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Cuvânt înainte 
 
 

 
 Teza de doctorat a fost elaborată pe parcursul activităŃii de cercetare 
desfăşurată în calitate de cadru didactic şi de doctorand în cadrul FacultăŃii de 
Automatică şi Calculatoare, Departamentului de Automatică şi Informatică Aplicată 
al UniversităŃii „Politehnica” din Timişoara.  
 În cadrul acestei teze au fost dezvoltate noi metode de conducere a 
traficului rutier urban, precum şi noi arhitecturi de detecŃie a participanŃilor la trafic 
utilizând tehnologia reŃelelor de senzori wireless. 
 În primul rând vreau să îi mulŃumesc conducătorului ştiinŃific, prof. univ. dr. 
ing. Radu-Emil Precup pentru sprijinul accordat de-a lungul perioadei de doctorat, 
mai ales prin atenta îndrumare, timpul deosebit accordat studiului lucrării şi prin 
minuŃiozitatea şi promptitudinea de care a dat dovadă. Vreau să îi mulŃumesc 
domnului prof. univ. dr. ing. Daniel Curiac, pentru ajutorul ştiinŃific şi sprijinul 
prietenesc pe care mi l-a dat de-a lungul întregii perioade doctarale şi nu numai. De 
asemenea, vreau să ii mulŃumesc domnului conf. univ. dr. ing. Florin Drăgan, pentru 
suportul moral şi sfaturile prieteneşti care mi-au fost de mare ajutor. 
 Îmi exprim întreaga consideraŃie faŃă de membrii comisiei de doctorat, 
domnul preşedinte al comisiei prof. univ. dr. ing. Octavian Proştean, decanul 
FacultăŃii de Automatică şi Calculatoare din Timişoara, şi domnii prof. univ. dr. ing. 
Clement Feştilă de la Universitatea Tehnică din Cluj-Napoca, prof. univ. dr. ing. 
Matei Vînătoru de la Universitatea din Craiova şi prof. univ. dr. ing. Ştefan Preitl de 
la Universitatea „Politehnica” din Timişoara, care au răspuns solicitării de a face 
parte din comisia de analiză a tezei. De asemenea le mulŃumesc pentru timpul de 
studiu acordat lucrării. 
 Nu în ultimul rând, doresc să le mulŃumesc colegilor şi prietenilor din  
colectivul B624 pentru sprijinul acordat pe parcursul elaborării acestei teze. De 
asemenea, imi exprim recunoştiinŃa faŃă de toŃi cei care fie prin sprijin moral, fie 
prin sprijin ştiinŃific m-au ajutat de-a lungul acestor ani, chiar dacă numele lor nu a 
fost amintit explicit. 
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\ 3<=/442 V %&?+/(1;( F1 '/()&$+* /+'&#/ (* E+/:@#&! R/:&#$'+* F9& @/:@+1# /#(*&-(/#(
+1+& @(/'#1#/&(' F1'/# (,>&1&%'/(;&( @+0*&$. 9& >(/&*# $:>@(1&& $(/# #*(0:/#(-.
L./;&*# ,&?&'(*# F1 %$:@+* >:,&)&$./&*:/ *( -& F1 $##( $# @/&5#9'# &1)/(%'/+$'+/(
/+'&#/.! R/:&#$'+* #%'# $::/,:1(' ,# $.'/# EUO=K4!

\ =/62=8<4 V %&?+/(1;. F1 '/()&$ @/&1 &1):/>(/#( 9:)#/+*+& (%+@/( ,('#*:/ ,# '/()&$!
8# $:1%&,#/. $. #5&'(/#( ($$&,#1'#*:/ /+'&#/# %# @:('# /#(*&-( @/&1 #D'&1,#/#(
&1):/>(;&&*:/ *#?('# ,# %&?+/(1;( '/()&$+*+& @#/$#@+'# ,# 9:)#/! 8# ,#-5:*'. 1:&
?#1#/(;&& ,# &1)/(%'/+$'+/& %#1-:/&(*#! R/:&#$'+* #%'# $::/,:1(' ,# $.'/# X&('
U#%#(/$L K#1'/#!

\ 83%>2?4 V %&?+/(1;. F1 '/()&$ @/&1 @/#5#1;&#! R/:&#$'+* %# :$+@. $+ ,#-5:*'(/#(
9& '#%'(/#( (@*&$(;&&*:/ ,# (%&%'#1;. (+':>('&-('. ( 9:)#/+*+& F1 %$:@+* /#,+$#/&&
($$&,#1'#*:/ /+'&#/#! 8&%'#>#*# &>@*#>#1'('# 5:/ &1):/>( 9:)#/+* F1 *#?.'+/. $+
@:'#1;&(*#*# @#/&$:*# ,# ($$&,#1' @/&1 %#1-:/& ,# ,#'#$;&# 9& @:-&;&:1(/#! R/:&#$'+*
#%'# $::/,:1(' ,# C(&>*#/KL/g%*#/ He!

\ 2<= V E+/:@#(1 4/?(1&-('&:1 ):/ 8#$+/&'g! R(/'#1#/&('+* F1'/# ;./&*# #+/:@#1# F1
5#,#/#( %#$+/&'.;&& F1 '/()&$ (/ @+'#( )& : %:*+;&# @/&1 +1&/#( ):/;#*:/ ,&1 ,:>#1&+*
@/&5(' 9& @+0*&$Y (5]1, $( /#+-*'(' %$.,#/#( 1+>./+*+& ,# ($$&,#1'#!

\ 5>0= V K::@#/('&5# W#L&$*#V=1)/(%'/+$'+/# 8g%'#>%! R/:&#$'+* F9& @/:@+1#
,#-5:*'(/#( 9& '#%'(/#( ,# 1:& '#L1:*:?&& @#1'/+ $:>+1&$(/#( F1'/# (+':5#L&$+*#
9& &1)/(%'/+$'+/( (+':>('&-('. &1%'(*('. F1 (@/:@&#/#( ,/+>+/&*:/ /+'&#/#!
R/&1$&@(*#*# (5(1'(Z# (/ )&[ &1)*+#1;(/#( ,&/#$'. ( >#':,#*:/ ,# $:1,+$#/#
(,(@'&5. ( '/()&$+*+& /+'&#/Y &1):/>(;&& ,#%@/# /+'( (*#(%.Y ?L&,(/#Y &1):/>(;&&
,#%@/# *&>&'#*# ,# 5&'#-. 9& ,#%@/# #5#1'+(*#*# %#>1# ,# $&/$+*(;&#Y >#%(Z# F1
$(-+/& %@#$&(*#! R/:&#$'+* #%'# $::/,:1(' ,# $.'/# EUO=K4!

BUPT



 B 1Q= 8KTOJM#OM S#MN$R!J!$ #!S$O#

\ *4&):%. V &1):/>(;&& F1 '&>@ /#(* *#?('# ,# '/()&$Y 9'&/& ,# +*'&>. :/.! 8# +/>./#9'#
,#-5:*'(/#( +1:/ '#L1:*:?&& ,# &1):/>(/# ( 9:)#/+*+& 0(-(' @# #5#1&>#1'# 9& @#
>:,&)&$(/#( '/(%#+*+& Mc$:1'#1'V(S(/#1#%%cP! R/:&#$'+* #%'# $::/,:1(' ,# $.'/#
EUO=K4!

\ 350 V U:(, KL(/?&1? =1'#/:@#/(0&*&'g! R/:&#$'+* +/>./#9'# ,#-5:*'(/#( +1+&
%'(1,(/, F1 $##( $# @/&5#9'# '(D(/#( #*#$'/:1&$. ( +'&*&-./&& (1+>&':/ @:/;&+1& ,#
,/+> /+'&#/! 8# 5( $/#( : (/L&'#$'+/. ?#1#/(*. ,# '(D(/#Y (@:& %# 5( &>@*#>#1'(
@/($'&$ 9& %# 5( '#%'( F1 9(%# ;./& #+/:@#1#! R/:&#$'+* #%'# $::/,:1(' ,# $.'/#
EUO=K4!

\ =0=423 V 8('$:>% &1 8+@@:/' :) O/(1%@:/' :1 E+/:@#(1 U:(,%! R/:&#$'+* 5(
&1'#?/( $:>+1&$(/#( %('#*&;&*:/ $+ %&%'#>#*# 1:& ,# 1(5&?(;# e(*&*#:Y %@#$&)&$#
E+/:@#&! R/:&#$'+* #%'# $::/,:1(' ,# $.'/# H5(1'& K:>>+1&$('&:1%!

\ 5<??254 V %'&>+*(/#( ($'&5&'.;&*:/ =O8 F1 E+/:@( K#1'/(*. 9& ,# E%'! 8$+@+*
($#%'+& @/:&#$' #%'# ,# ( &1'#?/( $]' >(& /#@#,# 1:&*# ;./& >#>0/# TE *(
%'(1,(/,#*# 9& ($'&5&'.;&*# =O8 9&Y ,# (%#>#1#(Y $::@#/(/#( F1 ,:>#1&+* =O8
F1'/# %'('#*# >#>0/#! R/:&#$' $::/,:1(' ,# $.'/# H+%'/&(1 X#,#/(* A&1&%'/g :)
O/(1%@:/'Y =11:5('&:1 (1, O#$L1:*:?g MH+%'/&(O#$LP!

\ 7<10@25 V $::@#/(/# F1 $:>+1&$(;&& F1'/# E+/:@( 9& KL&1(! R/:&#$'+* @/:>:5#(-.
$::@#/(/#( ,&1'/# T1&+1#( E+/:@#(1. 9& KL&1( F1 $##( $# @/&5#9'# #>&'#/#(
,&?&'(*. F1 $:>+1&$(;&( >:0&*.! R/:&#$'+* #%'# $::/,:1(' ,# $.'/# EUO=K4!

\ 04= ?)(*!").' V "#'S:/l :) "('&:1(* =O8 H%%:$&('&:1%! R/:>:5(/#( (%:$&(;&&*:/
1(;&:1(*# $+ ($'&5&'('# F1 ,:>#1&+* =O8 @/&1 (Z+':/ F1 *:?&%'&$.Y %@:1%:/&-(/#Y
@/:?/(># ,# @/#?.'&/# 9& ,# %$L&>0 ,# &1):/>(;&#!

R/:?/(>#*# @/#-#1'('# >(& %+% /#@/#-&1'. ,:(/ : >&$. @(/'# ,&1 $##( $#
F1%#(>1. %&%'#>#*# &1'#*&?#1'# ,# '/(1%@:/' *( 1&5#* &1'#/1(;&:1(* 9& ,:5#%$ 5(%'&'('#(
,:>#1&+*+&! K+ (*'# $+5&1'# =O8 %# /#)#/. *( (@/:(@# :/&$# ;&1# ,# ,#-5:*'(/#( 9&
(+':>('&-(/#( %&%'#>#*:/ ,# '/(1%@:/'!

1Q=Q 8KTOJM#OM S#MN$R!J!$ #!S$O#

R#1'/+ ( @+'#( ?#1#/( %:*+;&& ,# $:1,+$#/# ( '/()&$+*+& /+'&#/Y @/&>+* @(% $:1%'.
F1 (*#?#/#( +1+& >:,#* 5&(0&* $(/# %. %('&%)($.Y $#/&1;#*# %&%'#>+*+& ,# $:1,+$#/#Y 9&
,# (%#>#1#( %. /#,#( $]' >(& #D($' &1):/>(;&&*# ,# '/()&$! b1 )+1$;&# ,# (@*&$(0&*&'('#(
*:/ 9& ?/(,+* ,# ,#'(*&+Y >:,#*(/#( %# $*(%&)&$. F1[ >&$/:Y >#-: 9& >($/:>:,#*(/#!
A&$/:>:,#*(/#( %# :$+@. ,# >:,#*(/#( *( 1&5#* ,# (+':5#L&$+*h@&#':1 ;&1]1, %#(>(
,# ,#$&-&&*# ($#%':/( F1 '/()&$Y &1'/]1, F1 $#*# >(& >&$& ,#'(*&& $+> (/ )& %$L&>0(/#(
0#1-&& ,# >#/%! H%')#*Y )&#$(/# (+':5#L&$+* @:('# )& $(/($'#/&-(' %#@(/(' F1 )+1$;&#
,# >:,+* ,# $:1,+$#/# ( 9:)#/+*+&Y (5]1, : 5&'#-. @/:@/&# ,#@#1,#1'. ,# $:1,&;&&*#
,# '/()&$! A($/:>:,#*(/#( F1 %$L&>0 %# :$+@. $+ >:,#*(/#( *( 1&5#* ,# ?/+@+/&
,# (+':5#L&$+*#h@&#':1&Y :)#/&1, &1):/>(;&& ?#1#/(*# ,# '/()&$ @#1'/+ (1+>&'# -:1# 9&
+1&'.;& ,# '&>@! =1):/>(;&&*# ,&1 '/()&$ %+1' (?/#?('#Y &(/ (@:& %+1' @/:$#%('# ,# $.'/#
%&%'#>+* ,# $:1,+$#/# *( 1&5#* ,# ?/+@!

1Q=Q'Q -$ML#MZM N!%TMZO%SMJV M NJ![!J!$ TO S#MN$R #!S$O#

R/&1$&@(*( 9& @/&>( >#':,. M <7GP ,# F1;#*#?#/# ( $:>@:/'(>#1'+*+& '/()&$+*+&
/+'&#/ ( ):%' (9( 1+>&'( ,&(?/(>. )+1,(>#1'(*. ( )*+D+*+& ,# '/()&$ ( *+& e/##1%L&#*,
_BB`! H$#(%'. ,&(?/(>. #%'# : /#@/#-#1'(/# ?/()&$. ( )*+D+*+& ,# '/()&$ F1 )+1$;&# ,#
,#1%&'('#( '/()&$+*+& MX&?+/( 3! P! O:'+* @:/1#9'# ,# *( @/#%+@+1#/#( $. @#1'/+ $:1,&;&&

BUPT



1Q 2)23(42 5*2-(.3.( 2 *.23  J

,# '/()&$ $+ )*+D 1#F1'/#/+@'Y 5&'#-( 5(/&(-. *&1&(/ F1 /(@:/' $+ ,#1%&'('#( MX&?+/( 3! P!
R/&1 )*+D ,# '/()&$ %# F1;#*#?# 1+>./+* ,# (+':5#L&$+*# $# '/#$ @/&1'/V+1 (1+>&' *:$
F1'/V: @#/&:(,. ,# '&>@ ,('.Y &(/ @/&1 ,#1%&'(/#( '/()&$+*+& %# F1;#*#?# 1+>./+* ,#
(+':5#L&$+*# $# %# ?.%#%$ F1'/V: (1+>&'. %#$;&+1# ,# ,/+> *( +1 (1+>&' >:>#1'!

R#1'/+ $:1,&;&&*# ,# '/()&$ %@#$&)&$('# F1 O(0#*+* 3! _ 7B`Y F1 $:1,&;&&*# 5&'#-#&
@#1'/+ '/()&$ ,#?(Z(' M)/## )*:SP ,#  B >h% 9& ,#1%&'.;&& ,# 0*:$(Z ,# IY 3 5#Lh%Y
F1 X&?+/( 3! #%'# #D#>@*&)&$('. ):/>( ?#1#/(*. ( ,&(?/(>#& )+1,(>#1'(*#Y )*+D
5#/%+% ,#1%&'('#! C&(?/(>#*# ,#/&5('#Y 5&'#-. 5#/%+% ,#1%&'('# 9& 5&'#-. 5#/%+% )*+DY
%+1' @/#-#1'('# F1 X&?+/( 3!3 9& /#%@#$'&5 X&?+/( 3!7! H+ ):%' *+('# F1 $:1%&,#/(/#
+/>.':(/#*# 5(/&(0&*#[

\ q V )*+D+* ,# (+':5#L&$+*# _5#Lh%`Y

\ c V ,#1%&'('#( '/()&$+*+& _5#Lh>`Y

\ c = q/v V 5 V 5&'#-( _>h%` $+ $(/# $&/$+*. (+':5#L&$+*#*#Y

@(/(>#'/& %@#$&)&$& ,&(?/(>#& )&&1,[

\ qmax V )*+D+* >(D&> _5#Lh%`Y

\ ccr V ,#1%&'('#( $/&'&$. _5#Lh>`Y

\ vcr V 5&'#-( _>h%` *( $(/# %# ('&1?# ,#1%&'('#( $/&'&$.Y

\ cbl V ,#1%&'('#( ,# 0*:$(Z _5#Lh>`!

O(0#*+* 3! [ R#/#$L& ,# ,('# @#1'/+ #D#>@*&)&$(/#( ,&(?/(>#& )+1,(>#1'(*# ( )*+D+*+& ,#
'/()&$

E$SOUV \v] -O%&$SMSO \c] ;J![ \q = c ∗ v]
 B I I
 7YB IYI 3 IY J3
 3 IYI3G IY366
 IYB IYI7J IY726
< IYIG6 IYG73
2YB IYIJ IYGB
J IYI23 IYG73
GYB IYI6G IY726
7 IYI<J IY366
 YB IY I6 IY J3
I IY 3 I

C&1 X&?+/( 3! %# @:('# :0%#/5( $. )*+D+* (+':5#L&$+*#*:/ $/#9'# F>@/#+1.
$+ ,#1%&'('#( @]1. *( +1 (1+>&' @+1$' $/&'&$ (ccr, qmax)! C+@. $# ,#1%&'('#( ('&1?#
@/(?+* ccr 9& $:1'&1+. %. $/#(%$.Y )*+D+* F1$#@# %. %$(,.! K+ (*'# $+5&1'#Y $/#9'#/#(
,#1%&'.;&& (+':5#L&$+*#*:/ @#%'# +1 (1+>&' @+1$' $/&'&$ @# : (1+>&'. @:/;&+1# ,#
9:%#( (/# $( #)#$' >&$9:/(/#( )*+D+*+& (+':5#L&$+*#*:/ $# '/#$ @/&1 -:1( /#%@#$'&5.Y
$(@($&'('#( 9:%#*#& ,#5#1&1, &1%+)&$&#1'. @#1'/+ 1#$#%&'.;&*# ,# '/()&$! 8$.,#/#(
)*+D+*+& (+':5#L&$+*#*:/Y :,('. $+ $/#9'#/#( ,#1%&'.;&&Y %# F1/#?&%'/#(-. @]1. *( 5(*:(/#(
-#/: $:/#%@+1-.':(/# ,#1%&'.;&& ,# 0*:$(Z (cbl, 0)! =,#(* @#1'/+ +'&*&-(/#( *( >(D&> (
$(@($&'.;&& /+'&#/# (/ )& $( ,#1%&'('#( '/()&$+*+& %. %# (@/:@&# $]' >(& >+*' ,# @/(?+* $/&'&$
ccrY ,(/ %. 1+ F* ,#@.9#(%$.Y ?(/(1']1, (%')#* +1 )*+D (@/:(@# >(D&>! C&1 ,&(?/(>(
5&'#-#& 5#/%+% ,#1%&'('# %# :0%#/5. $+> 5&'#-( ,# ,#@*(%(/# %$(,# :,('. $+ $/#9'#/#(
,#1%&'.;&&Y $+ $]' ,#1%&'('#( $/#9'# $+ (']' (+':5#L&$+*#*# F1$#'&1#%$Y F1,/#@']1,+V%#
%@/# %'(/#( ,# 0*:$(ZY $:1):/> /#*(;&#& M3! P! C&1 ,&(?/(>( )*+D+*+& 5#/%+% 5&'#-. %#

BUPT
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X&?+/( 3! [ C&(?/(>( )+1,(>#1'(*. ( )*+D+*+& ,# '/()&$[ )*+D 5%! ,#1%&'('#
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densitate - c [veh/m]

cmax

vmax

(ccr,vcr)

X&?+/( 3!3[ C&(?/(>( )+1,(>#1'(*. ( )*+D+*+& ,# '/()&$[ 5&'#-. 5%! ,#1%&'('#

:0%#/5. $. )*+D+* $/#9'# F>@/#+1. $+ 5&'#-( @]1. *( +1 (1+>&' @/(? (* ($#%'#&(Y (@:&
F1$#@# %. %$(,. F1 ($#*(9& /&'>! K+ /#)#/&/# *( ,&(?/(>( @/#-#1'('. F1 X&?+/( 3!3Y
#$+(;&( ,/#@'#& #%'#[

v = vmax −
vmax

cmax

∗ c, c ∈ [0, cmax], M3! P

F1 $(/#[

\ v V 5&'#-( _>h%`Y

\ vmax V 5&'#-( >(D&>. _>h%`Y
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X&?+/( 3!7[ C&(?/(>( )+1,(>#1'(*. ( )*+D+*+& ,# '/()&$[ )*+D 5%! 5&'#-.

\ c V ,#1%&'('#( '/()&$+*+& _5#Lh>`Y

\ cmax V ,#1%&'('#( >(D&>. ,# '/()&$ _5#Lh>`!

1Q=Q1Q /WKJ!Y$M ZKTOJV#$$ ZMR#K&RK"$RO ^% S#MN$R!J #!S$O#

R/&>#*# >:,#*./& ,# '/()&$ /+'&#/ *( 1&5#* >($/:%$:@&$ (+ F1$#@+' F1$. ,&1 (1&&
 <BBV <BJ $]1, N&?L'L&** 9& dL&'L(>Y 9& (@:& U&$L(/,% (+ @+0*&$(' +1 >:,#* >('#>('&$
F1 '&>@ $:1'&1++! H$#%' >:,#* #%'# /#)#/&' F1 *&'#/('+/. _62f   B` %+0 1+>#*# ,#
>:,#* NdU MN&?L'L&**Y dL&'L(>Y U&$L(/,%P 9& %# 0(-#(-. @# (%#>.1(/#( ,&1'/# )*+D+*
(+':5#L&$+*#*:/ F1 '/()&$ 9& )*+D+* (@#*:/ /]+/&*:/ $:1):/> #$+(;&#& $+ ,#/&5('# @(/;&(*#
M3!3P!

n(x)∂C(x, t)

∂t
+

∂q(x, t)

∂x
= 0. M3!3P

H$#(%'. $:/#%@:1,#1;. ,&1'/# $#*# ,:+. )*+D+/& #%'# (@*&$(0&*. ,:(/ F1 $(-+*
-:1#*:/ $+ &1'#/%#$;&& 1#%#>():/&-('#Y '/()&$+* 1#)&&1, )/(?>#1'(' @/&1 %#>():/&-(/#Y
(+':5#L&$+*#*# $&/$+*]1, ,:(/ ,+@. %#>1#*# 9& /#?+*&*# ,# $&/$+*(;&# %'('&$# M%':@Y
$#,#(-. '/#$#/#(Y @/&:/&'('# ,# ,/#(@'(P! T*'&>( @(/'# ( >:,#*+*+& NdUY ,#%$/&%. @/&1
#$+(;&&*# M3!7P 9& M3!GPY @:/1#9'# ,# *( @/#>&%( $. 5&'#-( (+':5#L&$+*#*:/ @# : (1+>&'.
@:/;&+1# %# >:,&)&$. &1%'(1'(1#+ F1 )+1$;&# ,# ,#1%&'('#( '/()&$+*+& @# /#%@#$'&5(
@:/;&+1#[

q(x, t) = C(x, t)v(x, t)n(x), M3!7P

v(x, t) = V (C(x, t)), M3!GP

A:,#*+* NdU #%'# (*$.'+&' ,&1 /#*(;&&*# M3!3PY M3!7P 9& M3!GPY F1 $(/#[

\ x V @:-&;&( _>`Y

\ t V '&>@+* _%`Y

\ v(x, t) V 5&'#-( (+':5#L&$+*#*:/ _>h%` *( @:-&;&( x 9& '&>@+* tY

BUPT



 < 1Q= 8KTOJM#OM S#MN$R!J!$ #!S$O#

\ C(x, t) V ,#1%&'('#( '/()&$+*+& _5#Lh>` F1 /(@:/' $+ x 9& tY

\ q(x, t) V )*+D+* '/()&$+*+& _5#Lh%` *( @:-&;&( x 9& '&>@+* tY

\ n(x) V 1+>./+* ,# 0#1-& ,# >#/% *( @:-&;&( xY

\ V (C(x, t)) V 5&'#-( _>h%` (+':5#L&$+*#*:/ (,(@'('. F1 )+1$;&# ,# ,#1%&'('#(
'/()&$+*+&!

b1 /#*(;&( M3!BP vmax 9& Cmax /#@/#-&1'. 5&'#-( >(D&>. (,>&%. @# : (1+>&'.
@:/;&+1# 9& /#%@#$'&5 ,#1%&'('#( >(D&>. F1 $(- ,# 0*:$(Z F1 '/()&$! R/#>&%( >('#>('&$.
1#$#%(/. F1 #D@*&$&'(/#( /#*(;&&*:/ M3!7P 9& M3!GPY 1+ #%'# F1':',#(+1( (,#5./('. @#
@:/;&+1& ,# ,/+> $+ ,&)#/#1;# 0/+9'# ,# ,#1%&'('#! H$#(%'( %# ,(':/#(-. )(@'+*+& $.
/#*(;&( ,&1'/# 5&'#-. 9& ,#1%&'('# M3!BP[

v(x, t) = vmax ∗ (1−
C(x, t)

Cmax

), M3!BP

1+ %# @:('# (@*&$( F1 $(-+* '/()&$+*+& /+'&#/ +/0(1!
A:,#*+* NdU M3!3PYM3!7PYM3!GP )&&1, +1 >:,#* $:1'&1++ F1 '&>@ 9& %@(;&+Y @#1'/+

( @+'#( )& ):*:%&' F1 @/($'&$. '/#0+&# ,&%$/#'&-(' F1 '&>@ 9& %@(;&+ _<`! C&%$/#'&-(/#( %#
/#(*&-#(-. *( &1'#/5(*# ,# '&>@ ∆t ,# /#?+*.  B %#$+1,# F>@./;&1, 9:%#(+( F1 @:/;&+1&
,# (1+>&'# *+1?&>& M@#1'/+ (+':%'/(,. ,# :0&$#& BIIV III>PY (%')#* F1$]' ,&1 >:'&5#
,# %'(0&*&'('# _ IB`Y ∆x > v∆t!

C&%$/#'&-]1, F1 '&>@ #$+(;&( M3!3P %# :0;&1#[

Cj(k + 1) = Cj(k) +
∆t

ljnj

[qin,j(k)− qout,j(k)], M3!JP

F1 $(/#[

\ Cj(k) V ,#1%&'('#( >#,&# _5#Lh>` F1 @:/;&+1#( j 9& @#/&:(,( kY

\ lj V *+1?&>#( +1#& @:/;&+1& ,# 9:%#( _>`Y

\ nj V 1+>./+* ,# 0#1-&Y

\ qin,j V )*+D+* ,# &1'/(/# _5#Lh%` F1 %#$;&+1#( jY

\ qout,j V )*+D+* ,# &#9&/# _5#Lh%` ,&1 %#$;&+1#( jY

\ ∆t V @#/&:(,( ,# #9(1'&:1(/# _%`!

E$+(;&( M3!JP /#@/#-&1'. #$+(;&( ,# >:,&)&$(/# ( ,#1%&'.;&& ,# '/()&$ F1'/V:
(1+>&'. @:/;&+1# j F1 &1'#/5(*+* ,# '&>@ [k∆t, (k+1)∆t)Y (5]1, %#>1&)&$(;&( $. ,&)#/#1;(
,&1'/# ,#1%&'.;&*# ,# '/()&$ *( >:>#1'#*# (k + 1)∆t 9& k∆t #%'# ,&/#$' @/:@:/;&:1(*. $+
,&)#/#1;( ,&1'/# )*+D+* ,# &1'/(/# 9& )*+D+* ,# &#9&/#!

X:/>+*( ,# $(*$+* ( 5&'#-#& >#,&& @#1'/+ : @:/;&+1# ,# 9:%#( j *( >:>#1'+*
'&>@ k∆t #%'# @/#-#1'('. F1 $:1'&1+(/# $:1):/> _<f <B`[

vj(k) = V
e(Cj(k)) = vf

[

1−

[
Cj(k)

Cbl

]α]β

, M3!2P

F1 $(/#[

\ vj(k) V 5&'#-( >#,&# _>h%` @# @:/;&+1#( j 9& @#/&:(,( kY

\ vf V 5&'#-( _>h%` F1 $:1,&;&& ,# '/()&$ ,#?(Z('Y $+ $:1,&;&( $( ,:+. (+':5#L&$+*# %.
1+ %# &1)*+#1;#-# /#$&@/:$Y

BUPT
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\ α, β V @(/(>#'/& (,&>#1%&:1(*& $(/# &(+ 5(*:/& F1 )+1$;&# ,# $:1,&;&&*# ,# '/()&$Y

\ Cbl V ,#1%&'('#( _5#Lh>` ,# 0*:$(Z *( $(/# 5&'#-( >#,&# ,# ,#@*(%(/# %# (@/:@&#
,# -#/:!

\ V e V 5&'#-( >#,&# ,# #$L&*&0/+ _>h%`Y

T'&*&-]1, /#*(;&( M3!7PY @/&1 ,&%$/#'&-(/# F1 '&>@ 9& %@(;&+ /#-+*'. $. )*+D+*
,# '/()&$ @# : (1+>&'. @:/;&+1# ,# 9:%#( j *( >:>#1'+* ,# '&>@ k∆t #%'# ,&/#$'
@/:@:/;&:1(* $+ 5&'#-( >#,&#Y $+ ,#1%&'('#( ,# '/()&$ 9& $+ 1+>./+* ,# 0#1-& ,# >#/%
,&1 /#%@#$'&5( @:/;&+1# M3!6P[

qj(k) = Cj(k)vj(k)nj . M3!6P

A:,#*+* NdU (/# ,:+. >(/& ,#-(5(1'(Z# 9& (1+>#[ '/()&$+* %# $:1%&,#/.
1#)/(?>#1'(' (%')#* $. >:,#*+* 1+ #%'# (@*&$(0&* F1 $(-+* &1'#/%#$;&&*:/ %#>():/&-('#
9& %$L&>0(/#( 5&'#-#& (+':5#L&$+*#*:/ @# : (1+>&'. @:/;&+1# %# $:1%&,#/. ( %#
/#(*&-( &1%'(1'(1#+ F1 )+1$;&# ,# ,#1%&'('#( '/()&$+*+&Y )(@' 1+ F1':',#(+1( (,#5./('!
R/:0*#>#*# >:,#*+*+& NdU (+ ):%' /#-:*5('# ,# $.'/# R(g1# _ I<`Y F1 >:,#*+* %.+
F>0+1.'.;&'Y F1 $(/# 5&'#-( ,# ,#@*(%(/# %# $:1%&,#/. ( )& ,#@#1,#1'. ,# '/#& )($':/&[

\ /#*(D(/# V '#1,&1;( 9:)#/&*:/ ,# ( ($$#*#/( %(+ ( ,#$#*#/( %@/# 5&'#-( ,:/&'. #%'#
$(/($'#/&-('. ,# ,#1%&'('#( ,# '/()&$Y

\ $:15#$;&# V %$L&>0(/#( 5&'#-#& >#,&& @# : (1+>&'. @:/;&+1# ,# 9:%#( F1 )+1$;&#
,# )*+D+* ,# &1'/(/# 9& )*+D+* ,# &#9&/# ,# @# /#%@#$'&5( @:/;&+1#Y

\ (1'&$&@(/# V (+':5#L&$+*#*# F9& >:,&)&$. 5&'#-( F1 )+1$;&# ,# 5&'#-( 9& ?/(,+* ,#
(?*:>#/(/# M,#1%&'('#(P ( (+':5#L&$+*#*:/ ()*('# F1 )(;( *:/Y ($$#*#/]1, :,('. $+
%$.,#/#( ,#1%&'.;&& %(+ ,#$#*#/]1, :,('. $+ $/#9'#/#( ($#%'#&(!

A:,#*+* R(g1# $:1;&1# ,:+. #$+(;&& $+ ,#/&5('# @(/;&(*#Y M3!3P 9& M3!<P! R/&>(
#$+(;&# M3!3P ,#%$/&# $:1%#/5(/#( (+':5#L&$+*#*:/ $( 9& *( >:,#*+* NdUY &(/ ( ,:+(
#$+(;&# M3!<P ,#%$/&# 5&'#-( >#,&# ,# ,#@*(%(/# @# : (1+>&'. @:/;&+1# ,# 9:%#( ;&1]1,
%#(>( 1+ 1+>(& ,# ,#1%&'('#( ,# '/()&$Y $& 9& ,# ,&1(>&$( 5&'#-#& 9& ,# %#$;&+1&*#
F15#$&1('#[

∂v(x, t)

∂t
+ a1(x, t) = a2(x, t) + a3(x, t), M3!<P

F1 $(/# a1(x, t)Y a2(x, t) 9& a3(x, t) %+1' '/#& '#/>#1& $+ %#>1&)&$(;&( ,# ($$#*#/(;&#[

a1(x, t) = v
∂v

∂x
, M3! IP

a2(x, t) =
V e(C)− v

T
, M3!  P

a3(x, t) =
c0

2

C

∂C

∂x
. M3! 3P

O#/>#1+* a1(x, t) #%'# '#/>#1 ,# $:15#$;&#Y a2(x, t) #%'# '#/>#1 ,# /#*(D(/#Y &(/
a3(x, t) #%'# '#/>#1 ,# (1'&$&@(/#! b1 /#*(;&&*# M3! IPY M3!  PY M3! 3P (+ ):%' &1'/:,+%#
+/>.':(/#*# 1:'(;&&[

\ V e V 5&'#-( >#,&# ,# #$L&*&0/+ _>h%`Y

\ c0 V $:1%'(1'( ,# (1'&$&@(/# _>h%`Y $+ %#>1&)&$(;&( ,# 5&'#-.Y

\ T V $:1%'(1'( ,# /#*(D(/# _%`!

BUPT
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R/&1 ,&%$/#'&-(/# F1 '&>@ 9& %@(;&+ ( +*'&>#*:/ @('/+ /#*(;&& $:1):/> @/:$#,+/&& ,&1 _ IB`Y
+'&*&-]1, ∆x = lj /#-+*'. /#*(;&([

vj(k + 1) = vj(k)− a1(k) + a2(k) + a3(k), k ∈ N, M3! 7P

F1 $(/#[

a1(k) =
∆t

lj
vj(k)[vj−1(k)− vj(k)], M3! GP

a2(k) =
∆t

T
[V e(Cj(k))− vj(k)], M3! BP

a3(k) =
c2
0∆t[Cj+1(k)− Cj(k)]

lj [Cj(k) + κ]
, M3! JP

9&[

\ κ V @(/(>#'/+ ,# (Z+%'(/# _>h%`Y

\ V e(Cj(k)) V 5&'#-( >#,&# ,# #$L&*&0/+ _>h%`!

C&1 #$+(;&( M3! 7P /#-+*'. $. 5&'#-( (+':5#L&$+*#*:/ @# @:/;&+1#( ,# 9:%#( j
*( >:>#1'+* (k + 1)∆t #%'# #?(*. $+ 5&'#-( @# %#$;&+1#( j *( >:>#1'+* k∆t *( $(/# %#
(,(+?. : (1+>&'. $:/#$;&# @#1'/+ $:15#$;&#Y /#*(D(/# 9& (1'&$&@(/# _<`[

\  !":% A*% Ma1(k)P $+ +/>.':(/#( &1'#/@/#'(/# )&-&$.[ (+':5#L&$+*#*# $(/# '/#$ ,&1
@:/;&+1#( j − 1 F1 @:/;&+1#( jY %@/# ,#:%#0&/# ,# >:,#*+* NdU 1+ F9& %$L&>0.
5&'#-( &1%'(1'(1#+! 8@/# #D#>@*+Y +1 9:)#/ $(/# $&/$+*. $+ 5&'#-. >(/# @#
@:/;&+1#( j − 1Y 5( ,#$#*#/( '/#@'(' @]1. 5( (Z+1?# *( : 5&'#-. @# $(/# :
$:1%&,#/. (,#$5('. @#1'/+ @:/;&+1#( jY F1 '&>@+* ,#$#*#/./&& 5&'#-( %( >#,&#
)&&1, >(& >(/# ,#$]' 5&'#-( ,# #$L&*&0/+ @# @:/;&+1#( j! H%')#*Y $+ $]' 5&'#-(
@# @:/;&+1#( j − 1 #%'# >(& >(/#Y $+ (']' 5( $/#9'# 9& 5&'#-( >#,&# @# @:/;&+1#(
j! C# (%#>#1#(Y $+ $]' 5&'#-( @# @:/;&+1#( j − 1 #%'# >(& >&$.Y $+ (']' 5&'#-(
>#,&# @# @:/;&+1#( j 5( %$.,#(Y (+':5#L&$+*#*# )&&1, 1#5:&'# %. ($$#*#/#-# *(
'/#$#/#( F1 @:/;&+1#( j @]1. *( ('&1?#/#( 5&'#-#& >#,&& @# /#%@#$'&5( @:/;&+1#!
K:15#$;&( #%'# (%')#* @/:@:/;&:1(*. $+ ,&)#/#1;( ,&1'/# 5&'#-#*# ,# ,#@*(%(/# @#
$#*# ,:+. @:/;&+1& F15#$&1('#Y $+ $]' ($#(%'. ,&)#/#1;. #%'# >(& >(/#Y $+ (']'
,+/('( ($$#*#/./&&h,#$#*#/./&& #%'# >(& >(/#Y (5]1, &>@($' >(& >(/# (%+@/(
5&'#-#& >#,&& @# +*'&>( @:/;&+1#! K:15#$;&( #%'# (%')#* @/:@:/;&:1(*. 9& $+ 5&'#-(
>#,&#! =>@($'+* $:15#$;&#& #%'# $+ (']' >(& >(/# $+ $]' *+1?&>#( @:/;&+1&& ,#
9:%#( #%'# >(& >&$.f @+'#> %@+1# (%')#* $.Y $:15#$;&( #%'# &15#/% @/:@:/;&:1(*.
$+ *+1?&>#( @:/;&+1&& ,# 9:%#(!

\ &%.)B)&% Ma2(k)P $+ +/>.':(/#( &1'#/@/#'(/# )&-&$.[ 9:)#/&& (+':5#L&$+*#*:/ '&1, %.
('&1?. 5&'#-( @/:@/&# ,:/&'.! C($. 5&'#-( *( +1 >:>#1' ,(' #%'# >(& >&$. ,#$]'
$#( ,:/&'.Y ,(':/&'. +1+& :(/#$(/# :0%'($:* F1']*1&'Y ('+1$& 9:)#/+* 5( ($$#*#/(
%@/# 5&'#-( ,:/&'.! C($. 5&'#-( ,:/&'. %$(,# ,(':/&'. $:1?#%'&:1./&& '/()&$+*+& %(+
,&1 :/&$# (*'# >:'&5#Y ('+1$& 9:)#/+* 5( ,#$#*#/( (,(@']1, 5&'#-( $+/#1'. *( 1:+(
5&'#-. ,:/&'.! T/>./&1, ($#%' $:>@:/'(1>#1' (* 9:)#/&*:/ F1 '/()&$ %# @:('# ()&/>(
$. 5&'#-( ,# ,#@*(%(/# #%'# &1)*+#1;('. ,&/#$' ,# $.'/# ,#1%&'('#( ,# '/()&$! K+
$]' ,&)#/#1;( ,&1'/# 5&'#-( $+/#1'. 9& 5&'#-( ,:/&'. #%'# >(& >(/# $+ (']' ($#%'
)($':/ ,# /#*(D(/# #%'# >(& >(/#! K:1%'(1'( ,# '&>@ T /#@/#-&1'. $(@($&'('#( ,#
/#($;&# ( 9:)#/+*+&Y $+ $]' 5(*:(/#( %( #%'# >(& >(/#Y $+ (']' 9:)#/+* 5( /#($;&:1(
>(& F1$#' F1 %$L&>0(/#( 5&'#-#& 9& )($':/+* ,# /#*(D(/# 5( )& >(& >&$!
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\ )"(* *-)&% Ma3(k)P $+ +/>.':(/#( &1'#/@/#'(/# )&-&$.[ (+':5#L&$+*#*# F9& >:,&)&$.
5&'#-( F1 )+1$;&# ,# 5&'#-( 9& ?/(,+* ,# (?*:>#/(/# ( (+':5#L&$+*#*:/ ()*('# F1 )(;(
*:/! C($. 9:)#/+* (+':5#L&$+*+*+& 5#,# $. ,#1%&'('#( '/()&$+*+& ,&1 @:/;&+1#( %@/#
$(/# %# F1,/#(@'. #%'# >(& >(/#Y ('+1$& 5( ,#$#*#/( '/#@'(' @]1. 5( ('&1?# 5&'#-(
,# ,#@*(%(/# @# /#%@#$'&5( @:/;&+1#! C# (%#>#1#(Y ,($( 5#,# $. ,#1%&'('#(
'/()&$+*+& %$(,#Y ('+1$& 9:)#/+* 5( ($$#*#/(! K:1%'(1'( ,# (1'&$&@(/# c0 #%'#
,&/#$' @/:@:/;&:1(*. $+ ,&)#/#1;( ,# ,#1%&'('# ,# '/()&$ @# @:/;&+1#( $+/#1'. j 9&
@:/;&+1#( +/>.':(/# j+1! K:1%'(1'( ,# '&>@ T /#@/#-&1'. $(@($&'('#( ,# /#($;&#
( 9:)#/+*+&Y *( )#* $( 9& F1 $(-+* /#*(D./&&Y &(/ @(/(>#'/& va 9& κ @#/>&' (Z+%'(/#(
'#/>#1+*+& ,# ('&$&@(/#!

=1  <<IY R(@(?#:/?&:+ _ IB` ( (,+% ,:+. F>0+1.'.;&/& *( >:,#*+* R(g1#
,&%$/#'&-(' M3! 7PY 9& (1+># '/('(/#( ( ,:+. %&'+(;&& &>@:/'(1'# @# (+':%'/(,. $# (+
$( #)#$' $/#9'#/#( ,#1%&'.;&& '/()&$+*+&! R/&>( %&'+(;&# #%'# F1]*1&'. F1 -:1#*# ,# +/$(/#
@# (+':%'/(,.Y &(/ $#( ,#V( ,:+( %&'+(;&# F1 -:1#*# F1 $(/# %$(,# 1+>./+* 0#1-&*:/ ,#
>#/%!

8$.,#/#( 5&'#-#& ,# ,#@*(%(/# F1 (@/:@&#/#( +/$./&*:/ @# (+':%'/(,. %#
,(':/#(-. $/#9'#/&& ,#1%&'.;&& F1 -:1( /#%@#$'&5.! H+':5#L&$+*#*# $# +/>#(-. %. +/$# @#
(+':%'/(,. 5:/ &1)*+#1;( (+':5#L&$+*#*# ,#Z( $&/$+*]1, @# (+':%'/(,. @/&1 %$L&>0./&*#
,# 0(1,. @# $(/# ($#%'#( ,&1 +/>. *# 5:/ #)#$'+( @#1'/+ ( @#/>&'# ($$#%+* @# @/&>(
0(1,.! H$#(%'. %$L&>0(/# ,# 0(1,. ,# >#/% 5( (5#( $( #)#$' &>#,&(' %$.,#/#(
5&'#-#& ,# ,#@*(%(/#! 8&'+(;&( >#1;&:1('. ( ):%' >:,#*('. ,# $.'/# R(@(?#:/?&:+ @/&1
(,+1(/#( +1+& '#/>#1 %+@*&>#1'(/Y 1+>&' '#/>#1 ,# (>#%'#$(/#Y #$+(;&#& ,&%$/#'&-('#
R(g1# M3! 7P _<`! ED@/#%&( '#/>#1+*+& ,# (>#%'#$(/# #%'#[

a4(k) = −

(
δ∆t

ljnj

)
qµ(k)vj(k)

Cj(k) + L
, M3! 2P

F1 $(/#[

\ δ V @(/(>#'/+ (,&>#1%&:1(* ,# (Z+%'(/# ( '#/>#1+*+& ,# (>#%'#$(/#Y

\ L V @(/(>#'/+ ,# (Z+%'(/# ( '#/>#1+*+& ,# (>#%'#$(/# _5#Lh>`Y

\ qµ(k) V )*+D+* (+':5#L&$+*#*:/ _5#Lh%` @# &1'/(/#( @# (+':%'/(,.!

U#*(;&( M3! 2P (/# &1'#/@/#'(/# )&-&$. &>#,&('.! H$#(%'( %# /#)#/. *( )(@'+* $.
%$.,#/#( 5&'#-#& @# (+':%'/(,. #%'# ,&/#$' @/:@:/;&:1(*. $+ $/#9'#/#( )*+D+*+& qµ(k) @#
&1'/(/#( @# (+':%'/(,.!

b1?+%'(/#( (+':%'/.-&& @/&1 /#,+$#/#( 1+>./+*+& ,# 0#1-& @# (1+>&'# @:/;&+1&
#%'# %&>&*(/. $(-+*+& (1'#/&:/ ,# +/$(/# @# (+':%'/(,.Y )*+D+* (+':5#L&$+*#*:/ ,#@.9&1,
0/+%$ $(@($&'('#( @:/;&+1&& /#%@#$'&5#! R#1'/+ ($#(%'( R(@(?#:/?&:+ ( >(& (,.+?(' +1
'#/>#1 *( >#>0/+* ,/#@' (* #$+(;&#& M3! 7P[

a5(k) = −

(
φ∆t

ljnj

) (
∆njCj(k)

Cbl,j

)

vj
2(k), M3! 6P

F1 $(/#[

\ Φ V @(/(>#'/+ (,&>#1%&:1(* ,# (Z+%'(/#Y

\ nj V 1+>./+* ,# 0#1-& ,&1 %#$;&+1#( jY

\ ∆nj = nj−nj+1 < 0 V ,&)#/#1;( ,&1'/# 1+>./+* ,# 0#1-& ,&1 %#$;&+1#( j 9& 1+>./+*
,# 0#1-& ,&1 %#$;&+1#( j + 1!

b1 )&1(*Y #$+(;&( R(g1# F>0+1.'.;&'. ,# R(@(?#:/?&:+ (/# #D@/#%&([
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vj(k + 1) = vj(k)−
∆t

lj
vj(k)[vj−1(k)− vj(k)]

︸ ︷︷ ︸

a1

+
∆t

T
[V Cj(k)− vj(k)]

︸ ︷︷ ︸

a2

+

c2
0∆t[Cj+1(k)− Cj(k)]

lj [Cj(k) + κ]
︸ ︷︷ ︸

a3

−

(
δ∆t

ljnj

)
qµ(k)vj(k)

Cj(k) + L
︸ ︷︷ ︸

a4

−

(
φ∆t

ljnj

) (
∆njCj(k)

Cbl,j

)

vj
2(k)

︸ ︷︷ ︸

a5

.
M3! <P

K:>@*#'./& *( ($#%'# >:,#*# >($/:%$:@&$# *( 1&5#* ,# (+':%'/(,. (+ ):%' (,+%#
,# $.'/# k#*0&1? _J `Y C(?(1-: _36`Y i:'%&(*:% 9& R(@(?#:/?&:+ _2<f <6`!

A:,#*#*# (>&1'&'# (+ $( %$:@ @/&1$&@(* ,#%$/&#/#( )*+D+*+*+& (+':5#L&$+*#*:/
@# (+':%'/(,. %(+ F1 :/(9# @# @:/;&+1& ,# ,/+> 1#%#>():/&-('#! b1'/+$]' >(Z:/&'('#(
&1'#/%#$;&&*:/ F1 >(/&*# :/(9#*# (*# -&*#*:/ 1:(%'/# %+1' %#>():/&-('#Y ($#%' '&@ ,# >:,#*#
1+ #%'# F1':',#(+1( (,#$5('! b1 ($#%' $(- >+*' >(& &>@:/'(1'# %+1' ,('#*# ,# '/()&$
F1 '&>@ /#(* $+> (/ )&Y *+1?&>#( $:-&*:/ ,# (9'#@'(/#Y 1+>./+* ,# (+':5#L&$+*# $# '/#$
@/&1 &1'#/%#$;&# @# ,+/('( +1+& $&$*+ ,# %#>():/Y 5&'#-#*# >#,&& ,# ,#@*(%(/# @# )&#$(/#
%'/(,. $(/# &1'/. 9& $(/# &#%# ,&1 &1'#/%#$;&#Y '&>@&& >#,&& ,# (9'#@'(/# *( %#>():/!

A(Z:/&'('#( %'+,&&*:/ *#?('# ,# $:1,+$#/#( '/()&$+*+& F1 -&*#*# 1:(%'/# F9&
F1,/#(@'. ('#1;&( %@/# '/()&$+* @# (+':%'/(,.Y %#$+/&'('# F1 '/()&$ 9& &>@*#>#1'(/#(
+1:/ %&%'#># ,&1(>&$# @#1'/+ ?L&,(/#( 9:)#/&*:/ F1 '/()&$ _2f 6f BIf JIf J3f 6If <7f
  Gf  3B`! K+ ':('# ($#%'#( F1$. #D&%'. ):(/'# >+*'# :/(9# 1#,:'('# $+ &1)/(%'/+$'+/.
@/#5.-+'. $+ (+':%'/.-& M>(& (*#% F1 ;./&*# %*(0 ,#-5:*'('# %(+ F1 $+/% ,# ,#-5:*'(/#PY
#D&%']1, $L&(/ >(/& :/(9# (*# *+>&& $+ -:1# ,# '/()&$ +/0(1 )./. (+':%'/(,.! C# (&$&
/#-+*'. 1#$#%&'('#( &>@*#>#1'./&& +1:/ %&%'#># ,&1(>&$# ,# $:1,+$#/# ( '/()&$+*+&
+/0(1 F1 '&>@ /#(* @/&1 $:>(1,( %#>():(/#*:/ ,&1 &1'#/%#$;&&Y )(@' $# &>@*&$. F1 @/&>+*
/]1, : >:,#*(/# (,#$5('.! N#?(' ,# >:,(*&'('#( ,# /#@/#-#1'(/# ( @/:$#%+*+& F1 '&>@
$:1'&1++ %(+ F1 '&>@ ,&%$/#'Y >(Z:/&'('#( >:,#*:/ M$L&(/ F1 '&>@ $:1'&1++P (Z+1? %.
)&# /#-:*5('# 1+>#/&$ F1 '&>@ ,&%$/#' ,+@. $+> (/('. 9& k#?g& _B6`! 8# @:('# ()&/>(
(%')#* $. >:,#*#*# F1 '&>@ ,&%$/#' %+1' >(& +'&*#Y /#@/#-#1']1, : >:,(*&'('# >('#>('&$.
,&/#$'. ,# %&>+*(/# ( $:1,&;&&*:/ /#(*# ,# '/()&$ /+'&#/!

1Q=Q=Q 8KTOJM#OM ZMR#K&RK"$RV M S#MN$R!J!$ #!S$O# !#IM%

8@/# ,#:%#0&/# ,# %:*+;&&*# $#/$#'('# F1 $##( $# @/&5#9'# '/()&$+* @# (+':%'/(,.Y
)&# $. 1# /#)#/&> *( >:,#*(/#( '/()&$+*+&Y *( %&>+*(/#( $:>@:/'(>#1'+*+& ($#%'+&( %(+
*( %:*+;&&*# ,# $:1,+$#/#Y $#/$#'(/#( '/()&$+*+& +/0(1 %#>():/&-(' %# /#?.%#9'# F1 >+*'
>(& @+;&1# *+$/./& F1 *&'#/('+/( ,# %@#$&(*&'('#! A:,#*(/#( '/()&$+*+& +/0(1 %#>():/&-('
#%'# ':'(* ,&)#/&'. )(;. ,# >:,#*(/#( '/()&$+*+& @# (+':%'/(,. ,(':/&'.Y F1 @/&>+* /]1,Y
,#%#*:/ %#?>#1'./& (*# )*+D+*+& '/()&$+*+& (@/:(@# F1 )&#$(/# &1'#/%#$;&# 9& F1 (* ,:&*#(
/]1,Y ,(':/&'. $:1,+$#/&& ,&)#/&'# ,(':/('# %#>():/&-./&&!

b1 5&-&+1#( (+':/+*+&Y @/&1$&@(*#*# $(/($'#/&%'&$& 1#$#%(/# ( )& *+('# F1
$:1%&,#/(/# @/&5&1, @/:$#%+* ,# >:,#*(/# ( '/()&$+*+& /+'&#/ +/0(1 %#>():/&-(' %+1'
+/>.':(/#*#[

\ 1+>./+* ,# %'/.-& $# &1'/. 9& &#% ,&1 &1'#/%#$;&#Y

\ 1+>./+* ,# 0#1-& ,# @# )&#$(/# %'/(,.Y

\ ,#)&1&/#( $&$*+/&*:/ 9& )(-#*:/ ,# %#>():/Y

\ ,#)&1&/#( @/(?+/&*:/ >(D&># ,# '&>@ ,# (9'#@'(/# @#1'/+ )&#$(/# %'/(,. F1 @(/'#Y

\ ,#)&1&/#( '&>@&*:/ F1'/# ,:+. )(-# $:1%#$+'&5# ,# 5#/,# F1 5#,#/#( #5&'./&&
($$&,#1'#*:/Y
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1Q 2)23(42 5*2-(.3.( 2 *.23 3G

\ @:*&'&$( ,# ?/+@(/# ( %'/.-&*:/ @#1'/+ ($##(9& )(-. ,# %#>():/ %@#$&)&$.
&1'#/%#$;&#&Y

\ *+1?&>#( $:-&*:/ ,# (9'#@'(/#Y

\ 5&'#-( >#,&# ( (+':5#L&$+*#*:/Y

\ /('( ,# $/#9'#/# ( $:-&& ,# (9'#@'(/# @#1'/+ )&#$(/# )(-. ,# %#>():/Y

\ /('( ,# ?:*&/# ( $:-&& ,# (9'#@'(/# @#1'/+ )&#$(/# )(-. ,# %#>():/Y

\ #%'&>(/#( $/#9'#/&& $:-&*:/ ,# (9'#@'(/#Y

\ $:1,&;&&*# ,# '/()&$ ,&)#/&'# F1 )+1$;&# ,# @#/&:(,( -&*#&Y

\ ,#'#$;&( 9& >:1&':/&-(/#( $:-&*:/ ,# (9'#@'(/# (']' ( (+':5#L&$+*#*:/ $]' 9& (
@&#':1&*:/Y

\ @:%&0&*&'('#( %&1$/:1&-./&& $+ (*'# &1'#/%#$;&&Y

\ @:%&0&*&'('#( $:1,+$#/&& *:$(*# *( 1&5#* ,# &1'#/%#$;&#Y

\ @:%&0&*&'('#( $:1,+$#/&& @/&1 $::/,:1(/# ,# $.'/# +1 %&%'#> $#1'/(*Y

\ @:%&0&*&'('#( %&>+*./&& $:>@:/'(>#1'+*+& %&%'#>#*:/ ,# $:1,+$#/# &>@*#>#1'('#!

b1 *&'#/('+/( ,# %@#$&(*&'('# _7Jf  IG` %# ,&%'&1? ,:+. $:>@:1#1'#
$:>@*#>#1'(/# (*# >:,#*./&& >($/:%$:@&$# ( '/()&$+* +/0(1 %#>():/&-('[  P >:,#*(/#(
@/:$#%+*+& ,# %$L&>0(/# ( $+*:/&*:/ %#>():(/#*:/ 9& 3P >:,#*(/#( )*+D+*+& '/()&$+*+&
F1'/V: &1'#/%#$;&# @/&1 >:1&':/&-(/#( $:-&*:/ ,# (9'#@'(/#! R/&1$&@(*#*# >#':,# +'&*&-('#
F1 >:,#*(/#( F1 '&>@ ,&%$/#' %+1'[ '#:/&( $:-&*:/ _23f  GIf  G3`Y /#;#*#*# R#'/&
_7Jf G6f <3` 9& (+':>('#*# $#*+*(/# _Jf  If 3If 76f  I `! b1 $:1'&1+(/# 5( )& ).$+'. :
(1(*&-. %+$$&1'. ( >#':,#*:/ (>&1'&'# >(& %+%!

O#:/&( $:-&*:/ #%'# ,#% +'&*&-('. F1 >:,#*(/#( >($/:%$:@&$. ,(':/&'. )(@'+*+&
$. :)#/. %+@:/'+* >('#>('&$ @#1'/+ >:1&':/&-(/#(h>:,#*(/#( $:-&*:/ ,# (9'#@'(/# (
(+':5#L&$+*#*:/ F1 &1'#/%#$;&&*# %#>():/&-('#! T'&*&-]1, /#*(;&&*# *+& i#1,(** ,&1 '#:/&(
$:-&*:/ $+ '/#& )($':/& MA/B/CY F1 $(/# A #%'# @/:$#%+* ,# %:%&/#Y B #%'# ,&%'/&0+;&( F1
'&>@ ( ?:*&/&& $:-&& 9& C /#@/#-&1'. 1+>./+* ,# $(1(*# ,# ?:*&/# ( $:-&&PY >(Z:/&'('#(
(0:/,./&*:/ ,&1 *&'#/('+/( ,# %@#$&(*&'('# _23f  GIf  G3` +'&*&-#(-. >:,#*# ,# '&@+/&*#[
G/G/1Y M/G/1Y G/M/1 9& M/M/1f F1 $(/# M #%'# 1:'(;&( @#1'/+ @/:$#%h,&%'/&0+;&#
,# '&@ A(/l:5&(1 M@/:$#%h,&%'/&0+;&# ,# '&@ %':L(%'&$PY &(/ G #%'# 1:'(;&( @#1'/+
@/:$#%h,&%'/&0+;&# ?#1#/(*.! b1 X&?+/( 3!G #%'# @/#-#1'(' @/&1$&@&+* ,# >:1&':/&-(/#
( $:-&*:/ ,# (9'#@'(/# ( (+':5#L&$+*#*:/ F1 )+1$;&# ,# /('( ,# %:%&/# λ ( ($#%':/(
9& /('( ,# @*#$(/# µ! A(/#*# (5(1'(Z (* >:,#*./&& $:-&*:/ ,# (9'#@'(/# #%'# ,(' ,#
+9+/&1;( &>@*#>#1'./&& (*.'+/& ,# :)#/&/#( ,# &1):/>(;&& ,# '/()&$ F1 '&>@ /#(*! 8&1?+/+*
,#-(5(1'(Z (* ($#%'#& >#':,# ,# >:,#*(/# #%'# $. %# @:' %'/#$+/( #/:/& F1 $(-+/&*#
F1 $(/# $:-&*# ,# (9'#@'(/# %+1' ,&%$:1'&1+#Y (,&$. (+':5#L&$+*#*# 1+ %+1' ?/+@('# F1
@*+':1Y $& %+1' F1'/#/+@'# ,&1 ,&)#/&'# >:'&5#!

