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)$* "+,$'$* !-%$./"!'$* *$0 !-)/3!@)(* *$)!"(0,( 37!0'$ )! '/"(0*/:0 '() (*-!3/$ '( 3$0<97%!3/:0

(* "(0$% $ /97!) ! 37!,%$A

 !"#$%&'()*+! C(*/90! 70! %(9/:0 3$0 )!* */97/(0,(* 3!%!3,(%&*,/3!* (0 () (*-!3/$ D!%,(*/!0$  

 

=

{

(x1,··· ,xn) | x1ǫ
[

x
′

1, x
′′

1

]

, · · · , xnǫ
[

x
′

n, x
′′

n

]}

'$0'( )!* '/4(%(03/!* x
′

i − x 

i , i = 1, · · · , n *$0 )!* '/"(0*/$0(* '() %(3,!097)$/'(A
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⊘
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|fAVG(A)− fAVG(B)| > máx(std(fA), std(fB)) 0HC1I3

G" !- &')$,% HCH +! <'!+(,)" -%+ ,!+'-()$%+ %6(!"#$%+C

G" !- &')$,% HCH) +! 5,!+!"()" -%+ ,!+'-()$%+ 5),) !- ()<)F% $! -) 5%6-)&#;"C D) ?,@Q&) +'?#!,!

*'!: !" &')-*'#!,) $! -%+ (,!+ ()<)F%+ $! !+&!"),#%: !- )-?%,#(<% -%?,; &%">!,?!, ) <!4%,!+ +%-'&#%"!+

&')"$% !- ()<)F% $! -) 5%6-)&#;" !,) 1M2 0!=&!5(')"$% '"%+ 5%&%+ &)+%+ $%"$! ()<6#R" -% -%?,;

'(#-#.)"$% 5%6-)&#%"!+ <@+ 5!*'!F)+ $! 1H2 #"$#>#$'%+3C

G" !- &')$,% HCH6 +! 5,!+!"()" -%+ ,!+'-()$%+ 5),) -) 5,%6)6#-#$)$ $! )5-#&)&#;" $!- %5!,)$%,

$! &,'.)<#!"(%C D) ?,@Q&) +'?#!,! *'!: !" &')-*'#!,) $! -%+ (,!+ ()<)F%+ $! !+&!"),#%: -%+ <!4%,!+

,!+'-()$%+ +! %6('>#!,%" '(#-#.)"$% 5,%6)6#-#$)$!+ <)B%,!+ % #?')-!+ ) 2:NMC

G" !- &')$,% HCH& +! 5,!+!"()" -%+ ,!+'-()$%+ 5),) -) 5,%6)6#-#$)$ $! )5-#&)&#;" $!- %5!,)$%, $!

<'()&#;"C D) ?,@Q&) +'?#!,! *'!: !" &')-*'#!,) $! -%+ (,!+ ()<)F%+ $! !+&!"),#%: -%+ <!4%,!+ ,!+'-()$%+

+! %6('>#!,%" '(#-#.)"$% 5,%6)6#-#$)$!+ !"(,! 2:21IN B 2:21MSC

G" !- &')$,% HCH$ +! 5,!+!"()" -%+ ,!+'-()$%+ 5),) -) 5,%6)6#-#$)$ $! )5-#&)&#;" $!- %5!,)$%,

T+')>#.),UC D) ?,@Q&) +'?#!,! *'!: $!5!"$#!"$% $!- ()<)F%+ $! !+&!"),#%: -%+ <!4%,!+ ,!+'-()$%+ +!

%6('>#!,%" '(#-#.)"$% )-?'"% $! -%+ (,!+ >)-%,!+ $! 5,%6)6#-#$)$ &%"+#$!,)$%+C V%, ()"(%: 5),) !+(!

5),@<!(,%: -) !()5) $! )5,%=#<)&#;" "% 7) 5,%5%,&#%")$% !>#$!"&#) *'! 5!,<#() ,!+(,#"?#, !- ,)"?%

$! >)-%,!+ ) &%"+#$!,),C

IS



 !" #!$!%& '( )! *&+)!,-./0  +" 12&+!+-)-'!' '( ,234!$-(/5&0

 ," 12&+!+-)-'!' '( $35!,-./0  '" 12&+!+-)-'!' '( 673!8-4!290

 !"#$% &'&(  ")*+$",*-. /' 012!)3"#%2 %+31.*#%2'

 !"!#! ! $%&'()*%'+,

4 5"$3*$ #1) ".6)*2*2 $1")*7"#% 2%+$1 )%2 $12!)3"#%2 %+31.*#%2 1. )" 13"5" #1 "5$%8*9",*-.: 21 #1;<

.*1$%. )%2 =")%$12 5"$" )" 13"5" #1 $1;."9*1.3% >=1$ ,!"#$% &'?@'

A" 13"5" #1 $1;."9*1.3% ,%.2*23*- 1. )" 1B1,!,*-. #1 !." .!1=" 21$*1 #1 ,%$$*#"2 #1) ")C%$*39%:

3%9".#% 1. ,!1.3": 5"$" ,"#" 5"$6913$%: 2-)% )%2 =")%$12 51$31.1,*1.312 " !. 1.3%$.% ,%. ,1.3$%

1. 1) =")%$ D"))"#% 1. )" 13"5" 5$1=*" #1 "5$%8*9",*-. >1B'( E !

 !"#$

"∂:  !
 !"#$

#∂F@ G ,%.2*#1$".#%
*.,$191.3%2 962 51H!1I%2 1.3$1 =")%$12'

JK. J68 /.,

 ! L?M LNM LM

 

%

M'MLMO M'MLPN M'MMMQ

 

&

M'OP M'PR M'MR

 

'

M'RO M'OM M'LRO

 !"#$% &'?(  ")*+$",*-. //' S")%$12 !3*)*7"#%2 1. )" 13"5" #1 $1;."9*1.3%'

T. 1) ,!"#$% &'O 21 9!123$". )%2 $12!)3"#%2 %+31.*#%2 1. 123" 13"5" #1 ,")*+$",*-.' A%2 9*29%2

$15$121.3".: 5"$" ,"#" 3"9"I% #1 12,1."$*% !3*)*7"#% 1. )"2 5$!1+"2 #1 ,")*+$",*-. >C$*))"2 #1 LM8LM:

RM8RM G OM8OM ,1)#"2@: ,%9% 21 #*23$*+!G- 1) !2% #1 )%2 #*U1$1.312 =")%$12 ,%.2*#1$"#%2 5"$" ,"#"

5"$6913$% 1. )%2 91B%$12 ")C%$*39%2 >21CV. 1) ,$*31$*% #1 2*C.*;,".,*" 123"#K23*," 91.,*%."#% ".312@'

RW



 !"# $#%&'( ) ! *+$+ $# #,#*-"+( .& .# %+/.&$#'! #" %0!$'+ 123!( -!'! #" -!'4*#5'+  !"!#$ %& '!

($)'!*+,-( #/ #" %!.+ $# #.%#/!'&+. ./0 67'&""!. 89:89; "+. <!"+'#. 8=9( 8>9 ) 8?9 @0#'+/ 05&"&A!$+. #/ "!

%+/B70'!%&C/ $#" *#,+' !"7+'&5*+ #/ #" D9E( D9E ) >9E $# "!. #,#%0%&+/#. '#!"&A!$!.( '#.-#%5&<!*#/5#2

F# 5+$+. "+. -!'4*#5'+. %!"&G'!$+.( "+. '#.0"5!$+. *4. %"!'+. '#B#'#/ !" 5!*!H+ $# "! -+G"!%&C/ ) !

"! -'+G!G&"&$!$ $# !-"&%!%&C/ $#" +-#'!$+' !%12$* .0!<&A!'2 I/ %0!/5+ !" -'&*#'+( #" %0!$'+ 123! *0#.5'!

%+*+ #" <!"+' /30 -'#$+*&/! #/ "+. 5'#. 5&-+. $# #.%#/!'&+.2 J$#*4. .07&#'# %&#'5! &/$#-#/$#/%&! #/5'#

#" 5!*!H+ $# "! -+G"!%&C/ ) #" 5!*!H+ $# "+. #.%#/!'&+. 05&"&A!$+.2 I/ %0!/5+ !" .#70/$+( #/ %!*G&+(

.& G&#/ #:&.5# 0/ <!"+' K0456 K L0# -'#$+*&/! #/ "+. 5'#. %!.+.( "! &*-+'5!/%&! $# .0 !-"&%!%&C/ -!'#%#

!0*#/5!' ! *#$&$! L0# !0*#/5! #" 5!*!H+ $# "+. #.%#/!'&+.2

 !" #!$!%& '( )! *&+)!,-./0  +" *1&+!+-)-'!' '( 2134!$-(/5&0

 ," *1&+!+-)-'!' '( 635!,-./0  '" *1&+!+-)-'!' '( 73!8-4!10

M0!$'+ 123N M!"&G'!%&C/ OO2 P#.0"5!$+. +G5#/&$+.2

Q!'! #" %!.+ $#" 5!*!H+ $# "! -+G"!%&C/( #.5+. '#.0"5!$+. 5&#/#/ .#/5&$+ .& .+/ !/!"&A!$+. $#.$#

#" .&70&#/5# 4/70"+N #/ #" %!.+ $# #.%#/!'&+. $# *!)+' 5!*!H+ <!"+'#. 7'!/$#. $# #.5# -!'4*#5'+. .#

#:-"&%!/ #/ "! /#%#.&$!$ L0# $#*0#.5'! #" !"7+'&5*+ $# %+/5!' &/&%&!"*#/5# %+/ .0B%&#/5# $&<#'.&$!$

$# &/@+'*!%&C/ 7#/R5&%! -!'! "+7'!' %+/<#'7#' ! &/$&<&$0+. $# G0#/! %!"&$!$ %#'%!/+. !" C-5&*+2

S&/ #*G!'7+( -!'! #" %!.+ $# #.%#/!'&+. $# *#/+' 5!*!H+ "! #:-"&%!%&C/ -+$'T! .0'7&' !" %+/.&$#'!'

