
МИНИСТЕРСТВО НАУКИ И ВЫСШЕГО ОБРАЗОВАНИЯ РОССИЙСКОЙ ФЕДЕРАЦИИ 
 

 
ПЕРСПЕКТИВЫ РАЗВИТИЯ 

ФУНДАМЕНТАЛЬНЫХ НАУК 
Том 7. IT-технологии и электроника  

Сборник научных трудов 
XXII Международной конференции студентов, аспирантов 

 и молодых ученых 

22–25 апреля 2025 г. 

 

PROSPECTS OF FUNDAMENTAL 
SCIENCES DEVELOPMENT 

Volume 7. IT-technologies and Electronics  

Abstracts 
XXII International Conference of students, graduate students  

and young scientists 

April 22–25, 2025 

 
 
 
 
 
 
 

 
 
 

Томск 2025 



УДК 501:004(063) 

ББК  72:32.81л0 

         П27 

 

 
Перспективы развития фундаментальных наук : сборник трудов XXII Между-

народной конференции студентов, аспирантов и молодых ученых (Томск, 22–25 апреля 

2025 г.) : в 7 томах. Том 7. IT-технологии и электроника / под ред. И.А. Курзиной, 

Г.А. Вороновой. – Томск : Изд-во Томского политехнического университета, 2025. – 

155 с.  

ISBN 978-5-4387-1262-6 (т. 7)  

ISBN 978-5-4387-1255-8 

Сборник содержит труды участников XXII Международной конференции студен-

тов, аспирантов и молодых учёных «Перспективы развития фундаментальных наук», 

представленные на секции «IT-технологии и электроника».  

Предназначен для студентов, аспирантов, молодых ученых и преподавателей, спе-

циализирующихся в области интеллектуальных систем управления, автоматизирован-

ных систем обработки информации и управления, информационной безопасности, 

наноэлектроники, получения и исследования наноматериалов, оптоэлектроники и нано-

фотоники, плазменной эмиссионной электроники, интеллектуальной силовой электро-

ники, СВЧ электроники, систем радиолокации, телевидения, радиосвязи, радиометрии и 

распространения волн радиочастотного и акустического диапазонов, а также импульс-

ных и радиочастотных измерениях. 

УДК 501:004(063) 

ББК 72:32.81л0 

 

 

 

 

 
 

 

Редакционная коллегия 

И.А. Курзина, доктор физико-математических наук, доцент;  

Г.А. Воронова, кандидат химических наук, доцент; 

С.А. Поробова. 

 
 

 

 

 

 

 

 

 

 

 

 

 
  

ISBN 978-5-4387-1262-6 (т. 7) © ФГАОУ ВО НИ ТПУ, 2025 

ISBN 978-5-4387-1255-8  

 

 

П27 



XXII 

�K�H�>�?�J�@�:�G�B�? 

�W�e�_�d�l�j�b�q�_�k�d�b���m�i�j�Z�\�e�y�_�f�u�c���h�i�l�b�q�_�k�d�b�c���k�i�_�d�l�j�Z�e�v�g�u�c���n�b�e�v�l�j���g�Z���h�k�g�h�\�_��
�f�m�e�v�l�b�i�e�_�d�k�b�j�h�\�Z�g�g�u�o���f�g�h�]�h�k�e�h�c�g�u�o���g�_�h�^�g�h�j�h�^�g�u�o���D�I�@�D���^�b�n�j�Z�d�p�b�h�g�g�u�o���k�l�j�m�d�l�m�j 
�X���:�����:�e�l�m�o�h�\�����>���F�����Q�m�[�Z�j�h�\�����>���K�����J�Z�k�l�j�u�]�b�g�����K���G�����R�Z�j�Z�g�]�h�\�b�q ...�«�«�«�« �«�«�«�«�« �«�«�«�« �« �«���� 6 
�K�i�_�d�l�j�Z�e�v�g�u�_���a�Z�\�b�k�b�f�h�k�l�b���i�h�d�Z�a�Z�l�_�e�y���i�h�]�e�h�s�_�g�b�y���\���d�j�b�k�l�Z�e�e�Z�o���/�L�1�E�23:Cu 
�:���?�����:�i�Z�k�v�_�\�Z�����Q���;�����;�m�^�m�_�\�Z�����:���O�����K�Z�e�q�Z�d�����:���Y�����Q�Z�s�b�g�Z�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« ... 9 
�B�k�k�e�_�^�h�\�Z�g�b�_���b�g�b�p�b�b�j�h�\�Z�g�b�y���f�Z�]�g�_�l�j�h�g�g�h�]�h���j�Z�a�j�y�^�Z���\���n�h�j�\�Z�d�m�m�f�g�h�f���i�e�Z�a�f�_�g�g�h�f���b�k�l�h�q�g�b�d�_��
�w�e�_�d�l�j�h�g�h�\ 
�<���?�����:�j�d�Z�l�h�\�����:���<�����D�Z�a�Z�d�h�\�����G���:�����I�Z�g�q�_�g�d�h�«�«���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�������� ... 12 
�<�e�b�y�g�b�_���d�h�g�n�b�]�m�j�Z�p�b�b���m�k�d�h�j�y�x�s�_�]�h���i�j�h�f�_�`�m�l�d�Z���g�Z���l�h�d���w�f�b�k�k�b�b���\���n�h�j�\�Z�d�m�m�f�g�h�f���i�e�Z�a�f�_�g�g�h�f��
�b�k�l�h�q�g�b�d�_���w�e�_�d�l�j�h�g�h�\ 
�<���?�����:�j�d�Z�l�h�\�����:���<�����D�Z�a�Z�d�h�\�����:���<�����L�x�g�v�d�h�\ �«�« �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����  15 
�F�_�o�Z�g�b�a�f�u���a�Z�s�b�l�u���h�l���U�H�S�O�D�\���D�W�W�D�F�N���^�e�y���k�_�l�_�c���I�D�Q�H�W���\���k�j�_�^�_���f�h�^�_�e�b�j�h�\�Z�g�b�y���1�6-3 
�>���:. �;�Z�j�Z�g�h�\�����:���:�����D�h�g�_�\ ..�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������ �«�«�«�«�«�«��  18 
�D�\�Z�a�b-�R�B�F���i�j�_�h�[�j�Z�a�h�\�Z�l�_�e�b���i�h�k�l�h�y�g�g�h�]�h���g�Z�i�j�y�`�_�g�b�y 
�>���G�����;�h�g�^�Z�j�_�g�d�h �« ..�«�«�«�«�«�«�������«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����  21 
�A�Z�\�b�k�b�f�h�k�l�v���\�h�a�g�b�d�g�h�\�_�g�b�y���f�h�^���\���p�b�e�b�g�^�j�b�q�_�k�d�h�f���\�h�e�g�h�\�h�^�_���h�l���_�]�h���j�Z�^�b�m�k�Z���b���q�Z�k�l�h�l�u���k�b�]�g�Z�e�Z 
�D���W�����<�Z�]�Z�c�p�_�\ �« �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« ...�«�«�«�«�«�«�«�«�«�«�«�«�«��  24 
�W�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�Z�y���i�Z�c�d�Z���Z�e�x�f�h�h�d�k�b�^�g�h�c���d�_�j�Z�f�b�d�b���k���l�b�l�Z�g�h�f 
�K���F�����<�_�j�o�Z�e�Z�g�p�_�\�����K���:�����?�g�^�m�j�Z�_�\�����D���K�����E�Z�j�b�g�«�«�«�«�«�«�«�«�«�«�«�«�« �«�������«�«�«�«�«�«�«�«�«�«��  27 
�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�_���b�k�k�e�_�^�h�\�Z�g�b�_���q�_�l�u�j�_�o�k�e�h�c�g�h�c���a�_�j�d�Z�e�v�g�h-�k�b�f�f�_�l�j�b�q�g�h�c���k�l�j�m�d�l�m�j�u��
�\ �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f���j�_�`�b�f�_ 
�K���<�����<�e�Z�k�h�\�����F���K�����F�m�j�f�Z�g�k�d�b�c �« �«�«�����«�« �«���«�«�«�«�«�« .�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«  30 
�I�j�_�^�b�d�l�b�\�g�h�_���m�i�j�Z�\�e�_�g�b�_���k�e�h�`�g�u�f�b���l�_�o�g�h�e�h�]�b�q�_�k�d�b�f�b���k�b�k�l�_�f�Z�f�b���g�Z���[�Z�a�_���p�b�n�j�h�\�u�o��
�^�\�h�c�g�b�d�h�\ 
�<���B�����=�h�j�h�o�h�\�����:���>�����J�y�a�Z�g�h�\ �«�«�«�« �«���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������  33 
�<�e�b�y�g�b�_���j�Z�a�j�y�^�Z���g�Z���g�Z�]�j�_�\���w�f�b�k�k�b�h�g�g�h�]�h���w�e�_�d�l�j�h�^�Z���n�h�j�\�Z�d�m�m�f�g�h�]�h���i�e�Z�a�f�_�g�g�h�]�h���b�k�l�h�q�g�b�d�Z��
�e�_�g�l�h�q�g�h�]�h���i�m�q�d�Z���w�e�_�d�l�j�h�g�h�\ 
�@���W�����>�Z�]�j�b�����:���<�����>�h�e�]�h�\�Z�« �«�«�«�« �«�«�«�«�«������ �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« �« ... 36 
�<�e�b�y�g�b�_���]�_�h�f�_�l�j�b�b���n�h�d�m�k�b�j�m�x�s�_�c���k�b�k�l�_�f�u���i�e�Z�a�f�_�g�g�h�]�h���b�k�l�h�q�g�b�d�Z���w�e�_�d�l�j�h�g�h�\���g�Z���^�b�Z�f�_�l�j��
�i�m�q�d�Z���\���n�h�j�\�Z�d�m�m�f�g�h�c���h�[�e�Z�k�l�b���^�Z�\�e�_�g�b�c 
�:���<�����>�h�e�]�h�\�Z�����:���:�����A�_�g�b�g �« �«�« �« �« �«�«�«�«�«�«�«�« �« �«�« �«�«�«�«�«�«�«�«�«�«�«�«�«�« �«�«�« ... 39 
Fraud detection using Kolmogorov-Arnold Network  
N.T.G. Zeutouo �«�«�«�«�«�«�«�«�« .�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����  42 
�B�k�k�e�_�^�h�\�Z�g�b�_���n�h�l�h�k�l�h�c�d�h�k�l�b���g�Z�g�h�q�Z�k�l�b�p���^�b�h�d�k�b�^�Z���d�j�_�f�g�b�y���^�e�y���i�j�b�f�_�g�_�g�b�y���\���i�Z�k�k�b�\�g�u�o��
�k�b�k�l�_�f�Z�o���l�_�j�f�h�j�_�]�m�e�b�j�h�\�Z�g�b�y���d�h�k�f�b�q�_�k�d�b�o���Z�i�i�Z�j�Z�l�h�\ 
�<���:�����=�h�j�h�g�q�d�h�����K���I�����B�\�Z�g�b�q�d�h�����K���:�����X�j�v�_�\�« �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« �«�«�«�«�«  45 
�J�_�r�_�g�b�_���a�Z�^�Z�q�b���k�_�]�f�_�g�l�Z�p�b�b���n�h�l�h�]�j�Z�n�b�q�_�k�d�b�o���b�a�h�[�j�Z�`�_�g�b�c���g�h�\�h�j�h�`�^�z�g�g�u�o���k���i�h�f�h�s�v�x��
�g�_�c�j�h�g�g�h�c���k�_�l�b 
�F���?�����B�k�Z�_�\�Z �«�«�«�«�«�«�«�« �«�«�� �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����  48 
�H�[�_�k�i�_�q�_�g�b�_���[�_�a�h�i�Z�k�g�h�c���a�Z�]�j�m�a�d�b���\�k�l�j�Z�b�\�Z�_�f�h�]�h���i�j�h�]�j�Z�f�f�g�h�]�h���h�[�_�k�i�_�q�_�g�b�y���g�Z���b�a�h�e�b�j�h�\�Z�g�g�u�o��
�m�k�l�j�h�c�k�l�\�Z�o 
�?���H�����D�Z�e�b�g�b�g�����>���K�����;�_�e�y�d�h�\�����>���K�����;�j�Z�]�b�g�����«�«�«�«�«�����« �« .�« �« �«�« �« �«�« �« �«�«�«�«�«�«�«�« �«�«�« . 51 
�<�e�b�y�g�b�_���w�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�h�c���h�[�j�Z�[�h�l�d�b���g�Z���r�_�j�h�o�h�\�Z�l�h�k�l�v���i�h�\�_�j�o�g�h�k�l�b���d�_�j�Z�f�b�d�b�� 
�g�Z���h�k�g�h�\�_���^�b�h�d�k�b�^�Z���p�b�j�d�h�g�b�y�����Z�j�f�b�j�h�\�Z�g�g�h�]�h���h�d�k�b�^�h�f���Z�e�x�f�b�g�b�y 
�=���:�����D�Z�k�v�y�g�h�\�����:���:�����E�u�f�Z�g�����:���?�����I�_�l�j�h�\�«�« �« .�« �« �« �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« �«�« ... 54 
�H�[�a�h�j���f�_�l�h�^�h�\���b�k�d�m�k�k�l�\�_�g�g�h�]�h���b�g�l�_�e�e�_�d�l�Z���\���a�Z�\�h�^�g�_�g�b�b���g�_�n�l�y�g�h�]�h���f�_�k�l�h�j�h�`�^�_�g�b�y 
�:���K�����D�h�j�h�[�d�h�����L���L�����=�Z�a�b�a�h�\�«�« .�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« ..�«�«�«�«�«�«�«�«�«�«�«�«�«  57 
�F�_�l�h�^�u���b���k�j�_�^�k�l�\�Z���Z�\�l�h�f�Z�l�b�a�Z�p�b�y���f�h�^�_�e�b�j�h�\�Z�g�b�y���m�]�j�h�a���b���Z�l�Z�d 
�I���B�����D�m�a�g�_�p�h�\�Z�����>���F�����F�m�k�b�g�«�«�«�«�«�«�« ...�«�«�«�«�«�«�«�«�«�« �«�«�«�«�«�«�«�«�«�«�«�«�«�«����  60 
�D�h�g�p�_�i�p�b�y���k�b�k�l�_�f�u���i�h�^�^�_�j�`�d�b���i�j�b�g�y�l�b�y���j�_�r�_�g�b�c���^�e�y���m�i�j�Z�\�e�_�g�b�y���i�k�b�o�h�e�h�]�b�q�_�k�d�b�f���d�e�b�f�Z�l�h�f��
�\ �d�h�e�e�_�d�l�b�\�_ 
�:�����D�m�e�b�d�����D���K�����G�_�d�j�Z�k�h�\�����B���>�����<�Z�j�Z�g�d�b�g�« �« �«�«�«�������« �« �« �«�« �« �« �«�«�« �« �« �« �«�« �« �«�«�«�«�« .. 63 
�Q�Z�k�l�g�Z�y���f�h�^�_�e�v���`�b�a�g�_�g�g�h�]�h���p�b�d�e�Z���i�j�h�p�_�k�k�Z���j�Z�a�j�Z�[�h�l�d�b���e�h�d�Z�e�v�g�h�c���^�h�d�m�f�_�g�l�Z�p�b�b���h�j�]�Z�g�b�a�Z�p�b�b��
�b���m�]�j�h�a�u���b�g�n�h�j�f�Z�p�b�b 
�L���>�����E�_�h�g�_�g�d�h�����K���K�����Y�d�b�f�h�\�_�p�«�«�« �« �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����  66 



4 XXII 

�<�e�b�y�g�b�_���w�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�h�c���h�[�j�Z�[�h�l�d�b���g�Z���r�_�j�h�o�h�\�Z�l�h�k�l�v���d�_�j�Z�f�b�d�b���b�a���^�b�h�d�k�b�^�Z���p�b�j�d�h�g�b�y����
�k�l�Z�[�b�e�b�a�b�j�h�\�Z�g�g�h�]�h���h�d�k�b�^�h�f���b�l�l�j�b�y�� 
�:���:�����E�u�f�Z�g�����=���:�����D�Z�k�v�y�g�h�\�� �:���?�����I�_�l�j�h�\�« �«�« �« �«�« �«�« ..�«�«�« �« �«�«�« �« �«�« �« �«�«�«�«�«�«�« .. 68 
�H�i�l�b�f�b�a�Z�p�b�y���k�d�h�e�v�a�y�s�_�]�h���j�_� �̀b�f�Z���m�i�j�Z�\�e�_�g�b�y���^�e�y���d�\�Z�^�j�h�d�h�i�l�_�j�Z���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���Z�e�]�h�j�b�l�f�Z�����6�2 
�K���A�����F�Z�c�«�«�« �« �« �«�« �« �« �« ........................................................�« �« �«�« �« �«�« �« �«�« �« �« �«�«�«�« .. 71 
�P�b�n�j�h�\�Z�y���k�o�_�f�Z���m�i�j�Z�\�e�_�g�b�y���b�k�l�h�q�g�b�d�h�f-�b�a�f�_�j�b�l�_�e�_�f���^�e�y���l�_�k�l�b�j�h�\�Z�g�b�y���n�h�l�h�g�g�u�o��
�b�g�l�_�]�j�Z�e�v�g�u�o���k�o�_�f���F���i�h�f�h�s�v�x���b�g�l�_�j�n�_�c�k�Z���6�3�, 
�F���:�����F�h�l�h�\�b�e�h�\ �«�«�« �«�«�«�«�«���� �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  74 
�:�g�Z�e�b�a���o�Z�j�Z�d�l�_�j�b�k�l�b�d���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�c���e�b�g�b�b���i�_�j�_�^�Z�q�b �\���\�b�^�_���\�g�m�l�j�_�g�g�_�c���k�i�b�j�Z�e�b�� 
�F���K�����F�m�j�f�Z�g�k�d�b�c�����K���<�����<�e�Z�k�h�\�«�«�«�«�«�« �«�«�«�«�« ..�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������  77 
�W�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�Z�y���i�_�j�_�i�e�Z�\�d�Z���i�h�\�_�j�o�g�h�k�l�b���k�l�Z�e�b���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���n�h�j�\�Z�d�m�m�f�g�h�]�h���b�k�l�h�q�g�b�d�Z 
�E���@�����G�]�h�g���:���D�b�d�b�����:���:�����A�_�g�b�g�����N���:�����K�m�o�h�\�h�e�v�k�d�b�c�«�«�« �«�������«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  80 
�K�l�Z�[�b�e�b�a�Z�l�h�j���l�_�f�i�_�j�Z�l�m�j�u���^�e�y���f�Z�]�g�b�l�Z���b���h�[�j�Z�a�p�h�\���k���l�_�j�f�h�j�_�]�m�e�y�l�h�j�h�f���i�h�j�l�Z�l�b�\�g�h�]�h�� 
�I�F�J -�j�_�e�Z�d�k�h�f�_�l�j�Z 
�>���:�����G�]�m�_�g�«�«�«�«�«�« �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« �«�«�«�«�«�«�«������  83 
�B�k�k�e�_�^�h�\�Z�g�b�_���a�Z�\�b�k�b�f�h�k�l�b�b���k�h�i�j�h�l�b�\�e�_�g�b�y���l�h�e�k�l�u�o���i�e�_�g�h�d���h�l���r�_�j�h�o�h�\�Z�l�h�k�l�b���i�j�b���Z�^�^�b�l�b�\�g�h�c��
�l�_�o�g�h�e�h�]�b�b���b�a�]�h�l�h�\�e�_�g�b�y�� 
�G���K�����G�_�n�_�^�h�\���<���:�����K�h�d�m�j�_�g�d�h�«�«�«�«�«�«�« .�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  86 
�K�l�j�m�d�l�m�j�Z���i�h�\�_�j�o�g�h�k�l�b���p�b�j�d�h�g�b�_�\�h�c���d�_�j�Z�f�b�d�b���i�h�k�e�_���h�[�j�Z�[�h�l�d�b���b�f�i�m�e�v�k�g�u�f���w�e�_�d�l�j�h�g�g�u�f��
�i�m�q�d�h�f���\���n�h�j�\�Z�d�m�m�f�g�h�c���h�[�e�Z�k�l�b���^�Z�\�e�_�g�b�c 
�:���?�����I�_�l�j�h�\�����<���?�����:�j�d�Z�l�h�\�����:���<�����D�Z�a�Z�d�h�\..�«�«�«�«�« �«���«�«�«�«�«�«�«�«�«�«�« �«�«�«�«�«�«�«�«�«  89 
�:�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�h�_���\�u�y�\�e�_�g�b�_���i�j�b�a�g�Z�d�h�\���r�b�a�h�n�j�_�g�b�b���b���^�_�i�j�_�k�k�b�b���i�h���Z�m�^�b�h�a�Z�i�b�k�b���b�g�l�_�j�\�v�x��
�k �i�Z�p�b�_�g�l�h�f 
�:���>�����I�k�Z�j�_�\�����M���<�����K�Z�\�b�g�Z�����>���:�����I�_�l�d�m�g�«�«�«�« �« ..�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  92 
Colibri field data bus Server: dynamic GUI generation and scalable virtual emulation  
for HART/Colibri devices  
R.V. Pushkarskiy, V.A. Belski �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  95 
�K�h�\�f�_�s�_�g�b�_���'�:�*-�n�Z�c�e�h�\���b���k�b�k�l�_�f�u���1�D�Q�R�&�$�' 
�B���B�����J�Z�d�����Y���<�����A�Z�c�q�_�g�d�h�����J���H�����E�_�h�g�l�v�_�\ �«�«�«�«�« ...�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  98 
�I�h�^�o�h�^���^�e�y���i�h�^�Z�\�e�_�g�b�y���w�n�n�_�d�l�h�\���N�Z�[�j�b-�I�_�j�h���\���]�Z�a�h�\�h�c���b�a�f�_�j�b�l�_�e�v�g�h�c���Z�[�k�h�j�[�p�b�h�g�g�h�c���y�q�_�c�d�_����
�b�k�i�h�e�v�a�m�_�f�h�c���\���Z�[�k�h�j�[�p�b�h�g�g�h�c���L�=�p���k�i�_�d�l�j�h�k�d�h�i�b�b�����W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�_���b�k�k�e�_�^�h�\�Z�g�b�_ 
�=���D�����J�Z�k�i�h�i�b�g �«�«�«�« �«�����«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  101 
�J�Z�a�j�Z�[�h�l�d�Z���k�b�k�l�_�f�u���d�h�f�i�v�x�l�_�j�g�h�]�h���a�j�_�g�b�y���^�e�y���j�Z�k�i�h�a�g�Z�\�Z�g�b�y �]�j�b�[�h�\ Agaricus bisporus 
�I���K�����J�m�^�g�_�\�����?���<�����G�b�d�h�e�Z�_�\�Z�« �«���«�«�«�«�«�«�«�����«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  104 
�K�b�k�l�_�f�g�u�c���Z�g�Z�e�b�l�b�d���d�Z�d���d�e�x�q�_�\�Z�y���j�h�e�v���\���h�[�_�k�i�_�q�_�g�b�b���[�_�a�h�i�Z�k�g�h�k�l�b���,�7-�i�j�h�_�d�l�h�\ 
�>���J�����;�_�e�d�h�\�Z�����F���:�����J�m�^�g�b�d�h�\�b�q �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« ..�«�«�«�«�«�«�«�«�«�«����  107 
�:�j�o�b�l�_�d�l�m�j�u���\�u�k�h�d�h�i�j�h�b�a�\�h�^�b�l�_�e�v�g�u�o���k�b�k�l�_�f���h�[�j�Z�[�h�l�d�b���[�h�e�v�r�b�o���^�Z�g�g�u�o��
�^�e�y �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�h�]�h���f�h�g�b�l�h�j�b�g�]�Z���i�j�h�f�u�r�e�_�g�g�h�]�h���h�[�h�j�m�^�h�\�Z�g�b�y 
�:���>�����J�y�a�Z�g�h�\�����<���B�����=�h�j�h�o�h�\�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������  110 
�D�e�Z�k�k�b�n�b�d�Z�p�b�y���w�f�h�p�b�c���k���i�h�f�h�s�v�x���f�h�^�_�e�_�c���]�e�m�[�h�d�h�]�h���h�[�m�q�_�g�b�y�����h�p�_�g�d�Z���l�h�q�g�h�k�l�b��
�b �k�l�Z�l�b�k�l�b�q�_�k�d�b�c���Z�g�Z�e�b�a�� 
�M���<�����K�Z�\�b�g�Z�����:���W�����I�_�j�r�b�g�Z�����:���>�����I�k�Z�j�_�\�«�«�«�«�«�«�«�«�«�«�« .�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������  113 
�<�b�j�l�m�Z�e�v�g�u�c���i�j�b�[�h�j���^�e�y���b�a�f�_�j�_�g�b�y���N�F�J���f�Z�]�g�b�l�g�u�o���f�Z�l�_�j�b�Z�e�h�\ 
�J���R�����K�Z�c�b�^�d�m�e�h�\�«�«�« ..�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«  116 
�<�e�b�y�g�b�_���k�h�^�_�j�`�Z�g�b�y���h�d�k�b�^�Z���b�l�l�j�b�y���g�Z���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���<�6�=���i�h�d�j�u�l�b�c�� 
�K���:�����K�Z�e�v�g�b�d�h�\�����:���:�����:�g�^�j�h�g�h�\ �«�« �«�«�«�� �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������  119 
�H�p�_�g�d�Z���j�b�k�d�Z���\�h�a�g�b�d�g�h�\�_�g�b�y���i�j�h�n�_�k�k�b�h�g�Z�e�v�g�h�]�h���\�u�]�h�j�Z�g�b�y���k�h�l�j�m�^�g�b�d�Z�����i�h�k�l�Z�g�h�\�d�Z���a�Z�^�Z�q�b 
�L���K�����K�b�f�h�g�h�\�����:���=�����L�b�r�Z�_�\�Z�����X���I�����?�o�e�Z�d�h�\�«�« ...�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  122 
�B�k�k�e�_�^�h�\�Z�g�b�_���w�e�_�d�l�j�h�i�j�h�\�h�^�g�h�k�l�b���m�]�e�_�j�h�^�g�u�o���i�e�_�g�h�d���g�Z���h�k�g�h�\�_���Z�g�Z�e�b�a�Z���g�b�a�d�h�q�Z�k�l�h�l�g�h�]�h���r�m�f�Z 
�<���:�����K�h�d�m�j�_�g�d�h�«�«�« �«�«�«�«�« �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������  125 
�<�e�b�y�g�b�_���j�_�`�b�f�h�\���g�Z�i�u�e�_�g�b�y���g�Z�g�h�j�Z�a�f�_�j�g�u�o���i�e�_�g�h�d���,�7�2���g�Z���b�o���w�e�_�d�l�j�h�n�b�a�b�q�_�k�d�b�_�� 
�b���h�i�l�b�q�_�k�d�b�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b 
�:���K�����L�_�j�_�o�h�\�Z�«�« �«�������«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����  128 
�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�_���b�k�k�e�_�^�h�\�Z�g�b�_���a�_�j�d�Z�e�v�g�h-�k�b�f�f�_�l�j�b�q�g�h�c���k�l�j�m�d�l�m�j�u���k���w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�f��
�i�h�]�e�h�l�b�l�_�e�_�f 
�<���:�����L�j�m�[�q�_�g�b�g�h�\�����K���<�����<�e�Z�k�h�\�«�«�«�«�«�«�« �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« ..�«�«�«�«�«�«�«  131 



XXII 

�B�k�k�e�_�^�h�\�Z�g�b�_���\�h�a�f�h�`�g�h�k�l�_�c���m�k�d�h�j�_�g�b�y���j�Z�k�q�_�l�Z���j�Z�k�k�_�y�g�g�u�o���j�Z�^�b�h�\�h�e�g 
�X���:�����M�e�Z�g�h�\�Z�����:���H�����K�Z�n�h�g�h�\�Z�����<���<�����F�Z�j�d�b�g�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����  134 
�J�Z�a�j�Z�[�h�l�d�Z���\�b�j�l�m�Z�e�v�g�h�]�h���Z�g�Z�e�b�a�Z�l�h�j�Z���d�Z�q�_�k�l�\�Z���k�b�k�l�_�f�u���m�k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�g�h�]�h���m�i�j�Z�\�e�_�g�b�y��
�\ �g�_�n�l�_�]�Z�a�h�\�h�c���h�l�j�Z�k�e�b 
�:���<�����M�n�b�f�p�_�\�«�«�«�«�«�«�«�« �«�«�«�«�«�«�� �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«  137 
�D�b�g�_�l�b�d�Z���b�a�f�_�g�_�g�b�c���h�i�l�b�q�_�k�d�b�o���k�\�h�c�k�l�\���i�j�b���h�[�e�m�q�_�g�b�b���w�e�_�d�l�j�h�g�Z�f�b���i�h�j�h�r�d�Z���&�D�6�L�23, 
�f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h���g�Z�g�h�q�Z�k�l�b�p�Z�f�b���*�G2O3  
�F���F�����F�b�o�Z�c�e�h�\�����>���K�����N�_�^�h�k�h�\�����:���G�����E�Z�i�b�g�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�����«�«�«�«�«�«�«������  140 
�B�g�l�_�e�e�_�d�l�m�Z�e�v�g�Z�y���k�b�k�l�_�f�Z���h�k�\�_�s�_�g�b�y���g�Z���h�k�g�h�\�_���,�R�7���b���d�h�f�i�v�x�l�_�j�g�h�]�h���a�j�_�g�b�y�� 
�I���<�����R�Z�q�g�_�\�Z�«�«�«�«�«�«�«�«�«�« �«�«�«�«�«�«�«�«�«�«�«�«�«�«������ �«�«�«�«�«�«�«�«�«�«�«�«�«����  143 
�F�h�^�_�e�b�j�h�\�Z�g�b�_���i�j�h�p�_�k�k�Z���n�h�j�f�b�j�h�\�Z�g�b�y���a�Z�l�\�h�j�Z���l�j�Z�g�a�b�k�l�h�j�Z���k���\�u�k�h�d�h�c���i�h�^�\�b�`�g�h�k�l�v�x��
�w�e�_�d�l�j�h�g�h�\���i�h���l�_�o�g�h�e�h�]�b�b���*�D�1���6�L�G�H�Z�D�O�O���'�L�H�O�H�F�W�U�L�F���6�S�D�F�H�U�V 
�:���?�����R�_�k�l�_�j�b�d�h�\�����>���:�����R�_�k�l�_�j�b�d�h�\�Z�«�«�«�«�«�«�« ...�«�«�« �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����  146 
�J�Z�k�k�f�h�l�j�_�g�b�_���\�h�a�f�h�`�g�h�k�l�b���b�k�i�h�e�v�a�h�\�Z�g�b�y���G�H�H�S�I�D�N�H���]�_�g�_�j�Z�p�b�b���Z�m�^�b�h���^�Z�g�g�u�o���\���d�Z�q�_�k�l�\�_��
�k�h�k�l�y�a�Z�l�_�e�v�g�h�c���Z�l�Z�d�b���g�Z���&�1�1 
�:���:�����S�_�^�j�b�g�Z�����I���X�����E�Z�i�l�_�\�����K���:�����E�b�l�h�\�d�b�g�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�����«�«�«�«�«�«�«�«�«����  149 
�:�g�Z�e�b�a���q�Z�k�l�h�l�u���h�k�g�h�\�g�h�]�h���l�h�g�Z���d�h�k�f�h�g�Z�\�l�h�\���\���g�_�\�_�k�h�f�h�k�l�b���b���g�Z���A�_�f�e�_ 
�=���<�����Y�s�_�g�d�h�����G���K�����J�_�i�v�x�d�«�«�«�«�«�« �«�«�«�«�«�«�«�«�«�«�« �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«  152 

 



6 XXII 

�M�>�D 535.42 

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

�k�l�j�m�d�l�m�j 
�X .�: . �:�e�l�m�o�h�\�����>���F�����Q�m�[�Z�j�h�\�����>���K�����J�Z�k�l�j�u�]�b�g, �K���G�����R�Z�j�Z�g�]�h�\�b�q 

�G�Z�m�q�g�u�c���j�m�d�h�\�h�^�b�l�_�e�v�����d���n��-�f���g���� �<���H�����>�h�e�]�b�j�_�\ 
�L�h�f�k�d�b�c���]�h�k�m�^�Z�j�k�l�\�_�g�g�u�c���m�g�b�\�_�j�k�b�l�_�l���k�b�k�l�_�f���m�i�j�Z�\�e�_�g�b�y���b���j�Z�^�b�h�w�e�_�d�l�j�h�g�b�d�b�� 

�J�h�k�k�b�y�����]�����L�h�f�k�d�����i�j�����E�_�g�b�g�Z, 40, 634050 
E-mail: ualtuhov7@gmail.ru 

 
Electrically controlled optical spectral filter based on multiplexed multilayer inhomogeneous 

PDLC diffraction structure s 
Yu.A. Altuhov, D.M. Chubarov, D.S. Rastrygin, S.N. Sharangovich 

Scientific Supervisor: Ph.D., V.O. Dolgirev 
Tomsk State University of Control Systems and Radioelectronics, Russia, Tomsk, Lenin str., 40, 634050 

E-mail: ualtuhov7@gmail.ru 
  

Abstract. This paper presents the diffraction characteristics of electrically controlled multiplexed 
two-layer holographic diffraction structures formed from polymer encapsulated liquid crystals. 
The results obtained demonstrate the possibility of using multilayer holographic diffraction 
structures as the main element of electrically controlled optical spectral filters for CWDM 
communication networks. 
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�<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �\�� �j�_�a�m�e�v�l�Z�l�_�� �q�b�k�e�_�g�g�h�]�h�� �f�h�^�_�e�b�j�h�\�Z�g�b�y���[�u�e�Z�� �i�h�d�Z�a�Z�g�Z�� �\�h�a�f�h�`�g�h�k�l�v��

�m�\�_�e�b�q�_�g�b�y���i�h�e�h�k�u���i�j�h�i�m�k�d�Z�g�b�y���w�e�_�d�l�j�b�q�_�k�d�b���m�i�j�Z�\�e�y�_�f�h�]�h���h�i�l�b�q�_�k�d�h�]�h���n�b�e�v�l�j�Z �g�Z���h�k�g�h�\�_��
�f�m�e�v�l�b�i�e�_�d�k�b�j�h�\�Z�g�g�u�o�� �f�g�h�]�h�k�e�h�c�g�u�o�� �g�_�h�^�g�h�j�h�^�g�u�o�� �D�I�@�D�� �^�b�n�j�Z�d�p�b�h�g�g�u�o�� �k�l�j�m�d�l�m�j [4]. 
�< �^�Z�g�g�h�f���k�e�m�q�Z�_���m�^�Z�e�h�k�v���^�h�[�b�l�v�k�y���m�\�_�e�b�q�_�g�b�y���q�b�k�e�Z���d�Z�g�Z�e�h�\���i�h���m�j�h�\�g�x��-�����^�;���k�������^�e�y���h�[�u�q�g�h�c��
�F�G�=�>�K�� �^�h�� ���� �^�e�y�� �f�m�e�v�l�b�i�e�_�d�k�b�j�h�\�Z�g�g�h�c�� �F�G�=�>�K���� �q�l�h�� �d�j�Z�l�g�h�� �d�h�e�b�q�_�k�l�\�m�� �a�Z�i�b�k�Z�g�g�u�o��
�k�l�j�m�d�l�m�j�����L�Z�d�`�_�� �[�u�e�Z�� �i�j�h�^�_�f�h�g�k�l�j�b�j�h�\�Z�g�Z�� �\�h�a�f�h�`�g�h�k�l�v�� �b�a�f�_�g�_�g�b�y�� �i�h�e�h�k�u�� �i�j�h�i�m�k�d�Z�g�b�y�� �k��
�i�h�f�h�s�v�x���\�h�a�^�_�c�k�l�\�b�y���\�g�_�r�g�_�]�h���w�e�_�d�l�j�b�q�_�k�d�h�]�h���i�h�e�y�� 
 

�K�i�b�k�h�d���e�b�l�_�j�Z�l�m�j�u 

1. Dolgirev V.O., Sharangovich S.N. Study of light diffraction on electrically controlled 
multilayer inhomogeneous structures with smooth optical inhomogeneity based on 
photopolymerizing compositions with nematic liquid crystals // Bulletin of the Russian Academy of 
Sciences: Physics. �± 2022. �± Vol. 86, �‹  1. �± P. S46�±S49. 

2. �E�Z�i�Z�g�b�d �<���B�������L�b�f�h�n�_�_�\ �K���G�����D�Z�i�k�m�e�b�j�h�\�Z�g�g�u�_���i�h�e�b�f�_�j�h�f���`�b�^�d�b�_���d�j�b�k�l�Z�e�e�u���k���g�b�a�d�b�f��
�a�g�Z�q�_�g�b�_�f�� �m�i�j�Z�\�e�y�x�s�_�]�h�� �g�Z�i�j�y�`�_�g�b�y�� ������ �F�Z�l�_�j�b�Z�e�u�� �9�,�,�� �F�_�`�^�m�g�Z�j���� �g�Z�m�q��-�i�j�Z�d�l���� �d�h�g�n�_�j�_�g�p�b�b����
�i�h�k�\�y�s�_�g�g�h�c�� ������-�e�_�l�b�x�� �k�h�� �^�g�y�� �j�h�`�^�_�g�b�y�� �Z�d�Z�^�_�f�b�d�Z�� �:�g�l�h�g�Z�� �G�b�d�b�n�h�j�h�\�b�q�Z�� �K�_�\�q�_�g�d�h���± �F�b�g�k�d����
�G�B�M���©�B�g-�l���i�j�b�d�e�Z�^�����n�b�a�� �i�j�h�[�e�_�f���b�f�����:�����G�����K�_�\�q�_�g�d�h�ª���;�=�M����2023. �± �K. 408�±410. 

3. �Q�m�[�Z�j�h�\�� �>���F������ �:�e�l�m�o�h�\�� �X���:������ �J�Z�k�l�j�u�]�b�g�� �>���K���� �b�� �^�j���� �B�k�k�e�_�^�h�\�Z�g�b�_���^�b�n�j�Z�d�p�b�h�g�g�u�o��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �f�m�e�v�l�b�i�e�_�d�k�b�j�h�\�Z�g�g�u�o�� �^�\�m�o�k�e�h�c�g�u�o�� �D�I�@�D�� �^�b�n�j�Z�d�p�b�h�g�g�u�o�� �k�l�j�m�d�l�m�j�� �i�j�b��
�k�q�b�l�u�\�Z�g�b�b�� �e�b�g�_�c�g�h-�i�h�e�y�j�b�a�h�\�Z�g�g�u�f�� �k�\�_�l�h�\�u�f�� �b�a�e�m�q�_�g�b�_�f�� ������ �F�Z�l�_�j�b�Z�e�u��XIV  �F�_�`�^�m�g�Z�j����
�d�h�g�n�����i�h���n�h�l�h�g�b�d�_���b���b�g�n�h�j�f�Z�p�b�h�g�g�h�c���h�i�l�b�d�_���± 2025. �± �K�����������±498. 

4. Pen E.F., Rodionov M.Y. Properties of multilayer nonuniform holographic structures // 
Quantum Electron. �± 2010. �± Vol. 40. �± P. 919�±924.  



XXII 

�M�>�D 535.343 

�K�i�_�d�l�j�Z�e�v�g�u�_���a�Z�\�b�k�b�f�h�k�l�b���i�h�d�Z�a�Z�l�_�e�y���i�h�]�e�h�s�_�g�b�y �\���d�j�b�k�l�Z�e�e�Z�o LiNbO 3:Cu 
�: .�?. �:�i�Z�k�v�_�\�Z, �Q.�;. �;�m�^�m�_�\�Z, �: .�O. �K�Z�e�q�Z�d�����:���Y�����Q�Z�s�b�g�Z 

�G�Z�m�q�g�u�c���j�m�d�h�\�h�^�b�l�_�e�v����� �̂h�p�_�g�l�� �d���n.-�f .�g., �F.�=. �D�b�k�l�_�g�_�\�Z 
�L�h�f�k�d�b�c���]�h�k�m�^�Z�j�k�l�\�_�g�g�u�c���m�g�b�\�_�j�k�b�l�_�l���k�b�k�l�_�f���m�i�j�Z�\�e�_�g�b�y���b���j�Z�^�b�h�w�e�_�d�l�j�h�g�b�d�b,  

�J�h�k�k�b�y�����]�����L�h�f�k�d�����i�j�����E�_�g�b�g�Z����40, 634050 
E-mail: apaseva04@gmail.com 

 
Optical spectra of LiNbO3:Cu crystals 

A.E. Apaseva, Ch.B. Budueva, A.H. Salchak, A.Ya. Chashchina 
Scientific Supervisor: Ass. Prof., Ph.D., M.G. Kisteneva 

Tomsk State University of Control Systems and Radioelectronics, Russia, Tomsk, Lenin str., 40, 634050 
E-mail: apaseva04@gmail.com 

 
Abstract. We present the optical absorption spectra of undoped and Cu-doped lithium niobate 
crystals. These crystals were diffusion-doped under an argon atmosphere at temperatures of 600 �ž�K 
and 700 �ž�K. The dependences of optical absorption of doped crystals are characterized by broad 
bands in the spectral range �� = 315�±600 nm. 
Key words: lithium niobate, absorption, spectral dependences, transmission. 
 

�<�\�_�^�_�g�b�_ 
�D�j�b�k�l�Z�e�e�u�� �g�b�h�[�Z�l�Z�� �e�b�l�b�y (LiNbO3), �h�[�e�Z�^�Z�x�s�b�_�� �w�e�_�d�l�j�h�h�i�l�b�q�_�k�d�b�f�b�� �b�� �g�_�e�b�g�_�c�g�h-

�h�i�l�b�q�_�k�d�b�f�b�� �k�\�h�c�k�l�\�Z�f�b���� �g�Z�o�h�^�y�l�� �i�j�b�f�_�g�_�g�b�_�� �\�� �m�k�l�j�h�c�k�l�\�Z�o�� �h�i�l�b�q�_�k�d�h�c�� �h�[�j�Z�[�h�l�d�b��
�b�g�n�h�j�f�Z�p�b�b��[1]. �<�\�_�^�_�g�b�_���\���g�b�h�[�Z�l���e�b�l�b�y���i�j�b�f�_�k�g�u�o���p�_�g�l�j�h�\���k���w�e�_�d�l�j�h�g�g�u�f�b���i�_�j�_�o�h�^�Z�f�b���\��
�\�b�^�b�f�h�c�� �h�[�e�Z�k�l�b�� �k�i�_�d�l�j�Z�� ���)�H���� �K�X���� �i�h�a�\�h�e�y�_�l �b�a�f�_�g�y�l�v���l�Z�d�b�_ �h�i�l�b�q�_�k�d�b�_�� �k�\�h�c�k�l�\�Z���� �d�Z�d 
�n�h�l�h�e�x�f�b�g�_�k�p�_�g�p�b�y���� �n�h�l�h�j�_�n�j�Z�d�l�b�\�g�u�_�� �k�\�h�c�k�l�\�Z���� �h�i�l�b�q�_�k�d�Z�y�� �h�^�g�h�j�h�^�g�h�k�l�v�� �b�� �k�l�h�c�d�h�k�l�v �d��
�b�a�e�m�q�_�g�b�x [2]. �P�_�e�v�x�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u�� �y�\�e�y�_�l�k�y���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�_���b�k�k�e�_�^�h�\�Z�g�b�_��
�k�i�_�d�l�j�Z�e�v�g�u�o���a�Z�\�b�k�b�f�h�k�l�_�c �i�h�d�Z�a�Z�l�_�e�y�� �i�h�]�e�h�s�_�g�b�y�� �\�� �g�_�e�_�]�b�j�h�\�Z�g�g�h�f�� �b�� �e�_�]�b�j�h�\�Z�g�g�u�o��
�f�_�^�v�x���d�j�b�k�l�Z�e�e�Z�o���/�L�1bO3. 

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

�e�b�l�b�y X-�k�j�_�a�Z, �b�f�_�x�s�b�_�� �j�Z�a�f�_�j�u�� ���î5�î������ �f�f3���� �I�e�Z�k�l�b�g�Z�� ���� �h�k�l�Z�\�Z�e�Z�k�v�� �g�_�e�_�]�b�j�h�\�Z�g�g�h�c, �Z �\��
�i�e�Z�k�l�b�g�u �����b�������i�j�h�\�h�^�b�e�Z�k�v���^�b�n�n�m�a�b�y���f�_�^�b���>���@�����G�Z���d�Z�`�^�m�x���b�a���;-�i�h�\�_�j�o�g�h�k�l�_�c���w�l�b�o���i�e�Z�k�l�b�g��
�g�Z�g�h�k�b�e�b�k�v �k�� �^�\�m�o�� �k�l�h�j�h�g���i�e�z�g�d�b�� �f�_�^�b �l�h�e�s�b�g�h�c��4������ �g�f���f�_�l�h�^�h�f�� �f�Z�]�g�_�l�j�h�g�g�h�]�h��
�j�Z�k�i�u�e�_�g�b�y���� �>�b�n�n�m�a�b�y�� �i�j�h�\�h�^�b�e�Z�k�v �\�� �Z�l�f�h�k�n�_�j�_�� �Z�j�]�h�g�Z �\�� �l�j�m�[�q�Z�l�h�c�� �w�e�_�d�l�j�h�i�_�q�b�� �g�Z��
�d�Z�j�[�b�^�h�d�j�_�f�g�b�_�\�u�o���g�Z�]�j�_�\�Z�l�_�e�y�o�����]�^�_���b�k�k�e�_�^�m�_�f�u�_ �h�[�j�Z�a�p�u �����b�������g�Z�]�j�_�\�Z�e�b�k�v �k�h���k�d�h�j�h�k�l�v�x��
5 �ƒ�K���f�b�g�� �^�h�� �l�_�f�i�_�j�Z�l�m�j�u�� ���������ƒ�K �b�� �������� �ƒC �k�h�h�l�\�_�l�k�l�\�_�g�g�h���� �I�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v�� �^�b�n�n�m�a�b�b��
�k�h�k�l�Z�\�e�y�e�Z�� ����   �q�Z�k�h�\���� �k�� �i�h�k�e�_�^�m�x�s�b�f�� �_�k�l�_�k�l�\�_�g�g�u�f�� �h�o�e�Z�`�^�_�g�b�_�f���l�Z�d�`�_���l�_�q�_�g�b�_�� ������ �q�Z�k�h�\����
�I �h�k�e�_�� �^�b�n�n�m�a�b�b�� �h�k�l�Z�l�d�b�� �i�e�z�g�d�b�� �m�^�Z�e�y�e�b�k�v�� �k�� �i�h�\�_�j�o�g�h�k�l�_�c �d�j�b�k�l�Z�e�e�h�\ �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f��
70 % �\�h�^�g�h�]�h���j�Z�k�l�\�h�j�Z���m�d�k�m�k�g�h�c���d�b�k�e�h�l�u���i�j�b���l�_�f�i�_�j�Z�l�m�j�_���������ƒ�K�����K�i�_�d�l�j�Z�e�v�g�u�_���a�Z�\�b�k�b�f�h�k�l�b��
�d�h�w�n�n�b�p�b�_�g�l�Z���i�j�h�i�m�k�d�Z�g�b�y��t �^�e�y�� �g�_�e�_�]�b�j�h�\�Z�g�g�h�]�h�� �b�� �e�_�]�b�j�h�\�Z�g�g�u�o�� �h�[�j�Z�a�p�h�\���b�a�f�_�j�y�e�b�k�v�� �\��
�^�b�Z�i�Z�a�h�g�_���^�e�b�g���\�h�e�g���������±���������g�f �g�Z �k�i�_�d�l�j�h�n�h�l�h�f�_�l�j�_ Shimadzu UV-2700. 

�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �k�i�_�d�l�j�Z�e�v�g�u�_�� �a�Z�\�b�k�b�f�h�k�l�b�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �i�j�h�i�m�k�d�Z�g�b�y�� �h�[�j�Z�a�p�h�\ 
�i�j�_�^�k�l�Z�\�e�_�g�u�� �g�Z�� �j�b�k. 1. �<�� �h�[�j�Z�a�p�_�� �/�L�1�E�23���K�X���� �e�_�]�b�j�h�\�Z�g�g�h�f �i�j�b�� �l�_�f�i�_�j�Z�l�m�j�_�� ������ �ƒ�K, 
�g�Z�[�e�x�^�Z�_�l�k�y���m�f�_�g�v�r�_�g�b�_���h�i�l�b�q�_�k�d�h�]�h���i�j�h�i�m�k�d�Z�g�b�y���\���k�i�_�d�l�j�Z�e�v�g�h�f���^�b�Z�i�Z�a�h�g�_������� ���������±���������g�f����
�i�h���k�j�Z�\�g�_�g�b�x�� �k�h�� �a�g�Z�q�_�g�b�y�f�b���� �g�Z�[�e�x�^�Z�\�r�b�f�b�k�y�� �^�h�� �i�j�h�\�_�^�_�g�b�y�� �^�b�n�n�m�a�b�b�� �>�e�y�� �h�[�j�Z�a�p�Z����
�e�_�]�b�j�h�\�Z�g�g�h�]�h���i�j�b���l�_�f�i�_�j�Z�l�m�j�_�����������ƒ�K�����d�h�w�n�n�b�p�b�_�g�l���i�j�h�i�m�k�d�Z�g�b�y���_�s�z���[�h�e�v�r�_���k�g�b�`�Z�_�l�k�y, �Z 
�\�� �^�b�Z�i�Z�a�h�g�_ ���� � �� �������±�������� �g�f�� �i�j�h�i�m�k�d�Z�g�b�_ �m�f�_�g�v�r�Z�_�l�k�y�� �[�h�e�_�_�� �q�_�f�� �g�Z 60 % �i�h�� �k�j�Z�\�g�_�g�b�x�� �k��
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�g�_�e�_�]�b�j�h�\�Z�g�g�u�f�� �h�[�j�Z�a�p�h�f. �>�e�y�� �w�l�h�]�h�� �h�[�j�Z�a�p�Z�� �m�f�_�g�v�r�_�g�b�_�� �i�j�h�i�m�k�d�Z�g�b�y�� �i�j�h�b�k�o�h�^�b�l�� �b�� �g�Z��
�^�e�b�g�Z�o���\�h�e�g�������!�����������g�f�� 

 

 
�J�b�k. 1. �K�i�_�d�l�j�Z�e�v�g�u�_ �a�Z�\�b�k�b�f�h�k�l�b �d�h�w�n�n�b�p�b�_�g�l�Z �i�j�h�i�m�k�d�Z�g�b�y���d�j�b�k�l�Z�e�e�h�\���/�L�1�E�23: 1 �± �g�_�e�_�]�b�j�h�\�Z�g�g�u�c��

�h�[�j�Z�a�_�p, 2 �b���� �± �e�_�]�b�j�h�\�Z�g�g�u�_ �f�_�^�v�x �i�j�b���L1 = 600 �ƒ�K �b���L2 = 700 �ƒ�K 
 

�>�e�y���j�Z�k�q�_�l�Z �k�i�_�d�l�j�Z�e�v�g�u�o�� �a�Z�\�b�k�b�f�h�k�l�_�c�� �i�h�d�Z�a�Z�l�_�e�_�c�� �i�h�]�e�h�s�_�g�b�y k(��) �b�k�i�h�e�v�a�h�\�Z�e�h�k�v 
�\�u�j�Z�`�_�g�b�_ �^�e�y �d�h�w�n�n�b�p�b�_�g�l�Z���i�j�h�i�m�k�d�Z�g�b�y��t�����������d�h�l�h�j�u�c���h�i�j�_�^�_�e�y�_�l�k�y���k�h�h�l�g�h�r�_�g�b�_�f��[4]:  
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�]�^�_��R �± �d�h�w�n�n�b�p�b�_�g�l���h�l�j�Z�`�_�g�b�y����d �± �l�h�e�s�b�g�Z���h�[�j�Z�a�p�Z. 
�D�h�w�n�n�b�p�b�_�g�l�� �h�l�j�Z�`�_�g�b�y�� �f�h�`�_�l�� �[�u�l�v�� �\�u�q�b�k�e�_�g�� �i�h�� �n�h�j�f�m�e�_�� �N�j�_�g�_�e�y�� �\�� �k�e�m�q�Z�_��

�g�h�j�f�Z�e�v�g�h�]�h���i�Z�^�_�g�b�y [4] 
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�]�^�_��n �± �i�h�d�Z�a�Z�l�_�e�v���i�j�_�e�h�f�e�_�g�b�y. 
�K�i�_�d�l�j�Z�e�v�g�Z�y���a�Z�\�b�k�b�f�h�k�l�v���i�h�d�Z�a�Z�l�_�e�y���i�h�]�e�h�s�_�g�b�y��k(��) �f�h�`�_�l���[�u�l�v���i�h�e�m�q�_�g�Z���b�a������������ 
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�K�i�_�d�l�j�Z�e�v�g�Z�y���a�Z�\�b�k�b�f�h�k�l�v���d�h�w�n�n�b�p�b�_�g�l�Z���h�l�j�Z�`�_�g�b�y��R���������h�i�j�_�^�_�e�y�_�l�k�y���n�h�j�f�m�e�h�c�������� �b 
�^�b�k�i�_�j�k�b�_�c���i�h�d�Z�a�Z�l�_�e�y���i�j�_�e�h�f�e�_�g�b�y n���������� �>�e�y���j�Z�k�q�_�l�Z��n���������^�e�y���d�j�b�k�l�Z�e�e�Z���g�b�h�[�Z�l�Z���e�b�l�b�y���f�u��
�b�k�i�h�e�v�a�h�\�Z�e�b �n�h�j�f�m�e�Z���A�_�e�v�f�_�c�_�j�Z���^�e�y���h�[�u�d�g�h�\�_�g�g�h�]�h���e�m�q�Z��[5]: 
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�]�^�_���^�e�b�g�Z���\�h�e�g�u���� �\�u�j�Z�`�Z�_�l�k�y���\���f�d�f�� 
�K�i�_�d�l�j�Z�e�v�g�u�_�� �a�Z�\�b�k�b�f�h�k�l�b�� �i�h�d�Z�a�Z�l�_�e�y�� �i�h�]�e�h�s�_�g�b�y k(��) �\�� �g�_�e�_�]�b�j�h�\�Z�g�g�h�f���b��

�e�_�]�b�j�h�\�Z�g�g�u�o���f�_�^�v�x���d�j�b�k�l�Z�e�e�Z�o���g�b�h�[�Z�l�Z���e�b�l�b�y, �i�h�e�m�q�_�g�g�u�_���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���k�h�h�l�g�h�r�_�g�b�c��
(2)�±�������� �b�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �^�Z�g�g�u�o�� �^�e�y�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �i�j�h�i�m�k�d�Z�g�b�y��t������, �i�j�_�^�k�l�Z�\�e�_�g�u�� �g�Z��
�j�b�k. 2. 
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�J�b�k. 2. �K�i�_�d�l�j�Z�e�v�g�u�_ �a�Z�\�b�k�b�f�h�k�l�b���i�h�d�Z�a�Z�l�_�e�y���i�h�]�e�h�s�_�g�b�y���\���d�j�b�k�l�Z�e�e�Z�o��LiNbO3: 1 �± �g�_�e�_�]�b�j�h�\�Z�g�g�u�c���h�[�j�Z�a�_�p����

�����b�������± �e�_�]�b�j�h�\�Z�g�g�u�_���f�_�^�v�x���i�j�b���L1 � �����������ž�K���b���L2 � �����������ž�K 
 

�B�a �j�b�k�m�g�d�Z �\�b�^�g�h���� �q�l�h���e�_�]�b�j�h�\�Z�g�b�_�� �f�_�^�v�x���i�j�b���L1 = 600 �ƒ�K �h�[�m�k�e�Z�\�e�b�\�Z�_�l �i�h�y�\�e�_�g�b�_ 
�r�b�j�h�d�h�c�� �i�h�e�h�k�u�� �i�h�]�e�h�s�_�g�b�y�� �\�� �k�i�_�d�l�j�Z�e�v�g�h�f�� �^�b�Z�i�Z�a�h�g�_�� ���� � �� �������±�������� �g�f�����I�h�\�u�r�_�g�b�_ 
�l�_�f�i�_�j�Z�l�m�j�u�� �h�l�`�b�]�Z �^�h���L2 � �� �������� �ž�K �i�j�b�\�h�^�b�l�� �d�� �m�\�_�e�b�q�_�g�b�x�� �i�h�]�e�h�s�_�g�b�y���d�Z�d���\�� �m�d�Z�a�Z�g�g�h�f��
�^�b�Z�i�Z�a�h�g�_���� �l�Z�d�� �b�� �\ �^�b�Z�i�Z�a�h�g�_�� �� > �������� �g�f�� �I�h�y�\�e�_�g�b�_�� �w�l�b�o�� �i�h�e�h�k�� �y�\�e�y�_�l�k�y�� �k�e�_�^�k�l�\�b�_�f��
�i�j�b�f�_�k�g�h�]�h�� �i�h�]�e�h�s�_�g�b�y�� �p�_�g�l�j�Z�f�b�� �&�X+ �b�� �&�X2+ [6]. �F�Z�d�k�b�f�Z�e�v�g�h�_�� �b�a�f�_�g�_�g�b�_ �i�h�d�Z�a�Z�l�_�e�y��
�i�h�]�e�h�s�_�g�b�y���\�� �d�j�b�k�l�Z�e�e�_��LiNbO3���K�X���� �e�_�]�b�j�h�\�Z�g�g�h�f  �i�j�b���l�_�f�i�_�j�Z�l�m�j�_���L1 = 600 �ƒ�K���� �k�h�k�l�Z�\�b�e�h��
�\�_�e�b�q�b�g�m�� �ûkmax1 � �� �������� �k�f-1 �g�Z�� �^�e�b�g�_�� �\�h�e�g�u�� ���� � �� ������ �g�f���� �>�e�y���d�j�b�k�l�Z�e�e�Z LiNbO3���K�X, 
�e�_�]�b�j�h�\�Z�g�g�h�]�h �i�j�b��T2 = ���������ƒ�K, �a�g�Z�q�_�g�b�_���ûkmax2 � ���������k�f-1 �g�Z���^�e�b�g�_���\�h�e�g�u������� �����������g�f�� 
 

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

�r�b�j�h�d�h�c�� �i�h�e�h�k�u�� �i�h�]�e�h�s�_�g�b�y�� �\ �k�i�_�d�l�j�Z�e�v�g�h�f�� �^�b�Z�i�Z�a�h�g�_�� ���� � �� ��15�±60���� �g�f�� �b�� �i�h�e�h�k�u��
�i�h�]�e�h�s�_�g�b�y���\�� �^�b�Z�i�Z�a�h�g�_�� �� > �������� �g�f�����B�g�l�_�g�k�b�\�g�h�k�l�v�� �w�l�b�o�� �i�h�e�h�k�� �m�\�_�e�b�q�b�\�Z�_�l�k�y�� �i�j�b��
�i�h�\�u�r�_�g�b�b���l�_�f�i�_�j�Z�l�m�j�u���h�l�`�b�]�Z �h�l��600 �ƒ�K���^�h�����������ƒC. 
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Investigation of initiation of a magnetron discharge in a forevacuum plasma electron source 
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Abstract. The initiation of a planar magnetron discharge in a forevacuum plasma electron source 
has been investigated. The increase of accelerating voltage and gas pressure leads to a decrease in 
the delay of the magnetron discharge initiation. 
Key words: Plasma electron source, forevacuum pressure range, magnetron discharge, discharge 
initiation,  

 
�<�\�_�^�_�g�b�_ 
�I �e�Z�a�f�_�g�g�u�_�� �b�k�l�h�q�g�b�d�b�� �w�e�_�d�l�j�h�g�h�\�� �k�� �f�Z�]�g�_�l�j�h�g�g�h�c�� �j�Z�a�j�y�^�g�h�c�� �k�b�k�l�_�f�h�c, �\�� �d�h�l�h�j�u�o��

�b�k�i�h�e�v�a�m�_�l�k�y�� �f�Z�]�g�_�l�j�h�g�g�u�c�� �j�Z�a�j�y�^ �^�e�y�� �k�h�a�^�Z�g�b�y�� �w�f�b�k�k�b�h�g�g�h�c�� �i�e�Z�a�f�u ���W�I��, �f�h�]�m�l��
�h�[�_�k�i�_�q�b�\�Z�l�v���[�h�e�_�_���\�u�k�h�d�m�x�� �i�e�h�l�g�h�k�l�v�� �l�h�d�Z���j�Z�a�j�y�^�Z���b, �k�h�h�l�\�_�l�k�l�\�_�g�g�h���� �[�h�e�_�_�� �\�u�k�h�d�m�x��
�i�e�h�l�g�h�k�l�v�� �l�h�d�Z�� �w�e�_�d�l�j�h�g�g�h�]�h�� �i�m�q�d�Z �i�h�� �k�j�Z�\�g�_�g�b�x�� �k���i�e�Z�a�f�_�g�g�u�f�b �b�k�l�h�q�g�b�d�Z�f�b�� �g�Z�� �h�k�g�h�\�_��
�l�e�_�x�s�_�]�h �j�Z�a�j�y�^�Z �b���h�l�j�Z�`�Z�l�_�e�v�g�h�]�h���j�Z�a�j�y�^�Z���i�j�b���^�Z�\�e�_�g�b�y�o������-3�±10-1 �I�Z��[1, 2]. �<���>3�@���Z�\�l�h�j�Z�f�b��
�j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y�� �\�e�b�y�g�b�_�� �g�Z�� �g�Z�i�j�y�`�_�g�b�_�� �a�Z�`�b�]�Z�g�b�y �i�e�Z�g�Z�j�g�h�]�h�� �f�Z�]�g�_�l�j�h�g�g�h�]�h�� �j�Z�a�j�y�^�Z��
�b�h�g�g�h�]�h �i�m�q�d�Z���� �b�g�`�_�d�l�b�j�m�_�f�h�]�h�� �\�� �j�Z�a�j�y�^�g�m�x�� �k�b�k�l�_�f�m�� �f�Z�]�g�_�l�j�h�g�g�h�]�h�� �j�Z�a�j�y�^�Z�� �i�j�b�� �^�Z�\�e�_�g�b�b 
�]�Z�a�Z �f�_�g�_�_��8 �� 10-2 �I�Z. �M�k�l�Z�g�h�\�e�_�g�h���� �q�l�h���i�j�b�� �[�h�f�[�Z�j�^�b�j�h�\�d�_�� �d�Z�l�h�^�Z�� �b�h�g�Z�f�b�� �m�f�_�g�v�r�Z�_�l�k�y��
�g�Z�i�j�y�`�_�g�b�_�� �a�Z�`�b�]�Z�g�b�y�� �i�h�� �f�_�j�_�� �m�\�_�e�b�q�_�g�b�y�� �w�g�_�j�]�b�b�� �b�h�g�h�\���� �Z�� �l�Z�d�`�_�� �m�k�l�Z�g�h�\�e�_�g�Z�� �i�h�j�h�]�h�\�Z�y��
�a�Z�\�b�k�b�f�h�k�l�v���g�Z�i�j�y�`�_�g�b�y���a�Z�`�b�]�Z�g�b�y���h�l���l�h�d�Z���b�h�g�g�h�]�h���i�m�q�d�Z��[3]. �H�k�h�[�_�g�g�h�k�l�v�x���n�h�j�\�Z�d�m�m�f�g�u�o��
�i�e�Z�a�f�_�g�g�u�o���b�k�l�h�q�g�b�d�h�\���w�e�_�d�l�j�h�g�h�\���y�\�e�y�_�l�k�y���a�Z�`�b�]�Z�g�b�_���\�u�k�h�d�h�\�h�e�v�l�g�h�]�h���l�e�_�x�s�_�]�h���j�Z�a�j�y�^�Z��
���<�L�J���� �\�� �m�k�d�h�j�y�x�s�_�f�� �i�j�h�f�_�`�m�l�d�_���i�j�b�� �i�j�b�e�h�`�_�g�b�b�� �\�u�k�h�d�h�]�h�� �g�Z�i�j�y�`�_�g�b�y�� �^�e�y�� �b�a�\�e�_�q�_�g�b�y�� �b��
�m�k�d�h�j�_�g�b�y���w�e�_�d�l�j�h�g�h�\��[4]. �B�h�g�g�u�c���i�h�l�h�d�����n�h�j�f�b�j�m�_�f�u�c���<�L�J�����i�j�h�g�b�d�Z�y���\���j�Z�a�j�y�^�g�m�x���k�b�k�l�_�f�m��
�n�h�j�\�Z�d�m�m�f�g�h�]�h�� �b�k�l�h�q�g�b�d�Z�����h�[�_�k�i�_�q�b�\�Z�_�l�� �f�_�g�v�r�_�_���g�Z�i�j�y�`�_�g�b�_ �a�Z�`�b�]�Z�g�b�y�� �l�e�_�x�s�_�]�h�� �j�Z�a�j�y�^�Z 
�k�� �i�h�e�u�f�� �d�Z�l�h�^�h�f [4]. �<�� �n�h�j�\�Z�d�m�m�f�g�h�f�� �b�k�l�h�q�g�b�d�_�� �i�j�b �b�k�i�h�e�v�a�h�\�Z�g�b�b�� �i�e�Z�g�Z�j�g�h�]�h��
�f�Z�]�g�_�l�j�h�g�g�h�]�h���j�Z�a�j�y�^�Z�����I�F�J�� �\���d�Z�q�_�k�l�\�_���b�k�l�h�q�g�b�d�Z���W�I���l�Z�d���`�_���f�h�`�_�l���g�Z�[�e�x�^�Z�l�v�k�y���\�e�b�y�g�b�_��
�<�L�J���g�Z���b�g�b�p�b�b�j�h�\�Z�g�b�_���I�F�J. �P�_�e�v���g�Z�k�l�h�y�s�_�c���j�Z�[�h�l�u���a�Z�d�e�x�q�Z�e�Z�k�v���\�� �b�k�k�e�_�^�h�\�Z�g�b�b���\�e�b�y�g�b�y��
�<�L�J�� �g�Z�� �\�j�_�f�y�� �a�Z�^�_�j�`�d�b�� �a�Z�`�b�]�Z�g�b�y���I�F�J�� �\�� �n�h�j�\�Z�d�m�m�f�g�h�f�� �i�e�Z�a�f�_�g�g�h�f�� �b�k�l�h�q�g�b�d�_��
�b�f�i�m�e�v�k�g�h�]�h���w�e�_�d�l�j�h�g�g�h�]�h���i�m�q�d�Z�� 