4 >:,#*(/# >('#>('&$. ,# @/&$&@&+ ( *+1?&>&*:/ $:-&*:/ ,# (9'#@'(/# F1 )+1$;&#
,# /('#*# %(+ 5&'#-#*# ,# %:%&/# λ 9& ,# @*#$(/# µ ( (+':5#L&$+*#*:/ F1 9& /#%@#$'&5
,&1 $:(,( ,# (9'#@'(/# #%'# ,#%$/&%. F1 #$+(;&( M__P! b1 *&'#/('+/( ,# %@#$&(*&'('# %#
,&%'&1? ,:+. (0:/,./& *#?('# ,# +1&'('#( ,# >.%+/. ( *+1?&>&*:/ $:-&*:/ ,# (9'#@'(/#Y
: (0:/,(/# @/&1 $(/# %# >.%:(/. 1+>./+* ,# (+':5#L&$+*# @/#-#1'# F1 $:(,( ,#
(9'#@'(/#Y 9& (*'. (0:/,(/# @/&1 $(/# %# >.%:(/. *+1?&>#( #)#$'&5. ( $:-&& ,# (9'#@'(/#
F1 >#'/&!

l(tk) = max(l(tk−1) + (λ
(k−1)
1 − µ

(k−1)
1 )δk, 0) , M3!3IP

F1 $(/#[
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\ δk = tk+1 − tk ∈ N
+ V '&>@+* ,&1'/# %$L&>0(/#( $+*:/&*:/ %#>():/+*+& ,&1 5#/,# F1

/:9+ %(+ &15#/%Y

\ l(t) V *+1?&>#( $:-&& ,# (9'#@'(/# M1+>./+* ,# (+':5#L&$+*# F1 (9'#@'(/#P
>.%+/('. F1 >#'/&Y

\ λ
(k)
i = const,∀t ∈ [tk, tk+1), λ

(k)
i ∈ N V 5&'#-( >#,&# ,# %:%&/# ( (+':5#L&$+*#*:/ F1

&1'#/5(*+* ,# '&>@ [tk, tk+1)Y >.%+/('. F1 _>h%`Y

\ µ
(k)
i = const,∀t ∈ [tk, tk+1), µ

(k)
i ∈ N V 5&'#-( >#,&# ,# @*#$(/# ( (+':5#L&$+*#*:/ F1

&1'#/5(*+* ,# '&>@ [tk, tk+1)Y >.%+/('. F1 _>h%`!

X&?+/( 3!G[ 8$L#>. ,# @/&1$&@&+ @/&5&1, >:1&':/&-(/#( +1#& $:-& ,# (9'#@'(/#

T'&*&-(/#( (+':>('#*:/ $#*+*(/# F1 >:,#*(/#( '/()&$+*+& /+'&#/ +/0(1 F>0&1.
?#1#/(*&'('#( :)#/&'. ,# >:,#*(/#( >($/:%$:@&$.Y $+ @(/'&$+*(/&'.;&*# )&#$./+&
@(/'&$&@(1' *( '/()&$ :)#/&'# ,# >:,#*(/#( >&$/:%$:@&$.! R/&1$&@&+* ,# )+1$;&:1(/#
#%'# /#*('&5 %&>@*+ $:1):/> *+$/./&& _ I `[ : %'/(,. #%'# ):/>('. ,&1'/V: >+*;&># ,#
$#*+*# (,&($#1'#Y +1 (+':5#L&$+* @+']1,+V%# ,#@*(%( ,&1'/V: (1+>&'. $#*+*. F1 +1( ,&1
$#*+*#*# 5#$&1# ,+@. (1+>&'# /#?+*& $+ $:1,&;&( $( $#*+*( /#%@#$'&5. %. 1+ )&# :$+@('.!
A:,#*(/#( %# /#(*&-#(-. F1 '&>@ ,&%$/#'Y $+1:%$]1,+V%# ,('#*# #D($'# ,# '/()&$ *( )&#$(/#
>:>#1' (t) 9& '/(1-&;&&*# ,# *( %'(/#( St *( %'(/#( St+1! b1 X&?+/( 3!B #%'# @/#-#1'(' +1
#D#>@*+ ,# >:,#*(/# ( '/()&$+*+& /+'&#/ @#1'/+ ,:+. 0#1-& ,# >#/%Y +1( F1(&1'# 9& (*'(
%@/# %']1?(!

C&1 )&?+/. %# @:('# :0%#/5( $. )&#$(/# 0(1,. #%'# F>@./;&'. F1 $#*+*# ,#
*+?&># 2!B >#'/&Y *+1?&># $:/#%@+1-.':(/# ,&%'(1;#& >#,&& F1'/# 0(/#*# ,&1 )(;. ( ,:+.
>(9&1& ()*('# +1( F1 +/>( $#*#&*(*'#! X&#$(/# $#*+*. @:('# )& :$+@('. %(+ *&0#/. 9& #%'#
$(/($'#/&-('. ,# 5&'#-( ,# ,#@*(%(/# @# @:/;&+1#( /#%@#$'&5. vi = 0, vmaxY F1 $(/# vmax

#%'# 5&'#-( >(D&>. (,>&%.Y &(/ vi = 0 ,#1:'. : $#*+*. ?:(*.! U#*(;&&*# ,# >&9$(/# (
(+':5#L&$+*#*:/ x(i) Mi &1,#D+* (+':5#L&$+*+*+&P F1'/# $#*+*# %+1' $(/($'#/&-('# ,# @('/+
@(9&[
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X&?+/( 3!B[ 8$L#>. ,# @/&1$&@&+ @/&5&1, >:,#*(/#( $+ (+':>('# $#*+*(/#

\ ($$#*#/(;&# [ vi(t + 1) = min(vi(t) + 1, vmax)Y

\ #5&'(/#( ($$&,#1'#*:/ [ vi(t + 1) = min(vi(t), dist)Y F1 $(/# dist #%'# ,&%'(1;( ,&1'/#
(+':5#L&$+*+* $+/#1' 9& $#* ,&1(&1'#( %(Y

\ &1'/:,+$#/#( #*#>#1'+*+& (*#(':/ %@#$&)&$ $:>@:/'(>#1'+*+& %&%'#>+*+& ,#
'/(1%@:/' %+0 ):/>( @/:0(0&*&'.;&& pY /#-+*']1, #D@/#%&( 5&'#-#&[

vi(t + 1) =

{

vi(t), ,($. p < 50^
vi(t)− 1, F1 $(- $:1'/(/ M3!3 P

\ >&9$(/# [ x(i, t + 1) = x(i, t) + vi(t) V )&#$(/# (+':5#L&$+* (5(1%#(-. vi(t) $#*+*#!

U#;#*#*# R#'/& %+1' $+1:%$+'# F1 ,:>#1&+* >:,#*./&& (']' @#1'/+ >:,#*(/#(
>('#>('&$. /&?+/:(%. $]' 9& @#1'/+ /#@/#-#1'(/#( ?/()&$. %+?#%'&5.! K+ (Z+':/+*
($#%':/ /#;#*# @:' )& >:,#*('# %&%'#>#*# $+ #5#1&>#1'# ,&%$/#'# $(/# 1#$#%&'.
%&1$/:1&-(/#( @/:$#%#*:/Y $:1$+/#1;.Y $(*$+* %#$5#1;&(*Y @(/'(Z(/#( /#%+/%#*:/! 4 /#;#(
R#'/& #%'# ):/>('. ,&1 *:$+/&Y '/(1-&;&& 9& (/$# $(/# $:1#$'#(-. *:$+/&*# ,# '/(-&;&& 9&
&15#/% (L, T, A)! T1,# L #%'# >+*;&>#( *:$+/&*:/Y T #%'# >+*;&>#( '/(1-&;&&*:/ 9& A #%'#
>+*;&>#( (/$#*:/Y $+ @/:@/&#'('#( $. A : (L×T )∪(T×L)− > N

+Y $+ (*'# $+5&1'# 1+ #D&%'.
(/$ $(/# %. $:1#$'#-# ,:+. *:$+/& %(+ ,:+. '/(1-&;&&! X&#$(/# *:$ $:1;&1# -#/: %(+ >(&
>+*'# Z#':(1# $(/# %# 5:/ ,#@*(%( F1 &1'#/&:/+* /#;#*#& F1 )+1$;&# ,# $:1,&;&&*# %'(0&*&'#
@#1'/+ '/(1-&;&&*# 5#$&1#! b1 >:>#1'+* F1 $(/# $:1,&;&&*# '/(1-&;&&*:/ %+1' F1,#@*&1&'#Y
Z#':(1# ,&1 *:$+/&*# ()*('# #D($' F1(&1'#( '/(-&;&&*:/ /#%@#$'&5# %# 5:/ ,#@*(%( $.'/# *:$+*
&>#,&(' +/>.':/!

b1 $##( $# @/&5#9'# >:,#*(/#( '/()&$+*+& /+'&#/ +/0(1Y /#;#*#*# R#'/& /#@/#-&1'. :
@:%&0&*&'('# ,# >:,#*(/# ( %$L&>0./&& )(-#*:/ ,# %#>():/ F1'/V: &1'#/%#$;&# %#>():/&-('.
+'&*. F1 $(-+* >#':,#*:/ ,# $:1,+$#/# F1 '&>@ ,&%$/#'! H%')#*Y )&#$./#& )(-# ,# %#>():/
& %# 5( ('/&0+& +1 *:$ R#'/&Y &(/ %$L&>0./&& )(-#& ,# %#>():/ M'#/>&1(/#( $+*:/&& 5#/,#
@#1'/+ )(-( ,# %#>():/ $+/#1'. 9& (*#?#/#( +/>.':(/#& )(-# ,# %#>():/P & %# 5( ('/&0+&
: '/(1-&;&#! C#)&1&/#( (/$#*:/ F1'/# *:$+/& 9& '/(1-&;&& %# 5( )($# F1 )+1$;&# ,# >#':,( ,#
$:1,+$#/# 9& ,# %+$$#%&+1#( )(-#*:/ ,# %#>():/! C+@. ,#)&1&/#( $:>@:1#1'#*:/ /#;#*#&
%# 5( (*#?# : @/&>. )(-. ,# %#>():/h*:$ R#'/& 9& & %# 5( ('/&0+& +1 %&1?+/ Z#':1! C+@.
'#/>&1(/#( @/&>#& '/(1-&;&&Y ($#%' Z#':1 %# 5( ,#@*(%( %@/# *:$+* +/>.':/ 9& 5( (9'#@'(
@]1. +/>.':(/#( '/(1-&;&# 5( )& F1,#@*&1&'. 9& (9( >(& ,#@(/'# @]1. Z#':1+* 5( (Z+1?# F1
@:-&;&( &1&;&(*.Y )(@' $(/# $:1)&/>. F1$L#&#/#( +1+& $&$*+ ,# %#>():/! b1 )&?+/( 3!J #%'#
@/#-#1'('. : %$L#>. ,# @/&1$&@&+ ( @/:$#%+*+& ,# %$L&>0(/# ( $+*:/&*:/ %#>():(/#*:/
+'&*&-]1, @#1'/+ >:,#*(/# : /#;#( R#'/& 9& (5]1, +/>.':(/#*# 1:'(;&&[

\ Si V %'(/# R#'/& V ($'&5(/#( )(-#& ,# 5#/,# @#1'/+ %'(/#( 1+>./+* iY

\ ti V '/(1-&;&# R#'/& V %# '#/>&1. $+*:(/#( 5#/,# ( %#>():/+*+& @#1'/+ %'(/#( i!
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X&?+/( 3!J[ 8$L#>. ,# @/&1$&@&+ @/&5&1, >:,#*(/#( @/:$#%+*+& ,# %$L&>0(/# ( %#>():(/#*:/

1QDQ 2%MJ$UM &SMT$!J!$ MRS!MJ MJ &KJ!Y$$JK# TO &$Z!JM#O M
S#MN$R!J!$ #!S$O#

"#$#%&'('#( ,# %&%'#># &1'#*&?#1'# ,# '/(1%@:/' M=O8P /+'&#/ ( ,+% *(
,#-5:*'(/#( +1#& &1,+%'/&& %:)'S(/# @#1'/+ @*(1&)&$(/#(Y >:,#*(/#( 9& %&>+*(/#(
$:>@:/'(>#1'+*+& '/()&$+*+& /+'&#/ &1,&)#/#1' ,# >#,&+ M+/0(1 %(+ /+/(*P 9& &1,&)#/#1' ,#
'&@+* ,# '/()&$ M'/()&$ @/&1 &1'#/%#$;&& %#>():/&-('# %(+ #$L&@('# $+ %#>1# ,# $&/$+*(;&#Y
9& '/()&$ @# (+':%'/(,.P! R/&1 >:,#*(/#(Y %&>+*(/#( 9& 5#/&)&$(/#( %:*+;&&*:/ ,# '/()&$
F1(&1'#( &>@*#>#1'./&& ($#%':/(Y %# #5&'. (%')#* $L#*'+&#*& >(/& @#1'/+ %:*+;&& $(/# F1
)&1(* %# @:' ,:5#,& &1#)&$&#1'#! b1 ($#%' %+0$(@&':* %# 5( )($# : @/#-#1'(/# %+$$&1'. (
@/:,+%#*:/ %:)'S(/# ($'+(*# )./. ( ('&1?# (%@#$'# '#L1&$#Y ,(':/&'. )(@'+*+& $. ($#%'#
@/:,+%# %+1' $:>#/$&(*# 9& (%$+1, (%')#* ,# &1):/>(;&& ,#'(*&('#!

N&,#/+* @# @&(;( &1'#/1(;&:1(*. F1 ($#%' ,:>#1&+ #%'# ROW _  7`Y (/# $(
@/&1$&@(*# @/:,+%# W=8TA 9& W=88=A 9& #%'# +'&*&-(' F1 %:*+;&&*# ,# '/()&$ @# ':('#
$:1'&1#1'#*# ?*:0+*+&! W=8TA #%'# +1 @/:,+% @+'#/1&$ ,# @*(1&)&$(/# 9& >:,#*(/# (
'/()&$+*+& /+'&#/Y (/# +1 /&,&$(' ?/(, ,# ?#1#/(*&'('# 9& ;&1# %#(>( ,# ':('# '&@+/&*# ,#
'/(1%@:/'[ (+':5#L&$+*#Y >&Z*:($# ,# '/(1%@:/' F1 $:>+1Y (+':5#L&$+*# ,# '/(1%@:/'
>(/).Y @&#':1&Y 0&$&$*&9'&Y #'$! W=88=A F1 %$L&>0 ):*:%#9'# >:,#*#*# &>@*#>#1'('#
F1 W=8TA @#1'/+ %&>+*(/#( '/()&$+*+& /+'&#/Y :)#/&1, ,('# 9& %'('&%'&$& (']' *( 1&5#*
>($/:%$:@&$ 9& >#-:%$:@&$Y $]' 9& *( 1&5#* >&$/:%$:@&$!

m+(,%':1# R(/(>&$% _ I2` $:1$+/#(-. $+ ROW @# @&(;( >&$/:%&>+*./&& /+'&#/#Y
(5]1, F1 @/#-#1' >(& >+*' ,# : >&# ,# $*&#1;& F1 @('/+-#$& 9& $&1$& ,# ;./&! R/:,+%+*
%:)'S(/# %# 1+>#9'# R(/(>&$% 9& :)#/. %:*+;&& ,# >:,#*(/# @+'#/1&$# (']' >('#>('&$ $]'
9& ?/()&$! b1 $##( $# @/&5#9'# ?/()&$( M3C 9& 7CPY 1&5#*+* ,# ,#'(*&+ #%'# $:>@*#DY +&>&1,
#)#$'#*# *#?('# ,# 5/#># 9& $+*:/&*# /#(*&%'# (*# @(/'&$&@(1;&*:/ *( '/()&$! R/:&#$'(/#( %#
/#(*&-#(-. F1 ,#'(*&+ @]1. *( $#*# >(& >&$& (>.1+1'# &1,&)#/#1' ,# &1)/(%'/+$'+/( /+'&#/.!

4 (*'. $:>@(1&# &>@:/'(1'. 9& $+1:%$+'. @#1'/+ %:*+;&&*# ,# >:,#*(/#Y %&>+*(/#
9& $:1,+$#/# ( '/()&$+*+& /+'&#/ #%'# $:>@(1&( OUN MO/(1%@:/' U#%#(/$L N(0:/(':/gP
_ 7G` ,&1 A(/#( j/&'(1&#! R/:,+%+* %:)'S(/# ,# %&>+*(/# ( '/()&$+*+& /+'&#/ %# 1+>#9'#
O/(1%g' 9& ( ):%' 9& #%'# ):*:%&' F1 $]'#5( %+'# ,# *:$(;&& ,&1 F1'/#(?( *+>#! O/(1%g'
%&>+*#(-. 9& #%'&>#(-. $:%'+/&*# 1#$#%(/# $:1,+$#/&& %'('&$# M5(*:/& @/#%#'('# @#1'/+
)&#$(/# )(-. ,# %#>():/P ( '/()&$+*+& /+'&#/ +/0(1 $+1:%$]1,+V%# 5(*:/&*# >#,&& (*#
)*+D+*+& 9& ,#1%&'.;&& ,# '/()&$!

H=A8T" _ 72` #%'# +1 @/:,+% %:)'S(/# /#(*&-(' ,# $:>@(1&( O88 MO/(1%@:/'
8&>+*('&:1 8g%'#>%PY &>@:/'(1' @#1'/+ $(*&'.;&*# %(*# ,# %&>+*(/# &1,&)#/#1' ,# ?/(,+*
,# ,#'(*&+! H=A8T" :)#/. @:%&0&*&'('#( (']' ( >:,#*./&& >&$/:%$:@&$#Y >#%:%$:@&$#Y $]'

BUPT
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9& >($/:%$:@&$#Y ,&1 ($#%' @+1$' ,# 5#,#/# #%'# @/#)#/(' F1 >:,#*(/#( '/()&$+*+& /+'&#/
*( ,&)#/&'# ?/(,# ,# ,#'(*&+! 8&>O/())&$ _ 73` :)#/. ,# (%#>#1#( @:%&0&*&'('#( %&>+*./&&
'/()&$+*+& /+'&#/ *( 1&5#* >&$/:%$:@&$Y 1+ #%'# *( )#* ,# +'&*&-(' $( 9& W&%+> %(+ R(/(>&$%Y
,(/ ':'+9& #D&%'. $#/#/& @# @&(;.!

b1 ()(/( @/:,+%#*:/ @/#-#1'('# >(& %+%Y #D&%'. >+*'# (*'# %&>+*(':(/# ,#
'/()&$ +/0(1 $+ ?/(,# %$.-+'# ,# $:>@*#D&'('# +'&*# @#1'/+ %:*+;&& ,#,&$('#! H*#?#/#(
%&>+*(':/+*+& (,#$5(' ,#@&1,# ,# >+*;& )($':/& $+> (/ )&[ @(/'&$+*(/&'.;&*# $(-+/&*:/
%&>+*('#Y $:1,&;&&*# ,# '/()&$Y '&@+* ,# >:,#*(/# M>&$/:Y >($/:>:,#*(/# %(+ (>0#*#PY
%$(*(0&*&'('#( 9& 1+ F1 +*'&> /]1, $:%'+/&*# ($L&-&;&:1./&&!

1Q0Q 2%MJ$UM &SMT$!J!$ MRS!MJ MJ ZOSKTOJK# TO RK%T!RO#O
!#IM%V

K:1,+$#/#( '/()&$+*+& /+'&#/ +/0(1 *( 1&5#* ,# &1'#/%#$;&# %# F>@(/'# F1
,:+. >(/& $('#?:/&&[ $:1,+$#/# %'('&$. M*+1?&>&*# )(-#*:/ ,# %#>():/ %+1' %'(0&*&'#
(@/&:/& ,+@. (1+>&'# $/&'#/&&P 9& $:1,+$#/# ,&1(>&$. M*+1?&>&*# )(-#*:/ ,# %#>():/ 9&
%+$$#%&+1#( ($#%':/( %# %'(0&*#%$ F1 )+1$;&# ,# >.%+/.':/&*# ,# '/()&$ F1 '&>@ /#(*P!
b1 ($#%' $(@&':* %# 5( /#(*&-( : %$+/'. ,#%$/&#/# ( (>0#*:/ '&@+/& ,# $:1,+$#/#Y (
(5(1'(Z#*:/ 9& ,#-(5(1'(Z#*:/ ($#%':/(Y @/#-#1']1, @# %$+/' @#1'/+ )&#$(/# '&@ ,#
$:1,+$#/# @/&1$&@(*#*# >#':,# $:1):/> *&'#/('+/&& ,# %@#$&(*&'('# _ IJ`!

A(Z:/&'('#( %:*+;&&*:/ ,# $:1,+$#/# +'&*&-('# @# @*(1 >:1,&(* *( :/( ($'+(*. %+1'
/(@:/'('# >(& ,#?/(0. %+0 ):/>. ,# &>@*#>#1'./& 9& @/:,+%# $:>#/$&(*#! H$#%'( #%'#
>:'&5+* @#1'/+ $(/# F1 ($#%' %+0$(@&':* %V( F1$#/$(' : @/#-#1'(/# $]' >(& ,#'(*&('.
( 0(-#*:/ >('#>('&$# (*# %:*+;&&*:/ (1(*&-('#! H$:*: +1,# 1+ %V( /#+9&' M,&1 >:'&5#
:0&#$'&5#P (+ ):%' @+%# F1 #5&,#1;. (5(1'(Z#*# 9& ,#-(5(1'(Z#*# )&#$./#& %:*+;&& @/&1
@/&%>( +'&*&-./&& ($#%':/(!

K+ ':('# $. >#':,#*# ,# $:1,+$#/# %'('&$. %+1' F1$. &>@*#>#1'('# @# %$(/.
*(/?. F1 -&*#*# 1:(%'/# ,(':/&'. $:%'+/&*:/ /#,+%# )(;. ,# >#':,#*# ,# $:1,+$#/#
,&1(>&$.Y ($#%'#( (+ >(/#*# ,#-(5(1'(Z ,# ( (5#( *( 0(-( %'/('#?&&*:/ ,# $:1,+$#/#
&1):/>(;&& ,# '/()&$ :0;&1+'# @# 0(-( %'('&%'&$&*:/Y 9& 1+ &1):/>(;&& @/:(%@#'# F1 '&>@ /#(*
$(/# /#)*#$. 1#$#%&'.;&*# /#(*# 9& $+/#1'# ,&1 '/()&$! H*'# ,#-(5(1'(Z# $# @:/1#%$ ,# *(
*&@%( ,# &1):/>(;&& /#(*# ,&1 '/()&$ %+1'[

\ @:' #D&%'( ,&)#/#1;# >(/& F1'/# $:1,&;&&*# ,# '/()&$ F1/#?&%'/('# *( ($##(9& :/.Y ,(/
F1 -&*# ,&)#/&'#Y

\ @# '#/>#1 *+1? $#/#/#( ,# '/()&$ %# %$L&>0. 9& (%')#* %:*+;&( ,# $:1,+$#/# %'('&$.
&>@*#>#1'('. 1+ >(& #%'# (5(1'(Z:(%.Y

\ 1#$#%&'.;&*# ,# ( 5&/( F1 &1'#/%#$;&& %# %$L&>0. ,# (%#>#1#( F1 '&>@ ,(':/&'.
)(@'+*+& $.Y $:1,+$.':/&& (+': F1$#@ %. $+1:(%$. %'/('#?&( ,# %$L&>0(/# (
%#>():(/#*:/ M,+@. >(& >+*'# '/(5#/%./& (*# &1'#/%#$;&#&P 9& @# 5&&':/ 5:/ *+( ,#$&-&&
,# ( %$L&>0( /+'( F1 )+1$;&# ,# :0%#/5(;&&*# (%+@/( %#>():/&-./&*:/Y

\ 0*:$(Z#*# F1 '/()&$Y &1,&)#/#1' ,# $:1,&;&&*# $(/# (+ ,+% *( ($#%'#(Y ()#$'#(-.
>#':,( ,# $:1,+$#/# F1'/V+1 >:, &>@/#5&-&0&*!

1Q0Q'Q (%T$RMSK#$ TO "O#NK#ZM%YV !S$J$UMY$ ^% M"#OR$O#OM ZOSKTOJK# TO
RK%T!RO#O M S#MN$R!J!$ #!S$O#

=1,&$(':/&& ,# @#/):/>(1;. (+ /:*+* &>@:/'(1' ,# ( (@/#$&( $(1'&'('&5 9& $(*&'('&5
/#-+*'('#*# :0;&1+'# ,# >#':,#*# ,# $:1,+$#/# F1 (1+>&'# $:1,&;&& ,# '/()&$! K+ (Z+':/+*
($#%':/ &1,&$(':/& %# @:('# %'+,&( $:>@(/('&5 $:>@:/'(>#1'+* (1+>&':/ >#':,# ,#
$:1,+$#/# F1 $:1,&;&& ,# '/()&$ %@#$&)&$# 9& @:' )& /#(*&-('# $*(%&)&$./& (*# >#':,#*:/ ,#

BUPT



3< 1Q0 2%MJ$UM &SMT$!J!$ MRS!MJ MJ ZOSKTOJK# TO RK%T!RO#O !#IM%V

$:1,+$#/# F1 $(+-.! C# (%#>#1#(Y &1,&$(':/&& ,# @#/):/>(1;. %+1' +'&*& F1 @/:$#%+* ,#
,#-5:*'(/# 9& F>0+1.'.;&/# ( +1#& (1+>&'# >#':,# ,# $:1,+$#/#Y :)#/&1, @:%&0&*&'('#(
,# ( :0%#/5( @#/):/>(1;#*# 9& #5:*+;&( F1 '&>@ ( %&%'#>+*+& ,# $:1,+$#/#!

K:1):/> *&'#/('+/&& ,# %@#$&(*&'('# _3<f  IG` &1,&$(':/&& ,# @#/):/>(1;.
>.%:(/. /#-+*'('#*# $:1,+$#/&& '/()&$+*+& /+'&#/ +'&*&-]1, ,('# ,# '/()&$ $+> (/ )&[ 5&'#-(
Mv[m/s]PY )*+D+* Mq[veh/m]P 9& ,#1%&'('#( Mc[veh/m]P! R:/1&1, ,# *( ($#%'# ,('# ,# '/()&$
%# #*(0:/#(-. ,&)#/&;& &1,&$(':/& ,# @#/):/>(1;. @#1'/+ ( #5&,#1;&( (1+>&'# @/:@/&#'.;&
(*# %&%'#>+*+& ,# $:1,+$#/#! b1 $:1'&1+(/# 5:/ )& @/#-#1'(;& : %#/&# ,# &1,&$(':/& ,#
@#/):/>(1;. +'&*&-(;& F1 $:1,+$#/#( '/()&$+*+& /+'&#/Y @#1'/+ : (1+>&'. @:/;&+1# ,# 9:%#(
∆x 9& @# : (1+>&'. @#/&:(,. ,# '&>@ ∆t!

\ W$SOUM ZOT$O _>h%`[

vmed =
∆x

∆t
, M3!33P

A#':,#*# ,# $:1,+$#/# (+ $( %$:@ F>0+1.'.;&/#( ($#%'+& &1,&$(':/ @/&1 :0;&1#/#(
,# 5(*:/& $]' >(& >(/&!

\ NJ![!J ZOT$! _5#Lh%` ,#)&1&' F1 ,:+. >:,+/&! R/&>+* #%'#[

qmed = vmed ∗ cmed, M3!37P

%# $(*$+*#(-. F1 )+1$;&# ,# 5&'#-( >#,&# 9& ,#1%&'('#( >#,&# ,# '/()&$Y +1,# cmed

#%'# ,#1%&'('#( >#,&# ,# '/()&$ >.%+/('. F1 _5#Lh>`! A#':,#*# ,# $:1,+$#/# (+
$( %$:@ F>0+1.'.;&/#( ($#%'+& &1,&$(':/ @/&1 :0;&1#/#( ,# 5(*:/& $]' >(& >(/& 9&
(@/:@&('# ,# )*+D+* $/&'&$ ccr! K#* ,#V(* ,:&*#( >:, ,# ,#)&1&/# %# /#)#/. *( *+(/#(
F1 $:1%&,#/(/# ( )*+D+/&*:/ @# )&#$(/# %#$;&+1#[

qmed =

∑n

i=1 qi ∗ li

td∆x

, M3!3GP

+1,# n /#@/#-&1'. 1+>./+* ,# %#$;&+1& ( @:/;&+1&& ,# 9:%#( ∆x! A#':,#*# ,#
$:1,+$#/# (+ $( %$:@ F>0+1.'.;&/#( ($#%'+& &1,&$(':/ @/&1 :0;&1#/#( ,# 5(*:/& $]'
>(& >(/& 9& (@/:@&('# ,# )*+D+* $/&'&$ ccr!

\ TO%&$SMSOM ZOT$O _5#Lh>`[

cmed =
qmed

vmed

, M3!3BP

%# $(*$+*#(-. F1 )+1$;&# ,# 5&'#-( >#,&# 9& )*+D+* >#,&+ ,# '/()&$! A#':,#*# ,#
$:1,+$#/# (+ $( %$:@ :0;&1#/#( ,# 5(*:/& $]' >(& (@/:@&('# ,# ,#1%&'('#( ,#
0*:$(Z ccr!

\ J!%L$ZOM RKU$JK# TO MXSO"SM#O _>`[

l∆x = cmed ∗∆x, M3!3JP

>(& #%'# $(*$+*('. +1#:/& 9& F1 1+>./ ,# (+':5#L&$+*# _5#L`Y $+ @/#$&-(/#( $.
*+1?&>#( >#,&# ( +1+& (+':L#5&$+* %# $:1%&,#/. ( (5#( 5(*:/& F1'/# B 9& 2 >#'/&!
A#':,#*# ,# $:1,+$#/# (+ $( %$:@ F>0+1.'.;&/#( ($#%'+& &1,&$(':/ @/&1 :0;&1#/#(
,# 5(*:/& $]' >(& >&$&!

BUPT
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\ S$Z"!J ZOT$! TO S#MWO#&M#O M $%SO#&ORY$O$ _%`[

tmed =
l∆x

vmed

/lauto, M3!32P

+1,# lauto /#@/#-&1'. *+1?&>#( >#,&# >.%+/('. F1 _>` ( +1+& (+':5#L&$+* ()*('
F1 $:(,( ,# (9'#@'(/#! A#':,#*# ,# $:1,+$#/# (+ $( %$:@ F>0+1.'.;&/#( ($#%'+&
&1,&$(':/ @/&1 :0;&1#/#( ,# 5(*:/& $]' >(& >&$&!

\ SKSMJ!J T$&SM%YO$ "M#R!#&O _>`[

td∆x =
n∑

i=1

∆xi, M3!36P

+1,# n /#@/#-&1'. 1+>./+* ,# %#$;&+1& ( @:/;&+1&& ,# 9:%#( ∆x! U#-+*'('#*#
:0;&1+'# ,# >#':,#*# ,# $:1,+$#/# %+1' /(@:/'('# *( ($#%' &1,&$(':/ ,#
@#/):/>(1;.!

\ S$Z"!J SKSMJ "OS#OR!S ^% S#MN$R _%`[

tt∆x =

n∑

i=1

li

vi

, M3!3<P

+1,# n /#@/#-&1'. 1+>./+* ,# %#$;&+1& (*# @:/;&+1&& ,# 9:%#( ∆x! U#-+*'('#*#
:0;&1+'# ,# >#':,#*# ,# $:1,+$#/# %+1' /(@:/'('# *( ($#%' &1,&$(':/ ,#
@#/):/>(1;.!

\ %!ZV#!J TO K"#$#$`M!SKWOa$R!J ^% M"#K"$O#OM $%SO#&ORY$O$ nstopY

\ S$Z"!J SKSMJ "OS#OR!S ^% RKMTM TO MXSO"SM#O tcoada _%`!

N( &1,&$(':/&& tmedY tt∆xY nstopY tcoadaY 1+ %# %@#$&)&$] F1 *&'#/('+/( ,#
%@#$&(*&'('# $(/# %+1' 5(*:/&*# /#$:>(1,('# M>(& >&$& %(+ >(& >(/&P! H$#9'& &1,&$(':/&
$(/($'#/&-#(-. (1+>&'# @/:@/&#'.;& (*# >#':,#*:/ ,# $:1,+$/# F1 ,&)#/&'# $:1,&;&& ,#
'/()&$Y )&&1, +'&*&-(;& ,# :0&$#& F>@/#+1. $+ (*;& &1,&$(':/& ,# @#/):/>(1;.!

1Q0Q1Q 8OSKTO TO RK%T!RO#O &SMS$RV JM %$WOJ TO $%SO#&ORY$O

K:1,+$#/#( %'('&$. #%'# @/&>( >#':,. ,# $:1,+$#/# +'&*&-('. ,# *( &15#1'(/#(
%#>():/&-./&&! e/(,+* ,# (@*&$(0&*&'('# #%'# ,#%'+* ,# >(/# 9& F1 -&*#*# 1:(%'/#Y ,#9&
F1$#@# %. @&(/,. '#/#1 F1 )(5:(/#( >#':,#*:/ ,# $:1,+$#/# ,&1(>&$. ,(':/&'. 1:&*:/
'#L1:*:?&& ,# >.%+/(/# ( ,('#*:/ ,# '/()&$ 9& ,(':/&'. +9+/&1;#& &1'#?/./&& ($#%':/( F1
%'/('#?&&*# ,# $:1,+$#/#! N( 1&5#* ,# &1'#/%#$;&#Y >#':,#*# ,# $:1,+$#/# %'('&$. %+1'
+'&*# ,:(/ @#1'/+ $:1,&;&& ,# '/()&$ %+0%('+/(' ,(':/&'. )(@'+*+& $. 1+ %# ;&1# %#(>(
,# ,#1%&'('#( $+/#1'. ( '/()&$+*+& @# %'/.-&*# $# &1'/. F1 &1'#/%#$;&#! H%')#* 1+ @:' )&
)(5:/&-('# (1+>&'# %'/.-& $+ ,#1%&'('# >(& >(/# F1 ,#'/&>#1'+* $#*:/ $+ ,#1%&'('# >(&
>&$.Y 1#$+1:%$]1, ,('# ,# '/()&$ F1 '&>@ /#(*! C# :0&$#& %# %'(0&*#%$ %'/('#?&& ,#
$:1,+$#/# %'('&$. F1 )+1$;&# ,# @#/&:(,( -&*#& 9& ,# ?/(,+* ,# (?*:>#/(;&# M,#1%&'('#(
'/()&$+*+&P F1/#?&%'/(' F1 %'('&%'&$&*# ,# '/()&$!

A#':,#*# ,# $:1,+$#/# %'('&$. %# F>@(/' *( /]1,+* *:/ F1 ,:+. $('#?:/&& F1
)+1$;&# ,# %#'./&*# (@/&:/& (*# '&>@&*:/ ,# %#>():/[ $:1,+$#/# *( 1&5#* ,# $&$*+ ,#
%#>():/ 9& $:1,+$#/# *( 1&5#* ,# )(-. ,# %#>():/! A#':,#*# ,# $:1,+$#/# *( 1&5#*
,# $&$*+ ,# %#>():/ ,#'#/>&1. ,+/('( +1+& $&$*+ ,# %#>():/ 9& F>@./;&/#( ($#%'#& 5(*:/&
*( ':('# )(-#*# ,# %#>():/ 1#$#%(/# F1 /#%@#$'&5( &1'#/%#$;&# M:@'&>(* %@*&' _ IG`P! b1

BUPT
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%$L&>0 >#':,#*# ,# $:1,+$#/# *( 1&5#* ,# )(-. ,# %#>():/ %# :$+@. @# *]1?. $(*$+*(/#(
$&$*+/&*:/ ,# %#>():/ 9& $+ F>0+1.'.;&/#( %(+ :@'&>&-(/#( '&>@&*:/ )(-#*:/ ,# %#>():/!

A#,:,#*# 8=e8EO 9& 8=eKHR &1'/. F1 $('#?:/&( >#':,#*:/ %'('&$# *( 1&5#* ,#
$&$*+ ,# %#>():/ 9& (+ $( %$:@ (']' >&1&>&-(/#( F1']/-&#/&*:/ *( 1&5#* ,# &1'#/%#$;&#
$+1:%$]1,+V%# )*+D+/&*# ,# '/()&$ (*# '+'+/:/ %'/.-&*:/ $# &1'/. F1 &1'#/%#$;&#Y $]' 9&
>(D&>&-(/#( $(@($&'.;&& &1'#/%#$;&#&! R#1'/+ : (1+>&'. &1'#/%#$;&# %#>():/&-('. ( $./#&
$&$*+ ,# %#>():/ %# F>@(/'# F1 m )(-#Y ,+/('( $&$*+*+& ,# %#>():/ %# ,&%'/&0+&# F1'/#
':('# $#*# m )(-# ,+@. $+> +/>#(-.[

λ0 + λ1 + λ2 + ... + λm = 1, i = 1, m, λi ∈ [0, 1], M3!7IP

F1 $(/#[

\ tc V *+1?&>#( $&$*+*+& ,# %#>():/ _%`Y

\ λ0 =
tp

tc
V tp #%'# '&>@+* @&#/,+' _%` @# ,+/('( +1+& $&$*+ $:>@*#'Y

\ λi V @:1,#/#( (*:$('. )(-#& ,# %#>():/ i ,&1 *+1?&>#( $&$*+*+& tc!

R#1'/+ $( %:*+;&( 8=e8EO %. )+1$;&:1#-#Y $:1,&;&( @/&1$&@(*. #%'# $(
+/>.':(/#( &1#?(*&'('# %. )&# F1,#@*&1&'.Y (,&$. )*+D+* '/()&$+*+& @#1'/+ )&#$(/# %'/(,. j
$(/# &1'/. F1 &1'#/%#$;&# %. 1+ ,#@.9#(%$. +1 (1+>&' @/(?[

cs(j)

m∑

i=1

αijλi ≥ cn(j),∀j = 1, nSI , M3!7 P

αij =

{

1 ,($. %'/(,( (/# $+*:(/# 5#/,# *( )(-( ,# %#>():/ i
0 F1 $(- $:1'/(/ M3!73P

F1 $(/#[

\ cs(j) V )*+D+* ,# %('+/(;&# _5#Lh%` @# %'/(,( jY

\ cn(j) V )*+D+* 1#$#%(/ @# %'/(,( j _5#Lh%`Y

\ αij V (/# 5(*:(/#( 1 ,($. %'/(,( j (/# 5#/,# *( )(-( i 9& (/# 5(*:(/# I F1 $(- $:1'/(/Y

\ nSI V 1+>./+* ,# %'/.-& $(/# &1'/. F1 &1'#/%#$;&#!

K+ (*'# $+5&1'# %# &>@+1# @/&1 &1#?(*&'('#( M3!7 P $( 5(*:(/#( )*+D+*+& 1#$#%(/
cs(j) @# %'/(,( j %. 1+ ,#@.9#(%$. 5(*:/&*# >(D&># (*# )*+D+*+& @:%&0&* @# ($#(%'.
%'/(,.! U#*(;&&*# M3!7IPY M3!7 PY M3!73P /#@/#-&1. /#%'/&$;&&*# $#*:/ ,:+. >#':,# ,#
:@'&>&-(/# $+ 5(/&(0&*#*# λi, i = 1, m ?/+@('# F1 5#$':/+* λ M3!77P!

λ = [ λ0 λ1 ... λm ]T . M3!77P

W#$':/+* $+ (*:$(/#( :@'&>. ( @:1,#/&*:/ λ̂ @#1'/+ )&#$(/# )(-. ,# %#>():/
/#*('&5 *( *+1?&>#( $&$*+*+&Y #%'# :0;&1+' $( %:*+;&# ( >#':,#& ,# :@'&>&-(/#[

λ̂ = (/?>&1
λ

Split(λ), M3!7GP

%+@+%. *( /#%'/&$;&&*# M3!7IPY M3!7 PY M3!73PY M3!77P!
A#':,#*# %'('&$# *( 1&5#* ,# )(-. ,# %#>():/ _J6` %+1' (%#>.1.':(/# $+ $#*#

@/#-#1'('# >(& %+%Y (,+$]1, F1 @*+% $.+'(/#( F1 %@(;&+* '+'+/:/ %:*+;&&*:/ ( %:*+;&#&
:@'&># ,# F>@./;&/# ( ,+/('#& $&$*+*+& ,# %#>():/ F1'/# )(-#*# ($#%'+&(! H$#%' )(@'
&1,+$# (+':>(' '&>@& ,# $(*$+* %#>1&)&$('&5 >(& >(/& ,#$]' F1 $(-+* >#':,#*:/ %'('&$#
*( 1&5#* ,# $&$*+Y ':'+9& @+;&1 %#>1&)&$('&5 (5]1, F1 5#,#/# $. ($#%'# $(*$+*# 1+ %#
/#(*&-#(-. F1 '&>@ /#(*!

BUPT
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1Q0Q=Q 8OSKTO TO RK%T!RO#O &SMS$RV "#$% RKK#TK%M#OM ZM$ Z!JSK# $%SO#&ORY$$

K:1):/> *&'#/('+/&& ,# %@#$&(*&'('# : @/&>. >#':,. ,# $::/,:1(/# %'('&$.
1+>&'. AHajH"C _66` ( ):%' ,#-5:*'('. F1$. ,&1 (1&&  <JJY (@:& ( ):%' F>0+1.'.;&'.
F1 '&>@ _6<`! R#1'/+ : (1+>&'. (/'#/. ):/>('. ,&1 n &1'#/%#$;&& %+$$#%&5# S1Y S2Y
!!!Y SnY (*?:/&'>+* AHajH"C (/# $( %$:@ >(D&>&-(/#( 1+>./+*+& ,# (+':5#L&$+*#
$# %# ,#@*(%#(-. F1'/# @/&>( 9& +*'&>( &1'#/%#$;&# $+ : (1+>&'. 5&'#-. %'(0&*&'. F1'/#
(1+>&'# @(*&#/#Y )./. $( ($#%'#( %. (9'#@'# *( %#>():/ F1 &1'#/%#$;&&*# &1'#/>#,&(/#!
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,# *( 1:,+/&*# F1,#@./'('# 5( )& /+'('. @/&1 1:,+/&*# /#;#*#& ,# %#1-:/& S&/#*#%% %@/#
@+1$'#*# ,# ($$#%P! b1 ($#%' +*'&> $(-Y '/()&$+* (+':5#L&$+*#*:/ #%'# ('#1' >.%+/('Y
1&5#*+* ,# $:1,+$#/# @/&>&1, : >(/# $(1'&'('# ,# &1):/>(;&# F1 '&>@ /#(*! 8&%'#>+*
'/#0+&# %. )&# $(@(0&* %. /(@:/'#-# &>#,&(' 0*:$(Z#*# ,&1 '/()&$ *( 1&5#* ,# 0(1,.Y
@/:,+%# ,&1 ,&)#/&'# >:'&5# $+> (/ )& (+':5#L&$+*# ,#)#$'('#Y ($$&,#1'# %(+ :/&$# (*'
>:'&5! U#;#(+( ,# %#1-:/& S&/#*#%% 5( ,#'#$'( ($#(%'. @/:0*#>. @/&1 >(?1#':>#'/#Y
:0%#/5]1, 5#L&$+*#*# %'(;&:1(/# @#1'/+ : (1+>&'. @#/&:(,. ,# '&>@ >(& >(/# ,#$]'
@/(?+* $:/#%@+1-.':/ 0#1-&& /#%@#$'&5#!

=Q1Q'Q1Q 5O%UK#$ "O%S#! "$OSK%$

4 (*'. @/:0*#>. &>@:/'(1'. F1 >(/&*# :/(9# #%'# ,#'#$;&( @&#':1&*:/! b1 ?#1#/(*Y
#%'# 1#5:&# ,# ,#$:1?#%'&:1(/#( '/()&$+*+& /+'&#/ @#1'/+ (+':5#L&$+*#Y ':'+9& @&#':1&&
'/#0+&# ,# (%#>#1#( *+(;& F1 $:1%&,#/(/# F1 %:*+;&( ,# $:1,+$#/#! O/#$#/&*# ,# @&#':1&
,# '&@ cQ#0/(c 1+ /#@/#-&1'. : %:*+;&# 5&(0&*. ,(':/&'. )(@'+*+& $. ,($. @&#':1&& (/
'/(5#/%( *( &1'#/5(*# ,# $]'#5( %#$+1,# (/ @+'#( $(+-( 0*:$(Z# ,# '/()&$ @/&5&1,
(+':5#L&$+*#*#! O/#$#/&*# ,# @&#':1& ,# '&@ cR#*&$(1c M@&#':1&& (@(%. +1 0+':1Y &1,&$]1,
(%')#* %&%'#>+*+& ,# $:1,+$#/# ( %#>():/&-./&& $. %# ,:/#9'# '/#$#/#( %'/.-&&P #%'# :
%:*+;&# 0+1.Y ,(/ @:('# )& F1*:$+&'. $+ +1 %&%'#> 9& >(& 0+1 9& (1+># ,#'#$;&( (+':>('.
( @&#':1&*:/ %(+ @:('# : $:>0&1(;&# F1'/# c(@.%(/#( 0+':1+*+&c 9& ,#'#$;&( (+':>('.!

C(':/&'. )(@'+*+& $. @/#-#1;( @&#':1&*:/ 1+ @:('# )& ,#'#$'('. $+ (Z+':/+*
>(?1#':>#'/#*:/ M@&#':1&& 1+ @:' )& @/&5&;& $( :0&#$'# )#/:(%#PY ,#'#$':(/#*# ):*:%&'# F1
@/#-#1' %+1' F1$:/@:/('# F1 @(5(Z _22`! R/&1$&@(*+* ,#-(5(1'(Z (* ($#%':/ %:*+;&&Y *.%]1,
*( : @(/'# @/:0*#>#*# ,# >#1'#1(1;.Y #%'# $. ,($. (/&( ,# ,#'#$;&# #%'# @/#( >(/#
%&%'#>+* 1+ 5( 9'&& ,($. @&#':1&& ()*(;& F1 ($#( -:1. *( +1 $:*; ,# %'/(,. 5:/ '/(5#/%(
%'/(,( H %(+ %'/(,( j M5#-& X&?+/( 7!7PY &(/ ,($. (/&( ,# ,#'#$;&# #%'# @/#( >&$.Y ('+1$&
%&%'#>+* 5( @+'#( ,#'#$'( ,:(/ $];&5( @&#':1&! R/&5&1, (/L&'#$'+/( /#;#*#& ,# ,#'#$;&#
@#1'/+ @&#':1& @/:@+1#> $( -:1( ,# ,#'#$;&# ,&1 X&?+/( 7!7 %. )&# ,#*&>&'('. ,# /#%'+*
'/:'+(/+*+& @/&1 ?(/,+/& >&$&! K+ (Z+':/+* ($#%'#& ,#*&>&'./&Y %&%'#>+* ,# $:1,+$#/# 5(
@+'#( 0#1#)&$&( ,# : >(& >(/# -:1. ,# ,#'#$;&#Y 1#F1$+/$]1, @&#':1&& $(/# ,:/#%$ %.
'/(5#/%#-# $+ $#&*(*;& @&#':1& $(/# ,:(/ '/#$ @# *]1?. -:1( ,# ,#'#$;&#! C# #D#>@*+Y
-:1( ,# ,#'#$;&# H 5( 1+>./( @&#':1&& (9'#@']1, %. '/#($. %'/(,(Y 9& F>@/#+1. $+ -:1(
,# ,#'#$;&# ,# @#%'# ,/+> 5( F1%+>( F1 '&>@ /#(* 1+>./+* ,# @&#':1& $(/# (9'#(@'. %.
'/#($. %'/(,( H MX&?+/( 7!7P! Q:1#*# ,#*&>&'('# ,# ?(/,+/& @:' )& &1'#/@/#'('# $( 9& >&$&
0#1-& @#1'/+ @&#':1& F1 5#,#/#( (9'#@'./&& '/#$#/&& %'/.-&&! b1 %:*+;&( @/:@+%.Y 0(-('.
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@# ?(/,+/& >&$&Y '/()&$+* @&#':1&*:/ 1+ 5( )& $:1%'/]1%Y $& ,:(/ %'/+$'+/(' @#1'/+ : >(&
0+1. #5&,#1;. ( @&#':1&*:/ F1 (9'#@'(/#( '/(5#/%./&&! R#1'/+ ( >&1&>&-( $:%'+/&*# 9& ,#
(%#>#1#( @#1'/+ ( ('&1?# : $]' >(& +9:(/. >#1'#1(1;.Y %#1-:/& $+ >&$/:+1,# %(+
/(-# *(%#/ (/ @+'#( )& +'&*&-('# F1 %$:@+* ,#'#$'./&& @&#':1&*:/ F1 (9'#@'(/#!

X&?+/( 7!7[ 8$L#>. ,# @/&1$&@&+ ( -:1#& ,# ,#'#$;&# ( @&#':1&*:/

":,+/&*# /#;#*#& ,# %#1-:/& @/#5.-+'# $+ %#1-:/& ,# ,#'#$;&# 5:/ '/(1%>&'#
&1):/>(;&&*# ,# '/()&$ %@/# +/>.':/+* 1&5#* /#@/#-#1'(' ,# $.'/# @+1$'+* ,# ($$#% F1
'/#& >:,+/& ,&)#/&'#[  P *( (1+>&'# &1'#/5(*# ,# '&>@Y 3P $]1, +1 (+':5#L&$+* ( ):%'
,#'#$'(' 9& 7P *( $#/#/#( @+1$'+*+& ,# ($$#%! O/(1%>&'#/#(h/#$#@;&( 5( )& /#(*&-('. /(,&:
(']' F1'/# 1:,+/& $]' 9& F1'/# @+1$'#*# ,# ($$#%! RECHAHK8 MR:S#/ E))&$&#1' (1, C#*(g
HS(/# A#,&+> H$$#%% R/:':$:* ):/ 8#1%:/ 1#'S:/l%P _3 ` #%'# +1 0+1 @/:':$:* ,#
$:>+1&$(;&# 9& @:('# )& ):*:%&' @#1'/+ '/(1%>&'#/#( &1):/>(;&&*:/ ,# '/()&$ $.'/# @+1$'+*
,# ($$#%! R+1$'+* ,# ($$#% 5( $/#( F1'/V+1 @/&> @(% : ':@:*:?&# F1'/# 1:,+/&*# /#;#*#&
,&1 -:1( ($:@#/&'.Y &(/ (@:& 5( #*(0:/( +1 :/(/ ,# '&>@ @#1'/+ '/(1%>&%&& ,# ,('# 9& F1
(* ,:&*#( @(%Y 5( '/(1%>&'# :/(/+* $.'/# )&#$(/# 1:, &1$*+% F1 ':@:*:?&#!

K:>@(1&( K/:%%0:S _33` #%'# (%'.-& *&,#/ ,# @&(;. @/&5&1, @/:,+$;&( ,#
$:>@:1#1'# @#1'/+ /#;#*# ,# %#1-:/& S&/#*#%%! A=KH3Y A=KH- %(+ A=KH3C4O (/ @+'#(
)& : @:%&0&*&'('# F1 (*#?#/#( 1:,+/&*:/ @#1'/+ &>@*#>#1'(/#( +1#& /#;#*# ,# %#1-:/&
S&/#*#%% @/&5&1, %&%'#>+* ,# ,#'#$;&# 9& $:1,+$#/# ( '/()&$+*+& /+'&#/ +/0(1Y ,(':/&'.
,&>#1%&+1&*:/ %$.-+'# 9& ,(':/&'. )&(0&*&'.;&& ,#Z( ,:5#,&'#!
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H* ,:&*#( 1&5#* #%'# /#@/#-#1'(' ,# $.'/# @+1$'+* ,# ($$#% MHRP! H$#%'( #%'#
+1 1:, %@#$&(* (* /#;#*#& ,# %#1-:/&Y (5]1, $(@($&'('#( ,# ( @/:$#%( 9& ,# ( (?/#?(
,('#*# @/&>&'# ,# *( 1&5#*+* (1'#/&:/! C(':/&'. 1#$#%&'.;&& +1#& @+'#/& >(/& ,# $(*$+*
M/#*('&5 *( ,&>#1%&+1&*# 9& $:1%'/]1?#/&*# @/&5&1, (/L&'#$'+/( 1:,+/&*:/ S&/#*#%%P @#1'/+
@/:$#%(/#( ,('#*:/ 9& @#1'/+ : 0+1. 5&'#-. ,# '/(1%)#/ ( ,('#*:/ $.'/# 1&5#*+* +/>.':/Y
($#%' 1:, '/#0+&# %. )&# *#?(' *( : %+/%. ,# '#1%&+1# 9& %. ,#;&1. @+'#/# ,# $(*$+*
$/#%$+'.! R+1$'+* ,# ($$#% '/#0+&# &1%'(*(' F1 )&#$(/# &1'#/%#$;&# >:1&':/&-('.Y @#1'/+
$( 1:,+/&*# /#;#*#& ,# %#1-:/& %. @:('. $:>+1&$( $+ ($#%'( MX&?+/( 7!GP! H?/#?(/#(
&1):/>(;&&*:/ F1 '/()&$ %# 5( )($# F1 )+1$;&# ,# $+*:(/#( %#>():/+*+&Y 1+>./+* 0#1-&&Y
$(*$+*]1, >#,&& (/'&>#'&$# @#1'/+ ,&)#/&'# %$#1(/&&!
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X&?+/( 7!G[ 8$L#>. ,# @/&1$&@&+ ( @+1$'+*+& ,# ($$#%

H?/#?(/#( ,('#*:/ #%'# #%#1;&(*. F1 5#,#/#( :)#/&/&& ,# %:*+;&& /(@&,# ,#
$:1,+$#/# ( '/()&$+*+& /+'&#/ +/0(1! b1 *:$+* '/(1%>&'#/&& $.'/# 1&5#*+* ,# $:1,+$#/#
( )&#$./#& &1):/>(;&& ,# '/()&$ /#$#@;&:1('# ,# *( %#1-:/&& &1%'(*(;&Y @+1$'+* ,# ($$#%
5( %#*#$'(Y (?/#?( 9& '/(1%>&'# ,:(/ &1):/>(;&( +'&*.! =1):/>(;&( /#,+1,(1'. 1+ 5( )&
'/(1%>&%.Y #5#1'+(* 5( )& %':$('. @#1'/+ #*(0:/(/#( %'('&%'&$&*:/! =1):/>(;&( @/:$#%('.
9& (?/#?('. 5( )& '/(1%>&%. $.'/# 1&5#*+* %+@#/&:/ ,+@. +1 :/(/ ,# '&>@ 0&1# %'(0&*&'! H*
,:&*#( 1&5#* 5( '/(1%>&'# ,:(/ &1):/>(;&&*# $#/+'#Y #5&']1, (%')#* @:%&0&*#*# F1']/-&#/& F1
$:1,+$#/#( '/()&$+*+& ,(':/('# '/(1%>&'#/&& +1+& 1+>./ >(/# ,# @($L#'# $.'/# 1&5#*+*
+/>.':/! b1 O(0#*+* 7! _7` #%'# @/#-#1'(' +1 %'+,&+ ,# (?/#?(/# ( @(/(>#'/&*:/
,# '/()&$ >.%+/(;& @#1'/+ : (1+>&'. 0(1,.Y *( +1 &1'#/5(* ,# B %#$+1,#! b1 @/&>+*
/]1,Y &1):/>(;&( #%'# (?/#?('. F1 )+1$;&# ,# $+*:(/#( %#>():/+*+& M5#/,#h/:9+PY ∆tp

/#@/#-#1']1, ,+/('( $+*:/&& 5#/-& ( %#>():/+*+&Y &(/ ∆tw /#@/#-#1']1, ,+/('( $+*:/&&
/:9&& ( %#>():/+*+&! R#1'/+ )&#$(/# 0(1,.Y #9(1'&:(1#*# ,# '&>@ *( $(/# %# (?/#?L#(-.
&1):/>(;&( %+1' 5(*:/& @/#,#)&1&'# F1 %#$+1,# /#@/#-#1']1, &1'#/5(*+* ,# '&>@ %$+/% ,#
*( +*'&>( >.%+/(/#! K(/($'#/&%'&$&*# ,# '/()&$ >.%+/('# %+1'[ 1+>./+* ,# (+':5#L&$+*#Y
5&'#-( >#,&# ,# ,#@*(%(/# ( (+':5#L&$+*#*:/ 9& *+1?&>#( $:-&& ,# (9'#@'(/# *( %#>():/!
C&1 @/&>#*# '/#& *&1&& (*# '(0#*+*+& %# @:('# :0%#/5( : $/#9'#/# ( 5&'#-#& >#,&& ,#
,#@*(%(/# ( (+':5#L&$+*#*:/ '/(5#/%]1, &1'#/%#$;&( @# $+*:(/#( 5#/,# ( %#>():/+*+&
9& ,# (%#>#1#( : >&$9:/(/# ( $:-&& ,# (9'#@'(/#! T*'&>#*# '/#& *&1&& (*# '(0#*+*+&
@/#-&1'. &1):/>(;&& ,# '/()&$ (?/#?('# @#1'/+ $+*:(/#( /:9&# : %#>():/+*+&Y 1+>./+*
,# (+':5#L&$+*# $(/# %# (,(+?. *( $:(,( @/#-#1'. 9& *+1?&>#( ($#%'#& $:-& F1 >#'/& *(
&1'#/5(*# ,# B %#$+1,#! N+1?&>#( $:-&& ,# (9'#@'(/#Y >.%+/('. F1 >#'/& #%'# ):(/'#
&>@:/'(1'. F1 >#':,#*# ,# ,#$:1?#%'&:1(/# ( '/()&$+*+& /+'&#/Y &1):/>]1, %&%'#>+* ,#
$:1,+$#/# F1 *#?.'+/. $+ ,#@.9&/#( +1:/ (1+>&'# @/(?+/& ,# (?*:>#/(/# %'(0&*&'# (@/&:/&
@#1'/+ )&#$(/# %'/(,. %(+ 0(1,. F1 @(/'#!
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O(0#*+* 7! [ R(/(>#'/& ,# '/()&$ (?/#?(;& >.%+/(;& @#1'/+ : %&1?+/. 0(1,.

R!JKM#O WO#TO R!JKM#O #KX$O
/XM%S$K%
TO S$Z"
caadZZd&&Q&e

)!ZV#!J
TO
ZMX$%$
^% ∆tp

E$SOUM
ZOT$O
cZ`&e

3!%L$ZO
RKMTV
cZe

)!ZV#!J
TO
ZMX$%$
^% ∆tw

3!%L$ZO
RKMTV
cZe

 3[37[B3!BB  < 2 3II
 3[37[B2!2J 3J  I  32
 3[37[B<!6I  3  7 7I
 3[3G[IB!IB  B JI
 3[3G[ I!I2  7  3 
 3[3G[ B!I 2  JI

X:(/'# &>@:/'(1'# F1 5#,#/#( >.%+/./&& )*+&,&'.;&& '/()&$+*+& 9& @/:,+$#/&& ,#
#5#1&>#1'# @#1'/+ 1&5#*+* ,# $:1,+$#/# %+1' +/>.':(/#*#[ 1+>./+* ,# (+':5#L&$+*#
$(/# (+ '/#$+' @/&1 &1'#/%#$;&# @# $+*:(/#( 5#/,# ( %#>():/+*+& 9& 1+>./+* ,#
(+':5#L&$+*# $(/# (9'#(@'. @# $+*:(/#( /:9&# ( %#>():/+*+&! N+1?&>#( $:-&& ,#
(9'#@'(/# *( +1 %#>():/ /#@/#-&1'. ( (*'. >#':,. &>@:/'(1'. ,# >.%+/(/# ( %'./&&
'/()&$+*+&Y :)#/&1, &1):/>(;&& F1 '&>@ /#(* ,#%@/# 0#1-&*# $:1?#%'&:1('#Y @#1'/+ $( 1&5#*+*
,# $:1,+$#/# %. @:('. *+( ,#$&-&& F1 $:1%#$&1;.! W&'#-( >#,&# %# @:('# >.%+/( +9:/
$+ (Z+':/+* ( ,:+. 1:,+/& 5#$&1# &1%'(*('# F1 $(/:%(0&*Y )&&1, +1 @(/(>#'/+ 0+1 (']'
@#1'/+ %'('&%'&$&*# *#?('# ,# )*+D+* '/()&$+*+&Y $]' 9& @#1'/+ $:1,+$#/#( '/()&$+*+&!

