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5 657689 :;<&8 =<>=<?5;@A A  B9C57<;9BD @5E 

AFA;<GA5665E F5C9BA &=A9F6A@< <;F5 H9=68I B<>9=68I 

BA6AE  7J>A 

9. <. =!K!)/%", <. <. =!K!)/%", 7. 7. L!'/$",3, A. M. 6(N$!3 (7,',/!O) 

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

*/45%6" 7%8.0.*/ 9/!*"*'"6" $%!-$!/, -:%!*"9/45.)!1 *$%;"#/'.< , =+%,*$"&/6'.*-

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

/*&"!8%$'(& +.'.1& !#13.. @ .) '%!"&'%''(& 7"!*".'!*#/& "*'"!1*!1 ;"+>?/1 2$"-

2-!,'/1 !2"!";'"!*>, 7%?%#.3'/, +%6,"!*> $/3#%$*(#/'.1 ., 9*" '/.;"+%% !-5%!*#%''" 

# !+-9/% '%";)"7.&"!*. "$6/'.3/0.. !,$(*'"< +.'.. !#13., #(!",/1 $/3#%73/5.5%'-

'"!*>. A" '/!*"15%6" #$%&%'. $/3#%73/5.5%''"!*> /*&"!8%$'() +/3%$'() +.'.< !#1-

3. 2$%72"+/6/+/!> 2$/,*.9%!,. /;!"+4*'"< [1]. B7'/," !"#%$?%'!*#"#/'.% =+%&%'*-

'"< ;/3(, ,"*"$"% 2$.#%+" , !"37/'.4 '"#() #(!","9-#!*#.*%+>'() 2$.%&'.,"# +/-

3%$'"6" .3+-9%'.1, / */,:% 2"1#+%'.% !.!*%& *%)'.9%!,.) $/3#%7", +/3%$'() .3+-9%-

'.< '/ "!'"#% &%*"7"# .!,-!!*#%''"6" .'*%++%,*/ !*/#.* 2"7 #"2$"! */,.% 2$%.&-5%-

!*#/ +/3%$'() /*&"!8%$'() +.'.< !#13., ,/, #(!",/1 $/3#%73/5.5%''"!*> . !,$(*-

'"!*> !#13.. 

B0%',/ 7/''() 2/$/&%*$"# *$%;-%* 2"!*$"%'.1 /7%,#/*'"< .!!+%7"#/*%+>!,"< 

.&.*/0."''"< &"7%+., # "!'"#% $/3$/;"*,. ,"*"$"< 7"+:'( +%:/*> #3/.&"!#13/''(% 

+"6.,"-&/*%&/*.9%!,.% &"7%+. ,/'/+/ $/!2$"!*$/'%'.1 . 2$.%&'.,/ +/3%$'() .3+-9%-

'.<. C%+>4 7/''"< $/;"*(, 1#+1%*!1 $/!!&"*$%'.% "!'"#'() =*/2"# 2"!*$"%'.1 .!!+%-

7"#/*%+>!,"< .&.*/0."''"< &"7%+. 2$.%&'.,/ +/3%$'() .3+-9%'.< +/3%$'() /*&"-

!8%$'() +.'.< !#13.. 

D!!+%7"#/*%+>!,/1 .&.*/0."''/1 &"7%+> 2$.%&'.,/ +/3%$'() .3+-9%'.< 2$%7-

!*/#+1%* !";"< 9.!+%''(< &%*"7 2$"#%7%'.1 #(9.!+.*%+>'() =,!2%$.&%'*"# '/ E F ! 

+"6.,"-&/*%&/*.9%!,.&. &"7%+1&., .&.*.$-45.&. 2"#%7%'.% ,/'/+/ $/!2$"!*$/'%-

'.1 . 2$.%&'.,/ +/3%$'() .3+-9%'.< #" #$%&%'. # *%9%'.% 3/7/''"6" 2%$."7/. D!)"71 

.3 /'/+.3/ .3#%!*'"< +.*%$/*-$( [2], '%3/#.!.&" "* #(;$/''"6" !2"!";/ "2.!/'.1 . 

