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5657895:;;:< 6:=<>5?:@8;5< ;< 7895:;8?;AB  >CD8E;AB 

&?:9<  :@ ;8 : ;:@< ?8F>:G<;5H 5  ><=C<6:E IC;J955 @ 

5;7<K?8> IC?L< 

@. =. M(N$O$/, 8. ;. =(3P2,3, @. J. =!2",3, 6. 8.=,',O!/", (6,+"3() 

 !"#$%&'()! '"*+,-&./ 01!23''!), )'(13+,45%/'6 &, 01,7(%73, %834( &3'(,-

2%!&,1&.- /,1,7(31, , 9"6 13$3&%6 :,9,+% ,&,"%:, (%:8313&%6) 0!7,:,(3"3- (3/&%+3-

'7!;! '!'(!6&%6 1,:"%+&./ !<=37(!) *01,)"3&%6 &3!</!9%8!, +(!<. )./!9&!- 01!23'' 

8!>&! <."! 0139'(,)%(# ) )%93 '(,2%!&,1&!- '"*+,-&!- ?*&72%%. 

 !"#$%&'()! &3'(,2%!&,1&./ '"*+,-&./ 01!23''!), !(!<1,>,45%/ 13,"#&.3 ?%-

:%+3'7%3 6)"3&%6, %834( !'!<3&&!'(%, 7!(!1.3 *01!5,4( %/ ,&,"%: % %:8313&%3. @,01%-

831, 7!;9, )'3 ).<!1!+&.3 ?*&72%%, !0%'.),45%3 &3'(,2%!&,1&.- '"*+,-&.- 01!23'', 

*9,3('6 0139'(,)%(# ) )%93 '*88. ).<!1!+&!- ?*&72%% '(,2%!&,1&!;! '"*+,-&!;! 01!-

23'', % 93(318%&%1!),&&!- ?*&72%%, !01393"6453- &3'(,2%!&,1&*4 +,'(# 01!23'',, &,-

:.),38*4 (13&9!8 [4]. A1% %'7"4+3&%% (13&9, !'(,3('6 "%$# '"*+,-&,6 7!80!&3&(, )13-

83&&!- 0!'"39!),(3"#&!'(%, 7!(!1,6 !<",9,3( ')!-'()!8 '(,2%!&,1&!'(% [5] % 7 7!(!1!- 

01%83&%8. 83(!9. ,&,"%:, '(,2%!&,1&./ '"*+,-&./ 01!23''!). A!B(!8* ,&,"%: ?*&7-

2%!&%1!),&%6 % ,&,"%: (3/&%+3'7!;! '!'(!6&%6 1,:"%+&./ !<=37(!) *01,)"3&%6 '"39*3( 

&,+%&,(# ' 01!239*1. ')393&%6 '"*+,-&./ 01!23''!) ?*&72%!&%1!),&%6 9,&&./ !<=37-

(!) 7 '(,2%!&,1&!'(%, % (!"#7! (!;9,, 7!;9, B(! &3 *9,3('6, 23"3'!!<1,:&! 01%83&6(# '03-

2%,"#&.3 0!9/!9., 1,'8,(1%),38.3 ) [1], [4]. 

:N4,' +QR!+)3QSR$T .!),2,3 -'!,N'(4,3(/$% /!+)(#$,/('/PT +1Q*(U/PT 

-',#!++,3 3 +)(#$,/('/P! 

C &,'(!6533 )1386 9"6 (!;!, +(!<. 013!<1,:!),(# &3'(,2%!&,1&.- '"*+,-&.- 

01!23'' ) '(,2%!&,1&.-, %'0!"#:*4('6, 7,7 01,)%"!, '"39*45%3 83(!9. ,&,"%:, '"*-

+,-&./ 01!23''!): 

1. D3(!9. 13;13''%!&&!;! ,&,"%:,, 01%83&68.3 7 '"*+,-&.8 01!23'',8, 13,"%-

:,2%% 7!(!1./ 8!;*( <.(# 0139'(,)"3&. ) )%93 '"*+,-&!;! 01!23'',, !0%'.),38!;! 