"+. <!"+'#. $# 7 -&.. -'+*#$&+ ) $#.<&!%&C/ #.54/$!' !"%!/A!$+. %+/ %!$! %+/B70'!%&C/2

I/ #" %0!$'+ 12> .# -0#$# !-'#%&!' %+*+ $&%U+. <!"+'#. .# *!/5&#/#/ !%+5!$+. #/ 0/ '!/7+ *0)

-#L0#H+2 I.5+ &/$&%!'T! L0# %!.& 5+$+. "+. <!"+'#. $# %+/B70'!%&C/ -#'*&5#/ !" !"7+'&5*+ %+/<#'7#' !

G0#/+. &/$&<&$0+. -#'+ .+/ "!. %+/B70'!%&+/#. %+/ -+G"!%&+/#. 7'!/$#. "!. L0# #.5!$T.5&%!*#/5# "+7'!/

*#,+'!'( !0/L0# *!'7&/!"*#/5#( "! .+"0%&C/2

DV



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

 '" #$%&!$'(! ).+  /" #$%&!$'(! )0+

 1" #$%&!$'(! )2+  3" #$%&!$'(! )4+

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

4"$" ,5 0"/% #, 5" *$%6"6-5-#"# #, "*5-0"0-71 #,5 %*,$"#%$ /!"8-9"$ ,5 $,/!5:"#% ,/ +;/ -1:!-:-8%

." 2!, 5" %*%$:!1-#"# #, 5" "*5-0"0-71 #,5 +-/+% "!+,1:" ,1 5" +,#-#" 2!, 5%/ ,/0,1"$-%/ /,"1 +;/

<$"1#,/= 0%1:,1<"1 +;/ 0,5#"/= %6/:;0!5%/ .= >1"5+,1:,= 5%/ 0"+-1%/ /,"1 +;/ 5"$<%/ . /-1!%/%/' 4%$

%:$% 5"#%= . 0%1/-#,$"1#% 2!, ,/ !1 %*,$"#%$ 2!, ,/:; +;/ ,+*"$,1:"#% 0%1 5" ,?*5%:"0-71 #, $,/!5:"#%/

*$,8-%/ 2!, 0%1 5" ,?*5%$"0-71 #, 1!,8"/ ,?*,$-,10-"/= :"+6-@1 ,/ $"9%1"65, ,5 $,/!5:"#% %6:,1-#% ."

&A



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

2&$0)$3

4(#&.*"#0"5 .)$ '"$!.0&6)$ )70"#(6)$ $)7'" .& ,')7&7(.(6&6 6" &,.(%&%(8# 6". ),"'&6)' 6" %'!9&*("#:

0) #) $)# 6"0"'*(#&#0"$ "# 0)'#) & !# ;#(%) 2&.)'5 ,"') $( .) $)# "# %!&#0) &  !"5 (#6","#6("#0"*"#0"

6". 0&*&-) 6". "$%"#&'()5 $"'<& '&9)#&7." !0(.(9&' ". 2&.)' ,')*"6() =>3?@A3 B)' ". %)#0'&'()5 "# ". %&$)

6" .)$ '"$!.0&6)$ )70"#(6)$ ,&'& .& ,')7&7(.(6&6 6" *!0&%(8#5 .) *+$ $&.("#0" "$  !" ,'"6)*(#& ". !$)

6" .&$ ,')7&7(.(6&6"$ *+$ &.0&$ ="#0'" >3>CDD 1 >3>CEFA5 ,"') #) $" 6($0(#G!" #(#G!#& '".&%(8# H!"'0"

"#0'" ". 0&*&-) 6" .)$ "$%"#&'()$ 1 ". 2&.)' 6" "$0" ,&'+*"0')3

DC



 !"#$%&' (

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

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

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

-., +$5 ($6./(" $! &".7-.'" ($ +,!"*$# ($ !, &".61-*,&/8.4 #$ *$,!/5,*". -. #$*/$ 09# ($ $7$&-&/".$#:

;,*, #- *$,!/5,&/8. #$ &".#/($*,*". !"# 0/#0"# ',0,<"# ($ $#&$.,*/" =>?@>?4 A?@A? 2 B?@B? &$!(,#C 2

&".61-*,&/8. /./&/,! 2 ($#'/." $0)!$,("# (-*,.'$ $! )*"&$#" ($ &,!/3*,&/8.:

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

D"# &-,(*"# E:> 2 E:A *$#-0$. !,# &,*,&'$*F#'/&,# 09# /0)"*',.'$# ($ !,# )!,',%"*0,# -'/!/5,(,#

),*, !, $7$&-&/8. ($ !,# )*-$3,#:

G;H I.'$! ;$.'/-0 J-,! G"*$ KA>E? L >:M?NO5

P Q ANR JJP

G-,(*" E:>S ;!,',%"*0, ($ T,*(U,*$:

VW NXHYD/.-@ L Z-3-.'- A:M:[>LAA

IJK K&!/)#$ O$!/"# [:M

D$.1-,7$ \,+, >:M

 N D/3*,*2 \N ; [:[:[

N*,)T D/3*,*2 \N*,)T' ?:]:>

"̂*"."/ D/3*,*2 _-/&`T-!![( >:E

^/#"* ;*"&$##/.1 >:?:a

G-,(*" E:AS ;!,',%"*0, ($ #"%'U,*$:

[A



 !"!#! $%&'()*&+,

 ! "# $%&'() *+, -" .%"-/(&! #)- 0&#)("- %/1#12&')- "! #& $)!34%(&$15! '"#  !"

6&.&7) '" #& 8)9#&$15! :1!'101'%)-; <=>

?()9&91#1'&' '" %-) '"# )8"(&')( '" .%/&$15! :#

 

; >+><,@

?()9&91#1'&' '" %-) '"# )8"(&')( '" $(%2&.1"!/) :#

!

; >+A@

?()9&91#1'&' '" %-) '"# )8"(&')( B-%&012&(C :#

"

; >+,,

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

?)($"!/&D" '" "#1/1-.) "! #& -"#"$$15! AE

F&!/1'&' .GH1.& '" 4"!"(&$1)!"- <AA

F&!/1'&' .I!1.& '" 4"!"(&$1)!"- A

JGH1.& $&!/1'&' '" 4"!"(&$1)!"- -1! 0&(1&( "# ."D)( 1!'101'%) A

JI!1.) 8)($"!/&D" '" ."D)(I& '"# $%&'(( 8()."'1) '" #& 8)9#&$15! KE

 ." 1($)* 2!$%&'($)*0

F%&'() *+,L ?&(G."/()- '" "D"$%$15! '"#  !+

?)( )/() #&')M "! "# $%&'() *+* -" .%"-/(&! #)- 8&(G."/()- 4"!"(&#"- &8#1$&')- '%(&!/" #& "0&N

#%&$15! '"#  !+ O"9" &'0"(/1(-" P%"M -1 91"! $&'& 1!-/&!$1& '" "-$"!&(1) -" 4"!"(& ("-8"/&!') #)-

8&(G."/()- 4"!"(&#"-M #& $&!/1'&' Q %91$&$15! '" #)- )9-/G$%#)- "! $&'& "-$"!&(1) -" '"/"(.1!& "!

R)(.& 1!'"8"!'1"!/" Q &#"&/)(1&+

F&!/1'&' '" F&-)- :"-$"!&(1)-; <>>

S"8"/1$15! '" $&'& $&-) A>

?"-) '"# )9D"/10) )*+,- T>E

?"-) '"# )9D"/10) (',.+/0*0 <AE

?"-) '"# )9D"/10) (.*1/0*0 UAE

?)($"!/&D" .I!1.) '" $"#'&- )$%8&'&- <>E

?)($"!/&D" .GH1.) '" $"#'&- )$%8&'&- U>E

F%&'() *+*L ?&(G."/()- 4"!"(&#"- '" "0&#%&$15!+

 !"!-! .),/0*%1+,

 # $%&'() *+A 8("-"!/& "# $%&'(( 8()."'1) Q '"-01&$15! "-/G!'&( )9/"!1')- &# "D"$%/&( "# 8#&!13N

$&')( "! $1"! :<>>; 1!-/&!$1&- '1R"("!/"- '" $&'& /&.&7) '" "-$"!&(1)- $)!-1'"(&')+ V&- 8(1!$18&#"-

$)!$#%-1)!"- P%" &(()D&! -" '"-$(19"! & $)!/1!%&$15!L

,,



 ! "#$%&'()*$'# +,( -* .($()*"&/$ '( -#% (%"($*)&#% %( )(*-&0/ ($ 1#)2* *-(*3#)&*4 5,('( "#$"-,&)%(

+,( 5*)* ,$ .)*$ $62()# '( %&3,*"&#$(% %( *-"*$0*$ %#-,"&#$(% '( 2,7 8,($* "*-&'*'

 

!

9! 3($&($'# ($ ",($3* +,( "*'* "*%# %( (:(",3/ "&$",($3* ;<=> ?("(% 7 +,( -* '(%?&*"&/$ (%3@$'*)4

($ "*%& 3#'#% -#% "*%#%4 %( 2*$3,?# *"#3*'* 5#) '(8*:# '( ?*-#)(% 8*:#%4 (- *-.#)&32# 2,(%3)*

,$* 2,7 8,($* (%3*8&-&'*' ($ -# +,( )(A()( * "#$?().() .-#8*-2($3( * %#-,"&#$(% '( "*-&'*'!

 !" #$%#$&

 '" ($%($&

 )" *$%*$&

B,*')# C!<D E?*-,*"&/$! F&3$(%% 5)#2('&# 7

G(%?&*"&/$ (%3@$'*)!

 !" #$%#$&

 '" ($%($&

 )" *$%*$&

B,*')# C!HD E?*-,*"&/$! G(%?&*"&/$ (%3@$'*)!

 

+,-./012!-0, 3! 410/0! 01 )!3/0!0 561 ,721)1 3! 76-)/8- 01  !"#$$&

IC



 ! "# "$ %&'()* +!, -" .)"-"#/'# $*- 0)12%*- (" ("-34'%45# "-/1#(') "6%$&-43'7"#/" (*#(" /'7849#

.&"(" '.)"%4')-" $' 8&"#' "-/'84$4('( )":")4(' '#/")4*)7"#/"!

;$ %&'()* +!< 7&"-/)' $' %'#/4('( (" 0"#")'%4*#"- )"=&")4('- "# %'(' %'-* .')' '$%'#>') $' %*#(4%45#

(" .')'(' ? "# "$ %&'()* +!@ "$ /4"7.* 4#-&74(* .*) "$ '$0*)4/7* "# $' )"-*$&%45# (" %'(' "#/*)#*!

