �^�e�y�� �h�p�_�g�d�b��
�w�n�n�_�d�l�b�\�g�h�k�l�b�� �f�_�l�h�^�h�\�� �i�j�b�_�f�Z�� �b�� �h�[�j�Z�[�h�l�d�b��
�k�b�]�g�Z�e�h�\���k�h���k�e�m�q�Z�c�g�u�f�b���i�Z�j�Z�f�_�l�j�Z�f�b�� 

�K�i�b�k�h�d���e�b�l�_�j�Z�l�m�j�u 
���� �<�_�g�l�p�_�e�v�� �?���K���� �L�_�h�j�b�y�� �\�_�j�h�y�l�g�h�k�l�_�c���� �m�q�_�[���� �^�e�y

�\�m�a�h�\������-�_���b�a�^�����k�l�_�j�����F�������<�u�k�r�Z�y���r�d�h�e�Z�������������������������F�� 
���� �=�m�l�d�b�g�� �E���K���� �L�_�h�j�b�y�� �h�i�l�b�f�Z�e�v�g�u�o�� �f�_�l�h�^�h�\

�j�Z�^�b�h�i�j�b�_�f�Z�� �i�j�b�� �n�e�m�d�l�m�Z�p�b�h�g�g�u�o�� �i�h�f�_�o�Z�o���� �F��; �E������
�=�h�k�w�g�_�j�]�h�b�a�^�Z�l�������������������������k�� 

���� �D�m�i�_�j�� �>�`������ �F�Z�d�]�b�e�e�_�f�� �D���� �<�_�j�h�y�l�g�h�k�l�g�u�_
�f�_�l�h�^�u�� �Z�g�Z�e�b�a�Z�� �k�b�]�g�Z�e�h�\�� �b�� �k�b�k�l�_�f���� �I�_�j���� �k�� �Z�g�]�e���� �F������
�F�b�j�������������������������k�� 

4. �E�_�\�b�g �;���J���� �L�_�h�j�_�l�b�q�_�k�d�b�_�� �h�k�g�h�\�u��
�k�l�Z�l�b�k�l�b�q�_�k�d�h�c�� �j�Z�^�b�h�l�_�o�g�b�d�b���� �D�g�b�]�Z�� �i�_�j�\�Z�y���� ��-�_�� �b�a�^������
�i�_�j�_�j�Z�[�����b���^�h�i�����F�������K�h�\�_�l�k�d�h�_���j�Z�^�b�h�������������������������k�� 

���� �I�h�e�h�\�d�h�� �:���F������ �;�m�l�m�k�h�\�� �I���G����MATLAB �^�e�y
�k�l�m�^�_�g�l�Z�����K�I�[�������;�O�<-�I�_�l�_�j�[�m�j�]�������������������������k�� 

���� �I�h�l�_�f�d�b�g���<�����=�����<�u�q�b�k�e�_�g�b�y���\���k�j�_�^�_��MATLAB .
�F�������>�b�Z�e�h�]-�F�B�N�B������������������������c. 
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Abstract 
The article discusses the implementation of the algorithm of vHGW grayscale morphology with 
the use of OpenMP parallel programming technology and NVIDIA CUDA. Morphological 
operations have low arithmetic complexity, but the use of data parallelism can improve 
acceleration performance with parallel processors such as graphics processors (GPU). Performing 
these operations for GPU provides significant acceleration compared with the central processor 
implementation for structuring elements of various sizes. It is shown that vHGW algorithm is a 
fast algorithm for computing dilation and erosion of binary and grayscale images on a serial 
processor. The implementation representation of vHGW algorithms for GPUs with CUDA 
technology improves the performance of morphological image processing. The authors 
demonstrate the efficiency of the algorithm implementation using CUDA technology, comparing 
it with the filtration OpenMP binary and grayscale images with different resolution and different 
size of the structuring element. 
Keywords: mathematical morphology; medical imaging; GPU; OpenMP; NVIDIA CUDA; 
vHGW; filtration. 
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�i�h�e�m�l�h�g�h�\�u�o�� �b�a�h�[�j�Z�`�_�g�b�c�� �g�Z�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�f��
�i�j�h�p�_�k�k�h�j�_���� 

�<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �i�j�_�^�k�l�Z�\�e�_�g�Z�� �j�_�Z�e�b�a�Z�p�b�y��
�Z�e�]�h�j�b�l�f�Z���Y�+�*�:���^�e�y���]�j�Z�n�b�q�_�k�d�b�o���i�j�h�p�_�k�k�h�j�h�\���k��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �l�_�o�g�h�e�h�]�b�b�� �&�8�'�$���� �q�l�h��
�i�h�a�\�h�e�y�_�l�� �a�g�Z�q�b�l�_�e�v�g�h�� �i�h�\�u�k�b�l�v��
�i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�v�� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �^�j�m�]�b�f�b��
�Z�e�]�h�j�b�l�f�Z�f�b�� �f�h�j�n�h�e�h�]�b�q�_�k�d�h�c�� �h�[�j�Z�[�h�l�d�b��
�b�a�h�[�j�Z�`�_�g�b�c���� �<�� �k�b�e�m�� �\�u�k�h�d�h�c�� �a�g�Z�q�b�f�h�k�l�b��
�i�h�\�u�r�_�g�b�y���l�h�q�g�h�k�l�b���j�_�]�b�k�l�j�Z�p�b�b���b�a�h�[�j�Z�`�_�g�b�c���b��
�\�u�k�h�d�h�c�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �k�h�\�j�_�f�_�g�g�u�o�� �f�_�l�h�^�h�\��
�d�h�f�i�v�x�l�_�j�g�h�]�h�� �a�j�_�g�b�y���� �^�Z�g�g�Z�y�� �h�[�e�Z�k�l�v��
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�i�j�_�^�k�l�Z�\�e�y�_�l�k�y�� �i�_�j�k�i�_�d�l�b�\�g�h�c�� �b�� �Z�d�l�m�Z�e�v�g�h�c�� �^�e�y��
�k�h�\�j�_�f�_�g�g�h�c���^�_�c�k�l�\�b�l�_�e�v�g�h�k�l�b���� 

�>�e�y�� �j�Z�k�i�Z�j�Z�e�e�_�e�b�\�Z�g�b�y�� �\�u�q�b�k�e�_�g�b�c��
�b�k�i�h�e�v�a�h�\�Z�g�u�� �l�_�o�g�h�e�h�]�b�b�� �2�S�H�Q�0�3�� �b�� �&�8�'�$���� �l�Z�d��
�d�Z�d�� �h�g�b�� �\�� �[�h�e�v�r�_�c�� �k�l�_�i�_�g�b�� �h�[�e�Z�^�Z�x�l�� �\�u�k�h�d�h�c��
�i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�v�x�� 

�I�h�e�m�l�h�g�h�\�u�_�� �h�i�_�j�Z�p�b�b�� �^�b�e�Z�l�Z�p�b�b�� �b�� �w�j�h�a�b�b��
�m�k�l�Z�g�Z�\�e�b�\�Z�x�l�� �a�g�Z�q�_�g�b�_�� �d�Z�`�^�h�]�h�� �i�b�d�k�_�e�y��j �\��
�b�a�h�[�j�Z�`�_�g�b�b�� �^�h�� �f�Z�d�k�b�f�m�f�Z�� �b�� �f�b�g�b�f�m�f�Z��
���k�h�h�l�\�_�l�k�l�\�_�g�g�h���� �^�e�y�� �\�k�_�o�� �i�b�d�k�_�e�_�c�� �\�� �a�Z�^�Z�g�g�h�c��
�h�d�j�_�k�l�g�h�k�l�b��j���� �H�i�_�j�Z�p�b�b�� �h�l�d�j�u�l�b�y�� ���a�Z�d�j�u�l�b�y����
�j�_�Z�e�b�a�h�\�Z�g�u�� �\�� �\�b�^�_�� �w�j�h�a�b�b�� ���^�b�e�Z�l�Z�p�b�b���� �k��
�i�h�k�e�_�^�m�x�s�_�c���^�b�e�Z�l�Z�p�b�_�c ���w�j�h�a�b�_�c���� �H�d�j�_�k�l�g�h�k�l�v����
�l�Z�d�`�_�� �g�Z�a�u�\�Z�_�f�Z�y�� �k�l�j�m�d�l�m�j�b�j�m�x�s�b�f�� �w�e�_�f�_�g�l�h�f��
���6�(�������f�h�`�_�l���[�u�l�v���i�j�h�b�a�\�h�e�v�g�h�c���n�h�j�f�u���b���j�Z�a�f�_�j�Z����
�<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �f�u�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�� �l�h�e�v�d�h��
�i�j�y�f�h�m�]�h�e�v�g�u�_��SE. 

�:�e�]�h�j�b�l�f�� �Y�+�*�:�� ���Y�D�Q�� �+�H�U�N�� �*�L�O-Werman), 
�h�i�b�k�Z�g�� �\�Z�g�� �O�_�j�d�h�f�� �>�����@�����=�b�e�_�f�� �b�� �<�_�j�f�Z�g�h�f�� �>���@���\��
�k�\�h�b�o���j�Z�[�h�l�Z�o���� 

�W�l�h�� �Z�e�]�h�j�b�l�f�� �i�h�e�m�l�h�g�h�\�h�c�� �f�h�j�n�h�e�h�]�b�b�� �^�e�y��
�\�u�q�b�k�e�_�g�b�y�� �^�b�e�Z�l�Z�p�b�b�� �b�� �w�j�h�a�b�b�� �k�h�� �k�e�h�`�g�h�k�l�v�x����
�g�_�a�Z�\�b�k�b�f�h�c�� �h�l�� �j�Z�a�f�_�j�Z�� �k�l�j�m�d�l�m�j�b�j�m�x�s�_�]�h��
�w�e�_�f�_�g�l�Z�����H�g���j�Z�[�h�l�Z�_�l���^�e�y���\�k�_�o���k�l�j�m�d�l�m�j�b�j�m�x�s�b�o��
�w�e�_�f�_�g�l�h�\���� �k�h�k�l�h�y�s�b�o�� �b�a�� �]�h�j�b�a�h�g�l�Z�e�v�g�u�o�� �b�� ���� �b�e�b��
�\�_�j�l�b�d�Z�e�v�g�u�o�� �e�b�g�_�c�g�u�o�� �w�e�_�f�_�g�l�h�\���� �b�� �l�j�_�[�m�_�l�� �g�_��
�[�h�e�_�_�� ��-�o�� �k�j�Z�\�g�_�g�b�c�� �a�g�Z�q�_�g�b�c�� �i�b�d�k�_�e�_�c�� �^�e�y��
�d�Z�`�^�h�]�h���\�u�o�h�^�g�h�]�h���i�b�d�k�_�e�y�� 

�>�e�y�� �i�h�e�m�l�h�g�h�\�h�c�� �f�h�j�n�h�e�h�]�b�b�� �^�b�e�Z�l�Z�p�b�y��
�\�u�q�b�k�e�y�_�l�k�y�� �i�h�� �n�h�j�f�m�e�_�� ������ �Z�� �w�j�h�a�b�y�� �i�h��
�n�h�j�f�m�e�_������ 

�:�B �R �G�;�:�T�; 
L �•�ƒ�š �í�Ð�Ä
�:�ë�?�í�;�Ð�¿

�<�B�:�T 
F �V�; 
E�:�V�;�=���<�B�:�T 
F


F�V�; 
E �G�:�V�;�= (1) 

�:�B �S �G�;�:�T�; 
L �•�‹�•�í�Ð�Ä�<�B�:�T 
E �V�; 
F �G�:�V�;�=     (2) 

�>�e�y�� �w�j�h�a�b�b���� �\�f�_�k�l�h�� �f�Z�d�k�b�f�Z�e�v�g�h�]�h�� �a�g�Z�q�_�g�b�y��
�g�m�`�g�h���b�k�d�Z�l�v���f�b�g�b�f�Z�e�v�g�h�_���� 

�J�b�k�������� vHGW �Z�e�]�h�j�b�l�f���^�e�y���]�h�j�b�a�h�g�l�Z�e�v�g�h�]�h���k�l�j�m�d�l�m�j�g�h�]�h���w�e�_�f�_�g�l�Z���j�Z�a�f�_�j�Z��p 
Fig. 1. vHGW algorithm for horizontal structural element of p size 

�:�e�]�h�j�b�l�f�� �k�h�k�l�h�b�l�� �b�a�� �l�j�z�o�� �h�k�g�h�\�g�u�o�� �w�l�Z�i�h�\��
[3, ���@�����j�b�k���������� 

I. �B�a�h�[�j�Z�`�_�g�b�_�� �j�Z�a�^�_�e�y�_�l�k�y�� �g�Z�� �h�l�j�_�a�d�b��
�^�e�b�g�u��p �k�� ��p-���������� �g�Z�� �d�Z�`�^�h�c�� �k�l�h�j�h�g�_���� �q�l�h�[�u��
�k�n�h�j�f�b�j�h�\�Z�l�v�� �h�d�g�h�� �j�Z�a�f�_�j�h�f�� ��p-������ �k�� �p�_�g�l�j�h�f�� �\��
�l�h�q�d�_���j-1, 2p-1, 3p-1, ... 

II. �>�e�y�� �d�Z�`�^�h�]�h�� �i�b�d�k�_�e�y��k = [0;p-���@�� �\
�a�Z�^�Z�g�g�h�f�� �h�d�g�_��w���� �f�Z�k�k�b�\�� �i�j�_�n�b�d�k�h�\��R 
�j�Z�k�k�q�b�l�u�\�Z�_�l�k�y���^�e�y���i�b�d�k�_�e�h�\���k�e�_�\�Z���h�l���p�_�g�l�j�Z 

a) �4�>�G�?
L �•�ƒ�š�:�S�>�F�?�;�á �F 
L �G �å �:�L 
F �s�;,

�Z�� �f�Z�k�k�b�\�� �k�m�n�n�b�d�k�h�\��S �j�Z�k�k�q�b�l�u�\�Z�_�l�k�y�� �^�e�y��
�i�b�d�k�_�e�h�\���k�i�j�Z�\�Z���h�l���p�_�g�l�j�Z����p-1) ... (2p-2),  

b) �5�>�G�?
L �•�ƒ�š�:�S�>�L 
F �s 
E �F�?�;�á �F 
L �r �å �G
c) R [k�@�� �b�� �6�� �>k�@�� �h�[�t�_�^�b�g�y�x�l�k�y�� �\�f�_�k�l�_��

�q�l�h�[�u���\�u�q�b�k�e�b�l�v���f�Z�d�k�b�f�m�f���n�b�e�v�l�j�Z 
III. �>�e�y �d�Z�`�^�h�]�h�� �i�b�d�k�_�e�y��

(p-1)/2<=j<p+(p-1)/���� �\��w ���h�l�j�_�a�h�d�� �^�e�b�g�u��p) 
�j�_�a�m�e�v�l�Z�l���^�b�e�Z�l�Z�p�b�b 

�N�A�O�Q�H�P�>�E�?
L �•�ƒ�š�:�4�>�F 
F �I�?�á �5�>�F 
E �I�?�;�á 
���I 
L �:�L 
F �s�;���t 
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�<�� �j�_�a�m�e�v�l�Z�l�_���� �f�u�� �g�_�� �h�p�_�g�b�\�Z�_�f�� �i�_�j�\�u�_��p / 2 
�i�b�d�k�_�e�_�c�� �b���� �\�� �o�m�^�r�_�f�� �k�e�m�q�Z�_���� �i�h�k�e�_�^�g�b�_�� ��p / 2 
�i�b�d�k�_�e�_�c���� �Q�l�h�[�u�� �i�h�e�m�q�b�l�v�� �j�Z�a�m�f�g�u�_�� �j�_�a�m�e�v�l�Z�l�u��
�g�Z�� �\�k�_�o�� �i�b�d�k�_�e�y�o�� �\�� �b�a�h�[�j�Z�`�_�g�b�b���� �f�u�� �\�d�e�Z�^�u�\�Z�_�f��
�j�_�Z�e�v�g�h�_�� �b�a�h�[�j�Z�`�_�g�b�_�� �\�� �[�h�e�_�_�� �d�j�m�i�g�h�_��
�b�a�h�[�j�Z�`�_�g�b�_�� �m�\�_�e�b�q�_�g�g�u�o�� �j�Z�a�f�_�j�h�\���� �]�^�_��
�^�h�[�Z�\�e�_�g�u�� �i�h�]�j�Z�g�b�q�g�u�_�� �i�b�d�k�_�e�b����
�b�g�b�p�b�Z�e�b�a�b�j�h�\�Z�g�g�u�_�� ���� �^�e�y�� �^�b�e�Z�l�Z�p�b�b�� �b�� �������� �^�e�y��
�w�j�h�a�b�b���� 

�:�e�]�h�j�b�l�f�� �Y�+�*�:�� �\�u�i�h�e�g�y�_�l�� �^�b�e�Z�l�Z�p�b�x�� �k��
�i�h�f�h�s�v�x���6�(���j�Z�a�f�_�j�h�f���j��� �����Q�����������a�Z���2����n�����\�j�_�f�_�g�b��
(n � �� �q�b�k�e�h�� �i�b�d�k�_�e�_�c�� �b�a�h�[�j�Z�`�_�g�b�y������ �I�j�b�� �w�l�h�f��
�\�u�i�h�e�g�y�_�l�� �f�_�g�_�_�� �l�j�_�o�� �k�j�Z�\�g�_�g�b�c�� �g�Z�� �i�b�d�k�_�e�v����
�g�_�a�Z�\�b�k�b�f�h���h�l���j�Z�a�f�_�j�Z���6�(�� 

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

�B�k�o�h�^�y �b�a �i�j�b�\�_�^�_�g�g�h�]�h �\�u�r�_ �Z�e�]�h�j�b�l�f�Z�� 
�f�h�`�g�h �k�^�_�e�Z�l�v �\�u�\�h�^�� �q�l�h �g�Z �d�Z�`�^�h�c �b�l�_�j�Z�p�b�b 

�g�h�\�h�_ �a�g�Z�q�_�g�b�_ �b�g�l�_�g�k�b�\�g�h�k�l�b �^�e�y �d�Z�`�^�h�]�h 
�i�b�d�k�_�e�y �a�Z�\�b�k�b�l �h�l �i�j�_�^�u�^�m�s�_�]�h �a�g�Z�q�_�g�b�y�� �Z 
�l�Z�d�`�_ �h�l �a�g�Z�q�_�g�b�c �h�d�j�m�`�Z�x�s�b�o �_�]�h �i�b�d�k�_�e�_�c�� 

�I�h�w�l�h�f�m�� �q�l�h�[�u �b�f�_�l�v �\�h�a�f�h�`�g�h�k�l�v 
�j�Z�k�i�Z�j�Z�e�e�_�e�b�l�v �i�j�h�]�j�Z�f�f�m �k �i�h�f�h�s�v�x OpenMP 
�g�_�h�[�o�h�^�b�f�h �\�u�g�_�k�l�b �g�_�d�h�l�h�j�u�_ �\�u�q�b�k�e�_�g�b�y �\ 
�h�l�^�_�e�v�g�u�_ �n�m�g�d�p�b�b�� �I�h�k�e�_ �w�l�h�]�h �f�h�`�g�h �\�k�l�Z�\�b�l�v 
�^�b�j�_�d�l�b�\�m #pragmaompparallelforprivate(prefix, 
suffix) �i�_�j�_�^ �h�k�g�h�\�g�u�f �p�b�d�e�h�f �Z�e�]�h�j�b�l�f�Z�� 

�L�_�o�g�h�e�h�]�b�y OpenMP �b�k�i�h�e�v�a�m�_�l �^�e�y 
�j�Z�k�i�Z�j�Z�e�e�_�e�b�\�Z�g�b�y �f�h�^�_�e�v �©�\�_�l�\�e�_�g�b�_-�k�e�b�y�g�b�_�ª 
(fork-joinparallelism), �i�h�d�Z�a�Z�g�g�m�x �g�Z �j�b�k�m�g�d�_ 2. 
�I�j�h�]�j�Z�f�f�Z �g�Z�q�b�g�Z�_�l �\�u�i�h�e�g�y�l�v�k�y �\ �]�e�Z�\�g�h�f 
�i�h�l�h�d�_�� �b �d�h�]�^�Z �\�k�l�j�_�q�Z�_�l�k�y �i�Z�j�Z�e�e�_�e�v�g�Z�y �k�_�d�p�b�y�� 
�k�h�a�^�Z�x�l�k�y �g�h�\�u�_ �i�h�l�h�d�b�� �b �g�Z�]�j�m�a�d�Z 
�j�Z�k�i�j�_�^�_�e�y�_�l�k�y �m�`�_ �i�h �g�_�k�d�h�e�v�d�b�f �i�h�l�h�d�Z�f�� 
�i�h�k�e�_ �l�h�]�h �d�Z�d �\�k�_ �i�h�l�h�d�b �\�u�i�h�e�g�b�e�b�k�v�� �k�g�h�\�Z 
�g�Z�q�b�g�Z�_�l �j�Z�[�h�l�Z�l�v �l�h�e�v�d�h �h�^�b�g �]�e�Z�\�g�u�c �i�h�l�h�d�� �K 
�l�h�q�d�b �a�j�_�g�b�y �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y �± �w�l�h �h�q�_�g�v 
�m�^�h�[�g�u�c �i�h�^�o�h�^�� �l���d�� �g�_�h�[�o�h�^�b�f�h �\ 
�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�m�x �q�Z�k�l�v �i�j�h�]�j�Z�f�f�u �\�k�l�Z�\�b�l�v 
�\�k�_�]�h �e�b�r�v �h�^�g�m �b�e�b �g�_�k�d�h�e�v�d�h �^�b�j�_�d�l�b�\ [1]. 