'"39*45%8 ).1,>3&%38 

 !  !  !iii tûtatx "# , 

;93  !ita  – (13&9 '"*+,-&!;! 01!23'', )! )1383&%;  !itû  – '(,2%!&,1&.- )1383&&!- 169; 

$  – '%8)!" '"*+,-&!;! !<=37(,. 

E031,2%6 ')393&%6 &3'(,2%!&,1&!;! 3 +'!2/!. '"*+,-&!;! 01!23'', 7 '(,2%!-

&,1&!8* :,7"4+,3('6 ) %'7"4+3&%% (13&9,  !ita  %: 8,(38,(%+3'7!- 8!93"% '"*+,-&!;! 

01!23'',, (.3. %: %'/!9&!- 0!'"39!),(3"#&!'(%  !itx̂ . D!93"# (13&9, ).<%1,3('6 %'/!96 

%: *'"!)%- :,9,+% [4]. 

2. D3(!9 '7!"#:65%/ '139&%/ 01%83&63('6 (!;9,, 7!;9, ,01%!1&,6 %&?!18,2%6 

! /,1,7(313 (13&9, !('*('()*3(. F(!( 83(!9 !'&!),& &, 0139'(,)"3&%% &3'(,2%!&,1&!- 

+,'(% )1383&&!;! 169,  !
i
ta  ) )%93 0!'"39!),(3"#&!'(% '139&%/ :&,+3&%- %'/!9&!;! 

169,, ).+%'"3&&./ &, 7!1!(7!8 )1383&&!8 %&(31),"3, 23&(1 7!(!1!;! "'7!"#:%(" )9!"# 

)'3;! 169,. A! '*(% 93",, 01!)!9%('6 01!239*1, *'139&3&%6 0!'"39!),(3"#&!'(%  !
i
tx̂  

) 0",),4538 !7&3, ) 13:*"#(,(3 +3;! 169 '7!"#:65%/ '139&%/ 01%!<13(,3( ?!18* 

 !  !ii txta # , 6)"645*4'6 (13&9!8, <",;!9,16 +38* 0!'"39!),(3"#&!'(#  !
i
ta  01%!<13-
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(,3( «;",97!'(#» ) '1,)&3&%% ' %'/!9&.8 169!8. C.+%(,&%38  !itx  %: %'/!9&!;! 169, 

!'*53'()"63('6 0313/!9 7 '(,2%!&,1&!- 0!'"39!),(3"#&!'(%:  !  !  !iii txtxtu %# ˆˆ  [4]. 

3. D3(!9 1,:&!'(&./ !031,(!1!), :,7"4+,45%-'6 ) 0313/!93 !( %'/!9&!- )13-

83&&!- 0!'"39!),(3"#&!'(% 7 169* 1,:&!'(3- '!'39&%/ :&,+3&%- [4]. A13!<1,:!),&&.- 

169  !itŷ  7!1!+3 %'/!9&!- 0!'"39!),(3"#&!'(%  !itx̂  &, !9%& +"3& % &3 '!931>%( &3'(,-

2%!&,1&!'(%. C 13:*"#(,(3 (,7!;! 013!<1,:!),&%6 '(1*7(*1, '(,2%!&,1&!- 7!80!&3&(. 

%:83&63('6. 

@39!'(,(7!8 01%)393&&./ ).$3 (13/ 83(!9!) 6)"63('6 '&%>3&%3 (!+&!'(% ).-

+%'"3&%- ) 13:*"#(,(3 *9,"3&%6 +,'(% 0!"3:&!- %&?!18,2%% %: %'/!9&!;! 01!23'',. 

