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�J�_�^�Z�d�p�•�c�g�Z���d�h�e�_�]�•�y 
�=�h�e�h�\�g�b�c���j�_�^�Z�d�l�h�j:  

�D�H�K�?�G�D�H �<�•�d�l�h�j �<�Z�k�b�e�v�h�\�b�q 
(� -̂�j���l�_�o�g. �g�Z�m�d, �i�j�h�n��, �I�h�e�l�Z�\�Z�����M�d�j�Z�€�g�Z). 

�A�Z�k�l�m�i�g�b�d�b �]�h�e�h�\�g�h�]�h���j�_�^�Z�d�l�h�j�Z:  
�G�?�K�L�?�J�?�G�D�H �D�Z�l�_�j�b�g�Z���K�_�j�]�•�€�\�g�Z 

(� -̂�j���l�_�o�g. �g�Z�m�d�����i�j�h�n�������D�b�€�\�����M�d�j�Z�€�g�Z); 
�R�?�N�?�J���H�e�_�d�k�Z�g�^�j���<�•�l�Z�e�•�c�h�\�b�q 

(� -̂�j���l�_�o�g. �g�Z�m�d, �i�j�h�n., �I�h�e�l�Z�\�Z�����M�d�j�Z�€�g�Z). 
�Q�e�_�g�b���j�_�^�Z�d�p�•�c�g�h�€ �d�h�e�_�]�•�€: 

�;�E�:�M�G�R�L�?�C�G���G�Z�l�Z�g���H�e�_�d�k�Z�g�^�j�h�\�b�q 
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n�������1�a�j�Z�€�e�v); 

�;�H�=�H�F�¶�Y �<�h�e�h�^�b�f�b�j �1�\�Z�g�h�\�b�q 
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n�������D�b�€�\�����M�d�j�Z�€�g�Z); 

�<�:�J�;�:�G�?�P�V �J�h�f�Z�g���:�g�Z�l�h�e�•�c�h�\�b�q 
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n�������H�^�_�k�Z�����M�d�j�Z�€�g�Z); 

�<�?�K�H�E�H�<�K�V�D�B�C���D�r�b�r�l�h�n�� 
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n�������I�h�e�v�s�Z); 

�=�:�<�J�B�E�D�H �/�\�]�_�g���<�h�e�h�^�b�f�b�j�h�\�b�q�� 
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n�������D�b�€�\�����M�d�j�Z�€�g�Z); 

�=�:�R�B�F�H�<���?�e�v�r�Z�g �=�•�y�k���h�]�e�b  
(� -̂�j���g�Z�m�d�����i�j�h�n�������;�Z�d�m�����:�a�_�j�[�Z�c�^�`�Z�g); 

�=�E�B�<�: �<�Z�e�_�g�l�b�g���:�g�Z�l�h�e�•�c�h�\�b�q 
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n�������D�b�€�\�����M�d�j�Z�€�g�Z); 

�>�:�D�1 �H�e�_�g�Z���:�g�Z�l�h�e�•�€�\�g�Z 
(� -̂�j���l�_�o�g�����g�Z�m�d�����^�h�p., �1�a�f�Z�€�e�����M�d�j�Z�€�g�Z); 

�A�:�S�?�I�D�1�G�:���G�Z�l�Z�e�•�y���F�b�d�h�e�Z�€�\�g�Z 
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n�������D�b�€�\�����M�d�j�Z�€�g�Z); 

�D�:�K�:�L�D�1�G�: �G�Z�l�Z�e�•�y���<�•�d�l�h�j�•�\�g�Z 
(� -̂�j���l�_�o�g�����g�Z�m�d�����^�h�p�������D�b�€�\�����M�d�j�Z�€�g�Z); 

�D�H�<�:�E�?�G�D�H �:�g�^�j�•�c���:�g�Z�l�h�e�•�c�h�\�b�q  
(� -̂�j���l�_�o�g�����g�Z�m�d, �i�j�h�n�������O�Z�j�d�•�\�����M�d�j�Z�€�g�Z); 

�D�H�E�H�F�1�C�P�?�< �H�e�_�d�k�•�c���<�h�e�h�^�b�f�b�j�h�\�b�q  
(� -̂�j���l�_�o�g�����g�Z�m�d, �i�j�h�n�������O�Z�j�d�•�\�����M�d�j�Z�€�g�Z); 

�D�H�J�H�;�D�H���;�h�]�^�Z�g���H�e�_�]�h�\�b�q 
(� -̂�j���l�_�o�g�����g�Z�m�d, �^�h�p.�����I�h�e�l�Z�\�Z�����M�d�j�Z�€�g�Z); 

�D�J�:�K�G�H�;�:�/�< �<�•�d�l�h�j �:�g�Z�l�h�e�•�c�h�\�b�q 
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n��, �O�Z�j�d�•�\�����M�d�j�Z�€�g�Z); 

�D�M�Q�M�D �=�_�h�j�]�•�c���:�g�Z�l�h�e�•�c�h�\�b�q 
(� -̂�j���l�_�o�g�����g�Z�m�d, �i�j�h�n�������O�Z�j�d�•�\�����M�d�j�Z�€�g�Z); 

�E�?�<�Q�?�G�D�H �E�Z�j�b�k�Z���H�e�_�d�k�•�€�\�g�Z 
(� -̂�j���l�_�o�g�����g�Z�m�d�����^�h�p�������D�b�€�\�����M�d�j�Z�€�g�Z); 

�E�M�D�H�<�:-�Q�M�C�D�H���G�Z�l�Z�e�•�y���<�•�d�l�h�j�•�\�g�Z 
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n�������D�b�€�\�����M�d�j�Z�€�g�Z); 

�E�M�G�L�H�<�K�V�D�B�C���:�g�^�j�•�c���H�e�_�]�h�\�b�q  
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n�������G�•�f�_�q�q�b�g�Z); 

�I�B�K�:�J�Q�M�D �H�e�_�d�k�•�c���H�e�_�d�k�Z�g�^�j�h�\�b�q 
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n�������D�b�€�\�����M�d�j�Z�€�g�Z); 

�I�H�>�D�H�I�:�/�< �K�_�j�]�•�c���<�•�d�l�h�j�h�\�b�q 
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n�������I�h�d�j�h�\�k�v�d, �M�d�j�Z�€�g�Z); 

�K�?�F�?�G�H�< �K�_�j�]�•�c���=�_�g�g�Z�^�•�c�h�\�b�q�� 
(� -̂�j���l�_�o�g�����g�Z�m�d, �i�j�h�n., �D�j�Z�d�u�\�����I�h�e�v�s�Z; 

�L�B�F�H�S�M�D �H�e�_�g�Z���F�b�d�h�e�Z�€�\�g�Z 
(� -̂�j���l�_�o�g�����g�Z�m�d�� �i�j�h�n���� �D�b�€�\�����M�d�j�Z�€�g�Z); 

�L�J�B�K�L�:�G �:�g�^�j�•�c���<�•�d�l�h�j�h�\�b�q 
(� -̂�j���l�_�o�g�����g�Z�m�d�����^�h�p�������Q�_�j�g�•�]�•�\�����M�d�j�Z�€�g�Z); 

�N�J�H�E�H�<���/�\�]�_�g�•�c���:�g�^�j�•�c�h�\�b�q  
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n�������I�h�e�l�Z�\�Z�����M�d�j�Z�€�g�Z); 

�Q�H�J�G�B�C �H�e�_�d�k�•�c���I�_�l�j�h�\�b�q 
(� -̂�j���l�_�o�g�����g�Z�m�d�����i�j�h�n.�����D�j�_�f�_�g�q�m�d�����M�d�j�Z�€�g�Z); 

�<�•�^�i�h�\�•�^�Z�e�v�g�b�c���k�_�d�j�_�l�Z�j: 
�D�M�Q�M�D �G�•�g�Z �=�_�h�j�]�•�€�\�g�Z 

(� -̂�j���l�_�o�g�����g�Z�m�d, �i�j�h�n., �O�Z�j�d�•�\�����M�d�j�Z�€�g�Z). 
�L�_�o�g�•�q�g�• �k�_�d�j�_�l�Z�j�•: 

�A�:�O�:�J�Q�?�G�D�H���J�m�k�e�Z�g���<�h�e�h�^�b�f�b�j�h�\�b�q 
(�d�Z�g�^�� �l�_�o�g�����g�Z�m�d, �^�h�p�������I�h�e�l�Z�\�Z�����M�d�j�Z�€�g�Z); 

�I�?�L�J�H�<�K�V�D�: �1�g�g�Z �X�j �•�€�\�g�Z 
(�f�Z�]�•�k�l�j �d�h�f�i�����•�g�`�������O�Z�j�d�•�\�����M�d�j�Z�€�g�Z). 
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�A���F���1���K���L 

�:�<�L�H�F�H�;�1�E�V�G�B�C�����J�1�Q�D�H�<�B�C�����F�H�J�K�V�D�B�C���L�:���:�<�1�:�P�1�C�G�B�C���L�J�:�G�K�I�H�J�L 

�=�h�j�[�Z�q�h�\ �I�� �N��, �E�x�[�b�c �/�� �<��, �D�h�e�•�c �H�� �K�� �:�g�Z�e�•�l�b�q�g�_���f�h�^�_�e�x�\�Z�g�g�y���l�j�Z�g�k�i�h�j�l�g�b�o���a�Z�l�j�b�f�h�d��
�g�Z �j�_�]�m�e�v�h�\�Z�g�b�o���i�_�j�_�o�j�_�k�l�y�o���i�j�b���]�j�m�i�h�\�h�f�m���i�j�b�[�m�l�l�•���l�j�Z�g�k�i�h�j�l�g�b�o���a�Z�k�h�[�•�\���^�h���g�b�o  ...................................................  5 

�D�Z�p�f�Z�g���F�� �>.�����F�Z�p�x�d���<�� �1�������F�b�j�h�g�_�g�d�h���<�� �D�� �F�h�^�_�e�x�\�Z�g�g�y���g�Z�^�•�c�g�h�k�l�•���l�j�Z�g�k�i�h�j�l�m���\���_�d�k�l�j�_�f�Z�e�v�g�b�o��
�m�f�h�\�Z�o���n�m�g�d�p�•�h�g�m�\�Z�g�g�y���y�d���k�b�k�l�_�f�b���f�Z�k�h�\�h�]�h���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���a���i�j�•�h�j�b�l�_�l�Z�f�b  ............................................................  10 

�D�h�\�p�m�j �D�� �=��, �?�k�d�h�`�Z�g�h�\�Z �G�� �=�� �I�•�^�o�•�^���^�h���\�b�[�h�j�m���Z�e�v�l�_�j�g�Z�l�b�\�b���k�i�h�k�h�[�•�\���Z�^�j�_�k�g�h�€���^�h�k�l�Z�\�d�b  ..........................  18  
�=�Z�g�g�h�r�b�g�Z���1�� �F. �J�h�a�j�h�[�d�Z���f�h�^�_�e�•���]�e�b�[�h�d�h�€���g�_�c�j�h�g�g�h�€���f�_�j�_�`�•���^�e�y���h�p�•�g�d�b���k�l�Z�g�m���f�h�j�y�� 

�g�Z���h�k�g�h�\�•���j�m�o�m���k�m�^�g�Z  .................................................................................................................................................................  25 
�>�m�[�b�g�_�p�v �H�� �1. �F�_�l�h�^���l�_�k�l�m�\�Z�g�g�y���g�_�c�j�h�g�g�h�€���f�_�j�_�`�•���]�e�b�[�h�d�h�]�h���g�Z�\�q�Z�g�g�y���^�e�y���j�h�a�j�Z�o�m�g�d�m���r�e�y�o�m���k�m�^�g�Z��

�\ �j�•�a�g�b�o���g�Z�\�•�]�Z�p�•�c�g�b�o���k�b�l�m�Z�p�•�y�o  ..............................................................................................................................................  32 
�F�Z�j�Z�g�h�\���H�� �<�� �I�j�h�]�g�h�a�m�\�Z�g�g�y���\�•�^�f�h�\���k�m�^�g�h�\�b�o���g�Z�\�•�]�Z�p�•�c�g�b�o���k�b�k�l�_�f���a���\�b�d�h�j�b�k�l�Z�g�g�y�f���f�_�l�h�^�•�\��

�f�Z�r�b�g�g�h�]�h �g�Z�\�q�Z�g�g�y  ................................................................................................................................................................  37 
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�: �g �h �l �Z �p �• �y �� �M���k�l�Z�l�l�•���i�j�_�^�k�l�Z�\�e�_�g�•���j�_�a�m�e�v�l�Z�l�b���m�l�h�q�g�_�g�g�y �Z�g�Z�e�•�l�b�q�g�b�o �f�h�^�_�e�_�c, �y�d�• �f�h�`�g�Z���\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b���^�e�y���h�p�•��
�g�x�\�Z�g�g�y���a�Z�l�j�b�f�h�d���l�j�Z�g�k�i�h�j�l�g�b�o���a�Z�k�h�[�•�\�����y�d�•���j�m�o�Z�x�l�v�k�y���k�d�h�h�j�^�b�g�h�\�Z�g�b�f�b���^�•�e�y�g�d�Z�f�b���f�•�k�v�d�b�o���f�Z�]�•�k�l�j�Z�e�_�c �\���m�f�h�\�Z�o��
�g�b�a�v�d�h�]�h���g�Z�\�Z�g�l�Z�`�_�g�g�y �l�Z���i�j�b �€�o�g�v�h�f�m���]�j�m�i�h�\�h�f�m �i�j�b�[�m�l�l�• �^�h���q�_�j�]�h�\�h�]�h���i�_�j�_�o�j�_�k�l�y���\���i�e�Z�g�•���d�h�h�j�^�b�g�Z�p�•�€�����<�b�d�h�j�b�k��
�l�Z�g�g�y���h�l�j�b�f�Z�g�b�o���\���j�h�[�h�l�•���a�Z�e�_�`�g�h�k�l�_�c���}���^�m�`�_���Z�d�l�m�Z�e�v�g�b�f���g�Z���i�j�b�d�e�Z�^�•���i�j�h�k�l�h�j�h�\�h�€���d�h�h�j�^�b�g�Z�p�•�€���j�h�[�h�l�b���k�\�•�l�e�h�n�h�j�•�\��
�g�Z���\�m�e�b�q�g�h-�^�h�j�h�`�g�•�c���f�_�j�_�`�•���f�•�k�l�����d�h�e�b���}���^�•�e�y�g�d�b���a���[�e�b�a�v�d�h���j�h�a�l�Z�r�h�\�Z�g�b�f�b���k�\�•�l�e�h�n�h�j�g�b�f�b���h�[�¶�}�d�l�Z�f�b�����I�h�^�Z�e�v�r�b�f��
�g�Z�i�j�y�f�d�h�f���i�j�h�\�_�^�_�g�g�y���^�h�k�e�•�^�`�_�g�v���}���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z���i�_�j�_�\�•�j�d�Z���j�h�a�j�h�[�e�_�g�b�o���Z�g�Z�e�•�l�b�q�g�b�o���f�h�^�_�e�_�c���\�b�a�g�Z�q�_�g�g�y���k�_��
�j�_�^�g�v�h�€���a�Z�l�j�b�f�d�b���l�j�Z�g�k�i�h�j�l�g�b�o���a�Z�k�h�[�•�\�����s�h���j�m�o�Z�x�l�v�k�y���k�d�h�h�j�^�b�g�h�\�Z�g�b�f�b���^�•�e�y�g�d�Z�f�b���f�•�k�v�d�b�o���f�Z�]�•�k�l�j�Z�e�_�c�����a�Z���m�f�h�\�b��
�€�o���]�j�m�i�h�\�h�]�h���i�j�b�[�m�l�l�y���^�h���i�_�j�_�o�j�_�k�l�v�� 

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

�<�k�l�m�i 

�M���k�\�•�l�h�\�•�c���i�j�Z�d�l�b�p�•���h�j�]�Z�g�•�a�Z�p�•�€���^�h�j�h�`�g�v�h�]�h���j�m�o�m��
���H�>�J���� �h�^�g�b�f�� �•�a�� �h�k�g�h�\�g�b�o �d�j�b�l�_�j�•�€�\�� �_�n�_�d�l�b�\�g�h�k�l�•��
�\�i�j�h�\�Z�^�`�_�g�g�y�� �l�Z�� �h�p�•�g�x�\�Z�g�g�y�� �k�b�k�l�_�f�� �m�i�j�Z�\�e�•�g�g�y��
���K�M�����k�\�•�l�e�h�n�h�j�g�b�f�b���h�[�¶�}�d�l�Z�f�b�����K�H�����g�Z���f�•�k�v�d�b�o���f�Z�]�•��
�k�l�j�Z�e�y�o�����F�F�����i�j�b�c�g�y�l�h���\�\�Z�`�Z�l�b���a�Z�l�j�b�f�d�b���l�j�Z�g�k�i�h�j��
�l�g�b�o���a�Z�k�h�[�•�\�����L�A�����i�j�b�� �i�h�^�h�e�Z�g�g�•�� �g�b�f�b���k�d�h�h�j�^�b�g�h�\�Z��
�g�b�o�� �n�j�Z�]�f�_�g�l�•�\�� �\�m�e�b�q�g�h-�^�h�j�h�`�g�v�h�€�� �f�_�j�_�`�•�� ���<�>�F�� 
[1-5]. 

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

�:�g�Z�e�•�a�� �^�h�k�e�•�^�`�_�g�v�� �• �i�m�[�e�•�d�Z�p�•�c. �P�y�� �g�Z�m�d�h�\�Z��
�k�l�Z�l�l�y�� �}�� �i�j�y�f�b�f�� �i�j�h�^�h�\�`�_�g�g�y�f�� �j�h�[�h�l�b�� �>���@���� �^�_�� �[�m�e�h��
�i�j�_�^�k�l�Z�\�e�_�g�h�� �j�_�a�m�e�v�l�Z�l�b�� �Z�g�Z�e�•�a�m�� �•�k�g�m�x�q�b�o�� �i�•�^�o�h�^�•�\��
�n�h�j�f�m�\�Z�g�g�y���I�D���a���m�j�Z�o�m�\�Z�g�g�y�f���h�i�b�k�m���]�j�m�i�h�\�h�]�h���i�j�b��
�[�m�l�l�y���l�j�Z�g�k�i�h�j�l�g�b�o���a�Z�k�h�[�•�\ �^�h���k�d�h�h�j�^�b�g�h�\�Z�g�b�o���i�_�j�_��
�o�j�_�k�l�v�����l�h�f�m���\���^�Z�g�•�c���k�l�Z�l�l�•���g�_���f�Z�}���i�h�l�j�_�[�b���i�j�h�\�h�^�b�l�b��
�Z�g�Z�e�•�l�b�q�g�b�c���h�]�e�y�^���h�k�l�Z�g�g�•�c���^�h�k�e�•�^�`�_�g�v���•���i�m�[�e�•�d�Z�p�•�c��
�a�Z���h�[�j�Z�g�h�x���l�_�f�Z�l�b�d�h�x�� 

�I�h�k�l�Z�g�h�\�d�Z���a�Z�\�^�Z�g�g�y. �F�_�l�Z���k�l�Z�l�l�• �m�l�h�q�g�_�g�g�y��
�j�h�a�j�h�[�e�_�g�b�o���m���k�l�Z�l�l�•���>���@���Z�g�Z�e�•�l�b�q�g�b�o���f�h�^�_�e�_�c, �y�d�• �f�h��
�`�g�Z���\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b �h�p�•�g�x�\�Z�g�g�y �k�_�j�_�^�g�•�o���a�Z�l�j�b�f�h�d��
�l�j�Z�g�k�i�h�j�l�g�b�o���a�Z�k�h�[�•�\�����s�h���j�m�o�Z�x�l�v�k�y���\���i�Z�q�d�Z�o���a�_�e�_�g�h�€��
�o�\�b�e�•�� ���A�O) �a�Z�� �m�f�h�\�� �g�b�a�v�d�h�]�h�� �a�Z�\�Z�g�l�Z�`�_�g�g�y�� �k�d�h�h�j�^�b��
�g�h�\�Z�g�b�o���^�•�e�y�g�h�d���F�F. 

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

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

�@ �>0 1 1,    �y�d�s�h�� �� ��oT T T t t�H �H �O �O� �˜ �' �� �˜ �' �W �W �• .     (1) 

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

0T�H�! �����a�Z���[�m�^�v-�y�d�h�€���^�h�\�`�b�g�b���n�Z�a�b���E�I0�W. 
�H�^�g�Z�d�����a�j�_�r�l�h�x�����p�_���g�_���a�h�\�k�•�f���\�•�j�g�h���a���i�h�]�e�y�^�m���h�k��

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

1 0 �pt �L�W � �� ,                              (2) 

�\�b�g�b�d�Z�x�l�v���h�^�g�h�q�Z�k�g�h���h�[�b�^�\�•���h�[�e�Z�k�l�•���i�j�b�[�m�l�l�y���L�A���•�a��
�a�Z�l�j�b�f�d�h�x�� �E�I�� �± �•�� �j�Z�g�g�y���� �•�� �i�•�a�g�y���� �H�[�e�Z�k�l�v�� �j�Z�g�g�v�h�]�h��
�i�j�b�[�m�l�l�y�� �j�h�a�l�Z�r�h�\�m�}�l�v�k�y�� �m�� �k�l�Z�j�l�h�\�h�f�m�� �p�b�d�e�•���� �Z�� �h 

�‹�������=�h�j�[�Z�q�h�\���I�����N�������E�x�[�b�c���/�����<�������D�h�e�•�c���H�����K������2023 
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�[�e�Z�k�l�v�� �i�•�a�g�v�h�]�h�� �i�j�b�[�m�l�l�y�� �± �m�� �g�Z�k�l�m�i��
�g�h�f�m�����H�[�b�^�\�•���\�h�g�b���f�Z�x�l�v���h�^�g�m���^�h�\�`�b�g�m��
�l�Z�� �i�h�\�b�g�g�•�� �f�Z�l�b�� �h�^�b�g�� �q�Z�k�� �h�q�•�d�m�\�Z�g�g�y����
�y�d�s�h�� �a�Z�e�_�`�g�h�k�l�•�� �������� �•�� ���������� �s�h�� �i�j�_�^�k�l�Z�\��
�e�_�g�•���\���k�l�Z�l�l�•��[3] �h�l�j�b�f�Z�g�h���i�j�Z�\�b�e�v�g�h�� 

�I�•�k�e�y�� �i�•�^�k�l�Z�g�h�\�d�b�� �\�� �������� �•�� ���������� �s�h��
�i�j�_�^�k�l�Z�\�e�_�g�•���\���k�l�Z�l�l�•���>���@�����a�g�Z�q�_�g�g�y���a�k�m�\�m��
�e�•�\�h�i�h�\�h�j�h�l�g�h�€�� �n�Z�a�b��0 � p � OT�W � �� �W���� �•�� �\�•�^��

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

2
p

� p � O
t

T T T� H � O� � �� �W �� .                   (3) 

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

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

0

1

,  �y�d�s�h��������

,               �y�d�s�h��
� p � O

�p �O �p

T T T
T

T T T
�H �H �O �O

� O � O

�˜ �' �� �˜ �' �W �d �� �W�­�°
� �®

�˜ �' �� �W �� �W �d�°�¯
,     (4) 

�Z�[�h 

2

1 1,  �a�Z��������1 12 ,  0< 0
0,      �a�Z�� �����Z�[�h��1 1 1 1

1 1,  �a�Z��������1 12 ,  1
0,      �a�Z�� �����Z�[�h��1 1 1 1

tp
T� p � O

t
T t t�p �O �ST T� p � O

t t t p

t
T t t�p �O �ST T�p �O �p

t t t p

�­
�° � ª � º
�°�' �� �W �� ��� « � »�H�° � « � »� ¬ � ¼
�°

� � � W�­�° �� �W �� �� �W �d� ° � °
� ���' �W �d �� �W� ® � ®�O

� ° � °�� �W �d �� �W �!�¯�°
�° � � � W�­ �� �W �� �� �W �d�° �°
�' �˜ �� �W �� �W �d�®�O�°

�°�° �� �W �d �� �W �!�¯�¯

 (5) 

�H�l�j�b�f�Z�g�•���a�Z�e�_�`�g�h�k�l�•���^�h�[�j�_���•�e�x�k�l�j�m�x�l�v�k�y���\�•�^�i�h��
�\�•�^�g�b�f���]�j�Z�n�•�d�h�f�����a�Z���\�•�k�k�x���Z�[�k�p�b�k���y�d�h�]�h���\�•�^�d�e�Z�^�Z�}�l�v�k�y��
�a�k�m�\���e�•�\�h�i�h�\�h�j�h�l�g�h�€���n�Z�a�b���\�•�^�g�h�k�g�h���i�h�q�Z�l�d�m���p�b�d�e�m�����W0, 
�Z���a�Z���\�•�k�k�x���h�j�^�b�g�Z�l���± �k�_�j�_�^�g�•�c���q�Z�k���h�q�•�d�m�\�Z�g�g�y���^�h�a�\�h�e�m��
�g�Z���\�b�d�h�g�Z�g�g�y���E�I���^�e�y���L�A�����s�h���i�j�b�[�m�\�Z�x�l�v���g�Z���i�_�j�_�o�j�_��
�k�l�y���\ �i�Z�q�p�•���A�O�����j�b�k�������� �A�Z���g�m�e�v�h�\�h�]�h���a�k�m�\�m���e�•�\�h�i�h�\�h��
�j�h�l�g�h�€�� �n�Z�a�b�� �s�h�^�h�� �i�h�q�Z�l�d�m�� �p�b�d�e�m���� �d�h�e�b��0 0 0t � �W � , 
�k�_�j�_�^�g�•�c���q�Z�k���h�q�•�d�m�\�Z�g�g�y���^�e�y���e�•�\�h�i�h�\�h�j�h�l�g�b�o���L�A���} 

0 0 2
p l p l

�p
p

t t
T T T

t�O
�� �W �� �W� § � ·

� � �� �˜� ¨ � ¸� ¨ � ¸
� © � ¹

.            (6) 

�A�Z�� 0p lt �� �W �� �����q�Z�k���h�q�•�d�m�\�Z�g�g�y���m���k�l�Z�j�l�h�\�•�c�� �l�h�q�p�•��

�^�h�j�•�\�g�x�}�� �g�m�e�x����0 0T � ���� �•�� �\�a�Z�]�Z�e�•���� �\�b�d�h�g�Z�g�g�y�� �p�•�}�€��
�m�f�h�\�b�� �i�j�b�a�\�h�^�b�l�v�� �^�h�� �g�Z�y�\�g�h�k�l�•�� �i�j�h�f�•�`�d�•�\�� �•�a�� �g�m�e�v�h��
�\�b�f�� �q�Z�k�h�f�� �h�q�•�d�m�\�Z�g�g�y�� �g�Z�� �\�•�^�j�•�a�d�m�� �a�k�m�\�m���� �^�h�\�`�b�g�h�x��

l pt� W � � �k�_�d�m�g�^���� �j�b�k���� ���� �A�Z�� �j�•�\�g�h�€�� �l�j�b�\�Z�e�h�k�l�•�� �i�_�j�•�h�^�•�\��

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

 

 
�J�b�k����2. �A�Z�e�_�`�g�•�k�l�v���k�_�j�_�^�g�v�h�]�h���q�Z�k�m���h�q�•�d�m�\�Z�g�g�y���L�A�����y�d�•���i�j�b�[�m�\�Z�x�l�v���^�h���i�_�j�_�o�j�_�k�l�y�����s�h���d�h�h�j�^�b�g�m�}�l�v�k�y���� 

�m���k�d�e�Z�^�•���i�Z�q�d�b���A�O�����\�\�•�f�d�g�_�g�g�y���k�b�]�g�Z�e�m�����s�h���^�h�a�\�h�e�y�}���E�I�����\�•�^���a�k�m�\�m���e�•�\�h�i�h�\�h�j�h�l�g�h�€���n�Z�a�b�� 
�\�•�^�g�h�k�g�h���i�h�q�Z�l�d�m���p�b�d�e�m���a�Z���m�f�h�\�� T = 60 c, tp = 15 c �l�Z��l�W = 25 c 
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�J�b�k�������� �A�Z�e�_�`�g�•�k�l�v���k�_�j�_�^�g�v�h�]�h���q�Z�k�m���h�q�•�d�m�\�Z�g�g�y���L�A�����y�d�•���i�j�b�[�m�\�Z�x�l�v�� 
�^�h���i�_�j�_�o�j�_�k�l�y�����s�h���d�h�h�j�^�b�g�m�}�l�v�k�y�����m���k�d�e�Z�^�•���i�Z�q�d�b���A�O�����\�\�•�f�d�g�_�g�g�y�� 
�k�b�]�g�Z�e�m�����s�h���^�h�a�\�h�e�y�}���E�I�����\�•�^���a�k�m�\�m���e�•�\�h�i�h�\�h�j�h�l�g�h�€���n�Z�a�b���\�•�^�g�h�k�g�h�� 

�i�h�q�Z�l�d�m���p�b�d�e�m���a�Z���m�f�h�\: T = 60 c, tp = 30 c �l�Z��l�W = 14 c 
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�J�b�k�������� �A�Z�e�_�`�g�•�k�l�v���k�_�j�_�^�g�v�h�]�h���q�Z�k�m���h�q�•�d�m�\�Z�g�g�y���L�A�����y�d�•���i�j�b�[�m�\�Z�x�l�v���^�h���i�_�j�_�o�j�_�k�l�y���� 

�s�h���d�h�h�j�^�b�g�m�}�l�v�k�y�����m���k�d�e�Z�^�•���i�Z�q�d�b���A�O�����\�\�•�f�d�g�_�g�g�y���k�b�]�g�Z�e�m�����s�h���^�h�a�\�h�e�y�}���E�I, �\�•�^���a�k�m�\�m 
�e�•�\�h�i�h�\�h�j�h�l�g�h�€���n�Z�a�b���\�•�^�g�h�k�g�h���i�h�q�Z�l�d�m���p�b�d�e�m���a�Z���m�f�h�\: T = 60 c, tp = 20 c �l�Z��l�W = 20 c 

 
�H�l�j�b�f�Z�g�•�� �g�Z�� �i�j�b�d�e�Z�^�•�� �e�•�\�h�i�h�\�h�j�h�l�g�b�o�� �L�A���� �s�h��

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

t T�W�� �� .                            (7) 

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

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

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

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

�M�� �l�h�c�� �`�_�� �q�Z�k���� �h�l�j�b�f�Z�g�•�� �a�Z�e�_�`�g�h�k�l�•�� �i�h�d�Z�a�m�x�l�v����
�s�h���a�Z���k�b�g�o�j�h�g�•�a�h�\�Z�g�h�€���j�h�[�h�l�b���k�m�k�•�^�g�•�o���k�\�•�l�e�h�n�h�j�•�\�����•�a��
�p�b�d�e�Z�f�b�� �h�^�g�Z�d�h�\�h�€�� �l�j�b�\�Z�e�h�k�l�•���� �a�k�m�\�b�� �i�h�q�Z�l�d�m���p�b�d�e�m��
�[�_�a�i�h�k�_�j�_�^�g�v�h�� �\�i�e�b�\�Z�x�l�v�� �g�Z�� �a�Z�l�j�b�f�d�b�� �L�A�� �g�Z�� �i�_�j�_�o��
�j�_�k�l�y�o�� �•�a�� �]�j�m�i�h�\�b�f�� �i�j�b�[�m�l�l�y�f���� �s�h�� �^�Z�}�� �a�f�h�]�m�� �\�b�a�g�Z��
�q�b�l�b���h�i�l�b�f�Z�e�v�g�•���f�h�f�_�g�l�b���i�h�q�Z�l�d�m���p�b�d�e�m���g�Z���d�h�`�g�h�f�m��
�i�_�j�_�o�j�_�k�l�•���� �a�Z�� �\�•�^�h�f�h�]�h�� ���a�Z�^�Z�g�h�]�h���� �q�Z�k�m�� �i�h�q�Z�l�d�m�� �j�h��
�[�h�l�b�� �i�h�i�_�j�_�^�g�v�h�]�h�� �i�_�j�_�o�j�_�k�l�y���� �>�e�y�� �p�v�h�]�h�� �i�h�l�j�•�[�g�h��
�f�•�g�•�f�•�a�m�\�Z�l�b�� �k�m�f�Z�j�g�b�c�� �q�Z�k�� �a�Z�l�j�b�f�d�b���L�A���� �s�h�� �j�m�o�Z��
�x�l�v�k�y�� �\�� �a�m�k�l�j�•�q�g�b�o�� �g�Z�i�j�y�f�d�Z�o�� �i�h�� �h�^�g�h�f�m�� �i�_�j�_�]�h�g�m��
�f�•�`�� �^�\�h�f�Z�� �k�m�k�•�^�g�•�f�b�� �j�_�]�m�e�v�h�\�Z�g�b�f�b�� �i�_�j�_�o�j�_�k�l�y�f�b����
�G�Z�k�d�•�e�v�d�b�� �k�b�e�v�g�h�� �a�Z�e�_�`�b�l�v�� �k�m�f�Z�j�g�Z�� �a�Z�l�j�b�f�d�Z�� �\�•�^��
�a�k�m�\�m���i�h�q�Z�l�d�m���p�b�d�e�m���^�h�[�j�_���\�b�^�g�h���a �j�b�k����4.  
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�J�b�k�������� �A�Z�e�_�`�g�•�k�l�v���k�m�f�Z�j�g�h�€���a�Z�l�j�b�f�d�b���L�A�����s�h���i�j�b�[�m�\�Z�x�l�v���^�h���i�_�j�_�o�j�_�k�l�v�� 

�g�Z���d�•�g�p�y�o���i�_�j�_�]�h�g�m���\�m�e�b�p�•���a���j�h�a�j�Z�o�m�g�d�h�\�b�f���q�Z�k�h�f���i�j�h�€�a�^�m���������k�����\�•�^���j�•�a�g�b�p�•�� 
�\���f�h�f�_�g�l�Z�o���i�h�q�Z�l�d�m���K�P���g�Z���i�_�j�_�o�j�_�k�l�y�o���a�Z���m�f�h�\����T = 60 c, tp = 20 c �l�Z��l�W = 20 c 

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

�e�•�k�l�x���i�h�€�a�^�d�b���g�_�x���������k�����g�Z���i�h�q�Z�l�d�m���l�Z���g�Z�i�j�b�d�•�g�p�•���y�d�h�€��
�i�j�Z�p�x�x�l�v�� �k�\�•�l�e�h�n�h�j�b�� �a�� �h�^�g�Z�d�h�\�b�f�b�� �p�b�d�e�Z�f�b���� �i�Z�j�Z��
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Analytical modeling of transport delays at signalized intersections  
in condition of group arrival of vehicles 

Peter Horbachov, Yevhen Liubyi, Oleksandr Kolii 

Abst rac t .  The article presents the results of updating analytical models that can be used to estimate the delays of vehicles 
moving along coordinated sections of city highways in low traffic conditions and when they arrive in groups at the next intersection 
in terms of coordinated timing plan. The use of the dependencies obtained in this work is very relevant for the example of spatial 
coordination of traffic lights on cities road network, when there are areas with closely located traffic lights. A further direction of 
research is the experimental verification of the developed analytical models for determining the average delay of vehicles moving 
along coordinated sections of city highways, under conditions of group arrival at intersections.  

Keywords:  analytical models, group arrival, green wave, platoon, coordinated timing plan, transport delays. 
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�\�Z�g�g�y���l�Z�d�b�o���\�b�f�h�]���\�_�e�b�d�•�� �G�Z�i�j�b�d�e�Z�^�����i�j�b���\�k�•�c���€�o�g�•�c����
�g�_�i�_�j�_�^�[�Z�q�m�\�Z�g�h�k�l�•���� �\�•�^�h�f�h���� �s�h�� �•�g�l�_�j�\�Z�e�b�� �q�Z�k�m�� �f�•�`��
�m�^�Z�j�Z�f�b�����s�h���j�m�c�g�m�x�l�v���•�g�n�j�Z�k�l�j�m�d�l�m�j�m�����Z���l�j�b�\�Z�e�•�k�l�v��

�‹�������D�Z�p�f�Z�g���F�� �>�������F�Z�p�x�d���<�� �1�������F�b�j�h�g�_�g�d�h���<�� �D��, 2023 
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�€�€ �\�•�^�g�h�\�e�_�g�g�y�� �\�•�^�g�h�k�g�h�� �\�_�e�b�d�•���� �i�h�j�•�\�g�y�g�h�� �a�� �•�g�l�_�j�\�Z��
�e�Z�f�b�� �f�•�`�� �i�h�€�a�^�Z�f�b�� �l�Z�� �l�j�b�\�Z�e�•�k�l�x�� �i�_�j�_�\�_�a�_�g�v�� �\�� �g�h�j��
�f�Z�e�v�g�b�o�����f�b�j�g�b�o���m�f�h�\�Z�o�����L�h�^�•���i�j�•�h�j�b�l�_�l�g�b�f�b���k�l�Z�x�l�v��
�k�Z�f�_�� �i�_�j�_�\�_�a�_�g�g�y���� �i�h�\�¶�y�a�Z�g�•�� �a�� �\�•�^�g�h�\�e�_�g�g�y�f�� �•�g�n�j�Z��
�k�l�j�m�d�l�m�j�b���� �•�� �k�Z�f�_�� �^�e�y�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �p�b�o�� �i�_�j�_�\�_�a�_�g�v��
�k�i�j�y�f�h�\�m�x�l�v�k�y���e�h�d�h�f�h�l�b�\�b���l�Z���•�g�r�•���j�_�k�m�j�k�b�� 

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

�K�F�H���•�a���i�j�•�h�j�b�l�_�l�Z�f�b���^�h�k�l�Z�l�g�v�h���\�b�\�q�Z�e�b�k�v���i�j�h��
�l�y�]�h�f�� �l�j�b�\�Z�e�h�]�h�� �q�Z�k�m���� �A�Z�� �^�h�i�h�f�h�]�h�x�� �Z�i�Z�j�Z�l�m�� �i�_�j�_��
�l�\�h�j�_�g�v�� �E�Z�i�e�Z�k�Z�� �h�l�j�b�f�Z�g�h�� �a�Z�e�_�`�g�h�k�l�•�� �s�h�^�h�� �\�b�a�g�Z��
�q�_�g�g�y���o�Z�j�Z�d�l�_�j�b�k�l�b�d���l�Z�d�b�o �K�F�H���^�e�y���j�•�a�g�b�o���^�b�k�p�b�i��
�e�•�g���h�[�k�e�m�]�h�\�m�\�Z�g�g�y [6]�����I�j�b���^�h�k�e�•�^�`�_�g�g�•�������K�F�H���a���j�•��
�a�g�b�f�b���i�j�•�h�j�b�l�_�l�Z�f�b���± �i�j�•�h�j�b�l�_�l�Z�f�b���[�_�a���i�_�j�_�j�b�\�Z�g�g�y��
�h�[�k�e�m�]�h�\�m�\�Z�g�g�y���•���a���i�_�j�_�j�b�\�Z�g�g�y�f���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���l�Z��
�^�h�h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �± �h�l�j�b�f�Z�g�h�� �a�Z�e�_�`�g�h�k�l�•�� �s�h�^�h�� �a�g�Z��
�o�h�^�`�_�g�g�y���k�_�j�_�^�g�v�h�]�h���q�Z�k�m���h�q�•�d�m�\�Z�g�g�y���m���q�_�j�a�•�����k�_�j�_�^��
�g�v�h�]�h���q�Z�k�m���i�_�j�_�[�m�\�Z�g�g�y���m���k�b�k�l�_�f�•���\�b�f�h�]��k-�]�h���i�j�•�h�j�b��
�l�_�l�m [7].  

�M���f�h�g�h�]�j�Z�n�•�€ [8] �a�Z���^�h�i�h�f�h�]�h�x���k�_�j�_�^�b���j�h�a�j�h�[�d�b��
�•�f�•�l�Z�p�•�c�g�b�o�� �f�h�^�_�e�_�c�� �0�D�W�K�/�D�E�� �6�L�P�X�O�L�Q�F�� ���•�a�� �[�•�[�e�•�h�l�_��
�d�Z�f�b�� �6�L�P�(�Y�H�Q�W�� �•�� �6�W�D�W�H�)�O�D�Z���� �^�h�k�e�•�^�`�m�\�Z�e�Z�k�v�� �q�Z�k�l�d�h�\�h��
�f�h�^�b�n�•�d�h�\�Z�g�Z �K�F�H�����I�h�d�Z�a�Z�g�h�����s�h���a�Z�� �^�h�i�h�f�h�]�h�x�� �^�b��
�g�Z�f�•�q�g�b�o�� �i�j�•�h�j�b�l�_�l�•�\�� �h�^�g�h�j�Z�a�h�\�h�� �i�•�^�\�b�s�m�}�l�v�k�y�� �i�j�•�h��
�j�b�l�_�l�� �[�_�a�i�j�•�h�j�b�l�_�l�g�h�€�� �a�Z�y�\�d�b���� �i�j�b�� �p�v�h�f�m���c�f�h�\�•�j�g�•�k�l�v��
�h�[�k�e�m�]�h�\�m�\�Z�g�g�y���p�b�o �a�Z�y�\�h�d���a�[�•�e�v�r�m�}�l�v�k�y���� �H�^�g�Z�d�� �l�Z�d�Z��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�� �K�F�H�� �y�d�� �c�f�h�\�•�j�g�•�k�l�v�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y��
�i�h�l�h�d�m���\�o�•�^�g�b�o���a�Z�y�\�h�d���a�f�_�g�r�m�}�l�v�k�y�����h�k�d�•�e�v�d�b���[�_�a�i�j�•�h��
�j�b�l�_�l�g�•���a�Z�y�\�d�b���h�[�k�e�m�]�h�\�m�x�l�v�k�y �^�h�\�r�_���a�Z���i�j�•�h�j�b�l�_�l�g�•�� 

�A�Z���^�h�i�h�f�h�]�h�x���k�_�j�_�^�b���j�h�a�j�h�[�d�b���•�f�•�l�Z�p�•�c�g�b�o���f�h��
�^�_�e�_�c�����$�Q�\�/�R�J�L�F�����•�a���[�•�[�e�•�h�l�_�d�Z�f�b���-�D�Y�D���6�(�����l�Z �•�g�k�l�j�m��
�f�_�g�l�•�\�� �l�_�h�j�•�€�� �f�Z�k�h�\�h�]�h�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y, �Z�]�_�g�l�g�h�]�h�� �•��
�^�b�k�d�j�_�l�g�h-�i�h�^�•�}�\�h�]�h �i�j�b�g�p�b�i�•�\�� �i�j�h�\�h�^�b�e�b�k�v�� �^�h�k�e�•��
�^�`�_�g�g�y���l�_�o�g�h�e�h�]�•�q�g�b�o���j�b�a�b�d�•�\���l�Z���\�•�^�f�h�\���m���l�j�Z�g�k�i�h�j��
�l�g�b�o�� �l�Z�� �e�h�]�•�k�l�b�q�g�b�o�� �k�b�k�l�_�f�Z�o [9, 10]. �M�� �j�_�a�m�e�v�l�Z�l�•��
�\�k�l�Z�g�h�\�e�_�g�Z���a�Z�d�h�g�h�f�•�j�g�•�k�l�v���\�i�e�b�\�m���d�•�e�v�d�h�k�l�•���d�Z�g�Z�e�•�\��
�h�[�k�e�m�]�h�\�m�\�Z�g�g�y���g�Z���k�_�j�_�^�g�x���•�g�l�_�g�k�b�\�g�•�k�l�v���h�[�k�e�m�]�h�\�m��
�\�Z�g�g�y�� �a�Z�y�\�h�d�� �i�j�b�� �g�_�a�f�•�g�g�•�c�� �k�m�f�Z�j�g�•�c�� �•�g�l�_�g�k�b�\�g�h�k�l�•��
�g�Z�^�o�h�^�`�_�g�g�y���l�Z���h�[�j�h�[�p�• �a�Z�y�\�h�d �m���k�b�k�l�_�f�•�����H�^�g�Z�d���m���^�Z��
�g�b�o�� �^�h�k�e�•�^�`�_�g�g�y�o�� �g�_�� �\�j�Z�o�h�\�m�\�Z�e�Z�k�v�� �i�j�•�h�j�b�l�_�l�g�•�k�l�v��
�a�Z�y�\�h�d���� 

�M���j�h�[�h�l�• [11] �a�Z�i�j�h�i�h�g�h�\�Z�g�•���f�_�l�h�^�b���l�_�h�j�•�€���f�Z�k�h��
�\�h�]�h�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �f�Z�j�d�h�\�k�v�d�h�]�h�� �l�Z�� �g�_�f�Z�j�d�h�\�k�v��
�d�h�]�h���l�b�i�•�\���^�e�y���f�h�^�_�e�x�\�Z�g�g�y���i�j�h�l�b�^�•�€���i�_�j�k�h�g�Z�e�m���h�o�h��
�j�h�g�b�� �a�e�h�\�f�b�k�g�•�c�� �]�j�m�i�•�� �a�� �\�b�i�Z�^�d�h�\�h�x�� �d�•�e�v�d�•�k�l�x�� �a�e�h��
�q�b�g�p�•�\�� �m���]�j�m�i�•�� �l�Z�� �j�•�a�g�b�f�b�� �k�i�h�k�h�[�Z�f�b�� �h�j�]�Z�g�•�a�Z�p�•�€�� �^�•�c��
�l�Z�d�h�]�h�� �i�_�j�k�h�g�Z�e�m�� �:  �m �^�h�k�e�•�^�`�_�g�g�y�o��[12] �j�h�a�]�e�y�^�Z��
�x�l�v�k�y�� �f�Z�l�_�f�Z�l�b�q�g�•�� �f�h�^�_�e�•�� �k�b�k�l�_�f�b�� �f�Z�k�h�\�h�]�h�� �h�[�k�e�m��
�]�h�\�m�\�Z�g�g�y, �s�h���f�h�^�_�e�x�x�l�v���i�j�h�p�_�k�b���g�_�r�l�Z�l�g�b�o���k�b�l�m��
�Z�p�•�c���i�j�b���i�_�j�_�\�_�a�_�g�g�• �g�_�[�_�a�i�_�q�g�b�o���\�Z�g�l�Z�`�•�\���a�Z�e�•�a�g�b�q��
�g�b�f���l�j�Z�g�k�i�h�j�l�h�f�����Z���l�Z�d�h�` �i�j�h�p�_�k�b �e�•�d�\�•�^�Z�p�•�€ �_�d�h�e�h��
�]�•�q�g�h���g�_�[�_�a�i�_�q�g�b�o���g�Z�k�e�•�^�d�•�\���l�Z�d�b�o���i�h�^�•�c. 

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

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

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

1. �J�h�a�j�h�[�d�Z���•�f�•�l�Z�p�•�c�g�h�€���f�h�^�_�e�•���K�F�H 
�•�a���i�j�•�h�j�b�l�_�l�g�b�f�b���\�b�f�h�]�Z�f�b 

�F�h�^�_�e�v�� �j�h�a�j�h�[�e�_�g�h�� �g�Z�� �h�k�g�h�\�•�� �^�b�k�d�j�_�l�g�h-�i�h�^�•�}��
�\�h�]�h�� �l�Z�� �Z�]�_�g�l�g�h�]�h�� �i�j�b�g�p�b�i�•�\�� �I�j�b�� �j�h�a�j�h�[�p�•�� �f�h�^�_�e�•��
�\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�v�� �k�l�Z�g�^�Z�j�l�g�•�� �[�e�h�d�b�� �[�•�[�e�•�h�l�_�d�b��
Process Modeling Library. 

 

 
�J�b�k������. �=�h�e�h�\�g�_���\�•�d�g�h���•�f�•�l�Z�p�•�c�g�h�€���f�h�^�_�e�•���\���k�_�j�_�^�h�\�b�s�•���$�Q�\�/�R�J�L�F 

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

�i�h�i�m�e�y�p�•�x���Z�]�_�g�l�•�\�����\�b�f�h�]�� MyAgent �•�a���^�h�^�Z�g�b�f���i�Z�j�Z��
�f�_�l�j�h�f��priority.  
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�I�j�b���f�h�^�_�e�x�\�Z�g�g�•���d�h�`�g�•�c���g�h�\�•�c���\�b�f�h�a�• �[�m�^�_���i�j�b��
�\�e�Z�k�g�x�\�Z�l�b�k�v���j�•�\�_�g�v���i�j�•�h�j�b�l�_�l�m�� 

priority = 2,0 �± �\�b�f�h�]�b �\�b�s�h�]�h���i�j�•�h�j�b�l�_�l�m���•�a���a�g�Z��
�q�_�g�g�y�f���i�Z�j�Z�f�_�l�j�m; 

priority = 1,0 �± �\�b�f�h�]�b �g�b�`�q�h�]�h�� �i�j�•�h�j�b�l�_�l�m�� �•�a��
�a�g�Z�q�_�g�g�y�f���i�Z�j�Z�f�_�l�j�m. 

�K�b�f�m�e�y�p�•�y�� �g�Z�^�o�h�^�`�_�g�g�y �l�Z�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y �\�b��
�f�h�] �i�h�q�b�g�Z�}�l�v�k�y���a���[�e�h�d�•�\��source_1 �l�Z��source_2�����y�d�•���n�h��
�j�f�m�x�l�v�� �\�b�f�h�]�b �g�b�`�q�h�]�h�� �l�Z�� �\�b�s�h�]�h�� �i�j�•�h�j�b�l�_�l�•�\�� �\�•�^��
�i�h�\�•�^�g�h���� �I�j�b�� �\�b�o�h�^�•�� �a�]�_�g�_�j�h�\�Z�g�b�o�� �Z�]�_�g�l�•�\�� ���\�b�f�h�]�� �a��
�[�e�h�d�•�\��source �i�Z�j�Z�f�_�l�j�m��priority �i�j�b�k�\�h�x�}�l�v�k�y�� �a�g�Z��
�q�_�g�g�y���j�•�\�g�x���i�j�•�h�j�b�l�_�l�g�h�k�l�• �\�b�f�h�]: 

�^�e�y���Z�]�_�g�l�•�\�����\�b�f�h�]�����g�b�`�q�h�]�h �i�j�•�h�j�b�l�_�l�m: 
�©�D�J�H�Q�W���S�U�L�R�U�L�W�\��� �������ª�� 

�^�e�y���Z�]�_�g�l�•�\�����\�b�f�h�]�����\�b�s�h�]�h���i�j�•�h�j�b�l�_�l�m: 
�©�D�J�H�Q�W���S�U�L�R�U�L�W�\��� �������ª�� 

�>�Z�e�• �Z�]�_�g�l�b�����\�b�f�h�]�b�� �i�h�l�j�Z�i�e�y�x�l�v���^�h���a�Z�]�Z�e�v�g�h�€��
�q�_�j�]�b��q_Big���� �>�Z�g�b�c�� �_�e�_�f�_�g�l�� �\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y�� �^�e�y��
�n�h�j�f�m�\�Z�g�g�y�� �a�Z�]�Z�e�v�g�h�€�� �q�_�j�]�b�� �•�a�� �\�b�f�h�]���� �s�h�� �[�m�^�m�l�v��
�i�j�b�c�f�Z�l�b�k�v���K�F�H�����l�Z���h�[�j�h�[�e�y�l�b�k�v���\���g�•�c�� �Q�_�j�]�Z��q_Big 
�g�_�� �}�� �_�e�_�f�_�g�l�h�f�� �K�F�H���� �s�h�� �^�h�k�e�•�^�`�m�}�l�v�k�y, �•�� �a�g�Z�o�h��
�^�b�l�v�k�y���a�Z���f�_�`�Z�f�b���K�F�H�� 

�Q�_�j�]�Z���\���_�e�_�f�_�g�l�•��q_Big �n�h�j�f�m�}�l�v�k�y���a�Z���a�Z�]�Z�e�v�g�b�f��
�i�j�b�g�p�b�i�h�f�� �)�,�)�2�� ���©first in, first out�ª���� �•�a�� �\�j�Z�o�m�\�Z�g�g�y�f��
�i�j�•�h�j�b�l�_�l�g�h�k�l�• �\�b�f�h�] �l�Z�� �f�h�^�_�e�v�g�h�]�h�� �q�Z�k�m�� �]�_�g�_�j�Z�p�•�€��
�\�b�f�h�]�b�����L�h�[�l�h���i�j�b�g�p�b�i���)�,�)�2���\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y���\���f�_��
�`�Z�o �\�b�f�h�] �\�b�s�h�]�h���l�Z���g�b�`�q�h�]�h���i�j�•�h�j�b�l�_�l�•�\�����>�e�y���\�_�j�b��
�n�•�d�Z�p�•�€�� �i�j�h�p�_�k�m�� �n�h�j�f�m�\�Z�g�g�y�� �q�_�j�]�b�� �\�k�y�� �•�g�n�h�j�f�Z�p�•�y 
�i�j�h�� �i�_�j�_�[�m�\�Z�g�g�y�� �\�b�f�h�] �\�b�\�h�^�b�l�v�k�y�� �m���l�_�d�k�l�h�\�_�� �i�h�e�_: 
�q�b�f���\�b�s�_���a�Z�i�b�k �m���\�•�a�m�Z�e�v�g�h�f�m���\�•�^�h�[�j�Z�`�_�g�g�•���n�h�j�f�m��
�\�Z�g�g�y���q�_�j�]�b�����j�b�k�������������l�b�f���[�e�b�`�q�_ �a�g�Z�o�h�^�b�l�v�k�y���\�b�f�h�]�Z 
�^�h���\�b�o�h�^�m���a���[�e�h�d�m��q_Big. �1�g�n�h�j�f�Z�p�•�y���i�j�h���\�k�•���\�b�f�h�]�b 
�i�j�_�^�k�l�Z�\�e�_�g�Z���m���\�b�]�e�y�^�•�� �©�i�h�j�y�^�d�h�\�b�c���g�h�f�_�j���]�_�g�_�j�Z�p�•�€��
�\�b�f�h�]�b �_�� �j�•�\�_�g�v�� �i�j�•�h�j�b�l�_�l�m�� �\�b�f�h�]�b �_�� �f�h�^�_�e�v�g�b�c�� �q�Z�k��
�]�_�g�_�j�Z�p�•�€���\�b�f�h�]�b�ª�� 

 

�n�h�j�f�m�\�Z�g�g�y��
�q�_�j�]�b �a���\�b�f�h�]  

�\�b�s�h�]�h  
�i�j�•�h�j�b�l�_�l�m 

 

�n�h�j�f�m�\�Z�g�g�y��
�q�_�j�]�b���a���\�b�f�h�]  

�g�b�a�q�h�]�h�� 
�i�j�•�h�j�b�l�_�l�m 

�J�b�k����2. �<�•�a�m�Z�e�v�g�_���\�•�^�h�[�j�Z�`�_�g�g�y �n�h�j�f�m�\�Z�g�g�y���q�_�j�]�b 
�m���[�e�h�p�• q_Big 

 
�H�k�d�•�e�v�d�b�� �\�� �k�Z�f�•�c�� �K�F�H�� �d�•�e�v�d�•�k�l�v�� �f�•�k�p�v�� �\�� �q�_�j�a�•��

�h�[�f�_�`�_�g�Z�����a�Z�^�•�y�g�b�c���f�_�o�Z�g�•�a�f���k�_�i�Z�j�Z�p�•�€���\�b�f�h�] �a�Z���i�j�•�h��
�j�b�l�_�l�h�f�� �•�� �n�h�j�f�m�\�Z�g�g�y�� �h�d�j�_�f�b�o�� �q�_�j�]�� �•�a�� �\�b�f�h�] �a�Z�� �\�b��
�r�b�f���•���g�b�`�q�b�f���i�j�•�h�j�b�l�_�l�Z�f�b �\�•�^�i�h�\�•�^�g�h ���[�e�h�d�b��q_2 �l�Z��
q_1)���� �K�_�i�Z�j�Z�p�•�y�� �\�b�f�h�] �a�^�•�c�k�g�x�}�l�v�k�y�� �_�e�_�f�_�g�l�h�f��
sO_Big. �I�j�h�o�h�^�`�_�g�g�y���\�b�f�h�] �•�a���a�Z�]�Z�e�v�g�h�€���q�_�j�]�b��q_Big 
�^�h�� �q�_�j�]�b�� �K�F�H�� �a�^�•�c�k�g�x�}�l�v�k�y�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �[�e�h�d�m��
�l�b�i�m��hold (hold_big���� �j�b�k����1)���� �:�e�]�h�j�b�l�f�� �j�_�Z�e�•�a�m�}�l�v�k�y��
�q�_�j�_�a��Java-�d�h�^�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �\�[�m�^�h�\�Z�g�h�€�� �n�m�g�d�p�•�€��
fun_hold_big(): 

�qif  ((q_2.size() + q_1.size()) < places){ 
 hold_big.unblock(); 

} �r 

�N�m�g�d�p�•�y��fun_hold_big()  �j�_�Z�e�•�a�m�}�l�v�k�y�� �i�j�b�� �d�h�`��
�g�h�f�m�� �g�Z�^�o�h�^�`�_�g�g�•�� �[�m�^�v-�y�d�h�€�� �\�b�f�h�]�b �^�h�� �q�_�j�]�b��q_Big 
�Z�[�h���[�e�h�d�m delay�����:�e�]�h�j�b�l�f���n�m�g�d�p�•�€��fun_hold_big() �i�_��
�j�_�\�•�j�y�}���a�Z�]�Z�e�v�g�m���d�•�e�v�d�•�k�l�v���\�b�f�h�] �m���q�_�j�a�•���K�F�H�����•���y�d�s�h��
�d�•�e�v�d�•�k�l�v���\�b�f�h�] �f�_�g�r�Z �a�Z���\�k�l�Z�g�h�\�e�_�g�m �d�•�e�v�d�•�k�l�v �f�•�k�p�v��
�m�� �q�_�j�a�•��(places)���� �l�h  �j�h�a�[�e�h�d�h�\�m�}�l�v�k�y�� �[�e�h�d��hold_big 
���i�j�h�p�_�^�m�j�Z��hold_big.unblock()). 

�<�� �f�h�^�_�e�•�� �l�Z�d�h�`�� �j�_�Z�e�•�a�h�\�Z�g�h�� �Z�e�]�h�j�b�l�f�� �i�j�h�o�h��
�^�`�_�g�g�y���Z�]�_�g�l�•�\�����\�b�f�h�]�� �m���k�_�j�_�^�b�g�m���k�b�k�l�_�f�b���©�a�Z���i�j�•�h��
�j�b�l�_�l�h�f�ª�� �•�� �\�b�r�l�h�\�o�m�\�Z�g�g�y�� �a�Z�� �f�_�`�•�� �k�b�k�l�_�f�b�� �Z�]�_�g�l�•�\��
���\�b�f�h�]�� �g�b�`�q�h�]�h���i�j�•�h�j�b�l�_�l�m���Z�]�_�g�l�Z�f�b�����\�b�f�h�]�Z�f�b�� �\�b��
�s�h�]�h �i�j�•�h�j�b�l�_�l�m�� �A�Z�a�g�Z�q�_�g�b�c�� �Z�e�]�h�j�b�l�f�� �j�_�Z�e�•�a�h�\�Z�g�h��
�a�Z���^�h�i�h�f�h�]�h�x���[�e�h�d�•�\���l�b�i�m��hold (hold_1) �l�Z���^�h�^�Z�l�d�h�\�h�€��
�n�m�g�d�p�•�€��fun_Logic_HIghPr() �•�a��Java-�d�h�^�h�f�� 

�qif  ((q_2.size() + q_1.size()) = 
= places && q_1.size() > 0){ 

 if  (q_Big.size() > 0 && 
q_Big.get(0).priority == 2){ 

   q_1.remove(q_1.get(0)); 
   source_out.inject(1); 
   hold_big.unblock(); 
 } 
} �r 

�A�Z���Z�e�]�h�j�b�l�f�h�f, �m���\�b�i�Z�^�d�m���g�Z�^�o�h�^�`�_�g�g�y���^�h���K�F�H��
�Z�]�_�g�l�m�����\�b�f�h�]�b�� �\�b�s�h�]�h���i�j�•�h�j�b�l�_�l�m���l�Z���i�j�b���\�•�^�k�m�l�g�h��
�k�l�•�� �\�•�e�v�g�b�o�� �f�•�k�p�v�� �m�� �q�_�j�a�•�� �K�F�H���� �Z�]�_�g�l�� ���\�b�f�h�]�Z�� �g�b�`��
�q�h�]�h�� �i�j�•�h�j�b�l�_�l�m�� �©�\�b�r�l�h�\�o�m�}�l�v�k�y�ª �•�a�� �q�_�j�]�b�� �K�F�H��
���[�e�h�d�m��q_1�����l�Z���a�Z�f�•�g�x�}�l�v�k�y���\�•�^�i�h�\�•�^�g�b�f���Z�]�_�g�l�h�f�����\�b��
�f�h�]�h�x���� �\�b�s�h�]�h�� �i�j�•�h�j�b�l�_�l�m�� �a�� �a�Z�]�Z�e�v�g�h�€�� �q�_�j�]�b�� ���[�e�h�d�m��
q_Big). 

�>�e�y���k�b�f�m�e�y�p�•�€���h�[�j�h�[�d�b���Z�]�_�g�l�•�\�����\�b�f�h�]�� �\�b�d�h�j�b�k��
�l�h�\�m�}�l�v�k�y���[�e�h�d��Delay �•�a���h�^�g�b�f���f�•�k�p�_�f�����h�^�g�b�f���i�j�b�e�Z��
�^�h�f���h�[�k�e�m�]�h�\�m�\�Z�g�g�y�������:�]�_�g�l�b�����\�b�f�h�]�b�� �\�b�s�h�]�h���i�j�•�h��
�j�b�l�_�l�m���h�[�k�e�m�]�h�\�m�x�l�v�k�y���\���i�_�j�r�m���q�_�j�]�m���l�Z���i�h�k�l�m�i�Z�x�l�v��
�h�^�j�Z�a�m���a���[�e�h�d�m��q_2 �^�h���[�e�h�d�m��Delay �[�_�a���a�Z�l�j�b�f�h�d�� 

�G�Z�^�o�h�^�`�_�g�g�y�� �Z�]�_�g�l�•�\�� ���\�b�f�h�]�� �g�b�`�q�h�]�h�� �i�j�•�h�j�b��
�l�_�l�m�� �j�_�]�m�e�x�}�l�v�k�y�� �n�m�g�d�p�•�h�g�Z�e�v�g�h�� �a�Z�� �^�h�i�h�f�h�]�h�x��
�[�e�h�d�m��hold_1 �l�Z�� �n�m�g�d�p�•�€��fun_Logic_LowPr() �•�a��Java-
�d�h�^�h�f�� 

�qif  (q_2.size() == 0 && q_1.size() > 0){ 
 hold_1.unblock(); 
} �r 

�I�j�b�� �i�j�h�o�h�^�`�_�g�g�• �Z�]�_�g�l�h�f�� ���\�b�f�h�]�h�x���� �[�e�h�d�m��
hold_1 �a�Z�� �^�h�i�h�f�h�]�h�x��Java-�d�h�^�m�� �[�e�h�d��hold_1 �[�e�h�d�m��
�}�l�v�k�y�� 

�qhold_1.block(); �r 

�I�•�^���q�Z�k���f�h�^�_�e�x�\�Z�g�g�y���a�[�b�j�Z�x�l�v�k�y���^�Z�g�•���s�h�^�h���•�f�h��
�\�•�j�g�h�k�l�•���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���Z�[�h���\�b�r�l�h�\�o�m�\�Z�g�g�y���\�b�f�h�] �a�Z��
�a�Z�]�Z�e�v�g�b�f���i�j�b�g�p�b�i�h�f�� 
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�^�_���Ã�0�Ü�á�æ�è�Ö�Ö�Ø�æ�æ �± �d�•�e�v�d�•�k�l�v���• - �o���i�h�^�•�€�����s�h���[�m�e�b���h�[�j�h�[��
�e�_�g�•���\���k�b�k�l�_�f�•�����Z�[�h���\�b�l�b�k�g�_�g�•���•�a���k�b�k�l�_�f�b��  

�Ã�0�Ü �± �a�Z�]�Z�e�v�g�Z���d�•�e�v�d�•�k�l�v���• - �o���i�h�^�•�€�����a�]�_�g�_�j�h�\�Z�g�b�o��
�i�•�^���q�Z�k���f�h�^�_�e�x�\�Z�g�g�y�� 

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

�>�e�y�� �^�h�k�e�•�^�`�_�g�g�y�� �a�Z�d�h�g�h�f�•�j�g�h�k�l�_�c�� �n�h�j�f�m�\�Z�g�g�y��
�q�_�j�] �l�Z �•�f�h�\�•�j�g�h�k�l�_�c�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �m���k�b�k�l�_�f�•�� �i�j�h��
�\�_�^�_�g�h���k�_�j�•�x���_�d�k�i�_�j�b�f�_�g�l�•�\���g�Z���q�m�l�e�b�\�•�k�l�v �f�h�^�_�e�•, �^�_��
�i�Z�j�Z�f�_�l�j�h�f, �s�h�� �a�f�•�g�x�}�l�v�k�y, �} �\�o�•�^�g�b�c �i�h�l�•�d�� �\�b�f�h�]��
�\�b�s�h�]�h���i�j�•�h�j�b�l�_�l�m������H �•  �>���������������������@�����i�j�b���j�•�a�g�b�o���a�g�Z��
�q�_�g�g�y�o�� �•�g�l�_�g�k�b�\�g�h�k�l�•�� �€�o�g�v�h�]�h �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� ���—H �•  
[0,001; 0,5]). �1�g�r�•���\�b�o�•�^�g�• �^�Z�g�•���_�d�k�i�_�j�b�f�_�g�l�•�\�� �i�h�^�Z�g�•��
�m���l�Z�[�e. 1. 

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

.� G � G� O � P�  

 
�L�Z�[�e�b�p�y��1 �± �<�b�o�•�^�g�•���i�Z�j�Z�f�_�l�j�b���_�d�k�i�_�j�b�f�_�g�l�•�\ 

�I�Z�j�Z�f�_�l�j���f�h�^�_�e�x�\�Z�g�g�y �M�f�h�\�g�Z��
�i�h�a�g�Z�q�d�Z �>�•�Z�i�Z�a�h�g���a�g�Z�q�_�g�v �S�•�e�v�g�•�k�l�v�� 

�j�h�a�i�h�^�•�e�m 

�1�g�l�_�g�k�b�\�g�•�k�l�v���g�Z�^�o�h�^�`�_�g�g�y���\�b�f�h�] �\�b�s�h�]�h���i�j�•�h�j�b�l�_�l�m�����+�L�J�K�� ��H 0,001 �± 0,5; �d�j�h�d������������ �_�d�k�i�h�g�_�g�l�g�b�c 
�1�g�l�_�g�k�b�\�g�•�k�l�v���g�Z�^�o�h�^�`�_�g�g�y���\�b�f�h�] �g�b�`�q�h�]�h���i�j�•�h�j�b�l�_�l�m�����/�R�Z�� ��L 0,5 �± const �_�d�k�i�h�g�_�g�l�g�b�c 
�1�g�l�_�g�k�b�\�g�•�k�l�v���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���\�b�f�h�] �\�b�s�h�]�h���i�j�•�h�j�b�l�_�l�m (High) �—H 0,001 �± 0,5; �d�j�h�d�������� �_�d�k�i�h�g�_�g�l�g�b�c 
�1�g�l�_�g�k�b�\�g�•�k�l�v���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���\�b�f�h�] �g�b�`�q�h�]�h���i�j�•�h�j�b�l�_�l�m (Low) �—L 0,5 �± const �_�d�k�i�h�g�_�g�l�g�b�c 
�D�•�e�v�d�•�k�l�v���d�Z�g�Z�e�•�\���h�[�k�e�m�]�h�\�m�\�Z�g�g�y  1  
�D�•�e�v�d�•�k�l�v���f�•�k�p�v���\���q�_�j�a�•���K�F�H  4  
�D�•�e�v�d�•�k�l�v���i�j�•�h�j�b�l�_�l�•�\  2  
�H�^�b�g�b�p�y���f�h�^�_�e�v�g�h�]�h���q�Z�k�m  �]�h�^�b�g�Z  
�L�j�b�\�Z�e�•�k�l�v���f�h�^�_�e�v�g�h�]�h���q�Z�k�m  �����f�•�k�y�p�•�\���������������]�h�^�b�g�b��  

 

 

�J�b�k������. �1�f�h�\�•�j�g�•�k�l�v���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���\�b�f�h�]���\�b�s�h�]�h���i�j�•�h�j�b�l�_�l�m�� 
�a�Z�e�_�`�g�h���\�•�^���•�g�l�_�g�k�b�\�g�h�k�l�_�c���€�o�g�v�h�]�h���g�Z�^�o�h�^�`�_�g�g�y���l�Z���h�[�k�e�m�]�h�\�m�\�Z�g�g�y 

 
�K�i�Z�^�g�Z���q�Z�k�l�b�g�Z���a�Z�e�_�`�g�h�k�l�•���•�f�h�\�•�j�g�h�k�l�•���h�[�k�e�m�]�h��

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

�U 
L �G�T�?�Ö ,  

�^�_�����G �l�Z���? �± �d�h�_�n�•�p�•�}�g�l�b�� 
�^�e�y�����G = 0,1: y = 0.0994x-0.998, 
�^�e�y�����G = 0,2: y = 0.2032x-0.981, 
�^�e�y�����G = 0,3: y = 0.3067x-0.97. 

�J�_�a�m�e�v�l�Z�l�� �Z�i�j�h�d�k�b�f�Z�p�•�€�� �k�l�m�i�_�g�_�\�b�f�b�� �a�Z�e�_�`�g�h�k��
�l�y�f�b���i�_�j�•�h�^�•�\���i�Z�^�•�g�g�y���•�f�h�\�•�j�g�h�k�l�•���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���\�b��
�f�h�]���\�b�s�h�]�h���i�j�•�h�j�b�l�_�l�m���a�Z�e�_�`�g�h���\�•�^���•�g�l�_�g�k�b�\�g�h�k�l�_�c �€�o��
�h�[�k�e�m�]�h�\�m�\�Z�g�g�y���l�Z���g�Z�^�o�h�^�`�_�g�g�y���i�h�^�Z�g�h���g�Z���j�b�k�� 4. 

�A���h�l�j�b�f�Z�g�b�o���g�Z���j�b�k���������^�Z�g�b�o���f�h�`�g�Z���a�Z�i�b�k�Z�l�b�� 

1, ,

1, .
�G

�G

�G �G �G �G

� G � G

P

P

�P
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�J�b�k������. �:�i�j�h�d�k�b�f�Z�p�•�y���k�l�m�i�_�g�_�\�b�f�b���a�Z�e�_�`�g�h�k�l�y�f�b �i�_�j�•�h�^�•�\���i�Z�^�•�g�g�y���•�f�h�\�•�j�g�h�k�l�•���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���\�b�f�h�] �\�b�s�h�]�h���i�j�•�h�j�b�l�_�l�m��

�a�Z�e�_�`�g�h���\�•�^���•�g�l�_�g�k�b�\�g�h�k�l�_�c �€�o���h�[�k�e�m�]�h�\�m�\�Z�g�g�y �l�Z���g�Z�^�o�h�^�`�_�g�g�y 
 
�Y�d�s�h���h�d�j�m�]�e�b�l�b���a�g�Z�q�_�g�g�y��k �^�h���^�_�k�y�l�b�o�����l�h���h�l�j�b��

�f�Z�}�f�h�� 

, ,
�G

C
�G �G �G �GP�P �P �O �O �P���  � t 

�l�h���h�k�l�Z�l�h�q�g�h���� 

�> �@

�> �@

�> �@

1
0,1

1
0,2

1
0,3

0,1 , 0,1,...,0,5 ,

0,2 , 0,2,...,0,5 ,

0,3 , 0,3,...,0,5 .

� G � G

� G � G

� G � G

P

P

P

� O � O

� O � O

� O � O

��

��

��

�  � •

�  � •

�  � •

 

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

 
�L�Z�[�e�b�p�y���� �± �A�Z�e�_�`�g�•�k�l�v���\�_�e�b�q�b�g�b���� �G  

�\�•�  ̂�\�_�e�b�q�b�g��PH �l�Z���Å�t   

PH �Å�t  0,1 0,2 0,3 0,4 0,5 

1.00 ���G������ 0.10 0.20 0.30 0.40 0.50 
0.90 ���G������ 0.09 0.18 0.27 0.36 0.45 
0.80 ���G������ 0.08 0.16 0.24 0.32 0.40 
0.70 ���G������ 0.07 0.14 0.21 0.28 0.35 
0.60 ���G������ 0.06 0.12 0.18 0.24 0.30 
0.50 ���G������ 0.05 0.10 0.15 0.20 0.25 
0.40 ���G������ 0.04 0.08 0.12 0.16 0.20 
0.30 ���G������ 0.03 0.06 0.09 0.12 0.15 
0.20 ���G������ 0.02 0.04 0.06 0.08 0.10 
0.10 ���G������ 0.01 0.02 0.03 0.04 0.05 

 
�=�j�Z�n�•�d�b���a�Z�e�_�`�g�h�k�l�•���\�_�e�b�q�b�g�����G �\�•�^��PH �l�Z���•�g�l�_�g��

�k�b�\�g�h�k�l�• ���G �^�e�y��PH = 1,0; PH = 0,7; PH � �����������l�Z��PH = 0,3 
�i�j�_�^�k�l�Z�\�e�_�g�h�� �g�Z�� �j�b�k���� ������ �A �l�Z�[�e���� ���� �•�� �j�b�k���� ���� �\�b�^�g�h���� �s�h��
�^�e�y���a�[�•�e�v�r�_�g�g�y���\�_�e�b�q�b�g�b��PH(���G, ���G�����g�_�h�[�o�•�^�g�h���a�[�•�e�v��
�r�_�g�g�y���\�_�e�b�q�b�g�����G�����L�Z�d�����^�e�y���a�[�•�e�v�r�_�g�g�y��PH �g�Z�����������g�_��
�h�[�o�•�^�g�_�� �a�[�•�e�v�r�_�g�g�y�����G �g�Z�� ������ �i�j�b ���G = 0,1���� �i�j�b�� 
���G = 0,2 �± �g�Z���������c���l���i�������i�j�b�����G = 0,5 �a�[�•�e�v�r�_�g�g�y���k�l�Z�g�h��
�\�b�l�v���������\�•�^���i�h�i�_�j�_�^�g�•�o���a�g�Z�q�_�g�v�����G.  

 
�J�b�k������. �=�j�Z�n�•�d���a�Z�e�_�`�g�h�k�l�•���\�_�e�b�q�b�g�����G �\�•�^���\�_�e�b�q�b�g�����G �i�j�b��

PH = 1,0; PH = 0,7; PH � �����������l�Z��PH = 0,3 
 
�=�j�Z�n�•�d�� �•�f�h�\�•�j�g�h�k�l�_�c��PL �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �\�b�f�h�]��

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

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

�J�h�a�]�e�y�g�_�f�h���n�m�g�d�p�•�x��PL(t�����a�Z�e�_�`�g�h���\�•�^���•�g�l�_�g�k�b�\��
�g�h�k�l�•����H �•���q�Z�k�m��tH = 1 / ��H �•�g�l�_�j�\�Z�e�m���f�•�`���\�b�f�h�]�Z�f�b���\�b��
�s�h�]�h���i�j�•�h�j�b�l�_�l�m���\�o�•�^�g�h�]�h���i�h�l�h�d�m�����N�m�g�d�p�•�y��PL(t�����}���n�m��
�g�d�p�•�}�x�� �•�f�h�\�•�j�g�h�k�l�•�� �[�_�a�\�•�^�f�h�\�g�h�]�h�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y��
�\�b�f�h�]�� �g�b�`�q�h�]�h�� �i�j�•�h�j�b�l�_�l�m���� �y�d�Z�� �f�Z�}�� �e�•�g�•�c�g�b�c�� �o�Z�j�Z�d��
�l�_�j�����K�_�j�_�^�g�•�c���q�Z�k���[�_�a�\�•�^�f�h�\�g�h�]�h���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���p�b�o��
�\�b�f�h�]�� �^�h�j�•�\�g�x�}�� �i�e�h�s�•���� �s�h�� �h�[�f�_�`�_�g�Z�� �e�•�g�•�}�x��PL(t���� �•��
�h�k�y�f�b���d�h�h�j�^�b�g�Z�l��PL(t�����l�Z��tH.  

y = 0,0994x-0,998

�Z�ø���A���ì�U�õ�ô�ð�ô
y = 0,2032x-0,981

�Z�ø���A���ì�U�õ�ó�ñ�í

y = 0,3067x-0,97
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�J�b�k����6. �1�f�h�\�•�j�g�•�k�l�v���h�[�k�e�m�]�h�\�m�\�Z�g�g�y PL �\�b�f�h�] �g�b�`�q�h�]�h���i�j�•�h�j�b�l�_�l�m�� 

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

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

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

�A�� �j�b�k���� ���� �\�b�^�g�h���� �s�h�� �i�j�b�� �a�f�_�g�r�_�g�g�•�� �\�_�e�b�q�b�g�b��tH 
�i�j�b��PL(tH, ��H) = const���� �q�b�� �\�_�e�b�q�b�g�b��PL(tH, ��H���� �i�j�b�� 
tH � ���F�R�Q�V�W���\�_�e�b�q�b�g�Z���P�Å
%�r�ä�w�2�Å�:�P�Á�á �ä�Á�;�P�Á �a�f�_�g�r�m�}�l�v�k�y���� 

�>�e�y���a�[�•�e�v�r�_�g�g�y���\�_�e�b�q�b�g�b��PL(tH, ��H�����i�j�b���i�_�\�g�h�f�m��
�a�g�Z�q�_�g�g�•��tH �g�_�h�[�o�•�^�g�h���a�[�•�e�v�r�_�g�g�y���\�_�e�b�q�b�g�b����H�����l�h�[�l�h��
�[�•�e�v�r�� �•�g�l�_�g�k�b�\�g�_�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �\�b�f�h�]�� �\�b�s�h�]�h��
�i�j�•�h�j�b�l�_�l�m. 

�G�Z���j�b�k����8 �\�•�^�h�[�j�Z�`�_�g�h���]�j�Z�n�•�d�b���a�Z�e�_�`�g�h�k�l�•���c�f�h��
�\�•�j�g�h�k�l�•�� �\�b�r�l�h�\�o�m�\�Z�g�g�y�� �3�/�<���\�b�f�h�]�� �g�b�`�q�h�]�h �i�j�•�h�j�b��
�l�_�l�m. 

 

 
�J�b�k�����������=�j�Z�n�•�d�b���a�Z�e�_�`�g�h�k�l�_���•�f�h�\�•�j�g�h�k�l�•��PL(tH, ��H�����\�•�^���\�_�e�b�q�b�g����H �•��tH 
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�J�b�k����8. �1�f�h�\�•�j�g�•�k�l�v��P�/�<���©�\�b�r�l�h�\�o�m�\�Z�g�g�y�ª���a�•���K�F�H���\�b�f�h�] �g�b�`�q�h�]�h �i�j�•�h�j�b�l�_�l�m���\�b�f�h�]�Z�f�b �\�b�k�h�d�h�]�h���i�j�•�h�j�b�l�_�l�m���a�Z�e�_�`�g�h���\�•�^��

�•�g�l�_�g�k�b�\�g�h�k�l�_�c���h�[�k�e�m�]�h�\�m�\�Z�g�g�y �l�Z���g�Z�^�o�h�^�`�_�g�g�y �\�b�f�h�] �\�b�k�h�d�h�]�h���i�j�•�h�j�b�l�_�l�m 
 
�I�j�h�p�_�k�b�����y�d�•���i�h�\�¶�y�a�Z�g�•���•�a���a�[�•�e�v�r�_�g�g�y�f��P�/�<, �^�_�l�Z��

�e�v�g�h���h�i�b�k�Z�g�•���\�b�s�_�����a�f�_�g�r�_�g�g�y��P�/�< �i�•�k�e�y���^�h�k�y�]�g�_�g�g�y��
�€�€���f�Z�d�k�b�f�m�f�m�����i�h�\�¶�y�a�Z�g�h���•�a���a�f�_�g�r�_�g�g�y�f���d�•�e�v�d�h�k�l�•���\�b��
�f�h�]���g�b�`�q�h�]�h���i�j�•�h�j�b�l�_�l�m���•���a�Z�\�Z�g�l�Z�`�_�g�h�k�l�•���d�Z�g�Z�e�m���h�[��
�k�e�m�]�h�\�m�\�Z�g�g�y�����F�Z�d�k�b�f�Z�e�v�g�h�f�m���a�g�Z�q�_�g�g�x��P�/�< �\�•�^�i�h�\�•��
�^�Z�}�� �\�_�e�b�q�b�g�Z���ã�Á�á�È�Í�Ô�Õ�Ó���� �>�e�y�� �\�b�a�g�Z�q�_�g�g�y�� �\�_�e�b�q�b�g�b��

�ã�Á�á�È�Ô�Õ�Ó �h�l�j�b�f�Z�g�•���a�Z�e�_�`�g�h�k�l�•���c�f�h�\�•�j�g�h�k�l�•��P�/�<�����Z�i�j�h�d�k�b��
�f�h�\�Z�g�h���i�h�e�•�g�h�f�h�f���r�h�k�l�h�]�h���k�l�m�i�_�g�x�����\�b�^�m : 

6
6 1... .y a x a x C� �� �� ��  

�D�h�_�n�•�p�•�}�g�l�b���i�h�e�•�g�h�f�•�\�����s�h���Z�i�j�h�d�k�b�f�m�x�l�v���•�f�h�\�•��
�j�g�h�k�l�•��P�/�< �\�_�e�b�q�b�g�b���ã�Á�á�È�Í�Ô�Õ�Ó �i�j�_�^�k�l�Z�\�e�_�g�h���\���l�Z�[�e�� 3. 
 

�L�Z�[�e�b�p�y��3 �± �D�h�_�n�•�p�•�}�g�l�b���i�h�e�•�g�h�f�•�\�����s�h���Z�i�j�h�d�k�b�f�m�x�l�v���•�f�h�\�•�j�g�h�k�l�•���©�\�b�r�l�h�\�o�m�\�Z�g�g�y�ª�� 
�K�F�H���\�b�f�h�] �g�b�a�v�d�h�]�h���i�j�•�h�j�b�l�_�l�m 

�D�h�_�n�•�p�•�}�g�l���i�h�e�•�g�h�f�Z ��H =0.1 ��H =0.2 ��H =0.3 ��H =0.4 ��H =0.5 

�Z6 -1767609 97550.53 4593.061 1980.917 983.323 

�Z5 431830.5 -54236 -3453.6 -2276.31 -1392 

�Z4 -42096 10862.98 857.173 966.0881 721.876 

�Z3 1791.001 -1046.51 -114.584 -212.099 -184.777 

�Z2 -34.143 48.5078 8.249455 23.6418 23.30407 

�Z1 2.292621 1.042772 1.748402 0.770417 0.615751 

�Z0 -0.00172 0.004007 -0.0002 0.017116 0.019575 

�?�d�k�l�j�_�f�m�f�����ã�Á�á�È�Ô�Õ�Ó 0.071 0.135 0.198 0.2628 0.328 

 
�A�g�Z�g�g�y�� �_�d�k�l�j�_�f�m�f�•�\�� �c�f�h�\�•�j�g�h�k�l�_�c�� �\�b�r�l�h�\�o�m��

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

�<�b�k�g�h�\�d�b 

1. �A���m�j�Z�o�m�\�Z�g�g�y�f �i�j�Z�d�l�b�q�g�h�]�h �^�h�k�\�•�^�m �n�m�g�d�p�•�h��
�g�m�\�Z�g�g�y���l�Z���a�Z�[�_�a�i�_�q�_�g�g�y���g�Z�^�•�c�g�h�k�l�•���a�Z�e�•�a�g�b�q�g�h�€���l�j�Z�g�k��
�i�h�j�l�g�h�€���k�b�k�l�_�f�b���\���_�d�k�l�j�_�f�Z�e�v�g�b�o���m�f�h�\�Z�o���\�h�}�g�g�b�o �^�•�c����
�j�m�c�g�m�\�Z�g�v�� �l�Z�� �\�•�^�g�h�\�e�_�g�g�y�� �•�g�n�j�Z�k�l�j�m�d�l�m�j�b, �^�_�n�•�p�b�l�m 
�q�Z�k�m �•���i�Z�j�d�m���l�j�Z�g�k�i�h�j�l�g�b�o���a�Z�k�h�[�•�\�����a�Z�i�j�h�i�h�g�h�\�Z�g�h���n�h��
�j�f�Z�e�•�a�m�\�Z�l�b�� �n�m�g�d�p�•�h�g�m�\�Z�g�g�y�� �p�•�}�€�� �k�b�k�l�_�f�b�� �y�d�� �K�F�H�� �a��
�i�j�•�h�j�b�l�_�l�Z�f�b���� �•�a�� �a�f�•�g�g�b�f�b�� �i�Z�j�Z�f�_�l�j�Z�f�b�� �\�o�•�^�g�b�o��

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

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

�± �•�f�h�\�•�j�g�h�k�l�_�c�� ���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���� �\�•�^�f�h�\�b���� �\�b��
�r�l�h�\�o�m�\�Z�g�g�y������ 

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

�± �i�h�j�y�^�d�m�� �n�h�j�f�m�\�Z�g�g�y�� �q�_�j�]�b�� �i�j�b�� �g�Z�^�o�h�^�`�_�g�g�y��
�\�b�f�h�]���j�•�a�g�h�]�h���i�j�•�h�j�b�l�_�l�m, 
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�± �j�h�a�f�•�j�•�\���q�_�j�]�b. 
3. �H�l�j�b�f�Z�g�•���a�Z�e�_�`�g�h�k�l�•:  
- �•�f�h�\�•�j�g�h�k�l�•�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �\�b�f�h�]�� �\�b�s�h�]�h��

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

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

- �•�f�h�\�•�j�g�h�k�l�•���©�\�b�r�l�h�\�o�m�\�Z�g�g�y�ª���a�•���K�F�H���\�b�f�h�]��
�g�b�`�q�h�]�h���i�j�•�h�j�b�l�_�l�m���\�b�f�h�]�Z�f�b���\�b�s�h�]�h �i�j�•�h�j�b�l�_�l�m���a�Z��
�e�_�`�g�h�� �\�•�^�� �•�g�l�_�g�k�b�\�g�h�k�l�_�c�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �l�Z�� �g�Z�^�o�h��
�^�`�_�g�g�y���\�b�f�h�]���\�b�s�h�]�h �i�j�•�h�j�b�l�_�l�m�� 

- �\�_�e�b�q�b�g�b�� �•�f�h�\�•�j�g�h�k�l�•��PL �\�•�^�� �\�_�e�b�q�b�g�� �•�g�l�_�g��
�k�b�\�g�h�k�l�•�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�����G �\�b�f�h�]�� �\�b�s�h�]�h�� �i�j�•�h�j�b-

�l�_�l�m���l�Z �l�j�b�\�Z�e�h�k�l�•���•�g�l�_�j�\�Z�e�m��t�G �f�•�`���p�b�f�b���\�b�f�h�]�Z�f�b���m��
�\�o�•�^�g�h�f�m���i�h�l�h�p�•; 

- �\�_�e�b�q�b�g�b�� �•�g�l�_�g�k�b�\�g�h�k�l�•�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �\�b��
�f�h�]���\�b�s�h�]�h���i�j�•�h�j�b�l�_�l�m�����G �\�•�^���•�f�h�\�•�j�g�h�k�l�•��PH �l�Z���•�g�l�_��
�g�k�b�\�g�h�k�l�•���€�o���g�Z�^�o�h�^�`�_�g�g�y ��H. 

4. �M�� �j�_�a�m�e�v�l�Z�l�•�� �Z�i�j�h�d�k�b�f�Z�p�•�€�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v��
�g�b�o���^�Z�g�b�o���•�f�h�\�•�j�g�h�k�l�•���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���\�b�f�h�]���\�b�s�h�]�h��
�i�j�•�h�j�b�l�_�l�m���a�Z�e�_�`�g�h�� �\�•�^�� �•�g�l�_�g�k�b�\�g�h�k�l�_�c�� �€�o�g�v�h�]�h�� �g�Z�^��
�o�h�^�`�_�g�g�y�� �l�Z�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �e�•�g�•�c�g�b�f�b�� �a�Z�e�_�`�g�h�k��
�l�y�f�b���\�k�l�Z�g�h�\�e�_�g�h�����s�h�� 
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Modeling the reliability of transport under extreme conditions of operation  
as a queuing system with priorities 

M. Katsman, V. Matsyuk, V. Myronenko 

Abst rac t .  The article presents a simulation model of a queuing system (QS) with a queue and relative priority, which can 
be used to manage the reliability of transport systems under resource constraints. The developed simulation model combines agent 
and discrete-event simulation principles and allows studying queuing systems in terms of establishing regularities: probabilities 
(service, failure, push-out), time delays (waiting in a queue, under service), queue sizes, order of queue formation upon arrival of 
clients of different priority. As a result of the research, dependencies were obtained for the probability of servicing higher priority 
clients depending on the intensities of their arrival and service; probabilities of servicing lower priority clients depending on the 
intensity of service and servicing of higher priority clients; the probability of "pushing out" lower priority clients from the QS by 
higher priority clients depending on service intensities and the arrival of high priority clients. 

Keywords:  transport system, agent modeling, simulation modeling, queuing systems, absolute priority, arrival and service 
intensity, service and push-out probabilities, client service probabilities. 
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�D�� �=�����D�h�\�p�m�j1, �G�� �=�����?�k�d�h�`�Z�g�h�\�Z2 
 
1 �O�Z�j�d�•�\�k�v�d�b�c���g�Z�p�•�h�g�Z�e�v�g�b�c���Z�\�l�h�f�h�[�•�e�v�g�h-�^�h�j�h�`�g�•�c���m�g�•�\�_�j�k�b�l�_�l�����O�Z�j�d�•�\, �M�d�j�Z�€�g�Z 
2 �D�Z�a�Z�o�k�v�d�b�c���Z�\�l�h�f�h�[�•�e�v�g�h-�^�h�j�h�`�g�•�c���•�g�k�l�b�l�m�l���•�f�����E���;�����=�h�g�q�Z�j�h�\�Z�����:�e�f�Z�l�b�����J�_�k�i�m�[�e�•�d�Z���D�Z�a�Z�o�k�l�Z�g 
 

�I�1�>�O�1�>���>�H���<�B�;�H�J�M���:�E�V�L�?�J�G�:�L�B�<�B 
�K�I�H�K�H�;�1�<���:�>�J�?�K�G�H�2���>�H�K�L�:�<�D�B�� 

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

�D�e �x �q�h �\ �• �� �k �e �h �\ �Z �� �Z�^�j�_�k�g�Z���^�h�k�l�Z�\�d�Z�����q�Z�k���^�h�k�l�Z�\�d�b�����\�b�l�j�Z�l�b���g�Z���h�j�]�Z�g�•�a�Z�p�•�x���^�h�k�l�Z�\�d�b�����j�h�a�^�j�•�[�g�Z���l�h�j�]�•�\�_�e�v�g�Z���f�_�j�_��
�`�Z�����l�j�Z�g�k�i�h�j�l. 
 

�<�k�l�m�i 

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

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

�K�l�\�h�j�_�g�•���k�b�k�l�_�f�b���Z�^�j�_�k�g�h�€�� �^�h�k�l�Z�\�d�b�� �g�Z���k�v�h�]�h�^��
�g�•�� �s�_�� �\�b�f�Z�]�Z�x�l�v�� �m�^�h�k�d�h�g�Z�e�_�g�g�y�� �q�_�j�_�a�� �g�b�a�d�m�� �•�k�g�m�x��
�q�b�o �©�\�m�a�v�d�b�o�ª�� �f�•�k�p�v �m �\�k�•�o�� �m�q�Z�k�g�b�d�•�\�� �l�Z�d�h�€�� �k�b�k�l�_�f�b 
[2, 3].  

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

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

�:�g�Z�e�•�a�� �^�h�k�e�•�^�`�_�g�v�� �•�� �i�m�[�e�•�d�Z�p�•�c. �A�� �f�_�l�h�x �i�•�^��
�\�b�s�_�g�g�y�� �_�n�_�d�l�b�\�g�h�k�l�•�� �j�h�[�h�l�b �k�e�m�`�[�b�� �^�h�k�l�Z�\�d�b�� �\�b��
�g�b�d�Z�}�� �g�Z�� �i�j�Z�d�l�b�p�•�� �j�y�^�� �i�b�l�Z�g�v [4, 5]���� �H�^�g�b�f�� �a�� �l�Z�d�b�o��
�i�b�l�Z�g�v���}���\�b�a�g�Z�q�_�g�g�y �•���h�[�‰�j�m�g�l�m�\�Z�g�g�y �l�Z�j�b�n�•�\ �a�Z���^�h�k��
�l�Z�\�d�m���� �J�Z�p�•�h�g�Z�e�v�g�b�f�� �\�[�Z�q�Z�}�l�v�k�y �g�Z�^�Z�g�g�y �d�e�•�}�g�l�Z�f��
�d�•�e�v�d�h�o �\�Z�j�•�Z�g�l�•�\���^�h�k�l�Z�\�d�b���•���a�Z�[�_�a�i�_�q�_�g�g�y �i�j�h�a�h�j�h�k�l�• 
�l�_�j�f�•�g�•�\�� �^�h�k�l�Z�\�d�b���� �F�h�`�g�Z�� �\�b�^�•�e�b�l�b �i�
�y�l�v�� �h�k�g�h�\�g�b�o��
�k�i�h�k�h�[�•�\���\�k�l�Z�g�h�\�e�_�g�g�y �i�e�Z�l�b �a�Z���a�^�•�c�k�g�_�g�g�y���Z�^�j�_�k�g�h�€��
�^�h�k�l�Z�\�d�b�� 

�± �[�_�a�d�h�r�l�h�\�g�Z �^�h�k�l�Z�\�d�Z�� �^�e�y�� �\�k�•�o�� �a�Z�f�h�\�e�_�g�v���� �<��
�p�•�e�h�f�m�����l�Z�d�m���^�h�k�l�Z�\�d�m���^�e�y���m�k�•�}�€ �g�h�f�_�g�d�e�Z�l�m�j�b �l�h�\�Z�j�m��
�\�Z�`�d�h���a�^�•�c�k�g�b�l�b�����Y�d���i�h�d�Z�a�m�}���^�h�k�\�•�^���i�j�h�\�•�^�g�b�o���m�d�j�Z��
�€�g�k�v�d�b�o�� �l�Z�� �d�Z�a�Z�o�k�v�d�b�o�� �l�h�j�]�•�\�_�e�v�g�b�o�� �d�h�f�i�Z�g�•�c�� �i�_�j�_�^��
�i�j�b�c�g�y�l�l�y�f�� �p�v�h�]�h�� �j�•�r�_�g�g�y�� �i�h�l�j�•�[�g�h�� �i�j�h�Z�g�Z�e�•�a�m�\�Z�l�b 
�g�Z�k�l�m�i�g�_���� �q�b�� �i�j�h�i�h�g�m�}�� �[�_�a�d�h�r�l�h�\�g�m�� �Z�[�h�� �[�•�e�v�r�� �^�_��
�r�_�\�m �^�h�k�l�Z�\�d�m�� �k�l�h�j�h�g�g�•�c�� �i�h�k�l�Z�q�Z�e�v�g�b�d�� �i�h�k�e�m�]��(�y�d��
�s�h���d�h�g�d�m�j�_�g�l�b���g�_���i�j�h�i�h�g�m�x�l�v���[�_�a�d�h�r�l�h�\�g�m���^�h�k�l�Z�\��
�d�m���� �l�h�� �f�h�`�g�Z�� �i�h�\�g�•�k�l�x�� �\�b�d�e�x�q�b�l�b�� �p�_�c�� �k�i�h�k�•�[)���� �q�b�� �}��
�q�Z�k�� �•�� �j�_�k�m�j�k�b�� �^�e�y�� �j�_�d�e�Z�f�b�� �p�•�}�€�� �i�j�h�i�h�a�b�p�•�€���� �q�b�� �}�� �n�•��
�g�Z�g�k�h�\�Z�� �k�i�j�h�f�h�`�g�•�k�l�v �m�� �d�h�f�i�Z�g�•�€���� �s�h�[�� �^�h�a�\�h�e�b�l�b��
�i�j�h�[�g�b�c�� �a�Z�i�m�k�d�� �[�_�a�d�h�r�l�h�\�g�h�€�� �Z�^�j�_�k�g�h�€�� �^�h�k�l�Z�\�d�b�� 
�>�e�y�� �i�•�^�\�b�s�_�g�g�y�� �y�d�h�k�l�•�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �d�e�•�}�g�l�•�\�� �^�h��
�p�•�e�v�g�b�f���}���\�i�j�h�\�Z�^�`�_�g�g�y �[�_�a�d�h�r�l�h�\�g�h�€ �Z�^�j�_�k�g�h�€ �^�h�k��
�l�Z�\�d�b�����H�^�g�Z�d���i�h�l�j�•�[�g�h���f�Z�l�b���g�Z���m�\�Z�a�•�����s�h���d�j�m�i�g�•���l�h�j��
�]�•�\�_�e�v�g�•���i�e�Z�l�n�h�j�f�b �n�Z�d�l�b�q�g�h���g�_���g�Z�^�Z�x�l�v �[�_�a�d�h�r�l�h��
�\�g�m�� �^�h�k�l�Z�\�d�m�� �^�e�y�� �[�•�e�v�r�h�k�l�•�� �d�e�•�}�g�l�•�\���� �A�Z�a�\�b�q�Z�c�� �\�Z�j��
�l�•�k�l�v�� �l�Z�d�h�€�� �^�h�k�l�Z�\�d�b�� �\�`�_�� �\�d�e�x�q�_�g�Z�� �\�� �h�k�g�h�\�g�m�� �\�Z�j��
�l�•�k�l�v�� �l�h�\�Z�j�m���� �L�Z�d�b�f�� �q�b�g�h�f�����g�Z�\�•�l�v�� �l�Z�d�•�� �d�j�m�i�g�•�� �l�h�j�]�•��
�\�p�•�� �y�d�� �$�P�D�]�R�Q�� �a�g�Z�o�h�^�y�l�v�� �k�i�h�k�•�[�� �k�l�y�]�g�_�g�g�y�� �i�e�Z�l�b�� �a�Z��
�^�h�k�l�Z�\�d�m; 

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

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

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

�± �^�h�k�l�Z�\�d�Z�� �g�Z�j�Z�o�h�\�m�}�l�v�k�y�� �a�Z�� �a�Z�f�h�\�e�_�g�g�y�f�� �± �p�_��
�h�^�g�Z�� �a�� �g�Z�c�k�d�e�Z�^�g�•�r�b�o�� �k�b�k�l�_�f�� �^�e�y�� �g�Z�e�Z�r�l�m�\�Z�g�g�y�� �•��
�i�h�y�k�g�_�g�g�y���� �;�Z�]�Z�l�h�� �•�g�l�_�j�g�_�l-�f�Z�]�Z�a�b�g�•�\�� �\�b�d�h�j�b�k�l�h�\�m��
�x�l�v�� �k�Z�f�_�� �p�_�c�� �k�i�h�k�•�[���� �<�•�g�� �]�Z�j�Z�g�l�m�}���� �s�h�� �l�j�Z�g�k�i�h�j�l�g�•��
�\�b�l�j�Z�l�b�� �i�h�\�g�•�k�l�x�� �i�h�d�j�b�\�Z�x�l�v�k�y�� �a�Z�� �\�k�•�f�Z�� �a�Z�f�h�\�e�_�g��
�g�y�f�b���� �M�� �[�•�e�v�r�h�k�l�•�� �h�i�_�j�Z�l�h�j�•�\�� �}�� �k�b�k�l�_�f�b�� �$�3�,�� �\�� �j�_�Z��
�e�v�g�h�f�m�� �q�Z�k�•�� �^�e�y�� �j�h�a�j�Z�o�m�g�d�m�� �\�Z�j�l�h�k�l�•�� �^�h�k�l�Z�\�d�b�� �^�e�y��
�d�e�•�}�g�l�•�\���� �H�^�g�Z�d�� �d�e�•�}�g�l�Z�f�� �p�_�� �a�Z�a�\�b�q�Z�c�� �g�_�� �i�h�^�h�[�Z�}�l�v��
�k�y���� �l�Z�d�� �y�d �^�h�k�l�Z�\�d�Z�� �^�e�y�� �g�b�o�� �\�b�o�h�^�b�l�v�� �^�h�j�h�`�q�_ �\�� �i�h��
�j�•�\�g�y�g�g�•���a���n�•�d�k�h�\�Z�g�h�x���k�l�Z�\�d�h�x. 

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

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

�H�k�h�[�e�b�\�h�� �]�h�k�l�j�h�� �k�l�Z�\�� �i�_�j�_�o�•�^�� �j�h�a�^�j�•�[�g�b�o�� �f�_��
�j�_�`�� �^�h�� �_-�d�h�f�_�j�p�•�€�� �\�� �m�f�h�\�Z�o�� �g�_�f�h�`�e�b�\�h�k�l�•�� �a�^�•�c�k�g�_�g��
�g�y���h�n�e�Z�c�g-�i�h�d�m�i�h�d�����s�h���k�l�Z�e�h���Z�d�l�m�Z�e�v�g�b�f���g�Z���i�j�h�l�y�a�•��
�i�Z�g�^�_�f�•�€ [6].  

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

�I�h�k�l�Z�g�h�\�d�Z���a�Z�\�^�Z�g�g�y 

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

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

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

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

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

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

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

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

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

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

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

�\�b�^�•�\���j�_�k�m�j�k�•�\���� 
�d�Z�^�j�h�\�Z���i�h�e�•�l�b�d�Z���� 
�y�d�•�k�l�v���m�i�j�Z�\�e�•�g�k�v�d�h�€���i�j�Z�p�•�� 

�l�Z���[�Z�]�Z�l�h���•�g�r�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���l�Z���i�h�d�Z�a�g�b�d�•�\���j�h�[�h�l�b��
�i�•�^�i�j�b�}�f�k�l�\�Z���� 

�A�Z�]�Z�e�v�g�•�� �\�b�l�j�Z�l�b�� �g�Z�� �h�j�]�Z�g�•�a�Z�p�•�x�� �Z�^�j�_�k�g�h�€�� �^�h�k��
�l�Z�\�d�b �f�h�`�g�Z���i�j�_�^�k�l�Z�\�b�l�b �l�Z�d�b�f���q�b�g�h�f�� 

 �i�h�k�l �a�fB B B�  � �,   (1) 

�^�_�� ���i�h�k�lB  �± �i�h�k�l�•�c�g�•�� �\�b�l�j�Z�l�b���� �]�j�g���� �a�fB  �± �a�f�•�g�g�•��

�\�b�l�j�Z�l�b�����]�j�g�� 
�<�� �i�j�h�p�_�k�•�� �j�h�a�\�_�a�_�g�g�y�� �a�Z�f�h�\�e�_�g�v�� �d�e�•�}�g�l�Z�f�� �[�_��

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

 
1 1

min
m n

�i�h�k�l �a�f

i i

B B B
�  �  

� �� �o� ¦ � ¦, (2) 

�^�_�� �i�h�k�lB , �a�fB �± �\�•�^�i�h�\�•�^�g�h���a�Z�]�Z�e�v�g�•���i�h�k�l�•�c�g�•�����a�f�•�g�g�•��

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

�J�h�a�i�b�k�Z�\�r�b���k�d�e�Z�^�h�\�•���\�b�l�j�Z�l���\���n�h�j�f�m�e�•�����������f�Z�}��
�f�h 

 �i�h�k�l �a�f
�f �a�Z�]B B T B L� �˜ �� �˜ ,  (3) 

�^�_���fT  �± �q�Z�k���j�h�[�h�l�b���g�Z���f�Z�j�r�j�m�l�•�����]�h�^�� �a�Z�]L  �± �a�Z�]�Z�e�v��

�g�b�c���i�j�h�[�•�]���l�j�Z�g�k�i�h�j�l�g�h�]�h���a�Z�k�h�[�m�����d�f�� 
�A�Z�]�Z�e�v�g�b�c���i�j�h�[�•�]���j�h�a�j�Z�o�h�\�m�}�l�v�k�y���a�Z���n�h�j�f�m�e�h�x 

 0�a�Z�] �\�Z�g �oL l l l� �� �� , (4) 

�^�_���ol  �± �o�h�e�h�k�l�b�c�� �i�j�h�[�•�]���� �d�f�� �\�Z�gl  �± �i�j�h�[�•�]�� �a�� �\�Z�g�l�Z��

�`�_�f�����d�f�� 0l  �± �g�m�e�v�h�\�b�c���i�j�h�[�•�]�����d�f�� 

�Q�Z�k�� �j�h�[�h�l�b�� �g�Z�� �f�Z�j�r�j�m�l�•�� �j�h�a�j�Z�o�h�\�m�}�l�v�k�y�� �a�Z�� �n�h��
�j�f�m�e�h�x 

 �f �j�m�o �i�_�jT t t�  � �, (5) 

 �\�Z�g
�j�m�o

l
t

V
� , (6) 

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

�n�h�j�f�m�e�h�x 

 �i�_�j �R �^�h�it t t�  � � (7) 

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

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

�<�b�l�j�Z�l�b���i�h���a�Z�j�h�[�•�l�g�•�c���i�e�Z�l�•���\�h�^�•�€�\���k�d�e�Z�^�Z�x�l�v�k�y��
�•�a���a�Z�j�h�[�•�l�g�h�€���i�e�Z�l�b���i�h���l�Z�j�b�n�m�����l�A �������a�Z�j�h�[�•�l�g�h�€���i�e�Z�l�b��

�a�Z�� �_�d�k�i�e�m�Z�l�Z�p�•�x�� ���_�k�i�e�A ������ �i�j�_�f�•�€�� �a�� �n�h�g�^�m�� �a�Z�j�h�[�•�l�g�h�€��

�i�e�Z�l�b�����i�j�A �������^�h�^�Z�l�d�h�\�h�€���a�Z�j�h�[�•�l�g�h�€���i�e�Z�l�b�����k�h�p�A ) 

 �l �a �_�k�i�e �i�j �k�h�p�A�I �A �Q �A �A �A� �˜ �� �� �� , (8) 

�>�e�y���\�h�^�•�€�\���l�j�Z�g�k�i�h�j�l�g�h�]�h���a�Z�k�h�[�m���a�Z�j�h�[�•�l�g�Z���i�e�Z��
�l�Z���a�Z���l�Z�j�b�n�h�f���^�h�j�•�\�g�x�}�� 

 � l � a� A � K� , (9) 

�^�_���K�a �± �[�Z�a�h�\�Z���l�Z�j�b�n�g�Z���k�l�Z�\�d�Z���d�m�j�
�}�j�Z���a�Z���h�^�g�_���a�Z�f�h�\��
�e�_�g�g�y�����K�a � ���������]�j�g�����h�^�� 

 �_�d�k�i �d�f�A �K �/�  � ˜, (10) 

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

�d�f�K � �������]�j�g/�d�f.  

�I�j�_�f�•�y�� �a�Z�� �\�b�k�h�d�h�y�d�•�k�g�_�� �\�b�d�h�g�Z�g�g�y�� �a�Z�\�^�Z�g�g�y��
�i�j�b�c�f�Z�}�l�v�k�y�� �i�h�� �i�j�b�c�g�y�l�•�c �g�Z�� �i�•�^�i�j�b�}�f�k�l�\�• �k�b�k�l�_�f�•��
�i�j�_�f�•�x�\�Z�g�g�y�� 

 
100�i�j �l
�I

� A � A�  � ˜, (11) 

�^�_���I  �± �\�•�^�k�h�l�h�d���i�j�_�f�•�€�����I��= 50 %. 
�G�Z�j�Z�o�m�\�Z�g�g�y�� �a�Z�� �k�h�p�•�Z�e�v�g�_�� �k�l�j�Z�o�m�\�Z�g�g�y�� �j�h�a�j�Z��

�o�h�\�m�}�l�v�k�y���a�Z���n�h�j�f�m�e�h�x 

 
100�k�h�p

�A�I �L
�A

�˜
� ,  (12) 

�^�_���L �± �l�Z�j�b�n�g�Z�� �k�l�Z�\�d�Z�� �\�•�^�j�Z�o�m�\�Z�g�v�� �^�h�� �n�h�g�^�•�\���� 
�L��= 22%. 

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

 �n �a �n �i�j�A�I �Q �6 �A� �˜ �� . (13) 

�^�_���nS �± �n�•�d�k�h�\�Z�g�Z���\�Z�j�l�•�k�l�v���^�h�k�l�Z�\�d�b�����]�j�g�� 

�Q�Z�k���^�h�k�l�Z�\�d�b �a�Z�e�_�`�b�l�v �\�•�^���l�Z�d�b�o���i�Z�j�Z�f�_�l�j�•�\ 

 ( ; ; )�i�_�j �i�h�\
xij xij xijxijt f �/ �5 �/�   (14) 

�^�_��zij�/   �± �d�h�_�n�•�p�•�}�g�l�� �m�o�b�e�m�� �g�Z�� �r�e�y�o�m�� �j�m�o�m�� �\�•�^�� �•-�]�h��

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

�k�l�• �k�i�h�e�m�q�_�g�g�y�� �i�h�\
xijL   �± �\�•�^�k�l�Z�g�v�� �\�•�^�� �•-�]�h�� �m�q�Z�k�g�b�d�Z��

�j�h�a�^�j�•�[�g�h�€���f�_�j�_�`�•���^�h��j-�]�h���d�e�•�}�g�l�Z���\��x-�c���a�h�g�•���h�[�k�e�m�]�h��
�\�m�\�Z�g�g�y�����d�f�� 

�:�^�j�_�k�g�Z�� �^�h�k�l�Z�\�d�Z�� �f�h�`�_�� �\�•�^�[�m�\�Z�l�b�k�y�� �h�^�g�b�f�� �a��
�Z�e�v�l�_�j�g�Z�l�b�\�g�b�f�� �k�i�h�k�h�[�•�\���� �r�e�y�o�h�f�� �^�h�k�l�Z�\�d�b�� �a�Z�f�h�\��
�e�_�g�g�y�� �� �e�_�]�d�h�\�b�f�b�� �Z�\�l�h�f�h�[�•�e�y�f�b�� �a�� �^�\�b�]�m�g�h�f�� �\�g�m�l�j�•��
�r�g�v�h�]�h�� �a�]�h�j�Z�g�g�y���� �\�_�e�h�k�b�i�_�^�Z�f�b���� �^�h�k�l�Z�\�d�Z�� �f�•�k�v�d�b�f��
�i�Z�k�Z�`�b�j�k�v�d�b�f���l�j�Z�g�k�i�h�j�l�h�f�����©�i�h�i�m�l�g�Z�ª�� �l�Z�� �i�•�r�Z�� �^�h�k��
�l�Z�\�d�b���m���f�_�`�Z�o���f�•�k�l�Z�����F�U�R�Z�G-�V�K�L�S�S�L�Q�J�����l�h�s�h�� 

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

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

 �i �i �e�< �G �P�  � ˜, (15) 

�^�_�� �i�G  �± �g�h�j�f�Z�l�b�\�g�•���\�b�l�j�Z�l�b���i�Z�e�b�\�Z���g�Z�����������d�f�����e����������

�d�f�� �e�P  �± �p�•�g�Z���a�Z���e�•�l�j���i�Z�e�b�\�Z�����]�j�g�� 

�<�b�l�j�Z�l�b���g�Z���f�Z�k�l�b�e�v�g�•���f�Z�l�_�j�•�Z�e�b���\�b�a�g�Z�q�Z�x�l�v�k�y 
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. .

. . . .
. . . .

100

,
100 100

� f � f
�f �f �f �f

�l�j �f � d � f
�l�j �f �d �f

�G
� < � P

�G �G
� P � P

� �˜ ��

� �˜ �� �˜

  (16) 

�^�_�� . .� f � f�G �± �g�h�j�f�Z���\�b�l�j�Z�l���f�h�l�h�j�g�h�]�h���f�Z�k�e�Z���g�Z�����������d�f��

�i�j�h�[�•�]�m���� �e�� . .�l�j �f�G �± �g�h�j�f�Z�� �\�b�l�j�Z�l�� �l�j�Z�g�k�f�•�k�•�c�g�h�]�h��

�f�Z�k�e�Z�� �g�Z�� �������� �d�f�� �i�j�h�[�•�]�m���� �e�� . .� d � f�G �± �g�h�j�f�Z�� �\�b�l�j�Z�l��

�d�h�g�k�b�k�l�_�g�l�g�h�]�h���f�Z�k�l�b�e�Z���g�Z�����������d�f���i�j�h�[�•�]�m�����d�]�� .� f � f�P , 

. .�l�j �f�P , . .� d � f�P  �± �p�•�g�Z�� �f�h�l�h�j�g�h�]�h���� �l�j�Z�g�k�f�•�k�•�c�g�h�]�h��

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

 
1000

�r �r �d
�r

�G �P �Q
�<

� ˜ � ˜
� , (17) 

�^�_�� �r�G  �± �g�h�j�f�Z�� �a�g�h�k�m�� �g�Z�� ���������� �d�f�� �i�j�h�[�•�]�m���� �]�j�g�����d�f�� 

�r�P  �± �p�•�g�Z�� �h�^�g�•�}�€�� �r�b�g�b���� �]�j�g���� �dn  �± �d�•�e�v�d�•�k�l�v�� �d�h�e�•�k��

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

�l�j�Z�g�k�i�h�j�l�g�h�]�h���a�Z�k�h�[�m���\�b�a�g�Z�q�Z�x�l�v�k�y 

 _
_ 1000

�J�_�f �L�H
�J�_�f �L�H

�G
�< � ,  (18) 

�^�_�� _�J�_�f �L�H�G  �± �g�h�j�f�Z�� �\�b�l�j�Z�l�� �g�Z�� �L�H�� �•�� �_�d�k�i�e�m�Z�l�Z�p�•�c��

�g�b�c���j�_�f�h�g�l���g�Z�������������d�f���i�j�h�[�•�]�m�����]�j�g���������������d�f�� 
�<�b�l�j�Z�l�b���g�Z���Z�f�h�j�l�b�a�Z�p�•�c�g�•���\�•�^�j�Z�o�m�\�Z�g�g�y�����s�h���\�b��

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

 
100000
�Z�f �Z�\�l�h

�Z�f
� G � P

�<
�˜

� , (19) 

�^�_�� �Z�f�G  �± �g�h�j�f�Z���Z�f�h�j�l�b�a�Z�p�•�c�g�b�o���\�•�^�j�Z�o�m�\�Z�g�v���g�Z���i�h��

�\�g�_�� �\�•�^�g�h�\�e�_�g�g�y�� �Z�\�l�h�f�h�[�•�e�y�� �g�Z�� �������� �������� �d�f�� �i�j�h�[�•�]�m; 

�Z�\�l�h�P  �± �j�b�g�d�h�\�Z���\�Z�j�l�•�k�l�v���Z�\�l�h�f�h�[�•�e�y�����]�j�g�� 

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

 
100000
�d�j �Z�\�l�h

�Z�f
� G � P

�<
�˜

� , (20) 

�^�_�� �d�j�G  �± �g�h�j�f�Z�� �Z�f�h�j�l�b�a�Z�p�•�c�g�b�o�� �\�•�^�j�Z�o�m�\�Z�g�v�� �g�Z�� �d�Z��

�i�•�l�Z�e�v�g�b�c���j�_�f�h�g�l���Z�\�l�h�f�h�[�•�e�y�����A�Z�a�\�b�q�Z�c���i�j�b�c�f�Z�}�l�v�k�y��

�d�j�G  = 0,02. 

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

 
_

_
�k�l�j �Z�\�l�h

�k�l�j �Z�\�l�h
�j�•�d

� P � P
�<

L

��
� , (21) 

�^�_�� _�k�l�j �Z�\�l�h�P  �± �\�Z�j�l�•�k�l�v�� �k�l�j�Z�o�m�\�Z�g�g�y�� �l�j�Z�g�k�i�h�j�l�g�h��

�]�h���a�Z�k�h�[�m�����]�j�g���� �j�•�dL  �± �j�•�q�g�b�c���i�j�h�[�•�]���l�j�Z�g�k�i�h�j�l�g�h�]�h��

�a�Z�k�h�[�m�����d�f�� 
�H�[�h�\�
�y�a�d�h�\�_�� �k�l�j�Z�o�m�\�Z�g�g�y�� �\�h�^�•�€�\�� �\�•�^�� �g�_�s�Z�k�g�h�]�h��

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

 
_

_
�\ �k�l�j �\

�k�l�j �\
�j�•�d

n �P
�<

L

�˜
� , (22) 

�^�_�� _�k�l�j �\�P  �± �\�Z�j�l�•�k�l�v���k�l�j�Z�o�m�\�Z�g�g�y���\�h�^�•�€�\�����]�j�g���� �\n  �± 

�d�•�e�v�d�•�k�l�v���\�h�^�•�€�\�����s�h���i�j�Z�p�x�x�l�v�� 
�L�Z�d�b�f�� �q�b�g�h�f���� �k�m�f�Z�j�g�•�� �\�b�l�j�Z�l�b�� �g�Z�� �h�j�]�Z�g�•�a�Z�p�•�x��

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

 
. _

_ _ .
�Z�\�l�h �i �f �f �r �J�_�f �L�H

�Z�f �k�l�j �Z�\�l�h �k�l�j �\

�< �< �< �< �<

�< �< �<

� �� �� �� ��

�� �� ��
  (23) 

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

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

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

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

�g�Z�c�r�\�b�^�r�b�f�� �l�j�Z�g�k�i�h�j�l�h�f�� �m�� �k�\�•�l�•�� �g�Z�� �\�•�^�k�l�Z�g�y�o�� �^�h��
5 �d�f�� 

�± �a�Z�l�h�j�b�� �\�i�e�b�\�Z�x�l�v�� �g�Z�� �q�Z�k�� �^�h�k�l�Z�\�d�b �\�_�e�h�k�b�i�_��
� �̂h�f; 

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

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

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

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

�<�•�^�i�h�\�•�^�g�h�� �^�h�� �h�k�h�[�e�b�\�h�k�l�_�c�� �i�_�j�_�k�m�\�Z�g�g�y�� �\�_�e�h��
�k�b�i�_�^�h�f���h�[�‰�j�m�g�l�h�\�Z�g�h���d�e�x�q�h�\�•���i�j�b�g�p�b�i�b���i�e�Z�g�m�\�Z�g��
�g�y���\�_�e�h�k�b�i�_�^�g�h�€���f�_�j�_�`�•���^�h���y�d�b�o���g�Z�e�_�`�Z�l�v:  

�f�Z�d�k�b�f�Z�e�v�g�Z�� �i�j�y�f�h�e�•�g�•�c�g�•�k�l�v�� �r�e�y�o�•�\�� �i�j�h�e�y��
�]�Z�g�g�y���f�Z�j�r�j�m�l�m���� 

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

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

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

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

�^�b�k�l�•�\���m���[�_�a�i�h�k�_�j�_�^�g�•�c���[�e�b�a�v�d�h�k�l�•���^�h���h�[�¶�}�d�l�•�\���l�y�`�•�g��
�g�y; 

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

�F�h�`�g�Z�� �\�•�^�a�g�Z�q�b�l�b �h�k�g�h�\�g�•�� �d�Z�l�_�]�h�j�•�€�� �n�Z�d�l�h�j�•�\��
�\�b�[�h�j�m���r�e�y�o�m���j�m�o�m���� 

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

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

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

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

�l�Z�`�_�g�g�y�� ���g�Z�d�h�i�b�q�_�g�h�]�h�� �a�m�k�b�e�e�y���� �g�_�h�[�o�•�^�g�h�� �j�h�a�]�e�y��
�g�m�l�b�����y�d���\�•�^�[�m�\�Z�}�l�v�k�y���i�j�h�p�_�k���i�j�b�\�_�^�_�g�g�y���\�_�e�h�k�b�i�_�^�Z��
�\�� �j�m�o�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �n�•�a�b�q�g�h�€�� �k�b�e�b�� �e�x�^�b�g�b���� �I�h�l�m�`��
�g�•�k�l�v�����g�_�h�[�o�•�^�g�Z���^�e�y���j�m�o�m���g�Z���\�_�e�h�k�b�i�_�^�•�����}���n�m�g�d�p�•�}�x��
�h�i�h�j�m���i�h�\�•�l�j�y�����h�i�h�j�m���d�h�q�_�g�g�x�����•���k�o�b�e�h�\�b�o���k�b�e���h�i�h�j�m��
�•���f�h�`�_���\�b�j�Z�`�Z�l�b�k�v���j�•�\�g�y�g�g�y�f [7] 

 2[ ( ) ( )]w A w RN K V V m g s C V� �˜ �� �� �˜ �˜ �� � ,̃  (24) 

�^�_�� wN  �± �i�h�l�m�`�g�•�k�l�v�� �\�_�e�h�k�b�i�_�^�b�k�l�Z���� �<�l�� AK  �± �d�h�_��
�n�•�p�•�}�g�l�� �Z�_�j�h�^�b�g�Z�f�•�q�g�h�]�h�� �h�i�h�j�m���� �d�]���f�� V  �± �r�\�b�^��
�d�•�k�l�v�� �j�m�o�m�� �\�_�e�h�k�b�i�_�^�b�k�l�Z���� �f���k�� wV  �± �r�\�b�^�d�•�k�l�v�� �a�m��

�k�l�j�•�q�g�h�]�h���\�•�l�j�m�����f���k�� m �± �k�m�f�Z���f�Z�k�b���\�_�e�h�k�b�i�_�^�b�k�l�Z���•��
�\�_�e�h�k�b�i�_�^�Z�����d�]�� g  �± �i�j�b�k�d�h�j�_�g�g�y���k�b�e�b���l�y�`�•�g�g�y�����f���k2; 

s  �± �i�h�a�^�h�\�`�g�•�c�� �m�o�b�e�� �^�h�j�h�]�b���� ���� RC  �± �d�h�_�n�•�p�•�}�g�l 

�h�i�h�j�m���d�h�q�_�g�g�x�� 
�A�Z�a�g�Z�q�Z�}�l�v�k�y���� �s�h�� �r�\�b�^�d�•�k�l�v�� �a�m�k�l�j�•�q�g�h�]�h�� �\�•�l�j�m��

�a�Z�e�_�`�b�l�v�� �\�•�^�� �Z�[�k�h�e�x�l�g�h�€�� �r�\�b�^�d�h�k�l�•�� �l�Z�� �g�Z�i�j�y�f�m�� �\�•�l��
�j�m���� �r�\�b�^�d�h�k�l�•�� �l�Z�� �i�h�e�h�`�_�g�g�y�� �\�_�e�h�k�b�i�_�^�Z�� �i�h�� �\�•�^�g�h��
�r�_�g�g�x�� �^�h�� �g�Z�i�j�y�f�d�m�� �\�•�l�j�m���� �R�\�b�^�d�•�k�l�v�� �a�m�k�l�j�•�q�g�h�]�h��
�\�•�l�j�m���\���^�Z�g�h�f�m���^�h�k�e�•�^�`�_�g�g�• �\�b�d�e�x�q�_�g�h�����h�k�d�•�e�v�d�b���\�•�g��
�g�_���}���i�h�k�l�•�c�g�h�x���\�_�e�b�q�b�g�h�x�����:�_�j�h�^�b�g�Z�f�•�q�g�b�c���n�Z�d�l�h�j��
�h�i�h�j�m���� �a�Z�e�_�`�b�l�v�� �\�•�^�� �j�h�a�f�•�j�m�� �\�_�e�h�k�b�i�_�^�b�k�l�Z���� �c�h�]�h��
�i�h�e�h�`�_�g�g�y���g�Z���\�_�e�h�k�b�i�_�^�•�����h�^�y�]�m�����l�_�f�i�_�j�Z�l�m�j�b�����l�b�k�d�m��
�•���\�h�e�h�]�h�k�l�•���i�h�\�•�l�j�y�����>�e�y���f�•�k�v�d�h�]�h���\�_�e�h�k�b�i�_�^�b�k�l�Z�����s�h��
�a�^�•�c�k�g�x�}�� �Z�^�j�_�k�g�m�� �^�h�k�l�Z�\�d�m �d�h�_�n�•�p�•�}�g�l�� �Z�_�j�h�^�b�g�Z�f�•�q��
�g�h�]�h���h�i�h�j�m���j�_�d�h�f�_�g�^�h�\�Z�g�h���i�j�b�c�g�y�l�b ���������������A���m�j�Z�o�m��
�\�Z�g�g�y�f�� �p�v�h�]�h�� �j�•�\�g�y�g�g�y�� ��24���� �f�h�`�_�� �[�m�l�b�� �k�i�j�h�s�_�g�b�c��
�^�h���l�Z�d�h�]�h���\�b�]�e�y�^�m [7] 

 2[ ( )]w A RN K V m g s C V� �˜ �� �˜ �˜ �� � .̃   (25) 

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

maxwN N� �����l�h�^�•���\�b�j�Z�a����25�����f�Z�}���\�b�]�e�y�^ [7] 

 
�� ���� ��

max
2 ( ) 1 1

i
A i R C

N
V

K V m g s C K
� 

�˜ �� �˜ �� �˜ ��
.   (26) 

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

�L�h�^�•�� �n�•�a�b�q�g�Z�� �j�h�[�h�l�Z�� �\�_�e�h�k�b�i�_�^�b�k�l�Z�� �g�Z�� �^�•�e�y�g�p�•��
�f�_�j�_�`�•���f�h�`�g�Z���\�b�a�g�Z�q�b�l�b �y�d 

 in in iw N t�  � ˜.    (27) 

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

 j inW w� �¦ . (28) 

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

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

�Y�d�s�h�� �d�m�j�¶�}�j�� �d�h�j�b�k�l�m�}�l�v�k�y�� �f�•�k�v�d�b�f�� �i�Z�k�Z�`�b�j�k�v��
�d�b�f�� �l�j�Z�g�k�i�h�j�l�h�f���� �l�h�� �l�Z�d�h�`�� �\�i�e�b�\�Z�}�� �]�j�Z�n�•�d�� �j�m�o�m���i�Z��
�k�Z�`�b�j�k�v�d�h�]�h���l�j�Z�g�k�i�h�j�l�m���� 

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

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

�>�h�k�e�•�^�g�b�d�b�� �\�•�^�h�d�j�_�f�e�x�x�l�v�� �l�Z�d�•�� �i�h�d�Z�a�g�b�d�b��
�r�\�b�^�d�h�k�l�•���^�e�y���j�•�a�g�b�o���d�Z�l�_�]�h�j�•�c���e�x�^�_�c���>8]:  

�^�e�y�� �f�h�e�h�^�b�o�� �e�x�^�_�c�� �\�•�d�h�f�� �^�h ������ �j�h�d�•�\�� �± 
5 �d�f���]�h�^���� 

�^�e�y�� �q�h�e�h�\�•�d�•�\�� �± �������� �d�f���]�h�^���� �^�e�y�� �`�•�g�h�d�� �± 
3,7 �d�f���]�h�^���� 

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

�d�•�k�l�v�� �k�i�h�e�m�q�_�g�g�y�� �g�Z�� �l�j�Z�g�k�i�h�j�l�•�� �^�e�y�� �j�•�a�g�b�o�� �f�•�k�l�� �l�Z��
�j�•�a�g�b�o���\�b�^�•�\���l�j�Z�g�k�i�h�j�l�m�����2�€���f�_�`�•���f�•�k�l�y�l�v�k�y���\���^�•�Z�i�Z�a�h��
�g�•�� �\�•�^�� ������ �d�f���]�h�^�� �^�h�� ������ �d�f���]�h�^�� �a�Z�e�_�`�g�h�� �\�•�^�� �f�•�k�l�Z���� �]�h��
�^�b�g�b���^�h�[�b���l�Z���g�b�a�d�m���•�g�r�b�o���n�Z�d�l�h�j�•�\���>9]. 