�J�b�k�������� �F�h�^�_�e�v���©�\�_�l�\�e�_�g�b�_-�k�e�b�y�g�b�_�ª 
Fig. 2. Model "fork-joint parallelism" 

�I�j�_�^�k�l�Z�\�e�_�g�g�Z�y���j�_�Z�e�b�a�Z�p�b�y��vHGW �g�Z��CUDA 
�b�k�i�h�e�v�a�m�_�l���k�e�_�^�m�x�s�b�_���^�_�l�Z�e�b�� 

�‡ �H�l�^�_�e�v�g�u�c�� �d�h�^�� �^�e�y�� �]�h�j�b�a�h�g�l�Z�e�v�g�h�c�� �b
�\�_�j�l�b�d�Z�e�v�g�h�c�� �\�_�j�k�b�b�� �k�l�j�m�d�l�m�j�b�j�m�x�s�_�]�h��
�w�e�_�f�_�g�l�Z�� 

�‡ �H�^�b�g�� �i�h�l�h�d�� �\�u�q�b�k�e�y�_�l�� �f�Z�d�k�b�f�Z�e�v�g�h�_
���f�b�g�b�f�Z�e�v�g�h�_�����a�g�Z�q�_�g�b�y���k�j�Z�a�m���^�e�y���^�\�m�o���f�Z�k�k�b�\�h�\��
S [K], R [K] 

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

�I�j�b�� �w�l�h�f�� �g�_�h�[�o�h�^�b�f�h�� �m�q�_�k�l�v�� �k�e�_�^�m�x�s�b�_��
�h�i�j�_�^�_�e�_�g�b�y���&�8�'�$�� 

�‡ �&�8�'�$���f�m�e�v�l�b�i�j�h�p�_�k�k�h�j���k�h�a�^�Z�z�l�����m�i�j�Z�\�e�y�_�l��
�i�e�Z�g�b�j�m�_�l�� �b�� �\�u�i�h�e�g�y�_�l�� �i�h�l�h�d�b�� �\�� �]�j�m�i�i�Z�o�� �b�a�� ������
�i�Z�j�Z�e�e�_�e�v�g�u�o���g�b�l�_�c�����g�Z�a�u�\�Z�_�f�u�o��warp�¶�Z�f�b���>���@ 

�‡ �&�8�'�$�� �f�m�e�v�l�b�i�j�h�p�_�k�k�h�j�� �k�h�^�_�j�`�b�l�� �j�y�^
�[�e�h�d�h�\�� �g�b�l�_�c���� �k�� �f�Z�d�k�b�f�m�f�h�f�� ���� �[�e�h�d�h�\�� �g�b�l�_�c�� �\��
CUDA CC �\�_�j�k�b�b�������o���b���g�b�`�_�� 

�‡ �J�Z�a�f�_�j�� �[�e�h�d�Z�� �^�h�e�`�_�g�� �[�u�l�v�� �d�j�Z�l�g�u�f
������ �g�b�l�y�f�� ��warp���� �k�� �j�_�d�h�f�_�g�^�m�_�f�u�f�� �f�b�g�b�f�m�f�h�f��
64 (2 warp�¶�Z���� 

�?�k�e�b�� �i�j�_�^�i�h�e�h�`�b�l�v���� �q�l�h�� �\�h�a�f�h�`�g�h��
�b�k�i�h�e�v�a�h�\�Z�l�v�� �l�h�e�v�d�h�� ������ �i�h�l�h�d�Z�� ���h�^�b�g�� �Z�D�U�S������ �f�u��
�f�h�`�_�f�� �\�u�i�h�e�g�b�l�v�� �]�h�j�b�a�h�g�l�Z�e�v�g�m�x�� �^�b�e�Z�l�Z�p�b�x�� �g�Z��
�b�a�h�[�j�Z�`�_�g�b�b�� �k�� ���������� �k�l�h�e�[�p�h�\�� �\�� �k�l�j�h�d�_�� �b��
�k�l�j�m�d�l�m�j�g�h�]�h�� �w�e�_�f�_�g�l�Z�� �j�Z�a�f�_�j�h�f�� �������� �k��
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�B�G�N�H�J�F�:�P�B�H�G�G�U�?���L�?�O�G�H�E�H�=�B�B 
INFORMATION TECHNOLOGIES  

�b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �[�h�e�_�_�� �����.�%�� �j�Z�a�^�_�e�y�_�f�h�c�� �i�Z�f�y�l�b��
�k�e�_�^�m�x�s�b�f���h�[�j�Z�a�h�f�� 

�‡ �k�l�j�m�d�l�m�j�g�u�c�� �w�e�_�f�_�g�l�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c
�]�h�j�b�a�h�g�l�Z�e�v�g�m�x�� �e�b�g�b�x�� ������ �i�b�d�k�_�e�h�\���� �i�h�w�l�h�f�m��
�j� ������ 

�‡ �d�Z�`�^�Z�y���k�l�j�h�d�Z���b�a�h�[�j�Z�`�_�g�b�y���k�h�k�l�Z�\�e�y�_�l����������
�i�b�d�k�_�e�_�c�����i�h�w�l�h�f�m�����������������j��� �����������h�d�h�g�� 

�‡ ���� �f�Z�k�k�b�\�Z�� �\�� �h�^�g�h�f�� �h�d�g�_�� �k�� �i�h�f�h�s�v�x�� ���j
�a�g�Z�q�_�g�b�c���b�������g�b�l�_�c�� 

�‡ �d�Z�`�^�u�c���[�e�h�d���b�k�i�h�e�v�a�m�_�l���������i�h�l�h�d�Z��
�‡ �i�h�w�l�h�f�m �d�Z�`�^�u�c�� �[�e�h�d�� �l�j�_�[�m�_�l��

100*���j*32/2�§�����.�� �j�Z�a�^�_�e�y�_�f�h�c�� �i�Z�f�y�l�b���� �d�h�l�h�j�Z�y��
�j�Z�\�g�Z�� �����.�%�� �^�e�y�� ���� �[�b�l�g�u�o�� �p�_�e�h�q�b�k�e�_�g�g�u�o��
�b�a�h�[�j�Z�`�_�g�b�c�� �b�e�b�� �������� �D�;�� �^�e�y�� ������ �[�b�l�g�u�o 
�b�a�h�[�j�Z�`�_�g�b�c���k���i�e�Z�\�Z�x�s�_�c���l�h�q�d�h�c�� 

�‡ �d�Z�`�^�u�c�� �f�m�e�v�l�b�i�j�h�p�_�k�k�h�j�� �b�f�_�_�l�� �����N�E
�j�Z�a�^�_�e�y�_�f�h�c�� �i�Z�f�y�l�b�� �^�e�y�� �d�Z�j�l���� �i�h�^�^�_�j�`�b�\�Z�x�s�b�o��
CUDA CC ���������b�e�b���\�u�r�_���>���@�� 

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

�J�Z�k�i�j�_�^�_�e�_�g�b�_�� �j�_�k�m�j�k�h�\���� �d�h�l�h�j�h�_�� �\�u�^�_�e�y�_�l��
�\�k�_�� ����kb �j�Z�a�^�_�e�y�_�f�h�c�� �i�Z�f�y�l�b�� �g�Z�� �h�^�b�g�� �[�e�h�d�� �k�� ������
�g�b�l�y�f�b���\���[�e�h�d�_���l�h�e�v�d�h�������Z�d�l�b�\�g�u�c��warp �^�e�y���w�l�h�]�h��
�f�m�e�v�l�b�i�j�h�p�_�k�k�h�j�Z���� �L�h�e�v�d�h�� �k�� �h�^�g�b�f�� �Z�d�l�b�\�g�u�f��
warp�¶�h�f�� �b�a�� �\�h�a�f�h�`�g�u�o�� ������ ��CUDACC 2.0) [7] 
�a�Z�i�h�e�g�y�_�f�h�k�l�v�� ���d�h�w�n�n�b�p�b�_�g�l�� �b�k�i�h�e�v�a�h�\�Z�g�b�y��
�g�b�l�b���� �\�k�_�]�h�� ������ �h�l�� �\�h�a�f�h�`�g�h�k�l�_�c��
�f�m�e�v�l�b�i�j�h�p�_�k�k�h�j�Z�����q�l�h���a�g�Z�q�b�l�_�e�v�g�h���h�]�j�Z�g�b�q�b�\�Z�_�l��
�i�h�l�_�g�p�b�Z�e���i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�b�� 

�K�� �m�q�_�l�h�f�� �a�Z�y�\�e�_�g�g�h�c�� �p�_�e�b�� �Z�g�Z�e�b�a�Z�� �b��
�h�[�j�Z�[�h�l�d�b���[�h�e�v�r�b�o���b�a�h�[�j�Z�`�_�g�b�c���j�Z�a�f�_�j�h�f���[�h�e�_�_��
�h�^�g�h�]�h�� �f�b�e�e�b�h�g�Z�� �i�b�d�k�_�e�_�c���� �k�� ���� �b�� �[�h�e�_�_�� �[�b�l��
�l�h�q�g�h�k�l�b���� �f�Z�d�k�b�f�m�f�� �j�Z�a�^�_�e�y�_�f�h�c�� �i�Z�f�y�l�b�� �^�e�y��
�f�Z�k�k�b�\�h�\���Y�+�*�:���g�_���y�\�e�y�_�l�k�y���^�h�k�l�Z�l�h�q�g�u�f���� 

�>�e�y�� �l�_�k�l�b�j�h�\�Z�g�b�y�� �Z�e�]�h�j�b�l�f�Z�� �f�h�j�n�h�e�h�]�b-
�q�_�k�d�h�c�� �h�[�j�Z�[�h�l�d�b�� �b�a�h�[�j�Z�`�_�g�b�b��vHGW, 
�j�_�Z�e�b�a�h�\�Z�g�g�h�]�h�� �k�� �i�h�f�h�s�v�x�� �l�_�o�g�h�e�h�]�b�c�� �2�S�H�QMP 
�b��CUDA���� �b�k�o�h�^�g�h�_�� �b�a�h�[�j�Z�`�_�g�b�_���� �i�j�_�^�k�l�Z�\�e�_�g�g�h�_��
�g�Z�� �j�b�k�m�g�d�_�� ������ �i�h�^�Z�\�Z�e�h�k�v�� �g�Z�� �\�o�h�^�� �������� �j�Z�a�� �^�e�y��
�[�h�e�_�_�� �l�h�q�g�h�]�h�� �b�a�f�_�j�_�g�b�y�� �\�j�_�f�_�g�b�� �_�]�h��
�\�u�i�h�e�g�_�g�b�y���� �D�Z�`�^�u�c�� �i�j�h�^�_�e�Z�g�g�u�c�� �w�d�k�i�_�j�b�f�_�g�l��
�i�j�h�\�h�^�b�e�k�y�� �k�� �h�^�g�b�f�� �b�a�h�[�j�Z�`�_�g�b�_�f���� �g�h�� �j�Z�a�g�h�]�h��
�j�Z�a�j�_�r�_�g�b�y���� �I�h�k�e�_�� �\�u�i�h�e�g�_�g�b�y�� �h�[�j�Z�[�h�l�d�b��
�b�a�h�[�j�Z�`�_�g�b�c���� �i�j�h�]�j�Z�f�f�Z�� �i�j�h�b�a�\�h�^�b�e�Z�� �i�h�^�k�q�_�l��
�\�j�_�f�_�g�b�� �\�u�i�h�e�g�_�g�b�y�� �h�i�_�j�Z�p�b�c�� �g�Z�^��
�b�a�h�[�j�Z�`�_�g�b�_�f���� 

�J�b�k. 3. �B�k�o�h�^�g�h�_ �b�a�h�[�j�Z�`�_�g�b�_ �a�_�f�g�h�c �i�h�\�_�j�o�g�h�k�l�b 
Fig. 3. The original image of the Earth's surface 

�G�Z�� �j�b�k�m�g�d�_�� ���� �i�j�_�^�k�l�Z�\�e�_�g�h�� �b�k�o�h�^�g�h�_��
�i�h�e�m�l�h�g�h�\�h�_�� �b�a�h�[�j�Z�`�_�g�b�_�� �a�_�f�g�h�c�� �i�h�\�_�j�o�g�h�k�l�b����
�k�g�y�l�h�_�� �b�a�� �d�h�k�f�h�k�Z���� �Z�� �g�Z�� �j�b�k�m�g�d�_�� ���� �± �j�_�a�m�e�v�l�Z�l��
�w�j�h�a�b�b�� �w�l�h�]�h�� �b�a�h�[�j�Z�`�_�g�b�y�� �k�l�j�m�d�l�m�j�b�j�m�x�s�b�f��
�w�e�_�f�_�g�l�h�f�� �j�Z�a�f�_�j�Z�� ���î������ �A�Z�f�_�l�g�h���� �q�l�h��
�b�a�h�[�j�Z�`�_�g�b�_�� �k�l�Z�e�h�� �g�_�f�g�h�]�h�� �l�_�f�g�_�_���� �q�l�h�� �\�i�h�e�g�_��
�e�h�]�b�q�g�h���� �m�q�b�l�u�\�Z�y�� �l�h���� �q�l�h�� �Z�e�]�h�j�b�l�f�� �g�Z�o�h�^�b�l��
�e�h�d�Z�e�v�g�u�c�� �f�b�g�b�f�m�f�� �b�g�l�_�g�k�b�\�g�h�k�l�b�� �\�� �a�Z�^�Z�g�g�h�c��
�h�d�j�_�k�l�g�h�k�l�b�� 

�J�b�k. 4. �J�_�a�m�e�v�l�Z�l �w�j�h�a�b�b �b�k�o�h�^�g�h�]�h �b�a�h�[�j�Z�`�_�g�b�y 
Fig. 4. The result of erosion of the original image 

�H�^�g�h�c�� �b�a�� �]�e�Z�\�g�u�o�� �i�j�h�[�e�_�f�� �h�[�j�Z�[�h�l�d�b��
�b�a�h�[�j�Z�`�_�g�b�c�� �y�\�e�y�_�l�k�y�� �i�j�b�k�m�l�k�l�\�b�_�� �r�m�f�Z�� �\��
�b�a�h�[�j�Z�`�_�g�b�b���� �W�l�m�� �i�j�h�[�e�_�f�m�� �f�h�`�g�h�� �j�_�r�b�l�v�� �k��
�i�h�f�h�s�v�x���f�h�j�n�h�e�h�]�b�q�_�k�d�h�c���n�b�e�v�l�j�Z�p�b�b���>���� 8].  

�G�Z�� �j�b�k�m�g�d�_�� ���� �i�j�_�^�k�l�Z�\�e�_�g�h�� �b�k�o�h�^�g�h�_��
�[�b�g�Z�j�g�h�_�� �a�Z�r�m�f�e�_�g�g�h�_�� �b�a�h�[�j�Z�`�_�g�b�_�� �h�l�i�_�q�Z�l�d�Z��
�i�Z�e�v�p�Z���� �K�� �i�h�f�h�s�v�x�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�b��
�h�i�_�j�Z�p�b�c���^�b�e�Z�l�Z�p�b�b���b���w�j�h�a�b�b���m�^�Z�e�h�k�v���b�a�[�Z�\�b�l�v�k�y��
�h�l���r�m�f�Z�����q�l�h���i�j�h�^�_�f�h�g�k�l�j�b�j�h�\�Z�g�h���g�Z���j�b�k�m�g�d�_ 6. 
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�J�b�k�������� �B�k�o�h�^�g�h�_���a�Z�r�m�f�e�_�g�g�h�_���b�a�h�[�j�Z�`�_�g�b�_���h�l�i�_�q�Z�l�d�Z��
�i�Z�e�v�p�Z 

Fig. 5. Original noisy fingerprint image 

�J�b�k�������� �J�_�a�m�e�v�l�Z�l���f�h�j�n�h�e�h�]�b�q�_�k�d�h�c���n�b�e�v�l�j�Z�p�b�b��
�b�a�h�[�j�Z�`�_�g�b�y���h�l�i�_�q�Z�l�d�Z���i�Z�e�v�p�Z 

Fig. 6. The result of morphological filtering of a 
fingerprint image 

�D�Z�d�� �\�b�^�g�h�� �b�a�� �]�j�Z�n�b�d�Z���� �i�j�_�^�k�l�Z�\�e�_�g�g�h�]�h��
�j�b�k�m�g�d�_�� ������ �i�j�b�� �m�\�_�e�b�q�_�g�b�b�� �j�Z�a�f�_�j�Z�� �k�l�j�m�d�l�m�j�g�h�]�h��
�w�e�_�f�_�g�l�Z�����\�j�_�f�y���\�u�i�h�e�g�_�g�b�y���Z�e�]�h�j�b�l�f�Z���g�_���l�h�e�v�d�h��
�g�_�� �m�\�_�e�b�q�b�\�Z�_�l�k�y���� �Z�� �^�Z�`�_�� �m�f�_�g�v�r�Z�_�l�k�y���� �d�Z�d�� �k��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�f�������i�h�l�h�d�Z�����l�Z�d���b������-�l�b���i�h�l�h�d�h�\���� 

�J�b�k�������� �A�Z�\�b�k�b�f�h�k�l�v���\�j�_�f�_�g�b���\�u�i�h�e�g�_�g�b�y���h�l���j�Z�a�f�_�j�Z��
�k�l�j�m�d�l�m�j�b�j�m�x�s�_�]�h���w�e�_�f�_�g�l�Z���^�e�y���i�j�h�]�j�Z�f�f�u�� 

�g�Z�������b���������i�h�l�h�d�Z�o 
Fig. 7. Dependence of the execution time of the size of a 

structuring element for the application on 1 and 12 threads 

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

�J�b�k�������� �A�Z�\�b�k�b�f�h�k�l�v���\�j�_�f�_�g�b���\�u�i�h�e�g�_�g�b�y���h�l��
�j�Z�a�j�_�r�_�g�b�y���b�a�h�[�j�Z�`�_�g�b�y���^�e�y���i�j�h�]�j�Z�f�f�u�� 

�g�Z�������b���������i�h�l�h�d�Z�o 
Fig. 8. Dependence of the execution time of the image 

resolution for the program on 1 and 12 threads 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �Z�g�Z�e�b�a�b�j�m�y�� �i�j�_�^�k�l�Z�\�e�_�g�g�u�_��
�j�_�a�m�e�v�l�Z�l�u���� �f�h�`�g�h�� �k�^�_�e�Z�l�v�� �\�u�\�h�^���� �q�l�h��
�j�_�Z�e�b�a�h�\�Z�g�g�u�_�� �Z�e�]�h�j�b�l�f�u�� �g�Z��CPU �l�j�_�[�m�x�l��
�[�h�e�v�r�h�]�h�� �d�h�e�b�q�_�k�l�\�Z�� �\�j�_�f�_�g�b�� �\�u�i�h�e�g�_�g�b�y���� �W�l�h�l��
�n�Z�d�l�� �k�\�b�^�_�l�_�e�v�k�l�\�m�_�l�� �h�� �l�h�f���� �q�l�h�� �g�_�h�[�o�h�^�b�f�h��
�m�e�m�q�r�b�l�v�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �Z�e�]�h�j�b�l�f�h�\�� �^�e�y��
�m�f�_�g�v�r�_�g�b�y���\�j�_�f�_�g�b���\�u�i�h�e�g�_�g�b�y���i�j�h�]�j�Z�f�f�u�� 

�>�e�y�� �l�h�]�h���� �q�l�h�[�u�� �m�e�m�q�r�b�l�v�� �w�n�n�_�d�l�b�\�g�h�k�l�v��
�Z�e�]�h�j�b�l�f�Z�� �f�h�j�n�h�e�h�]�b�q�_�k�d�h�c�� �h�[�j�Z�[�h�l�d�b��
�b�a�h�[�j�Z�`�_�g�b�c���� �^�Z�g�g�u�c�� �Z�e�]�h�j�b�l�f�� �[�u�e�� �j�_�Z�e�b�a�h�\�Z�g��
�g�Z��GPUc �i�h�f�h�s�v�x���l�_�o�g�h�e�h�]�b�b��NVIDIACUDA. 

�G�Z�� �j�b�k�m�g�d�_�� ���� �i�j�b�\�h�^�b�l�k�y �]�j�Z�n�b�d��
�a�Z�\�b�k�b�f�h�k�l�b�� �\�j�_�f�_�g�b�� �\�u�i�h�e�g�_�g�b�y�� �Z�e�]�h�j�b�l�f�Z�� �h�l��
�j�Z�a�f�_�j�Z�� �k�l�j�m�d�l�m�j�b�j�m�x�s�_�]�h�� �w�e�_�f�_�g�l�Z�� �\�� �l�j�z�o��
�k�e�m�q�Z�y�o�� 

- �g�Z���������i�h�l�h�d�Z�o��CPU; 
- �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �k�l�Z�g�^�Z�j�l�g�u�o��

�f�h�j�n�h�e�h�]�b�q�_�k�d�b�o���h�i�_�j�Z�p�b�c���g�Z��CUDA �[�b�[�e�b�h�l�_�d�b��
OpenCV; 

- �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �Z�e�]�h�j�b�l�f�Z����
�j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�]�h���\���^�Z�g�g�h�c���j�Z�[�h�l�_���g�Z��GPU. 

�D�Z�d�� �\�b�^�g�h�� �b�a�� �]�j�Z�n�b�d�Z���� �i�j�_�^�k�l�Z�\�e�_�g�g�h�]�h��
�j�b�k�m�g�d�_�� ������ �Z�e�]�h�j�b�l�f�� �Y�+�*�:�� �b�� �_�]�h�� �j�_�Z�e�b�a�Z�p�b�y�� �g�Z��
�*�3�8�� �]�h�j�Z�a�^�h�� �w�n�n�_�d�l�b�\�g�_�_���� �q�_�f�� �Z�e�]�h�j�b�l�f�u����
�b�k�i�h�e�v�a�m�x�s�b�_�k�y���\���2�S�H�Q�&�9�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �f�h�`�g�h�� �k�^�_�e�Z�l�v�� �\�u�\�h�^����
�j�_�Z�e�b�a�Z�p�b�y�� �Z�e�]�h�j�b�l�f�Z�� �Y�+�*�:�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f��
�l�_�o�g�h�e�h�]�b�b�� �1�9�,�'�,�$�� �&�8�'�$�� �i�h�a�\�h�e�y�_�l�� �i�h�e�m�q�b�l�v��
�m�k�d�h�j�_�g�b�_�� �i�j�b�[�e�b�a�b�l�_�e�v�g�h�� �\�� ������ �j�Z�a�� �[�h�e�v�r�_�_���� �i�h��
�k�j�Z�\�g�_�g�b�x�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �l�_�o�g�h�e�h�]�b�b��
OpenMP. 
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�J�b�k�������� �A�Z�\�b�k�b�f�h�k�l�v���\�j�_�f�_�g�b���\�u�i�h�e�g�_�g�b�y���h�l���j�Z�a�f�_�j�Z��
�k�l�j�m�d�l�m�j�b�j�m�x�s�_�]�h���w�e�_�f�_�g�l�Z 

Fig. 9. Dependence of the execution time of the size of the 
structuring element 

�J�b�k���������� �A�Z�\�b�k�b�f�h�k�l�v���\�j�_�f�_�g�b���\�u�i�h�e�g�_�g�b�y���h�l���j�Z�a�f�_�j�Z��
�b�a�h�[�j�Z�`�_�g�b�y 

Fig. 10. Dependence of the execution time  
of the image size 

�I�h�� �]�j�Z�n�b�d�Z�f�� �a�Z�\�b�k�b�f�h�k�l�b�� �\�j�_�f�_�g�b��
�\�u�i�h�e�g�_�g�b�y���i�j�h�]�j�Z�f�f�u���h�l���j�Z�a�j�_�r�_�g�b�y���b�k�o�h�^�g�h�]�h��
�b�a�h�[�j�Z�`�_�g�b�y���� �i�j�_�^�k�l�Z�\�e�_�g�g�u�o�� �g�Z�� �j�b�k�m�g�d�_�� ��������
�l�Z�d�`�_ �f�h�`�g�h�� �k�^�_�e�Z�l�v�� �\�u�\�h�^���� �q�l�h�� �^�e�y�� �k�e�h�`�g�u�o��
�h�i�_�j�Z�p�b�y�� �g�Z�^�� �i�b�d�k�_�e�Z�f�b�� �b�a�h�[�j�Z�`�_�g�b�y��
�w�n�n�_�d�l�b�\�g�_�_�� �\�k�_�]�h�� �b�k�i�h�e�v�a�h�\�Z�l�v�� �l�_�o�g�h�e�h�]�b�x��
NVIDIA CUDA.  