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

�k�b�k�l�_�f�h�c �g�Z�� �h�k�g�h�\�_�� �i�e�Z�g�Z�j�g�h�]�h�� �f�Z�]�g�_�l�j�h�g�Z���b�� �k�o�_�f�Z�� �w�d�k�i�_�j�b�f�_�g�l�Z���i�h�d�Z�a�Z�g�u �g�Z�� �j�b�k. 1. 
�:�g�h�^�g�Z�y�� �q�Z�k�l�v�� �j�Z�a�j�y�^�g�h�c�� �k�b�k�l�_�f�u���b���m�k�d�h�j�y�x�s�b�c���i�j�h�f�_�`�m�l�h�d�� �h�i�b�k�Z�g�u���\�� �>���@���� �<�f�_�k�l�h��
�d�Z�l�h�^�g�h�]�h�� �m�a�e�Z�� �\�� �j�Z�a�j�y�^�g�h�c�� �k�b�k�l�_�f�_�� �b�k�l�h�q�g�b�d�Z���� �h�i�b�k�Z�g�g�h�]�h�� �\�� �>5�@���� �b�k�i�h�e�v�a�h�\�Z�e�k�y���i�e�Z�g�Z�j�g�u�c��
�f�Z�]�g�_�l�j�h�g �k�� �f�_�^�g�u�f���d�Z�l�h�^�h�f (�f�b�r�_�g�v�x) �^�b�Z�f�_�l�j�h�f�������� �f�f���� �f�Z�d�k�b�f�Z�e�v�g�Z�y�� �g�Z�i�j�y�`�_�g�g�h�k�l�v��
�f�Z�]�g�b�l�g�h�]�h�� �i�h�e�y���\�[�e�b�a�b�� �d�Z�l�h�^�Z�� �^�h�k�l�b�]�Z�e�Z��53 �f�L�e�� �I�b�l�Z�g�b�_�� �f�Z�]�g�_�l�j�h�g�g�h�]�h�� �j�Z�a�j�y�^�Z��
�h�k�m�s�_�k�l�\�e�y�e�h�k�v �b�f�i�m�e�v�k�g�u�f�� �[�e�h�d�h�f�� �i�b�l�Z�g�b�y�� �j�Z�a�j�y�^�Z���� �h�[�_�k�i�_�q�b�\�Z�x�s�b�f�� �i�j�y�f�h�m�]�h�e�v�g�u�_��
�b�f�i�m�e�v�k�u�� �g�Z�i�j�y�`�_�g�b�y�� �k�� �Z�f�i�e�b�l�m�^�h�c��Ud0 �^�h�� ���� �d�<���� �I�h�k�e�_�� �a�Z�`�b�]�Z�g�b�y�� �f�Z�]�g�_�l�j�h�g�g�h�]�h�� �j�Z�a�j�y�^�Z��
�g�Z�i�j�y�`�_�g�b�_��Ud �g�Z�� �j�Z�a�j�y�^�g�h�f�� �i�j�h�f�_�`�m�l�d�_�� �m�f�_�g�v�r�Z�e�h�k�v�� �^�h�� �g�Z�i�j�y�`�_�g�b�y�� �]�h�j�_�g�b�y�� �j�Z�a�j�y�^�Z����
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�<�u�k�h�d�h�\�h�e�v�l�g�u�c�� �b�k�l�h�q�g�b�d�� �g�Z�i�j�y�`�_�g�b�y�� �h�[�_�k�i�_�q�b�\�Z�e�� �i�h�k�l�h�y�g�g�h�_�� �m�k�d�h�j�y�x�s�_�_�� �g�Z�i�j�y�`�_�g�b�_��
Ua. �>�Z�\�e�_�g�b�_��p �]�Z�a�Z�� ���Z�a�h�l���� �\�� �\�Z�d�m�m�f�g�h�c�� �d�Z�f�_�j�_ �b�� �b�k�l�h�q�g�b�d�_�� �w�e�_�d�l�j�h�g�h�\ �\�Z�j�v�b�j�h�\�Z�e�h�k�v��
�h�l 5 �^�h ������ �I�Z�����M�k�d�h�j�y�x�s�_�_�� �g�Z�i�j�y�`�_�g�b�_��U�Z �b���g�Z�i�j�y�`�_�g�b�_�� �g�Z�� �j�Z�a�j�y�^�g�h�f�� �i�j�h�f�_�`�m�l�d�_��
Ud �d�h�g�l�j�h�e�b�j�h�\�Z�e�b�k�v�� �\�u�k�h�d�h�\�h�e�v�l�g�u�f�b�� �i�j�h�[�g�b�d�Z�f�b�� �g�Z�i�j�y�`�_�g�b�y�� �7�(�6�7�(�&�� �+�9�3-15HF���� �l�h�d��
�f�Z�]�g�_�l�j�h�g�g�h�]�h�� �j�Z�a�j�y�^�Z��Id �b�a�f�_�j�y�e�k�y�� �l�j�Z�g�k�n�h�j�f�Z�l�h�j�h�f�� �l�h�d�Z. �G�Z�i�j�y�`�_�g�b�y��Ua, Ud �b���l�h�d��Id 
�n�b�d�k�b�j�h�\�Z�e�b�k�v�� �h�k�p�b�e�e�h�]�j�Z�n�h�f���� �k�� �i�h�f�h�s�v�x�� �d�h�l�h�j�h�]�h���h�i�j�_�^�_�e�y�e�b�k�v�� �f�h�f�_�g�l�u �i�h�^�Z�q�b��
�b�f�i�m�e�v�k�Z���k���[�e�h�d�Z���i�b�l�Z�g�b�y���j�Z�a�j�y�^�Z �b �a�Z�`�b�]�Z�g�b�y���f�Z�]�g�_�l�j�h�g�g�h�]�h���j�Z�a�j�y�^�Z�����A�Z���\�j�_�f�y���a�Z�^�_�j�`�d�b��td 
�a�Z�`�b�]�Z�g�b�y���f�Z�]�g�_�l�j�h�g�g�h�]�h���j�Z�a�j�y�^�Z���i�j�b�g�b�f�Z�e�k�y���i�j�h�f�_�`�m�l�h�d���\�j�_�f�_�g�b���f�_�`�^�m���f�h�f�_�g�l�h�f���i�h�^�Z�q�b��
�b�f�i�m�e�v�k�Z���g�Z�i�j�y�`�_�g�b�y �g�Z���j�Z�a�j�y�^�g�u�c���i�j�h�f�_�`�m�l�h�d���b���f�h�f�_�g�l�h�f�����d�h�]�^�Z���\�h�a�g�b�d�Z�e���l�h�d Id �j�Z�a�j�y�^�Z�� 

 

 
�J�b�k. 1. �K�o�_�f�Z���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�c���m�k�l�Z�g�h�\�d�b 

 
�J�_�a�m�e�v�l�Z�l�u 
�G�Z�� �j�b�k. 2, �Z �i�j�_�^�k�l�Z�\�e�_�g�� �]�j�Z�n�b�d�� �a�Z�\�b�k�b�f�h�k�l�b�� �k�j�_�^�g�_�]�h���\�j�_�f�_�g�b�� �a�Z�^�_�j�`�d�b��

�b�g�b�p�b�b�j�h�\�Z�g�b�y�� �f�Z�]�g�_�l�j�h�g�g�h�]�h�� �j�Z�a�j�y�^�Z��td �h�l���Z�f�i�e�b�l�m�^�u�� �b�f�i�m�e�v�k�Z�� �g�Z�i�j�y�`�_�g�b�y��Ud0, 
�h�[�_�k�i�_�q�b�\�Z�_�f�h�]�h�� �[�e�h�d�h�f�� �i�b�l�Z�g�b�y�� �j�Z�a�j�y�^�Z�� �;�_�a�� �m�k�d�h�j�y�x�s�_�]�h�� �g�Z�i�j�y�`�_�g�b�y��(U�Z = 0) �\�j�_�f�y��
�a�Z�^�_�j�`�d�b��td �m�f�_�g�v�r�Z�_�l�k�y�� �i�h �f�_�j�_�� �m�\�_�e�b�q�_�g�b�y�� �Z�f�i�e�b�l�m�^�u��Ud0���� �I�j�b �g�_�b�a�f�_�g�g�h�f Ud0 �\�j�_�f�y��td 
�m�f�_�g�v�r�Z�_�l�k�y���i�h���f�_�j�_���j�h�k�l�Z���^�Z�\�e�_�g�b�y���]�Z�a�Z�����G�Z���j�b�k. 2, �[ �i�j�_�^�k�l�Z�\�e�_�g�u���]�j�Z�n�b�d�b���a�Z�\�b�k�b�f�h�k�l�_�c��
�k�j�_�^�g�_�]�h���\�j�_�f�_�g�b�� �a�Z�^�_�j�`�d�b�� �b�g�b�p�b�b�j�h�\�Z�g�b�y�� �f�Z�]�g�_�l�j�h�g�g�h�]�h�� �j�Z�a�j�y�^�Z��td �h�l�� �m�k�d�h�j�y�x�s�_�]�h��
�g�Z�i�j�y�`�_�g�b�y��U�Z �i�j�b��Ud0 = 600 �<. �<�j�_�f�y�� �a�Z�^�_�j�`�d�b��td �m�f�_�g�v�r�Z�_�l�k�y�� �i�h�� �f�_�j�_�� �m�\�_�e�b�q�_�g�b�y��
�g�Z�i�j�y�`�_�g�b�y��Ua�����Z���l�Z�d�`�_���i�j�b���m�\�_�e�b�q�_�g�b�b���^�Z�\�e�_�g�b�y��p �]�Z�a�Z�� 

�<�� �f�Z�]�g�_�l�j�h�g�g�h�c���j�Z�a�j�y�^�g�h�c�� �k�b�k�l�_�f�_���i�j�b�� �m�\�_�e�b�q�_�g�b�b�� �g�Z�i�j�y�`�_�g�b�y Ud0 �m�\�_�e�b�q�b�\�Z�_�l�k�y��
�\�_�j�h�y�l�g�h�k�l�v���b�h�g�b�a�Z�p�b�b���f�h�e�_�d�m�e���]�Z�a�Z���©�a�Z�l�j�Z�\�h�q�g�u�f�ª �w�e�_�d�l�j�h�g�h�f�����q�l�h���i�j�b�\�h�^�b�l �d���m�\�_�e�b�q�_�g�b�x��
�k�d�h�j�h�k�l�b�� �b�h�g�b�a�Z�p�b�b�� �f�h�e�_�d�m�e�� �]�Z�a�Z���� �Z, �k�h�h�l�\�_�l�k�l�\�_�g�g�h, �b�� �d�� �m�f�_�g�v�r�_�g�b�x�� �\�j�_�f�_�g�b�� �a�Z�^�_�j�`�d�b��td 
�b�g�b�p�b�b�j�h�\�Z�g�b�y���j�Z�a�j�y�^�Z�����<�e�b�y�g�b�_���m�k�d�h�j�y�x�s�_�]�h���g�Z�i�j�y�`�_�g�b�y��U�Z �g�Z���\�j�_�f�y���a�Z�^�_�j�`�d�b��td �k�\�y�a�Z�g�h��
�k�� �<�L�J���� �\�h�a�g�b�d�Z�x�s�b�f�� �\�� �m�k�d�h�j�y�x�s�_�f�� �i�j�h�f�_�`�m�l�d�_�� �b�k�l�h�q�g�b�d�Z���� �L�h�d���<�L�J �m�\�_�e�b�q�b�\�Z�_�l�k�y�� �k��
�j�h�k�l�h�f��Ua �b�� �^�Z�\�e�_�g�b�y��p [4]���� �\�� �j�_�a�m�e�v�l�Z�l�_�� �m�\�_�e�b�q�b�\�Z�_�l�k�y�� �b�� �b�h�g�g�u�c�� �i�h�l�h�d���� �i�j�h�g�b�d�Z�x�s�b�c�� �\��
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�j�Z�a�j�y�^�g�u�c�� �i�j�h�f�_�`�m�l�h�d�� �q�_�j�_�a�� �w�f�b�k�k�b�h�g�g�u�c�� �w�e�_�d�l�j�h�^�� �b�k�l�h�q�g�b�d�Z���� �q�l�h�� �b�� �h�[�_�k�i�_�q�b�\�Z�_�l��
�m�f�_�g�v�r�_�g�b�_���\�j�_�f�_�g�b���a�Z�^�_�j�`�d�b���b�g�b�p�b�b�j�h�\�Z�g�b�y��td �f�Z�]�g�_�l�j�h�g�g�h�]�h���j�Z�a�j�y�^�Z. 

 

 
�J�b�k. 2. �A�Z�\�b�k�b�f�h�k�l�v���\�j�_�f�_�g�b���a�Z�^�_�j�`�d�b��td �h�l �Z�f�i�e�b�l�m�^�u���b�f�i�m�e�v�k�Z���g�Z�i�j�y�`�_�g�b�y��Ud0 �i�j�b��p � �������I�Z���b��Ua = 0 (�Z����

�b �a�Z�\�b�k�b�f�h�k�l�v���\�j�_�f�_�g�b���a�Z�^�_�j�`�d�b��td �h�l �m�k�d�h�j�y�x�s�_�]�h���g�Z�i�j�y�`�_�g�b�y��Ua �i�j�b��Ud0 = 6�������<�����[�� 
 
�A�Z�d�e�x�q�_�g�b�_ 
�I�j�h�\�_�^�_�g�u�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �b�g�b�p�b�b�j�h�\�Z�g�b�y�� �i�e�Z�g�Z�j�g�h�]�h�� �f�Z�]�g�_�l�j�h�g�g�h�]�h�� �j�Z�a�j�y�^�Z�� �\ 

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

 
�J�Z�[�h�l�Z���\�u�i�h�e�g�_�g�Z���i�j�b���i�h�^�^�_�j�`�d�_���J�h�k�k�b�c�k�d�h�]�h���g�Z�m�q�g�h�]�h���n�h�g�^�Z�����i�j�h�_�d�l���‹�� 25-29-00142. 
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Abstract. With a non-coaxial arrangement of the holes in the emission and accelerating multi-
aperture electrodes of a forevacuum plasma electron source, the emission current is higher at a 
pressure of less than 10 Pa and a pulse repetition rate of below 3 Hz. At higher pressure and pulse 
repetition rate, the emission current becomes greater with a coaxial arrangement of the holes. 
Key words: Plasma electron source, electron emission, pulsed electron beam, forevacuum pressure 
range, accelerating gap. 
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�b�k�l�h�q�g�b�d�_���w�e�_�d�l�j�h�g�h�\���b�a�f�_�g�y�e�h�k�v���h�l�������^�h��������8 �I�Z�� 
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�k�h�h�k�g�h�_�����[�����b���g�_�k�h�h�k�g�h�_�����\�� 
 
�J�_�a�m�e�v�l�Z�l�u  
�I �j�b���g�_�b�a�f�_�g�g�h�f���l�h�d�_��Id �^�m�]�h�\�h�]�h���j�Z�a�j�y�^�Z���\�_�e�b�q�b�g�Z���l�h�d�Z��Ie �m�\�_�e�b�q�b�\�Z�_�l�k�y���i�h���f�_�j�_���j�h�k�l�Z 

�^�Z�\�e�_�g�b�y p �]�Z�a�Z, �q�l�h �k�\�y�a�Z�g�g�h�� �k�� �h�[�j�Z�l�g�u�f�� �b�h�g�g�u�f�� �i�h�l�h�d�h�f���b�a�� �I�I��[4]. �I�j�b�� �^�Z�\�e�_�g�b�b��p �^�h��
�i�j�b�[�e�b�a�b�l�_�e�v�g�h�� ������ �I�Z�� �l�h�d�� �w�f�b�k�k�b�b�� �h�d�Z�a�u�\�Z�_�l�k�y�� �\�u�r�_�� �i�j�b�� �g�_�k�h�h�k�g�h�f�� �j�Z�k�i�h�e�h�`�_�g�b�b��
�h�l�\�_�j�k�l�b�c���\���f�g�h�]�h�Z�i�i�_�j�l�m�j�g�u�o���w�e�_�d�l�j�h�^�Z�o�����d�j�������������q�_�f���i�j�b���k�h�h�k�g�h�f���j�Z�k�i�h�e�h�`�_�g�b�b���h�l�\�_�j�k�l�b�c��
���d�j���� ����. �H�^�g�Z�d�h���i�j�b��p �!�� ������ �I�Z���l�h�d��Ie �w�f�b�k�k�b�b�� �k�l�Z�g�h�\�b�l�k�y�� �g�_�f�g�h�]�h�� �\�u�r�_�� �i�j�b�� �k�h�h�k�g�h�f��
�j�Z�k�i�h�e�h�`�_�g�b�b�� �h�l�\�_�j�k�l�b�c�� �\�� �w�e�_�d�l�j�h�^�Z�o�����L�h�d�� �w�f�b�k�k�b�b�� �a�Z�\�b�k�b�l�� �l�Z�d�`�_�� �h�l�� �q�Z�k�l�h�l�u��f �k�e�_�^�h�\�Z�g�b�y��
�b�f�i�m�e�v�k�h�\�����I�j�b��p ���� ������ �I�Z���b���q�Z�k�l�h�l�_��f �k�e�_�^�h�\�Z�g�b�y�� �b�f�i�m�e�v�k�h�\���^�h��3 �=�p �l�h�d���w�f�b�k�k�b�b���i�j�b��
�g�_�k�h�h�k�g�h�f�� �j�Z�k�i�h�e�h�`�_�g�b�b�� �w�e�_�d�l�j�h�^�h�\�� �[�h�e�v�r�_���� �q�_�f�� �i�j�b�� �k�h�h�k�g�h�f �j�Z�k�i�h�e�h�`�_�g�b�b�� ���j�b�k���� ���� �[). 
�H�^�g�Z�d�h�� �i�j�b�� �^�Z�e�v�g�_�c�r�_�f�� �m�\�_�e�b�q�_�g�b�b��f �l�h�d�� �w�f�b�k�k�b�b���k�l�Z�g�h�\�b�l�k�y���[�h�e�v�r�_�� �i�j�b�� �k�h�h�k�g�h�f��
�j�Z�k�i�h�e�h�`�_�g�b�b �h�l�\�_�j�k�l�b�c�� �\�� �w�e�_�d�l�j�h�^�Z�o. �I�j�b�� �w�l�h�f���i�j�b�� �b�k�i�h�e�v�a�h�\�Z�g�b�b���h�[�h�b�o���d�h�g�n�b�]�m�j�Z�p�b�c��
�w�e�_�d�l�j�h�^�h�\���l�h�d��Ie �w�f�b�k�k�b�b���m�f�_�g�v�r�Z�_�l�k�y���i�h���f�_�j�_���j�h�k�l�Z���q�Z�k�l�h�l�u��f. 

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

 

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

�i�j�b p � �������I�Z ���[�������j�Z�k�i�h�e�h�`�_�g�b�_���h�l�\�_�j�k�l�b�c���\�h���f�g�h�]�h�Z�i�_�j�l�m�j�g�u�o���w�e�_�d�l�j�h�^�Z�o: 1 �± �k�h�h�k�g�h�_���������± �g�_�k�h�h�k�g�h�_ 
 
�A�Z�d�e�x�q�_�g�b�_ 
�B�k�k�e�_�^�h�\�Z�g�h�� �\�e�b�y�g�b�_�� �d�h�g�n�b�]�m�j�Z�p�b�b�� �m�k�d�h�j�y�x�s�_�]�h�� �i�j�h�f�_�`�m�l�d�Z�� �n�h�j�\�Z�d�m�m�f�g�h�]�h��

�i�e�Z�a�f�_�g�g�h�]�h�� �b�k�l�h�q�g�b�d�Z�� �w�e�_�d�l�j�h�g�h�\�� �g�Z�� �w�f�b�k�k�b�x�� �w�e�_�d�l�j�h�g�h�\���� �I�j�b�� �g�_�k�h�h�k�g�h�f�� �j�Z�k�i�h�e�h�`�_�g�b�b��
�h�l�\�_�j�k�l�b�c�� �\�� �w�f�b�k�k�b�h�g�g�h�f�� �b�� �m�k�d�h�j�y�x�s�_�f�� �f�g�h�]�h�Z�i�_�j�l�m�j�g�u�o�� �w�e�_�d�l�j�h�^�Z�o�� �l�h�d�� �w�f�b�k�k�b�b�� �[�h�e�v�r�_��
�i�j�b�� �^�Z�\�e�_�g�b�b�� �f�_�g�_�_�� ������ �I�Z�� �b �q�Z�k�l�h�l�_�� �k�e�_�^�h�\�Z�g�b�y�� �b�f�i�m�e�v�k�h�\�� �g�_�� �[�h�e�_�_�� ���� �=�p���� �I�j�b�� �[�h�e�v�r�_�f��
�^�Z�\�e�_�g�b�b���]�Z�a�Z���b �[�h�e�v�r�_�c���q�Z�k�l�h�l�_���k�e�_�^�h�\�Z�g�b�y���b�f�i�m�e�v�k�h�\���l�h�d���w�f�b�k�k�b�b���k�l�Z�g�h�\�b�l�k�y���[�h�e�v�r�_���i�j�b��
�k�h�h�k�g�h�f���j�Z�k�i�h�e�h�`�_�g�b�b���h�l�\�_�j�k�l�b�c���\���w�e�_�d�l�j�h�^�Z�o�� 
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Abstract. This paper presents a method for protecting against replay attacks in FANET networks. 
The proposed method improves security by embedding timestamps in transmitted packets, allowing 
receivers to verify the data's relevance and reject replays. An implementation in the NS-3 
simulation environment demonstrates its effectiveness in mitigating attacks with minimal impact on 
energy consumption and communication latency. 
Key words: Replay attack, Timestamp-based Detection, FANET, LTE, NS-3. 
 

�<�\�_�^�_�g�b�_ 
�A�Z�� �i�h�k�e�_�^�g�b�_�� �]�h�^�u�� �r�b�j�h�d�h�_�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_�� �[�_�k�i�b�e�h�l�g�u�o�� �e�_�l�Z�l�_�e�v�g�u�o�� �Z�i�i�Z�j�Z�l�h�\��

���;�I�E�:���� �k�l�Z�e�h���\�h�a�f�h�`�g�u�f�� �[�e�Z�]�h�^�Z�j�y�� �^�h�k�l�b�`�_�g�b�y�f�� �\�� �l�_�o�g�h�e�h�]�b�b�� �m�i�j�Z�\�e�_�g�b�y���� �m�e�m�q�r�_�g�b�x��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �i�h�e�_�l�Z�� �b�� �m�k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�g�u�f�� �f�_�l�h�^�Z�f�� �i�_�j�_�^�Z�q�b�� �^�Z�g�g�u�o���� �H�^�g�Z�d�h��
�h�[�_�k�i�_�q�_�g�b�_�� �[�_�a�h�i�Z�k�g�h�k�l�b�� �;�I�E�:�� �i�j�h�l�b�\�� �i�h�l�_�g�p�b�Z�e�v�g�u�o�� �m�]�j�h�a�� �h�k�l�Z�_�l�k�y�� �k�_�j�v�_�a�g�h�c�� �a�Z�^�Z�q�_�c����
�i�h�k�d�h�e�v�d�m���w�l�b���k�b�k�l�_�f�u���m�y�a�\�b�f�u �^�e�y���a�Z�o�\�Z�l�Z�����]�e�m�r�_�g�b�y���b�e�b���Z�l�Z�d���k���i�h�^�^�_�e�d�h�c���^�Z�g�g�u�o���>���@�� 

�H�k�h�[�h�� �k�e�h�`�g�h�c�� �a�Z�^�Z�q�_�c�� �y�\�e�y�_�l�k�y�� �]�Z�j�Z�g�l�b�y�� �[�_�a�h�i�Z�k�g�h�k�l�b�� �\�h�� �\�j�_�f�y�� �]�j�m�i�i�h�\�h�]�h��
�\�a�Z�b�f�h�^�_�c�k�l�\�b�y���f�_�`�^�m���;�I�E�:�����]�^�_���\�Z�`�g�h���h�[�_�k�i�_�q�b�l�v���g�_���l�h�e�v�d�h���g�Z�^�_�`�g�m�x���i�_�j�_�^�Z�q�m���^�Z�g�g�u�o����
�g�h�� �b�� �m�q�_�k�l�v�� �\�e�b�y�g�b�_�� �a�Z�s�b�l�g�u�o�� �f�_�o�Z�g�b�a�f�h�\�� �g�Z���i�h�l�j�_�[�e�_�g�b�_�� �w�g�_�j�]�b�b�� �d�Z�`�^�u�f�� �m�k�l�j�h�c�k�l�\�h�f����
�K�h�\�j�_�f�_�g�g�u�_���i�h�^�o�h�^�u���d���h�[�_�k�i�_�q�_�g�b�x���[�_�a�h�i�Z�k�g�h�k�l�b���q�Z�k�l�h���b�]�g�h�j�b�j�m�x�l���\�e�b�y�g�b�_���f�_�j���a�Z�s�b�l�u��
�g�Z�� �w�g�_�j�]�h�i�h�l�j�_�[�e�_�g�b�_���� �q�l�h�� �f�h�`�_�l�� �k�m�s�_�k�l�\�_�g�g�h�� �k�g�b�a�b�l�v�� �Z�\�l�h�g�h�f�g�h�k�l�v�� �j�Z�[�h�l�u�� �;�I�E�:����
�I�h�w�l�h�f�m���j�Z�a�j�Z�[�h�l�d�Z���w�n�n�_�d�l�b�\�g�u�o���j�_�r�_�g�b�c�����h�[�_�k�i�_�q�b�\�Z�x�s�b�o���\�u�k�h�d�b�c���m�j�h�\�_�g�v���[�_�a�h�i�Z�k�g�h�k�l�b��
�i�j�b�� �f�b�g�b�f�Z�e�v�g�h�f�� �i�h�l�j�_�[�e�_�g�b�b�� �w�g�_�j�]�b�b�� �>���@���� �b�f�_�_�l�� �j�_�r�Z�x�s�_�_�� �a�g�Z�q�_�g�b�_�� �^�e�y�� �^�Z�e�v�g�_�c�r�_�]�h��
�j�Z�a�\�b�l�b�y���b���m�k�i�_�r�g�h�]�h���i�j�b�f�_�g�_�g�b�y���;�I�E�:���\���j�Z�a�e�b�q�g�u�o���h�[�e�Z�k�l�y�o. 
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�Z�g�Z�e�b�a�b�j�h�\�Z�l�v�� �b�g�n�h�j�f�Z�p�b�h�g�g�u�_�� �i�h�l�h�d�b�� �f�_�`�^�m�� �m�a�e�Z�f�b�� �k�b�k�l�_�f�u�� �b�� �h�p�_�g�b�\�Z�l�v�� �\�h�a�^�_�c�k�l�\�b�_��
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�B�k�i�h�e�v�a�m�y�� �\�h�a�f�h�`�g�h�k�l�v�� �1�6-���� �^�_�l�Z�e�v�g�h�� �f�h�^�_�e�b�j�h�\�Z�l�v�� �g�b�a�d�h�m�j�h�\�g�_�\�u�_�� �i�j�h�p�_�k�k�u����
�f�h�`�g�h�� �i�j�h�Z�g�Z�e�b�a�b�j�h�\�Z�l�v���� �d�Z�d�� �b�a�f�_�g�_�g�b�y�� �\�� �i�j�h�l�h�d�h�e�Z�o�� �i�_�j�_�^�Z�q�b�� �^�Z�g�g�u�o�� �b�� �Z�e�]�h�j�b�l�f�Z�o��
�[�_�a�h�i�Z�k�g�h�k�l�b�� �\�e�b�y�x�l�� �g�Z�� �h�[�s�_�_�� �w�g�_�j�]�h�i�h�l�j�_�[�e�_�g�b�_�� �k�b�k�l�_�f�u���� �<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_��
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�\�h�k�i�j�h�b�a�\�_�^�_�g�b�y�� �y�\�e�y�_�l�k�y�� �f�_�l�h�^�� �g�Z�� �h�k�g�h�\�_�� �\�j�_�f�_�g�g�u�o�� �f�_�l�h�d�� ���7�L�P�H�V�W�D�P�S-based Detection). 
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L �<�&�á�6�æ�=,  
�]�^�_���& �± �i�_�j�_�^�Z�\�Z�_�f�u�_���^�Z�g�g�u�_�����6�æ - �\�j�_�f�_�g�g�Z�y���f�_�l�d�Z���h�l�i�j�Z�\�b�l�_�e�y���\���f�h�f�_�g�l���h�l�i�j�Z�\�d�b�� 

�A�Z�l�_�f���i�Z�d�_�l���2 �i�_�j�_�^�Z�_�l�k�y���i�h���k�_�l�b���b���i�j�b�g�b�f�Z�_�l�k�y���m�a�e�h�f-�i�h�e�m�q�Z�l�_�e�_�f �4. �I�j�b���i�h�e�m�q�_�g�b�b��
�i�Z�d�_�l�Z���m�a�_�e���4 �a�Z�i�b�k�u�\�Z�_�l���l�_�d�m�s�_�_���\�j�_�f�y���6�å �b���\�u�q�b�k�e�y�_�l���j�Z�a�g�b�p�m: 
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F�6�æ.  
�?�k�e�b�� �j�Z�a�g�b�p�Z���¿�6 �g�_�� �i�j�_�\�u�r�Z�_�l�� �m�k�l�Z�g�h�\�e�_�g�g�h�]�h�� �^�h�i�m�k�l�b�f�h�]�h�� �i�h�j�h�]�Z  

�6�ç�Û�å�����i�Z�d�_�l���k�q�b�l�Z�_�l�k�y���\�Z�e�b�^�g�u�f�����<���i�j�h�l�b�\�g�h�f���k�e�m�q�Z�_���i�Z�d�_�l���h�l�d�e�h�g�y�_�l�k�y���d�Z�d���\�h�a�f�h�`�g�Z�y���Z�l�Z�d�Z��
�i�h�\�l�h�j�g�h�]�h�� �\�h�k�i�j�h�b�a�\�_�^�_�g�b�y�� �I�h�j�h�]���6�ç�Û�å �f�h�`�_�l�� �[�u�l�v���Z�^�Z�i�l�b�\�g�u�f�� �b�� �a�Z�\�b�k�_�l�v�� �h�l��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �k�_�l�b���� �a�Z�^�_�j�`�_�d�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y�� �k�b�]�g�Z�e�Z�� �b�� �\�h�a�f�h�`�g�u�o�� �h�l�d�e�h�g�_�g�b�c�� �\��
�k�b�g�o�j�h�g�b�a�Z�p�b�b���q�Z�k�h�\�� 

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

�i�j�y�f�h�e�b�g�_�c�g�h�c���l�j�Z�_�d�l�h�j�b�b���g�Z���^�b�k�l�Z�g�p�b�x�������d�f�����\�a�Z�b�f�h�^�_�c�k�l�\�m�y���k���[�Z�a�h�\�h�c���k�l�Z�g�p�b�_�c���b���k�_�j�\�_�j�h�f����
�b�f�b�l�b�j�m�x�s�b�f�� �Z�l�Z�d�m�x�s�m�x�� �k�l�h�j�h�g�m���� �K�\�y�a�v�� �h�k�m�s�_�k�l�\�e�y�e�Z�k�v�� �q�_�j�_�a�� �i�j�h�l�h�d�h�e�� �/�7�(���� �:�g�Z�e�b�a��
�i�h�e�m�q�_�g�g�u�o�� �^�Z�g�g�u�o���� �i�j�_�^�k�l�Z�\�e�_�g�g�u�o�� �g�Z�� �j�b�k. ������ �i�h�a�\�h�e�b�e�� �k�j�Z�\�g�b�l�v�� �j�Z�[�h�l�m�� �k�b�k�l�_�f�u�� �\�� �^�\�m�o��
�j�_�`�b�f�Z�o�����k���i�j�b�f�_�g�_�g�b�_�f���f�_�o�Z�g�b�a�f�Z���a�Z�s�b�l�u���h�l���Z�l�Z�d���i�h�\�l�h�j�g�h�]�h���\�h�k�i�j�h�b�a�\�_�^�_�g�b�y���b���[�_�a���g�_�]�h�� 

�J�_�a�m�e�v�l�Z�l�u�� �w�d�k�i�_�j�b�f�_�g�l�Z�� �i�h�d�Z�a�Z�e�b���� �q�l�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �f�_�l�h�^�Z�� �g�Z�� �h�k�g�h�\�_�� �\�j�_�f�_�g�g�u�o��
�f�_�l�h�d�� �i�j�b�\�_�e�h�� �d�� �m�\�_�e�b�q�_�g�b�x�� �h�[�t�_�f�Z�� �i�_�j�_�^�Z�\�Z�_�f�u�o�� �^�Z�g�g�u�o�� �b�� �^�h�i�h�e�g�b�l�_�e�v�g�h�c�� �g�Z�]�j�m�a�d�_�� �g�Z��
�m�a�_�e���� �H�^�g�Z�d�h���� �g�_�k�f�h�l�j�y�� �g�Z�� �w�l�h���� �k�h�d�j�Z�s�_�g�b�_�� �\�j�_�f�_�g�b�� �Z�\�l�h�g�h�f�g�h�c�� �j�Z�[�h�l�u�� �h�d�Z�a�Z�e�h�k�v�� �g�Z��
10 �f�b�g�m�l���f�_�g�v�r�_���i�h���k�j�Z�\�g�_�g�b�x���k�h���k�p�_�g�Z�j�b�_�f�����\���d�h�l�h�j�h�f���Z�l�Z�d�Z���[�u�e�Z���m�k�i�_�r�g�h���j�_�Z�e�b�a�h�\�Z�g�Z�� 
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Abstract. Quasi-resonant switching is a way to reduce dynamic losses. Quasi-resonant soft switching 
modes can be implemented if the transistor is switched at zero switch current or voltage.When the 
current passes through zero at a non-zero voltage, switching occurs under ideal conditions without 
power dissipation and switching losses should be considered equal to zero. The second method of 
soft switching is to switch the transistor at zero voltage. 
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Abstract. The article discusses the effect of the radius and frequency of the signal on the mode 
structure of cylindrical waveguides. The relevance of the research is due to the growing demands on 
the performance and efficiency of communication systems, which requires a deep understanding of 
the mode characteristics of waveguides. For the analysis, the modeling method in the COMSOL 
Multiphysics software was used, which allows conducting numerical experiments with high accuracy. 
The created two-dimensional model of a cylindrical waveguide with a radius of 20 mm and an air 
material made it possible to study the mode characteristics when varying the input frequency from 1 
GHz to 10 GHz and the waveguide radius from 5 mm to 20 mm. The results showed that changing 
the radius of the waveguide affects the frequencies of occurrence of various modes, with noticeable 
transitions between the main and higher modes in the frequency range from 4 GHz to 8 GHz.  
Key words: cylindrical waveguides, mode structure, electromagnetic waves, signal frequency, 
waveguide radius. 
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�P�b�e�b�g�^�j�b�q�_�k�d�b�f�b�� �\�h�e�g�h�\�h�^�Z�f�b�� �g�Z�a�u�\�Z�x�l�� �g�Z�i�j�Z�\�e�y�x�s�b�_�� �k�b�k�l�_�f�u�� �\�� �\�b�^�_�� �i�h�e�u�o��

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

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

�<�� �\�h�e�g�h�\�h�^�g�u�o�� �k�b�k�l�_�f�Z�o�� �f�h�]�m�l�� �\�h�a�[�m�`�^�Z�l�v�k�y�� �j�Z�a�e�b�q�g�u�_�� �l�b�i�u�� �\�h�e�g���� �j�Z�a�e�b�q�Z�x�s�b�_�k�y��
�k�l�j�m�d�l�m�j�h�c�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�]�h���i�h�e�y �>���@���� �<�h�e�g�h�\�h�^�g�u�_�� �f�h�^�u�� �g�Z�o�h�^�y�l�� �b�a�� �j�_�r�_�g�b�y�� �m�j�Z�\�g�_�g�b�c��
�F�Z�d�k�\�_�e�e�Z�� �i�j�b�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�o�� �]�j�Z�g�b�q�g�u�o�� �m�k�e�h�\�b�y�o. �L�Z�d�b�_�� �a�Z�^�Z�q�b �b�� �f�_�l�h�^�u�� �b�o�� �j�_�r�_�g�b�y��
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�h�i�b�k�Z�g�u���\�h���f�g�h�]�b�o���m�q�_�[�g�u�o���i�h�k�h�[�b�y�o�����H�^�g�Z�d�h���g�Z�f���g�_���m�^�Z�e�h�k�v���g�Z�c�l�b���j�_�r�_�g�b�y���^�e�y���j�_�]�m�e�y�j�g�h�c��
�k�l�j�m�d�l�m�j�u �k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���k�j�_�^�u���f�h�^�_�e�b�j�h�\�Z�g�b�y CST Studio Suite �i�h���i�j�b�q�b�g�_���a�Z�\�b�k�b�f�h�k�l�b��
�\�h�e�g�h�\�u�o�� �k�h�i�j�h�l�b�\�e�_�g�b�c�� �f�h�^�� �h�l�� �q�Z�k�l�h�l�u���� �<�h�a�g�b�d�Z�x�l�� �l�j�m�^�g�h�k�l�b�� �n�h�j�f�b�j�h�\�Z�g�b�y�� �i�h�j�l�h�\��
�k�h�]�e�Z�k�h�\�Z�g�b�y. �W�l�h�� �f�h�`�g�h�� �k�^�_�e�Z�l�v���� �g�h�� �l�h�e�v�d�h�� �^�e�y�� �h�l�^�_�e�v�g�h�c�� �f�h�^�u�� �b�� �\�� �h�q�_�g�v�� �m�a�d�h�c�� �i�h�e�h�k�_��
�q�Z�k�l�h�l�� �<�� �j�Z�f�d�Z�o�� �^�Z�g�g�h�]�h�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �b�k�i�h�e�v�a�m�_�l�k�y�� �f�h�^�_�e�b�j�h�\�Z�g�b�_ �\�� �i�j�h�]�j�Z�f�f�g�h�f��
�d�h�f�i�e�_�d�k�_���&�2�0�6�2�/���0�X�O�W�L�S�K�\�V�L�F�V�����d�h�l�h�j�u�c���i�h�a�\�h�e�y�_�l���i�j�h�\�h�^�b�l�v���q�b�k�e�_�g�g�u�_���w�d�k�i�_�j�b�f�_�g�l�u���b��
�Z�g�Z�e�b�a�b�j�h�\�Z�l�v�� �f�h�^�h�\�u�_�� �k�l�j�m�d�l�m�j�u�� �p�b�e�b�g�^�j�b�q�_�k�d�b�o�� �\�h�e�g�h�\�h�^�h�\�� �k�� �\�u�k�h�d�h�c�� �l�h�q�g�h�k�l�v�x����
�&�2�0�6�2�/�� �i�j�_�^�h�k�l�Z�\�e�y�_�l�� �f�h�s�g�u�_�� �b�g�k�l�j�m�f�_�g�l�u�� �^�e�y�� �j�_�r�_�g�b�y�� �m�j�Z�\�g�_�g�b�c�� �F�Z�d�k�\�_�e�e�Z���� �q�l�h��
�i�h�a�\�h�e�y�_�l�� �b�k�k�e�_�^�h�\�Z�l�v���\�e�b�y�g�b�_���j�Z�^�b�m�k�Z���b���q�Z�k�l�h�l�u���g�Z���\�h�a�g�b�d�g�h�\�_�g�b�_���b���j�Z�k�i�j�_�^�_�e�_�g�b�_���f�h�^���\��
�\�h�e�g�h�\�h�^�_���� 

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

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

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

�>�e�y���Z�g�Z�e�b�a�Z���o�Z�j�Z�d�l�_�j�b�k�l�b�d���f�h�^���i�j�h�\�h�^�b�e�h�k�v���\�Z�j�v�b�j�h�\�Z�g�b�_���q�Z�k�l�h�l�u���\�o�h�^�g�h�]�h���k�b�]�g�Z�e�Z���\��
�^�b�Z�i�Z�a�h�g�_�� �h�l�� ���� �=�=�p�� �^�h�� ������ �=�=�p�� �k�� �r�Z�]�h�f�� �������� �=�=�p�� �b�� �j�Z�^�b�m�k�Z�� �\�h�e�g�h�\�h�^�Z�� �\�� �^�b�Z�i�Z�a�h�g�_�� �h�l�� ���� �f�f��
�^�h 20 �f�f���k���r�Z�]�h�f�����������f�f�� 

�<���j�Z�f�d�Z�o���w�d�k�i�_�j�b�f�_�g�l�Z���[�u�e�h���a�Z�^�Z�g�h���l�j�b �h�k�g�h�\�g�u�_���f�h�^�u���^�e�y���Z�g�Z�e�b�a�Z�� �h�k�g�h�\�g�Z�y���f�h�^�Z��H11, 
�\�u�k�r�Z�y���f�h�^�Z��H21, �i�_�j�\�Z�y���\�u�k�r�Z�y���f�h�^�Z���?01. 

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

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

�j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y (propagation constant) �j�y�^�Z���f�h�^���h�l���q�Z�k�l�h�l�u���b���j�Z�^�b�m�k�Z���\�h�e�g�h�\�h�^�Z�����J�_�a�m�e�v�l�Z�l�u��
�f�h�^�_�e�b�j�h�\�Z�g�b�y���i�h�d�Z�a�Z�e�b���� �d�Z�d���b���k�e�_�^�h�\�Z�e�h���h�`�b�^�Z�l�v���� �q�l�h�� �q�Z�k�l�h�l�u���h�l�k�_�q�d�b �h�i�j�_�^�_�e�y�x�l�� �k�i�_�d�l�j��
�\�h�a�g�b�d�g�h�\�_�g�b�y�� �f�h�^�� �b�o�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�v�� �b�� �d�e�Z�k�k�b�n�b�d�Z�p�b�x�� �i�h�� �i�j�b�a�g�Z�d�m�� �©�h�k�g�h�\�g�Z�y-
�\�u�k�r�b�_�ª. �I �_�j�_�o�h�^�u�� �f�_�`�^�m�� �h�k�g�h�\�g�u�f�b�� �b�� �\�u�k�r�b�f�b�� �f�h�^�Z�f�b, �[�u�e�b�� �g�Z�[�e�x�^�Z�_�f�u�� �\�� �^�b�Z�i�Z�a�h�g�_��
�q�Z�k�l�h�l���h�l���� �=�=�p���^�h���� �=�=�p �i�j�b���j�Z�^�b�m�k�_���������f�f ���j�b�k. 1). 

 

 
�J�b�k. 1. �<�h�a�g�b�d�g�h�\�_�g�b�_���f�h�^�����k���m�\�_�e�b�q�_�g�b�_�f���q�Z�k�l�h�l�u (Working free) �i�j�b���j�Z�^�b�m�k�_���������f�f 

�:�g�Z�e�b�a�� �a�Z�\�b�k�b�f�h�k�l�b�� �f�h�^�h�\�u�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �h�l�� �j�Z�^�b�m�k�Z�� �\�h�e�g�h�\�h�^�Z�� �i�h�d�Z�a�Z�e����
�q�l�h �m�\�_�e�b�q�_�g�b�_�� �j�Z�^�b�m�k�Z�� �k�i�h�k�h�[�k�l�\�m�_�l�� �i�h�y�\�e�_�g�b�x�� �[�h�e�_�_�� �\�u�k�h�d�b�o�� �f�h�^���� �Z�� �l�Z�d�`�_�� �b�a�f�_�g�_�g�b�x��
�q�Z�k�l�h�l���b�o���\�h�a�g�b�d�g�h�\�_�g�b�y�����G�Z�i�j�b�f�_�j�����^�e�y���j�Z�^�b�m�k�Z��15 �f�f���h�k�g�h�\�g�Z�y �f�h�^�Z��H11 �©�i�h�y�\�e�y�e�Z�k�v�ª �i�j�b��
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�q�Z�k�l�h�l�_�� �h�d�h�e�h��6 �=�=�p���� �l�h�]�^�Z�� �d�Z�d�� �^�e�y�� �j�Z�^�b�m�k�Z��10 �f�f�� �w�l�Z�� �f�h�^�Z���b�f�_�e�Z���q�Z�k�l�h�l�m�� �h�l�k�_�q�d�b �h�d�h�e�h��
8.8 �=�=�p�����Z���f�h�^�u���G21 �b���?01 �i�j�_�k�l�Z�e�b���j�Z�k�i�j�h�k�l�j�Z�g�y�l�v�k�y���j�b�k. 2, 3. 

  
�J�b�k. 2. �<�h�a�g�b�d�g�h�\�_�g�b�_���f�h�^�����i�j�b���j�Z�^�b�m�k�_���������f�f �J�b�k. 3. �<�h�a�g�b�d�g�h�\�_�g�b�_���f�h�^�����i�j�b���j�Z�^�b�m�k�_���������f�f 
 
�I�h�e�m�q�_�g�g�u�_�� �j�_�a�m�e�v�l�Z�l�u�� �i�h�^�l�\�_�j�`�^�Z�x�l���b�a�\�_�k�l�g�u�_�� �j�Z�g�_�_ �a�Z�\�b�k�b�f�h�k�l�b �i�Z�j�Z�f�_�l�j�Z��
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Abstract. The present study presents soldering of alumina ceramics with titanium by electron beam 
method. PRS-72 solder and aluminium foil were used for soldering. Soldering temperature was 
700�±���������ƒ�&�����,�W���L�V���V�K�R�Z�Q���W�K�D�W���L�Q���E�R�W�K���F�D�V�H�V���W�K�H���V�R�O�G�H�U���P�D�W�H�U�L�D�O���F�R�P�S�O�H�W�H�O�\���P�Hlted to form a junction 
of the metal and ceramic parts. 
Key words: Electron beam, solder, soldering, pre-vacuum. 
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2 �î 2 �k�f2. �L�_�f�i�_�j�Z�l�m�j�Z �i�Z�c�d�b�� �k�h�k�l�Z�\�e�y�e�Z�� �h�l�� �������� �^�h�� ���������ƒ�K���� �I�j�b�� �^�h�k�l�b�`�_�g�b�b�� �l�_�f�i�_�j�Z�l�m�j�u��
�i�h�\�_�j�o�g�h�k�l�b�� �d�_�j�Z�f�b�d�b�� �g�Z�]�j�_�\�� �i�j�_�d�j�Z�s�Z�e�k�y�� �b�� �i�j�b�� �w�l�h�c�� �l�_�f�i�_�j�Z�l�m�j�_�� �h�[�j�Z�a�_�p�� �\�u�^�_�j�`�b�\�Z�e�k�y�� �\��
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�l�_�q�_�g�b�_�� ���� �f�b�g�m�l���� �L�_�f�i�_�j�Z�l�m�j�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �d�h�g�l�j�h�e�b�j�h�\�Z�e�Z�k�v�� �b�g�n�j�Z�d�j�Z�k�g�u�f�� �i�b�j�h�f�_�l�j�h�f��
�5�D�\�W�H�N�����1�0���k �^�b�Z�i�Z�a�h�g�h�f���b�a�f�_�j�_�g�b�y���������±3000 �ƒ�K. �K�o�_�f�Z���m�k�l�Z�g�h�\�d�b���i�j�_�^�k�l�Z�\�e�_�g�Z���g�Z���j�b�k. 1.  
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�h�[�j�Z�a�p�h�\�� �\�^�h�e�v���h�[�e�Z�k�l�b���i�Z�c�d�b���i�j�_�^�k�l�Z�\�e�_�g�u���g�Z���j�b�k�m�g�d�Z�o������ �b������ �k�h�h�l�\�_�l�k�l�\�_�g�g�h�� �G�Z���k�g�b�f�d�Z�o��
�f�h�`�g�h�� �a�Z�f�_�l�b�l�v���q�_�l�d�b�_���]�j�Z�g�b�p�u�� �j�Z�a�^�_�e�h�\���i�j�b�i�h�y�� �b�� �d�_�j�Z�f�b�d�b���� �<�� �l�h�� �`�_�� �\�j�_�f�y�� �g�Z�� �]�j�Z�g�b�p�_��
�Z�e�x�f�b�g�b�y�� ���j�b�k���� ��, �[���� �k�� �l�b�l�Z�g�h�f�� �g�Z�[�e�x�^�Z�_�l�k�y�� �d�Z�d�� �n�h�j�f�b�j�h�\�Z�g�b�_�� �^�b�n�n�m�a�b�h�g�g�h�]�h�� �k�e�h�y�� �b��
�b�g�l�_�j�f�_�l�Z�e�e�b�^�g�u�o�� �n�Z�a���� �H�k�g�h�\�g�h�c �i�j�b�q�b�g�h�c �h�[�j�Z�a�h�\�Z�g�b�y �b�g�l�_�j�f�_�l�Z�e�e�b�^�h�\ �g�Z �]�j�Z�g�b�p�_��
�j�Z�a�^�_�e�Z���n�Z�a �y�\�e�y�_�l�k�y �j�Z�k�l�\�h�j�_�g�b�_ Al 2O3 �k�� �h�[�j�Z�a�h�\�Z�g�b�_�f���l�\�_�j�^�h�]�h �j�Z�k�l�\�h�j�Z Ti[Al,O]  [5]. 
�G�Z�b�[�h�e�_�_�� �\�_�j�h�y�l�g�h�� �h�[�j�Z�a�h�\�Z�g�b�_��Ti3�$�O���� �i�h�k�d�h�e�v�d�m�� �d�Z�d�� �b�a�\�_�k�l�g�h�� �>6] �l�Z�d�Z�y�� �n�Z�a�Z���y�\�e�y�_�l�k�y 
�j�Z�\�g�h�\�_�k�g�h�c �n�Z�a�h�c �i�j�b �l�_�f�i�_�j�Z�l�m�j�Z�o �g�b�`�_ 800 �ƒ�& �b �h�[�e�Z�^�Z�_�l �[�h�e�_�_ �\�u�k�h�d�h�c 
�j�Z�k�l�\�h�j�b�f�h�k�l�v�x �i�h �h�l�g�h�r�_�g�b�x�� �d��O, �q�_�f TiAl. �I�j�b�� �l�_�f�i�_�j�Z�l�m�j�_�� �^�h 750 �ƒ�& �j�_�Z�d�p�b�y �f�_�`�^�m 
Al 2O3 �b �b�g�l�_�j�f�_�l�Z�e�e�b�^�Z�f�b Ti3Al  �g�_�k�d�h�e�v�d�h�� �h�]�j�Z�g�b�q�_�g�Z���� �h�^�g�Z�d�h���j�_�Z�d�p�b�b �k �7�L�$�O�� �h�l�k�m�l�k�l�\�m�_�l��
�\�h�\�k�_�� �>7], �k�e�_�^�h�\�Z�l�_�e�v�g�h�� �l�Z�d�`�_�� �\�h�a�f�h�`�g�h�� �b�a�f�_�g�_�g�b�_���k�h�k�l�Z�\�Z �\ �i�h�e�v�a�m �[�h�e�_�_ �i�j�h�g�b�p�Z�_�f�h�]�h 
�f�Z�l�_�j�b�Z�e�Z��Ti3Al  �i�j�b �h�o�e�Z�`�^�_�g�b�b�����G�Z�� �]�j�Z�g�b�p�_�� ���j�b�k���� ��, �Z�����l�b�l�Z�g�Z�� �k �i�j�b�i�h�_�f���I�K�J-72 
�g�Z�[�e�x�^�Z�_�l�k�y���n�h�j�f�b�j�h�\�Z�g�b�_�� �b�]�h�e�v�q�Z�l�u�o�� �d�j�b�k�l�Z�e�e�h�\�� �f�_�^�b�� �b�� �i�j�h�g�b�d�g�h�\�_�g�b�_�f�� �l�b�l�Z�g�Z�� �i�h��
�i�j�b�i�h�x���i�j�Z�d�l�b�q�_�k�d�b���^�h���]�j�Z�g�b�p�u���k���d�_�j�Z�f�b�d�h�c�����j�b�k������, �Z�������G�Z���h�[�j�Z�a�p�_���d�_�j�Z�f�b�d�b���k���l�b�l�Z�g�h�f���i�j�b��
�i�h�f�h�s�b���i�j�b�i�h�y���f�h�`�g�h���a�Z�f�_�l�b�l�v�����q�l�h���f�_�^�v�����k�h�^�_�j�`�Z�s�Z�y�k�y���\���i�j�b�i�h�_�����g�Z�[�e�x�^�Z�_�l�k�y �\���h�k�g�h�\�g�h�f 
�m���]�j�Z�g�b�p�u �i�j�b�i�h�y���k���d�_�j�Z�f�b�d�h�c���b���l�b�l�Z�g�h�f�����G�Z���h�[�j�Z�a�p�_���d�_�j�Z�f�b�d�b���k���l�b�l�Z�g�h�f���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f��
�Z�e�x�f�b�g�b�_�\�h�c�� �n�h�e�v�]�b�� �\�b�^�g�h���� �q�l�h�� �l�b�l�Z�g���g�Z�[�e�x�^�Z�_�l�k�y�� �l�Z�d�`�_�� �\�� �h�[�e�Z�k�l�b�� �i�j�b�i�h�y���� �<�h�a�f�h�`�g�h, 
�i�j�h�b�a�h�r�e�h�� �h�[�j�Z�a�h�\�Z�g�b�_�� �b�g�l�_�j�f�_�l�Z�e�e�b�^�g�u�o�� �n�Z�a�� �Z�e�x�f�b�g�b�y�� �k�� �l�b�l�Z�g�h�f���� �q�l�h�� �l�j�_�[�m�_�l��
�^�Z�e�v�g�_�c�r�_�]�h�� �b�a�m�q�_�g�b�y�� �D�j�h�f�_�� �l�h�]�h�� �i�j�b�� �b�k�i�h�e�v�a�h�\�Z�g�b�b�� �Z�e�x�f�b�g�b�_�\�h�c�� �n�h�e�v�]�b�� �\�� �d�Z�q�_�k�l�\�_��
�i�j�b�i�h�y���\���n�h�j�f�b�j�m�_�f�h�f���i�_�j�_�o�h�^�g�h�f���k�e�h�_���g�Z�[�e�x�^�Z�_�l�k�y���h�[�j�Z�a�h�\�Z�g�b�_���i�h�j���b���\�d�j�Z�i�e�_�g�b�c���l�b�l�Z�g�Z����
�<�h�a�f�h�`�g�h, �b�o���i�h�y�\�e�_�g�b�_���k�\�y�a�Z�g�h���k�� �m�k�e�h�\�b�y�f�b���i�h�^�]�h�l�h�\�d�b���h�[�j�Z�a�p�h�\�� �b���i�h�i�Z�^�Z�g�b�_�f�� �\�� �h�[�e�Z�k�l�v��
�r�\�Z���\���i�j�h�p�_�k�k�_���r�e�b�n�h�\�d�b�� 
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Abstract. A four-layer reflection-symmetric structure has been experimentally investigated in 
differential mode. Results in both the time and frequency domains show a bandwidth of 947 MHz 
and a UWB EMI suppression of 9 times. The discrepancy between the results is attributed to the 
influence of connectors used for measurement. Also, there are no pronounced resonances at 
2.5, 3.7, 4.2, and 5.8 GHz in the simulation, which affect the amplitude of the time-domain 
responses at the end of the structure. 
Key words: electrodynamic simulation, time domain analysis, differential pair. 
 

�<�\�_�^�_�g�b�_  
�K�d�h�j�h�k�l�v �i�_�j�_�^�Z�q�b���^�Z�g�g�u�o���\���k�h�\�j�_�f�_�g�g�h�f���f�b�j�_���i�j�h�^�h�e�`�Z�x�l���j�Z�k�l�b�����b���^�e�y���h�[�_�k�i�_�q�_�g�b�y��

�l�Z�d�b�o���\�u�k�h�d�b�o���k�d�h�j�h�k�l�_�c���b�k�i�h�e�v�a�m�x�l���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�_���e�b�g�b�b���i�_�j�_�^�Z�q�b ���E�I���� �K�m�s�_�k�l�\�m�x�l��
�m�k�l�j�h�c�k�l�\�Z�� �b�� �b�g�l�_�j�n�_�c�k�u���� �n�m�g�d�p�b�h�g�b�j�m�x�s�b�_�� �\�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f�� �j�_�`�b�f�_���� �l�Z�d�b�_�� �d�Z�d��
�b�g�l�_�j�n�_�c�k�u�� �/�9�'�6���� �d�h�l�h�j�u�_�� �g�Z�o�h�^�y�l�� �r�b�j�h�d�h�_�� �i�j�b�f�_�g�_�g�b�_�� �\�� �k�h�\�j�_�f�_�g�g�h�c�� �w�e�_�d�l�j�h�g�b�d�_ [1]. 
�H�^�g�Z�d�h�� �l�Z�d�b�_�� �m�k�l�j�h�c�k�l�\�Z�� �i�h�^�\�_�j�`�_�g�u�� �\�e�b�y�g�b�x�� �d�h�g�^�m�d�l�b�\�g�u�o�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�o�� �i�h�f�_�o, 
�\�d�e�x�q�Z�y���\�g�_�r�g�b�_���w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�_���\�h�a�^�_�c�k�l�\�b�y�����h�g�b���f�h�]�m�l�� �k�m�s�_�k�l�\�_�g�g�h���k�g�b�`�Z�l�v���d�Z�q�_�k�l�\�h��
�i�_�j�_�^�Z�q�b�� �^�Z�g�g�u�o [2�@���� �>�e�y�� �h�[�_�k�i�_�q�_�g�b�y�� �k�l�Z�[�b�e�v�g�h�c���j�Z�[�h�l�u�� �j�Z�^�b�h�w�e�_�d�l�j�h�g�g�h�c��
�Z�i�i�Z�j�Z�l�m�j�u ���J�W�:�� �g�_�h�[�o�h�^�b�f�h�� �i�j�b�g�b�f�Z�l�v�� �f�_�j�u���^�e�y���a�Z�s�b�l�u �J�W�: �h�l���w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�o��
�i�h�f�_�o�� ���W�F�I������ �D�� �i�j�b�f�_�j�m���� �\�� �>3] �b�k�k�e�_�^�h�\�Z�e�b�k�v �^�\�_ �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�_ �E�I �^�e�y�� �i�h�^�Z�\�e�_�g�b�y��
�k�\�_�j�o�r�b�j�h�d�h�i�h�e�h�k�g�u�o�� �d�h�g�^�m�d�l�b�\�g�u�o�� �W�F�I���� �< [4] �i�j�b�f�_�g�y�_�l�k�y�� �f�Z�r�b�g�g�h�_�� �h�[�m�q�_�g�b�_�� �^�e�y��
�k�b�g�l�_�a�Z���d�e�x�q�_�\�u�o�� �i�Z�j�Z�f�_�l�j�h�\�� �\�e�b�y�x�s�b�o�� �g�Z�� �i�h�^�Z�\�e�_�g�b�_�� �d�h�g�^�m�d�l�b�\�g�u�o�� �W�F�I�� �\��
�^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�o���E�I. �H�^�g�Z�d�h�� �j�Z�g�_�_���i�j�h�\�_�^�_�g�b�_�� �e�Z�[�h�j�Z�l�h�j�g�h�]�h�� �w�d�k�i�_�j�b�f�_�g�l�Z���a�_�j�d�Z�e�v�g�h-
�k�b�f�f�_�l�j�b�q�g�h�c ���A-�K�� �k�l�j�m�d�l�m�j�u �\�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f�� �j�_�`�b�f�_�� �i�_�j�_�^�Z�q�b�� �k�b�]�g�Z�e�Z�� �g�_��
�j�Z�k�k�f�Z�l�j�b�\�Z�e�h�k�v. �I�h�w�l�h�f�m���� �p�_�e�v�x �j�Z�[�h�l�u���y�\�e�y�_�l�k�y���i�j�h�\�_�^�_�g�b�_ �e�Z�[�h�j�Z�l�h�j�g�h�]�h �b�k�k�e�_�^�h�\�Z�g�b�y 
�A-�K �k�l�j�m�d�l�m�j�u �\���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f���j�_�`�b�f�_�� 

 
�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���q�Z�k�l�v  
�A�Z�� �h�k�g�h�\�m�� �\�a�y�l�Z�� �q�_�l�u�j�_�o�k�e�h�c�g�Z�y���A-�K �k�l�j�m�d�l�m�j�Z���� �i�j�_�^�k�l�Z�\�e�_�g�g�Z�y�� �\ [5]. �G�Z�� �j�b�k�� 1 

�i�j�_�^�k�l�Z�\�e�_�g�� �i�j�h�l�h�l�b�i�� �b�a�]�h�l�h�\�e�_�g�g�h�c�� �i�_�q�Z�l�g�h�c�� �i�e�Z�l�u ���I�I�� �b�� �e�Z�[�h�j�Z�l�h�j�g�Z�y �m�k�l�Z�g�h�\�d�Z�� �^�e�y��
�b�a�f�_�j�_�g�b�y��S-�i�Z�j�Z�f�_�l�j�h�\. �G�Z���I�I  �j�Z�k�i�h�e�h�`�_�g�u �d�j�m�]�e�u�_ �i�_�j�_�o�h�^�g�u�_�� �h�l�\�_�j�k�l�b�y���� �d�h�l�h�j�u�_ 
�g�_�h�[�o�h�^�b�f�u�� �^�e�y�� �a�Z�a�_�f�e�_�g�b�y�� �^�\�m�o�� �p�_�g�l�j�Z�e�v�g�u�o�� �k�e�h�_�\�����E�Z�[�h�j�Z�l�h�j�g�u�c�� �w�d�k�i�_�j�b�f�_�g�l�� �i�j�h�\�_�^�_�g��
�g�Z���\�_�d�l�h�j�g�h�f���Z�g�Z�e�b�a�Z�l�h�j�_���p�_�i�_�c ���<�:�P�� �J���F-18/1.  
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�Z�� �[ �\ 
�J�b�k�� 1. �B�a�]�h�l�h�\�e�_�g�g�u�c���i�j�h�l�h�l�b�i �I�I : �\�b�^���k�\�_�j�o�m�����Z�����b���k�g�b�a�m�����[�������Z���l�Z�d�`�_���e�Z�[�h�j�Z�l �h�j�g�Z�y �m�k�l�Z�g�h�\�d�Z ���\�� 

 
�I�h�k�e�_���b�a�f�_�j�_�g�b�y�� �g�Z�� �<�:�P �a�g�Z�q�_�g�b�y��S-�i�Z�j�Z�f�_�l�j�h�\�� �f�h�`�g�h�� �k�d�h�f�[�b�g�b�j�h�\�Z�l�v�� �i�j�b�� �i�h�f�h�s�b��

�k�b�k�l�_�f�u���Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�h�]�h���i�j�h�_�d�l�b�j�h�\�Z�g�b�y�����K�:�I�J�� �b���i�h�e�m�q�b�l�v���g�Z���\�u�o�h�^�_���f�Z�l�j�b�p�m��[4 x 4]. 
 
�J�_�a�m�e�v�l�Z�l�u  
�I�h�k�e�_�� �d�h�f�[�b�g�Z�p�b�b��S-�i�Z�j�Z�f�_�l�j�h�\ �b�k�k�e�_�^�m�_�f�Z�y�� �k�l�j�m�d�l�m�j�Z�� �[�u�e�Z �i�j�h�Z�g�Z�e�b�a�b�j�h�\�Z�g�Z �\�h��

�\�j�_�f�_�g�g�h�c�� �b�� �q�Z�k�l�h�l�g�h�c�� �h�[�e�Z�k�l�y�o���� �<�j�_�f�_�g�g�h�c �h�l�d�e�b�d�� �b�� �d�h�w�n�n�b�p�b�_�g�l�� �i�_�j�_�^�Z�q�b �\��
�^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f�� �j�_�`�b�f�_ (|Sdd21|) �i�j�_�^�k�l�Z�\�e�_�g�u�� �g�Z�� �j�b�k�� 2. �<�� �d�Z�q�_�k�l�\�_�� �i�h�f�_�o�h�\�h�]�h�� �k�b�]�g�Z�e�Z��
�b�k�i�h�e�v�a�h�\�Z�g���=�Z�m�k�k�h�\���b�f�i�m�e�v�k �k���r�b�j�b�g�h�c���k�i�_�d�l�j�Z���������±6 �=�=�p�����k�h�h�l�\�_�l�k�l�\�m�x�s�b�c���h�i�j�_�^�_�e�_�g�b�x��
�k�\�_�j�o�r�b�j�h�d�h�i�h�e�h�k�g�h�c ���K�R�I�����W�F�I [6]. 