�>�e�y�� �f�h�^�_�e�x�\�Z�g�g�y�� �k�b�k�l�_�f�b�� �Z�^�j�_�k�g�h�€�� �^�h�k�l�Z�\�d�b��
�\�b�d�h�j�b�k�l�Z�g�•�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �g�Z�c�[�•�e�v�r�h�€�� �j�h�a�^�j�•�[�g�h�€��
�l�h�j�]�•�\�_�e�v�g�h�€���f�_�j�_�`�•���\���M�d�j�Z�€�g�•�����P�y���m�d�j�Z�€�g�k�v�d�Z���f�_�j�_�`�Z��
�k�m�i�_�j�f�Z�j�d�_�l�•�\���}���g�Z�c�[�•�e�v�r�h�x���y�d���a�Z���l�h�\�Z�j�h�h�[�•�]�h�f�����l�Z�d��
�•�� �a�Z�� �q�b�k�e�h�f�� �l�h�j�]�h�\�_�e�v�g�b�o�� �l�h�q�h�d�� �A�� �i�h�q�Z�l�d�h�f�� �d�Z�j�Z�g��
�l�b�g�g�b�o���h�[�f�_�`�_�g�v�����d�h�f�i�Z�g�•�y���\�•�^�d�j�b�e�Z���i�_�j�r�b�c���\���d�j�Z�€��
�g�•���•�g�l�_�j�g�_�l-�f�Z�]�Z�a�b�g���i�h�\�g�h�]�h���p�b�d�e�m�����Z���h�l�`�_���•���i�b�l�Z�g�g�y��
�j�Z�p�•�h�g�Z�e�•�a�Z�p�•�€�� �Z�^�j�_�k�g�h�€�� �^�h�k�l�Z�\�d�b�� �•�� �\�b�d�e�b�d�Z�}�� �•�g�l�_�j�_�k����
�<�� �y�d�h�k�l�•�� �j�Z�c�h�g�m�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �\�a�y�l�Z�� �l�_�j�b�l�h�j�•�y��
�f�� �O�Z�j�d�h�\�Z���� �K�o�_�f�Z�� �j�Z�c�h�g�m�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �i�j�b�\�_�^�_��
�g�Z���g�Z���j�b�k. 1.  

�I�•�^�� �j�Z�c�h�g�h�f�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �k�e�•�^�� �j�h�a�m�f�•�l�b�� �l�_��
�j�b�l�h�j�•�x�����\ �f�_�`�Z�o���y�d�h�€���i�h�k�l�Z�q�Z�e�v�g�b�d���h�[�k�e�m�]�h�\�m�}���d�e�•��
�}�g�l�•�\�����N�h�j�f�Z���•���j�h�a�f�•�j���j�Z�c�h�g�m���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���j�•�a�g�•�� �•��
�a�Z�e�_�`�Z�l�v�� �\�•�^�� �l�Z�d�b�o�� �n�Z�d�l�h�j�•�\�� �y�d�� �f�•�k�p�_�a�g�Z�o�h�^�`�_�g�g�y��
�i�•�^�i�j�b�}�f�k�l�\�Z���� �o�Z�j�Z�d�l�_�j�m�� �i�j�h�i�h�g�h�\�Z�g�b�o�� �l�h�\�Z�j�•�\�� �Z�[�h��
�i�h�k�e�m�] [10].  

�A�\�b�q�Z�c�g�h���� �a�•�� �a�[�•�e�v�r�_�g�g�y�f�� �\�•�^�k�l�Z�g�•�� �f�•�`�� �f�•�k�p�_�f��
�j�h�a�l�Z�r�m�\�Z�g�g�y���\�•�^�i�j�Z�\�g�b�d�Z���•���h�^�_�j�`�m�\�Z�q�Z���a�[�•�e�v�r�m�}�l�v��
�k�y�� �\�Z�j�l�•�k�l�v�� �^�h�k�l�Z�\�d�b���� �L�Z�d���� �^�e�y�� �j�h�a�j�Z�o�m�g�d�m�� �\�Z�j�l�h�k�l�•��
�^�h�k�l�Z�\�d�b�� �i�h�� �O�Z�j�d�h�\�m���� �a�� �h�]�e�y�^�m�� �g�Z�� �a�g�Z�q�g�m�� �c�h�]�h�� �i�e�h��
�s�m���� �j�h�a�j�h�[�e�_�g�h�� �[�Z�]�Z�l�v�f�Z�� �d�h�f�i�Z�g�•�y�f�b�� �j�y�^�� �l�Z�j�b�n�g�b�o��
�a�h�g�� �•�� �^�e�y�� �^�h�k�l�Z�\�d�b�� �\�� �d�h�`�g�m�� �a�� �p�b�o�� �a�h�g�� �\�•�^�i�h�\�•�^�g�h��
�\�k�l�Z�g�h�\�e�x�}�l�v�k�y���k�\�•�c���l�Z�j�b�n���� 
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�J�b�k. 1. �K�o�_�f�Z���h�[�¶�}�d�l�m���^�h�k�e�•�^�`�_�g�g�y 

 
�M�� �d�h�`�g�h�€�� �k�e�m�`�[�b�� �^�h�k�l�Z�\�d�b�� �\�e�Z�k�g�b�c�� �i�h�^�•�e�� �g�Z��

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

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

�L�Z�d�b�f���q�b�g�h�f���\�b�a�g�Z�q�_�g�•���^�\�Z�� �i�h�d�Z�a�g�b�d�b���\�Z�j�l�h�k�l�•��
�h�j�]�Z�g�•�a�Z�p�•�€�� �Z�^�j�_�k�g�h�€�� �^�h�k�l�Z�\�d�b�� �j�•�a�g�b�f�b�� �k�i�h�k�h�[�Z�f�b��
�^�h�k�l�Z�\�d�b �± �a�f�•�g�g�•�� �l�Z���i�h�k�l�•�c�g�•���\�b�l�j�Z�l�b�����s�h���^�Z�}���a�f�h�]�m��
�h�p�•�g�b�l�b���_�n�_�d�l�b�\�g�•�k�l�v���l�h�]�h���q�b���•�g�r�h�]�h���k�i�h�k�h�[�m���a�^�•�c�k��
�g�_�g�g�y���Z�^�j�_�k�g�h�€���^�h�k�l�Z�\�d�b ���j�b�k. 2). 

 
�<�b�l�j�Z�l�b�����]�j�g�����f�•�k�� 

 
�K�i�h�k�h�[�b���^�h�k�l�Z�\�d�b 

 

�M�f�h�\�g�•���i�h�a�g�Z�q�_�g�g�y���� 

�J�b�k. 2. �A�Z�]�Z�e�v�g�•���\�b�l�j�Z�l�b�� 
�g�Z���h�j�]�Z�g�•�a�Z�p�•�x �Z�^�j�_�k�g�h�€���^�h�k�l�Z�\�d�b���a�Z���f�•�k�y�p�v 

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

�>�e�y�� �j�h�a�j�Z�o�m�g�d�m�� �\�b�l�j�Z�l�� �q�Z�k�m�� �\�_�e�h�k�b�i�_�^�h�f���� �f�h��
�i�_�^�h�f�� �l�Z�� �i�•�r�d�b�� �i�j�b�c�g�y�l�h �g�Z�k�l�m�i�g�•�� �a�g�Z�q�_�g�g�y�� �r�\�b�^��
�d�h�k�l�_�c:  

�k�_�j�_�^�g�y�� �r�\�b�^�d�•�k�l�v�� �\�_�e�h�k�b�i�_�^�m�� �\�� �f�•�k�l�•�� �± 
18 �d�f���]�h�^���� 

�k�_�j�_�^�g�y���r�\�b�^�d�•�k�l�v���f�h�i�_�^�m���\���f�•�k�l�•���± 25 �d�f���]�h�^���� 
�k�_�j�_�^�g�y�� �r�\�b�^�d�•�k�l�v�� �o�h�^�v�[�b�� �^�e�y�� �q�h�e�h�\�•�d�•�\�� �± 

4,5 �d�f���]�h�^���� 
�k�_�j�_�^�g�y���r�\�b�^�d�•�k�l�v���Z�\�l�h�f�h�[�•�e�y���± 40 �d�f���]�h�^�� 
�Q�Z�k�� �^�h�k�l�Z�\�d�b�� �\�_�e�h�k�b�i�_�^�h�f���� �f�h�i�_�^�h�f�� �l�Z�� �i�•�r�d�b��

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

�I�j�b�c�f�Z�}�l�v�k�y�� �^�h�i�m�s�_�g�g�y���� �s�h�� �h�^�b�g�� �\�_�e�h�k�b�i�_��
�^�b�k�l���� �\�h�^�•�c�� �f�h�i�_�^�Z�� �l�Z�� �d�m�j�¶�}�j���� �s�h�� �a�^�•�c�k�g�x�}�� �^�h�k�l�Z�\�d�m��
�i�•�r�d�b���� �a�Z�d�j�•�i�e�x�x�l�v�k�y�� �a�Z�� �d�h�g�d�j�_�l�g�h�x�� �l�h�j�]�•�\�_�e�v�g�h�x��
�l�h�q�d�h�x���� �a�� �y�d�h�€�� �[�m�^�_�� �a�^�•�c�k�g�_�g�h�� �^�h�k�l�Z�\�d�Z �a�Z�f�h�\�e�_�g�v 
���l�Z�[�e. 1). 

 
�L�Z�[�e�b�p�y��1  �± �J�_�a�m�e�v�l�Z�l�b���j�h�a�j�Z�o�m�g�d�•�\���\�b�l�j�Z�l���q�Z�k�m�� 

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

�K�i�h�k�•�[ 
�^�h�k�l�Z�\�d�b 

�<�b�l�j�Z�l�b���q�Z�k�m 
�g�Z���\�b�d�h�g�Z�g�g�y 

�a�Z�f�h�\�e�_�g�g�y�����o�\�� 

�K�h�[�•�\�Z�j�l�•�k�l�v��
�^�h�k�l�Z�\�d�b����
�]�j�g�����a�Z�f�� 

�:�\�l�h�f�h�[�•�e�_�f 10 82 

�F�h�i�_�^�h�f 38 26 

�<�_�e�h�k�b�i�_�^�h�f 39 24 

�I�•�r�d�b 51 23 
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�<�b�o�h�^�y�q�b�� �a�� �i�j�_�^�k�l�Z�\�e�_�g�b�o�� �j�h�a�j�Z�o�m�g�d�•�\�� �g�Z�c�f�_��
�g�r�m�� �k�h�[�•�\�Z�j�l�•�k�l�v�� �f�Z�}�� �i�•�r�Z�� �^�h�k�l�Z�\�d�Z���� �Z�e�_�� �i�j�b�� �\�b�[�h�j�•��
�k�i�h�k�h�[�m���Z�^�j�_�k�g�h�€�� �^�h�k�l�Z�\�d�b�� �k�e�•�^�� �\�j�Z�o�h�\�m�\�Z�l�b�� �\�b�f�h�]�b��
�d�e�•�}�g�l�Z�����Z���h�k�g�h�\�g�b�f�b���d�j�b�l�_�j�•�y�f�b���\�b�[�h�j�m���}���g�_���l�•�e�v�d�b��
�\�Z�j�l�•�k�l�v���� �Z�� �s�_�� �•�� �q�Z�k�� �^�h�k�l�Z�\�d�b���� �>�e�y�� �p�v�h�]�h�� �g�_�h�[�o�•�^�g�h��
�j�h�a�]�e�y�g�m�l�b�� �\�b�f�h�]�b�� �d�e�•�}�g�l�•�\�� �^�h�� �Z�^�j�_�k�g�h�€�� �^�h�k�l�Z�\�d�b��
�i�j�h�^�m�d�l�•�\���o�Z�j�q�m�\�Z�g�g�y�����i�j�h�j�Z�g�`�m�\�Z�l�b���h�k�g�h�\�g�•���d�j�b�l�_��
�j�•�€.  

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

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

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

�\�k�•�o�� �k�o�_�f�� �^�h�k�l�Z�\�d�b�� �[�m�^�_�� �h�^�g�Z�d�h�\�b�c���� �s�h�� �]�h�\�h�j�b�l�v����
�i�j�h���f�h�`�e�b�\�•�k�l�v���\�b�d�h�j�b�k�l�Z�g�g�y���[�m�^�v-�y�d�h�]�h �a���i�j�_�^�k�l�Z��
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An approach to selecting alternative methods 
of home-refill delivery 

Kateryna Kovtsur, Nazgul Eskozhanova 

Abst rac t .  The article considers alternative ways of making home-refill delivery, such as delivery by car, delivery by 
moped, bicycle and on foot by courier. The study identifies factors that influence the cost of delivery. For specific delivery condi-
tions, rational alternatives for home-refill delivery are proposed that will ensure cost effectiveness, environmental sustainability, 
and social compliance. Delivery costs and delivery time are proposed as an efficiency criterion. The presented results can be used 
by enterprises-providers of goods in which home-refill delivery is organized and implemented.  
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Development of a model of a deep neural network for assessing the state of the sea on the basis of the ship's motion 
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�\�b�a�g�Z�q�_�g�g�y���f�•�k�p�_�a�g�Z�o�h�^�`�_�g�g�y�����4�6���±���q�Z�k���\�•�^�]�m�d�m�����'�4 �±��
�q�Z�k�l�h�l�Z�� �i�h�f�b�e�h�d�����&�1�� �±�� �l�j�b�\�Z�e�•�k�l�v�� �j�h�[�h�l�b�����(�7�� �±�� �q�Z�k��
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�P�•�� �h�k�h�[�e�b�\�h�k�l�•�� �[�m�e�b�� �\�•�^�•�[�j�Z�g�•�� �g�Z�� �h�k�g�h�\�•�� �€�o�� �a�g�Z��
�q�_�g�g�y���^�e�y���i�j�h�]�g�h�a�m�\�Z�g�g�y���\�•�^�f�h�\���g�Z�\�•�]�Z�p�•�c�g�b�o���k�b�k�l�_�f��
�k�m�^�_�g�����<�h�g�b���[�m�e�b���h�[�j�Z�g�•���g�Z���h�k�g�h�\�•���Z�g�Z�e�•�a�m���^�Z�g�b�o���i�h��
�i�_�j�_�^�g�•�o�� �\�•�^�f�h�\�� �g�Z�\�•�]�Z�p�•�c�g�b�o�� �k�b�k�l�_�f�� �k�m�^�_�g���� �Z�� �l�Z�d�h�`��
�g�Z���h�k�g�h�\�•���_�d�k�i�_�j�l�g�h�€���^�m�f�d�b���� 

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

1. �G�Z�[�•�j�� �^�Z�g�b�o���& �^�•�e�b�l�v�k�y�� �g�Z�� �l�j�_�g�m�\�Z�e�v�g�b�c�� �g�Z��
�[�•�j���&�ç�å�Ô�Ü�á �•���l�_�k�l�h�\�b�c���g�Z�[�•�j���&�ç�Ø�æ�ç. 

2. �G�Z�� �l�j�_�g�m�\�Z�e�v�g�h�f�m�� �g�Z�[�h�j�• �&�ç�å�Ô�Ü�á �i�h�[�m�^�h�\�Z�g�h��
�f�h�^�_�e�v���\�b�i�Z�^�d�h�\�h�]�h���e�•�k�m. 

3. �<�b�i�Z�^�d�h�\�Z���f�h�^�_�e�v���e�•�k�m���\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y���^�e�y��
�i�j�h�]�g�h�a�m�\�Z�g�g�y���p�•�e�v�h�\�h�€���a�f�•�g�g�h�€���;  �^�e�y���l�_�k�l�m���&�ç�Ø�æ�ç. 

4. �L�h�q�g�•�k�l�v���f�h�^�_�e�•���h�p�•�g�x�}�l�v�k�y���g�Z���l�_�k�l�h�\�h�f�m���g�Z��
�[�h�j�•���&�ç�Ø�æ�ç. 

 
�J�b�k. 1. �M�a�Z�]�Z�e�v�g�_�g�Z���k�l�j�m�d�l�m�j�Z���f�_�l�h�^�m���i�h�[�m�^�h�\�b���f�h�^�_�e�•��

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

 
�F�h�^�_�e�v���\�b�i�Z�^�d�h�\�h�]�h���e�•�k�m���[�m�^�m�}�l�v�k�y���r�e�y�o�h�f��

�i�h�[�m�^�h�\�b�� �^�_�j�_�\�� �j�•�r�_�g�v�� �g�Z�� �i�•�^�\�b�[�•�j�d�Z�o�� �g�Z�\�q�Z�e�v�g�h�€��
�f�g�h�`�b�g�b���&�ç�å�Ô�Ü�á. �D�h�`�g�_�� �^�_�j�_�\�h�� �j�•�r�_�g�v�� �[�m�^�m�}�l�v�k�y�� �g�Z��
�\�b�i�Z�^�d�h�\�•�c���i�•�^�\�b�[�•�j�p�•���h�a�g�Z�d���a���f�g�h�`�b�g�b �/ . �I�h�l�•�f���j�_��
�a�m�e�v�l�Z�l�b���\�k�•�o���^�_�j�_�\���j�•�r�_�g�v���h�[�
�}�^�g�m�x�l�v�k�y�����s�h�[���h�l�j�b��
�f�Z�l�b���h�k�l�Z�l�h�q�g�b�c���i�j�h�]�g�h�a�����j�b�k�� 2). 

 

 
�J�b�k. 2. �=�j�Z�n�•�q�g�_���i�j�_�^�k�l�Z�\�e�_�g�g�y���f�h�^�_�e�•���\�b�i�Z�^�d�h�\�h�]�h���e�•�k�m 
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�i�Z�^�d�h�\�h�€���f�h�^�_�e�•���e�•�k�m���g�Z���l�_�k�l�h�\�•�c���f�g�h�`�b�g�•���&�ç�Ø�æ�ç �\�b�]�e�y��
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�2�����0�D�U�D�Q�R�Y�� 

Abst rac t .  �7�K�H���S�X�U�S�R�V�H���R�I���W�K�L�V���D�U�W�L�F�O�H���L�V���W�R���G�H�Y�H�O�R�S���D���P�H�W�K�R�G���I�R�U���X�V�L�Q�J���U�D�Q�G�R�P���I�R�U�H�V�W���W�R���S�U�H�G�L�F�W���I�D�L�O�X�U�H�V���R�I���V�K�L�S���Q�D�Y�L�J�D�W�L�R�Q��
�V�\�V�W�H�P�V���Z�L�W�K���D���K�L�J�K���G�H�J�U�H�H���R�I���D�F�F�X�U�D�F�\���W�R���L�P�S�U�R�Y�H���V�D�I�H�W�\���D�W���V�H�D�����6�K�L�S���Q�D�Y�L�J�D�W�L�R�Q���V�\�V�W�H�P�V���S�O�D�\���D�Q���L�P�S�R�U�W�D�Q�W���U�R�O�H���L�Q���P�D�U�L�W�L�P�H���V�D�I�H�W�\����
�7�K�H�\���S�U�R�Y�L�G�H���V�K�L�S���F�D�S�W�D�L�Q�V���Z�L�W�K���L�Q�I�R�U�P�D�W�L�R�Q���D�E�R�X�W���W�K�H�L�U���O�R�F�D�W�L�R�Q�����Z�H�D�W�K�H�U�����D�Q�G���R�W�K�H�U���F�R�Q�G�L�W�L�R�Q�V���W�K�D�W���P�D�\���D�I�I�H�F�W���W�K�H���V�D�I�H�W�\���R�I���W�K�H��
�Y�H�V�V�H�O���� �+�R�Z�H�Y�H�U�����W�K�H���Q�D�Y�L�J�D�W�L�R�Q���V�\�V�W�H�P�V���R�I�� �V�K�L�S�V���D�U�H���D�O�V�R���S�U�R�Q�H���W�R���I�D�L�O�X�U�H�V���� �(�U�U�R�U�V���L�Q���Q�D�Y�L�J�D�W�L�R�Q���V�\�V�W�H�P�V���F�D�Q���O�H�D�G���W�R���F�R�O�O�L�V�L�R�Q�V����
�I�O�R�R�G�L�Q�J���D�Q�G���R�W�K�H�U���G�D�Q�J�H�U�R�X�V���V�L�W�X�D�W�L�R�Q�V�����7�K�H���D�U�W�L�F�O�H���S�U�R�S�R�V�H�V���W�R���X�V�H���W�K�H���U�D�Q�G�R�P���I�R�U�H�V�W���D�O�J�R�U�L�W�K�P���W�R���S�U�H�G�L�F�W���I�D�L�O�X�U�H�V���R�I���V�K�L�S���Q�D�Y�L�J�D��
�W�L�R�Q�� �V�\�V�W�H�P�V�����$�� �U�D�Q�G�R�P�� �I�R�U�H�V�W�� �D�O�J�R�U�L�W�K�P�� �L�V�� �D�� �P�D�F�K�L�Q�H�� �O�H�D�U�Q�L�Q�J�� �W�H�F�K�Q�L�T�X�H�� �W�K�D�W�� �F�D�Q���E�H�� �X�V�H�G�� �W�R���E�X�L�O�G�� �P�R�G�H�O�V�� �W�K�D�W�� �F�D�Q�� �S�U�H�G�L�F�W�� �W�K�H��
�S�U�R�E�D�E�L�O�L�W�\�� �R�I�� �D�Q�� �H�Y�H�Q�W���� �,�Q�� �W�K�L�V�� �F�D�V�H���� �W�K�H�� �H�Y�H�Q�W�� �L�V�� �W�K�H�� �I�D�L�O�X�U�H�� �R�I�� �W�K�H�� �Q�D�Y�L�J�D�W�L�R�Q�� �V�\�V�W�H�P���� �7�K�H�� �U�D�Q�G�R�P�� �I�R�U�H�V�W�� �D�O�J�R�U�L�W�K�P�� �Z�R�U�N�V�� �E�\��
�F�R�Q�V�W�U�X�F�W�L�Q�J���D���V�H�U�L�H�V���R�I���G�H�F�L�V�L�R�Q���W�U�H�H�V�����(�D�F�K���G�H�F�L�V�L�R�Q���W�U�H�H���L�V���E�X�L�O�W���R�Q���D���V�X�E�V�D�P�S�O�H���R�I���G�D�W�D�����6�X�E�V�D�P�S�O�L�Q�J���R�I���G�D�W�D���L�V���G�R�Q�H���U�D�Q�G�R�P�O�\����
�7�K�H���D�O�J�R�U�L�W�K�P���W�K�H�Q���F�R�P�E�L�Q�H�V���W�K�H���S�U�H�G�L�F�W�L�R�Q�V���R�I���D�O�O���G�H�F�L�V�L�R�Q���W�U�H�H�V���W�R���S�U�R�G�X�F�H���W�K�H���I�L�Q�D�O���S�U�H�G�L�F�W�L�R�Q�����7�K�H���D�U�W�L�F�O�H���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W���W�K�H��
�U�D�Q�G�R�P���I�R�U�H�V�W���D�O�J�R�U�L�W�K�P���F�D�Q���E�H���X�V�H�G���W�R���S�U�H�G�L�F�W���I�D�L�O�X�U�H�V���R�I���V�K�L�S���Q�D�Y�L�J�D�W�L�R�Q���V�\�V�W�H�P�V���Z�L�W�K���D���K�L�J�K���G�H�J�U�H�H���R�I���D�F�F�X�U�D�F�\�����$���G�D�W�D�V�H�W���R�I��
�����������U�H�F�R�U�G�V���Z�D�V���X�V�H�G�����7�K�H���G�D�W�D�V�H�W���F�R�Q�W�D�L�Q�H�G���G�D�W�D���I�U�R�P���W�K�H���V�H�Q�V�R�U�V�����D�V���Z�H�O�O���D�V���D���O�D�E�H�O���W�K�D�W���L�Q�G�L�F�D�W�H�G���Z�K�H�W�K�H�U���W�K�H���Q�D�Y�L�J�D�W�L�R�Q���V�\�V�W�H�P��
�Z�D�V���K�H�D�O�W�K�\���D�W���W�K�D�W���S�R�L�Q�W���L�Q���W�L�P�H�����7�K�H���P�R�G�H�O���Z�D�V���W�U�D�L�Q�H�G���R�Q�����������R�I���W�K�H���G�D�W�D�V�H�W�����D�Q�G�����������R�I���W�K�H���G�D�W�D�V�H�W���Z�D�V���X�V�H�G���W�R���W�H�V�W���W�K�H���D�F�F�X�U�D�F�\��
�R�I���W�K�H���P�R�G�H�O�����7�K�H���D�F�F�X�U�D�F�\���R�I���W�K�H���P�R�G�H�O���R�Q���W�K�H���W�H�V�W���V�H�W���Z�D�V�������������7�K�X�V�����W�K�H���U�H�V�X�O�W�V���V�K�R�Z���W�K�D�W���W�K�H���U�D�Q�G�R�P���I�R�U�H�V�W���D�O�J�R�U�L�W�K�P���F�D�Q���E�H��
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�g�y�����y�d���i�h�d�Z�a�Z�g�h���m [7�±11]. 

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

�<�b�d�h�j�b�k�l�Z�g�g�y�� �=�:�� �i�j�b�� �k�b�g�l�_�a�•�� �g�_�c�j�h�g�g�h�]�h�� �j�_��
�]�m�e�y�l�h�j�Z�� ���G�J���� �i�_�j�_�^�[�Z�q�Z�}���� �s�h�� �d�h�`�g�h�f�m�� �\�Z�j�•�Z�g�l�m��
�i�Z�j�Z�f�_�l�j�•�\���G�J���\�•�^�i�h�\�•�^�Z�}���k�\�h�y���o�j�h�f�h�k�h�f�Z�����>�e�y���h�p�•�g��
�d�b�� �\�•�^�g�h�k�g�h�€�� �i�j�b�^�Z�l�g�h�k�l�• i-�€�� �o�j�h�f�h�k�h�f�b�� �g�_�h�[�o�•�^�g�h��
�a�g�Z�l�b���� �y�d�b�c�� �i�_�j�_�o�•�^�g�b�c�� �i�j�h�p�_�k��Xi(t) �€�c�� �\�•�^�i�h�\�•�^�Z�}����
�I�j�b�� �a�\�b�q�Z�c�g�h�f�m�� �j�h�a�f�•�j�•�� �i�h�i�m�e�y�p�•�€�� �\�� �k�h�l�g�•�� �•�� �l�b�k�y�q�•��
�o�j�h�f�h�k�h�f�� �i�h�l�j�•�[�g�Z�� �^�m�`�_�� �\�_�e�b�d�Z�� �d�•�e�v�d�•�k�l�v�� �_�d�k�i�_�j�b��
�f�_�g�l�•�\���� �s�h�� �j�h�[�b�l�v�� �g�_�h�[�o�•�^�g�b�f�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �•�f�•�l�Z��
�p�•�c�g�h�€���f�h�^�_�e�•���h�[�
�}�d�l�Z�����I�j�b���p�v�h�f�m���\�b�g�b�d�Z�}���^�\�•���a�Z�^�Z�q�•: 

1) �•�f�•�l�Z�p�•�c�g�Z�� �f�h�^�_�e�v�� �f�Z�}�� �[�m�l�b�� �^�h�k�b�l�v�� �r�\�b�^��
�d�h�x���� �•�g�Z�d�r�_�� �[�j�Z�d�� �h�[�q�b�k�e�x�\�Z�e�v�g�b�o�� �j�_�k�m�j�k�•�\�� �^�b�k�d�j�_��
�^�b�l�m�}���\�b�d�h�j�b�k�l�Z�g�g�y���=�:�� 

2) �i�j�b�� �j�h�a�j�Z�o�m�g�d�m�� �\�•�^�g�h�k�g�h�€�� �i�j�b�^�Z�l�g�h�k�l�• �o�j�h��
�f�h�k�h�f�� �k�e�•�^�� �\�j�Z�o�h�\�m�\�Z�l�b�� �g�_�f�b�g�m�q�m���g�_�i�h�\�g�m���g�_�\�•�^�i�h��
�\�•�^�g�•�k�l�v���•�f�•�l�Z�p�•�c�g�h�€���f�h�^�_�e�•���l�Z���h�[�
�}�d�l�Z�� 

�‹�������/�\�k�•�g�Z���G�����H�������D�Z�q�Z�g�h�\���I�����H�������L�Z�j�Z�k�_�g�d�h���F�����<��, 2023 
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�L�Z�d�• �a�Z�^�Z�q�• �\�a�Z�}�f�h�i�h�\�
�y�a�Z�g�•���� �l�h�f�m�� �s�h, �q�b�f�� �l�h�q��
�g�•�r�_�� �h�i�b�k�� �h�[�
�}�d�l�Z���� �l�b�f�� �f�_�g�r�Z�� �r�\�b�^�d�h�^�•�y�� �f�h�^�_�e�•�� �•��
�g�Z�\�i�Z�d�b�����I�j�h�[�e�_�f�Z���g�_�i�h�\�g�h�€���\�•�^�i�h�\�•�^�g�h�k�l�•���h�[�
�}�d�l�Z���l�Z��
�f�h�^�_�e�•�� �\�b�g�b�d�Z�l�b�f�_���� �i�j�b�j�h�^�g�h���� �•�� �i�j�b�� �d�_�j�m�\�Z�g�g�• �\�� �j�_��
�Z�e�v�g�h�f�m���f�Z�k�r�l�Z�[�•���q�Z�k�m.  

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

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

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

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

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

�:�e�]�h�j�b�l�f���k�b�g�l�_�a�m���f�Z�l�_�f�Z�l�b�q�g�h�€�� 
�f�h�^�_�e�•���g�_�c�j�h-�g�_�q�•�l�d�h�]�h���j�_�]�m�e�y�l�h�j�Z 

�a���g�Z�e�Z�r�l�m�\�Z�g�g�y�f���]�_�g�_�l�b�q�g�h�]�h���Z�e�]�h�j�b�l�f�m 

�D�j�h�d 1. �I�h�[�m�^�h�\�Z���f�Z�l�_�f�Z�l�b�q�g�h�€���f�h�^�_�e�•�� �h�[�¶�}�d�l�m��
�d�_�j�m�\�Z�g�g�y �l�Z�� �\�b�j�•�r�_�g�g�y �a�Z�^�Z�q�•�� �k�b�g�l�_�a�m�� �j�_�]�m�e�y�l�h�j�Z��
�d�e�Z�k�b�q�g�b�f�� �f�_�l�h�^�h�f�����I�h�i�_�j�_�^�g�v�h���g�_�h�[�o�•�^�g�h���\�b�[�j�Z�l�b��
�k�l�j�m�d�l�m�j�m�� �j�_�]�m�e�y�l�h�j�Z�� ���I-���� �I�1-, �I�1�>-�j�_�]�m�e�y�l�h�j�b �l�Z��
�•�g���������Z���^�Z�e�•���j�h�a�j�Z�o�m�\�Z�l�b���q�b���i�•�^�•�[�j�Z�l�b���c�h�]�h���d�h�_�n�•�p�•�}�g��
�l�b�� 

�D�j�h�d 2. �I�j�h�\�_�^�_�g�g�y�� �l�_�k�l�m�\�Z�g�g�y�� �i�h�[�m�^�h�\�Z�g�h�€��
�k�b�k�l�_�f�b�� ���d�j�h�d ������ �m�� �^�•�Z�i�Z�a�h�g�•�� �f�h�`�e�b�\�b�o�� �j�_�`�b�f�•�\�� �j�h��
�[�h�l�b�� �l�Z�� �i�•�^�l�\�_�j�^�`�_�g�g�y�� �k�l�•�c�d�h�k�l�•���� �H�l�j�b�f�Z�g�g�y�� �g�Z�\��
�q�Z�e�v�g�h�€�� �\�b�[�•�j�d�b�� �\�b�d�h�g�Z�g�g�y�� �i�j�h�p�_�^�m�j�b�� �k�b�g�l�_�a�m�� �g�_�q�•��
�l�d�h�]�h���j�_�]�m�e�y�l�h�j�Z�� 

�D�j�h�d 3. �M�o�\�Z�e�_�g�g�y���j�•�r�_�g�g�y���i�j�h���k�l�j�m�d�l�m�j�m���g�_�q�•��
�l�d�h�]�h���j�_�]�m�e�y�l�h�j�Z ���m���g�Z�c�i�j�h�k�l�•�r�h�f�m���\�b�i�Z�^�d�m���p�_���[�m�^�_��
�k�l�j�m�d�l�m�j�Z �h�^�b�g���\�o�•�^���± �h�^�b�g���\�b�o�•�^�������A�^�•�c�k�g�_�g�g�y���\�b�[�h��
�j�m���e�•�g�]�\�•�k�l�b�q�g�h�]�h���h�i�b�k�m���^�e�y���\�o�•�^�g�h�]�h 

���\�o�•�^�g�b�o���� �l�Z�� �\�b�o�•�^�g�b�c�� �a�f�•�g�g�b�o �g�_�q�•�l�d�h�]�h�� �j�_�]�m��
�e�y�l�h�j�Z ���n�Z�a�a�•�n�•�d�Z�p�•�y�� �>3�@������ �M�� �[�e�h�p�•�� �©�n�Z�a�a�•�n�•�d�Z�p�•�y�ª��
�f�•�k�l�b�l�v�k�y�� �g�_�q�•�l�d�b�c�� �h�i�b�k�� �\�o�•�^�g�h�]�h�� �� �l�Z�� �\�b�o�•�^�g�h�]�h�� �i�Z��
�j�Z�f�_�l�j�Z�� �m�� �\�b�]�e�y�^�•�� �l�_�j�f-�f�g�h�`�b�g�b�� �e�•�g�]�\�•�k�l�b�q�g�b�o��
�a�f�•�g�g�b�o���� �D�•�e�v�d�•�k�l�v�� �l�_�j�f�•�\ �\�b�a�g�Z�q�Z�}�l�v�k�y�� �_�d�k�i�_�j�l�h�f��
�\�b�o�h�^�y�q�b���a���h�k�h�[�e�b�\�h�k�l�_�c���j�h�a�\�
�y�a�Z�g�g�y���a�Z�^�Z�q�•�� 

�D�j�h�d 4���� �G�Z�� �i�•�^�k�l�Z�\�•�� �^�Z�g�b�o�� �g�Z�\�q�Z�e�v�g�h�€�� �\�b�[�•�j�d�b��
�k�d�e�Z�^�Z�x�l�v�k�y�� �k�o�_�f�b�� �e�h�]�•�q�g�b�o�� �\�b�k�g�h�\�d�•�\�� �m�� �g�_�q�•�l�d�•�c��
�[�Z�a�•�� �i�j�Z�\�b�e�� �\�•�^�i�h�\�•�^�g�h�� �^�h�� �e�•�g�]�\�•�k�l�b�q�g�h�]�h�� �h�i�b�k�m�� �g�Z��
�d�j�h�p�• 3.  

�D�j�h�d 5. �<�b�[�•�j�� �\�b�^�m�� �^�_�n�Z�a�a�•�n�•�d�Z�p�•�€ �j�_�a�m�e�v�l�Z�l�m��

�g�_�q�•�l�d�h�]�h���\�b�k�g�h�\�d�m�����G�Z�c�[�•�e�v�r���q�Z�k�l�h 
�\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y���f�_�l�h�^���p�_�g�l�j�m���l�y�`�d�h�k�l�•���>3]. 
�D�j�h�d 6. �I�j�h�\�_�^�_�g�g�y�� �l�_�k�l�m�\�Z�g�g�y�� �k�b�k�l�_�f�b�� �a�� �G�J����

�G�Z�^�Z�}�l�v�k�y���\�b�k�g�h�\�h�d���i�j�h���k�l�•�c�d�•�k�l�v�� 
�D�j�h�d 7���� �J�h�a�j�h�[�d�Z�� �=�:�� �^�e�y�� �g�Z�e�Z�r�l�m�\�Z�g�g�y�� �i�Z�j�Z��

�f�_�l�j�•�\�� �g�_�q�•�l�d�h�]�h�� �j�_�]�m�e�y�l�h�j�Z �m�� �j�Z�f�d�Z�o�� �k�l�Z�g�^�Z�j�l�g�h�]�h��
�i�j�h�p�_�k�m���h�l�j�b�f�Z�g�g�y���h�i�l�b�f�Z�e�v�g�h�]�h���j�•�r�_�g�g�y���>3]: 

�������n�h�j�f�m�\�Z�g�g�y���i�h�q�Z�l�d�h�\�h�€���i�h�i�m�e�y�p�•�€�� 
�������i�h�y�\�Z���i�h�l�h�q�g�h�€���i�h�i�m�e�y�p�•�€�� 
�������j�h�[�h�l�Z���]�_�g�_�l�b�q�g�b�o���h�i�_�j�Z�l�h�j�•�\�� 
�������i�h�y�\�Z���g�h�\�b�o���o�j�h�f�h�k�h�f�����i�_�j�_�o�•�^ �^�h���d�j�h�d�m��2); 
�������i�_�j�_�\�•�j�d�Z���m�f�h�\�b���a�m�i�b�g�d�b�� 
�������a�m�i�b�g�d�Z���_�\�h�e�x�p�•�€�� 
�������h�i�l�b�f�Z�e�v�g�_���j�•�r�_�g�g�y�� 
�N�h�j�f�m�\�Z�g�g�y�� �i�h�q�Z�l�d�h�\�h�€�� �i�h�i�m�e�y�p�•�€�� �\�b�d�h�g�m�}�l�v�k�y��

�g�Z�� �d�j�h�p�• 3 �± �f�_�`�•�� �l�_�j�f�•�\�� �\�o�•�^�g�b�o�� �l�Z�� �\�b�o�•�^�g�b�o�� �a�f�•�g��
�g�b�o�� 

�D�j�h�d 8. �I�j�h�\�_�^�_�g�g�y�� �l�_�k�l�m�\�Z�g�g�y�� �=�:�� �g�Z�e�Z�r�l�m��
�\�Z�g�g�y�� �i�Z�j�Z�f�_�l�j�•�\�� �g�_�q�•�l�d�h�]�h�� �j�_�]�m�e�y�l�h�j�Z ���d�h�j�^�h�g�•�\��
�l�_�j�f�•�\������ �>�e�y�� �p�v�h�]�h�� �\�b�[�b�j�Z�}�l�v�k�y�� �l�_�k�l�h�\�_�� �d�_�j�m�\�Z�g�g�y 
u(t) �g�Z�� �\�o�h�^�•�� �k�b�k�l�_�f�b�� �l�Z�� �\�b�d�h�g�m�}�l�v�k�y�� �g�Z�e�Z�r�l�m�\�Z�g�g�y��
�i�Z�j�Z�f�_�l�j�•�\�� �G�J�� �\�•�^�i�h�\�•�^�g�h�� �^�h �\�k�l�Z�g�h�\�e�_�g�b�o�� �g�Z�� �d�j�h�p�• 
���� �a�g�Z�q�_�g�v�� �f�_�`�� �m�� �a�Z�^�Z�g�b�o�� �^�•�Z�i�Z�a�h�g�Z�o�� �€�o�� �\�Z�j�•�Z�p�•�c���� �J�_��
�a�m�e�v�l�Z�l���l�_�k�l�m�\�Z�g�g�y���f�Z�}���i�h�d�Z�a�Z�l�b���d�h�j�_�d�l�g�•�k�l�v���j�h�[�h�l�b��
�=�:���� �l�h�[�l�h�� �i�h�k�e�•�^�h�\�g�_�� �g�Z�[�e�b�`�_�g�g�y�� �^�h�� �j�Z�p�•�h�g�Z�e�v�g�h�]�h��
�j�•�r�_�g�g�y��- �g�Z�[�h�j�m���i�Z�j�Z�f�_�l�j�•�\���G�J�� 

�D�j�h�d 9. �G�Z�e�Z�r�l�m�\�Z�g�g�y���i�Z�j�Z�f�_�l�j�•�\���g�_�q�•�l�d�h�]�h���j�_��
�]�m�e�y�l�h�j�Z �a�Z�� �^�h�i�h�f�h�]�h�x�� �=�:�� �^�e�y�� �a�Z�^�Z�g�h�]�h�� �\�b�^�m�� �\�o�•�^��
�g�h�€���^�•�€��u(t). 

�D�j�h�d 10. �<�\�_�^�_�g�g�y���\���g�_�q�•�l�d�b�c �j�_�]�m�e�y�l�h�j �h�^�g�h�]�h��
�n�h�j�f�Z�e�v�g�h�]�h�� �g�_�c�j�h�g�Z���� �s�h�� �^�h�a�\�h�e�y�}�� �i�j�b�� �i�h�[�m�^�h�\�•��
�j�_�a�m�e�v�l�Z�l�m�� �j�_�a�m�e�v�l�m�x�q�h�]�h�� �a�Z�^�Z�\�Z�l�b�� �\�Z�]�m�� �d�h�`�g�h�]�h��
�i�j�Z�\�b�e�Z�����<�g�Z�k�e�•�^�h�d���p�v�h�]�h���a�
�y�\�e�y�}�l�v�k�y���k�l�j�m�d�l�m�j�Z���g�_�c��
�j�h-�g�_�q�•�l�d�h�]�h���j�_�]�m�e�y�l�h�j�Z. 

�D�j�h�d 11. �L�_�k�l�m�\�Z�g�g�y���g�_�c�j�h-�g�_�q�•�l�d�h�]�h���j�_�]�m�e�y�l�h��
�j�Z �i�j�b�� �h�^�b�g�b�q�g�b�o�� �\�Z�]�Z�o�� �i�j�Z�\�b�e���� �Y�d�s�h�� �j�_�a�m�e�v�l�Z�l�b��
�l�_�k�l�m�\�Z�g�g�y���a�[�•�]�Z�x�l�v�k�y���a���j�_�a�m�e�v�l�Z�l�h�f���d�j�h�d�m �������l�h���i�•�^��
�[�b�j�Z�x�l�v�k�y�� �\�� �•�g�l�_�j�\�Z�e�•�� �\�•�^�� ���� �^�h�� ���� �l�Z�d�b�f�� �q�b�g�h�f���� �s�h�[��
�a�Z�� �d�j�b�l�_�j�•�}�f�� �������� �j�_�a�m�e�v�l�Z�l�� �j�h�[�h�l�b�� �k�b�k�l�_�f�b�� �d�_�j�m�\�Z�g��
�g�y �^�e�y�� �a�Z�^�Z�g�h�]�h�� �\�b�^�m�� �\�o�•�^�g�h�]�h�� �\�i�e�b�\�m��u(t) �\�b�y�\�b�\�k�y��
�d�j�Z�s�b�f���� �g�•�`�� �g�Z�� �d�j�h�p�• ������ �Z�[�h�� �j�h�[�b�l�v�k�y�� �\�b�k�g�h�\�h�d�� �i�j�h��
�g�_�f�h�`�e�b�\�•�k�l�v�� �i�h�^�Z�e�v�r�h�]�h�� �i�h�d�j�Z�s�_�g�g�y�� �y�d�h�k�l�•�� �j�h�[�h��
�l�b���k�b�k�l�_�f�b���d�_�j�m�\�Z�g�g�y. 

�J�h�a�\�
�y�a�Z�g�g�y���a�Z�^�Z�q�•���k�b�g�l�_�a�m���f�Z�l�_�f�Z�l�b�q�g�h�€ 
�f�h�^�_�e�•���g�_�c�j�h-�g�_�q�•�l�d�h�]�h���j�_�]�m�e�y�l�h�j�Z  

�a���g�Z�e�Z�r�l�m�\�Z�g�g�y�f���]�_�g�_�l�b�q�g�h�]�h���Z�e�]�h�j�b�l�f�m 

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

�¿e(k) = e(k) �í  e(�N���í1)  

�Z�[�h���r�\�b�^�d�•�k�l�v�� 

�oe(k) = �¿e(k)/���¿t  

�l�Z���h�^�b�g���\�b�o�•�^��u(k�����í���d�_�j�m�\�Z�g�g�y �\���f�h�f�_�g�l�b���q�Z�k�m�� 

k�¿t, k � ���������������«����N, 

�^�_���¿�W���í���r�Z�]���^�b�k�d�j�_�l�b�a�Z�p�•�€�� 
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  �Z��������                                                             �[��                                                       �\ 

�J�b�k�� 1. �L�j�b�d�m�l�g�Z�����Z�����•���k�b�g�]�e�_�l�h�g�h�\�•�����[), (�\�����n�m�g�d�p�•�€���i�j�b�g�Z�e�_�`�g�h�k�l�• 
 

�>�•�c�k�g�•�� �a�g�Z�q�_�g�g�y�� �\�o�h�^�•�\�� e, �o�_��  �a�Z�� �^�h�i�h�f�h�]�h�x��
�d�h�_�n�•�p�•�}�g�l�•�\ Ke, �™�¿�Ø, �i�_�j�_�l�\�h�j�y�l�v�k�y�� �\�� �g�h�j�f�Z�e�•�a�h�\�Z�g�•��
�²�á �o�²�����Ð [�í1, 1].  �P�_�g�l�j�Z�e�v�g�b�f�� �_�e�_�f�_�g�l�h�f�� �g�_�q�•�l�d�h�]�h��

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

 
�J�b�k�������� �K�o�_�f�Z���g�_�q�•�l�d�h�]�h���I�>��- �j�_�]�m�e�y�l�h�j�Z 

 
�D�h�_�n�•�p�•�}�g�l�b��K�_, K�û�_ �•��Ku �g�_�q�•�l�d�h�]�h�� �I�>-

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

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

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

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

�G�_�q�•�l�d�b�c�� �h�i�_�j�Z�l�h�j�� �f�•�k�l�b�l�v�� ���� �Z�[�h�� ���� �i�j�Z�\�b�e����
�h�l�j�b�f�Z�g�b�o���i�j�b���a�Z�f�•�g�•���û�€ �i�b �g�Z�����€���i�^��: 

  

�4�ž�“
�5 �ã �â�Í�Ü�Ñ���²���æ���0�á �o�²���æ���0�á �Õ�Ñ�Ç�ê���ð�Ò�Ç���æ���0�â 

�4�ž�“
�6 �ã �â�Í�Ü�Ñ���²���æ���0�á �o�²���æ�2�á �Õ�Ñ�Ç�ê���ð�Ò�Ç���æ���<�â 

�����4�ž�“
�7 �ã �â�Í�Ü�Ñ���²���æ���2�á �o�²���æ���0�á �Õ�Ñ�Ç�ê���ð�Ò�Ç���æ���<�â����������     (1) 

�4�ž�“
�8 �ã �â�Í�Ü�Ñ���²���æ���0�á �o�²���æ���2�á �Õ�Ñ�Ç�ê���ð�Ò�Ç���æ���2�â 

 

�������4�ž�“
�5 �ã �â�Í�Ü�Ñ���²���æ���0�á �o�²���æ���0�á �Õ�Ñ�Ç�ê���ð�Ò�Ç���æ���0�$�â 

�4�ž�“
�6 �ã �â�Í�Ü�Ñ���²���æ�0�á �o�²���æ���<�á �Õ�Ñ�Ç�ê���ð�Ò�Ç���æ���0�/ �â 

�4�ž�“
�7 �ã �â�Í�Ü�Ñ���²���æ�0�á �o�²���æ�2�á �Õ�Ñ�Ç�ê���ð�Ò�Ç���æ���<�'�â 

�4�ž�“
�8 �ã �â�Í�Ü�Ñ���²���æ���<�á �o�²���æ���0�á �Õ�Ñ�Ç�ê���ð�Ò�Ç���æ���0�/ �â 
�4�ž�“

�9 �ã �â�Í�Ü�Ñ���²���æ�<�á �o�²���æ���<�á �Õ�Ñ�Ç�ê���ð�Ò�Ç�æ���<�'�â�������������� �:�t�; 
�4�ž�“

�: �ã �â�Í�Ü�Ñ���²���æ���<�á �o�²���æ���2�á �Õ�Ñ�Ç�ê���ð�Ò�Ç���æ���2�/ �â 
�4�ž�“

�; �ã �â�Í�Ü�Ñ���²���æ�2�á �o�²���æ���0�á �Õ�Ñ�Ç�ê���ð�Ò�Ç���æ���<�'�â 
�4�ž�“

�< �ã �â�Í�Ü�Ñ���²���æ���2�á �o�²���æ���<�á �Õ�Ñ�Ç�ê���ð�Ò�Ç���æ���2�/ �â 
�4�ž�“

�= �ã �â�Í�Ü�Ñ���²���æ���2�á �o�²���æ���2�á �Õ�Ñ�Ç�ê���ð�Ò�Ç���æ���2�$. 

�;�Z�a�Z���i�j�Z�\�b�e�����s�h���g�Z�^�Z�g�Z���\�����������l�Z�������������f�Z�}���l�Z�d�•���i�h��
�a�g�Z�q�_�g�g�y���� 

N - �g�_�]�Z�l�b�\�g�_���� 
Z - �g�m�e�v�h�\�_���� 
P - �i�h�a�b�l�b�\�g�_���� 
NB - �\�_�e�b�d�_���g�_�]�Z�l�b�\�g�_���� 
NM - �k�_�j�_�^�g�}���g�_�]�Z�l�b�\�g�_���� 
ZE - �[�e�b�a�v�d�_���^�h���g�m�e�v�h�\�h�]�h���� 
PM - �k�_�j�_�^�g�}���i�h�a�b�l�b�\�g�_���� 
PB - �\�_�e�b�d�_���i�h�a�b�l�b�\�g�_���� 
�I�j�b�� �h�i�l�b�f�•�a�Z�p�•�€�� �d�h�_�n�•�p�•�}�g�l�•�\�� �g�_�q�•�l�d�h�]�h�� �I�>��-

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

�>�e�y�� �€�€�� �a�g�b�`�_�g�g�y�� �[�m�e�h�� �i�h�[�m�^�h�\�Z�g�h�� �f�h�^�_�e�v�� �a�� �g�_��
�q�•�l�d�b�f���I�>��-�j�_�]�m�e�y�l�h�j�h�f���a�Z �i�j�Z�\�b�e�Z�f�b������������ 

�M�� �o�h�^�•�� �f�h�^�_�e�x�\�Z�g�g�y�� �k�b�k�l�_�f�b�� �d�_�j�m�\�Z�g�g�y �g�Z�c��
�d�j�Z�s�Z���j�_�Z�d�p�•�y���g�Z���h�^�b�g�b�q�g�b�c���k�l�j�b�[�h�d���[�m�e�Z���h�l�j�b�f�Z�g�Z��
�i�j�b�� 

Ke = 0,8, Kde = 1,784, Ku = 1,576, 

�a�•���k�_�j�_�^�g�v�h-�f�h�^�m�e�v�g�h�€���i�h�f�b�e�d�h�x����������%. 
�G�Z���h�k�l�Z�g�g�v�h�f�m �d�j�h�p�• �Z�e�]�h�j�b�l�f�m�� �k�b�k�l�_�f�Z�� �g�_�q�•�l��

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

�D�•�e�v�d�•�k�l�v�� �_�e�_�f�_�g�l�•�\�� �i�_�j�r�h�]�h�� �r�Z�j�m�� �\�b�a�g�Z�q�Z�}�l�v��
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Synthesis of neuro-fussy regulator 
with adjustment by genetic algorithm 

Natalia  Yevsina, Petro Kachanov, Mykola Tarasenko 

Abst rac t .  The purpose of the article is to consider the method of developing a neuro-fuzzy regulator with the adjust-
ment of its parameters by a genetic algorithm. The obtained results confirm the workability of the technique and allow us to con-
clude that the neuro-fuzzy regulator, with appropriate settings, ensures high quality of the control system, including in the pres-
ence of random disturbances to a dynamic object. The method of neuro-fuzzy regulator synthesis proposed in the article was 
tested under the conditions of a limited volume of initial data (the volume of the training sample), the size of which does not 
affect the quality of the algorithm. Two or three values of the sampling parameters are enough to form the ranges for the bounda-
ries of the terms of the fuzzy variables, and then the optimal values are selected by genetic algorithm. As a result, an algorithm 
for the synthesis of the regulator and a genetic algorithm for adjusting its parameters were developed. 
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�j�•�r�_�g�v�� �I�j�h�\�_�^�_�g�h���^�h�k�e�•�^�`�_�g�g�y���a�Z�i�j�h�i�h�g�h�\�Z�g�h�€���f�h�^�_�e�•���y�d���a���l�h�q�d�b���a�h�j�m���€�€���Z�^�_�d�\�Z�l�g�h�k�l�•�� �l�Z�d���•���€�€���f�h�`�e�b�\�h�k�l�•���a�Z�k�l�h�k�m��
�\�Z�g�g�y�� �^�e�y�� �p�•�e�_�c���k�b�g�l�_�a�m���m�i�j�Z�\�e�•�g�v���� �J�_�a�m�e�v�l�Z�l�b�� �^�h�k�e�•�^�`�_�g�v���g�Z�^�Z�g�h���m���\�b�]�e�y�^�•�� �]�j�Z�n�•�d�•�\�� �i�j�h�p�_�k�•�\�� �� �o�Z�j�Z�d�l�_�j�g�b�o���n�Z�a�h��
�\�b�o���a�f�•�g�g�b�o���l�Z���l�Z�[�e�b�p�v�� 

�D�e �x �q�h �\ �• �� �k �e �h �\ �Z �� �k�b�k�l�_�f�Z�� �d�_�j�m�\�Z�g�g�y���� �Z�k�b�g�o�j�h�g�g�b�c�� �_�e�_�d�l�j�h�i�j�b�\�h�^�� �^�b�a�_�e�v-�i�h�€�a�^���� �Z�e�]�h�j�b�l�f�b�� �\�_�d�l�h�j�g�h�]�h �d�_�j�m��
�\�Z�g�g�y�����f�Z�l�_�f�Z�l�b�q�g�Z���f�h�^�_�e�v�����a�Z�d�h�g�b���m�i�j�Z�\�e�•�g�g�y�����k�b�g�l�_�a���m�i�j�Z�\�e�•�g�v�����f�_�l�h�^�b���h�i�l�b�f�•�a�Z�p�•�€�� �a�Z�^�Z�q�Z �E�Z�]�j�Z�g�`�Z, �g�_�\�b�a�g�Z�q�_��
�g�• �f�g�h�`�g�b�d�b �E�Z�]�j�Z�g�`�Z�����^�h�k�e�•�^�`�_�g�g�y. 

 

�<�k�l�m�i 

�A�Z�e�•�a�g�b�q�g�b�c���l�j�Z�g�k�i�h�j�l���}���h�^�g�b�f���•�a���h�k�g�h�\�g�b�o���\�b��
�^�•�\�� �l�j�Z�g�k�i�h�j�l�m�� �M�d�j�Z�€�g�b���� �C�h�]�h�� �l�_�o�g�•�q�g�b�c�� �j�•�\�_�g�v�� �\�b��
�a�g�Z�q�Z�} �_�d�h�g�h�f�•�q�g�m�� �_�n�_�d�l�b�\�g�•�k�l�v�� �i�_�j�_�\�_�a�_�g�v���� �H�g�h�\��
�e�_�g�g�y���a�Z�e�•�a�g�b�q�g�h�]�h���l�j�Z�g�k�i�h�j�l�m���i�_�j�_�^�[�Z�q�Z�}���\�b�j�•�r�_�g��
�g�y�� �i�b�l�Z�g�v�� �i�•�^�\�b�s�_�g�g�y�� �c�h�]�h�� �g�Z�^�•�c�g�h�k�l�•���� �_�d�h�g�h�f�•�q�g�h��
�k�l�•���� �_�n�_�d�l�b�\�g�h�k�l�•�� �•�� �^�h�\�]�h�\�•�q�g�h�k�l�•�� �>���@���� �H�k�g�h�\�m�� �e�h�d�h��
�f�h�l�b�\�•�\���a�Z�e�•�a�g�b�q�g�h�]�h���l�j�Z�g�k�i�h�j�l�m�����\���l�h�f�m���q�b�k�e�•���•���^�b��
�a�_�e�v-�i�h�€�a�^�•�\�����k�d�e�Z�^�Z�}���l�y�]�h�\�b�c���_�e�_�d�l�j�h�i�j�b�\�h�^�� 

�Y�d���k�e�•�^�m�}���•�a���>���� �± ���@���i�_�j�k�i�_�d�l�b�\�g�b�f���\�b�^�h�f���l�y�]�h��
�\�h�]�h�� �_�e�_�d�l�j�h�i�j�b�\�h�^�m �a�Z�e�•�a�g�b�q�g�h�]�h�� �l�j�Z�g�k�i�h�j�l�m���� �\��
�l�h�f�m���q�b�k�e�•���^�b�a�_�e�v-�i�h�€�a�^�•�\�����}���_�e�_�d�l�j�h�i�j�b�\�h�^���a�f�•�g�g�h�]�h��
�k�l�j�m�f�m�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �l�y�]�h�\�b�o�� �Z�k�b�g�o�j�h�g�g�b�o�� �^�\�b��
�]�m�g�•�\�����L�:�>�����•���k�b�k�l�_�f�h�x���\�_�d�l�h�j�g�h�]�h���d�_�j�m�\�Z�g�g�y���� 

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

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

�J�•�a�g�•���\�Z�j�•�Z�g�l�b �\�_�d�l�h�j�g�h�]�h���d�_�j�m�\�Z�g�g�y���a�Z�k�l�h�k�h�\�Z��
�g�•�� �g�Z�� �_�e�_�d�l�j�h�\�h�a�Z�o��BR������������ ���G�•�f�_�q�q�b�g�Z������AV�?��S102 
���1�k�i�Z�g�•�y������R�_�������� ���R�\�_�c�p�Z�j�•�y������ �LR�:�O�O�� ���;�_�e�v�]�•�y������
�l�_�i�e�h�\�h�a�Z�o��SD80MAC ���K�R�:������Di�������F�?���������G�•�f�_�q�q�b��
�g�Z������Dr���������N�•�g�e�y�g�^�•�y�����l�Z���•�g�r�b�o [1 �± 5]. 

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

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

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

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

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

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

0 1

T n

j j
jt

J [G (t ) (t )]dt� O � I
� 

�  � ��¦�³ , 

�^�_��G  �± �n�m�g�d�p�•�h�g�Z�e�����y�d�b�c���f�•�g�•�f�•�a�m�}�l�v�k�y������j (t )�O �± �g�_��

�\�b�a�g�Z�q�_�g�•�� �f�g�h�`�g�b�d�b�� �E�Z�]�j�Z�g�`�Z����j (t )�I �± �^�b�n�_�j�_�g�p�•�c��

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

�<�� �f�_�l�h�^�•�� �i�j�b�g�p�b�i�m �f�Z�d�k�b�f�m�f�m�� �^�h�i�h�f�•�`�g�b�c��
�n�m�g�d�p�•�h�g�Z�e���f�Z�}���\�b�]�e�y�^: 

�‹�������A�Z�i�h�e�h�\�k�v�d�b�c �F�� �C��, �F�_�a�_�g�p�_�\ �F�� �<��, �;�Z�e�_�g�d�h �H�� �1��, �H�e�•�n�•�j �F�� �<��, 2023 
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1

n

j j j j
j

H (t )f (x ,U )
� 

�  � <�¦ , 

�^�_�� j (t )�<  �± �^�h�i�h�f�•�`�g�Z���n�m�g�d�p�•�y����j j jf (x ,U ) �± �n�m�g�d��

�p�•�€�����s�h���h�i�b�k�m�x�l�v���f�Z�l�_�f�Z�l�b�q�g�m���f�h�^�_�e�v���k�b�k�l�_�f�b����jx  �± 

�n�Z�a�h�\�•���d�h�h�j�^�b�g�Z�l�b����jU  �± �m�i�j�Z�\�e�•�g�g�y�� 

�<���a�Z�]�Z�e�v�g�h�f�m���i�e�Z�g�• 

,j j j jx f (x U )� . 

�Y�d���i�j�b���j�•�r�_�g�g�•���a�Z�]�Z�e�v�g�h�€���a�Z�^�Z�q�•���E�Z�]�j�Z�g�`�Z�����l�Z�d���•��
�i�j�b���a�g�Z�o�h�^�`�_�g�g�•�� �m�i�j�Z�\�e�•�g�v �a�Z���^�h�i�h�f�h�]�h�x���i�j�b�g�p�b�i�m��
�f�Z�d�k�b�f�m�f�m�����h�k�g�h�\�g�•���l�j�m�^�g�h�s�•���\�b�g�b�d�Z�x�l�v���^�e�y���\�b�a�g�Z��
�q�_�g�g�y��j (t )�O  �•�� j (t )�< �����y�d�•�����y�d���i�j�Z�\�b�e�h, �a�g�Z�o�h�^�y�l�v�k�y���•�a��

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

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

�I�b�l�Z�g�g�y�� �\�b�a�g�Z�q�_�g�g�y��j (t )�O  �i�j�b�� �k�b�g�l�_�a�•�� �m�i�j�Z�\��

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

�<�b�a�g�Z�q�_�g�g�y���i�h�\�_�^�•�g�d�b��j (t )�O  �f�h�`�e�b�\�h���q�_�j�_�a���\�•��

�^�h�f�•�� �a�g�Z�q�_�g�g�y�� �m�i�j�Z�\�e�•�g�v���� �Y�d�� �i�j�Z�\�b�e�h�� �m�i�j�Z�\�e�•�g�g�y��
�y�\�e�y�x�l�v�k�y�� �n�m�g�d�p�•�y�f�b�� �\�•�^��j (t )�O  �l�Z�� �n�Z�a�h�\�b�o�� �d�h�h�j�^�b��

�g�Z�l���� �l�h�� �f�h�`�_�f�h�� �\�b�j�•�r�b�l�b�� �a�\�h�j�h�l�g�m�� �a�Z�^�Z�q�m�� �a�g�Z�o�h��
�^�`�_�g�g�y���i�h�\�_�^�•�g�d�b��j (t )�O  �a�Z���^�h�i�h�f�h�]�h�x���f�h�^�_�e�x�\�Z�g�g�y��

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

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

�H�k�g�h�\�g�Z���q�Z�k�l�b�g�Z 

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

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

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

�K�d�e�Z�^�_�g�•�k�l�v �^�b�a�_�e�v-�i�h�€�a�^�Z���� �]�h�e�h�\�g�b�o�� �\�Z�]�h�g�•�\�� �±
�������i�j�b�q�•�i�g�b�o���\�Z�]�h�g�•�\���± 1. 

�>�•�Z�f�_�l�j �d�h�e�_�k�Z���i�h���d�j�m�a�•���d�Z�l�Z�g�g�y���± 950 (�f�f ). 
�I�_�j�_�^�Z�l�g�_ �\�•�^�g�h�r�_�g�g�y���l�y�]�h�\�h�]�h���j�_�^�m�d�l�h�j�Z�����•) �± 

3.69. 
�F�Z�k�Z���i�h�j�h�`�g�v�h�]�h �k�i�h�j�y�^�`�_�g�h�]�h�� �\�Z�]�h�g�Z���� �]�h�e�h�\��

�g�h�]�h���^�b�a�_�e�v�g�h�]�h���± 70130 �d�]�����i�j�b�q�•�i�g�h�]�h���± 40000 �d�].  
�F�Z�k�Z���]�h�e�h�\�g�h�]�h �\�Z�g�l�Z�`�_�g�h�]�h�� �\�Z�]�h�g�Z���� �i�j�b�� �j�h�a��

�j�Z�o�m�g�d�h�\�h�f�m�� �a�Z�\�Z�g�l�Z�`�_�g�g�•�� �± 76030 �d�]���� �i�j�b�� �g�h�f�•�g�Z��
�e�v�g�h�f�m�� �a�Z�\�Z�g�l�Z�`�_�g�g�•�� �± 80000 �d�]���� �i�j�b�� �f�Z�d�k�b�f�Z�e�v�g�h��
�f�m���a�Z�\�Z�g�l�Z�`�_�g�g�•���± 82000 �d�]�� 

�F�Z�k�Z�� �i�j�b�q�•�i�g�h�]�h�� �\�Z�g�l�Z�`�_�g�h�]�h�� �\�Z�]�h�g�Z���� �i�j�b�� �j�h�a��
�j�Z�o�m�g�d�h�\�h�f�m�� �a�Z�\�Z�g�l�Z�`�_�g�g�•�� �± 54250 �d�]���� �i�j�b�� �g�h�f�•�g�Z��
�e�v�g�h�f�m�� �a�Z�\�Z�g�l�Z�`�_�g�g�•�� �± 59530 �d�]���� �i�j�b�� �f�Z�d�k�b�f�Z�e�v�g�h��
�f�m���a�Z�\�Z�g�l�Z�`�_�g�g�•���± 63520 �d�]�� 

�I�j�b�k�d�h�j�_�g�g�y�� �\�Z�g�l�Z�`�_�g�h�]�h�� �^�b�a�_�e�v-�i�h�€�a�^�Z ���k�_�j�_��
�^�g�}���^�h���r�\�b�^�d�h�k�l�•���������d�f���]�h�^�����± 0.5 �f���k2 . 

�D�h�g�k�l�j�m�d�l�b�\�g�Z���r�\�b�^�d�•�k�l�v���± ���������d�f���]�h�^�� 
�I�Z�j�Z�f�_�l�j�b �l�y�]�h�\�h�]�h���_�e�_�d�l�j�h�^�\�b�]�m�g�Z���:�>-�������M���� 
�±  �f�Z�d�k�b�f�Z�e�v�g�Z �e�•�g�•�c�g�Z���g�Z�i�j�m�]�Z���± �����������<�� 
�± �_�e�_�d�l�j�h�f�Z�]�g�•�l�g�b�c�� �f�h�f�_�g�l�� ���f�Z�d�k�b�f�Z�e�v�g�b�c���� �± 

�����������G�f�� 
�± �n�Z�a�g�b�c���i�m�k�d�h�\�b�c���k�l�j�m�f�����i�h���i�_�j�r�•�c �]�Z�j�f�h�g�•�c��

�g�•�c�������g�_���[�•�e�v�r�����������:�� 
�± �q�Z�k�l�h�l�Z�� �h�[�_�j�l�Z�g�g�y�� �j�h�l�h�j�Z�� ���f�Z�d�k�b�f�Z�e�v�g�Z���� �± 

�����������o�\-1; 
�I�Z�j�Z�f�_�l�j�b�� �k�o�_�f�b�� �a�Z�f�•�s�_�g�g�y�� �:�> �������M���� �i�j�b��

�I��� ���������=�p�� 
�± �•�g�^�m�d�l�b�\�g�•�k�l�v�� �j�h�a�k�•�x�\�Z�g�g�y�� �k�l�Z�l�h�j�Z�� ��sL�V ) �± 

1,611*10-3 �=�g�� 
�± �•�g�^�m�d�l�b�\�g�•�k�l�v�� �j�h�a�k�•�x�\�Z�g�g�y�� �j�h�l�h�j�Z�� ��rL�V ) �± 

1,099*10-3 �=�g�� 
�± �Z�d�l�b�\�g�b�c���h�i�•�j���h�[�f�h�l�d�b���k�l�Z�l�h�j�Z���± ���������������H�f�� 
�± �Z�d�l�b�\�g�b�c���h�i�•�j���h�[�f�h�l�d�b���j�h�l�h�j�Z���± ���������������H�f�� 
�± �•�g�^�m�d�l�b�\�g�•�k�l�v���d�h�g�l�m�j�m�����s�h���g�Z�f�Z�]�g�•�q�m�}����mL ) �± 

0.9172*10-3 �=�g�� 
�F�Z�l�_�f�Z�l�b�q�g�Z�� �f�h�^�_�e�v�� �L�:�> �\�� �k�b�g�o�j�h�g�g�•�c�� �k�b�k�l�_��

�f�•���d�h�h�j�^�b�g�Z�l���i�j�_�^�k�l�Z�\�e�_�g�Z �j�•�\�g�y�g�g�y�f�b���_�e�_�d�l�j�b�q�g�b�o��
�d�•�e���k�l�Z�l�h�j�Z���•���j�h�l�h�j�Z���\���k�b�k�l�_�f�•���d�h�h�j�^�b�g�Z�l�����s�h���h�[�_�j�l�Z��
�}�l�v�k�y���a���r�\�b�^�d�•�k�l�x���&s  �•���i�j�b�\�_�^�_�g�Z���m���\�b�]�e�y�^�•���k�b�k�l�_�f�b��
�^�b�n�_�j�_�g�p�•�Z�e�v�g�b�o���j�•�\�g�y�g�v��������: 
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 (1) 

�L�m�l�� s�Z  �± �d�m�l�h�\�Z�� �q�Z�k�l�h�l�Z�� �g�Z�i�j�m�]�b�� �`�b�\�e�_�g�g�y��

�k�l�Z�l�h�j�Z���L�:�>���i�j�b��p = 1; �Z  �± �d�m�l�h�\�Z���r�\�b�^�d�•�k�l�v���j�h�l�h��
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�j�Z���� 1�•�� , 2s�< , 1r�<  , 2r�< , 1sU , 2sU  �±  �\�•�^�i�h�\�•�^�g�h��

�i�j�h�_�d�p�•�€���\�_�d�l�h�j�•�\���i�h�l�h�d�•�\���k�l�Z�l�h�j�Z���•���j�h�l�h�j�Z���l�Z���g�Z�i�j�m��
�]�b���`�b�\�e�_�g�g�y���g�Z���h�k�•���d�h�h�j�^�b�g�Z�l����sk  �•�� rk  �± �d�h�_�n�•�p�•�}�g�l�b��

�_�e�_�d�l�j�h�f�Z�]�g�•�l�g�h�]�h�� �a�\�
�y�a�d�m�� �\�•�^�i�h�\�•�^�g�h�� �k�l�Z�l�h�j�Z�� �l�Z�� �j�h��
�l�h�j�Z���� 
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�1�7
� ; rL , mL , sL , 1r , 2r  �± �i�Z�j�Z�f�_�l�j�b�� �k�o�_�f�b��

�a�Z�f�•�s�_�g�g�y���L�:�>����sT  �•�� rT  �± �\�•�^�i�h�\�•�^�g�h���_�e�_�d�l�j�h�f�Z�]�g�•��

�l�g�Z�� �i�h�k�l�•�c�g�Z�� �q�Z�k�m�� �k�l�Z�l�h�j�Z�� �l�Z�� �j�h�l�h�j�Z�����G �± �i�h�\�g�b�c��
�d�h�_�n�•�p�•�}�g�l�� �j�h�a�k�•�x�\�Z�g�g�y����p  �± �i�h�k�l�•�c�g�b�c�� �d�h�_�n�•�p�•�}�g�l��
�L�:�>�� ���q�b�k�e�h�� �i�Z�j�� �i�h�e�x�k�•�\������J �± �f�h�f�_�g�l�� �•�g�_�j�p�•�€���� �Q�b�k�_��
�e�v�g�•�� �a�g�Z�q�_�g�g�y�� �i�Z�j�Z�f�_�l�j�•�\�� �k�o�_�f�b�� �a�Z�f�•�s�_�g��
�g�y �L�:�>�� sL = 0,093331; �dL = 0,092819; rk = 0,98816; 

sk  = 0,98274; sT  = 1,123117; rT = 1,3730621; 

�G= 0,028896;  sa = 30,813233; ra = 25,204152.  

�A�f�•�g�g�•�� �� �i�h�� �h�k�y�f��1sU  �•�� �� 2sU  �\�b�a�g�Z�q�Z�x�l�v�k�y�� �j�•�\��
�g�y�g�g�y�f�b�� ���^�e�y�� �\�b�i�Z�^�d�m�� �k�b�g�m�k�h�€�^�Z�e�v�g�h�]�h�� �\�b�]�e�y�^�m�� �g�Z��
�i�j�m�]�b���g�Z���k�l�Z�l�h�j�•���L�:�>���� 

 �> �@1 coss M s K KU U ( )t�Z �Z �I� �� �� ;  

 �> �@2 sins M s K KU U ( )t�Z �Z �I� �� �� ,  

�^�_��MU  �± �Z�f�i�e�•�l�m�^�Z���i�_�j�r�h�€���]�Z�j�f�h�g�•�d�b���n�Z�a�g�h�€���g�Z�i�j�m��

�]�b���g�Z���k�l�Z�l�h�j�•���L�:�>����K�Z  �± �d�m�l�h�\�Z���r�\�b�^�d�•�k�l�v���h�[�_�j�l�Z�g��

�g�y�� �h�k�_�c�� �d�h�h�j�^�b�g�Z�l����K�I  �± �i�h�q�Z�l�d�h�\�Z�� �n�Z�a�Z�� �g�Z�i�j�m�]�b��
�`�b�\�e�_�g�g�y���� 

�M�� �\�b�i�Z�^�d�m�� �k�b�g�o�j�h�g�g�h�]�h �h�[�_�j�l�Z�g�g�y�� �h�k�_�c����

s K� Z � Z�  �•���i�h�q�Z�l�d�h�\�Z���n�Z�a�Z��K�I � �������l�h���n�m�g�d�p�•�€���a�Z�^�Z�g�g�y��

�g�Z�i�j�m�]�b�� �± �p�_�� �i�h�k�l�•�c�g�_�� �a�g�Z�q�_�g�g�y�� �g�Z�i�j�m�]�b�� �`�b�\�e�_�g�g�y��
�\�_�e�b�q�b�g�h�x��MU  �i�h���h�k�•��1S  �•���g�m�e�v�h�\�_���i�h���h�k�•��2S . 

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

 1 1 1 /s s s s R r SI (a a k ) R� �< �� �< ;  (2) 

 2 2 2 /s s s s R Y SI (a a k ) R� �< �� �< ;  (3)  

 1 1 1 /r r r r s s RI (a a k ) R� �< �� �< ;  (4) 

 2 2 2 /r r r r s s RI (a a k ) R� �< �� �< .  (5) 

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

  
 1

2 1 1
s

s k S s s
d

R I U
dt

�Z
�<

� �< �� �� ; (6) 

  2
1 2 2

s
s k S s s

d
R I U

dt
�Z

�<
� ���< �� �� ;  (7) 

  1
2 1

r
k r R r

d
( p ) R I

dt
� Z � Z

�<
� �� �< �� ;  (8) 

 2
1 2

r
k r R r

d
( p ) R I

dt
� Z � Z

�<
� �� �� �< �� ,  (9) 

�^�_�� ��1sI , 2sI , 1rI , 2rI  �± �\�•�^�i�h�\�•�^�g�h�� �i�j�h�_�d�p�•�€�� �\�_�d�l�h��

�j�•�\���k�l�j�m�f�•�\���h�[�f�h�l�h�d���k�l�Z�l�h�j�Z���•���j�h�l�h�j�Z����SR , RR  �± �Z�d��

�l�b�\�g�•���h�i�h�j�b���h�[�f�h�l�h�d���k�l�Z�l�h�j�Z���•���j�h�l�h�j�Z�� 
�J�•�\�g�y�g�g�y���^�e�y���_�e�_�d�l�j�h�f�Z�]�g�•�l�g�h�]�h �f�h�f�_�g�l�m�� 

 1 2 1 2
3

.
2

R
r s s r

S

k
M p ( )

�1�/
� �< �< �� �< �<  (10) 

�I�j�h�p�_�k�� �j�h�a�j�h�[�e�_�g�g�y�� �h�i�l�b�f�•�a�Z�p�•�c�g�h�€�� �f�h�^�_�e�•�� �a��
�\�b�d�h�j�b�k�l�Z�g�g�y�f���•�^�_�€���Z�e�]�h�j�b�l�f�m���\�_�d�l�h�j�g�h�]�h���d�_�j�m�\�Z�g�g�y��
�i�h�e�y�]�Z�}�� �\�� �g�Z�k�l�m�i�g�h�f�m���� �Y�d�s�h�� �^�h�i�m�k�l�b�l�b���� �s�h�� �r�\�b�^��
�d�•�k�l�v�� �h�[�_�j�l�Z�g�g�y�� �d�h�h�j�^�b�g�Z�l�� �k�i�•�\�i�Z�^�Z�}�� �•�a�� �r�\�b�^�d�•�k�l�x��
�\�_�d�l�h�j�m�� �i�h�l�h�d�m�� �j�h�l�h�j�Z��k�Z  = �Z�< , �l�h�� �\�_�d�l�h�j�� �i�h�l�h�d�m��

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

�J�•�\�g�y�g�g�y���a�Z���m�f�h�\�b�����s�h��k�Z  = �Z�< �����i�j�b�c�f�m�l�v���g�Z��

�k�l�m�i�g�b�c���\�b�]�e�y�^��  

 1
2 1 1

s
s S s s

d
R I U

dt
�Z�<

�<
� �< �� ��   (11) 

 2
1 2 2

s
s S s s

d
R I U

dt
�Z�<

�<
� ���< �� �� ;  (12) 

 1
rm

R r
d

R I
dt

�<
�  � � ;  (13) 

 2 0rm R r( p ) R I� Z � Z�< �� �< �� � ;  (14) 

 22
r

d rm s
mpK

M I�  � <.  (15) 

�<�b�d�h�j�b�k�l�h�\�m�x�q�b���j�•�\�g�y�g�g�y���a�\�¶�y�a�d�m 

 r r r s mI L I L�< � �� ; s s s r mI L I L�< � �� ,  (16) 

�h�l�j�b�f�Z�}�f�h�� 

1 m
r r s

r r

L
I I

L L
� �< �� ;  

2
m m

s s s r s
r r

L L
I L I

L L
�< � �� �< �� ; 

 's s s r rI L K�< � �� �< ,  (17) 

�^�_ 'sL = 
2
m

s
r

L
L

L
�� ; rK = m

r

L

L
.  

�A���m�j�Z�o�m�\�Z�g�g�y�f �n�h�j�f�m�e�� ���������� �j�•�\�g�y�g�g�y�� �L�:�>��
�i�j�b�c�f�m�l�v���\�b�]�e�y�^�� 

 1 1
2 1 1' ' 0s r

s r s s s s s
dI d

L K I L R I U
dt dt

�Z�<
�<

�� �� �� �� � ;(18) 

 2
1 2 2' ' 0s

s s s r rm s s s
dI

L I L K R I U
dt

�Z�<�� �� �< �� �� � ; (19) 

 1 0rm m rr
rm s

r r

d L RR
I

dt L L

�<
�� �< �� � ;  (20) 
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  2 0r m
rm s

r

R L
I

L
�E�< �� � ,  (21) 

�^�_�� p�\�E �Z �Z�  � �.  

 22
r

d rm s
mpK

M I�  � < . (22) 

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

1sI �•�� 2sI  ���i�j�h�_�d�p�•�€�� �\�_�d�l�h�j�m�� �k�l�j�m�f�m�� �k�l�Z�l�h�j�g�h�€�� �h�[�f�h�l��

�d�b�� �L�:�>������ �D�j�•�f�� �p�v�h�]�h�� �k�l�j�m�f�b��1sI  �•�� 2sI  �}�� �\�b�a�g�Z�q�Z�e�v��

�g�b�f�b�� �^�e�y�� �\�a�Z�}�f�g�h�]�h�� �a�\�¶�y�a�d�m�� �a�� �n�Z�a�g�b�f�b�� �g�Z�i�j�m�]�Z�f�b��

1sU  �•�� 2sU ���� �L�Z�d�b�f�� �q�b�g�h�f�� �h�l�j�b�f�Z�e�b�� �f�Z�l�_�f�Z�l�b�q�g�m��

�f�h��̂_�e�v�� �_�e�_�d�l�j�h�i�j�b�\�h�^�m���� �y�d�Z�� �^�h�a�\�h�e�y�}�� �\�b�^�•�e�b�l�b�� �m�i��
�j�Z�\�e�•�g�g�y�����k�l�j�m�f�b��1sI  �•�� 2sI ) �± �p�_���j�•�\�g�y�g�g�y�������������•�������������•��
�h�d�j�_�f�h�� �f�h�^�_�e�v�� �^�e�y�� �n�h�j�f�m�\�Z�g�g�y�� �g�Z�i�j�m�]�b�� �`�b�\�e�_�g�g�y��
�L�:�>�� �\�� �a�Z�e�_�`�g�h�k�l�•�� �\�•�^�� �m�i�j�Z�\�e�•�g�v�� ���j�•�\�g�y�g�g�y�� ���������� �•��
���������������<���d�•�g�p�_�\�h�f�m���\�b�i�Z�^�d�m �m�i�j�Z�\�e�•�g�g�y���± �p�_���a�g�Z�q�_�g�g�y��
�Z�f�i�e�•�l�m�^�b�� �•�� �q�Z�k�l�h�l�b�� �g�Z�i�j�m�]�b�� �`�b�\�e�_�g�g�y�� �L�:�>���� �Q�Z�k�l�h��
�l�Z���g�Z�i�j�m�]�b���`�b�\�e�_�g�g�y���\�b�a�g�Z�q�Z�}�l�v�k�y���g�Z���h�k�g�h�\�•���j�•�\�g�y�g��
�g�y���������������\�b�a�g�Z�q�Z�}�l�v�k�y���j�•�\�g�y�g�g�y�f�������������•���k�l�j�m�f�h�f��2sI ) 

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

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

�A�Z���\�•�^�k�m�l�g�h�k�l�•���[�h�d�k�m�\�Z�g�g�y�� �r�\�b�^�d�•�k�l�v���j�m�o�m���i�j�h��
�i�h�j�p�•�c�g�Z�� �d�m�l�h�\�•�c�� �r�\�b�^�d�h�k�l�• �h�[�_�j�l�Z�g�g�y�� �j�h�l�h�j�Z�� �^�\�b��
�]�m�g�Z���&�����J�•�\�g�y�g�g�y���j�m�o�m���f�Z�}���\�b�]�e�y�^�� 

 T o
T

d p
(M M )

dt J
�Z

�  � �,  (23) 

�^�_�� TM  �± �l�y�]�h�\�b�c�� �f�h�f�_�g�l�� �^�b�a�_�e�v-�i�h�€�a�^�Z������TJ  �± �f�h��

�f�_�g�l�� �•�g�_�j�p�•�€�� �^�b�a�_�e�v-�i�h�€�a�^�Z����oM  �± �f�h�f�_�g�l�� �h�i�h�j�m�� �j�m��

�o�m;  2
T kJ mR�  ; m �± �f�Z�k�Z���^�b�a�_�e�v-�i�h�€�a�^�Z�� KR �± �j�Z�^�•��

�m�k���d�h�e�_�k�Z���� 
�L�y�]�h�\�b�c�� �f�h�f�_�g�l�� �^�b�a�_�e�v-�i�h�€�a�^�Z�� ���m�l�\�h�j�x�x�l�v�� �q�h��

�l�b�j�b���^�\�b�]�m�g�b���L�:�>���� 

TM = 4* dM * i, 

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

�j�Z�o�m�g�d�•�\�� 

 oM � KR 0W HG = 9.8 KR (1.1+0.12V)*m.  (24) 

�I�j�b �j�h�a�j�Z�o�m�g�d�h�\�h�f�m���a�Z�\�Z�g�l�Z�`�_�g�•�� 

 oM = 1334.0 + 2.25�Z .  (25) 

 �H�k�d�•�e�v�d�b �l�y�]�h�\�b�c���f�h�f�_�g�l���n�h�j�f�m�}�l�v�k�y���g�Z���\�b�o�h��
�^�•���j�_�^�m�d�l�h�j�Z�����l�h���•���r�\�b�^�d�•�k�l�v���h�[�_�j�l�Z�g�g�y �j�h�l�h�j�Z���j�Z  �\��

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

�M �j�_�a�m�e�v�l�Z�l�• �j�•�\�g�y�g�g�y���j�m�o�m���f�Z�}���\�b�]�e�y�^�� 

1334.3 2.25
�j

d �j
T

d pi
(4M i )

dt J

�Z
�Z� �� �� = 

 = 0.0028 0.00043 0.254d �jM �Z� � � �.  (26) 

�G�Z���j�b�k���������± �j�b�k���������i�j�b�\�_�^�_�g�•���i�j�h�p�_�k�b�����y�d�•���o�Z�j�Z�d��
�l�_�j�b�a�m�x�l�v�� �Z�^�_�d�\�Z�l�g�•�k�l�v�� �f�h�^�_�e�•�� �l�Z�� �^�b�g�Z�f�•�d�m�� �j�h�a�]�h�g�m��
�^�b�a�_�e�v-�i�h�€�a�^�Z �\�� �i�j�h�^�h�\�`�� �q�Z�k�m�� ��t = ������ �k���� �\�� �i�j�h�p�_�k�•��
�^�h�k�e�•�^�`�_�g�g�y�� �a�Z�� �m�f�h�\�b�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �f�Z�l�_�f�Z�l�b�q�g�h�€��
�f�h�^�_�e�•�� �L�:�>�� �\�� �k�b�g�o�j�h�g�g�•�c�� �k�b�k�l�_�f�•�� �d�h�h�j�^�b�g�Z�l�� �i�j�b��
�\�•�^�h�f�h�f�m�� �a�Z�d�h�g�•�� �d�_�j�m�\�Z�g�g�y��U/f = �konst �•�� �j�h�a�j�Z�o�m�g�d�h��
�\�•�c���\�_�e�b�q�b�g�•���a�Z�\�Z�g�l�Z�`�_�g�g�y���^�b�a�_�e�v-�i�h�€�a�^�Z�����I�j�b���p�v�h�f�m��
�n�Z�a�g�b�c���k�l�j�m�f�����j�b�k���������k�l�Z�g�h�\�b�\���g�Z���j�•�\�g�•�������������:�������_�e�_��
�d�l�j�h�f�Z�]�g�•�l�g�b�c�� �f�h�f�_�g�l�� ���j�b�k�� 2) �± ���������� ���G�f������ �d�h�\�a�Z�g��
�g�y�� �q�Z�k�l�h�l�b�� �g�Z�i�j�m�]�b�� �`�b�\�e�_�g�g�y���E ���j�b�k�� 3) �± ������ ���k-1), 
�f�h�^�m�e�v���i�h�l�h�d�h�a�q�_�i�e�_�g�g�y�����j�b�k�� 4) �± �����������<�������<���i�j�h�p�_�k�•��
�j�h�a�]�h�g�m �^�b�a�_�e�v-�i�h�€�a�^�Z�� �a�Z�� �q�Z�k��t = 60 �k�� �i�j�b�� �a�Z�d�h�g�•�� �m�i��
�j�Z�\�e�•�g�g�y����U/f � ���������<���=�p�����^�h�k�y�]�g�m�l�Z���r�\�b�^�d�•�k�l�v���j�m�o�m��V 
= 63 (�d�f���]�h�^) �a�� �i�j�b�k�d�h�j�_�g�g�y�f�� �������� ���f���k2���� �•�� �\�_�e�b�q�g�Z��
�i�j�h�c�^�_�g�h�]�h�� �r�e�y�o�m�� �k�l�Z�g�h�\�b�e�Z�� �������� ���f������ �P�•�� �i�h�d�Z�a�g�b�d�b��
�\�� �i�h�\�g�•�c�� �f�•�j�•�� �\�•�^�i�h�\�•�^�Z�x�l�v�� �l�_�o�g�•�q�g�b�f�� �j�h�a�j�Z�o�m�g�d�h��
�\�b�f�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�� �^�b�a�_�e�v-�i�h�€�a�^�Z���� �s�h�� �i�j�b�\�_�^�_�g�•��
�j�Z�g�•�r�_���\���^�Z�g�•�c���j�h�[�h�l�•���•���^�Z�x�l�v���f�h�`�e�b�\�•�k�l�v���k�l�\�_�j�^�`�m��
�\�Z�l�b���i�j�h���Z�^�_�d�\�Z�l�g�•�k�l�v���f�h�^�_�e�•���•���i�j�h�\�_�^�_�g�g�y���a���€�€���^�h�i�h��
�f�h�]�h�x�� �^�h�k�e�•�^�`�_�g�g�y�� �m�i�j�Z�\�e�•�g�v�� �\�� �a�Z�f�d�g�m�l�•�c�� �k�b�k�l�_�f�•��
�d�_�j�m�\�Z�g�g�y���_�e�_�d�l�j�h�i�j�b�\�h�^�m���g�Z���h�k�g�h�\�•���L�:�>�� 
 

  
 

    �J�b�k. 1.  �=�j�Z�n�•�d���a�f�•�g�b������                �J�b�k. 2. �=�j�Z�n�•�d���a�f�•�g�b 
      �n�Z�a�g�h�]�h���k�l�j�m�f�m���L�:�>��������������                    �f�h�f�_�g�l�m 
 

 
 

     �J�b�k. 3. �=�j�Z�n�•�d���d�h�\�a�Z�g�g�y����             �J�b�k. 4. �=�j�Z�n�•�d���� 
 �q�Z�k�l�h�l�b���g�Z�i�j�m�]�b �`�b�\�e�_�g�g�y         �i�h�l�h�d�h�a�q�_�i�e�_�g�g�y              

 
�G�Z�k�l�m�i�g�b�f���_�l�Z�i�h�f���j�h�a�j�h�[�e�_�g�g�y���h�i�l�b�f�•�a�Z�p�•�c�g�h�€��

�f�h�^�_�e�•���k�b�k�l�_�f�b���d�_�j�m�\�Z�g�g�y���± �p�_���k�b�g�l�_�a���m�i�j�Z�\�e�•�g�v���•���€�o��
�^�h�k�e�•�^�`�_�g�g�y���� �Y�d�� �k�e�•�^�m�}�� �•�a�� �j�•�\�g�y�g�g�y�� ������������ �\�b�a�g�Z�q�Z�e�v��
�g�b�f�b�� �a�f�•�g�g�b�f�b�� �^�e�y�� �h�i�l�b�f�•�a�Z�p�•�€�� �i�j�h�p�_�k�m�� �j�h�a�]�h�g�m��
�^�b�a�_�e�v-�i�h�€�a�^�Z���}���_�e�_�d�l�j�h�f�Z�]�g�•�l�g�b�c���f�h�f�_�g�l���L�:�>�����y�d�b�c 
�h�i�b�k�m�}�l�v�k�y�� �j�•�\�g�y�g�g�y�f�� ���������� �l�Z�� �r�\�b�^�d�•�k�l�x�� �h�[�_�j�l�Z�g�g�y��
�j�h�l�h�j�Z�����j�•�\�g�y�g�g�y�� �������������� �<�� �k�\�h�x�� �q�_�j�]�m���� �_�e�_�d�l�j�h�f�Z�]�g�•��
�l�g�b�c�� �f�h�f�_�g�l �L�:�>�� �\�b�a�g�Z�q�Z�}�l�v�k�y�� �q�_�j�_�a�� �k�d�e�Z�^�h�\�m��
�k�l�j�m�f�m��2sI  �l�Z�� �f�h�^�m�e�v�� �\�_�d�l�h�j�m�� �i�h�l�h�d�m��rm�< ���� �y�d�b�c��
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�f�h�`�_�f�h�� �\�b�j�Z�o�m�\�Z�l�b�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �j�•�\�g�y�g�g�y�� ���������� �\��
�a�Z�e�_�`�g�h�k�l�•�� �\�•�^�� �k�d�e�Z�^�h�\�h�€�� �k�l�j�m�f�m��1sI ���� �L�h�^�•�� �\�� �y�d�h�k�l�•��

�m�i�j�Z�\�e�•�g�v��1U  �•�� 2U  �f�h�`�_�f�h���\�b�[�j�Z�l�b���k�d�e�Z�^�h�\�•���k�l�j�m�f�m��

1sI  �l�Z�� 2sI ���� �L�h�[�l�h��1U  = 1sI ; 2U = 2sI ���� �<�� �j�_�a�m�e�v�l�Z�l�•��

�f�Z�l�_�f�Z�l�b�q�g�Z���f�h�^�_�e�v���h�[�¶�}�d�l�m���m�i�j�Z�\�e�•�g�g�y���f�Z�}���\�b�]�e�y�^�� 

 1 0rm m rr
rm

r r

d L RR
U

dt L L

�<
�� �< �� � ;  (27) 

 �jd

dt

�Z
+0.00043 �j�Z +0.254 -  0.0125 rm�< 2U =0.(28) 

�1�a�� �\�j�Z�o�m�\�Z�g�g�y�f�� �a�g�Z�q�_�g�v�� �_�e�_�d�l�j�b�q�g�b�o�� �i�Z�j�Z�f�_�l��
�j�•�\�����k�o�_�f�b���a�Z�f�•�s�_�g�g�y �L�:�>���f�Z�l�_�f�Z�l�b�q�g�Z���f�h�^�_�e�v���_�e�_��
�d�l�j�h�i�j�b�\�h�^�m���i�j�_�^�k�l�Z�\�e�y�}�l�v�k�y���m���\�b�]�e�y�^�•�� 

 1 1 1 2 1 0X a X a U�� �� � ;  (29) 

 2 3 2 4 5 1 2 0X a X a a X U�� �� �� � ,  (30) 

�^�_  1X = rmd

dt

�<
; 2X = �jd

dt

�Z
; 1X = rm�< ; 2X = �j�Z ; 

1a = r

r

R

L
; 2a = m r

r

L R

L
.  

�A���m�j�Z�o�m�\�Z�g�g�y�f���i�Z�j�Z�f�_�l�j�•�\���k�o�_�f�b���a�Z�f�•�s�_�g�g�y��
�L�:�>��  

1a  = 0.728; 2a  = 0.067; 3a = 0.00043;  

4a  = 0.254; 5a = 0.0125. 

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

�[�m�l�b���a�Z�k�l�h�k�h�\�Z�g�h���f�_�l�h�^���\�Z�j�•�Z�p�•�c�g�h�]�h���q�b�k�e�_�g�g�y���r�e�y��
�o�h�f���j�•�r�_�g�g�y���a�Z�]�Z�e�v�g�h�€���a�Z�^�Z�q�•���E�Z�]�j�Z�g�`�Z���� 

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

�N�•�a�b�q�g�h �m�i�j�Z�\�e�•�g�g�y��1U , 2U  �± �p�_�� �i�j�h�_�d�p�•�€��1sI , 

2sI  �\�_�d�l�h�j�m�� �k�l�j�m�f�m�� �k�l�Z�l�h�j�g�h�€�� �h�[�f�h�l�d�b�� �^�\�b�]�m�g�Z�� �g�Z��
�\�•�^�i�h�\�•�^�g�•���h�k�•���d�h�h�j�^�b�g�Z�l�� 

�N�m�g�d�p�•�h�g�Z�e���� �y�d�b�c�� �f�•�g�•�f�•�a�m�}�� �_�g�_�j�]�_�l�b�q�g�•�� �\�b�l�j�Z��
�l�b�����a�Z�^�Z�}�l�v�k�y���m���\�b�]�e�y�^�•: 

0

2 2
1 2

T

t

J (U U )dt�  � ��³ . 

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

 
2 2
1 2 1 1 1 1 2 1

2 2 3 2 4 5 1 2 .

H (U U ) (X a X a U )

(X a X a a X U )

�O

�O

� �� �� �� �� ��

�� �� �� ��
 (31)  

�<�b�d�h�j�b�k�l�h�\�m�x�q�b �j�•�\�g�y�g�g�y�� �?�c�e�_�j�Z���� �m�i�j�Z�\�e�•�g�g�y��

1U  �•����2U  �a�g�Z�o�h�^�y�l�v�k�y���y�d���� 

 1 2 1 / 2U a �O�  ;  (32) 

 2 5 2 1/ 2U a X�O� ,  (33) 

 �^�_ 1�O, 2�O  �± �g�_�\�b�a�g�Z�q�_�g�•�� �f�g�h�`�g�b�d�b�� �E�Z�]�j�Z�g�`�Z���� �y�d�•��

�a�g�Z�o�h�^�y�l�v�k�y���•�a���k�b�k�l�_�f�b���^�b�n�_�j�_�g�p�•�Z�e�v�g�b�o���j�•�\�g�y�g�v�� 

 2
1 1 1 5 2 1/ 2 0a (a ) X�O �O �O�� �� � ;  (34) 

  2 3 2 0a� O � O� � �  .  (35) 

�:�g�Z�e�•�a�� �f�h�`�e�b�\�h�]�h�� �\�b�^�m���n�m�g�d�p�•�€��1�O �r�e�y�o�h�f�� �j�•��

�r�_�g�g�y���j�•�\�g�y�g�g�y���������� �± �p�_���k�m�d�m�i�g�•�k�l�v���_�d�k�i�h�g�_�g�p�•�Z�e�v��
�g�b�o�� �n�m�g�d�p�•�c�� �a�•�� �k�\�h�€�f�b�� �i�h�k�l�•�c�g�b�f�b�� �•�g�l�_�]�j�m�\�Z�g�g�y���� �y�d�•��
�f�h�`�e�b�\�h�� �\�b�a�g�Z�q�b�l�b�� �i�j�b�� �a�Z�^�Z�g�b�o�� �g�Z�q�Z�e�v�g�b�o�� �m�f�h�\�Z�o��
�\�•�^�i�h�\�•�^�g�h�]�h�� �^�b�n�_�j�_�g�p�•�c�g�h�]�h�� �j�•�\�g�y�g�g�y�� ���\�� �g�Z�r�h�f�m��
�\�b�i�Z�^�d�m�� �j�•�\�g�y�g�g�y�� ����9)) �± �y�d�� �j�•�r�_�g�g�y�� �h�^�g�h�j�•�^�g�h�]�h��
�j�•�\�g�y�g�g�y�� �•�� �n�m�g�d�p�•�€�� �\�b�f�m�r�_�g�h�]�h�� �j�•�r�_�g�g�y�� �j�•�\�g�y�g�g�y��
������������ �y�d�_�� �\�b�a�g�Z�q�Z�}�l�v�k�y�� �\�b�^�h�f�� �n�m�g�d�p�•�€��1X  ���f�h�^�m�e�_�f��

�i�h�l�h�d�h�a�q�_�i�e�_�g�g�y���� 
�<���j�_�a�m�e�v�l�Z�l�•���m�i�j�Z�\�e�•�g�g�y��1U  �[�m�^�_�f�h���\�•�^�r�m�d�m�\�Z��

�l�b�� �\�� �f�g�h�`�b�g�•�� �k�m�f�b�� �_�d�k�i�h�g�_�g�p�•�Z�e�v�g�b�o�� �n�m�g�d�p�•�c��
���k�d�e�Z�^�h�\�b�o �j�•�r�_�g�g�y���h�^�g�h�j�•�^�g�h�]�h���j�•�\�g�y�g�g�y�����•���k�d�e�Z�^�h��
�\�h�€���\�b�f�m�r�_�g�h�]�h���j�•�r�_�g�g�y���± �\�b�^�h�f���n�m�g�d�p�•�€��1X . 

�:�g�Z�e�•�a�� �f�h�`�e�b�\�h�]�h�� �\�b�^�m�� �n�m�g�d�p�•�€��2�O  �r�e�y�o�h�f��

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

�<���j�_�a�m�e�v�l�Z�l�•���m�i�j�Z�\�e�•�g�g�y��2U  �[�m�^�_�f�h���\�•�^�r�m�d�m�\�Z��
�l�b�� �\�� �f�g�h�`�b�g�•�� �^�h�[�m�l�d�m�� �_�d�k�i�h�g�_�g�p�•�Z�e�v�g�b�o�� �n�m�g�d�p�•�c��
���k�d�e�Z�^�h�\�b�o���j�•�r�_�g�g�y���h�^�g�h�j�•�^�g�h�]�h���j�•�\�g�y�g�g�y�����•���n�m�g�d�p�•�€��

1X . 

�L�Z�d�b�f���q�b�g�h�f���m�i�j�Z�\�e�•�g�g�y��1U  �•�� 2U  �f�Z�x�l�v���Z�g�Z�e�h��

�]�•�q�g�m���k�l�j�m�d�l�m�j�m�����A�Z�]�Z�e�v�g�b�c���\�b�^���m�i�j�Z�\�e�•�g�v���± �p�_���k�m�d�m��
�i�g�•�k�l�v�� �_�d�k�i�h�g�_�g�p�•�Z�e�v�g�b�o�� �n�m�g�d�p�•�c���� �y�d�•�� �\�b�a�g�Z�q�Z�x�l�v�k�y��
�r�e�y�o�h�f�� �j�•�r�_�g�g�y�� �\�•�^�i�h�\�•�^�g�h�]�h�� �h�^�g�h�j�•�^�g�h�]�h�� �j�•�\�g�y�g��
�g�y���� �s�h�� �^�Z�}�� �a�f�h�]�m�� �\�b�a�g�Z�q�b�l�b�� �q�Z�k�� �^�•�€�� �p�•�}�€�� �k�d�e�Z�^�h�\�h�€���� �•��
�k�d�e�Z�^�h�\�h�€�� �n�m�g�d�p�•�€��1X ���� �P�_�� �g�Z�^�Z�}�� �g�Z�f�� �i�•�^�k�l�Z�\�b�� �a�Z�^�Z��

�\�b�l�b�� �a�Z�]�Z�e�v�g�m�� �k�l�j�m�d�l�m�j�m�� ���\�b�]�e�y�^���� �m�i�j�Z�\�e�•�g�v���� �g�_�� �\�b��
�a�g�Z�q�Z�x�q�b�� �r�e�y�o�h�f�� �j�•�r�_�g�g�y�� �^�b�n�_�j�_�g�p�•�c�g�b�o�� �j�•�\�g�y�g�v��
�����������•�������������n�m�g�d�p�•�c��1�O �•�� 2�O . 

�>�e�y�� �\�b�j�•�r�_�g�g�y �a�Z�^�Z�q�•�� �a�g�Z�o�h�^�`�_�g�g�y�� �m�i�j�Z�\�e�•�g�v��
�i�j�h�i�h�g�m�}�l�v�k�y���g�Z�k�l�m�i�g�b�c���i�•�^�o�•�^�� 

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

�>�e�y�� �Z�i�j�h�[�Z�p�•�€�� �^�Z�g�h�]�h�� �i�•�^�o�h�^�m�� �\�b�d�h�j�b�k�l�Z�g�h  �a�Z��
�d�h�g���d�_�j�m�\�Z�g�g�y U/f = �konst �i�j�b���i�_�\�g�h�f�m���l�_�f�i�•���j�h�a�]�h��
�g�m�����g�Z�[�h�j�m���q�Z�k�l�h�l�b���g�Z�i�j�m�]�b���`�b�\�e�_�g�g�y���L�:�>��.  

�L�Z�d���� �i�j�b�� �^�h�k�e�•�^�`�_�g�g�•�� �a�Z�� �m�f�h�\�b���� �s�h��U/f = 15 
�<���=�p�� �i�j�b�� �l�_�f�i�•�� �g�Z�[�h�j�m�� �q�Z�k�l�h�l�b�� ������ �=�p���k���� �i�j�h�_�d�p�•�€��
�\�_�d�l�h�j�m�� �k�l�j�m�f�m�� �g�Z�� �h�k�•�� �d�h�h�j�^�b�g�Z�l�� �f�Z�x�l�v�� �\�b�^���� �y�d�b�c��
�i�j�b�\�_�^�_�g�h���g�Z���j�b�k�� 1.  

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

y by cy A�� �� � , 

�^�_��b, c, A �± �i�h�k�l�•�c�g�•���d�h�_�n�•�p�•�}�g�l�b���������� 
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�J�_�a�m�e�v�l�Z�l�b �j�•�r�_�g�g�y�� �p�v�h�]�h�� �j�•�\�g�y�g�g�y�� �f�h�`�e�b�\�h��
�\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b�� �y�d�� �\�b�]�e�y�^�b�� �m�i�j�Z�\�e�•�g�v��1U  �•�� 2U  �\��

�a�Z�e�_�`�g�h�k�l�•���\�•�^���d�h�_�n�•�p�•�}�g�l�•�\��b, c �•���n�m�g�d�p�•�€ A. 
�A�Z���m�f�h�\�b�����s�h�� 

1 1 2 2s sy I , y I�  �  ,  

�h�l�j�b�f�Z�}�f�h���j�•�r�_�g�g�y �g�Z���h�k�g�h�\�•���j�•�\�g�y�g�v�� 

 1 1 1 1 1y b y c y A�� �� � ; (36) 

 2 2 2 2 2 2y b y c y A�� �� � .  (37) 

�J�•�r�_�g�g�y���^�b�n�_�j�_�g�p�•�Z�e�v�g�h�]�h���j�•�\�g�y�g�g�y������������ 

1 2
1 1 2

k t k ty (t ) C e C e�  � �+ By , 

�^�_��By  �± �\�b�f�m�r�_�g�Z���k�d�e�Z�^�h�\�Z���j�•�r�_�g�g�y���^�b�n�_�j�_�g�p�•�Z�e�v��

�g�h�]�h���j�•�\�g�y�g�g�y�����<���^�Z�g�h�f�m���\�b�i�Z�^�d�m���\�b�f�m�r�_�g�Z���k�d�e�Z�^�h��
�\�Z���a�g�Z�o�h�^�b�l�v�k�y���y�d�����i�j�b��A = �konst): 

By � 1 1/A c . 

�<���j�_�a�m�e�v�l�Z�l�•���j�•�r�_�g�g�y���j�•�\�g�y�g�v�������������•�������������f�Z�}���\�b��
�]�e�y�^������������ 

3 4 4
1 1 2 5

b t jb t jb ty (t ) e (C e C e ) b�� ��� �� �� ; 

3 4 4
2 1 2 6

b t jb t jb ty (t ) e (C e C e ) b�� ��� �� �� ,  

�^�_ 3 1 / 2b b ;�  4 3 4 ;b (b c )�  � �5 1 1/b A c ;�    

 6 2 2/b A c� ; 1b  = 2b = 0.5.  

�<���i�j�h�p�_�k�•���^�h�k�e�•�^�`�_�g�g�y���h�l�j�b�f�Z�g�h����1b  = 2b = 0.5, 

1c  = 2c = 0.2; 1c , 2c  �± �i�h�k�l�•�c�g�•���•�g�l�_�]�j�m�\�Z�g�g�y�����y�d�•���\�b��
�a�g�Z�q�Z�x�l�v�� �o�Z�j�Z�d�l�_�j�� �k�d�e�Z�^�h�\�h�€�� �j�•�r�_�g�g�y�� �h�^�g�h�j�•�^�g�h�]�h��
�j�•�\�g�y�g�g�y���� 

�K�d�e�Z�^�h�\�•��5b  �•��6b  �\�b�a�g�Z�q�Z�x�l�v���\�b�f�m�r�_�g�_���j�•�r�_�g��

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

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

 3
1 5 4 1 .b ty (t ) b (e sin(b t ) )���  � �  (38) 

�:�g�Z�e�h�]�•�q�g�h���•���^�e�y�������������� 
�G�Z�� �j�b�k���� ���� �•�� �j�b�k���� ���� �i�j�b�\�_�^�_�g�h�� �]�j�Z�n�•�d�b�� �j�_�Z�e�•�a�Z�p�•�€��

�n�m�g�d�p�•�€�� �\�•�^�i�h�\�•�^�g�h�� �^�h�� �j�•�\�g�y�g�g�y�� ���������� �^�e�y�� �j�•�a�g�b�o�� �a�g�Z��
�q�_�g�v���k�d�e�Z�^�h�\�b�o���^�b�n�_�j�_�g�p�•�c�g�b�o���j�•�\�g�y�g�v�������������•������������ 

�G�Z �j�b�k�� 5:  
y=((sin((2*pi*t/T1)))*(D 1*exp(-0.25*t)))+D2;  
D1 = D2 =100;  T1 = 40. 
�G�Z���j�b�k�� 6:  
y=((sin((2*pi*t/T1)))*(D1*exp(-0.25*t)))+D2;  
D1 = 300; D2 = 100; T1=40.    

 

  
 

 �J�b�k. 5. �=�j�Z�n�•�d����                                   �J�b�k. 6.  �=�j�Z�n�•�d 
      �n�m�g�d�p�•�€��y(t) �\�Z�j�•�Z�g�l����              �n�m�g�d�p�•�€��y(t) �\�Z�j�•�Z�g�l����    

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

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

�L�Z�d�_���i�j�_�^�k�l�Z�\�e�_�g�g�y���m�i�j�Z�\�e�•�g�v��1U  �•�� 2U  �^�Z�}���f�h��

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

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

 1 2
bty(t ) B e sin( t ) B�Z���  � � (39) 

�^�_����1B , 2B , b �± �d�h�g�k�l�Z�g�l�b�� 

�I�j�b���p�v�h�f�m �a�Z���^�h�i�h�f�h�]�h�x��1B  �f�h�`�e�b�\�h���a�Z�^�Z�\�Z�l�b��

�Z�f�i�e�•�l�m�^�g�_�� �a�g�Z�q�_�g�g�y�� �a�Z�\�^�Z�g�g�y�� �m�i�j�Z�\�e�•�g�g�y����2B  �± 

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

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

2 /x sin( pi Tt )� , 

�^�_���L �± �\�_�e�b�q�b�g�Z�� �f�h�`�e�b�\�h�]�h�� �i�_�j�•�h�^�m�� �i�j�h�l�•�d�Z�g�g�y�� �i�_��
�j�_�o�•�^�g�h�]�h�� �i�j�h�p�_�k�m�� �\�•�^�i�h�\�•�^�g�h�� �^�h�� �k�d�e�Z�^�h�\�h�€�� �j�•�r�_�g�g�y��
�h�^�g�h�j�•�^�g�h�]�h���j�•�\�g�y�g�g�y����30).  

�< �g�Z�r�h�f�m�� �\�b�i�Z�^�d�m�� �i�j�b�� �^�h�k�e�•�^�`�_�g�g�y�o�� �[�m�e�h��
�L = 40 �k���� 

�I�j�b���^�h�k�e�•�^�`�_�g�g�•���k�b�k�l�_�f�b�� �d�_�j�m�\�Z�g�g�y�����m�i�j�Z�\�e�•�g��
�g�y��1U  �•�� 2U  �n�h�j�f�m�\�Z�e�b�k�v���r�e�y�o�h�f���j�•�r�_�g�g�y���^�b�n�_�j�_�g��

�p�•�Z�e�v�g�b�o���j�•�\�g�y�g�v�������������•������������ 
�A�g�Z�o�h�^�`�_�g�g�y��1�O, 2�O  �f�h�`�e�b�\�h�� �l�Z�d�h�`�� �•�� �q�_�j�_�a��

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

�P�_�� �^�Z�}�� �a�f�h�]�m�� �i�j�b�� �l�Z�d�h�f�m�� �i�j�_�^�k�l�Z�\�e�_�g�g�•�� �\�b�^�•��
�e�b�l�b�� �k�d�e�Z�^�h�\�•�� �j�•�r�_�g�g�y�� �^�b�n�_�j�_�g�p�•�Z�e�v�g�h�]�h�� �j�•�\�g�y�g�g�y��
���h�^�g�h�j�•�^�g�h�]�h�� �•�� �\�b�f�m�r�_�g�h�]�h������ �Z�� �a�g�Z�q�b�l�v�� �•�� �g�Z�q�Z�e�v�g�•��
�m�f�h�\�b�� �^�e�y�� �k�b�k�l�_�f�b�� �^�b�n�_�j�_�g�p�•�c�g�b�o�� �� �j�•�\�g�y�g�v���� �y�d�•��
�h�i�b�k�m�x�l�v�� �^�b�g�Z�f�•�d�m���i�h�\�_�^�•�g�d�b�� �g�_�\�b�a�g�Z�q�_�g�b�o�� �f�g�h�`��
�g�b�d�•�\���E�Z�]�j�Z�g�`�Z��1�O �•�� 2�O . 

�A�� �•�g�r�h�€�� �k�l�h�j�h�g�b�� �a�Z�d�h�g�b�� �m�i�j�Z�\�e�•�g�g�y��1U  �•�� 2U  �± 

�p�_�� �i�j�h�_�d�p�•�€��1sI  �•�� 2sI  �f�h�^�m�e�y�� �\�_�d�l�h�j�m�� �k�l�j�m�f�m�� �g�Z�� �h�k�•��

�d�h�h�j�^�b�g�Z�l�����\�b�d�h�j�b�k�l�Z�g�g�y���y�d�b�o���^�h�a�\�h�e�y�}���\�b�a�g�Z�q�_�g�g�x��
�k�d�e�Z�^�h�\�b�o���f�h�^�m�e�y���\�_�d�l�h�j�m���g�Z�i�j�m�]�b�� �`�b�\�e�_�g�g�y����1sU  �•��

2sU  �a�]�•�^�g�h�� �j�•�\�g�y�g�v�� ���������� �•�� ������������ �<�b�d�h�j�b�k�l�Z�g�g�y�� �j�•�\��

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

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

�N�h�j�f�m�\�Z�g�g�y�� �k�d�e�Z�^�h�\�b�o�� �\�_�d�l�h�j�m�� �g�Z�i�j�m�]�b�� �`�b�\��
�e�_�g�g�y�� �L�:�>�� �\�b�d�h�g�m�}�l�v�k�y�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �n�h�j�f�m�e��
�����������������������a�Z���m�f�h�\�b���k�l�Z�[�•�e�•�a�Z�p�•�€���i�h�l�h�d�m���� 
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�N�h�j�f�m�\�Z�g�g�y �q�Z�k�l�h�l�b s�Z �± �a (21): 
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3
A �± �d�h�_�n�•�p�•�}�g�l���� �a�Z�� �^�h�i�h�f�h�]�h�x��

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

�K�n�h�j�f�h�\�Z�g�•���a�g�Z�q�_�g�g�y���q�Z�k�l�h�l�b���g�Z�i�j�m�]�b���`�b�\�e�_�g��
�g�y���•���f�h�^�m�e�v���\�_�d�l�h�j�m �g�Z�i�j�m�]�b���`�b�\�e�_�g�g�y���L�:�>���\�b�d�h�j�b��
�k�l�h�\�m�x�l�v�k�y�� �y�d�� �\�o�•�^�g�•�� �n�m�g�d�p�•�€�� �m�i�j�Z�\�e�•�g�v�� �\�� �f�Z�l�_�f�Z�l�b��
�q�g�•�c���f�h�^�_�e�•���_�e�_�d�l�j�h�i�j�b�\�h�^�m���^�b�a�_�e�v- �i�h�€�a�^�Z �g�Z���h�k�g�h�\�•��
�j�•�\�g�y�g�v�����������± (6), (21). 

�:�^�_�d�\�Z�l�g�•�k�l�v�� �d�h�f�i�¶�x�l�_�j�g�b�o�� �f�h�^�_�e�_�c�� �g�Z�� �h�k�g�h�\�•��
�k�b�k�l�_�f�b�� �j�•�\�g�y�g�v�� �������� �± �������� �l�Z�� �f�Z�l�_�f�Z�l�b�q�g�h�€�� �f�h�^�_�e�•�� �a��
�\�b�d�h�j�b�k�l�Z�g�g�y�f�� �Z�e�]�h�j�b�l�f�m�� �\�_�d�l�h�j�g�h�]�h�� �d�_�j�m�\�Z�g�g�y��
�j�•�\�g�y�g�v�� ������) �± ���������� �i�•�^�l�\�_�j�^�`�m�}�l�v�k�y�� �j�_�a�m�e�v�l�Z�l�Z�f�b��
�f�h�^�_�e�x�\�Z�g�g�y�� �i�j�b�� �\�b�d�h�j�b�k�l�Z�g�g�•�� �a�Z�d�h�g�m�� �m�i�j�Z�\�e�•�g�g�y��
U/f = �konst �l�Z�� �i�h�j�•�\�g�y�g�g�•�� �a�g�Z�q�_�g�v�� �o�Z�j�Z�d�l�_�j�g�b�o�� �a�f�•�g��
�g�b�o�� ���r�\�b�^�d�h�k�l�•���� �i�j�b�k�d�h�j�_�g�g�y���� �l�y�]�h�\�h�]�h�� �f�h�f�_�g�l�m����
�n�Z�a�g�b�o���k�l�j�m�f�•�\���l�Z���•�g�������a���j�h�a�j�Z�o�m�g�d�h�\�b�f�b�� �i�j�b���i�_�\�g�h��
�f�m���a�Z�\�Z�g�l�Z�`�_�g�g�•���^�b�a�_�e�v-�i�h�€�a�^�Z���� 

�D�j�•�f�� �l�h�]�h �g�Z�� �j�b�k�� ���� �i�j�b�\�_�^�_�g�h�� �m���\�b�]�e�y�^�•�� �]�j�Z�n�•��
�d�•�\ �o�Z�j�Z�d�l�_�j�� �i�j�h�p�_�k�•�\�� �a�f�•�g�b�� �_�e�_�d�l�j�h�f�Z�]�g�•�l�g�h�]�h�� �f�h��
�f�_�g�l�m dM .  
 

