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����y��������� ��x����� �������� y����� y������������
�x’}��� �� ����������z �������� ��y-��x��{���

y254. 
�!�0 ��4�!� 7 �����4&�##. !� ��"& �1�##. $�!��) ��!�$�!�����#�� +�4)���� %������� $���& 
$ *����&'7�) +����,# �4’7*!� �� "!����+���0 %������, �3
-��4��1�#' � )��,)��##.$ "+�%�� *� �3
-
�# $�##. !� ��"& �1�##. !�/#�"! %�������� $���&0��##. $ *��+����,# �4’7*!�, ��&�1#� � � !�+) ��#��)��##.
�, �#�, !�/�*. y25,3�!4. 
�"& �1�##. 8�)#!)0!'". #� �+��%0��## !�'�, !�+ � $���&�( ��#�,. 9�"!��) $���&'
�!��$�#� �� ���)&'!�!�$� ��$ �0��#' %������, ��4��1�#' �3
-"!����+���. �#- $���& +�4)����#� ��
!�/*�$�, ���#�����#�$� #� & ��$) �# $*) �3
-"!����+��� �� ���)&.�#�0 " !*�0 !� ���� 7#!#�$ $�!���$.
�!�!�1#�##. � �+�� �#�, !�/�* "!����+��� ��*�#)��&� *���&.% (#�$ $�!���$ +��!�+#�  � ��"!�")��##.$ � *�#
+�-)*) � �#�, ���$ � �. 
&. �!��$�##. +��"!�����, *�����#�! !�/�* $ *����&'7�) +����,# �4’7*!� �
#��4, �#�0 �&. ��"& �#�* � !�/# "!0 ���,��)��&� ��&�/�#� ���$�!��/#�, "+�!����#', +��!�$�##�,
�3
-��4��1�##.$. 
&. )")#�##. �*��$�, �#�$�&'#�, �#�/�#' ��"�! 3D $���& ��"!�"���#� +��%��)�)
���+!��#�� $�� �##�� � &'!��% �. �% #*) !�/#�"! �#�/�#' ��"�! !�/�* $ *����&'7�) +����,# �4’7*!� ��*�#�#�
+�� �#.##.$ � !�"!���0 $���&&0. �2f�-d545�. �"!�#��&�#� $�1&�� "!' �� "!����+���0 %������, �3
-
��4��1�#' � ��!�$�!�����#�$) ��1�$ � �!���0��!� $ *����&'7� +����,# �4’7*!� � ��!��$�##.$ ��$�� .* ��
!�/#�"! ���#�/�##. +��"!�����, *�����#�! !�/�*, !�*  �� "!�)*!)�� $ *��+����,# �4’7*!�. �����4&�#�(
�&����!$ ���& ����#� � "��������  MATLAB. 6� ��,)#�* � &'#��� #�4��) !�/�* �4��� $���& ��&� �$��)
*���*!#� �$���&0��!� �� 4# �&�$�#!� "!�)*!)�� $ *��+����,# . � &'* "!' !�/�*, � .*�, � �#�% $ 1 �#�/�##.$�
��"�! !�"!���� !� ��"& �1)��#�, $���&�( 4)&� ) $�1�, ��+)"*) jZ ; ±2 $*$, "!�#���&� 88–89 %. ��*�#�#�
�% #*) /�") ��4�!� �&����!$) �!�!�1#�##. � �+�� �#�, !�/�* "!����+��� � ��*���"!�##.$ ���,–!�'�, � *�#
+�-)*) � �#�, ���$ � �. �4�!,.4 /,.�f/4. ��!��� �����4�&� $�!���*) +��!�+#��� *���&.% (#��� �!�!�1#�##.
 � ��"!�")��##.$ � *�# +�-)*) � �#�, ���$ � �, �% #*� �� ���*!��#�"! ")+�����1)7!'". #� �" , �!�+�,
��!��"'*�$ +�����$#�$ ��4��+�/�##.$  �� ��% &'# "!' ������#�. �14!5�9/4 f/49��8 5d. 6�"!�")��##. % 7�
$�!���*� ��7 �$��) ��!�$�!��)��!� +��%�" +�4)���� %������� $���& $ *����&'7�) +����,# �4’7*!� �� �3
-
"!����+���0 %������, ��4��1�#'. ���)&'!�!� �*"+���$�#!) + �!����1)0!' ���*!��# "!' ��+��+�#���#���
�&����!$)  ")!!7�� �$�#-�##. /�") +�4)���� %������� $���& $ *����&'7�) +�� �#.#� � /�"�$, �� .*�( ��$ �07
*�����#�!� !�/�* �+���!�� ) �)/#�$) ��1�$ .

������	 
����: ��"!����( �&�*!��##�( $ *��"*�+ (�3
); %������ �3
-��4��1�##.; %������ $���&'
$ *��+����,# �4’7*!�; *���&.% (#� �!�!�1#�##.; +�-)*  ��#!�/#�, !�/�*; ���+!��#� $�� �##� � &'!��% ..

� 5��
��4)���� %������� $���& $ *��+����,# ��"& �-

#�, �4’7*! � �� "!����+���0 �, �3
-��4��1�#' ��7
�$��) ����1�!� �,# * &'* "# +���$�!�� (+&��)
+����,# , ���$ �� !� ��# !���), � !�*�1 �!��$�!�
� �)�&'#� ).�&�##. +�� "!�)*!)�) +����,# , �$ #00/�
*)! !� !�/*) ��&.�), +��7*% 0, $�"-!�4. 9�$)
��!�$�!���% . "!����##. 	

� +����,# �4’7*!� 7
�*!)�&'#�$ �����##.$ ")/�"#�, ��"& �1�#' ) ��&)� 
#�#�!�,#�&�� (.

�"!�!#� � �$ ## "!' �3
-��4��1�#' � � *&�"�/#�,
������4��1�#' +�&.��7, #�"�$+����, ) � �$ ##�"! 
+��7*% ( �, �!��$�##.. ������4��1�##. �!��$)0!' ��
��+�$���0 �+!�/#�, "�"!�$ ) %�#!��&'# ( +��7*% �, �

�3
-��4��1�##. ) +��"+�*!��# ( +��7*% �. 6� �"�  
�4"�&0!#� � �# $�!�$�!�/# $���& ���7$���’.�*)
+��"!�����, *�����#�! !�/�* ��"& �#�, +����,�#' �
� �+�� �#�$� *�����#�!�$� !�/�* #� ��4��1�##.,.
�#�"& ��* % 7� �"�4&���"! , �3
-"!����+��� �!��$)-
0!' �� #)&'����� 4���")  #�,�& � ��"& �#��� �4’7*!�
#� � *"���# *)!� q �� ��+�$���0 ��# �$�!��/#���
"!�&�*� �3
 #��*�&� �"  “y” �3
-��4��1�##.. �
!�*�$) ��� ��#�*�7 &�-� +�����1# ( +���&�*" !�/�*  
��$ �0��##. �, � �#�%' ��7 �$��) �!��$)��!� ��"�!�
!�/�* $ *��+����,# �4’7*!�. ��+���/#�( +���&�*"
!�/�* �3
-"!����+��, �#�"& ��* ��!���#�&'#���
"*�#)��##. +)/*�$ �&�*!��# � $ *��+����,# �4’7*!�,
+��*!�/#� � �")!# (  #� �+&���7 #� !�/# "!'
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�!��$�##. +��"!�����, *�����#�! !�/�* $ *��+�-
���,# . A�4 ����1�!� �, � #��4, �#�0 ��"& �#�*�$
!�/# "!0, +�!� 4#� ��*�#�!� ��"& �1�##. ,���*!��)  
�#�/�#' ���$�!��/#�, "+�!����#', +��!�$�##�, �3
-
��4��1�##.$,  �, ���,)��!�. �" % �"�4&���"! 
%������, �3
-��4��1�#' !��4� ���,��)��!� + � /�"
*���&.% (#��� �!�!�1#�##. !� �!��$�##. +��"!�-
����, *�����#�! !�/�* � ��!�$�!�����#�$) ��1�$ .
����’.��##. %�, ����/ +�!��4)��&� #��*� ��"& �1�#',
� !�*�1 �����4&�##. "+�% �&'#�, �&����!$ � !�
"!����##. � �+�� �#��� +�����$#��� ��4��+�/�##..
���)&'!�!� %�, ��"& �1�#'  ��*&���# ) "!�!! .

�/4-8f , 54//87 3, -83i2/d 54 ��g-8!4c80, j!8
 5, �m5d j .�18k2//j c8nh �1,g-2e�

D)#��$�#!�&'#�$ �����##.$ ��!�$�!���% � � �!��-
��##. %������� $���& ��&'7�) �� "!����+���0
%������, ��4��1�#' 7 +�-)*  ��#!�/#�, !�/�* "!�-
���+���. 
&. ��� -�##. %'��� �����##. ��+��+�-
#���#� 4���!� $�!�� � (��&.�  ��&�*) 4 4& ����� 0
#�����#� � ��4�!�, �/�#�, [����&'!�� !�  #., 2010, 
2013], [2��4�/x�, 2014], [2�)�$�# !�  #., 2001, 2002], 
[D��"�(!, ��#", 2004]). 
�!��� �!�!�1#�##. $�1#�
+�� &�!� #� &�*�&'#  [Degual !�  #., 1996; Chen !�  #.,
2016; Shahbazi !�  #., 2016; Re !�  #., 2016]  �&�4�&'# 
[Huang !�  #., 2016; Hu !�  #., 2016; Karagiannis  
!�  #., 2016; Zhang Y. !�  #., 2016] $�!���. ��(+�-
-���# -�$ "+�"�4�$ ���#�/�##. *�����#�! � �+�-
� �#�, !�/�* +��� ��4��1�#' "&)�)7 *���&.% (#�(
[D)�$�#, 2003]. � �*���# ��� -�##. +��4&�$ ��!�$�-
!���% � +�4)���� %������� $���& $ *��+����,�#' ��
�,# $� �3
-"!������4��1�##.$� ��+�/�!*)��� +��-
��"�� �. 
. 
�&'#�* [�. 
. 
�&'#�*, 1999, 2009], 
.*�(  "'����# #�� #�$� )"+ -#� +��%07. 	 70
+��4&�$�!�*�0 !�*�1 ��($�0!'". )/# (��� -*�&�
�3
-��!����$$�!� � [=�"!�*, 2002, 2009, 2012; 
��&�-�#, 1999, 2008; >. �. 
�&'#�* !�  #., 2013, 2014 
!�  #- ]. ���+�#)7$� "��� + �,��� �� ��� -�##. %�,
+��4&�$, .* ��*&���# #�1/�.

��!-43 , /,./,<, e452184-� 54 12f�-d545�
3, -83i2/d

1. ��� c�:1,.�7 e,32-20 e8!1,�,.217/8
3, -83/,<, ,g’n!54

	����� $���& $ *����&'7�) +����,# ��"-
& �#��� �4’7*!� (	

�) "!����#� �+��%0��##.$
%������, �3
-"!����+��  � ����#�$� ,���*!���"!�-
*�$�. 
&. ��"& �1�##. �+&��) +���$�!� �, ��*�-
��"!�#�, + � /�" *���&.% (#��� �!�!�1#�##. !�
�% #0��##. !�/#�"! +�4)���� 	

P, ��"!�"���#�
!�"!��) $���&', +�4)����#) �� ���)&'!�!�$� ��$ �0-
��#' �3
-"!����+��� �� +�����$�0 “Dimicros” 
[���#/)*, B�)+ #, 2012], � !�*�1 !�� ��"& �# !�+�
$���&�(:

– e,32-d 1, +�4)����#� �� ��$ �.#�$� !�/*�$�
& ���� �# $*� !� �#�(��#�$� �� *���&.% 70 � �+�-
� �#�, !�/�* +������ �# $*� �3
-"!����+���. �% #*�
!�/#�"! ��*�#)��&�"' �� � �#�%.$� $ 1 ��"�!�$�
!�"!���� $���& !� $���&  1 4��+�"����#'� � !�/*�,
��$ �0��#';

– e,32-d 2, +�4)����#� �� +�����$#� ���#���-
��#�$� !�/*�$� (�)�&�$�) ���)&.�#�� " !*� #� & ��$)
�# $*) !� � �+�� �#�$� !�/*�$� +������ �# $*�,
�#�(��#�$� �� *���&.% 70. �% #*) !�/#�"! ��*�#�#�
�� � �#�%.$� � �+�� �#�, ��"�! �)�& � " !�* ���)-
&.�#�, $���&�( (!�"!���� !� $���&  2), +�4)����#�, )
+�*�!  Surfer � ��#�*���$� +���$�!��$�. ����� �% #0-
��##.$ !�/#�"! �&. )")#�##. �#�$�&'#�, !�/�* – 
��*�� � �� $���&  2 ��"!�"���#� ���+!��#) $�� �##)
� &'!��% 0;

– e,32-d 3 "!����#� #� �"#�� !�/�*, ���#�-
����#�, �� ���� 7#!#�$ $�!���$ #� & ��$) �# $*)
"!����+���, � �+�� �# !�/*� +������ �# $*� �#�,�-
��&� �� *���&.% (#�$ + �,���$. �% #*) !�/#�"! !�
)")#�##. ��*�� � ��*�#�#� "+�"�4�$, �#�&�� /#�$
�&. $���&  2. 

���%�" +�4)���� !�"!���� $���& !� $���&�( 1–3 
"*&����".  � !�*�, �"#��#�, �!�+ �:

9�"!��� $���&':
– ��$ �0��##. "!����+��� �3
-��4��1�#' ��

+�����$�0 “Dimicros”; 
– ���#�/�##. +��"!�����, *�����#�! !�/�*

$ *��+����,# �4’7*!� �� ��#�$� ��$ �0��#';
– +�4)���� grid $���& !� � �)�& ��% . $���& )

+�*�!  Surfer. 