";";5%'.1 #'%?'.) . #'-*$%''.) 2/$/&%*$"# .!!+%7-%&"< !.!*%&( (2$.%&'.,/ +/-

3%$'"6" .3+-9%'.1), !"37/'.% .&.*/0."''"< &"7%+. 2$")"7.* !+%7-45.% =*/2(. 

1. B2.!/'.% ";G%,*/ &"7%+.$"#/'.1. B2$%7%+%'.% 2%$%9'1 ,"+.9%!*#%''() 2"-

,/3/*%+%< =88%,*.#'"!*. !.!*%&(, "0%'.#/%&() 2$. &"7%+.$"#/'...  '%!%'.% # &"-

7%+> "!'"#'() "6$/'.9%'.<. 

2. H"37/'.% !"7%$:/*%+>'"< &"7%+., ")#/*(#/45%< !*$-,*-$- &"7%+.$-%&"< 

!.!*%&(, / */,:% +"6.9%!,.% !#13. %% !#13-45.) =+%&%'*"#, '%";)"7.&(% 7+1 7"!*.-

:%'.1 0%+. &"7%+.$"#/'.1. 

3. I"$&/+.3/0.1 !.!*%&(, 2"7;"$ *.2"#() +"6.,"-&/*%&/*.9%!,.) !)%&, "2.-

!(#/45.) 2"#%7%'.% "*7%+>'() =+%&%'*"# !.!*%&( . .) #3/.&"7%<!*#.%. 

4. J%/+.3/0.1 . "*+/7,/ 2$"6$/&&'() &"7-+%< &"7%+.. D!2"+>3"#/'.% 2$"-

6$/&&'"6" ";%!2%9%'.1 7+1 .&.*/0."''"6" &"7%+.$"#/'.1 !+":'() !.!*%& . 2$"0%!-

!"#. 

5. K$"#%$,/ /7%,#/*'"!*. &"7%+.. 

6. B$6/'.3/0.1 . "2*.&.3/0.1 &"7%+>'"6" =,!2%$.&%'*/. 

7. L'/+.3 . #%$.8.,/0.1 $%3-+>*/*"# &"7%+.$"#/'.1. 

  ,"'*%,!*% 7/''"< $/;"*( ,$/*," $/!!&"*$.& "!'"#'(% =*/2( !"37/'.1 .!!+%-

7"#/*%+>!,"< .&.*/0."''"< &"7%+. 2$.%&'.,/ +/3%$'() .3+-9%'.< – !" #*"$"6" 2" 

21*(<. 
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 ,2!'O()!1P/(% .,2!1P -'$!./$"( 1(4!'/QR $41S*!/$T $ "(/(1( '(+-',-

+)'(/!/$% 1(4!'/,0, $41S*!/$% 

B!'"#'/1 "*+.9.*%+>'/1 "!";%''"!*> 8-',0."'.$"#/'.1 2$.%&'.,/ +/3%$'() 

.3+-9%'.< – !"!*"1'.% /2$."$'"< '%"2$%7%+%''"!*. "*'"!.*%+>'" 2/$/&%*$"# $/3#%-

7(#/%&"6" +/3%$'"6" .3+-9%'.1.   7/''() -!+"#.1) '/.;"+%% ?.$"," .!2"+>3-4*!1 

2$.%&'.,., 2"!*$"%''(% '/ "!'"#% 2$1&"6" ,#/7$/*.9%!,"6" 7%*%,*.$"#/'.1. 

