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�< ?�'+,&��*@ ��=&'&- �7&��:$'$>J >�'$ :�<=&->%:�! 3�'&"$%&'J-
�*@ >�>%&� =#+H �$ =#+H$. �<$���=&->%:�& #�%��: > ,$>%�%�- 0.1 �7, �$-
"'P=$&�*@ : ?�>'&=�:$%&'J��>%� R-R ��%&#:$'�: � 3#�:!��� =$:'&���, 
!:'!&%>! =:+�$?#$:'&��*�. �'! L%�@ #�%��: @$#$3%&#�� �$'�,�& >:!<� : 
�"��@ �$?#$:'&��!@. ��3$<$��, ,%� L%� #�%�* ��H+% "*%J >��@#���<�:$�* 
�&B=+ >�"�-, ,%� ��B&% "*%J �"Y!>���� > %�,3� <#&��! >$��- � :<$����- 
$=$?%$7��, 3$3 #&H+'!%�#�*- �&@$��<� >%$"�'�<$7�� 3#�:�>�$"B&��! �#-
H$��<�$. G*'� �"�$#+B&�� �$'�,�& <$=&#B3� :<$���=&->%:+PT�@ #�%��:, 
>�>%$:'!PT&& ?�#!=3$ ,&%:&#%� @$#$3%&#��H�  ?&#��=$, ?#�,A�, + 'P=&-, 
��&PT�@ ?$%�'�H�� >&#=&,��->�>+=�>%�- >�>%&�*, ?�3$<$%&'� <$=&#B3�, 
>��@#���<$7�� � �$?#$:'&��! :<$���=&->%:�! �&B=+ >�>%&�$�� �%'�,�� 
�% �$"'P=$&�*@ �$ <=�#�:*@ �>?*%+&�*@. 

                                                                                                      �$"'�7$ 
�#+??$ �+��$#�*- 

?#�7&�%, % M$=&#B3$, > ��=&3> 5$<�:�- 
>��@#���<$7�� 

M=�#�:*& 'AB$ 37.17 1.23 0.75 
M=�#�:*& >%�! 41.6 0.55 0.74 
��?&#%���! '&B$ 29.14 1.5 0.71 
��?&#%���! >%�! 30.32 -1.52 0.64 
��5$#3%, �&>!7 23.95 -0.27 0.65 

 
�< %$"'�7* :�=��, ,%� +#�:&�J >��@#���<$7�� + <=�#�:*@ �>?*%+&-

�*@ >%$"�'J�� :*/&, ,&� + >%#$=$PT�@ $#%&#�$'J��- H�?&#%���&- � ?&-
#&�A>/�@ ��5$#3% ���3$#=$ 3$3 : >'+,$& #$>,A%$ >+��$#��H� ?#�7&�%$, 
%$3 � : >'+,$& ��=&3>$ 5$<�:�- >��@#���<$7��. �%�% #&<+'J%$% ��B&% >:�-
=&%&'J>%:�:$%J �" +@+=/&��� :<$���=&->%:�! �&B=+ ��<3�,$>%�%�*�� 
3�'&"$��!�� + 'P=&-, ��&PT�@ ?$%�'�H�� >&#=&,�� >�>+=�>%�- >�>%&�*. 
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+,�%&'! H�#�=$ � �"'$>%� (18 ,&'�:&3) � +,$T�&>! >%$#/�@ 3'$>>�: �$#$-
%�:$, ��H&'J>$, �$#3>$, �#$>��$#�&->3$ (: �"T&- >'�B��>%� 46 >'+/$%&-
'&-), ?#&?�=$:$%&'� �
� ��� (7 ,&'�:&3). �'! /3�'J��3�: "*'� ?#�,�-
%$�* '&37��, ?�>:!T&��*& �"<�#+ #$<'�,�*@ $3%+$'J�*@ ?#�"'&� �&'�-
�&-��- 5�<�3�, $ ��&���: «��:#&�&��$! 3$#%��$ ��#$ � �&>%� �&'��&-��- 
�$+3� : �&-» (�.�. �#+"&73�:, �
� ���), «�&:*& >#&=* � �&'��&-��>%J» 
(j.�. �$#$&:>3�-, �
� ���). �#&?�=$:$%&'J ��7&! ?#�3'$=�*@ �$+3 
�.�. G+#�: ?#�:&' �$>%&#-3'$>> «��$'�< >'�B�*@ <$=$, 	�� ?� 5�<�3&, 
,$>%� � � �». �� %#$=�7�� "*' ?#�:&=&� 3#+H'*- >%�', 3�%�#*- �$ L%�% 
#$< "*' ?�>:!T&� ?#�"'&�$� �"#$<�:$��! : >:&%& %&3+T�@ #&5�#� � ��&' 
�$<:$��&: «�&�+ �* +,�� � ,%� �< L%�H� ?�'+,$&%>!» (:&=+T�& 
�.�.�#+"&73�: � j.�. �&:��, �
� ���). � @�=& =:+@,$>�:�-  =�>3+>>�� 
+,$>%��3� :*>3$<$'� &=���=+/��& ��&��& – #&5�#�$  #�>>�->3�H� �"#$-
<�:$��! =�'B�$ "*%J, �� 3#$-�& �&�"@�=��� ?#����$%J :� :���$��&, ,%� 
<$?$=�*& ��=&'� �"#$<�:$��! �& :>&H=$ ?�=@�=!% ='! ��>>�� � : =$���- 
>�%+$7��  :� H'$:& +H'$ =�'B�� >%�!%J 3$,&>%:� �"#$<�:$��!, $ �& ?#�7&-
=+#�*& :�?#�>*. 

�� :%�#�- ,$>%� 17–18 ��!"#! : ��� ?#�/'$ >&37�! >%+=&�%�:, $>?�-
#$�%�: � ��'�=*@ +,&�*@. G*'� ?#&=>%$:'&�* 17 +>%�*@ � 29 >%&�=�:*@ 
=�3'$=�:, %&�$%�3$ 3�%�#*@ �@:$%*:$'$ 3$3 �"T�& :�?#�>* �&'��&-��- 
=��$��3�, %$3 � ?#�'�B&��! 3 <$=$,$� #$=��5�<�3�, L'&3%#���3�, �&'�-
�&-��- �?%�3�, "��5�<�3�. � #$"�%& �3�'* ?#��!'� +,$>%�& 46 ?#&=>%$-
:�%&'&- #$<'�,�*@ 5$3+'J%&%�: ��� (�
�, 5�<�,&>3�H� 5$3+'J%&%$, 
�
�G��), �$#$%�:>3�H� 5�'�$'$ ��� ��
, �G��� ��
, � ��� (��>3:$). 

� �$>%�!T�- >"�#��3 :3'P,&�* %&3>%* =�3'$=�: >%+=&�%�:, ��'�=*@ 
+,&�*@ � ��B&�&#�: +,$>%��3�: /3�'*. 
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��#��	
� �.$., (�#, 	
��
	��. �55&3%* $:%���=+'!7�� �$H��%�>%$%�-
,&>3�@ :�'� : >%#+3%+#& �< =:+@ 5&##��$H��%�*@ ?'&��3 
��%	
���	
 �.�., (�#, 	
��
	��. ��3#�>%#+3%+#�#�:$��*& �?%�,&>3�& 
:�'�3�$ > ��<3�� ?&#&?$=�� 3�L55�7�&�%$ =�>?&#>�� 
�"����	
 �.&., (�#, �	��
�
	��
	. �3>?&#��&�%$'J��& �>>'&=�:$��& 
:'�!��! :�&/��@ /+��: �$ >'�B�+P =��$��3+ 3'�>%#����H� $:%�H&�&#$-
%�#$ > <$?$<=*:$PT&- �"#$%��- >:!<JP 
'��%���� �.�., �I�, ��
��	, 	
��
	��. 
&3�H&#&�%�*- ?#�&� >��"T&-
��- : >�>%&�& >3#*%��- >:!<� > 5#$3%$'J��- �$>3�#�:3�- 
��"�(	
 &.�., G�$ G-�. �*', 
������. ���$��,&>3�& #&B��* : $�>$�"-
'!@ �>7�''!%�#�: > =#&:�:�=��- >%#+3%+#�- >:!<� 

5

��L55�7�&�% 5$<�:�- >��@#���<$7�� (1) : <$:�>���>%� �% ?#�"��H� 
:#&�&�� <$?$<=*:$��! �%#$B$&% ?#&��+T&>%:&���& �$?#$:'&��& :<$���-
=&->%:�! �&B=+ �>>'&=+&�*�� >�>%&�$��. 

2
21

2
1 ))()(cos())()(sin( ���������������	
 tttt ,   (1) 

H=& 
 – 3�L55�7�&�% 5$<�:�- >��@#���<$7��, �1,2 – �H��:&��*& 5$<* >�H-
�$'�:, � – <$=&#B3$ �&B=+ >�H�$'$��.  

�$<�:�- >��@#���<$7�&- ?�#!=3$ n:m �$<*:$&%>! ?#�7&>> ?�=>%#�-3� 
5$< :<$���=&->%:+PT�@ 3�'&"$%&'J�*@ >�>%&�, ?#� 3�%�#�- :*?�'�!&%>! 
+>'�:�&:  

Ctmtntmn ����	�� )()()( 21
2,1
, ,     (2) 

H=& C  – �&3�%�#$! 3��>%$�%$, n � m – 7&'*& ,�>'$. ��H'$>�� �?#&=&'&��P 
(1) ?#� �$'�,�� 5$<�:�- >��@#���<$7�� <$:�>���>%J #$<��>%� 5$< 1,2

,n m��  
�% :#&�&�� 3�'&"'&%>! :"'�<� �&3�%�#�H� ?�>%�!���H� <�$,&��!. �%&?&�J 
>��@#���<�:$���>%� $�$'�<�#+&�*@ >�H�$'�: �7&��:$'$>J > ?���TJP 
#$>,&%$ ��%&H#$'J��- ,�>'&���- �&#* >%&?&�� 5$<�:�- >��@#���<�:$���-
>%� – «>+��$#��H� ?#�7&�%$ 5$<�:�- >��@#���<$7��», ?#&=>%$:'!PT&- 
>�"�- >+��+ ='�� :#&�&��*@ ��%&#:$'�:, �$ 3�%�#*@ �$"'P=$&%>! 5$<�-
:$! >��@#���<$7�! #$<'�,�*@ ?�#!=3�: n:m, �%�&>A��+P 3 ='��& #&$'�<$-
7�� � :*#$B&��+P : ?#�7&�%$@. 
+B�� �%�&%�%J, ,%� ?#� $�$'�<& L3>?&-
#��&�%$'J�*@ =$��*@, : >�'+ ?#�>+%>%:�! : >�H�$'$@ <�$,�%&'J�*@ /+-
��:, �&>%$7���$#��>%&- � ?&#&@�=�*@ ?#�7&>>�:, �>?�'J<�:$��& �?#&=&-
'&��! (2) �$?#!�+P ='! $:%��$%�,&>3�H� ?��>3$ +,$>%3�: 5$<�:�- >��-
@#���<$7��, �3$<*:$&%>! �&7&'&>��"#$<�*�. 
&�"@�=��� ?#��&�!%J >?&-
7�$'�<�#�:$��*& �&%�=*.  

� �$/&- #$"�%& ='! $:%��$%�,&>3�H� ?��>3$ +,$>%3�: 5$<�:�- >��-
@#���<$7�� "*' �>?�'J<�:$� >'&=+PT�- �&%�=. �&%�=�� ?�>%#�&��! 
>H'$B�:$PT&H� ?�'����$ : >3�'J<!T&� �3�& >%#��'$>J ?#��<:�=�$! #$<-
��>%� 5$< , ( )n m t��  ?� :#&�&��. �$<�:$! >��@#���<$7�! =�$H��>%�#�:$'�>J 
�$ :#&�&���� ��%&#:$'&  : >'+,$&, &>'� ?#��<:�=�$!, L�?�#�,&>3$! �7&�3$ 
�$%&�$%�,&>3�H� �B�=$��! �$ ��%&#:$'& � :&'�,��$ ��%&#:$'$ �$@�=�'�>J  
: �?#&=&'A���� ��%&#:$'& <�$,&��-.  

�'! �7&�3� �$?#$:'&��! :�<=&->%:�! 3 #!=$� �>@�=�*@ =$��*@ "*' 
?#��&�A� �&%�=, �>��:$��*- �$ ��=&'�#�:$��� 5$<�:�- =��$��3�. �< �>-
@�=�*@ #!=�: "*'� :*=&'&�* 5$<* > ?���TJP ?#&�"#$<�:$��! ��'J"&#%$. 
�� 5$<$� >�H�$'�: >%#��'$>J ��=&'J 5$<�:�- =��$��3� : :�=&: 

 
)),()(),(()(

)),()(),(()(

211222

12111

tttFt
tttFt

����	��
����	��

 (3) 

H=& �1, �2 – /+�* > �+'&:*� >#&=���.   
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������������ �C������������ ��C@�7�������! ������ 
 �����7��-���E������ ������� � ����� � +�� +�����8��! 

 
2�
�� �.�., 
������ 5 ��

	 (�H�4 �*' 

��
���� �./., �.�.�., 
.�.
. (*' �	
	���
��" ��� �	
�������� 
 

�>>'&=�:$��& >��@#���<$7�� � ?#&��+T&>%:&���H� �$?#$:'&��! 
:<$���=&->%:�- �&B=+ #$<'�,�*�� 3�'&"$%&'J�*�� ?#�7&>>$�� : >&#=&,-
��->�>+=�>%�- >�>%&�& ,&'�:&3$ +B& ���H�& H�=* !:'!&%>! �"Y&3%�� 
"�'J/�H� :���$��! [1–3]. ��%&#&> 3 L%�- <$=$,& �"+>'�:'&� %&�, ,%� :<$-
���=&->%:�! L'&�&�%�: >&#=&,��->�>+=�>%�- >�>%&�* �"+>'�:'&�* �>�-
"&���>%!�� 5+�37����#�:$��! � �%#$B$P% && >�>%�!��&, : =$'J�&-/&� 
��H+% "*%J �>?�'J<�:$�* ='! �&=�7��>3�- =�$H��>%�3�. � ?���TJP #$<-
'�,�*@ �&%�=�: : #$"�%& ?#�:&=&�� �>>'&=�:$��& >��@#���<$7�� � ?#&-
��+T&>%:&���H� �$?#$:'&��! :<$���=&->%:�! �&B=+ =*@$��&� � ��<3�-
,$>%�%�*�� 3�'&"$��!�� >&#=&,��H� #�%�$ � 3#�:!��H� =$:'&��! ,&'�:&-
3$ > >�">%:&���- ,$>%�%�- �3�'� 0.1 �7 ?� L3>?&#��&�%$'J�*� :#&�&��*� 
#!=$�.  


$�� �">'&=�:$�� 42 ?#$3%�,&>3� <=�#�:*@ ,&'�:&3$ (18 B&�T��) : 
:�<#$>%& �% 20 =� 48 '&%, "&< ?#�<�$3�: >&#=&,��- ?$%�'�H�� (: ?�'�B&��-
!@ 'AB$ � >%�!), 62 ,&'�:&3, >%#$=$PT�@ $#%&#�$'J��- H�?&#%���&- ('AB$ 
� >%�!) � 112 ?$7�&�%�:, ?&#&�A>/�@ ��5$#3% ���3$#=$ ,&#&< �&=&'P ?�-
>'& ��5$#3%$ (: ?�'�B&���  %�'J3� 'AB$).  

�>&� �">'&=+&�*� :*?�'�!'$>J �=��:#&�&��$! #&H�>%#$7�! L'&3-
%#�3$#=��H#$��* � >�H�$'$ 3#�:!��H� =$:'&��! >� >#&=�&H� ?$'J7$ #+3� : 
H�#�<��%$'J��� ?�'�B&��� %&'$. �>& >�H�$'* >���$'�>J > ,$>%�%�- 250 
�7 ?#� 16-%� #$<#!=��� #$<#&/&���, $ <$%&� �"#$"$%*:$'�>J �$ 3��?JP-
%&#&. �#�=�'B�%&'J��>%J 3$B=�- <$?�>� >�>%$:'!'$ 10 ���+%. �� :#&�! 
#&H�>%#$7�� >�H�$'�: =*@$��& + :>&@ �">'&=+&�*@ "*'� ?#��<:�'J�*�. � 
3$B=�H� �>?*%+&��H� "*'� ?#��<:&=&�� ?� �&>3�'J3� <$?�>&- : #$<�*& 
=��. �>&H� "*'� �%>�!%� 422 <$?�>�. � %$3B& 120 <$?�>&- >� <=�#�:*@ 'P-
=&-, �$@�=�:/�@>! : >�>%�!��� �#%�>%$%�,&>3�H� >%#&>>$ : %&,&��& =:+@ 
,$>�:. �'! :*=&'&��! ��<3�,$>%�%��- 3��?��&�%* :$#�$"&'J��>%� >&#-
=&,��H� #�%�$ � ��<3�,$>%�%��- 3��?��&�%* >�H�$'$ 3#�:!��H� =$:'&��!, 
��&PT�@ ,$>%�%+ �3�'� 0.1 �7, �>?�'J<�:$'$>J 5�'J%#$7�! #!=�: R-R ��-
%&#:$'�: � 3#�:!��H� =$:'&��!, >��%:&%>%:&���, ?�'�>�:*� 5�'J%#�� > 
?�'�>�- ?#�?+>3$��! 0.05–0.15 �7. 

���@#���<$7�! � :<$���=&->%:�& �&B=+ �>>'&=+&�*�� 3�'&"$%&'J-
�*�� ?#�7&>>$�� >&#=&,��->�>+=�>%�- >�>%&�* �<+,$'�>J �$�� > ?���-
TJP >'&=+PT�@ �&#: >+��$#��H� ?#�7&�%$ 5$<�:�- >��@#���<$7��, 3�-
L55�7�&�%$ 5$<�:�- >��@#���<$7��, �7&�3� >�'* >:!<� ?� �&%�=+, �>��-
:$����+ �$ ��=&'�#�:$��� 5$<�:�- =��$��3�, 3�H&#&�%��>%�.  
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��
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	��. ��?&#@$�> : ��=&'J��- �&$:%������- >�>%&-
�& > 3$>3$=��- ?&#&=$,&- :�<"+B=&��! ?� >?&3%#+ 
����� $.�., (��H�4, 4 ��

. �<$���=&->%:�& ?#�7&>>�: #&H+'!7�� #�%�$ 
>&#=7$ � ��3#�7�#3+'!7�� 3#�:�, ��&PT��� ,$>%�%+ �3�'� 0.1 �7 
���	�
� �.�., (��H�4, 5 ��
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. �>>'&=�:$��& :<$���=&->%:�! ��<3�,$>%�%-
�*@ #�%��: >&#=&,��->�>+=�>%�- >�>%&�* : ��#�& � ?#� ?$%�'�H�!@ 
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��-(��� �.�., (��H�4, 5 ��
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?$#$�&%#�: <$/+�'&��*@ =��$��,&>3�@ >�>%&� ?� #&$'�<$7�!� 3�'&"$��- 
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�����	 �.�., G�$ G-�. �*', 4 ��

. 
�:*- �&%�= +?#$:'&��! �+'J-
%�>%$"�'J��>%JP ?�'�5$<�*� H$#����,&>3�� :�<=&->%:�&� 
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��	
 $.�., (�#, 	
��
	��. � "�5+#3$7�!@ %#&@�&#�*@ �%�"#$B&��- 
��
�� �.�., (�#, 	
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 �.�., G�$ G-�. �*', 5 ��
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. ���$��3$ '�H�>%�,&>3�H� �%�"#$B&��! > ?&-
#��=�,&>3�- ��=+'!7�&- ?$#$�&%#$ 
���"��� �.�., (�#, 3 ��

. ���$��3$ #&'$3>$7�����H� �>7�''!%�#$ %�?$ 
«�$3�?'&��&->"#�>» > #$<'�,�*�� %�?$�� ��=+'!7�� ?�#�H$ >#*:$ 3�'&-
"$��- 
�	��	
� 
.�., (�#, �	��
�
	��
	. �&�&#$%�#* /�#�3�?�'�>�*@ @$�%�-
,&>3�@ ��� 3�'&"$��- �$ �>��:& %+#"+'&�%�*@ L'&3%#���*@ ?+,3�: 
�������
 �.�., �	�	6�� �.�., (�#, 2 ��

. � %&�#�� :<$���=&->%:�! 
L'&3%#����H� ?�%�3$ > �"#$%��- L'&3%#��$H��%��- :�'��- ?#� �$'�,�� 
�%#$B&��- � <$%+@$��! : <$�&='!PT&- >�>%&�& 
������
 �.�., G�$ G-�. �*', 5 ��

. �$<�:$! �+'J%�>%$"�'J��>%J � :'�!-
��& '�3$'J��H� �>%�,��3$ /+�$ : ��=&'� $:%�3�'&"$%&'J��- >#&=* 
��"�(	
� $.�., G�$ G-�. �*', 	
��
	��. �'�!��& <$=&#B3� �$ #&B��* 
5$<�:�- �+'J%�>%$"�'J��>%� : >�>%&�& >:!<$��*@ @$�%�,&>3�@ �>7�''!%�-
#�: 
�	�"�	
 �.�., G�$ G-�. �*', 3 ��

. ��>'&���& �>>'&=�:$��& =��$��3� 
>%�@$>%�,&>3�@ �&'��&-�*@ >�>%&� > �>?�'J<�:$��&� $??$#$%�*@ >#&=>%: 
:�=&�3$#%* 
��/��	
 �.�., G�$ G-�. �*', 3 ��

, *	��!����� �.�., G�$. G-� �*', 	
-
��
	��. �3>?&#��&�%$'J��& �>>'&=�:$��& >%#+3%+#* ?#�>%#$�>%:$ ?$#$-
�&%#�: >:!<$��*@ #$=��%&@��,&>3�@ H&�&#$%�#�: > ?#&=&'J�*�� 7�3'$�� 
�
	��� �.�., G�$. G-� �*', 
������. �$>,&% �%��>�%&'J��- �&%#�,&>3�- 
L�%#�?�� : $3%�:��- >#&=& > �=���$?#$:'&���- >:!<JP 

7

 

 
��>. 3. 	 – H#$5�3 <$:�>���>%� 3#�%&#�! �:$#7$ �% 3�'�,&>%:$ "$<�>�*@ 5+�37�- 
='! :#&�&���H� #!=$ ��� ?#� D=6, s=4; ! – H#$5�3 <$:�>���>%� �/�"3� $??#�3>�-
�$7�� �% 3�'�,&>%:$ "$<�>�*@ 5+�37�-  

 
5+�37�- (#�>. 3, !). 
&>��%#! �$ %�, ,%� 3�'�,&>%:� "$<�>�*@ 5+�37�- >�-
3#$%�'�>J, �/�"3$ :*#�>'$ �&<�$,�%&'J��. 

 
C�%�G-���� 

 
�'! 5�<��'�H�: ?#&=>%$:'!&% ��%&#&>, 3$3 �&�!P%>! >:�->%:$ �% �$-

,$'$ 3 3��7+ ?#�?$=3$, ?�L%��+ ='! $�$'�<$ L?�'&?%�,&>3�H� ?#�?$=3$ 
%#&"+&%>! :*>�3�& :#&�&���& #$<#&/&��&. � >:!<� > L%�� ��=&'J =�'B�$ 
"*%J "�'&& 3��?$3%�$, ,%� +=$&%>! =�>%�,J > ?���TJP �?%���<$7�� �$"�-
#$ "$<�>�*@ 5+�37�-. 

4�(���)
�$�-�'%�� '*�'�% 
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%��	��� 4.�. 

	 

! 

154



��"5�,���� � ��'��
�� *
���
� 
 

�&%�= �"#$%��H� �>3'P,&��! (Backward Elimination) "*' ?#�%&>%�#�-
:$� �$ ?#��&#& '�H�>%�,&>3�H� �%�"#$B&��!: 

)05.0,0(5.1 2
1 RandGxx nn ��	�       (7) 

��=&'J >%#��'$>J ?#� #$<�&#��>%� D=6 � ?�#!=3& s=3.  

$ #�>. 1 :�=��, ,%� 3#�%&#�- �:$#7$ �$,��$&% #&<3� #$>%� ?#� «:*-

3�=*:$���» ?�>'&=��@ =:+@ "$<�>�*@ 5+�37�-, %&@ >$�*@, ,%� :@�=!% : 
>�>%$: "$<�>�*@ 5+�37�- '�H�>%�,&>3�H� (f1=1, f2=x2).  

�&?&#J ��B&� ?&#&-%� 3 $�$'�<+ :#&�&���H� #!=$ ���. � 3$,&>%:& 
=$��*@ �>?�'J<�:$'�>J :#&�&��*& #!=* ��� "�'J�*@ $">$�>-L?�'&?>�&-, 
?�'+,&��*& �< ��>%�%+%$ �*>/&- 
&#:��- =&!%&'J��>%� � 
&-#�5�<��-
'�H�� ��
 (#�>. 2). � �$/&� #$>?�#!B&��� <$?�>� 7 ?$7�&�%�:, :3'P-
,$PT�& : >&"! 26 L?�'&?%�,&>3�@ ?#�?$=3�:.  


$ #�>. 3, 	 ?#&=>%$:'&� H#$5�3 <$:�>���>%� 3#�%&#�! �:$#7$ �% 3�-
'�,&>%:$ "$<�>�*@ 5+�37�- ='! :#&�&���H� #!=$ ���, �< 3�%�#�H� :�=��, 
,%� ='! @�#�/&- $??#�3>��$7�� ?#� =�>%$%�,�� :*>�3�@ #$<�&#��>%!@ � 
?�#!=3$@, �&�"@�=��� �3�'� =&>!%� "$<�>�*@ 5+�37�- �< �$"�#$ "$<�>�*@ 
5+�37�- ?�'����$ �"T&H� :�=$. �'&=+&% �"#$%�%J :���$��& %$3B& �$ 
H#$5�3 <$:�>���>%� �/�"3� $??#�3>��$7�� ~ �% 3�'�,&>%:$ "$<�>�*@ 

 

 
��>. 1. M$:�>���>%J 5+�37�� �:$#7$ �% 3�'�,&>%:$ "$<�>�*@ 5+�37�- 

 
��>. 2. �#��&# :#&�&���H� #!=$ ���, �$#3&#$�� ?�3$<$�* �$,$'� � 3��&7 L?�'&?-
%�,&>3�@ ?#�?$=3�:. 
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$7�/	
 �.�., G�$. G-� �*', ��7���
. C��@#���<$7�! '�3$'J�*@ 3�'&"$-
��- : $�>$�"'!@ >%�@$>%�,&>3�@ ,$>%�7 > =�>3#&%�*� �$"�#�� >�>%�!��- 
��"��	
� $.8., G�$. G-� �*', 	
��
	��, �����/	
 �.�., G�$. G-� �*', 
	
��
	��, ��
�	
� &.�., G�$. G-� �*', 	
��
	��. ���@#���<$7�! "�'J-
/�@ $�>$�"'&- �&5#���: �$ ?�:&#@��>%� ?�,3� 
��2�/	
 �.�., G�$. G-� �*', 4 ��

. �#��&�&��& �&-#�>&%&:�H� �&%�=$ 
='! #$>?�<�$:$��! >?$-3�: �$'*@ �&-#���*@ $�>$�"'&- 
�	�	��� �.�., G�$. G-� �*', 5 ��

. 
&'��&-��& ?#�@�B=&��& L'&3%#�-
�$H��%��- :�'�* ,&#&< ?'�>3�>'��>%+P >%#+3%+#+ > 3&##�:>3�- �&'��&--
��>%JP 
��%�� $.�., (��H�4, 5 ��

. �7&�3$ :#&�&�� <$?$<=*:$��! : >:!<� �&B=+ 
�>7�''!%�#$�� ?� 3�#�%3�� :#&�&��*� #!=$� 
$�	(�� �.�., G�$. G-�, 5 ��

. �&H�>%#$7�! �<�&�&��- ��#�$'J��- � ?$-
%�'�H�,&>3� �<�&�&���- %3$�� ?#� :�<=&->%:�� �$ �&& 1% #$>%:�#$ :�%$-
���$ B2 
�	�	%�� �.�., (��H�4, 5 ��

. �#$:��%&'J�*- $�$'�< :<$���=&->%:�! 
?$'&�3'��$%�,&>3�@ ?#�7&>>�: ?� =$��*� «	pica» � >%$�7�� «��>%�3» 
8����� &.�., (�#, 5 ��

. �>?�'J<�:$��& ?'$<�����-#&<��$�>�*@ ,$>%�7 
� 5'+�#&>7&�%�*@ 3#$>�%&'&- ='! >:&%���3#�>3�?�,&>3�@ �>>'&=�:$��- 
B�:�%�*@ 3'&%�3 
�����
� $.�., (�#, 5 ��

. ��'�,&>%:&��*- "�����=B��H #$3�:*@ 3'&-
%�3 > �>?�'J<�:$��&� #&<��$�>��H� #$>>&!��! >:&%$ 3��YPH$%$�� <�'�%*@ 
�$���"�'�,&3 > 5$H�:*�� ����$�%�%&'$�� 

 

8



����	�%� �''��	�
���� 
 


$"�# "$<�>�*@ 5+�37�- �?%���<�#+&� ?� 3#�%&#�P �����+�$ 7&-
'&:�- 5+�37�� (3#�%&#�P �:$#7$ [2]): 

2
)ln(*ln*

2
)( 2 NcoeffNcoeffSch



��

�
�

�
�
� 


	 � .                           (5) 

M=&>J )*)1(( lagDDPNN ���	
  – L55&3%�:�$! ='��$ #!=$, �  – >#&=�&-
3:$=#$%�,�$! �/�"3$ $??#�3>��$7��: 

2

*)1( 12*

12 � �
�

�	
�
�

�

�

�
�

�

�

	
��



	

DPN

lagDn

coeff

i
ifiDPnx

N
�

�
� .                    (6) 

�$3 :�=�� �< 5�#�+' (5)–(6) 7&'&:$! 5+�37�! �"&>?&,�:$&% �&3�%�#*- 
3��?#���>> �&B=+ �/�"3�- $??#�3>��$7�� � #$<�&#�� ��=&'� (3�'�,&-
>%:�� 3�L55�7�&�%�: coeff). 

�'! �?%���<$7�� �$"�#$ "$<�>�*@ 5+�37�- �>?�'J<+&� �&%�= �"#$%-
��H� �>3'P,&��! (Backward Elimination) [3]. �+%J �&%�=$ <$3'P,$&%>! : 
>'&=+PT&�:  

1. :*"�#$&� =�>%$%�,�� "�'J/�& ?�#!=�3 ?�'����$ � #$<�&#��>%J � 
:3'P,$&� : ��=&'J :>&:�<��B�*& "$<�>�*& 5+�37��: 

coefffff ,...,2,1  

2. ?��,&#&=�� �>3'P,$&� �< �$"�#$ "$<�>�+P 5+�37�P fi  � >,�%$&� 
3:$=#$% �/�"3� $??#�3>��$7�� ~i

2 ?� �$"�#+ �>%$:/�@>! "$<�>�*@ 
5+�37�-: 

2
121 ,...,, ��coefffff  
2
221 ,...,, ��coefffff  

....................  
2

21 ,...,, coeffcoefffff ��  

3. �>+T&>%:'!&� ?��>3  �����$'J��-  >#&=� ?�'+,�:/�@>! �/�"�3 
?#�H��<$ – ~min 

4. ?#��<:�=�� «�%>&�:$��&» "$<�>��- 5+�37��, ?#� �%>+%>%:�� 3�%�-
#�- : �$"�#& "$<�>�*@ 5+�37�- ?�'+,�'� ~min. 

��:%�#!&� =&->%:�! 1–4 =� %&@ ?�#, ?�3$ �$ H#$5�3& <$:�>���>%� 3#�%&#�! 
�:$#7$ (5) �% 3�'�,&>%:$ "$<�>�*@ 5+�37�- �& ?�!:�%>! �����+�. 
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�+����C�H�� ��4��� 4�C����! IE�@H��  
��� ��������8� ���� <<8 �� �����  

<+���+��7��@�8� +��+��@� 

����
����	 �.�., 
�������	 5 ��

	 (��H�4 �*' 
 


$ �>��:& �����+�$ 3#�%&#�! �:$#7$ :*"#$� 3��?$3%�*- �$"�# "$-
<�>�*@ 5+�37�- ='! #&3��>%#+37�� ��=&'J�*@ �%�"#$B&��- ?� :#&�&�-
�*� #!=$� ��� (L'&3%#�L�7&5$'�H#$��). 

 
�
�	���� 

 

�=��� �< >�:#&�&��*@ �&%�=�: $�$'�<$ :#&�&��*@ #!=�: !:'!&%>! 
#&3��>%#+37�! ?� ��� ��=&'J�*@ �%�"#$B&��-. � ?#�'�B&��� 3 $�$'�<+ 
��� ?�'+,&��*& %$3�� �"#$<�� ��=&'� ��B�� �>?�'J<�:$%J, �$?#��&#, 
='! �?#&=&'&��! �$?#$:'&���>%� >:!<� �&B=+ #$<'�,�*�� +,$>%3$�� 3�-
#* H�'�:��H� ��<H$ > ?���TJP ?#�,����>%� ?� �#&-�=B&#+ [1]. 

� =$���- #$"�%& #$>>�$%#�:$&%>! �%�"#$B&��& >'&=+PT&H� :�=$: 

),( *)1(,..., lagDnlagnnDPn xxxGx ���� 	 .                               (1) 

M=&>J lag – L%� #$>>%�!��& �&B=+ %�,3$�� :&3%�#$ >�>%�!��! ('$H), DP – 
=$'J��>%J ?#�H��<$, D – #$<�&#��>%J �%�"#$B&��!, G – $??#�3>���#+P-
T$! 5+�37�!, 3�%�#$! �T&%>! 3$3 '��&-�$! 3��"��$7�! �<:&>%�*@ "$<�>-
�*@ 5+�37�-: 

),( *)1(,...,
1

lagDnlagnnk

coeff

k
k xxxfG ���

	
�	 � .                                 (2) 

� 3$,&>%:& "$<�>�*@ 5+�37�- fk "&#&� :>&:�<��B�*& >%&?&��*& �=-
��,'&�*:  

�
	

	
D

i



ik

ikxf
1

, H=& s

D

i
ik ��

	1
.               (3) 

�� &>%J G – !:'!&%>! ?�'������ �"T&H� :�=$ ?�#!=3$ s. ��'�,&>%:� 3�L5-
5�7�&�%�: � "$<�>�*@ 5+�37�- ��B�� ?�>,�%$%J ?� 5�#�+'&: 

!!
)!(

sD
sDcoeff �

	 .        (4) 

�'! @�#�/&- $??#�3>��$7�� �&�"@�=��� "#$%J "�'J/�& ?�#!=3� � 
#$<�&#��>%�. 
� %�H=$ :�<��3$&% ?#�"'&�$ ?&#&�"+,&��! ��=&'�, >:!<$�-
�$! > %&�, ,%� : L%�� >'+,$& 3�'�,&>%:� 3�L55�7�&�%�: coeff >%#&��%>! 3 
3�'�,&>%:+ %�,&3 : $�$'�<�#+&��� :#&�&���� #!=&. �� L%�- ?#�,��& ?#�-
@�=�%>! �>?�'J<�:$%J ='! $�$'�<$ :#&�&��*& #!=* =�>%$%�,�� "�'J/�- 
='��*, ,%� :&=&% 3 +�&�J/&��P :#&�&���H� #$<#&/&��!. 

�=�$3� �3$<*:$&%>!, ,%� <�$,�%&'J�+P ,$>%J "$<�>�*@ 5+�37�- ��B-
�� +=$'�%J, � �/�"3$ $??#�3>��$7�� ?#� L%�� :*#$>%&% �&<�$,�%&'J��. 
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7�������� ������������� 8�����H�� 8�+��4���7��@�8� 
!���� � ������� ���C����! +�������! @��������� 

 
����3���� �.�., 	
��
	�� (�# �*' 

 

$�"�'&& >�'J�*�� @$�%�,&>3��� >:�->%:$�� �"'$=$P% H�?&#"�'�-

,&>3�& $%%#$3%�#*, 3�%�#*& >�>%�!% %�'J3� �< %#$&3%�#�- >&='�:�H� %�?$ 
[1]. �$��*& $%%#$3%�#* !:'!P%>! >%#+3%+#�� +>%�-,�:*��, ,%� �<�$,$&% 
�&,+:>%:�%&'J��>%J =��$��3� >�>%&�* 3 :$#�$7�!� ?$#$�&%#�: >�>%&�*. 
� #$"�%& [2] ?#&='$H$&%>! ?#��7�? ?�>%#�&��! 5�<�,&>3� #&$'�<+&�*@ 
>�>%&�, �"'$=$PT�@ $%%#$3%�#�� H�?&#"�'�,&>3�H� %�?$. �$��*- ?#��-
7�? >�>%��% : L>%$5&%��- ?&#&=$,& :�<"+B=&��! 3�'&"$��- �&B=+ ?�=>�>-
%&�$�� %$3�� �"#$<��, ,%� %#$�>5�#�$7�! 5$<* 3�'&"$��- <$ ?�'�*- 
7�3' #$"�%* >�>%&�* ?�=,��!&%>! @$�%�,&>3��+ �%�"#$B&��P G&#�+''�. 

� #$"�%& [3] =$��*- �&@$��<� 5+�37����#�:$��! "*' #$>?#�>%#$�&� 
�$ #$>?#&=&'&��+P :�'��:+P >�>%&�+ >:&#@:*>�3�,$>%�%��H� =�$?$<��$, 
>�>%�!T+P �< =:+@ <$�3�+%*@ : 3�'J7� ?#�'&%�*@ 3'�>%#���: (#�>. 1). 
�@�=��- #&<��$%�# ?&#:�H� 3'�>%#��$ �$>%#�&� �$ ,$>%�%+ � , $ :*@�=-
��- – �$ ,$>%�%+ :%�#�- H$#����3� 2� . �$3�� �"#$<��, ?&#:*- 3'�>%#�� 
5+�37����#+&% 3$3 +���B�%&'J ,$>%�%* � 5$<* :@�=��H� >�H�$'$. �*@�=-
��- >�H�$' ?&#:�H� 3'�>%#��$ ?�>%+?$&% :� :@�=��- #&<��$%�# :%�#�H� 
3'�>%#��$ ,&#&< /�#�3�?�'�>�+P "&<=�>?&#>����+P '���P ?&#&=$,�, >�-
=&#B$T+P 5$<�:#$T$%&'J � $%%&�P$%�# ='! #&H+'�#�:$��! 5$<* � $�?'�-

%+=* ?#�@�=!T&H� >�H�$'$ >��%-
:&%>%:&���. �=��:#&�&��� :� :%�-
#�- 3'�>%#�� ?�>%+?$&% >�H�$' �% 
:�&/�&H� �>%�,��3$ : :�=& ?&#��-
=�,&>3�- ?�>'&=�:$%&'J��>%� ��-
?+'J>�: > <$?�'�&��&� �$ ,$>%�%& 
%#&%J&- H$#����3�. �$3�� �"#$-
<��, :� :%�#�� 3'�>%#��& ?#��>-
@�=�% >�&/&��& >�H�$'�: :%�#�- � 
%#&%J&- H$#����3. � :*@�=��� #&-
<��$%�#& :%�#�H� 3'�>%#��$ :*=&-
'!&%>! >�H�$' �$ #$<��>%��- ,$>%�-
%& � , 3�%�#*- ?�>%+?$&% :� :@�=-
��- #&<��$%�# ?&#:�H� 3'�>%#��$, 
� L%� <$�*3$&% 7&?J �"#$%��- >:!-
<�. � #$"�%& [3] ?�'+,&�$ �$%&�$-
%�,&>3$! ��=&'J H&�&#$%�#$ : :�=& 
>�>%&�* =�55&#&�7�$'J�*@ +#$:-
�&��- > <$?$<=*:$��&�: 

 

 
��>. 1. �#��7�?�$'J�$! >@&�$ H&�&#$%�#$
@$�>$ �$ �>��:& >:!<$��*@ ?#�'&%�*@ 
3'�>%#���:. 1 – L'&3%#���*& ?+/3�, 2 –
L'&3%#���*& ?+,3�, 3 – 3�''&3%�#*, 4 – $%-
%&�P$%�#*, 5 – 5$<�:#$T$%&'� 
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 2
1 1 2 2 2iF F e F�� � �� 	 
� , (1) 

 � �� � � �� �0122 2
1 1 1 2 14 2 i tF F J F t e

�� �� ��� � ��  	 � � �� , (2) 

 12 2 2
2 2 1 12 iF F e F�� � ��  	 
� , (3) 

 � �� � � � � � � �2
20 3 12

2 2 2 3 1 2 2 1 02 i m ti m
m m

m
F F e i J F t J F e

�!
� � � ��� �� � �

� �
	�!

� 	 � � ��� . (4) 

 

M=&>J ��B��& ��=&3>* 1, 2  �>?�'J<+P%>! ='! �"�<�$,&��! ���&#$ 3'�>-
%#��$, :&#@��& ��=&3>* � , 2�  – ='! �"�<�$,&��! >�">%:&���- ,$>%�%* #&-
<��$%�#$, k

jF  – ��#��#�:$��*& 3��?'&3>�*& $�?'�%+=* ?�'&- : >��%:&%-

>%:+PT�@ #&<��$%�#$@, � �argk k
j jF� 	 , � �0F t  <$=$&% ��#��#�:$��+P $�?'�-

%+=+ �?�#��H� >�H�$'$ %#&%J&- H$#����3�, ?$#$�&%#   �?#&=&'!&% �%��/&-
��& <�$,&��- =�"#�%��>%� #&<��$%�#�: �$ ,$>%�%$@ �  � 2� , j
  � j�  – 3�-
L55�7�&�%* �>'$"'&��! � 5$<�:*& >=:�H� >�H�$'$ : '���!@ ?&#&=$,�, >�-
�%:&%>%:&���, �  – ?$#$�&%# <$?$<=*:$��!, j�  – ?$#$�&%#* :�<"+B=&��!, 

0�  – �&:�<�+T&��*- +H�' ?#�'&%$ L'&3%#���: : ?#�>%#$�>%:& =#&-5$, nJ  – 
5+�37�� G&>>&'! 1-H� #�=$ n -H� ?�#!=3$. � 3$,&>%:& �>��:�*@ +?#$:'!P-
T�@ ?$#$�&%#�: >�>%&�* :*>%+?$P% ?$#$�&%#* :�<"+B=&��! j� , 3�%�#*& 
��B�� %#$3%�:$%J 3$3 ��#��#�:$��*& %�3� L'&3%#���*@ ?+,3�:. 
�+>%J �?�#�*- >�H�$' %#&%J&- H$#����3� ?�>%+?$&% �% :�&/�&H� �>%�,��-
3$ : :�=& ?�>'&=�:$%&'J��>%� ��?+'J>�: $�?'�%+=* 0F , ?&#��= >'&=�:$-
��! 3�%�#*@ #$:&� :#&�&�� ?#�@�B=&��! >�H�$'$ ?� 3�'J7+ �"#$%��- >:!-
<� 2� . G+=&� ?�'$H$%J, ,%� 3�'&"$��! ?�'&- : #&<��$%�#$@ +>%$�$:'�:$P%-
>! %$3 "*>%#�, ,%� ?#��<:�=�*�� �% �@ 3��?'&3>�*@ $�?'�%+= ��B�� 
?#&�&"#&,J. ��H=$, #$>>�$%#�:$! ?&#&�&��*& : =�>3#&%�*& ���&�%* :#&-
�&�� 2nt n	 � , ?�>'& �&>'�B�*@ �$%&�$%�,&>3�@ ?#&�"#$<�:$��- >�>%&�$ 
=�55&#&�7�$'J�*@ +#$:�&��- (1)–(4) >:�=�%>! 3 =:+�&#���+ %�,&,���+ 
�%�"#$B&��P �%��>�%&'J�� 3��?'&3>��- $�?'�%+=* ?�'! :@�=��H� #&<�-
�$%�#$ ?&#:�H� 3'�>%#��$: 
 

 � � � �� � � � � � � �� �1 02 01 3 1 2
1 2 3 1 1 2 2 1 02 nn i mii m

n m n m
m

F e e i J J F J F e�

!
� � � � � ��� ���

� � �
	�!

	 " "�  (5) 

 

M=&>J ::&=&�* >'&=+PT�& �"�<�$,&��!: � �1n nF F t�	 , � �� �1argn nF t�� 	 , 
2

1 1 14 2" 	 � 
  , 2 2 22" 	 � 
 . ��$'�< =$���H� �%�"#$B&��! ?�3$<*:$&%, 
,%� : 3$,&>%:& �>��:�*@ +?#$:'!PT�@ ?$#$�&%#�: :*>%+?$P% ?$#$�&%#* 
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��=&'�#+PT�@ 3�'&"$��! >#&=�&H� $#%&#�$'J��H� =$:'&��! L3>?&#��&�-
%$'J�*@ >�H�$'�:. ��%&�>�:��>%J /+�$ # "*'$ ?�=�"#$�$ %$3, ,%� 3�L5-
5�7�&�% =�55+<�� 5$<* (���) L3>?&#��&�%$'J�*@ >�H�$'�: :�>?#��<:�-
=�'>! 3$B=�- ?$#�- >+##�H$%�*@. �'! 3$B=�- ?$#* >+##�H$%�*@ �7&��:$-
'$>J :&'�,��$ S. �� #&<+'J%$%$� �"#$"�%3� $�>$�"'! ��=&'J�*@ #&$'�<$-
7�- ='! �"��@ =�"#�:�'J7&: "*'� ?�3$<$��, ,%� >#&=��- S ?� $�>$�"'P 
:$#�$"&'J��>%� >�>+=�>%�H� =$:'&��! >�>%$:'!&% 29.7$ 1.6 � ?#$3%�,&>3� 
#$:&� >#&=�&�+ S, :*,�>'&����+ ='! >�H�$'�: :$#�$"&'J��>%� >&#=&,��H� 
#�%�$ 29.6$ 1.6. 

��'+,&��*& #&<+'J%$%* ,�>'&���H� ��=&'�#�:$��! ?�3$<*:$P%, ,%� 
:�&>&��& : <$:&=��� >��@#���*& >�H�$'* �<�&#�%&'J��H� /+�$, >��@#�-
��<�:$���>%� @$#$3%&#��- ='! L3>?&#��&�%$'J�*@ >�H�$'�: 3$#=����%&#-
:$'�H#$��* � ?+'J>�H#$��*, �&<�$,�%&'J�� �$#+/$&% �@ >��@#���<$7�P 
> L3>?&#��&�%$'J�*� >�H�$'�� =*@$��!.  

� #$"�%& "*'� ?#�:&=&�� �>>'&=�:$��& @$#$3%&#$ :<$���=&->%:�! 
0.1 �7 ?�=>�>%&� �&#:��- #&H+'!7�� ��� > %�,3� <#&��! 5$<�:�- >��@#�-
��<$7��. � #&<+'J%$%& �"#$"�%3� L3>?&#��&�%$'J�*@ >�H�$'�:, $ %$3B& : 
@�=& �>>'&=�:$��! �$ ��=&'� �&$:%������H� $:%�H&�&#$%�#$ "*'� ?�'+,&-
�* $#H+�&�%* : ?�'J<+ %�H�, ,%� 0.1 �7 ?�=>�>%&�$ #&H+'!7�� ,$>%�%* 
>&#=&,�*@ >�3#$T&��- � 0.1 �7 ?�=>�>%&�$ #&H+'!7�� >�>+=�>%�H� %��+>$ 
���, ?#&=>%$:'!P% >�"�- =:$ #$<'�,�*@ 3�'&"$%&'J�*@ ?#�7&>>$, :<$�-
��=&->%:�& 3�%�#*@ ��B�� #$>>�$%#�:$%J > %�,3� <#&��! >��@#���<$7��. 

 
/	!��	 �+������	 �
� �����
7�� /((� (�
	�� >10-02-00980) � 

�
��
	��+ <</	$����� �	�&���� �����8�	�	 �+
6�" 6���+>> (�
	�� 
>2.1.1/1738). 

 
4�(���)
�$�-�'%�� '*�'�% 

 

1. Malpas S. Neural influences on cardiovascular variability: Possibilities and 
pitfalls // Am. J. Physiol. Heart Circ. Physiol. –2002. V. 282. –P. 6. 

2. Stefanovska A., etc. Phisics of the human cardiovascular system // Con-
temp. Phys. –1999. V. 40. –P. 31–55. 

3. G&<#+,3� G.�., �#�=�&: �.�., �$#$:$&: �.�., ��>&'&: �.�., �����$-
#&�3� �.�., �#�@�#�: �.�., �+"$� 	.�. �&%�=�3$ �>>'&=�:$��! >��-
@#���<$7�� 3�'&"$%&'J�*@ ?#�7&>>�: > ,$>%�%�- 0.1 �7 : >&#=&,��–
>�>+=�>%�- >�>%&�& ,&'�:&3$ // �<:. ��M�: «�
�». –2009. –�. 17. –
� 6. –�. 44–56. 

4. Schreiber T., Schmitz A. Surrogate time series // Physica D. –2000. –
V. 142. –P. 346. 
 

�	�&�+" 
����������3: ��8���, �.G.-�.�. �	
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&%>! #$�J/&, ,&� <$@:$% ,$>-
%�%* >�H�$'$ =$:'&��! =*@$-
��&�, �"'$>%J <$@:$%$ ,$>%�-
%* =*@$��&� + >�H�$'$ >&#-
=&,��H� #�%�$ /�#&, ,&� + 
>�H�$'$ =$:'&��!. ��'+,&�-
�*& : #&<+'J%$%& �"#$"�%3� 
L3>?&#��&�%$'J�*@ >�H�$'�: 
:*:�=* >:�=&%&'J>%:+P% : 
?�'J<+ %�H�, ,%� 0.1 �7 ?�=-
>�>%&�$ #&H+'!7�� ,$>%�%* 
>&#=&,�*@ >�3#$T&��- � 
0.1 �7 ?�=>�>%&�$ #&H+'!7�� 
>�>+=�>%�H� %��+>$ ���, 
?#&=>%$:'!P% >�"�- =:$ #$<-
'�,�*@ 3�'&"$%&'J�*@ ?#�-
7&>>$. 

�'! L3>?&#��&�%$'J�*@ 
>�H�$'�: :$#�$"&'J��>%� 
>&#=&,��H� #�%�$ � >�>+=�-
>%�H� =$:'&��! "*' �7&�&� 3�L55�7�&�% 5$<�:�- =�55+<�� (���) [4], �%-
#$B$PT�- +#�:&�J <$/+�'&���>%� >�H�$'�:. ��� >�H�$'�: :$#�$"&'J��-
>%� >&#=&,��H� #�%�$ �3$<$'�>J "�'J/& (='! 1 =�"#�:�'J7$ ���=2.85 � 
='! 2 =�"#�:�'J7$ ���=3.13), ,&� ��� >�H�$'�: >�>+=�>%�H� =$:'&��! 
(='! 1 =�"#�:�'J7$ ���=2.76 � ='! 2 =�"#�:�'J7$ ���=2.57) ='! =:��@ 
�>?*%+&�*@. ��'+,&��$! #$<��7$ �7&��3 ��� !:'!&%>! $#H+�&�%�� : 
?�'J<+ %�H�, ,%� ?�'+,&��*& : #&<+'J%$%& �"#$"�%3� L3>?&#��&�%$'J�*@ 
=$��*@ :*:�=* �& !:'!P%>! >'&=>%:�&� :�<=&->%:�! �$ >�H�$' ?+'J>�-
H#$��* "�'J/&H� �<�&#�%&'J��H� /+�$, ,&� �$ >�H�$' ���. 

�#�:&#3$ H�?�%&< %$3B& �>+T&>%:'!'$>J : @�=& ,�>'&���H� ��=&'�#�-
:$��! 0.1 �7 >�>%$:'!PT�@ L3>?&#��&�%$'J�*@ >�H�$'�: 3$#=����%&#:$-
'�H#$��*  �  ?+'J>�H#$��*.  �#�   L%��  ,�>'&���  �&%�=�� �-'&#$ #&/$-
'�>J +#$:�&��& �$� =&# ��'! ?�= H$#����,&>3�� :�&/��� :�<=&->%:�&�: 

tAtx
dt
dxrx

dt
xd

1
2

0
2

2

2

sin)()( �	#����� .                             (1) 


$,$'J�*& +>'�:�! � ?$#$�&%#* "*'� ?�=�"#$�* %$3�� �"#$<��, ,%� ,$>-
%�%�*& � /+��:*& >:�->%:$ >��=&'�#�:$��*@ >�H�$'�: ?�:%�#!'� L3>?&-
#��&�%$'J�*& >�H�$'*. � (1) 0�  – >�">%:&��$! ,$>%�%$, 1�  – ,$>%�%$ :�&/-
�&H� :�<=&->%:�!, A  – $�?'�%+=$ :�<=&->%:�!. 

� @�=& ��=&'�#�:$��! "*' >H&�&#�#�:$� $�>$�"'J �< 100 >�H�$'�:, 
��=&'�#+PT�@ ?#�7&>> :$#�$"&'J��>%� >&#=&,��H� #�%�$, � 100 >�H�$'�:, 

 
��>. 1. �#$5�3 <$@:$%$ ,$>%�% >�H�$'$ =$:'&-
��! ('���! 1) � 3$#=��#�%��H#$��* ('���! 2) 
>�H�$'�� =*@$��! (?+�3%�#�$! '���!) ='! 1 
=�"#�:�'J7$ 
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1" , 2" ; ?$#$�&%#* 1,2� , 0�  �?#&=&'!P% %�'J3� ?�>%�!��+P >�>%$:'!PT+P 
5$<�:�H� >=:�H$ >�H�$'$. 

� [3] "*'� ?�3$<$��, ,%� ?#� �?#&=&'&��*@ <�$,&��!@ ?$#$�&%#�: : 
=$���- >�>%&�& +>%$�$:'�:$&%>! #&B�� H�?&#"�'�,&>3�H� @$�>$.  

� �$>%�!T&- #$"�%& ?#�:&=&�� "�'&& =&%$'J��& �<+,&��& =��$��3� 
�%�"#$B&��! (5), $ %$3B& >�?�>%$:'&��& > =��$��3�- "�'&& >%#�H�- ��=&-
'� : :�=& =�55&#&�7�$'J�*@ +#$:�&��- > <$?$<=*:$��&� (1)-(4). 

�&<+'J%$%* ,�>'&���H� ��=&'�#�:$��! %�,&,��H� �%�"#$B&��! >:�=&-
%&'J>%:+P% � %��, ,%� #&B�� H�?&#"�'�,&>3�H� @$�>$ #&$'�<+&%>! %�'J3� 
?#� �$'*@ <�$,&��!@ ?$#$�&%#$ 1" . � L%�� >'+,$& �< :>&@ ,'&��: "&>3�-
�&,��H� #!=$ =�>%$%�,�� +,�%*:$%J '�/J =:$ ,'&�$ > ���&#$�� 0, 1m 	 � .  


$ #�>. 2 � #�>. 3 ?#&=>%$:'&�* >��%:&%>%:&��� $%%#$3%�# �%�"#$B&-
��! : ?#�&37�� �$ ?'�>3�>%J 3��?'&3>��- ?&#&�&���- nF  � �%&#$7����$! 
=�$H#$��$ ='! 5$<* 3�'&"$��- : #&B��& H�?&#"�'�,&>3�H� @$�>$. �%%#$3-
%�# ��&&% �,&:�=��& :�<+$'J��& >@�=>%:� > H�?&#"�'�,&>3�� $%%#$3%�#�� 
%�?$ ��&-'$–��'J!�>$, ?�:&=&��& 5$<* �%:&,$&% �%&#$7�!� @$�%�,&>3�H� 
�%�"#$B&��! G&#�+''�, ,%� @$#$3%&#�� ='! 5�<�,&>3�@ >�>%&� > H�?&#"�-
'�,&>3�� @$�>��. 

���$��3$ >�>%&�* +#$:�&��- > <$?$<=*:$��&� (1)–(4) : 7&'�� $�$'�-
H�,�$ =��$��3& %�,&,��H� �%�"#$B&��! (5), &>'� ?&#��= >'&=�:$��! ��-
?+'J>�: �?�#��H� >�H�$'$ ?#&:*/$&% :#&�! +>%$��:'&��! 3�'&"$��- : #&-
<��$%�#$@ H&�&#$%�#$. �" L%�� >:�=&%&'J>%:+&% #�>. 4, H=& �$ ?'�>3�>%� 
?$#$�&%#�: � �1 2," "  ?#&=>%$:'&�* H#$��7* �"'$>%&- H�?&#"�'�,&>3�H� 
@$�>$ ='! >�>%&�* +#$:�&��- > <$?$<=*:$��&� (?+�3%�#�*& '����) � ='! 
%�,&,��H� �%�"#$B&��! (>?'�/�*& '����). ��=�� @�#�/&& 3$,&>%:&���& 
>�:?$=&��& �"'$>%&- H�?&#"�'�,&>3�H� @$�>$. 


$ #�>. 5 ?#&=>%$:'&�$ <$:�>���>%J >%$#/&H� '!?+��:>3�H� ?�3$<$%&-
'! H�?&#"�'�,&>3�H� $%%#$3%�#$ �% ?$#$�&%#$ 1�  ?#� 2 15.0� 	 . ��=��, ,%� 
?�3$<$%&'J �!?+��:$ :&=&% >&"! H'$=3�� �"#$<��, ,%� ?�<:�'!&% >=&'$%J 
?#&=?�'�B&��& � >%#+3%+#��- +>%�-,�:�>%� $%%#$3%�#$, �>��:��� $%#�"+-
%& H�?&#"�'�,��>%�. 

�$3�� �"#$<��, #&<+'J%$%* ,�>'&���H� ��=&'�#�:$��! >�>%&�* �&-
>%$7���$#�*@ +#$:�&��- > <$?$<=*:$��&� @�#�/� >�H'$>+P%>! > #&<+'J%$-
%$�� ,�>'&���H� ��=&'�#�:$��! %�,&,��H� �%�"#$B&��! � >:�=&%&'J>%:+-
P% � %��, ,%� : =�>%$%�,�� "�'J/�- �"'$>%� �$ ?'�>3�>%� +?#$:'!PT�@ 
?$#$�&%#�: #&$'�<+&%>! #&B�� @$�>$, �"+>'�:'&��*- %&�, ,%� 5$<$ 3�'&-
"$��- �?�>*:$&%>! @$�%�,&>3�� �%�"#$B&��&� G&#�+''�. �%%#$3%�# �%�-
"#$B&��! �+$�3$#& ��&&% %�?�'�H�P H�?&#"�'�,&>3�H� $%%#$3%�#$ ��&--
'$–��'J!�>$. �%$#/�- ?�3$<$%&'J �!?+��:$ :&=&% >&"! H'$=3�� �"#$<��, 
,%� >:�=&%&'J>%:+&% � H#+"�>%� @$�%�,&>3�H� $%%#$3%�#$. 
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/	!��	 �����
7	�	 �
	���� /((� (�
���� 09-02-00707) � �
�-
�
	���" «/	$����� �	�&���� �����8�	�	 �+
6�" 6���+» (�
���� 
2.1.1/1738). 
 
4�(���)
�$�-�'%�� '*�'�% 
1. ��$��8�� �.#. ���$��,&>3�- @$�>. �.: ��<�$%'�%. 2006. 356 >. 
2. Kuznetsov S.P. // Phys. Rev. Lett. 2005. V. 95. 144101. 
3. ����3���� �.�., ��$��8�� �.#., /+
��� �.�. // ��>J�$ : ���. 2009. 

�. 35. :*?. 16 C. 71. 
 
�	�&�+" 
����������3: /+
��� �.�., �.G.-�. �., �
�G�

�
 

 
��>. 5. M$:�>���>%J >%$#/&H� ?�3$<$%&'! 
�!?+��:$ �% ?$#$�&%#$ 1�  

 
��>. 4. �#$��7* �"'$>%&- H�?&#"�'�-
,&>3�H� @$�>$ ='! >�>%&�* +#$:�&��- 
> <$?$<=*:$��&� (?+�3%�#�*& '����) 
� ='! %�,&,��H� �%�"#$B&��! 
(>?'�/�*& '����) 

 
 
��>. 2. �#�&37�! $%%#$3%�#$ �%�"#$-
B&��! (5) �$ ?'�>3�>%J 3��?'&3>��-
?&#&�&���- Re ImF F�  

 
 
��>. 3. �%&#$7����$! =�$H#$��$ ='! 5$-
<* 3�'&"$��- n�  
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�C������������ +��H����� ��8E��H�� ����� ����H� 
 � ��@��H��@E��H�� @����, ���JK�! 7�����E �@��� 0.1 8H 

 
/�!	� �.�., 
�������	 4 ��

	 (��H�4,  �*'  

*	���� �.�., �&����3 G�$��� *)' �)5 > 461,  ��
��	 
 
�<$���=&->%:�& �&B=+ �&'��&-�*�� 3�'&"$%&'J�*�� >�>%&�$��, : 

%�� ,�>'& "��'�H�,&>3�- ?#�#�=*, ��B&% ?#�:&>%� 3 �@ >��@#���<$7�� 
[1]. �>>'&=�:$��! 0.1 �7 >�>%$:'!PT�@ >�H�$'�: L'&3%#�3$#=��H#$��* 
(���), =*@$��! � 3#�:!��H� =$:'&��! >:�=&%&'J>%:+P% ,%� #$<'�,�*& 
#�%��,&>3�& ?#�7&>>*, �"+>'�:'�:$PT�& 5+�37����#�:$��& >&#=&,��-
>�>+=�>%�- >�>%&�* (���), :<$���=&->%:+P% �&B=+ >�"�- [2].  