"+>./+* @&#':1&*:/ '/(5#/%]1, %(+ (9'#@']1, '/#0+&# ,# (%#>#1#( >:1&':/&-('
@# &1'#/5(*# ,# '&>@ @#1'/+ : $:1,+$#/# >(& @/#$&%. ( '/()&$+*+& /+'&#/! b1 5#,#/#(
F>0+1.'.;&/&& >#':,#& ,# $+(1'&)&$(/# ( @&#':1&*:/Y 1+>./+* @&#':1&*:/ F1 (9'#@'(/#(
'/(5#/%./&& 5:/ )& F1%+>(;& $+ 1+>./+* @&#':1&*:/ ,# @#%'# ,/+> M$(/# ,:/#%$ %.
'/(5#/%#-# @/&1 ($#*(9& *:$P!
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H$#%' 1&5#* (/# >#1&/#( ,# ( :)#/& %:*+;&& ,# ,#$:1?#%'&:1(/# ( '/()&$+*+& /+'&#/
+/0(1Y @/&1 %$L&>0(/#( $+*:/&*:/ %#>():(/#*:/ &1%'(*('# F1 &1'#/%#$;&&*# >:1&':/&-('#!
K:1,+$#/#( '/()&$+*+& 5( ,#@&1,# F1 $#( >(& >(/# @(/'# ,# &1):/>(;&&*# F1 '&>@ /#(*Y
,(/ 5( ;&1# %#(>( 9& ,# %'('&%'&$&*# @# &1'#/5(*# :/(/# @/&>&'# ,# *( 1&5#*+* (1'#/&:/!
8# @/:@+1# &>@*#>#1'(/#( 1&5#*+*+& ,# $:1,+$#/# $( +1 %&%'#> ,#$&-&:1(* F1 '&>@ /#(*
0(-(' @# $+1:9'&1;#! b1 X&?+/( 7!B #%'# @/#-#1'('. (/L&'#$'+/( 1&5#*+*+& ,# $:1,+$#/#
( %#>():(/#*:/Y )&#$(/# 1&5#* ,# $:1,+$#/# )&&1, $:>@+% ,&1 +1+* %(+ >(& >+*;& (?#1;&
,# $:1,+$#/#!

"&5#*+* ,# $:1,+$#/# #%'# &#/(/L&-(' @# '/#& 1&5#*+/&[ 1&5#*+* ,# $:1,+$#/# *:$(*.
*( 1&5#* ,# &1'#/%#$;&# MNOHPY 1&5#*+* ,# $:1,+$#/# -:1(*. ):/>(' @/&1 $::/,:1(/#( >(&
>+*':/ &1'#/%#$;&& MQOHP 9& 1&5#*+* ,# $:1,+$#/# ?*:0(*. *( 1&5#* ,# :/(9 MKOHP! X&#$(/#
1&5#* F9& (/# /:*+* %.+ ):(/'# 0&1# ,#)&1&' F1 %$:@+* :0;&1#/&& +1#& %'/('#?&& ,# $:1,+$#/#
,&%'/&0+&'#! H/L&'#$'+/( ,# $:1,+$#/# >+*'&(?#1' ( ):%' @/:&#$'('. &#/(/L&-(' @#1'/+ (
:)#/& @:%&0&*&'('#( +1#& $:1,+$#/& ,&%'/&0+&'# 9& ,#%$#1'/(*&-('# (']' @/&1 $:1,+$#/# *(
1&5#* *:$(* $]' 9& $:1,+$#/# @/&1 $::/,:1(/# @# 1&5#*+/&*# %+@#/&:(/#! H>0#*# '&@+/& ,#
$:1,+$#/# (+ : &>@:/'(1;. ,#:%#0&'.Y ,(/ ,:(/ +'&*&-('# F>@/#+1. @:' (,+$# 5(*:(/#(
(,.+?('.! C#'(*&& @/&5&1, +'&*&'('#( $:1,+$#/&& ,&%'/&0+&'# F1 $:1,+$#/#( '/()&$+*+& /+'&#/
+/0(1 $+ /#)#/&/& *( *&'#/('+/( ,# %@#$&(*&'('# 5:/ )& @/#-#1'('# F1 $(@&':*#*# +/>.':(/#
,#%'&1('# $:1,+$#/&&!

C&1 X&?+/( 7!B %# @:('# :0%#/5( $. F1 (/L&'#$'+/( @/:@+%. #D&'. +1 %&1?+/ (?#1'
*( 1&5#* ,# :/(9 MKOHP $(/# $:>+1&$. 9& $::/,:1#(-. )&#$(/# (?#1' -:1(* ZTAi, i = 1, z!
N( /]1,+* %.+Y )&#$(/# (?#1' -:1(* $:>+1&$. $+ ':;& (?#1;&& *:$(*& LTAi,j , j = 1, li ,&1
Z+/&%,&$;&( %(Y +1,# z V 1+>./+* ,# (?#1;& ,# '/()&$ -:1(* 9& li V 1+>./+* ,# (?#1;& *:$(*&
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X&?+/( 7!B[ H/L&'#$'+/( 1&5#*+*+& ,# $:1,+$#/#

()*(;& %+0 $::/,:1(/#( (?#1'+*+& -:1(* 1+>./+* i! C# (%#>#1#(Y )&#$(/# (?#1' *:$(* 5(
#>&'# $:>(1,. ,# %$L&>0(/# ( $+*:/&*:/ %#>():(/#*:/ M8KP ,&1 &1'#/%#$;&( /#%@#$'&5.!

H+ ):%' ,#)&1&'# @('/+ '&@+/& ,# $:>+1&$(/# F1'/# (?#1;& MX&?+/( 7!JP[ NOH
$+ NOHY QOH $+ NOHY QOH $+ QOH 9& KOH $+ QOH! b1 $##( $# @/&5#9'# $:>+1&$(/#(
F1'/# (?#1;&& *:$(*& *( 1&5#* ,# &1'#/%#$;&# MNOH $+ NOHPY (?#1;&& $:>+1&$. F1'/# #& ,+@.
+/>.':/+* @/&1$&@&+[ F1 @/&>+* /]1, : -:1. ,# '/()&$ /+'&#/ #%'# ):/>('. ,&1'/V: >+*;&>#
,# &1'#/%#$;&& (/(1Z('# F1'/V: (1+>&'. :/,&1#Y $( 9& : $:(,.Y (@:& )&#$(/# (?#1' *:$(* i

,&1 -:1( /#%@#$'&5. '/&>&'# >#%(Z# $.'/# (?#1'+* *:$(* 5#$&1 i + 1! b1 ($#%' )#* (?#1'+*
i + 1 @/&>#9'# &1):/>(;&& ,#%@/# (+':5#L&$+*#*# $(/# %# (@/:@&# ,&1%@/# &1'#/%#$;&(
(1'#/&:(/. 9& @:('# *+( ,#$&-&& F1 )+1$;&# ,# ($#%'# &1):/>(;&&! T1 (*' '&@ ,# $:>+1&$(/#
,&1'/# (?#1'+* -:1(* 9& (?#1;&& *:$(*& $::/,:1(;& ,# $.'/# ($#%'( M$:>+1&$(/# QOH $+
NOHP #%'# %'/]1% *#?('. ,# $:>+1&$(/#( NOH $+ NOH! H$#%' '&@ ,# $:>+1&$(/# #%'#
):*:%&' @#1'/+ %&1$/:1&-(/#( %#>():(/#*:/ 9& ,#'#$'(/#( #5#1&>#1'#*:/ ,# 0*:$(/# (
'/()&$+*+& @# (1+>&'# (/'#/#! b>@/#+1. $+ $:>+1&$(/#( NOH $+ NOH :)#/. : 0(-.
&>@:/'(1'. @#1'/+ ,#$&-&&*# *( 1&5#* ,# (?#1;&! K:>+1&$(/#( QOH $+ QOH #%'# ):*:%&'.
,:(/ @#1'/+ /(@:(/'# 9& %'('&%'&$&Y /#(*&-]1, : 0(-. ,# $+1:9'&&1;# &>@:/'(1'. @#1'/+
,#$&-&&*# (+':>('# *( 1&5#* ,# :/(9! K:>+1&$(/#( KOH $+ QOH #%'# $:>+1&$(/#( F1'/#
(?#1;&& ,# @# 1&5#*+/&*# $#*# >(& F1(*'# ,&1 (/L&'#$'+/( @/:@+%.Y )&&1, +'&*. (']' @#1'/+
%#>1(*(/#( (1+>&':/ #5#1&>#1'# (@./+'# *( 1&5#* -:1(* $]' 9& @#1'/+ $::/,:1(/#( ,#
$.'/# KOH ( (?#1;&*:/ ,# @# 1&5#*+/&*# &1)#/&:(/# F1 (1+>&'# %&'+(;&& %@#$&(*# $+> (/ )&[
,#-(%'/#Y %./0.':/& (*# :/(9+*+&Y #5#1&>#1'# ,#:%#0&'#!

b1 $##( $# @/&5#9'# (/L&'#$'+/( ,# $:1,+$#/# ,&%'/&0+&'. @/#-#1'('. F1
X&?+/( 7!BY %# @:('# :0%#/5( : %'/]1%. *#?.'+/. F1'/# ':('# $#*# '/#& 1&5#*+/& ,#
$:1,+$#/#Y ):(/'# &>@:/'(1' @#1'/+ &>@*#>#1'(/#( (*?:/&'>&*:/ ,# :@'&>&-(/# F1 %$:@+*
,#$:1?#%'&:1./&& '/()&$+*+& /+'&#/ +/0(1! R/&5&1, %&%'#>+* ,# $:1,+$#/# ,&%'/&0+&' $(
+1 ?/() ,# '&@ (/0:/# $+ '/#& 1&5#*+/& M( %# 5#,#( X&?+/( 7!JPY $:1,+$#/#( *( 1&5#*
,# :/(9 )&&1, /.,.$&1( M@/&>+* 1&5#*PY $:1,+$#/#( *( 1&5#* ,# -:1. M(* ,:&*#( 1&5#*P 9&
$:1,+$#/#( *:$(*. *( 1&5#* ,# &1'#/%#$;&# M(* '/#&*#( 1&5#* V )/+1-#*# (/0:/#*+&PY @+'#>

BUPT



GB =Q1 2#a$SORS!#V TO RK%T!RO#O $O#M#a$UMSV

X&?+/( 7!J[ 8$L#>. ,# @/&1$&@&+ @/&5&1, &1'#/($;&+1#( ,&1'/# 1&5#*+/&*# ,# $:1,+$#/#

F1;#*#?# >:,(*&'('#( ,# $:>+1&$(/# ,&1'/# $#*# '/#& 1&5#*+/&! X&#$(/# 1&5#* ,# $:1,+$#/#
@/&>#9'# $:>(1,. ,# $::/,:1(/# ,# *( 1&5#*+* &>#,&(' +/>.':/Y F1 *&@%( ($#%'#&( 9&
@]1. *( >:>#1'+* F1 $(/# 5( #D&%'( : (%#>#1#( $:>(1,. %# 5:/ *+( ,#$&-&& %@#$&)&$#
1&5#*+*+& /#%@#$'&5 F1 )+1$;&# ,# &1):/>(;&&*# F1 '&>@ /#(* @/&>&'# ,# *( /#;#(+( ,# %#1-:/&
S&/#*#%%!

b1 $#*# $# +/>#(-. ):/ )& ,#%$/&%# $#*# '/#& 1&5#*+/& ,# $:1,+$#/#! W( )& @+%
($$#1'+* F1 %@#$&(* @# @/&1$&@&&*# ,# 0(-.Y @# $:>+1&$(/#( $+ $#*#*(*'# 1&5#*+/& 9& @#
+'&*&'('#!

=Q1Q=Q'Q )$WOJ!J TO RK%T!RO#O JKRMJ \3*2]

"&5#*+* ,# $:1,+$#/# *:$(* :)#/. %:*+;&& (+':>('# ,# )*+&,&-(/# ( '/()&$+*+&
/+'&#/ +/0(1 *( 1&5#* ,# &1'#/%#$;&# %#>():/&-('. )&&1, ):(/'# &>@:/'(1'Y @#1'/+ $.
,&1 ':'(*&'('#( '&>@+*+& ,# )+1$;&:1(/#Y >(Z:/&'('#( ,#$&-&&*:/ ,# $:1,+$#/# %# &(+ *(
($#%' 1&5#* )./. ( @/&>& $:>(1,. %@#$&(*. ,# *( 1&5#*+/&*# %+@#/&:(/#! b1 >(Z:/&'('#(
%&'+(;&&*:/Y %:*+;&&*# ,# ,#$:1?#%'&:1(/# %# &(+ *( 1&5#* ,# &1'#/%#$;&# $+ #D$#@;&( :/#*:/
,# 5]/) $]1, %'/('#?&&*# ,# %&1$/:1&-(/# (/ @+'#( )& >(& #)&$&#1'# %(+ ( $(-+/&*:/
#D$#@;&:1(*# $]1, (1+>&'# '/:1%:(1# %+1' 0*:$('# %(+ 1#$#%&'. )*+&,&-(/# +/?#1'.!
b1 ($#%'# $(-+/& &1'#/5&1 F1 $:1,+$#/# ,#$&-&&*# (+':>('&-('# ,# $::/,:1(/# ,# @#
1&5#*+/&*# %+@#/&:(/#! R/&1$&@(*+* (5(1'(Z (* +'&*&-./&& +1#& $:1,+$#/& *:$(*# *( 1&5#*
,# &1'#/%#$;&# #%'# $. %# :0;&1# : $:1,+$#/# ,&%'/&0+&'. *( 1&5#* ,# -:1.h:/(9Y &(/
%$(*(0&*&'('#( ($#%'+& %&%'#> #%'# ):(/'# >(/#! H,.+?(/#( ,# 1:& (?#1;& F1 (*'#
&1'#/%#$;&& 1+ &1)*+#1;#(-. (%')#* %'(0&*&'('#( %&%'#>+*+& ,# $:1,+$#/# ,&%'/&0+&'!

4)#/&1, %:*+;&& ,# )*+&,&-(/# *( 1&5#* ,# &1'#/%#$;&# 9& (5]1, $( &1'/./& ,:(/
&1)/(%'/+$'+/( 9& *+1?&>&*# $:-&*:/ ,# (9'#@'(/# ,&1 /#%@#$'&5( &1'#/%#$;&#Y ($#%' 1&5#* ,#
$:1,+$#/# @:('# )& 5.-+' $( 9& +1 F1*:$+&':/ (+':>('&-(' (* (?#1'+*+& ,# $&/$+*(;&# ,&1
&1'#/%#$;&#! R+'#> )($# (%')#* : @(/(*#*. F1'/# 1&5#*+* ,# $:1,+$#/# *:$(* &>@*#>#1'('
$( %& +1 %&%'#> #D@#/' F1 '&>@ /#(* 0(-(' @# $+1:9'&1;# 9& (?#1'+* ,# $&/$+*(;&# ,&1

BUPT



=Q 2+>(*/ *.+? -/  ,)-. /+/ 8.3*(2</)* GJ

&1'#/%#$;&#! C('#*# ,# '/()&$ :0;&1+'# F1 '&>@ /#(* ,# *( /#;#(+( ,# %#1-:/& S&/#*#%%
/#@/#-&1'. @#1'/+ NOH $##( $# /#@/#-&1'. :$L&& @#1'/+ (?#1'+* ,# $&/$+*(;&#Y &(/ %:*+;&&*#
9& (*?:/&'>&& ,# $:1,+$#/# (+':>('&-('. (*# %&%'#>+*+& F1 '&>@ /#(* 0(-(' @# $+1:9'&1;#
5:/ *+( ,#$&-&& @#1'/+ NOH *( )#* $+> (?#1'+* ,# $&/$+*(;&# 5( *+( ,#$&-&& $+ (Z+':/+*
$/#&#/+*+& +>(1 MX&?+/( 7!2P!

X&?+/( 7!2[ R(/(*#*. NOH V (?#1' ,# $&/$+*(;&#

H5]1, $( %$:@ )*+&,&-(/#( '/()&$+*+& /+'&#/ F1'/V: (1+>&'. &1'#/%#$;&# @/&1
$:>(1,( %#>():(/#*:/ #D&%'#1'#Y *( ($#%' 1&5#* %# 5:/ &>@*#>#1'( (']' (*?:/&'>& ,#
$:1,+$#/# 0(-(;& @# $+1:9'&&1;#Y $]' 9& (*?:/&'>& ,# :@'&>&-(/# $+> (/ )& >&1&>&-(/#(
*+1?&>&*:/ $:-&*:/Y >&1&>&-(/#( '&>@&*:/ >:/;& M'&>@ >:/' V >:>#1' F1 $(/# %#>():/+*
&1,&$. $+*:(/#( 5#/,# 9& 1&$& : >(9&1. 1+ %# ()*. F1 $:(,( ,# (9'#@'(/#P 9& >(D&>&-(/#(
5&'#-#& >#,&&!

K:1,+$#/#( *:$(*. ( %#>():/&-./&& F1'/V: (1+>&'. &1'#/%#$;&# 5( )+1$;&:1( )./.
:@/&/#Y $+ #D$#@;&( $:>#1-&*:/ %@#$&)&$# @/&>&'# ,# *( 1&5#*+* &>#,&(' %+@#/&:/! b1 ($#%'
$(- %'/('#?&&*# ,# $:1,+$#/# *:$(*. 5:/ ;&1# %#(>( F1 @/&>+* /]1, ,# %'/('#?&&*# &>@+%#
,# $.'/# 1&5#*+* ,# $:1,+$#/# -:1(*.!

=Q1Q=Q1Q )$WOJ!J TO RK%T!RO#O UK%MJ \4*2]

"&5#*+* ,# $:1,+$#/# -:1(* (/# $( %$:@ $:1,+$#/#( @/&1 $::/,:1(/#( ,&/#$'. (
%#>():(/#*:/ ,&1'/V: (1+>&'. -:1.! Q:1( 5( )& ,#)&1&'. (@/&:/& @/&1 %@#$&)&$(/#( #D($'.
( &1)/(%'/+$'+/&& /+'&#/# M*+1?&>#( %'/.-&*:/ F1'/# ,:+. &1'#/%#$;&& F15#$&1('#Y 1+>./+*
%'/.-&*:/ $(/# &1'/. 9& $(/# &#% ,&1'/V: &1'#/%#$;&#Y %#1%+/&*# ,# >#/% @#1'/+ )&#$(/# 0(1,.
( )&#$./#& %'/.-& $(/# &1'/. F1 &1'#/%#$;&#P +/>]1, ( (5#( ,:+. >(/& )+1$;&& ,# F1,#@*&1&'[
%&1$/:1&-(/#( %#>():(/#*:/ ,&1 -:1( /#%@#$'&5. 9& 0*:$(/#( ($$#%+*+& @# (1+>&'# %'/.-&
@# $(/# %+1' /(@:/'('# 0*:$(Z# ,# '/()&$!

8&1$/:1&-(/#( %#>():(/#*:/ #%'# : @/:0*#>. $+ +1 ?/(, /&,&$(' ,#
$:>@*#D&'('#Y F1 +*'&>( 5/#># &15#%'&1,+V%# %+># ):(/'# >(/& F1 ($#%' %#1% _GJf  77f
 76`! b1 ($#(%'. '#-. %# 5( @/#-#1'( : >:,(*&'('# ,# %&1$/:1&-(/# F1 '&>@ /#(* (
%#>():(/#*:/ @#1'/+ #5&,#1;&#/#( +'&*&'.;&& $:>+1&$./&& F1'/# @/&>#*# ,:+. 1&5#*+/& M*:$(*
9& -:1(*P F1 %$:@+* $:1,+$#/&& ,&%'/&0+&'#! C#9& $:>(1,( ,# %&1$/:1&-(/# %# #>&'# ,#
*( 1&5#*+* -:1(*Y /#(*&-(/#( %&1$/:1&-./&& @/:@/&+V-&%# %# 5( /#(*&-( ,# $.'/# )&#$(/# 1:,
,# $:1,+$#/# ,&1 &1'#/%#$;&# F1 )+1$;&# ,# ,('#*# ,# '/()&$ /#$#@;&:1('# F1 '&>@ /#(* ,#
*( /#;#(+( ,# %#1-:/& S&/#*#%%! ED&%'#1;( ($#%'#& (/L&'#$'+/& ,# $:1,+$#/# ,&%'/&0+&'#
9& @/#-#1;( /#;#*#& ,# %#1-:/& S&/#*#%% $(/# :)#/. ,('# ,# '/()&$ F1 '&>@ /#(* 5( )($#
@:%&0&*. : $:1,+$#/# $:>@*#D.Y (,(@'&5. *( $(/($'#/&%'&$( ,# '&@ %':L(%'&$ ( '/()&$+*+&
/+'&#/ +/0(1!

BUPT



G2 =Q1 2#a$SORS!#V TO RK%T!RO#O $O#M#a$UMSV

T1 (*' (5(1'(Z (* (?#1'+*+& ,# $::/,:1(/# -:1(* #%'# ($#*( ,# ( (5#(
@:%&0&*&'('#( ,# ( *+( ,#$&-&& ?*:0(*# /#)#/&':(/# *( -:1( F1 $(+-. @# 0(-( %'('&%'&$&*:/ 9&
( ,('#*:/ ,# '/()&$ >:1&':/&-('# $:1'&1++ ,# $.'/# 1&5#*+* (1'#/&:/! R/&1$&@(*#*# +'&*&-./&
(*# ($#%'+& (?#1' -:1(* %+1'[

\ %&1$/:1&-(/#( %#>():(/#*:/Y @/&1 %'(0&*&/#( +1#& +1,# ,# 5#/,# @#1'/+ : (1+>&'.
(/'#/.h'/:1%:1h-:1.Y

\ 0*:$(/#( ($$#%+*+& *( $#/#/# @# (1+>&'# %'/.-&h'/:1%:(1# @#1'/+ *+$/./& ,#
>#1'#1(1;. ( $(/:%(0&*+*+& %(+ ( #$L&@(>#1'#*:/ ()#/#1'#Y

\ ,#'#$;&( 0*:$(Z#*:/ F1 '/()&$ %+/5#1&'# F1 +/>( ($$&,#1'#*:/ %(+ ( ,#)#$;&+1&*:/
(+':5#L&$+*#*:/ @/&1 >:1&':/&-(/#( )*+D+*+& (+':5#L&$+*#*:/ 9& *+(/#( ,#$&-&&*:/
(+':>('# ,# 0*:$(/# ( ($$#%+*+& @# (1+>&'# %'/.-& 9& )*+&,&-(/# /(@&,. @/&1
@/&:/&'&-(/# %(+h9& %&1$/:1&-(/#( %#>():(/#*:/Y

\ &1):/>(/#( 1&5#*+*+& %+@#/&:/ (%+@/( $:1,&;&&*:/ ,# '/()&$ @/&1 '/(1%>&'#/#( ,# ,('#
(?/#?('# ,# '/()&$!

=Q1Q=Q=Q )$WOJ!J TO RKK#TK%M#O ZOS#K"KJ$SM% \ *2]

T*'&>+* 1&5#*Y $#* ,# $::/,:1(/# ( '/()&$+*+& *( 1&5#* ,# :/(9 (/# $( 9&
$(/($'#/&%'&$. @/&1$&@(*. @:%&0&*&'('#( ,# $:>+1&$(/# 9& &1'#?/(/# $+ (*'# %&%'#>#
&1'#*&?#1'# $:>@:1#1'# (*# (/L&'#$'+/&& :/(9#*:/ &1'#*&?#1'# ,&1 5&&':/ _GIf 26`! H$#%'#
:/(9# (*# 5&&':/+*+& %+1' &>(?&1('# $( )&&1, >#,&& $+ F1(*'. $(*&'('# ( 5&#;&& 9& ?/(,#
/&,&$('# ,# %#$+/&'('#Y ':('# ($#%'#( :)#/&'# *( $:%'+/& ,# &>@*#>#1'('# ($$#@'(0&*#!
R#1'/+ ( ,#-5:*'( ($#%'# 5&-&+1&Y 1:& @/:5:$./& +/>#(-. ( )& F1)/+1'('# ,(':/&'. )(@'+*+&
$. >(/&*# :/(9# %+1' ):(/'# (?*:>#/('#Y (+ &1)/(%'/+$'+/. $:>@*&$('. 9& ?/#+ ,#
F1'/#;&1+'! C# (%#>#1#(Y $L#*'+&#*&*# ,# /#?&# M$:%'+/& F1 0(1&Y '&>@Y @:*+(/#P %+1'
F1'/V: $:1'&1+. $/#9'#/#Y '&1-]1, %. ('&1?. @/(?+/& #D'/#>#! T'&*&-(/#( %:*+;&&*:/
(+':>('&-('# 9& &1'#*&?#1'# ,# ,#$&-&# 9& $:1,+$#/#Y F1 5#,#/#( F>0+1.'.;&/&& ?/(,+*+&
,# +'&*&'('# ( &1)/(%'/+$'+/&& M'/()&$ /+'&#/Y &*+>&1(/#Y ,&%'/&0+;&( ,# ?(- 9& (@.P (/ @+'#(
)& : @:%&0&*&'('# ,# /#-:*5(/# ( @/:5:$./&*:/ (>&1'&'# >(& %+%!

K::/,:1(/#( '/()&$+*+& /+'&#/ *( 1&5#* ,# :/(9 #%'# +1 L&0/&, F1'/# +1 $#1'/+
,# $:1'/:* (* '/()&$+*+& ($;&:1(' ,# $.'/# :> 9& +1 %&%'#> ,# $::/,:1(/# (+':>('&-('
M(?#1'+* >#'/:@:*&'(1 KOHP *( 1&5#* ,# :/(9! H$#%' (?#1' (/# '/#& )+1$;&:1(*&'.;&
@/&1$&@(*#[  P $:>+1&$(/#( $+ (*'# $:>@:1#1'# &1'#*&?#1'# (*# :/(9+*+&Y 3P $::,:1(/#(
(?#1;&*:/ -:1(*& F1 (1+>&'# %&'+(;&& 9& 7P &1'#/)(;(/#( @/:?/(>./&& 9& $:1)&?+/./&& *(
,&%'(1;. ( (?#1;&*:/ *:$(*& 9& -:1(*&! b1 $##( $# @/&5#9'# $::/,:1(/#( (?#1;&*:/ -:1(*& ,#
@# 1&5#*+* &>#,&(' +/>.':/Y (?#1'+* >#'/:@:*&'(1 '/&>&'# >#%(Z# $.'/# ($#9'&( F1 >:,
(%#>.1.':/ $+ >:,+* F1 $(/# (?#1'+* -:1(* '/(1%>&'# >#%(Z#*# ,# $::/,:1(/# $.'/#
(?#1;&& *:$(*&! K::,:1(/#( >#'/:@:*&'(1. (+':>('. #%'# @/#5.-+'. $( +1 %&%'#> ,#
'/('(/# ( #5#1&>#1'#*:/ %@#$&(*# *( 1&5#* ,# :/(9 $(/# &>@*&$. (?*:>#/./& ):(/'# >(/&
F1 '/()&$! E5#1&>#1'#*# %@#$&(*# @:' )& ,#)&1&'# %(+ ,#'#$'('# ,# $.'/# $#*#*(*'# %&%'#>#
&1'#*&?#1'# $+ $(/# (?#1'+* ($;&:1#(-.Y ($#%'#( @+']1, )& ,#-(%'/# ,# :/&$# )#*Y -&*#
)#%'&5# (*# :/(9+*+&Y $:1$#/'#Y ($'&5&'.;& %@:/'&5# >(Z:/#!

2]  KZ!%$RM#OM R! MJSO RKZ"K%O%SO $%SOJ$LO%SO MJO K#MX!J!$

K:1,+$#/#( *( 1&5#* ,# :/(9 %# /#(*&-#(-. @# 0(-( &1):/>(;&&*:/ F1 '&>@ /#(*
:0;&1+'# (']' ,# @# 1&5#*+/&*# &1)#/&:(/# ,# $:1,+$#/# &#/(/L&-('. ( '/()&$+*+& /+'&#/Y $]'
9& ,# *( %&%'#>#*# &1'#*&?#1'# >#'/:@:*&'(1# $+ $(/# #D&%'. &1'#/$:1#$'(/#! K(*&'('#(
,#$&-&:1(*. ( (?#1'+*+& ,# $::/,:1(/# ?*:0(*. #%'# : 0(*(1;. F1'/# $:>@*#D&'('# 9&
$:%'+/& ,# &>@*#>#1'(/#! K:>@(/('&5 $+ ,#$&-&&*# ,# $:1,+$#/# *:$(*# $(/# +'&*&-#(-.
$(1'&'.;& /#,+%# ,# ,('# @/&>&'# ,# *( %#1-:/&Y ,(/ >+*' >(& &#)'&1# ,&1 @+1$' ,#

BUPT



=Q 2+>(*/ *.+? -/  ,)-. /+/ 8.3*(2</)* G6

5#,#/# (* $:%'+/&*:/ ,# &>@*#>#1'(/#Y ,#$&-&&*# ?*:0(*# @:' )& >(& #)&$&#1'# &>@*&$]1,
: (1(*&-. ,#'(*&('. (%+@/( +1:/ $(1'&'.;& >(/& ,# ,('#! b1 *&'#/('+/( ,# %@#$&(*&'('#
/#$#1'. %# %+?#/#(-. $. '#L1:*:?&( >:,#/1. $+> (/ )& $:*#$;&( ,# ,('# $+ (Z+':/+*
%#1-:/&*:/Y (1(*&-( 9& @/#,&$;&( (+':>('.Y :@'&>&-(/#( F1 '&>@ /#(*Y @:('# :)#/& 1:&
@:%&0&*&'.;& F1 5#,#/#( ,#$&-&#& (+':>('# #)&$&#1'# F1 -:1# +/0(1# >#1;&1]1, $:%'+/&*# ,#
&>@*#>#1'(/# %$.-+'# _ Bf  <f 7 f GGf GBf BGf JGf 23f 63f 6Gf  IIf  G6`! R/:&#$'# ,#
$#/$#'(/# /#$#1'# (+ ):%' ):$(*&-('# @# +'&*&-(/#( +*'&>#*:/ '#L1:*:?&& $:>@+'(;&:1(*# 9&
,# $:>+1&$(/#Y &1$*+-]1, /#;#*#*# ,# %#1-:/& S&/#*#%%Y @#1'/+ ,&)#/&'# (@*&$(;&& F1 >#,&&
+/0(1# #D'&1%# $+> (/ )&[ '/(1%@:/'+* F1 $:>+1 _ G6`Y >:1&':/&-/#( '/()&$+*+& _JGf 6G`Y
($+>+*(/#( ,# ,('# _ B` 9& $:>+1&$(/# _2G`!

R/&1 /#1+1;(/#( *( >#':,#*# '/(,&;&:1(*# ,# /#-:*5(/# &1,&5&,+(*. ( @/:0*#>#*:/
,# $:1,+$#/#h$::,:1(/# +/0(1. 9& &1'#/$:1#$'(/#( (?#1'+*+& ,# $::/,:1(/# ?*:0(* $+
(*'# %&%'#># ,# $:1,+$#/#h$::/,:1(/# *( 1&5#* ,# :/(9Y %# #D'&1,# (']' %@(;&+* ,#
:@'&>&-(/#Y $]' 9& )&(0&*&'('#( ,#$&-&#& (+':>('#! 4 %$L&;. ( &1'#/($;&+1&& ,&1'/# %&%'#>+*
,# $::/,:1(/# ?*:0(*. ( '/()&$+*+& /+'&#/ +/0(1 9& (*'# %&%'#>#*# ,# ,#'#$;&# *( 1&5#* ,#
:/(9 #%'# @/#-#1'('. F1 X&?+/( 7!6!

X&?+/( 7!6[ =1'#/$:1#D&+1#( $+ (*'# %&%'#># &1'#*&?#1'#

b1 @(/'#( %']1?. ( X&?+/&& 7!6 %# @:('# :0%#/5( /#;#(+( ,# %#1-:/&
>#'/:@:*&'(1. F1?*:0]1, @# *]1?. %#1-:/&& ,# '/()&$ /+'&#/ 9& %#1-:/& ,# L(0&'('Y %#1-:/&
,# >:1&':/&-(/# ( %'/+$'+/&& $*.,&/&*:/Y %#1-:/& ,# *+>&1. 9& (*'# '&@+/& ,# %#1-:/&!
A.%+/.':/&*# F1 '&>@ /#(* /#(*&-('# $+ (Z+':/+* ($#%':/ %#1-:/& %+1' %':$('# F1'/V:
0(-. ,# ,('# >#'/:@:*&'(1. @/&1 &1'#/>#,&+* $:>@:1#1'#& / E*D*A*% #% #)(% F* =(! )&%!
H$#(%. 0(-. ,# ,('# #%'# +'&*. F1 5#,#/#( &,#1'&)&$./&& 9(0*:(1#*:/ 9& %$#1(/&&*:/Y &1$*+%&5
( ,#-(%'/#*:/! T'&*&-]1, &1):/>(;&&*# ($L&-&;&:1('# F1 '&>@ /#(*Y %+1' &,#1'&)&$('# %&'+(;&&*#
%@#$&(*# +/>]1, $( 1:& #5#1&>#1'# %. )&# $/#('# @/&1 $:>@:1#1'( 7)"G%,%"($.
2:%"*,%"(%.!& =-% *).%! H$#%'# #5#1&>#1'# %+1' '/(1%>&%# (@:& $.'/# (?#1'+* ,#
$::/,:1(/# >#'/:@:*&'(1 KOHY &(/ @# 0(-( ($#%':/( %# 5:/ *+( ,#$&-&& ,# $::/,:1(/# (
'/()&$+*+& /+'&#/ *( 1&5#* ,# :/(9! K:>@:1#1'( / E*D*A*% #% #)(% F* =(! )&% $:>+1&$.
$+ $:>@:1#1'( 0#%"(*H* )&% #% I)J.!)"% F* = %")&** F1 5#,#/#( >(@./&& >.%+/.':/&*:/
$+/#1'# @# 9(0*:(1#*# 9& %$#1(/&&*# #D&%'#1'#Y F1 ($#%' )#* /#(*&-]1,+V%# @/:$#%+* ,#
&,#1'&)&$(/#! K:>@:1#1'( ,# 3)-!)&(% F* =()(*'(* * $/#(-. @:/1&1, ,# *( >.%+/.':/&*#
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F1 '&>@ /#(*Y /(@:(/'#*# 9& %'('&%'&$&*# 1#$#%(/# +*'#/&:/ F1 @/:$#%+* ,# ,#$&-&# ( (?#1'+*+&
>#'/:@:*&'(1 ,# $::/,:1(/# ( '/()&$+*+& /+'&#/! C+@. $+> %# :0%#/5. ,&1 X&?+/( 7!6Y
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7]  KKK#TK%M#OM MLO%Y$JK# JKRMJ$ 4*2

H?#1'+* ,# $::/,:1(/# >#'/:@:*&'(1 &( ,#$&-&# ,# $::/,:1(/# ( (?#1;&*:/ -:1(*&
QOH F1 )+1$;&# ,# ,('#*# ,# &1'/(/# F1/#?&%'/('# 9& '/(1%>&%# ,# $.'/# 3%A%)$) #%
=%"D!&* 7%(&!-!.*()"+! 8# ,&%'&1? ,:+. %&'+(;&& ,# ($'&5(/# ( %&%'#>+*+& ,# $::/,:1(/#
>#'/:@:*&'(1.[ )&# $. ,('#*# ,# '/()&$ F1 '&>@ /#(* %# @:'/&5#%$ (1+>&':/ 9(0*:(1#
9& %$#1(/&& $+1:%$+'#Y )&# $. 1:& #5#1&>#1'# %@#$&(*# %+1' ,#'#$'('#! K::/,:1(/#(
(?#1;&*:/ -:1(*& ,# @# 1&5#*+* &1)#/&:/ %# /#(*&-#(-. @/&1 '/(1%>&'#/#( ,# >#%(Z#! H$#%'#
>#%(Z# (+ : 5(*(0&*&'('# 1#,#'#/>&1('. @]1. $]1, (?#1'+* >#'/:@:*&'(1 5( '/(1%>&'#
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\ %&1$/:1&-(/#( %#>():(/#*:/ ,&1'/V: (1+>&'. -:1.Y
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\ :0;&1#/#( ,# +1,. 5#/,# $:1'&1+. @#1'/+ +1 '/(%#+ $(/# @(/$+/?# : (1+>&'.
-:1.Y

\ ,#0*:$(/#( /(@&,. ( +1#& -:1# %+@/((?*:>#/('# @/&1 %&1$/:1&-(/#( %#>():(/#*:/
,&1 -:1#*# ,# ,#)*+&/# ( -:1#& /#%@#$'&5# 9& 0*:$(/#( '#>@:/(/. ( '/()&$+*+&
@# %'/.-&*# $(/# &1'#/%#$'#(-. ($#%'# '/:1%:(1#*# ,# ,#)*+&/# M+'&*. ,# :0&$#&
@#1'/+ /#-:*5(/#( (?*:>#/./&*:/ ?#1#/('# ,# '#/>&1(/#( +1:/ $:1$#/'#Y ($'&5&'.;&
%@:/'&5# >(Z:/# %(+ %./0(':/& (*# :/(9+*+&PY

\ 0*:$(/#( '/()&$+*+& %@/# (1+>&'# -:1# F1 $(/# %&%'#>+* %#1-:/&(* >#'/:@:*&'(1 (
,#'#$'(' @:%&0&*&'('#( #D&%'#1;#& +1#& (>#1&1;./& $+ @/&5&/# *( %&?+/(1;( '/()&$+*+&
M&1$#1,&&Y %$+/?#/& ,# ?(-#Y &1+1,(;&&PY

\ :0;&1#/#( ,# +1,. 5#/,# @#1'/+ %#/5&/#( (+':5#L&$+*#*:/ %@#$&(*# M%(*5(/#Y
@:>@&#/&Y @:*&;&#P F1 5#,#/#( )($&*&'./&& &1'#/5#1;&&*:/ /(@&,# F1 $(-+/& ,# +/?#1;.Y

X&?+/( 7!<[ 8$L#>. ,# @/&1$&@&+ @/&5&1, @/:':$:*+* ,# $:>+1&$(/# F1'/# ,:& (?#1;&

R/:':$:*+* ,# '/(1%>&'#/# ( >#%(Z#*:/ F1'/# ,:& (?#1;& i 9& j #%'# /#*('&5 %&>@*+
)&&1, ):/>(' ,&1 @('/+ @(9& MX&?+/( 7!<P[
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\ (?#1'+* i '/(1%>&'# >#%(Z+* m1 $.'/# (?#1'+* j V $:/@+* >#%(Z+*+& $:1;&1]1,
%@#$&)&$(;&& ,# ($'&5(/# ( $:>#1-&& cY

\ (?#1'+* j '/(1%>&'# >#%(Z+* m2 ,# $:1)&/>(/# ( /#$#@;&#& >#%(Z+*+& m1Y

\ ,+@. : (1+>&'. @#/&:(,. ,# '&>@ ∆t $:>(1,( c #%'# ,#-($'&5('. ,# $.'/# (?#1'+*
i @/&1 '/(1%>&'#/#( >#%(Z+*+& m3 $.'/# (?#1'+* j V $:/@+* >#%(Z+*+& $:1;&1]1,
%@#$&)&$(;&& ,# ,#-($'&5(/# ( $:>(1-&& cY

\ (?#1'+* j '/(1%>&'# >#%(Z+* m4 ,# $:1)&/>(/# ( /#$#@;&#& >#%(Z+*+& m3!
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K:1)&?+/(/#( 9& @/:?/(>(/#( *( ,&%'(1;. ( (?#1;&*:/ *:$(*& 9& -:1(*& /#@/#-&1'.
: )($&*&'('# ):(/'# &>@:/'(1'. (,.+?('. %&%'#>+*+& ,# $:1,+$#/# &#/(/L&-('! 8#
#$:1:>&%#9'# (%')#* '&>@ 9& 0(1& @/&1 #5&'(/#( ,#@*(%./&& @#/%:1(*+*+& %@#$&(*&-(' *(
*:$+* F1 $(/# %+1' (>@*(%('# %&%'#>#*# ,# $:1,+$#/# *:$(*. 9& $::/,:1(/# -:1(*.! C#
(%#>#1#( %# #)&$&#1'&-#(-. (']' '&>@+* ,# /#@(/(;&# ( #/:/&*:/ %+/5#1&'#Y $]' 9& ,+/('(
>#1'#1(1;#& F1'/#?+*+& %&%'#> ,# $:1,+$#/#!

X&?+/( 7! I[ 8$L#>. ,# @/&1$&@&+ @/&5&1, /#(*&-(/#( @/:?/(>./&& 9& ( $:1)&?+/./&& *( ,&%'(1;.

b1 X&?+/( 7! I #%'# ,#%$/&% @/:$#,#+* ,# @/:?/(>(/# 9& $:1)&?+/(/# *( ,&%'(1;. (
(?#1;&*:/ *:$(*& 9& -:1(*&Y @/&1 &1'#/>#,&+* +1+& $(1(* ,# $:>+1&$(/# %#$+/&-(' _72f <2`!
H$#%' @/:$#,#+ #%'# $+1:%$+' %+0 1+>#*# ,# =8R M=1V8g%'#> R/:?/(>>&1?P _6B` 9&
1#$#%&'. $( %&%'#>+* ,# $(*$+* @# $(/# #%'# &>@*#>#1'(' (?#1'+* M*:$(* %(+ -:1(*P
%. %+@:/'# ($#(%'. @/:$#,+/.! b1 ($#%' %#1%Y *( @/:&#$'(/#( L(/,S(/# ( %&%'#>+*+&
,# $(*$+* %# 5( ;&1# %#(>( ,# ($#(%'. $#/&1;.! H%')#*Y (?#1'+* >#'/:@:*&'(1 KOH
5( '/(1%>&'# ,('# $.'/# (?#1'+* *:$(* MNOHP %(+ -:1(* MQOHP @/&1 &1'#/>#,&+* +1#&
$:1#D&+1& S&/#*#%% %(+ #'L#/1#'! C('#*# '/(1%>&%# $:1;&1 $:,+* @/:?/(> %(+ @(/(>#'/&
,# $:1)&?+/(/# ( (?#1'+*+& $(/# +/>#(-. ( )& @/:?/(>('h$:1)&?+/('Y @+1]1,+V%# ($$#1'
@# %#$+/&-(/#( $(1(*+*+& ,# '/(1%>&%&#! C+@. /#$#@;&:1(/#( '+'+/:/ @($L#'#*:/ $(/#
(*$.'+&#%$ ,('#*# ,# $:,Y (?#1'+* F1 $(+-. 5( %$/&# ($#%' $:, F1 >#>:/&( @/:?/(> (
%&%'#>+*+& ,# $(*$+* @/&1 &1'#/>#,&+* +1+& @/:':$:* =8R!

BUPT



B =Q= 6#OUO%SM#OM #OYOJO$ TO &O%UK#$ f$#OJO&& "#K"!&V
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b1 _ GG` #%'# @/:@+%. : ,#)&1&;&# ( /#;#*#*:/ ,# %#1-:/& $(/# %+0*&1&(-.
@/&1$&@(*#*# $(/($'#/&%'&$& (*# ($#%':/([ : /#;#( ,# %#1-:/& S&/#*#%% #%'# : /#;#( )./.
)&/ $:>@+%. ,&1 #$L&@(>#1'# (+':1:>#Y ,&%'/&0+&'# ?#:?/()&$Y $(/# +'&*&-#(-. %#1-:/&
@#1'/+ ( >:1&':/&-( F1 $:*(0:/(/#Y >./&>& )&-&$# 9& $:1,&;&& ,# >#,&+ $+> %+1'[
'#>@#/('+/(Y %+1#'+*Y 5&0/(;&&*#Y @/#%&+1#(Y >&9$(/#( %(+ @:*+(/#( F1 ,&)#/&'# *:$(;&&!

R/&1$&@(*#*# $:>@:1#1'# (*# +1#& /#;#*# ,# %#1-:/& S&/#*#%% %+1' +/>.':(/#*#[

\ (1%(>0*+* ,# 1:,+/& (*# /#;#*#&Y

\ 1:,+* ,# 0(-.Y ,# :0&$#& %&%'#> ,# $(*$+* *#?(' *( : %+/%. ,# $+/#1'Y

\ %#1-:/&& ('(9(;& 1:,+/&*:/Y

\ ':@:*:?&( /#;#*#& &1'#/$:1#$'('# S&/#*#%%Y

\ (*?:/&'>&& ,# @/:$#%(/#Y (?/#?(/# 9& /+'(/#Y

C#-5:*'(/#( '#L1:*:?&#& /#;#*#*:/ ,# %#1-:/& ( ):%' >:'&5('. &1&;&(* ,# (@*&$(;&&*#
>&*&'(/#Y F1%. F1 @/#-#1' #( (5(1%#(-. /(@&, @# ,&)&#/&'# (/&& (*# &1,+%'/&#& $&5&*#
9& >&*&'(/#Y )&&1, %'&>+*('. (']' ,# @/:?/#%+* '#L1:*:?&#& ,&1 -&*#*# 1:(%'/#Y $]'
9& ,# (@(/&;&( ':' >(& >+*':/ (@*&$(;&& $(/# %# @:' /#-:*5( >(& #)&$&#1' ):*:%&1,
/#;#*#*# ,# %#1-:/& S&/#*#%%! b1 ($#%' %#1% @:' )& ,('# $]'#5( #D#>@*# ,# (@*&$(;&&
):(/'# &>@:/'(1'#[ /#;#*#*# /(,(/ @#1'/+ $:1'/:*+* '/()&$+*+& (#/&(1Y /#;#*# @#1'/+
$:1'/:*+* '/()&$+*+& /+'&#/Y /#;#*#*# #*#$'/&$# 1(;&:1(*# 9& /#?&:1(*#Y /#;#(+( 1(;&:1(*.
>#'#:/:*:?&$.Y (@*&$(;&& ,&1 ,:>#1&+* %.1.'.;&&Y >:1&':/&-(/#( >#,&+*+&Y @/#,&$;&(
,#-(%'/#*:/ 1('+/(*#Y >:1&':/&-(/#( %'./&& 0:*1(5&*:/Y >:1&':/&-(/#( @/:$#%#*:/ ,#
)(0/&$(;&#Y '/(1%@:/'+/&*# 9& 1+ F1 +*'&>+* /]1, (%&?+/(/#( $:1):/'+*+& F1 *:$+&1;#! O:('#
($#%'# (@*&$(;&& ):*:%#(+ F1 '/#$+' $(*$+*(':(/# %@#$&(*&-('# 9& @/:':$:(*# ,# $:>+1&$(;&#
):(/'# %$+>@# %(+ @/:':$:(*# 1#%'(1,(/,&-('#! T'&*&-]1, (5(1'(Z#*# /#;#*#*:/ ,#
%#1-:/& S&/#*#%%Y &>@*#>#1'(/#( 9& ):*:%&/#( ($#%':/ (@*&$(;&& %# @:('# )($# $+ : >(&
>(/# #)&$&#1'. 9& F1 5&&':/ $+ +1 $:%' >(& /#,+%! 8# (9'#(@'. $( ($#(%'. '#L1:*:?&# %.
(,+$. (5(1'(Z# >(Z:/# F1 (@*&$(;&&*# ,# (+':>('&-(/#!

T*'&>#*# ,#%$:@#/&/& *#?('# ,# '#L1&$&*# ,# $:1%'/+$;&#Y ,# >('#/&(*#*# 9&
$:1$#@'#*# +'&*&-('# 5:/ ,+$# *( >&$9:/(/#( >./&>&&Y ?/#+'.;&& 9& $:%'+/&*:/ ,# )(0/&$(;&#
(*# %#1-:/&*:/! b1 ($#*(9& '&>@ ':' ($#%' @/:?/#% 5( ,+$# 9& *( F>0+1.'.;&/#(
$(/($'#/&%'&$&*:/ *:/ ,# )+1$;&:1(/#! b1 @/#-#1' ($#(%'. '#L1:*:?&# #%'# ,#%'+* ,#
%$+>@.Y $+ @/#$&-(/#( $. @/#;+* #%'# &15#/% @/:@:/;&:1(* $+ ,&>#1%&+1#( %#1-:/&*:/
M%#1-:/& ,# ,&>#1%&+1& >&$& V @/#; /&,&$('P! b1 5&&':/+* (@/:@&(' 5( )& @:%&0&*. &1'#?/(/#(
( >&*&:(1# ,# %#1-:/& F1 ,&5#/%# %&%'#># &1'#*&?#1'# $+ %$:@+* ,# ( >./& @#/):/>(1;(
9& ,+/('( ,# 5&(;. ( ($#%':/ %&%'#>#!

X:(/'# &>@:/'(1'. #%'# ,#%$L&,#/#( @# $(/# ($#(%'. '#L1:*:?&# : @/#-&1'.
@#1'/+ %:*+;&:1(/#( @/:0*#>#*:/ ,&1 5&(;( ,# -& $+ -& ( :(>#1&*:/! 8# (9'#(@'. $(
F1 +/>.':/&& (1& /#;#*#*# ,# %#1-:/& S&/#*#%% %. @#/>&'. /#(*&-(/#( +/>.':(/#*:/ )+1$;&&[
$:1'/:*+* ,# *( ,&%'(1;. ( F1$.*-&/&& 9& ( &*+>&1('+*+&Y >:1&':/&-./& >#,&$(*# ,# *( ,&%'(1;.Y
>:1&':/&-./&& >#,&$(*# @/:@/&&Y %+@/(5#?L#/#( $:@&&*:/Y #'$! ED&%'. : %#/&# ,# @/:5:$./&
@#1'/+ $#/$#'.':/&& ,&1 ,:>#1&+Y @/:5:$./& *#?('# ,# $:%'+/&Y ,&>#1%&+1&Y ':@:*:?&# ,(/
@:('# $#* >(& &>@:/'(1'Y @/:5:$./& *#?('# ,# #)&$&#1'&-(/#( $:1%+>+*+& ,# #1#/?&# F1
/#;#( V 1:,+/&*# $(/# ):/>#(-. /#;#(+( %+1' (*&>#1'(;& $+ (Z+':/+* 0('#/&&*:/Y ,#$& :
%+/%. *&>&'('. ,# #1#/?&#Y (%')#* $. :@'&>&-(/#( /#;#*#& 9& ( $:1%+>+*+& ,# #1#/?&# #%'#
):(/'# &>@:/'(1'. @#1'/+ 5&&':/!
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=%':/&( /#;#*#*:/ ,# %#1-:/& S&/#*#%% %# F>@(/'# F1 G #'(@# M)(-#P ,#%$/&%# F1
$#*# $# +/>#(-. _ 33`[

2()-) K R#/&:(,( ,# (+/ ( /#;#*#*:/ ,# %#1-:/& $:1%'/+&;& F1 %$:@+/& >&*&'(/#!
=1 '&>@+* U.-0:&+*+& U#$#Y : $(1'&'('# >(/# ,# %#1-:/& ($+%'&$& ( ):%' ,#-5:*'('. F1
8TH @#1'/+ %+@/(5#?L#/#( %+0>(/&1#*:/f : @(/'# ,&1 ($#9'& %#1-:/& F1$. >(& %+1'
):*:%&;& 9& (%'.-& ,# $.'/# H,>&1&%'/(;&( "(;&:1(*. @#1'/+ 4$#(1# 9& H'>:%)#/. M"4HHP
F1 5#,#/#( >:1&':/&-./&& ($'&5&'.;&& %#&%>&$# ,&1 :$#(1! C# (%#>#1#(Y ':' F1 ($#(%'.
@#/&:(,. /#;#*# ,# /(,(/# @#1'/+ @/:'#$;&( (#/&(1. (+ ):%' ,#-5:*'('# 9& @*(%('# F1
H>#/&$( ,# ":/,!

2()-) L K#/$#'./& /#(*&-('# $+ %@/&Z&1+* CHURH! N( F1$#@+'+* (1&*:/  <6I $+
%@/&Z&1+* CHURH %V( ,#%).9+/(' : %#/&# 5(%'. ,# $#/$#'./& F1 ,:>#1&+* /#;#*#*:/ ,#
%#1-:/&! R/&1 ,#-5:*'(/#( /#;#*#*:/ ,# %#1-:/& ,&%'/&0+&;& MC8"P %V( ,:/&' ( %# 5#/&)&$(
,($. 1:&*# @/:':$:(*# OKRV=R 9& HURH"EOV+* M@/#,#$#%:/+* &1'#/1#'+*+&P @:' )& ):*:%&'#
F1 $:1'#D'+* /#;#*#*:/ ,# %#1-:/&! T1( ,&1'/# @/&>#*# ,#)&1&;&& (*# /#;#*#*:/ ,# %#1-:/&
( ):%' ,('. ':' ('+1$&Y :,('. $+ ,#-5:*'(/#( C8"[ /#;#(+( ,# %#1-:/& @/#%+@+1#
#D&%'#1;( >(& >+*':/ 1:,+/& M%#1-:/&P &#)'&1#Y ,&%'/&0+&'# %@(;&(*! H$#%'# 1:,+/& $:#D&%'.
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F1'/V+1 >:, $]' >(& $:/#$' 9& >(& @#/):/>(1'! R/:&#$'+* C8" ( @+% ($$#1'+* @#
$(*$+*+* ,&%'/&0+&'Y @/:$#%(/#( %#>1(*+*+& 9& ($'&5&'('#( ,# %+@/(5#?L#/# 9& +/>./&/#!
R/&1'/# #*#>#1'#*# ,# '#L1:*:?&# ):*:%&'# %# 1+>./(+[ %#1-:/&& ($+%'&$&Y @/:':$:(*#
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+'+%&,$.$' )& &,'+&T"&0&24'&L

@&!()', +% (K#N(!%

E 06,26(&(%7 0!"& .'2+&#%& +'+%&,&.6" )& 06()$0&"& J( %',2 "&!. ',2.&,&(%!%&
J( 2"&8&(% &+%& '(K6",!"&! 06(%'($7 ! 2!"%'0'2!(4'.6" .! %"!K'0 J( .&/7%$"7 0$ 06()'4''.&
)& %"!K'0 )& 2& 26"4'$(&! )& )"$, 2& 0!"& !0&#%'! +& )&2.!+&!87 +!$ ($ ($,!'L
 "'( '(+%!.!"&! "&2&%6!"&.6" )&:! .$(/$. 0!"6+!@'.$.$'5 K!2% ! 07"$' (&0&+'%!%& ! K6+%
2"&8&(%!%7 J( 2!"!/"!K$. !(%&"'6"5 '(K"!+%"$0%$"! &+%& )&Q! 2"&/7%'%7 2&(%"$ !)7$/!"&!
$(6" &0"!(& )& '(K6",!"& ! 2!"%'0'2!(4'.6" .! %"!K'0 !.7%$"' )& "&2&%6!"& +!$ 01'!" 2"'(
'(%&/"!"&! 0$ !0&+%&!L A!"!0%&"'+%'0'.& 2& 0!"& &0"!(&.& )& '(K6",!"& %"&@$'& +7 .&
J()&2.'(&!+07 +$(% $",7%6!"&.&M

O )',&(+'$(' 0!"& +7 2&",'%7 *'8'@'.'%!%&! )'( %"!K'0$.$' "$%'&" $"@!(5 J(%"& 4m2 #'
20m25

O K$(04'6(!"& '()'K&"&(% )& 06()'4''.& ,&%&65

O )',&(+'$(&! .&)$.$' a2'%01b J(%"& 10mm a2&(%"$ &0"!(&.& )& )',&(+'$(' ,'0'b #'
22mm a2&(%"$ &0"!(&.& )& )',&(+'$(' ,!"'b5

O 06,$('0!"& +&"'!.7 HBVZV +!$ HBSXRL

@L$#)+%!%( #)K*!J(5##,*! *K%!#$% +% 2%J(K*!