 

�Z �[ 
�J�b�k�� 2. �<�j�_�f�_�g�g�h�c���h�l�d�e�b�d ���Z�����b |Sdd21| ���[�����^�e�y���b�k�k�e�_�^�m�_�f�h�c���k�l�j�m�d�l�m�j�u �\���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f���j�_�`�b�f�_ 

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

�f�h�^�_�e�b�j�h�\�Z�g�b�y�� �b�� �w�d�k�i�_�j�b�f�_�g�l�Z�� �f�_�`�^�m�� �k�h�[�h�c�� �o�h�j�h�r�h�� �k�h�]�e�Z�k�m�x�l�k�y�����I�j�b�� �f�h�^�_�e�b�j�h�\�Z�g�b�b��
�i�h�e�h�k�Z�� �i�j�h�i�m�k�d�Z�g�b�y�� �b�k�k�e�_�^�m�_�f�h�c�� �k�l�j�m�d�l�m�j�u�� �k�h�k�l�Z�\�b�e�Z 900 �F�=�p���� �Z�� �i�j�b�� �w�d�k�i�_�j�b�f�_�g�l�_ �± 
947 �F�=�p�����:�g�Z�e�b�a�� �\�h�� �\�j�_�f�_�g�g�h�c�� �h�[�e�Z�k�l�b�� �i�h�d�Z�a�u�\�Z�_�l���� �q�l�h�� �Z�f�i�e�b�l�m�^�Z�� �K�R�I�� �W�F�I�� �i�j�b��
�w�d�k�i�_�j�b�f�_�g�l�_�� �b�� �f�h�^�_�e�b�j�h�\�Z�g�b�b�� �k�h�k�l�Z�\�b�e�Z�� �������� �b�� ������ �f�<���� �k�h�h�l�\�_�l�k�l�\�_�g�g�h���� �J�Z�a�g�b�p�Z�� �f�_�`�^�m��
�j�_�a�m�e�v�l�Z�l�Z�f�b�� �f�h�`�_�l�� �[�u�l�v�� �h�[�m�k�e�h�\�e�_�g�Z���\�e�b�y�g�b�_�f�� �j�Z�a�t�_�f�h�\�� �^�e�y�� �b�a�f�_�j�_�g�b�y���� �L�Z�d�`�_��
�h�l�k�m�l�k�l�\�m�x�l �y�j�d�h�� �\�u�j�Z�`�_�g�g�u�_ �j�_�a�h�g�Z�g�k�u �g�Z�� �q�Z�k�l�h�l�Z�o�� ���������� ���������� �������� �b�� ������ �=�=�p �i�j�b��
�f�h�^�_�e�b�j�h�\�Z�g�b�b���� �q�l�h�� �h�[�m�k�e�Z�\�e�b�\�Z�_�l�� �j�Z�a�g�b�p�m�� �\�h �\�j�_�f�_�g�g�u�o�� �h�l�d�e�b�d�Z�o���� �H�g�b���\�� �k�\�h�x�� �h�q�_�j�_�^�v��
�h�q�_�g�v���k�b�e�v�g�h���\�e�b�y�x�l���g�Z���i�h�^�Z�\�e�_�g�b�_���K�R�I���W�F�I���i�h�k�d�h�e�v�d�m���_�_���q�Z�k�l�h�l�g�u�c���k�i�_�d�l�j �e�_�`�b�l���\���w�l�h�f��
� �̂b�Z�i�Z�a�h�g�_�� 

 
�A�Z�d�e�x�q�_�g�b�_ 
�<���j�Z�[�h�l�_���i�j�_�^�k�l�Z�\�e�_�g�h���f�h�^�_�e�b�j�h�\�Z�g�b�_���b���e�Z�[�h�j�Z�l�h�j�g�u�c���w�d�k�i�_�j�b�f�_�g�l���q�_�l�u�j�_�o�k�e�h�c�g�h�c��

�A-�K �k�l�j�m�d�l�m�j�u �\�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f�� �j�_�`�b�f�_���� �J�_�a�m�e�v�l�Z�l�u�� �i�h�d�Z�a�Z�e�b���� �q�l�h�� �f�h�^�_�e�b�j�h�\�Z�g�b�_�� �b��
�w�d�k�i�_�j�b�f�_�g�l�� �f�_�`�^�m�� �k�h�[�h�c���o�h�j�h�r�h�� �k�h�]�e�Z�k�m�x�l�k�y. �H�k�e�Z�[�e�_�g�b�_�� �K�R�I�� �i�h�f�_�o�b�� �k�h�k�l�Z�\�b�e�h �i�j�b��
�f�h�^�_�e�b�j�h�\�Z�g�b�b�� �������� �j�Z�a���� �Z�� �i�j�b�� �w�d�k�i�_�j�b�f�_�g�l�_ �± 9 �j�Z�a �h�l�g�h�k�b�l�_�e�v�g�h���Z�f�i�e�b�l�m�^�u �w.� .̂�k���� �I�h�e�h�k�Z��
�i�j�h�i�m�k�d�Z�g�b�y�� �i�j�b�� �f�h�^�_�e�b�j�h�\�Z�g�b�b�� �k�h�k�l�Z�\�b�e�Z�� ������ �F�=�p���� �Z�� �i�j�b�� �w�d�k�i�_�j�b�f�_�g�l�_�� ������ �F�=�p����
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�F�Z�d�k�b�f�Z�e�v�g�h�_�� �h�k�e�Z�[�e�_�g�b�_�� �\�� �i�h�e�h�k�_�� �a�Z�]�j�Z�`�^�_�g�b�y�� �k�h�k�l�Z�\�e�y�_�l�� �^�e�y�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �b��
�w�d�k�i�_�j�b�f�_�g�l�Z���f�b�g�m�k �������b���f�b�g�m�k 44 �^�;�����k�h�h�l�\�_�l�k�l�\�_�g�g�h�� 

 
�J�Z�[�h�l�Z���\�u�i�h�e�g�_�g�Z���\���j�Z�f�d�Z�o���i�j�h�_�d�l�Z���)�(�:�0-2024-�����������F�b�g�h�[�j�g�Z�m�d�b���J�h�k�k�b�b. 
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Abstract. This paper presents an advanced model predictive control (MPC) approach for complex 
technological systems utilizing digital twin technology. The proposed framework integrates real-time 
sensor data with historical process information to continuously train and update a predictive model. 
The digital twin enables the system to adapt dynamically to changes in process parameters through 
the application of advanced optimization algorithms and MPC techniques. Experimental results 
�G�H�P�R�Q�V�W�U�D�W�H���V�L�J�Q�L�I�L�F�D�Q�W���L�P�S�U�R�Y�H�P�H�Q�W�V���R�Y�H�U���W�U�D�G�L�W�L�R�Q�D�O���F�R�Q�W�U�R�O���P�H�W�K�R�G�V�����L�Q�F�O�X�G�L�Q�J�����������ß�����U�H�G�X�F�W�L�R�Q��
�L�Q���F�R�Q�W�U�R�O���H�U�U�R�U�����������ß�����G�H�F�U�H�D�V�H���L�Q���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q�����D�Q�G���H�Q�K�D�Q�F�H�G���V�\�V�W�H�P reliability with reduced 
downtime periods. The methodology has been validated through extensive simulations and is 
applicable to a wide range of industrial processes, providing a solid foundation for future research 
in adaptive and self-learning control systems. 
Key words: predictive control, digital twin, model predictive control, industrial optimization, 
adaptive systems. 
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�h�[�t�_�d�l�Z�����l�Z�d���b���g�Z�d�h�i�e�_�g�b�_���h�r�b�[�h�d���f�h�^�_�e�b�j�h�\�Z�g�b�y�� 

�K�j�Z�\�g�_�g�b�_���f�_�l�h�^�h�\  
�W�n�n�_�d�l�b�\�g�h�k�l�v���h�p�_�g�b�\�Z�e�Z�k�v���^�e�y���l�j�z�o���\�Z�j�b�Z�g�l�h�\�� 
�������I�B�>-�j�_�]�m�e�y�l�h�j�� 
�������d�e�Z�k�k�b�q�_�k�d�b�c��MPC �[�_�a���p�b�n�j�h�\�h�]�h���^�\�h�c�g�b�d�Z�� 
3) MPC �k���p�b�n�j�h�\�u�f���^�\�h�c�g�b�d�h�f�����i�j�_�^�e�Z�]�Z�_�f�u�c���i�h�^�o�h�^���� 
 
�J�_�a�m�e�v�l�Z�l�u 
�J�Z�k�q�z�l�u���i�j�h�\�h�^�b�e�b�k�v���\���k�j�_�^�_���3�\�W�K�R�Q���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f �[�b�[�e�b�h�l�_�d�b���&�9�;�3�<�����<���d�Z�q�_�k�l�\�_��

�h�[�t�_�d�l�Z�� �b�k�k�e�_�^�h�\�Z�e�k�y�� �^�b�k�d�j�_�l�b�a�b�j�h�\�Z�g�g�u�c�� �^�b�g�Z�f�b�q�_�k�d�b�c�� �i�j�h�p�_�k�k�� �k�� �g�_�k�d�h�e�v�d�b�f�b��
�i�_�j�_�d�e�x�q�_�g�b�y�f�b�� �i�Z�j�Z�f�_�l�j�h�\�� �b�� �k�l�h�o�Z�k�l�b�q�_�k�d�b�f�� �\�h�a�f�m�s�_�g�b�_�f���� �>�e�y�� �h�p�_�g�d�b�� �d�Z�q�_�k�l�\�Z��
�m�i�j�Z�\�e�_�g�b�y���j�Z�k�k�q�b�l�u�\�Z�e�b�k�v���b�g�l�_�]�j�Z�e���Z�[�k�h�e�x�l�g�h�c���h�r�b�[�d�b�����,�$�(�������w�g�_�j�]�h�i�h�l�j�_�[�e�_�g�b�_�����(�Q�H�U�J�\������
�K�j�Z�\�g�_�g�b�_���i�j�_�^�k�l�Z�\�e�_�g�h���\���l�Z�[�e���×���� 

�L�Z�[�e�b�p�Z���� 
�K�j�Z�\�g�_�g�b�_���i�h�d�Z�a�Z�l�_�e�_�c���i�j�b���j�Z�a�e�b�q�g�u�o���f�_�l�h�^�Z�o���m�i�j�Z�\�e�_�g�b�y 

�F�_�l�h�^ IAE Energy 

PID 2,062869 2,342292 

MPC_noTwin 2,148391 2,263260 

MPC_DigitalTwin 1,516017 2,232657 
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�k�e�h�`�g�u�f�b�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�f�b�� �k�b�k�l�_�f�Z�f�b���� �h�k�g�h�\�Z�g�g�Z�y�� �g�Z�� �b�g�l�_�]�j�Z�p�b�b�� �p�b�n�j�h�\�u�o�� �^�\�h�c�g�b�d�h�\�� �k��
�Z�e�]�h�j�b�l�f�Z�f�b�� �0�3�&���� �I�h�e�m�q�_�g�g�u�_�� �j�_�a�m�e�v�l�Z�l�u�� �i�h�d�Z�a�u�\�Z�x�l�� �k�m�s�_�k�l�\�_�g�g�h�_�� �i�h�\�u�r�_�g�b�_��
�w�n�n�_�d�l�b�\�g�h�k�l�b���m�i�j�Z�\�e�_�g�b�y �b �k�g�b�`�_�g�b�_ �w�g�_�j�]�h�a�Z�l�j�Z�l. �I�_�j�k�i�_�d�l�b�\�u���^�Z�e�v�g�_�c�r�b�o���b�k�k�e�_�^�h�\�Z�g�b�c��
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Effect of the discharge on the heating of the emission electrode of a forevacuum plasma source 
of a ribbon electron beam 
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Abstract. The dependences of the emission electrode temperature on the discharge current in a 
forevacuum plasma electron source are presented. The pressure range of 0.1-10 Pa is investigated 
when the source is operating in a helium and air environment. It is shown that the temperature of 
the emission electrode is determined by the discharge current, the duration of operation of the 
source and the working gas used, as well as the range of operating pressures. The highest 
temperature of the emission electrode is observed when operating in helium and high vacuum. 
Key words: Glow discharge, hollow cathode, ribbon electron beam, thermal condition. 
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�g�Z�m�d�b�� �b�� �l�_�o�g�b�d�b���� �I�j�b�\�e�_�d�Z�l�_�e�v�g�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �l�Z�d�b�o�� �i�m�q�d�h�\�� �^�e�y�� �k�h�a�^�Z�g�b�y�� �i�e�Z�a�f�_�g�g�h�]�h��
�h�[�j�Z�a�h�\�Z�g�b�y�� �[�h�e�v�r�h�c���i�e�h�s�Z�^�b�� �k�� �i�Z�j�Z�f�_�l�j�Z�f�b�� �i�e�Z�a�f�u�� �i�j�b�]�h�^�g�u�f�b�� �^�e�y�� �h�k�m�s�_�k�l�\�e�_�g�b�y��
�i�e�Z�a�f�h�o�b�f�b�q�_�k�d�b�o�� �j�_�Z�d�p�b�c���� �l�j�Z�\�e�_�g�b�y���� �h�k�Z�`�^�_�g�b�y�� �j�Z�a�e�b�q�g�u�o�� �i�h�d�j�u�l�b�c�� �n�h�j�f�b�j�h�\�Z�g�b�y��
�K�<�Q �b�a�e�m�q�_�g�b�y�� �b�� �^�j�� [1]. �W�n�n�_�d�l�b�\�g�Z�y�� �b�h�g�b�a�Z�p�b�y�� �]�Z�a�Z�� �g�Z�i�j�y�f�m�x�� �a�Z�\�b�k�b�l�� �h�l�� �i�Z�j�Z�f�_�l�j�h�\��
�w�e�_�d�l�j�h�g�g�h�]�h�� �i�m�q�d�Z���� �^�Z�\�e�_�g�b�y�� �b�� �j�h�^�Z�� �]�Z�a�Z���� �H�i�l�b�f�Z�e�v�g�u�c�� �^�b�Z�i�Z�a�h�g�� �^�Z�\�e�_�g�b�c�� �^�e�y�� �k�h�a�^�Z�g�b�y��
�i�m�q�d�h�\�h�c���i�e�Z�a�f�u���e�_�`�b�l���\���b�g�l�_�j�\�Z�e�_���������±�������I�Z���b���\���l�Z�d�h�f���^�b�Z�i�Z�a�h�g�_ �b�k�l�h�q�g�b�d�b���w�e�_�d�l�j�h�g�h�\���k��
�i�e�Z�a�f�_�g�g�u�f�� �d�Z�l�h�^�h�f�� �i�j�Z�d�l�b�q�_�k�d�b�� �g�_�� �b�f�_�x�l�� �Z�e�v�l�_�j�g�Z�l�b�\�u���� �N�h�j�\�Z�d�m�m�f�g�u�_�� �i�e�Z�a�f�_�g�g�u�_��
�b�k�l�h�q�g�b�d�b���e�_�g�l�h�q�g�u�o���i�m�q�d�h�\���k�h�o�j�Z�g�y�x�l���j�Z�[�h�l�h�k�i�h�k�h�[�g�h�k�l�v���\���m�d�Z�a�Z�g�g�h�f���^�b�Z�i�Z�a�h�g�_���^�Z�\�e�_�g�b�c��
�b�� �i�h�a�\�h�e�y�x�l�� �k�h�a�^�Z�\�Z�l�v�� �i�m�q�d�b�� �w�e�_�d�l�j�h�g�h�\�� �k�� �l�h�d�h�f�� �^�h�� �������� �f�:�� �b�� �w�g�_�j�]�b�_�c������ �d�w�<���� �I�e�h�s�Z�^�v��
�k�_�q�_�g�b�y���l�Z�d�b�o���i�m�q�d�h�\���g�Z�i�j�y�f�m�x���a�Z�\�b�k�b�l���h�l���i�e�h�s�Z�^�b���w�f�b�k�k�b�h�g�g�h�c���i�h�\�_�j�o�g�h�k�l�b���\���k�\�y�a�b���k���q�_�f��
�w�f�b�k�k�b�h�g�g�u�c�� �w�e�_�d�l�j�h�^�� �\�u�i�h�e�g�y�_�l�k�y�� �i�j�h�l�y�`�_�g�g�u�f�� �k�� �i�e�h�s�Z�^�v�x�� �g�_�k�d�h�e�v�d�h�� �^�_�k�y�l�d�h�\��
�d�\�Z�^�j�Z�l�g�u�o���k�Z�g�l�b�f�_�l�j�h�\ [2]�����<���i�j�h�p�_�k�k�_���j�Z�[�h�l�u���b�k�l�h�q�g�b�d�Z���i�h�e�u�c���d�Z�l�h�^���b���Z�g�h�^���i�h�^�\�_�j�]�Z�x�l�k�y��
�\�h�a�^�_�c�k�l�\�b�x�� �i�h�l�h�d�h�\�� �b�h�g�h�\�� �b�� �w�e�_�d�l�j�h�g�h�\���� �q�l�h�� �i�j�b�\�h�^�b�l�� �d�� �b�o�� �g�Z�]�j�_�\�m���� �G�_�� �\�k�_�]�^�Z�� �m�^�Z�_�l�k�y��
�h�k�m�s�_�k�l�\�b�l�v���w�n�n�_�d�l�b�\�g�u�c���l�_�i�e�h�h�l�\�h�^���h�l���w�l�b�o���w�e�_�d�l�j�h�^�h�\�����D�j�h�f�_���l�h�]�h�� �g�Z�]�j�_�\���w�f�b�k�k�b�h�g�g�h�]�h��
�w�e�_�d�l�j�h�^�Z���f�h�`�_�l���[�u�l�v���a�Z���k�q�_�l���h�[�j�Z�l�g�h�]�h���b�h�g�g�h�]�h���i�h�l�h�d�Z���b�a���i�e�Z�a�f�u���h�[�j�Z�a�m�x�s�_�c�k�y���\���h�[�e�Z�k�l�b��
�l�j�Z�g�k�i�h�j�l�b�j�h�\�d�b�� �w�e�_�d�l�j�h�g�g�h�]�h�� �i�m�q�d�Z�����<�k�_�� �w�l�b�� �n�Z�d�l�h�j�u�� �f�h�]�m�l�� �g�_�]�Z�l�b�\�g�h�� �k�d�Z�a�Z�l�v�k�y�� �g�Z��
�i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�b�� �j�Z�[�h�l�u�� �b�k�l�h�q�g�b�d�Z���� �<�� �g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�_�� �i�j�_�^�k�l�Z�\�e�_�g�h�� �b�k�k�e�_�^�h�\�Z�g�b�_��
�g�Z�]�j�_�\�Z�� �w�f�b�k�k�b�h�g�g�h�]�h�� �w�e�_�d�l�j�h�^�Z�� �n�h�j�\�Z�d�m�m�f�g�h�]�h�� �i�e�Z�a�f�_�g�g�h�]�h�� �b�k�l�h�q�g�b�d�Z�� �w�e�_�d�l�j�h�g�h�\�� �i�j�b��
�j�Z�[�h�l�_���\���k�j�_�^�_���j�Z�a�e�b�q�g�u�o���]�Z�a�h�\���\���^�b�Z�i�Z�a�h�g�_���^�Z�\�e�_�g�b�c���������±�������I�Z [3]�����I�h�g�b�f�Z�g�b�_���f�_�o�Z�g�b�a�f�h�\��
�g�Z�]�j�_�\�Z�� �b�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �l�_�f�i�_�j�Z�l�m�j�u�� �i�h�� �i�h�\�_�j�o�g�h�k�l�b�� �Z�g�h�^�Z�� �i�h�a�\�h�e�b�l�� �\�u�[�b�j�Z�l�v�� �j�_�`�b�f�u��
�j�Z�[�h�l�u�� �b�k�l�h�q�g�b�d�Z�� �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �l�j�_�[�m�_�f�h�]�h�� �l�h�d�Z�� �w�e�_�d�l�j�h�g�g�h�]�h�� �i�m�q�d�Z�� �b��
�i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�b���j�Z�[�h�l�u���� 
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Abstract. This study shows the possibility of using 3 different magnetic focusing systems to focus an 
electron beam during its propagation in a forevacuum. It was possible to achieve electron beam 
diameter values of 4-7 mm at an accelerating voltage of 10 kV.  
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�<�\�_�^�_�g�b�_ 
�L�_�o�g�h�e�h�]�b�y �w�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�h�c �g�Z�i�e�Z�\�d�b �i�j�_�^�g�Z�a�g�Z�q�_�g�Z �^�e�y �m�i�j�h�q�g�_�g�b�y�� 

�\�h�k�k�l�Z�g�h�\�e�_�g�b�y �b �f�h�^�b�n�b�d�Z�p�b�b �i�h�\�_�j�o�g�h�k�l�_�c�� �i�h�^�\�_�j�]�Z�x�s�b�o�k�y �b�g�l�_�g�k�b�\�g�u�f �Z�]�j�_�k�k�b�\�g�u�f 
�\�h�a�^�_�c�k�l�\�b�y�f�� �< �g�Z�k�l�h�y�s�_�_ �\�j�_�f�y �b�k�k�e�_�^�m�x�l�k�y �h�[�e�Z�k�l�b �i�j�b�f�_�g�_�g�b�y �l�_�o�g�h�e�h�]�b�b �w�e�_�d�l�j�h�g�g�h-
�e�m�q�_�\�h�c �g�Z�i�e�Z�\�d�b �d�Z�d �\ �m�k�e�h�\�b�y�o �\�Z�d�m�m�f�Z [1�±3] �l�Z�d �b �i�j�b �\�u�\�h�^�_ �w�e�_�d�l�j�h�g�g�h�]�h �i�m�q�d�Z 
�\ �Z�l�f�h�k�n�_�j�m [4, 5].  

�H�^�g�b�f �b�a �i�_�j�k�i�_�d�l�b�\�g�u�o �f�_�l�h�^�h�\ �w�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�h�c �g�Z�i�e�Z�\�d�b �f�h�`�_�l �k�l�Z�l�v �g�Z�i�e�Z�\�d�Z 
�d�_�j�Z�f�b�q�_�k�d�b�o �b �f�_�l�Z�e�e�h�d�_�j�Z�f�b�q�_�k�d�b�o �i�h�j�h�r�d�h�\ �g�Z �f�_�l�Z�e�e�u �\ �n�h�j�\�Z�d�m�m�f�g�h�c �h�[�e�Z�k�l�b 
�^�Z�\�e�_�g�b�c (3�±30 �I�Z���� �I�_�j�_�o�h�^ �\ �m�d�Z�a�Z�g�g�u�c �^�b�Z�i�Z�a�h�g �^�Z�\�e�_�g�b�c �i�h�a�\�h�e�y�_�l �h�[�_�k�i�_�q�b�l�v 
�w�n�n�_�d�l�b�\�g�h�k�l�v �\�a�Z�b�f�h�^�_�c�k�l�\�b�y �w�e�_�d�l�j�h�g�g�h�]�h �i�m�q�d�Z �k �i�h�j�h�r�d�h�\�u�f �f�Z�l�_�j�b�Z�e�h�f �a�Z �k�q�z�l 
�k�g�b�`�_�g�b�y �a�Z�j�y�^�d�b �i�h�j�h�r�d�Z [6] �\ �i�j�h�p�_�k�k�_ �_�]�h �g�Z�i�e�Z�\�d�b �\ �n�h�j�\�Z�d�m�m�f�g�h�c �h�[�e�Z�k�l�b �^�Z�\�e�_�g�b�c�� 

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

�P�_�e�v�x �j�Z�[�h�l�u �y�\�e�y�_�l�k�y �h�i�j�_�^�_�e�_�g�b�_ �\�e�b�y�g�b�y �]�_�h�f�_�l�j�b�b �n�h�d�m�k�b�j�m�x�s�_�c �k�b�k�l�_�f�u �g�Z 
�^�b�Z�f�_�l�j �w�e�_�d�l�j�h�g�g�h�]�h �i�m�q�d�Z �\ �n�h�j�\�Z�d�m�m�f�g�h�c �h�[�e�Z�k�l�b �^�Z�\�e�_�g�b�c. 

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

�^�b�Z�f�_�l�j�Z �i�m�q�d�Z �i�h�d�Z�a�Z�g�Z �g�Z �j�b�k. 1. �W�e�_�d�l�j�h�g�g�u�c �b�k�l�h�q�g�b�d �k�h�k�l�h�b�l �b�a �j�Z�a�j�y�^�g�h�c �k�b�k�l�_�f�u �± 
�i�h�e�h�]�h �d�Z�l�h�^�Z 1 �\ �\�b�^�_ �p�b�e�b�g�^�j�Z�� �i�e�h�k�d�h�]�h �Z�g�h�^�Z 3 �k �w�f�b�k�k�b�h�g�g�u�f �h�d�g�h�f�� �\ �d�h�l�h�j�h�f 
�j�Z�k�i�h�e�Z�]�Z�_�l�k�y �i�_�j�n�h�j�b�j�h�\�Z�g�g�u�c �w�e�_�d�l�j�h�^ 4 �k�h 120 �w�f�b�k�k�b�h�g�g�u�f�b �h�l�\�_�j�k�l�b�y�f�b �^�b�Z�f�_�l�j�h�f 
0,75 �f�f  �d�Z�`�^�h�_, �b �w�d�k�l�j�Z�d�l�h�j�Z 6 �\ �n�h�j�f�_ �m�k�_�q�_�g�g�h�]�h �d�h�g�m�k�Z�� �K�n�h�j�f�b�j�h�\�Z�g�g�u�c �w�e�_�d�l�j�h�g�g�u�c 
�i�m�q�h�d 5 �n�h�d�m�k�b�j�h�\�Z�e�k�y �k �i�h�f�h�s�v�x �n�h�d�m�k�b�j�m�x�s�_�c �k�b�k�l�_�f�u 7, �i�j�_�^�k�l�Z�\�e�y�x�s�_�c �b�a �k�_�[�y 
�p�b�e�b�g�^�j�b�q�_�k�d�m�x �n�h�d�m�k�b�j�m�x�s�m�x �d�Z�l�m�r�d�m�� 

�>�e�y �b�a�f�_�j�_�g�b�y �^�b�Z�f�_�l�j�Z �i�m�q�d�Z �b�k�i�h�e�v�a�h�\�Z�e�k�y �f�_�l�h�^ �h�p�_�g�d�b �i�j�h�n�b�e�y �i�m�q�d�Z �\ 
�i�h�i�_�j�_�q�g�h�f �k�_�q�_�g�b�b �k �i�h�f�h�s�v�x �m�k�l�j�h�c�k�l�\�Z �k �\�j�Z�s�Z�x�s�b�f�k�y �a�h�g�^�h�f 8 [7]. �< �i�j�h�p�_�k�k�_ �j�Z�[�h�l�u 
�m�k�l�j�h�c�k�l�\�h �h�k�m�s�_�k�l�\�e�y�_�l �k�d�Z�g�b�j�h�\�Z�g�b�_ �i�m�q�d�Z �a�h�g�^�h�f�� �k�b�]�g�Z�e �k �a�h�g�^�Z �j�_�]�b�k�l�j�b�j�m�_�l�k�y 
�h�k�p�b�e�e�h�]�j�Z�n�h�f�� �I�j�b �i�_�j�_�k�_�q�_�g�b�b �i�m�q�d�Z �a�h�g�^ �h�l�[�b�j�Z�_�l �q�Z�k�l�v �l�h�d�Z �i�m�q�d�Z�� �< �d�h�g�_�q�g�h�f �k�q�_�l�_ 
�a�Z�j�_�]�b�k�l�j�b�j�h�\�Z�g�g�u�c �k�b�]�g�Z�e �± �w�l�h �a�Z�\�b�k�b�f�h�k�l�v �l�h�d�Z�� �h�l�h�[�j�Z�g�g�h�]�h �a�h�g�^�h�f�� �h�l �d�h�h�j�^�b�g�Z�l�u�� 
�k�h�\�i�Z�^�Z�x�s�_�c �k �g�Z�i�j�Z�\�e�_�g�b�_�f �^�\�b�`�_�g�b�y �a�h�g�^�Z �\ �b�a�m�q�Z�_�f�h�f �i�h�i�_�j�_�q�g�h�f �k�_�q�_�g�b�b�� 
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�I�h �i�h�e�m�q�_�g�g�u�f �h�k�p�b�e�e�h�]�j�Z�f�f�Z�f �l�h�d�Z�� �i�j�h�l�_�d�Z�x�s�_�]�h �q�_�j�_�a �a�h�g�^�� �f�h�`�g�h �h�p�_�g�b�l�v �^�b�Z�f�_�l�j 
�i�m�q�d�Z�� �d�h�l�h�j�u�c �h�i�j�_�^�_�e�y�_�l�k�y �g�Z �i�h�e�m�\�u�k�h�l�_ �j�Z�k�i�j�_�^�_�e�_�g�b�y �l�h�d�Z�� �K�n�h�d�m�k�b�j�h�\�Z�g�g�u�c 
�w�e�_�d�l�j�h�g�g�u�c �i�m�q�h�d �i�h�i�Z�^�Z�e �g�Z �d�h�e�e�_�d�l�h�j 9, �]�^�_ �k �i�h�f�h�s�v�x �Z�f�i�_�j�f�_�l�j�Z �j�_�]�b�k�l�j�b�j�h�\�Z�e�h�k�v 
�a�g�Z�q�_�g�b�_ �k�b�e�u �l�h�d�Z�� �i�j�b�g�h�k�b�f�h�]�h �w�e�_�d�l�j�h�g�g�u�f �i�m�q�d�h�f. 

 
�J�b�k�� 1. �K�o�_�f�Z �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�c �m�k�l�Z�g�h�\�d�b: 1 �± �i�h�e�u�c �d�Z�l�h�^�� 2 �± �b�a�h�e�y�l�h�j�� 3 �± �Z�g�h�^�� 4 �± �i�_�j�n�h�j�b�j�h�\�Z�g�g�u�c 
�w�e�_�d�l�j�h�^; 5 �± �w�e�_�d�l�j�h�g�g�u�c �i�m�q�h�d�� 6 �± �w�d�k�l�j�Z�d�l�h�j�� 7 �± �n�h�d�m�k�b�j�m�x�s�Z�y �k�b�k�l�_�f�Z�� 8 �± �\�j�Z�s�Z�x�s�b�c�k�y �^�\�h�c�g�h�c 

�a�h�g�^�� 9 �± �d�h�e�e�_�d�l�h�j�� Ud �± �b�k�l�h�q�g�b�d �i�b�l�Z�g�b�y �j�Z�a�j�y�^�Z�� Ua �± �b�k�l�h�q�g�b�d �m�k�d�h�j�y�x�s�_�]�h �g�Z�i�j�y�`�_�g�b�y�� Uf  �± �b�k�l�h�q�g�b�d 
�i�b�l�Z�g�b�y �n�h�d�m�k�b�j�m�x�s�_�c �k�b�k�l�_�f�u�� Ik �± �Z�f�i�_�j�f�_�l�j �^�e�y �b�a�f�_�j�_�g�b�y �l�h�d�Z �d�h�e�e�_�d�l�h�j�Z 

 
�I�j�h�\�h�^�b�e�b�k�v �k�_�j�b�b �w�d�k�i�_�j�b�f�_�g�l�h�\ �^�e�y �j�Z�a�e�b�q�g�u�o �n�h�d�m�k�b�j�m�x�s�b�o �k�b�k�l�_�f�� �N�D���� �N�D���� 

�N�D��, �i�Z�j�Z�f�_�l�j�u �d�h�l�h�j�u�o �i�j�_�^�k�l�Z�\�e�_�g�u �\ �l�Z�[�e�� 1. �Q�_�j�_�a �h�i�j�_�^�_�e�_�g�g�u�_ �i�j�h�f�_�`�m�l�d�b �\�j�_�f�_�g�b 
�n�b�d�k�b�j�h�\�Z�e�b�k�v �a�g�Z�q�_�g�b�y �l�h�d�Z �w�f�b�k�k�b�b, �b �h�k�p�b�e�e�h�]�j�Z�f�f�u �l�h�d�Z�� �i�j�h�l�_�d�Z�x�s�_�]�h �q�_�j�_�a �a�h�g�^�� �i�j�b 
�a�g�Z�q�_�g�b�b �g�Z�i�j�y�`�_�g�b�y �n�h�d�m�k�b�j�h�\�d�b�� �g�_�h�[�o�h�^�b�f�h�f �^�e�y �^�h�k�l�b�`�_�g�b�y �f�b�g�b�f�Z�e�v�g�h�]�h �^�b�Z�f�_�l�j�Z 
�i�m�q�d�Z �\ �d�j�h�k�k�h�\�_�j�_. 

 
�L�Z�[�e�b�p�Z 1  

�I�Z�j�Z�f�_�l�j�u �n�h�d�m�k�b�j�m�x�s�b�o �k�b�k�l�_�f 

 �<�g�_�r�g�b�c �^�b�Z�f�_�l�j�� 
�f�f  

�<�g�m�l�j�_�g�g�b�c 
�^�b�Z�f�_�l�j�� �f�f  

�<�u�k�h�l�Z�� �f�f  �K�h�i�j�h�l�b�\�e�_�g�b�_ �H�f 

�N�D�� 120 80 50 89 
�N�D�� 81 60 170 133 
�N�D�� 130 120 680 14 

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

�m�k�d�h�j�y�x�s�_�]�h �g�Z�i�j�y�`�_�g�b�y 10 �d�< �k �i�h�k�l�_�i�_�g�g�u�f �m�\�_�e�b�q�_�g�b�_�f �l�h�d�Z �w�f�b�k�k�b�b. �G�Z �j�b�k. 2 
�i�j�b�\�_�^�_�g�Z �a�Z�\�b�k�b�f�h�k�l�v �^�b�Z�f�_�l�j�Z �i�m�q�d�Z �h�l �l�h�d�Z �w�f�b�k�k�b�b �^�e�y 3 �n�h�d�m�k�b�j�m�x�s�b�o �k�b�k�l�_�f.  

�I�h�e�m�q�b�l�v �w�e�_�d�l�j�h�g�g�u�c �i�m�q�h�d �k �f�b�g�b�f�Z�e�v�g�u�f �^�b�Z�f�_�l�j�h�f �m�^�Z�e�h�k�v �i�j�b �b�k�i�h�e�v�a�h�\�Z�g�b�b 
�n�h�d�m�k�b�j�m�x�s�_�c �k�b�k�l�_�f�u �N�D���� �^�b�Z�f�_�l�j �i�m�q�d�Z �\ �l�Z�d�h�f �k�e�m�q�Z�_ �g�Z�o�h�^�b�e�k�y �\ �^�b�Z�i�Z�a�h�g�_ �h�l 4 �f�f  
�^�h 5 �f�f�� �G�Z�b�[�h�e�v�r�_�_ �a�g�Z�q�_�g�b�y �^�b�Z�f�_�l�j�Z �w�e�_�d�l�j�h�g�g�h�]�h �i�m�q�d�Z �g�Z�[�e�x�^�Z�e�h�k�v �i�j�b �b�k�i�h�e�v�a�h�\�Z�g�b�b 
�n�h�d�m�k�b�j�m�x�s�_�c �k�b�k�l�_�f�u �N�D�� �b �k�h�k�l�Z�\�e�y�e�h 7 �f�f�� 
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�J�b�k�� 2. �A�Z�\�b�k�b�f�h�k�l�v �^�b�Z�f�_�l�j�Z �i�m�q�d�Z �h�l �l�h�d�Z �w�f�b�k�k�b�b �^�e�y �j�Z�a�e�b�q�g�u�o �]�_�h�f�_�l�j�b�c �n�h�d�m�k�b�j�m�x�s�_�c �k�b�k�l�_�f�u:  

1 �± �N�D1; 2 �± �N�D2; 3 �± �N�D3 
�J�_�a�m�e�v�l�Z�l�u �w�d�k�i�_�j�b�f�_�g�l�h�\ �i�h�d�Z�a�Z�e�b�� �q�l�h �i�j�b �b�k�i�h�e�v�a�h�\�Z�g�b�b �n�h�d�m�k�b�j�m�x�s�_�c �k�b�k�l�_�f�u 

�N�D�� �^�b�Z�f�_�l�j �w�e�_�d�l�j�h�g�g�h�]�h �i�m�q�d�Z �i�j�b �m�\�_�e�b�q�_�g�b�b �l�h�d�Z �w�f�b�k�k�b�b �i�j�Z�d�l�b�q�_�k�d�b �g�_ �b�a�f�_�g�y�_�l�k�y, �\ 
�l�h �\�j�_�f�y �d�Z�d �i�j�b �b�k�i�h�e�v�a�h�\�Z�g�b�b �n�h�d�m�k�b�j�m�x�s�b�o �k�b�k�l�_�f �N�D�� �b �N�D�� �k �j�h�k�l�h�f �l�h�d�Z �w�f�b�k�k�b�b 
�^�b�Z�f�_�l�j �w�e�_�d�l�j�h�g�g�h�]�h �i�m�q�d�Z �m�\�_�e�b�q�b�e�k�y �g�Z 10 %. 
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Abstract. With the rise of mobile payment services, new opportunities for illegal activities and fraud 
have emerged, prompting technology companies and financial institutions to prioritize rapid fraud 
detection. This research presents a financial fraud detection model based on the Kolmogorov-Arnold 
Network (KAN), a novel neural network technique developed by MIT researchers in 2024. By using 
the Synthetic Financial For Fraud Detection Paysim dataset from Kaggle, we achieved notable 
performance metrics: 97 % precision, 97 % recall, 97 % F1 score, and 97 % accuracy. These 
impressive results indicate that the KAN model can effectively identify fraudulent transactions with a 
high degree of reliability. For banks, this means enhanced security measures that can significantly 
reduce financial losses due to fraud. By implementing such advanced detection systems, financial 
institutions can not only protect their assets but also build greater trust with their clients. 
Key words: fraud detection, Kolmogorov-Arnold Network (KAN), Paysim, financial transactions, 
deep learning. 

 
Introduction  
The expansion of mobile money payment systems in Africa and elsewhere is accompanied by 

an alarming increase in attacks against operators and their subscribers. For example, hackers recently 
wiped Orange Cameroon user accounts by exploiting vulnerabilities in the Orange Money app [1]. 
To counter these threats, machine learning (ML) and deep learning (DL) techniques have emerged as 
effective solutions. Classical models such as logical regression (LR) and SVM have demonstrated 
satisfactory performance on synthetic datasets such as Paysim3, while advanced approaches such as 
recurrent neural networks (RNNs) and Kolmogorov-Arnold networks (KANs) improve the accuracy 
and interpretability of predictions [2, 3]. 

However, these models face major challenges: 
�x Class imbalance: The rarity of fraudulent transactions biases predictions. 
�x Evolving tactics: Fraudsters constantly adapt their methods, requiring frequent model updates. 
�x Model opacity: Complex approaches such as MLPs lack transparency, hampering 

practitioners' trust. 
In this context, we propose a model based on KANs, a novel architecture developed by MIT 

researchers in 2024. KANs outperform traditional MLPs by combining increased accuracy and 
improved interpretability. Tested on the Paysim dataset which is a synthetic dataset simulating 
realistic financial transactions, our model aims to reduce false positives while adapting to emerging 
fraudulent patterns. 

 
Research methods 
The architecture of the KAN is based on the construction of a deep neural network using the 

properties of Kolmogorov networks and Arnold algorithms. This method applies the insights of the 
theorem to build predictive models for complex, high-dimensional datasets. KAN uses the idea that 
any multivariate function can be decomposed into sums and compositions of univariate functions. 
This allows advanced ML techniques to be applied to solve complex and non-linear problems [3].  

We implement the Kolmogorov-Arnold model using the well-known synthetic financial dataset 
of Edgar Lopez-Rojas generated by the Paysim simulator. We created the notebook code of our model 
using Kaggle. First, we installed pykan and implemented the KAN model by following the 
documentation of the Python API available from the source [3]. Next, to analyze �W�K�H�� �³�6�\�Q�W�K�H�W�L�F��
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Financial Data�V�H�W�V���)�R�U���)�U�D�X�G�� �'�H�W�H�F�W�L�R�Q�´���G�D�W�D�V�H�W���� �Z�H�� �X�V�H�G���6�F�L�N�L�W-learn for data normalization. This 
was followed by data pre-processing, which included outlier detection, outlier management and data 
cleaning. After this analysis, the data was ready to be used for model training. We then built the 
model, performed prediction calculations, optimized and evaluated the model using the prepared data. 
Fig. 1 shows the general architecture of KAN. Creating our KAN architecture consists of determining 
the number of functions, links, nodes, and layers that we need to position in this general architecture 
in order to have a high-performance model. Then Fig. 2 shows the final architecture of our proposed 
KAN model. 

 

 
Fig. 1. General architecture of KAN 

 

 
Fig. 2. Architecture of Proposed KAN model 

 
The width parameter, set to 5 and 2, specifies the network's structure, indicating that the first layer 

contains 5 nodes and the second layer has 2 nodes. This configuration allows the model to effectively 
capture complex relationships within the data. The grid parameter, with a value of 10, defines the 
resolution of the input space, enhancing the model's ability to learn from local patterns in transaction 
data. This is particularly beneficial for identifying intricate details in the Paysim dataset. 
The k parameter, set to 3, represents a hyperparameter that influences the depth of function composition 
within the network, allowing it to model more complex interactions by utilizing up to three levels of 
composition. Finally, the device parameter specifies the computational device (such as CPU or GPU) 
on which the model operates, ensuring efficient computation when handling large datasets.  

 
Results 
In order to measure the performance of the model in classification problems, confusion matrices 

are created and for this purpose, true positive (TP), true negative (TN), false positive (FP) and finally 
false negative (FN) values are calculated. When evaluating models for fraud detection with the 
Paysim dataset [5], it is crucial to interpret metrics with caution. Accuracy alone can give a misleading 
picture of model performance, while F1-score provides a more balanced assessment by considering 
both precision and recall. Studies show that to optimize fraud detection, it is fundamental to pay close 
attention to recall and F1-score to ensure that fraudulent transactions are correctly identified without 
overly penalizing legitimate transactions [6, 7]. Table 1 shows the expressions of the performance 
metrics, and Table 2 shows the values we obtained after the prediction calculations. 
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Table 1  
Expressions of performance metrics 

Performance metric Equation 

accuracy 
TP TN

accuracy
TP TN FP FN

��
� 

� � � � � �
 

precision 
TP

precision
TP FP

� 
��

 

recall 
TP

recall
TP FN

� 
��

 

F1-score 
2

1
precision recall

F score
precision recall
� u � u

� 
��

 

 
Table 2  

Performance of proposed KAN model 

metric accuracy precision recall F1-score 
percentage 97 % 97 % 97 % 97 % 

 
Conclusion 
To conclude, this study demonstrates the effectiveness of the Kolmogorov-Arnold Network 

(KAN) in detecting financial fraud in mobile payment systems. By utilizing the Synthetic Financial 
For Fraud Detection Paysim dataset, we achieved remarkable performance metrics, including a 
precision, recall, F1 score, and accuracy of 97 %.  

These results highlight the model's potential to significantly enhance real-time fraud detection 
capabilities, thereby contributing to improved security measures for financial institutions and their 
customers. Future research should explore enhancements to this model and evaluate its effectiveness 
across different datasets and fraud types. 
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Abstract. The resistance of the optical properties of silicon dioxide nanopowder (nSiO2) to the action 
of solar spectrum quanta (SSQ) with an intensity 3 times exceeding the solar one, i.e. 3 equivalent 
solar irradiation (ESI), 1 ESI = 0.139 J/cm2�Âs were studied. The diffuse reflectance spectra were 
recorded in high vacuum before and after irradiation at the irradiation site (in situ). The nSiO2 
nanopowder has high reflectivity in the spectrum range from 200 nm to 2500 nm, and the 
corresponding value of the integral absorption coefficient of solar radiation is �.s = 0.145. The nSiO2 
nanopowder can be used as a modifying additive in the development of new materials with increased 
resistance to radiation for space, accelerator and nuclear technology. 
Key words: spacecraft, thermal control coatings, photoresistance, nanotechnology, silicon dioxide. 
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�k�l�h�c�d�h�k�l�b�� �k�\�y�a�m�x�s�b�o�� �b�� �i�b�]�f�_�g�l�h�\�� �f�h�`�_�l�� �[�u�l�v�� �b�o�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�b�_�� �g�Z�g�h�q�Z�k�l�b�p�Z�f�b�� �>���@����
�I�_�j�_�^�� �m�e�m�q�r�_�g�b�_�f���k�l�h�c�d�h�k�l�b �L�J�I�� �d�� �^�_�c�k�l�\�b�x�� �b�a�e�m�q�_�g�b�c�� �f�_�l�h�^�h�f�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�b�y��
�d�h�f�i�h�g�_�g�l�h�\�� �g�Z�g�h�q�Z�k�l�b�p�Z�f�b�� �k�e�_�^�m�_�l�� �i�j�h�\�_�k�l�b�� �d�h�f�i�e�_�d�k�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �h�i�l�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\����
�n�h�l�h- �b�� �j�Z�^�b�Z�p�b�h�g�g�h�c�� �k�l�h�c�d�h�k�l�b�� �k�Z�f�b�o�� �g�Z�g�h�i�h�j�h�r�d�h�\���� �I�h�w�l�h�f�m�� �p�_�e�v�x�� �g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�u��
�y�\�e�y�_�l�k�y���b�k�k�e�_�^�h�\�Z�g�b�_���h�i�l�b�q�_�k�d�b�o���k�\�h�c�k�l�\���b���n�h�l�h�k�l�h�c�d�h�k�l�b���i�h�j�h�r�d�Z��nSiO2 �^�e�y���h�i�j�_�^�_�e�_�g�b�y��
�\�h�a�f�h�`�g�h�k�l�b �_�]�h���i�j�b�f�_�g�_�g�b�y���\���d�Z�q�_�k�l�\�_���f�h�^�b�n�b�p�b�j�m�x�s�_�c���^�h�[�Z�\�d�b���L�J�I�� 

 
�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���q�Z�k�l�v 
�<���j�Z�[�h�l�_���b�k�k�e�_�^�h�\�Z�g���g�Z�g�h�i�h�j�h�r�h�d���Q�6�L�22 �[�_�e�h�]�h���p�\�_�l�Z�����H�H�H���©�I�e�Z�a�f�h�l�_�j�f�ª�����J�h�k�k�b�y�����k�h��

�k�j�_�^�g�b�f�� �j�Z�a�f�_�j�h�f�� �q�Z�k�l�b�p�� �����±������ �g�f�� �b�� �m�^�_�e�v�g�h�c�� �i�h�\�_�j�o�g�h�k�l�v�x�� �������±�������� �f2���]���� �G�Z�g�h�i�h�j�h�r�h�d��
�i�h�e�m�q�_�g���k�`�b�]�Z�g�b�_�f���6�L�&�O4 �\���\�h�a�^�m�r�g�h�c���i�e�Z�a�f�_�����<���o�b�f�b�q�_�k�d�b�c���k�h�k�l�Z�\���g�Z�g�h�i�h�j�h�r�d�Z���\�o�h�^�b�l���6�L�22 
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(99,8 �������b���&�O2(< 0,2 ���������>�e�y���g�Z�g�h�q�Z�k�l�b�p���Q�6�L�22 �o�Z�j�Z�d�l�_�j�g�Z���\�u�k�h�d�Z�y���h�l�j�Z�`�Z�l�_�e�v�g�Z�y���k�i�h�k�h�[�g�h�k�l�v��
�\�� �k�h�e�g�_�q�g�h�f�� �^�b�Z�i�Z�a�h�g�_�� �k�i�_�d�l�j�Z���� �[�h�e�v�r�Z�y�� �m�^�_�e�v�g�Z�y�� �i�h�\�_�j�o�g�h�k�l�v�� �b�� �\�u�k�h�d�Z�y�� �o�b�f�b�q�_�k�d�Z�y��
�Z�d�l�b�\�g�h�k�l�v�����q�l�h���^�_�e�Z�_�l���b�o���i�_�j�k�i�_�d�l�b�\�g�u�f�b���^�e�y���b�k�i�h�e�v�a�h�\�Z�g�b�y���\���d�Z�q�_�k�l�\�_���f�h�^�b�n�b�p�b�j�m�x�s�_�c��
�^�h�[�Z�\�d�b���k���p�_�e�v�x���i�h�\�u�r�_�g�b�y���j�Z�^�b�Z�p�b�h�g�g�h�c���k�l�h�c�d�h�k�l�b���� 

�H�[�e�m�q�_�g�b�_�� �h�[�j�Z�a�p�h�\�� �h�k�m�s�_�k�l�\�e�y�e�b�� �\�� �m�k�l�Z�g�h�\�d�_�� �b�f�b�l�Z�l�h�j�_�� �m�k�e�h�\�b�c�� �d�h�k�f�b�q�_�k�d�h�]�h��
�i�j�h�k�l�j�Z�g�k�l�\�Z�� �©�K�i�_�d�l�j�ª�� �k�\�_�l�h�f�� �d�k�_�g�h�g�h�\�h�c�� �^�m�]�h�\�h�c�� �e�Z�f�i�u�� �f�h�s�g�h�k�l�v�x�� ���� �d�<�l�����\ �\�Z�d�m�m�f�_  
2 �� 10-6 �l�h�j�j�� �i�j�b���l�_�f�i�_�j�Z�l�m�j�_�� �����±45 �ƒ�K�� �b���\�j�_�f�_�g�b�� �h�[�e�m�q�_�g�b�y�� ���� �q�� �>���@. �J�_�]�b�k�l�j�Z�p�b�x�� �k�i�_�d�l�j�h�\��
�!�� �h�k�m�s�_�k�l�\�e�y�e�b���\�� �\�Z�d�m�m�f�_�����L�Q���V�L�W�X�����^�h���b���i�h�k�e�_���h�[�e�m�q�_�g�b�y���D�K�K���� �B�a�f�_�j�_�g�b�y���h�k�m�s�_�k�l�\�e�y�e�b���g�Z��
�f�_�k�l�_�� �h�[�e�m�q�_�g�b�y���� �i�h�k�d�h�e�v�d�m���i�j�b���\�u�g�h�k�_�� �h�[�e�m�q�_�g�g�u�o�� �h�[�j�Z�a�p�h�\�� �\�� �Z�l�f�h�k�n�_�j�m�� �\�h�a�g�b�d�Z�_�l��
�b�k�d�Z�`�_�g�b�_���i�h�e�m�q�_�g�g�u�o���k�i�_�d�l�j�h�\���b�a-�a�Z �\�a�Z�b�f�h�^�_�c�k�l�\�b�y���h�[�j�Z�a�h�\�Z�g�g�u�o���n�h�l�h���^�_�n�_�d�l�h�\ �k���]�Z�a�Z�f�b��
�Z�l�f�h�k�n�_�j�u. 

 
�J�_�a�m�e�v�l�Z�l�u 
�K�i�_�d�l�j�u�� �^�b�n�n�m�a�g�h�]�h�� �h�l�j�Z�`�_�g�b�y�� ���!������ �^�h�� �b�� �i�h�k�e�_�� �h�[�e�m�q�_�g�b�y�� �g�Z�g�h�i�h�j�h�r�d�Z��nSiO2 

�i�j�b�\�_�^�_�g�u�� �g�Z�� �j�b�k�m�g�d�_�� ������ �L�Z�f�� �`�_�� �i�j�b�\�_�^�_�g�� �k�i�_�d�l�j�� �b�a�e�m�q�_�g�b�y�� �K�h�e�g�p�Z�� �>���@���� �<�� �k�i�_�d�l�j�_�� �^�h��
�h�[�e�m�q�_�g�b�y�� �d�j�Z�c�� �h�i�l�b�q�_�k�d�h�]�h�� �i�h�]�e�h�s�_�g�b�y�� �g�_�� �j�_�]�b�k�l�j�b�j�m�_�l�k�y�� �b�a-�a�Z�� �[�h�e�v�r�h�c�� �r�b�j�b�g�u��
�a�Z�i�j�_�s�_�g�g�h�c���a�h�g�u��nSiO2���� �k�h�k�l�Z�\�e�y�x�s�_�c�� ���� �w�<�� ���������� �g�f���� �>���@���� �G�Z�b�[�h�e�v�r�_�_�� �h�l�j�Z�`�_�g�b�_��
�a�Z�j�_�]�b�k�l�j�b�j�h�\�Z�g�h���\���\�b�^�b�f�h�c���h�[�e�Z�k�l�b���b���^�h�k�l�b�]�Z�_�l�������������g�Z���^�e�b�g�_���\�h�e�g�u�����������g�f�����K���^�Z�e�v�g�_�c�r�b�f��
�m�\�_�e�b�q�_�g�b�_�f�� �^�e�b�g�u�� �\�h�e�g�u�� �a�g�Z�q�_�g�b�_�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �h�l�j�Z�`�_�g�b�y�� �j�Z�\�g�h�f�_�j�g�h�� �m�f�_�g�v�r�Z�_�l�k�y�� �^�h��
59 �����i�j�b���� = �����������g�f�� �<���[�e�b�`�g�_�c���B�D- �h�[�e�Z�k�l�b���k�i�_�d�l�j�Z���a�Z�j�_�]�b�k�l�j�b�j�h�\�Z�g�u���i�h�e�h�k�u���i�h�]�e�h�s�_�g�b�y��
�i�j�b�� ������������ ������������ ���������� ���������� �g�f���� �h�[�m�k�e�h�\�e�_�g�g�u�_�� �k�h�j�[�b�j�h�\�Z�g�g�u�f�b��H2O �b��OH- �]�j�m�i�i�Z�f�b�� �g�Z��
�i�h�\�_�j�o�g�h�k�l�b���i�h�j�h�r�d�h�\ [5]. 

�H�[�e�m�q�_�g�b�_�� �D�K�K�� �i�h�j�h�r�d�Z�� �Q�6�L�2���� �i�j�b�\�h�^�b�l�� �d�� �k�g�b�`�_�g�b�x�� �h�l�j�Z�`�_�g�b�y�� �\�� �M�N- �b�� �\�b�^�b�f�h�c��
�h�[�e�Z�k�l�b�����G�Z���j�b�k. �����i�j�b�\�_�^�_�g���k�i�_�d�l�j���g�Z�\�_�^�_�g�g�h�]�h���i�h�]�e�h�s�_�g�b�y���h�[�e�m�q�_�g�b�_�f���D�K�K���b�k�k�e�_�^�m�_�f�h�]�h��
�g�Z�g�h�i�h�j�h�r�d�Z�����i�h�e�m�q�_�g�g�u�c���\�u�q�b�l�Z�g�b�_�f���b�a���k�i�_�d�l�j�Z���^�h���h�[�e�m�q�_�g�b�y���k�i�_�d�l�j�Z���i�h�k�e�_���h�[�e�m�q�_�g�b�y�� 

 

 
�J�b�k�����������K�i�_�d�l�j�u���^�b�n�n�m�a�g�h�]�h���h�l�j�Z�`�_�g�b�y���i�h�j�h�r�d�Z��nSiO2 �^�h�����������b���i�h�k�e�_���h�[�e�m�q�_�g�b�y���D�K�K�������������k�i�_�d�l�j���i�h�]�e�h�s�_�g�b�y��

nSiO2 �i�h�k�e�_���h�[�e�m�q�_�g�b�y���D�K�K�����������b���k�i�_�d�l�j���b�a�e�m�q�_�g�b�y �K�h�e�g�p�Z 
 

�K�i�_�d�l�j�� �i�h�]�e�h�s�_�g�b�y�� �b�f�_�_�l�� �k�e�h�`�g�m�x�� �n�h�j�f�m�� �b�� �f�h�`�_�l�� �h�i�j�_�^�_�e�y�_�l�k�y�� �h�[�j�Z�a�h�\�Z�g�b�_�f��
�n�h�l�h�^�_�n�_�d�l�h�\���>���@�� 
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�x �i�h�\�_�j�o�g�h�k�l�g�u�f�b�� �p�_�g�l�j�Z�f�b�����e�h�d�Z�e�b�a�h�\�Z�g�g�u�f�b�� �g�Z�� �Z�l�h�f�Z�o�� �l�j�_�o�d�h�h�j�^�b�g�b�j�h�\�Z�g�g�h�]�h��
�d�j�_�f�g�b�y���k���g�_�k�i�Z�j�_�g�g�u�f���w�e�_�d�l�j�h�g�h�f���(�¶s2 �b���(�¶s3 ���A�6�L�Ü); 

�x �j�Z�^�b�d�Z�e�Z�f�b�����ASi-O-O�Â�����b�����ASi�íO�Â); 
�x �^�_�n�_�d�l�Z�f�b���g�Z���i�_�j�h�d�k�b�^�g�u�o���f�h�k�l�b�d�Z�o�����A�6�L�±O�±O�±�6�L�A���� 
�x �i�h�e�h�`�b�l�_�e�v�g�h�� �a�Z�j�y�`�_�g�g�u�f�b�� �Z�k�k�b�f�_�l�j�b�q�g�u�f�b�� �d�b�k�e�h�j�h�^�g�u�f�b�� �\�Z�d�Z�g�k�b�y�f�b��

E�¶�� (�A�6�L�íVO
+�í�6�L�A); 

�x �^�b�h�d�k�b�k�b�e�Z�g�h�\�u�f�b���]�j�m�i�i�Z�f�b�����A�6�L�±O)2Si(O2); 
�x �^�_�n�_�d�l�Z�f���g�Z���g�_�f�h�k�l�b�d�h�\�u�o���Z�l�h�f�Z�o���d�b�k�e�h�j�h�^�Z (�ASi�íO). 
�B�g�l�_�]�j�Z�e�v�g�u�c�� �d�h�w�n�n�b�p�b�_�g�l�� �i�h�]�e�h�s�_�g�b�y�� �k�h�e�g�_�q�g�h�]�h�� �b�a�e�m�q�_�g�b�y�� ���.s���� �y�\�e�y�_�l�k�y�� �h�^�g�h�c�� �b�a��

�h�k�g�h�\�g�u�o�� �j�Z�[�h�q�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �L�J�I���� �H�g�� �i�h�d�Z�a�u�\�Z�_�l���� �d�Z�d�m�x�� �^�h�e�x�� �w�g�_�j�]�b�b�� �k�h�e�g�_�q�g�h�]�h��
�k�i�_�d�l�j�Z�� �i�h�]�e�h�s�Z�_�l�� �f�Z�l�_�j�b�Z�e���� �J�Z�k�q�_�l�� �d�h�w�n�n�b�p�b�_�g�l�Z���.s �\�u�i�h�e�g�_�g�� �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k��
�f�_�`�^�m�g�Z�j�h�^�g�u�f�b�� �k�l�Z�g�^�Z�j�l�Z�f�b�� �>������ ���@���� �h�g�� �k�h�k�l�Z�\�b�e�� �������������� �L�Z�d�h�_�� �a�g�Z�q�_�g�b�_�� �d�h�w�n�n�b�p�b�_�g�l�Z��
�.s �k�h�h�l�\�_�l�k�l�\�m�_�l�� �k�l�Z�g�^�Z�j�l�Z�f�� �L�J�I�� �d�e�Z�k�k�Z�� �©�h�i�l�b�q�_�k�d�b�c�� �k�h�e�g�_�q�g�u�c�� �h�l�j�Z�`�Z�l�_�e�v�ª�� ���.s �” 0,2). 
�B�a�f�_�g�_�g�b�_�� �b�g�l�_�]�j�Z�e�v�g�h�]�h�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �i�h�]�e�h�s�_�g�b�y�� �k�h�e�g�_�q�g�h�]�h�� �b�a�e�m�q�_�g�b�y�� ���û�.s���� �i�h�k�e�_��
�h�[�e�m�q�_�g�b�y���k�h�k�l�Z�\�b�e�h�������������� 

 
�A�Z�d�e�x�q�_�g�b�_ 
�<�u�i�h�e�g�_�g�g�Z�y�� �j�Z�[�h�l�Z�� �i�h�a�\�h�e�y�_�l�� �i�_�j�_�c�l�b�� �d�� �j�Z�a�j�Z�[�h�l�d�_�� �L�J�I���� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�u�o��

�g�Z�g�h�q�Z�k�l�b�p�Z�f�b��nSiO2 �b�� �b�k�k�e�_�^�h�\�Z�g�b�x�� �\�e�b�y�g�b�y�� �b�o�� �d�h�g�p�_�g�l�j�Z�p�b�b�� �g�Z�� �n�h�l�h- �b�� �j�Z�^�b�Z�p�b�h�g�g�m�x��
�k�l�h�c�d�h�k�l�v���l�Z�d�b�o�� 

 
�B�k�k�e�_�^�h�\�Z�g�b�_�� �\�u�i�h�e�g�_�g�h�� �i�j�b�� �n�b�g�Z�g�k�h�\�h�c�� �i�h�^�^�_�j�`�d�_�� �J�h�k�k�b�c�k�d�h�]�h�� �g�Z�m�q�g�h�]�h�� �n�h�g�^�Z����

�]�j�Z�g�l���‹ 24-72-10008, https://rscf.ru/project/24-72-10008/. 
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Abstract. Modification of surface morphology of ceramics based on zirconium dioxide reinforced 
with aluminum oxide during electron beam treatment has been carried out. The results show that at 
temperatures above 1600 �o  a significant increase in the grain and pore sizes begins due to the 
phenomenon of diffusion mass transfer, at which the components of the solid body acquire mobility. 
The processing regime was determined, at which the roughness was observed to have the optimal 
value to obtain a high level of biocompatibility (1,027 ���P���� 
Key words: electron beam, treatment, roughness, zirconium oxide. 
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Abstract. The article considers modern methods of artificial intelligence used to optimize the process 
of waterflooding of oil fields. The possibilities of machine learning, neural networks and optimization 
algorithms in predicting reservoir processes and water injection control are described. Examples of 
successful implementation of AI in the oil and gas industry are given, and the existing limitations and 
prospects of the technology are discussed. The conclusions confirm that artificial intelligence is a 
promising tool for improving the efficiency of oil production. 
Key words: Artificial intelligence methods, waterflooding, oil fields, machine learning, production 
optimization. 
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�^�h�[�u�\�Z�x�s�b�_�� �d�h�f�i�Z�g�b�b�� �f�b�j�Z�� �i�j�b�� �i�h�f�h�s�b�� �f�Z�r�b�g�g�h�]�h �h�[�m�q�_�g�b�y���� �f�_�l�h�^�h�\�� �i�h�b�k�d�Z�� �b�� �Z�g�Z�e�b�a�Z��
�^�Z�g�g�u�o���� �d�h�f�i�v�x�l�_�j�g�h�]�h�� �a�j�_�g�b�y�� �b���^�j�m�]�b�o �f�_�l�h�^�h�\�� �b�k�d�m�k�k�l�\�_�g�g�h�]�h�� �b�g�l�_�e�e�_�d�l�Z���k�h�h�[�s�Z�x�l�� �h�[��
�m�\�_�e�b�q�_�g�b�b���i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�b���i�j�_�^�i�j�b�y�l�b�y�����g�Z�������±���������������k�g�b�`�_�g�b�b���a�Z�l�j�Z�l���g�Z���h�[�k�e�m�`�b�\�Z�g�b�_��
�b���j�_�f�h�g�l�����g�Z�������±25 ���������Z���l�Z�d�`�_���m�f�_�g�v�r�_�g�b�y���i�j�h�k�l�h�y���h�[�h�j�m�^�h�\�Z�g�b�y�����g�Z�������±40 %) [1]. 

�H�^�g�b�f���b�a���g�Z�b�[�h�e�_�_���i�j�b�f�_�g�y�_�f�u�o���i�h�^�o�h�^�h�\���d���m�\�_�e�b�q�_�g�b�x���^�h�[�u�q�b���y�\�e�y�_�l�k�y���a�Z�\�h�^�g�_�g�b�_��
�g�_�n�l�y�g�u�o���i�e�Z�k�l�h�\�����W�l�h�l���f�_�l�h�^���i�h�f�h�]�Z�_�l���i�h�\�u�k�b�l�v���d�h�w�n�n�b�p�b�_�g�l���b�a�\�e�_�q�_�g�b�y���g�_�n�l�b���b���i�j�h�^�e�b�l�v��
�w�d�k�i�e�m�Z�l�Z�p�b�x �f�_�k�l�h�j�h�`�^�_�g�b�c�����?�]�h���b�k�i�h�e�v�a�h�\�Z�g�b�_���i�h�a�\�h�e�y�_�l���[�h�e�_�_���j�Z�p�b�h�g�Z�e�v�g�h���j�Z�k�o�h�^�h�\�Z�l�v��
�j�_�k�m�j�k�u���� �k�g�b�`�Z�l�v�� �a�Z�l�j�Z�l�u�� �b�� �i�h�\�u�r�Z�l�v�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �^�h�[�u�q�b���� �q�l�h�� �h�k�h�[�_�g�g�h�� �Z�d�l�m�Z�e�v�g�h�� �g�Z��
�i�h�a�^�g�b�o�� �w�l�Z�i�Z�o�� �j�Z�a�j�Z�[�h�l�d�b�� �f�_�k�l�h�j�h�`�^�_�g�b�c�� �B�k�i�h�e�v�a�h�\�Z�g�b�_�� �B�B�� �\�� �i�j�h�p�_�k�k�_�� �a�Z�\�h�^�g�_�g�b�y��
�y�\�e�y�_�l�k�y�� �\�Z�`�g�h�c�� �a�Z�^�Z�q�_�c���� �l�Z�d�� �d�Z�d�� �i�h�a�\�h�e�y�_�l�� �h�i�l�b�f�b�a�b�j�h�\�Z�l�v�� �j�Z�[�h�l�m�� �k�d�\�Z�`�b�g���� �d�h�l�h�j�Z�y��
�h�k�g�h�\�u�\�Z�_�l�k�y���g�Z���h�[�j�Z�[�h�l�d�_���[�h�e�v�r�h�]�h���h�[�t�_�f�Z���^�Z�g�g�u�o���� �b�g�n�h�j�f�Z�p�b�b���h���i�e�Z�k�l�h�\�u�o�� �m�k�e�h�\�b�y�o���� �b��
�\�u�[�h�j�_���g�Z�b�e�m�q�r�b�o���i�Z�j�Z�f�_�l�j�h�\���j�_�`�b�f�h�\���a�Z�d�Z�q�d�b���\���j�_�Z�e�v�g�h�f���\�j�_�f�_�g�b [2]. 
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�k�\�y�a�Z�g�g�u�_�� �k�� �h�[�j�Z�[�h�l�d�h�c�� �l�_�d�k�l�h�\�u�o�� �^�Z�g�g�u�o���� �]�j�Z�n�b�d�h�\���� �n�h�j�f�m�e�� �b�� �l�Z�[�e�b�p�� �m�`�_�� �^�Z�\�g�h�� �y�\�e�y�_�l�k�y��
�h�[�u�^�_�g�g�h�c�� �a�Z�^�Z�q�_�c �^�e�y�� �B�B. �D�Z�d�� �i�j�h�]�g�h�a�b�j�m�x�l�� �w�d�k�i�_�j�l�u�����m�`�_�� �d�� ���������� �]�h�^�m���b�k�d�m�k�k�l�\�_�g�g�u�c��
�b�g�l�_�e�e�_�d�l �^�h�e�`�_�g���[�u�l�v�� �k�i�h�k�h�[�_�g �\�_�k�l�b���k�e�h�`�g�u�c�� �b���\�u�k�h�d�h�d�Z�q�_�k�l�\�_�g�g�u�c�� �Z�g�Z�e�b�a��
�f�_�k�l�h�j�h�`�^�_�g�b�c���b���i�j�_�^�e�Z�]�Z�l�v �j�_�d�h�f�_�g�^�Z�p�b�b���i�h���_�]�h���w�n�n�_�d�l�b�\�g�h�c���j�Z�a�j�Z�[�h�l�d�_��  

�P�_�e�v�x�� �^�Z�g�g�h�c�� �k�l�Z�l�v�b�� �y�\�e�y�_�l�k�y���h�[�a�h�j �f�_�l�h�^�h�\�� �B�B�� �b�f�_�x�s�b�o�� �i�h�l�_�g�p�b�Z�e�� �^�e�y��
�b�k�i�h�e�v�a�h�\�Z�g�b�y���\���a�Z�^�Z�q�Z�o���a�Z�\�h�^�g�_�g�b�y���g�_�n�l�y�g�u�o���f�_�k�l�h�j�h�`�^�_�g�b�c. 