� #$"�%& "*'� #$>>��%#&�* =:& H�?�%&<* � @$#$3%&#& :<$���=&->%:�! 
0.1 �7 ?�=>�>%&� �&#:��- #&H+'!7�� ���. ��H'$>�� �=��- �< H�?�%&<, 3�-
'&"$��! > ,$>%�%�- �3�'� 0.1 �7, �$"'P=$&�*& : >&#=&,��� #�%�& � 3#�-
:!��� =$:'&���, ?#&=>%$:'!P% >�"�- =:$ #$<'�,�*@ 3�'&"$%&'J�*@ ?#�-
7&>>$, :<$���=&->%:+PT�@ � >��@#���<+PT�@>! �&B=+ >�"�-. ��H'$>�� 
:%�#�-, :$#�$"&'J��>%J >&#=&,��H� #�%�$ !:'!&%>! ?$>>�:�*� �%3'�3�� 
�$ :�<=&->%:�& $:%�3�'&"$%&'J��H� ?#�7&>>$ #&H+'!7�� >o>+=�>%�H� %��+-
>$. �?#$:&='�:�>%J ?&#:�- H�?�%&<* ?�<:�'�% �$<*:$%J :<$���=&->%:�& 
�>>'&=+&�*@ >�>%&� #&H+'!7�� ��� >��@#���<$7�&- � ?�'J<�:$%J>! #$<-
#$"�%$��*� �&%�=�� 3�'�,&>%:&���- �7&�3� 5$<�:�- >��@#���<�:$���>%�, 
�>��:$��*� �$ #$>,&%& >+��$#��H� ?#�7&�%$ 5$<�:�- >��@#���<$7�� S [3]. 

�'! L3>?&#��&�%$'J��- ?#�:&#3� H�?�%&< ?#��<:�=�'$>J #&H�>%#$7�!  
L3>?&#��&�%$'J�*@ >�H�$'�: ���, =$:'&��! � =*@$��! : $3%�:��� L3>?&-
#��&�%& + 2 =�"#�:�'J7&:. ��>'& L%�H� > ?���TJP �&#* S, ?#&='�B&���- 
: [3] �>>'&=�:$'$>J >��@#���<$7�! 0.1 �7 >�>%$:'!PT�@ >�H�$'�: ?�>'&-
=�:$%&'J��>%� 3$#=����%&#:$'�H#$��, :*=&'&��*@ �< ���, > >�H�$'�� 
=*@$��! � :#&�&���- #&$'�<$7�� =$:'&��! > =*@$��&�.  

�"�$#+B&��, ,%� ?#� ?&#&>%#�-3& ,$>%�%* :�&/�&H� :�<=&->%:�! 
(:*�+B=&���& =*@$��& > '��&-�� �$#$>%$PT&- ,$>%�%�-) �$ �>>'&=+&�*& 
>�>%&�* �=&�%�5�7�#+P%>! H#$��7* ��%&#:$'�: ,$>%�%��H� <$@:$%$ : ,$>-
%�%��- �"'$>%�. �#� L%�� �"'$>%J >��@#���<$7�� 0.1 �7 >�>%$:'!PT&- 
>�H�$'$ 3$#=����%&#:$'�H#$�� > =*@$��&� <�$,�%&'J�� /�#& �"'$>%� 
>��@#���<$7�� 0.1 �7 >�>%$:'!PT&- ?+'J>�H#$��* > =*@$��&�. �7&�3$ S 
='! >�H�$'�: :$#�$"&'J��>%� >&#=&,��H� #�%�$ � =*@$��! #$:�$ 80.5% 
='! 1 �>?*%+&��H� � 45.0% ='! 2 �>?*%+&��H�, $ S ='! >�H�$'�: �<�&�&��! 
>�>+=�>%�H� =$:'&��! � =*@$��! #$:�$ 60.5%  ='! 1 �>?*%+&��H� � 44.0% 
='! 2 �>?*%+&��H�.  

�#��<:�=�'�>J ?�>%#�&��& H#$5�3$ ,$>%�%��H� <$@:$%$ 0.1 �7 >�>%$:-
'!PT�@ >�H�$'�: =$:'&��! � 3$#=��#�%��H#$�� >�H�$'�� =*@$��!. �#�-
�&# H#$5�3$ ='! �>?*%+&��H� 1 ?#�:&=&� �$ #�>. 1. �"�$#+B&��, ,%� <$-
@:$% ,$>%�%* >�H�$'$ :$#�$"&'J��>%� >&#=&,��H� #�%�$ =*@$��&� �$,��$-
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�$'$. �% %�,��>%� %$3�- $?#��#��- ��5�#�$7�� #&<+'J%$%* 3'$>>�5�3$-
7�� ?#� ?���T� 
� <$:�>!% >'$"�. �=�$3� <$�&%��, ,%� �/�"3$ ?#� 
3'$>>�5�3$7�� %$3�- 
� >��B$&%>! ?� >#$:�&��P > �/�"3�- ���. �� 
"�'&& +%�,�&��*� =$��*� %$3�& >��B&��& ?#� �?#&=&'&��*@ ,$>%�%�*@ 
@$#$3%&#�>%�3$@ 5���:�H� /+�$ ��B&% =�>%�H$%J >+T&>%:&��*@ :&'�,��, 
�&�J/�@ : =:$ � "�'&& #$< �%��>�%&'J�� <�$,&��- �/�"3�, 3�%�#$! ?�'+-
,$&%>! ?#� #&$'�<$7�� �&%�=$ �$ �>��:& ���.  
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�"Y&3%�� �$/&H� �>>'&=�:$��! !:'!P%>! H&�&#$%�#* @$�%�,&>3�@ 
��� 3�'&"$��-, : 3�%�#*@ �>?�'J<+&%>! : 3$,&>%:& $3%�:��- >#&=* %+#"+-
'&�%�*-  ?+,�3 L'&3%#���:. �#� %+#"+'&�%��� =:�B&��� L'&3%#���*- ?+-
,�3 >�>%��% ?� ='��& �< �%=&'J�*@ >H+>%3�: (H#+?? L'&3%#���:), � &H� 
��B�� #$>>�$%#�:$%J 3$3 %�3, >�=&#B$T�- :*>/�& H$#����,&>3�& >�>%$:-
'!PT�&. �$3�- ?+,�3 �$<*:$&%>! >H#+??�#�:$��*� �'� ?#���=+'�#�:$�-
�*�. �H#+??�#�:$��*- L'&3%#���*- ?+,�3 ?#� �?#&=&'&��*@ +>'�:�!@ 
��B&% �<'+,$%J L'&3%#��$H��%�*& 3�'&"$��! > ,$>%�%$�� #$:�*�� ,$>%�-
%$� H$#����3 %�3$ ?+,3$. � L'&3%#����� >H+>%3&, 3$3 : ,$>%� ?#�>%#$�>%-
:$, H=& ��&&%>! L'&3%#�,&>3�- <$#!=, >�<=$&%>! >�">%:&���& ?�%&�7�$'J��& 
?�'& – 3+'���:>3�& ?�'& ?#�>%#$�>%:&���H� <$#!=$. �%� ?�'& ��B&% "*%J 
#$<'�B&�� �$ ?#�=�'J�+P � ?�?&#&,�+P >�>%$:'!PT�&. ��'* ?#�=�'J��-
H� ?�'! :'�!P% �$ H#+??�#�:3+ L'&3%#���:, +:&'�,�:$! ?#�%!B&���>%J 
L'&3%#����H� >H+>%3$. ��?&#&,�*& >�'* ?�'! >%#&�!%>! #$>/�#�%J ?+,�3 
: ?�?&#&,��� �$?#$:'&���. �:�B+T�->! ��%&�>�:�*- L'&3%#���*- ?+,�3 
�"'$=$&% ��T��>%JP, 3�%�#$! ��B&% "*%J ?#&:#$T&�$ : #$=���<'+,&��& 
?#� %�#��B&��� ?+,3$.  

�+T&>%:+P% #$<'�,�*& >?�>�"* >�<=$��! %+#"+'&�%��H� L'&3%#����-
H� ?+,3$. �$3 �=�� �< �&%�=�: #&$'�<�:$� : H&�&#$%�#& /+��?�=�"�*@ 
��� 3�'&"$��- > :�&/��� ?&#��=�,&>3�� �$H��%�*� ?�'&�. �@&�$ =$�-
��H� +>%#�->%:$ ?#�:&=&�$ �$ #�>. 1. � L%�- 7&'JP ?#��<:�=�%>! ��=&#��-
<$7�! �$,$'$ ���� (�$H��%��- ?&#��=�,&>3�- 5�3+>�#+PT&- >�>%&�*) 
: ?'$�& +:&'�,&��! $�?'�%+=* �'� ?&#��=$ �$H��%��H� ?�'!. �$>?#&=&'&-
��& ?�%&�7�$'$ : H&�&#$%�#& ?�3$<$�� �$ #�>. 1(13), :�= #$>?#&=&'&��! 
�$H��%��H� ?�'! :=�'J �>� H&�&#$%�#$ ?#&=>%$:'&� �$ #�>. 1(15).  

�'! ,�>'&���H� $�$'�<$ =$���- >�>%&�* : #$"�%& ?#��<:�=�'>! #$>-

��>. 1.  �@&�$ �>>'&=+&��- 3��>%#+37�� – 1 –
 >&37�! L'&3%#����- ?+/3�; 2 – >&37�! ��=+-
'!7�� L'&3%#����H� ?+,$; 3– >&37�! +>�'&��!; 
4 – 3�''&3%�#; 5 – 3$%�=; 6 –>�>%&�$ L'&3%#�-
=�:; 7 – $��=; 8 – L'&3%#���*- ?+,�3; 9 – ::�= 
L�&#H��; 10 – ?�H'�%�%&'J; 11 – :*:�= L�&#H�� 
(>YA���3 L�&#H��); 12 – ����; 13 – #$>?#&=&-
'&��& ?�%&�7�$'$ ='! H&�&#$%�#$ > �$H��%�*� 
?�'&�; 14 – #$>?#&=&'&��& ?�%&�7�$'$ ='! ?&-
#&>%#$�:$&��H� H&�&#$%�#$; 15 – #$>?#&=&'&��& 
�$H��%��H� ?�'! :=�'J �>� H&�&#$%�#$ 
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,&% �&?$#$3>�$'J�*@ �&'$���$#�*@ %#$&3%�#�- ?+,3$ �$ �>��:& #&/&��! 
+#$:�&��- =:�B&��! ?� �&%�=�3& #$"�%* [2]. �&/$! +#$:�&��! =:�B&��! 
L'&3%#���: : L'&3%#�,&>3�� � �$H��%��� ?�'!@, ��B�� ?�'+,�%J ?#&=-
>%$:'&��& � :�+%#&��&- >%#+3%+#& ?+,3$. 
$ #�>. 2 ?#&=>%$:'&�* %#$&3%�-
#�� L'&3%#���: : "&<#$<�&#�*@ 3��#=��$%$@, ?#�@�=!T�& ,&#&< >&37�P 
��=+'!7��, 3�%�#*& <$%&� ?�>%+?$P% : >&37�P +>�'&��!. G&<#$<�&#�*- 
#$=�+> %#+"* =#&-5$ : >&37�� ��=+'!7�� ?� #�>. 2 R%.�=1, "&<#$<�&#�*- 
#$=�+> %#+"* =#&-5$ : >&37�� +>�'&��! R%.+=0.5, ��#��#�:3$ ?#��<:�=�-
'$>J 3 #$=�+>+ %#+"* =#&-5$ : >&37�� ��=+'!7��. 
$ #�>+�3& @�#�/� ?#�-
>'&B�:$&%>! =&->%:�& >�'J��H� �$H��%��H� ?�'! �$ L'&3%#���*- ?+,�3, 
�%,&%'�:� :�=�* �"'$>%� >B$%�! � ?&#&>&,&��! L'&3%#���*@ %#$&3%�#�-. 

$ #�>. 3 ?#&=>%$:'&�* : H#$=�&�%& 7:&%$ #$>?#&=&'&��! ��#��#�:$���- 
?'�%��>%� ?#�>%#$�>%:&���H� <$#!=$ ?� ?#�=�'J��- � ?�?&#&,��- 3��#=�-
�$%$�, ��#��#�:3$ ?#��<:�=�'$>J 3 �$,$'J���+ <�$,&��P ?'�%��>%� ?#�-
>%#$�>%:&���H� <$#!=$ _0. 
$ #�-
>+�3& ?#&=>%$:'&� >'+,$-, 3�H=$ 
?$#$�&%# �$H��%��- 5�3+>�#�:-
3� [2] `=3 � �<�&�!'�>J ` <$ >,&% 
+:&'�,&��! $�?'�%+=* �$H��%��H� 
?�'!. �< #�>+�3$ �%,&%'�:� :�=�* 
+?'�%�&��! L'&3%#���*@ %#$&3%�-
#�- : ?+,3&.  

� L3>?&#��&�%& $�?'�%+=$ 
�$H��%��H� ?�'! �<�&�!'$>J �% 500 
=� 700 *
, $ ?&#��= �% 10 =� 60 ��. 
�>%$��:'&��, ,%� �$'�,�& "�'J/�- 
$�?'�%+=* �$H��%��H� ?�'! ?#�-

 
��>. 4.  �?&3%# H&�&#�#+&�*@ /+��?�=�"-
�*@ ��� 3�'&"$��-

��>. 3.  �$>?#&=&'&��& ��#��#�:$���- 
?'�%��>%� ?#�>%#$�>%:&���H� <$#!=$ _/_0 
?+,3$ ?� #$=�+>+ � ?#�=�'J��- 3��#=�-
�$%& ='! >'+,$! `= 3, ` �<�&�!&%>! <$ >,&% 
+:&'�,&��! $�?'�%+=* ?�'! 

 
 

��>. 2.   �#$&3%�#�� L'&3%#���: : �&�=-
��#�=��� �$H��%��� ?�'&, ?#�@�=!T�& 
,&#&< >&37�P ��=+'!7�� � >&37�P +>�-
'&��!; 2 – H#$��7$ %#+"* =#&-5$ 
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?�#!=3$ 10-2–10-3. �"#$%�� :���$��& �$ %�, ,%� �$ :@�= 
� ?�=$&%>! :&3-
%�#, >�>%$:'&��*- �< 3:$�%�:$��*@ <�$,&��- %�,&3 >?$-3$. �$3%�,&>3� 

� #$"�%$&% > �&3�%�#*� �<�"#$B&��&� >?$-3$, >�>%$:'&��*� �< 0 � 1. 

��>'& �"+,&��! 
� ='! ?#�:&=&��! L3>?&#��&�%$'J��- ,$>%� �?*%$ 
:3'P,&�* "'�3� 3 � 4. G'�3 3 H&�&#�#+&% 7:&%��- /+� #$<��- ��%&�>�:-
��>%� � ?�'�>* ,$>%�% 300–900 �7. G'�3 4 L�+'�#+&% =��$��3+ �&-#��-
�*@ >&%&- "��'�H�,&>3�@ �"Y&3%�: : :�=& >�H�$'$, >�>%$:'&���H� �< ?�-
>'&=�:$%&'J��>%� >?$-3�:, ?��,&#&=�� #&H�>%#�#+&�*@ �% =:+@ �&-#���:.  

�#&�&��$! #&$'�<$7�! >�H�$'$ ?#&=>%$:'&�$ �$ #�>. 3. �+%J =$���H� 
%&�#&%�,&>3�H� L3>?&#��&�%$ >�>%��% : %��, ,%� �&%�=* 3'$>>�5�3$7�� 
#$"�%$P% "&< ?#&=:$#�%&'J��- 5�'J%#$7�� ?�=$:$&��H� �$ :@�= >�H�$'$, 
$ %$3B& �& >?�>�"�* $=$?%�#�:$%J>! : ?#�7&>>& #$>?�<�$:$��! 3 @$#$3%&-
#�>%�3$� 5���:�H� /+�$. M$�&%��, ,%� : #$�3$@ =$���H� L3>?&#��&�%$ 
�>>'&=�:$%&'J <�$&% #$>?�'�B&��& ��?+'J>�: : >�H�$'& �% 3$B=�H� �&--
#��$, �� : #$"�%& �&%�=$ 3'$>>�5�3$7�� =$��$! ��5�#�$7�! ��3$3 �& �>-
?�'J<+&%>!. � �>?�'J<�:$��&� %$3�- ��5�#�$7�� ��B�� >+T&>%:&��� 
+%�,��%J �&%�= #$>,&%$  �/�"3� 3'$>>�5�3$7��, ?#&='�B&��*- : >%$%J& [1].  

�&<+'J%$%* 3'$>>�5�3$-
7�� �"��@ �&%�=�: ?#&=>%$:-
'&�* : :�=& H#$5�3�: (#�>. 4), 
�$ 3�%�#*@  ?#&=>%$:'&�* 
�/�"3� =:+@  �&%�=�: >�#%�-
#�:3� >?$-3�:.  �%�&%��, ,%� 
?#&='$H$&�*- �&%�= �$ �>��:& 

� ��&&% �=�� >+T&>%:&��*- 
�&=�>%$%�3 – �>>'&=�:$%&'J 
=�'B&� �"'$=$%J �&3�%�#�- 
$?#��#��- ��5�#�$7�&- � 
5�#�& >?$-3�:, 3�%�#*& :>%#&-
,$P%>! :� :#&�&���- #&$'�<$-
7�� L3>?&#��&�%$'J��H� >�H-

 
��>. 3. �#&�&��$! #&$'�<$7�! #&H�>%#�#+&��H� >�H�$'$ 

 
��>. 4. �&<+'J%$%* #$>,&%$ �/�"3� 3'$>>�-
5�3$7�� ='! =:+@ �&%�=�: 

146



 
 

��>. 2. �@&�$ �?*%$ > �"+,&��&� � �>?*%$-
��&� 
� 

� =$���- >%$%J& #$>>�$%#�:$&%>! ?#��&�&��& %&@��3� �>3+>>%:&��*@ 

� ='! #$>?�<�$:$��! =:+@ ��?+'J>�: : >�H�$'& ?#� �$'�,�� 5���:�H� 
(7:&%��H�) /+�$ > #$<'�,��- L�&#H�&-. �'! >#$:�&��! #&<+'J%$%�: ?� 
�/�"3& 3'$>>�5�3$7�� �>?�'J<+&%>! �&%�= ��� [1]. �$��*- ?�=@�=  #$-
"�%$&% �$ �>��:& ?��>3$ >�">%:&��*@ <�$,&��- � :&3%�#�: �$%#�7* 3�#-
#&'!7��, >�>%$:'&���- �< >?$-3�:, :*=&'&��*@ �< L3>?&#��&�%$'J��- <$-
?�>� :�&3'&%�,��H� L'&3%#�,&>3�H� ?�%&�7�$'$. ��>'& ?#�7&=+#* ?��>3$ 
>�">%:&��*@ :&3%�#�: ?#��<:�=�%>! #$<'�B&��& >?$-3�: ?� =:+� ?&#:*� 
>�">%:&��*� :&3%�#$�. �&<+'J%$%* %$3�H� #$<'�B&��! =$P% ?&#:+P � 
:%�#+P H'$:�*& 3��?��&�%*. 

� 3$,&>%:& �&-#�>&%� "*' :*"#$� %#&@>'�-�*- ?&#7&?%#��, �"+,$P-
T�->! >�H'$>�� �&%�=+ �"#$%��H� #$>?#�>%#$�&��! �/�"3� (����). �$-
#$�&%#* ?&#7&?%#��$ +3$<$�* : %$"'�7&. 

 

�$"'�7$ 
�$#$�&%#* �&-#����- >&%� 

 
�$#$�&%# M�$,&��& 

��'�,&>%:� �&-#���: ?&#:�H� >3#*%�H� 
>'�!: 300 

��'�,&>%:� �&-#���: :%�#�H� >3#*%�H� 
>'�!: 900 

��'�,&>%:� �&-#���: :*@�=��H� >'�!: 2 
�+�37�! $3%�:$7�� �&-#���:: � � 5.0,0.5),tanh( 			 "�"� xxf  

 
�"T$! >@&�$ L3>?&#��&�%$ > ?#��&�&��&� 
�, �"+,&���- ?� ?#��-

7�?$� ����, ?#&=>%$:'&�$ �$ #�>. 2. G'�3 1  �>+T&>%:'!&% H&�&#$7�P 
"&'�H� /+�$ �+B��- ��%&�>�:��>%�. G'�3 2  �>+T&>%:'!&% 3��?���:3+ 
�"#$<�: �"+,$PT&- :*"�#3� (> +,&%�� >�H�$'$ �% "'�3$ 1). M$%&� <$?+>3$-
&%>! ?#�7&>> �"+,&��! >�H'$>�� ����. ��'�,&>%:� L?�@ �"+,&��! �% 500 
=� 1000. ��#!=�3 ?�=$,� �"+-
,$PT�@ ��?+'J>�: : %&,&��& 
�=��- L?�@� >'+,$-�*- >�-
>�H'$>�� %��+, 3$3 �?�>$�� : 
[2].  �'! 3�##&3%�#�:3� 3�-
3�L55�7�&�%�: 
� #$"�%$&% 
"'�3 3�##&37�� (G/�). � "'�-
"'�3& 3�##&37�� #&$'�<�:$� 
�&@$��<� ���� ?� 
?#��7�?+ H#$=�&�%��H� 
�&%�=$ ������<$7�� > 5�3-
>�#�:$��*� /$H�� [3]. �$H 
:*"�#$&%>! >�H'$>�� [2,3] � 
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:�=�% 3 H&�&#$7�� /+��?�=�"�*@ 3�'&"$��- : >�>%&�&. �$#$3%&#�*- 
>?&3%# 3�'&"$��- ?#� `=3 ?#�:&=&� �$ #�>. 4. �>>'&=�:$'$>J :*@�=�$! 
��T��>%J H&�&#$7�� � ?�'�>$ ,$>%�% H&�&#�#+&��H� >�H�$'$ �% ?$#$�&%#$ 
`. �$3>��$'J�$! ��%&H#$'J�$! :*@�=�$! ��T��>%J : H&�&#$%�#& >�>%$:'!-
'$ 112 �% ?#� %�3& ?+,3$ 240 �� � +>3�#!PT&� �$?#!B&��� 4.3 3�, ?�'�>$ 
,$>%�% H&�&#$7�� 1.3, L'&3%#���*- ��� #$:�!'>! 10.8%, %&@��,&>3�- 
��� – 13.2%, %�3�?#�@�B=&��& : L%�� >'+,$& >�>%$:'!&% 70%. 

�#+H�- >?�>�" 5�#��#�:$��! %+#"+'&�%��H� ?+,3$ #&$'�<�:$� : 
?&#&>%#$�:$&��� H&�&#$%�#& /�#�3�?�'�>�*@ @$�%�,&>3�@ ��� 3�'&"$-
��-. �'&3%#���*- ?+,�3 : H&�&#$%�#& ��B&3%�#+&%>! : >&37�P ��=+'!7�� 
#�>.1(2), H=& ?�= =&->%:�&� �&�=��#�=��H� �$H��%��H� � %�#��<!T&H� 
L'&3%#�,&>3�H� ?�'! >%$��:�%>! %+#"+'&�%�*�, >�>%�!T�� ?� ='��& �< 
�%=&'J�*@ >H+>%3�: ?#�>%#$�>%:&���H� <$#!=$. ��#��<!T&& L'&3%#�,&>3�& 
?�'& >�<=$&%>! ?+%&� ?�=$,� ?�%&�7�$'$ Uq�
 < U0, H=& Uq�
 – ?�%&�7�$' �$ 
L'&3%#�=��$��,&>3�- >�>%&�& +>�'&��!, U0 – +>3�#!PT&& �$?#!B&��& 
$��=$ #�>.1(3). �$>?#&=&'&��& ?�%&�7�$'$ : H&�&#$%�#& ?�3$<$�� �$ 
#�>. 1(14). �#���=+'�#�:$��*- L'&3%#���*- ?+,�3  ?�?$=$&% : �"'$>%J 
L'&3%#�=��$��,&>3�- >�>%&�* +>�'&��! (����), H=& ?#��>@�=�% &H� +>�-
'&��& #�>. 1(3). �< �"'$>%� ���� �%#$"�%$��*- ?+,�3 ?�?$=$&% : 3�''&3-
%�#. �*@�=��- >�H�$' >���$&%>! > +>�'�%&'! ,&#&< :*:�= L�&#H��. �&B�� 
H&�&#$7�� : +>%#�->%:& #&H+'�#+&%>! ?+%&� �<�&�&��! ?�%&�7�$'$ �$ 
���� Uq�
. ��=  =&->%:�&� >�'J��H� �$H��%��H� ?�'! ?'�%��>%J ?#�-
>%#$�>%:&���H� <$#!=$ : �&3�%�#*@ �"'$>%!@ ?+,3$ : 50–70 #$< ?#&:*/$&% 
�$,$'J�*& <�$,&��!, ,%� ?#�:�=�% 3 �"#$<�:$��P �%=&'J�*@ >H+>%3�: 
(H#+?? L'&3%#���:) �&+>%�-,�:*@ : ?#�>%#$�>%:& � :� :#&�&��. �:�B+-
T�->! >H#+??�#�:$��*- ��%&�>�:�*- L'&3%#���*- ?+,�3 �"'$=$&% ��T-
��>%JP, 3�%�#$! ��B&% "*%J ?#&:#$T&�$ : #$=���<'+,&��& ?#� %�#��B&-
��� ?+,3$. �'! ,�>'&���H� $�$'�<$ =$���- >�>%&�* %$3B& �>?�'J<�:$'$>J 
�&%�=�3$, �?�>$��$! : [2]. �$>?#&=&'&��& ?�%&�7�$'$ : �"'$>%� �&B=+ 
$��=�� � ���� <$=$:$'�>J '��&-��- 5+�37�&-. �$���& ?#�"'�B&��& !:-
'!&%>! =�?+>%��*�, ?�>3�'J3+ #$=�+> ?+,3$ ���H� �&�J/& #$>>%�!��! 
�&B=+ $��=�� � ����. �#�:&=&� #$>,&% 3�'�,&>%:$ >H+>%3�: ?#�>%#$�>%-
:&���H� <$#!=$ ?#� #$<'�,�*@ <�$,&��!@ %�#��<!T&H� ?�%&�7�$'$ �=1–
Uq�
/U0 (Uq�
. – ?�%&�7�$' ?�=$:$&�*- �$ L'&3%#�=��$��,&>3+P >�>%&�+, 
U0 – +>3�#!PT&& �$?#!B&��&, �$?#!B&��& $��=$). �,�%*:$'�>J %& >H+>%-
3�, ?'�%��>%J ?#�>%#$�>%:&���H� <$#!=$ 3�%�#*@ "�'J/& �$,$'J��- ?'�%-
��>%�. ��=��, ,%� ?#� �$'�� %�#��B&��� �=0.4 (#�>. 5, 	) : #$>?#&=&'&-
��� >H+>%3�: ?#�>%#$�>%:&���H� <$#!=$ &>%J :*#$B&��*- �$3>��+�, $ �$ 
#�>. 5, ! ?#� +:&'�,&��� �=0.6 #$>?#&=&'&��& >H+>%3�: >%#&��%J>! 3 #$:-
���&#���+.  

�3>?&#��&�%$'J�*& �>>'&=�:$��! H&�&#$%�#$ ?#�:�=�'�>J ?#� +>3�-
#!PT&� �$?#!B&��� 1.5 – 2 3�, %�3 ?+,3$ 100–150 �A, $�?'�%+=$ 
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�$H��%��H� ?�'! 0.05–0.07 �', ?&#��= 40 ��. �&B�� #$"�%* – ��?+'J>�*-: 
='�%&'J��>%J ��?+'J>$ {=50 �3>, >3:$B��>%J Q=1000. M$:�>���>%J :*@�=-
��- ��T��>%� #�>.6 �% :&'�,��* � ��&&% +,$>%3� �$#$>%$��! � >?$=$. 
�?$= :*@�=��- ��T��>%� >:!<$� > %&�, ,%� �"#$<+PT�&>! >H+>%3� ?#�-
>%#$�>%:&���H� <$#!=$ ?#� "�'J/�@ :&'�,��$@ � >%$��:!%>! �&�&& ?'�%-
�*��, %$3 3$3 +:&'�,�:$&%>! %�3��>&=$��& �$ ���. � #�>%�� %�#��<!T&H� 
?�%&�7�$'$ ?�'�>$ H&�&#�#+&�*@ ,$>%�% +:&'�,�:$&%>! � =�>%�H$&% <�$,&-
��! 0.8. 
$ #�>. 7 ?#&=>%$:'&� >?&3%# /+��?�=�"�*@ ��� 3�'&"$��- ?#� 
%�#��<!T&� ?�%&�7�$'& �=0.4 � �=0.6 >��%:&%>%:&���. ��=��, ,%� ?#� 
+:&'�,&��� � =� 0.6, >?&3%# >�H�$'$ >%$��:�%J>! /+��?�=�"�*�. ��3�-
?#�@�B=&��& : H&�&#$%�#& >�>%$:'!'� 80% ?#� �=0.6. 

�$3�� �"#$<��, : =$���- #$"�%& ?#&=>%$:'&�* #&<+'J%$%* %&�#&%�,&-
>3�H� � L3>?&#��&�%$'J��H� �>>'&=�:$��! H&�&#$%�#�: /�#�3�?�'�>�*@ 
@$�%�,&>3�@ ��� 3�'&"$��- �$ �>��:& %+#"+'&�%�*@ L'&3%#���*@ ?+,3�:. 
M$�&%��, ,%� ?&#&>%#$�:$&�*- H&�&#$%�# /+��?�=�"�*@ ��� 3�'&"$��- 
!:'!&%>! "�'&& L55&3%�:�*� ?� 
>:���  ?$#$�&%#$�. ��>3�'J3+ 
?#� +:&'�,&��� $�?'�%+=* �'� 
?&#��=$ �$H��%��H� ?�'! : H&�&-
#$%�#& ?#��>@�=�% B&>%3�& �<-
�&�&��& >%#+3%+#* ?+,3$. �%� 
?#�:�=�% 3 >��B&��P %�3�?#�-
@�B=&��! : >�>%&�&. � ?&#&-
>%#$�:$&��� H&�&#$%�#& ��� 3�-
'&"$��- #&$'�<�:$�$ L55&3%�:-
�$! >@&�$ +?#$:'&��! H&�&#�-
#+&�*� >�H�$'��. � L%�� >'+,$& 
�& %#&"+&%>! "�'J/�H� 

 
��>. 6.  �<�&�&��& :*@�=��- ��T��>%� 
?#� +:&'�,&��� %�#��<!T&H� ?�%&�7�$'$ 

 
                                                        	                                                                          ! 

��>. 5.  �#&=>%$:'&�� 3�'�,&>%:� >H+>%3�: ?#�>%#$�>%:&���H� <$#!=$ � �@ ?'�%-
��>%J, ��#��#�:$��$! 3 �$,$'J��- ?'�%��>%� ?#�>%#$�>%:&���H� <$#!=$, 	 – ?#� 
�=0.4 � ! – �=0.6 
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+��������� �����������8� ������  

���  ���+�C������� ��������! �+��@�� 
 

�	$���� �.�., 
������ 4 ��

	 G�$�&�
���� G	���3���	 �*' 
 
 

�<+,&��& ?#�"'&�* 3�=�#�:$��! ��5�#�$7�� B�:*�� �&-#���*�� 
>&%!�� ?�#�=�'� #!= �$+,�*@ ?#�"'&�, �$,��$! > >�<=$��! =��$��,&>3�- 
��=&'� "��'�H�,&>3�H� �&-#��$ � <$3$�,�:$! ?#�:&=&��&� in vivo L3>?&-
#��&�%�: ?� #&H�>%#$7�� $3%�:��>%� �&-#���*@ 3'&%�3, 3$3 �%=&'J�*@ 
L'&�&�%�: �&#:��- >�>%&�* ?#� #$<'�,�*@ :�<=&->%:�!@ �$ �#H$�* 
,+:>%:. 

�"T$! >@&�$ ?�>'&=��@ in vivo L3>?&#��&�%�: ?#&=>%$:'&�$ �$ #�>. 1. 
�>��:��- �=&&- ?�=�"�*@ L3>?&#��&�%�: !:'!&%>! %�, ,%� �$ ��3#�L'&3-
%#�=&, :�&=#!&��� : B�:+P �&-#���+P >&%J "��'�H�,&>3�H� �"Y&3%$, #&-
H�>%#�#+P%>! >�H�$'*, ?#�@�=!T�& �% �%=&'J�*@ �&-#���:. �#�,&� >�H-
�$'* �% �&-#���:, #$>?�'�B&��*@ "'�<3� 3 ��3#�L'&3%#�=+, #&H�>%#�#+-
P%>! > "�'J/��� $�?'�%+=$��, $ >�H�$'*, ?#�@�=!T�& �% �&-#���:, �$-
@�=!T�@>! : +=$'&��� �% ��3#�L'&3%#�=$, >%$��:!%>! �&#$<'�,��*�� ?#� 
#&H�>%#$7�� � �"#$<+P% �>%�,��3 =�?�'��%&'J�*@ 5���:*@ ?��&@, '&-
B$T�@ : ?�'�>& ,$>%�% 100-1000 �7. �$3�� �"#$<��, ?#� $�$'�<& #&<+'J-
%$%�: L3>?&#��&�%$ �&�"@�=��� #&/$%J %$3+P #$=��5�<�,&>3+P <$=$,+, 
3$3 #$>?�<�$:$��& ��?+'J>�: (>?$-3�:) �% �%=&'J�*@ 3'&%�3 : +>'�:�!@ 
3$3 >'$"*@, %$3 � >�'J�*@ 5���:*@ ?��&@. 

��>'&=��& �>>'&=�:$��! ?#� #&/&��� ?�=�"�*@ <$=$, ?�3$<$'� ?#�-
�&����>%J >'&=+PT�@ �&%�-
=�: 3'$>>�5�3$7��: ?�#�H�-
:*- �&%�=, $�$'�< H'$:�*@ 
3��?��&�% (���) [1], %&@��3$ 
�>3+>>%:&��*@ �&-#���*@ 
>&%&- (
�) [3], �&%�= �$ �>-
��:& :&-:'&% ?#&�"#$<�:$��! 
[2,4]. �#� %$3�� "�'J/�� 3�-
'�,&>%:& #$<'�,�*@ �&%�=�: 
:�<��3$P% =:$ :�?#�>$: �$-
>3�'J3� L55&3%�:&� 3$B=*- 
�&%�= ?#� �$#$>%$PT&- ��-
%&�>�:��>%� 5���:*@ /+��: 
: >�H�$'&, $ %$3B& �$>3�'J3� 
�&�"@�=��$ $?#��#�$! ��-
5�#�$7�! � >�H�$'&.   

 
 

��>.1. �"T$! >@&�$ in vivo L3>?&#��&�%$ 
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«�
�», 1995, �. 3, �4. � 32–39. 
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+��!�/����� <��@�����8������ ����� 7���C 
+���@�������EJ ���E@�E�E � @������@�� �����������MJ 

 
%�
���� %.�., 
������ 5 ��

	 G�$�&�
���� G	���3���	 �*' 

 
�=��� �< $3%+$'J�*@ :�?#�-

>�� >�:#&�&���- L'&3%#���3� !:-
'!&%>! >�<=$��& +>%#�->%:, #$"�-
%$PT�@ : ��''��&%#�:�� � �?%�-
,&>3�� =�$?$<��& �$ �>��:& L5-
5&3%$ %+��&'�#�:$��! L'&3%#�-
�$H��%��- :�'�* ,&#&< ?&#��=�-
,&>3+P >%#+3%+#+. �55&3%* %+�-
�&'�#�:$��! �&=�>%$%�,�� �<+,&-
�* : >'+,$!@, 3�H=$ ?�%&�7�$'J-
�*- "$#J&# ?#&=>%$:'!&% >�"�- �&'��&-�+P >#&=+ [1]. ��&��� L%� L55&3-
%* !:'!P%>! �"Y&3%�� �>>'&=�:$��! #$"�%*. 

�#� ?$=&��� L'&3%#��$H��%��- :�'�* �$ ?'�>3�>'��>%+P >%#+3%+#+ > 
�&'��&-��- =�L'&3%#�,&>3�- ?#���7$&��>%JP )(E�	�  �$"'P=$&%>! 7&-
'*- >?&3%# 5�<�,&>3�@ !:'&��-, �$ �>��:& 3�%�#*@ :�<��B�� ?�>%#�&��! 
%$3�@ 5+�37���$'J�*@ +>%#�->%:, 3$3 <$H#$B=$PT�& 5�'J%#*, �H#$��,�-
%&'� ��T��>%�, 5�%���*& >:&%�:�=* � %.?. 

�#�@�B=&��& L'&3%#��$H��%�*@ :�'� ,&#&< �=���&#�+P ?'�>3+P 
>#&=+ > =�L'&3%#�,&>3�- ?#���7$&��>%JP )(E�	�  �?�>*:$&%>! +#$:�&��-
&� (1): 

0)())(()( 2
02

2

	�� zEzEk
dz

zEd ,       (1) 

H=& CE %�},{  3��?'&3>�*& 5+�37�� ?#�>%#$�>%:&���- 3��#=��$%* z , 
0k  – :�'��:�& ,�>'�. 

M$=$,$ � %+��&'�#�:$��� L'&3%#��$H��%��- :�'�* #&/&�$ $�$'�%�,&-
>3� : '��&-��� >'+,$& � ,�>'&��� ='! ?'�>3�>'��>%*@ >#&= > 3&#�:>3�- 
�&'��&-��>%JP ( 2)2()0()( EE ���	� ). �'! $�$'�%�,&>3�H� #&/&��! : '��&--
��� >'+,$& ( 0)2( 	� )<$?�>*:$P%>! :*#$B&��! ='! ?�'&- : �"'$>%!@ I,II � 
III � >/�:$P%>! �$ H#$��7$@: 
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;0,)(
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.)()(
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0
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djkjkdjkd

II

I

djk
III

jkdjkd
II

III

ATejkeAeAjkdE

AAjkRAjkE
ATedEeAeAdE

AAERAE

(2) 

�< >�>%&� +#$:�&��- (2) ��B�� '&H3� �?#&=&'�%J $�?'�%+=+ 
?$=$PT&- :�'�* A , 3�L55�7�&�% �%#$B&��! R  � ?#�?+>3$��! T . 

��>. 1. �#�>%#$�>%:&���& #$>?#&=&'&��& 
:�'� : =�L'&3%#�,&>3�� >'�& 
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� @�=& :*?�'�&��! #$"�%* L3>?&#��&�%$'J�� "*'� +>%$��:'&��, ,%� 
: �$,$'J�*- ?&#��= ?#�>:&%'&��! (?&#:*& 20 ���+%) 3$3 ��#�$'J��-, %$3 
� ?$%�'�H�,&>3� �<�&�&���- %3$�� (��#�$'J�$! ?�,3$ 3#*>* � �?+@�'J 
?�,3� ,&'�:&3$, ?#�:�%$! 3#*>&) �$"'P=$&%>! +:&'�,&��& �"'$>%� �&�=-
��#�=��>%�, 3�%�#$! ?#�:�=�% 3 >��B&��P ?�'��H� ?#�?+>3$��!. ��&�J-
/&��& #$<�&#$ �"'$>%� �&�=��#�=��>%� :>'&=>%:�& ?#�>:&%'&��! ?#�:�-
=�% 3 ?�:*/&��P ?�'��H� ?#�?+>3$��! ��#�$'J��- %3$�� :� :>&� >?&3-
%#$'J��� =�$?$<��&.  

�'! �?+@�'&:*@ %3$�&- �$"'P=$&%>! �&�&& ?#�'��H�#�:$��*- @$-
#$3%&# +:&'�,&��! ?#�?+>3$��! %3$��, :>'&=>%:�& && "�'J/&- �&�=��#�=-
��>%�. 
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 �#� ���&#>������ ?#�>:&%'&��� �?+@�'&:*@ %3$�&- ?#��>@�=�% 

#&<3�& +:&'�,&��& <��* �&�=��#�=��>%� ?� >#$:�&��P > �$,$'J�*� #$<-
�&#�� �, 3$3 >'&=>%:�&, >��B&��& ?#�?+>3$��! %3$�� (#�>. 2). �#� =$'J-
�&-/&� <$�&T&��� :�+%#�%3$�&:�- B�=3�>%� ���&#>����*� $H&�%�� �$-
"'P=$&%>! :�=���& +�&�J/&��& �"'$>%� �&�=��#�=��>%� �?+@�'&:�- %3$-
��, ,%� ?#�:�=�% 3 +�&�J/&��P #$>>&!��! >:&%$ � ?�:*/&��P ?�'��H� 
?#�?+>3$��!. ��>'&=��& 20 ���+% ?#�>:&%'&��! �?+@�'&:*@ %3$�&- 1% 
#$>%:�#�� :�%$���$ B2 �& :��>�% �>�"*@ �<�&�&��- : >%#+3%+#�*& �<�&-
�&��! %3$��, �=�$3�, ?�'��& ?#�?+>3$��& >��B$&%>! "'$H�=$#! �$"+@$��P 
%3$��. 
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CT 	 .        (3) 

�$>?#&=&'&��& ?�'! : �"'$>%� ],0[ d  �?�>*:$&%>! +#$:�&��&� (4): 
jkzjkz

II eAeAzEE ��� �		 )( ,        (4) 

H=&  dkkje
k
kCA )(0 01

2
��� �

�

�
�
�

�
�	  – $�?'�%+=$ ?#!��- :�'�* : �"'$>%� ],0[ d ; 

dkkje
k
kCA )(0 01

2
��� �

�

�
�
�

�
�	  – $�?'�%+=$ �"#$%��- :�'�* : �"'$>%� ],0[ d ; 

)(dEC 	  – $�?'�%+=$ :*/&=/&- :�'�*. 
	>'� B& 0)2( �� , %� ��B�� �>?�'J<�:$%J, 3 ?#��&#+, �$'�$�?'�%+=��& 

?#�"'�B&��&, 3$3 L%� >=&'$�� : #$"�%& [1], � ?�'+,�%J %�,��& $�$'�%�,&-
>3�& #&/&��& : �"'$>%� �$'*@ $�?'�%+=. 
� �& ::�=! ?#�"'�B&��- � +?-
#�T&��-, %$3+P <$=$,+ #&/�%J $�$'�%�,&>3� �&'J<!, $ �$ ,�>'&��*& �&%�-
=* #&/&��! �$3'$=*:$P%>! BA>%3�& %#&"�:$��! 3 +>%�-,�:�>%� #&/&��- [2]. 

&
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&&
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��	

	

).())(()(

);()(

2
0 zEzEk

dz
zdX

zX
dz

zdE

             (5) 

�#� ,�>'&���� #&/&��� <$=$,� ��/� (5) :�<��3$P% %#+=��>%�, ?�-
#�B=A��*& BA>%3�>%JP >�>%&�* (: #&/&��� ?#�>+%>%:+P% >�>%$:'!PT�& 
> >�'J�� #$<'�,$PT���>! �$>/%$"$�� ?� ?#�>%#$�>%:&���- ?&#&�&�-
��- z ). �'! #&/&��! BA>%3�@ <$=$, �>?�'J<+P%>! :*,�>'�%&'J�*& $'H�-
#�%�*, �"'$=$PT�& ?�:*/&��*� <$?$>�� +>%�-,�:�>%�. ��L%��+ :*"#$-
�$ �#�&�%$7�! �$ �–+>%�-,�:*& �&%�=* [3, 4], >#&=� 3�%�#*@ �<:&>%�* 
�&!:�*& ���H�/$H�:*& �&%�=*, %$3�& 3$3 �&%�= ��#$ � �&%�= �=$�>$–
GL/5�#%>$–��+'%��$. 

M$=$,$ #&/&�$ : �"#$%��� @�=& (H#$��,�*& +>'�:�! <$=$P%>! �$ :*-
@�=& �< �>>'&=+&��- >%#+3%+#*) � : ?#!��� @�=& (>$��>�H'$>�:$��$! <$=$,$). 

�#� #&/&��� <$=$,� : ?#!��� @�=& %#&"+&%>! <�$��& $�?'�%+=* ?�'! 
� &A ?#��<:�=��- �$ '&:�- H#$��7&. 
� ?�>3�'J3+ �&�<:&>%�* <�$,&��! 
3�L55�7�&�%�: �%#$B&��! R � ?#�?+>3$��! T �$-%� #&/&��& :�<��B�� 
'�/J �=��� �< �&%�=�: ?#�>%#&'3� ?+%A� ������<$7�� �&:!<3� 

H#$��,�*@ +>'�:�- �$ ?#$:�- H#$��7&: min)()( 0 ��
	lzdz

zdEjklE , 

�>?�'J<+! ���H��&#�+P �?%���<$7�P ?� ,&%*#A� ?$#$�&%#$� (Real[E(0)], 

Image[E(0)], Real[
0

)(
	zdz

zdE ], Image[
0

)(
	zdz

zdE ]), 3�%�#$! ��B&% "*%J 

>:&=&�$ 3 �?%���<$7�� ?� =:+� ?$#$�&%#$� (Real(R), Image(R)). 
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� #&<+'J%$%& ,�>'&���H� ��=&'�#�:$��! ?�'+,&�$ 3$#%��$ 

?#�>%#$�>%:&���H� #$>?#&=&'&��! $�?'�%+=* ?�'! : >#&=& (#�>. 2, 3). 
�>7�''!7�� $�?'�%+=* ?�'! : �"'$>%� dz �  �"+>'�:'&�* 
��%&#5&#&�7�&- ?$=$PT&- :�'�* > :�'��-, �%#$BA���- �% H#$��7 
>%#+3%+#*. 
& %&#!! �"T��>%� #&/&��!, >#&=* >'&:$ � >?#$:$ �% 
�=���,��H� ?'�>3�H� >'�! ?�'$H$'�>J �=&�%�,�*�� ( 100 		 RL kk ). 

�&%�= �"#$%��- ?#�H��3� �3$<$'>! H�#$<=� L55&3%�:�&& ��%&H#�#�-
:$��! : ?#!��� �$?#$:'&��� ::�=+ >?&7�5�3� #$"�%* ?#�H#$��* > ,�>-
'$�� #&<3� #$<'�,$PT�@>! ?�#!=3�:. 

�$>>��%#&�* �&'��&-�*& >'+,$�, �?�>$��*& : #$"�%& [1] ( 21.0)0( �	�  
�  80666.0;40333.0)2( $$	� ). 
$ #�>. 4 ?#&=>%$:'&�� �<�&�&��& H#$5�3�: 
<$:�>���>%� )( 0ATT 	  ?�= :'�!��&� 3�L55�7�&�%$ �&'��&-��>%� )2(� .  

�>>'&=�:$�* L55&3%*, ?�#�B=A��*& �&'��&-�*� >'$H$&�*� ��=&'� 
�&##$. ��#�3� �<:&>%&� L55&3% #&<��$�>��H� %+��&'�#�:$��!, 3�H=$ 
?$=$PT$! �$ �=��>'�-�+P >%#+3%+#+ L'&3%#��$H��%�$! :�'�$ �& «<$�&,$&%» 
?�>'&=�PP � ?#�@�=�% "&< �%#$B&��-. M$ L%�� !:'&��&� >3#*:$&%>! :&>J�$ 
?#�>%$! 5�<�3$, ?�<:�'!PT$! �>?�'J<�:$%J L55&3% ?#� ?�>%#�&��� ��3#�- � 
�$��+>%#�->%: (%$3 �$<*:$&�*@ Resonant Tunneling Devices). � #$�3$@ 
�>>'&=+&��- ��=&'� L%�% L55&3% ?�'+,&� � �>>'&=�:$� (#�>. 5). �#� ?$=&��� 
�$ >%#+3%+#+ > '��&-��- 3��?'&3>��- =�L'&3%#�,&>3�- ?#���7$&��>%JP 
�,&:�=�� «?#�>:&%'&��&» �$"'P=$&%>!, &>'� >'&:$ �% ?'$>%��* ?�'& �"#$%��- 
:�'�* �%>+%>%:+&%, %� &>%J >?#$:&='�:� (6). 
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��>. 2. �$>?#&=&'&��& $�?'�%+=* :�'�* 
:=�'J ?#�>%#$�>%:&���- 3��#=��$%* z 
?#� 0)( )0( �	 �� E  

��>. 3. �3>?��&�7�$'J��& <$%+@$��& $�-
?'�%+=* :�'�* :�+%#� "$#J&#$ :=�'J 
?#�>%#$�>%:&���- 3��#=��$%* z ?#� 

01)( )0( ��		 �� E  
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��8�����H�� �C������� ������M���  
� +�����8�7��@�  �C��������  �@���  

+�� ��C�������� �� ��� 1% �������� �������� B2 
 

�
���� #.�., 
������ 5 ��

	 G�$�&�
���� G	���3���	 �*' 
 
 

 � >�:#&�&���- "���&=�7��>3�- �?%�3& "�'J/�& :���$��& +=&'!&%-
>! =�$H��>%�3& <'�3$,&>%:&��*@ ��:��"#$<�:$��-. � 7&'JP =�$H��>%�3� 
L%�@ �"#$<�:$��-, : ,$>%��>%�, :�<��B�� �>?�'J<�:$%J ���&#>����*& 
$H&�%* [1–4]. �@ 7&'J – >�H'$>�:$%J ?�3$<$%&'� ?#&'��'&��! :�+%#�%3$�&-
:�- B�=3�>%� � 3�''$H&��:*@ :�'�3��. �$��$! #$"�%$ ?�>:!T&�$ #&H�>%-
#$7�� �<�&�&��-, 3�%�#*& ?#��>@�=!% : %3$�� ?#� :�<=&->%:�� �$ �&& �>-
��%�,&>3� $3%�:��- B�=3�>%� �$ ?#��&#& 1% #$>%:�#$ :�%$���$ B2.  

� 3$,&>%:& �>>'&=+&�*@ %3$�&- "*'� :*"#$�* ��#�$'J�$! ?�,3$ 
3#*>* � �?+@�'J ?�,3� ,&'�:&3$, ?#�:�%$! 3#*>&. ��>'&=�!! ?#&=>%$:'!&% 
>�"�- 3+'J%+#+ #$3�:*@ 3'&%�3, ?#�:�:$&�*@ 3#*>&, �?+@�'J #$<:�:$'$>J 
: 3#*>&-�?+@�'&��>7&. �'! �>>'&=�:$��- "*'� >=&'$�* >#&<* %3$�� %�'-
T���- 1 ��. � 7&'JP :�<+$'�<$7�� >%#+3%+#* �"#$<7�: %3$�� �>?�'J<�-
:$'>! ?�'!#�<$7����*- ��3#�>3�?. 

 � @�=& ?#�:&=&��! L3>?&#��&�%�: "*'� ?�'+,&�* ?�'!#�<$7����*& 
5�%�H#$5�� �>>'&=+&�*@ %3$�&- ?�= =&->%:�&� 1% #$>%:�#$ :�%$���$ B2 
(=$��*& �& ?#&=>%$:'&�*).  

�>%$��:'&��, ,%� ��#�$'J�$! %3$�J !:'!&%>! "�'&& �=��#�=��- ?� 
>#$:�&��P > �?+@�'JP. �'&=+&% <$�&%�%J, ,%� <�$,&��& 5#$3%$'J��- #$<-
�&#��>%�, 3�%�#$! @$#$3%&#�<+&% �<#&<$���>%J %3$��, 3�%�#�& >��%:&%>%:+-
&% ��#�$'J��- %3$��, �&�J/&, ,&� >��%:&%>%:+PT&& <�$,&��& ='! �?+@�-
'&:*@ %3$�&- [8]. 

�'! �?#&=&'&��! :'�!��! �<�&�&��-, : >%#+3%+#& %3$��, �$@�=!T�@-
>! ?�= =&->%:�&� �>��%�,&>3� $3%�:��H� :&T&>%:$, �$ && ?�'��& ?#�?+>-
3$��&, �>?�'J<�:$'>! >?&3%#�5�%��&%# LAMBDA 950. 

�<�&#&��! ?�'��H� ?#�?+>3$��! ?#�:�=�'�>J : �$,$'J�*- ���&�% 
:#&�&��, "&< ���&#>�����H� $H&�%$, � ,&#&< 20 ���+% ?�>'& �$,$'$ ���&#-
>�� : =�$?$<��& ='�� :�'� 300 – 900 ��.  

�>%$��:'&��, ,%� +�&�J/&��& ?�'��H� ?#�?+>3$��! ��#�$'J��- 
?�,3� 3#*>* ?#� :�<=&->%:�� 1% #$>%:�#�� :�%$���$ B2 (#�>. 1) �?#&=&-
'!&%>! ?#�>:&%'&��&� %3$��, ,%� @$#$3%&#�<+&%>! ?�!:'&��&� �&�=��#�=-
��>%� (=$��*& �& ?#&=>%$:'&�*). �$'J�&-/�- ?#�7&>> ?#�>:&%'&��! >�-
?#�:�B=$&%>! ?�:*/&��&� ?�'��H� ?#�?+>3$��! � �%��>�%&'J�*� :*#$:-
��:$��&� >%#+3%+#* %3$�� (=$��*& �& ?#&=>%$:'&�*). 
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�#� �%>+%>%:�� $H#&H$7�� 5'+�#�5�# >�#"�#�:$'>! �$ <�'�%&, ?#� L%�� 
�$"'P=$'�>J ?�'��& %+/&��& 5'+�#&>7&�%��H� <��=$, #&H�>%#�#+&��& :� 
5'+�#&>7&�%��� ��3#�>3�?&. 

��3$<$��, ,%� >�:�&>%��& �>?�'J<�:$��& <�'�%*@ ,$>%�7 > 5'+�#&>-
7&�%�*�� �&%3$�� ?�<:�'!&% �?#&=&'!%J '�3$'�<$7�P ,$>%�7 3�''��=��-
H� <�'�%$ : #$>>�$%#�:$&�*@ 3+'J%+#$@ 3'&%�3  �&%�=$�� 3��5�3$'J��- 
'$<&#��- ��3#�>3�?��.  
$"'P=$&%>! +>�'&��& >:&%���>%� <�'�%*@ �$��-
,$>%�7 : ?#&?$#$%$@ B�:�%�*@ 3'&%�3, ,%� =&'$&% :�<��B�*� �>?�'J<�:$-
��& ?'$<�����-#&<��$�>�*@ ,$>%�7 =�$�&%#�� �&�&& 15 �� : ��3#�>3�?�� 
%&���H� ?�'!.  

 
/	!��	 �����
7	�	 �
	���� /((�, �
���� 02-02-17418. 
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�$3�� �"#$<��, #&/&�$ >�>%&�$ BA>%3�@ =�55&#&�7�$'J�*@ +#$:�&-

��- : ?#!��� (>$��>�H'$>�:$��$! <$=$,$) � �"#$%��� @�=&, #&<+'J%$%* 
,�>'&��*@ :*,�>'&��- ?�'��>%JP �?�>*:$P% �&'��&-�*& 5�<�,&>3�& 
L55&3%*, :�<��3$PT�& : ?'�>3�>'��>%*@ >#&=$@ > 3&#�:>3�- �&'��&-��>%JP. 
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��>. 4. �#$5�3 <$:�>���>%� )( 0AT . 
�#�:*& 1,2 � 3, 4 >��%:&%>%:+P% 

21.0)0( �	� , 40333.0;80666.0)2( ��	�  
� 80666.0;40333.0)2( 	�  

��>. 5.  ��$H#$��$, �''P>%#�#+PT$! <�-
�* #&<��$�>��H� %+��&'�#�:$��!: 9	� , 

22	d , 999.0	T . 
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�������7��@�� ������������ +��H����� ������C4E/�����  

� �������8� E������� � L���@�+������! �4� 
 

�	
�������	 4.�., 
�������	 3 ��

	 (�# �*' 
 

��:#&�&��*- /�#�3�?�'�>�*- �G�-+>�'�%&'J ?#&=>%$:'!&% >�"�- 
>'�B�*- ���H�>&37����*- ?#�"�#, ?#�,&� 3$B=$! >&37�! ?#�>%#$�>%:$ 
:<$���=&->%:�! ��B&% �%'�,$%J>! �% �>%$'J�*@ L'&3%#�=��$��,&>3��� 
?$#$�&%#$�� – >�?#�%�:'&��&� >:!<�, <$3���� =�>?&#>��, <$%+@$��&�. 
�#��& %�H�, >+T&>%:&���& :'�!��& �$ #$"�%+ ?#�"�#$ ��H+% �3$<$%J �%#$-
B&��! +>�'�:$&��H� >�H�$'$ 3$3 �$ :@�=��� � :*@�=��� 3��7$@ ?#�>%#$�-
>%:$ :<$���=&->%:�!, %$3 � : �&>%$@ ?&#&@�=$ �% �=��- >&37�� 3 =#+H�- 
:�+%#� '$�?*. � >:!<� > L%��, :$B�� +�&%J +,�%*:$%J L%� 5$3%�#* : ?#�-
H#$��$@ ��=&'�#�:$��! ?#�7&>>�: : /�#�3�?�'�>�*@ �G�. � �$>%�!T&- 
#$"�%& �<'�B&� $'H�#�%� � ?#�:&=&�* #&<+'J%$%* %&>%�: ?#�H#$��*, ?�-
<:�'!PT&- #$>>,�%*:$%J 3�L55�7�&�% '��&-��H� +>�'&��! � >$��:�<"+-
B=&��& ?$#$<�%�*@ 3�'&"$��- : '$�?& "&H+T&- :�'�* (�G�) > +,&%�� �%-
#$B&��- � �&�=��#�=��>%� ?$#$�&%#�: <$�&='!PT&- >�>%&�* ?#�"�#$ 
:=�'J ?#�>%#$�>%:$ :<$���=&->%:�!. 
 �$�?+ "&H+T&- :�'�*, #$"�%$PT+P : '��&-��� #&B��&, ��B�� 
?#&=>%$:�%J : :�=& ,&#&=�:$��! �&�=��#�=�*@ +,$>%3�:, �$ 3�%�#*@ ��-
B&% ?#��>@�=�%J #$>>&!��& � :<$����& ?#&�"#$<�:$��& ?#!��- � :>%#&,-
��- :�'� : <$�&='!PT&- >�>%&�&, $ %$3B& �=��#�=�*@ +,$>%3�: <$�&=-
'!PT&- >�>%&�*, �$ 3�%�#*@ �<�&�&��& $�?'�%+= :�'� ?#��>@�=�% <$ 
>,&% �@ :<$���=&->%:�! > L'&3%#���*� ?�%�3��. � =:+@ >%�#�� >�>%&�$ 
?�=3'P,&�$ 3 :@�=���+ � :*@�=���+ :�'��:�=$�. �@&�$%�,&>3�& �<�"#$-
B&��& %$3�- >�>%&�* ?�3$<$�� �$ #�>. 1. 
�#� %$3�� ?�=@�=& ?#�7&>>*, ?#��>@�=!T�& > >�H�$'�� � ?+,3�� ?#� ?#�-
=:�B&��� :=�'J ?#�>%#$�>%:$ :<$���=&->%:�! ��B�� :*#$<�%J ,&#&< �$%-
#�7* ?&#&=$,� >��%:&%>%:+PT�@ +,$>%3�: '$�?*. �$%#�7$ ?&#&=$,� M̂  
='! :>&- '$�?* �?#&=&'!&%>! >��%��/&��&�: 

1 1 2 1 1 1 1
ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ

N N N N NA M T M T M T M A M A� �	 	� ,                        (1) 

 
��>.1. �@&�$ �G� : :�=& ?�>'&=�:$%&'J�� >�&=��&��*@ ���H�?�'P>��3�: 
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��$'�H�,��& �&,&��& "*'� ?#�:&=&�� : L3>?&#��&�%& > '��5�7�%$�� 

3#�'�3$; : 3$,&>%:& ?'$<�����-#&<��$�>��- �&%3� "*'� :<!%* <�'�%*& 
>5&#�,&>3�& �$��,$>%�7* =�$�&%#�� 15 ��. 

�� :>&- :�=���>%�, ��, >�#"�#+!>J �$ ,$>%�7$@ <�'�%$, +:&'�,�:$&% 
�@ >&,&��& #$>>&!��!, %&� >$�*� +>�'�:$! >:&%���>%J <�'�%*@ �$��,$>%�7 
: ?#&?$#$%$@ B�:�%�*@ 3'&%�3.  

�#� %�%#�:$��� $3#�=���:�H� �#$�B&:�H� "*'$ �"�$#+B&�$ �&'�-
�&-�$! <$:�>���>%J �"#$<�:$��! $H#&H$%�: 3�''��=��H� <�'�%$ �% 3��7&�-
%#$7�� �>?�'J<+&��H� 5'+�#�5�#$, 3�%�#$! �"Y!>�!&%>! ?&#&<$#!=3�- 
>5&#�,&>3�@ <�'�%*@ �$��,$>%�7  =$���- 5'+�#&>7&�%��- �&%3�- ?#� =�-
"$:'&��� && : :*>�3�-  3��7&�%#$7��. �<�&�&��& <$#!=$ > �%#�7$%&'J��H� 
�$ ?�'�B�%&'J�*- "*'� <$5�3>�#�:$�� > ?���TJP ?#�"�#$ Zeta-Sizer. 

 

  	                                                              !                                       
��>. 2. �<�"#$B&��& 3'&%�3 L�"#����: ?�,&3 >:��J�, >=&'$���&  	 – : %&���� ?�'&, 
! – : #&B��& 'P����>7&�7�� (��3#�>3�? Leica DM-2500) 

  	                                                                        !                                       
��>. 3. �<�"#$B&��& '��5�7�%�: 3#�'�3$, >=&'$���&:  	 – : >�&/$���� #&B��& %&�-
��H� ?�'! � 'P����>7&�7�� (��3#�>3�? Leica DM-2500), ! – : #&B��& 'P����>7&�-
7�� (  Leica TCS-SP5) 
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����
���� � ����	� 
 

�'&%3� ��3+"�#�:$'� > 3�''��=�*� <�'�%�� �� ='! ���� � '��5�-
7�%�: >��%:&%>%:&��� : %&,&��& >+%�3 (0.5 �' <�'�%$ �$ 1�' 3'&%�,��- 
>+>?&�<��), �&%�'� ?�'+,&��*& 3��YPH$%* $3#�=���:*� �#$�B&:*�, 
1 �3' 0.01% #$>%:�#$ �� �$ 1 �' >+>?&�<��, ��3+"�#�:$'� : %&,&��& 
5 ���. 

�'! +%�,�&��! �&@$��<�$ �<�&�&��- >:�->%: 5'+�#�5�#$ "*' ?#�:&-
=&� �&%�= =:�-�*@ #$<:&=&��- �� ?#� =�"$:'&��� &H� 3 #$>%:�#$� <�'�-
%*@ �$��,$>%�7 #$<'�,��H� =�$�&%#$ > +�&�J/&��&� &H� 3��7&�%#$7�� �% 
150 �3� =� 0.5 �3�. 