���&' 1: 
– �4/�"&�##. � �+���#) �#�/�#' ��"�! ��&�1#�

� � �#�/�#' +�����1#'��� +���&�*");
– ������##. +��������� �#�/�##. *��� % 7#!�

*���&.% �;
– ��4 � ���$ � � *���&.% (#��� � *#� #� & ��$)

�# $*);
– �"!�#��&�##. ���$ � � � *#� +�-)*) #�

+����$) �# $*);
– �4/�"&�##. �� *�����#�!�$� ��$ �.#�, !�/�*

& ���� �# $*� !� *)!�$ #�,�&) *�����#�! !�/�*
+������ �# $*� (%�#!� � +�-)*���, � *�#);

– +�-)* � �+�� �#�, !�/�* #� +����$) �# $*)
"!����+��� �� *���&.% (#�$ �!�!�1#�##.$;

– � &'!�)��##. !�/�*, �� #� +��(-&� +�� �
*���&.% �;

– �% #*� !�/#�"! �#�/�#' ��"�! 	

� +�� �-
#.##.$ � !�"!���0 $���&&0;

– �4/�"&�##. "!�!�"!�/#�, ,���*!���"!�*
���4 1#�"!�( $ 1 +�4)����#�0 !� !�"!���0 $���&.$�
) +�*�!  Surfer. 

Lviv Polytechnic National University Institutional Repository http://ena.lp.edu.ua



74                             C)/�"# ��".�#�##. �������/#�� #�)*� !� ����4#�%!��, ��+)"* �� (38), 2019 


���&' 2: 
– ��!�$�!�����#� ���4�!!. #� & ��$) �# $*)

���)&.�#�� " !*�  � ����#�$ *��*�$ �����1 �" � (�).
– ��*���"!�##. 4���!�� *�##��� *���&.% (#���

�!�!�1#�##. �&. � �#�, ���$ � � +�-)*���, � *�# !�
��+)"* � �&. �#�/�#' *��� % 7#! � *���&.% �.


�& +��!��00!'". +)#*!�  � $���&  1. 

���&' 3: 
– ��#��)��##. #� & ��$) �# $*) �3
-"!����-

+��� !�/�* �� ���� 7#!#�$ $�!���$.
����&'-� �+��%0��##. ��*�#)��&�"' �#�&�� /#�

�� ����#�����#��� �&. $���&  2.

2. �! �21�e2/54-d/8 1,g,5�
2.1. ��������	��	�� 
��
�	� 
��	�
��, �#�$� ��#�$� �&. ��"& �1�#' 4)&� %������

�3
-"!����+��� $ *��+����,�#': �����$���#�� +�-
���,# ,��$���#�� "!�&  (�!��$�#� #� �3
 JSM-710F 
� �$� JEOL, �+�# . � �4 &'-�##.$ 
 = 750,).
�3
-"!����+��) �!��$�#� #��$�&'#�-*�#�����#-
!#�$ �3
-�# $�##.$: & ��( �# $�* �� *)!� q&=0º,
+����( – q+=8º. ��$ �0��##. �3
-"!����+��
��*�#�#� #� %����� ( ��!����$$�!��/# ( "!�#% �
“
�&'!�”  � ��"!�")��##.$ *�$+&�*") +�����$
“Dimicros”  � )��,)��##.$ ���$�!��/#�, "+�!����#'
�3
-��4��1�#' [���#/)*, �����&'", 2��8, 2�87�,
2013; ���#/)*, 2014–2016; Ivanchuk, Tumska, 2016, 
2017; ���#/)*, 9)$"'*�, 2017]. ��$ �0��##.
"!������4��1�#' ��*�#)��&� � �#�$ �#� +� �"'�$)
+�&0 $ *��+����,# ) �" , �� ,���*!��#�, !�/*�, ��
"!�)*!)�#�$� �&�$�#!�$�. � #� +����,# ,��$���#��
"!�& ��$ �.#� 250 !�/�*, .* ��*���"!�#� �&.
$���&0��##. +����,# . ���"!���� )$��# *�����-
#�!� !�/�* $ *��+����,# X, Y, Z(h) ���#�/�#� ��
���$)&�$� #��$�&'#�-*�#�����#!#��� ��+��*)
�3
-�# $�##. [���#/)*, 2016]. ��/�!�* +��"!�����,
*�����#�! !�/�* �&. "!����+��� ��4��#� "!����"*�-
+ /#� � ���$�!��/#�$) %�#!� & ���� �# $*�, .*�$)
+��"��7#� #)&'�� �#�/�##.. ���$ �� ��4��1�##.
$ *��+����,# ����*� "!�&  1024×1280 +*",
(96×120 $$). ���$ � + *"�&� (+*") "!�#���!' 0,09375 $$,
!�4!� +��4&��#� 0,1 $$. ����#� *��� % 7#!�
+�& #�$) ����&'#��� ���) !��!'��� "!�+�#. �&.
�4/�"&�##. �#�/�#' ���$�!��/#�, "+�!����#'. ��
��". 1 #�����#� "!����+��) �3
-��4��1�#'  �
#�#�"�#�$� #�$���$� ��$ �.#�, !�/�*

��4)���) !�"!���� grid $���& $ *��+����,# 
�4’7*!� �� �4/�"&�#�$� +��"!�����$� *�����#�!�$�
!�/�* $ *��+����,# �4’7*!� ��*�#�#� ) +�*�!  Surfer 
[���#/)*, 2015]. 

��������	��	�	 �����
�� ��
��� �������-

����� �� ����


�!�� +�4)���� 	

� +����,# �4’7*!�:
�4��#�#� +��+��% (#�( �� *�����!� � �"!�#  (Inverse 

Distance to a Power). ���$ � grid $���& : 100×74; 
���$�!��/# ,���*!���"!�*�, $*$: <-� �+���#:
(78,7÷77,4), Y-� �+���#: (–78,7÷77,4), x–y-  #!����& 1,6; 
Z-� �+���#: (–14,1÷40,1). 

�� ��". 2 +���#� ���)&'!�!� $���&0��##.
$ *��+����,# ����*� ,��$���#�� "!�& � ����-
��#!�&., !� ) ���&.�  3D $���& . ����& !�"!��)
$���&' ��*���"!��)��&� �&. �% #0��##. !�/#�"! 
$���&�( 1–3. 

2.2. ����
�
� �	���
�� ��
��� �������
�����
�� ���� ����������	� �������� �� 
��	�	

	����
��� ����� ��
� � ������ ���������	
(��
��� 1)


&. !�/�* & ���� �# $*�, .* ��$ �.# �
,���*!��#�, $ "%., $ *��+����,# , �� *���&.% 70
���#�/�#� � �+�� �# !�/*� +������ �# $*�.

��"& ���# "!' ��4�!� ���#�/�##. +��"!�����,
*�����#�! !�/�* ) $���&  1 !�*�.

�&�* �����##. �, �#�, ��#�,:
– ���� &'#� ���!# "!' ��4��1�##.;
– *)! #�,�&) +������ �# $*�;
– �4 &'-�##. ($�"-!�4) ��4��1�##.;
– ��+)"* �&. *��� % 7#!� *���&.% �;
– ���$ �� *���&.% (#��� � *#�;
– ���$ �� +�-)*����� � *#�;
– �����##. ��$ �.#�, *�����#�! !�/�* & ����

��4��1�##. �3
-"!����+��� (� + *"�&�,).
�&�* �����##. !� � �)�& ��% � ��4��1�#':
– �����##. & ���� ��4��1�##.;
– ������##. !�/�* ��$ � � #� & ��( �# $�*;
– �����##. +������ ��4��1�##.;
– �4/�"&�##. �� *)!�$ #�,�&) �#�/�##.

*�����#�!� � %�#!�� +�-)*����� � *#� #� +����$)
��4��1�## ;

– � �" /�##.  #���$�% (#�� "$)�� #� & ��$)
(+����$)) ��4��1�## ;

– +�-���##. & ���� ��4��1�##. #� +�&���#)
������#!�&'#��� ���$ �) *���&.% (#��� � *#�;

– +�-���##. +������ ��4��1�##. #� +�&���#)
")$� ������#!�&'#��� ���$ �) +�-)*����� !�
*���&.% (#��� � *�#;

– ��+��#�##. *���&.% (#��� � *#� �#�/�##.$�
."*����"!�( #��*�&� !�/*�, ��$ �.#�� #� & ��$)
��4��1�## .

�&�* �4/�"&�##. *���&.% �:
– �4/�"&�##. *��� % 7#!� *���&.% � $ 1

*���&.% (#�$ � *#�$ !� � �+�� �#�$ � *#�$ #�
+����$) ��4��1�## , �� �),�7!'". � � + *"�&� ��
+ *"�&� ) +�-)*���$) � *# ;

– ���#�/�##. $�*"�$�&'#��� �#�/�##. *��� -
% 7#!� *���&.% � rmax "���� $�"��) �#�/�#', �4/�"&�-
#�, ) +�-)*���$) � *# ;
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– ���#�/�##. *�����#�! (��, ��) � �+�� �#��
!�/*� #� +����$) ��4��1�##  (���$�!��/#�( %�#!�
� *#�  � $�*"�$�&'#�$ �#�/�##.$ *��� % 7#!�
*���&.% �).

�&�* ���#�/�##. +��"!�����, *�����#�!:
– +���!����##. *�����#�! (��, ��, ��, ��)  �

+ *"�& � ) $ & $�!��;
– �4/�"&�##. ��&�/�# ���$�!��/#�,

"+�!����#';
– ��+���&�##. *�����#�! (��, ��, ��, ��) ��

��"!��" 0;
– �4/�"&�##. +��"!�����, *�����#�! (X, Y, Z)

!�/�* $ *��+����,# �4’7*!�, $*$;
– �4/�"&�##. "����# , �#�/�#' !� ��� � �#�%'

��� ��
Z Z ZΔ = − ;

– ��+�" ���)&'!�! � ) ��(&.
�4/�"&�##. *�����#�! �,� (� + *"�&�,) %�#!��

+�-)*����� � *#� #� +����$) ��4��1�## ��*�#)-
��&�"' �� ���$)&�$� 

( ) cos )

( ) )
�
	� �
	� )�
	� � )�
	� �

�
	� �
	� )�
	� )�
	� y

x round x � � 


y round y y y 


α= − ⋅ + + ��
�= − + + ��

,   (1) 

�� (x,y)�,�pix – *�����#�!� !�/*� & ���� (+������)
��4��1�##., + *"�& �; (x,y))�,�pix – *�����#�!� & ����
(+������) %�#!�� ��4��1�##., + *"�& �; �+���% . round
(…) ��#�/�7 ���*�)�&�##. �����) � �)1*�, ��
#�(4&�1/��� % &���; 
�(
�) – ��&�/�#�, #� .*)
+�-��07!'". +���� ��4��1�##. (� + *"�&�,) +� � (�).
	� ��7 �$��) �&. !�/�*, ���!�-���#�, #� *��.,
��4��1�##., �#�(!� � �+�� �# !�/*�.

���$���#�( *��� % 7#! *���&.% � �4/�"&�#� ��
!�*�0 ���$)&�0 

, ,
1 1

1 1
2 2

2 2
, ,

1 1 1 1

( )( )

( ) ( )

m n

i j i j
i j

m n m n

i j i j
i j i j

w w w w

R

w w w w

= =

= = = =

′ ′− −
=
� � � �

′ ′− −� 	 � 	
� 	 � 	
 � 
 �

� �

� � � �

,    (2) 

�� w (w') – �#�/�##. ."*����"! ) *���&.% (#�$)
� *# & ���� ��4��1�##. !� (��� �4���) #� +����$)
��4��1�## ; , ( )w w′ – � �+�� �# "����# �#�/�##.
."*����"!�(; N m n= ×  – ���$ � *���&.% (#���
� *#�. ���� % 7#! *���&.% � ���#�/�7!'". $ 1
*���&.% (#�$ � *#�$ #� & ��$) ��4��1�## !�
� �+�� �#�$ � *#�$, &�*�& ����#�$ ) *�1#�$)
+ *"�& +�-)*����� � *#� #� +����$) ��4��1�## .

&. +��"*���##. �4/�"&�#' ���#�/�&� *�����!
*��� % 7#!� *���&.% �.

��1&���( +���$�!� )"+ -#��� ��*�#�##.
*���&.% (#��� �!�!�1#�##. – +����&'#�( + �4 �
���$ �) +�-)*����� � *#�. �*�� +�������
�#�/�##. *��� % 7#!� *���&.% � ���#�/�7!'". ���-
$ ��$ !� ."*��� "#�$� �&�"!���"!.$� *���&.-
% (#��� � *#� [2��4�/x�, 2014; K��)", 2001], !�
���$ � +�-)*����� � *#� ��&�1�!' � � �#�/�##.
+�����1#'��� +���&�*")  � �+�� �#� � � +���+��)
��"�! $ *��+����,# . �*�� ����!� $�1&�� $�1 
�#�/�#' +�����1# , +���&�*" � !� *)!� #�,�&)
�# $* �, !� �&. ��+��*) #��$�&'#�-*�#�����#!#���
�3
-�# $�##. [���#/)*, 2016] ���#�/�$� �/ *)-
��#�( ������#!�&'#�( ���$ � � *#�-+�-)*) �&.
� �+�� �#��� � �+���#) �#�/�#' ��"�! (!�4&. 1). 

,�-��.� 1
�,fe81 .8!/4 �,k�!� f4-2i/, .83 384�4f,/� f/492/d .� ,5

Table 1 
The search window size depending on height range

:
�/+

6#�/�##. +���&�*" � � � 
1 ��

2, +*"

���$ � � *#� +�-)*) �����1 �" 
�, +*"

6#�/�##. ��"�! � � Z1 �� Z2, $*$
($�"-!�4 �# $�##. 750,) 

�)!� #�,�&) �# $* � = �= 0° , = �= 8° 
1 1–20 41×15 5,0–22,0 
2 21–40 81×17 22,1–40,0 
3 41–65 131×21 40,1–65,0 

 
2�����#!�&'#�( ���$ � � *#� +�-)*) 4)�� +��4-

&��#� )�� / 4 &'-�$, # 1 ���,#. ���#�%. +���&�*") )
��4��#�$) � �+���# . ���!�*�&'#�( ���$ � � *#�
+�-)*) ��4���7$� � � �+���#  11–25 + *"�& �,
�"* &'*� �$ ��##. �����1 �" � + � /�" #�,�&) +������
�# $*�, .* +����&�, #��#�/# .