�<�� �i�j�h�p�_�k�k�_�� �\�u�i�h�e�g�_�g�b�y�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u��
�j�Z�k�k�f�h�l�j�_�g�Z�� �j�_�Z�e�b�a�Z�p�b�y�� �Z�e�]�h�j�b�l�f�Z�� �Y�+�*�:��
�i�h�e�m�l�h�g�h�\�h�c�� �f�h�j�n�h�e�h�]�b�b�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f��
�l�_�o�g�h�e�h�]�b�c�� �i�Z�j�Z�e�e�_�e�v�g�h�]�h�� �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y��
�2�S�H�Q�0�3�� �b�� �1�9�,�'�,�$�� �&�8�'�$���� �I�h�d�Z�a�Z�g�h���� �q�l�h��
�j�_�Z�e�b�a�Z�p�b�y�� �Z�e�]�h�j�b�l�f�Z�� �Y�+�*�:�� �^�e�y�� �]�j�Z�n�b�q�_�k�d�b�o��
�i�j�h�p�_�k�k�h�j�h�\���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���l�_�o�g�h�e�h�]�b�b���&�8�'�$��
�i�h�\�u�r�Z�_�l�� �i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�v�� �f�h�j�n�h�e�h�]�b�q�_�k�d�h�c��
�h�[�j�Z�[�h�l�d�b���b�a�h�[�j�Z�`�_�g�b�c�����I�h�d�Z�a�Z�g�Z���w�n�n�_�d�l�b�\�g�h�k�l�v��
�j�_�Z�e�b�a�Z�p�b�b�� �Z�e�]�h�j�b�l�f�Z�� �k�� �i�h�f�h�s�v�x�� �l�_�o�g�h�e�h�]�b�b��
�&�8�'�$�� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �2�S�H�Q�0�3�� �i�j�b�� �n�b�e�v�l�j�Z�p�b�b��
�i�h�e�m�l�h�g�h�\�h�]�h���b���[�b�g�Z�j�g�h�]�h���b�a�h�[�j�Z�`�_�g�b�c���k���j�Z�a�g�u�f��
�j�Z�a�j�_�r�_�g�b�_�f�� �b�� �j�Z�a�e�b�q�g�u�f�� �j�Z�a�f�_�j�h�f��
�k�l�j�m�d�l�m�j�b�j�m�x�s�_�]�h���w�e�_�f�_�g�l�Z�� 

�K�i�b�k�h�d���e�b�l�_�j�Z�l�m�j�u 
1. �:�g�l�h�g�h�\�� �:���K���� �I�Z�j�Z�e�e�_�e�v�g�h�_�� �i�j�h�]�j�Z�f�f�b-

�j�h�\�Z�g�b�_�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �l�_�o�g�h�e�h�]�b�b�� �2�S�H�Q�0�3����
�M�q�_�[�g�h�_���i�h�k�h�[�b�_�����± �F�������B�a�^-�\�h���F�=�M�����������������± �������k�� 

2. �=�h�g�k�Z�e�_�k�� �J������ �<�m�^�k�� �J���� �P�b�n�j�h�\�Z�y�� �h�[�j�Z�[�h�l�d�Z
�b�a�h�[�j�Z�`�_�g�b�c �>�L�_�d�k�l�@���� ���� �J���� �=�h�g�k�Z�e�_�k���� �J���� �<�m�^�k. �± �F������
�L�_�o�g�h�k�n�_�j�Z�������������� �± �����������k�� 

3. �;�Z�l�b�s�_�\�� �>���K��, �F�b�o�_�e�_�\�� �<���F�� �B�g�n�j�Z�k�l�j�m�d�l�m�j�Z
�\�u�k�h�d�h�i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�c�� �d�h�f�i�v�x�l�_�j�g�h�c�� �k�b�k�l�_�f�u�� �^�e�y��
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�7�K�H���D�U�W�L�F�O�H���G�H�V�F�U�L�E�H�V���W�K�H���X�V�H���R�I���F�R�P�S�O�H�[���V�R�I�W�Z�D�U�H���³�8�)�2�0�R�G�H�O�H�U�´���W�R���E�X�L�O�G���V�L�P�X�O�D�W�L�R�Q���P�R�G�H�O�V���R�I��
operating systems of different nature. The introduced software system is a promising instrument 
for construction of simulation models of objects. Model operation of the facility represents a 
system-object model in terms of the "Node-Function-Object" graphic-analytical approach, which 
in turn implies the description of the object being modeled as a system consisting of subsystems 
and which is part of a super-system.  
We consider two examples of construction of models of functioning of technical systems: a 
technical production line of plastic containers, as well as a line on the synthesis of modified 
nanocrystalline hydroxyapatite. We provide: a description of technical devices that make up the 
modeled object; the development process of the graphic-analytical structural system model; the 
processes describing the behavior of certain technical devices.  
Keywords: system; operating system; system state; simulation model; system dynamics; graphic-
�D�Q�D�O�\�W�L�F�D�O���P�R�G�H�O�L�Q�J�����³�8�)�2�0�R�G�H�O�H�U�´. 
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�F�b�^�b�� ��������-������ �b�f�_�_�l�� �i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�v��
���������d�]���q�Z�k���� 

2. �I�_�q�v���� �\�� �d�h�l�h�j�m�x�� �i�h�^�Z�_�l�k�y�� �i�e�Z�k�l�b�d�h�\�h�_
�i�h�e�h�l�g�h�� �b�� �g�Z�]�j�_�\�Z�_�l�k�y�� �^�h�� �h�i�j�_�^�_�e�_�g�g�h�c��
�l�_�f�i�_�j�Z�l�m�j�u���� �q�l�h�� �g�_�h�[�o�h�^�b�f�h�� �^�e�y�� �i�j�b�^�Z�g�b�y��
�d�h�g�_�q�g�u�f�� �b�a�^�_�e�b�y�f�� �k�h�h�l�\�_�l�k�l�\�m�x�s�_�c�� �n�h�j�f�u����
�I�_�q�v�� �y�\�e�y�_�l�k�y�� �d�h�f�i�e�_�d�l�m�x�s�b�f�� �m�k�l�j�h�c�k�l�\�h�f��
�l�_�j�f�h�n�h�j�f�h�\�h�q�g�h�c���f�Z�r�b�g�u���+�6�&-660A. 

3. �L�_�j�f�h�n�h�j�f�h�\�h�q�g�u�c�� �Z�]�j�_�]�Z�l�� �\�� �\�b�^�_�� �^�\�m�o
�j�y�^�h�\�� �n�h�j�f�� �^�e�y�� �k�l�Z�d�Z�g�q�b�d�h�\���� �\�� �d�h�l�h�j�u�_�� �i�h�e�h�l�g�h��
�a�Z�k�Z�k�u�\�Z�_�l�k�y���i�h�^���^�Z�\�e�_�g�b�_�f�����I�j�_�^�k�l�Z�\�e�y�_�l���k�h�[�h�x��
�q�Z�k�l�v���f�Z�r�b�g�u���+�6�&-660A. 

4. �M�k�l�j�h�c�k�l�\�h �h�o�e�Z�`�^�_�g�b�y�� �a�Z�]�h�l�h�\�h�d����
�i�j�_�^�g�Z�a�g�Z�q�_�g�g�h�_�� �^�e�y�� �h�o�e�Z�`�^�_�g�b�y�� �a�Z�]�h�l�h�\�h�d����
�y�\�e�y�x�s�_�_�k�y���Z�]�j�_�]�Z�l�h�f���f�Z�r�b�g�u���+�6�&-660A. 

5. �L�j�b�f�f�_�j���� �d�h�l�h�j�u�c�� �\�u�j�_�a�Z�_�l�� �]�h�l�h�\�u�_
�k�l�Z�d�Z�g�q�b�d�b�� �b�a�� �h�[�s�_�]�h�� �i�h�e�h�l�g�Z���� �I�j�_�^�k�l�Z�\�e�y�_�l��
�k�h�[�h�x���q�Z�k�l�v���f�Z�r�b�g�u���+�6�&-660A. 

6. �=�j�Z�g�m�e�y�l�h�j���� �\�u�i�h�e�g�y�x�s�b�c�� �i�h�\�l�h�j�g�m�x
�i�_�j�_�j�Z�[�h�l�d�m���h�[�j�_�a�g�u�o���h�l�o�h�^�h�\���l�j�b�f�f�_�j�Z���\���]�j�Z�g�m�e�u����
�<�� �f�h�^�_�e�b�j�m�_�f�h�c�� �e�b�g�b�b�� �b�k�i�h�e�v�a�m�_�l�k�y�� �]�j�Z�g�m�e�y�l�h�j��
�:�g�l�_�c�� �������� �k�� �f�Z�d�k�b�f�Z�e�v�g�h�c�� �f�h�s�g�h�k�l�v�x�� �± 
�������d�]���\���q�Z�k�� 

�G�Z�� �i�_�j�\�h�f�� �w�l�Z�i�_�� �j�Z�a�j�Z�[�h�l�d�b�� �b�f�b�l�Z�p�b�h�g�g�h�c��
�f�h�^�_�e�b�� �n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�c��
�e�b�g�b�b�� �k�� �i�h�f�h�s�v�x�� �i�j�_�^�e�Z�]�Z�_�f�h�]�h�� �f�_�l�h�^�Z�� �b��
�i�j�h�]�j�Z�f�f�g�h�]�h�� �b�g�k�l�j�m�f�_�g�l�Z�� �k�l�j�h�b�l�k�y�� �\�b�a�m�Z�e�v�g�Z�y��
�]�j�Z�n�h�Z�g�Z�e�b�l�b�q�_�k�d�Z�y�� �f�h�^�_�e�v�� �^�Z�g�g�h�c�� �e�b�g�b�b�� �\�� �\�b�^�_��
�g�Z�[�h�j�Z�� �m�a�e�h�\�u�o�� �h�[�t�_�d�l�h�\���� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�o�� �_�_��
�Z�]�j�_�]�Z�l�Z�f���� �d�h�l�h�j�u�_�� �k�\�y�a�Z�g�u�� �f�_�`�^�m�� �k�h�[�h�c��
�i�h�l�h�d�h�\�u�f�b�� �h�[�t�_�d�l�Z�f�b���� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�f�b��
�j�_�Z�e�v�g�u�f�� �i�h�l�h�d�Z�f�� �w�e�_�f�_�g�l�h�\�� �f�_�`�^�m�� �Z�]�j�_�]�Z�l�Z�f�b��
[1, 2, ���@���� �N�h�j�f�Z�e�v�g�h���� �k�j�_�^�k�l�\�Z�f�b�� �b�k�q�b�k�e�_�g�b�y��
�h�[�t�_�d�l�h�\�� �:�[�Z�^�b-�D�Z�j�^�_�e�b�� �i�h�l�h�d�h�\�u�_�� �h�[�t�_�d�l�u��
�h�i�b�k�u�\�Z�x�l�k�y���k�e�_�^�m�x�s�b�f���h�[�j�Z�a�h�f�� 

ai = [lj = bj],                     (1.1) 
�]�^�_�� 

- ai �± �b�f�y���i�h�l�h�d�h�\�h�]�h���h�[�t�_�d�l�Z����
- lj = bj �± �i�h�e�y�� �O�M�� �i�h�l�h�d�h�\�h�]�h�� �h�[�t�_�d�l�Z�� �D�L�� �k��

�g�_�d�h�l�h�j�u�f�b���a�g�Z�q�_�g�b�y�f�b���E�M�� 
�<���j�Z�f�d�Z�o���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�]�h���i�j�h�_�d�l�Z���[�u�e�b��

�\�u�^�_�e�_�g�u���k�e�_�^�m�x�s�b�_���i�h�l�h�d�h�\�u�_���h�[�t�_�d�l�u�� 
- �=�j�Z�g�m�e�u�� �I�W�<�>�� �>�\�_�k�@�� �± �\�_�k�� �]�j�Z�g�m�e��

�b�a�f�_�j�y�_�l�k�y���\���]�j�Z�f�f�Z�o�� 
- �I�e�_�g�d�Z���I�W�<�>���>�^�e�b�g�Z�����r�b�j�b�g�Z�@���± �a�g�Z�q�_�g�b�y��

�i�j�_�^�k�l�Z�\�e�y�x�l�k�y���\���f�b�e�e�b�f�_�l�j�Z�o�� 
- �G�Z�]�j�_�l�Z�y�� �i�e�_�g�d�Z�� �>�^�e�b�g�Z���� �r�b�j�b�g�Z�@�� �± 

�a�g�Z�q�_�g�b�y���i�j�_�^�k�l�Z�\�e�y�x�l�k�y���\���f�b�e�e�b�f�_�l�j�Z�o�� 
- �A�Z�]�h�l�h�\�d�Z���>�d�h�e�b�q�_�k�l�\�h�@�� 
- �H�o�e�Z�`�^�_�g�g�Z�y���a�Z�]�h�l�h�\�d�Z���>�d�h�e�b�q�_�k�l�\�h�@�� 
- �=�h�l�h�\�Z�y���i�j�h�^�m�d�p�b�y���>�d�h�e�b�q�_�k�l�\�h�@�� 
- �H�l�o�h�^�u���l�j�b�f�f�_�j�Z���>�\�_�k�@���± �\�_�k���b�a�f�_�j�y�_�l�k�y���\��

�]�j�Z�f�f�Z�o�� 
- �=�j�Z�g�m�e�u�� �I�W�<�>�� ���h�l�o�h�^���� �>�\�_�k�@�� �± �\�_�k��

�b�a�f�_�j�y�_�l�k�y���\���]�j�Z�f�f�Z�o�� 
�<�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�� �h�i�b�k�Z�g�g�h�c�� �\�u�r�_��

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

�G�Z�� �k�e�_�^�m�x�s�_�f�� �w�l�Z�i�_�� �^�e�y�� �d�Z�`�^�h�]�h�� �m�a�e�Z��
�j�Z�a�j�Z�[�Z�l�u�\�Z�_�l�k�y�� �k�d�j�b�i�l�� ���g�Z�� �y�a�u�d�_�� �M�N�H-�k�d�j�b�i�l������
�h�i�b�k�u�\�Z�x�s�b�c�� �i�j�h�p�_�k�k�� ���n�m�g�d�p�b�x����
�i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �\�o�h�^�g�u�o�� �i�h�l�h�d�h�\�u�o�� �h�[�t�_�d�l�h�\�� �\��
�\�u�o�h�^�g�u�_���� �>�e�y�� �d�Z�`�^�h�c�� �n�m�g�d�p�b�b�� �k�h�a�^�Z�_�l�k�y��
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�h�[�t�_�d�l�����d�h�l�h�j�u�c���_�_���j�_�Z�e�b�a�m�_�l�����<���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�f��
�k�e�m�q�Z�_�� �h�[�t�_�d�l�Z�f�b�� �y�\�e�y�x�l�k�y�� �l�_�o�g�b�q�_�k�d�b�_��

�m�k�l�j�h�c�k�l�\�Z���� �d�h�l�h�j�u�_�� �j�_�Z�e�b�a�m�x�l�� �n�m�g�d�p�b�h�g�Z�e�u��
�m�a�e�h�\��

�J�b�k�� 1. �F�h�^�_�e�v���l�_�o�g�h�e�h�]�b�q�_�k�d�h�c���e�b�g�b�b 
Fig. 1. Production line model

�>�e�y�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �j�Z�[�h�l�u�� �w�d�k�l�j�m�^�_�j�Z��
�a�Z�^�Z�^�b�f�� �^�b�k�d�j�_�l�g�u�c�� �\�j�_�f�_�g�g�h�c�� �b�g�l�_�j�\�Z�e�� �^�e�y��
�h�l�k�q�_�l�Z���� �d�h�l�h�j�u�c�� �\�� �j�Z�a�j�Z�[�Z�l�u�\�Z�_�f�h�c�� �f�h�^�_�e�b��
�[�m�^�_�l�� �j�Z�\�_�g�� ���� �k�_�d�m�g�^�_���� �>�Z�e�_�_�� �g�_�h�[�o�h�^�b�f�h��
�j�Z�k�k�q�b�l�Z�l�v���� �k�d�h�e�v�d�h�� �f�b�e�e�b�f�_�l�j�h�\�� �i�e�_�g�d�b 
�i�j�h�b�a�\�h�^�b�l�� �w�d�k�l�j�m�^�_�j�� �\�� �k�_�d�m�g�^�m�� �k�� �m�q�_�l�h�f��
�b�k�i�h�e�v�a�h�\�Z�g�b�y���\�u�r�_�h�i�b�k�Z�g�g�h�]�h���k�u�j�v�y���k���a�Z�^�Z�g�g�h�c��
�i�e�h�l�g�h�k�l�v�x�� �b�� �l�j�_�[�m�_�f�u�f�b�� �i�Z�j�Z�f�_�l�j�Z�f�b�� �i�h�e�h�l�g�Z��

�g�Z�� �\�u�o�h�^�_���� �i�j�_�^�g�Z�a�g�Z�q�_�g�g�h�]�h�� �^�e�y�� �b�a�]�h�l�h�\�e�_�g�b�y��
�i�e�Z�k�l�b�d�h�\�h�c�� �l�Z�j�u���� �A�Z�j�Z�g�_�_�� �b�a�\�_�k�l�g�h���� �q�l�h�� �\�_�k��
�i�e�_�g�d�b�� �i�e�h�s�Z�^�v�x�� �\�� ���� �d�\���� �f���� �b�� �l�h�e�s�b�g�h�c�� �\�� ���� �f�f��
�j�Z�\�_�g�� ���������� �]�j���� �I�j�b�f�_�g�y�y�� �y�a�u�d�� �h�i�b�k�Z�g�b�y��
�n�m�g�d�p�b�h�g�Z�e�v�g�u�o�� �m�a�e�h�\�� �M�N�H-�k�d�j�b�i�l���� �j�Z�a�j�Z�[�h�l�Z�g��
�k�d�j�b�i�l���� �h�i�b�k�u�\�Z�x�s�b�c�� �j�Z�[�h�l�m�� �w�d�k�l�j�m�^�_�j�Z�� ���k�f����
�j�b�k���������� 

�J�b�k�� 2. �M�N�H-�k�d�j�b�i�l�����h�i�b�k�u�\�Z�x�s�b�c���j�Z�[�h�l�m���w�d�k�l�j�m�^�_�j�Z���:�e�_�d�h���F�b�^�b����������-55 
Fig. 2. UFO script describing the work of the Aleko Midi 1100-55 extruder
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�I�h�� �Z�g�Z�e�h�]�b�b�� �k�� �f�h�^�_�e�b�j�h�\�Z�g�b�_�f��
�n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y���w�d�k�l�j�m�^�_�j�Z�����[�u�e�b���h�i�b�k�Z�g�u���\�k�_��
�i�_�j�_�q�b�k�e�_�g�g�u�_�� �Z�]�j�_�]�Z�l�u���� �m�q�Z�k�l�\�m�x�s�b�_�� �\��
�l�_�o�g�h�e�h�]�b�q�_�k�d�h�c�� �e�b�g�b�b���� �i�h�k�e�_�� �q�_�]�h�� �[�u�e�Z��

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

�J�b�k�� 3. �B�f�b�l�Z�p�b�h�g�g�Z�y���f�h�^�_�e�v���l�_�o�g�h�e�h�]�b�q�_�k�d�h�c���e�b�g�b�b��
Fig. 3. The process line simulation model

�K�� �i�h�f�h�s�v�x�� �i�h�e�m�q�_�g�g�h�c�� �f�h�^�_�e�b�� �i�j�h�\�_�^�_�g��
�j�y�^�� �w�d�k�i�_�j�b�f�_�g�l�h�\���� �d�h�l�h�j�u�_�� �i�h�a�\�h�e�b�e�b�� �k�^�_�e�Z�l�v��
�k�e�_�^�m�x�s�b�_���\�u�\�h�^�u���� 

1. �=�j�Z�g�m�e�y�l�h�j�� �m�q�Z�k�l�\�m�x�s�b�c�� �\��
�l�_�o�g�h�e�h�]�b�q�_�k�d�h�c�� �e�b�g�b�b���� �a�Z�]�j�m�`�_�g�� �g�_�� �i�h�k�l�h�y�g�g�h����
�g�h���� �n�Z�d�l�b�q�_�k�d�b���� �j�Z�[�h�l�Z�_�l �i�h�k�l�h�y�g�g�h�� �i�j�b��
�\�d�e�x�q�_�g�g�h�c�� �e�b�g�b�b���� �i�_�j�_�j�Z�[�Z�l�u�\�Z�y�� �g�_�[�h�e�v�r�h�_��
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�i�h�j�p�b�y�f�b�����L�Z�d�b�f���h�[�j�Z�a�h�f�����_�k�e�b���m�k�l�Z�g�h�\�b�l�v���g�_�d�b�c��
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�i�h�k�l�m�i�Z�l�v�� �h�l�o�h�^�u�� �l�j�b�f�f�_�j�Z�� �b�� �d�Z�d�� �l�h�e�v�d�h�� �w�l�h�l��
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�Z�g�Z�e�b�l�b�q�_�k�d�h�]�h���d�Z�q�_�k�l�\�Z���M�I�<�:-5 �± �^�b�k�l�b�e�e�y�l�h�j�_��
���d�h�e�b�q�_�k�l�\�h�� �i�h�l�j�_�[�e�y�_�f�h�c�� �b�k�o�h�^�g�h�c�� �\�h�^�u�������� �e���q����
�g�h�f�b�g�Z�e�v�g�Z�y�� �i�h�l�j�_�[�e�y�_�f�Z�y�� �f�h�s�g�h�k�l�v�� �± �g�_�� �[�h�e�_�_��
�������� �d�<�l���� �i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�v�� �����^�f�����q������
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�>�e�y�� �i�h�e�m�q�_�g�b�y�� �^�Z�g�g�u�o�� �j�Z�k�l�\�h�j�h�\�� �i�j�h�b�k�o�h�^�b�l��
�k�f�_�r�b�\�Z�g�b�_�� �k�m�o�h�]�h�� �K�Z���H�G��2 �b�� �G3�J�H4 �k�� �\�h�^�h�c�� �\��
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�j�_�Z�]�_�g�l�u�� �i�h�k�l�m�i�Z�x�l�� �\�� �j�_�Z�d�l�h�j�� �^�e�y�� �k�b�g�l�_�a�Z��
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�B�G�N�H�J�F�:�P�B�H�G�G�U�?���L�?�O�G�H�E�H�=�B�B 
INFORMATION TECHNOLOGIES  