 
��"5�,���� � �('5&	���� 

 
� @�=& L3>?&#��&�%$ "*'� :*!:'&��, ,%� 3��YPH$7�! <�'�%*@ �$��-

,$>%�7 > 5'+�#&>7&�%�*�� �&%3$�� +:&'�,�:$&% >&,&��& #$>>&!��! '�"� 
�%=&'J�*@ ,$>%�7, '�"� �@ $H#&H$%�: :>'&=>%:�& $=>�#"7�� 3$%�����H� 
5'+�#�5�#$ �$ $�����+P ?�:&#@��>%J <�'�%$. �%� ?�<:�'!&% �>>'&=�:$%J 
'�3$'�<$7�P ?'$<�����-#&<��$�>�*@ �$��,$>%�7 �&%�=$�� %&���?�'J��- 
>:&%�:�- ��3#�>3�?��. 

��<+$'�<$7�! 3'&%�3 > �>?�'J<�:$��&� �&%�=$ 3��5�3$'J��- ��3#�-
>3�?�� >:�=&%&'J>%:�:$'$ � �$@�B=&��� <�'�%$ :�+%#� 3'&%�3. 

�#� :�<+$'�<$7�� �&,&�*@ 3'&%�3 ���� : %&���� ?�'& "*'� �"�$-
#+B&�� "#�+��#�:$��& <�'�%*@ �$��,$>%�7, �H#$��,&���& �$#+B��- �&�-
"#$��- 3'&%3�, ,%� %$3B& =�3$<*:$&% ?#���3��:&��& <�'�%*@ �$��,$>%�7 
:�+%#J 3'&%�3. 

��&=��!!>J > <�'�%��, �� %&#!&% >:�� 5'+�#&>7&�%�*& >:�->%:$, ,%� 
��B&% >�?#�:�B=$%J>! $H#&H$7�&- <�'�%*@ ,$>%�7, � ?�'��>%JP %+/�%>!. 

 

 	                                                                 !                                       
��>. 1. �?%�,&>3�& >#&<* (	 – 2.8 �3�, ! – 7.5 �3�) ����, �&,&��*@ <�'�%*�� �$��,$-
>%�7$�� =�$�&%#�� 40 ��, >=&'$��*& : #$<�*& ���&�%* :#&�&�� 
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H=&  [ , , , ]TdJA a a J
d� �	
*

, ˆ
iM  – �$%#�7$ ?&#&=$,� ='! i -H� +,$>%3$ �&�=��-

#�=��>%�, $ îT – �$%#�7$ ?&#&=$,� ='! i -H�  +,$>%3$ ?#�>%#$�>%:$ :<$���-
=&->%:�!. M=&>J � �expa P j$ $ $	 �  - $�?'�%+=* ?$=$PT&- � :>%#&,��- 
:�'�, :*#$B&��*& ,&#&< �@ ��T��>%� P$  � 5$<* $� , J  � dJ d*  - >H#+?-
?�#�:$��*- %�3 � &H� ?#��<:�=�$! : >��%:&%>%:+PT&� >&,&���. 
�'&�&�%* �$%#�7* ?&#&=$,� ˆ

iM  ='!  i -H� +,$>%3$ �&�=��#�=��>%� �?#&-
=&'!P%>! �< �$%#�7* #$>>&!��! Ŝ , 3�%�#$! >,�%$&%>! +��%$#��- � >��-
�&%#�,��-. � L%�� >'+,$& ='! &A ?�'��H� <$=$��! �&�"@�=��* %#� ?$#$-
�&%#$: 3�L55�7�&�% �%#$B&��! +  � 5$<* 3�L55�7�&�%�: �%#$B&��! � 
?#�?+>3$��!.  �$��$! �$%#�7$ ��&&% :�= [1]: 

1 2

3 12

2

(2 )2

1 0 0

1 0 0ˆ
0 0 1 0
0 0 0 1

j j

jj

e e

e eS

� �

� ���

, -+ � +
. /
. /� + �+	 . /
. /
. /0 1

.                             (2) 

� �$%#�7& (2) ?#&=?�'$H$&%>!, ,%� ?#� ?#�@�B=&��� '�3$'J��- �&�=��-
#�=��>%� �& ?#��>@�=�% =�?�'��%&'J��- H#+??�#�:3� ?+,3$. �#� #$>,&%& 
�$%#�7* ?&#&=$,� ='! +,$>%3$ ?#�>%#$�>%:$ :<$���=&->%:�! �>?�'J<�:$-
'�>J +#$:�&��! '��&-��- %&�#�� �G� [2]. �$3�� �"#$<��, :>& �$%#�7*, 
�&�"@�=��*& ='! #$>,&%$ ?�'��- �$%#�7* ?&#&=$,� '$�?* �?#&=&'&�*.  

M�$��& ?�'��- �$%#�7* ?&#&=$,� ?�<:�'!&% >5�#�+'�#�:$%J =:& <$-
=$,� ?� �>>'&=�:$��P #&B���: #$"�%* '$�?* "&H+T&- :�'�*: 

1) ���&-�*- #&B�� +>�'&��!: ?#� L%�� :� :@�=��� :�'��:�=& >+-
T&>%:+P% :�'�*, #$>?#�>%#$�!PT�&>! : �"& >%�#��* (:@�=��- >�H�$' � 
�%#$B&��$! �% :@�=��- �&�=��#�=��>%� :�'�$), $ : :*@�=��� :�'��:�=& 
>+T&>%:+&% %�'J3� ?#�/&=/$! ,&#&< >�>%&�+ :�'�$. �$3�� �"#$<��, >'&-
=+&% ?�'�B�%J , 0�+�a� 	 . �< L%�H� +>'�:�! ��B�� �$-%� >:!<J �&B=+ ?$-
=$PT&- � �%#$B&���- :�'�$�� :� :@�=��� :�'��:�=&, $ %$3B& 3�L55�7�-
&�% +>�'&��!, :*#$B&��*- ,&#&< L'&�&�%* ?�'��- �$%#�7* ?&#&=$,�. �%� 
>��%��/&��& ��&&% :�= � �11 12 21 2220lg / .G M M M M	 �  

2) �>'�:�! >$��:�<"+B=&��!: : L%�� #&B��& :�'�*, #$>?#�>%#$-
�!PT�&>! : >%�#��+ ?#�>%#$�>%:$ :<$���=&->%:�! :� :@�=��� � :*@�=��� 
:�'��:�=$@, �%>+%>%:+P%, $ >+T&>%:+P% %�'J3� :�'�*, "&H+T�& �% '$�?*. 
�%� >��%:&%>%:+&% +>'�:�!� , 0��a� 	 , , 0�+�a� 	 , , 0��a� 2  � , 0�+�a� 2 . �@ �=-
��:#&�&���& :*?�'�&��& :�<��B��, %�'J3� &>'� >?#$:&='�:� +#$:�&��& 

22 0M 	 , 3�%�#�& ?#&=>%$:'!&% >�"�- +>'�:�! >$��:�<"+B=&��! �G�. 
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��>. 2. �#$5�3 <$:�>���>%� 3�L55�7�&�%$ +>�-
'&��! �% ,$>%�%* ?#� �=0, #$>>,�%$��*& > ?�-
��TJP =$���- ?#�H#$��* (>?'�/�$! '���!) � 
?#�H#$��* [4] (?+�3%�#) > �$'�- $�?'�%+=�- 
:@�=��H� >�H�$'$

�3$<$��*& :*/& $'H�#�%�* "*'� �>?�'J<�:$�* ?#� #$<#$"�%3& ?#�-
H#$��* ='! #$>,&%$ #&B���: '��&-��H� +>�'&��! : �G� > +,&%�� �&�=��-
#�=��>%&- �$ && 3��7$@. �#�H#$��$ �$?�>$�$ �$ !<*3& ?#�H#$���#�:$��! 
>�>%&�* 3��?JP%&#��- �$%&�$%�3� Mathematica-6.0. � 3$,&>%:& ?#��&#$ 
�>?�'J<�:$��! ?#�H#$��* ?#�:&=&� #$>,&% �=��#�=��- �G� > �%#$B&-
��!�� �$ 3��7$@. �$#$�&%#* ?#�"�#$: ='��$ '$�?*  0.1L 	  �, #$=�+> 
?#�'&%��- %#+"* 0.69a 	  ��, #$=�+> ?+,3$ 0.487b 	 ��, �$?#!B&��& ?+,-
3$ 0 4500V 	 �, ?�>%�!��*- %�3 0 0.115I 	 �. 
&�"@�=��*& ='! #$>,&%$ ?$-
#$�&%#* >?�#$'J��- <$�&='!PT&- >�>%&�* "*'� #$>>,�%$�* > �>?�'J<�-
:$��&� �?&#$%�:��- ?#�H#$��* #$>,&%$ L'&3%#�=��$��,&>3�@ ?$#$�&%#�: 
>?�#$'J��- �G� [3] ?� && H&��&%#�,&>3�� #$<�&#$�. 

� 3$,&>%:& %&>%$ �$ ?#$:�'J��>%J #$"�%* ?#�H#$��* "*'� ?#�:&=&�� 
>#$:�&��& ?�'+,&��*@ > && ?���TJP #&<+'J%$%�: > =$��*�� #$>,&%$ ?� 
?#�H#$��& TWT1D, ?#&=�$<�$,&���- ='! #$>,&%$ #&B���: �&'��&-��H� 
���H�,$>%�%��H� +>�'&��! : �G� [4]. � �&'��&-��- ?#�H#$��& :� :@�=�*@ 
=$��*@ <$=$:$'$>J �$'$! $�?'�%+=$ :@�=��H� >�H�$'$ ='! %�H�, ,%�"* 
��B�� "*'� ?#��<:&>%� 3�##&3%��& >�?�>%$:'&��& #&<+'J%$%�:. 


$ #�>. 2 ?#�:&=&�* <$:�>���>%� 3�L55�7�&�%$ +>�'&��! �% ,$>%�%*, 
?�'+,&��*& > �>?�'J<�:$��&� �"&�@ ?#�H#$�� ='! %#&@ <�$,&��- %�3$ 
?+,3$. �$3 :�=�� �< H#$5�3$ =�$?$<�� ,$>%�% � :&'�,��$ 3�L55�7�&�%$ 
+>�'&��! #$<'�,$P%>! �& �,&�J >�'J��, :�<��3/�& �%3'��&��! ��B�� 
�"Y!>��%J %&�, ,%� : ?#�H#$��& ='! '��&-��H� #&B��$ +,�%*:$&%>! 
:>%#&,��& �<'+,&��& (�$ H#$5�3& – 3#�:*& > �$'*�� �>7�''!7�!��). 

�#� �%>+%>%:�� �%#$B&��- �% 3��7�: >�>%&�*, H#$5�3 3�L55�7�&�%$ 
+>�'&��! ?#� �$'�� %�3& (0.03 �) "+=&% H'$=3�� : =�>%$%�,�� /�#�3�� 
=�$?$<��& ,$>%�%, %$3 3$3 ?#� L%�� +#�:&�J :>%#&,��H� �<'+,&��! �$'. �#� 
+:&'�,&��� %�3$ (0.05 � � 0.07 �) "+=+% ?�!:'!%J>! �&"�'J/�& �>7�''!-
7�� 3�L55�7�&�%$ +>�'&��! 
� =�$?$<�� ,$>%�% "+=&% #$>-
/�#!%J>!. �%� �">%�!%&'J>%:� 
�"Y!>�!&%>! %&�, ,%� ?#� +:&-
'�,&��� %�3$ ?+,3$ +:&'�-
,�:$&%>! ?$#$�&%# +>�'&��! 
��#>$ C , �% <�$,&��! 3�%�-
#�H� : ?&#:+P �,&#&=J <$-
:�>�% +#�:&�J :>%#&,��H� 
�<'+,&��!. ��%&#5&#&�7�! 
?#!��- � :>%#&,��- :�'� 
?#�:�=�% 3 ?�!:'&��P �>7�'-
'!7�- �$ H#$5�3$@ <$:�>���-
>%� 3�L55�7�&�% +>�'&��! �% 
,$>%�%*. 
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�$��$! #$"�%$ ?�>:!T&�$ �>>'&=�:$��P :�<��B��>%&- >�:�&T&��! 
3��5�3$'J��- ��3#�>3�?�� > +��3$'J�*�� >:�->%:$�� ?'$<�����-
#&<��$�>�*@ �?%�,&>3�@ <��=�:.  

G��'�H�,&>3��� �"Y&3%$�� �>>'&=�:$��! !:'!P%>! 3'&%3� ?�,&3 L�-
"#���$ >:��J� (����) � '��5�7�%* 3#�'�3$, : 3$,&>%:& 5'+�#&>7&�%��- 
�&%3� �>?�'J<�:$'>! 3#$>�%&'J $3#�=���:*- �#$�B&:*- (��), =�$�&%# 
�>?�'J<+&�*@ >5&#�,&>3�@ <�'�%*@ �$��,$>%�7 – 15, 20, 30, 40 � 50��.  

 
�
�	���� 

 
�'! ���H�@ �&=�7��>3�@ � 7�%�'�H�,&>3�@ �>>'&=�:$��-, %$3�@ 3$3 

�<+,&��& �&@$��<��: %#$�>?�#%$ :&T&>%: : 3'&%3+[1], $=#&>�$! =�>%$:3$ 
'&3$#>%:&��*@ :&T&>%: [2], =�>%$:3$ H&�&%�,&>3�H� �$%&#�$'$ : 3'&%�,��& 
!=#� �>�"&��� :$B�� �?#&=&'�%J, ?#���3$&% '� ��>�%&'J : 3'&%3+, �'� '�-
3$'�<+&%>! �$ && ?�:&#@��>%�.  

�=��� �< #$>?#�>%#$�&��*@ >?�>�"�: �?#&=&'&��! '�3$'�<$7�� 
?'$<����-#&<��$�>�*@ �$��,$>%�7 !:'!P%>! �&%�=* �?%�,&>3�- � %#$�>-
��>>�����- L'&3%#����- ��3#�>3�?�� [3]. M�$,�%&'J�$! >%&?&�J #$<#&/&-
��! !:'!&%>! �&>���&��*� =�>%���>%:�� =$���H� �&%�=$, �� �$#!=+ > 
L%�� >'&=+&% �%�&%�%J �&3�%�#*& �&=�>%$%3� L'&3%#����- ��3#�>3�?�� – 
>'�B�+P %&@��'�H�P �<H�%�:'&��! ?#&?$#$%�: � :*>�3+P >%����>%J ?#�-
:�=��*@ �>>'&=�:$��-. 

	T& �=��� �>?�'J<+&�*� �&%�=�� !:'!&%>! 3��5�3$'J�$! ��3#�>3�-
?�! : #&B��& �+'J%�5�%����- 5'+�#&>7&�7��. �'$:��& ?#&��+T&>%:� 
3��5�3$'J��- ��3#�>3�?�� – :�<��B��>%J :�>>�<=$��! %#&@�&#��- 3$#-
%��* >%#+3%+#* 3'&%�3 ?+%&� >�<=$��! �?%�,&>3�@ >#&<�: (z->%&3�:).  

� =$���- #$"�%& ?#&='�B&� �&%�= �>>'&=�:$��! �&>%�?�'�B&��! <�-
'�%*@ �$��,$>%�7 : 3'&%3& > ?���TJP >%$�=$#%��- 3��5�3$'J��- '$<&#-
��- ��3#�>3�?�� ?+%&� �>?�'J<�:$��! >�&/$��*@ �&%�3, �>��:$��*- �$ 
+>�'&��� >:&%���>%� <�'�%*@ �$��,$>%�7 : #&<+'J%$%& �@ :<$���=&->%:�! 
> 5'+�#&>7&�%�*�� <��=$��. 
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�&?&#J #$>>��%#�� <$-
:�>���>%J 3�L55�7�&�%$ 
+>�'&��! �% ,$>%�%* ='! 
%#&@ #$<'�,�*@ <�$,&��- 
%�3$ ( I =0.03, 0.05 � 0.07 �) 
?#� 0 4500V 	 � > 3�L55�-
7�&�%�� �%#$B&��! �% 
�"��@ 3��7�: >�>%&�*, 
#$:�*� 0+ 	 .1. 

�#� ::&=&��� �&"�'J-
/�H� �%#$B&��! �>7�''!-
7�� "+=+% +:&'�,�:$%J>!, $ 

=�$?$<�� ,$>%�% – #$>/�#!%J>!. �%� "+=&% ?#��>@�=�%J :>'&=>%:�& %�H�, 
,%� ?����� �"#$%��- :�'�* > ?#!��- :�'��- %$3B& "+=&% :<$���=&->%:�-
:$%J � �%#$B&��$! :�'�$. �%&?&�J L%�H� :<$���=&->%:�! +:&'�,�:$&%>! > 
#�>%�� 3�L55�7�&�%$ �%#$B&��! : >�>%&�&. �$>>%�!��& �&B=+ ?�3$�� 3�-
'&"$��- 3�L55�7�&�%$ +>�'&��! ��B&% "*%J #$>>,�%$�� �< +>'�:�!, ,%� 
�$ L'&3%#����- ='��& '$�?* =�'B�� +3'$=*:$%J>! 7&'�& ,�>'� ?�'+:�'�. 
�>?�'J<+! H&��&%#�,&>3�& ?$#$�&%#* >�>%&�*, �< L%�H� +>'�:�! '&H3� ?�-
'+,�%J, ,%� #$>>%�!��& �&B=+ >�>&=���� ?�3$�� =�'B�� >�>%$:'!%J ?#�-
�&#�� 176 ��7. �%$ B& :&'�,��$, �?#&=&'&��$! ?� #$>>,�%$��*� H#$5�-
3$�, ?�'+,$&%>! #$:��- 166 ��7, ,%� @�#�/� >��%:&%>%:+&% %&�#&%�,&>3�- 
�7&�3&. 
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� ?�>'&=�&& :#&�! :>& "�'J/&& :���$��& �>>'&=�:$%&'&- ?#�:'&3$P% 
�?%�,&>3�& �$%&#�$'* > �>3+>>%:&��*�� ?&#��=�,&>3��� >%#+3%+#$�� 
>+"��3#����H� �$>/%$"$ – 5�%���*& 3#�>%$''*. �3%�:�*& �>>'&=�:$��! 
: �"'$>%� 5�<�3� 5�%���*@ 3#�>%$''�: ?#�:&'� 3 >�<=$��P ����$%P#�*@ 
+>%#�->%:, #$"�%$PT�@ : =�$?$<��& ='�� :�'� :�=���H� >:&%$ [1–2].  
� �"'$>%� >:&#@:*>�3�@ ,$>%�% $�$'�H$�� 5�%���*@ 3#�>%$''�: ��H+% 
"*%J �$H����*& 3#�>%$''* [3] – >%#+3%+#*, >�<=$��*& �$ �>��:& �$H��%-
�*@ �$%&#�$'�: > #$<'�,�*�� ?&#��=�,&>3��� �&�=��#�=��>%!��, : 3�-
%�#*@ #$>?#�>%#$�!PT���>! :�'�$�� !:'!P%>!  �$H��%�>%$%�,&>3�& >?�-
��:*& :�'�* (�$H���*).  

�$B��- ?#�"'&��- !:'!&%>! +?#$:'&��& ?$#$�&%#$�� �$H��%�>%$%�-
,&>3�@ :�'� (���), %.&. �<�&�&��& �@ ?�>%�!��*@ #$>?#�>%#$�&��!, <$%+-
@$��!, �$?#$:'&��! #$>?#�>%#$�&��! � %.=. �=��� �< :�<��B�*@ >#&=>%: 
+?#$:'&��! ��� !:'!P%>! ?&#��=�,&>3�& #&/&%3�, 3�%�#*& ��B�� 5�#-
��#�:$%J #$<�*�� >?�>�"$�� [4,5]. � L%�- >:!<�  $3%+$'J��- <$=$,&- !:'!-
&%>! �>>'&=�:$��& �$H��%�>%$%�,&>3�@ :�'� : 5&##��$H��%�*@ ?'&�3$@ > 
?&#��=�,&>3��� �&�=��#�=��>%!��. �$��$! <$=$,$ #$>>�$%#�:$'$>J #$�&& 
: #$"�%$@ [6–8]. � �$>%�!T&- #$"�%& #$>>�$%#�:$&%>! �=�� �< ?�=@�=�: 3 
$�$'�<+ %$3�@ ?&#��=�,&>3�@ >%#+3%+# �$ ?#��&#& ��=&'�, >@&�$ 3�%�#�- 
?�3$<$�$ �$ #�>. 1. 

��$'�<�#+&�$! ��=&'J >%#+3%+#* ?#&=>%$:'!&% >�"�- 5&##�%�:+P 
?'&�3+, �$ ?�:&#@��>%� 3�%�#�- >�<=$�$ ?&#��=�,&>3$! �&�=��#�=��>%J 
(L-?&#��= >%#+3%+#*) : :�=& �&%$''�,&>3�@ ?�'�>�3, #$>?�'�B&��*@ ?� 
��#�$'� 3 �$?#$:'&��P #$>?#�-
>%#$�&��! :�'�*. ��>%�!���& 
�$H��%��& ?�'&  ?#�'�B&�� 
3$>$%&'J�� 3 ?�:&#@��>%� ?'A�-
3� � &H� <�$,&��& >��%:&%>%:+&% 
>'+,$P :�<"+B=&��P : %$3�- 
>%#+3%+#& ?�:&#@��>%��- ���. 
�"�<�$,&��! H&��&%#�,&>3�@ 
#$<�&#�: >%#+3%+#* ?�3$<$�* �$ 
#�>. 1. 

�+%J �>?�'J<+&��H� ?�=@�-
=$ <$3'P,$&%>! : %��, ,%� ?�-

��>. 1. �@&�$ �>>'&=+&��- 5&##��$H��%��- 
>%#+3%+#* > ?&#��=�,&>3��� �&�=��#�=��-
>%!�� 
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+:&'�,&��&� #$>>%�!��! �&B=+ 
�&5#��$��. ��=%:&#B=&��&� L%�-
�+ >'+B�% #�>+��3, �''P>%#�-
#+PT�- �%'�,�& ?#��&#�� : 4 
#$<$ ='�%&'J��>%� <$@:$%$ ,$>%�% : 
<$:�>���>%� �% #$>>%�!��! (#&-
<+'J%$% +>#&=�&��! ?� $�>$�"'P). 
�=�$3� >'&=+&% �%�&%�%J, ,%� :� 
���H�@ L3>?&#��&�%$@ ,&%3�- <$-
:�>���>%�, ?�=�"��- �<�"#$B&�-
��- �$ #�>+�3&, �& ?#�>'&B�:$&%-
>!. �#� L%�� =$B& ='! +=$'&��*@ 
�&5#���: �$"'P=$&%>! ,&%3�- <$-
@:$% ,$>%�% � 5$< 3�'&"$��- �$ 
?#�%!B&��� 6–7 ?&#��=�: #�%�$ 
����, ,%� �& ?�<:�'!&% >,�%$%J 
=$��+P ?�=>%#�-3+ #�%��: >'+-

,$-��-. �$3�� �"#$<��, ?#�:&=&���& �>>'&=�:$��& >:�=&%&'J>%:+&% � %��, 
,%� : =��$��3& �&5#���*@ $�>$�"'&- =�'B�* "*%J <$=&->%:�:$�* �&@$-
��<�* >:!<� �&B=+ «=&#&:J!��», �<+,&��& 3�%�#*@ ?#&=>%$:'!&% >�"�- 
?�3$ &T& ��:�& �$?#$:'&��&, : #$�3$@ 3�%�#�H� >+T&>%:+&% 7&'*- #!= �%-
3#*%*@ :�?#�>�:. 

�#+H�� #&<+'J%$%�� ?#�:&=&���H� �>>'&=�:$��! !:'!&%>! �"�$#+B&-
��& ?&#��=�,��>%� : 5�#��#�:$��� >��@#���*@ 3'$>%&#�: �< =&>!%3�: 
�&5#���:. G*'� +>%$��:'&��, ,%� #$<�&# >��@#����H� 3'$>%&#$ �&�!&%>! > 
,$>%�%�-, ?#�"'�B&��� >��%:&%>%:+PT&- =�$?$<��+ �,&�J �&='&��*@ 
#�%��: $:%�#&H+'!7�� 3#�:�%�3$ [9]. �%� ?�<:�'!&% ?#&='�B�%J :�<��B-
�+P ��%&#?#&%$7�P �,&�J �&='&��*@ 3�'&"$%&'J�*@ ?#�7&>>�: 3$3 #�%-
��:, �3$<*:$PT�@ :'�!��& �$ 3�''&3%�:�+P =��$��3+ "�'J/�@ �&5#��-
�*@ $�>$�"'&-. 

�%�&%��, ,%� ?�=@�=, �>��:$��*- �$ :*=&'&��� �H��:&��*@ ,$>%�% 
#�%��: 3�'&"$��- > ?���TJP :&-:'&%�:, ?#&=>%$:'!&% :&>J�$ ?&#>?&3%�:-
�*- ��>%#+�&�% �>>'&=�:$��!, 3�%�#*- ?�<:�'!&% �?#&=&'�%J ='�%&'J-
��>%J +,$>%3�: >��@#���<$7�� ='! "�'J/�@ H#+?? �&5#���: � ��%&#:$'* 
:#&�&�� �&B=+ ?�>'&=�:$%&'J�*�� H#+??�#�:3$�� (?�=>%#�-3�-) �H��-
:&��*@ ,$>%�% #�%��: 3�'&"$��-. �,�%*:$!, ,%� ?&#��=* �&B=+ +,$>%3$-
�� >��@#���<$7�� ?#�"'�B&��� >��%:&%>%:+P% ?&#��=�3& �,&�J �&='&�-
�*@ #�%��:, �%�&,&��*@ : #$"�%& [9], ��B�� ?#&='�B�%J :�<��B�+P ��-
%&#?#&%$7�P �,&�J �&='&��*@ 3�'&"$%&'J�*@ ?#�7&>>�: 3$3 #�%��:, :*-
<:$��*@ 3�''&3%�:��- =��$��3�- "�'J/�@ �&5#���*@ $�>$�"'&-. �"�>-
��:$��& =$���- H�?�%&<* %#&"+&% "�'&& =&%$'J��H� =$'J�&-/&H� �>>'&=�-
:$��! � �$"�#$ >%$%�>%�3�. 

M$:�>���>%J >#&=�&- ='�%&'J��>%� +,$>%-
3�: <$@:$%$ ,$>%�%* 3�'&"$��-, �"+>'�:-
'&��*@ �&@$��<��� ����, �% #$>>%�!��! 
�&B=+ �&5#��$�� (: ?�3>&'!@) 
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>:!<J : =��$��3& :<$���=&->%:+PT�@ >%#+3%+#�*@ L'&�&�%�: ?�,3� =�-
����#+&%. 

� =$���- #$"�%& �>>'&=+&%>! 3�''&3%�:��& ?�:&=&��& "�'J/�@ $�-
>$�"'&- �&5#���:, #$>?�'�B&��*@ �$ ?�:&#@��>%� ?�,3�. �'! �@ �<+,&-
��! �$�� �>?�'J<�:$'�>J L3>?&#��&�%$'J�*& =$��*&, <$?�>$��*& : ��>%�-
%+%& �$�+� (+��:&#>�%&% ��?&�H$H&�$, �$��!) ?�= #+3�:�=>%:�� 
N.-H. Holstein–Rathlou. � @�=& ?#�:&=&��*@ L3>?&#��&�%�: �>+T&>%:'!-
'$>J #&H�>%#$7�� =��$��3� >%#+3%+#�*@ L'&�&�%�: �$ ?�:&#@��>%� ?�,3� 
> ?���TJP ��5#$3#$>��- 3$�&#*, ?�<:�'!PT&- 5�3>�#�:$%J >3�#�>%J 
?�%�3$ 3#�:� : $#%&#��'$@ ?� �<�&�&��P %&�?&#$%+#��H� #&B��$. �$3 3$3 
��5#$3#$>�$! 3$�&#$ �& �"&>?&,�:$&% :�<��B��>%� :�<+$'�<$7�� �%=&'J-
�*@ �&5#���:, =�?�'��%&'J�� > ?���TJP ��3#�>3�?$ =&'$'$>J 5�%�H#$-
5�! L%�- ?�:&#@��>%�, ?�<:�'!PT$! �=&�%�5�7�#�:$%J $#%&#��'*. �+%&� 
�$'�B&��! 5�%�H#$5�� �$ �<�"#$B&��&, #&H�>%#�#+&��& :�=&�3$�&#�-, 
�?#&=&'!'�>J 3��#=��$%* #$>?�'�B&��! �&5#���: ='! $�$'�<$ :#&�&���- 
=��$��3� ?�%�3$ 3#�:� : 3#�:&��>�*@ >�>+=$@.  

� #$�3$@ �%=&'J��H� L3>?&#��&�%$ ?�'+,$'$>J :�=&�<$?�>J %&�?&#$-
%+#��H� #&B��$ <�$,�%&'J��- ,$>%� :&#@�&- ?�:&#@��>%� ?�,3� (�3�-
'� 2/3); :#&�! L3>?&#��&�%$ >�>%$:'!'� 30 ���+%. �'! 3$B=�- �< 8 ?#�$�$-
'�<�#�:$��*@ 3#*> +=$:$'�>J �"�$#+B�%J �% 40 =� 100 �&5#���: (: <$:�-
>���>%� �% L3>?&#��&�%$). �$��*& "*'� ?#&=�>%$:'&�* ='! $�$'�<$ ?#�5. 
N.-H. Holstein–Rathlou � ?#�5. D.J. Marsh. 

��>'&��*& �>>'&=�:$��! <$?�>$��*@ L3>?&#��&�%$'J�*@ =$��*@ "$-
<�#�:$'�>J �$ :&-:'&%-$�$'�<&. � �%'�,�& �% 3'$>>�,&>3�H� >?&3%#$'J��H� 
$�$'�<$, �>��:$���H� �$ ?#&�"#$<�:$��� �+#J& � �?&#�#+PT&H� > H$#��-
��,&>3��� 5+�37�!��, �� =�?+>3$&% <�$,�%&'J��& #$<���"#$<�& :*"�#$ 
"$<�>$, ?� 3�%�#��+ ?#�:�=�%>! #$<'�B&��& >�H�$'$. � #$�3$@ =$���- #$-
"�%* �>?�'J<�:$'�>J �&?#&#*:��& :&-:'&%-?#&�"#$<�:$��& > "$<�>��- 
5+�37�&- ��#'& [7], $ :*"#$��$! ?#�7&=+#$ �=&�%�5�3$7�� �H��:&��*@ 
,$>%�% 3�'&"$��- "*'$ �=&�%�,�$ �&%�=�3&, #$>>��%#&���- : #$"�%& [6]. 


&�B�=$��*� #&<+'J%$%�� ?#�:&=&��*@ �>>'&=�:$��- !:�'�>J �"�$-
#+B&��& L55&3%$ >��@#���<$7�� �&5#���:, �$@�=!T�@>! �$ <�$,�%&'J��� 
+=$'&��� =#+H �% =#+H$. � ,$>%��>%�, "*'� +>%$��:'&��, ,%� ='�%&'J��>%J 
+,$>%3�: <$@:$%$ ,$>%�% (�'� 5$<) 3�'&"$��- +=$'&��*@ �&5#���: ��B&% 
"*%J >�?�>%$:��$ > >��%:&%>%:+PT��� :&'�,��$�� ='! >�>&=��@ >%#+3-
%+#�*@ L'&�&�%�: ?�,3�. �%� ?#�%�:�#&,�% #$�&& >+T&>%:�:$:/�� ?#&=-
>%$:'&��!� � %��, ,%� >��@#���<$7�! =�'B�$ �$"'P=$%J>! %�'J3� ='! 
�&5#���:, #$>?�'�B&��*@ �$ �=��� «=&#&:&» [8], � >:�=&%&'J>%:+&% � �$-
'�,�� "�'&& >'�B�*@ �&@$��<��: :<$���=&->%:�! ��=�:�=+$'J�*@ >%#+3-
%+#�*@ L'&�&�%�: ?�,3� ?� >#$:�&��P > �&@$��<�$��, #$�&& �<+,&��*�� 
: �&5#�'�H��. �%�&%��, ,%� : #!=& L3>?&#��&�%�: +=$&%>! <$5�3>�#�:$%J 
+�&�J/&��& ='�%&'J��>%&- +,$>%3�: <$@:$%$ ,$>%�% 3�'&"$��- > 
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:&#@��>%�+P �$H��%�+P ?#���7$&��>%J %$3�- ?&#��=�,&>3�- >%#+3%+#* 
��B�� ?#&=>%$:�%J : :�=& #!=$ �+#J& ?� ?#�>%#$�>%:&��*� H$#����3$�: 

,                                          (1) 
H=&  ;  . 

�$>?#�>%#$�&��& �$H��%�>%$%�,&>3�@ :�'� �?�>*:$&%>! >'&=+PT&- 
>�>%&��-  +#$:�&��-: 

 
   ,                (2) 

H=&  – ?�>%�!��$! #$>?#�>%#$�&��! H$#����3� �+#J&; ,  – 3��?��&�-
%* %&�<�#$ �� �$H��%��- ?#���7$&��>%� [8]. 

�*#$B&��&  (2) ?#&=>%$:'!&% >�"�- "&>3��&,�+P >�>%&�+ +#$:�&��-, 
+>'�:�& >�:�&>%��>%� 3�%�#�- =$A% =�>?&#>�����& +#$:�&��& : �"T&� :�-
=&. �'! +?#�T&��! #&/&��! <$=$,� "+=&� �>?�'J<�:$%J �&%�= >:!<$��*@ 
:�'�, %.&. +,�%*:$%J :<$���=&->%:�&  %�'J3� =:+@ ?#�>%#$�>%:&��*@ H$#-
����3, %.&. �+'&:�- H$#����3� ?#!��- :�'�* : >%#+3%+#& (n=0, =1)  � 
���+> ?&#:�- H$#����3� :>%#&,��- :�'�* (n=–1, ), 3�%�#*& ��&-
P% :"'�<� ?�'�>* �&?#�?+>3$��! >�>%&�* "'�<3�& 5$<�:*& >3�#�>%�  
(:�'��:*& ,�>'$). � +,A%�� L%�H�  ?#&=?�'�B&��!  =�>?&#>�����& +#$:�&-
��& ='! #$>>�$%#�:$&��H� >'+,$! "+=&% ��&%J :�=: 

 

                                                          (3) 

�*#$B&��! : 3#+H'*@ >3�"3$@ : '&:�- ,$>%� +#$:�&��! (3) �?#&=&'!-
P%  =�>?&#>����*& >��%��/&��! ='! �+'&:�- � ���+> ?&#:�- ?#�>%#$�>%-
:&��*@ H$#����3 ���, >��%:&%>%:&���, $ : ?#$:�- ,$>%� >%��% 3�L55�7�-
&�% >:!<� H$#����3, 3�%�#*- <$:�>�%  �% H&��&%#�,&>3�@ #$<�&#�: >%#+3-
%+#*. 


$ �>��:& ,�>'&���H� #&/&��! +#$:�&��! (3), #&<+'J%$%* 3�%�#�H� 
?#&=>%$:'&�* �$ #�>. 2, 3  ?#�$�$'�<�#�:$�* �>��:�*& �>�"&���>%�  ?�:&-
=&��! @$#$3%&#�>%�3  ?�:&#@��>%�*@ ��� : �>>'&=+&��- ?&#��=�,&>3�- 
>%#+3%+#&. 
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! 

��>. 2. ��>?&#>����*& @$#$3%&#�>%�3� >%#+3%+#* ?#� t/L=0.05; / =1 (3#�:$! 1 –
=&->%:�%&'J�$! ,$>%J  ?�>%�!���- #$>?#�>%#$�&��!, 3#�:$! 2 – ����$! ,$>%J): 	 – 
a/L=0.9; ! – a/L=0.5 
 

�#!�$! � �"#$%�$! :�'�$ #$>?#�>%#$�!P%>! :"'�<� #$<�*@ ?�:&#@��-
>%&- >%#+3%+#*. �#!�$! :�'�$ ?#�B��$&%>! 3 ?�:&#@��>%�, �$ 3�%�#�- 
#$>?�'�B&�$ ?&#��=�,&>3$! �&%$''�,&>3$! #&/A%3$. �"#$%�$! – :=�'J ?�-
'+"&>3��&,��H� =�L'&3%#�3$. �&%$''�,&>3$!  #&/A%3$ �3$<*:$&% :�<=&--
>%:�& �$ #$>?#�>%#$�&��& ?#!��- :�'�* � ?�,%� �& �3$<*:$&% �$ �"#$%-
�+P. ��L%��+ >%#+3%+#$ ?#�!:'!&% �&:<$���*& >:�->%:$. 

�< #�>. 3, 	 ��B�� >=&'$%J :*:�=, ,%� /�#��$ <$?#&TA���- <��* �$3-
>��$'J�$ ?#� a/L=0.5 � +"*:$&% ?� �&#& �%3'��&��! �% L%�H� <�$,&��!. 
�<  #�>. 3, ! ��B��  >=&'$%J :*:�=, ,%� /�#��$ <$?#&TA���- <��* �$3>�-
�$'J�$ :"'�<� �$'*@ <�$,&��- ?$#$�&%#$  t/L � +�&�J/$&%>! ?� �&#& #�>%$ 
L%�H� ?$#$�&%#$. 

�$3�� �"#$<��, �>?�'J<+&�*- : #$"�%& =�>%$%�,�� ?#�>%�- ?�=@�= 
='! $�$'�<$ ?&#��=�,&>3�@ 5&##�%�:*@ >%#+3%+# +,�%*:$&% 3$,&>%:&��� 
:>& �>��:�*& L55&3%*, ?#�>+T�&  ?�:&=&��P :�'�  : %$3�@ >%#+3%+#$@.  

 

 
	 

 
! 

��>. 3. M$:�>���>%J /�#��* <$?#&TA���- <��* �% H&��&%#�,&>3�@ #$<�&#�: >%#+3%+#: 
?#� 	 – t/L=0.05; =1;  ! – a/L=0.5;  / =1 
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���@#���<$7�! $:%�3�'&"$��- !:'!&%>! �=��� �< 5+�=$�&�%$'J�*@ 

!:'&��- ?#�#�=*, ���H�,�>'&��*& ?#��&#* 3�%�#�- @�#�/� �<:&>%�* : 
&>%&>%:�<�$��� : 7&'�� � : =��$��3& B�:*@ >�>%&�  : ,$>%��>%� [1, 2]. 
��$ ��B&% "*%J #$>>��%#&�$ 3$3 �&@$��<� >$���#H$��<$7�� $:-
%�3�'&"$%&'J�*@ >�>%&�, 3�%�#*- ?#�!:'!&%>! : ?�=>%#�-3& #�%��: 3�'&-
"$��-, ?#�:�=!T&-  3 L55&3%$� <$@:$%$ ,$>%�% � 5$<. ��H'$>�� ?#&=>%$:-
'&��!� 3'$>>�,&>3�- %&�#�� 3�'&"$��-, >��@#���<$7�! >�>%��% : >%$"�'�-
<$7�� 5$<�:�H� >=:�H$ �&B=+ :<$���=&->%:+PT��� #�%��,&>3��� ?#�-
7&>>$�� �'� : ?�=$:'&��� >�">%:&���- =��$��3� �=��- �< >�>%&�. � =�-
�$��3& �&'��&-�*@ >�>%&� > @$�%�,&>3�� ?�:&=&��&� �$"'P=$&%>! "�'&& 
/�#�3�- >?&3%# !:'&��-, ?#&=>%$:'!PT�@ >�"�- ,$>%�*& >'+,$� >��-
@#����- =��$��3� [2–4].  

� �$>%�!T&& :#&�! @�#�/� �<:&>%��, ,%� >��@#���<$7�! �H#$&% :$B-
�+P #�'J : 5+�37����#�:$��� B�:*@ �#H$��<��:, �$?#��&#, : =��$��3& 
$�>$�"'&- �&#:�*@ 3'&%�3, >&#=&,��->�>+=�>%�- >�>%&�* � %.=. �+�37��-
��#�:$��& �&5#���: [5] !:'!&%>! �=��� �< ?#��&#�: =��$��3� �"Y&3%�: 
B�:�- ?#�#�=*, H=& L55&3%* >��@#���<$7�� �%'�,$P%>! : ��#�& � ?#� 
?$%�'�H��. �=�$3� =� �$>%�!T&H� :#&�&�� >��@#���$! =��$��3$ �&5#���: 
�<+,$'$>J %�'J3� ='! >'+,$! �$'*@ $�>$�"'&- (2–3 L'&�&�%$) [6], $ =��$-
��3$ "�'J/�@ $�>$�"'&- (=&>!%3�->�%�� >%#+3%+#�*@ L'&�&�%�: ?�,3�) 
�>%$:$'$>J :�& ?�'! <#&��! �>>'&=�:$%&'&-. 

�=��� �< @�#�/� �<+,&��*@ �&@$��<��: $:%�#&H+'!7�� ?�,&,��H� 
3#�:�%�3$ �$ +#�:�& ��=�:�=+$'J�*@ �&5#���: !:'!&%>! 3$�$'J7&:�-
H'��&#+'!#�$! �"#$%�$! >:!<J (����) [5]. �%�% �&@$��<� ?#�:�=�% 3 H&-
�&#$7�� $:%�3�'&"$��- > ?&#��=�� ?#��&#�� 30–40 >&3, 3�%�#*& #&H�>%-
#�#+P%>! 3$3 : �$'*@ 3#�:&��>�*@ >�>+=$@ ($#%&#��'$@), %$3 � : 5�'J%#$-
%&, ?#�%&3$PT&� ?� 3$�$'J7$� �&5#��$. �$3 �%�&,$'�>J : #$"�%& [6], >��-
@#���<$7�! >��%:&%>%:+PT�@ 3�'&"$��- :<$���=&->%:+PT�@ �&5#���: 
"$<�#+&%>! �$ =:+@ %�?$@ >:!<� – L'&3%#�@���,&>3�-, ?#�:�=!T&- 3 >��-
5$<���+ #&B��+ >��@#����- =��$��3�, � H&��=��$��,&>3�-, ?�#�B=$P-
T&- ?#�%�:�5$<�*- #&B�� >��@#���*@ 3�'&"$��-. 
$ ?#$3%�3& : ?�=$:-
'!PT&� "�'J/��>%:& L3>?&#��&�%�: ("�'&& 90%) #&H�>%#�#+&%>! >��5$<-
�*- #&B��, ,%� ��B&% >:�=&%&'J>%:�:$%J � %��, ,%� L'&3%#�@���,&>3$! 
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� %� B& :#&�!, �&�"@�=��� �%�&%�%J, ,%� #$>>�$%#�:$&�$! ?�:&#@��>%�$! 
��� �"'$=$&% �&:<$���*�� >:�->%:$��, ,%� ?#�:�=�% 3 �&3�%�#*� �>�-
"&���>%!� : ?�:&=&��� =�>?&#>����*@ 3#�:*@ :"'�<� ?�'�>* �&?#�?+>-
3$��! >�>%&�*.  
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��T�*& �>%�,��3� ���-�<'+,&��! > �%��>�%&'J�� /�#�3�� >?&3-

%#�� : #&B��& @$�%�,&>3�- H&�&#$7�� ?#&=>%$:'!P% ��%&#&> ='! #!=$ 
?#$3%�,&>3�@ ?#�'�B&��-, %$3�@ 3$3 '��&-�*& +>3�#�%&'� <$#!B&��*@ 
,$>%�7, ���-�$H#&: ?'$<�*, %&@��'�H�,&>3�& +>%$��:3�, >�:#&�&��*& 
>�>%&�* ?&#&=$,� � �"#$"�%3� ��5�#�$7�� > �>?�'J<�:$��&� =��$��,&-
>3�H� @$�>$. � 3$,&>%:& %$3�@ �>%�,��3�: ?#&=>%$:'!&%>! :&>J�$ ?&#>?&3-
%�:�*� �>?�'J<�:$��& $:%�����*@ H&�&#$%�#�: > <$?$<=*:$PT&- �"#$%-
��- >:!<JP, �>��:$��*@ �$ ���H�#&<��$%�#�*@ 3'�>%#��$@, �%'�,$PT�@-
>! :*>�3�� +#�:�&� ��T��>%� � ���. 

� #$"�%$@ [1,2] "*'� ?#&=>%$:'&�* #&<+'J%$%* L3>?&#��&�%$'J��H� 
�>>'&=�:$��! @$�%�,&>3�H� ?�:&=&��! ���H�#&<��$%�#��H� 3'�>%#��$-
H&�&#$%�#$, $ %$3B& ?�>%#�&�$ � �<+,&�$ %&�#&%�,&>3$! ��=&'J H&�&#$%�#$ 
�$ �>��:& =:+@#&<��$%�#�*@ 3'�>%#���:, ?�:&=&��& 3�%�#�- 3$,&>%:&��� 
>�H'$>�:*:$&%>! > L3>?&#��&�%��. 

� #$"�%& [3] "*' �?�>$� ��:*- :$#�$�% %$3�H� ?#�"�#$ — 3$>3$=�*- 
$:%�H&�&#$%�#. �$3�- $:%�H&�&#$%�# >�>%��% �< =:+@ ?�>'&=�:$%&'J�� >�-
&=��&��*@ ?�,%� �=&�%�,�*@ ���H�#&<��$%�#�*@ 3'�>%#���:, ?#�,&� 
:*@�= 3$B=�H� 3'�>%#��$ >�&=��&� > :@�=�� =#+H�H�. �#� %$3�� ?�>%#�&-
��� ?#�"�#$ #&$'�<+&%>! >@&�$ >� :>%#&,�*�� L'&3%#���*�� ?�%�3$�� : 
7&?� $:%�H&�&#$%�#$. G*'� ?�3$<$��, ,%� �>?�'J<�:$��& %$3�H� 3$>3$=��H� 
>�&=��&��! 3'�>%#���:, ?�<:�'!&% >��<�%J ?+>3�:�- %�3 $:%�H&�&#$%�#$ � 
�"�H$%�%J 3$#%* =��$��,&>3�@ #&B���: $:%�H&�&#$%�#$. ��=>%#�-3�- 
+?#$:'!PT�@ ?$#$�&%#�: (%�3� ?+,3�:, +>3�#!PT�& �$?#!B&��! � H'+"�-
�$ �"#$%��- >:!<�) ��B�� #&$'�<�:$%J #$<'�,�*& #&H+'!#�*& � @$�%�,&-
>3�& #&B��* H&�&#$7��. �$�%�,&>3�& ?�:&=&��& +=$&%>! �$"'P=$%J : =�>-
%$%�,�� /�#�3�� =�$?$<��& +?#$:'!PT�@ ?$#$�&%#�:. 

� �$>%�!T&- #$"�%& �<'�B&�* #&<+'J%$%* ��:*@ L3>?&#��&�%$'J�*@ 
�>>'&=�:$��- 3$>3$=��H� 3'�>%#����H� $:%�H&�&#$%�#$ >� :>%#&,�*�� 
L'&3%#���*�� ?�%�3$��, �>�"&���>%JP 3�%�#�H� !:'!'�>J ?#��&�&��&   
��=�:�=+$'J�*@ �>%�,��3�: ?�%$��! ='! 3$B=�H� �< 3'�>%#���:.  

�@&�$ L3>?&#��&�%$'J��- +>%$��:3� ?#�:&=&�$ �$ #�>. 1. � 7&?J �"-
#$%��- >:!<� ,&#&< �$?#$:'&��*- �%:&%:�%&'J :3'P,&�* $�$'�<$%�# >?&3-
%#$ � �>7�''�H#$5, ?�<:�'!PT�& �>>'&=�:$%J ?�'�*- >?&3%# H&�&#�#+&-
��H� >�H�$'$ � :#&�&��+P #&$'�<$7�P >�H�$'$. ��'!#�<$7����*- $%%&-
�P$%�# �"&>?&,�:$&% ?'$:��& �<�&�&��& H'+"��* �"#$%��- >:!<�. �>3�-
#!PT�& � +?#$:'!PT�& �$?#!B&��! 3'�>%#���:, 3$3 +B& �%�&,$'�>J,  
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�$3�� �"#$<�� +=$'�>J ?#��$"'P=$%J L55&3% >��@#���<$7��  
:�<"+=���- /+��� >�>%&�* ��%7�JP–
$H+�� :�&/��� ?&#��=�,&>3�� 
:�<=&->%:�&�, ?#�,&� #&<+'J%$%* 5�<�,&>3�H� � ,�>'&���H� 
L3>?&#��&�%�: �$@�=!%>! : �,&�J @�#�/&� >��%:&%>%:��. �%� ?�<:�'!&% 
:<H'!�+%J �$ :�<"+=��*& >�>%&�* : =#+H�� #$3+#>&, ?�>3�'J3+ L55&3% 
>��@#���<$7�� @$#$3%&#&� ='! $:%�3�'&"$%&'J�*@ >�>%&�. 

 
%	��	� 
	!��	 �+������	 �
� �����
7�� CRDF(�
	�� >. BP4M06) � 

����
��

��	 �!
	$��	��� � �	��� /( � 
	��	� ��^# «/	$����� 
�	�&���� �����8�	�	 �+
6�" 6���+ (2009–2010 ���+)» �	 2009 �.(�
	�� 
> 2.2.2.2/229). 
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��>. 4: �55&3% <$@:$%$ ,$>%�%* �>7�''!%�#$ ��
 :�&/�&- >�'�- Asin(� t)  ?#� 
?�>%�!���- #$>>%#�-3& �= fo - � =1450 �7,  f�=12550 �7  > +:&'�,&��&� $�?'�%+=* A;  
'&:*- #�>+��3 – A=400��;  ?#$:*- #�>+��3 – A=900�� 

 
,$>%�%�- :�<=&->%:+PT&H� >�H�$'$. ��>. 5 �''P>%#�#+&% L55&3% <$@:$%$ 
,$>%�%* ?#� :$#�$7�� #$>>%#�-3� � � 5�3>�#�:$���� <�$,&��� $�?'�%+=* 
Aex=510 ��, 3�%�#*- �''P>%#�#+&% �$'�,�& 3��&,��- �"'$>%� 
>��@#���<$7�� fex:fo=1 (�$ �>��:��� %��&). �55&3% :�&/�&- 
>��@#���<$7�� "*' ?�=%:&#B=&� 3��?JP%&#�*� L3>?&#��&�%�� > 
�&$:%������- >�>%&��- ��
 ='! <�$,&��- ?$#$�&%#�:: a=10-4,  b=4.395, 
c=100, D=5·10-9 A�

2, � =2.22·10-5, g=104, � = 1.6·10-3, 3�%�#*& 
>��%:&%>%:�:$'� L3>?&#��&�%$'J�*� <�$,&��!�.  

��>. 5.  �3>?&#��&�%$'J�$! <$:�>���>%J �%��/&��! ,$>%�%  fex /f�  ?#� :$#�$7�� 
,$>%�%* :�&/�&H� >�H�$'$ fex ?#� 5�3>�#�:$���- $�?'�%+=& Aex=510 �� 
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�"&>?&,�:$'�>J $:%�����*�� �>-
%�,��3$�� ?�%$��!. � +>%$��:3& 
�>?�'J<�:$'�>J ?#�'&%�*& 3'�>-
%#��* >#&=�&H� +#�:�! ��T��>%� 
=&>!%�>$�%��&%#�:�H� =�$?$<��$ 
(#&<��$�>�*& ,$>%�%* f1=2793 
�H7, f2=2798 ��7). � 3'�>%#��$@ 
�>?�'J<�:$�* =:+@<$<�#�*& �"Y-
A��*& #&<��$%�#*, #$"�%$PT�& 
�$ ?#�%�:�5$<��� :�=& 3�'&"$-
��-. �'! ?�'+,&��! =$��*@ ?#�-
�&�!'$>J >�:#&�&��$! 3��%#�'J-
��-�<�&#�%&'J�$! $??$#$%+#$ ��-
:�H� ?�3�'&��! ?#��<:�=>%:$ 

Agilent Technologies, $ ��&��� 7�5#�:�- $�$'�<$%�# >?&3%#$ >&#�� ESA > 
=�$?$<���� ,$>%�% �% 9 3�7 =� 3 ��7 � 7�5#�:�- <$?����$PT�- �>7�''�-
H#$5 #&$'J��H� :#&�&�� >&#�� DS > ?�'�>�- ?#�?+>3$��! $�$'�H�:�H� 
>�H�$'$ =� 10 ��7. �%$ $??$#$%+#$ �%'�,$&%>! :*>�3�- ,+:>%:�%&'J��-
>%JP, "�'J/�� =��$��,&>3�� =�$?$<���� �<�&#&��- >��%:&%>%:+PT�@ 
?$#$�&%#�: � 3��?JP%&#��- �"#$"�%3�- #&<+'J%$%�:.  


$ #�>. 1: �1, �2 – 3'�>%#��*; ��1, ��2 – $:%�����*& �>%�,��3� 
?�%$��!; 
� – �$?#$:'&��*- �%:&%:�%&'J; �� – 5&##�%�:*& :&�%�'�; 
��� – ?�'!#�<$7����*- $%%&�P$%�#; �� – $�$'�<$%�# >?&3%#$; ��� – �>-
7�''�H#$5.  

� ?#�7&>>& �>>'&=�:$��- ?#&=>%$:'!'� ��%&#&> =:$ #&B��$ #$"�%* 
3$>3$=��H� $:%�H&�&#$%�#$. � ?&#:�� #&B��& 3$>3$=$ 3'�>%#�� �1 #$"�%$' 
: '��&-��� #&B��& �$ :�<#$>%$PT&� +,$>%3& $�?'�%+=��- @$#$3%&#�>%�-
3�, $ 3'�>%#�� �2 – : �&'��&-��� �$ ?$=$PT&� +,$>%3& $�?'�%+=��- @$-
#$3%&#�>%�3�. �� :%�#�� #&B��& 3$>3$=$ �"$ 3'�>%#��$ �1 � �2 #$"�%$'� 
: �&'��&-��� #&B��&.  

�'! ?&#:�H� � :%�#�H� #&B���: %�3 3'�>%#��$ �1 :*"�#$'>! 30 ��, 
+>3�#!PT�& �$?#!B&��! �$ 3'�>%#��& �1 – 1900 �, �$ �2 – 2150 �, ?#��<:�-
=�'$>J ?�=>%#�-3$ �$?#!B&��- :&'�,���- ±100 � : ?#&=&'$@ <�� 3�'&"$��-.  


$ #�>. 2 ?#�:&=&�* <$:�>���>%� <�$,&��! ��T��>%� (#�>. 2, a) � /�-
#��* >?&3%#$ @$�%�,&>3�@ 3�'&"$��- (#�>. 2, !) 3$>3$=��H� $:%�H&�&#$%�#$ 
: ?&#:�� � :%�#�� #&B��$@ #$"�%* : <$:�>���>%� �% %�3$ 3'�>%#��$ �2. 
�'! >#$:�&��! ?#�:&=&�* =$��*& L3>?&#��&�%$ > $:%�H&�&#$%�#�� �$ �=-
��� 3'�>%#��& �2. 


$ #�>. 3 ?#�:&=&�* >?&3%#* >�H�$'�:, ?�'+,&��*& �$ 3$>3$=��� H&-
�&#$%�#&, #$"�%$PT&� : ?&#:�� #&B��& (#�>. 3, a, I1=30 ��, I2=50 ��), :�  
:%�#�� #&B��& (#�>. 3, !, I1=30 ��, I2=50 ��), $ %$3B& �$ H&�&#$%�#& > �=-
��� 3'�>%#���� (#�>. 3, �, I2=50 ��). 

 
 
��> 1. �$>3$=�*- $:%�H&�&#$%�# >� 
:>%#&,�*�� L'&3%#���*�� ?�%�3$��
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a                    ! 

 
��>. 2. M$:�>���>%� ��T��>%� (a) � /�#��* >?&3%#$ @$�%�,&>3�@ 3�'&"$��- (!) 
='! 3$>3$=��H� $:%�H&�&#$%�#$ : ?&#:�� (�) � :%�#�� (�) #&B��$@ � ='! $:%�H&�&-
#$%�#$ �$ �=��� 3'�>%#��& (�). 

 
�< ?#&=>%$:'&��*@ #�>+�3�: :�=��, ,%� ��T��>%J 3$>3$=��H� $:%�H&-

�&#$%�#$ <�$,�%&'J�� "�'J/& ?� >#$:�&��P > $:%�H&�&#$%�#�� �$ �=���,-
��� 3'�>%#��&. �=�$3� : >'+,$&, 3�H=$ 3'�>%#�� �1 #$"�%$' : '��&-��� 
#&B��&, $ 3'�>%#�� �2 – : �&'��&-���, �$"'P=$'�>J �&3�%�#�& >+B&��& 
?�'�>* ,$>%�% @$�%�,&>3�H� >�H�$'$ ?� >#$:�&��P > $:%�H&�&#$%�#�� �$ 

                  
a                ! 
 

          
� 

��>. 3. �?&3%#* >�H�$'�: 3$>-
3$=��H� $:%�H&�&#$%�#$ (a, !) � 
$:%�H&�&#$%�#$ �$ �=���,��� 
3'�>%#��& (�) 
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�$?#!B&��! � :�&/�&H� H$#����,&>3�H� >�H�$'$. �+%&� >��%:&%>%:+PT&- 
?&#&��#��#�:3�, +#$:�&��! : "&<#$<�&#��- 5�#�&  ?�'+,$P%>! : :�=&: 
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�#�:&�J /+�$ >��%:&%>%:�:$' #&B��+ 3�H&#&�%��H� #&<��$�>$. 

� 7&'JP �$"'P=&��! L55&3%$ >��@#���<$7�� ?#�:�=�'�>J �<�&#&��! 
>?&3%#$ ��T��>%� 3�'&"$��- Si(�) ?#� :$#�$7�� $�?'�%+=* :�&/�&H� 
>�H�$'$ ='! ?�>%�!���- :&'�,��* #$>>%#�-3� ?� ,$>%�%& � = �0 + �, 
(�=1450 �7) � ?#� :$#�$7�� ,$>%�%* � ?#� 5�3>�#�:$���- $�?'�%+=& 
Aex=510 ��. �&<+'J%$%* ?#&=>%$:'&�* �$ #�>. 4. �$3 :�=�� �< #�>.4 ?#� 
=�>%�B&��� $�?'�%+=�- <�$,&��! Aex=900 �� �$"'P=$&%>! <$@:$% ,$>%�%*; 
$ ��&���  >?&3%# 3�'&"$��-  >�>%&�* ��
 >�&T$&%>! :?#$:� � >�:?$=$&% >  

 
 
��>. 2. �3>?&#��&�%$'J�$! @$#$3%&#�>-
%�3$ N-L'&�&�%$ R 

 
��>. 3. �@&�$ +>%$��:3� ='! 
�>>'&=�:$��! :�&/�&- >��@#���<$7�� 
H$#����,&>3�� >�H�$'�� Asin(�t) � 
<�$,&��! ?$#$�&%#�: L'&�&�%�: 7&?� 
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<@�+���������M��� ������������ <II�@�� ���L��� 
���!����C�H�� ��C4E����! LE��� ������ 

 
(�����
��� �.�., 	
��
	�� G�$�&�
���� G	���3���	 �*' 

 
�&%�=$�� ,�>'&���H� � 5�<�,&>3�H� L3>?&#��&�%�: �>>'&=+&%>! 

L55&3%  :�&/�&- >��@#���<$7�� ��=+7�#�:$��*@ :�&/��� /+��� 
>%�@$>%�,&>3�@ 3�'&"$��- : :�<"+=���- >�>%&�& ��%7�JP–
$H+�� 
:�&/��� H$#����,&>3�� >�H�$'��[1–4]. 

M$ �>��:+ "*'$ :*"#$�$ �#�H��$'J�$! >�>%&�$, ?#&='�B&��$! 
��%7�JP � 
$H+�� : 3�%�#�- : 3$,&>%:& �&'��&-��H� L'&�&�%$ > 
N-�"#$<��- :�'J%-$�?&#��- @$#$3%&#�>%�3�- �>?�'J<+&%>! %+��&'J�*- 
=��=. �'! "�'&& >%$"�'J��- #$"�%* �* :�=��<�&��'� �#�H��$'J�+P >@&�+ 
� �>?�'J<�:$'� >@&�+, ?#�:&=&��+P �$ #�>. 1, $. �#&='�B&��$! �$�� >@&�$ 
�%'�,$&%>! '�/J "'�3�� Rn, 3�%�#*- ��=&'�#+&% �&'��&-��>%J N-%�?$ 
��*� >?�>�"�� (#�>. 1, ") [5]. 

�3>?&#��&�%$'J�� >�!%$! :�'J%-$�?&#�$! @$#$3%&#�>%�3$ 
�&'��&-��H� L'&�&�%$ ?#&=>%$:'&�$ �$ #�>. 2. �%$ @$#$3%&#�>%�3$ 
3$,&>%:&��� ?�:%�#!&% @$#$3%&#�>%�3+ %+��&'J��H� =��=$, �"&>?&,�:$&% 
>%$"�'J�+P #$"�%+ >@&�*. 


$ �>��:& <$3���: ��#@H�5$ �&%#+=�� ?�'+,�%J +#$:�&��!, 
�?�>*:$PT�&  =��$��3+  >�>%&�* > +,&%�� ::&=&��! �>%�,��3$ /+��:�H�  

 
 

 
��>. 1. �>?�'J<+&�$! : L3>?&#��&�%& >@&�$ (a) � >@&�$ �&'��&-��H� L'&�&�%$ Rn (") 
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�=���,��� 3'�>%#��&. �%�"* �<"&B$%J L%�H�, 3$3 ?�3$<$'� >?&7�$'J�� 
?#�:&=&��*& L3>?&#��&�%*, �&�"@�=��� "*'� ?�="�#��  +?#$:'!PT�@ 
?$#$�&%#�: (%�3� ?+,3�:, +>3�#!PT�& �$?#!B&��!, �>'$"'&��& $%%&�P$-
%�#$) ?&#&:&>%� 3'�>%#��* �1 � �2 : �&'��&-�*& #&B��* 
(>�. #�>. 3, a � 3, !). 

�< ?#&=>%$:'&��*@ #&<+'J%$%�: :�=��, ,%� ='! ?#$3%�,&>3�@ ?#�'�-
B&��- ?#&=>%$:'!&% ��%&#&> :%�#�- #&B�� #$"�%* 3$>3$=��H� $:%�H&�&#$-
%�#$. � L%�� #&B��& :*@�=�$! ��T��>%J : 2 #$<$ � "�'&& ?#&:*/$&% ��T-
��>%J $:%�H&�&#$%�#$ �$ �=���,��� 3'�>%#��&. �%�&%��, ,%� %$3�- #&B�� 
#$"�%* 3$>3$=$ �%'�,$&%>! �% #&B��$ �<:&>%��- >@&�* /+��%#��$ [4], : 
3�%�#�� ?&#:*- +>�'�%&'J #$"�%$&% : '��&-��� #&B��&. ��B�� %$3B& 
�%�&%�%J, ,%� ?#� !:��� +:&'�,&��� ��T��>%� :� :%�#�� #&B��& �& ?#�-
�<�/'� +�&�J/&��! ?�'�>* ,$>%�% (>�. #�>. 3, ! � 3, �). 
 