2�����#!�&'# !� ���!�*�&'# ���$ �� *���&.-
% (#��� � *#� !� � *#� +�-)*) ����7$� #�+��# , ��4
 "#)��&� %�#!��&'#� !�/*� � *#�, �� .*�� � �#�"�!'".
*��� % 7#! *���&.% �.

�c8/!4 5,9/, 58 �,g�3,.4/,h e8!1,�,.217/8
,g’n!54 (e,32-d 1)


&. $���&  1 �&. 250 ��$ �.#�, !�/�* #�
& ��$) �# $*) �� *���&.% 70 ���#�/�#� � �+�� �# 
!�/*� #� +����$) �# $*). �% #*) !�/#�"!  (!�4&. 2) 
��*�#�#� �� !�/*�$�, �&. .*�, $�*"�$�&'#�
�#�/�##. *��� % 7#!� *���&.% � rmax ������&'#.&�
��+)"* (��� �#! 1 ��+)"* Rc=0,5, ��� �#! 2 – Rc=0,6,
��� �#! 3 – Rc=0,7).
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,�-��.� 2
�c8/!4 5,9/, 58 c�:1,.,<, e,32-m.4//j e8!1,�,.217/8 f14f!4  54-8

f �,18./j//je 52 5,.,h e,32-8 54 e,32-8 1 

Table 2
Estimation of the accuracy of digital simulation of a micro surface of a steel specimen

by comparing test model and model 1

����$�!��
$���&  1 


�"-!�4 �# $�##. 750,; *)!� #�,�&) �# $* �: = �= 0°, = �= 8°, 
* &'* "!' ��$ �.#�, !�/�*: 250 

:
�/+

���$ �
*���&.%.

� *#�, +*"
(& ��(

�# $�*)

���$ �
� *#� +�-)*),
+*" (+����(

�# $�*)

�-"!' !�/�*,
�&. .*�,

max 
r R≥
N, % 

�����# 
�#�/�##., $*$ 

Z nΔ�

���
m15Z, $*$

�-"!'
��*�� �

��� 4��
��*�� �
m5Z, $*$ 


�+)"* �&. *��� % 7#!� *���&.% � Rc=0,5 
1 17×9 41×15 221 (88,4) 3,42 11,74 24 2,74 
2 17×9 81×17 244 (97,6) 0,38 8,02 11 2,11 
3 17×9 131×21 248 (99,2) –0,41 11,47 15 1,43 


�+)"* �&. *��� % 7#!� *���&.% � Rc =0,6 
1 17×9 41×15 203 (81,2) 1,67 9,01 14 1,79 
2 17×9 81×17 236 (94,4) 0,27 7,66 7 1,92 
3 17×9 131×21 241 (96,4) –0,32 11,33 12 1,42 


�+)"* �&. *��� % 7#!� *���&.% � Rc =0,7 
1 17×9 41×15 178 ( 71,2) –0,44 3,70 2 1,26 
2 17×9 81×17 212 (84,8 ) –0,60 3,10 2 1,36 
3 17×9 131×21 220 (88,0 ) –0,92 9,76 8 1,20 

 
�#�& � !�4&. 2 +�*��)7, �� +�����1#� 4 &'- "!'

!�/�*, ) .*�, ��"�!� $ "!.!'". � $�1�, � � 5 ��
22 $*$, ���+ �#�7!'". �� +�-)*���$ � *#�$ 41×15  
(81–88 %). 9�/*�, ��"�!� .* 4 &'- �� 20 $*$, *����
���+ �#�0!'". �� +�-)*���$� � *#�$� 81×17 !�
131×21. � ��� �4 &'-�##. �#�/�##. *���&.% (#���
*��!�� 0 RC ��&�-�0!'". !�/*�, �� #�&�1�!' � &.#-
*�$ � $�#-�$ +���+���$ ��"�!. (
 �+���# �#�/�#'
��"�! ���#�/�#� �� ��#�$� !�"!���� $���& .)
64 &'-�##. ���$ �) +�-)*����� � *#� +�������!' ��
�$�#-�##. * &'*�"! !�/�*, �� � �� &'!���)0!'". ��

*���&.% (#�$ *��!�� 7$. ���.� � !�$ �4 &'-)0!'".
��&�/�#� ���,��1�#' �� ��"�!�$� $ 1 !�"!���$�
�#�/�##.$�  �#�(��#�$� *���&.% (#�.

���+�#)7$� ��*���"!��)��!� +�"& ���# "!' � *�#
+�-)*) � ���"!�##.$ * &'*�"! + *"�& �. ����&.% (# 
� *#� ��4��#� ��#��� ���$ �) 17×9 (4 &'-� # 1 100 
+ *"�& �, �� ��7 �$��) �+��#�#� �4/�"&0��!�
�#�/)��( *��� % 7#! *���&.% � [9)$"'*�, ���%�*,
�#/�*, 2004; 2��4�/x�, 2014]). ���)&'!�!� �4’7�#�##.
� *�# 41×15   81×17, 41×15   131×21 !� 41×15, 81×17, 
131×21 +���#� ) !�4&. 3. 

 ,�-��.� 3 
�,18./j//j 52 5,.,h e,32-8 54 e,32-8 1 3-j 18f/�7 !,eg8/4c80 .8!,/ �,k�!�

Table 3
Comparison of test model and model 1 for combined search windows 

����-
$�!��

��$4 #�% � � *�# +�-)*), +*" 

41×15, 81×17 41×15, 131×21 41×15, 81×17, 131×21 

RC=0,7 ����&.% (#� � *#� 17×9
N (%) 212 (84,8) 219 (87,8) 220 (88) 
Z1÷Z2,

$*$
–18÷40 –18÷40 

–18÷40 
5Z1÷ 5Z2,

$*$
–6,3÷34,0 –34,2÷34,0 

–6,3÷34,0 

, $*$ 3,6 4,2 3,5

 
ZmΔ
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�,�$� �4’7�#�##. !�*�: "+�/�!*) �4/�"&07$�
*��� % 7#! *���&.% � �&. �" , !�/�* �� � *#�$ +�-)*)
$�#-��� ���$ �); #� #�"!)+#�( �!�+ +�����7$� !�/*�,
�� #� ������&'#.0!' ����#�( ��+)"* *���&.% � (.*��
!�*  "#)0!'), �&. .*�, �#��) �4/�"&07$� *��� % 7#!
*���&.% � �� � *#�$ +�-)*) 4 &'-��� ���$ �);
���)&'!�!� �4/�"&�#' �4’7�#)7$�. 9�/*�, �� #�
+��(-&� +�� � *���&.% � �&. � *#�-+�-)*) 4 &'-���
���$ �), �4� +�����0!'". #� #�"!)+#�( �!�+, �4�
� �� &'!���)0!'"., .*�� %�( �!�+ �"!�## (. �!1�,
�4 &'-)7!'". * &'* "!' !�/�*, �� ������&'#�&�
*���&.% (#�( *��!�� (.

��� �#.##. ��#�, !�4&. 2 !� 3 ��.�&.7 �$ #� "!�-
!�"!�/#�, ,���*!���"!�* $ 1 �*��$�$� ( �4’7�#�-
#�$� � *#�$�. 
&. �4’7�#�#�, � *�# 41×15   81×17: 

– * &'* "!' !�/�* �&. RC = 0,7–212 (�&. 41×15 4)&�
178 !�/�*, �&. 81×17 – 212 !�/�*);

– �#�/�##. � �,�&�#' *Z1÷*Z2 ) $�1�, –
6,3÷34,0 $*$;

– #��� �#�/�##. ��� m>Z 41×15 i 81×17 = 3,6 $*$
$�&� � �� �#.7!'". � � �#�/�#' �&. �*��$�, � *�#
(m>Z 41×15 = 3,7 $*$, m>Z 81×17 = 3,1 $*$).


&. �4’7�#�#�, � *�# 41×15   131×21: 
– * &'* "!' !�/�* �&. RC = 0,7–219 (�&. 41×15 – 

178 !�/�*, �&. 131×21 – 220 !�/�*);
– �#�/�##. � �,�&�#' *Z1÷*Z2 �&. � *�# ) $�1�,

–34,2÷34,0 $*$;
– #��� �#�/�##. ��� m>Z 41×15 i 131×21 = 4,2 $*$

 "!�!#� � �� �#.7!'". � � �#�/�#' �&. �*��$�, � *�#
(m>Z 41×15 = 3,7 $*$, m>Z 131×21 = 9,8 $*$).

	� ��#�/�7, �� !�/*� #� � &.#*�, � 4 &'-�$
+���+���$ ��"�!, ���#�/�# �� � *#�$ 131×21, ) .*�,
�#�/�##. *��� % 7#!� *���&.% � max 0,7r ≥ , ��+��#�&�
178 !�/�*, ���#�/�#�, �� � *#�$ 41×15.

�� $ !���, ���#�/�$�, �� "���� !�/�*, �4/�"&�#�,
�� � *#�$ 131×21, !��+&.&�"' !�/*�, �� +��(-&�
+�� � *���&.% � RC=0,7, �&� $�&� �#�/# � �,�&�##. 5Z
� � !�/�* !�"!���� $���& .

9�*� "�!)�% . ��#�*�&� + � /�" ��"!�")��##. �&.
�!�!�1#�##. !�/�* #� � �#�##�, � &.#*�, 4 &'-�,
� *�# +�-)*). (� 4 &'-�$) +�-)*���$) � *# ���"!�7
($�� �# "!' �#�(!� ��* &'*� +�� 4#�, � &.#�* � $�(1�
��#�*���$� �#�/�##.$� *��� % 7#!� *���&.% �).


&. � �)�&'#�� �% #*� +��"!������� ���+�� &)
!�/�* � �#�/#�$� � �,�&�##.$� ��"�! � � !�"!����
$���& *&�"�� *)7$� �#�/�##. 5Z �� $�!���$ "�-
���#'��� *�����!�/#��� � �,�&�##.. ��1�# *&�"
���#�/�7!'". � �,�&�##.$ � � "����#'��� �#�/�##..
������#� � �+���#) � �+�� ��7 "����#'�$) �#�/�##0;
���,#. $�1� � �+���#) $ "!�!' �#�/�##., �� +���-

���)0!' ")$) "����#'���  ���; #�1# ( � �+���#
$ "!�!' � �#�% "����#'���  ���. 6� ���)&'!�!�$�
+�+����# , ��"& �1�#' � ��$� [���#/)*, 2015], �� �&.
�3
 JSM 7100F �� �4 &'-�##. 750, "����# *�����-
!�/# +�,�4*� "!�#��&.!' 4&��'*� 1 $*$ (0,74 $*$).

&. �"!�#��&�##. $�1 � �+���# � *&�" � ��4��#� ���
2 $*$ (2σ). ���)&'!�!� *&�"�� *�% � �#�/�#' 5Z �
)$��#�, +��#�/�##., #�#�"�#� #� *��!� ������#!�&�(
(+���� � 2 $*$), +�4)����#�, �� !�"!���0 $���&&0
(��". 3) �&. � *�# +�-)*) ���$ ��$� 41×15, 81×17, 
131×21 !� �, *�$4 #�% ( 41×15   81×17, 41×15   131×21 
!� 41×15, 81×17, 131×21. 

� !�4&. 4 +���#� /�"&�� ��# *&�"�� *�% � � �#�%'
$ 1 �#�/�##.$� ��"�!, �4/�"&�#�$� �� ��$ �.#�$� !�
�#�(��#�$� �� *���&.% 70 !�/*�$� +������ ��4��-
1�##. �&. � �#�, ���$ � � +�-)*���, � *�# ��
/�!��$� !� +’.!'$� *&�"�$�. (� ���)&'!�!�,
*&�"�� *�% � 4��&� )/�"!' �"  250 !�/�*, #���&�1#� � �
�#�/�##. *��� % 7#!� *���&.% �).

�#�& � +����#�*�, � *�# +�-)*) (��". 3, �–�)
+�*��)7, �� � �,�&�##. � � !�"!���� $���& #� � �#�#-
#�, � &.#*�, #��#�/#  (��&�# *�)1�/*�) � $�1�, � � –
2 �� 2 $*$  $�(1� �4 ��0!'". �&. ���#�/�#�, � *�#
+�-)*).


&. � *#� +�-)*) 41×5 #� � &.#*�, $ *��+����,# 
"*&��#�� ���$� � +���+���$ ��"�! +�#�� 20 $*$, .*  
�/ *)��&�"', "+�"!�� ��0!'". �#�/# � �,�&�##.
(/����# !��*)!#�*�) � � !�"!���� $���& : � � 4 ��
62,8 $*$ (22,3 %). 


&. � *#� +�-)*) 81×17 �"#��#� * &'* "!'
/����#�, !��*)!#�* � ("+�.$���# ������) ��"�-
���1�#� � #�1#'�$) & ��$) *)! , �� #�("*&��# -�
���$� $ *��+����,# , � �,�&�##. ��".��0!' � � 4 ��
73,6 $*$ (8,0 %). ��(*����( ���)&'!�! �&. % 7�
� &.#*� ��7 ��"!�")��##. � *#� +�-)*) 131×21: � �
4 �� 73,6 $*$ (4,4 %). 

�*�� +�� �#.!� ���)&'!�!� ��"!�")��##. �*��$�,
� *�# +�-)*) !� �4’7�#�#�,, !� !)! "+�"!�� ��7!'".
�4 � �&. � *#� (131×21) !� *�$4 #�% ( ���, � *�#
(41×15, 131×21)  !�'�, � *�# (41×15, 81×17,131×21). 