A8-")3'#(* $*- )"-&$/'(*- *8/"#4(*- .&"("# "6/)'")-" 3')4'- %*#%$&-4*#"-B

 !" #$%#$&

 '" ($%($&

 )" *$%*$&

C&'()* +!<B ;3'$&'%45#! D"#")'%4*#"-!

 !" #$%#$&

 '" ($%($&

 )" *$%*$&

C&'()* +!@B ;3'$&'%45#! E4"7.*!

F! "$ '$0*)4/7* "- -&7'7"#/" "-/'8$"G /'#/* "# $' %'#/4('( (" 0"#")'%4*#"- =&" )"=&4")" "3*$&%4*#')

%*7* "# "$ /4"7.* 4#-&74(* "# $' )"-*$&%45# (" %'(' 0"#")'%45#!

H! %*7.')'#(* $*- 0)12%*- (" 0"#")'%4*#"- %*))"-.*#(4"#/"- ' "#/*)#*- (" (4:")"#/" /'7'I*G .&"("

'.)"%4')-" %*7* '&7"#/' $' %'#/4('( (" 0"#")'%4*#"- )"=&")4('- .')' '$%'#>') $' %*#(4%45# ("

 J



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

3+!"4. #% 0!$&).56 +! 0!)*&#!# #% 0.$7&)!0&.)%, ! "%!+&8!" %)*"% +., $&,$.,6 +!  ". ."0&-) #%

&)#&2&#(., 9!0*&7+%, "%, %0*. #%+ *.*!+ / #%)*". #% %,% ,(70.):()*. *!$7&;) !($%)*! +! 0!)*&#!#

#% &)#&2&#(., 9!0*&7+%, 0!)#&#!*., ! ,.+(0&-) 3%+%2!#. 2!+." #%  !"#$$5< =.#">! #%0&",% '(% #% +!

$!). #% %,*., !, %0*.,6 !($%)*! +! 0.$ %*&*&2&#!# / %+ !+4."&*$. )%0%,&*! $?, 4%)%"!0&.)%,  !"!

 .#%" ,%+%00&.)!" () 0!$&). '(% ,% #%,*!'(% 0.$. $%:." ,.+(0&-)  ." %)0&$! #% +., "%,*!)*%,<

@<  ." .*". +!#.6 0.$ !"!)#. +., 4"?A0., #% *&%$ . 0.""%, .)#&%)*%, ! %)*.")., #% #&9%"%)*% *!$!1.6

,% ! "%0&! 0.$. %+ *&%$ . "%'(%"&#.  ." %)*."). %, $!/."  !"! %)*.")., $?, 4"!)#%,6 !()'(% +!

9."$! #% +! 4"?A0! ,(4&%"% '(% %B&,*!) .*"., 9!0*."%,<

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

C) %,*! ,%00&-) &)*%"%,! "%!+&8!" () !)?+&,&, 0.$ !"!*&2. %)*"% +!  "%,%)*%  ". (%,*! / +!  "%,%)*!#!

%) DEEEFGH< I *!+%, %9%0*., / 0.$. 9."$! #% 2&!7&+&8!" ()! 0.$ !"!0&-) %'(&*!*&2!6 ,% "%!+&8!".)

%:%0(0&.)%, #% !$7!,  ". (%,*!, ,.7"% %+ $&,$. %,0%)!"&. (*&+&8!#. %) DEEEFGH<

J! A4("! K<L $(%,*"! ()! "% "%,%)*!0&-) 4"?A0! #%+ %)*.").< M&%)*"!, %) +! A4("! K<L! ,%  "%,%)*!

()! 2&,*! #% +! #%,0.$ .,&0&-) ! ".B&$!#! #%+ %)*."). #.)#% ,% #%,*!0!) +!, 0%+#!, ."&4%)6 #%,*&).

/ +., .7,*?0(+., 30%+#!,  !"0&!+$%)*% .0( !#!,56 %) +! A4("! K<L7 ,%  (%#% ! "%0&!" %+ #&!4"!$! #%

N.".).& 4%)%"!#. !  !"*&" #% +., .7,*?0(+.,<

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

O&4("! K<LP C)*."). #%  "(%7!<

 !"#$% &$ '()*+,-$'./) .).'.$0 12-32)2'2 $ 0$ '204$ -(5$" &$ '()*+,-$'./) 4263.)( 12-32)2'2 $ 0$ '204$ $7,0"

&$6 '204$6 (',1$4$6 62 4263$'$) 2) )2+-("

 !"#8% &(6 1,)3(6 +2)2-$4(-26 9 $-.63$6 42 :(-()(. 62 4263$'$) 2) )2+-(  1,)3(6 9 0;)2$6< -2612'3.=$>2)32%"

&$6 -2+.()26 62 4.63.)+,2) '() 3()$0.4$426 42 +-.626"

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

Q% "%!+&8!".) 0.$ !"!0&.)%, *!)*. ! )&2%+ #% +! 0!+&#!# #% +!, ,.+(0&.)%, 0.$. #%+ #%,%$ %1.

0.$ (*!0&.)!+ #% +., #&9%"%)*%, %)9.'(%,< C) *!+ ,%)*&#.6 ,% 0.$ !".) &)#&0!#."%, #% +!  ". (%,*!

#%,!"".++!#! 0.)*"! +., .7*%)&#., !+ %:%0(*!"P

L< ()! &$ +%$%)*!0&-) #%+ *"!7!:.  "%2&. DEEEFGH<

%&'"( #! ') ! +&0!) () *+  !"! . *&$&8!" 0!$&)., ,%4R) +!"4.6 ,(!2&#!# / ,%4("&#!#< C) *!+

@S



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

&'#()#!$% *!(%+, 4 &* !" -%!,-"#!5 2*! .!)3$#! (&3.*#-) (-3$"& !"#)! %& (&"67*)-($&"! 

.)!! #-/,!($%- 8 9- 67*)- :8;- 3*! #)- !, 3-.- )! *,#-"#! %! -.,$(-)  &* - ,- %! (&3.& $($0"

-.)&<$3-%- )!(#-"7*,-) %! ,- 67*)- :8=-8 >&/)! !, 3-.-  ! (&3.*#-" #&%& ,& (-"-,! 2*! *"!"

4?'=@5 - .-)#$) %! (!,%- -%+-(!"#! %&"%!  ! (*3.,! 2*! !, %A7$#& %! *"- (!,%- &)$7!" ! 3!"&)

2*! !, %! ,- (!,%- %! #$"& !" - ,&  *3& ; *"$%-%! 8 9- 67*)- :8;/ 3*! #)- *" (-3$"& (&3.*#-%&

- .-)#$) %! ,- %$(B- )!.)! !"#-($0"8

 !" #!$! %&'(  )" *!+,-. /.)01  !"(

C$7*)- :8;D E!.)! !"#-($0"  !"!#$% &'#()#!$% *!(%+,-

;8 *"- /F 2*!%- !<B-* #$G- )!-,$H-%-  &/)! ,- %! (&3.& $($0" -.)&<$3-%- )!(#-"7*,-) %! ,- 67*)-

:8=-8

I #-,! !J!(#& '  ! $3.,!3!"#0 *"- /F 2*!%- !" .)&J*"%$%-% 4 *. 5  &/)! ,- (!,%- ,$/)! %!,

!"#&)"&8 K, (*-%)& :8L .)! !"#- ,& )! *,#-%& &/#!"$%& -, )!-,$H-) ,- /F 2*!%-  *. .-)- !,

(1,(*,& %!, (-3$"& ,$/)! %! (&,$ $&"! 8

M$!3.& %! !N!(*($0" C$#"!  9-)7& >!7*)$%-% >*-G$%-%

O:L?:L8?43 5 ?8@=L@P OOP8O@ ;:Q8=O ?8P@L?P

R*-%)& :8LD S"%$(-%&)! %! ,- /F 2*!%-  !" 

!" #$%&'( ) *+ ,'-.-/0% "(. '-.$"0%&(. (10-/2&(. %" %,"2#%' %31%. ,'(,$-.0%. 4 #! '-5-'- % "%

23,"-3-/0%#26/ ,'(,2% &- "% ,'(,$-.0% '-%"27%&% ,(' $%&'( )* &+ 8  , '-5-'- % "% ,'-.-/0- ,'(,$-.0%

&-12&( % 9$- -. $/% %,"2#%#26/ &- -. .(1'- $/% '-,'-.-/0%#26/ 1%.%&% -/ :2%;'%3%. &- <('(/(2= %"

#%.( &- ,'$-1% 9$- .- 3$-.0'% -/ "% 5;$'% ) * 

!/ 1%.- % "(. 2/&2#%&('-. ,'-.-/0%&(. -/ %31(. #$%&'(. 4) > 8 ) *+=? .- ,$-&-/ -@0'%-' "%. .2;$2-/0-.

#(/#"$.2(/-.A

* B-%"27%' $/% 1C.9$-&% -@D%$.02E%? %C/ -/ -/0('/(. ,-9$-F(. 8 #(/.2&-'%/&( $/ -.,%#2( &-

1C.9$-&% 3G. '-&$#2&( 4.6"( .- #(/-#0%'(/ #-"&%. %&8%#-/0-.=? 02-/- $/ #(.0( #(3,$0%#2(/%"

-"-E%&( 9$- "( 0'%/.H('3% -/ $/% 3%"% -.0'%0-;2% &- ,"%/25#%#26/ .2 .- ,2-/.% %,"2#%' -/ .2.0-3%.

'(1602#(. %$06/(3(. -/ -/0('/(. &2/G32#(. 

I J%. &(. ,'(,$-.0%. 1%.%&%. -/ -. "(;'%/ -/#(/0'%' #%32/(. &- 3-K(' #%"2&%& 9$- "(. (10-/2&(.