/	!��	 �+������	 � 
	��	� �
������ ��^# «�������» � ��/ «4�
-3». 
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>3�& � L3>?&#��&�%$'J��& �>>'&=�:$��& @$�%�,&>3�@ 3�'&"$��- 3'�>-
%#����H� $:%�H&�&#$%�#$ > <$?$<=*:$��&� // �$=��%&@��3$ � L'&3%#���-
3$. 2001. �. 46, � 5. �. 604-610. 

2. %���
��� H.�., �	
��� �.%., �������� %.�., /+
��� �.�. �3>?&#�-
�&�%$'J��& �>>'&=�:$��& >'�B��- =��$��3� : ���H�#&<��$%�#��� 
3'�>%#����� $:%�H&�&#$%�#& > <$?$<=*:$PT&- �"#$%��- >:!<JP // 
���. 2003. �. 73. �*?. 7. �. 105-110. 
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��� H. �., �	
��� �. %., ���
������ �. �., �������+� #.�.,  H�-

���� �. �. �$>3$=�*- 3'�>%#���*- $:%�H&�&#$%�# > <$?$<=*:$��&� // 
���.  2005. �. 75. �*?. 12. �. 94 – 97. 

4. ~	����� �.�., ��
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&'��&-�*& ?&#��=�,&>3�& =�L'&3%#�,&>3�& :�'��:&=+T�& >�>%&�* 
>&H�=�! /�#�3� �>?�'J<+P%>! : %$3�@ �?%�,&>3�@ +>%#�->%:$@, 3$3 ?&#&-
>%#$�:$&�*& � 5�3>�#�:$��*& +<3�?�'�>�*& 5�'J%#*, 3��?&�>$%�#* =�>-
?&#>��, ,$>%�%��->&'&3%�:�*& �%:&%:�%&'� � +>%#�->%:$ :*:�=$ >:&%$ �< 
:�'�3�$, : +>�'�%&'!@ �$ "$<& :�'�3�$ > =�"$:3$�� L#"�! (Erbium Doped 
Fiber Amplifier, EDFA), �+'J%�?'&3>�*& ?$>>�:�*& :�'�3����-�?%�,&>3�& 
=$%,�3� [0,2]. � ,$>%��>%�, ���H�& �< L%�@ +>%#�->%: ?#��<:�=!%>! > �>-
?�'J<�:$��&� �&%�=�: ��%&H#$'J��- �?%�3�. G#LHH�:>3�& #&/A%3� �<H�-
%$:'�:$P%>! ?+%A� �"'+,&��! 5�%�,+:>%:�%&'J��H� �=����=�:�H� :�'�3-
�$ ��%&�>�:�*� �<'+,&��&� ��-'$<&#$ [3].  

M$=$,$ ,�>'&���H� $�$'�<$ ?#�7&>>$ #$>?#�>%#$�&��! L'&3%#��$H��%-
��H� �<'+,&��! : %$3�@ >%#+3%+#$@ !:'!&%>! :&>J�$ $3%+$'J��-. � �$>%�!-
T&& :#&�! ?#&=>%$:'!&% ��%&#&> %$3B& �<+,&��& :<$���=&->%:�! L'&3-
%#���*@ ?�%�3�: > L'&3%#��$H��%�*�� ?�'!�� =�L'&3%#�,&>3�@ >�>%&� > 
<$:�>���>%JP =�L'&3%#�,&>3�- ?#���7$&��>%� �% :&'�,��* ��%&�>�:��-
>%� ?�'!.  

� =$���- #$"�%& #$>>�$%#�:$&%>! ?'�>3$! =:+�&#�$! >�>%&�$, ?#&=-
>%$:'!PT$! >�"�- "#LHH�:>3+P #&/&%3+, ,$>%� �>?�'J<+&�+P : ��%&-
H#$'J��- �?%�3& (#�>. 1). �&/&%3$ >�>%��% �< >'�A: =�L'&3%#�3$ %�'T���- 
2a , ?&#��= >%#+3%+#* d . �$%&#�$'* >'�&: ��&P% =�L'&3%#�,&>3+P ?#�-
��7$&��>%J 2

, ,I II I IIn	�  � �&'��&-��>%J �&##�:>3�H� %�?$ [4] – ?�3$<$%&'� 

?#&'��'&��! >'�A: <$:�>!% �% ��%&�>�:��>%� ?�'! 2
, 01,02 2I IIn n n E	 � , 

8
2 3 10n �	 4  2�3� �% .  

��>'&���& ��=&'�#�:$��& #$>>�$%#�:$&��- =�L'&3%#�,&>3�- >�>%&-
�* ?#�:�=�'�>J �&%�=�� 3��&,�*@ #$<��>%&- :� :#&�&���- �"'$>%� [5] 
(FDTD) > ?���TJP ?#�H#$����H� ?$3&%$ meep [6]. �&%�= 3��&,�*@ #$<��-
>%&- :� :#&�&���- �"'$>%� �>��:$� �$ ?#!��� ,�>'&���� #&/&��� +#$:-
�&��- �$3>:&''$ > �>?�'J<�:$��&� #$<��>%��- >@&�*, <$?�>$���- : =�5-
5&#&�7�$'J��- 5�#�&. 
&�"@�=��� %$3B& +,&>%J, ,%� #$>>�$%#�:$&�$! 
�$�� >�>%&�$ !:'!&%>! �%3#*%�-, ?�L%��+ H#$��,�*& +>'�:�! : ,�>'&���� 
L3>?&#��&�%& +>%$�$:'�:$P%>! : :�=& �=&$'J�� >�H'$>�:$��*@ (?�H'�-
T$PT�@) >'�&: (�&%�= PML — Perfectly Matched Layer) [7], �$ #�>. 1 ��� 
�3#+B$P% #$>,&%�+P �"'$>%J � �"�<�$,&�* /%#�@�:3�-. 

�@�=��- >�H�$' <$=$:$'>! : �"'$>%� ?�=:�=!T&H� :�'��:�=$ (#�>. 1) 
>?&3%# ?#�?+>3$��! �<�&#!'>! :"'�<� ?#$:�- H#$��7* �%:�=!T&H� :�'��-  
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�< #�>. 2 :�=��, ,%� #&<��$�>�*& 3#�:*& ��&P% %�% B& :�=, ,%� � �$ 
#�>. 1, �=�$3� 3$#%��$ �"'$>%&- �&+>%�-,�:�>%� �<�&�!&%>!. �"'$>%J $:-
%���=+'!7��, ���7��#�:$���- :�&/��� >�H�$'�� >'�:$&%>! > �"'$>%JP 
<$@:$%$ ,$>%�%*. �>'&=>%:�& L%�H� !<*3 >��@#���<$7�� �%#*:$&%>! �% H�-
#�<��%$'J��- �>�. �$3�� �"#$<��, >+T&>%:+&% ?�#�H >��@#���<$7�� ?� 
$�?'�%+=& :�<=&->%:�!. �$3 �<:&>%��, ?�#�H >��@#���<$7�� !:'!&%>! �&-
�%Y&�'&��- @$#$3%&#�>%�3�- ?#�7&>>$ >��@#���<$7�� 3:$<�?&#��=�,&-
>3�@ � @$�%�,&>3�@ 3�'&"$��- :�&/��� ?&#��=�,&>3�� :�<=&->%:�&� [3]. 
� �>%$'J��� 5�#�$ !<*3$ ?#$3%�,&>3� �& �&�!&%>! ?� >#$:�&��P > #�>. 1, 
: ,$>%��>%�, >�@#$�!P%>! �"'$>%� �+'J%�>%$"�'J��>%� ?#� :�<=&->%:�� �$ 
,$>%�%$@, "'�<3�@ 3 ,$>%�%$� :*>/�@ >�">%:&��*@ ��=. 

�%�&%��, ,%� 3$#%��$ #&<��$�>�*@ 3#�:*@ � !<*3�: >��@#���<$7�� 
='! H&�&#$%�#$ > �&'��&-��>%JP %�?$ ��>'�:$–���%#�&:$ :� ���H�� $�$-
'�H�,�$ %� B& 3$#%��& ='! H&�&#$%�#$ > 3+"�,��- �&'��&-��>%JP, 3�%�#*- 
"*' ?�=#�"�� #$>>��%#&� : #$"�%& [1]. �>��:�*& �%'�,�! >:!<$�*, :�-
?&#:*@, > %&�, ,%� ='! =$���H� %�?$ �&'��&-��>%� �%>+%>%:+P% �&+>%�-,�-
:*& >%$7���$#�*& #&B��* 3�'&"$��- �$ $:%���=+'!7����*@ ��=$@, 
:>'&=>%:�& ,&H� �& ?#��>@�=�% #$>T&?'&��& !<*3$ >��@#���<$7�� ?#� 
?#�"'�B&��� 3 ?�#�H+ $:%���=+'!7��. ��-:%�#*@, ?�>3�'J3+ : �"'$>%� 
"�'J/�@ $�?'�%+=$@ 3#+%�<�$ �&'��&-��- @$#$3%&#�>%�3� >�>%&�* ?'$:-
�� +�&�J/$&%>!, �"'$>%J $:%���=+'!7��, ���7��#�:$���- :�&/��� >�H-
�$'�� �3$<*:$&%>! �H#$��,&���- � >+T&>%:+&% %�'J3� ?#� =�>%$%�,�� >+-
T&>%:&���� ?#&:*/&��� ?�#�H$ H&�&#$7��. 

 
/	!��	 �+������	 �
� �����
7�� /((� (�
	�� 09-02-00707) � �
�-

�
	��+ «/	$����� �����8�	�	 �+
6�" 6���+» (�
���� 2.1.1/1738). 
 

4�(���)
�$�-�'%�� '*�'�% 
1. /+
��� �.�., '
	&��	 �.�. ���@#���<$7�! ?&#��=�,&>3�@ 3�'&"$��- 

$:%�H&�&#$%�#$ > <$?$<=*:$��&� :�&/��� H$#����,&>3�� >�H�$'�� // 
�<:. :+<�:. �#�3'$=�$! �&'��&-�$! =��$��3$. 2009. �. 17, � 1. �. 3-12. 

2. %���
��� �.�., ��
��� �.�. �%�@$>%�,&>3�& 3�'&"$��! : #$=��5�<�3& � 
L'&3%#���3&. �.: 
$+3$, 1989. 278 >. 

3. �	��	 #.�. 
&'��&-�*& 3�'&"$��! � :�'�*, �.: ��<�$%'�%, 1997. 
4. #����
��" �., /�$��!��� �., ��
�
 �. ���@#���<$7�!. �+�=$�&�-

%$'J��& �&'��&-��& !:'&��&. �.: �&@��>5&#$, 2003 
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?�>3�'J3+ �* #$>>�$%#�:$&� >'+,$- =�>%$%�,�� "�'J/�H� 3 , $ ?�#�H >$-
��:�<"+B=&��! ?#&:*/&� =�>%$%�,�� >�'J��. �$3%�,&>3� �"#$<+&%>! >�>-
%&�$ �< �&>3�'J3�@ !<*3�: >��@#���<$7�� �$ ,$>%�%$@ #$<'�,�*@ ��=. 
�%�&%��, ,%� H�#�<��%$'J��- �>� 3$>$&%>! %�'J3� !<*3, >��%:&%>%:+PT�- 
�>��:��- >�">%:&���- ��=&, ?�>3�'J3+ %�'J3� ='! �&& ?#&:*/&� ?�#�H 
>$��:�<"+B=&��!. �'! :*>/�@ ��= +>'�:�! >$��:�<"+B=&��! �& :*?�'-
�&�*, >'&=�:$%&'J��, �=��,$>%�%�*& #&B��* :�<��B�* %�'J3� ?#� �&�+-
'&:�- $�?'�%+=& :�&/�&- >�'*. ��+%#&��!! H#$��7$ !<*3$ (�$ #�>. 1, ! 
�%�&,&�$ >:&%'�->&#*�) ��&&% H�#$<=� "�'&& ?#�>%+P >%#+3%+#+, ,&� : 
>'+,$& >�>%&�* > 3+"�,��- �&'��&-��>%JP (>�. [1]): ��$ ��&&% :�= <$�3-
�+%�- 3#�:�- :�+%#� H'$:��- ,$>%� !<*3$. M=&>J >��@#���*- #&B�� %&#!-
&% +>%�-,�:�>%J, � +>%$�$:'�:$P%>! 3:$<�H$#����,&>3�& 3�'&"$��!. 
$3�-
�&7, �%�&%��, ,%� : �"'$>%� ,$>%�% :*>/�@ >�">%:&��*@ ��= ��&&%>! "�>-
%$"�'J��>%J, %.&. : �?#&=&'&���� ��%&#:$'& �<�&�&��! F >�>+T&>%:+P% 
>��@#���*- � �&>��@#���*- #&B��*. �"'$>%J "�>%$"�'J��>%� ?�3$<$�$ 
�$ #�>. 1, ! %&���->&#*� 7:&%��. �#$��7* �"'$>%� "�>%$"�'J��>%� �?#&-
=&'!'�>J ?+%&� ,�>'&���H� ��=&'�#�:$��! ?#� ?'$:��� +:&'�,&��� � 
+�&�J/&��� ?$#$�&%#$ > �$>'&=�:$��&� �$,$'J�*@ +>'�:�-.  
 !:'!&%>! %�% 5$3%, ,%� : �"'$>%� ,$>%�% :*>/�@ >�">%:&��*@ ��= ��&&%>! 
"�>%$"�'J��>%J, %.&. : �?#&=&'&���� ��%&#:$'& �<�&�&��! F >�>+T&>%:+P% 
>��@#���*- � �&>��@#���*- #&B��*. 

�#� ?&#&@�=& ,&#&< ?�#�H $:%���=+'!7��, $:%�����*- H&�&#$%�# �$-
,��$&% H&�&#�#�:$%J =:+@,$>%�%�*& 3:$<�?&#��=�,&>3�& 3�'&"$��!. �$>-
>��%#��, 3$3 :*H'!=!% #&<��$�>�*& 3#�:*& >�>%&�* (1) ='! L%�H� >'+,$! 
(#�>. 2) ?#&=>%$:'&�$ 3$#%��$ #&<��$�>�*@ 3#�:*@ > �$'�B&��*�� �$ ��@ 
�"'$>%!�� +>%�-,�:�>%�. �$#$�&%#* :*"#$�* %$3�� �"#$<��, ,%� 33 	 , 

9.6� 	 , 0� 	 . 
$?�����, ,%� ?�#�H $:%���=+'!7�� 9.5� 	 , %.&. �� ?#&:*-
/&� >'$"�.  

 

    
                                       $                                                                            " 
��>. 2. 	 – #&<��$�>�*& 3#�:*& >�>%&�* (1) ?#� 33 	 , 9.6� 	 , 0� 	 . ! – !<*3 >��@#�-
��<$7��  ?#� %&@ B& ?$#$�&%#$@ 
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��>. 1. �@&�$ ?&#��=�,&>3�- �&'��&-��- >�>%&�*, �"#$<�:$���- �< ,&#&=+PT�@>! 
>'�A: =�L'&3%#�3$. �$#$�&%#* >%#+3%+#*: %�'T��$ �=��H� >'�! 0.5  �3�, ,�>'� >'�&: 
100, ?&#��= >%#+3%+#* 1d 	  �3�, ?�?&#&,�*- #$<�&# >'�&: 2 1a 	  �3�, '��&-�$! ,$>%J 
?�3$<$%&'&- ?#&'��'&��! >'�&: 01 1.45n 	 , 02 2.0n 	 . �� – ?�=:�=!T�- :�'��:�=, �� –
�%:�=!T�- :�'��:�=. 

 
:�=$, ='! %�H� ,%�"* ������<�#�:$%J �%#$B&��! �% H#$��7 #$>,&%��- �"-
'$>%�.  

��>?&#>����$! @$#$3%&#�>%�3$ ='! >�>%&�*, >�>%�!T&- �< ,&#&=+P-
T�@>! >'�&: =:+@ >#&= > ?�3$<$%&'!�� ?#&'��'&��! 1n  � 2n , ��&&% :�= ,&-
#&=+PT�@>! ?�'�> ?#�?+>3$��! � �&?#�?+>3$��! � !:'!&%>! ?&#��=�,&-
>3�- ?� :�'��:��+ ,�>'+ k  [8]: 

 � � � � � � � � � �1 2
1 1 2 2 1 1 2 2

2 1

1cos cos cos sin sin
2

k kkd k l k l k l k l
k k

� �
	 � �� �

� �
 (6) 

M=&>J k c
�	  – :�'��:�& ,�>'�, 1,2 1,2k n k	  – :�'��:*& ,�>'$ : >#&=$@ > ?�-

3$<$%&'&� ?#&'��'&��! 1n  � 2n  >��%:&%>%:&���, 1l  � 2l  – ='��* =�L'&3%#�-
,&>3�@ >'�&:, c  – >3�#�>%J >:&%$ : :$3++�& ���%��/&��& (6) ?�'+,&�� ='! 
>%#+3%+#*, �&�H#$��,&���- : �$?#$:'&���, ?&#?&�=�3+'!#��� �$?#$:'&-
��P #$>?#�>%#$�&��! L'&3%#��$H��%��- :�'�*. �'! �$@�B=&��! =�>?&#-
>�����- <$:�>���>%� ='! >%#+3%+#*, �>>'&=+&��- : =$���- #$"�%&, �>-
?�'J<�:$'>! �&%�= L55&3%�:��H� ?�3$<$%&'! ?#&'��'&��! (����) [9]. 
�55&3%�:�*- ?�3$<$%&'J ?#&'��'&��! ��=* :*#$B$&%>! ,&#&< ?#�=�'J��& 
:�'��:�& ,�>'� " ='! >#&=* � :�'��:�& ,�>'� k c�	  >:�"�=��H� ?#�-

>%#$�>%:$ >'&=+PT�� #$:&�>%:��: effn k
"	 . �$��$! <$:�>���>%J !:'!&%>! 

=�>?&#>����*� >��%��/&��&� ='! L'&3%#��$H��%�*@ :�'�, #$>?#�>%#$-
�!PT�@>! : ?'�>3�� ?'$�$#��� :�'��:�=& [10]. 
$ #�>. 2, 	 �<�"#$B&�$ 
<$:�>���>%J L55&3%�:��H� ?�3$<$%&'! ?#&'��'&��! ?&#:�- �	-��=* ?'$-
�$#�*@ =�L'&3%#�,&>3�@ :�'��:�=�: %�'T���- 2a  > �&<$:�>!T��� �% ��-
%&�>�:��>%� #$>?#�>%#$�!PT�@>! : ��@ ?�'&- ?�3$<$%&'!�� ?#&'��'&��! 
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1 1.45n 	  (3#�:$! 1) � 2 2.0n 	  (3#�:$! 2), $ ?+�3%�#�*�� ?#!�*�� ?�3$<$-
�* <�$,&��! 1effn n	  � 2effn n	 , >��%:&%>%:&���. 


$ #�>. 2, ! >?'�/�*�� '���!�� ?�3$<$�$ =�>?&#>����$! @$#$3%&#�-
>%�3$ (6), #$>>,�%$��$! : ?#&=?�'�B&���, ,%� ?�3$<$%&'� ?#&'��'&��! 1n  
� 2n  – 3��>%$�%*, =$��*- >'+,$- >��%:&%>%:+&% >�>%&�&, �&�H#$��,&���- : 
�$?#$:'&���, ?&#?&�=�3+'!#��� 3 �$?#$:'&��P #$>?#�>%#$�!PT&->! : 
%$3�- >%#+3%+#& L'&3%#��$H��%��- :�'�*, $ /%#�@�:*�� '���!�� ?�3$<$-
�* 3#�:*&, #$>>,�%$��*& ?� 5�#�+'& (6), �� : ?#&=?�'�B&���, ,%� <�$,&-
��! ?�3$<$%&'&- ?#&'��'&��! >,�%$'�>J �& 3��>%$�%$��, $ 5+�37�!��, <$-
:�>!T��� �% ,$>%�%*: � �1,2 1,2effn n �	 . �$3�� �"#$<��, > ?���TJP ���� 
+=$&%>! ?#�:&>%� $�$'�%�,&>3�& �>>'&=�:$��& =�>?&#>�����- @$#$3%&#�-
>%�3� "#LHH�:>3�- #&/&%3�, �<�"#$B&���- �$ #�>. 1. 
$ #�>. 3 ?�3$<$� 
>?&3%# ?#�@�B=&��! ��?+'J>$ ,&#&< #$>>�$%#�:$&�+P >�>%&�+. �#$:��:$! 
#�>. 2, ! � 3, ��B�� �%�&%�%J @�#�/&& >�:?$=&��& 3#�%�,&>3�@ ,$>%�% 1�
f  
� 2�
f , #$>>,�%$��*@ > ?���TJP ���� � FDTD �&%�=$. 

� @�=& ?#�:&=A��*@ �>>'&=�:$��- "*'$ �<+,&�$ =��$��3$ #$>?#�-
>%#$�&��! L'&3%#��$H��%��H� �<'+,&��! : "#LHH�:>3�- #&/&%3&, �"#$<�-
:$���- �< >'�A: �&'��&-��H� =�L'&3%#�3$. �#�:&=! �7&�3+ :'�!��! 3&#-
#�:>3�- �&'��&-��>%� �$%&#�$'$, �< 3�%�#*@ >�>%��% #$>>�$%#�:$&�$! 
>%#+3%+#$, �3$<$'�>J, ,%� :�=���& : ,�>'&���� L3>?&#��&�%& <�$,&��& 
>=:�H$ 3#�%�,&>3�- ,$>%�%* ?#� +:&'�,&��� ��T��>%� :@�=��H� ��?+'J>$  

 
 

 

$ " 
��>. 2. 	 – <$:�>���>%J L55&3%�:��H� ?�3$<$%&'! ?#&'��'&��! �% ,$>%�%* ='! ?&#:�- 
TE-��=* ?'�>3�H� =�L'&3%#�,&>3�H� :�'��:�=$. ! – =�>?&#>����$! @$#$3%&#�>%�3$ ?&-
#��=�,&>3�- =�L'&3%#�,&>3�- >%#+3%+#* �&�H#$��,&���- (>?'�/�*& '����) � �H#$��-
,&���- (?+�3%�#�*& '����) : �$?#$:'&���, ?&#?&�=�3+'!#��� 3 �$?#$:'&��P #$>?#�-
>%#$�!PT&->! : >��%:&%>%:+PT&- >%#+3%+#& :�'�*. 
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�$>>��%#�� >�$,$'$ >��@#���<$7�P H&�&#$%�#$ > �&'��&-��>%JP ��-
>'�:$-���%#�&:$ : #&B��& �=��,$>%�%��- H&�&#$7��. �$>>�$%#�:$! #&/&-
��! (1) : :�=& >%$7���$#�*@ 3�'&"$��- �$ ,$>%�%& :�&/�&H� :�<=&->%:�! > 
?�>%�!���- $�?'�%+=�-, ��B�� ?�'+,�%J +#$:�&��& #&<��$�>�*@ 3#�:*@ 

 

 � �� � � �� �2 2 2cos sine e F�
 �
, -3 � � � �� � ��� � �� 
 	. /0 1
. (2) 

 

M=&>J 2A
 	 . ��$'�<�#+! L%� #&/&��! �$ +>%�-,�:�>%J $�$'�H�,�� [1], 
?�'+,�� 3��?'&3>��& @$#$3%&#�>%�,&>3�& +#$:�&��&, �?#&=&'!PT&& H#$-
��7* +>%�-,�:�>%�:  

 

 
� �� � � � � � � � � �

� �

2 2 2

22 2 2 2 2

2 1 cos sin

1 0,

i ii e e i e

e e

5 �
 5

� 
 � 


5 � 3 � � � � �
 5 � 3 � �� � � � �� �, -0 1

� � �
 �� 
 	
(3) 

 


$ #�>. 1, 	 ?#�:&=&� ?#��&# #&<��$�>�*@ 3#�:*@ > �$'�B&��*�� �$ ��@ 
�"'$>%!�� �&+>%�-,�:�>%� ='! >'+,$! 0� 	 , ,%� >��%:&%>%:+&% 7&�%#+ <�-
�* H&�&#$7��, 33 	 , 9� 	 . �#� %$3�� :*"�#& ?$#$�&%#�: : $:%������- 
>�>%&�& ��&&% �&>%� H&�&#$7�! �=��,$>%�%��H� #&B��$, �=�$3� ?�#�H H&-
�&#$7�� ?#&:*/&� =�>%$%�,�� >+T&>%:&���. �&���->&#*� ?�3$<$�$ �"-
'$>%J, ?#� :*@�=& �< 3�%�#�- ?#��>@�=�% >��@#���<$7�! ,&#&< <$@:$% ,$>-
%�%*, >&#*� – ,&#&< ?�=$:'&��& ,$>%�%*. �:&%'�->&#$! �"'$>%J, #$>?�'�-
B&��$! :*/& �"'$>%� <$@:$%$ >��%:&%>%:+&% $:%���=+'!7��, ���7��#�-
:$���- :�&/��� >�H�$'�� (?�=#�"�&& >�. [1]). 

 
$ #�>. 1, ! ?#�:&=&� !<*3 >��@#���<$7�� >�>%&�*. 	H� H#$��7* 
��&P% :�'��>%+P 5�#�+, ,%� �"+>'�:'&�� #&<��$�>$�� > :*>/��� >�">%-
:&��*�� ��=$��. �'�!��& L%�@ #&<��$�>�: :*#$B&�� =�>%$%�,�� >�'J��, 

    
	                                                                 ! 
��>. 1. 	 – #&<��$�>�*& 3#�:*& >�>%&�* (1) ?#� 33 	 , 9.0� 	 , 0� 	 . ! – �<*3 >��@#�-
��<$7�� ?#� %&@ B& ?$#$�&%#$@. �&#*� ?�3$<$�* �"'$>%� �+'J%�>%$"�'J��>%�, >:&%'�-
>&#*� – :�+%#&��!! �"'$>%J !<*3$ 
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���!����C�H�� ����8��������� � C�+�C�������� 
 � �����������MJ ��+� @������-��������� 

 
'
	&��	 �.�, 	
��
	�� (�# �*' 

 
���@#���<$7�! !:'!&%>! �=��� �< 5+�=$�&�%$'J�*@ � : %� B& :#&�! 

=�:�'J�� >'�B�*@ ='! �<+,&��! !:'&��- ?#�#�=*. �'&=+&% �%�&%�%J, ,%� 
>#$:��%&'J�� �$'� �<+,&��*�� !:'!P%>! L55&3%* >��@#���<$7�� : #$>-
?#&=&'&��*@ $:%�3�'&"$%&'J�*@ >�>%&�$@, : %�� ,�>'&, : >�>%&�$@ > <$-
?$<=*:$��&�. � �&=$:�&- #$"�%& [1] ?�=#�"�� �>>'&=�:$'$>J >��@#���<$-
7�! $:%�H&�&#$%�#$ > 3+"�,��- �&'��&-��>%JP. �>��:��& :���$��& +=&-
'!'�>J >'+,$P, 3�H=$ $:%�����*- H&�&#$%�# �$@�=�%>! : #&B��& ?&#��=�-
,&>3�@ 3�'&"$��-. �=�$3� �&=�>%$%3�� >�>%&�* > 3+"�,��- �&'��&-��-
>%JP !:'!&%>! %�, ,%� ?#� �?#&=&'&��*@ <�$,&��!@ ?$#$�&%#�: && #&/&��! 
�&�H#$��,&��� :�<#$>%$P%. �$3�& ?�:&=&��& �>�"&��� @$#$3%&#�� ='! >'+-
,$!, 3�H=$ �>+T&>%:'!&%>! :�&/�&& :�<=&->%:�& �$ >�>%&�+ : #&B��& $:-
%���=+'!7��, :>'&=>%:�& ,&H� �<+,�%J ?#�7&>>* >��@#���<$7�� ?+%&� 
,�>'&���H� ��=&'�#�:$��! �& +=$&%>!. 
&�"@�=��� ��=�5�7�#�:$%J L%+ 
>�>%&�+ %$3�� �"#$<��, ,%�"* && #&/&��! �>%$:$'�>J �H#$��,&��*�� ?#� 
'P"*@ <�$,&��!@ ?$#$�&%#�:, ��, : %� B& :#&�!, ,%�"* ��$ ��H'$ =&���>%-
#�#�:$%J #&B��* $:%���=+'!7�� � @$�>$. � 3$,&>%:& %$3�- ��=�5�3$7�� 
+=�"�� #$>>��%#&%J >�>%&�+ :�=$ 

 � � � �
21 1A ti i tA A e e A t Fe� �� �� 3 � � � 	� . (1) 

�%� +#$:�&��& ?#�"'�B&��� �?�>*:$&% =��$��3+ >�>%&�*, >�>%�!T&- �< 
<$�3�+%*@ : 3�'J7� �&'��&-��H� +>�'�%&'!, #&<��$�>��H� 5�'J%#$ � '�-
��� <$=&#B3� [2]. M=&>J A  – �&='&��� �&�!PT$!>! 3��?'&3>�$! $�?'�%+-
=$ 3�'&"$��-, �  – ?$#$�&%#, @$#$3%&#�<+PT�- 3�L55�7�&�% +>�'&��!, 3  
– ?$#$�&%#, �%:&,$PT�- <$ =�>>�?$7�P �  – �$"&H 5$<* : 7&?� �"#$%��- 
>:!<�, F � �  – $�?'�%+=$ � ,$>%�%$ :�&/�&- >�'*. �#$:�&��& (1), �,&:�=-
��, >��%:&%>%:+&% $??#�3>��$7�� �&'��&-��- @$#$3%&#�>%�3� +>�'�%&'! 
5+�37�&- � � � �2expf A A A	 � . �%�&%��, ,%� $�$'�H�,�$! �&'��&-��>%J 

:�<��3$&%, : ,$>%��>%�, : /�#�3� �<:&>%��- ��=&'� 3�'J7&:�H� $:%�H&�&-
#$%�#$ ��>'�:$–���%#�&:$ [2] ?#� $??#�3>��$7�� �&'��&-��- @$#$3%&#�-
>%�3� '$�?* "&H+T&- :�'�*. ��L%��+ "+=&� �$<*:$%J >�>%&�+ (1) $:%�H&-
�&#$%�#�� > �&'��&-��>%JP %�?$ ��>'�:$–���%#�&:$. �#&�! <$=&#B3� 
?#��!%� #$:�*� &=���7&, ,&H� :>&H=$ ��B�� =�"�%J>! ?&#&��#��#�:3�- 
?&#&�&��*@. �#� �$'*@ $�?'�%+=$@ >�H�$'$ ��$ �&'��&-�$! @$#$3%&#�-
>%�3$ +>�'�%&'! >�:?$=$&% > @$#$3%&#�>%�3�- ='! >�>%&�* > 3+"�,��- �&-
'��&-��>%JP, $ ?#� "�'J/�@ $�?'�%+=$@ ?'$:�� >%#&��%>! 3 �+'P, :>'&=-
>%:�& ,&H� #&/&��! +#$:�&��! (1) :>&H=$ �>%$P%>! �H#$��,&��*��. 
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��>. 3. �?&3%# ?#�@�B=&��! ,&#&< "#LHH�:>3+P #&/&%3+ H$+>>�:$ ��?+'J>$ > 7&�%#$'J-
��- ,$>%�%�- 0.305cf 	  � /�#���- 0.2df 	  
 

=�>%�H$&%>! ?#� �&#&$'J�*@ : �$%+#��� L3>?&#��&�%& <�$,&��!@ ��T��-
>%&- '$<&#��H� �<'+,&��!, 3�%�#*& &T& �& #$<#+/$P% �?%�,&>3�@ �$%&-
#�$'�:, �"#$<+PT�@ "#LHH�:>3�& #&/&%3�. 

 
/	!��	 �����
7	�	 �
	���� /((�, �
���� 08-02-00621. 
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 <@�+���������M��� ������������ ������� ���L��! LE��� 
�� ���/�EJ ������@E @���������8� ����8��������� 

 � C�+�C����JK�� �4������ ���CMJ 
 

����	��� �.)., 
������ 5 ��

	 (�# �*' 
 

�"Y&3%�� �$/&H� �>>'&=�:$��! !:'!&%>! L55&3% :'�!��! :�&/��@ 
/+��: �$ #&B�� "�5+#3$7�� 3 $:%���=+'!7�� � #&B�� $:%���=+'!7�� 
3'�>%#����H� $:%�H&�&#$%�#$ > <$?$<=*:$PT&- �"#$%��- >:!<JP (M��). 

�3$<$'�>J, ,%� :�&/��& /+�* >?�>�"�* �& %�'J3� ?#�:�=�%J 3 
5'+3%+$7�!� : @$#$3%&#�>%�3$@ =��$��,&>3�@ >�>%&�, �$?#��&# 3 =�55+-
<�� 5$<* 3�'&"$��-, ?#�:�=!T&- 3 %��+, ,%� 3�'&"$��! �& !:'!P%>! >%#�-
H� ?&#��=�,&>3���, ,%� :?�'�& �,&:�=��, �� � :*<:$%J 3$,&>%:&��+P ?&-
#&>%#�-3+ =��$��,&>3�- >�>%&�* – ?#�:�=�%J 3 ?�!:'&��P ��:*@ >%$7��-
�$#�*@ >�>%�!��-, :�<��3��:&��P �&<$%+@$PT�@ ?&#��=�,&>3�@ 3�'&"$-
��-, "�5+#3$7�- : �&'��&-�*@ >�>%&�$@ [1,2]. 

�'! ?#�:&=&��! �>>'&=�:$��- : �"'$>%� :'�!��! :�&/��@ /+��: �$ 
#&B�� ?#&=��=+'!7�� �>>'&=+&��H� ���H�#&<��$%�#��H� 3'�>%#����H� 
H&�&#$%�#$ > M�� "*' #$<#$"�%$� � >�<=$� �<�&#�%&'J�*- 3��?'&3>, ?�-
<:�'!PT�- �>>'&=�:$%J :'�!��& :�&/�&H� /+�$ �$ #&H+'!#�*& 3�'&"$��! 
: �>>'&=+&��� $:%�H&�&#$%�#&. 


$ #�>. 1 ?�3$<$�$ >@&�$ +>%$��:3� ='! ?#�:&=&��! �<�&#&��-, 3�-
%�#$! >�>%��% �< >'&=+PT�@ L'&�&�%�:: �>%�,��3$ /+�$ 1 – �G�, ?�'+-
?#�:�=��3�:�H� +>�'�%&'! 2 � 3'�>%#��$-+>�'�%&'! 3, 7�5#�:�H� �>7�'-
'�H#$5$ 4 >&#�� DS, $�$'�<$%�#$ >?&3%#$ 5 5�#�* Agilent, =:+@ 5&##�%�-
:*@ :&�%�'&- 6 � 10, �>>'&=+&��H� 3'�>%#��$ 7, �$?#$:'&���H� �%:&%:�%&-
'! 8, ?�'!#�<$7�����H� $%%&�P$%�#$ 9 � %#�-��3$ 11. ���:&#>$'J��>%J %$-
3�H� �<�&#�%&'J��H� 3��?'&3>$ <$3'P,$'$>J : %��, ,%� �� =$&% :�<��B-
��>%J �>>'&=�:$��! #$<'�,�*@ @$#$3%&#�>%�3 3$3 >$��@ :�&/��@ /+��:, 
%$3 � :'�!��! L%�@ /+��: �$ �>>'&=+&�*- $:%�H&�&#$%�# > M��. 

�$3 �<:&>%��, �>��:�*� �>-
%�,��3�� /+�$ : �G� !:'!&%>! 
=#�"�:�- L55&3%, >:!<$��*- > 
=�>3#&%��>%JP L'&3%#�,&>3�@ <$-
#!=�: %&#��L'&3%#����- L��>>��. 
�*@�=�$! ��T��>%J �>?�'J<+&��- 
�G� �3�'� 2 �3�% ?#� %�3& 50 �� 
� �$?#!B&��� 2300�. �?&3%# /+-
��:�H� >�H�$'$ �G� ?#� #$"�,�@ 
?$#$�&%#$@ ?#&=>%$:'&� �$ #�>. 2. 
�'&=+&% �%�&%�%J, ,%� ?�=�"�*- 
�>%�,��3 /+�$ �"'$=$&% ��#�$'J-
�*� #$>?#&=&'&��&�. �3'P,&��& 

 
��>. 1. �<�&#�%&'J�*- 3��?'&3> ='! �>-
>'&=�:$��! :'�!��! /+��: �$ 3�'&"$��!
3'�>%#����H� $:%�H&�&#$%�#$ 
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&T& �>%$:/�&>! =:& ?&#&�&��*&, %$3 ,%� %$3$! 3$#%��$ ��>�% �& %�,�*-, $ 
?#�"'�B&��*- @$#$3%&#. 

�< #�>. 3a :�=�� %$3B&, ,%� c #�>%�� n $�?'�%+=$ >�H�$'$, �&�"@�=�-
�$! ='! >��@#���<$7��, >�$,$'$ :�<#$>%$&%, $ <$%&� ?���B$&%>!. �#�,�-
�$ – �$'�,�& "�&��- : $:%������- >�>%&�& > ?&#��=�� Tpuls. � #&<+'J%$%& 
"�&��- #$<�$@ 3:$<�?&#��=�,&>3�- #&$'�<$7�� >�$,$'$ +:&'�,�:$&%>!, $ 
<$%&� +�&�J/$&%>!. �#� T6Tpuls �&�"@�=��$! ='! >%$"�'�<$7�� $�?'�%+=$ 
>�H�$'$ "'�<3$ 3 �+'P. �%� �"Y!>�!&% �&'3��$>/%$"�+P �#H$��<$7�P 
?'�>3�>%� ?&#��= – $�?'�%+=$ :�<=&->%:�!. ��>.3" �''P>%#�#+&%, ,%� ?#� 
T>Tpuls 3$#%��$ >��:$ ?�:%�#!&%>!. �#� L%�� ��&&% �&>%� :>& B& �& %�,��& 
:�>?#��<:&=&��&, ?�>3�'J3+ #$>>�$%#�:$&%>! #&B�� > �&>��<�&#��*�� 
,$>%�%$��, � $:%�����*& #&$'�<$7�� �& :�>?#��<:�=!% >&"! %�,��. 

�$3�� �"#$<��, : #$"�%& ?#&='�B&�$ ?#�>%$! ��=&'J $:%������H� H&-
�&#$%�#$ 3:$<�?&#��=�,&>3�@ 3�'&"$��- > =:+�! �&<$:�>��*�� ,$>%�%$�� 
> $%%#$3%�#�� : :�=& %�#$, :'�B&���H� : %#&@�&#��& 5$<�:�& ?#�>%#$�>%-
:�. �#&='�B&��$! ��=&'J �3$<*:$&%>! +=�"�*� �"Y&3%�� ='! ?�>%$��:3� 
� �>>'&=�:$��! <$=$, � >��@#���<$7�� 3:$<�?&#��=�,&>3�@ 3�'&"$��-. 
��3$<$��, ,%� : L%�� >'+,$& : +>%#�->%:& ?'�>3�>%� ?&#��= – $�?'�%+=$ 
:�<=&->%:�! :*!:'!&%>! �&'3��$>/%$"�$! � 3#+?���$>/%$"�$! >%#+3%+#$, 
>:!<$��*& > =:+�! �&>��<�&#��*�� :#&�&��*�� �$>/%$"$�� 3:$<�?&-
#��=�,&>3�H� >�H�$'$ $:%������- >�>%&�*. 

 
/	!��	 �����
7	�	 �
	���� /((�, �
���� 09–02–00707. 
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:$�* : H#+??* ?#��&#�� ?� >&�J–:�>&�J !<*3�:, 3�%�#*& =$P% &T& �=�� 
?&#��= �$ 3$#%& 86T .  

�'! �"Y!>�&��! �$"'P=$&�*@ �>�"&���>%&-  �"#$%��>! 3 #&$'�<$7�� 
>�H�$'$, ?�3$<$���- �$ #�>.3 – L%� %�?�,�$! ='! 3:$<�?&#��=�,&>3�H� #&-
B��$ 3$#%��$ 3�'&"$��-, �$ 3�%�#�- :*=&'!P%>! =:$ @$#$3%&#�*@ :#&-
�&��*@ �$>/%$"$:  

T0 – >�">%:&��*- ?&#��= 3�'&"$��- �>7�''!%�#$, 3�%�#*- ?#� :*-
"#$���� <�$,&��� 7� 20 	  >�>%$:'!&% T0=1; 

Tpuls – ?&#��= "�&��- 3:$<�?&-
#��=�,&>3�@ 3�'&"$��-, 3�%�#*- �< 
#�>.3 ��B�� �7&��%J, 3$3 Tpuls 87 �6 . 

�*"�# :�&/�&H� >�H�$'$ : :�-
=& ?�>'&=�:$%&'J��>%� =&'J%$-
5+�37�! �%:&,$&% %��+, ,%� : ?#�-
�&B+%3$@ �&B=+ ��?+'J>$�� >�>-
%&�$ $:%�����$. �&#&< 3$B=*- ��-
�&�% :#&�&�� T  3��#=��$%$ y ?�'+-
,$&% =�"$:3+, #$:�+P $�?'�%+=& 
��?+'J>$. �$,&>%:&��*- #�>+��3 3 
�''P>%#�#+&% #$<'�,�*& :�<��B-
��>%� >��@#���<$7�� ?&#��=$ 1 : 
L%�� >'+,$&. �< #�>+�3$ @�#�/� 
:�=��, ,%� %$3$! >��@#���<$7�! 
:�<��B�$ ?#� T=T0, T=2T0, 
T=3T0,…, T=nT0. ���&,��, =��$��-
3$ >�>%&�* (1) �& �=���&#�$ � &>%J 

 
 

��>. 2. �$#%$ =��$��,&>3�@ #&B���: >�>%&�* (2) ?#� ¡=0, ¢=0.9, £=2¤ 

 
��>. 3. �$,&>%:&��*- #�>+��3, ?�!>�!P-
T�-, 3$3 :�<��3$&% ?&#��=�,��>%J 3$#%* 
?#� :�<=&->%:�� ��?+'J>$�� �$ 3:$<�?&-
#��=�,&>3�& 3�'&"$��! $) �"'$>%&- >��-
@#���<$7�� ?&#��=$ 1, 6T T0, 2T0, 3T0,… 
") ?&#��=�,��>%J 3$#%* > ?&#��=��, 
?#��&#�� #$:�*� Tpuls. 
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=:+@ +>�'�%&'&- ?�<:�'!&% =�>%�H�+%J =�>%$%�,��H� ='! ?#�:&=&��! �>-
>'&=�:$��! +3$<$��*@ L55&3%�: �"T&H� +#�:�! /+��:.  

�'&=+&% �%�&%�%J, ,%� �>%�,��3 :�&/�&H� /+�$ > ?�=�"��- ?#�#�-
=�- ��&&% ��#�$'J�+P (H$+>>�:+) ?'�%��>%J #$>?#&=&'&��! :&#�!%��>%&-. 
�$3�H� :�=$ #$>?#&=&'&��& =�>%$%�,�� /�#�3� #$>?#&=&'&�� (: �>�"&���-
>%� : ?#�#�=&). 
$ #�>. 3 ?#�:&=&�$ H�>%�H#$��$ #$>?#&=&'&��! :&#�!%��-
>%&- 
(�) ='! �>?�'J<+&��H� /+��:�H� >�H�$'$ � $�$'�%�,&>3� ?�>%#�&�-
�$! H$+>>�:$ 3#�:$! > %$3��� B& >%$%�>%�,&>3��� @$#$3%&#�>%�3$��, 3$3 � 
+ �>?�'J<+&��H� /+��:�H� >�H�$'$. 

� #$�3$@ ?#�:&=&��! L3>?&#��&�%$'J�*@ �>>'&=�:$��- :'�!��! 
:�&/�&H� /+�$ �$ #&B�� ?#&=��=+'!7�� 3'�>%#����H� $:%�H&�&#$%�#$ > 
M�� "*'$ >�!%$ >&#�! <$:�>���>%&- :�<=&->%:�! :�&/�&H� /+�$ �$ #&B�� 
"�5+#3$7�� 3 $:%���=+'!7�� (#�>. 4, 	 � 4, !) �, 3$3 >'&=>%:�&, :�<��3/�- 
: #&<+'J%$%& #&B�� $:%���=+'!7�� (#�>. 4, � � 4, �).  

��=��, ,%� : �%>+%>%:�� :�&/��@ /+��: 3'�>%#�� �$@�=�'>! : #&-
B��& �=��,$>%�%�*@ 3�'&"$��- (#�>. 4, 	). �#� ::&=&��� :�&/��@ /+��:, 
3$3 +?����$'�>J #$�&&, ?#��>@�=�% "�5+#3$7�! 3 $:%���=+'!7�� (#�>. 4, !). 

�#� =$'J�&-/&� ?�:*/&��� +#�:�! :�&/��@ /+��: ?�=���$&%>! 
�"T�- ?J&=&>%$' /+��: : $:%�H&�&#$%�#&, �$,��$&%>! ?�=$:'&��& #&H+-
'!#�*@ 3�'&"$��- : >�>%&�& (#�>. 4, �). �#� �$3>��$'J��- ��T��>%� 
:�&/��@ /+��: #&H+'!#�*& 3�'&"$��! ?�=$:'!P%>! (#�>. 4, �). 

��=�"�+P 3$#%��+ ?�:&=&��! >�>%&�* ��B�� �"Y!>��%J >'&=+P-
T��� 5�<�,&>3��� ?#&=>%$:'&��!��: ?#� �$'*@ ��T��>%!@ :�&/�&H� 
/+��:�H� >�H�$'$ &H� :'�!��& <$3'P,$&%>! : +:&'�,&��� >%&?&�� H#+??�-
#�:3� L'&3%#����H� ?�%�3$.  �$3��  �"#$<��, ?#��>@�=�% "�5+#3$7�! �% 
#&B��$  ?#&=��=+'!7�� 3 #&B��+ $:%���=+'!7��. �#� =$'J�&-/&� +:&'�- 

       
 

��>. 2. �?&3%# /+��: �G� ��>. 3. �'�%��>%J #$>?#&=&'&��! 
(�) ='!  
 �>>'&=+&��H� /+��:�H� >�H�$'$    �>%�,- 
 ��3$ � $�$'�%�,&>3� ?�>%#�&��$! H$+>>�- 
 :$ 3#�:$! 
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�      
��>. 4. �'�!��& :�&/�&H� /+��:�H� >�H�$'$ �$ >?&3%# � H�>%�H#$��+ #$>?#&=&'&��! :&-
#�!%��>%&- : #&B��& "�5+#3$7�� 3 $:%���=+'!7�� � #&B��& $:%���=+'!7��: 	 – "&< 
:�&/��@ /+��: (P/=0 ��%) : #&B��& ?#&=��=+'!7�� – %�3 ?+,3$ I=26 ��, +>3�#!PT&& 
�$?#!B&��& U=2270 �, <$%+@$��& : 7&?� �"#$%��- >:!<� L=0.8 =G; ! – ��T��>%J :�&/��@ 
/+��: P/=5 ��%; � – ��T��>%J :�&/��@ /+��: P/=50 ��%; � – ��T��>%J :�&/��@ /+-
��: P/=250 ��% 
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<�?&#��=�,&>3�& 3�'&"$��!. 
$ #�-
>+�3& 1 ?#&=>%$:'&�$ 3$#%$ >%$#/&H� 
?�3$<$%&'! �!?+��:$ ='! >�>%&�* 
(1). �$#%$ ?�>%#�&�$ >'&=+PT�� �"-
#$<��: ='! 3$B=�- %�,3� ?'�>3�>%� 
?$#$�&%#�: ?�=>,�%*:$'>! >?&3%# 
?�3$<$%&'&- �!?+��:$ � : <$:�>���-
>%� �% :&'�,��* =:+@ >%$#/�@ ?�3$-
<$%&'&- �?#&=&'!'>! 7:&% %�,3� �$ 
?'�>3�>%�. �&#*- 7:&% �%:&,$&% @$�-
>+ ( 0,0 21 	8�8 ), "&'*- – 3:$<�?&-
#��=�,&>3��+ #&B��+ ( 02,1 	8 ), $ 
,&#�*- – #&H+'!#��- =��$��3& 
( 0,0 21 �8	8 ). �$3 :�=�� �< #�>+�3$, 
?����� �&?�>#&=>%:&��� 3:$<�?&-
#��=�,&>3�@ #&B���:, : ,�>'&��*@ 
#$>,&%$@ ?#�=&���>%#�#�:$�* =#+-
H�& @$#$3%&#�*& !:'&��!, : %�� ,�>'& 

:�+%#&���- #&<��$�>, >��%:&%>%:+PT�- !<*3$� �#��'J=$ �$ ?'�>3�>%� 
?$#$�&%#�:, � ?&#&@�= �% 3:$<�?&#��=�,&>3�- =��$��3� 3 @$�>+ ,&#&< #$<-
#+/&��& ��:$#�$�%��- 3#�:�- : >&,&��� �+$�3$#&. 

�>>'&=�:$'$>J %$3 B& <$=$,$ >��@#���<$7�� $:%�����*@ 3:$<�?&#��-
=�,&>3�@ 3�'&"$��- :�&/��� >�H�$'��. ��&/�&& :�<=&->%:�& :*"#$�� : 
:�=& ?&#��=�,&>3�- ?�>'&=�:$%&'J��>%� 3�#�%3�@ ��?+'J>�: (=&'J%$-
5+�37�-). ��<�,&>3� �?#$:=$���- !:'!&%>! >�%+$7�!, 3�H=$ :�&/��- >�H-
�$' �&?�>#&=>%:&��� :�<=&->%:+&% �$ H&�&#$%�# > B&>%3�� :�<"+B=&��&�: 
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  (2) 

<=&>J A – $�?'�%+=$ :�&/�&H� >�H�$'$, $ T – &H� ?&#��=. 
�$#$�&%#* $:%������H� H&�&#$%�#$ (1) :*"&#&� %$3�� �"#$<��, ,%� 

"* �� =&���>%#�#�:$' 3:$<�?&#��=�,&>3�& #&B��: �=0, �=0.9, 0� =2¤. 
$ 
#�>+�3& 2 ?#&=>%$:'&�$ 3$#%$ #&B���: >�>%&�* (2) �$ %#$=�7�����- ='! 
�&$:%�����*@ >�>%&� ?'�>3�>%� ?$#$�&%#�: ?&#��= – $�?'�%+=$ :�<=&--
>%:�! (T, A). 
$ 3$#%& �%%&�3$�� >&#�H� 7:&%$ ?�3$<$�* #&B��* #$<�*@ 
?&#��=�:; "&'*- 7:&% �%:&,$&% ?&#��=+ 1, ,&#�*- – 3:$<�?&#��=�,&>3�� � 
@$�%�,&>3�� #&B��$�. �&#��=* �?#&=&'!'�>J : >%#�"�>3�?�,&>3�� >&,&-
���, %.&. ,&#&< ?&#��= :�&/�&H� :�<=&->%:�! T. 

�< #�>.2 ��B�� :�=&%J, ,%� 3$#%$ ��&&% >:�&�"#$<�+P �#H$��<$7�P. 
��&&%>! ���B&>%:� !<*3�: �>��:��H� ?&#��=$ 1, 3�%�#*& >'&=+P% ?#�-
�&#�� ,&#&< #$:�*& ��%&#:$'* 16T . � =#+H�- >%�#��*, !<*3� >H#+??�#�-

 
 

��>. 1. �$#%$ >%$#/&H� ?�3$<$%&'! �!?+-
��:$ >�>%&�* (1) ?#� ¡=0, P – ?&#��=�,&-
>3�&,  QP – 3:$<�?&#��=�,&>3�&, C – @$�-
%�,&>3�& #&B��* 
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8�����H�� � ���!����C�H�� @��C�+������7��@�! @���4���� 
� ���������� ���!������ ������7��@�� ������� 

 
��	�����& �.�., 	
��
	�� (�# �*' 

 
 
�:$<�?&#��=�,&>3�& 3�'&"$��! :>%#&,$P%>! :� ���H�@ =��$��,&>3�@ 

>�>%&�$@ : ?#�#�=& � %&@��3&, :3'P,$! #$=��5�<�3+ � #$=��%&@��3+ [1–3]. 
�'&=+&% �%�&%�%J %$3B& �%��/&��& 3:$<�?&#��=�,&>3�@ 3�'&"$��- 3 <$-
=$,$�, �">+B=$&�*� : �&-#�=��$��3& � "��@����, : >:!<� > �&@$��<�$�� 
$3%�:��>%�, �%:&%>%:&���- <$ 5�#��#�:$��& � >�>+T&>%:�:$��& �&='&�-
�*@ � "*>%#*@ �>7�''!7�- (%$3 �$<*:$&�*@ "&#>%�: � >?$-3�:). 
&3�%�-
#*& �< L%�@ �&@$��<��: ��H+% ?#�:�=�%J 3 3:$<�?&#��=�,&>3��+ ?�:&=&-
��P, >��%:&%>%:+PT&�+ $%%#$3%�#$� : :�=& %�#�: [4–5]. � %� B& :#&�! ='! 
?�'��7&���H� �<+,&��! 3:$<�?&#��=�,&>3�@ 3�'&"$��- B&'$%&'J�� ��&%J 
?#��&#* �& %�'J3� �&$:%�����*@, �� � $:%�����*@ >�>%&�, @$#$3%&#�-
<+PT�@>! �����$'J��- #$<�&#��>%JP 5$<�:�H� ?#�>%#$�>%:$ N=3. � �$-
>%�!T&- #$"�%& ?#&='$H$&%>! ��=&'J %$3�H� $:%H&�&#$%�#$, ?#&=>%$:'!P-
T$! >�"�- «H�"#�=» H&�&#$%�#$ > B&>%3�� :�<"+B=&��&� � H&�&#$%�#$ #&-
'$3>$7����*@ 3�'&"$��-: 
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M=&>J x  – �"�"T&��$! 3��#=��$%$, �%��>!T$!>! 3 $:%�3�'&"$%&'J���+ 
L'&�&�%+, $ 0�  – ,$>%�%$ &H� >�">%:&��*@ 3�'&"$��-. ���B�%&'J ?&#&= 
?#��<:�=��- x�  >�=&#B�% ?$#$�&%# �, @$#$3%&#�<+PT�- H'+"��+ ?�'�B�-
%&'J��- �"#$%��- >:!<� : $:%�H&�&#$%�#&, �&'��&-�*- ,'&� 2x , >%��+'�-
#+PT�- :�<"+B=&��& 3�'&"$��-, � ,'&� 4x , �%:&,$PT�- <$ �$>*T&��& 
?#� "�'J/�@ $�?'�%+=$@. 
&'��&-��>%J, >��%:&%>%:+PT$! 3��"��$7�� 
=:+@ ?�>'&=��@ ,'&��:, �"&>?&,�:$&% B&>%3�& :�<"+B=&��& $:%�H&�&#$%�-
#$, �"+>'�:'&���& ?#�>+%>%:�&� >+"3#�%�,&>3�- "�5+#3$7�� ��=#���:$–
��?5$. �$#$�&%# � :@�=�% : +#$:�&��& :�&>%& > $==�%�:��- =�"$:3�- z , 
3�%�#$! @$#$3%&#�<+&% >�>%�!��& �$3�?�%&'J��H� L'&�&�%$, $ L:�'P7�! 
L%�- ?&#&�&���- :� :#&�&�� <$=$&%>! :%�#*� +#$:�&��&�.  

��>%&�$ (1) ��&&% =:$ �&<$:�>��*@ :#&�&��*@ �$>/%$"$. � 3$,&>%:& 
�=��H� 5�H+#�#+&% @$#$3%&#��& :#&�! :�>>%$��:'&��! >�>%�!��! �$3�?�-
%&'J��H� L'&�&�%$ 1~ �9� , $ : 3$,&>%:& :%�#�H� – �>��:��- ?&#��= 3�'&"$-
��- $:%�H&�&#$%�#$, 0/2 �7	T . ���%:&%>%:&���, ?#� �?#&=&'&���� ?�=-
"�#& +?#$:'!PT�@ ?$#$�&%#�: >�>%&�$ (1) ��B&% =&���>%#�#�:$%J 3:$-
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,&��� ��T��>%� ::�=��*@ /+��: ?#��>@�=�% +@+=/&��& >%&?&�� H#+?-
?�#�:3� L'&3%#����H� ?�%�3$ � =$'J�&-/$! ?�'�$! #$<H#+??�#�:3$ L'&3-
%#����H� ?�%�3$. �%� ?#�:�=�% 3 �>,&<��:&��P !:'&��! $:%���=+'!7�� � 
?�'���+ ?�=$:'&��P #&H+'!#�*@ 3�'&"$��- : >�>%&�&. 

�$3�� �"#$<��, :'�!��& :�&/�&H� /+�$ �$ #&B�� ?#&=��=+'!7�� 
3'�>%#����H� $:%�H&�&#$%�#$ > M�� :*#$B$&%>! : >'&=+PT&�: ?#� �$'�- 
��T��>%� ���7��#+P%>! $:%�3�'&"$��! : >�>%&�&, ?#� =$'J�&-/&� +:&-
'�,&��� ��T��>%� :��>��*@ /+��: !:'&��& $:%���=+'!7��, $ :?�>'&=>%-
:�� � #&H+'!#�*& 3�'&"$��!, : �>>'&=+&��- >�>%&�& ?#$3%�,&>3� ?�'��-
>%JP �>,&<$&%. 

 
/	!��	 �+������	 � 
	��	� �
������ ��^# «�������» � ��/ «4�
-3». 
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7�������� ������������ ������@�  
���!����7��@�! ���������! ������  

� ��+��MC������� �++������! ������� �����@���� 

#�
���� %.%., 
������ 3 ��

	 G�$�&�
���� G	���3���	 �*' 
 
�$"�%$ ?�>:!T&�$ �>:�&��P ��:�H� � "*>%#� #$<:�:$PT&H�>! �&%�=$ 

�#H$��<$7�� ?$#$''&'J�*@ :*,�>'&��- ?#��&��%&'J�� 3 �>>'&=�:$��P 
=��$��3� �&'��&-�*@ >%�@$>%�,&>3�@ >�>%&�. ���H�3#$%��& +:&'�,&��& 
>3�#�>%� :*,�>'&��- =�>%�H$&%>! <$ >,&% �>?�'J<�:$��! $??$#$%�*@ 
#&>+#>�:   H#$5�,&>3�@ ?#�7&>>�#�: (GPU) :�=&�$=$?%&#�: NVIDIA, ='! 
,&H� >'+B�% >?&7�$'�<�#�:$��$! >�>%&�$ ?#�H#$���#�:$��! CUDA .  

� #$�3$@ #$"�%* �">+B=$P%>! ?#�"'&�* ?$#$''&'J��- #&$'�<$7�� 
�&<$:�>��*@ �>%�,��3�: /+�$, $=$?%�#�:$� ='! #$"�%* �$ GPU $'H�#�%� 
�+�H&–�+%%$ 4 ?�#!=3$ ='! >�>%&� ���, ?#�:&=&�* %&>%�:*& 
:*,�>'�%&'J�*& L3>?&#��&�%* ='! ��=&'� �&-#��$ ��%>@JP–
$H+�� > 
/+���.  

�#$5�,&>3�- ?#�7&>>�# �'� GPU (Graphics Processing Unit) – L%� �=�$ 
�< �>��:�*@ >�>%$:'!PT�@ :�=&�$=$?%&#$, :*?�'�!PT$! H#$5�,&>3�- 
#&�=&#��H. 
 GPU ?#&=�$<�$,&�* ?#&B=& :>&H� ='! ?#��&�&��! : 3$,&>%:& +>3�#�%&'! 
%#A@�&#��- H#$5�3�, �=�$3� &H� ��B�� �>?�'J<�:$%J  � ='! :*,�>'&��-. 
�'&=+&% <$�&%�%J, ,%� >�:#&�&��*& H#$5�,&>3�& ?#�7&>>�#*, "'$H�=$#! 
>?&7�$'�<�#�:$���- 3��:&-&#��- $#@�%&3%+#&, �$���H� L55&3%�:�&& : �"-
#$"�%3& H#$5�,&>3�- ��5�#�$7��, ,&� %�?�,�*- 7&�%#$'J�*- ?#�7&>>�#.   

NVIDIA Corporation, �=�� �< 3#+?�&-/�@ ?#��<:�=�%&'&- H#$5�,&-
>3�@, �&=�$- � 3���+��3$7����*@ ?#�7&>>�#�:,$ %$3 B& "&>?#�:�=�*@ 
�&=�$-?#�7&>>�#�:, #$<#$"�%$'$ %&@��'�H�P  GPGPU (General-Purpose 
computing on Graphics Processing Units), #&$'�<$7�&- 3�%�#�- !:'!&%>! 
CUDA (Compute Unified Device Architecture), ?�<:�'!PT$! ?#�H#$���>%$� 
#&$'�<�:*:$%J �$ #$>>/�#&���� !<*3& ?#�H#$���#�:$��! �� $'H�#�%�*, 
:*?�'���*& �$ >�:#&�&��*@ H#$5�,&>3�@ ?#�7&>>�#$@ +>3�#�%&'&- 3��-
?$��� Nvidia. 

��H�,&>3� %$3�- :�=&�$=$?%&# ��B�� ?#&=>%$:�%J 3$3 �$"�# �+'J%�-
?#�7&>>�#�:, #$"�%$PT�@ ?�= +?#$:'&��&�  =#$-:&#$ CUDA. 	H� ��B�� 
#$>>�$%#�:$%J 3$3 ���H�!=&#�*- ?#�7&>>�#, ?�<:�'!PT�- : 3$B=*- �?-
#&=&'&��*- ���&�% :#&�&�� :*?�'�!%J �$ :>&@ !=#$@ %�'J3� �=�+ � %+ B&  
��>%#+37�P.  