H*$-,*-$'/1 !)%&/ */,"6" 2$.%&'.,/ !"!*".* .3 2$.%&'"< "2*.9%!,"< !.!*%&(, 

2$.&%'1%&"< 7+1 8",-!.$"#,. #)"7'"6" =+%,*$"&/6'.*'"6" 2"+1 "2*.9%!,"6" 7./2/-

3"'/, 8"*"7%*%,*"$/, -!.+.*%+1 . ;+",/ ";$/;"*,. 2"+-9%''"6" !.6'/+/.  +.1'.% 2$.-

%&'"< "2*.9%!,"< !.!*%&( 2"7$";'" $/!!&"*$%'" # [3]. 

 )"7'"% 2"+%  !,r af r t
 

 2$%";$/3-%*!1 "2*.9%!,"< !.!*%&"< # 2$.'.&/%&"% 2"+% 

 !,d df r t
 

 . 2"!*-2/%* '/ 8"*"7%*%,*"$.   ,/9%!*#% 8"*"7%*%,*"$/ &":%* #(!*-2/*> 

=+%,*$"#/,--&'(< 7%*%,*"$, pin 8"*"7."7, +/#.''(< 8"*"7."7, */,:% 7%*%,*"$ '/ "!-

'"#% 8"*"-&'":.*%+1. M/.;"+%% ?.$"," 2$.&%'14*!1 # '/!*"15%% #$%&1 2"+-2$"#"7-

'.,"#(% 8"*"7%*%,*"$( ('/ ;/3% pin . +/#.''() 7."7"#). N.2.9'(% )/$/,*%$.!*.,. 

8"*"7%*%,*"$"# – ,#/'*"#/1 =88%,*.#'"!*> 8"*"9-#!*#.*%+>'"< 2"#%$)'"!*., 9-#!*-

#.*%+>'"!*> 7%*%,*"$/, 2"+"!/ 2$"2-!,/'.1 . *%&'"#"< *", [3]. @#/'*"#/1 =88%,*.#-

'"!*> "  "2$%7%+1%*!1 ,/, "*'"?%'.% &"5'"!*. 7%*%,*.$"#/''"6" 2"+1 , &"5'"!*. 

2/7/45%6" 2"+1. E*"* 2/$/&%*$ 1#+1%*!1 ,"+.9%!*#%''"< )/$/,*%$.!*.,"< 2"*%'0.-

/+>'"< #"3&":'"!*. 8"*"9-#!*#.*%+>'"< 2"#%$)'"!*. , 7%*%,*.$"#/'.4 2"*",/ &"5-

'"!*. 2/7/45%6" 2"+1 2-*%& %% 2$%";$/3"#/'.1 # =+%,*$.9%!,.< *",. O-#!*#.*%+>-

'"!*> 7%*%,*"$/ u  "2$%7%+1%*!1 ,/, "*'"?%'.% #()"7'"6" *",/ 7%*%,*"$/ , &"5'"!*. 

2/7/45%6" 2"+1. H 2"&"5>4 9-#!*#.*%+>'"!*. "2$%7%+1%*!1 '"$&/+.3"#/''/1 !-&-

&/$'/1 .'*%'!.#'"!*> 2"+1 [3]: 

 ! 2 2( ) ,

d

d

A

n t Gu f r t d r# $
  

,  (1) 

67% G  – -!$%7'%''(< ,"=88.0.%'* -!.+%'.1 8"*"7%*%,*"$/; u – 9-#!*#.*%+>'"!*>; 

 !  !
2

, ,d df r t I r t#
  

 – .'*%'!.#'"!*> 2"+1 '/ 2"#%$)'"!*. 7%*%,*"$/ dA . K$.'.&/%-

&-4 &"5'"!*> &":'" ";"3'/9.*> ,/, [3]: 

 !  !
______________ _____________

2 22 2, ,

d r

r d r

A A

P f r t d r f r t d r# #$ $
    ,  (2) 

67% rA  – 2$.%&'/1 /2%$*-$/. 

B*'"?%'.% !.6'/+/?-& &":%* ;(*> #($/:%'" !+%7-45.& ";$/3"& [1]: 

 !

2 2

2
2 2 2 0 0

2 2

4
2

r
s

n
n ndcr

d p

P
N

k T TI GP
h c F G

hc q q G R G

% "

%
" "

&
&

#
' ()

* ) )+ ,
+ ,- .