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

�F�Z�r�b�g�g�h�_ �h�[�m�q�_�g�b�_ (machine learning, ML) �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c���k�h�\�h�d�m�i�g�h�k�l�v���f�_�l�h�^�h�\ �^�e�y��
�h�i�l�b�f�b�a�Z�p�b�b���k�e�h�`�g�u�o���[�b�a�g�_�k-�i�j�h�p�_�k�k�h�\���i�j�_�^�i�j�b�y�l�b�y�����k�h�k�l�Z�\�e�_�g�b�y���i�j�_�^�b�d�l�b�\�g�h�c���Z�g�Z�e�b�l�b�d�b��
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�b���i�h�b�k�d�Z �h�i�l�b�f�Z�e�v�g�u�o���j�_�r�_�g�b�c�����>�Z�g�g�u�c���i�h�^�o�h�^���h�k�g�h�\�Z�g���g�Z���k�[�h�j�_���b���Z�g�Z�e�b�a�_���[�h�e�v�r�b�o���^�Z�g�g�u�o����
�d�h�l�h�j�u�_�� �f�h�]�m�l�� �i�j�_�^�k�l�Z�\�e�y�l�v�� �k�h�[�h�c�� �i�h�d�Z�a�Z�l�_�e�b�� �^�Z�l�q�b�d�h�\���� �\�b�^�_�h�Z�g�Z�e�b�l�b�d�m���� �\�g�m�l�j�_�g�g�b�_��
�l�_�o�g�b�q�_�k�d�b�_�� �k�_�j�\�b�k�u���� �l�_�o�g�b�q�_�k�d�b�c�� �j�_�`�b�f�� �j�Z�[�h�l�u�� �k�d�\�Z�`�b�g �l����̂��� �G�Z�i�j�b�f�_�j����ML �i�h�a�\�h�e�y�_�l��
�h�p�_�g�b�\�Z�l�v�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �a�Z�d�Z�q�d�b�� �\�h�^�u�� �\�� �j�Z�a�e�b�q�g�u�_�� �i�e�Z�k�l�u�� �k�d�\�Z�`�b�g�� �b�e�b�� �h�i�j�_�^�_�e�y�l�v��
�g�Z�i�j�Z�\�e�_�g�b�y���d�h�j�j�_�d�l�b�j�h�\�d�b���a�Z�d�Z�q�d�b���\�h�^�u�� 

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

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

�K�h�\�j�_�f�_�g�g�u�_�� �\�_�^�m�s�b�_�� �h�l�j�Z�k�e�_�\�u�_�� �d�h�f�i�Z�g�b�b�� �\�h�� �\�k�_�f�� �f�b�j�_�� �k�l�Z�j�Z�x�l�k�y�� �b�k�i�h�e�v�a�h�\�Z�l�v��
�g�_�c�j�h�g�g�u�_�� �k�_�l�b�� �^�e�y�� �h�i�l�b�f�b�a�Z�p�b�b�� �[�h�e�v�r�b�g�k�l�\�Z�� �[�b�a�g�_�k-�i�j�h�p�_�k�k�h�\�� �i�j�_�^�i�j�b�y�l�b�y���� �L�Z�d�b�_��
�J�h�k�k�b�c�k�d�b�_���d�h�f�i�Z�g�b�b�����d�Z�d���©�=�Z�a�i�j�h�f���g�_�n�l�v�ª�����©�E�m�d�h�c�e�ª�����©�J�h�k�g�_�n�l�v�ª���b���©�L�Z�l�g�_�n�l�v�ª���b�k�i�h�e�v�a�m�x�l��
�B�G�K�� �^�e�y�� �Z�g�Z�e�b�a�Z�� �b�k�l�h�j�b�b�� �n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y�� �k�d�\�Z�`�b�g�� �f�_�k�l�h�j�h�`�^�_�g�b�y�����k�_�c�k�f�h�j�Z�a�\�_�^�d�b, 
�h�i�j�_�^�_�e�_�g�b�y�� �i�_�j�k�i�_�d�l�b�\�g�u�o�� �g�_�n�l�_�]�Z�a�h�\�u�o�� �a�Z�e�_�`�_�c���� �q�l�h�� �\�� �d�h�g�_�q�g�h�f���j�_�a�m�e�v�l�Z�l�_�� �i�h�a�\�h�e�y�_�l��
�^�h�k�l�b�q�v���k�h�d�j�Z�s�_�g�b�y���©�j�m�q�g�h�c�ª���j�Z�[�h�l�u���k�h�l�j�m�^�g�b�d�h�\���i�j�_�^�i�j�b�y�l�b�c���g�Z���^�_�k�y�l�d�b���q�Z�k�h�\�� 

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

 
�J�_�a�m�e�v�l�Z�l�u 
�I�j�b�f�_�g�_�g�b�_�f�� �d�e�Z�k�k�b�q�_�k�d�h�]�h�� �b�k�d�m�k�k�l�\�_�g�g�h�]�h�� �b�g�l�_�e�e�_�d�l�Z�� �\�� �g�_�n�l�_�]�Z�a�h�\�h�c�� �h�l�j�Z�k�e�b�� �d�Z�d�� �\��

�J�h�k�k�b�b�����l�Z�d���b���\�h���\�k�_�f���f�b�j�_���b�k�k�e�_�^�h�\�Z�l�_�e�b���b���b�g�`�_�g�_�j�u���a�Z�g�b�f�Z�x�l�k�y���m�`�_���[�h�e�_�_���������e�_�l�����K�h�]�e�Z�k�g�h��
�Z�g�Z�e�b�l�b�q�_�k�d�h�f�m�� �h�l�q�_�l�m Mordor Intelligence���� �f�b�j�h�\�h�c�� �j�u�g�h�d�� �B�B�� �\���g�_�n�l�_�]�Z�a�_ �h�p�_�g�b�\�Z�_�l�k�y�� �\��
$3 �f�e�j�^���\�������������]�h�^�m���b�����i�h���i�j�h�]�g�h�a�Z�f�����w�l�Z���p�b�n�j�Z���i�j�b�[�e�b�a�b�l�k�y���d���h�l�f�_�l�d�_���\��$5 �f�e�j�^���d�������������]�h�^�m����
�q�l�h�� �^�_�f�h�g�k�l�j�b�j�m�_�l�� �k�j�_�^�g�_�]�h�^�h�\�h�c�� �l�_�f�i�� �j�h�k�l�Z�� �[�h�e�_�_�� ���� %. �G�Z�� �^�Z�g�g�u�c�� �f�h�f�_�g�l���� �g�Z�b�[�h�e�v�r�m�x��
�q�Z�k�l�v�� �\�g�_�^�j�_�g�b�y�� �b�k�d�m�k�k�l�\�_�g�g�h�]�h�� �b�g�l�_�e�e�_�d�l�Z�� �\�� �g�_�n�l�_�]�Z�a�h�\�u�c �k�_�d�l�h�j�� �a�Z�g�b�f�Z�_�l�� �K�_�\�_�j�g�Z�y��
�:�f�_�j�b�d�Z���� �;�u�k�l�j�h�j�Z�k�l�m�s�b�f�b�� �\�� �^�Z�g�g�h�f�� �g�Z�i�j�Z�\�e�_�g�b�b�� �k�q�b�l�Z�x�l�k�y�� �:�a�b�Z�l�k�d�h-�L�b�o�h�h�d�_�Z�g�k�d�b�c��
�j�_�]�b�h�g�� �B�B�� �Z�d�l�b�\�g�h�� �a�Z�f�_�g�y�_�l�� �l�j�Z�^�b�p�b�h�g�g�u�_�� �f�_�l�h�^�u�� �i�h�b�k�d�Z���� �j�Z�a�\�_�^�d�b�� �b�� �j�Z�a�j�Z�[�h�l�d�b��
�f�_�k�l�h�j�h�`�^�_�g�b�c�����q�l�h �i�h�\�u�k�b�e�h �l�h�q�g�h�k�l�v���b���k�d�h�j�h�k�l�v���Z�g�Z�e�b�a�Z���[�h�e�v�r�b�o���^�Z�g�g�u�o�����Z �l�Z�d�`�_���k�g�b�a�b�e�h 
�\�_�j�h�y�l�g�h�k�l�v���i�h�y�\�e�_�g�b�y���h�r�b�[�h�d���\���j�Z�k�q�z�l�Z�o��[3]. 

�K�j�_�^�b���g�_�^�Z�\�g�b�o���b�k�k�e�_�^�h�\�Z�g�b�c���o�h�j�h�r�b�f�� �i�j�b�f�_�j�h�f���y�\�e�y�_�l�k�y���b�k�i�h�e�v�a�h�\�Z�g�b�_���g�_�c�j�h�g�g�u�o��
�k�_�l�_�c�� �\�� �i�j�h�p�_�k�k�_�� �a�Z�\�h�^�g�_�g�b�y���� �i�j�h�^�_�f�h�g�k�l�j�b�j�h�\�Z�g�g�u�_ �\�� �k�l�Z�l�v�_�� �©�©�:�e�]�h�j�b�l�f�u�� �h�i�_�j�Z�l�b�\�g�h�]�h��
�m�i�j�Z�\�e�_�g�b�y�� �a�Z�\�h�^�g�_�g�b�_�f�� �k���i�j�b�f�_�g�_�g�b�_�f�� �n�b�a�b�d�h-�b�g�n�h�j�f�b�j�h�\�Z�g�g�u�o�� �g�_�c�j�h�g�g�u�o�� �k�_�l�_�c�ª 
�Z�\�l�h�j�h�\�� �<���?���� �<�_�j�r�b�g�b�g�Z�� �b�� �J���X���� �I�h�g�h�f�Z�j�_�\�Z��[4]���� �<�� �j�Z�[�h�l�_���i�h�^�j�h�[�g�h�� �h�i�b�k�Z�g�u�� �\�h�a�f�h�`�g�h�k�l�b��
�b�k�i�h�e�v�a�h�\�Z�g�b�y�� �g�_�c�j�h�k�_�l�_�\�h�]�h�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �b�� �f�Z�r�b�g�g�h�]�h�� �h�[�m�q�_�g�b�y�� �^�e�y�� �h�i�l�b�f�b�a�Z�p�b�b��
�a�Z�\�h�^�g�_�g�b�y�� �b�� �m�i�j�Z�\�e�_�g�b�y�� �i�e�Z�k�l�h�\�u�f�� �^�Z�\�e�_�g�b�_�f���� �B�k�k�e�_�^�h�\�Z�l�_�e�b�� �b�k�i�h�e�v�a�m�x�l�� �i�j�h�p�_�k�k��
�k�Z�f�h�h�[�m�q�_�g�b�y���j�_�d�m�j�j�_�g�l�g�u�o���g�_�c�j�h�g�g�u�o���k�_�l�_�c���/�6�7�0�����/�R�Q�J���6�K�R�U�W���7�H�U�P���0�H�P�R�U�\�����b���*�5�8�����*�D�W�H�V��
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Abstract. This article presents an analysis of existing methods and tools for automating threat and 
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�o�h�^�_�� �Z�g�Z�e�b�a�Z�� �g�_�h�[�o�h�^�b�f�h�� �m�q�_�k�l�v�� �k�e�_�^�m�x�s�b�_�� �Z�k�i�_�d�l�u���� �h�[�_�k�i�_�q�_�g�b�_�� �i�h�^�^�_�j�`�d�b�� �j�Z�a�e�b�q�g�u�o��
�g�h�l�Z�p�b�c�� ��UML, BPMIN, Archimate) �k�� �\�h�a�f�h�`�g�h�k�l�v�x�� �b�f�i�h�j�l�Z�� �b�� �w�d�k�i�h�j�l�Z�� �\�u�[�h�j�� �j�Z�a�e�b�q�g�u�o��
�f�_�l�h�^�h�e�h�]�b�c���^�e�y���f�h�^�_�e�b�j�h�\�Z�g�b�y�����h�l�l�Z�e�d�b�\�Z�y�k�v���h�l���h�k�h�[�_�g�g�h�k�l�_�c���d�h�g�d�j�_�l�g�h�c���k�b�k�l�_�f�u�����]�b�[�d�b�c��
�Z�g�Z�e�b�a�� �j�b�k�d�h�\���� �m�q�b�l�u�\�Z�x�s�b�c�� �l�_�o�g�b�q�_�k�d�b�_�� �m�y�a�\�b�f�h�k�l�b���� �\�_�j�h�y�l�g�h�k�l�v�� �Z�l�Z�d�b���� �i�h�l�_�g�p�b�Z�e�v�g�u�c��
�m�s�_�j�[�����i�h�a�\�h�e�y�x�s�b�c���i�h�e�v�a�h�\�Z�l�_�e�x���j�_�Z�e�b�a�h�\�u�\�Z�l�v���j�Z�a�e�b�q�g�u�_���k�p�_�g�Z�j�b�b���Z�l�Z�d���b���i�j�h�\�h�^�b�l�v���b�o��
�h�p�_�g�d�m���� �b�g�l�_�j�Z�d�l�b�\�g�h�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�_���� �d�h�l�h�j�h�_�� �i�h�a�\�h�e�b�l�� �i�h�e�v�a�h�\�Z�l�_�e�x�� �^�b�g�Z�f�b�q�_�k�d�b��
�b�a�f�_�g�y�l�v�� �b�� �i�_�j�_�g�Z�k�l�j�Z�b�\�Z�l�v�� �i�Z�j�Z�f�_�l�j�u�� �k�b�k�l�_�f�u�� �b�� �g�Z�[�e�x�^�Z�l�v�� �a�Z�� �b�a�f�_�g�_�g�b�_�f�� �j�b�k�d�h�\�� �b��
�\�h�a�f�h�`�g�u�o���m�y�a�\�b�f�h�k�l�y�o�����]�_�g�_�j�Z�p�b�y���h�l�q�_�l�h�\���k���^�_�l�Z�e�v�g�h�c���b�g�n�h�j�f�Z�p�b�_�c���h���m�]�j�h�a�Z�o�����m�y�a�\�b�f�h�k�l�y�o����
�j�b�k�d�Z�o���b���d�h�g�l�j�f�_�j�Z�o�����\���^�Z�e�v�g�_�c�r�_�f���\�h�a�f�h�`�g�h�k�l�v���j�_�Z�e�b�a�h�\�Z�l�v���b�g�l�_�j�Z�d�l�b�\�g�u�_���]�j�Z�n�u���^�e�y���[�h�e�_�_��
�i�h�^�j�h�[�g�h�c���\�b�a�m�Z�e�b�a�Z�p�b�b���k�b�k�l�_�f�u���b���_�z���m�y�a�\�b�f�h�k�l�b�� 

�<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �j�Z�k�k�f�Z�l�j�b�\�Z�e�b�k�v�� �l�Z�d�b�_�� �f�_�l�h�^�h�e�h�]�b�b���� �d�Z�d��STRIDE [1], PASTA, Attack 
Tree [2]. �L�Z�d�`�_�� �[�u�e�b�� �j�Z�k�k�f�h�l�j�_�g�u�� �m�`�_�� �k�m�s�_�k�l�\�m�x�s�b�_�� �k�j�_�^�k�l�\�Z�� �Z�\�l�h�f�Z�l�b�a�Z�p�b�b: IriusRisk, 
ThreadModeler, Microsoft Modeler Tool �b�� �y�a�u�d�� �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y��MAL  [3]���� �k�� �i�h�f�h�s�v�x��
�d�h�l�h�j�h�]�h���f�h�`�g�h���i�h�e�m�q�b�l�v���[�h�e�_�_���^�_�l�Z�e�v�g�h�_���b���k�l�j�m�d�l�m�j�b�j�h�\�Z�g�g�h�_���h�i�b�k�Z�g�b�_���Z�l�Z�d�� 

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

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

�L�Z�[�e�b�p�Z���� 
�K�j�Z�\�g�b�l�_�e�v�g�u�c���Z�g�Z�e�b�a���k�j�_�^�k�l�\���Z�\�l�h�f�Z�l�b�a�Z�p�b�b���f�h�^�_�e�b�j�h�\�Z�g�b�y �m�]�j�h�a���b���Z�l�Z�d 

�F�h�^�m�e�v IriusRisk ThreatModeler Microsoft TMT MAL  

�:�j�o�b�l�_�d�l�m�j�Z 
�H�[�e�Z�q�g�Z�y�����]�b�[�d�Z�y����

�b�_�j�Z�j�o�b�y 

�>�_�k�d�l�h�i����
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�g�h�l�Z�p�b�b 

�>�_�k�d�l�h�i������NET-
�n�h�d�m�k 

�Y�a�u�d�����g�_�l��GUI 

�F�h�^�_�e�b�j�h�\�Z�g�b�_ 
�<�b�a�m�Z�e����

�b�f�i�h�j�l���w�d�k�i�h�j�l����
�]�b�[�d�h 

�<�b�a�m�Z�e�����h�]�j�Z�g�b�q�_�g�h����
�i�j�h�k�l�h 

�<�b�a�m�Z�e������NET-
�d�h�f�i�h�g�_�g�l�u 

�L�j�_�[�m�_�l���\�g�_�r�g�_�]�h��
�b�g�k�l�j�m�f�_�g�l�Z 

�B�^�_�g�l�b�n�b�d�Z�p�b�y��
�m�]�j�h�a 

�:�\�l�h���j�m�q�g�h�c����
STRIDE, PASTA 

�J�m�q�g�h�c�����\�u�[�h�j��
�f�_�l�h�^�h�e�h�]�b�b 

�J�m�q�g�h�c����STRIDE-
�n�h�d�m�k 

�N�h�j�f�Z�e�v�g�h�_��
�h�i�b�k�Z�g�b�_���Z�l�Z�d 

�:�g�Z�e�b�a���J�b�k�d�h�\ 
�:�\�l�h����ML, �h�l�q�z�l�u����

�\�b�a�m�Z�e 
�J�m�q�g�h�c���i�h�e�m�Z�\�l�h�f�Z�l����

�h�l�q�z�l�u 
�J�m�q�g�h�c���i�h�e�m�Z�\�l�h�f�Z�l����

.NET 
�L�j�_�[�m�_�l���\�g�_�r�g�_�]�h��

�b�g�k�l�j�m�f�_�g�l�Z 

�H�l�q�z�l�u 
�N�h�j�f�Z�l�u����PDF, 

CSV, JSON, 
�]�b�[�d�h�k�l�v 

�N�h�j�f�Z�l�u��
�h�]�j�Z�g�b�q�_�g�u����PDF 

�N�h�j�f�Z�l�u��
�h�]�j�Z�g�b�q�_�g�u����PDF 

�A�Z�\�b�k�b�l���h�l��
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�L�Z�[�e�b�p�Z���� 
�K�j�Z�\�g�b�l�_�e�v�g�u�c���Z�g�Z�e�b�a���f�_�l�h�^�h�\���Z�\�l�h�f�Z�l�b�a�Z�p�b�b���f�h�^�_�e�b�j�h�\�Z�g�b�y���m�]�j�h�a���b���Z�l�Z�d 

�F�_�l�h�^ �H�i�b�k�Z�g�b�_ �I�j�b�g�p�b�i���j�Z�[�h�l�u �I�j�_�b�f�m�s�_�k�l�\�Z �G�_�^�h�k�l�Z�l�d�b 

STRIDE �N�h�d�m�k�b�j�m�_�l�k�y���g�Z���r�_�k�l�b��
�d�Z�l�_�]�h�j�b�y�o���m�]�j�h�a����

�i�h�^�^�_�e�d�Z�����i�h�^�f�_�g�Z����
�h�l�d�Z�a���h�l���Z�\�l�h�j�k�l�\�Z����

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

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

�I�h�k�l�j�h�_�g�b�_���^�_�j�_�\�Z����
�]�^�_���m�a�e�u��- �w�l�Z�i�u��

�Z�l�Z�d�b�����\�_�l�\�b��- 
�\�Z�j�b�Z�g�l�u���^�_�c�k�l�\�b�c 

�G�Z�]�e�y�^�g�h�_��
�i�j�_�^�k�l�Z�\�e�_�g�b�_���Z�l�Z�d����

�i�h�f�h�]�Z�_�l���i�h�g�y�l�v��
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�^�e�y���h�[�m�q�_�g�b�y 

�F�h�`�_�l���[�u�l�v��
�k�e�h�`�g�u�f���^�e�y��

�[�h�e�v�r�b�o���k�b�k�l�_�f����
�l�j�_�[�m�_�l��

�h�i�j�_�^�_�e�_�g�g�u�o��
�g�Z�\�u�d�h�\��

�i�h�k�l�j�h�_�g�b�y��
�^�b�Z�]�j�Z�f�f 

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

�n�^�e�y�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �Z�j�o�b�l�_�d�l�m�j�u�� �k�b�k�l�_�f�u�� ���i�h�o�h�`�b�c�� �g�Z��ThreatModeler)���� �l�Z�d�`�_�� �[�m�^�m�l��
�j�_�Z�e�b�a�h�\�Z�g�u���k�e�_�^�m�x�s�b�_���n�m�g�d�p�b�b�����Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�Z�y���b�^�_�g�l�b�n�b�d�Z�p�b�y���m�]�j�h�a�����]�b�[�d�b�c���f�h�^�m�e�v��
�Z�g�Z�e�b�a�Z�� �j�b�k�d�h�\���� �i�h�a�\�h�e�y�x�s�b�c�� �b�k�i�h�e�v�a�h�\�Z�l�v�� �j�Z�a�e�b�q�g�u�_�� �f�_�l�h�^�b�d�b�� �j�Z�k�q�_�l�Z�� �b�� �g�Z�k�l�j�h�c�d�b��
�i�Z�j�Z�f�_�l�j�h�\���� �\�h�a�f�h�`�g�h�k�l�v�� �\�u�[�h�j�Z�� �j�Z�a�e�b�q�g�u�o�� �f�_�l�h�^�h�e�h�]�b�c���� �g�Z�i�j�b�f�_�j��STRIDE �^�e�y�� �[�u�k�l�j�h�]�h��
�Z�g�Z�e�b�a�Z�� �k�b�k�l�_�f�u�� �b�e�b��PASTA �^�e�y�� �[�h�e�_�_�� �i�h�^�j�h�[�g�h�]�h�� �Z�g�Z�e�b�a�Z���� �]�_�g�_�j�Z�p�b�y�� �h�l�q�_�l�h�\����
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�i�h�^�^�_�j�`�b�\�Z�x�s�b�o�� �j�Z�a�e�b�q�g�u�_�� �n�h�j�f�Z�l�u���� �n�h�j�f�Z�e�b�a�Z�p�b�y�� �h�i�b�k�Z�g�b�y�� �Z�l�Z�d�� �k�� �i�h�f�h�s�v�x�� �y�a�u�d�Z��
�i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y��MAL . 
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�j�Z�a�\�b�l�b�y���n�m�g�^�Z�f�_�g�l�Z�e�v�g�u�o���g�Z�m�d�����K�[�h�j�g�b�d���g�Z�m�q�g�u�o���l�j�m�^�h�\�����± �L�h�f�k�d�����G�B���L�I�M�����������������± �K�����������±150. 
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Abstract. The information system lifecycle was divided into 2 parts: development and operation. This 
study examines the process of developing an organization's local documentation. To do this, the 
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Abstract. The modification of zirconium dioxide ceramics with a plasma forevacuum electron source 
at different processing temperatures was studied. It has been established that increasing the 
processing temperature makes it possible to increase the height and roughness of the ceramic surface. 
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�G�Z�� �k�_�]�h�^�g�y�r�g�b�c�� �^�_�g�v�� �h�^�g�b�f�� �b�a�� �\�h�k�l�j�_�[�h�\�Z�g�g�u�o�� �b�� �r�b�j�h�d�h�� �j�Z�k�i�j�h�k�l�j�Z�g�z�g�g�u�o��

�f�Z�l�_�j�b�Z�e�h�\�� �y�\�e�y�_�l�k�y�� �d�_�j�Z�f�b�d�Z �b�a�� �^�b�h�d�k�b�^�Z�� �p�b�j�d�h�g�b�y��[1]. �>�Z�g�g�u�c���f�Z�l�_�j�b�Z�e �g�Z�r�_�e�� �k�\�h�_��
�i�j�b�f�_�g�_�g�b�_���\���j�Z�a�e�b�q�g�u�o���h�l�j�Z�k�e�y�o���g�Z�m�d�b���b���l�_�o�g�b�d�b�����l�Z�d�b�o���d�Z�d���f�b�d�j�h�w�e�_�d�l�j�h�g�b�d�Z�����f�_�^�b�p�b�g�Z����
�Z�w�j�h�d�h�k�f�b�q�_�k�d�Z�y�� �i�j�h�f�u�r�e�_�g�g�h�k�l�v�� �b�� �l���^. [2]. �N�m�g�d�p�b�h�g�Z�e�v�g�u�_�� �b�� �k�l�j�m�d�l�m�j�g�u�_�� �k�\�h�c�k�l�\�Z��
�p�b�j�d�h�g�b�_�\�h�c�� �d�_�j�Z�f�b�d�b�� �\�h�� �f�g�h�]�h�f�� �a�Z�\�b�k�y�l�� �h�l�� �_�_�� �f�b�d�j�h�k�l�j�m�d�l�m�j�u �b�� �k�h�k�l�h�y�g�b�y�� �i�h�\�_�j�o�g�h�k�l�b����
�i�h�w�l�h�f�m�� �j�Z�a�j�Z�[�h�l�d�Z�� �f�_�l�h�^�h�\�� �f�h�^�b�n�b�d�Z�p�b�b�� �i�h�\�_�j�o�g�h�k�l�b�� �y�\�e�y�_�l�k�y�� �\�Z�`�g�h�c�� �a�Z�^�Z�q�_�c��
�b�k�k�e�_�^�h�\�Z�g�b�c. �B�a�� �k�m�s�_�k�l�\�m�x�s�b�o�� �f�_�l�h�^�b�d�� �h�[�j�Z�[�h�l�d�b���^�b�h�d�k�b�^�Z�� �p�b�j�d�h�g�b�y �f �h�`�g�h�� �\�u�^�_�e�b�l�v��
�g�_�k�d�h�e�v�d�h���g�Z�b�[�h�e�_�_�� �i�h�^�j�h�[�g�h�� �i�j�_�^�k�l�Z�\�e�_�g�g�u�o�� �\�� �g�Z�m�q�g�h�c�� �e�b�l�_�j�Z�l�m�j�_���± �l�Z�d�b�_�� �d�Z�d�� �r�e�b�n�h�\�d�Z 
�i�h�\�_�j�o�g�h�k�l�b�� �i�_�k�d�h�k�l�j�m�c�g�Z�y �h�[�j�Z�[�h�l�d�Z, �o�b�f�b�q�_�k�d�h�_ �l�j�Z�\�e�_�g�b�_�� �e�Z�a�_�j�g�h�_ �k�l�j�m�d�l�m�j�b�j�h�\�Z�g�b�_��
�i�h�\�_�j�o�g�h�k�l�b [3]. �<���w�l�h�f���h�l�g�h�r�_�g�b�b���i�_�j�k�i�_�d�l�b�\�g�u�f�b���k�q�b�l�Z�x�l�k�y���e�m�q�_�\�u�_���l�_�o�g�h�e�h�]�b�b�����r�b�j�h�d�h��
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�G�Z�� �j�b�k. 2 �i�j�_�^�k�l�Z�\�e�_�g�Z�� �a�Z�\�b�k�b�f�h�k�l�v �\�u�k�h�l�u�� �f�Z�d�k�b�f�Z�e�v�g�h�c�� �b�� �f�b�g�b�f�Z�e�v�g�h�c�� �l�h�q�d�b��
�g�_�j�h�\�g�h�k�l�_�c Sz ���Z�����b���k�j�_�^�g�_�]�h���j�Z�a�f�_�j�Z �a�_�j�_�g d ���[�� �h�l���l�_�f�i�_�j�Z�l�m�j�u �h�[�j�Z�[�h�l�d�b. 

 
�Z�� 

�J�b�k. 2. �L�_�f�i�_�j�Z�l�m�j�g�Z�y���a�Z�\�b�k�b�f�h�k�l�v Sz (�Z); �l�_�f�i�_�j�Z�l�m�j�g�Z�y���a�Z�\�b�k�b�f�h�k�l�v d (�[) 
 

�A�Z�d�e�x�q�_�g�b�_ 
�M�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �w�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�Z�y�� �h�[�j�Z�[�h�l�d�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �d�_�j�Z�f�b�q�_�k�d�b�o�� �h�[�j�Z�a�p�h�\��

�b�a�� �^�b�h�d�k�b�^�Z�� �p�b�j�d�h�g�b�y���i�j�b�\�h�^�b�l�� �d�� �j�_�d�j�b�k�l�Z�e�e�b�a�Z�p�b�b���i�j�b�i�h�\�_�j�o�g�h�k�l�g�u�o�� �k�e�h�_�\�� �b���b�a�f�_�g�_�g�b�x��
�j�Z�a�f�_�j�Z�� �a�_�j�_�g���� �d�h�l�h�j�h�_�� �h�[�m�k�e�h�\�e�_�g�h�� �\�l�h�j�b�q�g�h�c�� �j�_�d�j�b�k�l�Z�e�e�b�a�Z�p�b�_�c �i�h�\�_�j�o�g�h�k�l�b�� �d�_�j�Z�f�b�d�b. 
�L�Z�d�`�_���i�j�_�^�k�l�Z�\�e�_�g�g�u�_���j�_�a�m�e�v�l�Z�l�u���i�h�d�Z�a�Z�e�b�� �q�l�h���i�j�b���l�_�f�i�_�j�Z�l�m�j�_���k�\�u�r�_������00 �ƒ�K �g�Z�q�b�g�Z�_�l�k�y��
�a�g�Z�q�b�l�_�e�v�g�h�_�� �m�\�_�e�b�q�_�g�b�_�� �j�Z�a�f�_�j�h�\ �b�� �\�u�k�h�l�u �a�_�j�_�g���� �d�h�l�h�j�h�_�� �k�\�y�a�Z�g�h���k�� �l�_�f�i�_�j�Z�l�m�j�h�c��
�L�Z�f�f�Z�g�Z���� �i�j�b�� �^�h�k�l�b�`�_�g�b�b�� �d�h�l�h�j�h�c�� �d�h�f�i�h�g�_�g�l�u�� �l�\�_�j�^�h�]�h�� �l�_�e�Z�� �i�j�b�h�[�j�_�l�Z�x�l �i�h�^�\�b�`�g�h�k�l�v����
�>�e�y���^�b�h�d�k�b�^�Z���p�b�j�d�h�g�b�y���h�g�Z���e�_�`�b�l���\���^�b�Z�i�Z�a�h�g�_���h�l����75�����^�h���������� �ƒ�K.  
 

�J�Z�[�h�l�Z�� �\�u�i�h�e�g�_�g�Z�� �i�j�b�� �i�h�^�^�_�j�`�d�_�� �]�j�Z�g�l�Z�� �F�b�g�b�k�l�_�j�k�l�\�Z�� �g�Z�m�d�b�� �b�� �\�u�k�r�_�]�h��
�h�[�j�Z�a�h�\�Z�g�b�y���J�h�k�k�b�c�k�d�h�c���N�_�^�_�j�Z�p�b�b���\���j�Z�f�d�Z�o���d�h�g�d�m�j�k�Z���)�(�:�0-2024-0006. 
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Abstract. This article presents the application of the 3S Optimizer (3SO) algorithm to optimize the 
parameters of the sliding mode controller (SMC) for controlling the altitude and state of a UAV in the 
form of a quadcopter. The optimized controller significantly improves system performance compared 
to the conventional controller, particularly in terms of rise time, settling time, and steady-state error. 
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�<�\�_�^�_�g�b�_ 
�D�\�Z�^�j�h�d�h�i�l�_�j���± �w�l�h�� �l�b�i�� �[�_�k�i�b�e�h�l�g�h�]�h�� �e�_�l�Z�l�_�e�v�g�h�]�h�� �Z�i�i�Z�j�Z�l�Z�� ���;�I�E�:������ �h�[�e�Z�^�Z�x�s�b�c��

�\�u�k�h�d�h�c�� �f�Z�g�_�\�j�_�g�g�h�k�l�v�x�� �b�� �r�b�j�h�d�h�� �b�k�i�h�e�v�a�m�_�f�u�c�� �\�� �j�Z�a�e�b�q�g�u�o�� �h�[�e�Z�k�l�y�o���� �l�Z�d�b�o�� �d�Z�d��
�f�h�g�b�l�h�j�b�g�]�����g�Z�m�q�g�u�_���b�k�k�e�_�^�h�\�Z�g�b�y�����l�j�Z�g�k�i�h�j�l�b�j�h�\�d�Z�����i�h�b�k�d���b���k�i�Z�k�_�g�b�_���b���^�j�����<���l�h���`�_���\�j�_�f�y����
�b�a-�a�Z�� �k�e�h�`�g�u�o�� �^�b�g�Z�f�b�q�_�k�d�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �b�� �\�h�a�^�_�c�k�l�\�b�y�� �f�g�h�`�_�k�l�\�Z�� �g�_�h�i�j�_�^�_�e�_�g�g�u�o��
�n�Z�d�l�h�j�h�\���� �j�Z�a�j�Z�[�h�l�d�Z�� �w�n�n�_�d�l�b�\�g�h�c�� �k�b�k�l�_�f�u�� �m�i�j�Z�\�e�_�g�b�y�� �^�e�y�� �d�\�Z�^�j�h�d�h�i�l�_�j�Z�� �y�\�e�y�_�l�k�y��
�g�_�l�j�b�\�b�Z�e�v�g�h�c�� �a�Z�^�Z�q�_�c�� �D�\�Z�^�j�h�d�h�i�l�_�j�� �k�h�k�l�h�b�l�� �b�a�� �q�_�l�u�j�_�o�� �^�\�b�]�Z�l�_�e�_�c�� �k�� �i�j�h�i�_�e�e�_�j�Z�f�b����
�j�Z�k�i�h�e�h�`�_�g�g�u�o�� �k�b�f�f�_�l�j�b�q�g�h�� �i�h�� �k�o�_�f�_�� �d�j�_�k�l�Z�� �W�l�Z�� �k�b�k�l�_�f�Z�� �b�f�_�_�l�� �\�h�a�f�h�`�g�h�k�l�v�� �m�i�j�Z�\�e�_�g�b�y��
�^�\�b�`�_�g�b�_�f�� �i�h�� �r�_�k�l�b�� �k�l�_�i�_�g�y�f�� �k�\�h�[�h�^�u���� �\�d�e�x�q�Z�y�� �l�j�b�� �i�h�k�l�m�i�Z�l�_�e�v�g�u�o�� �^�\�b�`�_�g�b�y�� �b�� �l�j�b��
�\�j�Z�s�Z�l�_�e�v�g�u�o���^�\�b�`�_�g�b�y���\�h�d�j�m�]���h�k�_�c��OX, OY, OZ. �F�h�^�_�e�v���^�b�g�Z�f�b�d�b���d�\�Z�^�j�h�d�h�i�l�_�j�Z���h�i�b�k�Z�g�u��
�\�u�j�Z�`�_�g�b�y�f�b��[3]. 

�K�d�h�e�v�a�y�s�b�c���j�_�`�b�f���m�i�j�Z�\�e�_�g�b�y�����K�J�M�����y�\�e�y�_�l�k�y���w�n�n�_�d�l�b�\�g�u�f���j�_�r�_�g�b�_�f�����i�j�b�f�_�g�y�_�f�u�f��
�^�e�y�� �m�i�j�Z�\�e�_�g�b�y�� �d�\�Z�^�j�h�d�h�i�l�_�j�Z�f�b�� �>���±���@���� �H�^�g�Z�d�h���� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �k�d�h�e�v�a�y�s�_�]�h�� �j�_�`�b�f�Z��
�m�i�j�Z�\�e�_�g�b�y�� �a�g�Z�q�b�l�_�e�v�g�h�� �a�Z�\�b�k�b�l�� �h�l�� �\�u�[�h�j�Z�� �i�Z�j�Z�f�_�l�j�h�\�� �k�d�h�e�v�a�y�s�_�c�� �i�h�\�_�j�o�g�h�k�l�b���� �K�� �p�_�e�v�x��
�i�h�\�u�r�_�g�b�y���d�Z�q�_�k�l�\�Z���m�i�j�Z�\�e�_�g�b�y�����\���^�Z�g�g�h�c���k�l�Z�l�v�_���i�j�_�^�e�Z�]�Z�_�l�k�y���b�k�i�h�e�v�a�h�\�Z�g�b�_���Z�e�]�h�j�b�l�f�Z�����6�2��
�>���@���^�e�y���h�i�l�b�f�b�a�Z�p�b�b���w�l�b�o���i�Z�j�Z�f�_�l�j�h�\�� 

 
�F�_�l�h�^���h�i�l�b�f�b�a�Z�p�b�b���K�J�M �k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���Z�e�]�h�j�b�l�f�Z����SO  
�:�e�]�h�j�b�l�f�� ���6�2���± �f�_�l�h�^�� �]�e�h�[�Z�e�v�g�h�c�� �h�i�l�b�f�b�a�Z�p�b�b���� �h�[�t�_�^�b�g�y�x�s�b�c�� �e�h�d�Z�e�v�g�m�x��

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

�I�j�b�� �i�j�b�f�_�g�_�g�b�b�� �Z�e�]�h�j�b�l�f�Z�� ��SO �a�Z�^�Z�q�Z�� �h�i�l�b�f�b�a�Z�p�b�b���K�J�M �f�h�`�_�l�� �[�u�l�v�� �h�i�b�k�Z�g�Z�� �d�Z�d��
�a�Z�^�Z�q�Z���i�h�b�k�d�Z���w�d�k�l�j�_�f�m�f�Z���k���h�]�j�Z�g�b�q�_�g�b�y�f�b�����P�_�e�v���a�Z�d�e�x�q�Z�_�l�k�y���\���h�i�j�_�^�_�e�_�g�b�b���d�h�w�n�n�b�p�b�_�g�l�h�\��
�j�_�]�m�e�y�l�h�j�Z��(K = [(k1z, k2z) (k1�¥, k2�¥) (k1��, k2��) (k1�%, k2�%)]T)���� �l�Z�d�� �q�l�h�[�u���m�i�j�Z�\�e�y�x�s�Z�y�� �h�r�b�[�d�Z  
(E(t) = [ez(t) e�¥(t) e��(t) e�%(t)]T) �[�u�e�Z���f�b�g�b�f�b�a�b�j�h�\�Z�g�Z�����i�j�b���w�l�h�f���m�^�h�\�e�_�l�\�h�j�y�y���h�]�j�Z�g�b�q�_�g�b�y�f���i�h��
�^�b�g�Z�f�b�d�_ (G = [(POTz, tsz, trz) (POT�¥, ts�¥, tr�¥) (POT��, ts��, tr��) (POT�%, ts�%, tr�%)]T) �i�h��
�i�_�j�_�j�_�]�m�e�b�j�h�\�Z�g�b�x �© �3�2�7�ª, �\�j�_�f�_�g�b�� �g�Z�j�Z�k�l�Z�g�b�y�� �©tr�ª���b���\�j�_�f�_�g�b�� �i�_�j�_�o�h�^�Z �©ts�ª. �I�j�h�p�_�k�k��
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�h�i�l�b�f�b�a�Z�p�b�b���h�k�m�s�_�k�l�\�e�y�_�l�k�y���q�_�j�_�a���h�p�_�g�d�m���n�m�g�d�p�b�b �©fitness�ª �� �� �� ��2t t dt�  � ��³F E G . �G�_�h�[�o�h�^�b�f�u�_��

�i�Z�j�Z�f�_�l�j�u���^�e�y���i�h�k�l�j�h�_�g�b�y���n�m�g�d�p�b�b���©fitness�ª���h�i�j�_�^�_�e�y�x�l�k�y���g�Z���h�k�g�h�\�_���k�o�_�f�u���g�Z���j�b�k. 1. 

�J�b�k�����������K�o�_�f�Z���m�i�j�Z�\�e�_�g�b�y���d�\�Z�^�j�h�d�h�i�l�_�j�h�f���b���h�i�j�_�^�_�e�_�g�b�_���i�Z�j�Z�f�_�l�j�h�\���n�m�g�d�p�b�b���©�I�L�W�Q�H�V�V�ª 
 
�A�^�_�k�v����U(t) = [zd(t)  �¥d(t)  ��d(t)  �%d(t)]T �± �\�o�h�^�g�h�_���a�g�Z�q�_�g�b�_����Y(t) = [zm(t) �¥m(t) ��m(t) �%m(t)]T �± 

�\�u�o�h�^�g�h�c���h�l�d�e�b�d. 
 
�J�_�a�m�e�v�l�Z�l�u 
�>�e�y�� �i�j�h�\�_�j�d�b�� �b�� �k�j�Z�\�g�_�g�b�y�� �j�_�a�m�e�v�l�Z�l�h�\�� �f�u�� �b�k�i�h�e�v�a�h�\�Z�e�b�� �i�Z�j�Z�f�_�l�j�u�� �d�\�Z�^�j�h�d�h�i�l�_�j�Z�� �b��

�K�J�M, �h�i�m�[�e�b�d�h�\�Z�g�g�u�_���\���b�k�k�e�_�^�h�\�Z�g�b�b���>���@�� 
�I�Z�j�Z�f�_�l�j�u�� �Z�e�]�h�j�b�l�f�Z�� ���6�2�� �i�j�b�f�_�g�y�e�b�k�v�� �d�h�� �\�k�_�f�� �q�_�l�u�j�_�f�� �d�Z�g�Z�e�Z�f�� �m�i�j�Z�\�e�_�g�b�y��

�k�e�_�^�m�x�s�b�f�� �h�[�j�Z�a�h�f���� �d�h�e�b�q�_�k�l�\�h�� �h�k�h�[�_�c�� �\�� �i�h�i�m�e�y�p�b�b�� �j�Z�\�g�h�� �������� �d�h�e�b�q�_�k�l�\�h�� �b�l�_�j�Z�p�b�c���± 20, 
�j�Z�a�f�_�j�� �h�[�e�Z�k�l�b�� �i�h�b�k�d�Z�� �h�i�j�_�^�_�e�y�_�l�k�y��0�±400. �<�� �i�j�h�p�_�k�k�_�� �h�i�l�b�f�b�a�Z�p�b�b�� �[�u�e�b�� �i�h�e�m�q�_�g�u��
�h�i�l�b�f�Z�e�v�g�u�_�� �d�h�w�n�n�b�p�b�_�g�l�u�� �j�_�]�m�e�y�l�h�j�Z�� �^�e�y�� �m�]�e�h�\�� �W�c�e�_�j�Z�� �b�� �\�u�k�h�l�u: k1z = 216, k2z = 134,  
k1�Ë = 72, k2�Ë = 368, k1�� = 75, k2�� = 384, k1�% = 21, k2�% = 84. 

�J�_�a�m�e�v�l�Z�l�u�� �i�j�h�\�_�j�d�b�� �b�� �k�j�Z�\�g�_�g�b�y�� �h�l�d�e�b�d�Z�� �\�u�o�h�^�g�u�o�� �^�Z�g�g�u�o�� �d�Z�g�Z�e�h�\�� �m�i�j�Z�\�e�_�g�b�y�� �i�j�b��
�\�o�h�^�_�� �\�� �\�b�^�_�� �_�^�b�g�b�q�g�h�c�� �k�l�m�i�_�g�q�Z�l�h�c�� �n�m�g�d�p�b�b���i�h�d�Z�a�Z�g�u�� �g�Z�� �j�b�k. 2���� �D�Z�q�_�k�l�\�h�� �j�Z�[�h�l�u��
�k�h�h�l�\�_�l�k�l�\�m�x�s�b�o���j�_�]�m�e�y�l�h�j�h�\���i�j�_�^�k�l�Z�\�e�_�g�h���\���l�Z�[�e. 1.  
 

�J�b�k����2�����<�u�o�h�^�g�h�c���h�l�d�e�b�d���d�Z�g�Z�e�Z���\�u�k�h�l�u���b���m�]�e�h�\���W�c�e�_�j�Z���i�j�b���_�^�b�g�b�q�g�h�f���k�l�m�i�_�g�q�Z�l�h�f���\�o�h�^�g�h�f���k�b�]�g�Z�e�_ 
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�L�Z�[�e�b�p�Z��1 
�I�h�d�Z�a�Z�l�_�e�b���d�Z�q�_�k�l�\�Z���j�_�]�m�e�y�l�h�j�h�\ 

�D�Z�g�Z�e��
�m�i�j�Z�\�e�_�g�b�y 

�I�h�d�Z�a�Z�l�_�e�v 
�I�_�j�_�j�_�]�m�e�b�j�h�\�Z�g�b�_ 

(%) 
�<�j�_�f�y �g�Z�j�Z�k�l�Z�g�b�y �<�j�_�f�y �m�k�l�Z�g�h�\�e�_�g�b�y 

�M�k�l�Z�g�h�\�b�\�r�Z�y�k�y 
�h�r�b�[�d�Z 

�K�J�M���k���d�h�w�n�n�b�p�b�_�g�l�Z�f�b�����h�i�l�b�f�b�a�b�j�h�\�Z�g�g�u�f�b���k���i�h�f�h�s�v�x���Z�e�]�h�j�b�l�f�Z����SO ���K�J�M�B��SO) 
�<�u�k�h�l�Z z 0 0,0206 0,0361 5 x 10-7 

�M�]�h�e �¥ 0 0,2088 0,3278 43 x 10-7 
�M�]�h�e �� 0 0,1881 0,3025 2 x 10-6 
�M�]�h�e �% 85 x 10-6 0,0484 0,0814 65 x 10-7 

�K�J�M���k���i�Z�j�Z�f�_�l�j�Z�f�b���b�a���>���@�����K�J�M�� 
�<�u�k�h�l�Z���] 0 0,7422 1,3485 2 x 10-6 
�M�]�h�e���¥ 0 2,1713 3,8593 34 x 10-6 
�M�]�h�e���� 0 2,1713 3,8593 38 x 10-6 
�M�]�h�e���% 0 0,6745 1,1943 31 x 10-7 

 
�A�Z�d�e�x�q�_�g�b�_ 
�I�j�b�f�_�g�_�g�b�_�� �Z�e�]�h�j�b�l�f�Z�� ��SO �i�h�a�\�h�e�b�e�h�� �g�Z�f�� �h�i�j�_�^�_�e�b�l�v�� �h�i�l�b�f�Z�e�v�g�u�_�� �i�Z�j�Z�f�_�l�j�u�� �^�e�y��

�k�d�h�e�v�a�y�s�_�]�h�� �j�_�]�m�e�y�l�h�j�Z���� �q�l�h�� �a�g�Z�q�b�l�_�e�v�g�h�� �i�h�\�u�k�b�e�h�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �m�i�j�Z�\�e�_�g�b�y�� �d�\�Z�^�j�h�d�h�i�l�_�j�h�f����
�D�Z�d���i�h�d�Z�a�Z�g�h���\���l�Z�[�e�b�p�_���������l�Z�d�b�_���i�h�d�Z�a�Z�l�_�e�b�����d�Z�d���i�_�j�_�j�_�]�m�e�b�j�h�\�Z�g�b�_���b���m�k�l�Z�g�h�\�b�\�r�Z�y�k�y���h�r�b�[�d�Z�����^�e�y��
�h�[�h�b�o���j�_�]�m�e�y�l�h�j�h�\���f�b�g�b�f�Z�e�v�g�u���b���i�j�Z�d�l�b�q�_�k�d�b���j�Z�\�g�u���g�m�e�x�����<�j�_�f�y���g�Z�j�Z�k�l�Z�g�b�y���b���\�j�_�f�y���i�_�j�_�o�h�^�g�h�]�h��
�i�j�h�p�_�k�k�Z�� �l�Z�d�`�_�� �a�g�Z�q�b�l�_�e�v�g�h�� �m�e�m�q�r�_�g�u�� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �g�_�� �h�i�l�b�f�b�a�b�j�h�\�Z�g�g�u�f�� �k�d�h�e�v�a�y�s�b�f��
�j�_�]�m�e�y�l�h�j�h�f�����W�l�b���j�_�a�m�e�v�l�Z�l�u���i�h�^�l�\�_�j�`�^�Z�x�l���w�n�n�_�d�l�b�\�g�h�k�l�v���i�j�_�^�e�h�`�_�g�g�h�]�h���f�_�l�h�^�Z�����<���^�Z�e�v�g�_�c�r�_�f��
�f�u�� �i�e�Z�g�b�j�m�_�f�� �^�h�j�Z�[�h�l�Z�l�v�� �j�_�r�_�g�b�_�� �^�e�y�� �\�k�_�o�� �r�_�k�l�b�� �d�Z�g�Z�e�h�\�� �m�i�j�Z�\�e�_�g�b�y�� �d�\�Z�^�j�h�d�h�i�l�_�j�Z���� �Z�� �l�Z�d�`�_��
�b�k�k�e�_�^�h�\�Z�l�v�� �i�j�b�f�_�g�_�g�b�_�� �^�Z�g�g�h�]�h�� �i�h�^�o�h�^�Z�� �^�e�y�� �j�Z�a�j�Z�[�h�l�d�b�� �k�d�h�e�v�a�y�s�_�]�h�� �j�_�]�m�e�y�l�h�j�Z�� �k�� �g�_�q�_�l�d�h�c��
�e�h�]�b�d�h�c�����q�l�h���i�h�a�\�h�e�b�l���k�g�b�a�b�l�v���w�n�n�_�d�l���^�j�h�`�Z�g�b�y �b���i�h�\�u�k�b�l�v���d�Z�q�_�k�l�\�h���m�i�j�Z�\�e�_�g�b�y�� 
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Abstract.  In the present study, we developed the concept and layout of a small-sized source-meter 
with a digital control unit to improve the testing efficiency of photonic integrated circuits. This digital 
control unit is designed on the basis of the ESP-32 microcontroller, is programmed in the Arduino 
language and communicates with other circuit devices using the Serial Peripheral Interface. 
Key words: Source Measuring Unit, SPI, Signal converter, Photonic Integrated Circuit. 

 
�<�\�_�^�_�g�b�_ 
�<�� �g�Z�k�l�h�y�s�b�c�� �f�h�f�_�g�l�� �l�_�k�l�b�j�h�\�Z�g�b�_�� �b�g�l�_�]�j�Z�e�v�g�u�o�� �Z�g�Z�e�h�]�h�\�u�o�� �N�B�K�� �k�� �i�h�f�h�s�v�x��
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�i�j�h�b�a�\�h�^�b�l�v�� �h�i�_�j�Z�p�b�b�� �i�h�^�Z�q�b�� �b�� �i�h�e�m�q�_�g�b�y�� �k�b�]�g�Z�e�Z�� �k�� ������ �i�h�j�l�h�\���� �q�l�h�[�u�� �m�f�_�g�v�r�b�l�v�� �\�j�_�f�y��
�l�_�k�l�b�j�h�\�Z�g�b�y���� �L�Z�d���� �g�Z�i�j�b�f�_�j�� �e�b�g�_�c�d�Z�� �f�h�^�_�e�_�c�� �6�0�8�� �.�H�\�V�L�J�K�W�� �h�l�� �Z�f�_�j�b�d�Z�g�k�d�h�c�� �d�h�f�i�Z�g�b�b��
�.�H�L�W�K�O�H�\�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �b�k�l�h�q�g�b�d�b�� �i�b�l�Z�g�b�y�� �F�� �q�_�l�u�j�z�o�d�\�Z�^�j�Z�g�l�g�u�f�b�� �^�b�Z�i�Z�a�h�g�Z�f�b��
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�>�e�y �h�[�_�k�i�_�q�_�g�b�y�� �d�h�f�f�m�g�b�d�Z�p�b�b�� �f�_�`�^�m�� �\�_�^�m�s�b�f�� �f�b�d�j�h�d�h�g�l�j�h�e�e�_�j�h�f�� �b�� �\�_�^�h�f�u�f�b��
�m�k�l�j�h�c�k�l�\�Z�f�b���� �\�� �\�b�^�_�� �p�b�n�j�h-�Z�g�Z�e�h�]�h�\�h�]�h�� �b�� �Z�g�Z�e�h�]�h-�p�b�n�j�h�\�h�]�h�� �i�j�_�h�[�j�Z�a�h�\�Z�l�_�e�y�f�b�� �[�u�e�h��
�i�j�b�g�y�l�h���b�k�i�h�e�v�a�h�\�Z�l�v���b�g�l�_�j�n�_�c�k���6�3�,�����<�u�[�h�j���6�3�,���b�g�l�_�j�n�_�c�k�Z���[�u�e���h�[�m�k�e�h�\�e�_�g���[�h�e�_�_���g�b�a�d�b�f�b��
�l�j�_�[�h�\�Z�g�b�y�f�b�� �d�� �w�g�_�j�]�h�i�h�l�j�_�[�e�_�g�b�x���� �\�� �h�l�e�b�q�b�_�� �h�l�� �,���&�� �b GPIB [2]���� �?�s�z�� �h�^�g�h�� �\�b�^�g�h�_��
�i�j�_�b�f�m�s�_�k�l�\�h�� �6�3�,���± �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �l�h�e�v�d�h�� �q�_�l�u�j�z�o�� �\�u�\�h�^�h�\�� �^�e�y�� �i�h�^�d�e�x�q�_�g�b�y�� �f�_�`�^�m��
�\�_�^�m�s�b�f���b���\�_�^�h�f�u�f���d�h�f�i�h�g�_�g�l�h�\�����q�l�h���h�[�_�k�i�_�q�b�\�Z�_�l���[�h�e�v�r�m�x���d�h�f�i�Z�d�l�g�h�k�l�v���b�l�h�]�h�\�h�c���k�o�_�f�u��
�m�k�l�j�h�c�k�l�\�Z�����<�u�o�h�^�g�u�_���i�h�j�l�u���6�3�,���g�Z���i�e�Z�l�_���(�6�3�������i�h�^�d�e�x�q�Z�x�l�k�y���d���p�b�n�j�h�\�h�f�m���b�a�h�e�y�l�h�j�m���^�e�y��
�k�g�b�`�_�g�b�y�� �\�g�m�l�j�_�g�g�b�o�� �r�m�f�h�\ [3]���� �A�Z�l�_�f�� �k�� �i�h�f�h�s�v�x�� ����-�d�Z�g�Z�e�v�g�u�o�� �f�m�e�v�l�b�i�e�_�d�k�h�j�h�\��
ADG739BRUZ-�5�(�(�/������ �j�Z�[�h�l�Z�x�s�b�o�� �\�� �j�_�`�b�f�_�� �^�_�f�m�e�v�l�b�i�e�_�d�k�h�j�h�\���� �[�m�^�_�l�� �i�j�h�b�a�\�h�^�b�l�k�y��
�m�f�g�h�`�_�g�b�_�� �&�6�� �k�b�]�g�Z�e�h�\���� �Z�d�l�b�\�b�j�m�x�s�b�o�� �\�_�^�h�f�h�_�� �m�k�l�j�h�c�k�l�\�h���� �^�h�� �g�_�h�[�o�h�^�b�f�u�o�� �a�g�Z�q�_�g�b�c����
�L�Z�d �d�Z�d���h�^�g�h�c���b�a���h�k�g�h�\�g�h�c���a�Z�^�Z�q�b���E�B�H�J���y�\�e�y�_�l�k�y���h�[�_�k�i�_�q�_�g�b�_���l�_�k�l�b�j�h�\�Z�g�b�y���g�_�c�j�h�f�h�j�n�g�u�o��
�i�_�j�_�f�g�h�`�b�l�_�e�_�c�� �f�Z�l�j�b�p���� �g�_�h�[�o�h�^�b�f�h�� �h�k�g�Z�k�l�b�l�v�� �m�k�l�j�h�c�k�l�\�h�� �i�y�l�v�x�� �f�m�e�v�l�b�i�e�_�d�k�h�j�Z�f�b��
ADG739BRUZ-�5�(�(�/������ �6�&�.�� �k�b�]�g�Z�e�� �b�k�i�h�e�v�a�m�_�l�k�y�� �^�e�y�� �k�b�g�o�j�h�g�b�a�Z�p�b�b�� �i�j�b�� �i�_�j�_�^�Z�q�_�� �^�Z�g�g�u�o����
�R�b�g�Z���0�2�6�,���i�j�_�^�g�Z�a�g�Z�q�_�g�Z���^�e�y���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�c���i�_�j�_�^�Z�q�b���^�Z�g�g�u�o���h�l���\�_�^�m�s�_�]�h���d���\�_�^�h�f�h�f�m����
�<�� �k�o�_�f�_�� �d�� �^�Z�g�g�h�c�� �r�b�g�_�� �i�h�^�d�e�x�q�Z�_�l�k�y�� �p�b�n�j�h-�Z�g�Z�e�h�]�h�\�u�c�� �i�j�_�h�[�j�Z�a�h�\�Z�l�_�e�v�� �$�'���������� �b��
�Z�g�Z�e�h�]�h�\�h-�p�b�n�j�h�\�h�c�� �i�j�_�h�[�j�Z�a�h�\�Z�l�_�e�v�� �$�'���������%�&�3�=���� �R�b�g�Z�� �0�,�6�2�� �^�Z�g�g�u�c�� �k�b�]�g�Z�e��
�i�j�_�^�g�Z�a�g�Z�q�_�g���^�e�y���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�c���i�_�j�_�^�Z�q�b���^�Z�g�g�u�o���h�l���\�_�^�h�f�h�]�h���d���\�_�^�m�s�_�f�m�����K�b�]�g�Z�e���0�,�6�2��
�l�Z�d�� �`�_�� �b�k�i�h�e�v�a�m�_�l�� �Z�g�Z�e�h�]�h�\�h-�p�b�n�j�h�\�h�c�� �i�j�_�h�[�j�Z�a�h�\�Z�l�_�e�v�� �$�'���������%�&�3�=���� �>�Z�e�_�_�� �i�j�h�b�a�\�h�^�b�l�k�y��
�i�h�^�d�e�x�q�_�g�b�_�� �&�6�� �d�Z�g�Z�e�h�\�� �d�� �f�g�h�]�h�d�Z�g�Z�e�v�g�h�f�m�� �P�:�I���� �H�l�� �P�:�I�� �k�b�]�g�Z�e�� �\�� �\�b�^�_�� ����-�[�b�l�g�h�]�h��
�a�g�Z�q�_�g�b�y���� �i�j�_�h�[�j�Z�a�m�_�l�k�y�� �\�� �g�Z�i�j�y�`�_�g�b�_�� �b�� �b�^�z�l�� �g�Z�� �f�b�d�j�h�k�o�_�f�u�� �k�� �g�Z�e�b�q�b�_�f�� �h�i�_�j�Z�p�b�h�g�g�h�]�h��
�m�k�b�e�b�l�_�e�y���^�e�y���m�\�_�e�b�q�_�g�b�y���i�h�^�Z�\�Z�_�f�h�]�h���g�Z�i�j�y�`�_�g�b�y�����r�m�g�l�Z���^�e�y���h�i�j�_�^�_�e�_�g�b�y���\�_�e�b�q�b�g�u���k�b�e�u����
�i�h�^�Z�\�Z�_�f�h�]�h�� �g�Z�� �g�Z�]�j�m�a�d�m���� �\�� �\�b�^�_�� �l�_�k�l�b�j�m�_�f�h�]�h�� �i�h�j�l�Z�� �N�B�K [4, 5]���� �G�Z�i�j�y�`�_�g�b�_�� �g�Z�� �i�h�j�l�_��
�h�i�j�_�^�_�e�y�_�l�k�y�� �k�� �i�h�f�h�s�v�x�� �b�g�k�l�j�m�f�_�g�l�Z�e�v�g�h�]�h�� �m�k�b�e�b�l�_�e�y���� �� �A�Z�l�_�f�� �a�g�Z�q�_�g�b�y�� �i�_�j�_�^�Z�x�l�k�y�� �q�_�j�_�a��
�:�P�I�� �g�Z�� �d�h�g�l�j�h�e�e�_�j���� �i�j�_�h�[�j�Z�a�h�\�u�\�Z�y�k�v�� �\�� ����-�[�b�l�g�h�_�� �a�g�Z�q�_�g�b�_���� �Q�l�h�[�u�� �h�i�j�_�^�_�e�b�l�v��
�d�h�j�j�_�d�l�g�h�k�l�v�� �i�h�^�Z�\�Z�_�f�h�]�h�� �k�b�]�g�Z�e�Z�� �g�Z�� �N�B�K���� �k�b�]�g�Z�e���� �i�j�_�h�[�j�Z�a�h�\�Z�g�g�u�c�� �\�� �^�\�h�b�q�g�u�c�� �d�h�^����
�i�h�k�l�m�i�Z�_�l�� �g�Z�� �k�^�\�b�]�h�\�u�_�� �j�_�]�b�k�l�j�u�� �6�1�����+�&�������'�� �b�� �h�l�h�[�j�Z�`�Z�_�l�k�y�� �\�� �\�b�^�_�� �i�Z�j�Z�e�e�_�e�v�g�h�]�h��
�k�b�]�g�Z�e�Z���g�Z���k�\�_�l�h�^�b�h�^�Z�o�����i�h�^�d�e�x�q�_�g�g�u�o���d���\�u�o�h�^�g�u�f���i�h�j�l�Z�f���j�_�]�b�k�l�j�h�\ [6]. 
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Abstract. The study investigates the impact of an internal spiral conductor routing scheme on the 
characteristics of a differential transmission line (TL). A time-domain and frequency-domain analysis 
was conducted, demonstrating interference attenuation by a factor of 3,33 (10,46 dB). The signal 
integrity was analyzed at data rates of 1 and 2 Gbit/s, revealing an improvement in the signal-to-noise 
ratio with increasing speed. The obtained results confirm the effectiveness of the proposed routing 
method in enhancing the electromagnetic interference immunity of differential TLs. 
Key words: microstrip transmission line, useful signal integrity, interference attenuation. 