�I�h�k�e�_�� �i�j�h�o�h�`�^�_�g�b�y�� �^�Z�g�g�u�o�� �w�l�Z�i�h�\�� �]�h�l�h�\�u�c��
�i�j�h�^�m�d�l�� �j�Z�k�n�Z�k�h�\�u�\�Z�_�l�k�y���� �f�Z�j�d�b�j�m�_�l�k�y�� �b��
�m�i�Z�d�h�\�u�\�Z�_�l�k�y���� 

�G�Z�� �h�k�g�h�\�_�� �Z�g�Z�e�b�a�Z�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�c�� �k�o�_�f�u��
�i�j�h�b�a�\�h�^�k�l�\�Z�� �F�G�=�:�I�� �[�u�e�b�� �\�u�^�_�e�_�g�u��
�k�e�_�^�m�x�s�b�_���i�h�l�h�d�h�\�u�_���h�[�t�_�d�l�u�� 

- �\�h�^�Z�� 
- �d�h�g�p�_�g�l�j�b�j�h�\�Z�g�g�u�c���F�G�=�:�I�� 
- �F�G�=�:�I�� �± �F�G�=�:�I�� �d�h�g�p�_�g�l�j�b�j�h�\�Z�g�g�u�c��

�\�h�� �n�e�Z�d�h�g�_�� �± �F�G�=�:�I�� �k�m�o�h�c�� �j�Z�k�n�Z�k�h�\�Z�g�g�u�c�� �± 
�F�G�=�:�I�� �m�i�Z�d�h�\�Z�g�g�u�c�� �± �k�b�g�l�_�a�b�j�h�\�Z�g�g�u�c��
�F�G�=�:�I�� �± �F�G�=�:�I�� �^�e�y�� �d�h�g�p�_�g�l�j�b�j�h�\�Z�g�b�y�� �± 
�F�G�=�:�I���g�Z���k�m�r�d�m�� 

- �G3�J�H4; 
- �h�q�b�s�_�g�g�Z�y���\�h�^�Z�� 
- �j�_�Z�]�_�g�l�u�� 
- �K�Z���H�G������ 
- �k�m�o�h�c���F�G�=�:�I�� 
- �j-�j���G���J�H������ 
- �q�Z�k�l�v���G���J�H���� 
- �j-�j���K�Z���H�G������ 
- �q�Z�k�l�v���K�Z���H�G������ 
- �q�Z�k�l�v���j�_�Z�]�_�g�l�h�\�� 
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�j�Z�k�l�\�h�j�Z�� �K�Z���H�G��2, ���� �_�^�b�g�b�p�u�� �j�Z�k�l�\�h�j�Z�� �G3�J�H4 �b��
�������� �_�^�b�g�b�p�u�� �j�_�Z�]�_�g�l�h�\�� �\�� �k�_�d�m�g�^�m���� �I�j�h�b�k�o�h�^�b�l��
�i�_�j�_�f�_�r�b�\�Z�g�b�_�� �q�Z�k�l�_�c�� �F�G�=�:�I�� �\�� �l�_�q�_�g�b�_��
�\�j�_�f�_�g�b�� �W = �������� �I�h�k�e�_�� �i�_�j�_�f�_�r�b�\�Z�g�b�y�� �]�h�l�h�\�u�c��
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�������� �_�^�b�g�b�p�u�� �k�b�g�l�_�a�b�j�h�\�Z�g�g�h�]�h�� �F�G�=�:�I�� �\��
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�G�Z�� �j�b�k�m�g�d�_�� �� �i�j�_�^�k�l�Z�\�e�_�g�h�� �\�b�a�m�Z�e�v�g�h�_��
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Fig. 4. Moment of execution of the MNGAP production process
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Abstract  
The article covers the problem of calculation of transition processes in distributed control systems 
for the transfer function of system. The transfer function can be transcendental. The article 
assumes stability of the control system under study, i.e. the transfer function of the system must 
be analytic on the imaginary axis and in the right half of the complex plane of the variable. 
However, the proposed method can be generalized to the case of an unstable control system. To 
solve the problem, the author applies the frequency characteristics obtained by the transfer 
function. The article provides the formulas for calculation of the pulse characteristic and also a 
method of calculation of transition processes in case of any arbitrary input signal. The calculation 
of transition processes is carried out with the convolution formula and requires determination of 
the pulse characteristic. The calculation formulas are based on the method of Gauss of numerical 
integration. The article gives examples of calculation of transient response and corresponding 
graphics. 
Keywords: distributed control systems; transfer function; frequency characteristic; transient 
processes. 
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�k�b�k�l�_�f�� �m�i�j�Z�\�e�_�g�b�y�� �g�Z�j�y�^�m�� �k�� �b�f�i�m�e�v�k�g�h�c��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�h�c�� �j�Z�k�k�q�b�l�u�\�Z�x�� �i�_�j�_�o�h�^�g�m�x��
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�>�e�y�� �i�h�\�u�r�_�g�b�y�� �l�h�q�g�h�k�l�b�� �b�g�l�_�]�j�b�j�h�\�Z�g�b�y��
�h�l�j�_�a�h�d��],[ ba  �^�j�h�[�b�l�k�y���g�Z��m �q�Z�k�l�_�c�� 
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�i�h�k�l�j�h�b�f�� �i�_�j�_�o�h�^�g�m�x�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�m�� �^�e�y��
�k�b�k�l�_�f�u���m�i�j�Z�\�e�_�g�b�y���k���i�_�j�_�^�Z�l�h�q�g�h�c���n�m�g�d�p�b�_�c 

1
1

)(
��

� �)
p

p .      (22) 

�G�_�l�j�m�^�g�h�� �i�j�h�\�_�j�b�l�v���� �q�l�h�� �i�_�j�_�o�h�^�g�Z�y��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���^�e�y���^�Z�g�g�h�c���k�b�k�l�_�f�u���b�f�_�_�l���\�b�^ 

teth ����� 1)( .      (23) 
�G�Z�� �j�b�k�� ���� �i�j�_�^�k�l�Z�\�e�_�g�u�� �l�h�q�g�Z�y�� �b�� �j�Z�k�q�_�l�g�Z�y��

�i�_�j�_�o�h�^�g�u�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �^�e�y�� �k�b�k�l�_�f�u��
�m�i�j�Z�\�e�_�g�b�y�� �k�� �i�_�j�_�^�Z�l�h�q�g�h�c�� �n�m�g�d�p�b�_�c�� ������������
�H�q�_�\�b�^�g�h�����q�l�h���d�j�b�\�u�_���k�h�\�i�Z�e�b�� 

�J�b�k�� 1. �I�_�j�_�o�h�^�g�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b 
Fig. 1. Transient responses 

�G�Z�� �j�b�k�� ���� �i�j�_�^�k�l�Z�\�e�_�g�Z�� �i�_�j�_�o�h�^�g�Z�y��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�� �^�e�y�� �j�Z�k�i�j�_�^�_�e�_�g�g�h�c�� �k�b�k�l�_�f�u��
�m�i�j�Z�\�e�_�g�b�y�� �k�h�� �k�e�_�^�m�x�s�_�c�� �i�_�j�_�^�Z�l�h�q�g�h�c��
�n�m�g�d�p�b�_�c���>���@�� 
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�<�k�_�� �j�Z�k�q�_�l�u�� �b�� �]�j�Z�n�b�q�_�k�d�b�_�� �i�h�k�l�j�h�_�g�b�y��
�[�u�e�b���i�j�h�\�_�^�_�g�u���\���i�Z�d�_�l�_ Matlab. 
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�J�b�k�� 2. �I�_�j�_�o�h�^�g�Z�y���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z 
Fig. 2. Transient response

�J�Z�[�h�l�Z�� �\�u�i�h�e�g�_�g�Z�� �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k��
�=�h�k�a�Z�^�Z�g�b�_�f�� �‹ �����������������������>�:�:�>�� �³�I�j�h�\�_�^�_�g�b�_��
�g�Z�m�q�g�h-�b�k�k�e�_�^�h�\�Z�l�_�e�v�k�d�b�o�� �j�Z�[�h�l�� �\�� �j�Z�f�d�Z�o��
�f�_�`�^�m�g�Z�j�h�^�g�h�]�h�� �g�Z�m�q�g�h-�h�[�j�Z�a�h�\�Z�l�_�e�v�g�h�]�h��
�k�h�l�j�m�^�g�b�q�_�k�l�\�Z�� �i�h�� �i�j�h�]�j�Z�f�f�_�� �©�F�b�o�Z�b�e��
�E�h�f�h�g�h�k�h�\�ª�� �i�h�� �l�_�f�_���� �©�F�h�^�_�e�b�j�h�\�Z�g�b�_�� �b��
�j�_�]�m�e�b�j�h�\�Z�g�b�_�� �e�b�g�_�c�g�u�o�� �k�b�k�l�_�f�� �k��
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Abstract 
The article describes the introduction of an automated document management system in small 
enterprises through the development of information system software tool "1C: Enterprise". It 
describes the stages of developing a conceptual model of the relationship with the construction of 
the circuit configuration of entities and development of an information system with the 
description of the subsystems that implement functions to be automated; documents for working 
with documents procedures; reports. 
Keywords: information system; development of software tools; automation; document subsystem 
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�<�\�_�^�_�g�b�_ 
�K�h�\�j�_�f�_�g�g�h�_�� �j�Z�a�\�b�l�b�_�� �f�Z�e�h�]�h�� �[�b�a�g�_�k�Z��

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

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

�h�j�]�Z�g�b�a�Z�p�b�c�� �n�b�j�f�h�c�� �©���K�ª�� �j�Z�a�j�Z�[�h�l�Z�g�Z�� �k�b�k�l�_�f�Z��
�©���K���� �I�j�_�^�i�j�b�y�l�b�_�ª���� �d�h�l�h�j�Z�y�� �h�l�h�[�j�Z�`�Z�_�l��
�b�g�l�_�j�i�j�_�l�Z�l�h�j���b���j�Z�[�h�q�b�c���d�h�g�n�b�]�m�j�Z�l�h�j [1, 2]. 

�>�h�d�m�f�_�g�l�h�h�[�h�j�h�l�� �f�Z�e�h�]�h�� �i�j�_�^�i�j�b�y�l�b�y��
�b�g�^�b�\�b�^�m�Z�e�v�g�h�]�h�� �i�j�_�^�i�j�b�g�b�f�Z�l�_�e�y�� �B�k�f�Z�]�b�e�h�\�Z��
�>���J���� �i�j�h�\�h�^�b�e�k�y�� �l�h�e�v�d�h�� �\�� �j�m�q�g�h�f�� �[�m�f�Z�`�g�h�f��
�\�Z�j�b�Z�g�l�_�����W�l�h���l�h�j�f�h�a�b�e�h���j�Z�a�\�b�l�b�_���i�j�_�^�i�j�b�y�l�b�y�� 

�H�[�t�_�d�l�u���b���f�_�l�h�^�u���b�k�k�e�_�^�h�\�Z�g�b�y 
�>�e�y�� �Z�\�l�h�f�Z�l�b�a�Z�p�b�b�� �^�h�d�m�f�_�g�l�h�h�[�h�j�h�l�Z��

�g�_�h�[�o�h�^�b�f�h�� �j�Z�a�j�Z�[�h�l�Z�l�v�� �b�g�n�h�j�f�Z�p�b�h�g�g�m�x��
�k�b�k�l�_�f�m���� �d�h�l�h�j�Z�y�� �i�h�a�\�h�e�b�e�Z�� �j�_�Z�e�b�a�h�\�Z�l�v��
�k�e�_�^�m�x�s�b�_�� �\�h�a�f�h�`�g�h�k�l�b���� �a�Z�i�b�k�v�� �b�� �m�q�_�l��
�b�f�_�x�s�b�o�k�y�� �l�h�\�Z�j�h�\�� �b�� �m�k�e�m�]�� �\�� �f�Z�]�Z�a�b�g�_����
�^�h�[�Z�\�e�_�g�b�_�� �^�Z�g�g�u�o�� �h�� �g�h�\�u�o�� �k�h�l�j�m�^�g�b�d�Z�o����
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Fig. 1. Conceptual model of the information system
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Fig.2. The Provision of Services subsystem 
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�\�u�\�h�^�b�l�� �k�i�b�k�h�d�� �k�m�s�_�k�l�\�m�x�s�b�o�� �\�� �[�Z�a�_�� �^�Z�g�g�u�o��
�^�h�d�m�f�_�g�l�h�\���H�d�Z�a�Z�g�b�_�M�k�e�m�]�b �\�� �i�h�j�y�^�d�_�� �b�o�� �^�Z�l�� �b��
�g�h�f�_�j�h�\�����j�b�k���������� 

�J�b�k�����������H�l�q�_�l���J�_�_�k�l�j���^�h�d�m�f�_�g�l�h�\���h�d�Z�a�Z�g�b�_���m�k�e�m�]�b 
Fig. 3. The report documents Register of providing services
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���� �H�l�q�_�l���<�u�j�m�q�d�Z�� �f�Z�k�l�_�j�h�\���k�h�^�_�j�`�b�l
�b�g�n�h�j�f�Z�p�b�x���h���l�h�f�����d�Z�d�Z�y���\�u�j�m�q�d�Z���[�u�e�Z���i�h�e�m�q�_�g�Z��
�f�Z�]�Z�a�b�g�h�f�� �©�>�\�_�j�b�ª�� �[�e�Z�]�h�^�Z�j�y�� �j�Z�[�h�l�_�� �d�Z�`�^�h�]�h�� �b�a��

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

�J�b�k. 4. �H�l�q�_�l �<�u�j�m�q�d�Z�F�Z�k�l�_�j�h�\ 
Fig. 4. Report RevenueMasters

���� �H�l�q�_�l �L�h�\�Z�j �± �i�h�d�Z�a�u�\�Z�_�l�� �^�\�b�`�_�g�b�_
�l�h�\�Z�j�h�\���g�Z���k�d�e�Z�^�_�����j�b�k���������� 

�J�b�k. 5. �H�l�q�_�l �L�h�\�Z�j 
Fig. 5. Goods Report

�H�[�t�_�d�l�u���d�h�g�n�b�]�m�j�Z�p�b�b���J�_�]�b�k�l�j�u �± �l�Z�[�e�b�p�u����
�i�j�_�^�g�Z�a�g�Z�q�_�g�g�u�_�� �^�e�y�� �g�Z�d�h�i�e�_�g�b�y�� �h�i�_�j�Z�l�b�\�g�u�o��
�^�Z�g�g�u�o���b���i�h�e�m�q�_�g�b�y���k�\�h�^�g�h�c���b�g�n�h�j�f�Z�p�b�b�� 

���� �J�_�]�b�k�l�j���P�_�g�u �y�\�e�y�_�l�k�y�� �i�_�j�b�h�^�b�q�g�u�f�� �©�\
�i�j�_�^�_�e�Z�o�� �k�_�d�m�g�^�u�ª���� �g�_�a�Z�\�b�k�b�f�u�c���� �I�j�h�b�a�\�h�^�b�l��
�m�k�l�Z�g�h�\�d�m�� �p�_�g�� �g�Z�� �m�k�e�m�]�b�� �b�� �l�h�\�Z�j�u�� ���b�a�f�_�j�_�g�b�y����
�G�h�f�_�g�d�e�Z�l�m�j�Z���� �j�_�k�m�j�k�u���� �P�_�g�Z������ �W�l�h�l�� �j�_�]�b�k�l�j��
�i�h�a�\�h�e�y�_�l�� �b�a�f�_�g�y�l�v�� �i�_�j�b�h�^�b�q�_�k�d�b�� �p�_�g�u�� �g�Z��
�b�f�_�x�s�b�_�k�y���m�k�e�m�]�b�� 

2. �H�[�h�j�h�l�g�u�c�� �j�_�]�b�k�l�j�� �g�Z�d�h�i�e�_�g�b�y���I�j�h�^�Z�`�b
���b�a�f�_�j�_�g�b�y���� �G�h�f�_�g�d�e�Z�l�m�j�Z���� �D�e�b�_�g�l���� �F�Z�k�l�_�j����
�j�_�k�m�j�k�u�����D�h�e�b�q�_�k�l�\�h�����<�u�j�m�q�d�Z�����K�l�h�b�f�h�k�l�v���� 

�>�e�y�� �i�_�q�Z�l�b�� �^�h�d�m�f�_�g�l�h�\�� �b�g�n�h�j�f�Z�p�b�h�g�g�h�c��
�k�b�k�l�_�f�u���b�k�i�h�e�v�a�m�x�l�k�y���F�Z�d�_�l�u. 

�I�_�q�Z�l�g�Z�y�� �n�h�j�f�Z�� �^�h�d�m�f�_�g�l�Z���H�d�Z�a�Z�g�b�_�M�k�e�m�], 
�]�^�_�� �i�j�h�i�b�k�u�\�Z�x�l�k�y�� �l�h�\�Z�j�u�� �b�� �m�k�e�m�]�b���� �a�Z�d�Z�a�Z�g�g�u�_��
�d�e�b�_�g�l�h�f�����j�b�k�� 6). 
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�J�b�k�������� �F�Z�d�_�l���^�h�d�m�f�_�g�l�Z���H�d�Z�a�Z�g�b�_�M�k�e�m�]���\���j�_�`�b�f�_���d�h�g�n�b�]�m�j�Z�l�h�j 
Fig. 6. The layout of a document providing services in the configurator mode

�H�i�j�_�^�_�e�_�g�u���j�Z�a�g�u�_���i�h�e�v�a�h�\�Z�l�_�e�v�k�d�b�_���m�j�h�\�g�b��
�i�h���b�k�i�h�e�v�a�h�\�Z�g�b�x���d�h�g�n�b�]�m�j�Z�p�b�b���� 

1. �:�^�f�b�g�b�k�l�j�Z�l�h�j���\�d�e�x�q�Z�_�l�� �\�� �k�_�[�y�� �i�h�e�g�u�_
�i�j�Z�\�Z�� �g�Z�� �j�Z�[�h�l�m�� �k�� �^�Z�g�g�u�f�b�� �b�g�n�h�j�f�Z�p�b�h�g�g�h�c��
�[�Z�a�u�� 

2. �F�Z�k�l�_�j�� �M�k�l�Z�g�h�\�e�_�g�u�� �\�k�_�� �i�j�Z�\�Z�� �g�Z
�h�[�t�_�d�l�u�� �d�h�g�n�b�]�m�j�Z�p�b�b���� �h�l�g�h�k�y�s�b�_�k�y�� �d��
�i�h�^�k�b�k�l�_�f�Z�f���H�d�Z�a�Z�g�b�_�M�k�e�m�] �b���M�q�_�l�L�h�\�Z�j�h�\�� �>�e�y��
�k�i�j�Z�\�h�q�g�b�d�Z���K�h�l�j�m�^�g�b�d�b���m�k�l�Z�g�h�\�b�f���a�Z�i�j�_�l���i�j�Z�\�Z��
�>�h�[�Z�\�e�_�g�b�_�����B�a�f�_�g�_�g�b�_���b���M�^�Z�e�_�g�b�_���� 

�<�u�\�h�^�u���� �J�Z�a�j�Z�[�h�l�Z�g�g�Z�y�� �d�h�g�n�b�]�m�j�Z�p�b�y��
�y�\�e�y�_�l�k�y�� �m�^�h�[�g�u�f�� �k�j�_�^�k�l�\�h�f�� �Z�\�l�h�f�Z�l�b�a�Z�p�b�b��
�\�_�^�_�g�b�y�� �^�h�d�m�f�_�g�l�Z�p�b�b�� �b�� �^�e�y�� �m�q�_�l�Z�� �h�d�Z�a�u�\�Z�_�f�u�o��
�m�k�e�m�]�� �b�� �\�g�_�^�j�_�g�Z�� �\�� �^�_�y�l�_�e�v�g�h�k�l�v�� �f�Z�]�Z�a�b�g�Z��
�©�>�\�_�j�b�ª�� �b�g�^�b�\�b�^�m�Z�e�v�g�h�]�h�� �i�j�_�^�i�j�b�g�b�f�Z�l�_�e�y��
�B�k�f�Z�]�b�e�h�\ �>���J���� 

�K�i�b�k�h�d���e�b�l�_�j�Z�l�m�j�u 
1. �J�Z�^�q�_�g�d�h�� �F���=������ �O�j�m�k�l�Z�e�_�\�Z�� �?���X���� �©���K��

�I�j�_�^�i�j�b�y�l�b�_�� �������ª���� �I�j�Z�d�l�b�q�_�k�d�h�_�� �i�h�k�h�[�b�_��
�j�Z�a�j�Z�[�h�l�q�b�d�Z �����F���=�����J�Z�^�q�_�g�d�h. �F��, 2010. �± ���������k�� 

2. �J�Z�a�j�Z�[�h�l�d�Z �Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�h�c��
�b�g�n�h�j�f�Z�p�b�h�g�g�h�c�� �k�b�k�l�_�f�u�� �^�e�y�� �Z�^�f�b�g�b�k�l�j�Z�l�h�j�Z��
�d�h�k�f�_�l�b�q�_�k�d�h�]�h�� �k�Z�e�h�g�Z�� �k�j�_�^�k�l�\�Z�f�b�� �©���K�� 
�I�j�_�^�i�j�b�y�l�b�_ �������ª ������ �B�g�g�h�\�Z�p�b�h�g�g�u�_�� �l�_�o�g�h�e�h�]�b�b����
�l�_�h�j�b�y�����b�g�k�l�j�m�f�_�g�l�u�����i�j�Z�d�l�b�d�Z�����������������L���������K��������-365.  
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�F�b�o�_�e�z�\ �<.�<.1 
�K�b�g�x�d �<.�=.2 

�H�K�G�H�<�G�U�?���I�H�E�H�@�?�G�B�Y���W�D�K�I�?�J�L�G�H�C���K�B�K�L�?�F�U���K���I�J�:�<�B�E�H�F��
�<�U�<�H�>�:���G�:���H�K�G�H�<�?���G�?�Q�,�L�D�H�C���K�L�?�I�?�G�B���B�K�L�B�G�G�H�K�L�B 