,  (3) 

67% %  – 7+.'/ #"+'( .3+-9%'.1; h – 2"!*"1''/1 K+/',/; F*  – =88%,*.#'"% 3'/9%'.% 2"-

+"!( 2$"2-!,/'.1; n – 2/$/&%*$, 3/#.!15.< "* !""*'"?%'.1 ,"=88.0.%'*"# ."'.3/-

0.. =+%,*$"'"# . 7($",; q – 3/$17 =+%,*$"'/; k0 – 2"!*"1''/1 P"+>0&/'/; 0T  – $%/+>-

'/1 *%&2%$/*-$/ '/6$-3,.; nT  – ?-&"#/1 *%&2%$/*-$/ -!.+.*%+1; dR  – 7.88%$%'0.-

/+>'"% !"2$"*.#+%'.% 7."7/; pG  – ,"=88.0.%'* 2$%";$/3"#/'.1 &"5'"!*.. 
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A+1 "2$%7%+%'.1 +"6.9%!,"< !#13. )/$/,*%$.!*., &/*%&/*.9%!,"< &"7%+. 2$.-

%&'.,/ +/3%$'"6" .3+-9%'.1 . 2/$/&%*$"# /*&"!8%$'"6" ,/'/+/ $/!2$"!*$/'%'.1 +/-

3%$'"6" .3+-9%'.1 *$%;-%*!1 /'/+.*.9%!,. "2.!/*> .) +"6.,"-&/*%&/*.9%!,-4 #3/.&"-

!#13>. 

H2%0.8.,/ $/!2$"!*$/'%'.1 +/3%$'"6" "2*.9%!,"6" .3+-9%'.1 3/,+49/%*!1 # 

*"&, 9*" "'" .!2(*(#/%* "!+/;+%'.1 . $/!!%1'.1 # 2$"0%!!% $/!2$"!*$/'%'.1 2" ,/'/-

+- 2%$%7/9..   !+-9/% 2$.&%'%'.1 /*&"!8%$'"< +.'.. 2%$%7/9. '/.;"+>?.% #+.1'.1 

",/3(#/4* '/ .3+-9%'.% $/3+.9'(% /*&"!8%$'(% ";$/3"#/'.1 *.2/ *-$;-+%'*'"!*%< . 

/=$"3"+%< (*-&/', !&"6, 7(&). N/,:% 2$. $/!9%*% +/3%$'() +.'.< '%";)"7.&" -9.*(-

#/*> #"37%<!*#.% "!/7,"#. 

  !+-9/% $/!!%1'.1 /=$"3"+1&. -7";'" #"!2"+>3"#/*>!1 2"7)"7"&, "2.!/''(& # 

[5], !"6+/!'" ,"*"$"&- !-&&/$'"% 2"+%, $/!!%1''"% N 9/!*.0/&., 2$%7!*/#+1%*!1 # #.7% 

 !  !  ! !0

1

, exp ,
N

s i i i

i

E r t A t i k r t t/
#

' (# 0 &' (- . - .1
   

, (4) 

67%  !iA t0' (- .  – ,"&2+%,!'/1 /&2+.*-7/ #"+'(, $/!!%1''/1 i-*"< 9/!*.0%<; 0/  – 9/!*"*/ 

2/7/45%< #"+'(;  !ir t
 

 – 3/#.!15/1 "* #$%&%'. ,""$7.'/*/ i-6" $/!!%.#/*%+1; 

 !i t0  – -6+( E<+%$/. 