U( 2"&8&(% ,!Q6"'%!%&! +&,!K6!"&.6" 2&(%"$ !$%6*&1'0$.& 26% !*&! $",7%6!"&.&
2"62"'&%74'M

O %"&' 0$.6"' )& !*&"%'8!"&M "6#$5 /!.@&(5 *&")&5

O J( ,!Q6"'%!%&! +'%$!4''.6" 0$.6!"&! /!.@&(7 ! +&,!K6"$.$' !2!"& 0! %"!(8'4'& )& .!
0$.6!"&! *&")& .! 0$.6!"&! "6#'& ! +&,!K6"$.$'5 2&(%"$ ! !*&"%'8! 06()$07%6"''
!$%6 +7 J(0&%'(&!+07 J( *&)&"&! 62"'"''5

O $(&6"' 0$.6!"&! /!.@&(7 ! +&,!K6"$.$' !2!"& #' 0! %"!(8'4'& )& .! 0$.6!"&! "6#'& .!
0$.6!"&! *&")& ! +&,!K6"$.$'5 2&(%"$ ! !*&"%'8! 06()$07%6"'' !$%6 07 +& !2"62'&
0$.6!"&! *&")& ! +&,!K6"$.$' #' +7 K'& 2"&/7%'4' +7 26"(&!+075

O 06(%6!"& )& %',2 2&(%"$ !,@&.& 0$.6"' *&")& #' "6#$ !.& +&,!K6"$.$'5 0!"& J#'
)&0"&,&(%&!87 *!.6!"&! .! K'&0!"& +&0$()75 "&2"&8&(%F() %',2$. "7,!+ 2F(7 .!
+01',@!"&! 0$.6"'' 0$"&(%&5
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C0&+%& 2"62"'&%74' 26% K' &?%'(+& 2"'( !)7$/!"&! )& &0"!(& 0$ .&)$"' 2&(%"$
'(K6",!"& +$2.',&(%!"7 J( +%"$0%$"! +&,!K6"$.$'L C+&,&(&! &0"!(&.6" '(+%!.!%& )&:!
.$(/$. 0!"6+!@'.$.$'5 &0"!(&.& '(%&/"!%& J( +'+%&,$. )& +&,!K6"'8!"& 26% !K'#! '(K6",!4''
.&/!%& )& 06()'4''.& )& %"!K'0 0$"&(%&L 3& !+&,&(&!5 J( K$(04'& )& ,&%6)! )& 06()$0&"&
! %"!K'0$.$' "$%'&" J( '(%&"+&04'! "&+2&0%'*75 26% K' !K'#!%& '(K6",!4'' )'"&0% .&/!%& )& %',2''
)& +&,!K6"L A6(%6!"&.& )& %',2 $%'.'8!%& J( 2"&8&(% !$ $",7%6"$. 06,26"%!,&(% 0'0.'0M
)$27 0& 06(%6"$. !Q$(/& .! *!.6!"&! W +7 2"&+$2$(&, 2&(%"$ 0$.6!"&! *&")&5 !0&+%!
+& '('4'!.'8&!87 0$ *!.6!"&! %',2$.$' )& !#%&2%!"& 2& 0$.6!"&! "6#'& #' *! '(0&2& +7 +&
)&0"&,&(%&8& .! K'&0!"& +&0$()75 !26' )$27 0& !Q$(/& .! *!.6!"&! W5 +& "&'('4'!.'8&!87
0$ *!.6!"&! %',2$.$' )& *&")& #' *! J(0&2& )&0"&,&(%!"&!L C0&!+%7 !@6")!"& (&0&+'%7
6 0$(6!#%&"& 2"&!.!@'.7 ! %',2'.6" )& "6#$ #' *&")& 2&(%"$ K'&0!"& K!87 )& +&,!K6"5
K!2% 0!"!0%&"'+%'0 ,&%6)&.6" )& 06()$0&"& +%!%'0&L U( +01',@5 ,&%6)&.& )& 06()$0&"&
J( %',2 "&!.5 '!$ )&0'8'' !+$2"! K!8&' $",7%6!"& #' %',2$.$' !K&"&(%5 )$27 K'&0!"& K!87
)& +&,!K6"5 K!2% 0& K!0& ',26+'@'. $( 06,26"%!,&(% !. 06(%6"$.$' )& %',2 )$27 0$,
+:! 2"&8&(%!% ,!' +$+L C0&+%7 2"6@.&,7 +& 26!%& "&86.*! 2"'( !)7$/!"&! )& 2"!/$"'
)& %',2 .','%7 θ )& .! 0!"& +7 J(0&!27 K$(04'6(!"&! 06(%6"$.$'L C+%K&. 06(%6"$. *! !*&!
)6$7 +%7"' a'()'K&"&(% )& 0$.6!"&! +&,!K6"$.$'bM '(!0%'* : !K'#&!87 j≥ θ +&0j #' !0%'* :
!K'#&!87 *!.6!"&! 06(%6"$.$' )&0"&,&(%!%7 0$ 6 $('%!%& .! K'&0!"& +&0$()7L U( !0&+%
K&. +& 26% .$! )&0'8'' J( %',2 "&!. K7"7 ! '(K.$&(4! 06()$07%6"$. !$%6 2"'( (&'(K6",!"&!
+! !+$2"! !2"62'&"'' ,6,&(%&.6" )& %"!(8'4'& J(%"& 0$.6"'.& +&,!K6"$.$'L

 &(%"$ ,&%6)&.& )& 06()$0&"& J( %',2 "&!.5 J( 0!"& ($ +& 0$(6+0 &?!0% %',2'' )&
+&,!K6" )&0F% J(0&2F() 0$ $( !($,'% 2"!/ .','%7 θ )$27 0$, +:! !"7%!% J( 2!"!/"!K$.
!(%&"'6"5 2.&0F() )& .! 2"&,'+! 07 &?'+%7 $( %',2 .','%7 ,!?', γ J( 0!"& $( 2!"%'0'2!(%
.! %"!K'0 ($ 2"',&#%& 0$.6!"& *&")& a+& $%'.'8&!87 2&(%"$ ! &*'%! +'%$!4''.& )& !#%&2%!"&
&?0&+'*7 ! !($,'%6" 2!"%'0'2!(4' .! %"!K'0b5 &+%& $%'.7 !)7$/!"&! $($' !.% 06(%6" )& %',2
2&(%"$ '(K6",!"&! !+$2"! !0&+%$' K!2%L C0&+% 06(%6" +& '('4'!.'8&!87 0$ *!.6!"&! )&
2"!/ γ .! %"!(8'4'! )& .! 0$.6!"&! *&")& .! 0$.6!"&! "6#'& ! +&,!K6"$.$'5 &+%& !0%'* )6!"
2& 0$.6!"&! "6#'& #' !K'#&!87 *!.6!"&! 06(%6"$.$' )&0"&,&(%!%7 0$ 6 $('%!%& .! K'&0!"&
+&0$()7L A6(%6"$. )&*'(& '(!0%'* J( ,6,&(%$. J( 0!"& ,&%6)! )& 06()$0&"& +%!@'.&#%&
%',2$. &?!0% 2F(7 .! +01',@!"&! +&,!K6"$.$' 2& 0$.6!"&! *&")&L A$ !.%& 0$*'(%& !0&+%
06(%6" '(K6",&!87 !+$2"! %',2$.$' ,!?', "7,!+ 2F(7 .! +&"*'"&5 '!" J,2"&$(7 0$
2"',$. 06(%6" )&+0"'+ J( 2!"!/"!K$. !(%&"'6"5 K!0& 26+'@'.7 '(K6",!"&! 2!"%'0'2!(4'.6"
.! %"!K'0 J( '(%&"+&04''.& 06()$+& 2"'( ,&%6)& J( %',2 "&!.5 !2"6!2& J( !0&&!#' ,7+$"7
J( 0!"& 6 K!0 06(%6!"&.& )& %',2 !04'6(!%& )& ,&%6)&.& )& 06()$0&"& +%!%'07L

78P8 -!#)&#/## +% 2%&'!#$($% I) !%5%,% +% 2%);*!# H#!%,%22

78P8V8 ?)$!*+'&%!%

 "6'&0%!"&! "&4&.&.6" )& +&(86"' I'"&.&++ J(K"$(%7 )6$7 ,!"' 2"6@.&,& J( 8'.&.&
(6!+%"&M "&+%"'04'! !+$2"! 06(+$,$.$' )& &(&"/'& #' +&0$"'8!"&! '(K6",!4''.6" %"!(+,'+&
J( '(%&"'6"$. "&4&.&'L B'+%&,$. )& 06()$0&"& 2"&8&(%!% J( %&8! )& K!47 '(%"7 J( 0!%&/6"'!
BAC3CT3AB aB$2&"*'+6"_ A6(%"6. C() 3!%! C0o$'+'%'6(T3'+%"'@$%&) A6(%"6. B_+%&,+b
2&(%"$ 0!"& &+%& 0$(6+0$%7 ',26"%!(4! +&0$"'%74'' #' 2&(%"$ 0!"& +& 0!$%7 !0%'* +6.$4''L
A1'!" )!07 2F(7 J( 2"&8&(% !$ K6+% 2"62$+& ,!' ,$.%& 2"6%606!.& )& 06,$('0!"& 0$,
!" K' SNEP 5 µTESLA5 AODV 5 DSR YiiWP iih[5 ('0' $(! ($ 26!%& /!"!(%! 6 +&0$"'%!%&
2$%&"('075 (&',2$(F()$:+& 0! +%!()!") J( +&"0$"'8!"&! "&4&.&.6" )& +&(86"' I'"&.&++L

`6)$"'.& "&4&.&' )& +&(86"' K''() )&+K7#$"!%& J( )'K&"'%& ,&)''5 K7"7 6 06(K'/$"!"&
2"&!.!@'.7 ! "&4&.&'5 !" %"&@$' +7 06,$('0& +&0$"'8!% J(%"& &.& #' +7 &*'%& &*&(%$!.''
'(%"$#'L 3'( !0&+% ,6%'*5 !./6"'%,'' 0"'2%6/"!K'0' !" %"&@$' +7 K'& )& K6.6+5 )!" )'( 270!%&
+$(% '(+$K'0'&(4' 2&(%"$ ,6,&(%L  "6'&0%!(%$. "&4&.&' )& +&(86"' %"&@$'& +7 )&0')7 J(%"&
6 +&0$"'%!%& "')'0!%7 ! "&4&.&'5 K!2% 0& ',2.'07 6 0"&#%&"& ! 06(+$,$.$' )& &(&"/'&
#' 6 +&0$"'%!%& +078$%7 0$ $( 06(+$, ,'0 #' ',2.'0'% 6 )$"!%7 )& *'!47 ,!' ,!"&L
3& &?&,2.$5 $%'.'8!"&! "&4&.&.6" )& +&(86"' J( +062$. )&%&04'&' a'(0&()''5 '($()!4''5
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0$%"&,$"&b (&0&+'%7 6 *!.')'%!%& ! '(K6",!4'&' ($ ,!' ,$.% )& 0F%&*! +&0$()&5 +$K'0'&(%
2&(%"$ 0! '(K6",!4'! +7 K'& 2"62!/!%7 07%"& (6)$. )& @!87L U( !0&!+%7 +'%$!4'&5 2& )&
6 2!"%&5 ('*&.$. )& +&0$"'%!%& ! '(K6",!4'&' ($ &+%& "')'0!%5 2$%F() K' K6.6+'4' !./6"'%,'
)& 0"'2%!"& 0$ 01&'& +',&%"'07 +!$ !./6"'%,' )& 0"'2%!"& 0$ 01&'& !+',&%"'075 )!" !*F()
)',&(+'$(' "&)$+& !.& 01&'.6" )& 0"'2%!"&5 '!" 2& )& !.%7 2!"%& !$%&(%'K'0!"&! &+%& K6!"%&
',26"%!(%7 2&(%"$ ! ,'(','8! 26+'@'.'%!%&! 0! $( !%!0!%6" +7 %"','%7 '(K6",!4'' &"6(!%&L

U( K$(04'& )& /"!)$. )& ',26"%!(47 ! '(K6",!4''.6" %"!(+,'+& J(%"& (6)$"'.&
"&4&.&' )& +&(86"' I'"&.&++5 %"!(+,'+'! +& J,2!"%& J( )6$7 0!%&/6"''M +&0$"'8!%7 #'
(&+&0$"'8!%7 YZR[L N%'.'8F() %"!(+,'+'& )& )!%& (&+&0$"'8!%75 ($ +& 4'(& 06(% 07
'(K6",!4'! %"!(+,'+7 J(%"& (6)$"' !Q$(/& .! )&+%'(!4'& (&!.%&"!%7 +!$ ($5 2&(%"$ 07
'(K6",!4'! ($ &+%& "&.&*!(%7 2&(%"$ +062$. "&4&.&' )& +&(86"' a)& &?&,2.$5 J(%":6
"&4&! )& +&(86"' I'"&.&++ )& )&%&04'& ! '(0&()''.6"5 '(K6",!4'! j($ '(0&()'$j ($ &+%&
',26"%!(%7 2&(%"$ 07 ($ +01',@7 +%!"&! ',2.'0'%7 ! "&4&.&'bL  & )& !.%7 2!"%&5 '(K6",!4'!
0!"& *! +01',@! +%!"&! "&4&.&' #' 0!"& 26!%& 0!$8! 6 !($,'%7 !.!",7 %"&@$'& +&0$"'8!%7
K6!"%& !%&(%L 3& !+&,&(&!5 "&4&!$! %"&@$'& +7 K'& 0!2!@'.7 )& ! "&0$(6!#%& '(%"$#'' #'
+7 ($ $%'.'8&8& '(K6",!4'! "&0&24'6(!%7 )& .! !0&#%'!L

U( 06(%'($!"& *6" K' 2"&8&(%!%& 2"'(0'2!.&.& *$.(&"!@'.'%74' !.& "&4&.&.6" )&
+&(86"' I'"&.&++ #' 2"'(0'2!.&.& ,&%6)& )& 2"6%&Q!"& J,26%"'*! !%!0$"'.6" 26+'@'.&L

78P898 W',)%!(<#,#$65# N# J%$*+% +% 2%&'!#;(!%

3!%6"'%7 06,$('07"'' I'"&.&++ +' ! "&+$"+&.6" "&+%"F(+& 0!"& +%!$ .! @!8! .6"5
"&4&.&.& )& +&(86"' I'"&.&++ 2"&8'(%7 6 +&"'& )& *$.(&"!@'.'%74' )& +&0$"'%!%&L AF%&*!
)'(%"& !0&+%& *$.(&"!@'.'%74' *6" K' &($,&"!%& J( 06(%'($!"&M

O '(%&"0&2%!"& ,&+!Q& : ,&+!Q&.& %"!(+,'+& J(%"& (6)$"' 26% K' '(%&"0&2%!%& )& 07%"&
$( &*&(%$!. !%!0!%6" a0$(6+0$% J( .'%&"!%$"! )& +2&0'!.'%!%& 0! #' j&!*&+)"622'(/jb
)6%!% 0$ 6 !(%&(7 2$%&"('075

O 06"$2&"&! ,&+!Q&.6" : !%!0!%6"$. '(%&0&2%&!87 ,&+!Q$. %"','+ )& .! +$"+7 07%"&
)&+%'(!4'&5 J. ,6)'K'07 #' !26' %"','%& 07%"& )&+%'(!4'& ,&+!Q$. 06"$2% a0$(6+0$% J(
.'%&"!%$"! )& +2&0'!.'%!%& 0! #' j+266K'(/jb5

O 0!2%$"!"& (6) : 2"'( 0!2%$"!"&! $($' (6) !. "&4&.&' )& +&(86"'5 ,&,6"'! +! &+%&
0'%'%7 #' &*&(%$. "&+0"'+75 !%!0!%6"$. !*F) 26+'@'.'%!%&! )& ! 0'%' 01&'.& 0"'2%6/"!K'0&
#' !.%& '(K6",!4'' .&/!%& )& "&4&!$! )& +&(86"'5

O !)7$/!"&! $($' (6) K!.+ : 2"'( !)7$/!"&! )& 07%"& $( !%!0!%6" ! $($' (6) J( "&4&!5
+& $",7"&#%& '(%"6)$0&"&! )& '(K6",!4'' K!.+& +!$ 06"$2&"&! !($,'%6" (6)$"'5

O K$(04'6(!"& &"6(!%7 : 6 2"6@.&,7 )&+%$. )& ',26"%!(%7 J( "&4&.&.& )& +&(86"'
I'"&.&++ &+%& )&%&0%!"&! K$(04'6(7"'' &"6(!%& #' )&6+&@'"&! )& +'%$!4''.& J( 0!"&
(6)$. &+%& 0!2%$"!%5

O 3EB a3&('!. 6K B&"*'0&+b : !0&+%& %'2$"' )& !%!0$"' 26% !*&! $",7"' /"!*&
!+$2"! K$(04'6(7"'' "&4&.&' )& +&(86"' I'".&++5 $",7"'() &2$'8!"&! "&+$"+&.6"
#' @.60!"&! 06,$('07"'' "!)'6L C,'(%', 0F%&*! )'(%"& !%!0$"'.& )'( !0&!+%7
0!%&/6"'&M j96",16.&+j5 j;.66)'(/j5 jB'(d16.&+j5 jB_@'. !%%!0dj5

O !(!.'8! %"!K'0$.$' : $( !%!0!%6" 26!%& )&%&",'(! +%"$0%$"! "&4&.&' )& +&(86"' 2"'(
$",7"'"&! )'"&04''.6" )& 2"62!/!"& ! ,&+!Q&.6"5 01'!" )!07 !0&+%&! +$(% 0"'2%!%&5
',26"%!(%& +$(% )6!" (6)$"'.& +$"+7 #' (6)$"'.& )&+%'(!4'&L

 6"('() )& .! !"1'%&0%$"! "&4&.&' )& +&(86"' 2"62$+7 +& *6" ')&(%'K'0! 2"'(0'2!.&.&
*$.(&"!@'.'%74' !.& !0&+%&'!5 $",F() ! +& 07$%! +6.$4'' )& 2"6%&04'&L C*F() J( *&)&"& 07
)6!" (6)$"'.& )& )&%&04'& )6%!%& 0$ ,!/(&%6,&%"& K$(04'6(&!87 2& @!%&"''5 2"6@.&,&.&
,!"' )& +&0$"'%!%& +& "&8$,7 J( 2"'(0'2!. .! !0&+%& (6)$"'L ;$(04'6(!.'%!%&! !0&+%6"
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(6)$"' )& )&%&04'& &+%& )& ! )&%&0%! 2"&8&(4! !$%6*&1'0$.&.6"5 )& ! %"!(+,'%& *!.6"'.&
)& )&%&04'& 07%"& (6)$"'.& J(*&0'(!%& #' )& ! "$%! '(K6",!4'! 2"','%7 )& .! (6)$"'.&
*&0'(&L U( !0&+% +&(+5 ')&(%'K'07, $",7%6!"&.& 26+'@'.& *$.(&"!@'.'%74'T!%!0$"' !)"&+!%&
"&4&.&' )& +&(86"' 2"62$+7 0! )&%&0%6" )& %"!K'0 "$%'&"5 J( 6")'(&! )&+0"&+07%6!"& !
/"!*'%74'' .6"M

O !%!0$"' )& %'2 3EB5

O 0!2%$"!"&! (6)$"'.6"5

O 06"$2&"&! ,&+!Q&.6"TK$(04'6(!"& &"6(!%7L

A&.&.!.%& %'2$"' )& *$.(&"!@'.'%74'T!%!0$"' ($ 2"&8'(%7 !,&('(47"' "&!.& !+$2"!
"&4&.&' )& +&(86"' 2"62$+&L U( 06(%'($!"& *6" K' 2"&8&(%!%& 0F%&*! !@6")7"' )&
+&0$"'8!"& ! "&4&.&' )& +&(86"' 2"62$+&5 2"'( +%"!%&/'' )& )&%&04'& ! !%!0$"'.6" )&
0!2%$"!"& ! (6)$"'.6" #' )& 06"$2&"& ! ,&+!Q&.6" YVP VRP VfP VeP iSi[L

-!*$*&*(,% +% &*J')#&(!% I) !%5%,% +% 2%);*!# H#!%,%22

H&4&.&.& )& +&(86"' I'"&.&++ +& 26% J,27"4' )$27 +062$. .6" J( )6$7 0!%&/6"''M
/&(&"!.& +!$ )&)'0!%&L `6)$"'.& )'( 0!)"$. "&4&.&.6" 0$ 0!"!0%&" /&(&"!.5 +$(%
06(+%"$'%& 2&(%"$ ! K' "&2"6/"!,!%& )& K'&0!"& )!%7 0F() &+%& (&0&+!" a2&(%"$
"&0!.'@"!"& +!$ 2&(%"$ ! K' K6.6+'%& J( !.%& "&4&.& )& +&(86"'bL 3'( 2!0!%& !0&+% %'2
)& !"1'%&0%$"7 .!+7 6 $#7 .!"/ )&+01'+7 !%!0$"'.6" )!%6"'%7 2"62"'&%74'' .6" )& ! K'
"&2"6/"!,!%&L E)!%7 0& $( !%!0!%6" "&$#&#%& +7 0!2%$"&8& $( !+%K&. )& (6)5 *!
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BUPT



P8 ACD3:A@=@ FCA FB F D?W@F 3@ ?D.@=1@AX?@ eX

;'/$"! SLVM >6)&.!"&  &%"' ! 2"60&+$.$' )& +01',@!"& ! +&,!K6!"&.6" J(%":6 '(%&"+&04'&

YZV[L C0&+% ,6)&. )&+0"'& 6 '(%&"+&04'& +&,!K6"'8!%7 +',2.7 ,6('%6"'8F() )6!"
!$%6*&1'0$.&.& 2!"%'0'2!(%& .! %"!K'05 K7"7 ! 4'(& +&!,! )& 2'&%6('L C(!.'8F() ,6)&.$.
,&(4'6(!%5 ! K6+% )&8*6.%!% $( (6$ ,6)&. YS[ 0$ $( /"!) +26"'% )& /&(&"!.'%!%& !*F()
$",7%6!"&.& K!0'.'%74' +$2.',&(%!"&M

O ,6('%6"'8!"&! 2'&%6('.6"5

O ,6)&.!"&! '(%&"+&04''.6" '()'K&"&(% )& ($,7"$. )& +%"78' 0!"& '(%"7 #' '&+ )'(
!0&!+%!5

O +01',@!"&! 0$.6"'.6" +&,!K6"$.$' &*'%F()$:+& 068' ,!"' )& !#%&2%!"& 2&(%"$
!($,'%& @&(8'5

O '(%"6)$0&"&! J( ,6)&. ! K!8&' 0$.6"'' /!.@&( 0! K!87 '(%&",&)'!"7 )$27 0$.6!"&!
"6#'& #' J(!'(%& )& 0$.6!"&! *&")& ! +&,!K6"$.$'L

U( 06(%'($!"& *6" K' 2"&8&(%!%& 0"'%'0 !+2&0%& 2"'*'() ,6)&.$. 3&B01$%%&"5
4'(F() +&!,! #' )& !.%& ,6)&.& )&)'0!%& 06()$0&"'' %"!K'0$.$' "$%'&" YiSP ZZP ReP RhP
efP iZh[L A6(K6", 0$ YZV[ +& !00&2%7 $",7%6!"&.& (6%!4''M

O δa : %',2$. (&0&+!" 0$.6"'' /!.@&(& ! +&,!K6"$.$' ,7+$"!% J( +&0$()&5

O δk = tk+1−tk : %',2$. ,7+$"!% J( +&0$()& )'(%"& +01',@!"&! 0$.6"'.6" +&,!K6"$.$'
)'( *&")& J( "6#$ +!$ '(*&"+5

O li(t) : .$(/',&! 068'' )& !#%&2%!"& a($,7"$. )& !$%6*&1'0$.& J( !#%&2%!"&b 2&
@!()! Li ,7+$"!%7 J( ,&%"'5

BUPT



eh P89 1$!($%0## +% J*+%,(!% ( 2#2$%J','# +% &*)+'&%!% ,*&(,6

O λ
(k)
i = const,∀t ∈ [tk, tk+1) : *'%&8! ,&)'& )& +6+'"& ! !$%6*&1'0$.&.6" 2& @!()! Li

J( '(%&"*!.$. )& %',2 [tk, tk+1)5 ,7+$"!%7 J( Y,T+[5

O µ
(k)
i = const,∀t ∈ [tk, tk+1) : *'%&8! ,&)'& )& 2.&0!"& ! !$%6*&1'0$.&.6" )& 2& @!()!

Li J( '(%&"*!.$. )& %',2 [tk, tk+1)5 ,7+$"!%7 J( Y,T+[5

O κ
(k)
i = const,∀t ∈ [tk − δa), tk) : *'%&8! ,&)'& )& 2.&0!"& ! !$%6*&1'0$.&.6" )& 2&
@!()! Li5 2& 0$.6!"&! /!.@&( ! +&,!K6"$.$'5 ,7+$"!%7 J( Y,T+[5

O t : *!"'!@'.! )& %',2L

U( ;'/$"! SLZ &+%& 2"&8&(%!%7 ,6)&.!"&! $(&' '(%&"+&04'' +',2.&L  &(%"$
0$.6!"&! "6#'& ! +&,!K6"$.$' ! @&(8'' L15 !*&, $",7%6!"&.& &0$!4''M

l1(t2k+1) = l1(t2k) + λ
(2k)
1 δ2k, aSLib

;'/$"! SLZM B01&,! )& 2"'(0'2'$ ! $(&' '(%&"+&04'' +',2.&

 &(%"$ 0$.6!"&! *&")& ! +&,!K6"$.$' ! @&(8'' L15 !$%6*&1'0$.&.& +6+&+0 #'
2.&!07 )'( 06!)! )& !#%&2%!"& J( '(%&"*!.$. )& %',2 t ∈ [t2k+1, t2k+2 − δa)L  "'( $",!"&
26!%& K' !2.'0!%7 "&.!4'!M

l1(t)

t2k+2 − t2k+1 − δa

=

{

λ
(2k+1)
1 − µ

(2k+1)
1 , l1(t) > 0

0, l1(t) ≤ 0
aSLVb

U( K$(04'& )& *'%&8&.& )& 2.&0!"& #' )& +6+'"& ! !$%6*&1'0$.&.6"5 +& 26!%& !Q$(/&
.! +'%$!4'! J( 0!"& %6!%& !$%6*&1'0$.&.& !#%&2%F() J( 06!)75 0F% #' %6!%& !$%6*&1'0$.&.&
+6+'%& J( %',2$. 0$.6"'' *&"8' ! +&,!K6"$.$'5 *6" 2$%&! %"&0& 2"'( '(%&"+&04'&L U( !0&!+%7
+'%$!4'&5 .$(/',&! 068'' )& !#%&2%!"& *! K' &/!.7 0$ 8&"6L

 &(%"$ 0$.6!"&! /!.@&(7 ! +&,!K6"$.$' ! @&(8'' L15 !$%6*&1'0$.&.& +6+&+0 #' )&
!+&,&(&! #' 2.&!07 )'( '(%&"+&04'&5 )!" *'%&8&.& )& +6+'"& #' )& 2.&0!"& +$(% )'K&"'%&
K!47 )& *'%&8&.& !K&"&(%& 0$.6"'' "6#$T*&")& ! +&,!K6"$.$'5 J( '(%&"*!.$. )& %',2 t ∈
[t2k+2 − δa, t2k+2)M

l1(t2k+2 − δa) = max(l1(t2k+1) + (λ
(2k+1)
1 − µ

(2k+1)
1 )(δ2k+1 − δa), 0) aSLZb

BUPT



P8 ACD3:A@=@ FCA FB F D?W@F 3@ ?D.@=1@AX?@ XW

3'( &0$!4''.& .$(/','' 068'' )& !#%&2%!"& 2& 0$.6!"&! *&")& ! +&,!K6"$.$'
[t2k+1, t2k+2 − δa) #' "&+2&0%'* 2& 0$.6!"&! /!.@&(7 ! +&,!K6"$.$' [t2k+2 − δa, t2k+2)5 +&
6@4'(& .$(/',&! 068'' )& !#%&2%!"& .! ,6,&(%$. t2k+2M

l1(t2k+2) = max(l1(t2k+2 − δa) + (λ
(2k+1)
1 − κ

(2k+1)
1 )δa, 0)

= max(l1(t2k+1) + (λ
(2k+1)
1 − µ

(2k+1)
1 )δ2k+1 + (µ

(2k+1)
1 − κ

(2k+1)
1 )δa, (λ

(2k+1)
1 − κ

(2k+1)
1 )δa, 0)

aSLSb
3!%6"'%7 K!2%$.$' 07 +& 26% +0"'& !0&.&!#' &0$!4'' 2&(%"$ 0&.&.!.%& %"&' @&(8'5

)&K'('() *&0%6"$. )& +%!"& aSLRbM

xk = [ l1(tk) l2(tk) l3(tk) l4(tk) ]T , aSLRb

+& 6@4'( &0$!4''.& )& +%!"& !.& ,6)&.$.$' ,!%&,!%'0 !K&"&(% $($' 0'0.$ )& +&,!K6"
06,2.&%M

x2k+1 = max(x2k + b2k
1 δ2k + b2k

3 δa, b2k
2 δa)

x2k+2 = max(x2k+1 + b2k+1
1 δ2k+1 + b2k+1

3 δa, b2k+1
2 δa)

, aSLfb

J( 0!"& bk
1 , bk

2 , bk
35 +$(% *&0%6"' )& 2&"%$"@!4'& 0!.0$.!4' )'( *'%&8&.& )& +6+'"& #' )& 2.&0!"&

! !$%6*&1'0$.&.6" .! ,6,&(%$. tk5 '!" 0 = [0...0]T ∈ R
4L 3'( "&.!4'! aSLfb +& 6@+&"*7 07

&0$!4''.& )& +%!"& !.& ,6)&.$.$' '(0.$) !%F% *!"'!@'.& )& 06,!()7 δ2k5 δa5 0F% #' *!"'!@'.&
)& 2&"%$"@!4'& λ

(2k)
i 5 µ

(2k)
i 5 κ

(2k)
i 5 J( 0!"& k &+%& '()&?$. 0'0.$.$' )& +&,!K6" #' i = 1, 4 &+%&

'()&?$. K!8&' )& +&,!K6"L
D0$!4'! )& '&#'"& ! ,6)&.$.$' &+%& )&K'('%7 J( 06(%'($!"&M

yk = xk. aSLeb

\&0%6"'' '(%"7"'.6" )& 2&"%$"@!4'& !$ &?2"&+''.&M

b2k
1 = [ λ1 0 λ3 0 ]T

b2k
2 = [ 0 λ

(2k)
2 − µ

(2k)
2 0 λ

(2k)
4 − µ

(2k)
4 ]T

b2k
3 = [ 0 µ

(2k)
2 − κ

(2k)
2 0 µ

(2k)
4 − κ

(2k)
4 ]T

b2k+1
1 = [ λ1 0 λ3 0 ]T

b2k+1
2 = [ 0 λ

(2k+1)
2 − µ

(2k+1)
2 0 λ

(2k+1)
4 − µ

(2k+1)
4 ]T

b2k+1
3 = [ 0 µ

(2k+1)
2 − κ

(2k+1)
2 0 µ

(2k+1)
4 − κ

(2k+1)
4 ]T

. aSLXb

>6)&.$. &+%& )& %'2 -(%"!"&:B%!"&:-&#'"& (&.'('!"5 ,$.%'*!"'!@'. .! '(%"!"& #' '&#'"&
a>->Eb #' !"& $",7%6!"&.& 06,26(&(%&M

O !*'"."!M ,7"',' )& 06,!()7 δ2k5 δa #' ,7"',' )& 2&"%$"@!4'& λ
(2k)
i 5 µ

(2k)
i 5 κ

(2k)
i 5 J(

0!"& k &+%& '()&?$. 0'0.$.$' )& +&,!K6" #' i = 1, 4 &+%& '()&?$. K!8&' )& +&,!K6"5

O %'."!M .$(/','.& 068'.6" )& !#%&2%!"& x2k+j5 J( 0!"& k &+%& '()&?$. 0'0.$.$' )&
+&,!K6" #' j &+%& '()&?$. K!8&' )& +&,!K6"5

O !#2!"!M *&0%6"$. )& '&#'"& yk &+%& &/!. 0$ *&0%6"$. )& +%!"& xk5 J( 0!"& k &+%& '()&?$.
0'0.$.$' )& +&,!K6"L

 "'(0'2!.&.& &#+-@-*'-A# !.& ,6)&.$.$' aSLfb5aSLeb5aSLXb +$(% $",7%6!"&.&M

O &+%& !2.'0!@'. )6!" J( 0!8$. '(%&"+&04''.6" +',2.& 0$ ($,7" +',&%"'0 )& +%"78' 0!"&
'(%"7 #' '&+ )'( '(%&"+&04'&5 !0&+% 0!8 K''() "!" J(%F.('% J( %"!K'0$. $"@!( !. 8'.&.6"
(6!+%"&P

BUPT



Xi P89 1$!($%0## +% J*+%,(!% ( 2#2$%J','# +% &*)+'&%!% ,*&(,6

O *'"!Q$. .! +%F(/! 2& 0$.6!"&! *&")& ! +&,!K6"$.$' &+%& 26+'@'. )6!" )!07 ('0' $(
!$%6*&1'0$. )'( +&(+ 62$+ ($ '(%"7 J( '(%&"+&04'& 0$ +062$. )& ! +& )&2.!+! )"&2%
J(!'(%&L C0&!+%7 +'%$!4'& !" %"&@$' %"!%!%7 +&2!"!%5 &*'%F()$:+& !+%K&. 068' ,!"'
)& !#%&2%!"& 2&(%"$ *'"!Q$. .! +%F(/!5 .$0"$ (&2&",'+ )& "&+%"'04''.& ,6)&.$.$' )&
K!47P

O 0$.6!"&! /!.@&(7 ! +&,!K6"$.$' !" 2$%&! K' '(0.$+7 J( ,6)&. #' 0! K!87 )& %"!(8'4'&
J(%"& "6#$ #' *&")& '(K6",F() 06()$07%6"'' !$%6 07 +&,!K6"$. *! +01',@! 0$.6!"&!
J( *&")& ',&)'!%5 !*F() 0! +062 0F#%'/!"&! )& +&0$()& ',26"%!(%& .! 26"('"&! )&
2& .60P

O 2'&%6('' ($ +$(% '(0.$#' J( !0&+% ,6)&.5 K''() '($%'.'8!@'. J( '(%&"+&04''.& J( 0!"&
&+%& (&0&+!"7 06()$0&"&! %"!K'0$.$' "$%'&" 4'(F()$:+& +&!,! #' )& ($,7"$. )&
2'&%6(' 0!"& !#%&!2%7 +7 %"!*&"+&8& '(%&"+&04'!L U( Q$"$. 6"&.6" )& *F"K J( ,!"'.&
6"!#&5 #' ($ ($,!'5 $( ($,7" J(+&,(!% )& 2'&%6(' !$ (&*6'& +7 %"!*&"+&8& )&
2& $( %"6%$!" 2& !.%$.L 3!07 ($ &?'+%7 $( 2!+!Q +$@%&"!( +!$ !&"'!(5 !%$(0' 0$
+'/$"!(47 J( !0&.& .60$"' &+%& (&0&+!"7 '(+%!.!"&! $($' +&,!K6" 2&(%"$ 2'&%6(' #'
'(0.$)&"&! !0&+%$'! J( ,6)&.$. '(%&"+&04'&'L

>6)&.$. J,@$(7%74'% 2"62$+ *! K' )&+0"'+ J( )&%!.'$ J( 0&.& 0& $",&!87 #'
*! '(0.$)&M ,6('%6"'8!"&! 2'&%6('.6"5 !00&2%!"&! '(%&"+&04''.6" /&(&"!.& 0$ /&6,&%"''
06,2.&?& a($,7" *!"'!@'. )& +%"78' 0!"& '(%"7 #' '&+ )'( '(%&"+&04'&b5 26+'@'.'%!%&!
+01',@7"'' 0$.6"'.6" +&,!K6"$.$' &*'%F() 068' ,!"' )& !#%&2%!"& 2&(%"$ !($,'%& @&(8'
)& ,&"+ 2"'( !00&2%!"&! )& '(K6",!4'' )& %"!K'0 J( %',2 "&!.5 #' '(0.$)&"&! 0$.6"'' /!.@&(&
J(%"& 0$.6"'.& "6#$ #' *&")& !.& +&,!K6"$.$'L C0&+% (6$ ,6)&. ! K6+% 2$@.'0!% J( YS[L

TO C )*'6 (<*!+(!% /!#4#)+ J*+%,(!%( $!(K#&','# !'$#%! '!<() ,( )#4%, +%
#)$%!2%&5#% 2%J(K*!#;($6 '$#,#;Z)+ !%5%,% +% 2%);*!# H#!%,%22 &( +%$%&$*! +%

$!(K#&

U( 06(%'($!"& *! K' 2"&8&(%!% $( ,6)&. J,@$(7%74'% K!47 )& ,6)&.$. 3&B01$%%&"L
 !"%&! )& ,6)&.!"& &+%& K6!"%& ',26"%!(%7L U( +%$)'$. )& K!47 6K&"7 +$26"%$. ,!%&,!%'0
2&(%"$ ,6)&.!"&! %"!K'0$.$' "$%'&" J( *&)&"&! ',2.&,&(%7"'' 0$ +$00&+ ! +6.$4''.6" )&
06()$0&"& .! ('*&. )& '(%&"+&04'&L ;6.6+'() 6 "&4&! )& +&(86"' I'"&.&++ YZ[ 0! )&%&0%6"
)& %"!K'05 ,6)&.$. 26!%& "&0&24'6(! J( %',2 "&!. '(K6",!4'' 2"&0'+& )& %"!K'05 )'"&0%
2"626"4'6(!. 0$ ($,7"$. )& (6)$"' !.& "&4&.&'5 6K&"'() $( /"!) "')'0!% )& 2"&0'8'&
06,2!"!%'* 0$ ,6)&.&.& 0!"& +& @!8&!87 J( )&6+&@' 2& 2"&)'04'&L A6()'4''.& )&
K$(04'6(!"& ! ,6)&.$.$' 2"62$+ 26"(&+0 )& .! 06()'4''.& )& %"!K'0 "$%'&" #' )& .! +%"$0%$"!
'(%&"+&04'&' ,6)&.!%&L

C*!(%!Q&.& ,6)&.$.$' 2"62$+ YS[ +$(%M

O ,6('%6"'8!"&! !%F% ! !$%6*&1'0$.&.6" 0F% #' ! 2'&%6('.6"5

O 26+'@'.'%!%&! )& &?%'()&"& .! ('*&. )& 86(7 $"@!(7 +!$ 01'!" .! ('*&. )& 6"!#5

O /"!)$. "')'0!% )& 06,2.&?'%!%& ! +%"$0%$"'' '(%&"+&04''.6" ,6('%6"'8!%&5

O 0$.6"'.& +&,!K6!"&.6" +& +01',@7 J( K$(04'& )& /"$2$"' )& &*&(',&(%& a@&(8' )&
,&"+ +!$ %"&0&"' )& 2'&%6('b 0!"& ($ +& '(%&"+&0%&!87 "&0'2"60 YZ[L

 &(%"$ 6 ,!' @$(7 J(4&.&/&"& ! ,6)&.$.$' 2"62$+5 J( 0&.& 0& $",&!87 *! K'
)&+0"'+7 ,6)&.!"&! $(&' '(%&"+&04'' 0$ 2!%"$ +%"78'5 K7"7 "&+%"'04'& .! ($,7"$. )& @&(8'
)& ,&"+5 K'&0!"& +%"!)7 !*F() 0&. 2$4'( 6 @!()7 2&(%"$ *'"!Q .! +%F(/!5 2&(%"$ *'"!Q
.! )"&!2%! #' "&+2&0%'* 2&(%"$ ,&"+ )"&2% J(!'(%&L U( K'(!.5 ,6)&.$. *! K' /&(&"!.'8!%
'()'K&"&(% )& ($,7"$. )& +%"78' 0!"& '(%"7 #' '&+ )'( '(%&"+&04'&L

U( )&+0"'&"&! ,6)&.$.$' ,!%&,!%'0 *6" K' $%'.'8!%& $",7%6!"&.& (6%!4''YZ[M

BUPT



P8 ACD3:A@=@ FCA FB F D?W@F 3@ ?D.@=1@AX?@ XV

O INi : +%"!)! ($,7"$. i '(%"7 J( '(%&"+&04'&5

O OUTi : +%"!)! ($,7"$. i '&+& )'( '(%&"+&04'&5

O INiOUTj : &*&(',&(% )& %"!K'0 '()'0F() K!2%$. 07 !$%6*&1'0$.&.& '(%"7 J(
'(%&"+&04'& )& 2& +%"!)! ($,7"$. i #' 27"7+&+0 '(%&"+&04'! 2& +%"!)! ($,7"$. j
a'()&2&()&(% )& ($,7"$. )& @&(8' !.& +%"78'.6"b5

O Ci : &*&(',&(% )& %"!K'0 '()'0F() K!2%$. 07 2'&%6('' (&0&+'%7 %"!*&"+!"&! +%"78'' iL

B& )&K'(&#%& ,$.4',&! 26+'@'.&.6" &*&(',&(%& )& %"!K'0 )'(%":6 '(%&"+&04'&M

E = {INiOUTj |i = 1, nrIN, j = 1, nrOUT} ∪ {Ck|k = 1, nrC} , aSLhb

J( 0!"&M

O nrIN : ($,7"$. )& +%"78' 0!"& '(%"7 J( '(%&"+&04'! )!%75

O nrOUT : ($,7"$. )& +%"78' 0!"& '&+ )'( '(%&"+&04'&5

O nrC : ($,7"$. )& %"&0&"' )& 2'&%6(' )'( '(%&"+&04'&L

D*&(',&(%&.& )& %"!K'0 0!"& ($ +& '(%&"+&0%&!87 "&0'2"60 *6" K' /"$2!%& #'
*6" !*&! !0&&!#' 0$.6!"& ! +&,!K6"$.$' .! $( ,6,&(% )!%L  &(%"$ K'&0!"& /"$2 )&
&*&(',&(%& Gi5 +& *! (6%! 0$ vi(t) .$(/',&! 068'.6" )& !#%&2%!"& 06"&+2$(87%6!"&
!$%6*&1'0$.&.6" 2&(%"$ %6!%& @&(8'.& )'( /"$2 aJ(.60$'() (6%!4'! li(t) )'( ,6)&.$.
!(%&"'6"b #' 0$ pi(t) .$(/',&! 068'.6" )& !#%&2!"& a&?2"',!%7 J( ($,7" )& 2'&%6('b 2&(%"$
%6!%& %"&0&"'.& )& 2'&%6(' !2!"4'(F() /"$2$.$' i .! ,6,&(%$. tL B& *6" 27+%"! (6%!4''.&
,6)&.$.$' !(%&"'6" #' *!"'!@'.&.& ,!0"6+062'0& )$27 0$, $",&!87M

O δa ∈ [1, 5] : %',2$. (&0&+!" 0$.6"'' /!.@&( ! +&,!K6"$.$' ,7+$"!% J( +&0$()&5

O δk = tk+1 − tk ∈ N
+ : %',2$. )'(%"& +01',@!"&! 0$.6"'.6" +&,!K6"$.$' )'( *&")& J(

"6#$ +!$ '(*&"+5

O li(t) : .$(/',&! 068'' )& !#%&2%!"& a($,7"$. )& !$%6*&1'0$.& J( !#%&2%!"&b 2&
+%"!)! Li ,7+$"!%7 J( ,&%"'5

O λ
(k)
i = const,∀t ∈ [tk, tk+1), λ

(k)
i ∈ N : *'%&8! ,&)'& )& +6+'"& ! !$%6*&1'0$.&.6" 2&

@&(8'.& /"$2$.$' Gi J( '(%&"*!.$. )& %',2 [tk, tk+1)5 ,7+$"!%7 J( Y,T+[5

O µ
(k)
i = const,∀t ∈ [tk, tk+1), µ

(k)
i ∈ N : *'%&8! ,&)'& )& 2.&0!"& ! !$%6*&1'0$.&.6" )&

2& @&(8'.& /"$2$.$' Gi J( '(%&"*!.$. )& %',2 [tk, tk+1)5 ,7+$"!%7 J( Y,T+[5

O κ
(k)
i = const,∀t ∈ [tk−δa, tk), κ

(k)
i ∈ N : *'%&8! ,&)'& )& 2.&0!"& ! !$%6*&1'0$.&.6" )&

2& @&(8'.& /"$2$.$' Gi5 2& 0$.6!"&! /!.@&( ! +&,!K6"$.$'5 J( '(%&"*!.$. [tk−δa, tk)5
,7+$"!%7 J( Y,T+[L

B& !)!$/7 $",7%6!"&.& )&K'('"'M

O ϕi(k) : ($,7"$. )& 2'&%6(' 0!"& !Q$(/ J( 068'.& )& !#%&2%!"& !.& /"$2$.$' )&
&*&(',&(%& Gi5 J( '(%&"*!.$. )& %',2 [tk, tk+1)5

O σi(k) : ($,7"$. )& 2'&%6(' 0!"& 27"7+&+0 068'.& )& !#%&2%!"& !.& /"$2$.$' )&
&*&(',&(%& Gi5 J( '(%&"*!.$. )& %',2 [tk, tk+1)L

A6()'4''.& )& K$(04'6(!"& !.& ,6)&.$.$' 2"62$+ +$(% $",7%6!"&.&M

BUPT



XZ P89 1$!($%0## +% J*+%,(!% ( 2#2$%J','# +% &*)+'&%!% ,*&(,6

O 0&(%"$. '(%&"+&04'&' +& 06(+')&"7 .'@&" : '(%&"+&04'! ($ &+%& @.60!%75

O 07'.& )& )&K.$'"& OUTi, |i = 1, nrOUT +& 06(+')&"7 .'@&"&5 J( 0!8 06(%"!" ,6)&.$.
(&0&+'%7 ! K' !)!2%!% .! (6'.& 06()'4'' 2"'( ,6)'K'0!"&! 2!"!,&%"'.6"5

O +& ,6)&.&!87 .$(/','.& 068'.6" 2&(%"$ !$%6*&1'0$.& #' 2&(%"$ 2'&%6('5 07'.& )&
%"!*&"+!"& !.& '(%&"+&04'&' )&+%'(!%& &?0.$+'* ,'Q.6!0&.6" )& %"!(+26"% J( 06,$(
($ +$(% ,6('%6"'8!%&5

O ($ +& 4'(& +&!,! )& ($,7"$. )& @&(8' )& ,&"+ : .$(/',&! 068'' )& !#%&2%!"&
K6",!%7 )'( !$%6*&1'0$.&.& 0!"& !#%&!2%7 +7 %"!*&"+&8& '(%&"+&04'! J(%":6 !($,'%7
)'"&04'& )& )&K.$'"& +& 06(+')&"7 ! K' &/!.7 0$ ,!?',$. )'(%"& .$(/','.& 068'.6" )&
!#%&2%!"& !.& %$%$"6" @&(8'.6" )& ,&"+ 07%"& )'"&04'! "&+2&0%'*75

O *'%&8&.& ,&)'' )& +6+'"& aλ
(k)
i bT2.&0!"& aµ(k)

i b !.& !$%6*&1'0$.&.6" J(T)'( 06!)!
)& !#%&2%!"& +& 06(+')&"7 ! K' 06(+%!(%& 2&(%"$ K'&0!"& K!87 )& +&,!K6" a∀t ∈
[tk, tk+1)b5

O +& 06(+')&"7 07 2'&%6('' 27"7+&+0 068'.& )& !#%&2%!"& K'& 07 %"!*&"+&!87 +%"!)! 2&
0$.6!"&! *&")&5 K'& 07 +& "78/F()&+0 !+$2"! %"!*&"+7"'' #' '&+ )'( 86(! )& )&%&04'&L

 &(%"$ '(%&"+&04'! 2"&8&(%!%7 J( ;'/$"! SLS +& (6%&!87 +%"78'.& '(%"F() J(
'(%&"+&04'& )& .! IN1 .! IN4 J( 6")'(&! !0&.6" )& 0&!+6"('0 #' +%"78'.& 27"7+'() '(%&"+&04'!
)& .! OUT1 .! OUT4 )$27 "&/$.! jK'&0!"& OUTi .F(/7 INij a! +& *&)&! ;'/$"! SLRbL B&
6@4'( !+%K&. 2!%"$ /"$2$"' )& &*&(',&(%& 0!"& ($ +& '(%&"+&0%&!87 "&0'2"60M

;'/$"! SLSM B01&,! )& 2"'(0'2'$ ! $(&' '(%&"+&04'' +',2.& 0$ )&%&04'& )& !$%6*&1'0$.& #'
2'&%6('

G1 = {IN1OUT3, IN3OUT1, C2, C4}
G2 = {IN1OUT2, IN3OUT4, IN2OUT1, IN4OUT3}
G3 = {IN2OUT4, IN4OUT2, C1, C3}
G4 = {IN2OUT3, IN4OUT1, IN1OUT4, IN3OUT2}

, aSLiWb

#' 2!%"$ K!8& )& +&,!K6" J(%":$( 0'0.$ 06,2.&%5 2"&8&(%!%& J( ^!@&.$. SLiM

BUPT



P8 ACD3:A@=@ FCA FB F D?W@F 3@ ?D.@=1@AX?@ XS

^!@&.$. SLiM ;!8&.& )& +&,!K6" 2&(%"$ ,6)&.$. 2"62$+

G1 G2 G3 G4 :*'#"@-$ &# '!1>
*&")& "6#$ "6#$ "6#$ [t4k, t4k+1)
/!.@&( /!.@&( "6#$ "6#$ [t4k, t4k+1)
"6#$ *&")& "6#$ "6#$ [t4k+1, t4k+2)
"6#$ /!.@&( /!.@&( "6#$ [t4k+1, t4k+2)
"6#$ "6#$ *&")& "6#$ [t4k+2, t4k+3)
"6#$ "6#$ /!.@&( /!.@&( [t4k+2, t4k+3)
"6#$ "6#$ "6#$ *&")& [t4k+3, t4k+4)
/!.@&( "6#$ "6#$ /!.@&( [t4k+3, t4k+4)

;'/$"! SLRM 3&K'('"&! +%"78'.6" 0!"& '(%"7 #' '&+ )'(%":6 '(%&"+&04'& +',2.7

 &(%"$ 0$.6!"&! *&")& J( /"$2$. )& &*&(',&(%& G1 ,6)&.$. &+%& &?2"',!% +$@
K6",!M

v1(t4k+1 − δa) = max(v1(t4k) + (λ
(4k)
1 − µ

(4k)
1 )(δ4k − δa), 0) , aSLiib

λ
(4k)
1 − µ

(4k)
1 K''() 0"&#%&"&! 068'' )& !#%&2%!"& )&K'('%7 J( aSLiVbM

v1(t)

t4k+1 − t4k − δa

=

{

λ
(4k)
1 − µ

(4k)
1 , λ

(4k)
1 > µ

(4k)
1

0, λ
(4k)
1 ≤ µ

(4k)
1

aSLiVb

 &(%"$ '(%&"*!.$. )& %',2 [t4k, t4k+1) a'(0.$+'* 0$.6!"&! /!.@&(7 ! +&,!K6"$.$'
0! K!87 )& %"!(8'4'& )& .! *&")& .! "6#$b5 .$(/',&! 068'' )& !#%&2%!"& &+%& aSLiZbM

v1(t4k+1) = max(v1(t4k+1 − δa) + (λ
(4k)
1 − κ

(4k)
1 )δa, 0) . aSLiZb

N%'.'8F() "&.!4''.& aSLiib #' aSLiVb +& 6@4'(& "&.!4'! aSLiSbM

v1(t4k+1) = max(v1(t4k) + (λ
(4k)
1 − µ

(4k)
1 )δ4k + (µ

(4k)
1 − κ

(4k)
1 )δa, (λ

(4k)
1 − κ

(4k)
1 )δa) . aSLiSb
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XR P89 1$!($%0## +% J*+%,(!% ( 2#2$%J','# +% &*)+'&%!% ,*&(,6

U( 06(%'($!"& +$(% 2"&8&(%!%& &0$!4''.& aSLiRb5aSLifb5aSLieb 0!"& )&+0"'$
.$(/',&! 068'' )& !#%&2%!"& 2&(%"$ !$%6*&1'0$.& 2& )$"!%! 0$.6"'' "6#'' ! +&,!K6"$.$'
2&(%"$ /"$2$. G15 J( '(%&"*!.$. )& %',2 [t4k+1, t4k+4)M

v1(t4k+2) = max(v1(t4k+1) + λ
(4k+1)
1 δ4k+1, 0) , aSLiRb

v1(t4k+3) = max(v1(t4k+2) + λ
(4k+2)
1 δ4k+2, 0) , aSLifb

v1(t4k+4) = max(v1(t4k+3) + λ
(4k+3)
1 δ4k+3, 0) , aSLieb

N",7"'() ^!@&.$. SLi +& 6@+&"*7 07 %"&0&"'.& )& 2'&%6(' +$(% 2"&8&(%& )6!" J(
/"$2$"'.& G1 #' G3L G$(/',&.& 068'.6" )& !#%&2%!"& 2&(%"$ 2'&%6(' J( '(%&"*!.$. )& %',2
[t4k, t4k+4) 26% K' 0!"!0%&"'8!%& 2"'( '(%&",&)'$. $",7%6!"&.6" 2!%"$ &0$!4'' aSLiXbM

p1(t4k+j) = p1(t4k+j−1) + (ϕ
(4k+j−1)
1 − σ

(4k+j−1)
1 )δ4k+j−1, j = 1, 4

σ
(4k+j−1)
1

∼= p1(t4k+j−1) + ϕ
(4k+j−1)
1

. aSLiXb

A6(K6", )&K'('"'' .$(/','' 068'.6" )& !#%&2%!"& 2&(%"$ 2'&%6('5 !0&+%&! *6" K'
J(%6%)&!$(! ,!' ,!"' +!$ 0&. 2$4'( &/!.& 0$ 8&"6L U(%"$0F% J( %',2$. 0$.6"'' "6#'' !
+&,!K6"$.$' 2'&%6('' +& 26% "78/F()' J( .&/7%$"7 0$ %"!*&"+!"&! "&+2&0%'*&' +%"78'5 J(
86(&.& )& )&%&04'& ! 2'&%6('.6" 26% K' J("&/'+%"!%& )& !+&,&(&! #' +07)&"' !.& ($,7"$.$'
)& 2'&%6('L C0&+% 0!8 J( 0!"& 2'&%6('' +& "78/F()&+05 &+%& &01'*!.&(% )'( 2$(0% )& *&)&"&
!. ,6)&.7"'' 0$ 0!8$. J( 0!"& 2& 0$.6!"&! *&")& ! +&,!K6"$.$' 2'&%6('' %"!*&"+&!87 +%"!)!
#' +0!) !+%K&. ($,7"$. )& 2'&%6(' J( !#%&2%!"&L U( ^!@&.$. SLV +$(% 2"&8&(%!%& K!8&.&
)& +&,!K6" 2&(%"$ ,6)&.$. 3& B01$%%&" YZV[L

^!@&.$. SLVM ;!8&.& )& +&,!K6" 2&(%"$ ,6)&.$. 3& B01$%%&"

L1, L3 L2, L4 :*'#"@-$ &# '!1>
"6#$ *&")& [t2k, t2k+1)
"6#$ /!.@&( [t2k, t2k+1)
*&")& "6#$ [t2k+1, t2k+2)
/!.@&( "6#$ [t2k+1, t2k+2)

U( *&)&"&! /&(&"!.'87"'' "&.!4''.6" ,6)&.$.$' 2&(%"$ 6 '(%&"+&04'& 0$ I /"$2$"' )&
&*&(',&(%&5 *6" K' )&K'('4' *&0%6"'' )& +%!"& 0!"& 06(4'( .$(/','.& 068'.6" )& !#%&2%!"&
!%F% 2&(%"$ !$%6*&1'0$.& 0F% #' 2&(%"$ 2'&%6('5 !*F() 2I 06,26(&(%& aI 06,26(&(%&
2&(%"$ !$%6*&1'0$.& #' I 06,26(&(%& 2&(%"$ 2'&%6('bM

X4k+j =
[v1(4k + j) ... vi(4k + j) ... vI(4k + j) ...

... p1(4k + j) ... pi(4k + j) ... pI(4k + j)]T
,

aSLihb
J( 0!"&M X4k+j ∈ R2I , i = 1, I5 k : '()&?$. 0'0.$.$' )& +&,!K6"5 j : '()&?$. K!8&'
+&,!K6"$.$'L

B& )&K'(&+0 *&0%6"'' V 4k+j+1 06(4'(F() '(%"7"' )& %"!K'0 J( %',2 "&!. a06,&(8' #'
2&"%$"@!4''b .&/!%& )& !$%6*&1'0$.& aSLVWb5 2&(%"$ K'&0!"& /"$2 i5 J( '(%&"*!.$. )& %',2
[t4k+j , t4k+j+1)M

V 4k+j+1 =

[λ
(4k+j)
1 δ4k+j ...

(λ
(4k+j)
i − µ

(4k+j)
i )δ4k+j + (λ

(4k+j)
i − κ

(4k+j)
i )δa

... λ
(4k+j)
I δ4k+j ]

T ,

aSLVWb

J( 0!"& V 4k+j+1 ∈ RIL
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P8 ACD3:A@=@ FCA FB F D?W@F 3@ ?D.@=1@AX?@ Xf

B','.!" 0$ aSLVWb +& )&K'(&+0 *&0%6"'' P 4k+j+1 0!"& 06(4'( '(%"7"' )& %"!K'0 J(
%',2 "&!. .&/!%& )& 2'&%6('5 2&(%"$ K'&0!"& /"$2 i5 J( '(%&"*!.$. )& %',2 [t4k+j , t4k+j+1)M

P 4k+j+1 =
[ϕ

(4k+j)
1 − σ

(4k+j)
1 ...

ϕ
(4k+j)
i − σ

(4k+j)
i ...