 
 

�J�b�k. 7. �=�j�Z�n�•�d���a�f�•�g�b���_�e�_�d�l�j�h�f�Z�]�g�•�l�g�h�]�h���f�h�f�_�g�l�m�� 
�i�j�b���^�h�k�e�•�^�`�_�g�g�•���a�Z���^�h�i�h�f�h�]�h�x���f�Z�l�_�f�Z�l�b�q�g�b�o���f�h�^�_�e�_�c�� 

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

�O�Z�j�Z�d�l�_�j�� �i�j�h�p�_�k�•�\�� �a�f�•�g�b�� �_�e�_�d�l�j�h�f�Z�]�g�•�l�g�h�]�h��
�f�h�f�_�g�l�m dM  ���y�\�e�y�}�l�v�k�y�� �m�a�Z�]�Z�e�v�g�_�g�h�x�� �o�Z�j�Z�d�l�_�j�b�k��

�l�b�d�h�x������ �n�h�j�f�m�}�l�v�k�y�� �g�Z�� �h�k�g�h�\�•�� �k�i�•�\�\�•�^�g�h�r�_�g�g�y�� ��������
�i�h�\�g�h�€�����h�k�g�h�\�g�h�€�����f�h�^�_�e�•���L�:�>���•���k�i�•�\�\�•�^�g�h�r�_�g�g�y������������
�f�Z�l�_�f�Z�l�b�q�g�h�€���f�h�^�_�e�•���g�Z���h�k�g�h�\�•���Z�e�]�h�j�b�l�f�m���\�_�d�l�h�j�g�h��
�]�h���d�_�j�m�\�Z�g�g�y�� 

�=�j�Z�n�•�d�b�� �i�j�Z�d�l�b�q�g�h�� �k�i�•�\�i�Z�^�Z�x�l�v���� �s�h�� �^�Z�}�� �f�h�`��
�e�b�\�•�k�l�v���k�m�^�b�l�b���i�j�h���Z�^�_�d�\�Z�l�g�•�k�l�v���f�h�^�_�e�_�c�� 

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

25 �d�f���]�h�^�� �k�l�Z�g�h�\�b�l�v�� �������� �f��2�k ������ �I�j�b�� �p�v�h�f�m�� �q�Z�k�� �j�h�a��
�]�h�g�m��t = 60 �k�� �•�� �d�•�g�p�_�\�Z�� �r�\�b�^�d�•�k�l�v�� �^�b�a�_�e�v- �i�h�€�a�^�Z��
V = 60 �d�f���]�h�^�� 

�<�� �l�Z�[�e�� ���� �• ���� �i�j�b�\�_�^�_�g�h�� �a�g�Z�q�_�g�g�y�� �\�b�f�m�r�_�g�b�o��
�k�d�e�Z�^�h�\�b�o�� �a�Z�^�Z�g�g�y�� �m�i�j�Z�\�e�•�g�v��1sI  �•�� 2sI  �a�]�•�^�g�h�� �\�b�j�Z��

�a�•�\�������������•���������������y�d�•���\�b�d�h�j�b�k�l�Z�g�•���\���i�j�h�p�_�k�• �^�h�k�e�•�^�`�_�g�v���� 
�I�j�b���p�v�h�f�m  T1 = 40. 
�<�� �l�Z�[�e�� 2 �i�j �b�\�_�^�_�g�h �j�_�a�m�e�v�l�Z�l�b�� �^�h�k�e�•�^�`�_�g�v�� �k�b��

�k�l�_�f�b���d�_�j�m�\�Z�g�g�y���a�Z���m�f�h�\�b���\�b�d�h�j�b�k�l�Z�g�g�y���\�•�^�i�h�\�•�^�g�b�o��
�m�i�j�Z�\�e�•�g�v��1sI  �•�� 2sI  �\���i�j�h�p�_�k�•���j�h�a�]�h�g�m���^�b�a�_�e�v�� �i�h�€�a�^�Z��

�\���i�j�h�^�h�\�`���q�Z�k�m�����j�•�\�g�h�f�m���������k�����R�\�b�^�d�•�k�l�v���i�j�b���p�v�h�f�m��
�g�_�� �h�[�f�_�`�m�\�Z�e�Z�k�v���� �I�h�j�•�\�g�y�g�g�y�� �j�_�a�m�e�v�l�Z�l�•�\�� �_�n�_�d�l�b�\��
�g�h�k�l�•�� �a�Z�d�h�g�m�� �m�i�j�Z�\�e�•�g�g�y�� �h�p�•�g�x�\�Z�e�Z�k�v�� �a�g�Z�q�_�g�g�y�f��
�\�_�e�b�q�b�g�b���a�Z�l�j�Z�q�_�g�h�€���_�g�_�j�]�•�€���g�Z���h�^�b�g���f�_�l�j���i�j�h�c�^�_�g�h��
�]�h�� �r�e�y�o�m�� ��P/S������ �D�j�•�f�� �h�p�•�g�x�\�Z�e�b�k�v�� �h�l�j�b�f�Z�g�•�� �a�g�Z�q�_�g��
�g�y�� �o�Z�j�Z�d�l�_�j�g�b�o�� �a�f�•�g�g�b�o�� �f�h�^�_�e�•�� ���r�\�b�^�d�•�k�l�v�� ��V������ �f�h��
�^�m�e�v�� �\�_�d�l�h�j�m�� �i�h�l�h�d�m�� ��rm�< ������ �d�h�\�a�Z�g�g�y�� ���E������ �k�l�j�m�f�b��

( 1sI , 2sI ������ �_�e�_�d�l�j�h�f�Z�]�g�•�l�g�b�c�� �f�h�f�_�g�l�� ��dM ������ �h�l�j�b�f�Z��
�g�b�c�� �a�Z�d�h�g�� �d�_�j�m�\�Z�g�g�y�� ��U/f������ �A�]�•�^�g�h�� �l�Z�d�h�€�� �h�p�•�g�d�b�� ���\�_��
�e�b�q�b�g�b�� �a�Z�l�j�Z�q�_�g�h�€�� �_�g�_�j�]�•�€�� �g�Z�� �h�^�b�g�� �f�_�l�j�� �i�j�h�c�^�_�g�h�]�h��
�r�e�y�o�m���� �h�i�l�b�f�Z�e�v�g�b�f�� �\�Z�j�•�Z�g�l�h�f�� �}�� �a�Z�d�h�g�� �d�_�j�m�\�Z�g�g�y��
���a�]�•�^�g�h���a�Z�\�^�Z�g�g�y�����������^�_��1sI  � ���������:���� 2sI  = 210 �:�����I�j�b��

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

�<���l�Z�[�e. 3 �•�������i�j�b�\�_�^�_�g�h���j�_�a�m�e�v�l�Z�l�b���Z�g�Z�e�h�]�•�q�g�b�o��
�^�h�k�e�•�^�`�_�g�v���a�Z���m�f�h�\�b���a�Z�^�Z�g�g�y���m�i�j�Z�\�e�•�g�v��1sI  �•�� 2sI �����y�d�•��

�a�Z�[�_�a�i�_�q�m�x�l�v�� �j�h�a�]�•�g�� �^�b�a�_�e�v-�i�h�€�a�^�Z�� �^�h�� �r�\�b�^�d�h�k�l�•��
V = 60 �d�f���]�h�^���l�Z���\�j�Z�o�m�\�Z�g�g�y���f�h�`�e�b�\�h�]�h���Z�f�i�e�•�l�m�^�g�h��
�]�h���a�g�Z�q�_�g�g�y �g�Z�i�j�m�]�b���`�b�\�e�_�g�g�y���L�:�>�� 

�A�]�•�^�g�h���l�_�o�g�•�q�g�b�o���m�f�h�\���g�Z���L�:�>�����e�•�g�•�c�g�Z���g�Z�i�j�m�]�Z��
�`�b�\�e�_�g�g�y��lU  �k�l�Z�g�h�\�b�l�v�������������<�����:�f�i�e�•�l�m�^�g�_���a�g�Z�q�_�g��

�g�y�� �n�Z�a�g�h�€�� �g�Z�i�j�m�]�b��fU  �[�m�^�_�� �k�l�Z�g�h�\�b�l�b�� ������ �<���� �s�h��

�^�h�k�y�]�Z�}�l�v�k�y�� �\�� �d�•�g�p�_�\�b�c�� �f�h�f�_�g�l�� �q�Z�k�m�� ��t = 60 �k������ �A�g�Z��
�q�_�g�g�y�� �\�_�e�b�q�b�g�b�� �p�•�}�€�� �g�Z�i�j�m�]�b�� �\�� �l�Z�[�e�� ���� �\�•�^�i�h�\�•�^�Z�}��
�\�Z�j�•�Z�g�l�m���©���ª���a�Z�\�^�Z�g�g�y���m�i�j�Z�\�e�•�g�v��1sI  �•�� 2sI �����I�j�b���p�v�h��

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

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

�\�•�^�g�•���h�k�•���d�h�h�j�^�b�g�Z�l���± 124 �:���•�����������:���� 
�_�e�_�d�l�j�h�f�Z�]�g�•�l�g�b�c���f�h�f�_�g�l���L�:�>���± �����������G���f���� 

�\�b�d�h�j�b�k�l�Z�g�Z���i�h�l�m�`�g�•�k�l�v���± 0.778* 710 ���<�l������ 
�a�Z�d�h�g���j�h�a�]�h�g�m U/f = 14. 
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�L�Z�[�e�b�p�y���� �± �<�Z�j�•�Z�g�l�b���a�Z�\�^�Z�g�g�y���m�i�j�Z�\�e�•�g�v 1sI  �•�� 2sI  

�M�i�j�Z�\�e�•�g�g�y 1 2 3 4 5 6 7 

1sI ���:�� 20.0 19.0 20.0 21.0 22.0 22.0 20.0 

2sI ���:�� 220.0 220.0 230.0 220.0 220.0 230.0 210.0 

 
�L�Z�[�e�b�p�y���� �± �J�_�a�m�e�v�l�Z�l�b �^�h�k�e�•�^�`�_�g�v�����l�_�f�i���g�Z�[�h�j�m���q�Z�k�l�h�l�b���g�Z�i�j�m�]�b���`�b�\�e�_�g�g�y���L�:�>����

3
A =1)       

�‹���i���i  
V, 

�d�f���]�h�^ 
S, �f  rm�< , �< �E, c-1 1sI , �:  2sI , �:  dM , �G�f 

P,  

�<�l���k�
 710  

P/S * 
310  

1 66.1 513.7 2.36 9.08 120.0 272.5 2883.0 0.919 17.87 

2 62.0 481.8 2.25 9.51 121.8 268.6 2706.0 0.820 17.23 

3 68.5 533.2 2.37 9.45 127.4 281.5 2982.0 0.991 18.58 

4 70.3 545.9 2.48 8.70 118.9 276.0 3060.0 1.028 18.83 

5 74.5 578.4 2.59 8.35 117.7 279.2 3240.0 1.135 19.60 

6 77.3 600.3 2.59 8.70 124.5 288.7 3355.0 1.225 20.40 

7 63.6 493.9 2.36 8.71 113.2 263.3 2780.0 0.848 17.15 

 
�L�Z�[�e�b�p�y���� �± �<�Z�j�•�Z�g�l�b �a�Z�\�^�Z�g�g�y���m�i�j�Z�\�e�•�g�v��1sI  �•�� 2sI  

�M�i�j�Z�\�e�•�g�g�y 1 2 3 4 5 6 7 8 9 10 

1sI ���:�� 18.0 19.0 20.0 21.0 22.0 23.0 24.0 25.0 26.0 30.0 

2sI ���:�� 420 380 348 321 298 278 261 244 231 186 

 
�L�Z�[�e�b�p�y���� �± �J�_�a�m�e�v�l�Z�l�b���^�h�k�e�•�^�`�_�g�v����V = 60 �d�f���]�h�^�� 

�‹���i���i  V, 
�d�f���]�h�^ S, �f  rm�< , �< �E, �k-1 1sI , �:  2sI , �:  dM , 

�G���f 

P,  

�<�l���k�
 710  
U/f, �<���=�p 

1 60.09 474.0 1.83 18.14 235.5 319.0 2570 0.948 11.90 

2 60.06 471.9 1.88 15.09 202.8 309.3 2582 0.892 12.25 

3 60.1 470.7 1.95 13.79 177.1 300.0 2598 0.853 12.65 

4 60.1 469.5 2.02 12.24 156.0 289.0 2608 0.823 13.10 

5 69.01 467.7 2.1 10.94 138.0 278.5 2615 0.797 13.57 

6 59.99 466.7 2.19 9.87 124.5 268.5 2621 0.778 14.07 

7 60.08 466.6 2.26 8.98 113.5 259.2 2631 0.766 14.58 

8 59.99 465.3 2.35 8.20 103.7 250.0 2632 0.751 15.1 

9 60.1 465.6 2.44 7.54 96.0 241.7 2641 0.744 15.64 

10 58.5 461.7 2.50 5.10 65.0 184.2 2000 0.699 15.0 

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

U/f = var 

�g�Z�� �i�_�j�•�h�^�m�� �^�•�€�� �k�d�e�Z�^�h�\�h�€�� �j�•�r�_�g�g�y �h�^�g�h�j�•�^�g�h��
�]�h �j�•�\�g�y�g�g�y Y0, �^�_ 

Y0 = sin(2*pi*t/T1)*(D 1*exp(-0.25*t)); 

U/f = const �± 

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

�<�b�k�g�h�\�d�b 

1. �J�h�a�]�e�y�g�m�l�•�� �i�•�^�o�h�^�b�� �^�h�� �i�h�[�m�^�h�\�b�� �k�b�k�l�_�f�� �d�_��
�j�m�\�Z�g�g�y�� �l�y�]�h�\�b�f�� �Z�k�b�g�o�j�h�g�g�b�f�� �_�e�_�d�l�j�h�i�j�b�\�h�^�h�f��
�^�b�a�_�e�v-�i�h�€�a�^�•�\���� 

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

2. �I�j�h�\�_�^�_�g�h�� �Z�g�Z�e�•�a�� �f�Z�l�_�f�Z�l�b�q�g�b�o�� �f�h�^�_�e�_�c��
�_�e�_�d�l�j�h�i�j�b�\�h�^�m �a���L�:�>���l�Z���j�h�a�j�h�[�e�_�g�g�y���f�Z�l�_�f�Z�l�b�q�g�h�€��
�f�h�^�_�e�•�� �k�b�k�l�_�f�b�� �m�i�j�Z�\�e�•�g�g�y�� �l�y�]�h�\�b�f�� �_�e�_�d�l�j�h�i�j�b�\�h��
�^�h�f�� �a�� �\�_�d�l�h�j�g�b�f�� �d�_�j�m�\�Z�g�g�y�f���� �H�l�j�b�f�Z�g�h�� �f�Z�l�_�f�Z�l�b�q��
�g�m�� �f�h�^�_�e�v�� �j�m�o�m�� �^�b�a�_�e�v-�i�h�€�a�^�Z�� �a�Z�� �m�f�h�\�b�� �k�l�m�i�_�g�y�� �a�Z��
�\�Z�g�l�Z�`�_�g�h�k�l�•�� �\�� �i�j�h�p�_�k�•�� �c�h�]�h�� �j�h�a�]�h�g�m�� �^�h�� �a�Z�^�Z�g�h�€��
�r�\�b�^�d�h�k�l�•�����y�d�m���f�h�`�e�b�\�h���\�b�d�h�j�b�k�l�Z�l�b���^�e�y���a�^�•�c�k�g�_�g�g�y��
�k�b�g�l�_�a�m���m�i�j�Z�\�e�•�g�v���k�b�k�l�_�f�b���d�_�j�m�\�Z�g�g�y���� 

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

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

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

�������R�e�y�o�h�f���f�h�^�_�e�x�\�Z�g�g�y���h�l�j�b�f�Z�g�h���\�b�^�b���m�i�j�Z�\��
�e�•�g�v�� �a�Z�� �m�f�h�\�b�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �\�•�^�h�f�h�]�h �a�Z�d�h�g�m�� �d�_�j�m��
�\�Z�g�g�y��U/f = �konst���� �s�h�� �^�Z�e�h�� �a�f�h�]�m�� �a�g�Z�c�l�b�� �Z�g�Z�e�•�l�b�q�g�•��
�k�i�•�\�\�•�^�g�h�r�_�g�g�y���m���\�b�]�e�y�^�•���l�b�i�h�\�b�o���k�d�e�Z�^�h�\�b�o���j�•�r�_�g��
�g�y�� �^�b�n�_�j�_�g�p�•�Z�e�v�g�h�]�h�� �j�•�\�g�y�g�g�y���� �y�d�� �j�•�r�_�g�g�y�� �h�^�g�h�j�•�^��
�g�h�]�h���•���\�b�f�m�r�_�g�h�]�h���j�•�\�g�y�g�v���•�����\�b�d�h�j�b�k�l�h�\�m�x�q�b�����a�f�•�g��
�g�•�����i�Z�j�Z�f�_�l�j�b�����k�i�•�\�\�•�^�g�h�r�_�g�v�����a�g�Z�o�h�^�b�l�b���m�i�j�Z�\�e�•�g�g�y��
�r�e�y�o�h�f�� �f�h�^�_�e�x�\�Z�g�g�y���� �y�d�•�� �a�Z�^�h�\�h�e�v�g�y�x�l�v�� �\�b�f�h�]�Z�f��
�f�•�g�•�f�•�a�Z�p�•�€���_�g�_�j�]�_�l�b�q�g�b�o���\�b�l�j�Z�l�� 

������ �I�j�h�\�_�^�_�g�h�� �^�h�k�e�•�^�`�_�g�g�y�� �a�Z�i�j�h�i�h�g�h�\�Z�g�h�€�� �f�h��
�^�_�e�•���y�d���a���l�h�q�d�b���a�h�j�m���€�€���Z�^�_�d�\�Z�l�g�h�k�l�•�����l�Z�d���•���€�€���f�h�`�e�b�\�h��
�k�l�•�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �^�e�y�� �p�•�e�_�c�� �k�b�g�l�_�a�m�� �m�i�j�Z�\�e�•�g�v���� �s�h��
�a�Z�[�_�a�i�_�q�m�x�l�v�� �f�•�g�•�f�•�a�Z�p�•�x�� �_�g�_�j�]�_�l�b�q�g�b�o�� �\�b�l�j�Z�l���� �J�_��
�a�m�e�v�l�Z�l�b�� �^�h�k�e�•�^�`�_�g�v�� �g�Z�^�Z�g�h�� �m�� �\�b�]�e�y�^�•�� �]�j�Z�n�•�d�•�\�� �i�j�h��
�p�_�k�•�\�� �� �o�Z�j�Z�d�l�_�j�g�b�o�� �n�Z�a�h�\�b�o�� �a�f�•�g�g�b�o�� �l�Z�� �l�Z�[�e�b�p�v���� �\��
�y�d�b�o�� �g�Z�\�_�^�_�g�•�� �q�b�k�e�h�\�•�� �a�g�Z�q�_�g�g�y�� �o�Z�j�Z�d�l�_�j�g�b�o�� �a�f�•�g��
�g�b�o�� �k�b�k�l�_�f�b�� �d�_�j�m�\�Z�g�g�y�� �\�� �a�Z�e�_�`�g�h�k�l�•�� �\�•�^�� �k�l�j�m�d�l�m�j�b��
�k�b�]�g�Z�e�•�\���m�i�j�Z�\�e�•�g�g�y�� 
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M. Zapolovskyi, M. Mezentsev, O. Balenko, M. Olifir 

Abst rac t .  Approaches to the construction of control systems for the traction asynchronous electric drive of diesel trains 
are considered. The analysis of mathematical models and the selection of the method of synthesis of the controls of the electric 
drive control system of the diesel train were carried out. The optimization mathematical model of the electric drive is based on 
the algorithm of the vector control method. The mathematical model of the electric drive includes a model of the traction motor, 
which is presented in a two-phase orthogonal coordinate system, oriented along the vector of the rotor flux coupling, and a math-
ematical model of the movement of a diesel train. For the synthesis of controls, it is proposed to use the method of variational 
calculus by solving the general Lagrange problem. Techniques for overcoming this shortcoming of this method are proposed for 
finding undetermined Lagrange multipliers. By means of modeling, the types of controls in the form of analytical ratios are ob-
tained as components of the solution of the differential equation - homogeneous and forced solutions. The study of the proposed 
model was carried out both from the point of view of its adequacy and its applicability for the purposes of the synthesis of man-
agement. The research results are presented in the form of graphs of processes of characteristic phase variables and tables. 

Keywords:  control system, asynchronous electric drive, diesel train, vector control algorithms, mathematical model, 
control laws, control synthesis, optimization methods, Lagrange problem, uncertain Lagrange multipliers, research. 
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�^�_���< �± �\�b�l�j�Z�l�b���i�Z�e�b�\�Z�� 

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

 1

1

min

n

ei �^�L �L
i

�i n

�d�L �L
i

b P t

W q

P t

� 

� 

� ˜ � ˜

� � �o

�˜

�¦

�¦
, (2) 

�^�_  q�i �± �i�b�l�h�f�Z���\�b�l�j�Z�l�Z���i�Z�e�b�\�Z���\���a�Z�^�Z�g�h�f�m���j�_�`�b�f�•��  
P� î �± �i�h�l�m�`�g�•�k�l�v���^�b�a�_�e�y���g�Z��i-�c���i�h�a�b�p�•�€���d�h�g�l�j�h�e�_�j�Z��

�f�Z�r�b�g�•�k�l�Z�����D�F),  
b�_�L �± �i�b�l�h�f�Z���\�b�l�j�Z�l�Z���i�Z�e�b�\�Z���i�j�b���j�_�Z�e�•�a�Z�p�•�€��P� î �g�Z��i-

�c���i�h�a�b�p�•�€���D�F,  
ti �± �q�Z�k���j�h�[�h�l�b���g�Z��i-�c���i�h�a�b�p�•�€���d�h�g�l�j�h�e�_�j�Z���f�Z�r�b�g�•��

�k�l�Z,  
P�di �± �i�h�l�m�`�g�•�k�l�v�����s�h���j�_�Z�e�•�a�m�}�l�v�k�y���g�Z���d�h�e�_�k�•���� 

 �d�L �^�L �\�i �l �_�iP P P P �K� �� �� �˜ ,  (3) 

�^�_���J�\�i �± �i�h�l�m�`�g�•�k�l�v���� �s�h�� �\�•�^�[�b�j�Z�}�l�v�k�y�� �g�Z�� �\�e�Z�k�g�•�� �i�h�l��
�j�_�[�b���e�h�d�h�f�h�l�b�\�Z��  

�J�l �± �i�h�l�m�`�g�•�k�l�v���^�b�a�_�e�y�����y�d�Z���\�•�^�^�Z�}�l�v�k�y���g�Z���l�y�]�m��  
���_�i �± �D�D�>�� �_�e�_�d�l�j�h�i�_�j�_�^�Z�q�•���� �\�d�e�x�q�Z�x�q�b�� �l�y�]�h�\�b�c��

�j�_�^�m�d�l�h�j��[6, 7]. 
�L�y�]�h�\�Z�� �_�e�_�d�l�j�h�i�_�j�_�^�Z�q�Z �\�•�^�g�h�k�b�l�v�k�y�� �^�h�� �h�k�g�h�\��

�g�b�o�� �n�Z�d�l�h�j�•�\���� �s�h�� �\�i�e�b�\�Z�x�l�v�� �g�Z�� �y�d�•�k�l�v�� �j�h�[�h�l�b�� �e�h�d�h��
�f�h�l�b�\�Z���� 

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

�G�Z���j�b�k���������i�j�b�\�_�^�_�g�Z���k�l�j�m�d�l�m�j�g�Z���k�o�_�f�Z���L�?�I���f�h��
�l�h�j�g�h�]�h���\�Z�]�h�g�Z���^�b�a�_�e�v-�i�h�€�a�^�Z���>�?�E-���������L�y�]�h�\�b�c���]�_�g�_��
�j�Z�l�h�j���� �y�d�b�c�� �h�[�_�j�l�Z�}�l�v�k�y�� �\�•�^�� �^�b�a�_�e�y, �q�_�j�_�a�� �\�b�i�j�y�f�g�m��
�m�k�l�Z�g�h�\�d�m �•�� �Z�\�l�h�g�h�f�g�•�� �•�g�\�_�j�l�h�j�b�� �g�Z�i�j�m�]�b�� ���:�1�G������
�:�1�G������ �`�b�\�b�l�v�� �Z�k�b�g�o�j�h�g�g�•�� �l�y�]�h�\�•�� �^�\�b�]�m�g�b�� ���:�L�>������
�:�L�>�������� 

�<�•�^���l�y�]�h�\�h�]�h���]�_�g�_�j�Z�l�h�j�Z���l�Z���i�_�j�_�l�\�h�j�x�\�Z�q�•�\ �q�Z�k��
�l�h�l�b�� �\�e�Z�k�g�b�o�� �i�h�l�j�_�[�� ���I�Q�<�I���� �`�b�\�e�y�l�v�k�y�� �^�h�i�h�f�•�`�g�•��
�k�i�h�`�b�\�Z�q�•���_�g�_�j�]�•�€���� 

�‹�������G�h�k�d�h�\���<�����1�������=�Z�\�j�b�e�_�g�d�h���K�����X�������K�d�h�j�h�^�}�e�h�\���<�����<�������=�_�c�d�h���F�� �<��, 2023 



ISSN 2073-7394 �K�b�k�l�_�f�b���m�i�j�Z�\�e�•�g�g�y�����g�Z�\�•�]�Z�p�•�€���l�Z���a�\�
�y�a�d�m�����������������‹����(73) 

55 

 
 

�J�b�k�����������K�l�j�m�d�l�m�j�g�Z���k�o�_�f�Z�� 
�L�?�I���f�h�l�h�j�g�h�]�h���\�Z�]�h�g�Z���^�b�a�_�e�v-�i�h�€�a�^�Z���>�?�E-02 

 
�I�j�b���_�e�_�d�l�j�b�q�g�h�f�m���]�Z�e�v�f�m�\�Z�g�g�•���:�L�>���i�j�Z�p�x�x�l�v��

�m���j�_�`�b�f�•���]�_�g�_�j�Z�l�h�j�•�\���•���q�_�j�_�a���:�1�G�������:�1�G�������g�Z�\�Z�g�l�Z�`�m��
�x�l�v�k�y���g�Z���]�Z�e�v�f�h�\�b�c���j�_�a�b�k�l�h�j R�] [8]. 

�=�j�Z�g�b�q�g�Z�� �l�y�]�h�\�Z�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z �e�h�d�h�f�h�l�b�\�m 
( )F f V�  (�j�b�k������) �f�•�k�l�b�l�v���h�[�e�Z�k�l�v���i�m�k�d�m�����������•���h�[�e�Z�k�l�v��

�i�h�k�l�•�c�g�h�€�� �i�h�l�m�`�g�h�k�l�• (2). �L�y�]�h�\�_�� �a�m�k�b�e�e�y�� �\�� �h�[�e�Z�k�l�•��
�i�m�k�d�m�� �h�[�f�_�`�m�}�l�v�k�y�� �^�h�i�m�k�l�b�f�b�f�� �a�g�Z�q�_�g�g�y�f�� �a�q�_�i��
�e�_�g�g�y���d�h�e�_�k�Z���a���j�_�c�d�h�x���>�����������@���� 

 

 
 

�J�b�k�������� �=�j�Z�g�b�q�g�Z���l�y�]�h�\�Z���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z  
(F�i �± �i�m�k�d�h�\�Z���l�y�]�Z����F�l �•��V�l �± �l�j�b�\�Z�e�Z���l�y�]�Z �•���r�\�b�^�d�•�k�l�v 
 �\�•�^�i�h�\�•�^�g�h�����^�e�y���L�?�I���a���d�h�e�_�d�l�h�j�g�b�f�b���^�\�b�]�m�g�Z�f�b��,  
Vmax �± �f�Z�d�k�b�f�Z�e�v�g�Z���r�\�b�^�d�•�k�l�v���j�m�o�m���e�h�d�h�f�h�l�b�\�Z) 
 
�>�e�y�� �L�?�I�� �•�a�� �d�h�e�_�d�l�h�j�g�b�f�b�� �l�y�]�h�\�b�f�b�� �^�\�b�]�m�g�Z�f�b��

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

 8
0,25

100 V
�\ �  � �

��
. (4) 

�L�y�]�h�\�_���a�m�k�b�e�e�y���i�j�b���p�v�h�f�m���[�m�^�_�� 

 F G�\�  � ˜, (5) 

�^�_��G �± �f�Z�k�Z���i�h�€�a�^�Z. 
�>�e�y���L�?�I���a���:�L�>���d�h�_�n�•�p�•�}�g�l���a�q�_�i�e�_�g�g�y���m���a�h�g�•���i�m��

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

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

 �^F P V .�   (6) 

�G�_�h�[�o�•�^�g�h���a�Z�a�g�Z�q�b�l�b�����s�h���j�h�a�r�b�j�_�g�g�y���r�\�b�^�d�•�k��
�g�h�]�h���^�•�Z�i�Z�a�h�g�m���a�Z���j�Z�o�m�g�h�d���a�g�b�`�_�g�g�y���i�h�l�m�`�g�h�k�l�•���L�?�I��
�g�_�i�j�b�i�m�k�l�b�f�h���� 

�:�g�Z�e�h�]�•�q�g�b�f���q�b�g�h�f���i�j�_�^�k�l�Z�\�e�y�}�l�v�k�y���o�Z�j�Z�d�l�_�j�b��
�k�l�b�d�Z�� �e�h�d�h�f�h�l�b�\�Z�� �\�� �j�_�`�b�f�•�� �_�e�_�d�l�j�b�q�g�h�]�h�� �]�Z�e�v�f�m��
�\�Z�g�g�y�����d�h�e�b���f�_�o�Z�g�•�q�g�Z���_�g�_�j�]�•�y���j�m�o�m���^�b�a�_�e�v-�i�h�€�a�^�Z���q�_��
�j�_�a���L�?�I���]�Z�k�b�l�v�k�y���g�Z���]�Z�e�v�f�•�\�g�b�o���j�_�a�b�k�l�h�j�Z�o���� 

�I�j�b�� �p�v�h�f�m�� �f�h�`�e�b�\�_�� �€�€�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �^�e�y�� �`�b�\��
�e�_�g�g�y���^�h�i�h�f�•�`�g�b�o���g�Z�\�Z�g�l�Z�`�_�g�v �•���h�i�Z�e�_�g�g�y���i�Z�k�Z�`�b�j��
�k�v�d�b�o���\�Z�]�h�g�•�\.  

�=�j�Z�g�b�q�g�Z���]�Z�e�v�f�•�\�g�Z���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���e�h�d�h�f�h�l�b�\�Z��
( )B f V�  �g�Z�\�_�^�_�g�Z���g�Z���j�b�k�� 3 [9, 10]. 

 

 
 

�J�b�k�����������=�j�Z�g�b�q�g�Z���]�Z�e�v�f�•�\�g�Z���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���e�h�d�h�f�h�l�b�\�Z 
(�<min �± �f�•�g�•�f�Z�e�v�g�_���]�Z�e�v�f�•�\�g�_���_�e�_�d�l�j�b�q�g�_���a�m�k�b�e�e�y�� 
 
�=�Z�e�v�f�•�\�g�Z���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�����j�b�k�����������f�Z�}���d�•�e�v�d�Z���^�•��

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

�^�\�b�]�m�g�•�\������������ 
�h�[�e�Z�k�l�v���h�[�f�_�`�_�g�g�y���]�Z�e�v�f�•�\�g�h�]�h���a�m�k�b�e�e�y���\���m�f�h��

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

�y�d�h�€���a�Z�a�\�b�q�Z�c���\�b�d�h�g�m�}�l�v�k�y���j�•�\�g�y�g�g�y�� 

 max(0,7...0,8)2V V .�  � ˜  (7) 

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

 �]P V const.�    (8) 

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

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

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

�A�\�¶�y�a�h�d���f�•�`���i�Z�j�Z�f�_�l�j�Z�f�b���L�?�I���l�Z���o�Z�j�Z�d�l�_�j�b�k�l�b��
�d�Z�f�b���e�h�d�h�f�h�l�b�\�Z���\�b�d�h�g�m�}�l�v�k�y���q�_�j�_�a: 

�f�_�o�Z�g�•�q�g�m���q�Z�k�l�b�g�m���i�j�b�\�h�^�m���� 
�i�_�j�_�^�Z�\�Z�e�v�g�_���q�b�k�e�h���j�_�^�m�d�l�h�j�Z, 
 �^�•�Z�f�_�l�j���d�h�e�_�k�Z�� 
�>�j�m�]�b�f���i�h�d�Z�a�g�b�d�h�f���^�e�y���i�h�j�•�\�g�y�g�g�y���L�?�I���}���l�j�b��

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

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

 
max

0

1
V

p
�^ V

K FdV .
P

� 

� �³   (9) 

�>�e�y���i�h�j�•�\�g�y�e�v�g�h�€���h�p�•�g�d�b���L�?�I���\���j�_�`�b�f�•���_�e�_�d�l�j�b��
�q�g�h�]�h�� �]�Z�e�v�f�m�\�Z�g�g�y�� �f�h�`�g�Z�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b�� �\�b�j�Z�a���� �\��
�y�d�h�f�m�� �a�Z�f�•�k�l�v�� �l�y�]�h�\�h�€�� �\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y�� �]�Z�e�v�f�•�\�g�Z��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�� 

 
max

0

1
V

p
�^ V

K Bdt
P

� 

� �³ . (10) 

�A�Z�i�j�h�i�h�g�h�\�Z�g�b�f���f�_�l�h�^�h�f �h�p�•�g�x�\�Z�g�g�y���[�m�e�h���i�j�h��
�\�_�^�_�g�h�� �i�h�j�•�\�g�y�g�g�y�� �l�y�]�h�\�h�€ �_�e�_�d�l�j�h�i�_�j�_�^�Z�q�• �e�h�d�h�f�h��
�l�b�\�•�\�� �a�� �j�•�a�g�b�f�b�� �^�\�b�]�m�g�Z�f�b�� �•�� �\�b�y�\�e�_�g�h���� �s�h�� �\�� �j�_�`�b�f�•��
�l�y�]�b���•�g�l�_�]�j�Z�e�v�g�b�c���i�h�d�Z�a�g�b�d���a���:�L�>���\�b�s�_���g�Z������ �������Z���\��
�j�_�`�b�f�•���_�e�_�d�l�j�b�q�g�h�]�h���]�Z�e�v�f�m�\�Z�g�g�y���\�b�s�_���g�Z���������������g�•�`��
�a���D�L�>�� 

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

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

 � l � k
d

J M M
dt
�Z

�  � �, (11) 

�^�_  J �± �f�h�f�_�g�l���•�g�_�j�p�•�€ 2( ),�dJ G R�  �  ̃
�dR �± �j�Z�^�•�m�k���d�h�e�_�k�Z���� 

�& �± �d�m�l�h�\�Z���r�\�b�^�d�•�k�l�v ( ),�dV R�Z �  
M�l �± �f�h�f�_�g�l���l�y�]�b��  
M�k �± �f�h�f�_�g�l���h�i�h�j�m���j�m�o�m��  
V �± �r�\�b�^�d�•�k�l�v���j�m�o�m���^�b�a�_�e�v-�i�h�€�a�^�Z.  

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

 3,6 �dV R .�Z� �˜ �˜  (12) 

�>�e�y�� �j�h�a�j�h�[�d�b�� �d�h�f�i�¶�x�l�_�j�g�h�€�� �f�h�^�_�e�•�� �[�m�e�b�� �\�b�d�h��
�j�b�k�l�Z�g�•���j�•�\�g�y�g�g�y������1 �± 12).  

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

 ( )� l � dM F V R�  � ˜, (13) 

 �� �� max 09,81 (102 1 )maxF G a W�J� �˜ �˜ �˜ �� �˜ �� , (14) 

�^�_�� ( )F V  �± �l�y�]�h�\�Z���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���L�?�I,  

Fmax �± �f�Z�d�k�b�f�Z�e�v�g�_ �a�m�k�b�e�e�y���i�j�b���j�h�a�]�h�g�•���� 
������ ���� ������ �± �d�h�_�n�•�p�•�}�g�l�� �•�g�_�j�p�•�€�� �f�Z�k���� �s�h�� �h�[�_�j�l�Z�x�l�v�k�y��

���� = 0,1),  
amax �± �f�Z�d�k�b�f�Z�e�v�g�_���i�j�b�k�d�h�j�_�g�g�y���i�h�€�a�^�Z���� 
W0 �± �d�h�_�n�•�p�•�}�g�l���h�i�h�j�m���j�m�o�m�����i�j�b���j�h�a�]�h�g�•��W0 = 1,1). 

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

 09,81� k � dM i R W G� �˜ �˜ �˜ � ,̃ (15) 

 2
0 1,1 0,012 0,00025W  V   V� �� �˜ �� �˜ , (16) 

�^�_��i �± �d�h�_�n�•�p�•�}�g�l���m�o�b�e�m���d�h�e�•�€�����^�e�y���]�h�j�b�a�h�g�l�Z�e�v�g�h�€���^�•��
�e�y�g�d�b i = 1). 

�A�]�•�^�g�h�� �a�� �\�b�j�Z�a�Z�f�b�� ��11 �± 16���� �j�h�a�j�h�[�e�_�g�h 
�d�h�f�i�¶�x�l�_�j�g�m �f�h�^�_�e�v�� �^�e�y�� �h�[�q�b�k�e�_�g�g�y�� �r�\�b�^�d�h�k�l�•�� �i�h��
�€�a�^�Z�� �\�� �a�Z�e�_�`�g�h�k�l�•�� �\�•�^�� �i�Z�j�Z�f�_�l�j�•�\�� �L�?�I�� �l�Z�� �m�f�h�\�� �j�m�o�m����
�y�d�Z�� �k�d�e�Z�^�Z�}�l�v�k�y�� �a�� �[�e�h�d�•�\ �h�[�q�b�k�e�_�g�g�y�� �f�h�f�_�g�l�m �l�y�]�b �•��
�f�h�f�_�g�l�Z �h�i�h�j�m���j�m�o�m�����[�e�h�d�m���h�[�q�b�k�e�_�g�g�y���d�h�_�n�•�p�•�}�g�l�•�\��
�•���[�e�h�d�m���•�g�l�_�]�j�m�\�Z�g�g�y�����j�b�k����4).  

 

 
�J�b�k�������� �D�h�f�i�¶�x�l�_�j�g�Z���f�h�^�_�e�v�� 

�^�e�y���h�[�q�b�k�e�_�g�g�y���r�\�b�^�d�h�k�l�•���j�m�o�m���^�b�a�_�e�v-�i�h�€�a�^�Z 
 
�G�Z���j�b�k���������i�j�b�\�_�^�_�g�•���i�h�j�•�\�g�y�e�v�g�•���l�y�]�h�\�•���o�Z�j�Z�d�l�_��

�j�b�k�l�b�d�b���� �y�d�•�� �h�l�j�b�f�Z�g�•�� �j�h�a�j�Z�o�m�g�d�h�\�b�f�� �r�e�y�o�h�f�� �i�j�b��
�\�b�d�h�j�b�k�l�Z�g�g�•�� �^�b�a�_�e�v-�]�_�g�_�j�Z�l�h�j�Z �n�•�j�f�b�� �0�7�8�� �i�h�l�m�`��
�g�•�k�l�x�����������d�<�l���•���f�Z�d�k�b�f�Z�e�v�g�h�x���g�Z�i�j�m�]�h�x���]�_�g�_�j�Z�l�h�j�Z��
�i�•�k�e�y�� �\�b�i�j�y�f�g�h�€�� �m�k�l�Z�g�h�\�d�b�� ���������� �<�� �^�e�y�� �j�•�a�g�b�o�� �l�b�i�•�\��
�L�?�I. �G�Z���j�h�a�j�h�[�e�_�g�•�c���d�h�f�i�¶�x�l�_�j�g�•�c���f�h�^�_�e�•���[�m�e�b���i�j�h��
�\�_�^�_�g�•�� �^�h�k�e�•�^�`�_�g�g�y�� �^�b�g�Z�f�•�q�g�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �^�b��
�a�_�e�v-�i�h�€�a�^�Z���>�?�E-�������a���j�•�a�g�b�f�b���l�b�i�Z�f�b���L�?�I���� 

�G�Z���j�b�k���������g�Z�\�_�^�_�g�•���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���i�j�b�k�d�h�j�_�g�g�y 
a = f (V) �^�b�a�_�e�v-�i�h�€�a�^�Z. 
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�J�b�k�����������L�y�]�h�\�• �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b �^�b�a�_�e�v-�i�h�€�a�^�Z�� 

�a �j�•�a�g�b�f�b���l�b�i�Z�f�b���L�?�I (1 �± �a���\�b�d�h�j�b�k�l�Z�g�g�y�f���:�L�>���� 
2 �± �a���\�b�d�h�j�b�k�l�Z�g�g�y�f���D�L�>�� 

�<�b�k�g�h�\�d�b 

�A�Z�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �^�h�k�e�•�^�`�_�g�v�� �^�e�y�� �d�h�f�i�e�_�d�k�g�h�€��
�h�p�•�g�d�b���L�?�I���a�Z�i�j�h�i�h�g�h�\�Z�g�h���l�Z���h�[�‰�j�m�g�l�h�\�Z�g�h���\�b�d�h�j�b��
�k�l�Z�g�g�y�� �•�g�l�_�]�j�Z�e�v�g�h�]�h�� �i�h�d�Z�a�g�b�d�Z�� �i�h�l�m�`�g�h�k�l�•���� �H�p�•�g�d�m��
�^�b�g�Z�f�•�q�g�b�o���i�h�d�Z�a�g�b�d�•�\�� �L�?�I���a�Z�i�j�h�i�h�g�h�\�Z�g�h�� �\�b�d�h�g�m��
�\�Z�l�b���g�Z �j�h�a�j�h�[�e�_�g�•�c���d�h�f�i�¶�x�l�_�j�g�•�c���f�h�^�_�e�•.  

 
�J�b�k�������� �A�Z�e�_�`�g�•�k�l�v���i�j�b�k�d�h�j�_�g�g�y���^�b�a�_�e�v-�i�h�€�a�^�Z�� 

�\�•�^���c�h�]�h���r�\�b�^�d�h�k�l�•���i�j�b���\�b�d�h�j�b�k�l�Z�g�g�•���:�L�>�����������•���D�L�>����2) 
 
�G�Z�\�_�^�_�g�b�c�� �f�_�l�h�^�� �h�p�•�g�d�b�� �l�y�]�h�\�h�€ �_�e�_�d�l�j�h�i�_�j�_��

�^�Z�q�• �a���Z�k�b�g�o�j�h�g�g�b�f �l�y�]�h�\�b�f �^�\�b�]�m�g�h�f �•���d�h�e�_�d�l�h�j�g�b�f��
�l�y�]�h�\�b�f�� �^�\�b�]�m�g�h�f �[�m�\�� �\�b�d�h�j�b�k�l�Z�g�b�c�� �i�j�b�� �^�h�k�e�•��
�^�`�_�g�g�•���^�b�a�_�e�v-�i�h�€�a�^�Z �>�?�E-02.  

�H�l�j�b�f�Z�g�•�� �j�_�a�m�e�v�l�Z�l�b�� �i�h�d�Z�a�Z�e�b�� �i�_�j�_�\�Z�]�m�� �i�h�d�Z�a��
�g�b�d�•�\�� �Z�k�b�g�o�j�h�g�g�h�]�h�� �i�j�b�\�h�^�m�� �m�� �i�h�j�•�\�g�y�g�g�•�� �a�� �d�h�e�_�d- 
�l�h�j�g�b�f�� 
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Development of a method for assessing the indicators of traction power transmissions of autonomous locomotives 

Valentin Noskov, Svitlana Gavrylenko, Volodymyr Skorodielov, Maksym Heiko 

Abst rac t .  One of the main factors determining the quality of autonomous locomotive operation is traction power transmission 
(TPT), which is assessed using indicators of its operation in traction and electric braking modes. As a rule, the assessment of TPT is 
carried out according to such indicators as the installed and continuous power of electrical equipment, efficiency, etc. This article pro-
poses and substantiates a method for qualitative assessment of TPT using an integrated power indicator. It is proposed to evaluate the 
dynamic characteristics of TPT using the developed computer model. 

Keywords:  traction power transmission, integrated power index, computer model. 
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CONTROL MODEL OF A GROUP OF MANEUVERABLE UNMANNED AERIAL 
VEHICLES TAKING INTO ACCOUNT THEIR FLIGHT SAFETY 

 
Abst rac t .  The article deals with the urgent scientific problem of creating an algorithmic support for an automated 
situational control system for group maneuverable unmanned aerial vehicles, taking into account the possibility of 
improving their flight safety. To realize this possibility, the authors proposed a non-linear flight model of group formation. 
This is the basis for the synthesis of nonlinear control laws for these aircraft. The difference of the proposed approach is 
taking into account the influence of changes in the speed and direction of wind flows on the laws governing the movement 
of aircraft in a group. Promising areas of research are considered, namely: the application of the results obtained to justify 
the requirements for the design characteristics of control systems and their algorithmic support in terms of not only 
improving their flight safety in group formations, but also ensuring the specified performance indicators for a wide range of 
possible flight tasks by a group of maneuverable aircraft. 

Keywords:  mobile unmanned aerial vehicles, control system, control law, aircraft group, information channel, flight 
safety, group flight, wind effects, control laws, model flight safety. 

 

Introduction  

Today, the dominant advantage of using modern 
unmanned aerial vehicles (UAVs) as part of groups is a 
significant increase in the probability and effectiveness 
of flight tasks, while the disadvantage is the 
impossibility of ensuring the necessary level of flight 
safety during intensive maneuvering under the influence 
of the state of the atmosphere and especially variations 
in speeds and directions wind currents. A promising 
approach to overcoming this shortcoming is the 
appropriate organization of the process of managing the 
simultaneous use of a large number of UAVs in a group 
�I�O�L�J�K�W���� �7�K�H�� �W�H�U�P�� �³group fli�J�K�W�µ reflects the process of 
simultaneous, compatible, coordinated, synergistic 
(organizationally interconnected) functioning of several 
aircraft (which as a rule have different flight and 
technical characteristics load functional purpose 
equipment configuration etc.) with a clearly defined 
purpose flight task. Current flight tasks, the 
effectiveness of which increases significantly with the 
group use of UAVs, today include: surveillance with the 
accumulation or operational real-time transmission of 
the necessary information about ground and air objects; 
search and detection of objects, constant monitoring of 
them with the necessary and possible information and 
energy or other effects on their functioning; 
transportation of oversized cargo; performance of 
aviation and chemical works; fire extinguishing; 
carrying out special monitoring; retransmission, 
switching, routing and transformation of departmental 
radio communication signals; solutions of applied 
scientific tasks on the study of the earth's surface; 
patrolling etc. The implementation of the appropriate 
management organization for the simultaneous use of a 
large number of UAVs in a group flight with the 
provision of a given level of flight safety during 
intensive maneuvering under the influence of 
atmospheric conditions is proposed to be ensured 

through the creation of algorithms for the operation of 
the control system of these moving objects. Today 
appropriate automated control systems for the group use 
of UAVs (complexes of mobile aviation systems) are 
being developed, but it is advisable to pay more 
attention to the issue of increasing the level of flight 
safety during intensive maneuvering under the influence 
of the state of the atmosphere, and especially variations 
in the speed and direction of wind flows. Therefore this 
scientific article is devoted to the solution of this 
relevant applied task. 

Analysis of recent research and publications 

A significant amount of scientific research, the 
results of which are reflected in well-known 
publications, is devoted to the modeling of management 
processes in complex, dynamic, large organizational 
systems, which undoubtedly include groups of aerial 
vehicles and especially unmanned ones. It is appropriate 
to focus attention on the latest achievements of 
scientists in this field and analyze the results of their 
research, which are reflected in their published scientific 
works. In [1] describes an approach to planning the 
�I�O�L�J�K�W���S�D�W�K���R�I���³�X�Q�P�D�Q�Q�H�G���D�H�U�L�D�O���Y�H�K�L�F�O�H�V�µ and presents a 
model of a group of aerial vehicles, which shows the 
possibility of modeling movement along trajectories 
approximated by arcs of constant and variable 
curvature, as well as Pythagorean Hodographs. The 
advantages and disadvantages of modeling the 
movement of UAVs and the conditions for applying the 
specified approaches to the approximation of 
trajectories are shown. The article [2] analyzed the 
existing approaches and features of UAV control, 
described its mathematical model, and proposed a 
number of different approaches to controlling such 
aerial vehicles. The main ideas, terms of use, 
advantages and disadvantages of the proposed 
approaches are illustrated and discussed. The structural 
schemes of the UAV as a control object using aerobatic, 

�‹������Pavlenko P., Samborskyi Ye., Krykhovetskyi H., Samborskyi �1��, 2023 
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navigation and automatic control methods are 
considered, the architectural components of these 
schemes are described.. The article [3] examines the 
existing methods of evaluating the effectiveness of the 
use of unmanned aircraft systems and proposes an 
improved methodology for evaluating the effectiveness 
of the use of formations of unmanned aircraft systems 
under the conditions of unauthorized influence of 
various factors not only directly on the devices 
themselves during their flight tasks, but also on groups 
of unmanned aircraft complexes. It is indicated that 
since the UAV control process is stochastic, it is 
suggested to use probabilistic indicators to evaluate the 
efficiency of the use of units of these aerial vehicles, 
namely: the probability of successful completion of 
flight tasks, the guaranteed probability of completing 
tasks, the probability of completing a number of tasks 
from their total number, the average guaranteed result, 
mathematical expectation of the number of successfully 
completed flight missions by UAV complexes. In 
scientific works [4-6] the authors comprehensively 
considered the features and specifics of group use of 
UAVs. A probabilistic method of justifying the choice 
of a control system for a group of unmanned aerial 
vehicles is proposed which is based on Markov 
probabilistic models of changes in discrete states in 
continuous time. The possibility of differentiating the 
intensities of event flows depending on the states is 
taken into account. The difference between the results 
obtained by the authors in these works is the 
consideration of the widest possible range of possible 
application circumstances: the only requirement for the 
functioning of th�H���³UAV group - �R�E�M�H�F�W���R�I���D�S�S�O�L�F�D�W�L�R�Q�µ 
system is to ensure compliance of the random flow of 
events with Markov conditions. The article [7] presents 
the approaches and results of the study of effective 
online planning of UAV logistics in emergency 
situations. These studies are based on the use of 
optimization algorithms. The paper [8] proposes 
approaches to the synthesis of the UAV control and 
monitoring subsystem, and the article [9] describes a 
secure voice control system for this aerial object. 
Scientific works [10-12] are devoted to the construction 
of mathematical models of the movement of UAVs as 
dynamic objects, taking into account the characteristic 
features of actions and tactical and technical capabilities 
of the aircraft for the synthesis of the control system 
with support for decision-making regarding the planning 
of optimal UAV routes. 

Thus, the analysis of the results obtained in recent 
studies shows that scientists are now paying 
considerable attention to the problems of organizing the 
control of UAVs and the synthesis of control systems 
for these structures. But in the known works, the 
approaches to ensuring the safety of flights of groups of 
UAVs, whose control systems provide for the 
possibility of compensating for wind effects on 
maneuvering such aerial vehicles, are not sufficiently 
covered. 

The purpose of the article is to solve the task of 
synthesizing the laws of control of groups of unmanned 
maneuverable aerial vehicles (UMAVs) taking into 

account turbulent phenomena in the atmosphere, the 
implementation of which in algorithmic and software 
sy�V�W�H�P�V�� �I�R�U�� �D�X�W�R�P�D�W�H�G�� �F�R�Q�W�U�R�O�� �R�I�� �³�G�U�R�Q�H�V�µ and support 
for decision-making on piloting will increase the safety 
of the flights of these aerial vehicles. 

Presenting main material 

In nonlinear models, which sufficiently fully and 
accurately describe the flight processes of UMAVs in 
group application and which have recently been 
increasingly used for the synthesis of situational 
nonlinear laws of control of these complex dynamically 
dispersed objects, it is advisable to take into account 
such a situational factor as variations in atmospheric 
processes [1]. As the in-depth and comprehensive 
analysis of the experience of using groups of unmanned 
aerial vehicles shows the influence of variations in the 
air environment causes significant, but not always 
predictable changes in the aerodynamic forces and 
moments of aircraft. This significantly changes the 
effectiveness of managing these air assets, and 
especially in group use. At the same time the main 
emphasis should be placed not only on the performance 
of the flight task by the formation of unmanned 
maneuverable aircraft but also on ensuring their flight 
safety in a group [2-7]. 

It is known that a large number of factors influence 
the dynamics of atmospheric processes. It is proposed to 
take into account the most significant of them for 
conducting research, namely: the geographical location 
of the flight area of groups UMAVs , the type of the 
Earth's surface, the flight height of aircraft, the season, 
time of day, air temperature variations [8, 9]. Therefore, 
the air environment is a complex nonlinear object, for 
which it is problematic and not always possible to 
synthesize an adequate and accurate model of 
atmospheric processes when organizing the 
management of UMAVs in a group [5, 6, 10]. The 
conducted studies show that possible turbulent 
phenomena in the atmosphere can be represented by 
appropriate nonlinear mathematical models. Among 
them, according to the authors, the greatest interest for 
achieving the goal of a systematic synthesis of 
situational control systems for groups of unmanned 
aerial vehicles is represented by mathematical models in 
which it is sufficient to take into account variations in 
atmospheric turbulence affecting the profiles of wind 
flows. As you know, they are especially characteristic of 
fast-moving air currents near the Earth's surface [1]. 

The study of the reaction of the group UMAVs in 
a group to the fast-moving situational factors of 
atmospheric turbulence variations was based on the 
theory of statistical dynamics. For a complete, accurate 
and adequate description of possible management 
situations, in which the influence of the existing factors 
of atmospheric turbulence is taken into account, models 
of the UMAVs in a group are used in the form of 
nonlinear equations that describe, in addition to the 
dynamic states in flight of these aerial objects, also the 
power plants of aircraft and their servo drives. This 
made it possible to synthesize the functioning 
algorithms of the synergistic control systems of the 
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UMAVs in a group. Their implementation will ensure 
the self-organization of situational control by taking into 
account the specific features of various variants of the 
flight task for the UMAVs [11, 12]. 

When solving this problem, one of the possible 
approaches to assessing the impact of air turbulence is 
proposed. We will use the obtained results to describe 
the general laws and determine the necessary 
requirements for the synthesis of situational control 
systems of the UMAVs. When conducting analytical 
studies we will assume that the air environment is 
homogeneous and isotropic. Then, for all points of the 
airspace in which the flight of the UMAVs group is 
predicted to be implemented such characteristics as 
mathematical expectation dispersion and density of the 
distribution of the random component of the wind speed 
will be the same. 

It is known that the variations of the longitudinal 
component of the speed change of the UMAVs taking 
into account the influence of a homogeneous isotropic 
medium along the trajectory L of the movement of this 
aircraft,  should be  represented  by  the spectral  density 

 �� ��
2 1

1 2 2

2�/
�&

1 �&
uLV

S
LV

��

��
� 

��
, (1) 

where 2�/u  �± dispersion of the velocity of the 
longitudinal component of the wind; V  �± UMAVs 
flight speed; �& �± the frequency of the components of a 
random signal, adequate to the change in wind speed, 
which can take a value �> �@�& �����  � f; L �± the distance 

traveled by the aircraft. 
The vertical yu  and horizontal zu  components of 

changes in the speed of a UMAVs taking into account 
the effects of intense variations in atmospheric 
turbulence (normal to the vector of the UMAVs flight 
path and lying in its structural plane of symmetry and in 
the plane of its wing) are determined by the spectral 
density from the expression 
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��
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� ¨ � ¸��
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.  (2) 

To describe the dependence of the dispersion ijD  of 

signals Xi (which identify the UMAVs group as a 
complex dynamic nonlinear system) on the spectral 
density 0S  �R�I���W�K�H���³�Z�K�L�W�H���Q�R�L�V�H�µ type acting on the j  input 

of this system and the corresponding integral quadratic 
estimate of the impulses of these signals, we will use a 
classical statistical dynamics mathematical model 

 0ij ijD S I� . (3) 

In order to use expression (3) in the synthesis of 
the laws of situational synergistic control, it is proposed 
to create models that describe the shaping filters for the 
transformation of control signals with the spectral 
densities described by expressions (1) and (2). Next, to 
simplify analytical studies, we make a model of a 
dynamic system containing nonlinear equations of a 

joint flight of UMAVs in a group of two aircraft. In this 
model, we will include equations that describe the 
influence of the processes in the signal-forming filter for 
a given wind disturbance and predicted control of the 
UAV. To simplify the analytical modeling, the 
assumption is made that the processes of controlling 
unmanned aircraft are stable. This will make it possible 
to determine the integral quadratic estimates ijI  of the 

processes in the control systems of the UMAVs group 
when conducting an analytical study. 

Amplitude-phase characteristics �� ��1 �&W j  and 

�� ��2 �&W j  shaping filters of signal processing in control 

systems of the UMAVs which adequately correspond to 
the spectral densities �� ��1 �&S  and �� ��2 �&S  are described 

by functions of the form 

 �� �� �� ���� �� �� ��2
�& �& �&i i xS W j S� ,  (4) 

where �� ���&xS  �± spectral density of the input signal of 

the shaping filter. 
Taking into account (4) and accepting �� ��� & � �xS � , 

we find dependencies for determining the amplitude-
phase characteristics of the shaping filters of signal 
processing in the control systems of the UMAVs 

 �� �� �� ��2
1 1� & � &W j S� , �� �� �� ��2

2 2� & � &W j S� .  (5) 

Then the differential equation describing the state 
of the first signal processing filter will have the form 

 1 1�/ �� ��x x uu VL u VL� � � �� �� �� , (6) 

and the second filter 
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.  (7) 

where 2 yY u� , �� �� �� ��1/21 1
1 2 22 � / � �uY V LV Y VL�� ��� �� �� . 

The output signal for the second filter, which must 
be transmitted to the input of models of control objects 
of wind action signals yu  is 2Y . The input signal of 

both filters as well as in extended models of control 
objects is a signal which we denote by �� . 

First, it is advisable to present the flight model of 
the UMAVs group in general 

 X AX Gu�  � �,  (8) 

where X  �± the state vector of the UMAVs which 
consists of the parameters of their autonomous flight 
and the parameters of the coordinates of the relative 
position of the aircraft during group movement; 

A  �± matrix of coefficients which describes the 
UMAVs as a complex object of management; 

G  �± the matrix of the efficiency coefficients of the 
influence of control signals on the implementation of 
aircraft maneuvering processes; u  �± the vector of 
control signals of the UMAVs. 
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In equation (8) we present the matrix A  and G  in 
this form 

 
11

22

31 31 31

    0      0

 0         0

       

A

A A

A A A

� ,   
1

2

     0 

 0     

 0      0

G

G G� . (9) 

Taking (9) into account, equation (8) will be 
represented by two systems of equations. The first of 
them will look like 

 1 11 1 1 1X A X G u�  � �,  

 2 22 2 2 2X A X G u�  � �,   (10) 

 31 1 32 2 33�h�l �h�lY A X A X A Y� �� �� .  

In the system of equations (10) the following is 
indicated: 

1X , 2X  �± n - measurement vectors that reflect the 
state of autonomous movement of the first and second 
UMAVs, respectively; 

�h�lY  �± �� -measurement vector of the coordinates of 

the relative position of the UMAVs; 

1u , 2u  �± r -dimensional vectors of variations of 

control influences; 

11 33...A A  �± matrices of coefficients of internal 

connections in the UMAVs model; 

1G , 2G  �± matrices of UMAVs control efficiency 

coefficients which are included in the block matrices of 
the form (9) for the mathematical model (10). 

The second system of equations in addition to the 
mathematical model (10) is represented by equations of 
the form 

 1 11 1 1 1C CX A X G u�  � �; (11) 

 2 22 2 2 2C CX A X G u�  � �.  

It consists of isolated equations of motion of a 
single UMAV from the group. 

To compile a complete mathematical model of the 
UMAVs flight using (10) and (11) we decompose the 
expressions that describe the dependence of the 
elements of the matrices included in these equations on 
the flight parameters. For example, let's consider the 
most typical flight situations of the use of a group of 
UMAVs namely the mode of longitudinal movement 
and simultaneous turning in the horizontal plane. In 
longitudinal motion, the vectors of their state, which 
correspond to the equations of autonomous motion, are 
represented by matrices of the form 

 �> �@1 1 1 1 1 1  �� ���& ����TzX n V� ,  

 �> �@1 2 2 2 2 2  �� ���& ����TzX n V� . (12) 

The control vectors of the UMAVs in the group 
will be presented in the form 

 �> �@1 1 1� / � 3�^�\u � ,    �> �@2 2 2� / � 3�^�\u � . (13) 

In expressions (12) and (13) the symbols 1n  and 2n  

indicate increases in the relative frequency of rotation of 

the rotors of the UMAVs engines, which are equivalent to 
the increase in their thrust, 1�/ �^�\, 2�/ �^�\ �± deviation from 

the balancing positions of the engine control bodies, 1�3 , 

2�3  �± deviation from the balancing positions of the 

UMAVs stabilizers. The rest of the designations in model 
(12) and (13) meet the requirements accepted in the 
aerodynamics of aircraft [13, 14]. 

Identical in structure matrices, which are included 
in model (10) are proposed to be presented in the form 
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21 22 23 25
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42 43 44 45

    0      0     0      0

         0     

         0     
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 0      0      0     1      0
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a a a a
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a a a a

� , (14) 
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22

1 32

42

     0 

 0      

 0      

 0      

 0       0

g

g

G g

g

� . (15) 

The elements of the matrices (14) and (15) are 
determined by numerically differentiating the complete 
nonlinear equations of the flight of the UMAVs by the 
elements of its state vector under their flight parameters. 
These parameters correspond to variations in the current 
values of the aircraft balancing process. 

We emphasize that wind speed variations are taken 
into account in models (12), (14) and (15) in the second 
column of the matrices 11A  and 22A . 

Let's introduce vectors to take these influences into 
account, marking them as �����$ , �����$ . At the same time, 

the influence of the vertical component of wind speed is 
described in the mathematical model by the fifth 
column. 

The possibility of describing this action is based 
on the fact that the equations that describe the 
movement of the UMAVs are drawn up in the velocity 
coordinate system. At the same time the angle of attack 
of the aircraft is determined from the equation 

 �. �# �� �.�\� �� �� ,  

where 1�.� \ � \u V��� . 

Equation (10) which describes the joint movement 
of UMAVs taking into account the processes of 
managing their state, as well as signals that are adequate 
for variations xu , can be presented in the form  

 
1 11

2 2 21 22 2 23
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where 11 11 11 11D A G K�  � �, 22 22 22 22D A G K�  � � �±

 dimension matrices n n�u  of models of controlled 
autonomous movement of the UMAVs. It is appropriate 
to present the model (16) in the form 

 ��
1

� $ � $V x yZ DZ u u
V

� �� �� , (17) 

where 1 2  
�LT T �L

�h�lZ X X Y� ª � º� � ¬ � ¼ �± vector of the state of the 

closed control system of the UMAVs dimension 2 ��n �� ; 

1 2�$ �$ ���$ ����
TT T

V V V
� ª � º� � ¬ � ¼ �•�� �� ���� �����$ �$ ���$ ����

TT T� ª � º� � ¬ � ¼ �± vectors of 

aircraft control coefficients taking into account wind 
speed components xu  �•�� yu ; D  �± matrix of coefficients 

of the closed control system of the UMAVs. 
In order to take into account the influence of a 

random signal on the flight of the UMAV control 
model, which is adequate to the variations of wind 
disturbances, we transform (16) and (17) into the first 
extended model of the form 

 1

   �$ 0
��

0
V

x �Nx

ZDZ
u gu VL��

�  � �
��

, (18) 

where 1� 1 � �� N � Xg VL���  �± coefficient of effectiveness of 

�W�K�H�� �L�Q�I�O�X�H�Q�F�H�� �R�I�� �D�� �³�Z�K�L�W�H�� �Q�R�L�V�H�µ type signal. We will 
evaluate the results of the action of a random wind 
disturbance signal taking into account (16) and (17) on 
the basis of the second extended model, namely: 
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,  (19) 

where �� �� �� ��3/21 1�1 �1 ��
T

�N �X �Xg VL VL� � � �� ª � º
� � « � »

� ¬ � ¼
 �± vector of 

coefficients characterizing the effectiveness of the 
�L�Q�I�O�X�H�Q�F�H���R�I�� �D�� �³�Q�R�U�P�D�O�L�]�H�G�� �Z�K�L�W�H���Q�R�L�V�H�µ type signal. For 
ease of simplification in relation to conducting analytical 
studies, let's present equations (18) and (19) in the form 

 ��n n n nZ D Z g�  � �. (20) 

When calculating the values of I ij, included in 
expression (3), it is suggested to use the following 
approaches. 

The first of them is that in equation (19) the action 
of the signal �� ��� � � /t�  is replaced by a non-zero initial 

condition �� ��0n nZ t g�  and grades are determined 

2
0

dij niI Z t
�f

� �³  along the trajectory of free movement of 

the system (19). 
To calculate the value , a matrix with a single 

non-zero element is specified iB , the location of which 

corresponds to the location of the coordinates niZ  in the 

vector nZ . After that the matrix equation is solved 

 1
T

n n i iP D D P B�� � �� .  (21) 

Then the value of the estimate  is determined 
from the dependence 

 �� �� �� ��0 1 0
T

ij n nI Z t P Z t� .  (22) 

In the general case, equation (21) must be solved 
2 ��n ��  once. At the same time, at each step of the 

solution, new values iB  of matrix elements are set. 
The second (simplified) approach to the solution of 

this problem, which consists in the fact that instead of 
equation (21), we will solve equations of the form 

 �� �� �� ��0 0
T T
n n n nPD D P Z t Z t�� � �� .  (23) 

Then the score we are looking for is determined 
from the expression 

 ij iI B P�  � …. (24) 

Let's consider the fairness of such an approach. 
Substitute the expression for determining the matrix iB  
from (21) into (23) and obtain 

 �� ��1
T

ij n n iI P D D P P� �� �� �… .  (25) 

After transformation (24) we obtain the following 
equation 

 �� �� �� �� �� ��0 0
T T

ij n n i n nI PD D P P Z t Z t� �� �� �… � . (26) 

The conducted analytical studies confirm that it is 
enough to solve equation (23) once to determine the 

elements of the matrix P . In this matrix, its first 
diagonal elements 2n  are equal to the value ijI , 

�� ��1,2,...,2j n� . 

Thus, the proposed and considered approach 
allows to algorithmically take into account the influence 
of such situational aspects of the dynamic state of the air 
environment as the turbulence of atmospheric flows in 
the situational control systems of groups of unmanned 
aerial vehicles. 

Conclusions 

The conducted analytical studies of the 
peculiarities of the group use of UMAVs under the 
influence of atmospheric variations allow us to draw the 
following conclusions. Thus, a necessary condition for 
improving the safety of group piloting of aircraft is 
taking into account variations in the speed and direction 
of wind flows (with the possibility of their adaptive 
compensation) in the functioning algorithms of the 
situational synergistic automated control system for the 
group use of unmanned aerial vehicles. To fulfill this 
requirement, nonlinear mathematical models of the 
flight of a group of unmanned aircraft are proposed. 
Based on these models, the possibility of compensating 
wind flow variations is taken into account during the 
synthesis of the laws of control of the maneuvering of 
the UMAVs. 
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Thus, it makes it possible to form a priori the 
requirements for the structure of the algorithmic and 
software of automated control systems for the group use 
of unmanned aerial vehicles, to specify technical tasks 
for conducting research and development works on the 
creation of situational control systems, to form potential 
opportunities for the use of non-linear models for the 
study of complex processes of group use of UMAVs 
and organization of management of this use. 

According to the authors of the article, it is 
promising to use the obtained results to justify the 
optimal functionality of the group's devices, the 
requirements for the design characteristics of the flight 
information sensors of UMAVs from the point of view 
of increasing not only the safety of their flights in group 
formations, but also a significant increase in the 
efficiency of performing a wide range of possible flight 
tasks.
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�a�\�h�e�b�\�� �\�b�y�\�b�l�b�� �o�Z�j�Z�d�l�_�j�g�•�� �^�b�g�Z�f�•�q�g�•�� �h�k�h�[�e�b�\�h�k�l�•��
�_�d�k�l�j�m�^�_�j�Z�� �y�d�� �h�[�
�}�d�l�Z�� �m�i�j�Z�\�e�•�g�g�y���� �<�k�l�Z�g�h�\�e�_�g�h���� �s�h��
�l�_�i�e�h�\�b�c���k�l�Z�g���h�d�j�_�f�b�o���a�h�g���_�d�k�l�j�m�^�_�j�Z���\�b�a�g�Z�q�Z�}�l�v�k�y��
�g�_���l�•�e�v�d�b���l�_�i�e�h�\�h�x���_�g�_�j�]�•�}�x���g�Z�]�j�•�\�Z�q�•�\���l�Z���_�g�_�j�]�•�}�x����
�s�h���\�b�^�•�e�y�}�l�v�k�y���\���i�h�e�•�f�_�j�•���a�Z���j�Z�o�m�g�h�d���\�
�y�a�d�h�]�h���l�_�j�l�y����
�Z���c���o�Z�j�Z�d�l�_�j�h�f���\�a�Z�}�f�h�\�i�e�b�\�m���_�e�_�f�_�g�l�•�\�� �l�Z���l�_�i�e�h�\�b�o��
�a�h�g���_�d�k�l�j�m�^�_�j�Z�� 

�<���>���@���\�k�l�Z�g�h�\�e�_�g�h�����s�h���j�h�a�•�]�j�•�\���•���i�e�Z�\�e�_�g�g�y���i�h�e�•��
�f�_�j�g�b�o�� �f�Z�l�_�j�•�Z�e�•�\�� �\�� �i�e�Z�k�l�b�d�m�x�q�b�o�� �_�d�k�l�j�m�^�_�j�Z�o�� �\�•�^��
�[�m�\�Z�}�l�v�k�y�� �\�� �h�k�g�h�\�g�h�f�m�� �a�Z�� �j�Z�o�m�g�h�d�� �^�b�k�b�i�Z�l�b�\�g�h�]�h��
�^�`�_�j�_�e�Z���l�_�i�e�Z�����g�Z���s�h���\�b�l�j�Z�q�Z�}�l�v�k�y���[�•�e�v�r�_�����������f�_�o�Z��
�g�•�q�g�h�€���_�g�_�j�]�•�€�����Z���g�Z���c�h�]�h���i�_�j�_�k�m�\�Z�g�g�y���\�b�l�j�Z�q�Z�}�l�v�k�y���g�_��
�[�•�e�v�r�_�������������I�j�b�� �p�v�h�f�m���d�h�j�i�m�k���_�d�k�l�j�m�a�•�c�g�h�€���f�Z�r�b�g�b��
�i�j�Z�d�l�b�q�g�h�� �g�Z�� �\�k�•�c�� �^�h�\�`�b�g�•�� �i�j�Z�p�x�}�� �\�� �j�_�`�b�f�•�� �\�•�^�\�_��
�^�_�g�g�y�� �l�_�i�e�Z���� �a�Z�� �\�b�g�y�l�d�h�f�� �i�h�q�Z�l�d�h�\�b�o�� �^�•�e�y�g�h�d���� �s�h��
�i�j�b�i�Z�^�Z�x�l�v�� �g�Z�� �a�h�g�m�� �a�Z�\�Z�g�l�Z�`�_�g�g�y�� �A�Z�� �\�•�^�h�f�h�k�l�y�f�b�� 
[3-7�@���f�h�`�g�Z���m�a�Z�]�Z�e�v�g�b�l�b���k�i�h�k�h�[�b���h�[�•�]�j�•�\�m���_�d�k�l�j�m�^�_�j�•�\��
�l�Z�� �k�b�k�l�_�f�� �j�_�]�m�e�x�\�Z�g�g�y�� �l�_�f�i�_�j�Z�l�m�j�b�� �\�� �€�o�� �n�m�g�d�p�•�h�g�Z��
�e�v�g�b�o�� �a�h�g�Z�o���� �<�k�l�Z�g�h�\�e�_�g�h���� �s�h�� �g�Z�c�[�•�e�v�r�� �i�j�b�c�g�y�l�g�b�f��
�k�i�h�k�h�[�h�f�� �h�[�•�]�j�•�\�m�� �i�j�h�f�b�k�e�h�\�b�o�� �_�d�_�l�j�m�^�_�j�•�\�� �}�� �_�e�_�d�l��
�j�b�q�g�b�c�� �k�i�h�k�•�[�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �k�i�•�j�Z�e�v�g�b�o�� �l�j�m�[�q�Z�k��
�l�b�o�� �_�e�_�d�l�j�h�g�Z�]�j�•�\�Z�q�•�\�� �h�i�h�j�m���� �a�Z�e�b�l�b�o�� �\�� �Z�e�x�f�•�g�•�}�\�•��
�[�e�h�d�b�� �m�� �\�b�]�e�y�^�•�� �g�Z�i�•�\�d�•�e�_�p�v���� �s�h�� �h�o�h�i�e�x�x�l�v�� �p�b�e�•�g�^�j��
�_�d�k�l�j�m�^�_�j�Z���i�h���\�k�•�c���^�h�\�`�b�g�•���a�h�g�b�� 

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

 
�J�b�k����2. �<�Z�j�•�Z�g�l���k�l�j�m�d�l�m�j�g�h-�n�m�g�d�p�•�h�g�Z�e�v�g�h�€���k�o�_�f�b���Z�i�Z�j�Z�l�m�j�g�h�]�h���h�n�h�j�f�e�_�g�g�y�����d�Z�k�d�Z�^�g�h�]�h���r�g�_�d�h�\�h�]�h���_�d�k�l�j�m�^�_�j�Z���>���@�� 

 1 �±�^�h�a�Z�l�h�j���������±�_�d�k�l�j�m�^�_�j���������± �r�_�k�l�_�j�_�g�g�b�c���g�Z�k�h�k���������������������± �i�j�b�\�h�^�b���h�[�_�j�l�h�\�b�o���h�j�]�Z�g�•�\���_�d�k�l�j�m�^�_�j�Z���������± �[�m�g�d�_�j���� 
 8 �± �a�Z�\�Z�g�l�Z�`�m�\�Z�e�v�g�Z���]�h�j�e�h�\�b�g�Z���������± �l�h�j�p�_�\�b�c���j�h�[�h�q�b�c���a�Z�a�h�j���^�b�k�d�h�\�h�]�h���_�d�k�l�j�m�^�_�j�Z�����������± �n�h�j�f�m�\�Z�e�v�g�b�c���•�g�k�l�j�m�f�_�g�l���� 

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

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

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

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

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

�<�b�o�•�^�g�• �\�b�k�h�d�h�i�h�e�•�f�_�j�b�� �i�j�_�^�k�l�Z�\�e�y�x�l�v�� �k�h�[�h�x��
�^�m�`�_�� �\�_�e�b�d�b�c�� �Z�k�h�j�l�b�f�_�g�l�� �p�•�g�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�g�b�o��
�f�Z�l�_�j�•�Z�e�•�\���� �2�o�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �\�b�f�Z�]�Z�}�� �a�g�Z�g�g�y�� �€�o�� �\�e�Z�k��
�l�b�\�h�k�l�_�c�� �l�Z���€�o�g�v�h�€���a�f�•�g�g�h�k�l�•���a�Z�e�_�`�g�h���\�•�^���m�f�h�\���i�_�j�_��
�j�h�[�d�b���l�Z���_�d�k�i�e�m�Z�l�Z�p�•�€�� 

�A�Z���^�Z�g�b�f�b���>8�@���i�h�e�•�f�_�j�b���y�\�e�y�x�l�v���k�h�[�h�x���k�d�e�Z�^�g�•��
�k�b�k�l�_�f�b���� �i�h�[�m�^�h�\�Z�g�•�� �a�� �f�Z�d�j�h�f�h�e�_�d�m�e���� �s�h�� �\�a�Z�}�f�h�^�•��
�x�l�v�� �f�•�`�� �k�h�[�h�x���� �Z�� �f�Z�d�j�h�f�h�e�_�d�m�e�b�� �k�d�e�Z�^�Z�x�l�v�k�y�� �a�� �e�Z��
�g�h�d���� �s�h�� �i�h�\�l�h�j�x�x�l�v�k�y�� �•�� �a�
�}�^�g�Z�g�•�� �o�•�f�•�q�g�b�f�b�� �a�\�
�y�a�d�Z��
�f�b�����F�•�`�f�h�e�_�d�m�e�y�j�g�_���a�q�_�i�e�_�g�g�y���a�Z�e�_�`�b�l�v���\�•�^���[�m�^�h�\�b��
�e�Z�g�p�x�]�•�\���•���\�f�•�k�l�m���\���g�b�o���]�j�m�i�����s�h���a�Z�f�•�s�Z�x�l�v���\�h�^�g�_�\�•��
�Z�l�h�f�b���� �<�a�Z�}�f�h�^�•�y�� �f�Z�d�j�h�f�h�e�_�d�m�e�� �i�j�b�a�\�h�^�b�l�v�� �^�h�� �\�i�h��

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

�>�e�y�� �e�•�g�•�c�g�b�o�� �i�h�e�•�f�_�j�•�\�� �j�•�a�g�b�c�� �j�h�a�\�b�l�h�d�� �y�\�b�s��
�j�_�e�Z�d�k�Z�p�•�€���^�h�a�\�h�e�y�}���\�b�^�•�e�b�l�b���l�j�b���f�h�`�e�b�\�•���k�l�Z�g�b���� 

1) �k�d�e�h�i�h�^�•�[�g�b�c�����s�h���\�•�^�i�h�\�•�^�Z�}���g�b�a�v�d�b�f���l�_�f�i�_��
�j�Z�l�m�j�Z�f�����f�h�`�e�b�\�•���e�b�r�_���i�j�m�`�g�•���^�_�n�h�j�f�Z�p�•�€������ 

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

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

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

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

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

�H � ���I���7�����1�����W���� 

�^�_���H �Å �\�•�^�g�h�k�g�Z���^�_�n�h�j�f�Z�p�•�y�����û�O���O�������7���Å���l�_�f�i�_�j�Z�l�m�j�Z���� 
�1 �Å�� �f�_�o�Z�g�•�q�g�Z�� �g�Z�i�j�m�]�Z���� �W�� �Å�� �q�Z�k���� �G�Z�c�[�•�e�v�r�b�c�� �\�i�e�b�\��
�f�Z�}�� �l�_�f�i�_�j�Z�l�m�j�Z���� �a�f�•�g�x�x�q�b�� �k�l�Z�g�� �e�•�g�•�c�g�h�]�h�� �i�h�e�•�f�_��
�j�m���� �A�� �m�a�Z�]�Z�e�v�g�_�g�h�€�� �l�_�j�f�h�f�_�o�Z�g�•�q�g�h�€�� �d�j�b�\�h�€���H = f(T) 
[8�@���i�j�b���i�h�k�l�•�c�g�•�c���f�_�o�Z�g�•�q�g�•�c���g�Z�i�j�m�a�•���1���•���q�Z�k�m���g�Z�\�Z�g��
�l�Z�`�_�g�g�y�� �W�� �k�e�•�^�m�}���� �s�h�� �a�Z�e�b�r�d�h�\�•�� �i�e�Z�k�l�b�q�g�•�� �^�_�n�h�j�f�Z��
�p�•�€�� �\�b�g�b�d�Z�x�l�v�� �i�j�b�� �l�_�f�i�_�j�Z�l�m�j�Z�o�� �\�b�s�_�� �l�_�f�i�_�j�Z�l�m�j�b��
�i�e�b�g�g�h�k�l�•���� �L�Z�d�h�`�� �i�h�d�Z�a�Z�g�h���� �s�h�� �i�j�b�� �\�b�k�h�d�b�o�� �l�_�f�i�_��
�j�Z�l�m�j�Z�o�� �i�h�[�e�b�a�m�� �l�_�f�i�_�j�Z�l�m�j�b�� �i�e�b�g�g�h�k�l�•�� �i�j�m�`�g�Z��
�^�_�n�h�j�f�Z�p�•�y�� �\�b�g�b�d�Z�}�� �i�j�Z�d�l�b�q�g�h�� �f�b�l�l�}�\�h�� �•�� �a�g�b�d�Z�}��
�l�Z�d�h�`���� �g�Z�j�h�k�l�Z�g�g�y�� �`�� �i�e�Z�k�l�b�q�g�b�o�� �l�Z�� �i�j�m�`�g�h-
�_�e�Z�k�l�b�q�g�b�o���^�_�n�h�j�f�Z�p�•�c���\�•�^�[�m�\�Z�}�l�v�k�y���\���q�Z�k�•�� 

�H�k�h�[�e�b�\�h�k�l�•�� �d�h�g�l�j�h�e�x�� �g�Z�]�j�•�\�m�� �\�� �_�d�k�l�j�m�a�•�€. 
�K�d�e�Z�^�g�•�k�l�v�� �i�h�k�l�Z�\�e�_�g�h�]�h�� �a�Z�\�^�Z�g�g�y�� �s�_�� �•�� �\�� �l�h�f�m���� �s�h��
�d�h�`�g�Z�� �a�h�g�Z�� �g�Z�]�j�•�\�Z�g�g�y�� �p�b�e�•�g�^�j�Z�� �_�d�k�l�j�m�^�_�j�Z�� �f�Z�}�� �^�h��
�\�`�b�g�m���[�e�b�a�v�d�h��������-���������f�f�����G�Z���d�h�`�g�•�c���•�a���g�b�o���f�h�`�g�Z��
�a�Z�^�Z�l�b�� �i�_�\�g�m�� �l�_�f�i�_�j�Z�l�m�j�m���� �Z�e�_�� �k�l�Z�g�^�Z�j�l�•�\�� �^�e�y�� �g�Z�e�Z��
�r�l�m�\�Z�g�g�y�� �Ä�i�j�Z�\�b�e�v�g�h�€�� �l�_�f�i�_�j�Z�l�m�j�b�´�� �g�_�� �•�k�g�m�}���� �/�^�b��
�g�h�x�� �m�f�h�\�h�x�� �}�� �k�l�\�h�j�_�g�g�y�� �g�Z�� �i�_�j�r�•�c�� �l�Z�� �•�g�h�^�•�� �^�j�m�]�•�c��
�a�h�g�•�� �a�g�Z�q�_�g�g�y�� �l�_�f�i�_�j�Z�l�m�j�b�� �[�e�b�a�v�d�h�€�� �^�h�� �i�h�d�Z�a�g�b�d�•�\����
�y�d�_���f�Z�}���g�Z�[�m�l�b���j�h�a�i�e�Z�\���g�Z���\�b�o�h�^�•�����I�•�^�[�•�j���l�_�f�i�_�j�Z�l�m��
�j�b�� �a�Z�e�_�`�b�l�v�� �\�•�^�� �h�k�h�[�e�b�\�h�k�l�_�c�� �i�h�e�•�f�_�j�m�� �l�Z�� �d�h�g�k�l�j�m��
�d�p�•�€�� �r�g�_�d�Z���� �J�_�]�m�e�x�\�Z�g�g�y�� �g�Z�]�j�•�\�Z�g�g�y�� �i�j�h�\�h�^�b�l�v�k�y�� �\��
�m�f�h�\�Z�o�� �_�n�_�d�l�b�\�g�h�€�� �l�_�i�e�h�\�•�^�^�Z�q�•�� �^�e�y�� �a�Z�i�h�[�•�]�Z�g�g�y��
�i�_�j�_�]�j�•�\�m���� �J�_�]�m�e�x�\�Z�g�g�y�� �i�j�h�\�h�^�b�l�b�� �g�_�i�j�h�k�l�h���� �P�_��
�i�h�\�•�y�a�Z�g�h���a���g�_�f�h�`�e�b�\�•�k�l�x���d�h�g�l�j�h�e�x���g�Z�]�j�•�\�m���j�h�a�i�e�Z��
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�\�m�� �\�•�^�� �a�k�m�\�g�b�o�� �a�m�k�b�e�v���� �y�d�•�� �j�h�a�\�b�\�Z�x�l�v�k�y�� �r�g�_�d�h�f���� �l�Z��
�a�Z�e�_�`�Z�l�v�� �\�•�^���r�\�b�^�d�h�k�l�•���i�h�^�Z�q�•���]�j�Z�g�m�e���•���\�Z�j�•�Z�p�•�€���l�_�i��
�e�h�\�h�€���i�j�h�\�•�^�g�h�k�l�•���\�a�^�h�\�`���p�b�e�•�g�^�j�Z�� 

�I�•�k�e�y�� �k�l�Z�[�•�e�•�a�Z�p�•�€�� �_�d�k�l�j�m�a�b�\�g�h�]�h�� �i�j�h�p�_�k�m�� �i�h�e�•��
�f�_�j�� �j�h�a�•�]�j�•�\�Z�}�l�v�k�y�� �s�_�� �c�� �\�•�^�� �\�g�m�l�j�•�r�g�v�h�€�� �k�b�e�b�� �l�_�j�l�y��
�l�Z���a�k�m�\�m�����1�g�l�_�g�k�b�\�g�•�k�l�v���\�b�^�•�e�_�g�g�y���l�_�i�e�Z���a�Z�e�_�`�b�l�v���\�•�^��
�[�m�^�h�\�b�� �r�g�_�d�Z���� �l�b�k�d�m�� �j�h�a�\�b�g�_�g�h�]�h�� �\�� �]�h�e�h�\�p�•�� �l�Z�� �\�
�y�a��
�d�h�k�l�•�� �i�h�e�•�f�_�j�g�h�]�h�� �j�h�a�i�e�Z�\�m���� �G�Z�� �^�_�y�d�b�o�� �^�•�e�y�g�d�Z�o��
�h�[�e�Z�^�g�Z�g�g�y�� �l�_�f�i�_�j�Z�l�m�j�Z�� �f�h�`�_�� �i�_�j�_�\�b�s�m�\�Z�l�b�� �f�Z�d��
�k�b�f�Z�e�v�g�•�� �a�g�Z�q�_�g�g�y���� �M�� �l�Z�d�h�f�m�� �j�Z�a�•�� �i�h�l�j�•�[�g�_�� �h�o�h�e�h��
�^�`�_�g�g�y�� �D�h�`�g�h�f�m�� �_�d�k�l�j�m�^�_�j�m�� �g�_�h�[�o�•�^�g�b�c�� �k�\�•�c�� �l�_�f��
�i�_�j�Z�l�m�j�g�b�c���j�_�`�b�f���^�e�y���y�d�•�k�g�h�]�h���g�Z�]�j�•�\�m�����L�_�f�i�_�j�Z�l�m��
�j�g�_���i�h�e�_���\�•�^�i�h�\�•�^�g�_���h�^�g�h�f�m���\�b�^�m���h�[�e�Z�^�g�Z�g�g�y���•�g�r�b�f��
�[�m�^�_���g�_�^�h�p�•�e�v�g�b�f�����P�_���k�l�h�k�m�}�l�v�k�y���g�Z�\�•�l�v���h�^�g�h�l�b�i�g�b�o��
�m�k�l�Z�g�h�\�h�d�� �L�_�f�i�_�j�Z�l�m�j�g�_�� �i�h�e�_�� �p�b�e�•�g�^�j�Z�� �a�Z�e�_�`�b�l�v��
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Development of thermo-regulation modules 

 for zone processing of plastic materials by extrusion 

O. Dryuchko, O. Schefer, B. Boriak, N. Borozdin, V. Galai, R. Zakharchenko  

Abst rac t .  A control device has been developed for setting and correcting the profile of the thermal zoned field of the ex-
trusion channel of processing plastic masses depending on the type of raw material; selection of modes to create conditions for 
stabilizing the effective implementation of the technological process and obtaining the specified quality of the extrudate; struc-
tural features of manufactured products; possibilities and perfection of the main and auxiliary equipment, productivity of its 
work; degree of preparedness of service personnel to ensure production. According to IEC 60584 1:2013, standard potential dif-
ference values of typical TXA thermocouple graduation tables (type K) were used as reference analytical signals in the develop-
ment. Correction of the average thermal power supplied by heaters in certain functional technological zones is carried out by the 
phase method. 

Keywords: plastics processing, extrusion method, thermal extrusion channel profile, control systems, design features. 
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ADAPTIVE DOUBLE NEO-FUZZY NEURON AND ITS COMBINED LEARNING 
 

Abst rac t .  The subject of the study in the article is the process of data classification under conditions of fuzziness and 
a limited volume of training sample. The goal is to enhance the double neo-fuzzy neuron within the framework of solving 
the data classification task with constraints on the training sample volume, processing time, as well as fuzziness and non-
stationarity of input data. The tasks include improving the double neo-fuzzy neuron to enhance the system's approxima-
tion properties and developing a combined system learning method to ensure fast performance in an online mode. The 
approaches used are lazy learning, supervised learning, and self-learning. The following results have been obtained: the 
double neo-fuzzy neuron has been modified by introducing a compressive activation function at the output, creating con-
ditions for building a neo-fuzzy network capable of adapting to non-stationary input data in an online mode and avoiding 
the vanishing gradient problem. Conclusion. A combined learning method for the double neo-fuzzy neuron has been 
proposed, involving parallel utilization of lazy learning, supervised learning, and self -learning with the "Winner Takes 
All" rule, followed by automatic formation of membership functions, enabling fast online classification in the presence 
of outliers in the input data. 

Keywords:  fast data classification, online classification, fuzzy classification, short sample, neo-fuzzy neuron, combined 
learning. 

 

Introduction 

Today, artificial neural networks (ANN) have been 
widely used to solve a wide range of problems related to 
Data Mining, primarily due to their universal 
approximating capabilities and their capacity to adjust 
their parameters (learn) by optimizing the adopted 
objective function (learning criterion). The main 
�³building block�  ́of ANN typically comprises elementary 
perceptrons by F. Rosenblatt, each using a particular 
nonlinear activation function (most referred to as the 
�³squashing�  ́ activation function). Often, no more than 
three layers are required to achieve the necessary level of 
approximation accuracy from a different perspective. 
However, the training of ANN with a squashing 
activation function encounters significant computational 
challenges, often referred to as the �³vanishing gradient�  ́
problem, which leads to a halt in the training process, 
causing network �³paralysis� .́ Consequently, modern deep 
neural networks (DNN) [1�±3] have abandoned squashing 
functions (such as sigmoid and tanh) in favour of 
piecewise linear functions (ReLU, PReLU, etc.) whose 
derivatives are commonly used as activation functions, 
most of which do not yield zero values. 

Since such activation functions do not fulfil the 
conditions of G. Cybenko's approximation theorem [4], 
ensuring the required accuracy necessitates DNNs to 
encompass a substantial number of layers, neurons, and 
synoptic weights. Consequently, this demands an 
expansion in the volume of training samples and setup 
time. Although the application of adaptive piecewise linear 
activation functions can expedite the learning process [5], 
the need for substantial amounts of training data persists. 

This situation can potentially be enhanced through 
the utilization of advanced nodes in lieu of traditional 
neurons, with one such alternative being the neo-fuzzy 
neuron (NFN) [6, 7]. The advantages of neo-fuzzy 
neurons have been showcased in addressing various 

problems [8, 9]. What sets a neo-fuzzy neuron apart is its 
integration of nonlinear synapses in place of traditional 
synaptic weights, with each synapse embodying the F-
transform [10]. This approach facilitates universal 
approximating properties using a system of kernel 
membership functions, including conventional triangular 
functions that satisfy the conditions of unity partitioning. 
It's noteworthy that the neo-fuzzy neuron also offers 
piecewise linear approximation, the quality of which is 
significantly contingent on the count of membership 
functions within each nonlinear synapse. 

A further progression in the evolution of the neo-
fuzzy neuron is the Double Neo-Fuzzy Neuron (DNFN) 
[11, 12], which distinctively incorporates a non-linear 
synapse at its output (as opposed to an activation 
function), supplementing the non-linear synapses at the 
inputs. Importantly, the F-transform at the neuron's 
output can accommodate various forms of traditional 
activation functions, including squashing functions, 
without disrupting the vanishing gradient. 

Both in NFN and DNFN, the number of 
membership functions in nonlinear synapses is 
predetermined (usually based on empirical 
considerations), evenly distributed along the abscissa 
axis. Enhanced approximation quality can be achieved by 
dynamically determining the requisite number of these 
functions and adapting the positioning of their centres. 
This necessitates an augmented training procedure that 
incorporates adjustments to the number and centres of 
membership functions. This innovation is anticipated to 
augment the precision of DNFN in comparison to 
systems with predetermined counts and shapes of 
activation functions - membership. 

The primary objective of this article is to 
investigate and propose an alternative approach that 
overcomes the limitations encountered in traditional 
artificial neural networks (ANNs) and their training 
methodologies. In particular, we aim to address the 
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challenges associated with the "vanishing gradient" 
problem, which impedes the training process of ANNs 
with certain activation functions. Additionally, we seek 
to enhance the accuracy and efficiency of the adaptive 
learning process within neural networks. 
 

Architecture of the Double neo-fuzzy neuron 

The DNFN architecture is shown in Fig. 1 and 
consists of 1n ��  nonlinear synapses NSi, 0,1,...,i n�  the 
scheme of which is shown in Fig. 2.  
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2 2( ( ))u x k

1 1( ( ))u x k

( ( ))n nu x k

�Ö( )iy k

 
Fig. 1. Double neo-fuzzy neuron 

 

 
Fig. 2. Nonlinear synapse 

 
The input information for training is a sample of 

vector observations { (1), (2),..., ( ),...,X x x x k� ( )},x N

1( ) ( ( ),x k x k�  ...,  ( ), ... , ( ))Ti nx k x k
     

nR�• , 

where k or the observation number in the sample, if it is 
specified a priori in the batch form, or the number of the 
moment of the current time, if the training is carried out 
online as the action information is received for 
processing. Each nonlinear synapse contains q 
membership functions ( ), 1,..., ;ip iu p q�P �   1,2,..., ;i n�  

and 0 0( )p u�P  in the output layer and q tuned synaptic 

weights (one for each membership function) ipW  and 0pW . 

In this way, nonlinear synapses implement the 
transformation adaptive double neo-fuzzy neuron 
(DNFN) its combined learning. 
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It is also easy to write down the transformations 
implemented by DNFN as a whole: 
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Triangular ones satisfying the Ruspini conditions 
are most often used as the membership function in NFN, 
due primarily to numerical simplicity, although the use 
of other functions, such as B-Splines, is not excluded. 

If the input data is pre-encoded on the interval [0, 
1], and their centers pic and 0pc  evenly spaced on the 

abscissa axis 1,p i pic c���' � �� , it is easy to see that 

1
1, ( 1)p i pic c q ��

���' � �� � �� , namely, these functions can 

be written in the form 
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for the input layer of nonlinear synapses. For a nonlinear 
synapse DNFN can be written 
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a feature of the membership function used in DNFN is 
that at each time instant k only two neighbouring 
functions are-fired. Suppose that the component of the 
input vector x(k) belongs to the interval 

0 1,( )pi p iC x k C ��� � � �, that is, only two adjacent functions 

are fired ( ( ))pi ix k�P  and 1, ( ( ))p i ix k�P �� . 

It is easy to calculate that the signal at the input of 
the i-th input iNS can be represented in the form: 
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where 
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and the signal at the adder input: 
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Then the DNFN output signal in general can be 
written as 
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where 
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    (13) 

It is easy to see that 0NS at the DNFN output does 

not play the role of an activation function in 
F. Rosenblatt's neuron, and in some sense is close to the 
PReLU function popular in DNN, however, in our case, 
this activation function is configured, implements the F-
transformation and can accept you are a complicated 
shape. 

Finally, the transformation implemented by DNFN 
can be implemented in the form 

 0 0
1

�Ö( ) ( )( ( ) ( ) ( )) ( )
n

i i i
i

y k a k a k x k b k b k
� 

� �� ���¦ , (14) 

that is, a piecewise linear approximation of some 
ringing function is provided, the quality of which 
depends on the number of readings (belonging 
functions) q, the location of the centres of these 
functions and (n+1)q synaptic weights, which is 
adjusted during the learning process. 

A training procedure  
of the Double neo-fuzzy neuron 

The tuning of DNFN synoptic weights is 
implemented by gradient minimization (tutored learning) 
of the objective function, which is commonly used in 
training and ANNs. 
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where ( )y k -external reference signal. 

The learning process at each moment k is 
implemented in two stages: adjustment of the synoptic 
weights of the original nonlinear synapse 0NS  setting the 

weights of input signals , 1,2,..., .iNS i n�   

At the same time, it is noticeable that only the 
weights corresponding to the membership functions are 
adjusted pi�P  and 1,p i�P �� , which are currently k have zero 

values. 
At the same time, the learning process can be left as 

it is 
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where �Ö( ) ( ) ( )l k y k y k�  � � �± learning error, 0( ) 0k�K �!  �± 

learning rate parameter, which means speed of 
convergence. 

This process can be optimized for speed by using a 
modification of the Kaczmarz-Widrow-Hoff algorithm 
[13, 14]: 
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In the case when the input data is disturbed by 
interference, an algorithm with additional filtering 
properties can be used [15] 
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where 00 1�K� d � d is a forgetting factor. 

To adjust the synaptic weights of the first layer of 
non-linear synapses iNS , a standard S-rule training 

method can be used. 
Let us consider the derivatives of the objective 

function. 
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and �G is an error.  
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It is easy to write down the gradient learning 
procedure 
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Optimized versions of this procedure take shape 
accordingly 
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and 
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It is possible to improve the approximate properties 
of DNFN by adjusting not only the synoptic weights of 
linear synapses, but also the number of membership 
functions and the location of their centres. Self-learning 
methods without a teacher and lazy learning based on the 
principle of �³�1�H�X�U�R�Q�V���D�W���G�D�W�D���S�R�L�Q�W�V�´ [16] can be used for 
this. 

Usually, the number of membership functions in 
non-linear synapses q is given by p empirical 
considerations and the weights are placed uniformly with 
an interval �' . Let us consider the threshold of 
indistinguishability of two neighbouring centres �G���� �'  
let's start the learning process with the entry into the 
system of the first observation of the training sample 

1(1) (1), ... , (1), ... ( )) .T
i nx x x x k�  The first function 

of belonging �o 1, ( (1))i ix�P  is formed so that its centre 

1, ( (1))i ic x . Then with the arrival of the second 

observation (2)x  the condition is checked 

1| (2) (2) |i ix c �G� � � d and if it is performed for some 

components of the input signals, then new centres are not 
formed at these inputs.  

If the condition is fulfilled (on several inputs) 

1| (2) | 2i ix c� G � G�� �� �� , coefficients of centers 1,ic  adjusted 

according to the self-learning rule �³Winner Takes All�  ́
[17], introduced by T. Kohonen 

 1 1 0(2) (1) (2)( (2) (1)).i i i ilc c x c�K� �� ��  (24) 

With the learning threshold parameter 0(2) 1�K ��  if 

the inequality holds for some components 

12 (2) (2)i ix c�G� � � �, then the second membership 

function is formed at the i-th input qi�P with centre 

2 (2)i ic x� . During the second learning cycle, the 

number of membership functions in synapses iNS  may 

be different. On the N-th self-learning step with input 
signal ( )x N  membership functions are solved for each 

nonlinear synapsee the membership function- winner is 

sought * ( ( 1))pi ix N�P ��  for which the distance 

| ( ) ( 1) |i pix N c N� � � � is minimal and the following rules 

are checked: 
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 (25) 

after which at the i-th input in the linear synapse iNS  or 

is not formed or adjusted or a new (and last) membership 

function is created ( )qi ix�P  with the centre qiC . Thus, in 

each nonlinear synapse, the number of membership func-
tions can vary from two (in the case of binary input sig-
nals) to N (in the case of a small indistinguishability 
threshold �/����Similarly, the membership functions of the 
nonlinear synapse can be configured 0NS  at the output 
where DNFN. 
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Conclusion 

To enhance the widely known neo-fuzzy neuron 
(NFN) referred to as the Double neo-fuzzy neuron, which 
exhibits enhanced approximative capabilities when 
compared to its prototype, a novel combined learning 
approach is introduced. This approach is grounded in 
tutored learning, self-learning, and lazy learning 
principles. Through this methodology, the aim  
is to achieve optimal rapidity in configuring the synoptic

weights of nonlinear synapses, along with the automatic 
formation of membership functions, all implemented in 
real-time online mode. 

Importantly, the proposed method doesn't 
necessitate substantial amounts of training data. Instead, 
it's characterized by its computational simplicity, 
rendering it applicable in diverse scenarios. This method 
holds promise in creating a double neo-fuzzy system 
capable of effectively adapting to phasing systems, even 
within the constraints of a limited training dataset. 
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�`�Z�l�b���h�^�g�b�f�b���•�a���i�_�j�r�b�o���6�D�D�6���k�_�j�\�•�k�•�\�����I�Z�e�v�f�Z���i�_�j�r�h��
�k�l�•���g�Z�e�_�`�b�l�v���k�_�j�\�•�k�m���_�e�_�d�l�j�h�g�g�h�€���i�h�r�l�b���\�•�^���d�h�f�i�Z�g�•�€��
�+�R�W�P�D�L�O�����:�e�_���\�•�^�k�m�l�g�•�k�l�v���g�Z���l�h�c���q�Z�k���r�b�j�h�d�b�o���d�Z�g�Z�e�•�\��
�•�g�l�_�j�g�_�l�� �l�Z�� �l�_�o�g�h�e�h�]�•�c�� �\�•�j�l�m�Z�e�•�a�Z�p�•�€�� �k�l�Z�e�b�� �g�Z�� �i�_�j�_��
�i�h�g�•��- �a�Z�� �\�•�^�k�m�l�g�h�k�l�•�� �r�\�b�^�d�b�o�� �l�Z�� �k�l�Z�[�•�e�v�g�b�o�� �d�Z�g�Z�e�•�\��
�•�g�l�_�j�g�_�l�� �d�h�j�b�k�l�m�\�Z�q�•�� �g�_�� �f�h�]�e�b�� �h�l�j�b�f�Z�l�b�� �y�d�•�k�g�•�� �i�h�k��
�e�m�]�b�����Z���[�_�a���l�_�o�g�h�e�h�]�•�c���\�•�j�l�m�Z�e�•�a�Z�p�•�€���g�_�f�h�`�e�b�\�h���[�m�e�h��
�_�n�_�d�l�b�\�g�h���l�Z���]�g�m�q�d�h���j�h�a�i�h�^�•�e�y�l�b���j�_�k�m�j�k�b���l�Z���f�Z�k�r�l�Z��
�[�m�\�Z�l�b���k�_�j�\�•�k�b ���j�b�k�������� [1]. 

 

 
�J�b�k�������� �J�h�a�\�b�l�h�d���1�L���]�Z�e�m�a�•�����^�`�_�j�_�e�h�����>�������K�� 1]) 
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�<���p�_�c���f�h�f�_�g�l���^�h�p�•�e�v�g�h �g�Z�]�h�e�h�k�b�l�b���s�h���o�f�Z�j�h�q�d�b��
�a�Z�e�b�r�Z�x�l�v�k�y�� �Z�d�l�m�Z�e�v�g�b�f�b���� �l�h�f�m�� �s�h�� �g�Z�� �k�v�h�]�h�^�_�g�g�y��
�a�Z�^�h�\�h�e�v�g�y�x�l�v���a�Z�i�b�l�b���[�•�e�v�r�h�k�l�•���d�h�j�b�k�l�m�\�Z�q�•�\�����<�h�g�b��
�p�_���^�h�\�_�e�b���g�_�� �l�•�e�v�d�b���\�� �l�_�h�j�•�€�����Z�e�_���•���\���k�\�h�€�c���k�i�j�Z�\�•���� �� �M��
�]�e�h�[�Z�e�v�g�h�f�m���\�b�f�•�j�•�����o�f�Z�j�g�•���k�_�j�\�•�k�b���j�h�a�i�h�\�k�x�^�`�_�g�•���m��
�[�Z�]�Z�l�v�h�o�� �]�Z�e�m�a�y�o���� �<�•�^�i�h�\�•�^�g�h�� �a�Z�� �]�Z�e�m�a�_�\�b�f�� �j�h�a�i�h�^�•��
�e�h�f�� �i�_�j�r�_�� �f�•�k�p�_�� �i�h�k�•�^�Z�}�� �1�L-�k�_�d�l�h�j�� �������� �������� �^�j�m�]�_�� �± 
�k�n�_�j�Z���n�•�g�Z�g�k�h�\�b�o�� �i�h�k�e�m�]�������������������l�j�_�l�}�� �± �^�_�j�`�Z�\�g�b�c��
�k�_�d�l�h�j�����j�b�k�� 2) [2]. 

 
�J�b�k�������� �J�h�a�i�h�\�k�x�^�`�_�g�•�k�l�v���o�f�Z�j�g�b�o���k�_�j�\�•�k�•�\�� 
�a�Z���k�n�_�j�h�x���\�b�d�h�j�b�k�l�Z�g�g�y ��� �̂`�_�j�_�e�h�����>��, C.3]) 

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

�[�e�_�f���l�Z���€�o���k�Z�f�b�o���a���i�h�^�Z�e�v�r�b�f���h�i�b�k�h�f�����\�Z�`�e�b�\�h���i�j�h��
�Z�g�Z�e�•�a�m�\�Z�l�b�� �i�j�h�[�e�_�f�g�•�� �f�•�k�p�y�� �± �o�f�Z�j�g�•�� �i�j�h�^�m�d�l�b���� �A�Z��
�d�h�`�g�h�x���o�f�Z�j�h�x���k�l�h�€�l�v���k�\�•�c���i�j�h�\�Z�c�^�_�j�����\���l�Z�d�h�f�m���Z�j�_��
�Z�e�•���g�_���[�Z�]�Z�l�h���h�k�g�h�\�g�b�o���i�h�k�l�Z�q�Z�e�v�g�b�d�•�\�����a�]�•�^�g�h���k�l�Z�l�b��
�k�l�b�d�b���i�j�b�[�e�b�a�g�h���^�\�•���l�j�_�l�b�g�b���j�b�g�d�m���a�Z�g�y�l�•���i�j�h�_�d�l�Z�f�b��
�\�_�e�b�d�b�o���d�h�j�i�h�j�Z�p�•�c���l�Z�d�b�f�b���y�d�����$�P�D�]�R�Q���:�H�E���6�H�U�Y�L�F�H�V����
Microsoft Azure, Google Cloud Platform.  

�G�Z���€�o���i�j�b�d�e�Z�^�•�����f�b���f�h�`�_�f�h���i�h�[�Z�q�b�l�b���[�•�e�v�r�•�k�l�v 
�k�m�q�Z�k�g�b�o���i�j�h�[�e�_�f���o�f�Z�j�����l�h�f�m���s�h���p�•���d�h�f�i�Z�g�•�€-�\�b�j�h�[��
�g�b�d�b�� �a�Z�j�Z�a�� �a�Z�^�Z�x�l�v�� �l�_�f�i�� �j�h�a�\�b�l�d�m�� �o�f�Z�j�� �g�Z�� �j�b�g�d�m��
���l�Z�[�e�������� [3]. 

 
�L�Z�[�e�b�p�y���� �± �I�h�i�m�e�y�j�g�•���i�h�k�e�m�]�b���o�f�Z�j�g�b�o���h�[�q�b�k�e�_�g�v ���^�`�_��

�j�_�e�h�����>�������&�����@�� 

 
 
�G�Z�i�j�b�d�e�Z�^�����g�_�s�h�^�Z�\�g�}���^�h�k�e�•�^�`�_�g�g�y���6�W�D�W�H���R�I���W�K�H��

�&�O�R�X�G�����i�j�h�\�_�^�_�g�_�� �d�h�f�i�Z�g�•�}�x���)�O�H�[�H�U�D�����i�h�d�Z�a�Z�e�h�����s�h���\��
�����������j�h�p�•�����i�j�b�g�Z�c�f�g�•���g�Z���j�b�g�d�Z�o���_�d�h�g�h�f�•�q�g�h���j�h�a�\�b�g�m��
�l�b�o���d�j�Z�€�g�����^�h�e�y���h�j�]�Z�g�•�a�Z�p�•�c�����s�h���\�b�d�h�j�b�k�l�h�\�m�x�l�v���^�_�d�•��
�e�v�d�Z���o�f�Z�j�g�b�o���i�h�k�e�m�]���j�•�a�g�b�o���h�i�_�j�Z�l�h�j�•�\�����^�h�k�y�]�e�Z������������
�I�j�b�[�e�b�a�g�h�� �l�h�]�h�� �`�� �\�b�k�g�h�\�d�m�� �^�•�c�r�e�b�� �•�� �Z�g�Z�e�•�l�b�d�b��
Gartner �²  �g�_�s�h�^�Z�\�g�h�� �i�j�h�\�_�^�_�g�_�� �h�i�b�l�m�\�Z�g�g�y�� �i�j�_�^��
�k�l�Z�\�g�b�d�•�\�� �_�d�k�i�_�j�l�g�h�]�h�� �k�_�j�_�^�h�\�b�s�Z�� �i�j�h�^�_�f�h�g�k�l�j�m��
�\�Z�e�h�����s�h�����������j�_�k�i�h�g�^�_�g�l�•�\���i�j�Z�p�x�x�l�v���a���^�\�h�f�Z���q�b���[�•��
�e�v�r�_���i�j�h�\�Z�c�^�_�j�Z�f�b�����>��, C.1] 

�A�Z�]�Z�e�v�g�Z���[�_�a�i�_�d�Z. �<���y�d�h�f�m���f�•�k�p�•���g�Z�^�•�c�g�•�r�b�c��
�a�Z�o�b�k�l���^�e�y���^�Z�g�b�o�����\���e�h�d�Z�e�v�g�b�o���i�j�b�k�l�j�h�y�o���Z�[�h���g�Z���\�•�^��
�^�Z�e�_�g�b�o���k�_�j�\�_�j�Z�o�" 

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

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

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

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

- �\�l�j�Z�l�Z���Z�[�h���\�b�l�•�d���^�Z�g�b�o; 
- �i�h�j�m�r�_�g�g�y���p�•�e�•�k�g�h�k�l�•���k�b�k�l�_�f�b; 
- �\�_�e�b�d�•���n�•�g�Z�g�k�h�\�•���\�b�l�j�Z�l�b; 
- �\�•�^�k�m�l�g�•�k�l�v���g�Z�e�_�`�g�h�]�h���a�Z�o�b�k�l�m; 
- �g�_�i�j�Z�\�b�e�v�g�_���Z�[�h���g�_�d�h�j�_�d�l�g�_���g�Z�e�Z�r�l�m�\�Z�g�g�y��

�o�f�Z�j�g�h�€���k�b�k�l�_�f�b���[�_�a�i�_�d�b; 
- �•�k�g�m�}�� �l�•�e�v�d�b�� �q�Z�k�l�d�h�\�b�c�� �d�h�g�l�j�h�e�v�� �l�Z�� �d�_�j�m��

�\�Z�g�g�y���o�f�Z�j�g�b�f���^�h�\�d�•�e�e�y�f; 
- �k�l�b�o�•�c�g�•�����n�•�a�b�q�g�•�����i�h�f�b�e�d�h�\�•���i�h�r�d�h�^�`�_�g�g�y; 
- �a�Z�g�Z�^�l�h���\�_�e�b�d�Z���g�_�[�_�a�i�_�d�Z���\�b�d�h�j�b�k�l�Z�g�g�y���i�j�b��

�\�•�e�_�c�h�\�Z�g�h�]�h���^�h�k�l�m�i�m���^�h���a�g�Z�q�m�s�b�o���q�Z�k�l�b�g���j�h�[�h�l�b; 
- �\�•�^�k�m�l�g�•�k�l�v�� �i�j�Z�\�h�\�h�€�� �f�•�`�g�Z�j�h�^�g�h�€�� �k�i�j�Z�\�_�^��

�e�b�\�h�k�l�•���l�Z���i�•�^�l�j�b�f�d�b���m���o�f�Z�j�g�b�o���i�b�l�Z�g�g�y�o; 
- �k�o�b�e�v�g�•�k�l�v���^�h���j�•�a�g�h�]�h���\�b�^�m���o�Z�d�_�j�k�d�b�o���Z�l�Z�d.   
�L�_�i�_�j�� �f�h�`�e�b�\�h�� �g�Z�\�_�k�l�b�� �a�Z�]�Z�e�v�g�•�� �d�j�b�l�_�j�•�€�� �a�Z�o�b��

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

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

�:�j�]�m�f�_�g�l�h�\�Z�g�Z�� �^�h�p�•�e�v�g�•�k�l�v�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �•�� �_�n�_�d��
�l�b�\�g�h���h�i�l�b�f�•�a�h�\�Z�g�•���\�b�l�j�Z�l�b���g�Z���1�L-�•�g�n�j�Z�k�l�j�m�d�l�m�j�m. �M�f�h��
�\�h�x���d�h�e�b���i�h�l�j�•�[�g�h���a�Z�h�s�Z�^�b�l�b���a�Z�\�`�^�b���[�m�e�Z���h�[�f�_�`�_�g�•�k�l�v��
�\���j�_�k�m�j�k�Z�o�����i�h�l�•�f���d�e�•�}�g�l���r�m�d�Z�}���r�e�y�o�b���^�e�y���_�d�h�g�h�f�•�€���•���g�Z��
�`�Z�e�v���[�•�e�v�r�•�k�l�v���`�_�j�l�\�m�x�l�v���o�f�Z�j�g�h�x���[�_�a�i�_�d�h�x���k�b�k�l�_�f�b��
�a�Z�j�Z�^�b�� �€�€�� �r�\�b�^�d�h�^�•�€�� �l�Z�� �i�•�k�e�y�� �Z�l�Z�d�b�� �g�Z�� �•�g�n�j�Z�k�l�j�m�d�l�m�j�m����
�j�h�a�m�f�•�x�l�v���s�h���\�h�g�b���\�l�j�Z�l�b�e�b���[�•�e�v�r�_���g�•�`���f�h�]�e�b�����L�Z�d�h�`��
�\�b�s�_�h�i�b�k�Z�g�_���k�l�h�k�m�}�l�v�k�y���i�j�Z�p�•�\�g�b�d�•�\�����d�h�e�b���j�•�r�_�g�g�y���h�^��
�g�h�]�h���n�Z�o�•�\�p�y���i�_�j�_�\�Z�`�Z�x�l�v���d�•�e�v�d�•�k�g�m���i�_�j�_�\�Z�]�m���\���d�h�e�_�d��
�l�b�\�•�����P�_���\�Z�`�e�b�\�h���^�e�y���[�m�^�v-�y�d�h�€���d�h�f�i�Z�g�•�€�����y�d�•���a�\�b�d�e�b���i�e�Z��
�g�m�\�Z�l�b���•���i�j�h�]�g�h�a�m�\�Z�l�b���k�\�h�€���\�b�l�j�Z�l�b���� 

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

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

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

�M���K�R�:���Z�k�h�p�•�Z�p�•�y�� �&�O�R�X�G���6�H�F�X�U�L�W�\���$�O�O�L�D�Q�F�H���\�b�i�m�k��
�l�b�e�Z���&�O�R�X�G���&�R�Q�W�U�R�O�V���0�D�W�U�L�[�����P�_�c���^�h�d�m�f�_�g�l���y�\�e�y�}���k�h�[�h�x��
�i�_�j�_�e�•�d�� �•�k�g�m�x�q�b�o�� �l�_�o�g�h�e�h�]�•�c�� �•�g�n�h�j�f�Z�p�•�c�g�h�€�� �[�_�a�i�_�d�b����
�y�d�•���f�h�`�m�l�v���[�m�l�b���\�b�d�h�j�b�k�l�Z�g�•���\���o�f�Z�j�g�b�o���k�_�j�\�•�k�Z�o�����O�h�q�Z��
�^�_�y�d�•���n�Z�o�•�\�p�•���\�\�Z�`�Z�x�l�v�����s�h���^�e�y���m�i�j�Z�\�e�•�g�g�y���1�;���i�j�b���i�h��
�[�m�^�h�\�•���o�f�Z�j�b���6�D�D�6���f�h�`�m�l�v���[�m�l�b���\�b�d�h�j�b�k�l�Z�g�•���k�l�Z�g�^�Z�j�l�b��
�,�6�2���������������l�Z���,�6�2�����������������\�k�_���`���g�_�h�[�o�•�^�g�Z���j�h�a�j�h�[�d�Z���k�i�_��
�p�•�Z�e�v�g�b�o���k�l�Z�g�^�Z�j�l�•�\���^�e�y���o�f�Z�j�g�b�o���h�[�q�b�k�e�_�g�v [5]. 

�<�b�k�g�h�\�d�b 

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

�>�h�^�Z�l�d�h�\�h�� �g�Z�\�_�e�b�� �\�•�^�h�f�h�k�l�•�� �^�h�p�•�e�v�g�h�k�l�•�� �a�Z�k�l�h��
�k�m�\�Z�g�g�y���k�l�j�Z�l�_�]�•�€���f�m�e�v�l�b�o�f�Z�j�g�h�k�l�•���g�Z���i�j�Z�d�l�b�p�•�����<�•�^�h��
�d�j�_�f�b�e�b�� �n�m�g�^�Z�f�_�g�l�Z�e�v�g�•�� �i�j�h�[�e�_�f�b�� �l�Z�� �i�h�\�¶�y�a�Z�g�•�� �a��
�g�b�f�b���a�g�Z�c�^�_�g�•���a�Z�]�j�h�a�b���l�Z���j�b�a�b�d�b�����y�d�•���i�h�l�j�_�[�m�x�l�v���i�h��
�^�Z�e�v�r�b�o���_�n�_�d�l�b�\�g�b�o���•���Z�d�l�m�Z�e�v�g�b�o���j�•�r�_�g�v�����G�Z�h�k�l�Z�g�h�d��
�j�h�a�j�h�[�b�e�b���\�e�Z�k�g�•���h�a�g�Z�d�b���g�Z�^�•�c�g�h�€���o�f�Z�j�b��
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Security issues and reliability criteria of multiple cloud environments 

B. Vazhynskyi, V. Tkachov 

Abst rac t .  The purpose of the given work is to shed light on the critical and actual reliability problems of multi-cloud 
environments. In this scientific article, we outlined the main problems and reliability criteria of multi-cloud environments for their 
further analysis. For this purpose, priority mini-problems related to the main problems were highlighted. The work is divided into 
three small parts, each of which complements each other and fully reveals the subject of the article. In the first part, the problem of 
multiclouds is described in detail, what is its state, the causes of its occurrence, how relevant the problems are for users of any 
clouds and why they need to be solved in the near future, and note the considered possible consequences of ignoring them. Also, 
the connection of problems with practical and scientific tasks was drawn up in order to offer solutions in cases of a combination of 
cloud products from different providers in the IT infrastructure. In the second part, we got acquainted with the basics of the cloud 
world and the main providers of the cloud market, using their example, we listed various risks and threats of clouds that caused 
key reliability problems. In the final third part, the formed criteria of a secure cloud with multicloud are offered to your attention, 
which can become a guide for choosing a universal method for ensuring the reliability of multicloud or similar systems. Of course, 
for the uniqueness of the scientific work, a specific goal was given and the well-known works of other figures in the direction of 
this topic were analyzed. Further details and results can be seen in the conclusions section. 

Keywords:  multicloud environment, cloud security, cloud computing, multicloud, reliability criteria, cybercriminal,  
IT infrastructure. 
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THE HIGHER EDUCATIONAL INFORMATION SYSTEM: MANAGEMENT OF THE 
TIMETABLE SCHEDULING AND LOGISTICS OF THE EDUCATIONAL PROCESS 

 
Abst rac t .  In modern conditions, one of the important areas of development of a higher educational institution is the 
automation of educational activities through the implementation of a complex information system. In order to increase the 
effectiveness of simultaneous management of various aspects of educational activity, the information system should 
combine a wide range of functionality, including the timetable scheduling module. This paper is dealing with the one of the 
important issues of the most significant university administrative processes - timetable scheduling. This module should 
support working with big data and have the appropriate software and technical infrastructure, analytical tools, reporting 
units and error detection units. The article discusses some aspects of the timetable module. A description of the software 
and technical infrastructure of the business process of forming the university schedule is given. 

Keywords:  I nformation system, higher educational institution, schedule, curriculum, students, system architecture. 
 

Introduction 

In modern conditions, society have been facing with 
the need of an ongoing digitalization of the activity in all 
sectors activities of the economy, including the field of 
higher education as a central venue for the creation of new 
knowledge economies for the 21st century [1]. Under the 
influence of the rapid expansion of COVID-19 epidemic, 
the russian federation's military war of aggression against 
Ukraine higher education institutions of Ukraine are 
undergoing digital transformation. The information 
technologies and systems, learning technologies and 
digital platforms are actively implemented to meet the 
needs of students and faculty, since these needs are critical 
for teaching and learning. Trying to absorb the shock, 
students, academic staff, and administration embarked on 
a fast experimentation and learning process on how to 
teach, learn and administer digital education [2]. The 
study plan is the main foundation of the educational 
process in any academic institution that determines the 
content all training activities that each student must 
undertake during its university career. The study plan 
specifies a list of educational components and their logical 
sequence according to the state educational standard, 
implements the basic principles of subject selection, 
regulates the total academic load and the volume of 
academic disciplines, the student's workload by periods of 
study, forms of final control. Given the complex structure 
of the study plan, the generation of the schedule of the 
university's educational process is important component of 
the educational process, its quality and efficiency. 
Considering the lack of automated information systems in 
universities the process of building student's schedule is 
considered one of the chronic problems facing the 
educational process in many educational institutions [3]. 
The university course schedule is the main, final planning 
document that regulates the educational work of students 
and educational staff. The problem of drawing up a 
schedule at the university is to distribute a set of courses 
according to the curricula within the given number of 
classrooms and time periods (pairs). 

The informatization of universities has become one 
of the main issues of higher education management in the 
digital age.  

Almaraz et al. [4] define the digitalization of HEIs. 
This research is focused on digital transformation 
challenges in higher education institutions. Jackson [5] 
presents the research into managerial strategy, pitfalls and 
pivots of digital transformation. The issues related to the 
theoretical model of digital transformation in the HEI is 
presented in research [6]. The authors of the paper [7] 
consider five general assumptions that hinder the digital 
transformation of HEIs. In [8], the authors consider the 
problems of the digital transformation of higher education 
after COVID-19. Paper [9] considers a key aspect of the 
digital transformation of higher education - the creation of 
a digital learning space.  

The Bologna process, proposed in 1999, tends to 
harmonise HE systems throughout Europe in order to 
ensure compatible degree structures, equal academic 
qualifications and enhancing the attractiveness of foreign 
students to study across Europe [10]. Structural 
convergence of HE systems in Europe, generalized view 
of characteristics in HEIs, more complex and standardized 
HEI systems, became an important task of universities 
[11]. Globalisation of HE stimulates the use of more 
advanced information and communication technology 
[12]. Universities and colleges of many countries of the 
world are constantly searching for tools used to automate 
educational processes. Such tools are mainly focused on 
the selection of educational process management systems, 
electronic document flow management systems, 
educational activity support systems, virtual learning 
environment for providing distance education.  

Information systems in higher education institutions 
are designed to manage and organize the vast amount of 
data that is generated in these institutions. These systems 
provide a platform for storing, processing, and retrieving 
data related to student records, financial aid, academic 
programs, faculty, staff, research, and administrative 
operations. 

Usually, educational institutions use corporate 
information and analytical systems (IAS) [13], which are 
usually commercial products and require considerable 
costs for the purchase of licensed software (software 
products of automation of the process of creation and 
management and examinations of MedMe, BeAxi from 
KindGeek, (England) [14], software for the development 

�‹����Dvirna O., Verhal K., Ivanov Yu., 2023 



ISSN 2073-7394 �K�b�k�l�_�f�b���m�i�j�Z�\�e�•�g�g�y�����g�Z�\�•�]�Z�p�•�€���l�Z���a�\�
�y�a�d�m�����������������‹���� 

87 

of the system of accounting the student body Lotus 
Notes/Domino from IBM, (USA) [15]). The main 
disadvantages of using such information systems for 
Ukrainian universities are the English-language interface, 
high cost and the failure to take into account the specifics 
of domestic institutions of higher education.  

Some of the key information systems used in higher 
education institutions include: 

�‡ Student Information System (SIS): SIS is a 
comprehensive database that stores and manages student-
related data, such as registration, enrollment, grades, and 
transcripts. It also includes features for course scheduling, 
degree audit, and student communication. 

�‡ Learning Management System (LMS): LMS is 
an online platform used to deliver and manage course 
content, assessments, and communication between faculty 
and students. It also includes features for tracking student 
progress and performance. 

�‡ Financial Information System (FIS): FIS is used 
to manage financial data related to tuition fees, financial 
aid, scholarships, and grants. It also includes features for 
budgeting, accounting, and reporting. 

�‡ Human Resources Information System (HRIS): 
HRIS is used to manage employee data related to hiring, 
payroll, benefits, and performance evaluation. It also 
includes features for tracking employee attendance and 
leave. 

�‡ Research Information System (RIS): RIS is used 
to manage research data related to grants, funding, 
publications, and collaborations. It also includes features 
for tracking research progress and outputs. 

These systems help higher education institutions to 
streamline their operations, improve efficiency, and 
enhance the student experience. They also provide 
valuable insights into institutional performance and help in 
decision-making processes. 

However, quite often the automation of higher 
educational institutions builds on disparate tools that are 
not combined into a single system for solving functional 
problems. Moreover, separate software tools have their 
own information bases for each functional problem, do not 
cover all objects and processes of the HEI activity, and do 
not take into consideration the peculiarities of a particular 
university (a comprehensive educational scheduling 
system UniTime [16]). 

The use higher educational information system 
should ensure [17]: 

1. In educational activities: 
�‡ creation of a modern distributed educational and 

methodological environment university; 
�‡ use of Internet technologies in the educational 

process; 
�‡ e-learning; 
�‡ export and import of educational services in the 

international educational space. 
2. In scientific activity: 
�‡ presentation of the scientific potential of the 

university in the global information space; 
�‡ access of scientific staff to the information 

resources of world scientific centers; 
�‡ implementation of joint research and projects as 

part of international consortia. 

3. In the university management: 
�‡ management of the processes of collection, 

storage and processing of information about the university 
facilities, data search and analysis; 

�‡ provision of automated control of the execution 
of decisions; 

�‡ improvement of educational institution 
management planning; 

�‡ improvement the efficiency of the use of 
financial and material and technical resources. 

But in their implementation, information systems 
have two groups of problem, namely technical and non-
technical [18].  

The technical aspects related to systems itself, 
namely the quality of technical information system.  

In contrast, the non-technical aspects are associated 
with the perceptions of users op an information system 
that cause them to accept or refuse to use an information 
system.   

At present, universities of Ukraine have 
implemented and are using a number of automated 
educational process management systems, namely [17]: 

�‡ �$�F�D�G�H�P�L�F�� �,�Q�I�R�U�P�D�W�L�R�Q�� �6�\�V�W�H�P�� ���$�,�6���� �©�6�7�(�3�� ����
�3�5�2�)�ª���>�K�W�W�S�������J�D�Y�D�K���F�R�P���X�D�@�� 

�‡ �:�,�6���©�'�L�U�H�N�W�L�Y�D�ª���>�K�W�W�S�������Z�Z�Z���N�L�W�V�R�I�W���F�R�P���X�D�@�� 
�‡ �:�,�6���©�8�Q�L�Y�H�U�V�L�W�\�ª���>�K�W�W�S�������Z�Z�Z���X�Q�L�W�H�[���F�R�P���X�D�@�� 
�‡ A package of computer systems of "Polytek-

soft" PE [http:// www.politek-soft.kiev.ua.]; 
�‡ �3�U�R�J�U�D�P�� �F�R�P�S�O�H�[�� �³�$�/�0�$-�0�$�7�(�5�´��

[http://www.direct-it.com.ua]; 
�‡ �:�,�6�� ���+�L�Jher Educational Institution" 

[http://ndipit.com.ua]; 
�‡ IS "University" [http://www.kspu.edu]; 
�‡ The electronic management system of the 

�X�Q�L�Y�H�U�V�L�W�\���©�6�R�F�U�D�W�ª���>�K�W�W�S�������Y�V�D�X���Y�L�Q���X�D���@�� 
�‡ Program complex "Automated educational 

institution management system" [https://mkr.org.ua/]. 
The information systems listed above automate the 

main structural divisions of the higher educational 
institution - the dean's office, the academic department, 
the admissions committee, the personnel department, the 
accounting and financial department, etc. 

The main processes that can be automated in the 
presented automated systems include: 

�‡ management of the educational process; 
�‡ management of the introductory campaign; 
�‡ management of information resources; 
�‡ management of financial and economic 

activities; 
�‡ management of scientific work. 
The analysis of the information systems of the 

automation of the activities of the higher educational 
institution carried out in the article [17] allow to determine 
the following characteristics of higher educational 
information system: 

�‡ open architecture; 
�‡ modular designs;  
�‡ cross-platform architecture; 
�‡ minimization of client software requirements; 
�‡ differentiation of user access rights; 
�‡ simultaneous access by multiple users; 
�‡ network security controls. 
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The purpose of the article is the description and 
development of the timetable scheduling module of the 
hight educational information system. 

Systems design 

iZETA is an automated system of planning, 
organization, management and control of the educational 
process in higher educational institutions. The system is 
designed to create, support, process and save information 
about the components of the educational process; 
automation of document flow in planning, organization, 
management and control of the educational process; 
information and analytical support of all units of the 
educational institution. The system covers all stages from 
the formation of educational plans to the preparation of the 
timetable scheduling and the formation of accounting data 
for the completed teaching load by the teaching staff of 
the university. The purpose of creating the software 
package is to obtain reliable and complete information 
about the educational process in a timely manner, as well 
as to reduce the labor intensity of inputting and analyzing 
accounting information, increasing efficiency, consistency 
and reliability of data. A software package implemented 
on the basis of client/server technology. The database 
server uses the MySQL DBMS version 5.0 and higher, 
which ensures high reliability of data storage and integrity. 

Work logs make it possible to monitor each user's 
access to certain system data. With the help of the 
"iZETA-Updater" tool, system modules are automatically 
updated.  