1) �f�Z�]�b�k�l�j�Z�g�l���d�Z�n�_�^�j�u���i�j�h�]�j�Z�f�f�g�h�]�h���h�[�_�k�i�_�q�_�g�b�y���\�u�q�b�k�e�b�l�_�e�v�g�h�c���l�_�o�g�b�d�b���b���Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�u�o���k�b�k�l�_�f��
�;�_�e�]�h�j�h�^�k�d�b�c���]�h�k�m�^�Z�j�k�l�\�_�g�g�u�c���l�_�o�g�h�e�h�]�b�q�_�k�d�b�c���m�g�b�\�_�j�k�b�l�_�l �b�f�����<���=�����R�m�o�h�\�Z�����D�h�k�l�x�d�h�\�Z�������� 

�]�����;�_�e�]�h�j�h�^����������������, �J�h�k�k�b�y�� 
���� �i�j�h�n�_�k�k�h�j���d�Z�n�_�^�j�u���i�j�h�]�j�Z�f�f�g�h�]�h���h�[�_�k�i�_�q�_�g�b�y���\�u�q�b�k�e�b�l�_�e�v�g�h�c���l�_�o�g�b�d�b���b���Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�u�o���k�b�k�l�_�f�����d�Z�g�^�b�^�Z�l

�l�_�o�g�b�q�_�k�d�b�o���g�Z�m�d�����^�h�p�_�g�l�����;�_�e�]�h�j�h�^�k�d�b�c���]�h�k�m�^�Z�j�k�l�\�_�g�g�u�c���l�_�o�g�h�e�h�]�b�q�_�k�d�b�c���m�g�b�\�_�j�k�b�l�_�l���b�f�� �<���=�����R�m�o�h�\�Z�� 
�m�e�����D�h�k�l�x�d�h�\�Z�����������]�����;�_�e�]�h�j�h�^���������������������J�h�k�k�b�y����e-mail: vgsinuk@mail.ru 

�:�g�g�h�l�Z�p�b�y 
�J�Z�k�k�f�h�l�j�_�g�� �i�j�h�p�_�k�k�� �g�_�q�z�l�d�h�]�h�� �\�u�\�h�^�Z���� �h�k�g�h�\�Z�g�g�h�]�h�� �g�Z�� �g�_�q�z�l�d�h�c�� �k�l�_�i�_�g�b�� �b�k�l�b�g�g�h�k�l�b�� �^�e�y��
�i�h�k�l�j�h�_�g�b�y�� �g�_�q�z�l�d�b�o�� �k�b�k�l�_�f�� �\�u�\�h�^�Z���� �K�b�k�l�_�f�u�� �g�_�q�z�l�d�h�]�h�� �e�h�]�b�q�_�k�d�h�]�h�� �\�u�\�h�^�Z�� �b�]�j�Z�x�l��
�\�Z�`�g�m�x�� �j�h�e�v�� �\�� �f�g�h�]�h�q�b�k�e�_�g�g�u�o�� �i�j�b�e�h�`�_�g�b�y�o�� �l�_�h�j�b�b�� �g�_�q�z�l�d�b�o�� �f�g�h�`�_�k�l�\���� �l�Z�d�b�o�� �d�Z�d��
�g�_�q�z�l�d�b�_�� �w�d�k�i�_�j�l�g�u�_�� �k�b�k�l�_�f�u�� �b�� �f�g�h�]�h�_�� �^�j�m�]�b�_���� �<�� �h�k�g�h�\�_�� �l�Z�d�b�o�� �k�b�k�l�_�f�� �e�_�`�Z�l�� �e�h�]�b�q�_�k�d�b�_��
�i�j�Z�\�b�e�Z�� �\�b�^�Z�� �©�?�k�e�b�� �«���� �l�h�� �«�ª���� �\�� �d�h�l�h�j�u�o�� �i�h�k�u�e�d�b�� �b�� �\�u�\�h�^�u�� �y�\�e�y�x�l�k�y�� �g�_�q�z�l�d�b�f�b��
�i�h�g�y�l�b�y�f�b���� �B�k�i�h�e�v�a�h�\�Z�g�b�_�� �g�_�q�z�l�d�b�o�� �f�g�h�`�_�k�l�\�� �b�� �g�_�q�z�l�d�h�c�� �k�l�_�i�_�g�b�� �b�k�l�b�g�g�h�k�l�b�� �\�f�_�k�l�_�� �k��
�d�h�f�i�h�a�b�p�b�h�g�g�u�f�� �i�j�Z�\�b�e�h�f�� �\�u�\�h�^�Z�� �A�Z�^�_�� �i�h�a�\�h�e�y�_�l�� �i�h�k�l�j�h�b�l�v�� �l�Z�d�m�x�� �w�d�k�i�_�j�l�g�m�x�� �k�b�k�l�_�f�m����
�d�h�l�h�j�Z�y���f�h�`�_�l���h�i�_�j�b�j�h�\�Z�l�v���d�Z�d���k���g�_�q�z�l�d�b�f�b�����l�Z�d���b���k���q�z�l�d�b�f�b���\�o�h�^�g�u�f�b���^�Z�g�g�u�f�b�����K���^�j�m�]�h�c��
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Abstract  
The article discusses the process of fuzzy output based on the fuzzy extent to construct fuzzy 
inference systems of truth. Fuzzy inference systems play an important role in many applications 
of the fuzzy set theory, such as fuzzy expert systems and many others. At the heart of these 
systems are the logical rules of the form "If ..., then ...", in which the assumptions and conclusions 
are fuzzy concepts. The use of fuzzy sets and fuzzy truth degree with Zadeh compositional rule of 
inference allows to build such an expert system which can operate with both fuzzy and with clear 
inputs. On the other hand, the use of fuzzy truth degree significantly increases the efficiency of 
solving problems, as the computational complexity of the algorithm decreases. 
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�J�b�k. 1. �K�l�j�m�d�l�m�j�Z���k�b�k�l�_�f�u���g�_�q�z�l�d�h�]�h���\�u�\�h�^�Z�����h�k�g�h�\�Z�g�g�h�c���g�Z���g�_�q�z�l�d�h�c���k�l�_�i�_�g�b���b�k�l�b�g�g�h�k�l�b 
Fig. 1. The structure of the fuzzy system output based on fuzzy truth degree

�I�h�d�Z�`�_�f�� �g�Z�� �j�b�k�m�g�d�_�� ���� �j�Z�k�r�b�j�_�g�g�m�x��
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�g�Z���g�_�q�z�l�d�h�c���k�l�_�i�_�g�b���b�k�l�b�g�g�h�k�l�b�� 
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Fig. 2. Extended structure of the fuzzy system output based on fuzzy truth degree 
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�a�g�Z�q�_�g�b�b���b�k�l�b�g�g�h�k�l�b�����b�k�o�h�^�y���b�a���j�b�k�m�g�d�Z�������b���>������������
�������������@���f�h�`�_�l���[�u�l�v���\�u�i�h�e�g�_�g���\�������r�Z�]�Z���� 

�I�_�j�\�u�c�� �i�j�_�^�i�h�e�Z�]�Z�_�l�� �i�h�e�m�q�_�g�b�_�� �g�_�q�z�l�d�h�c��
�n�m�g�d�p�b�b�� �b�k�l�b�g�g�h�k�l�b�� �>������ ���@�� �i�j�_�^�i�h�k�u�e�d�b���� �d�h�l�h�j�Z�y��
�g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�� �h�l�j�Z�`�Z�_�l�� �k�h�h�l�\�_�l�k�l�\�b�_�� �n�Z�d�l�Z�� �b��
�i�j�_�^�i�h�k�u�e�d�b���� 

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

�L�j�_�l�b�c�� �r�Z�]�� �a�Z�d�e�x�q�Z�_�l�k�y�� �\�� �i�h�e�m�q�_�g�b�b��
�g�_�q�z�l�d�h�c�� �n�m�g�d�p�b�b�� �\�u�o�h�^�Z�� �k�� �i�h�f�h�s�v�x��
�b�k�i�h�e�v�a�h�\�Z�g�b�y�� �d�h�f�i�h�a�b�p�b�h�g�g�h�]�h�� �i�j�Z�\�b�e�Z �\�u�\�h�^�Z��
�\���_�]�h���q�Z�k�l�g�h�f���k�e�m�q�Z�_���± modus ponens. 

�x �I�h�e�m�q�_�g�b�_�� �g�_�q�z�l�d�h�c�� �k�l�_�i�_�g�b�� �b�k�l�b�g�g�h�k�l�b
�i�h���i�j�_�^�i�h�k�u�e�d�_���b���n�Z�d�l�m������

�J�Z�k�k�f�h�l�j�b�f�� �k�h�h�l�g�h�r�_�g�b�_�� �������������� �B�k�i�h�e�v�a�m�y��
�i�j�Z�\�b�e�h�� �b�k�l�b�g�g�h�k�l�g�h�c�� �f�h�^�b�n�b�d�Z�p�b�b�� �>���� 3], 
�i�h�e�m�q�b�l�k�y�� 

�Ê
�ì �Ð �>�r�á�s�?

�ä�¼�É�:�º�á�º�ò�;�:�ì�; 
L �•�—�’�ë�"�Ñ
���@���² �:�ë�;

�>�ä�º�ò�:�T�;�?�� (4.1)

�<�� �n�h�j�f�m�e�_�� �������������ä�º  �b�� ���ä�º�ò �i�j�_�^�k�l�Z�\�e�y�x�l
�k�h�h�l�\�_�l�k�l�\�_�g�g�h�� �n�m�g�d�p�b�x�� �i�j�b�g�Z�^�e�_�`�g�h�k�l�b��
�i�j�_�^�i�h�k�u�e�h�d�� �b�� �n�Z�d�l�h�\���� �h�i�b�k�Z�g�g�u�o�� �\�� �m�g�b�\�_�j�k�m�f�_��
X. �ä�¼�É�:�º�á�º�ò�;�:�ì�; �± �n�m�g�d�p�b�y�� �i�j�b�g�Z�^�e�_�`�g�h�k�l�b
�g�_�q�z�l�d�h�c���k�l�_�i�_�g�b�� �b�k�l�b�g�g�h�k�l�b �%�2�:�#�á �#�ñ�;���� �>�j�m�]�b�f�b
�k�e�h�\�Z�f�b�����ä�¼�É�:�º�á�º�ò�;�:�ì�; �± �i�j�_�^�k�l�Z�\�e�y�_�l�� �g�Z�b�[�h�e�v�r�_�_
�a�g�Z�q�_�g�b�_�� �;���� �]�^�_���ä�º  �i�j�b�g�b�f�Z�_�l�� �Z�g�Z�e�h�]�b�q�g�h�_
�a�g�Z�q�_�g�b�_���� �I�h�w�l�h�f�m���� �i�h�e�m�q�_�g�b�_�� �h�^�g�h�]�h�� �m�a�e�Z��
�d�m�k�h�q�g�h-�e�b�g�_�c�g�h�c�� �n�m�g�d�p�b�b���ä�¼�É�:�º�á�º�ò�;�:�ì�; �^�e�y
�d�h�g�d�j�_�l�g�h�]�h�� �a�g�Z�q�_�g�b�y�� �h�l���ì �± �l�j�_�[�m�_�l�� �i�h�b�k�d�Z�� �i�h��
�m�g�b�\�_�j�k�m�f�m���;�� ���h�i�b�k�u�\�Z�x�s�_�]�h�� �m�a�e�u���ä�º ���� �b�� �i�h�b�k�d�Z
�l�h�q�_�d�����]�^�_���ì�É�:�T�; 
L �ì�����>�Z�e�_�_�����Z�g�Z�e�b�a�b�j�m�x�l�k�y���l�h�q�d�b
�ä�º�ò �b�� �\�u�[�b�j�Z�x�l�k�y�� �b�o�� �f�Z�d�k�b�f�m�f�u���� �K�e�h�`�g�h�k�l�v�� �\
�^�Z�g�g�h�f�� �k�e�m�q�Z�_���� �h�q�_�\�b�^�g�h���� �e�b�g�_�c�g�Z�y�� �b�� �a�Z�\�b�k�b�l�� �h�l��
�q�b�k�e�Z�� �m�a�e�h�\���� �h�i�b�k�u�\�Z�x�s�b�o���ä�º  �n�m�g�d�p�b�x
�i�j�b�g�Z�^�e�_�`�g�h�k�l�b���� �G�Z�� �j�b�k�m�g�d�_�� ���� �i�h�d�Z�a�Z�g�Z��
�]�j�Z�n�b�q�_�k�d�Z�y�� �b�g�l�_�j�i�j�_�l�Z�p�b�y�� �n�h�j�f�m�e�u�� ������������
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�J�b�k�� 3. �=�j�Z�n�b�q�_�k�d�Z�y���b�g�l�_�j�i�j�_�l�Z�p�b�y���\�u�q�b�k�e�_�g�b�y���i�h���n�h�j�f�m�e�_������������ 
Fig. 3. Graphical interpretation of the calculation according to the formula (4.1) 

�x �B�k�i�h�e�v�a�h�\�Z�g�b�_ �i�j�b�g�p�b�i�Z�� �k�\�z�j�l�d�b��
�g�_�q�z�l�d�h�c���k�l�_�i�_�g�b���b�k�l�b�g�g�h�k�l�b���g�Z���h�k�g�h�\�_���i�j�b�g�p�b�i�Z��
�h�[�h�[�s�_�g�b�y 

�ä�Í
è�:�¼�É�-�á�¼�É�. �;�:�R�; 
L


L
�à�Ô�ë

�:�œ�-�á�œ�. �;
��>�,�á�-�?�.

�P�:�œ�-�á�œ�. �;�8�œ
�D�6
[�ä�¼�É�-�:�R�5�;�á �ä�¼�É�. �:�R�6�;��
_�E (4.2) 

�<���\�u�r�_���i�j�b�\�_�^�_�g�g�h�c���n�h�j�f�m�e�_���ä�Í
è�:�¼�É�-�á�¼�É�. �;�:�ì�; �±
�g�_�q�z�l�d�Z�y�� �k�l�_�i�_�g�v�� �b�k�l�b�g�g�h�k�l�b�� �k�h�k�l�Z�\�g�h�c�� �i�h�k�u�e�d�b��
�i�j�Z�\�b�e�Z�� �h�l�g�h�k�b�l�_�e�v�g�h�� �k�h�k�l�Z�\�g�h�]�h�� �n�Z�d�l�Z�����ä�¼�É�- �:�ì�5�;
�b�� �ä�¼�É�. �:�ì�6�;�� �i�j�_�^�k�l�Z�\�e�y�x�l�� �k�h�h�l�\�_�l�k�l�\�_�g�g�h
�g�_�q�z�l�d�m�x�� �k�l�_�i�_�g�v�� �b�k�l�b�g�g�h�k�l�b�� �i�_�j�\�h�]�h�� �b�� �\�l�h�j�h�]�h��
�i�h�^�� �m�k�e�h�\�b�y�� �i�j�Z�\�b�e�Z����T �± �h�[�h�a�g�Z�q�Z�_�l��t-�g�h�j�f�m����
�b�k�i�h�e�v�a�m�_�f�m�x�� �^�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �h�[�h�[�s�z�g�g�h�c��
�g�_�q�z�l�d�h�c���n�m�g�d�p�b�b���b�k�l�b�g�g�h�k�l�b�� 

�<�� �g�Z�r�b�o�� �i�j�Z�\�b�e�Z�o�� �\�b�^�Z�� ������������ �i�j�b�k�m�l�k�l�\�m�x�l��
�h�i�_�j�Z�p�b�b�� �©�B�ª�� �b�� �©�B�E�B�ª�� �± �d�h�g�t�x�g�d�p�b�y�� �b��
�^�b�a�t�x�g�d�p�b�y�� �k�h�h�l�\�_�l�k�l�\�_�g�g�h���� �>�e�y�� �b�o�� �\�u�q�b�k�e�_�g�b�y��
�\�h�k�i�h�e�v�a�m�_�f�k�y���i�j�b�g�p�b�i�h�f���h�[�h�[�s�_�g�b�y���A�Z�^�_���>���@�� 

�>�e�y�� �h�i�_�j�Z�p�b�b�� �©�B�ª�� �n�h�j�f�m�e�Z�� �������� �i�j�b�f�_�l��
�k�e�_�^�m�x�s�b�c���\�b�^�� 

�ä�Í
è�:�¼�É�-�á�¼�É�. �;�:�R�; 
L


L ��
�à�Ô�ë

�:�œ�-�á�œ�. �;
��>�,�á�-�?�.

�c�_�d���:�œ�-�á�œ�. �;�8�œ
�D�I�E�J
[�ä�¼�É�-�:�R�5�;�á �ä�¼�É�. �:�R�6�;��
_�E (4.3)

�>�e�y�� �h�i�_�j�Z�p�b�b�� �©�B�E�B�ª�� �n�h�j�f�m�e�Z�� ������������ �i�j�b�f�_�l��
�k�e�_�^�m�x�s�b�c���\�b�^�� 

�ä�Í
è�:�¼�É�-�á�¼�É�. �;�:�R�; 
L

=
�à�Ô�ë

�:�œ�-�á�œ�. �;
��>�,�á�-�?�.

�c�W�n���:�œ�-�á�œ�. �;�8�œ
�D�I�E�J
[�ä�¼�É�- �:�R�5�;�á �ä�¼�É�. �:�R�6�;��
_�E (4.4)

�D�Z�d���\�b�^�g�h���b�a���\�u�r�_�i�j�b�\�_�^�z�g�g�u�o���n�h�j�f�m�e��������������
�b�����������������b�a�f�_�g�y�_�l�k�y��t-�g�h�j�f�Z�� 

�x �I�h�e�m�q�_�g�b�_�� �g�_�q�z�l�d�h�c�� �n�m�g�d�p�b�b�� �\�u�o�h�^�Z�� �k
�i�h�f�h�s�v�x �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �d�h�f�i�h�a�b�p�b�h�g�g�h�]�h��

�i�j�Z�\�b�e�Z���\�u�\�h�^�Z. 
�H�[�h�[�s�z�g�g�u�c�� �\�u�o�h�^�� �i�h�e�m�q�Z�_�l�k�y�� �k�� �i�h�f�h�s�v�x��

�f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h�� �d�h�f�i�h�a�b�p�b�h�g�g�h�]�h�� �i�j�Z�\�b�e�Z��
�\�u�\�h�^�Z���A�Z�^�_���� 

�ä�»�ò�:�U�; 
L �� �•�—�’
�����"���>�4�á�5�?

�D�ä�¼�É�:�º�á�º�ò�;�:�ì�; �Û
�X

���+
k�ì�á �ä�»�:�U�;
o�E, (4.5)

�]�^�_���6 �f�h�`�_�l���[�u�l�v���e�x�[�h�c���W-�g�h�j�f�h�c�� 
�ä�¼�É�:�º�á�º�ò�;�:�ì�; �± �h�[�h�[�s�z�g�g�Z�y�� �g�_�q�z�l�d�Z�y�� �k�l�_�i�_�g�v

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

�$�ñ
L �6
è�¼�É�:�º�á�º�ò�; �Ü�>�6
è
H �; �\ �6 
H �$�?�ä (4.6)
�H�i�b�r�_�f�� �\�u�j�Z�`�_�g�b�_�� ������������ �^�e�y�� �g�_�i�j�_�j�u�\�g�h�]�h��

�k�e�m�q�Z�y�����l�h�]�^�Z�� 

�$ 
L 
±
�ä�»�:�U�;

�U
���Ò

�á �U �Ð �;�á 

�6 
L 
±
�s
�ì

���Í

�� �á �ì �Ð�>�r�á�s�?�á 

�6
è
L 
±
�ì
�ì

���Í

�� �á �ì �Ð�>�r�á�s�?�á 

�; 
L 
±
�s
�U

���Ò

�á �U �Ð �;�á 

�F�h�`�g�h�� �i�j�_�^�k�l�Z�\�b�l�v�� �\�u�j�Z�`�_�g�b�_ 
�6
è
H �; �\ �6 
H �$ �k�e�_�^�m�x�s�b�f���h�[�j�Z�a�h�f�� 

�6
è
H �; �\ �6 
H �$ 
L 
±
�ì �• �s
�:�ì�á �U�;

�\
���Í
H�Ò


±
�ä�»�:�U�;�• �s

�:�ì�á �U�;
���Í
H�Ò


L 


L �ì
��

�:���á�ì�;
�\���Í
H�Ò �ì

�� �³ �:�ì �;

�:���á�ì�;���Í
H�Ò 
L �ì
���\�� �³ �:�ì �;

�:���á�ì�;���Í
H�Ò  (4.7) 

�A�Z�i�b�r�_�f�� �\�u�j�Z�`�_�g�b�_ (4.7) �^�e�y�� �^�b�k�d�j�_�l�g�h�]�h��
�k�e�m�q�Z�y�����i�h�e�m�q�b�f�� 
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�I�j�_�^�k�l�Z�\�b�f�� �\�u�j�Z�`�_�g�b�_�� ������������ �\�� �f�Z�l�j�b�q�g�h�c��
�n�h�j�f�_�� 
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�]�^�_���I  �± �d�h�e-�\�h�� �^�b�k�d�j�_�l�g�u�o�� �l�h�q�_�d���ä�º �:�T�;, �J �± �d�h�e-
�\�h�� �l�h�q�_�d�� �[�Z�a�h�\�h�]�h�� �f�g�h�`�_�k�l�\�Z���U �Ð �;. �J�_�a�m�e�v�l�Z�l�h�f��
�\�u�j�Z�`�_�g�b�y�� ������������ �y�\�e�y�_�l�k�y�� �f�Z�l�j�b�p�Z�� �j�Z�a�f�_�j�h�f��

�I 
H �J,  �j�_�a�m�e�v�l�Z�l�h�f�� �\�u�j�Z�`�_�g�b�y�� ������������ �� �y�\�e�y�_�l�k�y��
�\�_�d�l�h�j���^�e�b�g�u���I . 