ϕ
(4k+j)
I − σ

(4k+j)
I ]T

aSLVib

J( 0!"& P 4k+j+1 ∈ RIL
N%'.'8F() "&.!4''.& aSLVWb #' aSLVib +& )&K'(&#%& J( aSLVVb *&0%6"$. '(%"7"'.6"

a06,&(8' #' 2&"%$"@!4''b B4k+j+15 !%F% 2&(%"$ !$%6*&1'0$.&5 0F% #' 2&(%"$ 2'&%6('5 J(%":6
'(%&"+&04'& 06,2.&?7L

 "'( '(%&"+&04'& 06,2.&?7 +& J(4&.&/& 6 '(%&"+&04'& ! 07"&' /&6,&%"''T+%"$0%$"' ($
)&2'()& )& $",7%6"'' K!0%6"'M ($,7"$. )& +%"78' 0!"& '(%"7 #' '&+ )'( '(%&"+&04'&5 ($,7"$.
)& @&(8' 2&(%"$ K'&0!"& +%"!)7 )& ,&"+5 ($,7"$. )& %"&0&"' )& 2'&%6('5 6"/!('8!"&!
#' /"$2!"&! &*&(',&(%&.6" )& %"!K'0L 3'( "&.!4''.& aSLVWb5 aSLVib5 aSLVVb5 +& 6@+&"*7
07 &0$!4''.& )& +%!"& !.& ,6)&.$.$' '(0.$) !%F% *!"'!@'.& )& 06,!()7 δ4k+j5 δa5 0F% #'
*!"'!@'.& )& 2&"%$"@!4'& λ

(4k+j)
i 5 µ

(4k+j)
i #' κ

(4k+j)
i 5 J( 0!"& i = 1, I5 k &+%& '()&?$. 0'0.$.$'

)& +&,!K6"5 '!" j &+%& '()&?$. K!8&' )& +&,!K6"L

B4k+j+1 = [ V T
4k+j+1 P T

4k+j+1 ]T , B4k+j+1 ∈ R
2I aSLVVb

 & @!8! &0$!4''.6" aSLiSb5 LLL5 aSLVVb5 26% K' &?2"',!%& &0$!4''.& )& +%!"& !.&
,6)&.$.$' ,!%&,!%'0 J( K6",7 /&(&"!.7 )$27 0$, $",&!87M

X4k+j+1 = X4k+j + B4k+j+1 , X4k+j+1 ∈ R
2I

, aSLVZb

J( 0!"&M k : '()&?$. 0'0.$.$' )& +&,!K6"5 '!" j : '()&?$. K!8&' +&,!K6"$.$'L \&0%6"'' X #'
B +$(% ,!%"'0& )& )',&(+'$(' 1× 2IL

D0$!4'! )& '&#'"& ! ,6)&.$.$' 2"62$+ &+%&M

Y k = Xk. aSLVSb

>6)&.$. &+%& )& %'2 -(%"!"&:B%!"&:-&#'"& (&.'('!"5 ,$.%'*!"'!@'. .! '(%"!"& #' .!
'&#'"& a>->Eb #' !"& $",7%6!"&.& 06,26(&(%&M

O !*'"."!M ,7"',' )& 06,!()7 δ4k+j5 δa #' ,7"',' )& 2&"%$"@!4'& λ
(4k+j)
i 5 µ

(4k+j)
i #'

κ
(4k+j)
i 5 J( 0!"& i = 1, I5 k &+%& '()&?$. 0'0.$.$' )& +&,!K6"5 '!" j &+%& '()&?$. K!8&'
)& +&,!K6"5

O %'."!M .$(/','.& 068'.6" )& !#%&2%!"& X4k+j !%F% 2&(%"$ !$%6*&1'0$.&5 0F% #' 2&(%"$
2'&%6('5 J( 0!"& k &+%& '()&?$. 0'0.$.$' )& +&,!K6" #' j &+%& '()&?$. K!8&' )&
+&,!K6"5

O !#2!"!M *&0%6"$. )& '&#'"& Y k &+%& &/!. 0$ *&0%6"$. )& +%!"& Xk5 J( 0!"& k &+%&
'()&?$. 0'0.$.$' )& +&,!K6"L

B& 6@+&"*7 07 ,6)&.$. )& +%!"& aSLVVb:aSLVSb &+%& /&(&"!. #' )&2'()& )6!" )&
($,7"$. )& /"$2$"' )& &*&(',&(%& )& %"!K'0 a6@4'($%& )'( )'+%"'@$4'! &*&(',&(%&.6" )&
%"!K'05 K'&0!"& &*&(',&(% K''() "&2!"%'8!% $($' !($,& /"$2 J( K$(04'& )& 06()'4'! )& ! ($
+& J(0"$0'#! 0$ $( !.% &*&(',&(% )'( !0&.!#' /"$2bL  $(&"&! 2"6@.&,&' J( 06()$0&"&!
%"!K'0$.$' "$%'&" $"@!(5 +& 26!%& K!0& !+%K&.M 26"('() )& .! ,6)&.$. )& ,6('%6"'8!"& J(
%',2 "&!. ! 068'.6" )& !#%&2%!"& aSLVVb:aSLVSb5 "&8$.%!%&.& )& %"!K'0 )6"'%& +& 26% 6@4'(&
)'( &.!@6"!"&! !./6"'%,'.6" )& 06()$0&"& J( *&)&"&! J,@$(7%74'"'' !($,'%6" '()'0!%6"'
)& 0!.'%!%& !2"'6"' )&K'('4'L

BUPT



Xe P87 -')%!%( /!*<,%J%# +% !%0,(!% I) 2#2$%J', +% &*)+'&%!%

P878 -')%!%( /!*<,%J%# +% !%0,(!% I) 2#2$%J', +%
&*)+'&%!% ( $!(K#&','# !'$#%! '!<() ,( )#4%, +%

#)$%!2%&5#%

U( ;'/$"! SLf &+%& 2"&8&(%!%7 +01&,! @.60 )& 2"'(0'2'$ ! +$@+'+%&,$.$' )&
06()$0&"& !$%6,!%7 ! %"!K'0$.$' "$%'&" .! ('*&. )& '(%&"+&04'& )'( 0!)"$. +'+%&,$.$' )&
06()$0&"& '&"!"'8!%7L C0&+%! !"& "6. )& +'+%&, )& "&/.!"& !$%6,!%7L

;'/$"! SLfM B01&,! @.60 )& 2"'(0'2'$ ! +$@+'+%&,$.$' )& 06()$0&"& !$%6,!%7

=.60$"'.& (&.'('!"& )'( ;'/$"! SLf !$ $",7%6!"&! +&,('K'0!4'&M

O =9 : 2"60&+ 06()$+5 0!"& '(0.$)& #' &.&,&(%&.& )& &?&0$4'& !K&"&(%& +&,!K6!"&.6"5

O 74 : "&4&! )& +&(86"' I'"&.&++ $%'.'8!%7 0! )&%&0%6" )& %"!K'05

O 7 : "&/$.!%6" )& %"!K'0L

\!"'!@'.&.& )'( ;'/$"! SLf !$ $",7%6!"&! +&,('K'0!4'&M

O z : *&0%6"$. '&#'"'.6" )& !2"&0'&"& )&K'('% J( aSLVRb

z =

[
vm

tm

lc

]

, aSLVRb

U( *&)&"&! &*!.$7"'' 2&"K6",!(4&.6" !./6"'%,$.$' )& 06()$0&"& 2"62$+ +& )&K'(&+0
%"&' *!"'!@'.& 0!"& +$(% '&#'"' "&/.!%& #' 0!"& 2&",'% !2"&0'&"&! 2&"K6",!(4&.6"L
C0&+%& *!"'!@'.& *6" K' 2"&8&(%!%& J( 06(%'($!"&L

[ *'%&8! ,&)'& 2& K!8! 0$"&(%7 )& +&,!K6" vm(k)[m/s]M

vm(k) =
lj(k)

δ(k)
, aSLVfb

J( 0!"& lj(k)[m] "&2"&8'(%7 .$(/',&! J( ,&%"' ! 068'' )& !#%&2%!"& &.'@&"!%7 2&
)$"!%! 0$.6"'' *&"8' ! +&,!K6"$.$' !K&"&(%7 K!8&' )& +&,!K6" j 0!"& +& %&",'(7

BUPT
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.! ,6,&(%$. k =
∑j

p=1 δp a! +& *&)&! ;'/$"! SLebL \!"'!@'.! δ(k) = δj &+%&
*!"'!@'.! )& 06,!()7 ! +'+%&,$.$' )& 06()$0&"& #' "&2"&8'(%7 )$"!%! 0$.6"''
*&"8' ! +&,!K6"$.$' !K&"&(%7 K!8&' )& +&,!K6" 0$"&(%& j #' 0!"& +& %&",'(7
.! ,6,&(%$. kL A$ !.%& 0$*'(%& vm(k) &+%& *'%&8! ,&)'& )& )&2.!+!"& !
!$%6*&1'0$.&.6" 0!"& "&$#&+0 +7 %"!*&"+&8& '(%&"+&04'! 2& )$"!%! )& %',2 δ(k)
#' 2& )'+%!(4! lj(k)L A$ !Q$%6"$. !0&+%&' *!"'!@'.& 26% K' 06,2!"!%& *'%&8&.&
,&)'' )& 2.&0!"& )& .! +&,!K6" 6@4'($%& J( $",! +',$.7"'' 06,26"%!,&(%$.$'
,!' ,$.%6" !./6"'%,' )& 06()$0&"& J( !0&.&!#' 06()'4'' )& %"!K'0L

;'/$"! SLeM >6,&(%&.& )& %',2 !K&"&(%& +01',@7"'.6" K!8&.6" )& +&,!K6" 2& 2&"'6!)! )&
+',$.!"& tsim #' 2&"'6!)7 )& &#!(%'6(!"& )& 6 +&0$()7

[ %',2$. )& *&")& (&$%'.'8!% 2& K!8! 0$"&(%7 )& +&,!K6" a%',2 ,6"%b tm(k)[s]M

tm(k) = δ(k)−
lj(k)

µi(k)− λi(k)
, aSLVeb

J( 0!"& µi(k)[m/s] "&2"&8'(%7 *'%&8! ,&)'& )& /6.'"& ! 068'.6" )& !#%&2%!"& 2&
K!8! )& +&,!K6" !K&"&(%7 /"$2$.$' )& &*&(',&(%& )& %"!K'0 i5 '!" λi(k)[m/s]
"&2"&8'(%7 *'%&8! ,&)'& )& 0"&#%&"& ! 068'.6" )& !#%&2%!"& 2& K!8! )& +&,!K6"
j !K&"&(%7 /"$2$.$' )& &*&(',&(%& )& %"!K'0 iL B& ,&(4'6(&!87 07 k &+%&
,6,&(%$. )& %',2 .! 0!"& +& %&",'(7 K!8! )& +&,!K6" jL  "'( j%',2 ,6"%j
+& J(4&.&/& ,6,&(%$. J( 0!"& +&,!K6"$. '()'07 0$.6!"&! *&")& #' ('0' $(
!$%6*&1'0$. +!$ 2'&%6( ($ +& !K.7 J( 06!)! )& !#%&2%!"&L B& 6@+&"*7 07
%',2$. ,6"% )& *&")& 2&(%"$ K!8! )& +&,!K6" j +& 6@4'(& 2"'( )'K&"&(4!
)'(%"& *!"'!@'.! )& 06,!()7 δ(k) ! +'+%&,$.$' )& 06()$0&"& #' %',2$. )&
*&")& $%'.'8!% &K&0%'* µi(k)−λi(k)

lj(k)
L

[ +$,! %$%$"6" .$(/','.6" 068'.6" )& !#%&2%!"& )'( '(%&"+&04'& lc(k)[m]M

lc(k) =

I∑

i=1

li(k), aSLVXb

J( 0!"& li(k)[m] "&2"&8'(%7 .$(/',&! 068'.6" )& !#%&2%!"& .! ,6,&(%$. )&
%',2 k 2&(%"$ K!8! )& +&,!K6" i5 '!" I "&2"&8'(%7 ($,7"$. )& /"$2$"' )&
&*&(',&(%& )& %"!K'0 )&K'('%& .! ('*&. )& '(%&"+&04'&L \!"'!@'.! lc(k) "&2"&8'(%7
)& K!2% +$,! %$%$"6" .$(/','.6" 068'.6" )& !#%&2%!"& J(%":6 '(%&"+&04'& .!
$( ,6,&(% )!%5 ,7+$"F() /"!)$. )& !/.6,&"!"& .! ('*&. )& '(%&"+&04'&L
C0&!+%7 *!"'!@'.7 &+%& ',26"%!(%7 J( &*!.$!"&! 0!2!0'%74'' !./6"'%,$.$' )&
06()$0&"& )& ! +!%'+K!0& ($,7"$. )& !$%6*&1'0$.& #' 2'&%6(' )'( '(%&"+&04'&
J( K$(04'& )& 06()'4''.& )& %"!K'0L

O w : *&0%6"$. "&K&"'(4&.6"T*!.6"'.6" )6"'%& 2&(%"$ ,7"','.& )& '&#'"& )'( *&0%6"$. z

w =

[
vdm

tdm

ldc

]

, aSLVhb

BUPT



Xh P87 -')%!%( /!*<,%J%# +% !%0,(!% I) 2#2$%J', +% &*)+'&%!%

J( 0!"& 2&(%"$ K!8! 0$"&(%7 )& +&,!K6" vdm "&2"&8'(%7 *!.6!"&! )6"'%7 ! *'%&8&'
,&)'' !*F() *!.6"' 0F% ,!' ,!"'5 tdm "&2"&8'(%7 *!.6!"&! )6"'%7 ! %',2'.6" ,6"4'
!*F() *!.6"' 0F% ,!' ,'0'5 '!" ldc "&2"&8'(%7 *!.6!"&! )6"'%7 ! +$,&' .$(/','.6"
068'.6" )& !#%&2%!"& !*F() *!.6"' 0F% ,!' ,'0'L

O u : *&0%6"$. )& 06,!()7

u =






δ1

δ2

...
δcard(u)




 , aSLZWb

J( 0!"& δi, i = 1, card(δ) "&2"&8'(%7 )$"!%! J( +&0$()& !.60!%7 K!8&' )& +&,!K6" iL

O v : *&0%6"$. 2&"%$"@!4''.6"

v =







λ
µ
κ
ϕ
σ







, aSLZib

J( 0!"& λ = [λ1 LLL λI ]
T &+%& *&0%6"$. *'%&8&.6" ,&)'' )& +6+'"& ! !$%6*&1'0$.&.6"

J( 06!)! )& !#%&2%!"&5 µ = [µ1 LLL µI ]
T &+%& *&0%6"$. *'%&8&.6" ,&)'' )& 2.&0!"&

! !$%6*&1'0$.&.6" )'( 06!)! )& !#%&2%!"& 2& 0$.6!"&! *&")& ! +&,!K6"$.$'5 κ =
[κ1 LLL κI ]

T &+%& *&0%6"$. *'%&8&.6" ,&)'' )& 2.&0!"& ! !$%6*&1'0$.&.6" )'( 06!)!
)& !#%&2%!"& 2& 0$.6!"&! /!.@&(7 ! +&,!K6"$.$'5 ϕ = [ϕ1 LLL ϕI ]

T &+%& *&0%6"$.
"!%&.6" ,&)'' )& +6+'"& ! 2'&%6('.6" J( 06!)! )& !#%&2%!"&5 σ = [σ1 LLL σI ]

T &+%&
*&0%6"$. "!%&.6" ,&)'' )& 2.&0!"& ! 2'&%6('.6" )'( 06!)! )& !#%&2%!"&5 '!" i = 1, I
&+%& '()&?$. /"$2$.$' )& &*&(',&(%& )& %"!K'0L

O x : *&0%6"$. )& +%!"& 0& 0!"!0%&"'8&!87 2"&8&(4! !$%6*&1'0$.&.6" J( 06!)! )&
!#%&2%!"&5

x =






n1

n2

...
ncard(x)




 , aSLZVb

J( 0!"& ni "&2"&8'(%7 ($,7"$. )& !$%6*&1'0$.& !K.!%& J( 06!)! )& !#%&2%!"& #' 0!"&
!$ %"&0$% )& +&(86"$. ($,7"$. i !,2.!+!% 2& +&(+$. )& ,&"+L B& ,&(4'6(&!87
07 ($,&"6%!"&! +&(86"'.6" J(0&2& )& .! +&(86"$. 0&. ,!' !2"62'!% )& '(%&"+&04'&L
C0&+%& )!%& )& %"!K'0 *6" K' 2"60&+!%& )& 07%"& "&4&!$! )& +&(86"' I'"&.&++5 !26'
+& *6" &+%',! .$(/','.& 068'.6" )& !#%&2%!"&L

O ye : *&0%6"$. )& '&#'"& &+%',!%7 )& 07%"& "&4&!$! )& +&(86"'5

ye =






l1
l2
...
lI




 , aSLZZb

J( 0!"& li "&2"&8'(%7 .$(/',&! 068'' )& !#%&2%!"& 2&(%"$ &*&(',&(%$. )& %"!K'0 i5
'!" i = 1, I &+%& '()&?$. /"$2$.$' )& &*&(',&(%& )& %"!K'0L

BUPT
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P878V8 3%K#)#!%( #)+#&($*!#,*! +% &(,#$($% ( &*J/*!$6!## 2#2$%J','#

E@'&0%'*&.& "&/.7"'' +$(% $",7%6!"&.&M

O !+'/$"!"&! $(6" 2&"K6",!(4& 0F% ,!' @$(& J( *&0%6"$. )& '&#'"& z J( "!26"% 0$
*&0%6"$. "&K&"'(47 w5

O "&)$0&"&! &K&0%&.6" 2&"%$"@!4''.6" v J( *&0%6"$. )& '&#'"& zL

U( !0&+% 06(%&?%5 2&(%"$ !2"&0'&"&! 2&"K6",!(4&.6" )& "&/.!"& !.& +'+%&,$.$'5
*6" K' )&K'('4' '()'0!%6"' )& 0!.'%!%&T2&"K6",!(47L N%'.'8F() '&#'"'.& )& !2"&0'&"& #' "&/.!%&
+& 6@4'( "&.!4''.& $",7%6"'.6" '()'0!%6"' )& 0!.'%!%&M

O J1 : +$,! .$(/','.6" 068'.6" )& !#%&2%!"& /6.'%& 2& )$"!%! )& +',$.!"& tsimM

J1 =

card(δ)
∑

j=1

(vm(

j
∑

p=1

δp)δj), aSLZSb

J( 0!"& δj &+%& *!"'!@'.! )& 06,!()7 ! +'+%&,$.$' )& 06()$0&"& "&2"&8&(%F()
)$"!%! 0$.6"'' *&"8' ! +&,!K6"$.$' !K&"&(%7 K!8&' )& +&,!K6" ($,7"$. j5 '!" δ =

{δ1, δ2, ...} &+%& ,$.4',&! *!"'!@'.&.6" )& 06,!()7 0$ 06()'4'! 0!
∑card(δ)

i=1 δi ≤ tsimL
>&%6)&.& )& 06()$0&"& !$ 0! +062 J,@$(7%74'"&! !0&+%$' '()'0!%6" 2"'( 6@4'(&"&!
)& *!.6"' 0F% ,!' ,!"'L

O J2 : +$,! %',2'.6" ,6"4' )& *&")& 2& )$"!%! )& +',$.!"& tsimM

J2 =

card(δ)
∑

j=1

(tm(

j
∑

p=1

δp)), aSLZRb

U(+$,F() *!.6"'.& '&#'"'' )& !2"&0'&"& )&K'('%7 J( aSLVeb 2& 6 !($,'%7 2&"'6!)7 )&
%',2 +& 26!%& 0!.0$.! +$,! %',2'.6" ,6"4' J( 0!"& +&,!K6"$. !"!%7 0$.6!"&! *&")&
#' ('0' $( !$%6*&1'0$. +!$ 2'&%6( ($ +& !K.7 J( 06!)! )& !#%&2%!"&L >&%6)&.& )&
06()$0&"& !$ 0! +062 J,@$(7%74'"&! !0&+%$' '()'0!%6" 2"'( 6@4'(&"&! )& *!.6"' 0F%
,!' ,'0'L

O J3 : +$,! .$(/','.6" 068'.6" )& !#%&2%!"& 2& )$"!%! )& +',$.!"& tsimM

J3 =

∑card(δ)
j=1 (lc(

∑j

p=1 δp)δj)

tsim

, aSLZfb

U(+$,F() *!.6"'.& '&#'"'' )& !2"&0'&"& )&K'('%7 J( aSLVXb 2& %6!%7 2&"'6!)! )&
+',$.!"&5 +& 0!.0$.&!87 +$,! 26()&"!%7 ! %$%$"6" .$(/','.6" 068'.6" )& !#%&2%!"&
.! !($,'%& ,6,&(%& )& %',2L U( 0!8$. )& K!47 +:! !.&+ 0! 2!+ )& &#!(%'6(!"&
*!.6!"&! *!"'!@'.&' )& 06,!()7 δj5 J( 0!"& j "&2"&8'(%7 '()&?$. K!8&' )& +&,!K6"
2& %6!%7 2&"'6!)! )& +',$.!"&L >&%6)&.& )& 06()$0&"& !$ 0! +062 J,@$(7%74'"&!
!0&+%$' '()'0!%6" 2"'( 6@4'(&"&! )& *!.6"' 0F% ,!' ,'0'5 6@4'(F()$:+& !+%K&. 6
"&)$0&"& ! !/.6,&"7"'' .! ('*&. )& '(%&"+&04'&L

BUPT
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P8P8 -!*#%&$(!%( 2#J',($*!','# +% $!(K#&

 &(%"$ ! 2$%&! %&+%! 06,26"%!,&(%$. +'+%&,$.$' )& %"!(+26"% "$%'&" $%'.'8F()
!./6"'%,'' )& 06()$0&"& 2"62$#' 2"'( 06,2!"!4'& 0$ +6.$4'! )& 06()$0&"& +%!%'075 +:!
',2.&,&(%!% $( +',$.!%6" )& %"!K'0 )& %'2 ,!0"6+062'0 0!2!@'. +7 +',$.&8& 06()'4'' "&!.&
)& %"!K'0 "$%'&" $"@!( .! ('*&. )& '(%&"+&04'&L B:! 62%!% 2&(%"$ ,6)&.!"&! #' +',$.!"&!
,!0"6+062'07 )!%6"'%7 2"'(0'2'$.$' )& 06()$0&"& $%'.'8!%5 @!8!% 2& ,7+$"!"&! J( %',2
"&!. ! .$(/','.6" 068'.6" )& !#%&2%!"&L C+%K&. !$ K6+% (&0&+!"& '(K6",!4'' )'( %"!K'0 0$
0!"!0%&" /&(&"!.5 K7"7 )&%!.'' .&/!%& )& K'&0!"& 2!"%'0'2!(% .! %"!K'0 #' 06,26"%!,&(%$.
'()'*')$!. !. !0&+%$'!L

B',$.!%6"$. )& %"!K'0 ',2.&,&(%!% !"& )6$7 !*!(%!Q& 2"'(0'2!.&M 26+'@'.'%!%&!
+',$.7"'' 06,26"%!,&(%$.$' +'+%&,$.$' )& %"!(+26"% J( $",! $%'.'87"'' !./6"'%,'.6"
)& 06()$0&"& .60!.' a!%F% !./6"'%,'' 2"62$#'5 0F% #' !./6"'%,$. )& 06()$0&"&
+%!%'07b #' 26+'@'.'%!%&! +',$.7"'' 066")6(7"'' .! ('*&. )& 86(7 2"'( !00&2%!"&! $(6"
!./6"'%,' )& +'(0"6('8!"& ! +&,!K6!"&.6"L C0&+% 0!2'%6. &+%& )&)'0!% )6!" +',$.7"''
06,26"%!,&(%$.$' +'+%&,$.$' )& %"!(+26"% J( $",! $%'.'87"'' +6.$4''.6" )& 06()$0&"&
.60!.&5 .! ('*&. )& '(%&"+&04'&L A6()'4''.& )& %"!K'0 )'(%":6 !($,'%7 '(%&"+&04'& ($ )&2'()
)& 06()'4''.& )& %"!K'0 )'( '(%&"+&04''.& *&0'(&5 )6!" '()'"&0%5 2"'( '(%&",&)'$. .$(/','.6"
068'.6" )& !#%&2%!"& #' ! *'%&8&.6" ,&)'' )& 2.&0!"& #' +6+'"&L

B',$.!%6"$. .60!.5 .! ('*&. )& '(%&"+&04'& !"& )6$7 ,!"' 06,26(&(%&M

O ,!(!/&,&(%$. .$(/','.6" 068'.6" )& !#%&2%!"& 2&(%"$ K'&0!"& &*&(',&(% )'(
'(%&"+&04'& $%'.'8F() ,6)&.$. ,!%&,!%'0 2"62$+ J( +$@0!2'%6.$. !(%&"'6"5

O )&K'('"&! /"$2$"'.6" )& &*&(',&(%& )& %"!K'0 #' +01',@!"&! 0$.6"'.6" +&,!K6!"&.6"
J( K$(04'& )& )!%&.& 2"','%& )& .! +6.$4'! )& 06()$0&"&L

U( 06(%'($!"& *6" K' 2"&8&(%!%& )&%!.'' 2"'*'() 2"6'&0%!"&! 0&.6" )6$7
06,26(&(%&L

 O E()(0%J%)$', ,')0#J#,*! &*;#,*! +% (N$%/$(!%

3$27 0$, +:! !"7%!% J( 2!"!/"!K&.& !(%&"'6!"&5 +:! 62%!% 2&(%"$ ,6)&.!"&!
068'.6" )& !#%&2%!"& 0$ !Q$%6"$. *'%&8&.6" ,&)'' )& +6+'"& #' 2.&0!"& aλi #' µib 2&(%"$
K'&0!"& &*&(',&(% )& %"!K'0 i )'(%":6 !($,'%7 '(%&"+&04'&L

U( $",! $(6" ,7+$"7%6"' &?2&"',&(%!.& "&!.'8!%& J( %"!K'0$. "$%'&" $"@!(5 .&/!%&
)& .$(/','.& 068'.6" )& !#%&2%!"& #' %',2$. )& /6.'"& !. !0&+%6"! 2& 0$.6!"&! *&")& !
+&,!K6"$.$'5 +:! "&!.'8!% $( %!@&. &+%',!%'* J( 0!"& K'&07"$' &*&(',&(% )& %"!K'0 i J'
+$(% !+60'!%& 2&"&01' )& K6",! (mi, si)5 !*F() $",7%6!"&! '(%&"2"&%!"&M 6 06!)7 )&
!#%&2%!"& )& .$(/',& mi ,&%"' 2&(%"$ &*&(',&(%$. )& %"!K'0 i &+%& /6.'%7 J( !2"6?',!%'*
si +&0$()& 2& 0$.6!"&! *&")& ! +&,!K6"$.$' a! +& *&)&! ^!@&.$. SLZbL

^!@&.$. SLZM D+%',!"&! %',2'.6" )& /6.'"& ! 068'.6" )& !#%&2%!"&

@4%)#J%)$%
%48 V LLL %48 # LLL
m1,1 s1,1 LLL m1,i s1,i LLL
m2,1 s2,1 LLL m2,i s2,i LLL
LLL LLL LLL LLL LLL LLL
mj,1 sj,1 LLL mj,i sj,i LLL
LLL LLL LLL LLL LLL LLL

C0&+%& *!.6"' +$(% &+%',!%& #' +$(% (&0&+!"& +6.$4''.6" )& 06()$0&"& @!8!%& 2&
.$(/','.& 068'.6" )& !#%&2%!"&L ^6%$#' 06()'4''.& )& %"!K'0 +& 26% +01',@! )& .! 6 8' .!
!.%! +!$ 01'!" )& .! $( '(%&*!. 6"!" .! !.%$.L  &(%"$ ! "&86.*! !0&+% ',2&)',&(%5 2"'(
!)$0&"&! *!.6"'.6" &+%',!%& .! *!.6"' 0F% ,!' !2"62'!%& )& *!.6"'.& "&!.&5 +',$.!%6"$.
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2&",'%& +01',@!"&! !0&+%6" *!.6"'L U( ,6,&(%$. J( 0!"& ,6)$.$. )'K&"&(4&' )'(%"&
*!.6"'.& &+%',!%& sj,i(t − 1) #' *!.6"'.& "&!.& J("&/'+%"!%& $.%&"'6" s

(r)
j,i (t − 1) )&27#&+0 $(

!($,'% 2"!/ τes .! ,6,&(%$. )& %',2 t − 15 &+%',7"'.& *''%6!"& !.& %',2'.6" )& /6.'"& !
068'.6" )& !#%&2%!"& sj,i(t) +& *6" K!0& J( K$(4'& )& $.%',&.& *!.6"' "&!.& ,7+$"!%& aSLZebM

sj,i(t) =







s
(r)
j,i (t− 1),

)!07 |sj,i(t− 1)− s
(r)
j,i (t− 1)| ≥ τes

sj,i(t− 1),
J( 0!8 06(%"!"

aSLZeb

E !.%7 K!0'.'%!%& ! +',$.!%6"$.$' .&/!%7 )& ,!(!/&,&(%$. 068'.6" )& !#%&2%!"&
&+%& 26+'@'.'%!%&! )&K'('"'' *'%&8&.6" )& +6+'"& ! !$%6*&1'0$.&.6" +!$ ,!' @'(& 8'+ "!%&.&
)& 0"&#%&"& ! .$(/','.6" 068'.6" )& !#%&2%!"& J(%":6 !($,'%7 2&"'6!)7 )& %',2L U( !0&+%
+&(+5 0"&#%&"&! 068'.6" ! K6+% )&K'('%7 J( K6",7 )& %!@&. a! +& *&)&! ^!@&.$. SLSb5 K'&0!"&
.'('& ! %!@&.$.$' j "&2"&8&(%F() .$(/','.& J( ,&%"' 0!"& +& !)!$/7 .! 06!)! )& !#%&2%!"&
0$"&(%7 J(%":$( '(%&"*!. )& %',2 +%!@'.'% !2"'6"' tes 2&(%"$ K'&0!"& &*&(',&(% )& %"!K'0
iL  "'( !.&/&"&! !0&+%&' +%"$0%$"' )& )&K'('"& ! *'%&8&.6" )& +6+'"&T! 0"&#%&"'' 068'.6" )&
!#%&2%!"& +& 26!%& +',$.! K6!"%& !2"6!2& )& "&!.'%!%& 6"'0& 06()'4'& )& %"!K'0L B& 26%
+',$.! )'K&"'%& +0&(!"'' 2.&0F() )& .! %"!K'0 +$@+!%$"!% 2F(7 .! %"!K'0 +$2"!+!%$"!% #'
%6%6)!%7 26% K' +',$.!%& 06()'4'' )& %"!K'0 *!"'!@'.& 2& !($,'%& '(%&"*!.& 6"!"& +!$ 01'!"
06()'4'' )& %"!K'0 +%61!+%'0& J(%"& !($,'%& 2"!/$"' .','%7L

^!@&.$. SLSM H!%&.& )& 0"&#%&"& ! 068'.6" )& !#%&2%!"&

@4%)#J%)$%
@N()$#*)
+% $#J/

%48 V LLL %48 # LLL

V L1,1 LLL L1,i LLL
9 L2,1 LLL L2,i LLL
888 LLL LLL LLL LLL
\ Lj,1 LLL Lj,i LLL
888 LLL LLL LLL LLL

U( %&8! )& K!47 +:! !.&+ tes = 1 1!*5 06(+')&"F() !+%K&. 07 2& )$"!%! !0&!+%&'
2&"'6!)& )& %',2 "!%&.& )& 0"&#%&"& ! .$(/','.6" 068'.6" +$(% 06(+%!(%&L  "'( !.&/&"&!
!0&+%&' *!.6"' )& $( ,'($%5 ($ +:! 2'&")$% 0!"!0%&"$. /&(&"!. !. +',$.7"'' %"!K'0$.$'
"$%'&" $"@!(5 +01',@7"'.& 06()'4''.6" )& %"!K'0 "&!.'8F()$:+& J( /&(&"!. .! '(%&"*!.& ,$.%
,!' ,!"' )& %',25 '!" *!"'!4''.& 0"&#%&"'' .$(/','.6" 068'.6" 2& )$"!%! $($' ,'($% 26% K'
06(+')&"!%& (&/.'Q!@'.& K7"7 ! '(K.$&(4! *'8'@'. K.$?$. )& %"!K'0L

TO 3%K#)#!%( 0!'/'!#,*! +% %4%)#J%)$%8 1&"#J<(!%( &',*!#,*! 2%J(K*(!%,*!

 &(%"$ ! 2$%&! 6K&"' +$26"%$. J( *&)&"&! 06()$0&"'' $(6" %'2$"' )& '(%&"+&04'' 0$
/&6,&%"'& 06,2.&?7 #' *!"'!%& 0! +%"$0%$"75 +',$.!%6"$. ! K6+% 2"&*78$% 0$ $( ,6)$.
)& )&K'('"& .! ('*&. )& '(%&"+&04'& ! %$%$"6" &*&(',&(%&.6" )& %"!K'0 26+'@'.& #' ! /"$27"''
!0&+%6"! J( /"$2$"' )& &*&(',&(%& 06,2!%'@'.& a6"'0!"& )6$7 &*&(',&(%& !2!"4'(F()
!0&.$'!#' /"$2 ($ +& '(%&"+&0%&!87 "&0'2"60 : 26% 2"',' +',$.%!( 0$.6!"&! *&")& !
+&,!K6"$.$' K7"7 ! K' (&*6'%& +7 J#' 0&)&8& 2"'6"'%!%&! )$27 "&/$.'.& )& 0'"0$.!4'&bL C$
K6+% )&K'('%& )6$7 %'2$"' )& &.&,&(%& )& %"!K'0M '(%&"+&04'! k #' +%"!)! sL  & @!8! !0&+%6"
&.&,&(%& +:! K6",!% 6 "&4&! )& +%"78' #' '(%&"+&04'' '(%&"06(&0%!%&5 +$@ K6",! $($' /"!K
6"'&(%!% G(K, S)5 $()& K "&2"&8'(%7 ,$.4',&! (6)$"'.6" a,$.4',&! '(%&"+&04''.6"b #' S

"&2"&8'(%7 ,$.4',&! ,$01''.6" a,$.4',&! +%"78'.6"bL  & @!8! !0&+%6" &.&,&(%& +:!$
)&K'('% %"&' %'2$"' )& &*&(',&(%& )& %"!K'0M 2&(%"$ !$%6*&1'0$.&5 2&(%"$ 2'&%6(' #' 0$
0!"!0%&" /&(&"!. a&+%& ',26"%!(%7 )6!" '(%&"!04'$(&! 0$ 0&.&.!.%& &*&(',&(%&bL

!b D*&(',&(%$. )& %"!K'0 .! ('*&.$. !$%6*&1'0$.&.6" +& )&K'(&#%& !+%K&.M

BUPT



hZ P8P -!*#%&$(!%( 2#J',($*!','# +% $!(K#&

(SIN,i, Kk, SOUT,j), i, j ∈ 1, card(S), k ∈ 1, card(K) aSLZXb

J( 0!"&M

O card(X) : 0!")'(!.$. ,$.4','' K'('%& X5

O SIN,i : &*&(',&(%$. 26"(&#%& )& 2& +%"!)! ($,7"$. i5

O Kk : &*&(',&(%$. %"!*&"+&!87 '(%&"+&04'! ($,7"$. k5

O SOUT,j : )$27 %"!*&"+!"&! '(%&"+&04'&'5 &*&(',&(%$. !Q$(/& 2& +%"!)! ($,7"$. jL

@b D*&(',&(%$. )& %"!K'0 .! ('*&.$. 2'&%6('.6" +& )&K'(&#%& !+%K&.M

(Pi), i ∈ 1, card(S), aSLZhb

J( 0!"& Pi !"& J(+&,(7%!%&! 07 &?'+%7 6 %"&0&"& )& 2'&%6(' 0!"& '(%&"+&0%&!87 +%"!)! iL
0b D*&(',&(%&.& /&(&"!.& !$ 0! +062 ,6)&.!"&! %$%$"6" 0&.6".!.%& &*&(',&(%&

0!"& ($ '(%"7 J( 0!%&/6"'! &*&(',&(%&.6" 2"&8&(%!%& ,!' +$+L C0&+%& &*&(',&(%& 26%
K' )&+%'(!%& 2'&%6('.6" a)& &?&,2.$ %"!*&"+!"&! ,!' ,$.%6" +%"78'5 +!$ )6!" ! $(6"
@&(8' )& 2& 6 +%"!)7 K!2% 0!"& 26!%& K' ,6)&.!% )'K&"'%b +!$ %"!(+26"%$.$' J( 06,$(L
 &(%"$ !0&+%& &*&(',&(%& &+%& (&0&+!"7 )6!" )&K'('"&! .'+%&.6" )& &*&(',&(%& 0$
0!"& +& '(%&"+&0%&!875 J( +062$. K6",7"'' /"$2$"'.6" )& &*&(',&(%& 0!"& +7 "&+2&0%&
2"62"'&%74'.& )&K'('%& J( 0!2'%6.$. !(%&"'6"L

3$27 K!8! )& )&K'('"& ! &*&(',&(%&.6" )& %"!K'05 +',$.!%6"$. 2&",'%& )&K'('"&!
/"$2$"'.6" )& &*&(',&(%& a! +& *&)&! +$@0!2'%6.$. !(%&"'6"bL >6%'*$. 2&(%"$ 0!"&
!0&+%& /"$2$"' )& &*&(',&(%& +$(% )&K'('%& !2"'6"' #' ($ +$(% K6",!%& )'(!,'0 )$27
K'&0!"& K!87 )& +&,!K6" &+%& 07 %',2$. (&0&+!" $(&' !+&,&(&! 2"60&)$"' )& 0!.0$.
($ &+%& !00&2%!@'. J( 0!8$. ,&%6)&.6" )& 06()$0&"& J( %',2 "&!. )!%6"'%7 K!2%$.$' 07
J(%F"8'&"'.& +'+%&,$.$' )&0'8'6(!. !" K' ,$.% 2"&! ,!"'L U(%":!)&*7"5 K6",!"&! /"$2$"'.6"
)& &*&(',&(%& )$27 K'&0!"& K!87 )& +&,!K6" !" 0"&#%& 2&"K6",!(4&.& +'+%&,$.$' )&
06()$0&"&L U( ,!Q6"'%!%&! +'%$!4''.6" +& J("&/'+%"&!87 )'K&"&(4& ,!"' )& 0"&#%&"& !
.$(/','.6" 068'.6" )& !#%&2%!"& J(%"& &*&(',&(%&.& !0&.$'!#' /"$2L H&6"/!('8!"&!
&*&(',&(%&.6" J( /"$2$"' &*'%F() !0&+% ',2&)',&(%L A1'!" 2&(%"$ 6 '(%&"+&04'& 0$
/&6,&%"'& +',2.75 0$ !2"6?',!%'* #!'+2"&8&0& &*&(',&(%&5 /"$2!"&! &*&(',&(%&.6"
)& %"!K'0 !+%K&. J(0F% .$(/','.& 068'.6" )& !#%&2%!"& 2&(%"$ &*&(',&(%&.& 0!"& !2!"4'(
!0&.$'!#' /"$2 +7 K'& 0F% ,!' !2"62'!%&5 ($,7"$. )& '%&"!4'' &+%& K6!"%& ,!"& #' ',2.'0'%
%',2$. )& "$.!"& (&!00&2%!@'. )!%6"'%7 07$%!"'' J( +2!4'$. %$%$"6" +6.$4''.6"L E +6.$4'&
26+'@'.75 )!" ($ 62%',7 !" K' $( !./6"'%, )& 07$%!"& &$"'+%'0 J( +2!4'$. +6.$4''.6"5 0!"&
+7 !.&!/7 0&! ,!' @$(7 *!"'!(7 )'(%"& 0&.& 2!"0$"+& J(%":6 !($,'%7 2&"'6!)7 )& %',2
.','%7L

N( !.% "6. !. +',$.!%6"$.$' )& %"!K'0 ',2.&,&(%!% &+%& !0&.! )& ! +01',@! 0$.6"'.&
+&,!K6!"&.6" 0$ 0!"& &+%& 2"&*78$%7 6 !($,'%7 '(%&"+&04'&L  "60&)$"! )$27 0!"& +&
"&!.'8&!87 !0&!+%7 +01',@!"& )& 0$.6"' &+%& )&+0"'+7 J( ;'/$"! SLVL 3$27 %&",'(!"&!
$(&' !($,'%& K!8& )& +&,!K6" a+%!"& Sib5 !./6"'%,$. )& 06()$0&"& '! )&0'8'! 0!"& &+%&
+%!"&! $",7%6!"& a0!"& /"$2 )& &*&(',&(%& *! 2"',' 0$.6!"&! *&")&b #' )$"!%! 0$.6"''
*&"8' J( +&0$()&L U( 0!8$. +',$.!%6"$.$' ',2.&,&(%!%5 %',2'' )& 2"60&+6" (&0&+!"'
0!.0$.7"'' .$(/','.6" 068'.6" )& !#%&2%!"& #' .$7"'' )&0'8'&' +$(% (&/.'Q!@'.'L U( +01',@5 J(
',2.&,&(%!"&! "&!.7 ! +6.$4''.6" )& 06()$0&"& 2"62$+&5 &+%& (&0&+!" ! +& 4'(& +&!,!
)& %',2'' )& 0!2%!"& ! )!%&.6" )& .! +'+%&,$. +&(86"'!. )& )&%&04'& #' 2"60&+7"'' !0&+%6"!L
U(%"&/ 2"60&+$. )&0'8'6(!. $",&!87 ! K' 26"('% 0$ 0!%&*! +&0$()& J(!'(%& )& &2$'8!"&!
%',2$.$' 2&(%"$ K!8! 0$"&(%7 )& +&,!K6"L

BUPT
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P8Q8  ,0*!#$J', +% &*)+'&%!% ,*&(,6 R F. 

 6"('() )& .! !"1'%&0%$"! +'+%&,$.$' )& 06()$0&"& )'+%"'@$'%7YZP R[ #' )& .!
,6)&.$. ,!%&,!%'0 2"&8&(%!% aSLVZb J( 0&.& 0& $",&!87 +& *! )&K'(' !./6"'%,$. )&
06()$0&"& ',2.&,&(%!% .! ('*&.$. !/&(%$.$' )& %"!K'0 .60!.L  &(%"$ 6 ,!' @$(7 )&+0"'&"&
%&6"&%'07 ! !./6"'%,$.$' 2"62$+5 +& *6" !)7$/! *!"'!@'.& #' +& *6" )&K'(' %&",&(' (6'L

B& )&K'(&#%& /"!K$. G(E, A) !. &*&(',&(%&.6" )& %"!K'0 26+'@'.& J(%":6 !($,'%7
'(%&"+&04'&L U( !0&+% 06(%&?%5 J( "&.!4'& 0$ aSLhb5 E &+%& ,$.4',&! )& (6)$"' aK'&07"$'
&*&(',&(% J' 06"&+2$()& $( (6) J( /"!Kb #' A &+%& ,!%"'0&! )& !)'!0&(47 0!"& )&K'(&#%&
,$01''.& J(%"& (6)$"'M

Ax,y =

{

1, )!07 Ex #' Ey ($ +& '(%&"+&0%&!87
0, )!07 Ex #' Ey +& '(%&"+&0%&!87 , aSLSWb

J( 0!"& Ax,y "&2"&8'(%7 &.&,&(%&.& ,!%"'0&' )& !)'!0&(47 ! /"!K$.$' GL
3$27 0$, +& 26!%& 6@+&"*! )'( "&.!4'! aSLSWb5 J(%"& 6"'0!"& )6$7 &*&(',&(%&

0!"& ($ +& '(%&"+&0%&!87 &?'+%7 6 ,$01'& J( /"!KL 3'( 2$(0%$. )& *&)&"& !. 06()$0&"''
%"!K'0$.$' "$%'&"5 &?'+%&(4! $(&' ,$01'' J(%"& )6$7 &*&(',&(%& +&,('K'07 K!2%$. 07 !0&.&
&*&(',&(%& *6" !*&! J(%6%)&!$(! 0$.6"' )'K&"'%& !.& +&,!K6!"&.6" .! $( ,6,&(% )!%L
 &(%"$ 6 ,!' $#6!"7 2"&8&(%!"& +& *! 26"(' )& .! $( 0!8 +',2.$ 0!"& !26' *! K'
/&(&"!.'8!%L B& 06(+')&"!%7 2"60&+$. )& +01',@!"& ! 0$.6"'.6" +&,!K6!"&.6" )'(%":6
'(%&"+&04'& J( 0!"& .! K'&0!"& K!87 )& +&,!K6" )6!" 6 !($,'%7 +%"!)7 INi 0!"& '(%"7 J(
'(%&"+&04'& *! 2"',' 0$.6!"&! *&")& 2&(%"$ %6!%& )'"&04''.& 26+'@'.'& OUTjL  "'( /"$2!"&!
%$%$"6" &*&(',&(%&.6" !$%6*&1'0$.&.6" INiOUTj J( Gi #' J( K$(04'& )& '(K"!+%"$0%$"!
'(%&"+&04'&'5 #' !)7$/F() +!$ ($ &*&(',&(%&.& 2'&%6('.6"5 6@4'(&, ($,7"$. %6%!. )&
/"$2$"' )& &*&(',&(%& )& %"!K'0 0$ 2"62"'&%!%&! 07 )6$7 &*&(',&(%& )'( !0&.!#' /"$2
($ +& '(%&"+&0%&!87 "&0'2"60L  .&0F() )& .! !0&+%& /"$2$"' +&%!%& !2"'6"' #' )& .! *!.6"'.&
068'.6" )& !#%&2%!"& ,7+$"!%& J( %',2 "&!.5 !/&(%$. .60!. *! .$! )&0'8'' .&/!%& !%F% )&
+$00&+'$(&! K!8&.6" )& +&,!K6" a0$.6!"&! *&")&b 2&(%"$ K'&0!"& /"$25 0F% #' )& )$"!%!
)& %',2 06"&+2$(87%6!"& K'&07"&' K!8&L  &(%"$ K'&0!"& &*&(',&(% +& )&K'(&#%& 2"!/$.
)& %',2 .','%7 )& !#%&2%!"& K7"7 ! 2"',' 0$.6!"&! *&")& ! +&,!K6"$.$' a0$ !.%& 0$*'(%&
)$"!%! ,!?',7 !00&2%!@'.7 0! $( 2!"%'0'2!(% .! %"!K'0 +7 !#%&2%& .! +&,!K6" 2F(7 +7
J(!'(%&8& : ($ (&!27"!% +7 %"!*&"+&8& '(%&"+&04'!b +$@ K6",! *!"'!@'.&' τiM

τi ∈ {lmin, lmin + 1, ..., lmax}, lmin, lmax ∈ N, aSLSib
J( 0!"& lmin, lmax +$(% *!.6"' +&%!%& !2"'6"'L C0&+% %',2 .','%7 26!%& K' "&/7+'% J(
,!Q6"'%!%&! !./6"'%,'.6" )& 06()$0&"& .! ('*&. )& '(%&"+&04'&5 K''() K6!"%& ',26"%!(%
2&(%"$ 06()$07%6"'' !$%6L 3'( 270!%& !0&#%' !./6"'%,' 4'( +&!,! )& !0&+% 2"!/ .','%7
)6!" 2&(%"$ ! ($ K' )&27#'%5 )!" ($ '(0.$) !0&!+%7 *!"'!@'.7 J( 2"60&+$. )& 06()$0&"&L E
*!.6!"& 2"&! "')'0!%7 ! !0&+%$' 2"!/ *! 0"&! (&"*68'%!%& J( "F()$. 2!"%'0'2!(4'.6" .! %"!K'0
)'( 0!$8! 2&"'6!)&' 2"&! ,!"' )& !#%&2%!"&5 J( +01',@ 6 *!.6!"& 2"&! ,'07 *! 2"6)$0&
+!0!)!"&! %"!K'0$.$'5 '!" 06()$0&"&! .! ('*&. )& '(%&"+&04'& *! K' /"&$ )& 62%','8!%
"&.!%'* .! 06()'4''.& )& %"!K'0 J( %',2 "&!.L 3$27 K'&0!"& K!87 )& +&,!K6"5 !/&(%$.
.60!. *! )&0"&,&(%! %',2$. .','%7 )& !#%&2%!"& 0$"&(% θi 2&(%"$ K'&0!"& &*&(',&(%
0!"& ($ ! 2"','% 0$.6!"&! *&")& .! K!8! "&+2&0%'*7 #' 2&(%"$ K'&0!"& &*&(',&(% 0!"& !
2"','% 0$.6!"&! *&")& *! +&%! %',2$. .','%7 )& !#%&2%!"& 0$"&(% .! *!.6!"&! )& 2"!/
2"&)&K'('%7M

θi(t) =







max(θi(t− 1)− δt−1, 0),
)!07 &*&(',&(%$. j'j ! 2"','% 0$.6!"&! "6#'&

τi,
)!07 &*&(',&(%$. j'j ! 2"','% 0$.6!"&! *&")&

aSLSVb

J( 0!"& δt−1 &+%& %',2$. J( +&0$()& !.60!% K!8&' )& +&,!K6" !(%&"'6!"&L U( ;'/$"!
SLX &+%& 2"&8&(%!%7 6 +01&,7 .6/'07 )& 2"'(0'2'$ J( *&)&"&! )&+0"'&"'' !./6"'%,$.$'
)& 06()$0&"& ',2.&,&(%!%5 $",F() ! +& K!0& &?2.'0'%!"&! 2& @!8! +!M

BUPT
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;'/$"! SLXM B01&,! .6/'07 )& 2"'(0'2'$ ! !./6"'%,$.$' )& 06()$0&"& 2"62$+
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3'( +01&,! .6/'07 2"&8&(%!%7 J( ;'/$"! SLX +& 6@+&"*7 07 )$27 6 2"',7 2!"%&
)& '('4'!.'8!"&5 !./6"'%,$. )& 06()$0&"& .! ('*&.$. !/&(%$.$' .60!. '(%"7 J(%":6 @$0.7
)& 0'0.!"& 2F(7 0F() %',2$. )& "$.!"& )&27#&#%& $( !($,'% 2"!/ .','%7 +!$ 2F(7
0F() +& 2"',&#%& 06,!()7 )& 62"'"&L U( 2"',! 2!"%& +& '('4'!.'8&!87 *!"'!@'.&.& #'
2!"!,&%"' (&0&+!"' !./6"'%,$.$' )& 06()$0&"&M )&K'('"&! /"$2$"'.6" )& &*&(',&(%&
G(E, A)5 '('4'!.'8!"&! 068'.6" )& !#%&2%!"& 2&(%"$ !$%6*&1'0$.& #' 2&%6(' vi(t) #' pi(t)
2&(%"$ K'&0!"& /"$2 )& &*&(',&(%& Gi5 )&K'('"&! 2"!/$"'.6" )& !#%&2%!"& τi 2&(%"$
K'&0!"& /"$2 )& &*&(',&(%& GiL

 !"%&! )& !./6"'%, 2"62"'$:8'+7 +& J,2!"%& J( 0'(0' ,!"' 2!#' 0!"& !26' +&
"&2&%7 0'0.'0L  "',$. 2!+ 06(+%7 J( 0'%'"&! .$(/','.6" 068'.6" )& !#%&2%!"& )& .!
)&%&0%6"$. )& %"!K'0 : "&4&!$! )& +&(86"' I'"&.&++ a(6%!%7 0$ HBbL G$(/','.& 068'.6" )&
!#%&2%!"& 2&(%"$ %6!%& &*&(',&(%&.& )& %"!K'0 +$(% +%60!%& J( )6$7 %!@.6$"' a$($. 2&(%"$
!$%6*&1'0$.& #' !.%$. 2&(%"$ 2'&%6('bL G! 2!+$. )6'5 *!.6"'.& +%60!%& .! 2!+$. !(%&"'6"
+$(% 2"60&+!%& #' +& &+%',&!87 %',2$. (&0&+!" J( +&0$()& 2&(%"$ /6.'"&! !0&+%6" 068'
)& !#%&2%!"& $%'.'8F() '(K6",!4''.& 2"','%& )& .! +'+%&,$. @!8!% 2& 0$(6#%'(4&L U(
0&.& )'( $",75 +& 0!.0$.&!87 %',2'' )& !#%&2%!"& .','%7 0$"&(4' 2&(%"$ K'&0!"& /"$2
)& &*&(',&(%& J( K$(04'& )& *!.6"'.& !(%&"'6!"& #' %',2$. !.60!% $.%',&' K!8& )& *&")&L
 !+$. %"&' &+%& 0&. ,!' ',26"%!(% J( !./6"'%,$. )& 06()$0&"&5 .! !0&+% 2!+ +& '! )&0'8'!
0!"& /"$2 )& &*&(',&(%& *! K' +&"*'% .! $",7%6!"&! K!87 )& +&,!K6" #' )$"!%! J( +&0$()&
! !0&+%&' K!8&L 3&0'8'! +& '! J( %',2 "&!. J( K$(04'& )& .$(/','.& 068'.6" )& !#%&2%!"&
0$"&(%&5 %',2'' .','%7 )& !#%&2%!"&5 &+%',7"'.& .&/!%& )& %',2'' )& /6.'"& ! 068'.6" 2&(%"$
K'&0!"& /"$2 )& &*&(',&(%& #' +%!%'+%'0'.& )& %"!K'0 !.& +'+%&,$.$' @!8!% 2& 0$(6#%'(4&L
C0&+% 2!+ *! K' )&%!.'!% J( 0&.& 0& $",&!87L  !+$. 2!%"$ !"& 0! +062 %"!(+,'%&"&! 07%"&
+'+%&,$. )& +&,!K6"'8!"& ! )&0'8'&' .$!%& .! 2!+$. !(%&"'6"M /"$2$. )& &*&(',&(%&
0!"& 2"',&#%& 0$.6!"&! *&")& #' ($,7"$. )& +&0$()& !.60!%L G! 2!+$. 0'(0' +& +!.*&!87
)&0'8'! )& 06()$0&"&5 2!"!,&%"' 0$"&(4' )& %"!K'0 #' .$(/','.& 068'.6" )& !#%&2%!"& /6.'%&
J( $('%!%&! )& %',25 J( *&)&"&! 0!.'@"7"'' &+%',7"'.6" *''%6!"& )& .! 2!+$. )6'L

E()(0%J%)$', 4(!#(<#,%,*! +% 2$(!%

U(!'(%& )& ! )&+0"'& 06,26(&(%! )&0'8'6(!.7 &+%& (&0&+!"7 )&K'('"&! 0&.6"
%"&' *&0%6"' )& +%!"& 0!"& 0!"!0%&"'8&!87 J( %',2 "&!. .$(/','.& 068'.6" )& !#%&2%!"&
2&(%"$ K'&0!"& &*&(',&(% )& %"!K'0L C0&#%' *&0%6"' +& ,6)'K'07 6)!%7 0$ "&0&24'6(!"&!
.$(/','.6" 068'.6" )& !#%&2%!"& )& .! ('*&.$. +&(86"'!. a"&4&!$! )& +&(86"' I'"&.&++b #'
+$(% )&K'('4' )$27 0$, $",&!87M

O LM ∈ Rcard(E) : .$(/',&! 068'.6" )& !#%&2%!"& ,7+$"!%7 J( ,&%"'5 2&(%"$ K'&0!"&
)'(%"& &*&(',&(%&.& )& %"!K'0 &?'+%&(%& J( '(%&"+&04'! ,6('%6"'8!%75 $()& E
"&2"&8'(%7 ,$.4',&! &*&(',&(%&.6" )& %"!K'05 '!" card(E) 0!")'(!.$. ,$.4','' K'('%&
E5

O LS ∈ Rcard(E) : %',2$. &+%',!%5 &?2"',!% J( +&0$()&5 (&0&+!" /6.'"'' 068'.6" )&
!#%&2%!"& 06"&+2$(87%6!"& %$%$"6" &*&(',&(%&.6" )& %"!K'0 )'( '(%&"+&04'&5 $()&
E "&2"&8'(%7 ,$.4',&! &*&(',&(%&.6" )& %"!K'05

O WL ∈ Rcard(E) : .','%! ,!?',7 )& !#%&2%!"&5 &?2"',!%7 J( +&0$()&5 2&(%"$ K'&0!"&
)'(%"& &*&(',&(%&.& )& %"!K'0 &?'+%&(%& J( '(%&"+&04'! ,6('%6"'8!%75 2F(7 0F()
"&+2&0%'*$. &*&(',&(% *! 2"',' 0$.6!"&! *&")& ! +&,!K6"$.$'L

3$27 J(01&'&"&! K!8&' )& +&,!K6" 0$"&(%&5 *!.6"'.& *&0%6"$.$' LS +$(%
"&0!.0$.!%& 2"'( &+%',!"& 26"('() )& .! *&0%6"$. LM a2"6*&('% )& .! "&4&!$! )& +&(86"'
I'"&.&++b #' )& .! %',2'' &+%',!4' )& /6.'"& ! 068'.6" )& !#%&2%!"& 2& !($,'%& '(%&"*!.&
a2"6*&('4' )& .! +'+%&,$. @!8!% 2& 0$(6#%'(4& 2"'( J(*74!"&bL 3& !+&,&(&!5 *!.6"'.&
*&0%6"$.$' WL +$(% )&0"&,&(%!%& )$27 J(01&'&"&! K'&07"&' K!8& )& +&,!K6" 2&(%"$
K'&0!"& &*&(',&(% J( !#%&2%!"&5 '!" 2&(%"$ &*&(',&(%&.& i +&"*'%& J( %',2$. K!8&' 0$"&(%&
)& +&,!K6" *6" K' +&%!%& .! *!.6"'.& )& 2"!/ ,!?', τi aSLSibL
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he P8Q  ,0*!#$J', +% &*)+'&%!% ,*&(,6 R F. 

A*J/*)%)$( +%&#;#*)(,6

>6)&.F() %"!K'0$. J(%":6 '(%&"+&04'& 0$ !Q$%6"$. $(&' "&4&.&  &%"' a*&8' ;'/$"!
SLVb5 )&0'8'! *! K' .$!%7 J( 0!)"$. +%7"'' )&0'8'6(!.& LTA 0& Q6!07 "6. )& "&/$.!%6"L U(
;'/$"! SLh +$(% 2"&8&(%!%& '(%"7"'.& #' '&#'"'.& $('%74'' )&0'8'6(!.&M

;'/$"! SLhM N('%!%& )&0'8'6(!.7

N('%!%&! )&0'8'6(!.7 ! K6+% "&)$+7 .! $( ($,7" )& #!2%& 06()'4'' 2"'(
,'(','8!"&5 !0&+%& 06()'4'' K''() )&8*6.%!%& 2& @!8! '(%"7"'.6" )&+0"'+& ,!' +$+L U(
;'/$"! SLiW &+%& 2"&8&(%!%7 +$00&+'$(&! 2!#'.6" &K&0%$!4' )& 07%"& $('%!%&! )&0'8'6(!.7M
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P8 ACD3:A@=@ FCA FB F D?W@F 3@ ?D.@=1@AX?@ hX

;'/$"! SLiWM N('%!%& )&0'8'6(!.7

J( 0!"&M

O Ci : 06()'4'! ($,7"$. i )'( "&/$.!%6"$. G^C5

O Di : )&0'8'! ($,7"$. i5 26+'@'. ! K' !.&!+7 0! )&0'8'& K'(!.75

O (Surm, tSurm) : )&0'8'! K'(!.75 Surm "&2"&8&(%F() +%!"&!TK!8! $",7%6!"& )&
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hh P8Q  ,0*!#$J', +% &*)+'&%!% ,*&(,6 R F. 