Primary data is formed through a system of 
directories that make it possible to accumulate the 
following information in the database: 

�‡ list of educational institutions (branches of the 
main educational institution); 

�‡ list of university classrooms; 
�‡ list of education programs; 
�‡ list of departments of the university; 
�‡ list of academic disciplines; 
�‡ information about academic staff and employees 

of the university; 
�‡ list of full-time and part-time positions; 
�‡ hourly wage tariff grid; 
�‡ categories of administrative documents; 
�‡ templates of printed forms etc. 
The access of authorized users to work with system 

modules is regulated through the administration module. 
With the help of a multi-level system of access regulation 
in one information field, users of different departments 
and departments of the educational institution can interact. 

The system has a modular structure. Each 
submodule is called by the main module, and each 
submodule completes a relatively independent function. 
Each submodule can be developed, tested, and modified 
independently and finally forms the whole system, so the 
system has good scalability. The system is divided into 
twelve modules: 

�‡ Management of the study plan; 
�‡ Editor of the study plan; 
�‡ Consolidated educational process timetable; 
�‡ Management of the Consolidated streams; 
�‡ Teaching load calculations; 
�‡ Teaching load distribution; 
�‡ Timetable scheduling; 
�‡ Management of the teaching load; 
�‡ Business trip manager; 
�‡ Management of publishing of printed products; 
�‡ Administrative documents management; 
�‡ Printing documents on higher education; 
The system structure is shown in Fig. 1. 

 
Fig. 1. Top level components of iZETA 
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The server part of the iZETA is the intermediary 
�E�H�W�Z�H�H�Q�� �W�K�H�� �G�D�W�D�E�D�V�H�� �D�Q�G�� �X�V�H�U�V�¶�� �D�S�S�O�L�F�D�W�L�R�Q�V���� �7�K�H�� �P�D�L�Q��
tasks of the server part are transparent access of clients to 
the database, ensuring the simultaneous operation of all 
users and synchronization and data exchange between 
users. The architecture of the software is designed in such 
a way that all users work in a single information space. So, 
the changes made by one user are instantly visible to all 
other users. 

The interface handles the different menus, forms, 
data management, schedule management (Web site with 
schedule for students and academic staff), report 
management, and user management.  

Schedule formation is computationally complex 
problem of distributing sets of resources to support the 

curricular needs: accessible workforce, courses, 
appropriated classrooms, labs, and working days of 
�D�F�D�G�H�P�L�F�� �V�W�D�I�I�� �D�Q�G�� �V�W�X�G�H�Q�W���� �³�7�K�H�� �D�O�O�R�F�D�W�L�R�Q�� �R�I��given 
resources to specific objects being placed in space time, in 
such way as to satisfy as nearly as possible a set of 
desirable objec�W�L�Y�H�V���� �V�X�E�M�H�F�W�H�G�� �W�R�� �F�R�Q�V�W�U�D�L�Q�W�V���´�� �7�K�H��
presence of knowledge for creating timetabling software 
has led to new insights, like improved methodologies and 
more comprehensive models [19]. Timetable must meet a 
number of requirements and should satisfy the desires of 
all entities involved simultaneously as well as possible. 
The timing of events must be such that nobody has more 
than one event at the same time [20]. The architecture of 
the program module Timetable scheduling Module 
consists of such main components, represented in Fig. 2.  

 
Fig. 2. The main component of the Timetable scheduling Module 

 
This structure allows meeting the specific 

requirement of the system, including scalability and 
maintainability. This programmer Timetable scheduling 
Module is able to handle large amount of data and flexible 
to adapt to changes in the scheduling requirements. This 
module performs the main functions, such as: 

�‡ formation of a list of university classrooms with 
the selection of their types - lecture classrooms, 
laboratories and seminar classrooms, multimedia and 
computer classrooms (Fig. 3); 

�‡ formation of the schedule for the current 
academic year for the corresponding educational 
institution in a semi-automatic mode;  

�‡ analysis of the formed schedule for the presence 
of critical inconsistencies for each academic staff member; 

�‡ analysis of the workload of the classrooms for 
the specified period; 

�‡ blocking in the schedule for the academic staff 
member due to his business trip or vacation; 

�‡ generating printed forms of relevant documents, 
exporting them to MS Excel file format. 

The architecture of a Timetable scheduling Module 
includes several layers or components, such as: 

�‡ User interface layer: This layer provides the user 
interface for administrators or scheduling managers to 
input data, configure scheduling rules and constraints, 
view schedules, and generate reports (Fig. 4). 

�‡ Data layer: This layer stores all the data needed 
for scheduling, such as course offerings, academic staff 
availability, room availability, and scheduling rules and 
constraints. In the presented system, the module interacts 
with the database, calling the following data references: 
Student Data, University Classrooms Data, Education 
programs Data, Departments Data, Educational Staff Data, 
Courses Data, Positions Data. 

�‡ Scheduling engine layer: This layer includes the 
algorithms and rules that optimize the schedule based on 
the input data and constraints. 

�‡ Reporting layer: This layer provides report on 
various aspects of the scheduling process. These reports 
help managers to make informed decision about resource 
allocation and course offering.  

�‡ Integration layer. This layer allows for 
integration with other modules of iZETA (Fig. 2). It 
enables the module to exchange data, ensuring 
consistency and accuracy across the entire system. 

�‡ User presentation layer. This layer provides the 
user web interface for the module, allowing users to 
interact with the system and schedule. The layer 
distributes information through a browser. So the user can 
send requests to the server, and display the results returned 
by the server.  

 �‡ Error handling layer. This layer is responsible 
for identifying, reporting, and handling errors that occur 
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during the operation of the module. It provides mechanisms 
for detecting, reporting, and handling errors, ensuring that 
the system operates smoothly and efficiently. When an 

error is detected, the error handling layer generates an 
error message that describes the nature of the error. The 
error message is displayed on the user interface (Fig. 5).  

 
Fig. 3. The interface for choosing the university classroom 

 

 
Fig. 4. The interface for scheduling managers to input data 

 

 
Fig. 5. The interface for error handling 



ISSN 2073-7394 �K�b�k�l�_�f�b���m�i�j�Z�\�e�•�g�g�y�����g�Z�\�•�]�Z�p�•�€���l�Z���a�\�
�y�a�d�m�����������������‹���� 

91 

During the formation of the schedule, the system 
monitors three important components of the module - the 
�W�H�D�F�K�H�U�
�V�� �H�P�S�O�R�\�P�H�Q�W���� �W�K�H�� �F�O�D�V�V�U�R�R�P�V�¶�� �H�P�S�O�R�\�P�H�Q�W���� �D�Q�G��
the group's employment. If the system identifies an error 
in at least one of the three components, then courses 
cannot be held at a given time in a given audience. 
Employment for each component is marked by color. For 
example, in the figure, the purple color indicates the 
group's employment, the pink color indicates the teacher's 
employment. To avoid creating conflict situations in the 
schedule grid (for example, when the teacher at the same 
time is engaged in several groups). With any changes to 
the schedule grid, the schedule are automatically changed 
for all users. According to this approach, the dispatchers 
that make up the schedule can track changes in real time 
and see any kinds of overlays errors. In Timetable 
Scheduling Module there are some constraints that are 
detected using the Error handling component [21]: 

�‡ Lectures should not have timeslot clashes. 
�‡ None of the room could be used for two different 

lectures at same time slot. 

�‡ None of the lecturer should have two classes at 
same time slot 

�‡ Every classroom must be scheduled exactly once 
at same time slot. 

�‡ The working hours should be according to 
teaching load. 

The schedule adjustment capability enables Schedule 
Managers to manually fix schedules in order to apply 
constraints that are not implemented by the auto-scheduler 
function of the system. 

The architecture of the software module is designed 
in such a way that all schedule makers work in a single 
information space. Changes made by one schedule maker 
are instantly visible to all other schedule makers. 
According to this approach, the dispatchers that make up 
the schedule can track changes in real time and see any 
kinds of overlays. 

The key actors for the proposed program module 
�³�7�L�P�H�W�D�E�O�H�� �V�F�K�H�G�X�O�L�Q�J�´�� �L�Q�F�O�X�G�H�� �$�G�P�L�Q�L�V�W�U�D�W�R�U�V����
Education department, Schedule Manager, Head of 
department, Lecturers, and Students (Fig. 6).  

 
Fig. 6: Use case diagram 

 
The Administrator manages the application, access 

rights and data warehouse. The Education Department is 
responsible for education planning: study plans, teaching 
load, students data and academic staff data. The 
responsible employee of this department is engaged in 
updating data in warehouse, creating, and editing of the 
study plans, monitoring the distribution of teaching load. 
Report management enables the users to view or print 
schedule reports. Students and Lecturers management 
allows the Education Department to edit other possible 
users of the system. 

The schedule manager is responsible for scheduling 
and managing the overall Timetable Module. Students and 
Lecturers, and other guest users in general may view 
schedules through the relevant website. 

Conclusions 

An automated system (iZETA) was provided for the 
process of planning, organization, management and 
control of the educational process in higher educational 
institutions. The paper explains the work of the Timetable 
Scheduling Module of this system.  
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The paper has contributed directly to improving the 
work on scheduling by automating the work of the 
Schedule managers. The program can be used for the 

general automation of the activities of a higher educational 
institution, including the work of the educational 
department. 

REFERENCES 

1. Sam C., Van Der Sijde P. Understanding the concept of the entrepreneurial university from the perspective of higher 
education models. Higher Education, 68 (2014): 891-908. 

2. Crawford J., Butler-Henderson K., Rudolph J., Malkawi B., Glowatz M., Burton R., Magni P., Lam S. COVID-19: 20 
countries' higher education intra-period digital pedagogy responses Journal of Applied Learning & Teaching, 3 (2020): 1-20. 

3. Mozamel Saeed, Ahmed Fahim. Designing a smart system for building student's schedule-An application at Neelain 
University. International Journal of Advanced and Applied Sciences (2021): 82-94. 

4. Almaraz F., Machado A. M., and Esteban, C. L. Analysis of the digital transformation of higher education institutions: a 
theoretical framework. EDMETIC 6, (2017): 181�±202. 

5. Jackson N. C. Managing for competency with innovation change in higher education: Examining the pitfalls and pivots of 
digital transformation. Business Horizons, 62 (2019): 761-772. 

6. Mora H. L., Sanchez P. P. Digital Transformation in Higher Education Institutions with Business Process Management: 
Robotic Process Automation mediation model in: Proceedings of the 15th Iberian Conference on Information Systems and 
Technologies (CISTI), 2020. doi: https://doi.org/10.23919/cisti49556.2020.9140851. 

7. Kopp M.�����*�U�|�E�O�L�Q�J�H�U��O. and Adams S. Five Common Assumptions That Prevent Digital Transformation at Higher Education 
Institutions, in: Proceedings of the 13th International Technology, Education and Development Conference, Valencia, 11-13 
March 2019, pp. 1448-1457, doi: https://doi.org/10.21125/inted.2019. 

8. Marks Adam, Maytha AL-Ali, Reem Atassi, Abedallah Zaid Abualkishik and Yacine Rezgui. Digital transformation in 
higher education: a framework for maturity assessment, All Works. 4073, 2020. URL: 
https://zuscholars.zu.ac.ae/works/4073. 

9. �'� �K�O�H�Q M. From dual digitalization todigital learning space: Exploring the digital transformation of higher education. 
Computers & Education, vol. 182, 104463, 2022. doi: https://doi.org/10.1016/j.compedu.2022.104463. 

10. Altbach P. G. and J. Knight. The Internationalization of Higher Education: Motivations and Realities. Journal of Studies in 
International Education, 11, (2007): 290-305. 

11. Oude Vrielink R. A., Jansen E. A., Hans E.W., et al. Practices in timetabling in higher education institutions: a systematic 
review. Ann Oper Res 275, 145�±160 (2019). https://doi.org/10.1007/s10479-017-2688-8 

12. Philip G., Altbach L., Reisberg L., Rumbley E. Trends in global higher education: Tracking an academic revolution. The 
Netherlands: Brill, 2010. doi: https://doi.org/10.1163/9789004406155 

13. Kosiyuk �F���� �F��, Bilovskyi �D���� �?�� and Lysak �<���� �F. Automated Information Management System of Higher Education 
I�Q�V�W�L�W�X�W�L�R�Q���©Electronic U�Q�L�Y�H�U�V�L�W�\�ª�����,�7�/�7�����Y�R�O�������������Q�R����������(2023): 96�±116.  

14. Bogdan M. How to Develop a University Management Software (2019). URL: https://kindgeek.com/blog/post/how-to-
develop-a-university-management-software 

15. Elhoseny M., Metawa N., Hassanien A. E., An automated information system to ensure quality in higher education 
institutions, in: Proceedings of the 2th International Computer Engineering Conference (ICENCO), 2016. doi: 
https://doi.org/10.1109/icenco.2016.7856468 

16. UniTime. University Timetabling. URL: www.unitime.org. 
17. Gritsenko V. G.. Nowadays analysis of using information and communication technologies in the universities management. 

Collection of scientific papers Kamianets-podilskyi national Ivan Ohiienko university. Pedagogical Series. no. 20 (2014): 
256-259. 

18. Murtadho M. A., Wahid F. Permasalahan Implementasi Sistem Informasi Di Perguruan Tinggi Swasta. Jurnal Ilmiah 
Teknologi Sistem Informasi, 2(1) (2016): 17-21. 

19. B. McCollum, N. Ireland. University timetabling: Bridging the gap between research and practice, in: Proceedings of the 
international conference on the practice and theory of automated timetabling (PATAT), 2006. 

20. Willemen R. J. School timetable construction : algorithms and complexity. [Phd Thesis 1 (Research TU/e / Graduation 
TU/e), Mathematics and Computer Science]. Technische Universiteit Eindhoven (2002). https://doi.org/10.6100/IR553569 

21. Perumal Sundresan, Tabassum Mujahid, MD Norita, Samy Ganthan, Perumal Sivananthan. Advancement of a productive 
Timetable System, in: Proceedings of the Global Conference on control framework, figuring and Engineering, 23-25 
November 2018, Malaysia. 

 
Received (�G�Z�^�•�c�r�e�Z) 16.07.2023  

Accepted for publication (�I�j�b�c�g�y�l�Z �^�h �^�j�m�d�m) 06.09.2023 
 

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

�H�� �: . �>�\�•�j�g�Z, �D. �X. �<�_�j�]�Z�e, �X. �<. �1�\�Z�g�h�\ 

�: �g �h �l �Z �p �• �y �� �<�� �k�l�Z�l�l�•�� �j�h�a�]�e�y�^�Z�x�l�v�k�y�� �h�k�h�[�e�b�\�h�k�l�•�� �n�m�g�d�p�•�h�g�m�\�Z�g�g�y�� �Z�\�l�h�f�Z�l�b�a�h�\�Z�g�h�€�� �k�b�k�l�_�f�b�� �i�e�Z�g�m�\�Z�g�g�y���� �h�j�]�Z�g�•�a�Z��
�p�•�€���� �m�i�j�Z�\�e�•�g�g�y�� �l�Z���d�h�g�l�j�h�e�x�� �g�Z�\�q�Z�e�v�g�h�]�h�� �i�j�h�p�_�k�m���m���\�b�s�b�o���g�Z�\�q�Z�e�v�g�b�o���a�Z�d�e�Z�^�Z�o���� �J�h�a�]�e�y�g�m�l�Z���k�l�j�m�d�l�m�j�Z���l�Z���\�a�Z�}�f�h�^�•�y�� �h�k��
�g�h�\�g�b�o���d�h�f�i�h�g�_�g�l�•�\���Z�\�l�h�f�Z�l�b�a�h�\�Z�g�h�€���k�b�k�l�_�f�b���m�i�j�Z�\�e�•�g�g�y���L�=�(�7�$�����H�k�h�[�e�b�\�Z���m�\�Z�]�Z���i�j�b�^�•�e�_�g�Z���j�h�a�j�h�[�p�•���f�h�^�m�e�x�����y�d�b�c���\�•�^��
�i�h�\�•�^�Z�}���a�Z���k�d�e�Z�^�Z�g�g�y���g�Z�\�q�Z�e�v�g�h�]�h���j�h�a�d�e�Z�^�m���l�Z���a�Z�[�_�a�i�_�q�m�}���e�h�]�•�k�l�b�d�m���h�k�\�•�l�g�v�h�]�h���i�j�h�p�_�k�m�����K�l�\�h�j�_�g�h���l�Z���a�Z�i�j�h�i�h�g�h�\�Z�g�h���•�g��
�l�_�j�n�_�c�k���f�h�^�m�e�x�����h�i�b�k�Z�g�h���c�h�]�h���h�k�g�h�\�g�•���d�h�f�i�h�g�_�g�l�b���l�Z�� �n�m�g�d�p�•�h�g�Z�e�����A�Z���^�h�i�h�f�h�]�h�x���8�1�/���^�•�Z�]�j�Z�f�b���i�j�_�p�_�g�^�_�g�l�•�\���\�•�^�h�[�j�Z��
�`�_�g�h���j�h�e�•���h�k�g�h�\�g�b�o���Z�d�l�h�j�•�\�����y�d�•���i�j�b�c�f�Z�x�l�v���m�q�Z�k�l�v���j�h�[�h�l�•���f�h�^�m�e�x���k�d�e�Z�^�Z�g�g�y���g�Z�\�q�Z�e�v�g�h�]�h���j�h�a�d�e�Z�^�m�� 

�D�e �x �q�h �\ �• �� �k �e �h �\ �Z:  �•�g�n�h�j�f�Z�p�•�c�g�Z�� �k�b�k�l�_�f�Z���� �\�b�s�b�c�� �g�Z�\�q�Z�e�v�g�b�c�� �a�Z�d�e�Z�^���� �j�h�a�d�e�Z�^���� �g�Z�\�q�Z�e�v�g�b�c�� �i�e�Z�g���� �k�l�m�^�_�g�l�b���� �Z�j��
�o�•�l�_�d�l�m�j�Z���k�b�k�l�_�f�b�� 



ISSN 2073-7394 �K�b�k�l�_�f�b���m�i�j�Z�\�e�•�g�g�y�����g�Z�\�•�]�Z�p�•�€���l�Z���a�\�
�y�a�d�m�����������������‹���� 

93 

UDC 004.9 doi: 10.26906/SUNZ.2023.3.093 
 

�L. Dmytrenko�����L�� Derkach, A. Dmytrenko 
 

�1�D�W�L�R�Q�D�O���8�Q�L�Y�H�U�V�L�W�\���©�<�X�U�L���.�R�Q�G�U�D�W�\�X�N���3�R�O�W�D�Y�D���3�R�O�\�W�H�F�K�Q�L�F�ª�����3�R�O�W�D�Y�D�����8�N�U�D�L�Q�H 
 

USING JAVA AND C # PROGRAMMING LANGUAGES  
FOR SERVER PLATFORMS AND WORKSTATIONS 

 
Abst rac t .  The paper analyzes the features of the use of known programming languages Java and C #, and their use in software 
development for server platforms and workstations. Their main advantages and disadvantages are investigated, some differences in 
their syntax are compared. Based on the existing dynamics of popularity, the prospects of Java and C # programming languages are 
shown. By comparing a simple synthetic test, their speeds were compared on the Java virtual machine version 1.8 and the Microsoft 
.NET Framework version 4.5. As a result, recommendations for further use of Java and C # programming languages are offered. 

Keywords:  Java, C #, JVM, .NET, programming. 
 

Introduction 

Nowadays, two popular and rapidly developing 
competing programming languages are Java and C#. Even 
though C# appeared much later than Java, they have a lot 
in common, but as they say, nothing is perfect. 

This case is not an exception, and in this article, an 
analysis of the advantages and disadvantages of each of 
them is carried out. When comparing C# and Java, we 
must start with their origin stories. What is the reason for 
this? Well, mainly because of their similarity, which 
explains the many similarities you face today between 
these languages. C # and Java languages appeared at 
different times. The Java language was created long before 
C #. Under the name Oak Java was developed by Sun 
Microsystems in 1990, and in 1995 the first beta version of 
Java was released. The creation of C # was announced in 
2000, and in 2002 the first version of the .NET platform 
supporting C # was released. Thus, if Java was created 
based more on the experience of Objective C and C, then 
for C # such support was C ++ and Java itself. And, despite 
its name, C # turned out to be closer to Java than to C ++. 
From the developer's point of view, Java and C # are very 
similar. Both languages are strictly typed and object-
oriented. Both incorporate much of the C++ syntax, but 
unlike C++, are easier to learn for beginners. Both 
borrowed from C a set of basic keywords and service 
symbols, including curly braces for delimiting blocks. Both 
languages come with rich library collections. But 
languages also have their features and differences, 
strengths, and weaknesses. C # took into account many 
shortcomings of Java and corrected them in its 
implementation. But Java does not stand still, evolving in 
parallel with C #. Kick Redek of Microsoft considers C # 
to be a more complex language than Java. According to 
them, "Java was built to keep a developer from shooting 
himself in the foot", and "C # was built to give the 
developer a gun but leave the safety turned on�´���>���@�� 

The purpose of the article is analysis of Java and C 
# programming languages' functionality. Considering the 
advantages and disadvantages of each language, determine 
the best option for software development. 

Presenting main material 

C# is a product of Microsoft and the main direction 
of this language is products for the operating system of the 
Windows family, both for desktop computers and for 
mobile devices. The Unity 3d game engine, on which 
many games are developed, is also gaining popularity, 

primarily due to its cross-platform nature (the ability to run 
on different operating systems) [2]. Using the Xamarin 
platform allows you to use C # to develop applications for 
various operating systems, including Android. Although 
the system is quite new and at first glance very promising, 
it is not known exactly how long it will take root. This is 
due to the fact that Microsoft sometimes closes its products 
if it sees their futility. This can be easily verified by 
installing their main tool for developing Microsoft visual 
studio software. If you compare their versions, you can see 
that older versions contain such tools for program 
development, which are excluded in more modern versions 
of Microsoft visual studio, such as J # [3]. In this approach, 
Microsoft has both advantages and disadvantages. The 
advantages are that to maintain the relevance of products, it 
is necessary to spend company resources that can be used 
to develop more promising products. The main 
disadvantage is that the programmer will have to learn 
another language and start all over again, which is not good 
for him, as well as for the company's reputation in his eyes. 
The strictness of the language helps to avoid many obvious 
mistakes. Java, according to statistics, ranks first in 
popularity. The scope of this language is very large and it 
supports the ability to run programs almost anywhere: 
almost all operating systems, personal computers, servers, 
mobile phones (using Java mini), Android operating 
system, GPS navigators, VCRs, satellite systems, pressure 
meters, heart rate monitors, even bracelets to measure the 
quality of human sleep, etc. According to official 
developer data, Java is used on more than 3,000,000,000 
(three billion) devices [4]. The approach of Java developers 
in the field of stability is completely opposite to Microsoft. 
New Java components are tested long before they are fully 
marketed and are not removed after they are released. 
Undoubtedly, this method has a significant disadvantage, 
the novelty of the product is introduced very slowly. 
Despite this, nowadays, the latest version of the Java 
language is almost not inferior in innovations to C# [5]. 

Regarding the comparison of the performance of 
programs written in Java and C#, we can say that this 
comparison is a synthetic test, and its purpose is to 
compare how long it will take programs written in C# (net 
4.5) version "Release" and Java (1.8) to complete tasks in 
the Windows 10 operating system. For example, consider 
the process of creating the same class a given number of 
times, for example, 1,000,000,000 times, in which the 
same mathematical functions are performed. Programs 
were run not from editors, but from created files, which 
were created not as Debug versions, but as Release. 
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As a result of the test, you can clearly see that to 
perform the same operations, the program in C # took more 
time than the program in Java, ie a program in Java 
performs the same operation several times faster than a 
program in C # [3]. 

There is a set of libraries for both languages, which 
allows you to build a user interface for desktop 
applications. In the case of Java, these are the Swing and 
SWT multiplatform libraries, as well as the platform 
JavaFX, which allows you to create RIA applications. 

For C# on the Windows platform, the main platforms 
for developing desktop graphical applications are 
Windows Forms and WPF. There is a special WinRT 
platform for development under Windows 10. For other 
platforms, the gtk # library, created as part of the Mono 
project, is used. Developments that are originally based on 
Windows are usually built on Windows Forms, their 
transfer to another platform becomes time-consuming [4]. 
C# development in the Mono environment using gtk# is 
ported, but much less. There is no implementation of the 
WPF platform within the Mono project, so WPF programs 
are not portable to Linux�±based operating systems. 

C #, along with Java, is gradually becoming popular 
on several Linux and BSD-based operating systems. The 
implementation of the Mono project was a legally painless 
process, as the CLR and C # languages are standardized by 
Ecma and ISO, and anyone can implement them without 
worrying about the legal side of the case. At the same time, 
it should be noted that a program written in a Windows 
environment can have significant problems running under 
another OS [1]. For server software development, these 
two programming languages are closest to being 
considered competitors. Java with its J2EE (Java (2) 
Enterprise Edition) platform and C# with its ASP.NET are 
at odds when it comes to creating dynamic web content 
and applications. Both programming languages are widely 
used and supported in this market, along with a set of tools 
and related products created in JavaEE and .NET [2]. 

Since the creation of C #, it is constantly compared 
with Java. There is no denying that C # and its CLR 
control shell owe much to Java and its JRE (Java Runtime 
Environment). It is arguable that C # development is the 
result of Microsoft's recognition that the Java-led control 
code shell has many benefits in a growing networked 
world, especially with the advent of the Internet on non-

personal devices and the growing importance of network 
security. [3]. Prior to the creation of C #, Microsoft 
modified Java (creating J ++) to add features that only 
work on Windows, thus violating the Sun Microsystems 
license agreement. The development of these two 
programming languages, as well as their APIs, binaries, 
and execution environments, is governed differently. C # is 
defined by ECMA and ISO standards, which specify the 
syntax of the language, the format of the executable 
modules (known as CLI), and the Base Class Library. The 
standards do not include many new libraries, such as 
libraries for databases, GUIs, and web applications. To 
date, no component of the Java environment is 
standardized by Ecma, ISO, ANSI, or any other standards 
organization. While Oracle retains unlimited exclusive 
legal rights to modify and license its Java trademarks [4]. 

Conclusions 

Today, Java is more popular than C#, and 
considering the popularity graphs, the situation will not 
change in the near future. C # attracts primarily because 
you can write anything on it, thanks to the .NET platform 
and a huge number of frameworks. However, despite its 
affinity with C ++, it is quite friendly to beginners. The 
syntax of C# is more concise because signs are used 
instead of long words. Its special advantage is the ability to 
divide classes into separate parts and files with the 
instruction "partial". In terms of software development 
speed, C# is once again the leader �± it is possible to write a 
simple program using GUI (graphical user interface) faster 
than Java [5]. If the program must be cross-platform, there 
are no options when choosing between C# and Java �± Java 
will be better in this case. In the speed of the conducted 
synthetic test, Java won by a significant margin. Thus, we 
can conclude that if you need stability, cross-platform, and 
speed of the program itself, it is better to write in Java, and 
if you need to write a program that will run on Windows 
then it will be more profitable to choose C #. In general, do 
not worry too much about this choice. C # was originally 
created as an analog of Java, so the languages are quite 
similar. After all, a programming language is just a tool, 
and C # and Java are like two tools that are the same in 
purpose but from different companies. Therefore, the main 
thing is to learn how to use this tool, and which one you 
have specifically is not so important. 
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TECHNICAL REQUIREMENTS FOR THE PHYSICAL AND APARTMENT 
INFRASTRUCTURE OF THE MOBILE DATA PROCESSING AND STORAGE 

SYSTEM FOR THE DATA PROCESSING CENTRE OF THE CONTAINER TYPE 
OF FINANCIAL INSTITUTIONS, ENTERPRISES, ORGANISATIONS  

 
Abst rac t .  In modern conditions, the amount of information is constantly increasing, and at the same time, the speed of 
doing business is increasing. According to Gartner Group estimates, the global average amount of user data per company is 
120 terabytes. In turn, according to IDC calculations, last year 35 billion messages were sent in one hour in the world. If 
�W�K�H�V�H���Q�X�P�E�H�U�V���D�U�H���W�D�N�H�Q���L�Q�W�R���D�F�F�R�X�Q�W�����L�W���W�X�U�Q�V���R�X�W���W�K�D�W���R�Q�H���P�H�V�V�D�J�H���D�F�F�R�X�Q�W�V���I�R�U���D�S�S�U�R�[�L�P�D�W�H�O�\�����������0�\���R�I���L�Q�I�R�U�P�D�W�L�R�Q�� To 
be successful, companies not only have to operate with large volumes of data, but also process it quickly and efficiently. At 
the same time, according to the opinion of the world's leading experts, there are about 40 key macrotechnologies in the 
world today that determine the level of the economy. These processes were significantly influenced by the specifics of the 
formation, constant development and transformation of cyberspace. In these areas, breakthrough achievements are 
predicted, first of all, in artificial intelligence, cloud technologies, internet of things, productivity and nature of computing 
devices, possibilities of storage, processing and transmission of large arrays of data and information (Big Data), means and 
technologies for their implementation on radically new principles. The capabilities and vulnerabilities of almost all modern 
infocommunication and cybernetic systems increasingly depend, in addition, on the growth of the interrelationships of 
various information systems and control systems among themselves in multiparametric, multidimensional cyberspace and 
their informational and cybernetic interpenetration, interaction and interdependence, etc. Therefore, taking into account the 
above, it is necessary to focus primarily on the creation of permanently functioning data processing centers (data centers), 
and under the conditions of our state's opposition to the aggressor country, to develop appropriate data processing and 
storage systems on mobile platforms. Another, quite significant and meaningful component is taking into account the 
modern structures of information protection and cyber security systems, which involve the use of a fairly powerful line of 
tools, both at the technological and software levels, the use of extensive relevant architectures, protection methods aimed at 
prejudice, detection and response to potential cyber threats. 

Keywords:  information, data processing, asset, cyber threats, cyberspace, communication system. 
 

Introduction 

Problem statement. The unique capabilities of 
data centers (DC) guarantee the efficiency and 
uninterrupted operation of any organization, helping to 
solve most of the problems inherent in any type of 
business. 

Multicomponent systems provide: 
- high reliability of information storage at a fully 

justified cost; 
- significant cost savings due to a variable 

selection of services and opportunities, which is 
especially relevant when implementing new IT projects; 

- reduction of costs for renting premises, service of 
equipment and payment of electricity; 

- creation of conditions for smooth operation and 
interaction of the head office and the network of 
branches; 

- the possibility of organizing a reserve office in 
case of need. 

Modern DC allow you to work with a large flow of 
information, organize centralized data storage, increase 
the reliability of the entire information infrastructure 
and ensure communication between the DC and users. 

An improperly designed and deployed DC, savings 
on life support systems: the subsystem of ventilation, air 
conditioning, fire extinguishing, access control and 
video surveillance, this can cause negative 
consequences. Violation of stable functioning or 
technological processes of DC operation can block 

access to information, and in the worst case, it will be 
irretrievably lost. Therefore, it is extremely important 
for all financial institutions of our country to develop 
and implement the relevant technical requirements (TR) 
for data processing and storage systems (DPSS) of 
container mobile data centers, as well as to ensure the 
stable operation of the corresponding subsystems in the 
conditions of the existing risk of violation of banking 
operations through cyberspace. 

Understanding the needs of the present day for 
conducting business, there is a rather urgent question 
regarding the creation of an effective and reliable data 
center (data center), and in the conditions of our 
country's war, to foresee the development of appropriate 
the DPSS on mobile platforms. The basis of the 
implementation of such solutions is the principle of 
access to corporate network resources and 
virtualization, which will allow to rationally distribute 
the load on equipment and ensure uninterrupted 
operation of applications. The development and 
implementation of the specified systems (centers) will 
ensure data storage, backup and data recovery, 
guaranteed accessibility to all corporate assets. At the 
same time, the territorial location of data and servers 
does not matter at all, you can work with data from 
anywhere, having an access interface and an Internet 
connection. If necessary, it is possible to organize work 
from mobile devices. 

�D�H�V�H�D�U�F�K�� �S�X�E�O�L�F�D�W�L�R�Q�V. Ensuring the stable 
functioning of electronic communication systems and 
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networks of financial institutions of Ukraine in special 
conditions and ensuring uninterrupted operation of 
departmental information systems in conditions of 
martial law, data storage (information), ensuring access 
to information resources of subjects and users is carried 
out in accordance to the current legislation of Ukraine, 
regulatory acts of the National Bank of Ukraine, taking 
into account international standards, generally accepted 
international practices and principles [1], in particular: 

- Law of Ukraine "On Electronic 
Communications" (current edition dated 03/31/2023), 
document 1089-IX; 

- Law of Ukraine "On Basic Principles of Ensuring 
Cyber Security of Ukraine" (Verkhovna Rada Bulletin, 
2017, No. 45, Article 403, with amendments), document 
2163-VIII; 

- Law of Ukraine "On banks and banking activity" 
(information of the Verkhovna Rada of Ukraine, 2001, 
No. 5-6, Article 30, with amendments), document 2121-
III;  

- Law of Ukraine "On Financial Services and State 
Regulation of Financial Services Markets" (Publications 
of the Verkhovna Rada of Ukraine (VVR), 2002, No. 1, 
Article 1), document 2664-III; 

- Resolution of the Board of the National Bank of 
Ukraine dated September 28, 2017 No. 95, document 
v0095500-17, "On approval of the Regulation on the 
organization of measures to ensure information security 
in the banking system of Ukraine" [2]; 

- National Standard of Ukraine on Information 
Security DSTU ISO/IEC 27000:2015 "Information 
Technologies. Protection methods. Information security 
management system. Overview and dictionary"; 

- National Standard of Ukraine on Information 
Security DSTU ISO/IEC 27001:2015 "Information 
Technologies. Protection methods. Information security 
management systems. Requirements" [10]; 

- National Standard of Ukraine on Information 
Security DSTU ISO/IEC 27002:2015 "Information 
Technologies. Protection methods. Compendium of 
practices regarding information security measures"; 

- Internal Statutes. 
The supply of SOZD mobile data center of the 

container type is carried out on the basis of: 
- the Law of Ukraine "On Information" 

(information of the Verkhovna Rada of Ukraine (VVR), 
1992, No. 48, Article 650, with amendments), document 
2657-XII [3]; 

- Law of Ukraine "On the Protection of 
Information in Information and Communication 
Systems" (information of the Verkhovna Rada of 
Ukraine (VVR), 1994, No. 31, Article 286, with 
amendments), 80/94-VR; 

- Law of Ukraine "On Electronic Trust Services" 
(Verkhovna Rada Bulletin, 2017, No. 45, Article 400, as 
amended), 2155-VIII; 

- Law of Ukraine "On the National Informatization 
Program" (Adopted on December 1, 2022, entered into 
force on March 1, 2023), 22807-IX; 

- Law of Ukraine "On Protection of Personal Data" 
(Vedomosti Verkhovna Rada of Ukraine (VVR), 2010, 
No. 34, Article 481, as amended), 2297-VI. 

The above-mentioned regulatory documents and 
standards provide requirements for the minimum 
necessary package for the creation, development and 
use of information systems, networks, resources and 
information technologies, which are built on the basis of 
the use of modern computing and communication 
technology, as well as the creation, implementation, 
technical support (TS) and improvement of the 
management system of information security and cyber 
protection [4]. 

At the same time, more and more organizations are 
also realizing that traditional security solutions and 
manual procedures are no longer sufficient to 
implement and maintain financial sector security 
policies. In this context, organizations (institutions, 
enterprises) are not prohibited from building up their 
capabilities in matters of information and cyber security. 
But, taking into account the principles of ensuring 
information security and cyber protection generally 
accepted in international practice, financial institutions 
must manage cyber security risks in their activities, on 
the objects of the critical information infrastructure of 
the banking system [5], in accordance with international 
standards, standards of the European Union and NATO. 

The most leading compliance protocols (their 
releases and components) that financial organizations 
can no longer ignore are [6]: 

1. The Payment Card Industry Data Security 
Standard (PCI-DSS). A security standard for protecting 
payment data throughout the payment lifecycle. 

2. The Sarbanes-Oxley Act (SOX), the modern 
database (DB) on "reform of open joint-stock 
companies and investor protection" and "corporate and 
audit reporting and responsibility". 

3. The Monetary Authority of Singapore-
Technology Risk Management (MAS-TRM). 

4. General Data Protection Regulation (GDPR). 
5. Gramm-Leach-Bliley Financial Services 

Modernization Act (GLBA) is protection of records and 
information about clients, the procedure for 
modernization of cyber security systems of financial 
institutions. 

Therefore, programs, tasks, projects and 
informatization works aimed at the creation, 
development, integration and support of information 
and communication systems, networks, resources and 
information and communication technologies [7], as 
well as the fulfillment of security requirements are 
contained in a wide set of standards regulations, 
mandates, and guidelines that include PCI-DSS, SOX, 
and MAS-TRM. 

The purpose of the article is to formulate the 
general technical requirements for the DPSS mobile 
data center container type of institutions, enterprises and 
organizations of the financial sector of the state. 

The main material 

 Justifying the purpose of the article, it is proposed 
to outline the main material of the study according to 
the following structure: 

- general requirements; 
- requirements for the DPSS; 
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- requirements for hyperconverged infrastructure. 
- requirements for the hardware platform of the 

data backup and recovery system. 
General requirements (Table 1). The DPSS 

equipment must be assembled, mounted, configured and 
tested by the supplier in a container-type mobile data 
center. The DPSS should work in 24x7x365 mode. The 
DPSS must be provided with warranty service, technical 
support and software license updates. The supplier 
performs design, debugging, maintenance and support 
of servers and the DPSS exclusively by qualified and 
certified specialists. All equipment and systems as a 
whole must comply with current environmental, 
sanitary, fire and explosion safety standards, as well as 
other applicable regulatory documents of Ukraine. 

Requirements for the DPSS (Table 2). The 
DPSS must be designed and supplied by a single 
manufacturer and consist of two subsystems, namely: 

�‡ data processing and storage (hyperconverged 
infrastructure); 

�‡ data backup and recovery. 
Requirements for hyperconverged 

infrastructure. The software and hardware complex 
must be delivered in the form of a hyperconverged 
infrastructure. That is, the server equipment, data 
storage subsystems, virtualization environment and 
control systems of the complex must be supplied in the 
form of a single integrated physical device (solution) 
compatible with the existing solution of the financial 
institution (Dell EMC VxRail AllFlash). The 
architecture of this solution must be standardized by the 

manufacturer, described in the documentation and 
serially produced as a single system. 

The manufacturer's technical support service must 
act as a single point of entry and must not redirect the 
customer to any other technical support services for 
software or hardware components included in the 
solution.  

A single monitoring point (single interface) of all 
hardware and software resources of the complex should 
be provided. The monitoring system should display all 
hardware components of the complex in the form of a 
logical structure. 

The monitoring system must support integration 
with VMware vCenter and display the relationship 
between certain hardware resources and hypervisors. 
The monitoring system must ensure the compliance of 
the installed versions of the manufacturer's microcodes 
and software, as well as ensure the security settings of 
all components are checked in accordance with the 
specified corporate security policies. 

The system architecture should eliminate a single 
point of failure. Servers, network infrastructure, power 
distribution of all equipment and control systems must 
be fully duplicated. 

Hyperconverged infrastructure should ensure 
compatibility and automation of network parameters in 
virtualization environments ESXi (VMware), Hyper-V 
(Microsoft), Openstack (RedHat, Ubuntu), Docker 
(Kubernetes) container environment, as well as in the 
combination of several hardware virtualization 
platforms within the data center. 

 
Table 1 �± Key characteristics of the solution 

Name Requirement 
Physical parameterThe hyperconverged system must be compatible with a 19" mounting cabinet for server equipment and consist of "server" 

nodes with processors of the x86 architecture with the possibility of replacing the server without stopping the operation of the 
entire system. The servers must be equipped with cable organizers for ease of maintenance. 

Fault tolerance Hardware redundancy of power and input/output buses. Each system node must be equipped with hot-swappable power 
supplies with 1+1 availability level. 

Network interfacesEach server node must have at least four SFP+10GbE ports and one 1GbE port for management. 
Management of 

a hyper-
converged 

system 

A hyperconverged system must be equipped with all the necessary hardware and software tools to implement the following 
main components: 
- the provision of a single management interface for all equipment included in the system via the Web. Role restriction of 
administrator rights; 
- the control system must be fault-tolerant and be hardware-reserved. Complete failure of the control system should not lead 
to simple functioning; 
- the monitoring the performance of the used servers. The possibility of remote installation of software necessary for the 
operation of the server, including the operating system; 
- the management at the level of policies integrated with VMware vSphere with the possibility of performance control; 
- the system should provide management of event logs and analysis of the cause of the incident. The event analytics system 
must be integrated into the VMware environment. 

Data access 
infrastructure 
requirements 

The data storage subsystem should be based on software-defined data access architecture technologies with the ability to 
balance load and fault tolerance between all hardware components at the hypervisor core level and use flash drive 
technologies, deduplication and real-time compression. 
If it is impossible to implement the subsystem at the hypervisor level, it is necessary to add additional computing resources 
for virtual machines (VM) that must provide this function. The system must include All Flash disk space based on SSD disks, 
which can be configured in different levels of data protection: without protection, in a mirror, in a double mirror, in fail-safe 
groups 3+1 and 4+2 using erasure coding technology, depending on the criticality of the data and use to cache a write 
operation. Availability of data encryption functionality and "stretched" functionality between cluster data centers. The data 
storage subsystem must provide logical segmentation of data access at the level of each VM or VM file (a data access failure 
of one VM should not affect the work of others). 
It should be possible to assign a protection level to each VM file and set access priorities to disk resources (bandwidth). The 
data storage system (DSS) must support the creation of a single cluster on the scale of two or more data centers with 
simultaneous access to data on both resources. The DSS must provide data protection at the level of failure of at least one 
disk or server node. 
The system must be able to scale within each node of the cluster and by adding additional nodes. The data storage subsystem 
should include the possibility of synchronous and asynchronous replication between various systems, both software-defined and 
classical, based on controllers. 
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End Table 1 
 Appropriate replication software should be provided as part of the solution. The I/O subsystem must support software-

defined file access with support for file protocols (SMB, NFS) and management by VMware. Support for data encryption at 
the datastore and VM level. 

Virtualization 
platform 

requirements 

The platform must support: 
- operation of the required number of VM users and VM management system and applications; 
- centralized management of the virtualization platform and automation of administration processes; 
- load redistribution mechanisms between cluster nodes without stopping VM operation; 
- mechanisms for changing VM configuration; 
- provision of mechanisms for snapshots of guest systems; 
- integration with the VDI control system; 
- creation of a hierarchical structure of pools of computing resources (CPU/RAM) of physical servers with the assignment of 
priorities or a dedicated resource reserve; 
- "hot" addition of processor cores and RAM for a working guest OS; 
- creation of clones of working VMs with changed network parameters and entry into the MS Active Directory domain. 

VMware licenses 
that must be 

included in the 
software and 

hardware complex

Provide for the availability of VMware vSphere Enterprise Plus, VMware vRealize Operations Advanced licenses for all 
processors of the software and hardware complex, VMware vCenter Server. software subsystem of software-defined storage, 
with support for deduplication and compression, and metro cluster for all processors of the software-hardware complex. All 
licenses must have technical support. 

Requirements for a hyperconverged infrastructure server cluster: 
The total number of processor cores in the cluster servers (not including Hyper-Threading or similar technology) is at least 784 cores. 
The architecture and performance of the processor is no worse than Intel CPU GOLD 6348 2.6GHz. 
The total amount of RAM per system is at least 7168 GB. 
The total raw of the disk system is at least 322 TB. 

Server nodes that are mounted in a hyperconverged infrastructure 
Processor per node is at least two Intel Xeon Gold 6348 2.6G, 28C/56T processors or equivalent. 
The memory per node is 512 GB, memory slots are at least 32 GB. The possibility of increasing the amount of RAM at least up to 4 TB. 

Storage devices 
per node 

At least two 400GB NVMe drives, U2 G4, Intel Optane P5800X (or similar) and support for the "hot" replacement function. At 
least six 3.84TB SSD drives, 2.5" with parameters no worse than 1DWPD and support for the function of "hot" replacement. The 
possibility of installing at least 24 drives of 2.5" (SAS/SATA/NVMe) and 4 drives of 2.5" HDDs (SAS/SATA). The node 
supports a disk space of at least 184 TB. 

Boot disks are 2x M.2 SATA 480GB RAID1 with support for the "hot" replacement function. 
Power supply units are at least 2x 1400W 250v with C13-C14 cables connected to the PDU. 

Connecting to an 
Ethernet network 
switch per node 

At least 4 10/25 Gbps Ethernet Opt SFP28 ports, without using PCIe expansion slot. At least 4 optical modules SFP+ SR 
Optic, 10GbE. At least 4 optical cables OM3/4 LC/LC Fiber Cable 5 meters long. Expandable by adding additional PCIe 
NICs. 

Management 
requirements 

The server must have software and hardware from the server manufacturer for configuring management and monitoring the 
operation of all components. 

Management 
mechanism in 
conditions of 

lack of physical 
access to them  

Graphical interface/Remote power management/Platform independent text or graphical console for displaying remote server 
activity management/Command ribbon and scripting interface/SSL encryption. Ability to diagnose CPU and server. 
DNS\DHCP support. Ability to update IPMI microcode via local network. Ability to connect images as local disk devices. 

Support for hyperviso�U�V���D�Q�G���Y�L�U�W�X�D�O�L�]�D�W�L�R�Q���P�D�Q�D�J�H�P�H�Q�W���H�Q�Y�L�U�R�Q�P�H�Q�W�V���9�0�Z�D�U�H�Š���(�6�;�L���������8�� 

Technical 
support 

- at least 36 months of warranty and service support from the equipment manufacturer; 
- support must be provided 24*7*365; 
- the response time to a service request is no later than 4 hours from the moment the request is received by the service 
department; 
- warranty support should include replacement of failed components, access to software updates and support from the 
technical support center of the equipment manufacturer; 
- service, if necessary, is carried out at the location of the equipment; 
- availability of a single call center of the equipment manufacturer for receiving service requests. 

Implementation 
requirements 

- physical installation of equipment on site according to specifications; 
- installation of OS, drivers, embedded software, software for virtualization, hypervisors, cluster manager and 
SupportAssist agent; 
- deployment and configuration of the system in accordance with the requirements described in the manufacturer's 
documentation; 
- sending configuration data to the technical support service. 

 
Table 2 �± Requirements for the DPSS equipment located in a separate segregated area 

�‹  Equipment 
name 

Unit No. Technical and quality requirements 

1 Server pcs. 2 

Number of central processors: 2 pcs.; Central processor: at least 32 cores; 
RAM: at least 512 Gb; Hard Drive: No worse than 10K RPM SAS 12Gbps 2.5in Hot-plug; 
Total capacity of hard drives: at least 18 TB; Type of supported disks: SATA/SAS; 
Size and maximum number of HDD slots: 8x2.5; Number of Gigabit Ethernet ports: 2; 
Chassis type: Rack; Number of power supply units: 2 pcs.; Power, W: 1000. 

2 Server pcs. 4 

Number of central processors: 2 pcs.; Central processor: at least 16 cores; 
RAM: at least 64 Gb; Hard Drive: No worse than 10K RPM SAS 12Gbps 2.5in Hot-plug; 
Total capacity of hard drives: at least 12 TB; Type of supported disks: SATA/SAS; 
Size and maximum number of HDD slots: 8x2.5; Number of Gigabit Ethernet ports: 2; 
Chassis type: Rack; Number of power supply units: 2 pcs.; Power, W: 1000. 
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Backup and recovery system hardware platform 
requirements. The software and hardware complex of data 
backup and recovery should be delivered as an extension of 
the existing solution with the possibility of data replication 
from different sites where the equipment is located. The 
hardware part of the complex (Table 3) must support: 

�‡�� �G�D�W�D�� �L�Q�Y�X�O�Q�H�U�D�E�L�O�L�W�\�� �D�U�F�K�L�W�H�F�W�X�U�H���� �Z�K�L�F�K�� �H�Q�V�X�U�H�V��
data integrity throughout the entire life cycle; 

�‡���D�Q���D�U�F�K�L�W�H�F�W�X�U�H���W�K�D�W���D�O�O�R�Z�V���\�R�X���W�R���U�H�G�X�F�H���W�K�H���O�R�D�G��
on the disk subsystem due to the transfer of all data 
processing processes to the processor and RAM; 

�‡�� �W�H�F�K�Q�R�O�R�J�\�� �W�K�D�W�� �D�O�O�R�Z�V�� �I�R�U�� �W�K�H�� �W�U�D�Q�V�I�H�U�� �R�I�� �R�Q�O�\��
unique data from the PC server or client to the system, 
and also provides the ability to manage data replication 
between similar systems; 

�‡�� �X�V�H�� �R�I�� �V�H�J�P�H�Q�W�V�� �R�I�� �Y�D�U�L�D�E�O�H�� �O�H�Q�J�W�K���� �Z�K�L�F�K��
improves the level of deduplication and compression; 

�‡�� �U�H�D�O-time deduplication immediately after the 
backup flow enters the system and save only unique 
elements to the disk; 

�‡�� �K�L�J�K�� �U�H�F�R�Y�H�U�\�� �V�S�H�H�G���� �S�U�R�F�H�V�V��parallelism, 
verification and recovery of data integrity [9]. 

 
Table 3 �± Hardware part of the complex 

Name Requirement 
Control module With high-speed deduplication function at the level of variable-sized blocks without the process of buffering non-

deduplicated data on disks. Write cache must be duplicated on non-volatile memory. The system must withstand power 
outages without a UPS and resume operation after extended periods without power. 

Software The system management software should work on the controller of the storage system, without the need to allocate an additional server 
for this task [10]. GUI over Web, command line interface over SSH protocol must be supported. Support for command scripts. 

Scale 
requirements (no 

less) 

The system must provide copy speeds of at least 15 TB/h for transfer protocols (CIFS, NFS, VTL) and at least 30 TB/h for 
protocols with a distributed deduplication function. Address the physical capacity of 280 TB of usable space, including hot-
swap drives and RAID redundancy [10]. 

Storage devices 60 discs 4TB or more 7.2K NL-SAS. The system must support hot-swappable disks that are used system-wide. Their 
number should not be less than the number of disk shelves of the system. 

Data protection RAID-6 and support for checking data integrity using content hash 
Connection ports At least 4 10 Gbps Base-T ports and 8 10 Gbps Ethernet SFP+ ports. At least 8 optical cables OM3/4 LC/LC Fiber Cable 5 meters long. 

Support of the 
main 

functionality 

The deduplication technology should ensure the global exclusion of duplicated blocks and their recording in a single storage 
pool, regardless of the use of protocols, the type and number of virtual devices, and the type of data storage. The deduplication 
technology should provide functionality expansion by transferring part of the load to the server of the backup system using 
protocols compatible with OST. The system must support the function of end-to-end data integrity, including checking the 
correctness of recorded data in real time. The system must provide a constant background check of data integrity, with the 
condition that each block must be checked at least once a month. The system must be available 24/7 for backup and recovery. 
Service procedures should be launched no more than once a week and should not block basic functionality. The system must 
provide support for a synthetic full copy of the data. The system must have High Availability configuration settings at the 
controller level. In the absence of such an opportunity, provide for the storage of additional copies of data on a separate system 
with technical characteristics, licenses and service support similar to the main system. 

Support of the 
additional 

functionality 

Availability of WORM functionality (Retention Lock) of images and data encryption. The system must support the mechanism 
of quotas and logical isolation of data, which limits the logical volume of backup copies and access to them. The system must 
provide remote distributed replication of data (replication must be performed over IP channels and must provide simultaneous 
deduplication: only unique (non-deduplicated) blocks of data from media servers and OS agents must be replicated. The system 
must support extended functionality for data replication under the control and on demand of backup software using OST-
compatible protocols. A replication bandwidth control mechanism must be provided. Support for two-way authentication of 
users and quotas for folders and all network access protocols. Support for role-based administration of backups and the system 
as a whole. Support for filtering access by IP and DNS name. Support for encryption of backup and replication traffic. 

Support for data access protocols using IP CIFS, NFS, VTL, OST, NDMP without the use of additional devices. 
Support for 

caching on SSD 
To cache metadata and ensure a full start of the VM with backup. The presence of a separately installed hardware adapter 
responsible for data compression. Availability of at least 2 SSD drives with a volume of at least 3.84TB each for caching. 

Monitoring Statistics of occupied space by customers, auto generation of service requests. 
Licensing and 
service support 

- the system must have all necessary licenses to fulfill the above requirements; 
- all licenses without exception must be given in possession; 
- technical support for all equipment for a period of 36 months with a service level of 8*5, a response to a service request 
within the next working day; the system must support installation in a standard rack; 
- if it is necessary for the organization of the normal functioning of the system or the implementation of system 
management involving other software products, such as an OS or a database, then all necessary licenses for additional 
software products must be included in the offer. The term of technical support for such components should not be less than 
the term of technical support for the disk system for saving backup and archive copies. 

 
The software part of the complex must be from the 

same manufacturer as the hardware part, and be 
integrated into a single system or be an extension of the 
"Veeam" backup platform available to the Customer. 

The software part of the complex (Table 4) should 
provide: 

1. Centralized backup and recovery operations for 
complete control of data protection across multiple 
computing and storage environments. 

- virtual and physical environments; 
- critical business applications; 
- data storage networks (SAN) [8], network attached 

storage (NAS) and direct attached storage (DAS); 
- backup storage options, including tape drives and 

libraries, virtual tape libraries, disk arrays, deduplication 
storage systems, and cloud object storage. 

2. Virtual synthetic full backup. 
3. Starting the VM directly from backup. 
4. Data replication, namely local, remote and 

parallel-local and remote with continuous data 
protection for recovery at any point in time. 

5. Management of several software products from 
one console. 

6. Monitoring and analysis and search capabilities. 
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7. Authorized project administrators, developers 
and users to order new IT services and manage certain 

cloud and IT resources based on their roles and 
privileges. 

 
Table 4 �± The software part of the complex 

System software 
functionality for data 
backup and recovery 

- Backup system management support via WEB, GUI and CLI. 
- Support for VMware and Microsoft Hyper-V virtual infrastructure hypervisors. 
- Availability of clients for Windows and Linux OS (Cent OS, Debian, Fedora, Oracle Linux, Red Hat, Suse, Ubuntu). 
- Availability of clients for UNIX systems (AIX, Solaris, HP-UX). 
- Availability of agents for the following application systems and databases: Exchange, SharePoint, MS SQL, SAP IQ, 
SAP, SAP HANA, Domino, Oracle, IBM DB2, Informix, Sybase ASE. 
- Consistent database backup with distributed deduplication and integration with native backup tools. 
- Availability of backup indexing tools and data search organization for all created backups. 
- Support for authentication when working with backup storage devices. 
- Support for encryption of backups and data when transferred to the backup device. 
- Provision of reading and writing data directly from clients to the backup storage device with the storage of service 
information on the backup server. 
- Providing integration with the backup storage platform using data transfer optimization protocols, support for 
distributed deduplication and creation of virtual (synthetic) full copies. 
- Support for VM startup technologies directly from the secure backup storage platform, providing simultaneous 
writing and reading from the secure platform. 
- Provision of advanced backup and recovery capabilities of VMware virtual environments, such as: changed block 
tracking technology (CBT), instant access to VMs, granular recovery of objects. To minimize backup and recovery 
time, the use of modified block tracking technology is mandatory for both backup and recovery. 
- Ensuring the possibility of continuous data protection for VMware workloads by performing synchronous or close to 
it (RPO no more than 1 min.) VM replication. Continuous protection of VMware workloads should provide the ability 
to protect both individual VMs and simultaneous protection of selected VMs collected in protection groups and provide 
the ability to restore the operation of VMs to any selected recovery point within 24 hours. 
- Provision of automatic collection and analysis of monitoring data and reporting. 

System software 
performance 

- Providing multi-threaded backup and recovery. 
- Support for multiplexing data streams when creating backups. 
- Support for dynamic allocation of file system backup tasks to several threads. 
- Support for deduplication at the source (before transmission over the network to the backup storage device) with 
recognition of repeating blocks and support for identification of variable length blocks. 

Reliability and 
integrity of 
information 

- The software should perform automatic protection of the stored backup directory, provide the possibility of their 
further recovery, and also be able to notify in case of finding errors in the backup. 
- Provision of integral backup of application programs and databases. 
- Support for restoring interrupted backup sessions from a known integrity point. 

Integration with other 
management interfaces 

- The solution should provide extensions that allow integration with own management interfaces: VMware vRealize 
Automation, VMware vCenter, System Center. 
- Integration with vSphere with the ability to manage backup and restore operations from the virtual environment 
management console. 
- Support for data exchange via REST API with other systems. 

Software Licensing, 
Warranty and 
Deployment 

- Licensing type is per active physical processors (CPU/sockets) or per volume of data to be backed up (FETB). 
- The minimum number of required licenses are 28 sockets or 160 FETB. 
- All licenses without exception must be given in possession. 
- Technical support for a period of 3 years with a service level of 8*5, a response to a service request the next working day. 
- Provide opportunities to use all types of agents for the OS, databases and application servers listed in the software 
functionality requirements. 
- The granted licenses must ensure the protection of productive data, application programs and databases without any 
restrictions: both functionally and in terms of the number of objects. 
- Backup system components and/or additional management servers must support Windows or Linux deployment. 
- If the installation of any components of the backup system requires the involvement of other software products, such 
as an OS or a database, then all necessary licenses for additional software products must be included in the offer. The 
term of technical support for such components must not be less than the term of technical support for the backup 
software. 
- If for the normal functioning of the software it is necessary to install additional components that may require separate 
hardware resources (for example, servers performing data deduplication), such hardware resources must be included in 
the offer, with a technical support term no less than the technical support term for the backup software. 

 
If the supplier already has a modern backup 

�S�O�D�W�I�R�U�P�� �³�9�H�H�D�P�´�� �L�Q�V�W�D�O�O�H�G�� �D�Q�G�� �I�X�Q�F�W�L�R�Q�L�Q�J�� �Z�L�W�K��
extensive security and security functions, as well as the 
ability to access data from anywhere in the world [11], 
then the company can put forward additional technical 
requirements for the IT infrastructure, services and 
equipment, this is Table 5. 

Conclusions 

Summarizing what has been said, it should be 
noted that today corporations and institutions of the 
global financial market process and store a fairly 
powerful array of confidential data, such as customer 

transactions, account information and private 
personal data of payment cards, payment processors, 
etc. 

Modernization of the structures and topologies of 
electronic communication systems and networks of 
financial institutions is influenced by the development 
of technologies, changes in the financial security 
environment, forms, methods and technologies of using 
cyber influence and new achievements in this. At the 
same time, this circumstance is complicated by the 
constant change in the volume, speed and variety of 
attacks, which vary from denial of service to malicious 
theft from the inside. 
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Table 5 �± Additional technical requirements for IT infrastructure, services and equipment 

Functionality of the 
backup platform 

The backup platform must have a distributed and horizontally scalable backup architecture, have the ability to back up 
itself to restore settings, provide a Rest API for remote configuration and management, and ensure the use of a central 
management server as a license distribution server. Backup of VM. 
The backup platform should provide the ability to back up VMs at the image level, with the ability to copy only changed 
blocks and save the state of applications, as well as without installing specialized applications inside the VM. The backup 
platform must support backup transfer, both over the transmission network and over the storage network, including 
backing up VMs directly from NFS storage. The backup platform must support a mechanism for automatically changing 
the speed of the backup process when the read response time increases at all levels of the storage system with the ability 
to define response time thresholds. The backup platform should have deduplication and compression mechanism of 
backup, the ability to exclude blocks of OS service files, as well as folders and files specified by the user, to speed up the 
backup process, as well as to reduce the amount of data storage. The backup platform must be able to use DSS hardware 
snapshots for backup, with the ability to ensure application integrity within the VM. Interaction should be implemented 
using specialized APIs at the storage level and without installing additional software on them. 
Testing the integrity and ability to restore VM backups. 
The backup platform should be able to create an isolated environment for the customer's production infrastructure, with 
the ability to use it for automatic backup testing or to create test zones. The backup platform should be able to 
automatically test the functionality of the backup of the VM. Verification should be performed by running associated 
backup VMs and/or DSS hardware snapshots in an isolated environment on a schedule, with the ability to test the 
performance of applications and services inside the reserved VMs. It should be possible to use both built-in verification 
scripts and the ability to use custom scripts. 
Backup of network resources. 
Provide the ability to create a backup copy of network resources to which public access is provided via SMB (including 
SMB v3) or NFS (including NFS v4.1) protocols. Support the ability to create VSS snapshots when backing up data using 
the SMB v3 protocol to ensure consistency. Have the functionality of storing historical versions of files, with the 
possibility of downloading the oldest versions to a secondary backup storage. Support the ability to use DSS hardware 
snapshots as a backup source for file resources, avoiding file locking limitations. Interaction should be implemented using 
specialized APIs at the storage level and without installing additional software on them [12]. 
Storage of backup of VM. 
The backup platform must integrate with specialized backup storage solutions (deduplication disk storage device): EMC 
DataDomain via DDBoost protocol, HPE StoreOnce via Catalyst protocol, as well as Quantum DXi, ExaGrid and Fujitsu. 
A backup platform should be able to encrypt backups. The backup platform must be able to integrate with Linux-based 
machines to use them as secure backup repositories, allowing data immutability settings to be set to protect against 
deletion and modification of backup data blocks for a specified period of time. The backup platform must be able to 
combine different physical DSS into a logically single scalable backup storage pool, to combine the available space of 
individual DSS. A backup platform must be able to transfer backups between different repositories with the ability to 
specify a new storage depth for the backup. When transferring backup copies between repositories, the backup copy 
platform must be able to restore transfer of backup copies between sites using compression mechanisms and global 
deduplication of traffic, and hashing of information at both sites on specialized servers. The backup platform must support 
backup to tape libraries, including multi-streaming, the ability to pool tape drives from different tape libraries. The backup 
platform must be able to create a synthetic full back up when writing to tape from backups available in the disk storage of 
an incremental full backup cycle, without creating a temporary synthetic full copy on disk. 
Possibilities of replication and disaster recovery of VM. 
The backup platform should support direct VM replication for Microsoft Hyper-V and VMware vSphere platforms, 
without using intermediate backups, with the ability to ensure the creation of multiple recovery points and the transfer of 
only changed blocks. The platform must ensure the integrity of applications inside the VM during replication, without 
installing specialized applications inside the VM. When replicating VMs between repositories, the backup platform must 
be able to restore replicas between sites using compression mechanisms and global deduplication of traffic, and hashing 
information on both sites on specialized servers. The backup platform must provide switching to the replicated VM with 
the possibility of automatic IP address change. The backup platform must provide failover to a VM that is replicated even 
if the backup server is lost. 
Continuous replication and disaster recovery for VMware vSphere VMs. 
The backup platform must support continuous replication of VMware vSphere VMs, without using virtualization 
snapshots, which ensures minimal data loss within 2 seconds. The platform must continuously replicate the I/O operations 
of the VM and store them in a special log on the target datastore for several hours specified in the short-term storage 
policy, in order to ensure the possibility of restoring the VM to a certain point in time with a given step. The platform 
should provide the possibility of creating additional control points of VM recovery, which go beyond the short-term 
replication policy, taking into account the state of those working inside the application and ensuring their consistency, 
without installing specialized applications inside the VM. 

Support of virtual 
infrastructures 

Support for backup of virtual infrastructure based on the VMware vSphere 5.5 and higher platform, including VMware 
vSphere 7.0 U1, availability of VMware Ready for vSAN certification. Support for copying virtual infrastructure based 
on the Microsoft Hyper-V platform starting from Windows Server 2008 R2 SP1 and higher, including Microsoft Hyper-V 
2019 and support for 64 TB VHDX. Support for backing up vApp containers, VMs and their metadata, as well as 
restoring them directly to the vCloud Director infrastructure. Support for automating tasks and ensuring the ability to 
work through the self-service portal for VMware vCloud Director. 

Integration with 
other management 

interfaces 

The solution should provide extensions that allow integration with its own management interfaces: VMware vRealize 
Automation, VMware vCenter, System Center. Support for data exchange via REST API with other systems. 

Software Licensing, 
Warranty and 
Deployment 

Requirements for technical support and updating the backup system. 
1st level technical support should be available in multiple languages. Technical support should include the possibility of 
updating to new versions of the basic software. Technical support must be provided 24 hours a day, 7 days a week, 365 
days a year. General requirements for the supply of software. 
The license should not have any technical and functional restrictions, as well as restrictions on the further increase in the 
number of protected environments. The supplier must have official partner status from the software manufacturer. The 
supplier must provide an official authorization letter from the manufacturer confirming the possibility of supplying the 
software as part of the procurement procedure. The supplier must provide a license certificate for the software. 
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The creation of permanently functioning data 
centers is a guarantee of business stability in the 
conditions of martial law. Their implementation will 
ensure data storage, backup and recovery, guaranteed 
accessibility to all corporate assets. Therefore, taking 

into account the technical requirements for data 
processing and storage systems of container-type mobile 
data processing centers of institutions, enterprises and 
organizations of the financial sector of the state is a 
requirement of today. 
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COMBINED METHOD FOR PROTECTING USER PRIVACY 
WHEN USING A WEB BROWSER 

 
Abst rac t .  The article examines the issue of digital tracking, which allows users to be identified using cookies and digital 
fingerprints. A comparative analysis of current web tracking methods shows that approaches based on detecting and 
blocking web trackers are less effective than methods using value substitution. These approaches do not protect against 
passive fingerprinting techniques and are easily detected, making them vulnerable to user identification. To solve this 
problem, a hybrid method of forging transmitted data is proposed, including random generation and data fusion, as well as 
detecting trackers for immediate protection. Attributes with a wide range of possible values and complex compatibility are 
proposed to be replaced by real values with minor distortions. 

Keywords:  security, confidentiality, web browser, digital fingerprint, cookie, fingerprint, web tracker. 
 

Introduction 

One of the most common privacy vulnerabilities 
on the Internet is digital tracking, the slow, constant, 
and relentless accumulation of user data [1]. The 
components of this vulnerability are browsing history, 
application usage, online purchase information, and 
geolocation information. These insignificant individual 
data can be combined into a significant whole, which 
�D�O�O�R�Z�V���\�R�X���W�R���µ�L�G�H�Q�W�L�I�\���W�K�H���X�V�H�U�����7�U�D�F�N�H�U�V���F�R�O�O�H�F�W���G�D�W�D��on 
clicks, views, clicks and transitions and create extensive 
behavioral profiles, for example, to show targeted ads or 
optimize website performance. However, this 
information can reveal political preferences, religious 
beliefs, race and ethnicity, education level, monthly 
income, consumer habits, as well as physical and mental 
health, and in the hands of malefactors can be used for 
discrimination, blackmail or propaganda [2]. For this 
reason, the issue of protecting one's own privacy is 
particularly acute. To increase the confidentiality of user 
data, various legal, organizational and technical 
measures are taken. These methods include detection 
and blocking the execution of the web tracker program 
code, as well as the substitution of data transmitted to 
the web resource in order to create a false user profile. 

Analysis of recent research and publications. 
Analysis of the works of leading scientists who 
expressed their opinions in materials published in 
magazines, collections of reports of conferences held in 
our country and abroad, gives confidence in the 
relevance of the researched issues. I. Sanchez-Rola, I. 
Santos investigate the problems of automatic analysis 
of web tracking. C. Giuffrida, S. Bardin, G. Blanc 
consider features of detection of intrusions and 
malicious software and vulnerability assessment [1]. 
G. Gebhart, B. Cypher study aspects of the use of 
information technologies for corporate tracking [2]. 
R. Laperdrix, W. Rudametkin, B. Baudry analyze the 
method of redirecting modern web browsers to create 
unique browser fingerprints [3]. 

Main part 

Web tracking mechanisms mainly include two 
methods of tracking: the use of COO files [3, 4] and the 
creation of a digital fingerprint of the device (browser). 

Sometimes they can be used together to increase the 
accuracy of identification. A cookie is a piece of data 
that websites store in the user's browser and process 
each time they connect to the site. Cookies often store a 
unique user identifier assigned to him by a web 
resource, which can later be used to personally identify 
the user on other web resources. Cookies are classified 
according to their expiration date: persistent - such 
cookies can be stored from several months to several 
years and session cookies, which are deleted after the 
browser is closed. A cookie-based tracking mechanism 
consists in hosting a third-party server script on a 
website by adding a piece of code. Such a script will 
call JavaScript code hosted on a third-party web server. 
This code can perform various functions, for example, 
download and display an advertising banner of an 
affiliate advertising network or upload a special software 
library for developers to the site. It can also contain code 
that allows this server to install third-party files in the 
user's browser and track them when this script is loaded. 
Thus, the tracking web server can place its tracker on 
different websites and receive data about the user's 
browsing history, time spent on certain pages, and other 
data that is provided by a website with an embedded 
tracking script (Fig. 1). The disadvantage of this tracking 
method is that the files, and therefore the identification 
information about the user, are stored on the user's side. 
This feature leaves the user the option to delete coom 
files, thereby temporarily stopping digital tracking. 

 

 
Fig. 1. �K�R�R�N�L�H-based tracking 

 
Therefore, the mechanism of taking a digital 

fingerprint or fingerprinting is often used as a web 
tracker. A digital fingerprint is a set of information 
about the software and hardware-software configuration 

�‹����Kapiton �: ., Dziuban O., Talybov R., Kanivets B., 2023 



Control, Navigation and Communication Systems. 2023. No. 3 ISSN 2073-7394 

104 

of a client device connected to a web resource. The 
basic concept of digital fingerprinting is the initial and 
re-identification of a user based on device-specific 
information. Sources of information for the formation of 
digital fingerprint are: data about user settings; 
equipment characteristics; operating system 
characteristics; browser characteristics; user behavior. 

Digital fingerprints are classified by source and are 
divided into: passive based on information 
automatically transmitted by the browser in the content 
of the HTTP header and active - collected when 
executing JavaScript code on the client side, to obtain 
information provided by various web browser 
programming interfaces (API). In addition, there are 
modern complex techniques for the formation of digital 
prints. They are the most efficient, because the result of 
their work depends on the hardware configuration 
parameters of the device, for example, on the graphics 

accelerator or sound card used in the device. These 
techniques include Canvas Fingerprint, WebGL 
Fingerprint, and Audio Fingerprint. software 
configuration of a client device connected to a web 
resource. The basic concept of digital fingerprinting is 
the initial and re-identification of a user based on 
device-specific information. 

Canvas Fingerprint is a method for getting device 
characteristics that uses the HTML 5 Web Technology 
Canvas element. This element is a surface capable of 
displaying 2D graphics in a browser using client-side 
code. The essence of the method is that some graphic 
elements and text are drawn on the element hidden from 
the user. The result of rendering the same code in this 
case may differ, depending on the operating system, 
font library, video card, driver version, browser engine, 
and so on. The resulting image is represented as a string 
encoded in Base64 (Fig. 2).  

 

 
Fig. 2. Canvas Fingerprint 

 
WebGL Fingerprint is an evolution of Canvas 

Fingerprint. In this case, the web tracker code causes the 
browser to render scenes using 3D graphics technology, 
which are also superimposed with various graphic 
effects. The resulting image is translated into the 
resulting byte array, which will differ depending on the 
hardware and software configuration of the device. 
Audio Fingerprint is to generate audio signals. The 
characteristics of such signals may also differ due to 
differences in the hardware or software used. This 
method is implemented using the Web Audio API web 
browser interface. In general, this fingerprinting 
technique is a sequential chain of nodes for working 
with audio in the browser and occurs in three stages: 
generating an audio signal, analyzing the characteristics 
of an audio signal, and hiding an audio signal.  

Most browsers do not protect user information by 
default. This means that they allow you to store cookies, 
including those received from third parties, and also do 
not limit in any way the existing interfaces used in the 
formation of digital fingerprints. Blocking third party 
cookies will prevent the user from being uniquely 
tracked by third party websites. The task of increasing 
the user's protection against fingerprinting is much more 
difficult, since in this case the countermeasures 
provided by the browser are very limited and 
ineffective.  

The essence of the method lies in the fact that third 
parties rely on the stability of digital fingerprints to 
associate them with one device. By sending random 
values instead of real ones, the collected fingerprints 
become so different and unstable that the tracker cannot 
identify devices on the network. The downside is that 
randomizing inappropriate combinations of certain 
parameters can result in lower user privacy. 

Unification assumes that the transmitted data is 
brought to uniformity for each user. The problem of this 
method is the inability to change some attributes, for 
example, the characteristics of the hardware 
configuration of the device. The presence of unmodified 
unique attributes becomes a serious security 
vulnerability for the user, especially if they are 
incompatible with unified data. To solve the problem of 
counteracting digital tracking, a variant of a hybrid 
approach to replacing transmitted data is proposed, 
including both randomization and unification of some 
data. The choice of the data spoofing method is 
determined by the fact that it provides protection against 
all the considered methods of forming digital 
fingerprints, and it also lacks the stage of detecting a 
tracker, which allows for instant protection. With the 
proposed varnant, characteristics that have a wider 
range of possible values and are difficult to unify 
(Canvas, WebGL, Audio) will be replaced by real ones 
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with the addition of small distortions. In turn, the 
attributes that must comply with the value adequacy 
property and whose change may disrupt the site will be 
subject to unification [3].  

At the same time, it is planned to take into account 
the connectivity of the parameters with each other, as 
well as the adequacy of their values. It is proposed to 
unify the following parameters: HTTP headers (User-
Agent, Accept-Language, Content-Language, DNT) and 
global JavaScript browser settings (navigator userAgent, 
navigator.appVersion, navigator.userAgentData,  
navigator.vendor, navigator.platform, navigator. 
language, navigator.doNotTrack, screen.height, 
screen.width, screen pixelDepth). First of all, before 
sending an HTTP request with the required headers to 
the requested web server, the value of the described 
headers will be replaced and transmitted already in a 
modified form. Thus, Protection against passive digital 
fingerprints will be provided. 

Then, after the page starts loading, but before any 
other scripts are loaded and executed, a script will be 
injected and executed that will replace the values of the 
globally available JavaScript parameters listed earlier. 
After that, all other scripts on the site will be loaded. 
Thus, all web trackers, when trying to get the values of 
the characteristics through the browser API, will receive 
already changed values. 

The next step is to provide protection against the 
well-known fingerprinting techniques described earlier. 
The general principle of protection operation for each 
method of hiding is the same. The security script will 
override the JavaScript implementation of the methods 
used in fingerprint generation. In the future, when a 
website tries to generate a digital fingerprint, when 
using methods, the overridden code will be executed.  

The algorithm of fingerprinting technology using 
WebGL is similar to the previous one. However, in this 
case, noise will be added to the rendered scene data 
buffer, which is subsequently used to form a fingerprint.  

The data buffer can contain the values of the 
coordinates of the vertices on which the drawing takes 
place, or the values of the colors. For Audio Fingerprint, 
it is proposed to replace the software implementation of 
some nodes that receive the characteristics of the 
generated audio signals. In particular, it is proposed to 
change the analyzer node (AnalyserNode) and the 
output buffer node (AudioBuffer) (Fig. 3). 

 

 
Fig. 3. Audio Fingerprint protection 

Conclusions 

The possibility of violating the user's privacy when 
working with a web browser using web trackers is 
shown. The main mechanisms of digital tracking are 
considered, the principles of their operation, varieties 
and modern implementations are described. It was 
revealed that tracking using digital fingerprints pose the 
greatest danger, since they cannot be effectively blocked 
by the browser. A hybrid method for counteracting 
fingerprint tracking is proposed, which consists in 
unifying simple characteristics while observing the 
relationship and adequacy of values, as well as 
randomizing complex characteristics that depend on the 
hardware configuration of the device and are not subject 
to unification. 
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THE OBJECTIVE NEED TO IMPLEMENT AN INFORMATION SYSTEM 
TO AUTOMATE DAILY TASKS IN RECRUITMENT WORKFLOW 

 
Abst rac t .  This article emphasizes the demand and significance of the implementation and integration of an information 
system for the nowadays recruitment process optimization. The article introduces the inherent characteristics and nature of 
information systems and outlines an essential range of tasks they can perform in the context of recruitment. This research 
examines and determines the direction of implementation of information technology systems, automation, and regular 
recruiters' routine tasks and processes optimization using artificial intelligence assistance. The primary objectives of the 
implementation of the proposed information system are quality improvements, human resources saving, unification of the 
processes, and introduction of the end-to-end solution for candidate interviewing. The weak sides of existing processes, 
solutions, and the correlation between the effectiveness of the recruitment workflow and work automation are determined. 
The article conclusively proves that the introduction and utilization of new information system tools and solutions are 
indispensable conditions for successful up-to-date recruitment and it would be significant input into business development 
strategies since it will help to not only save human resources but as well work for the company's market brand, reputation 
gain and significantly decrease risks of wrong hiring. 

Keywords:  systems, information systems, information technologies, automation, artificial intelligence, recruitment, 
optimization.

Introduction  
The critical component of every modern company is 

a person or rather a professional in his field. But 
professionals do not appear in organizations by 
themselves, they appear in the recruitment process. 
Recruitment is an integral and essential part of human 
resource management. The main task of recruitment is to 
find, evaluate and further hire candidates most suitable 
for a specific vacant position. The history of recruitment 
goes back thousands of years, the first mentions of 
recruitment date back to ancient Egyptian and Roman 
times. However, each of the eras of recruitment is united 
by a common need to modernize processes to adapt to 
changes in society and technology in order to increase 
efficiency [1]. 

In the recruitment process, the interview of the 
candidate is perhaps the most important stage, because a 
high-quality interview is an opportunity to determine at 
an early stage whether the candidate is really suitable for 
a specific position or not. Unsuccessful selection of a 
candidate, or a negative impression of the company can 
lead to derivative financial or time losses, a decrease in 
team productivity, a deterioration of the working climate, 
and additional risks. An established candidate interview 
process is the company's investment in the predictability 
of mutually beneficial and harmonious cooperation 
between the company and the potential candidate.  

An ideal interview process consists of several 
stages. According to the best recruitment practices, the 
interview begins with introductions between present 
participants and a story from the interviewer about the 
project and its features. After completing the 
introductory speech, the candidate can ask questions 
that interest him. All this makes it possible to reduce the 
level of stress and mentally prepare the candidate for the 
most difficult stage of the interview. After completing 
the answers to the candidate's questions, the most 
responsible stage for the interviewer and the most 
difficult for the candidate begins - the determination of 

the real level of competencies using a previously created 
role competency matrix (RCM) [1]. 

A role competency matrix is a structured tool that 
companies use to assess and determine skills, actual 
qualification levels, and competencies relative to 
specific positions and levels within the company. The 
main purpose of the role competencies matrix is to help 
in making mindful and informed decisions regarding the 
assessment of the level of qualifications of the 
subsequent hiring, and promotion, as well as for the 
construction of a further self-development roadmap [9]. 

Analysis of existing information systems. 
Usually, every company has a number of tools that are 
used to create a bank of candidates and further manage 
them, prepare for interviews, directly conduct 
interviews, etc. But the main problem with these tools is 
that they are not united in one single system that would 
allow you to do the work from start to finish in one 
environment, and also have structured historical data. 
Based on our own experience and according to the 
survey of recruiters in several IT companies, we can 
conclude that the following tools are mostly used: 

�” a bank of candidates is usually created using 
internal CRM systems or using "Google Sheets"; 

�” for the management of the role competency 
matrices and the subsequent creation of a unique 
instance of the interview by copying the document of a 
�V�S�H�F�L�I�L�F���5�&�0�����³�*�R�R�J�O�H���6�K�H�H�W�V�´���L�V���W�K�H���P�R�V�W���X�V�H�G; Fig. 1 
shows an example; 

�” various pre-trained Large Language Models 
(LLMs) are used to generate texts relevant to the 
interview process. The Large Language Model is a 
neural network model deeply trained on a large dataset, 
which is capable of fast and efficient analysis and 
processing of linguistic structures. The main advantage 
is the ability to recognize and generate human-
understandable texts [7]; 

�” �³�*�R�R�J�O�H�� �&�D�O�H�Q�G�D�U�´�� �R�U�� �D�Q�\�� �R�W�K�H�U�� �D�O�W�H�U�Q�D�W�L�Y�H��
�V�X�F�K���D�V���³�2�X�W�O�R�R�N���&�D�O�H�Q�G�D�U�´���L�V���X�V�X�D�O�O�\���X�V�H�G���I�R�U���P�H�H�W�L�Q�J��
deadlines, reminders, and scheduling. 

�‹����Kolesnikov O., Golovko G., 2023 
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Fig. 1. Example of the interview instance based �R�Q���5�&�0���L�Q���³�*�R�R�J�O�H���6�K�H�H�W�V�´�����I�L�U�V�W���������U�R�Z�V�� 
 

Each of the above-mentioned tools performs its 
atomic task well, but due to the lack of interconnection 
between them, problems arise at each stage of the 
interview that reduces the efficiency and productivity of 
the process as a whole.  

The research purpose. The purpose of this article 
is to analyze existing best practices in the recruiting and 
hiring process, identify weaknesses and bottlenecks, and 
search for innovative technical solutions to improve 
and/or automate processes. 

Main part 

Taking into account the results of the analysis of 
existing processes, solutions, and best practices, this 
article proposes to improve the interview process by 
implementing an information system that will allow 
organizing an end-to-end interview process, which will 
significantly positively affect the quality of each of 
stages of this process for each of the participants in this 
process, including the candidate. The proposed 
technology solution in this article will be a web 
application that will include the following key features: 

�” management of the bank of candidates (profiles), 
including the possibility of reviewing the history of 
previous interviews for each specific candidate; 

�” management of role competency matrix 
instances; 

�” creation of a unique instance of the interview 
based on the candidate's profile and competency matrix; 

�” the possibility of filling out and editing a 
unique instance of the interview; 

�” the possibility of automatic generation of 
feedback and a road map of further development based 
on the results of the interview powered by generative 
artificial intelligence; 

�” the possibility of sending feedback directly 
from the application using contact data from the 
candidate's profile; 

�” regular automatic reminders about the 
feedback deadline for the recruiter and interviewer. 

Candidate bank management is necessary to be able 
to create an individual profile per each candidate. The 
candidate's profile will contain full name, e-mail, an 
optional field for phone, a CV in the form of an uploaded 
file, and a "Notes" field for other notes. It will also be 
possible to view the history of previous interviews and 
start a new interview on each candidate's profile. 

Each company has its own standards of 
requirements for different specialties and different skill 

levels, even more, each specialist has his own vision. In 
order to unify the requirements for candidates for specific 
positions and for specific levels, companies use the role 
competency matrices. Also, RCM tends to change over 
time. According to the aforementioned information, we 
can conclude that we will need to develop the feature for 
creating and editing role competency matrices. One of the 
advantages of our solution will be that all the company's 
role competency matrices will be in a centralized place, 
which will make it possible to unify quality standards at 
the company level and facilitate the interviewer's 
preparation for the interview. Also due to the fact that 
instead of a large number of different not connected with 
each other matrixes in "Google Sheets", the company will 
have unified role competency matrices for different roles 
and skill levels, which will allow companies to cooperate 
in the development of common high-quality RCMs, 
instead of many matrices of the average quality of each 
individual interviewer which will lead to significant 
quality improvements. 

The combination of the candidate's profile and 
competency matrices within one information system will 
allow system users to create a unique copy of the 
interview very quickly and conveniently. In order to start 
an interview, the user needs to select a candidate, go to 
the candidate's profile, click the "Create interview" 
button, in the dialog, select the competency matrix 
corresponding to the candidate's position from the drop-
down list and click the "Start interview" button. 

According to interview best practices, before starting 
with the atomic questions from the competency matrix, the 
interview should start with general questions about past 
experience and relevant questions from both the 
interviewer and the candidate sides. This allows the 
candidate to reduce the level of stress, thereby minimizing 
the side effect of emotional fluctuations during the answers 
to questions from the competency matrix. But this initial 
stage of the interview is no less important because this 
stage helps to understand candidates' patterns of thinking, 
how the candidate resolves real business problems and 
interacts with the team, etc. All these details of the 
discussion should always be noted down. Quite often, 
interviewers keep notes separate from the interview, which 
leads to the fact that these notes are quite often lost. To 
resolve this problem, the interview instance will have a 
built-in separate field for summary notes, which will allow 
the notes to be saved directly with the other answers, rather 
than in a third-party document that will not be directly 
related to the interview. 
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After the introductory stage of the interview, the most 
responsible stage of evaluating the candidate's competence 
begins with the help of a series of questions predetermined 
in the company's role competence matrix, which helps the 
interviewer to determine how deep the candidate's 
knowledge relative to the specific position and level. When 
creating an instance of an interview, a copy of the RCM 
with additional columns "Scores'' and "Answer notes" will 
be created from the competency matrix, which will allow 
the interviewer to assign a score to each answer and add 
answer notes during the interview or after its completion. 
Those two fields are needed to allow further analysis and 
evaluation of the candidate's suitability or unsuitability to a 
certain level in his specialty. This step is extremely 
important not only to reduce risks and provide a better 
evaluation for the company itself but also to be able to 
preserve historical artifacts after the interview. These 
historical artifacts first of all will give an opportunity to 
create high-quality feedback and also if the candidate does 
not pass the interview the first time, the artifacts will allow 
for subsequent attempts to compare the results of the last 
interview with historical data, so the company can make 
constructive conclusions about the candidate's 
developmental progression or lack thereof. 

After the interview is over, regardless of whether 
the candidate is a good fit for the position or not, it is 
important to provide feedback to the interviewer. 
Feedback usually consists of two parts combined in one 
message: feedback from the recruiter and feedback from 
the interviewer. Usually, recruiters are more accurate and 
responsible in terms of providing feedback, because it is 
in their direct interest to close the position. Interviewers, 
in turn, quite often do not take feedback seriously enough 
and provide very low-quality and superficial feedback or 
do not provide it at all. Even though interviewers are 
usually experienced professionals in their field, there are 
many reasons why problems can arise during the 
interviewer's feedback stage, the main ones being: 

�” the consistently high workload on the 
interviewer, which forces the interviewer to save time for 
the main projects, or, on the contrary, to sacrifice the time 
allocated for the main tasks for the sake of writing 
detailed feedback; 

�” the human factor in the form of laziness or lack 
of attention; 

�” lack of knowledge and understanding that 
providing feedback at the end of the interview is a sign of 
professionalism for the company and as well of an 
interviewer. 

In the last few years, it was absolutely proven in 
practice that businesses without unification, optimization, 
and automation of the processes would be less 
competitive and non-efficient in the market. Even 
traditional business models such as restaurant business 
nowadays require modernization by information systems 
introduction in all processes, especially in regular routine 
tasks to be able to supply high-quality service with fewer 
resource consumption [5]. In recent years, artificial 
intelligence technologies have turned into everyday 
assistants. Recruitment is no exception because the use of 
technologies and various tools allows for significantly 
increased productivity, accuracy and quality with less 
expenditure of both time and resources [2]. 

This article offers a solution to the above-mentioned 
problem of lack of detailed feedback using modern 

generative artificial intelligence technologies. Generative 
artificial intelligence in the modern world has become a 
powerful assistant in every field of society in the form of 
chatbots such as: "ChatGPT" from OpenAI, "Bing" from 
Microsoft, "Bard" from Google, and many others [6]. 
These assistants are only the tip of the iceberg in the form 
of a convenient user interface. Taking as an example one 
�R�I�� �W�K�H�� �P�R�V�W�� �S�R�S�X�O�D�U�� �F�K�D�W�E�R�W�V�� �W�R�G�D�\���� �³�&�K�D�W�*�3�7�´���� �\�R�X���F�D�Q��
see that behind the scenes of this user-friendly solution is a 
large language model that has its own API, thanks to which 
�W�K�H�� �³�&�K�D�W�*�3�7�´�� �V�H�U�Y�L�F�H�� �K�H�O�S�V�� �S�H�R�S�O�H�� �V�R�O�Y�H�� �H�Y�H�U�\�G�D�\��
problems of varying complexity using a familiar chat 
interface. Since creating a Large Language Model is an 
extremely resource-intensive and expensive process, we 
suggest using already trained neural networks, namely 
one of the language models from OpenAI. To solve the 
task of automating the creation of feedback, we will take 
the LLM model from OpenAI and the corresponding API 
for integration with our product as a basis. One of the 
many examples of the use of LLM, namely "gpt-3.5-
turbo", is the scientific study "Large Language Models 
(GPT) for automating feedback on programming 
assignments", which was conducted in 2023. This study 
fully and completely confirms the effectiveness and 
appropriateness of involving artificial intelligence to 
automate the generation of feedback for programmers 
based on initial data. In our case, we will have different 
input data and expected final output results [10]. 

Thanks to the integration with the API of the "gpt-
3.5-turbo" large language model, we will create for the 
interviewer and the recruiter the possibility of generating a 
"draft" version of the feedback, which will save the major 
part of the time for writing the feedback. It is important to 
note that the "gpt-3.5-turbo" model will perform the role of 
an intelligent assistant and is not designed to completely 
replace a person, because artificial intelligence does not 
guarantee an ideal result, so there is a need for final 
moderation by an interviewer and recruiter and, if 
�Q�H�F�H�V�V�D�U�\�����P�D�N�L�Q�J���F�K�D�Q�J�H�V�����³�J�S�W-3.5-�W�X�U�E�R�´���$�3�,���D�O�O�R�Z�V���W�K�H��
definition of the detailed context before the request of the 
�R�X�W�S�X�W���� �:�H�¶�U�H�� �J�R�L�Q�J�� �W�R�� �G�H�I�L�Q�H�� �W�K�H�� �F�R�Q�W�H�[�W�� �E�D�V�H�G�� �R�Q���W�K�H��
interview instance and then request detailed feedback 
(Listing 1). The interviewer should be the first one to 
complete his feedback because based on it, the recruiter 
and CEO will analyze and make further decisions about the 
candidate. However, the recruiter will be able to edit the 
interviewer's feedback before sending it to the candidate, 
because they have the necessary best practices of 
communication and soft skills that make feedback not only 
constructive but also pleasant for the candidate, taking into 
account various psychological aspects. 

Due to the presence of the candidate's profile, in 
which there will be a mandatory field "E-mail", we 
propose to implement the possibility for the recruiter to 
send final feedback from our web application from the 
page of the interview instance. The integration of sending 
email letters to candidates will allow recruiters to always 
use unified branded letter templates, and replace manual 
copy-paste of the before prepared in the system feedback 
because manual copying increases the probability of 
errors and enforces recruiters to do manual formatting for 
each individual feedback in the email clients they use. In 
our case, feedback text is going to automatically fit into 
the predefined email letter template, so no extra 
formatting is needed which will save a significant amount 
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of time. This functionality will allow not only to make the 
process more reliable and resources saving but also, due 

to standardization, to maintain consistently high-quality 
feedback and work for the company's reputation. 

import openai  
 
openai.ChatCompletion.create(  
model=" gpt - 3.5 - turbo ",  
messages=[  
{" role ": " system ", " content ": " Automated Interview Feedback "},  
{" role ": " user ", " content ": " Candidate: John Doe "},  
{" role ": " assistant ", " content ": " Interviewer: Jane Smith "},  
{" role ": " user ", " content ": " Technical Question 1: Explain object - oriented programming. "},  
{" role ": " assistant ", " content ": " Candidate's Response: ... "},  
{" role ": " user ", " content ": " Technical Question 2: What is the purpose of a constructor in a class? "},  
{" role ": " assistant ", " content ": " Candidate's Response: ... "},  
{" role ": " user ", " content ": " Technical Question 3: Implement a binary search algorithm. "},  
{" role ": " assistant ", " content ": " Candidate's Response: ... "},  
...  
{" role ": " user ", " content ": " Feedback Request: Please provide feedback on the candidate's responses. "},  
] 
)

Listing 1. �(�[�D�P�S�O�H���R�I���W�K�H���2�S�H�Q�$�,�¶�V���³�J�S�W-3.5-�W�X�U�E�R�´���$�3�,���X�V�D�J�H 
 

Sending feedback can be considered the end of the 
interview lifecycle, after which the interview instance 
becomes read-only even for the interviewer and recruiter 
to prevent post-facto changes. 

In addition to the quality of the feedback, it is 
equally important to provide it in a timely manner within 
the terms agreed in advance with the candidate. Feedback 
delays sometimes lead to significant candidate stress due 
to uncertainty, which also affects the subsequent 
impression of the company, so it's really important to 
meet agreed deadlines [8]. 

Even if the feedback is extensive and detailed, but 
sent with a significant delay, this will be a sign of 
unprofessionalism, and it will also be a blocking factor 
for the further steps of the recruiter regarding this 
candidate because the recruiter cannot take responsibility 
for the results of the interview with the interviewer 
without provided feedback by the interviewer. Also, the 
delay in feedback imposes the risk that the candidate will 
accept an offer from a company that reacted faster and 
provided feedback with an offer for further cooperation. 

Given that it is important not only to meet deadlines 
but also to provide feedback as soon as possible to 
minimize the chance of accepting an offer from another 
company, there is a need to constantly remind both the 
interviewer and the recruiter that a specific interview 
instance is still not completed and waiting for feedback. 
Of course, you could delegate the responsibility of 
reminders to a recruiter, but there is nothing more 
valuable than a person's time that can be put to far greater 
benefit than constant reminders. To solve this problem, 
we suggest using cron jobs to solve this routine task. 
Cron jobs are tasks or programs that run on a regular 
basis at a predetermined time interval [3]. 

In our case, utilizing cron jobs, we will be able to 
implement the automation of regular reminders to the 
interviewer and the recruiter about the presence of 
interview instances that are waiting for sending of the 
final feedback to the candidate. The daily interval will 
be selected as the default value but can be changed in 
the system settings. The inevitability of regular 
systematic reminders about the deadlines for providing 
feedback will also be a psychological incentive for the 
interviewer and the recruiter not to postpone the process 
for a long time. 

Every information system which works with sensitive 
user data takes responsibility for secured data storage. In 
our case, the system is going to have sensitive data about 
the company's standards and at the same time private data 
of candidates (contacts, CVs, history of interviews, etc.). 
To protect confidentiality and privacy, our application will 
be secured by following industry standard best practices 
such as Advanced Encryption Standard (AES) encryption. 
�$�(�6���H�Q�F�U�\�S�W�L�R�Q���L�V���W�K�H���S�U�R�Y�H�Q���Z�D�\���W�R���U�H�P�D�L�Q���W�K�H���X�V�H�U�¶�V���D�Q�G��
business data safe. AES encryption is used worldwide 
including by the US government. One of the most usual 
use cases for AES encryption in web projects is the usage 
of the Secure Sockets Layer (SSL) which is the most basic 
�E�X�W���V�W�L�O�O���Y�H�U�\���L�P�S�R�U�W�D�Q�W���E�H�V�W���S�U�D�F�W�L�F�H���W�R���S�U�R�W�H�F�W���X�V�H�U�¶�V���G�D�W�D����
SSL helps to encrypt transmitted data between the user and 
the browser. SSL helps to prevent a wide range of cyber-
attacks, where Man-in-the-Middle (MitM) Attack is one of 
the most often used to attack web projects without SSL [4]. 

Conclusion 

Every solution should have its objectives. Based on 
the research we have made we have found that some of the 
recruitment processes need to be modified and automated. 
Our primary objective of the information system developed 
to be applied for recruitment interviews is end-to-end flow 
organization including automation of the regular routine, 
but still very important parts of the process such as 
feedback generation through AI GPT models. Those 
innovations should rapidly enhance business efficiency, 
and decrease time and money consumption per each 
interview with remaining high-quality standards. Also, the 
implementation of this system benefits both the interviewer 
and the candidate because of the streamlined user 
experience and great final result. 

By integrating generative artificial intelligence, the 
company gains much quicker, more accurate evaluations 
of the candidates. Also even if the candidate was not the 
best fit for the specific position, automation will help to 
leave the candidate with the impression of a professional 
company because of expanded feedback which leads the 
company to a bolstered reputation in the market. 

This automated information system offers multiple 
fundamental advantages compared to classic processes. 
The combination of the bank of candidates, matrixes of 
competencies, interviewing, and feedback generation 
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helps to build relative relationships between entities 
which leads to the swift processing of candidates, seeing 
the history of evaluations, and in general resolves regular 
issues of unconnected between each other services used 
for recruitment. If we go deeper, as a positive side effect 
we receive advanced coordination and predictability 
ensuring that staff involved in the interview process has a 
standardized and fair evaluation process per each 
candidate. The history of the interviews helps to analyze 
historical data to detect whether candidates made any 
progress since the last interview. 

A detailed review of existing articles and literature 
relative to the field of recruitment defined the objective 
demand and driving influence of AI and technologies on 
up-to-date recruitment processes. Based on analyzed 
information we've found the growing trend of automation 
to streamline evaluations and AI usage for further 
feedback. That proves that our idea of automation and 
incorporating AI into the interview and feedback loop is 
actual and will help to make recruiters' and interviewers' 
daily jobs easier. 

The product proposed in this article would be 
possible to scale further to be used not only in the 
recruitment processes of new candidates evaluation and 
hiring but as well for regular performance reviews of the 
employees to evaluate their knowledge changes and further 
self-development roadmaps generation on a regular basis. 
�6�R�� �W�K�H�U�H�¶�V�� �D�� �S�H�U�V�S�H�F�W�L�Y�H�� �D�U�H�D�� �I�R�U�� �I�X�U�W�K�H�U�� �U�H�V�H�D�U�F�K���D�Q�G��
development in this area to cover not only the recruitment 
but wider human resources tasks relative to knowledge 
evaluation which exists in nowadays companies. 

In conclusion, the information technology system 
designed for the organization of the end-to-end flow of 
interviews and final feedback generation empowered by 
AI �± is definitely beneficial for any forward-looking 
organization. The core of its significance is in its ability 
to save both financial and human resources, but at the 
same time enhance the quality, accuracy, and efficiency 
of candidate evaluation and of the process itself. Through 
the integration of this solution, companies would be able 
to optimize their processes and get great people 
onboarded quicker with fewer risks. 
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�j�_�`�b�f�Z�o���j�h�[�h�l�b���l�Z���k�n�h�j�f�m�\�Z�l�b���i�m�e���j�_�d�h�f�_�g�^�h�\�Z�g�b�o��
�g�Z�e�Z�r�l�m�\�Z�g�v���i�_�j�_�^���€�€���n�•�a�b�q�g�h�x���j�_�Z�e�•�a�Z�p�•�}�x�� 

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

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

�g�h�€���f�_�j�_�`�•; 

�± �k�l�\�h�j�b�l�b�� �\�e�Z�k�g�m�� �f�h�^�_�e�v�� �i�j�h�}�d�l�h�\�Z�g�h�€��
�d�h�f�i�¶�x�l�_�j�g�h�€���f�_�j�_�`�• �m���&�L�V�F�R���3�D�F�N�H�W���7�U�D�F�H�U; 

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

�H�[�¶�}�d�l�� �l�Z���i�j�_�^�f�_�l���^�h�k�e�•�^�`�_�g�v�� �H�[�¶�}�d�l�h�f���^�h�k��
�e�•�^�`�_�g�g�y�� �}�� �i�j�h�p�_�k�� �f�h�^�_�e�x�\�Z�g�g�y �d�h�j�i�h�j�Z�l�b�\�g�h�€��
�f�_�j�_�`�•�� �a�� �i�•�^�l�j�b�f�d�h�x�� �l�_�o�g�h�e�h�]�•�c�� �1�g�l�_�j�g�_�l�m�� �j�_�q�_�c�� 
�I�j�_�^�f�_�l�h�f���^�h�k�e�•�^�`�_�g�g�y���}���f�h�^�_�e�x�\�Z�g�g�y���Z�j�o�•�l�_�d�l�m�j�b��
�d�h�j�i�h�j�Z�l�b�\�g�h�€�� �f�_�j�_�`�•�� �a�� �i�•�^�l�j�b�f�d�h�x�� �l�_�o�g�h�e�h�]�•�c��
�1�g�l�_�j�g�_�l�m���j�_�q�_�c���a�Z���^�h�i�h�f�h�]�h�x���&�L�V�F�R���3�D�F�N�H�W���7�U�D�F�H�U�� 

�F�_�l�h�^�b�� �^�h�k�e�•�^�`�_�g�g�y�� �M�� �o�h�^�•�� �^�h�k�e�•�^�`�_�g�g�y�� �\�b��
�d�h�j�b�k�l�Z�g�h�� �f�_�l�h�^�� �f�h�^�_�e�x�\�Z�g�g�y�� �n�•�a�b�q�g�h�]�h�� �h�[�¶�}�d�l�m�� �\��
�&�L�V�F�R���3�D�F�N�H�W���7�U�D�F�H�U���l�Z���i�j�Z�d�l�b�q�g�h���j�h�a�i�h�^�•�e�e�_�g�h���Z�^�j�_��
�k�b���f�•�`���e�h�d�Z�e�v�g�b�f�b���h�[�q�b�k�e�x�\�Z�e�v�g�b�f�b���i�j�b�k�l�j�h�y�f�b�� 

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

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

�‹�����D�h�j�h�k�l�_�e�v�h�\ �:�� �K��, �=�m�q�_�g�d�h �F�� �1��, �I�_�j�_�d�j�_�k�l �:�� �E��, �G�•�d�•�l�•�g�Z �: . �<., �<�Z�^�m�j�•�g �D�� �H��, 2023 
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�:�g�Z�e�•�a���i�h�^�•�[�g�b�o���j�•�r�_�g�v 

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

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

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

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

�I�h�^�•�[�g�b�f���^�h���p�v�h�]�h���}���^�h�k�e�•�^�`�_�g�g�y���a���g�Z�a�\�h�x���©�J�h��
�a�j�h�[�d�Z�� �•�g�n�h�j�f�Z�p�•�c�g�h�€�� �k�b�k�l�_�f�b�� �m�i�j�Z�\�e�•�g�g�y��
�d�h�f�i�¶�x�l�_�j�g�h�x�� �f�_�j�_�`�_�x�� �H�e�_�d�k�Z�g�^�j�•�\�k�v�d�h�€�� �A�Z�]�Z�e�v�g�h��
�h�k�\�•�l�g�v�h�€�� �R�d�h�e�b�� �1-�1�1�1�� �k�l�m�i�_�g�•�\�� �‹���� �H�e�_�d�k�Z�g�^�j�•�\�k�v�d�h�€��
�j�Z�c�h�g�g�h�€���Z�^�f�•�g�•�k�l�j�Z�p�•�€���D�•�j�h�\�h�]�j�Z�^�k�v�d�h�€���h�[�e�Z�k�l�•�ª [2].  

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

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

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

�L�_�h�j�_�l�b�q�g�Z �[�Z�a�Z���^�h�k�e�•�^�`�_�g�g�y 

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

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

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

�>�e�y�� �i�j�h�_�d�l�m�\�Z�g�g�y�� �Z�i�Z�j�Z�l�g�h�€�� �q�Z�k�l�b�g�b�� �e�h�d�Z�e�v�g�h�€��
�f�_�j�_�`�•�� �i�•�^�i�j�b�}�f�k�l�\�Z�� �a�� �_�d�h�e�h�]�•�q�g�b�o�� �^�h�k�e�•�^�`�_�g�v�� �\�b��
�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�y���i�j�Z�p�•���F�b�d�b�l�b�r�b�g�Z��[4, 5]�����y�d�•���h�o�h�i��
�e�x�x�l�v�� �h�k�g�h�\�g�•�� �g�Z�i�j�y�f�d�b�� �d�h�f�i�¶�x�l�b�g�]�m���� �a�h�d�j�_�f�Z��
�i�j�h�}�d�l�m�\�Z�g�g�y���� �j�h�a�j�h�[�d�m�� �l�Z�� �f�h�^�_�e�x�\�Z�g�g�y�� �j�•�a�g�h�f�Z�g�•��
�l�g�b�o�� �l�b�i�•�\�� �d�h�f�i�¶�x�l�_�j�g�b�o�� �f�_�j�_�`�� �P�y�� �e�•�l�_�j�Z�l�m�j�Z��
�\�b�d�h�j�b�k�l�h�\�m�\�Z�e�Z�k�y�� �g�Z�� �i�h�i�_�j�_�^�g�v�h�f�m�� �_�l�Z�i�•�� �j�h�[�h�l�b�� �a��
�i�j�h�\�_�^�_�g�g�y�� �Z�g�Z�e�•�l�b�q�g�b�o �j�h�a�j�Z�o�m�g�d�•�\ �d�h�j�i�h�j�Z�l�b�\�g�h�€��
�f�_�j�_�`�•�� �[�Z�a�h�\�Z�g�h�€�� �g�Z�� �l�_�o�g�h�e�h�]�•�y�o�� �1�g�l�_�j�g�_�l�m�� �j�_�q�_�c��
�i�•�^�i�j�b�}�f�k�l�\�Z���a���_�d�h�e�h�]�•�q�g�b�o���^�h�k�e�•�^�`�_�g�v [6]. 

�>�e�y�� �f�h�^�_�e�x�\�Z�g�g�y�� �k�i�j�h�}�d�l�h�\�Z�g�h�€�� �f�_�j�_�`�•���� �m�� �^�Z��
�g�h�f�m�� �^�h�k�e�•�^�`�_�g�•���� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f �\�•�j�l�m�Z�e�v�g�h�]�h 
�k�_�j�_�^�h�\�b�s�Z �&�L�V�F�R���\�b�d�h�j�b�k�l�Z�g�h���f�_�l�h�^�b�d�m�����y�d�Z���h�i�b�k�Z��
�g�Z���\���i�h�k�•�[�g�b�d�m �D�_�g�v�h��[7]�����P�_�c���i�h�k�•�[�g�b�d���g�Z�^�Z�}���[�Z�a�h�\�•��
�i�j�b�g�p�b�i�b���h�j�]�Z�g�•�a�Z�p�•�€�����i�•�^�d�e�x�q�_�g�g�y�����n�m�g�d�p�•�h�g�m�\�Z�g�g�y��
�l�Z�� �f�h�g�•�l�h�j�b�g�]�m�� �l�_�o�g�h�e�h�]�•�€�� �1�g�l�_�j�g�_�l�m�� �j�_�q�_�c�� �a�Z�� �^�h�i�h��
�f�h�]�h�x�� �k�_�j�_�^�h�\�b�s�Z�� �f�h�^�_�e�x�\�Z�g�g�y�� �&�L�V�F�R�� �3�D�F�N�H�W��
�7�U�D�F�H�U���� �L�Z�d�h�` �m���g�v�h�f�m �j�h�a�]�e�y�^�Z�x�l�v�k�y�� �f�_�l�h�^�b�� �a�Z�o�b�k��
�l�m�� �k�_�j�\�•�k�•�\�� �1�g�l�_�j�g�_�l�m�� �j�_�q�_�c�� �•�� �g�Z�^�Z�x�l�v�k�y�� �l�_�h�j�_�l�b�q�g�•��
�\�•�^�h�f�h�k�l�•�� �i�j�h�� �_�d�h�k�b�k�l�_�f�m�� �J�h�a�m�f�g�h�]�h�� �[�m�^�b�g�d�m�� �l�Z��
�f�_�l�h�^�b�q�g�•�� �\�d�Z�a�•�\�d�b�� �s�h�^�h�� �n�•�a�b�q�g�b�o�� �h�[�¶�}�d�l�•�\�� �Z�[�h�� �j�_��
�q�_�c���� �y�d�•�� �f�h�`�m�l�v�� �[�m�l�b�� �i�•�^�d�e�x�q�_�g�•�� �q�_�j�_�a�� �f�_�j�_�`�m�� �\��
�k�_�j�_�^�h�\�b�s�•���&�L�V�F�R���3�D�F�N�H�W���7�U�D�F�H�U�� 

�F�Z�l�_�j�•�Z�e�b���^�h�k�e�•�^�`�_�g�g�y 

�G�Z���i�h�i�_�j�_�^�g�v�h�f�m���_�l�Z�i�•���^�h�k�e�•�^�`�_�g�v��[6] �k�l�\�h�j�_�g�h��
�n�•�a�b�q�g�m���k�l�j�m�d�l�m�j�m���f�_�j�_�`�•���_�d�h�e�h�]�•�q�g�h�]�h���i�•�^�i�j�b�}�f�k�l��
�\�Z�� ���j�b�k���� ������ �F�h�^�_�e�x�\�Z�g�g�y�� �d�h�f�i�¶�x�l�_�j�g�h�€�� �f�_�j�_�`�•�� �\��
�^�Z�g�•�c�� �j�h�[�h�l�•�� �i�j�h�\�h�^�b�l�v�k�y�� �\�� �i�j�h�]�j�Z�f�•�� �&�L�V�F�R�� �3�D�F�N�H�W��
�7�U�D�F�H�U�����j�b�k����������  

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

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

IP-�Z�^�j�_�k�b�� �\�b��
�d�h�j�b�k�l�h�\�m�x�l�v�k�y��
�^�e�y�� �•�^�_�g�l�b�n�•�d�Z�p�•�€��
�i�j�b�k�l�j�h�€�\���\���f�_�j�_�`�•����
�>�e�y�� �\�a�Z�}�f�h�^�•�€�� �a 
�•�g�r�b�f�b�� �i�j�b�k�l�j�h�y��
�f�b�� �m �f�_�j�_�`�•�� �,�3-
�Z�^�j�_�k�Z�� �f�Z�}�� �[�m�l�b��
�i�j�b�a�g�Z�q�_�g�Z�� �d�h�`�g�h��
�f�m�� �f�_�j�_�`�_�\�h�f�m��
�i�j�b�k�l�j�h�x�� ���\�� �l�h�f�m��
�q�b�k�e�•���d�h�f�i�¶�x�l�_�j�Z�f, 
�k�_�j�\�_�j�Z�f���� �f�Z�j�r�j�m��
�l�b�a�Z�l�h�j�Z�f �•���•�g�r�b�f). 
�L�Z�d�•�� �i�j�b�k�l�j�h�€�� �\��
�f�_�j�_�`�•�� �g�Z�a�b�\�Z�x�l�v��
�o�h�k�l�Z�f�b�� 

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

�D�j�•�f�� �p�v�h�]�h����
�f�Z�k�d�b�� �i�•�^�f�_�j�_�`�•��
�^�h�a�\�h�e�y�x�l�v�� �j�h�a�^�•��
�e�b�l�b�� �h�^�g�m�� �f�_�j�_�`�m��
�g�Z�� �^�_�d�•�e�v�d�Z�� �i�•�^�f�_��
�j�_�`�� 

�>�e�y�� �d�h�j�_�d�l�g�h��
�]�h�� �f�h�^�_�e�x�\�Z�g�g�y��
�•�g�l�_�j�n�_�c�k�•�\ �o�h�k�l�•�\��
�i�j�b�k�\�h�}�g�h �k�l�Z�l�b�q�g�• 
�,�3�� �Z�^�j�_�k�b �f�h�^�_�e�v�h��
�\�Z�g�h�f�m�� �h�[�e�Z�^�g�Z�g��
�g�x. �P�_�� �\�d�j�Z�c�� �g�_�h�[��
�o�•�^�g�h�� �^�e�y�� �Z�^�_�d�\�Z�l��
�g�h�]�h�� �j�h�a�i�h�^�•�e�_�g�g�y��
�h�[�q�b�k�e�x�\�Z�e�v�g�b�o��
�a�Z�^�Z�q�� �f�•�`�� �k�_�j�\�_�j�Z��
�f�b �h�[�j�h�[�d�b�� �^�Z�g�b�o��
�l�Z�� �i�j�h�]�g�h�a�m�\�Z�g�g�y��
�_�d�h�e�h�]�•�q�g�b�o�� �a�f�•�g����
�I�j�b�k�\�h�}�g�•�� �k�l�Z�l�b�q�g�•��
�,�3�� �Z�^�j�_�k�b�� �g�Z�\�_�^�_�g�h 
�m���l�Z�[�e�� 1. 

 

�����>�b�j�_�d�l�h�j
2.�=�h�e�h�\�Z���l�_�o�g�h�e�h�]�•�q�g�h�]�h���\�•�^�^�•�e�m
3.�=�h�e�h�\�Z���\�•�^�^�•�e�m���Z�g�Z�e�•�a�m���^�Z�g�b�o
4.�L�_�o�g�h�e�h�]�•�q�g�b�c���\�•�^�^�•�e�����d�Z�[�•�g�_�l����
5.�L�_�o�g�h�e�h�]�•�q�g�b�c���\�•�^�^�•�e�����d�Z�[�•�g�_�l����
6.�<�•�^�^�•�e���Z�g�Z�e�•�a�m���^�Z�g�b�o�����d�Z�[�•�g�_�l����
7.�<�•�^�^�•�e���Z�g�Z�e�•�a�m���^�Z�g�b�o�����d�Z�[�•�g�_�l����
8.�=�h�e�h�\�Z���_�d�h�e�h�]�•�q�g�h�€���d�h�f�•�k�•�€
9.�?�d�h�e�h�]�•�q�g�b�c���\�•�^�^�•�e
10.�K�_�d�j�_�l�Z�j�•�Z�l
11.�I�j�b�c�f�Z�e�v�g�y��
�������K�_�j�\�_�j�g�Z
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�J�b�k�������� �N�•�a�b�q�g�Z���k�l�j�m�d�l�m�j�Z���f�_�j�_�`�•���_�d�h�e�h�]�•�q�g�h�]�h���i�•�^�i�j�b�}�f�k�l�\�Z 

 

 
�J�b�k����2. �F�h�^�_�e�v���i�j�h�}�d�l�h�\�Z�g�h�€���d�h�f�i�¶�x�l�_�j�g�h�€���f�_�j�_�`�• �m���k�_�j�_�^�h�\�b�s�•���&�L�V�F�R���3�D�F�N�H�W���7�U�D�F�H�U 

 
�L�Z�[�e�b�p�y��1 �± �L�Z�[�e�b�p�y���\�b�d�h�j�b�k�l�Z�g�b�o���,�3���Z�^�j�_�k 

�1�f�¶�y���i�•�^�f�_�j�_�`�• �D�•�e�v�d�•�k�l�v���h�[�e�Z�^�g�Z�g�g�y �:�^�j�_�k�Z���i�•�^�f�_�j�_�`�• �>�•�Z�i�Z�a�h�g���Z�^�j�_�k �F�Z�k-�d�Z 
1 8 172.16.0.0 172.16.0.1-172.16.0.30 /27 
2 9 172.16.0.32 172.16.0.33-172.16.0.62 /27 
3 4 172.16.0.64 172.16.0.65-172.16.0.94 /27 
4 4 172.16.0.96 172.16.0.97-172.16.0.126 /27 
5 2 172.16.0.128 172.16.0.129-172.16.0.158 /27 
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�K�e�•�^�� �a�Z�a�g�Z�q�b�l�b���� �s�h�� �i�i�_�j�_�^�[�Z�q�_�g�•�� �h�k�h�[�e�b�\�h�k�l�•��
�j�h�a�]�h�j�l�Z�g�g�y�� �f�h�^�_�e�v�h�\�Z�g�h�€�� �f�_�j�_�`�• �i�j�b�� �n�•�a�b�q�g�•�c�� �j�_�Z��
�e�•�a�Z�p�•�€ �}���l�Z�d�b�f�b: 

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

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

�± �h�[�e�Z�^�g�Z�g�g�y�� �f�_�j�_�`�•�� �g�_�h�[�o�•�^�g�h�� �j�_�]�m�e�y�j�g�h�� �h�[��
�k�e�m�]�h�\�m�\�Z�l�b�� 

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

�K�_�j�_�^���€�o���h�[�h�\�¶�y�a�d�•�\ �}�� 
�± �g�Z�e�Z�r�l�m�\�Z�g�g�y���l�Z���i�•�^�l�j�b�f�d�Z���j�h�[�h�l�b���f�_�j�_�`�•���l�Z��

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

�[�_�a�i�_�q�_�g�g�y���� �Z�� �l�Z�d�h�`�� �i�e�Z�g�m�\�Z�g�g�y�� �c�h�]�h�� �m�^�h�k�d�h�g�Z�e�_�g��
�g�y. 

�<�b�k�g�h�\�d�b���l�Z���h�[�]�h�\�h�j�_�g�g�y 

�<�b�d�h�j�b�k�l�Z�g�g�y���l�_�o�g�h�e�h�]�•�c���,�R�7 �i�j�b���i�j�h�}�d�l�m�\�Z�g�g�•��
�i�j�h�]�j�Z�f�g�h-�Z�i�Z�j�Z�l�g�h�€ �•�g�n�h�j�f�Z�p�•�c�g�h�€�� �k�b�k�l�_�f�b �^�h�a�\�h��
�e�b�l�v �Z�\�l�h�f�Z�l�b�a�m�\�Z�l�b �i�j�h�p�_�k�b �a�[�b�j�Z�g�g�y���� �h�[�j�h�[�d�b����
�i�j�h�]�g�h�a�m�\�Z�g�g�y�� �l�Z�� �n�h�j�f�m�\�Z�g�g�y�� �a�\�•�l�g�h�k�l�•�� �a�Z�� �i�h�d�Z�a�g�b��
�d�Z�f�b�� �Z�\�l�h�f�Z�l�b�q�g�b�o �k�l�Z�g�p�•�c�� �_�d�h�e�h�]�•�q�g�h�]�h�� �f�h�g�•�l�h�j�b��
�g�]�m�� �P�_�� �k�i�j�b�y�l�b�f�_ �a�Z�[�_�a�i�_�q�_�g�g�x�� �_�n�_�d�l�b�\�g�h�]�h�� �d�_�j�m��
�\�Z�g�g�y �i�j�h�p�_�k�Z�f�b�� �i�•�^�i�j�b�}�f�k�l�\�Z �a�� �_�d�h�e�h�]�•�q�g�b�o�� �^�h�k�e�•��
�^�`�_�g�v. 

�M�� �^�Z�g�•�c�� �j�h�[�h�l�•�� �a�f�h�^�_�e�v�h�\�Z�g�h�� �q�Z�k�l�b�g�m�� �l�Z�d�h�€�� �•�g��
�n�h�j�f�Z�p�•�c�g�h�€�� �k�b�k�l�_�f�b �m�� �\�b�]�e�y�^�•�� �d�h�f�i�¶�x�l�_�j�g�h�€�� �f�_�j�_��
�`�•���m���k�_�j�_�^�h�\�b�s�•���&�L�V�F�R���3�D�F�N�H�W���7�U�D�F�H�U�����L�Z�d�h�`���i�j�h�\�_�^�_��
�g�h�� �j�h�a�i�h�^�•�e �,�3�� �Z�^�j�_�k �f�•�`�� �e�h�d�Z�e�v�g�b�f�� �h�[�e�Z�^�g�Z�g�g�y�f����
�s�h�� �}�� �h�k�g�h�\�h�x�� �i�h�^�Z�e�v�r�h�€�� �j�h�a�j�h�[�d�b�� �i�j�h�]�j�Z�f�g�h�]�h��
�a�Z�[�_�a�i�_�q�_�g�g�y���^�e�y���j�h�a�i�h�^�•�e�_�g�b�o���h�[�j�Z�o�m�g�d�•�\���g�Z���k�_�j�\�_��
�j�g�b�o���i�h�l�m�`�g�h�k�l�y�o�� 

�M�� �i�h�^�Z�e�v�r�•�c�� �j�h�[�h�l�•�� �i�e�Z�g�m�}�l�v�k�y �n�•�a�b�q�g�Z�� �j�_�Z�e�•��
�a�Z�p�•�y�� �k�_�j�\�_�j�g�h�€�� �q�Z�k�l�b�g�b�� �p�•�}�€�� �d�h�f�i�¶�x�l�_�j�g�h�€�� �f�_�j�_�`�•����
�L�Z�d�h�`�� �a�Z�i�e�Z�g�h�\�Z�g�h�� �i�h�q�Z�l�h�d�� �i�j�h�}�d�l�m�\�Z�g�g�y�� �•�g�l�_�j�i�j�_��
�l�Z�p�•�€�� �i�j�h�]�j�Z�f�g�h�€�� �q�Z�k�l�b�g�b�� �•�g�n�h�j�f�Z�p�•�c�g�h�€�� �k�b�k�l�_�f�b����
�s�h�� �‰�j�m�g�l�m�\�Z�l�b�f�_�l�v�k�y�� �g�Z �i�j�b�g�p�b�i�Z�o�� �l�Z�� �f�_�l�h�^�Z�o�� �\�b��
�k�\�•�l�e�_�g�b�o���m���j�h�[�h�l�• �D�m�i�•�g�Z��[3]. 
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A model of a corporate network based on iot technologies of an environmental research enterprise 

Arsenii Korostelov, Mykola Guchenko, Andrii Perekrest, Alyona Nikitina, Kyrylo Vadurin 

Abst rac t .  Significant environmental changes are being recorded around the world. Environmental changes are particularly 
noticeable in Ukraine, which is currently experiencing a war and an environmental disaster due to the destruction of the Kakhovka 
hydroelectric power station. Due to the war and the change in the Dnipro riverbed, population migration and business relocation are 
taking place, causing changes in the concentration and location of air emissions. As a result, requirements for the quality, quantity 
and scope of air quality studies are increasing. To meet the requirements for environmental research, as well as to increase the level 
of automation of data collection, storage, processing and semi-automatic generation of reports on data from stations and observation 
posts, the creation of a software and hardware information system is an urgent task. This study focuses on creating a model of the 
hardware part of the information system in the form of a network in Cisco Packet Tracer, which supports the integration of smart 
devices, for the environmental monitoring process. The object of this study is the process of modelling a corporate network. The 
subject of the study is modelling the architecture of a corporate network supporting IoT technologies using Cisco Packet Tracer. The 
purpose of the study is to recreate the model of an analytically calculated corporate network using Cisco Packet Tracer, which will 
allow testing the network in different modes of operation and forming a pool of recommended settings before its physical implemen-
tation. In the course of the study, the method of modelling a physical object in Cisco Packet Tracer was used and the addresses were 
practically distributed among local computing devices. The scientific novelty of the work lies in the fact that for the first time a 
model of a corporate network with support for IoT technologies of an environmental research enterprise has been developed, which, 
unlike others, has two tree-like topologies connected at the initial nodes by a wireless network, which allows to equip two physically 
separate blocks of the enterprise, without the need to install Internet wires in private premises. In the course of the study, based on 
analytical calculations, a network model was built in Cisco Packet Tracer, a pool of static addresses required to connect local devices 
was determined, and an algorithm for further network installation was formed. 

Keywords:  LAN, Computer network, TCP/IP, Wi-Fi, Ethernet, IoT, Cisco Packet Tracer. 
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�f�Z�p�•�y���i�j�h���j�m�o���h�[�e�b�q�q�y�����j�b�k�b���h�[�e�b�q�q�y���f�h�`�g�Z���d�e�Z�k�b�n�•��
�d�m�\�Z�l�b���y�d���k�l�Z�l�b�q�g�•���Z�[�h���^�b�g�Z�f�•�q�g�•�����I�_�j�r�b�c�����y�d�b�c���\���h�k��
�g�h�\�g�h�f�m���\�d�e�x�q�Z�}���]�_�h�f�_�l�j�b�q�g�•���h�[�¶�}�d�l�b���l�Z���h�k�h�[�e�b�\�h�k�l�•��
�a�h�\�g�•�r�g�v�h�]�h���\�b�]�e�y�^�m�����f�h�`�g�Z���h�l�j�b�f�Z�l�b���a�Z���^�h�i�h�f�h�]�h�x��
�a�]�h�j�l�d�b�� �Z�[�h�� �•�g�r�b�o�� �n�•�e�v�l�j�•�\�� �g�Z�\�q�Z�g�g�y���� �h�k�l�Z�g�g�•���� �y�d�•��
�k�i�j�y�f�h�\�Z�g�•�� �g�Z�� �f�h�^�_�e�x�\�Z�g�g�y�� �^�b�g�Z�f�•�q�g�b�o�� �\�e�Z�k�l�b�\�h�k��
�l�_�c�� �j�m�o�m�� �h�[�e�b�q�q�y���� �f�h�`�m�l�v�� �[�m�l�b�� �j�h�a�j�Z�o�h�\�Z�g�•�� �\�•�^�i�h��
�\�•�^�g�h���a�Z���^�h�i�h�f�h�]�h�x���h�i�l�b�q�g�h�]�h���i�h�l�h�d�m���Z�[�h���•�g�r�b�o���f�_��
�l�h�^�•�\���� 

�D�h�e�b�� �\�\�h�^�y�l�v�k�y�� �l�j�b�\�b�f�•�j�g�•�� �a�]�h�j�l�d�h�\�•�� �g�_�c�j�h�g�g�•��
�f�_�j�_�`�•����3D �&�1�1�������\�b�e�m�q�_�g�g�y���^�\�h�o���j�•�a�g�b�o���l�b�i�•�\���h�a�g�Z�d����
�a�]�Z�^�Z�g�b�o���\�b�s�_�����k�l�Z�}���e�_�]�r�b�f [12]. 