�>�e�y�� �\�u�q�b�k�e�_�g�b�y��i-�l�h�]�h�� �w�e�_�f�_�g�l�Z�� �\�u�j�Z�`�_�g�b�y��
�������������\�h�k�i�h�e�v�a�m�_�f�k�y���k�e�_�^�m�x�s�_�c���n�h�j�f�m�e�h�c��  
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�?�k�e�b�� �f�u�� �b�k�i�h�e�v�a�m�_�f�� �e�h�]�b�q�_�k�d�m�x�� �f�h�^�_�e�v��
�k�b�k�l�_�f�u�� �b�� �b�f�_�_�f �^�_�e�h�� �k�� �[�e�h�d�h�f�� �i�j�Z�\�b�e���� �l�h��
�Z�]�j�_�]�b�j�h�\�Z�g�b�_�� �\�u�o�h�^�h�\�� �i�h�� �d�Z�`�^�h�f�m�� �i�j�Z�\�b�e�m��
�h�k�m�s�_�k�l�\�e�y�_�l�k�y���l�Z�d�� 
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L ���) �$�Þ
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�Ç

�Þ�@�5

�á

�]�^�_���0 �± �d�h�e-�\�h���g�_�q�z�l�d�b�o���i�j�Z�\�b�e���\�u�\�h�^�Z�� 
�N�m�g�d�p�b�y�� �i�j�b�g�Z�^�e�_�`�g�h�k�l�b���$�ñ �\�u�q�b�k�e�y�_�l�k�y�� �k

�i�h�f�h�s�v�x��t-�g�h�j�f�u�� 
�ä�»�ò�:�U�; 
L �6�Þ�@�5�á�Ç
$
$
$
$
$�ä�»�Ö

�ò�:�U�;.

5. �>�_�n�Z�a�a�b�n�b�d�Z�p�b�y���\�u�o�h�^�Z���k�b�k�l�_�f�u
�>�_�n�Z�a�a�b�n�b�d�Z�p�b�y�� �\�� �k�b�k�l�_�f�Z�o�� �g�_�q�_�l�d�h�]�h��

�\�u�\�h�^�Z�� �± �w�l�h�� �i�j�h�p�_�k�k�� �i�_�j�_�o�h�^�Z�� �h�l�� �n�m�g�d�p�b�b��
�i�j�b�g�Z�^�e�_�`�g�h�k�l�b�� �\�u�o�h�^�g�h�c�� �e�b�g�]�\�b�k�l�b�q�_�k�d�h�c��
�i�_�j�_�f�_�g�g�h�c�� �d�� �_�z�� �q�_�l�d�h�f�m�� ���q�b�k�e�h�\�h�f�m���� �a�g�Z�q�_�g�b�x����
�P�_�e�v�� �^�_�n�Z�a�a�b�n�b�d�Z�p�b�b�� �k�h�k�l�h�b�l�� �\�� �l�h�f���� �q�l�h�[�u����
�b�k�i�h�e�v�a�m�y�� �j�_�a�m�e�v�l�Z�l�u�� �Z�d�d�m�f�m�e�y�p�b�b�� �\�k�_�o��

�\�u�o�h�^�g�u�o�� �e�b�g�]�\�b�k�l�b�q�_�k�d�b�o�� �i�_�j�_�f�_�g�g�u�o����
�i�h�e�m�q�b�l�v�� �d�h�e�b�q�_�k�l�\�_�g�g�u�_�� �a�g�Z�q�_�g�b�y�� �^�e�y�� �d�Z�`�^�h�c��
�\�u�o�h�^�g�h�c�� �i�_�j�_�f�_�g�g�h�c���� �d�h�l�h�j�u�_�� �b�k�i�h�e�v�a�m�_�l�k�y��
�\�g�_�r�g�b�f�b�� �i�h�� �h�l�g�h�r�_�g�b�x�� �d�� �k�b�k�l�_�f�_�� �g�_�q�_�l�d�h�]�h��
�\�u�\�h�^�Z�� �m�k�l�j�h�c�k�l�\�Z�f�b�� ���b�k�i�h�e�g�b�l�_�e�v�g�u�f�b��
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$���� �B�k�i�h�e�v�a�m�_�f
�f�_�l�h�^���p�_�g�l�j�Z���l�y�`�_�k�l�b���\���_�]�h���^�b�k�d�j�_�l�g�h�f���\�Z�j�b�Z�g�l�_�� 

�U
$ 
L

Ì �:�ì 
$�Ô�Û���³ �:�ì
$�Ô�;�;�Ô�8�-�á�¿
$
$
$
$
$

��
Ì �� �³ �:�ì
$�Ô�;�Ô�8�-�á�¿
$
$
$
$
$
(5.1) 

�<�� �\�u�j�Z�`�_�g�b�b�� ���������U
$�Ü �± �l�h�q�d�Z���� �\�� �d�h�l�h�j�h�c
�n�m�g�d�p�b�y���ä�»�:�U
$�Ü�; �i�j�b�g�b�f�Z�_�l�� �f�Z�d�k�b�f�Z�e�v�g�h�_
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�B�G�N�H�J�F�:�P�B�H�G�G�U�?���L�?�O�G�H�E�H�=�B�B 
INFORMATION TECHNOLOGIES  

���� �L�_�k�l�b�j�h�\�Z�g�b�_���w�d�k�i�_�j�l�g�h�c���k�b�k�l�_�f�u
�I�m�k�l�v�� �b�f�_�_�l�k�y�� �[�Z�d�� �k�� �\�h�^�h�c���� �d�h�l�h�j�u�c��

�a�Z�i�h�e�g�y�_�l�k�y�� �\�h�^�h�c���� �I�m�k�l�v�� �i�h�^�Z�q�Z�� �\�h�^�u��
�j�_�]�m�e�b�j�m�_�l�k�y�� �i�h�\�h�j�h�l�h�f�� �d�j�Z�g�Z���� �d�h�l�h�j�u�c�� �f�_�g�y�_�l��
�d�h�e�b�q�_�k�l�\�h���i�j�h�i�m�k�d�Z�_�f�u�o���e�b�l�j�h�\���\�h�^�u���\���f�b�g�m�l�m����
�K�^�_�e�Z�g�u���b�a�f�_�j�_�g�b�y���± �i�j�_�^�i�h�k�u�e�d�b�����i�h�d�Z�`�_�f���b�o���\��
�l�Z�[�e�b�p�_ 1. 

�L�Z�[�e�b�p�Z���� 
�B�a�f�_�j�_�g�b�y���\�h���\�j�_�f�y���a�Z�i�h�e�g�_�g�b�y���[�Z�d�Z���k���\�h�^�h�c 

Table 1 
Measurements at the time of filling the tank with water 

�����i�h�\�h�j�h�l�Z��
�d�j�Z�g�Z 

�D�h�e-�\�h��
�e�b�l�j�h�\���\���[�Z�d�_ 

�I�j�h�i�m�k�d�g�Z�y��
�k�i�h�k�h�[�g�h�k�l�v���d�j�Z�g�Z����

�e�b�l�j�h�\���f�b�g�� 
100 0 50 
100 0 100 
75 0 200 
75 50 50 
50 100 50 
50 100 100 
25 150 100 
25 100 200 
0 200 50 
0 200 100 
0 200 150 

�<�� �j�_�a�m�e�v�l�Z�l�_�� �j�Z�[�h�l�u�� �j�Z�a�j�Z�[�h�l�Z�g�g�h�c��
�w�d�k�i�_�j�l�g�h�c�� �k�b�k�l�_�f�u�� �[�u�e�b�� �i�h�e�m�q�_�g�u�� �k�e�_�^�m�x�s�b�_��
�i�j�Z�\�b�e�Z�� 

�x x1 is M2 AND x2 is M1 OR x1 is M2 AND
x2 is S THEN d is D2; 

�x x1 is M2 AND x2 is D1 OR x1 is M1 AND
x2 is M1 THEN d is D1; 

�x x1 is S AND x2 is M1 OR x1 is S AND x2 is
S THEN d is S; 

�x x1 is D1 AND x2 is S OR x1 is S AND x2 is
D1 THEN d is M1; 

�x x1 is D2 AND x2 is M1 OR x1 is D2 AND
x2 is S OR x1 is D2 AND x2 is S THEN d is M2; 

�<�� �\�u�r�_�� �i�j�b�\�_�^�z�g�g�u�o�� �i�j�Z�\�b�e�Z�o�� �\�\�_�^�_�g�u��
�k�e�_�^�m�x�s�b�_���h�[�h�a�g�Z�q�_�g�b�y�� 

�x �����i�h�\�h�j�h�l�Z���d�j�Z�g�Z���± �G�����\�u�o�h�^���k�b�k�l�_�f�u��
�x �D�h�e-�\�h�� �e�b�l�j�h�\�� �\�� �[�Z�d�_�� �± �[������ �i�_�j�\�u�c

�\�o�h�^�g�h�c���i�Z�j�Z�f�_�l�j�� 
�x �I�j�h�i�m�k�d�g�Z�y�� �k�i�h�k�h�[�g�h�k�l�v�� �d�j�Z�g�Z�� �± x2,

�\�l�h�j�h�c���\�o�h�^�g�h�c���i�Z�j�Z�f�_�l�j�� 
�>�e�y�� �d�Z�`�^�h�]�h�� �i�Z�j�Z�f�_�l�j�Z�� �[�u�e�b�� �h�i�j�_�^�_�e�_�g�u��

�h�[�e�Z�k�l�b���� �\�� �d�h�l�h�j�u�o�� �h�g�b�� �b�a�f�_�g�y�x�l�k�y���� �i�h�d�Z�`�_�f�� �b�o��
�g�b�`�_���\���l�Z�[�e�b�p�_������ 

�L�Z�[�e�b�p�Z���� 
�H�[�e�Z�k�l�b���^�e�y���i�Z�j�Z�f�_�l�j�h�\���k�b�k�l�_�f�u 

Table 2 
Areas for system settings 

�I�Z�j�Z�f�_�l�j �H�[�e�Z�k�l�b 

d 
M2: [0, 25]; M1: [0, 50]; S: [25, 75]; D1: 
[50, 100];  
D2: [75, 100]; 

x1 
M2: [0, 50]; M1: [0, 100]; S: [50, 150]; D1: 
[100, 200]; 
D2: [150, 200]; 

x2 M1: [50, 125]; S: [50, 200]; D1: [125, 200]; 

�G�Z�� �\�o�h�^�� �g�Z�r�_�c�� �w�d�k�i�_�j�l�g�h�c�� �k�b�k�l�_�f�u�� �i�h�^�Z�z�f��
�n�Z�c�e�� �n�Z�d�l�Z���� �k�h�^�_�j�`�Z�s�b�c�� �g�_�q�z�l�d�b�_�� �l�j�_�m�]�h�e�v�g�u�_��
�\�_�e�b�q�b�g�u�� �^�e�y�� �i�Z�j�Z�f�_�l�j�h�\���� �>�e�y�� �[���� �g�_�q�z�l�d�Z�y��
�\�_�e�b�q�b�g�Z�� �h�i�j�_�^�_�e�y�_�l�k�y�� �k�e�_�^�m�x�s�_�c�� �l�j�h�c�d�h�c����
�T�s�� 
L ���B�:�t�r�á�u�r�á�s�x�r�;�ä �>�e�y�� �[���� �g�_�q�z�l�d�Z�y�� �\�_�e�b�q�b�g�Z��
�h�i�j�_�^�_�e�y�_�l�k�y�� �^�j�m�]�h�c�� �l�j�h�c�d�h�c����
�T�t�� 
L ���B�:�u�r�á�w�r�á�t�r�r�;�ä 

�J�Z�k�k�f�h�l�j�b�f���i�_�j�\�h�_���i�j�Z�\�b�e�h�� 
�x x1 is M2 AND x2 is M1 OR x1 is M2 AND

x2 is S THEN d is D2; 
�>�Z�g�g�h�_�� �i�j�Z�\�b�e�h�� �k�h�k�l�h�b�l�� �b�a�� �^�\�m�o�� �q�Z�k�l�_�c����

�h�[�t�_�^�b�g�z�g�g�u�o�� �k�\�y�a�d�h�c�� �©�2�5�ª���� �I�h�d�Z�`�_�f�� �]�j�Z�n�b�d�b��
�g�_�q�z�l�d�h�c�� �k�l�_�i�_�g�b�� �b�k�l�b�g�g�h�k�l�b�� �^�e�y�� �i�_�j�\�h�c�� �q�Z�k�l�b��
���[���� �L�V�� �0���� �$�1�'�� �[���� �L�V�� �0������ �g�Z�� �j�b�k�m�g�d�_�� ������ �Z�� �g�Z��
�j�b�k�m�g�d�_�������j�_�a�m�e�v�l�Z�l���h�i�_�j�Z�p�b�b���©�B�ª�� 
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�J�b�k. 4. �=�j�Z�n�b�d�b���g�_�q�z�l�d�h�c���k�l�_�i�_�g�b���b�k�l�b�g�g�h�k�l�b���^�e�y���i�_�j�\�h�c���q�Z�k�l�b���i�j�Z�\�b�e�Z 
Fig. 4. Charts of odd degree of truth for the first part of the rule

�>�Z�e�_�_���� �i�h�d�Z�`�_�f�� �]�j�Z�n�b�d�� �h�[�t�_�^�b�g�z�g�g�h�c��
�g�_�q�z�l�d�h�c���n�m�g�d�p�b�b���b�k�l�b�g�g�h�k�l�b���g�Z���j�b�k�m�g�d�_������ 

�J�b�k. 5. �=�j�Z�n�b�d���h�[�t�_�^�b�g�z�g�g�h�c���g�_�q�z�l�d�h�c���n�m�g�d�p�b�b���b�k�l�b�g�g�h�k�l�b 
Fig. 5. Graph of united fuzzy truth function
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�:�g�Z�e�h�]�b�q�g�h�� �i�h�k�l�m�i�Z�_�f�� �^�e�y�� �\�k�_�o�� �h�k�l�Z�e�v�g�u�o��
�i�j�Z�\�b�e���± �g�Z�c�^�z�f���g�_�q�z�l�d�m�x���n�m�g�d�p�b�x���\�u�o�h�^�Z���\�k�_�o��
�i�j�Z�\�b�e�� �^�e�y�� �\�o�h�^�g�h�]�h�� �n�Z�d�l�Z���� �K�� �i�h�f�h�s�v�x�� �f�_�l�h�^�Z��

�p�_�g�l�j�Z�� �l�y�`�_�k�l�b�� �������������� �i�h�� �n�h�j�f�m�e�_�� ������������ �g�Z�c�^�z�f��
�q�z�l�d�b�c���\�u�o�h�^���k�b�k�l�_�f�u�����i�h�d�Z�`�_�f���_�]�h���g�Z���j�b�k�m�g�d�_������ 

�J�b�k. 6. �Q�z�l�d�b�c �\�u�o�h�^ �k�b�k�l�_�f�u 
Fig. 6. A clear system output 

�>�Z�g�g�h�_�� �q�b�k�e�h�� �i�h�d�Z�a�u�\�Z�_�l�� �g�Z �k�d�h�e�v�d�h��
�i�j�h�p�_�g�l�h�\�� �g�_�h�[�o�h�^�b�f�h�� �i�h�\�_�j�g�m�l�v�� �d�j�Z�g���� �^�e�y��
�^�Z�g�g�u�o�����i�h�k�l�m�i�b�\�r�b�o���g�Z���\�o�h�^���k�b�k�l�_�f�u���� 

�A�Z�d�e�x�q�_�g�b�_ 
�<�� �^�Z�g�g�h�c�� �k�l�Z�l�v�_�� �[�u�e�Z�� �h�i�b�k�Z�g�� �g�_�q�z�l�d�b�c��

�i�h�^�o�h�^���� �h�k�g�h�\�Z�g�g�u�c�� �g�Z�� �g�_�q�z�l�d�h�c�� �k�l�_�i�_�g�b��
�b�k�l�b�g�g�h�k�l�b���^�e�y���a�Z�^�Z�q���g�_�q�z�l�d�h�]�h���m�i�j�Z�\�e�_�g�b�y�����;�u�e�Z��
�i�j�_�^�k�l�Z�\�e�_�g�Z���j�Z�a�j�Z�[�h�l�Z�g�g�Z�y���w�d�k�i�_�j�l�g�Z�y���k�b�k�l�_�f�Z���k��
�i�j�Z�\�b�e�h�f�� �\�u�\�h�^�Z�� �g�Z�� �h�k�g�h�\�_�� �g�_�q�z�l�d�h�c�� �k�l�_�i�_�g�b��
�b�k�l�b�g�g�h�k�l�b���� �B�k�i�h�e�v�a�h�\�Z�g�b�_�� �g�_�q�z�l�d�h�c�� �k�l�_�i�_�g�b��
�b�k�l�b�g�g�h�k�l�b�� �a�g�Z�q�b�l�_�e�v�g�h�� �i�h�\�u�r�Z�_�l��
�w�n�n�_�d�l�b�\�g�h�k�l�v�� �j�_�r�_�g�b�y�� �a�Z�^�Z�q���� �l�Z�d�� �d�Z�d��
�m�f�_�g�v�r�Z�_�l�k�y���k�e�h�`�g�h�k�l�v���Z�e�]�h�j�b�l�f�Z����

�:�g�Z�e�b�a�b�j�m�y�� �^�Z�e�v�g�_�c�r�b�_�� �\�h�a�f�h�`�g�h�k�l�b�� �b��
�g�Z�i�j�Z�\�e�_�g�b�y�� �i�j�h�^�h�e�`�_�g�b�y�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �i�h��
�^�Z�g�g�h�c�� �l�_�f�Z�l�b�d�_���� �f�h�`�g�h�� �\�u�^�_�e�b�l�v�� �k�e�_�^�m�x�s�b�_����
�m�k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�_�� �d�e�Z�k�k�b�q�_�k�d�b�o�� �Z�e�]�h�j�b�l�f�h�\��
���j�Z�a�j�Z�[�h�l�d�Z�� �i�Z�j�Z�e�e�_�e�v�g�u�o�� �Z�e�]�h�j�b�l�f�h�\������
�J�Z�a�j�Z�[�h�l�d�Z�� �g�_�q�z�l�d�b�o�� �w�d�k�i�_�j�l�g�u�o�� �k�b�k�l�_�f�� �y�\�e�y�_�l�k�y��
�Z�d�l�m�Z�e�v�g�h�c�� �l�_�f�h�c���� �I�h�w�l�h�f�m�� �i�j�Z�d�l�b�q�_�k�d�b��
�h�[�h�k�g�h�\�Z�g�g�h�� �^�Z�e�v�g�_�c�r�_�_ �m�k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�_��
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�j�_�r�Z�_�f�u�o���k���i�h�f�h�s�v�x���g�_�_���a�Z�^�Z�q�� 
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Abstract 
Due to increasing competition in the market, there is an acute problem of increasing efficiency of 
processing on the machines with computerized numerical control (CNC). Besides, enterprises 
nowadays have to ensure compliance of products with the requirements of ISO international 
standards. At present, Russia is going through an active introduction of new automated tools of 
information support of products at all stages of the life cycle.  
The article discusses the model of management of machine tools with numerical control. The 
authors draw a conclusion about the efficiency of utilizing neural networks to operate with this 
type of machines. They also provide an example of a neural network with two hidden layerswith3 
and 5neurons respectively.  
Keywords: industry; management; neural network; numerical control; automated systems. 
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�b�k�i�h�e�v�a�m�_�f�u�o�� �i�_�j�_�f�_�g�g�u�o�� �b�� �i�Z�j�Z�f�_�l�j�h�\��
�n�b�a�b�q�_�k�d�h�]�h���k�f�u�k�e�Z�� 

�:�^�Z�i�l�b�\�g�h�_�� �m�i�j�Z�\�e�_�g�b�_�� �h�k�g�h�\�u�\�Z�_�l�k�y�� �g�Z��
�f�Z�l�_�f�Z�l�b�q�_�k�d�b�o�� �f�h�^�_�e�y�o���� �h�i�b�k�u�\�Z�x�s�b�o��
�n�b�a�b�q�_�k�d�b�_�� �i�j�h�p�_�k�k�u�� �b�� �y�\�e�_�g�b�y���� �<�h�a�^�_�c�k�l�\�b�_�� �g�Z��
�m�i�j�Z�\�e�y�_�f�u�c�� �i�j�h�p�_�k�k�� �\�_�^�_�l�k�y�� �k�h�]�e�Z�k�g�h�� �p�_�e�_�\�h�c��
�n�m�g�d�p�b�b�� �± �a�Z�d�h�g�Z�� �m�i�j�Z�\�e�_�g�b�y���� �g�Z�i�j�Z�\�e�_�g�g�h�]�h�� �g�Z��
�^�h�k�l�b�`�_�g�b�_�� �b�� �i�h�^�^�_�j�`�Z�g�b�_�� �g�Z�b�[�h�e�_�_��
�w�n�n�_�d�l�b�\�g�h�]�h�� �a�g�Z�q�_�g�b�y�� �d�Z�d�h�]�h�±�e�b�[�h�� �i�Z�j�Z�f�_�l�j�Z��
[1, 5, 6]. 