���/�$) �&. *�$4 #�% ( � *�# "+�"!�� ��7!'".
+������+�� & ���!�-)��##. � �,�&�#' � � !�"!����
$���& . ��+��*&��, � �")!# ��.* /����# !��*)!#�*�
� %�#!� � �#�##�� � &.#*� (��". 3, �), .* "+�"!�-
� ��&�"' #� ��". 3, �.

6�*��$�, /�"!�#� /����#�, !��*)!#�* � ���!�-�-
��#� 4 &. $�1 ��4��1�##., �� +�$�&*� *���&.% (#���
�!�!�1#�##. $�1)!' 4)!� "+��/�#�# #��4, �# "!0
+�-���##. ��4��1�##. #� +�&���#) ���$ �) +�-)-
*����� � *#�.
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,�-��.� 4
�-4 �:8!4c8j 18f/�cd .� ,5 �Z 5,9,! 52 5,.,h e,32-8 54 e,32-8 1 

3-j .8!,/ �,k�!� 18f/�7 1,fe818. 54 h7 !,eg8/4c80

Table 4 
Classification of the height difference �Z points of the test model and model 1 

for various sizes of search windows and their combinations 

����&.% (#� � *#�
17×9 +*" 
 �+���# $�1 *&�" � �#�/�#' 5Z = Z��� – Z��
, $*$

� *#�-+�-)*), +*"
4ZΔ < −

N, % 

� � –2 ��
–4
n, % 

� � –2 
�� 2
n, % 

� � 2 
�� 4
n, % 

4ZΔ >
N, % 


�+)"* �&. *��� % 7#!� *���&.% �: RC=0,7
41×15 0 14 (5,6) 176 (71,3) 5 (2,0) 55 (22,3) 
81×17 4 (1,6) 19 (7,6) 207 (82,8) 0 20 (8,0) 

135×21 8 (3,2) 19 (7,6) 212 (84,8) 0 11 (4,4) 
41×15   81×17 4 (1,6) 18 (7,2) 205 (82,0) 2 (0,8) 21 (8,4) 

41×15   131×21 6 (2,4) 19 (7,6) 212 (84,8) 2 (0,8) 11 (4,4) 
41×15, 81×17  

135×21 4 (1,6) 19 (7,6) 212 (84,8) 2 (0,8) 13 (5,2) 

�!1�, ���- !� !��� *�##�( �&����!$ ��7 +�������
+�� �#.#�  � ��*���"!�##.$ ��#��� � *#�.

2.3. �.5,e45�f,.4/2  5.,12//j c�:1,.,h e,32-8
e8!1,�,.217/8 ,g’n!54 /4 , /,.8 1,fe89�.4//j
12<�-j1/,h  85!� /4 -8.,e� f/8e!�  5212,�41�
(e,32-d 2)

�� & ��$) �# $*) ��#��)0!'". !�/*�, ���!�-���# 
) ���-�#�, ���)&.�#�� " !*�  � ����#�$  #!����&�$ (�
+ *"�&�,) �����1 �"�( � !� �. ����&.#�$� +�"& ���# "!'
�4/�"&�#'.

�&�* �����##. �, �#�, ��#�,:
– ���� &'#� ���!# "!' ��4��1�##.;
– *)! #�,�&) +������ �# $*�;
– �4 &'-�##. ($�"-!�4) ��4��1�##.;
– ��+)"*� �&. *��� % 7#! � *���&.% � �&. *�1#���

 � *���&.% (#�, � *�#;
– ���$ �� � *�#-�� �% � (���–!�� � *#�);
– ���$ �� +�-)*���, � *�# (���–!�� � *#�);
– *��* " !*� #� & ��$) ��4��1�## +� � (+� �);
�&�* �����##. !� � �)�& ��% � ��4��1�#':
– "!����##. $�"��) !�/�* (�)�& � " !*�)  � ����#�$

*��*�$ #� & ��$) ��4��1�## ;
– � �)�& ��% . �)�& � " !*� #� & ��$) ��4��1�## ;
– �4/�"&�##. �� *)!�$ #�,�&) �# $*� #�4&�1�#���

�#�/�##. *�����#�! � � �+�� �#�, �)�& � " !*�
(%�#!� � +�-)*���, � *�#) #� +����$) ��4��1�## ;

– � �)�& ��% . �)�& � " !*� #� +����$) ��4��1�## .
�&�* �4/�"&�##. *��� % 7#!� *���&.% � �� $�"���$

���#�����#�, �)�& � ���)&.�#�� " !*� (4&�* +��!��0-
7!'". ���–!�� ���� �� * &'* "!0 ����#�, � *�#):

– &�*�& ��% . %�#!�� � *#� +�-)*) ) � �+�� �#�$)
�)�& #� +����$) �# $*);

– �4/�"&�##. $�"��) *��� % 7#! � *���&.% � �&.
*�1#��� + *"�&� +�-)*����� � *#�;

– ���#�/�##. $�*"�$�&'#��� �#�/�##. *��� % 7#!�
*���&.% �;

– +���� �*� $�*"�$�&'#��� �#�/�##. *��� % 7#!�
*���&.% � #� ��+)"*;

– ���#�/�##. *�����#�!� !�/*� � #� +����$)
��4��1�## �� $�*"�$�&'#�$ �#�/�##.$ *��� % 7#!�
*���&.% �;

– ��+�" ) $�"�� !�/�*, �� #� +��(-&� +���� �*)
#� ��+)"*;

– �4’7�#�##. $�"�� � *�����#�! !�/�* �&. � �#�,
+�-)*���, � *�#, �� ������&'#�&� *���&.% (#�(
*��!�� (.

– +�������##. #� +��!��#� �+��%0��##. � � *#�$
4 &'-��� ���$ �) $�"��) !�/�*, �� #� +��(-&�
+���� �*) #� ��+)"*.

9�/*�, �� #� +��(-&� +�� � *���&.% �, #�
�"!�##'�$) *��% + "&. �+��%0��##. � ���$�–!�'�$�
� *#�$� � �� &'!���)0!'".. 
�& ��*�#)7!'". 4&�*
���#�/�##. +��"!�����, *�����#�! !�/�* $ *��-
+����,# �4’7*!� (���. +. 2.3). 

�� ��". 4, - #�����#� ���#�����#) #� & ��$)
��4��1�## "!����+��� ���)&.�#) " !*) (5x=5y=20 +*").
6� *�����#�!�$� ���-�# " !*� & ���� ��4��1�##. !�
*)!�$ #�,�&) 8º �4/�"&�#� #�4&�1�# *�����#�!�
� �+�� �#�, !�/�* (%�#!�� +�-)*���, � *�#) #� +����$)
��4��1�## (��". 4, �). � �+�� �# !�/*� #� +����$)
��4��1�## �#�(��#� � ��*���"!�##.$ ���- !� !��-
� *�##��� *���&.% (#��� �&����!$). ���$ �� � *�#
+�-)*) (+*") �&. ���� *�##��� ��� �#!�: +��-� – 41×15, 
��)�� – 131×21. 
&. !��� *�##��� ��� �#!�: +��-� – 
41×15, ��)�� – 81×17, !��!7 – 131×21. ����&.% (#�
� *#� – ���$ ��$ 17×9 +*" �&. �4�, ��+��* �.

Lviv Polytechnic National University Institutional Repository http://ena.lp.edu.ua



D�!����$$�!� ., ��� #���$�% (# "�"!�$� !� *��!����� . 79 

���)&'!�!� �4/�"&�#' +���#� #� ��". 5 (��� � *#�) !�
#� ��". 6 (!�� � *#�) �&. ��+)"*) *��� % 7#!� *���&.% �
(RC= 0,7). 
&. +��-��� � *#� +�-)*) 41×15 ���)&'!�!�
�4/�"&�#' �&. ���, ��� �#! � ��#�*��  (��". 5, �).

6��#�/�$�, �� ��"!�")��##. !�'�, � *�# ��7 �$��)
� ��*��$�!� � &.#*) � #�("*&��# -�0 ���$�0 $ *��-
+����,#  (��". 6, -).

�c8/!4 5,9/, 58 �,g�3,.4/,h e8!1,�,.217/8
,g’n!54 f4 f<2/21,.4/,m /4 -8.,e� f/8e!�  52-
12,�41� 12<�-j1/,m  85!,m (e,32-d 2)

6� ���#�/�#�$� +��"!�����$� *�����#�!�$� �
+�*�!  Surfer +�4)����#� $���& $ *��+����,# �&.
����*� "!�& �&. !�'�, " !�*, ���#�����#�, #� & ��$)
��4��1�## � *��*�$� 5x=5y=15, 20, 25 + *"�& �. � "&.
� �" 0��##. �� *���&.% (#�$ +�����$ RC=0,6 ��&�-
-�&�"' � �+�� �#� 5009, 2759, 1824 !�/*�. 
�!��
+�4)���� $���&�( !� �, +���$�!�� !�* "�$ , .* )
!�"!���� $���& . �� ��". 7 +���#� $���& , +�4)����# 
�� ���)&.�#�0 " !*�0  � *��*�$ 5x=5y=15 +*". 
��
� *#� +�-)*) (�, RC=0,6; -, RC=0,7); !�� � *#� +�-)*)
(�, RC=0,7); $���&' (�) + "&. ��"!�")��##. ���+!��#��
$�� �##�� � &'!��% � �� $���&  (�).


&. $���& & ���)/ (RC=0,6) +���+�� ��"�!
"!�#���!' 60 $*$, $���& +�����)/ (RC=0,7) – 90 $*$.

&. ��+)"*) RC=0,7 ,���*!��#�, �� #� +��-�$) *��% 
� � *#�$ +�-)*) 41×17 ��&�-�7!'". $�#-� !�/�*, # 1
�&. RC=0,6, � �+�� �#� #� ��)��( *��* �&. � *#�

131×21 +�����7!'". 4 &'-� * &'* "!' !�/�*. �!1�,
��+)"* �&. *��� % 7#!� *���&.% � ���)&07 * &'* "!'
!�/�*, �� �4/�"&00!'". #� #�"!)+#�$) *��% . � �+�-
� �#� 4 &'-� * &'* "!' !�/�* +�!��+�&� #� � &.#*� � 
"*&��#�0 ���$�0 $ *����&'7�), �� ��*���"!�##.
� *#� +�-)*) 4 &'-��� ���$ �) +����&� ��
��&��1)��##. ���$ $ *����&'7�) (��". 7, -). 6  #-���
4�*), �&. ��+)"*) RC= 0,7 �’.�&.0!'". !�/*�-��*��� �
#���#�,, .* !�$ #� "+�"!�� ��&�"' �&. ��+)"*)
RC=0,6. 	�( ��*! "� �/�!' +�� !�, �� ��.* !�/*�
*���� ���+ �#�0!'". � � *#�$ $�#-��� ���$ �), �&�
$�1)!' #� ������&'#.!� ����#�( ��+)"*.

3��*!��#�$ ��"�4�$ � �" 0��##. !�/�*-��*�� � 7
��"!�")��##. ���+!��#�� $�� �##�� � &'!��% �
[2�#"�&�" !�  #., 2005, 2006; 2��4�/x�, 2014], 
+�������0 .*�� 7 $�1&�� "!'  !���% (#��� ��*�#�##.
+��%�") � &'!��% �. ���+!��#�( $�� �##�( � &'!�
��"!�"��)7$� �� +�4)����#�, ) +�*�!  Surfer 3D 
$���&�(, +���!����#�, ) ���$) ��4��1�#', ��
�#�/�##. ."*����"! +��+��% (#� �� �#�/�##. Z 
(��". 8). �� ��". 8 $�1#� "+�"!�� ��!�, .* + "&.
$�� �##�� � &'!��% � �$ #07!'". � �+���# ."*����"!�(,
�� � �+�� ��7 �$ # � �+���#) ��&�/�#� Z. 

� !�4&. 5 +���#� ���+�� & �� *&�"�$� � �#�%' $ 1
!�"!���0 $���&&0 !� $���&.$� ��)���� !�+) ���#�-
����#�, " !�* � *��*�$� 5x=5y=15, 20, 25 +*" ��
��*���"!�##.$ ���, (41×15, 131×21) !� !�'�, (41×15, 
81×17, 131×21) +�-)*���, � *�# � �+�� �#�.

,�-��.� 5
�-4 �:8!4c8j 1,f�,38-� 18f/�cd e8i f/492//je� .� ,5 52 5,.,h 54 f<2/21,.4/,h e,32-20 2

f .�!,1� 54//je 3.,7–51d,7 �,k�!,.�7 .8!,/ �8 -j f4 5, �.4//j 434�5�./,h e2384//,h :8-d514c8h

Table 5

Classification of the distribution of differences between the heights of the test and generated model 2 
 using 2–3 search windows after applying adaptive median filtering 

���$ � grid $���&  100×74 +*", ���)&'!�! + "&. $�� �##�� � &'!��% � 

���+�� &
�� *&�"�$� 5Z, $*$


�� � *#� +�-)*): 41×15, 131×21
%���
� ��� ���1	.	2��� ��
���.	#

Rc =0,7

9�� � *#� +�-)*):
41×15, 81×17, 131×21 +*" 

Rc =0,7 Rc =0,6 ��� �#. Rc =0,6  
Rc =0,7 

15,
15

x

y

Δ =
Δ =

 
20,
20

x

y

Δ =
Δ =

 
25,
25

x

y

Δ =
Δ =

 
15,
15

x

y

Δ =
Δ =

 
15,
15

x

y

Δ =
Δ =

 
15,
15

x

y

Δ =
Δ =

 

< –4 
(n%)

368
(5,0)

248
(3,4)

188
(2,5)

349
(4,7)

218
 (2,9) 

588
(7,9)

–4 �� –2 
(n %) 

1189
(16,1)

1051
(14,2)

1028
(13,9) 1180 (15,9) 1027 (13,9) 270

(3,6)
–2 �� 2 
(n %) 

4443
(60,0)

4627
(62,5)

4844
(65,5) 4446 (60,1) 4288 (57,9) 6429

(86,9) 
2 �� 4 
(n %) 

883
(11,9)

922
(12,5)

854
(11,5)

881
 (11,9) 

969
(13,1)

70
(0,9)

> 4 
(n %) 

516
(7,0)

552
(7,5)

486
(6,6)

543
 (7,3) 

898
(12,1)

42
(0,6)

minZΔ –15,8 –16,3 –11,7 –13,1 –13,1 –42,4 

maxZΔ 32,3 50,8 64,1 35,9 47,9 22,7 

Z nΔ� 0,0 0,3 0,4 0,1 1,2 -1,1 

��� ZmΔ 3,2 3,4 3,8 3,3 5,6 4,0 
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�� �#�& �) !�4&. 5 !� � "!��&�##. �� � ��". 9 ���#�,
�� #�(4&�1/� �� !�"!���� $���&  (250 !�/�*) $���&' 2 
(65,5 % ) $�1�, � � –2 �� 2 $*$) �  #!����&�$�
���#�����#�� " !*� 5x=5y=25 ��
 .* #�(��&��1�# -�
$���&' (1824 !�/*�)  � �#�& ����#�, $���&�(.