�G�Z�r�Z���f�_�l�Z���² �Z�^�Z�i�l�m�\�Z�l�b���l�j�b�\�b�f�•�j�g�m���a�]�h�j�l�d�h�\�m��
�g�_�c�j�h�g�g�m�� �f�_�j�_�`�m�� �^�e�y�� �d�e�Z�k�b�n�•�d�Z�p�•�€�� �\�•�^�_�h���� �\�•�^�h�f�m�� �a�•��
�k�l�Z�l�l�•�� �©A Closer Look at Spatiotemporal Convolutions 
for Action Recognition�ª���>�����@�����s�h�[���\�b�y�\�e�y�l�b���_�f�h�p�•�€���l�Z��
�•�g�l�_�j�i�j�_�l�m�\�Z�l�b���€�o�g�x���i�h�k�e�•�^�h�\�g�•�k�l�v���y�d���g�_�y�\�g�b�c���\�•�^�]�m�d��
�d�h�j�b�k�l�m�\�Z�q�Z���\���g�Z�r�•�c���k�b�k�l�_�f�•���j�_�d�h�f�_�g�^�Z�p�•�c���� 

�G�Z���j�b�k���������i�h�d�Z�a�Z�g�•���r�Z�j�b���h�j�b�]�•�g�Z�e�v�g�h�€�����'���f�h�^�_�e�•��
�&�1�1�����y�d�m���f�b���i�j�Z�]�g�_�f�h���Z�^�Z�i�l�m�\�Z�l�b���^�e�y���j�h�a�i�•�a�g�Z�\�Z�g�g�y��
�_�f�h�p�•�c�� 

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

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

�H�[�j�Z�g�h �����d�Z�^�j�•�\���\���k�_�d�m�g�^�m���y�d���a�Z�^�h�\�•�e�v�g�m���^�e�y���g�Z��
�r�h�€���f�h�^�_�e�•�� 

�I�h�l�j�•�[�g�h �Z�^�Z�i�l�m�\�Z�l�b ���'���&�1�1���^�e�y���Z�g�Z�e�•�a�m���i�h�k�e�•��
�^�h�\�g�h�k�l�_�c�� �d�Z�^�j�•�\���� �^�_�� �d�h�`�_�g�� �d�Z�^�j�� �\�\�Z�`�Z�}�l�v�k�y�� �h�^�g�b�f��
�©�q�Z�k�h�\�b�f���d�j�h�d�h�f�ª�����P�_���^�h�a�\�h�e�y�}���f�h�^�_�e�•���j�h�a�i�•�a�g�Z�\�Z�l�b��
�•�g�n�h�j�f�Z�p�•�x���� �y�d�Z�� �i�h�r�b�j�x�}�l�v�k�y�� �a�� �q�Z�k�h�f���� �g�Z�i�j�b�d�e�Z�^��
�^�b�g�Z�f�•�d�m�� �\�b�j�Z�a�m�� �h�[�e�b�q�q�y���� �s�h�� �}�� �d�j�b�l�b�q�g�h�� �\�Z�`�e�b�\�b�f��
�^�e�y���j�h�a�i�•�a�g�Z�\�Z�g�g�y���_�f�h�p�•�c�� 
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�± �p�_���g�Z�[�•�j���^�Z�g�b�o�����y�d�b�c���r�b�j�h�d�h���\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y���^�e�y��
�g�Z�\�q�Z�g�g�y�� �l�Z�� �h�p�•�g�x�\�Z�g�g�y�� �f�h�^�_�e�_�c�� �^�e�y�� �a�Z�\�^�Z�g�v�� �j�h�a�i�•��
�a�g�Z�\�Z�g�g�y���\�b�j�Z�a�m���h�[�e�b�q�q�y�����<�•�g���k�d�e�Z�^�Z�}�l�v�k�y���a���d�h�e�_�d�p�•�€��
�a�h�[�j�Z�`�_�g�v�� �m�� �\�•�^�l�•�g�d�Z�o�� �k�•�j�h�]�h�� �a�� �\�b�j�Z�a�Z�f�b�� �h�[�e�b�q�� �e�x��
�^�_�c�����H�k�g�h�\�g�•���i�j�h�[�e�_�f�b�����y�d�•���\�b�g�b�d�Z�x�l�v���i�•�^���q�Z�k���j�h�a�j�h��
�[�d�b���k�b�k�l�_�f�b���)�(�5�����k�l�h�k�m�x�l�v�k�y���g�_�y�\�g�b�o���h�k�h�[�e�b�\�h�k�l�_�c��

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

�H�[�e�b�q�q�y�� �g�Z�� �\�•�^�_�h�� �Z�g�Z�e�•�a�m�}�l�v�k�y��
���'���&�1�1�����y�d�b�c���g�Z�\�q�_�g�b�c���j�h�a�i�•�a�g�Z�\�Z�l�b��
�_�f�h�p�•�€���a�Z���^�h�i�h�f�h�]�h�x���&�0�8-�0�2�6�,�����G�Z��
�[�•�j�� �^�Z�g�b�o�� �0�X�O�W�L�P�R�G�D�O�� �&�R�U�S�X�V�� �R�I��
Sentiment Intensity (CMU-MOSI) �²  �p�_��
�d�h�e�_�d�p�•�y�������������\�•�^�_�h�d�e�•�i�•�\�����s�h���\�b�k�e�h�\��
�e�x�x�l�v���^�m�f�d�b�����D�h�`�g�_���\�•�^�_�h���a���^�m�f�d�h�x��
�^�h�^�Z�}�l�v�k�y���\���^�•�Z�i�Z�a�h�g�•���>-3,3]. 

�H�k�d�•�e�v�d�b���f�b���Z�^�Z�i�l�m�\�Z�e�b���h�j�b�]�•�g�Z��
�e�v�g�b�c�� ���'�� �&�1�1�� �^�h�� �f�h�^�_�e�•���� �y�d�Z�� �f�h�`�_��
�d�e�Z�k�b�n�•�d�m�\�Z�l�b�� �_�f�h�p�•�€���� �f�b�� �\�b�d�h�j�b�k�l�h��
�\�m�}�f�h���c�h�]�h���^�e�y���h�[�j�h�[�d�b���d�h�j�h�l�d�b�o���k�_��
�]�f�_�g�l�•�\�� �\�•�^�_�h�� ������ �k�_�d�m�g�^�b�� �d�h�`�_�g���� �^�e�y��
�i�•�^�\�b�s�_�g�g�y���l�h�q�g�h�k�l�•�����h�d�j�_�f�h���Z�e�]�h�j�b��
�l�f�•�q�g�h���h�[�j�h�[�e�y�x�q�b���j�_�a�m�e�v�l�Z�l�b���d�e�Z�k�b��
�n�•�d�Z�p�•�€���d�h�`�g�h�]�h���k�_�]�f�_�g�l�Z�����F�b���\�b�d�h�g�m��
�}�f�h���p�x���^�•�x���^�e�y���\�•�^�_�h���a���i�_�j�_�^�g�v�h�€���d�Z��
�f�_�j�b���d�h�j�b�k�l�m�\�Z�q�Z���i�•�^���q�Z�k���d�h�`�g�h�]�h���k�_��
�Z�g�k�m���$�5�� 

�G�Z�[�•�j�� �^�Z�g�b�o�� �k�m�\�h�j�h�� �Z�g�h�l�h�\�Z�g�b�c��
�f�•�l�d�Z�f�b���^�e�y���k�m�[�¶�}�d�l�b�\�g�h�k�l�•�����•�g�l�_�g�k�b�\��
�g�h�k�l�•���g�Z�k�l�j�h�€�\�����Z�g�h�l�h�\�Z�g�b�o���\�•�a�m�Z�e�v�g�b�o��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d���a�Z���d�Z�^�j�h�f���•���d�h�`�g�h�x���^�m��
�f�d�h�x���� �Z�� �l�Z�d�h�`�� �Z�g�h�l�h�\�Z�g�b�o�� �a�\�m�d�h�\�b�o��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d���a�Z���f�•�e�•�k�_�d�m�g�^�b���>�����@�� 

�J�_�a�m�e�v�l�Z�l�h�f�� �p�v�h�]�h�� �d�j�h�d�m�� �}�� �\�b��
�a�g�Z�q�_�g�g�y�� �_�f�h�p�•�€�� �l�Z�� �€�€�� �•�g�l�_�g�k�b�\�g�h�k�l�•��
�^�e�y���h�[�e�b�q�q�y���d�h�j�b�k�l�m�\�Z�q�Z���\���d�Z�^�j�•�����S�h�[��
�i�_�j�_�l�\�h�j�b�l�b���p�•���^�Z�g�•���g�Z���g�_�y�\�g�b�c���a�\�h�j�h��
�l�g�b�c�� �a�\�¶�y�a�h�d���� �f�b�� �j�h�a�j�h�[�e�y�}�f�h�� �_�f�h��
�p�•�c�g�m���h�p�•�g�d�m���^�e�y���d�h�`�g�h�]�h���k�_�Z�g�k�m���$�5����
�m�� �y�d�h�f�m�� �f�b�� �i�•�^�k�m�f�h�\�m�}�f�h�� �\�b�f�•�j�x��
�\�Z�g�g�y���_�f�h�p�•�c���d�h�j�b�k�l�m�\�Z�q�Z���\���h�^�g�_���q�b�k��
�e�h�\�_�� �a�g�Z�q�_�g�g�y�� �^�e�y�� �k�_�Z�g�k�m���� �y�d�_�� �f�h�`�_��
�[�m�l�b�� �i�h�a�b�l�b�\�g�b�f���� �g�_�c�l�j�Z�e�v�g�b�f�� �Z�[�h��
�g�_�]�Z�l�b�\�g�b�f�����F�h�^�_�e�v�����s�h���i�j�_�^�k�l�Z�\�e�y�}��
�\�o�•�^�g�•���^�Z�g�•�����i�h�d�Z�a�Z�g�Z���g�Z���j�b�k�������� 

�S�h�[�� �i�_�j�_�l�\�h�j�b�l�b�� �\�b�o�•�^�g�•�� �^�Z�g�•��
�f�h�^�_�e�•���\���_�f�h�p�•�c�g�m���h�p�•�g�d�m�����(�6�����k�_�Z�g�k�m��
�$�5���a���1���d�Z�^�j�Z�f�b�����f�b���f�h�`�_�f�h���\�b�d�h�j�b�k��
�l�Z�l�b���l�Z�d�m �n�h�j�f�m�e�m: 
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�^�_��ei �²  �a�g�Z�q�_�g�g�y���_�f�h�p�•�c����-�����^�e�y���g�_�]�Z��
�l�b�\�g�b�o���������^�e�y���g�_�c�l�j�Z�e�v�g�b�o���������^�e�y���i�h��
�a�b�l�b�\�g�b�o�����^�e�y���d�Z�^�j�m��i, si �²  �\�Z�`�e�b�\�•�k�l�v��
�_�f�h�p�•�c���^�e�y���d�Z�^�j�m��i ���\�•�^�������^�h�������� 

 

 
�J�b�k����2. �F�h�^�_�e�v���\�o�•�^�g�h�€���i�h�k�e�•�^�h�\�g�h�k�l�• 

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

 
�J�b�k�������� �R�Z�j�b���h�j�b�]�•�g�Z�e�v�g�h�€ 3D CNN 
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�&�1�1���^�e�y���d�e�Z�k�b�n�•�d�Z�p�•�€���_�f�h�p�•�c���h�[�e�b�q�q�y���d�h�j�b�k�l�m�\�Z�q�Z���a�Z��
�^�h�i�h�f�h�]�h�x�� �g�Z�[�h�j�m�� �^�Z�g�b�o�� �&�0�8-�0�2�6�,���� �A�Z�� �j�_�a�m�e�v�l�Z��
�l�Z�f�b���p�v�h�]�h���_�l�Z�i�m���f�b���h�l�j�b�f�m�}�f�h���\�b�a�g�Z�q�_�g�g�y���_�f�h�p�•�€���l�Z��
�€�€�� �•�g�l�_�g�k�b�\�g�h�k�l�•�� �^�e�y�� �h�[�e�b�q�q�y�� �d�h�j�b�k�l�m�\�Z�q�Z�� �\�� �d�Z�^�j�•����
�S�h�[���i�_�j�_�l�\�h�j�b�l�b���p�•���^�Z�g�•���g�Z���\�•�^�]�m�d�b�����f�b���[�m�^�_�f�h���\�b�d�h��
�j�b�k�l�h�\�m�\�Z�l�b���k�b�k�l�_�f�m���i�•�^�j�Z�o�m�g�d�m���_�f�h�p�•�c�g�b�o���[�Z�e�•�\���^�e�y��
�d�h�`�g�h�€�� �k�_�k�•�€�� �$�5���� �m�� �y�d�•�c�� �f�b�� �i�•�^�k�m�f�h�\�m�}�f�h�� �\�b�f�•�j�x��
�\�Z�g�g�y���_�f�h�p�•�c���d�h�j�b�k�l�m�\�Z�q�Z���\���h�^�g�_���q�b�k�e�h�\�_���a�g�Z�q�_�g�g�y���a�Z��

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

 
�J�b�k����3. �I�h�\�g�Z���i�h�k�e�•�^�h�\�g�•�k�l�v���k�b�k�l�_�f�b 

 
�G�_�c�j�h�g�g�•���f�_�j�_�`�•�����y�d�•���Z�g�Z�e�•�a�m�x�l�v���\�•�^�_�h�^�Z�g�•���d�h�j�b��

�k�l�m�\�Z�q�Z���l�Z���j�h�a�i�•�a�g�Z�x�l�v���_�f�h�p�•�€�����f�h�`�m�l�v���i�h�d�j�Z�s�b�l�b���j�_��
�a�m�e�v�l�Z�l�b�� �j�_�d�h�f�_�g�^�Z�p�•�c�g�b�o �k�b�k�l�_�f���� �<�b�d�h�j�b�k�l�h�\�m�x�q�b��
���'���&�1�1���^�e�y���\�b�y�\�e�_�g�g�y���_�f�h�p�•�c���m���\�•�^�_�h�����f�b���k�l�\�h�j�x�}�f�h��
�h�k�g�h�\�m���^�e�y���]�_�g�_�j�m�\�Z�g�g�y���g�_�y�\�g�b�o���d�h�j�b�k�l�m�\�Z�p�v�d�b�o���n�•��
�^�[�_�d�•�\���� �L�Z�d�b�c�� �i�•�^�o�•�^�� �^�h�i�h�f�Z�]�Z�}�� �a�•�[�j�Z�l�b�� �\�Z�`�e�b�\�m�� �•�g��
�n�h�j�f�Z�p�•�x���i�j�h���_�f�h�p�•�c�g�m���j�_�Z�d�p�•�x���d�h�j�b�k�l�m�\�Z�q�•�\���g�Z���j�•�a��
�g�b�c���d�h�g�l�_�g�l�����A�Z���^�h�i�h�f�h�]�h�x���n�h�j�f�m�e�b���_�f�h�p�•�c�g�h�]�h���k�d�h��
�j�b�g�]�m �^�e�y���d�h�`�g�h�€��AR �k�_�k�•�€ �f�b���f�h�`�_�f�h���d�•�e�v�d�•�k�g�h���h�p�•��
�g�b�l�b�� �_�f�h�p�•�c�g�m���j�_�Z�d�p�•�x�� �d�h�j�b�k�l�m�\�Z�q�Z�� �g�Z�� �d�h�`�g�m �j�_�d�h��
�f�_�g�^�h�\�Z�g�m��AR �k�_�k�•�x. 

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

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

�A�Z�\�^�y�d�b���]�g�m�q�d�h�k�l�•���k�m�q�Z�k�g�h�]�h���Z�i�Z�j�Z�l�m���g�_�c�j�h�g�g�b�o��
�f�_�j�_�`�� �k�l�Z�e�h�� �f�h�`�e�b�\�b�f�� �i�h�}�^�g�Z�l�b�� �j�•�a�g�•�� �i�•�^�o�h�^�b�� �^�h��
�k�l�\�h�j�_�g�g�y�� �j�_�d�h�f�_�g�^�Z�p�•�c�g�b�o�� �k�b�k�l�_�f�� �\�� �j�Z�f�d�Z�o�� �h�^�g�•�}�€��
�f�h�^�_�e�•���� �F�b�� �^�h�^�Z�e�b�� �^�\�•�� �h�d�j�_�f�•�� �]�e�b�[�h�d�•�� �g�_�c�j�h�g�g�•�� �f�_��
�j�_�`�•���^�h���f�h�^�_�e�•���1�H�X�U�D�O���&�R�O�O�D�E�R�U�D�W�L�Y�H���)�L�O�W�H�U�L�Q�J�����y�d�•���\�b�d�h��
�j�b�k�l�h�\�m�x�l�v���•�g�n�h�j�f�Z�p�•�x���i�j�h���\�e�Z�k�l�b�\�h�k�l�•���$�5���k�_�k�•�€���l�Z��
�•�g�n�h�j�f�Z�p�•�x�� �i�j�h�n�•�e�x�� �d�h�j�b�k�l�m�\�Z�q�Z�� �^�e�y�� �\�b�[�h�j�m���\�•�^�_�h����
�P�_�� �^�h�a�\�h�e�b�e�h�� �g�Z�f�� �i�h�d�j�Z�s�b�l�b�� �y�d�•�k�l�v�� �j�_�d�h�f�_�g�^�Z�p�•�c����
�y�d�•���f�b���h�l�j�b�f�m�\�Z�l�b�f�_�f�h���\�•�^���k�b�k�l�_�f�b���� 

�R�Z�j�b�� �k�l�Z�j�h�€�� �]�•�[�j�b�^�g�h�€�� �f�h�^�_�e�•���� �y�d�m�� �f�b�� �Z�^�Z�i�l�m��
�}�f�h, �i�h�d�Z�a�Z�g�•���g�Z���j�b�k�������� 

 
�J�b�k����4. �R�Z�j�b���]�•�[�j�b�^�g�h�€���f�h�^�_�e�• 

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

�&�1�1���^�e�y���j�h�a�i�•�a�g�Z�\�Z�g�g�y���_�f�h�p�•�c���m���\�•�^�_�h���a���h�p�•�g�d�h�x���_�f�h��
�p�•�c�g�h�k�l�•���^�e�y���d�h�`�g�h�€���k�_�k�•�€���$�5���f�b���^�h�^�Z�}�f�h���j�_�a�m�e�v�l�Z�l���y�d��
�g�_�y�\�g�b�c�� �n�•�^�[�_�d �^�h�� �\�o�•�^�g�h�€�� �f�h�^�_�e�•�� �g�Z�r�h�€�� �j�_�d�h�f�_�g�^�Z��
�p�•�c�g�h�€ �k�b�k�l�_�f�b�����G�Z�r�Z���f�_�l�Z���² �j�h�a�r�b�j�b�l�b���f�h�^�_�e�v�����^�h��
�^�Z�\�r�b���g�h�\�b�c���\�o�•�^�g�b�c���i�Z�j�Z�f�_�l�j���_�f�h�p�•�c�g�h�]�h���k�d�h�j�b�g�]�m, 
�s�h�[���\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b���c�h�]�h���y�d���g�_�y�\�g�b�c���n�•�^�[�_�d. 

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

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

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

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

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

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

�l�b�\�g�b�c�����i�h�a�b�l�b�\�g�b�c�������s�h���^�Z�k�l�v���[�•�e�v�r�m���]�g�m�q�d�•�k�l�v���i�j�b��
�\�b�a�g�Z�q�_�g�g�•���\�Z�]�b���p�v�h�]�h���\�•�^�]�m�d�m�� 
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Using recognized emotion as implicit feedback 
for a recommender system 

A. Kuliahin 

Abst rac t .  Topicality. Due to the growing of digitalization of art, the tasks of improving immersiveness during user inter-
action with extended reality art systems arise. Research methods. Deep Neural Network with Immersion Layers, 3D Convolutional 
Neural Network. The purpose of the article: Improving the selection of the most relevant videos by using recognized user emo-
tions as implicit feedback in the recommender system of virtual art compositions. The results obtained. A system was developed 
for classifying the user's emotions in the video, further calculating the emotional scoring and using the obtained value as implicit 
feedback for the recommender system for selecting the most relevant videos for creating virtual art compositions. The combination 
of the presented methods will allow to improve the personalization of recommendations and increase its immersiveness during user 
interaction with virtual art compositions. Conclusion. The approach developed in the work can be used to improve the immersive-
ness and personalization of recommendations during user interaction with extended reality art systems. 
 

Keywords:  deep neural network with immersion layers, extended reality, immersiveness, 3D convolutional neural net-
work. 
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�2�Y�H�U�Y�L�H�Z���R�I���F�R�P�S�X�W�H�U���Y�L�V�L�R�Q���D�O�J�R�U�L�W�K�P�V���I�R�U���G�H�W�H�F�W�L�Q�J���K�D�]�D�U�G�R�X�V���R�E�M�H�F�W�V���E�\���G�U�R�Q�H�V 

�2�O�H�N�V�D�Q�G�U���/�D�N�W�L�R�Q�R�Y�����%�R�K�G�\�D�Q���%�R�U�\�D�N�����1�D�]�D�U���3�H�G�F�K�H�Q�N�R�����2�O�H�N�V�L�\���0�\�N�K�D�L�O�L�F�K�H�Q�N�R 

Abst rac t .  A theoretical overview of classification algorithms has been conducted to construct relevant research mod-
els for the detection of hazardous objects. The formal problem statement for the classification of hazardous objects has been  
formulated to build classification models. This task is addressed by constructing classification models using machine learning 
tools or neural networks. The complexity of the research lies in selecting a neural network architecture tailored for image 
classification, which will be used as input. The graphical representation of the neural network architecture is implemented 
using the networks and matplotlib libraries. This allows for a comprehensive understanding of the overall task in creating 
classification models. The models will be used in future research as one of the functions of a drone for detecting dangerous 
objects in combat conditions. 

Keywords:  computer vision, drone, neural networks, demining, reconstruction, combat operations. 
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�: �g �h �l �Z �p �• �y �� �I�j�h�\�_�^�_�g�b�c �Z�g�Z�e�•�a�� �\�j�Z�a�e�b�\�h�k�l�_�c���i�e�h�s�b�g�b���^�Z�g�b�o���6�'�1���•���n�m�g�d�p�•�h�g�Z�e�v�g�b�o���f�h�`�e�b�\�h�k�l�_�c���a�Z�k�h�[�•�\���[�_�a�i�_�q��
�g�h�€���f�Z�j�r�j�m�l�b�a�Z�p�•�€���s�h�^�h���i�j�h�l�b�^�•�€���f�h�`�e�b�\�b�f���Z�l�Z�d�Z�f�� �J�h�a�]�e�y�g�m�l�•���m���f�_�`�Z�o���i�e�h�s�b�g�b���^�Z�g�b�o���h�k�g�h�\�g�•���l�b�i�h�\�•���i�j�h�[�e�_�f�b��
�[�_�a�i�_�d�b�����\�d�Z�a�Z�g�•���€�o���i�j�b�q�b�g�b���l�Z���f�h�`�e�b�\�•���h�[�¶�}�d�l�b���Z�l�Z�d. �H�i�b�k�Z�g�•���•�k�g�m�x�q�•���l�_�o�g�h�e�h�]�•�€���a�Z�o�b�k�l�m���i�e�h�s�b�g�b���^�Z�g�b�o��SDN. �G�Z��
�^�Z�g�Z���m�a�Z�]�Z�e�v�g�_�g�Z���d�e�Z�k�b�n�•�d�Z�p�•�y���\�j�Z�a�e�b�\�h�k�l�_�c �l�Z���€�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� 

�D�e �x �q�h �\ �• �� �k �e �h �\ �Z �� �6�'�1�����f�_�l�j�b�d�Z�����[�_�a�i�_�d�Z�����\�j�Z�a�e�b�\�•�k�l�v����CVSS. 
 

�<�k�l�m�i 

�<���k�v�h�]�h�^�_�g�g�• �\�k�_���[�•�e�v�r���\�b�d�h�j�b�k�l�h�\�m�x�l�v���l�Z�d�•���f�_��
�j�_� �̀g�• �Z�j�o�•�l�_�d�l�m�j�b���� �y�d�� �i�j�h�]�j�Z�f�g�h-�d�h�g�n�•�]�m�j�h�\�Z�g�•�� �f�_��
�j�_�`�•��(Software-Defined Networking, SDN). �M �k�m�q�Z�k��
�g�h�f�m �k�\�•�l�•�� �j�h�a�]�h�j�l�Z�x�l�v�k�y �g�h�\�• �a�Z�]�j�h�a�b�� �d�•�[�_�j�[�_�a�i�_�d�b��
�^�e�y�� �l�Z�d�b�o�� �f�_�j�_�`, �s�h �\�b�f�Z�]�Z�} �j�h�a�j�h�[�d�m�� �l�Z�� �^�h�k�e�•��
�^�`�_�g�g�y�� �g�h�\�b�o�� �k�i�_�p�•�Z�e�•�a�h�\�Z�g�b�o�� �j�•�r�_�g�v�� �s�h�^�h�� �i�•�^�\�b��
�s�_�g�g�y���j�•�\�g�y���f�_�j�_�`�g�h�€���[�_�a�i�_�d�b�� �<���j�h�[�h�l�•���i�j�h�\�h�^�b�l�v�k�y��
�^�h�k�e�•�^�`�_�g�g�y�� �n�m�g�d�p�•�h�g�m�\�Z�g�g�y�� �Z�j�o�•�l�_�d�l�m�j SDN �a�� �m�j�Z��
�o�m�\�Z�g�g�y�f�� �a�[�•�e�v�r�_�g�g�y�� �d�•�e�v�d�•�k�l�v�� �i�h�l�_�g�p�•�c�g�b�o�� �f�_�j�_�`��
�g�b�o���Z�l�Z�d���y�d�•�� �i�j �b�\�h�^�y�l�v���^�h���g�h�\�b�o���i�j�h�[�e�_�f���[�_�a�i�_�d�b�� 

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

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

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

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

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

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

�L�Z�[�e�b�p�y 1 �± �L�b�i�h�\�•���i�j�h�[�e�_�f�b���[�_�a�i�_�d�b�� �h�[�¶�}�d�l�b���Z�l�Z�d �•���i�j�b�q�b�g�b [1] 

�I�j�h�[�e�_�f�Z���[�_�a�i�_�d�b �H�[�¶�}�d�l���Z�l�Z�d�b �I�j�b�q�b�g�Z 
�:�\�l�h�j�b�a�h�\�Z�g�Z���Z�\�l�_�g�l�b�n�•�d�Z�p�•�y �F�_�j�_�`�g�_���h�[�e�Z�^�g�Z�g�g�y �M�i�j�Z�\�e�•�g�g�y���^�h�k�l�m�i�h�f 
�I�j�Z�\�h�f�•�j�g�•�k�l�v���i�j�Z�\�b�e���i�h�l�h�d�•�\ �I�j�Z�\�b�e�Z���i�h�l�h�d�•�\ �M�i�j�Z�\�e�•�g�g�y���^�h�k�l�m�i�h�f 
�M�a�]�h�^�`�_�g�•�k�l�v���i�j�Z�\�b�e���i�h�l�h�d�•�\ �I�j�Z�\�b�e�Z���i�h�l�h�d�•�\ �:�j�o�•�l�_�d�l�m�j�Z��SDN 
DoS/DDoS-�Z�l�Z�d�b �L�Z�[�e�b�p�•���i�h�l�h�d�•�\ �:�j�o�•�l�_�d�l�m�j�Z��SDN�����a�e�h�\�f�b�k�g�Z���Z�l�Z�d�Z 
�:�l�Z�d�Z���k�l�h�j�h�g�g�•�f�b���d�Z�g�Z�e�Z�f�b �D�h�g�n�•�^�_�g�p�•�c�g�•�k�l�v���^�Z�g�b�o �A�e�h�\�f�b�k�g�Z���Z�l�Z�d�Z 

 
1. �:�\�l�h�j�b�a�h�\�Z�g�Z�� �Z�\�l�_�g�l�b�n�•�d�Z�p�•�y���� �I�h�� �k�m�l�•���� �g�Z�� �j�•��

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

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

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

�‹�������E�_�\�l�_�j�h�\���:. �1.�����I�e�}�o�h�\�Z���=. �: .�����D�h�k�l�•�d�h�\�Z���F. �<.�����H�q�_�j�_�l�_�g�d�h���K. �<., 2023 
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�^�Z�g�b�o�����I�j�Z�\�h�f�•�j�g�•�k�l�v���i�j�Z�\�b�e���i�h�l�h�d�•�\���k�l�h�k�m�}�l�v�k�y���a�e�h��
�\�f�b�k�g�h�]�h���Z�[�h�� �g�_�\�•�j�g�h�]�h���\�i�j�h�\�Z�^�`�_�g�g�y���i�j�Z�\�b�e���i�h�l�h��
�d�•�\�����A�•���k�\�h�]�h���[�h�d�m���m�a�]�h�^�`�_�g�•�k�l�v���i�j�Z�\�b�e���i�h�l�h�d�•�\���\���h�k��
�g�h�\�g�h�f�m���\�d�e�x�q�Z�}���l�j�b���Z�k�i�_�d�l�b���>���@�����I�•�^���q�Z�k���i�j�h�p�_�k�m���]�_��
�g�_�j�Z�p�•�€�� �n�m�g�d�p�•�h�g�m�\�Z�g�g�y�� �a�g�Z�q�g�h�€�� �d�•�e�v�d�h�k�l�•�� �a�Z�k�l�h�k�m�g��
�d�•�\�� �f�h�`�_�� �\�b�d�e�b�d�Z�l�b�� �d�h�g�n�e�•�d�l�b�� �Z�[�h�� �i�_�j�_�\�b�a�g�Z�q�_�g�g�y��
�i�j�Z�\�b�e���i�h�l�h�d�•�\�����I�•�^���q�Z�k���i�j�h�p�_�k�m���\�b�i�m�k�d�m���i�j�Z�\�b�e���i�h��
�l�h�d�•�\���a�Z�l�j�b�f�d�Z���i�_�j�_�^�Z�\�Z�g�g�y���Z�[�h���a�e�h�\�f�b�k�g�_���\�l�j�m�q�Z�g�g�y��
�f�h�`�_���l�Z�d�h�`���k�i�j�b�q�b�g�b�l�b���€�o�g�x���g�_�m�a�]�h�^�`�_�g�•�k�l�v���f�•�`���d�h��
�g�l�j�h�e�_�j�h�f���•���d�h�f�m�l�Z�l�h�j�Z�f�b�����A�•���k�\�h�]�h���[�h�d�m���i�j�h�p�_�k���h�g�h��
�\�e�_�g�g�y���•�g�•�p�•�x�}���k�b�g�o�j�h�g�•�a�Z�p�•�x���i�j�Z�\�b�e���i�h�l�h�d�•�\���f�•�`���j�•��
�a�g�b�f�b�� �d�h�f�m�l�Z�l�h�j�Z�f�b���� �K�e�•�^�� �a�Z�a�g�Z�q�b�l�b���� �s�h�� �^�h�� �h�g�h�\��
�e�_�g�g�y���i�j�Z�\�b�e���i�h�l�h�d�•�\ �\��SDN �i�j�b�a�\�h�^�y�l�v�����g�Z�i�j�b�d�e�Z�^����
�\�•�^�f�h�\�b�� �\�m�a�e�•�\�� �f�_�j�_�`�•���� �i�_�j�_�^�Z�q�Z�� �k�e�m�`�[�h�\�h�]�h�� �g�Z�\�Z�g��
�l�Z�`�_�g�g�y�� �Z�[�h�� �l�_�o�g�•�q�g�_�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �f�_�j�_�`�•���� �q�_�j�_�a��
�s�h���i�Z�d�_�l�b���[�Z�q�b�l�b�f�m�l�v���g�_�m�a�]�h�^�`�_�g�•���m�y�\�e�_�g�g�y���f�_�j�_�`�•��
�s�h�^�h �€�€���i�h�l�h�q�g�h�]�h �k�l�Z�g�m�����L�Z�d�b�f���q�b�g�h�f�����y�d�s�h���i�Z�d�_�l�b��
�^�Z�g�b�o���i�_�j�_�^�Z�x�l�v�k�y���\�•�^�i�h�\�•�^�g�h���^�h���g�h�\�b�o���•���k�l�Z�j�b�o���i�j�Z��
�\�b�e���i�h�l�h�d�•�\�����l�h���f�h�`�m�l�v���\�b�g�b�d�g�m�l�b���l�Z�d�•���i�j�h�[�e�_�f�b�����y�d��
�©�q�h�j�g�•�� �^�•�j�b�ª���� �p�b�d�e�•�q�g�•�� �r�e�y�o�b�� �Z�[�h�� �i�_�j�_�\�Z�g�l�Z�`�_�g�g�y��
�f�_�j�_�`�•�� 

3. DoS/DDoS-�Z�l�Z�d�b�����I�j�h�k�l�•�j���l�Z�[�e�b�p�•���i�h�l�h�d�•�\���h�[��
�f�_�`�_�g�b�c���� �i�j�h�l�_�� �a�Z�� �a�\�b�q�Z�c�g�b�o �h�[�k�l�Z�\�b�g�� �j�h�a�f�•�j�g�•�k�l�v��
�l�Z�[�e�b�p�•���i�h�l�h�d�•�\���d�h�f�m�l�Z�l�h�j�Z���\�•�^�i�h�\�•�^�Z�}���\�b�f�h�]�Z�f���i�_�j�_��
�k�b�e�Z�g�g�y�� �i�Z�d�_�l�•�\�� �^�Z�g�b�o���� �H�^�g�Z�d�� �\�� �m�f�h�\�Z�o��DoS/DDoS-
�Z�l�Z�d���a�e�h�\�f�b�k�g�b�d���k�l�\�h�j�x�}���g�b�a�d�m���g�_�a�Z�d�h�g�g�b�o���^�h�k�l�m�i�•�\����
�•���i�j�h�k�l�•�j���l�Z�[�e�b�p�•���i�h�l�h�d�m���i�_�j�_�i�h�\�g�x�}�l�v�k�y���g�_�^�•�c�k�g�b�f�b��
�i�j�Z�\�b�e�Z�f�b�� �l�j�Z�n�•�d�m�� �>���@���� �M�� �j�Z�a�•�� �p�v�h�]�h �[�m�^�_�� �k�i�h�`�b�l�h��
�a�g�Z�q�g�m���d�•�e�v�d�•�k�l�v���j�_�k�m�j�k�•�\���l�Z�[�e�b�p�•���i�h�l�h�d�•�\�����Z���a�\�b�q�Z�c�g�•��
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�q�g�_���a�Z�\�^�Z�g�g�y���[�_�a�i�_�q�g�h�€���f�Z�j�r�j�m�l�b�a�Z�p�•�€���a���[�Z�e�Z�g�k�m�\�Z�g��
�g�y�f�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �[�m�e�h�� �k�n�h�j�f�m�e�v�h�\�Z�g�h�� �m���n�h�j�f�•�� �h�i��
�l�b�f�•�a�Z�p�•�c�g�h�€�� �a�Z�^�Z�q�•�� �a�� �d�\�Z�^�j�Z�l�b�q�g�b�f�� �d�j�b�l�_�j�•�}�f�� �h�i�l�b��
�f�Z�e�v�g�h�k�l�•���� �L�Z�d�Z�� �n�h�j�f�Z�� �d�j�b�l�_�j�•�x�� �^�h�a�\�h�e�y�}�� �a�[�Z�e�Z�g�k�m��
�\�Z�l�b���q�Z�k�l�d�b���i�h�l�h�d�•�\�����s�h���i�_�j�_�^�Z�x�l�v�k�y���\���f�_�j�_�`�•�����I�j�_�^��
�k�l�Z�\�e�_�g�Z�� �f�h�^�_�e�v�� �[�_�a�i�_�q�g�h�€�� �f�Z�j�r�j�m�l�b�a�Z�p�•�€�� �a�[�Z�e�Z�g�k�m��
�\�Z�g�g�y�f���g�Z�\�Z�g�l�Z�`�_�g�g�y���a���Z�^�b�l�b�\�g�h�x���f�_�l�j�b�d�h�x���\�j�Z�o�h��
�\�m�}���i�j�h�^�m�d�l�b�\�g�•�k�l�v���•���[�_�a�i�_�d�m���f�_�j�_�`�•�����^�h�a�\�h�e�y�}���_�n�_�d��
�l�b�\�g�•�r�_�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b�� �g�Z�y�\�g�•�� �f�_�j�_�`�g�•�� �j�_�k�m�j�k�b����
�l�Z�d�h�`�� �\�j�Z�o�h�\�m�}�� �c�f�h�\�•�j�g�•�k�l�v�� �d�h�f�i�j�h�f�_�l�Z�p�•�€�� �d�Z�g�Z�e�•�\��
�a�\�¶�y�a�d�m���i�•�^���q�Z�k���i�j�b�c�g�y�l�l�y���f�Z�j�r�j�m�l�g�b�o���j�•�r�_�g�v�� 

�M �j�h�[�h�l�Z�o��[2, 3�@���i�j�h�i�h�g�m�x�l�v�k�y���i�h�l�h�d�h�\�•���f�h�^�_�e�•��
�f�Z�j�r�j�m�l�b�a�Z�p�•�€���a���m�j�Z�o�m�\�Z�g�g�y�f���j�b�a�b�d�•�\���•�g�n�h�j�f�Z�p�•�c�g�h�€��
�[�_�a�i�_�d�b�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �[�Z�a�h�\�b�o�� �f�_�l�j�b�d�� �d�j�b�l�b�q�g�h�k�l�•��
�\�j�Z�a�e�b�\�h�k�l�_�c�� �H�k�g�h�\�m���f�h�^�_�e�•���k�d�e�Z�^�Z�x�l�v���m�f�h�\�b���j�_�Z�e�•��
�a�Z�p�•�€�� �h�^�g�h- �l�Z�� �[�Z�]�Z�l�h�r�e�y�o�h�\�h�€�� �f�Z�j�r�j�m�l�b�a�Z�p�•�€���� �a�[�_�j�_��
�`�_�g�g�y�� �i�h�l�h�d�m���l�Z�� �a�Z�i�h�[�•�]�Z�g�g�y�� �i�_�j�_�\�Z�g�l�Z�`�_�g�g�x�� �d�Z�g�Z��
�e�•�\���a�\�¶�y�a�d�m���f�_�j�_�`�•�����Z �a�Z�^�Z�q�Z���[�_�a�i�_�q�g�h�€���f�Z�j�r�j�m�l�b�a�Z�p�•�€��
�l�Z�d�h�`���k�n�h�j�f�m�e�v�h�\�Z�g�Z���y�d���h�i�l�b�f�•�a�Z�p�•�c�g�Z�� 

�<�Z�`�e�b�\�b�f���}���Z�g�Z�e�•�a���k�l�Z�g�^�Z�j�l�m��CVSS �s�h�^�h���d�•�e�v�d�•��
�k�g�h�]�h���j�h�a�j�Z�o�m�g�d�m���j�•�\�g�y���\�j�Z�a�e�b�\�h�k�l�•�����<�b�y�\�e�_�g�g�y���c���•�^�_��
�g�l�b�n�•�d�Z�p�•�y���\�j�Z�a�e�b�\�h�k�l�_�c���± �p�_���i�j�h�p�_�k���\�b�y�\�e�_�g�g�y���\�j�Z�a��
�e�b�\�h�k�l�_�c�����y�d�•���f�h�`�m�l�v���[�m�l�b���\�b�d�h�j�b�k�l�Z�g�•���a�Z�]�j�h�a�Z�f�b���^�e�y��
�a�Z�i�h�^�•�y�g�g�y�� �r�d�h�^�b�� �Z�d�l�b�\�Z�f���� �<�j�Z�a�e�b�\�•�k�l�v�� �± �p�_�� �k�e�Z�[�d�_��
�f�•�k�p�_�� �Z�[�h�� �g�_�^�h�e�•�d�� �m�� �i�j�h�p�_�^�m�j�Z�o�� �[�_�a�i�_�d�b�� �k�b�k�l�_�f�b����
�i�j�h�_�d�l�m�\�Z�g�g�•�����j�_�Z�e�•�a�Z�p�•�€���Z�[�h���\�g�m�l�j�•�r�g�•�o���a�Z�k�h�[�Z�o���d�h�g��
�l�j�h�e�x�����y�d�•���f�h�`�m�l�v���[�m�l�b���\�b�i�Z�^�d�h�\�h���Z�d�l�b�\�h�\�Z�g�•���Z�[�h���g�Z��
�\�f�b�k�g�h���\�b�d�h�j�b�k�l�Z�g�•���i�•�^���q�Z�k���\�b�y�\�e�_�g�g�y���a�Z�]�j�h�a�b�����<���j�h��
�[�h�l�•�� �j�h�a�]�e�y�g�m�l�h�� �d�Z�l�_�]�h�j�•�€�� �\�j�Z�a�e�b�\�h�k�l�_�c�� �l�Z�� �i�j�h�Z�g�Z�e�•��
�a�h�\�Z�g�h�� �i�•�^�o�h�^�b�� �^�h�� �•�^�_�g�l�b�n�•�d�Z�p�•�€�� �l�Z�� �^�h�d�m�f�_�g�l�m�\�Z�g�g�y��
�\�j�Z�a�e�b�\�h�k�l�_�c���� �Z�� �l�Z�d�h�`�� �h�[�]�h�\�h�j�_�g�h�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �g�Z��
�p�•�h�g�Z�e�v�g�h�€�� �[�Z�a�b�� �^�Z�g�b�o�� �\�j�Z�a�e�b�\�h�k�l�_�c�� �± National Vul-
nerability Database (NVD). 

�M�a�Z�]�Z�e�v�g�_�g�Z�� �d�e�Z�k�b�n�•�d�Z�p�•�y�� �\�j�Z�a�e�b�\�h�k�l�_�c �f�h�`�_��
�[�m�l�b���i�j�_�^�k�l�Z�\�e�_�g�Z���g�Z�k�l�m�i�g�b�f���q�b�g�h�f���>5]: 

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

2.�<�j�Z�a�e�b�\�h�k�l�•���� �k�i�j�b�q�b�g�_�g�•�� �^�•�y�e�v�g�•�k�l�x�� �e�x�^�b�g�b����
�a�Z�e�_�`�g�•�k�l�v�� �\�•�^�� �i�_�\�g�b�o�� �h�k�•�[���� �i�j�h�]�Z�e�b�g�b�� �\�� �h�[�•�a�g�Z�g�h�k�l�•��
�l�Z���g�Z�\�q�Z�g�g�•�����i�j�h�]�Z�e�b�g�b���\���^�b�k�p�b�i�e�•�g�•���l�Z���g�_�i�j�Z�\�h�f�•�j�g�_��
�h�[�f�_�`�_�g�g�y���^�h�k�l�m�i�m�� 

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

4. �H�i�_�j�Z�p�•�c�g�•�� �\�j�Z�a�e�b�\�h�k�l�•���� �\�•�^�k�m�l�g�•�k�l�v�� �d�_�j�m�\�Z�g-
�g�y���a�f�•�g�Z�f�b�����g�_�g�Z�e�_�`�g�b�c���j�h�a�i�h�^�•�e���h�[�h�\�¶�y�a�d�•�\�����\�•�^�k�m�l-

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

5. �<�j�Z�a�e�b�\�h�k�l�•���[�_�a�i�_�j�_�j�\�g�h�k�l�•���[�•�a�g�_�k�m���l�Z���^�h�l�j�b��
�f�Z�g�g�y�� �g�h�j�f�Z�l�b�\�g�b�o�� �\�b�f�h�]���� �g�_�^�h�j�_�q�g�•���� �\�•�^�k�m�l�g�•�� �Z�[�h��
�g�_�\�•�^�i�h�\�•�^�g�•���i�j�h�p�_�k�b���^�e�y���g�Z�e�_�`�g�h�]�h���m�i�j�Z�\�e�•�g�g�y���[�•�a��
�g�_�k-�j�b�a�b�d�Z�f�b�����g�_�Z�^�_�d�\�Z�l�g�_���i�e�Z�g�m�\�Z�g�g�y���[�_�a�i�_�j�_�j�\�g�h��
�k�l�•���[�•�a�g�_�k�m���l�Z���^�•�c���m���j�Z�a�•���\�b�g�b�d�g�_�g�g�y���g�Z�^�a�\�b�q�Z�c�g�b�o���k�b��
�l�m�Z�p�•�c���� �Z�� �l�Z�d�h�`�� �g�_�Z�^�_�d�\�Z�l�g�b�c�� �f�h�g�•�l�h�j�b�g�]�� �l�Z�� �h�p�•�g�d�Z��
�\�•�^�i�h�\�•�^�g�h�k�l�•���d�_�j�•�\�g�b�f���i�h�e�•�l�b�d�Z�f���•���g�h�j�f�Z�f�� 

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

�J�h�a�]�e�y�g�_�f�h�� �[�•�e�v�r�� �^�_�l�Z�e�v�g�h�� �k�n�_�j�m�� �l�_�o�g�•�q�g�b�o��
�\�j�Z�a�e�b�\�h�k�l�_�c�����<�b�^�Z�l�g�b�f���j�_�k�m�j�k�h�f���}���g�Z�p�•�h�g�Z�e�v�g�Z���[�Z�a�Z��
�^�Z�g�b�o�� �i�j�h�� �\�j�Z�a�e�b�\�h�k�l�•��NIST �± National Vulnerability 
Database (NVD), �•���\�•�^�i�h�\�•�^�g�Z���a�Z�]�Z�e�v�g�Z���k�b�k�l�_�f�Z���h�p�•�g�d�b��
�\�j�Z�a�e�b�\�h�k�l�_�c �± Common Vulnerability Scoring System 
(CVSS)���� �h�i�b�k�Z�g�Z�� �\��NISTIR ������������ �I�h�k�•�[�g�b�d�� �•�a�� �\�i�j�h�\�Z��
�^�`�_�g�g�y��CVSS [3 �± 9]. NVD �± �p�_���\�b�q�_�j�i�g�b�c���k�i�b�k�h�d���\�•��
�^�h�f�b�o���l�_�o�g�•�q�g�b�o���\�j�Z�a�e�b�\�h�k�l�_�c���k�b�k�l�_�f�����Z�i�Z�j�Z�l�g�h�]�h���l�Z��
�i�j�h�]�j�Z�f�g�h�]�h�� �a�Z�[�_�a�i�_�q�_�g�g�y����CVSS �a�Z�[�_�a�i�_�q�m�}�� �\�•�^�d��
�j�b�l�m�� �k�l�j�m�d�l�m�j�m�� �^�e�y�� �i�_�j�_�^�Z�q�•�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �\�j�Z�a�e�b��
�\�h�k�l�_�c����CVSS �\�b�a�g�Z�q�Z�}���\�j�Z�a�e�b�\�•�k�l�v���y�d���i�h�f�b�e�d�m�����g�_�^�h��
�e�•�d���� �k�e�Z�[�d�•�k�l�v�� �Z�[�h�� �\�•�^�d�j�b�l�•�k�l�v�� �i�j�h�]�j�Z�f�b���� �k�b�k�l�_�f�g�h�]�h��
�i�j�b�k�l�j�h�x�� �q�b�� �k�_�j�\�•�k�m���� �s�h�� �f�h�`�_�� �i�j�b�a�\�_�k�l�b�� �^�h�� �a�[�h�x��
�d�h�g�n�•�^�_�g�p�•�c�g�h�k�l�•�����p�•�e�•�k�g�h�k�l�•���q�b���^�h�k�l�m�i�g�h�k�l�•. 

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

�J�h�a�m�f�•�g�g�y��CVSS �^�h�a�\�h�e�y�}�� �h�p�•�g�b�l�b�� �r�b�j�h�d�b�c��
�k�i�_�d�l�j���\�j�Z�a�e�b�\�h�k�l�_�c�����y�d�•���\�i�e�b�\�Z�x�l�v���g�Z���k�b�k�l�_�f�b�����D�j�•�f��
�l�h�]�h�����k�b�k�l�_�f�Z�l�b�a�h�\�Z�g�Z���k�o�_�f�Z���^�e�y���h�p�•�g�d�b���\�j�Z�a�e�b�\�h�k�l�_�c��
�m��CVSS �}���d�h�j�b�k�g�h�x���^�e�y���j�h�a�j�h�[�d�b�� �i�h�^�•�[�g�h�]�h���k�b�k�l�_�f��
�g�h�]�h���i�•�^�o�h�^�m���^�h���•�g�r�b�o���\�j�Z�a�e�b�\�h�k�l�_�c�����l�Z�d�b�o���y�d���l�•�����s�h��
�i�h�\�¶�y�a�Z�g�•���a���h�j�]�Z�g�•�a�Z�p�•�c�g�b�f�b���i�b�l�Z�g�g�y�f�b�����i�h�e�•�l�b�d�h�x���l�Z��
�i�j�h�p�_�^�m�j�Z�f�b, �Z���l�Z�d�h� ̀ �n�•�a�b�q�g�h�x�� �•�g�n�j�Z�k�l�j�m�d�l�m�j�h�x����
�G�Z���k�v�h�]�h�^�g�•�r�g�•�c���^�_�g�v��CVSS �r�b�j�h�d�h���i�j�b�c�g�y�l�b�c���•���\�b��
�d�h�j�b�k�l�h�\�m�\�Z�g�b�c�� �i�•�^�o�•�^���� �G�Z�i�j�b�d�e�Z�^���� �\�b�d�h�j�b�k�l�Z�g�g�y��
CVSS �j�_�d�h�f�_�g�^�m�}�l�v�k�y �^�e�y���d�•�e�v�d�•�k�g�h�]�h���j�h�a�j�Z�o�m�g�d�m���j�•��
�\�g�y���\�j�Z�a�e�b�\�h�k�l�•���f�_�j�_�`�g�h�]�h���h�[�e�Z�^�g�Z�g�g�y���>3, 4]. 

�D�h�`�_�g���a�Z�i�b�k��NVD �f�•�k�l�b�l�v���l�Z�d�g�m���•�g�n�h�j�f�Z�p�•�x [2]: 
- �m�g�•�d�Z�e�v�g�b�c�� �k�e�h�\�g�b�d�h�\�b�c�� �•�^�_�g�l�b�n�•�d�Z�l�h�j �\�j�Z�a��

�e�b�\�h�k�l�_�c�� �•�� �j�b�a�b�d�•�\�� �± Common Vulnerabilities and Ex-
posure (CVE); 

- �h�i�b�k���\�j�Z�a�e�b�\�h�k�l�•; 
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- �i�h�k�b�e�Z�g�g�y���g�Z���\�_�[-�k�Z�c�l�b���l�Z���•�g�r�•���i�h�k�b�e�Z�g�g�y���a���•�g��
�n�h�j�f�Z�p�•�}�x�����i�h�\�¶�y�a�Z�g�h�x���a���\�j�Z�a�e�b�\�•�k�l�x; 

- �f�_�l�j�b�d�b��CVSS. 
�F�_�l�j�b�d�b�� �a�Z�]�Z�e�v�g�h�€�� �k�b�k�l�_�f�b�� �h�p�•�g�d�b�� �\�j�Z�a�e�b�\�h�k��

�l�_�c�� �± CVSS. �1�k�g�m�}�� ������ �f�_�l�j�b�d��CVSS���� �j�h�a�^�•�e�_�g�b�o�� �a�Z��
�l�j�v�h�f�Z���]�j�m�i�Z�f�b [5]�����M���l�Z�[�e. 3 �i�_�j�_�e�•�q�_�g�• �h�d�j�_�f�•���i�h�d�Z��
�a�g�b�d�b���l�Z���i�h�d�Z�a�Z�g�h���j�•�\�g�•�����\�b�a�g�Z�q�_�g�•���^�e�y���d�h�`�g�h�]�h���a���g�b�o����
�M�� �d�h�`�g�h�f�m�� �\�b�i�Z�^�d�m�� �j�•�\�g�•�� �\�d�Z�a�Z�g�•�� �\�•�^�� �g�Z�c�\�b�s�h�]�h�� �^�h��
�g�Z�c�g�b�`�q�h�]�h�����I�h���k�m�l�•�����i�•�^�j�Z�o�m�g�h�d���[�Z�e�•�\���a�^�•�c�k�g�x�}�l�v�k�y��
�l�Z�d�b�f���q�b�g�h�f�����^�e�y���d�h�`�g�h�€���\�b�y�\�e�_�g�h�€���\�j�Z�a�e�b�\�h�k�l�•��NVD 
�g�Z�^�Z�}�� �j�•�\�_�g�v�� �^�e�y�� �d�h�`�g�h�]�h�� �i�h�d�Z�a�g�b�d�Z�� �\�� �[�Z�a�h�\�•�c�� �]�j�m�i�•��

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

�L�Z�[�e�b�p�y���� �± �A�Z�]�Z�e�v�g�Z �d�e�Z�k�b�n�•�d�Z�p�•�y���f�_�l�j�b�d���&�9�6�6 [5] 

�=�j�m�i�Z���[�Z�a�h�\�b�o���f�_�l�j�b�d 
�=�j�m�i�Z���q�Z�k�h�\�b�o���f�_�l�j�b�d 

�=�j�m�i�Z���f�_�l�j�b�d�� 
�k�_�j�_�^�h�\�b�s�Z �F�h�`�e�b�\�•�k�l�v���\�b�d�h�j�b�k�l�Z�g�g�y �<�i�e�b�\ 

�<�_�d�l�h�j���Z�l�Z�d�b�� 
- �F�_�j�_�`�Z 
- �I�j�b�e�_�]�e�b�c�� 
- �E�h�d�Z�e�v�g�b�c�� 
- �N�•�a�b�q�g�b�c 
 

�K�d�e�Z�^�g�•�k�l�v���Z�l�Z�d�b�� 
- �G�b�a�v�d�Z 
- �<�b�k�h�d�Z 
 

�G�_�h�[�o�•�^�g�•�k�l�v���i�j�b�\�•�e�_�€�\�� 
- �G�_�f�Z�} 
- �G�b�a�v�d�Z 
- �<�b�k�h�d�Z 
 

�<�a�Z�}�f�h�^�•�y���a���d�h�j�b�k�l�m�\�Z�q�_�f�� 
- �G�_�f�Z�} 
- �<�b�f�Z�]�Z�}�l�v�k�y 

�<�i�e�b�\���g�Z��
�d�h�g�n�•�^�_�g�p�•�c�g�•�k�l�v�� 

- �<�b�k�h�d�b�c 
- �G�b�a�v�d�b�c 
- �G�_�f�Z�} 
 

�<�i�e�b�\���g�Z���p�•�e�•�k�g�•�k�l�v�� 
- �<�b�k�h�d�b�c 
- �G�b�a�v�d�b�c 
- �G�_�f�Z�} 
 

�<�i�e�b�\���g�Z��
�^�h�k�l�m�i�g�•�k�l�v�� 

- �<�b�k�h�d�b�c 
- �G�b�a�v�d�b�c 
- �G�_�f�Z�} 

�A�j�•�e�•�k�l�v���d�h�^�m���_�d�k�i�e�h�c�l�m�� 
- �G�_���\�b�a�g�Z�q�_�g�b�c 
- �<�b�k�h�d�b�c 
- �N�m�g�d�p�•�h�g�Z�e�v�g�b�c 
- �>�h�d�Z�a���d�h�g�p�_�i�p�•�€ 
- �G�_�^�h�\�_�^�_�g�b�c 
 

�J�•�\�_�g�v���\�b�i�j�Z�\�e�_�g�g�y�� 
- �G�_���\�b�a�g�Z�q�_�g�b�c 
- �H�[�o�•�^�g�b�c���r�e�y�o 
- �L�b�f�q�Z�k�h�\�_���\�b�i�j�Z�\�e�_�g�g�y 
- �H�n�•�p�•�c�g�_���\�b�i�j�Z�\�e�_�g�g�y 
 

�>�h�k�l�h�\�•�j�g�•�k�l�v���a�\�•�l�m�� 
- �G�_���\�b�a�g�Z�q�_�g�Z 
- �I�•�^�l�\�_�j�^�`�_�g�Z 
- �H�[�‰�j�m�g�l�h�\�Z�g�Z 
- �G�_�\�•�^�h�f�Z 

�<�b�f�h�]�b�� 
�d�h�g�n�•�^�_�g�p�•�c�g�h�k�l�•�� 

- �G�_���\�b�a�g�Z�q�_�g�• 
- �<�b�k�h�d�• 
- �K�_�j�_�^�g�• 
- �G�b�a�v�d�• 
 

�<�b�f�h�]�b���p�•�e�•�k�g�h�k�l�•�� 
- �G�_���\�b�a�g�Z�q�_�g�• 
- �<�b�k�h�d�• 
- �K�_�j�_�^�g�• 
- �G�b�a�v�d�• 
 

�<�b�f�h�]�b���^�h�k�l�m�i�g�h�k�l�•�� 
- �G�_���\�b�a�g�Z�q�_�g�• 
- �<�b�k�h�d�• 
- �K�_�j�_�^�g�• 
- �G�b�a�v�d�• 

�H�[�e�Z�k�l�v���a�Z�k�l�h�k�m�\�Z�g�g�y��      - �;�_�a���a�f�•�g 
- �A�f�•�g�_�g�Z 

 
�Y�d���i�h�d�Z�a�Z�g�h���\���l�Z�[�e�� �������d�h�`�_�g���j�•�\�_�g�v���f�_�l�j�b�d�b���f�Z�}��

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

�;�Z�a�h�\�Z���]�j�m�i�Z���f�_�l�j�b�d �i�j�_�^�k�l�Z�\�e�y�}���\�g�m�l�j�•�r�g�•���o�Z��
�j�Z�d�l�_�j�b�k�l�b�d�b���\�j�Z�a�e�b�\�h�k�l�•�����y�d�•���}���g�_�a�f�•�g�g�b�f�b���i�j�h�l�y�]�h�f��
�q�Z�k�m���l�Z���k�_�j�_�^���d�h�j�b�k�l�m�\�Z�q�•�\�����<�h�g�Z���k�d�e�Z�^�Z�}�l�v�k�y���a���l�j�v�h�o��
�g�Z�[�h�j�•�\���i�h�d�Z�a�g�b�d�•�\ [5]: 

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

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

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

- �G�_�h�[�o�•�^�g�•���i�j�b�\�•�e�_�€���o�Z�j�Z�d�l�_�j�b�a�m�x�l�v���^�h�k�l�m�i�����i�h��
�l�j�•�[�g�b�c���a�e�h�\�f�b�k�g�b�d�m���^�e�y���\�b�d�h�j�b�k�l�Z�g�g�y���\�j�Z�a�e�b�\�h�k�l�•����
�A�g�Z�q�_�g�g�y���� �©�g�_�f�Z�}��none�ª�� ���i�j�b�\�•�e�_�c�h�\�Z�g�b�c�� �^�h�k�l�m�i�� �g�_��

�i�h�l�j�•�[�_�g������ �©�g�b�a�v�d�b�c��low�ª�� ���[�Z�a�h�\�•�� �i�j�b�\�•�e�_�€�� �d�h�j�b�k�l�m��
�\�Z�q�Z�����•���©�\�b�k�h�d�b�c��high�ª�����i�j�Z�\�Z���Z�^�f�•�g�•�k�l�j�Z�l�h�j�Z���� 

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

2. �<�i�e�b�\����Impact�������p�•���i�h�d�Z�a�g�b�d�b���\�d�Z�a�m�x�l�v���g�Z���k�l�m��
�i�•�g�v�� �\�i�e�b�\�m�� �g�Z�� �h�k�g�h�\�g�•�� �p�•�e�•�� �[�_�a�i�_�d�b�� �± �d�h�g�n�•�^�_�g�p�•�c��
�g�•�k�l�v���� �p�•�e�•�k�g�•�k�l�v�� �•�� �^�h�k�l�m�i�g�•�k�l�v���� �M�� �d�h�`�g�h�f�m���a�� �p�b�o�� �\�b��
�i�Z�^�d�•�\���h�p�•�g�d�Z���\�•�^�h�[�j�Z�`�Z�}���g�Z�c�]�•�j�r�b�c���j�_�a�m�e�v�l�Z�l�����y�d�s�h��
�m�j�Z�`�_�g�h�� �[�•�e�v�r�_�� �g�•�`�� �h�^�b�g�� �d�h�f�i�h�g�_�g�l���� �>�e�y�� �d�h�`�g�h�€�� �a��
�l�j�v�h�o�� �p�•�e�_�c�� �\�\�h�^�y�l�v�k�y �Z�g�Z�e�h�]�•�q�g�•�� �a�g�Z�q�_�g�g�y�� �\�i�e�b�\�m����
�©�\�b�k�h�d�b�c��high�ª�����i�h�\�g�Z���\�l�j�Z�l�Z���d�h�g�n�•�^�_�g�p�•�c�g�h�k�l�•�����p�•�e�•��
�k�g�h�k�l�•�� �Z�[�h�� �^�h�k�l�m�i�g�h�k�l�•������ �©�g�b�a�v�d�b�c��low�ª�� ���i�_�\�g�•��
�\�l�j�Z�l�b�����•���©�g�_�f�Z�}��none�ª�����\�•�^�k�m�l�g�•�k�l�v �\�i�e�b�\�m��. 

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

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

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

�>�h�k�l�h�\�•�j�g�•�k�l�v�� �a�\�•�l�m �\�b�f�•�j�x�}�� �k�l�m�i�•�g�v�� �\�i�_�\�g�_�g�h��
�k�l�•���\���•�k�g�m�\�Z�g�g�•�� �\�j�Z�a�e�b�\�h�k�l�•�� �l�Z���^�h�k�l�h�\�•�j�g�•�k�l�v���\�•�^�h�f�b�o��
�l�_�o�g�•�q�g�b�o���^�_�l�Z�e�_�c�� 

�=�j�m�i�Z�� �f�_�l�j�b�d �k�_�j�_�^�h�\�b�s�Z�� �n�•�d�k�m�}�� �o�Z�j�Z�d�l�_�j�b�k��
�l�b�d�b���\�j�Z�a�e�b�\�h�k�l�•�����i�h�\�¶�y�a�Z�g�•���a���1�L-�k�_�j�_�^�h�\�b�s�_�f���d�h�j�b�k��
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�<�b�k�g�h�\�d�b 

�L�Z�d�b�f���q�b�g�h�f, �\���j�h�[�h�l�•���i�j�h�\�_�^�_�g�b�c �Z�g�Z�e�•�a���k�l�Z�g��
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Analysis of vulnerabilities of the SDN data plane and the functional capabilities 
of the routing tools in relation to preventing potential attacks 

A. Levterov, G. Pliekhova, M. Kostikova, S. Ocheretenko 

Abst rac t .  Problem. The article is devoted to the analysis of the vulnerabilities of the SDN data plane and the functionality 
of secure routing tools in terms of countering possible attacks. The main typical security problems, their causes and possible targets 
of attacks are considered within the data plane. Existing SDN data plane protection technologies are described. A generalized 
classification of vulnerabilities and their characteristics is provided. Goal. The purpose of the article is to analyze the vulnerabilities 
of the SDN data plane and the functionality of secure routing tools to counter possible attacks. Methodology. Analytical modeling, 
formalization and comparison. Task statement �± To improve secure routing taking into account the basic metrics of the criticality 
of vulnerabilities. Results. An analysis of the vulnerabilities of the SDN data plane and the functionality of secure routing tools 
against possible attacks, as well as the existing technologies and approaches to protect the SDN data plane, has been carried out. 
Conclusions: Thus, the paper analyzes the CVSS standard for quantitative calculation of the level of vulnerability of network 
equipment and proves the feasibility of its use during the development and research of promising approaches to secure routing in 
the data plane of software-configured networks. Originality.  Systematized and analyzed the vulnerabilities of the SDN data plane 
and their functionality in terms of secure routing and countermeasures against possible attacks. Practical value. Computer-config-
ured SDN networks are considered within the data plane, the main typical security problems are found, their causes and possible 
objects of attacks are indicated. 

Keywords:  SDN, metrics, security, vulnerability, CVSS. 
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DEVELOPMENT OF A MOBILE ROBOT PROTOTYPE 
WITH AN INTERACTIVE CONTROL SYSTEM 

 
Abst rac t .  One of the most urgent tasks of robotics is to perform work in conditions where a person cannot work, in 
extreme conditions. At the same time, the goal is to find a person at a distance, often a considerable distance, in safe 
conditions. From this follows the need to create robots that will be able to work by themselves either in autonomous mode 
or in remote control mode. At the same time, the task of detecting sources of combustion, which can be solved by a mobile 
robot equipped with specific sensors, is extremely urgent. Therefore, the task of developing an interactive control system 
for such a robot becomes urgent. The subject of this study is a mobile robot control program. The purpose of this article is 
to improve the efficiency of the fire safety system through the development of a mobile robot with appropriate sensors, as 
well as an interactive control system. To achieve the goal, it is necessary to solve the following tasks: analyze the methods 
of creating prototypes of mobile robots, develop a structural diagram of a mobile robot, choose components, choose the 
necessary sensors based on the goals of ensuring fire safety, develop an automated control system based on a modern 
single-board computer and intuitively develop clear operator interface. Conclusions: as a result of research, a structural 
diagram of a mobile robot was developed, its components were selected, it was assembled, equipped with sensors, and 
software was created that allows you to control it interactively. The developed prototype of a mobile robot will reduce the 
risk of fires and the need for human intervention, ensuring an operational response to danger. In addition, a mobile robot 
with the ability to independently navigate and recognize danger will ensure the optimization of work processes at various 
enterprises, or to check dangerous areas, improve the safety of workers or people around and reduce material costs. The 
result of the work is a functioning robot prototype with an implemented interactive control system 

Keywords:  mobile robot, ignition source, control system, fire sensor. 
 

Introduction 

In modern production, considerable attention is 
paid to ensuring human safety and reducing the risks of 
emergencies, including reducing the risk of fire due to 
various causes. In order to prevent the spread of fire, 
explosions in general, as well as explosions of 
equipment, damage to workers, and minimize costs, it is 
necessary to extinguish a fire as quickly as possible, or 
even better, to prevent it. For this purpose, it is 
advisable to use mobile robots equipped with 
temperature and fire detection sensors. Such robots 
should constantly monitor industrial premises and 
transmit information to the operator in real time.  

The aim of this work is to improve the efficiency 
of the fire safety system by developing a mobile robot 
with appropriate sensors and an interactive control 
system. 

A prototype of such a mobile robot will be 
developed, as well as an interactive control system for 
the mobile robot based on the Arduino board and the 
use of sensors that will enable the mobile robot to 
perform its tasks. The idea is to create a robot that can 
move independently and recognize dangerous situations, 
such as the onset of a fire and rising temperatures.  

The developed prototype of a mobile robot will 
reduce the risk of fires and the need for human 
intervention by providing a rapid response to danger. In 
addition, a mobile robot with the ability to 
independently navigate and recognize hazards will 
optimize workflows at various enterprises or to inspect 
hazardous areas, improve the safety of employees or 
people around them, and reduce material costs. 

The result of the work will be a prototype of a 
mobile robot with interactive control. It is a functional 

device capable of moving in the environment and 
interacting with the user. The mobile robot will be able 
to receive commands from the user, as well as respond 
to them, perform tasks and provide useful information. 
An important aspect is a user-friendly interface that will 
allow easy and intuitive interaction with the robot. In 
addition, the prototype will have additional functions 
related to monitoring the temperature in an industrial 
room and detecting open flames in it. 

Analysis of recent studies and publications. 
There is a growing trend of emergencies in Ukraine and 
the world [1]. 

The main areas of fire safety are the elimination of 
fire conditions and minimization of its consequences. 
Facilities must have fire safety systems aimed at 
preventing exposure of people and material assets to fire 
hazards, including their secondary manifestations [2]. 

Based on the requirement to ensure the safety of 
people as much as possible, a progressive idea was the 
use of mobile robots to detect abnormally high 
temperatures and sources of fire in production. Many 
authors offer their own experience in developing both 
such robots and remote, preferably interactive, control 
systems for them [3-7].  

A whole galaxy of researchers [8-11] suggest 
using the Arduino board to create firefighting robots, as 
well as those that detect fires. That is why we chose the 
Arduino Mega 2560 board in our work. 

Purpose of the work. Improving the efficiency of 
the fire safety system by developing a mobile robot with 
appropriate sensors and an interactive control system. 

The result of the work will be a prototype of a 
mobile robot with interactive control. It is a functional 
device capable of moving in the environment and 
interacting with the user. The mobile robot will be able 

�‹������Nevliudov I., Maksymova S., Klymenko O., Bilousov M., 2023 
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to receive commands from the user, as well as respond 
to them, perform tasks and provide useful information. 
An important aspect is a user-friendly interface that will 
allow easy and intuitive interaction with the robot. In 
addition, the prototype will have additional functions 
related to monitoring the temperature in an industrial 
room and detecting open flames in it. 

1. Selection of mobile robot components 

This article proposes the development of a mobile 
robot with interactive control that can be used in 
industrial, warehouse, or residential premises to monitor 
and obtain information about temperature or fire. 

The central component of the system is the 
Arduino Mega 2560 R3, which provides sufficient 
computing power and the ability to control various 
aspects of the robot. It serves as the basis and "brain" of 
the project, allowing you to program the logic of the 
robot and process data from sensors or sensors. 

An example of the board is shown in Fig. 1. 

 
Fig. 1. Arduino Mega 2560 board 

 
The Arduino Mega 2560 board is one of the key 

components selected for the development of a mobile 
robot with interactive control. An important advantage of 
the board is its functionality. It is equipped with a 
powerful Atmega2560 microcontroller, which provides 
enough computing resources to implement complex 
algorithms and control various devices. The board also 
has a large number of digital and analog I/Os, which 
allows you to connect various sensors, actuators, and 
other peripherals.  

The Arduino Mega 2560 supports a variety of 
software libraries and the Arduino IDE, which simplifies 
the programming and development process. It is also 
compatible with a large number of extensions and 
modules, which allows you to expand the functionality 
and capabilities of the system. It also has a fairly low 
cost. This board is widely available on the market.  

The next important component for a mobile robot 
is the platform on which all the elements are located. 
We chose a mobile 3-wheeled transparent robot 
platform for robotics. Its appearance is shown in Fig. 2. 

The platform is equipped with two motors with a 
deceleration ratio of 48:1. These motors provide enough 
power and torque to move the robot. They operate at 3-
6V and have low current consumption, which is an 
energy-efficient solution. Three wheels, of which two 
are drive and sliding motors, provide stability and 
maneuverability of the robot. This allows for efficient 
movement in different directions and turns.  

 
Fig. 2. Single deck robotic platform 

 
This platform also has a battery compartment, 

which simplifies the integration of the power supply 
system into the robot structure itself. This ensures 
convenient and compact battery placement, which is 
especially important for mobile robots. 

The next element will be the MB-102 solderless 
breadboard with 400 points. One of the key advantages 
of the MB-102 breadboard is its convenient design. The 
breadboard is shown in Fig. 3. 

 
Fig. 3. MB-102 solderless circuit board 

 
The board has 400 contact points, which provides 

enough space to connect various components, wires, 
and connections. This allows you to conveniently 
arrange circuit elements and make the necessary 
connections for testing and design. The breadboard also 
has high contact reliability and stability. Each contact 
point on the board provides a reliable electrical 
connection, which helps to avoid malfunction problems 
and ensures stable operation of the circuit.  

The bridge driver plays an important role in the 
management and control of motors. The L293D bridged 
motor driver was selected to control two bridged motors. 
An example of a bridge driver is shown in Fig. 4. 

 
Fig. 4. L293D bridge motor driver for collector motors 
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The bridge driver ensures smooth and precise 
movement of the robot. The L293D provides stable and 
reliable motor control. It has built-in overload and back 
EMF protection to help prevent damage to components 
when changing direction or braking the motors. The 
bridge driver also allows you to control the direction of 
rotation of the motors and adjust their speed. 

To connect all the components to the board, you 
also need a set of mother-to-mother and father-to-
mother jumpers. An example of a set is shown in Fig. 5. 

 
Fig. 5. Jumpers set 

 
Next, we selected the necessary sensors. First, let's 

look at the ultrasonic sensor. This is a component that 
allows you to measure the distance to objects based on 
the principle of ultrasonic wave reflection. The HC-
SR04 we have chosen is one of the most popular 
distance sensors and is widely used in various robotics 
projects. Its appearance is shown in Fig. 6. 

 
Fig. 6. HC-SR04 sensor 

 
The sensor consists of a transmitter and a receiver 

module. The transmitting module generates ultrasonic 
pulses that travel to the object and then are reflected 
back. The receiving module registers the reflected 
pulses and determines the time of sound wave travel. 
Based on the sound travel time and knowing the speed 
of air, the distance to the object can be calculated. The 
HC-SR04 can measure the distance to objects in the 
range of a few centimeters to several meters. This 
makes it versatile and applicable in a variety of 
scenarios. The sensor also has a simple connection and 
communication interface with a microcontroller. It 
works on the basis of the echolocation protocol, which 
simplifies programming and integration into projects. 
The selected instance is available at a low price and is 
readily available on the market. This makes it an 
attractive option for developing projects with a limited 
budget. 

For communication and connection to wireless 
networks in the mobile robot project, the ESP8266 Wi-
Fi module of the ESP-01 version was chosen (Fig. 7). 
This module provides a wireless Internet connection, 
which opens up a wide range of possibilities for remote 
control and data exchange.  

 
Fig. 7. Wi-Fi module ESP8266 version ESP-01 

 
The ESP8266 ESP-01 is a compact and cost-

effective Wi-Fi module that offers sufficient 
performance and functionality to implement Wi-Fi 
communications. It is equipped with a microcontroller 
and a built-in antenna, which ensures its autonomous 
operation. The module allows remote control of the 
mobile robot using a smartphone, tablet, or computer. It 
can also be used to collect data from various sensors on 
the robot, such as distance, temperature, humidity, and 
other sensors. The collected data can be transferred to a 
remote server or cloud storage for further analysis and 
processing. 

The KY-033 line sensor (Fig. 8) is a device 
specially designed to detect and follow lines on a 
surface. It is equipped with infrared sensors that respond 
to reflected light from the surface and allow you to 
determine the position of the line.   

 
Fig. 8. KY-033 line sensor 

 
The line sensor allows the robot to detect and 

follow a line on the floor or other surface. This can be 
useful, for example, for creating a linear route or an 
automatic navigation solution. It can be used to detect 
obstacles in the robot's path. If the line is interrupted or 
changed, the robot can react by changing its direction or 
taking appropriate action. If the robot is moving on a 
platform with edges or cliffs, the KY-033 line sensor 
can help it avoid falling or colliding. The robot can react 
to changes in surface color and adjust its movement to 
stay in the safe zone of the platform 
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The next sensor we chose was the KY-026 flame 
sensor (Fig. 9). It is a module designed to detect the 
presence of a flame, based on a photo-sensitive element 
that responds to changes in the intensity of light created 
by the flame.  

 
Fig. 9. Fire sensor 

 
A sensor can be mounted on the robot for early 

detection of fire or other sources of flame in the 
environment. If flames are detected, the robot can 
activate appropriate safety systems or take action to 
prevent the spread of the fire. If the robot is used in 
areas where fires or dangerous situations are possible, 
the flame sensor can be integrated into a warning 
system.  

When flames are detected, the robot can activate 
sirens, flash lights, or send an alarm to alert others to the 
presence of danger. 

The last module to be installed on our mobile robot 
is an infrared thermometer (Fig. 10).  

An infrared thermometer is designed to measure 
the temperature of objects using infrared radiation 
emitted by them. 

It can work together with the KY-026 flame sensor 
to more accurately detect and measure heat or flame 
sources. In our case, the use of these two sensors allows 
us to measure the exact temperature of the flame source,  

complementing the information received from the flame 
sensor. This can be useful for determining flame 
intensity or monitoring temperature changes in the 
environment. The thermal module can also help detect 
hot spots or objects with elevated temperatures in the 
environment. This can be useful for detecting obstacles 
that could cause damage to the robot or other objects, as 
well as for determining temperature changes within 
certain areas. 

 
Fig. 10. Infrared thermal module 

2. Assembling a mobile robot 

The structure of mobile robots depends on the 
tasks that the robot solves, but regardless of the tasks 
being solved, the main components of the mobile robot 
structure can be identified.  

A block diagram is shown in Fig. 11. 
Development of a circuit diagram. This circuit was 

created using the online tool Tinkercad, which allows 
you to design electronic circuits in a virtual 
environment. The main components of the circuit are 
two motors that are responsible for driving the robot's 
wheels.  

The circuit also includes two ultrasonic sensors 
that are connected to a breadboard and then to an 
Arduino Mega 2560 R3 board.  

The circuit is shown in Fig. 12. 
 

 
Fig. 11. Block diagram of a mobile robot 
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Fig. 12. Schematic diagram of the circuit 

 
The connection to the prototype board is shown in 

Fig. 13 and 14. 
 

 
Fig. 13. Connecting to the prototype board 

 

 
Fig. 14. Connection with sensors 

 
Thanks to the Wi-Fi module ESP8266, we can 

theoretically realize the control of a mobile robot 

through a browser. The user, being in a local Wi-Fi 
network, opens a browser on his device. The mobile 
robot equipped with the ESP8266 module creates a web 
server on the module that listens for incoming HTTP 
requests. A web page with the robot's control interface 
is displayed in the user's browser. The user clicks 
buttons on the web page to control the robot. The 
browser sends a corresponding HTTP request to the 
robot's IP address and port. The ESP8266 module 
receives the request and interprets it as a command to 
control the robot's motors. The module transmits signals 
to the L293D bridge driver, which controls the robot's 
motors. The robot moves according to the commands 
received from the user via the browser. Thus, the user 
can control the mobile robot in real time (interactively) 
by clicking buttons on a web page in the browser, and 
the ESP8266 module transmits commands to the robot's 
motors through the bridge driver. The developed 
interface is shown in Figure 15. 

 

 
Fig. 15. Example of a robot control interface 

Conclusions 

As a result of the above research, a prototype of a 
mobile robot has been developed that will reduce the 
risk of fires and the need for human intervention by 
providing a rapid response to danger.  
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In addition, this mobile robot has the ability to 
independently navigate and recognize hazards, which 
will optimize workflows at various enterprises or to 

inspect hazardous areas. Such a robot will improve the 
safety of employees or people around them and reduce 
material costs. 
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DEVELOPMENT OF AN INTELLIGENT ROBOT CONTROL SUBSYSTEM 
 

Abst rac t .  The subsystem should provide the following functionalities: planning of trajectories of movement of an intelligent 
robot in an a priori uncertain dynamic environment of operation: representation of opposing objects of the environment and 
functional and executive nodes of a mobile robot using a fuzzy configuration space; formation of a movement trajectory with a 
fixed level of confidence; updating the environment map when exploring new areas of the operating environment; real-time 
operation of the scheduler; modularity and scalability of the subsystem. To successfully navigate in space, the robot control 
system must be able to build a route, control movement parameters, correctly interpret information about the world around it 
received from sensors, and constantly track its own coordinates. The paper investigates the development of control subsystems 
for an intelligent robot. To achieve this goal, the initial data were analyzed, the general principle of building a simulation model 
of the robot was described, and a structural diagram of the control system of an intelligent robot was developed. 
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Introduction 

The subsystem under development is designed to 
plan the targeted actions of an intelligent mobile robot in 
an a priori uncertain environment [1]. It is difficult to 
develop such a subsystem based only on a rigid algorithm 
for working out a given trajectory of movement of the 
robot's executive subsystems (RS). The absence of 
feedback on the operations performed indicates a low 
flexibility of the system as a whole, which significantly 
reduces the possibility of using the RP in real conditions 
of automated production. The direct operation of such a 
system faces the following problems 

- the need to create a flexible distributed structure 
of flexible production modules; 

- solving the problem of time coordination of 
several robots performing a single task; 

- the need to change the control program when 
moving to new unstructured production areas, where it is 
difficult to enter the trajectory of the robot's technological 
operation. 

The main disadvantage is the strict requirement for 
the accuracy of the reference trajectory, the violation of 
which during operation leads to a disruption of the entire 
technological process (TP), and this situation is difficult 
to automatically correct, requiring intelligent action 
planning [2�±5]. The subsystem should provide the 
following functionalities: 

a) planning of trajectories of movement of an 
intelligent robot in an a priori uncertain dynamic 
environment of operation: 

1) representation of opposing objects of the 
environment and functional and executive nodes of a 
mobile robot using a fuzzy configuration space; 

2) formation of a movement trajectory with a fixed 
level of confidence; 

3) updating the environment map when exploring 
new areas of the operating environment; 

b) real-time operation of the scheduler; 
c) modularity and scalability of the subsystem. 
When filling the knowledge base, the operator is 

responsible for selecting the general characteristics 
(name, code, etc.) of known objects. Object traversal 
parameters are recorded as additional object parameters. 
Changes to the trajectory in the object knowledge base 

are made only by the subsystem itself; the operator 
cannot change these characteristics manually. 

The subsystem should provide for updating 
decision-making methods due to the object-oriented 
structure of the information and modeling complex, i.e., 
recomposition without changing the basic relationships 
between modeling objects. 

1 General principle of building a robot 
simulation model 

In accordance with the traditional model of modeling 
organization, when information flows are exchanged 
between the researcher-designer and the simulation model, 
feedback on the results of the simulation is provided by a 
chain external to the simulation modeling system - a person 
with the involvement of auxiliary tools and software 
methods. At the same time, the researcher-designer 
performs the function of information transformation, which 
consists in interpreting the results and making decisions on 
managing experiments and generalizing information to the 
knowledge base of an intelligent robot. Automation of 
experiment management involves the creation of a closed 
software-implemented control loop of the simulation model 
within the framework of external software [6�±9]. The 
structure of the model is shown in Fig. 1. 

 

 
Fig. 1. Structure of the information and control model 

 
Targeted series of experiments, in accordance with 

the set goal of the robot's functioning and taking into 
account the constraints of the configuration parameters, 
are organized by modules that are specifically included 
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in the external software. In general, these modules must 
set the initial data sets, initiate model runs as a whole, 
process the results, and make decisions about the further 
development of experiments in accordance with the 
implemented modeling control algorithm. 

Such an algorithm, directing the experiments, 
searches for such a combination of parameters in the field 
of permissible values of parameters that would ensure the 
optimum of a given quality indicator, i.e., essentially 
solves the optimization task: 

�� �� max
� o � ;

f �o
�•

�•�•�•�o ,                       (1) 

where f �± the objective function represented by the 
algorithmic simulation model; �� ��1 2, ,..., n�o �[ �[ �[�  �± 

vector of parameters of the modeling object; X �± a set of 
valid values of input parameters. 

Thus, a set of algorithmic and software tools that 
provides the process of automated modeling forms a 
simulation automation modeling system (SAMS). Since the 
user does not enter each set of initial data for the next run of 
the simulation model and only specifies the goal or criterion 
and the range of parameter variation, while the search for 
valid solutions to simulation problems is performed 
automatically by the SAMS, the definition of an intelligent 
simulation system can be applied to the latter. For example, 
the functions of the SAMS in the control loop of a flexible 
production system generally consist in analyzing alternative 
options for robot behavior after making a particular possible 
decision on dispatching and operational planning of 
information and motion actions, etc. 

The effectiveness of these functions is due to the 
replacement of the rigid control logic of an intelligent robot, 
which involves the use of specified and fixed heuristics in 
certain situations, with a flexible and dynamic mechanism 
that ensures decision-making not only on the basis of a 
similar analysis of the current state of the robot, but also 
taking into account the prospects for its development. The 
problem of automating the management of experiments, 
synthesizing knowledge and building a knowledge base can 
be represented by the logical structure of the step-by-step 
solution of individual tasks of an intelligent robot, as shown 
in Fig. 2. At the first stage of automating the control of 
experiments, two tasks are solved: 

- structural and algorithmic construction of the 
control module itself is performed; 

- forming the substantive basis and formal 
requirements for the organization of information 
exchange with the simulation model. 

The task of structural and algorithmic 
construction of the experiment control 
module and synthesis of the knowledge 
system is solved in the following sequence: 
the composition and structure of the module 
are determined (the conditions of interaction 
of its components and position in the overall 
structure of the SAMS are developed). 

When performing a series of simulation 
model runs, a targeted variation of parameter 
values occurs, which can affect the value of the 
objective function not only through direct 
influence on the functioning of the modeling 

object, but also indirectly through other elements of the 
object (robot) that are connected. As a result, cost and other 
indicators change. In addition, restrictions can be imposed 
on the values of some parameters, in particular, some of 
them can be fixed, i.e. set declaratively. This can be reflected 
in the formation of initial data sets and initialization of the 
initial states of the knowledge system modeling process. 

Considering a simulation model as a means of 
purposeful transformation of information in accordance 
with a certain system of prescriptions, it makes sense to 
talk about a simulation modeling algorithm. Then the 
formal interpretation of the requirements under 
consideration can be written as follows: 

; ,S Q S C� • � •                         (2) 

where S �± input word of the simulation modeling 
algorithm; Q �± a set of valid sets of robot parameter 
values; �K���± the scope of the simulation modeling 
algorithm definition. 

The input word S specifies a set of initial data of a 
particular data set, i.e. ( , ,...., )j zS i � [ � [� , where each value 

�[j corresponds to a certain value of a certain parameter of 
the modeling object. The domain is determined by the 
software implementation of the simulation algorithm, and 
it can be formed by the set Din of input alphabet sets. All 
values �[i that have a permitted realization of the modeling 
object U. Thus, expressions (1) respectively define the 
conditions for matching S with the simulation model and 
algorithm. The task is to develop an apparatus for formal 
analysis of the consistency of changes in semantically 
interrelated parameters to ensure that the variation does not 
violate condition (1) and does not lead to changes in fixed 
parameters. At the second stage, the automation of 
experiment management and the construction of a 
knowledge system is carried out, and the following stages 
are solved: 

- development of principles, interaction of the 
logical inference system and numerical optimization 
procedures; 

- selection (development) of an apparatus for 
implementing logical inference from combined 
algorithms for managing experiments; 

- development of effective inference algorithms 
based on the proposed apparatus, taking into account the 
specifics of interaction with numerical optimization 
procedures. 

This stage solves the problem of developing 
optimization procedures used in planning extreme 

 
Fig. 2. Automated modeling of an intelligent object 
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actions. At the same time, the issue of developing 
algorithmic support can be considered for specific 
aspects of object modeling, namely 

- automation of experiments management under 
conditions of linguistic uncertainty of parameters, for 
example, "degree of similarity/difference..." has no 
natural numerical measurement; 

- organization of extreme experiments in the 
problems of one-parameter optimization with a 
significantly uneven location of points in the middle of 
the interval, for example, a unimodal response function, 
and fixing the corresponding states in the model of the 
knowledge system; 

- reduction of search time with a significant 
duration of the simulation model run, which is important 
for multi-iterative search algorithms, full search of 
options, etc. 

2 Block diagram of the robot control system 

The main task of an intelligent control system (ICS) 
is to physically implement various movements of an 

intelligent robot, with an adequate response to 
uncontrolled environmental changes and unpredictable 
drift of the robot's parameters. To fulfill the main task of 
the ICS during operation, it is necessary to solve many 
additional tasks that interact with each other. The 
analysis of these tasks and the specifics of controlling an 
intelligent robot led to the construction of a control 
system in the form of a three-level hierarchical structure, 
shown in Figure 3. 

At the first level, the ICS makes a decision on the 
possibility or impossibility of movement, determines the 
composition of electromechanical devices (EMDs) used 
for movement, and builds a general plan of movement 
(maneuver). At the second level, EMD control programs 
are formed, their control models are determined, the 
current situation is recognized, and self-learning is 
performed during operation. At the third level, 
controlling influences are formed to perform movements 
in an optimal way: for a minimum time, with a given 
accuracy, quality of transients, etc. with the necessary 
adjustment (adaptation) of EMD control models. 

 

 
Fig. 3. Structure of an intelligent control system for an intelligent robot 

 
The structure is focused on the realization of IR 

movements in real time, in which the interaction between 
levels occurs according to a limited number of movement 
parameters: linear speed V; position coordinates X, Y; 
heading angle Z (angle between the main axis of the IR and 
one of the coordinate axes); angular velocities of wheels and 
motors �& . In the proposed system for controlling the 
movements of the IR, the current goal of the movement or 
movements is received from the upper-level control system 
(external computer) in the form of parameters Xr, Yr, Zr , or 
parameters defined regarding the obstacle Xo , Yo , Z o . 

The movements are controlled as follows. Block 3 
receives a request to perform the movement of the IP 
(movement of the IR in the workspace, location of the 
working body of the attachment, or performing these 
actions simultaneously). Based on the data of blocks 1 
and 2 on the current location of the intelligent robot and 

obstacles to movement in the workspace, as well as 
information from the second and third levels of control, 
block 3 determines whether the specified movement can 
be performed or not. In case of a positive decision, the 
coordinates of the points of the trajectory ending at the 
target point Xr , Yr , Zr are calculated. These coordinates 
are transmitted to the second level block 5. 

In block 5, according to the incoming coordinates 
and knowledge about the properties of the current working 
space of the intelligent robot and the location of fixed 
obstacles in it, as well as knowledge about how this goal 
was achieved in the past, the desired linear speed Vg and 
the desired steering angle �&g of the steering device (if any) 
for the next point of the trajectory are determined. For this 
purpose, the information coming from the navigation 
system Xp, Yp, Zp or the subsystem for determining the 
position of the robot relative to the obstacle Xo, Yo, Zo, as 
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well as the knowledge accumulated in block 4 by experts 
during the design of the system and during the period of 
operation of the robot is used. In the absence of navigation 
subsystems and an obstacle positioning subsystem, the 
current trajectory planning subsystem uses its own path 
calculator to determine the coordinates of its position 
based on data from wheel rotation sensors, motors, or 
special travel distance sensors. 

If V g and ����g are calculated, then in block 4, based on 
information from the upper-level systems and the internal 
state of the robot, the current situation is recognized and 
adaptive EMD control models adequate to the current 
situation are selected. These models are sent to block 6. In 
block 6, the angular velocities of the motors �&1g, ..., �&ng, 
participating in the movement, are calculated. The 
sequence �&1g���� ���������� �&ng in time represents the control 
program for the corresponding motor (motors) and is 
stored in block 4. Thus, block 4 accumulates the 
movement programs that the system uses in the absence or 
malfunction of the navigation subsystems. In addition, 
these programs include programs for maneuvers (turns and 
movements) in a limited space that are not described by 
smooth continuous trajectories. 

The calculated angular velocities are sent to block 7 
of the third level. The task of the block is to generate 
control influences m0i, ..., mvi on all the motors involved 
in the movement. Block 7 implements the functions of 
parametric adaptive automatic control systems that 

monitor the angular velocity of wheels or motors. If the 
disturbances go beyond the permissible limits, the current 
trajectory planning system at the second level or the 
decision-making subsystem at the first level is accessed 
to make a decision on further control. 

During operation in block 7, the parameters of 
automatic control systems are identified using real data 
from block 9. 

These parameters are processed and accumulated in 
block 4. They are then used to determine the initial 
conditions of the adaptive control subsystems when 
performing subsequent movements in similar conditions. 

In addition, all data are stored for subsequent 
processing to determine control errors and develop 
methods for their accounting. In the simplest case, when 
moving repeatedly along the same trajectory, this 
subsystem determines the average values for the desired 
parameters of each trajectory point. 

Conclusions 

To successfully navigate in space, the robot control 
system must be able to build a route, control movement 
parameters, correctly interpret information about the 
world around it received from sensors, and constantly 
track its own coordinates. To achieve these goals, we 
have developed an architecture and a generalized 
algorithm for controlling a mobile robot and a block 
diagram of the robot control system. 
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�•�g�l�_�e�_�d�l�m�Z�e�v�g�h�]�h�� �j�h�[�h�l�Z�� �\�� �Z�i�j�•�h�j�g�h�� �g�_�\�b�a�g�Z�q�_�g�h�f�m�� �^�b�g�Z�f�•�q�g�h�f�m�� �k�_�j�_�^�h�\�b�s�•�� �n�m�g�d�p�•�h�g�m�\�Z�g�g�y���� �j�_�i�j�_�a�_�g�l�Z�p�•�y��
�i�j�h�l�b�^�•�x�q�b�o�� �h�[�
�}�d�l�•�\�� �k�_�j�_�^�h�\�b�s�Z�� �l�Z�� �n�m�g�d�p�•�h�g�Z�e�v�g�h-�\�b�d�h�g�Z�\�q�b�o�� �\�m�a�e�•�\�� �f�h�[�•�e�v�g�h�]�h�� �j�h�[�h�l�Z�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �g�_�q�•�l�d�h�]�h��
�d�h�g�n�•�]�m�j�Z�p�•�c�g�h�]�h���i�j�h�k�l�h�j�m�����n�h�j�f�m�\�Z�g�g�y���l�j�Z�}�d�l�h�j�•�€���i�_�j�_�k�m�\�Z�g�g�y���a���n�•�d�k�h�\�Z�g�b�f���j�•�\�g�_�f���^�h�\�•�j�b�����h�g�h�\�e�_�g�g�y���d�Z�j�l�b���k�_�j�_�^�h�\�b�s�Z��
�i�j�b���^�h�k�e�•�^�`�_�g�g�•���g�h�\�b�o���^�•�e�y�g�h�d���k�_�j�_�^�h�\�b�s�Z���n�m�g�d�p�•�h�g�m�\�Z�g�g�y�����j�_�`�b�f���j�h�[�h�l�b���i�e�Z�g�m�\�Z�e�v�g�b�d�Z���\���j�_�Z�e�v�g�h�f�m���q�Z�k�•�����f�h�^�m�e�v�g�•�k�l�v��
�•�� �g�Z�j�h�s�m�\�Z�g�•�k�l�v�� �i�•�^�k�b�k�l�_�f�b���� �>�e�y�� �m�k�i�•�r�g�h�€�� �g�Z�\�•�]�Z�p�•�€�� �\�� �i�j�h�k�l�h�j�•�� �k�b�k�l�_�f�Z�� �m�i�j�Z�\�e�•�g�g�y�� �j�h�[�h�l�Z�� �i�h�\�b�g�g�Z�� �\�f�•�l�b�� �[�m�^�m�\�Z�l�b��
�f�Z�j�r�j�m�l���� �d�_�j�m�\�Z�l�b�� �i�Z�j�Z�f�_�l�j�Z�f�b�� �j�m�o�m���� �i�j�Z�\�b�e�v�g�h�� �•�g�l�_�j�i�j�_�l�m�\�Z�l�b�� �\�•�^�h�f�h�k�l�•�� �i�j�h�� �g�Z�\�d�h�e�b�r�g�•�c�� �k�\�•�l���� �h�^�_�j�`�m�\�Z�g�•�� �\�•�^��
�^�Z�l�q�b�d�•�\�����•���i�h�k�l�•�c�g�h���\�•�^�k�l�_�`�m�\�Z�l�b���\�e�Z�k�g�•���d�h�h�j�^�b�g�Z�l�b���� �<���j�h�[�h�l�•���i�j�h�\�_�^�_�g�• �^�h�k�e�•�^�`�_�g�g�y �a���j�h�a�j�h�[�d�b���i�•�^�k�b�k�l�_�f���m�i�j�Z�\�e�•�g�g�y��
�•�g�l�_�e�_�d�l�m�Z�e�v�g�b�f���j�h�[�h�l�h�f�����>�e�y���^�h�k�y�]�g�_�g�g�y���f�_�l�b���i�j�h�\�_�^�_�g�h���Z�g�Z�e�•�a���\�b�o�•�^�g�b�o���^�Z�g�b�o�����h�i�b�k�Z�g�h���a�Z�]�Z�e�v�g�b�c���i�j�b�g�p�b�i���i�h�[�m�^�h�\�b��
�•�f�•�l�Z�p�•�c�g�h�€���f�h�^�_�e�•���j�h�[�h�l�Z���•���j�h�a�j�h�[�e�_�g�h���k�l�j�m�d�l�m�j�g�m���k�o�_�f�m���k�b�k�l�_�f�b���m�i�j�Z�\�e�•�g�g�y���•�g�l�_�e�_�d�l�m�Z�e�v�g�b�f���j�h�[�h�l�h�f�� 
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�: �g �h �l �Z �p �• �y �� �I�j�_�^�f�_�l�h�f �\�b�\�q�_�g�g�y���\���k�l�Z�l�l�•���}���i�j�h�p�_�k�b�� �i�h�[�m�^�h�\�b���i�h�y�k�g�_�g�v �^�e�y �h�l�j�b�f�Z�g�b�o���\���•�g�l�_�e�_�d�l�m�Z�e�v�g�•�c���•�g��
�n�h�j�f�Z�p�•�c�g�•�c���k�b�k�l�_�f�• �j�•�r�_�g�v. �F�_�l�h�x���i�h�[�m�^�h�\�Z���f�h�^�_�e�•���i�j�b�q�b�g�g�h-�g�Z�k�e�•�^�d�h�\�b�o���a�Z�\�
�y�a�d�•�\���^�e�y���i�h�[�m�^�h�\�b���i�h�y�k�g�_�g�v��
�\�� �m�f�h�\�Z�o���g�_�\�b�a�g�Z�q�_�g�h�k�l�•�� �s�h�^�h�� �k�l�Z�g�•�\�� �•�g�l�_�e�_�d�l�m�Z�e�v�g�h�€�� �•�g�n�h�j�f�Z�p�•�c�g�h�€�� �k�b�k�l�_�f�b���� �y�d�s�h�� �h�k�l�Z�g�g�y�� �i�j�_�^�k�l�Z�\�e�y�}�l�v�k�y��
�m�� �\�b�]�e�y�^�•�� �q�h�j�g�h�]�h�� �y�s�b�d�Z. �A�Z�\�^�Z�g�g�y: �k�l�j�m�d�l�m�j�b�a�Z�p�•�y�� �i�h�y�k�g�_�g�g�y�� �a�� �m�j�Z�o�m�\�Z�g�g�y�f�� �h�k�h�[�e�b�\�h�k�l�_�c�� �d�h�]�g�•�l�b�\�g�h�€�� �^�•�y��
�e�v�g�h�k�l�•���e�x�^�b�g�b�������n�h�j�f�m�\�Z�g�g�y���g�_�h�[�o�•�^�g�h�€���l�Z���^�h�k�l�Z�l�g�v�h�€���m�f�h�\�b���s�h�^�h���d�Z�m�a�Z�e�v�g�h�€���a�Z�e�_�`�g�h�k�l�•���y�d���k�d�e�Z�^�h�\�h�€���i�h�y�k��
�g�_�g�g�y�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �� �l�_�h�j�•�€�� �f�h�`�e�b�\�h�k�l�_�c���� �j�h�a�j�h�[�d�Z�� �f�h�`�e�b�\�•�k�g�h�€�� �f�h�^�_�e�•�� �d�Z�m�a�Z�e�v�g�h�€�� �a�Z�e�_�`�g�h�k�l�•�� �^�e�y�� �h�^�g�h�€��
�\�o�•�^�g�h�€�� �a�f�•�g�g�h�€���� �y�d�Z�� �\�j�Z�o�h�\�m�}�� �g�_�\�b�a�g�Z�q�_�g�•�k�l�v�� �s�h�^�h�� �k�l�Z�g�•�\�� �•�g�l�_�e�_�d�l�m�Z�e�v�g�h�€�� �k�b�k�l�_�f�b�� �<�b�d�h�j�b�k�l�h�\�m�\�Z�g�b�f�b���i�•�^��
�o�h�^�Z�f�b���}���� �i�•�^�o�h�^�b�� �^�h�� �i�h�[�m�^�h�\�b�� �i�h�y�k�g�_�g�v �m�� �d�h�]�g�•�l�b�\�g�•�c�� �^�•�y�e�v�g�h�k�l�•�� �e�x�^�b�g�b���� �i�•�^�o�h�^�b�� �^�h�� �i�h�[�m�^�h�\�b�� �i�h�y�k�g�_�g�v�� �m��
�i�h�y�k�g�x�\�Z�e�v�g�h�f�m�� �r�l�m�q�g�h�f�m�� �•�g�l�_�e�_�d�l�•. �H�l�j�b�f�Z�g�• �g�Z�k�l�m�i�g�•���j�_�a�m�e�v�l�Z�l�b. �K�l�j�m�d�l�m�j�h�\�Z�g�h�� �i�h�y�k�g�_�g�g�y�� �y�d�� �_�e�_�f�_�g�l��
�d�h�]�g�•�l�b�\�g�h�€���^�•�y�e�v�g�h�k�l�•�� �e�x�^�b�g�b���� �I�h�d�Z�a�Z�g�h�����s�h�� �i�h�y�k�g�_�g�g�y���f�h�`�_���[�m�l�b�� �i�j�_�^�k�l�Z�\�e�_�g�h���\�� �^�\�h�o���Z�k�i�_�d�l�Z�o���� �d�h�g�p�_�i�l�m��
�Z�e�v�g�h�f�m���� �r�e�y�o�h�f�� �i�h�j�•�\�g�y�g�g�y�� �\�o�•�^�g�h�€�� �•�g�n�h�j�f�Z�p�•�€�� �•�a�� �•�k�g�m�x�q�h�x�� �k�b�k�l�_�f�h�x�� �a�g�Z�g�v�� �e�x�^�b�g�b���� �l�e�m�f�Z�q�g�h�f�m���� �r�e�y�o�h�f��
�i�h�j�•�\�g�y�g�g�•���\�e�Z�k�l�b�\�h�k�l�_�c���\�o�•�^�g�b�o���h�[�
�}�d�l�•�\�����A�Z�i�j�h�i�h�g�h�\�Z�g�h���f�h�`�e�b�\�•�k�g�•���g�_�h�[�o�•�^�g�Z���l�Z���^�h�k�l�Z�l�g�y���m�f�h�\�b���^�e�y���d�Z�m�a�Z��
�e�v�g�h�€���a�Z�e�_�`�g�h�k�l�•���g�Z���[�Z�a�•���h�^�g�•�}�€���\�o�•�^�g�h�€���a�f�•�g�g�h�€�����s�h���e�_�`�b�l�v���\���h�k�g�h�\�•���i�h�y�k�g�_�g�g�y�����A�Z�i�j�h�i�h�g�h�\�Z�g�h���f�h�^�_�e�v���f�h�`�e�b��
�\�•�k�g�h�€���d�Z�m�a�Z�e�v�g�h�€���a�Z�e�_�`�g�h�k�l�•���^�e�y���i�h�[�m�^�h�\�b���i�h�y�k�g�_�g�g�y���\���•�g�l�_�e�_�d�l�m�Z�e�v�g�•�c���k�b�k�l�_�f�•�� �<�b�k�g�h�\�d�b�����G�Z�m�d�h�\�Z���g�h�\�b�a�g�Z��
�h�l�j�b�f�Z�g�b�o���j�_�a�m�e�v�l�Z�l�•�\�� �i�h�e�y�]�Z�}�� �\���g�Z�k�l�m�i�g�h�f�m. �A�Z�i�j�h�i�h�g�h�\�Z�g�h�� �f�h�^�_�e�v���f�h�`�e�b�\�•�k�g�h�€���d�Z�m�a�Z�e�v�g�h�€���a�Z�e�_�`�g�h�k�l�•���f�•�`��
�\�o�•�^�g�h�x�� �a�f�•�g�g�h�x�� �l�Z�� �j�_�a�m�e�v�l�Z�l�h�f�� �j�h�[�h�l�b�� �•�g�l�_�e�_�d�l�m�Z�e�v�g�h�€�� �k�b�k�l�_�f�b���� �s�h�� �i�h�}�^�g�m�}�� �g�_�h�[�o�•�^�g�m���m�f�h�\�m�� �d�Z�m�a�Z�e�v�g�h�k�l�•��
�m���\�b�]�e�y�^�•���j�•�\�g�y���^�h�\�•�j�b���^�h���\�i�e�b�\�m���\�o�•�^�g�h�€���a�f�•�g�g�h�€���g�Z���j�_�a�m�e�v�l�Z�l�� �l�Z���^�h�k�l�Z�l�g�x���m�f�h�\�m���d�Z�m�a�Z�e�v�g�h�k�l�•���m���\�b�]�e�y�^�•���f�Z�d��
�k�b�f�Z�e�v�g�h�€�� �f�h�`�e�b�\�h�k�l�•�� �\�i�e�b�\�m�� �a�g�Z�q�_�g�g�y�� �\�o�•�^�g�h�€�� �a�f�•�g�g�h�€�� �g�Z�� �j�_�a�m�e�v�l�Z�l�� �•�g�l�_�e�_�d�l�m�Z�e�v�g�h�€�� �k�b�k�l�_�f�b�� �F�h�^�_�e�v�� �^�Z�}��
�f�h�`�e�b�\�•�k�l�v�� �k�n�h�j�f�m�\�Z�l�b�� �d�Z�m�a�Z�e�v�g�h-�h�j�•�}�g�l�h�\�Z�g�_�� �i�h�y�k�g�_�g�g�y�� �g�Z�� �h�k�g�h�\�• �a�\�
�y�a�d�m�� �\�o�•�^�g�h�€�� �a�f�•�g�g�h�€�� �•�� �h�l�j�b�f�Z�g�h�]�h�� �j�_��
�a�m�e�v�l�Z�l�m���\���m�f�h�\�Z�o���g�_�i�h�\�g�h�l�b���a�g�Z�g�v���f�h�^�_�e�v���s�h�^�h���k�l�Z�g�m���•�g�l�_�e�_�d�l�m�Z�e�v�g�h�€���k�b�k�l�_�f�b���� 
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�k�d�e�Z�^�g�b�o�� �a�Z�^�Z�q�� �i�h�r�m�d�m�� �•�g�n�h�j�f�Z�p�•�€���� �k�l�j�Z�o�m�\�Z�g�g�y����
�e�•�d�m�\�Z�g�g�y�����m���[�Z�g�d�•�\�k�v�d�•�c���l�Z���\�•�c�k�v�d�h�\�•�c���k�i�j�Z�\�•�����l�h�s�h.  

�<�b�d�h�j�b�k�l�Z�g�g�y �\�� �•�g�l�_�e�_�d�l�m�Z�e�v�g�b�o�� �k�b�k�l�_�f�Z�o �g�_��
�i�j�h�a�h�j�b�o�� �Z�e�]�h�j�b�l�f�•�\���� �s�h�� �[�Z�a�m�x�l�v�k�y�� �g�Z�� �f�Z�r�b�g�g�h�f�m��
�g�Z�\�q�Z�g�g�•���� �a�Z�[�_�a�i�_�q�m�} �n�h�j�f�m�\�Z�g�g�y�� �d�h�f�i�e�_�d�k�g�b�o�� �j�_��
�a�m�e�v�l�Z�l�•�\�����y�d�•���g�_���a�Z�\�`�^�b���}���a�j�h�a�m�f�•�e�b�f�b���^�e�y���d�h�j�b�k�l�m��
�\�Z�q�•�\ �l�Z�d�b�o �k�b�k�l�_�f���� �G�_�i�j�h�a�h�j�•�k�l�v �j�_�a�m�e�v�l�Z�l�•�\, �m��
�k�\�h�x�� �q�_�j�]�m���� �f�h�`�_�� �i�h�j�h�^�`�m�\�Z�l�b�� �k�m�f�g�•�\�b�� �l�Z�� �g�_�^�h�\�•�j�m��
�d�h�j�b�k�l�m�\�Z�q�•�\ �^�h�� �j�•�r�_�g�v�� �•�g�l�_�e�_�d�l�m�Z�e�v�g�h�€�� �k�b�k�l�_�f�b, �•����
�y�d�� �g�Z�k�e�•�^�h�d���� �h�[�f�_�`�m�\�Z�l�b�� �j�_�Z�e�v�g�_�� �\�b�d�h�j�b�k�l�Z�g�g�y 
�h�k�l�Z�g�g�•�o.  
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�k�b�k�l�_�f�Z�o���}���\�Z�`�e�b�\�h�x���m�f�h�\�h�x���€�o �r�b�j�h�d�h�]�h �i�j�Z�d�l�b�q��
�g�h�]�h���a�Z�k�l�h�k�m�\�Z�g�g�y [1, 2].  

�A�j�h�a�m�f�•�e�•�k�l�v�� �j�•�r�_�g�v�� �^�e�y�� �d�h�j�b�k�l�m�\�Z�q�•�\�� �k�b�k�l�_�f��
�r�l�m�q�g�h�]�h�� �•�g�l�_�e�_�d�l�m �a�Z�[�_�a�i�_�q�m�}�l�v�k�y�� �\�b�d�h�j�b�k�l�Z�g�g�y�f��
�i�h�y�k�g�_�g�v [3].  

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

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

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

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

�>�Z�g�Z�� �a�Z�^�Z�q�Z�� �\�b�j�•�r�m�}�l�v�k�y�� �\�� �m�f�h�\�Z�o�� �g�_�\�b�a�g�Z�q�_��
�g�h�k�l�•���s�h�^�h���d�h�g�d�j�_�l�g�h�€���j�_�Z�e�•�a�Z�p�•�€���i�j�h�p�_�k�m���i�j�b�c�g�y�l�l�y��
�j�•�r�_�g�g�y���\���•�g�l�_�e�_�d�l�m�Z�e�v�g�•�c���k�b�k�l�_�f�• [4, 5]. 

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

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

�>�Z�g�b�c�� �i�•�^�o�•�^�� �a�\�¶�y�a�m�}�� �^�•�€�� �•�a�� �i�j�b�c�g�y�l�l�y�� �j�•�r�_�g�g�y����
�\�k�l�Z�g�h�\�e�x�x�q�b���a�Z�e�_�`�g�h�k�l�•���f�•�`���g�b�f�b���� 

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

�K�m�q�Z�k�g�•�� �i�•�^�o�h�^�b�� �^�h�� �i�h�[�m�^�h�\�b�� �i�h�y�k�g�_�g�g�y�� �[�m�e�h��
�k�n�h�j�f�h�\�Z�g�h���\���j�Z�f�d�Z�o���i�j�h�]�j�Z�f�b��Explainable Artificial 
Intelligence [6].  

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

�‹�����Q�Z�e�b�c���K�����N�������E�_�s�b�g�k�v�d�b�c���<�����H��, 2023 
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�<���j�Z�f�d�Z�o���\�b�j�•�r�_�g�g�y���i�_�j�r�h�€���a�Z�^�Z�q�•���\�b�a�g�Z�q�Z�x�l�v��
�k�y�� �h�k�h�[�e�b�\�h�k�l�•�� �l�Z�� �i�j�b�g�p�b�i�b �i�h�[�m�^�h�\�b�� �i�h�y�k�g�_�g�v��
�e�x�^�b�g�h�x�� �m�� �i�j�h�p�_�k�•�� �i�•�a�g�Z�g�g�y�� �g�Z�\�d�h�e�b�r�g�v�h�]�h��
�k�\�•�l�m [6, 7].  

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

�I�h�y�k�g�_�g�g�y�� �[�Z�a�m�x�l�v�k�y�� �Z�[�h�� �g�Z�� �[�_�a�i�h�k�_�j�_�^�g�•�c�� �•�g��
�l�_�j�i�j�_�l�Z�p�•�€���i�j�h�p�_�k�m���i�j�b�c�g�y�l�l�y���j�•�r�_�g�g�y [4, 8], �Z�[�h���g�Z��
�y�\�g�h�f�m���q�b �g�_�y�\�g�h�f�m�� �i�j�_�^�k�l�Z�\�e�_�g�g�• �l�_�f�i�h�j�Z�e�v�g�b�o 
[9- 11] �l�Z�� �d�Z�m�a�Z�e�v�g�b�o [12, 13] �a�Z�e�_�`�g�h�k�l�_�c���� �s�h��
�i�h�\�¶�y�a�m�x�l�v�� �\�o�•�^�g�•�� �^�Z�g�•�� �l�Z�� �j�_�a�m�e�v�l�Z�l�� �•�a�� �a�g�Z�g�g�y�f�b 
�s�h�^�h�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �h�l�j�b�f�Z�g�h�]�h�� �j�•�r�_�g�g�y���� �Z�� �l�Z�d�h�`��
�\�b�d�h�j�b�k�l�h�\�m�x�l�v�� �i�h�j�•�\�g�y�g�g�y�� �•�a�� �Z�e�v�l�_�j�g�Z�l�b�\�Z�f�b 
[6, 14].   

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

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

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

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

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

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

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

�± �j�h�a�j�h�[�d�Z�� �f�h�`�e�b�\�•�k�g�h�€�� �f�h�^�_�e�•�� �d�Z�m�a�Z�e�v�g�h�€ �a�Z��
�e�_�`�g�h�k�l�•�� �^�e�y�� �h�^�g�h�€�� �\�o�•�^�g�h�€�� �a�f�•�g�g�h�€���� �y�d�Z�� �\�j�Z�o�h�\�m�}��
�g�_�\�b�a�g�Z�q�_�g�•�k�l�v�� �s�h�^�h�� �k�l�Z�g�•�\�� �•�g�l�_�e�_�d�l�m�Z�e�v�g�h�€�� �k�b�k�l�_��
�f�b. 

 

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

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

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

�H�k�l�Z�g�g�•�c���f�•�k�l�b�l�v���l�Z�d�•���d�e�x�q�h�\�•���n�Z�a�b: 
�±   �h�l�j�b�f�Z�g�g�y�������k�i�j�b�c�g�y�l�l�y���•�g�n�h�j�f�Z�p�•�€�� 
�±  �h�[�j�h�[�d�Z���c���a�[�_�j�•�]�Z�g�g�y���•�g�n�h�j�f�Z�p�•�€���l�Z���a�g�Z�g�v�� 
�± �\�b�d�h�j�b�k�l�Z�g�g�y���•�g�n�h�j�f�Z�p�•�€���l�Z���a�g�Z�g�v�� 
�G�Z�� �i�_�j�r�•�c�� �n�Z�a�•�� �a�h�\�g�•�r�g�y�� �•�g�n�h�j�f�Z�p�•�y�� �l�j�Z�g�k�n�h��

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

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

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

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

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

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

�<�•�^�i�h�\�•�^�g�h���� �i�h�y�k�g�_�g�g�y�� �\�•�^�•�]�j�Z�}�� �h�^�g�m�� �a�� �d�e�x�q�h��
�\�b�o�� �j�h�e�_�c�� �i�j�b�� �\�•�^�d�j�b�l�l�•�� �g�h�\�b�o�� �a�g�Z�g�v�� �l�Z�� �}�� �\�Z�`�e�b�\�b�f��
�_�e�_�f�_�g�l�h�f�� �j�h�a�m�f�•�g�g�y�� �h�[�
�}�d�l�•�\�� �Z�[�h�� �y�\�b�s�� �m�� �i�j�_�^�f�_�l��
�g�•�c���h�[�e�Z�k�l�• [15]. 

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

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

�:�k�i�_�d�l���i�h�y�k�g�_�g�g�y�� �K�l�j�m�d�l�m�j�g�•���_�e�_�f�_�g�l�b���i�h�y�k�g�_�g�g�y �<�•�^�f�•�g�g�h�k�l�•���l�Z���\�b�f�h�]�b�� 

�D�h�g�p�_�i�l�m�Z�e�v�g�b�c���� �s�h�� �[�Z�a�m�}�l�v�k�y��
�g�Z�� �\�•�^�i�h�\�•�^�g�h�k�l�•�� �i�h�y�k�g�_�g�g�y��
�n�h�g�h�\�b�f���a�g�Z�g�g�y�f���e�x�^�b�g�b���� 

�D�h�g�p�_�i�p�•�y�� �i�h�y�k�g�_�g�g�y�� �y�d�� �a�Z�e�_�`��
�g�•�k�l�v���f�•�`���\�o�•�^�g�b�f�b���^�Z�g�b�f�b 

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

�;�Z�a�h�\�•�� ���n�h�g�h�\�•���� �a�g�Z�g�g�y�� �s�h�^�h��
�i�j�_�^�f�_�l�g�h�€���h�[�e�Z�k�l�• 

�I�h�l�j�_�[�m�}�� �i�h�k�l�•�c�g�h�]�h�� �m�l�h�q�g�_�g�g�y�� �k�b�k�l�_�f�b�� �[�Z�a�h��
�\�b�o���a�g�Z�g�v 

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

�1�g�n�h�j�f�Z�p�•�y�� �i�j�h�� �\�e�Z�k�l�b�\�h�k�l�•�� �\�o�•�^��
�g�b�o���h�[�¶�}�d�l�•�\�� 

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

�I�j�b�q�b�g�g�h-�g�Z�k�e�•�^�d�h�\�•�� �a�\�¶�y�a�d�b �^�e�y��
�d�Z�l�_�]�h�j�b�a�Z�p�•�€���h�[�
�}�d�l�•�\�� 

�<�•�^�[�b�j�Z�}�l�v�k�y���©�g�Z�c�d�j�Z�s�_�ª���i�h�y�k�g�_�g�g�y�� 

 
�M���i�_�j�r�h�f�m�� �Z�k�i�_�d�l�•�� �i�•�a�g�Z�g�g�y�� �e�x�^�b�g�b�� �j�h�a�]�e�y�^�Z��

�}�l�v�k�y���y�d���i�j�h�p�_�k���i�h�[�m�^�h�\�b���d�h�g�p�_�i�l�m�Z�e�v�g�b�o���i�j�_�^�k�l�Z�\��
�e�_�g�v�� �g�Z�\�d�h�e�b�r�g�v�h�]�h�� �k�\�•�l�m���� �<�� �^�Z�g�h�f�m�� �Z�k�i�_�d�l�•�� �i�h�y�k��

�g�_�g�g�y�� �}�� �h�k�g�h�\�h�x�� �g�Z�\�q�Z�g�g�y�� �l�Z�� �f�•�j�d�m�\�Z�g�v�� �•���� �\�•�^�i�h�\�•�^��
�g�h���� �m�f�h�\�h�x�� �i�h�[�m�^�h�\�b�� �d�h�g�p�_�i�p�•�c�� �s�h�^�h�� �i�h�l�h�q�g�h�€��
�i�j�_�^�f�_�l�g�h�€���h�[�e�Z�k�l�•���� 
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�A�h�d�j�_�f�Z�����\���j�h�[�h�l�•���>15�@���i�j�b���j�h�a�]�e�y�^�•���k�i�j�b�c�g�y�l�l�y��
�d�h�g�p�_�i�p�•�c�� �e�x�^�v�f�b�� �i�h�d�Z�a�Z�g�h���� �s�h�� �g�_�h�[�o�•�^�g�h�x�� �m�f�h��
�\�h�x�� �^�e�y�� �j�h�a�m�f�•�g�g�y�� �i�j�_�^�f�_�l�•�\�� �l�Z�� �y�\�b�s�� �}�� �\�•�^�i�h�\�•�^��
�g�•�k�l�v�� �d�h�g�p�_�i�p�•�c�� �[�Z�a�h�\�b�f�� ���Z�[�h�� �n�h�g�h�\�b�f���� �a�g�Z�g�g�y�f��
�e�x�^�_�c�� �s�h�^�h�� �g�Z�\�d�h�e�b�r�g�v�h�]�h�� �k�\�•�l�m���� �L�Z�d�Z�� �\�•�^�i�h�\�•�^��
�g�•�k�l�v�� �^�Z�}�� �f�h�`�e�b�\�•�k�l�v�� �h�[�‰�j�m�g�l�m�\�Z�l�b�� �d�h�`�g�m�� �d�h�g�p�_�i��
�p�•�x�� �r�e�y�o�h�f�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �h�^�g�h�]�h�� �•�a�� �g�Z�[�h�j�m�� �^�h�i�m�k��
�l�b�f�b�o�� �i�h�y�k�g�_�g�v���� �J�h�a�\�b�l�h�d�� �l�Z�d�b�o�� �d�h�g�p�_�i�p�•�c�� �[�Z�a�m�}�l�v��
�k�y�� �g�Z�� �i�h�[�m�^�h�\�•�� �l�Z�� �j�_�k�l�j�m�d�l�m�j�b�a�Z�p�•�€�� �k�b�k�l�_�f�b�� �a�g�Z�g�v��
�e�x�^�b�g�b���>16]. 

�M�� �^�j�m�]�h�f�m�� �Z�k�i�_�d�l�•�� �d�e�x�q�h�\�Z�� �m�\�Z�]�Z�� �i�j�b�^�•�e�y�}�l�v�k�y��
�©�l�e�m�f�Z�q�g�h�f�m�ª�� �f�b�k�e�_�g�g�x���� �a�Z�k�g�h�\�Z�g�h�f�m�� �g�Z�� �i�h�[�m�^�h�\�•��
�d�Z�m�a�Z�e�v�g�b�o�� �a�Z�e�_�`�g�h�k�l�_�c�� �i�j�b�� �i�h�j�•�\�g�y�g�g�•�� �\�e�Z�k�l�b�\�h�k��
�l�_�c�� �\�o�•�^�g�b�o�� �h�[�
�}�d�l�•�\�� �m�� �i�j�h�p�_�k�•�� �d�Z�l�_�]�h�j�b�a�Z�p�•�€�� �a�g�Z�g�v����
�;�_�a�i�h�k�_�j�_�^�g�v�h�� �d�Z�l�_�]�h�j�b�a�Z�p�•�y�� �\�•�^�[�m�\�Z�}�l�v�k�y�� �a�]�•�^�g�h��
�g�Z�c�d�j�Z�s�h�]�h���i�h�y�k�g�_�g�g�y���>17].  

�I�j�h�\�_�^�_�g�•�� �\�� �j�h�[�h�l�• [17�@�� �_�d�k�i�_�j�b�f�_�g�l�b�� �i�h�d�Z�a�Z��
�e�b���� �s�h�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �i�j�b�q�b�g�g�h-�g�Z�k�e�•�^�d�h�\�b�o�� �i�h�y�k��
�g�_�g�v�� �i�j�b�� �d�Z�l�_�]�h�j�b�a�Z�p�•�€�� �^�Z�}�� �f�h�`�e�b�\�•�k�l�v�� �\�j�Z�o�m�\�Z�l�b��
�l�b�i�h�\�•�k�l�v���� �j�•�a�g�h�f�Z�g�•�l�g�•�k�l�v�� �l�Z�� �i�h�^�•�[�g�•�k�l�v�� �\�e�Z�k�l�b�\�h�k��
�l�_�c���\�b�[�j�Z�g�b�o���d�Z�l�_�]�h�j�•�c�����L�Z�d�h�`���m�a�Z�]�Z�e�v�g�_�g�g�y���d�Z�l�_�]�h��
�j�•�c���f�•�k�l�b�l�v���h�a�g�Z�d�b���i�j�b�q�b�g�g�h-�g�Z�k�e�•�^�d�h�\�b�o���a�\�¶�y�a�d�•�\.  

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

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

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

�<�� �p�•�e�h�f�m�� �f�h�`�g�Z�� �a�j�h�[�b�l�b�� �\�b�k�g�h�\�h�d���� �s�h�� �i�h�y�k��
�g�_�g�g�y�� �a�Z�^�Z�x�l�v�� �i�j�b�q�b�g�g�h-�g�Z�k�e�•�^�d�h�\�•�� �a�\�¶�y�a�d�b �f�•�`��
�_�e�_�f�_�g�l�Z�f�b�� �a�g�Z�g�v�� �e�x�^�b�g�b�� �\�� �m�f�h�\�Z�o�� �g�_�\�b�a�g�Z�q�_�g�h�k�l�•��
�s�h�^�h���a�g�Z�g�v���i�j�h���i�j�_�^�f�_�l�g�m���h�[�e�Z�k�l�v���\���p�•�e�h�f�m���Z�[�h���i�j�h��
�h�d�j�_�f�•�� �h�[�¶�}�d�l�b �\�� �j�Z�f�d�Z�o�� �i�j�_�^�f�_�l�g�h�€�� �h�[�e�Z�k�l�•���� �L�h�[�l�h��
�i�h�y�k�g�_�g�g�y���q�_�j�_�a���\�b�a�g�Z�q�Z�x�l�v�� �i�j�b�q�b�g�b �^�e�y���g�Z�k�e�•�^�d�•�\����
�s�h���j�h�a�]�e�y�^�Z�x�l�v�k�y���e�x�^�b�g�h�x�����L�Z�d�b�c���d�Z�m�a�Z�e�v�g�b�c���a�\�
�y��
�a�h�d���f�h�`�_���[�m�l�b���\�k�l�Z�g�h�\�e�_�g�h [18]: 

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

�± �y�d�� �k�m�^�`�_�g�g�y���� �y�d�_�� �^�_�l�Z�e�•�a�m�}���� �q�h�f�m�� �h�l�j�b�f�Z�g�h��
�l�h�c���q�b���•�g�r�b�c���j�_�a�m�e�v�l�Z�l�� 

�±  �[�_�a�i�h�k�_�j�_�^�g�v�h�� �q�_�j�_�a�� �k�o�_�f�m�� �i�j�b�q�b�g�b-
�g�Z�k�e�•�^�d�b�� 

�L�Z�d�h�`�� �i�j�b�� �n�h�j�f�m�\�Z�g�g�•�� �i�h�y�k�g�_�g�v�� �j�h�a�^�•�e�y�x�l�v��
�i�j�_�^�k�l�Z�\�e�_�g�g�y�� �i�h�y�k�g�_�g�g�y�� �y�d�� �\�Z�`�e�b�\�h�]�h�� �^�e�y�� �e�x�^�b�g�b��
�j�_�a�m�e�v�l�Z�l�m���� �s�h�� �f�h�`�_�� �[�m�l�b�� �h�p�•�g�_�g�b�f�� �e�x�^�b�g�h�x���� �l�Z��
�i�h�y�k�g�_�g�g�y���y�d���i�j�h�p�_�k [19]. 