�D�� �Z�^�Z�i�l�b�\�g�h�f�m�� �m�i�j�Z�\�e�_�g�b�x�� �h�l�g�h�k�y�l�k�y��
�m�i�j�Z�\�e�_�g�b�_�� �g�Z�� �h�k�g�h�\�_�� �g�_�q�_�l�d�h�c�� �e�h�]�b�d�b���� �k��
�k�Z�f�h�g�Z�k�l�j�h�c�d�h�c���� �h�[�h�[�s�_�g�g�h�±�i�j�h�]�g�h�a�b�j�m�x�s�_�_��
�m�i�j�Z�\�e�_�g�b�_���>���@���� 

�<�k�_�� �w�l�b�� �k�i�h�k�h�[�u�� �m�i�j�Z�\�e�_�g�b�y�� �g�_�� �i�h�e�m�q�b�e�b��
�r�b�j�h�d�h�]�h�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y���� �G�h�� �i�j�b�f�_�g�y�x�l�k�y�� �\��
�j�Z�a�e�b�q�g�u�o�� �l�_�o�g�b�q�_�k�d�b�o�� �k�b�k�l�_�f�Z�o���� �H�k�g�h�\�g�u�f�b��
�g�_�^�h�k�l�Z�l�d�Z�f�b�� �^�Z�g�g�h�]�h�� �l�b�i�Z�� �m�i�j�Z�\�e�_�g�b�y�� �y�\�e�y�_�l�k�y��
�g�_�h�[�o�h�^�b�f�h�k�l�v�� �i�h�k�l�h�y�g�g�h�� �h�i�j�_�^�_�e�y�l�v��
�Z�^�_�d�\�Z�l�g�h�k�l�v�� �f�Z�l�_�f�Z�l�b�q�_�k�d�h�c�� �f�h�^�_�e�b���� �G�_��
�k�m�s�_�k�l�\�m�_�l�� �f�_�l�h�^�h�\�� �Z�\�l�h�f�Z�l�b�a�Z�p�b�b�� �^�Z�g�g�h�]�h��
�i�j�h�p�_�k�k�Z���� �� �H�k�g�h�\�g�u�f�� �g�_�^�h�k�l�Z�l�d�h�f�� �Z�^�Z�i�l�b�\�g�h�]�h��
�l�b�i�Z�� �m�i�j�Z�\�e�_�g�b�y�� �y�\�e�y�_�l�k�y�� �_�]�h�� �f�Z�e�Z�y�� �]�b�[�d�h�k�l�v����
�I�j�b�� �b�a�f�_�g�_�g�b�y�o�� �\�� �h�[�t�_�d�l�_�� �m�i�j�Z�\�e�_�g�b�y�� �b�e�b�� �\�h��
�\�g�_�r�g�b�o�� �m�k�e�h�\�b�y�o�� �l�j�_�[�m�_�l�k�y�� �i�_�j�_�k�l�j�Z�b�\�Z�l�v��
�f�h�^�_�e�v�� �b�� �h�i�j�_�^�_�e�y�l�v�� �^�e�y�� �g�_�_�� �g�h�\�u�c�� �a�Z�d�h�g��
�m�i�j�Z�\�e�_�g�b�y���� �L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �l�j�_�[�m�_�l�k�y�� �i�h�k�l�h�y�g�g�h��
�©�\�j�m�q�g�m�x�ª�� �h�i�j�_�^�_�e�y�l�v�� �Z�^�_�d�\�Z�l�g�h�k�l�v��
�f�Z�l�_�f�Z�l�b�q�_�k�d�h�c���f�h�^�_�e�b�� 

�I�j�b�f�_�g�_�g�b�_���k�b�k�l�_�f �b�k�d�m�k�k�l�\�_�g�g�h�]�h��
�b�g�l�_�e�e�_�d�l�Z���g�Z���l�h�d�Z�j�g�u�o���k�l�Z�g�d�Z�o���k���Q�I�M 

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

�<���i�h�k�e�_�^�g�_�_���\�j�_�f�y���i�h�y�\�b�e�b�k�v���g�h�\�u�_���k�i�h�k�h�[�u��
�j�_�]�m�e�b�j�h�\�Z�g�b�y���� �l�Z�d�b�_�� �d�Z�d�� �� �g�_�c�j�h�j�_�]�m�e�b�j�h�\�Z�g�b�_�� �b��
�g�_�q�_�l�d�Z�y�� �e�h�]�b�d�Z���� �W�l�b�� �k�i�h�k�h�[�u�� �h�l�g�h�k�y�l�k�y�� �d��
�d�Z�l�_�]�h�j�b�b�� �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�u�o�� �b�� �i�h�a�\�h�e�y�x�l��
�j�_�Z�e�b�a�h�\�Z�l�v�� �e�x�[�h�c�� �l�j�_�[�m�_�f�u�c�� �^�e�y�� �i�j�h�p�_�k�k�Z��
�g�_�e�b�g�_�c�g�u�c���Z�e�]�h�j�b�l�f���m�i�j�Z�\�e�_�g�b�y�����i�j�b���g�_�i�h�e�g�h�f����
�g�_�l�h�q�g�h�f���h�i�b�k�Z�g�b�b���h�[�t�_�d�l�Z���m�i�j�Z�\�e�_�g�b�y�� 
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�B�G�N�H�J�F�:�P�B�H�G�G�U�?���L�?�O�G�H�E�H�=�B�B 
INFORMATION TECHNOLOGIES  

�H�^�g�b�f�� �b�a�� �g�Z�i�j�Z�\�e�_�g�b�c�� �k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�y��
�i�j�h�p�_�k�k�Z�� �h�[�j�Z�[�h�l�d�b�� �g�Z�� �k�l�Z�g�d�Z�o�� �Q�I�M����
�i�j�b�f�_�g�y�_�f�u�f�� �d�Z�d�� �\�� �g�Z�r�_�c�� �k�l�j�Z�g�_���� �l�Z�d�� �b�� �a�Z��
�j�m�[�_�`�h�f���� �y�\�e�y�_�l�k�y�� �i�j�b�f�_�g�_�g�b�_�� �k�b�k�l�_�f��
�b�k�d�m�k�k�l�\�_�g�g�h�]�h���b�g�l�_�e�e�_�d�l�Z�����<���d�Z�q�_�k�l�\�_���w�e�_�f�_�g�l�h�\��
�k�b�k�l�_�f�� �b�k�d�m�k�k�l�\�_�g�g�h�]�h�� �b�g�l�_�e�e�_�d�l�Z�� �i�j�_�^�e�Z�]�Z�_�l�k�y��
�b�k�i�h�e�v�a�h�\�Z�l�v���g�_�c�j�h�g�g�u�_���k�_�l�b���� 

�G�Z�b�[�h�e�_�_�� �q�Z�k�l�h�� �g�_�c�j�h�g�g�u�_�� �k�_�l�b��
�b�k�i�h�e�v�a�m�x�l�k�y���^�e�y���j�_�r�_�g�b�y���k�e�_�^�m�x�s�b�o���a�Z�^�Z�q�� 

�x �d�e�Z�k�k�b�n�b�d�Z�p�b�y�� �h�[�j�Z�a�h�\�� �± �m�d�Z�a�Z�g�b�_�� �g�Z
�i�j�b�g�Z�^�e�_�`�g�h�k�l�v�� �\�o�h�^�g�h�]�h�� �h�[�j�Z�a�Z����
�i�j�_�^�k�l�Z�\�e�_�g�g�h�]�h���\�_�d�l�h�j�h�f���i�j�b�a�g�Z�d�h�\�����h�^�g�h�f�m���b�e�b��
�g�_�k�d�h�e�v�d�b�f�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�� �h�i�j�_�^�_�e�_�g�g�u�f��
�d�e�Z�k�k�Z�f�� 

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

�x �i�j�h�]�g�h�a�b�j�h�\�Z�g�b�_ �± �i�j�_�^�m�k�f�h�l�j�_�g�b�_
�a�g�Z�q�_�g�b�y�� �\���W�Q�������� �i�j�b�� �b�a�\�_�k�l�g�h�c��
�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�b���\���W��), y(t2) ... y(tn); 

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

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

�K�l�j�m�d�l�m�j�g�h�c�� �h�k�g�h�\�h�c�� �g�_�c�j�h�g�g�h�c�� �k�_�l�b��
�y�\�e�y�_�l�k�y�� �n�h�j�f�Z�e�v�g�u�c�� �g�_�c�j�h�g���� �G�_�c�j�h�g�g�u�_�� �k�_�l�b��
�\�h�a�g�b�d�e�b�� �b�a�� �i�h�i�u�l�h�d�� �\�h�k�k�h�a�^�Z�l�v�� �k�i�h�k�h�[�g�h�k�l�v��
�[�b�h�e�h�]�b�q�_�k�d�b�o�� �k�b�k�l�_�f�� �m�q�b�l�v�k�y���� �f�h�^�_�e�b�j�m�y��
�g�b�a�d�h�d�h�j�g�_�\�m�x�� �k�l�j�m�d�l�m�j�m�� �f�h�a�]�Z���� �>�e�y�� �w�l�h�]�h�� �\��
�h�k�g�h�\�m�� �g�_�c�j�h�k�_�l�_�\�h�c�� �f�h�^�_�e�b�� �e�h�`�b�l�k�y�� �w�e�_�f�_�g�l����
�d�h�l�h�j�u�c�� �b�f�b�l�b�j�m�_�l�� �\�� �i�_�j�\�h�f�� �i�j�b�[�e�b�`�_�g�b�b��
�k�\�h�c�k�l�\�Z�� �[�b�h�e�h�]�b�q�_�k�d�h�]�h�� �g�_�c�j�h�g�Z �± �n�h�j�f�Z�e�v�g�u�c��
�g�_�c�j�h�g���^�Z�e�_�_�� �i�j�h�k�l�h�� �g�_�c�j�h�g������ �<�� �h�j�]�Z�g�b�a�f�_��
�q�_�e�h�\�_�d�Z�� �g�_�c�j�h�g�u�� �w�l�h�� �h�k�h�[�u�_�� �d�e�_�l�d�b���� �k�i�h�k�h�[�g�u��
�j�Z�k�i�j�h�k�l�j�Z�g�y�l�v���w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�b�_���k�b�]�g�Z�e�u�� 

�I�j�_�b�f�m�s�_�k�l�\�Z�f�b�� �G�K�� �i�_�j�_�^�� �l�j�Z�^�b�p�b�h�g�g�u�f�b��
�k�b�k�l�_�f�Z�f�b���m�i�j�Z�\�e�_�g�b�y���y�\�e�y�_�l�k�y�� 

1. �B�k�i�h�e�v�a�h�\�Z�g�b�_ �g�_�e�b�g�_�c�g�u�o�� �n�m�g�d�p�b�c��
�Z�d�l�b�\�Z�p�b�b�� �\�� �g�_�c�j�h�g�g�u�o�� �k�_�l�y�o�� �i�h�a�\�h�e�y�_�l��
�j�_�Z�e�b�a�h�\�Z�l�v�� �a�Z�^�Z�q�b�� �k�� �k�m�s�_�k�l�\�_�g�g�u�f�b��
�g�_�e�b�g�_�c�g�h�k�l�y�f�b�� 

2. �G�K�� �f�h�]�m�l�� �h�[�m�q�Z�l�v�k�y�� �e�x�[�u�f�� �n�m�g�d�p�b�y�f��
�\�Z�`�_�g�� �l�h�e�v�d�h�� �h�[�t�_�f�� �i�j�_�^�h�k�l�Z�\�e�_�g�g�u�o�� �^�Z�g�g�u�o�� �b��
�\�u�[�h�j�� �i�j�Z�\�b�e�v�g�h�c�� �g�_�c�j�h�g�g�h�c�� �f�h�^�_�e�b���� �L�Z�d�b�f��

�h�[�j�Z�a�h�f�� �G�K�� �i�h�a�\�h�e�y�x�l�� �b�a�[�_�`�Z�l�v�� �b�k�i�h�e�v�a�h�\�Z�g�b�y��
�k�e�h�`�g�h�]�h���f�Z�l�_�f�Z�l�b�q�_�k�d�h�]�h���Z�i�i�Z�j�Z�l�Z�� 

���� �G�K�� �y�\�e�y�x�l�k�y�� �k�Z�f�h�h�[�m�q�Z�_�f�u�f�b���k�b�k�l�_�f�Z�f�b��
�W�l�h�� �h�a�g�Z�q�Z�_�l �\�h�a�f�h�`�g�h�k�l�v�� �h�k�m�s�_�k�l�\�e�y�l�v��
�m�i�j�Z�\�e�_�g�b�_�� �\�� �m�k�e�h�\�b�y�o�� �k�m�s�_�k�l�\�_�g�g�u�o��
�g�_�e�b�g�_�c�g�h�k�l�_�c�� 

4. �<�u�k�h�d�Z�y�� �k�l�_�i�_�g�v�� �i�Z�j�Z�e�e�_�e�v�g�h�k�l�b�� �G�K
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�J�b�k���� �G�_�c�j�h�g�g�Z�y�k�_�l�v 
Fig.  Neural network 
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�m�j�Z�\�g�_�g�b�_�f���� �I�h�e�m�q�_�g�Z�� �h�p�_�g�d�Z�� �m�k�l�Z�g�h�\�b�\�r�_�c�k�y�� �h�r�b�[�d�b�� �m�i�j�Z�\�e�_�g�b�y���� �I�j�b�\�h�^�b�l�k�y�� �i�j�b�f�_�j��
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�m�k�l�Z�g�h�\�b�\�r�Z�y�k�y���h�r�b�[�d�Z. 

Introduction 
The quality of the synthesized control system 

depends on utilization of information about input 
signals. Therefore, the so-called absorption principle 
[7] in the automatic control theory is widespread. The 
absorption principle is built on class description of 
the input signals by homogeneous differential or 
difference equations with arbitrary initial conditions 
[1, 3-5, 8-11]. In this paper, the larger class of input 
signals of a continuous-time linear control system is 
specified by the stationary heterogeneous differential 
equation with arbitrary initial conditions and a 
restricted right member [2, 6]. This approach can be 
easily extended to discrete systems. 

1. Statement of the problem
Let 

)(

)(
)(

sQ

sR
sW

d

d
d � , 
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)(
sQ
sR

sW
s

s
s � ,        (1) 

be transfer functions corresponding to a desirable 
control system and a synthesized control system, 
where )()()( sQsQsD sd�  is a stable polynomial. 

In this paper, we shall determine the signals 
class ),[ 0 �f��� tVV �G�G  such that 

).)((0 *
0

* �G�H�G �G ���!���!���•���!�� tttttVf     (2) 

here 
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)())()(()()( sFsWsWsEt sd ��� �y�H , )()( tfsF �y .   (3) 
2. Main results

Consider the error E(s) determined by (3). 
Using (1), we get 
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)()()()(
)( sF
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sQsRsQsR

sE dssd ��
�         (4) 

or 
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)( sF
sD
sL

sE � ,        (5) 

where nD � deg , mL � deg  , and 
)()()()()( sQsRsQsRsL dssd ��� .        (6) 

We show that the input signals class �GV is

defined by the set of solutions of the linear 
differential equation 

)()()( ttfpL �M� , 
td

d
p � ,        (7) 

with arbitrary initial conditions and a piecewise 
continuous restricted right member, i.e., 

)()( �G�M Mt �d 0tt �t�� , 0)( �t�GM .        (8) 

Here ),[ 0
1 �f���• �� tCf m  and )(mf is piecewise 

continuous. Next we define )(�GMM � . The 

application of the Laplace transformation to equation 
(7) yields  

)()()()( 0 sLssFsL ���)� ,        (9) 
where 0L  is a polynomial of degree 1��m . Note that 

the Laplace transformation of the functions )( 0
)1( tf i �� , 

mi ,,1���  and �M is existed. Combining (5) and

(9), we obtain 
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Since )(sD  is the Hurwitz polynomial, it follows that 
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Here 
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is a transient components of the error �0(t). We can 
therefore write 
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*

0
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Let us consider now a steady-state components 
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By the convolution theorem, we have 
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Taking into account (8), we get 
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It can easily be checked that 
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Finally, we obviously obtain the estimate 
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where ijc  is given by (17) and 
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Combining (21) and (13), we get the following 
proposition: 

))()((0 *
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Let 2/�G�J�  and 
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Thus proposition (2) is executed for the input signals 
satisfying conditions (7), (8), and (24). 

Notice that relationships (17) and (22) indicate 
the practical methods for the decrease of the steasy-
state error. If 0)( �{t�M , then the steady-state error is 
equal to 0. 

3. Example
Let us consider 

ssWd � )( ,   
1
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s
s

sWs �W
,  0const�!� �W .   (25) 

Therefore, 
2)( ssL � ,   

�W
1

)( ��� ssD .      (26) 

From (22), we obtain �W� �' . Thus the signals class 
),0[ �f���GV  is defined by the following conditions: 
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This implies that 
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dttCCtf
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Clearly, algebraic polynomials of degree 1, 
trigonometric polynomials, decreasing exponents, 
and logarithmic functions belong to the selected class 

�GV . Note also that the class �GV  are not exhausted

the listed functions. 
Let us consider now 
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Hence, 
))(2(2)()( 2232 �D�D�D�D ����� ����� sssssL ,   

2)()( �D��� ssD .      (31) 
Using (22), we get �D/1� �' . Consequently the 
signals class ),0[ �f���GV  is determined by the 
equation 
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where 

2
)(,0)(|)(|

�D�G
�G�G�M � �t���d MtMt .      (33) 

If 0)( �{t�M , then the element with transfer function 
(30) realizes the asymptotically fine noise-proof 
differentiating of amplitude modulated signals 

tCtCeCtf t �D�D�D cossin)( 32
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1 ����� �� R�•�� 321 ,, CCC . (34) 
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Abstract  
The article describes a simulation model of a digital frequency converter, designed to improve the 
quality of the educational process. This model was developed in the environment of computer 
�V�L�P�X�O�D�W�L�R�Q���/�D�E�9�,�(�:�Š�����7�K�H���V�W�X�G�\���G�H�P�R�Q�V�W�U�D�W�H�V���W�K�H���Y�L�V�X�D�O�L�]�D�W�L�R�Q���R�I���G�L�J�L�W�D�O���I�U�H�T�X�H�Q�F�\���F�R�Q�Y�H�U�V�L�R�Q��
based on the reproduction signal spectrum during a sampling signal, the example of the frequency 
conversion bandpass signal up and down. The authors describe the basic operational capabilities 
of the model, the possibility of the bandpass filter settings to select the desired copy of the 
original signal in the reproduction spectrum of the sampled signal at harmonics of the sampling 
frequency. 
Keywords: frequency conversion; sampling; simulation modeling; a computer model; signal 
spectrum. 
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�B�f�b�l�Z�p�b�h�g�g�Z�y�� �f�h�^�_�e�v�� �p�b�n�j�h�\�h�]�h��
�i�j�_�h�[�j�Z�a�h�\�Z�l�_�e�y�� �q�Z�k�l�h�l�u�� �^�h�e�`�g�Z�� �h�[�_�k�i�_�q�b�\�Z�l�v��
�k�e�_�^�m�x�s�b�_���n�m�g�d�p�b�b���� 

- �J�_�Z�e�b�a�h�\�u�\�Z�l�v�� �p�b�n�j�h�\�h�_�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�_��
�q�Z�k�l�h�l�u���k�b�]�g�Z�e�Z���\�\�_�j�o���b�����\�g�b�a�� 

- �H�l�h�[�j�Z�`�Z�l�v�� �k�i�_�d�l�j�u�� �b�k�o�h�^�g�h�]�h�� �b��
�^�b�k�d�j�_�l�b�a�b�j�h�\�Z�g�g�h�]�h�� �k�b�]�g�Z�e�h�\���� �k�i�_�d�l�j�� �d�h�i�b�b��
�b�k�o�h�^�g�h�]�h�� �k�b�]�g�Z�e�Z���� �\�u�^�_�e�_�g�g�h�]�h�� �i�h�e�h�k�h�\�u�f��
�n�b�e�v�l�j�h�f���g�Z���a�Z�^�Z�g�g�h�c���q�Z�k�l�h�l�_�� 

- �I�j�_�^�h�k�l�Z�\�e�y�l�v�� �\�h�a�f�h�`�g�h�k�l�v�� �\�u�[�h�j�Z��
�q�Z�k�l�h�l�u�� �^�b�k�d�j�_�l�b�a�Z�p�b�b�� �b�� �g�Z�k�l�j�h�c�d�b�� �i�Z�j�Z�f�_�l�j�h�\��
�i�h�e�h�k�h�\�h�]�h���n�b�e�v�l�j�Z�� 

- �<�k�_�� �h�i�_�j�Z�p�b�b�� �^�h�e�`�g�u�� �h�l�h�[�j�Z�`�Z�l�v�k�y�� �\��
�j�_�Z�e�v�g�h�f���f�Z�k�r�l�Z�[�_���\�j�_�f�_�g�b�� 

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

�J�Z�a�j�Z�[�h�l�d�Z���f�h�^�_�e�b 
�>�e�y���j�Z�a�j�Z�[�h�l�d�b�� �d�h�f�i�v�x�l�_�j�g�h�c�� �f�h�^�_�e�b��

�p�b�n�j�h�\�h�]�h�� �i�j�_�h�[�j�Z�a�h�\�Z�l�_�e�y�� �q�Z�k�l�h�l�u�� �[�u�e�Z��
�\�u�[�j�Z�g�Z�� �k�j�_�^�Z�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �/�D�E�9�,�(�:�Š��
���\�_�j�k�b�y�� �������������� �l�Z�d�� �d�Z�d�� �^�Z�g�g�Z�y�� �k�j�_�^�Z�� �b�f�_�_�l��
�h�[�r�b�j�g�u�_���\�h�a�f�h�`�g�h�k�l�b���^�e�y���k�h�a�^�Z�g�b�y���b�g�l�_�j�n�_�c�k�Z��
�i�j�h�]�j�Z�f�f�u���� �k�i�h�k�h�[�g�Z�� �_�^�b�g�h�\�j�_�f�_�g�g�h�� �i�j�h�\�h�^�b�l�v��
�b�a�f�_�j�_�g�b�y���� �h�[�j�Z�[�h�l�d�m�� �^�Z�g�g�u�o�� �b�� �\�b�a�m�Z�e�b�a�Z�p�b�x��
�i�j�h�p�_�k�k�h�\�����L�Z�d���`�_�� �/�D�E�9�,�(�:�Š�� �i�j�h�k�l�Z�� �\�� �h�k�\�h�_�g�b�b��
�b���b�f�_�_�l���h�[�r�b�j�g�m�x���j�_�k�m�j�k�g�m�x���[�Z�a�m�� 

�J�Z�a�j�Z�[�h�l�d�Z���f�h�^�_�e�b���i�j�h�\�_�^�_�g�Z���\���^�\�Z���h�k�g�h�\�g�u�o��
�w�l�Z�i�Z�� 

���� �k�h�a�^�Z�g�b�_���k�_�]�f�_�g�l�Z���f�h�^�_�e�b�����h�l�\�_�q�Z�x�s�_�]�h���a�Z
�]�_�g�_�j�Z�p�b�x���k�b�]�g�Z�e�Z�� 

���� �k�h�a�^�Z�g�b�_�� �Z�e�]�h�j�b�l�f�Z���� �h�k�m�s�_�k�l�\�e�y�x�s�_�]�h
�^�b�k�d�j�_�l�b�a�Z�p�b�x���k�b�]�g�Z�e�Z�� 

�>�e�y�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �i�j�h�p�_�k�k�Z�� �p�b�n�j�h�\�h�]�h��
�i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �q�Z�k�l�h�l�u�� �k�b�]�g�Z�e�Z�� �\�g�b�a�� �b�� �\�\�_�j�o��
�]�_�g�_�j�b�j�m�_�l�k�y�� �i�h�e�h�k�h�\�h�c�� �k�b�]�g�Z�e���� �\�� �d�h�l�h�j�h�f��
�g�Z�k�l�j�Z�b�\�Z�_�l�k�y�� �a�g�Z�q�_�g�b�_�� �g�_�k�m�s�_�c�� �q�Z�k�l�h�l�u��
���k�j�_�^�g�_�]�h�� �a�g�Z�q�_�g�b�y�� �k�i�_�d�l�j�Z�� �k�b�]�g�Z�e�Z���� �)�k�j�� �=�p������
�R�b�j�b�g�Z�� �k�i�_�d�l�j�Z�� �n�b�d�k�b�j�h�\�Z�g�Z�� �b�� �j�Z�\�g�Z�� �������� �h�l��
�k�j�_�^�g�_�]�h���a�g�Z�q�_�g�b�y���k�i�_�d�l�j�Z���k�b�]�g�Z�e�Z�� 