3-&2%/0- "% 1C.9$-&% -@D%$.02E% 23,"-3-/0%&% !.0( .- &-1-? ,'2/#2,%"3-/0-? % 9$- %E%/7%/&(

LM



 ! " #$" %!& " '() *!+ $( ,! &(-)" !.'&()") /( ( !& !,'"%0(  ! 12,3#! " 45 '() !$ !5 &", ,(&#%0($!,

3#! %($!%/"$ %!& ",  0,/"$/!, $( ,($ %($,0 !)" ",6 7" ,(&#%08$ (1/!$0 " ,! %($,0 !)" #$" %(/"

0$9!)0()  !10 ( " 3#!5 %(:( ,! :!$%0($8 "$/!)0():!$/!5 &(, "/)01#/(,  ! &")-( 4 ,#"*0 " '#! !$

,!) :!;()" (, "& %($,0 !)") /)":(, %($9():" (, '() %!& ", $( " 4"%!$/!,6 <() !& %($/)")0(5 !&

/0!:'(  ! %8:'#/( !, %($,0 !)" ( %(:( #$" %(/" ,#'!)0() " :!;()")6

 ! ,(1)! "#$  ! ,(1)! "%

=!$!)"%08$  !& !$/()$( >:,? @ABC @C@D

E*(&#%08$  !& F= >:,? CDG6DH @CHH

=!$!)"%0($!, ')(:! 0( @C6G@ @D6IH

$&'()** ')(:! 0( I6JCHHI I6JKAAH

L!,*0"%08$ !,/M$ ") I6I@IAD I6IIGAD

N!;() $&'()** I6JKGJB I6JGKGH

L!,*0"%08$ "& :!;() I6I@CAD I6IIDHI

7")-( ')(:! 0( AGA6CD AGD6AB

O!-#)0 " ')(:! 0( CGB6GJ CJI6KA

O#"*0 " ')(:! 0( I6CH@@@ I6C@B@J

P#" )( K6@IQ P(:'")"/0*( $#:R)0%( S6

 !"#$ %& &'()* + ,-).(/0'0 1(*2-0/* ,- 2/0-3 -3 .3/0'0-, 0- 0/,4'35/' 2/-34(', 6.- &' ,.'7/0'0 1(*2-0/* ,- 2/0- -3

('0/'3-, 1*( 78(4/5-9

B6 P($ )!,'!%/( " &" !T%0!$%0" %(:'#/"%0($"&  ! &(, "&-()0/:(, 1"," (, !$  !5 ,#)-! 3#! &" ')('#!,U

/" 1"," " !$ "#$  !:"$ " :M, /0!:'( !$ &" 9",!  ! -!$!)"%08$  !& !$/()$( '!)( &" !*(&#%08$

 !& "&-()0/:( !, %",0 %0$%( *!%!, :!$() 3#! &" ')('#!,/" 1"," " !$ "%6 V":10R$ !& $2:!)(

 ! -!$!)"%0($!, )!3#!)0 ", '")" "&%"$+") ,(&#%0($!,  ! 1#!$" %"&0 " !, :!$() !$ !& %",(  ! &"

')('#!,/" 1"," " !$ "#$6

K6 <() (/)( &" (5 !$ %#"$/( " &" %($*!)-!$%0"  !&  ! ,! "')!%0" 3#! &" ')('#!,/" 1"," " !$ "% ')!U

,!$/" :!;()!, $0*!&!,  ! !,/"10&0 " !$ !& ,!$/0 (  ! %($*!)-!) " '(1&"%0($!,  ($ ! ,#, 0$ 0*0 #(,

,($ :M, '")!%0 (, !$ %"&0 " 6

G6 W0$"&:!$/!5 "& %($,0 !)") &" %"&0 "  ! &", ,(&#%0($!, (1/!$0 ",5 ,#)-! 3#! &" ')('#!,/" 1"," " !$

"% &(-)" "&%"$+") :!;()!, ,(&#%0($!,6 E$ -!$!)"&5  ! &")-(, ,0:0&")!, '!)( %($ :!;()!, "/)01#/(,

!$ %#"$/( " ,!-#)0 " 4 ,#"*0 " 6

E$ )!,#:!$5 &" ')('#!,/" 1"," " !$ "%  !:#!,/)" ,!) )(1#,/" >,0!:')! )!/()$8 ,(&#%0($!, 9"%/01&!,?5

X!.01&! >,! Y" !*"&#" ( ,(1)! #$ %($;#$/( *")0" (  ! !$/()$(, U !  09!)!$/!,  0:!$,0($!, 4 !,'"%0(  !

%($T-#)"%0($!,  ! &(, (1,/M%#&(,? 4 !T%"+ >!$%($/)"$ ( ,(&#%0($!,  ! %"&0 " ?6

O0$ !:1")-(5 4 %($,0 !)"$ ( 3#! !$ )(18/0%" :8*0& !& /0!:'(  ! %(:'#/( 0$*!)/0 ( !$ &(, ')(%!,(,

 !&01!)"/0*(, !, #$ 9"%/()  ! ,#:" 0:'()/"$%0"5 " *!%!, /"$/( ( :M, 3#! &" ')('0" %"&0 "  ! &(, )!,#&U

/" (, 3#! ,! (1/0!$!$

 

5 '( )Z"$ %"1!) &", ,0-#0!$/!, 0$/!))(-"$/!,Q [" 3#R '#! !  !1!),! &"  09!)!$%0"

!$ &" !T%0!$%0" %(:'#/"%0($"& !$/)! ":1", ')('#!,/",\ ['")" !& %",(  ! !,/# 0( "$"&0+" (5 ,! ;#,/0T%"

 

%:/,4-3 3.2-(*,', '1&/5'5/*3-, 0*30- 3* '&5'3;' 5*3 5'&5.&'( &' 2-<*( 0-5/,/=3 ,/3* 6.- -, 3-5-,'(/* 5'&5.&'(&' '

4/-21*9

BJ



 !" #$%&'&()$! *+' &" "+,'+ #& -&.+'&/ '&/0" !#+/1 2/&'3! *+/$4"& '&#0)$' &"  $&-*+ #& )5-*0 + #& "!

*'+*0&/ ! 4!/!#! &(  ! /$( !%&) !' /&(/$4"&-&( & + -!( &($&(#+ &" ($6&" #& )!"$#!# #& "+/ '&/0" !#+/

+4 &($#+/1

7",0(!/ &8*"$)!)$+(&/ /0',&( !" +4/&'6!' 90& "! '&*'&/&( !)$5( 0 $"$:!#! &( "! *'+*0&/ ! 4!/!#!

&(  ! +)!/$+(! 90& &( "! ,&(&'!)$5( #& "! *+4"!)$5( $($)$!" "+/ $(#$6$#0+/ )+( &(,!( 0(! )!( $#!#

#& *0( +/ $( &'-&#$+/ /&(/$4"&-&( & -&(+'; <& !",=( -+#+> /& *!,!  '$40 + *+' 0(! ,&(&'!)$5( #&"

&( +'(+ -&(+/ )+/ +/! *&'+ )+( 0(! $($)$!"$:!)$5( -&(+/ '$)!> ,&(? $)!-&( & @!4"!(#+; A6$#&( &-&( &>

"! #$6&'/$#!# ,&(? $)! ! *&/!' #& /&' -&(+' &/ /0B)$&( &> "+ 90& 90&#! #&-+/ '!#+ !" +4/&'6!' "! )!"$#!#

#& "!/ /+"0)$+(&/ 90& /& "+,'!(> /$( &-4!',+> &8$/ & 0( )+/ + )+-*0 !)$+(!" !/+)$!#+ ! )+-*&(/!' &/ !

#&/6&( !.! -&#$!( & "! '&!"$:!)$5( #& -C/ ,&(&'!)$+(&/; D '+ %!) +' '&"!)$+(!#+ )+( &/ & /+4'& )+/ + &/

&"  !-!E+ #& "!/ *+4"!)$+(&/ 0 $"$:!#!/> !0(90& (+ "+ !/+)$!-+/ &8)"0/$6!-&( & ! &/ & @&)@+; A( %+'-!

4!/ !( & $( 0$ $6! /& *+#'3! /0*+(&' 90& &"  !-!E+ #& *+4"!)$5(> )!/$  '&/ 6&)&/ -!F+' !" 0 $"$:!#+

&( "! *'+*0&/ ! 4!/!#! &(  "#> &/ 0(! %+'-!  !-4$?(> #& )+-*&(/!' "! -&(+' '$90&:! ,&(? $)! 90&

*'+*+')$+(! "! '&*'&/&( !)$5( #& "+/ $(#$6$#0+/ &( "! *'+*0&/ ! 4!/!#! &(  !; G$( &-4!',+> *'&%&'$-+/

!/+)$!'"+ !" @&)@+ #& 90& &/& 6!"+' /0',$5 #& 0( *'+)&/+ #& )!"$4'!)$5( '&!"$:!#+ /+4'& &/)&(!'$+/

)+( #$%&'&( &/  !-!E+/ F )!( $#!# #& +4/ C)0"+/> $()"0/+> 6!'$&#!# #& /$ 0!)$+(&/ 90& /& *'+#0)3!(

#&*&(#$&(#+ #& "! 04$)!)$5( #& #$)@+/ +4/ C)0"+/ &( &" &( +'(+ F '&"! $6! &( '& /$; A',+> &/ & 6!"+'

&/ C -C/ &-*!'&( !#+ )+( *'+*+')$+(!' ,&(&'!"$#!# F "! *+/$4$"$#!# )+()'& ! #& 90& &" !",+'$ -+> !/3

)+(B,0'!#+> "+,'& &( '&,!' /+"0)$+(&/ #& 40&(! )!"$#!# &( 0(! 6!'$&#!# -0F $-*+' !( & #& &( +'(+/;

H+'  !( +> )+( &" *'+*5/$ + #& $( &( !' '&/*+(#&' "!/ #+/ =" $-!/ $( &''+,!( &/> /& '&!"$:!'+( #+/

(0&6!/ &.&)0)$+(&/ #&" !",+'$ -+> -+#$B)C(#+"& "+/ 6!"+'&/ #& /0/ *!'C-& '+/ #& )+(B,0'!)$5(; <&

&/ & -+#+> /& 40/)5 )+(B'-!' 90& '&)!"$4'!(#+ &" !",+'$ -+ *!'! "! $(/ !()$! &/*&)3B)! #&" *'+4"&-!>

/&'3! *+/$4"& '&#0)$' /&(/$4"&-&( & &"  $&-*+ #& )5-*0 + -!( &($&(#+ "! )!"$#!# #& "!/ /+"0)$+(&/

!")!(:!#!/ )+( "+/ 6!"+'&/ #& )+(B,0'!)$5( /0',$#+/ #& "! & !*! #& )!"$4'!)$5(; 7  !"&/ &%&) +/ /&

)+(/$#&'!'+( #+/ .0&,+/ #& 6!"+'&/I "! )+(B,0'!)$5( 0 $"$:!#! &( "! *'+*0&/ ! 4!/!#! &(  "# F 0(!