4. A13!<1,:!),&%3 G%"#<31(, 0!:)!"63( 1,:"!>%(# %'/!9&.- &3'(,2%!&,1&.- 

'"*+,-&.- 01!23'' &, 9)3 '!'(,)"645%3 – ,80"%(*9&*4 % ?,:!)*4 [4]. F(! 0!:)!"63( 

!<&,1*>%(# ):,%8!')6:# 01!23''!), 01!6)"645*4'6 ) '%&/1!&&!'(% 9%&,8%7% ?,:, 

9,>3 (!;9,, 7!;9, ,80"%(*9&,6 9%&,8%7, !'(,3('6 &3')6:,&&!- % 91*;%3 83(!9. !<&,-

1*>3&%6 ')6:,&&!'(% 01!23''!) 6)"64('6 &301%;!9&.8%. 

@39!'(,(7!8 9,&&!;! 83(!9, 6)"63('6 &3)!:8!>&!'(# 01!)393&%6 7!80"37'&!;! 

!031,(%)&!;! ,&,"%:, &3'(,2%!&,1&!;! '"*+,-&!;! 01!23'',, (,7 7,7 9,&&.- 83(!9 

0139*'8,(1%),3( 01!)393&%3 ,&,"%:, (!"#7! !(93"#&./ '!'(,)"645%/ '"*+,-&!;! 

01!23'', (?,:!)!- % ,80"%(*9&!-). 

5. C3-)"3(-013!<1,:!),&%3 $%1!7! %'0!"#:*3('6 9"6 ,&,"%:, &3'(,2%!&,1&./ 

01!23''!) % :,7"4+,3('6 ) 1,:"!>3&%% 169, 0! <,:%'*, '7!&'(1*%1!),&&!8* %: !<",-

9,453- !01393"3&&.8% ')!-'(),8% ?*&72%%  !t& , &,:.),38!- )3-)"3(!8, 0!'139'(-

)!8 33 8,'$(,<&./ %:83&3&%- % 0313&!'!) [4], 7!(!1.- 0!:)!"63( ,&,"%:%1!),(# 01!-

23'' !9&!)1383&&! ) 9)*/ 0"!'7!'(6/ (?,:!)!- % ,80"%(*9&!-). 

H"6 !'*53'()"3&%6 )3-)"3(-013!<1,:!),&%6 01!%:)!"#&!- 13,"%:,2%% 01!23'', 

&3!</!9%8! 0139*'8!(13(# )!:8!>&!'(# '9)%;!) )3-)"3(-?*&72%- )9!"# )1383&&!- 

!'% % 8,'$(,<&./ 013!<1,:!),&%- ) +,'(!(&!- !<",'(% 0*(38 '>,(%6 %"% 1,'(6>3&%6 

%'/!9&!;! )3-)"3(,. 

H!'(!%&'()!8 )3-)"3(-?*&72%% 6)"63('6 )!:8!>&!'(# 01!)393&%6 ,&,"%:, '"*-

+,-&!;! 01!23'', !9&!)1383&&! ) 9)*/ 0"!'7!'(6/ (?,:!)!- % ,80"%(*9&!-). 

@39!'(,(7!8 9,&&!;! 83(!9, 6)"63('6 (!, +(! 8,'$(,<&.- 0!9/!9 7 ,&,"%:* 

'"*+,-&./ 01!23''!) &3 0!:)!"63( %'0!"#:!),(# 1,:"!>3&%3 '"*+,-&!;! 01!23'', ) 169 

I*1#3, , B(!, ) ')!4 !+3139#, 01%)!9%( 7 %'0!"#:!),&%4 +%'"3&&./ 83(!9!) 9"6 13$3-

&%6 :,9,+% ,&,"%:, (%:8313&%6) 0!7,:,(3"3- (3/&%+3'7!;! '!'(!6&%6 1,:"%+&./ !<=37-

(!) *01,)"3&%6, 0139'(,)"3&&./ ) )%93 &3'(,2%!&,1&./ '"*+,-&./ 01!23''!), +(! ) 

7!&3+&!8 '+3(3 01%)!9%( 7 '&%>3&%4 !031,(%)&!'(% 01!)393&%6 ,&,"%:, '"*+,-&./ 

01!23''!). 