 
�<�\�_�^�_�g�b�_ 
�K�d�h�j�h�k�l�b���i�_�j�_�^�Z�q�b���^�Z�g�g�u�o���\���k�h�\�j�_�f�_�g�g�h�f���f�b�j�_���i�j�h�^�h�e�`�Z�x�l���j�Z�k�l�b�����b���^�e�y���h�[�_�k�i�_�q�_�g�b�y��

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

 
�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���q�Z�k�l�v 
�<���d�Z�q�_�k�l�\�_���h�[�t�_�d�l�Z���b�k�k�e�_�^�h�\�Z�g�b�y���\�u�[�j�Z�g�Z���k�\�y�a�Z�g�g�Z�y���f�b�d�j�h�i�h�e�h�k�d�h�\�Z�y���E�I�����k�\�_�j�g�m�l�Z�y���\��

�\�b�^�_�� �\�g�m�l�j�_�g�g�_�c�� �k�i�b�j�Z�e�b [5]���� �G�Z�� �j�b�k. ���� �i�h�d�Z�a�Z�g�h�� �i�h�i�_�j�_�q�g�h�_�� �k�_�q�_�g�b�_�� �b�� �k�o�_�f�Z�� �\�d�e�x�q�_�g�b�y��
�b�k�k�e�_�^�m�_�f�h�c�� �k�l�j�m�d�l�m�j�u�����I�Z�j�Z�f�_�l�j�u�� �i�h�i�_�j�_�q�g�h�]�h�� �k�_�q�_�g�b�y���� �r�b�j�b�g�Z�� �i�j�h�\�h�^�g�b�d�h�\��w = 0,9 �f�f����
�l�h�e�s�b�g�Z���i�j�h�\�h�^�g�b�d�h�\��t = 0,018 �f�f�����j�Z�k�k�l�h�y�g�b�_���f�_�`�^�m���i�j�h�\�h�^�g�b�d�Z�f�b��s = 0,15 �f�f�����j�Z�k�k�l�h�y�g�b�_��
�f�_�`�^�m�� �i�Z�j�Z�f�b��d = 0,15 �f�f���� �\�u�k�h�l�Z�� �^�b�w�e�_�d�l�j�b�q�_�k�d�h�c�� �i�h�^�e�h�`�d�b��h1 = 0,206 �f�f���� �h�[�s�Z�y�� �^�e�b�g�Z��
�i�j�h�\�h�^�g�b�d�h�\��l = 300 �f�f���� �<�� �d�Z�q�_�k�l�\�_�� �^�b�w�e�_�d�l�j�b�q�_�k�d�h�c�� �i�h�^�e�h�`�d�b�� �b�k�i�h�e�v�a�h�\�Z�g��FR-���� �k��
�h�l�g�h�k�b�l�_�e�v�g�h�c���^�b�w�e�_�d�l�j�b�q�_�k�d�h�c���i�j�h�g�b�p�Z�_�f�h�k�l�v�x���0r = �������� �b���l�Z�g�]�_�g�k�h�f�� �m�]�e�Z���^�b�w�e�_�d�l�j�b�q�_�k�d�b�o��
�i�h�l�_�j�v��tg�/ = 0,025. �G�h�f�b�g�Z�e�u���j�_�a�b�k�l�h�j�h�\���k�h�k�l�Z�\�b�e�b��100 �H�f�� 
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N-�g�h�j�f�u���� �G�Z�� �j�b�k�� ���� �i�j�_�^�k�l�Z�\�e�_�g�Z�� �n�h�j�f�Z �K�R�I �i�h�f�_�o�b �\�h�� �\�j�_�f�_�g�g�h�c�� �h�[�e�Z�k�l�b�� �b�� �_�_ 
�k�i�_�d�l�j�Z�e�v�g�Z�y���i�e�h�l�g�h�k�l�v���g�Z�i�j�y�`�_�g�b�y. �G�Z���j�b�k�� �����i�j�_�^�k�l�Z�\�e�_�g���\�j�_�f�_�g�g�h�c���h�l�d�e�b�d���g�Z���K�R�I���W�F�I 
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144 �f�<�����W�l�h�� �]�h�\�h�j�b�l�� �h�� �l�h�f���� �q�l�h�� �i�h�f�_�o�Z�� �\�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f�� �j�_�`�b�f�_�� �h�k�e�Z�[�b�e�Z�k�v�� �\��
3,71 �j�Z�a�Z ���b�e�b�� ��1,39 �^�;�� �h�l�g�h�k�b�l�_�e�v�g�h�� �i�h�e�h�\�b�g�u �w.� .̂�k. �L�Z�d�`�_�� �\�b�^�g�h�� ���� �q�_�l�d�b�o�� �b�f�i�m�e�v�k�Z��
�j�Z�a�e�h�`�_�g�b�y�� �g�Z�� ���������� �b�� �������� �g�k, �k�h�h�l�\�_�l�k�l�\�_�g�g�h�����I�j�b�� �Z�g�Z�e�b�a�_�� �q�Z�k�l�h�l�g�h�c�� �h�[�e�Z�k�l�b���� �\�b�^�g�h���� �q�l�h��
�i�h�e�h�k�Z���i�j�h�i�m�k�d�Z�g�b�y���k�l�j�m�d�l�m�j�u���i�h���m�j�h�\�g�x���f�b�g�m�k 3 �^�;���k�h�k�l�Z�\�e�y�_�l���� �=�=�p�����L�Z�d�`�_���g�Z�[�e�x�^�Z�_�l�k�y��
�y�\�g�u�_�� �j�_�a�h�g�Z�g�k�u�� �g�Z�� �\�k�_�f�� �q�Z�k�l�h�l�g�h�f�� �^�b�Z�i�Z�a�h�g�_��|Sdd21|. �>�e�y�� �^�_�l�Z�e�v�g�h�]�h�� �Z�g�Z�e�b�a�Z�� �\�j�_�f�_�g�g�u�o��
�h�l�d�e�b�d�h�\���b�k�i�h�e�v�a�h�\�Z�g�u��N-�g�h�j�f�u. 

�L�Z�[�e�b�p�Z������ 

�<�u�q�b�k�e�_�g�g�u�_��N-�g�h�j�f�u���g�Z���\�o�h�^�_���b���\�u�o�h�^�_���^�e�y���b�k�k�e�_�^�m�_�f�h�c���k�l�j�m�d�l�m�j�u 

 N1�Â����3 N2�Â����-10 N3�Â����-12 N4�Â����-10 N5�Â����-6 
�<�o�h�^ 535 1,101 7,635 1,765 6,051 

�<�u�o�h�^ 144 0,2612 7,055 1,09 2,565 

�B�a���l�Z�[�e. ���� �\�b�^�g�h���� �q�l�h�� �i�j�b�f�_�g�_�g�b�_�� �k�o�_�f�u�� �l�j�Z�k�k�b�j�h�\�d�b�� �i�j�h�\�h�^�g�b�d�h�\�� �\�� �\�b�^�_�� �\�g�m�l�j�_�g�g�_�c��
�k�i�b�j�Z�e�b �\���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f���j�_�`�b�f�_ �i�h�a�\�h�e�y�_�l�� �m�f�_�g�v�r�b�l�v���a�g�Z�q�_�g�b�y��N-�g�h�j�f�� �L�Z�d���a�g�Z�q�_�g�b�_��



XXII 

N-�g�h�j�f �k�g�b�a�b�e�h�k�v: N1 �\ 3,71 �j�Z�a�Z, N2 �± 4,215 �j�Z�a�Z, N3 �± 4,215 �j�Z�a, N4 �± 1,082 �j�Z�a �b��N5 �± 
2,35 �j�Z�a�Z���� �L�_�f�� �k�Z�f�u�f�� �[�u�e�h�� �^�h�k�l�b�]�g�m�l�h�� �a�g�Z�q�b�l�_�e�v�g�h�_�� �m�f�_�g�v�r�_�g�b�_�� �\�_�j�h�y�l�g�h�k�l�b��
�w�e�_�d�l�j�b�q�_�k�d�h�]�h���i�j�h�[�h�y �^�b�w�e�_�d�l�j�b�d�Z���b�e�b���\�u�]�h�j�Z�g�b�y �w�e�_�f�_�g�l�Z. 

�:�g�Z�e�b�a���p�_�e�h�k�l�g�h�k�l�b���i�h�e�_�a�g�h�]�h���k�b�]�g�Z�e�Z 
�>�e�y�� �h�p�_�g�d�b�� �i�h�e�_�a�g�h�]�h�� �k�b�]�g�Z�e�Z���b�k�i�h�e�v�a�h�\�Z�e�Z�k�v �i�k�_�\�^�h�k�e�m�q�Z�c�g�Z�y �[�b�l�h�\�Z�y��

�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�v �j�Z�a�f�_�j�g�h�k�l�v�x�� ���������� �[�b�l �k�h�� �k�d�h�j�h�k�l�y�f�b ���� �b��2 �=�[�b�l���k�����>�Z�g�g�Z�y �k�d�h�j�h�k�l�v��
�[�u�e�Z �h�i�j�_�^�_�e�_�g�Z �i�h�� �i�h�e�h�k�_�� �i�j�h�i�m�k�d�Z�g�b�y �b�k�k�e�_�^�m�_�f�h�c�� �k�l�j�m�d�l�m�j�u���� �G�Z�� �j�b�k�� ���� �i�j�_�^�k�l�Z�\�e�_�g�u 
�]�e�Z�a�d�h�\�u�_ �^�b�Z�]�j�Z�f�f�u���^�e�y �k�d�h�j�h�k�l�_�c �����b���� �=�[�b�l���k. 

�Z �[ 

�J�b�k�� 4. �=�e�Z�a�d�h�\�u�_���^�b�Z�]�j�Z�f�f�u���^�e�y���k�d�h�j�h�k�l�_�c 1 ���Z�����b�������=�[�b�l���k ���[�� 
 
�A�g�Z�q�_�g�b�_�� �h�l�g�h�r�_�g�b�y�� �k�b�]�g�Z�e/�r�m�f�� �i�j�b�� �k�d�h�j�h�k�l�b�� �� �=�[�b�l/�k�� �k�h�k�l�Z�\�b�e�h ���������� �Z�� �i�j�b�� �k�d�h�j�h�k�l�b��

2 �=�[�b�l/�k �± 7,54�����I�j�b���w�l�h�f �i�j�b���m�\�_�e�b�q�_�g�b�b���k�d�h�j�h�k�l�b���\�h�a�j�h�k�e�b �k�j�_�^�g�_�d�\�Z�^�j�Z�l�b�q�g�h�_���b���i�b�d�h�\�h�_��
�n�Z�a�h�\�h�_�� �h�l�d�e�h�g�_�g�b�y���� �K�j�_�^�g�_�d�\�Z�^�j�Z�l�b�q�g�h�_ �h�l�d�e�h�g�_�g�b�_ �m�\�_�e�b�q�b�e�h�k�v�� �k�� ������ �^�h�� ���� �i�k���� �i�b�d�h�\�h�_ 
�h�l�d�e�h�g�_�g�b�_ �k���������^�h�������� �i�k�����L�Z�d�`�_���\�u�k�h�l�Z���h�l�d�j�u�l�b�y���©�]�e�Z�a�Z�ª���m�f�_�g�v�r�b�e�Z�k�v���k�����������^�h�������� �f�<���� 

 
�A�Z�d�e�x�q�_�g�b�_ 
�L�Z�d�b�f�� �h�[�j�Z�a�h�f�����i�j�b�f�_�g�_�g�b�_�� �k�o�_�f�u�� �l�j�Z�k�k�b�j�h�\�d�b�� �i�j�h�\�h�^�g�b�d�h�\�� �\�� �\�b�^�_�� �\�g�m�l�j�_�g�g�_�c��

�k�i�b�j�Z�e�b���g�_���l�h�e�v�d�h���i�h�a�\�h�e�y�_�l���i�_�j�_�^�Z�\�Z�l�v���i�h�e�_�a�g�u�c���k�b�]�g�Z�e���\���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f���j�_�`�b�f�_�����g�h���b��
�i�h�^�Z�\�e�y�l�v���d�h�g�^�m�d�l�b�\�g�u�_���K�R�I���W�F�I���� 

 
�K�i�b�k�h�d���e�b�l�_�j�Z�l�m�j�u 
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Abstract. We present electron beam remelting of steel surface. Electron beam was produced by 
forevacuum plasma electron source. The melting was carried out with a stationary and moving target. 
The depth and width of the melt were measured depending on the irradiation time and the movement 
speed of the target. 
Key words: plasma electron source, fore-vacuum, metal remelting. 
 

�<�\�_�^�_�g�b�_ 
�H�^�b�g���b�a���k�i�h�k�h�[�h�\���m�e�m�q�r�_�g�b�y���Z�g�l�b�d�h�j�j�h�a�b�h�g�g�u�o���k�\�h�c�k�l�\�����Z���l�Z�d�`�_���i�h�\�u�r�_�g�b�y���l�\�_�j�^�h�k�l�b��

�b �b�a�g�h�k�h�k�l�h�c�d�h�k�l�b�� �f�_�l�Z�e�e�b�q�_�k�d�b�o�� �b�a�^�_�e�b�c�� �k�h�k�l�h�b�l�� �\�� �w�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�h�c�� �i�_�j�_�i�e�Z�\�d�_��
�i�h�\�_�j�o�g�h�k�l�g�h�]�h�� �k�e�h�y�� �k���i�j�b�k�Z�^�d�h�c�� �i�h�k�l�h�j�h�g�g�_�]�h�� �\�_�s�_�k�l�\�Z. �<�� �d�Z�q�_�k�l�\�_���i�j�b�k�Z�^�h�d�� �q�Z�s�_�� �\�k�_�]�h��
�b�k�i�h�e�v�a�m�x�l �i�h�j�h�r�d�b�� �l�m�]�h�i�e�Z�\�d�b�o�� �f�_�l�Z�e�e�h�\�� �e�b�[�h�� �^�b�w�e�_�d�l�j�b�q�_�k�d�b�o�� �f�Z�l�_�j�b�Z�e�h�\���� �h�d�k�b�^�h�\����
�g�b�l�j�b�^�h�\�� �d�Z�j�[�b�^�h�\ [1]. �I�h�^�� �^�_�c�k�l�\�b�_�f�� �w�e�_�d�l�j�h�g�g�h�]�h�� �i�m�q�d�Z�� �q�Z�k�l�b�p�u�� �^�b�w�e�_�d�l�j�b�q�_�k�d�h�]�h��
�i�h�j�h�r�d�Z�� �f�h�]�m�l�� �a�Z�j�y�`�Z�l�v�k�y���� �q�l�h�� �\�u�a�u�\�Z�_�l�� �b�o�� �j�Z�a�e�_�l�� �b���� �k�e�_�^�h�\�Z�l�_�e�v�g�h���� �k�g�b�`�_�g�b�_��
�w�n�n�_�d�l�b�\�g�h�k�l�b���h�i�_�j�Z�p�b�b�� �I�j�b���i�j�h�\�_�^�_�g�b�b���g�Z�i�e�Z�\�d�b���\���\�u�k�h�d�h�f���\�Z�d�m�m�f�_���l�j�_�[�m�_�l�k�y���i�j�b�g�y�l�b�_��
�k�i�_�p�b�Z�e�v�g�u�o�� �f�_�j�� �i�h�� �i�j�_�^�h�l�\�j�Z�s�_�g�b�x�� �w�l�h�]�h�� �g�_�`�_�e�Z�l�_�e�v�g�h�]�h�� �y�\�e�_�g�b�y�����D�Z�d�� �h�l�f�_�q�Z�_�l�k�y�� �\�� �>��], 
�i�j�h�[�e�_�f�Z�� �a�Z�j�y�^�d�b���^�b�w�e�_�d�l�j�b�d�h�\�� �\�� �a�g�Z�q�b�l�_�e�v�g�h�c�� �k�l�_�i�_�g�b�� �m�k�l�j�Z�g�y�_�l�k�y�� �i�j�b���b�k�i�h�e�v�a�h�\�Z�g�b�b��
�n�h�j�\�Z�d�m�m�f�g�u�o�� �i�e�Z�a�f�_�g�g�u�o�� �w�e�_�d�l�j�h�g�g�u�o�� �b�k�l�h�q�g�b�d�h�\���� �^�b�Z�i�Z�a�h�g�� �j�Z�[�h�q�b�o�� �^�Z�\�e�_�g�b�c�� �d�h�l�h�j�u�o��
�k�h�k�l�Z�\�e�y�_�l�� �_�^�b�g�b�p�u-�^�_�k�y�l�d�b���I�Z�k�d�Z�e�v�� �W�l�h�� �k�i�h�k�h�[�k�l�\�m�_�l�� �n�h�j�f�b�j�h�\�Z�g�b�x�� �i�m�q�d�h�\�h�c�� �i�e�Z�a�f�u����
�h�[�_�k�i�_�q�b�\�Z�x�s�_�c���d�h�f�i�_�g�k�Z�p�b�x���h�l�j�b�p�Z�l�_�e�v�g�h�]�h���a�Z�j�y�^�Z�����i�j�b�g�h�k�b�f�h�]�h���i�m�q�d�h�f, �i�h�e�h�`�b�l�_�e�v�g�u�f��
�a�Z�j�y�^�h�f�� �b�h�g�h�\�� �b�a�� �i�m�q�d�h�\�h�c�� �i�e�Z�a�f�u���� �P�_�e�v�� �g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�u�� �a�Z�d�e�x�q�Z�_�l�k�y�� �\�� �^�_�f�h�g�k�l�j�Z�p�b�b��
�i�j�b�f�_�g�_�g�b�y���w�e�_�d�l�j�h�g�g�h�]�h���e�m�q�Z���\���n�h�j�\�Z�d�m�m�f�_���^�e�y���i�_�j�_�i�e�Z�\�d�b �i�h�\�_�j�o�g�h�k�l�b �f�_�l�Z�e�e�Z.  

 
�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���q�Z�k�l�v 
�W�d�k�i�_�j�b�f�_�g�l�� �i�j�h�\�h�^�b�e�k�y���\�� �Z�l�f�h�k�n�_�j�_�� �Z�a�h�l�Z �i�j�b�� �^�Z�\�e�_�g�b�b�� �������� �I�Z�� �g�Z���m�k�l�Z�g�h�\�d�_����

�k�o�_�f�Z�l�b�q�_�k�d�h�_���b�a�h�[�j�Z�`�_�g�b�_���d�h�l�h�j�h�c���i�j�_�^�k�l�Z�\�e�_�g�h���g�Z���j�b�k�������� �G�Z���n�e�Z�g�p�_���\�Z�d�m�m�f�g�h�c �d�Z�f�_�j�u������
�j�Z�k�i�h�e�Z�]�Z�e�k�y�� �n�h�j�\�Z�d�m�m�f�g�u�c�� �i�e�Z�a�f�_�g�g�u�c�� �w�e�_�d�l�j�h�g�g�u�c�� �b�k�l�h�q�g�b�d�� ������ �W�e�_�d�l�j�h�i�b�l�Z�g�b�_��
�j�Z�a�j�y�^�g�h�c�� �b�� �m�k�d�h�j�y�x�s�_�c�� �k�b�k�l�_�f�� �b�k�l�h�q�g�b�d�Z�� �h�k�m�s�_�k�l�\�e�y�e�h�k�v�� �\�u�i�j�y�f�b�l�_�e�y�f�b��Ud �b��Ua. 
�W�e�_�d�l�j�h�g�g�u�c���i�m�q�h�d�������k���i�h�f�h�s�v�x���f�Z�]�g�b�l�g�h�c���e�b�g�a�u�������n�h�d�m�k�b�j�h�\�Z�e�k�y���g�Z���i�h�\�_�j�o�g�h�k�l�b���h�[�j�Z�a�p�Z��
���� �\�� �i�y�l�g�h�� �^�b�Z�f�_�l�j�h�f�� ���� �f�f���� �H�[�j�Z�a�_�p�� �a�Z�d�j�_�i�e�_�g�� �\�� �h�^�g�h�d�h�h�j�^�b�g�Z�l�g�h�c�� �k�b�k�l�_�f�_�� �i�_�j�_�f�_�s�_�g�b�y�� 
�B�a�f�_�j�_�g�b�y�� �i�j�h�\�h�^�b�e�b�k�v�� �g�Z�� �h�[�j�Z�a�p�Z�o���� �b�a�]�h�l�h�\�e�_�g�g�u�o�� �b�a�� �k�l�Z�e�b�� �����=���K�� �b�� �g�_�j�`�Z�\�_�x�s�_�c�� �k�l�Z�e�b��
�����O�����G�����L���� �L�h�e�s�b�g�Z�� �h�[�j�Z�a�p�h�\�� �k�h�k�l�Z�\�e�y�e�Z�� ���� �b�� ���� �f�f���� �k�h�h�l�\�_�l�k�l�\�_�g�g�h�����>�e�y�� �h�i�j�_�^�_�e�_�g�b�y��
�\�h�a�f�h�`�g�u�o�� �j�_�`�b�f�h�\�� �g�Z�i�e�Z�\�d�b�� �[�u�e�b�� �\�u�i�h�e�g�_�g�u�� �b�a�f�_�j�_�g�b�y�� �]�e�m�[�b�g�u���b�� �r�b�j�b�g�u���i�j�h�i�e�Z�\�Z�� �\��
�a�Z�\�b�k�b�f�h�k�l�b���h�l �^�e�b�l�_�e�v�g�h�k�l�b���h�[�e�m�q�_�g�b�y �i�j�b���j�Z�a�g�u�o �w�g�_�j�]�b�y�o �w�e�_�d�l�j�h�g�h�\���\���i�m�q�d�_�� �I�j�b���w�l�h�f��
�w�g�_�j�]�b�y���a�Z�^�Z�\�Z�e�Z�k�v���\�_�e�b�q�b�g�h�c���m�k�d�h�j�y�x�s�_�]�h���g�Z�i�j�y�`�_�g�b�y��Ua. 
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�G�Z�j�y�^�m�� �k �w�d�k�i�_�j�b�f�_�g�l�Z�f�b �\�� �k�l�Z�p�b�h�g�Z�j�g�h�f�� �j�_�`�b�f�_�� �[�u�e�b���\�u�i�h�e�g�_�g�u�� �b�a�f�_�j�_�g�b�y���k��
�i�_�j�_�f�_�s�_�g�b�_�f �h�[�j�Z�a�p�Z���i�j�b���m�k�d�h�j�y�x�s�_�f���g�Z�i�j�y�`�_�g�b�b��Ua � �������d�<���� 
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�J�_�a�m�e�v�l�Z�l�u 
�G�Z�� �j�b�k���� ���� �i�j�_�^�k�l�Z�\�e�_�g�u�� �n�h�l�h�]�j�Z�n�b�b�� �i�h�\�_�j�o�g�h�k�l�b�� �i�h�k�e�_�� �h�^�g�h�d�j�Z�l�g�h�]�h�� �i�j�h�o�h�^�Z�� �g�Z��

�h�[�j�Z�a�p�Z�o���k�l�Z�e�b�������=���K ���Z�����b���g�_�j�`�Z�\�_�x�s�_�c���k�l�Z�e�b�������O�����G�����L ���[�������B�a���j�Z�k�k�f�h�l�j�_�g�b�y���n�h�l�h�]�j�Z�n�b�c��
�k�e�_�^�m�_�l�����q�l�h �g�Z���g�_�j�`�Z�\�_�x�s�_�c���k�l�Z�e�b���r�\�u���b�f�_�x�l���[�h�e�_�_���]�e�Z�^�d�m�x���i�h�\�_�j�o�g�h�k�l�v�����I�j�b�q�b�g�h�c���w�l�h�]�h��
�f�h�`�_�l�� �[�u�l�v�� �j�Z�a�e�b�q�b�_�� �\�� �\�y�a�d�h�k�l�b�� �j�Z�k�i�e�Z�\�Z���� �[�e�Z�]�h�^�Z�j�y�� �q�_�f�m�� �g�Z�� �g�_�j�`�Z�\�_�x�s�_�c�� �k�l�Z�e�b�� �j�Z�k�i�e�Z�\��
�m�k�i�_�\�Z�_�l�� �j�Z�k�l�_�q�v�k�y�� �i�_�j�_�^�� �a�Z�l�\�_�j�^�_�\�Z�g�b�_�f�� �>�e�y�� �i�h�e�m�q�_�g�b�y�� �k�\�_�^�_�g�b�c�� �h�� �\�e�b�y�g�b�b�� �i�_�j�_�i�e�Z�\�Z�� �g�Z��
�k�\�h�c�k�l�\�Z�� �f�_�l�Z�e�e�Z�� �[�u�e�b�� �\�u�i�h�e�g�_�g�u�� �b�a�f�_�j�_�g�b�y���l�\�_�j�^�h�k�l�b�� �b�k�o�h�^�g�u�o�� �b�� �i�_�j�_�i�e�Z�\�e�_�g�g�u�o��
�m�q�Z�k�l�d�h�\�� �i�h�\�_�j�o�g�h�k�l�b���� �B�a�f�_�j�_�g�b�y�� �i�j�h�\�_�^�_�g�u�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �f�b�d�j�h�l�\�_�j�^�h�f�_�j�Z�� �I�F�L-3. 
�J�_�a�m�e�v�l�Z�l�u�����i�j�b�\�_�^�_�g�g�u�_���\���l�Z�[�e�����������^�_�f�h�g�k�l�j�b�j�m�x�l�����q�l�h���^�Z�`�_���\���h�l�k�m�l�k�l�\�b�_���i�j�b�k�Z�^�d�b���i�_�j�_�i�e�Z�\��
�\�u�a�u�\�Z�_�l�� �i�h�\�u�r�_�g�b�_�� �l�\�_�j�^�h�k�l�b�� �f�_�l�Z�e�e�Z���� �I�j�b�q�_�f���� �i�h�\�u�r�_�g�b�_�� �l�_�f�� �a�Z�f�_�l�g�_�_���� �q�_�f�� �g�b�`�_��
�k�d�h�j�h�k�l�v���i�_�j�_�f�_�s�_�g�b�y���h�[�j�Z�a�p�Z�����l���_�����q�_�f���^�h�e�v�r�_���f�_�l�Z�e�e���g�Z�o�h�^�b�l�k�y���\���j�Z�k�i�e�Z�\�e�_�g�g�h�f���k�h�k�l�h�y�g�b�b�� 
�G�Z�b�[�h�e�_�_�� �\�_�j�h�y�l�g�Z�y�� �i�j�b�q�b�g�Z�� �i�h�\�u�r�_�g�b�y�� �l�\�_�j�^�h�k�l�b�� �a�Z�d�e�x�q�Z�_�l�k�y���� �i�h-�\�b�^�b�f�h�f�m�� �\�� �a�Z�d�Z�e�d�_ 
�i�j�b�i�h�\�_�j�o�g�h�k�l�g�h�]�h���k�e�h�y���f�_�l�Z�e�e�Z. 
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�G�Z�m�q�g�u�c���j�m�d�h�\�h�^�b�l�_�e�v�����i�j�h�n�_�k�k�h�j�����^���l���g�����J���K�����D�Z�r�Z�_�\ 
�D�Z�a�Z�g�k�d�b�c���]�h�k�m�^�Z�j�k�l�\�_�g�g�u�c���w�g�_�j�]�_�l�b�q�_�k�d�b�c���m�g�b�\�_�j�k�b�l�_�l  

�J�h�k�k�b�y�����]�����D�Z�a�Z�g�v, �m�e�����D�j�Z�k�g�h�k�_�e�v�k�d�Z�y, 51, 420069 
E-mail: navypro1991@gmail.com 

 
Temperature stabilizer for magnets and samples with temperature controller  

for portable PMR relaxometer 
D.A. Nguyen 

Scientific Supervisor: Prof., Dr. R.S. Kashaev 
Kazan State Power Engineering University, Russia, Kazan, Krasnoselskaya St., 51, 420069 

E-mail: navypro1991@gmail.com 
  

Abstract. The PMR portable relaxometer is one of the measuring devices using the nuclear (proton) 
magnetic resonance method. The advantages of this method are versatility, high efficiency and low 
cost. However, these devices also have strict requirements for operating conditions, including 
temperature stability. In this paper, the authors present the effect of temperature changes on 
measurement accuracy and a developed device for stabilizing the temperature of the magnet and 
sample during operation of a portable PMR relaxometer. 
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Abstract. The present study investigates the effects of low-energy electron pulses on the surface 
structure of zirconium dioxide ceramics. It is demonstrated that the processing outcome is 
contingent on the beam energy density of the pulse. When the energy exceeds 8 J/cm2, a 'columnar' 
structure several micrometers in thickness is formed in the near-surface layer of the ceramics, and 
the irradiated surface becomes black.  
Key words: zirconium ceramics, surface structure, pulse treatment. 
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�\�� �b�f�i�m�e�v�k�_��Jp���� �I�j�b�� �i�e�h�l�g�h�k�l�b�� �w�g�_�j�]�b�b��Jp �i�m�q�d�Z�� �[�h�e�_�_�� �������±���� �>�`���k�f2 �i�h�\�_�j�o�g�h�k�l�v�� �i�h�k�e�_��
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�q�l�h�� �m�� �i�h�q�_�j�g�_�\�r�b�o�� �h�[�j�Z�a�p�h�\�� �n�h�j�f�b�j�m�_�l�k�y�� �k�e�h�c�� �k�h�� �k�l�h�e�[�q�Z�l�h�c�� �k�l�j�m�d�l�m�j�h�c�� ���j�b�k���� ���� �Z������
�L�h�e�s�b�g�Z���w�l�h�]�h���k�e�h�y��h �m�\�_�e�b�q�b�\�Z�_�l�k�y���i�h���f�_�j�_���j�h�k�l�Z���i�e�h�l�g�h�k�l�b���w�g�_�j�]�b�b��Jp �w�e�_�d�l�j�h�g�g�h�]�h���i�m�q�d�Z��
�\���b�f�i�m�e�v�k�_�����j�b�k�������� �[���� �I�h�^�h�[�g�u�c���w�n�n�_�d�l���h�[�j�Z�a�h�\�Z�g�b�y���©�k�l�h�e�[�q�Z�l�h�c�ª �k�l�j�m�d�l�m�j�u���g�Z�[�e�x�^�Z�_�l�k�y��
�i�h�k�e�_�� �h�[�e�m�q�_�g�b�y�� �d�_�j�Z�f�b�d�b���b�a���h�d�k�b�^�Z�� �Z�e�x�f�b�g�b�y �b�f�i�m�e�v�k�g�u�f�� �i�h�l�h�d�h�f�� �b�h�g�h�\���m�]�e�_�j�h�^�Z���k��
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1 �>�`���k�f2 [6]. �H�^�g�Z�d�h�� �i�h�\�u�r�_�g�b�_�� �i�e�h�l�g�h�k�l�b�� �l�h�d�Z�� �b�e�b�� �i�e�h�l�g�h�k�l�b�� �w�g�_�j�]�b�b���b�h�g�g�h�]�h�� �i�m�q�d�Z��
�h�i�b�k�Z�g�g�h�_�� �\�� �j�Z�[�h�l�_��[6] �g�Z�h�[�h�j�h�l�� �i�j�b�\�h�^�b�e�h�� �d�� �b�k�q�_�a�g�h�\�_�g�b�x�� �l�Z�d�h�c�� �k�l�j�m�d�l�m�j�u�����<�� �j�Z�[�h�l�_��
�i�j�_�^�i�h�e�h�`�b�e�b���� �q�l�h�� �b�k�q�_�a�g�h�\�_�g�b�_�� �©�k�l�h�e�[�q�Z�l�h�c�ª�� �k�l�j�m�d�l�m�j�u�� �k�\�y�a�Z�g�g�h�� �k�� �\�u�k�h�d�b�f�b�� �k�d�h�j�h�k�l�y�f�b��
�g�Z�]�j�_�\�Z�� �f�Z�l�_�j�b�Z�e�Z���� �\�� �j�_�a�m�e�v�l�Z�l�_�� �q�_�]�h�� �f�Z�l�_�j�b�Z�e�� �g�_�� �m�k�i�_�\�Z�_�l�� �h�k�l�u�l�v�� �b�� �j�_�d�j�b�k�l�Z�e�e�b�a�h�\�Z�l�v�k�y�� �\��
�i�j�h�f�_�`�m�l�d�_�� �\�j�_�f�_�g�b�� �f�_�`�^�m�� �b�f�i�m�e�v�k�Z�f�b���� �<�� �g�Z�k�l�h�y�s�_�f�� �b�k�k�e�_�^�h�\�Z�g�b�b���� �h�q�_�\�b�^�g�h���� �g�Z�]�j�_�\�� �b��
�h�k�l�u�\�Z�g�b�_�� �i�j�h�b�k�o�h�^�b�l�� �a�Z�� �]�h�j�Z�a�^�h�� �[�h�e�v�r�b�_�� �\�j�_�f�_�g�Z�� �b�� �w�n�n�_�d�l�� �k�h�o�j�Z�g�y�_�l�k�y�� �^�Z�`�_�� �k��
�i�h�\�u�r�_�g�b�_�f���f�h�s�g�h�k�l�b�� 
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Abstract. This article discusses the prospects of creating a diagnostic module for the diagnosis of 
schizophrenia and depression based on an audio recording of an interview with a patient. It also 
describes the collection of dataset for training the model and the difficulties in preprocessing real data. 
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�\�u�j�Z�`�Z�x�l�� �a�Z�b�g�l�_�j�_�k�h�\�Z�g�g�h�k�l�v�� �\�� �k�h�a�^�Z�g�b�b�� �^�b�Z�]�g�h�k�l�b�q�_�k�d�h�]�h�� ���e�b�[�h�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h-
�^�b�Z�]�g�h�k�l�b�q�_�k�d�h�]�h���� �f�h�^�m�e�y���� �i�h�a�\�h�e�y�x�s�_�]�h�� �h�d�Z�a�u�\�Z�l�v�� �Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�m�x�� �i�h�f�h�s�v�� �i�j�b��
�h�[�k�e�_�^�h�\�Z�g�b�b�� �i�Z�p�b�_�g�l�h�\���� �G�Z�� �n�h�g�_�� �w�l�h�]�h���� �k�h�\�f�_�k�l�g�h�� �k�� �G�B�B�� �i�k�b�o�b�q�_�k�d�h�]�h�� �a�^�h�j�h�\�v�y���� �\�_�^�z�l�k�y��
�j�Z�[�h�l�Z���i�h���k�h�a�^�Z�g�b�x���l�Z�d�h�]�h���i�j�h�^�m�d�l�Z�� 

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

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

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

�G�Z�a�\�Z�g�b�_ �Y�a�u�d �H�i�b�k�Z�g�b�_ 
DUSHA �J�m�k�k�d�b�c �A�Z�i�b�k�b���h�[�j�Z�s�_�g�b�c���i�h�e�v�a�h�\�Z�l�_�e�_�c���d���]�h�e�h�k�h�\�h�f�m���i�h�f�h�s�g�b�d�m���³�K�Z�e�x�l�´ 

RESD �J�m�k�k�d�b�c �J�_�q�v���Z�d�l�z�j�h�\�����k�_�f�v���d�Z�l�_�]�h�j�b�c���w�f�h�p�b�c 

IEMOCAP �:�g�]�e�b�c�k�d�b�c 
�>�_�k�y�l�v���Z�d�l�z�j�h�\���j�Z�a�g�h�]�h���i�h�e�Z�����l�j�b���d�Z�l�_�]�h�j�b�b���w�f�h�p�b�c���± �³�g�_�]�Z�l�b�\�g�Z�y�´����

�³�i�h�a�b�l�b�\�g�Z�y�´���b���³�g�_�c�l�j�Z�e�v�g�Z�y�´ 
SAVEE �:�g�]�e�b�c�k�d�b�c �Q�_�l�\�_�j�h���Z�d�l�z�j�h�\-�f�m�`�q�b�g�����k�_�f�v���d�Z�l�_�]�h�j�b�c���w�f�h�p�b�c 

EMOVOME �B�k�i�Z�g�k�d�b�c �K�l�h���b�k�i�Z�g�h�]�h�\�h�j�y�s�b�o���k�i�b�d�_�j�h�\���� 

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

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

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

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

�G�Z�� �^�Z�g�g�u�c�� �f�h�f�_�g�l�� �\�u�i�h�e�g�y�_�l�k�y�� �k�[�h�j���^�Z�g�g�u�o�� �i�m�l�z�f�� �Z�m�^�b�h�a�Z�i�b�k�b�� �b�g�l�_�j�\�v�x�� �e�_�q�Z�s�_�]�h��
�\�j�Z�q�Z���k���i�Z�p�b�_�g�l�h�f���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���h�p�_�g�h�q�g�u�o���r�d�Z�e���*�5�,�'-�+�$�0�'�� �b���3�$�1�6�6���>���������@�����<���o�h�^�_��
�b�g�l�_�j�\�v�x���F���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���w�l�b�o���h�p�_�g�h�q�g�u�o���r�d�Z�e�� �e�_�q�Z�s�b�c���\�j�Z�q���\�_�^�z�l���[�_�k�_�^�m���k���i�Z�p�b�_�g�l�h�f����
�a�Z�^�Z�\�Z�y�� �g�Z�\�h�^�y�s�b�_�� �\�h�i�j�h�k�u�� �i�h�� �b�f�_�x�s�b�f�k�y�� �\�� �h�p�_�g�h�q�g�h�c�� �r�d�Z�e�_�� �l�_�f�Z�f���� �h�p�_�g�b�\�Z�y�� �b��
�i�j�h�l�h�d�h�e�b�j�m�y���j�_�Z�d�p�b�b���i�Z�p�b�_�g�l�Z�� 

�G�Z���j�b�k. �����i�j�_� �̂k�l�Z�\�e�_�g�u �i�j�b�f�_�j�u���f�_�e-�k�i�_�d�l�j�h�]�j�Z�f�f�u��� �̂e�y��� �̂\�m�o���n�j�Z�]�f�_�g�l�h�\���j�Z�a�g�u�o���b�g�l�_�j�\�v�x�� 
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�I�j�_�^�k�l�Z�\�e�_�g�g�u�_�� �g�Z�� �j�b�k�m�g�d�_�� �f�_�e-�k�i�_�d�l�j�h�]�j�Z�f�f�u�� �Z�m�^�b�h�^�h�j�h�`�_�d�� �g�Z�]�e�y�^�g�h�� �i�h�d�Z�a�u�\�Z�x�l����

�q�l�h�� �j�_�q�v�� �i�Z�p�b�_�g�l�Z���f�h�`�_�l�� �[�u�l�v�� �d�Z�d�� �q�z�l�d�h�� �m�a�g�Z�\�Z�_�f�Z�� �g�Z�� �n�h�g�_�� �r�m�f�Z�� ���)�L�O�H�� �������� �l�Z�d�� �b�� �k�e�Z�[�h��
�j�Z�a�e�b�q�b�f�Z���g�Z���n�h�g�_���r�m�f�Z�����)�L�O�H�����������<�l�h�j�h�c���\�Z�j�b�Z�g�l���l�j�_�[�m�_�l���h�k�h�[�h�]�h���i�h�^�o�h�^�Z���d���i�j�_�^�h�[�j�Z�[�h�l�d�_, 
�l�Z�d���d�Z�d���k�e�Z�[�Z�y���j�Z�a�e�b�q�b�f�h�k�l�v���j�_�q�b���k�l�Z�g�h�\�b�l�k�y���d�j�b�l�b�q�g�h�c���^�e�y���i�j�_�h�[�j�Z�a�h�\�Z�g�b�y���j�_�q�b���\���l�_�d�k�l���^�e�y��
�^�Z�e�v�g�_�c�r�_�]�h���Z�g�Z�e�b�a�Z�� 
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�x �j�Z�a�^�_�e�_�g�b�_�� �j�_�q�b�� �e�_�q�Z�s�_�]�h�� �\�j�Z�q�Z�� �b�� �j�_�q�b�� �i�Z�p�b�_�g�l�Z�� �g�Z�� �a�Z�i�b�k�b��- �j�_�q�v�� �e�_�q�Z�s�_�]�h�� �\�j�Z�q�Z����

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

�x �j�_�q�v���g�_�d�h�l�h�j�u�o���i�Z�p�b�_�g�l�h�\�����k�l�j�Z�^�Z�x�s�b�o���r�b�a�h�n�j�_�g�b�_�c���b�e�b���^�_�i�j�_�k�k�b�_�c�����h�q�_�g�v���l�b�o�Z�y�����b��
�l�_�j�y�_�l�k�y�� �g�Z�� �n�h�g�_�� �j�_�q�b�� �e�_�q�Z�s�_�]�h�� �\�j�Z�q�Z�� �b�� �n�h�g�h�\�u�o�� �r�m�f�h�\���� �q�l�h�� �k�h�a�^�Z�z�l�� �l�j�m�^�g�h�k�l�b�� �\�� �Z�g�Z�e�b�a�_��
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�G�_�k�f�h�l�j�y�� �g�Z�� �l�j�b�\�b�Z�e�v�g�h�k�l�v�� �a�Z�^�Z�q�� �\�� �h�[�s�_�f�� �\�b�^�_�� �i�h�b�k�d�� �m�g�b�\�_�j�k�Z�e�v�g�h�]�h�� �j�_�r�_�g�b�y��
�h�k�e�h�`�g�y�_�l�k�y�� �q�Z�k�l�g�u�f�b�� �k�e�m�q�Z�y�f�b��- �l�Z�d�b�_�� �n�Z�d�l�h�j�u���� �d�Z�d�� �h�k�h�[�_�g�g�h�k�l�b�� �b�k�i�h�e�v�a�m�_�f�h�]�h�� �i�j�b�� �a�Z�i�b�k�b��
�f�b�d�j�h�n�h�g�Z�����n�h�g�h�\�u�c���r�m�f�����]�j�h�f�d�h�k�l�v���j�_�q�b���i�Z�p�b�_�g�l�Z���h�l�g�h�k�b�l�_�e�v�g�h���]�j�h�f�d�h�k�l�b���r�m�f�Z���b���j�_�q�b���\�j�Z�q�Z�� 
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Abstract. To solve the problem of supporting intelligent sensors manufactured in the Russian 
Federation by foreign software, Aspect LLC has developed �D�� �³Colibri field data bus �6�H�U�Y�H�U�´��
software, which supports HART devices and Colibri field data bus devices. �³Colibri field data bus 
Server�´���Z�R�U�N�V with intelligent sensors and their electronic descriptions. 
Key words: HART, CDD, Colibri, EDD, EDDL, Qt Framework. 

 
Introduction  
Aspect LLC has developed a �³�&�R�O�L�E�U�L���I�L�H�O�G���G�D�W�D���E�X�V���6�H�U�Y�H�U�´ (hereinafter referred to as Colibri 

software), which provides a user interface for interaction of automated process control and monitoring 
systems with intelligent field devices manufactured both in Russia and in foreign countries. Software 
supports end-to-end control and diagnostics of field equipment based on the Colibri and HART 
protocols [1, 2]. 

Software has passed bench tests for the compatibility of the Colibri protocol with 
instrumentation and control equipment using HART technology. Compatibility tests with most 
popular industrial software and hardware used at facilities (Kaspersky Industrial Cybersecurity, 
ABAK PLC, Regul PLC, zVirt, Cyberbackup and others) [3]. There are two important tasks in 
development of graphical user interface (GUI) for this kind of software: firstly, it is necessary to 
create a dynamic user interface suitable for any field device in the industry and secondly, it is 
necessary to create a dynamic representation of the enterprise structure capable of displaying a large 
number of field devices.  

 
GUI Creation in Colibri  software 
For remote configuration and management of intelligent sensors and automation equipment, it 

is necessary to use colibri device descriptions (CDDs), which are unique to each device model and 
contain the structure and variables of field devi�F�H�¶�V���P�H�Q�X��[2], while the configuration environment 
itself must be universal. So, the first objective is to develop an engine to create universal dynamic 
user interface, automatically generated at the moment of interpreting the electronic description, which 
differs from existing solutions by its ability to adapt to any device's electronic description.  

This objective was achieved by developing an engine dynamic GUI creation. Fig. 1 shows a 
diagram of creating a user interface for intelligent sensor. The engine goes through all the menu 
elements and builds certain GUI structure for different types of CDD elements during CDD 
interpretation: the variables are input fields, methods are buttons that call certain commands, and 
built-in functions are dialog windows with input fields or buttons that require user interaction. 
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Fig. 1. A detailed diagram of GUI creation 

For the second task, it is necessary to create a dynamic representation of the enterprise structure 
capable of displaying a large number of field devices, with support for grouping, sorting, and editing. 
This was achieved through QTreeWidget and JSON files that store a tree structure [4]. Work is 
underway to implement several structure representations options, providing users the ability to save 
and utilize customized device trees that are most convenient for them. In the Fig. 2 an example of 
such tree is presented. Each element of the tree is draggable, and could be moved into folders that are 
created by user. In the Fig. 2 such folders are �©�:�;�:�D  �I�E�D�ª�����©�G�h�\�u�_ �m�k�l�j�h�c�k�l�\�Z�ª�����©Regul R500�ª����
�©Samson�ª. The number of nested folders is not limited in the current type of enterprise representation. 

 

Fig. 2. Enterprise structure 

However, the number of field devices at a real facility may reach thousands or even tens of 
thousands; therefore, it is crucial to conduct load testing of the proposed dynamic structure. To 
address this need, a Virtual Emulator for HART / Colibri field devices has been developed based on 
a server cluster with HART-IP support. 
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Experiment 
To verify the performance and stability of the host monitoring and diagnostics system for field 

devices supporting HART / Colibri protocols under heavy load conditions (diagnostics of 4096 field 
devices) without using real instrumentation, a virtual emulator was developed. This emulator supports 
configurable imitation of response delays from field devices. 

Virtual field devices support universal commands of HART / Colibri protocols and are grouped 
(up to 64 devices per group) to simulate a PLC input-output module or HART multiplexer. For virtual 
field devices, users can set the extended device type and software version, while the polling address 
and unique device address are generated automatically. 

To simultaneously process requests from the host system, each emulated module functions as 
an independent server with HART-IP, which the host system connects to. To simulate a large number 
of modules, a software application with a GUI, called Virtual Unit, was developed for configuring 
the emulated modules and managing the server cluster (start and stop operations). The server cluster 
fully utilizes all CPU cores of the computer, enabling testing of the host system with simultaneous 
connections to a large number of field devices using a single Linux-based computer. 

Using this emulator, it was possible to simulate 8192 devices and verify software stability under 
this load. Stress test included continuous software operation for three days. During the test, Colibri 
software worked without any failures. Currently, it is planned to increase the number of simulated 
devices to sixteen thousand to verify software reliability. 

Conclusion 
Colibri software is field device monitoring and diagnostics system, that supports dynamic 

generation of universal GUI based on interpreting Colibri Device Descriptions (CDDs). This 
technology allows automatic adaptation of interfaces for any intelligent sensor or field device, making 
configuration and management processes quicker and easier. 

A customizable representation of enterprise structures has been developed, allowing for 
convenient visualization, grouping, sorting, and editing of large numbers of field devices.  

To evaluate Colibri software performance under realistic heavy-load scenarios, a specialized 
virtual emulator based on a server cluster with HART-IP support was created. This emulator can 
simulate response delays and handle simultaneous connections of thousands of virtual field devices, 
which allows to conduct stress testing without the need for connecting physical hardware. 

Stability tests demonstrated that Colibri software could reliably manage simultaneous 
interactions with up to 8,192 virtual field devices for an extended period (three consecutive days), 
without failures or performance degradation. Ongoing development aims to further validate 
scalability by expanding simulation capacity to 16,000 devices. 
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Abstract. In this technical study the reasons for and solution to the problem related to the support 
and opening of DWG files in NanoCAD software, a widely used computer-aided design system in 
Russia, have been established. DWG - files for storing information in two-dimensional and three-
dimensional models, which can be used in the work of computer-aided design systems. However, due 
to certain features of files of this type, some users can not use the models in this CAD system. The 
solution to this problem is implemented in the form of Python code, which can be integrated into the 
NanoCAD environment.  
Key words: NanoCAD, DWG-files, Python. 
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4) �I�h�i�u�l�d�Z�� �\�h�k�k�l�Z�g�h�\�e�_�g�b�y�� �'�:�*-�n�Z�c�e�Z�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f���k�h�h�l�\�_�l�k�l�\�m�x�s�_�c���d�h�f�Z�g�^�u����
5) �K�h�o�j�Z�g�_�g�b�_���b�k�i�j�Z�\�e�_�g�g�h�]�h���n�Z�c�e�Z; 6) �A�Z�d�j�u�l�b�_��NanoCAD.  

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



XXII �F�?�@�>�M�G�:�J�H�>�G�:�Y���D�H�G�N�?�J�?�G�P�B�Y���K�L�M�>�?�G�L�H�<�����:�K�I�B�J�:�G�L�H�<���B���F�H�E�H�>�U�O�� 
�M�Q�?�G�U�O���©�I�?�J�K�I�?�D�L�B�<�U���J�:�A�<�B�L�B�Y���N�M�G�>�:�F�?�G�L�:�E�V�G�U�O���G�:�M�D�ª 

99 

 

�J�h�k�k�b�y�����L�h�f�k�d������2�±25 �Z�i�j�_�e�y������25 �]�� �L�h�f��������IT-�l�_�o�g�h�e�h�]�b�b���b���w�e�_�d�l�j�h�g�b�d�Z 
 

 
�J�b�k�����������N�j�Z�]�f�_�g�l���d�h�^�Z�����i�j�h�p�_�k�k���h�l�d�j�u�l�b�y�� 

 
�I�j�h�p�_�k�k���\�h�k�k�l�Z�g�h�\�e�_�g�b�y���b���k�h�o�j�Z�g�_�g�b�y �b�k�i�j�Z�\�e�_�g�g�h�]�h��DWG-�n�Z�c�e�Z���b�a�h�[�j�Z�`�_�g�h���g�Z���j�b�k. 2. 

 

 
�J�b�k�����������N�j�Z�]�f�_�g�l���d�h�^�Z�����i�j�h�p�_�k�k���a�Z�\�_�j�r�_�g�b�y�� 

 
�J�_�a�m�e�v�l�Z�l�u 
�I�j�h�\�_�j�b�l�v���j�Z�[�h�l�h�k�i�h�k�h�[�g�h�k�l�v���j�Z�a�j�Z�[�h�l�Z�g�g�h�c���i�j�h�]�j�Z�f�f�u���f�h�`�g�h���q�_�j�_�a���i�j�h�k�l�h�c���i�j�b�f�_�j, 

�i�j�_�^�k�l�Z�\�e�_�g�g�u�c���g�Z���j�b�k. 3. 
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�J�b�k����3. �I�j�b�f�_�j���b�k�i�h�e�v�a�h�\�Z�g�b�y 
 

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

�A�Z�d�e�x�q�_�g�b�_ 
�I�j�_�^�e�h�`�_�g�� �\�Z�j�b�Z�g�l�� �j�_�Z�e�b�a�Z�p�b�b�� �h�l�d�j�u�l�b�y��DWG-�n�Z�c�e�h�\�� �k�� �k�h�^�_�j�`�Z�g�b�_�f�� �b�g�n�h�j�f�Z�p�b�b�� �h��

2D �b��3D �± �f�h�^�_�e�y�o���^�e�y���k�b�k�l�_�f�u��NanoCAD. �>�h�k�l�h�b�g�k�l�\�h�f���^�Z�g�g�h�]�h���d�h�^�Z���k�q�b�l�Z�_�l�k�y���i�h�g�y�l�g�h�k�l�v��
�b�� �i�j�h�k�l�h�l�Z���b�g�l�_�]�j�Z�p�b�b�� �^�e�y�� �^�Z�e�v�g�_�c�r�_�]�h���b�k�i�h�e�v�a�h�\�Z�g�b�y �^�e�y�� �h�l�d�j�u�l�b�y�� �b�� �\�h�k�k�l�Z�g�h�\�e�_�g�b�y��
�i�h�\�j�_�`�^�z�g�g�u�o DWG-�n�Z�c�e�h�\.  
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Abstract. The paper presents experimental verification of the approach for suppressing Fabry-Perot 
interference effects in a standard single-pass cell used in absorption THz spectroscopy with amplitude 
modulation (AM). The peculiarity of the approach consists in insertion of an additional external 
movable optically transparent window in front of the gas measuring cell. The paper briefly describes 
the content of the developed approach. A comparison of the obtained experimental and theoretically 
calculated absorption spectra is given. Numerical estimations shows that the insertion of an external 
movable window allows to significantly reduce the influence of Fabry-Perot effects and increase the 
accuracy in reconstructing absorption line spectral parameters. 
Key words: Amplitude modulation spectroscopy, Fabry-Perot effects, THz gas absorption 
spectroscopy, destructive interference. 
 

�<�\�_�^�_�g�b�_ 
�<���;�m�]�_�j�h�\�k�d�h�c���L�=�p���]�Z�a�h�\�h�c���k�i�_�d�l�j�h�k�d�h�i�b�b�����j�_�]�b�k�l�j�b�j�m�_�f�u�c���^�_�l�_�d�l�h�j�h�f���k�b�]�g�Z�e �a�Z�\�b�k�b�l��

�g�_�� �l�h�e�v�d�h�� �h�l�� �i�h�]�e�h�s�_�g�b�y�� �]�Z�a�h�\�h�c�� �i�j�h�[�u, �g�h�� �b���i�h�^�\�_�j�`�_�g�� �\�e�b�y�g�b�x�� �i�_�j�_�^�Z�l�h�q�g�h�c�� �n�m�g�d�p�b�b��
�h�^�g�h�i�j�h�o�h�^�g�h�c���b�a�f�_�j�b�l�_�e�v�g�h�c���y�q�_�c�d�b. �I�j�b���m�k�e�h�\�b�b�����q�l�h���i�h�i�_�j�_�q�g�u�_���j�Z�a�f�_�j�u���b�a�f�_�j�b�l�_�e�v�g�h�c��
�y�q�_�c�d�b���a�g�Z�q�b�l�_�e�v�g�h���i�j�_�\�h�k�o�h�^�y�l���^�e�b�g�m���L�=�p���\�h�e�g�u����a, b >> ����), �i�j�h�n�b�e�v���i�_�j�_�^�Z�l�h�q�g�h�c���n�m�g�d�p�b�b 
�n�h�j�f�b�j�m�_�l�k�y �a�Z�� �k�q�_�l �w�n�n�_�d�l�h�\ �N�Z�[�j�b-�I�_�j�h�� ���N�I������ �l���_�����b�g�l�_�j�n�_�j�_�g�p�b�b �i�_�j�_�h�l�j�Z�`�_�g�g�u�o�� �L�=�p��
�\�h�e�g. �<���l�Z�d�h�f���k�e�m�q�Z�_�����\���g�Z�i�j�Z�\�e�_�g�b�b���j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y���L�=�p���\�h�e�g�u���k�i�_�d�l�j�Z�e�v�g�u�_���h�k�h�[�_�g�g�h�k�l�b 
�i�_�j�_�^�Z�l�h�q�g�h�c�� �n�m�g�d�p�b�b �h�i�j�_�^�_�e�y�x�l�k�y���]�_�h�f�_�l�j�b�q�_�k�d�b�f�b�� �b�� �h�i�l�b�q�_�k�d�b�f�b�� �i�Z�j�Z�f�_�l�j�Z�f�b��
�h�l�j�Z�`�Z�x�s�b�o �i�h�\�_�j�o�g�h�k�l�_�c ���j�Z�k�k�l�h�y�g�b�_�� �f�_�`�^�m�� �h�i�l�b�q�_�k�d�b�� �i�j�h�a�j�Z�q�g�u�f�b�� �\�o�h�^�g�u�f���\�u�o�h�^�g�u�f��
�h�d�g�Z�f�b��L�����b�o���i�h�d�Z�a�Z�l�_�e�v �i�j�_�e�h�f�e�_�g�b�y��n �b���l�h�e�s�b�g�Z��d) [1]. 

�<�� �j�Z�[�h�l�_��[2] �[�u�e�� �i�j�_�^�e�h�`�_�g�� �b�� �q�b�k�e�_�g�g�h�� �b�k�k�e�_�^�h�\�Z�g�� �i�h�^�o�h�^ �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f��
�^�h�i�h�e�g�b�l�_�e�v�g�h�]�h���\�g�_�r�g�_�]�h���i�h�^�\�b�`�g�h�]�h���h�i�l�b�q�_�k�d�b���i�j�h�a�j�Z�q�g�h�]�h���h�d�g�Z���� �m�k�l�Z�g�h�\�e�_�g�g�h�]�h���i�_�j�_�^��
�b�a�f�_�j�b�l�_�e�v�g�h�c���y�q�_�c�d�h�c���� �G�Z���i�j�b�f�_�j�_ �e�b�g�b�b �i�h�]�e�h�s�_�g�b�y��SO2 (�&0 = �������� �=�=�p�����\ �]�Z�a�h�\�h�c���k�f�_�k�b 
SO2 (0,1 %) + NO2 (99,9 %) �i�j �b�� �^�Z�\�e�_�g�b�b��p � �� ���� �Z�l�f���b���l�_�f�i�_�j�Z�l�m�j�_��T = 293 K �^�h�k�l�b�]�g�m�l�h 
�i�j�Z�d�l�b�q�_�k�d�b�� �q�_�l�u�j�_�o�d�j�Z�l�g�h�_�� �m�f�_�g�v�r�_�g�b�_�� �Z�f�i�e�b�l�m�^�u�� �b�g�l�_�j�n�_�j�_�g�p�b�h�g�g�u�o�� �i�b�d�h�\�����Z���i�j�b�� 
p = 10-3 �Z�l�f �b��T = 293 K �± �[�h�e�_�_���q�_�f���^�\�m�d�j�Z�l�g�h�_���m�f�_�g�v�r�_�g�b�_���Z�f�i�e�b�l�m�^�u���b�g�l�_�j�n�_�j�_�g�p�b�h�g�g�u�o��
�i�b�d�h�\�� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�h���k�l�Z�g�^�Z�j�l�g�h�c �d�h�g�n�b�]�m�j�Z�p�b�_�c�� �^�\�m�o�h�d�h�g�g�h�c �h�^�g�h�i�j�h�o�h�^�g�h�c�� �y�q�_�c�d�b 
���^�Z�e�_�_���i�h���l�_�d�k�l�m���d�Z�d���± �k�l�Z�g�^�Z�j�l�g�Z�y���]�Z�a�h�\�Z�y���y�q�_�c�d�Z��. 

�G�Z�k�l�h�y�s�Z�y�� �j�Z�[�h�l�Z�� �g�Z�p�_�e�_�g�Z�� �g�Z�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�_�� �\�_�j�b�n�b�p�b�j�h�\�Z�g�b�_�� �i�j�_�^�e�h�`�_�g�g�h�]�h��
�i�h�^�o�h�^�Z�� �d�� �i�h�^�Z�\�e�_�g�b�x�� �w�n�n�_�d�l�h�\�� �N�I�� �^�e�y�� �L�=�p�� �k�i�_�d�l�j�h�f�_�l�j�Z���� �j�Z�[�h�l�Z�x�s�_�]�h �\�� �j�_�`�b�f�_��
�Z�f�i�e�b�l�m�^�g�h-�b�f�i�m�e�v�k�g�h�c���f�h�^�m�e�y�p�b�b���� 
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�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���q�Z�k�l�v 
�K�m�l�v�� �i�j�_�^�e�h�`�_�g�g�h�]�h�� �i�h�^�o�h�^�Z�� �k�h�k�l�h�b�l�� �\�� �m�k�l�Z�g�h�\�d�_�� �^�h�i�h�e�g�b�l�_�e�v�g�h�]�h�� �\�g�_�r�g�_�]�h��

�i�h�^�\�b�`�g�h�]�h���h�i�l�b�q�_�k�d�b �i�j�h�a�j�Z�q�g�h�]�h���h�d�g�Z���i�_�j�_�^���k�l�Z�g�^�Z�j�l�g�h�c���b�a�f�_�j�b�l�_�e�v�g�h�c���y�q�_�c�d�h�c ���^�Z�e�_�_���i�h��
�l�_�d�k�l�m�� �d�Z�d �± �]�Z�a�h�\�Z�y�� �y�q�_�c�d�Z�� �k �\�g�_�r�g�b�f�� �h�d�g�h�f��. �K�f�_�s�Z�y�� �\�g�_�r�g�_�_�� �h�d�g�h�� �\�� �^�b�Z�i�Z�a�h�g�_ ��max �^�e�y��
�^�Z�g�g�h�]�h�� �q�Z�k�l�h�l�g�h�]�h�� �^�b�Z�i�Z�a�h�g�Z �g�Z �n�b�d�k�b�j�h�\�Z�g�g�u�c�� �r�Z�]��l �•�� ��min/2, �a�Z�i�b�k�u�\�Z�_�l�k�y�� �k�i�_�d�l�j��S���&��l). 
�J�_�a�m�e�v�l�b�j�m�x�s�b�c�� �k�i�_�d�l�j�� �i�h�e�m�q�Z�_�l�k�y�� �\�u�q�b�k�e�_�g�b�_�f�� �f�Z�d�k�b�f�Z�e�v�g�h�c�� �b�g�l�_�g�k�b�\�g�h�k�l�b�� �k�b�]�g�Z�e�Z�� �g�Z��
�d�Z�`�^�h�c���q�Z�k�l�h�l�_���ñ �^�e�y���^�Z�g�g�h�]�h���a�g�Z�q�_�g�b�y���k�f�_�s�_�g�b�y���•�ƒ�š

�ß�Ð�<�ß�-�á�å�á�ß�Ù�=
�:�5�:�ñ�á�H�;�;. �K�h�]�e�Z�k�g�h���a�Z�d�h�g�m���;�m�]�_�j�Z����

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

 

�Ù�:�ñ�; 
L 
F�Ž�•���F
�� �k�_�v
�×�Ð�<�×�-�á�å�á�×�Ù�=

�:�Ì�Ý�:� �á�ß�;�;

�k�_�v
�×�Ð�<�×�-�á�å�á�×�Ù�=

�:�W�i�W�c�f�b�[�:� �á�ß�;�;
�G�.
W, 

 
�]�^�_��Sr, Ssample �± �b�g�l�_�g�k�b�\�g�h�k�l�v�� �L�=�p�� �\�h�e�g�u���� �i�j�h�r�_�^�r�_�c�� �q�_�j�_�a�� �b�a�f�_�j�b�l�_�e�v�g�m�x�� �y�q�_�c�d�m����
�a�Z�i�h�e�g�_�g�g�m�x���g�_�i�h�]�e�h�s�Z�x�s�b�f���]�Z�a�h�f���b���b�k�k�e�_�^�m�_�f�h�c���]�Z�a�h�\�h�c���i�j�h�[�h�c���k�h�h�l�\�_�l�k�l�\�_�g�g�h���� 

�>�e�y���i�h�e�m�q�_�g�b�y���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���^�Z�g�g�u�o���b�k�i�h�e�v�a�h�\�Z�e�k�y���Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�u�c���e�b�g�_�c�g�u�c��
�l�j�Z�g�k�e�y�l�h�j�����j�b�k�������������g�Z���d�h�l�h�j�h�f �m�k�l�Z�g�Z�\�e�b�\�Z�e�h�k�v���\�g�_�r�g�_�_���h�d�g�h���b���b�a�f�_�j�b�l�_�e�v�g�Z�y���y�q�_�c�d�Z���d�j�m�]�e�h�]�h��
�k�_�q�_�g�b�y���k���\�g�m�l�j�_�g�g�b�f���^�b�Z�f�_�l�j�h�f���������f�f���b���^�e�b�g�g�h�c��L = �����f. �<�o�h�^�g�h�_���b���\�u�o�h�^�g�h�_���h�d�g�Z���\�u�i�h�e�g�_�g�u��
�b�a�� �n�l�h�j�h�i�e�Z�k�l�Z�� ���i�h�d�Z�a�Z�l�_�e�v�� �i�j�_�e�h�f�e�_�g�b�y��n � �� ������������ �l�h�e�s�b�g�h�c��d � �� ���� �f�f���� �Z�� �\�g�_�r�g�_�_�� �l�h�e�s�b�g�h�c�� 
dext � �������f�f�����?�^�b�g�b�q�g�u�c���r�Z�]���k�f�_�s�_�g�b�y���\�g�_�r�g�_�]�h���h�d�g�Z���[�u�e���m�k�l�Z�g�h�\�e�_�g���j�Z�\�g�u�f��l = �����������f�f�����i�h�e�g�h�_��
�k�f�_�s�_�g�b�_���k�h�k�l�Z�\�b�e�h�����������f�f���i�j�b���^�e�b�g�_���\�h�e�g�u���� � ���������������f�f�����& � �����������=�=�p�� [3]. 

 

 
�J�b�k�����������N�h�l�h�]�j�Z�n�b�y���Z�[�k�h�j�[�p�b�h�g�g�h�c���]�Z�a�h�\�h�c���y�q�_�c�d�b���k �\�g�_�r�g�b�f���h�d�g�h�f�����m�k�l�Z�g�h�\�e�_�g�g�u�f���g�Z���e�b�g�_�c�g�h�f���l�j�Z�g�k�e�y�l�h�j�_ 

 
�H�[�t�_�d�l�h�f���b�k�k�e�_�^�h�\�Z�g�b�y���[�u�e�Z���\�u�[�j�Z�g�Z���e�b�g�b�y���i�h�]�e�h�s�_�g�b�y���\�h�^�y�g�h�]�h���i�Z�j�Z����H2O�����\���\�h�a�^�m�o�_��

�k�� �f�Z�d�k�b�f�m�f�h�f�� �i�h�]�e�h�s�_�g�b�y�� �g�Z�� �q�Z�k�l�h�l�_���&0 � �� ���������������� �=�=�p���� �B�a�f�_�j�_�g�b�y�� �i�j�h�\�h�^�b�e�b�k�v�� �i�j�b��
�l�_�f�i�_�j�Z�l�m�j�_��T = 293K���� �^�\�m�o�� �a�g�Z�q�_�g�b�y�o�� �^�Z�\�e�_�g�b�y�� p = ���� �Z�l�f�� �b��p = ���������� �Z�l�f�����b�� �d�h�g�p�_�g�l�j�Z�p�b�b��
�\�h�^�y�g�h�]�h���i�Z�j�Z���������� ppm (p = �����Z�l�f) �b������������ppm (p = �����������Z�l�f). 
 