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

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

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

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

�F�h�`�e�b�\�•�k�g�Z �f�h�^�_�e�v�� 
�d�Z�m�a�Z�e�v�g�h�€���a�Z�e�_�`�g�h�k�l�•���y�d���h�k�g�h�\�b  

�i�h�y�k�g�_�g�g�y �\���•�g�l�_�e�_�d�l�m�Z�e�v�g�•�c���k�b�k�l�_�f�• 

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

�I�h�y�k�g�_�g�g�y�� �g�Z�� �h�k�g�h�\�•�� �\�e�Z�k�l�b�\�h�k�l�_�c�� �\�o�•�^�g�b�o�� �^�Z��
�g�b�o���\�b�a�g�Z�q�Z�}�����\���y�d�•�c���f�•�j�•���a�g�Z�q�_�g�g�y���d�h�`�g�h�€���•�a���\�o�•�^�g�b�o��
�a�f�•�g�g�b�o���\�i�e�b�\�Z�}���g�Z���h�l�j�b�f�Z�g�_���\���k�b�k�l�_�f�•���j�•�r�_�g�g�y�� 

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

�q�_�g�v ix .  

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

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

 �� ��0 1ix�S� d � d.   

�G�Z�� �i�j�Z�d�l�b�p�•�� �h�p�•�g�d�Z���� ��ix�S ���� �y�d�� �i�j�Z�\�b�e�h���� �\�•�^�h��

�[�j�Z�`�Z�}���c�f�h�\�•�j�g�•�k�l�v���\�b�d�h�j�b�k�l�Z�g�g�y���a�g�Z�q�_�g�g�y��ix .  

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

�\�Z�e���> �@0,1 .  

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

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

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

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

 1 2

3 4

{ 7 _13 , 7 _12 ,

7 _11 , 7 _10 }

x i �i�h�d�h�e�•�g�g�y �[ �L �i�h�d�h�e�•�g�g�y

x i �i�h�d�h�e�•�g�g�y �[ �L �i�h�d�h�e�•�g�g�y

�  �  

�  �  
  

�\�� �l�h�f�m�� �\�b�i�Z�^�d�m���� �y�d�s�h�� �j�_�d�h�f�_�g�^�h�\�Z�g�b�c�� �k�i�b�k�h�d�� �f�•�k��
�l�b�l�v�� �d�h�f�i�
�x�l�_�j�•�\�� �m�i�h�j�y�^�d�h�\�m�}�l�v�k�y�� �a�� �m�j�Z�o�m�\�Z�g�g�y�f��
�f�h�^�_�e�•���i�j�h�p�_�k�h�j�Z���a�Z���i�h�d�Z�a�g�b�d�h�f �� ��ix�S .  

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

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

 7 _11i �i�h�d�h�e�•�g�g�y   

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

 �©�i�h�l�m�`�g�b�c���d�h�f�i�¶�x�l�_�j �a�Z���j�h�a�m�f�g�m���p�•�g�m�ª.  

�L�Z�d�b�f�� �q�b�g�h�f���� �i�h�y�k�g�_�g�g�y�� �\�b�a�g�Z�q�Z�}�� �f�h�`�e�b�\�•�k�l�v��
�j�_�d�h�f�_�g�^�Z�p�•�€���d�h�f�i�
�x�l�_�j�Z���a���g�Z���h�k�g�h�\�•���a�g�Z�q�_�g�g�y��ix .  

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

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

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

�J�h�a�]�e�y�g�_�f�h�� �n�h�j�f�Z�e�v�g�h�� �f�h�`�e�b�\�•�k�g�m�� �h�p�•�g�d�m�� �\�o�•��
�^�g�h�€�� �a�f�•�g�g�h�€���� ��ix�S  �a�� �m�j�Z�o�m�\�Z�g�g�y�f�� �l�_�f�i�h�j�Z�e�v�g�h�]�h��

�n�Z�d�l�h�j�m�� 
�± �f�g�h�`�b�g�Z��X  �k�d�e�Z�^�Z�}�l�v�k�y�� �•�a�� �i�•�^�f�g�h�`�b�g jX , 

�y�d�•�� �\�b�a�g�Z�q�Z�x�l�v�� �\�k�•�� �f�h�`�e�b�\�•�� �a�g�Z�q�_�g�g�y�� �a�f�•�g�g�h�€�� �g�Z��
�j�•�a�g�b�o���•�g�l�_�j�\�Z�e�Z�o���q�Z�k�m jT : 

 �^ �`, : , ,beg end
j j i j j jX x X j T t t� ª � º� �Ž �� �� � � ¬ � ¼ (1) 

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

�l�b�g�Z�x�l�v�k�y�� 

 �� �� ,j mm j T T�� �z �z �‡  (2) 

�± �•�^�_�g�l�b�q�g�•�� �a�g�Z�q�_�g�g�y��,j ix  �f�h�`�m�l�v�� �a�m�k�l�j�•�q�Z�l�b�k�v��

�g�Z�� �j�•�a�g�b�o�� �•�g�l�_�j�\�Z�e�Z�o�� �•�� �g�Z�e�_�`�Z�l�b�� �j�•�a�g�b�f�� �i�•�^�f�g�h�`�b��
�g�Z�f�� jX : 

 �� �� , ,: .j i m im j x x�� �z �  (3) 

�J�h�a�i�h�^�•�e�� �h�p�•�g�h�d���� ��ix�S  �^�e�y�� �d�h�`�g�h�€�� �f�g�h�`�b�g�b��

jX  �f�Z�}���\�b�]�e�y�^�� 

 �� �� �� �� �� ���^ �`,1 ,2 ,... .j j j j IP x x s�S �S �S� �t �t �t  (4) 

�F�h�`�e�b�\�•�k�l�v��j�3  �^�e�y�� �d�h�`�g�h�€�� �i�•�^�f�g�h�`�b�g�b��jX

�\�b�a�g�Z�q�Z�}�l�v�k�y���y�d���€�€���\�_�j�o�g�y���]�j�Z�g�v�� 

 �� ��,sup .j j i
i

x�S� 3 �   (5) 

�F�h�`�e�b�\�•�k�g�Z���h�p�•�g�d�Z���3  �^�e�y���f�g�h�`�b�g�b X  �\�b�a�g�Z��
�q�Z�}�l�v�k�y�� �y�d�� �\�•�^�h�[�j�Z�`�_�g�g�y�� �k�m�d�m�i�g�h�k�l�•�� �f�h�`�e�b�\�b�o�� �i�•�^��
�f�g�h�`�b�g��jX  �g�Z���•�g�l�_�j�\�Z�e���> �@0,1 :  

 �^ �` �> �@: 0,1 .jX� 3 � o (6) 

�a�Z���m�f�h�\�� 

 

�� ��

�� ��

0,

sup .i i
ij

X X

�3 �‡ � 
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 (7) 

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

�A�]�•�^�g�h�������������q�b�f���\�b�s�_���a�g�Z�q�_�g�g�y���f�h�`�e�b�\�h�k�l�•�����l�b�f��
�[�•�e�v�r�_�� �c�f�h�\�•�j�g�•�k�l�v�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �\�•�^�i�h�\�•�^�g�h�]�h�� �a�g�Z��
�q�_�g�g�y ,j ix �����l�Z�d�h�]�h���s�h:  

 �� �� �� �� �� ��, , ,: , .j i j i j mx j i m x x�� �z �S �t �S  (8) 

�L�h�^�•�� �^�h�k�l�Z�l�g�y�� �m�f�h�\�Z�� �^�e�y�� �g�Z�y�\�g�h�k�l�•�� �d�Z�m�a�Z�e�v�g�h�€��
�a�Z�e�_�`�g�h�k�l�•�� �f�•�`�� �a�g�Z�q�_�g�g�y�f��,j ix  �l�Z�� �h�l�j�b�f�Z�g�b�f�� �j�_��

�a�m�e�v�l�Z�l�h�f�� �i�h�e�y�]�Z�}�� �\�� �l�h�f�m���� �s�h�[�� �a�g�Z�q�_�g�g�y���� ��,j ix�S  �g�Z��

�i�h�l�h�q�g�h�f�m���•�g�l�_�j�\�Z�e�•���q�Z�k�m��jT  �[�m�e�h���f�Z�d�k�b�f�Z�e�v�g�b�f�� 

 �� �� �� ��,max .j j i
i

X x�S� 3 �   (9) 

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

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

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

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

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

�P�y �m�f�h�\�Z���f�h�`�_���[�m�l�b���k�n�h�j�f�h�\�Z�g�Z���a���\�b�d�h�j�b�k�l�Z�g��
�g�y�f  �h�p�•�g�d�b���g�_�h�[�o�•�^�g�h�k�l�• N  �\���l�_�h�j�•�€���f�h�`�e�b�\�h�k�l�_�c���� 

�>�Z�g�Z�� �h�p�•�g�d�Z�� �g�Z�� �f�g�h�`�b�g�•�� �f�h�`�e�b�\�b�o�� �i�•�^�f�g�h�`�b�g��
jX  �\�b�a�g�Z�q�Z�}�l�v�k�y�� �g�Z�k�l�m�i�g�b�f�� �q�b�g�h�f����N  �} �\�•�^�h�[�j�Z��

�`�_�g�g�y�f�� �_�e�_�f�_�g�l�•�\�� �f�h�`�e�b�\�b�o�� �i�•�^�f�g�h�`�b�g��jX  �g�Z��

�•�g�l�_�j�\�Z�e���> �@0,1 :  
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 �^ �` �> �@: 0,1 .j� L � ;�o     (10) 

�a�Z���m�f�h�\�� 

 

�� �� 0,

inf .j j ji
j j j

N

N X N X X

� ‡ �  

�§ �· �§ �·
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 (11) 

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

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

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

�f�•�g�•�f�Z�e�v�g�_���a�g�Z�q�_�g�g�y���i�h�d�Z�a�g�b�d�Z���� ��,j ix�S  �a�Z���m�f�h�\�b�����s�h��

�a�g�Z�q�_�g�g�y��,j ix  �[�m�e�h���\�b�d�h�j�b�k�l�Z�g�h���g�Z���i�h�l�h�q�g�h�f�m���•�g�l�_�j��

�\�Z�e�•��jT �����l�h�[�l�h���^�Z�g�_���a�g�Z�q�_�g�g�y �}���Z�d�l�m�Z�e�v�g�b�f�� 

�L�h�^�•���^�e�y�� �d�Z�m�a�Z�e�v�g�h�€���a�Z�e�_�`�g�h�k�l�•���g�_�h�[�o�•�^�g�h�����s�h�[��
�j�•�\�_�g�v���^�h�\�•�j�b���^�e�y���i�h�l�h�q�g�h�€���i�•�^�f�g�h�`�b�g�b���a�g�Z�q�_�g�v��jX  

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

 �� �� �� ��, .j i j
j

i x N X
� § � ·
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 (12) 

�A���m�j�Z�o�m�\�Z�g�g�y�f���g�_�h�[�o�•�^�g�h�€�������������l�Z���^�h�k�l�Z�l�g�v�h�€����������
�m�f�h�\�� �d�Z�m�a�Z�e�v�g�h�k�l�•���� �f�h�`�e�b�\�•�k�g�Z�� �f�h�^�_�e�v�� �d�Z�m�a�Z�e�v�g�h�€��
�a�Z�e�_�`�g�h�k�l�•�� �i�h�\�¶�y�a�m�}�� �j�_�a�m�e�v�l�Z�l Y  �•�g�l�_�e�_�d�l�m�Z�e�v�g�h�€��
�k�b�k�l�_�f�b�� �•�a�� �a�g�Z�q�_�g�g�y�f�� �\�o�•�^�g�h�€�� �a�f�•�g�g�h�€��,j ix  �l�Z�d�b�f��

�q�b�g�h�f: 
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�� �� �� ��

,

,

,

,
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�K �[ �< �W�U�X�H
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�S � �3

        (13) 

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

�^�h���a�f�•�g�g�h�€���� 
�H�k�l�Z�g�g�y�� �i�h�e�y�]�Z�}�� �\�� �l�h�f�m���� �s�h�� �g�Z�c�f�_�g�r�Z �c�f�h�\�•�j��

�g�•�k�l�v �\�b�[�h�j�m���a�g�Z�q�_�g�g�y��,j ix  �p�•�}�€���a�f�•�g�g�h�€���g�Z���i�h�l�h�q�g�h�f�m��
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A possibility-based model of causal relation for input variable 

in explanation construction within an intelligent system  

Serhii Chalyi, Volodymyr Leshchynskyi  

Abst rac t .  The �D�U�W�L�F�O�H�¶�V���V�X�E�M�H�F�W���P�D�W�W�H�U is the processes of constructing explanations for the decisions made by an in-
telligent information system. The goal is to build a model of causal relationships for explanation construction under condi-
tions of uncertainty regarding the states of the intelligent information system, especially when it is considered as a black box. 
The tasks: structuring explanations considering the specifics of human cognitive activity; establishing necessary and suffi-
cient conditions for causal dependence as a component of explanations using possibility theory; developing a possibility 
model of causal dependence for a single input variable that considers the uncertainty regarding the states of the intelligent  
system. The used approaches: approaches to explanation construction in human cognitive activity and approaches to expla-
nation construction in explainable artificial intelligence. The obtained results are as follows: explanations have been struc-
tured as an element of human cognitive activity. It has been demonstrated that explanations can be represented in two aspects: 
conceptual, through comparing input information with the existing human knowledge system; interpretive, through comparing 
the properties of input objects. Possibility-based necessary and sufficient conditions for causal dependence based on a single 
input variable, which forms the basis of explanation, have been proposed. A possibility model of causal dependence for ex-
planation construction in an intelligent system has been suggested. Conclusions. The scientific novelty of the obtained results 
lies in the following: a possibility model of causal dependence between an input variable and the outcome of an intelligent 
system's operation has been proposed, which combines the necessary condition of causality in the form of confidence level in 
the impact of the input variable on the outcome and the sufficient condition of causality in the form of the maximum possible 
influence of the input variable's value on the outcome of the intelligent system. The model enables the formation of causal-
oriented explanations based on the connection between the input variable and the obtained result in conditions of incomplete 
knowledge regarding the state of the intelligent system.  
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�: �g �h �l �Z �p �• �y �� �I�j�h�\�_�^�_�g�b�c�� �Z�g�Z�e�•�a�� �k�l�Z�g�m�� �l�Z�� �i�_�j�k�i�_�d�l�b�\�� �j�h�a�\�b�l�d�m�� �k�m�q�Z�k�g�b�o�� �d�h�f�i�
�x�l�_�j�g�b�o�� �k�b�k�l�_�f�� ���D�K���� �i�h�d�Z�a�Z�\���� �s�h��
�i�j�h�[�e�_�f�Z���i�•�^�\�b�s�_�g�g�y���\�•�^�f�h�\�h�k�l�•�c�d�h�k�l�•�����s�h���} �h�k�g�h�\�h�x���g�Z�^�•�c�g�h�k�l�•�����g�_���f�h�`�_���[�m�l�b���_�n�_�d�l�b�\�g�h���\�b�j�•�r�_�g�Z���i�h���h�k�g�h�\�• �\�b��
�d�h�j�b�k�l�Z�g�g�y���l�j�Z�^�b�p�•�c�g�h�€���^�\�•�c�d�h�\�h�€���i�h�a�b�p�•�c�g�h�€���k�b�k�l�_�f�b���q�b�k�e�_�g�g�y���[�_�a���i�h�]�•�j�r�_�g�g�y���•�g�r�b�o���l�_�o�g�•�d�h-�_�d�h�g�h�f�•�q�g�b�o���i�h�d�Z�a��
�g�b�d�•�\���D�K�����H�l�j�b�f�Z�g�•���\���j�_�a�m�e�v�l�Z�l�•���i�j�h�\�_�^�_�g�b�o���^�h�k�e�•�^�`�_�g�v���l�Z���i�h�i�_�j�_�^�g�•���i�h�a�b�l�b�\�g�•���j�_�a�m�e�v�l�Z�l�b �i�h�d�Z�a�m�x�l�v���i�_�j�k�i�_�d�l�b�\��
�g�•�k�l�v���\�b�d�h�j�b�k�l�Z�g�g�y���f�h�^�m�e�y�j�g�h�€���k�b�k�l�_�f�b���q�b�k�e�_�g�g�y�����F�K�Q�����^�e�y���i�•�^�\�b�s�_�g�g�y���\�•�^�f�h�\�h�k�l�•�c�d�h�k�l�•���•���g�Z�^�•�c�g�h�k�l�•���D�K�����Y�d���h�k��
�g�h�\�g�b�c���i�h�d�Z�a�g�b�d���^�e�y���h�p�•�g�d�b���g�Z�^�•�c�g�h�k�l�•���n�m�g�d�p�•�h�g�m�\�Z�g�g�y���D�K���a�Z�i�j�h�i�h�g�h�\�Z�g�h���\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b���f�h�`�e�b�\�•�k�l�v���[�_�a�\�•�^�f�h��
�\�g�h�€���j�h�[�h�l�b�����A���\�b�d�h�j�b�k�l�Z�g�g�y�f���n�h�j�f�Z�e�•�a�h�\�Z�g�h�€���f�h�^�_�e�•���\�•�^�f�h�\�h�k�l�•�c�d�h�k�l�•���D�K���[�m�e�Z���^�h�k�e�•�^�`�_�g�Z���l�Z���h�l�j�b�f�Z�g�Z���f�Z�l�_�f�Z�l�b��
�q�g�Z�� �f�h�^�_�e�v�� �g�Z�^�•�c�g�h�k�l�•�� �D�K���� �n�m�g�d�p�•�h�g�m�x�q�b�o�� �\�� �F�K�Q�����g�Z �h�k�g�h�\�• �\�b�d�h�j�b�k�l�Z�g�g�y�� �i�j�b�g�p�b�i�m�� �i�Z�k�b�\�g�h�€�� �\�•�^�f�h�\�h�k�l�•�c�d�h�k�l�•����
�>�h�k�e�•�^�`�_�g�g�y���f�h�^�_�e�•���i�h�d�Z�a�Z�e�h�����s�h���a�•���a�[�•�e�v�r�_�g�g�y�f���d�j�Z�l�g�h�k�l�•���j�_�a�_�j�\�m�\�Z�g�g�y���g�Z�^�•�c�g�•�k�l�v���D�K���m���F�K�Q�����a���^�\�h�f�Z���d�h�g�l�j�h�e�v��
�g�b�f�b�� �h�k�g�h�\�Z�f�b���� �i�•�^�\�b�s�m�}�l�v�k�y�� �^�h�� �������� �i�h�j�•�\�g�y�g�h�� �a�� �i�h�l�j�h�}�g�h�x�� �D�K���� �y�d�Z�� �\�b�d�h�j�b�k�l�h�\�m�}�� �^�\�•�c�d�h�\�m�� �i�h�a�b�p�•�c�g�m�� �k�b�k�l�_�f�m��
�q�b�k�e�_�g�g�y.  

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

�<�k�l�m�i 

�:�g�Z�e�•�a�� �f�_�l�h�^�•�\�� �•�� �Z�e�]�h�j�b�l�f�•�\�� �\�b�j�•�r�_�g�g�y�� �a�Z�\�^�Z�g�v��
�h�[�j�h�[�d�b�� �•�g�n�h�j�f�Z�p�•�€�� �k�b�k�l�_�f�Z�f�b���� �n�m�g�d�p�•�h�g�m�x�q�b�f�b�� �m��
�i�h�a�b�p�•�c�g�•�c���k�b�k�l�_�f�•���q�b�k�e�_�g�g�y�����i�h�d�Z�a�Z�\�����s�h���g�Z���k�m�q�Z�k�g�h��
�f�m�� �j�•�\�g�•�� �j�h�a�\�b�l�d�m�� �•�g�n�h�j�f�Z�p�•�c�g�b�o�� �l�_�o�g�h�e�h�]�•�c�� �a�Z�k�l�h�k�m��
�\�Z�g�g�y�� �l�Z�d�b�o�� �k�b�k�l�_�f�� �g�_�� �f�h�`�_�� �i�h�\�g�•�k�l�x�� �a�Z�[�_�a�i�_�q�b�l�b��
�\�b�d�h�g�Z�g�g�y�� �a�j�h�k�l�Z�x�q�b�o�� �\�b�f�h�]�� �s�h�^�h�� �g�Z�^�•�c�g�h�k�l�•���� �\�b�k�m��
�g�m�l�•�� �^�h�� �d�h�f�i�
�x�l�_�j�g�b�o�� �k�b�k�l�_�f�� ���D�K������ �<�g�Z�k�e�•�^�h�d�� �p�v�h�]�h��
�\�b�g�b�d�Z�}���a�Z�\�^�Z�g�g�y���i�h�r�m�d�m���i�_�j�k�i�_�d�l�b�\�g�b�o���r�e�y�o�•�\���m�^�h��
�k�d�h�g�Z�e�_�g�g�y�� �D�K���� �h�^�g�b�f�� �•�a�� �y�d�b�o�� �}�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �g�_�l�j�Z��
�^�b�p�•�c�g�b�o�� �k�b�k�l�_�f�� �q�b�k�e�_�g�g�y�� �Z�^�Z�i�l�b�\�g�b�o�� �^�h�� �d�e�Z�k�m�� �a�Z��
�\�^�Z�g�v�����y�d�•���\�b�j�•�r�m�x�l�v�k�y���D�K�����Y�d���i�h�d�Z�a�Z�e�b���^�h�k�e�•�^�`�_�g�g�y��
�\�� �p�v�h�f�m�� �g�Z�i�j�y�f�d�m���� �h�^�g�•�}�x�� �a�� �l�Z�d�b�o�� �k�b�k�l�_�f�� �q�b�k�e�_�g�g�y��
�f�h�`�_�� �[�m�l�b�� �g�_�i�h�a�b�p�•�c�g�Z�� �f�h�^�m�e�v�g�Z�� �k�b�k�l�_�f�Z�� �q�b�k�e�_�g�g�y��
���F�K�Q�� [1]���� �H�[�‰�j�m�g�l�m�}�f�h�� �f�h�`�e�b�\�•�k�l�v�� �\�b�d�h�j�b�k�l�Z�g�g�y��
�F�K�Q���^�e�y���k�l�\�h�j�_�g�g�y���g�Z�^�•�c�g�b�o���l�Z���\�•�^�f�h�\�h�k�l�•�c�d�b�o���D�K���� 

�J�h�a�j�h�[�d�Z�� �f�Z�l�_�f�Z�l�b�q�g�h�€�� �f�h�^�_�e�•�� �\�•�^�f�h�\�h�k�l�•�c�d�h�k�l�•��
�n�m�g�d�p�•�h�g�m�\�Z�g�g�y���D�K���m���F�K�Q�����s�h���^�h�a�\�h�e�y�}���\�b�a�g�Z�q�b�l�b���l�Z��
�j�h�a�j�h�[�b�l�b�� �f�_�l�h�^�b�� �i�•�^�\�b�s�_�g�g�y�� �\�•�^�f�h�\�h�k�l�•�c�d�h�k�l�•�� �D�K����
�[�_�a�� �a�g�b�`�_�g�g�y�� �i�j�h�^�m�d�l�b�\�g�h�k�l�•�� �h�[�j�h�[�d�b�� �•�g�n�h�j�f�Z�p�•�€�� �l�Z��
�k�b�g�l�_�a�m�\�Z�l�b�� �\�•�^�f�h�\�h�k�l�•�c�d�•�� �k�l�j�m�d�l�m�j�b���� �s�h�� �^�h�a�\�h�e�y�x�l�v��
�^�h�k�y�]�l�b���f�Z�d�k�b�f�Z�e�v�g�h�]�h���a�g�Z�q�_�g�g�y���\�•�^�f�h�\�h�k�l�•�c�d�h�k�l�•���D�K��
�a�Z�� �m�f�h�\�b�� �\�b�d�h�g�Z�g�g�y�� �a�Z�^�Z�g�b�o�� �h�[�f�_�`�_�g�v���� �G�_�h�[�o�•�^�g�h��
�\�•�^�a�g�Z�q�b�l�b�����s�h���i�•�^���\�•�^�f�h�\�Z�f�b���D�K���\���F�K�Q���[�m�^�m�l�v���j�h�a�m��
�f�•�l�b�k�y���y�d���g�_�k�i�j�Z�\�g�•�k�l�v���h�[�e�Z�^�g�Z�g�g�y�����_�e�_�f�_�g�l�•�\���l�Z���d�h�f��
�i�h�g�_�g�l���D�K�����l�Z�d���•���a�[�h�€���\���j�h�[�h�l�•���l�j�Z�d�l�•�\���h�[�j�h�[�d�b���•�g�n�h�j��
�f�Z�p�•�€�� ���L�H�1������ �s�h�� �\�_�^�m�l�v�� �^�h�� �i�h�y�\�b�� �i�h�f�b�e�h�d�� �l�Z�� �k�i�h�l�\�h��
�j�_�g�g�y���•�g�n�h�j�f�Z�p�•�€�� 

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

�K�l�j�m�d�l�m�j�g�Z���k�o�_�f�Z�� 
�g�Z�^�•�c�g�•�k�g�h�€���f�h�^�_�e�•���D�K���\���F�K�Q 

�A�[�•�e�v�r�_�g�g�y�� �g�Z�^�•�c�g�h�k�l�•�� �D�K���� �n�m�g�d�p�•�h�g�m�x�q�h�€�� �\��
�F�K�K���� �a�Z�k�g�h�\�Z�g�_�� �g�Z�� �\�b�d�h�j�b�k�l�Z�g�g�•�� �i�Z�k�b�\�g�h�€�� �Z�^�Z�i�l�Z�p�•�€��
���[�_�a�� �i�_�j�_�[�m�^�h�\�b�� �k�l�j�m�d�l�m�j�b�� �D�K�� �m�� �i�j�h�p�_�k�•�� �n�m�g�d�p�•�h�g�m��

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

�Y�d���h�k�g�h�\�g�b�c���i�h�d�Z�a�g�b�d���^�e�y���h�p�•�g�d�b���g�Z�^�•�c�g�h�k�l�•���n�m��
�g�d�p�•�h�g�m�\�Z�g�g�y�� �1�D�K�� �a�Z�i�j�h�i�h�g�h�\�Z�g�h�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b��
�c�f�h�\�•�j�g�•�k�l�v���[�_�a�\�•�^�f�h�\�g�h�€���j�h�[�h�l�b��P(t). 

�<�b�o�h�^�y�q�b�� �a�� �\�e�Z�k�l�b�\�h�k�l�_�c�� �F�K�Q�� ���g�_�a�Z�e�_�`�g�h�k�l�•, 
�f�Z�e�h�j�h�a�j�y�^�g�h�k�l�• �l�Z���j�•�\�g�h�i�j�Z�\�g�h�k�l�•���a�Z�e�b�r�d�•�\�� [2] �c�f�h��
�\�•�j�g�•�k�l�v���[�_�a�\�•�^�f�h�\�g�h�€���j�h�[�h�l�b���D�K���\���F�K�Q���f�h�`�g�Z���i�j�_�^��
�k�l�Z�\�b�l�b�� �y�d�� �c�f�h�\�•�j�g�•�k�l�v�� �[�_�a�\�•�^�f�h�\�g�h�€�� �j�h�[�h�l�b�� �D�K�� �m��
�I�K�Q���^�e�y���\�b�i�Z�^�d�m���d�h�\�a�g�h�]�h���j�_�a�_�j�\�m�\�Z�g�g�y���a���g�Z�\�Z�g�l�Z�`�_��
�g�b�f���j�_�a�_�j�\�h�f�����j�b�k�� 1).  

 
�J�b�k. 1. �K�l�j�m�d�l�m�j�g�Z���k�o�_�f�Z���g�Z�^�•�c�g�h�k�l�•���D�K���\���F�K�Q 
 
�>�•�c�k�g�h�����i�h-�i�_�j�r�_�����[�m�^�v-�y�d�b�c���•�g�n�h�j�f�Z�p�•�c�g�b�c���L�H�1��

�D�K���� �s�h�� �\�•�^�f�h�\�b�\�����i�h �h�k�g�h�\�• ( , )im i l n�  �f�h�`�_�� �[�m�l�b��

�a�Z�f�•�g�_�g�b�c�� �g�Z�� �[�m�^�v-�y�d�b�c�� �k�i�j�Z�\�g�b�c�� �d�h�g�l�j�h�e�v�g�b�c�� �L�H�1��
�D�K���i�h���h�k�g�h�\�•  

�� ��, ;  j i jm j n l n k m m� �� �� �� , 

�^�_��n �•��k �± �\�•�^�i�h�\�•�^�g�h���d�•�e�v�d�•�k�l�v���•�g�n�h�j�f�Z�p�•�c�g�b�o���l�Z���d�h�g�l��
�j�h�e�v�g�b�o�� �h�k�g�h�\�� �F�K�Q���� �i�h-�^�j�m�]�_���� �\�k�•�� �l�j�Z�d�l�b�� �D�K���� �y�d�� �•�g��
�n�h�j�f�Z�p�•�c�g�•�����l�Z�d���•���d�h�g�l�j�h�e�v�g�•�����h�^�g�h�q�Z�k�g�h�����g�_�a�Z�e�_�`�g�h���c��
�h�^�g�Z�d�h�\�h���[�_�j�m�l�v���m�q�Z�k�l�v���m���h�[�j�h�[�p�•���•�g�n�h�j�f�Z�p�•�€. 

�I�h�^�Z�g�Z�� �g�Z�� �j�b�k���� ���� �k�l�j�m�d�l�m�j�g�Z�� �k�o�_�f�Z���� �\�•�^�i�h�\�•�^�Z�}��
�g�Z�^�•�c�g�•�k�g�•�c���f�h�^�_�e�•���D�K���\���F�K�Q���a��n �•�g�n�h�j�f�Z�p�•�c�g�b�f�b���• 
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k �d�h�g�l�j�h�e�v�g�b�f�b�� �g�_�a�Z�e�_�`�g�b�f�b�� �l�j�Z�d�l�Z�f�b���� �D�h�f�m�l�Z�l�h�j��
�a�^�•�c�k�g�x�}�� �d�h�g�l�j�h�e�v�� �n�m�g�d�p�•�h�g�m�\�Z�g�g�y�� �L�H�1�� �•�� �i�_�j�_�f�b��
�d�Z�g�g�y���l�j�Z�d�l�•�\�����s�h���\�•�^�f�h�\�b�e�b���g�Z���i�j�Z�p�_�a�^�Z�l�g�•�����J�h�a�]�e�y��
�g�_�f�h���� �y�d���� �\�b�d�h�j�b�k�l�h�\�m�x�q�b�� �a�Z�i�j�h�i�h�g�h�\�Z�g�m�� �g�Z�^�•�c�g�•�k��
�g�m�� �f�h�^�_�e�v���� �f�h�`�g�Z�� �j�h�a�j�Z�o�m�\�Z�l�b�� �c�f�h�\�•�j�g�•�k�l�v�� �[�_�a�\�•�^��
�f�h�\�g�h�€���j�h�[�h�l�b���D�K���\���F�K�Q�� 

�G�_�o�Z�c�� �a�Z�^�Z�g�Z�� �\�i�h�j�y�^�d�h�\�Z�g�Z���� ��1i im m� � � � �F�K�Q��

�g�Z�[�h�j�h�f�� �\�a�Z�}�f�g�h�� �i�h�i�Z�j�g�h�� �i�j�h�k�l�b�o�� �q�b�k�_�e��m1, m2���«����
mn, mn+1���«�����Pn+k�����^�_��n �•��k �\�•�^�i�h�\�•�^�g�h���d�•�e�v�d�•�k�l�v���•�g�n�h�j��
�f�Z�p�•�c�g�b�o�� �l�Z�� �d�h�g�l�j�h�e�v�g�b�o�� �h�k�g�h�\���� �Z�� �d�j�Z�l�g�•�k�l�v�� �F�K�Q��
�\�b�a�g�Z�q�b�l�v�k�y���\�_�e�b�q�b�g�h�x��k/n.  

�M���p�v�h�f�m���\�b�i�Z�^�d�m���n�h�j�f�m�e�Z���^�e�y���\�b�a�g�Z�q�_�g�g�y���c�f�h��
�\�•�j�g�h�k�l�•�� �[�_�a�\�•�^�f�h�\�g�h�€�� �j�h�[�h�l�b�� �D�K�� �m�� �F�K�Q�� �g�Z�[�m�^�_�� �\�b��
�]�e�y�^�m���\�b�j�Z�a�m�� 
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C �J �W �& �J �W� � � �
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�  �  
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�  � �� ¦ � ¦
 (1) 

�^�_ 1( ) �L�H�1t�J �W �� �H�O��� �± �c�f�h�\�•�j�g�•�k�l�v���[�_�a�\�•�^�f�h�\�g�h�€���j�h�[�h�l�b��
�L�H�1�� �a�� �g�Z�c�[�•�e�v�r�h�€�� ���g�Z�c�f�_�g�r�� �g�Z�^�•�c�g�h�€���� �h�k�g�h�\�b��mn+k 
�F�K�Q�� �O�L�H�1 �± �•�g�l�_�g�k�b�\�g�•�k�l�v �\�•�^�f�h�\�� �h�[�e�Z�^�g�Z�g�g�y�� �L�H�1�� �\��
�F�K�Q���a���g�Z�c�[�•�e�v�r�h�€���h�k�g�h�\�b��mn+k. 

�K�i�•�\�\�•�^�g�h�r�_�g�g�y�����������f�h�`�_���[�m�l�b���\�b�d�h�j�b�k�l�Z�g�_���^�e�y��
�j�h�a�j�Z�o�m�g�d�m�� �c�f�h�\�•�j�g�h�k�l�•�� �[�_�a�\�•�^�f�h�\�g�h�€�� �j�h�[�h�l�b�� �D�K�� �m��
�F�K�Q���i�j�b���g�Z�k�l�m�i�g�b�o���i�j�b�i�m�s�_�g�g�y�o: 

�± �\�•�^�f�h�\�b���l�j�Z�d�l�•�\���D�K���i�•�^�i�h�j�y�^�d�h�\�Z�g�•���_�d�k�i�h�g�_�g��
�p�•�Z�e�v�g�h�f�m���j�h�a�i�h�^�•�e�m; 

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

�± �•�g�n�h�j�f�Z�p�•�c�g�•�����1�L�H�1�����l�Z���d�h�g�l�j�h�e�v�g�•���l�j�Z�d�l�b���h�[��
�j�h�[�d�b�� �•�g�n�h�j�f�Z�p�•�€�� ���D�L�H�1���� �D�K�� �j�•�\�g�h�g�Z�^�•�c�g�•, �l�h�[�l�h��
�c�f�h�\�•�j�g�•�k�l�v�� �[�_�a�\�•�^�f�h�\�g�h�€�� �j�h�[�h�l�b�� �\�k�•�o�� �l�j�Z�d�l�•�\�� �D�K��
�i�j�b�c�f�Z�}�l�v�k�y���j�•�\�g�h�x���c�f�h�\�•�j�g�h�k�l�•���[�_�a�\�•�^�f�h�\�g�h�€���j�h�[�h��
�l�b���J1(t) �l�j�Z�d�l�m�� �D�K�� �a�Z�� �g�Z�c�[�•�e�v�r�h�€�� �h�k�g�h�\�b�� �F�K�Q��mn+k, 
�s�h�� �f�Z�}�� �g�Z�c�f�_�g�r�m�� �c�f�h�\�•�j�g�•�k�l�v�� �[�_�a�\�•�^�f�h�\�g�h�€�� �j�h�[�h�l�b 
[4]; 

�± �g�_���\�j�Z�o�h�\�m�}�l�v�k�y���f�h�`�e�b�\�•�k�l�v���\�•�^�g�h�\�e�_�g�g�y���l�j�Z��
�d�l�•�\���D�K�����s�h���\�•�^�f�h�\�b�e�b�����\���F�K�Q. 

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

 
1

i

q

j k
i

m m
� 

�t �– , (2) 

�^�_��q �± �f�Z�d�k�b�f�Z�e�v�g�Z�� �d�•�e�v�d�•�k�l�v�� �j�h�[�h�q�b�o�� �l�j�Z�d�l�•�\���� �s�h��
�h�^�g�h�q�Z�k�g�h���a�Z�f�•�g�x�x�l�v�k�y�����h�^�g�b�f���d�h�g�l�j�h�e�v�g�b�f���i�j�Z�p�_��
�a�^�Z�l�g�b�f���l�j�Z�d�l�h�f���i�h���h�k�g�h�\�• mj. 

�I�j�h�\�_�^�_�f�h�� �i�h�j�•�\�g�y�e�v�g�b�c�� �Z�g�Z�e�•�a�� �g�Z�^�•�c�g�h�k�l�•�� �i�h��
�l�j�h�}�g�h�€ �i�h�a�b�p�•�c�g�h�€ �D�K �a �•�^�_�Z�e�v�g�b�f �f�Z�`�h�j�b�l�Z�j�g�b�f��
�_�e�_�f�_�g�l�h�f���l�Z���D�K �m���F�K�Q �a���•�^�_�Z�e�v�g�b�f �d�h�f�m�l�Z�l�h�j�h�f���a 
�[�_�a�\�•�^�f�h�\�g�h�k�l�•�����a�Z�k�l�h�k�h�\�m�x�q�b���j�h�a�]�e�y�g�m�l�m���g�Z�^�•�c�g�•�k�g�m 
�f�h�^�_�e�v���� �I�h�a�g�Z�q�b�f�h�� �q�_�j�_�a���Ol �•�g�l�_�g�k�b�\�g�•�k�l�v�� �\�•�^�f�h�\��
�h�[�e�Z�^�g�Z�g�g�y�����\�•�^�g�_�k�_�g�m���^�h���h�^�g�h�]�h���^�\�•�c�d�h�\�h�]�h���j�h�a�j�y�^�m��
���^�h���h�^�b�g�b�p�•���j�h�a�j�y�^�g�h�€���k�•�l�d�b �D�K) [5]. �<���p�v�h�f�m���\�b�i�Z�^��

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

 ( ) .l t
lP t e �O���  (3) 

�>�e�y�� �i�h�a�b�p�•�c�g�h�]�h l-�[�Z�c�l�h�\�h�€ �D�K �c�f�h�\�•�j�g�•�k�l�v��
�[�_�a�\�•�^�f�h�\�g�h�€���j�h�[�h�l�b���^�h�j�•�\�g�x�}: 

 ( ) 0- t
0P t e �O� , (4) 

�^�_��0 8 l l�O �O� . 

�<�•�^�h�f�h���� �s�h�� �c�f�h�\�•�j�g�•�k�l�v�� �[�_�a�\�•�^�f�h�\�g�h�€�� �j�h�[�h�l�b��
�^�e�y�� �i�h�l�j�h�}�g�h�€�� �f�Z�`�h�j�b�l�Z�j�g�h�€�� �k�l�j�m�d�l�m�j�b�����s�h �f�•�k�l�b�l�v��
�l�j�b���D�K �l�Z �•�^�_�Z�e�v�g�b�c�� �f�Z�`�h�j�b�l�Z�j�g�b�c�� �_�e�_�f�_�g�l���� �^�h�j�•�\��
�g�x�} [3]: 

 
�� �� �� �� �� ��

�� ��
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16 8

3 2

3 2 .l l
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t t

P t P t P t

e e� O � O� � � �

� �� � 

�  � �
 (5) 

�>�e�y���D�K �\���F�K�Q �c�f�h�\�•�j�g�•�k�l�v���[�_�a�\�•�^�f�h�\�g�h�€���j�h�[�h��
�l�b�� �l�j�Z�d�l�m �h�[�j�h�[�d�b�� �•�g�n�h�j�f�Z�p�•�€�� �a�� �^�h�\�•�e�v�g�h�€�� �h�k�g�h�\�b 

�� ��1,im i n k�  � � �\�b�a�g�Z�q�Z�}�l�v�k�y���y�d: 

 �� �� �L�H�1t
iP t e �O���  (6)

 
�Z�[�h�� 

 �� ��1
l n ktP t e � O � Z����� , (7) 

�^�_ �� ��2[ � ± � �]1n k n klog m  �Z � � � ��  � �.  

�C�f�h�\�•�j�g�•�k�l�v�� �[�_�a�\�•�^�f�h�\�g�h�€�� �j�h�[�h�l�b���D�K �m���F�K�Q 
�\�b�a�g�Z�q�Z�}�l�v�k�y���\�•�^�i�h�\�•�^�g�h���^�h���\�b�j�Z�a�m��(1). 

�G�_�o�Z�c��1l �  ���h�^�g�h�[�Z�c�l�h�\�Z���D�K���� �• 1k � ���� �L�h�^�•�� �a��
�m�j�Z�o�m�\�Z�g�g�y�f�� �d�j�b�l�_�j�•�x�� �f�•�g�•�f�Z�e�v�g�h�k�l�•�� �Z�i�Z�j�Z�l�m�j�g�h�€��
�g�Z�^�f�•�j�g�h�k�l�• �D�K�� �F�K�Q �f�h�`�g�Z�� �i�h�^�Z�l�b �m���\�b�]�e�y�^�• �g�Z�[�h��
�j�m���g�Z�k�l�m�i�g�b�o���h�k�g�h�\�� 

 1 2 3 43, 4, 5, 7,m m m m� � � �  5 11.m �    

�I�j�b���p�v�h�f�m��  
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420 2 256i
i

m
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� �! � �– , (8) 

�l�Z �g�Z�c�[�•�e�v�r�b�c���k�i�•�e�v�g�b�c���^�•�e�v�g�b�d ���G�K�>�� �� ��, 1i jm  m �  

�^�e�y .i j�z  �<�� �p�v�h�f�m�� �\�b�i�Z�^�d�m�� �k�i�•�\�\�•�^�g�h�r�_�g�g�y��(1) �a�Z��
�i�b�r�_�f�h���m �\�b�]�e�y�^�•: 

 

�� �� �� �� �� �� �� ��

�� ��
1 4 5

1 1

16 4

5 4

5 4 .l l

�F�K�Q

t t

P t P t P t

e e� O � O� � � �

� �� � 

�  � �
 (9) 

�I�h�a�g�Z�q�b�f�h * 8 l � O � O� ���� �I�j�b�� �p�v�h�f�m�� �\�b�j�Z�a�b��(5���� �•��

(9) �f�h�`�g�Z���a�Z�i�b�k�Z�l�b: 

 �� ��
* *2 (3 2 ).t t

MP t e e� O � O� � � ��  � � (10) 

 �� �� �� ��1 2 0.55 4 .t t
�F�K�QP t e e� O � O� 
 � 
� � � �� § � ·�  � �� ¨ � ¸

� © � ¹
 (11) 

�M���l�Z�[�e�b�p�•�������\�f�•�s�_�g�h���a�g�Z�q�_�g�g�y���c�f�h�\�•�j�g�h�k�l�•���[�_�a��
�\�•�^�f�h�\�g�h�€���j�h�[�h�l�b: 
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 �� �� *tP t e �O���  (12) 

�^�e�y���g�_�j�_�a�_�j�\�h�\�Z�g�h�€���h�^�g�h�[�Z�c�l�h�\�h�€���i�h�a�b�p�•�c�g�h�€���D�K�����1������ 
�L�Z�d�h�`���\�•�^�i�h�\�•�^�g�h�� �^�h���\�b�j�Z�a�•�\��(10�����•����11�����D�K�����,�,������

�^�e�y�� �D�K�� �m�� �F�K�Q�� �a�� �h�^�g�•�}�x�� �d�h�g�l�j�h�e�v�g�h�x�� �h�k�g�h�\�h�x�� ���,�,�,����
�l�Z�� �^�e�y�� �D�K�� �m���f�h�^�m�e�y�j�g�•�c �k�b�k�l�_�f�• �q�b�k�e�_�g�g�y �a�� �^�\�h�f�Z��
�d�h�g�l�j�h�e�v�g�b�f�b���h�k�g�h�\�Z�f�b�����,�9������ 

�<�•�^�i�h�\�•�^�g�h���^�h���^�Z�g�b�o���l�Z�[�e. �����g�Z���j�b�k���������i�j�_�^�k�l�Z�\��
�e�_�g�•���]�j�Z�n�•�d�b���a�Z�e�_�`�g�h�k�l�_�c  

 �� �� �� ��*P t F t�    

�^�e�y�� �h�^�g�h�[�Z�c�l�h�\�h�€���� �g�_�j�_�a�_�j�\�h�\�Z�g�h�€��(I), �l�j�b�d�Z�g�Z�e�v�g�h�€ 
�j�_�a�_�j�\�h�\�Z�g�h�€ ���,�,���� �m�� �i�h�a�b�p�b�c�g�•�c �k�b�k�l�_�f�• �q�b�k�e�_�g�g�y 
���I�K�Q�����l�Z���d�h�f�i�
�x�l�_�j�g�Z �k�b�k�l�_�f�Z �m���f�h�^�m�e�y�j�g�•�c �k�b�k�l�_�f�• 
�q�b�k�e�_�g�g�y ���,�,�,���� �a�� �i�Z�j�Z�f�_�l�j�Z�f�b 1, 2, 1l n k� � �  �•�� �]�j�Z��

�n�•�d �a�Z�e�_�`�g�h�k�l�•���^�e�y��2k �  (IV).  
�A�� �^�Z�g�h�]�h�� �]�j�Z�n�•�d�Z�� �\�b�^�g�h���� �s�h�� �d�h�f�i�
�x�l�_�j�g�Z �k�b�k��

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

 

 
�J�b�k�� 2. �=�j�Z�n�•�d�b���a�Z�e�_�`�g�h�k�l�_�c �J���O�
t) �D�K 

 
�L�Z�[�e�b�p�y���� �± �J�h�a�j�Z�o�m�g�d�h�\�•���^�Z�g�•���g�Z�^�•�c�g�h�k�l�•���D�K 

�m���I�K�Q���l�Z���F�K�Q 

�O�
t 
�I�K�Q �F�K�Q 

I II  III  IV  

0 1 1 1 1 

0,2 0,819 0,912 0,926 0,986 

0,4 0,670 0,746 0,775 0,922 

0,6 0,549 0,573 0,613 0,816 

0,8 0,449 0,424 0,468 0,687 

1 0,368 0,306 0,328 0,558 

1,2 0,301 0,225 0,254 0,439 

1,4 0,247 0,151 0,187 0,337 

 
�M�� �l�Z�[�e. ���� �i�j�_�^�k�l�Z�\�e�_�g�•���� �g�Z�\�_�^�_�g�•�� �^�h�� �h�^�g�h�]�h��

�^�\�•�c�d�h�\�h�]�h�� �j�h�a�j�y�^�m���� �^�_�y�d�•�� �^�Z�g�•�� �i�j�h�� �^�h�^�Z�l�d�h�\�m�� �d�•�e�v��
�d�•�k�l�v�� �h�[�e�Z�^�g�Z�g�g�y�� �û�:���� �g�_�h�[�o�•�^�g�h�]�h�� �^�e�y�� �j�_�Z�e�•�a�Z�p�•�€��
�j�h�a�]�e�y�g�m�l�b�o�� �f�_�l�h�^�•�\�� �i�•�^�\�b�s�_�g�g�y�� �g�Z�^�•�c�g�h�k�l�•���� �y�d�• �i�h��
�d�Z�a�m�x�l�v���� �s�h�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �d�h�^�•�\�� �F�K�Q�� �a�Z�[�_�a�i�_�q�m�}��
�\�b�k�h�d�_�� �a�g�Z�q�_�g�g�y�� �c�f�h�\�•�j�g�h�k�l�•�� �[�_�a�\�•�^�f�h�\�g�h�€�� �j�h�[�h�l�b��
�L�H�1�� �i�j�b�� �f�_�g�r�•�c�� �d�•�e�v�d�h�k�l�•�� �^�h�^�Z�l�d�h�\�h�� �\�\�_�^�_�g�h�]�h�� �h�[��
�e�Z�^�g�Z�g�g�y [6]. 

�L�Z�[�e�b�p�y 2 �± �J�h�a�j�Z�o�m�g�d�h�\�• �^�Z�g�•���i�j�h���d�•�e�v�d�•�k�l�v 
 �^�h�^�Z�l�d�h�\�h�]�h �h�[�e�Z�^�g�Z�g�g�y 

 
�I�K�Q �F�K�Q 

I II  III  IV  

�D�•�e�v�d�•�k�l�v 

�h�[�e�Z�^�g�Z�g�g�y 
8 24 15 19 

�>�h�^�Z�l�d�h�\�_ 
�h�[�e�Z�^�g�Z�g�g�y 
�¨�:  

- 200% 87,5% 137,5% 

 
�<�b�^�g�h���� �s�h�� �d�h�f�i�
�x�l�_�j�g�Z �k�b�k�l�_�f�Z �m���f�h�^�m�e�y�j�g�•�c 

�k�b�k�l�_�f�• �q�b�k�e�_�g�g�y �a�� �h�^�g�•�}�x�� �d�h�g�l�j�h�e�v�g�h�x�� �h�k�g�h�\�h�x��
���,�,�,���� �g�Z�^�•�c�g�•�r�Z���� �g�•�`�� �i�h�l�j�h�}�g�Z �k�b�k�l�_�f�Z�� �\�� �i�h�a�b�p�b�c�g�•�c 
�k�b�k�l�_�f�• �q�b�k�e�_�g�g�y (II). 

�H�l�`�_���� �F�K�Q �j�h�a�r�b�j�x�}�� �h�[�e�Z�k�l�v�� �a�g�Z�q�_�g�v�� �����
�W����
�i�j�b�� �y�d�b�o�� �•�k�g�m�}�� �\�b�]�j�Z�r�� �m�� �i�h�j�•�\�g�y�g�g�•�� �a�� �g�_�j�_�a�_�j�\�h�\�Z��
�g�h�x���i�h�a�b�p�•�c�g�h�x�����,�����D�K���m���[�_�a�\�•�^�f�h�\�g�h�k�l�•�� 

�G�_�o�Z�c��2k � .  
�M���p�v�h�f�m �\�b�i�Z�^�d�m���F�K�Q���f�h�`�g�Z���i�h�^�Z�l�b���m���\�b�]�e�y�^�•��

�g�Z�[�h�j�m���g�Z�k�l�m�i�g�b�o���h�k�g�h�\��  

 1 2 3

4 5 6

3, 4, 5,

7, 11, 13.

m m m

m m m

� � � 

� � � 
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�>�e�y���^�Z�g�h�€���F�K�Q �\�b�j�Z�a����11�����a�Z�i�b�r�_�f�h���l�Z�d: 

 

�� �� �� �� �� ��

�� �� �> �@ �> �@�^ �`
2 4

1

22
1 1 1 16 ( ) 1 ( ) 15 1 ( )

�F�K�QP t P t

P t P t P t P t

�  � u

�u �� �� �� ��
 (13) 

�Z�[�h�� 

�� �� �� ��
�� ��

�� ��

2* 0.5 *
2 2 *

0.5 * 0.5 *

15 1
.

6 1

t t
t

�F�K�Q
t t

e e
P t e

e e

� O � O
�O

� O � O

� � � �
��

� � � �

� ª � º
�� �� ��� « � »

� � « � »
� « � »� � � �
� ¬ � ¼

  (14) 

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

�<�b�k�g�h�\�d�b 

�M���k�l�Z�l�l�•���^�Z�g�h���g�Z�m�d�h�\�_���h�[�‰�j�m�g�l�m�\�Z�g�g�y���f�h�`�e�b�\�h��
�k�l�•�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �F�K�Q�� �^�e�y�� �k�l�\�h�j�_�g�g�y�� �\�•�^�f�h�\�h�k�l�•�c- 

�d�b�o�� �D�K���� �I�h�d�Z�a�Z�g�h���� �s�h�� �i�j�b�� �k�b�g�l�_�a�•�� �D�K�� �i�h�� �h�k�g�h�\�• 
�F�K�Q�� �f�h�`�g�Z�� �h�l�j�b�f�Z�l�b�� �y�d�•�k�g�h�� �g�h�\�•�� �g�Z�m�d�h�\�•�� �l�Z�� �i�j�Z�d��
�l�b�q�g�•�� �j�_�a�m�e�v�l�Z�l�b���� �s�h�� �^�h�a�\�h�e�y�x�l�v�� �i�h�d�j�Z�s�b�l�b�� �h�k�g�h�\��
�g�•�� �l�Z�d�l�b�q�g�h-�l�_�o�g�•�q�g�•�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �D�K�� ���\�•�^�f�h�\�h�k��
�l�•�c�d�•�k�l�v���� �g�Z�^�•�c�g�•�k�l�v �l�h�s�h���� �a�Z�� �j�Z�o�m�g�h�d�� �f�h�`�e�b�\�h�k�l�•��
�h�j�]�Z�g�•�a�Z�p�•�€�� �i�j�b�g�p�b�i�h�\�h�� �g�h�\�h�€�� �k�l�j�m�d�l�m�j�b�� �D�K�� �l�Z�� �a�Z��
�k�l�h�k�m�\�Z�g�g�y�� �g�h�\�b�o�� �h�j�b�]�•�g�Z�e�v�g�b�o�� �f�_�l�h�^�•�\�� �l�Z�� �Z�e�]�h�j�b�l��
�f�•�\�����h�[�j�h�[�d�b���•�g�n�h�j�f�Z�p�•�€���� 

�>�h�k�e�•�^�`�_�g�h�� �l�Z�� �h�l�j�b�f�Z�g�h���� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �n�h��
�j�f�Z�e�•�a�h�\�Z�g�h�€�� �f�h�^�_�e�•�� �\�•�^�f�h�\�h�k�l�•�c�d�h�k�l�•���Í�Ñ�Ï�Ò�5�á�Õ�È�Ó�Ð�Ë�Ø��
�Ô�Ë�Ô�Õ�È�Ï���� �f�Z�l�_�f�Z�l�b�q�g�m�� �f�h�^�_�e�v�� �g�Z�^�•�c�g�h�k�l�•�� �D�K���� �s�h�� �n�m��
�g�d�p�•�h�g�m�x�l�v�� �m�� �F�K�Q���� �i�h�� �h�k�g�h�\�• �\�b�d�h�j�b�k�l�Z�g�g�y�� �i�j�b�g��
�p�b�i�m�� �i�Z�k�b�\�g�h�€�� �\�•�^�f�h�\�h�k�l�•�c�d�h�k�l�•���� �>�h�k�e�•�^�`�_�g�g�y�� �f�h�^�_��
�e�•�� �i�h�d�Z�a�Z�e�h���� �s�h�� �a�•�� �a�[�•�e�v�r�_�g�g�y�f�� �d�j�Z�l�g�h�k�l�•�� �j�_�a�_�j�\�m��
�\�Z�g�g�y���g�Z�^�•�c�g�•�k�l�v���Í�Ñ�Ï�Ò�5�á�Õ�È�Ó�Ð�Ë�Ø���Ô�Ë�Ô�Õ�È�Ï �i�•�^�\�b�s�m�}�l�v�k�y����
�s�h�� �\�•�^�i�h�\�•�^�Z�}�� �a�Z�]�Z�e�v�g�•�c�� �l�_�h�j�•�€ �g�Z�^�•�c�g�h�k�l�•���� �Z�� �D�K�� �m��
�F�K�Q�� �a�� �^�\�h�f�Z�� �d�h�g�l�j�h�e�v�g�b�f�b�� �h�k�g�h�\�Z�f�b�� �g�Z�^�•�c�g�•�r�_�� �a�Z��
�i�h�l�j�h�}�g�Z �D�K�� �\�b�d�h�j�b�k�l�h�\�m�}�� �i�h�a�b�p�•�c�g�m�� �k�b�k�l�_�f�m�� �q�b�k��
�e�_�g�g�y�����^�h������������ 

.
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Mathematical model of the reliability of the cs operating in the MNS  
based on the use of the principle of passive fault tolerance 

Alina Yanko, Victor Krasnobayev, Polina Sabelnikova 

Abst rac t .  The analysis of the state and prospects for the development of modern computer systems (CS) showed that the 
problem of increasing fault tolerance, which is the basis of reliability, cannot be effectively solved based on the use of the tradi-
tional binary positional number system without worsening the rest of the technical and economic indicators of the CS. In the 
positional numeral system (PNS), the execution of an arithmetic operation involves the sequential processing of the digits of 
operands according to the rules determined by the content of the operation, and cannot be completed until the values of all inter-
mediate results are sequentially determined taking into account all the connections between the digits. Thus, PNSs, in which in-
formation is presented and processed in modern computers, have a significant drawback �± the presence of inter-bit relations, 
which impose its imprint on the methods of implementing arithmetic operations, complicate the equipment and limit the speed. 
The results obtained as a result of the conducted research and previous positive results show the perspective of using the modular 
number system (MNS) to increase the fault tolerance and reliability of the CS. The use in the CS as a number system of the MNS 
allows to positively solve the scientific and applied problem of ensuring the fault tolerance of the CS without reducing the user 
productivity of information processing with significantly less, than in the PNS, the additionally introduced amount of equipment. 
It is proposed to use the probability of no-failure operation as the main indicator for assessing the reliability of the functioning of 
the CS. Using a formalized model of fault tolerance of the CS, a mathematical model of the reliability of the CS operating in the 
MNS was investigated and obtained based on the use of the principle of passive fault tolerance. A mathematical model of CS 
fault tolerance, which, unlike the known ones, is based on the use of the properties of modular arithmetic, by taking into account 
the peculiarities of the functioning of information processing paths in the MNS, allows increasing the reliability of the CS. The 
study of the model showed that with an increase in the multiplicity of redundancy, the reliability of the CS in the MNS (with two 
control bases) increases to 25% compared to the tripled CS using the positional number system. 

Keywords:  probability of failure-free operation, mathematical model, modular number system, reliability model, com-
puter system, passive fault tolerance. 
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�X�����H�� �:�g�^�j�m�k�_�g�d�h, �L�� �=�� �N�_�k�_�g�d�h  
 

�O�Z�j�d�•�\�k�v�d�b�c �g�Z�p�•�h�g�Z�e�v�g�b�c �m�g�•�\�_�j�k�b�l�_�l���j�Z�^�•�h�_�e�_�d�l�j�h�g�•�d�b, �O�Z�j�d�•�\�����M�d�j�Z�€�g�Z 
 

�=�J�1�>-�L�?�O�G�H�E�H�=�1�2���<���J�H�A�I�H�>�1�E�?�G�B�O���H�;�Q�B�K�E�X�<�:�E�V�G�B�O���K�?�J�?�>�H�<�B�S�:�O  
 

�: �g �h �l �Z �p �• �y �� �M���k�l�Z�l�l�•���j�h�a�]�e�y�g�m�l�•���k�m�q�Z�k�g�•���l�_�o�g�h�e�h�]�•�€�����s�h���\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y���m���j�h�a�i�h�^�•�e�_�g�b�o���h�[�q�b�k�e�x�\�Z�e�v�g�b�o���k�_�j�_�^�h��
�\�b�s�Z�o�����F�_�l�h�x���k�l�Z�l�l�• �}���i�j�h�\�_�^�_�g�g�y���i�h�j�•�\�g�y�e�v�g�h�]�h �Z�g�Z�e�•�a�m���=�j�•�^ �l�Z���o�f�Z�j�g�b�o���l�_�o�g�h�e�h�]�•�c �l�Z���\�b�a�g�Z�q�_�g�g�y���h�k�h�[�e�b�\�h�k�l�_�c��
�=�j�•�^-�l�_�o�g�h�e�h�]�•�c. �<���j�_�a�m�e�v�l�Z�l�•���i�j�h�\�_�^�_�g�b�o���^�h�k�e�•�^�`�_�g�v �\�b�a�g�Z�q�_�g�Z �j�•�a�g�b�p�y���f�•�`���o�f�Z�j�g�b�f�b���h�[�q�b�k�e�_�g�g�y�f�b���l�Z���=�j�•�^-�h�[�q�b��
�k�e�_�g�g�y�f�b���a �i�h�]�e�y�^�m���d�h�j�b�k�l�m�\�Z�q�Z. �I�h�d�Z�a�Z�g�h�����s�h���•�k�g�m�x�l�v���d�e�Z�k�b���a�Z�\�^�Z�g�v�����y�d�•���g�Z�^�Z�x�l�v���i�_�j�_�\�Z�]�m���=�j�•�^-�l�_�o�g�h�e�h�]�•�€. �>�_�l�Z��
�e�v�g�h���j�h�a�]�e�y�g�m�l�•�� �i�j�h�p�_�k�b���j�h�a�i�h�^�•�e�m �j�_�k�m�j�k�•�\�� �l�Z���h�[�q�b�k�e�_�g�v �a�Z�� �^�h�i�h�f�h�]�h�x�� �=�j�•�^-�l�_�o�g�h�e�h�]�•�€. �K�n�h�j�f�m�e�v�h�\�Z�g�•�� �i�b�l�Z�g�g�y����
�s�h�� �\�b�g�b�d�Z�x�l�v�� �i�j�b�� �\�b�d�h�j�b�k�l�Z�g�g�y �*�5�,�'�� �l�_�o�g�h�e�h�]�•�€ �^�e�y�� �i�e�Z�g�m�\�Z�g�g�y�� �g�_�k�l�Z�p�•�h�g�Z�j�g�b�o���k�b�k�l�_�f. �H�[�‰�j�m�g�l�h�\�Z�g�Z �g�_�h�[�o�•�^��
�g�•�k�l�v���l�Z���Z�d�l�m�Z�e�v�g�•�k�l�v���j�h�a�j�h�[�d�b���g�h�\�b�o���f�h�^�_�e�_�c�����Z�e�]�h�j�b�l�f�•�\���l�Z���k�l�j�Z�l�_�]�•�c���h�j�]�Z�g�•�a�Z�p�•�€���i�e�Z�g�m�\�Z�g�g�y���\���=�j�•�^. 

�D�e �x �q�h �\ �• �� �k �e �h �\ �Z:  GRID-�l�_�o�g�h�e�h�]�•�y, �j�h�a�i�h�^�•�e�_�g�Z���k�b�k�l�_�f�Z�����o�f�Z�j�g�Z���l�_�o�g�h�e�h�]�•�y�����j�h�a�i�h�^�•�e �j�_�k�m�j�k�•�\. 
 

�<�k�l�m�i 

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

�1�k�g�m�}�� �[�Z�]�Z�l�h�� �l�_�o�g�h�e�h�]�•�c�� �j�h�a�i�h�^�•�e�_�g�b�o�� �h�[�q�b�k��
�e�_�g�v�����d�h�l�j�•���j�h�a�i�h�^�•�e�y�x�l�v���g�Z�y�\�g�•���h�[�q�b�k�e�x�\�Z�e�v�g�•���j�_�k�m��
�j�k�b���l�b�f���Z�[�h���•�g�r�b�f���q�b�g�h�f. �A���i�h�q�Z�l�d�m �������k�l�h�j�•�q�q�y���g�Z�c��
�[�•�e�v�r���i�h�i�m�e�y�j�g�b�f�b���k�l�Z�e�b��GRID-�l�_�o�g�h�e�h�]�•�€ [1�±3]�����i�•��
�k�e�y������07 �j�h�d�m���\�k�_���[�•�e�v�r�m���i�h�i�m�e�y�j�g�•�k�l�v���k�l�Z�e�b���a�Z�\�h�c�h��
�\�m�\�Z�l�b�� �o�f�Z�j�g�•�� �l�_�o�g�h�e�h�]�•�€ [4�±7]���� �H�k�l�Z�g�g�•�f�� �q�Z�k�h�f�� �i�j�b��
�j�_�Z�e�•�a�Z�p�•�€�� �i�j�h�}�d�l�•�\�� �1�g�l�_�j�g�_�l�m�� �j�_�q�_�c�� �l�Z��Big Data �j�h�a��
�j�h�[�g�b�d�b���\�k�_���q�Z�k�l�•�r�_���i�h�q�Z�e�b���a�\�_�j�l�Z�l�b�k�y���^�h���l�m�f�Z�g�g�b�o��
�l�_�o�g�h�e�h�]�c [8�±10]. �:�e�_���^�Z�g�m���l�_�o�g�h�e�h�]�•�x���f�h�`�g�Z���j�h�a�]��
�e�y�^�Z�l�b���y�d���i�j�h�r�Z�j�h�d���f�•�`���d�•�g�p�_�\�b�f�b���d�h�j�b�k�l�m�\�Z�q�Z�f�b���l�Z��
�o�f�Z�j�h�x [11]. �:�e�_���j�•�a�g�•�� �a�Z�^�Z�q�•�� �i�h�l�j�_�[�m�x�l�v�� �\�b�d�h�j�b�k��
�l�Z�g�g�y���j�•�a�g�b�o���l�_�o�g�h�e�h�]�•�c�����l�h�[�l�h���a�Z�\�`�^�b���}���a�Z�\�^�Z�g�g�y���h�p�•��
�g�d�b���h�[�j�Z�g�h�€���l�_�o�g�h�e�h�]�•�€�����H�l�`�_�����f�_�l�h�x���k�l�Z�l�l�• �}���i�j�h�\�_��
�^�_�g�g�y���i�h�j�•�\�g�y�e�v�g�h�]�h �Z�g�Z�e�•�a�m���=�j�•�^ �l�Z���o�f�Z�j�g�b�o���l�_�o�g�h��
�e�h�]�•�c �l�Z���\�b�a�g�Z�q�_�g�g�y���h�k�h�[�e�b�\�h�k�l�_�c���=�j�•�^-�l�_�o�g�h�e�h�]�•�c. 

�J�_�a�m�e�v�l�Z�l�b���^�h�k�e�•�^�`�_�g�v 

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

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

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

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

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

1.4. �>�Z�g�•�� �l�_�o�g�h�e�h�]�•�€ �f�Z�x�l�v�� �j�•�a�g�•�� �k�n�_�j�b�� �a�Z�k�l�h�k�m��
�\�Z�g�g�y���� �=�j�•�^-�i�e�Z�l�n�h�j�f�b�� �g�Z�^�Z�x�l�v�� �h�k�g�h�\�m�� �^�e�y�� �j�h�a�]�h�j��
�l�Z�g�g�y���h�[�q�b�k�e�x�\�Z�e�v�g�h�€���•�g�n�j�Z�k�l�j�m�d�l�m�j�b�����O�f�Z�j�g�•���h�[�q�b�k��
�e�_�g�g�y�� �g�Z�^�Z�x�l�v�� �•�g�l�_�]�j�h�\�Z�g�b�c�� �i�•�^�o�•�^�� �g�Z�� �\�k�•�o���j�•�\�g�y�o�� �g�Z��
�^�Z�g�g�y���•�g�n�h�j�f�Z�p�•�c�g�b�o���j�_�k�m�j�k�•�\�����,�D�D�6�����3�D�D�6�����6�D�D�6���� 

�����������F�h�`�e�b�\�h�k�l�•���^�e�y���j�h�a�r�b�j�_�g�g�y���d�•�e�v�d�h�k�l�•���•�g�l�_�j��
�n�_�c�k�•�\�� �d�h�j�b�k�l�m�\�Z�q�Z���� �=�j�•�^-�h�[�q�b�k�e�_�g�g�y�� �k�i�j�y�f�h�\�Z�g�•�� �g�Z��
�g�Z�^�Z�g�g�y���j�•�a�g�h�f�Z�g�•�l�g�b�o���h�[�q�b�k�e�x�\�Z�e�v�g�b�o���j�_�k�m�j�k�•�\���m���]�_��
�l�_�j�h�]�_�g�g�b�o�� �h�[�q�b�k�e�x�\�Z�e�v�g�b�o�� �k�_�j�_�^�h�\�b�s�Z�o�� �^�e�y �\�b�j�•��
�r�_�g�g�y�� �d�h�g�d�j�_�l�g�b�o�� �a�Z�\�^�Z�g�v�����L�Z�d�b�f�� �q�b�g�h�f���� �•�g�l�_�j�n�_�c�k�b��
�=�j�•�^���h�j�•�}�g�l�h�\�Z�g�•���g�Z���\�a�Z�}�f�h�^�•�x���h�[�q�b�k�e�x�\�Z�e�v�g�b�o���•�g�n�j�Z��
�k�l�j�m�d�l�m�j���n�•�a�b�q�g�h���a�Z���^�h�i�h�f�h�]�h�x���$�3�,�����y�d�b�f���f�h�`�_���k�d�h�j�b��
�k�l�Z�l�b�k�y���l�•�e�v�d�b���i�j�h�n�_�k�•�c�g�b�c���i�j�h�]�j�Z�f�•�k�l�����O�f�Z�j�g�•���h�[�q�b�k��
�e�_�g�g�y���j�h�a�j�h�[�e�y�x�l�v�k�y���l�Z�d�b�f���q�b�g�h�f�����s�h�[���g�Z�^�Z�\�Z�l�b���•�g�l�_��
�j�n�_�c�k�b�� �d�•�g�p�_�\�b�f�� �d�h�j�b�k�l�m�\�Z�q�Z�f�� �q�_�j�_�a�� �\�_�[-�^�h�k�l�m�i�� �Z�[�h��
�q�_�j�_�a�� �$�3�,���� �G�Z�� �d�h�`�g�h�f�m�� �r�Z�j�•�� �g�Z�^�Z�g�g�y�� �i�h�k�e�m�]��(IaaS, 
�3�D�D�6�����6�D�D�6�����g�Z�^�Z�}�l�v�k�y���\�e�Z�k�g�b�c���•�g�l�_�j�n�_�c�k�����I�•�^�\�b�s�_�g�g�y��
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�������J�h�a�i�h�^�•�e �j�_�k�m�j�k�•�\���l�Z���h�[�q�b�k�e�_�g�v �a�Z���^�h�i�h�f�h�]�h�x��
�*�5�,�'���l�_�o�g�h�e�h�]�•�€. �I�j�b���^�h�k�l�m�i�•�����\�b�d�h�j�b�k�l�Z�g�g�•�����l�Z���j�h�a�i�h��
�^�•�e�•���j�_�k�m�j�k�•�\���\���g�_�k�l�Z�p�•�h�g�Z�j�g�b�o���j�h�a�i�h�^�•�e�_�g�b�o���]�_�l�_�j�h�]�_�g��
�g�b�o�� �h�[�q�b�k�e�x�\�Z�e�v�g�b�o�� �k�_�j�_�^�h�\�b�s�Z�o���� �\�b�g�b�d�Z�x�l�v�� �i�_�\�g�•����
�l�j�m�^�g�h�s�•�����p�_���k�l�\�h�j�x�}���^�h�^�Z�l�d�h�\�m���k�d�e�Z�^�g�•�k�l�v���^�e�y���d�h�j�b�k��
�l�m�\�Z�q�•�\�����i�h�k�l�Z�q�Z�e�v�g�b�d�•�\���j�_�k�m�j�k�•�\ �l�Z �i�h�k�l�Z�q�Z�e�v�g�b�d�•�\���i�h��
�k�e�m�]�����D�h�j�b�k�l�m�\�Z�q�Z�f���^�Z�g�•���g�Z�^�Z�x�l�v�k�y���i�h���a�Z�i�b�l�m���q�_�j�_�a���1�g��
�l�_�j�g�_�l�����H�k�h�[�e�b�\�h���k�m�l�l�}�\�h���p�_���m���i�j�h�p�_�k�• �j�h�a�i�h�^�•�e�m���j�_�k�m��
�j�k�•�\���^�e�y���d�e�Z�k�m���1�3-�k�d�e�Z�^�g�b�o �a�Z�^�Z�q.  

�J�h�a�]�e�y�g�_�f�h�� �f�h�^�_�e�• �l�Z �Z�e�]�h�j�b�l�f�b�� �i�e�Z�g�m�\�Z�g�g�y�� �\�b��
�d�h�g�Z�g�g�y���h�[�q�b�k�e�x�\�Z�e�v�g�b�o���j�h�[�•�l �a�Z���^�h�i�h�f�h�]�h�x �*�5�,�'���l�_��
�o�g�h�e�h�]�•�€. �I�j�b���i�e�Z�g�m�\�Z�g�g�•���h�[�q�b�k�e�_�g�v���i�_�j�r���a�Z���\�k�_���g�_�h�[��
�o�•�^�g�h�� �\�b�a�g�Z�q�b�l�b�� �i�_�j�_�e�•�d�� �a�Z�\�^�Z�g�v�� �l�Z�� �i�_�j�_�e�•�d�� �j�_�k�m�j�k�•�\����
�k�i�b�j�Z�x�q�b�k�v �g�Z �h�[�j�Z�g�•���d�j�b�l�_�j�•�€ �h�i�l�b�f�•�a�Z�p�•�€. �>�e�y���p�v�h�]�h��
�\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y���^�\�Z���h�k�g�h�\�g�b�o �i�•�^�o�h�^�b�����k�l�Z�l�b�q�g�b�c �l�Z��
�^�b�g�Z�f�•�q�g�b�c. �I�j�b�� �k�l�Z�l�b�q�g�h�f�m�� �i�•�^�o�h�^�•�� �j�h�a�]�e�y�^�Z�x�l�v�k�y��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���i�j�h�p�_�k�h�j�•�\�����h�i�_�j�Z�p�•�c�g�•���k�b�k�l�_�f�b �l�h�s�h����
�>�e�y���i�h�^�h�e�Z�g�g�y���g�_�]�Z�l�b�\�g�b�o���g�Z�k�e�•�^�d�•�\���j�h�a�i�h�^�•�e�m���j�_�k�m�j��
�k�•�\���\���g�_�k�l�Z�p�•�h�g�Z�j�g�b�o���j�h�a�i�h�^�•�e�_�g�b�o���]�_�l�_�j�h�]�_�g�g�b�o���h�[�q�b��
�k�e�x�\�Z�e�v�g�b�o�� �k�_�j�_�^�h�\�b�s�Z�o���� �\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y�� �k�Z�f�_ � �̂b��
�g�Z�f�•�q�g�_�� �i�e�Z�g�m�\�Z�g�g�y�� �h�[�q�b�k�e�_�g�v���� �Z�� �� �Z�^�Z�i�l�b�\�g�b�c�� �i�•�^�o�•�^��
�a�Z�^�h�\�h�e�v�g�y�x�l�v GRID �l�_�o�g�h�e�h�]�•�€.  

�H�k�g�h�\�g�_���a�Z�\�^�Z�g�g�y���©�=�j�•�^�ª���± �m�a�]�h�^�`�_�g�b�c���j�h�a�i�h�^�•�e��
�j�_�k�m�j�k�•�\�� �l�Z�� �\�b�j�•�r�_�g�g�y�� �a�Z�\�^�Z�g�v���\���m�f�h�\�Z�o�� �^�b�g�Z�f�•�q�g�b�o����
�[�Z�]�Z�l�h�i�j�h�n�•�e�v�g�b�o���\�•�j�l�m�Z�e�v�g�b�o���h�j�]�Z�g�•�a�Z�p�•�c. 
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�J�b�k. 1. �J�•�\�g�•���Z�j�o�•�l�_�d�l�m�j�b��GRID �l�_�o�g�h�e�h�]�•�€ 

 
�G�Z�� �[�Z�a�h�\�h�f�m�� �j�•�\�g�• �g�_�� �\�b�a�g�Z�q�Z�x�l�v�k�y�� �k�e�m�`�[�b���� �s�h��

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

�����H�[�q�b�k�e�x�\�Z�e�v�g�•���j�_�k�m�j�k�b���g�Z�^�Z�x�l�v���d�h�j�b�k�l�m�\�Z�q�_�\�•��
�*�5�,�'�� �l�_�o�g�h�e�h�]�•�€�� �i�j�h�p�_�k�h�j�g�•�� �i�h�l�m�`�g�h�k�l�•���� �H�[�q�b�k�e�x�\�Z��
�e�v�g�b�f�b�� �j�_�k�m�j�k�Z�f�b�� �f�h�`�m�l�v�� �[�m�l�b�� �y�d�� �d�e�Z�k�l�_�j�b���� �l�Z�d�b���h�d��
�j�_�f�•�� �j�h�[�h�q�•�� �k�l�Z�g�p�•�€���� �;�m�^�v-�y�d�Z�� �h�[�q�b�k�e�x�\�Z�e�v�g�Z�� �k�b�k�l�_�f�Z��
�f�h�`�_�� �j�h�a�]�e�y�^�Z�l�b�k�y�� �y�d�� �i�h�l�_�g�p�•�c�g�b�c�� �h�[�q�b�k�e�x�\�Z�e�v�g�b�c��
�j�_�k�m�j�k���*�5�,�'���l�_�o�g�h�e�h�]�•�€���� 

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

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

�������F�_�j�_�`�g�b�c���j�_�k�m�j�k���}���k�i�h�e�m�q�g�h�x���e�Z�g�d�h�x���f�•�`���j�h��
�a�i�h�^�•�e�_�g�b�f�b�� �j�_�k�m�j�k�Z�f�b�� �=�j�•�^-�k�b�k�l�_�f�b���� �H�k�g�h�\�g�h�x��

3 �J�_�k�m�j�k�g�b�c���j�•�\�_�g�v�����5�H�V�R�X�U�F�H��  
�j�_�Z�e�•�a�m�}���i�j�h�l�h�d�h�e�b���\�a�Z�}�f�h�^�•�€���•�a���j�_�k�m�j�k�Z�f�b���j�h�a�i�h�^�•�e�_�g�b�o �h�[�q�b�k�e�x�\�Z�e�v��

�g�b�o �k�b�k�l�_�f���l�Z���c�h�]�h���m�i�j�Z�\�e�•�g�g�y 

4 �D�h�e�_�d�l�b�\�g�b�c���j�•�\�_�g�v�����&�R�O�O�H�F�W�L�Y�H��  
�m�i�j�Z�\�e�•�g�g�y���d�Z�l�Z�e�h�]�Z�f�b���j�_�k�m�j�k�•�\�����^�•�Z�]�g�h�k�l�b�d�Z�����f�h�g�•�l�h�j�b�g�] 

�����;�Z�a�h�\�b�c���j�•�\�_�g�v�����)�D�E�U�L�F��  
�f�•�k�l�b�l�v���j�•�a�g�•���j�_�k�m�j�k�b�����l�Z�d�• �y�d���d�h�f�i�
�x�l�_�j�b�����i�j�b�k�l�j�h�€���^�e�y���a�[�_�j�•�]�Z�g�g�y�� �f�_�j�_�`�•�����k�_�g�k�h�j�b���l�Z���•�g�� 

�����A�\�
�y�a�m�x�q�b�c���j�•�\�_�g�v�����&�R�Q�Q�H�F�W�L�Y�L�W�\��  
�\�b�a�g�Z�q�Z�}���d�h�f�m�g�•�d�Z�p�•�c�g�•���i�j�h�l�h�d�h�e�b���l�Z���i�j�h�l�h�d�h�e�b���Z�\�l�_�g�l�b�n�•�d�Z�p�•�€ 

5 �I�j�b�d�e�Z�^�g�b�c���j�•�\�_�g�v�����$�S�S�O�L�F�D�W�L�R�Q�V�� 
 �•�g�k�l�j�m�f�_�g�l�Z�j�•�c���^�e�y���j�h�[�h�l�b���a��GRID  

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

�A�\�
�y�a�m�x�q�b�c���j�•�\�_�g�v �\�b�a�g�Z�q�Z�}���d�h�f�m�g�•�d�Z�p�•�c�g�•���i�j�h�l�h��
�d�h�e�b�� �•�� �i�j�h�l�h�d�h�e�b�� �Z�m�l�_�g�l�b�n�•�d�Z�p�•�€���� �a�Z�[�_�a�i�_�q�m�x�q�b�� �i�_�j�_��
�^�Z�q�m���^�Z�g�b�o���f�•�`���j�_�k�m�j�k�Z�f�b���[�Z�a�h�\�h�]�h���j�•�\�g�y�����A�\�
�y�a�m�x�q�b�c��
�j�•�\�_�g�v���=�j�•�^���a�Z�k�g�h�\�Z�g�b�c���g�Z���k�l�_�p�•���i�j�h�l�h�d�h�e�•�\���7�&�3���,�3���� 

�1�g�l�_�j�g�_�l�����,�3�����,�&�0�3������ 
�l�j�Z�g�k�i�h�j�l�g�•���i�j�h�l�h�d�h�e�b�����7�&�3�����8�'�3������ 
�i�j�b�d�e�Z�^�g�•���i�j�h�l�h�d�h�e�b�����'�1�6�����2�6�5�)������������ 
�J�_�k�m�j�k�g�b�c���j�•�\�_�g�v �j�_�Z�e�•�a�m�}���i�j�h�l�h�d�h�e�b�����s�h���a�Z�[�_�a�i�_��

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

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

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

�G�Z�� �i�j�b�d�e�Z�^�g�h�f�m�� �j�•�\�g�• �j�h�a�l�Z�r�h�\�m�x�l�v�k�y�� �^�h�^�Z�l�d�b��
�d�h�j�b�k�l�m�\�Z�q�Z���� �<�h�g�b�� �f�h�`�m�l�v�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b�� �j�_�k�m�j�k�b����
�s�h�� �a�g�Z�o�h�^�y�l�v�k�y�� �g�Z�� �[�m�^�v-�y�d�b�o�� �g�b�`�g�•�o�� �r�Z�j�Z�o�� �Z�j�o�•�l�_�d��
�l�m�j�b���*�5�,�'�� �<�_�j�o�g�•�f���r�Z�j�h�f���\���Z�j�o�•�l�_�d�l�m�j�•���}���r�Z�j���d�e�•�}�g�l�Z����
�<���g�v�h�f�m �j�h�a�l�Z�r�h�\�m�x�l�v�k�y���j�•�a�g�•���d�e�•�}�g�l�b�����y�d�•���a�Z�[�_�a�i�_�q�m��
�x�l�v �\�a�Z�}�f�h�^�•�x �d�h�j�b�k�l�m�\�Z�q�•�\���a��GRID �k�_�j�_�^�h�\�b�s�_�f�����G�Z��
�j�•�\�g�•���k�_�j�\�•�k�g�h�]�h���r�Z�j�m���a�Z�[�_�a�i�_�q�m�}�l�v�k�y���i�•�^�l�j�b�f�d�Z���[�_�a�i�_��
�q�g�b�o �a�
�}�^�g�Z�g�v�����Z�\�l�h�j�b�a�Z�p�•�€���l�Z�� �Z�m�l�_�g�l�b�n�•�d�Z�p�•�€���d�h�j�b�k�l�m��
�\�Z�q�•�\�� 

�H�k�g�h�\�g�•�� �i�Z�j�Z�f�_�l�j�b�q�g�•�� �h�k�h�[�e�b�\�h�k�l�•�� �=�j�•�^-�f�h�^�_�e�_�c��
�l�Z���€�o���\�•�^�f�•�g�g�h�k�l�•���\�•�^���•�g�r�b�o���l�_�o�g�h�e�h�]�•�c���i�•�^�k�m�f�h�\�Z�g�•���g�Z��
�j�b�k�������� 

 

 
�J�b�k�������� �H�k�g�h�\�g�•���i�Z�j�Z�f�_�l�j�b�q�g�•���h�k�h�[�e�b�\�h�k�l�•���=�j�•�^-�f�h�^�_�e�_�c 

 
3. �<�b�d�h�j�b�k�l�Z�g�g�y �=�j�•�-̂�l�_�o�g�h�e�h�]�•�€ �^�e�y�� �i�e�Z�g�m��

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

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

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

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

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

�\�j�Z�o�h�\�m�\�Z�l�b�� �g�_�� �l�•�e�v�d�b�� �i�j�h�^�m�d�l�b�\�g�•�k�l�v�� �l�Z�� �_�n�_�d�l�b�\��
�g�•�k�l�v���\�b�d�h�j�b�k�l�Z�g�g�y���j�_�k�m�j�k�•�\�����Z���l�Z�d�h�`���\�b�f�h�]�b �d�h�j�b�k��
�l�m�\�Z�q�•�\���s�h�^�h: 

�y�d�h�k�l�•���h�[�k�e�m�]�h�\�m�\�Z�g�g�y���� 
�\�Z�j�l�h�k�l�•���i�h�k�e�m�]���� 

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

�j�h�[�•�l���l�h�s�h.  
�G�_�h�[�o�•�^�g�h �\�b�j�h�[�e�_�g�g�y���n�m�g�^�Z�f�_�g�l�Z�e�v�g�b�o���h�k�g�h�\��

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

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

�G�_�h�[�o�•�^�g�h�� �j�h�a�]�e�y�^�Z�l�b�� �i�•�^�o�h�^�b�� �^�h�� �\�b�j�•�r�_�g�g�y�� �a��
�j�•�a�g�b�o���k�l�h�j�•�g���� 

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

�i�j�h���i�Z�j�Z�f�_�l�j�b���k�b�k�l�_�f�b�����j�h�[�h�l�b���l�h�s�h�� 
�H�l�`�_ �^�e�y�� �h�i�j�Z�p�x�\�Z�g�g�y�� �g�_�k�l�Z�p�•�h�g�Z�j�g�b�o�� �k�b�k�l�_�f 

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

�H�k�g�h�\�g�Z���\�•�^�f�•�g�g�•�k�l�v��Grid-�l�_�o�g�h�e�h�]�•�€ - �f�h�`�e�b�\�•�k�l�v���Z�]�j�_�]�m�\�Z�g�g�y�� 
�l�Z���k�i�•�e�v�g�h�]�h���\�b�d�h�j�b�k�l�Z�g�g�y���\�_�e�b�d�b�o���g�Z�[�h�j�•�\���]�_�l�_�j�h�]�_�g�g�b�o���j�_�k�m�j�k�•�\���� 

�j�h�a�i�h�^�•�e�_�g�b�o���f�•�`���]�_�h�]�j�Z�n�•�q�g�h-�j�h�a�^�•�e�_�g�b�f�b���h�[�e�Z�k�l�y�f�b 

�>�h���\�b�k�h�d�h�]�_�l�_�j�h�]�_�g�g�h�]�h�����^�b�g�Z�f�•�q�g�h-�n�h�j�f�h�\�Z�g�h�]�h���j�h�a�i�h�^�•�e�_�g�h�]�h���k�_�j�_�^�h�\�b�s�Z�� 
�\�Z�`�d�h���g�Z�i�j�y�f�m���a�Z�k�l�h�k�m�\�Z�l�b���l�j�Z�^�b�p�•�c�g�•���f�_�l�j�b�d�b���i�j�h�^�m�d�l�b�\�g�h�k�l�•: 

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

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



ISSN 2073-7394 �K�b�k�l�_�f�b���m�i�j�Z�\�e�•�g�g�y�����g�Z�\�•�]�Z�p�•�€���l�Z���a�\�
�y�a�d�m�����������������‹���� 

151 
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�k�l�d�h�\�b�o���a�Z�\�^�Z�g�v�����s�h���\�d�e�x�q�Z�x�l�v�� 

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

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

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

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

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

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

�Z�e�]�h�j�b�l�f�•�\���l�Z���k�l�j�Z�l�_�]�•�c���h�j�]�Z�g�•�a�Z�p�•�€���i�e�Z�g�m�\�Z�g�g�y���\���=�j�•�.̂ 
�H�k�g�h�\�g�b�f�b���a�Z�\�^�Z�g�g�y�f�b���^�e�y���^�h�k�y�]�g�_�g�g�y���p�v�h�]�h �}�� 

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

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

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

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

�<�b�k�g�h�\�d�b 

�<���j�_�a�m�e�v�l�Z�l�•���i�j�h�\�_�^�_�g�b�o���^�h�k�e�•�^�`�_�g�v �\�b�a�g�Z�q�_�g�Z �j�•��
�a�g�b�p�y���f�•�`���o�f�Z�j�g�b�f�b���h�[�q�b�k�e�_�g�g�y�f�b���l�Z���=�j�•�^-�h�[�q�b�k�e�_�g��
�g�y�f�b�� �a �i�h�]�e�y�^�m�� �d�h�j�b�k�l�m�\�Z�q�Z. �I�h�d�Z�a�Z�g�h���� �s�h�� �•�k�g�m�x�l�v��
�d�e�Z�k�b�� �a�Z�\�^�Z�g�v���� �y�d�•�� �g�Z�^�Z�x�l�v�� �i�_�j�_�\�Z�]�m�� �=�j�•�^-�l�_�o�g�h�e�h�]�•�€. 
�>�_�l�Z�e�v�g�h���j�h�a�]�e�y�g�m�l�•���i�j�h�p�_�k�b���j�h�a�i�h�^�•�e�m �j�_�k�m�j�k�•�\���l�Z���h�[��
�q�b�k�e�_�g�v �a�Z���^�h�i�h�f�h�]�h�x���=�j�•�^-�l�_�o�g�h�e�h�]�•�€. �K�n�h�j�f�m�e�v�h�\�Z�g�•��
�i�b�l�Z�g�g�y���� �s�h�� �\�b�g�b�d�Z�x�l�v�� �i�j�b�� �\�b�d�h�j�b�k�l�Z�g�g�y �*�5�,�'�� �l�_�o��
�g�h�e�h�]�•�€ �^�e�y���i�e�Z�g�m�\�Z�g�g�y���g�_�k�l�Z�p�•�h�g�Z�j�g�b�o���k�b�k�l�_�f. �H�[�‰�j�m��
�g�l�h�\�Z�g�Z �g�_�h�[�o�•�^�g�•�k�l�v�� �l�Z�� �Z�d�l�m�Z�e�v�g�•�k�l�v�� �j�h�a�j�h�[�d�b�� �g�h�\�b�o��
�f�h�^�_�e�_�c���� �Z�e�]�h�j�b�l�f�•�\�� �l�Z�� �k�l�j�Z�l�_�]�•�c�� �h�j�]�Z�g�•�a�Z�p�•�€�� �i�e�Z�g�m��
�\�Z�g�g�y���\���=�j�•�^. �M���i�•�^�k�m�f�d�m���f�h�`�g�Z �k�d�Z�a�Z�l�b�����s�h���m���k�m�q�Z�k�g�b�o��
�=�j�•�^ �l�_�o�g�h�e�h�]�•�y�o���� �f�h�`�e�b�\�•�k�l�v�� �a�Z�\�_�j�r�b�l�b�� �\�b�d�h�g�Z�g�g�y��
�h�a�g�Z�q�_�g�h�]�h�� �h�[�k�y�]�m�� �j�h�[�h�l�b�� �f�h�`�_�� �[�m�l�b�� �g�Z�\�•�l�v�� �\�Z�`�e�b�\�•��
�r�b�f�����g�•�`���i�j�b�k�d�h�j�_�g�g�y�����h�l�j�b�f�Z�g�_���a�Z���^�h�i�h�f�h�]�h�x���l�Z�d�h�]�h��
�\�b�d�h�g�Z�g�g�y����.
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GRID technologies in distributed computing environments 

Yuliia Andrusenko, Tetiana Fesenko 

Abst rac t .  The article considers modern technologies used in distributed computing environments. Article purpose is con-
ducting a comparative analysis of GRID and cloud technologies and identifying the features of Grid technologies. As a result of 
the research, the difference between cloud computing and grid computing from the user's point of view was determined. It is shown 
that there are classes of tasks that prefer Grid technology. Detailed processes of resource allocation and calculation by GRID technol-
ogy. The questions that arise when using GRID technology for the plan-wave of non-stationary systems are formulated. The necessity 
and relevance of development of new models, algorithms and strategies of planning organization in GRID is substantiated. 

Keywords:  GRID technology, distributed system, cloud technology, resource distribution. 
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�: �g �h �l �Z �p �• �y.  �F�_�l�h�x���k�l�Z�l�l�• �}���i�h�j�•�\�g�y�g�g�y���l�m�f�Z�g�g�b�o���l�Z���o�f�Z�j�g�b�o���h�[�q�b�k�e�_�g�v �^�e�y���1�g�l�_�j�g�_�l�m���j�_�q�_�c�����Z���l�Z�d�h�`���h�l�j�b�f�Z�g�g�y���y�d��

�g�Z�c�[�•�e�v�r�_���•�g�n�h�j�f�Z�p�•�€���i�j�h���f�h�`�e�b�\�h�k�l�•���^�Z�g�b�o���h�[�q�b�k�e�_�g�v�����i�h�j�•�\�g�y�g�g�y �i�_�j�_�\�Z�] �l�Z���g�_�^�h�e�•�d�•�\ �i�j�b���€�o���\�b�d�h�j�b�k�l�Z�g�g�•. �J�_�a�m�e�v�l�Z�l�b��
�^�h�k�e�•�^�`�_�g�g�y�� �H�o�Z�j�Z�d�l�_�j�b�a�h�\�Z�g�_ �o�f�Z�j�g�_���k�_�j�_�^�h�\�b�s�_; �h�o�Z�j�Z�d�l�_�j�b�a�h�\�Z�g�_ �l�m�f�Z�g�g�_���k�_�j�_�^�h�\�b�s�_; �\�b�a�g�Z�q�_�g�• �d�e�x�q�h�\�•���\�•�^�f�•�g�g�h�k�l�• 
�l�m�f�Z�g�g�h�]�h���l�Z���o�f�Z�j�g�h�]�h���k�_�j�_�^�h�\�b�s�Z �^�e�y���1�g�l�_�j�g�_�l�m���j�_�q�_�c. �A�j�h�[�e�_�g�h���\�b�k�g�h�\�h�d�����s�h �i�j�b �j�h�a�j�h�[�p�•���1�g�l�_�j�g�_�l�m���j�_�q�_�c���g�_�h�[�o�•�^�g�h 
�a�j�•�\�g�y�l�b���o�f�Z�j�g�•���l�Z���l�m�f�Z�g�g�•���h�[�q�b�k�e�_�g�g�y�����s�h�[���\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b���f�Z�d�k�b�f�Z�e�v�g�h���^�h�k�l�m�i�g�•���f�h�`�e�b�\�h�k�l�•���l�Z���\�b�k�h�d�b�c���i�h�l�_�g�p�•�Z�e �h�[�j�Z��
�g�h�]�h���k�_�j�_�^�h�\�b�s�Z�� �I�j�b���k�m�f�•�k�g�h�f�m���\�b�d�h�j�b�k�l�Z�g�g�•���h�[�h�o���k�_�j�_�^�h�\�b�s �f�h�`�g�Z���a�Z�k�l�h�k�m�g�d�b���h�[�j�Z�g�h�€���k�b�k�l�_�f�b���1�g�l�_�j�g�_�l�m���j�_�q�_�c �j�h�a�i�h�^�•��
�e�b�l�b�� �g�Z�� �l�j�b�� �g�_�i�_�j�_�k�•�q�g�•�� �q�Z�k�l�b�g�b���� �l�•���� �s�h�� �\�b�d�h�g�m�x�l�v�k�y�� �l�•�e�v�d�b�� �m�� �l�m�f�Z�g�g�h�f�m�� �k�_�j�_�^�h�\�b�s�•���� �l�•���� �s�h�� �\�•�^�j�Z�a�m�� �i�_�j�_�^�Z�x�l�v�� �^�Z�g�•�� �^�e�y��
�h�[�j�h�[�d�b���m���o�f�Z�j�g�h�f�m���k�_�j�_�^�h�\�b�s�•�����l�Z���a�Z�k�l�h�k�m�g�d�b���a���d�h�f�i�e�_�d�k�g�h�x���h�[�j�h�[�d�h�x���^�Z�g�b�o�����q�Z�k�l�d�h�\�h���m���l�m�f�Z�g�•�����q�Z�k�l�d�h�\�h���m���o�f�Z�j�•. 

�D�e �x �q�h �\ �• �� �k �e �h �\ �Z �� �o�f�Z�j�g�•���h�[�q�b�k�e�_�g�g�y�����l�m�f�Z�g�g�•���h�[�q�b�k�e�_�g�g�y�� �1�g�l�_�j�g�_�l���j�_�q�_�c. 
 

�<�k�l�m�i 

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

�:�g�Z�e�•�a���e�•�l�_�j�Z�l�m�j�b. �I�b�l�Z�g�g�y �\�b�d�h�j�b�k�l�Z�g�g�y���o�f�Z��
�j�g�b�o�� �k�_�j�_�^�h�\�b�s�� �j�h�a�]�e�y�g�m�l�•�� �m�� �j�h�[�h�l�Z�o��[1�±3]. �J�h�[�h�l�b��
[4�±6] �h�j�•�}�g�l�h�\�Z�g�•�� �g�Z�� �l�m�f�Z�g�g�•�� �k�_�j�_�^�h�\�b�s�Z���� �:�e�_�� �m�� �^�Z��
�g�b�o���j�h�[�h�l�Z�o���\�•�^�k�m�l�g�•�c���i�h�j�•�\�g�y�e�v�g�b�c���Z�g�Z�e�•�a���^�Z�g�b�o���l�_��
�o�g�h�e�h�]�•�c�����h�j�•�}�g�l�h�\�Z�g�b�c���g�Z���1�g�l�_�j�g�_�l���j�_�q�_�c�� 

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

�>�e�y���^�h�k�y�]�g�_�g�g�y���i�h�k�l�Z�\�e�_�g�h�€���f�_�l�b���g�_�h�[�o�•�^�g�h���\�b��
�j�•�r�b���l�Z�d�•���a�Z�^�Z�q�•�� 

�± �h�o�Z�j�Z�d�l�_�j�b�a�m�\�Z�l�b���o�f�Z�j�g�_���k�_�j�_�^�h�\�b�s�_; 
�± �h�o�Z�j�Z�d�l�_�j�b�a�m�\�Z�l�b���l�m�f�Z�g�g�_���k�_�j�_�^�h�\�b�s�_; 
�± �\�b�a�g�Z�q�b�l�b�� �d�e�x�q�h�\�•�� �\�•�^�f�•�g�g�h�k�l�• �l�m�f�Z�g�g�h�]�h�� �l�Z��

�o�f�Z�j�g�h�]�h���k�_�j�_�^�h�\�b�s�Z �^�e�y���1�g�l�_�j�g�_�l�m���j�_�q�_�c. 

�������O�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���o�f�Z�j�g�h�]�h���k�_�j�_�^�h�\�b�s�Z 

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

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

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

�P�•���^�\�•���q�Z�k�l�b�g�b���k�b�k�l�_�f�b���\�a�Z�}�f�h�^�•�x�l�v���f�•�`���k�h�[�h�x��
�a�Z���^�h�i�h�f�h�]�h�x���[�_�a�^�j�h�l�h�\�b�o���a�
�}�^�g�Z�g�v�� 

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

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

�x �i�e�Z�l�n�h�j�f�Z���y�d���i�h�k�e�m�]�Z (PaaS) �± �j�h�a�\�b�l�h�d���i�e�Z��
�l�n�h�j�f�b�� �a�� �i�j�b�k�l�j�h�y�f�b�� �l�Z�� �d�h�f�i�h�g�_�g�l�Z�f�b�� �^�e�y�� �k�l�\�h��
�j�_�g�g�y�����l�_�k�l�m�\�Z�g�g�y���l�Z���a�Z�i�m�k�d�m���a�Z�k�l�h�k�m�g�d�•�\���d�h�j�b�k�l�m�\�Z��
�q�•�\���o�f�Z�j�b�� 

�x �i�h�k�e�m�]�b�� �i�j�h�]�j�Z�f�g�h�]�h���a�Z�[�_�a�i�_�q�_�g�g�y (SaaS) �± 
�]�h�l�h�\�_���i�j�h�]�j�Z�f�g�_���a�Z�[�_�a�i�_�q�_�g�g�y�����d�h�l�j�_���\�•�^�i�h�\�•�^�Z�} �i�h��
�l�j�_�[�Z�f �d�h�j�b�k�l�m�\�Z�q�•�\���o�f�Z�j�b. 

�Y�d�s�h�� �d�h�f�i�Z�g�•�y�� �\�b�[�j�Z�e�Z�� �o�f�Z�j�g�_�� �k�o�h�\�b�s�_���� �l�h��
�\�h�g�Z �h�l�j�b�f�Z�} �^�h�k�l�m�i�� �^�h�� �\�b�s�_�\�d�Z�a�Z�g�b�o�� �i�h�k�e�m�]�� �a�� �h�^��
�g�h�]�h�� �f�•�k�p�y�� �j�h�a�l�Z�r�m�\�Z�g�g�y�� �g�Z�� �d�•�e�v�d�h�o�� �i�j�b�k�l�j�h�y�o����
�H�l�`�_�����^�h�k�l�m�i�g�•�k�l�v���± �p�_���]�h�e�h�\�g�Z���i�_�j�_�\�Z�]�Z�����D�j�•�f���l�h�]�h����
�g�_�f�Z�}�� �g�_�h�[�o�•�^�g�h�k�l�•�� �i�•�^�l�j�b�f�m�\�Z�l�b�� �h�d�j�_�f�• �i�h�k�e�m�]�b�� �•��
�f�h�`�g�Z�� �g�_�� �a�\�_�j�l�Z�l�b�� �m�\�Z�]�m�� �g�Z�� �g�_�^�h�a�Z�\�Z�g�l�Z�`�_�g�g�y�� �k�b�k��
�l�_�f�b���Z�[�h���g�Z���€�€���i�_�j�_�\�Z�g�l�Z�`�_�g�g�y �± �\�k�_���p�_���}���l�m�j�[�h�l�b���\�e�Z��
�k�g�b�d�Z���o�f�Z�j�g�h�]�h���k�_�j�_�^�h�\�b�s�Z. 

�1�g�l�_�]�j�Z�p�•�y���•�g�l�_�j�g�_�l-�j�_�q�_�c���•�a���o�f�Z�j�g�b�f���k�_�j�_�^�h�\�b��
�s�_�f �g�Z���k�v�h�]�h�^�g�•���� �[�_�a�k�m�f�g�•�\�g�h�����}���h�^�g�b�f���•�a���f�h�`�e�b�\�b�o��
�\�b�]�•�^�g�b�o �j�•�r�_�g�v. �O�f�Z�j�g�•���k�_�j�\�_�j�b���a�Z�[�_�a�i�_�q�m�x�l�v���g�_�h�[��
�o�•�^�g�m���f�•�k�l�d�•�k�l�v���•���]�g�m�q�d�•�k�l�v���^�e�y���m�i�j�Z�\�e�•�g�g�y���l�Z���Z�g�Z�e�•�a�m��
�a�•�[�j�Z�g�b�o���^�Z�g�b�o���a���i�•�^�d�e�x�q�_�g�b�o���i�j�b�k�l�j�h�€�\�����\���l�h�c���q�Z�k���y�d��
�k�i�_�p�•�Z�e�v�g�•���i�e�Z�l�n�h�j�f�b�����l�Z�d�•���y�d�����g�Z�i�j�b�d�e�Z�^�� Asure IoT, 
Suite, IBM Watson�����$�:�6�����*�R�R�J�O�H���O�f�Z�j�Z���^�e�y���,�R�7, �g�Z��
�^�Z�x�l�v �j�h�a�j�h�[�g�b�d�Z�f�� �f�h�`�e�b�\�•�k�l�v�� �k�l�\�h�j�_�g�g�y�� �y�d�•�k�g�b�o��
�a�Z�k�l�h�k�m�g�d�•�\���[�_�a���\�_�e�b�q�_�a�g�b�o���\�d�e�Z�^�_�g�v �m���i�j�h�]�j�Z�f�g�_���l�Z��
�l�_�o�g�•�q�g�_���a�Z�[�_�a�i�_�q�_�g�g�y. 

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

�x �i�h�d�j�Z�s�_�g�g�y���n�m�g�d�p�•�h�g�m�\�Z�g�g�y (�r�\�b�^�d�b�c���a�\�
�y��
�a�h�d���f�•�`���^�Z�l�q�b�d�Z�f�b���1�g�l�_�j�g�_�l�m �j�_�q�_�c���l�Z���k�b�k�l�_�f�Z�f�b���h�[��
�j�h�[�d�b���^�Z�g�b�o); 

�‹�����A�Z�d�h�\�h�j�h�l�g�b�c �H. �X., �H�j�e�h�\�Z �L. �H��, 2023 
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�x �f�•�k�l�d�•�k�l�v�����^�h�[�j�_���f�Z�k�r�l�Z�[�h�\�Z�g�_���•���g�_�h�[�f�_�`�_�g�_��
�f�•�k�p�_�� �^�e�y�� �a�[�_�j�•�]�Z�g�g�y���� �k�_�j�\�•�k�� �y�d�h�]�h�� �f�h�`�_�� �h�[�
�}�^�g�Z�l�b����
�a�
�}�^�g�Z�l�b���•���j�h�a�i�h�^�•�e�b�l�b���\�_�e�b�q�_�a�g�b�c���h�[�k�y�]���^�Z�g�b�o); 

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

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

1.3. �G�_�^�h�e�•�d�b���\�b�d�h�j�b�k�l�Z�g�g�y���o�f�Z�j�g�h�]�h �k�_�j�_�^�h��
�\�b�s�Z �^�e�y�� �1�g�l�_�j�g�_�l�m���j�_�q�_�c. �< �o�f�Z�j�g�•�c �l�_�o�g�h�e�h�]�•�€���}��
�^�_�y�d�•���g�_�^�h�e�•�d�b�����y�d�•���f�h�`�m�l�v���[�m�l�b���\�•�^�q�m�l�g�b�f�b���i�j�b �h�[��
�k�e�m�]�h�\�m�\�Z�g�g�•���i�j�b�k�l�j�h�€�\ �1�g�l�_�j�g�_�l�m �j�_�q�_�c�� 

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

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

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

2�����O�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���l�m�f�Z�g�g�h�]�h���k�_�j�_�^�h�\�b�s�Z 

2���������A�Z�]�Z�e�v�g�•���\�e�Z�k�l�b�\�h�k�l�•�� �L�_�j�f�•�g���©�l�m�f�Z�g�ª �Z�[�h��
�l�m�f�Z�g�g�• �h�[�q�b�k�e�_�g�g�y�� �[�m�\�� �i�j�b�c�g�y�l�b�c�� �&�,�6�&�2�� �\�� ����������
�j�h�p�•�����l�h�f�m���\�•�g���}���g�h�\�b�f���^�e�y���[�•�e�v�r�h�k�l�•���e�x�^�_�c�����L�m�f�Z�g�g�• �b��
�o�f�Z�j�g�• �h�[�q�b�k�e�_�g�g�y���\�a�Z�}�f�h�i�h�\�
�y�a�Z�g�•���f�•�`���k�h�[�h�x. �M �i�j�b��
�j�h�^�•���l�m�f�Z�g���[�e�b�`�q�_���^�h���a�_�f�e�•�����q�b�f���o�f�Z�j�Z�����\���k�\�•�l�•���1�L-�l�_�o��
�g�h�e�h�]�•�c�� �\�•�^�[�m�\�Z�}�l�v�k�y�� �l�_�� �`�� �k�Z�f�_���� �l�m�f�Z�g�g�•�� �h�[�q�b�k�e�_�g�g�y��
�[�e�b�`�q�_���^�h���d�•�g�p�_�\�h�]�h���d�h�j�b�k�l�m�\�Z�q�Z�����i�_�j�_�^�Z�x�q�b���f�h�`�e�b��
�\�•�k�l�v���o�f�Z�j�g�b�o���h�[�q�b�k�e�_�g�v���d�•�g�p�_�\�h�f�m���d�h�j�b�k�l�m�\�Z�q�_�\�•. 

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

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

�L�m�f�Z�g�g�•�� �h�[�q�b�k�e�_�g�g�y�� �l�Z�d�h�`�� �\�d�e�x�q�Z�x�l�v�� �o�f�Z�j�g�•��
�h�[�q�b�k�e�_�g�g�y���± �g�_�\�_�e�b�d�•���l�Z���^�h�k�b�l�v���i�h�l�m�`�g�•���p�_�g�l�j�b���h�[�j�h��
�[�d�b�� �^�Z�g�b�o���� �j�h�a�l�Z�r�h�\�Z�g�•�� �g�Z�� �]�j�Z�g�b�q�g�h�f�m�� �k�_�]�f�_�g�l�•�� �f�_��
�j�_�`�•�����2�o���f�_�l�h�x���}���i�•�^�l�j�b�f�d�Z���j�_�k�m�j�k�h�}�f�g�b�o���•�g�l�_�j�g�_�l-�a�Z��
�k�l�h�k�m�g�d�•�\�����y�d�•���g�_���i�h�l�j�_�[�m�x�l�v���k�i�_�p�•�Z�e�v�g�b�o���\�b�f�h�] �g�Z���q�Z�k 
�a�Z�l�j�b�f�d�b�� �H�k�g�h�\�g�Z�� �j�•�a�g�b�p�y�� �f�•�`�� �l�m�f�Z�g�g�b�f�b�� �l�Z�� �o�f�Z�j��
�g�b�f�b���h�[�q�b�k�e�_�g�g�y�f�b�� �i�h�e�y�]�Z�}�� �\�� �l�h�f�m���� �s�h�� �o�f�Z�j�Z�� �y�\�e�y�}��
�k�h�[�h�x�� �p�_�g�l�j�Z�e�•�a�h�\�Z�g�m�� �k�b�k�l�_�f�m���� �Z�� �l�m�f�Z�g�� �y�\�e�y�}�� �k�h�[�h�x��
�j�h�a�i�h�^�•�e�_�g�m���^�_�p�_�g�l�j�Z�e�•�a�h�\�Z�g�m���•�g�n�j�Z�k�l�j�m�d�l�m�j�m�� 

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

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

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

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

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

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

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

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

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

�x �_�g�_�j�]�_�l�b�q�g�Z�� �_�n�_�d�l�b�\�g�•�k�l�v�� ���i�_�j�b�n�_�j�•�c�g�•�� �\�m��
�a�e�b���\�b�d�h�j�b�k�l�h�\�m�x�l�v���m���j�h�[�h�l�•���\�b�k�h�d�h�_�n�_�d�l�b�\�g�•���i�j�h�l�h��
�d�h�e�b�����l�Z�d�•���y�d���%luetooth�����=�L�J�E�H�H���Z�[�h���=-�o�\�b�e�y). 

2.3. �G�_�^�h�e�•�d�b�� �\�b�d�h�j�b�k�l�Z�g�g�y���l�m�f�Z�g�g�h�]�h �k�_�j�_��
�^�h�\�b�s�Z �^�e�y�� �1�g�l�_�j�g�_�l�m���j�_�q�_�c. �O�h�q�Z�� �c�� �l�m�f�Z�g�g�Z�� �l�_�o��
�g�h�e�h�]�•�y���g�_���f�Z�}���[�m�^�v-�y�d�b�o���y�\�g�b�o���g�_�^�h�e�•�d�•�\�����Z�e�_�� �\�k�_���`��
�l�Z�d�b���f�h�`�g�Z���\�b�^�•�e�b�l�b���^�_�y�d�•���g�_�]�Z�l�b�\�g�•���f�h�f�_�g�l�b���i�j�b���€�€��
�\�b�d�h�j�b�k�l�Z�g�g�•���^�e�y���1�g�l�_�j�g�_�l�m���j�_�q�_�c: 

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

�x �^�h�^�Z�l�d�h�\�•�� �\�b�l�j�Z�l�b�� ���g�_�h�[�o�•�^�g�h �d�m�i�m�\�Z�l�b�� �^�h��
�^�Z�l�d�h�\�_�� �h�[�e�Z�^�g�Z�g�g�y���� �i�_�j�b�n�_�j�•�c�g�•�� �i�j�b�k�l�j�h�€-�j�h�m�l�_�j�b����
�f�Z�j�r�j�m�l�b�a�Z�l�h�j�b�����r�e�x�a�b �l�h�s�h; 

�x �h�[�f�_�`�_�g�b�c���f�Z�k�r�l�Z�[�����\�•�^�f�•�g�g�•�k�l�v �\�•�^���o�f�Z�j�b���� 

3. �D�e�x�q�h�\�•���\�•�^�f�•�g�g�h�k�l�•  
�l�m�f�Z�g�g�h�]�h���l�Z���o�f�Z�j�g�h�]�h���k�_�j�_�^�h�\�b�s�Z 

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

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

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

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

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

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

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

7. �I�j�b�� �l�m�f�Z�g�g�b�o���h�[�q�b�k�e�_�g�g�y�o�� �q�Z�k�� �a�Z�l�j�b�f�d�b��
�a�Z�\�`�^�b �}���g�b�a�v�d�b�f, �Z�e�_���i�j�b���o�f�Z�j�g�b�o���h�[�q�b�k�e�_�g�g�y�o���a�Z��
�a�\�b�q�Z�c���\�•�g���}���\�b�k�h�d�b�f. 

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

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

�<�b�k�g�h�\�d�b���l�Z���h�[�]�h�\�h�j�_�g�g�y 

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

�:�e�_���g�_�a�\�Z�`�Z�x�q�b���g�Z���p�_�����m���^�_�y�d�b�o���\�b�i�Z�^�d�Z�o���o�f�Z��
�j�g�_�� �k�_�j�_�^�h�\�b�s�_�� �f�h�`�_�� �[�m�l�b�� �[�•�e�v�r�� �i�j�b�c�g�y�l�g�b�f���� �\�\�Z��
�`�Z�x�q�b���g�Z���^�_�y�d�•���g�_�^�h�e�•�d�b���i�j�b���\�b�d�h�j�b�k�l�Z�g�g�•���l�m�f�Z�g�m�� 
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Comparative analysis of cloud and fog environments of the Internet of Things 

Oleksandr Zakovorotnyi, Tetiana Orlova 

Abst rac t .  The purpose of the article is to compare fog and cloud computing for the Internet of Things, as well as to obtain as 
much information as possible about the possibilities of these calculations, to compare the advantages and disadvantages of their use. 
Research results. Characterized cloud environment; a characterized foggy environment; the key differences between fog and cloud 
environments for the Internet of Things are defined. It was concluded that when developing the Internet of Things, it is necessary to 
balance cloud and fog computing in order to use the maximum available opportunities and high potential of the chosen environment. 
With the combined use of both environments, the applications of the selected Internet of Things system can be divided into three non-
intersecting parts: those that are executed only in the fog environment, those that immediately transmit data for processing in the cloud 
environment, and applications with complex data processing: partly in the fog, partly in the cloud. 

Keywords:  cloud computing, fog computing, Internet of Things. 
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�h�^�g�b�f�� �a�� �g�Z�i�j�y�f�d�•�\�� �g�Z�k�l�m�i�g�b�o�� �^�h�k�e�•�^�`�_�g�v�� �k�l�Z�g�m�l�v�� �\�b�f�h�]�b�� �•�g�r�b�o�� �f�•�`�g�Z�j�h�^�g�b�o�� �k�l�Z�g�^�Z�j�l�•�\ �± IEC 6���������� �©�1�X�F�O�H�D�U�� �S�R�Z�H�U��
plants �± Control rooms �± �$�S�S�O�L�F�D�W�L�R�Q�� �R�I�� �Y�L�V�X�D�O�� �G�L�V�S�O�D�\�� �X�Q�L�W�V�� ���9�'�8�V���ª�� ���©�<�•�a�m�Z�e�v�g�•�� �i�j�b�k�l�j�h�€�� �\�•�^�h�[�j�Z�`�_�g�g�y�ª���� �l�Z��IEC 62646 
�©�1�X�F�O�H�D�U���S�R�Z�H�U���S�O�D�Q�W�V �± Control rooms �± Computer-�E�D�V�H�G���S�U�R�F�H�G�X�U�H�V�ª�����©�D�h�f�i�¶�x�l�_�j�b�a�h�\�Z�g�•���i�j�h�p�_�^�m�j�b�ª�������Z���l�Z�d�h�`���\�b�f�h�]�b���]�Z��
�e�m�a�_�\�b�o���g�h�j�f�Z�l�b�\�g�b�o���^�h�d�m�f�_�g�l�•�\�����l�Z�d�b�o���y�d���1�8�5�(�*-�����������©�+�X�P�D�Q-�6�\�V�W�H�P���,�Q�W�H�U�I�D�F�H���'�H�V�L�J�Q���5�H�Y�L�H�Z���*�X�L�G�H�O�L�Q�H�V�ª �± �©�I�h�[�m�^�h�\�Z��
�•�g�l�_�j�n�_�c�k�•�\���©�e�x�^�b�g�Z-�f�Z�r�b�g�Z�ª�����8���6�����1�X�F�O�H�D�U���5�H�J�X�O�D�W�R�U�\���&�R�P�P�L�V�V�L�R�Q�����K�R�:�������<���k�l�Z�g�^�Z�j�l�Z�o���g�_���\�b�a�g�Z�q�Z�}�l�v�k�y���a�Z�]�Z�e�v�g�h�i�j�b�c��
�g�y�l�b�o���f�_�l�j�b�d�����s�h���\�d�Z�a�m�x�l�v���k�l�m�i�•�g�v���\�•�^�i�h�\�•�^�g�h�k�l�•���I�A���^�Z�g�b�f���k�l�Z�g�^�Z�j�l�Z�f�����<�b�o�h�^�y�q�b���a���p�v�h�]�h�����d�h�`�g�Z���h�j�]�Z�g�•�a�Z�p�•�y�����y�d�Z���\�b�d�h�g�m�}��
�h�p�•�g�d�m �\�•�^�i�h�\�•�^�g�h�k�l�•���I�A���l�Z���D�K�M���\���p�•�e�h�f�m���\�b�f�h�]�Z�f���k�l�Z�g�^�Z�j�l�•�\�����i�h�\�b�g�g�Z���k�l�\�h�j�b�l�b���\�e�Z�k�g�m���f�_�l�h�^�b�d�m���l�Z�d�h�€���h�p�•�g�d�b�����L�h�f�m��
�f�_�l�h�x���g�Z�k�l�m�i�g�b�o���^�h�k�e�•�^�`�_�g�v���}���\�b�\�q�_�g�g�y���a�Z�k�h�[�•�\���h�p�•�g�d�b���k�i�_�p�b�n�•�d�Z�p�•�c���\�b�f�h�]�����f�_�l�j�b�d���d�h�^�m���I�A�����d�j�b�l�_�j�•�€�\���i�h�\�g�h�l�b���l�_�k�l�m��
�\�Z�g�g�y���I�A�����y�d�•���f�h�`�m�l�v���[�m�l�b���\�b�d�h�j�b�k�l�Z�g�•���^�e�y���j�h�a�j�h�[�d�b���n�h�j�f�Z�e�v�g�b�o���f�_�l�h�^�b�d���h�p�•�g�x�\�Z�g�g�y���I�A���\�b�f�h�]�Z�f���k�l�Z�g�^�Z�j�l�•�\�� 

�D�e �x �q�h �\ �• �� �k �e �h �\ �Z �� �i�j�h�]�j�Z�f�g�_���a�Z�[�_�a�i�_�q�_�g�g�y�����d�h�f�i�¶�x�l�_�j�g�•���k�b�k�l�_�f�b���m�i�j�Z�\�e�•�g�g�y�����:�?�K, IEC 60880, IEC 62138. 
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�\�d�Z�a�Z�g�h���\���k�l�Z�g�^�Z�j�l�•��IEC 6���������������N�m�g�d�p�•�€���d�Z�l�_�]�h�j�•�€���©�:�ª��
�}�� �g�Z�c�[�•�e�v�r�� �\�Z�`�e�b�\�b�f�b�� �^�e�y�� �i�h�i�_�j�_�^�`�_�g�g�y�� �Z�[�h�� �a�Z�o�b��
�k�l�m���i�•�^���q�Z�k���Z�\�Z�j�•�c�g�b�o���k�b�l�m�Z�p�•�c�����n�m�g�d�p�•�€���d�Z�l�_�]�h�j�•�c���©B�ª��
�l�Z���©�K�ª���f�Z�x�l�v���f�_�g�r�b�c���k�l�m�i�•�g�v���\�Z�`�e�b�\�h�k�l�•���� 

�<�k�•���i�j�b�k�l�j�h�€�����k�b�k�l�_�f�b���•���d�h�f�i�h�g�_�g�l�b�����\�d�e�x�q�Z�x�q�b��
�i�j�h�]�j�Z�f�g�_�� �a�Z�[�_�a�i�_�q�_�g�g�y�� ���I�A���� �^�e�y�� �d�h�g�l�j�h�e�y�� �•�� �m�i�j�Z�\��
�e�•�g�g�y�����s�h���y�\�e�y�x�l�v�k�y���_�e�_�f�_�g�l�Z�f�b�����\�Z�`�e�b�\�b�f�b���^�e�y���[�_�a��
�i�_�d�b�����i�h�\�b�g�g�•���[�m�l�b���\�b�a�g�Z�q�_�g�•�����Z���i�h�l�•�f���d�e�Z�k�b�n�•�d�h�\�Z�g�•��
�g�Z���h�k�g�h�\�•���n�m�g�d�p�•�€�����s�h���\�b�d�h�g�m�}�l�v�k�y�����•���\�Z�`�e�b�\�h�k�l�•���^�e�y��
�[�_�a�i�_�d�b�� �H�]�e�y�^�� �d�e�Z�k�b�n�•�d�Z�p�•�€�� �d�h�f�i�¶�x�l�_�j�g�b�o�� �k�b�k�l�_�f��
�m�i�j�Z�\�e�•�g�g�y�������D�K�M�����•���i�j�h�]�j�Z�f�g�h�]�h���a�Z�[�_�a�i�_�q�_�g�g�y�����I�A����
�m���\�•�^�i�h�\�•�^�g�h�k�l�•���•�a���k�l�Z�g�^�Z�j�l�Z�f�b���•���g�h�j�f�Z�l�b�\�g�b�f�b���^�h�d�m��
�f�_�g�l�Z�f�b���g�Z�\�_�^�_�g�b�c���m��[12].  