�<�� �k�j�_�^�_�� �/�D�E�9�,�(�:�Š�� �^�Z�g�g�u�c�� �k�b�]�g�Z�e��
�j�_�Z�e�b�a�h�\�Z�g�� �k�m�f�f�h�c�� ������ �k�b�g�m�k�h�b�^���� �k�� �p�_�g�l�j�Z�e�v�g�h�c��
�k�b�g�m�k�h�b�^�h�c���� �q�Z�k�l�h�l�Z�� �d�h�l�h�j�h�c�� �j�Z�\�g�Z�� �)�k�j���� �=�p����
�H�k�l�Z�e�v�g�u�_�� ������ �k�b�g�m�k�h�b�^�� �h�l�k�l�h�y�l�� �^�j�m�]�� �h�l�� �^�j�m�]�Z�� �g�Z��
�\�_�e�b�q�b�g�m�� �j�Z�\�g�m�x�� ������ �h�l�� �)�k�j�� �=�p���� �i�_�j�\�u�_�� ���� �\�\�_�j�o��
�i�h�� �q�Z�k�l�h�l�g�h�f�m�� �^�b�Z�i�Z�a�h�g�m���� �i�h�k�e�_�^�g�b�_�� �\�g�b�a�� �i�h��
�q�Z�k�l�h�l�g�h�f�m���^�b�Z�i�Z�a�h�g�m�����:�f�i�e�b�l�m�^�Z���g�Z�b�\�u�k�r�_�c���i�h��
�q�Z�k�l�h�l�_�� �k�b�g�m�k�h�b�^�u�� �n�b�d�k�b�j�h�\�Z�g�Z�� �b�� �j�Z�\�g�Z�� ������ �<����
�Z�f�i�e�b�l�m�^�u�� �h�k�l�Z�e�v�g�u�o�� �k�b�g�m�k�h�b�^�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h��
�k�g�b�`�Z�x�l�k�y���g�Z���������h�l���i�j�_�^�u�^�m�s�_�c�� 

�:�e�]�h�j�b�l�f���� �j�_�Z�e�b�a�m�x�s�b�c�� �^�b�k�d�j�_�l�b�a�Z�p�b�x��
�b�k�k�e�_�^�m�_�f�h�]�h�� �k�b�]�g�Z�e�Z���� �h�k�g�h�\�Z�g�� �g�Z�� �[�Z�a�_�� �p�b�d�e�Z���I�R�U����
�>�Z�g�g�u�c�� �Z�e�]�h�j�b�l�f�� �i�j�_�h�[�j�Z�a�m�_�l�� �\�o�h�^�g�h�c�� �f�Z�k�k�b�\��
�^�Z�g�g�u�o���� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�c�� �]�_�g�_�j�b�j�m�_�f�h�f�m��
�k�b�]�g�Z�e�m�����h�[�g�m�e�y�y���\�k�_���a�g�Z�q�_�g�b�y���f�Z�k�k�b�\�Z�����d�j�h�f�_���l�_�o��
�a�g�Z�q�_�g�b�c���� �b�g�^�_�d�k�� �d�h�l�h�j�u�o�� �j�Z�\�_�g�� �N�
�1�V�� ���1�V�� �± 
�i�_�j�b�h�^�� �^�b�k�d�j�_�l�b�a�Z�p�b�b�� �\�� �h�l�k�q�_�l�Z�o�� �k�b�]�g�Z�e�Z���� �N�� �± 
�p�_�e�h�_�� �i�h�e�h�`�b�l�_�e�v�g�h�_�� �q�b�k�e�h���� �j�Z�\�g�h�_�� �h�l�� ���� �^�h�� �)�V�
�W��
(Fs �± �q�Z�k�l�h�l�Z�� �^�b�k�d�j�_�l�b�a�Z�p�b�b���� �W�� �± �^�e�b�l�_�e�v�g�h�k�l�v��
�k�b�]�g�Z�e�Z�� �j�Z�\�g�Z�y�� ���� �k���������>�j�m�]�b�f�b�� �k�e�h�\�Z�f�b���� �Z�e�]�h�j�b�l�f��
�h�k�l�Z�\�e�y�_�l�� �i�h�� ���� �h�l�k�q�_�l�m�� �b�k�o�h�^�g�h�]�h�� �k�b�]�g�Z�e�Z�� �k��
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�B�G�N�H�J�F�:�P�B�H�G�G�U�?���L�?�O�G�H�E�H�=�B�B 
INFORMATION TECHNOLOGIES  

�i�_�j�b�h�^�h�f�� �j�Z�\�g�u�f�� �i�_�j�b�h�^�m�� �^�b�k�d�j�_�l�b�a�Z�p�b�b����
�Q�Z�k�l�h�l�Z���^�b�k�d�j�_�l�b�a�Z�p�b�b���a�Z�^�Z�_�l�k�y���i�h�e�v�a�h�\�Z�l�_�e�_�f�� 

�I�h�k�e�_�� �^�b�k�d�j�_�l�b�a�Z�p�b�b�� �k�b�]�g�Z�e�� �i�h�k�l�m�i�Z�_�l�� �g�Z��
�\�o�h�^�� �i�h�e�h�k�h�\�h�]�h�� �n�b�e�v�l�j�Z�� �;�Z�l�l�_�j�\�h�j�l�Z�� �k��
�b�a�f�_�g�y�_�f�h�c�� �i�h�e�h�k�h�c�� �i�j�h�i�m�k�d�Z�g�b�y�� �^�e�y�� �\�u�^�_�e�_�g�b�y��
�g�_�h�[�o�h�^�b�f�h�c���k�^�\�b�g�m�l�h�c���d�h�i�b�b���k�i�_�d�l�j�Z���b�k�o�h�^�g�h�]�h��
�k�b�]�g�Z�e�Z�� 

�J�Z�a�j�Z�[�h�l�Z�g�� �i�h�e�v�a�h�\�Z�l�_�e�v�k�d�b�c�� �b�g�l�_�j�n�_�c�k��
�i�j�h�]�j�Z�f�f�u�� ���j�b�k���� ����. �B�g�l�_�j�n�_�c�k�� �i�j�h�]�j�Z�f�f�u��

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

�J�b�k�������� �I�h�e�v�a�h�\�Z�l�_�e�v�k�d�b�c���b�g�l�_�j�n�_�c�k���i�j�h�]�j�Z�f�f�u 
Fig. 1. The user interface 

�J�_�a�m�e�v�l�Z�l�u 
�>�e�y�� �^�_�f�h�g�k�l�j�Z�p�b�b�� �j�Z�[�h�l�u�� �b�f�b�l�Z�p�b�h�g�g�h�c��

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

�I�j�_�h�[�j�Z�a�h�\�Z�g�b�_�� �q�Z�k�l�h�l�u�� �k�b�]�g�Z�e�Z�� �\�\�_�j�o��
�h�k�m�s�_�k�l�\�e�_�g�h�� �g�Z�� �i�j�b�f�_�j�_�� �i�h�e�h�k�h�\�h�]�h�� �k�b�]�g�Z�e�Z�� �k��
�g�Z�b�\�u�k�r�_�c�� �q�Z�k�l�h�l�h�c�� �k�i�_�d�l�j�Z�� �k�b�]�g�Z�e�Z�� �j�Z�\�g�h�c��

���������� �=�p���� �r�b�j�b�g�h�c�� �k�i�_�d�l�j�Z�� �������� �=�p���� �Q�Z�k�l�h�l�Z��
�^�b�k�d�j�_�l�b�a�Z�p�b�b�� �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�� �l�_�h�j�_�f�h�c��
�D�h�l�_�e�v�g�b�d�h�\�Z���j�Z�\�g�Z�������������=�p�����I�h�e�h�k�Z �i�j�h�i�m�k�d�Z�g�b�y��
�i�h�e�h�k�h�\�h�]�h���n�b�e�v�l�j�Z���g�Z�k�l�j�h�_�g�Z���g�Z���^�b�Z�i�Z�a�h�g���q�Z�k�l�h�l��
�j�Z�\�g�u�c���������������=�p���± �������������=�p�� 

�G�Z�� �j�b�k�m�g�d�_�� ���� �i�j�_�^�k�l�Z�\�e�_�g�u�� �h�k�p�b�e�e�h�]�j�Z�f�f�u��
�b�k�o�h�^�g�h�]�h���b���^�b�k�d�j�_�l�b�a�b�j�h�\�Z�g�g�h�]�h���k�b�]�g�Z�e�Z�� 
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�J�b�k�������� �H�k�p�b�e�e�h�]�j�Z�f�f�u�����Z�����b�k�o�h�^�g�h�]�h���k�b�]�g�Z�e�Z�� �[�����^�b�k�d�j�_�l�b�a�b�j�h�\�Z�g�g�h�]�h���k�b�]�g�Z�e�Z 
Fig. 2. Oscillograms of: a) the original signal; b) the sampled signal 

�G�Z�� �j�b�k�m�g�d�_�� ���� �i�j�_�^�k�l�Z�\�e�_�g�u�� �k�i�_�d�l�j�h�]�j�Z�f�f�u��
�b�k�o�h�^�g�h�]�h�� �b�� �^�b�k�d�j�_�l�b�a�b�j�h�\�Z�g�g�h�]�h�� �k�b�]�g�Z�e�Z���� �Z��

�l�Z�d�`�_�� �d�h�i�b�b�� �k�i�_�d�l�j�Z�� �b�k�o�h�^�g�h�]�h�� �k�b�]�g�Z�e�Z����
�\�u�^�_�e�_�g�g�h�]�h���i�h�e�h�k�h�\�u�f���n�b�e�v�l�j�h�f�� 

�J�b�k�����������K�i�_�d�l�j�h�]�j�Z�f�f�u���k�b�]�g�Z�e�h�\�����b�e�e�x�k�l�j�b�j�m�x�s�b�_���i�j�h�p�_�k�k���i�j�_�h�[�j�Z�a�h�\�Z�g�b�y���q�Z�k�l�h�l�u���\�\�_�j�o���� 
�Z�����b�k�o�h�^�g�h�]�h���k�b�]�g�Z�e�Z�����[�����i�j�_�h�[�j�Z�a�h�\�Z�g�g�h�]�h���k�b�]�g�Z�e�Z�� �\�����^�b�k�d�j�_�l�b�a�b�j�h�\�Z�g�g�h�]�h���k�b�]�g�Z�e�Z 

Fig. 3. Signal spectrogram illustrating the process of frequency up-conversion: a) the original signal 
; b) the converted signal; c) the sampled signal 

�>�e�y�� �h�k�m�s�_�k�l�\�e�_�g�b�y�� �p�b�n�j�h�\�h�]�h��
�i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �\�g�b�a���� �g�_�h�[�o�h�^�b�f�h�� �b�k�i�h�e�v�a�h�\�Z�l�v��
�^�b�k�d�j�_�l�b�a�Z�p�b�x���� �g�Z�a�u�\�Z�_�f�m�x�� �i�h�e�h�k�h�\�h�c��
�^�b�k�d�j�_�l�b�a�Z�p�b�_�c���� �A�^�_�k�v�� �q�Z�k�l�h�l�Z�� �^�b�k�d�j�_�l�b�a�Z�p�b�b��
�\�u�[�b�j�Z�_�l�k�y���k�h�]�e�Z�k�g�h���n�h�j�f�m�e�_���������� 
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�]�^�_��Fc �± �k�j�_�^�g�y�y�� �q�Z�k�l�h�l�Z�� �k�i�_�d�l�j�Z�� �i�h�e�h�k�h�\�h�]�h��
�k�b�]�g�Z�e�Z�����=�p�� 
B �± �r�b�j�b�g�Z���k�i�_�d�l�j�Z���i�h�e�h�k�h�\�h�]�h���k�b�]�g�Z�e�Z�����=�p�� 
m �± �i�j�h�b�a�\�h�e�v�g�h�_�� �i�h�e�h�`�b�l�_�e�v�g�h�_�� �p�_�e�h�_�� �q�b�k�e�h����
�\�u�[�b�j�Z�_�f�h�_�� �l�Z�d���� �q�l�h�[�u�� �\�u�i�h�e�g�y�e�h�k�v��
�k�h�h�l�g�h�r�_�g�b�_��Fs�•��B. [2] 

�<�� �d�Z�q�_�k�l�\�_�� �i�j�b�f�_�j�Z�� �k�]�_�g�_�j�b�j�h�\�Z�g�� �k�b�]�g�Z�e�� �k�h��
�k�j�_�^�g�_�c�� �q�Z�k�l�h�l�h�c�� �)�k� �������� �d�=�p���� �r�b�j�b�g�h�c�� �k�i�_�d�l�j�Z��
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B� ������ �d�=�p���� �<�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�� �n�h�j�f�m�e�h�c�� ��������
�j�Z�k�k�q�b�l�Z�g�Z�� �q�Z�k�l�h�l�Z�� �^�b�k�d�j�_�l�b�a�Z�p�b�b�� �i�j�b�� �P�� � �� ������
������������ �d�=�p�� �•�� �)s �”�� �������� �d�=�p���� �Q�Z�k�l�h�l�Z�� �^�b�k�d�j�_�l�b�a�Z�p�b�b��
�i�j�b�g�y�l�Z�� �j�Z�\�g�h�c�� �)s� �������� �d�=�p���� �G�Z�� �j�b�k�m�g�d�_�� ����
�i�j�_�^�k�l�Z�\�e�_�g�u�� �k�i�_�d�l�j�� �b�k�o�h�^�g�h�]�h�� �k�b�]�g�Z�e�Z���� �k�i�_�d�l�j��

�^�b�k�d�j�_�l�b�a�b�j�h�\�Z�g�g�h�]�h�� �k�b�]�g�Z�e�Z�� �b�� �d�h�i�b�y�� �k�i�_�d�l�j�Z����
�\�u�^�_�e�_�g�g�Z�y���i�h�e�h�k�h�\�u�f���n�b�e�v�l�j�h�f�����\�u�i�h�e�g�y�x�s�b�f��
�\�� �^�Z�g�g�u�c�� �f�h�f�_�g�l�� �n�m�g�d�p�b�x�� �n�b�e�v�l�j�Z�� �g�b�`�g�b�o��
�q�Z�k�l�h�l�����l�Z�d���d�Z�d���g�Z�k�l�j�h�_�g���g�Z���^�b�Z�i�Z�a�h�g���h�l�������=�p���^�h��������
�d�=�p�� 

�J�b�k�������� �K�i�_�d�l�j�h�]�j�Z�f�f�u���k�b�]�g�Z�e�h�\�����b�e�e�x�k�l�j�b�j�m�x�s�b�_���i�j�h�p�_�k�k���i�j�_�h�[�j�Z�a�h�\�Z�g�b�y���q�Z�k�l�h�l�u���\�g�b�a���� 
�Z�����b�k�o�h�^�g�h�]�h���k�b�]�g�Z�e�Z�����[�����i�j�_�h�[�j�Z�a�h�\�Z�g�g�h�]�h���k�b�]�g�Z�e�Z�����\�����^�b�k�d�j�_�l�b�a�b�j�h�\�Z�g�g�h�]�h���k�b�]�g�Z�e�Z 

Fig. 4. Signal spectrogram illustrating the process of frequency down-conversion: a) the original signal; 
b) the converted signal; c) the sampled signal

�L�Z�d�`�_�� �f�h�^�_�e�v�� �i�h�a�\�h�e�y�_�l�� �g�Z�[�e�x�^�Z�l�v�� �w�n�n�_�d�l��
�g�Z�e�h�`�_�g�b�y�� �d�h�i�b�c�� �k�i�_�d�l�j�Z�� �k�b�]�g�Z�e�Z�� �i�j�b��
�g�_�d�h�j�j�_�d�l�g�h�f�� �\�u�[�h�j�_�� �q�Z�k�l�h�l�u�� �^�b�k�d�j�_�l�b�a�Z�p�b�b����
�G�Z�i�j�b�f�_�j���� �^�Z�g�g�u�c�� �w�n�n�_�d�l�� �g�Z�[�e�x�^�Z�_�l�k�y�� �i�j�b��

�m�\�_�e�b�q�_�g�b�b�� �a�g�Z�q�_�g�b�y�� �q�Z�k�l�h�l�u�� �^�b�k�d�j�_�l�b�a�Z�p�b�b�� �^�h��
�)�V� �������� �d�=�p���� �q�l�h�� �g�_�� �m�^�h�\�e�_�l�\�h�j�y�_�l�� �m�k�e�h�\�b�x��
�n�h�j�f�m�e�u�������������j�b�k�� 5). 

�J�b�k�������� �K�i�_�d�l�j���^�b�k�d�j�_�l�b�a�b�j�h�\�Z�g�g�h�]�h���k�b�]�g�Z�e�Z���i�j�b���)s� ���������d�=�p 
Fig. 5. Spectrum of sampled signal at Fs = 165 kHz 
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�A�Z�d�e�x�q�_�g�b�_ 
�J�Z�a�j�Z�[�h�l�Z�g�g�Z�y�� �b�f�b�l�Z�p�b�h�g�g�Z�y�� �f�h�^�_�e�v��

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

�>�Z�g�g�Z�y�� �f�h�^�_�e�v���� �[�m�^�_�l�� �b�k�i�h�e�v�a�h�\�Z�g�Z�� �\��
�h�[�j�Z�a�h�\�Z�l�_�e�v�g�h�f�� �i�j�h�p�_�k�k�_�� �d�Z�n�_�^�j�u��
�B�g�n�h�j�f�Z�p�b�h�g�g�h-�l�_�e�_�d�h�f�f�m�g�b�d�Z�p�b�h�g�g�u�o�� �k�b�k�l�_�f��
�b�� �l�_�o�g�h�e�h�]�b�c�� �G�B�M�� �©�;�_�e�=�M�ª�� �i�j�b�� �b�a�m�q�_�g�b�b��
�i�j�b�g�p�b�i�h�\�� �i�h�k�l�j�h�_�g�b�y�� �p�b�n�j�h�\�u�o�� �k�b�k�l�_�f��
�i�_�j�_�^�Z�q�b�� �b�g�n�h�j�f�Z�p�b�b�� �\�� �k�i�_�p�b�Z�e�v�g�u�o��
�^�b�k�p�b�i�e�b�g�Z�o����

�K�i�b�k�h�d���e�b�l�_�j�Z�l�m�j�u 
1. �=�Z�e�d�b�g �<���� �:���� �H�k�g�h�\�u�� �i�j�h�]�j�Z�f�f�g�h-

�d�h�g�n�b�]�m�j�b�j�m�_�f�h�]�h�� �j�Z�^�b�h���� �± �F������ �=�h�j�y�q�Z�y�� �e�b�g�b�y�� �± 
�L�_�e�_�d�h�f�����������������± ���������k�������b�e�� 

���� �D�Z�j�i�h�\�� �X���� �B�f�b�l�Z�p�b�h�g�g�h�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�_
�k�b�k�l�_�f���� �<�\�_�^�_�g�b�_�� �\�� �f�h�^�_�e�b�j�h�\�Z�g�b�_�� �k��AnyLogic 5. �± 
�K�I�[�������;�O�<-�I�_�l�_�j�[�m�j�]�����������������± ���������k�������b�e���� 

���� �I�_�c�q�� �E���� �B������ �L�h�q�b�e�b�g�� �>���� �:������ �I�h�e�e�Z�d�� �;���� �I��
LabVIEW �^�e�y���g�h�\�b�q�d�h�\���b���k�i�_�p�b�Z�e�b�k�l�h�\�����± �F�������=�h�j�y�q�Z�y��
�e�b�g�b�y���± �L�_�e�_�d�h�f�����������������± ���������k�������b�e�� 

���� �K�_�j�]�b�_�g�d�h���:�����;�����P�b�n�j�h�\�Z�y���h�[�j�Z�[�h�l�d�Z���k�b�]�g�Z�e�h�\��
�± �K�I�[�������I�b�l�_�j�����������������± ���������k�������b�e��

���� �J�b�q�Z�j�^�� �E�Z�c�h�g�k���� �P�b�n�j�h�\�Z�y�� �h�[�j�Z�[�h�l�d�Z�� �k�b�]�g�Z�e�h�\��
�<�l�h�j�h�_�� �b�a�^�Z�g�b�_���� �I�_�j���� �k�� �Z�g�]�e���� �± �F������ �H�H�H�� �©�;�b�g�h�f-
�I�j�_�k�k�ª���������������]�����± �������k�������b�e�� 

���� �N�_�^�h�k�h�\�� �<���� �I������ �G�_�k�l�_�j�_�g�d�h�� �:���� �D���� �P�b�n�j�h�\�Z�y
�h�[�j�Z�[�h�l�d�Z�� �k�b�]�g�Z�e�h�\�� �\��LabVIEW���� �m�q�_�[���� �i�h�k�h�[�b�_�������i�h�^��
�j�_�^�����<�����I�����N�_�^�h�k�h�\�Z�����± �F�������>�F�D���I�j�_�k�k�����������������± 456 �k�� 

���� �Q�_�j�g�u�o���� �B���� �<���� �©Simulink���� �B�g�k�l�j�m�f�_�g�l
�f�h�^�_�e�b�j�h�\�Z�g�b�y�� �^�b�g�Z�f�b�q�_�k�d�b�o�� �k�b�k�l�_�f�ª�� ������
MATLAB.Exponenta ���� �F�Z�l�_�j�b�Z�e�u�� �i�h�� �i�j�h�^�m�d�l�Z�f��
MATLAB & Toolboxes. �± 

URL:http://matlab.exponenta.ru/66imulink/book1/index.p
hp ���^�Z�l�Z���h�[�j�Z�s�_�g�b�y������������������������������ 

8. �H�[�a�h�j�g�Z�y�� �k�l�Z�l�v�y�� �©DDC-�j�Z�^�b�h�� �± �l�h�j�`�_�k�l�\�h
�l�_�o�g�h�e�h�]�b�c�ª���� ������RADIOEXPERT ���� �B�g�l�_�j�g�_�l�� �f�Z�]�Z�a�b�g��
�j�Z�^�b�h�l�h�\�Z�j�h�\���� �8�5�/����
http://www.radioexpert.ru/articles/sdr-i-ddc-priemniki-i-
�W�U�D�Q�V�L�Y�H�U�\���������������^�Z�l�Z���h�[�j�Z�s�_�g�b�y������������������������������ 

���� �K�l�Z�l�v�y�� �©�H�[�a�h�j�� �i�j�b�_�f�g�b�d�h�\��WiNRADiO�ª���� ����
RADIOEXPERT ���� �B�g�l�_�j�g�_�l�� �f�Z�]�Z�a�b�g�� �j�Z�^�b�h�l�h�\�Z�j�h�\����
URL: http://www.radioexpert.ru/articles/sdr-i-ddc-
priemniki-i-transivery������������ ���^�Z�l�Z�� �h�[�j�Z�s�_�g�b�y����
16.06.2016.). 
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