�#� :*?�'�&��� !=#$ (kernel, L%� ?#�7&=+#$, #$"�%+ 3�%�#�- �&�"@�-
=��� #$>?$#$''&'�%J) =#$-:&# CUDA >$��>%�!%&'J�� #$>?#&=&'!&% #&>+#-
>* +>%#�->%:$ �&B=+ ?$#$''&'J�� :*?�'�!&�*�� ��%!�� (threads). �%� 
��%� �"Y&=��!P%>! : "'�3� (block), $ "'�3�, : >:�P �,&#&=J, �"Y&=��!P%>! 
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��>.  4. G�5+#3$7����*& =&#&:J! �%�"#$B&��! (1) ='! ���B&>%:$ �$,$'J�*@ 
+>'�:�-. M�$,&��! ?$#$�&%#$ b: $) 0; ") 0.7; :) 0.95 

>%#$�>%:& ?$#$�&%#�:. � =#+H�- >%�#��*, @$�%�,&>3�& $%%#$3%�#* %&?&#J 
?�!:'!P%>! � ?#� �$'*@ <�$,&��!@ ¡, @�%! �@ "$>>&-�* ?#�%!B&��! ,#&<-
:*,$-�� �$'*. 

�$3�� �"#$<��, : #$"�%& ?#�:&=&�� �>>'&=�:$��& >�>%&�* >'$"� =�>-
>�?$%�:�*@ >:!<$��*@ �%�"#$B&��- ��� �$ ?'�>3�>%� +?#$:'!PT�@ ?$-
#$�&%#�: (¡1, ¡2). �>%$��:'&��, ,%� ?#� ?#�"'�B&��� 3 3��>&#:$%�:���+ 
?#&=&'+ >+T&>%:&��� %#$�>5�#��#+P%>! �"$ "�5+#3$7����*@ >7&�$#�!, 
@$#$3%&#�*& ='! >:!<$��*@ >�>%&�, ?#� L%�� 5&-H&�"$+��:>3$! '���! 
?#&%&#?&:$&% #$<#*: > �"#$<�:$��&� "�'J/�H� ,�>'$ "�5+#3$7����*@ '�-
��-. �"�$#+B&�� >+T&>%:�:$��& 3#�%�,&>3�- %�,3� %�?$ H. �>>'&=�:$�* 
<$3����&#��>%� >�>+T&>%:�:$��! $%%#$3%�#�: ?#� �<�&�&��� =�>>�?$7��. 

 
/	!��	 �+������	 �
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�
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  �$"'�7$ 
�&#��= ¡1 ¡2 

16 0.280808946 3.268918021 
32 0.280380626 3.269091236 
64 0.280292623 3.269104448 

128 0.280284972 3.269106342 
256 0.280283942 3.269106559 

 
��B�� :�=&%J, ,%� <�$,&��! ?$#$�&%#�: =&���>%#�#+P% >@�=���>%J 3 

%�,3& ¡1=0.280284…, ¡2=3.269106… � ?�<:�'!P% �7&��%J >%$#/+P 3��-
>%$�%+ >3&-'��H$ 3$3 ¦=8.79, ,%� "'�<3� 3 %&�#&%�,&>3� �<:&>%���+ ='! 
=$���H� %�?$ 3#�%�,��>%� <�$,&��P ¦H=8.7210662…[5]. �'! ?�=%:&#B=&-
��! �$/&H� ?#&=?�'�B&��! "*' �>?�'J<�:$� �&%�= #$>,A%$ �+'J%�?'�3$-
%�#�: : 3#�%�,&>3�- %�,3&. �#&=?�'$H$!, ,%� �>3��*- %�? 3#�%�,��>%� 
=&->%:�%&'J�� #&$'�<+&%>! ?#� =$��*@ <�$,&��!@ ?$#$�&%#�:, ��B��, �>-
?�'J<+P %&�#&%�,&>3� �<:&>%�*& 3��>%$�%* >3&-'��H$, ?�?*%$%J>! #$>-
>,�%$%J :&#�!%��& �&>%�?�'�B&��& 3#�%�,&>3�- %�,3� � ?�=>,�%$%J : �&- 
<�$,&��! �+'J%�?'�3$%�#�: 7�3'�: #$<'�,�*@ ?&#��=�:. � �$/&� >'+,$& 
�* ?#�:�=�'� #$>,A% �+'J%�?'�3$%�#�: : %�,3& ¡1=0.280283808, 
¡2=3.269106587 ='! 7�3'�: ?&#��=�: 32 � 64 � ?�'+,�'� <�$,&��! ¢1=–2.06 
� ¢2= –0.48, ,%� > =�>%$%�,�� "'�<3� >�:?$=$&% > %&�#&%�,&>3� �<:&>%�*�� 
<�$,&��!�� ='! 3#�%�,&>3�- %�,3� H-%�?$: ¢1=–2.0574783… � ¢2=–0.4860318…[5]. 
�$3�� �"#$<��, ��B�� >=&'$%J :*:�= � >+T&>%:�:$��� : =$���- >�>%&�& 
3#�%�,&>3�- %�,3� %�?$ H 3$3 3��7&:�- %�,3� 5&-H&�"$+��:>3�- '����. 
G�'& %�H�, >���&%#�,��>%J �$"'P=$&�*@ >%#+3%+# <$>%$:'!&% �$> ?#&=?�-
'�B�%J, ,%� : #$-��& ¡1=0.1381, ¡2=3.2031 >+T&>%:+&% &TA �=�$ %$3$! B& 
3#�%�,&>3$! %�,3$. 

�'! �>>'&=�:$��! =��$��3� >'$"� =�>>�?$%�:��- >�>%&�* : 5$<�:�� 
?#�>%#$�>%:& "*' �>?�'J<�:$� �&%�= ?�>%#�&��! "�5+#3$7����*@ =&#&:J-
&: ='! ���B&>%:$ �$,$'J�*@ +>'�:�- �$ �=��- =�$H#$��& [1, 2]. ��>%#�-
&��*& :=�'J H'$:��- =�$H��$'� ?'�>3�>%� ?$#$�&%#�: (¡1, ¡2) %$3�� �&%�-
=�� "�5+#3$7����*& =�$H#$��* ?#&=>%$:'&�* �$ #�>. 4. �3$<*:$&%>!, ,%� 
='�%&'J��>%J ?&#&@�=��H� ?#�7&>>$ :�<#$>%$&% �& %$3 >�'J��, 3$3 ='! =:+-
�&#�*@ �%�"#$B&��- (�$?#��&#, ='! �%�"#$B&��! �3&=*, >'$"�=�>>�?$-
%�:�$! =��$��3$ 3�%�#�H� "*'$ #$>>��%#&�$ : [2]). �$3, =$B& ?#� b=0.999 
?&#&@�=��- ?#�7&>> �& ?#&:*/$&% 100000 �%&#$7�-, : %� :#&�! 3$3 ='! 
�%�"#$B&��! �3&=* : L%�� >'+,$& �� =�>%�H$&% ��''���$ � :*/&. ��#�/� 
:�=&� ?#�7&>> #�B=&��! ��:*@ $%%#$3%�#�: ?#� +�&�J/&��� +#�:�! =�>-
>�?$7��: ?#� b=0.7 ��B�� :�=&%J >�>+T&>%:�:$��& #$<'�,�*@ #&B���: : 
/�#�3�� =�$?$<��& ?$#$�&%#�:, ?#�,A� ?#� +�&�J/&��� =�>>�?$7�� ,�>-
'� >�>+T&>%:+PT�@ #&B���: :�<#$>%$&%. �$3B& ��&&% �&>%� ?#�7&>> «:*-
��#$��!» @$�>$ ?#� +�&�J/&��� =�>>�?$7��: �"'$>%� >+T&>%:�:$��! @$�-
>$ >%$��:!%>! =�>%$%�,�� +<3��� 3$3 : 5$<�:�� ?#�>%#$�>%:&, %$3 � : ?#�-
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: >&%3+ (grid). �=��:#&�&��� �$ +>%#�->%:& ��B&% :*?�'�!%J>! %�'J3� �=-
�� !=#�.   

�< :*/&>3$<$���H� >'&=+&%, ,%� GPU – ?#�H#$��$, @�%! � "'�<3$ 
>��%$3>�,&>3� 3 ?#�H#$��$� �$ C � C++ ='! CPU,  >+T&>%:&��� 
�%'�,$&%>! ?� >:�&- >%#+3%+#&.   �� L%�- ?#�,��&, �&:�<��B&� ?#!��- 
?&#&��> �$ GPU $'H�#�%��:, �>?�'J<+&�*@, �$?#��&#, ?#� ,�>'&���� 
��%&H#�#�:$��� >%�@$>%�,&>3�@ =�55&#&�7�$'J�*@ +#$:�&��-. � 
,$>%��>%�, :�?#�>* :�<��3$P% ?#� ?#�H#$����- #&$'�<$7�� �>%�,��3�: 
/+�$, $ %$3B& ?#� �>?�'J<�:$���  �&%�=�: ��%&H#�#�:$��! %�?$ 
«?#&=�3%�#-3�##&3%�#», '�3$'J�� <$?����$PT�@ ?#��&B+%�,�*& 
#&<+'J%$%* :*,�>'&��-.  � =$���- #$"�%& �">+B=$&%>! �=�$ �< ?#�>%&-/�@ 
?#�H#$���*@  3��5�H+#$7�-, 3�H=$ #&>+#>* :�=&�3$#%* �>?�'J<+P%>! ='! 
?�'+,&��! $�>$�"'! :#&�&��*@ #&$'�<$7�- �&'��&-��- >%�@$>%�,&>3�- 
>�>%&�*, �$ �>��:& 3�%�#*@ #$>>,�%*:$&%>! +>#&=�&��*- �+#J&->?&3%# 
��T��>%�. 

�#� %#$=�7������ �&%�=& ��%&H#�#�:$��! �$ CPU +>#&=�&��& @$#$3-
%&#�>%�3 #&/&��! ��� ?#��<:�=�%>! ?� �$"�#+ ?&#��=�H#$��. �'! 3$B-
=�- %$3�- ?&#��=�H#$��* "&#&%>! ,$>%J �=��-, =�>%$%�,��  ='����-,   
:#&�&���- #&$'�<$7�� �>>'&=+&��- >�>%&�* (#�>. 1, 	). ���%:&%>%:&���, 
�>%�,��3 /+�$  %$3B& %#&"+&%>! �=��. �#� ��%&H#�#�:$��� �$ GPU :>& N 
?&#��=�H#$�� #$>>,�%*:$P%>! �=��:#&�&���, ,%� =$&% "�'J/�- :*�H#*/ 
: >3�#�>%� (#�>. 1, !). �=�$3�,  : L%�� >'+,$& %#&"+&%>! N �&<$:�>��*@ �>-
%�,��3�: /+�$. �#�"'&�$ :�<��3$&% ?� ?#�,��& %�H�, ,%� «@�#�/�&»  $'-
H�#�%�* H&�&#$7�� >'+,$-�*@ ,�>&' �>?�'J<+P% ?&#&�&��*& %�?$  static, 

	  

!  
                  ��>. 1. ��= ��%&H#�#�:$��! ��� �$ CPU (	), � �$ GPU (!) 
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<$?#&T&��*& : >#&=& CUDA : >�'+ ?#��7�?�$'J�*@ �%'�,�- : #$"�%& > 
?$�!%JP GPU. �=�$3�, $'H�#�%� +>#&=�&��! ?� $�>$�"'P (#�>. 1, !) %#&-
"+&% : N #$< "�'&& 3�#�%3+P ?�>'&=�:$%&'J��>%J >'+,$-�*@ ,�>&', ?� 
>#$:�&��P > #�>. 1, 	.  �� L%�- ?#�,��&, �* �>?�'J<�:$'� "�'&& ?#�>%*& 
$'H�#�%�* H&�&#$7�� >'+,$-�*@ ,�>&', �& @#$�!T�& : ?$�!%� ?#��&B+-
%�,�*& #&<+'J%$%*.  �>&, ,%� ?#� L%�� %#&"+&%>! – L%� �"&>?&,�%J N #$<-
'�,�*@ >%$#%�:*@ <�$,&��-, ,%�"* ?�'+,�%J >:�P >'+,$-�+P ?�>'&=�:$-
%&'J��>%J ='! 3$B=�- :*,�>'!&��- ?&#��=�H#$��*. 


$ #�>. 2 ?#&=>%$:'&�$ "'�3 – >@&�$ GPU-?#�H#$��* ='! ,�>'&���H� 
��%&H#�#�:$��! >%�@$>%�,&>3�@ =�55&#&�7�$'J�*@ +#$:�&��-. �&:�& ?�-
'& >�=&#B�% '�H�,&>3�& "'�3�, :*?�'�!&�*& �"*,�*� �"#$<�� �$ CPU 
3��?JP%&#$, $ ?#$:�& ?�'& – �%#$B$&% =&->%:�!, :*?�'�!&�*& #&>+#>$�� 
H#$5�,&>3�@ ?#�7&>>�#�:  :�=&�3$#%*. �>J :#&�&�� �$?#$:'&�$ >:&#@+ :��<. 

  �$3 ��B�� :�=&%J,  GPU-?#�H#$��$ >�=&#B�%, =�?�'��%&'J�*& L%$-
?*, 3�%�#*& �%>+%>%:+P% : CPU-?#�H#$��&. �$3, �$,$'J��& :*=&'&��& ?$-
�!%� ='! �$>>�:�: �$,$'J�*@ +>'�:�- � =$��*@ ?#�>@�=�% ?$#$'&'J�� �$ 
GPU � CPU. 

�&#&= <$?+>3�� !=#$ ?#��>@�=�% ?&#&��> =$��*@ �< �$>>�:�: CPU-
?#�H#$��* : �@ «"'�<�&7*» �$ GPU. ��>'& <$:&#/&��! #$"�%* !=#$ :*-
?�'�!&%>! �"#$%�$! ?#�7&=+#$.  

 

 CPU GPU 

 

                                            ��>. 2. G'�3 – >@&�$ GPU-?#�H#$��* 

45

 

3.3  
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2.9  
-0.01          '1   0.6

��>. 3. �:&'�,&��*- 5#$H�&�% 3$#%* =�-
�$��,&>3�@ #&B���: �%�"#$B&��! (1)
?#� b=0.7 > �$'�B&���- �$ �&H� >�>%&��- 
"�5+#3$7����*@ '���-. G�5+#3$7���-
�*& '���� ?�'+,&�* > ?���TJP ?#�-
H#$��* Content [4]. 

¡2, ?#� L%�� �&>3�'J3� %#$�>5�#��#+P%>! !<*3� >��@#���<$7��. �&#&@�= 3 @$�-
>+ ,&#&< 3$>3$= +=:�&��- ?&#��=$ ?#&%&#?&:$&% "�'&& >+T&>%:&��*& �<�&�&��! 
(>�. #�>. 2): �$,��$! > �?#&=&'A���H� <�$,&��! ?$#$�&%#$ b '���� +=:�&��! ?&-
#��=$ �$,��$P% =&5�#��#�:$%J>!, $ <$%&� 5&-H&�"$+��:>3$! '���! ?#&%&#?&:$&% 
#$<#*:. �#� L%�� >#$<+ B& :�<��3$&% "�'J/�& 3�'�,&>%:� "�5+#3$7���-
�*@ '���- � >%#+3%+#, : %�� ,�>'& crossroad area � spring area, $ ?#�>%#$�>%:� 
?$#$�&%#�: #$>?$=$&%>! �$ �&>3�'J3� '�>%�: �+'J%�>%$"�'J��>%�. ��&>%�� 

�$<:$%J %$3+P >�%+$7�P «"�5+#3$-
7����*� :<#*:��». �&#&@�= 3 @$�>+, 
5$3%�,&>3�, ?&#&>%$A% "*%J �=��?$-
#$�&%#�,>3��. 
$ #�>. 3 ?#&=>%$:'&� 
+:&'�,&��*- 5#$H�&�% 3$#%* =��$-
��,&>3�@ #&B���:. �#+B3$�� � 3:$=-
#$%$�� :*=&'&�* �&>%$ �$3�?'&��! %�-
,&3 > �+'J%�?'�3$%�#$�� (+1,+1) � 
(-1,-1) >��%:&%>%:&���. �+T&>%:�:$-
��& �$3$?'�:$PT�@>! ?�>'&=�:$-
%&'J��>%&- %$3�@ %�,&3 ?�<:�'!&% 
?#&=?�'�B�%J >+T&>%:�:$��& : ?#&-
=&'& 3#�%�,&>3�@ %�,&3 %�?�: C � H. 


$�� "*' ?#&=?#��!% ?��>3 
3#�%�,&>3�- %�,3� %�?$ H, ='! ,&H� > 
?���TJP ?#�H#$��* Content "*'$ 
#$>>,�%$�$ ?�>'&=�:$%&'J��>%J %�,&3 
R2 ='! �&>3�'J3�@ ?&#:*@ ?&#��=�: 
3$>3$=$ +=:�&��- (%$"'�7$). 

� 

4 

8 

 16 

32 

1.508 

'2 

$) 

1.268 
0.692        '1        1.088

2.6 

'2 

") 

2.264
0.572        '1        1.328  

��>. 2. �:&'�,&��*& 5#$H�&�%* 3$#% =��$��,&>3�@ #&B���: �%�"#$B&��! (1). 
M�$,&��! ?$#$�&%#$ b: $) 0; ") 0.5. �#&>%�3�� �%�&,&�� �&>%�?�'�B&��& 3#�%�,&-
>3�- %�,3� %�?$ C [3] 
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2.5 

'2 

$) 

-0.5 
-0.5         '1   2.5

  1
  2 

  4 

     ��2��+���� 
   "����"	���

Q 

F 

F 
3.5 

'2 

") 

-0.5 
-0.5       '1    3.5  

��>. 1. �$#%* =��$��,&>3�@ �%�"#$B&��! (1) ='! #$<'�,�*@ <�$,&��- ?$#$�&%#$ b: $), 
"), 0.7. 

������@� ���C����! ���4������+������!  
���4��/���� <�� 

 
�	��� %.�.., 	
��
	�� (�# �*' 

 
�<:&>%��, ,%� >�>%&�* > �$'*� +#�:�&� =�>>�?$7�� ��H+% =&���>%-

#�#�:$%J :&>J�$ ��%&#&>��& ?�:&=&��& [1, 2]. �#&=>%$:'!&%>! ��%&#&>�*� 
�>>'&=�:$%J ��=&'J >:!<$��*@ ?�,%� 3��>&#:$%�:�*@ >�>%&�. �#� L%��, 
?�>3�'J3+ �$> ��%&#&>+&% �$"'P=&��& 5&���&��:, @$#$3%&#�*@ ='! >'$"� 
=�>>�?$%�:�*@ >�>%&�, >:!<J �&�"@�=��� :*"�#$%J 3��>&#:$%�:��-. � 
=$���- #$"�%& ?#�:�=�%>! �>>'&=�:$��& >:!<$��*@ �%�"#$B&��- ��� 

.),(
,),(

1
2

21

1
2

11

nnnnnnn

nnnnnnn

uvxubvuu
xyuxbyxx

	�����:	

	�����:	

��

��       (1) 

�3�"�$� =$���H� �%�"#$B&��! #$:&� 2b , %$3�� �"#$<�� �%�"#$B&��& 
!:'!&%>! 3��>&#:$%�:�*�, &>'� >:!<$��*& ?�=>�>%&�* 3��>&#:$%�:�*. 
�$#$�&%# ~ =$'&& :&<=& 5�3>�#�:$� � #$:&� 0.4. 

�:�'P7�! ?'�>3�>%� +?#$:'!PT�@ ?$#$�&%#�: (¡1, ¡2), �%:&%>%:&��*@ 
<$ +=:�&��! ?&#��=$ : ?�=>�>%&�$@, ?#� +�&�J/&��� =�>>�?$7�� ?#&=-
>%$:'&�$ �$ #�>. 1. � +�&�J/&��&� =�>>�?$7�� >+T&>%:&��� %#$�>5�#��-
#+P%>! �"$ @$#$3%&#�*@ ='! >�>%&�* >:!<$��*@ '�H�>%�,&>3�@ �%�"#$B&-
��- (#�>. 1 $) >7&�$#�! ?&#&@�=$ 3 @$�>+: ,&#&< 3$>3$= "�5+#3$7�- +=:�&-
��! ?&#��=$ � ,&#&< #$<#+/&��& 3:$<�?&#��=�,&>3�@ =:�B&��-. �"'$>%J 
3:$<�?&#��=�,&>3�@ =:�B&��-, #$>?�'�B&��$! ='! '�H�>%�,&>3�@ �%�-
"#$B&��- :"'�<� H'$:��- =�$H��$'� ?'�>3�>%� ?$#$�&%#�:, >%$��:�%>! 
�,&�J +<3�-, : %� B& :#&�! >�&T$!>J : �"'$>%� >+T&>%:&��� �&#$:�*@ ¡1 � 
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&>��%#! �$ �$'�,�&  L%�@ =:+@ =�?�'��%&'J�*@ L%$?�:, >:!<$��*@ > 
3�?�#�:$��&� "�'J/�@ �$>>�:�: =$��*@ �$  5�<�,&>3� =#+H�-  ��>�%&'J 
(%� &>%J, > ?&#&=$,&- �@ ?� /��& =$��*@ 3��?JP%&#$), ?#��&�&��& GPU 
?�<:�'!&% ?�'+,�%J <�$,�%&'J�*- :*�H#*/ : ?#��<:�=�%&'J��>%�.  
� ?#�:&=&��*@ �$�� %&>%�:*@ #$>,&%$@ �>?�'J<�:$'$>J =:+�&#�$!  ��=&'J 
�&-#��$  FitzHugh–Nagumo [>>*'3$], :� :%�#�& +#$:�&��& 3�%�#�- "*' 
:3'P,&� �>%�,��3 /+�$.  �'! 3$B=�H�  �< 20 <�$,&��- ��%&�>�:��>%� /+-
�$ D #$>>,�%*:$'�>J 8192 :#&�&��*@ #&$'�<$7�-, ='���- ?� 25600 /$H�: 
��%&H#�#�:$��! 3$B=$!. �� 3$B=�- �< :#&�&��*@ #&$'�<$7�- #$>>,�%*-
:$'>! �+#J&–>?&3%# ��T��>%� (: ?#�:�=���� ?#��&#& &H� :*,�>'&��& 
?#��<:�=�'�>J �$  CPU), #&<+'J%$%* #$>,&%$ +>#&=�!'�>J ?� :>&� :#&�&�-
�*� #&$'�<$7�!� ='! =$���H� D. �%�H�� :*,�>'&��- "*'� ?�>%#�&��& 
=:+�&#��H� H#$5�3$  <$:�>���>%� >?&3%#$'J��- ?'�%��>%� S(f,D) �% ,$>%�-
%* f � ��%&�>�:��>%� /+�$ D (#�>. 3). 
  �*?�'�&��& :*/&�?�>$���H� #$>,&%$ GPU-?#�H#$���- �$ 3��?JP-
%&#& > CPU (Core 2 Duo), %$3%�:�- ,$>%�%�- 2,33 ��7 � :�=&�3$#%�- 
8600GT ?�%#&"�:$'�  28 >&3+�=, : %� :#&�! ?#� %#$=�7������   (#�>. 1, 	)  
CPU-$'H�#�%�& �$ %�� B& 3��?JP%&#&   L%� <$�!'� �3�'� 6 ,$>�:. �,�%*-
:$! �&:*>�3+P >%����>%J =$���H� %�?$ :�=&�3$#%*, "�'&& ,&� 700-3#$%��& 
+>3�#&��& :*,�>'&��- ?#&=>%$:'!&%>! ?#&3#$>�*� #&<+'J%$%��.  

 �'&=+&%, �=�$3�, �%�&%�%J, ,%� : =$���� ?#��&#& #&/$'�>J  =$'&3� 
�& :>& ?#�"'&�*, :�<��3$PT�& ?#� ?&#&@�=& �$ GPU-?#�H#$��*. �$3, ?#� 
��%&H#�#�:$��� >�>%&� "�'J/�- #$<�&#��>%� (�$?#��&#, =�>3#&%�*& ��-
=&'� �&?#&#*:�*@ >#&=) :�<��3$&% ?#�"'&�$ >  �"#$T&��&� 3 ?$�!%� $'-
H�#�%��: ,�>'&���H� ��%&H#�#�:$��! %�?$ «?#&=�3%�#–3�##&3%�#» ?#� 
?�?*%3& #$>?$#$''&'�%J ?#�7&>> �$ 3$B=+P %�,3+ =�>3#&%��- >#&=*.   

 

 
��>. 3. �#$5�3 <$:�>���>%� >?&3%#$'J��- ?'�%��>%� S(f,D) �% ,$>%�%* f � ��%&�-
>�:��>%� /+�$ D 
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�#+H$! ?#�"'&�$ – L%� �&=�>%$%�,�$! ?�==&#B3$ %�?$ =$��*@ 
«double», %$3 3$3 GPU �<�$,$'J�� �#�&�%�#�:$�* �$  H#$5�,&>3�- #&�=&-
#��H, ='! 3�%�#�H� %�?$ “float” "�'&& ,&� =�>%$%�,��. 

�&� �& �&�&&, �?�>$��$! �&%�=�3$ ?#&=>%$:'!&%>! =&/&:*� � L55&3-
%�:�*� «�$#�=�*�» >?�>�"�� :�&=#&��! %&@��'�H�� ?$#$''&'J�*@ :*-
,�>'&��- : ?#$3%�3+ �>>'&=�:$��! �&'��&-�*@ >�>%&�.  
 
4�(���)
�$�-�'%�� '*�'�% 
 
1. J. Keener J. Sneyd. Mathematical Physiology // New York: Springer, 1998. 
2. http://www.nvidia.ru/object/cuda_home_new_ru.html – �5�7�$'J�*- >$-% 

?#�&3%$ CUDA. 
3. M. Januszewski, M. Kostur. Accelerating numerical solution of Stochastic 

Differential Equations with CUDA // arXiv:0903.3852v2 [physics.comp-ph], 
2009. 

 
�	�&�+" 
����������3: �
�G�

�
 #�
���� %.I., �.G.-�.�. 
  
  

47

?#�%!B&��! $%%#$3%�#�: : >:!<$��*@ +��:&#>$'J�*@ =:+�&#�*@ �%�"#$-
B&��!@ ?#� �%>%#�-3& >:!<� �% >���&%#�,��- ?#��>@�=�% $�$'�H�,�� #$>-
>��%#&��*� #$�&& >:!<$��*� '�H�>%�,&>3�� �%�"#$B&��!� � >:!<$��*� 
>�>%&�$� �A>>'&#$. 
 

/	!��	 �����
7	�	 ��^# «/	$����� �	�&���� �����8�	�	 �+
6�" 
6���+» (�
���� > 2.1.1./1738) ����!
�	��� /(. 

 
4�(���)
�$�-�'%�� '*�'�% 
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�&�� H.#., �
	
���	 �.�., ����$��� �.#.. ���, 1990, 

%. 60, :*?. 10, �. 19 – 26. 
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�	��� �.�., H�$
�&�� H.#., *����� �.�., ����$��� �.#.. ��>J�$ : 

���, 1989, %. 15, :*?. 3, �. 60 – 64. 
3. �������� �.�., �	���	
��	 4.�., �
�	��� �.�.. 
&'��&-�$! =��$��3$ 

@$�%�,&>3�@ � >%�@$>%�,&>3�@ >�>%&�. �$#$%�:. �<-:� ���, 1999 H.. 
4. H�$
�&�� H.#., ����$��� �.#. ��>J�$ : ���, 1997, %. 23, �4, �. 40–46. 
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+,A�*@ «
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%&#�$'* 3��5&#&�7��, H. �$#$%�:. – �$#$%�:: �<-:� ��>�
� «��'-
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6. ��$��8�� �.#., #�$������ �.�., �	��� �.�.. IV 3��5&#&�7�! ��'�=*@ 
+,A�*@ «
$��L'&3%#���3$, �$��5�%���3$ � �&'��&-�$! 5�<�3$». �$-
%&#�$'* 3��5&#&�7��, H. �$#$%�:. – �$#$%�:: �<-:� ��>�
� «��'-
'&=B», 2009, �. 80 – 82. 

7. #�$������ �.�., �	��� �.�.. �%$%�>%�,&>3$! 5�<�3$ � ��5�#�$7����*& 
%&@��'�H��: �$%&#�$'* �&B=+�$#�=��- /3�'*->&���$#$ «Statinfo–
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'$>%J >�>+T&>%:�:$��! %#A@ $%%#$3%�#�:, 3�%�#$! %$3B& #$>?�'$H$&%>! 
:=�'J =�$H��$'�, �� �?�#$&%>! �$ '���P "�5+#3$7�� 
&-�$#3$–�$3&#$. 

� #�>%�� �%>%#�-3� ?� ?$#$�&%#+ >:!<� ¦ ?#��>@�=�% +�&�J/&��& 
?'�T$=� �"'$>%&- �+'J%�>%$"�'J��>%� : ?#�>%#$�>%:& ?$#$�&%#�: 
(#�>. 3, 	, 3, !). �$3B& �"�$#+B&�� >+T&>%:&���& �>3$B&��& >%#+3%+#* 
"$>>&-��: ?#�%!B&��! $%%#$3%�#�: ?#� ::&=&��� �&>���&%#�,��- >:!<� : 
�"'$>%!@ �+'J%�>%$"�'J��>%�, �$"'P=$PT�@>! 3$3 ?#� +=:�&��� ?&#��=$, 
%$3 � : !<*3& >��@#���<$7�� (#�>. 4, 	, 4, !). �$3�� �"#$<��, L:�'P7�! �"-
'$>%&- �+'J%�>%$"�'J��>%� �$ ?'�>3�>%� ?$#$�&%#�:, $ %$3B& "$>>&-��: 

��>. 3. �$#%* �+'J%�>%$"�'J��>%� �%�"#$B&��! (1) ?#� ~ = 0.01: 	 – �$ ?'�>3�>%� ?$-
#$�&%#�: (S1, S2) ?#� J1=J2=0, ¦=0.1; ! – �$ ?'�>3�>%� ?$#$�&%#�: (J1, J2) ?#� S1=S2=-1, 
¦=0.05 

S1 0 -1.8 

0 

-1.8 

S2 

1 2 

3 

J1 1.40.7 

1.7 

1.0 

J2 

� � 

1 

2 

1.8 

x2

��>. 4. G$>>&-�* ?#�%!B&��! $%%#$3%�#�: �%�"#$B&��! (1) ?#� 	 – S1=0 , S2=0, J1=0.97, 
J2=1.14, ~ = 0.01, ¦=0.02; ! – S1=0 , S2=0 , J1=-0.64, J2=-0.7, ~ = 0.01, ¦=0.1 

x1 0.5-1.3 

0.25 

-1.3 

x2 

x1 0.8-1.8 
-1.6 

� � 
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 +��4�� ���M����� +��8��C� � +��������� �����M��8� 
���4��/���� ��� ���7��� +��7������� +� 8�����/��E 

 

�+
���	 �.�., 
�������	 5 ��

	 (�H�4 �*' 
�
�	���� 

�#�,����>%J ?� �#&-�=B&#+ [1] !:'!&%>! ?�?+'!#�*� �&%�=�� �?#&-
=&'&��! �$'�,�! � �$?#$:'&��! >:!<� �&B=+ =:+�! >�>%&�$�� ?� �@ :#&-
�&��*� #!=$�. � �>��:& L%�H� �&%�=$ '&B�% �=&! � %��, ,%� &>'� +,&% 
=$��*@ �< �=��H� :#&�&���H� #!=$ ?�<:�'!&% <�$,��� +�&�J/�%J �/�"3+ 
?#�H��<$ =#+H�H� #!=$, %� =&'$&%>! :*:�= � �$'�,�� >:!<�. 

� =$���- #$"�%& ='! ?#�H��<$ �>?�'J<+P%>! ��=&'� : :�=& �%�"#$B&-
��-. � �$,$'& >%#��%>! ��=�:�=+$'J�$! ��=&'J, 3�%�#$! +,�%*:$&% %�,3� 
%�'J3� �< �=��H� #!=$ ; <N

iix 1	 , :'�!��& �$ 3�%�#*- �7&��:$&%>!: 

� �lagnlagnlagnnPLn xxxxfx )1(dim,2 ...,,, ����� 	 . 

M$%&� %$3 �$<*:$&�$! >�:�&>%�$! ��=&'J, 3�%�#$! +,�%*:$&% %�,3� �< �"�-
�@ #!=�: ; <N

iix 1	  � ; <N
iiy 1	 : 

� �2)12(dim,2221)11(dim,121 ...,,,,...,,, lagnlagnlagnnlagnlagnlagnnPLn yyyyxxxxfx ��������� 	 . 

M=&>J ; <N
iix 1	 - :#&�&���- #!=, :'�!��& �$ 3�%�#*- �7&��:$&%>!, ; <N

iiy 1	  - :#&-
�&���- #!=, :'�!��& 3�%�#�H� ?*%$&�>! :*!:�%J, f – $??#�3>���#+PT$! 
5+�37�!, 3�%�#$! "&#&%>! : :�=& >%&?&���H� ?�'����$, PL – =$'J��>%J 
?#�H��<$, dim – #$<�&#��>%J ��=&'�, lag – #$>>%�!��& �&B=+ %�,3$�� :&3-
%�#$ >�>%�!��!. 

�$>>,�%$P%>! >#&=�&3:$=#$%�,�*& �/�"3� ?#�H��<$ ='! ��=�:�=+-
$'J��- 2

x�  � >�:�&>%��- 2
xy�  ��=&'&-. �#�,����>%J ?� �#&-�=B&#+ ,&#&< 

��@ :*#$B$&%>! 3$3 

2

22

x

xyxG
�
���

	 . 

�$3 :�=�� �=��� �< ?$#$�&%#�: L%�H� �&%�=$ !:'!&%>! =$'J��>%J ?#�-
H��<$ (PL). �&'JP #$"�%* !:'!&%>! �>>'&=�:$��& <$:�>���>%� ?#�,����-
>%� ?� �#&-�=B&#+ �% =$'J��>%� ?#�H��<$, ?��>3 ?#��7�?$ :*"�#$ �?%�-
�$'J��- =$'J��>%� ?#�H��<$. 

����	�%� �''��	�
���� 
�'�!��& =$'J��>%� ?#�H��<$ �>>'&=+&%>! > ?���TJP %&>%�:*@ ?#�-

�&#�:, ?�>3�'J3+ : ��@ �<:&>%�* :>& ?$#$�&%#*, $ �$?#$:'&���>%J � >�'+ 
>:!<� �* ��B&� <$=$%J >$��. 
$�'+,/$! =$'J��>%J ?#�H��<$ :*"�#$&%>! 
?� >'&=+PT�� 3#�%&#�!�: 

1. M�$,��$! >:!<J =�'B�$ �"�$#+B�:$%J>! ?#� 3$3 ��B�� �&�J/&� 
<�$,&��� 3�L55�7�&�%$ >:!<�; 
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2. 	>'� >:!<J �=���$?#$:'&��$!, %� @$#$3%&#�>%�3$ >:!<� : �&?#$-
:�'J�+P >%�#��+ =�'B�$ "*%J 3$3 ��B�� �&�J/& (: �=&$'& �&<�$,���-); 

3. �#&-�=B&#�:>3$! ?#�,����>%J =�'B�* ����%���� :�<#$>%$%J > �$-
#$>%$��&� 3�L55�7�&�%$ >:!<�. 

�%�"* 3�'�,&>%:&��� �@$#$3%&#�<�:$%J >��%:&%>%:�& L%�� 3#�%&#�!� 
"+=&� =&'$%J >'&=+PT&&: 

1. �&�&#�#+&� 100 ?$# #!=�: "&< >:!<� (k = 0), >,�%$&� ='! 3$B=�- ?$-
#* H#&-�=B&#�:>3+P ?#�,����>%J G, 95-P ?� :&'�,��& (95%-- +#�:&�J) 
<$?����$&�; 

2. �&�&#�#+&� #!=* >� >:!<JP (k). �'! 3$B=�- k =&'$&� 100 ?$# #!=�:, 
='! 3$B=�- ?$#* >,�%$&� G � :*,�>'!&� >#&=�&& <�$,&��&. 	>'� >#&=�&& 
<�$,&��& G ='! =$���- >�'* >:!<� k '&B�% :*/& 95%-�H� +#�:�!, %� �* 
�$"'P=$&� <�$,���& +'+,/&��& ?#�H��<$. �&� #$�J/& ?&#&>&,&��& (k*), 
%&� :*/& ,+:>%:�%&'J��>%J �&%�=$; 

3. �?�>$���& :*/& =&'$&� ='! #$<'�,�*@ =$'J��>%&- ?#�H��<$ (PL). 
�%#��� H#$5�3 <$:�>���>%� ?�#�H$ ,+:>%:�%&'J��>%� (k*) �% =$'J��>%� 

 
��>. 1. M$:�>���>%J ,+:>%:�%&'J��>%� �&%�=$ (k*) �% =$'J��>%� ?#�H��<$ (PL): ($) –
?#�7&>> $:%�#&H#&>>�� ?&#:�H� ?�#!=3$, >:!<J : ?#$:�'J�+P >%�#��+; (") – >�>%&�$ 
�&>>'&#$, >:!<J : ?#$:�'J�+P >%�#��+; (:) – ��=&'J ��%7@JP-
$H+��, >:!<J : ?#$:�'J-
�+P >%�#��+; (H) – ��=&'J ��%7@JP-
$H+��, >:!<J : �&?#$:�'J�+P >%�#��+. 

49

?&#��=$. �%�#�- «?+%J» (b) :*"#$� ?#� ?�>%�!���� <�$,&��� ?$#$�&%#$ S 
(S = –1). �� ?#�@�=�% 3$3 ,&#&< '���P +=:�&��! ?&#��=$, %$3 � ,&#&< �>��-
:$��& !<*3$ >��@#���<$7�� ?&#��=$ %#� : �"'$>%� 3:$<�?&#��=�,&>3�@ 
#&B���:. �'! �>>'&=�:$��! �+'J%�>%$"�'J��H� ?�:&=&��! �>?�'J<�:$'�>J 
?�>%#�&��& %$3 �$<*:$&�*@ «3$#% �+'J%�>%$"�'J��>%�», �$ 3�%�#*@ :*=&-
'!P%>! �"'$>%�, >��%:&%>%:+PT�& >�>+T&>%:�:$��P #$<��H� ,�>'$ $%%#$3-
%�#�:. 
$ #�>. 2 ?#�:&=&�* 3$#%* �+'J%�>%$"�'J��>%� : >���&%#�,��� 
>'+,$& (¦ = 0) ?#� =:�B&��� :=�'J ?+%� a (#�>. 2, 	) � :=�'J ?+%� b 
(#�>. 2, !). 
$ �"&�@ 3$#%$@ :�=�* �"'$>%� >�>+T&>%:�:$��! =:+@ $%%#$3-
%�#�:, 3�%�#*& �?�#$P%>! �$ '���P #�B=&��! 7�3'$ ?&#��=$ =:$ � #$>?�-
'$H$P%>! :=�'J =�$H��$'� ?'�>3�>%� ?$#$�&%#�:. 
$ #�>. 2, ! :�=�$ �"-

��>. 2. �$#%* �+'J%�>%$"�'J��>%� �%�"#$B&��! (1) ?#� ~ = 0.01 � ¦=0: 	 – �$ ?'�>3�>%� 
?$#$�&%#�: (S1, S2) ?#� J1=J2=0; ! – �$ ?'�>3�>%� ?$#$�&%#�: (J1, J2) ?#� S1=S2= –1 

S1 0 -1.8 

0 

-1.8 

S2 

1 2 

3 

J1 1.5-0.8 

1.5 

-0.8 

J2 

� � 

1 2 

��>. 1. �$#%$ =��$��,&>3�@ #&B���: (	) � 3$#%$ >%$#/&H� ?�3$<$%&'! �!?+��:$ (!) $:-
%������- ?�=>�>%&�* �%�"#$B&��! (1) 

S 0.4-1.8 

1.4 

-0.8 

J 

1 2 

3 

@$�> 

#$<"&H$-
��& 

S 0.4-1.8 

1.4 

-0.8 

J 

#$<"&H$-
��&

� � 

@$�>

a 

b 

4 

112



������@� ����������7�� ���C����!  
E��������M��! ��E�����! ���4��/���� 

 
#�$������ �.�., 	
��
	�� (�# �*' 

 
� >�:#&�&���- �&'��&-��- =��$��3& : �$>%�!T&& :#&�! =�>%$%�,�� 

?�?+'!#�� �>>'&=�:$��& >:!<$��*@ >�>%&�. � %$3�@ >�>%&�$@ ��B&% �$-
"'P=$%J>! !:'&��& 5$<�:�- �+'J%�>%$"�'J��>%�, >:!<$���- > :�<��B��-
>%JP >��@#���<$7�� ?�=>�>%&� : #$<'�,�*@ 5$<$@ � <$3'P,$PT&->! : >�-
>+T&>%:�:$��� >��@#���*@ � �&>��@#���*@ $%%#$3%�#�: ?#� �=��@ � %&@ 
B& <�$,&��!@ ?$#$�&%#�:. �=�$3� "�'J/$! ,$>%J #$"�% ?�>:!T&�$ �>>'&-
=�:$��P =��$��3� : >���&%#�,�� >:!<$��*@ >�>%&�$@, �$?#��&# [1–4]. 
� #$"�%$@ [5–7] "*'� �>>'&=�:$�� :'�!��& �%>%#�-3� >:!<� �% >���&%#�,-
��- �$ �+'J%�>%$"�'J��>%J : >�>%&�& >:!<$��*@ '�H�>%�,&>3�@ �%�"#$B&-
��- � : >:!<$��*@ >�>%&�$@ �A>>'&#$. �&'JP =$���- #$"�%* "*'� �<+,&-
��& =��$��3� �&>���&%#�,�� >:!<$��*@ +��:&#>$'J�*@ =:+�&#�*@ �%�-
"#$B&��-: 

 

� �
� �
� �
� �

( , ) ( ) ( , ) ( , ) ,1

( , ) ( ) ( , ) ( , ) ,1

( , ) ( ) ( , ) ( , ) ,1

( , ) ( ) ( , ) ( , ) ,1

x f x y f u v f x yn n n n n nn

y g x y g u v g x yn n n n n nn

u f u v f x y f u vn n n n n nn

v g u v g x y g u vn n n n n nn

	 � � ��

	 � � ��

	 � � ��

	 � � ��

�  

�  

�  

�  

 (1) 

H=& f(x,y)=Sx–y–(x2+y2), g(x,y)=Jx–(x2+y2)/5, $ ?$#$�&%#* ~ � ¦ ��&P% >�*>' 
$�?'�%+=* >���&%#�,��- >:!<� � �%>%#�-3� ?� ?$#$�&%#+ >:!<�. �$3�& 
�%�"#$B&��& ��%&#&>�� %&�, ,%� ='! $:%�����*@ >�>%&� ?$#$�&%#* S � J 
?#&=>%$:'!P% >�"�- �&?�>#&=>%:&��� >'&= � �?#&=&'�%&'J �$%#�7* �3�"�, 
,%� =&'$&% :�<��B�*� �&?�>#&=>%:&���& �$"'P=&��& �"'$>%� +>%�-,�:�-
>%� �&?�=:�B��- %�,3� �$ ?'�>3�>%� ?$#$�&%#�:. �#��& %�H�, : %$3�- >�>-
%&�& :�<��B�� �$"'P=&��& �& %�'J3� 3$>3$=$ "�5+#3$7�- +=:�&��- ?&-
#��=$, �� � "�5+#3$7�� 
&-�$#3$–�$3&#$. 
$ #�>. 1, 	 ?#�:&=&�$ 3$#%$ 
=��$��,&>3�@ #&B���: $:%������- >�>%&�* (,�>'$�� �"�<�$,&� ?&#��= 
$%%#$3%�#$ : 3$B=�- �"'$>%�), $ �$ #�>. 1, ! – 3$#%$ >%$#/&H� '!?+��:>3�H� 
?�3$<$%&'! (%A��*� 7:&%$� >��%:&%>%:+P% �%#�7$%&'J�*& <�$,&��! ?�3$-
<$%&'! �!?+��:$, "&'��+ – �+'&:�&). 

� #$"�%& "*'� �>>'&=�:$�� +>%#�->%:� ?'�>3�>%&- «�=����A��*@» 
?$#$�&%#�: >�>%&� (S1,S2) � (J1,J2) ?#� <�$,&��� $�?'�%+=* >:!<� ~ = 0.01 � 
#$<'�,�*@ <�$,&��!@ �%>%#�-3� ?� ?$#$�&%#+ >:!<� ¦. �'! L%�H� "*'� :*-
"#$�� =:$ «?+%�» =:�B&��! ?� ?'�>3�>%� (S, J) $:%������- ?�=>�>%&�*. 
�#� =:�B&��� :=�'J «?+%�» a (#�>. 1, 	) <�$,&��& ?$#$�&%#$ J �>%$:$'�>J 
?�>%�!��*� (J = 0). �#� L%�� �$"'P=$'$>J ?�>'&=�:$%&'J��>%J +=:�&��- 
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?#�H��<$ (PL) 3$3 ?�3$<$�� �$ #�>.1. M$3#$/&��$! >&#*� �"'$>%J ?�3$<*-
:$&%, : 3$3�� =�$?$<��& <�$,&��- 3�L55�7�&�%$ >:!<� �"�$#+B�:$&%>! <�$-
,��$! >:!<J. M$3#$/&��$! "&'*� �"'$>%J ?�3$<*:$&%, H=& >:!<J �&<�$,��$;  

4. ��=�"�*& H#$5�3� <$:�>���>%� ,+:>%:�%&'J��>%� �% =$'J��>%� 
?#�H��<$ k*(PL) >%#��� ='! >:!<� : ?#$:�'J�+P � �&?#$:�'J�+P >%�#��+. 
��H=$: ,&� "�'J/& >&#$! �"'$>%J : ?#$:�'J�+P >%�#��+ � ,&� �&�J/& : 
�&?#$:�'J�+P, %&� ?#&=?�,%�%&'J�&& L%$ =$'J��>%J ?#�H��<$ (PL). 

��"5�,���� 

$ �>��:& %&>%�:*@ ?#��&#�: ?�'+,&�* >'&=+PT�& #&<+'J%$%*: 
1. �#�7&>>* $:%�#&H#&>>�� ?&#:�H� ?�#!=3$: 

,1 nnnn kyxx *���	�  ,1 nnn yy #�"	�  

H=& .98.0,99.0 	"	�  
� #�>%�� =$'J��>%� ?#�H��<$ ,+:>%:�%&'J��>%J �&%�=$ ?$=$&%, %.&. 

?#&=?�,%�%&'J�*�� !:'!P%>! &=���,�*& =$'J��>%� ?#�H��<$ (#�>.1,$). 
�:!<J : �&?#$:�'J�+P >%�#��+ �& �"�$#+B�:$&%>!. 

��"$:'&��& �<�&#�%&'J��H� /+�$ ?#&=?�'�B�%&'J�� =$&% ?#&��+T&-
>%:� "�'J/�� =$'J��>%!� ?#�H��<$. �=�$3� : =$���� ?#��&#& L%� �& ?�=-
%:&#=�'�>J. 

2. �#�7&>>* $:%�#&H#&>>�� :%�#�H� ?�#!=3$: 
,1211 nnnnn kyxxx *�����	 ��  ,1211 nnnn yyy #�"�"	 ��  

M�$,&��! ?$#$�&%#�: :<!%* %$3, ,%�"* =$��*& +#$:�&��! "*'� #$<��>%��- 
>@&��- ='! ,�>'&���H� #&/&��! +#$:�&��! '��&-��H� �>7�''!%�#$ > /+-

��� )(2 2
0 txxx *	��3� ���  ?#� ,10 	�  05.0	3  > /$H�� .
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27

	�t  

�#� =$'J��>%� ?#�H��<$ #$:��- ?�'�:��& @$#$3%&#��H� ?&#��=$ (1/2T) 
�'� @$#$3%&#���+ ?&#��=+ (T) ,+:>%:�%&'J��>%J ?$=$&%. �#� �>%$'J�*@ 
<�$,&��!@ =$'J��>%� ?#�H��<$ "&< =�"$:'&��! �<�&#�%&'J��H� /+�$ ,+:-
>%:�%&'J��>%J ?#$3%�,&>3� �% �&& �& <$:�>�%. �#� =�"$:'&��� �<�&#�-
%&'J��H� /+�$ �$'*& =$'J��>%� ?#�H��<$ ?&#&>%$'� "*%J �?%��$'J�*��. 

3. ��=&'J ��%7@JP-
$H+��: 

� �� �

,

,1

11
1

1111
1

ybx
dt
dy

Iyxxax
dt
dx

a

3�	

����	
 

� �� �

,

,1

22
2

12222
2

ybx
dt

dy

kxIyxxax
dt

dx
a

3�	

�����	
 

H=& ,8.0	a  ,008.0	b  ,0033.0	3  .84.0	aI  
�#� �?#&=&'&��� >:!<� : ?#$:�'J�+P >%�#��+ �?%��$'J�*�� =$'J��-

>%!�� ?#�H��<$ !:'!&%>! &=���,�*& (#�>.1, :). �=�$3� ?#� �$'*@ =$'J��-
>%!@ ?#�H��<$ @$#$3%&#�>%�3$ >:!<� : �&?#$:�'J�+P >%�#��+ %$3B& �3$<*-
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:$P%>! <�$,���- (#�>.1, H). �� &>%J ='! ?#$:�'J��H� :*:�=$ � �$?#$:'&��� 
>:!<� >'&=+&% "#$%J �& &=���,�+P, $ �&>3�'J3� "�'J/+P =$'J��>%J. �#� 
=$'J��>%� ?#�H��<$ #$:��- ?�'�:��& @$#$3%&#��H� ?&#��=$ (1/2 T) �'� @$-
#$3%&#���+ ?&#��=+ (T) ,+:>%:�%&'J��>%J, 3$3 � : >'+,$& ?#�7&>>�: $:%�-
#&H#&>>�� :%�#�H� ?�#!=3$, +@+=/$&%>!. 

4. ��>%&�$ �&>>'&#$: 

,,, xzczb
dt
dzayx

dt
dyzy

dt
dx

��	�	��	  

H=& ,398.01 	a  ,21 	b  ,41 	c  ,2.02 	a  ,2.02 	b  .7.52 	c  �#� <$=$��*@ ?$-
#$�&%#$@ >�>%&�$ �&>>'&#$ "+=&% �$@�=�%J>! : @$�%�,&>3�� #&B��&. ��$-
'�< ?#��<:�=�'>! ?� :#&�&��*� #!=$� 3��#=��$%* x. 

�#� �>?�'J<�:$��� 3+"�,&>3�H� $??#�3>���#+PT&H� ?�'����$ �$�-
"�'J/$! ,+:>%:�%&'J��>%J ?#�@�=�%>! �$ =$'J��>%J ?#�H��<$ #$:�+P ?�-
'�:��& @$#$3%&#��H� ?&#��=$ (1/2T) �'� @$#$3%&#���+ ?&#��=+ (T) 
(#�>. 1, "). � �&?#$:�'J�+P >%�#��+ �&%�= %�B& ���H=$ ?�3$<*:$&% �$'�-
,�& <�$,���- >:!<�, �� : H�#$<=� �&�J/&� =�$?$<��& <�$,&��- 3�L55�7�-
&�%$ >:!<�. �:&'�,&��& ?�#!=3$ ?�'����$ ?�<:�'!&% +�&�J/�%J L%�% =�$-
?$<��. 

��
�	� 
� #$"�%& �$ #!=& L%$'���*@ ?#��&#�: ?#��<:&=&�� �>>'&=�:$��& ,+:-

>%:�%&'J��>%� ?#�,����>%� ?� �#&-�=B&#+ : <$:�>���>%� �% %$3�H� ?$#$-
�&%#$ ��=&'�, 3$3 =$'J��>%J ?#�H��<$. 

�$>%J ?#��&#�: ?�3$<$'$, ,%� %#$=�7����� :*"�#$&�$! &=���,�$! 
=$'J��>%J ?#�H��<$ �& :>&H=$ !:'!&%>! �?%��$'J��-. �<!%�& "�'J/&- 
=$'J��>%� ?#�H��<$ ��B&% +'+,/�%J ,+:>%:�%&'J��>%J � >?&7�5�,��>%J 
�&%�=$. 

��B�� �%�&%�%J �>�"&���>%� ?�:&=&��! ,+:>%:�%&'J��>%� ?#� =$'J-
��>%!@ ?#�H��<$, #$:�*@ ?�'�:��& @$#$3%&#��H� ?&#��=$ (1/2T) �'� @$#$3-
%&#���+ ?&#��=+ (T): 

- ='! �>>'&=�:$��*@ ?&#��=�,&>3�@ ?#�7&>>�: ,+:>%:�%&'J��>%J #&<-
3� ?$=$&%; 

- ='! @$�%�,&>3�H� ?#�7&>>$ ,+:>%:�%&'J��>%J, �$�"�#�%, :�<#�>'$. 
 

/	!��	 �+������	 �
� G��	�
���" �����
7�� /((� (�
	��  
> 08-02-00081). 

 

4�(���)
�$�-�'%�� '*�'�% 
1. Granger C.W.J. Investigating Causal Relations by Econometric Models and 

Cross-Spectral Methods // Econometrica. 1969.  Vol. 37. No. 3. P. 424-438. 
 

�	�&�+" 
����������3: %��	��� 4.�., �.G.-�. �., ��8��� �*'. 
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�#� =$'J�&-/&� +:&'�,&��� <�$-
,&��! ?$#$�&%#$ k H#$��7* �&B=+ D, C 
� T ?#�=�'B$P% �<�&�!%J>!. �$>/�#!-
P%>! �"'$>%� >��@#���<$7�� >'&:$ � 
>?#$:$ �% �>��:��H� #&<��$�>$. 
$ #�>. 2, 
�, � @�#�/� :�=�* L%� �<�&�&��!.  

� L3>?&#��&�%& "*'� ?#�:&=&�* 
$�$'�H�,�*& �>>'&=�:$��! ='! #$=��-
%&@��,&>3�- >@&�*, ?#&=>%$:'!PT&- 
>�"�- =:$ #&<�>%�:�� >:!<$��*@ RC-
$:%�H&�&#$%�#$ : 3:$<�H$#����,&>3�� 
#&B��&. 
$ #�>. 3 ?#&=>%$:'&�* L3>?&-
#��&�%$'J�� ?�'+,&��*& �"'$>%� @$-
#$3%&#�*@ #&B���: 3�'&"$��-.  

�3>?&#��&�%$'J�� ?�'+,&��$! >%#+3%+#$ ?#�>%#$�>%:$ ?$#$�&%#�: 
3$,&>%:&��� ?�:%�#!&% ?�'+,&��+P ,�>'&���. �'&:$ � >?#$:$ �% �>��:��H� 
#&<��$�>$ �&B=+ �"'$>%!�� 3:$<�?&#��=�,&>3�@ 3�'&"$��- T � �"'$>%JP 
H$/&��! 3�'&"$��- D �$@�=!%>! �"'$>%� >��@#���<$7�� �. 

�%$3, #&<+'J%$%* ,�>'&���H� �>>'&=�:$��! "*'� ?�=%:&#B=&�* L3>-
?&#��&�%$'J��. �>�"&���>%�  ::&=&��! ,$>%�%��- #$>>%#�-3� >+T&>%:&�-
�� �<�&��'� >%#+3%+#+ ?#�>%#$�>%:$ ?$#$�&%#�:. �*!>�&'�>J, ,%� =$B& 
?#� "�'J/�@ #$>>%#�-3$@ ?� ,$>%�%& : >�>%&�& �=&�%�,�*@ H&�&#$%�#�: 
��B�� �$"'P=$%J #&B�� >��@#���<$7��. 
 
4�(���)
�$�-�'%�� '*�'�% 
1. Ivanchenko M.V., Osipov G.V., Shalfeev V.D., Kurths J. Synchronization of 

two non-scalar-coupled limit-cycle oscillators // Physica D. 2004, 189, p. 8.  
2. �+<�&7�: �.�., �$3>P%�: �.�., ���$� j.�. �>�"&���>%� >��@#���<$-

7�� : >�>%&�& >:!<$��*@ �>7�''!%�#�: �$� =&# ��'!, �&�=&�%�,�*@ ?� 
+?#$:'!PT&�+ ?$#$�&%#+ // ��>J�$ : ���. 2007, �.33, :*?.15, �.15-21. 

3. �>%$@�: �.�., ��"'!�>3�- C.�., �$=�:$>�:$ �.	., ���T&�3� �.�. G�-
5+#3$7����*- $�$'�< =��$��3� =�>>�?$%�:�� >:!<$��*@ H&�&#$%�#�: 
�$� =&# ��'!. // �>?&@� >�:#&�&���- #$=��L'&3%#���3� #9, 2008. �.61-
68. 

4. ��3�:>3�- �., ��<&�"'P� �., �+#%> j. ���@#���<$7�!. �+�=$�&�-
%$'J��& �&'��&-��& !:'&��&. – �.: �&@��>5&#$, 2003. - 496>. 

 
�	�&�+" 
����������3: �
�	��� �.�., �.G.-�. �., �
�G.  

��>. 3. �3>?&#��&�%$'J�� ?�'+-
,&��*& �"'$>%� @$#$3%&#�*@ #&-
B���: 3�'&"$��- 
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3��?��&�%+ , $ 3��>&#:$%�:�+P 3��?��&�%+ ?#����$P% #$:��- �+'P: 
.  

�$>>��%#��, 3$3 ?�:'�!&% +,&% 3��>&#:$%�:��- 3��?��&�%* �$ =��$-
��3+ :<$���=&->%:+PT�@ H&�&#$%�#�:. ��$,$'$ <$5�3>�#+&� >'&=+PT�& 
<�$,&��! ?$#$�&%#�:: m=0.1, k=0 (%� &>%J >:!<J ,�>%� =�>>�?$%�:�$!). 
$ 
#�>. 2, 	 ?#&=>%$:'&�* �"'$>%� @$#$3%&#�*@ #&B���: : >�>%&�&: C – �"'$>%J 
>��@#���*@ $:%�3�'&"$��-, T – �"'$>%J 3:$<�?&#��=�,&>3�@ 3�'&"$��-, 
D – �"'$>%J H$/&��! $:%�3�'&"$��- �'� �"'$>%J «$�?'�%+=��- >�&#%�». 
�$3$! >%#+3%+#$ ?#�>%#$�>%:$ ?$#$�&%#�: "*'$ ?�'+,&�$ #$�&&  ���H��� 
�>>'&=�:$%&'!�� �  =&%$'J�� �>>'&=�:$�$ : #!=& >%$%&-, �$?#��&# [1–4]. 

�$3 ?�3$<$�� �$ #�>. 2, !, ?#� k, �%'�,��� �% �+'!, (3��>&#:$%�:�$! 
3��?��&�%$ >:!<� %&?&#J +,�%*:$&%>!) H#$��7$ �&B=+ D � T #$>T&?'!&%>! 
�$ =:& '����. �&B=+ L%��� '���!�� 5�#��#+&%>! �"'$>%J, : 3�%�#�- �$-
"'P=$&%>! +>%�-,�:*- ?#&=&'J�*- 7�3', �%:&,$PT�- #&B��+ >��@#���-
<$7�� H&�&#$%�#�:. �$3�& #$>T&?'&��& @$#$3%&#�� ='! >�>%&� >:!<$��*@ 
H&�&#$%�#�: > �&�=&�%�,��>%JP ?� ?$#$�&%#+ :�<"+B=&��! [2,3].  

 

 
	      ! 

 
        �       � 

��>. 2. �"'$>%� @$#$3%&#�*@ #&B���: 3�'&"$��- �$ ?'�>3�>%� «�1 – p». 	 – m=0.1 � 
k=0; ! –  m=0.1 � k=0.01; � – m=0.1 � k=0. 1; � – m=0.1 � k=0.5 
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��@�8��������  +���� ���4K���� � �������  
�@������ ���C� � I��@���M��� ���@����@�� 

 
2	���
�� �.�., 	
��
	�� �/I (/4() �I� 

 
�<:&>%�* #$<'�,�*& >?�>�"* >3#*%��- >:!<� �$ �>��:& =��$��,&>3�-

H� @$�>$ [1]. G�'J/��>%:� �< ��@ #$>>,�%$�* �$ ?&#&=$,+ 7�5#�:*@ >��"-
T&��-. �=�$3�, >?�>�" @$�%�,&>3�- �$>3�#�:3� (Chaos Masking) : ?&#&-
=$%,�3& � >��@#����H� @$�%�,&>3�H� �%3'�3$ : ?#�&���3& ��B&% "*%J �>-
?�'J<�:$� ='! ?&#&=$,� ��5�#�$7��, 3$3 : $�$'�H�:��, %$3 � : 7�5#�:�� 
:�=&. �$3�- >?�>�" �"'$=$&% #!=�� �&=�>%$%3�:. ��-?&#:*@, L%� >%#�H�& 
%#&"�:$��! 3 +#�:�P ?&#&=$:$&��H� >��"T&��! s(t): ?#� �$'�� +#�:�& 
?#�!:'!&%>! :*>�3$! ,+:>%:�%&'J��>%J 3 /+�$� : 3$�$'& >:!<�, $ ?#� 
"�'J/�� – :�<��B�� #$>>�H'$>�:$��& :#&�&��*@ ?#�7&>>�: : =��$��,&-
>3�@ >�>%&�$@ ?#�&���3$ � ?&#&=$%,�3$ � >#*: >��@#���<$7��. ��-
:%�#*@, �&�<"&B�*- #$<"#�> ?$#$�&%#�: �"&�@ >�>%&� <�$,�%&'J�� <$-
%#+=�!&% =�>%�B&��& >��@#����H� @$�%�,&>3�H� �%3'�3$ =$B& : �%>+%>%-
:�& >��"T&��! s(t) � /+�$ n(t). 

�'! +>%#$�&��! +3$<$��*@ �&=�>%$%3�: @$�%�,&>3�- �$>3�#�:3� : [2] 
?#&='$H$&%>! >@&�$ > �&3�H&#&�%�*� ?#�&��� >3#*%�- ��5�#�$7��. 
� ?#&='$H$&��- >@&�& ?#��7�? ��=+'!7�� �>��:$� �$ <$�&T&��� ,$>%� 
>?&3%#$ @$�%�,&>3�H� >�H�$'$ >?&3%#�� ��5�#�$7�����H� >�H�$'$. �'! 
L%�H� : ?&#&=$%,�3& �>?�'J<+&%>! �3���$! �"#$"�%3$ @$�%�,&>3�H� 3�'&"$-
��!. �$3$! B& �"#$"�%3$ ?#��&�&�$ � : ?#�&���3&, ?#� L%�� +=$&%>! :*=&-
'�%J >��"T&��& ?#� ��<3�� +#�:�& �/5. 