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

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

�J�b�k�����������K�i�_�d�l�j���d�h�w�n�n�b�p�b�_�g�l�Z���i�h�]�e�h�s�_�g�b�y���\�h�^�y�g�h�]�h���i�Z�j�Z���^�e�y �^�\�m�o���d�h�g�n�b�]�m�j�Z�p�b�c���]�Z�a�h�\�h�c���b�a�f�_�j�b�l�_�e�v�g�h�c���y�q�_�c�d�b��
�i�j�b�����Z�� p = �����Z�l�f �b��T = ���������D�����[�� p = �����������Z�l�f �b T = ���������D�� 

 
�H�l�g�h�k�b�l�_�e�v�g�Z�y���h�r�b�[�d�Z���\�h�k�k�l�Z�g�h�\�e�_�g�b�y���k�i�_�d�l�j�Z�e�v�g�u�o���i�Z�j�Z�f�_�l�j�h�\���b�a���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o��

�^�Z�g�g�u�o���^�e�y���^�\�m�o���d�h�g�n�b�]�m�j�Z�p�b�b���y�q�_�_�d���i�j�b�\�_�^�_�g�Z���\���l�Z�[�e. 1. 
�L�Z�[�e�b�p�Z���� 

�H�l�g�h�k�b�l�_�e�v�g�Z�y���h�r�b�[�d�Z���\�h�k�k�l�Z�g�h�\�e�_�g�b�y���k�i�_�d�l�j�Z�e�v�g�u�o���i�Z�j�Z�f�_�l�j�h�\���e�b�g�b���i�h�]�e�h�s�_�g�b�y���\�h�^�y�g�h�]�h���i�Z�j�Z 

 �.(�&0) , % ���¨�&, % �&0, % 
p � �������Z�l�f������p � �������������Z�l�f p � �������Z�l�f������p � �������������Z�l�f p � �������Z�l�f������p � �������������Z�l�f 

�K�l�Z�g�^�Z�j�l�g�Z�y���]�Z�a�h�\�Z�y���y�q�_�c�d�Z 1.6 / 62.57 21.7 / 67,2 0.17 / 0.015 
�=�Z�a�h�\�Z�y���y�q�_�c�d�Z���k���\�g�_�r�g�b�f���h�d�g�h�f 3.2 / 28.83 0.55 / 40.63 0.07 / 0.003 

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

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

 
�B�k�k�e�_�^�h�\�Z�g�b�_�� �\�u�i�h�e�g�_�g�h�� �i�j�b�� �n�b�g�Z�g�k�h�\�h�c�� �i�h�^�^�_�j�`�d�_�� �F�b�g�b�k�l�_�j�k�l�\�Z�� �g�Z�m�d�b�� �b�� �\�u�k�r�_�]�h��

�h�[�j�Z�a�h�\�Z�g�b�y���J�h�k�k�b�c�k�d�h�c���N�_�^�_�j�Z�p�b�b�����]�j�Z�g�l���‹��������-15-2024-���������h�l�������������������������]���� 
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Abstract. In this study the program for Agaricus bisporus mushrooms detection with help of computer 
vision is developed. A method for intersecting contours differentiation is proposed. The developed 
program is planned to be applied for mushroom harvesting robot control. 
Key words: computer vision, automation, mushroom harvesting. 

 
�<�\�_�^�_�g�b�_ 
�:�\�l�h�f�Z�l�b�a�Z�p�b�y�� �i�j�h�p�_�k�k�h�\���i�j�h�b�a�\�h�^�k�l�\�Z�� �i�j�h�^�m�d�p�b�b�� �Z�]�j�h�i�j�h�f�u�r�e�_�g�g�h�]�h�� �d�h�f�i�e�_�d�k�Z 

�b�f�_�_�l�� �[�h�e�v�r�h�_�� �a�g�Z�q�_�g�b�_�� �\�� �i�h�\�u�r�_�g�b�b�� �i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�b�� �l�j�m�^�Z�� �b�� �k�g�b�`�_�g�b�y�� �g�Z�]�j�m�a�d�b�� �g�Z��
�i�_�j�k�h�g�Z�e�� �Z�]�j�h�i�j�h�f�u�r�e�_�g�g�u�o�� �i�j�_�^�i�j�b�y�l�b�c�� �<�g�_�^�j�_�g�b�_�� �k�b�k�l�_�f�� �d�h�f�i�v�x�l�_�j�g�h�]�h�� �a�j�_�g�b�y�� �\��
�i�j�h�p�_�k�k�u�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �Z�]�j�h�i�j�h�f�u�r�e�_�g�g�h�c�� �i�j�h�^�m�d�p�b�b�� �y�\�e�y�_�l�k�y�� �i�_�j�k�i�_�d�l�b�\�g�u�f��
�g�Z�i�j�Z�\�e�_�g�b�_�f�� �j�Z�a�\�b�l�b�y�� �Z�]�j�h�i�j�h�f�u�r�e�_�g�g�h�]�h�� �d�h�f�i�e�_�d�k�Z�� �H�^�g�b�f�� �b�a�� �i�j�b�f�_�j�h�\�� �\�g�_�^�j�_�g�b�y��
�k�b�k�l�_�f�� �d�h�f�i�v�x�l�_�j�g�h�]�h�� �a�j�_�g�b�y�� �\�� �i�j�h�p�_�k�k�u�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �i�b�s�_�\�h�c�� �i�j�h�^�m�d�p�b�b�� �y�\�e�y�_�l�k�y��
�j�Z�a�j�Z�[�h�l�d�Z���k�b�k�l�_�f���d�h�f�i�v�x�l�_�j�g�h�]�h���a�j�_�g�b�y���^�e�y���j�Z�k�i�h�a�g�Z�\�Z�g�b�y���b���d�e�Z�k�k�b�n�b�d�Z�p�b�b���]�j�b�[�h�\��[1�±3], 
�i�j�b�q�z�f���\�k�z���[�h�e�v�r�_�_���j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_���h�[�j�_�l�Z�_�l���i�j�b�f�_�g�_�g�b�_���b�k�d�m�k�k�l�\�_�g�g�u�o���g�_�c�j�h�g�g�u�o���k�_�l�_�c��
[4, 5]. �P�_�e�v�x�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u�� �y�\�e�y�_�l�k�y���j�Z�a�j�Z�[�h�l�d�Z�� �i�j�h�]�j�Z�f�f�u�� �^�e�y�� �^�_�l�_�d�l�b�j�h�\�Z�g�b�y�� �d�h�g�l�m�j�h�\��
�]�j�b�[�h�\��Agaricus bisporus �g�Z���m�q�Z�k�l�d�_���]�j�b�[�g�h�]�h���i�h�e�y���k���\�h�a�f�h�`�g�h�k�l�v�x���^�b�n�n�_�j�_�g�p�b�Z�p�b�b �d�h�g�l�m�j�h�\��
�r�e�y�i�h�d���^�\�m�o���k�h�i�j�b�d�Z�k�Z�x�s�b�o�k�y���]�j�b�[�h�\�� 
 

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

�i�j�b�� �i�Z�j�Z�e�e�_�e�v�g�h�f�� �j�Z�k�i�h�e�h�`�_�g�b�b�� �i�e�h�k�d�h�k�l�b�� �e�b�g�a�u�� �d�Z�f�_�j�u�� �b�� �i�e�h�k�d�h�k�l�b�� �]�j�b�[�g�h�]�h�� �i�h�e�y�� �g�Z��
�y�a�u�d�_�� �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y��Python 3.9.1 �g�Z�i�b�k�Z�g�Z�� �i�j�h�]�j�Z�f�f�Z���� �h�[�j�Z�[�Z�l�u�\�Z�x�s�Z�y�� �b�a�h�[�j�Z�`�_�g�b�y��
�\�b�j�l�m�Z�e�v�g�h�c�� �l�j�z�o�f�_�j�g�h�c�� �f�h�^�_�e�b�� �m�q�Z�k�l�d�Z�� �]�j�b�[�g�h�]�h�� �i�h�e�y���� �k�h�^�_�j�`�Z�s�_�]�h�� �^�\�Z�� �[�e�b�a�d�h��
�j�Z�k�i�h�e�h�`�_�g�g�u�o�� �]�j�b�[�Z��Agaticus bisporus. �J�_�g�^�_�j�� �b�a�h�[�j�Z�`�_�g�b�c�� �k�� �j�Z�a�e�b�q�g�u�f�b�� �\�a�Z�b�f�g�u�f�b��
�j�Z�k�i�h�e�h�`�_�g�b�y�f�b���h�[�t�_�d�l�h�\ �i�j�h�b�a�\�h�^�b�e�k�y���i�h�k�j�_�^�k�l�\�h�f���i�j�h�]�j�Z�f�f�u��Blender-3D 2.79. 

�<�� �d�h�^�_�� �i�j�h�]�j�Z�f�f�u�� �i�j�h�b�a�\�h�^�b�l�k�y�� �b�f�i�h�j�l�� �[�b�[�e�b�h�l�_�d�����>�e�y�� �h�[�j�Z�[�h�l�d�b�� �b�a�h�[�j�Z�`�_�g�b�c��
�b�f�i�h�j�l�b�j�h�\�Z�g�Z�� �[�b�[�e�b�h�l�_�d�Z��cv2. �K�e�h�`�g�u�_�� �f�Z�l�_�f�Z�l�b�q�_�k�d�b�_�� �h�i�_�j�Z�p�b�b�� �\�� �i�j�h�]�j�Z�f�f�_��
�\�u�i�h�e�g�y�x�l�k�y�� �a�Z�� �k�q�z�l�� �n�m�g�d�p�b�c�� �[�b�[�e�b�h�l�_�d�b��math. �A�Z�� �b�f�i�h�j�l�h�f�� �[�b�[�e�b�h�l�_�d�� �k�e�_�^�m�_�l�� �a�Z�^�Z�g�b�_��
�i�_�j�_�f�_�g�g�h�c�����i�j�b�j�Z�\�g�b�\�Z�_�f�h�c���d���j�_�a�m�e�v�l�Z�l�m���j�Z�[�h�l�u���n�m�g�d�p�b�b���k�q�b�l�u�\�Z�g�b�y���b�a�h�[�j�Z�`�_�g�b�y imread() 
�[�b�[�e�b�h�l�_�d�b��cv2. �:�j�]�m�f�_�g�l�h�f�� �n�m�g�d�p�b�b�� �\�u�k�l�m�i�Z�_�l���l�_�d�k�l�h�\�h�_�� �a�g�Z�q�_�g�b�_�� �i�m�l�b�� �\�� �^�b�j�_�d�l�h�j�b�x����
�k�h�^�_�j�`�Z�s�m�x�� �n�Z�c�e�� �b�a�h�[�j�Z�`�_�g�b�y�� �\�� �n�h�j�f�Z�l�_��PNG. �>�Z�e�_�_�� �a�Z�^�Z�z�l�k�y�� �i�_�j�_�f�_�g�g�Z�y���� �a�g�Z�q�_�g�b�_�f��
�d�h�l�h�j�h�c�� �y�\�e�y�_�l�k�y�� �j�_�a�m�e�v�l�Z�l�� �d�h�g�\�_�j�l�Z�p�b�b�� �b�a�h�[�j�Z�`�_�g�b�y�� �b�a�� �p�\�_�l�h�\�h�]�h�� �i�j�h�k�l�j�Z�g�k�l�\�Z��BGR �\��
�n�h�j�f�Z�l�� �r�d�Z�e�u�� �k�_�j�h�]�h�� �k�� �i�h�f�h�s�v�x�� �n�m�g�d�p�b�b��cv2.cvtColor(). �I�_�j�\�u�f�� �Z�j�]�m�f�_�g�l�h�f�� �^�Z�g�g�h�c��
�n�m�g�d�p�b�b�� �y�\�e�y�_�l�k�y�� �i�_�j�_�f�_�g�g�Z�y���� �d�h�l�h�j�h�c�� �i�j�b�k�\�h�_�g�� �f�Z�k�k�b�\��numpy, �k�q�b�l�Z�g�g�u�c�� �n�m�g�d�p�b�_�c��
cv2.imread(). �<�l�h�j�u�f�� �Z�j�]�m�f�_�g�l�h�f�� �\�u�k�l�m�i�Z�_�l�� �d�h�^�� �d�h�g�\�_�j�l�Z�p�b�b�� �p�\�_�l�Z�� �<�� �^�Z�g�g�h�f�� �k�e�m�q�Z�_�� �d�h�^��
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�d�h�g�\�_�j�l�Z�p�b�b�� �p�\�_�l�Z�� �b�f�_�_�l�� �a�g�Z�q�_�g�b�_��cv2.COLOR_BGR2GRAY, �q�l�h�� �h�a�g�Z�q�Z�_�l�� �i�_�j�_�\�h�^��
�b�a�h�[�j�Z�`�_�g�b�y���b�a���n�h�j�f�Z�l�Z��BGR �\���n�h�j�f�Z�l���r�d�Z�e�u���k�_�j�h�]�h�����>�Z�g�g�Z�y���d�h�g�\�_�j�l�Z�p�b�y���g�_�h�[�o�h�^�b�f�Z���^�e�y��
�j�Z�[�h�l�u���n�m�g�d�p�b�b��cv2.findContours(), �h�l�\�_�q�Z�x�s�_�c���a�Z���i�h�b�k�d���g�Z���b�a�h�[�j�Z�`�_�g�b�b���d�h�g�l�m�j�h�\ �h�[�t�_�d�l�h�\�� 
�>�Z�e�_�_�� �k�e�_�^�m�_�l�� �a�Z�^�Z�g�b�_�� �i�h�j�h�]�h�\�h�]�h�� �a�g�Z�q�_�g�b�y�� �i�j�b�� �h�i�j�_�^�_�e�_�g�b�b�� �d�h�g�l�m�j�h�\�� �\�� �k�q�b�l�Z�g�g�h�f��
�b�a�h�[�j�Z�`�_�g�b�b���k���i�h�f�h�s�v�x���n�m�g�d�p�b�b��cv2.threshold(). �A�Z���h�i�j�_�^�_�e�_�g�b�_�f���i�h�j�h�]�h�\�h�]�h���a�g�Z�q�_�g�b�y �^�e�y��
�d�e�Z�k�k�b�n�b�d�Z�p�b�b���i�b�d�k�_�e�_�c���k�e�_�^�m�_�l���i�h�b�k�d���d�h�g�l�m�j�h�\���n�m�g�d�p�b�_�c��cv2.findContours(). 

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

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

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

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

�H�l�j�_�a�d�b���� �^�e�b�g�u�� �d�h�l�h�j�u�o�� �y�\�e�y�x�l�k�y�� �f�Z�d�k�b�f�Z�e�v�g�u�f�b�� �b�� �f�b�g�b�f�Z�e�v�g�u�f�b���� �g�Z�g�h�k�y�l�k�y�� �g�Z��
�b�a�h�[�j�Z�`�_�g�b�_���n�m�g�d�p�b�_�c��cv2.line()�����Z�j�]�m�f�_�g�l�Z�f�b���d�h�l�h�j�h�c���y�\�e�y�x�l�k�y���f�Z�k�k�b�\���Q�X�P�S�\���b�a�h�[�j�Z�`�_�g�b�y����
�g�Z�� �d�h�l�h�j�h�_�� �^�h�e�`�g�h�� �[�u�l�v�� �i�j�h�b�a�\�_�^�_�g�h�� �g�Z�g�_�k�_�g�b�_�� �e�b�g�b�b���� �d�h�j�l�_�`�� �k�h�� �a�g�Z�q�_�g�b�y�f�b�� �Z�[�k�p�b�k�k�u�� �b��
�h�j�^�b�g�Z�l�u�� �i�_�j�\�h�]�h�� �d�h�g�p�Z�� �h�l�j�_�a�d�Z���� �d�h�j�l�_�`�� �k�� �d�h�h�j�^�b�g�Z�l�Z�f�b�� �\�l�h�j�h�]�h�� �d�h�g�p�Z�� �h�l�j�_�a�d�Z���� �d�h�j�l�_�`�� �k�h��
�a�g�Z�q�_�g�b�y�f�b���d�j�Z�k�g�h�c�����a�_�e�z�g�h�c���b���k�b�g�_�c���d�h�f�i�h�g�_�g�l���p�\�_�l�h�\�h�]�h���i�j�h�k�l�j�Z�g�k�l�\�Z���5�*�%�����h�l�\�_�q�Z�x�s�b�o��
�a�Z���p�\�_�l���e�b�g�b�b�����b���a�g�Z�q�_�g�b�_���i�j�h�a�j�Z�q�g�h�k�l�b���e�b�g�b�b���h�l���g�m�e�y���^�h���_�^�b�g�b�p�u. 

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

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

�L�Z�d�b�f�� �h�[�j�Z�a�h�f�� �i�j�h�b�k�o�h�^�b�l�� �^�_�l�_�d�l�b�j�h�\�Z�g�b�_���d�h�g�l�m�j�h�\�� �^�\�m�o�� �k�h�i�j�b�d�Z�k�Z�x�s�b�o�k�y�� �r�e�y�i�h�d��
�]�j�b�[�h�\��Agaricus bisporus. 
 

�J�_�a�m�e�v�l�Z�l�u 
�:�e�]�h�j�b�l�f���^�_�l�_�d�l�b�j�h�\�Z�g�b�y���j�Z�a�e�b�q�g�u�o���d�h�g�l�m�j�h�\���r�e�y�i�h�d���]�j�b�[�h�\��Agaricus bisporus �i�h�d�Z�a�Z�e��

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

�A�Z�d�e�x�q�_�g�b�_ 
�L�_�k�l�b�j�h�\�Z�g�b�_�� �j�Z�a�j�Z�[�h�l�Z�g�g�h�c�� �\�� �j�Z�f�d�Z�o�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u�� �i�j�h�]�j�Z�f�f�u�� �i�h�d�Z�a�Z�e�h��

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

�K�i�b�k�h�d���e�b�l�_�j�Z�l�m�j�u 
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Abstract. The article examines the role of a system analyst in ensuring the security of IT systems at 
the design stage and analyzes typical errors leading to cyber attacks and data leaks. Based on  
up-to-date data on cyber attacks, it demonstrates how design errors can lead to serious 
consequences. It is emphasized that the competent work of a system analyst at the design stage is 
the basis for creating reliable and secure IT systems capable of resisting modern cyber threats. 
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�<�\�_�^�_�g�b�_ 
�K�h�\�j�_�f�_�g�g�u�_�� �,�7-�k�b�k�l�_�f�u�� �b�]�j�Z�x�l�� �d�e�x�q�_�\�m�x�� �j�h�e�v�� �\�� �j�Z�a�e�b�q�g�u�o�� �k�n�_�j�Z�o�� �^�_�y�l�_�e�v�g�h�k�l�b���± 

�h�l�� �n�b�g�Z�g�k�h�\�u�o�� �m�q�j�_�`�^�_�g�b�c�� �^�h�� �]�h�k�m�^�Z�j�k�l�\�_�g�g�u�o�� �h�j�]�Z�g�b�a�Z�p�b�c���� �H�^�g�Z�d�h�� �k�� �j�h�k�l�h�f�� �k�e�h�`�g�h�k�l�b��
�b�g�n�h�j�f�Z�p�b�h�g�g�u�o�� �k�b�k�l�_�f�� �b�� �m�\�_�e�b�q�_�g�b�_�f�� �q�b�k�e�Z �d�b�[�_�j�Z�l�Z�d �h�[�_�k�i�_�q�_�g�b�_�� �[�_�a�h�i�Z�k�g�h�k�l�b��
�k�l�Z�g�h�\�b�l�k�y�� �h�^�g�h�c�� �b�a�� �]�e�Z�\�g�u�o�� �a�Z�^�Z�q�� �j�Z�a�j�Z�[�h�l�d�b�� �,�7-�i�j�h�_�d�l�h�\���� �K�h�]�e�Z�k�g�h�� �h�l�q�_�l�m�� �,�%�0�� �;-Force 
�7�K�U�H�D�W�� �,�Q�W�H�O�O�L�J�H�Q�F�H�� �,�Q�G�H�[�� ������������ �h�d�h�e�h�� ���� ���� �\�k�_�o�� �b�g�p�b�^�_�g�l�h�\�� �\�� �d�h�j�i�h�j�Z�l�b�\�g�u�o�� �k�b�k�l�_�f�Z�o��
�k�\�y�a�Z�g�u���k���h�r�b�[�d�Z�f�b���g�Z���w�l�Z�i�_���i�j�h�_�d�l�b�j�h�\�Z�g�b�y��[1]. 

�L�Z�d���� �\ ���������� �]�h�^�m���� �d�h�]�^�Z�� �q�b�k�e�h�� �d�b�[�_�j�Z�l�Z�d�� �g�Z�� �j�h�k�k�b�c�k�d�b�_�� �d�h�f�i�Z�g�b�b�� �\�u�j�h�k�e�h�� �\�� �������� �j�Z�a�Z����
�^�h�k�l�b�]�g�m�\�� �������� �l�u�k�y�q�� �b�g�p�b�^�_�g�l�h�\���� �H�k�g�h�\�g�u�f�b�� �p�_�e�y�f�b�� �k�l�Z�e�b�� �h�l�j�Z�k�e�b�� �d�j�b�l�b�q�_�k�d�h�c��
�b�g�n�j�Z�k�l�j�m�d�l�m�j�u�� ���D�B�B������ �i�j�h�f�u�r�e�_�g�g�h�k�l�v�� �b�� �B�L-�k�_�d�l�h�j���� �H�r�b�[�d�b���^�h�i�m�s�_�g�g�u�_ �g�Z�� �w�l�Z�i�_��
�i�j�h�_�d�l�b�j�h�\�Z�g�b�y�� ���g�_�^�h�k�l�Z�l�h�q�g�u�c�� �Z�g�Z�e�b�a�� �m�]�j�h�a���� �h�r�b�[�d�b�� �\�� �i�j�h�_�d�l�b�j�h�\�Z�g�b�b�� �a�Z�s�b�l�u���� �g�_�� �[�u�e�b��
�m�q�l�_�g�u�� �j�b�k�d�b�� �p�_�e�_�\�u�o�� �Z�l�Z�d���� �m�y�a�\�b�f�h�k�l�b�� �\�� �p�_�i�h�q�d�_�� �i�h�k�l�Z�\�h�d�� �b�� �g�_�h�[�o�h�^�b�f�h�k�l�v��
�d�j�m�]�e�h�k�m�l�h�q�g�h�]�h���f�h�g�b�l�h�j�b�g�]�Z�����i�j�b�\�_�e�b���d���������l�u�k�y�q�Z�f �\�u�k�h�d�h�d�j�b�l�b�q�g�u�o���b�g�p�b�^�_�g�l�h�\�����d�Z�`�^�u�c��
�i�y�l�u�c�� �b�a�� �d�h�l�h�j�u�o�� �f�h�]�� �g�Z�g�_�k�l�b�� �m�s�_�j�[�� �k�\�u�r�_�� ���� �f�b�e�e�b�h�g�Z�� �j�m�[�e�_�c���� �K�h�\�h�d�m�i�g�u�c��
�i�j�_�^�h�l�\�j�Z�s�_�g�g�u�c�� �m�s�_�j�[�� �k�h�k�l�Z�\�b�e�� ������ �f�b�e�e�b�Z�j�^�h�\�� �j�m�[�e�_�c���� �g�h�� �[�_�a�� �k�\�h�_�\�j�_�f�_�g�g�h�]�h��
�j�_�Z�]�b�j�h�\�Z�g�b�y���i�h�k�e�_�^�k�l�\�b�y���f�h�]�e�b���[�u�l�v���d�Z�l�Z�k�l�j�h�n�b�q�_�k�d�b�f�b���>2]. 

�W�l�b�� �i�j�b�f�_�j�u�� �g�Z�]�e�y�^�g�h�� �^�_�f�h�g�k�l�j�b�j�m�x�l���� �q�l�h�� �h�r�b�[�d�b�� �g�Z�� �w�l�Z�i�_�� �i�j�h�_�d�l�b�j�h�\�Z�g�b�y�� �f�h�]�m�l��
�b�f�_�l�v�� �k�_�j�v�_�a�g�u�_�� �i�h�k�e�_�^�k�l�\�b�y�����i�h�w�l�h�f�m�� �b�o�� �g�_�h�[�o�h�^�b�f�h�� �m�q�b�l�u�\�Z�l�v�� �i�j�b�� �j�Z�a�j�Z�[�h�l�d�_�� �^�e�y 
�h�[�_�k�i�_�q�_�g�b�y �[�_�a�h�i�Z�k�g�h�k�l�b���,�7-�k�b�k�l�_�f�� 

�K�b�k�l�_�f�g�u�c�� �Z�g�Z�e�b�l�b�d���± �w�l�h�� �k�i�_�p�b�Z�e�b�k�l���� �d�h�l�h�j�u�c���b�a�m�q�Z�_�l���i�h�l�j�_�[�g�h�k�l�b�� �a�Z�d�Z�a�q�b�d�Z����
�Z�g�Z�e�b�a�b�j�m�_�l���i�j�h�p�_�k�k�u���b���i�j�h�_�d�l�b�j�m�_�l���,�7-�j�_�r�_�g�b�y���i�_�j�_�\�h�^�y���[�b�a�g�_�k-�l�j�_�[�h�\�Z�g�b�y���\���l�_�o�g�b�q�_�k�d�b�_��
�k�i�_�p�b�n�b�d�Z�p�b�b���� �:�g�Z�e�b�l�b�d�� �d�h�h�j�^�b�g�b�j�m�_�l�� �j�Z�[�h�l�m�� �f�_�`�^�m�� �a�Z�d�Z�a�q�b�d�h�f�� �b�� �j�Z�a�j�Z�[�h�l�q�b�d�Z�f�b����
�^�h�d�m�f�_�g�l�b�j�m�_�l�� �i�j�h�p�_�k�k�u�� �b�� �h�[�_�k�i�_�q�b�\�Z�_�l�� �[�_�a�h�i�Z�k�g�h�k�l�v�� �k�b�k�l�_�f�u���� �?�]�h�� �a�Z�^�Z�q�Z���± �k�h�a�^�Z�l�v��
�w�n�n�_�d�l�b�\�g�u�_�� �b�� �g�Z�^�_�`�g�u�_�� �j�_�r�_�g�b�y���� �d�h�l�h�j�u�_�� �i�h�f�h�]�Z�x�l�� �[�b�a�g�_�k�m�� �^�h�k�l�b�]�Z�l�v�� �i�h�k�l�Z�\�e�_�g�g�u�o��
�p�_�e�_�c�� �H�^�g�Z�d�h���� �d�Z�d�� �i�h�d�Z�a�u�\�Z�_�l�� �i�j�Z�d�l�b�d�Z���� �g�_�^�h�k�l�Z�l�h�q�g�h�_�� �\�g�b�f�Z�g�b�_�� �d�� �[�_�a�h�i�Z�k�g�h�k�l�b�� �g�Z�� �w�l�Z�i�_��
�i�j�h�_�d�l�b�j�h�\�Z�g�b�y���i�j�b�\�h�^�b�l���d���k�_�j�v�_�a�g�u�f���i�h�k�e�_�^�k�l�\�b�y�f. 
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�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���q�Z�k�l�v 
�:�g�Z�e�b�a�� �k�l�Z�l�b�k�l�b�q�_�k�d�b�o�� �^�Z�g�g�u�o�� �\�� �h�[�e�Z�k�l�b�� �b�g�n�h�j�f�Z�p�b�h�g�g�h�c�� �[�_�a�h�i�Z�k�g�h�k�l�b�� �i�h�a�\�h�e�y�_�l��

�\�u�^�_�e�b�l�v���j�y�^���d�e�x�q�_�\�u�o���i�j�h�[�e�_�f�����g�_�i�h�k�j�_�^�k�l�\�_�g�g�h���k�\�y�a�Z�g�g�u�o���k���j�h�e�v�x���k�b�k�l�_�f�g�h�]�h���Z�g�Z�e�b�l�b�d�Z��
�\���i�j�h�p�_�k�k�_���i�j�h�_�d�l�b�j�h�\�Z�g�b�y���b���j�Z�a�j�Z�[�h�l�d�b���,�7-�k�b�k�l�_�f�� 

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

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

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

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

�H�^�g�Z�d�h�� �^�Z�`�_�� �i�j�b�� �g�Z�e�b�q�b�b�� �g�_�h�[�o�h�^�b�f�u�o�� �b�g�k�l�j�m�f�_�g�l�h�\�� �b�� �f�_�l�h�^�h�e�h�]�b�c�� ���g�Z�i�j�b�f�_�j����
�7�K�U�H�D�W�� �0�R�G�H�O�L�Q�J���� �6�H�F�X�U�H�� �6�'�/�&�� �b�e�b�� �=�H�U�R�� �7�U�X�V�W�� �$�U�F�K�L�W�H�F�W�X�U�H���� �h�r�b�[�d�b���� �^�h�i�m�s�_�g�g�u�_�� �k�b�k�l�_�f�g�u�f��
�Z�g�Z�e�b�l�b�d�h�f�� �g�Z�� �w�l�Z�i�_�� �i�j�h�_�d�l�b�j�h�\�Z�g�b�y���� �h�k�l�Z�x�l�k�y�� �h�^�g�h�c�� �b�a�� �]�e�Z�\�g�u�o�� �i�j�b�q�b�g�� �\�h�a�g�b�d�g�h�\�_�g�b�y��
�d�b�[�_�j�m�]�j�h�a [3]. �<�� �d�Z�q�_�k�l�\�_�� �i�j�b�f�_�j�Z���� �[�u�e�Z�� �k�h�k�l�Z�\�e�_�g�Z�� �l�Z�[�e�b�p�Z���i�h�� �g�Z�b�[�h�e�_�_�� �q�Z�k�l�h��
�\�k�l�j�_�q�Z�x�s�b�f�k�y���h�r�b�[�d�Z�f���g�Z���w�l�Z�i�_���i�j�h�_�d�l�b�j�h�\�Z�g�b�y �b���b�o���i�h�k�e�_�^�k�l�\�b�y�f���^�e�y �d�h�f�i�Z�g�b�b. 
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integration into machine learning is analyzed. 
Key words: high-performance computing, big data, distributed systems, parallel computing, 
industrial monitoring. 

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

�^�Z�g�g�u�o���� �]�_�g�_�j�b�j�m�_�f�u�o�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�f�� �h�[�h�j�m�^�h�\�Z�g�b�_�f���� �K�h�\�j�_�f�_�g�g�u�_�� �i�j�_�^�i�j�b�y�l�b�y��
�k�h�[�b�j�Z�x�l�� �f�g�h�]�h�f�_�j�g�m�x�� �l�_�e�_�f�_�l�j�b�x���� �`�m�j�g�Z�e�u�� �k�h�[�u�l�b�c���� �i�h�l�h�d�h�\�u�_�� �^�Z�g�g�u�_�� �k�� �^�Z�l�q�b�d�h�\���� �q�l�h��
�k�h�a�^�Z�_�l�� �k�m�s�_�k�l�\�_�g�g�m�x�� �g�Z�]�j�m�a�d�m�� �g�Z�� �k�b�k�l�_�f�u�� �h�[�j�Z�[�h�l�d�b�� �b�g�n�h�j�f�Z�p�b�b [1]���� �L�j�Z�^�b�p�b�h�g�g�u�_��
�k�_�j�\�_�j�g�u�_�� �j�_�r�_�g�b�y�� �q�Z�k�l�h�� �g�_�� �k�i�j�Z�\�e�y�x�l�k�y�� �k�� �\�h�a�j�h�k�r�b�f�� �i�h�l�h�d�h�f�� �^�Z�g�g�u�o���� �q�l�h�� �i�j�b�\�h�^�b�l�� �d��
�a�Z�^�_�j�`�d�Z�f���\���Z�g�Z�e�b�a�_���b�����d�Z�d���k�e�_�^�k�l�\�b�_�����d���k�g�b�`�_�g�b�x���w�n�n�_�d�l�b�\�g�h�k�l�b���m�i�j�Z�\�e�_�g�q�_�k�d�b�o���j�_�r�_�g�b�c [2]. 

�I�j�b�f�_�g�_�g�b�_�� �\�u�k�h�d�h�i�j�h�b�a�\�h�^�b�l�_�e�v�g�u�o�� �\�u�q�b�k�e�b�l�_�e�v�g�u�o���k�b�k�l�_�f�� ���+�L�J�K�� �3�H�U�I�R�U�P�D�Q�F�H��
�&�R�P�S�X�W�L�Q�J���� �+�3�&���� �i�h�a�\�h�e�y�_�l�� �g�_�� �l�h�e�v�d�h�� �m�k�d�h�j�b�l�v�� �h�[�j�Z�[�h�l�d�m�� �^�Z�g�g�u�o���� �g�h�� �b�� �\�g�_�^�j�b�l�v��
�b�g�l�_�e�e�_�d�l�m�Z�e�v�g�u�_���Z�e�]�h�j�b�l�f�u���^�e�y���i�j�_�^�b�d�l�b�\�g�h�c���Z�g�Z�e�b�l�b�d�b���b���h�i�l�b�f�b�a�Z�p�b�b���i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o��
�i�j�h�p�_�k�k�h�\ [3]�����H�^�g�Z�d�h���k�m�s�_�k�l�\�m�x�s�b�_���+�3�&-�j�_�r�_�g�b�y���q�Z�k�l�h���l�j�_�[�m�x�l���a�g�Z�q�b�l�_�e�v�g�u�o���b�g�\�_�k�l�b�p�b�c��
�\���b�g�n�j�Z�k�l�j�m�d�l�m�j�m���b���k�e�h�`�g�u���\�h���\�g�_�^�j�_�g�b�b [4]. 

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

�<�� �g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�_�� �f�u�� �n�h�d�m�k�b�j�m�_�f�k�y�� �g�Z�� �i�Z�j�Z�e�e�_�e�v�g�u�o�� �\�u�q�b�k�e�_�g�b�y�o�� �\�� �k�j�_�^�_�� �3�\�W�K�R�Q����
�b�k�i�h�e�v�a�m�y�� �f�_�o�Z�g�b�a�f�� �P�X�O�W�L�S�U�R�F�H�V�V�L�Q�J�� ���f�g�h�]�h�i�j�h�p�_�k�k�g�Z�y�� �f�h�^�_�e�v�� �g�Z�� �h�^�g�h�f�� �m�a�e�_�� [5]. �F�h�^�m�e�v��
�P�X�O�W�L�S�U�R�F�H�V�V�L�Q�J�� �\�u�[�j�Z�g�� �d�Z�d�� �d�h�f�i�j�h�f�b�k�k�� �f�_�`�^�m�� �i�j�h�k�l�h�l�h�c�� �j�_�Z�e�b�a�Z�p�b�b�� �b�� �w�n�n�_�d�l�b�\�g�h�k�l�v�x��
�i�Z�j�Z�e�e�_�e�v�g�u�o�� �\�u�q�b�k�e�_�g�b�c���� �O�h�l�y�� �k�m�s�_�k�l�\�m�x�l�� �[�h�e�_�_�� �i�j�h�b�a�\�h�^�b�l�_�e�v�g�u�_�� �j�_�r�_�g�b�y��
(MPI, �2�S�H�Q�0�3�������\�u�[�j�Z�g�g�u�c���i�h�^�o�h�^���i�h�a�\�h�e�y�_�l���i�j�h�^�_�f�h�g�k�l�j�b�j�h�\�Z�l�v���h�k�g�h�\�g�u�_���i�j�b�g�p�b�i�u���+�3�&��
�g�Z���i�j�Z�d�l�b�d�_�� �F�u���b�e�e�x�k�l�j�b�j�m�_�f���w�l�m���b�^�_�x���g�Z���a�Z�^�Z�q�_���h�[�m�q�_�g�b�y���f�h�^�_�e�_�c���f�Z�r�b�g�g�h�]�h���h�[�m�q�_�g�b�y 
�g�Z���[�h�e�v�r�h�f���k�b�g�l�_�l�b�q�_�k�d�h�f���^�Z�l�Z�k�_�l�_�� 

�L�Z�d�h�c�� �i�Z�j�Z�e�e�_�e�v�g�u�c�� �i�h�^�o�h�^�� �\�� �3�\�W�K�R�Q���� �k�� �h�^�g�h�c�� �k�l�h�j�h�g�u���� �g�_�� �^�h�k�l�b�]�Z�_�l�� �w�n�n�_�d�l�b�\�g�h�k�l�b��
�d�e�Z�k�k�b�q�_�k�d�b�o�� �+�3�&-�l�_�o�g�h�e�h�]�b�c�� ���0�3�,���� �2�S�H�Q�0�3���� �*�3�8������ �h�^�g�Z�d�h�� �^�_�f�h�g�k�l�j�b�j�m�_�l�� �d�e�x�q�_�\�u�_��
�i�j�b�g�p�b�i�u�� �\�u�k�h�d�h�i�j�h�b�a�\�h�^�b�l�_�e�v�g�u�o�� �\�u�q�b�k�e�_�g�b�c���� �j�Z�a�[�b�\�d�m�� �^�Z�g�g�u�o�� �g�Z�� �q�Z�g�d�b���� �g�_�a�Z�\�b�k�b�f�h�_��
�\�u�q�b�k�e�_�g�b�_���e�h�d�Z�e�v�g�u�o���j�_�a�m�e�v�l�Z�l�h�\���b���i�h�k�e�_�^�m�x�s�_�_���b�o���Z�]�j�_�]�b�j�h�\�Z�g�b�_�� 
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�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���q�Z�k�l�v 
�W�d�k�i�_�j�b�f�_�g�l���k�h�k�l�h�b�l���b�a���l�j�_�o �h�k�g�h�\�g�u�o���w�l�Z�i�h�\�� 
1. �=�_�g�_�j�Z�p�b�y���g�Z�[�h�j�h�\���^�Z�g�g�u�o���h�i�j�_�^�_�e�_�g�g�u�o���j�Z�a�f�_�j�h�\���b���d�h�e�b�q�_�k�l�\�Z���i�j�b�a�g�Z�d�h�\�� 
2. �H�[�m�q�_�g�b�_���k���a�Z�f�_�j�h�f���\�j�_�f�_�g�b���b���\�Z�e�b�^�Z�p�b�y���^�e�y���d�Z�`�^�h�c���f�h�^�_�e�b�� 
3. �N�h�j�f�b�j�h�\�Z�g�b�_���b�l�h�]�h�\�u�o���j�_�a�m�e�v�l�Z�l�h�\ 
�W�d�k�i�_�j�b�f�_�g�l �i�j�h�\�h�^�b�e�k�y���g�Z���d�h�f�i�v�x�l�_�j�_���k���i�j�h�p�_�k�k�h�j�h�f��Apple M4 �b���k �������=�;���h�i�_�j�Z�l�b�\�g�h�c��

�i�Z�f�y�l�b�����B�k�i�h�e�v�a�h�\�Z�e�k�y��Python �\�_�j�k�b�b��3.12.7. 
�<�� �d�Z�q�_�k�l�\�_�� �b�k�i�h�e�v�a�m�_�f�u�o�� �f�h�^�_�e�_�c�� �f�Z�r�b�g�g�h�]�h�� �h�[�m�q�_�g�b�y�� �[�u�e�b�� �\�u�[�j�Z�g�u�� �e�h�]�b�k�l�b�q�_�k�d�Z�y��

�j�_�]�j�_�k�k�b�y���b���g�Z�b�\�g�u�c���;�Z�c�_�k�����N�m�g�d�p�b�y���Z�d�l�b�\�Z�p�b�b���^�e�y���e�h�]�b�k�l�b�q�_�k�d�h�c���j�_�]�j�_�k�k�b�b���b�k�i�h�e�v�a�m�_�l�k�y���± 
�k�b�]�f�h�c�^�Z���d�h�l�h�j�Z�y���h�i�j�_�^�_�e�y�_�l�k�y���n�h�j�f�m�e�h�c�� 
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�]�^�_���X�Ý �± �w�e�_�f�_�g�l�u�� �\�_�d�l�h�j�Z�� �\�_�k�h�\, D �± �q�b�k�e�h�� �i�j�b�a�g�Z�d�h�\, �I �± �]�b�i�_�j�i�Z�j�Z�f�_�l�j���� �a�Z�^�Z�x�s�b�c�� �k�b�e�m��
�j�_�]�m�e�y�j�b�a�Z�p�b�b, N �± �d�h�e�b�q�_�k�l�\�h �h�[�t�_�d�l�h�\ �\���\�u�[�h�j�d�_ 

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

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

1. Accuracy �± �^�h�e�y���\�_�j�g�u�o���i�j�_�^�k�d�Z�a�Z�g�b�c. 
2. Precision �± �l�h�q�g�h�k�l�v���i�j�b���i�j�_�^�k�d�Z�a�Z�g�b�b���d�e�Z�k�k�Z����. 
3. Recall �± �i�h�e�g�h�l�Z���^�e�y���d�e�Z�k�k�Z����. 
4. F1-score �± �]�Z�j�f�h�g�b�q�_�k�d�h�_���k�j�_�^�g�_�_���f�_�`�^�m��precision �b��recall. 
�W�d�k�i�_�j�b�f�_�g�l �i�j�h�\�h�^�b�e�k�y �g�Z�� �k�b�g�l�_�l�b�q�_�k�d�b�o�� �g�Z�[�h�j�Z�o�� �^�Z�g�g�u�o�� �j�Z�a�e�b�q�g�h�]�h�� �h�[�t�_�f�Z, 

100 000 �h�[�j�Z�a�p�h�\���b���������i�j�b�a�g�Z�d�h�\�������������������������h�[�j�Z�a�p�h�\���b���������i�j�b�a�g�Z�d�h�\���b�����������������������h�[�j�Z�a�p�h�\���b��
40 �i�j�b�a�g�Z�d�h�\�����<���l�Z�[�e. �����i�j�b�\�_�^�_�g�u���j�_�a�m�e�v�l�Z�l�u���\�j�_�f�_�g�b���h�[�m�q�_�g�b�y���f�h�^�_�e�_�c�����Z���\���l�Z�[�e. 2 �f�_�l�j�b�d�b��
�d�Z�q�_�k�l�\�Z���b�o���d�e�Z�k�k�b�n�b�d�Z�p�b�b. 

 
�L�Z�[�e�b�p�Z���� 

�<�j�_�f�y���h�[�m�q�_�g�b�y���f�h�^�_�e�_�c 

�H�[�j�Z�a�p�h�\ �I�j�b�a�g�Z�d�h�\ �E�h�]�b�k�l�b�q�_�k�d�Z�y���j�_�]�j�_�k�k�b�y 
(�H�^�g�h�i�h�l�h�q�g�Z�y)�����\�j�_�f�y�����k 

�E�h�]�b�k�l�b�q�_�k�d�Z�y���j�_�]�j�_�k�k�b�y 
(�F�g�h�]�h�i�h�l�h�q�g�Z�y)�����\�j�_�f�y�����k 

�G�Z�b�\�g�u�c���;�Z�c�_�k����
�\�j�_�f�y�����k 

100 000 10 4,85 50,29 2,65 
1 000 000 40 116,33 118,81 119,43 
5 000 000 40 580,79 459,93 627,52 

 
�L�Z�[�e�b�p�Z��2 

�F�_�l�j�b�d�b���d�Z�q�_�k�l�\�Z���d�e�Z�k�k�b�n�b�d�Z�p�b�b 

�F�h�^�_�e�v Accuracy Precision Recall F1-score 
�E�h�]�b�k�l�b�q�_�k�d�Z�y���j�_�]�j�_�k�k�b�y (�H�^�g�h�i�h�l�h�q�g�Z�y) 0,778 0,840 0,637 0,724 
�E�h�]�b�k�l�b�q�_�k�d�Z�y���j�_�]�j�_�k�k�b�y (�F�g�h�]�h�i�h�l�h�q�g�Z�y) 0,778 0,840 0,637 0,724 

�G�Z�b�\�g�u�c���;�Z�c�_�k 0,791 0,791 0,740 0,760 
 

 



112 XXII �F�?�@�>�M�G�:�J�H�>�G�:�Y���D�H�G�N�?�J�?�G�P�B�Y���K�L�M�>�?�G�L�H�<�����:�K�I�B�J�:�G�L�H�<���B���F�H�E�H�>�U�O�� 
�M�Q�?�G�U�O���©�I�?�J�K�I�?�D�L�B�<�U���J�:�A�<�B�L�B�Y���N�M�G�>�:�F�?�G�L�:�E�V�G�U�O���G�:�M�D�ª 

 

�J�h�k�k�b�y�����L�h�f�k�d������2�±25 �Z�i�j�_�e�y������25 �]�� �L�h�f��������IT-�l�_�o�g�h�e�h�]�b�b���b���w�e�_�d�l�j�h�g�b�d�Z 
 

�J�_�a�m�e�v�l�Z�l�u 
�:�g�Z�e�b�a���j�_�a�m�e�v�l�Z�l�h�\�� �i�h�d�Z�a�u�\�Z�_�l���� �q�l�h�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �i�Z�j�Z�e�e�_�e�v�g�h�c�� �h�[�j�Z�[�h�l�d�b��

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

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

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

�h�[�j�Z�[�h�l�d�b�� �^�Z�g�g�u�o�� �^�e�y�� �i�j�h�f�u�r�e�_�g�g�h�]�h�� �f�h�g�b�l�h�j�b�g�]�Z���� �W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�� �i�h�^�l�\�_�j�`�^�_�g�Z��
�w�n�n�_�d�l�b�\�g�h�k�l�v�� �i�j�_�^�e�h�`�_�g�g�h�]�h�� �i�h�^�o�h�^�Z���g�Z�� �[�h�e�v�r�b�o�� �g�Z�[�h�j�Z�o�� �^�Z�g�g�u�o���� �H�i�j�_�^�_�e�_�g�u��
�h�i�l�b�f�Z�e�v�g�u�_�� �m�k�e�h�\�b�y�� �i�j�b�f�_�g�_�g�b�y�� �i�Z�j�Z�e�e�_�e�v�g�h�c�� �h�[�j�Z�[�h�l�d�b�� �b�� �j�Z�a�j�Z�[�h�l�Z�g�u�� �i�j�Z�d�l�b�q�_�k�d�b�_��
�j�_�d�h�f�_�g�^�Z�p�b�b���i�h���\�g�_�^�j�_�g�b�x���k�b�k�l�_�f�u�� 
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Abstract. The paper presents an analysis of convolutional neural network models based on images from 
the AffectNet dataset. The effectiveness of the models is assessed using accuracy and f1-score metrics, 
and their analysis is performed using Mann-Whitney and Wilcoxon statistical tests. The following 
neural network models were considered: ResNet50, MobileNetV2, created neural network CNN. 
Key words: emotions, neural networks, accuracy, the Mann-Whitney U test, the Wilcoxon signed-rank test. 

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

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

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

 
�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���q�Z�k�l�v 
�>�e�y�� �k�j�Z�\�g�_�g�b�y�� �[�u�e�b�� �\�u�[�j�Z�g�u�� �l�j�b�� �f�h�^�_�e�b�� �k�\�_�j�l�h�q�g�h�c�� �g�_�c�j�h�g�g�h�c�� �k�_�l�b���� �5�H�V�1�H�W��������

�0�R�E�L�O�H�1�H�W�9�����b���j�Z�a�j�Z�[�h�l�Z�g�g�Z�y���K�1�1���� 
ResNet50 �± �k�\�_�j�l�h�q�g�Z�y���g�_�c�j�h�g�g�Z�y���k�_�l�v�����d�h�l�h�j�Z�y���i�j�_�^�h�l�\�j�Z�s�Z�_�l���i�j�h�[�e�_�f�u���k���b�k�q�_�a�Z�x�s�b�f��

�]�j�Z�^�b�_�g�l�h�f�� �k�� �i�h�f�h�s�v�x�� �i�j�b�f�_�g�_�g�b�y�� �i�j�h�i�m�k�d�g�u�o�� �k�h�_�^�b�g�_�g�b�c�� ���V�N�L�S�� �F�R�Q�Q�H�F�W�L�R�Q�V���� �f�_�`�^�m��
�[�e�h�d�Z�f�b�����^�h�[�Z�\�e�y�y���\�o�h�^�g�u�_���^�Z�g�g�u�_���[�e�h�d�Z���d���_�]�h���\�u�o�h�^�m���>���@�� 

MobileNetV2 �± �k�\�_�j�l�h�q�g�Z�y���g�_�c�j�h�g�g�Z�y���k�_�l�v�����b�k�i�h�e�v�a�m�x�s�Z�y���b�g�\�_�j�l�b�j�h�\�Z�g�g�u�_���h�k�l�Z�l�h�q�g�u�_��
�[�e�h�d�b���� �d�h�l�h�j�u�_�� �k�g�Z�q�Z�e�Z�� �m�\�_�e�b�q�b�\�Z�x�l�� �d�h�e�b�q�_�k�l�\�h�� �d�Z�g�Z�e�h�\���� �a�Z�l�_�f�� �i�j�b�f�_�g�y�x�l�� �]�e�m�[�b�g�g�u�_��
�k�\�_�j�l�d�b���� �h�[�j�Z�[�Z�l�u�\�Z�x�s�b�_�� �d�Z�`�^�u�c�� �d�Z�g�Z�e�� �h�l�^�_�e�v�g�h���� �b�� �m�f�_�g�v�r�Z�x�l�� �d�h�e�b�q�_�k�l�\�h�� �d�Z�g�Z�e�h�\��
�h�[�j�Z�l�g�h [3]. 

�Q�l�h���d�Z�k�Z�_�l�k�y���j�Z�a�j�Z�[�h�l�Z�g�g�h�c���k�\�_�j�l�h�q�g�h�c���g�_�c�j�h�g�g�h�c���k�_�l�b�����&�1�1�������l�h���h�g�Z���k�h�k�l�h�b�l���b�a���i�y�l�b��
�k�\�_�j�l�h�q�g�u�o�� �[�e�h�d�h�\�� �k�� �m�\�_�e�b�q�_�g�b�_�f�� �d�h�e�b�q�_�k�l�\�Z�� �n�b�e�v�l�j�h�\���� �]�^�_�� �d�Z�`�^�u�c�� �[�e�h�d�� �\�d�e�x�q�Z�_�l�� �k�e�h�b�� �k��
�Z�d�l�b�\�Z�p�b�_�c���5�H�/�8�����i�Z�d�_�l�g�m�x���g�h�j�f�Z�e�b�a�Z�p�b�x�����%�D�W�F�K�1�R�U�P�D�O�L�]�D�W�L�R�Q�������f�Z�d�k�b�f�Z�e�v�g�h�_���h�[�t�_�^�b�g�_�g�b�_��
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�K�j�Z�\�g�_�g�b�_���f�_�l�j�b�d���h�i�b�k�Z�g�g�u�o���f�h�^�_�e�_�c 

�F�h�^�_�e�v Accuracy Valid Accuracy Test 
ResNet50 78,44% 73,37% 

CNN 72,95% 66,90% 
MobileNetV2 69,95% 62,76% 
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�K�j�Z�\�g�_�g�b�_���f�_�l�j�b�d���h�i�b�k�Z�g�g�u�o���f�h�^�_�e�_�c 

�F�h�^�_�e�v Precision Recall F1-score 
ResNet50 0,75  0,73 0,73 

CNN 0,68 0,67 0,66 
MobileNetV2 0,63 0,63  0,63 

 
�A�Z�d�e�x�q�_�g�b�_ 
�<�� �a�Z�d�e�x�q�_�g�b�b���� �k�j�Z�\�g�b�\�Z�y�� �f�h�^�_�e�b�� �5�H�V�1�H�W���������&�1�1�� �b�� �0�R�E�L�O�H�1�H�W�9���� �^�e�y�� �a�Z�^�Z�q�b��

�d�e�Z�k�k�b�n�b�d�Z�p�b�b�� �w�f�h�p�b�c���� �f�h�`�g�h�� �k�d�Z�a�Z�l�v�� �h�� �l�h�f���� �q�l�h�� �5�H�V�1�H�W������ �i�h�d�Z�a�u�\�Z�_�l�� �e�m�q�r�b�_�� �j�_�a�m�e�v�l�Z�l�u����
�&�1�1�� �g�_�f�g�h�]�h�� �m�k�l�m�i�Z�_�l�� �5�H�V�1�H�W�������� �g�h�� �_�z�� �j�_�a�m�e�v�l�Z�l�u�� �g�Z�� �\�Z�e�b�^�Z�p�b�b�� �b�� �l�_�k�l�_�� �h�k�l�Z�x�l�k�y�� �\�i�h�e�g�_��
�d�h�g�d�m�j�_�g�l�h�k�i�h�k�h�[�g�u�f�b�����Q�l�h���d�Z�k�Z�_�l�k�y���0�R�E�L�O�H�1�H�W�9�������l�h���h�g�Z���i�h�d�Z�a�u�\�Z�_�l���g�Z�b�f�_�g�v�r�m�x���l�h�q�g�h�k�l�v�� 
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Abstract. This paper describes a virtual instrument developed in the LabVIEW graphical 
programming language for the FMR device. The program communicates with the FMR device via 
Arduino UNO. 
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�<�\�_�^�_�g�b�_ 
�<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �i�h�l�j�_�[�g�h�k�l�v�� �\�� �Z�\�l�h�f�Z�l�b�a�Z�p�b�b�� �g�Z�m�q�g�h-�b�k�k�e�_�^�h�\�Z�l�_�e�v�k�d�b�o�� �b��

�i�j�h�f�u�r�e�_�g�g�u�o���h�[�t�_�d�l�h�\���\�_�k�v�f�Z���\�_�e�b�d�Z�����D�j�h�f�_���l�h�]�h�� �i�j�b���i�j�h�\�_�^�_�g�b�b���b�a�f�_�j�_�g�b�c���g�Z���g�Z�m�q�g�h�f��
�e�Z�[�h�j�Z�l�h�j�g�h�f�� �h�[�h�j�m�^�h�\�Z�g�b�b�� �i�h�e�m�q�_�g�b�_�� �a�g�Z�q�_�g�b�c�� �y�\�e�y�_�l�k�y�� �k�e�h�`�g�h�c�� �b�� �l�j�m�^�h�_�f�d�h�c�� �a�Z�^�Z�q�_�c����
�h�k�h�[�_�g�g�h�� �d�h�]�^�Z�� �b�a�f�_�j�_�g�b�y�� �i�j�h�\�h�^�y�l�k�y�� �\�� �r�b�j�h�d�h�f�� �^�b�Z�i�Z�a�h�g�_ �q�Z�k�l�h�l���� �<�� �l�Z�d�b�o�� �k�b�l�m�Z�p�b�y�o��
�m�k�l�j�h�c�k�l�\�Z�� �\�� �h�k�g�h�\�g�h�f�� �q�Z�k�l�b�q�g�h�� �b�e�b�� �i�h�e�g�h�k�l�v�x�� �Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�u�� �k�� �i�h�f�h�s�v�x��
�i�j�h�]�j�Z�f�f�g�h�]�h�� �h�[�_�k�i�_�q�_�g�b�y�����W�l�h���� �\�h-�i�_�j�\�u�o���� �w�d�h�g�h�f�b�l�� �\�j�_�f�y���� �Z�� �\�h-�\�l�h�j�u�o���� �k�i�h�k�h�[�k�l�\�m�_�l��
�i�h�\�u�r�_�g�b�x�� �l�h�q�g�h�k�l�b�� �b�a�f�_�j�b�l�_�e�v�g�u�o�� �j�Z�[�h�l�� �G�Z�� �d�Z�n�_�^�j�_�� �j�Z�^�b�h�w�e�_�d�l�j�h�g�b�d�b�� �L�=�M�� �b�f�_�_�l�k�y��
�m�k�l�Z�g�h�\�d�Z���^�e�y���b�a�m�q�_�g�b�y���y�\�e�_�g�b�y���n�_�j�j�h�f�Z�]�g�b�l�g�h�]�h���j�_�a�h�g�Z�g�k�Z [1]. �N�_�j�j�h�f�Z�]�g�b�l�g�u�c���j�_�a�h�g�Z�g�k���± 
�w�l�h�� �y�\�e�_�g�b�_�� �b�a�[�b�j�Z�l�_�e�v�g�h�]�h�� �i�h�]�e�h�s�_�g�b�y�� �w�g�_�j�]�b�b�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�]�h�� �b�a�e�m�q�_�g�b�y�� �\��
�f�Z�]�g�b�l�h�m�i�h�j�y�^�h�q�_�g�g�u�o�� �\�_�s�_�k�l�\�Z�o�� �i�j�b�� �h�i�j�_�^�_�e�_�g�g�u�o �a�g�Z�q�_�g�b�y�o�� �q�Z�k�l�h�l�u�� �b�� �g�Z�i�j�y�`�_�g�g�h�k�l�b��
�\�g�_�r�g�_�]�h�� �f�Z�]�g�b�l�g�h�]�h�� �i�h�e�y�� �>���@�� �K�m�s�_�k�l�\�m�x�s�_�_�� �i�j�h�]�j�Z�f�f�g�h�_�� �h�[�_�k�i�_�q�_�g�b�_�� ���I�H��, �d�h�l�h�j�h�_��
�i�h�a�\�h�e�y�_�l�� �Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�l�v�� �i�j�h�p�_�k�k�� �b�a�f�_�j�_�g�b�c�� �f�h�j�Z�e�v�g�h�� �m�k�l�Z�j�_�e�h���� �<�� �k�\�y�a�b�� �k�� �w�l�b�� �[�u�e�Z��
�i�h�k�l�Z�\�e�_�g�Z�� �a�Z�^�Z�q�Z �± �b�a�f�_�g�b�l�v���I�H���m�k�l�Z�g�h�\�d�b�� �N�F�J�� �P�_�e�v�� �j�Z�[�h�l�u���� �k�h�a�^�Z�g�b�_�� �\�b�j�l�m�Z�e�v�g�h�]�h��
�i�j�b�[�h�j�Z�����<�I�����^�e�y���Z�\�l�h�f�Z�l�b�a�Z�p�b�b���b�k�k�e�_�^�h�\�Z�g�b�y���N�F�J���f�Z�]�g�b�l�g�u�o���f�Z�l�_�j�b�Z�e�h�\�� �>�e�y���j�Z�a�j�Z�[�h�l�d�b��
�i�j�h�]�j�Z�f�f�g�h�]�h�� �h�[�_�k�i�_�q�_�g�b�y�� �m�k�l�j�h�c�k�l�\�Z�� �b�k�i�h�e�v�a�h�\�Z�e�k�y�� �]�j�Z�n�b�q�_�k�d�b�c�� �y�a�u�d�� �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y��
LabVIEW.  
 

�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���q�Z�k�l�v 
�J�Z�a�j�Z�[�h�l�d�Z�� �i�j�b�e�h�`�_�g�b�c�� �\�� �k�j�_�^�_��LabVIEW �h�l�e�b�q�Z�_�l�k�y�� �h�l�� �j�Z�[�h�l�u�� �\�� �k�j�_�^�Z�o�� �g�Z�� �h�k�g�h�\�_��

�K �b�e�b��Java �h�^�g�h�c�� �h�q�_�g�v�� �\�Z�`�g�h�c�� �h�k�h�[�_�g�g�h�k�l�v�x���� �?�k�e�b�� �\�� �l�j�Z�^�b�p�b�h�g�g�u�o�� �Z�e�]�h�j�b�l�f�b�q�_�k�d�b�o��
�y�a�u�d�Z�o�� �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�_�� �h�k�g�h�\�Z�g�h�� �g�Z�� �\�\�h�^�_�� �l�_�d�k�l�h�\�u�o�� �d�h�f�Z�g�^���� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h��
�h�[�j�Z�a�m�x�s�b�o�� �i�j�h�]�j�Z�f�f�g�u�c�� �d�h�^�����l�h�� �\�� LabVIEW �b�k�i�h�e�v�a�m�_�l�k�y�� �y�a�u�d�� �]�j�Z�n�b�q�_�k�d�h�]�h��
�i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y���� �]�^�_�� �Z�e�]�h�j�b�l�f�� �k�h�a�^�Z�_�l�k�y�� �\�� �]�j�Z�n�b�q�_�k�d�h�c�� �n�h�j�f�_ ���k�� �i�h�f�h�s�v�x �b�d�h�g�h�d��, 
�h�[�j�Z�a�m�x�s�_�c���l�Z�d���g�Z�a�u�\�Z�_�f�m�x���[�e�h�d-�^�b�Z�]�j�Z�f�f�m���>���@�� �>�e�y���m�k�l�Z�g�h�\�e�_�g�b�y���k�\�y�a�b���f�_�`�^�m���/�D�E�9�,�(�:���b��
�b�a�f�_�j�b�l�_�e�v�g�u�f���m�k�l�j�h�c�k�l�\�h�f�� �b�k�i�h�e�v�a�h�\�Z�e�Z�k�v�� �i�e�Z�l�Z�� �$�U�G�X�L�Q�R�� �8�1�2���� �I�j�b�q�b�g�h�c�� �y�\�e�y�_�l�k�y��
�k�i�_�p�b�Z�e�v�g�Z�y�� �[�b�[�e�b�h�l�_�d�Z�� �/�,�1�;���� �g�Z�i�b�k�Z�g�g�Z�y�� �\�� �/�D�E�9�,�(�:���^�e�y�� �i�e�Z�l�n�h�j�f�u�� �$�U�G�X�L�Q�R���� �d�h�l�h�j�Z�y��
�k�e�m�`�b�l�� �^�e�y�� �m�k�l�Z�g�h�\�e�_�g�b�y�� �h�[�e�_�]�q�_�g�g�h�c�� �k�\�y�a�b�� �H�k�g�h�\�g�Z�y�� �a�Z�^�Z�q�Z�� �k�h�a�^�Z�g�g�h�c�� �i�j�h�]�j�Z�f�f�u���± 
�j�_�]�b�k�l�j�Z�p�b�y�� �a�g�Z�q�_�g�b�c�� �k�� �^�Z�l�q�b�d�Z�� �O�h�e�e�Z�� �b�� �^�_�l�_�d�l�h�j�Z���K�<�Q�� �f�h�s�g�h�k�l�b���\�� �i�j�b�[�h�j�_���N�F�J, 
�h�l�h�[�j�Z�`�_�g�b�_���b�o���\���\�b�^�_���]�j�Z�n�b�d�Z���b���k�h�o�j�Z�g�_�g�b�_���\���n�Z�c�e�� 
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�J�_�a�m�e�v�l�Z�l�u 
�G�Z �j�b�k. 1 �i�j�_�^�k�l�Z�\�e�_�g�Z �e�b�p�_�\�Z�y���i�Z�g�_�e�v���j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h���\�b�j�l�m�Z�e�v�g�h�]�h���i�j�b�[�h�j�Z�����<�I).  

�J�b�k. 1. �E�b�p�_�\�Z�y���i�Z�g�_�e�v 

�A�^�_�k�v �h�i�_�j�Z�l�h�j���f�h�`�_�l�� �\�\�_�k�l�b�� �d�h�e�b�q�_�k�l�\�h�� �l�h�q�_�d (1)���� �d�h�l�h�j�h�_���g�_�h�[�o�h�^�b�f�h �a�Z�i�b�k�Z�l�v�� �\ 
�l�_�q�_�g�b�b �h�^�g�h�c���k�_�d�m�g�^�u���� �H�[�u�q�g�h�� �d�h�e�b�q�_�k�l�\�h�� �l�h�q�_�d�� �\�u�[�b�j�Z�_�l�k�y�� �^�h�� �g�Z�q�Z�e�Z�� �b�a�f�_�j�b�l�_�e�v�g�u�o��
�j�Z�[�h�l���� �G�h���j�Z�a�j�Z�[�h�l�Z�g�g�u�c�� �<�I�� �i�h�a�\�h�e�y�_�l���b�a�f�_�g�b�l�v �d�h�e�b�q�_�k�l�\�h�� �l�h�q�_�d�� �\�� �i�j�h�p�_�k�k�_�� �b�a�f�_�j�_�g�b�y����
�q�l�h���g�_���i�j�b�\�h�^�b�l���d���\�h�a�g�b�d�g�h�\�_�g�b�x���h�r�b�[�d�b. �<���j�Z�a�^�_�e�_ (2) �\�u�[�b�j�Z�_�l�k�y �K�H�F���i�h�j�l�����d���d�h�l�h�j�h�f�m��
�i�h�^�d�e�x�q�_�g���f�b�d�j�h�d�h�g�l�j�h�e�e�_�j�����<���j�Z�a�^�_�e�_���©�>�Z�g�g�u�_�ª (3) �h�l�h�[�j�Z�`�Z�x�l�k�y���m�k�j�_�^�g�_�g�g�u�_���^�Z�g�g�u�_���i�h��
�i�_�j�\�h�f�m�� �b�� �\�l�h�j�h�f�m�� �d�Z�g�Z�e�Z�f���� �J�y�^�h�f�� �g�Z�o�h�^�y�l�k�y�� �b�g�^�b�d�Z�l�h�j�u (4)���� �m�d�Z�a�u�\�Z�x�s�b�_�� �g�Z�� �l�h���� �q�l�h��
�<�I �j�Z�[�h�l�Z�_�l�� �g�h�j�f�Z�e�v�g�h���� �?�k�e�b���\�h�� �\�j�_�f�y�� �j�Z�[�h�l�u���<�I�� �\�h�a�g�b�d�Z�_�l�� �h�r�b�[�d�Z�� �b�a-�a�Z�� �d�Z�d�h�c-�l�h��
�i�j�h�[�e�_�f�u���� �b�g�^�b�d�Z�l�h�j�u�� �a�Z�]�h�j�Z�x�l�k�y�� �d�j�Z�k�g�u�f���p�\�_�l�h�f���� �<�� �k�l�h�e�[�p�Z�o (5) �\�u�\�h�^�y�l�k�y�� �l�_�d�m�s�b�_ 
�a�g�Z�q�_�g�b�y���i�h �i�_�j�\�h�f�m �b�� �\�l�h�j�h�f�m �d�Z�g�Z�e�m �^�h���b�o�� �m�k�j�_�^�g�_�g�b�y. �J�Z�a�^�_�e�u���©�b�f�y�� �n�Z�c�e�Z�ª �b���©�l�b�i��
�n�Z�c�e�Z�ª (6) �i�j�_�^�g�Z�a�g�Z�q�_�g�u���^�e�y���\�\�h�^�Z �b�f�_�g�b �\�u�o�h�^�g�h�]�h���n�Z�c�e�Z���b���\�u�[�h�j�Z �_�]�h �l�b�i�Z�����K�m�s�_�k�l�\�m�_�l��
���� �l�b�i�h�\�� �n�Z�c�e�h�\���� �©�W�[�W�ª���� �©�G�D�W�ª, �©doc�ª, �©csv�ª, �©tdms�ª. �J�Z�a�^�_�e��(7) �y�\�e�y�_�l�k�y�� �b�g�n�h�j�f�Z�p�b�h�g�g�u�f�� �b��
�i�j�_�^�g�Z�a�g�Z�q�_�g�� �^�e�y���\�\�h�^�Z �b�f�_�g�b �i�h�e�v�a�h�\�Z�l�_�e�y���h�i�_�j�Z�l�h�j�Z �b�� �\�u�[�h�j�Z �^�Z�l�u�� �b���\�j�_�f�_�g�b�� �g�Z�q�Z�e�Z��
�a�Z�i�b�k�b���� �Q�l�h�[�u�� �h�k�l�Z�g�h�\�b�l�v�� �a�Z�i�b�k�v�� �^�Z�g�g�u�o���� �g�Z�`�b�f�Z�_�f�� �d�g�h�i�d�m�� �©�K�L�H�I�ª (8), �i�h�k�e�_�� �q�_�]�h 
�a�Z�i�b�k�Z�g�g�u�_���^�Z�g�g�u�_���Z�\�l�h�f�Z�l�b�q�_�k�d�b���k�h�o�j�Z�g�y�x�l�k�y �\���l�h�c���`�_���i�Z�i�d�_�����]�^�_���g�Z�o�h�^�b�l�k�y���i�j�h�]�j�Z�f�f�Z�� 

�G�Z�� �j�b�k. 2 �i�j�b�\�_�^�_�g�Z�� �[�e�h�d-�^�b�Z�]�j�Z�f�f�Z�� �<�I���� �J�Z�k�k�f�h�l�j�b�f�� �h�k�g�h�\�g�u�_�� �k�b�l�m�Z�p�b�b���� �d�h�l�h�j�u�_��
�i�j�h�b�k�o�h�^�y�l �k�� �k�b�]�g�Z�e�Z�f �b�� �H�k�g�h�\�g�Z�y���j�Z�[�h�l�Z�� �a�^�_�k�v�� �\�u�i�h�e�g�y�_�l�k�y�� �q�_�j�_�a���^�\�Z���\�b�j�l�m�Z�e�v�g�u�o��
�i�h�^�i�j�b�[�h�j�Z�� �©Analog read�ª ���g�Z�� �j�b�k�m�g�d�_�� �h�[�e�Z�k�l�v�� �©�I�h�^�d�e�x�q�_�g�b�_�� �d�� �i�e�Z�l�n�h�j�f�_��Arduino�ª��. 
�;�e�Z�]�h�^�Z�j�y�� �w�l�h�f�m���f�h�`�g�h���i�h�e�m�q�b�l�v �Z�g�Z�e�h�]�h�\�u�_�� �^�Z�g�g�u�_�� �k�� �i�_�j�\�h�]�h�� �b�� �\�l�h�j�h�]�h�� �d�Z�g�Z�e�h�\��Arduino 
UNO. �I�h�e�m�q�_�g�g�u�_�� �^�Z�g�g�u�_�� �i�_�j�_�^�Z�x�l�k�y�� �\�� �j�_�]�b�k�l�j�u���� �]�^�_ �m�k�j�_�^�g�y�x�l�k�y�� �i�h�� �^�_�k�y�l�b�� �a�g�Z�q�_�g�b�y�f����
�M�k�j�_�^�g�_�g�g�u�_���^�Z�g�g�u�_���h�l�h�[�j�Z�`�Z�x�l�k�y���\���\�b�^�_���]�j�Z�n�b�d�Z���b���k�h�o�j�Z�g�y�x�l�k�y���\���n�Z�c�e�� 

�J�b�k�����������;�e�h�d-�^�b�Z�]�j�Z�f�f�Z 
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Abstract. The aim of the work was to investigate different proportion of Y2O3 doping in ZrO2 
composition on morphology and tribological properties of coatings. The samples of ceramic 
targets doped with 1, 5, 9, 15 and 20 % mol. Y2O3 prepared by conventional furnace sintering. 
The results of X-ray diffraction analysis are presented in this work, and the wear parameter, 
microhardness and modulus of elasticity of the coatings were measured. 
Key words: YSZ, microhardness, electron beam, wear parameter, phase. 