)+(B,0'!)$5( $%&'() #+(#& /& @$:+ 6!'$!' &"  !-!E+ #& "! *+4"!)$5( @!/ ! *'+6+)!' 90& "+/  $&-*+/

#& &6+"0)$5( %0&'!( /$-$"!'&/ ! "+/  $&-*+/ -&#$+/ #& "! *'+*0&/ ! 4!/!#! &(  "#;

A" )0!#'+ J;KK *'&/&( ! "+/ '&/0" !#+/ +4 &($#+/ !" &.&)0 !' "! *'+*0&/ ! 4!/!#! &(  ! )+( &/ !/

)+(B,0'!)$+(&/;

L+/ -$/-+/ /+( &"+)0&( &/ F )+(B'-!( "!/ @$*5 &/$/ /0,&'$#!/ !( &'$+'-&( &; L+/ $(#$)!#+'&/ #&

"! *'$-&'! &.&)0)$5( M)0!#'+ J;KKIN+"0-(! KO #&-0&/ '!( 90& &'! *+/$4"& -!( &(&' "! )!"$#!# #&

"!/ /+"0)$+(&/ +4 &($#!/ #$/-$(0F&(#+ /&(/$4"&-&( & &"  $&-*+ #& )5-*0 +> $()"0/+ *+' #&4!.+ #&

"+/ +4 &($#+/ )+( "! *'+*0&/ ! 4!/!#! &(  "#; L+/ $(#$)!#+'&/ #& "!/ /+"0)$+(&/ &()+( '!#!/ &(

)+-*!'!)$5( )+( "+/ $(#$)!#+'&/ *'&/&( !#+/ &( &" )0!#'+ J;KP /+( /$-$"!'&/ &( "!',+ F /0!6$#!# *&'+

-&.+'&/ &( )0!( + ! /&,0'$#!#;

7/$-$/-+> &( &" )!/+ #& "! /&,0(#! &.&)0)$5( M)0!#'+ J;KKIN+"0-(! QO *0&#& !*'&)$!'/& 90& &"

!0-&( + &( &"  !-!E+ #& "! *+4"!)$5( '&90&'$#+ *!'! &-*!'&.!' "+/  $&-*+/ #& &.&)0)$5( (+  '!&

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

A( /0-!> *0&#& )+()"0$'/& 90& /$ /& )0&( ! )+( )$&' ! $(%+'-!)$5( &8 '! #&" &( +'(+ M)!( $#!# F

C'&!  + !" +)0*!#! *+' "+/ +4/ C)0"+/O &/ *+/$4"& +* $-$:!' &" *'+)&/+ #& *"!($B)!)$5(> #$/-$(0F&(#+

&"  $&-*+ #& )5-*0 + $(6&' $#+ &( " "! &.&)0)$5( #&" *+ /$( )+-*'+-& &' "! )!"$#!# #& "!/ /+"0)$+(&/;

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

A" )0!#'+ J;KQ *'&/&( ! ,'CB)!-&( & "!/ /+"0)$+(&/ +4 &($#!/ )+( )!#! 0(! #& "!/ 6!'$!( &/ &.&)0R

 !#!/;

A" )0!#'+ J;KQ! -0&/ '! "! /+"0)$5( !")!(:!#! !" 0 $"$:!'/& &" &(%+90& #& ,'$-. /0 $1; A" )0!#'+ J;KQ4

-0&/ '! "! /+"0)$5( !")!(:!#! )+( &" &(%+90& #&/!''+""!#+ &( &" *'&/&( &  '!4!.+ M0 $"$:!(#+ &" .0&,+ #&

ST



 !"#$%&"'( )%  !"  !"#$%&"'( #$%&'(

*%+%"!,-.+ )%/ %+&'"+' 0$(1 2345 2236

78'/9,-.+ )%/ :* 0$(1 ;;3 ;65

*%+%"!,-'+%( <"'$%)-' 25 25=>5

")*+,-- <"'$%)-' 4=?3>3@ 4=?3@;4

A%(8-!,-.+ %(&#+)!" 4=423@6 4=4226B

C%D'" ")*+,-- 4=?5>33 4=?5>33

A%(8-!,-.+ !/ $%D'" 4=42BB6 4=42@2>

E!"F' <"'$%)-' 66;=>> 662=4@

G%F9"-)!) <"'$%)-' ;B2=2B ;?@=55

G9!8-)!) <"'$%)-' 4=;B45? 4=;@5?3

 !"#$% &'(() ./ ('H"%  0 *%+ %,$%- ."$/01,$%-'

."$/01,$%- *"234$"#%- *%0% -1 #1-*$341 1+ 5'6'78' 92 *!"#$% &'(6* 0!1-,$" 2" -%2!*3:+ 1+*%+,$"#" *%+

12 03-0% 1+;%<!1 <!1 &'(64 .1$% !,323="+#% 2%- >"2%$1- #1 ."$/01,$%- #1 &'(6"' ?3+"201+,1@ 12 *!"#$%

&'(6# 0!1-," !+" -%2!*3:+ "2*"+="#" *%+ 12 03-0% 1+;%<!1 <!1 &'(64 .1$% !,323="+#% !+ ,"0"A% #1

.%42"*3:+ "B!-,"#% 0"+!"201+,1'  %0% .!1#1 ".$1*3"$-1@ 12 *"03+% $1-!2,"+,1 1+ 12 *!"#$% &'(6" 1-

$"=%+"42101+,1 -!">1 C #3$1*,% .1$%@ 1+ *%0."$"*3:+ *%+ *!"2<!31$" #1 2%- ,$1- $1-!2,"#%- $1-,"+,1-

D4"-"#%- 1+  ! 8@ 1- 01+%- -1E!$%' F%$ 12 *%+,$"$3%@ 2%- *"03+%- G"22"#%- " ."$,3$ #12 !-% #1  ! -%+

0/- -1E!$%- C #1 2"$E% C -!">3#"# -3032"$1- "2 #12 *!"#$% &'(6"'

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

9+ 1-,1 .!+,%@ !+" >1= $1"23="#% 12 "4%$#"B1 #1 2"- 3+,1$$%E"+,1- .2"+,1"#"- "+,1- C 1+ %4-1$>"+*3"

#1 2" ".23*"*3:+ .$/*,3*" #1 "04%- 1+;%<!1- 1+ 12 *%+,$%2 #1 !+ $%4%, $1"2 *"."*3,"#% ."$" 2" $1"23="*3:+

#1 0H2,3.21- ,"$1"- 1+ !+ 1+,%$+%@ .%#$I" *%$$1-.%+#1$ !+" *!"$," 3+,1$$%E"+,1) J*!/2 1- 12 1;1*,% 1+

*"#" *"-% D".23*"+#% *"#" 1+;%<!18 #1 2" $1"23="*3:+ -1*!1+*3"2 #1 0H2,3.21- ,"$1"- 1+ #3;1$1+,1- 2!E"$1-

#12 1+,%$+%K

9+ 2" E1+1$"*3:+ #12 1+,%$+%@ C 0/- 1-.1*IL*"01+,1@ 1+ 1+,1+#1$ 2"- 30.23*"*3%+1- #1 *"#" !+" #1

2"- ;%$0"- #1 $1.$1-1+,"*3:+ !,323="#" -1 1+*!1+,$" 2" $1-.!1-,"' 9+ !+ *"-%@  "#@ 2" E1+1$"*3:+ #12

1+,%$+% #141 $1"23="$-1 *"#" >1= <!1@ G"431+#% 12 $%4%, >"$3"#% -! .%-3*3:+ 3+3*3"2@ #14" .2"+3L*"$-1

!+ *"03+%' M1 0%#% <!1 -3 12 $%4%, #1431$" $1"23="$ !+" -1*!1+*3" #1 $ ,"$1"- 1+ % 2!E"$1- #3;1$1+,1-

#12 1+,%$+%@ ."$" *%#3L*"$ *%$$1*,"01+,1 2%- *"03+%- <!1 *%+#!*1+ " #3*G%- #1-,3+%-@ ,1+#$I"+ <!1

E1+1$"$-1 1+ ,%,"2 % #3;1$1+,1-  "#&'' F%$ 12 *%+,$"$3%@ 1+ 12 *"-% #1 2" .$%.!1-," 4"-"#" 1+  ! 2"

*%#3L*"*3:+ #1 2%- *"03+%- 1- 3+#1.1+#31+,1 #1 2" .%-3*3:+ 3+3*3"2 #12 $%4%,' N1-!2,"+#% 1+ <!1 2" ,"$1"

*%0.!,"*3%+"201+,1 0/- 3+,1+-"@ 2" E1+1$"*3:+ #12 1+,%$+%@ -1 $1"23=" !+" H+3*" >1='

&O



 !"  ! #$%&' "#$%  %"  ! #$%&' "&(

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

,0* "#$(

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

*+,(

 !"#$% &'()*  %+,"$"-./% 0$123%'

45 6!+"7 6. 68 3%56.#8$"5 85-%$5%6 86-1-.3%6 #%5#8 89 $%:%- #8:" $8"9.;"$ +<9-.,986 -"$8"67 9"

#.=8$853." 85-$8 9"6 #%6 ,$%,!86-"6 >85 -%$5% "9 "6,83-% #8 9" 823.853." 3%+,!-"3.%5"9? 3$8387 6.85#%

3"#" /8; +16 5%-%$." 3%5 9" $8"9.;"3.@5 #8 +16 -"$8"6' 45 89 3!"#$% &'(A ,!8#8 ",$83."$68 0$123"+85-87

,"$" !5 3%5B!5-% #8 #.8; >(C? -"$8"6 $8"9.;"#"6 683!853."9+85-87 3!19 86 89 ,86% #8 9" ,9"5.23"3.@5 D

+8#.#% 85 -.8+,% #8 8B83!3.@5D 3!"5#% 68 !-.9.;"5 "+:"6 ,$%,!86-"6'

 !"#$% &'(A* E.8+,% #8 8B83!3.@5 #8 +<9-.,986 -"$8"6'

&(



 !