�I�h�k�l�Z�g�h�\�d�Z���a�Z�^�Z�q���^�h�k�e�•�^�`�_�g�g�y. �F�_�l�h�x���^�Z��
�g�h�€���k�l�Z�l�l�•���}�� �^�h�k�e�•�^�`�_�g�g�y���\�b�f�h�]���^�h���n�h�j�f�m�\�Z�g�g�y�� �`�b�l��
�l�}�\�h�]�h�� �p�b�d�e�m���� �h�k�g�h�\�g�b�o�� �_�l�Z�i�•�\�� �i�j�h�_�d�l�m�\�Z�g�g�y�� �•�� �^�h�d�m��
�f�_�g�l�m�\�Z�g�g�y�f�� �i�j�h�]�j�Z�f�g�h�]�h�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �d�h�f�i�¶�x�l�_�j��
�g�b�o���k�b�k�l�_�f���m�i�j�Z�\�e�•�g�g�y�����Z�l�h�f�g�b�o���_�e�_�d�l�j�h�k�l�Z�g�p�•�c�����I�A��
�D�K�M���:�?�K�������s�h���\�b�d�h�g�m�x�l�v���n�m�g�d�p�•�€���[�_�a�i�_�d�b���d�Z�l�_�]�h�j�•�c��
�©�:�ª�����©�<�ª���l�Z���©�K�ª�����<�b�f�h�]�b���^�h���I�A�����s�h���\�b�d�h�g�m�}���n�m�g�d�p�•�€��
�[�_�a�i�_�d�b���d�Z�l�_�]�h�j�•�€���©�:�ª�����g�Z�\�_�^�_�g�•���\���f�•�`�g�Z�j�h�^�g�h�f�m���k�l�Z��
�g�^�Z�j�l�•��IEC 6�����������©Nuclear power plants �± Instrumenta-
tion and control systems important to safety �± Software 
aspects for computer-based systems performing category 
A functions�ª�� �>6�@���� �\�b�f�h�]�b�� �^�h�� �I�A���� �s�h�� �\�b�d�h�g�m�}�� �n�m�g�d�p�•�€��
�[�_�a�i�_�d�b�� �d�Z�l�_�]�h�j�•�€�� �©�<�ª�� �•�� �©�K�ª���� �g�Z�\�_�^�_�g�•�� �\�� �f�•�`�g�Z�j�h�^��
�g�h�f�m���k�l�Z�g�^�Z�j�l�•��IEC 6�����������©Nuclear power plants �± In-
strumentation and control important for safety �± Soft-
ware aspects for computer-based systems performing cat-
egory B or C functions�ª���>7]. 
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�P�_�� �^�Z�}�� �f�h�`�e�b�\�•�k�l�v�� �k�l�\�h�j�b�l�b�� �d�h�e�_�d�l�b�\�� �m�q�Z�k�g�b�d�•�\�� �a��
�\�•�^�i�h�\�•�^�g�b�f�b�� �d�h�f�i�_�l�_�g�p�•�y�f�b�� �l�Z�� �k�i�j�h�_�d�l�m�\�Z�l�b�� �€�o�� �d�h��
�f�m�g�•�d�Z�p�•�x���f�•�`���k�h�[�h�x�����G�Z�k�l�m�i�g�b�c���j�h�a�^�•�e���h�i�b�k�m�}���f�h��
�`�e�b�\�b�c�� �\�Z�j�•�Z�g�l�� �j�h�a�i�h�^�•�e�m�� �\�b�^�•�\�� �^�•�y�e�v�g�h�k�l�•�� �a�� �j�h�a�j�h��
�[�d�b���I�A���f�•�`���]�j�m�i�Z�f�b�� 

 

 
�J�b�k�� 1. �K�o�_�f�Z���\�a�Z�}�f�h�^�•�€���f�•�` �]�j�m�i�Z�f�b���j�h�a�j�h�[�d�b���I�A���D�K�M���:�?�K 

 

�J�h�a�i�h�^�•�e�_�g�g�y���\�b�^�•�\���^�•�y�e�v�g�h�k�l�• 
�a���j�h�a�j�h�[�d�b���I�A���f�•�`���]�j�m�i�Z�f�b 

�<�b�o�h�^�y�q�b���a���l�h�]�h�����s�h���\���j�h�a�j�h�[�p�•���I�A���D�K�M���:�?�K���[�_��
�j�m�l�v�� �m�q�Z�k�l�v�� �j�•�a�g�•�� �]�j�m�i�b�� �\�b�d�h�g�Z�\�p�•�\���� �h�q�_�\�b�^�g�h���� �s�h�� 

�j�•�a�g�•���_�l�Z�i�b���@�P���I�A�����\�b�^�b���^�•�y�e�v�g�h�k�l�•���a���j�h�a�j�h�[�d�b���I�A���l�Z��
�\�b�f�h�]�b���k�l�Z�g�^�Z�j�l�•�\��IEC 6�����������l�Z��IEC 6�����������f�h�`�m�l�v���\��
�i�_�j�_�\�Z�`�g�•�c���f�•�j�•���k�l�h�k�m�\�Z�l�b�k�v���h�d�j�_�f�b�o���]�j�m�i���� 

�H�j�•�}�g�l�h�\�g�_���\�•�^�g�h�r�_�g�g�y���_�l�Z�i�•�\���@�P�����\�b�^�•�\���^�•�y�e�v��
�g�h�k�l�•���^�h���h�d�j�_�f�b�o���]�j�m�i���g�Z�\�_�^�_�g�•���\���l�Z�[�e. 2.  
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�L�Z�[�e�b�p�y���� �± �J�h�a�i�h�^�•�e�_�g�g�y �_�l�Z�i�•�\���@�P���l�Z �\�b�^�•�\���^�•�y�e�v�g�h�k�l�• �a���j�h�a�j�h�[�d�b���I�A���f�•�`���]�j�m�i�Z�f�b 

�?�l�Z�i���@�P���I�A �<�b�^�b���^�•�y�e�v�g�h�k�l�•���\���f�_�`�Z�o���_�l�Z�i�•�\���@�P���I�A �=�j�m�i�b���m�q�Z�k�g�b�d�•�\ 

�<�k�•���_�l�Z�i�b �D�_�j�m�\�Z�g�g�y���j�h�a�j�h�[�d�h�x 
�D�h�g�l�j�h�e�v���\�b�d�h�g�Z�g�g�y���\�b�f�h�]���i�e�Z�g�m���a�Z�[�_�a�i�_�q�_�g�g�y���y�d�h�k�l�•���I�A �F�_�g�_�^�`�f�_�g�l 

�J�h�a�j�h�[�d�Z���k�i�_�p�b�n�•�d�Z�p�•�€�� 
�\�b�f�h�]���^�h���I�A 

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

�=�j�m�i�Z���i�j�h�_�d�l�m�\�Z�g�g�y���I�A 
�=�j�m�i�Z���j�h�a�j�h�[�d�b���I�A 

�J�h�a�j�h�[�d�Z���i�j�h�_�d�l�m���I�A�� 
�l�Z���j�_�Z�e�•�a�Z�p�•�y 

�:�g�Z�e�•�a���k�i�_�p�b�n�•�d�Z�p�•�€���\�b�f�h�]���^�h���I�A 
�D�h�g�n�•�]�m�j�m�\�Z�g�g�y���j�Z�g�•�r�_���j�h�a�j�h�[�e�_�g�h�]�h���I�A 
�<�b�[�•�j���•�g�k�l�j�m�f�_�g�l�Z�e�v�g�h�]�h���I�A�� 
�<�b�[�•�j���f�h�\���i�j�h�]�j�Z�f�m�\�Z�g�g�y 
�J�h�a�j�h�[�d�Z���k�i�_�p�b�n�•�d�Z�p�•�€���g�h�\�h�]�h���I�A 
�J�_�Z�e�•�a�Z�p�•�y���g�h�\�h�]�h���I�A 
�K�l�\�h�j�_�g�g�y���^�h�d�m�f�_�g�l�Z�p�•�€ 
�:�g�Z�e�•�a���j�_�a�m�e�v�l�Z�l�•�\���\�_�j�b�n�•�d�Z�p�•�€�����•�g�l�_�]�j�Z�p�•�€���l�Z���\�Z�e�•�^�Z�p�•�€ 

�=�j�m�i�Z���j�h�a�j�h�[�d�b���I�A 

�<�k�•���_�l�Z�i�b �<�_�j�b�n�•�d�Z�p�•�y���j�_�a�m�e�v�l�Z�l�•�\���d�h�`�g�h�]�h���_�l�Z�i�m���@�P���I�A 
�<�Z�e�•�^�Z�p�•�y���I�A���i�•�^���q�Z�k���j�h�a�j�h�[�d�b 

�=�j�m�i�Z���\�_�j�b�n�•�d�Z�p�•�€�� 
�=�j�m�i�Z���j�h�a�j�h�[�d�b���I�A 

�1�g�l�_�]�j�Z�p�•�y���k�b�k�l�_�f�b�� �1�g�l�_�]�j�Z�p�•�y���I�A���^�h���D�K�M �=�j�m�i�Z���•�g�l�_�]�j�Z�p�•�€ 
�=�j�m�i�Z���j�h�a�j�h�[�d�b���I�A 

�<�Z�e�•�^�Z�p�•�y���k�b�k�l�_�f�b �<�Z�e�•�^�Z�p�•�y���I�A���\���k�d�e�Z�^�•���D�K�M �=�j�m�i�Z���\�_�j�b�n�•�d�Z�p�•�€ 

�<�k�l�Z�g�h�\�e�_�g�g�y���k�b�k�l�_�f�b 
�<�k�l�Z�g�h�\�e�_�g�g�y���I�A���g�Z���f�•�k�p�•���_�d�k�i�e�m�Z�l�Z�p�•�€���D�K�M 
�G�Z�\�q�Z�g�g�y���h�i�_�j�Z�l�b�\�g�h�]�h���i�_�j�k�h�g�Z�e�m 
�H�n�h�j�f�e�_�g�g�y���a�Z�i�b�l�•�\���g�Z���f�h�^�b�n�•�d�Z�p�•�x���I�A 

�=�j�m�i�Z���\�i�j�h�\�Z�^�`�_�g�g�y 
�=�j�m�i�Z���j�h�a�j�h�[�d�b���I�A 

�F�h�^�b�n�•�d�Z�p�•�y���k�b�k�l�_�f�b �:�g�Z�e�•�a���a�Z�i�b�l�•�\���g�Z���f�h�^�b�n�•�d�Z�p�•�x���I�A�� 
�F�h�^�b�n�•�d�Z�p�•�y���I�A 

�=�j�m�i�Z���i�j�h�_�d�l�m�\�Z�g�g�y���I�A 
�=�j�m�i�Z���j�h�a�j�h�[�d�b���I�A  

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

�j�l�m���f�•�`���m�q�Z�k�g�b�d�Z�f�b���g�_���m�k�m�\�Z�}���g�_�h�[�o�•�^�g�•�k�l�v���a�g�Z�c�h�f�k��
�l�\�Z���h�d�j�_�f�b�o���m�q�Z�k�g�b�d�•�\���a���i�h�\�g�b�f���a�f�•�k�l�h�f���\�k�v�h�]�h���k�l�Z�g��
�^�Z�j�l�m�����I�j�h�l�_���]�h�e�h�\�g�b�c���\�b�k�g�h�\�h�d���p�v�h�]�h���j�h�a�i�h�^�•�e�_�g�g�y��
�\�d�Z�a�m�}���g�Z���l�_�����s�h���i�j�b���i�•�^�]�h�l�h�\�p�•���^�h���j�h�a�j�h�[�d�b���I�A���a���m�j�Z��
�o�m�\�Z�g�g�y�f�� �\�b�f�h�]�� �k�l�Z�g�^�Z�j�l�•�\��IEC 6���������� �l�Z��IEC 62138 
�m�q�Z�k�g�b�d�b���]�j�m�i���f�h�`�m�l�v���\�b�a�g�Z�q�b�l�b�����y�d�•���j�h�a�^�•�e�b���l�Z���\�b��
�f�h�]�b���k�l�Z�g�^�Z�j�l�•�\�����\�b�^�b���^�•�y�e�v�g�h�k�l�•���k�l�h�k�m�x�l�v�k�y���€�o���i�_�j��
�r�h�q�_�j�]�h�\�h�����Z���y�d�• �± �h�i�h�k�_�j�_�^�d�h�\�Z�g�h�� 

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

�:�g�Z�e�•�a���\�b�f�h�]���a�Z�]�Z�e�v�g�b�o���\�b�f�h�]���l�Z���\�b�f�h�]�� 
�^�h���_�l�Z�i�m���j�h�a�j�h�[�d�b���k�i�_�p�b�n�•�d�Z�p�•�€���I�A 

�<�� �^�Z�g�h�f�m�� �i�•�^�j�h�a�^�•�e�•�� �i�j�h�\�h�^�b�l�v�k�y�� �^�h�k�e�•�^�`�_�g�g�y��
�h�k�g�h�\�g�b�o�� �\�b�f�h�]�� �k�l�Z�g�^�Z�j�l�•�\��IEC 6���������� �l�Z��IEC 62138, 
�y�d�•���k�l�h�k�m�x�l�v�k�y���_�l�Z�i�•�\���^�•�y�e�v�g�h�k�l�•�����s�h���}���\�b�a�g�Z�q�Z�x�q�b�f�b��
�l�Z���i�•�^�]�h�l�h�\�q�b�f�b���^�h���j�_�Z�e�•�a�Z�p�•�€�� 

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

�± �f�_�l�Z���l�Z���\�b�d�h�g�Z�\�p�•�� 
�± �a�f�•�k�l�� �l�Z�� �\�e�Z�k�l�b�\�h�k�l�•�� �\�o�•�^�g�b�o�� �l�Z�� �\�b�o�•�^�g�b�o�� �^�Z��

�g�b�o�� 
�>�h�d�m�f�_�g�l�b���� �s�h�� �h�i�b�k�m�x�l�v�� �d�h�`�g�b�c�� �_�l�Z�i�� �j�h�a�j�h��

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

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

�± �g�Z�y�\�g�•�k�l�v�� �h�i�b�k�m�� �\�k�•�o�� �g�_�h�[�o�•�^�g�b�o�� �l�_�o�g�•�q�g�b�o��
�i�j�h�p�_�^�m�j���^�e�y���d�h�`�g�h�]�h���_�l�Z�i�m�� 

�± �\�b�a�g�Z�q�_�g�g�y���\�k�•�o���k�i�_�p�b�n�•�q�g�b�o���l�_�j�f�•�g�•�\���l�Z���m�f�h��
�\�g�b�o���i�h�a�g�Z�q�_�g�v�� 

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

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

�± �\�k�l�Z�g�h�\�e�_�g�g�y�� �l�Z�� �h�[�‰�j�m�g�l�m�\�Z�g�g�y�� �\�•�^�o�b�e�_�g�v�� �\�•�^��
�\�b�f�h�]���k�l�Z�g�^�Z�j�l�m�� 

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

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

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

�A�Z�o�b�s�_�g�•�k�l�v�����F�_�l�Z�� �a�Z�o�b�s�_�g�h�k�l�•�� �I�A�� �l�Z�� �^�Z��
�g�b�o �± �m�g�_�f�h�`�e�b�\�b�l�b�� �^�h�k�l�m�i�� �^�h�� �I�A�� �l�Z�� �c�h�]�h�� �n�m�g�d�p�•�c��
�g�_�m�i�h�\�g�h�\�Z�`�_�g�b�f�b�� �h�k�h�[�Z�f�b���� �A�]�•�^�g�h�� �k�l�Z�g�^�Z�j�l�m��
IEC 6�������������a�Z�[�_�a�i�_�q�_�g�g�y���a�Z�o�b�s�_�g�h�k�l�•���I�A���}���q�Z�k�l�b�g�h�x��
�a�Z�[�_�a�i�_�q�_�g�g�y���a�Z�o�b�s�_�g�h�k�l�•���D�K�M���� 

�A�]�•�^�g�h���\�b�f�h�]���k�l�Z�g�^�Z�j�l�m��IEC 6�������������^�e�y���I�A���d�Z�l�_��
�]�h�j�•�€ �©�:�ª���g�_�h�[�o�•�^�g�_���h�[�h�\�¶�y�a�d�h�\�_���i�j�h�\�_�^�_�g�g�y���Z�g�Z�e�•�a�m��
�i�h�l�_�g�p�•�c�g�b�o�� �a�Z�]�j�h�a���� �G�Z�� �h�k�g�h�\�•�� �Z�g�Z�e�•�a�m�� �f�Z�x�l�v�� �[�m�l�b��
�k�n�h�j�f�h�\�Z�g�•���\�b�f�h�]�b���^�h���i�j�h�_�d�l�m���I�A���a���f�_�l�h�x���f�•�g�•�f�•�a�m��
�\�Z�l�b���\�j�Z�a�e�b�\�h�k�l�•���� 

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

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

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

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

�>�e�y���I�A���d�Z�l�_�]�h�j�•�€���©�<�ª�����©�K�ª���\���k�l�Z�g�^�Z�j�l�Z�o���g�_���\�d�Z��
�a�m�x�l�v�k�y���d�h�g�d�j�_�l�g�•���\�b�f�h�]�b���^�h���a�Z�o�b�s�_�g�h�k�l�•�� 

�K�Z�f�h�d�h�g�l�j�h�e�v�����A�]�•�^�g�h�� �\�b�f�h�]�� �k�l�Z�g�^�Z�j�l�•�\ 
IEC 6�����������l�Z��IEC 62138, �I�A �d�Z�l�_�]�h�j�•�€���©�:�ª���l�Z���©�<�ª���i�h��
�\�b�g�g�h�� �d�h�g�l�j�h�e�x�\�Z�l�b�� �l�_�o�g�•�q�g�b�c�� �k�l�Z�g�� �D�K�M�� �l�Z�� �\�e�Z�k�g�m��
�i�h�\�_�^�•�g�d�m���m���\�b�a�g�Z�q�_�g�•���i�j�h�f�•�`�d�b���q�Z�k�m�����N�m�g�d�p�•�€���d�h�g�l��
�j�h�e�x�� �i�h�\�b�g�g�•�� �\�b�y�\�e�y�l�b�� �\�•�^�f�h�\�b�� �Z�i�Z�j�Z�l�g�b�o�� �a�Z�k�h�[�•�\����
�i�h�f�b�e�d�h�\�m���i�h�\�_�^�•�g�d�m���I�A���Z�[�h���i�h�j�m�r�_�g�g�y���i�j�h�p�_�k�•�\���i�_��
�j�_�^�Z�q�•�� �^�Z�g�b�o���� �<�� �i�j�h�p�_�k�•�� �k�Z�f�h�d�h�g�l�j�h�e�x�� �f�Z�}�� �[�m�l�b�� �i�_��
�j�_�^�[�Z�q�_�g�b�c�� �Z�\�l�h�f�Z�l�b�q�g�b�c�� �a�[�•�j�� �^�•�Z�]�g�h�k�l�b�q�g�h�€�� �•�g�n�h�j��
�f�Z�p�•�€�� �^�e�y�� �i�h�^�Z�e�v�r�h�]�h�� �Z�g�Z�e�•�a�m���� �I�j�b�� �\�b�y�\�e�_�g�g�•�� �i�h�j�m��
�r�_�g�g�y���f�Z�}���\�•�^�[�m�l�b�k�y���j�_�Z�d�p�•�y���m���\�•�^�i�h�\�•�^�g�h�k�l�•���^�h���i�j�h��
�_�d�l�m���k�b�k�l�_�f�b���� 

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

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

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

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

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

�k�l�_�f�Z�f�b�� 
�± �i�Z�j�Z�f�_�l�j�b���I�A�����s�h���f�h�`�m�l�v���[�m�l�b���a�f�•�g�_�g�•���h�i�_��

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

�e�•�^�d�•�\���\�•�^�f�h�\�� 
�± �\�b�f�h�]�b�� �^�h�� �k�_�j�_�^�h�\�b�s�Z�� �j�h�[�h�l�b�� �l�Z�� �k�l�Z�g�^�Z�j�l��

�g�h�]�h���I�A�� 
�<�g�Z�k�e�•�^�h�d�� �\�Z�`�e�b�\�h�k�l�•�� �^�Z�g�h�]�h�� �_�l�Z�i�m���� �i�j�h�p�_�k��

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

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

 

�:�g�Z�e�•�a���\�b�f�h�]���^�h���_�l�Z�i�m�� 
�i�j�h�_�d�l�m�\�Z�g�g�y���l�Z���j�_�Z�e�•�a�Z�p�•�€���I�A 

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

�J�I�A�� �f�Z�}�� �\�•�^�i�h�\�•�^�Z�l�b�� �\�k�•�f�� �\�b�f�h�]�Z�f�� �k�l�Z�g�^�Z�j�l�•�\��
�j�h�a�j�h�[�d�b���I�A���D�K�M���:�?�K���\�•�^�i�h�\�•�^�g�h�€���d�Z�l�_�]�h�j�•�€���� 

�>�e�y���i�j�b�c�g�y�l�l�y���j�•�r�_�g�g�y���i�j�h���\�b�d�h�j�b�k�l�Z�g�g�y���J�I�A���i�h��
�l�j�•�[�g�h���\�b�a�g�Z�q�b�l�b���c�h�]�h���i�j�b�^�Z�l�g�•�k�l�v���^�e�y���\�b�d�h�g�Z�g�g�y���g�_�h�[��
�o�•�^�g�b�o�� �n�m�g�d�p�•�c���� �I�h�l�j�•�[�g�h�� �\�•�^�f�•�l�b�l�b���� �s�h�� �^�e�y�� �\�b�d�h�j�b�k��
�l�Z�g�g�y���J�I�A���f�h�`�_���[�m�l�b���g�_�h�[�o�•�^�g�h���\�b�d�h�g�Z�l�b���c�h�]�h���d�h�g�n�•��
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�f�g�h-�h�j�•�}�g�l�h�\�Z�g�•�����M�g�•�\�_�j�k�Z�e�v�g�•���f�h�\�b���i�j�h�]�j�Z�f�m�\�Z�g�g�y���}��
�a�Z�]�Z�e�v�g�h�i�j�b�c�g�y�l�b�f�b�����K�����K���������:�k�_�f�[�e�_�j����VHDL, Java, 
Python �l�h�s�h���� �D�h�^���� �g�Z�i�b�k�Z�g�b�c�� �p�b�f�b�� �f�h�\�Z�f�b���� �f�h�`�_��
�[�m�l�b�� �[�_�a�i�h�k�_�j�_�^�g�v�h�� �a�Z�\�Z�g�l�Z�`�_�g�b�c�� �^�h�� �h�[�q�b�k�e�x�\�Z�e�v��
�g�b�o���i�j�b�k�l�j�h�€�\���l�Z���\�b�d�h�g�m�\�Z�l�b�k�y���g�b�f�b�� 

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

�>�_�y�d�•���j�_�d�h�f�_�g�^�Z�p�•�€���\���k�l�Z�g�^�Z�j�l�Z�o���g�Z�\�h�^�y�l�v�k�y���^�e�y��
�h�[�h�o���\�b�^�•�\���f�h�\�����^�_�y�d�• �± �l�•�e�v�d�b���^�e�y���h�^�g�h�]�h���\�b�^�m�� 

�A�Z�]�Z�e�v�g�•���\�b�f�h�]�b���k�l�Z�g�^�Z�j�l�m��IEC 60880 �s�h�^�h���f�h�\��
�i�j�h�]�j�Z�f�m�\�Z�g�g�y�� �^�e�y�� �k�l�\�h�j�_�g�g�y�� �I�A�� �d�Z�l�_�]�h�j�•�€�� �©�:�ª��
�g�Z�k�l�m�i�g�•: 

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

�± �a�Z���f�h�`�e�b�\�h�k�l�•���i�h�\�b�g�_�g���\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b�k�y���©�k�d�h-
�j�h�q�_�g�b�c�ª�����f�Z�d�k�b�f�Z�e�v�g�h���©�[�_�a�i�_�q�g�b�c�ª���\�Z�j�•�Z�g�l���f�h�\�b�� 

�± �f�h�\�Z�� �i�j�h�]�j�Z�f�m�\�Z�g�g�y�� �i�h�\�b�g�g�Z�� �f�Z�l�b�� �i�_�j�_�\�•�j�_��
�g�b�c���l�j�Z�g�k�e�y�l�h�j�� 

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

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

�\�Z�g�g�y���\�b�k�h�d�h�]�h���j�•�\�g�y�� 
�± �i�j�h�]�j�Z�f�Z�����g�Z�i�b�k�Z�g�Z���h�[�j�Z�g�h�x���f�h�\�h�x�����i�h�\�b�g�g�Z��

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

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

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

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

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

�_�l�Z�i�•���d�h�f�i�•�e�y�p�•�€���i�j�h�]�j�Z�f�b�����Z���g�_���€�€���\�b�d�h�g�Z�g�g�y�� 
�>�e�y �i�j�h�[�e�_�f�g�h-�h�j�•�}�g�l�h�\�Z�g�b�o�� �f�h�\���i�j�h�]�j�Z�f�m��

�\�Z�g�g�y�� 
�± �\�b�d�h�j�b�k�l�Z�g�g�y�� �k�l�Z�g�^�Z�j�l�g�b�o�� �i�h�a�g�Z�q�_�g�v�� �l�_�o�g�h��

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

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

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

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

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

�a�j�h�[�d�b���I�A���^�e�y���D�K�M���:�?�K���}��Radiy Platform Configura-
tion Tool���� �j�h�a�j�h�[�e�_�g�b�c�� �I�:�L�� �G�<�I�� �©�J�Z�^�•�c�ª �± 
https://radiy.com/radics/). 

�A�Z�]�Z�e�v�g�•���\�b�f�h�]�b���k�l�Z�g�^�Z�j�l�m��IEC 62138 �s�h�^�h���f�h�\��
�i�j�h�]�j�Z�f�m�\�Z�g�g�y�� �^�e�y�� �k�l�\�h�j�_�g�g�y�� �I�A�� �d�Z�l�_�]�h�j�•�c�� �©�<�ª��
�l�Z���©�K�ª���g�Z�k�l�m�i�g�•: 

�± �f�h�\�b�� �i�j�h�]�j�Z�f�m�\�Z�g�g�y�� �i�h�\�b�g�g�•�� �f�Z�l�b�� �q�•�l�d�h�� �\�b��
�a�g�Z�q�_�g�m���e�_�d�k�b�d�m���l�Z���k�_�f�Z�g�l�b�d�m�� 

�± �i�_�j�_�\�Z�]�Z�� �f�Z�}�� �g�Z�^�Z�\�Z�l�b�k�y�� �i�j�h�[�e�_�f�g�h-�h�j�•�}�g�l�h��
�\�Z�g�b�f���f�h�\�Z�f�� 

�>�e�y���d�Z�l�_�]�h�j�•�€���©�<�ª���\�\�h�^�b�l�v�k�y���j�y�^���^�h� �̂Z�l�d�h�\�b�o���\�b�f�h�]�� 
�± �k�l�Z�l�b�q�g�Z���l�b�i�•�a�Z�p�•�y�� 
�± �i�_�j�_�^�[�Z�q�m�\�Z�g�Z���i�h�\�_�^�•�g�d�Z���i�j�h�]�j�Z�f�b���� 
�G�Z�i�j�b�d�e�Z�^���� �g�_�^�h�p�•�e�v�g�b�f�� �}�� �i�_�j�_�j�b�\�Z�g�g�y�� �j�h�[�h�l�b��

�i�j�h�]�j�Z�f�b���^�e�y���i�j�h�p�_�^�m�j�b���©�a�[�b�j�Z�g�g�y���k�f�•�l�l�y�ª�� 
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�± �\�b�d�h�j�b�k�l�Z�g�g�y���f�h�\���g�b�a�v�d�h�]�h���j�•�\�g�y�����g�Z�i�j�b�d�e�Z�^����
�Z�k�_�f�[�e�_�j�•�\�����f�Z�}���[�m�l�b���h�[�‰�j�m�g�l�h�\�Z�g�b�f�� 

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

�A�Z�]�Z�e�v�g�•���\�b�f�h�]�b�� �k�l�Z�g�^�Z�j�l�m��IEC 60880 �^�h�� �j�_�Z��
�e�•�a�Z�p�•�€�� �I�A�� �d�Z�l�_�]�h�j�•�€�� �n�m�g�d�p�•�h�g�Z�e�v�g�h�€�� �[�_�a�i�_�d�b�� �©�:�ª��
�g�Z�k�l�m�i�g�•�� 

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

�± �i�j�h�]�j�Z�f�Z���f�Z�}���[�m�l�b���i�h�[�m�^�h�\�Z�g�Z���g�Z���f�h�^�m�e�v�g�h�f�m��
�i�j�b�g�p�b�i�•�� 

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

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

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

�± �[�m�^�v-�y�d�•�� �\�•�^�o�b�e�_�g�g�y�� �\�•�^�� �\�b�f�h�]�� �k�l�Z�g�^�Z�j�l�m�� �f�Z��
�x�l�v���[�m�l�b���h�[�‰�j�m�g�l�h�\�Z�g�•�� 

�>�_�l�Z�e�v�g�•�� �j�_�d�h�f�_�g�^�Z�p�•�€�� �k�l�Z�g�^�Z�j�l�m��IEC 60880 
�^�h���j�h�a�j�h�[�d�b���I�A���f�•�k�l�y�l�v�k�y���\���^�h�^�Z�l�d�m���<�� �P�_�c���^�h�^�Z�l�h�d��
�f�h�`�g�Z�� �\�\�Z�`�Z�l�b�� �]�h�e�h�\�g�b�f�� �d�h�f�i�h�g�_�g�l�h�f�� �k�l�Z�g�^�Z�j�l�m��
IEC 60880�����s�h���k�l�h�k�m�}�l�v�k�y���j�h�a�j�h�[�d�b���I�A���d�Z�l�_�]�h�j�•�€���©�:�ª����
�<���l�Z�[�e. �����a�]�j�m�i�h�\�Z�g�•���l�Z���g�Z�\�_�^�_�g�•���d�Z�l�_�]�h�j�•�€���j�_�d�h�f�_�g�^�Z��
�p�•�c�����i�_�j�_�e�•�d���€�o���k�n�_�j���a�Z�k�l�h�k�m�\�Z�g�g�y���l�Z���d�•�e�v�d�•�k�l�v���j�_�d�h�f�_��
�g�^�Z�p�•�c���\���d�h�`�g�•�c���k�n�_�j�• (N �± �d�•�e�v�d�•�k�l�v�����j�_�d�h�f�_�g�^�Z�p�•�c���\��
�d�h�`�g�•�c���k�n�_�j�•���\���k�l�Z�g�^�Z�j�l�•). 

 
�L�Z�[�e�b�p�y���� �± �D�Z�l�_�]�h�j�•�€���l�Z���k�n�_�j�b���a�Z�k�l�h�k�m�\�Z�g�g�y�� 
�j�_�d�h�f�_�g�^�Z�p�•�c���k�l�Z�g�^�Z�j�l�m��IEC 60880 �^�h���I�A���D�K�M���:�?�K 

�D�Z�l�_�]�h�j�•�y�� 
�j�_�d�h�f�_�g�^�Z�p�•�c �K�n�_�j�b���a�Z�k�l�h�k�m�\�Z�g�g�y N 

�A�Z�]�Z�e�v�g�b�c�� 
�i�j�h�p�_�k�� 
�i�j�h�_�d�l�m�\�Z�g�g�y 

�F�h�`�e�b�\�•�k�l�v���f�h�^�b�n�•�d�Z�p�•�€���I�A 
�I�•�^�o�•�^���^�h���j�h�a�j�h�[�d�b���©�a�]�h�j�b-�^�h�g�b�a�m�ª 
�<�_�j�b�n�•�d�Z�p�•�y���i�j�h�f�•�`�g�b�o���j�_�a�m�e�v�l�Z�l�•�\�� 
�F�h�^�b�n�•�d�Z�p�•�y���\���i�j�h�p�_�k�•���j�h�a�j�h�[�d�b 

4 
11 
6 
6 

�K�l�j�m�d�l�m�j�Z�� 
�I�A 

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

7 
7 
10 
9 
6 
4 

�K�Z�f�h�d�h�g�l�j�h�e�v 

�I�_�j�_�\�•�j�d�b���^�h�k�l�h�\�•�j�g�h�k�l�•�� 
�;�_�a�i�_�q�g�Z���\�b�o�•�^�g�Z���•�g�n�h�j�f�Z�p�•�y 
�:�g�Z�e�•�a���a�f�•�k�l�m���i�Z�f�¶�y�l�• 
�I�_�j�_�\�•�j�d�Z���g�Z�y�\�g�h�k�l�•, �h�[�j�h�[�d�Z���i�h�f�b�e�h�d 

4 
4 
4 
6 

�>�_�l�Z�e�v�g�_�� 
�i�j�h�_�d�l�m�\�Z�g�g�y�� 
�•���d�h�^�m�\�Z�g�g�y 

�J�h�a�]�Z�e�m�`�_�g�g�y���•���p�b�d�e�b 
�I�•�^�i�j�h�]�j�Z�f�b 
�<�d�e�Z�^�_�g�•���k�l�j�m�d�l�m�j�b 
�:�^�j�_�k�Z�p�•�y���•���f�Z�k�b�\�b 
�K�l�j�m�d�l�m�j�b���^�Z�g�b�o 
�>�b�g�Z�f�•�q�g�Z���a�f�•�g�Z���d�h�^�m 
�L�_�k�l�m�\�Z�g�g�y�� 

8 
6 
4 
5 
6 
1 
7 

�J�_�d�h�f�_�g�^�Z�p�•�€����
�s�h���a�Z�e�_�`�Z�l�v�� 
�\�•�^���f�h�\�b�� 
�i�j�h�]�j�Z�f�m�\�Z�g�g�y 

�I�h�k�e�•�^�h�\�g�•�k�l�v���h�i�b�k�•�\�����h�n�h�j�f�e�_�g�g�y���d�h�^�m 
�G�Z�y�\�g�•�k�l�v, �^�h�l�j�b�f�Z�g�g�y�� �i�j�Z�\�b�e�� �d�h�^�m��
�\�Z�g�g�q 
�<�b�d�h�j�b�k�l�Z�g�g�y���d�h�f�_�g�l�Z�j�•�\ 
�F�h�\�Z���Z�k�_�f�[�e�_�j�Z 
�I�j�h�[�e�_�f�g�h-�h�j�•�}�g�l�h�\�Z�g�•���f�h�\�b�� 
�:�\�l�h�f�Z�l�b�q�g�Z���]�_�g�_�j�Z�p�•�y���d�h�^�m 

5 
 
4 
4 
8 
4 
4 

�<�b�f�h�]�b���k�l�Z�g�^�Z�j�l�m��IEC 6���������� �^�h �j�h�a�j�h�[�d�b�� �I�A��
�d�Z�l�_�]�h�j�•�c���©�<�ª���l�Z���©�K�ª���}���f�_�g�r���k�m�\�h�j�b�f�b���l�Z���i�j�b�\�_�^�_�g�•��
�\���n�h�j�f�•���a�Z�]�Z�e�v�g�b�o���j�_�d�h�f�_�g�^�Z�p�•�c���� 

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

�J�h�a�i�h�^�•�e�_�g�g�y���I�A���l�Z���d�h�g�n�•�]�m�j�Z�p�•�c�g�b�o���^�Z��
�g�b�o���g�Z���l�b�i�b 

+ + + 

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

�K�i�_�p�b�n�•�d�Z�p�•�y���\�b�f�h�]���^�h���I�A 

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

+ + + 

�K�l�j�h�]�b�c���h�i�b�k���\�b�f�h�]���^�h���I�A + - - 
�<�b�f�h�]�b���^�h���a�Z�o�b�s�_�g�h�k�l�•���I�A + - - 
�<�b�f�h�]�b���^�h���k�Z�f�h�d�h�g�l�j�h�e�x���I�A + + - 
�<�b�f�h�]�b�� �^�h�� �i�_�j�•�h�^�b�q�g�h�]�h�� �l�_�k�l�m�\�Z�g�g�y�� �n�m��
�g�d�p�•�c���I�A 

+ - - 

�<�b�f�h�]�b���^�h���a�Z�o�b�k�l�m���\�•�^���\�•�^�f�h�\�b���a���k�i�•�e�v�g�h�€��
�i�j�b�q�b�g�b + + + 

�I�j�h�_�d�l�m�\�Z�g�g�y���l�Z���j�_�Z�e�•�a�Z�p�•�y 

�F�h�^�m�e�v�g�b�c�� �i�j�b�g�p�b�i���� �i�j�h�_�d�l�m�\�Z�g�g�y��
�©�a�]�h�j�b-�\�g�b�a�ª + + + 

�D�h�^���i�j�h�]�j�Z�f�b���f�Z�}���[�m�l�b���i�j�h�k�l�b�f���•���a�j�h�a�m��
�f�•�e�b�f + - - 

�M�g�b�d�g�_�g�g�y�� �m�k�d�e�Z�^�g�_�g�b�o���i�j�b�c�h�f�•�\�� �d�h�^�m��
�\�Z�g�g�y�����j�_�d�m�j�k�•�€�����©�k�l�b�k�g�_�g�g�y�ª���d�h�^�m 

+ - - 

�D�h�^�� �i�j�h�]�j�Z�f�b���f�Z�}�� �\�•�^�i�h�\�•�^�Z�l�b�� �^�h�d�m�f�_�g��
�l�Z�e�v�g�h���h�n�h�j�f�e�_�g�b�f�b���i�j�Z�\�b�e�Z�f + + - 

�G�Z�y�\�g�•�k�l�v���i�h�\�g�h�€���^�h�d�m�f�_�g�l�Z�p�•�€���a�•���k�l�\�h�j�_��
�g�h�]�h���I�A + + + 

�1�g�k�l�j�m�f�_�g�l�Z�e�v�g�•���a�Z�k�h�[�b 
�<�b�k�h�d�Z���y�d�•�k�l�v + + + 
�G�b�a�v�d�b�c���j�b�a�b�d���\�g�_�k�_�g�g�y���^�_�n�_�d�l�•�\ + + + 
�L�h�q�g�Z���•�^�_�g�l�b�n�•�d�Z�p�•�y + + - 
�:�l�_�k�l�Z�p�•�y���l�Z���k�_�j�l�b�n�•�d�Z�p�•�y + - - 
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�<�b�f�h�]�Z 
�D�Z�l�_�]�h�j�•�y���I�A 

�©�:�ª �©�<�ª �©�K�ª 

�F�h�\�b���i�j�h�]�j�Z�f�m�\�Z�g�g�y���l�Z���l�j�Z�g�k�e�y�l�h�j�b 
�Q�•�l�d�•���i�j�Z�\�b�e�Z���k�_�f�Z�g�l�b�d�b���l�Z���k�b�g�l�Z�d�k�b�k�m + - - 
�<�b�d�h�j�b�k�l�Z�g�g�y�� �©�[�_�a�i�_�q�g�h�]�h�ª���� �k�d�h�j�h�q�_��
�g�h�]�h���\�Z�j�•�Z�g�l�m���f�h�\�b + - - 

�G�Z�y�\�g�•�k�l�v���i�_�j�_�\�•�j�_�g�h�]�h���l�j�Z�g�k�e�y�l�h�j�Z + - - 
�<�b�d�h�j�b�k�l�Z�g�g�y���•�g�k�l�j�m�f�_�g�l�Z�e�v�g�h�]�h���I�A���^�e�y��
�Z�\�l�h�f�Z�l�b�a�h�\�Z�g�h�€���i�_�j�_�\�•�j�d�b + - - 

�M�g�•�\�_�j�k�Z�e�v�g�•���f�h�\�b���i�j�h�]�j�Z�f�m�\�Z�g�g�y 
�I�j�Z�\�b�e�Z�� �i�j�h�]�j�Z�f�m�\�Z�g�g�y���� �y�d�•�� �e�_�]�d�h���\�_�j�b��
�n�•�d�m�\�Z�l�b + + - 

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

�A�Z�[�_�a�i�_�q�_�g�g�y���q�•�l�d�h���^�_�l�_�j�f�•�g�h�\�Z�g�h�€���i�h�\�_��
�^�•�g�d�b���I�A + + - 

�K�l�Z�l�b�q�g�Z���l�b�i�•�a�Z�p�•�y + + - 
�G�Z�i�b�k�Z�g�g�y�� �\�b�o�•�^�g�h�]�h�� �d�h�^�m�� �a�� �^�h�l�j�b�f�Z�g��
�g�y�f�� �\�b�f�h�]�� �^�h�^�Z�l�d�m�� �©�<�ª�� ���k�l�Z�g�^�Z�j�l�m��
IEC 60880) 

+ - - 

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

+ - - 

�N�h�j�f�Z�l�� �i�j�_�^�k�l�Z�\�e�_�g�g�y���� �a�j�h�a�m�f�•�e�b�c�� �^�e�y��
�l�_�o�g�h�e�h�]�•�\-�k�i�_�p�•�Z�e�•�k�l�•�\ + - - 

�I�j�h�k�l�Z���k�l�j�m�d�l�m�j�Z���i�j�h�]�j�Z�f�g�h�]�h���d�h�^�m�����s�h��
�]�_�g�_�j�m�}�l�v�k�y + - - 

�J�Z�g�•�r�_���j�h�a�j�h�[�e�_�g�_���I�A 

�H�p�•�g�d�Z���n�m�g�d�p�•�h�g�Z�e�v�g�h�€���i�j�b�^�Z�l�g�h�k�l�• + + + 
�H�p�•�g�d�Z���y�d�h�k�l�• + + + 
�H�p�•�g�d�Z���^�h�k�\�•�^�m���_�d�k�i�e�m�Z�l�Z�p�•�€ + + + 
�G�Z�y�\�g�•�k�l�v���\�b�y�\�e�_�g�g�y���l�Z���k�l�•�c�d�•�k�l�v���^�h���\�•�^��
�f�h�\ + + - 

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

�<�_�j�b�n�•�d�Z�p�•�y 

�<�_�j�b�n�•�d�Z�p�•�c�g�Z �]�j�m�i�Z���g�_���f�•�k�l�b�l�v���h�k�•�[�����s�h��
�[�j�Z�e�b���m�q�Z�k�l�v���\���j�_�Z�e�•�a�Z�p�•�€���I�A + + + 

�<�_�j�b�n�•�d�Z�p�•�c�g�Z�� �]�j�m�i�Z�� �Z�^�f�•�g�•�k�l�j�Z�l�b�\�g�h��
�g�_�a�Z�e�_�`�g�Z���\�•�^���]�j�m�i�b���j�h�a�j�h�[�g�b�d�•�\���I�A + + - 

�<�_�j�b�n�•�d�Z�p�•�y���k�i�_�p�b�n�•�d�Z�p�•�€���\�b�f�h�]���^�h���I�A + + + 
�<�_�j�b�n�•�d�Z�p�•�y���i�j�Z�\�b�e���j�_�Z�e�•�a�Z�p�•�€���I�A + + - 
�<�_�j�b�n�•�d�Z�p�•�y���d�h�g�n�•�]�m�j�Z�p�•�€���j�Z�g�•�r�_���j�h�a�j�h�[��
�e�_�g�h�]�h���I�A + + - 

�<�_�j�b�n�•�d�Z�p�•�y���\�b�o�•�^�g�h�]�h���d�h�^�m���g�h�\�h�]�h���I�A + - - 

�1�g�l�_�]�j�Z�p�•�y 

�<�_�j�b�n�•�d�Z�p�•�y���i�j�h�p�_�k�m���•�g�l�_�]�j�Z�p�•�€ + - - 
�G�Z�y�\�g�•�k�l�v���i�j�h�p�_�^�m�j�b���\�b�i�j�Z�\�e�_�g�g�y���^�_�n�_��
�d�l�•�\ + - - 

�<�Z�e�•�^�Z�p�•�y 

�<�b�d�h�j�b�k�l�Z�g�g�y�� �k�l�Z�l�b�q�g�h�]�h�� �l�Z�� �^�b�g�Z�f�•�q��
�g�h�]�h���f�h�^�_�e�x�\�Z�g�g�y���\�k�•�o���\�o�•�^�g�b�o���k�b�]�g�Z�e�•�\ + - - 

�I�h�\�g�_���l�_�k�l�m�\�Z�g�g�y���\�k�•�o���n�m�g�d�p�•�c + - - 
�L�_�k�l�m�\�Z�g�g�y���\�•�^�i�h�\�•�^�g�h�k�l�•���n�m�g�d�p�•�c�����o�Z�j�Z��
�d�l�_�j�b�k�l�b�d���l�Z���•�g�l�_�j�n�_�c�k�m���I�A���d�h�`�g�h�f�m���i�m��
�g�d�l�m���k�i�_�p�b�n�•�d�Z�p�•�€ 

- + - 

�L�_�k�l�m�\�Z�g�g�y���\�•�^�i�h�\�•�^�g�h�k�l�•���n�m�g�d�p�•�c�����o�Z�j�Z��
�d�l�_�j�b�k�l�b�d���l�Z���•�g�l�_�j�n�_�c�k�m���I�A���d�h�`�g�h�f�m���i�m��
�g�d�l�m�� �k�i�_�p�b�n�•�d�Z�p�•�€���� �\�Z�`�e�b�\�h�f�m�� �^�e�y�� �[�_�a��
�i�_�d�b 

- - + 

�<�b�f�h�]�Z 
�D�Z�l�_�]�h�j�•�y���I�A 

�©�:�ª �©�<�ª �©�K�ª 

�H�p�•�g�d�Z���j�_�a�m�e�v�l�Z�l�•�\���\�Z�e�•�^�Z�p�•�€���h�k�h�[�Z�f�b�����y�d�•��
�g�_���[�j�Z�e�b���m�q�Z�k�l�•���\���j�_�Z�e�•�a�Z�p�•�€ + + + 

�F�h�^�b�n�•�d�Z�p�•�y 

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

�G�_�a�Z�e�_�`�g�Z�� �h�p�•�g�d�Z�� �a�Z�i�b�l�•�\�� �g�Z�� �f�h�^�b�n�•�d�Z��
�p�•�x + - - 

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

�<�_�j�b�n�•�d�Z�p�•�y�� �l�Z�� �\�Z�e�•�^�Z�p�•�y�� �i�•�k�e�y�� �i�j�h�\�_�^�_��
�g�b�o���f�h�^�b�n�•�d�Z�p�•�c + + + 

�D�h�j�_�d�p�•�y�� �^�h�d�m�f�_�g�l�•�\���� �g�Z���y�d�•�� �\�i�e�b�\�Z�}�� �^�h��
�d�m�f�_�g�l�Z�p�•�y + + + 

�J�_�}�k�l�j�Z�p�•�y�� �^�h�d�m�f�_�g�l�•�\�� �a�� �f�h�^�b�n�•�d�Z�p�•�€�� �\��
�Z�j�o�•�\�• + - - 

�<�k�l�Z�g�h�\�e�_�g�g�y���l�Z���_�d�k�i�e�m�Z�l�Z�p�•�y 

�A�Z�o�b�s�_�g�•�k�l�v���I�A���g�Z���f�•�k�p�•���_�d�k�i�e�m�Z�l�Z�p�•�€ - - - 
�G�Z�\�q�Z�g�g�y���h�i�_�j�Z�l�h�j�•�\ - - - 
�G�Z�y�\�g�•�k�l�v�� �� �i�j�h�p�_�^�m�j�b�� �k�l�\�h�j�_�g�g�y�� �a�\�•�l�m��
�i�j�h���Z�g�h�f�Z�e�•�x + + + 

�A�Z�k�h�[�b���•�f�i�e�_�f�_�g�l�Z�p�•�€���\�b�f�h�] 

�K�l�Z�g�^�Z�j�l�b�� �j�h�a�j�h�[�d�b�� �I�A�� �D�K�M�� �:�?�K���� �\�Z�`�e�b�\�b�o��
�^�e�y�� �[�_�a�i�_�d�b �± IEC 6���������� �l�Z��IEC 62138 �± �f�•�k�l�y�l�v�� �\�b��
�f�h�]�b���^�h���\�k�•�o���_�l�Z�i�•�\���@�P���I�A�����Y�d���\�`�_���a�Z�a�g�Z�q�Z�e�h�k�y�����^�h��
�l�j�b�f�Z�g�g�y���\�b�f�h�]���p�b�o���k�l�Z�g�^�Z�j�l�•�\���^�h�a�\�h�e�y�}���k�l�\�h�j�b�l�b���I�A��
�\�b�k�h�d�h�]�h���k�l�_�i�_�g�x���g�Z�^�•�c�g�h�k�l�•�� 

�>�e�y���^�h�l�j�b�f�Z�g�g�y���\�b�f�h�]���k�l�Z�g�^�Z�j�l�•�\���i�•�^���q�Z�k���j�h�a�j�h��
�[�d�b���g�_�h�[�o�•�^�g�h���^�h�l�j�b�f�m�\�Z�l�b�k�y���i�_�\�g�b�o���i�j�Z�\�b�e�����K�i�b�j�Z��
�x�q�b�k�v���g�Z���^�h�k�e�•�^�`�_�g�g�y���p�b�o�� �\�b�f�h�]���� �Z���l�Z�d�h�`���g�Z���^�h�k�\�•�^��
�Z�\�l�h�j�Z���i�•�^���q�Z�k���j�h�a�j�h�[�d�b���I�A���D�K�M���:�?�K���g�Z�m�d�h�\�h-�\�b�j�h��
�[�g�b�q�b�f�� �i�•�^�i�j�b�}�f�k�l�\�h�f�� �©�J�Z�^�•�c�ª�� ���f���� �D�j�h�i�b�\�g�b�p�v�d�b�c����
�M�d�j�Z�€�g�Z�������f�h�`�g�Z���k�n�h�j�f�m�\�Z�l�b���h�k�g�h�\�g�•���i�j�Z�\�b�e�Z�����f�_�l�h��
�^�b�d�b���l�Z���a�Z�o�h�^�b�����y�d�•���a�Z�[�_�a�i�_�q�m�x�l�v���k�l�\�h�j�_�g�g�y���I�A���\�b�k�h��
�d�h�€���y�d�h�k�l�•�� 

�G�Z���_�l�Z�i�•���k�l�\�h�j�_�g�g�y���k�i�_�p�b�n�•�d�Z�p�•�€���\�b�f�h�]���^�h���I�A���\�Z��
�`�e�b�\�•���g�Z�k�l�m�i�g�•���n�Z�d�l�h�j�b�� 

�± �h�l�j�b�f�Z�g�g�y���\�•�^���a�Z�f�h�\�g�b�d�Z���i�h�\�g�h�€���l�Z���\�k�_�h�k�y�`�g�h�€��
�k�i�_�p�b�n�•�d�Z�p�•�€���\�b�f�h�]���^�h���D�K�M�� 

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

�± �^�_�l�Z�e�v�g�b�c���h�i�b�k���\�k�•�o���\�b�f�h�]���\���k�i�_�p�b�n�•�d�Z�p�•�€���Z�i�Z��
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�± �i�h�k�l�•�c�g�_���l�_�k�l�m�\�Z�g�g�y���d�h�^�m�� 
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SCRUM [8]; 

�± �\�b�d�h�j�b�k�l�Z�g�g�y���i�•�^�o�h�^�m��CI/CD (Continuous Inte-
gration/Continuous Deployment); 
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Study of the requirements of international standards IEC60880 and IEC62138 for the development of software  

for information and control systems of NPPs important for safety 

Boris Vintenko, Oleksii Smirnov, Anna Kovalenko, Serhii Smirnov, Kostiantyn Buravchenko 

Abst rac t .  Today, a significant part of electrical energy is produced by nuclear power plants. Atomic energy is a cheap, 
economically beneficial and ecological way of meeting people's needs with electricity. At the same time, this production is con-
nected with the need to ensure the protection of people and the environment from ionizing radiation of nuclear fuel during normal 
operation of the plant and in case of emergency situations. Nuclear power plants (NPP) contain a large amount of equipment to 
ensure technological processes and perform safety functions. The purpose of the work is to study the requirements for the for-
mation of the life cycle, the main stages of design and documentation of the software of the computer control systems of nuclear 
power plants (software CCS NPP), which perform safety functions of categories "A", "B" and "C". Requirements for software 
performing category A functions are given in the international standard IEC 60880 "Nuclear power plants �± Instrumentation and 
control systems important to safety �± Software aspects for computer-based systems performing category A functions", software 
requirements , performing category "B" and "C" safety functions, specified in the international standard IEC 62138 "Nuclear power 
plants �± Instrumentation and control important for safety �± Software aspects for computer-based systems performing category B or 
C functions". The object of research is the process of developing software for computer control systems of nuclear power plants. 
The subject is a study of the requirements of international standards IEC 60880 and IEC 62138 for the development of software 
for information and control systems of NPPs, important for safety. As a result of the study, the general structure of the require-
ments of the IEC 60880 and IEC 62138 standards was considered, the groups of participants who participate in the development 
of the software of the NPP CCS and the distribution of software development activities among these groups were determined, the 
analysis of the requirements of the general requirements and the requirements for the stage was carried out development of the 
software specification, requirements for the stage of design and implementation of software, requirements for the stage of verifi-
cation, integration and validation and requirements for the stage of installation, operation and modification, a table of distribution 
of requirements for software was formed, means of implementation of requirements were studied, the problem of assessment of 
compliance with the standard was determined. Conclusions. The international standards IEC 60880 and IEC 62138 contain im-
portant requirements for all stages of the development of the safety-critical NPP control system software. The requirements concern 
both organizational issues and technical aspects. According to these standards, each enterprise engaged in the development of NPP 
CCS software must define working groups that will implement various stages of the NPP (design, implementation, verification, 
etc.). The standards do not contain requirements for software user interfaces. Therefore, one of the directions of further research 
will be the requirements of other international standards �± IEC 61772 "Nuclear power plants �± Control rooms �± Application of 
visual display units (VDUs)" ("Visual display units") and IEC 62646 "Nuclear power plants �± Control rooms �± Computer -based 
procedures" ("Computerized procedures"), as well as the requirements of industry regulatory documents, such as NUREG-0700 
"Human-System Interface Design Review Guidelines" �± "Construction of human-machine interfaces" (U.S. Nuclear Regulatory 
Commission, USA ). The standards do not define generally accepted metrics that indicate the degree of compliance of the software 
with these standards. Based on this, each organization that performs an assessment of the compliance of software and CSU as a 
whole with the requirements of the standards must create its own methodology for such an assessment. Therefore, the goal of the 
following research is to study the means of evaluating requirements specifications, software code metrics, completeness criteria of 
software testing, which can be used for the development of formal software evaluation methods for the requirements of standards. 

Keywords:  software, computer control systems, nuclear power plants, IEC 60880, IEC 62138. 
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�}�f�g�Z�� �d�•�e�v�d�•�k�l�v�� �\�b�a�g�Z�q�Z�}�l�v�k�y�� �a�Z�� �n�h�j�f�m�e�h�x�� �H�^�_�e�_�\�k�v�d�h�]�h���� �D�h�_�n�•�p�•�}�g�l�� �\�•�^��
�[�b�l�l�y���m���p�v�h�f�m���\�b�i�Z�^�d�m���\�b�a�g�Z�q�Z�}�l�v�k�y���k�i�•�\�\�•�^�g�h�r�_�g�g�y�f���Z�[�k�h�e�x�l�g�b�o���f�Z�]�g�•�l�g�h�€���l�Z���^�•�_�e�_�d�l�j�b�q�g�h�€���i�j�h�g�b�d�g�h�k�l�_�c �i�h�\�_�j��
�o�g�_�\�h�]�h���r�Z�j�m�����>�e�y���k�i�j�h�s�_�g�g�y���i�j�h�_�d�l�m�\�Z�g�g�y���f�Z�l�_�j�•�Z�e�m���n�_�j�h�f�Z�]�g�•�l�g�•���q�Z�k�l�b�g�d�b���g�Z�i�h�\�g�x�\�Z�q�Z���i�h�\�b�g�g�•���[�m�l�b���_�e�_�d�l�j�h�•��
�a�h�e�v�h�\�Z�g�b�f�b���� �I�j�b�� �p�v�h�f�m���j�Z�^�•�h�i�h�]�e�b�g�Z�e�v�g�b�c�� �f�Z�l�_�j�•�Z�e�� ���Z�[�h�� �r�Z�j�� �f�Z�l�_�j�•�Z�e�m���� �i�h�\�b�g�_�g���f�Z�l�b�� �m���k�l�j�m�d�l�m�j�•�� �j�h�a�]�Z�e�m�`�_�g�•��
�d�h�e�Z���i�j�h�\�•�^�g�h�k�l�•�����M���i�j�h�p�_�k�•���i�j�h�_�d�l�m�\�Z�g�g�y���f�Z�l�_�j�•�Z�e�m���i�j�b���h�[�b�j�Z�g�g�•���f�Z�l�j�b�p�•���h�[�h�\�
�y�a�d�h�\�b�f���}���\�j�Z�o�m�\�Z�g�g�y���g�_���l�•�e�v�d�b���^�•�_��
�e�_�d�l�j�b�q�g�b�o �i�j�h�g�b�d�g�h�k�l�_�c �f�Z�l�_�j�•�Z�e�•�\�����Z���c���l�Z�g�]�_�g�k�•�\���d�m�l�•�\���^�•�_�e�_�d�l�j�b�q�g�b�o���\�l�j�Z�l�� 

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

�<�k�l�m�i 

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

�K�m�q�Z�k�g�b�c���k�l�Z�g���i�b�l�Z�g�g�y 

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

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

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

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

�:�e�_���^�h�k�y�]�Z�}�l�v�k�y���a�Z���j�Z�o�m�g�h�d���\�_�e�b�d�h�€���l�h�\�s�b�g�b���f�Z��
�l�_�j�•�Z�e�m�����^�h������ �f�f�������I�j�b���p�v�h�f�m���^�e�y���a�Z�[�_�a�i�_�q�_�g�g�y���f�Z��
�e�b�o���d�h�_�n�•�p�•�}�g�l�•�\���\�•�^�[�b�l�l�y���f�Z�l�_�j�•�Z�e���i�h�\�b�g�_�g���[�m�l�b���Z�[�h��
�[�Z�]�Z�l�h�r�Z�j�h�\�b�f�����Z�[�h���i�•�^�^�Z�\�Z�l�b�k�y���k�i�_�p�•�Z�e�v�g�•�c���h�[�j�h�[�p�•��
�m�� �f�Z�]�g�•�l�g�h�f�m�� �i�h�e�•�� �a�� �f�_�l�h�x�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �•�f�i�_�^�Z�g�k�m��
�i�h�\�_�j�o�g�_�\�h�]�h�� �r�Z�j�m���� �s�h�� �g�Z�[�e�b�`�Z�}�l�v�k�y�� �^�h�� �i�h�d�Z�a�g�b�d�Z��
�i�h�\�•�l�j�y (377 �H�f������ �L�j�m�^�g�h�s�•�� �•�a�� �a�Z�[�_�a�i�_�q�_�g�g�y�f�� �r�b�j�h��
�d�h�k�f�m�]�h�\�h�k�l�•�� �f�Z�l�_�j�•�Z�e�m�� �h�[�m�f�h�\�e�_�g�•�� �� �j�•�a�g�b�f�b�� �n�•�a�b�q��
�g�b�f�b�� �f�_�o�Z�g�•�a�f�Z�f�b�� �_�d�j�Z�g�m�\�Z�g�g�y�� �g�b�a�v�d�h�q�Z�k�l�h�l�g�b�o�� �l�Z��
�\�b�k�h�d�h�q�Z�k�l�h�l�g�b�o�� �_�e�_�d�l�j�h�f�Z�]�g�•�l�g�b�o�� �i�h�e�•�\. �=�h�e�h�\�g�b�f��
�q�b�g�h�f�� �p�_�� �k�l�h�k�m�}�l�v�k�y�� �f�Z�]�g�•�l�g�h�]�h�� �i�h�e�y�� �i�j�h�f�b�k�e�h�\�h�€��
�q�Z�k�l�h�l�b���•���_�e�_�d�l�j�h�f�Z�]�g�•�l�g�b�o���i�h�e�•�\���m�e�v�l�j�Z�\�b�k�h�d�b�o���q�Z�k��
�l�h�l���� �>�e�y�� �_�d�j�Z�g�m�\�Z�g�g�y�� �f�Z�]�g�•�l�g�h�€�� �k�d�e�Z�^�h�\�h�€�� �i�h�e�y�� �i�j�h��
�f�b�k�e�h�\�h�€���q�Z�k�l�h�l�b���f�Z�l�_�j�•�Z�e���i�h�\�b�g�_�g���f�Z�l�b���g�Z�i�h�\�g�x�\�Z�q��
�a���i�j�b�c�g�y�l�g�b�f�b���f�Z�]�g�•�l�g�b�f�b���i�j�h�g�b�d�g�h�k�l�y�f�b�����Z���^�e�y���\�b��
�k�h�d�h�q�Z�k�l�h�l�g�b�o�� �i�h�e�•�\�� �]�h�e�h�\�g�b�f�� �n�Z�d�l�h�j�h�f�� �}�� �i�j�h�\�•�^��
�g�•�k�l�v���f�Z�l�_�j�•�Z�e�m���� 

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

�‹�������K�Z�f�q�_�g�d�h���>�� �F�������L�b�o�_�g�d�h���H�� �F�������A�h�a�m�e�y���E�� �:�������P�b�[�m�e�v�g�b�d���G�� �G������2023 
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�\�b�k�h�d�h�€���i�j�h�\�•�^�g�h�k�l�•�����M���y�d�h�k�l�•���\�
�y�`�m�q�h�]�h���f�Z�l�_�j�•�Z�e�m���a�Z��
�k�l�h�k�h�\�m�}�l�v�k�y�� �]�j�Z�n�•�l�b�a�h�\�Z�g�Z�� �k�Z�`�Z���� �A�Z�� �\�b�k�h�d�b�o�� �a�Z�o�b�k��
�g�b�o�� �\�e�Z�k�l�b�\�h�k�l�_�c�� �p�•�� �f�Z�l�_�j�•�Z�e�b�� �f�Z�x�l�v�� �\�b�k�h�d�m�� �\�Z�j��
�l�•�k�l�v���� 

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

�;�•�e�v�r���i�j�h�k�l�•���a�Z���k�d�e�Z�^�h�f���f�Z�l�_�j�•�Z�e�b���g�Z���j�•�^�d�•�c���h�k��
�g�h�\�•�����n�Z�j�[�b�����a���\�f�•�k�l�h�f���d�h�g�p�_�g�l�j�Z�l�m���a�Z�e�•�a�g�h�€���j�m�^�b���l�Z��
�e�m�k�d�Z�l�h�]�h���]�j�Z�n�•�l�m���^�e�y���[�Z�]�Z�l�v�h�o���\�b�j�h�[�g�b�q�b�o���m�f�h�\���f�Z��
�x�l�v���g�_�^�h�k�l�Z�l�g�x���_�n�_�d�l�b�\�g�•�k�l�v��[9, 10]. �A�g�Z�q�g�h�x���f�•�j�h�x��
�l�Z�d�Z���k�b�l�m�Z�p�•�y���h�[�m�f�h�\�e�_�g�Z���g�_�^�h�k�l�Z�l�g�v�h�x���j�h�a�j�h�[�e�_�g�•��
�k�l�x���l�_�h�j�_�l�b�q�g�b�o���l�Z���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o���a�Z�k�Z�^���i�j�h�_�d��
�l�m�\�Z�g�g�y�� �f�Z�l�_�j�•�Z�e�•�\�� �^�e�y�� �a�Z�o�b�k�l�m�� �e�x�^�_�c�� �l�Z�� �a�Z�[�_�a�i�_��
�q�_�g�g�y�� �_�e�_�d�l�j�h�f�Z�]�g�•�l�g�h�€�� �k�m�f�•�k�g�h�k�l�•�� �_�e�_�d�l�j�b�q�g�h�]�h�� �l�Z��
�_�e�_�d�l�j�h�g�g�h�]�h���h�[�e�Z�^�g�Z�g�g�y�� 

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

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

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

�M�� �i�j�h�p�_�k�•�� �i�j�h�_�d�l�m�\�Z�g�g�y�� �a�Z�o�b�k�g�h�]�h�� �f�Z�l�_�j�•�Z�e�m��
�Z�[�h�� �d�h�g�k�l�j�m�d�p�•�€�� �k�e�•�^�� �\�b�a�g�Z�q�b�l�b�k�y���� �a�Z�� �y�d�b�f�� �i�Z�j�Z�f�_�l��
�j�h�f�� �\�b�a�g�Z�q�Z�}�l�v�k�y�� �_�n�_�d�l�b�\�g�•�k�l�v�� �_�d�j�Z�g�m�\�Z�g�g�y���� �M�� �j�Z�a�•��
�h�p�•�g�x�\�Z�g�g�y�� �a�f�•�g�� �g�Z�i�j�m�`�_�g�h�k�l�•�� �_�e�_�d�l�j�b�q�g�h�]�h�� �i�h�e�y��
�i�_�j�_�^�� �a�g�Z�d�h�f��log �[�_�j�_�l�v�k�y�� �d�h�_�n�•�p�•�}�g�l�� �������� �Y�d�s�h�� �h�p�•��
�g�x�x�l�v�k�y�� �\�l�j�Z�l�b�� �i�h�l�m�`�g�h�k�l�•�� �\�b�i�j�h�f�•�g�x�\�Z�g�g�y��P���� �l�h��
�[�_�j�_�l�v�k�y���d�h�_�n�•�p�•�}�g�l����������P�aE2). �M���i�j�Z�d�l�b�q�g�•�c���^�•�y�e�v�g�h��
�k�l�•�� �\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y�� �m�k�•�� �a�Z�a�g�Z�q�_�g�•�� �d�•�e�v�d�•�k�g�•�� �h�p�•�g�d�b��
�a�f�•�g�b�� �i�Z�j�Z�f�_�l�j�•�\�� �_�e�_�d�l�j�h�f�Z�]�g�•�l�g�b�o�� �i�h�e�•�\�� �a�Z�o�b�k�g�b�f��
�f�Z�l�_�j�•�Z�e�h�f�� 

�>�e�y���^�•�_�e�_�d�l�j�b�q�g�b�o���f�Z�l�_�j�•�Z�e�•�\���a�Z�o�b�k�g�•���\�e�Z�k�l�b�\�h��
�k�l�•�� �\�b�a�g�Z�q�Z�x�l�v�k�y�� �€�o�� �d�h�f�i�e�_�d�k�g�h�x�� �^�•�_�e�_�d�l�j�b�q�g�h�x��
�i�j�h�g�b�d�g�•�k�l�x�� 
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�^�_ �H �± �^�•�_�e�_�d�l�j�b�q�g�Z���i�j�h�g�b�d�g�•�k�l�v, �1 �± �i�b�l�h�f�Z���i�j�h�\�•�^��
�g�•�k�l�v�����&���± �p�b�d�e�•�q�g�Z�� �q�Z�k�l�h�l�Z�� �\�b�i�j�h�f�•�g�x�\�Z�g�g�y�����H0 �±  
�_�e�_�d�l�j�b�q�g�Z���k�l�Z�e�Z�� 

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

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

�i�j�h�g�b�d�g�•�k�l�v���i�h�\�_�j�o�g�_�\�h�]�h���r�Z�j�m���a�Z�o�b�k�g�h�]�h���f�Z�l�_�j�•�Z�e�m��
�i�h�\�b�g�g�Z�� �[�m�l�b�� �f�•�g�•�f�Z�e�v�g�h�x���� �l�h�[�l�h�� �g�Z�[�e�b�`�Z�l�b�k�y�� �^�h��
�i�h�d�Z�a�g�b�d�Z���i�h�\�•�l�j�y�����Hn = 1). 

�:�e�_���i�j�b���p�v�h�f�m���g�_�h�[�o�•�^�g�h���a�Z�[�_�a�i�_�q�b�l�b���^�h�k�l�Z�l�g�•�c��
�j�•�\�_�g�v�� �i�h�]�e�b�g�Z�g�g�y�� �_�g�_�j�]�•�€�� �_�e�_�d�l�j�h�f�Z�]�g�•�l�g�h�€�� �o�\�b�e�•����
�l�h�[�l�h���a�g�Z�q�_�g�g�y��KA.  

�D�h�_�n�•�p�•�}�g�l�� �i�h�]�e�b�g�Z�g�g�y�� �n�m�g�d�p�•�h�g�Z�e�v�g�h�� �a�Z�e�_��
�`�b�l�v���\�•�^���i�b�l�h�f�h�€���_�e�_�d�l�j�h�i�j�h�\�•�^�g�h�k�l�•���f�Z�l�_�j�•�Z�e�m�����I�j�b��
�q�h�f�m���j�•�a�d�_���a�j�h�k�l�Z�g�g�y���d�h�_�n�•�p�•�}�g�l�Z���i�h�]�e�b�g�Z�g�g�y���\�•�^�[�m��
�\�Z�}�l�v�k�y���i�j�b���^�h�k�y�`�g�h�k�l�•���i�_�j�d�h�e�y�p�•�c�g�h�]�h���_�n�_�d�l�m���± �j�•�a��
�d�h�]�h���a�j�h�k�l�Z�g�g�y���_�e�_�d�l�j�h�i�j�h�\�•�^�g�h�k�l�•���a�Z���i�_�\�g�b�o���k�i�•�\�\�•�^��
�g�h�r�_�g�v���g�_�i�j�h�\�•�^�g�h�]�h���l�Z���i�j�h�\�•�^�g�h�]�h���d�h�f�i�h�g�_�g�l�Z���m���f�Z��
�l�_�j�•�Z�e�•��[5].  

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

�A�Z�e�_�`�g�•�k�l�v�� �d�h�_�n�•�p�•�}�g�l�Z�� �i�h�]�e�b�g�Z�g�g�y�� �\�•�^�� �\�f�•�k�l�m��
�f�_�l�Z�e�•�\���^�b�k�i�_�j�k�g�•�k�l�x�������±100 �f�d�f���g�Z�\�_�^�_�g�h���g�Z���j�b�k����1. 

 

 
�J�b�k�������� �A�Z�e�_�`�g�•�k�l�v���d�h�_�n�•�p�•�}�g�l�Z���i�h�]�e�b�g�Z�g�g�y�� 

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

 
�>�e�y���\�b�j�•�r�_�g�g�y���p�•�}�€���i�j�h�[�e�_�f�b���^�h�p�•�e�v�g�h���a�Z�k�l�h�k�h��

�\�m�\�Z�l�b���[�Z�]�Z�l�h�r�Z�j�h�\�m���k�l�j�m�d�l�m�j�m�����M�f�h�\�Z�f�b���€�€ �_�n�_�d�l�b��
�\�g�h�k�l�•���}�� 

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

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

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

�P�_���Z�\�l�h�f�Z�l�b�q�g�h���i�j�b�a�\�h�^�b�l�v���^�h���a�f�•�g�b���•�f�i�_�^�Z�g�k�m��
�f�Z�l�_�j�•�Z�e�m. �M �^�Z�g�h�f�m���\�b�i�Z�^�d�m���\�•�g �\�b�a�g�Z�q�Z�}�l�v�k�y �k�i�•�\��
�\�•�^�g�h�r�_�g�g�y�f � P � H, �^�_���P, �H �± �\�•�^�i�h�\�•�^�g�h�� �Z�[�k�h�e�x�l�g�•��

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

min
0,3

d �H
�O

, 

�^�_��d �± �l�h�\�s�b�g�Z���f�Z�l�_�j�•�Z�e�m�����Omin �± �f�•�g�•�f�Z�e�v�g�Z���^�h�\�`�b�g�Z��
�o�\�b�e�•���_�d�j�Z�g�h�\�Z�g�h�]�h���_�e�_�d�l�j�h�f�Z�]�g�•�l�g�h�]�h���i�h�e�y���� 
0,3 �± �f�Z�d�k�b�f�Z�e�v�g�h���i�j�b�c�g�y�l�g�b�c���d�h�_�n�•�p�•�}�g�l���\�•�^�[�b�l�l�y�� 

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

�� �� 2
max minlg 2p i i

i
R d�O �� �O �S �P�¦ , 

� �̂_��Rp �± �f�Z�d�k�b�f�Z�e�v�g�b�c���d�h�_�n�•�p�•�}�g�l���\�•�^�[�b�l�l�y���_�e�_�d�l�j�h�f�Z��
�]�g�•�l�g�b�o�� �o�\�b�e�v�� �a�Z�� �i�h�l�m�`�g�•�k�l�x�����Omax, �Omin �± �f�Z�d�k�b�f�Z��
�e�v�g�Z���•���f�•�g�•�f�Z�e�v�g�Z���^�h�\�`�b�g�b���o�\�b�e�v���_�d�j�Z�g�h�\�Z�g�h�]�h���i�h�e�y����
�Pi �± �\�•�^�g�h�k�g�Z���f�Z�]�g�•�l�g�Z���i�j�h�g�b�d�g�•�k�l�v���d�h�`�g�h�]�h��i-�]�h���r�Z�j�m��
�f�Z�l�_�j�•�Z�e�m����di �± �c�h�]�h���l�h�\�s�b�g�Z�� 

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

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

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

�=�h�e�h�\�g�b�f�b�� �\�b�f�h�]�Z�f�b�� �i�j�b�� �i�j�h�_�d�l�m�\�Z�g�g�•�� �l�Z�d�b�o��
�f�Z�l�_�j�•�Z�e�•�\���}���� 

�� �g�Z�y�\�g�•�k�l�v �d�•�e �i�j�h�\�•�^�g�h�k�l�•�� 
�� �g�Z�y�\�g�•�k�l�v���•�a�h�e�v�h�\�Z�g�b�o���h�^�g�Z���\�•�^���h�^�g�h�€���f�Z�]�g�•�l��

�g�b�o���q�Z�k�l�b�g�h�d�� 
�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �a�]�Z�k�Z�g�g�y�� �_�e�_�d�l�j�h�f�Z�]�g�•�l�g�h�]�h 

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

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

�g�h�]�h���f�Z�l�_�j�•�Z�e�m���k�e�•�^���\�j�Z�o�h�\�m�\�Z�l�b���g�_���l�•�e�v�d�b���^�•�_�e�_�d�l�j�b��
�q�g�•�� �i�j�h�g�b�d�g�h�k�l�•���� �Z�� �• �l�Z�g�]�_�g�k�m �d�m�l�•�\�� �^�•�_�e�_�d�l�j�b�q�g�b�o��
�\�l�j�Z�l�����G�Z�i�j�b�d�e�Z�^, �^�•�_�e�_�d�l�j�b�q�g�•���i�j�h�g�b�d�g�h�k�l�•���i�h�e�•�k�l�b��
�j�h�e�m���•���i�h�e�•�\�•�g�•�e�o�e�h�j�b�^�m���[�e�b�a�v�d�•���a�Z���a�g�Z�q�_�g�g�y�f�����������±2,5 
�l�Z���������±���������\�•�^�i�h�\�•�^�g�h�������Z�e�_���l�Z�g�]�_�g�k�b �d�m�l�•�\ �^�•�_�e�_�d�l�j�b��
�q�g�b�o�� �\�l�j�Z�l�� �k�m�l�l�}�\�h�� �\�•�^�j�•�a�g�y�x�l�v�k�y�� ��2*10-4 �l�Z�� ���
����-2 
�\�•�^�i�h�\�•�^�g�h����  

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

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

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

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

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

�H�k�g�h�\�g�b�f�b���a���g�b�o���}�� 
�� �_�n�_�d�l�b�\�g�•�k�l�v���f�Z�l�_�j�•�Z�e�m���a���l�h�q�d�b���a�h�j�m���c�h�]�h���h�k��
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Design of electromagnetic screens of guaranteed efficiency 
for civil security and electromagnetic compatibility 

D. Samchenko, O. Tykhenko, L. Zozulya, N. Thibulnik 

Abst rac t .  The principles of designing composite materials with guaranteed (required) efficiency are considered. The main 
ratios for evaluating the efficiency of the designed material are given. The main condition for obtaining a material with low reflec-
tion coefficients of electromagnetic waves is the approximation of the wave resistance of the surface layer to the air resistance. 
Calculations showed that in order to ensure a minimally acceptable reflection coefficient (0.25�±0.30) and sufficient absorption 
coefficients of electromagnetic energy (-20 dB in power), the material should be multi-layered with a middle layer of high absorp-
tion properties. This is ensured by its high electrical conductivity. A possible option is a monotonous increase in electrophysical 
properties from the outer surface to the inner one. If it is necessary to simultaneously shield the electromagnetic field of ultra-high 
and higher frequencies and the magnetic field of ultra-low frequencies (industrial and its harmonics and interharmonics), the ma-
terial must contain a magnetic filler. Its volumetric amount is determined by Odelevsky's formula. The reflection coefficient in this 
case is determined by the ratio of the absolute magnetic and dielectric permeabilities of the surface layer. To simplify the design 
of the material, the ferromagnetic particles of the filler should be electrically insulated. At the same time, the radio-absorbing 
material (or material layer) must have branched conduction circles in the structure. In the process of designing the material, when 
choosing the matrix, it is mandatory to take into account not only the dielectric constants of the materials, but also the tangents of 
the dielectric loss angles. 

Keywords:  electromagnetic shield, reflection coefficient, dielectric losses. 



ISSN 2073-7394 �K�b�k�l�_�f�b���m�i�j�Z�\�e�•�g�g�y�����g�Z�\�•�]�Z�p�•�€���l�Z���a�\�
�y�a�d�m�����������������‹��3 

171 

�A�\�
�y�a�h�d�����l�_�e�_�d�h�f�m�g�•�d�Z�p�•�€ �l�Z���j�Z�^�•�h�l�_�o�g�•�d�Z 
 

UDC 621.3 doi: 10.26906/SUNZ.2023.3.171 
 

Elshan Hashimov1,3, Roman Maharramov2, Elkhan Sabziev2,4, Adalat Pashaev2,4 

 
1 National Defense University, Baku, Azerbaijan 
2Military Scientific Research Institute, Baku, Azerbaijan 
3Azerbaijan Technical University, Baku, Azerbaijan 
4 Institute of Control Systems, Baku, Azerbaijan 
  

ASSESSMENT of  DEAD ZONE OF JOINTLY OPERATING RADARS 
 

Abst rac t .  Research relevance. With the emergence of unmanned aerial vehicles, the assignments  of combating them 
have also become significantly more relevant. Today, operational countermeasures against UAVs are of great importance. 
Modern UAVs are capable not only of conducting video reconnaissance in a certain area, but also of observing a specific 
object for a long time and striking it. After detecting and identifying UAVs by RLS, it is necessary to take measures to 
neutralize them. In the paper, a mathematical model of the evaluation of the dead zone of RLS working together for the 
effective detection of unmanned aerial vehicles was established and a comparison of the dead zones was made on concrete 
examples. The purpose of the research work is to solve the problem of effective placement of jointly operating RLS by 
mathematical methods for nonobserved remaining part of them had minimal volume and to select the necessary placement 
scheme. The following tasks are solved in the article: analysis of the characteristics of the radar field; development of a 
mathematical model for evaluating the dead zone of joint radar stations; evaluation of some accommodation options. The 
following research methods are used to solve the issues: theoretical analysis, mathematical modeling, comparative analysis. 
The following results were obtained: it was observed that the dead zone was reduced by 1.6 times in the four-station square 
arrangement scheme, and by 1.3 times in the three-station triangular arrangement scheme. Conclusions: From the 
comparison of the obtained numbers, it can be concluded that the creation of a radiolocation area by placing RLSs on the 
vertices of equilateral triangles (in the form of a checkerboard) is more economically profitable, as it requires fewer stations. 

Keywords:  unmanned aerial vehicles, dead zone, radiolocation area, effective reflection area, radiolocation station.   
 

Introduction  

Analysis of the 2020 Patriotic War and the ongoing 
Russian-Ukrainian war, as well as recent occuring local 
wars and conflicts, shows that the detection of UAVs is 
one of the main issues for combating them [1-4]. For a 
more effective fight against UAVs, it is important factor 
to quickly detect them both at long distances and in the 
dead zone [5-7]. 

Modern local conflicts, where high-precision 
weapons and military equipment are more involved, 
impose new requirements for conducting combat 
operations. UAVs, in turn, at the present stage of the 
development of science and technology are being 
developed more and more, creating many difficulties for 
air defense systems. These difficulties are related to the 
following factors: 

- small effective reflection area, i.e. small 
radiolocation visibility (effective reflection area 0,01-
0,001 m2), visual detection less than 100 m (in ideal 
weather conditions), the hearing of the sound is 15-50 m, 
�����������:�W���U�D�G�����R�O�P�D�V�Õ�� 

- low flight speeds (10-30 m/sec), wide diapason 
of movement speeds, performance of flights at low and 
minimum altitudes using the terrain;  

- to have the little time for obtaining information 
about the type of object according to its spatial 
(geometric) characteristics and making a timely decision; 

- in the characteristics of the RLS, there are so-
called "dead zone" with a radius of tens of kilometers, 
where it is impossible to detect and track aerial objects 
[8-10]. 

In order to increase the probability of detecting 
targets (increasing the effectiveness), the minimum size 
(volume) of the dead zone is one of the main conditions. 

This task was considered in [5]. In this work it is 
shown that one of the problems of modern radio 
engineering troops is the impossibility of detecting low-
altitude small-sized air objects over the position of a 
radio engineering unit. This is due to the presence of a 
dead zone (funnel) of surveillance radar detection zones. 
The solution to this problem can be the use of mobile 
small-sized vertical sounding radars. 

In [11] the issues of assessing the visibility zone 
of radar station in a noise-free environment and under 
the influence of interference are considered. An 
algorithm for complex estimation of radar parameters 
is proposed. The relation of the tactical characteristics 
of the radar with its technical characteristics and the 
targets is considered. 

In [12] the new generalized indicator of the 
technical and economic analysis and a choice of 
options of creation of land radio engineering means of 
a special purpose on the basis of convolution of 
indicators tactical and technical (power) and 
operational technical characteristics is offered. 

In [13] the problem of creating a continuous field in 
the army's operational range by ground-based radars with 
a lower boundary height of 300-500 meters in front of the 
forward edge and in tactical depth is considered. At the 
same time, the height of the upper boundary of the radar 
field, as a rule, is not set and is determined by the 
capabilities of the radar, which are in service with air 
defense units. 

�‹������Hashimov E., Maharramov R., Sabziev E., Pashaev A., 2023 
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However, in the above works, the method for 
selecting radar layouts to reduce radar dead zones is not 
considered. Therefore, the problem of assessing the dead 
zones of jointly operating radars is relevant. 

The article presents a mathematical model for 
estimating the dead zone of joint radar stations for 
effective detection of unmanned aerial vehicles and 
compares the dead zones on specific examples. The 
purpose of the study is to solve the problem of effective 
placement of RLSs by mathematical methods and choose 
the necessary placement scheme so that the unobserved 
part (dead zone) of the joint radar stations is minimal 
(maximum visibility). 

Radar area and scheme of the dead zone 

A dead zone (DZ) is a section of space above a RLS 
that is outside the radar's observations and in which the 
RLS cannot detect air targets (Fig. 1). The presence of a 
dead gap is determined by the appropriate selection of the 
orientation diagram in the verical plane of the radar 
station, which depends on the relief of the area in the area 
of influence of the station, the nature of the position, the 
height of the antenna and the technical parameters of the 
RLS. It is impossible to detect and track aerial targets in 
a dead zone [14]. 

 
Fig. 1 

The area of view of radiolocation stations is 
determined by the design of the RLS antenna and its 
operating characteristics (wavelength, transmission 
power, and other parameters). 

When creating a grouping of RLS for the detection 
of UAVs, the detection zones of radiolocation stations 
have the following important features that must be taken 
into account: 

1. The boundary of the sighting zones of the 
radiolocation stations indicates the diapason of target 
detection depending on the target's flight height. The 
earth's surface significantly affects the formation of the 
direction diagram of radiolocation stations for meter and 
decimeter ranges. This means that the terrain will have a 
significant effect on the area of view of the radiolocation 
station. As a result, the detection ranges of the same type 
of air targets at the same altitude can be different in 
different directions. 

2. Radiolocation stations are used to conduct 
reconnaissance of the air enemy in a circular search 
mode. The detection of air attack vehicles by RLS in the 
vertical plane is limited, which leads to the presence of 
so-called "dead zones" in the field of vision, where it is 
impossible for RLS to observe air targets. 

The following requirements must be met when 
creating a grouping of RLSs for the detection of UAVs: 

- in the most probable flight directions of the 
enemy's air attacks (in front of the front line) the far 
border of the detection zone should be set; 

- the continuous radiolocation area must cover the 
entire area at the possible altitudes of the enemy's air 
attack vehicles flight, and the probability of detecting 
targets at any point of the radiolocation area must be at 
least 0.75; 

- radiolocation field should have high durability; 
-the radiolocation area should be created with the 

maximum saving on the number of RLSs. 
Choosing the optimal value of the height of the 

lower border of the radiolocation area is one of the most 
important conditions for fulfilling the above 
requirements. Two neighboring stations provide a 
continuous radiolocation area only starting from a certain 
minimum height (Hmin) and the smaller the distance 
between the RLSs, the smaller the lower bound of the 
continuous field (Fig. 2). 

 

 
Fig. 2 

The smaller the height of the lower boundary of the 
radiolocation area, the closer the RLSs need to be placed, 
so more RLSs will be required to create a continuous 
radiolocation area (this is contrary to the above 
requirements). In addition, the lower the altitude of the 
lower boundary of the radiolocation area, the smaller the 
far boundary of the detection zone at that altitude [15]. 

Currently, the state and trends of the development 
of UAV require the creation of a radar site at a height of 
several tens of meters (50-60 m). In this regard, a large 
number of RLS will be required to create a radiolocation 
area  with this height of low boundary. Calculations show 
that when the height of the lower boundary of the 
radiolocation area is reduced from 500 m to 300 m, the 
need for the number of RLSs increases by 2.2 times, and 
when it is reduced from 500 m to 100 m, it increases by 
7 times. 

As a rule, the height of the upper border of the 
radiolocation area is not determined, they are determined 
by the capabilities of the radiolocation stations [13]. 
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Problem statement  

The development of a general methodology for 
calculating the values of the intervals and distances 
between RLSs, which contain different types of 
radiolocation stations in the radiotechnical grouping, and 
the nature of the terrain does not significantly affect the 
radar area, constitutes the issue. Taking this into account, 
it is required to create a radiolocation area with the height 
�R�I���W�K�H���O�R�Z�H�U���E�R�U�G�H�U���R�I���W�K�H���U�D�G�L�R�O�R�F�D�W�L�R�Q���D�U�H�D�����Gmin".  

Thus, depending on the location of radiolocation 
stations in the area, the dead zone (zone outside of 
observation) will be different. The purpose of the 
research is to investigate the issue of evaluating the dead 
zone (zone outside of observation) depending on the 
place  of radiolocation stations in the area. 

Mathematical formulation  
and solution of the problem 

We will assume that radiolocation stations operate 
in a fairly limited area, so we can ignore the curvature of 
the Earth's surface when describing the location area. To 
give the place of the radar stations relative to each other 
in the area, let us introduce the �1�T�U�V positively oriented 
rectangular coordinate system with related to the ground 
[16, p.73], traditionally, the �1�V axis can be considered 
perpendicular to the Earth's surface, pointing vertically 
upwards. Let's assume that it is planned to place k number 
of radiolocation stations in the area.  

Let us denote the coordinates of the locations of the 
radiolocation stations relative to the �1�T�U�V system 
through �<�:�T�Ü�á �U�Ü�á �V�Ü�;�á �E 
L �s�á �t�á �å �á �G�=. According to the 
requirement of the problem, the distance between 
radiolocation stations is required to be at minimal �H�4, in 
other words, the following inequalities must be satisfied 
relative the coordinates of the points: 
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R �H�4
�6�á

�E�á �F 
L �s�á �t�á �å �á �G�á �E 
M �F�ä 
(1) 

As mentioned above, in general, the characteristic 
indicators of radiolocation stations may differ from each 
other. Let us denote the target sighting distance of the �E -
th radiolocation station as �@�Ü, and the characteristic angle 
of its unobserved sector as �Ù�Ü �:�E 
L �s�á �t�á �å �á �G�;. 

�,�Q�� �J�H�Q�H�U�D�O���� �D�� �G�H�D�G�� �F�h�Q�\�R�Q�� ���]�R�Q�H�� �E�H�\�R�Q�G��
observation) is a three-dimensional space figure, we will 
consider that the evaluation of these figures can be done 
based on their volume.  

It is clear that geometrically the dead zone (zone 
outside of observation) of the i-th radiolocation station 
taken separately can be described as a truncated cone, let 
us denote this cone as �-�Ü. Then the height of the cone �-�Ü 
is calculated by the formula �D�Ü
L �@�Ü�…�–�‰

�� �Ô

�6
 . If take into 

account that the coordinates of the radar station are 
�:�T�Ü�á �U�Ü�á �V�Ü�;,  the cuted cone �-�Ü can be expressed as 
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its volume will calculated by the following formula  [17, 
p. 347]: 
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(2) 

However, it is clear that to estimate the dead zone 
(zone excluded from observation) of radiolocation stations 
operating together the formal sum of the quantities 
determined by the formulas (2) cannot be taken, this is due 
to the fact that they have intersecting parts.  

To solve the problem, it is necessary to reduce the 
volume of each radar station's dead zone (zone outside of 
observation) by the volume of the part that other radar 
stations can see this zone. Let's calculate this volume for 
the �E- th radiolocation station. For other radiolocation  
stations, the dead zone (zone outside of observation) is 
expressed as �‚ �-�Ý�Ý�·�Ü . Then it can be written the following 
formula for the sought volume: 

�8�Ü
L 
¸ �@�T�@�U�@�V
��

�:�ë�á�ì�á�í�;�Ð�Ä�Ô�3�‚ �Ä�Õ�Õ�¯�Ô

�ä (3) 

Considering that the sets �-�Ü�3�‚ �-�Ý�Ý�·�Ü , �E 
L �s�á �t�á �å �á �G 
do not intersect, we can write the following formula  for 
the evaluation of the dead zone (zone outside of 
observation) for all radiolocation stations: 

�8 
L 
Í �8 �Ü

�Þ

�Ü�@�5

�ä (4) 

From a mathematical point of view, the problem of 
the minimum dead zone (zone outside of observation) of 
radiolocation stations operating together can be formed 
as follows: 

- it is required to find such coordinates �:�T�Ü�á �U�Ü�á �V�Ü�; 
for which the conditions (1) are satisfied and in this case 
the functional (4) takes a minimum value. 

Note that the functional (4) is defined in the non-
convex set �-�Ü�3�‚ �-�Ý�Ý�·�Ü  and it is very difficult to give a 
general solution to such minimization problem. 
Therefore, the value of this type of functional is 
calculated by numerical methods. On the other hand, the 
location of radiolocation stations cannot be arbitrary 
according to the existing infrastructure. Taking into 
account what has been said , it is suggested to find a 
rational solution to the problem. Thus, the best of the 
possible options proposed for the location of the stations 
can be considered as rational solution. In order to find a 
rational solution, a discrete version of the model (1)-(4) 
is written and functionals (4) are calculated for the 
proposed location options and compared with each other. 

Examples on location option evaluation 

1. Suppose that four RLSs of the same type are 
placed at the vertices of the square geometrically (Fig. 3).  

Considering that the minimum distance (side of the 
square) between the radar stations is �H�4 
L �s�w���G�I, the 
dead gap angle of each RLS is �Ù 
L�s�u�r�¹ and the 
detection distance of RLS is �&�à�Ô�ë
L ���u�r���G�I , we can 
find the volume �8�4 of the dead zone of each RLS 
considered separately and the volume �8 of the dead zone  
which is caused by the joint location of these stations. 
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Fig. 3. Schematic representation of the  placement 
of RLSs at the vertices of a square geometrically 
 
According to the data of the problem  
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and if we apply the formula (2), we obtain 
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Thus, when comparing, it can be seen that �8 is about 
1.6 times less than �v�8�4. 

2. Suppose that 3 radiolocation stations of the same 
type are placed at the vertices of an equilateral triangle 
(Fig.4).  

 
Fig. 4. Schematic representation of the  placement  
of RLSs at the vertices of a triangle geometrically 

 
Taking into account that the minimum distance 

between radiolocation stations (side of the triangle) is 

�H�4 
L �s�r���G�I,  the angle of the dead zone of each RLS is 
�Ù 
L�s�t�r�¹, the detection distance of the RLS is �&�à�Ô�ë
L
�u�w���G�I, it is possible to evaluate the separate dead zone  
of each RLS �8�4  and the total sector �8. 

Based on the data, �D 
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Thus, comparing �u�8�4 and �8 it can be seen that the 
total dead zones of RLSs are reduced by about 
1.3 times.   

Aspects (opportunities) of practical application. 
The mathematical model for assessing radar dead zones 
does not impose additional conditions and restrictions 
related to the geography of the coverage area or the 
frequency of the operating range of the radio equipment 
used.  

Therefore, if the task of estimating radar dead 
zones is being solved, the proposed approach can be 
applied in other areas of radar application. 

The discussion of the results 

It should also be noted that the proposed approach 
is based on the assumption that radar stations operate in 
a rather limited area and are located on a conditional 
plane. Comparing it with widely used radar systems, as 
well as with other methods for detecting flying objects 
(aircraft, helicopters, UAVs, missiles, etc.), we can draw 
the following conclusions: 

- this method does not require the installation of 
additional equipment and antennas on the radar that 
implement radiation patterns; 

- the mathematical apparatus is simple and easy to 
implement for assessing the dead zones of jointly 
operating radars, depending on their layouts. 

Conclusions 

From the comparison of the obtained numbers, it 
can be concluded that the creation of a radiolocation area 
by placing RLSs on the vertices of equilateral triangles 
(in the form of a checkerboard) is more economically 
profitable, as it requires fewer stations. 

Although advantageous in terms of cost savings, 
Fig. 4 grouping does not satisfy other critical 
requirements. For example, the failure of any of the RLSs 
leads to the formation of large gaps in the radiolocation 
field. Losses of air targets during tracking will be 
observed even with the correct operation of all RLSs, 
since the "dead zones" in the sighting zones of RLSs are 
not closed. 

If we also take into account the distortion of the 
visual zones of RLSs as a result of the influence of the 
nature of the relief around the positions, we can generally 
conclude that the grouping in Fig. 4 can be used only in 
exceptional cases- with an acute shortage of funds and in 
secondary areas, but their use at the forefront is not 
effective.  
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COHERENT DEMODULATION OF SYNCHRONOUS MUTUALLY NOT 
ORTHOGONAL DIGITAL SIGNALS WIT H MANIPULATION  

IN THE  MINIMUM SHIFT KEYING 
 

Abst rac t .  The article presents the synthesis of a mathematical model of the compensation procedure for coherent 
demodulation of synchronous mutually non-orthogonal digital signals with manipulation in the minimum shift keying. 
In the absence of interference this procedure degenerates into the procedure of classical coherent demodulation of 
digital signals with manipulation in the minimum shift keying. With a significant excess of the instantaneous power of 
interference over the instantaneous power of useful digital signals with manipulation in the minimum shift keying the 
immunity of reception of the latter approaches the immunity of reception in a channel with additive white Gaussian 
noise without interference. This mathematical model can be used in the development of modem compensators that 
ensure repeated use of the frequency resource, as well as in the development of promising interference-protected radio 
communication devices. 

Keywords:  radio communication, coherent demodulation, synchronous non-orthogonal digital signals, minimum shift 
keying. 

 

Introduction  

In the development of modern radio equipment, the 
problem of reliable reception of a digital signal in 
conditions of limited radio frequency resources, fading, 
multipath, doppler frequency shifts and the influence of 
various structural disturbances remains urgent. 

Therefore the search for ways of effective use of 
the radio frequency resource and demodulation of useful 
digital signals under the influence of intentional or 
unintentional interference, including those similar in 
structure to the useful signal is relevant within the limits 
of this problem. A huge number of works have been 
devoted to this for more than half a century (for 
example, [1�±4]). It is not yet possible to assume that this 
problem has been solved at least theoretically. It can be 
assumed that an effective way to solve it is to create at 
least two-stage procedures. At the first stage, it is 
necessary to perform the task of evaluating the signal 
and interference situation. The second is to implement 
one or another rational, in some sense, fault protection 
algorithm. It is clear that such an ideology involves the 
creation of some library of processing algorithms that 
can be applied in the receiving device at this second 
stage.  

Broadband signals adaptive modes of operation 
(for example, according to MIL-STD-188-141,  
MIL-STD-188-110B standards), pseudo-random 
adjustment of the operating frequency (for example, 
STANAG 4444), methods of spatial-polarization 
processing [5, 6], modem compensation methods  
[4, 7�±8], interference rejection in time and frequency, 
and a combination of these approaches. However the 
rapid increase in the number and power levels of radio 
radiation sources of various origins, the development of 
radio-countermeasures and, as a result, the improvement 
of the quality and speed of adaptation of interference 
parameters created by these means lead to the fact that 

the currently known methods of interference protection 
are becoming insufficiently effective. 

It should also be noted that it is obviously 
impossible to protect digital lines of military or civilian 
radio communication from a wide variety of powerful 
interference using any one method. In this regard there 
is a need to choose some rational set of them among the 
multitude of technical methods of combating 
interference which will ensure the fulfillment of modern 
requirements for interference protection of special 
purpose digital radio communication lines. 

It is obviously impossible to solve a calculated set 
of problems for the development of error-proof 
processing algorithms within the limits of one work. A 
number of tasks can be solved sequentially. 

A separate important class of problems of 
interference-protected reception of a digital signal are 
problems related to the demodulation of a useful digital 
signal with angular (non-energy) modulation under the 
influence of strong interference �± synchronous, 
asynchronous (plesiochronous), similar in structure to 
the useful digital signal. 

Similar to [1, 4, 7, 9�±11] it is suggested to use 
compensation procedures in the modems 
(demodulators) of the receiving devices to improve the 
immunity of the reception of a useful digital signal 
received under conditions of additive influence of a 
powerful similar interference. It should be noted that 
digital signals with manipulation in the minimum shift 
keying (MSK) are widely used to ensure data 
transmission in a limited frequency band [13, 14].  

The purpose of the research and the main content 
of the article is to solve the problem of synthesizing a 
mathematical model of the compensation procedure of 
coherent demodulation of synchronous mutually non-
orthogonal signals with MSK. At the same time it is 
also necessary to check the performance of the received 
model. 

�‹������Yerokhin V., Peleshok Ye., Zaluzhnyi �H��, 2023 
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Methodology for the synthesis  
of a mathematical model of coherent 

demodulation of synchronous mutually  
non-orthogonal digital signals with MSK 

Signal with MSK have a manipulation index equal 
to 0.5. At the k  clock interval such a signal is 
represented by the following expression [14]: 

�� �� �� ��0 0� Ö � Ö, cosk k � > � NS r t A �& �W �U �W ��� �� �: �� , �> ��1,k kt t  t���• ,   

(1) 

where �� ���Ö 1 kr
kr � �� �� , �Ö 1, 1kr �  � �, 0,1kr � , 1,2,3...k � , �± 

information symbol; 
2�>
�Œ
T

� : �   �± frequency deviation; 

0A  �± signal amplitude with MSK; 

�� �� �� �� �� �� �� ��
1 1

1 1

1 1
� Ö � Ö1 1

2 2 2 2
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k k
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k i k
i i

k �Œ �N �Œ� Œ � Œ
�� �U �U

� � � �

�  �  

� � � �
� �� � �� �� ��� ¦ � ¦

 �± is the initial phase of the signal at the k - clock 
interval. For ease of recording, both definitions of the 

information signal �� ���Ö 1 ir
ir � �� ��  used in previously 

known publications [4, 12] are used. 
From this it can be seen that the signal depends on 

the values of the information symbol not only on the 
k -clock interval but also on its values on all previous 
intervals [12]. 

Let's assume that the signal with MSK is useful 
�� ��1 1,S r t  and powerful structural interference �� ��2 2,S r t  

spread in a stationary radio communication channel, 
their frequency positions and clock points coincide, and 
the non-informational parameters are precisely known 
[11�±14]. 

Then we will present the observation model on the 
duration of the clock interval as follows: 

�� �� �� �� �� �� �� ��1 1 2 2, ,y t S r t S r t n t� �� �� , 

where �� ��n t  �± additive white Gaussian noise (AWGN) 

with one-sided power spectral density 0N . 

It is quite appropriate for phase methods of binary 
manipulation to form a decision about the state of the 
information parameter of the useful signal based on the 
comparison of phase shifts at adjacent clock intervals. 
This significantly simplifies analytical proofs and, as a 
result, technical implementation. In particular, the need 
to integrate (convolution) observation quadrature on 
adjacent clock intervals is simplified to two-fold (more 
precisely, sequential) convolution on the same intervals 
and sequential memorization of the result for the length 
of one clock interval (in delay lines �± zero-order 
extrapolators) followed by multiplication result - in this 
case we are interested only in the answer to the question 
about the sameness of the adjacent values of the 
representative parameter of the useful signal the 
coincidence (non-coincidence) of the values of the 
adjacent convolutions. But this is not the case when 
demodulating a signal with MSK - the optimal solution 
�L�V�� �D�F�K�L�H�Y�H�G�� �E�\�� �S�U�R�F�H�V�V�L�Q�J�� �³�D�V�� �D�� �Z�K�R�O�H�µ�� �R�E�V�H�U�Y�D�W�L�R�Q�� �R�Q��
two adjacent clock intervals [11, 13]. 

The general form of the possible probability 
functionals of a collection of discrete parameters of 
mutually nonorthogonal digital signals for the case of 
ideal coherent reception when convolution on one clock 
interval is similar to [4] written in the form (the number 
of the clock interval is refuted): 

�� �� �� �� �� �� �� ���^ �`1 2 1 1 2 2 1 2, exp 2 ,r r �3 �E �U �E �U �5 �U �U�/ � �� ��� ª � º� ¬ � ¼,  (2) 

where the components determined by the energies of the 
signal and interference of the species 

�� �� �� ��2 2 2

0 0

1 1
,i i i ih S r t dt S t dt

N N
�  �  � ³ � ³, 1,2i � , [4], as 

independent of the states of the information signal ir , 

refuted as being the same for all likelihood functionals 
and therefore will not affect the operation of the 

decision rule *
1r  about the states of the information 

symbols 1r  of the useful signal. 

In (2) �3�± some normalizing factor, 
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t

b r y t S r t dt
N

��

� �³  �± the ratio of the 

doubled scalar product of the input observation and the 
useful signal �� ��1 1,S r t  on the length of the clock interval 

�> ��1,k kt t��  to the one-sided power spectral density 

AWGN; 

�� �� �� �� �� ��
1

2 2 2 2
0

2
,

k

k

t

t

b r y t S r t dt
N

��

� �³  �± the ratio of the 

doubled scalar product of the input observation and the 
interfering signal �� ��2 2,S r t  on the length of the clock 

interval �> ��1,k kt t��  to the one-sided power spectral 

density AWGN; 
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R r r S r t S r t dt
N

��

� �³  �± the ratio 

of the scalar product of the useful signal �� ��1 1,S r t  and 

interfering signal �� ��2 2,S r t  on the length of the clock 

interval �> ��1,k kt t��  to the one-sided power spectral 

density AWGN. 
Let's write down all possible probability 

functionals of the information signal vector of mutually 
non-orthogonal digital signals: 

�� �� �� �� �� �� �� ���^ �`1 21, exp 1 1 2 1,1 ; 1 �3 �E �E �5�/ � �� ��� ª � º� ¬ � ¼ 

�� �� �� �� �� �� �� ���^ �`
�� �� �� �� �� �� �� ���^ �`

1 2

1 2

1, exp 1 1 2 1, 1 ;

1, exp 1 1 2 1,1 ;

1 �3 �E �E �5

1 �3 �E �E �5

�/ �� � �� �� �� ��� ª � º� ¬ � ¼

�/ �� � �� �� �� ��� ª � º� ¬ � ¼
  (3) 

�� �� �� �� �� �� �� ���^ �`1 21, exp 1 1 2 1, 1 . 1 �3 �E �E �5�/ �� �� � �� �� �� �� �� ��� ª � º� ¬ � ¼ 

Starting from (2), within the limits of this work, we 
will limit ourselves to one time interval. The resulting 
decision rule will not be optimal according to the 
criterion of the minimum average probability of error in 
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the estimation of the useful signal, but it will allow to 
check the principle possibility of compensation of 
interference similar in its structure to the useful signal 
with MSK in the demodulator of the receiving device. 

Write in explicit form according to model (1) the 
ratio of the mutual energies of the useful signal with 
MSK and the interference with MSK at a certain time 
interval �> ��1 2,t t t�•  to 0N  where their information 

symbols are unchanged: 

�� ��
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Similarly, 
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 (6) 

Can be seen from (4) and (5) that mutual energy 
�� �� �� ��1,1 1, 1R R� �� �� , then (3) rewrite as follows: 

�� �� �� �� �� �� �� ���^ �`1 21, exp 1 1 2 1,1 ; 1 �3 �E �E �5�/ � �� ��� ª � º� ¬ � ¼ 

�� �� �� �� �� �� �� ���^ �`1 21, exp 1 1 2 1,1 ; 1 �3 �E �E �5�/ �� �� � �� �� �� ��� ª � º� ¬ � ¼ 

�� �� �� �� �� �� �� ���^ �`1 21, exp 1 1 2 1, 1 ;1 �3 �E �E �5�/ �� � �� �� �� ��� ª � º� ¬ � ¼  (7) 

�� �� �� �� �� �� �� ���^ �`1 21, exp 1 1 2 1, 1 .1 �3 �E �E �5�/ �� � �� �� �� ��� ª � º� ¬ � ¼ 

Using (3) we write down the rule for making a 
decision about the transmitted information symbol of 
the useful signal with MSK: 

�� �� �� �� �� ���� ���^
�� �� �� ���� �� �� ��

�� �� �� ���� ��
�� �� �� ���� ��

*
1 2

2 1

2

2

exp 1 exp 1 2 1,1

exp 1 2 1, 1 exp 1

exp 1 2 1, 1
,

exp 1 2 1,1

c
kr rect b b R

b R b

b R

b R

�ª� �� ���¬

�º�� �� �� �� �� �� �u�¼

�½� ª � º�� �� �� �°� « � »�u �¾
� « � »�� �� �� �°� ¬ � ¼�¿

   
(8)

 

where �� �� �� ��0 1, 0 0rect x   rect x�t � �� �  �± decisive 

function. 
To reduce the argument of the decisive rule (8) to a 

combination of terms of functions �� ��sh x , �� ��ch x  from 

the arguments we multiply �� ��1,2 1,2b r , �� ��1 2,R r r  all the 

components in argument (8) by the expression: 
In order to reduce the argument of the decision 

rule (8) to the combination of terms of functions from 
the arguments we multiply all the components in the 
argument (8) by the expression: 

�� �� �� �� �� ��

�� �� �� �� �� ��

1 1 2
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1 1 11
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2 1 2 1,1 2 1, 1
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� « � »� ¨ � ¸�� �� �� �� ��� © � ¹� ¬ � ¼

. 

As a result, we get: 
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(9)

 

Now let's divide all the components of (9) by 

�� �� �� �� �� �� �� ��2 2 2 21 1 1 1

2 2

b b b b
ch ch

�� �� �� ���§ �· �§ �·
�u�¨ �¸ �¨ �¸

�© �¹ �© �¹
 

�� �� �� ���� ��1, 1 1,1ch R R�u �� �� . 

As a result we get: 
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   (10) 

Considering that the function is odd, we write 
down the decision rule (10) in the form: 
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�� �� �� ��
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2

c
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(11) 

The structural diagram of a coherent demodulator 
for extracting synchronous mutually non-orthogonal 
digital signals from MSK is shown in Fig. 1. 

If the modules of the quantities �� �� �� ��2 21 1b b� � � �  

significantly exceed unity (that is, the components of 
the interference in terms of the instantaneous power are 
much more than the useful signal) the decision  
rule (11) can be significantly simplified  
( �� ��1 1th x �!�! �| ; �� ��1 1th x ���� �| �� ): 
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   (12) 

where �� ��0 1sign x� t �  , �� ��0 1sign x�� � ��  �± signal 

function. 
Representation (12) of the separation model (11) 

allows a simplified demonstration of the procedure for 
compensation of a powerful interference similar to a 
useful signal with MSK. The demonstration of the 
operation of the decision-making rule (11) is given in 
the table 1 (in the table 1 �� ��arg rect x  �± decision rule 

argument (11)).  

Table 1 �± The demonstration of the operation of the decision-making rule (11) 

1r  2r  �� �� �� ��1 11 1

2

b b� � � � �� �� �� ��2 21 1

2

b b� � � �  �� ��arg rect x  *�k
kr  

0 0 �� �� �� �� �� ��2
11, 1 1 1, 1R h R�� �� �� �� �� ��  �� �� �� �� �� ��2

21,1 1, 1 1 0R R h� ª � º�� �� �� �� �� �� �� �!� ¬ � ¼ �� ��2
1 1h� � � � 0 

0 1 �� �� �� �� �� ��2
11,1 1 1,1R h R�� �� �� ��  �� �� �� �� �� ��2

21,1 1 1, 1 0R h R� ª � º�� �� �� �� �� �� ��� ¬ � ¼ �� ��2
1 1h� � � � 0 

1 0 �� �� �� �� �� ��2
1 1 1, 1 1, 1h R R�� �� �� �� ��  �� �� �� �� �� ��2

21,1 1, 1 1 0R R h� ª � º�� �� �� �� �� �!� ¬ � ¼ �� ��2
1 1h  1 

1 1 �� �� �� �� �� ��2
1 1 1,1 1,1h R R�� �� ��  �� �� �� �� �� ��2

21,1 1 1, 1 0R h R� ª � º�� �� �� �� ��� ¬ � ¼ �� ��2
1 1h  1 
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Fig. 1. Structural diagram of a coherent demodulator for separating synchronous digital signals with MSK 
 

When compiling the table 1 for the purpose of 
transparency of explanations of the presence of noise 
components at the outputs of the correlators of the 
scheme of Fig. 1 was not taken into account. 

Conclusions 
The essence of the proposed mathematical model 

of coherent demodulation of mutually non-orthogonal 
synchronous digital signals with MSK is that it 

describes the procedure for compensating the influence 
of interference similar to the useful signal with MSK at 
the input of the correlator of the signal branch of the 
demodulator.  

At the same time, the compensating voltages 
are formed on the basis of reference oscillations of 
the signal and interference, and their signs are at the 
output of the interference branch of the 
demodulator. 
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A distinctive feature of this mathematical model 
from the well-known classical coherent demodulation of 
the MSK signal is the presence of a compensation path. 
At the same time, unlike procedures synthesized by 
linear or non-linear filtering methods, the compensation 
chains are directed not in the reverse but in the forward 
direction. 

The developed mathematical model is not optimal 
according to the criterion of the minimum average error 
probability per bit of the useful signal (more 
precisely,even the idealized version given in this article 
which does not contain procedures for evaluating 
continuous non-informative parameters of the signal and 
interference).  

However, it is expected that provided the average 
power of an interference similar in structure is 
significantly higher than the power of a useful signal 
with MSK and there are no errors in the estimation of 
continuous interference parameters, the asymptotic 
immunity of this mathematical model will be the same 
as in the absence of interference in the communication 
channel when processing on one clock interval. 

The synthesized mathematical model can find 
application in the implementation of frequency resource 
reuse programs and in the development of promising 
interference-protected radio communication tools. A 
separate publication will be devoted to the task of a 
detailed analysis of the fault tolerance of model (11). 
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�: �g �h �l �Z �p �• �y �� �K�m�i�j�h�\�h�^�`�_�g�g�y�� �i�h�\�•�l�j�y�g�b�o�� �h�[�¶�}�d�l�•�\ ���I�H�� �a�^�•�c�k�g�x�}�l�v�k�y �[�Z�]�Z�l�h�d�Z�g�Z�e�v�g�b�f�b�� �j�Z�^�•�h�e�h�d�Z�p�•�c�g�b�f�b�� �k�l�Z�g�p�•��
�y�f�b�� �l�Z�� �a�Z�[�_�a�i�_�q�m�}�l�v�k�y�� �i�•�^�k�b�k�l�_�f�Z�f�b���\�b�a�g�Z�q�_�g�g�y�� �^�Z�e�v�g�h�k�l�•���� �j�Z�^�•�Z�e�v�g�h�€�� �r�\�b�^�d�h�k�l�•�� �l�Z���d�m�l�h�\�b�o���d�h�h�j�^�b�g�Z�l���� �A�Z���m�f�h�\�b����
�y�d�s�h���I�H �k�m�i�j�h�\�h�^�`�_�g�g�y �} �\�b�k�h�d�h�f�Z�g�_�\�j�_�g�b�f�b���� �l�h�� �\�•�^�[�m�\�Z�}�l�v�k�y�� �k�m�l�l�}�\�_�� �a�g�b�`�_�g�g�y�� �l�h�q�g�h�k�l�•�� �•�� �k�l�•�c�d�h�k�l�•�� �k�m�i�j�h�\�h��
�^�`�_�g�g�y���\�•�^�g�h�k�g�h���^�•�e�y�g�d�b���\�•�^�k�m�l�g�h�k�l�•���f�Z�g�_�\�j�m�\�Z�g�g�y�� �y�d�Z���[�m�\�Z�}���^�h�k�b�l�v���l�j�b�\�Z�e�h�x�����M���j�Z�a�•���\�b�g�b�d�g�_�g�g�y���i�h�f�b�e�d�h�\�h�]�h���Z�[�h��
�a�Z�k�l�Z�j�•�e�h�]�h���^�h���f�Z�g�_�\�j�_�g�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���I�H �g�Z�e�Z�r�l�m�\�Z�g�g�y���Z�e�]�h�j�b�l�f�•�\���k�e�•�^�d�m�x�q�b�o���k�b�k�l�_�f�� �\�•�^�[�m�\�Z�}�l�v�k�y �k�m�l�l�}�\�_���a�j�h��
�k�l�Z�g�g�y�� �i�h�f�b�e�d�b�� �k�m�i�j�h�\�h�^�`�_�g�g�y���I�H �g�Z�� �^�•�e�y�g�p�•�� �a�^�•�c�k�g�_�g�g�y�� �f�Z�g�_�\�j�m, �s�h���f�h�`�_ �i�j�b�a�\�_�k�l�b �^�h�� �a�j�b�\�m�� �k�m�i�j�h�\�h�^�`�_�g�g�y�� �a�Z��
�j�Z�o�m�g�h�d���a�g�Z�q�g�h�€���^�b�g�Z�f�•�q�g�h�€���k�d�e�Z�^�h�\�h�€���i�h�f�b�e�d�b�� �>�e�y���h�p�•�g�d�b���k�l�•�c�d�h�k�l�•���k�m�i�j�h�\�h�^�`�_�g�g�y���I�H���a�Z�i�j�h�i�h�g�h�\�Z�g�h���\�b�d�h�j�b�k�l�Z�g�g�y��
�_�d�\�•�\�Z�e�_�g�l�g�h�]�h���j�h�a�f�•�j�m���Z�i�_�j�l�m�j�b���^�b�k�d�j�b�f�•�g�Z�p�•�c�g�h�€���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�����I�j�h�\�_�^�_�g�h �h�p�•�g�d�m���\�i�e�b�\�m���i�Z�j�Z�f�_�l�j�•�\���k�l�h�o�Z�k�l�b�q�g�h�€��
�f�h�^�_�e�•���j�m�o�m���I�H�����f�h�^�_�e�•���k�i�h�k�l�_�j�_�`�_�g�v���l�Z���i�_�j�•�h�^�m���\�b�f�•�j�x�\�Z�g�g�y���d�h�h�j�^�b�g�Z�l���g�Z���k�l�•�c�d�•�k�l�v���k�m�i�j�h�\�h�^�`�_�g�g�y���a�Z �j�Z�^�•�Z�e�v�g�h�x��
�r�\�b�^�d�•�k�l�x���� �<�� �j�_�a�m�e�v�l�Z�l�•�� �i�j�h�\�_�^�_�g�b�o�� �^�h�k�e�•�^�`�_�g�v�� �a�¶�y�\�e�y�}�l�v�k�y�� �f�h�`�e�b�\�•�k�l�v�� �i�h�^�Z�e�v�r�h�€�� �h�p�•�g�d�b�� �^�h�p�•�e�v�g�h�k�l�•�� �Z�^�Z�i�l�Z�p�•�€ �^�h��
�f�Z�g�_�\�j�_�g�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���I�H �l�Z���g�Z�^�Z�g�g�y���j�_�d�h�f�_�g�^�Z�p�•�c���s�h�^�h���\�b�[�h�j�m���i�_�j�•�h�^�m���\�b�f�•�j�x�\�Z�g�g�y���d�h�h�j�^�b�g�Z�l �\���[�Z�]�Z�l�h�d�Z�g�Z�e�v��
�g�b�o���j�Z�^�•�h�e�h�d�Z�l�h�j�Z�o. �<�•�^�f�•�q�_�g�h�����s�h���k�l�•�c�d�•�k�l�v �i�j�h�p�_�k�m���k�m�i�j�h�\�h�^�`�_�g�g�y���I�H���a�Z�e�_�`�b�l�v���\�•�^���l�h�q�g�h�k�l�•���i�h�l�h�q�g�h�]�h���\�b�f�•�j�x�\�Z�g�g�y��
�j�Z�^�•�Z�e�v�g�h�€�� �r�\�b�^�d�h�k�l�•���� �y�d�Z�� �i�_�j�_�\�Z�`�g�h�� �\�b�a�g�Z�q�Z�}�l�v�k�y�� �k�l�Z�l�b�k�l�b�q�g�b�f�b�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�� �n�e�m�d�l�m�Z�p�•�c �n�Z�a�h�\�h�]�h�� �n�j�h�g�l�m��
�o�\�b�e�•���j�Z�^�•�h�e�h�d�Z�p�•�c�g�h�]�h���k�b�]�g�Z�e�m�����<�i�e�b�\���^�Z�g�b�o���n�e�m�d�l�m�Z�p�•�c �h�[�m�f�h�\�e�_�g�h �g�Z�y�\�g�•�k�l�x���l�m�j�[�m�e�_�g�l�g�b�o���g�_�h�^�g�h�j�•�^�g�h�k�l�_�c���Z�l�f�h��
�k�n�_�j�b�����o�Z�j�Z�d�l�_�j�h�f �f�Z�g�_�\�j�m���I�H �l�Z���\�•�^�[�b�l�l�y�f���j�Z�^�•�h�o�\�b�e�v���\�•�^���a�_�f�g�h�€���Z�[�h���f�h�j�k�v�d�h�€ �i�h�\�_�j�o�g�•�����G�Z�\�_�^�_�g�h���i�j�h�i�h�a�b�p�•�€���s�h�^�h��
�\�j�Z�o�m�\�Z�g�g�y���\�d�Z�a�Z�g�b�o���n�e�m�d�l�m�Z�p�•�c���l�Z���a�f�_�g�r�_�g�g�y���€�o���\�i�e�b�\�m���g�Z���y�d�•�k�l�v���\�b�j�•�r�_�g�g�y���a�Z�\�^�Z�g�g�y���k�m�i�j�h�\�h�^�`�_�g�g�y���I�H. 

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

 

�<�k�l�m�i 

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

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

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

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

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

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

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

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

�:�g�Z�e�•�a���h�k�l�Z�g�g�•�o���^�h�k�e�•�^�`�_�g�v���•���i�m�[�e�•�d�Z�p�•�c�� �:�g�Z��
�e�•�a �h�k�g�h�\�g�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d���I�H �j�Z��̂•�h�e�h�d�Z�p�•�c�g�h�]�h��
�k�i�h�k�l�_�j�_�`�_�g�g�y���g�Z�\�_�^�_�g�h �m��[1]���� �Z�� �i�b�l�Z�g�g�y�� �s�h�^�h 
�\�i�e�b�\�m �n�e�m�d�l�m�Z�p�•�c�� �n�Z�a�h�\�h�]�h�� �n�j�h�g�l�m�� �j�Z�^�•�h�e�h�d�Z�p�•�c��
�g�h�]�h���k�b�]�g�Z�e�m���j�h�a�]�e�y�^�Z�x�l�v�k�y���m��[2-4]. 

�M [5�@���a�Z�i�j�h�i�h�g�h�\�Z�g�h �f�_�l�h�^�b�d�m���\�b�a�g�Z�q�_�g�g�y�� �n�•�d��
�k�h�\�Z�g�b�o�� �i�Z�j�Z�f�_�l�j�•�\�� �Z�e�]�h�j�b�l�f�•�\�� �k�m�i�j�h�\�h�^�`�_�g�g�y�� �s�h��
�a�Z�[�_�a�i�_�q�m�}���k�m�l�l�}�\�_���i�•�^�\�b�s�_�g�g�y���k�l�•�c�d�h�k�l�• �k�e�•�^�d�m�\�Z�g�g�y 
�k�l�h�k�h�\�g�h�� �k�m�i�j�h�\�h�^�`�_�g�g�y�� �I�H�� �i�h�� �^�Z�e�v�g�h�k�l�•. �I�b�l�Z�g�g�y��
�h�p�•�g�x�\�Z�g�g�y���k�l�•�c�d�h�k�l�•���k�m�i�j�h�\�h�^�`�_�g�g�y���I�H �a�Z���^�h�i�h�f�h��
�]�h�x�� �_�d�\�•�\�Z�e�_�g�l�g�h�]�h�� �j�h�a�f�•�j�m�� �Z�i�_�j�l�m�j�b�� �o�Z�j�Z�d�l�_�j�b�k��
�l�b�d�b���^�b�k�d�j�b�f�•�g�Z�l�h�j�Z �j�h�a�]�e�y�g�m�l�h���m��[6]. 

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

�‹�������D�h�\�Z�e�v�q�m�d �:�� �H��, �D�m�a�g�}�p�h�\ �H�� �E��, �D�h�e�h�f�•�c�p�_�\ �H�� �<��, �D�Z�j�e�h�\ �:�� �>��, 2023 



Control, Navigation and Communication Systems. 2023. No. 3 ISSN 2073-7394 

182 

�l�h�q�g�•�k�l�x���i�h�l�h�q�g�h�]�h���\�b�f�•�j�x�\�Z�g�g�y���q�Z�k�l�h�l�b���>�h�i�i�e�_�j�Z���i�Z��
�q�d�b���j�Z�^�•�h�•�f�i�m�e�v�k�•�\�����y�d�Z���\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y �m���y�d�h�k�l�•���a�h�g��
�^�m�\�Z�e�v�g�h�]�h�� �k�b�]�g�Z�e�m�� �J�E�K�� �^�e�y�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �\�b�f�•�j�x��
�\�Z�g�g�y�� �j�Z�^�•�Z�e�v�g�h�€�� �r�\�b�^�d�h�k�l�•���I�H���•�a �a�Z�^�Z�g�h�x�� �l�h�q�g�•�k�l�x. 
�F�h�`�e�b�\�h�f�m�� �a�g�b�`�_�g�g�x �l�h�q�g�h�k�l�•�� �\�b�f�•�j�x�\�Z�g�g�y�� �q�Z�k�l�h�l�b��
�>�h�i�i�e�_�j�Z �^�Z�g�h�]�h���j�Z�^�•�h�k�b�]�g�Z�e�m���l�Z���j�Z�^�•�Z�e�v�g�h�€���r�\�b�^�d�h�k�l�• 
�I�H �k�i�h�k�l�_�j�_�`�_�g�g�y���i�j�b�k�\�y�q�_�g�h���j�h�[�h�l�b��[7-9]. 

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

�H�i�l�b�f�•�a�Z�p�•�x�� �i�h�l�h�q�g�h�]�h�� �\�b�f�•�j�x�\�Z�g�g�y�� �q�Z�k�l�h�l�b��
�>�h�i�i�e�_�j�Z�� �i�Z�q�d�b�� �r�e�y�o�h�f�� �\�j�Z�o�m�\�Z�g�g�y�� �k�l�Z�l�b�k�l�b�q�g�b�o 

�o�Z�j�Z�d�l�_�j�b�k�l�b�d���n�Z�a�h�\�b�o �n�e�m�d�l�m�Z�p�•�c �€�€���j�Z�^�•�h�•�f�i�m�e�v�k�•�\��
�^�h�k�l�Z�l�g�v�h���j�h�a�]�e�y�g�m�l�h���m���>��0, 11]. 

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

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

�H�k�g�h�\�g�b�c �f�Z�l�_�j�•�Z�e 

�>�e�y���h�p�•�g�d�b���k�l�•�c�d�h�k�l�•���k�m�i�j�h�\�h�^�`�_�g�g�y �I�H���\���^�b�k��
�d�j�_�l�g�b�o�� �j�Z�^�•�h�l�_�o�g�•�q�g�b�o�� �k�e�•�^�d�m�x�q�b�o�� �k�b�k�l�_�f�Z�o�� �\�b�k�h��
�d�h�]�h�� �i�h�j�y�^�d�m�� �a�Z�� �c�f�h�\�•�j�g�•�k�l�x�� �i�h�l�j�Z�i�e�y�g�g�y�� �i�h�f�b�e�d�b��
�_�d�k�l�j�Z�i�h�e�y�p�•�€�� �d�h�h�j�^�b�g�Z�l�b�� �m�k�_�j�_�^�b�g�m�� �•�g�l�_�j�\�Z�e�m  
(-Lx/2, Lx/2) �\ [6�@���a�Z�i�j�h�i�h�g�h�\�Z�g�h���\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b���_�d�\�•��
�\�Z�e�_�g�l�g�m���d�m�k�d�h�\�h-�e�•�g�•�c�g�m���Z�i�j�h�d�k�b�f�Z�p�•�x���>�O�����j�b�k��������. 
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�J�b�k�������� �>�b�k�d�j�b�f�•�g�Z�p�•�c�g�Z���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���^�b�k�d�j�b�f�•�g�Z�l�h�j�Z���l�Z���€�€���Z�i�j�h�d�k�b�f�Z�p�•�y�� e�û�[  �± �i�h�f�b�e�d�Z���_�d�k�l�j�Z�i�h�e�y�p�•�€���d�h�h�j�^�b�g�Z�l�b�� 

�> �@M e�û�[  �± �f�Z�l�_�f�Z�l�b�q�g�_���k�i�h�^�•�\�Z�g�g�y ���F�H�� �\�_�e�b�q�b�g�b���\�b�o�•�^�g�h�€���g�Z�i�j�m�]�b���^�b�k�d�j�b�f�•�g�Z�l�h�j�Z, �>�`�_�j�_�e�h����[6] 

 
�Y�d���f�h�`�g�Z���i�h�[�Z�q�b�l�b�����m���e�•�g�•�c�g�b�o���k�e�•�^�d�m�x�q�b�o���k�b�k��

�l�_�f�Z�o�� �i�h�f�b�e�d�b�� �k�m�i�j�h�\�h�^�`�_�g�g�y���I�H�����_�d�k�l�j�Z�i�h�e�y�p�•�€��

e�û�[ ���� �f�Z�x�l�v�� �g�h�j�f�Z�e�v�g�b�c�� �a�Z�d�h�g�� �j�h�a�i�h�^�•�e�m�� �>��, �����@���� �Z��

�c�f�h�\�•�j�g�•�k�l�v�� �a�g�Z�o�h�^�`�_�g�g�y�� �i�h�f�b�e�d�b�� �_�d�k�l�j�Z�i�h�e�y�p�•�€�� �\��
�f�_�`�Z�o�� �•�g�l�_�j�\�Z�e�m��(-Lx/2, Lx�������� �\�b�a�g�Z�q�Z�}�l�v�k�y�� �n�m�g�d�p�•�}�x��
�i�h�f�b�e�h�d: 
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,   (1) 

�^�_��em  �± �f�Z�l�_�f�Z�l�b�q�g�_���k�i�h�^�•�\�Z�g�g�y ���k�b�k�l�_�f�Z�l�b�q�g�Z���k�d�e�Z��

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

�_�d�k�l�j�Z�i�h�e�y�p�•�€���d�h�h�j�^�b�g�Z�l�b�� 
�M�� �\�b�i�Z�^�d�m���� �y�d�s�h�� �Z�e�]�h�j�b�l�f�b�� �h�p�•�g�x�\�Z�g�g�y�� �c�� �_�d�k�l��

�j�Z�i�h�e�y�p�•�€�� �k�e�•�^�d�m�x�q�h�€�� �k�b�k�l�_�f�b�� �f�Z�x�l�v�� �k�l�j�m�d�l�m�j�m 

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

 1 erf
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.  (2) 

�M�� �i�_�j�r�h�f�m�� �g�Z�[�e�b�`�_�g�g�•�� ���������l�Z �������� �f�h�`�g�Z�� �k�i�j�b�c��
�f�Z�l�b���y�d���\�b�j�Z�a�b���^�e�y���\�b�a�g�Z�q�_�g�g�y���c�f�h�\�•�j�g�h�k�l�•���\�•�^�k�m�l�g�h��
�k�l�•���a�j�b�\�m���k�m�i�j�h�\�h�^�`�_�g�g�y���I�H���i�j�h�l�y�]�h�f���h�^�g�h�]�h���•�g�l�_�j��
�\�Z�e�m�� 1n n nT t t ���  � � �f�•�`�� �j�Z�^�•�h�d�h�g�l�Z�d�l�Z�f�b�� �a���I�H. �G�Z��

�i�j�Z�d�l�b�p�•�� �l�Z�d�_�� �g�Z�[�e�b�`�_�g�g�y�� �[�m�^�_�� �^�Z�\�Z�l�b�� �Z�^�_�d�\�Z�l�g�b�c��
�j�_�a�m�e�v�l�Z�l���i�j�b��e xL�V ���� �����l�h�[�l�h�����i�j�b��1 1xP �| . 