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

�j�h�^�Z���h�l�j�Z�k�e�_�c, �\���a�Z�\�b�k�b�f�h�k�l�b���h�l���l�j�_�[�h�\�Z�g�b�c���d���d�h�g�_�q�g�u�f���w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�f���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f��
�i�j�b�f�_�g�y�x�l�� �j�Z�a�e�b�q�g�u�_�� �k�h�k�l�Z�\�u�� �d�_�j�Z�f�b�d�b���� �<�� �k�\�h�x�� �h�q�_�j�_�^�v�� �r�b�j�h�d�h�_�� �i�j�b�f�_�g�_�g�b�_�� �g�Z�r�_�e��
�^�b�h�d�k�b�^���p�b�j�d�h�g�b�y��ZrO2�����b�k�i�h�e�v�a�m�_�f�u�c���\���[�b�h�f�_�^�b�p�b�g�_ [1], �w�g�_�j�]�_�l�b�q�_�k�d�h�c [2]�����o�b�f�b�q�_�k�d�h�c[3], 
�l�h�i�e�b�\�g�h�c�� �i�j�h�f�u�r�e�_�g�g�h�k�l�b [4]���� �Z�� �l�Z�d�`�_�� �^�e�y�� �e�h�i�Z�l�h�d�� �]�h�j�y�q�_�]�h�� �l�j�Z�d�l�Z�� �]�Z�a�h�l�m�j�[�b�g�g�u�o��
�^�\�b�]�Z�l�_�e�_�c�� �>5]. �G�_�k�f�h�l�j�y���g�Z�� �m�g�b�d�Z�e�v�g�u�_�� �k�\�h�c�k�l�\�Z�� �d�h�l�h�j�u�f�b�� �h�[�e�Z�^�Z�_�l�� �d�_�j�Z�f�b�d�Z�� �g�Z�� �h�k�g�h�\�_��
ZrO2, �h�g�Z�� �g�_�� �k�i�h�k�h�[�g�Z�� �m�^�h�\�e�_�l�\�h�j�y�l�v�� �\�k�_�f�� �n�b�a�b�q�_�k�d�b�f�� �l�j�_�[�h�\�Z�g�b�y�f�� �^�e�y�� �d�Z�`�^�h�c�� �b�a�� �k�n�_�j��
�i�j�b�f�_�g�_�g�b�y�����>�h�[�Z�\�e�_�g�b�_�� �\�� �d�Z�q�_�k�l�\�_�� �i�j�b�f�_�k�_�c���^�j�m�]�b�o�� �j�_�^�d�h�a�_�f�_�e�v�g�u�o�� �f�_�l�Z�e�e�h�\���\��ZrO2 

�i�h�a�\�h�e�y�_�l�� �i�h�\�u�k�b�l�v�� �g�_�d�h�l�h�j�u�_�� �w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���� �Z�� �l�Z�d�`�_���b�k�d�e�x�q�b�l�v 
�n�Z�a�h�\�u�_�� �i�_�j�_�o�h�^�u�����I�h�w�l�h�f�m �i�j�b�f�_�g�b�f�u�f�� �g�Z�� �i�j�Z�d�l�b�d�_�� �y�\�e�y�_�l�k�y�� �k�h�k�l�Z�\�� �^�b�h�d�k�b�^�Z�� �p�b�j�d�h�g�b�y��
�k�l�Z�[�b�e�b�a�b�j�h�\�Z�g�g�h�]�h�� �h�d�k�b�^�h�f�� �b�l�l�j�b�y�� ��YSZ). �<�\�_�^�_�g�b�_���h�d�k�b�^�Z�� �b�l�l�j�b�y�� ��Y2O3) �\�_�^�_�l�� �d��
�i�h�\�u�r�_�g�b�x�� �\�y�a�d�h�k�l�b�� �b�� �i�j�h�q�g�h�k�l�b�� �n�h�j�f�b�j�m�_�f�h�]�h�� �i�h�d�j�u�l�b�y���� �Z�� �l�Z�d�`�_�� �i�h�a�\�h�e�y�_�l��
�k�l�Z�[�b�e�b�a�b�j�h�\�Z�l�v���n�Z�a�h�\�u�c���k�h�k�l�Z�\���i�h�d�j�u�l�b�y [6].  

�P�_�e�v�x�� �b�k�k�e�_�^�h�\�Z�g�b�y���y�\�e�y�_�l�k�y �Z�g�Z�e�b�a�� �\�e�b�y�g�b�y �i�j�h�p�_�g�l�g�h�]�h�� �k�h�^�_�j�`�Z�g�b�y��Y2O3 �g�Z��
�i�j�h�q�g�h�k�l�g�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b, �b�a�g�h�k�h�k�l�h�c�d�h�k�l�v���b���n�Z�a�h�\�u�c���k�h�k�l�Z�\���i�h�d�j�u�l�b�c���� 

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

�w�e�_�d�l�j�h�g�h�\�� �k�� �i�e�Z�a�f�_�g�g�u�f�� �d�Z�l�h�^�h�f [7]���� �W�e�_�d�l�j�h�g�g�u�c���i�m�q�h�d���� �i�j�h�o�h�^�y�s�b�c�� �k�d�\�h�a�v�� �Z�l�f�h�k�n�_�j�m��
�j�Z�[�h�q�_�]�h���]�Z�a�Z�����]�_�e�b�c�����i�j�b���^�Z�\�e�_�g�b�b���� �I�Z, �n�h�d�m�k�b�j�h�\�Z�e�k�y���g�Z���b�k�i�Z�j�y�_�f�h�c���f�b�r�_�g�b���^�b�Z�f�_�l�j�h�f��
1 �k�f. �I�_�j�_�^�� �g�Z�q�Z�e�h�f�� �b�k�i�Z�j�_�g�b�y�� �f�b�r�_�g�v�� �i�j�h�]�j�_�\�Z�e�Z�k�v�� �w�e�_�d�l�j�h�g�g�u�f�� �i�m�q�d�h�f�� �\�� �l�_�q�_�g�b�b��
10 �f�b�g�m�l�� �^�e�y�� �h�[�_�a�]�Z�`�b�\�Z�g�b�y���� �<�h�\�j�_�f�y�� �i�j�h�]�j�_�\�Z�� �f�b�r�_�g�b�� �i�Z�j�Z�f�_�l�j�u�� �i�m�q�d�Z�� �i�_�j�b�h�^�b�q�_�k�d�b��
�b�a�f�_�g�y�e�b�k�v�����m�k�d�h�j�y�x�s�_�_���g�Z�i�j�y�`�_�g�b�_ �m�\�_�e�b�q�b�\�Z�e�h�k�v���k���� �d�<���^�h������ �d�<�����l�h�d���w�f�b�k�k�b�b���k�������� �f�:���^�h��
0,25 �f�:���� �l�h�d�� �j�Z�a�j�y�^�Z�� �h�k�l�Z�\�Z�e�k�y���g�_�b�a�f�_�g�g�u�f�� �������� �:�� �I�j�h�p�_�k�k�� �b�k�i�Z�j�_�g�b�y�� �b�� �i�h�k�e�_�^�m�x�s�_�c��
�d�h�g�^�_�g�k�Z�p�b�b���f�Z�l�_�j�b�Z�e�Z�� �f�b�r�_�g�b�� �i�j�h�b�k�o�h�^�b�e�� �g�Z�� �i�j�h�l�y�`�_�g�b�b�� �������f�b�g�m�l, �]�^�_�� �l�h�d�� �j�Z�a�j�y�^�Z��
�i�h�k�l�_�i�_�g�g�h���m�\�_�e�b�q�b�\�Z�e�k�y���^�h����,13 �:���^�e�y���i�h�^�^�_�j�`�Z�g�b�y���i�h�k�l�h�y�g�g�h�c���k�d�h�j�h�k�l�b���b�k�i�Z�j�_�g�b�y���� 

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

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

 
�J�b�k������. �J�_�g�l�]�_�g�h�k�l�j�m�d�l�m�j�g�u�c���Z�g�Z�e�b�a���i�h�e�m�q�_�g�g�u�o �i�h�d�j�u�l�b�c���k���j�Z�a�e�b�q�g�u�f���k�h�^�_�j�`�Z�g�b�_�f���b�l�l�j�b�y  

 
�G�Z�� �j�b�k. ���� �i�j�_�^�k�l�Z�\�e�_�g�u�� �a�Z�\�b�k�b�f�h�k�l�b�� �b�a�f�_�g�_�g�b�y�� �i�Z�j�Z�f�_�l�j�Z�� �b�a�g�h�k�Z, �f�b�d�j�h�l�\�_�j�^�h�k�l�b�� �b��

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

 
�J�b�k�����������A�Z�\�b�k�b�f�h�k�l�v���i�Z�j�Z�f�_�l�j�Z���b�a�g�h�k�Z, �f�b�d�j�h�l�\�_�j�^�h�k�l�b ���G�����b���f�h�^�m�e�y���m�i�j�m�]�h�k�l�b (E) �h�l���i�j�h�p�_�g�l�g�h�]�h��

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

�k�h�^�_�j�`�Z�g�b�y�� �h�d�k�b�^�Z�� �b�l�l�j�b�y�� �\�� �i�h�d�j�u�l�b�b�� �i�Z�j�Z�f�_�l�j�� �b�a�g�h�k�Z�� �\�h�a�j�Z�k�l�Z�_�l���� �q�l�h�� �i�j�b�\�h�^�b�l�� �d�� �[�h�e�_�_��
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�[�u�k�l�j�h�f�m�� �j�Z�a�j�m�r�_�g�b�x���i�h�d�j�u�l�b�y�����i�h�k�d�h�e�v�d�m�� �b�a�g�h�k�h�k�l�h�c�d�h�k�l�v���^�b�h�d�k�b�^�Z���p�b�j�d�h�g�b�y���g�Z�i�j�y�f�m�x��
�a�Z�\�b�k�b�l�� �h�l�� �k�l�_�i�_�g�b�� �\�y�a�d�h�k�l�b�� �j�Z�a�j�m�r�_�g�b�y, �i�j�b�� �[�h�e�_�_�� �\�u�k�h�d�h�c�� �\�y�a�d�h�k�l�b�� �b�a�g�h�k�h�k�l�h�c�d�h�k�l�v��
�i�h�d�j�u�l�b�y�� �m�\�_�e�b�q�b�\�Z�_�l�k�y [8]���� �<�� �k�\�h�x�� �h�q�_�j�_�^�v�� �d�m�[�b�q�_�k�d�Z�y�� �n�Z�a�Z�� �\�� �^�b�h�d�k�b�^�_�� �p�b�j�d�h�g�b�y��
�k�h�i�j�h�\�h�`�^�Z�_�l�k�y�� �g�b�a�d�h�c�� �\�y�a�d�h�k�l�v�x �j�Z�a�j�m�r�_�g�b�y�� �b�� �i�j�h�q�g�h�k�l�v�x�� �i�h�d�j�u�l�b�y [9]���� �A�g�Z�q�_�g�b�y��
�f�b�d�j�h�l�\�_�j�^�h�k�l�b���b���f�h�^�m�e�y���m�i�j�m�]�h�k�l�b���m�\�_�e�b�q�b�\�Z�_�l�k�y���k���j�h�k�l�h�f���k�h�^�_�j�`�Z�g�b�y���h�d�k�b�^�Z���b�l�l�j�b�y, �q�l�h 
�k�\�y�a�Z�g�h���k�� �b�a�f�_�g�_�g�b�_�f�� �n�Z�a�h�\�h�]�h�� �k�h�k�l�Z�\�Z�� �i�h�d�j�u�l�b�y���� �F�Z�d�k�b�f�Z�e�v�g�h�_�� �a�g�Z�q�_�g�b�_�� �d�h�l�h�j�u�o��
�^�h�k�l�b�]�Z�_�l�k�y���\���i�h�d�j�u�l�b�b�����b�f�_�x�s�_�f���i�h�e�g�h�k�l�v�x���d�m�[�b�q�_�k�d�m�x���n�Z�a�m�� 

 
�A�Z�d�e�x�q�_�g�b�_ 
�B�k�k�e�_�^�h�\�Z�g�b�_�� �n�Z�a�h�\�h�]�h�� �k�h�k�l�Z�\�Z�� �i�h�d�j�u�l�b�c�� �i�h�d�Z�a�Z�e�h, �q�l�h�� �k�� �j�h�k�l�h�f�� �i�j�h�p�_�g�l�g�h�c�� �^�h�e�b��

�i�j�b�f�_�k�b���h�d�k�b�^�Z���b�l�l�j�b�y���\���i�h�d�j�u�l�b�b���k�\�u�r�_ 5,8 % �i�j�h�b�k�o�h�^�b�l���n�Z�a�h�\�u�c���i�_�j�_�o�h�^���h�l���i�j�Z�d�l�b�q�_�k�d�b��
�i�h�e�g�h�c�� �l�_�l�j�Z�]�h�g�Z�e�v�g�h�c�� �n�Z�a�u�� �\�� �i�h�e�g�h�k�l�v�x�� �d�m�[�b�q�_�k�d�m�x���� �<�� �j�_�a�m�e�v�l�Z�l�_�� �b�a�f�_�j�_�g�b�y�� �i�Z�j�Z�f�_�l�j�h�\��
�b�a�g�h�k�Z�� �b�� �k�d�h�j�h�k�l�b�� �b�a�g�Z�r�b�\�Z�g�b�y�� �m�k�l�Z�g�h�\�e�_�g�h, �q�l�h �m�\�_�e�b�q�_�g�b�_�� �k�h�^�_�j�`�Z�g�b�y �h�d�k�b�^�Z�� �b�l�l�j�b�y�� �g�_��
�h�d�Z�a�u�\�Z�_�l�� �\�e�b�y�g�b�y �g�Z�� �m�e�m�q�r�_�g�b�_ �b�a�g�h�k�h�k�l�h�c�d�h�k�l�b���i�h�d�j�u�l�b�c�����H�^�g�Z�d�h, �m�\�_�e�b�q�_�g�b�_��
�i�j�h�p�_�g�l�g�h�]�h�� �k�h�^�_�j�`�Z�g�b�y�� �h�d�k�b�^�Z�� �b�l�l�j�b�y�� �\�_�^�_�l�� �d�� �i�h�\�u�r�_�g�b�x�� �f�b�d�j�h�l�\�_�j�^�h�k�l�b�� �b�� �m�i�j�m�]�h�k�l�b��
�n�h�j�f�b�j�m�_�f�u�o���i�h�d�j�u�l�b�c�� 
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Abstract. This article offers a mathematical formulation of the problem of assessing the employee 
professional burnout risk. The professional burnout components are used as risk-forming factors. 
The authors suggest a model to assess the burnout risk. The parameters of the model are the personal 
characteristics of the employee. A five-factor questionnaire based on the Big Five model is used to 
assess these characteristics. 
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�>�Z�g�g�Z�y�� �f�h�^�_�e�v���� �j�Z�k�k�f�h�l�j�_�g�g�Z�y�� �\�� �>5�@���� �\�d�e�x�q�Z�_�l�� �\�� �k�_�[�y���� �w�d�k�l�j�Z�\�_�j�k�b�x���� �i�j�b�\�y�a�Z�g�g�h�k�l�v����
�k�Z�f�h�j�_�]�m�e�y�p�b�x�����g�_�c�j�h�l�b�a�f���b���h�l�d�j�u�l�h�k�l�v���g�h�\�h�f�m���h�i�u�l�m�����W�d�k�l�j�Z�\�_�j�k�b�y���i�h�d�Z�a�u�\�Z�_�l�����e�x�[�b�l���e�b��
�q�_�e�h�\�_�d�� �[�u�l�v�� �k�j�_�^�b�� �e�x�^�_�c�����I�j�b�\�y�a�Z�g�g�h�k�l�v �o�Z�j�Z�d�l�_�j�b�a�m�_�l���� �g�Z�k�d�h�e�v�d�h�� �]�Z�j�f�h�g�b�q�g�h�� �q�_�e�h�\�_�d��
�k�m�s�_�k�l�\�m�_�l�� �\�� �k�h�p�b�m�f�_���� �i�j�h�l�b�\�h�i�h�k�l�Z�\�e�y�_�l�� �i�j�h�k�h�p�b�Z�e�v�g�m�x�� �b�� �d�h�e�e�_�d�l�b�\�g�m�x�� �h�j�b�_�g�l�Z�p�b�x��
�w�]�h�p�_�g�l�j�b�a�f�m�����K�Z�f�h�j�_�]�m�e�y�p�b�y �h�i�j�_�^�_�e�y�_�l�����g�Z�k�d�h�e�v�d�h���^�h�[�j�h�k�h�\�_�k�l�g�h���q�_�e�h�\�_�d���\�u�i�h�e�g�y�_�l���k�\�h�b��
�h�[�y�a�Z�g�g�h�k�l�b�����_�]�h���p�_�e�_�m�k�l�j�_�f�e�_�g�g�h�k�l�v�����h�j�]�Z�g�b�a�h�\�Z�g�g�h�k�l�v�����f�h�l�b�\�Z�p�b�y�����G�_�c�j�h�l�b�a�f �i�h�d�Z�a�u�\�Z�_�l����
�g�Z�k�d�h�e�v�d�h�� �q�_�e�h�\�_�d�� �w�f�h�p�b�h�g�Z�e�v�g�h�� �k�l�Z�[�b�e�_�g�� �b�e�b�� �g�_�k�l�Z�[�b�e�_�g�����H�l�d�j�u�l�h�k�l�v�� �h�i�u�l�m���h�l�j�Z�`�Z�_�l, 
�g�Z�k�d�h�e�v�d�h�� �q�_�e�h�\�_�d�� �a�Z�b�g�l�_�j�_�k�h�\�Z�g�� �\�� �m�a�g�Z�\�Z�g�b�b�� �g�h�\�h�]�h���� �a�g�Z�d�h�f�k�l�\�_�� �k�� �g�h�\�u�f�b�� �e�x�^�v�f�b����
�i�h�k�_�s�_�g�b�b���g�h�\�u�o���f�_�k�l�� 

�D�Z�`�^�Z�y�� �b�a�� �h�i�b�k�Z�g�g�u�o�� �\�u�r�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �\�e�b�y�_�l�� �g�Z�� �\�_�j�h�y�l�g�h�k�l�v�� �\�h�a�f�h�`�g�h�]�h��
�i�j�h�y�\�e�_�g�b�y�� �d�h�g�d�j�_�l�g�h�]�h�� �j�b�k�d�h�h�[�j�Z�a�m�x�s�_�]�h�� �n�Z�d�l�h�j�Z���� �K�\�y�a�b�� �f�_�`�^�m�� �j�b�k�d�h�h�[�j�Z�a�m�x�s�b�f�b��
�n�Z�d�l�h�j�Z�f�b�� �i�j�h�n�_�k�k�b�h�g�Z�e�v�g�h�]�h�� �\�u�]�h�j�Z�g�b�y�� �b�� �e�b�q�g�h�k�l�g�u�f�b�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�� �k�h�l�j�m�^�g�b�d�Z��
�i�j�_�^�k�l�Z�\�e�_�g�u���\���l�Z�[�e. �������>�Z�g�g�u�_���k�\�y�a�b���h�i�j�_�^�_�e�_�g�u���g�Z���h�k�g�h�\�_���Z�g�Z�e�b�a�Z���k�b�k�l�_�f�Z�l�b�q�_�k�d�h�]�h���h�[�a�h�j�Z��
�j�Z�[�h�l�� �i�h�� �b�k�k�e�_�^�h�\�Z�g�b�x�� �d�h�j�j�_�e�y�p�b�b�� �f�_�`�^�m�� �e�b�q�g�h�k�l�g�u�f�b�� �i�Z�j�Z�f�_�l�j�Z�f�b�� �b�� �d�h�f�i�h�g�_�g�l�Z�f�b��
�i�j�h�n�_�k�k�b�h�g�Z�e�v�g�h�]�h���\�u�]�h�j�Z�g�b�y�����i�j�_�^�k�l�Z�\�e�_�g�g�h�]�h���\���>6].  

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

�o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b���k�h�l�j�m�^�g�b�d�Z 

�J�b�k�d�h�h�[�j�Z�a�m�x�s�b�c���n�Z�d�l�h�j �E�b�q�g�h�k�l�g�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b 
�W�f�h�p�b�h�g�Z�e�v�g�h�_���b�k�l�h�s�_�g�b�_ 
 

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

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

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

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

�j�b�k�d�h�h�[�j�Z�a�m�x�s�b�o���n�Z�d�l�h�j�h�\�����g�Z�i�j�b�f�_�j�� �©�?�K�E�B���g�_�c�j�h�l�b�a�f��� ���\�u�k�h�d�b�c���B���w�d�k�l�j�Z�\�_�j�k�b�y���  �g�b�a�d�b�c��
�B�� �i�j�b�\�y�a�Z�g�g�h�k�l�v�� � �� �g�b�a�d�b�c�� �B�� �h�l�d�j�u�l�h�k�l�v�� �h�i�u�l�m�� � �� �g�b�a�d�b�c�� �B�� �k�Z�f�h�j�_�]�m�e�y�p�b�y�� � �� �g�b�a�d�b�c���� �L�H��
�w�f�h�p�b�h�g�Z�e�v�g�h�_���b�k�l�h�s�_�g�b�_��� ���\�u�k�h�d�b�c�ª���� 

�<�� �d�Z�q�_�k�l�\�_�� �b�a�f�_�j�b�l�_�e�v�g�h�c�� �r�d�Z�e�u�� �^�e�y�� �h�p�_�g�d�b�� �e�b�q�g�h�k�l�g�u�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �k�h�l�j�m�^�g�b�d�Z��
�i�j�_�^�e�Z�]�Z�_�l�k�y�� �b�k�i�h�e�v�a�h�\�Z�l�v �i�y�l�b�n�Z�d�l�h�j�g�u�c�� �e�b�q�g�h�k�l�g�u�c�� �h�i�j�h�k�g�b�d�� �i�j�_�^�e�h�`�_�g�g�u�c�� �\�� �>7]. 
�:�^�Z�i�l�b�j�h�\�Z�g�g�u�c�� �\�Z�j�b�Z�g�l�� �h�i�j�h�k�g�b�d�Z�� �\�_�j�k�b�b�� �:���;���� �O�j�h�f�h�\�Z�� �k�h�^�_�j�`�b�l�� �g�Z�[�h�j�� �b�a�� ������ �i�Z�j�g�u�o����
�i�j�h�l�b�\�h�i�h�e�h�`�g�u�o�� �i�h�� �k�\�h�_�f�m�� �a�g�Z�q�_�g�b�x���� �k�l�b�f�m�e�v�g�u�o�� �\�u�k�d�Z�a�u�\�Z�g�b�c���� �o�Z�j�Z�d�l�_�j�b�a�m�x�s�b�o��
�i�h�\�_�^�_�g�b�_�� �q�_�e�h�\�_�d�Z���� �K�l�_�i�_�g�v�� �\�u�j�Z�`�_�g�g�h�k�l�b�� �d�Z�`�^�h�c�� �b�a�� �i�y�l�b�� �e�b�q�g�h�k�l�g�u�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d��
�h�i�j�_�^�_�e�y�_�l�k�y���i�h�� �h�p�_�g�h�q�g�h�c�� �r�d�Z�e�_�� �E�Z�c�d�_�j�l�Z��(-2; -1; 0; 1; 2). �F�b�g�b�f�Z�e�v�g�h�_�� �d�h�e�b�q�_�k�l�\�h��
�g�Z�[�j�Z�g�g�u�o�� �[�Z�e�e�h�\�� �^�e�y�� �e�x�[�h�]�h�� �n�Z�d�l�h�j�Z�� �j�Z�\�g�h�� �������� �f�Z�d�k�b�f�Z�e�v�g�h�_�� �d�h�e�b�q�_�k�l�\�h���± 75. �:�\�l�h�j�u��
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�J�h�k�k�b�y�����L�h�f�k�d������2�±25 �Z�i�j�_�e�y������25 �]�� �L�h�f��������IT-�l�_�o�g�h�e�h�]�b�b���b���w�e�_�d�l�j�h�g�b�d�Z 
 

�l�_�k�l�h�\�h�c���f�_�l�h�^�b�d�b���m�k�e�h�\�g�h���j�Z�a�^�_�e�b�e�b���r�d�Z�e�m���g�Z���\�u�k�h�d�b�_���������±�������[�Z�e�e�h�\�������k�j�_�^�g�b�_���������±�������[�Z�e�e�h�\����
�b�� �g�b�a�d�b�_�� ����5�±������ �[�Z�e�e�h�\���� �h�p�_�g�d�b�� �<�� �\�b�^�m�� �i�j�b�k�m�l�k�l�\�b�y�� �g�_�h�i�j�_�^�_�e�_�g�g�h�k�l�b���� �\�\�_�^�_�f��
�i�_�j�_�k�_�d�Z�x�s�b�_�k�k�y�� �b�g�l�_�j�\�Z�e�u�� �^�e�y�� �h�p�_�g�d�b�� �d�Z�`�^�h�c�� �b�a�� �e�b�q�g�h�k�l�g�u�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �k�h�l�j�m�^�g�b�d�Z����
�\�u�k�h�d�b�_���������±�������[�Z�e�e�h�\�������k�j�_�^�g�b�_���������±�������[�Z�e�e�h�\�����b���g�b�a�d�b�_���������±�������[�Z�e�e�h�\���� 

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

�\�u�]�h�j�Z�g�b�y���k�h�l�j�m�^�g�b�d�Z���f�h�`�g�h���i�j�_�^�k�l�Z�\�b�l�v���\���\�b�^�_���k�e�_�^�m�x�s�_�]�h���d�h�j�l�_�`�Z�� 
M = {W, Z, C, K, RC, RZS, L, RPZC}. 
�I�m�k�l�v���a�Z�^�Z�g�h�� 
W �± �j�b�k�d���\�h�a�g�b�d�g�h�\�_�g�b�y���i�j�h�n�_�k�k�b�h�g�Z�e�v�g�h�]�h���\�u�]�h�j�Z�g�b�y���k�h�l�j�m�^�g�b�d�Z�����i�j�_�^�k�l�Z�\�e�_�g�g�u�c���\���\�b�^�_��

�k�h�^�_�j�`�Z�l�_�e�v�g�h�c���n�h�j�f�m�e�b�j�h�\�d�b����Z = �± �f�g�h�`�_�k�l�\�h���j�b�k�d�h�h�[�j�Z�a�m�x�s�b�o���n�Z�d�l�h�j�h�\���i�j�h�n�_�k�k�b�h�g�Z�e�v�g�h�]�h��
�\�u�]�h�j�Z�g�b�y�� �K���± �f�g�h�`�_�k�l�\�h�� �e�b�q�g�h�k�l�g�u�o�� �i�Z�j�Z�f�_�l�j�h�\�� �k�h�l�j�m�^�g�b�d�Z�� K = {si}, i = 1..n �± �f�g�h�`�_�k�l�\�h��
�b�a�f�_�j�b�l�_�e�v�g�u�o�� �r�d�Z�e�� �^�e�y�� �h�p�_�g�d�b�� �e�b�q�g�h�k�l�g�u�o�� �i�Z�j�Z�f�_�l�j�h�\�� �k�h�l�j�m�^�g�b�d�Z�� RC = {r i}, i = 1..m �± 
�f�g�h�`�_�k�l�\�h���i�j�Z�\�b�e�����f�_�l�h�^�b�d�����h�p�_�g�d�b���e�b�q�g�h�k�l�g�u�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���k�h�l�j�m�^�g�b�d�Z���\�� �\�u�[�j�Z�g�g�h�c���r�d�Z�e�_�� 
RZS = {ci}, i = 1..k �± �f�g�h�`�_�k�l�\�h���a�Z�\�b�k�b�f�h�k�l�_�c���f�_�`�^�m���e�b�q�g�h�k�l�g�u�f�b���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b���k�h�l�j�m�^�g�b�d�Z �b��
�j�b�k�d�h�h�[�j�Z�a�m�x�s�b�f�b�� �n�Z�d�l�h�j�Z�f�b�� �i�j�h�n�_�k�k�b�h�g�Z�e�v�g�h�]�h�� �\�u�]�h�j�Z�g�b�y; L = {t i}, i = 1..t �± �f�g�h�`�_�k�l�\�h��
�b�a�f�_�j�b�l�_�e�v�g�u�o�� �r�d�Z�e�� �^�e�y�� �h�p�_�g�d�b�� �\�_�j�h�y�l�g�h�k�l�b�� �j�b�k�d�h�h�[�j�Z�a�m�x�s�b�o�� �n�Z�d�l�h�j�h�\�� RPZC �± �f�g�h�`�_�k�l�\�h��
�j�_�r�Z�x�s�b�o�� �i�j�Z�\�b�e�� �h�p�_�g�d�b�� �\�_�j�h�y�l�g�h�k�l�b�� �j�b�k�d�h�h�[�j�Z�a�m�x�s�b�o�� �n�Z�d�l�h�j�h�\�� �i�h�� �d�Z�`�^�h�f�m�� �e�b�q�g�h�k�l�g�h�c 
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���k�h�l�j�m�^�g�b�d�Z���� 

�L�j�_�[�m�_�l�k�y���h�i�j�_�^�_�e�b�l�v�� 
�<�_�j�h�y�l�g�h�k�l�v�� �i�j�h�y�\�e�_�g�b�y�� �d�Z�`�^�h�]�h �b�a�� �j�b�k�d�h�h�[�j�Z�a�m�x�s�b�o�� �n�Z�d�l�h�j�h�\�� �i�j�h�n�_�k�k�b�h�g�Z�e�v�g�h�]�h��

�\�u�]�h�j�Z�g�b�y���3�= = P(pi); 
�B�l�h�]�h�\�m�x���\�_�j�h�y�l�g�h�k�l�v���\�h�a�g�b�d�g�h�\�_�g�b�y���i�j�h�n�_�k�k�b�h�g�Z�e�v�g�h�]�h���\�u�]�h�j�Z�g�b�y���k�h�l�j�m�^�g�b�d�Z �3�:���\��
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�r�m�f�Z���h�l���i�Z�^�_�g�b�y���g�Z�i�j�y�`�_�g�b�y���g�Z���j�_�a�b�k�l�h�j�_�� 

�B�a�f�_�j�_�g�b�_���g�b�a�d�h�q�Z�k�l�h�l�g�u�o���r�m�f�h�\���j�_�a�b�k�l�b�\�g�u�o���d�h�f�i�h�g�_�g�l�h�\���h�k�m�s�_�k�l�\�b�e�h�k�v���k���i�h�f�h�s�v�x��
�[�e�h�d�Z���f�Z�e�h�r�m�f�y�s�_�]�h���m�k�b�e�b�l�_�e�y���b���h�k�p�b�e�e�h�]�j�Z�n�Z�����B�k�i�h�e�v�a�m�_�f�u�c���^�e�y���b�a�f�_�j�_�g�b�y���[�e�h�d���k�h�k�l�h�y�e��
�b�a�� �d�Z�k�d�Z�^�g�h�]�h�� �k�h�_�^�b�g�_�g�b�y�� �f�Z�e�h�r�m�f�y�s�b�o�� �m�k�b�e�b�l�_�e�_�c�� �k�� �h�[�s�b�f�� �d�h�w�n�n�b�p�b�_�g�l�h�f�� �m�k�b�e�_�g�b�y��
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�I�h�k�e�_�� �i�h�e�m�q�_�g�b�y���<�:�O�� �b�� �g�b�a�d�h�q�Z�k�l�h�l�g�u�o���<�:�O���a�Z�\�b�k�b�f�h�k�l�b�� �k�l�j�h�b�e�b�k�v���\�� �d�h�h�j�^�b�g�Z�l�Z�o��
�R�h�l�l�d�b���� �I�m�e�e�Z���N�j�_�g�d�_�e�y�� �b�� �l�m�g�g�_�e�v�g�h�]�h�� �f�_�o�Z�g�b�a�f�Z�� �w�e�_�d�l�j�h�i�j�h�\�h�^�g�h�k�l�b���>���@���� �L�_�f�i�_�j�Z�l�m�j�g�Z�y��
�a�Z�\�b�k�b�f�h�k�l�v�� �l�h�d�Z�� �b�� �g�Z�i�j�y�`�_�g�b�y���b�k�i�h�e�v�a�h�\�Z�e�Z�k�v�� �^�e�y�� �j�Z�k�r�b�j�_�g�b�y�� �^�b�g�Z�f�b�q�_�k�d�h�]�h�� �^�b�Z�i�Z�a�h�g�Z��
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�J�_�a�m�e�v�l�Z�l�u 
�G�Z���j�b�k. 1�±3 �i�j�_�^�k�l�Z�\�e�_�g�u���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_���^�Z�g�g�u�_���f�_�o�Z�g�b�a�f�h�\���w�e�_�d�l�j�h�i�j�h�\�h�^�g�h�k�l�b��

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

�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�f�� �^�Z�g�g�u�f�� �k�h�k�l�Z�\�b�e�h��R2 = �������������� �^�e�y�� �a�Z�\�b�k�b�f�h�k�l�b�� �l�h�d�Z�� �h�l�� �g�Z�i�j�y�`�_�g�b�y�� �b��
R2 = ���������������^�e�y���a�Z�\�b�k�b�f�h�k�l�b���l�h�d�Z �r�m�f�Z���h�l���g�Z�i�j�y�`�_�g�b�y�����I�h�e�m�q�_�g�Z���d�e�Z�k�k�b�q�_�k�d�Z�y���a�Z�\�b�k�b�f�h�k�l�v����
�^�_�f�h�g�k�l�j�b�j�m�x�s�Z�y���i�j�b�j�Z�s�_�g�b�_���l�h�d�Z���i�j�b���g�Z�]�j�_�\�_���h�[�j�Z�a�p�Z�� 
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�J�b�k. 2. �W�e�_�d�l�j�h�i�j�h�\�h�^�g�h�k�l�v���i�h���f�_�o�Z�g�b�a�f�m���l�m�g�g�_�e�b�j�h�\�Z�g�b�y���i�j�b���l�_�f�i�_�j�Z�l�m�j�_��T� �������·���������o���\���a�Z�\�b�k�b�f�h�k�l�b���l�h�d�Z��
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�i�h���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�f���^�Z�g�g�u�f���k�h�k�l�Z�\�b�e�h��R2 = ���������������^�e�y���a�Z�\�b�k�b�f�h�k�l�b���l�h�d�Z���h�l���g�Z�i�j�y�`�_�g�b�y���b��
R2 = �������������^�e�y���a�Z�\�b�k�b�f�h�k�l�b���l�h�d�Z���r�m�f�Z���h�l���g�Z�i�j�y�`�_�g�b�y. 
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�Z�i�i�j�h�d�k�b�f�Z�p�b�b�� �i�h�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�f�� �^�Z�g�g�u�f�� �k�h�k�l�Z�\�b�e�h��R2 = 0,9865. �K�j�_�^�g�_�_�� �a�g�Z�q�_�g�b�_��
�^�h�k�l�h�\�_�j�g�h�k�l�b�� �Z�i�i�j�h�d�k�b�f�Z�p�b�b�� �^�e�y�� �a�Z�\�b�k�b�f�h�k�l�b�� �l�h�d�Z�� �r�m�f�Z�� �h�l�� �g�Z�i�j�y�`�_�g�b�y�� �k�h�k�l�Z�\�b�e�h��
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�b�a�f�_�g�y�_�l���d�h�g�p�_�g�l�j�Z�p�b�x���b���w�e�_�d�l�j�h�i�j�h�\�h�^�g�h�k�l�v���� 

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

 

�J�b�k�����������A�Z�\�b�k�b�f�h�k�l�v���\�_�e�b�q�b�g�u�� �����h�l���h�[�j�Z�l�g�h�c���l�_�f�i�_�j�Z�l�m�j�u 

 
�G�Z�� �]�j�Z�n�b�d�_�� �b�f�_�_�l�k�y�� �^�\�Z�� �m�q�Z�k�l�d�Z���� �I�_�j�\�u�c�� �m�q�Z�k�l�h�d���� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�c�� �g�b�a�d�b�f��

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

�G�Z���j�b�k���������i�j�_�^�k�l�Z�\�e�_�g�u���B�D���k�i�_�d�l�j���h�l�j�Z�`�_�g�b�y���h�[�j�Z�a�p�Z������ 
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�J�b�k�����������K�i�_�d�l�j���h�l�j�Z�`�_�g�b�y���h�[�j�Z�a�p�Z���� 

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

 
�A�Z�d�e�x�q�_�g�b�_ 
�<�u�[�j�Z�g�g�u�_���j�_�`�b�f�u���g�Z�i�u�e�_�g�b�y���i�h�a�\�h�e�y�x�l���i�h�e�m�q�Z�l�v���i�e�_�g�d�b���,�7�2���l�h�e�s�b�g�h�c���������±���������g�f���k��

�d�h�g�p�_�g�l�j�Z�p�b�_�c�� �i�h�j�y�^�d�Z���v�á�x�®�s�r�5�=
F �t�á�y�®�s�r�6�4�Ô�Ï �?�5� � � ��b�� �q�Z�k�l�h�l�h�c�� �i�e�Z�a�f�_�g�g�h�]�h�� �j�_�a�h�g�Z�g�k�Z�� �\��
�[�e�b�`�g�_�c���b���k�j�_�^�g�_�c���B�D���h�[�e�Z�k�l�b�����<���j�_�a�m�e�v�l�Z�l�_���i�j�h�\�_�^�_�g�g�u�o���b�k�k�e�_�^�h�\�Z�g�b�c���[�u�e�h���m�k�l�Z�g�h�\�e�_�g�h����
�q�l�h�� �d�h�g�p�_�g�l�j�Z�p�b�y�� �d�b�k�e�h�j�h�^�Z�� �\�� �\�Z�d�m�m�f�g�h�c�� �d�Z�f�_�j�_�� �\�� �i�j�h�p�_�k�k�_�� �g�Z�i�u�e�_�g�b�y���h�d�Z�a�u�\�Z�_�l�� �k�b�e�v�g�h�_��
�\�e�b�y�g�b�_���g�Z�� �w�e�_�d�l�j�h�n�b�a�b�q�_�k�d�b�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �i�e�_�g�h�d���,�7�2���� �I�h�e�m�q�_�g�g�u�_�� �i�e�_�g�d�b�� �y�\�e�y�x�l�k�y��
�i�_�j�k�i�_�d�l�b�\�g�u�f�b���^�e�y���b�k�i�h�e�v�a�h�\�Z�g�b�y���[�b�h�k�_�g�k�h�j�h�\�� 

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

 
�K�i�b�k�h�d���e�b�l�_�j�Z�l�m�j�u 

���� �=�j�h�k�k�_�� �I���� �K�\�h�[�h�^�g�u�_�� �w�e�_�d�l�j�h�g�u�� �\�� �l�\�_�j�^�u�o�� �l�_�e�Z�o�����m�q�_�[�g�b�d�����±���F�h�k�d�\�Z�����B�a�^���\�h�� �F�b�j����
�������������±�����������k�� 

���� �I�Z�g�d�h�\���@�����H�i�l�b�q�_�k�d�b�_���i�j�h�p�_�k�k�u���\���i�h�e�m�i�j�h�\�h�^�g�b�d�Z�o�����f �h�g�h�]�j�Z�n�b�y�����±���F�h�k�d�\�Z�����B�a�^���\�h��
�F�b�j�����������������±�����������k�� 

���� �:�f�h�k�h�\�Z���E���I������ �B�k�Z�_�\�� �F���<���� �F�Z�]�g�_�l�j�h�g�g�h�_���g�Z�i�u�e�_�g�b�_���i�j�h�a�j�Z�q�g�u�o���w�e�_�d�l�j�h�^�h�\���,�7�2���b�a��
�f�_�l�Z�e�e�b�q�_�k�d�h�c���f�b�r�_�g�b���g�Z���o�h�e�h�^�g�m�x���i�h�^�e�h�`�d�m���������@�m�j�g�Z�e���l�_�o�g�b�q�_�k�d�h�c���n�b�a�b�d�b�����±���������������±���L������������
�‹�����������±���K�����������±������ 
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Abstract. In this study we experimentally investigated the impact of an electromagnetic absorber 
(EA) on the characteristics of a reflection symmetric structure in a differential mode. The results 
showed that adding an EA reduces the interference amplitude by a factor of 5.3 when placed on one 
side and by a factor of 8.3 when placed on both sides of the PCB. It also increases the interference 
arrival time and improves interference suppression in the stopband. The obtained data confirm the 
effectiveness of the proposed structure in mitigating conductive electromagnetic interference. 
Key words: reflection symmetric structure, electromagnetic absorber, differential mode, time 
response, transmission coefficient, laboratory experiment. 

 
�<�\�_�^�_�g�b�_ 
�K�m�s�_�k�l�\�m�x�l�� �m�k�l�j�h�c�k�l�\�Z���� �d�h�l�h�j�u�_�� �n�m�g�d�p�b�h�g�b�j�m�x�l�� �\�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f�� �j�_�`�b�f�_��

�i�_�j�_�^�Z�q�b�� �^�Z�g�g�u�o. �H�g�b�� �b�k�i�h�e�v�a�m�x�l�� �g�_�� �h�^�b�g�� �i�j�h�\�h�^�g�b�d�� �\�� �d�Z�q�_�k�l�\�_�� �i�_�j�_�^�Z�q�b�� �k�b�]�g�Z�e�Z���� �Z�� �^�\�Z����
�G�Z�i�j�y�`�_�g�b�_�� �b�a�f�_�j�y�_�l�k�y�� �\�� �l�Z�d�h�f�� �j�_�`�b�f�_�� �g�_�� �h�l�g�h�k�b�l�_�e�v�g�h�� �a�_�f�e�b���� �Z�� �h�l�g�h�k�b�l�_�e�v�g�h�� �^�\�m�o��
�i�j�h�\�h�^�g�b�d�h�\���� �<�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f�� �j�_�`�b�f�_�� �i�h�f�_�o�b�� �\�h�a�^�_�c�k�l�\�m�x�l�� �g�Z�� �h�[�Z�� �i�j�h�\�h�^�g�b�d�Z��
�h�^�b�g�Z�d�h�\�h�� �b�� �j�Z�a�g�b�p�Z�� �g�Z�i�j�y�`�_�g�b�c�� �f�_�`�^�m�� �g�b�f�b�� �f�b�g�b�f�Z�e�v�g�Z���� �;�e�Z�]�h�^�Z�j�y�� �w�l�h�f�m��
�^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�c�� �j�_�`�b�f�� �a�Z�s�b�s�_�g�� �h�l�� �g�Z�\�_�^�_�g�g�u�o�� �i�h�f�_�o���� �h�^�g�Z�d�h�� �l�Z�d�b�_�� �e�b�g�b�b�� �h�k�l�Z�x�l�k�y��
�m�y�a�\�b�f�u�f�b�� �d�� �d�h�g�^�m�d�l�b�\�g�u�f�� �i�h�f�_�o�Z�f���� �d�h�l�h�j�u�_�� �j�Z�k�i�j�h�k�l�j�Z�g�y�x�l�k�y�� �i�h�� �i�j�h�\�h�^�g�b�d�Z�f�� �b�� �f�h�]�m�l��
�g�_�]�Z�l�b�\�g�h�� �\�e�b�y�l�v�� �g�Z�� �j�Z�[�h�l�m�� �m�k�l�j�h�c�k�l�\�Z�� �;�u�e�b�� �j�Z�k�k�f�h�l�j�_�g�u�� �j�Z�a�e�b�q�g�u�_�� �i�h�^�o�h�^�u�� �d�� �k�h�a�^�Z�g�b�x��
�a�Z�s�b�l�g�u�o�� �m�k�l�j�h�c�k�l�\���� �l�Z�d�� �\ [1, 2�@�� �i�j�h�\�_�^�_�g�h�� �b�k�k�e�_�^�h�\�Z�g�b�_�� �e�b�g�b�c�� �i�_�j�_�^�Z�q�b�� �\��
�^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�f  �b�� �k�b�g�n�Z�a�g�h�f  �j�_�`�b�f�Z�o. �< [3�@�� �b�k�k�e�_�^�h�\�Z�e�Z�k�v�� �a�_�j�d�Z�e�v�g�h-�k�b�f�f�_�l�j�b�q�g�Z�y  
���A-�K�� �k�l�j�m�d�l�m�j�Z�����j�_�a�m�e�v�l�Z�l�u���b�k�k�e�_�^�h�\�Z�g�b�c���i�h�d�Z�a�Z�e�b�����q�l�h���A-�K �k�l�j�m�d�l�m�j�Z �i�h�^�o�h�^�b�l���^�e�y���a�Z�s�b�l�u��
�^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�o�� �e�b�g�b�c�� �i�_�j�_�^�Z�q�b. �L�Z�d�`�_�� �^�e�y�� �m�\�_�e�b�q�_�g�b�y �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�c��
�k�h�\�f�_�k�l�b�f�h�k�l�b�� �b�k�i�h�e�v�a�m�x�l�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�c�� �i�h�]�e�h�l�b�l�_�e�v ���W�I������ �l�Z�d�� �\ [4] �j�_�a�m�e�v�l�Z�l�u��
�i�h�d�Z�a�Z�e�b���� �q�l�h�� �i�j�b�� �^�h�[�Z�\�e�_�g�b�b�� �W�I�� �m�e�m�q�r�Z�x�l�k�y�� �i�h�f�_�o�h�i�h�^�Z�\�e�y�x�s�b�_�� �k�\�h�c�k�l�\�Z���� �< [5] 
�b�k�k�e�_�^�h�\�Z�e�Z�k�v�� �i�h�^�h�[�g�Z�y�� �k�l�j�m�d�l�m�j�Z�� �k�� �l�h�q�d�b�� �a�j�_�g�b�y�� �\�g�h�k�b�f�u�o�� �i�h�l�_�j�v�� �i�j�b�� �^�h�[�Z�\�e�_�g�b�b�� �W�I�� 
�H�^�g�Z�d�h�� �\�� �^�Z�g�g�u�o�� �j�Z�[�h�l�Z�o�� �g�_�� �i�j�h�\�h�^�b�e�h�k�v�� �b�k�k�e�_�^�h�\�Z�g�b�_�� �^�h�[�Z�\�e�_�g�b�y�� �W�I�� �d�� �A-�K �k�l�j�m�d�l�m�j�_���� �Z 
�l�Z�d�`�_�� �g�_�� �[�u�e�� �i�j�h�\�_�^�_�g�� �e�Z�[�h�j�Z�l�h�j�g�u�c�� �w�d�k�i�_�j�b�f�_�g�l�� �P�_�e�v�x�� �j�Z�[�h�l�u�� �y�\�e�y�_�l�k�y��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�_���b�k�k�e�_�^�h�\�Z�g�b�_���A-�K �k�l�j�m�d�l�m�j �k���W�I���� 

 
�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���q�Z�k�l�v  
�>�e�y�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �\�u�[�j�Z�g�Z�� �A-�K �k�l�j�m�d�l�m�j�Z �k���i�Z�j�Z�f�_�l�j�Z�f�b w = 650 �f�d�f����s = 2,5 �f�f����

h1 = 210 �f�d�f����h2 = 500 �f�d�f�����0r2 = �����������0r1 = 4,4 [6]. �G�Z���j�b�k�� �����i�j�_�^�k�l�Z�\�e�_�g�u���i�h�i�_�j�_�q�g�u�_���k�_�q�_�g�b�y��
�^�e�y���b�k�k�e�_�^�m�_�f�h�c���k�l�j�m�d�l�m�j�u���[�_�a���W�I���b���k���g�b�f, �k�h���\�k�_�f�b���\�Z�j�b�Z�g�l�Z�f�b���j�Z�k�i�h�e�h�`�_�g�b�y���W�I. �>�Z�e�_�_���\��
�l�_�d�k�l�_���b�k�i�h�e�v�a�m�x�l�k�y���k�e�_�^�m�x�s�b�_���h�[�h�a�g�Z�q�_�g�b�y���^�e�y���b�k�k�e�_�^�m�_�f�u�o �k�l�j�m�d�l�m�j�����[�_�a���W�I �± �f�h�^�_�e�v 1, 
�k���W�I���k�\�_�j�o�m �± �f�h�^�_�e�v �������k���W�I���k���^�\�m�o���k�l�h�j�h�g �± �f�h�^�_�e�v 3.  
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�J�b�k. 1. �I�h�i�_�j�_�q�g�h�_���k�_�q�_�g�b�_���f�h�^�_�e�_�c 1 ���Z���� 2 ���[�� �b 3 ���\��  

 
�< �d�Z�q�_�k�l�\�_���y�^�j�Z�� �b�� �i�j�_�i�j�_�]�Z �b�k�i�h�e�v�a�h�\�Z�e�k�y �k�l�_�d�e�h�l�_�d�k�l�h�e�b�l��FR-���� �k�� �h�l�g�h�k�b�l�_�e�v�g�h�c��

�^�b�w�e�_�d�l�j�b�q�_�k�d�h�c���i�j�h�g�b�p�Z�_�f�h�k�l�v�x���0r2 = 4,5 �b �0r1 = 4,4, �k�h�h�l�\�_�l�k�l�\�_�g�g�h�� �< �d�Z�q�_�k�l�\�_���W�I���\�u�[�j�Z�g��
�f�Z�]�g�b�l�h�^�b�w�e�_�d�l�j�b�q�_�k�d�b�c�� �f�Z�l�_�j�b�Z�e�� �A�B�I�K�B�E 601-�J�I�F-������ �k���i�Z�j�Z�f�_�l�j�Z�f�b���� �i�j�_�^�k�l�Z�\�e�_�g�g�u�_��
�\ [7] �b���l�h�e�s�b�g�h�c��H = 0,8 �f�f�� 

 
�I�j�h�\�_�^�_�g�b�_���e�Z�[�h�j�Z�l�h�j�g�h�]�h���w�d�k�i�_�j�b�f�_�g�l�Z. 
�G�Z�� �j�b�k�� ���� �i�j�_�^�k�l�Z�\�e�_�g�u �b�a�f�_�j�b�l�_�e�v�g�Z�y �m�k�l�Z�g�h�\�d�Z�� �b�� �_�z�� �k�o�_�f�Z�� �\�d�e�x�q�_�g�b�y. �W�d�k�i�_�j�b�f�_�g�l��

�i�j�h�\�h�^�b�e�k�y�� �k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �\�_�d�l�h�j�g�h�]�h�� �Z�g�Z�e�b�a�Z�l�h�j�Z�� �p�_�i�_�c (�<�:�P���� �J���F-������������ �I�_�j�_�^��
�g�Z�q�Z�e�h�f�� �b�a�f�_�j�_�g�b�c�� �[�u�e�Z�� �\�u�i�h�e�g�_�g�Z�� �^�\�m�o�i�h�j�l�h�\�Z�y�� �6�2�/�7-�d�Z�e�b�[�j�h�\�d�Z�� �^�e�y�� �m�k�l�j�Z�g�_�g�b�y��
�k�b�k�l�_�f�Z�l�b�q�_�k�d�b�o���i�h�]�j�_�r�g�h�k�l�_�c�����Z���l�Z�d�`�_���m�q�_�l�Z���\�e�b�y�g�b�y���d�Z�[�_�e�_�c. 

 

�Z �[ 
�J�b�k. 2. �B�a�f�_�j�b�l�_�e�v�g�Z�y���m�k�l�Z�g�h�\�d�Z ���Z�� �b���_�z���k�o�_�f�Z���\�d�e�x�q�_�g�b�y ���[�� 

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

�<�� �d�Z�q�_�k�l�\�_�� �b�f�i�m�e�v�k�g�h�]�h�� �\�h�a�^�_�c�k�l�\�b�y�� �b�k�i�h�e�v�a�h�\�Z�e�Z�k�v �k�\�_�j�o�r�b�j�h�d�h�i�h�e�h�k�g�Z�y�� �i�h�f�_�o�Z �k��
�Z�f�i�e�b�l�m�^�h�c �w.� .̂�k�����j�Z�\�g�h�c���� �<���b���q�Z�k�l�h�l�g�u�f���k�i�_�d�l�j�h�f���h�l�����������^�h���� �=�=�p�� 

 

 

�Z 

 

�[ 
�J�b�k. 3. �J�_�a�m�e�v�l�Z�l�u���w�d�k�i�_�j�b�f�_�g�l�Z���\�h���\�j�_�f�_�g�g�h�c ���Z�����b �q�Z�k�l�h�l�g�h�c ���[�� �h�[�e�Z�k�l�y�o 

 
�B�a�� �j�b�k�� ���� �\�b�^�g�h���� �q�l�h���\�� �f�h�^�_�e�b 2���� �Z�f�i�e�b�l�m�^�Z�� �i�h�f�_�o�b�� �m�f�_�g�v�r�b�e�Z�k�v�� �\��5,3 �j�Z�a�Z�����\��

�f�h�^�_�e�b 3 �± �������� �j�Z�a�Z���� �i�h�� �k�j�Z�\�g�_�g�b�x���k���f�h�^�_�e�v�x 1���� �<�j�_�f�y���i�j�b�o�h�^�Z�� �i�h�f�_�o�b �i�j�b���^�h�[�Z�\�e�_�g�b�b�� �W�I��
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�k�\�_�j�o�m �m�\�_�e�b�q�b�e�h�k�v�� �\�� ������3 �j�Z�a�Z�� �b �k�h�k�l�Z�\�b�e�h��1,8 �g�k�����i�j�b�� �^�h�[�Z�\�e�_�g�b�b�� �W�I�� �k�� �^�\�m�o�� �k�l�h�j�h�g  
�± 1,44 �j�Z�a�Z (2,3 �g�k��. �:�g�Z�e�b�a���\ �q�Z�k�l�h�l�g�h�c���h�[�e�Z�k�l�b �i�h�d�Z�a�Z�e�����q�l�h���i�j�b���^�h�[�Z�\�e�_�g�b�b �W�I���b�a�f�_�g�_�g�b�y��
�a�g�Z�q�_�g�b�y �d�h�w�n�n�b�p�b�_�g�l�Z�� �i�_�j�_�^�Z�q�b |Sdd21�_�� �\�� �i�h�e�h�k�_�� �i�j�h�i�m�k�d�Z�g�b�y�� �g�_�a�g�Z�q�b�l�_�e�v�g�u���� �Z�� �\�� �i�h�e�h�k�_��
�a�Z�]�j�Z�`�^�_�g�b�y�� �a�g�Z�q�_�g�b�y�� �m�f�_�g�v�r�Z�x�l�k�y�� �[�h�e�_�_�� �q�_�f�� �\�� �� �j�Z�a�Z���� �q�l�h���]�h�\�h�j�b�l �h�� �[�h�e�_�_�� �w�n�n�_�d�l�b�\�g�h�f��
�i�h�^�Z�\�e�_�g�b�_���i�h�f�_�o���\���w�l�h�c���h�[�e�Z�k�l�b�� 

 
�A�Z�d�e�x�q�_�g�b�_ 
�<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�� �b�k�k�e�_�^�h�\�Z�g�Z���A-�K �k�l�j�m�d�l�m�j�Z �k���^�h�[�Z�\�e�_�g�b�_�f���W�I���k��

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

 
�J�Z�[�h�l�Z���\�u�i�h�e�g�_�g�Z���\���j�Z�f�d�Z�o���i�j�h�_�d�l�Z���)�(�:�0-2024-�����������F�b�g�h�[�j�g�Z�m�d�b���J�h�k�k�b�b. 
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�h�d�j�_�k�l�g�h�k�l�b�� �l�h�q�d�b���� �\�� �d�h�l�h�j�h�c�� �g�Z�[�e�x�^�Z�_�l�k�y�� �h�k�h�[�_�g�g�h�k�l�v���� �g�Z�� �i�h�^�b�g�l�_�j�\�Z�e�u���� �I�j�b�� �w�l�h�f�� �g�Z��
�d�Z�`�^�h�f�� �b�a�� �i�h�^�b�g�l�_�j�\�Z�e�h�\�� �^�e�y�� �d�\�Z�^�j�Z�l�m�j�g�h�c�� �n�h�j�f�m�e�u�� �\�Z�`�g�h�� �a�Z�^�Z�\�Z�l�v�� �j�Z�a�f�_�j�g�h�k�l�v�� �l�Z�d�m�x����
�q�l�h�[�u���i�h���b�g�l�_�]�j�Z�e�Z�f���[�u�e�Z���h�[�_�k�i�_�q�_�g�Z���i�j�b�_�f�e�_�f�Z�y���k�o�h�^�b�f�h�k�l�v�� 

 
�J�_�a�m�e�v�l�Z�l�u 
�J�Z�k�k�f�Z�l�j�b�\�Z�e�k�y �h�[�t�_�d�l �k�h �k�e�_�^�m�x�s�b�f�b �j�Z�a�f�_�j�Z�f�b La = 3��, Lb = 5��, Lc = 3��, Ld = 12��, 

Le = 5��, Lf = 5��. �I�h�\�_�j�o�g�h�k�l�v�� �h�[�t�_�d�l�Z�� �j�Z�a�[�b�\�Z�e�Z�k�v�� �g�Z������������ �l�h�q�_�d�����L�h�]�^�Z�� �\�� �o�h�^�_�� �j�_�r�_�g�b�y��
�a�Z�^�Z�q�b�� �i�h�e�m�q�Z�e�Z�k�v�� �i�h�]�j�_�r�g�h�k�l�v�� �\���h�i�j�_�^�_�e�_�g�b�b���g�_�\�y�a�d�b [3] 0,015 ������ �_�k�e�b�� �k�j�Z�\�g�b�\�Z�l�v�� �k��
�l�h�q�g�u�f�� �j�_�r�_�g�b�_�f�����?�k�e�b�� �^�e�y�� �l�h�]�h�� �`�_�� �d�h�e�b�q�_�k�l�\�Z�� �l�h�q�_�d�� �b�k�i�h�e�v�a�h�\�Z�l�v�� �i�j�h�k�l�_�c�r�m�x��
�d�\�Z�^�j�Z�l�m�j�g�m�x�� �n�h�j�f�m�e�m�� �i�j�y�f�h�m�]�h�e�v�g�b�d�h�\���� �a�g�Z�q�_�g�b�_�� �i�h�]�j�_�r�g�h�k�l�b�� �[�u�e�h��0,011 %, �A�g�Z�q�_�g�b�_��
�g�_�\�y�a�d�b���^�Z�g�h���\���l�Z�[�e. 1. 

�L�Z�[�e�b�p�Z���� 
�A�g�Z�q�_�g�b�_���g�_�\�y�a�d�b 

 
�Q�b�k�e�h���l�h�q�_�d, N 

4550 5350 7150 
�A�g�Z�q�_�g�b�_���g�_�\�y�a�d�b���^�e�y E-�i�h�e�y�j�b�a�Z�p�b�b, % 0,11 0,073 0,015 

�A�g�Z�q�_�g�b�_���g�_�\�y�a�d�b���^�e�y �G-�i�h�e�y�j�b�a�Z�p�b�b, % 0,13 0,081 0,018 

 
�A�Z�d�e�x�q�_�g�b�_ 
�B�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�d�Z�a�Z�e�b���� �q�l�h�� �i�j�_�^�e�h�`�_�g�g�u�c�� �i�h�^�o�h�^�� �i�h�a�\�h�e�b�e�� �^�e�y�� �k�n�h�j�f�b�j�h�\�Z�g�g�h�c��

�k�b�k�l�_�f�u���m�j�Z�\�g�_�g�b�c���m�f�_�g�v�r�b�l�v���j�Z�a�f�_�j�g�h�k�l�v���\�����±�����j�Z�a�����I�j�b���w�l�h�f���i�h�]�j�_�r�g�h�k�l�b���[�m�^�m�l���l�Z�d�b�_���`�_����
�<���o�h�^�_���j�Z�k�q�_�l�h�\���f�h�`�g�h���b�k�i�h�e�v�a�h�\�Z�l�v���q�Z�k�l�h�l�m���\�����±���������j�Z�a�Z���[�h�e�v�r�_ �i�j�b���j�Z�a�j�Z�[�h�l�d�_���m�k�l�j�h�c�k�l�\. 
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Abstract. The relevance of this research work is emphasized by the need for constant quality control 
over the technological process in the oil and gas industry, primarily over the quality of products. To 
carry out this kind of control, it is proposed to design and use a virtual quality analyzer, which allows 
you to continuously and without significant capital investments in real time to obtain information 
about the quality of products and process parameters. This paper continues the research in the field 
of advanced management conducted by scientists from large petrochemical companies. The presented 
scientific work is exclusively educational and research in nature and is based on the already available 
results of qualified specialists in the field of mathematical industrial modeling. 
Key words: virtual quality analyzer, identification, regulation, correlation, mathematical analysis. 
 

�<�\�_�^�_�g�b�_ 
�L�j�Z�^�b�p�b�h�g�g�u�_�� �f�_�l�h�^�u�� �Z�g�Z�e�b�a�Z�� �d�Z�q�_�k�l�\�Z�� �i�j�h�^�m�d�p�b�b�� �\�� �\�b�^�_�� �e�Z�[�h�j�Z�l�h�j�g�u�o�� �Z�g�Z�e�b�a�h�\�� �b��

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

�<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �\�� �d�Z�q�_�k�l�\�_�� �Z�e�v�l�_�j�g�Z�l�b�\�g�h�]�h�� �i�h�^�o�h�^�Z���^�e�y�� �h�p�_�g�d�b�� �a�g�Z�q�_�g�b�c��
�l�j�m�^�g�h�b�a�f�_�j�b�f�u�o�� �i�Z�j�Z�f�_�l�j�h�\�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h�� �i�j�h�p�_�k�k�Z�� �i�j�_�^�e�Z�]�Z�_�l�k�y�� �b�k�i�h�e�v�a�h�\�Z�l�v��
�Z�e�]�h�j�b�l�f�u�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�o�� �b�a�f�_�j�_�g�b�c���� �g�Z�� �[�Z�a�_�� �d�h�l�h�j�u�o�� �j�_�Z�e�b�a�m�x�l�k�y�� �l�Z�d�� �g�Z�a�u�\�Z�_�f�u�_��
�\�b�j�l�m�Z�e�v�g�u�_�� �Z�g�Z�e�b�a�Z�l�h�j�u�� ���<�:���� �I�h�� �k�\�h�_�c�� �k�m�l�b���� �\�b�j�l�m�Z�e�v�g�u�_�� �Z�g�Z�e�b�a�Z�l�h�j�u���± �w�l�h 
�f�Z�l�_�f�Z�l�b�q�_�k�d�b�_�� �f�h�^�_�e�b���� �i�j�h�b�a�\�h�^�y�s�b�_�� �d�h�k�\�_�g�g�u�c�� �j�Z�k�q�_�l�� �i�h�d�Z�a�Z�l�_�e�_�c�� �d�Z�q�_�k�l�\�Z��
�l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h�� �i�j�h�p�_�k�k�Z �g�Z�� �h�k�g�h�\�_�� �Z�j�o�b�\�g�u�o�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o�� �^�Z�g�g�u�o�� �b�� �^�Z�g�g�u�o��
�e�Z�[�h�j�Z�l�h�j�g�u�o���Z�g�Z�e�b�a�h�\ [2]. 