?!O!/$! 4(2(*$ $ '!4Q1V)()P 

H"6 13$3&%6 9,&&!- :,9,+% 0139",;,3('6 %'0!"#:!),(# 83(!9 ')393&%6 7 '(,-

2%!&,1&!'(% &, !'&!)3 0139'(,)"3&%6 %'/!9&!- &3031%!9%+3'7!- ?*&72%% (&3'(,2%!-

&,1&!;! '"*+,-&!;! 01!23'',) ) )%93 %&(3;1,", I*1#3 &, !;1,&%+3&&!8 )1383&&!8 !(-

13:73 % 0!"*+3&%6 13:*"#(,(!) ) )%93 ;1,?%7!) '"*+,-&!;! 01!23'', ) '1393 9"6 %8%-

(,2%!&&!;! 8!93"%1!),&%6 AnyLogic ) 13,"#&!8 (8!93"#&!8) 8,'$(,<3 )1383&% [2]. 

C 7,+3'()3 )./!9&!;! 01!23'', !<=37(, *01,)"3&%6 1,''8,(1%),"'6 )./!9&!- 

&3'(,2%!&,1&.- '"*+,-&.- 01!23'' %:83&3&%6 (38031,(*1. T  !<=37(, *01,)"3&%6 &, 

%&(31),"3 8!93"#&!;! )1383&% !( 0  9! 550  '%'(38. (318!13;*"%1!),&%6, 7!(!1.- &3-

!</!9%8! ')3'(% 7 '(,2%!&,1&!8*. 
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C./!9&!- 01!23'' %:83&3&%6 (38031,(*1.  !tT  !<=37(, *01,)"3&%6 6)"63('6 

&3'(,2%!&,1&.8 '"*+,-&.8 % !0%'.),3('6 ) '1393 AnyLogic '"39*45%8 *1,)&3&%38: 

)t(S)t(T̂)t(T̂ "'# , 

;93  !  !(
)

*
+

,
-
.

/ %%00#'
0

1
dtT̂F̂Uk

a
tT̂  – '(,2%!&,1&.- '"*+,-&.- 01!23'' [2]; 

a  – 7!B??%2%3&( 01!0!12%!&,"#&!'(%, !01393"638.- 0,1,83(1,8% !<=37(, *01,)"3-

&%6; 

k  – 7!B??%2%3&( *'%"3&%6 !<=37(, 0! *01,)"3&%4; 

U  – (37*533 :&,+3&%3 )3"%+%&. *01,)"6453;! )!:93-'()%6 (&,016>3&%6); 

T  – (37*533 :&,+3&%3 (38031,(*1. !<=37(, *01,)"3&%6; 

F  – %:83&64533'6 )&3$&33 )!:93-'()%3, 0139'(,)"3&&!3 '"*+,-&!- )3"%+%&!-, 7!(!-

1,6 ' )31!6(&!'(#4 
1

1

%n
 01%&%8,3( !9&! %: :&,+3&%-, "3>,5%/ &, %&(31),"3 1 !10, , 

(:93'# n  – 7!"%+3'()! :&,+3&%-, "3>,5%/ &, %&(31),"3 1 !10, , 01%+38 )2n ); 

(
)

#
0

dte)t(S t  – &37!(!1,6 93(318%&%1!),&&,6 ?*&72%6 [3], 13,"%:!),&&,6 ) '1393 Any-

Logic. 

C.1,>3&%6, !0%'.),45%3 1,''8,(1%),38.3 01!23''., :,9,),"%'# ) 7",''3 ,7-

(%)&!;! !<=37(, ) )%93 031383&&./ % ')6:3- 83>9* &%8%. A1% '!:9,&%% 8!93"% <." 

'!:9,& 7",'' ,7(%)&!;! !<=37(,, ) 7!(!1!8 :,(38 <."% 1,:8353&. 031383&&.3 % :,9,-

&. ?*&72%% !( B(%/ 031383&&./, !0%'.),45%3 %''"39*38.3 01!23''.. 