2.4. �.5,e45�f,.4/2  5.,12//j c�:1,.,h e,32-8
e8!1,�,.217/8 ,g’n!54 /4 , /,.8 5,9,!, f<2/2-
1,.4/�7 f4 <1438n/5/�e e25,3,e /4 -8.,e� f/8e!�
 5212,�41� (e,32-d 3)

6� ���� 7#!#�$ $�!���$ #� & ��$) ��4��1�## 
"!����+��� ���#�����#� 8550 !�/�*, �&. .*�, #� +����$)
��4��1�## �4/�"&�#� %�#!�� +�-)*���, � *�# ��
*�����#�!�$� & ���� !� *)!�$ #�,�&) 8º (��". 10). 
� �+�� �# !�/*� #� +����$) ��4��1�## �#�(��#� �
��*���"!�##.$ ���� *�##��� (��". 11) !� !��� *�##���
(��". 12) *���&.% (#�, �&����!$ �. ���$ �� � *�# +�-)*)
(+*") ���� *�##��� ��� �#!�: +��-� – 41×15, ��)�� – 
131×21. 
&. !��� *�##��� ��� �#!�: +��-� – 41×15, 
��)�� – 81×17, !��!7 – 131×21. ����&.% (#� � *#� – 
���$ ��$ 17×9 +*" �&. �4�, ��+��* �.

���)&'!�!� �4/�"&�#' +���#� #� ��". 11 (���
� *#�) !� #� ��". 12 (!�� � *#�) �&. ��+)"*) *��� -

% 7#!� *���&.% � (RC= 0,7). 
&. +��-��� � *#� +�-)*)
41×15 +*" ���)&'!�!� �4/�"&�#' �&. ���- !�
!��� *�##��� �&����!$ � ��#�*��  (��". 11, �).

�*  �&. $���&  2, ��"!�")��##. !�'�, � *�# ��7
�$��) � ��*��$�!� � &.#*) � #�("*&��# -�0 ���$�0
$ *��+����,#  (��". 12, 4).

�� +�� �#.##. $���&�( #� ��". 14 �&. ��+)"* �
Rc=0,6 !� Rc=0,7 ���#�, �� �"#��# � �$ ##�"! 
��"����1�# #� � &.#*�, "*&��#�� ���$� $ *��+�-
���,# , �� *���&.% (# + �,��� ��0!' #�"!�4 &'# 
���)&'!�!�.

�� ��". 14 +���#� 3D $���& $ *��+����,# ����*�
"!�& , .* +�4)����# � +�*�!  Surfer �� !�/*�$�,
���#�����#�$� �� ���� 7#!#�$ $�!���$. 
�!�� +�4)-
���� $���&�( !� �, +���$�!�� !�* "�$ , .* ) !�"!����
$���& . � ���)/ #�����#� 3D $���& �� ���+!��#��
$�� �##�� � &'!��% �, +�����)/ – + "&. � &'!��% �. �
���)&'!�! $�� �##�� � &'!��% � �$ #�#� -*�&) �#�/�#'
��"�!� Z � [–45÷45] #� [–23,6÷37,3] �&. ��+)"*)
*��� % 7#!� *���&.% � Rc=0,6 !� � [–45÷45] #�
[–19,5÷38,6] �&. Rc=0,7, �� 4 &'-� � �+�� ��7
���&'#�"! . �� *��., $���& ��&�-�&�"' �*��$ + *�
!� .$�, � � %�#!��&'# ( /�"!�# $���& �, )")#�#�.

,�-��.� 6
�-4 �:8!4c8j 1,f�,38-� 18f/�cd e8i f/492//je� .� ,5 52 5,.,h 54 f<2/21,.4/,h e,32-20 3

f .�!,1� 54//je 3.,7–51d,7 �,k�!,.�7 .8!,/ �8 -j f4 5, �.4//j 434�5�./,h e2384//,h :8-d514c8h

Table 6
Classification of the distribution of differences between the heights of the test and generated model 3 

 using 2–3 search windows after applying adaptive median filtering 

���$ � grid $���& 
100,74


���&' 3 
���&' 2 
15xΔ = ,
15yΔ =

!�� � *#� 

��� � *#� +�-)*)
(41×15, 131×21+*")

9�� � *#� +�-)*)
(41×15, 81×17, 131×21 +*")

���+�� & ��
*&�"�$� 5Z, $*$


�+)"*
Rc=0,6


�+)"*
Rc=0,7

��� �#.
Rc=0,6  
Rc=0,7


�+)"*
Rc =0,6


�+)"*
Rc=0,7

��� �#.
Rc=0,6  
Rc=0,7


�+)"*
Rc=0,7 

<–4 (n %) 182
 (2,5) 

278
(3,8)

587
 (7,9) 

177
(2,4)

257
(3,5)

591
(8,0)

349
(4,7) 

–4 �� –2 (n %) 945
 (12,8) 

1108
(15,0)

307
 (4,1) 

933
 (12,6) 1118 (15,1) 292

(3,9) 1180 (15,9) 

–2 �� 2 (n %) 4158 (56,2) 4281 (57,9) 6353 (85,9) 4171 (56,4) 4277 (57,8) 6396
 (86,4) 4446 (60,1) 

2 �� 4 (n %) 1086 (14,7) 1062 (14,4) 83
(1,1) 1083 (14,6) 1039 (14,0) 74

(1,0)
881

 (11,9) 

> 4 (n %) 1029 (13,9) 671
 (9,1) 

70
(0,9) 1036 (14,0) 709

(9,6)
47

(0,6)
543
(7,3) 

minZΔ , $*$ –19,3 –18,5 –44,8 –12.7 –15.7 –44,1 –13,1 

maxZΔ , $*$ 49,7 47,1 32,6 53,2 47,8 30,6 35,9 

Z nΔ� , $*$ 1,3 0,4 –0,9 1,5 0,5 –0,9 0,1 

��� ZmΔ , $*$ 5,2 3,7 3,3 5,7 3,8 3,5 3,3 

 
� �"!�##'�$) "!��+/�*) #�����#� ��# � �#�%' $ 1

!�"!���0 $���&&0 !� ���#�����#�0 �� ���)&.�#�0
" !*�0 �  #!����&�$� 5x=5y=15 +*" $���&&0 2  � !�4&. 5 
�&. ��+)"*) Rc=0,7. 
���&' 2 �  #!����&�$� 5x=5y=
= 15 +*" "*&���&�"'  � 5504 �)�& � " !*�,  � .*�, 1244 

4)&� � �� &'!����#� �� ��+)"*�$ RC= 0,7. 
���&' 3, .*)
���#�����#� ���� 7#!#�$ $�!���$, "*&���&�"'  � 8550 
!�/�*, �� ��+)"*�$ RC= 0,7 � �� &'!����#� 2019 !�/�*.

��� �#.##. ���+�� & � � �#�%' �� *&�"�$� �&.
$���&�( 2 !� 3 + "&. ��"!�")��##. ���+!��#�� $�� �##��
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� &'!��% � +�*��)7 �, ",�1 "!'. 9� "�$� + �!����1)7
� �)�&'#�( ��&.� 3D-$���&�( (��". 7, � !� 14, �),
���)&'!�!� ���+�� &) �� *&�"�$� � �#�%' 5Z !� #�*&�-

��##. ������#!�&�(. �"#��# ���,��1�##. $ 1 $���&.$�
#� *��., ��4��1�#' !� #� � &.#% "*&��#�� ���$�
$ *��+����,# ) #�1#'�$) & ��$) *)! ��4��1�##..

,�-��.� 7
�,f�,38- f4 !-4 4e� 18f/�cd e8i e,32-je� 2 54 3, �,g�3,.4/�7 f .�!,1� 54//je 51d,7 .8!,/ �,k�!�

Table 7

The distribution by classes of differences between models 2 and 3, constructed using 3 search windows 


���&' 2�: *��* " !*� 5x=5y=15, 4260 !.

���&' 3: �� ���� 7#!#�$ $�!���$, 6531 !., Rc=0,7


���&' 24: *��* " !*� 5x=5y=10, 9522 !.

���&' 3: �� ���� 7#!#�$ $�!���$, 6531 !., Rc=0,7

N *&�") minZ≥ Δ  maxZ< Δ n (%) minZ≥ Δ  maxZ< Δ n ( %) 
1 –29,4 –4 114 (1,5) –36.6 –4 142 (1,9) 
2 –4 –2 129 (1,7) –4 –2 121 (1,6) 
3 –2 2 6250 (88,1) –2 2 6603 (89,2) 
4 2 4 324 (4,4) 2 4 268 (3,6) 
5 4 32,5 312(4,2) 4 38,9 266 (3,6) 

� - 

��
. 1. ���	
��	 ����� 
��
����
� �� �	���� (�) �� �	����	��	 ����� �� �
����� (-)
�'7-��-
�$����� �
���� �
�������# 
���	 �	 �-	��/����� 750�. ���� ������ �	���� ��-
�$���� 0º, �
����� – 8º 

Fig. 1. Measured points of the stereo pair on the left (a) and the corresponding points on the right (-) are SEM images
of a specimen of chrome steel with an increase of 750x. The inclination angles of the left image is 0º, the right – 8º 

                     

�      -

��
. 2. 7	�
�����
��� �
���� �
�������# 
���	 � ��
��������� (�);
3D ������ �	�
�����
��	 �
�������# 
���	 (-). 7�
/��- 750�, ��
�������	 �
������	 ��
�� 2 ���

Fig. 2. Micro surface specimen of chrome steel display in the contour lines (a);
3D model of micro surface specimen of chrome steel (-). Scale 750x, contour lines drawn through 2 mu 
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�) ��
���.	��� �	��� 17×9,
�	��� ��/��� 41×15 

-) ��
���.	��� �	��� 17×9,
�	��� ��/��� 81×17 

�) ��
���.	��� �	��� 17×9,
�	��� ��/��� 131×21 

  

�) ��
���.	��� �	��� 17×9,
�	��� ��/��� 41×15, 81×17 

�) ��
���.	��� �	��� 17×9 
�	��� ��/��� 41×15, 131×21 

�) ��
���.	��� �	��� 17×9,
�	��� ��/��� 41×15, 81×17,131×21 

��
. 3. 7	�
�����
��� �
�������# 
���	 � ��
���������, ��
/��- 750�. !����	 ���������� ��������� 
	���.	
�	$ ���������� ��
��, �-��
������ �� ���	
����� �� ���������� �� ��
���.	2� ������� �
����� ��-
�$����

��� 
	���� 
���	
	� ��/������ �	���. (������� ����
�� ��� ���1	.	2��� ��
���.	# – 0,7. ��
��	� 
�� ������2 
���������
���
�1	��.	# *Z � ����� ��/������ �	����, ��$�	� 
�� – � �-’2������� �	�����.

��
�������	 �
������� ��
�� 2 ���

Fig. 3. Micro surface specimen of chrome steel display in the contour lines, scale 750�. For various sizes  
of the search windows, symbols show the difference between the heights calculated by points measured

on the right image and found by correlation. The value of the tolerance for the correlation coefficient is 0,7.
The top row shows the results of *Z classification with one search window, the bottom row with combined windows.

Contour lines  drawn through 2 mu 
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� - �  

��
. 4. ��	��� ��-
�$���� (�); 
	��� �� �	���� ��-
�$���	 � 	���
������ *x=*y=20 ��
 (-);
.���
� ��/������ �	��� �� �
����� ��	���, �-��
���	 �� ���
�������� �	���� �� ����� ������ 8º ( �)

Fig. 4. Input image (a); the grid spacing on the left image: *x = *y = 20 pixels (-); centers of search windows
on the right image, calculated by the coordinates of the left image and the angle of inclination of the right 8º (�)

  

� - �  

��
. 5. ����� 
	��� �� �
����� ��-
�$���	 
��
����
�, ��	 ��������	 ��
���.	���� 
��
�-��.
��������� ��
��
������ �	��� ��/��� 

�� 
���	
	�, ��
: 41×15  (�); 131×21 (-); �-’2����	 ����� (�).

����	
 ��
���.	����� �	��� 17×9 ��
.  ((����	 ����� � ����
�� RC= 0,7, $���	 �	)

Fig. 5. The right image  of stereo pair are shown the grid nodes, calculated by the correlation method.
The result of the application of  search windows  size, in pixels: 41×15 (�); 131×21 (-); merged points (�).