�<�� �o�h�^�_�� �w�d�k�i�e�m�Z�l�Z�p�b�b�� �\�b�j�l�m�Z�e�v�g�u�_�� �Z�g�Z�e�b�a�Z�l�h�j�u�� �d�Z�q�_�k�l�\�Z�� �b�f�_�_�l�� �a�g�Z�q�b�f�u�_�� �i�j�_�b�f�m�s�_�k�l�\�Z��
�i�_�j�_�^���^�j�m�]�b�f�b���i�h�^�o�h�^�Z�f�b���Z�g�Z�e�b�a�Z���d�Z�q�_�k�l�\�Z�����\���\�b�^�_���g�_�i�j�_�j�u�\�g�h�k�l�b���b�a�f�_�j�_�g�b�c�����g�b�a�d�h�c���k�l�h�b�f�h�k�l�b��
�\�g�_�^�j�_�g�b�y���b���h�[�k�e�m�`�b�\�Z�g�b�y�����?�^�b�g�k�l�\�_�g�g�h�_���l�j�_�[�h�\�Z�g�b�y���d���^�Z�g�g�u�f���Z�g�Z�e�b�a�Z�l�h�j�Z�f���± �w�l�h���\�h�a�f�h�`�g�Z�y��
�i�_�j�b�h�^�b�q�_�k�d�Z�y���d�h�j�j�_�d�l�b�j�h�\�d�Z���i�j�b���m�k�e�h�\�b�b���h�l�k�m�l�k�l�\�b�y���i�Z�j�Z�f�_�l�j�h�\���Z�\�l�h�g�Z�k�l�j�h�c�d�b [3].  

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

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

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

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

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

 

 
�J�b�k����2. �:�g�Z�e�b�a���l�j�_�g�^�h�\�u�o���]�j�m�i�i���i�Z�j�Z�f�_�l�j�h�\���d�h�e�h�g�g�u���]�Z�a�h�j�Z�a�^�_�e�_�g�b�y 

 
�K�b�g�y�y���e�b�g�b�y���± �e�Z�[�h�j�Z�l�h�j�g�u�c���Z�g�Z�e�b�a���i�h���Z�e�v�n�i�f�_�l�b�e�k�l�b�j�h�e�m �\���d�m�[�_���d�h�e�h�g�g�u; 
�D�j�Z�k�g�Z�y���e�b�g�b�y���²  �\�b�j�l�m�Z�e�v�g�u�c���Z�g�Z�e�b�a���i�h���Z�e�v�n�i�f�_�l�b�e�k�l�b�j�h�e�m �\���d�m�[�_���d�h�e�h�g�g�u; 
�A�_�e�z�g�Z�y���e�b�g�b�y���²  �\�b�j�l�m�Z�e�v�g�u�c���Z�g�Z�e�b�a���i�h���k�l�b�j�h�e�m �\���d�m�[�_���d�h�e�h�g�g�u. 
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�D�Z�d�� �f�h�`�g�h�� �a�Z�f�_�l�b�l�v�� �b�a�� �i�j�_�^�k�l�Z�\�e�_�g�g�h�]�h�� �]�j�Z�n�b�d�Z���� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �\�b�j�l�m�Z�e�v�g�h�]�h��
�Z�g�Z�e�b�a�Z�l�h�j�Z�� �k�l�Z�[�b�e�b�a�b�j�h�\�Z�e�h�� �a�g�Z�q�_�g�b�y�� �Z�e�v�n�Z�f�_�l�b�e�k�l�b�j�h�e�Z���� �k�g�b�a�b�e�h�� �i�_�j�_�j�_�]�m�e�b�j�h�\�Z�g�b�_�� �b��
�a�Z�r�m�f�e�_�g�g�h�k�l�v���^�Z�g�g�h�]�h���k�b�]�g�Z�e�Z���� 

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

Index, MAPE �b���^�j�m�]�b�_. 
�<�� �g�Z�r�_�f�� �k�e�m�q�Z�_�� �i�h�d�Z�a�Z�l�_�e�v�� �,�Q�G�H�[�� � �� ���������<�b�j�l�m�Z�e�v�g�u�c�� �Z�g�Z�e�b�a�Z�l�h�j�� �i�j�b�_�f�e�_�f�u�f �^�e�y��

�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o���i�j�h�p�_�k�k�h�\���g�_�n�l�_�]�Z�a�h�\�h�c���h�l�j�Z�k�e�b�����i�j�b���,�Q�G�H�[�������������� 
�<�u�r�_���m�d�Z�a�Z�g�h���� �d�Z�d�� �\�u�]�e�y�^�b�l�� �d�e�Z�k�k�b�q�_�k�d�Z�y�� �n�h�j�f�m�e�Z�� �<�:�����J�Z�k�k�f�h�l�j�b�f���� �d�Z�d�� �\�u�]�e�y�^�b�l��

�f�Z�l�_�f�Z�l�b�q�_�k�d�b�� �i�h�e�m�q�_�g�g�Z�y�� �n�h�j�f�m�e�Z�� �^�e�y���j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h�� �i�j�Z�d�l�b�q�_�k�d�b �\�b�j�l�m�Z�e�v�g�h�]�h��
�Z�g�Z�e�b�a�Z�l�h�j�Z�����i�j�_�^�k�l�Z�\�e�_�g�g�Z�y���g�Z���j�b�k�� 3. 

 

 
�J�b�k����3. �F�Z�l�_�f�Z�l�b�q�_�k�d�Z�y���n�h�j�f�m�e�Z���j�Z�k�q�z�l�Z���j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h���\�b�j�l�m�Z�e�v�g�h�]�h���Z�g�Z�e�b�a�Z�l�h�j�Z 

 
�<�Z�`�g�h�� �h�l�f�_�l�b�l�v���� �q�l�h�� �\�b�j�l�m�Z�e�v�g�u�_�� �Z�g�Z�e�b�a�Z�l�h�j�u�� �y�\�e�y�x�l�k�y�� �Z�e�v�l�_�j�g�Z�l�b�\�h�c�� �i�h�l�h�q�g�u�f��

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

�D�h�f�i�e�_�d�k�� �\�b�j�l�m�Z�e�v�g�u�o�� �Z�g�Z�e�b�a�Z�l�h�j�h�\�� �f�h�`�_�l�� �[�u�l�v�� �j�_�Z�e�b�a�h�\�Z�g�� �\�� �\�b�^�_�� �Z�\�l�h�g�h�f�g�h�c��
�k�b�k�l�_�f�u�� �\�b�j�l�m�Z�e�v�g�h�]�h�� �f�h�g�b�l�h�j�b�g�]�Z�� �\�� �\�b�^�_�� �i�h�^�k�d�Z�a�q�b�d�Z���� �G�h�� �[�h�e�_�_�� �w�n�n�_�d�l�b�\�g�u�f�� �y�\�e�y�_�l�k�y��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�� �<�:�� �\�� �d�h�g�l�m�j�Z�o�� �m�i�j�Z�\�e�_�g�b�y�� �K�M�M�L�I�� �k�h�\�f�_�k�l�g�h�� �k�� �i�j�h�]�g�h�a�b�j�m�x�s�_�c��
�^�b�g�Z�f�b�q�_�k�d�h�c�� �f�h�^�_�e�v�x�� �d�h�g�l�j�h�e�e�_�j�Z�� ���0�3�&������ �W�l�h�� �i�h�a�\�h�e�y�_�l�� �m�i�j�Z�\�e�y�l�v�� �\�b�j�l�m�Z�e�v�g�u�f��
�Z�g�Z�e�b�a�Z�l�h�j�h�f���g�_�i�j�_�j�u�\�g�h���^�e�y���i�h�e�m�q�_�g�b�y���[�h�e�v�r�_�c���w�n�n�_�d�l�b�\�g�h�k�l�b���b���i�j�b�[�u�e�b. 

 
�A�Z�d�e�x�q�_�g�b�_ 
�L�Z�d�b�f���h�[�j�Z�a�h�f���i�j�b���i�h�f�h�s�b���f�_�l�h�^�h�\���f�Z�l�_�f�Z�l�b�q�_�k�d�h�]�h���Z�g�Z�e�b�a�Z���b���^�b�g�Z�f�b�q�_�k�d�b�o���f�h�^�_�e�_�c��

�g�Z�� �h�k�g�h�\�_�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�o�� �m�j�Z�\�g�_�g�b�c�� �i�_�j�\�h�]�h�� �b�� �\�l�h�j�h�]�h�� �i�h�j�y�^�d�Z�� �[�u�e�� �k�i�j�h�_�d�l�b�j�h�\�Z�g��
�\�b�j�l�m�Z�e�v�g�u�c���Z�g�Z�e�b�a�Z�l�h�j���d�Z�q�_�k�l�\�Z���^�e�y���d�h�e�h�g�g�u���j�Z�a�^�_�e�_�g�b�y���Z�e�v�n�Z�f�_�l�b�e�k�l�b�j�h�e�Z���b���f�h�g�h�f�_�j�h�\��
�k�l�b�j�h�e�Z. �D�Z�d���b�l�h�]���i�j�h�\�_�^�_�g�g�h�]�h���f�h�^�_�e�b�j�h�\�Z�g�b�y���b���b�k�k�e�_�^�h�\�Z�g�b�_���g�Z���i�j�b�f�_�j�_���j�Z�[�h�l�u���d�h�e�h�g�g�u 
�j�Z�a�^�_�e�_�g�b�y���Z�e�v�n�Z�f�_�l�b�e�k�l�b�j�h�e�Z���b���f�h�g�h�f�_�j�h�\���k�l�b�j�h�e�Z���i�h�d�Z�a�Z�e�h���w�d�h�g�h�f�b�q�_�k�d�m�x���w�n�n�_�d�l�b�\�g�h�k�l�v��
�b�� �p�_�e�_�k�h�h�[�j�Z�a�g�h�k�l�v�� �i�j�Z�d�l�b�q�_�k�d�h�]�h�� �i�j�b�f�_�g�_�g�b�y�� �^�Z�g�g�h�]�h�� �j�_�r�_�g�b�y���� �Q�l�h�� �i�h�^�l�\�_�j�`�^�Z�_�l�k�y��
�Z�g�Z�e�b�a�h�f���l�j�_�g�^�h�\�u�o���]�j�m�i�i���i�h�d�Z�a�Z�l�_�e�_�c���p�_�e�_�\�u�o���a�g�Z�q�_�g�b�c���i�j�h�^�m�d�l�h�\���d�h�e�h�g�g�u���± �a�g�Z�q�b�l�_�e�v�g�h��
�k�g�b�a�b�e�b�k�v�� �i�h�f�_�o�b���� �d�h�e�_�[�Z�g�b�y�� �i�Z�j�Z�f�_�l�j�h�\�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h�� �i�j�h�p�_�k�k�Z���� �k�d�h�j�j�_�d�l�b�j�h�\�Z�g�Z��
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Abstract. This study examined the effect of modifying CaSiO3 powder with Gd2O3 nanoparticles on 
the radiation resistance of its optical properties. The diffuse reflectance spectra of the original and 
modified pigment were recorded in situ before and after electron irradiation with a fluence of (1, 2, 
3, 5 �b 7) �Â 1016�k�f-2 The main spectral changes were observed in the range of 200�±800 nm. It was 
found that modification at a concentration of gadolinium oxide nanoparticles of 7 wt. % leads to a 
decrease in the defect concentration and an increase in radiation resistance, depending on the 
electron fluence. 
Key words: spacecraft, thermoregulating coatings, radiation resistance, nanotechnology, calcium 
silicate, gadolinium oxide. 

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

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

�K�b�e�b�d�Z�l�� �d�Z�e�v�p�b�y�� ���&�DSiO3���� �i�j�_�^�k�l�Z�\�e�y�_�l�� �h�k�h�[�u�c�� �b�g�l�_�j�_�k�� �\�� �d�Z�q�_�k�l�\�_���i�b�]�f�_�g�l�Z�� �^�e�y�� �L�J�I��
�[�e�Z�]�h�^�Z�j�y�� �r�b�j�h�d�h�c�� �a�Z�i�j�_�s�z�g�g�h�c�� �a�h�g�_���� �\�u�k�h�d�h�c�� �h�l�j�Z�`�Z�l�_�e�v�g�h�c�� �k�i�h�k�h�[�g�h�k�l�b�� �\�� �k�h�e�g�_�q�g�h�f��
�k�i�_�d�l�j�_���b���[�h�e�_�_���g�b�a�d�h�c���k�l�h�b�f�h�k�l�b���i�h���k�j�Z�\�g�_�g�b�x���k���l�j�Z�^�b�p�b�h�g�g�u�f�b���i�b�]�f�_�g�l�Z�f�b���� �l�Z�d�b�f�b���d�Z�d��
�=�Q�2���b���7�L�H2. �H�^�g�Z�d�h���j�Z�^�b�Z�p�b�h�g�g�Z�y���k�l�h�c�d�h�k�l�v���h�i�l�b�q�_�k�d�b�o���k�\�h�c�k�l�\���^�Z�g�g�u�o���i�b�]�f�_�g�l�h�\���g�Z���h�k�g�h�\�_��
CaSiO3 �h�k�l�Z�z�l�k�y���i�j�Z�d�l�b�q�_�k�d�b���g�_�b�a�m�q�_�g�g�h�c�� 

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

�P�_�e�v�x�� �g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�u�� �y�\�e�y�_�l�k�y�� �b�k�k�e�_�^�h�\�Z�g�b�_�� �j�Z�^�b�Z�p�b�h�g�g�h�c�� �k�l�h�c�d�h�k�l�b�� �h�i�l�b�q�_�k�d�b�o��
�k�\�h�c�k�l�\�� �f�b�d�j�h�i�h�j�h�r�d�Z�� �k�b�e�b�d�Z�l�Z�� �d�Z�e�v�p�b�y�� ��mCaSiO3���� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h�� �g�Z�g�h�q�Z�k�l�b�p�Z�f�b��
�h�d�k�b�^�Z���]�Z�^�h�e�b�g�b�y����nGd2O3). 

 
�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���q�Z�k�l�v 
�<�� �j�Z�[�h�l�_�� �b�k�i�h�e�v�a�h�\�Z�g�� �i�h�j�h�r�h�d���k�b�e�b�d�Z�l �d�Z�e�v�p�b�y�� �f�b�d�j�h�g�g�u�o�� �j�Z�a�f�_�j�h�\�� ��mCaSiO3) 

�i�j�h�b�a�\�h�^�k�l�\�Z�� �H�H�H���©�F�B�G�?�J�:�E�ª�����J�h�k�k�b�y�� �b�� �g�Z�g�h�i�h�j�h�r�h�d�� �h�d�k�b�^�Z�� �]�Z�^�h�e�b�g�b�y��nGd2O3 �k�h��
�k�j�_�^�g�b�f���j�Z�a�f�_�j�h�f���q�Z�k�l�b�p�������±�������g�f�����i�j�h�b�a�\�h�^�k�l�\�Z���&�K�L�Q�D���U�D�U�H���P�H�W�D�O���P�D�W�H�U�L�D�O���&�R�������/�7�'�������D�b�l�Z�c�� 

�F�h�^�b�n�b�p�b�j�h�\�Z�g�b�_��mCaSiO3 �g�Z�g�h�q�Z�k�l�b�p�Z�f�b��nGd2O3 �h�k�m�s�_�k�l�\�e�y�e�b�� �l�\�_�j�^�h�l�_�e�v�g�u�f��
�k�i�h�k�h�[�h�f�����f�_�l�h�^�b�d�Z���i�h�e�m�q�_�g�b�y���f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h���i�h�j�h�r�d�Z�����k�h�^�_�j�`�Z�s�_�]�h�������f�Z�k�k��������nGd2O3 
�i�j�_�^�k�l�Z�\�e�_�g�Z���j�Z�g�_�_���\���j�Z�[�h�l�_��[2]. 
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�H�[�e�m�q�_�g�b�_�� �h�[�j�Z�a�p�h�\�� �h�k�m�s�_�k�l�\�e�y�e�b�� �\�� �m�k�l�Z�g�h�\�d�_���± �b�f�b�l�Z�l�h�j�_�� �m�k�e�h�\�b�c�� �d�h�k�f�b�q�_�k�d�h�]�h��
�i�j�h�k�l�j�Z�g�k�l�\�Z���©�K�i�_�d�l�j�ª���w�e�_�d�l�j�h�g�Z�f�b�����?��� ���������d�w�<�����N��� ���������������������������b������ �Â 1016�k�f-2�����L��� �����������D�����i�j�b��
�^�Z�\�e�_�g�b�b�� �� �Â 10-6 �l�h�j�j���� �K�i�_�d�l�j�u�� �^�b�n�n�m�a�g�h�]�h�� �h�l�j�Z�`�_�g�b�y�� ���!������ �j�_�]�b�k�l�j�b�j�h�\�Z�e�b�� �^�h�� �b�� �i�h�k�e�_��
�h�[�e�m�q�_�g�b�y���\���\�Z�d�m�m�f�_����in situ). [2]. 

�B�g�l�_�]�j�Z�e�v�g�u�c�� �d�h�w�n�n�b�p�b�_�g�l�� �i�h�]�e�h�s�_�g�b�y �k�h�e�g�_�q�g�h�]�h�� �b�a�e�m�q�_�g�b�y��(as) �j�Z�k�k�q�b�l�u�\�Z�e�b���k��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�f���f�_�`�^�m�g�Z�j�h�^�g�u�o���k�l�Z�g�^�Z�j�l�h�\���>3, 4].  

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

�f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h���g�Z�g�h�q�Z�k�l�b�p�Z�f�b��nGd2O3 �f�b�d�j�h�i�h�j�h�r�d�Z mCaSiO3 �i�j�b�\�_�^�_�g�u���g�Z���j�b�k. 1. 
�B�a �j�b�k. 1 �k�e�_�^�m�_�l, �q�l�h �d�j�Z�c���h�k�g�h�\�g�h�]�h�� �i�h�]�e�h�s�_�g�b�y�� �b�k�o�h�^�g�h�]�h �i�h�j�h�r�d�Z��mCaSiO3 �b��

�f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h���g�Z�g�h�q�Z�k�l�b�p�Z�f�b���i�h�j�h�r�d�Z mCaSiO3/ nGd2O3 �j�Z�k�i�h�e�h�`�_�g���\���h�[�e�Z�k�l�b�������”�����������g�f����
�q�l�h�� �f�h�`�_�l�� �[�u�l�v�� �k�\�y�a�Z�g�h�� �k�� �[�e�b�a�d�b�f�b�� �a�g�Z�q�_�g�b�y�f�b�� �r�b�j�b�g�u�� �a�Z�i�j�_�s�z�g�g�h�c�� �a�h�g�u�� �f�b�d�j�h�i�h�j�h�r�d�Z��
mCaSiO3 �b���g�Z�g�h�i�h�j�h�r�d�Z��nGd2O3 (Eg �• �����w�<) [5, 6]. 

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

�J�_�]�b�k�l�j�b�j�m�_�f�u�_�� �i�h�e�h�k�Z�� �i�h�]�e�h�s�_�g�b�y�� �i�j�b�� ������������ ���������� �b�� ���������� �g�f���� �f�h�]�m�l�� �[�u�l�v�� �\�u�a�\�Z�g�u��
�g�Z�e�b�q�b�_�f���]�b�^�j�h�d�k�h-�]�j�m�i�i�����k�h�j�[�b�j�h�\�Z�g�g�u�o �g�Z���i�h�\�_�j�o�g�h�k�l�b���i�h�j�h�r�d�Z [7]. 

 
�J�b�k�����������K�i�_�d�l�j�u���^�b�n�n�m�a�g�h�]�h���h�l�j�Z�`�_�g�b�y���^�h���b���i�h�k�e�_���h�[�e�m�q�_�g�b�y���w�e�_�d�l�j�h�g�Z�f�b���k���w�g�_�j�]�b�_�c���������d�w�<  

�b���N = (1-7) �Â 1016�k�f-2 �i�h�j�h�r�d�h�\��mCaSiO3 ���Z�����b��mCaSiO3 ���������f�Z�k�k���ß����Gd2O3 ���[�� 
 

�H�[�e�m�q�_�g�b�_���w�e�_�d�l�j�h�g�Z�f�b�� �b�k�o�h�^�g�h�]�h�� �b�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h��mCaSiO3�i�j�b�\�h�^�b�l�� �d��
�m�f�_�g�v�r�_�g�b�x�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �h�l�j�Z�`�_�g�b�y�� �\���h�[�e�Z�k�l�b�� �������±�������� �g�f. �L�Z�d, �i�j�b���N = 7 �� 1016 �k�f-2 �^�e�y��
�b�k�o�h�^�g�h�]�h���b���f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h���i�h�j�h�r�d�h�\ �d�h�w�n�n�b�p�b�_�g�l �h�l�j�Z�`�_�g�b�y �m�f�_�g�v�r�Z�_�l�k�y���^�h 29,2 % 
�b�� �������� % �k�h�h�l�\�_�l�k�l�\�_�g�g�h���� �< �[�h�e�_�_�� �^�e�b�g�g�h�\�h�e�g�h�\�h�c�� �h�[�e�Z�k�l�b��(�h�l�� �������� �g�f) �b�a�f�_�g�_�g�b�y��
�d�h�w�n�n�b�p�b�_�g�l�Z���h�l�j�Z�`�_�g�b�y���i�h�k�e�_���h�[�e�m�q�_�g�b�y���w�e�_�d�l�j�h�g�Z�f�b���i�j�Z�d�l�b�q�_�k�d�b���h�l�k�m�l�k�l�\�m�x�l�� 

 

 
�J�b�k�� �������j�Z�a�g�h�k�l�g�u�_���k�i�_�d�l�j�u���^�b�n�n�m�a�g�h�]�h���h�l�j�Z�`�_�g�b�y���i�h�k�e�_���h�[�e�m�q�_�g�b�y���w�e�_�d�l�j�h�g�Z�f�b���k���w�g�_�j�]�b�_�c���������d�w�<�� 

�b���N = (1-7) �Â 1016�k�f-2 �i�h�j�h�r�d�h�\��mCaSiO3 ���Z�����b��mCaSiO3 ���������f�Z�k�k���ß����Gd2O3 ���[�� 
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�G�Z���j�b�k. �����i�j�_�^�k�l�Z�\�e�_�g�u���j�Z�a�g�h�k�l�g�u�_���k�i�_�d�l�j�u���^�b�n�n�m�a�g�h�]�h���h�l�j�Z�`�_�g�b�y�����û�!��), �i�h�e�m�q�_�g�g�u�_��
�\�u�q�b�l�Z�g�b�_�� �k�i�_�d�l�j�h�\�� �i�h�k�e�_�� �h�[�e�m�q�_�g�b�y�� �b�a�� �k�i�_�d�l�j�h�\�� �^�h�� �h�[�e�m�q�_�g�b�y�� �i�h�j�h�r�d�h�\���� �I�j�b�\�_�^�_�g�g�u�_��
�k�i�_�d�l�j�u���y�\�e�y�x�l�k�y���k�i�_�d�l�j�Z�f�b���i�h�]�e�h�s�_�g�b�y�����g�Z�\�_�^�_�g�g�h�]�h���\���i�h�j�h�r�d�Z�o���i�h�^���^�_�c�k�l�\�b�_�f���b�a�e�m�q�_�g�b�y, 
�i�h�e�h�k�u�� �i�h�]�e�h�s�_�g�b�y���� �j�_�]�b�k�l�j�b�j�m�_�f�u�_�� �\�� �k�i�_�d�l�j�Z�o���� �f�h�]�m�l�� �[�u�l�v�� �\�u�a�\�Z�g�u�� �j�Z�a�e�b�q�g�u�f�b��
�j�Z�^�b�Z�p�b�h�g�g�u�f�b���^�_�n�_�d�l�Z�f�b�����h�[�j�Z�a�h�\�Z�\�r�b�f�b�k�y���\�h���\�j�_�f�y���h�[�e�m�q�_�g�b�y.  

�L�Z�d���� �h�l�k�m�l�k�l�\�b�_�� �i�h�e�h�k�u�� �i�j�b�� �������� �g�f�� �i�h�k�e�_���h�[�e�m�q�_�g�b�y���f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h���i�h�j�h�r�d�Z��
CaSiO3 �g�Z�g�h�q�Z�k�l�b�p�Z�f�b��Gd2O3 �f�h�`�_�l�� �k�\�b�^�_�l�_�e�v�k�l�\�h�\�Z�l�v�� �h���m�f�_�g�v�r�_�g�b�b�� �d�h�g�p�_�g�l�j�Z�p�b�b 
�^�_�n�_�d�l�h�\�����\�h�a�g�b�d�r�b�o���i�j�b���h�[�e�m�q�_�g�b�b �b�k�o�h�^�g�h�]�h���i�h�j�h�r�d�Z��CaSiO3. �J�_�e�Z�d�k�Z�p�b�y���^�_�n�_�d�l�h�\���f�h�`�_�l��
�i�j�h�l�_�d�Z�l�v�� �a�Z�� �k�q�_�l�� �^�\�m�o�� �i�j�h�p�_�k�k�h�\�����± �j�_�e�Z�d�k�Z�p�b�b �g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �g�Z�g�h�q�Z�k�l�b�p�����d�Z�d�� �^�_�n�_�d�l�h�\��
�d�j�b�k�l�Z�e�e�b�q�_�k�d�h�c���k�l�j�m�d�l�m�j�u �i�h�j�h�r�d�Z��CaSiO3; �± �j�_�e�Z�d�k�Z�p�b�b���g�Z���d�Z�l�b�h�g�Z�o���J�A�W���k���g�_�a�Z�i�h�e�g�_�g�g�h�c 
f-�h�[�h�e�h�q�d�h�c. 

�D�h�w�n�n�b�p�b�_�g�l�u �w�n�n�_�d�l�b�\�g�h�k�l�b���f�h�^�b�n�b�p�b�j�h�\�Z�g�b�y�����h�i�j�_�^�_�e�y�_�f�u�c �h�l�g�h�r�_�g�b�_�f���a�g�Z�q�_�g�b�c��
�b�g�l�_�]�j�Z�e�v�g�h�]�h�� �d�h�w�n�n�b�p�b�_�g�l�Z �i�h�]�e�h�s�_�g�b�y���g�_�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h�� �i�h�j�h�r�d�Z�� �d��
�k�h�h�l�\�_�l�k�l�\�m�x�s�b�f�� �a�g�Z�q�_�g�b�y�f�� �^�e�y�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h�� �i�h�j�h�r�d�Z���\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �n�e�x�_�g�k�Z��
�w�e�_�d�l�j�h�g�h�\��(1, 2, 3, �����b����) �Â 1016�k�f-2 �j�Z�\�_�g���± �������������������������������������b����������, �k�h�h�l�\�_�l�k�l�\�_�g�g�h. 

 
�A�Z�d�e�x�q�_�g�b�_ 
�I�h�e�m�q�_�g�g�u�_�� �^�Z�g�g�u�_�� �i�h�d�Z�a�u�\�Z�x�l���� �q�l�h�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�b�_�� �f�b�d�j�h�i�h�j�h�r�d�Z��mCaSiO3 

�g�Z�g�h�q�Z�k�l�b�p�Z�f�b��nGd2O3 �i�j�b�\�h�^�b�l�� 
�x  �d �m�f�_�g�v�r�_�g�b�x���h�l�j�Z�`�Z�l�_�e�v�g�h�c���k�i�h�k�h�[�g�h�k�l�b���\���M�N���b���\�b�^�b�f�h�c���h�[�e�Z�k�l�y�o �k�i�_�d�l�j�Z; 
�x  �d �m�f�_�g�v�r�_�g�b�x�� �d�h�g�p�_�g�l�j�Z�p�b�b���i�_�j�\�b�q�g�u�o�� �^�_�n�_�d�l�h�\���� �h�[�j�Z�a�h�\�Z�g�g�u�o�� �i�j�b�� �h�[�e�m�q�_�g�b�b��

�w�e�_�d�l�j�h�g�Z�f�b; 
�x  �d���m�\�_�e�b�q�_�g�b�x���j�Z�^�b�Z�p�b�h�g�g�h�c���k�l�h�c�d�h�k�l�b���i�j�b���h�[�e�m�q�_�g�b�b���w�e�_�d�l�j�h�g�Z�f�b���k���w�g�_�j�]�b�_�c���������d�w�<, 

�b���n�e�x�_�g�k�h�f���������������������������b������ �Â 1016�k�f-2. 
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Abstract. The study is devoted to the development of an adaptive lighting system based on automated 
data processing and control systems. A methodology for investigating the influence of the spectral 
composition of lighting on cognitive functions, productivity, and human fatigue has been proposed. 
The experiment utilized specialized tests, pulse measurement, and questionnaires to assess 
physiological and psychoemotional responses. The obtained results will form the basis of a database 
for creating personalized lighting regimes aimed at optimizing user performance and comfort 
Key words: lighting, biodynamics, intelligent control system, color temperature. 

 
�<�\�_�^�_�g�b�_ 
�K�h�\�j�_�f�_�g�g�u�_���l�_�o�g�h�e�h�]�b�b�����l�Z�d�b�_���d�Z�d���b�g�l�_�e�e�_�d�l�m�Z�e�v�g�u�_���k�b�k�l�_�f�u���m�i�j�Z�\�e�_�g�b�y �b���b�g�l�_�j�g�_�l��

�\�_�s�_�c�� ���,�R�7������ �h�l�d�j�u�\�Z�x�l�� �g�h�\�u�_�� �\�h�a�f�h�`�g�h�k�l�b�� �^�e�y�� �k�h�a�^�Z�g�b�y�� �[�b�h�^�b�g�Z�f�b�q�_�k�d�h�]�h�� �h�k�\�_�s�_�g�b�y����
�d�h�l�h�j�h�_�� �Z�^�Z�i�l�b�j�m�_�l�k�y�� �d�� �_�k�l�_�k�l�\�_�g�g�u�f�� �[�b�h�e�h�]�b�q�_�k�d�b�f�� �j�b�l�f�Z�f�� �q�_�e�h�\�_�d�Z���� �;�b�h�^�b�g�Z�f�b�q�_�k�d�h�_��
�h�k�\�_�s�_�g�b�_���i�j�_�^�i�h�e�Z�]�Z�_�l���b�a�f�_�g�_�g�b�_���b�g�l�_�g�k�b�\�g�h�k�l�b�����k�i�_�d�l�j�Z���b���p�\�_�l�h�\�h�c���l�_�f�i�_�j�Z�l�m�j�u���k�\�_�l�Z���\��
�l�_�q�_�g�b�_�� �^�g�y���� �q�l�h�� �k�i�h�k�h�[�k�l�\�m�_�l�� �m�e�m�q�r�_�g�b�x�� �k�Z�f�h�q�m�\�k�l�\�b�y���� �i�h�\�u�r�_�g�b�x�� �i�j�h�^�m�d�l�b�\�g�h�k�l�b�� �b��
�i�h�^�^�_�j�`�Z�g�b�x�� �p�b�j�d�Z�^�g�u�o�� �j�b�l�f�h�\���� �<�� �m�k�e�h�\�b�y�o�� �j�h�k�l�Z�� �m�j�[�Z�g�b�a�Z�p�b�b�� �b�� �m�\�_�e�b�q�_�g�b�y�� �\�j�_�f�_�g�b����
�i�j�h�\�h�^�b�f�h�]�h�� �\�� �i�h�f�_�s�_�g�b�y�o���� �l�Z�d�b�_�� �k�b�k�l�_�f�u���f�h�]�m�l�� �k�l�Z�l�v �\�Z�`�g�u�f�� �b�g�k�l�j�m�f�_�g�l�h�f�� �^�e�y��
�h�[�_�k�i�_�q�_�g�b�y���d�h�f�n�h�j�l�g�h�c�� �k�\�_�l�h�p�\�_�l�h�\�h�c�� �k�j�_�^�u. �G�_�^�h�k�l�Z�l�h�d�� �_�k�l�_�k�l�\�_�g�g�h�]�h�� �h�k�\�_�s�_�g�b�y��
�g�_�]�Z�l�b�\�g�h�� �\�e�b�y�_�l�� �g�Z�� �p�b�j�d�Z�^�g�u�_�� �j�b�l�f�u���� �g�Z�j�m�r�Z�y�� �\�u�j�Z�[�h�l�d�m�� �d�e�x�q�_�\�u�o�� �]�h�j�f�h�g�h�\���� �l�Z�d�b�o�� �d�Z�d��
�f�_�e�Z�l�h�g�b�g�� �b�� �d�h�j�l�b�a�h�e �>���@���� �F�g�h�]�h�q�b�k�e�_�g�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�^�l�\�_�j�`�^�Z�x�l���� �q�l�h�� �k�\�_�l�h�\�u�_��
�\�h�a�^�_�c�k�l�\�b�y�� �l�Z�d�`�_�� �\�e�b�y�x�l�� �g�Z�� �b�f�f�m�g�g�m�x�� �b�� �g�_�j�\�g�m�x�� �k�b�k�l�_�f�u���� �f�_�l�Z�[�h�e�b�q�_�k�d�b�_�� �i�j�h�p�_�k�k�u�� �b��
�^�j�m�]�b�_���n�b�a�b�h�e�h�]�b�q�_�k�d�b�_���n�m�g�d�p�b�b [2]. 

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

 

 
�J�b�k�� �������;�e�h�d-�k�o�_�f�Z���b�g�l�_�e�e�_�d�l�m�Z�e�v�g�h�c���k�b�k�l�_�f�u���h�k�\�_�s�_�g�b�y 

 
�I�_�j�\�u�c�� �f�h�^�m�e�v�� �\�d�e�x�q�Z�_�l�� �m�i�j�Z�\�e�y�_�f�u�_�� �k�\�_�l�h�\�u�_�� �i�j�b�[�h�j�u�� �k�� �[�_�e�u�f�b�� �k�\�_�l�h�^�b�h�^�Z�f�b����

�p�\�_�l�h�\�Z�y�� �l�_�f�i�_�j�Z�l�m�j�Z�� �d�h�l�h�j�u�o�� �\�Z�j�v�b�j�m�_�l�k�y�� �h�l�� ���������� �^�h�� ���������� �D���� �W�l�h�� �i�h�a�\�h�e�y�_�l�� �j�_�]�m�e�b�j�h�\�Z�l�v��
�b�g�l�_�g�k�b�\�g�h�k�l�v �b���k�i�_�d�l�j�Z�e�v�g�u�c���k�h�k�l�Z�\���h�k�\�_�s�_�g�b�y. 
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�<�l�h�j�h�c�� �f�h�^�m�e�v�� �k�h�^�_�j�`�b�l�� �d�h�g�l�j�h�e�e�_�j�� �b�� �b�k�l�h�q�g�b�d�� �i�b�l�Z�g�b�y���� �D�h�g�l�j�h�e�e�_�j�� �h�[�j�Z�[�Z�l�u�\�Z�_�l��
�^�Z�g�g�u�_�� �h�l�� �^�Z�l�q�b�d�h�\�� �b�� �k�b�k�l�_�f�u�� �d�h�f�i�v�x�l�_�j�g�h�]�h�� �a�j�_�g�b�y���� �m�i�j�Z�\�e�y�y�� �k�\�_�l�h�\�u�f�b�� �i�j�b�[�h�j�Z�f�b�� 
�>�e�y �j�_�Z�e�b�a�Z�p�b�b���i�j�_�^�e�h�`�_�g�g�h�c���k�o�_�f�u���f�h�`�g�h���b�k�i�h�e�v�a�h�\�Z�l�v��DALI  �d�h�g�l�j�h�e�e�_�j�����i�j�_�h�[�j�Z�a�h�\�Z�l�_�e�v��
DALI -�R�B�F �b���b�k�l�h�q�g�b�d�b���i�b�l�Z�g�b�y���k���i�h�^�^�_�j�`�d�h�c���m�i�j�Z�\�e�_�g�b�y���i�h���R�B�F. �W�l�h���h�[�_�k�i�_�q�b�l���]�b�[�d�h�k�l�v��
�m�i�j�Z�\�e�_�g�b�y�� �i�Z�j�Z�f�_�l�j�Z�f�b�� �h�k�\�_�s�_�g�b�y�� �b�� �k�h�d�j�Z�l�b�l�� �j�Z�k�o�h�^�u�� �a�Z�� �k�q�_�l�� �h�l�d�Z�a�Z�� �h�l�� �^�h�j�h�]�h�k�l�h�y�s�b�o��
�b�k�l�h�q�g�b�d�h�\���i�b�l�Z�g�b�y���i�h�^�^�_�j�`�b�\�Z�x�s�b�o��DALI . 

�L�j�_�l�b�c���f�h�^�m�e�v���\�d�e�x�q�Z�_�l���^�Z�l�q�b�d�b���b���k�b�k�l�_�f�m���d�h�f�i�v�x�l�_�j�g�h�]�h���a�j�_�g�b�y���^�e�y���k�[�h�j�Z���^�Z�g�g�u�o���h��
�i�h�e�v�a�h�\�Z�l�_�e�_�� �b�� �h�d�j�m�`�Z�x�s�_�c�� �k�j�_�^�_���� �>�Z�l�q�b�d�b�� �n�b�d�k�b�j�m�x�l�� �l�_�f�i�_�j�Z�l�m�j�m���� �\�e�Z�`�g�h�k�l�v �b 
�h�k�\�_�s�_�g�g�h�k�l�v�����Z���k�b�k�l�_�f�Z���d�h�f�i�v�x�l�_�j�g�h�]�h���a�j�_�g�b�y���Z�g�Z�e�b�a�b�j�m�_�l���k�h�k�l�h�y�g�b�_���i�h�e�v�a�h�\�Z�l�_�e�y�����^�b�Z�f�_�l�j��
�a�j�Z�q�d�Z���� �q�Z�k�l�h�l�m�� �f�h�j�]�Z�g�b�c���� �\�u�j�Z�`�_�g�b�_�� �e�b�p�Z������ �>�e�y�� �k�\�y�a�b�� �b�k�i�h�e�v�a�m�x�l�k�y�� �,�R�7-�i�e�Z�l�n�h�j�f�u�� �b��
�[�_�k�i�j�h�\�h�^�g�u�_���k�_�l�b�����:�L-Fi, Zigbee, Bluetooth). 

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

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

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

�<�� �b�k�k�e�_�^�h�\�Z�g�b�b�� �i�j�b�g�y�e�b�� �m�q�Z�k�l�b�_�� �`�b�l�_�e�b�� �]�h�j�h�^�Z�� �L�h�f�k�d�Z�� �\�� �\�h�a�j�Z�k�l�_�� �h�l�� ������ �^�h�� ������ �e�_�l, 
�\�d�e�x�q�Z�y���i�j�_�^�k�l�Z�\�b�l�_�e�_�c�� �h�[�h�b�o�� �i�h�e�h�\���� �M�q�Z�k�l�g�b�d�b�� �y�\�e�y�x�l�k�y�� �k�l�m�^�_�g�l�Z�f�b�� �[�_�a�� �\�u�y�\�e�_�g�g�u�o��
�g�Z�j�m�r�_�g�b�c�� �a�j�_�g�b�y�����W�d�k�i�_�j�b�f�_�g�l�u�� �i�j�h�\�h�^�b�e�b�k�v���k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f���j�Z�a�j�Z�[�h�l�Z�g�g�h�c��
�b�k�k�e�_�^�h�\�Z�l�_�e�v�k�d�h�c�� �m�k�l�Z�g�h�\�d�b�� �>���@�� �K�j�_�^�g�y�y �i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v���h�^�g�h�c�� �k�_�j�b�b�� �w�d�k�i�_�j�b�f�_�g�l�h�\��
�k�h�k�l�Z�\�e�y�e�Z 45 �f�b�g�m�l. �K�_�j�b�y�� �i�j�_�^�i�h�e�Z�]�Z�e�Z �i�j�h�\�_�^�_�g�b�_�� �b�a�f�_�j�_�g�b�c�� �i�j�b�� �j�Z�a�e�b�q�g�u�o�� �m�j�h�\�g�y�o��
�p�\�_�l�h�\�h�c���l�_�f�i�_�j�Z�l�m�j�u���h�k�\�_�s�_�g�b�y�����Z���b�f�_�g�g�h���������������D���������������D���������������D���b�������������D�� 

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

 
�L�Z�[�e�b�p�Z���� 

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

�G�h�f�_�j��
�w�d�k�i�_�j�b�f�_�g�l�Z 

�I�h�e �<�h�a�j�Z�k�l �F�b�g�b�f�Z�e�v�g�u�c��
�i�m�e�v�k 

�F�Z�d�k�b�f�Z�e�v�g�u�c��
�i�m�e�v�k 

�K�j�_�^�g�b�c���i�m�e�v�k �I�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v��
�w�d�k�i�_�j�b�f�_�g�l�Z 

1 �@ 22 73 103 82 228 
2 70 89 77 248 
3 66 90 77 229 
4 70 87 77 209 

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

���: �b �;������ �k�b�f�\�h�e�v�g�Z�y�� �j�Z�k�r�b�n�j�h�\�d�Z�����i�h�b�k�d�� �h�r�b�[�h�d�� �b�� �j�Z�a�e�b�q�_�g�b�_�� �p�\�_�l�h�\���� �>�Z�g�g�u�_�� �f�_�l�h�^�b�d�b��
�g�Z�i�j�Z�\�e�_�g�u�� �g�Z�� �Z�g�Z�e�b�a�� �l�Z�d�b�o�� �Z�k�i�_�d�l�h�\�� �d�h�]�g�b�l�b�\�g�h�c�� �^�_�y�l�_�e�v�g�h�k�l�b���� �d�Z�d�� �k�d�h�j�h�k�l�v�� �h�[�j�Z�[�h�l�d�b��
�b�g�n�h�j�f�Z�p�b�b�����i�j�h�k�l�j�Z�g�k�l�\�_�g�g�h-�a�j�b�l�_�e�v�g�Z�y���j�_�Z�d�p�b�y�����m�j�h�\�_�g�v���d�h�g�p�_�g�l�j�Z�p�b�b���\�g�b�f�Z�g�b�y���b���^�j�m�]�b�_��
�i�Z�j�Z�f�_�l�j�u�� 
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�J�h�k�k�b�y�����L�h�f�k�d������2�±25 �Z�i�j�_�e�y������25 �]�� �L�h�f��������IT-�l�_�o�g�h�e�h�]�b�b���b���w�e�_�d�l�j�h�g�b�d�Z 
 

�J�_�a�m�e�v�l�Z�l�u 
�D�h�]�g�b�l�b�\�g�u�_�� �n�m�g�d�p�b�b�� �h�p�_�g�b�\�Z�e�b�k�v�� �i�h�� �j�_�a�m�e�v�l�Z�l�Z�f�� �l�_�k�l�h�\�� ���±������ �<�j�_�f�y�� �b�o�� �\�u�i�h�e�g�_�g�b�y��

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

 
�J�b�k�� �������A�Z�\�b�k�b�f�h�k�l�v���\�j�_�f�_�g�b���i�j�h�o�h�`�^�_�g�b�y���l�_�k�l�Z���h�l���p�\�_�l�h�\�h�c���l�_�f�i�_�j�Z�l�m�j�u���h�k�\�_�s�_�g�b�y 

 
�W�d�k�i�_�j�b�f�_�g�l�u�� �\�u�y�\�b�e�b�� �\�e�b�y�g�b�_�� �p�\�_�l�h�\�h�c�� �l�_�f�i�_�j�Z�l�m�j�u�� �h�k�\�_�s�_�g�b�y�� �g�Z�� �d�h�]�g�b�l�b�\�g�u�_��

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

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

�b�� �^�Z�l�q�b�d�b�� �^�e�y�� �f�h�g�b�l�h�j�b�g�]�Z�� �h�d�j�m�`�Z�x�s�_�c�� �k�j�_�^�u�� �b�� �n�b�a�b�h�e�h�]�b�q�_�k�d�b�o�� �j�_�Z�d�p�b�c�� �i�h�e�v�a�h�\�Z�l�_�e�_�c����
�W�l�h�� �i�h�a�\�h�e�y�_�l�� �\�� �j�_�Z�e�v�g�h�f�� �\�j�_�f�_�g�b�� �j�_�]�m�e�b�j�h�\�Z�l�v���p�\�_�l�h�\�m�x�� �l�_�f�i�_�j�Z�l�m�j�m�� �b�� �m�j�h�\�_�g�v��
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Abstract. The paper presents the results of modeling the formation of a T-shaped gate of a high 
electron mobility transistor based on gallium nitride using a sidewall dielectric spacers for mass 
production of MMICs. It was found that to achieve a transistor gate len�J�W�K���R�I���������������P�����W�K�H���W�K�L�F�N�Q�H�V�V��
of the second Si3N4 layer should be greater than 200 nm. At the same time, it is desirable to select the 
minimum etching time sufficient for complete removal of Si3N4 from the window in the dielectric 
mask, since excessive increase of etching time leads to thinning of the passive coating and may cause 
the device failure in the future. 
Key words: sidewall dielectric spacers, GaN, Si3N4, HEMT, gate length 
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h � �����������g�f 
tetch�����f�b�g 1,00 1,10 1,20 1,30 

W�����f�d�f �± 0,347 0,375 0,400 

h � �����������g�f 
tetch, �f�b�g 1,25 1,35 1.45 1,55 
W�����f�d�f �± 0,312 0,347 0,368 

h � �����������g�f 
tetch�����f�b�g 1,50 1,60 1,70 1,80 
W�����f�d�f �± 0,296 0,321 0,346 

h � �����������g�f 
tetch�����f�b�g 1,75 1,85 1,95 2,05 
W�����f�d�f �± 0,265 0,298 0,317 

h � �����������g�f 
tetch�����f�b�g 2,00 2,10 2,20 2,30 
W�����f�d�f �± 0,242 0,275 0,305 

h � �����������g�f 
tetch�����f�b�g 2,25 2,35 2,45 2,55 
W�����f�d�f �± 0,220 0,251 0,284 

h � �����������g�f 
tetch�����f�b�g 2,50 2,60 2,70 2,80 
W�����f�d�f �± 0,197 0,231 0,267 
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Abstract. This study examines deepfake voice generation as an adversarial attack on speech datasets 
and state classification models. Using VGG16 for alcohol intoxication detection via spectrogram 
analysis, we tested recordings of tongue twisters where the baseline model achieved 0.95 F1-score 
and UAR. When evaluated against RVCv2-generated audio, performance metrics dropped by 0.5 
�D�F�U�R�V�V���V�S�H�D�N�H�U�V�����U�H�Y�H�D�O�L�Q�J���V�L�J�Q�L�I�L�F�D�Q�W���Y�X�O�Q�H�U�D�E�L�O�L�W�L�H�V�����:�K�L�O�H���W�K�L�V���F�R�Q�I�L�U�P�V���G�H�H�S�I�D�N�H���D�X�G�L�R�¶�V���S�R�W�H�Q�W�L�D�O��
to deceive spectrogram-based systems, critical gaps remain: susceptibility of non-image spectral 
formats (e.g., MFCCs) and robustness of recurrent networks analyzing sequential spectral data. 
These findings highlight urgent needs for deepfake voice detection mechanisms and expanded 
security analyses across diverse speech-processing architectures. 
Key words: speech analysis, neural networks, speech-to-speech 
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�>�b�d�l�h�j UAR F-�f�_�j�Z 

�D�Z�q�_�k�l�\�h���j�Z�[�h�l�u���h�j�b�]�b�g�Z�e�v�g�h�c���f�h�^�_�e�b���g�Z���k�]�_�g�_�j�b�j�h�\�Z�g�g�u�o���^�Z�g�g�u�o 

�>�b�d�l�h�j���� 0,3 0,27 
�>�b�d�l�h�j���� 0,7 0,7 
�>�b�d�l�h�j���� 0,4 0,36 
�>�b�d�l�h�j���� 0,42 0,42 

�D�Z�q�_�k�l�\�h���j�Z�[�h�l�u���^�h�h�[�m�q�_�g�h�c���f�h�^�_�e�b���g�Z���b�k�o�h�^�g�h�c���l�_�k�l�h�\�h�c���\�u�[�h�j�d�_ 

�>�b�d�l�h�j���� 0,55 0,59 
�>�b�d�l�h�j���� 0,48 0,53 
�>�b�d�l�h�j���� 0,51 0,55 
�>�b�d�l�h�j���� 0,45 0,55 

 
�A�Z�d�e�x�q�_�g�b�_ 
�I�j�_�^�e�h�`�_�g�g�u�c���\���^�Z�g�g�h�c���j�Z�[�h�l�_���f�_�l�h�^���\���^�_�c�k�l�\�b�l�_�e�v�g�h�k�l�b���i�j�_�^�k�l�Z�\�e�y�_�l���h�i�Z�k�g�h�k�l�b���^�e�y��

�f�h�^�_�e�_�c�� �b�� �k�b�k�l�_�f�� �h�p�_�g�d�b�� �k�h�k�l�h�y�g�b�y���^�b�d�l�h�j�h�\���� �q�l�h�� �[�u�e�h�� �^�h�d�Z�a�Z�g�h�� �g�Z�� �i�j�b�f�_�j�_�� �k�\�z�j�l�h�q�g�h�c��
�g�_�c�j�h�g�g�h�c���k�_�l�b���9�*�*�������b���k�h�k�l�h�y�g�b�b���Z�e�d�h�]�h�e�v�g�h�]�h���h�i�v�y�g�_�g�b�y�����k�g�b�a�b�\���d�Z�q�_�k�l�\�h���j�Z�[�h�l�u���f�h�^�_�e�b��
�\�� �k�j�_�^�g�_�f�� �\�� ���� �j�Z�a�Z���� �L�Z�d�� �k�j�_�^�g�b�_�� �a�g�Z�q�_�g�b�y�� �f�_�l�j�b�d�� �i�j�b�� �l�_�k�l�b�j�h�\�Z�g�b�b�� �g�Z�� �h�l�^�_�e�v�g�u�o�� �^�b�d�l�h�j�Z�o��
�i�h�g�b�a�b�e�b�k�v���g�Z�����������^�e�y���f�_�l�j�b�d���8�$�5 �b���)��-�6�F�R�U�H�����L�Z�d�h�_���`�_���k�g�b�`�_�g�b�_���f�_�l�j�b�d���g�Z�[�e�x�^�Z�_�l�k�y���b���i�j�b��
�l�_�k�l�b�j�h�\�Z�g�b�b���^�h�h�[�m�q�_�g�g�h�c���f�h�^�_�e�b���g�Z���k�]�_�g�_�j�b�j�h�\�Z�g�g�u�o���^�Z�g�g�u�o�� 

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

�<�� �k�e�_�^�k�l�\�b�_�� �w�l�h�]�h�� �^�Z�e�v�g�_�c�r�Z�y�� �j�Z�[�h�l�Z�� �[�m�^�_�l�� �g�Z�i�j�Z�\�e�_�g�Z�� �g�Z�� �b�a�m�q�_�g�b�_�� �\�e�b�y�g�b�y�� �Z�l�Z�d�b��
�]�_�g�_�j�Z�p�b�_�c�� �j�_�q�b�� �g�Z�� �f�h�^�_�e�b�� �j�_�d�m�j�j�_�g�l�g�u�o�� �g�_�c�j�h�g�g�u�o�� �k�_�l�_�c���� �Z�� �l�Z�d�`�_�� �g�Z�� �k�o�h�`�b�_�� �f�h�^�_�e�b��
�k�\�z�j�l�h�q�g�u�o���g�_�c�j�h�g�g�u�o���k�_�l�_�c�����g�Z���\�o�h�^���d�h�l�h�j�u�f���i�h�^�Z�x�l�k�y���b�a�h�[�j�Z�`�_�g�b�y���^�j�m�]�b�o���k�i�_�d�l�j�Z�e�v�g�u�o��
�^�Z�g�g�u�o�����f�_�e-�k�i�_�d�l�j�h�]�j�Z�f�f�u���b�e�b���0�)�&�&�� 
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Abstract. The work is devoted to the study of the features of the fundamental frequency of speech of 
astronauts during their stay in zero gravity. The study includes a description of the experiment on the 
analysis of the fundamental frequency of speech in zero gravity and on Earth. The results show that 
zero gravity has a significant impact on speech characteristics, which must be taken into account 
when developing speech recognition and synthesis technologies in space programs. The report can 
be useful to specialists in the field of speech processing, information security, artificial intelligence, 
medicine and all interested parties studying the effect of space conditions on speech.  
Key words: speech, fundamental frequency, zero gravity, articulation, astronaut. 
 

�<�\�_�^�_�g�b�_ 
�K�h�\�j�_�f�_�g�g�h�_�� �k�h�k�l�h�y�g�b�_�� �j�_�r�Z�_�f�h�c�� �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�h�c�� �i�j�h�[�e�_�f�u�� �h�[�j�Z�[�h�l�d�b�� �j�_�q�_�\�u�o��

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

�:�d�l�m�Z�e�v�g�h�k�l�v�� �l�_�f�u�� �h�[�m�k�e�h�\�e�_�g�Z�� �j�Z�k�r�b�j�_�g�b�_�f�� �d�h�k�f�b�q�_�k�d�b�o�� �i�j�h�]�j�Z�f�f�� �b�� �m�\�_�e�b�q�_�g�b�_�f��
�^�e�b�l�_�e�v�g�h�k�l�b�� �i�j�_�[�u�\�Z�g�b�y�� �q�_�e�h�\�_�d�Z�� �\�� �d�h�k�f�h�k�_���� �J�Z�g�_�_�� �b�a�m�q�_�g�b�_�� �Z�d�m�k�l�b�q�_�k�d�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d��
�j�_�q�b���m�k�i�_�r�g�h���i�j�h�\�h�^�b�e�h�k�v���\���j�y�^�_���a�Z�j�m�[�_�`�g�u�o���d�h�k�f�b�q�_�k�d�b�o���w�d�k�i�_�j�b�f�_�g�l�h�\ [1]. �B�k�k�e�_�^�h�\�Z�g�b�y 
�\�� �h�[�e�Z�k�l�b�� �k�b�f�m�e�y�p�b�b�� �m�k�e�h�\�b�c�� �g�_�\�_�k�h�f�h�k�l�b �i�h�d�Z�a�u�\�Z�x�l�����q�l�h���Q�H�L�� �f�h�`�_�l�� �b�a�f�_�g�y�l�v�k�y�����b 
�k�\�y�a�u�\�Z�x�l���w�l�h �k���Z�^�Z�i�l�Z�p�b�_�c���h�j�]�Z�g�b�a�f�Z���b���m�j�h�\�g�_�f���k�l�j�_�k�k�Z���>2]. 

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

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

�\�� �g�_�\�_�k�h�f�h�k�l�b�� �b�� �g�Z�� �A�_�f�e�_���� �>�e�y�� �d�Z�`�^�h�]�h�� �d�h�k�f�h�g�Z�\�l�Z�� �[�u�e�b�� �\�u�[�j�Z�g�u�� �l�j�b�� �h�^�b�g�Z�d�h�\�u�o�� �k�e�h�\�Z����
�d�h�l�h�j�u�_�� �i�j�h�b�a�g�h�k�b�e�b�k�v�� �\�� �m�k�e�h�\�b�y�o�� �A�_�f�e�b�� �b�� �\�� �m�k�e�h�\�b�y�o�� �g�_�\�_�k�h�f�h�k�l�b�� �g�Z�� �F�D�K���� �D�Z�`�^�u�c �b�a��
�a�Z�i�b�k�Z�g�g�u�o�� �n�j�Z�]�f�_�g�l�h�\�� �[�u�e�� �i�h�^�\�_�j�]�g�m�l�� �Z�g�Z�e�b�a�m�� �Q�H�L�� �\ �k�i�_�p�b�Z�e�v�g�h�f�� �i�j�h�]�j�Z�f�f�g�h�f��
�d�h�f�i�e�_�d�k�_ [3].  

�<�� �d�Z�q�_�k�l�\�_�� �i�j�b�f�_�j�Z���� �g�Z�� �j�b�k���� ���� �i�j�_�^�k�l�Z�\�e�_�g�u�� �]�j�Z�n�b�q�_�k�d�b�_�� �i�j�_�^�k�l�Z�\�e�_�g�b�y�� �Q�H�L�� �j�_�q�b �^�\�m�o��
�d�h�k�f�h�g�Z�\�l�h�\�� �f�m�`�k�d�h�]�h�� �i�h�e�Z (�q�Z�k�l�h�l�Z���± �\�_�j�l�b�d�Z�e�v�g�Z�y�� �h�k�v���� �=�p������ �\�j�_�f�y���± �]�h�j�b�a�h�g�l�Z�e�v�g�Z�y�� �h�k�v���� �k����. 
�I�_�j�\�u�f�� �d�h�k�f�h�g�Z�\�l�h�f�� �[�u�e�Z�� �i�j�h�b�a�g�_�k�_�g�Z�� �n�j�Z�a�Z�� �©�G�Z�� �A�_�f�e�_�ª���� �\�l�h�j�u�f���± �k�e�h�\�h�� �©�W�d�k�i�_�j�b�f�_�g�l�ª����
�=�j�Z�n�b�d�b���k�\�_�j�o�m���^�_�f�h�g�k�l�j�b�j�m�x�l���^�b�Z�i�Z�a�h�g�u���Q�H�L���j�_�q�b���\���a�_�f�g�u�o���m�k�e�h�\�b�y�o�����k�g�b�a�m���± �\���g�_�\�_�k�h�f�h�k�l�b�� 
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�b���\���g�_�\�_�k�h�f�h�k�l�b�����k�g�b�a�m�� 
 

�Q�H�L�� �j�_�q�b�� �i�_�j�\�h�]�h�� �d�h�k�f�h�g�Z�\�l�Z�� �i�j�b�g�b�f�Z�_�l�� �i�j�b�f�_�j�g�u�c�� �^�b�Z�i�Z�a�h�g�� �����±�������� �=�p. �\�� �a�_�f�g�u�o��
�m�k�e�h�\�b�y�o�����\���g�_�\�_�k�h�f�h�k�l�b���`�_�����i�j�b�f�_�j�g�h�����������±���������=�p�����Q�H�L���j�_�q�b���\�l�h�j�h�]�h���d�h�k�f�h�g�Z�\�l�Z���i�j�b�g�b�f�Z�_�l��
�i�j�b�f�_�j�g�u�_�� �^�b�Z�i�Z�a�h�g�u�� �����±130 �=�p. �g�Z�� �A�_�f�e�_�� �b�� �������±�������� �=�p. �\�� �g�_�\�_�k�h�f�h�k�l�b���� �L�_�g�^�_�g�p�b�y��
�i�h�\�u�r�_�g�b�y�� �Q�H�L�� �j�_�q�b�� �g�Z�[�e�x�^�Z�_�l�k�y�� �m�� �\�k�_�o�� �\�� �f�m�`�q�b�g �d�h�k�f�h�g�Z�\�l�h�\���� �i�j�b�g�y�\�r�b�o�� �m�q�Z�k�l�b�_�� �\ 
�w�d�k�i�_�j�b�f�_�g�l�_�� 

�G�Z�� �j�b�k���� ���� �i�j�_�^�k�l�Z�\�e�_�g�u�� �j�_�a�m�e�v�l�Z�l�u�� �w�d�k�i�_�j�b�f�_�g�l�Z���� �i�j�h�\�h�^�b�f�u�_�� �k�� �j�_�q�v�x�� �`�_�g�s�b�g�u����
�I�j�b �i�j�h�b�a�g�_�k�_�g�b�b�� �k�e�h�\�� �©�;�_�e�Z�j�m�k�b�ª�� �b�� �©�`�_�g�s�b�g�ª�� �^�b�Z�i�Z�a�h�g�u�� �Q�H�L�� �j�_�q�b�� �g�Z�� �A�_�f�e�_�� �i�j�_�\�u�r�Z�e�b��
�^�b�Z�i�Z�a�h�g�u���\���g�_�\�_�k�h�f�h�k�l�b�� 

 
�J�b�k�����������Q�H�L���j�_�q�b���`�_�g�s�b�g�u���d�h�k�f�h�g�Z�\�l�Z���i�j�b���i�j�h�b�a�g�_�k�_�g�b�b���k�e�h�\���©�;�_�e�Z�j�m�k�b�ª���b �©�@�_�g�s�b�g�ª���\���m�k�e�h�\�b�y�o���a�_�f�g�h�c��

�]�j�Z�\�b�l�Z�p�b�b�����k�\�_�j�o�m�����b���\���g�_�\�_�k�h�f�h�k�l�b�����k�g�b�a�m�� 
 
�G�Z���A�_�f�e�_���Q�H�L���j�_�q�b���h�]�j�Z�g�b�q�_�g�Z���\���i�j�_�^�_�e�Z�o���������±���������=�p.�����d�h�]�^�Z���\���g�_�\�_�k�h�f�h�k�l�b���^�b�Z�i�Z�a�h�g��

�o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y �b�g�l�_�j�\�Z�e�h�f �h�l 180 �=�p. �^�h 240 �=�p., �^�e�y �k�e�h�\�Z �©�;�_�e�Z�j�m�k�b�ª�����>�e�y���k�e�h�\�Z���©�`�_�g�s�b�g�ª��
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�M�Q�?�G�U�O���©�I�?�J�K�I�?�D�L�B�<�U���J�:�A�<�B�L�B�Y���N�M�G�>�:�F�?�G�L�:�E�V�G�U�O���G�:�M�D�ª 

 

�J�h�k�k�b�y�����L�h�f�k�d������2�±25 �Z�i�j�_�e�y������25 �]�� �L�h�f��������IT-�l�_�o�g�h�e�h�]�b�b���b���w�e�_�d�l�j�h�g�b�d�Z 
 

 
�Q�H�L���j�_�q�b���`�_�g�s�b�g�u���d�h�k�f�h�g�Z�\�l�Z���i�j�_�^�k�l�Z�\�e�_�g�Z���i�j�b�[�e�b�a�b�l�_�e�v�g�u�f�b �b�g�l�_�j�\�Z�e�Z�f�b �h�l 160 �^�h 300 
�=�p. �b �h�l 160 �^�h 230 �=�p. �g�Z���A�_�f�e�_���b���\���g�_�\�_�k�h�f�h�k�l�b�����k�h�h�l�\�_�l�k�l�\�_�g�g�h�� 
 

�J�_�a�m�e�v�l�Z�l�u 
�I�h�k�e�_�� �i�j�h�\�_�^�_�g�b�y�� �w�d�k�i�_�j�b�f�_�g�l�Z�� �g�Z�^�� �b�a�m�q�_�g�b�_�f�� �h�k�h�[�_�g�g�h�k�l�_�c�� �Q�H�L�� �j�_�q�b�� �\�k�_�o��

�d�h�k�f�h�g�Z�\�l�h�\�����[�u�e�Z���k�h�k�l�Z�\�e�_�g�Z���h�[�s�Z�y���l�Z�[�e. 1 �k���i�h�e�m�q�_�g�g�u�f�b���j�_�a�m�e�v�l�Z�l�Z�f�b�� 
 

�L�Z�[�e�b�p�Z���� 

�>�b�Z�i�Z�a�h�g�u �a�g�Z�q�_�g�b�c �Q�H�L 

�I�j�b�f�_�j�g�h�_ �i�j�_�^�_�e�v�g�h�_ �a�g�Z�q�_�g�b�_ �Q�H�L�����=�p�� 
�D�h�k�f�h�g�Z�\�l�u �K�e�h�\�h 1 �K�e�h�\�h 2 �K�e�h�\�h 3 

�A�_�f�e�y �G�_�\�_�k�h�f�h�k�l�v �A�_�f�e�y �G�_�\�_�k�h�f�h�k�l�v �A�_�f�e�y �G�_�\�_�k�h�f�h�k�l�v 
�D�h�k�f�h�g�Z�\�l 1 150 150 105 120 110 185 
�D�h�k�f�h�g�Z�\�l 2 100 255 120 260 155 205 
�D�h�k�f�h�g�Z�\�l 3 260 240 300 230 300 295 
�D�h�k�f�h�g�Z�\�l 4 110 190 110 160 105 150 
�D�h�k�f�h�g�Z�\�l 5 100 170 135 145 145 155 
�D�h�k�f�h�g�Z�\�l 6 105 150 140 220 120 200 
�D�h�k�f�h�g�Z�\�l 7 130 160 140 155 130 220 
�D�h�k�f�h�g�Z�\�l 8 140 155 100 150 �± �± 

 
�I�j�_�^�k�l�Z�\�e�_�g�g�u�_�� �^�b�Z�i�Z�a�h�g�u�� �\���l�Z�[�e�b�p�_ 1 �h�l�j�Z�`�Z�x�l�� �j�Z�k�o�h�`�^�_�g�b�_�� �a�g�Z�q�_�g�b�c���� �:�g�Z�e�b�a��

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

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

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