  2$%72"+":%'.., 9*" +/3%$'"% .3+-9%'.% 1#+1%*!1 &"'")$"&/*.9%!,.&, -7";'" 

#"!2"+>3"#/*>!1 &%*"7.,"< 7+1 $/!9%*/ "!+/;+%'.1, #'"!.&"6" /=$"3"+1&., .3+":%'-

'"< # [6]. H"6+/!'" =*"< &%*"7.,%, 2"*", "2*.9%!,"6" &"'")$"&/*.9%!,"6" .3+-9%'.1, 

$/!2$"!*$/'11!> 2" *$/!!% 7+.'"< L, .!2(*(#/%* "!+/;+%'.% !"6+/!'" !+%7-45%< 

8"$&-+%: 

 !  !  !0 expL L% % %23 # 3 & ,  (5) 

67% %3  – 2"*", &"'")$"&/*.9%!,"6" .3+-9%'.1; %  – 7+.'/ #"+'(. K"!+% ##%7%'.1 

8-',0.. $/!2$%7%+%'.1 9/!*.0 2" $/3&%$/& ( )f x  8"$&-+/ 7+1 $/!9%*/ ,"=88.0.-

%'*/ "!+/;+%'.1 &":%* ;(*> #($/:%'/ !+%7-45.& ";$/3"& [6]: 

 !  !
0

,a a c cN k r f r dr2 %
4

# $ ,  (6) 

67% a s ak k k# )  – ,"=88.0.%'* "!+/;+%'.1 .3+-9%'.1 "*7%+>'"< 9/!*.0(; sk  – ,"=88.-

0.%'* "!+/;+%'.1 "*7%+>'"< 9/!*.0(, #(3#/''"6" $/!!%1'.%&; ak  – ,"=88.0.%'* 

"!+/;+%'.1 "*7%+>'"< 9/!*.0(, #(3#/''"6" 2"6+"5%'.%&; N – 2+"*'"!*> 9/!*.0, 

cr  – !$%7'.< $/7.-! 9/!*.0. A+1 #"71'() ,/2%+> 2$.&%'.&/ 8"$&-+/ [6]: 

 !22ap cN r f2 5 6# .  (7) 

N/,:% !-5%!*#%''(& 8/,*"$"&, ",/3(#/45.& #+.1'.% '/ $/!2$"!*$/'%'.% +/-

3%$'"6" .3+-9%'.1 # /*&"!8%$% 1#+1%*!1 *-$;-+%'*'"!*>. Q/3%$'(< +-9, $/!2$"!*$/'1-

1!> # */,"< !$%7%, .!2(*(#/%* !+-9/<'(% ,"+%;/'.1 .'*%'!.#'"!*., ?.$.'( . -6+/ 

2$.)"7/ [5]. R.$.'/ 2-9,/ # "2$%7%+%''(< &"&%'* #$%&%'. "2$%7%+1%*!1 ! 2"&"5>4 

&6'"#%''"6" $/7.-!/ 2-9,/ [7]: 

 !  !22 1 2,m cR r r I L r d r
4 4

&

&4 &4

# 3 &$ $
    ,  (8) 
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67%  ! 2,I L r d r
4 4

&4 &4

3 # $ $
   – &"5'"!*> 2-9,/;  !1 2,cr rI L r d r

4 4
&

&4 &4

# 3 $ $
    – ,""$7.'/*/ ='%$6%*.9%-

!,"6" 0%'*$/ 2-9,/; L – 7+.'/ *$/!!( $/!2$"!*$/'%'.1. S!$%7'%''"% #" #$%&%'. 

!"!*"1'.% +/3%$'"6" 2-9,/ "2.!(#/%*!1 =88%,*.#'(& $/7.-!"& 2-9,/ [7]: 

 !2 1 2 2,eR I L r r d r
4 4

&

&4 &4

# 3 $ $
   

,  (9) 

67%  !,I L r
 

 – -!$%7'%''/1 .'*%'!.#'"!*> +/3%$'"6" .3+-9%'.1.   ;"+>?.'!*#% 2$/,-

*.9%!,. 3'/9.&() !+-9/%#, 7+1 $/!9%*/ -!$%7'%''"< .'*%'!.#'"!*. 2-9,/ 0%+%!"-

";$/3'" #"!2"+>3"#/*>!1 =&2.$.9%!,"< 8"$&-+"< [7]: 