�=�$3�, ?�>3�'J3+ >?&3%# @$�%�,&>3�H� 3�'&"$��! ?#&=�?#&=&'&� 
:*"#$��*� #&B���� =��$��,&>3�- >�>%&�*, >'�B�� >�H'$>�:$%J &H� ��<-
3�,$>%�%�+P ,$>%J >� >?&3%#�� >��"T&��!, ,%� %#&"+&%>! ='! >3#*%��>%� 
?&#&=$,�. �"*,�� >?&3%# @$�%�,&>3�H� 3�'&"$��! �3$<*:$&%>! >?'�/�*� 
: ?�'�>& >��"T&��!, ?�L%��+ �& +=$&%>! ?�'+,�%J �$>3�#�:3+ >��"T&��! 
> "�'&& �'� �&�&& #$<#&B&��*� >?&3%#��. 

� �$>%�!T&- #$"�%& �* �>?�'J<+&� >�>%&�+ >3#*%��- >:!<� 
«Framask» [3], >@�=�+P > �?�>$���-  : [2], �� > H&�&#$%�#�� 5#$3%$'J��H� 
>�H�$'$ (���) (#�>. 1). � 3$,&>%:& �$>3�#+PT&H� >�H�$'$ : ?&#&=$%,�3& 
��B&% "*%J �>?�'J<�:$� 'P"�- /�#�3�?�'�>�*- >�H�$', �"'$=$PT�- L#-
H�=�,��>%JP � >?&3%#�� : �"'$>%� ��<3�@ ,$>%�%, "'�<3�� 3 >?&3%#+ ?&#&-
=$:$&��H� >��"T&��!. 

� �$/�@ L3>?&#��&�%$@ #�'J �$>3�#+PT&H� >'�B��H� 3�'&"$��! �>-
?�'�!&% 5#$3%$'J�$! 5+�37�! �&-&#/%#$>>$ [4]: 

 
� � � ��

	

�	
K

k

kkD ttw
1

2 sin)( ::            (1) 
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��>. 1. G'�3->@&�$ >�>%&�* ?&#&=$,� ��5�#�$7�� > 5#$3%$'J��- �$>3�#�:3�- 
«Framask»> 3$>3$=��- �3����- �"#$"�%3�- : ?#�&���3& 

 
H=& !�K  ,�>'� ,'&��: #!=$, 21 �� D  5#$3%$'J�$! #$<�&#��>%J H#$5$ 
5+�37�� w(t), 1�:  �?�#�$! ,$>%�%$ (?$#$�&%# «�&>��<�&#���>%�» ,$>%�%). 


�#��#�:$��*& L?P#* �$?#!B&��- : #$<'�,�*@ %�,3$@ >�>%&�* 
(#�>. 1) ?�3$<$�* �$ #�>. 2, 3. 

� =$���- #$"�%&, : �%'�,�& �% L3>?&#��&�%$ ?� �$>3�#�:3&, �?�>$���-
H� : [3], �* �$�&#&��� +�&�J/�'� ,�>'� ,'&��: #!=$ (1) ='! %�H�, ,%�"* 
>5�#��#�:$%J >�H�$'  : H�#$<=� "�'&& +<3�- ?�'�>& ,$>%�%. �$#$�&%#* 
�$>3�#+PT&H� >�H�$'$ "*'� :*"#$�* >'&=+PT���: 3,3;9,1;10 			 :DK , 
?#� L%�� &H� :&#@�!! ,$>%�%$ #$:�$ *8fw 64380max. 	 . 

��5�#�$7����*- >�H�$' ?#&=>%$:'!&% >�"�- H�'�>�:�& >��"T&��& «I�	 
��G�
�	8�� 
��
���	, 
���
6���� 
��
���	»  > :&#@�&- ,$>%�%�- *8� 7500f 	 . 

 

 
��>. 2.  �#&�&��*& #&$'�<$7�� ?#�7&>>�: : ?&#&=$%,�3& >�>%&�* Framask 
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�&�  . �'! %�3�: "+=+% :*?�'�!%J>! #$:&�>%:$: 
 ,  ,   ,  . 

��=>%$:�: :>& #$:&�>%:$ : (2), ?#�=�55&#&�7�#�:$: ?� t, ?#�:&=! ?�-
=�"�*& >'$H$&�*&, � ?#��<:&=! <$�&�+:  , H=&  , 

?�'+,�� >'&=+PT�& +#$:�&��!: 

  

 ,        (3) 

 

 .           (4) 

�'&=+PT�& L'&�&�%* : 3$B=�� �< H&�&#$%�#�: ?#��&� �=&�%�,�*��:                     
�11 = �12 = �1 , R11 = R12 = R1 , R21 = R22 = R2 , $�$'�H�,�� ='! +>�'�%&'&-:  

,  . 
� �21 ¬ �22 , �21 = const, �22 =var; �"�-

<�$,�� ,  , , 

. ��H=$ , 

        � +,&%�� :>&@ �"�<�$,&��- +#$:�&��! =:+@ >:!<$��*@ H&�&#$%�#�: : 
"&<#$<�&#�*@ ?&#&�&��*@ ��B�� ?#&=>%$:�%J : :�=&: 

  (5) 

H=& . 

��'+,&��$! >�>%&�$ (5) �%'�,$&%>! �% >�>%&�* (1): %&?&#J :�<"+B=&-
��& $:%�3�'&"$��- :� :%�#�� H&�&#$%�#& +?#$:'!&%>! �& %�'J3� ?$#$�&%-
#�� m, �� &T& � ,$>%�%��- #$>>%#�-3�- p, $ %$3B& ?$#$�&%#�� . �$-

3�- ?�=@�= +,�%*:$&% 3��?��&�%* =�55+<�����- >:!<� ,&#&< #$<��>%J 
?&#&�&��*@, $ %$3B& ,&#&< #$<��>%J ?#��<:�=�*@. �"*,�� ?#� �>>'&=�:$-
��� #&<�>%�:�� >:!<$��*@ H&�&#$%�#�: +,�%*:$P% %�'J3� =�>>�?$%�:�+P 
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���E@�E�� +����������� +��������� ���C����! 
�������!��7��@�! 8���������� � +�����M���� H�@���� 

 
������� �.�., 
������ 3 ��

	 G�$�&�
���� G	���3���	 �*' 

��!���
��" �.�., 	
��
	�� G�$�&�
���� G	���3���	 �*' 
 

� #$"�%& ?#&=>%$:'&�* #&<+'J%$%* �>>'&=�:$��! !:'&��- >��@#���-
<$7��, ?#��>@�=!T�@ : >�>%&�& =:+@ #&<�>%�:�� >:!<$��*@ RC-
$:%�H&�&#$%�#�:.  

�#$:�&��& 3�'&"$��- : RC-$:%�H&�&#$%�#&  ��B�� >:&>%� 3 +#$:�&-
��P :$� =&# ��'!, &>'� ?#��!%J �$?#!B&��& �$ :*@�=& +>�'�%&'! 

, %�H=$ �>>'&=+&�$! >�>%&�$ >%$��:�%>! >�>%&��- =:+@ 
#&<�>%�:�� >:!<$��*@ H&�&#$%�#�: :$� =&# ��'!. ��>%&�$ =:+@ >:!<$��*@ 
H&�&#$%�#�: :$� =&# ��'! !:'!&%>! "$<�:�- ��=&'JP ='! �>>'&=�:$��! L5-
5&3%�: � !:'&��-, �$"'P=$&�*@ : #$<���"#$<�*@ >:!<$��*@ $:%�3�'&"$-
%&'J�*@ >�>%&�$@ > ?#&=&'J�*�� 7�3'$��, � %&� >$�*� ?#�:'&3$&% �>�-
"&���& :���$��& �>>'&=�:$%&'&- [1–4]. �%$ >�>%&�$ ,$>%� <$?�>*:$&%>! : 
:�=& =�55&#&�7�$'J�*@ +#$:�&��- :%�#�H� ?�#!=3$: 

             (1) 

H=& m1,2 – ?$#$�&%#*, +?#$:'!PT�& :�<"+B=&��&� $:%�3�'&"$��- : ?$#7�-
$'J�*@ H&�&#$%�#$@; ~1,2 – 3�L55�7�&�%* >:!<�,  – ,$>%�%�$! #$>-

>%#�-3$. 
� +,&%�� �>�"&���>%� ::&=&��! #$>>%#�-3�, #&$'�<+&��- : L3>?&#�-

�&�%&, �$�� "*'$ ?�'+,&�$ >�>%&�$ +#$:�&��-, 3�%�#$! �%'�,$&%>! �% >�>-
%&�* (1).  

�@&�$ H&�&#$%�#�: ?#&=>%$:'&�$ �$ #�>.1. 
�'! ?&#:�H� H&�&#$%�#$ .                                (2) 
�$=&��& �$?#!B&��! �$ L'&�&�%$@  �  �?#&=&'!P%>! 5�#�+'$-

��  , . 
$?#!B&��& �$ :*@�=& +>�'�%&'! ?#�-

��>. 1. �@&�$ #&<�>%�:�� >:!<$��*@ H&�&#$%�#�: �$� =&# ��'!. f1,2 – +>�'�%&'� 
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��>. 3.  �#&�&��*& #&$'�<$7�� ��5�#�$7�����H� >��"T&��! s(t), >�H�$'$ �$ :*@�-
=& ?&#&=$%,�3$ m(t), >�H�$'$ �$ :@�=& ?#�&���3$ r(t), �$ :*@�=& �3�� ?#�&���3$ 

t)(1� , t)(2�  : >�>%&�& Framask. 
 

�� &>%J, ?�'�>$ ,$>%�% �$>3�#+PT&H� 3�'&"$��! :>&H� : 8.6 #$< "�'J/& 
?�'�>* ��5�#�$7�����H� >��"T&��!. 

�>��:�$! 7&'J =$���- #$"�%* L%� ?#��&�&��& : >�>%&�& Framask 3$>-
3$=��- �3����- �"#$"�%3� �$ ?#�&���- >%�#��&. ��L%��+ �>�"�& :���$-
��& "*'� +=&'&�� :*"�#+ #$<�&#�: �3�� :*=&'&��! %&3+T&H� >#&=�&H�. 
��#��$ �3�$ : ?&#&=$%,�3& >�H'$>�:$�$ > ��5�#�$7����*� >�H�$'�� 

��
400	� , $ /�#��$ �3�� : ?#�&���3& >�H'$>�:$�$ > �$>3�#+PT�� 3�'&-
"$��&� �
9.41 	� , �
7.132 	� . �$3�- :*"�# �3�� ?�<:�'�' ?�:*>�%J 3$-
,&>%:� ?#�&�$ ��5�#�$7�����H� >��"T&��! �$ 3=G, ?� >#$:�&��P >  ?#&-
=*=+T�� L3>?&#��&�%�� [3]. 

� >��%:&%>%:�� > #�>. 3, :�=�� :*>�3�& 3$,&>%:� �$>3�#�:3� : ?&#&-
=$%,�3& � :*=&'&��! ��5�#�$7�����H� >��"T&��! : ?#�&���3&. �#�,A� 
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�$ :*@�=& ?&#:�H� �3�$ 3$,&>%:� =&��=+'!7�� : �&>3�'J3� #$< @+B&, ,&� 
�$ :*@�=& :%�#�H� �3�$. �� &>%J ?#��&�&��& 3$>3$=��- �"#$"�%3� ��5�#-
�$7�� ?�<:�'!&% ?�:*>�%J 3$,&>%:� :*=&'&��! ��5�#�$7�� �$ ?#�&���- 
>%�#��&. 

� #!=& >'+,$&: ��&&%>! :�<��B��>%J $=$?%$7�� >?&3%#$ �$>3�#+PT&-
H� >�H�$'$ �$ �>��:& +>&,&���H� #!=$ �&-&#/%#$>>$ 3 >?&3%#+ ?&#&=$:$&-
��H� >��"T&��! [5]. �%+ :�<��B��>%J 3 $=$?%$7�� ��B�� #$>/�#�%J, &>'� 
=�?�'��%&'J�� ?#��&��%J 5#$3%$'J�+P ��=+'!7�P �$>3�#+PT&H� >�H�$-
'$, : L%�� >'+,$& ��B�� =�"�%J>! :*>�3�- ?'�%��>%� >?&3%#$ : ?�'�>& >�-
�"T&��!,  >�?�>%$:���- > ?'�%��>%JP >?&3%#$ @$�%�,&>3�@ >�H�$'�:. 

�#&='�B&��*- ��:*- %�? �$>3�#�:3� � =&��=+'!7�� +>%�-,�: 3 :�<-
=&->%:�P $==�%�:��H� "&'�H� /+�$ : 3$�$'& ?#� >#$:��%&'J�� ?#�>%�- 
>@&���- #&$'�<$7��. 
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Ã¹È´½°¯¸ Ï½³¯´¹¶ (³¯¾. 2, b), ¶ 
µ¶À½º – Ï½³½²´¹ ¿ ²¶´¾Ã ¼½³½µ 
¿¶¾¿¶¹ Ñ¯ÊÃ³¿¶·¯Ç Ã¹È´½°¯¸ 
Ï½³¯´¹¶ (³¯¾. 2, c,d). Ú¶ÅÆ°½ÇÕ½½ 
ÃÈ½Å¯¼½°¯½ � d  È½¹½À ¿ ´Ñ³¶À°´ºÃ 
¿¶¾¿¶¹Ã Ñ¯ÊÃ³¿¶·¯Ç Ã¹È´½°¯¸ 
Ï½³¯´¹¶, µ¶¿¶°¼¯È¶ÐÛ½ºÃ¾¸ 
Ï³½¹½ÅÆ°Ëº ·¯¿Å¶º Ï½³¯´¹¶ 4. 
É¶¿¶¸ ¾¯ÀÃ¶·¯¸ Ï´ÈÀ´³¸½À¾¸ ¾ 
ÃÈ½Å¯¼½°¯½º È³½º½°¯ µ¶¹½³Î¿¯ ¾ 
Ï½³¯´¹¯¼°´¾ÀÆÐ � d � 6.3. 

Ó¶¾¾º´À³¯º ÌÈ´ÅÐ·¯Ð ¹³ÃÒ¯² ¾´¾ÃÛ½¾ÀÈÃÐÛ¯² ³½Î¯º´È. 8-À¶¿À°ËÇ 
Ï³½¹½ÅÆ°ËÇ ·¯¿Å, ¯µ´Ñ³¶Î½°°ËÇ °¶ ³¯¾. 1, b, ¾ ÃÈ½Å¯¼½°¯½º È³½º½°¯ 
µ¶¹½³Î¿¯ ¾Î¯º¶½À¾¸ ´¿´Å´ ¾¯ºº½À³¯¼°´Ò´ Ï´¹Ï³´¾À³¶°¾ÀÈ¶ ¯ Ï³¯ � d �1.4  
¾À¶°´È¯À¾¸ ¾¯°²³´°°Ëº. Ø¹°´È³½º½°°´ ¾ Ï½³½²´¹´º È ¾¯ºº½À³¯¼°´½ 
Ï´¹Ï³´¾À³¶°¾ÀÈ´ ·¯¿Å Ï³½À½³Ï½È¶½À ´Ñ³¶À°ÃÐ Ñ¯ÊÃ³¿¶·¯Ð Ã¹È´½°¯¸ 
Ï½³¯´¹¶ (³¯¾. 3) ¯, ´¿¶µ¶ÈÕ¯¾Æ È ¾¯°²³´°°´º Ï´¹Ï³´¾À³¶°¾ÀÈ½, ¾´ÈÏ¶¹¶½À ¾ 
³½Î¯º´º, ¯µ´Ñ³¶Î½°°Ëº °¶ ³¯¾. 2, b. Ö³½¹½ÅÆ°ËÇ ·¯¿Å ³¯¾. 1, c ¾ 
ÃÈ½Å¯¼½°¯½º � d  Ï³¯ÑÅ¯Î¶½À¾¸ ¿ ¶ÀÀ³¶¿À´³Ã ³¯¾. 1, b ¯ Ï³¯ � d � 0.92 
¾Å¯È¶½À¾¸ ¾ °¯º. Ó½Î¯ºË, ¯µ´Ñ³¶Î½°°Ë½ °¶ ³¯¾ 1, d,e, ¾ ÃÈ½Å¯¼½°¯½º 
È³½º½°¯ µ¶¹½³Î¿¯ È ¾È¸µ¯ °½ Ã²´¹¸À È ¾¯ºº½À³¯¼°´½ Ï´¹Ï³´¾À³¶°¾ÀÈ´ 
´ÑÜ½¹¯°½°°´Ò´ Ê¶µ´È´Ò´ Ï³´¾À³¶°¾ÀÈ¶, °´ Ï³½À½³Ï½È¶ÐÀ Ï³¸ºË½ ¯ 
´Ñ³¶À°Ë½ Ñ¯ÊÃ³¿¶·¯¯ Ã¹È´½°¯¸ Ï½³¯´¹¶. 

É¶¿¯º ´Ñ³¶µ´º, ¾ ÃÈ½Å¯¼½°¯½º È³½º½°¯ µ¶¹½³Î¿¯ È Ê¶µ´È´º 
Ï³´¾À³¶°¾ÀÈ½ ¾¯¾À½ºË (1) ´¾À¶ÐÀ¾¸ ¹È¶ À¯Ï¶ ³½Î¯º´È. Ö½³ÈËÇ 
¾´´ÀÈ½À¾ÀÈÃ½À ¾¯°²³´°°Ëº ¶ÈÀ´¿´Å½Ñ¶°¯¸º, ´Ñ³¶µ ¿´À´³Ë² ³¶¾Ï´Å´Î½° È 
¾¯ºº½À³¯¼°´º Ï´¹Ï³´¾À³¶°¾ÀÈ½. ×À´³´Ç À¯Ï µ¶¹¶½À¾¸ ¶ÀÀ³¶¿À´³¶º¯, 
¯µ´Ñ³¶Î½°°Ëº¯ °¶ ³¯¾. 1, d,e. Ó½µÃÅÆÀ¶ÀË ¼¯¾Å½°°´Ò´ Ì¿¾Ï½³¯º½°À¶ 
Ï´¿¶µ¶Å¯, ¼À´ ¾¯°²³´°°Ë½ ¹È¯Î½°¯¸ À½³¸ÐÀ À³¶°¾È½³¾¶ÅÆ°ÃÐ 
Ã¾À´Ç¼¯È´¾ÀÆ Ï³¯ � d > 2.38 ¯ ÊÃ°¿·¯´°¯³´È¶°¯½ ¾¯¾À½ºË, Ï´¹È½³Î½°°´Ç 
ÊÅÃ¿ÀÃ¶·¯¸º, Ï³´¯¾²´¹¯À È ¶¾¯°²³´°°´º ³½Î¯º½. 

ÍÀ¶¿, È ³¶º¿¶² ¹¶°°´Ç ³¶Ñ´ÀË ÑËÅ´ Ï´¿¶µ¶°´, ¼À´ ÈÈ½¹½°¯½ µ¶¹½³Î¿¯ 
È ¿¶°¶Å ¾È¸µ¯ ´¿¶µËÈ¶½À ¾ÃÛ½¾ÀÈ½°°´½ ÈÅ¯¸°¯½ °¶ Ê¶µ´ÈÃÐ 
ºÃÅÆÀ¯¾À¶Ñ¯ÅÆ°´¾ÀÆ È ¾¯¾À½º½ ¾È¸µ¶°°Ë² Ò½°½³¶À´³´È ¾ Ã¹È´½°¯¸º¯ 
Ï½³¯´¹¶. ÝÈ½Å¯¼½°¯½ È³½º½°¯ µ¶¹½³Î¿¯ È ¾È¸µ¯ È½¹½À °½ À´ÅÆ¿´ ¿ 
´ÑÜ½¹¯°½°¯Ð Ñ¶¾¾½Ç°´È Ï³¯À¸Î½°¯¸ °½¿´À´³Ë² ¾´¾ÃÛ½¾ÀÈÃÐÛ¯² 
¶ÀÀ³¶¿À´³´È, °´ ¯ ÈËµËÈ¶½À Ñ¯ÊÃ³¿¶·¯¯ ³½Î¯º´È. Ø¾´ÑËÇ ¯°À½³½¾ 
Ï³½¹¾À¶ÈÅ¸½À Ï½³¯´¹¯¼°´¾ÀÆ Ï´ � d , ¾ ¿´À´³´Ç Ï³´¯¾²´¹¯À Ï½³½²´¹ ´À 
³½ÒÃÅ¸³°´Ò´ ¾¯°²³´°°´Ò´ ³½Î¯º¶ ²¶´À¯¼½¾¿´ºÃ ¯ ´Ñ³¶À°´ ¼½³½µ Ï³¸ºÃÐ ¯ 
´Ñ³¶À°ÃÐ Ï´¾Å½¹´È¶À½ÅÆ°´¾À¯ Ñ¯ÊÃ³¿¶·¯Ç Ã¹È´½°¯¸ Ï½³¯´¹¶. 

ª�­��� ��������� �£� ��¢¢�£¿¡� CRDF (�£��� No. BP4M06) � 
¯������£���� �­£�¬�����À � ���¡� ªÁ � £�¦¡�¥ ©³Â¨ «ª�¬����� 

 
(a) 

 
(b) 

Ó¯¾. 3. Ö³´½¿·¯¸  ¶ÀÀ³¶¿À´³¶  ³½Î¯º¶, 
¯µ´Ñ³¶Î½°°´Ò´ °¶ ³¯¾. 1, a °¶ ÏÅ´¾¿´¾ÀÆ 
x1,y1( ): (a) Ï³¯ � d = 0 , (b) Ï³¯ � d �1.4  
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������������ <II�@��� ������C�������� ���� 
� I������8�����! ���E@�E��! �� ������ ������� 

���C����! ���������! E�������� L�����8��� 
 

5�6����	 �.�., 	
��
	�� (�# �*'  
 
� ?�>'&=�&& :#&�! "�'J/�- ��%&#&> ?#&=>%$:'!P% �>>'&=�:$��! �&-

'��&-�*@ L55&3%�: >$��:�<=&->%:�! :�'� : #$<'�,�*@ >#&=$@ �$ �>��:& 
#&/&��! >�>%&�* >:!<$��*@ �&'��&-�*@ +#$:�&��- �#&=��H&#$ (
��). 
�$3�& �>>'&=�:$��! �H#$P% :$B�+P #�'J, ?#&B=& :>&H�, : <$=$,$@ �&'�-
�&-��- �?%�3� [1], $ %$3B& : =#+H�@ �"'$>%!@ 5�<�3� (H�=#�=��$��3&, 5�-
<�3& ?'$<�*, : :$3++���- � %:&#=�%&'J��- L'&3%#���3&). � ,$>%��>%�, %$-
3�& <$=$,� �H#$P% ?#��7�?�$'J�+P #�'J : >'+,$&, 3�H=$ : >#&=& :�<��B�� 
#$>?#�>%#$�&��& �&>3�'J3�@ %�?�: ��#�$'J�*@ :�'�, : ,$>%��>%�, >�H�$-
'$, >�=&#B$T&H� �&>3�'J3� >?&3%#$'J�*@ 3��?��&�%, : >'+,$& �&�"@�=�-
��>%� +,A%$ :<$���=&->%:�! ?#!��- � �%#$BA���- :�'�. �>�"*- ��%&#&> 
%$3�& �>>'&=�:$��! ?#&=>%$:'!P% : >'+,$& #$>?#�>%#$�&��! �$H��%�>%$%�-
,&>3�@ :�'� (���) : 5&##��$H��%�*@ ?'&�3$@, %$3 3$3 �&'��&-�*& L55&3%* 
>$��:�<=&->%:�!, �"+>'�:'&��*& ��=+'!7�����- �&+>%�-,�:�>%JP (�
) 
:�'�, <=&>J ?#�!:'!P%>! ?#� >#$:��%&'J�� �&"�'J/�@ +#�:�!@ ��T��>%� [2].  


�:*& :�<��B��>%� +?#$:'&��! L55&3%$�� >$��:�<=&->%:�! �$ ��� 
:�<��3$P% ?#� �>?�'J<�:$��� : 3$,&>%:& :�'��:&=+T�@ >�>%&� ���H�-
>'�-�*@ 5&##��$H��%�*@ >%#+3%+# (#�>. 1, 	), $ %$3B& >%#+3%+# : :�=& 
�$H����*@ 3#�>%$''�: (#�>. 1, !), �$?#��&#, : :�=& ?&#��=�,&>3�- ��3#�-
>%#+3%+#* �$ �>��:& 5&##��$H��%��- ?'&�3� [2]. 

� �"T&� >'+,$& >�>%&�$ +#$:�&��-, �?�>*:$PT$! �&'��&-�*& ?#�-
7&>>* : %$3�@ >%#+3%+#$@, ?#&=>%$:'!&% >�"�- =:$ >:!<$��*@ �&'��&-�*@ 
+#$:�&��- �#&=��H&#$: 

� �

� �

1

2

2
2 21

g 12

2
2 22

g 22

U U Ui V U V U 2 V U 0
t y 2 y

V V Vi V V U V 2 U V 0
t y 2 y

) � � "= = =
� � �  � > � 3 � 	& � �= = =& � �

(
� � "= = =& � � �  � > � 3 � 	� �& = = =� �'

  (1) 

 

 

	 ! 
��>. 1. �>>'&=+&�*& ��=&'� 
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H=& U, V – �&='&��� �&�!PT�&>! $�?'�%+=* �H�"$PT&- >:!<$��*@ :�'�; 
1 2g gV ,V  – H#+??�:*& >3�#�>%�, 1 2," "  – 3�L55�7�&�%* =�>?&#>��, 1 2,3 3  – 

3�L55�7�&�%* �&'��&-��>%�,   – �%>%#�-3$ �% �&>+T&- ,$>%�%*, >  – 3�-
L55�7�&�% >:!<�. 

� >'+,$& >:!<$���- 5&##��$H��%��- >%#+3%+#* �>?�'J<+&�$! >�>%&�$ 
+#$:�&��- ?#&=>%$:'!&% >�"�- =:$ >:!<$��*@ �&'��&-�*@ +#$:�&��- 
�#&=��H&#$, �?�>*:$PT�@ #$>?#�>%#$�&��& "*>%#�- � �&='&���- :�'� : 
>�>%&�& � 3�L55�7�&�%* 3�%�#*@ <$:�>!% �% ?$#$�&%#$ >:!<� �&B=+ ?'&�-
3$��.  

�>��:��- �>�"&���>%JP #$>?#�>%#$�&��! :�'� : >:!<$��*@ >%#+3%+-
#$@ !:'!&%>! �=��:#&�&���& (�$ �=��- ,$>%�%&) :�<"+B=&��& =:+@ ��#-
�$'J�*@ ��= – "*>%#�- � �&='&���- :�'� ",�� . ���?'&3>�*& $�?'�%+=* 
��#�$'J�*@ :�'� ",��

 

>:!<$�* > $�?'�%+=$�� :�'� : 3$B=�- �< ?'A��3 1,2�  
>��%��/&��&� ",� 1 2� 	 � $ � . ��<"+B=&��& �=��- ��#�$'J��- ��=* :�<-
��B��, &>'� : �"& ?'&�3� ?�=$%J >�H�$'* 01,2

�  �=��$3�:�- $�?'�%+=* 0�  
'�"� : 5$<& – ='! :�<"+B=&��! "*>%#�- :�'�* (: L%�� >'+,$& 

0 0 01 2
� 	 � 	 � , 0 0 0" �

, 0� 	 ?� � 	 ), '�"� : ?#�%�:�5$<& – ='! :�<"+B=&��! 
�&='&���- :�'�* ( 0 01 2

� 	 �� , 0 0 0" �
,� 	 @ � 	 ?� ).  

�#� :�<"+B=&��� �=��- ��=* ?�:&=&��& $�?'�%+= �H�"$PT�@ �� 
�$�$H��,&���>%� "*>%#�- � �&='&���- :�'� : >:!<$���- >�>%&�& �",�  ?�=-
,��!&%>! �&'��&-���+ +#$:�&��P �#&=��H&#$ [3]:  

2
2",�

",� ",� ",� ",� ",� ",� ",� ",�2i V A B i 0
t y y

= �� �= =
� � � � � � � � � 	� �= = =� �

      (2) 

H=& � �
1,2",� gV d V	 , � �",� 1,2A d 	 " , � �",� 1,2B d 	 3  – 3�L55�7�&�%*, @$#$3%&#�-

<+PT�& H#+??�:*& >3�#�>%�, =�>?&#>�P � �&'��&-��>%J "*>%#�- � �&=-
'&���- :�'�, >��%:&%>%:&���, : >�>%&�& (1), � �",� d�  – ?$#$�&%# =�>>�?$-
7��. 

�&/&��& 
�� !:'!&%>! �
 ?#� +>'�:�� :*?�'�&��! 3#�%&#�! �$-%-
@�''$ ",� ",�A B 0� . �$<:�%�& �
 ��>�% ?�#�H�:*- @$#$3%&#, ?#� +:&'�,&-
��� $�?'�%+=* :*/& �&3�%�#�H� ?�#�  :�<��3$&% $:%���=+'!7�! $�?'�%+-
=* �H�"$PT&-, =$'J�&-/&& +:&'�,&��& $�?'�%+=* ?#�:�=�% 3 @$�%�,&-
>3�- =��$��3&. 

�#� �>>'&=�:$��� >:!<$���- >%#+3%+#* ?�!:'!&%>! =�?�'��%&'J�*- 
+?#$:'!PT�- ?$#$�&%# >:!<� d, >+T&>%:&��� :'�!PT�- �$ @$#$3%&#�>%�-
3� �&'��&-�*@ ?#�7&>>�:. ��:&=&��! $�?'�%+=* �H�"$PT&- ='! 3$B=�H� 
<�$,&��! d �?�>*:$&%>! 
�� :�=$ (2), 3�L55�7�&�%* ='! #$<�*@ d  ='! 
"*>%#�- � �&='&���- :�'�* "*'� #$>>,�%$�* : [3].  
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ÃÈ½Å¯¼½°¯¯ µ°¶¼½°¯Ç Ï¶³¶º½À³´È Ï³½À½³Ï½È¶½À ½Û½ ´¹°Ã Ñ¯ÊÃ³¿¶·¯Ð 
Ã¹È´½°¯¸ Ï½³¯´¹¶. × ³½µÃÅÆÀ¶À½, ÃÎ½ È°½ ¾¯ºº½À³¯¼°´Ò´ Ï´¹Ï³´¾À³¶°¾ÀÈ¶ 
³´Î¹¶½À¾¸ ¾½¹Å´È´Ç Ï³½¹½ÅÆ°ËÇ ·¯¿Å ¿³¶À°´¾À¯ 2n, ¿´À´³ËÇ Ï³¯ 
¹¶ÅÆ°½ÇÕ½º ÃÈ½Å¯¼½°¯¯ Ï¶³¶º½À³´È Ï³¯´Ñ³½À¶½À Ã¾À´Ç¼¯È´¾ÀÆ. É¶¿¯º 
´Ñ³¶µ´º, °¶ Ñ¶µ½ ¿¶Î¹´Ò´ ·¯¿Å¶ ¿³¶À°´¾À¯ n ³´Î¹¶½À¾¸, Ï´º¯º´ 
¾¯°Ê¶µ°´Ò´ ·¯¿Å¶ Ã¹È´½°°´Ò´ Ï½³¯´¹¶, Ï³½¹½ÅÆ°ËÇ ·¯¿Å Ã¹È´½°°´Ò´ 
Ï½³¯´¹¶, ¾´´ÀÈ½À¾ÀÈÃÐÛ¯Ç ¶¾¯°²³´°°´ºÃ Ï´È½¹½°¯Ð Èµ¶¯º´¹½Ç¾ÀÈÃÐÛ¯² 
¾¯¾À½º, ¼À´ ¯ È½¹½À ¿ ³¶µÈ¯À¯Ð ºÃÅÆÀ¯¾À¶Ñ¯ÅÆ°´¾À¯ È ´ÑÜ½¹¯°½°°´º 
Ê¶µ´È´º Ï³´¾À³¶°¾ÀÈ½ ¾¯¾À½ºË. 

Þ¶Ê¯¿¾¯³Ã½º ¾Å½¹ÃÐÛ¯½ µ°¶¼½°¯¸ ÃÏ³¶ÈÅ¸ÐÛ¯² Ï¶³¶º½À³´È: m =1.08, 
g = 0.3, �1 = 0.01, �2 = 0. × ³¶Ñ´À½ [9] Ï´¿¶µ¶°´, ¼À´ Ê¶µ´È´½ Ï³´¾À³¶°¾ÀÈ´ 
¾¯¾À½ºË (1) ¾´¹½³Î¯À 5 
¾´¾ÃÛ½¾ÀÈÃÐÛ¯² ¶ÀÀ³¶¿À´³´È, 
Ï³½¹¾À¶ÈÅ½°°Ë² °¶ ³¯¾. 1. 
ÝÈ½Å¯¼¯È¶¸ È³½º¸ µ¶¹½³Î¿¯, 
Ï³´¾Å½¹¯º µ¶ ÌÈ´ÅÐ·¯½Ç ÌÀ¯² 
³½Î¯º´È. Â¶¼°½º °¶Õ½ 
³¶¾¾º´À³½°¯½ ¾ ³½Î¯º¶ Ï´Å°´Ç 
¾¯°²³´°¯µ¶·¯¯, ¾´´ÀÈ½À¾ÀÈÃÐÛ½Ò´ 
¶ÀÀ³¶¿À´³Ã, Ï³´½¿·¯¸ ¿´À´³´Ò´ 
¯µ´Ñ³¶Î½°¶ °¶ ³¯¾. 1, a. × 
´À¾ÃÀ¾ÀÈ¯½ µ¶¹½³Î¿¯ È ¾È¸µ¯ 
Ï¶³·¯¶ÅÆ°Ë½ ¾¯¾À½ºË 
¹½º´°¾À³¯³ÃÐÀ 4-À¶¿À°ËÇ 
Ï³½¹½ÅÆ°ËÇ ·¯¿Å (³¯¾. 2, a). ® 
ÃÈ½Å¯¼½°¯½º È³½º½°¯ µ¶¹½³Î¿¯ 
Ï³½¹½ÅÆ°´½ º°´Î½¾ÀÈ´ ´¾À¶½À¾¸ È 
¾¯ºº½À³¯¼°´º Ï´¹Ï³´¾À³¶°¾ÀÈ½ 
´ÑÜ½¹¯°½°°´Ò´ Ê¶µ´È´Ò´ 
Ï³´¾À³¶°¾ÀÈ¶. É½º °½ º½°½½, ¾ 
ÃÈ½Å¯¼½°¯½º � d  °¶ÑÅÐ¹¶½À¾¸ 
È°¶¼¶Å½ ´Ñ³¶À°¶¸ Ñ¯ÊÃ³¿¶·¯¸ 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Ó¯¾. 1. ®´¾ÃÛ½¾ÀÈÃÐÛ¯½  ³½ÒÃÅ¸³°Ë½  ³½Î¯ºË , ¹½º´°¾À³¯³Ã½ºË½  ¾¯¾À½º´Ç  (1) Ï³¯ 
m =1.08, g = 0.3, �1 = 0.01, �2 = 0. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Ó¯¾. 2. Ö³´½¿·¯¯  Ê¶µ´È´Ò´  Ï´³À³½À¶ 
¹¯°¶º¯¿¯ Ï½³È´Ò´  ´¾·¯ÅÅ¸À´³¶  °¶ 
ÏÅ´¾¿´¾ÀÆ x1,y1( ) È  ¾¯°²³´°°´º  ³½Î¯º½  
¹Å¸ ³¶µÅ¯¼°Ë²  µ°¶¼½°¯Ç  È³½º½°¯ 
µ¶¹½³Î¿¯: (a) � d = 0 , (b) � d =1.15, (c) 
� d = 3.12, (d) � d = 3.47. 
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ghijkil mnolpqri kn plqist unmvgvw sxhyzi{znXihykv{zi 
g {i{zlsl {gjmnkkt| |nvzi}l{ri| v{~ihhjzvpvg 

 
©���¥��� ¶.§., ����£���¡� ½�¬����¡��� ½�¡��¼���� ´¸¾ 

Â¶ ¾½Ò´¹°¸Õ°¯Ç ¹½°Æ Ñ´ÅÆÕ´½ È°¯º¶°¯½ Ã¹½Å¸½À¾¸ ¯¾¾Å½¹´È¶°¯Ð 
¹¯°¶º¯¿¯ Èµ¶¯º´¹½Ç¾ÀÈÃÐÛ¯² ¾¯¾À½º. ß¶¿ Ï³¶È¯Å´, ·½°À³¶ÅÆ°´½ º½¾À´ È 
À¶¿¯² ¯¾¾Å½¹´È¶°¯¸² µ¶°¯º¶½À ¸ÈÅ½°¯½ ¾¯°²³´°¯µ¶·¯¯ [1-3]. Ø¹°¶¿´, °½ 
º½°½½ È¶Î°ÃÐ ³´ÅÆ È Ï´È½¹½°¯¯ ¾È¸µ¶°°Ë² ¾¯¾À½º ¯Ò³¶½À ¸ÈÅ½°¯½ 
ºÃÅÆÀ¯¾À¶Ñ¯ÅÆ°´¾À¯ [4]. à´Å½½ À´Ò´, ³¶µÈ¯À¯½ ºÃÅÆÀ¯¾À¶Ñ¯ÅÆ°´¾À¯ º´Î½À 
´Ï³½¹½Å¸ÀÆ ¾·½°¶³¯¯ Ï´À½³¯ ¾¯°²³´°¯µ¶·¯¯ È ¾¯¾À½º¶² [5]. × ³¶º¿¶² 
¹¶°°´Ç ³¶Ñ´ÀË ³¶¾¾º¶À³¯È¶½À¾¸ ¾¯¾À½º¶ Èµ¶¯º´¹½Ç¾ÀÈÃÐÛ¯² Ò½°½³¶À´³´È 
¾ ¯°½³·¯´°°´Ç °½Å¯°½Ç°´¾ÀÆÐ [6], Ï³¯ ÌÀ´º ´ÑÜ½¹¯°½°°¶¸ ¾¯¾À½º¶ 
¹½º´°¾À³¯³Ã½À ³¶µÈ¯ÀÃÐ ºÃÅÆÀ¯¾À¶Ñ¯ÅÆ°´¾ÀÆ. × ³¶Ñ´À¶² [7, 8] 
¯¾¾Å½¹´È¶Å´¾Æ ¸ÈÅ½°¯½ ¾¯°²³´°¯µ¶·¯¯ À¶¿¯² Ò½°½³¶À´³´È È Ï³¯¾ÃÀ¾ÀÈ¯½ 
È³½º½°°´Ç µ¶¹½³Î¿¯ È ¿¶°¶Å½ ¾È¸µ¯ ¯ ÈÅ¯¸°¯½ ÌÀ´Ç µ¶¹½³Î¿¯ °¶ 
¾¯°²³´°°ÃÐ ¹¯°¶º¯¿Ã Ò½°½³¶À´³´È. Ö³½¹¾À¶ÈÅ¸½À¾¸ ¯°À½³½¾°Ëº 
¯¾¾Å½¹´È¶ÀÆ ÈÅ¯¸°¯½ µ¶¹½³Î¿¯, °¶ ºÃÅÆÀ¯¾À¶Ñ¯ÅÆ°Ë½ ¾´¾À´¸°¯¸, 
¾´¾ÃÛ½¾ÀÈÃÐÛ¯½ È ´ÑÜ½¹¯°½°°´º Ê¶µ´È´º Ï³´¾À³¶°¾ÀÈ½ ¾È¸µ¶°°Ë² 
Ò½°½³¶À´³´È. 

Í¾¾Å½¹Ã½º¶¸ ¹¯°¶º¯¼½¾¿¶¸ ¾¯¾À½º¶ ´Ï¯¾ËÈ¶À¾¸ ¹¯ÊÊ½³½°·¯¶ÅÆ°Ëº¯ 
Ã³¶È°½°¯¸º¯: 
 

 (1) 

Ö´¾¿´ÅÆ¿Ã Ò½°½³¶À´³ ¾ ¯°½³·¯´°°´Ç °½Å¯°½Ç°´¾ÀÆÐ Ï³½¹¾À¶ÈÅ¸½À 
¾´Ñ´Ç ¾¯¾À½ºÃ, ¾Ï´¾´Ñ°ÃÐ ¹½º´°¾À³¯³´È¶ÀÆ Ï½³½²´¹ ¿ ²¶´¾Ã ¼½³½µ ¿¶¾¿¶¹ 
Ñ¯ÊÃ³¿¶·¯Ç Ã¹È´½°¯¸ Ï½³¯´¹¶, ¹Å¸ (1) ¾Ï³¶È½¹Å¯È ¾·½°¶³¯Ç ³¶µÈ¯À¯¸ 
ºÃÅÆÀ¯¾À¶Ñ¯ÅÆ°´¾À¯, ´Ï¯¾¶°°ËÇ È  ¾À¶ÀÆ½ [4]. ×´µº´Î°´¾ÀÆ Ï´¸ÈÅ½°¯¸ 
ºÃÅÆÀ¯¾À¶Ñ¯ÅÆ°´¾À¯ È ¾¯¾À½º¶² ¾ Ã¹È´½°¯½º Ï½³¯´¹¶ º´Î°´ ´ÑÜ¸¾°¯ÀÆ 
¾Å½¹ÃÐÛ¯º ´Ñ³¶µ´º. ÖÃ¾ÀÆ ¹È½ ¾È¸µ¶°°Ë½ ¯¹½°À¯¼°Ë½ ¾¯¾À½ºË °¶²´¹¸À¾¸ 
È ³½Î¯º½ ¾¯°Ê¶µ°´Ç ¾¯°²³´°¯µ¶·¯¯ ¯ ´Ñ³¶µ´º ¶ÈÀ´¿´Å½Ñ¶°¯Ç ¸ÈÅ¸½À¾¸ n-
À¶¿À°ËÇ Ï³½¹½ÅÆ°ËÇ ·¯¿Å, Å½Î¶Û¯Ç È ¾¯ºº½À³¯¼°´º Ï´¹Ï³´¾À³¶°¾ÀÈ½ 
´ÑÜ½¹¯°½°°´Ò´ Ê¶µ´È´Ò´ Ï³´¾À³¶°¾ÀÈ¶ ¾¯¾À½ºË. Ö³¯ ´¹°´È³½º½°°´º 
ÃÈ½Å¯¼½°¯¯ ÃÏ³¶ÈÅ¸ÐÛ¯² Ï¶³¶º½À³´È Ï´¹¾¯¾À½º Ï³½¹½ÅÆ°ËÇ ·¯¿Å 
Ï³½À½³Ï½È¶½À Ñ¯ÊÃ³¿¶·¯Ð Ã¹È´½°¯¸ Ï½³¯´¹¶. × ½Ò´ ´¿³½¾À°´¾À¯ º¸Ò¿´ 
³´Î¹¶½À¾¸ 2n-À¶¿À°ËÇ Ï³½¹½ÅÆ°ËÇ ·¯¿Å, À¶¿Î½ Å½Î¶Û¯Ç È ¾¯ºº½À³¯¼°´º 
Ï´¹Ï³´¾À³¶°¾ÀÈ½. Ö´À½³¸ÈÕ¯Ç Ã¾À´Ç¼¯È´¾ÀÆ ·¯¿Å Ï³¯ ¹¶ÅÆ°½ÇÕ½º 
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��>. 2. M$:�>���>%J ?�#�H�:�- $�?'�%+=* 
?&#&@�=$ 3 $:%���=+'!7�� �% ?$#$�&%#$ 
>:!<� ='! "�  � ��  (– ,�>'&��*& #$>,&%* 
?� 
��, --$�$'�%�,&>3�& <$:�>���>%�). 

��>. 3. M$:�>���>%J ,$>%�%* $:%���=+'!-
7�� �% ?$#$�&%#$ >:!<� ='! "�  � ��  
(– ,�>'&��*& #$>,&%* ?� 
��,  -- $�$'�-
%�,&>3�& <$:�>���>%�). 

 
��#�H�:*& $�?'�%+=* ?&#&@�=$ 3 $:%���=+'!7�� � ,$>%�%$ $:%���=+-

'!7�� ?#� :�<"+B=&��� %�'J3� "*>%#�- � %�'J3� �&='&���- :�'�* <$:�-
>!% �% :&'�,��* >:!<� 3$3 ?�3$<$�� �$ #�>. 2 � 3, >��%:&%>%:&���. �+�3%�-
#�� �$ #�>+�3$@ ?�3$<$�* 3#�:*&, #$>>,�%$��*& ?� 5�#�+'$� �< [4] ='! 
>��%:&%>%:+PT�@ 3�L55�7�&�%�: "*>%#�- � �&='&���- :�'�. � ?#&=&'& 
?#� d �!  ?�#�H $:%���=+'!7�� >�:?$=$&% > ?�#�H�� ='! :�'�* : �=�-
��,��- ?'&�3&, $ ?#� d 0�  ?�#�H ='! "*>%#�- ��=* >�:?$=$&% > ?�#�H�� 
: ?'&�3& +=:�&���- %�'T��*, $ ='! �&='&���- ��=* > ?�#�H�� ='! ��=* > 
���&#�� 2 : ?'&�3& �=���,��- %�'T��* [3]. � #$"�%& ,�>'&��� � $�$'�%�-
,&>3� "*'� ?�3$<$��, ,%� <$:�>���>%J 3�L55�7�&�%�: : 
�� ='! "*>%#�- 
� �&='&���- :�'� : >:!<$���- >%#+3%+#& �% >:!<� ?#�:�=�% 3 %��+, ,%� ?�-
#�H� :�<��3��:&��! $:%���=+'!7��, ,$>%�%$ $:%���=+'!7��, ?�#�H� ?&#&-
@�=$ 3 @$�%�,&>3�- =��$��3& � ?�#�H� �"#$<�:$��! >�'�%���: �H�"$PT&- 
>+T&>%:&��� <$:�>!% �% :&'�,��* >:!<� � >?�>�"$ :�<"+B=&��! >%#+3%+#*. 

�'! >'+,$! :%�#�- >%#+3%+#*, �?�>*:$PT&- #$>?#�>%#$�&��& ?#!��- 
� �%#$B&���- :�'� :"'�<� ?�'�>* �&?#�?+>3$��!, ��B&% "*%J ?�'+,&�$ 
>�>%&�$ +#$:�&��- (3), $�$'�H�,�$! (1). 

� �

� �

22f f
g f b f b f

2 2b b
g b f b f b

i V 2 0
t y

i V 2 0
t y

) � �=� =�
� �  � � >� � 3 � � � � 	& � �= =& � �

(
� �=� =�& � �  � � >� � 3 � � � � 	� �& = =� �'

,            (3) 

H=& fU 	 �  – ?#!�$! :�'�$, bV 	 �  – :>%#&,�$! :�'�$, 
1 2g g gV V V	 	 , 

1 23 	 3 	 3 , 1 2 0" 	" 	  : >�>%&�& (1). 
�'! #&/&��! L%�- >�>%&�* : >%$7���$#��� ?#&=&'& ?#&�&"#&B&� ,'&-

�$�� > :#&�&���- ?#��<:�=��-. ��H=$ �&'��&-��& =�>?&#>�����& >��%��-
/&��& ��&&% :�=: 

58



 

 

� �2 2
0

2

1 f P 1 fq
2f 2 1 f

> � � �3 �
	 � � � ��� �

, 
� �2

0
1 f 3 P
2f 2

> � 3
 	 � � , 

H=& ?$#$�&%# b ff u u	  ?�3$<*:$&% 3$3 ?�'�$! ��T��>%J 2 2
0 f bP u u	 �  =&-

'�%>! �&B=+ ?#!��- � :>%#&,��- :�'�$��, 3�L55�7�&�% >:!<� >  <$:�>�% 

�% ?$#$�&%#�: >%#+3%+#* 
2 2

1

0

d aSin
2 d L

A

A

� �� � 7
> 	

�
, H=& � �2

H H MA� 	 � � �� . 

� #$"�%& #$>>,�%$�* '��&-�*& � �&'��&-�*& =�>?&#>����*& @$#$3-
%&#�>%�3� ='! >�>%&�*, ?#&=>%$:'!PT&- >�"�- 5&##��$H��%�+P ?'&�3+ > 
?&#��=�,&>3��� �&�=��#�=��>%!��, ?#� �<�&�&��� ?$#$�&%#�: ��3#�-
>%#+3%+#* : /�#�3�@ ?#&=&'$@. ��3$<$��, ,%� :'�!��& �&'��&-��>%� � ?$-
#$�&%#$ >:!<� $�$'�H�,�� ?�:&=&��P ?�=�"�*@ @$#$3%&#�>%�3 : 5�%���*@ 
3#�>%$''$@ [1].  

 

/	!��	 �����
7	�	 (���
	�3�+� 	����
���� �� �!
	$��	��� /( 
(�
���� /�# 2.1.1/235) 
 

4�(���)
�$�-�'%�� '*�'�% 
1. ��
	�	� *. 
&'��&-�$! :�'�3���$! �?%�3$. �.: 
$+3$. 1996. �.323.  
2. '
����� �.H., *
���
3��	 �.�., �	������
 H.�. 
$"'P=&��& >�'�%���: 

�H�"$PT&- >?���:*@ :�'� : ?&#��=�,&>3�@ �$H��%�*@ ?'&��,�*@ 
>%#+3%+#$@ // ��>J�$ : ����. 2008. �.88. �*?.1. �.34-39. 

3. %���� *.�., �	�����	 �.�., 5	
	��
��" �.#.// �<:.��M�:-�#�3'$=�$! 
�&'��&-�$! =��$��3$. 2004. �.12, �.1-2. �.40-50. 

4. H	����� �.�., /+
��� �.�.// ����. 2004. �. 30. �*?. 5. �.6-13. 
 

�	�&�+� 
�����������: 5	
	��
��" �.#., �
�G., �.G.-�. �., ��
�$�-
�	 �.�., ��8���, �.G.-�. �. 

	 ! 
��>. 4. �#�:*& �&'��&-��- =�>?&#>��, ?�3$<*:$PT�& <$:�>���>%J �%>%#�-3�   �% q ?#� 

0.153 	 , a 0.5	 , 0d d 0.2� 	  ($), 0d d 0.05� 	  (!). �%#�@�:*& 3#�:*& >��%:&%>%-
:+P% '��&-���+ >'+,$P ( 03 	 ) 
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3� :>&� ,&%*#&� �>7�''!%�#$�, 
wzyxX ���	 .  

�'! &H� ?�>%#�&��! �>?�'J<�-
:$'>! �&%�= >%$%�>%�,&>3�- �7&�-
3� >?&3%#$'J��- ?'�%��>%� ��T-
��>%�, #&3��&�=+&�*- : %&�#�� 
>'+,$-�*@ ?#�7&>>�: [4] � >�-
>%�!T�- : #$<"�&��� ��&PT&->! 
#&$'�<$7�� �$ +,$>%3� 3��&,��- 
?#�%!B&���>%�, :*?�'�&��� ?#&-
�"#$<�:$��! �+#J& ='! 3$B=�H� 
+,$>%3$ � ?�>'&=+PT&� +>#&=�&-
��� 3:$=#$%�: $�?'�%+= >?&3%#$'J�*@ 3��?��&�%.  

�?&3%# >?'�/��-, ,%� �%#$B$&% @$�%�,&>3+P ?#�#�=+ =��$��3� �$ 
$%%#$3%�#&. � >?&3%#& ��B�� :�=&%J ,&%*#& @�#�/� :*#$B&��*@ ?�3$; 
�$3>��+�* >��%:&%>%:+P% ,$>%�%$� ,&%*#&@ >�>%$:'!PT�@ >�>%&�+ �>-
7�''!%�#�:. ��>3#&%�$! >�>%$:'!PT$!, 3�%�#+P ��B�� :�=&%J : '&:�- 
,$>%� >?&3%#$, �%:&,$&% ,$>%�%& �&='&���- ?&#��=�,&>3�- ��=+'!7�� ?$-
#$�&%#�:. 

 
/	!��	 �+������	 �
� �����
7�� �
	��	 /((� > 09-02-00426, 	 

�	�7� �
	��	  ����
��

��	 �!
	$��	��� � �	��� /�

�"
��" (���
	-
8�� � 
	��	� #
��
	��+ 
	$����� �	�&���� �����8�	�	 �+
6�" 6���+ > 
2.1.1/1738.  

 
 4�(���)
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1. O.E.Rössler. An equation for hyperchaos. Phys.Lett. A71, 1979, No 2–3, 

155–159. 
2. J.L.Kaplan, J.A.Yorke. A chaotic behavior of multi-dimensional differential 

equations. In: Functional Differential Equations and Approximations of 
Fixed Points. Lecture Notes in Mathematics, vol.730, ed. by H.O.Peitgen 
and H.O.Walther, Springer, Berlin, N.Y., 1979, 204–227. 

3. �.#.��$��8��. ���$��,&>3�- @$�>, 2-& �<=. ��>3:$: ��<�$%'�%, 2006, 
356>. 

4. �.�. ���6�����. �#�3'$=�*& �&%�=* %&�#�� >'+,$-�*@ 5+�37�-. �.: 

$+3$. �'$:�$! #&=$37�! ��<�3�-�$%&�$%�,&>3�- '�%&#$%+#*, 1968. 
464>. 

 
�	�&�+" 
����������3: ��$��8�� �.#., �.G.-�. �., $	�������" �	!�
	��-

��" ���
���&�
��" ������"��" ���	���� �( �/I /��, �
�G�

�
 �	-
G��
+ ���	��&�
��� 
�
��� G	���3���	 ������"�+� �
�8�

�� �*'. 
 

 
��>. 6. �?&3%# ��T��>%� >�H�$'$ 

wzyxX ���	 , H&�&#�#+&��H� >�>%&��-, 
?#� �0=27, T=8, A=4.5, �=0.6 
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������@� �����+������! ����I�@�H�� 
 ���4��/���� «@�� �����M��» 

 
�
7	�����	 %.�., 
�������	 4 ��

	 (�# �*'  

#�$������ �.�., 	
��
	�� (�# �*' 
 
�%�"#$B&��& «3�% �#��'J=$» [1]: 

 
,1

21

(mod1)

(mod1).

x x yn nn
y x yn nn

	 ��
	 ��

 (1) 

!:'!&%>! �=��� �< 3'$>>�,&>3�@ ?#��&#�: >�>%&�, =&���>%#�#+PT�@ @$�-
%�,&>3�& ?�:&=&��&. �=�$3� �%�"#$B&��& (1) !:'!&%>! 3��>&#:$%�:�*�, � 
=�>%$%�,�� #$>?#�>%#$�&��*� >?�>�"�� ?�'+,&��! >�>%&� > @$�%�,&>3��� 
$%%#$3%�#$�� !:'!&%>! ::&=&��& : �&H� =�>>�?$7��. �=�� �< >?�>�"�: %$-
3�- ��=�5�3$7��, ?#&='�B&��*- : [2], ?#�:�=�% 3 >'&=+PT�� ��=&'!�: 

 
,1

21

1(sin 2 sin 4 )(mod1)
2 2

1 1(sin 2 sin 4 sin 2 sin 4 )(mod1);
2 2 2

n n

n n n n

x x yn nn

y x yn nn

x x

x x y y

� 7 7
7
� 7 7 7 7
7

	 ��

	 ��

� �

� � � �
         (2) 

�  

 
,1

21

1(sin 4 sin8 )(mod1)
2 2

1 1(sin 4 sin8 sin 4 sin8 )(mod1);
2 2 2

n n

n n n n

x x yn nn

y x yn nn

x x

x x y y

� 7 7
7
� 7 7 7 7
7

	 ��

	 ��

� �

� � � �
          (3) 

�:&=&��& =�"$:�3 %$3�H� #�=$ ?#�:�=�% 3 �<�&�&��P #$>?�'�B&��! 
�&?�=:�B�*@ %�,&3 (#�>. 1): :�&>%� &=��>%:&���- >&='�:�- %�,3� : �$,$'& 
3��#=��$% ?�!:'!P%>! =:& >���&%#�,�*@ >&='�:*@ %�,3�, ?#� L%�� �$,$-
'� 3��#=��$% >%$��:�%>! �&+>%�-,�:*� +<'��. ���$��3$ B& : �"'$>%�, 
+=$'&���- �% �$,$'$ 3��#=��$%, �<�&�!&%>! �& �,&�J >�'J��. �$�&& : [2] 
"*'� ?�3$<$��, ,%� : ��=�5�7�#�-
:$���- %$3�� �"#$<�� >�>%&�& ?#� 
�$'*@ <�$,&��!@ $�?'�%+=* :�<-
�+T&��! ~ :�<��3$&% H�?&#"�'�,&-
>3�- @$�%�,&>3�- $%%#$3%�#. �&-
'JP �$>%�!T&- #$"�%* "*'� �>-
>'&=�:$��& ?�:&=&��! L%�@ >�>%&� 
?#� "ó'J/�@ <�$,&��!@ L%�H� ?$-
#$�&%#$. 

��>. 1. ��=�5�3$7�! �%�"#$B&��! : �3#&-
>%��>%� �&?�=:�B��- %�,3� : �$,$'& 3��#-
=��$% 
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$ #�>. 3 ?�3$<$�* �%&#$7����*& =�$H#$��$ ='! 5$<, �< 3�%�#*@ :�=-
��, ,%� �@ =��$��3$ =&->%:�%&'J�� >��%:&%>%:+&% : �<:&>%��� ?#�"'�B&-
��� �%�"#$B&��P (2). �$<*, �%:&,$PT�& 3$B=�- �,&#&=��- >%$=�� $3%�:-
��>%� ?&#:�H� � %#&%J&H� �>7�''!%�#$, �?#&=&'!P%>! : ���&�% :#&�&��, 
5�3>�#�:$��*- ?� �%��/&��P 3 >�H�$'+, �"&>?&,�:$PT&�+ �&='&��+P 
��=+'!7�P ?$#$�&%#$, ?� 5�#�+'&  

'
(
)

�7��
��

	�
,0,)/arctan(
,0),/arctan(

0

0

xxx
xxx

n �
�

     
'
(
)

�7��
��

	�
0,)4/arctan(
,0),4/arctan(

0

0

zzz
zzz

n �
�

                (3) 


$ #�>. 4 ?�3$<$� ?�#%#&% $%%#$3%�#$ : ?#�&37�� �< #$>/�#&���H� =&-
:!%��&#��H� 5$<�:�H� ?#�>%#$�>%:$ �$ 5$<�:+P ?'�>3�>%J ?&#:�H� �>7�'-
'!%�#$ ),( xx � . �<�"#$B&��& ?#&=>%$:'&�� %��$�� >&#�H� 7:&%$, %$3 ,%� "�-
'&& %A��*& ?�3>&'� �%:&,$P% �%��>�%&'J�� "�'J/&- :&#�!%��>%� ?#&"*-

:$��! �<�"#$B$PT&- %�,3�. �A#-
�*� 7:&%�� :*=&'&�* %�,3�, �%:&-
,$PT�& �$3>��+�+ <�$,&��! "�-
5+#3$7�����H� ?$#$�&%#$ : ?&#-
:�� �>7�''!%�#&, 3�%�#*& �"#$<+-
P% ?�#%#&% $%%#$3%�#$ : >&,&��� 
�+$�3$#&.  


$ #�>. 5 ?�3$<$�$ <$:�>�-
��>%J ?�3$<$%&'&- �!?+��:$ �% ?$-
#$�&%#$ H'+"��* ��=+'!7�� A ?#� 
5�3>�#�:$��*@ �>%$'J�*@ ?$#$-
�&%#$@. � /�#�3�� ��%&#:$'& �<-
�&�&��! ?$#$�&%#$ =:$ �$�"�'J-
/�@ ?�3$<$%&'! �>%$P%>! ?�,%� 
?�>%�!��*�� � "'�<3��� 3  (ln8)/2. 
� ,$>%��>%�, ?#� A=4.5 ?�3$<$%&'� 
�!?+��:$ >�>%$:'!P% 

   

,-10.722,-10.335
,-8.403,-7.914
,-5.077,-4.622

,1.037,1.038

87

65

43

21

	8	8
	8	8
	8	8
	8	8

       (4) 

$ #$<�&#��>%J $%%#$3%�#$ : >&,&-
��� �+$�3$#& ?� �$?'$�+–��#3& 
[2,3] #$:�$ 2.449. 


$ #�>. 6 ?�3$<$� >?&3%# H&�&-
#�#+&��H� >�>%&��- >�H�$'$, : 3$-
,&>%:& 3�%�#�H� #$>>�$%#�:$'$>J 
>+��$ ?&#&�&��*@, �%��>!T�@>! 

 
��>. 4. �%%#$3%�# : ?#�&37�� �$ 5$<�:+P 
?'�>3�>%J ?&#:�H� �>7�''!%�#$  

 
��>. 5. M$:�>���>%J ?�3$<$%&'&- �!?+��-
:$ �% ?$#$�&%#$ H'+"��* ��=+'!7�� A 
?#� �0=27, T=8, �=0.6
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=:+@ �<�$,$'J�� $3%�:�*@ �>7�''!%�#�: �?#&=&'!&%>! >��%��/&��!�� 

 

).2(modconst4
),2(modconst2

1

1

7��	�
7��	�

�

�

nn

nn

                                        

(2) 

��*�� >'�:$��, =:+�&#�*- :&3%�# ),( nnn ��	v , 3��?��&�%* 3�%�-
#�H� �?#&=&'&�* ?� ��=+'P 27, �%�"#$B$&%>! : =#+H�- :&3%�# 

),( 111 ��� ��	 nnnv  %$3�H� B& %�?$, %.&. ��&&% �&>%� �%�"#$B&��&, �?#&=&'&�-
��& �$ =:+�&#��� %�#&. ��� �"'$=$&% >?&7�5�,&>3�� :*#�B=&��&�, $ 
��&���, ?�'�$! ?�>'&=�:$%&'J��>%J 5$< n�   �'� n�  >�>%$:'&�$ �< =:+@ �&-
<$:�>��*@ ?�=?�>'&=�:$%&'J��>%&-, %$3 ,%� : ?#�7&>>& :#&�&���- L:�'P-
7�� �@ ,'&�* ,&#&=+P%>!. ���$��3$ ?�=?�>'&=�:$%&'J��>%&- @$�%�,&>3$!. 
M$ =:$ /$H$ �$'*& :�<�+T&��! 
='! 3$B=�- �< ��@ +:&'�,�:$P%>! 
:�>J��3#$%��. ��L%��+ �%�"#$B&-
��& (2) @$#$3%&#�<+&%>! ?#�>+%>%-
:�&� =:+@ �=��$3�:*@ ?�'�B�-
%&'J�*@ ?�3$<$%&'&- �!?+��:$ 

0397.18ln2
1

2,1 6	8 .  
�$>,&%* ?�3$<*:$P%, ,%� 

�B�=$&�*- %�? =��$��3� #&$'�-
<+&%>! : =�>%$%�,�� /�#�3�� =�$-
?$<��& �<�&�&��! ?$#$�&%#�:. �'! 
=&%$'J��H� $�$'�<$ :*"#$� >'+,$- 
�0=27, T=8, A=4.5, �=0.6. 
$ #�>. 2 
?�3$<$�* <$:�>���>%� =��$��,&-
>3�@ ?&#&�&��*@ ='! ,&%*#&@ �>-
7�''!%�#�: �% :#&�&��. �$B=*- 
�>7�''!%�# H&�&#�#+&% ?�>'&=�:$-
%&'J��>%J #$=����?+'J>�:, >'&-
=+PT�@ =#+H <$ =#+H�� #&H+'!#�� 
,&#&< ��%&#:$' :#&�&�� 4. �$>%�-
%* <$?�'�&��! >��%:&%>%:+P% #$-
"�,&- ,$>%�%& �>7�''!%�#�:. �$�> 
:*#$B$&%>! : %��, ,%� 5$<$ <$?�'-
�&��! �% ��?+'J>$ 3 ��?+'J>+ �&-
�!&%>! @$�%�,&>3�� �"#$<��. �#�-
>+%>%:�& @$�>$ �"+>'�:'&�� �?�-
>$��*� :*/& �&@$��<��� ?&#&=$-
,� 5$<* �&B=+ �>7�''!%�#$�� � 
�% ?#&=*=+T�@ >%$=�- ?#�7&>>$ 3 
?�>'&=+PT��.  