+&,!K6" #' tSurm "&2"&8&(%F() )$"!%! J( +&0$()& +%!@'.'%7 2&(%"$ $",7%6!"&!
K!87 )& +&,!K6" SurmL

U( ^!@&.$. SLR +$(% )&+0"'+& 06()'4''.& "&/$.!%6"$.$' !+60'!%& 6"/!('/"!,&' )'(
;'/$"! SLiWM

^!@&.$. SLRM A6()'4''.& !./6"'%,$.$' )& 06()$0&"&

D'J% &*)+#5#% A*!/ &*)+#5#%
C1 ∃Si|WL(Si) = 0
C2 ¬∃Si|WL(Si) < tlim

C3 ∃!Si|WL(Si) < tlim

C4 ∃Si|WL(Si) < tlim, i = 1, x, x > 1

C5 LS(Si) ≥ WL(Si)|WL(Si) = min(WL(Sk)), k = 1, card(S)
C6 LS(Si) ≤ WL(Sj)|WL(Sj) = min(WL(Sk)), WL(Si) = min2(WL(Sk))
C7 ∃Sj |LS(Sj) ≥ LS(Si)  ! LS(Sj) ≤ WL(Si)

"#$%&%%'# ()*%+%'# ,'# -#./',0)-/'/% ,*)$%,0# )-.,1%.-,2#% 3%1 4%./-, 5678 */10
3#*$-%*# 91 :,+#'/' 56;<

:,+#'/' 56;< "#$%&%%'# ,'.)-%02/'/% 3# $)13/$#-#

 !"# $#%&'&# ()*+ $#%&'&),-.
D1 (SC1

, Min(Min(LS(SC1
), Min2=LM(SC1

)), tmax))
D2 (SC2

, Min(Min(WL(SC2
), LS(SC2

)), tmax))
D3 (SC3

, Min(LS(SC3
), tmax))

D4 (SC4
, Min(WL(SC6

), tmax))
D5 (SC4

, Min(LS(SC6
), tmax))

D6 (SC7
, LS(SC7

))
D7 (SC4

, LS(SC4
))

91 $,-#<

> Min(a, b) ? 2%1%2/' 3%10-# a @% bA

> Min2=LM(i) ? 2%1%2/' 3%1 B#$0)-/' LM #C$#(0D13 %13#C/' iA

> SCi
? *0,-#, ,'#,*E (-%1 $)13%F%, iA

> tmax ? 3/-,0, 2,C%2E 3# B#-3# (#10-/ ) G,&E 3# *#2,G)-6

H1 $)10%1/,-# */10 #1/2#-,0# ,B,10,I#'# )G#-%0# 3# -#./',0)-/' (-#&#10,0 2,%
*/*<

> #'%2%1E 0%2(%% 2)-F% 3# ,@0#(0,-# ', *#2,G)- ? 1/ #C%*0E *%0/,F%# 91 $,-# /1
(,-0%$%(,10 ', 0-,G%$ ,@0#,(0E (# $/'),-#, -)@%# , *#2,G)-/'/%A 91 0%2( $# (#
$/'),-#, B#-3# , *#2,G)-/'/% 1/ *# 91-#.%*0-#,&E 0-,G%$A

> #B#1%2#10#'# 3# 0-,G%$ */10 (-%)-%0%&,0# 91 G/1$F%# 3# 3#1*%0,0#, 3# 0-,G%$A

> 3#G%1%-#, /1)- 0%2(% '%2%0E 3# ,@0#(0,-# (# $/'),-#, -)@%# , *#2,G)-/'/% @%
/0%'%&,-#, ,$#*0)-, 91 *)'/F%, 3# $)13/$#-#A

> *)'/F%, 3# $)13/$#-# *# #C#$/0E 91 0%2( -#,' (# +,&, %1G)-2,F%%')- $/-#10# 3#
0-,G%$A

> (-%1 /0%'%&,-#, ,$#*0#% *)'/F%% 0-,G%$/' 1/ #*0# *,$,3,0A
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> *# /-2E-#@0# $-#@0#-#, B%0#&#% 2#3%% 3# 3#(',*,-# (-%1 %10#-*#$F%# @% $-#@0#-#,
'/1.%2%')- $)&%')- #'%+#-,0# (# $/'),-#, B#-3# , *#2,G)-/'/%A

> *# ()0 $)13/$# %10#-*#$F%% $/ .#)2#0-%# $)2('#CEA

> *# F%1# *#,2, 3# (%#0)1% 91 *)'/F%, 3# $)13/$#-#6

/0>0 <?!$&& $# %-' .#@-?# $# %),$!%#*#- ?*-A&%!.!& *!?&#*
B,?*C) &,?#*D#%E&# D&"+.F

J# $)1*%3#-E %10#-*#$F%# *%2('E ) %10#-*#$F%# $/ .#)2#0-%# *%2('E 91 $,-# )
*0-,3E $,-# %10-E 91 %10#-*#$F%# (-%2#@0# $/'),-#, B#-3# , *#2,G)-/'/% ', /1 2)2#10
3,0 (#10-/ 0),0# +#1&%'# 3# 2#-* K91,%10#A *0D1.,A 3-#,(0,L6 M/ ,'0# $/B%10#A 3),- )
*0-,3E #*0# *#-B%0E (-%1 *#2,G)-%&,-# ', /1 2)2#10 3,0A 0),0# $#'#','0# *0-E&% G%%13 91
,@0#(0,-# K, *# B#3#, 4%./-, 5677L6

4%./-, 5677< J$N#2, /1#% %10#-*#$F%% *%2('#

O$#*0 0%( 3# *#2,G)-%&,-# ', 1%B#' 3# %10#-*#$F%# *# -#.E*#@0# 91 &%'#'# 1),*0-#
91 2/'0# %10#-*#$F%%A G%# $E #*0# B)-+, 3# ) $)13/$#-# 3%1,2%$E K91 0%2( -#,'L *,/
*0,0%$EA G%# $E #*0# B)-+, 3# /1 )-,@ 2%$ *,/ 2,-#A G%# $E ,2(',*,-#, #*0# 910-?)
&)1E $#10-,'E *,/ ', (#-%G#-%#6 P/0#2 ,*0G#' ,G%-2, $EA 3#@% ,$#*0 0%( 3# *#2,G)-%&,-#
,-# ,1/2%0# -#*0-%$F%% 3# (-)%#$0,-# , G'/C/'/% ,/0)B#N%$/'#')- @% (%#0)1%')- (-%10-?)
%10#-*#$F%#A ,-# 0)0/@% ) 2,-# /0%'%&,-#A 3,0)-%0E *%2('%0EF%% *,'#6 P#10-/ *0/3%#-#,
-#&/'0,0#')- $)2()-0,2#10/'/% *%*0#2/'/% 3# 0-,1*()-0 91 /-2, /0%'%&E-%% ,'.)-%02%')-
3# $)13/$#-# (-)(/@%A 91 ,$#*0 $,(%0)' *# B)- $)1*%3#-, *0/3%% 3# $,& (#10-/ 3%G#-%0#

BUPT



787 /0> <?!$&& $# %-' .#@-?# $# %),$!%#*#- ?*-A&%!.!& *!?&#*

$)13%F%% 3# 0-,G%$A %,- '#.,0 3# 1/2E-/' *0-E&%')- 3%1 %10#-*#$F%# *?, ,'#* ) %10#-*#$F%#
*%2('E $/ (,0-/ *0-E&% $,-# %10-E @% (,0-/ *0-E&% $,-# %#*6 O'.)-%02/' 3# $)13/$#-# #*0#
.#1#-,' @% 1/ F%1# *#,2, 3# 1/2E-/' *0-E&%')-A G,(0 $,-# B, G% 3#2)1*0-,0 91 $,(%0)'/'
/-2E0)-6

/0>0G0 <?!$&& $# %-' .#@-?# $# %),$!%#*#- ?*-A&%!.!& *!?&#* .- ,&H#.!.
-!?)H#I&%!.#.)*

H1 ,$#*0 */+$,(%0)'A $)13/$#-#, 0-,G%$/'/% 910-?) %10#-*#$F%# *# -#,'%&#,&E F%1D13
*#,2, 3),- 3# '/1.%2%'# $)&%')- 3# ,@0#(0,-# G)-2,0# 3%1 ,/0)B#N%$/'#'# 3# (# G%#$,-#
*0-,3E $,-# %10-E 91 %10#-*#$F%#6 H1 ,'.)-%02/' 3# $)13/$#-# 1/ #*0# '/,0 91 $)1*%3#-,-#
1/2E-/' (%#0)1%')- $,-# ,@0#,(0E *E 0-,B#-*#&# *0-,3, (-%1 -#*(#$0%B, %10#-*#$F%#6 O$#*0
$,& 3# $)13/$#-# , 0-,G%$/'/%A 3#@% /1 $,& (,-0%$/',-A (),0# G% G)')*%0 $/ */$$#** 91
*%0/,F%%'# 91 $,-# G'/C/' ,/0)B#N%$/'#')- (-%10-?) ,1/2%0E %10#-*#$F%# #*0# 2/'0 2,% 2,-#
3#$D0 G'/C/' (%#0)1%')-6 M/ 0),0# ,$#*0#,A 3#@% ,'.)-%02/' 3# $)13/$#-# #*0# ,C,0 (#
3,0#'# 3# 0-,G%$ '#.,0# 3# ,/0)B#N%$/'#A (%#0)1%% B)- ,B#, ()*%+%'%0,0#, 3# , 0-,B#-*,
91 $,3-/' /1)- G,&# 3# *#2,G)-A $/ 3#&,B,10,I/' 3# , 1/ *# F%1# *#,2, 3# 0%2(%% 3#
,@0#(0,-# @% 3# 1#B)%'# 3# 2%@$,-# ,'# ,$#*0)-,6

H1,%10# 3# , (-#&#10, *$#1,-%%'# 3# *%2/',-# 92(-#/1E $/ -#&/'0,0#'# ,G#-#10#A
*# B)- 3#G%1% $D0#B, 1)F%/1% '#.,0# 3# $)13%F%%'# 3# 0-,G%$ $,-# *0,/ ', +,&, *$#1,-%%')-
2,% */* ,2%10%0#<

> $)13%F%%'# 3#  !"#$% &%'$($)!" *# -#.E*#*$ 91 0-,G%$/' -/0%#- /-+,1 ', 1%B#' 3#
%10#-*#$F%# ,0/1$% $D13 B%0#&#'# 2#3%% 3# *)*%-# @% 3# ('#$,-# ,/ B,')-% ,(-)(%,0#
(#10-/ 0),0# .-/(/-%'# 3# #B#1%2#10# Gi 3%1 -#*(#$0%B, %10#-*#$F%#A

> *&+,$ " &" K1)0,0E $/ cL -"!& *&  !"#$% 2E*/-,0E 91 QB#NR2S *# 910D'1#@0#
91 *%0/,F%%'# 91 $,-# B%0#&, 3# *)*%-# , ,/0)B#N%$/'#')- 91 $),3, 3# ,@0#(0,-#
3#(E@#@0# T Q2R*S Kλi ≥ 1, ∀i = 1, I, I ? 1/2E-/' .-/(/-%')- 3# #B#1%2#10# 3%1
%10#-*#$F%#LA

> *&+,$ " &" KcL -&*$& *&  !"#$% *# 910D'1#@0# 91 *%0/,F%%'# 91 $,-# B%0#&, 3# *)*%-# ,
,/0)B#N%$/'#')- 91 $),3, 3# ,@0#(0,-# λi ∈ [1.5, 3),∀i = 1, IA

> *&+,$ " &" KcL -$%. *&  !"#$% *# 910D'1#@0# 91 *%0/,F%%'# 91 $,-# B%0#&, 3# *)*%-# ,
,/0)B#N%$/'#')- 91 $),3, 3# ,@0#(0,-# λi ∈ [0.5, 1.5),∀i = 1, IA

> *&+,$ " &" KcL *&  !"#$% +/"0 &" *# 910D'1#@0# 91 *%0/,F%%'# 91 $,-# B%0#&, 3# *)*%-#
, ,/0)B#N%$/'#')- 91 $),3, 3# ,@0#(0,-# λi ∈ [0, 0.5),∀i = 1, I6

<%#,-*&!. $# D&"!.-*# GJ %),$&E&& $# ?*-A&% #%I&.&K*-?

J%0/,F%%'# 91 $,-# -,0, 3# $-#@0#-# , $)&%')- 3# ,@0#(0,-# (#10-/ *0-E&%'# $,-#
%10-E 91 %10#-*#$F%# ,/ B,')-% ,(-)(%,0# */10 -,-#)-% 910D'1%0#6 U)2 ,-E0, 91 $)10%1/,-#
$E @% 91 ,$#,*0E *%0/,F%# ,'.)-%02/' 3# $)13/$#-# ')$,' (-)(/* ', 1%B#' 3# ,.#10 ,3/$#
0)0/@% 92+/1E0EF%-% ,'.)-%02/'/% 3# $)13/$#-# *0,0%$E 3# 0%( V*('%0 $W$'#V6 O/ G)*0 ,'#*#
(,0-/ *$#1,-%% 3# *%2/',-# (#10-/ 3%G#-%0# B,')-% ,'# 3#1*%0EF%% 0-,G%$/'/%< 3#1*%0,0# 2,-#
3# 0-,G%$A 3#1*%0,0# 2#3%#A 3#1*%0,0# 2%$E @% 3#1*%0,0# 3# 0-,G%$ (# 0%2(/' 1)(F%%6 O/ G)*0
*%2/',0# ,2+#'# *)'/F%%A ,0D0 *)'/F%, 3# $)13/$#-# (-)(/*EA $D0 @% *)'/F%, 3# $)13/$#-#
*0,0%$EA (#10-/ G%#$,-# 3%10-# $,&/-%'# #1/2#-,0# 2,% */*A (# +,&, /1#% 2)3#'E-%% ,
$)&%')- 3# ,@0#(0,-# 3# 0%(/' G/G/16

X#*0-%$F%%'# @% *#0E-%'# *%2/',0)-/'/% (#10-/ ,$#*0 *$#1,-%/ 3# *%2/',-# */10
/-2E0),-#'#<

> *?, ,'#* ) %10#-*#$F%# $/ (,0-/ *0-E&% K$/ ()*%+%'%0,0# 3# #C0%13#-#LA

BUPT
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> B%0#&#'# 3# ('#$,-# ,'# ,/0)B#N%$/'#')- ,/ B,')-% (-#*0,+%'%0# (#10-/ (-%2#'# $%$'/-%
3# *#2,G)-A

> ,.#10/' ')$,' B, 91BEF, $)10%1// @% B, ,$0/,'%&, B%0#&#'# 2#3%% 3# ('#$,-#A

> 2)1%0)-%&,-#, B,-%,+%'#')- @% , %13%$,0)-%')- 3# $,'%0,0# *# -#,'%&#,&E 3/(E 600 secA
0%2( */G%$%#10 @% 1#$#*,- (#10-/ %10-,-#, *%*0#2/'/% 3# $)13/$#-# 91 -#.%2 1)-2,'
3# G/1$F%)1,-#A

> tsim = 7200 sec ? 3/-,0, 3# *%2/',-#A

> tlim = 120 sec ? '%2%0, 2,C%2E 3# ,@0#(0,-# (#10-/ /1 (,-0%$%(,10 ', 0-,G%$ GE-E ,
(-%2% $/'),-#, B#-3#A

> tmax = 40 sec ? 3/-,0, 2,C%2E 3# B#-3# (#10-/ ) G,&E 3# *#2,G)-A

> tmin = 6 sec ? 3/-,0, 2%1%2E 3# B#-3# (#10-/ ) G,&E 3# *#2,G)-A

> lmax = 1000 m ? '/1.%2#, 2,C%2E , /1#% $)&% 3# ,@0#(0,-#6 ",$E '/1.%2#,
/1#% ,1/2%0# $)&% 3# ,@0#(0,-# 3#(E@#@0# ,$#*0 (-,.A *# B, $)1*%3#-, B,'),-#,
'/1.%2%% $)&%% 3# ,@0#(0,-# $, G%%13 lmaxA

> λi
∼= λj , ∀i, j = 1, I, i 6= jA

> λ
(k)
i = λ

(p)
i ,∀k, p <= tsim, k 6= p ? B%0#&#'# 2#3%% 3# *)*%-# ,'# ,/0)B#N%$/'#')-

(#10-/ .-/(/' 3# #B#1%2#10# Gi */10 $)1*0,10# (# 0),0E (#-%),3, 3# *%2/',-#
K$/ ()*%+%'%0,0#, 3# , 2)3%G%$, ,$#*0# B,')-% ', G%#$,-# 2%1/0LA

> ,$#',@% *#0 3# 3,0# 3# 0-,G%$ ,/ G)*0 /0%'%&,0# 91 *%2/',-#, (# ) (#-%),3E 3# Y )-#
, $)2()-0,2#10/'/% *%*0#2/'/% 3# 0-,1*()-0 91 /-2, /0%'%&E-%% ,0D0 , ,'.)-%02/'/%
Z:OA $D0 @% , ,'.)-%02/'/% *0,0%$6

4%./-%'# (-#&#10,0# 91 ,$#*0 $,(%0)' */10 G)-2,0# 3%1 0-#% .-,G%$# -#(-#&#10D13
$)2(,-,F%, 910-# *)'/F%, (-)(/*E Z:O @% *)'/F%, 3# $)13/$#-# *0,0%$E (#10-/ G%#$,-#
3%10-# $#'# 0-#% B,-%,+%'# 3# ,(-#$%#-# , (#-G)-2,1F#%< vm[m/s]A tm[s]A lc[m]6 M)2(,-,F%,
910-# $#'# 3)/E *)'/F%% #*0# -#,'%&,0E .-,G%$ $/ ,I/0)-/' , 3)/E G/1$F%%A *)'/F%, Z:O #*0#
3#*#1,0E $/ '%1%# (/1$0,0EA %,- *)'/F%, *0,0%$E #*0# 3#*#1,0E $/ '%1# $)10%1/E6

H1 4%./-, 567Y @% 91 :,+#'/' 56[ */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,& $/
3#1*%0,0# 2,-# 3# 0-,G%$ K)-E 3# BD-GL6 "%1 .-,G%$/' 567YK,L *# )+*#-BE $E B%0#&#'# 2#3%%
3# ('#$,-# 3# ', *#2,G)- ,/ ,$#'#,@% B,')-% (#10-/ ,2+#'# *)'/F%%6 "%1 .-,G%$/' 567YK+L
*# )+*#-BE $E B,'),-#, B,-%,+%'#% tm$,-# 2E*),-E 0%2(%% 2)-F% (# $/'),-#, B#-3# ,
*#2,G)-/'/% #*0# %3#10%$E (#10-/ ,2+#'# *)'/F%%A 3,0)-%0E $)&%')- 2,-% 3# ,@0#(0,-#
#C%*0#10# (#10-/ G%#$,-# *0-,3E 91 (,-0# @% 3,0)-%0E %1$,(,$%0EF%% *)'/F%%')- 3# $)13/$#-#
3# , *#-B% ,(-),(# 0),0# ,/0)B#N%$/'#'# ,G',0# 91 ,@0#(0,-# 3%10-?) *%1./-E G,&E 3#
*#2,G)-6 \-,G%$/' 567YK$L 910E-#@0# %()0#&, $E (#10-/ 3#1*%0EF% 2,-% 3# 0-,G%$A 1/ *#
()0 ,3/$# 92+/1E0EF%-% 2,I)-# *)'/F%#% *0,0%$#A */2#'# '/1.%2%')- $)&%')- 3# ,@0#(0,-#
3/(E 0#-2%1,-#, G%#$E-#% G,&# 3# *#2,G)- G%%13 3# ,*#2#1#, ,(-),(# %3#10%$# (#10-/
$#'# 3)/E *)'/F%% 3# $)13/$#-#6 J0/3%%13 B,')-%'# %13%$,0)-%')- 3# $,'%0,0# (-#&#10,0#
91 :,+#'/' 56[ *# )+*#-BE $E B,')-%'# $#')- 0-#% %13%$,0)-% */10 ,(-),(# %3#10%$# (#10-/
,2+#'# *)'/F%% 3# $)13/$#-#6 P/0#2 ,*0G#' $)1$'/&%)1, $E *)'/F%, Z:O KZ)$,' :-,GG%$
O.#10LA 91 $,&/' 3#1*%0EF%% 2,-% 3# 0-,G%$ (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A
1/ ,3/$# 92+/1E0EF%-% 91 $##, $# (-%B#@0# G'/%3%&,-#, 0-,G%$/'/% -/0%#- 3,0)-%0E '/1%.%2%')-
2,-% ,'# $)&%')- 3# ,@0#(0,-#6

H1 4%./-, 567T @% 91 :,+#'/' 56] */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
$/ 3#1*%0,0# 2#3%# 3# 0-,G%$ K0-,G%$ 1)-2,'L6 J# 2#1F%)1#,&E $E (,-,2#0-% 3# 0-,G%$
91 ,$#*0 $,& *# ,(-)(%# 3# (-,./-%'# 3# *,0/-,F%#6 J0/3%%13 $-%0%$ B,-%,F%%'# 91 0%2( ,'#
%#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 567T *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<
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4%./-, 567Y< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2,-#
3# 0-,G%$ (#10-/ *$#1,-%/' 3# *%2/',-# 7

> 3%1 .-,G%$/' 567TK,L *# )+*#-BE $E B,')-%'# 2#3%% ,'# B,-%,+%'#% vm */10 ,(-)(%,0#
(#10-/ ,2+#'# *)'/F%% 3# $)13/$#-# *%2/',0#6 "# ,*#2#1#, *# (),0# )+*#-B,
$E B,')-%'# B,-%,+%'#% vm )*$%'#,&E $/ ,2('%0/3%1# 3# ,(-)C%2,0%B 1.5 m/s 91 $,&/'
,'.)-%02/'/% Z:O @% $/ ,(-)C%2,0%B 3.5 m/s 91 $,&/' ,'.)-%02/'/% *0,0%$^

> 3%1 .-,G%$/' 567TK+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 12_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3/(E G%#$,-# G,&E 3# *#2,G)-A 91 0%2(
$# ,'.)-%02/' 3# $)13/$#-# (-)(/* #'%2%1E 91 0)0,'%0,0# 0%2(%% 2)-F% 3# *#2,G)-A
,3%$E 91 -#.%2 *0,F%)1,- $)1*0,10 tm = 0^

> .-,G%$/' 567TK$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# $/ (D1E ', 475_ , */2#% '/1.%2%')-
$)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/% *0,0%$A
,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56] *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' Z:O ,3/$# ) 92+/1E0EF%-# 3# 3_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')- 3#
,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 871 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 245_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

BUPT
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:,+#'/' 56[< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2,-# 3# 0-,G%$ (#10-/ *$#1,-%/' 3#
*%2/',-# 7

J1 J2 J3

<?-?&% ;Y[5] 8 T;[Y
7;6 ;Y[5] 8 T;;7

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (/F%1 */+ B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2/'0 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6
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static
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4%./-, 567T< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2#3%#
3# 0-,G%$ (#10-/ *$#1,-%/' 3# *%2/',-# 7

H1 4%./-, 5675 @% 91 :,+#'/' 56` */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,& $/
3#1*%0,0# 2%$E 3# 0-,G%$ K0-,G%$ '%+#-L6 J0/3%%13 $-%0%$ B,-%,F%%'# 91 0%2( ,'# %#@%-%')- 3#
,(-#$%#-# 3%1 4%./-, 5675 *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 5675K,L *# )+*#-BE $E B,')-%'# 2#3%% ,'# B,-%,+%'#% vm */10 ,(-)(%,0#
(#10-/ ,2+#'# *)'/F%% 3# $)13/$#-# *%2/',0#6 "# ,*#2#1#, *# (),0# )+*#-B, $E
B,')-%'# B,-%,+%'#% vm )*$%'#,&E $/ ,2('%0/3%1# 3# ,(-)C%2,0%B 0.25 m/s 91 $,&/'
,'.)-%02/'/% Z:O @% $/ ,(-)C%2,0%B 2 m/s 91 $,&/' ,'.)-%02/'/% *0,0%$^

> 3%1 .-,G%$/' 5675K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 50_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3/(E G%#$,-# G,&E 3# *#2,G)-A 91 0%2(

BUPT



78a /0> <?!$&& $# %-' .#@-?# $# %),$!%#*#- ?*-A&%!.!& *!?&#*

:,+#'/' 56]< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2#3%# 3# 0-,G%$ (#10-/ *$#1,-%/'
3# *%2/',-# 7

J1 J2 J3

<?-?&% aYY`; ][7 7;5;
7;6 aT];] 8 5[;

$# ,'.)-%02/' 3# $)13/$#-# (-)(/* #'%2%1E 91 0)0,'%0,0# 0%2(%% 2)-F% 3# *#2,G)-A
,3%$E 91 -#.%2 *0,F%)1,- $)1*0,10 tm = 0^

> .-,G%$/' 5675K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# 2#3%# $/ 500_ , */2#% '/1.%2%')-
$)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/% *0,0%$A
,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56` *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' *0,0%$ ,3/$# ) 92+/1E0EF%-# 3# 4.5_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 3141 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 535_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 $)13%F%% 3# 0-,G%$ */+*,0/-,0 (#10-/ 0),0# *0-E&%'# $,-# %10-E
91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *# $)2()-0E 2/'0 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6

:,+#'/' 56`< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2%$E 3# 0-,G%$ (#10-/ *$#1,-%/' 3#
*%2/',-# 7

J1 J2 J3

<?-?&% Ya8a; T757 TT8
7;6 YT`]Y 8 aY

J0/3%/' 3# $,& $/ 3#1*%0,0# G),-# 2%$E 3# 0-,G%$ K0-,G%$/' 1),(0#,L #*0#
(-#&#10,0 91 4%./-, 567a6 "%1 .-,G%$/' 567aK,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#%
vm #*0# ,(-)C%2,0%B $/ 300_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% Z:OA G,(0 $# ,-#
*#21%G%$,F%, $E 2,% 2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13
,'.)-%02/' Z:O 3#$D0 ,'.)-%02/' *0,0%$6 "%1 .-,G%$/' 567aK+L *# )+*#-BE $E B,-%,+%', tm

91-#.%*0-#,&E B,')-% 2,% 2,-% 91 2#3%# $/ 75_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/'
,'.)-%02/'/% (-)(/*6 \-,G%$/' 567aK$L ,-,0E 3# ,*#2#1#, ) *$E3#-# , */2#% '/1.%2%')-
$)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-#A 3# ,(-),(# @,%&#$% 3# )-% 91 G,B),-#,
,'.)-%02/'/% Z:OA 3,0)-%0E G,(0/'/% $E ,'.)-%02/' (-)(/* -#3/$# $)1*%3#-,+%' '/1.%2%'#
$)&%')- 3# ,@0#(0,-# #'%2%1D13 0%2(%% 2)-F% 3# *#2,G)-6 M)1$'/&%)1E2 ,*0G#' $E 91 $,&/'
3#1*%0EF%% 3# 0-,G%$ 1)$0/-1A (#-G)-2,1F#'# )+F%1/0# 3# ,'.)-%02/' Z:O (-)(/* 3#(E@#*$
$/ 2/'0 (#-G)-2,1F#'# )+F%1/0# 3# ,'.)-%02/' *0,0%$ ,0D0 91 $##, $# (-%B#@0# G'/%3%&,-#,
0-,G%$/'/%A $D0 @% 91 2%$@)-,-#, '/1.%2%')- $)&%')- 3# ,@0#(0,-# (-%1 #'%2%1,-#, 0%2(%')-
2)-F% (#10-/ $/'),-#, B#-3#6

H1 4%./-, 567a @% 91 :,+#'/' 5678 */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
$/ 3#1*%0,0# G),-0# 2%$E 3# 0-,G%$ K0-,G%$ (# 0%2( 3# 1),(0#L6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 567a *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 567aK,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 200_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% Z:OA G,(0 $# ,-# *#21%G%$,F%, $E 2,%
2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13 ,'.)-%02/' Z:O
3#$D0 ,'.)-%02/' *0,0%$^

BUPT



/0 (1 23(4546 71(678 76  9:47 24 9 ;45<4(=94 78;

 0

 2

 4

 6

 8

 10

 12

 14

 0  1000  2000  3000  4000  5000  6000  7000  8000

v
m

 [
m

/s
]

t [s]

(a)

Static
LTA

-10

 0

 10

 20

 30

 40

 50

 0  1000  2000  3000  4000  5000  6000  7000  8000

t e
 [
s
]

t [s]

(b)

Static
LTA

 0

 200

 400

 600

 800

 1000

 0  1000  2000  3000  4000  5000  6000  7000  8000

l c
 [
m

]

t [s]

(c)

static
LTA

4%./-, 5675< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2%$E
3# 0-,G%$ (#10-/ *$#1,-%/' 3# *%2/',-# 7

> 3%1 .-,G%$/' 567aK+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 75_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 567aK$L ,-,0E 3# ,*#2#1#, ) *$E3#-# , */2#% '/1.%2%')- $)&%')- 3#
,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-#A 3# ,(-),(# @,%&#$% 3# )-% 91 G,B),-#,
,'.)-%02/'/% Z:OA 3,0)-%0E G,(0/'/% $E ,'.)-%02/' (-)(/* -#3/$# $)1*%3#-,+%'
'/1.%2%'# $)&%')- 3# ,@0#(0,-# #'%2%1D13 0%2(%% 2)-F% 3# *#2,G)-6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 5678 *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' Z:O ,3/$# ) 92+/1E0EF%-# 3# 108_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 3236 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 2550_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 $)13%F%% 3# 0-,G%$ (# 0%2( 3# 1),(0# ,'.)-%02/' Z:O (-)(/*
*# $)2()-0E 2/'0 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6
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4%./-, 567a< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 0-,G%$ (# 0%2(
3# 1),(0# (#10-/ *$#1,-%/' 3# *%2/',-# 7

<%#,-*&!. $# D&"!.-*# LJ %),$&E&& $# ?*-A&% ,##%I&.&K*-?M H&?#'# "#$&& $#
D)D&*# %),D?-,?# +#,?*! -%#.-N& @*!+ $# #H#,&"#,?#

M)13%F%%'# 3# 0-,G%$ 1##$N%'%+-,0 */10 3#*#)-% 910D'1%0# 91 0-,G%$/' -/0%#- /-+,16 b1
2)3#' 3# 0-,G%$ 1##$N%'%+-,0 #*0# /1 2)3#' G),-0# ,(-),(# 3# -#,'%0,0#, 3%1 %10#-*#$F%%'#
*#2,G)-%&,0# ,'# &%'#')- 1),*0-#6 P#10/ *$#1,-%/' $/-#10A *0/3%%'# 3# $,& */10 (-#BE&/0#
$/ B%0#&# 2#3%% 3# *)*%-# $)1*0,10# (#10-/ ,$#',@% .-/( 3# #B#1%2#10# GiA %,-
3#1*%0EF%'# 3# 0-,G%$ 3%G#-E (#10-/ -#*0/' .-/(/-%')- 3# #B#1%2#10# Gj |j = 1, I, j 6= i6
J%2%',- $/ *$#1,-%/' ,10#-%)-A ,/ G)*0 ,'#*# (,0-/ *0/3%% 3# $,& +,&,0# (# 3%G#-%0# B,')-%
,'# 3#*%0EF%% 0-,G%$/'/%< 3#1*%0,0# 2,-# 3# 0-,G%$A 3#1*%0,0# 2#3%#A 3#1*%0,0# 2%$E @%
3#1*%0,0# 3# 0-,G%$ (# 0%2(/' 1)(F%%A $/ )+*#-B,F%, $E ', G%#$,-# *0/3%/ 3# $,& #C%*0E $#'
(/F%1 /1 .-/( 3# #B#1%2#10# , $E-/% 3#1*%0,0# 3# 0-,G%$ 3%G#-E 3# -#*0/' 3#1*%0EF%')-
3# 0-,G%$ 91 -#*(#$0%B, %10#-*#$F%#6 H1 $##, $# (-%B#@0# 2)3#',-#, $)&%')- 3# ,@0#(0,-#A
(-)$#*/' 3# *)*%-# , ,/0)B#N%$/'#')- #*0# 3# 0%( c,-d)B%,1 K*0)$N,*0%$LA %,- 2)3#'/'
.#1#-,' #*0# 3# 0%(/' M/G/16 X#*0-%$F%%'# @% *#0E-%'# *%2/',0)-/'/% (#10-/ ,$#*0 *$#1,-%/
3# *%2/',-# */10 /-2E0),-#'#<

> %10#-*#$F%# $/ (,0-/ *0-E&% K$/ ()*%+%'%0,0# 3# #C0%13#-#LA

> B%0#&#'# 3# ('#$,-# ,'# ,/0)B#N%$/'#')- ,/ B,')-% (-#*0,+%'%0# (#10-/ (-%2#'# $%$'/-%
3# *#2,G)-A

> ,.#10/' ')$,' B, 91BEF, $)10%1// @% B, ,$0/,'%&, B%0#&#'# 3# ('#$,-#A

BUPT
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:,+#'/' 5678< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 0-,G%$ (# 0%2( 3# 1),(0# (#10-/ *$#1,-%/'
3# *%2/',-# 7

J1 J2 J3

<?-?&% 5YY5 a5T] aT
7;6 ]]8Y YY8Y Y

> 2)1%0)-%&,-#, B,-%,+%'#')- @% , %13%$,0)-%')- 3# $,'%0,0# *# -#,'%&#,&E 3/(E 600 secA
0%2( */G%$%#10 @% 1#$#*,- (#10-/ %10-,-#, *%*0#2/'/% 3# $)13/$#-# 91 -#.%2 1)-2,'
3# G/1$F%)1,-#A

> tsim = 7200 sec ? 3/-,0, 3# *%2/',-#A

> tlim = 120 sec ? '%2%0, 2,C%2E 3# ,@0#(0,-# (#10-/ /1 (,-0%$%(,10 ', 0-,G%$ GE-E ,
(-%2% $/'),-#, B#-3#A

> tmax = 40 sec ? 3/-,0, 2,C%2E 3# B#-3# (#10-/ ) G,&E 3# *#2,G)-A

> tmin = 6 sec ? 3/-,0, 2%1%2E 3# B#-3# (#10-/ ) G,&E 3# *#2,G)-A

> lmax = 1000 m ? '/1.%2#, 2,C%2E , /1#% $)&% 3# ,@0#(0,-#6 ",$E '/1.%2#,
/1#% ,1/2%0# $)&% 3# ,@0#(0,-# 3#(E@#@0# ,$#*0 (-,.A *# B, $)1*%3#-, B,'),-#,
'/1.%2%% $)&%% 3# ,@0#(0,-# $, G%%13 lmaxA

> λi 6= λj , ∀i, j = 1, I, i 6= jA

> λ
(k)
i = λ

(p)
i ,∀k, p <= tsim, k 6= p ? B%0#&#'# 2#3%% 3# *)*%-# ,'# ,/0)B#N%$/'#')-

(#10-/ .-/(/' 3# #B#1%2#10# Gi */10 $)1*0,10# (# 0),0E (#-%),3, 3# *%2/',-#
K$/ ()*%+%'%0,0#, 3# , 2)3%G%$, ,$#*0# B,')-% ', G%#$,-# 2%1/0L6

H1 4%./-, 567; @% 91 :,+#'/' 5677 */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,& 91
$,-# 2,I)-%0,-#, .-/(/-%')- 3# #B#1%2#10# 3%1 %10#-*#$F%# ,/ 3#1*%0EF% 2,-% 3# 0-,G%$A
/1 *%1./- .-/( ,BD13 3#1*%0,0# 2%$E6 J0/3%%13 $-%0%$ B,-%,F%%'# 91 0%2( ,'# %#@%-%')- 3#
,(-#$%#-# 3%1 4%./-, 567; *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 567;K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 30_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% Z:OA G,(0 $# ,-# *#21%G%$,F%, $E 2,%
2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13 ,'.)-%02/' Z:O
3#$D0 ,'.)-%02/' *0,0%$6 "# ,*#2#1#, *# (),0# )+*#-B, $E B,')-%'# B,-%,+%'#% vm

)*$%'#,&E $/ ,2('%0/3%1# 3# ,(-)C%2,0%B 2.3 m/s 91 $,&/' ,'.)-%02/'/% Z:O @% $/
,(-)C%2,0%B 6 m/s 91 $,&/' ,'.)-%02/'/% *0,0%$^

> 3%1 .-,G%$/' 567;K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 25_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 567;K$L ,-,0E $E */2#'# '/1.%2%')- $)&%')- 3# ,@0#(0,-# 3/(E 0#-2%1,-#,
G%#$E-#% G,&# 3# *#2,G)- */10 %3#10%$# (#10-/ $#'# 3)/E *)'/F%% 3# $)13/$#-#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 5677 *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' Z:O ,3/$# ) 92+/1E0EF%-# 3# 16_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 861 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 3_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6
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static
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4%./-, 567;< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0#
2,I)-%0,-E 2,-# 3# 0-,G%$ 1##$N%'%+-,0 K/1 .-/( $/ 3#1*%0,0# 2%$EL (#10-/ *$#1,-%/' 3#
*%2/',-# Y

M)1$'/&%)1E2 $E 91 91 $)13%F%% 3# 3#1*%0,0# 2,I)-%0,-E 2,-# 3# 0-,G%$
1##$N%'%+-,0 @% /1 *%1./- .-/( $/ 3#1*%0,0# 2%$EA ,'.)-%02/' Z:O (-)(/* *# $)2()-0E
2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6

H1 4%./-, 567[ @% 91 :,+#'/' 567Y */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,& 91
$,-# 2,I)-%0,-#, .-/(/-%')- 3# #B#1%2#10# 3%1 %10#-*#$F%# ,/ 3#1*%0EF% 2#3%% 3# 0-,G%$A
/1 *%1./- .-/( ,BD13 3#1*%0,0# 2,-#6 J0/3%%13 $-%0%$ B,-%,F%%'# 91 0%2( ,'# %#@%-%')- 3#
,(-#$%#-# 3%1 4%./-, 567[ *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 567[K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 8_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% Z:OA G,(0 $# ,-# *#21%G%$,F%, $E 2,%
2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13 ,'.)-%02/' Z:O
3#$D0 ,'.)-%02/' *0,0%$6 "# ,*#2#1#, *# (),0# )+*#-B, $E B,')-%'# B,-%,+%'#% vm

)*$%'#,&E $/ ,2('%0/3%1# 3# ,(-)C%2,0%B 2.24 m/s 91 $,&/' ,'.)-%02/'/% Z:O @% $/
,(-)C%2,0%B 3.6 m/s 91 $,&/' ,'.)-%02/'/% *0,0%$^

> 3%1 .-,G%$/' 567[K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 25_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 567[K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# 2,% 2,-# 3# 700_ , */2#%
'/1.%2%')- $)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/%
*0,0%$A ,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6
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:,+#'/' 5677< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2,I)-%0,-E 2,-# 3# 0-,G%$
1##$N%'%+-,0 K/1 .-/( $/ 3#1*%0,0# 2%$EL (#10-/ *$#1,-%/' 3# *%2/',-# Y

J1 J2 J3

<?-?&% aY57; ];7 T;5Y
7;6 ;8`T8 8 TaTa

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 567Y *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' Z:O ,3/$# ) 92+/1E0EF%-# 3# 15_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 1354 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 574_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 91 $)13%F%% 3# 3#1*%0,0# 2,I)-%0,-E 2#3%# 3# 0-,G%$
1##$N%'%+-,0 @% /1 *%1./- .-/( $/ 3#1*%0,0# 2,-#A ,'.)-%02/' Z:O (-)(/* *# $)2()-0E
2/'0 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6

 0

 2

 4

 6

 8

 10

 12

 14

 0  1000  2000  3000  4000  5000  6000  7000  8000

v
m

 [
m

/s
]

t [s]

(a)

Static
LTA

-10

 0

 10

 20

 30

 40

 50

 0  1000  2000  3000  4000  5000  6000  7000  8000

t e
 [
s
]

t [s]

(b)

Static
LTA

 0

 1000

 2000

 3000

 4000

 5000

 0  1000  2000  3000  4000  5000  6000  7000  8000

l c
 [
m

]

t [s]

(c)

static
LTA

4%./-, 567[< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0#
2,I)-%0,-E 2#3%# 3# 0-,G%$ 1##$N%'%+-,0 K/1 .-/( $/ 3#1*%0,0# 2,-#L (#10-/ *$#1,-%/' 3#
*%2/',-# Y

H1 4%./-, 567] @% 91 :,+#'/' 567T */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,& 91
$,-# 2,I)-%0,-#, .-/(/-%')- 3# #B#1%2#10# 3%1 %10#-*#$F%# ,/ 3#1*%0EF% 2#3%% 3# 0-,G%$A
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777 /0> <?!$&& $# %-' .#@-?# $# %),$!%#*#- ?*-A&%!.!& *!?&#*

:,+#'/' 567Y< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2,I)-%0,-E 2#3%# 3# 0-,G%$
1##$N%'%+-,0 K/1 .-/( $/ 3#1*%0,0# 2,-#L (#10-/ *$#1,-%/' 3# *%2/',-# Y

J1 J2 J3

<?-?&% 5;a88 7Ta5 T7`[
7;6 aT]Y; 8 5[5

/1 *%1./- .-/( ,BD13 3#1*%0,0# 2%$E6 J0/3%%13 $-%0%$ B,-%,F%%'# 91 0%2( ,'# %#@%-%')- 3#
,(-#$%#-# 3%1 4%./-, 567] *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 567]K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 15_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% Z:OA G,(0 $# ,-# *#21%G%$,F%, $E 2,%
2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13 ,'.)-%02/' Z:O
3#$D0 ,'.)-%02/' *0,0%$6 "# ,*#2#1#, *# (),0# )+*#-B, $E B,')-%'# B,-%,+%'#% vm

)*$%'#,&E $/ ,2('%0/3%1# 3# ,(-)C%2,0%B 1.26 m/s 91 $,&/' ,'.)-%02/'/% Z:O @% $/
,(-)C%2,0%B 4.8 m/s 91 $,&/' ,'.)-%02/'/% *0,0%$^

> 3%1 .-,G%$/' 567]K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 37.5_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 567]K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# 3# 150_ , */2#% '/1.%2%')- $)&%')-
3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/% *0,0%$A ,'.)-%02/'
Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 567T *# )+*#-BE /-2E0),-#'#<

> ,2+#'# *)'/F%% .)'#*$ $)&%'# 3# ,@0#(0,-# 91 ,$#',@% -%02A

> ,'.)-%02/' Z:O -#3/$# $/ 1930 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 165_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 91 $)13%F%% 3# 3#1*%0,0# 2,I)-%0,-E 2#3%# 3# 0-,G%$
1##$N%'%+-,0 @% /1 *%1./- .-/( $/ 3#1*%0,0# 2%$EA ,'.)-%02/' Z:O (-)(/* *# $)2()-0E
2/'0 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6

:,+#'/' 567T< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2,I)-%0,-E 2#3%# 3# 0-,G%$
1##$N%'%+-,0 K/1 .-/( $/ 3#1*%0,0# 2%$EL (#10-/ *$#1,-%/' 3# *%2/',-# Y

J1 J2 J3

<?-?&% T`a]] 7`T8 aT8
7;6 T`T5Y 8 Y88

H1 4%./-, 567` @% 91 :,+#'/' 5675 */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,& 91
$,-# 2,I)-%0,-#, .-/(/-%')- 3# #B#1%2#10# 3%1 %10#-*#$F%# ,/ 3#1*%0EF% 2%$% 3# 0-,G%$A
/1 *%1./- .-/( ,BD13 3#1*%0,0# 2,-#6 J0/3%%13 $-%0%$ B,-%,F%%'# 91 0%2( ,'# %#@%-%')- 3#
,(-#$%#-# 3%1 4%./-, 567` *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 567`K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 5_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% *0,0%$A G,(0 $# ,-# *#21%G%$,F%, $E 2,%
2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13 ,'.)-%02/' *0,0%$
3#$D0 ,'.)-%02/' Z:O6 "# ,*#2#1#, *# (),0# )+*#-B, $E B,')-%'# B,-%,+%'#% vm

)*$%'#,&E $/ ,2('%0/3%1# 3# ,(-)C%2,0%B 2.65 m/s 91 $,&/' ,'.)-%02/'/% Z:O @% $/
,(-)C%2,0%B 6.6 m/s 91 $,&/' ,'.)-%02/'/% *0,0%$^
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4%./-, 567]< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0#
2,I)-%0,-E 2#3%# 3# 0-,G%$ 1##$N%'%+-,0 K/1 .-/( $/ 3#1*%0,0# 2%$EL (#10-/ *$#1,-%/' 3#
*%2/',-# Y

> 3%1 .-,G%$/' 567`K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 25_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 567`K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# 2,% 2,-# 3# 1900_ , */2#%
'/1.%2%')- $)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/%
*0,0%$A ,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 5675 *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' Z:O ,3/$# ) 92+/1E0EF%-# 3# 21_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 2562 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 1680_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 91 $)13%F%% 3# 3#1*%0,0# 2,I)-%0,-E 2%$E 3# 0-,G%$
1##$N%'%+-,0 @% /1 *%1./- .-/( $/ 3#1*%0,0# 2,-#A ,'.)-%02/' Z:O (-)(/* *# $)2()-0E
2/'0 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6

BUPT
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static
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4%./-, 567`< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0#
2,I)-%0,-E 2%$E 3# 0-,G%$ 1##$N%'%+-,0 K/1 .-/( $/ 3#1*%0,0# 2,-#L (#10-/ *$#1,-%/' 3#
*%2/',-# Y

:,+#'/' 5675< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2,I)-%0,-E 2%$E 3# 0-,G%$
1##$N%'%+-,0 K/1 .-/( $/ 3#1*%0,0# 2,-#L (#10-/ *$#1,-%/' 3# *%2/',-# Y

J1 J2 J3

<?-?&% TY885 Ya;Y T77`
7;6 T]`T5 8 7[a

<%#,-*&!. $# D&"!.-*# OJ %),$&E&& $# ?*-A&% ,##%I&.&K*-?M H&?#'# "#$&& $#
D)D&*# H-*&-K&.# +#,?*! -%#.-N& @*!+ $# #H#,&"#,?#

H1 ,$#*0 */+$,(%0)' #*0# (-#&#10,0 $)2()-0,2#10/' *%*0#2/'/% 3# 0-,1*()-0
91 /-2, /0%'%&E-%% ,'.)-%02/'/% 3# $)13/$#-# Z:O 91 $)13%F%% 3# 0-,G%$ 1##$N%'%+-,0A
3#1*%0EF%'# 3# 0-,G%$ (#10-/ *0-E&%'# $,-# %10-E 91 %10#-*#$F%# ,/ B,')-% 3%G#-%0#A %,- B%0#&#'#
2#3%% 3# *)*%-# B,-%,&E 910-# ,1/2%0# '%2%0# (#10-/ ,$#',@% .-/( 3# #B#1%2#10#6 M, @%
91 */+$,(%0)'/' ,10#-%)-A '#.,0 3# 2)3#',-#, $)&%')- 3# ,@0#(0,-#A (-)$#*/' 3# *)*%-# ,
,/0)B#N%$/'#')- #*0# 3# 0%( c,-d)B%,1 K*0)$N,*0%$LA %,- 2)3#'/' .#1#-,' #*0# 3# 0%(/'
M/G/16 X#*0-%$F%%'# @% *#0E-%'# *%2/',0)-/'/% (#10-/ ,$#*0 *$#1,-%/ 3# *%2/',-# */10
/-2E0),-#'#<

> %10#-*#$F%# $/ (,0-/ *0-E&% K$/ ()*%+%'%0,0# 3# #C0%13#-#LA

> B%0#&#'# 3# ('#$,-# ,'# ,/0)B#N%$/'#')- ,/ B,')-% (-#*0,+%'%0# (#10-/ (-%2#'# $%$'/-%

BUPT
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3# *#2,G)-A

> ,.#10/' ')$,' B, 91BEF, $)10%1// @% B, ,$0/,'%&, B%0#&#'# 2#3%% 3# ('#$,-#A

> 2)1%0)-%&,-#, B,-%,+%'#')- @% , %13%$,0)-%')- 3# $,'%0,0# *# -#,'%&#,&E 3/(E 600 secA
0%2( */G%$%#10 @% 1#$#*,- (#10-/ %10-,-#, *%*0#2/'/% 3# $)13/$#-# 91 -#.%2 1)-2,'
3# G/1$F%)1,-#A

> tsim = 7200 sec ? 3/-,0, 3# *%2/',-#A

> tlim = 120 sec ? '%2%0, 2,C%2E 3# ,@0#(0,-# (#10-/ /1 (,-0%$%(,10 ', 0-,G%$ GE-E ,
(-%2% $/'),-#, B#-3#A

> tmax = 40 sec ? 3/-,0, 2,C%2E 3# B#-3# (#10-/ ) G,&E 3# *#2,G)-A

> tmin = 6 sec ? 3/-,0, 2%1%2E 3# B#-3# (#10-/ ) G,&E 3# *#2,G)-A

> lmax = 1000 m ? '/1.%2#, 2,C%2E , /1#% $)&% 3# ,@0#(0,-#6 ",$E '/1.%2#,
/1#% ,1/2%0# $)&% 3# ,@0#(0,-# 3#(E@#@0# ,$#*0 (-,.A *# B, $)1*%3#-, B,'),-#,
'/1.%2%% $)&%% 3# ,@0#(0,-# $, G%%13 lmaxA

> λi 6= λj , ∀i, j = 1, I, i 6= jA

> λ
(k)
i 6= λ

(p)
i ,∀k, p <= tsim, k 6= p ? B%0#&#'# 2#3%% 3# *)*%-# ,'# ,/0)B#N%$/'#')- (#10-/

.-/(/' 3# #B#1%2#10# Gi */10 B,-%,+%'# (# 0),0E (#-%),3, 3# *%2/',-#6

H1 4%./-, 56Y8 @% 91 :,+#'/' 567a */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,& 91
$,-# 0),0# .-/(/-%'# 3# #B#1%2#10# 3%1 %10#-*#$F%# ,/ 3#1*%0EF% 2%$% 3# 0-,G%$A B,')-%'#
B%0#&#')- 2#3%% 3# *)*%-# *$N%2+D13/?*# *0)N,*0%$ ', G%#$,-# 2%1/0 (# 0),0E (#-%),3,
*%2/'E-%%6 J0/3%%13 $-%0%$ B,-%,F%%'# 91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 56Y8 *#
()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 56Y8K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 3_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% Z:OA G,(0 $# ,-# *#21%G%$,F%, $E 2,%
2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13 ,'.)-%02/' Z:O
3#$D0 ,'.)-%02/' *0,0%$6 "# ,*#2#1#, *# (),0# )+*#-B, $E B,')-%'# B,-%,+%'#% vm

)*$%'#,&E $/ ,2('%0/3%1# 3# ,(-)C%2,0%B 1 m/s 91 $,&/' ,'.)-%02/'/% Z:O @% $/
,(-)C%2,0%B 3 m/s 91 $,&/' ,'.)-%02/'/% *0,0%$^

> 3%1 .-,G%$/' 56Y8K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 43_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 56Y8K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# 2,% 2,-# 3# 400_ , */2#%
'/1.%2%')- $)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/%
*0,0%$A ,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 567a *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' *0,0%$ #*0# $/ 4_ 2,% (#-G)-2,10E 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 2991 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 423_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

BUPT
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4%./-, 56Y8< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2%$E
3# 0-,G%$ 1##$N%'%+-,0 (#10-/ *$#1,-%/' 3# *%2/',-# T

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (/F%1 */+ B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2/'0 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6

H1 4%./-, 56Y7 @% 91 :,+#'/' 567; */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,& 91
$,-# 0),0# .-/(/-%'# 3# #B#1%2#10# 3%1 %10#-*#$F%# ,/ 3#1*%0EF% 2#3%% 3# 0-,G%$A B,')-%'#
B%0#&#')- 2#3%% 3# *)*%-# *$N%2+D13/?*# *0)N,*0%$ ', G%#$,-# 2%1/0 (# 0),0E (#-%),3,
*%2/'E-%%6 J0/3%%13 $-%0%$ B,-%,F%%'# 91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 56Y7 *#
()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 56Y7K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 3_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% Z:OA G,(0 $# ,-# *#21%G%$,F%, $E 2,%
2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13 ,'.)-%02/' Z:O
3#$D0 ,'.)-%02/' *0,0%$6 "# ,*#2#1#, *# (),0# )+*#-B, $E B,')-%'# B,-%,+%'#% vm

)*$%'#,&E $/ ,2('%0/3%1# 3# ,(-)C%2,0%B 1.15 m/s 91 $,&/' ,'.)-%02/'/% Z:O @% $/
,(-)C%2,0%B 2.7 m/s 91 $,&/' ,'.)-%02/'/% *0,0%$^

> 3%1 .-,G%$/' 56Y7K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 10_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 56Y7K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# 2,% 2,-# 3# 45_ , */2#%
'/1.%2%')- $)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/%
*0,0%$A ,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

BUPT
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:,+#'/' 567a< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2%$E 3# 0-,G%$ 1##$N%'%+-,0 (#10-/
*$#1,-%/' 3# *%2/',-# T

J1 J2 J3

<?-?&% Y;]a; Y``7 Ta;
7;6 Ya[78 8 ;]

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 567; *# )+*#-BE /-2E0),-#'#<

> ,2+#'# *)'/F%% .)'#*$ $)&%'# 3# ,@0#(0,-# 91 ,$#',@% -%02A

> ,'.)-%02/' Z:O -#3/$# $/ 619 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 46_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (/F%1 */+ B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2/'0 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6
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4%./-, 56Y7< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2#3%#
3# 0-,G%$ 1##$N%'%+-,0 (#10-/ *$#1,-%/' 3# *%2/',-# T

H1 4%./-, 56YY @% 91 :,+#'/' 567[ */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,& 91
$,-# 0),0# .-/(/-%'# 3# #B#1%2#10# 3%1 %10#-*#$F%# ,/ 3%G#-%0# 3#1*%0EF% 3# 0-,G%$ K3# ',
$)13%F%% 3# 0-,G%$ */+*,0/-,0 (D1E ', $)13%F%% 3# 0-,G%$ */(-,*,0/-,0LA B,')-%'# B%0#&#')-

BUPT



77[ /0> <?!$&& $# %-' .#@-?# $# %),$!%#*#- ?*-A&%!.!& *!?&#*

:,+#'/' 567;< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2#3%# 3# 0-,G%$ 1##$N%'%+-,0 (#10-/
*$#1,-%/' 3# *%2/',-# T

J1 J2 J3

<?-?&% aaTY8 ;7` [5Y
7;6 a5]]Y 8 a8;

2#3%% 3# *)*%-# *$N%2+D13/?*# *0)N,*0%$ ', G%#$,-# 2%1/0 (# 0),0E (#-%),3, *%2/'E-%%6
J0/3%%13 $-%0%$ B,-%,F%%'# 91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 56YY *# ()0 G,$#
/-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 56YYK,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 11_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% Z:OA G,(0 $# ,-# *#21%G%$,F%, $E 2,%
2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13 ,'.)-%02/' Z:O
3#$D0 ,'.)-%02/' *0,0%$6 "# ,*#2#1#, *# (),0# )+*#-B, $E B,')-%'# B,-%,+%'#% vm

)*$%'#,&E $/ ,2('%0/3%1# 3# ,(-)C%2,0%B 1.9 m/s 91 $,&/' ,'.)-%02/'/% Z:O @% $/
,(-)C%2,0%B 3.6 m/s 91 $,&/' ,'.)-%02/'/% *0,0%$^

> 3%1 .-,G%$/' 56YYK+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 18_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 56YYK$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# 2,% 2,-# 3# 75_ , */2#%
'/1.%2%')- $)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/%
*0,0%$A ,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 567[ *# )+*#-BE /-2E0),-#'#<

> ,2+#'# *)'/F%% .)'#*$ $)&%'# 3# ,@0#(0,-# 91 ,$#',@% -%02A

> ,'.)-%02/' Z:O -#3/$# $/ 785 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 81_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (#*0# B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2/'0 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6

:,+#'/' 567[< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 3%G#-%0E 3# 0-,G%$ 1##$N%'%+-,0
(#10-/ *$#1,-%/' 3# *%2/',-# T

J1 J2 J3

<?-?&% aTTY] []a ]a;
7;6 aTY`Y 8 5[7

BUPT
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4%./-, 56YY< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 3%G#-%0E
3# 0-,G%$ 1##$N%'%+-,0 (#10-/ *$#1,-%/' 3# *%2/',-# T

BUPT



77` /0> <?!$&& $# %-' .#@-?# $# %),$!%#*#- ?*-A&%!.!& *!?&#*

/0>0L0 <?!$&& $# %-' .#@-?# $# %),$!%#*#- ?*-A&%!.!& *!?&#* .- ,&H#.!.
-!?)H#I&%!.#.)* N& +&#?),&.)*

H1 ,$#*0 */+$,(%0)'A ,'E0/-% 3# 3,0#'# 3# 0-,G%$ '#.,0# 3# ,/0)B#N%$/'#A *%*0#2/'
3# 3#0#$F%# B, (-)3/$# @% 3,0# (-%B%13 (%#0)1%%A %,- ,'.)-%02/' 3# $)13/$#-# (-)(/* B,
'/, 91 $)1*%3#-,-# @% %1G)-2,F%%'# 91 0%2( -#,' '#.,0# 3# 1/2E-/' 3# (%#0)1% ,G',F% 91
,@0#(0,-#, 0-,B#-*E-%% %10#-*#$F%#%6 H1 ,$#*0 *#1* *?, ,3E/.,0 ) 1)/E G,&E 3# *#2,G)-
(#10-/ (%#0)1%6 "/(E $/2 *# B, ,-E0, 91 $)10%1/,-#A 2,-#'# ,B,10,I ,' $)13/$#-%%
*#2,G),-#')- 910-?) %10#-*#$F%# F%1D13 *#,2, 3# (-#&#1F, (%#0)1%')- #*0# ,$#', 3# ,
(/0#, *#-B% ', 1#B)%# /1 1/2E- $)1*%3#-,+%' 3# (%#0)1% 91 ,@0#(0,-#6 H1 &)1#'# /-+,1#
$#10-,'# #C%*0E )-# 3# BD-G ', $,-# ),2#1%% ('#,$E *,/ B%1 3# ', *#-B%$% *,/ %#* 91 (,/&,
3# 2,*EA 2)2#10 91 $,-# %10#-*#$F%%'# 3%1 &)1, -#*(#$0%BE *# ,.')2#-#,&E $/ (%#0)1%6
e*0# #*#1F%,' ,*0G#' , *# F%1# *#,2, @% 3# (%#0)1% 91 $)13/$#-#, 0-,G%$/'/% -/0%#- 910-?)
%10#-*#$F%# @% , *0,+%'% 0%2(%% 3# *#2,G)- 91 G/1$F%# @% 3# 1/2E-/' (%#0)1%')- 91 ,@0#(0,-#6

H1 2,I)-%0,0#, %10#-*#$F%%')- *%2('#A $)13/$#-#, *0,0%$E , *#2,G),-#')-
*/(-,(/1# (# ,$##,@% G,&E 3# *#2,G)- #B#1%2#10# 3# 0-,G%$ ,'# ,/0)B#N%$/'#')- $/
#B#1%2#10# 3# 0-,G%$ ,'# (%#0)1%')-A GE-E , *# F%1# *#,2, 3# G,(0/' $E ,$#*0# #B#1%2#10#
*# %10#-*#$0#,&E -#$%(-)$6 P#10-/ , (/0#, $)2(,-, ,'.)-%02/' 3# $)13/$#-# (-)(/*
B)2 '/, 91 $)1*%3#-,-# ) *)'/F%# 3# $)13/$#-# *0,0%$E 3# 0%( V*('%0 $W$'#V 92+/1E0EF%0E
(-%1 ,3E/.,-#, /1#% G,&# 3# *#2,G)- (#10-/ (%#0)1% $,-# *E 1/ *# %10#-*#$0#&# $/ 1%$%
/1 ,'0 #B#1%2#10 3# 0-,G%$6 "/(E $/2 *?, *(#$%G%$,0 @% ', 91$#(/0/' $,(%0)'/'/%A *%2/'E-%'#
$)2()-0,2#10/'/% *%*0#2/'/% 3# 0-,1*()-0 91 /-2, /0%'%&E-%% ,2+#')- *)'/F%% K(-)(/*E @%
*0,0%$EL ,/ G)*0 -#,'%&,0# (#10-/ ) %10#-*#$F%# *%2('E $/ (,0-/ *0-E&% $,-# %10-E @% %#* 3%1
%10#-*#$F%#6 X#*0-%$F%%'# @% *#0E-%'# *%2/',0)-/'/% (#10-/ *0/3%%'# 3# $,& $# B)- G% 3#*$-%*#
91 $)10%1/,-# *# -#&/2E ', /-2E0),-#'#<

> %10#-*#$F%# $/ (,0-/ *0-E&% K$/ ()*%+%'%0,0# 3# #C0%13#-#LA

> (-%)-%0,0# %3#10%$E (#10-/ (%#0)1% @% (#10-/ ,/0)B#N%$/'# K1/ #*0# ,B,10,I,0 0-,G%$/'
,/0)B#N%$/'#')-LA

> tsim = 7200 sec ? 3/-,0, 3# *%2/',-#A

> tlim = 160 sec ? '%2%0, 2,C%2E 3# ,@0#(0,-# (#10-/ /1 (,-0%$%(,10 ', 0-,G%$ GE-E ,
(-%2% $/'),-#, B#-3#A