H"6 )3"%+%&. T  !<=37(, *01,)"3&%6 :,9,&!: &,+,"#&!3 '!'(!6&%3  ! 00 0 ##  . 

G1,?%7 &3'(,2%!&,1&!;! 01!23'',, 0139'(,)"3&&.- &, 1%'. 1, 0!"*+3& ) '1393 Any-

Logic ' 8!&%(!1, ) 13,"#&!8 8,'$(,<3 )1383&%. 

 

?$+. 1. K'(W$" +1Q*(U/,0, /!+)(#$,/('/,0, -',#!++( 
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J&(3;1,", '!!()3('()*45%- ) !01393"3&&!8 '8.'"3 169* I*1#3, ) 7!(!1!8 '*8-

8%1!),&%3 0! %&937'* n  :,83&3&! %&(3;1%1!),&%38 0! &37!(!1!8* 0,1,83(1*, %833( 

'"39*45%- )%9 [3]: 

 !  !  !1 3dyxyybxyyaxf (
)

"#
0

sincos ,  (1) 

;93       !  !(
)

)%

# ytdttfya cos
1

4
  (2) 

%          !  !(
)

)%

# ytdttfyb sin
1

4
  (3) 

7!B??%2%3&(.. 

J&(3;1," (1) &,:.),3('6 %&(3;1,"!8 I*1#3 ?*&72%% f . A!9'(,)"66 ).1,>3&%6 

(2) % (3) ) %&(3;1," (1) '!;",'&! [3] 013!<1,:*38 %&(3;1," (1) ) '"39*4533 ).1,>3&%3, 

!<3'03+%),4533 0139'(,)"3&%3 %''"39*38!;! '"*+,-&!;! &3'(,2%!&,1&!;! 01!23'', 

)(tT  ) )%93 %&(3;1,", I*1#3: 

 !  !((
)

)%

)

% dttxytfdy cos
1

0
4

  

%"% 

 !  !((
)

)%

)

% dttxytTdy cosˆ1

04
,   (4) 

;93 )(ˆ tT  – &3'(,2%!&,1&.- '"*+,-&.- 01!23''. 

A!9!<&! (!8*, 7,7 '*88, 169, I*1#3 ?*&72%% 01% !01393"3&&./ *'"!)%6/ 9,3( 

:&,+3&%3 ',8!- ?*&72%%, %&(3;1," I*1#3 (,7>3 9,3( 0139'(,)"3&%3 %'/!9&!- ?*&7-

2%%. 

K01,)39"%)!'(# ).1,>3&%6 (4) !<3'03+%),3('6 01% ).0!"&3&%% *'"!)%- (3!13-

8. [3] ! 7*'!+&!- &30131.)&!'(% ?*&72%% f  &, 7,>9!8 7!&3+&!8 !(13:73 % 33 ,<'!-

"4(&!- %&(3;1%1*38!'(% &, )'3- )353'()3&&!- 0168!-, , (,7>3 '*53'()!),&%% ) 7,>-

9!- (!+73 x  01!%:)!9&!- '01,),  !xf"  % 01!%:)!9&!- '"3),  !xf% , (.3. 7!;9, ).0!"-

&64('6 '"39*45%3 *'"!)%6: 

1) :,9,&. !;1,&%+3&%6 &, ;1,&%2. %&(3;1%1!),&%6 ) )%93 !(13:7, 1 35,0 ; 

2) ?*&72%6 f  7*'!+&! &30131.)&, &, 7,>9!8 7!&3+&!8 !(13:73 % ,<'!"4(&! 

%&(3;1%1*38, &, )'3- )353'()3&&!- 0168!-. 