��>. 2. M$:�>���>%� =��$��,&>3�@ ?&#&-
�&��*@ ='! >�>%$:'!PT�@ >�>%&�+ ,&%*-
#&@ �>7�''!%�#�: �% :#&�&�� ?#� �0=27, 
T=8, A=4.5, �=0.6

 
��>. 3. �%&#$7����*& =�$H#$��$ ='! 5$< 
?&#:�H� � %#&%J&H� �>7�''!%�#�:, �"�<�$-
,&��*@, >��%:&%>%:&���, n�  � n�  �$ ?�>'&-
=�:$%&'J�*@ >%$=�!@ �@ $3%�:��>%� ?#� 
�0=27, T=8, A=4.5, �=0.6 

99

��>. 2. G�5+#3$7�����& =&#&:� ='! ?&#&�&���- x (	) � H#$5�3� <$:�>���>%� '!?+-
��:>3�@ ?�3$<$%&'&- �% ?$#$�&%#$ (!) �%�"#$B&��! (2) 

1 3~ 
0 

1 

x 

	 

1 3~ 
-9 

1 

á1,2 

! 

	 

1 

0 
1 0 x 

y 

1 

0 
1 0 x 

y 

1 

0 
1 0 x 

y 

��>. 3.  �%%#$3%�#* �%�"#$B&��! (2) ?#�: 	 – ~ = 0.335;  ! – ~ = 2.333; � – ~ = 2.686; 
� – ~ = 2.751, � –  ~ = 2.927. 

1 � 

1 

0 
1 0 x 

y 

1 

0 
0 x 

y 

�

! �
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��>. 5. �%%#$3%�#*  �%�"#$B&��!  (3)  ?#�:  	 –  ~ = 0.231;  ! –  ~ = 0.966;  � –  ~ = 1.335; 
� – ~ = 1.377; � – ~ = 1.452 

1 

0 
1 0 x 

y 

	 

1 

0 
1 0 x 

y 

1 

0 
1 0 x 

y 

! �
1 

0 
1 0 x 

y 

1 

0 
1 0 x 

y 

� �

��>. 4. G�5+#3$7�����& =&#&:� ='! ?&#&�&���- x (	) � H#$5�3� <$:�>���>%� '!?+-
��:>3�@ ?�3$<$%&'&- �% ?$#$�&%#$ (!) �%�"#$B&��! (3) 

0.5 2.5~ 
-8 

2 

á1,2 

! 

0.5 2.5~ 
0 

1 

x 
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8�+��!���  � �����M��� ������������ ������� 
� @��@����� +�����7�� ��C4E/����� +� �+�@��E 

���	 �.�., 	
��
	�� G	���3���	 ������"�+� �
�8�

�� �*' 
 

� �$>%�!T&- #$"�%& ?#&='$H$&%>! � �>>'&=+&%>! ,�>'&��� H&�&#$%�# 
@$�>$ �$ �>��:& ,&%*#&@ �&$:%�����*@ �>7�''!%�#�: :$� =&# ��'!, 5+�3-
7����#�:$��& 3�%�#�H� �"&>?&,�:$&%>! 3$>3$=��- ?&#&=$,&- :�<"+B=&��! 
�% �=��H� �>7�''!%�#$ 3 =#+H��+ > ?�>'&=�:$%&'J�*� +=:�&��&� ,$>%�%*. 
�$3 ?�3$<*:$&% ?#�:&=&���& ,�>'&���& �>>'&=�:$��&, : >�>%&�& : /�#�-
3�� =�$?$<��& �<�&�&��! ?$#$�&%#�: ��&&% �&>%� #&B�� H�?&#@$�>$ [1] > 
=:+�! ?�'�B�%&'J�*�� ?�3$<$%&'!�� �!?+��:$.  

�$>>��%#�� >�>%&�+, ?�>%#�&��+P �< ,&%*#&@ �>7�''!%�#�: :$� =&# 
��'!, > #$"�,��� ,$>%�%$�� 0000 8,4,2, ���� , 3$3 ?�3$<$�� �$ #�>. 1 (
$ 
�>7�''!%�#$@ +3$<$�* �@ #$"�,�&  ,$>%�%*). 

 �$#$�&%#, +?#$:'!PT�- "�5+#3$7�&- ��=#���:$–��?5$, : 3$B=�� 
�>7�''!%�#& ?�'$H$&�  �&='&��� �<�&�!PT��>! :� :#&�&�� > $�?'�%+=�- 
A � ?&#��=�� 57	 /2T , H=& 0���5 , ?#�,&� ��=+'!7�! ?$#$�&%#$ ?#��<-
:�=�%>! : �=��- 5$<& ='! ?&#:�H� � %#&%J&H� �>7�''!%�#�:, � : ?#�%�:�?�-
'�B��- 5$<& ='! :%�#�H� � ,&%:&#%�H�. ��=@�=!T&- ��=&'JP >'+B�% >�>-
%&�$ =�55&#&�7�$'J�*@ +#$:�&��- 

 

,64)cos(
,16)cos(

,4)cos(
,7cos)cos(
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zwwwtAw
yzzztAz

xyyytAy
twxxxtAx

�	���5��

�	���5�

�	���5��

��	���5�

���
���

���
���

                          (1) 

H=& ?&#&�&��*& wzyx ,,,  ?#&=>%$:'!P% >�"�- �"�"T&��*& 3��#=��$%* �>-
7�''!%�#�:, >��%:&%>%:&���, > ?&#:�H� ?� ,&%:&#%*-. �,�%$&�, ,%� ��&&% 
�&>%� >��%��/&��& NT 7	� 20 , H=& N – 7&'�& ,�>'�, %$3 ,%� �&$:%�����$! 
>�>%&�$ +#$:�&��- ��&&% ?&#��=�,&>3�& :� :#&�&�� 3�L55�7�&�%*.  

M$ �=�� ?&#��= �&='&���- ��=+'!7�� ?$#$�&%#�: %#$�>5�#�$7�! 5$< 

 

��>.1. G'�3->@&�$ �>>'&=+&��- >�>%&�*
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�$>>��%#�� :'�!��& /�#��* 
�"'$>%� /+��:�H� :�<=&->%:�! �$ 
?&#&3'P,&��! #&B���: "&H+T�@ 
:�'�. ���%:&%>%:+PT�& #&<+'J%$-
%* ='!  ?#&=>%$:'&�* �$ 
#�>. 3. �$3 ��B�� "*'� �B�=$%J, : 
7&'�� ?#� +:&'�,&��� /�#��* 
�"'$>%� /+��:�H� :�<=&->%:�! 
<�$,&��& ��%&�>�:��>%� /+�$ 

, ?#� 3�%�#�� ?#��>@�=�% 
>�&�$ #&B��$ ?#�>%#$�>%:&��*@ 
3�'&"$��-, +�&�J/$&%>!. � %� B& 
:#&�!, : /�#�3�@ ?#&=&'$@ �<�&-
�&��! �"'$>%� /+��:�H� :�<=&->%-

:�! 3#�%�,&>3�& <�$,&��& ��%&�>�:��>%� /+�$  �>%$&%>! ?�>%�!�-
�*�. �'&=+&% �%�&%�%J, ,%� '�3$'J�*- @$#$3%&# /+��:�H� :�<=&->%:�! �& 
?#�:�=�% 3 ?#��7�?�$'J�� ��:*� L55&3%$� ?� >#$:�&��P > H'�"$'J�*� 
:�<=&->%:�&� >'+,$-��- >�'* �$ :>P >#&=+. � ?�>'&=�&� >'+,$& �$"'P-
=$P%>! %& B& >$�*& ?&#&3'P,&��! #&B���:, �� ?#� �&�J/�@ <�$,&��!@ 
��%&�>�:��>%� /+�$. 

 

/	!��	 �+������	 �
� �����
7�� CRDF (�
	�� No. BP4M06) � ��-
��
��

��	 �!
	$��	��� � �	��� /( � 
	��	� ��^# «/	$����� �	�&���� 
�����8�	�	 �+
6�" 6���+ (2009-2010 ���+)» (�
	�� > 2.2.2.2/229). 

 
4�(���)
�$�-�'%�� '*�'�% 
1. ������� �.�. G�5+#3$7�� +=:�&��! ?&#��=$ � L:�'P7�! ?#�>%#$�>%:&�-

�*@ >%#+3%+# : ��=&'� $:%�3�'&"$%&'J��- >#&=*. �%$%�>%�,&>3$! 5�<�-
3$ � ��5�#�$7����*& %&@��'�H�� (StatInfo-2009). �$%&#�$'* �&B=+-
�$#�=��- /3�'*->&���$#$, �$#$%�:, 2009, >. 34 – 38. 

2. 5	!���� �.�., ������ �.�., �
�	��� �.�., �	���	
��	 4.�. G&H+T�& :�'-
�* : =�>3#&%��- $�H$#����,&>3�- $:%�3�'&"$%&'J��- >#&=& // �<:. :+-
<�:. �
�, 2005, �.13(4), �.57-55 

 
�	�&�+" 
����������3: �	���	
��	 4.�., �. G.-�. �., �
�G�

�
 �	G��
+ 

	���G�$��� � ������"��" ���	���� �*' 
 

 
 
 
 
 
 
 

 
 
 

��>. 3. M�$,&��&  : <$:�>���>%� �% 
/�#��* �"'$>%� /+��:�H� :�<=&->%:�!  
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$ #�>. 2–3 ?#�:&=&�* H#$5�3� <$:�>���>%� '!?+��:>3�@ ?�3$<$%&'&- 
�% ?$#$�&%#$  � "�5+#3$7�����& =&#&:� �%�"#$B&��! (2). 
$ ��@ �$"'P-
=$&%>! :&>J�$ >?&7�5�,&>3$! ?�>'&=�:$%&'J��>%J %#$�>5�#�$7�- $%%#$3-
%�#$.  

��=��, ,%� ?#� �&"�'J/�@ <�$,&��!@ ?$#$�&%#$ ~ (~ < 1.25) #&$'�<+-
&%>! @$�%�,&>3�- $%%#$3%�#, >%#+3%+#$ 3�%�#�H� >@�B$ >� >%#+3%+#�- H�-
?&#"�'�,&>3�H� $%%#$3%�#$ (#�>. 3, 	). M$%&� $%%#$3%�# #$<#+/$&%>!, ?�-
:�=����+, : #&<+'J%$%& 3#�<�>$, � :�<��3$&% +>%�-,�:$! �&?�=:�B�$! %�,-
3$. �#� =$'J�&-/&� +:&'�,&��� $�?'�%+=* :�<�+T&��! �< �&& �!H3�� 
�"#$<�� #�B=$&%>! 7�3' ?&#��=$ 3 (#�>. 3, !), ?#�,A� :>'&=>%:�& &H� >?&-
7�5�,&>3�- �#�&�%$7�� : 5$<�:�� ?#�>%#$�>%:& (+ =:+@ L'&�&�%�: $%%#$3-
%�#$ ?&#&�&��$! x >�:?$=$&%) �$ "�5+#3$7������ =&#&:& (#�>. 2, 	) $%%#$3-
%�# :*H'!=�% 3$3 7�3' ?&#��=$ =:$. M$%&� (~ ã 2.45) L'&�&�%* 7�3'$ �$,�-
�$P% ?�:�#$,�:$%J>! (#�>. 3, �), � %&?&#J �$ "�5+#3$7������ =&#&:& �� 
?#&=>%$:'&� %#&�! '���!��. �#&=>%$:'!&%>! '�H�,�*� ?#&=?�'�B�%J, ,%� 
: L%�� >'+,$& 7�3' ?#&%&#?&:$&% %#$�>3#�%�,&>3+P "�5+#3$7�P. �#� 
=$'J�&-/&� +:&'�,&��� ~ (~ ã 2.7) :�<��3$&% 3:$<�?&#��=�,&>3$! =��$��-
3$ (#�>. 3, �), $ <$%&� #&$'�<+&%>! ?&#&@�= 3 @$�>+ :>'&=>%:�& && #$<#+/&-
��!. 
$"'P=$&�*- ?#� L%�� (�$?#��&#, ?#� ~ > 2.81) $%%#$3%�# (#�>. 3, �) 
%�?�,&� ='! >%#$���H� $%%#$3%�#$, :�<��3/&H� �< ��:$#�$�%��- 3#�:�-. 


$ #�>. 4–5 ?#�:&=&�* $�$'�H�,�*& �''P>%#$7�� ='! >�>%&�* (3). 
��=��, ,%� L:�'P7�! $%%#$3%�#�: ?#��>@�=�% $�$'�H�,��, �=�$3� ?#� 
"�'J/�@ <�$,&��!@ ~ #&$'�<+&%>! #&B�� H�?&#@$�>$, ,%� =�$H��>%�#+&%>! 
?� �$'�,�P =:+@ ?�'�B�%&'J�*@ '!?+��:>3�@ ?�3$<$%&'&-. 

�$3�� �"#$<��, =�>>�?$%�:�*& ��=�5�3$7�� �%�"#$B&��! «3�% �#-
��'J=$» =&���>%#�#+P% :&>J�$ �&%#�:�$'J�+P =��$��3+, <$3'P,$PT+P-
>! : ?&#&@�=& �% H�?&#"�'�,&>3�H� @$�%�,&>3�H� $%%#$3%�#$ 3 �&H�?&#"�-
'�,&>3��+ ,&#&< �?#&=&'&��+P ?�>'&=�:$%&'J��>%J 3#�<�>�: � "�5+#3$-
7�- #&H+'!#�*@ #&B���:. ��=#�"��& �<+,&��& L%�H� >7&�$#�! %#&"+&% 
=$'J�&-/&H� �>>'&=�:$��!. 
 
4�(���)
�$�-�'%�� '*�'�% 
1. ��$��8�� �.#. ���$��,&>3�- @$�> (3+#> '&37�-): �,&". ��>�"�& ='! 

:+<�:. 2-& �<=. ?&#&#$". � =�?.  �.: ��<�$%'�%, 2006. – 356 >. 
2. ��$��8�� �.#. �<:. �+<�: «�
�», %. 17, � 4, 2009, �. 5 – 34. 

 
�	�&�+" 
����������3: �.G.-�.�., ��8��� �.�. �	���. 
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��>. 1. �@&�$%�,&>3�& �<�"#$B&��& $�>$�"'&- �>7�''!%�#�: > =#&:�:�=��- %�?�-
'�H�&- >:!<� 

������7��@�� ��/��� � �����4��! ��H���������  
� ����������� ���E@�E��� ���C� 

 
�
�	��� ).�., 
������ 3 ��

	 G�$�&�
���� G	���3���	 �*' 

 
�=��- �< �>��:�*@ <$=$, �&'��&-��- =��$��3� !:'!&%>! �>>'&=�:$-

��& $:%�3�'&"$%&'J�*@ >�>%&�. 
&#&=3� ��$ >:�=�%>! 3 �>>'&=�:$��P %$-
3�H� 5+�=$�&�%$'J��H� 5�<�,&>3�H� !:'&��!, 3$3 >��@#���<$7�!. 
&�$-
'*- ��%&#&> :*<*:$&% %�, ,%� #&<+'J%$%* L%�@ �>>'&=�:$��- �$@�=!% ?#�-
�&�&��& �& %�'J3� : 3'$>>�,&>3�- #$=��5�<�3&, �� � : <$=$,$@ > B�:*�� 
>�>%&�$��, 3 ?#��&#+, �<+,&��& =��$��3� �&-#���: – ?&->�&3&#�: : �&--
#�5�<��'�H�� [1]. �$3 ?#$:�'�, @$#$3%&#�>%�3� $:%�3�'&"$��- : �>7�''!-
%�#& � &H� :<$���=&->%:�& > =#+H��� �>7�''!%�#$�� $�>$�"'! +?#$:'!P%-
>! #$<'�,�*�� ?$#$�&%#$��. � L%�� >'+,$&, :>&H=$ ?#&=>%$:'!&%>! :�<-
��B�*� #$<=&'�%J ��=�:�=+$'J�*- 3�'&"$%&'J�*- #&B�� �>7�''!%�#$ � 
&H� ?�:&=&��& : $�>$�"'&, 3$3 #&<+'J%$% =&->%:�! >:!<�. �=�$3� ��&&%>! 
�"/�#�*- 3'$>> <$=$, 5�<�3�, @���� � "��'�H�, #&/&��& 3�%�#*@ �& ��-
B&% "*%J �>+T&>%:'&�� : #$�3$@ =$���H� ?#&=>%$:'&��!, ?�>3�'J3+ >:!<J 
�&B=+ �>7�''!%�#$�� :�<��3$&% : ?#�7&>>& #$>?#&=&'&��! L�&#H��, : :�=& 
�&>+T&H� &A #&>+#>$, "&< 3�%�#�- $:%�3�'&"$%&'J�$! =��$��3$ ?�?#�>%+ 
�&:�<��B�$. ��%&#&>�$! �>�"&���>%J =$���H� %�?$ >:!<� <$3'P,$&%>! : 
%��, ,%� %$3�& ?$#$�&%#*, 3$3 ,$>%�%$ � $�?'�%+=$ 3�'&"$��- : �>7�''!-
%�#$@, �$?#!�+P <$:�>!% �% 3�'�,&>%:$ ?�%#&"'!&��- L�&#H�� � ?� L%�- 
?#�,��& %$3B& <$:�>!% �% @$#$3%&#�>%�3 >:!<�. � #$"�%& [2] "*'$ ?�=#�"�� 
�>>'&=�:$�$ ��=&'J $�>$�"'! �>7�''!%�#�: >� >:!<JP ,&#&< ?�%#&"'&��& 
#&>+#>$, : :�=& �=���&#��H� �$>>�:$ $:%�H&�&#$%�#�: > �&'��&-��>%JP 
N-%�?$. G*'� ?�3$<$��, ,%� =$B& �<�$,$'J�� �=&�%�,�*& �>7�''!%�#* ��-
H+% �3$<$%J>! : #$<'�,�*@ #&B��$@ 5+�37����#�:$��!. 

� =$���- #$"�%& �>>'&=+P%>! $�>$�"'� > =#&:�:�=��- %�?�'�H�&- 
>:!<� (#�>. 1). ��=�"��- %�?�'�H�&- @$#$3%&#�<+P%>! >�>+=�>%*&,  �&#:-
�*& >�>%&�* B�:*@ �#H$��<��: � ���H�& =#+H�&. � �?#&=&'A��*@ >'+,$!@ 
%$3$! =#&:�:�=�$! >%#+3%+#$ ��B&% >'+B�%J 3$�$'�� :<$���=&->%:�! 3�-
'&"$%&'J�*@ >�>%&�. �$B�$! �>�"&���>%J �>>'&=+&�*@ $�>$�"'&- %$3B& 
<$3'P,$&%>! : %��, ,%� ��� �"'$=$P% �"T�� �>%�,��3�� L�&#H��, � >:!<J : 
��@ �>+T&>%:'!&%>! ,&#&< ?�%#&"'&��& #&>+#>$.  �#��&#�� ��B&% >'+B�%J 
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��>. 2: �#�>%#$�>%:&��*& ?#�5�'� (	,�,�,7) � #$>?#&=&'&��! >=:�H�: 5$<* (!,�,�,$) ='! 

 ?#� #$<'�,�*@ ��%&�>�:��>%!@ /+�$ (  � , 
>:&#@+ :��<) 
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(2)

H=& <�$,&��&  :*"�#$'�>J �>@�=! �< +>'�:�- �&?#&#*:��>%� 5+�37�� 
. � ?���TJP L%�- @$#$3%&#�>%�3� �< +>'�:�! 

 
 

(3)

��B�� �?#&=&'�%J ,�>'�  : =$���� #&B��&. � >'+,$& 3:$<�H$#����,&-
>3�@ 3�'&"$��-, 3�H=$ ?#�>%#$�>%:&��*- ?#�5�'J ��&&% 5�#�+, "'�<3+P 3 
>��+>��=$'J��-,  ?�3$<*:$&%, >3�'J3� #$< ='��$ :�'�* +3'$=*:$&%>! 
:=�'J ='��* >�>%&�* � ��B&% "*%J '&H3� �?#&=&'&�� ?� :�=+ �H��:&���H� 
?#�5�'!. �=�$3� > #�>%�� ?$#$�&%#$ :�<"+B=&��!  ?#�5�'J 'P"�H� �< 
>�>+T&>%:+PT�@ #&B���: >�'J�� +>'�B�!&%>!, � �?#&=&'�%J ,�>'�  ?� 
:�=+ ?#�5�'! >%$��:�%>! �&:�<��B�*�. �*#$B&��& (3) ?�<:�'!&% �?#&=&-
'!%J  : 'P"�� #&B��&. G+=&� �$<*:$%J ,�>'� , <$=$:$&��& :*#$B&��&� 
���&#�� ��=*. � ?���TJP ,�>'$  ��B�� #$<'�,$%J � �%>'&B�:$%J #$<-
'�,�*& ��=* ?#� 'P"�� @$#$3%&#& 3�'&"$��- :� :#&�&�� � ='! 'P"�H� 
:�=$ ?#�>%#$�>%:&���H� ?#�5�'!. 

� #$"�%& [1] =�>%$%�,�� =&%$'J�� �>>'&=�:$'�>J ?�:&=&��& =$���- 
>#&=* "&< /+��:�H� :�<=&->%:�!, $ %$3B& "*'� ?�'+,&�* �&3�%�#*& ?#&=-
:$#�%&'J�*& #&<+'J%$%* : ?#�>+%>%:�� �>%�,��3$ /+�$. � =$���- B& #$"�-
%& "+=&� �>>'&=�:$%J :'�!��& ��%&�>�:��>%� /+�$ � /�#��* �"'$>%� &H� 
:�<=&->%:�! �$ ��=* > #$<'�,�*�  : 3:$<�H$#����,&>3�� #&B��&. 

� @�=& =$���- #$"�%* "*'� +>%$��:'&��, ,%� /+� :*<*:$&% ?&#&3'P-
,&��! > �=��@ ��= �$ =#+H�& �, %$3�� �"#$<��, > ?���TJP �<�&�&��! ��-
%&�>�:��>%� /+�$ ��B�� +?#$:'!%J #&B��$�� $:%�3�'&"$%&'J��- >#&=* 
(1). ��@�B�& L55&3%* �$"'P=$'�>J : 3�'J7& �< 3��&,��H� ,�>'$ ?&#��=�-
,&>3�@ H&�&#$%�#�: [2]. � +:&'�,&��&� ��%&�>�:��>%� /+�$ ?#� �&3�%�-
#�� && <�$,&���  �>+T&>%:'!&%>! ?&#&@�= > #&B��$ "&H+T&- 
:�'�* > ���&#��  �$ #&B�� > ���&#��  (#�>. 2). ��<:#$T&��& : #&-
B�� > ���&#��  �� > %&,&��&� :#&�&��, �� ?#� �<�&�&��� �$,$'J�*@ +>-
'�:�- �& ?#��>@�=�%. �$3�� �"#$<��, ��B�� H�:�#�%J � %��, ,%� /+� ?�-
=$:'!&% ?#�>%#$�>%:&���-�&�=��#�=�*& ��=*, �$,��$! > "�'J/�@ <�$,&-
��- ���&#$ . �#� =�>%$%�,�� >�'J��� /+�& : 3�'J7& ��B�� �$"'P=$%J 
%�'J3� <$/+�'&��*- ?#�>%#$�>%:&���-�=��#�=�*- #&B��, 3�%�#��+ >��%-
:&%>%:+&% �+'&:�- >#&=��- >=:�H 5$<* �$ :>&- ='��& >�>%&�*: . 
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#$>?#�>%#$�&��& 3#�:� ?� #$<-
:&%:'A��*� >�>+=$� ?�,3� 3 
�&5#��$�, $:%�3�'&"$%&'J�$! 
=��$��3$ 3�%�#*@ �%#$B$&% 
?#�7&>>* $:%�#&H+'!7�� ?�-
,&,��H� 3#�:�%�3$ [3]. 

� 3$,&>%:& ?$#7�$'J��- 
>�>%&�* $�>$�"'! "*'$ :*"#$-
�$ ��=&'J, 3�%�#$! : #$=��5�-
<�,&>3�- ��%&#?#&%$7�� ��B&% 
"*%J ?#&=>%$:'&�$ : 3$,&>%:& 
3�'&"$%&'J��H� 3��%+#$ > �&'��&-�*� L'&�&�%��, �"'$=$PT�� :�'J%-
$�?&#��- @$#$3%&#�>%�3�- N-%�?$ (#�>. 2, !), ?#��7�?�$'J�$! >@&�$ 3�%�-
#�H� �<�"#$B&�$ �$ #�>. 2, 	. �>?�'J<+! +#$:�&��! ��#H�55$ ='! =$���- 
>@&�* '&H3� ?�'+,�%J +#$:�&��!, �?�>*:$PT�& ?$#7�$'J�+P >�>%&�+. 

�:&=! "&<#$<�&#��& :#&�!  
RC
t

	�  ?#��<:&=! ��#��#�:3+, ?#�:&=A� �@ 3 

"&<#$<�&#���+ :�=+:    

),(
.

xFyx �	      ,
.

xRyEy ��	�      .
3

520)(
3

2 xxxxF ��	  


&'��&-�$! 5+�37�! F(x) – +?#�TA���& ?#&=>%$:'&��& :�'J%-$�?&#��- 
@$#$3%&#�>%�3� %+��&'J��H� =��=$ : :�=& 3+"�,&>3�H� ?�'����$ 
(#�>. 2, !) 

 �#�>%&-/�� �< #$>>��%#&��*@ "*' $�>$�"'J, >�>%�!T�- �< =:+@ 
>:!<$��*@ �>7�''!%�#�: (#�>. 3). �>�"&���>%J :*"#$���- >@&�* >:!<� %$-
3�:$, ,%� +:&'�,&��& ?�%#&"'!&��H� %�3$ �=��� �< �>7�''!%�#�: ?#�:�=�% 
3 +:&'�,&��P %�3$ ,&#&< >�?#�%�:'&��& Rc, $ >'&=�:$%&'J�� 3 +�&�J/&��P 
?�%&�7�$'$ : +<'& >:!<�, ,%� : >:�P �,&#&=J >3$<*:$&%>! �$ =��$��3& =#+-
H�H� �>7�''!%�#$ $�>$�"'!. �=�$3� >:�->%:$ $�>$�"'! %$3�:*, ,%� ��&&% 

�&>%� %&�=&�7�! 3 �$�"�'&& L5-
5&3%�:���+ �>?�'J<�:$��P �>%�,-
��3$ L�&#H��. �$3 ?�3$<$'� ,�>-
'&��*& �>>'&=�:$��!, : $�>$�"'& 
�< =:+@ �>7�''!%�#�: : #&B��& H&-
�&#$7�� +>%$�$:'�:$&%>! +>%�-,�-
:*- >��@#���*- #&B�� >� >=:�H�� 
5$< �$ ?�'�:��+ ?&#��=$. �$3�- 
L55&3% �"Y!>�!&%>! "�'&& #$:��-
�&#�*� ?� ?&#��=+, ?�%#&"'&��&� 
$�>$�"'&� %�3$. �%� H�:�#�% � %��, 

 
��>. 2. 	 – #$=��%&@��,&>3$! >@&�$ ?$#7�-
$'J��- >�>%&�*, ! – :�'J%-$�?&#�$! @$#$3-
%&#�>%�3$ �&'��&-��H� L'&�&�%$ 

 
 
 
 
 
 

��>. 3. �@&�$ >:!<� 
=:+@ �>7�''!%�#�: > 
%�?�'�H�&- >:!<� 
%�?$ =:��,��H� =&-
#&:$ 
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,%� �$"'P=$&�*- L55&3% !:'!&%>! #&<+'J%$%�� ?#�#�=* >:!<�, $ �& 
>:�->%: �%=&'J�*@ �>7�''!%�#�:. 

 �#� �>>'&=�:$��� $�>$�"'! �< ,&%*#A@ >:!<$��*@ �>7�''!%�#�: "*-
'� �"�$#+B&�* ���B&>%:&��*& >��@#���*& #&B��* >� >=:�H�� 5$< 3�'&-
"$��- : �>7�''!%�#$@ 3#$%�*� ¤/4 (#�>. 4). � >'+,$& #&B��$ 1, >=:�H 5$< 
3�'&"$��- �>7�''!%�#�: : $�>$�"'& #$:&� 3¤/4 , ?#�,A� >�&B�*& �>7�''!-
%�#* >�:&#/$P% 3�'&"$��! : ?#�%�:�5$<&. �$��*- #&B�� ?#&=>%$:'!&% 
>�"�- 3��"��$7�P #&B���: $�>$�"'! =:+@ >:!<$��*@ �>7�''!%�#�: >=:�-
�+%*@ ?� 5$<& �$ ,&%:&#%J ?&#��=$. � >'+,$& #&B��$ 2, >=:�H 5$< 3�'&"$-
��- : >�&B�*@ �>7�''!%�#$@ >�>%$:'!&% ,&%:&#%J ?&#��=$  � ='! 3$B=�H� 
�>7�''!%�#$ �< �=��- �>7�''!%�#��- ?$#* �$@�=�%>! �>7�''!%�# :%�#�- 
�>7�''!%�#��- ?$#*, >�:&#/$PT�- 3�'&"$��! >� >=:�H�� 5$< �$ ?�'�:�-
�+ ?&#��=$. �%�&%��, ,%� >=:�H$ 5$<, #&$'�<+&��H� : =$���� #&B��& : �>-
7�''!%�#��- ?$#&, : $�>$�"'& �< =:+@ �>7�''!%�#�: �& �$"'P=$'�>J. � 
#&B��& 3 >=:�H 5$< 3�'&"$��- �>7�''!%�#�: :�+%#� �>7�''!%�#�*@ ?$# 
>�>%$:'!&% ?�'�:��+ ?&#��=$, ,%� >��%:&%>%:+&% #&B��+ =��$��3� =:+@ 
>:!<$��*@ �>7�''!%�#�:. � #&B��& 4 �$"'P=$'$>J �"'$>%J ?$#$�&%#�:, : 
3�%�#�- #&$'�<�:*:$'>! #&B��, ?#&=>%$:'!PT�- >�"�- 3��"��$7�P $:-
%�3�'&"$%&'J��H� #&B��$ ='! �=��- �>7�''!%�#��- ?$#* � #&B��$ +>%�--
,�:�H� >�>%�!��! #$:��:&>�! ='! =#+H�-, 3�'&"$��! �$'�- $�?'�%+=* : 
3�%�#�-, �"+>'�:'&�* ��=+'!7�&- ?�%&�7�$'$ : +<'& >:!<� =&#&:$. M$ >,A% 
%�H�, ,%� $�?'�%+=$ 3�'&"$��- : �>7�''!%�#$@, �$@�=!T�@>! : #&B��& H&-
�&#$7��, <�$,�%&'J�� "�'J/& $�?'�%+=* 3�'&"$��- : �>7�''!%�#$@, �$@�-
=!T�@>! : :�<"+B=$&��� #&B��&, %$3�& >�>%�!��& ?�'+,�'� �$<:$��& 
«$�?'�%+=�� �&�=��#�=�*-» #&B��. 

 �#� �>>'&=�:$��� $�>$�"'&- > "�'J/�� 3�'�,&>%:�� �>7�''!%�#�: 
�$�"�'J/�- ��%&#&> :*<:$'� �"�$#+B&��& �&>��@#���*@ #&B���:. � $�-
>$�"'& �< :�>J�� �>7�''!%�#�: : >'+,$& 3��"���#�:$��! $�?'�%+=�� �=-
��#�=��H� #&B��$ : �=��- ,$>%� $�>$�"'! � $�?'�%+=�� �&�=��#�=��H� : 
=#+H�- &H� ,$>%�, >�'* >:!<� �3$<*:$'�>J �&=�>%$%�,�� ='! >��@#���<$-
7�� $�>$�"'! > >��%��/&��&� ,$>%�% 
1:1. � #&<+'J%$%& :�<��3 �&>��@#���*- 
#&B�� 3�'&"$��- > =:+�! �&<$:�>��*�� 
,$>%�%$��, ,%� ?�=%:&#B=$&%>! >?&3%#�� 
�!?+��:>3�@ L3>?��&�% (¡1 = – 0.000035, 
¡2   =  – 0.000025,   ¡3  =  – 0.011140,   ¡4   = 
= – 0.034937). �#� +:&'�,&��� $�>$�"'! 
=� /&>%�$=7$%� �>7�''!%�#�: ?#� 3��-
"��$7�� #$<'�,�*@ #&B���: ?�=$�-
>$�"'&- "*' <$5�3>�#�:$� �&>��@#��-
�*- #&B�� > %#&�! �&<$:�>��*�� ,$>-
%�%$��.  � >:!<� > L%�� "*' ?#�:&=A� 

��>. 4. �$#%$ #&B���: $�>$�"'! �< 
,&%*#A@ �>7�''!%�#�:. ��5#$�� 
�"�<�$,&�* �"'$>%� +>%�-,�:�>%� 
�"�$#+B&��*@ #&B���: 
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I�C����  �E�M�����4��M����M � ������� ��@��M��8� 
 ����7��@� LE�� � ������ ����@���4����M��� ����� 

 
������� �.�., 
������ 5 ��

	 G�$�&�
���� G	���3���	 �*' 

 
 

�>>'&=+&%>! ��=&'J $:%�3�'&"$%&'J��- >#&=*, L'&�&�% 3�%�#�- ?#&=-
>%$:'!&% >�"�- $:%�H&�&#$%�# ���T&�3�–�>%$@�:$. ��>%&�$ +#$:�&��-, 
�?�>*:$PT$! =$��+P >�>%&�+, ��&&% >'&=+PT�- :�=: 
 

(1)

H=& ,  – 3��>%$�%$, @$#$3%&#�<+PT$! ��%&�>�:-
��>%J /+�$, 5+�37�!  <$=$&% '�3$'�<$7�P �>%�,��3$ /+�$ : ?#�-
>%#$�>%:& (#�>. 1),  – �>%�,��3 ��#��#�:$���H� H$+>>�:$ "&'�H� /+�$, 

,  – "&<#$<�&#�*& =��$-
��,&>3�& ?&#&�&��*&,  – "&<#$<�&#��& :#&�!,  – "&<#$<�&#�$! ?#�>%#$�-
>%:&��$! 3��#=��$%$,  �  – +?#$:'!PT�& ?$#$�&%#* >�>%&�*,  – 3�L5-
5�7�&�% =�55+<��, �?#&=&'!&�*- :&'�,���- >:!<� �&B=+ >�>&=���� L'&-
�&�%$��. �#&=$ �>>'&=�:$'$>J > ?&#��=�,&>3��� H#$��,�*�� +>'�:�!�� > 
?&#��=�� , H=& – ='��$ >�>%&�*. �� :>&@ ,�>'&��*@ L3>?&#��&�%$@ 5�3-

>�#�:$'�>J  "&<#$<�&#-
�*@ &=���7, , , $ 
?$#$�&%#  �<�&�!'>! �%  
=� . 

�=��- �< �>��:�*@ @$#$3-
%&#�>%�3 #&B��$, >'+B$T&- 
:$B�*� ��>%#+�&�%�� �>>'&=�-
:$��!, !:'!&%>! �H��:&���& #$>-
?#&=&'&��& >=:�H$ 5$<* ?#�-
>%#$�>%:&��*@ 3�'&"$��- :=�'J 
='��* >�>%&�*. 	H� <$:�>���>%J 
�% ?#�>%#$�>%:&���- 3��#=��$%* 
#$>>,�%*:$'$>J ?� 5�#�+'&: 

 

 
��>. 1: ��= 5+�37��, �?#&=&'!PT&- �"-
'$>%J /+��:�H� :�<=&->%:� 
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��>. 2. �#�&37�! ?�:&#@��>%� "�5+#3$7�� 
&-�$#3$–�$3&#$ �$ ?'�>3�>%J (S,J) 

 

��>.3 �$#%$ =��$��,&>3�@ #&B���: (	) � >%$#/&H� '!?+��:>3�H� ?�3$<$%&'! (!) 
�%�"#$B&��! (10). 

 
�$3�� �"#$<��, "*'$ ?�'+,&�$ 3$#%��$ �"'$>%� +>%�-,�:�>%� ='! �&-

?�=:�B��- %�,3� %#&@�&#��H� �%�"#$B&��! �"T&H� :�=$ : >&,&��!@ ?#�-
>%#$�>%:$ ��:$#�$�%�: �$%#�7* �3�"� #$<'�,�*�� ?'�>3�>%!��; ?�'+,&-
�* >��%��/&��! ='! %�?�,�*@ "�5+#3$7�- � ?#�:&=&�* ,�>'&��*& #&-
<+'J%$%*, >�H'$>+PT�&>! > %&�#&%�,&>3���. 

 
4�(���)
�$�-�'%�� '*�'�% 

 

1. %7. *������"��
, (. 2���
. 
&'��&-�*& 3�'&"$��!, =��$��,&>3�& >�>-
%&�* � "�5+#3$7�� :&3%�#�*@ ?�'&-. �.-�B&:>3: ���, 2002. 

2. H. Richter//IJBC, 2002, �6, p.1371-1584  
3. S.V. Gonchenko et al. //IJBC, 2005, �11,p.3493. 
4. Z. Elhadj, J.C. Sprott //IJBC, 2008, �5, p.1567. 
5. Yu.A. Kuznetsov. Elements of applied bifurcation theory. Springer, 1998. 
 

�	�&�+� 
�����������: �.G.-�.�., �
�G�

�
  �. #. ��$��8��;  ��8���, 
�.G.-�.�.  �	��� �.�.  

  
	 ! 
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$�$'�< <$:�>���>%� �%��/&��! >#&=-
��@ ,$>%�% 3�'&"$��- : �>7�''!%�#$@ 
�% �$?#!B&��! ?�%$��! (#�>. 5). 

 �>��:�*& #&<+'J%$%* #$"�%*: 
�>>'&=�:$�* =��$��,&>3�& #&B��* : 
$�>$�"'!@ �>7�''!%�#�: > =#&:�:�=-
��- >%#+3%+#�- >:!<�; #&B��* : $�-
>$�"'!@ > "�'J/�� 3�'�,&>%:�� �>-
7�''!%�#�: ?#&=>%$:'!P% >�"�- 3��-
"��$7�P #&B���: > �&�J/�� 3�'�-
,&>%:�� �>7�''!%�#�: > #$<'�,�*�� 
5$<�:*�� >=:�H$��, �=��� �< >'&=-
>%:�- %$3�H� 3��"���#�:$��! !:'!-
&%>! ?�!:'&��& #&B���:, ?#&=>%$:-
'!PT�@ >�"�- >�:�3+?��>%J $:%�3�-
'&"$%&'J��H� #&B��$ ='! �=��@ �>-
7�''!%�#�*@ ?$# � #&B��$ +>%�-,�:�H� >�>%�!��! #$:��:&>�! ='! =#+H�@, 
,%� : >:�P �,&#&=J ?#�:&'� 3 #�B=&��P $�?'�%+=�� �&�=��#�=�*@ #&B���:. 

 �"T��>%J :*"#$���- ��=&'�, #$:�� 3$3 � /�#�3�& #$>?#�>%#$�&��&, 
3$3 : %&@��3&, %$3 � : ?#�#�=&, #$>>��%#&��*@ >%#+3%+# ?�<:�'!&% >=&'$%J 
?#&=?�'�B&��& �  %��, ,%� ?�'+,&��*& #&<+'J%$%* ��H+% �$-%� ?#��&�&-
��& : $�$'�<& >�>%&� > $�$'�H�,��- >%#+3%+#�- >:!<�. 

 
4�(���)
�$�-�'%�� '*�'�% 
 

1. �!	
!	���3 *.%.�., /	!�����& �.�., ���3��

��� �., H	7���� �.�., 2�-
q
�	 /., ����� �.�., /�!&��
��" �.�. ���@#���<$7�! : �&-#���*@ $�-
>$�"'!@ //�>?&@� ��<�,&>3�@ 
$+3 1990. �. 166. � 4. �. 365–390. 

2. #�
���� %., 5�6��� �., Ä�
!	��� #.. 
&'��&-�*& L55&3%* : $�>$�"-
'!@ �>7�''!%�#�: >� >:!<JP ,&#&< #$>?#&=&'&��& #&>+#>$. �$>%J II. ��-
'&"$%&'J�*& #&B��* �=���&#��H� �$>>�:$ >:!<$��*@ ,&#&< �"T�- �>-
%�,��3 ?�%$��! �>7�''!%�#�: // �<:. �+<., �
�, 2007, �. 15, �. 23–35. 

3. Ä�
!	��� #.�., �
�	��� ).�., #�
���� %.I.. �'�B�*& 3�'&"$��! � 
>��@#���<$7�! : 5+�37���$'J��- ��=&'� :$>3+'!#��H� =&#&:$ �&5#�-
��: // �<:&>%�! �$#$%�:>3�H� ���:&#>�%&%$. �&#�! ��<�3$, 2009,  �. 9, 
�. 38–53. 

 
 

�	�&�+" 
����������3: #�
���� %.I., �.G.-�.�., �
�G�

�
 �	G��
+ ��-
��8��
��" G�$��� �*'. 

 

 
 

��>. 5. �#$5�3 <$:�>���>%� �%��/&��! 
>#&=��@ ,$>%�% 3�'&"$��- %#A@ �>7�'-
'!%�#�:, �% �$?#!B&��! ?�%$��! : $�-
>$�"'& �< /&>%�$=7$%� �>7�''!%�#�:. 
��5#$�� �%�&,&�* �%��/&��! >#&=-
��@ ,$>%�%: 1 – =&:!%�H� � %#��$=7$%�-
H� �>7�''!%�#�:, 2 – ?&#:�H� � =&:!%�-
H�, 3 – ?&#:�H� � %#��$=7$%�H�. 
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���7�� ���������M��� �����7��@�� <����+��  
� �@������ ����� � ������+��������� ���CMJ 

 
%��
	� �.�., 
������ 4 ��

	 (�$�&�
���� G	���3���	 �*' 

 
 

� =$���- #$"�%& "+=&% #$>>�$%#�:$%J>! ��=&'J �&?#&#*:��- ?� ?#�-
>%#$�>%:+ � :#&�&�� $3%�:��- >#&=*, 3�%�#$! "*'$ ?#&='�B&�$ : >%$%J& 
[1]. � >#&=& ��B�� �$"'P=$%J ?#�>%#$�>%:&��*- ?&#&@�= 3 :#&�&����+ 
@$�>+ ,&#&< 3$>3$= "�5+#3$7�- +=:�&��! ?&#��=$. 	A +#$:�&��! ��&P% 
:�=: 
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3���	
=
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(1)

�&#&�&��*& ),(),,(),,( txwtxvtxu  �?#&=&'!P% >�>%�!��& : %�,3& x  : ��-
�&�% :#&�&�� t , 3,, gm  – +?#$:'!PT�& ?$#$�&%#*, 5+�37�! H  �?#&=&'!&% 
@$#$3%&# >:!<� �&B=+ L'&�&�%$��.  

�#� ,�>'&���� ��=&'�#�:$��� �>?�'J<�:$'$>J 3��?JP%&#�$! ��=&'J, 
3�%�#$! >�@#$�!&% >:�->%:$ �&?#&#*:��- >#&=*, 
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�4�4�3���	 �
	

 
(2)

M=&>J ),,( iii wvu  – =��$��,&>3�& ?&#&�&��*& i -H� L'&�&�%$ >#&=*. 
�'! #&H�>%#$7�� �"'$>%&- > @$�>�� � >%&?&�� ?&#&�&/�:$��! : ��@ 

?#��<:�=�%>! #$>,A% �%��>�%&'J��- �&%#�,&>3�- L�%#�?�� :=�'J >#&=*. 
�:&=A� ?��!%�& � �&-. � %�,3� <#&��! >%#�H�- %&�#�� ?� ��'��H�#�:+, 
=��$��,&>3�& >�>%&�* ��H+% ��&%J +>%�-,�:*& #&H+'!#�*& #&B��* > �+-
'&:�- L�%#�?�&- � @$�%�,&>3�& #&B��* > ?�'�B�%&'J��- � 3��&,��- :&-
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�$#%$ =��$��,&>3�@ #&B���: � 3$#%$ >%$#/&H� '!?+��:>3�H� ?�3$<$-
%&'! �%�"#$B&��! (10) (#�>. 3) =&->%:�%&'J�� >@�B� > #�>. 1, 	, �>�"&��� : 
:&#@�&- ,$>%�, H=& #$>?�'�B&�$ '���! "�5+#3$7�� 
&-�$#3$–�$3&#$. 

 

  
	 ! 

  
� � 

 
� � 
��>.1 �&,&��! ?#�>%#$�>%:$ (S,H,J) ?'�>3�>%!�� S=0 (	), S=2 (!), S=–2 (�), J=0.5 (�), 
J=1 (�), H=0 (&). �"'$>%J >+T&>%:�:$��! +>%�-,�:�- �&?�=:�B��- %�,3� <$/%#�@�:$�$ 
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��- %�,3�- +>%�-,�:�>%� :=�'J %#&%J&H� >�">%:&���H� �$?#$:'&��!, �%:&-
,$PT&H� =&->%:�%&'J���+ �+'J%�?'�3$%�#+. �>'�:�! L%�@ >�%+$7�-, 3�-
%�#*& &>%&>%:&��� �"�<�$,�%J 3$3 fold-NS � flip-NS, ��&P% :�= 
fold-NS     SH 	 , 1	J          (8) 
flip-NS     SH �	 , 1�	J .        (9) 


$ #�>. 1 ?#�:&=&�� �&>3�'J3� >&,&��- ?#�>%#$�>%:$ ?$#$�&%#�: 
(S,H,J), 3�%�#*& =&���>%#�#+P% �&3�%�#*& �>�"&���>%� +>%#�->%:$ ?#�-
>%#$�>%:$ ?$#$�&%#�: ?� >#$:�&��P >� >'+,$&� =:+�&#��H� �%�"#$B&��!.  

�$3, :�=�� (#�>.1$), ,%� ?#� S=0 #&<��$�>* 1R  � 2R  �& '&B$% �$ H#$-
��7& �"'$>%� +>%�-,�:�>%�, $ ?#� S=2 � S=–2 (#�>. 1, !, �) ��� ?��,&#&=�� 
:@�=!% : �"'$>%J +>%�-,�:�>%�.  

� >'+,$& 0	J  +>%#�->%:� ?#�>%#$�>%:$ ?$#$�&%#�: #&=+7�#+&%>! 3 
«3'$>>�,&>3��+» %#&+H�'J��3+ +>%�-,�:�>%� =:+�&#�*@ �%�"#$B&��-, �� 
�$ ?'�>3�>%� (S,H) [1]. �#� +:&'�,&��� J %#&+H�'J��3 %#$�>5�#��#+&%>! 
(#�>. 1, �), � ?#� J=1 '���� 
&-�$#3$–�$3&#$ � 1�	9  >'�:$P%>! 
(#�>. 1, �), �"#$<+! '���P fols-NS. �%�&%��, ,%� 3��7$�� L%�- '���� !:'!-
P%>! %�,3� 3�#$<�&#��>%� %#�, �"�<�$,&��*& �$ #�>+�3& 3$3 A2 � A3, 3�%�-
#*� >��%:&%>%:+P% �$"�#* �+'J%�?'�3$%�#�: (+1,+1,+1) � (+1,–1,–1) >�-
�%:&%>%:&���.  

� >&,&��� ?'�>3�>%JP H=0 (#�>. 1, �) : +H'$@ �"'$>%� +>%�-,�:�>%� 
#$>?�'�B&�* %�,3�, �%:&,$PT�& :>&� "�5+#3$7����*� >�%+$7�!� 3�#$<-
�&#��>%� =:$ (5)–(9), <$ �>3'P,&��&� FF. 


$ #�>. 2 ?#�:&=&�$ ?#�&37�! ?�:&#@��>%� "�5+#3$7�� 
&-�$#3$–
�$3&#$ � �H#$��,�:$PT�@ && '���- flip-NS, fold-NS, 1R  � 2R �$ ?'�>3�>%J 
(S,J). ��$ ?#&=>%$:'!&% >�"�- ,&%*#&@+H�'J��3, +H'$�� 3�%�#�H� !:'!P%>! 
%�,3� 3�#$<�&#��>%� %#�, �"�<�$,&��*& �$ #�>. 2 "+3:$�� �1 – �4.  

� 3$,&>%:& ?#��&#$ %#&@�&#��H� �%�"#$B&��! #$>>��%#�� �%�"#$B&��& 

nn

nn

nnn

yz
xy

bzyax

	
	

��	

�

�

�

1

1

2
1

,    (10) 

?#&='�B&���& : [2]. 
	H� ��:$#�$�%* ��&P% >'&=+PT�& <�$,&��!: 

0	S , bJ 	 , abbH 4)1()1( 2 �����	 .   (11) 
�$3�� �"#$<��, �%�"#$B&��& (10) ?#&=>%$:'!&% >�"�- :*#�B=&��*- 

>'+,$- %#&@�&#��H� �%�"#$B&��!, ?�>3�'J3+ &H� >'&= ?�>%�!�&� � #$:&� 
�+'P. �"'$>%J +>%�-,�:�>%� �&?�=:�B��- %�,3� �$ ?'�>3�>%� ?$#$�&%#�: 
L%�H� �%�"#$B&��! =�'B�$ "*%J, >'&=�:$%&'J��, $�$'�H�,�$ >&,&��P ?#�-
>%#$�>%:$ ?$#$�&%#�: �%�"#$B&��! �"T&H� :�=$ ?'�>3�>%JP S=0 
(#�>. 1, 	). 
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'�,���- L�%#�?�� [2]. � >'+,$& =�"$:'&��! 3 >�>%&�& "&>3��&,��H� /+�$ 
L�%#�?�! "&>3��&,�$. �%� �<�$,$&%, ,%� %�,��& ?#&=>3$<$��& )(tx  ='! 0tt �  
�%>+%>%:+&%. �=�$3� &>'� �$> ��%&#&>+&% ?#&=>3$<$��& > 3��&,��- %�,��-
>%JP, �"+>'�:'&���- %�,��>%JP L3>?&#��&�%$'J�*@ �<�&#&��-, %� ?�'�-
B&��& =&' �&�!&%>!. 	>'� �$> �& ��%&#&>+P% #$<'�,�! )(tx  � ��)(tx , H=& 
�  – %�,��>%J #&H�>%#$7�� 3��#=��$%*, %�, +>#&=��: ?�'+,&��*& #&<+'J%$-
%*, �* ?�'+,�� ?#&=&'J�*- 7�3', L:�'P7�P %#$&3%�#�- �$ 3�%�#�� �* 
>��B&� ?#&=>3$<$%J > �&3�%�#�- %�,��>%JP : %&,&��& 3$3�H�-%� :#&�&��. 
�%&?&�J ?#&=>3$<+&��>%� >%$��:�%>! 3��&,��-, >'&=�:$%&'J��, � L�%#�?�! 
%�B& =�'B�$ >%$%J 3��&,��-. �>��, ,%� <=&>J �=A% #&,J � =#+H�� ?����$-
��� � =#+H�� �?#&=&'&��� L�%#�?��, 3�%�#+P �* "+=&� �$<*:$%J �%��>�-
%&'J��- L�%#�?�&-. 

�'! #$>,A%$ L�%#�?�� ?#��&�!'>! �&%�=, "$<�#+PT�->! �$ $�$'�<& 
Reccurence Plots [3,4]. �$<�"JA� �"YA� G  5$<�:�H� ?#�>%#$�>%:$, :3'P-
,$PT�- : >&"! $%%#$3%�# >�>%&�*, �$ !,&-3�  > @$#$3%&#�*� #$<�&#�� � . 
G+=&� >'&=�%J <$ %#$&3%�#�&-, �%�&,$! ���&#$ !,&&3, : 3�%�#*@ �$@�=�%>! 
�<�"#$B$PT$! %�,3$,  ,&#&< #$:�*& ��%&#:$'* :#&�&�� � . �'! 3��&,��H� 
:#&�&�� �$"'P=&��! �* ��B&� ?�'+,�%J ���B&>%:� ?�>'&=�:$%&'J��>%&- 

nG  � �?#&=&'�%J �$ L%�� ���B&>%:& :&#�!%��>%�+P �&#+ )( nGP . �'! �7&�-
3� L�%#�?�� �>?�'J<+&%>! >'&=+PT$! :&'�,��$: 

 
�
	!����� �

	
N

n
nN

GP
N

K
1

2

002 )(1limlimlim (3)

�+>%J =��$��,&>3$! >�>%&�$ ?#&=>%$:'&�$ %#$&3%�#�&- Nixi ...1},{ 	 , 
: �d �&#��� 5$<�:�� ?#�>%#$�>%:&. �?#&=&'�� �$%#�7+ 

 |)|(, jiji xxR ���C	 ,

Nji ,...,1, 	  
(4)

M=&>J �  – �?#&=&'A��*- ?�#�H, $ C  – 5+�37�! �&:�>$-=$. �#$5�,&>3�& 
?#&=>%$:'&��& =$���- �$%#�7* �$<*:$&%>! Reccurence Plot (RP) � ?�'+,$-
&%>! �"�<�$,&��&� &=���7* ,A#��- %�,3�-, $ �+'! – "&'�-. �&#�!%��>%J 
�"�$#+B&��! : RP =�$H��$'� 3$3 �����+� �< l  ,A#�*@ %�,&3 #$:�$ 

 
��

	

�

	
��	

N

lji

l

k
kjki

c R
N

P
,

1

0
,2

1
� . (5)

� ?#&=?�'�B&��� L#H�=�,��>%� :&#�!%��>%J (3) ��B�� ?�>%$:�%J : 
>��%:&%>%:�& 3:$=#$%+ :&#�!%��>%� : :*#$B&��� (1). �$3�� �"#$<��, ?�'+-
,�� �7&�3+ L�%#�?�� �< RP 
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�'! >�3#$T&��! :#&�&�� #$>,A%$ �>?�'J<+&� %&�#&�+ � :'�B&��� �$-
3&�>$, 3�%�#$! ?�<:�'!&% ?#� �?#&=&'A��*@ +>'�:�!@ :�>>�<=$%J 5$<�:+P 
%#$&3%�#�P =��$��,&>3�- >�>%&�*, �$"'P=$! <$ �<�&�&��&� �=��- �< :&-
'�,��, @$#$3%&#�<+PT�@ >�>%�!��& >�>%&�*. �5�#�+'�#+&� %&�#&�+. 

4��
��	: #�
�3 M - ����	����� ������!
	$�� 
	$��
��
�� m . 
4���	 ��� �	
 ),( y� , ��� )(2 MDiff%� , ),(2 RMCy % , 
�
	�������, &�� 
���!
	7���� 12

),( : �
� �D m

y RM , )))(()),...,((),(()( 2 xyxyxyx m��	D ��-
����
� ���7����� [5]. 
� ?#��&�&��� 3 =��$��,&>3�- >�>%&�& M  – 5$<�:�& ?#�>%#$�>%:�.  

�+�37�! MM �� :  �?�>*:$&% L:�'P7�P >�>%&�* :� :#&�&��, �%�"#$B$-
&% >�>%�!��& : ���&�% :#&�&�� it  : >�>%�!��& : ���&�% 1�it . �* ?#�:�=�� 
�$"'P=&��& <$ >�>%&��-, >���$! #&<+'J%$%* : 3$B=*- ���&�% :#&�&�� it , 
#&<+'J%$%$�� �<�&#&��- !:'!P%>! =&->%:�%&'J�*& ,�>'$. �<�&#&��! �?�-
>*:$P%>! 5+�37�&- RMy �: . 

�&�#&�$ �$3&�>$ H�:�#�% �$� � %��, ,%� &>'� �* ?�>%#��� �< :#&�&�-
�*@ >&#�- �<�&#&��- n-:&3%�#*, :*"�#$! n >'&=+PT�@ =#+H <$ =#+H�� 
L'&�&�%�: (,�>'� n "�'J/&, ,&� +=:�&��$! #$<�&#��>%J M ), %� L%� :&3%�-
#* ?#��$='&B$% ?�=���B&>%:+ ?#�>%#$�>%:$ nR , 3�%�#�& !:'!&%>! :'�B&-
��&� M . �$3�� �"#$<��, ��=&'�#+! >#&=+, �* "+=&� >%#��%J :#&�&��*& 
>&#�� ='! �=��- �< =��$��,&>3�@ ?&#&�&��*@, >�=&#B$T�& "�'&& 12000 
L'&�&�%�: (5$<�:�& ?#�>%#$�>%:� �>>'&=+&��- >�>%&�* ��&&% #$<�&#��>%J 
6000). �� L%�� >&#�!� �* >��B&� �7&��%J <�$,&��& L�%#�?��, %$3 3$3 
>�>%&�$ +=�:'&%:�#!&% +>'�:�!� %&�#&�*. 

������ #$>?#&=&'&��! L�%#�?�� :=�'J >#&=*, � &A =��$��3& ��B�� 
>+=�%J ?� >'&=+PT&�+ >&,&��P. 
$ ?'�>3�>%� ),( ux  >%$:�%>! %�,3$ > 3�-
�#=��$%$�� )),(,( 000 xtux , &>'� : =$��*- ���&�% :#&�&�� 0),( 00 	xtv . 
�$3�� �"#$<��, &>'� : =$���- %�,3& ?#�>%#$�>%:$ $3%�:�*- L'&�&�% >�-
:&#/$&% ?&#��=�,&>3�& 3�'&"$��!, %� �%�"#$B&��& : L%�- %�,3& "+=&% >�-
>%�!%J �< 3��&,��H� ,�>'$ �<�'�#�:$��*@ %�,&3. 	>'� =:�B&��! L'&�&�%$ 
�&?&#��=�,&>3�&, %� �%�"#$B&��& "+=&% ?#&=>%$:'&�� ���B&>%:�� =#�"-
��- #$<�&#��>%�. 

G*'� ?#��<:&=&�� ��=&'�#�:$��& >#&=* >� >'&=+PT��� ?$#$�&%#$-
��: 85.0	m , 65.0	g , 2.5	3 . �+�37�! >:!<� �&B=+ L'&�&�%$�� L3>-
?��&�7�$'J�$! 

 
).exp(),(

xx
xxxH


�



�	
 (7)

��'+,&�* >'&=+PT�& #&<+'J%$%*: 
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� 4�IE�@�H��! ���!�����! ���4��/���� 

������� �.�., 	
��
	�� (�# �*' 
 
� �$>%�!T&�+ :#&�&�� :�?#�> � %�?�,��- "�5+#3$7�����- >%#+3%+#& 

?'�>3�>%� ?$#$�&%#�: =:+�&#��H� �%�"#$B&��! �"T&H� :�=$ �<+,&� :&>J-
�$ ?�=#�"��. � ,$>%��>%�, �<:&>%��, ,%� �"'$>%J +>%�-,�:�>%� �&?�=:�B-
��- %�,3� �$ ?'�>3�>%� «>'&=-�?#&=&'�%&'J» �$%#�7* �3�"� ��&&% :�= 
«%#&+H�'J��3$ +>%�-,�:�>%�» [1]. � %� B& :#&�! $�$'�H�,�*- :�?#�> ='! 
%#&@�&#��H� �%�"#$B&��! �<+,&� >+T&>%:&��� �&�&& ?�'��. �+T&>%:+&% 
#!= #$"�% [2–4], : 3�%�#*@ �>>'&=+&%>! +>%#�->%:� ?'�>3�>%� ?$#$�&%#�: 
#$<'�,�*@ ��=&'J�*@ %#&@�&#�*@ �%�"#$B&��-, �=�$3� ?�'��- 3'$>>�-
5�3$7�� "�5+#3$7����*@ >�%+$7�- 3 �$>%�!T&�+ ���&�%+ �&%. 

� �$>%�!T&- #$"�%& ?#&=?#��!%$ ?�?*%3$ $�$'�<$ "�5+#3$7�����H� 
+>%#�->%:$ ?#�>%#$�>%:$ ��:$#�$�%�: �$%#�7* �3�"� %#&@�&#��H� �%�-
"#$B&��! �"T&H� :�=$. � L%�� >'+,$& �+'J%�?'�3$%�#* �&?�=:�B��- %�,-
3� +=�:'&%:�#!P% @$#$3%&#�>%�,&>3��+ +#$:�&��P 

023 	�9�9�9 JHS ,                                         (1) 
H=& S, H � J – ��:$#�$�%* �$%#�7* �3�"�. 

��H=$ +>'�:�! "�5+#3$7�- 3�#$<�&#��>%� �=�� ��&P% >'&=+PT�- :�=: 
"�5+#3$7�! 
&-�$#3$–�$3&#$: 

 12 ��	 JSJH                   (2) 
3$>$%&'J�$! "�5+#3$7�! (fold ?� %&#����'�H�� [5]) 

SJH ��	 1                                                  (3) 
"�5+#3$7�! +=:�&��! ?&#��=$ '�"� B&>%3�H� ?&#&@�=$ (flip) 

SJH ���	 1 ,                                                (4) 
�?#&=&'!! ?�:&#@��>%� : ?#�>%#$�>%:& ?$#$�&%#�:. 