 !
1

2 5
6

0 0

0

1
, 2 exp

2

t
I L I J t t dt

a
6 6 7

4 8 9 8 9: ;# & &: ;: ; < =< =
$ ,  (10) 

67% 0I  – .'*%'!.#'"!*> '/ "!. 2-9,/; 0J  – 8-',0.1 P%!!%+1 

5
3

2 2 2
1.1 n

d

L
C k L

ka
7

8 9
# : ;

< =
; 2

nC  – 

!*$-,*-$'/1 2"!*"1''/1 2",/3/*%+1 2$%+"&+%'.1 #"37-)/, )/$/,*%$.3-%* #%+.9.'- 

%6" *-$;-+%'*'() '%"7'"$"7'"!*%<, .3&%'145.)!1 #" #$%&%'.; k  – #"+'"#"% 9.!-

+";  ! !1 2
22 1da a f&# 0 ) &  – 7.8$/,0."''(< $/7.-! 2-9,/ +/3%$'"6" .3+-9%'.1; 

2ka L0 #  – 9.!+" I$%'%+1; f  – 2/$/&%*$ 8",-!.$"#,.. K"&.&" .3&%'%'.1 .'-

*%'!.#'"!*., +/3%$'(< +-9 .!2(*(#/%* */,:% ,"+%;/'.1 0%'*$/ 2-9,/, ,"*"$(% ;%3 

-9%*/ #+.1'.1 7.8$/,0."''"6" *-$;-+%'*'"6" "2.!(#/4*!1 !+%7-45%< 8"$&-+"<: 

1
2 2 3 31.36r nC L a>

&
# .  (11). 

?1,"-+R!.(, "2.!(#/45/1 2"#%7%'.% . #3/.&"7%<!*#.% 2",/3/*%+%< &/*%&/*.-

9%!,.) &"7%+%< 2$.%&'.,/ +/3%$'"6" .3+-9%'.1 . /*&"!8%$'"6" ,/'/+/ $/!2$"!*$/'%-

'.1 +/3%$'"6" .3+-9%'.1, 2$.#%7%'/ '/ $.!-',%. 
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ap2  !2 2 2, , , ,m e rR R I L 6 >

 
 

?1,"-+R!.( (10,'$).( '(+*!)( ,+/,3/QR -,"(4()!1!T $++1!2,3()!1P+",T $.$)(#$,//,T 

.,2!1$ -'$!./$"( 1(4!'/QR $41S*!/$T ().,+N!'/QR 1$/$T +3%4$ 
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C1% -',0'(../,T '!(1$4(#$$ /+6"$.*&/ .!2"+>3-%*!1 .'*%6$.$"#/''/1 !$%7/ 

.&.*/0."''"6" &"7%+.$"#/'.1 AnyLogic, ,"*"$/1 # '/!*"15.< &"&%'* -7"#+%*#"$1%* 

#!%& *$%;"#/'.1& , 2"!*$"%'.4 .!!+%7"#/*%+>!,.) .&.*/0."''() &"7%+%<. K-*%& 

2$.&%'%'.1 &%*"7"# . ;.;+."*%, !.!*%&'"< 7.'/&.,. 7/''"6" 2$"6$/&&'"6" 2$"7-,-

*/ !"37/%*!1 (.3 '/;"$/ /;!*$/,*'() =+%&%'*"# – -$"#'%<, 2"*","#, 8-',0.< $%?%'.< 

2",/3/*%+%< &/*%&/*.9%!,.) &"7%+%<, #!2"&"6/*%+>'() 2%$%&%''() . *.7.) !.!*%&'"-

7.'/&.9%!,/1 .&.*/0."''/1 &"7%+>, ";+/7/45/1 3/7/''(&. !#"<!*#/&., "2$%7%+%'-

'(&. # ,"'0%2*-/+>'"& "2.!/'.. &"7%+.. 
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