�M�f�h�\�Z��1 0,9xP ��  �\�•�^�i�h�\�•�^�Z�}�� �k�b�l�m�Z�p�•�c���� �d�h�e�b�� �i�h-

�f�b�e�d�Z���_�d�k�l�j�Z�i�h�e�y�p�•�€���}���i�h�j�•�\�g�y�g�h�x���a���g�Z�i�•�\�r�b�j�b�g�h�x��
�Z�i�_�j�l�m�j�b�� �I�j�b�� �i�h�f�•�l�g�h�€�� �j�•�a�g�b�p�•�� �s�•�e�v�g�h�k�l�•�� �j�h�a�i�h- 
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�^�•�e�•�\�� �c�f�h�\�•�j�g�h�k�l�_�c�� �i�h�f�b�e�h�d�� �h�p�•�g�x�\�Z�g�g�y�� �c�� �_�d�k�l�j�Z��
�i�h�e�y�p�•�€�� �^�e�y�� �h�p�•�g�d�b�� �c�f�h�\�•�j�g�h�k�l�•�� �\�•�^�k�m�l�g�h�k�l�•�� �a�j�b�\�m��
�k�m�i�j�h�\�h�^�`�_�g�g�y���I�H���f�h�`�g�Z���\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b �\�b�j�Z�a�b��
(1) �l�Z ���������� �y�d�s�h�� �\�� �g�b�o�� �_�d�\�•�\�Z�e�_�g�l�g�b�c�� �j�h�a�f�•�j�� �Z�i�_�j��
�l�m�j�b��xL  �\�k�l�Z�g�h�\�e�x�\�Z�l�b���a���m�j�Z�o�m�\�Z�g�g�y�f���\�•�^�g�h�r�_�g�g�y��

�³�k�b�]�g�Z�e/�r�m�f�´��q . 

�I�j�b���\�b�[�h�j�•��xL  �]�h�e�h�\�g�b�f�� �d�j�b�l�_�j�•�}�f���� �y�d�b�c�� �]�Z�j�Z�g��

�l�m�}���f�h�`�e�b�\�•�k�l�v���\�b�d�h�j�b�k�l�Z�g�g�y���\�b�j�Z�a�•�\�������� �l�Z ���������^�e�y���h�p�•��
�g�d�b���c�f�h�\�•�j�g�h�k�l�• �\�•�^�k�m�l�g�h�k�l�•���a�j�b�\�m���Z�\�l�h�k�m�i�j�h�\�h�^�`�_�g�g�y 
�I�H�����f�Z�}���[�m�l�b���a�[�•�]���j�_�a�m�e�v�l�Z�l�•�\���k�l�Z�l�b�k�l�b�q�g�b�o���\�b�i�j�h�[�m��
�\�Z�g�v�� �k�l�•�c�d�h�k�l�•�� �k�m�i�j�h�\�h�^�`�_�g�g�y�� �k�b�k�l�_�f�b�� �a�� �j�_�Z�e�v�g�b�f��
�^�b�k�d�j�b�f�•�g�Z�l�h�j�h�f���l�Z �Z�g�Z�e�•�l�b�q�g�b�o���j�h�a�j�Z�o�m�g�d�•�\��[6]. 

�I�h�^�Z�e�v�r�•���^�h�k�e�•�^�`�_�g�g�y���k�l�•�c�d�h�k�l�•���k�m�i�j�h�\�h�^�`�_�g�g�y��
�I�H���a�^�•�c�k�g�x�x�l�v�k�y���•�a���\�b�d�h�j�b�k�l�Z�g�g�y�f���\�b�a�g�Z�q�_�g�h�€���\�_�e�b��
�q�b�g�b��xL  �l�Z �\�b�j�Z�a�•�\�������� �• (2). 

�G�_�^�h�e�•�d�h�f���j�h�a�]�e�y�g�m�l�h�€���f�_�l�h�^�b�d�b���}���g�_�h�[�o�•�^�g�•�k�l�v��
�s�h�^�h���i�j�h�\�_�^�_�g�g�y���k�d�e�Z�^�g�h�]�h���l�Z �h�[�¶�}�f�g�h�]�h���k�l�Z�l�b�k�l�b�q��
�g�h�]�h�� �^�h�k�e�•�^�`�_�g�g�y���� �H�^�g�Z�d���� �l�•�e�v�d�b�� �p�_�� �f�h�`�_�� �]�Z�j�Z�g�l�m��
�\�Z�l�b���^�h�k�l�h�\�•�j�g�•�k�l�v �j�_�a�m�e�v�l�Z�l�•�\�����s�h���^�Z�x�l�v�k�y���Z�g�Z�e�•�l�b�q��
�g�b�f�b�� �j�h�a�j�Z�o�m�g�d�Z�f�b�� �c�f�h�\�•�j�g�h�k�l�•�� �\�•�^�k�m�l�g�h�k�l�•�� �a�j�b�\�m��
�k�m�i�j�h�\�h�^�`�_�g�g�y���I�H��(1) �• (2). 

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

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

�F�h�^�_�e�v���j�m�o�m���I�H �\���[�•�e�v�r�h�k�l�•���i�j�Z�d�l�b�q�g�b�o���\�b�i�Z�^��
�d�•�\���[�m�^�m�x�l�v���g�Z���h�k�g�h�\�•���d�•�g�_�f�Z�l�b�q�g�b�o���j�•�\�g�y�g�v���•���k�l�Z�l�b�k��
�l�b�q�g�h�€���f�h�^�_�e�•���i�j�b�k�d�h�j�_�g�v. �>�e�y �f�Z�l�_�f�Z�l�b�q�g�h�]�h���h�i�b�k�m��
�j�m�o�m �k�m�q�Z�k�g�b�o���I�H �i�j�h�i�h�g�m�}�l�v�k�y�� �a�Z�k�l�h�k�h�\�m�\�Z�l�b �f�h��
�^�_�e�v���j�m�o�m �f�Z�g�_�\�j�m�x�q�b�o���I�H��[13], �\ �y�d�•�c���k�d�e�Z�^�h�\�•���\�_�d��
�l�h�j�Z���i�j�b�k�d�h�j�_�g�g�y���I�H���i�h�d�e�Z�^�Z�x�l�v�k�y���\�a�Z�}�f�g�h���g�_�a�Z�e�_��
�`�g�b�f�b�� �_�d�k�i�h�g�_�g�p�•�Z�e�v�g�h�� �d�h�j�_�e�v�h�\�Z�g�b�f�b �\�b�i�Z�^�d�h��
�\�b�f�b�� �i�j�h�p�_�k�Z�f�b�� �•�a�� �[�Z�]�Z�l�h�i�•�d�h�\�h�x �s�•�e�v�g�•�k�l�x�� �j�h�a�i�h��
�^�•�e�m �c�f�h�\�•�j�g�h�k�l�_�c�����j�b�k. 2). 

 
 

0P  

 maxw��   maxw  

1P  

�� ��P w  

 w    0  

  
1P  

 
�J�b�k����2. �;�Z�]�Z�l�h�i�•�d�h�\�Z �s�•�e�v�g�•�k�l�v �j�h�a�i�h�^�•�e�m���c�f�h�\�•��

�j�g�h�k�l�_�c �>�`�_�j�_�e�h����[13] 
 

�K�b�g�l�_�a���Z�e�]�h�j�b�l�f�m���h�p�•�g�x�\�Z�g�g�y���k�l�Z�g�m���I�H���i�j�b���l�Z��
�d�•�c�� �s�•�e�v�g�h�k�l�•�� �j�h�a�i�h�^�•�e�m�� �c�f�h�\�•�j�g�h�k�l�_�c�� �k�d�e�Z�^�h�\�b�o�� 

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

�I�j�b���p�v�h�f�m, �F�H �k�d�e�Z�^�h�\�b�o���\�_�d�l�h�j�m���i�j�b�k�d�h�j�_�g�g�y��
�i�h�d�e�Z�^�Z�}�l�v�k�y�� �j�•�\�g�b�f�� �g�m�e�x���� �Z�� �k�_�j�_�^�g�v�h�d�\�Z�^�j�Z�l�b�q�g�_��
�\�•�^�o�b�e�_�g�g�y���h�[�q�b�k�e�x�}�l�v�k�y���g�Z�k�l�m�i�g�b�f���q�b�g�h�f�� 

 max
1 01 4

3�f
w

( P P )�V � �� �� , (3) 

�^�_�� max maxw n g�  �± �f�Z�d�k�b�f�Z�e�v�g�_�� �a�g�Z�q�_�g�g�y�� �i�j�b�k�d�h��

�j�_�g�g�y��g ���� �h�[�m�f�h�\�e�_�g�_�� �f�Z�g�_�\�j�_�g�b�f�b�� �f�h�`�e�b�\�h�k�l�y�f�b��

�I�H ���f�Z�d�k�b�f�Z�e�v�g�b�f�b���i�_�j�_�\�Z�g�l�Z�`�_�g�g�y�f�b��maxn ); 1P  �± 

�c�f�h�\�•�j�g�•�k�l�v���f�Z�g�_�\�j�m���I�H���a���•�g�l�_�g�k�b�\�g�•�k�l�x��maxw�r ; 0P  

�± �c�f�h�\�•�j�g�•�k�l�v �\�•�^�k�m�l�g�h�k�l�•���f�Z�g�_�\�j�m �I�H. 
�D�h�j�_�e�y�p�•�c�g�Z���n�m�g�d�p�•�y���\�_�e�b�q�b�g�� �i�j�b�k�d�h�j�_�g�g�y���I�H 

�i�j�b���p�v�h�f�m���f�Z�}���g�Z�k�l�m�i�g�b�c���\�b�]�e�y�^�� 

 2 �fT
� f � fR ( ) e �W� W � V��� , (4) 

�^�_���L�f �± �k�l�Z�e�Z���f�Z�g�_�\�j�m�\�Z�g�g�y���I�H, �y�d�Z���}���\�_�e�b�q�b�g�h�x���a�\�h��
�j�h�l�g�h�x���^�h���q�Z�k�l�h�l�b���f�Z�g�_�\�j�m�\�Z�g�g�y���l�Z �f�h�`�_���k�l�Z�g�h�\�b�l�b��

�\�•�^���h�^�b�g�b�p�v���^�h���^�_�k�y�l�d�•�\���k�_�d�m�g�^�� 2
�f�V  �± �^�b�k�i�_�j�k�•�y���a�g�Z��

�q�_�g�v���i�j�b�k�d�h�j�_�g�g�y���I�H. 
�C�f�h�\�•�j�g�h�k�l�•��1P  �l�Z 0P  �\�b�a�g�Z�q�Z�x�l�v�k�y�����\�b�o�h�^�y�q�b���a��

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

�:�g�Z�e�•�a �j�b�k�m�g�d�m �����l�Z���\�b�j�Z�a�m (3), �\�d�Z�a�m�}���g�Z���l�_, �s�h��

�\�_�e�b�q�b�g�Z���f�V  �a�Z�e�_�`�g�h���\�•�^���k�i�•�\�\�•�^�g�h�r�_�g�g�y���f�•�`��1P  �l�Z 

0P  �l�Z�d�h�`�� �f�h�`�_�� �a�f�•�g�x�\�Z�l�b�k�y �m �^�h�k�b�l�v�� �r�b�j�h�d�b�o�� �f�_��

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

�f�h�`�g�Z�� �a�Z�i�b�k�Z�l�b �k�l�h�o�Z�k�l�b�q�g�_ �j�_�d�m�j�_�g�l�g�_�� �f�Z�l�j�b�q�g�_��
�j�•�\�g�y�g�g�y �k�l�Z�g�m [12, 14]: 

 n n n n nx(t T ) (T )x(t ) B (t )�K�� � �) �� , (5) 

�^�_�� nx(t ) , n nx(t T )��  �± �i�h�l�h�q�g�_�� �l�Z�� �g�Z�k�l�m�i�g�_�� �a�g�Z�q�_�g�g�y��

�d�h�h�j�^�b�g�Z�l�b���I�H�����\�•�^�i�h�\�•�^�g�h�� n(T )�)  �± �i�_�j�_�o�•�^�g�Z���f�Z�l��

�j�b�p�y���k�l�Z�g�m���a�Z���j�Z�^�•�Z�e�v�g�h�x���r�\�b�^�d�•�k�l�x �I�H; B 0 1 T( )�  

�± �f�Z�l�j�b�p�y���a�[�m�^�`�_�g�g�y���a�Z���j�Z�^�•�Z�e�v�g�h�x���r�\�b�^�d�•�k�l�x �I�H; 

n(t )�K  �± �i�h�k�e�•�^�h�\�g�•�k�l�v�� �r�m�f�•�\�� �a�[�m�^�`�_�g�g�y �a �g�m�e�v�h�\�b�f��

�k�_�j�_�^�g�•�f���l�Z �^�b�k�i�_�j�k�•�}�x��nv (T )�K . 

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

 n
n

1 T
(T )=

0 �U
� § � ·

�) � ¨ � ¸
� © � ¹

,  (6) 

 2 21n �fv (T ) ( )�K � V � U�  � �,  (7) 

�^�_ /n �fT Te�U ���  �± �d�h�_�n�•�p�•�}�g�l���d�h�j�_�e�y�p�•�€���a�g�Z�q�_�g�v���i�j�b�k��

�d�h�j�_�g�g�y �g�Z���•�g�l�_�j�\�Z�e�•���k�i�h�k�l�_�j�_�`�_�g�v�� 
2. �F�h�^�_�e�v�� �k�i�h�k�l�_�j�_�`�_�g�v. �<�•�^�h�f�h���� �s�h �\�b�o�•�^�g�Z��

�\�_�e�b�q�b�g�Z�� �^�b�k�d�j�b�f�•�g�Z�l�h�j�Z�� �f�h�`�_�� �[�m�l�b�� �\�b�a�g�Z�q�_�g�h�x�� �a�Z 
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�^�h�i�h�f�h�]�h�x���l�Z�d�h�]�h �\�b�j�Z�a�m [12, 15, 16]: 

 �� �� �� �� �� ��Fn e n ny t x t f t� ª � º� �' ��� ¬ � ¼, (8) 

�^�_�� �> �@F e nx (t )�'  �± �F�H �\�_�e�b�q�b�g�b�� �\�b�o�•�^�g�h�€�� �g�Z�i�j�m�]�b�� �^�b�k��

�d�j�b�f�•�g�Z�l�h�j�Z�����h�[�m�f�h�\�e�_�g�_���c�h�]�h���>�O; nf (t )  �± �^�b�k�d�j�_�l�g�Z��

�i�h�k�e�•�^�h�\�g�•�k�l�v �r�m�f�•�\���k�i�h�k�l�_�j�_�`�_�g�g�y���\�•�^�i�h�\�•�^�g�h�€���d�h�h�j��
�^�b�g�Z�l�b �a���g�m�e�v�h�\�b�f���k�_�j�_�^�g�•�f���l�Z �^�b�k�i�_�j�k�•�}�x f nv (t ), �s�h��

�\�b�a�g�Z�q�Z�}�l�v�k�y �n�e�m�d�l�m�Z�p�•�c�g�h�x���o�Z�j�Z�d�l�_�j�b�k�l�b�d�h�x �^�b�k�d�j�b��
�f�•�g�Z�l�h�j�Z�� e n n e nx (t ) x(t ) x (t )�' � ��  �± �i�h�f�b�e�d�Z�� �_�d�k�l�j�Z��

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

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

 �� �� �� ��n e n ny t x (t ) f t� �' �� . (9) 

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

3. �K�l�j�m�d�l�m�j�Z���e�•�g�•�c�g�b�o���Z�e�]�h�j�b�l�f�•�\���h�p�•�g�x�\�Z�g�g�y��
�c�� �_�d�k�l�j�Z�i�h�e�y�p�•�€. �J�•�\�g�y�g�g�y�� �f�h�^�_�e�•�� �k�i�h�k�l�_�j�_�`�_�g�v�� ��9) 
�f�h�`�g�Z���a�Z�i�b�k�Z�l�b���y�d�� 

 �� �� �� �� �� ���� �� �� ��n n e n ny t x t x t f t� �+ �� �� ,  (10) 

�^�_�� (1 0)H �  �± �f�Z�l�j�b�p�y�� �k�i�h�k�l�_�j�_�`�_�g�v���a�Z �j�Z�^�•�Z�e�v�g�h�x 

�r�\�b�^�d�•�k�l�x �I�H; e nx (t )  �± �\�_�d�l�h�j-�k�l�h�\�i�_�p�v�� �_�d�k�l�j�Z�i�h��

�e�v�h�\�Z�g�b�o�� �^�h�� �i�h�l�h�q�g�h�]�h�� �\�b�f�•�j�x�\�Z�g�g�y �d�h�h�j�^�b�g�Z�l��
�k�l�Z�g�m���I�H. 

�:�e�]�h�j�b�l�f�� �k�e�•�^�d�m�x�q�h�€�� �k�b�k�l�_�f�b, �h�i�l�b�f�Z�e�v�g�h�€ �a�Z��
�d�j�b�l�_�j�•�}�f�� �f�•�g�•�f�m�f�m�� �k�_�j�_�^�g�v�h�]�h�� �d�\�Z�^�j�Z�l�Z�� �i�h�f�b�e�d�b����
�f�h�`�_�� �[�m�l�b�� �h�i�b�k�Z�g�b�c �j�_�d�m�j�_�g�l�g�b�f�b �j�•�\�g�y�g�g�y�f�b�� �h�p�•��
�g�x�\�Z�g�g�y���c���_�d�k�l�j�Z�i�h�e�y�p�•�€ [12] �l�Z�d�h�]�h���\�b�]�e�y�^�m: 

 �� �� �� �� �� ��n e n n nx t x t K(t ) y t�  � �, (11) 

 �� ���_ �Q �Q �Q �Qx (t ) (T )x t�� �7 � �) ,  (12) 

�^�_�� nK(t )  �± �f�Z�l�j�b�p�y���d�h�_�n�•�p�•�}�g�l�•�\���i�•�^�k�b�e�_�g�g�y. 

�F�Z�l�j�b�p�y�� nK(t )  �j�h�a�j�Z�o�h�\�m�}�l�v�k�y���a �l�Z�d�b�o �j�_�d�m�j�_��

�g�l�g�b�o �j�•�\�g�y�g�v�� 

 
�� ��

�� �� �� �� �� ��
1
;

n

T
�_ �Q �_ �Q �I �Q

K t

V t V t v t
���7

� 

� ª � º� �+ �+ �+ ��� ¬ � ¼

 (13) 

 
�� �� �� ��

�� �� �� �� �� ��
1

T
n �_ �Q �_ �Q

T
�_ �Q �I �Q �_ �Q

V t V t V (t )H

HV t H v t HV t ;
��

� �� �u

� ª � º� u � �� ¬ � ¼

 (14) 

 
,

e n n
T

n n n n

V (t T )

(T )V(t ) (T ) B v (T ) B�K
�7

� � �  

� �) �) ��
 (15) 

�^�_ �_V , V  �± �f�Z�l�j�b�p�•���^�j�m�]�b�o���p�_�g�l�j�Z�e�v�g�b�o���f�h�f�_�g�l�•�\�����d�h��

�\�Z�j�•�Z�p�•�c�g�• �f�Z�l�j�b�p�•�����i�h�f�b�e�h�d���h�p�•�g�x�\�Z�g�g�y �c���_�d�k�l�j�Z�i�h��
�e�y�p�•�€���k�l�Z�g�m �I�H �\�•�^�i�h�\�•�^�g�h�� 

�M���Z�e�]�h�j�b�l�f�Z�o��(14) �l�Z��(15) �i�Z�j�Z�f�_�l�j�Z�f�b�����y�d�•���i�•�^�e�y��
�]�Z�x�l�v�� �a�Z�\�^�Z�g�g�x�� �c�� �\�b�a�g�Z�q�Z�x�l�v�� �y�d�•�k�l�v�� �n�m�g�d�p�•�h�g�m�\�Z�g�g�y��
�k�b�k�l�_�f�b�����}  �f�V , �fT  �l�Z fv �����i�j�b�q�h�f�m, �i�_�j�r�•���^�\�h�} �a�Z�e�_��

�`�Z�l�v���\�•�^ �f�Z�g�_�\�j�_�g�b�o �\�e�Z�k�l�b�\�h�k�l�_�c �I�H ���\�b�a�g�Z�q�Z�x�l�v���^�b��
�k�i�_�j�k�•�x���r�m�f�•�\���a�[�m�^�`�_�g�g�y nv (T ))�K �����Z���l�j�_�l�•�c �± �\�•�^���\�_�e�b��

�q�b�g�b �\�•�^�g�h�r�_�g�g�y���³�k�b�]�g�Z�e���r�m�f�´ �l�Z���i�Z�j�Z�f�_�l�j�•�\ �^�b�k�d�j�b��
�f�•�g�Z�l�h�j�Z�� ���\�b�a�g�Z�q�Z�} �^�b�k�i�_�j�k�•�x�� �r�m�f�•�\�� �k�i�h�k�l�_�j�_�`�_�g�g�y

f nv (t )). 

�<�� �J�E�K�� �k�m�i�j�h�\�h�^�`�_�g�g�y �I�H�� �\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y��
�Z�e�]�h�j�b�l�f�b���a���n�•�d�k�h�\�Z�g�h�x���f�Z�l�j�b�p�_�x���d�h�_�n�•�p�•�}�g�l�•�\���i�•�^��
�k�b�e�_�g�g�y��nK(t ) . �L�h�f�m�����q�b�f �l�h�q�g�•�r�_���a�Z�a�g�Z�q�_�g�•���i�Z�j�Z�f�_��

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

4. �:�g�Z�e�•�a���k�l�•�c�d�h�k�l�•���k�m�i�j�h�\�h�^�`�_�g�g�y �j�Z�^�•�h�l�_�o�g�•��
�q�g�h�x�� �k�e�•�^�d�m�x�q�h�x�� �k�b�k�l�_�f�h�x ���J�L�K�K�� �a�Z�� �j�Z�^�•�Z�e�v��
�g�h�x���r�\�b�^�d�•�k�l�x. �F�_�l�h�^�b�d�m�����s�h���[�Z�a�m�}�l�v�k�y���g�Z���a�Z�k�l�h�k�m��
�\�Z�g�g�•�� �_�d�\�•�\�Z�e�_�g�l�g�h�]�h�� �j�h�a�f�•�j�m�� �Z�i�_�j�l�m�j�b�� �^�b�k�d�j�b�f�•�g�Z��
�l�h�j�Z��xL  [17, 18], �i�j�h�i�h�g�m�}�l�v�k�y �\�b�d�h�j�b�k�l�Z�l�b �^�e�y���h�p�•��

�g�d�b�� �c�f�h�\�•�j�g�h�k�l�•�� �\�•�^�k�m�l�g�h�k�l�•�� �a�j�b�\�m�� �k�m�i�j�h�\�h�^�`�_�g�g�y��
�I�H���m �J�L�K�K �a�Z���j�Z�^�•�Z�e�v�g�h�x���r�\�b�^�d�•�k�l�x [19]. 

�K�l�j�m�d�l�m�j�Z�� �Z�e�]�h�j�b�l�f�•�\�� �h�p�•�g�x�\�Z�g�g�y���l�Z �_�d�k�l�j�Z�i�h��
�e�y�p�•�€�� �d�h�h�j�^�b�g�Z�l���I�H �m �j�h�a�]�e�y�g�m�l�b�o�� �k�b�k�l�_�f�Z�o�� �a�Z�^�Z��
�}�l�v�k�y �g�Z�\�_�^�_�g�b�f�b���\�b�s�_ �\�b�j�Z�a�Z�f�b����11-15). �I�Z�j�Z�f�_�l�j�b��
�Z�e�]�h�j�b�l�f�•�\�� �k�m�i�j�h�\�h�^�`�_�g�g�y�� �\�b�[�b�j�Z�e�b�k�y �\�b�o�h�^�y�q�b�� �a��
�Z�g�Z�e�•�a�m���f�Z�g�_�\�j�_�g�b�o���f�h�`�e�b�\�h�k�l�_�c���k�m�q�Z�k�g�b�o���I�H �a���m�j�Z��
�o�m�\�Z�g�g�y�f���k�_�j�_�^�g�v�h�€���l�j�b�\�Z�e�h�k�l�•���f�Z�g�_�\�j�m���l�Z���f�Z�d�k�b�f�Z��
�e�v�g�h�€���•�g�l�_�g�k�b�\�g�h�k�l�•�� 

�J�h�a�j�Z�o�m�g�d�b���c�f�h�\�•�j�g�h�k�l�•���\�•�^�k�m�l�g�h�k�l�•���a�j�b�\�m���k�m�i�j�h��
�\�h�^�`�_�g�g�y���I�H���\�b�d�h�g�m�\�Z�e�b�k�y�� �a�Z�� �m�f�h�\�h�x, �s�h �i�Z�j�Z�f�_��
�l�j�b�� �k�b�k�l�_�f �k�m�i�j�h�\�h�^�`�_�g�g�y���� �y�d�•�� �h�[�m�f�h�\�e�_�g�•�� �j�•�\�g�y�g��
�g�y�f�b����11-15), �\�\�Z�`�Z�e�b�k�y���i�h�\�g�•�k�l�x���Z�^�_�d�\�Z�l�g�b�f�b �f�h��̂_��
�e�y�f �j�m�o�m���I�H (5) �l�Z �k�i�h�k�l�_�j�_�`�_�g�v����10) [12, 20]. 

�M���l�Z�d�h�f�m���j�Z�a�•�����i�j�b���\�b�d�h�j�b�k�l�Z�g�g�•���k�l�h�o�Z�k�l�b�q�g�h�€���f�h��
�^�_�e�•���j�m�o�m (5) �l�Z �k�i�h�k�l�_�j�_�`�_�g�v����10�����^�b�k�i�_�j�k�•�€���i�h�f�b�e�h�d��

2
�_�V  �^�h�j�•�\�g�x�x�l�v���_�e�_�f�_�g�l�Z�f��11ev  �f�Z�l�j�b�p�• �i�h�f�b�e�h�d���_�d�k��

�l�j�Z�i�h�e�y�p�•�€���\�_�d�l�h�j�m �k�l�Z�g�m���_V  [12]. 

�>�e�y�� �i�_�j�_�\�•�j�d�b�� �^�h�k�l�h�\�•�j�g�h�k�l�• �Z�g�Z�e�•�l�b�q�g�b�o�� �j�_��
�a�m�e�v�l�Z�l�•�\���m���j�y�^�•�� �d�h�g�l�j�h�e�v�g�b�o���l�h�q�h�d�� �c�f�h�\�•�j�g�•�k�l�v���\�•�^��
�k�m�l�g�h�k�l�•���a�j�b�\�m���k�m�i�j�h�\�h�^�`�_�g�g�y���I�H���\�b�a�g�Z�q�Z�e�Z�k�y���r�e�y��
�o�h�f�� �i�j�h�\�_�^�_�g�g�y�� �i�j�y�f�h�]�h�� �k�l�Z�l�b�k�l�b�q�g�h�]�h�� �_�d�k�i�_�j�b�f�_��
�g�l�m�����M���o�h�^�•���i�j�y�f�h�]�h���_�d�k�i�_�j�b�f�_�g�l�m���j�m�o���I�H���a�Z�^�Z�\�Z�\�k�y��
�[�_�a�i�h�k�_�j�_�^�g�v�h���k�l�h�o�Z�k�l�b�q�g�b�f���j�•�\�g�y�g�g�y�f����5�������l�Z���\�b�d�h��
�j�b�k�l�h�\�m�\�Z�e�b�k�y���f�h�^�_�e�•���j�_�Z�e�v�g�b�o���^�b�k�d�j�b�f�•�g�Z�l�h�j�•�\. 

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

�e�h�k�l�•���k�m�i�j�h�\�h�^�`�_�g�g�y���I�H: 

 �� �� �� ��1
1

cn

x c x n
n

P T P T
� 

� �– , (16) 

�^�_��1x nP (T ) �± �c�f�h�\�•�j�g�•�k�l�v�� �\�•�^�k�m�l�g�h�k�l�•�� �a�j�b�\�m�� �k�m�i�j�h- 

�\�h�^�`�_�g�g�y �I�H �a�Z �j�Z�^�•�Z�e�v�g�h�x �r�\�b�^�d�•�k�l�x �g�Z�� �i�j�h�l�y�a�•  
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�h�^�g�h�]�h���•�g�l�_�j�\�Z�e�m���\�b�f�•�j�x�\�Z�g�g�y���d�h�h�j�^�b�g�Z�l; cn  �± �d�•�e�v��

�d�•�k�l�v���•�g�l�_�j�\�Z�e�•�\ �k�m�i�j�h�\�h�^�`�_�g�g�y���i�h�\�•�l�j�y�g�h�]�h���h�[�¶�}�d�l�m. 
�Y�d�s�h�� 

nT const�  

�l�Z 

�� ��1 1x n xP T P� , 

�j�h�a�i�h�^�•�e������6�����i�_�j�_�l�\�h�j�b�l�v�k�y���^�h���l�Z�d�h�]�h���g�Z�c�i�j�h�k�l�•�r�h�]�h��
�\�b�]�e�y�^�m�� 

 �� �� /
1

c nT T
x c xP T P� . (17) 

�<�b�o�h�^�y�q�b�� �a�� ����7���� �i�j�h�\�_�^�_�g�h�� �j�h�a�j�Z�o�m�g�d�b�� �c�f�h�\�•�j��
�g�h�k�l�•��100xP  �\�•�^�k�m�l�g�h�k�l�•���a�j�b�\�m �i�h�\�•�l�j�y�g�h�]�h���h�[�¶�}�d�l�m �a�Z��

100 �k �^�e�y�� �k�b�k�l�_�f�b �k�m�i�j�h�\�h�^�`�_�g�g�y �a�Z�� �j�Z�^�•�Z�e�v�g�h�x��
�r�\�b�^�d�•�k�l�x, �j�_�a�m�e�v�l�Z�l�b���y�d�b�o���g�Z�\�_�^�_�g�h �g�Z���j�b�k. 3. 
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�J�b�k����3. �A�Z�e�_�`�g�h�k�l�• �•�f�h�\�•�j�g�h�k�l�•���J�o������ �\�•�^�k�m�l�g�h�k�l�•���a�j�b�\�m 

 �k�m�i�j�h�\�h�^�`�_�g�g�y���i�j�h�l�y�]�h�f�������� �k���\�b�f�•�j�x�\�Z�g�g�y  
�d�h�h�j�^�b�g�Z�l���\�•�^���i�_�j�•�h�^�m �\�b�f�•�j�x�\�Z�g�g�y��Tn 

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

�^�g�h�r�_�g�g�y���³�k�b�]�g�Z�e���r�m�f�´���± 10 �^�;�����r�l�j�b�o-�i�m�g�d�l�b�j�g�h�x��
�± �������^�; �l�Z �i�m�g�d�l�b�j�g�h�x���± �������^�;. 

�A���g�Z�\�_�^�_�g�b�o���]�j�Z�n�•�d�•�\���f�h�`�g�Z���\�b�a�g�Z�q�b�l�b�����s�h���i�j�b��
�f�Z�e�b�o���\�•�^�g�h�r�_�g�g�y�o���³�k�b�]�g�Z�e���r�m�f�´�����•�g�l�_�j�\�Z�e���\�b�f�•�j�x��
�\�Z�g�g�y���d�h�h�j�^�b�g�Z�l���i�h�\�•�l�j�y�g�h�]�h���h�[�¶�}�d�l�m �g�_���i�h�\�b�g�_�g���i�_��
�j�_�\�b�s�m�\�Z�l�b���������� �k��  

�H�l�j�b�f�Z�g�•�� �j�_�a�m�e�v�l�Z�l�b�� �^�h�a�\�h�e�y�x�l�v�� �\�b�a�g�Z�q�b�l�b��
�h�^�g�_�� �•�a�� �³�k�e�Z�[�d�b�o�� �f�•�k�p�v�´���� �y�d�b�f �}�� �k�b�k�l�_�f�Z�� �k�m�i�j�h�\�h��
�^�`�_�g�g�y�� �a�Z�� �j�Z�^�•�Z�e�v�g�h�x�� �r�\�b�^�d�•�k�l�x �i�h�\�•�l�j�y�g�h�]�h��
�h�[�¶�}�d�l�m [20-22]. 

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

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

c c nT n T�  

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

x cQ (T ) �i�•�k�e�y��cT  �k�_�d�m�g�^���k�m�i�j�h�\�h�^�`�_�g�g�y���I�H���a�Z�^�h�\�h��

�e�v�g�y�} �]�_�h�f�_�l�j�b�q�g�h�f�m���a�Z�d�h�g�m���j�h�a�i�h�^�•�e�m: 

 �� �� �� ��11x c x x cQ T ( P )P T�  � � , (18) 

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

 1

11
x

cx n
x

P
T T

P
� 

��
. (19) 

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

�j�y�g�h�]�h���h�[�¶�}�d�l�m �\�•�^���i�_�j�•�h�^�m���\�b�f�•�j�x�\�Z�g�g�y��n�L  �g�Z�\�_�^�_�g�h��

�g�Z���j�b�k. 4. 
 
 x ,ccT  
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�J�b�k����4. �A�Z�e�_�`�g�h�k�l�•���k�_�j�_�^�g�v�h�]�h���q�Z�k�m���^�h���a�j�b�\�m�� 

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

�\�•�^���i�_�j�•�h�^�m���\�b�f�•�j�x�\�Z�g�g�y��Tn 
��� �̂`�_�j�_�e�h�����j�h�a�j�h�[�e�_�g�h �Z�\�l�h�j�Z�f�b) 

 
�A���Z�g�Z�e�•�a�m���g�Z�\�_�^�_�g�b�o���g�Z���j�b�k. �����]�j�Z�n�•�d�•�\���f�h�`�e�b�\�h��

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

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

5. �I�j�h�i�h�a�b�p�•�€�� �s�h�^�h�� �a�g�b�`�_�g�g�y�� �\�i�e�b�\�m�� �m�f�h�\��
�i�h�r�b�j�_�g�g�y���l�Z���\�•�^�[�b�l�l�y �j�Z�^�•�h�e�h�d�Z�p�•�c�g�h�]�h���k�b�]�g�Z�e�m��
�g�Z�� �l�h�q�g�•�k�l�v�� �i�h�l�h�q�g�h�]�h�� �\�b�f�•�j�x�\�Z�g�g�y�� �j�Z�^�•�Z�e�v�g�h�€��
�r�\�b�^�d�h�k�l�• �I�H. �J�_�Z�e�v�g�b�c�� �i�j�h�p�_�k�� �j�Z�^�•�h�e�h�d�Z�p�•�c�g�h�]�h 
�k�i�h�k�l�_�j�_�`�_�g�g�y�� �Z�_�j�h�^�b�g�Z�f�•�q�g�b�o���I�H���a�^�•�c�k�g�x�}�l�v�k�y�� �\ 
�m�f�h�\�Z�o���\�i�e�b�\�m���g�_�h�^�g�h�j�•�^�g�h�k�l�_�c���k�_�j�_�^�h�\�b�s�Z���j�h�a�i�h�\��
�k�x�^�`�_�g�g�y �j�Z�^�•�h�o�\�b�e�v���� 
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�L�Z�d�h�`���k�e�•�^���\�•�^�a�g�Z�q�b�l�b�����s�h���k�m�q�Z�k�g�•���I�H �a�^�Z�l�g�•���\�b��
�d�h�g�m�\�Z�l�b���a�Z�\�^�Z�g�g�y���a�Z���i�j�b�a�g�Z�q�_�g�g�y�f���g�Z���f�Z�e�b�o���l�Z���]�j�Z��
�g�b�q�g�h�� �f�Z�e�b�o�� �\�b�k�h�l�Z�o�� �a�� �h�]�b�g�Z�g�g�y�f�� �j�_�e�v�}�n�m�� �f�•�k�p�_�\�h��
�k�l�•���� �I�j�b�� �p�v�h�f�m���� �a�j�h�k�l�Z�g�g�y�� �€�o�g�•�o�� �f�Z�g�_�\�j�_�g�b�o�� �f�h�`�e�b��
�\�h�k�l�_�c�� �h�[�m�f�h�\�e�x�}�� �\�b�g�b�d�g�_�g�g�y�� �_�n�_�d�l�m�� �[�e�m�d�Z�g�g�y�� �j�Z��
�^�•�h�e�h�d�Z�p�•�c�g�h�]�h���p�_�g�l�j�m���i�h�\�•�l�j�y�g�h�]�h���h�[�¶�}�d�l�m�����s�h���k�i�h��
�k�l�_�j�•�]�Z�}�l�v�k�y �\�g�Z�k�e�•�^�h�d�� �r�\�b�^�d�h�€�� �a�f�•�g�b�� �i�h�e�h�`�_�g�g�y 
�c�h�]�h �³�[�e�b�k�d�m�q�b�o���l�h�q�h�d�´�����<�d�Z�a�Z�g�_���}���i�j�b�q�b�g�h�x���\�b�g�b�d��
�g�_�g�g�y�� �n�e�m�d�l�m�Z�p�•�c�� �n�Z�a�h�\�h�]�h�� �n�j�h�g�l�m �o�\�b�e�• �k�b�]�g�Z�e�m��
�i�j�b�� �\�•�^�[�b�l�l�•�� �c�h�]�h�� �\�•�^�� �f�Z�g�_�\�j�m�x�q�h�]�h�� �i�h�\�•�l�j�y�g�h�]�h��
�h�[�¶�}�d�l�m�����s�h���k�i�h�k�l�_�j�•�]�Z�}�l�v�k�y���i�•�^���f�Z�e�b�f�b���d�m�l�Z�f�b���f�•�k�p�y 
�l�Z���h�[�m�f�h�\�e�x�}���g�Z�y�\�g�•�k�l�v �^�h�i�i�e�_�j�•�\�k�v�d�h�]�h���r�m�f�m���i�h�\�•��
�l�j�y�g�h�]�h���h�[�¶�}�d�l�m. 

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

�Y�d�� �^�h�\�_�^�_�g�h�� �m��[7], �^�e�y�� �k�m�q�Z�k�g�b�o�� �J�E�K�� �\�� �m�f�h�\�Z�o��
�j�_�]�m�e�y�j�g�h�]�h�� �\�b�f�•�j�x�\�Z�g�g�y���� �g�Z�� �l�h�q�g�•�k�l�v�� �h�p�•�g�x�\�Z�g�g�y��
�q�Z�k�l�h�l�b �>�h�i�i�e�_�j�Z �i�Z�q�d�b���j�Z�^�•�h�•�f�i�m�e�v�k�•�\�� �m �a�g�Z�q�g�h���[�•��
�e�v�r�h�f�m�� �k�l�m�i�_�g�•�� �\�i�e�b�\�Z�x�l�v�� �k�l�Z�l�b�k�l�b�q�g�•�� �o�Z�j�Z�d�l�_�j�b�k��
�l�b�d�b���n�e�m�d�l�m�Z�p�•�€���n�Z�a���€�€���j�Z�^�•�h�•�f�i�m�e�v�k�•�\���g�•�`���\�•�^�g�h�r�_�g�g�y��
�³�k�b�]�g�Z�e���r�m�f�´���� �I�j�b�� �p�v�h�f�m, �^�h�\�_�^�_�g�h���� �s�h�� �^�e�y�� �J�E�K�� �a��
�•�f�i�m�e�v�k�g�b�f�� �a�h�g�^�m�\�Z�g�g�y�f�� �n�Z�a�h�\�•�� �n�e�m�d�l�m�Z�p�•�€�� �j�Z�^�•�h�•�f��
�i�m�e�v�k�•�\�� �i�j�b�c�g�y�l�h�€���i�Z�q�d�b���j�h�a�i�h�^�•�e�_�g�•���a�Z���g�h�j�f�Z�e�v�g�b�f��
�a�Z�d�h�g�h�f�����Z���€�o���d�h�j�_�e�y�p�•�y���m�[�m�\�Z�}���\�•�^���•�f�i�m�e�v�k�m���^�h���•�f�i�m��
�e�v�k�m���a�Z���a�g�Z�d�h�a�f�•�g�g�b�f���a�Z�d�h�g�h�f�� 

�<�b�s�_�� �\�b�d�e�Z�^�_�g�_�� �i�•�^�l�\�_�j�^�`�_�g�h�� �j�_�a�m�e�v�l�Z�l�Z�f�b��
�_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o�� �^�h�k�e�•�^�`�_�g�v��[23]���� �^�_�� �m �y�d�h�k�l�•�� �j�Z��
�^�•�h�e�h�d�Z�p�•�c�g�h�]�h���\�b�f�•�j�x�\�Z�q�Z���[�m�e�h���\�b�d�h�j�b�k�l�Z�g�h���j�h�a�l�Z��
�r�h�\�Z�g�m�� �g�Z�� �m�a�[�_�j�_�`�`�•�� �:�a�h�\�k�v�d�h�]�h�� �f�h�j�y�� �J�E�K�� �����>���� 
�H�l�j�b�f�Z�g�Z�� �d�h�j�_�e�y�p�•�c�g�Z�� �n�m�g�d�p�•�y�� �n�Z�a�h�\�b�o�� �n�e�m�d�l�m�Z�p�•�c��
�i�j�b�c�g�y�l�h�]�h�� �k�b�]�g�Z�e�m�� �[�m�e�Z�� �Z�i�j�h�d�k�b�f�h�\�Z�g�Z�� �h�k�p�b�e�x�x��
�q�h�x���a�Z�e�_�`�g�•�k�l�x. 

�M���>���@�� �^�h�\�_�^�_�g�h, �s�h�� �a�[�•�e�v�r�_�g�g�y�� �^�b�k�i�_�j�k�•�€�� �n�Z�a�h��

�\�b�o���n�e�m�d�l�m�Z�p�•�c��2
�M�V

 
�g�Z���i�h�j�y�^�h�d���\���h�[�e�Z�k�l�•���f�Z�e�b�o���a�g�Z��

�q�_�g�v�� 

( 2 20,01...0,1 �j�Z�^�M�V � )  

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

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

2 2( 1...10 )�j�Z�^�M�V � ,  

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

�>�e�y�� �\�d�Z�a�Z�g�b�o�� �m�f�h�\�� �m��[8] �h�p�•�g�_�g�h�� �f�h�`�e�b�\�•�� �a�g�Z��
�q�_�g�g�y�� �k�d�e�Z�^�h�\�b�o�� �k�_�j�_�^�g�v�h�d�\�Z�^�j�Z�l�b�q�g�h�€�� �i�h�f�b�e�d�b 
���K�D�I�� �\�b�f�•�j�x�\�Z�g�g�y���j�Z�^�•�Z�e�v�g�h�€���r�\�b�^�d�h�k�l�•���I�H�����y�d�•���\�b��
�g�b�d�Z�x�l�v���\�g�Z�k�e�•�^�h�d���\�i�e�b�\�m���d�h�j�_�e�v�h�\�Z�g�b�o�� �n�e�m�d�l�m�Z�p�•�c��
�n�Z�a�b �j�Z�^�•�h�e�h�d�Z�p�•�c�g�h�]�h���k�b�]�g�Z�e�m�����s�h���^�h�a�\�h�e�y�}  �h�p�•�g�x��
�\�Z�l�b�� �k�l�m�i�•�g�v�� �a�g�b�`�_�g�g�y�� �_�n�_�d�l�b�\�g�h�k�l�•�� �Z�e�]�h�j�b�l�f�•�\�� �k�m��
�i�j�h�\�h�^�`�_�g�g�y���l�Z���\�b�y�\�e�_�g�g�y���f�Z�g�_�\�j�m�� 

�>�e�y���J�E�K���k�m�i�j�h�\�h�^�`�_�g�g�y���I�H �g�Z���^�Z�e�v�g�h�k�l�y�o �\�b��
�y�\�e�_�g�g�y�������«������ �d�f�����g�_�h�^�g�h�j�•�^�g�h�k�l�•���l�j�h�i�h�k�n�_�j�b���j�h�a��
�f�•�j�h�f�������� �f���a�^�Z�l�g�•���\�b�d�e�b�d�Z�l�b���n�e�m�d�l�m�Z�p�•�€���n�Z�a�b���a���•�g�l�_��
�j�\�Z�e�h�f���d�h�j�_�e�y�p�•�€�� 

0,1...1 �k�W�  

�l�Z���^�b�k�i�_�j�k�•�}�x���� 
2 4,8...9,7�M�V � 2�j�Z�^   

�i�j�b���^�h�\�`�b�g�•���o�\�b�e�• �J�E�K  

3...5�O�  �k�f���>���@�� 

�>�e�y���g�Z�\�_�^�_�g�b�o���^�Z�g�b�o���j�h�a�j�Z�o�h�\�Z�g�h���k�d�e�Z�^�h�\�•���K�D�I��
�\�b�f�•�j�x�\�Z�g�g�y�� �j�Z�^�•�Z�e�v�g�h�€�� �r�\�b�^�d�h�k�l�•���I�H, �s�h�� �h�[�m�f�h�\��
�e�_�g�• �\�g�m�l�j�•�r�g�•�f�b���r�m�f�Z�f�b���l�Z �n�Z�a�h�\�b�f�b���n�e�m�d�l�m�Z�p�•�y�f�b 
�^�e�y�� �i�Z�q�h�d�� �a �j�•�a�g�h�x �d�•�e�v�d�•�k�l�x�� �j�Z�^�•�h�•�f�i�m�e�v�k�•�\���� �H�l�j�b��
�f�Z�g�•�� �j�_�a�m�e�v�l�Z�l�b�� �k�\�•�^�q�Z�l�v�� �i�j�h�� �l�_���� �s�h�� �a�g�Z�q�_�g�g�y �n�e�m�d��
�l�m�Z�p�•�c�g�b�o���k�d�e�Z�^�h�\�b�o���K�D�I�����a�^�Z�l�g�•���g�Z���i�h�j�y�^�h�d���•���[�•�e�v�r�_��
�i�_�j�_�\�_�j�r�m�\�Z�l�b�� �k�d�e�Z�^�h�\�•�� �s�h �h�[�m�f�h�\�e�_�g�•�� �\�i�e�b�\�h�f��
�\�g�m�l�j�•�r�g�•�o�� �r�m�f�•�\�� �� �i�j�b�c�f�Z�e�v�g�h�]�h�� �i�j�b�k�l�j�h�x�� �J�E�K �l�Z 
�^�h�k�y�]�Z�l�b�����«�� �f���k��  

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

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

�L�h�f�m, �^�e�y���a�f�_�g�r�_�g�g�y���\�i�e�b�\�m���\�d�Z�a�Z�g�b�o���n�Z�d�l�h�j�•�\��
�i�j�h�i�h�g�m�}�l�v�k�y�� �^�h�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �h�i�l�b�f�Z�e�v�g�b�c�� �Z�e�]�h��
�j�b�l�f���i�h�l�h�q�g�h�]�h���\�b�f�•�j�x�\�Z�g�g�y���q�Z�k�l�h�l�b���>�h�i�e�_�j�Z���i�Z�q�d�b��
�j�Z�^�•�h�•�f�i�m�e�v�k�•�\���a���\�j�Z�o�m�\�Z�g�g�y�f���n�e�m�d�l�m�Z�p�•�c���€�o���i�h�q�Z�l�d�h��
�\�b�o�� �n�Z�a���� �s�h�� �f�Z�}�� �i�j�Z�d�l�b�q�g�m�� �\�Z�`�e�b�\�•�k�l�v�� �^�e�y�� �j�h�a�\�¶�y-
�a�Z�g�g�y���a�Z�\�^�Z�g�g�y���k�m�i�j�h�\�h�^�`�_�g�g�y���k�d�e�Z�^�g�b�o���Z�_�j�h�^�b�g�Z�f�•��
�q�g�b�o���I�H�����s�h���f�Z�g�_�\�j�m�x�l�v��[10, 11]. 

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

�A�Z���j�_�a�m�e�v�l�Z�l�Z�f�b���i�j�h�\�_�^�_�g�h�]�h���q�b�k�_�e�v�g�h�]�h���h�p�•�g�x��
�\�Z�g�g�y �\�k�l�Z�g�h�\�e�_�g�h, �s�h �m���a�\�b�q�Z�c�g�b�o���m�f�h�\�Z�o���n�m�g�d�p�•�h��
�g�m�\�Z�g�g�y�� �J�E�K�� �i�•�^�\�b�s�_�g�g�y�� �l�h�q�g�h�k�l�•�� �\�b�f�•�j�x�\�Z�g�g�y�� �j�Z��
�^�•�Z�e�v�g�h�€���r�\�b�^�d�h�k�l�•���I�H �a�Z���j�Z�o�m�g�h�d���\�j�Z�o�m�\�Z�g�g�y���n�Z�a�h��
�\�b�o���n�e�m�d�l�m�Z�p�•�c���m���a�Z�e�_�`�g�h�k�l�•���\�•�^���\�b�^�m���€�o���d�h�j�_�e�y�p�•�c�g�h�€��
�n�m�g�d�p�•�€���}���g�_�a�g�Z�q�g�h�x���l�Z���f�h�`�_���k�l�Z�g�h�\�b�l�b���������«�����������j�Z��
�a�•�\��  

�<���m�f�h�\�Z�o���i�_�j�_�\�Z�`�g�h�]�h���\�i�e�b�\�m���n�Z�a�h�\�b�o���n�e�m�d�l�m��
�Z�p�•�c���� �l�h�[�l�h�� �\�g�Z�k�e�•�^�h�d�� �h�[�m�j�_�g�h�]�h�� �k�l�Z�g�m�� �Z�l�f�h�k�n�_�j�b����
�k�m�l�l�}�\�h�]�h���\�i�e�b�\�m���a�_�f�g�h�€�����f�h�j�k�v�d�h�€�����i�h�\�_�j�o�g�•���l�Z���\�b�d�h��
�g�Z�g�g�y���i�h�\�•�l�j�y�g�b�f �h�[�¶�}�d�l�h�f �k�d�e�Z�^�g�h�]�h���f�Z�g�_�\�j�m�\�Z�g�g�y����
�^�Z�g�_���i�•�^�\�b�s�_�g�g�y���l�h�q�g�h�k�l�•���f�h�`�_���^�h�k�y�]�Z�l�b����,�����«�� ,29 
�j�Z�a�•�\ [11].  

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

�<�b�k�g�h�\�d�b 

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

2. �<���k�b�k�l�_�f�•�� �k�m�i�j�h�\�h�^�`�_�g�g�y �I�H �a�Z�� �j�Z�^�•�Z�e�v�g�h�x��
�r�\�b�^�d�•�k�l�x���i�j�b��0,1nT c�!  �h�k�g�h�\�g�h�x���k�d�e�Z�^�h�\�h�x���i�h�f�b��

�e�d�b���_�d�k�l�j�Z�i�h�e�y�p�•�€���}���^�b�g�Z�f�•�q�g�Z���k�d�e�Z�^�h�\�Z�� �I�_�j�•�h�^���\�b�f�•��
�j�x�\�Z�g�g�y���d�h�h�j�^�b�g�Z�l��0,1nT c� , �s�h���\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y��
�m �k�m�q�Z�k�g�b�o���J�E�K�� �}���a�Z�\�_�e�b�d�b�f �^�e�y���k�m�i�j�h�\�h�^�`�_�g�g�y���\�b��
�k�h�d�h�f�Z�g�_�\�j�_�g�b�o���I�H �a�Z�� �j�Z�^�•�Z�e�v�g�h�x�� �r�\�b�^�d�•�k�l�x�� �i�j�b��
�f�Z�e�b�o �\�•�^�g�h�r�_�g�g�y���³�k�b�]�g�Z�e���r�m�f�´�� 

3. �I�j�b 0,1nT c�  �l�Z�� �f�Z�e�b�o�� �\�•�^�g�h�r�_�g�g�y�o�� �³�k�b�]��

�g�Z�e���r�m�f�´, �k�_�j�_�^�g�•�c���q�Z�k���^�h���a�j�b�\�m���k�m�i�j�h�\�h�^�`�_�g�g�y���i�h��
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Providing the specified resistance of tracking of aerial objects by radial velocity 

in real conditions of radiolocation signal propagation and reflection 

Andrii Kovalchuk, Oleksandr Kuznietsov, Oleksii Kolomiitsev, Anton Karlov 

Abst rac t .  Tracking of aerial objects is carried out by multi-channel radar stations and is provided by subsystems for 
determining range, radial velocity and angular coordinates. If the tracking objects are highly maneuverable, then there is a signifi-
cant decrease in the accuracy and stability of the tracking relative to the area of lack of maneuvering, which is quite long. In the 
event of erroneous or outdated parameters of the tracking system's algorithms, there is a significant increase in the error of tracking 
the aircraft in the area of the maneuver, which can lead to the breakdown of tracking due to a significant dynamic component error. 
In order to assess the stability of tracking, it is proposed to use the equivalent size of the aperture of the discriminating characteristic. 
The influence of the parameters of the stochastic model of the aircraft movement, the observation model and the period of coordi-
nate measurement on the stability of tracking according to the radial velocity was evaluated.  As a result of the conducted research, 
it becomes possible to further evaluate the feasibility of adaptation to the maneuverability characteristics of aerial objects and 
provide recommendations regarding the selection of the coordinate measurement period in multi-channel radars. It is noted that the 
stability of the tracking process depends on the accuracy of the current measurement of the radial velocity of the object, which is 
mainly determined by the statistical characteristics of the fluctuations of the phase front of the radar signal wave.  The influence of 
these fluctuations is due to the presence of turbulent inhomogeneities of the atmosphere, the nature of the object's maneuver and 
the reflection of radio waves from the earth's or sea's surface. Proposals are given to take into account the specified fluctuations 
and reduce their impact on the quality of solving the task of tracking air objects. Increasing the stability of tracking highly maneu-
verable air objects at radial speed can additionally be ensured by taking into account random distortions of the radar signal wave 
phase front by performing statistical optimization of its processing. 

Keywords:  extrapolation error variance, radial velocity, automatic tracking system, follow-up measurement, statistical 
characteristics, tracking, phase front fluctuations. 
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�]�•�y�f�b �Z�g�Z�e�•�a�m���^�Z�g�b�o �l�Z �f�Z�r�b�g�g�h�]�h���g�Z�\�q�Z�g�g�y, �a�Z�k�l�h�k�m�\�Z�g�g�y�f �f�h�^�_�e�_�c�����f�_�l�h�^�•�\���l�Z���Z�e�]�h�j�b�l�f�•�\���r�l�m�q�g�h�]�h���•�g�l�_�e�_�d�l�m���m���l�_��
�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�•�c���]�Z�e�m�a�•�����M���k�l�Z�l�l�•���a�Z�i�j�h�i�h�g�h�\�Z�g�h �\�Z�j�•�Z�g�l���\�d�e�x�q�_�g�g�y���\�•�^�i�h�\�•�^�g�b�o���^�b�k�p�b�i�e�•�g���^�h���g�Z�\�q�Z�e�v�g�b�o���i�e�Z�g�•�\�� 

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

 

�<�k�l�m�i 

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

�J�h�a�\�b�l�h�d�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�� �\�� �M�d�j�Z�€�g�•�� �i�h�\�b�g�_�g��
�a�^�•�c�k�g�x�\�Z�l�b�k�y�� �r�\�b�^�d�b�f�b�� �l�_�f�i�Z�f�b���� �A�Z�d�h�g�� �M�d�j�Z�€�g�b��
���I�j�h�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�€���� �\�b�a�g�Z�q�Z�}�� �h�k�g�h�\�g�•�� �a�Z�k�Z�^�b�� �•��
�g�Z�i�j�y�f�b�� �j�h�a�\�b�l�d�m�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�b�o�� �f�_�j�_�`�� �a�Z�]�Z��
�e�v�g�h�]�h�� �d�h�j�b�k�l�m�\�Z�g�g�y�� �•�� �d�h�g�p�_�i�p�•�x�� �j�h�a�\�b�l�d�m�� �l�_�e�_�d�h��
�f�m�g�•�d�Z�p�•�c���� �L�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�•�� �f�_�j�_�`�•�� �l�Z�� �k�b�k�l�_�f�b �}��
�g�_�\�•�^�
�}�f�g�h�x�� �q�Z�k�l�b�g�h�x�� �\�b�j�h�[�g�b�q�h�€�� �l�Z�� �k�h�p�•�Z�e�v�g�h�€��
�•�g�n�j�Z�k�l�j�m�d�l�m�j�b�� �M�d�j�Z�€�g�b�� �•�� �i�j�b�a�g�Z�q�_�g�•�� �^�e�y�� �a�Z�[�_�a�i�_��
�q�_�g�g�y���l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�b�f�b���i�h�k�e�m�]�Z�f�b �d�h�j�b�k�l�m�\�Z�q�•�\��
�j�•�a�g�b�o�� �d�Z�l�_�]�h�j�•�c��- �n�•�a�b�q�g�b�o�� �l�Z�� �x�j�b�^�b�q�g�b�o�� �h�k�•�[���� �h�j��
�]�Z�g�•�\�� �^�_�j�`�Z�\�g�h�€�� �\�e�Z�^�b�� ���G�Z�m�d�h�\�h-�l�_�o�g�•�q�g�_�� �a�Z�[�_�a�i�_��
�q�_�g�g�y�� �n�m�g�d�p�•�h�g�m�\�Z�g�g�y�� �c �j�h�a�\�b�l�d�m�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c��
�a�^�•�c�k�g�x�}�l�v�k�y�� �r�e�y�o�h�f�� �h�j�]�Z�g�•�a�Z�p�•�€�� �g�Z�m�d�h�\�b�o�� �^�h�k�e�•��
�^�`�_�g�v���� �\�i�j�h�\�Z�^�`�_�g�g�y�� �g�h�\�b�o�� �l�_�o�g�h�e�h�]�•�c�� �l�Z�� �a�Z�k�h�[�•�\��
�l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c" [2]. �<�i�j�h�\�Z�^�`�_�g�g�y�� �•�g�n�h�j�f�Z�p�•�c�g�b�o��
�l�_�o�g�h�e�h�]�•�c�� �f�_�l�h�^�•�\�����f�h�^�_�e�_�c���l�Z���Z�e�]�h�j�b�l�f�•�\���r�l�m�q�g�h��
�]�h���•�g�l�_�e�_�d�l�m���m���l�_�e�_�d�h�f�m�g�•�d�Z�p�•�€ �[�m�^�_���\�b�a�g�Z�q�Z�l�b���i�h�^�Z��
�e�v�r�b�c�� �j�h�a�\�b�l�h�d�� �]�Z�e�m�a�•���� �L�h�f�m�� �\�•�^�i�h�\�•�^�g�Z�� �i�•�^�]�h�l�h�\�d�Z��
�\�b�k�h�d�h�d�\�Z�e�•�n�•�d�h�\�Z�g�b�o�� �k�i�_�p�•�Z�e�•�k�l�•�\�� �m�� �]�Z�e�m�a�•�� �l�_�e�_�d�h��
�f�m�g�•�d�Z�p�•�c�� �}�� �\�Z�`�e�b�\�h�x�� �l�Z�� �Z�d�l�m�Z�e�v�g�h�x�� �a�Z�^�Z�q�_�x�� �\�b��
�s�b�o���g�Z�\�q�Z�e�v�g�b�o���a�Z�d�e�Z�^�•�\�� 

�:�g�Z�e�•�a�� �h�k�l�Z�g�g�•�o�� �^�h�k�e�•�^�`�_�g�v�� �l�Z�� �i�m�[�e�•�d�Z�p�•�c�� 
�J�h�a�]�e�y�^�m�� �i�b�l�Z�g�v�� �\�b�d�e�b�d�•�\���� �g�h�\�b�o�� �f�h�`�e�b�\�h�k�l�_�c �l�Z��
�l�_�g�^�_�g�p�•�c �m�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�h�f�m�� �k�_�d�l�h�j�•�� �i�j�b�k�\�y��
�q�m�x�l�v���k�\�h�€���i�m�[�e�•�d�Z�p�•�€���a�Z�j�m�[�•�`�g�•���l�Z���\�•�l�q�b�a�g�y�g�•���Z�\�l�h�j�b��
[1�±15].  

�I�h�k�l�Z�g�h�\�d�Z�� �a�Z�\�^�Z�g�g�y�����H�q�•�d�m�}�l�v�k�y���� �s�h�� �j�h�a�\�b��
�l�h�d�� �h�k�g�h�\�g�b�o�� �l�_�g�^�_�g�p�•�c�� �m�� �k�n�_�j�•�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c��
���i�j�h�]�j�Z�f�g�h�� �\�b�a�g�Z�q�_�g�•�� �f�_�j�_�`�•�� ���6�'�1������ �\�•�j�l�m�Z�e�•�a�Z�p�•�y��
�f�_�j�_�`�_�\�b�o�� �n�m�g�d�p�•�c�� ���1�)�9������ �a�Z�k�l�h�k�m�\�Z�g�g�y�� �l�_�o�g�h�e�h�]�•�€��
���*�� �l�Z�� �r�l�m�q�g�h�]�h �•�g�l�_�e�_�d�l�m (AI)) �l�j�b�\�Z�l�b�f�_�� �c�� �g�Z�^�Z�e�•. 
�P�•���a�f�•�g�b���f�Z�x�l�v���[�m�l�b���\�•�^�h�[�j�Z�`�_�g�•���\���g�Z�\�q�Z�e�v�g�b�o���i�j�h��
�]�j�Z�f�Z�o�� �i�•�^�]�h�l�h�\�d�b�� �•�g�`�_�g�_�j�•�\�� �a �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c����

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

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

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

�L�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�Z�� �f�_�j�_�`�Z�� �g�Z�k�l�m�i�g�h�]�h�� �i�h�d�h��
�e�•�g�g�y�� �f�Z�}�� �f�Z�l�b�� �}�^�b�g�m�� �•�g�n�j�Z�k�l�j�m�d�l�m�j�m�� �•�� �i�h�\�b�g�g�Z��
�_�n�_�d�l�b�\�g�h���l�Z���]�g�m�q�d�h���g�Z�^�Z�\�Z�l�b���j�•�a�g�h�f�Z�g�•�l�g�•���i�h�k�e�m�]�b����
�l�Z�d�•�� �y�d�� �j�h�a�r�b�j�_�g�b�c�� �f�h�[�•�e�v�g�b�c�� �r�b�j�h�d�h�k�f�m�]�h�\�b�c��
�a�\�¶�y�a�h�d�����g�Z�^�g�Z�^�•�c�g�b�c���a�\�¶�y�a�h�d���•�a���f�Z�e�h�x���a�Z�l�j�b�f�d�h�x���l�Z��
�a�\�¶�y�a�h�d �f�Z�k�h�\�h�]�h�� �f�Z�r�b�g�g�h�]�h�� �l�b�i�m���� �<�h�g�Z�� �l�Z�d�h�`�� �i�h��
�\�b�g�g�Z�� �i�•�^�l�j�b�f�m�\�Z�l�b�� �k�i�•�\�•�k�g�m�x�q�b�c �^�h�k�l�m�i�� �a�Z�� �d�•�e�v�d�h��
�f�Z�� �k�l�Z�g�^�Z�j�l�Z�f�b���� �l�Z�d�b�f�b�� �y�d�� ���*���� �/�7�(�� �•�� �:�L-�)�L���� �•�� �d�h�h�j��
�^�b�g�m�\�Z�l�b�� �]�_�l�_�j�h�]�_�g�g�m�� �f�_�j�_�`�m�� �a�� �j�•�a�g�b�f�b �l�b�i�Z�f�b��
�[�Z�a�h�\�b�o�� �k�l�Z�g�p�•�c�� ���%�6������ �g�Z�i�j�b�d�e�Z�^���� �f�Z�d�j�h���� �f�•�d�j�h�� ����
�n�_�f�l�h�����i�•�d�h���;�K���l�Z���j�•�a�g�h�f�Z�g�•�l�g�•���i�j�b�k�l�j�h�€���d�h�j�b�k�l�m�\�Z�q�Z��
�l�Z���i�j�h�]�j�Z�f�b���>���@���� 

1. �H�k�g�h�\�g�•�� �l�_�g�^�_�g�p�•�€�� �j�h�a�\�b�l�d�m �l�_�e�_�d�h�f�m�g�•�d�Z��
�p�•�c�� �L�_�o�g�h�e�h�]�•�€�� �6�'�1�� �•�� �1�)�9�� �I�j�h�]�j�Z�f�g�h�� �\�b�a�g�Z�q�_�g�Z��
�f�_�j�_�`�Z�� ���6�'�1���� �i�j�_�^�k�l�Z�\�e�y�}�� �g�h�\�m�� �Z�j�o�•�l�_�d�l�m�j�m�� �^�_��
�d�_�j�m�\�Z�g�g�y�� �f�_�j�_�`�_�x�� �\�•�^�h�d�j�_�f�e�_�g�h�� �\�•�^�� �i�_�j�_�k�b�e�Z�g�g�y��
�^�Z�g�b�o�� �>7-9�@���� �F�_�j�_�`�Z�� �j�h�a�^�•�e�_�g�Z�� �g�Z�� �l�j�b�� �j�•�\�g�•���� �������� �j�•��
�\�_�g�v�� �i�e�h�s�b�g�b���^�Z�g�b�o�������������j�•�\�_�g�v�� �i�e�h�s�b�g�b���d�_�j�m�\�Z�g�g�y��
�l�Z��(3) �i�j�b�d�e�Z�^�g�b�c�� �j�•�\�_�g�v���� �J�•�\�_�g�v�� �i�e�h�s�b�g�b�� �^�Z�g�b�o��
�k�d�e�Z�^�Z�}�l�v�k�y�� �a�� �i�j�h�]�j�Z�f�h�\�Z�g�h�€�� �f�_�j�_�`�_�\�h�€�� �•�g�n�j�Z�k�l�j�m�d��
�l�m�j�b���� �l�Z�d�h�€ �y�d�� �d�h�f�m�l�Z�l�h�j�b�� �l�Z�� �f�Z�j�r�j�m�l�b�a�Z�l�h�j�b���� �J�•��
�\�_�g�v�� �i�e�h�s�b�g�b�� �d�_�j�m�\�Z�g�g�y�� �f�•�k�l�b�l�v�� �p�_�g�l�j�Z�e�•�a�h�\�Z�g�b�c 
�d�h�g�l�j�h�e�_�j���� �y�d�b�c�� �d�_�j�m�}�� �f�_�j�_�`�_�\�b�f�b�� �i�j�b�k�l�j�h�y�f�b�� �g�Z��
�h�k�g�h�\�•�� �a�Z�i�b�l�•�\�� �j�•�\�g�y�� �^�h�^�Z�l�d�•�\���� �I�j�b�d�e�Z�^�g�b�c�� �j�•�\�_�g�v�� �± 
�p�_�� �f�•�k�p�_���� �^�_�� �f�_�j�_�`�_�\�•�� �k�e�m�`�[�b���� �i�h�\�g�•�k�l�x�� �j�_�Z�e�•�a�h�\�Z�g�•��
�\���i�j�h�]�j�Z�f�g�h�f�m���a�Z�[�_�a�i�_�q�_�g�g�•�����i�j�Z�p�x�x�l�v���•���k�i�•�e�d�m�x�l�v��
�k�y���a���p�_�g�l�j�Z�e�•�a�h�\�Z�g�b�f���d�h�g�l�j�h�e�_�j�h�f�� 

�<�•�j�l�m�Z�e�•�a�Z�p�•�y�� �f�_�j�_�`�_�\�b�o�� �n�m�g�d�p�•�c�� ���1�)�9���� �± �p�_��
�g�h�\�Z�� �l�_�o�g�h�e�h�]�•�y�� �\�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�b�o�� �f�_�j�_�`�Z�o����

�‹�������G�•�d�•�l�•�g�Z���E�� �H���� �>�`�_�g�x�d���G. �<��, �;�h�j�b�k�h�\�Z���E�� �<��, 2023 
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�1�)�9�� �\�•�j�l�m�Z�e�•�a�m�}�� �l�Z�� �p�_�g�l�j�Z�e�•�a�m�}�� �^�_�y�d�•���f�_�j�_�`�_�\�•���n�m�g��
�d�p�•�€���� �l�Z�d�•�� �y�d�� �m�^�h�k�d�h�g�Z�e�_�g�_�� �3�D�F�N�H�W�� �&�R�U�H�� ���(�3�&���� �Z�[�h�� �,�3��
Multimedia Subsystem (IMS), �^�e�y �h�i�l�b�f�•�a�Z�p�•�€ �\�b�d�h��
�j�b�k�l�Z�g�g�y�� �•�g�n�j�Z�k�l�j�m�d�l�m�j�b�� ���g�Z�i�j�b�d�e�Z�^���� �Z�i�Z�j�Z�l�g�b�o��
�j�_�k�m�j�k�•�\�������<�•�j�l�m�Z�e�•�a�h�\�Z�g�•���n�m�g�d�p�•�€���i�j�Z�p�x�x�l�v���m���p�_�g�l�j�•��
�h�[�j�h�[�d�b���^�Z�g�b�o���g�Z���k�l�Z�g�^�Z�j�l�g�h�f�m���d�h�f�_�j�p�•�c�g�h�f�m���]�h�l�h��
�\�h�f�m�� �h�[�e�Z�^�g�Z�g�g�•�� ���&�2�7�6���� �a�Z�f�•�k�l�v�� �j�h�a�i�h�^�•�e�_�g�h�]�h��
�a�Z�i�Z�l�_�g�l�h�\�Z�g�h�]�h�� �h�[�e�Z�^�g�Z�g�g�y���� �H�k�g�h�\�g�b�f�b�� �j�m�r�•�c�g�b��
�f�b�� �k�b�e�Z�f�b�� �\�i�j�h�\�Z�^�`�_�g�g�y�� �6�'�1�� �•�� �1�)�9�� �}�� �]�g�m�q�d�•�k�l�v��
�•�g�n�j�Z�k�l�j�m�d�l�m�j�b�� �l�Z�� �h�j�•�}�g�l�h�\�Z�g�•�� �g�Z�� �i�j�h�]�j�Z�f�g�_�� �a�Z�[�_�a��
�i�_�q�_�g�g�y�� �•�g�g�h�\�Z�p�•�€���� �s�h�� �i�j�b�a�\�h�^�y�l�v�� �^�h�� �\�b�s�h�€ �f�Z�k�r�l�Z��
�[�h�\�Z�g�h�k�l�•�����_�d�h�g�h�f�•�€���d�h�r�l�•�\���•���k�d�h�j�h�q�_�g�g�y���q�Z�k�m���\�b�o�h�^�m��
�g�Z���j�b�g�h�d���g�h�\�b�o���i�h�k�e�m�]�� 

�L�Z�d�b�f�� �q�b�g�h�f���� �Z�i�Z�j�Z�l�g�_ �a�Z�[�_�a�i�_�q�_�g�g�y�� �j�h�a�i�h�^�•��
�e�y�}�l�v�k�y���f�•�`���j�•�a�g�b�f�b���f�_�j�_�`�_�\�b�f�b���n�m�g�d�p�•�y�f�b�����i�h�\�g�•��
�k�l�x�� �j�_�Z�e�•�a�h�\�Z�g�b�f�b�� �i�j�h�]�j�Z�f�g�b�f�� �a�Z�[�_�a�i�_�q�_�g�g�y�f����
�H�k�g�h�\�g�h�x�� �i�_�j�_�\�Z�]�h�x�� �1�)�9�� �}�� �_�e�Z�k�l�b�q�g�Z�� �l�Z�� �f�Z�k�r�l�Z��
�[�h�\�Z�g�Z���Z�j�o�•�l�_�d�l�m�j�Z�����s�h���^�h�a�\�h�e�y�}���g�_���e�b�r�_���a�Z�h�s�Z�^�`�m��
�\�Z�l�b�� �d�Z�i�•�l�Z�e�v�g�•�� ���&�$�3�(�;���� �l�Z�� �h�i�_�j�Z�p�•�c�g�•�� �\�b�l�j�Z�l�b��
(OPEX)���� �Z�� �c�� �a�[�•�e�v�r�m�\�Z�l�b�� �^�h�o�•�^�� �h�i�_�j�Z�l�h�j�Z�� �f�_�j�_�`�•�� �a�Z��
�j�Z�o�m�g�h�d���r�\�b�^�r�h�]�h���\�b�o�h�^�m���g�Z���j�b�g�h�d���>��, 8] . 

�O�h�q�Z�� �1�)�9�� �•�� �6�'�1���� �}�� �Z�\�l�h�g�h�f�g�b�f�b�� �l�_�o�g�h�e�h�]�•�y�f�b����
�€�o�� �i�h�}�^�g�Z�g�g�y�� �i�j�b�a�\�h�^�b�l�v �^�h�� �d�•�e�v�d�h�o�� �k�b�g�_�j�]�_�l�b�q�g�b�o��
�_�n�_�d�l�•�\�� �>9]. �G�Z�i�j�b�d�e�Z�^���� �a�Z�� �^�h�i�h�f�h�]�h�x�� �p�_�g�l�j�Z�e�•�a�h�\�Z��
�g�h�]�h�� �f�_�j�_�`�_�\�h�]�h�� �•�g�l�_�e�_�d�l�m���� �y�d�b�c�� �g�Z�^�Z�}�� �6�'�1���� �f�h�`�g�Z��
�^�b�g�Z�f�•�q�g�h���i�_�j�_�f�•�s�m�\�Z�l�b���f�_�j�_�`�_�\�m���n�m�g�d�p�•�x���a���h�^�g�h�]�h��
�p�_�g�l�j�m�� �h�[�j�h�[�d�b�� �^�Z�g�b�o�� �^�h�� �•�g�r�h�]�h �[�_�a�� �i�_�j�_�j�b�\�Z�g�g�y��
�h�[�k�e�m�]�h�\�m�\�Z�g�g�y���� �D�j�•�f�� �l�h�]�h���� �f�_�j�_�`�_�\�•�� �j�_�k�m�j�k�b���� �g�_�h�[��
�o�•�^�g�•�� �^�e�y�� �\�•�^�i�h�\�•�^�g�h�k�l�•�� �^�_�y�d�b�f�� �d�j�b�l�b�q�g�b�f�� �i�Z�j�Z�f�_�l��
�j�Z�f�����g�Z�i�j�b�d�e�Z�^�����r�\�b�^�d�•�k�l�v���i�_�j�_�^�Z�q�•���^�Z�g�b�o���Z�[�h���a�Z�l�j�b��
�f�d�Z�������f�h�`�m�l�v���^�b�g�Z�f�•�q�g�h���j�h�a�i�h�^�•�e�y�l�b�k�y���a�Z���^�h�i�h�f�h�]�h�x��
�6�'�1���g�Z���a�Z�i�b�l���f�_�j�_�`�_�\�h�€���n�m�g�d�p�•�€���Z�[�h���i�j�h�]�j�Z�f�b. 

�L�_�o�g�h�e�h�]�•�y�����* �k�l�Z�g�_���h�k�g�h�\�g�h�x �•���i�_�j�_�c�^�_���g�Z���i�_��
�j�r�m�� �k�l�Z�^�•�x�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �G�h�\�_�� �i�h�d�h�e�•�g�g�y�� �f�h�[�•�e�v��
�g�b�o���f�_�j�_�`�������*�����g�Z���\�•�^�f�•�g�m���\�•�^���•�g�r�b�o���_�l�Z�i�•�\���_�\�h�e�x�p�•�€��
�f�h�[�•�e�v�g�b�o���f�_�j�_�`�����l�Z�d�b�o�� �y�d�� ���*���•�����*�������*���\�b�o�h�^�b�l�v���a�Z��
�j�Z�f�d�b�� �\�b�s�b�o�� �r�\�b�^�d�h�k�l�_�c�� �i�_�j�_�^�Z�q�•�� �^�Z�g�b�o�� �^�e�y�� �f�h�[�•��
�e�v�g�h�]�h�� �1�g�l�_�j�g�_�l�m�� �>13, 14�@���� ���*�� �k�l�\�h�j�x�}�� �g�h�\�b�c�� �l�b�i��
�f�_�j�_�`�•���� �y�d�Z�� �i�j�b�a�g�Z�q�_�g�Z�� �^�e�y�� �a�¶�}�^�g�Z�g�g�y�� �i�j�Z�d�l�b�q�g�h��
�\�k�•�o�� �•�� �\�k�v�h�]�h�� �j�Z�a�h�f���� �\�d�e�x�q�Z�x�q�b�� �f�Z�r�b�g�b���� �h�[�¶�}�d�l�b�� �l�Z��
�i�j�b�k�l�j�h�€�� 

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

���*�� �a�Z�i�j�h�i�h�g�m�}�� �a�Z�k�h�[�b�� �a�Z�o�b�k�l�m�� �\�•�^�� �a�j�h�k�l�Z�x�q�h�]�h��
�i�h�i�b�l�m���g�Z���j�h�a�r�b�j�_�g�g�y���f�h�[�•�e�v�g�b�o���i�h�k�e�m�]���•�a���•�g�l�_�g�k�b�\��
�g�b�f�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �i�j�h�i�m�k�d�g�h�€�� �a�^�Z�l�g�h�k�l�•���� �l�Z�d�b�o�� �^�h��
�^�Z�l�d�•�\���� �y�d�� ���'���� �\�•�j�l�m�Z�e�v�g�Z�� �j�_�Z�e�v�g�•�k�l�v ���9�5������ �^�h�i�h�\�g�_�g�Z��
���$�5�����•���a�f�•�r�Z�g�Z���j�_�Z�e�v�g�•�k�l�v����MR)�����\�•�^�_�h���\�b�k�h�d�h�€���q�•�l�d�h�k��
�l�• �l�Z���•�g., �a�Z�[�_�a�i�_�q�_�g�g�y���\�b�f�h�]���^�h���g�_�c�f�h�\�•�j�g�h���g�Z�^�•�c�g�b�o��
���0���0���� �i�h�\�•�^�h�f�e�_�g�v�� �^�e�y�� �l�Z�d�b�o�� �i�h�k�e�m�]���� �y�d�� �_�e�_�d�l�j�h�g�g�Z��
�h�o�h�j�h�g�Z���a�^�h�j�h�\�¶�y���l�h�s�h�����F�Z�c�[�m�l�g�•���\�b�f�h�]�b���^�h���k�b�k�l�_�f�b��
���*���m�`�_���[�m�e�b���\�b�a�g�Z�q�_�g�•���g�Z���d�•�e�v�d�h�o���n�h�j�m�f�Z�o�� 

�K�b�k�l�_�f�Z�� �a�\�¶�y�a�d�m�� ���*�� �[�m�^�m�\�Z�l�b�f�_�l�v�k�y�� �g�Z �h�k�g�h�\�•��
�l�Z�d�b�o�� �l�_�o�g�h�e�h�]�•�c���� �g�Z�j�•�a�d�Z���� �\�•�j�l�m�Z�e�•�a�Z�p�•�y���� ���f�h�[�•�e�v�g�•����
�i�_�j�b�n�_�j�•�c�g�• �h�[�q�b�k�e�_�g�g�y���� �f�Z�k�b�\�g�Z�� �k�b�k�l�_�f�Z�� �a�� �^�_�d�•�e�v��
�d�h�f�Z�� �\�o�h�^�Z�f�b�� �l�Z�� �^�_�d�•�e�v�d�h�f�Z�� �\�b�o�h�^�Z�f�b�� ���0�,�0�2������ ���'��

�n�h�j�f�m�\�Z�g�g�y���i�j�h�f�_�g�y�� �g�Z�^�s�•�e�v�g�•���f�_�j�_�`�•���a�� �g�_�\�_�e�b�d�b��
�f�b�� �d�h�f�•�j�d�Z�f�b���� �f�Z�k�b�\�g�b�c�� �0�,�0�2�� �a�� �d�h�f�m�g�•�d�Z�p�•�}�x��
�i�j�b�k�l�j�•�c-�i�j�b�k�l�j�•�c�� ���'���'������ �f�m�e�v�l�b�a�\�¶�y�a�h�d���� �o�f�Z�j�g�• 
�f�_�j�_�`�• �j�Z�^�•�h�^�h�k�l�m�i�m�����5�$�1�������f�•�e�•�f�_�l�j�h�\�•���o�\�b�e�•���� �o�f�Z��
�j�g�• �Z�j�o�•�l�_�d�l�m�j�b���h�[�q�b�k�e�_�g�g�y���l�h�s�h���>13]. 

�1�g�l�_�j�g�_�l�� �j�_�q�_�c�� ���,�R�7�� �i�j�h�^�h�\�`�b�l�v�� �k�l�j�•�f�d�h�� �j�h��
�a�\�b�\�Z�l�b�k�y�����\���h�k�g�h�\�g�h�f�m���a�Z�\�^�y�d�b���l�_�o�g�h�e�h�]�•�€�����*�� IoT �± 
�s�_���h�^�g�Z���]�h�e�h�\�g�Z���l�_�g�^�_�g�p�•�y���l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�h�€���]�Z�e�m��
�a�•�� �g�Z�� ���������� �j�•�d���� �h�k�d�•�e�v�d�b�� ���*�� �l�Z�d�h�`�� �a�Z�[�_�a�i�_�q�b�l�v�� �g�h�\�m��
�o�\�b�e�x���i�j�h�]�j�Z�f���•���i�h�k�e�m�]���,�R�7�� 

IoT �g�Z�e�_�`�b�l�v �^�h�� �f�_�j�_�`�•�� �n�•�a�b�q�g�b�o�� �i�j�b�k�l�j�h�€�\����
�i�•�^�d�e�x�q�_�g�b�o�� �^�h�� �1�g�l�_�j�g�_�l�m���� �P�•�� �i�j�b�k�l�j�h�€�� �f�h�`�m�l�v�� �k�i�•��
�e�d�m�\�Z�l�b�k�y�� �h�^�b�g�� �a�� �h�^�g�b�f�� �•�� �h�[�f�•�g�x�\�Z�l�b�k�y�� �^�Z�g�b�f�b����
�I�j�h�]�j�Z�f�b�� �,�R�7���� �l�Z�d�•�� �y�d �j�h�a�m�f�g�• �^�h�f�Z�r�g�• �i�j�b�k�l�j�h�€�� �l�Z��
�l�_�o�g�h�e�h�]�•�€ �g�h�k�b�f�b�o���i�j�b�k�l�j�h�€�\�����\�`�_���\�b�d�h�j�b�k�l�h�\�m�x�l�v��
�k�y���k�v�h�]�h�^�g�•�� 

�<�Z�`�e�b�\�•�k�l�v�� �,�R�7�� �i�h�e�y�]�Z�}�� �\�� �f�h�`�e�b�\�h�k�l�•�� �\�•�^�^�Z�e�_��
�g�h�]�h�� �^�h�k�l�m�i�m�� �^�h�� �[�Z�a�h�\�b�o�� �k�l�Z�g�p�•�c�� �•�� �p�_�g�l�j�•�\�� �h�[�j�h�[�d�b��
�^�Z�g�b�o���� �;�•�e�v�r�•�k�l�v�� �m�q�Z�k�g�b�d�•�\ �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�h�€ �•�g��
�^�m�k�l�j�•�€���i�h�k�b�e�y�l�v���\�i�j�h�\�Z�^�`�_�g�g�y���,�R�7�����s�h�[���\�b�d�h�j�b�k�l�h��
�\�m�\�Z�l�b���i�_�j�_�\�Z�]�b�����y�d�•���g�Z�^�Z�}���p�y���l�_�o�g�h�e�h�]�•�y�� 

�K�i�j�b�y�l�e�b�\�Z�� �j�h�e�v �m�� �a�Z�[�_�a�i�_�q�_�g�g�•�� �•�g�n�j�Z�k�l�j�m�d�l�m��
�j�b�� �1�g�l�_�j�g�_�l�m�� �j�_�q�_�c���� �y�d�m�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�Z�� �]�Z�e�m�a�v��
�f�Z�} �g�Z�^�Z�\�Z�l�b �g�Z�c�d�j�Z�s�b�f���q�b�g�h�f�����^�h�a�\�h�e�b�l�v���h�i�_�j�Z�l�h��
�j�Z�f���k�l�j�m�d�l�m�j�m�\�Z�l�b���\�e�Z�k�g�•�� �i�h�k�e�m�]�b���1�g�l�_�j�g�_�l�m���j�_�q�_�c���•��
�i�j�h�i�h�g�m�\�Z�l�b�� �€�o�� �i�h�k�l�•�c�g�h�� �a�j�h�k�l�Z�x�q�h�f�m�� �j�b�g�d�m�� �1�g�l�_�j��
�g�_�l�m���j�_�q�_�c�� �L�h�c���n�Z�d�l�����s�h���]�j�Z�\�p�•���l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�h�€��
�]�Z�e�m�a�•�� �l�Z�d�h�`�� �}�� �g�h�k�•�y�f�b�� �i�•�^�d�e�x�q�_�g�g�y�� �^�h�� �1�g�l�_�j�g�_�l�m����
�h�a�g�Z�q�Z�}���� �s�h�� �]�Z�e�m�a�v�� �\�•�^�•�]�j�Z�\�Z�l�b�f�_�� �\�Z�`�e�b�\�m �j�h�e�v�� �m��
�\�i�j�h�\�Z�^�`�_�g�g�•���l�Z���j�h�a�]�h�j�l�Z�g�g�•���,�R�7�� 

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

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

�L�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�b�c �k�_�d�l�h�j���j�m�o�Z�}�l�v�k�y �^�h���\�•�j�l�m��
�Z�e�v�g�b�o�� �f�_�j�_�`�� �•�� �\�•�^�[�m�\�Z�}�l�v�k�y �k�l�j�•�f�d�b�c �i�_�j�_�o�•�^�� �i�h�k��
�l�Z�q�Z�e�v�g�b�d�•�\���i�h�k�e�m�]���a�\�¶�y�a�d�m ���&�6�3�����^�h���o�f�Z�j�b�� 

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

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

�D�•�[�_�j�[�_�a�i�_�d�Z. �=�Z�e�m�a�v�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�� �a�Z�\�`�^�b��
�[�m�e�Z�� �g�Z�c�[�•�e�v�r�� �\�j�Z�a�e�b�\�h�x�� �f�•�r�_�g�g�x�� �^�e�y�� �d�•�[�_�j�Z�l�Z�d����
�\�j�Z�o�h�\�m�x�q�b�� �\�_�e�b�q�_�a�g�•�� �h�[�k�y�]�b�� �d�h�g�n�•�^�_�g�p�•�c�g�b�o�� �^�Z��
�g�b�o���� �s�h�� �a�[�_�j�•�]�Z�x�l�v�k�y�� �\�� �j�•�a�g�b�o�� �k�d�e�Z�^�g�b�o�� �f�_�j�_�`�Z�o�� 
�L�_�o�g�h�e�h�]�•�y�� ���*�� �k�l�\�h�j�x�}�� �g�h�\�•�� �a�Z�]�j�h�a�b�� �[�_�a�i�_�p�•���� �•�� �l�_�e�_��
�d�h�f�m�g�•�d�Z�p�•�c�g�•�� �d�h�f�i�Z�g�•�€�� �i�h�\�b�g�g�•�� �i�•�^�]�h�l�m�\�Z�l�b�k�y�� �^�h��
�i�j�y�f�b�o�� �q�b�� �g�_�i�j�y�f�b�o�� �d�•�[�_�j�Z�l�Z�d���� �P�_�� �\�b�d�e�b�d�Z�}�� �g�_�h�[��
�o�•�^�g�•�k�l�v �k�l�\�h�j�_�g�g�y�� �Z�^�_�d�\�Z�l�g�h�€�� �1�L-�•�g�n�j�Z�k�l�j�m�d�l�m�j�b�� �l�Z��
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�€�€�� �i�h�}�^�g�Z�g�g�y�� �a�� �k�_�j�\�•�k�Z�f�b �l�Z�� �i�j�h�p�_�k�Z�f�b�� �^�e�y�� �i�•�^�l�j�b�f��
�d�b���[�_�a�i�_�d�b. �?�n�_�d�l�b�\�g�Z�� �d�•�[�_�j�[�_�a�i�_�d�Z�� �i�h�\�b�g�g�Z�� �\�d�e�x��
�q�Z�l�b���\�i�j�h�\�Z�^�`�_�g�g�y���\�b�y�\�e�_�g�g�y���a�Z�]�j�h�a�����f�_�l�h�^�•�\���j�_�Z�]�m��
�\�Z�g�g�y���g�Z���•�g�p�b�^�_�g�l�b���l�Z���f�_�l�h�^�•�\���a�Z�i�h�[�•�]�Z�g�g�y�� 

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

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

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

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

�1�f�_�j�k�b�\�g�•�� �l�_�o�g�h�e�h�]�•�€�� �m�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�y�o�� �A�Z��
�k�l�h�k�m�\�Z�g�g�y�� �l�_�o�g�h�e�h�]�•�c �\�•�j�l�m�Z�e�v�g�h�€���� �^�h�i�h�\�g�_�g�h�€�� �l�Z��
�a�f�•�r�Z�g�h�€���j�_�Z�e�v�g�h�k�l�• �\���l�_�e�_�d�h�f�m�g�•�d�Z�p�•�y�o���f�Z�}���a�f�•�g�b�l�b��
�]�Z�e�m�a�v�� �K�n�_�j�Z�f�b�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �•�f�_�j�k�b�\�g�b�o �l�_�o�g�h�e�h��
�]�•�c���m���l�_�e�_�d�h�f�m�g�•�d�Z�p�•�y�o���}���>21, 22]: 

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

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

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

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

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

8) �•�g�\�_�g�l�Z�j�b�a�Z�p�•�y�����j�h�[�h�l�Z���a�•���k�d�e�Z�^�h�f���h�[�e�Z�^�g�Z�g�g�y�� 
�H�i�_�j�Z�l�h�j�b�� �k�m�q�Z�k�g�h�€�� �f�h�[�•�e�v�g�h�€�� �f�_�j�_�`�•�� ���0�1�2����

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

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

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

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

�L�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�• �d�h�f�i�Z�g�•�€ �f�Z�x�l�v �g�Z�c�d�j�Z�s�b�c 
�i�h�l�_�g�p�•�Z�e���^�e�y���Z�g�Z�e�•�a�m���\�_�e�b�d�b�o���^�Z�g�b�o���a�Z�\�^�y�d�b���\�_�e�b�q�_�a��
�g�b�f�� �h�[�k�y�]�Z�f�� �^�Z�g�b�o���� �\�h�g�b�� �a�[�b�j�Z�x�l�v �q�_�j�_�a�� �f�_�j�_�`�•�� �h�i�_��
�j�Z�l�h�j�•�\�����P�_���•�g�n�h�j�f�Z�p�•�y �i�j�h���i�j�h�n�•�e�•���l�Z���i�j�b�k�l�j�h�€���d�h�j�b�k��
�l�m�\�Z�q�•�\���� �]�_�h�e�h�d�Z�p�•�x���� �a�j�Z�a�d�b�� �i�h�\�_�^�•�g�d�b���l�Z�� �•�g���� �<�_�e�b�d�•��
�l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�•�� �d�h�f�i�Z�g�•�€ (Lifecell, AT&T, 
CenturyLink, Swisscom, T-Mobile, Vodafone �l�Z�� �•�g���� �\�`�_��
�\�i�j�h�\�Z�^�b�e�b���Z�g�Z�e�•�l�b�d�m���\�_�e�b�d�b�o���^�Z�g�b�o���m���k�\�h�x���^�•�y�e�v�g�•�k�l�v��
�l�Z�� �j�h�a�j�h�[�d�m �k�\�h�]�h�� �i�j�h�]�j�Z�f�g�h�]�h�� �a�Z�[�_�a�i�_�q�_�g�g�y���� �A�Z�\�^�y�d�b��
�p�v�h�f�m�� �\�h�g�b�� �f�h�`�m�l�v�� �d�j�Z�s�_�� �i�_�j�_�^�[�Z�q�Z�l�b�� �i�h�i�b�l �g�Z�� �i�h�k��
�e�m�]�b�� �l�Z�� �\�•�^�l�•�d�� �d�e�•�}�g�l�•�\���� �i�e�Z�g�m�\�Z�l�b�� �h�i�l�b�f�Z�e�v�g�_�� �g�Z�\�Z�g��
�l�Z�`�_�g�g�y���g�Z���k�\�h�€���f�_�j�_�`�•���l�Z���]�e�b�[�r�_���j�h�a�m�f�•�l�b���k�\�•�c���j�b�g�h�d�� 

�=�h�e�h�\�g�b�f�� �a�Z�\�^�Z�g�g�y�f�� �h�i�_�j�Z�l�h�j�Z�� �a�\�¶�y�a�d�m�� �m�� �a�Z�[�_�a��
�i�_�q�_�g�g�•���y�d�h�k�l�• �i�h�k�e�m�]���}���h�i�l�b�f�•�a�Z�p�•�y �f�_�j�_�`�•�����G�Z���k�v�h�]�h��
�^�g�•���i�_�j�_�\�Z�`�Z�x�q�b�f���i�•�^�o�h�^�h�f���}���g�_�a�Z�e�_�`�g�Z���h�i�l�b�f�•�a�Z�p�•�y��
�h�d�j�_�f�b�o�� �d�e�x�q�h�\�b�o�� �i�h�d�Z�a�g�b�d�•�\�� �_�n�_�d�l�b�\�g�h�k�l�•�� ���.�3�,���� �a��
�\�b�d�h�j�b�k�l�Z�g�g�y�f���g�_�\�_�e�b�d�h�€���d�•�e�v�d�h�k�l�•���^�`�_�j�_�e���^�Z�g�b�o���� 

�J�•�r�_�g�g�y���� �y�d�•�� �i�j�b�c�f�Z�x�l�v�� �0�1�2�� �a�Z�� �^�h�i�h�f�h�]�h�x��
�j�•�a�g�b�o�� �•�g�k�l�j�m�f�_�g�l�•�\�� �Z�g�Z�e�•�a�m�� �^�Z�g�b�o���� �a�^�_�[�•�e�v�r�h�]�h��
�a�Z�e�_�`�Z�l�v�� �\�•�^�� �d�e�x�q�h�\�b�o�� �i�h�d�Z�a�g�b�d�•�\�� �_�n�_�d�l�b�\�g�h�k�l�•��
(KPI)���� �g�Z�d�h�i�b�q�_�g�b�o�� �m�� �j�•�a�g�b�o�� �f�•�k�p�y�o�� �•�� �q�Z�k�l�b�g�Z�o�� �f�_��
�j�_�`�•���� �:�e�_�� �0�1�2�� �f�h�`�m�l�v�� �f�Z�l�b�� �^�h�k�l�m�i�� �^�h�� �\�_�e�b�q�_�a�g�h�€��
�d�•�e�v�d�h�k�l�•���^�Z�g�b�o���a�•���k�\�h�€�o���\�e�Z�k�g�b�o���f�_�j�_�`���•���\�•�^���Z�[�h�g�_�g��
�l�•�\���� �:�g�Z�e�•�a�� �\�_�e�b�d�b�o�� �^�Z�g�b�o���� �y�d�•�� �[�_�j�m�l�v�k�y�� �a�� �[�Z�]�Z�l�v�h�o��
�^�`�_�j�_�e���� �^�h�a�\�h�e�b�l�v�� �h�l�j�b�f�Z�l�b�� �r�b�j�r�_�� �j�h�a�m�f�•�g�g�y�� �j�•�a��
�g�b�o�� �g�_�\�•�^�h�f�b�o�� �a�g�Z�q�_�g�v�� �l�Z�� �\�b�y�\�b�l�b �j�Z�g�•�r�_�� �g�_�\�•�^�h�f�•��
�f�h�^�_�e�•�� �l�Z�� �d�h�j�_�e�y�p�•�€���� �•���� �y�d�� �j�_�a�m�e�v�l�Z�l���� �a�Z�i�j�h�i�h�g�m�\�Z�l�b��
�g�h�\�•�� �a�Z�o�h�^�b�� �^�e�y�� �i�•�^�\�b�s�_�g�g�y�� �i�j�h�^�m�d�l�b�\�g�h�k�l�•�� �j�•�a�g�b�o��
�j�•�\�g�•�\���[�_�a�^�j�h�l�h�\�b�o���f�_�j�_�`�� 

�H�k�g�h�\�g�b�f�b�� �g�Z�i�j�y�f�Z�f�b�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �Z�g�Z�e�•�a�m��
�^�Z�g�b�o���m���l�_�e�_�d�h�f�m�g�•�d�Z�p�•�y�o �} [15]: 

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

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

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

������ �Z�g�l�b�n�j�h�^�� �± �i�•�^�\�b�s�_�g�g�y�� �j�•�\�g�y�� �[�_�a�i�_�d�b�� �d�e�•��
�}�g�l�•�\�� 

IMSI Check �± �k�_�j�\�•�k�� �i�_�j�_�\�•�j�d�b�� �m�g�•�d�Z�e�v�g�h�]�h��
�•�^�_�g�l�b�n�•�d�Z�l�h�j�Z�� �Z�[�h�g�_�g�l�Z�� �,�0�6�,���� �y�d�b�c�� �^�h�i�h�f�Z�]�Z�}��
�a�g�b�a�b�l�b���j�b�a�b�d���r�Z�o�j�Z�c�k�l�\�Z�����i�h�\�
�y�a�Z�g�h�]�h���•�a���a�Z�f�•�g�h�x��
SIM-�d�Z�j�l; 
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�i�_�j�_�\�•�j�d�Z�� �i�_�j�_�Z�^�j�_�k�Z�p�•�€ �± �k�_�j�\�•�k���� �y�d�b�c�� �•�g�n�h��
�j�f�m�}���� �q�b�� �g�Z�� �g�h�f�_�j�•�� �a�Z�� �a�Z�i�b�l�h�f�� �\�k�l�Z�g�h�\�e�_�g�Z�� �[�_�a�m��
�f�h�\�g�Z���i�_�j�_�Z�^�j�_�k�Z�p�•�y���g�Z���•�g�r�b�c���g�h�f�_�j���l�_�e�_�n�h�g�m; 

�^�Z�\�g�•�k�l�v�� �Z�d�l�b�\�Z�p�•�€�� �g�h�f�_�j�Z �± �k�b�k�l�_�f�Z�� �h�p�•�g�d�b��
�`�b�l�l�y�� �Z�[�h�g�_�g�l�Z�� �\�� �f�_�j�_�`�•���� �a�Z�k�g�h�\�Z�g�Z�� �g�Z�� �^�Z�\�g�h�k�l�•��
�Z�d�l�b�\�Z�p�•�€�� �6�,�0-�d�Z�j�l�b; �g�Z�^�Z�}�l�v�k�y�� �m�� �\�b�]�e�y�^�•�� �k�d�h�j�b�g��
�]�m���a�•���\�k�l�Z�g�h�\�e�_�g�b�f�b���^�•�Z�i�Z�a�h�g�Z�f�b; 

SIM-counter �± �i�_�j�_�\�•�j�d�Z���d�•�e�v�d�h�k�l�•���m�g�•�d�Z�e�v�g�b�o��
�g�h�f�_�j�•�\ �l�_�e�_�n�h�g�•�\�����y�d�•���\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�y���\���f�h�[�•��
�e�v�g�h�f�m�� �i�j�b�k�l�j�h�€���� �^�_�� �\�k�l�Z�g�h�\�e�_�g�Z�� �6�,�0-�d�Z�j�l�Z�� �a��
�g�h�f�_�j�h�f�� �a�Z�� �a�Z�i�b�l�h�f; �g�Z�^�Z�}�l�v�k�y�� �m�� �\�b�]�e�y�^�•�� �k�d�h�j�b�g��
�]�m���a�•���\�k�l�Z�g�h�\�e�_�g�b�f�b���^�•�Z�i�Z�a�h�g�Z�f�b�� 

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

6) HLR Lookup �± �i�h�k�e�m�]�Z�� �•�^�_�g�l�b�n�•�d�Z�p�•�€�� �g�Z�e�_��
�`�g�h�k�l�•���Z�[�h�g�_�g�l�k�v�d�h�]�h���g�h�f�_�j�Z���h�^�g�h�f�m �a���f�h�[�•�e�v�g�b�o��
�h�i�_�j�Z�l�h�j�•�\���M�d�j�Z�€�g�b �l�Z���•�g�� 

�F�h�[�•�e�v�g�•�� �h�i�_�j�Z�l�h�j�b�� �f�Z�x�l�v�� �^�h�k�l�m�i�� �^�h�� �\�_�e�b�d�b�o��
�h�[�k�y�]�•�\�� �^�Z�g�b�o���� �y�d�•�� �f�h�`�g�Z�� �j�h�a�^�•�e�b�l�b�� �g�Z���\�g�m�l�j�•�r�g�• �l�Z��
�a�h�\�g�•�r�g�• �^�Z�g�• [13].  

�<�g�m�l�j�•�r�g�•���^�Z�g�• �i�h�\�
�y�a�Z�g�•���a���f�_�j�_�`�_�x���l�Z���Z�[�h�g�_�g��
�l�Z�f�b���� �P�•�� �^�Z�g�•�� �f�h�`�m�l�v�� �[�m�l�b�� �k�l�j�m�d�l�m�j�h�\�Z�g�b�f�b�� �l�Z�� �g�_��
�k�l�j�m�d�l�m�j�h�\�Z�g�b�f�b���� 

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

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

�A�h�\�g�•�r�g�•�� �^�Z�g�• �a�[�b�j�Z�x�l�v�k�y�� �\�•�^�� �l�j�_�l�•�o�� �k�l�h�j�•�g���� �2�o��
�l�Z�d�h�`���f�h�`�g�Z���j�h�a�^�•�e�b�l�b���g�Z���^�\�•���d�Z�l�_�]�h�j�•�€�����k�l�j�m�d�l�m�j�h��
�\�Z�g�• �^�Z�g�• ���^�_�f�h�]�j�Z�n�•�q�g�•�� �^�Z�g�•���� �d�Z�j�l�h�]�j�Z�n�•�q�g�•�� �^�Z�g�•�� �± 
�j�_�e�v�}�n���� �\�g�m�l�j�•�r�g�•�� �[�m�^�•�\�e�•�� �l�h�s�h���� �i�m�[�e�•�q�g�•�� �^�Z�g�•�� �± 
�^�h�j�h�`�g�•�c�� �j�m�o���� �i�h�]�h�^�Z���� �l�Z���g�_�k�l�j�m�d�l�m�j�h�\�Z�g�• �^�Z�g�• 
���^�Z�g�•�� �k�h�p�•�Z�e�v�g�b�o�� �f�_�j�_�`��- Facebook, Twitter���� �h�g�e�Z�c�g-
�n�h�j�m�f�b���� �l�_�d�k�l�h�\�•�� �^�h�d�m�f�_�g�l�b���� �*�R�R�J�O�H������ �[�e�h�]�b���� �_�e�_�d�l��
�j�h�g�g�•���e�b�k�l�b�����\�•�^�_�h���l�h�s�h���� 

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

�>�h���\�_�e�b�d�b�o���^�Z�g�b�o���f�h� �̀m�l�v �a�Z�k�l�h�k�h�\�m�\�Z�l�b�k�y �l�Z�d�•��
�\�b�^�b���Z�g�Z�e�•�a�m: 

1) �h�i�b�k�h�\�Z���Z�g�Z�e�•�l�b�d�Z: 
�� �i�j�h�^�m�d�l�b�\�g�•�k�l�v���f�_�j�_�`�•, 
�� �i�_�j�k�i�_�d�l�b�\�b���Z�[�h�g�_�g�l�•�\, 
�� �i�_�j�k�i�_�d�l�b�\�b���5�$�1, 
�� �f�h�^�_�e�v���f�h�[�•�e�v�g�h�k�l�•���� 
�� �i�j�h�n�•�e�v���l�j�Z�n�•�d�m���� 
�� �\�b�f�•�j�x�\�Z�g�g�y���.�3�,�����.�4�,; 
2) �^�•�Z�]�g�h�k�l�b�q�g�Z �Z�g�Z�e�•�l�b�d�Z: 
�� �\�•�^�r�m�d�m�\�Z�g�g�y �i�_�j�r�h�i�j�b�q�b�g�b, 
�� �\�b�a�g�Z�q�_�g�g�y �Z�g�h�f�Z�e�•�c �\���f�_�j�_�`�•���� 

�� �\�b�y�\�e�_�g�g�y �g�_�\�•�^�i�h�\�•�^�g�b�o �.�3�,�� �l�Z�� �f�_�j�_�`�_�\�b�o 
�_�e�_�f�_�g�l�•�\,  

�� �\�b�y�\�e�_�g�g�y���i�h�j�m�r�_�g�v �j�h�[�h�l�b���k�e�m�`�[ �l�Z���k�_�j�\�•�k�•�\�� 
3) �i�j�_�^�b�d�l�b�\�g�Z���Z�g�Z�e�•�l�b�d�Z ���f�Z�r�b�g�g�_���g�Z�\�q�Z�g�g�y): 
�� �k�l�j�m�d�l�m�j�m�\�Z�g�g�y �l�j�Z�n�•�d�m���l�Z���a�Z�l�h�j�•�\,  
�� �\�b�d�h�j�b�k�l�Z�g�g�y���j�_�k�m�j�k�•�\���� 
�� QoS,  
�� �i�h�\�_�^�•�g�d�Z���d�h�j�b�k�l�m�\�Z�q�Z���� 
�� �f�Z�c�[�m�l�g�}���j�h�a�l�Z�r�m�\�Z�g�g�y���� 
�� �g�_�k�i�j�Z�\�g�•���i�j�h�[�e�_�f�g�•�� �_�e�_�f�_�g�l�b���h�[�e�Z�k�l�•�� �l�Z��

�€�o�g�•�c �\�i�e�b�\���g�Z���_�n�_�d�l�b�\�g�•�k�l�v���f�_�j�_�`�•; 
4) �i�j�_�k�d�j�b�i�l�b�\�g�Z���Z�g�Z�e�•�l�b�d�Z�����r�l�m�q�g�b�c���•�g�l�_�e�_�d�l): 
�� �\�Z�j�•�Z�g�l�b�� �j�•�r�_�g�v�� �l�Z���Z�[�h�� �i�e�Z�g�m�\�Z�g�g�y�� �s�h�^�h��

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

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

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

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

�:�g�Z�e�•�a���^�Z�g�b�o���± �Z�g�Z�e�•�a���g�Z���j�•�a�g�b�o���j�•�\�g�y�o���]�e�b�[�b�g�b��
�^�e�y�� �j�•�a�g�b�o�� �p�•�e�_�c���� �G�Z�i�j�b�d�e�Z�^���� �\�b�k�h�d�h�]�h�� �j�•�\�g�y�� ���g�Z��
�k�d�j�•�a�g�Z�� �i�j�h�^�m�d�l�b�\�g�•�k�l�v�� �k�b�k�l�_�f�b���� �Z�[�h�� �^�_�l�Z�e�•�a�Z�p�•�€�� �^�h��
�i�_�\�g�h�]�h�� �_�e�_�f�_�g�l�Z�� �f�_�j�_�`�•���� �d�h�j�b�k�l�m�\�Z�q�Z���� �f�•�k�p�y�� �j�h�a��
�l�Z�r�m�\�Z�g�g�y�����q�Z�k�m�����.�3�,���l�h�s�h�� �:�g�Z�e�•�a���^�Z�g�b�o���}���h�k�g�h�\�h�x��
�^�e�y���i�j�b�c�g�y�l�l�y���j�•�r�_�g�v���l�Z���\�b�d�h�g�Z�g�g�y���^�•�c�� 

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

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

�R�l�m�q�g�b�c�� �•�g�l�_�e�_�d�l �l�Z �f�Z�r�b�g�g�_�� �g�Z�\�q�Z�g�g�y �m��
�l�_�e�_�d�h�f�m�g�•�d�Z�p�•�y�o�� �R�l�m�q�g�b�c�� �•�g�l�_�e�_�d�l�� ���:�1���� �l�Z�� �f�Z��
�r�b�g�g�_�� �g�Z�\�q�Z�g�g�y (ML) �\�•�^�•�]�j�Z�\�Z�l�b�f�m�l�v �\�k�_�� �[�•�e�v�r��
�a�g�Z�q�g�m�� �j�h�e�v�� �m�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�y�� �>�������� ����-19]. �:�1 �f�h�`�_��
�\�b�y�\�e�y�l�b���i�j�h�[�e�_�f�b���a���f�_�j�_�`�_�x�����\�b�d�h�g�m�\�Z�l�b���k�Z�f�h�\�•�^��
�g�h�\�e�_�g�g�y���Z�[�h���a�Z�o�b�s�Z�l�b���f�_�j�_�`�•���\�•�^���r�Z�o�j�Z�c�k�l�\�Z�� 

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

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

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

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

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

�1�g�k�l�j�m�f�_�g�l�b�� �0�/�� �•�� �$�,�� �f�h�`�m�l�v�� �Z�g�Z�e�•�a�m�\�Z�l�b �j�•�a�g�•��
�^�`�_�j�_�e�Z�� �^�Z�g�b�o�� �•�� �a�g�Z�o�h�^�b�l�b�� �l�_���� �s�h�� �}�� �Z�d�l�m�Z�e�v�g�b�f����
�<�h�g�b�� �l�Z�d�h�`�� �f�h�`�m�l�v�� �\�b�y�\�b�l�b�� �\�a�Z�}�f�h�a�\�¶�y�a�d�b�� �l�Z�� �a�Z�e�_��
�`�g�h�k�l�•���� �y�d�•�� �j�Z�g�•�r�_�� �g�_�� �[�m�e�b�� �•�^�_�g�l�b�n�•�d�h�\�Z�g�•���� �h�k�d�•�e�v�d�b��
�€�o�g�•�� �Z�\�l�h�f�Z�l�b�a�h�\�Z�g�•�� �f�_�o�Z�g�•�a�f�b�� �f�Z�x�l�v�� �f�h�`�e�b�\�•�k�l�v��
�Z�g�Z�e�•�a�m�\�Z�l�b�� �l�Z�� �i�_�j�_�\�•�j�y�l�b�� �^�Z�g�•�� �[�•�e�v�r�� �•�g�l�_�g�k�b�\�g�h�� �l�Z��
�[�•�e�v�r�� �f�_�l�h�^�b�q�g�h���� �G�_�a�\�Z�`�Z�x�q�b�� �g�Z�� �l�_���� �s�h�� �e�x�^�k�v�d�b�c��
�^�h�k�\�•�^�� �}�� �g�_�a�Z�f�•�g�g�b�f�� �m �i�h�r�m�d�m�� �j�•�r�_�g�v�� �•�� �m�i�j�Z�\�e�•�g�g�•��
�k�d�e�Z�^�g�b�f�b���i�j�h�[�e�_�f�Z�f�b�����\�•�g���f�Z�}���h�[�f�_�`�_�g�•���f�h�`�e�b�\�h��
�k�l�•���^�e�y �i�h�r�m�d�m���g�h�\�b�o���j�•�r�_�g�v���•���j�h�a�m�f�•�g�g�y�� 

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

�E�x�^�b�g�Z�� �a�� �\�•�^�i�h�\�•�^�g�b�f�b�� �a�g�Z�g�g�y�f�b�� �l�Z�� �^�h�k�\�•�^�h�f�� �}��
�g�_�a�Z�f�•�g�g�h�x�� �m�� �i�h�r�m�d�m�� �j�•�r�_�g�v�� �•�� �m�i�j�Z�\�e�•�g�g�•�� �k�d�e�Z�^�g�b�f�b��
�i�j�h�[�e�_�f�Z�f�b���� �Z�e�_�� �f�Z�}�� �i�_�\�g�•�� �h�[�f�_�`�_�g�g�y�� �i�j�b�� �i�h�r�m�d�m��
�g�h�\�b�o�� �j�•�r�_�g�v�� �•�� �j�h�a�m�f�•�g�g�•���� �l�h�f�m�� �1�g�k�l�j�m�f�_�g�l�b�� �0�/�� �•�� �$�,��
�\�•�^�•�]�j�Z�x�l�v���\�k�_���[�•�e�v�r���\�Z�`�e�b�\�m���j�h�e�v���m���l�_�e�_�d�h�f�m�g�•�d�Z�p�•�y�� 

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

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

�A�Z�j�Z�a�� �g�Z�a�j�•�e�Z�� �g�_�h�[�o�•�^�g�•�k�l�v�� �k�n�h�j�f�m�\�Z�l�b�� �g�h�\�m��
�d�h�g�p�_�i�p�•�x�� �h�k�\�•�l�g�v�h�€�� �i�j�h�]�j�Z�f�b�� �[�Z�d�Z�e�Z�\�j�•�\�� �a�•�� �k�i�_�p�•�Z��
�e�v�g�h�k�l�•�� ���L�_�e�_�d�h�f�m�g�•�d�Z�p�•�€ �l�Z�� �j�Z�^�•�h�l�_�o�g�•�d�Z" �m�� �G�L�M��
���O�I�1������ �F�_�l�h�x�� �p�v�h�]�h�� �k�l�Z�e�b�� �l�Z�d�•�� �q�b�g�g�b�d�b���� �l�_�g�^�_�g�p�•�€��
�j�h�a�\�b�l�d�m�� �k�m�q�Z�k�g�b�o�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c���� �\�•�^�g�h�k�g�b�c�� �\�•�^��
�l�•�d�� �Z�[�•�l�m�j�•�}�g�l�•�\���� �\�b�f�h�]�b�� �k�l�_�c�d�o�h�e�^�_�j�•�\�� �^�h�� �y�d�h�k�l�•��
�i�•�^�]�h�l�h�\�d�b���f�h�e�h�^�b�o���k�i�_�p�•�Z�e�•�k�l�•�\�����i�h�[�Z�`�Z�g�g�y���k�l�m�^�_�g��
�l�•�\�����s�h���g�Z�\�q�Z�x�l�v�k�y���a�Z���p�•�}�x���k�i�_�p�•�Z�e�v�g�•�k�l�x���� 

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

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

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

�A�Z�j�Z�a���g�Z�a�j�•�e�Z���g�_�h�[�o�•�^�g�•�k�l�v���j�h�a�j�h�[�d�b���g�h�\�h�€���h�k�\�•��
�l�g�v�h�€�� �i�j�h�]�j�Z�f�b�� �l�Z�� �g�Z�\�q�Z�e�v�g�h�]�h�� �i�e�Z�g�m���� �^�_�� �f�•�� �f�Z�}�f�h��
�\�j�Z�o�m�\�Z�l�b�� �\�b�f�h�]�b�� �k�l�m�^�_�g�l�•�\�� �l�Z �j�h�[�h�l�h�^�Z�\�p�•�\���� �Z�� �l�Z��
�d�h�`�� �g�h�\�•�� �l�_�g�^�_�g�p�•�€�� �i�h�}�^�g�Z�g�g�y�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�b�o��
�l�_�o�g�h�e�h�]�•�c�� �a�� �1�L�� �l�Z�� �l�_�o�g�h�e�h�]�•�y�f�b�� �$�,���� �0�/���� �G�Z�� �g�Z�r�m��
�^�m�f�d�m�����p�_���a�j�h�[�b�l�v���k�i�_�p�•�Z�e�v�g�•�k�l�v���[�•�e�v�r���i�j�b�\�Z�[�e�b�\�h�x��
�^�e�y�� �Z�[�•�l�m�j�•�}�g�l�•�\���� �[�•�e�v�r�� �p�•�d�Z�\�h�x�� �^�e�y�� �k�l�m�^�_�g�l�•�\���� �^�h��
�a�\�h�e�b�l�v�� �f�Z�c�[�m�l�g�•�f�� �n�Z�o�•�\�p�y�f�� �h�l�j�b�f�m�\�Z�l�b�� �g�_�h�[�o�•�^�g�•��
�n�Z�o�h�\�•�� �d�h�f�i�_�l�_�g�l�g�h�k�l�•�� �•�� �k�l�Z�l�b�� �d�h�g�d�m�j�_�g�l�h�a�^�Z�l�g�b�f�b��
�g�Z���j�b�g�d�m���l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�� 

�M���p�•�c���k�l�Z�l�l�•���f�b���a�h�k�_�j�_�^�b�f�h�k�y���n�h�j�f�m�\�Z�g�g�•���h�k�\�•�l��
�g�v�h�€�� �i�j�h�]�j�Z�f�b�� �[�Z�d�Z�e�Z�\�j�Z�� �a�� �_�e�_�d�l�j�h�g�g�b�o�� �d�h�f�m�g�•�d�Z�p�•�c����
�F�b�� �i�j�h�i�h�g�m�}�f�h�� �a�j�h�[�b�l�b�� �Z�d�p�_�g�l�� �g�Z�� �i�h�}�^�g�Z�g�g�•�� �f�_�j�_��
�`�_�\�b�o�� �d�h�f�m�g�•�d�Z�p�•�c�g�b�o�� �l�_�o�g�h�e�h�]�•�y�o�� �m�� �i�h�}�^�g�Z�g�g�•�� �a�� �1�L����
�$�,�����0�/�����M���a�\�¶�y�a�d�m���a���p�b�f���f�b���i�j�h�i�h�g�m�}�f�h���k�d�h�j�h�l�b�l�b���l�Z��
�i�_�j�_�]�j�m�i�m�\�Z�l�b���^�_�y�d�•�� �d�m�j�k�b���� �i�h�\�¶�y�a�Z�g�•���a���l�_�h�j�_�l�b�q�g�b�f�b��
�Z�k�i�_�d�l�Z�f�b���l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c���l�Z���_�e�_�d�l�j�h�g�•�d�h�x�� 
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�G�h�\�Z���h�k�\�•�l�g�y���i�j�h�]�j�Z�f�Z����
�g�Z�� �g�Z�r�m�� �^�m�f�d�m���� �f�Z�}�� �k�d�e�Z�^�Z��
�l�b�k�y���a���d�•�e�v�d�h�o���h�k�\�•�l�g�•�o���l�j�Z�}��
�d�l�h�j�•�c ���j�b�k������������ 

1) �a�Z�]�Z�e�v�g�h�€�� �i�•�^�]�h�l�h�\��
�d�b ���A�I��,  

2) �n�Z�o�h�\�h�€�� �i�•�^�]�h�l�h�\�d�b 
���N�I��, �^�h���k�d�e�Z�^�m���y�d�h�€�� �\�o�h�^�y�l�v��
�^�b�k�p�b�i�e�•�g�b�� �a�� �•�g�n�h�j�f�Z�p�•�c�g�b�o��
�l�_�o�g�h�e�h�]�•�c ���i�j�h�]�j�Z�f�m�\�Z�g�g�y����
�j�h�a�j�h�[�d�Z�� �[�Z�a�� �^�Z�g�b�o��, �l�_�o�g�h��
�e�h�]�•�c�� �$�,���� �0�/���� �•�g�l�_�e�_�d�l�m�Z�e�v��
�g�h�]�h�� �Z�g�Z�e�•�a�m�� �^�Z�g�b�o��(DM), 
�•�f�_�j�k�b�\�g�b�o���l�_�o�g�h�e�h�]�•�c; 

3) �\�b�[�•�j�d�h�\�h�€�� �k�d�e�Z�^�h��
�\�h�€�� ���>�<�<��- �^�b�k�p�b�i�e�•�g�� �\�•�e�v��
�g�h�]�h���\�b�[�h�j�m���k�l�m�^�_�g�l�•�\���� 

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

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

�>�b�k�p�b�i�e�•�g�b�� �1�L���� �:�1����ML, DM �i�h�k�e�•�^�h�\�g�h�� �\�o�h��
�^�y�l�v �^�h�� �g�Z�\�q�Z�e�v�g�h�]�h�� �i�e�Z�g�m�� �i�j�h�l�y�]�h�f�� �\�h�k�v�f�b�� �k�_�f�_�k��
�l�j�•�\�� �g�Z�\�q�Z�g�g�y�� �[�Z�d�Z�e�Z�\�j�•�\���� �K�b�e�Z�[�m�k�b�� �p�b�o�� �^�b�k�p�b�i�e�•�g��
�f�Z�x�l�v�� �f�Z�l�b�� �i�j�b�\�¶�y�a�d�m�� �^�h�� �k�i�_�p�b�n�•�d�b�� �_�e�_�d�l�j�h�g�g�b�o��
�d�h�f�m�g�•�d�Z�p�•�c���� �H�k�h�[�e�b�\�m�� �m�\�Z�]�m�� �i�j�b�� �k�d�e�Z�^�Z�g�g�•�� �k�b�e�Z�[�m��
�k�•�\���k�e�•�^���a�\�_�j�g�m�l�b���g�Z���i�j�b�d�e�Z�^�g�b�c���Z�k�i�_�d�l���l�Z���i�j�Z�d�l�b�q�g�•��
�i�j�b�d�e�Z�^�b�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �l�_�o�g�h�e�h�]�•�c�� �a�Z�a�g�Z�q�_�g�b�o�� �l�_�o��
�g�h�e�h�]�•�c �^�e�y�� �\�b�j�•�r�_�g�g�y�� �a�Z�^�Z�q�� �m�� �l�_�e�_�d�h�f�m�g�•�d�Z�p�•�y�o. 
�D�j�•�f�� �l�h�]�h���� �^�e�y�� �[�•�e�v�r�� �_�n�_�d�l�b�\�g�h�]�h�� �g�Z�\�q�Z�g�g�y�� �k�l�m�^�_�g��
�l�•�\�� �f�b�� �i�e�Z�g�m�}�f�h �a�Z�e�m�q�Z�l�b�� �k�i�_�p�•�Z�e�•�k�l�•�\-�i�j�Z�d�l�b�d�•�\�� �a��
�l�_�e�_�d�h�f�m�g�•�d�Z�p�•�c�g�b�o�� �h�j�]�Z�g�•�a�Z�p�•�c �l�Z�� �k�_�j�l�b�n�•�d�h�\�Z�g�b�o��
�•�g�k�l�j�m�d�l�h�j�•�\���Z�d�Z�^�_�f�•�€��CISCO.  

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

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

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

�I�j�h�l�y�]�h�f�� �[�Z�]�Z�l�v�h�o�� �j�h�d�•�\ �h�k�\�•�l�y�g�b�� �g�Z�f�Z�]�Z�x�l�v�k�y��
�a�Z�k�l�h�k�h�\�m�\�Z�l�b���j�•�a�g�h�f�Z�g�•�l�g�•���l�_�o�g�h�e�h�]�•�€�����s�h�[���a�Z�e�m�q�b�l�b��
�k�l�m�^�_�g�l�•�\�����\�b�d�e�b�d�Z�l�b���•�g�l�_�j�_�k���^�h���g�Z�\�q�Z�g�g�y�����i�h�d�j�Z�s�b��
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IT and technologies of artificial intelligence 

in the training of telecommunications engineers 

L. Nikitina, N. Dzheniuk, L. Borysova  

Abst rac t .  The development of the telecommunications industry in recent years has been in the direction of increasing 
the number of devices and subscribers connected to the network. In the formation of the telecommunications industry, we have 
software-defined networks, virtualization of network functions, the Internet of Things and 5G. Today, it is impossible to imagine 
the productive work of telecommunication networks and systems ensuring the proper quality of services without the use of artifi-
cial intelligence technologies and algorithms and the use of appropriate software. Educational programs and curricula for the 
training of telecommunications engineers of Ukrainian universities should promptly take into account modern development 
trends and innovations in the telecommunications industry. In our opinion, in order to train highly qualified and competitive 
specialists in telecommunications, it is necessary to make certain changes in the curricula related to programming, data analysis 
and machine learning technologies, the application of models, methods and algorithms of artificial intelligence in the telecom-
munications industry. The article proposes the inclusion of relevant disciplines in the curricula. 

Keywords:  telecommunications engineering, big data analytics, machine learning, artificial intelligence, wireless net-
working, immersive learning. 
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