 !"#$%&' (

 !"#$% &# '()'#*+(

 !"#$%&"'&( )& *&#$!+#*," -*.&/#) 0&$ )!)'&%# &" ." &"',*", *&#$1 2$ -*!"3!-#$ ,/4&'!5, 6.& 3,%7

-*,/#* $# 6#3'!/!$!0#0 -*83'!3# 0&$ &"6,9.& .'!$!+#0,1 2" '#$ )&"'!0,( )& ),%&'!: #$ )!)'&%# # 3!&*'#

!"3&*'!0.%/*& &" $# !"6,*%#3!:" 0& &"'*#0# ;-*,5&"!&"'& 0& $,) )&"),*&)< = '#%/!>" &" $# &4&3.3!:" 0&

$#) :*0&"&) &"5!#0#) #$ *,/,'1

 !"! #$%&'$& '()*

?#*# -,0&* 3,")!0&*#* #$ *,/,' 3,%, ."# -#*'@3.$# ;-."'.#$<( '#"', # "!5&$ 0& ). *&-*&)&"'#3!:"

&" $,) %,0&$,) 3,%, &" $,) #$A,*!'%,)( )& ',%: &" 3.&"'# $# -*,-.&)'# *&#$!+#0# &" BC5DEFG 9.&

-&*%!'& '*#'#* #$ *,/,' 3,%, ." -."', 3,")&*5#"0, $# -*,-,*3!,"#$!0#0 &"'*& $#) 8*&#) ,3.-#0#) -,*

$,) 0!6&*&"'&) ,/4&',) = &$ 8*&# ','#$ 0&$ &"',*",1

H& &)'& %,0,( = # $,) &6&3',) 9.& $# -$#"!I3#3!:" )& *&#$!3& ),/*& &$ %!)%, %,0&$, 0&$ &"',*", 9.&

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

;KE< I$#) = 3,$.%"#) =( # -#*'!* 0&$ 0!8%&'*, 0&$ *,/,'( )& 3#$3.$#*," &$ '#%#L, 0&$ 8*&# ','#$ 0&$

&)-#3!, 0& 3,"IA.*#3!,"&) = 0& $,) ,/)'83.$,)1

2$ 3.#0*, M1K *&).%& $#) 3#*#3'&*@)'!3#) 0& $# -$#'#6,*%# *,/:'!3# = 0&$ &"',*", 0& '*#/#4, .'!$!+#0,)1

N*&"#
O*&# *&3'#"A.$#* 0& KPQEJKPQE %!$@%&'*,)1

R!)'&%# 0& 5!)!:" H,*#&%,"1 BNSETG

U,/,' VW&-&*# XXX Y V,*&S,' XX1 BVZG

[.#0*, M1K\ [#*#3'&*@)'!3#) 0&$ &"',*", *&#$1

 !+! ,'-./%(0%.')

2$ )!)'&%# 0& 5!)!:" )& &$!A!: &" /#)& # $# &J!)'&"3!# 0& &J-&*!&"3!# -*&5!# &" ). .), -#*# $#

*&#$!+#3!:" 0& '#*&#) )!%!$#*&) ;*&3,",3!%!&"', 0& ,/4&',) %:5!$&) = &)'8'!3,)<1 ]# -$#'#6,*%# *,/:'!3#

6.& &$&A!0# &" /#)& # '&"&* &J-&*!&"3!# -*&5!# &" ). .), = 3,")!0&*#"0, #0&%8) 9.& 6.&*# -,)!/$& #

^_





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

.'*'"'$% &'$()*' .'*'"'$ '- (,!)()'"*, .'- $,1,*2

 !"! #$%&'()*+%

3" *,* -4 /' $' -)# $," + *,$+' 5678 '9'+:+),"'/ )".'&'".)'"*'/ .' - / +: -'/ ,"+' 5668 .' '-- /

$'/:-* $," ';)*,/ / 5'- $,1,* --'<=  - +'-. .,".' /' '"+,"*$ 1 - +,"><:$ +)=" .'/*)", /)<:)'"., '-

+ ()", -)1$' .' +,-)/),"'/ + -+:- ., &$'!) ('"*'82 3" '- $'/*, .' -,/ + /,/ '- $,1,*4 , 1)'" +,-)/),"=

+,"  -<:", .' -,/ ,1/*?+:-,/ @ /' )"*'$$:(&)= - '9'+:+)="4 , 1)'" $'+,$$)= '- + ()", &- ")>+ ., &'$,

", /' .'*:!, '" - +'-. .,".' /' '"+,"*$ 1 - +,"><:$ +)=" .'/*)",2

A,1$' - / +,$$). / ';)*,/ / $'/:-* .' )"*'$B/ $' -)# $ :"  "?-)/)/ (?/ .'* -- .,2 3" &$)('$ *B$()",4

/' '! -:= - .'/!) +)=" '"*$' -,/ + ()",/ &- ")>+ .,/ @ '- $'+,$$)., $' -)# ., >" -('"*' &,$ '- $,1,*2

3" * - /'"*).,4 '" '- +: .$, C2D /' &:'.' !'$ '- '$$,$ +,('*)., '"  ' ! & $ + . &:"*, )"*'$('.),

5"#!$%&'(8 .' -,/ + ()",/ &- ")>+ .,/2 E/)()/(,4 '- +: .$, C2F (:'/*$ -,/ + ()",/ &- ")>+ .,/

@ '- $'+,$$)., >" - +,$$'/&,".)'"*'/  - /'<:". 5( @,$  +:(:- +)=" .' '$$,$8 @ .B+)( 5('",$

 +:(:- +)=" .' '$$,$8 '9'+:+)," .' &$:'1 4 $'/&'+*)! ('"*'2

G: .$, C2D% 3$$,$ '" - / '9'+:+),"'/2

H,/ $'/:-* .,/ (:'/*$ " I:'4 '" *,. / - / '9'+:+),"'/4 ';)/*' :" .'/!) +)=" $'/&'+*, .' -, &- J

")>+ .,2 H ()/( /' .'1'  - /:( .' '$$,$'/ +,('*).,/ .:$ "*' '- /'"/ ., @ -  +*: +)="2 3" '-

+ /, .'- /)/*'( .' !)/)="4  &'/ $ .' -,/ '/K:'$#,/ $' -)# .,/ &,$ '/* 1-'+'$ :" ")!'- .' -:()",/). .

L,(,<'"', ' )"! $) "*' @ :" 1:'" + -)1$ +)=" .' +,-,$'/4  "*' - &$'/'"+) .' :" ,19'*, '/*?*)+, 5:"

,1/*?+:-, , '- $,1,* .'*'").,8 - )"K,$( +)=" $'/:-* "*' +,"*'"0 '$$,$'/%

).'"*)>+ +)=" .' ,19'*,/% MN

&,/)+)=" .'- ,19'*,% ±5cm

$,* +)=" .'- ,19'*,% ±3 

7C



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

 !"#$% &'() *+,-."/.01 #!$"12+ 3" +4+/!/.01'

5%$ +3 /%12$"$.%6 7 "!18!+ +3 ,.,2+9" #+ "/2!"/.01 :$+,+120 !1" :$+,./.01 9"7%$6 +3 ;+/;% #+ +4+/!2"$

+3 ,.,2+9" +1 !1" "$8!.2+/2!$" #.,2$.<!.#" =:$%/+,"9.+12% #+ .9>?+1+,6 2%9" #+ #+/.,.%1+, 7 /%12$%3 #+

"/2!"#%$+, +1 #.@+$+12+, 9>8!.1",A .12$%#!4% !1 $+2"$#% +12$+ 3" +3+//.01 #+ !1" "//.01 7 ,! +4+/!/.01

8!+6 +1 3%, ;+/;%,6 ,.?1.B/0 8!+ +3 $%<%2 1% ,+ #+2!-.+$" .19+#."2"9+12+ "3 +3+?.$,+ 3" "//.01  !"!#!$'

C2$% "1>3.,., $+B+$+ " 3" ,+?!$.#"# #+ 3%, $+/%$$.#%, 9+#."12+ +3 +,2!#.% #+ 3", #.,2"1/.", +12$+ +3

$%<%2 7 3%, %<,2>/!3%, #!$"12+ 3", +4+/!/.%1+,' 5"$2./!3"$9+12+6 ,+ :%#$D" !2.3.E"$ +3 "1.33% #+ ,+1,%$+,

=#.,2"1/."A #.,:!+,2%, "3$+#+#%$ #+3 $%<%2 :"$" 9+#.$ #.,2"1/.", #!$"12+ 3" +4+/!/.01 #+ 3%, /"9.1%,

:3"1.B/"#%,6 ,.1 +9<"$?%6 +,2" 2"$+" ;" 8!+#"#% :"$" $+"3.E"$,+ " @!2!$%' F1 3" B?!$" &'G ,+ 9!+,2$"

3" #.,:%,./.01 #+ 3%, ,+1,%$+, .1@$"$%4%, =-.,2%, #+,#+ "<"4%A'

H.?!$" &'G) I1.33% #+ ,+1,%$+, JK'

H.1"39+12+6 +1 3" B?!$" &'('" ,+ :!+#+ ":$+/."$ "3 $%<%2 ,.?!.+1#% !1 /"9.1% +12$+ 3%, %<,2>/!3%,6

+1 &'('< !1" -.,2" :"1%$>9./" #+ 3" "$+1"6 7 +1 &'('/ 3" 2$"7+/2%$." $+"3.E"#" +1 -+$#+' I ,! -+E6 +1

LM+1NOP ,+ :!+#+ "//+#+$ " -.#+%, #%1#+ ,+ ":$+/." "3 $%<%2 #!$"12+ !1" +4+/!/.01 #+ :$!+<"'

QR



 !" #$%$& '()*(+,-$ *, .!/(,$0  %" 1('&! !23+! -+4 +'.+,!3($0  ." 53!6+.&$3(! 3+!4(7!-!0

 !"#$% &'() *$#+,%- +. +/ +.01$.1 $+%/'

23



 !"#$%&' (

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

 !"! #$%&'()*$%+)

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

%5%&3%! $) /+&+/"#"$&'+ 4 .+#"&"+ .$ .$'$!#"&%.%- '6/&"/%-( #6'+.+- 4 $&2+7,$- *%!% )% !$%)"3%/"8&

.$ *)%&"5/%/"8& .$ #+1"#"$&'+- /+& !+9+'- #81")$-:

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

-$ 0%& )+<!%.+ #,/0+- %1%&/$-( *$!-"-'$& ,& /+&=,&'+ .$ $&'+!&+- *%!% )+- /,%)$- )% *)%&"5/%/"8& .$

#+1"#"$&'+- -"<,$ -"$&.+ ,& *!+9)$#% % !$-+)1$!:

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

)+- #6'+.+- *!+9%9")?-'"/+- 0%& -".+ .$ %#*)"% %*)"/%/"8& % *$-%! .$ &+ -$! /+#*)$'+-: ;$ $-'$ #+.+(

$& )% *!@/'"/%( *+! !%38& .$ )+- 9,$&+- .$-$#*$A+- $& ,&% %#*)"% 1%!"$.%. .$ $&'+!&+-( $-'+- #6'+.+-

0%& ".+ <%&@&.+)$ '$!!$&+ % )+- #6'+.+- '!%."/"+&%)$- %B& /,%&.+ %)<,&+- .$ $-'+- B)'"#+- *!$-$&'%&

)% *!+*"$.%. .$ /+#*)$'"',.:

 +.!?% .$/"!-$ 7,$ )% &$/$-".%. .$ /+&'%! /+& -"-'$#%- .$ *)%&"5/%/"8& /+& <!%& /%*%/".%. .$

/8#*,'+ 4 /%*%/$- .$ !$-*+&.$! 9%=+ !$-'!"//"+&$- 2,$!'$- $& /,%&'+ %) '"$#*+ .$ !$-*,$-'% C-"-'$#%-

.$ '"$#*+ !$%)D %B& % $E*$&-%- .$ /"$!'% *+-"9")".%. .$ 2%))+( $& ,& /+&=,&'+ #,4 %#*)"+ .$ $-/$&%!"+-(

-$ 0% "#*,$-'+ % )% &$/$-".%. .$ /+#*)$'"',.( $E%/'"',. 4 +*'"#%)".%.:

 +! +'!+ )%.+( !$-*$/'+ % )% *!+*,$-'% .$-%!!+))%.% .$ ,& *)%&"5/%.+! .$ #+1"#"$&'+- *%!% ,&

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

%*)"/%9)$ $& -"-'$#%- !$%)$- .$ !+9+'- #81")$-:

>-'%- %5!#%/"+&$- -,!<$& .$ 1$!"5/%! )% 2%/'"9")".%. .$ /+#9"&%! ."2$!$&'$- $&2+7,$- *%!% )% /+&-F

'!,//"8& .$ ,&% -+),/"8& 4 7,$ $) '"$#*+ /+&-,#".+ $& )% !$%)"3%/"8& .$ )+- /@)/,)+- *$!#"'$ /+&-".$!%!

-, %*)"/%/"8& $& !+9+'- !$%)$- /+&."/"+&%.+- *+! )%- $E"<$&/"%- .$ .$-$#*$A+ 7,$ *!$-$&'%& )+- $&'+!&+-

."&@#"/+-:

>-$&/"%)#$&'$( )% *!+*,$-'% -$ 9%-% $& )% !$*!$-$&'%/"8& .$) $-*%/"+ .$ /+&5<,!%/"+&$- )"9!$- %

'!%16- .$ )% /+&-'!,//"8& .$  !"#$"%&' #,$-'!$+ %)$%'+!"+ .$ /+&5<,!%/"+&$- $& '+!&+ % )%- %!"-'%- .$)

 !"#$"% 4 9B-7,$.% .$ /%#"&+- 8*'"#+- /+& ,& %)<+!"'#+ *!+9%9")?-'"/+: ;$ $-'$ #+.+( -$ !$-/%'%&

9+&.%.$- 7,$ *!$-$&'%& %)<,&+- .$ )+- #6'+.+- '!%."/"+&%)$- /+#9"&@&.+)+- /+& #6'+.+- *!+9%9")?-F

'"/+-( -,*$!%&.+ *+! $-% 1?%- %)<,&%- .$ -,- .$5/"$&/"%-:

>& /+&/!$'+ 4 *%!% .$#+-'!%! )% 2%/'"9")".%. .$ )% *!+*,$-'%( )% /+#9"&%/"8& .$ $&2+7,$- -$ !$%)"38

$& 9%-$ % )% /+#9"&%/"8& .$ .+- *!+*,$-'%- *!$1"%#$&'$ .$-%!!+))%.%-: >& '%) -$&'".+( $& /+#*%!%/"8&

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

.$-%!!+))%.% #$=+!% '%&'+ )% /%)".%. .$ )%- -+),/"+&$- %)/%&3%.%- /+#+ $) .$-$#*$A+ $& !$)%/"8& %)

LJ



 !"#$% !&'"( !)% $*(* "+ ,-#$. % )" )!,/*0 0%+.,!%&"01

20 " 3+ !#% *0$", %4 * 0. '"54 $("0"& * )%0 ,*(*01 6%( .& +*)%4 +* "7,!"&,!* ,%#$. *,!%&*+ )"

"8",.,!%&"0 !&)"$"&)!"& "0 )" ,*)* $+*&!7,*)%(4 9 $%( % (%4 +* "7,!"&,!* ,%#$. *,!%&*+ *,.#.+*)* *

+% +*(:% )" .&* 0"(!" )"  *("*0 ("*+!5*)*0 $%( .& (%;% ("*+ "& .& "& %(&% )*)%1 <%0 ("0.+ *)%0 !&)!,*&

=." "+ $+*&!7,*)%( )"0*((%++*)% #"8%(* "& *#;%0 ,*0%0 *+ )"0"#$">% )" 0.0 *& ","0%("04 0!"&)% #?0

&% %(!* +* #"8%(* "& "+ 0":.&)% ,*0%1 @++A4 ,.?&)% .& (%;% 0" "&,."& (* ("*+!5*&)% #3+ !$+"0  *("*0

=." ("=.!"("& $+*&!7,*,!-& )" #%'!#!"& %04 0" +%:(*& (").,!( 0"&0!;+"#"& " +%0  !"#$%0 )" "0$"(* $%(

$+*&!7,*,!-&1

6%( % (% +*)%4 "& ("+*,!-& ,%& +* $(%$."0 * )"  !"#$%& '( )#&#*#+#'!' $("0"& *)* "& BCDEFG4 &% 0"

/!5% .&* !#$+"#"& *,!-& )" )!,/* $(%$."0 * =." $"(#! !"(* ("*+!5*( ,%#$*(*,!%&"0 ("0$", % *+ )"0"#H

$">% ,%#$. *,!%&*+4 0!& "#;*(:%4 +* $(%$."0 * )"0*((%++*)* *=.A ,%#$. * ,*#!&%0 =." *)"#?0 )" +*

0":.(!)*)4 $%&)"(* $%0! !'*#"& " +* )!0#!&.,!-& )"+ +*(:% 9 "+ *.#"& % )" +* 0.*'!)*) )" +%0 #!0#%01

@#;%0 * (!;. %0 &% 0%&  "&!)%0 "& ,."& * "& +* $(%$."0 * )"  !"#$%& '( )#&#*#+#'!'4 0!:&!7,*&)% "0 %

.&* ,+*(* #"8%(A*1

 !"! #$%&%'( )*+*$(

2+ $("0"& "  (*;*8% /* 0"('!)% $*(* "0 .)!*( "+ "0 *)% )"+ *( " )" $+*&!7,*,!-& )" #%'!#!"& %0 "&

0!0 "#*0 (%;- !,%0 #-'!+"0 " !#$+"#"& *( .& $+*&!7,*)%( *$+!,*;+" * ,!"( %0 "& %(&%01 I!& "#;*(:%4

).(*& " "+ $(%,"0% )" )"0*((%++% /*& 0.(:!)% .& ,%&8.& % )" *0$", %0 0%;(" +%0 =." 0" $.")"& ("*+!5*(

#"8%(*01

2&  *+ 0"& !)%4 0"(A* !#$%( *& " "J "&)"( "0 * !&'"0 !:*,!-& )"0*((%++*&)% +*0 0!:.!"& "0 +A&"*0 )"

 (*;*8%K

@+:%(! #%0 :"&L !,%0K

 C"$("0"& *( #"8%( "+ "0$*,!% )" ,%&7:.(*,!%&"0 +!;("0 . !+!5*&)% .&* ("$("0"& *,!-& #?0

:(*&.+*( )"+ "& %(&% M0.0 ! .9"&)% +* ("$("0"& *,!-& ,%& ,"+)*0 $%( .&* ("$("0"& *,!-& "&H

 "(*N1

 2J$+%(*( #"8%( "+ "0$*,!% )" ;30=.")* )"7&!"&)% &."'%0 %$"(*)%("0 )" #. *,!-& M$1"81

%$"(*)%("0 =." *:(":."& &%)%0 * .& ,*#!&%N1

 O !+!5*( .& "&P%=." #.+ !H%;8" !'%0 $*(* ("$("0"& *( #"8%( +* ("+*,!-& "& (" +*0 )!P"("& "0

P.&,!%&"0 * %$ !#!5*( M#!&!#!5*( +* )!0 *&,!*4 9 #*J!#!5*( +* 0":.(!)*) 9 0.*'!)*) )" +%0

,*#!&%0N1 D" "0 " #%)% 0" $.")" "0 .)!*( )" #"8%( P%(#* .& ,%&8.& % #?0 *#$+!% )"

0%+.,!%&"01

I%P Q*(" "#;";!)%K ,%& *( ,%& .& 0!0 "#* =." 0" "8",. "  % *+#"& " "& "+ (%;% M%$,*%!-' N1 2&

"0 " 0"& !)%4 .&* $%0!;!+!)*)4 =." $"(#! !(A* (". !+!5*( "+ $+*&!7,*)%( 9 "+ 0%P Q*(" =." ("0."+'"

+* !& "(*,,!-& ,%& "+ 0!0 "#* )" '!0!-& . !+!5*)% M*#;%0 )"0*((%++*)%0 "& R*'*N4 0"(A* $(%;*(

+* '"(0!-& )" +* #?=.!&* '!( .*+ )"0*((%++*)* "0$",A7,*#"& " $*(* 0!0 "#*0 "#;";!)%01 20 "

*0$", %4 *)"#?04 ,%& (!;.!(A* * )!0#!&.!( +%0 (" *()%0 "J!0 "& "0 "& (" +* "+",,!-& )" *,,!%&"0 9

0. "8",.,!-&1

2& %(&%0K  (*;*8*( "& "& %(&%0 #?0 ("*+!0 *01

@  *+"0 "P", %0 0"(A* ,%&'"&!"& " ,%&0!)"(*(K

 !&)!,*)%("0 )" ,%#$+"8!)*) )" "& %(&%0K $*(* $%&)"(*( *)",.*)*#"& " +%0 ("0.+ *)%0 *+,*&H

5*)%0 $%( +* $+*&!7,*,!-&1

ST



  !"#$%&  #'!& $!( !)(*+,-$!( .#&*#/#,0#/*#( %$ #/*!&/! 1.%&#"#(2  -#)$#(2 #*,3 -*0$04%/"!