17×9 pixels correlation window size. Green points in the tolerance RC=0.7, yellow no 

 

� - �  

��
. 6. ����� 
	��� �� �
����� ��-
�$���	 
��
����
�, ��	 ��������	 ��
���.	���� 
��
�-��.
��������� ��
��
������ �	��� ��/��� ����� 
���	
	�, ��
: 41×15 �-	��2��
� � 
�
. 5, �; 81×17 (�); 131×21 (-);

�-’2����	 ����� (�). ����	
 ��
���.	����� �	��� 17×9 ��
.  ((����	 ����� � ����
�� RC=0,7, $���	 �	)

Fig. 6. The right image  of stereo pair are shown the grid nodes, calculated by the correlation method.
The result of the application of  search windows size, in pixels: 41×15 coincides with Fig. 5, a; 81×17 (�); 131×21 (-);

merged points (�). 17×9 pixels correlation window size. Green points in the tolerance RC=0.7, yellow no 
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� -

 
� �

��
. 7. 3D �����	 �	�
�����
��	 �
���� 
���	, ��-������	 �� �����
������� ������� � ������ 
�����
��# 
	���;
��
���.	��� �	��� 17×9 ��
; �
�� 
	��� �� �	���� ��-
�$���	: *x=*y=15 ��
; 

� �	��� ��/���, 
���	
, ��
: 41×15, 131×21;

� – ����
� RC= 0,6; - – ����
� RC= 0,7; � – ��	 �	��� ��/���, 
���	
, ��
: 41×15, 81×17, 131×21; ����
� RC= 0,7;
� – �	
�� ��
��
������ ���������# ���	����# 1	���
�.	# (�	��� 1	���
� 7×7) �� �

Fig. 7. 3D models of the micro surface of a steel specimen , built on generated points in the nodes of a regular grid;
17×9 pixels correlation window size; grid spacing on the left image: *x = *y = 15 pixels; size of  search windows, pixel:

41×15, 131×21; tolerance of correlation coefficient: �  – 0.6, - –  0.7; � – size of  search windows, in pixels: 41×15, 81×17, 
131×21; tolerance of correlation coefficient 0.7; � – after applying adaptive median filtering (7×7 pixels filter window) to �

 
 

%�� �	��� (41×15, 131×21),
�
�� 
	���: 5x=5y=15

,
� �	��� (41×15, 81×17, 131×21); 
�� �
��	2����� ������� 

 
� - � � 

��
. 8. ?��
�
�.	� ��
��
������ ���������# ���	����# 1	���
�.	# (
���	
 �	��� 1	���
� 7×7 ��
)
�� grid-������� �	�
�����
��	 �
���� 
���	, ��
����
���� � 1�
�� ��-
�$���. 3D �����	 ��-�������

�� �������, �����
������� � ������ 
�����
��# 
	��� (�, -) � ��
����
���, �� �� 
�
 7, -, ��
�� �
��	2����� ������� (�, �) � ��
����
���, �� �� 
�
 14, �. %� 1	���
�.	# – �, �, �	
�� 1	���
�.	# – -, �

@� -�����, ��	���
� �	������ 
	��	� �
�
���
���, ��	 �	����	����� ��	�	 ��$ �������� Z 

Fig. 8. Illustration of applying adaptive median filtering (7×7 pixels filter window size) to grid models
of the micro surface of a steel specimen  converted into images. The 3D models are built on points generated in the nodes 

 of a regular grid (�, -) with parameters as in Fig. 7, -, and using the gradient method (�, �) with parameters as in Fig. 14, �.
 To a filtration – a, �, after filtering – -, �.

How can one see a change in the range of brightness levels that correspond to a change in the Z value 
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�) 5x=5y=15, 2 �	���, Rc=0,7 -) 5x=5y=20, 2 �	���, Rc=0,7 �) 5x=5y=25, 2 �	���, Rc=0,7 
 
 

 

�) �
� �	���, ������ 2, ��
 0,6 �)�
� �	���, ������ 2, ��
 0,7 �) 3 �	���, ��
	��. ��
 0,6 ��
 0,7 

��
. 9. ��
�� 
�����	�� 
	���.� �	$ ��
����� �� �����
������ ������� 2 �	
�� ��
��
������ ���������# ���	����#
1	���
�.	#. �–� – � ����
�
������ ���� ��/������ �	��� (41×15, 131×21 ��
) ��� 5x=5y=15, 20, 25 ��
, Rc=0,7;

�, � – � ����
�
������ �
��� ��/������ �	��� (41×15, 81×17, 131×21 ��
) ��� 5x=5y=15 ��
;
� – 
�����	� 
	���.� �	$ �������� 2 ��� Rc=0,6 (�) 	 Rc=0,7 (�)

Fig. 9. Distribution maps of the differences between the test and the generated model 2 after the application of adaptive median
filtering: a–� – using 2 search windows (41×15, 131×21 pixels) for *x = *y = 15, 20, 25 pixels, Rc = 0.7;

�, � – using 3 search windows (41×15, 81×17, 131×21 pixels) for *x = *y = 15 pixels;
e – the distribution of the differences between models 2 for Rc = 0.6 (�) and  for Rc = 0.7 (�)
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� - �  
��
. 10. ?��
�
�.	� �
�.�
� ����
������ ����� �� �	���� ��-
�$���	 �� �
��	2����� �������.

��	��� ��-
�$���� (�); ����� �� �	���� ��	���, ��-������	 �� �
��	2����� ������� (-);
.���
� ��/������ �	��� �� �
����� ��	���, �-��
���	 �� ���
�������� �	���� �� ����� ������ 8º (�)

Fig. 10 Illustration to the process of point generation in the left image by the gradient method. Input image (a); points
on the left image, built on the gradient method (-); centers of search windows on the right picture, calculated by the coordinates

of the left and the angle of inclination 8º (�)


�+)"* �&. *��� % 7#!� *���&.% � 0,7; *���&.% (#� � *#� 17×9

�) ��
/� �	��� ��/��� 41×15 -) �
��� �	��� ��/��� 131×21 �) �-’2����	 ����� 

��
. 11. ?��
�
�.	� �
�.�
� ���������� ��� �����
������ �� �
��	2����� ������� ����� �	���� ��-
�$����
�	����	���� ����� �� �
����� ��	��� 
��
����
� ��
���.	���� 
��
�-�� � ����
�
������ ��/������ �	���



�� 
���	
	� (�����	 ����� � ����
��, $���	 – �	)

Fig. 11. Illustration of the process of finding for the points generated by the gradient method on the left image,
the corresponding points on the right image of the stereo pair in the correlation method using search windows

of  sizes  (green points in the tolerance, yellow – no) 

%���
� ��� ���1	.	2��� ��
���.	# 0,7; ��
���.	��� �	��� 17×9 

  

�) �
��� �	��� ��/��� 81×17 -) �
��2 �	��� ��/��� 131×21 �) �-’2����	 �	��� 

��
. 12. ?��
�
�.	� �
�.�
� ���������� ��� �����
������ �� �
��	2����� ������� ����� �	���� ��-
�$���� �	����	����
����� �� �
����� ��	��� 
��
����
� ��
���.	���� 
��
�-�� � ��/������� �	����� ����� 
���	
	�

((�
��
������ ��
/��� �	��� ��/��� 41×15 ��
 ��2 
��������, �� �� 
�
. 11, �) (�����	 ����� � ����
��, $���	 �	)

Fig. 12. Illustration of the process of finding for the points generated by the gradient method on the left image, the corresponding
points on the right image of the stereo pair in the correlation method using search windows of  sizes

Using the first search window, 41×15 pixels gives the result, as in Fig. 11, a) (green points in the tolerance, yellow – no) 
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�) ��� �	���, ����
� Rc = 0,6 4) ��� �	���, ����
� Rc = 0,7 �) ��
	������ �  - 

�) �
� �	���, ����
� Rc = 0,6 �) �
� �	���, ����
� Rc = 0,7 �) ��
	������ � 	 � 

��
. 13. ��
�� 
�����	�� 
	���.� >Z �	$ ��
����� ������� �� ������� 3 � ����
�
������ 

�� (�, -)
(41×15, 131×21 ��
) �� ����� (�, �) (41×15, 81×17, 131×21 ��
) ��/������ �	��� �	
�� ��
��
������ ���������#
���	����# 1	���
�.	#. "������� �	��
�� – ����
� ��� ���1	.	2��� ��
���.	# Rc=0,6; 
������� ��
�
����	 – Rc=0,7;


������� �
���
�� – 
�����	� 
	���.� 5Z �	$ �������� ��� Rc=0,6 �� Rc=0,7

Fig. 13. Distribution maps of *Z differences between the test model and model 3 using   (41×15, 131×21pixels) (a, -)
and   (41×15, 81×17, 131×21pixels) search windows (�, �) after applying adaptive median filtering. 

The left column is the tolerance for the correlation coefficient Rc = 0.6; in the middle – Rc = 0.7. The right shows 
 the distribution of *Z differences between the models Rc = 0.6 and Rc = 0.7 
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� � &'!��% �,
��+)"* *��� % 7#!� *���&.% � RC= 0,7 

� "&. $�� �##�� � &'!��% �,
��+)"* *��� % 7#!� *���&.% � RC= 0,7 

 

�) ��� �	��� -) ��� �	���

 
 

�) �
� �	��� �) �
� �	���
��
. 14. 3D �����	 �	�
�����
��	 �
���� 
���	, ��-������	 �� �������, �����
������� �� �
��	2����� �������.

A	��
�� – �� ��
��
������ ���������# ���	����# 1	���
�.	#, �
���
�� – �	
��. 7����	 ��-������� � ����
�
������:


�� �	��� ��/��� (41×15, 131×21 ��
 ) (�, -); ����� �	��� ��/��� (41×15, 81×17, 131×21 ��
) – (�, �).

����	
 ��
���.	����� �	���  17×9 ��
; ����
� ��� ���1	.	2��� ��
���.	# RC= 0,7 

Fig. 14. 3D micro surface models of a steel sample, constructed from points generated using a gradient method.
To the left – to the use of adaptive median filtering, to the right – after. Models are built using: search windows size

(41×15, 131×21 pixels) (a, -);  search windows size (41×15, 81×17, 131×21 pixels) (�, �).
17×9 pixels correlation window size;  The tolerance for the correlation coefficient  0.7 

 

 

 

�) 15x yΔ = Δ = -) 15x yΔ = Δ = �) 10x yΔ = Δ = �) 10x yΔ = Δ =  

��
. 15. ��
�� 
�����	�� �� ���
��� 
	���.� 5Z �	$ �������� 2 �� 3, ��-��������
� ����
�
������ �
��� �	��� ��/���: �, � – � ������� �����������; -, � – ����������� ��
���������

(������ 2 – ��
�������	 �������� �����
�; ������ 3 – ��
������ �����
�)

Fig. 15. Distribution maps by classes of differences *Z between models 2 and 3, built using 3 search windows:
a, � – in symbols; -, � – overlaying the contour lines (the contour lines color for model 2 is green, for model 3 – red) 
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�#�& � +�� �#.##. ���+�� &) �� *&�"�$� ��&�/�#�
5Z (!�4&. 7 !� ��". 15) – �� +’.!'$� *&�"�$� $ 1
$���&.$� 2 !� 3 +�*��)7, �� #�(4 &'- � �#�% 
��"����1�# #� � &.#*�, � "*&��#�0 ���$�0
$ *��+����,# . (
���&' 2�:  #!����&� " !*�
5x=5y=15 +*"; �� � &'!�)��##. 5504 !�/�*, + "&. – ��
Rc=0,7 ��&�-�&�"' 4260 !�/�*, � &'# "!' 0,24. 

���&' 24:  #!����&� " !*� 5x=5y=10 +*"; ��
� &'!�)��##. 12288 !�/�*, + "&. �� Rc=0,7 ��&�-�&�"'
9522 !�/*�, � &'# "!' 0,53. 
���&' 3: �� � &'!�)��##.
8550 !�/�*, + "&. �� Rc=0,7 ��&�-�&�"' 6531 !�/*�,
� &'# "!' 0,36. 
���&' 2 +�4)����#� �� � &'#�0
���)&.�#�0 " !*�0, �� +�*����7 +�.$�*)!#) �4&�"!'
���$ ��$ 115,1×156,7 *�. $*$ ) $�"-!�4 �4 &'-�##.
750,. 9�/*� ) $���&  3, .* ���#�����#� �� ���� 7#!#�$
$�!���$, ���!�-���# !�$, �� 7 +���+��� ."*����"!�(  
� �+�� �#� *���&.% (# ,���*!���"!�*� *��� , # 1 #�
� &.#*�,  � $�&�+�$ !#�0 �$ #�0 ."*����"!�(. �4��� 
$���& ��0!' �$��) � �#���!� �� 4#) "!�)*!)�)
$ *��+����,# �� ��,)#�* � &'#��� +�*��!!., � *��!�
���+�� &) � �#�%' / !*� � ��*��$&07 � &.#*�, .* 
+�!��4)0!' �!�)/�##. �+���!���.

9�* $�1&���"! 7 #�"& �*�$ �"�4&���"!�( �3
-
�# $�##., � "�$� #���&�*�� +&�� �# $�##., !�/#�
� ��$��� *)!� #�,�&) �����1 �"  Y, !�$) +���&�*"
��#�*�7 +�����1#� �����1 �" B, #���&�*�( +�+�-
��/#�( +���&�*", � �")!# "!' �#�/#�, $�"-!�4#�,
"+�!����#'. 6� �"� ��+&���7 $�1&�� "!' ��4��!�
#�&�1#�( ���$ � +�-)*����� � *#� ��&�1#� � �
� �+���#) ��"�!. 9�� +�"& ���#�( +���, � � � � *#�
$�#-��� ���$ �) �� 4 &'-��� ��7 �$��) +�����!� #�
#�"!)+#�( �!�+ !�/*�, �� #� ������&'#�&� *���&.-
% (#�( *��!�� (  +�����1#� #�&�1�!' �� #�"!)+#�,
� �+���# � ��"�!. 9�*�( + �, � ����&�$ �$�#-)7
($�� �# "!' +�$�&*����� �!�!�1#�##..

�c8/!4 2:2!5�./, 58 4-<,1�5e� f .�!,-
1� 54//je .8!,/ �,k�!� 18f/�7 1,fe818.