L!;9, ).1,>3&%3 (4) 01%&%8,3( '"39*45%- )%9: 

 !  !((
)

)%

5

%
4

dttxycostT̂dy
0

1
, 

;93 450#5 , +(! '!!()3('()*3( 9%,0,:!&* 8!93"#&!;! )1383&%, y  – &37!(!1.- 0,1,-

83(1, x  – 01!%:)!"#&!3 ?%7'%1!),&&!3 +%'"!, t  – 8!93"#&!3 )1386, )(ˆ tT  – &3'(,-

2%!&,1&.- '"*+,-&.- 01!23''. 
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G1,?%7% 013!<1,:!),&&!;! ' 0!8!5#4 %&(3;1,", I*1#3 01!23'', &, !;1,&%+3&-

&!8 )1383&&!8 !(13:73 0139'(,)"3&. &, 1%'.2, 3. 

 

?$+. 2. K'(W$" +1Q*(U/,0, /!+)(#$,/('/,0, -',#!++(,  

-'!2+)(31!//,0, 3 3$2! $/)!0'(1( IQ'V! 

 

?$+.3. K'(W$" -'!2+)(31!//,0, 3 3$2! $/)!0'(1( IQ'V! +1Q*(U/,0, /!+)(#$,/('/,0, 

-',#!++( -'$ 3PT,2! 4( 0'(/$#P $/)!0'$',3(/$% 

 

M,7 )%9&! %: 1%'. 2, &, :,9,&&!8 !(13:73 ;1,?%7 013!<1,:!),&&!- ' 0!8!5#4 

%&(3;1,", I*1#3 ?*&72%%  !tT̂  )393( '3<6 7,7 '(,2%!&,1&.- '"*+,-&.- 01!23'', ) (! 

)1386 7,7 %'/!9&.- 01!23'', 0139'(,)"3&&.- &, 1%'. 1, 6)"63('6 &3'(,2%!&,1&.8 '"*-

+,-&.8 01!23''!8. 
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J: 1%'. 3 )%9&!, +(! )./!9 :, ;1,&%2. %&(3;1%1!),&%6 01%)!9%( 7 (!8*, +(! ;1,-

?%7 013!<1,:!),&&!- ' 0!8!5#4 %&(3;1,", I*1#3 ?*&72%%  !tT̂  &,+%&,3( )3'(% '3<6 

7,7 &3'(,2%!&,1&.- '"*+,-&.- 01!23''. 

L,7%8 !<1,:!8, ;1,?%7 013!<1,:!),&&!- ' 0!8!5#4 %&(3;1,", I*1#3 '"*+,-&!- 

?*&72%%  !tT̂  *<.),3( % '/!9%('6 7 '139&38* :&,+3&%4 &, !(13:73 !( 0  9! 450 , +(! 0!-

:)!"63( 1,''8,(1%),(# %''"39*38.- '"*+,-&.- 01!23'' 7,7 '(,2%!&,1&.-. 

C'3 01%)393&&.3 ;1,?%7% 0!"*+3&. ) '1393 AnyLogic. L,7%8 !<1,:!8, ' 0!8!-

5#4 0!"*+3&&./ ;1,?%7!) 8!>&! 01!)!9%(# !031,(%)&.- ,&,"%: (3/&%+3'7!;! '!-

'(!6&%6 !<=37(, *01,)"3&%6 0*(38 %8%(,2%!&&!;! 8!93"%1!),&%6 &3'(,2%!&,1&./ 

'"*+,-&./ 01!23''!) % 0139'(,)"3&%6 B(%/ 01!23''!) ) )%93 %&(3;1,", I*1#3 &, !;1,-

&%+3&&!8 !(13:73 ) '1393 AnyLogic % 01!)317% B(%/ 01!23''!) &, '(,2%!&,1&!'(#. 

F("1S*!/$! 

A139"!>3&&.- 83(!9 ,&,"%:, (3/&%+3'7!;! '!'(!6&%6 !<=37(, *01,)"3&%6 &, 

!'&!)3 1,:"!>3&%6 %''"39*38!- ?*&72%% ) %&(3;1," I*1#3 0!:)!"63( 013!<1,:!),(# 
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