> tmax = 40 sec ? 3/-,0, 2,C%2E 3# B#-3# (#10-/ ) G,&E 3# *#2,G)-A

> tmin = 6 sec ? 3/-,0, 2%1%2E 3# B#-3# (#10-/ ) G,&E 3# *#2,G)-A

> lmax = 1000 m ? '/1.%2#, 2,C%2E , /1#% $)&% 3# ,@0#(0,-#6 ",$E '/1.%2#,
/1#% ,1/2%0# $)&% 3# ,@0#(0,-# 3#(E@#@0# ,$#*0 (-,.A *# B, $)1*%3#-, B,'),-#,
'/1.%2%% $)&%% 3# ,@0#(0,-# $, G%%13 lmaxA

> ϕi(k) 6= ϕj(k+1), ? 1/2E-/' 3# (%#0)1% $,-# ,I/1. 91 $)&%'# 3# ,@0#(0,-# ,'# .-/(/'/%
iA 91 %10#-B,'/' 3# 0%2( [tk, tk+1) #*0# 3%G#-%0 3# 1/2E-/' 3# (%#0)1% $,-# ,I/1. 91
%10#-B,'/' 3# 0%2( [tk+1, tk+2)A

> λi
∼= λj , ∀i, j = 1, I, i 6= jA

> λ
(k)
i = λ

(p)
i ,∀k, p <= tsim, k 6= p ? B%0#&#'# 2#3%% 3# *)*%-# ,'# ,/0)B#N%$/'#')-

(#10-/ .-/(/' 3# #B#1%2#10# Gi */10 $)1*0,10# (# 0),0E (#-%),3, 3# *%2/',-#
K$/ ()*%+%'%0,0#, 3# , 2)3%G%$, ,$#*0# B,')-% ', G%#$,-# 2%1/0LA

> ,$#',@% *#0 3# 3,0# 3# 0-,G%$ ,/ G)*0 /0%'%&,0# 91 *%2/',-#, (# ) (#-%),3E 3# Y )-#
, $)2()-0,2#10/'/% *%*0#2/'/% 3# 0-,1*()-0 91 /-2, /0%'%&E-%% ,0D0 , ,'.)-%02/'/%
Z:OA $D0 @% , ,'.)-%02/'/% *0,0%$6

BUPT
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<%#,-*&!. $# D&"!.-*# GJ $#,D&?-?# "-*# $# ?*-A&% #%I&.&K*-? -.
-!?)H#I&%!.#.)*M $&A#*&?# *-?# $# D)D&*# -.# +&#?),&.)*
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P-%1 %10#-*#$F%# $)2('#CE *# 91F#'#.# ) %10#-*#$F%# 91 $,-# #B#1%2#10#'#
3# 0-,G%$ #C%*0#10# */10 .-/(,0# 3/(E ,1/2%0# (-%1$%(%% 3# G'/%3%&,-#A *%1./-,
$)13%F%# 1#$#*,-E G%%13 $, )-%$,-# 3)/E #B#1%2#10# 3%1 ,$#',@% .-/( *E 1/ *#
%10#-*#$0#&# -#$%(-)$6 b1 #C#2('/ 3# %10#-*#$F%# $)2('#CE (-%1 #B%3#1F%#-#, .-,G%$E ,
#B#1%2#10#')- 3# 0-,G%$ ,(,-F%1E0),-# ,$#'/%,@% .-/( #*0# (-#&#10,0 91 4%./-, 56TY6

4%./-, 56TY< !10#-*#$F%# $)2('#CE

P#10-/ , 3)B#3% /0%'%0,0#, ,'.)-%02/'/% 3# $)13/$#-# (-)(/* 91 *%0/,F%% -#,'#
3# 0-,G%$A ,/ G)*0 2)3#',0# $%1$% %10#-*#$F%% $)2('#C# 3%10-?) &)1E $#10-,'E , )-,@/'/%
:%2%@),-,A ,('%$D13/?*# (-%1 *%2/',-# ,0D0 ,'.)-%02/' 3# $)13/$#-# *0,0%$E 3# 0%( V*('%0
$W$'#VA /0%'%&,0E $/-#10 K3,$E %10#-*#$F%, #*0# 3#I, *#2,G)-%&,0ELA $D0 @% ,'.)-%02/'
(-)(/*6 cE*/-E0)-%'# 3# 0-,G%$ -#,'%&,0# 91 ,2+#'# $,&/-% B)- G% /0%'%&,0# 91 #',+)-,-#,
/1/% *0/3%/ $)2(,-,0%B6 "# ,*#2#1#, *# B)- */+'%1%, ,B,10,I#'# /0%'%&E-%% ,'.)-%02/'/%
3# $)13/$#-# 91 0%2( -#,' (-)(/* @% 92+/1E0EF%-%'# (# $,-# ,$#*0, '#?,- (/0#, ,3/$#
*)'/F%#% 3# $)13/$#-# $/-#10 /0%'%&,0# *,/ %10-)3/$#-%% *#2,G)-%&E-%% 91 %10#-*#$F%%'#
1#*#2,G)-%&,0#6 f *$N%FE , &)1#% 91 $,-# *# ,G'E %10#-*#$F%%'# 2)1%0)-%&,0# *# .E*#@0#
91 4%./-, 56TT6

J0/3%%'# 3# $,& (-#&#10,0# 91 $)10%1/,-# */10 $,-,$0#-%&,0# 3# /-2E0),-#'#
3#0,'%% 3# 0-,G%$<

> M)13%F%% 3# 0-,G%$ 1##$N%'%+-,0A 3%G#-%0# 3#1*%0EF% ,'# 0-,G%$/'/% 91 G/1$F%# 3# G/*/'
)-,-A

BUPT



7TT /0P (),$!%#*#- D#"-A)*&'F*&& B, '),- %#,?*-.F - )*-N!.!& ;&"&N)-*-

> U%0#&#'# 2#3%% 3# *)*%-# ,'# ,/0)B#N%$/'#')- */10 B,-%,+%'# (#10-/ ,$#',@% .-/( 3#
#B#1%2#10#A

> U%0#&#'# 2#3%% 3# ('#$,-# ,'# ,/0)B#N%$/'#')- ,/ B,')-% (-#*0,+%'%0# (#10-/ (-%2#'#
$%$'/-% 3# *#2,G)-A ,.#10/' ')$,' B, 91BEF, $)10%1// @% B, ,$0/,'%&, ,$#*0# B,')-%6

4%./-, 56TT< J$N%F, &)1#% $#10-,'#

/0P0G0 9,?#*D#%E&- ,!"F*!. G

!10#-*#$F%, 1/2E-/' 7 ,-# *0-/$0/-, (-#&#10,0E 91 4%./-, 56T56
!10#-*#$F%, #*0# *#2,G)-%&,0EA %,- ,'.)-%02/' 3# $)13/$#-# *0,0%$E $/-#10

/0%'%&,0 ,-# /-2E0),-#'# (-)(-%#0EF%<

BUPT
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4%./-, 56T5< J$N%F, %10#-*#$F%#% 1-6 7

> /1 $%$'/ 3# *#2,G)- #*0# G)-2,0 3%1 (,0-/ G,&#A $D0# /1, (#10-/ G%#$,-# *0-,3E
$,-# %10-E 91 %10#-*#$F%#A

> */$$#*%/1#, G,&#')- #*0# +%1# *0,+%'%0E @% #*0# ,$##,@% (#10-/ G%#$,-# $%$'/ 3#
*#2,G)-A

> /1 #B#1%2#10 3# 0-,G%$ ,-# (-#*#0,0 ,$#',@% 1/2E- 3# *#$/13# (#10-/ $/'),-#,
B#-3# @% ,$#',@% 1/2E- 3# *#$/13# (#10-/ $/'),-#, -)@%# , *#2,G)-/'/%A %13%G#-#10
3# G/*/' )-,- *,/ 3# $)13%F%%'# 3# 0-,G%$A

> #B#1%2#10#'# 3# 0-,G%$ ,'# ,/0)B#N%$/'#')- *# %10#-*#$0#,&E $/ #B#1%2#10#'# 3#
0-,G%$ ,'# (%#0)1%')-A (%#0)1%% ,BD13 (-%)-%0,0#6

H2(E-F%-#, ,$0/,'E , #B#1%2#10#')- 3# 0-,G%$ (# .-/(/-% 3# #B#1%2#10# ,*)$%,0#
G%#$E-#% G,&# 3# *#2,G)-A $)1G)-2 1)0,F%%')- 3%1 4%./-, 56T5 @% 0%2(%% 3# B#-3# ,G#-#1F%
*/10 (-#&#10,F% 91 $)10%1/,-#<

> G1 = {IN1OUT2, IN1OUT3, IN1OUT4, C4} ? B#-3# g TT *#$6

> G2 = {IN2OUT3, IN1OUT4, IN1OUT1, C1} ? B#-3# g 7` *#$6

> G3 = {IN3OUT4, IN3OUT1, IN4OUT2, C2} ? B#-3# g Y7 *#$6

> G4 = {IN4OUT1, IN4OUT2, IN4OUT3, C3} ? B#-3# g Y7 *#$6

"%1 ,$#,*0E 92(E-F%-# , #B#1%2#10#')- 3# 0-,G%$ *# )+*#-BE $E (#10-/ 0),0#
G,&#'# 3# *#2,G)-A ,/0)B#N%$/'#'# $,-# B%-#,&E ', 3-#,(0, 91 %10#-*#$F%# B)- G% 1#B)%0#
*E $#3#&# 0-#$#-#, (%#0)1%')- $,-# */10 ,1.,I,F% 91 0-,B#-*,-#, *0-E&%% (# $,-# ,$#*0#,

BUPT



7Ta /0P (),$!%#*#- D#"-A)*&'F*&& B, '),- %#,?*-.F - )*-N!.!& ;&"&N)-*-

/-2#,&E *E %10-#6 O$#*0 G,(0 -%3%$E ) (-)+'#2E *#-%),*E 91 *%0/,F%%'# 91 $,-# 1/2E-/' 3#
(%#0)1% #*0# 2,-#A ,/0)B#N%$/'#'# $,-# B%-#,&E ', 3-#,(0, +#1#G%$%%13 3),- 3# $D0#B,
*#$/13# 3# (-%)-%0,0#6

H1 G/1$F%# 3# 1#$#*%0EF%%'# @% (,-0%$/',-%0EF%'# G%#$E-#% %10#-*#$F%%A #B#1%2#10#'#
3# 0-,G%$ ()0 G% .-/(,0# 91 1#1/2E-,0# 2)3/-%6 P#10-/ %10#-*#$F%, 3# G,FE *?, )(0,0
(#10-/ ) .-/(,-# ,*#2E1E0),-# $#'#% ,$0/,'#A 3/(E (-%1$%(%/' G%#$,-# *0-,3E $,-# %10-E
91 %10#-*#$F%# #*0# *#-B%0E 91 0)0,'%0,0#6 H2(E-F%-#, (-)(/*E , #B#1%2#10#')- 91 .-/(/-%
#*0# /-2E0),-#,<

> G1 = {IN1OUT2, IN1OUT3, IN1OUT4, IN2OUT1}A

> G2 = {IN2OUT3, IN1OUT4, IN1OUT1, IN3OUT2}A

> G3 = {IN3OUT4, IN3OUT1, IN4OUT2, IN4OUT3}A

> G4 = {IN4OUT1, IN4OUT2, IN4OUT3, IN1OUT4}A

> G5 = {C1, C2, C3, C4}6

H1 B#3#-#, #B%0E-%% %10#-*#$0E-%')- 910-# #B#1%2#10#'# 3# 0-,G%$ *?, ,3E/.,0 )
1)/E G,&E 3# *#2,G)- 3),- (#10-/ (%#0)1%6 J?, ,'#* ,$#*0E *)'/F%# (#10-/ , 'E*,
,'.)-%02/'/% 3# $)13/$#-# (-)(/* '%+#-0,0# 0)0,'E 91 0-,0,-#, (%#0)1%')-A $N%,- 3,$E
1/2E-/' G,&#')- 3# *#2,G)- #*0# 2,% 2,-# $/ ) /1%0,0# 3#$D0 91 92(E-F%-#, ,$0/,'E6 J#
(),0# )+*#-B, $E B%-#I#'# *(-# 3-#,(0, */10 G,B)-%&,0# 91 ,$#,*0E *%0/,F%#A G%%13 *#-B%0#
3# 3)/E )-% 91 ,$#',@% $%$'/ 3# *#2,G)-6 f ,'0E 92(E-F%-# , #B#1%2#10#')- 3# 0-,G%$ 91
3),- (,0-/ .-/(/-%A GE-E %10#-*#$0,-# 910-# #B#1%2#10# ,- (/0#, G% /-2E0),-#,<

> G1 = {IN1OUT3, IN3OUT1, C2, C4}A

> G2 = {IN2OUT4, IN4OUT2, C2, C4}A

> G3 = {IN1OUT2, IN3OUT4, IN2OUT1, IN4OUT3}A

> G4 = {IN2OUT3, IN4OUT1, IN3OUT2, IN1OUT4}6

O$#*0E 92(E-F%-# -#3/$# 1/2E-/' G,&#')- 3# *#2,G)- @% (),0# $-#@0# 3/-,0,
G%#$E-#% G,&# 91 $)2(,-,F%# $/ 92(E-F%-#, (-#$#3#10EA 0)0/@% 1/ #*0# /0%'E 91 *%0/,F%%'# 91
$,-# *# 91-#.%*0-#,&E $#-#-# 2,-# K'/1.%2%'# $)&%')- 3# ,@0#(0,-# */10 2,-%L (#10-/ )
,1/2%0E *0-,3E $,-# %10-E 91 %10#-*#$F%# *,/ $N%,- (#10-/ 3)/E *0-E&% $,-# *# 910-#0,%#6
"%1 ,$#*0 2)0%BA ,'#.#-#, .-/(E-%% #B#1%2#10#')- 3# 0-,G%$ 3#(%13# 3),- 3# 1#$#*%0EF%'#
%10#-*#$F%#%6

H1 $)10%1/,-# B)- G% (-#&#10,0# -#&/'0,0#'# )+F%1/0# (-%1 *%2/',-#,
$)2()-0,2#10/'/% *%*0#2/'/% 3# 0-,1*()-0 91 /-2, /0%'%&E-%% ,0D0 , ,'.)-%02/'/% 3#
$)13/$#-# *0,0%$A ,$0/,' %2('#2#10,0 91 %10#-*#$F%, 1/2E-/' 7A $D0 @% , ,'.)-%02/'/%
3# $)13/$#-# (-)(/* /0%'%&D13 ) 92(E-F%-# , #B#1%2#10#')- 91 $%1$% .-/(/-%RG,&# 3#
*#2,G)-A 3/(E $/2 *?, ,-E0,0 2,% */*6 J%2/',-#, ,2+#')- *)'/F%% *?, -#,'%&,0 (# )
(#-%),3E 3# 0%2( 3# 3)/E )-# 91 3%G#-%0# $)13%F%% 3# 0-,G%$< */+*,0/-,0 K'%+#-LA ,(-),(#
3# *,0/-,F%# @% */(-,*,0/-,06 H1 4%./-%'# 56TaA 56T;A 56T[ */10 (-#&#10,0# .-,G%$ B,')-%'#
%#@%-%')- 3# ,(-#$%#-# 2E*/-,0#A %,- 91 :,+#'#'# 56Y[A 56Y]A 56Y` */10 (-#&#10,0# B,')-%'#
%13%$,0)-%')- 3# $,'%0,0#6

H1 4%./-, 56Ta @% 91 :,+#'/' 56Y[ */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2,-# 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 56Ta *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 56TaK,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 80_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% Z:OA G,(0 $# ,-# *#21%G%$,F%, $E 2,%
2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13 ,'.)-%02/' Z:O
3#$D0 ,'.)-%02/' *0,0%$^

BUPT
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> 3%1 .-,G%$/' 56TaK+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E ,(-)C%2,0%B ,$#'#,@%
B,')-% (#10-/ ,2+#'# *)'/F%%^

> .-,G%$/' 56TaK$L ,-,0E $E */2#'# '/1.%2%')- $)&%')- 3# ,@0#(0,-# 3/(E 0#-2%1,-#,
G%#$E-#% G,&# 3# *#2,G)- */10 %3#10%$# (#10-/ $#'# 3)/E *)'/F%% 3# $)13/$#-#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56Y[ *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' Z:O ,3/$# ) 92+/1E0EF%-# 3# 42_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O ,-# ,$#',@% $)2()-0,2#10 $, @% ,'.)-%02/' *0,0%$ 91 $##, $# (-%B#@0#
0%2(%% 2)-F% 3# *#2,G)-A @% */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-# ',
*#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (#*0# B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6
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4%./-, 56Ta< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2,-#
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, 7

H1 4%./-, 56T; @% 91 :,+#'/' 56Y] */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2#3%# 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 56T; *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

BUPT



7T[ /0P (),$!%#*#- D#"-A)*&'F*&& B, '),- %#,?*-.F - )*-N!.!& ;&"&N)-*-

:,+#'/' 56Y[< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2,-# 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, 7

J1 J2 J3

<?-?&% 587[; 8 T;[[
7;6 a[8[] 8 T[8;

> 3%1 .-,G%$/' 56T;K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 2.5_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% Z:OA G,(0 $# ,-# *#21%G%$,F%, $E 2,%
2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13 ,'.)-%02/' Z:O
3#$D0 ,'.)-%02/' *0,0%$^

> 3%1 .-,G%$/' 56T;K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E ,(-)C%2,0%B ,$#'#,@%
B,')-% (#10-/ ,2+#'# *)'/F%%^

> .-,G%$/' 56T;K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# 2,% 2,-# 3# 150_ , */2#%
'/1.%2%')- $)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/%
*0,0%$A ,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56Y] *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' Z:O ,3/$# ) 92+/1E0EF%-# 3# 21_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 16 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 148_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (/F%1 */+ B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6

:,+#'/' 56Y]< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2#3%# 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, 7

J1 J2 J3

<?-?&% T``]5 7; T;aa
7;6 5]T`8 8 75[7

H1 4%./-, 56T[ @% 91 :,+#'/' 56Y` */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2%$E 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 56T[ *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 56T[K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 15_ 2,% 2,-# 91 3#G,B),-#, ,'.)-%02/'/% Z:OA G,(0 $# ,-# *#21%G%$,F%, $E 2,%
2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13 ,'.)-%02/' *0,0%$
3#$D0 ,'.)-%02/' Z:O^

> 3%1 .-,G%$/' 56T[K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 7.5_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 56T[K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# 2,% 2,-# 3# 566_ , */2#%
'/1.%2%')- $)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/%
*0,0%$A ,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

BUPT
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4%./-, 56T;< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2#3%#
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, 7

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56Y` *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' *0,0%$ ,3/$# ) 92+/1E0EF%-# 3# 15_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 325 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 388_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ */+*,0/-,0 (#10-/ 0),0#
*0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *# $)2()-0E 2/'0 2,% +%1#
3#$D0 ,'.)-%02/' *0,0%$A $/ 0),0# $E 3),- 3)% 3%10-# $#% 0-#% %13%$,0)-% 3# (#-G)-2,1FE
,-,0E $E ,'.)-%02/' (-)(/* #*0# 2,% (#-G)-2,10 3#$D0 ,'.)-%02/' *0,0%$6 O$#*0 G,(0 *#
3,0)-#,&E -#3/$#-%% $)1*%3#-,+%'# , '/1.%2%')- $)&%')- 3# ,@0#(0,-# @% , 0%2(%')- 2)-F%
3# *#2,G)-A $N%,- 3,$E ,$#,*0, %2('%$E ) -#3/$#-# , B%0#&#% 3# 3#(',*,-# (# $/'),-#,
B#-3# , *#2,G)-/'/%6

/0P0L0 9,?#*D#%E&- ,!"F*!. L

!10#-*#$F%, 1/2E-/' Y ,-# *0-/$0/-, (-#&#10,0E 91 4%./-, 56T]6
!10#-*#$F%, (-#&#10,0E #*0# *#2,G)-%&,0EA %,- ,'.)-%02/' 3# $)13/$#-# *0,0%$E

$/-#10 /0%'%&,0 ,-# /-2E0),-#'# (-)(-%#0EF%<
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4%./-, 56T[< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2%$E
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, 7

> /1 $%$'/ 3# *#2,G)- #*0# G)-2,0 3%1 3)/E G,&#A

> */$$#*%/1#, G,&#')- #*0# +%1# *0,+%'%0E @% #*0# ,$##,@% (#10-/ G%#$,-# $%$'/ 3#
*#2,G)-A

> /1 #B#1%2#10 3# 0-,G%$ ,-# (-#*#0,0 ,$#',@% 1/2E- 3# *#$/13# (#10-/ $/'),-#,
B#-3# @% ,$#',@% 1/2E- 3# *#$/13# (#10-/ $/'),-#, -)@%# , *#2,G)-/'/%A %13%G#-#10
3# G/*/' )-,- *,/ 3# $)13%F%%'# 3# 0-,G%$A

> #B#1%2#10#'# 3# 0-,G%$ ,'# ,/0)B#N%$/'#')- *# %10#-*#$0#,&E ,0D0 $/ #B#1%2#10#'#
3# 0-,G%$ ,'# (%#0)1%')- K(%#0)1%% ,BD13 (-%)-%0,0#LA $D0 @% $/ ,'0# #B#1%2#10# 3#
0-,G%$ ,'# ,/0)B#N%$/'#')-A 91 ,$#*0 $,& /0%'%&D13/?*# (-%)-%0,0#, 3# 3-#,(0,6

H2(E-F%-#, ,$0/,'E , #B#1%2#10#')- 3# 0-,G%$ (# .-/(/-% 3# #B#1%2#10# ,*)$%,0#
G%#$E-#% G,&# 3# *#2,G)-A $)1G)-2 1)0,F%%')- 3%1 4%./-, 56T] @% 0%2(%% 3# B#-3# ,G#-#1F%
*/10 (-#&#10,F% 91 $)10%1/,-#<

> G1 = {IN1OUT2, IN1OUT3, IN1OUT4, IN3OUT2, IN3OUT4, C2, C4} ? B#-3# g T] *#$6

> G2 = {IN2OUT3, IN2OUT4, C1, C3, C5} ? B#-3# g 7a *#$6

"%1 ,$#,*0E 92(E-F%-# , #B#1%2#10#')- 3# 0-,G%$ *# )+*#-BE 3)/E 3#&,B,10,I# <
7L (#10-/ 0),0# G,&#'# 3# *#2,G)-A ,/0)B#N%$/'#'# $,-# B%-#,&E ', 3-#,(0, 91 %10#-*#$F%#
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:,+#'/' 56Y`< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2%$E 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, 7

J1 J2 J3

<?-?&% T;Y[; TYa Y]55
7;6 T7578 8 a]Y

4%./-, 56T]< J$N%F, %10#-*#$F%#% 1-6 Y

B)- G% 1#B)%0# *E $#3#&# 0-#$#-#, (%#0)1%')- $,-# */10 ,1.,I,F% 91 0-,B#-*,-#, *0-E&%%
(# $,-# ,$#*0#, /-2#,&E *E %10-#A YL ,/0)B#N%$/'# $,-# B%-#,&E ', *0D1., (#*0# ,C/'
%10#-*#$F%#% B)- G% 1#B)%0# *E 3#, (-%)-%0,0# 3# 3-#,(0, ,/0)B#N%$/'#')- $,-# $%-$/'E 3# (#
,$##,@% 3%-#$F%# 3# 2#-*A 3,- 3%1 *#1* )(/*6 O$#*0# %10#-*#$0E-% 910-# #B#1%2#10# 3/$
', -#3/$#-#, *#21%G%$,0%BE , 0%2(/'/% 3# B#-3# /0%'%&,+%' (#10-/ ,1/2%0# #B#1%2#10# 3#
*#2,G)- 3#G,B)-%&,0#6 P#10-/ %10#-*#$F%, 3# G,FE *?, )(0,0 (#10-/ ) .-/(,-# 3%G#-%0E 3#
$#, ,$0/,'EA $/ /1 1/2E- 3/+'/ 3# G,&# 3# *#2,G)- @% GE-E , #C%*0, 3)/E #B#1%2#10# 3#
0-,G%$ $,-# *E ,(,-F%1E ,$#'#%,@% G,&# 3# *#2,G)- @% $,-# *E *# @% %10#-*#$0#&# -#$%(-)$6
H2(E-F%-#, (-)(/*E , #B#1%2#10#')- 91 .-/(/-% #*0# /-2E0),-#,<

> G1 = {IN1OUT2, IN1OUT3, IN1OUT4, C4}A

> G2 = {IN1OUT4, IN2OUT3, IN2OUT4, C1}A

> G3 = {IN1OUT4, IN3OUT2, IN3OUT4, C1}A

> G4 = {C1, C2, C3, C4, C5}6

H1 $)10%1/,-# B)- G% (-#&#10,0# -#&/'0,0#'# )+F%1/0# (-%1 *%2/',-#,
$)2()-0,2#10/'/% *%*0#2/'/% 3# 0-,1*()-0 91 /-2, /0%'%&E-%% ,0D0 , ,'.)-%02/'/% 3#
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$)13/$#-# *0,0%$A ,$0/,' %2('#2#10,0 91 %10#-*#$F%, 1/2E-/' YA $D0 @% , ,'.)-%02/'/%
3# $)13/$#-# (-)(/* /0%'%&D13 ) 92(E-F%-# , #B#1%2#10#')- 91 (,0-/ .-/(/-%RG,&# 3#
*#2,G)-A 3/(E $/2 *?, ,-E0,0 2,% */*6 J%2/',-#, ,2+#')- *)'/F%% *?, -#,'%&,0 (# )
(#-%),3E 3# 0%2( 3# 3)/E )-# 91 3%G#-%0# $)13%F%% 3# 0-,G%$< */+*,0/-,0K'%+#-LA ,(-),(#
3# *,0/-,F%# @% */(-,*,0/-,06 H1 4%./-%'# 56T`A 5658A 5657 */10 (-#&#10,0# .-,G%$ B,')-%'#
%#@%-%')- 3# ,(-#$%#-# 2E*/-,0#A %,- 91 :,+#'#'# 56T8A 56T7A 56TY */10 (-#&#10,0# B,')-%'#
%13%$,0)-%')- 3# $,'%0,0#6

H1 4%./-, 56T` @% 91 :,+#'/' 56T8 */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2,-# 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 56T` *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 56T`K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 2_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% Z:O^

> 3%1 .-,G%$/' 56T`K+L *# )+*#-BE $E 3/(E ,(-)C%2,0%B Y8 3# 2%1/0# 3# *%2/',-#
B,-%,+%', tm 91-#.%*0-#,&E ,$#'#,@% B,')-% (#10-/ ,2+#'# *)'/F%%A 3,0)-%0E G,(0/'/%
$E '/1.%2%'# $)&%')- 3# ,@0#(0,-# (#10-/ G%#$,-# *0-,3E ,I/1. ', B,')-% 2,% 2,-%
3#$D0 B,'),-#, 2,C%2E ', $,-# $),3, ,- (/0#, G% .)'%0E 91 910-#.%2# (# ) ,1/2%0E
G,&E 3# *#2,G)-^

> .-,G%$/' 56T`K$L ,-,0E $E */2#'# '/1.%2%')- $)&%')- 3# ,@0#(0,-# 3/(E 0#-2%1,-#,
G%#$E-#% G,&# 3# *#2,G)- */10 %3#10%$# (#10-/ $#'# 3)/E *)'/F%% 3# $)13/$#-#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56T8 *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' Z:O ,3/$# ) 92+/1E0EF%-# 3# 27_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 52 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,2+#'# *)'/F%% ,/ ,$#'#,@% */2# ,'# '/1.%2%')- $)&%')- 3# ,@0#(0,-# ', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (#*0# B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6

:,+#'/' 56T8< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2,-# 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, Y

J1 J2 J3

<?-?&% 5T;Y; aY T;[a
7;6 aaa7] 8 T;T7

H1 4%./-, 5658 @% 91 :,+#'/' 56T7 */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2#3%# 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 5658 *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 5658K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 60_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% *0,0%$A 3,0)-%0E G,(0/'/% $E 3/-,0, /1#%
G,&# 3# *#2,G)- #*0# 2/'0 2,% 2%$E 91 $,&/' ,'.)-%02/'/% (-)(/*A ,*0G#' B%0#&, 3#
.)'%-# , $)&%')- 3# ,@0#(0,-# 3#B%1# 2/'0 2,% 2%$E^

> 3%1 .-,G%$/' 5658K+L *# )+*#-BE $E 3/(E ,(-)C%2,0%B 58 3# 2%1/0# 3# *%2/',-#
B,-%,+%', tm 91-#.%*0-#,&E ,$#'#,@% B,')-% (#10-/ ,2+#'# *)'/F%%A 3,0)-%0E G,(0/'/%
$E '/1.%2%'# $)&%')- 3# ,@0#(0,-# (#10-/ G%#$,-# *0-,3E ,I/1. ', B,')-% 2,% 2,-%
3#$D0 B,'),-#, 2,C%2E ', $,-# $),3, ,- (/0#, G% .)'%0E 91 910-#.%2# (# ) ,1/2%0E
G,&E 3# *#2,G)-^
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4%./-, 56T`< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2,-#
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, Y

> .-,G%$/' 5658K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# 2,% 2,-# 3# 430_ , */2#%
'/1.%2%')- $)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/%
*0,0%$A ,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56T7 *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' *0,0%$ ,3/$# ) 92+/1E0EF%-# 3# 24_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 291 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 409_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (/F%1 */+ B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6

H1 4%./-, 5657 @% 91 :,+#'/' 56TY */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2%$E 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 5657 *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 5657K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 26_ 2,% 2,-# 91 G,B),-#, ,'.)-%02/'/% Z:OA G,(0 $# ,-# *#21%G%$,F%, $E 2,%
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3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, Y

2/'0# ,/0)B#N%$/'# */10 *#-B%0# 91 0%2(/' $/')-%% B#-&% /0%'%&D13 ,'.)-%02/' Z:O
3#$D0 ,'.)-%02/' *0,0%$^

> 3%1 .-,G%$/' 5657K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 25_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 5657K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# $/ (D1E ', 600_ , */2#% '/1.%2%')-
$)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/% *0,0%$A
,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56TY *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' Z:O ,3/$# ) 92+/1E0EF%-# 3# 40_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 2200 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 452_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ */+*,0/-,0 (#10-/ 0),0#
*0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *# $)2()-0E 2/'0 2,% +%1#
3#$D0 ,'.)-%02/' *0,0%$6
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75a /0P (),$!%#*#- D#"-A)*&'F*&& B, '),- %#,?*-.F - )*-N!.!& ;&"&N)-*-

/0P0O0 9,?#*D#%E&- ,!"F*!. O

!10#-*#$F%, 1/2E-/' T ,-# *0-/$0/-, (-#&#10,0E 91 4%./-, 565Y6

4%./-, 565Y< J$N%F, %10#-*#$F%#% 1-6 T

!10#-*#$F%, (-#&#10,0E 1/ #*0# *#2,G)-%&,0EA 91 $)1*#$%1FE *# B)- 3#G%1% G,&#
3# *#2,G)- ()-1%13 3# ', #B#1%2#10#'# 3# 0-,G%$ ,$0/,'# @% ,()% *# B, -#,'%&, /1 *0/3%/
$)2(,-,0%B 910-# ,'.)-%02/' 3# $)13/$#-# (-)(/* @% /1 ,'.)-%02 3# $)13/$#-# *0,0%$E6

J?, ,'#* ) 92(E-F%-# , #B#1%2#10#')- 3# 0-,G%$ 91 .-/(/-% 3# #B#1%2#10# $/
$)13%F%, $, 3)/E #B#1%2#10# ,(,-F%1D13 ,$#'/%,@% .-/( *E 1/ *# %10#-*#$0#&# -#$%(-)$A
,()% ,$#,*0E 92(E-F%-# , G)*0 /0%'%&,0E 91 *%2/',-#, ,2+#')- *)'/F%% 3# $)13/$#-#A
(-)(/*E @% *0,0%$E6 M)1G)-2 1)0,F%%')- 3%1 4%./-, 565Y 92(E-F%-#, (# .-/(/-% 3#
#B#1%2#10# @% 0%2(%% 3# B#-3# ,'#@% (#10-/ ,'.)-%02/' 3# $)13/$#-# *0,0%$E */10
(-#&#10,F% 91 $)10%1/,-#<

> G1 = {IN2OUT1, IN2OUT3, C3} ? B#-3# K(#10-/ $)13/$#-#, *0,0%$EL g 58 *#$6

> G2 = {IN3OUT1, IN2OUT3, C2} ? B#-3# K(#10-/ $)13/$#-#, *0,0%$ELg 58 *#$6

> G3 = {C1, C2, C3} ? B#-3# K(#10-/ $)13/$#-#, *0,0%$ELg Y8 *#$6

H1 $)10%1/,-# B)- G% (-#&#10,0# -#&/'0,0#'# )+F%1/0# (-%1 *%2/',-#,
$)2()-0,2#10/'/% *%*0#2/'/% 3# 0-,1*()-0 91 /-2, /0%'%&E-%% ,0D0 , ,'.)-%02/'/% 3#
$)13/$#-# *0,0%$A ,$0/,' %2('#2#10,0 91 %10#-*#$F%, 1/2E-/' TA $D0 @% , ,'.)-%02/'/%
3# $)13/$#-# (-)(/* /0%'%&D13 ) 92(E-F%-# , #B#1%2#10#')- 91 0-#% .-/(/-%RG,&# 3#
*#2,G)-A 3/(E $/2 *?, ,-E0,0 2,% */*6 J%2/',-#, ,2+#')- *)'/F%% *?, -#,'%&,0 (# )
(#-%),3E 3# 0%2( 3# 3)/E )-# 91 3%G#-%0# $)13%F%% 3# 0-,G%$< */+*,0/-,0K'%+#-LA ,(-),(#
3# *,0/-,F%# @% */(-,*,0/-,06 H1 4%./-%'# 565TA 5655A 565a */10 (-#&#10,0# .-,G%$ B,')-%'#
%#@%-%')- 3# ,(-#$%#-# 2E*/-,0#A %,- 91 :,+#'#'# 56TTA 56T5A 56Ta */10 (-#&#10,0# B,')-%'#
%13%$,0)-%')- 3# $,'%0,0#6

H1 4%./-, 565T @% 91 :,+#'/' 56TT */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2,-# 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 565T *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

BUPT
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> 3%1 .-,G%$/' 565TK,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm 91-#.%*0-#,&E
,(-)C%2,0%B ,$#'#,@% B,')-% (#10-/ ,2+#'# *)'/F%% 3# $)13/$#-#^

> 3%1 .-,G%$/' 565TK+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 10_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 565TK$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# $/ (D1E ', 83_ , */2#% '/1.%2%')-
$)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/% *0,0%$A
,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56TT *# )+*#-BE /-2E0),-#'#<

> ,2+#'# *)'/F%% ,/ ,$#',@% -%02 3# .)'%-# , $)&%')- 3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 675 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 75_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (#*0# B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6
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static
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4%./-, 565T< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2,-#
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, T

H1 4%./-, 5655 @% 91 :,+#'/' 56T5 */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2#3%# 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#

BUPT



75[ /0P (),$!%#*#- D#"-A)*&'F*&& B, '),- %#,?*-.F - )*-N!.!& ;&"&N)-*-

:,+#'/' 56TT< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2,-# 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, T

J1 J2 J3

<?-?&% 57[`; ;[a `[8
7;6 57[a5 8 aaT

$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 5655 *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 5655K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm 91-#.%*0-#,&E
,(-)C%2,0%B ,$#'#,@% B,')-% (#10-/ ,2+#'# *)'/F%% 3# $)13/$#-#^

> 3%1 .-,G%$/' 5655K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 20_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 5655K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# $/ (D1E ', 180_ , */2#% '/1.%2%')-
$)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/% *0,0%$A
,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56T5 *# )+*#-BE /-2E0),-#'#<

> ,2+#'# *)'/F%% ,/ ,$#',@% -%02 3# .)'%-# , $)&%')- 3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 1678 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 229_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (/F%1 */+ B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2/'0 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6

:,+#'/' 56T5< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2#3%# 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, T

J1 J2 J3

<?-?&% Y`[;8 7;[] ;`]
7;6 Y`;]Y 8 Y7Y

H1 4%./-, 565a @% 91 :,+#'/' 56Ta */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2%$E 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 565a *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 565aK,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 50_ 2,% 2,-# 91 3#G,B),-#, ,'.)-%02/'/% Z:O^

> 3%1 .-,G%$/' 565aK+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 25_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 565aK$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# $/ (D1E ', 3650_ , */2#%
'/1.%2%')- $)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/%
*0,0%$A ,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56Ta *# )+*#-BE /-2E0),-#'#<

BUPT
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4%./-, 5655< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2#3%#
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, T

> ,'.)-%02/' *0,0%$ ,3/$# ) 92+/1E0EF%-# 3# 11_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 2930 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 4900_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ */+*,0/-,0 (#10-/ 0),0#
*0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *# $)2()-0E 2/'0 2,% +%1#
3#$D0 ,'.)-%02/' *0,0%$6

:,+#'/' 56Ta< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2%$E 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, T

J1 J2 J3

<?-?&% 75;;5 Y`T; Ya8
7;6 7TY8; 8 a8

BUPT
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4%./-, 565a< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2%$E
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, T
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/0P0/0 9,?#*D#%E&- ,!"F*!. /

!10#-*#$F%, 1/2E-/' 5 ,-# *0-/$0/-, (-#&#10,0E 91 4%./-, 565;6

4%./-, 565;< J$N%F, %10#-*#$F%#% 1-6 5

!10#-*#$F%, (-#&#10,0E 1/ #*0# *#2,G)-%&,0EA 91 $)1*#$%1FE *# B)- 3#G%1% G,&#
3# *#2,G)- ()-1%13 3# ', #B#1%2#10#'# 3# 0-,G%$ ,$0/,'# @% ,()% *# B, -#,'%&, /1 *0/3%/
$)2(,-,0%B 910-# ,'.)-%02/' 3# $)13/$#-# (-)(/* @% /1 ,'.)-%02 3# $)13/$#-# *0,0%$E6

J?, ,'#* ) 92(E-F%-# , #B#1%2#10#')- 3# 0-,G%$ 91 .-/(/-% 3# #B#1%2#10# $/
$)13%F%, $, 3)/E #B#1%2#10# ,(,-F%1D13 ,$#'/%,@% .-/( *E 1/ *# %10#-*#$0#&# -#$%(-)$A
,()% ,$#,*0E 92(E-F%-# , G)*0 /0%'%&,0E 91 *%2/',-#, ,2+#')- *)'/F%% 3# $)13/$#-#A
(-)(/*E @% *0,0%$E6 M)1G)-2 1)0,F%%')- 3%1 4%./-, 565; 92(E-F%-#, (# .-/(/-% 3#
#B#1%2#10# @% 0%2(%% 3# B#-3# ,'#@% (#10-/ ,'.)-%02/' 3# $)13/$#-# *0,0%$E */10
(-#&#10,F% 91 $)10%1/,-#<

> G1 = {IN1OUT2, IN1OUT3, IN3OUT1} ? B#-3# K(#10-/ $)13/$#-#, *0,0%$EL g 58
*#$6

> G2 = {IN2OUT1, IN2OUT3, IN1OUT2} ? B#-3# K(#10-/ $)13/$#-#, *0,0%$ELg 58
*#$6

> G3 = {IN3OUT1, IN3OUT2, IN2OUT3} ? B#-3# K(#10-/ $)13/$#-#, *0,0%$ELg 58
*#$6

> G4 = {C1, C2, C3} ? B#-3# K(#10-/ $)13/$#-#, *0,0%$ELg Y8 *#$6

H1 $)10%1/,-# B)- G% (-#&#10,0# -#&/'0,0#'# )+F%1/0# 91 /-2, *%2/'E-%% ,0D0
(#10-/ ,'.)-%02/' 3# $)13/$#-# *0,0%$EA ,$0/,' /0%'%&,0 91 %10#-*#$F%, 1/2E-/' 5A $D0
@% (#10-/ ,'.)-%02/' 3# $)13/$#-# (-)(/* /0%'%&D13 ) 92(E-F%-# , #B#1%2#10#')- 91
(,0-/ .-/(/-%RG,&# 3# *#2,G)-A 3/(E $/2 *?, ,-E0,0 2,% */*6 J%2/',-#, ,2+#')-
*)'/F%% *?, -#,'%&,0 (# ) (#-%),3E 3# 0%2( 3# 3)/E )-# 91 3%G#-%0# $)13%F%% 3# 0-,G%$<
*/+*,0/-,0K'%+#-LA ,(-),(# 3# *,0/-,F%# @% */(-,*,0/-,06 H1 4%./-%'# 565[A 565]A 565`
*/10 (-#&#10,0# .-,G%$ B,')-%'# %#@%-%')- 3# ,(-#$%#-# 2E*/-,0#A %,- 91 :,+#'#'# 56T;A
56T[A 56T] */10 (-#&#10,0# B,')-%'# %13%$,0)-%')- 3# $,'%0,0#6

BUPT
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H1 4%./-, 565[ @% 91 :,+#'/' 56T; */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2,-# 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E
3# $-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$
B,-%,F%%'# 91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 565[ @% B,')-%'# %13%$,0)-%')- 3#
$,'%0,0# 3%1 :,+#'/' 56T; (/0#2 $)1$'/&%)1, $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (#*0#
B,'),-#, 3#1*%0EF%% 3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,2+#'#
*)'/F%% *%2/',0# ,/ ,(-)C%2,0%B ,$#',@% $)2()-0,2#106
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4%./-, 565[< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2,-#
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, 5

:,+#'/' 56T;< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2,-# 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, 5

J1 J2 J3

<?-?&% a58a5 8 T;a]
7;6 aaa;; 8 Ta[;

H1 4%./-, 565] @% 91 :,+#'/' 56T[ */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2#3%# 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 565] *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 565]K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm 91-#.%*0-#,&E
,(-)C%2,0%B ,$#'#,@% B,')-% (#10-/ ,2+#'# *)'/F%% 3# $)13/$#-#^

BUPT
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> 3%1 .-,G%$/' 565]K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 8_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 565]K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# $/ (D1E ', 50_ , */2#% '/1.%2%')-
$)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/% *0,0%$A
,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56T[ *# )+*#-BE /-2E0),-#'#<

> ,2+#'# *)'/F%% ,/ ,$#',@% -%02 3# .)'%-# , $)&%')- 3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 294 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 48_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (/F%1 */+ B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6
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4%./-, 565]< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2#3%#
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, 5

H1 4%./-, 565` @% 91 :,+#'/' 56T] */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2%$E 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 565` *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

BUPT



7aT /0P (),$!%#*#- D#"-A)*&'F*&& B, '),- %#,?*-.F - )*-N!.!& ;&"&N)-*-

:,+#'/' 56T[< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2#3%# 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, 5

J1 J2 J3

<?-?&% a8aY; Y`5 75;7
7;6 a8;T5 8 `]]

> 3%1 .-,G%$/' 565`K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 10_ 2,% 2,-# 91 3#G,B),-#, ,'.)-%02/'/% Z:O^

> 3%1 .-,G%$/' 565`K+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 30_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 565`K$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# $/ (D1E ', 250_ , */2#% '/1.%2%')-
$)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/% *0,0%$A
,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56T] *# )+*#-BE /-2E0),-#'#<

> ,2+#'# *)'/F%% ,/ ,(-)C%2,0%B ,$#',@% -%02 3# .)'%-# , $)&%')- 3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 2850 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 459_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ */+*,0/-,0 (#10-/ 0),0#
*0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *# $)2()-0E 2/'0 2,% +%1#
3#$D0 ,'.)-%02/' *0,0%$6

:,+#'/' 56T]< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2%$E 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, 5

J1 J2 J3

<?-?&% 7`]a5 Y]a8 [Y7
7;6 7`]7] 8 7a[

BUPT
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4%./-, 565`< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2%$E
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, 5
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7aa /0P (),$!%#*#- D#"-A)*&'F*&& B, '),- %#,?*-.F - )*-N!.!& ;&"&N)-*-

/0P0R0 9,?#*D#%E&- ,!"F*!. R

!10#-*#$F%, 1/2E-/' a ,-# *0-/$0/-, (-#&#10,0E 91 4%./-, 56a86

4%./-, 56a8< J$N%F, %10#-*#$F%#% 1-6 a

!10#-*#$F%, (-#&#10,0E #*0# *#2,G)-%&,0EA %,- ,'.)-%02/' 3# $)13/$#-# *0,0%$E
$/-#10 /0%'%&,0 ,-# /-2E0),-#'# (-)(-%#0EF%<

> /1 $%$'/ 3# *#2,G)- #*0# G)-2,0 3%1 3)/E G,&#A

> */$$#*%/1#, G,&#')- #*0# +%1# *0,+%'%0E @% #*0# ,$##,@% (#10-/ G%#$,-# $%$'/ 3#
*#2,G)-A

> /1 #B#1%2#10 3# 0-,G%$ ,-# (-#*#0,0 ,$#',@% 1/2E- 3# *#$/13# (#10-/ $/'),-#,
B#-3# @% ,$#',@% 1/2E- 3# *#$/13# (#10-/ $/'),-#, -)@%# , *#2,G)-/'/%A %13%G#-#10
3# G/*/' )-,- *,/ 3# $)13%F%%'# 3# 0-,G%$A

> #B#1%2#10#'# 3# 0-,G%$ ,'# ,/0)B#N%$/'#')- *# %10#-*#$0#,&E ,0D0 $/ #B#1%2#10#'#
3# 0-,G%$ ,'# (%#0)1%')- K(%#0)1%% ,BD13 (-%)-%0,0#LA $D0 @% $/ ,'0# #B#1%2#10# 3#
0-,G%$ ,'# ,/0)B#N%$/'#')-A 91 ,$#*0 $,& /0%'%&D13/?*# (-%)-%0,0#, 3# 3-#,(0,6

H2(E-F%-#, ,$0/,'E , #B#1%2#10#')- 3# 0-,G%$ (# .-/(/-% 3# #B#1%2#10# ,*)$%,0#
G%#$E-#% G,&# 3# *#2,G)-A $)1G)-2 1)0,F%%')- 3%1 4%./-, 56a8 @% 0%2(%% 3# B#-3# ,G#-#1F%
*/10 (-#&#10,F% 91 $)10%1/,-#<

> G1 = {IN1OUT2, IN1OUT3, IN3OUT1, C2, C4} ? B#-3# g Y5 *#$6

> G2 = {IN2OUT1, IN2OUT3, IN4OUT1, IN4OUT2, IN4OUT3, C1, C3} ? B#-3# g Y7 *#$6

BUPT
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"%1 ,$#,*0E 92(E-F%-# , #B#1%2#10#')- 3# 0-,G%$ *# )+*#-BE $, @% 91 $,&/'
%10#-*#$F%#% 1/2E-/' YA 3)/E 3#&,B,10,I# < 7L (#10-/ 0),0# G,&#'# 3# *#2,G)-A
,/0)B#N%$/'#'# $,-# B%-#,&E ', 3-#,(0, 91 %10#-*#$F%# B)- G% 1#B)%0# *E $#3#&# 0-#$#-#,
(%#0)1%')- $,-# */10 ,1.,I,F% 91 0-,B#-*,-#, *0-E&%% (# $,-# ,$#*0#, /-2#,&E *E %10-#A
YL ,/0)B#N%$/'# $,-# B%-#,&E ', *0D1., (#*0# ,C/' %10#-*#$F%#% B)- G% 1#B)%0# *E 3#,
(-%)-%0,0# 3# 3-#,(0, ,/0)B#N%$/'#')- $,-# $%-$/'E 3# (# ,$##,@% 3%-#$F%# 3# 2#-*A 3,-
3%1 *#1* %1B#-*6 O$#*0# %10#-*#$0E-% 910-# #B#1%2#10# 3/$ ', -#3/$#-#, *#21%G%$,0%BE
, 0%2(/'/% 3# B#-3# /0%'%&,+%' (#10-/ ,1/2%0# #B#1%2#10# 3# *#2,G)- 3#G,B)-%&,0#6
P#10-/ %10#-*#$F%, 3# G,FE *?, )(0,0 (#10-/ ) .-/(,-# 3%G#-%0E 3# $#, ,$0/,'EA $/ /1
1/2E- 3/+'/ 3# G,&# 3# *#2,G)- @% GE-E , #C%*0, #B#1%2#10# 3# 0-,G%$ ,(,-F%1D13
,$#'#%,@% G,&# 3# *#2,G)- @% $,-# *E *# %10#-*#$0#&# -#$%(-)$6 H2(E-F%-#, (-)(/*E ,
#B#1%2#10#')- 91 .-/(/-% #*0# /-2E0),-#,<

> G1 = {IN1OUT2, IN1OUT3, IN3OUT1, C4}A

> G2 = {IN1OUT2, IN2OUT1, IN2OUT3, C4}A

> G3 = {IN2OUT3, IN4OUT1, IN4OUT2, IN4OUT3}A

> G4 = {C1, C2, C3, C4}6

H1 $)10%1/,-# B)- G% (-#&#10,0# -#&/'0,0#'# )+F%1/0# 91 /-2, *%2/'E-%% ,0D0
(#10-/ ,'.)-%02/' 3# $)13/$#-# *0,0%$EA ,$0/,' /0%'%&,0 91 %10#-*#$F%, 1/2E-/' aA $D0
@% (#10-/ ,'.)-%02/' 3# $)13/$#-# (-)(/* /0%'%&D13 ) 92(E-F%-# , #B#1%2#10#')- 91
(,0-/ .-/(/-%RG,&# 3# *#2,G)-A 3/(E $/2 *?, ,-E0,0 2,% */*6 J%2/',-#, ,2+#')-
*)'/F%% *?, -#,'%&,0 (# ) (#-%),3E 3# 0%2( 3# 3)/E )-# 91 3%G#-%0# $)13%F%% 3# 0-,G%$<
*/+*,0/-,0K'%+#-LA ,(-),(# 3# *,0/-,F%# @% */(-,*,0/-,06 H1 4%./-%'# 56a7A 56aYA 56aT
*/10 (-#&#10,0# .-,G%$ B,')-%'# %#@%-%')- 3# ,(-#$%#-# 2E*/-,0#A %,- 91 :,+#'#'# 56T`A
5658A 5657 */10 (-#&#10,0# B,')-%'# %13%$,0)-%')- 3# $,'%0,0#6

H1 4%./-, 56a7 @% 91 :,+#'/' 56T` */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2,-# 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 56a7 *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 56a7K,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 20_ 2,% 2,-# 91 3#G,B),-#, ,'.)-%02/'/% Z:O^

> 3%1 .-,G%$/' 56a7K+L *# )+*#-BE $E 3/(E ,(-)C%2,0%B Y8 3# 2%1/0# 3# *%2/',-#
B,-%,+%', tm 91-#.%*0-#,&E ,$#'#,@% B,')-% (#10-/ ,2+#'# *)'/F%%A 3,0)-%0E G,(0/'/%
$E '/1.%2%'# $)&%')- 3# ,@0#(0,-# (#10-/ G%#$,-# *0-,3E ,I/1. ', B,')-% 2,% 2,-%
3#$D0 B,'),-#, 2,C%2E ', $,-# $),3, ,- (/0#, G% .)'%0E 91 910-#.%2# (# ) ,1/2%0E
G,&E 3# *#2,G)-^

> .-,G%$/' 56a7K$L ,-,0E $E */2#'# '/1.%2%')- $)&%')- 3# ,@0#(0,-# 3/(E 0#-2%1,-#,
G%#$E-#% G,&# 3# *#2,G)- */10 %3#10%$# (#10-/ $#'# 3)/E *)'/F%% 3# $)13/$#-#
3/(E ,(-)C%2,0%B ]8 2%1/0# 3# *%2/',-#6 PD1E ', ,0%1.#-#, (-,./'/% 3# ]8 3#
2%1/0# *# )+*#-BE $E B,'),-#, B,-%,+%'#% lc #*0# $)1*%3#-,+%' 2,% 2%$E 91 $,&/'
,'.)-%02/'/% 3# $)13/$#-# (-)(/* 3#$D0 91 $,&/' ,'.)-%02/'/% *0,0%$6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 56T` *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' Z:O ,3/$# ) 92+/1E0EF%-# 3# 119_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 19 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 13_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

BUPT
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4%./-, 56a7< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2,-#
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, a

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (#*0# B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2,% +%1# 3#$D0 ,'.)-%02/' *0,0%$6

H1 4%./-, 56aY @% 91 :,+#'/' 5658 */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2#3%# 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 56aY *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 56aYK,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm #*0# ,(-)C%2,0%B
$/ 58_ 2,% 2,-# 91 3#G,B),-#, ,'.)-%02/'/% Z:O^

> 3%1 .-,G%$/' 56aYK+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 10_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 56aYK$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# $/ (D1E ', 300_ , */2#% '/1.%2%')-
$)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/% *0,0%$A
,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 5658 *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' Z:O ,3/$# ) 92+/1E0EF%-# 3# 166_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

BUPT
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:,+#'/' 56T`< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2,-# 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, a

J1 J2 J3

<?-?&% Y[775 7` T;[8
7;6 a`a[5 8 TY5T

> ,'.)-%02/' Z:O -#3/$# $/ 976 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 341_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ (/F%1 */+ B,'),-#, 3#1*%0EF%%
3# *,0/-,F%# (#10-/ 0),0# *0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *#
$)2()-0E 2,% 2/'0 +%1# 3#$D0 ,'.)-%02/' *0,0%$6
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4%./-, 56aY< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2#3%#
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, a

H1 4%./-, 56aT @% 91 :,+#'/' 5657 */10 (-#&#10,0# -#&/'0,0#'# *0/3%/'/% 3# $,&
91 $,-# *# 91-#.%*0-#,&E 3#1*%0,0# 2%$E 3# 0-,G%$ ', 1%B#'/' ,/0)B#N%$/'#')- @% ) -,0E 3#
$-#@0#-# 2%$E , $)&%')- 3# ,@0#(0,-# 91 $##, $# (-%B#@0# (%#0)1%%6 J0/3%%13 $-%0%$ B,-%,F%%'#
91 0%2( ,'# %#@%-%')- 3# ,(-#$%#-# 3%1 4%./-, 56aT *# ()0 G,$# /-2E0),-#'# ,G%-2,F%%<

> 3%1 .-,G%$/' 56aTK,L *# )+*#-BE $E B,'),-#, 2#3%# , B,-%,+%'#% vm 91-#.%*0-#,&E
,(-)C%2,0%B ,$#'#,@% B,')-% (#10-/ ,2+#'# *)'/F%% 3# $)13/$#-#^

BUPT



7a` /0P (),$!%#*#- D#"-A)*&'F*&& B, '),- %#,?*-.F - )*-N!.!& ;&"&N)-*-

:,+#'/' 5658< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2#3%# 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, a

J1 J2 J3

<?-?&% 7a;T8 `[; TT]7
7;6 57;aY 8 ``8

> 3%1 .-,G%$/' 56aTK+L *# )+*#-BE $E B,-%,+%', tm 91-#.%*0-#,&E B,')-% 2,% 2,-% 91
2#3%# $/ 10_ 91 $,&/' ,'.)-%02/'/% *0,0%$ 3#$D0 91 $,&/' ,'.)-%02/'/% (-)(/*^

> .-,G%$/' 56aTK$L ,-,0E 3# ,*#2#1#, ) $-#@0#-# $/ (D1E ', 1800_ , */2#%
'/1.%2%')- $)&%')- 3# ,@0#(0,-# 91 %10#-B,'/' 3# 3)/E )-# 91 3#G,B),-#, ,'.)-%02/'/%
*0,0%$A ,'.)-%02/' Z:O G'/%3%&D13 2/'0 2,% +%1# 0-,G%$/' (-%1 %10#-*#$F%#6

J0/3%%13 $-%0%$ B,')-%'# %13%$,0)-%')- 3# $,'%0,0# 3%1 :,+#'/' 5657 *# )+*#-BE /-2E0),-#'#<

> ,'.)-%02/' Z:O ,3/$# ) 92+/1E0EF%-# 3# 81_ 91 $##, $# (-%B#@0# .)'%-#, $)&%')-
3# ,@0#(0,-#A

> ,'.)-%02/' Z:O -#3/$# $/ 1412 sec 0%2(%% 2)-F% 3# *#2,G)-A

> ,'.)-%02/' Z:O -#3/$# $/ 1834_ */2, ()13#-,0E , '/1.%2%')- $)&%')- 3# ,@0#(0,-#
', *#2,G)-6

M)1$'/&%)1E2 $E 91 *%0/,F%, 3#1*%0EF%')- 3# 0-,G%$ */+*,0/-,0 (#10-/ 0),0#
*0-E&%'# $,-# %10-E 91 %10#-*#$F%#A ,'.)-%02/' Z:O (-)(/* *# $)2()-0E 2/'0 2,% +%1#
3#$D0 ,'.)-%02/' *0,0%$6

:,+#'/' 5657< !13%$,0)-% 3# $,'%0,0# 91 $)13%F%% 3# 3#1*%0,0# 2%$E 3# 0-,G%$ ,' ,/0)B#N%$/'#')-
(#10-/ !10#-*#$F%, a

J1 J2 J3

<?-?&% 78`Y; 757Y ]a7
7;6 7`]7Y 8 55
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4%./-, 56aT< U,-%,F%%'# 91 0%2( ,'# %#@%-%')- vm K,LA tm K+LA lcK$LA 91 $)13%F%% 3# 3#1*%0,0# 2%$E
3# 0-,G%$ ,' ,/0)B#N%$/'#')- (#10-/ !10#-*#$F%, a
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7;7 /0S (),$!%#*#- )+?&"-.F - ?*-A&%!.!& *!?&#* !*K-, B,?*C) &,?#*D#%E&#