&. �% #0��##. ���*!��#�"! �&����!$) n-� *�#-
#��� +�-)*)  ��#!�/#�, !�/�* "!����+��� �!��$�7$�
"+ �� �#�-�##. �&. * &'*�"! )$��#�, �+���% ( ��
+��+)��##., �� * &'* "!' )$��#�, �+���% (, �� ("#�#�,
�&. �4/�"&�##. *��� % 7#!� *���&.% � � ���$� � *#�$�
+�-)*), #� +���##� +������)��!� * &'* "!' )$��#�,
�+���% (, #��4, �#) �&. �4/�"&�##. *��� % 7#!�
*���&.% � � ��#�$ � *#�$ +�-)*) 4 &'-��� ���$ �).

���#�/�$� nu – * &'* "!' !�/�* ) *���&.% (#�$)
� *# u (+��+)"*�7$�, �� ���$ � *���&.% (#���
� *#� ��#�*���( �&. �" , +�-)*���, � *�#);

iwS –

* &'* "!' !�/�* ) wi-$) +�-)*���$) � *# , +��/�$)

1 2 i nw w w wS S S S< < < <� � ; 1i

i

w
i

w

S
k

S
+=  (ki>1)

(i=1,2,…n–1).

�� +��-�$) *��% �� *���&.% (#�$ � *#�$ u !�
+�-)*���$ � *#�$ w1 ���#�/�$� *��� % 7#! *���&.% �
�&. *�1#��  � N1 !�/�* & ���� �# $*�. �� ��)��$) *��% 
*��� % 7#! *���&.% � ���#�/�$� �#��) � +�-)*���$
� *#�$ w2 �&. N2 !�/�*, .* #� +���&�&� +�� �
*���&.% � #� +��-�$) *��% . �!1�, #� (i+1) – *��% 
*��� % 7#! *���&.% � ���#�/�$� � +�-)*���$ � *#�$
wi+1 �&. Ni+1 !�/�*, .* #� +���&�&� +�� � *���&.% � #�
+�+����#'�$) *��% . � &'* "!' !�/�* Ni+1, �&. .*��
")$��#� * &'* "!' )$��#�, �+���% ( � �4’7�#�#�$�
� *#�$� (wi  wi+1) 4)�� $�#-�0, # 1 � ��#�$ � *#�$
wi+1 4 &'-��� ���$ �), ���#�/�$� �� )$���0: 

1i i ii u w i u i w i u i wN n S N n k S N n k S+ ⋅⋅ ⋅ + ⋅ ⋅ ⋅ < ⋅ ⋅ ⋅ .    (3) 

6� �"� 

1
1i

i i
i

k
N N

k+
−

< ⋅                               (4) 

2��#�/#) ")$��#) * &'* "!' !�/�* NT + � /�"
�4’7�#�##. n +�-)*���, � *�# �!��$�7$�, .*�� ) (3) 
�$ #�$� �#�* “$�#-�” #� – “� �#�”: 

1 2T nN N N N= + + +� (5)
�4� 

1
1

1

1n
i

T i
i i

k
N N N

k

−

=

−
= + ⋅� ,                     (6) 

�4� 
1

1
1 1

1
(1 )

in j
T

i j j

k
N N

k

−

= =

−
= ⋅ + � ∏                      (7) 

�*�� � ��$�, .*) /�"!�#) $ *��+����,# "!�#��-
&.!' � &.#*�  � $ *����&'7��$ "*&��#�� ���$�
(#�+��*&��, �&. ����*� "!�& %� 4&��'*� 30 %), !� (7) 
$�1#� )!�/#�!� �� ��,)#�* ����!*����� *��� % 7#!� K0 

1
1 0

2 1

1
(1 (1 )

in j
T

i j j

k
N N K

k

−

= =

−
= + ⋅ + � ∏ .                  (8)


&. �4’7�#�##. !�'�, � *�# (13) #�4)�� ���&.�): 
1 1 2

1
1 1 2

1 1 1
(1 )T

k k k
N N

k k k

− − −
= ⋅ + + ⋅ .            (9) 

6� !�*�0 "�$�0 )$���0 (3) �!��$�7$� ���#�/#)
")$��#) * &'* "!' )$��#�, �+���% ( �&. n +�-)*���,
� *�#:

1 1 2 2

1

( , , , , , , , )

.
i

u w w n wn

n

u i w
i

O n N S N S N S

n N S
=

=

= ⋅ ⋅�

�
           (10) 

�$��� (3) ���#�/�7, �� * &'* "!' )$��#�, �+���% (
+ � /�" ��4�!� �&����!$) � ���$� � *#�$� (w1  w2)
$�#-�, # 1 � ��#�� *�##�$ 4 &'-��� ���$ �) w2.
� &'* "!' �+���% ( + � /�" ��*���"!�##. !��� *�##���
(w1, w2  w3) �&����!$) $�1#� � "!���!� � * &'* "!0
)$��#�, �+���% ( + � /�" ��4�!� ���� *�##���, ��
��)�� � *#� w2 $�7 !�*) "�$) * &'* "!' + *"�& �, .* !��!7
� *#� w3. 6�  #-�, � �#�, )$�� (* &'* "!' !�/�*, ���$ �
*���&.% (#��� � *#�, +������� �#�/�##. *��� % 7#!�
*���&.% �) * &'* "!' )$��#�, �+���% ( + � /�" ��4�!�
�&����!$) � ��#�$ � *#�$ +�-)*) ���"!�7 � +���,���$
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� � $�#-��� � *#� w1 �� 4 &'-��� – w2 +��+��% (#� ��
� �#�-�##. ki $ 1 * &'* "!0 + *"�& � � *�# +�-)*) wi+1

!� wi. �*�� � ��$� "+ �� �#�-�##. $ 1 * &'* "!0 !�/�*
� &.#�* � �#�##�� $ *��+����,# !� $ *��+����,# 
"*&��#�� ���$�, !� /�" ��4�!� �&����!$) $�1#�
�% #�!� � 4 &'-�0 ($�� �# "!0 (8). 

�% #*) * &'*�"! )$��#�, �+���% ( !� ��*!�/#)
-���* "!' �4/�"&�#' 4&�*� *���&.% (#��� �!�-
!�1#�##. � ��*���"!�##.$ ���,–!�'�, � *�# +�-)*)
�&. *���&.% (#�, *��!�� �� Rc=0,6 !� Rc=0,7 +���#� �
!�4&. 7 �&. ���#�����#�, " !�* ($���&  2)  !�/�*,
���#�����#�, �� ���� 7#!#�$ $�!���$ ($���&' 3). 
�% #*) * &'*�"! �+���% (  ��*!�/#) -���* "!'
��4�!� $��)&. �4/�"&�##. *���&.% � !��� *�##���
�&����!$) +�� �#0��&� � ���� *�##�$, �� ��)��  
!��!7 � *#� $�&� ��#�*�� ���$ ��. �����,)7$�
$�1&��) * &'* "!' �+���% ( � ��*���"!�##.$ ���,
� *�# +�-)*) (7) +�� �#.#� � (8), ) .*�$) ���1�7!'".,
�� #�$ � ��$�, .*) /�"!�#) $ *��+����,# "!�#��&.!'
� &.#*� � ��&'7��$ "*&��#�� ���$�. 6� ��&�/�#) �0 )
� �"�!*�, +��($�7$� * &'* "!' !�/�*, .* +���(-&� #�
��)��( �!�+ + "&. �+��%0��##. � +��-�$ � *#�$
+�-)*). (�4/�"&�##. +���#� �&. �#�/�##. �0=0,3).


&. $���&�( 2 �4/�"&�##. ��*�#�#� �&. " !�*,
���#�����#�, �  #!����&�$� jx=jy=10 +*" (12288 
���-�#) !� jx=jy=15 +*" (5504 ���-�#�).


&. $���&  3 �4/�"&�##. �� ("#0��&� �&. 8550 
!�/�*, ���#�����#�, �� ���� 7#!#�$ $�!���$. ���$ �
*���&.% (#��� � *#� u=17×9 +*" �&. $���&�( 2 !� 3.

���)&'!�!� �4/�"&�#' +���#� ) � �+�� �#�, "!��+-
%., !�4&. 8. ��1/� #�����#� � �+�� �# +�."#�##..


&. �, �#�, !�/�* (!��! ( "!��+/�*) *���&.% (#� �!�-
!�1#�##. ��*�#�#� � � *#�$ +�-)*) 1 (w1=41×15 +*").
� &'* "!' � �� &'!����#�, !�/�* – "!��+/�* 4. 
&. !�/�*
"!��+%. 4 *���&.% (#� �!�!�1#�##. ��*�#�#�:

– �&. ���� *�##��� �&����!$) � � *#�$ +�-)*) 2 
(w3=131×21 �4 ��7!'". � � *#�$ +�-)*) 3 �&. !�'�,
� *�#). � &'* "!' � �� &'!����#�, !�/�*  – "!��+/�* 6; 

– �&. !��� *�##��� �&����!$) � � *#�$ +�-)*) 2 
(w2=81×17). � &'* "!' � �� &'!����#�, !�/�* – 
"!��+/�* 5. 


&. !�/�* "!��+%. 5 *���&.% (#� �!�!�1#�##.
��*�#�#� � � *#�$ +�-)*) 3 (w3=131×21). � &'* "!'
� �� &'!����#�, !�/�* !�*� "�$�, .* �&. ���, � *�# – 
"!��+/�* 6; 

– "!��+%  7, 8 – * &'* "!' �+���% (, �4/�"&�#�,
�� ��*!�/#�$� ��#�$� ("!��+%  3, 4, 5) �&. ���,,
!�'�, � *�# (10); 

– "!��+/�* 9, /�"�&'#�* – �% #*� $�1&����
* &'*�"! �+���% ( (7) � ��*���"!�##.$ ���, � *�#
+�-)*) w1=41×15 !� w3=131×21;

– "!��+/�* 9, �#�$�##�* – �% #*� * &'*�"! 
�+���% ( �� (8) �&. � ��$��� "+ �� �#�-�##. $ 1
� �#�##�0  ���4�"!�0 � &.#*�0 $ *��+����,#  (�&.
����*� "!�& �0 =0,3); 

– "!��+%  10, 11 – ��*!�/#� -���* "!' �4/�"&�#'
(!/*/") � "�"!�$  Matlab ) ��1�$  #!��+��!�% �.

,�-��.� 8

�c8/!4 94 � .�!,/4//j 4-<,1�5e� f .�!,1� 54//je 3.,7–51d,7 .8!,/ �,k�!� 18f/�7 1,fe818.

Table 8

Estimation of the execution time of the algorithm using 2–3 search windows of various sizes

� *#� +�-)*) w1=(41×15), w2=(81×17), w3=(131×21) *���&.% (#� � *#� u=17×9 +*"

�!�� ��#��)��##. !�/�*: ���)&.�#� " !*� #� & ��$) �# $*) ($���&' 2) 

�#!����&
" !*�,
+*"

Rc

� *#�
w1

N1

� �� &'-
!����#�

�� Rc

+ "&. w1

N2, % 

� �� &'-
!����#�

�� Rc

+ "&. w2

N3, % 

� �� &'-
!����#�

�� Rc

+ "&. w3

N, % 

�����,)#�*
* &'*�"! )$��#�,

�+���% ( �� (10) 

�% #*� *-"! 
)$��#�,

�+���% ( ��
(7)/(8)
K0=0,3

=���* "!'
�4/�"&�#'
V (!/*/")** 

� *#�
w1, w3

� *#�
w1, w2, w3

� *#� w1, w3
� *#�
w1, w3

� *#�
w1, w2,

w3 
1 2 3 4 5 6 7 8 9 10 11

10xΔ =  
10yΔ =

0,6 12288 2375
(19.3)

1309
(10,6)

1135
(9,2) 2,16s* 2,21s 5,17s

/
2,71s

V0,6 
3,93 3,88 

0,7 12288 3891
(31,6)

3001
(24,4)

2766
(22,5) 2,79s 3,24s

V0,7

3,08 2,67 

�+ �� �#�-�##.  O0,7/O0,6 1,29 1,47 V0,6/V0,7 1,27 1,45 

15xΔ =  
15yΔ =

0,6 5504 1049
(19,1)

561
(10,2)

495
(9,0) 0,96s 0,98s 2,32s

/
1,21s

V0,6 

3,95 3,96 

0,7 5504 1751
(31,8)

1350
(24,5)

1244
(22,6) 1,25s 1,46s

V0,7

2,91 2,66 
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8
����$���� ��-�. 8 

1 2 3 4 5 6 7 8 9 10 11

�+ �� �#�-�##.  O0,7/O0,6 1,30 1,49 V0,6/V0,7 1,36 1,49 


�!�� ��#��)��##. !�/�*: �� ���� 7#!#�$ $�!���$ #� & ��$) �# $*) ($���&' 3) 

–

0,6 8550 1377
(16.1)

851
(10,0)

747
 (8,7) 1,38s 1,45s 3,60s

/
1,88s

V0,6 

4,28 4,09 

0,7 8550 2584
(30,2)

2156
(25,2)

2019
(23,6) 1,89s 2,25s

V0,7 
3,06 2,63 

�+ �� �#�-�##.  O0,7/O0,6 1,37 1,55 V0,6/V0,7 1,40 1,55 

*
#�1#�* s=109. 
** =���* "!' �4/�"&�#' ���#�/�#� + � /�" ��4�!� +�����$� � "�"!�$  MatLab ) ��1�$  #!��+��!�% �.

�#�& � ��#�, !�4&. 8 +�*��)7, �� �% #*� * &'*�"! 
�+���% ( *���&.% (#��� 4&�*� �� (7) ("!��+/�* 9, 
/�"�&'#�*) �#�/#� +������)7 * &'* "!' �+���% (,
�4/�"&�#�, �� ��*!�/#�$� ��#�$� (10) ("!��+%  7, 8). 