G�5+#3$7����*& >�%+$7�� 3�#$<�&#��>%� =:$, ?#&=>%$:'&��*& : =:+-
�&#�*@ �%�"#$B&��!@ %�,3$�� : :&#/��$@ %#&+H�'J��3$ +>%�-,�:�>%�, 
"+=+% �$"'P=$%J>! �$ '���!@ (='! �@ �"�<�$,&��! "+=&� �>?�'J<�:$%J 
%&#����'�H�P, ?#&='�B&��+P : [5]): 

1R  ( 11 �	9 , 11 �	9 ):        
12

2
�	

�	
JH

JS
,                 (5) 

2R  ( 11 �	9 , 12 �	9 ):       
12

2
��	

�	
JH

JS
,        (6) 

FF ( 11 �	9 , 11 �	9 ):                   
1�	

�	
H

JS                   (7) 

�#��& %�H�, ='! %#&@�&#�*@ �%�"#$B&��- :�<��3$P% ?#��7�?�$'J�� 
��:*& >�%+$7�� 3�#$<�&#��>%� =:$, �&:�<��B�*& : >'+,$& %#&@ �<�&#&-
��-. ��� ?#&=>%$:'!P% >�"�- '���� ?&#&>&,&��! ?�:&#@��>%� "�5+#3$7�� 

&-�$#3$–�$3&#$ (2) > '���!�� 1$	J , �%:&,$PT��� ?�%&#& �&?�=:�B-
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>%� : �"'$>%� @$�%�,&>3�- =��$��3�. �#$H�&�%  <$:�>���>%� >%$#/&H� '!-
?+��:>3�H� ?�3$<$%&'! ¡1 �% +?#$:'!PT&H� ?$#$�&%#$ m ?#�:&=&��*- �$ 
#�>. 2, !, ?�3$<*:$&% �$'�,�& =$���H� �3�$.   

�#�:&=&��*& �>>'&=�:$��! ?�3$<$'�, ,%�, %$3B& 3$3 � : >'+,$& > H&-
�&#$%�#�� :$� =&# ��'! [5], ='! H&�&#$%�#�: : #&B��& +=:�&��- ?&#��=$ � 
@$�%�,&>3�- =��$��3�, >�=&#B$T&H� :�+%#&���- �>%�,��3 /+�$, :�<��B-
�� ?�'+,$%J =�>%$%�,�� %�,�*& �7&�3� <�$,&��- +?#$:'!PT&H� ?$#$�&%#$ 
�$ �>��:& >%$%�>%�,&>3�- �"#$"�%3� L3>?&#��&�%$'J�� ?�'+,$&�*@ #&$'�-
<$7�-. �/�"3$ �7&�3� «�& ,+:>%:+&%» "�5+#3$7�- +=:�&��! ?&#��=$, :�= 
H#$5�3$ �/�"3� : �"'$>%!@ "�5+#3$7�- �>%$&%>! �=&�%�,�*� #&B��$� 
+>%�-,�:*@ 3�'&"$��-.  

 
%	��	� 
	!��	 �+������	 �
� �����
7�� CRDF(�
	�� > BP4M06) � 

����
��

��	 �!
	$��	��� � �	��� /( � 
	��	� ��^# «/	$����� �	�&-
���� �����8�	�	 �+
6�" 6���+» �	 2009 �. (�
	�� > 2.2.2.2/229). 
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��>. 1. 	 – >&,&��& >#&=*; ! – #$>?#&=&'&��& �%��>�%&'J��- L�%#�?�� :=�'J >#&=* 
 
 

�* :�=��, ,%� : %�- �"'$>%� >#&=*, H=& ?� >&,&��P ��B�� :�<+$'J�� 
>+=�%J � �$'�,�� @$�>$, �%��>�%&'J�$! L�%#�?�! �%'�,�$ �% �+'!. ��$,$'$ 
��$ "*>%#� �$#$>%$&% =� �$3>��+�$, $ <$%&� �$"'P=$&%>! "�'&& �&='&�-
�*- >?$= =� �+'!. �$3�� �"#$<��, ?� #$>?#&=&'&��P �%��>�%&'J��- L�-
%#�?�� ��B�� :*!:�%J �"'$>%� >#&=*, : 3�%�#*@ L'&�&�%* >�:&#/$P% 
@$�%�,&>3�& =:�B&��&, $ %$3B& �?#&=&'�%J >%&?&�J ?&#&�&/�:$��! : ��@. 
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@��MH���� ������������ 8��������  
8�+��4���7��@�8� !���� 

 
�
����� �.#., 
������ 3 ��

	 (�# �*' 

 
� #$"�%& ?#&='�B&�$ >@&�$ 3�'J7&:�- >�>%&�*, H&�&#�#+PT&-, 3$3 

?#&=?�'$H$&%>!, H�?&#"�'�,&>3�- @$�>. �#��7�? #$"�%* �>��:$� �$ +=:�&-
��� 5$<* 3�'&"$��- <$ ?�'�*- 7�3' ?&#&=$,� >�H�$'$ ?� 3�'J7+ �"#$%��- 
>:!<�, ,%� !:'!&%>! +>'�:�&� >+T&>%:�:$��! $%%#$3%�#$ ��&-'$–��'J!�>$ 
: 5$<�:�� ?#�>%#$�>%:&.  

�$>>��%#�� 3�'J7&:+P �&$:%�����+P >�>%&�+, >�>%�!T+P �< =:+@ 
'��&-�*@ 5�'J%#�: :%�#�H� ?�#!=3$ (�>7�''!%�#�:) � =:+@ �&'��&-�*@ 
L'&�&�%�:, "'�3->@&�$ 3�%�#�- ?�3$<$�$ �$ #�>. 1. �&#&< x � y �"�<�$,&�*, 
>��%:&%>%:&���, >�H�$'* �% ?&#:�H� � :%�#�H� �>7�''!%�#�:. ��">%:&��$! 
,$>%�%$ :%�#�H� �>7�''!%�#$ #$:�$ +=:�&���- ,$>%�%& ?&#:�H�. �&#:*- �&-
'��&-�*- L'&�&�% (
.�. I) �"'$=$&% 3:$=#$%�,��- @$#$3%&#�>%�3�- : �"-
'$>%� �$'*@ $�?'�%+= � �$>*T&��&� : �"'$>%� "�'J/�@ $�?'�%+=. 
$ 
>@&�& ?#&�"#$<�:$��*- >�H�$' �"�<�$,&� 3$3 )( 2xf , :�= L%�- 5+�37�� 
+3$<$� ��B&. 
$ :%�#�� �&'��&-��� L'&�&�%& (
.�. II) ?#��<:�=�%>! >�&-
/&��& >�H�$'$ +=:�&���- ,$>%�%* >� :>?���H$%&'J�*� :�&/��� >�H�$'�� 
g(t), ?#&=>%$:'!PT�� >�"�- ?�>'&=�:$%&'J��>%J #$=����?+'J>�:. 

��=&'J�*& +#$:�&��! >�>%&�* : "&<#$<�&#�*@ ?&#&�&��*@ :*H'!=!% 
>'&=+PT�� �"#$<��: 

 

 
).(4

),(

22
02

2

2
02

2

xf
dt
dy

dt
dy

dt
yd

tyg
dt
dx

dt
dx

dt
xd

3	��3�

3	��3�
                                 (1) 

 

M=&>J Å – 3�L55�7�&�% <$%+@$��!, >�">%:&��$! ,$>%�%$ ?&#:�H� �>7�'-
'!%�#$ #$:�$ 0� , $ :%�#�H� – 02� . �+�37�!, �?�>*:$PT$! ?#&�"#$<�:$��& 
>�H�$'$ �$ ?&#:�� �&'��&-��� L'&�&�%&, ��&&% :�= 

 

� �
2

2
2

1 x
xxf
�

	 . 

 
��>. 1. G'�3->@&�$ #$>>�$%#�:$&��- >�>%&�* 
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H=& x, y, z – =��$��,&>3�& ?&#&�&��*&, a, b, m – +?#$:'!PT�& ?$#$�&%#*, 
D – ��%&�>�:��>%J /+�$, ç(t) – ��#��#�:$��*- �>%�,��3 H$+>>�:$ "&'�H� 
/+�$. �*"&#&� ='! �7&�3� ?$#$�&%# m: 

ni
z

bzxm
i

i
ii ,...2,1   , 	

�
�	

�
                (5) 

�$#$�&%#* a � b "+=&� >,�%$%J >%#�H� <$=$��*�� (a=b=0.2). 
� �%'�,�& �% H&�&#$%�#�: ���T&�3�–�>%$@�:$ � �$� =&# ��'!, ='! 

�>7�''!%�#$ �&>>'&#$ �7&�3$ +?#$:'!PT&H� ?$#$�&%#$ m : >��%:&%>%:�� > 
(5) ?#$3%�,&>3� ��3�H=$ �& ?#�:�=�% 3 =&'&��P �$ "&>3��&,�� �$'+P :&-
'�,��+, ?�>3�'J3+ ?&#&�&��$! z ��B&% ?#����$%J %�'J3� ?�'�B�%&'J�*& 
<�$,&��!.  �$���& >:�->%:� >�@#$�!&%>! ?#� :3'P,&��� /+�$ : ?&#:�& 
+#$:�&��& >�>%&�*: �,&�J �$'*& <�$,&��! z ��&P% �,&�J �$'+P >�:�3+?-
�+P :&#�!%��>%J. �$3�� �"#$<��, ?#� �>?�'J<�:$��� �7&�3� (5) ='! >�>-
%&�* �&>>'&#$ �& :�<��3$&% �&�"@�=���>%� 5�'J%#�:$%J �$>>�: =$��*@, $ 
?�'+,$&�*& : #&<+'J%$%& :*,�>'&��- H#$5�3� <$:�>���>%� �/�"3� �7&�-
3� �  �% ?$#$�&%#$ m �3$<*:$P%>! H'$=3���, "&< :*"#�>�:.  

M$:�>���>%� �/�"3� �7&�3� � �% m, ?�'+,&��*& ?#� #$<'�,�*@ <�$-
,&��!@ ��%&�>�:��>%� /+�$ D, ?#�:&=&�* �$ #�>. 2, 	. ��� ?�3$<*:$P%, 
,%� �7&�3$ <�$,&��- ?$#$�&%#$ : >�>%&�& (4) �3$<*:$&%>! �,&�J %�,��- � 
'�/J �&<�$,�%&'J�� +@+=/$&%>! > #�>%�� ��%&�>�:��>%� /+�$. �'$=3�- 
@$#$3%&# 3#�:*@ >:�=&%&'J>%:+&% � �&,+:>%:�%&'J��>%� �7&�3� m0 3 "�-
5+#3$7�!� +=:�&��! ?&#��=$, ��&PT�� �&>%� : ��%&#:$'& 2.5<m<4.2. �=-
�$3� : 7&'�� +>'�B�&��& =��$��,&>3�H� #&B��$ � ?&#&@�= : �"'$>%J @$�-
>$ >�?#�:�B=$P%>! #�>%�� �/�"3� �7&�3�. �%�&%�� +,$>%�3 �&����%��-
��>%� <$:�>���>%� � �% m, @�#�/� <$�&%�*- �$ H#$5�3$@ : ��%&#:$'& 
5.2<m<5.5 ?#� D=0.00001 � D=0.0001. �� >�:?$=$&% > �3��� ?&#��=�,��-

	 ! 
��>. 2. a –  <$:�>���>%J �/�"3� �7&�3� �  ?$#$�&%#$  m �% &H� �>%����H� <�$,&��!, ?�-
'+,&��*& ='! >�>%&�* (4) ?#� #$<'�,�*@ +#�:�!@ /+�$ (?+�3%�# – D=0.00001,  %�,3� –
D=0.0001,  >?'�/�$! '���!  – D=0.001),  ! –  5#$H�&�% <$:�>���>%� >%$#/&H� '!?+��:-
>3�H� ?�3$<$%&'! ¡1 �% +?#$:'!PT&H� ?$#$�&%#$ m  
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��<=&->%:+PT�- �$ >�>%&�+ /+� : �&3�%�#*& ���&�%* :#&�&�� ?#�:�=�% 
3 #$<'�,�*� ?�#!=3$� ,�>'�%&'! � <�$�&�$%&'!. � #&<+'J%$%&, �%�H�:$! 
�7&�3$ ?$#$�&%#$ <�$,�%&'J�� +@+=/$&%>!. �#$5�3 <$:�>���>%� �/�"3� 
�7&�3� �% �>%����H� <�$,&��! m, ?#�:&=&��*- �$ #�>. 1, ! (%��3$! '���!) 
>�'J�� �<#&<$� � : 7&'�� >:�=&%&'J>%:+&% � ?'�@�- �7&�3& <�$,&��- ?$#$-
�&%#$. �'! ?�'+,&��! "�'&& %�,�*@ #&<+'J%$%�: �< �$>>�:$ <�$,&��- xi �&-
�"@�=��� �>3'P,�%J <�$,&��!, =�>%$%�,�� "'�<3�& 3 �+'P. � ?#�:&=&�-
�*@ L3>?&#��&�%$@ "*' �>?�'J<�:$� 5�'J%#, �>3'P,$PT�- �< �$>>�:$ 
=$��*@ <�$,&��! xi, ='! 3�%�#*@ 01.0�ix . �#��&�&��& %$3�- 5�'J%#$7�� 
?�<:�'�'� >+T&>%:&��� >��<�%J �/�"3+ �7&�3� (B�#�$! 3#�:$! �$ 
#�>. 1, !). 

�$3 ?�3$<$'� #$>,&%*, ?#� +:&'�,&��� /+�$ �7&�3$ <�$,&��- ?$#$-
�&%#$ m0 : 7&'�� +@+=/$&%>!, �=�$3� ?#��&�&��& �?�>$���- :*/& ?#�7&-
=+#* 5�'J%#$7�� ?�<:�'!&% =�>%�H$%J ?#�&�'&�*@ #&<+'J%$%�: =$B& ?#� 
��%&�>�:��>%� /+�$ ?�#!=3$ D=0.01 � ?�'+,�%J �%��>�%&'J�+P �/�"3+ : 
?#&=&'$@ 1%. 

�$B�*� :�?#�>��, #$>>��%#&��*� : =$���- #$"�%&, !:'!&%>! :'�!��& 
"�5+#3$7�- � ?&#&@�=$ 3 @$�>+ �$ :�<��B��>%� �7&�3� +?#$:'!PT&H� ?$-
#$�&%#$ <$/+�'&���- >�>%&�*.  � �%>+%>%:�& /+�$ : >�>%&�& (1) ��&P% 
�&>%� >'&=+PT�& "�5+#3$7��: ?#� m=0 ?#��>@�=�% >+?&#3#�%�,&>3$! 
"�5+#3$7�! ��=#���:$-��?5$, ?#�:�=!T$! 3 ?�%&#& +>%�-,�:�>%� >�-
>%�!��! #$:��:&>�! : �$,$'& 3��#=��$% � :�<��3��:&��P ?&#��=�,&>3�@ 
$:%�3�'&"$��-; ?#� 0.96 > m > 0  >+T&>%:+P% +>%�-,�:*& ?&#��=�,&>3�& 
$:%�3�'&"$��! >� >'$"� <$:�>!T�� �% ?$#$�&%#$ m ?&#��=�� T0; ?#� =$'J-
�&-/&� +:&'�,&��� m ?#��>@�=�% 3$>3$= +=:�&��- ?&#��=$ : >��%:&%>%-
:�� >� >7&�$#�&� �&-H&�"$+�$ (mIã0.966, mIIã1.294, mIIIã1.359…), ?#�:�-
=!T�- 3 :�<��3��:&��P @$�>$ ?#� m3#ã1.38. �#�:&=&��*& �>>'&=�:$��! 
?�3$<*:$P%, ,%� =� :�<��3��:&��! $:%�3�'&"$��- �7&�3$ ?$#$�&%#$ m @$-
#$3%&#�<+&%>! <�$,�%&'J��- �/�"3�-, >:!<$���- > �$'�,�&� : �"#$"$%*-
:$&��- ?�>'&=�:$%&'J��>%� =$��*@ "�'J/�H� 3�'�,&>%:$ <�$,&��- xi, 
"'�<3�@ 3 �+'P. �#� ?&#&@�=& : #&B�� $:%�3�'&"$��- �/�"3$ �7&�3� >%$-
��:�%>! >+T&>%:&��� �&�J/&. �#�:&=&��*& �$ #�>. 1, ! H#$5�3� >:�=&-
%&'J>%:+P% �" �%>+%>%:�� <$�&%��- ,+:>%:�%&'J��>%� �7&�3� <�$,&��- ?$-
#$�&%#$ m 3 "�5+#3$7�!� +=:�&��! ?&#��=$ � ?&#&@�=+ : �"'$>%J @$�>$. 
�#� �>?�'J<�:$��� >��%:&%>%:+PT&- 5�'J%#$7�� �/�"3$ �7&�3� ?$#$-
�&%#$ m : @$�%�,&>3�� #&B��& +:&'�,�:$&%>! '�/J �&<�$,�%&'J��.  

�"#$%��>! 3 =#+H�- ��=&'� @$�%�,&>3�H� H&�&#$%�#$ — �>7�''!%�#+ 
�&>>'&#$. �� <$=$&%>! >�>%&��- +#$:�&��-: 
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0,sin 0
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�?�>*:$&% :�&/��- >�H�$', 3�%�#*- :3'P,$&%>! > ?&#��=��  
0/2 �7	 NT  (N – 7&'�& ,�>'�) �$ 3�#�%3�- :#&�&���- ��%&#:$' è, a – 3�-

L55�7�&�% +>�'&��!. 
�< ��=&'J�*@ +#$:�&��- "*'� ?�'+,&�* +#$:�&��! ='! �&='&��� �&-

�!PT�@>! $�?'�%+= : >'&=+PT&� :�=&: 
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(

)
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AA
dt

dA

Tt

tAai

A
dt
dA

                      (2) 

 

� L%�- <$?�>� 2/11
�ierA 	 , 2/22

�ierA 	 , H=& 1r  � 2r  – :&T&>%:&��*& $�-
?'�%+=* 3�'&"$��-, �&='&��� <$:�>!T�& �% :#&�&��, é � ê – 5$<* 3�'&"$-
��-. �#&�&��*& <$:�>���>%� $�?'�%+= � 5$<, ?�'+,&��*& ?+%&� ,�>'&�-
��H� #&/&��! +3�#�,&��*@ +#$:�&��- ?#� <�$,&��!@ ?$#$�&%#�: ,60 7	�  

,3	�  ,13	T  ,24	a  ,4.0	3  ?�3$<$�* �$ #�>. 2. �$�> : >�>%&�& ?#�!:'!!-
&%>! : >'+,$-��- :$#�$7�� �$3>��+��: $�?'�%+=* 3�'&"$��- �>7�''!%�-
#�: � >'+,$-�*@ >3$,3$@ 5$< �$ ?�>'&=�:$%&'J�*@ ?&#��=$@ :�<=&->%:�! 
:�&/��� >�H�$'��.  

 
 
 

 
 

��>. 2. �#&�&��*& <$:�>���>%� �&='&��*@ $�?'�%+= ,1r 2r  � 5$< é, ê : +>%$��-
:�:/&�>! #&B��& ?#� <�$,&��!@ ?$#$�&%#�: 4.0,24,13,3,60 					 3�7� aT  
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��>. 3. �%&#$7����$! =�$H#$��$ ='! 5$<* 3�'&"$��- :%�#�H� �>7�''!%�#$ � && +:&-
'�,&��*- 5#$H�&�% 

 
 


$ #�>. 3 ?#&=>%$:'&�$ =�$H#$��$ 5$<* 3�'&"$��- :%�#�H� �>7�''!%�-
#$ � && +:&'�,&��*- 5#$H�&�%, ?�'+,&��*& ?#� #&/&��� >�>%&�* (1). �,&-
:�=�� >@�=>%:� ?�'+,&���H� �<�"#$B&��! > �%&#$7�����- =�$H#$���- ='! 
�%�"#$B&��! G&#�+''�. 


$ #�>. 4 �<�"#$B&� $%%#$3%�# �%�"#$B&��! :�<:#$%$ �+$�3$#& ='! 
>�>%&�* (1) <$ ?&#��= :�&/�&H� :�<=&->%:�! : ?#�&37�� �$ ?'�>3�>%J (x,u) 
� &H� +:&'�,&��*& 5#$H�&�%* (?&#&�&��$! u �?#&=&'!'$>J �< #&/&��! 
+#$:�&��! xu 0�	� ). ��'+,&��*- ?�#%#&% :�<+$'J�� ?�@�B �$ $%%#$3%�# 
��&-'$–��'J!�>$; L%� ?�<:�'!&% ?#&=?�'$H$%J, ,%� $%%#$3%�# �=��#�=�� 
H�?&#"�'�,&>3�-. 
$ #�>+�3& �%,&%'�:� :�=�$ 5#$3%$'J�$! >%#+3%+#$ $%-
%#$3%�#$. 

 
 

 
 

��>. 4. �%%#$3%�# >�>%&�* : >&,&��� �+$�3$#& �$ ?'�>3�>%� =��$��,&>3�@ ?&#&-
�&��*@ (x,u) � &H� +:&'�,&��*& 5#$H�&�%* 
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�7&�3$ ?$#$�&%#$ m. M�$,&��& ?$#$�&%#$ g >,�%$'�>J %�,�� <$=$��*�: 
g=0.2. �< +#$:�&��- (1), ?#&�&"#&H$! /+��:*� >'$H$&�*�, ?�'+,$&� 
�7&�3+ <�$,&��! m : ���&�% :#&�&�� ti: 

   ni
x

zxyxm
i

iiii
i ,...2,1   , 	

��
	

�
           (2) 

H=& h = ti+1 – ti  – /$H :*"�#3�. �$H h :*"�#$'>!, 3$3 ?#$:�'�, <�$,�%&'J�� 
"�'J/& /$H$ ��%&H#�#�:$��! �t, 3�%�#*- ?#� :>&@ #$>,&%$@ "*' �=��$3�-
:*�: �t=0.0001. �>?�'J<+! �&%�= �$��&�J/�@ 3:$=#$%�:, �$@�=�� %$3�- 
���&# i=i0 : �$>>�:& %&3+T�@ �7&��3, ?#� 3�%�#�� <�$,&��& mi "+=&% �$�-
"�'&& "'�<3� 3 >#&=�&�+ ?� ?�'+,&��*� =$��*� <�$,&��P <mi>.  �"�<�$-
,�� &H� 3$3 m0 , � "+=&� #$>>�$%#�:$%J : 3$,&>%:& �%�H�:�- �7&�3� <�$,&-
��! ?$#$�&%#$. �:&=&� �>%���+P �/�"3+ �7&�3�: 

0mm �	� .      (3) 
� ?#��&�&��&� �?#&=&'&��*@ : [5] �?%��$'J�*@ ?$#$�&%#�: ,�>'&�-

��- >@&�*, "*'� #$>>,�%$�* <$:�>���>%� �/�"3� �7&�3� � : #$<'�,�*@ 
#&B��$@ #$"�%* H&�&#$%�#$ (1). 
$ #�>. 1, 	 ?#&=>%$:'&� 5$<�:*- ?�#%#&% 
>�>%&�* (1) : :*"#$���� #&B��& 3�'&"$��- � <$:�>���>%J � �% �>%����H� 
<�$,&��! ?$#$�&%#$ m, ?�'+,&��$! ?#� D=0.001.  

�%�&%��, ,%� ='! >�>%&�* (1) :�<��3$P% >'�B��>%� : #$>,&%$@ �7&�3� 
?$#$�&%#$, ?�>3�'J3+ : <�$�&�$%&'& =#�"� (2) >%��% =��$��,&>3$! ?&#&-
�&��$!, 3�%�#$! ��B&% ?#����$%J <�$,&��!, >3�'J +H�=�� "'�<3�& 3 �+'P. 
� �%>+%>%:�� /+�$ ,�>'�%&'J � <�$�&�$%&'J :*#$B&��! (2) ��&P% �=�� 
?�#!=�3 �$'�>%�, � #&<+'J%$% =&'&��! >��%:&%>%:+&% <�$,&��P ?$#$�&%#$ m. 

 
	   ! 

��>.1. �$<�:*- ?�#%#&% >�>%&�* (1) : #&B��& <$/+�'&��*@ 3�'&"$��- > +=:�&��*� 
?&#��=�� (	) � �/�"3$ �7&�3� ë : <$:�>���>%� �% �>%����H� <�$,&��! +?#$:'!PT&-
H� ?$#$�&%#$ m  ?#� ��%&�>�:��>%� /+�$ D=0.001 (!) (%��3$! '���! – "&< 5�'J%#$-
7��, B�#�$! '���! – > 5�'J%#$7�&-) 
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�����C ��C��/����� �H��@�  +��������� C�LE������!  
������7��@�! ������ +� �����C�H��� @���4���� 

 
�	���� �.�.,  G�$�&�
��"  G	���3��� �*' 

 
� ?�>'&=��& H�=* $�$'�< >'�B�*@ >�>%&�, �?�>*:$&�*@ �"*3��:&�-

�*�� =�55&#&�7�$'J�*�� +#$:�&��!��, ?#�:'&3$&% :���$��& ���H�@ �>-
>'&=�:$%&'&-. �=�$3� ,$>%� =��$��3$ �& ?�=,��!&%>! >%#�H�� =&%&#����-
#�:$��*� <$3��$�. � =�>>�?$%�:�*@ >�>%&�$@, : >��%:&%>%:�� > 5'+3%+$-
7�����-=�>>�?$%�:�*�� %&�#&�$�� [1], ?����� =&%&#����#�:$���- 3��-
?��&�%* : #$>,&% =�'B�$ "#$%J>! %$3B& � /+��:$! (%&?'�:�- /+�). ��&-
P%>!, 3$3 ?#$:�'�, � =#+H�& �>%�,��3� /+�$, 3$3 :�+%#&���&, %$3 � :�&/-
��&. �&%�=* �7&��:$��! ?$#$�&%#�: =��$��,&>3�@ >�>%&� ?� <$/+�'&�-
�*� L3>?&#��&�%$'J�� �<�&#!&�*� >�H�$'$� !:'!P%>! > ?#$3%�,&>3�- 
%�,3� <#&��! :$B�*� :�?#�>��. �$<#$"�%$�* >%$�=$#%�*& �&%�=* �7&�3� 
?$#$�&%#�: <$/+�'&��*@ >�H�$'�: [2], �=�$3� ��� �%��>!%>!, ?#&B=& :>&-
H�, 3 >'+,$P, 3�H=$ /+� «?�=�&/�:$&%>!» 3 >�H�$'+, H&�&#�#+&���+ =&-
%&#����#�:$���- >�>%&��-. ��#$<=� �&�&& �>>'&=�:$�$ ?#�"'&�$ �7&�3� 
?$#$�&%#�: >�>%&�*, >�=&#B$T&- �>%�,��3� /+�$ [3,4].  

� #$"�%& [5] ?#�:�=�'�>J ,�>'&��*& �>>'&=�:$��! �7&�3� ?$#$�&%#�: 
=��$��,&>3�- >�>%&�*, >�=&#B$T&- �>%�,��3� /+�$, ?� && :#&�&��*� 
#&$'�<$7�!� �$ ?#��&#& H&�&#$%�#$ :$� =&# ��'!. �#� #$>,&%$@ �>?�'J<�-
:$'$>J 5�'J%#$7�! <�$,&��- �7&��3 ?$#$�&%#$, +>%#$�!PT$! �< #$>,&%��- 
?�>'&=�:$%&'J��>%� �$�"�'&& �&?#$:=�?�=�"�*& <�$,&��!, ?�!:'!PT�&>! 
:>'&=>%:�& =&->%:�! /+�$. �#&=:$#�%&'J�� ?#��<:�=�'$>J �$>%#�-3$ 
5�'J%#$, ?�="�#$'�>J �?%��$'J�*& <�$,&��! ?$#$�&%#�: 5�'J%#$7��. 


$>%�!T$! #$"�%$ !:'!&%>! '�H�,&>3�� ?#�=�'B&��&� #$"�%* [5]. �>-
>'&=+P%>! =:& =��$��,&>3�& >�>%&�* >� >'�B�*� ?�:&=&��&�, �$@�=!-
T�&>! ?�= =&->%:�&� "&'�H� H$+>>�:$ /+�$: H&�&#$%�# > ��&#7�����- �&-
'��&-��>%JP ���T&�3�–�>%$@�:$ � H&�&#$%�# �&>>'&#$. 

�$>>��%#�� #&<+'J%$%*, ?�'+,&��*& ='! H&�&#$%�#$ ���T&�3�-
�>%$@�:$. �$��*- H&�&#$%�# �?�>*:$&%>! >'&=+PT��� +#$:�&��!��: 
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xI    (1) 

H=&  x, y, z – =��$��,&>3�& ?&#&�&��*&, m – +?#$:'!PT�- ?$#$�&%# :�<"+-
B=&��!, g – ?$#$�&%# ��&#7�����>%�, D – ��%&�>�:��>%J /+�$, ç(t) – ��#-
��#�:$��*- �>%�,��3 H$+>>�:$ "&'�H� /+�$. �� �<:&>%�*� #&$'�<$7�!� 
3�'&"$��- x(t), y(t) � z(t), ?�'+,&��*� : #&<+'J%$%& ,�>'&���H� ��%&H#�#�-
:$��! (1) > �>?�'J<�:$��&� ,�>'&���- >@&�* �P�$ [6], ?#��<:�=�'$>J 
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�'! $%%#$3%�#$ : >&,&��� �+$�3$#& "*'� :*,�>'&�* ?�3$<$%&'� �!-
?+��:$ ?� $'H�#�%�+ G&�&%%��$ > �#%�H��$'�<$7�&- ?� �#$��+–���=%+ 
[3] ?#� <�$,&��!@ ?$#$�&%#�: ,60 7	�  ,3	�  ,13	T  ,24	a  4.0	3 : 

 

 .9982.4,5398.4,7751.0,6695.0 4321 �	8�	8�	8	8  
�%$#/�- ?�3$<$%&'J �!?+��:$ ?�'�B�%&'J�*-, ,%� !:'!&%>! 3�'�-

,&>%:&��*� ?�=%:&#B=&��&� ?#�>+%>%:�! @$�>$. �#� L%�� �� "'�<�3 3 :&-
'�,��& ln 2, #$:��- ?�3$<$%&'P �!?+��:$ �%�"#$B&��! G&#�+''�. �>%$'J-
�*& ?�3$<$%&'� �%#�7$%&'J�*&. �$3�� �"#$<��, L'&�&�% �"Y&�$ : 5$<�:�� 
?#�>%#$�>%:& �%�"#$B&��! �+$�3$#& <$ �=�+ �%&#$7�P �>?*%*:$&% #$>%!-
B&��& ?� �=���+ �$?#$:'&��P � >B$%�& ?� �>%$'J�*� %#&�. �%� >��%:&%-
>%:+&% ?�>%#�&��P H�?&#"�'�,&>3�H� $%%#$3%�#$ %�?$ ��&-'$–��'J!�>$ : 
,&%*#&@�&#��� 5$<�:�� ?#�>%#$�>%:&. 

��'+,&��*& #&<+'J%$%* (�%&#$7����$! =�$H#$��$ ='! 5$<*, >?&3%# 
'!?+��:>3�@ ?�3$<$%&'&-) ?�<:�'!P% ?#&=?�'$H$%J >+T&>%:�:$��& H�?&#-
"�'�,&>3�H� $%%#$3%�#$ %�?$ ��&-'$–��'J!�>$ : 5$<�:�� ?#�>%#$�>%:& 
?#&='�B&���- >�>%&�*. �'! ?�=%:&#B=&��! L%�H� ?#&=?�'�B&��! ?#&=-
>%$:'!&%>! �&�"@�=���- ,�>'&��$! ?#�:&#3$ :*?�'�&��! 3#�%&#�! 3��+-
>�: � "�'&& =&%$'J��& �>>'&=�:$��& =��$��3� >�>%&�*. �&� �& �&�&&, 
?#&=>%$:'&��*& #&<+'J%$%* >:�=&%&'J>%:+P%, ,%� ?#&='�B&��$! >@&�$ 
��B&% �$-%� ?#��&�&��& : #$=��%&@��3&, L'&3%#���3& � �&'��&-��- �?%�-
3&, ?�>3�'J3+ ?�<:�'!&% #&$'�<�:$%J @$�%�,&>3�& #&B��*, �&,+:>%:�%&'J-
�*& 3 :*"�#+ ?$#$�&%#�: � @$#$3%&#�>%�3 >�>%&�*.  

 
4�(���)
�$�-�'%�� '*�'�% 
1. ��$��8��. �.#. ��?&#"�'�,&>3�& >%#$��*& $%%#$3%�#* >�>%&�, =�?+-

>3$PT�@ 5�<�,&>3+P #&$'�<$7�P // �<:&>%�! :+<�: – �#�3'$=�$! �&'�-
�&-�$! =��$��3$. 2009. %.17, �4. �. 5-34. 

2. ��$��8�� �.#., ��$��8�� �.#., /+
��� �.�. 
&'��&-�*& 3�'&"$��!. 
�.: ��<�$%'�%. 2005. �. 147. 

3. ��$��8�� �.#. ���$��,&>3�- @$�>. �.: ��<�$%'�%. 2006. �. 155-157. 
 
�	�&�+" 
����������3: �
�G�

�
 ��$��8�� �.#., �.G.-�.�., $	�������" 
�	!�
	��
��" ���
���&�
��" ������"��" ���	���� �( �/I /��. 
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��� �!��� +��������7��@�! 8���������� 
8�+��4���7��@�8� !���� 

 
��$��8�� �.C., 
������ 5 ��

	 G�$�&�
���� G	���3���	 �*' 

 
�#��7�? ?$#$�&%#�,&>3�- H&�&#$7�� � +>�'&��! 3�'&"$��- /�#�3� 

�<:&>%&� : L'&3%#���3& � �&'��&-��- �?%�3& [1–5]. � #$"�%& [6] "*' ?#&=-
'�B&� ?$#$�&%#�,&>3�- H&�&#$%�# H�?&#"�'�,&>3�H� @$�>$. � �$>%�!T&- 
#$"�%& ::�=!%>! =:& =#+H�& ��=&'� ?$#$�&%#�,&>3�@ >�>%&� > H�?&#"�'�-
,&>3�� @$�>��. � ?&#:�� >'+,$& #$>>�$%#�:$&%>! >�>%&�$ =:+@ >:!<$��*@ 
�>7�''!%�#�:, ,$>%�%* 3�%�#*@ 1�  � 12 2�	� . �� :%�#�� >'+,$& – >�>%&�$ 
%#&@ �>7�''!%�#�:, ,$>%�%* 3�%�#*@ 1� , 12 2�	� , 1213 3�	���	� . 

�&#:*- H&�&#$%�# ��B�� �?�>$%J : :�=& �&$:%������- >�>%&�* =:+@ 
=�55&#&�7�$'J�*@ +#$:�&��- :%�#�H� ?�#!=3$ 

 
,)()()sin)((

,)(2)()sin)((
2

322
3

231
2
2

341
3

131
2
1

xtfytfytxtfyy

xytfxtfxtytfxx

����"��E	��

����"��E	��

����
����

 (1) 

H=& 1)( 	tfk , &>'� ?#� �&3�%�#�� 7&'�� n :*?�'�&�� �&#$:&�>%:� 
TknTtkT )1(4 ���� , � 0 : ?#�%�:��� >'+,$&. �$#$�&%#*: E – ��%&�>�:-

��>%J �$3$,3�, �1,2 – '��&-�$! =�>>�?$7�! �>7�''!%�#�: �$ >%$=�!@ <$%+-
@$��!, � – :&'�,��$ >:!<� ,&#&< 3:$=#$%�,�*- �&'��&-�*- L'&�&�%. 

�%�#�- H&�&#$%�# �?�>*:$&%>! �&$:%������- >�>%&��- %#&@ =�55&-
#&�7�$'J�*@ +#$:�&��- :%�#�H� ?�#!=3$  

 

.sin)(

,)()(

,)(2)(

331
2
3

2
322

2
2

341
2
1

zttfxyzz

xtfytfxzyy

xytfxtfyzxx

���

���
���

���E�"	��

����"	��

����"	��

 (2) 

� �"&�@ >�>%&�$@ L:�'P7�! <$ �&3�%�#*- ?&#��= :#&�&�� T ?#��>@�-
=�% : :�=& ?�>'&=�:$%&'J��>%� ,&%*#&@ ?&#��=�,&>3� ?�:%�#!PT�@>! 
>%$=�- #$:��- ?#�=�'B�%&'J��>%� T/4.  

� >'+,$& ?&#:�H� H&�&#$%�#$, �$ ?&#:�- >%$=�� �>+T&>%:'!&%>! ?$#$-
�&%#�,&>3�& :�<"+B=&��& ?�>#&=>%:�� �<�&�&��! :&'�,��* #&$3%�:��- 
>:!<� �&B=+ �>7�''!%�#$�� x � y �$ ,$>%�%& �$3$,3� 1213 3�	���	�  � 
>,�%$&%>! ?#�>+%>%:+PT&- �&'��&-�$! =�>>�?$7�!, @$#$3%&#�<+&�$! ?$-
#$�&%#$�� 1"  � 2" .  

� >'+,$& :%�#�H� H&�&#$%�#$, #�'J �$3$,3� �H#$&% %#&%�- �>7�''!%�# 
z, $ &H� :�<"+B=&��& �"&>?&,�:$&%>! ?&#��=�,&>3� ?�=$:$&��- ?�>'&=�:$-
%&'J��>%JP ��?+'J>�: > ,$>%�%�- <$?�'�&��! 3�  �% :�&/�&H� �>%�,��3$.  
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%�,&>3�- =��$��3� � ?&#&3'P,&��! �&B=+ ?&#��=�,&>3��� #&B��$�� 3�-
'&"$��- (#�>. 7).  ��>'& :*3'P,&��! :�&/��@ >�H�$'�: H&�&#$%�#* ?&#&-
@�=!% : >��%:&%>%:+PT�- @$�%�,&>3�- #&B��. 

�#�:&=&��*& �>>'&=�:$��! ?�3$<$'� :�<��B��>%J +?#$:'&��! �+'J-
%�>%$"�'J��>%JP : >�>%&�& >:!<$��*@ H&�&#$%�#�: ?#� ?���T� H$#����-
,&>3�@ >�H�$'�:, :�<=&->%:+PT�@ �$ 3$B=+P �< ?�=>�>%&�. �'! =�>%�B&-
��! ?&#&@�=$ 3 B&'$&���+ �+'J%�>%$"�'J���+ #&B��+ �&�"@�=���, ,%�"* 
#$<��>%J 5$< 3�'&"$��- :�<=&->%:�! #$:�!'$>J #$<��>%� 5$< �&B=+ >+"-
H$#����3$�� 7&'&:�H� #&B��$. �55&3% +?#$:'&��! ��>�% ?�#�H�:*- @$-
#$3%&# ?� $�?'�%+=& :�<=&->%:�!, �=�$3�, :&'�,��$ ?�#�H$ 3#$-�& �$'$ : 
>#$:�&��� > $�?'�%+=�- 3�'&"$��- >$��@ H&�&#$%�#�:. �$��*- �&%�= ��-
B&% "*%J #$>?#�>%#$�&� �$ "�'&& >'�B�*& 3�'&"$%&'J�*& #&B��* � �$ 
>�>%&�* > "�'J/�� ,�>'�� :<$���=&->%:+PT�@ �>7�''!%�#�:. 

 
4�(���)
�$�-�'%�� '*�'�% 

 

1. �
�	��� �.�., H�$
�&�� H.#., #�����&��� ).H., ����$��� �.#. �$<�:$! 
�+'J%�>%$"�'J��>%J � +>%$��:'&��& 3�'&"$��- : �&'��&-�*@ >�>%&�$@ 
> +=:�&��&� ?&#��=$. // �$=��%&@��3$ � L'&3%#���3$, 1993, %. 38, � 2, 
>%#. 291–295. 

2. Komuro M., Tokunaga R., Matsumoto T., Chua L.O., Hotta A. Global bifur-
cation analysis of the double-scroll circuit. // Int. J. Bifurcation and Chaos, 
1991, v. 1, � 1, pp. 139–182. 

 

�	�&�+" 
����������3: 5	!���� �. �., �.G.-�. �., ��8��� �/(��%. 

 
 

��>. 6. �$<�:*& ?�#%#&%* � >?&3%# 3�'&"$��- ='! #&B��$ 5+�37����#�:$��! 02A  
 

 
 

��>. 7. �$<�:*& ?�#%#&%* � >?&3%# 3�'&"$��- ='! #&B��$ > ?�=$:'&���- @$�%�,&-
>3�- =��$��3�- 
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�#� =�>%�B&��� L%�H� <�$,&��! �$"'P=$&%>! "*>%#�& «�?#�3�=*:$��&» 
%�#$, :�<��3/&H� �$ "$<& 02C  3 #&B��+, 5$<�:*- ?�#%#&% 3�%�#�H� (#�>. 4) 
>:�=&%&'J>%:+&% � %��, ,%� L%� =:+�&#�*- %�#, �"#$<�:$��*- �$ "$<& 7�3-
'$ 12C . 	>'� %&?&#J :*3'P,�%J :�&/�&& :�<=&->%:�&, %� >�>%&�$ ?&#&-=&% 
�$ #&B�� 12C (#�>. 2). �"#$%��& ?&#&3'P,&��& �>+T&>%:'!&%>! $�$'�H�,��.  

�$3�� �"#$<��, #&<+'J%$%* ��=&'�#�:$��! ?�3$<$'�, ,%� 3#$%3�:#&-
�&���& :�&/�&& H$#����,&>3�& :�<=&->%:�&, �=��:#&�&��� =&->%:+PT&& 
�$ �"$ H&�&#$%�#$, ��B&% ?&#&3'P,�%J >�>%&�+ �< �=��H� :�=$ �+'J%�>%$-
"�'J�*@ 3�'&"$��- : =#+H�&. �#� L%��, =$��*- L55&3% ��>�% ?�#�H�:*- 
@$#$3%&#: >+T&>%:+&% �����$'J�*- +#�:&�J $�?'�%+=* >�H�$'$, ��B& 3�-
%�#�H� ?&#&3'P,&��& �&�>+T&>%:���. 
$ #�>. 5 ?�>%#�&�$ <$:�>���>%J 
?�#�H�:*@ <�$,&��- ='! ?&#&3'P,&��! �% 02C  3 12C  � �"#$%��.  

�$��*- �&%�= ��B&% "*%J #$>?#�>%#$�&� �$ >'�B�*& 3�'&"$%&'J�*& 
?#�7&>>*. � @�=& 3$>3$=�: "�5+#3$7�� +=:�&��! ?&#��=$ �$ �>��:& 7�3-
'�: 02C  � 12C  �"#$<+P%>! @$�%�,&>3�& '&�%�,�*& $%%#$3%�#* 02A  � 12A  
(#�>. 6), 3�%�#*& >�@#$�!P% 5$<�:*& �>�"&���>%� >+"H$#����3. �?#$:'&-
��& : =$���� >'+,$& �>+T&>%:'!&%>! <$ >,&% ?�=$:'&��! >�">%:&���- @$�-

 
��>. 5. M$:�>���>%J ?�#�H�:*@ <�$,&��- $�?'�%+=* :�&/�&H� >�H�$'$ �% ,$>%�%* 
='! ?&#&3'P,&��! �% 02C  3 12C ('���!  1l ) � �"#$%�� ('���!  2l ) 

 
 

��>. 3. �$<�:*& ?�#%#&%* 3�'&"$��- ='! 
#&B��$ 5+�37����#�:$��! �$ �>��:& 02C . 
�$<��>%J 5$< :�&/��@ >�H�$'�: #$:�$ 7  

 

��>. 4. �$<�:*& ?�#%#&%* 3�'&"$��- ='! 
#&B��$ 5+�37����#�:$��! �$ �>��:&

12C . �$<��>%J 5$< :�&/��@ >�H�$'�:
#$:�$ 7  
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� �"��@ >'+,$!@ >,�%$&�, ,%� ��%&#:$' :#&�&��, <$=$PT�- ?#�=�'-
B�%&'J��>%J 3$B=�- �< ,&%*#&@ >%$=�-, >�=&#B�% 7&'�& ,�>'� :*>�3�,$>-
%�%�*@ ?&#��=�: >�H�$'$ �$3$,3�, %.&. 3/24/ �7	 NT .  

�$,&>%:&��� 5+�37����#�:$��& >�>%&� ?� >%$=�!� ��B�� ?�!>��%J 
>'&=+PT�� �"#$<��. 
1)  � *�

�� '�'���� *
��'��	�� *�
����
�-�'%�� 
�'%�-%� 	
5� �'-

#������
�
 x � y, ��&PT�@ ,$>%�%* 1�  � 2�  "'$H�=$#! ?#�>+%>%:�P 
�$3$,3�(�<�&�&��& :&'�,��* #&$3%�:��- >:!<� �&B=+ �>7�''!%�#$-
��) �$ ,$>%�%& 3�  � >%$"�'�<$7�! $�?'�%+=* 3�'&"$��- "'$H�=$#! 
�&'��&-��- =�>>�?$7��. �� 
��
�� '�'���� *
��'��	�� 
�"(5&	�-
��� �'#������
� ��%�-%� z (> ?���TJP :�&/�&H� #&<��$�>��H� :�<-
=&->%:�!), $ <$ >,&% �&H� ?#��>@�=�% �<�&�&��& :&'�,��* #&$3%�:��- 
>:!<� �&B=+ �>7�''!%�#$�� x � y. ��?'�%+=$ �$#$>%$PT�@ ?$#$�&%-
#�,&>3�@ 3�'&"$��- >%$"�'�<�#+&%>!, ?�>3�'J3+ �>+T&>%:'!&%>! <$ 
>,&% �%"�#$ L�&#H�� �% �>7�''!%�#$ z. 

2)   ���	�� "��5����� �'#������
� y. �>7�''!%�#* �& >:!<$�*, ?#�,&� 
�>7�''!%�# x >�:&#/$&% �&<$%+@$PT�& 3�'&"$��!, $ : �>7�''!%�#& y 
?#��>@�=�% <$%+@$��& 3�'&"$��- =� =�>%$%�,�� �$'�H� +#�:�!, %$3 
,%� ?#� ?#�"'�B&���� #$>>��%#&��� ��� ��B�� ?#&�&"#&,J. �� :%�-
#�- >�>%&�& %$3B& <$%+@$&% %#&%�- �>7�''!%�# z. 

3)   +
��'��	�� 
"����	��'�
�� �'#������
�
 x � y -�
�" %
�	
���--
�5G ���������'�,. Y #$>3$,�:$&%>! :�<=&->%:�&� :%�#�- H$#����3� 
3�'&"$��- �>7�''!%�#$ x. �%� ?#��>@�=�% #&<��$�>�*� �"#$<�� : >�-
'+ :*"#$���H� >��%��/&��! ,$>%�%: 12 2�	� . 	>'� 3�'&"$��! �>7�'-
'!%�#$ x ?#&=>%$:�%J : :�=& )cos(~ 1 ��� tx , %� ?#&�"#$<�:$��& �$ 

3:$=#$%�,��- �&'��&-��>%� =$&% )22cos()(cos 12
1

2
1

1
2 ����	��� tt . 

�$3 ,%� 5$<$ 3�'&"$��- �>7�''!%�#$ y =$&%>! :&'�,���- �2 . 

4)   ���	�� "��5����� *�

�)� �'#������
�. ��'&"$��! �>7�''!%�#$ x 
<$%+@$P% =� ?#&�&"#&B��� �$'�H� +#�:�!, %�H=$ 3$3 $�?'�%+=$ �>-
7�''!%�#$ y �>%$&%>! ?�>%�!���-. 
�#� L%�� &>'� 5$<$ :%�#�H� �>7�''!%�#$ const2 �� , %� + ?&#:�H� : 

?#�7&>>& ?$#$�&%#�,&>3�H� :�<"+B=&��!, 3$3 ��B�� ?�3$<$%J, #&$'�<+&%>! 
5$<$ const2 ��� . �$'&& ?#�7&>> ?�:%�#!&%>!. 

�<�&�&��& 5$<* 3�'&"$��- : >�>%&�& <$ ?�'�*- 7�3' >�&�* >%$=�- 
?#�"'�B&��� "+=&% �?�>*:$%J>! �%�"#$B&��&�  

 

 const21 ���	� � nn . (3) 
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	H� �$<*:$P% #$>%!H�:$PT�� �%�"#$B&��&� �3#+B��>%�, %$3 3$3 5$-
<�:+P ?&#&�&��+P � ��B�� %#$3%�:$%J 3$3 3��#=��$%+ %�,3� �$ �3#+B��-
>%�, $ #&<+'J%$% =&->%:�! �%�"#$B&��! >�>%��% : %��, ,%� �=�� ?�'�*- 
�"@�= �3#+B��>%� �%:&,$&% =:+� �"@�=$� ='! %�,3�-�"#$<$. M�$3 ���+> 
>��%:&%>%:+&% %��+, ,%� �"@�= ='! �"#$<$ �>+T&>%:'!&%>! : ?#�%�:�?�-
'�B��� �$?#$:'&���. �<:&>%��, ,%� �?�>*:$&�$! %$3�� �%�"#$B&��&� 
=��$��3$ @$�%�,&>3$!.  


$ #�>.3 ?�3$<$�$ ?�'+,&��$! ?#� ,�>'&���� #&/&��� +#$:�&��- 
�%&#$7����$! =�$H#$��$ ='! 5$<. ��$H#$��$ ?�3$<*:$&%, ,%� �<�&�&��& 
5$<* 3�'&"$��- : >�>%&�& <$ ?�'�*- 7�3' >�&�* >%$=�- =&->%:�%&'J�� 
?#�"'�B&��� �?�>*:$&%>! ?#�:&=&��*� :*/& #$>%!H�:$PT�� �%�"#$B&-
��&� �3#+B��>%�. ��=��, ,%� �=�� ?�'�*- �"@�= �3#+B��>%� �%:&,$&% 
=:+� �"@�=$� : �"#$%��� �$?#$:'&��� ='! %�,3�-�"#$<$. 

G*'� ?#�:&=&�� ,�>'&���& #&/&��& >�>%&�* +#$:�&��- (1) ?#� >'&-
=+PT�@ <�$,&��!@ ?$#$�&%#�:: 

.25,2.2,02.0
,6.1,16,6,4,2

21

21321

	E	�	"	"
	�	�	7	�7	�7	� T  


$ #�>. 1 ?�3$<$� �=�� 7�3' =&->%:�! H&�&#$%�#$. 
$ #�>.2 �&>3�'J3� 
7�3'�: �$'�B&�� =#+H �$ =#+H$. �#�>+%>%:�& @$�>$, :�<��B��, �& �,&�J 
�,&:�=�� �< 3$#%��3�. �� ?#�!:'!&%>! : %��, ,%� 5$<$ <$?�'�&��! : ?�>'&-
=�:$%&'J�� ?�!:'!PT�@>! ��?+'J>$@ H&�&#$7�� �<�&�!&%>! >'+,$-�*� 

 
��>. 1. �#$5�3  <$:�>���>%� �% :#&�&�� >�H�$'�:, ?�#�B=$&�*@ �>7�''!%�#$�� : 
>�>%&�& (1). ���>3��� 7�5#$�� �"�<�$,&�* ,&%*#& >%$=�� L:�'P7��. 

 
��>.2. �&<+'J%$% �$'�B&��! �$ �=��� H#$5�3& �&>3�'J3�@ #&$'�<$7�- ?#�7&>>$ 
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<* (#�>. 1c). �#&=&'J�*- 7�3' 02C  @$#$3%&#�<+&%>! �%>%$:$��&� 3�'&"$-
��- :� :%�#�� H&�&#$%�#& �% 3�'&"$��- : ?&#:�� �$ ?�'?&#��=$. �#� L%��, 
�>��:�*& H$#����3� :� :<$����� >?&3%#& ��&P% �+'&:*& 5$<*, $ >+"H$#-
����3� – 5$<*, #$:�*&  7 (#�>. 2c). �$���& #$<'�,�& : 5$<�:*@ >?&3%#$@ 
?#&=&'J�*@ 7�3'�: ��B�� ?�?*%$%J>! �>?�'J<�:$%J ='! +?#$:'!&��H� ?&-
#&@�=$ �&B=+ ����. 

��=$=�� �$ 3$B=*- �< H&�&#$%�#�: :�&/��- +?#$:'!PT�- >�H�$', 
='! ,&H� : %#&%J& +#$:�&��& >�>%&�* (1) =�"$:�� >'$H$&��& )cos( 2,1�� �tA . 
	>'� :*"#$%J ,$>%�%+ :�<=&->%:�- "'�<3�- 3 ,$>%�%& ?&#:�- >+"H$#����-
3�, $ 5$<* :�<=&->%:�- %$3, ,%�"*, #$<��>%J �&B=+ ���� >��%:&%>%:�:$'$ 
#$<��>%� 5$< L%�- >+"H$#����3� ='! 7&'&:�H� 7�3'$ (0 ='! 02C � 7  ='! 

12C ), %� ��B�� �B�=$%J, ,%� :�&/��& >�H�$'* «<$%!�+%» >�>%&�+ �$ �+B-
�*- #&B�� 3�'&"$��-. �#�:&#�� L%�% �&%�= �$ ?#$3%�3&. 

�*"&#&� �$,$'J�*& +>'�:�! %$3, ,%�"* H&�&#$%�#* 5+�37����#�:$'� 
: #&B��& 02C . �$>%�%$ �>��:��- H$#����3� #$:�$ 2.69850 . ��=$=�� �$ �"$ 
H&�&#$%�#$ H$#����,&>3�& >�H�$'* > #$:�*�� ,$>%�%$�� 1.34925	� , >��%-
:&%>%:+PT��� ,$>%�%& ?&#:�- >+"H$#����3�, > #$:�*�� � "'�<3��� 3 �+-
'P $�?'�%+=$�� � > #$<�*�� 5$<$��, %$3 ,%�"* #$<��>%J �&B=+ ���� 

12 ��� �	�  #$:�!'$>J 7 . G+=&� ?�>%&?&��� +:&'�,�:$%J $�?'�%+=+ :�<-
=&->%:�! A , �$"'P=$! <$ 3$,&>%:&��*�� �<�&�&��!�� : 3�'&"$��!@.  

�#� ?�=$,& >�H�$'$ �$'�- $�?'�%+=* ?#��>@�=�% �!H3�& #�B=&��& 
=:+@,$>%�%�*@ 3:$<�?&#��=�,&>3�@ 3�'&"$��- (#�>. 3). ��>% :&'�,��* 
:�<=&->%:�! �& ?#�:�=�% 3 3$,&>%:&��*� �<�&�&��!� :?'�%J =� 0036.0	A .  

 
 

��>. 2. �$<�:*& ?�#%#&%* � >?&3%# 3�'&"$��- ='! #&B��$ 5+�37����#�:$��! 12C  

 
 

��>. 1. �$<�:*& ?�#%#&%* � >?&3%# 3�'&"$��- ='! #&B��$ 5+�37����#�:$��! 02C  
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+���@�J7���� ��/�E �E�M�����4��M���� 
����������� � ���C����! �������! 

 

���������� �.�., 
������ 4 ��

	 G�$�&�
���� G	���3���	 �*' 
 
� $�>$�"'!@ >'$"�>:!<$��*@ �>7�''!%�#�: ��B�� �$"'P=$%J !:'&��& 

5$<�:�- �+'J%�>%$"�'J��>%� [1], ?#� 3�%�#�- >�>+T&>%:+PT�& 3�'&"$-
%&'J�*& #&B��* @$#$3%&#�<+P%>! �=��$3�:�- 5�#��- 3�'&"$��- : 3$B-
=�� �< :<$���=&->%:+PT�@ �>7�''!%�#�:, �� #$<'�,$P%>! <�$,&��!�� 
>=:�H$ 5$< �&B=+ ����. �$<:�%�& 5$<�:�- �+'J%�>%$"�'J��>%�, 3$3 ?#$:�-
'�, >:!<$�� > +>'�B�&��&� 5�#�* 3�'&"$��- : �>7�''!%�#$@. �*"�# �&B-
=+ >�>+T&>%:+PT��� 3�'&"$%&'J�*�� #&B��$�� : %$3�@ >�>%&�$@ ��B&% 
"*%J �>+T&>%:'&� ?�>#&=>%:�� :*"�#$ �$,$'J�*@ +>'�:�-. �=�$3�, : #!=& 
>'+,$&:, �>�"&��� : L3>?&#��&�%&, 3��%#�'�#�:$%J �$,$'J�*& +>'�:�! "*-
:$&% �&?#�>%�. � %$3�@ >'+,$!@ $3%+$'J��- �3$<*:$&%>! <$=$,$ +?#$:'!&-
��H� ?&#&3'P,&��! �&B=+ 5$<�:*�� ��=$��, ,%�"* ?�>#&=>%:�� �&"�'J-
/�H� :�&/�&H� :�<=&->%:�! ?&#&3'P,�%J>! > +>%$��:�:/&H�>! #&B��$ �$ 
7&'&:�- #&B��. � =$���- #$"�%& �* ?#&='$H$&� �&%�= +?#$:'!&��H� ?&#&-
3'P,&��! �&B=+ >�>+T&>%:+PT��� 3�'&"$%&'J�*�� #&B��$��, �>��:$�-
�*- �$ «<$%!H�:$���» 3�'&"$��- >�>%&�* =:+@ H&�&#$%�#�: : �+B�+P 5$-
<�:+P ��=+ ?#� �=��:#&�&���� :�<=&->%:�� �$ �"$ H&�&#$%�#$ >��@#��-
�*�� :�&/���� H$#����,&>3��� >�H�$'$��, >=:��+%*�� ?� 5$<& �%��>�-
%&'J�� =#+H =#+H$. 

� 3$,&>%:& �>>'&=+&��- >�>%&�* "*'� :<!%* >:!<$��*& H&�&#$%�#* 
�+$. �&�&#$%�#* �+$ !:'!P%>! �=��� �< �$�"�'&& ?#�>%*@ #$=��5�<�,&-
>3�@ H&�&#$%�#�:, =&���>%#�#+PT�@ ?&#&@�= 3 @$�>+ ,&#&< 3$>3$= "�5+#-
3$7�- +=:�&��! ?&#��=$ [2]. �$>>��%#�� >'&=+PT+P >�>%&�+ +#$:�&��-:  
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2,11,22,12,12,12,1

2,12,12,1
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yyKzyxy

xyx

"�	

����	

���	

�
�
�

                    (1) 

 

H=& 66667.10625.0)( 3 �	� xx . ��$ ?#&=>%$:'!&% >�"�- +#$:�&��! =:+@ #&-
<�>%�:��->:!<$��*@ �=&�%�,�*@ H&�&#$%�#$ �+$ > H'$=3�- @$#$3%&#�>%�-
3�- �&'��&-��H� L'&�&�%$. �*"&#&� <�$,&��! +?#$:'!PT�@ ?$#$�&%#�:: 

01.0,0.14,3.8 		"	� K . � L%�� >'+,$& : 5$<�:�� ?#�>%#$�>%:& >�>%&�* 
(1) >�>+T&>%:+P% =:$ +>%�-,�:*@ ?#&=&'J�*@ 7�3'$: 02C  (#�>. 1) � 12C  
(#�>. 2). �"$ ?#&=&'J�*@ 7�3'$ >��%:&%>%:+P% 3�'&"$��!� ?&#��=$ =:$ � 
#$<'�,$P%>! >=:�H�� 5$< �&B=+ 3�'&"$��!�� ?�=>�>%&�. � ?&#:�� �< ��@ 
3�'&"$��! : �"��@ H&�&#$%�#$@ ?#��>@�=!% >��5$<��. � L%�� >'+,$& ?#�-
&37�! 5$<�:�H� ?�#%#&%$ ?#&=>%$:'!&% >�"�- "�>>&3%#�>+ ?#!��H� +H'$ 
(#�>.1b) � :� :<$����� 5$<�:�� >?&3%#& :>& H$#����3� ��&P% �+'&:*& 5$-
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�"#$<��, >'&=+! �%�"#$B&��P G&#�+''�. 	>'� �$'�B�%J �$ �=��� H#$5�3& 
"�'J/�& ,�>'� #&$'�<$7�- ?#�7&>>$, 3$#%��3$ <$�$B&%>!. 


$ #�>. 4 ?#&=>%$:'&� ?�#%#&% $%%#$3%�#$ : >&,&��� �+$�3$#& ='! >�>-
%&�* (1). ��B�� ?#&=?�'�B�%J �$'�,�& $%%#$3%�#$ %�?$ ��&-'$–
��'J!�>$ : �%�"#$B&���, �?�>*:$PT&� L:�'P7�P >�>%&�* <$ ?&#��= �<-
�&�&��! 3�L55�7�&�%�: : +#$:�&��!@. 
$ #�>+�3& <$�&%�$ @$#$3%&#�$! 
='! %$3�H� $%%#$3%�#$ %��3$! ?�?&#&,�$! 5#$3%$'J�$! >%#+3%+#$. �'! "�-
'&& $33+#$%��H� �"�>��:$��! H�?&#"�'�,&>3�- ?#�#�=* $%%#$3%�#$, %#&-
"+&%>! =$'J�&-/&& �>>'&=�:$��&. 

G*'� #$>>,�%$�* ?�3$<$%&'� �!?+��:$ �"&�@ >�>%&� ?#� #$<'�,�*@ E. 
�'&=+&% �%�&%�%J �@ "'�<�>%J 3 :&'�,��& 2ln , ,%� >��%:&%>%:+&% ?#�"'�-
B&��P �%�"#$B&��! G&#�+''�. 

�'! ?&#:�- >�>%&�*, 
2.2,02.0,6.1,16 2,12,1 	�	"	�	T  

�'! :%�#�- >�>%&�*, 
3,1,5.1,16 3,2,1 	�	"	�	T  

E 25 30 35  90 100 110 
L 0.643054 0.656177 0.663774  0.673519 0.657606 0.583778 
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��>. 3. �%&#$7����$! =�$H#$��$ 5$< 
?&#:�H� �>7�''!%�#$ : >�>%&�& (1) 

��>. 4. ��#%#&% $%%#$3%�#$ : >&,&���
�+$�3$#& >�>%&�* (1) 
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