/0P0>0 9,?#*+*#?-*#- *#'!.?-?#.)* )KE&,!?#

P# (,-$/-*/' ,$#*0/% $,(%0)' *?, 3#2)1*0-,0 ,('%$,+%'%0,0#, (-,$0%$E ,
,'.)-%02/'/% 3# $)13/$#-# (-)(/*A /0%'%&D13 $, @% *0/3%% 3# $,& $%1$% %10#-*#$F%% $)2('#C#
3%10-?) &)1E $#10-,'E , )-,@/'/% :%2%@),-,6 P#10-/ 0-#% 3%10-# %10#-*#$F%%'# 3#I,
*#2,G)-%&,0# , G)*0 *%2/',0 91 (,-,'#' $)2()-0,2#10/' *%*0#2/'/% 3# 0-,1*()-0 91 /-2,
/0%'%&E-%% ,0D0 , ,'.)-%02/'/% 3# $)13/$#-# (-)(/* $D0 @% , ,'.)-%02/'/% 3# $)13/$#-#
*0,0%$E ,$0/,' %2('#2#10,06 P# +,&, B,')-%')- %13%$,0)-%')- 3# 0-,G%$ )+F%1/0# 91 /-2,
*%2/'E-%')- *?, ,-E0,0 $E ,'.)-%02/' (-)(/* 92+/1E0EF#@0# *#21%G%$,0%B ,'.)-%02/'
,$0/,' %2('#2#10,0 %13%G#-#10 3# $)13%F%%'# 3# 0-,G%$6 H1 $#'#','0# 3)/E %10#-*#$F%%
1#*#2,G)-%&,0# *?,/ .-/(,0 #B#1%2#10#'# 3# 0-,G%$ 91 .-/(/-%RG,&# 3# *#2,G)-A $/
(-)(-%#0,0#, $E )-%$,-# 3)/E #B#1%2#10# 3%1 ,$#',@% .-/( *E 1/ *# %10#-*#$0#,&E
-#$%(-)$ @% ,()% *?, *%2/',0 $)2()-0,2#10/' *%*0#2/'/% 3# 0-,1*()-0 91 /-2, /0%'%&E-%%
,2+#')- *)'/F%% 3# $)13/$#-# 91 3%G#-%0# $)13%F%% 3# 0-,G%$6 "# ,*#2#1#, ,/ G)*0
3)B#3%0#A %1$'/*%B (#10-/ *0-/$0/-%'# ,$#*0)- 3)/E %10#-*#$F%%A ,B,10,I#'# %2('#2#10E-%%
,'.)-%02/'/% (-)(/* (# +,&, -#&/'0,0#')- )+F%1/0# 91 /-2, *%2/'E-%')-6 M/ 0),0# $E
,'.)-%02/' 3# $)13/$#-# (-)(/* ,3/$# 92+/1E0EF%-% ,'.)-%02/'/% *0,0%$ 91 ,(-),(# )-%$#
$)13%F%% 3# 0-,G%$A 91 $#'# $%1$% *%0/,F%% *0/3%,0# 2,% */* 92+/1E0EF%-%'# *#21%G%$,0%B#
*# 1)0#,&E 91 $)13%F%% 3# 0-,G%$ '%+#- @% 1)-2,'6 P#10-/ $)13%F%%'# 3# 0-,G%$ 1)-2,'A
910-?/1 %10#-B,' 3# 3)/E )-#A 0%2(%% 2)-F% 3# *#2,G)- *# -#3/$ $/ ,(-)C%2,0%B 20_A
%,- */2, '/1.%2%')- $)&%')- 3# ,@0#(0,-# *$,3# 91 2#3%# 3# (,0-/ )-%6 P#10-/ $)13%F%%'#
3# 0-,G%$ '%+#-A 910-?/1 %10#-B,' 3# 3)/E )-#A -#&/'0,0#'# )+F%1/0# 91 /-2, *%2/'E-%')-
*/10 2,% +/1# $, @% 91 $,&/' ,10#-%)-A 0%2(%% 2)-F% 3# *#2,G)- *# -#3/$ $/ ,(-)C%2,0%B
25_A @% */2, '/1.%2%')- $)&%')- 3# ,@0#(0,-# *$,3# 91 2#3%# 3# 78 )-%6 P/0#2 ,*0G#'
$)1$'/&%)1,A (# +,&, -#&/'0,0#')- )+F%1/0# (-%1 *%2/',-#, $)2()-0,2#10/'/% *%*0#2/'/%
3# 0-,1*()-0 91 /-2, /0%'%&E-%% *)'/F%%')- 3# $)13/$#-# *0/3%,0# 91 $#'# $%1$% %10#-*#$F%%
3%1 &)1, $#10-,'E , )-,@/'/% :%2%@),-,A $E ,'.)-%02/' 3# $)13/$#-# (-)(/* (),0# ,3/$#
92+/1E0EF%-% 2,I)-# ,'.)-%02/'/% 3# $)13/$#-# ,$0/,' %2('#2#10,0E 91 $##, $# (-%B#@0#
G'/%3%&,-#, 0-,G%$/'/% -/0%#- /-+,16

/0S0 (),$!%#*#- )+?&"-.F - ?*-A&%!.!& *!?&#* !*K-, B,?*C)
&,?#*D#%E&# D#"-A)*&'-?F

H1 ,$#*0 */+$,(%0)' *# 3#G%1#@0# @% *# -#&)'BE (-)+'#2, )(0%2%&E-%% 0-,G%$/'/%
-/0%#- /-+,1 ', 1%B#' 3# %10#-*#$F%# *#2,G)-%&,0E ()-1%13 3# ', 2)3#'/' 2,0#2,0%$
3#&B)'0,0 ', 91$#(/0/' ,$#*0/% $,(%0)'/' @% 3# ', ,+)-3,-#, '/% "# J$N/00#- QT5S6 ",0)-%0E
$,-,$0#-/'/% *0)N,*0%$ ,' 0-,G%$/'/% -/0%#- /-+,1A -#&)'B,-#, (-)+'#2#% 3# )(0%2%&,-#
#*0# 3%G%$%'E @% *# (),0# -#,'%&, 3),- (-%1 -#3/$#-# ', ,'0# (-)+'#2# *%2('%G%$,0#6 c,-#'#
%2(#3%2#10 91 91$#-$,-#, 3# , )(0%2%&, 0-,G%$/' -/0%#- /-+,1 (# ) ,1/2%0E (#-%),3E
3# 0%2( #*0# %2()*%+%'%0,0#, 3# , *# (/0#, F%1# *#,2, 3# *$N%2+E-%'# +-/@0#A 91 0%2(
-#,'A ,'# G'/C/'/% ,/0)B#N%$/'#')- @% (%#0)1%')- 91 ,(-)(%#-#, /1#% ,1/2%0# %10#-*#$F%%6 H1
,$#*0 *#1*A (-)$#*/' 3# )(0%2%&,-# *# B, -#,'%&, ,*/(-, /1)- (-)+'#2# -#*0-D1*# (#
+,&, /1)- */()&%F%%R$)1*0-D1.#-% '#.,0# 3# $)2()-0,2#1/' 0-,G%$/'/% -/0%#- 3#?, '/1./'
(#-%),3#% 3# )(0%2%&,-#6 H1 $)10%1/,-# *# B)- 3#*$-%# (,@%% /-2,F% 91 -#&)'B,-#, ,$#*0#%
(-)+'#2# 3# )(0%2%&,-#<

> OL "#G%1%-#, (-)+'#2#% 3# )(0%2%&,-# @% -#3/$#-#, ', 3)/E (-)+'#2# 3#
(-).-,2,-# '%1%,-E @% (E0-,0%$EA

> hL M,'$/'/' 2,0-%$#')- $/ (,-,2#0-% 1#$#*,-% -#&)'BE-%% (-)+'#2#% 3# )(0%2%&,-#A

> ML eC#2('%G%$,-#, @% -#&)'B,-#, (-)+'#2#')- 3# (-).-,2,-# '%1%,-E @% (E0-,0%$E
(#10-/ ) %10#-*#$F%# 3# 0%(/' $#'#% (-#&#10,0# 91 4%./-, 56a6
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/0S0G0 2#A&,&*#- +*)K.#"#& $# )+?&"&'-*# N& *#$!%#*#- .- $)!F +*)K.#"# $#
+*)@*-"-*# .&,&-*F N& +F?*-?&%F

f+%#$0%B/' (-)+'#2#% 3# )(0%2%&,-# #*0# $,'$/',-#, /1#% *#$B#1F# 3# $)2,13E
)(0%2,'# δ0, δ1, ..., δNF−1 -#(-#&#10D13 0%2(%% 3# B#-3# ,G#-#1F% G,&#')- 3# *#2,G)- 3#?,
'/1./' , N $%$'/-% $)2('#0# 3# *#2,G)-A 91 B#3#-#, 2%1%2%&E-%% /1#% ,1/2%0# G/1$F%%
)+%#$0%BA F%1D13 *#,2, 3# /-2E0),-#'# $)13%F%% 3# G/1$F%)1,-# $,-# .#1#-#,&E -#*0-%$F%%<

> )-%&)10/' 3# 0%2( #*0# 3# N $%$'/-% 3# *#2,G)-A

> */$$#*%/1#, G,&#')- 3# *#2,G)- #*0# %3#10%$E (#10-/ )-%$,-# $%$'/ 3# *#2,G)-A

> 1/2E-/' G,&#')- 3# *#2,G)- F #*0# G%C,0 (#10-/ (-)+'#2, 3# )(0%2%&,-#A 3,- #*0#
B,-%,+%' 91 G/1$F%# 3# $,-,$0#-%*0%$%'# %10#-*#$F%#%A

> *# 2)3#'#,&E ,0D0 3# (-#&#1F, ,/0)B#N%$/'#')-A $D0 @% 3# (-#&#1F, (%#0)1%')-A

> (#10-/ G%#$,-# $%$'/ 3# *#2,G)-A *# $)1*%3#-E ) *%1./-E G,&E 3# *#2,G)-
(#10-/ *#-B%-#, (%#0)1%')-^ 0),0# 0-#$#-%'# 3# (%#0)1% (-%2#*$ $/'),-#, B#-3# ,
*#2,G)-/'/% 91 ,$#',@% 0%2(A

> B%0#&#'# 2#3%% 3# *)*%-# @% 3# ('#$,-# , (,-0%$%(,1F%')- ', 0-,G%$ 3%1 $)&%'# 3#
,@0#(0,-# *# (-#*/(/1 $)1*0,10# (#10-/ G%#$,-# #B#1%2#10 3# 0-,G%$ (# (,-$/-*/'
%10#-B,'/'/% 3# 0%2(A λi = ctA µi = ctA κi = ctAi = 1, F

> ,0D0 '/1.%2%'# $)&%')- 3# ,@0#(0,-#A $D0 @% 0%2(%% 3# B#-3# (#10-/ G%#$,-# G,&E 3#
*#2,G)- ,/ B,')-% ()&%0%B# @% */10 2E-.%1%F% %1G#-%)- @% */(#-%)-6

P)-1%13 3# ', G/1$F%, )+%#$0%B J3 (-#&#10,0E 91 K56T;L */10 (-)(/*# ,'0# 3)/E
G/1$F%% )+%#$0%BA (#10-/ N $%$'/-% 3# *#2,G)- @% F G,&# 3# *#2,G)-A F%1D13 *#,2, 3#
1)0,F%%'# 3%1 K565;L<

JLP =

∑N

k=1

∑F

j=1

∑F

l=1 xF (k−1)+j(l)

NF
, K565TL

JQP =

∑N

k=1

∑F

j=1(
∑F

l=1 xF (k−1)+j(l))δF (k−1)+j−1

NF
, K5655L

b0%'%&D13 2)3#'/' 3# *0,-# ,' $)&%')- 3# ,@0#(0,-# (#10-/ ,/0)B#N%$/'# @%
(#10-/ (%#0)1% 3#*$-%* (-%1 #$/,F%%'# K5675L?K567]LA (-%1 .#1#-,'%&,-# @% F%1D13 *#,2,
3# -#*0-%$F%%'# ,2%1%0# 2,% */*A *# )+F%1# /-2E0)-/' 2)3#' 2,0#2,0%$ ', 1%B#' 3#
%10#-*#$F%#<

vi(tFk+j) =







max(vi(tFk+j−1) + (λ
(Fk+j−1)
i − µ

(Fk+j−1)
i )δFk+j−1+

+(µ
(Fk+j−1)
i − κ

(Fk+j−1)
i )δa, (λ

(Fk+j−1)
i − κ

(Fk+j−1)
i )δa), i = j

max(vi(tFk+j−1) + λ
(Fk+j−1)
i δFk+j−1, 0), i 6= j

p1(tFk+F ) = p1(tFk+F−1) + (ϕ
(Fk+F−1)
1 − σ

(Fk+F−1)
1 )δFk+F−1

. K565aL

H1 $,-#<

> j = 1, F A

> i = 1, F − 16
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7;T /0S (),$!%#*#- )+?&"-.F - ?*-A&%!.!& *!?&#* !*K-, B,?*C) &,?#*D#%E&#

J# 3#G%1#@0# B#$0)-/' 3# *0,-# ,' '/1.%2%')- $)&%')- 3# ,@0#(0,-# x ,*0G#'<

xk ∈ R
F×1 =







v1(tk)
v2(tk)
...
vF−1(tk)
p1(tk)







, k = 1, NF , K565;L

"%1 #$/,F%%'# K565aL @% K565;L *# )+F%1# /-2E0),-#, #$/,F%# 3# *0,-#<

xF (k−1)+j = max(xF (k−1)+j−1 + bjδF (k−1)+j−1 + bF +jδa, b2F +jδa), j = 1, F , k = 1, N

K565[L
P-%1 %10#-(-#0,-#, #$/,F%#% K565[L *# )+F%1 3)/E %1#.,'%0EF%<

xF (k−1)+j − xF (k−1)+j−1 − bjδF (k−1)+j−1 − bF +jδa ≥ 0
xF (k−1)+j − b2F +jδa ≥ 0 , j = 1, F , k = 1, N, . K565]L

J# %10-)3/$ -#*0-%$F%%'# '#.,0# 3# B,')-%'# ,$$#(0,0# (#10-/ '/1.%2%'# $)&%')- 3#
,@0#(0,-#A )+F%1D13/?*# /-2E0),-#, -#*0-%$F%# 3# 0%( %1#.,'%0,0# (#10-/ /1 $%$'/ $)2('#0
3# *#2,G)-<

0 ≤ xk ≤ xmax , k = 1, NF , K565`L
xmax G%%13 B#$0)-/' $,-# $)1F%1# '/1.%2%'# 2,C%2# ,'# $)&%')- 3# ,@0#(0,-# ,$$#(0,0#
(#10-/ G%#$,-# #B#1%2#10 3# 0-,G%$6 O()% *# %10-)3/$ -#*0-%$F%%'# 3# 0%( %1#.,'%0,0# (#10-/
B,')-%'# 0%2(%')- 3# B#-3# (#10-/ G%#$,-# G,&E 3# *#2,G)-<

δF (k−1)+j ∈ [δmj
, δMj

], j = 1, F , k = 1, N K56a8L

91 $,-#<

> δmj
[s] -#(-#&%10E B,'),-#, 2%1%2E ,$$#(0,0E (#10-/ 3/-,0, 3# B#-3# ,G#-#10E

G,&#% 3# *#2,G)- jA

> δMj
[s] -#(-#&%10E B,'),-#, 2,C%2E ,$$#(0,0E (#10-/ 3/-,0, 3# B#-3# ,G#-#10E

G,&#% 3# *#2,G)- j6

P-%1 3#G%1%-#, B#$0)-%')- 3# *0,-# x∗  ! "#$%#&'!( &)*+,-. δ∗ -/%. &/*
/"*#+0.1

x
∗ ∈ R

NF2×1 =









x1

x2

...
xk

...
xNF









, k = 1, NF , 234567

δ
∗ ∈ R

NF×1 =









δ0

δ1

...
δk

...
δNF−1









, k = 0, NF − 1, 234587

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

Ax∗ + Bδ∗ + e ≥ 0
x∗ + f ≥ 0
Cx∗ + g ≥ 0
Dδ∗ + h ≥ 0

. 2345>7

?$';#< %)' ;! ;)"*/<+'# /"*.')+"#<# -)/. %")9<#*# -# )%'!*!0+"#1
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 ! "#$%&"'(') *#")*+ *) $,-'* %' ,$.'(/'"0,' 6@3

64 A")9<#*+ -# %")="+*+"# <!,!+". 2B!,#+" A")="+**!,=C BA71

LP :

[
x̂∗

δ̂∗

]

= +"=*!,
x∗∈RNF2×1,δ∗∈RNF×1

JLP (x∗ , δ∗), 234537

$/%/$. <+ "#$'"!&:!!<# D<!,!+"#D 2345>7 -# '!% !,#=+<!'+'#4 E# )9$#"(. &. ;/,&:!+
)9!#&'!( JLP C -#;!,!'. F, 2343>7C -#%!,-# -)+" -# (#&')"/< -# $'+"# x∗C +$';#< &.
JLP (x∗ , δ∗) = JLP (x∗),∀δ∗ ∈ R

NF×14

84 A")9<#*+ -# %")="+*+"# %.'"+'!&. 2G/+-"+'!& A")="+**!,=C GA71

QP :

[
x̂∗

δ̂∗

]

= +"=*!,
x∗∈RNF2×1,δ∗∈RNF×1

JQP (x∗ , δ∗), 234557

$/%/$. <+ "#$'"!&:!!<# D<!,!+"#D 2345>7 -# '!% !,#=+<!'+'#C &/ ;/,&:!+ )9!#&'!( -#;!,!'.
F, 2343374

H9$#"(I,- ;)"*+ ;/,&:!#! )9!#&'!( -!, #&/+:!+ 2343>7C ;)"*+ "#$'"!&:!!<)" -# '!%
!,#=+<!'+'# -!, "#<+:!+ 2345>7  ! ;+%'/< &. $# %/,# %")9<#*+ *!,!*!0."!! ;/,&:!#! )9!#&'!(C
%/'#* +;!"*+ &. %"!*+ %")9<#*. -# )%'!*!0+"# #$'# -# '!% <!,!+"  ! %)+'# ;! "#0)<(+'. &/
+J/')"/< *#')-#! LP K>LM4 N# +$#*#,#+C )9$#"(I,- ;)"*+ ;/,&:!#! )9!#&'!( -!, #&/+:!+
234337C %/'#* +;!"*+ &. + -)/+ %")9<#*. -# )%'!*!0+"# #$'# ')' -# '!% %.'"+'!&  ! %)+'#
;! "#0)<(+'. &/ +J/')"/< *#')-#! QP K>LM4 O, %+"+="+;/< /"*.')" ()" ;! %"#0#,'+'#
"#<+:!!<# -#'+<!+'# %"!, &+"# $/,' #P%"!*+'# *+'"!&#<# &+"# &),:!, %+"+*#'"! /'!<!0+:! F,
&#<# -)/. %")9<#*# -# )%'!*!0+"# -#;!,!'# F, 234537C 2345574

 !1!2! "3456464 7389:5;4<9 56 =3937;89: >;5;?39: 9;@<4AB9:: =9<C4;7;: D;
<=8:7:@39;

Q#<+:!!<# 234357R2345>7C &),:!,I,- %+"+*#'"! ,#&#$+"! "#0)<(."!! %")9<#*#! -#
)%'!*!0+"#C +/ ;)$' ="/%+'# $/9 ;)"*. *+'"!&#+<.4 S+<)"!<# +&#$')" *+'"!&# +/ ;)$'
&+<&/<+'#C -#)+"#&# *)-#<#<# %")&#$/</!  ! ;/,&:!!<# )9!#&'!( $/,' =#,#"+<!0."! +<#
+9)"-."!<)" +,'#"!)+"# K>3M4 O, &#<# &# /"*#+0. ()" ;! #P%"!*+:! (#&')"!! bi ∈ R

F×1, i =
1, 3F %"#0#,:! F, "#<+:!!<# 2343T74 ?&# '!+ +/ #P%"#$!!<#1

b1 =












λ1 − µ1

λ2

λ3

λ4

...

λF−1

ϕ1












bF +1 =










µ1 − κ1

0
0
0
...
0
0










b2F +1 =











λ1 − κ1

0
0
0
...
0
0











bF +1 =












λ1

λ2 − µ2

λ3

λ4

...

λF−1

ϕ1












bF +2 =










0
µ2 − κ2

0
0
...
0
0










b2F +2 =











0
λ2 − κ2

0
0
...
0
0











4 4 4
4 4 4
4 4 4
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bj =












λ1

λ2

...

λj − µj

λj+1

...
ϕ1












bF +j =










0
0
...

µj − κj

...
0
0










b2F +j =











0
0
...

λj − κj

...
0
0











4 4 4
4 4 4
4 4 4

bF−1 =












λ1

λ2

...

λj

...

λF−1 − µF−1
ϕ1












b2F−1 =










0
0
...
0
...

µ2F−1 − κ2F−1

0










b3F−1 =











0
0
...
0
...

λ3F−1 − κ3F−1

0











bF =












λ1

λ2

...

λj

...

λF−1

ϕ1 − σ1












b2F =










0
0
...
0
...
0
0










b3F =










0
0
...
0
...
0

ϕ1 − σ1










F, &+"# j = 1, F 4

U+'"!&#<# /'!<!0+'# F, "#$'"!&:!!<# 2345>7 $/,' -#$&"!$# F, &),'!,/+"# &/ *#,:!/,#+
&. j = 3, F − 11

A ∈ R
NF2×NF2

=









IF 0 0 0 ... 0 0 0 0
−IF IF 0 0 ... 0 0 0 0

0 −IF IF 0 ... 0 0 0 0
... ... ... ... ... ... ... ... ...
0 0 0 0 ... 0 −IF IF 0
0 0 0 0 ... 0 0 −IF IF









, 2345@7

B ∈ R
NF2×NF = −














b1 0 0 0 0 ... 0 0 0 0
0 b2 0 0 0 ... 0 0 0 0
... ... ... ... ... ... ... ... ... ...
0 0 ... bj 0 0 ... 0 0 0
... ... ... ... ... ... ... ... ... ...
0 0 0 0 ... bF ... 0 0 0
... ... ... ... ... ... ... ... ... ...
0 0 0 0 0 ... 0 0 bF−1 0
0 0 0 0 0 ... 0 0 0 bF














, 2345V7
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 ! "#$%&"'(') *#")*+ *) $,-'* %' ,$.'(/'"0,' 6@@

e ∈ R
NF2×1 = −






















bF +1

bF +2

...
bF +j

...
b2F

...

...
bF +1

bF +2

...
bF +j

...
b2F






















, 2345T7

f ∈ R
NF2×1 = −






















b2F +1

b2F +2

...
b2F +j

...
b3F

...

...
b2F +1

b2F +2

...
b2F +j

...
b3F






















, 2345W7

C ∈ R
NF2×NF2

= −









IF 0 0 0 ... 0 0 0 0
0 IF 0 0 ... 0 0 0 0
0 0 IF 0 ... 0 0 0 0
... ... ... ... ... ... ... ... ...
0 0 0 0 ... 0 0 IF 0
0 0 0 0 ... 0 0 0 IF









, 234@L7

g ∈ R
NF2×1 =






xmax

...

...
xmax




 , 234@67

D ∈ R
2NF×NF =














1 0 0 0 ... 0 0 0 0
−1 0 0 0 ... 0 0 0 0
0 1 0 0 ... 0 0 0 0
0 −1 0 0 ... 0 0 0 0
... ... ... ... ... ... ... ... ...
0 0 0 0 ... 0 0 1 0
0 0 0 0 ... 0 0 −1 0
0 0 0 0 ... 0 0 0 1
0 0 0 0 ... 0 0 0 −1














, 234@87
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h ∈ R
2NF×1 =

























−δm1
− δa

δM1
+ δa

−δm2
− δa

δM2
+ δa

...
−δmF

− δa

δMF
+ δa

...

...
−δm1

− δa

δM1
+ δa

−δm2
− δa

δM2
+ δa

...
−δmF

− δa

δMF
+ δa

























, 234@>7

 !1!I! 'J;7=4:E:539;3 K: 9;@<4A39;3 =9<C4;7;4<9 D; =9<L93739; 4:>:39B K:
=B8938:5B =;>896 < :>8;9?;5H:; D; 8:=64 5;4;: =9;@;>838; F> M:L693  !N

O, +&#$' $/9&+%!')< ()" ;! #P#*%<!;!&+'# %")9<#*#<# -# )%'!*!0+"# <!,!+".  !
%.'"+'!&. %#,'"/ &),-!:!! &/ -#,$!'+'# -# '"+;!& *#-!# F,'"R) !,'#"$#&:!# $#*+;)"!0+'.
&/ =#)*#'"!# $!*%<.4 E# &),$!-#". %+'"/ #(#,!*#,'# -# '"+;!& %#,'"/ +/')(#X!&/<#C
&I'# /,/< %#,'"/ ;!#&+"# $'"+-. &+"# !,'". F, !,'#"$#&:!#  ! /, #(#,!*#,' -# '"+;!&
%#,'"/ %!#'),!4 O, Y+9#</< 343> $/,' -#'+<!+'# -+'#<# -# '"+;!& /'!<!0+'# F, %")9<#*#<#
-# )%'!*!0+"# 234537  ! 2345574

Y+9#</< 343>1 S+<)"! +<# %+"+*#'"!<)" /'!<!0+:! F, *#')-+ -# )%'!*!0+"# %#,'"/ ;!#&+"#
#(#,!*#,' -# '"+;!&

λ1 = 2.5 λ2 = 1.72 λ3 = 2.2 λ4 = 1.6 ϕ1 = 0.3

µ1 = 6 µ2 = 6.2 µ3 = 6 λ4 = 6.2 σ1 = 2
κ1 = 0.3 κ2 = 0.3 κ3 = 0.3 κ4 = 0.3 ϕ1 = 0.3

x0(1) = 10 x0(2) = 10 x0(3) = 10 x0(4) = 10 x0(5) = 10
xmax(1) = 5000 xmax(2) = 5000 xmax(3) = 5000 xmax(4) = 5000 xmax(5) = 100

δm1
= 5 δm2

= 5 δm3
= 5 δm4

= 5 δm5
= 5

δM1
= 60 δM2

= 60 δM3
= 60 δM4

= 60 δM5
= 60

?<.'/"! -# %+"+*#'"! -!, '+9#< +/ ;)$' &),$!-#"+'# /"*.')+"#<# (+<)"! +<# +<')"
%+"+*#'"!1

Z N ∈ {1, 3, 5, 10, 20} R ,/*."/< -# &!&</"! -# $#*+;)"C

Z F = 5 R ,/*."/< -# ;+0# -# $#*+;)" +;#"#,'# /,/! &!&</ &)*%<#' -# $#*+;)"C

Z δa[s] = 3 R '!*%/< +;#"#,' &/<)"!! =+<9#,# + $#*+;)"/</!4

A)",!,- -# <+ -+'#<# %"#0#,'+'# *+! $/$C %#,'"/ "#0)<(+"#+ &#<)" -)/.
%")9<#*# -# %")="+*+"# LP  ! QP $# /'!<!0#+0. /, ,/*." -# NF 2 + NF ∈
{30, 90, 150, 300, 600} (+"!+9!<# %#,'"/ ;!#&+"# %")9<#*. F, %+"'#4 [/*."/< -# (+"!+9!<#
&)"#$%/,0.")+"# (#&')"/</! x∗ #$'# NF 2C !+" ,/*."/< -# (+"!+9!<# &)"#$%/,0.")+"#
(#&')"/</! δ∗ #$'# NF 4 A#,'"/ "#0)<(+"#+ +&#$')" %")9<#*# +/ ;)$' +%#<+'# ;/,&:!!<#
 !"#$%&#'%  ! "#$%#&'!(  !"#$%&#(% +%+":!,I,- <!9"."!#! [?\ K6L>MC +(I,- <+ 9+0.
%"!,&!%!/< +<=)"!'*/</! ) *+&)!,-$ &+$'') " -#$&"!$ +*.,/,:!' F, K5>M4 O, (#-#"#+
$!*/<."!! &)*%)"'+*#,'/</! $!$'#*/</! -# '"+,$%)"' F, /"*+ /'!<!0."!! &#<)" -)/. *#')-#
-# )%'!*!0+"# F, -!;#"!'# &),-!:!! -# '"+;!&C ;/,&:!!<# <!9"."!#! [?\ +/ ;)$' !,'#="+'#

BUPT



 ! "#$%&"'(') *#")*+ *) $,-'* %' ,$.'(/'"0,' 6@T

F, $!*/<+')"/< -# '"+;!& -#0()<'+'C F*%"#/,. &/ %")&#-#/< -# &+<&/< +< *+'"!&#<)" &/
%+"+*#'"! +;#"#,'# "#$'"!&:!!<)" -# '!% !,#=+<!'+'#4

A#,'"/ "#0)<(+"#+ &#<)" -)/. %")9<#*# -# %")="+*+"#C <!,!+".  ! %.'"+'!&.C
+ ;)$' +<#+$ +<=)"!'*/< ) *+&)!,-$ &+$'') " -+')"!'. ;+%'/</! &. %)+'# "#0)<(+ +*9#<#
%")9<#*# -)+" %"!, +J/$'+"#+ ;/,&:!!<)" )9!#&'!(  ! -# +$#*#,#+ -+')"!'. ;+%'/</! &. #$'#
!*%<#*#,'+'. F, 9!<9!)'#&+ [?\4 O, &),'!,/+"# #$'# %"#0#,'+'. ) ;)"*/<+"# =#,#"+<. +
%")9<#*#! -# )%'!*!0+"# "#0)<(+9!<. %"!, +<=)"!'*/< ) *+&)!,-$ &+$'') "1

x̂ = +"=*!,
x∈Rn

J(x),

J(x) = cT x + 1
2
xT Hx, $/%/$. <+ li ≤

{

x
Ax

}

≤ ls,

A ∈ R
m×n, c ∈ R

n, H ∈ R
n×n,

234@37

F, &+"#1

Z J(x) R ;/,&:!+ )9!#&'!(C

Z x R (#&')" &)<)+,. &/ (+"!+9!<#<# %")9<#*#!C

Z n = card(x) R ,/*."/< -# (+"!+9!<# +<# %")9<#*#!C

Z A R *+'"!&#+ &/ %+"+*#'"! "#$'"!&:!!<)" -# '!% !,#=+<!'+'# 2"4'4!47C

Z m R ,/*."/< -# "4'4!4C

Z li R (#&')"/< &)<)+,. "#%"#0#,'I,- <!*!'#<# !,;#"!)+"# -!, "4'4!C

Z ls R (#&')"/< &)<)+,. "#%"#0#,'I,- <!*!'#<# $/%#"!)+"# -!, "4'4!C

Z c R (#&')"/< &)<)+,. "#%"#0#,'I,- %+"+*#'"! <!,!+"! +! ;/,&:!#! )9!#&'!(C &+"# #$'#
')&*+! ="+-!#,'/< ;/,&:!#! )9!#&'!( F, %")9<#*+ -# %")="+*+"# <!,!+". 2H = 07C

Z H R *+'"!&#+ %.'"+'!&. $!*#'"!&. "#%"#0#,0I,- %+"+*#'"! %.'"+'!&! +! ;/,&:!#!
)9!#&'!(C &+"# #$'# ')&*+! ]#$$!+,/<4

O, Y+9#</< 3433 $/,' %"#0#,'+'# (+<)"!<# ;/,&:!!<)" )9!#&'!( )9:!,/'# F, /"*+
+%<!&."!! &#<)" -)/. *#')-# -# )%'!*!0+"#C LP  ! QP %#,'"/ -!;#"!'# (+<)"! +<# ,/*."/</!
-# &!&</"! -# $#*+;)"4 N# +$#*#,#+ $/,' %/ ! F, #(!-#,:. '!*%!! ,#&#$+"! "/<."!!
+<=)"!'*!<)" -# )%'!*!0+"# tLP  ! tQP %#,'"/ ;!#&+"# &+0 F, %+"'# %# /, &+<&/<+')"
%#"$),+< &/ ;"#&(#,:. -# 843 \]04 ER+ -)"!' $/9<!,!#"#+ '!*%!<)" -# "/<+"# + +*9#<)"
*#')-# "#<+'!( <+ ,/*."/< -# &!<&/"!  ! ;+0# -# $#*+;)"4 N!, +&#$' *)'!( ,/ +/ ;)$'
%"#0#,'+'# (+<)"!<# )%'!*# +<# (+"!+9!<#<)" x∗  ! δ∗C ,)'+'# &/ x̂∗  ! δ̂∗4

Y+9#</< 34331 S+<)"!<# ;/,&:!!<)" )9!#&'!( JLP  ! "#$%#&'!( JQP F,"#=!$'"+'# F, /"*+ +%<!&."!!
&#<)" -)/. *#')-# -# %")="+*+"# <!,!+".1 LP R B!,#+" A")="+**!,=C QP R G/+-"+'!&
A")="+**!,=

LinearProgramming QuadraticProgramming
N JLP tLP [s] JQP tQP [s]
6 63 L46W 8TW L48
> 8T L45T 5@8 L4@W
5 36 64>V T>6 648@
6L V5 54L8 65L6 54L5
8L 638 >>4>5 8T38 >@46>
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6@W  !1 "<>D65;9;3 <=8:734B 3 893E:5646: 968:;9 69C3> F>89G< :>8;9?;5H:;

 !1! ! /86D:: D; 53@ 4;L38; D; 5<>D65;9;3 <=8:734B 3 893E:5646: 968:;9 F>89G<
:>8;9?;5H:;O 43 >:A;464 368<A;P:564;4<9 K: =:;8<>:4<9

O, +&#$' $/9&+%!')< #$'# "#+<!0+' /, $'/-!/ -# &+0 &)*%+"+'!( F,'"# &#! '"#!
+<=)"!'*! -# &),-/&#"# %")%/ !1

Z *#')-+ -# %")="+*+"# <!,!+". LP C

Z *#')-+ -# %")="+*+"# %.'"+'!&. QP C

Z +<=)"!'*/< -# &),-/&#"# BY?C ;/,&:!),I,- F, +&#<#+ ! &),-!:!! "#$'"!&'!(# &+  ! &#<#
-)/. *#')-# -# %")="+*+"# <!,!+".4 A"!,&!%+<#<# "#$'"!&:!! $/,' <#=+'# -# (!'#0+
-# %<#&+"# + +/')(#X!&/<#<)" -!, &)+-+ -# + '#%'+"#  ! -# $/&&#$!/,#+ ;+0#<)" -#
$#*+;)"C

Z +<=)"!'*/< -# &),-/&#"# BY?C ;/,&:!),I,- ;.". "#$'"!&:!!C -/%. &/* $R+ %"#0#,'+'
F, $/9&+%!')<#<# +,'#"!)+"#4

Q#0/<'+'#<# )9:!,/'# F, /"*+ +%<!&."!! *#')-#<)" -# &),-/&#"# +*!,'!'# *+!
$/$ $/,' %"#0#,'+'# F, Y+9#</< 3435  ! F, Y+9#</< 343@C /"*I,- &+ +,+<!0+ "#0/<'+'#<)"
$. $# "#+<!0#0# F, &##+ &# /"*#+0.4 E# *#,:!),#+0. &. %#,'"/ +&#<#+ ! &),-!:!! -#
'"+;!& +/ ;)$' -#;!,!'# &I'# %+'"/ &+0/"! -# '#$' F, (#-#"#+ /"*."!"!! #()</:!#! (+<)"!<)"
;/,&:!#! )9!#&'!( )-+'. &/ $&X!*9+"#+ ,/*."/</! -# &!&</"! -# $#*+;)"4 N# +$#*#,#+C
+<=)"!'*/< %")%/$ BY?C + ;)$' '#$'+' -)+" F, &+0/< &#< *+! -#;+()"+9!<  ! +,/*#1 ,/*."
*+"# -# &!&</"! -# $#*+;)"4
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("+!"0,*:"< A"',(3 / 5/1".$(" 0;, 5$* $!(/$!" 1" ("$.*,$,"6 .$ 53.4*5"$ %/'$.- $
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."$)- *',"(+"04**." 0/5!/'"'," %/'"*< S' $0"+, +"'+6 +" :$ 1"2*'* )($23. 0/'"F $. %/'"*
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5$* 5*0 1"0;, ,*5!3. 1" :"(1" &' +*,3$4*." &' 0$(" 0/$1$ 1" $8,"!,$(" "+," 5$("6

7 0//(1/'$("$ +" ("$.*%"$%- 1/$( &',(" $'35*," *',"(:$." 1" ,*5!6

7 +/.34*$ 1" 0//(1/'$(" $1$3)- 0/'+,(;')"(* +/.34*"* 1" 0/'130"(" ./0$.-6

7 0/'+*1"(;'1 1/3- *',"(+"04** +300"+*:" 1*' %/'$ 1" 0//(1/'$("6 !(*5$ 1*',("
$0"+,"$ 0$(" :$ +"(:* !.3,/'3. 1" $3,/:"@*03." !(*' $.")"("$ 2$%"* 1" +"5$2/(
+*'0(/'*%$," :$ ,($'+5*," 5"+$9 1" $,"'4*/'$(" 0-,(" 0"$ 1" $ 1/3$ *',"(+"04*"
*5"1*$, 0" 2$%$ 1" +"5$2/( +*'0(/'*%$,- $ 2/+, $."$+-6

7 0;'1 $)"',3. ./0$. 1*',( / $'35*,- *',"(+"04*" !(*5"8," +"5'$. 1" +*'0(/'*%$("
1" .$ $)"',3. ./0$. 1*' *',"(+"04*$ :"0*'- 1*'$*',"$ +$6 $0"+,$ &'0"!" +- *$ 1"0*%**
1" $.")"(" $ 2$%"* 1" +"5$2/( +*'0(/'*%$," &' 23'04*" 1" :$./$("$ 1"!.$+$5"',3.3*
1*',(" 0"." 1/3- *',"(+"04**< S' ,/, $0"+, (-+,*5! ,/$," 0".".$.," ":"'*5"'," 1"
,($2*0 1*' *',"(+"04*" +3', 1*+!"0"(*%$," 13!- +/.34*$ 1" 0/'130"(" ./0$.- &' 23'04*"
1" 0/'1*4**." 1" ,($2*0 03("',"<

B"!.$+$5"',3. &',(" 1/3- *',"(+"04** &':"0*'$," +*'0(/'*%$," "+," 1"2*'*, 13!-
035 3(5"$%-Q

ti→i+1 =
d(i, i + 1)− li+1

Vmed(d(i, i + 1)− li+1)
, XW<IY

&' 0$(" 0/'2/(5 G*)3(** W<EYQ

7 d(i, i + 1)[m]  .3')*5"$ &' 5",(* $ +,(-%** 0$(" ."$)- *',"(+"04**." i 8* i + 16

7 li+1[m]  .3')*5"$ 0/%** 1" $8,"!,$(" !"',(3 2$%$ +*'0(/'*%$,- $ *',"(+"04*"* i + 1
&'$*',"$ $.")"(** 2$%"* +*'0(/'*%$," &' *',"(+"04*$ i6

7 Vmed(d(i, i + 1)− li+1)[m/s]  :*,"%$ 5"1*" $ !.3,/'3.3* 1" $3,/:"@*03." 0$(" ,("0"
!(*' *',"(+"04*$ i !;'- +" 2$0" 9/'04*3'"$ 03 3.,*53. $3,/:"@*03. 1*' 0/$1$ 1"
$8,"!,$(" .$ *',"(+"04*$ i + 1<

>/5"',3. 1" ,*5! tStart .$ 0$(" +" $.")" 2$%$ 1" +"5$2/( +*'0(/'*%$,-
&' *',"(+"04*$ i + 1 &' 23'04*" 1" 2$%$ +*'0(/'*%$,- 1*' *',"(+"04*$ !("0"1"',-6 1"
1"!.$+$5"', 8* 1" .3')*5"$ 0/%** 1" $8,"!,$(" 03("'," "+," 0$.03.$, 3,*.*%;'1
3(5-,/$("$ "03$4*" ("03("',-Q

tStart(i + 1) = tStart(i) + ti→i+1 − t(li+1), XW<KY

*$( 5/5"',3. 1" ,*5! tStop .$ 0$(" +" ,"(5*'- 2$%$ 1" +"5$2/( +*'0(/'*%$,- 1"!*'1"
1" .3')*5"$ 0/%*./( 1" $8,"!,$("6 .3')*5"$ !.3,/'3.3* +*'0(/'*%$, 8* ,*5!** 5$F*5* 1"
:"(1" 1"2*'*4* !"',(3 *',"(+"04*$ 03("',-Q

tStop(i + 1) = tStart(i + 1) + t(li+1) +
pq(i)

Vmed(d(i, i + 1))
, XW<WY

3'1" pq(i) ("!("%*',- .3')*5"$ &' 5",(* $ !.3,/'3.3* 1" $3,/:"@*03." 0$(" $3 ,("03, !(*'
*',"(+"04*$ i !" 2$%$ 1" +"5$2/( +*'0(/'*%$,-< R/'1*4*$ '"0"+$(- 8* +32*0*"',- !"',(3
("$.*%$("$ +*'0(/'*%-(** "+," 0$ !"(*/$1$ 1" ,*5! $2"0,$,- 2$%"* 1" +"5$2/( +*'0(/'*%$,"
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G*)3($ W<EQ P0@"5- 1" !(*'0*!*3 ("!("%"',;'1 1"!.$+$5"',3. &',(" 1/3- *',"(+"04**
+*'0(/'*%$,"

+- '3 1"!-8"$+0- 3' $'35*, !($) .*5*,- tmax $!(*/(* +,$#*.*, !"',(3 2*"0$(" *',"(+"04*"<
U0"+, 2$!, "+," 5/1".$, +3# 2/(5$ *'"03$4*"*Q

t(li+1) +
pq(i)

Vmed(d(i, i + 1))
≤ tmax. XW<MY

S' 0$%3(* +!"0*$."6 $0"+," !($)3(* .*5*,- !/, 2* *)'/($," &' :"1"("$ 2.3*1*%-(** ($!*1"
$ 3'3* $'35*, ,(/'+/' 2-(- $ 4*'" +"$5$ 1" 0".".$.," ":"'*5"'," 1" ,($2*0 0$("
*',"(+"0,"$%- !.3,/'3. +*'0(/'*%$,<

%5>49485: ?5A:B5108 C 49@58:734295: 72 94;5121 49>58408 D4 A2E58408

S' $0"+, +3#0$!*,/. :/( 1"2*'*," ,*!3(*." 1" 5"+$9" &',(" $)"'4** *5!.*0$4* &'
+,($,")*$ 1" 0/'130"(" *"($(@*%$,-6 !("0*%;'1 !"',(3 2*"0$(" &' !$(," (/.3. 8* 3,*.*,$,"$<
S' 23'04*" 1" .*5#$93. 1" *5!."5"',$(" $ 5",/1"./( 1" 0/'130"(" 8* 1" !(/,/0/$."."
1" 0/53'*0$(" $."+"6 +,(30,3($ 2*%*0- $ 5"+$9"./( !/$," 1*2"(* 1" .$ 0$% .$ 0$%< S' $0"+,
+"'+6 &' 0"." 0" 3(5"$%-6 5"+$9"." ,($'+5*+" &',(" $)"'4* :/( 2* 1"+0(*+" 2/(5$. !"',(3
$ '3 1"!*'1" 1" 2$0,/(** 5$* +3+ $5*',*4*<

UY >"+$9" &',(" $)"',3. ./0$. i 8* $)"',3. %/'$. XLTAi → ZTA)Q

7 msg1 Q {li(kt)[λ
(kt)
i [µ

(kt)
i }6 k "+," *',"(:$.3. 1" ,*5! !("+",$, .$ 0$(" +" ("$.*%"$%-

,($'+5*+*$6 i "+," ":"'*5"', 1" ,($2*0 X$3,/:"@*03." +$3 !*",/'*Y 1*' *',"(+"04*$
("+!"0,*:-< P0/!3. "+," 1" $ ,($'+5*," .$ $'35*," *',"(:$." 1" ,*5! k *'2/(5$4**
.")$," 1" .3')*5*." 0/%*./( 1" $8,"!,$("6 ($,"." 1" +/+*(" 8* !."0$(" !"',(3 2*"0$("
":"'*5"', 1" ,($2*0 1*' *',"(+"04*" &' :"1"("$ 1"%:/.,-(** #$%"* 1" 03'/8,**'4" 8*
$ /#4*'"(** 1" 1$," +,$,*+,*0"J

7 msg2 Q {(Sk, tSk
)[(Sk+1, tSk+1

)[...}< P0/!3. "+," 1" $ ,($'+5*," .$ *',"(:$." $!(*/(*
+",$," &' +"03'1"6 1"0*%**." ./0$." .")$," 1" 2$%"." 1" +"5$2/( $."+" 8* '35-(3.
1" +"03'1" $2"("', &' :"1"("$ ("$.*%-(** 3'3* *+,/(*0 $. +0@*5#-(*./( 03./(*./(
+"5$2/$("./( &' *',"(+"04*"J

7 msg3 Q {tStart(Ssincr)[tSsincr
[pq(Ssincr)}6 Ssincr "+," +,$("$Z2$%$ 1" +"5$2/( 1*'

*',"(+"04*$ i !$(,*0*!$',- .$ !(/0"+3. 1" +*'0(/'*%$(" %/'$.- $ +"5$2/$("./(6 *$(
pq(Ssincr) "+," .3')*5"$ !.3,/'3.3* 1" $3,/:"@*03." 0$(" ,("0" !(*' *',"(+"04*$ i<
P0/!3. $0"+,3* 5"+$9 "+," 1" $ +"5'$.$ $)"',3.3* %/'$. 0- &' *',"+"04*$ i $ 2/+,
$."$+- 2$%$ 1" +"5$2/( +*'0(/'*%$,-6 $0"+,$ 3(5;'1 +- *'2/(5"%" .$ (;'13. +-3
$)"',3. ./0$. 1*' *',"(+"04*$ :"0*'- i+1 1" $!(/!*"("$ !.3,/'3.3* 1" $3,/:"@*03."J
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7 msg4 Q {si,j[d(i, j)}6 si,j "+," +,($1$ 1*',(" *',"(+"04**." i 8* j !" 0$(" + $ 1","0,$,
#./0$93.6 *$( d(i, j) "+," 1*+,$'4$ &' 5",(* &',(" *',"(+"04*$ i 8* ./03. &' 0$(" + $
1","0,$, #./0$93.< P0/!3. "+," 1" $ *'2/(5$ $)"',3. %/'$. 1" #./0$93. +3(:"'*, !"
/ $'35*,- +,($1- &' :"1"("$ .3-(** 1"0*%**./( 1" ("1*("04*/'$(" +$3 1" *'2/(5$(" $
!$(,*0*!$'4*./( .$ ,($2*0<

\Y >"+$9" &',(" $)"',3. %/'$. 8* $)"',3. ./0$. i XZTA → LTAi)Q

7 msg5 Q {tStart(Ssincr)[tSsincr
[pq(Ssincr)}6 Ssincr "+," +,$("$Z2$%$ 1" +"5$2/( 1*'

*',"(+"04*$ i − 1 !$(,*0*!$',- .$ !(/0"+3. 1" +*'0(/'*%$(" %/'$.- $ +"5$2/$("./(6
pq(Ssincr) "+," .3')*5"$ !.3,/'3.3* 1" $3,/:"@*03." 0$(" ,("0" !(*' *',"(+"04*$ i−1<
P0/!3. $0"+,3* 5"+$9 "+," 1" $ +"5'$.$ $)"',3.3* ./0$. 1*' *',"+"04*$ i 0- $ 2/+,
$."$+- 2$%$ 1" +"5$2/( +*'0(/'*%$,- &' *',"(+"04*$ :"0*'- i − 1 8* 0- !.3,/'3. 1"
$3,/:"@*03." +" 1"!.$+"$%- &'+!(" $0"$+,- *',"(+"04*"J

7 msg6 Q {s(i, j)}6 si,j "+," +,($1$ 1*',(" *',"(+"04**." i 8* j !" 0$(" + $ 1","0,$, #./0$9<
P0/!3. "+," 1" $ *'2/(5$ $)"',3. ./0$. 1*' *',"(+"04*$ i 0- ("+!"0,*:$ +,($1- "+,"
#./0$,-6 3(5;'1 0$ $0"+,$ +- *$ 1"0*%** 1" $ ".*5*'$ 1*' +/.34*$ 1" 0/'130"("
":"'*5"',"." 1" ,($2*0 0$(" $3 0$ *"8*(* +,($1$ si,j<

RY >"+$9" &',(" $)"',3. %/'$. 8* "0($'"." 1" *'2/(5$(" 1*' %/'- Q

7 msg7 Q {s(i, j)[ls(i,j)}6 ls(i,j) "+," .3')*5"$ 0/%** 1" $8,"!,$(" !" +,($1$ 0$(" ."$)-
*',"(+"04**." i 8* j< P0/!3. "+," 1" $ *'2/(5$ !$(,*0*!$'4** .$ ,($2*0 &' .")-,3(- 03
)($13. 1" $)./5"($(" !" $'35*," +,(-%* 1*' %/'$ ("+!"0,*:-J

7 msg8 Q {s(i, j)}< ]'2/(5"$%- !$(,*0*!$'4** .$ ,($2*0 0- +,($1$ 0$(" ."$)- *',"(+"04**."
i 8* j "+," #./0$,- ,"5!/($( 1*' 1*2"(*," 5/,*:"<

BY >"+$9" &',(" $)"',3. %/'$. i 8* $)"',3. 5",(/!/.*,$' XZTAi → CTA)Q

7 msg9 Q {msg1[msg2}< P0/!3. "+," 1" $ +$.:$ 1$,"." 1" ,($2*0 8* 1"0*%**." ./0$."
.3$," .$ '*:".3. ,3,3(/( *',"(+"04**./( 5/'*,/(*%$," &' :"1"("$ +,$,*+,*0*./( 1" ,($2*0J

7 msg10 Q {msg3[msg4}< P0/!3. "+," 1" $ +$.:$ 1"0*%**." %/'$." .$ '*:".3. ,3,3(/(
%/'"./( 5/'*,/(*%$," &' :"1"("$ ("$.*%-(** +,$,*+,*0*./( 1" ,($2*0<

TY >"+$9" &',(" $)"',3. 5",(/!/.*,$' 8* $)"',3. %/'$. i XCTA → ZTAi)Q

7 msg11 Q +,$(, +*0(/'*%$("< P0/!3. "+," !/('*("$ +*'0(/'*%-(** +"5$2/$("./( 1*'
%/'$ iJ

7 msg12 Q +,/! +*0(/'*%$("< P0/!3. "+," /!(*("$ +*'0(/'*%-(** +"5$2/$("./( 1*' %/'$
iJ

7 msg13 Q #./0 {s(j, k)}< R/53'*0- $)"',3.3* %/'$. 0- +,($1$ 1*' %/'$ ("+!"0,*:-
0$(" ."$)- *',"(+"04**." j 8* k "+," #./0$,- ,"5!/($( 1*' 1*2"(*," 5/,*:"J

7 msg14 Q 1"#./0 {s(j, k)}< R/53'*0- $)"',3.3* %/'$. 0- +,($1$ 1*' %/'$ ("+!"0,*:-
0$(" ."$)- *',"(+"04**." j 8* k '3 5$* "+," #./0$,-J

BUPT



CDL  !. /012345 65 7008609:85 1: 94;51 65 <09=

 !.!F! /4978094<:85: A5?:>0:85108

A" #$%$ 5"+$9"./( 8* $ 0"(*'4"./( $ 2/+, "2"0,3$,- "F,*'1"("$ +*53.$,/(3.
1" ,($2*0 1" ,*! 5$0(/+0/!*0 !("%"',$, &' 0$!*,/.3. $',"(*/( &' :"1"("$ +*'0(/'*%-(**
+"5$2/$("./( *'+,$.$," &' 5$* 53.," *',"(+"04** &':"0*'$,"< P $ $1-3)$, 3' '/3
5/13. !(*' 0$(" +*+,"53. 1" 0/'130"(" ./0$. 1*',( / $'35*,- *',"(+"04*" "+," *'2/(5$,
1" 0-,(" +*+,"53. 1" 0//(1/'$(" %/'$. &' .")-,3(- 03 5/5"',3. .$ 0$(" !.3,/'3.
1" $3,/:"@*03." &'1("!,;'13 +" 1*'+!(" *',"(+"04*$ &':"0*'$,- !("0"1"',- $ !(*5*,
03./$("$ :"(1" $ +"5$2/(3.3*< B" $+"5"'"$ + $3 $1-3)$, 2$0*.*,-4* 1" 1"2*'*(" $
,($'+/'3.3* !"',(3 0$(" +" 1/("8," +*'0(/'*%$("$ +"5$2/$("./(6 !(*' 1"2*'*("$ 8*(3.3*
1" *',"(+"04** !(*' 0$(" ,("0" $0"+,$< A" #$%$ *'2/(5$4**./( .")$," 1" .3')*5*." 0/%*./(
1" $8,"!,$(" &' ,*5! ("$. 8* "+,*5;'1 ,*5!3. '"0"+$( !.3,/'3.3* 1" $3,/:"@*03." !"',(3
$ $93')" &' ("+!"0*:$ *',"(+"04*" + $ *5!."5"',$, $.)/(*,53. 1" 0//(1/'$(" !(/!3+
!(*' +*'0(/'*%$("$ +"5$2/$("./(<

A"',(3 $ $(-,$ *',"($04*3'"$ 1*',(" +*+,"53. 1" 0//(1/$(" %/'$. 8* 0". 1"
0/'130"(" ./0$.6 $3 2/+, *5$)*'$," 0;,":$ +,31** 1" 0$% &' 0$(" +" 1/("8," +*'0(/'*%$("$
+"5$2/$("./( $2.$," !" / $'35*,- %/'-Z,(/'+/' &' :"1"("$ /#4*'"(** 3'1"* :"(%*<
R/'130"("$ +"5$2/(*%-(** 1*' 2*"0$(" *',"(+"04*" +" ("$.*%"$%- ./0$. 03 "F0"!4*$
5"+$9"./( 1" +*'0(/'*%$(" ("0"!4*/'$," 1" .$ +*+,"53. %/'$. 1" 0//(1/'$("< S' 0"."
0" 3(5"$%- + $ ("$.*%$, 3' +,31*3 0/5!$($,*: &',(" ("%3.,$,"." /#4*'3," !(*' +*53.$("$
0/5!/(,$5"',3.3* +*+,"53.3* 1" ,($'+!/(, &' 3(5$ 3,*.*%-(** $,;, $ +/.34*"* ./0$." 1"
0/'130"(" !(/!3+"6 0;, 8* $ +/.34*"* 1" +*'0(/'*%$(" !(/!3+-6 &' 1*2"(*," 0/'1*4** 1"
,($2*0<

S' G*)3(*." W<I6 W<K6 W<W 8* &' =$#"."." W<C6 W<E6 W<I +3', !("%"',$," ("%3.,$,"."
/#4*'3," !(*' +*53.$("$ 0/5!/(,$5"',3.3* +*+,"53.3* 1" ,($'+!/(, &' 3(5$ 3,*.*%-(** $,;,
$ +/.34*"* 1" 0//(1/'$(" !(*' +*'0(/'*%$("$ +"5$2/$("./( !"',(3 ,("* *',"(+"04** :"0*'"6
0;, 8* $ +/.34*"* !(/!3+" 1" 0/'130"(" ./0$.-< U0"+," 2*)3(* 0/'4*' 0;," ,("* )($2*0"
("!("%"',;'1 0/5!$($4*$ &',(" +/.34*$ ./0$.- !(/!3+- ?=U 8* +/.34*$ 1" 0//(1/'$("
!"',(3 2*"0$(" 1*',(" *"8*(*." 1" $!("0*"("Q vm6 tm 8* lc< R/5!$($4*$ &',(" 0"." 1/3-
+/.34** "+," ("$.*%$,- )($2*0 03 $93,/(3. $ 1/3- 23'04**6 +/.34*$ ?=U 2**'1 1"+"'$,- 03
.*'*" !3'0,$,-6 *$( +/.34*$ 1" 0//(1/'$(" "+," 1"+"'$,- 03 .*'" 0/',*'3-< S' !(*53.
(;'1 +" /#+"(:- 1*' G*)3($ W<I 8* 1*' =$#".3. W<C 0- !"',(3 *',"(+"04*$ +*'0(/'*%$,-
'35-(3. 3'36 '3 "F*+,- 1*2"("'4" &',(" 0"." 1/3- +/.34** 0/5!$($," 1$,/(*,- 2$!,3.3* 0-
$0"$+,- *',"(+"04*" '3 "+," *'2.3"'4$,- 1" +*'0(/'*%$("6 0* 1/$( +,$#*."8," +*'0(/'*%$("$
*',"(+"04**./( 3(5-,/$("< ^(5-(*'1 G*)3(*." W<K6 W<W 8* =$#"."." W<E6 W<I6 +" /#+"(:- /
+0-1"(" $ :*,"%"* 5"1** 1" 1"!.$+$(" !" 03./$("$ :"(1" $ +"5$2/(3.3* &' 1"2$:/$("$
+/.34*"* 1" +*'0(/'*%$(" !"',(3 $5#"." *',"(+"04**6 '35-(3. 1/* 8* '35-(3. ,("*< U0"+,
2$!, +" 5/,*:"$%- !(*' 0("8,"("$ ,*5!3.3* $2"0,$, 2$%"./( 1" +"5$2/( +*'0(/'*%$,"
*'1*2"("', 1" 0".".$.," ":"'*5"'," 1" ,($2*0< _$(*$4**." *"8*(*./( 1" $!("0*"(" $ ,*5!*./(
5/(4* tm *'1*0- 1" $+"5"'"$ 0- +/.34*$ 1" 0/'130"(" ./0$.- "+," 5$* !"(2/(5$',- !(*'
5*'*5*%$("$ $0"+,/( *"8*(* .$ :$./($("$ tm = 0< =/,38* &' 0""$ 0" !(*:"8," :$(*$4**." *"8*(**
1" $!("0*"(" lc +" /#+"(:- 0- +/.34*$ 1" 0//(1/'$(" !(*' +*'0(/'*%$("$ +"5$2/$("./(
$130" 5$(* &5#3'-,-4*(* +/.34*"* 1" 0/'130"(" ./0$."6 ("130;'1 +35$ .3')*5*./( 0/%*./(
1" $8,"!,$(" 03 !;'- .$ 2000`< >/,*:3. "+," 0- +/.34*$ 1" 0//(1/'$(" +"(:"8," 53., 5$*
#*'" &' 0/'1*4**." 1" ,($2*0 &' 0$(" "F*+,- 0"("(" 5$(" !" ,(/'+/'3. !" 0$(" +" ("$.*%"$%-
+*'0(/'*%$("$ +"5$2/$("./( 8* 0"("(" 5*0- !" ("+,3. +,(-%*./( 0$(" *',(- &' *',"(+"04*"<

=$#".3. W<CQ ]'1*0$,/(* 1" 0$.*,$," &' 0/'1*4** 1" 1"'+*,$," 5$(" 1" ,($2*0 1/$( !"',(3 2$%$ 1"
+"5$2/( +*'0(/'*%$,- $2"("',- *',"(+"04*"* +*'0(/'*%$," '(< C

J1 J2 J3

/4978094<:85 WMKMN Da CMNI
)G' WIEaD N CWLN

S' G*)3($ W<M +3', !("%"',$," +"0:"'4"." 1" 0/5$'1- δ !"',(3 2*"0$(" 1*',("
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G*)3($ W<IQ _$(*$4**." &' ,*5! $." *"8*(*./( vm X$Y6 tm X#Y6 lcX0Y6 &' 0/'1*4** 1" 1"'+*,$," 5$("
1" ,($2*0 1/$( !"',(3 2$%$ 1" +"5$2/( +*'0(/'*%$,- $2"("',- *',"(+"04*"* +*'0(/'*%$," '(< C

0"." ,("* *',"(+"04** 5/'*,/(*%$,"< S' $0"+, 5/1 +" !/$," /#+"(:$ 1"0$.$93. &',("
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