&. Rc=0,6 4 &'-� +��4&��#� � 2,4 ���) (2, 3 � *#�);
�&. Rc=0,7 4 &'-� +��4&��#� � 1,9 ���)  (��� � *#�) !�
1,6 ���) (!�� � *#�).

���&'# -) �% #*) * &'*�"! �+���% ( �!��$�#� ��
(8) �� +��+)��##., �� � � *#�$ +�-)*) 1 (41×15 +*")
� �� &'!���)7!'". 4&��'*� 30 % !�/�*. �+ �� �#�-
-�##. $ 1 �% #*�0 * &'*�"! �+���% ( *���&.% (#���
4&�*� �� (8) ("!��+/�* 9, �#�$�##�*) !� * &'* "!0
�+���% (, �4/�"&�#�, �� ��*!�/#�$� ��#�$� (10), �
"����#'�$) ��� �#07 1,3 (Rc=0,6) !� 0,9 (Rc=0,7).
�!��$�#�( ���)&'!�! )����1)7!'". � ��#�$� ��*-
!�/#�, �4/�"&�#' ("!��+/�* 4), "�$� �&. Rc=0,7, �� �
� *#�$ +�-)*) 1 � �� &'!���)7!'". 4&��'*�  30 % 
!�/�*.

D�*!�/#� -���* "!' �4/�"&�#' *���&.% (#���
4&�*� ("!��+%  10, 11) "!�#���!':

~ 4 !/*/" �&. ���,, !�'�, � *�# (Rc=0,6);
~ 3 !/*/" �&. ���,, !�'�, � *�# (Rc=0,7).
�+ �� �#�-�##. $ 1 * &'* "!0 �+���% ( O0,7/O0,6

)����1)7!'". � �4��#�#�$ "+ �� �#�-�##.$ ��*!�/-
#�, �#�/�#' -���*�"!�( V0,6/V0,7 $��)&. �4/�"&�##.
*���&.% � (�.�*� "+ �� �#�-�#', "!��+%  7, 10 !� 8, 11) 
 � "����#'�$) ��� �#07 1,0 (Rc=0,6 !� Rc=0,7).

�!1�, �&����!$ *���&.% (#��� �!�!�1#�##. �
��*���"!�##.$ ���, (!�'�,) +�-)*���, � *�# ��
���*!��# "!0 �� +��#�, )$�� (3) #� +�"!)+�7!'".
��!�$�!�����#�$) +�-)*) � �+�� �#�, !�/�* "!�-
���+��� � ��#�$ (���$�) � *#�$�.

�� + �"!�� ��*�#�#�, ��"& �1�#' $�1#� ���4�!�
+��# ��"#��*�.

�4�!,.4 /,.�f/4

�!���*� ��!�$�!�����#��� �!�!�1#�##. ��#�($�#-

#�, !�/�* "!����+���, .*) �����4�&� ��!���, )"+ -#�
�+��4���#�  ��!�&'#� ��"& �1�#� + � /�"

�+��%0��##. %������, �3
-"!����+�� ��"& �#�� $ *��-
+����,# ,��$���#�� "!�& . 6�+��+�#���#� $�!���*�
")+�����1)7!'". #� �" , �� �!�+�, ��!��"'*�$
+�����$#�$ ��4��+�/�##.$, �� ���*!��# "!' !�
��% &'# "!' ������#�.

�14!5�9/2 f/492//j
6�"!�")��##. % 7� $�!���*� ��7 �$��) ��!�$�-

!��)��!� +��%�" +�4)���� 	

� +����,# �4’7*!�,
�#�/#� "*���!��-� !����& "!' ��*�#�##. % 7�
��1&���� +��%��)��.

�� /,.!�
1. 6�+��+�#���#� �&����!$ +��!�+#��� ��!�$�-

!�����#��� �!�!�1#�##. � �+�� �#�, !�/�* "!����-
+���  � ��"!�")��##.$ � *�# +�-)*) � �#�, ���$ � �.
���$ � +�-)*����� � *#� ���#�/�#� � �+�� �#� ��
� �+���#) ��"�! !�/�* ��"& �#�� $ *��+����,# 
,��$���#�� "!�& �� �#� � �#�/�##.$� +�����1# ,
+���&�*" �. ����, � #� #�"!)+#�( �!�+ �4/�"&�#' �
4 &'-�$ � *#�$ +�-)*) �� ("#07!'". &�-� �&. !�,
!�/�*, .* #� ������&'#�&� *���&.% (#�( *��!�� ( + �
/�" �4/�"&�#'  � $�#-�$ +�-)*���$ � *#�$.

2. �4&�"!' +�-)*) #��4, �#� ������!� +�.$�-
*)!#�$ � *#�$, -���#� .*��� �4$�1�#� +��� (#�$
$�*"�$�&'#�$ �#�/�##.$ +�����1#'��� +���&�*")
�&. % 7� � &.#*� $ *��+����,# , � ��"�!� �#�/#� $�#-�
� � -���#�  $�1� "!�#���!� 15–25 + *"�& �. �"* &'*�
�&. �!��$�##. �3
-"!����+�� ��*���"!��)0!'
+�����1#� &�-� +�����1# #�,�&� ��# �$�!��/#���
"!�&�*� #� *)! q (!�� *)!� z={=0°), !� !�$ "�$�$
 "!�!#� �$�#-)7!'". �4&�"!' +�-)*) (  ��#!�� *�% �
��#�($�##�, !�/�* "!����+���.

3. ��*�#�#� �% #*) /�") ��*�#�##. �&����!$)
�!�!�1#�##. � �+�� �#�, !�/�* "!����+��� � ��*�-
��"!�##.$ ���,–!�'�, � *�# +�-)*) � �#�, ���$ � �.
���#�/�#� )$���, �� .*�$� /�" ��4�!� �&����!$) �
���$� � *#�$� +�-)*) �4 ��7!'". � ��#�� *�##�$
4 &'-��� ���$ �). (
&. !�'�, � *�# +�-)*)
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+����4�/�#� �4 � � ���� *�##�$ �&����!$�$, �� .*�$
��)�� � *#� !�*��� "�$��� ���$ �), .* !��!7).
���)&'!�!� �����,)#*) �% #*� /�") + �!����1�#�
+�� �#.##.$ � ��*!�/#�$ /�"�$ ��4�!� $��)&.
�4/�"&�##. *���&.% �.

4. ��*�#�#� �#�& � ���+�� &) � �#�%' $ 1
�#�/�##.$� ��"�!, �4/�"&�#�, �� ��$ �.#�$� *�����-
#�!�$� !�/�* "!����+���  �� ��$ �.#�$� *�����-
#�!�$� !�/�* #� & ��$) �# $*) !� �#�(��#�,
*���&.% (#�$ "+�"�4�$ � �+�� �#�, !�/�* #� +����$)
�# $*). ��*��#�* *���&.% (#��� �!�!�1#�##. !�/�*  �
��*���"!�##.$ �*��$�, � *�# +�-)*) !� �, *�$4 -
#�% ( "� �/�!', �� $�*"�$�&'#� �#�/�##. �!�-
!�1#�##. (84,8 %) � � �#�%.$� $ 1 ��"�!�$� !�/�* )
$�1�, ��+)"*) >Z ; ± 2 $*$ "+�"!�� ��7!'". �&.
$���&�( � ��#�$ � *#�$ +�-)*) (131×21 +*"),
*�$4 #�% ( ���, � *�# +�-)*) (41×15, 131×21 +*")  
!�'�, � *�# +�-)*) (41×15, 81×17, 131×21 +*").
�#�& � +��"!������� ���+�� &) +�*����, �� ��"!�")-
��##. � *�# 4 &'-�, ���$ � � (131×21 +*") #�
� �#�##�, � &.#*�, +�������!' �� +�$�&*���,
�!�!�1#�#', � *�$4 #�% .  � � *#�$ $�#-��� ���$ �)
(41×15 +*") ��7 �$��) +�*����!� ���)&'!�!� *���&.-
% (#��� "+�"�4) �!�!�1#�##. !�/�*.

5. 	����� $���& $ *��+����,# ��"& �#���
����*� ,��$���#�� "!�& +�4)����#� ���$� "+�"�4�$�.
6� +��-�$ "+�"�4�$ ��*�#)��&� ��!�$�!�����#�
��#��)��##. !�/�* #� & ��$) �# $*) "!����+��� ��
���)&.�#�0 " !*�0 (�  #!����&�$�: 5�=5y=15 +*";
5�=5y=10 +*"), �� ��)��$ !�/*� ��#��)��&�"' ��
���� 7#!#�$ $�!���$. � �+�� �# !�/*� #� +����$)
�# $*) � �4�, "+�"�4�, ���#�/�&� $�!���$ *���&.-
% (#��� �!�!�1#�##. � ��*���"!�##.$ ���, !� !�'�,
+�-)*���, � *�#. 
&. )")#�##. �*��$�, �#�$�&'#�,
�#�/�#' ��"�! ��"!�"���#� +��%��)�) ���+!��#��
$�� �##�� � &'!��% � �� 3D-$���&�( $ *��+����,# .
���+�� & �� +’.!'$� *&�"�$� � �#�%' ��"�! 5Z $ 1
!�"!���0 $���&&0 !� ����#�����#�$� ���$� !�+�$�
$���&�( ��.���, �� #�(4 &'- ���,��1�##. ��"�-
���1�# #� � &.#*�, � "*&��#�0 ���$�0
$ *��+����,# . 6� ��,)#�* � &'#��� #�4��) !�/�*
�4��� $���& ��0!' �$��) � �#���!� �� 4# �&�$�#!�
"!�)*!)�� $ *��+����,# .

6. ��*�#�#� * &'* "#�( �#�& � ���)&'!�! �
�!�!�1#�##. ��#�($�##�, !�/�* �� ���$� 3D-$���-
&.$�, +�4)����#�$� �� !�/*�$�, ���#�����#�$� )
���-�#�, ���)&.�#�� " !*�, !� �� ���� 7#!#�$
$�!���$. � �#�% ) ��"�!�, ��#�($�##�, !�/�* 5Z
+�� &�#� #� +’.!' � �+���# �  #��/#� ���� /#�
+�� &0"!����#� � �#�$� *�&'���$�. 6�*��$�, !�/*�, �
.*�, � �#�% ��"�! ) $�1�, ��+)"*) >Z ; ±2 $*$,
+��#�/�#� ��&�#�$ *�&'���$  �, 88–89 %. (� "&.
� &'!�)��##. �� *���&.% (#�$ *��!�� 7$ 0,7: �&.
���)&.�#�� " !*� �  #!����&�$ 5�=5y=15 +*"
��&�-�&�"' 4260 !�/�*; �&. " !*� �  #!����&�$

5�=5y=10 +*" ��&�-�&�"' 9522 !�/�*; �� ���� 7#!#�$
$�!���$ – 6531 !�/*�). ���!� ���+�� &) � �#�%' ��"�!
�!�!�1#�#�, !�/�* 5Z ) $�1�, +’.!� � �+���# � ��7
�$��) / !*� ��� &�!� � &.#*� "*&��#�� ���$�
$ *��+����,# , .* +�!��4)0!'  #!���*!��#���
���+��%0��##. �+���!���.

7. ���"+�*!��#�$ #�+�.$�$ +���&'-�, ��"& �-
1�#' ) % ( ��&)� 7 �����!�*  ���"*�#�&�##. �&��-
��!$ � � &'!�)��##. �&. )")#�##. +�$�&�* *���-
&.% (#��� �!�!�1#�##..
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AUTOMATED CONSTRUCTION OF A DIGITAL MODEL OF THE MICRO SURFACE
OF AN OBJECT USING A STEREO PAIR OF DIGITAL SEM IMAGES 

The purpose of this work is to develop and study the method of automated construction of a digital model of 
the micro relief of an object's surface using a stereo pair of digital SEM images taking into account the specifics of 
a SEM survey and studying the accuracy of digital modeling of a micro surface of an object, depending on the type 
of input point generation. Methodology. Research is based on the processing of three types of data models. The test 
model is derived from the measurement of digital images of SEM stereo pairs. Other models are constructed from 
the points  generated on the left image of the SEM stereo pairs by a regular grid and by a gradient method. The 
identification of the corresponding points of the stereo pair is performed by a correlation method in stages with the 
use of search windows of various sizes. To obtain the spatial coordinates of the micro relief points of the object's 
surface with the accuracy required for the researchers, the values of the geometric distortions inherent in the SEM 
image are taken into account. In order to eliminate some abnormal values of the heights of a 3D model, an adaptive 
median filtering procedure is used. The estimation of the accuracy of the values of the heights of the points of the 
micro relief of the surface of the object is performed by comparison with the test model. Results. The possibility of 
a stereo pair of digital SEM images in the automated mode is established to reproduce the micro relief of an object's 
surface with the requirements of both the accuracy of determining the spatial coordinates of the points and the 
structure of the micro surface of the object. The developed algorithm is implemented in MATLAB. Due to the 
dense set of points, both models allow to correctly model the small elements of the structure of the micro surface. 
The number of points in which the difference between the values of the heights of the test and the studied models 
are within the tolerance 5Z ~ ± 2 mu is 88–89 %. The estimation of the algorithm's time for identifying the 
corresponding points of the stereo pair using the 2–3-search windows of various sizes is performed. Scientific
novelty.  The authors developed a method of step-by-step correlation identification using search windows of 
various sizes is accompanied at all stages by the author's software. Evaluation of the effectiveness of this technique 
has shown the feasibility of its practical application. Practical significance. The application of this technique 
allows to automate the process of constructing a digital model of micro relief of the object's surface based on the 
SEM stereo pairs of digital images. The results of the experiment confirm the effectiveness of the proposed 
algorithm and a significant reduction in the construction time of the digital model of the micro relief compared with 
the time measurement of points coordinates by the operator in manual mode.

Key words: scanning electron microscope (SEM); digital SEM image; digital model of the object micro surface; 
correlation identification method; image matching; adaptive median filtering. 
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