"0%5&% %( 5#/#&%$04%"!( "# 6!&!/!0 7-# .#& 0*%/ "#8/0& 85-&%( /! .-/*-%$#( ,! ! 5#/#9

&%"!&#( "#$ "0%5&% % 1$:/#%( ; .!$:5!/!(3<

 0/,!&.!&%& #$ %(.#,*! "0/+ 0,! ; #$ ,!/!,0 0#/*! .%&,0%$ %$ (0(*# % "# .$%/08,%,0=/<

◦  05&%& #$ (0(*# % % -/% %&7-0*#,*-&% >:)&0"% < ?%&% "#*#,*%& !)(*+,-$!(  =@0$#( ! "#(,!9
/!,0"!( (# "#)# 0/,!&.!&%& (#/(%"! $!,%$ .#& 0*0#/"! %$ (0(*# % &#%,,0!/%& %/*# #@#/*!(

/! .$%/08,%"!(<

◦ &#%$04%& .$%/08,%,0=/  -$*09,%.%( 7-# .#& 0*% #$ ,+$,-$! "# .$%/#( "# $%&5! .$%4! ;
,!&&#,,0!/#( )%(%"%( #/ .$%/#( "# ,!&*! .$%4! 1(# &#$%,0!/% ,!/ #$ :*# %/*#&0!&3<

◦ % $!( #A#,*!( "# *&%*%& #$ ,!/!,0 0#/*! .%&,0%$ (!)&# #$ #/*!&/!2 0/*#5&%& ,%.%,0"%"#( "#
,!/(*&-,,0=/ "#  %.%( ; $!,%$04%,0=/ #/ (0 -$*+/#!<

 

 !"#$%#!#&' () *+ (,%+(+ () -../ ') !"&!0'& 0$+ $0)1+ +"20#3)%30"+ () %&$3"&* ()*#4)"+3#1&5")+%3#1& 6!+"+(#78+

9:4"#(&; %&$ )* !"&!<'#3& () #$%&"!&"+" =0$%#&$)' %&7$#3#1+' 20) !)"8#3#)')$ + *&' "&4&3' !*+$#>%+" ? ()*#4)"+" !)"& '#$

!)"()" *+' 1)$3+@+' ()8&'3"+(+' !&" )* !+"+(#78+ ")+%3#1&A BC0"/DE

BC



 !"#!$%&'()'

 !"#$% &' !()*+,-( .() &' "./0*,1  !"#$%!& '($" %#&'#)1 $##$1 23,30.).4 &5/67$'

 !+89:% ;' <' !+83(1 *$+#,-!".*#($/ 0!1!2-3(1 =>? @+*,,1 799:'

 !?"=9A% &' =' !B5.C0D3(1 E' ?./F31 @' "*,,3*+*1 .() E' =.D*+1 4(-&5 5$&$2-3 #)5!"-2+%( 6!" "!1!2

%!2-!& 7)#&&-&51 G*C05+* H-0*, 3( <-IJ50*+ KC3*(C*1 L-/' M#:1 JJ' :NO9A1 KJ+3(P*+ "*+/3(

6 Q*3)*/F*+P1 799A'

 "*8#R% S' !' "*8*T1 8'2!&!%!'( 0!1!2(9 :"!% *-!)!5-3#) ;&(7-"#2-!& 2! ;%7)$%$&2#2-!& #&/ <!&.

2"!)1 =>? @+*,,1 $##R'

 "*(7#% U' "*(.L3)*,1 =!%$ >#5$1 $#7#1 23,30.).4 &5/67$'

 "S#:% @' "B.00.CB.+T. .() =' G' S.L+3/-L.1 0!#/%#7.*#($/ >#2+ >)#&&-&59 4(-&5 2+$ ?!"!&!-

 -#5"#% 6!" # <)$#"#&3$.*#($/ @+!"2$(2 >#2+1 >EEE ;-F-03C, V !50-I.03-( =.P.D3(*

 ! W$##:X1 (-' $1 R:OYY'

 "Z[#:% \' "31 Z' Z3I3(1 .() Z' [*31 =-$"#"3+-3#) >#2+ >)#&&-&5 877"!#3+ 6!" A!1-)$ 0!1!2 B#,-.

5#2-!& '&/$" 2+$  C&#%-3 D&,-"!&%$&21 ?B* >EEE >(0*+(.03-(./ <-(]*+*(C* -( >()5,0+3./

>(]-+I.03C,1 &5/T $##:1 JJ' AM$OAMY'

 <.+#Y% K' <.+J3(1 8)5!"-2+%-3 A!2-!& >)#&&-&59 E+$ 0#&/!%-F$/ 877"!#3+1 G*C05+* H-0*, 3(

<-IJ50*+ KC3*(C*1 L-/' N7$A1 JJ' MN#OMY:1 KJ+3(P*+ "*+/3( 6 Q*3)*/F*+P1 ^*C*IF*+ $##Y'

 <U;7#% ;' <./L-1 =' U3P5*3+*)-1 .() ;' !' U' ;-I*+-1 8'2!&!%!'( 3!5&-2-!& #&/ "$-&6!"3$%$&2

)$#"&-&5 6!" %!1-)$ "!1!2(1 ?B* $#7# >(0*+(.03-(./ &-3(0 <-(]*+*(C* -( H*5+./ H*0_-+8,1

`C0-F*+ $#7#1 JJ' 7O:'

 <GQ

+
#R% Q' <B-,*01 a' GT(CB1 K' Q50CB3(,-(1 S' a.(0-+1 [' "5+P.+)1 G' a.L+.831 .() K' ?B+5(1

>"-&3-7)$( !6 0!1!2 A!2-!&.E+$!"CG 8)5!"-2+%(G #&/ ;%7)$%$&2#2-!& 1 =>? @+*,,1 $##R'

 <Z#M% Z' <B*( .() K' Z.,5(-F51 @!62 E#"5$2 *#($/ H1(2#3)$ 8,!-/#&3$ 6!" <#".)-I$ A!1-)$ 0!1!2

-&  C&#%-3 D&,-"!&%$&21 >EEE >(0*+(.03-(./ U5DDT KT,0*I, <-(]*+*(C*1 &5/T $##M1 JJ' 7O

Y'

 ^<bS#:% \' ^*B5.31 b' <5(c31 G' b5*I*31 .() b' S.(P1 8/#72-,$ B-3+$ J$&$2-3 8)5!"-2+% *#($/

>#2+ >)#&&-&5 #&/  C&#%-3 H1(2#3)$ 8,!-/#&3$ !6 A!1-)$ 0!1!2( 1 @+-C**)3(P, -] 0B*

>EEE >(0*+(.03-(./ <-(]*+*(C* -( !50-I.03-( .() G-P3,03C,1 $##:'

 ^<Z#:% Z' ^5.(1 "' <531 .() Q' Z.(P1 0!1!2 B#,-5#2-!& *#($/ !& :'FFC 0K 8)5!"-2+%1 G*Cd

05+* H-0*, 3( <-IJ50*+ KC3*(C*1 L-/' R$YA1 JJ' A97OA991 KJ+3(P*+ "*+/3( 6 Q*3)*/F*+P1

K*J0*IF*+ $##:'

R7



 !"#$%& '( )( !"#*+,-./  !"#$ "! #%" &'"()$*+ ,! -"!!$.,"! %,#/ 0'1&/+/ 0123-"+453 6.,532.,"*

 78%$%9/ :;%<:=8(

 !"18>& ?( !"1*/  &'$!2,314$ &"' 5$67$'3"+8 9$"':1 ;  &),-1-,"!$+ $! 5"(<#,-1= >+,-")"0:1 ; ?$7@

'"-,$!-,1+/ :>8>(

 !0@A8>& B( !."/ B( 0"CD/ E( @.F/ .CG H( A5.F/ A!#$0'1#,!0 B)"72 C"2$) ,! DE")7#,"!1';  )0"@

',#/* 6"' >1#/ >)1!!,!0 "6 C"(,)$ 5"("#+/ I-F433G"CD+ FJ ,53 :>8> K''' KC,3-C.,"FC.L

?FCJ3-3C43 FC KCJF-2.,"FC .CG M1,F2.,"FC/ N1C3 :>8>/ OO( :P$:<:P$;(

 QRS6>8& 6( QF+*3T/ 6( R.-U3-/ 6( ?( S"C/ .CG !( 6.CF45./  F"'"!",@(1+$2 /;(',2 *"#,"! &)1!!$'/

I-F433G"CD+ FJ ,53 :>>8 KC,3-C.,"FC.L ?FCJ3-3C43 FC KC,3LL"D3C, VFUF,+ .CG AT+,32+/ WFL( 8/

:>>8/ OO( $$<;>(

 QS%X& V( Q"3--F .CG Q( S( S3Y"+/ B"!#'") "6 1 !"!/")"!"*,- *"(,)$ '"("# 7+,!0 !$7'1) !$#%"'G+ /

K''' Z-.C+.4,"FC FC 031-.L 03,YF-*+ ! 78%%X9/ CF( [/ $X%<;>>(

 RUHS>$& H( RFC\]L3\^U._F+/ !( H+1/ .CG N( ?( S.,F2U3/ C"#,"! &)1!!,!08 5$-$!# 2$E$)"&*$!#+/

Z345( -3OF-,/ :>>$(

 RFLX%& !( '( RFLGU3-D/ H$!$#,- 1)0"',#/*+ ,! +$1'-/= "&#,*,31#,"!= 1!2 *1-/,!$ )$1'!,!0 /

MGG"+FC^)3+L3T I-FJ3++"FC.L/ `OO3- A.GGL3 V"W3-/0N/ `AM/ 8%X%(

 RBZ>X& 6( R.F/ N( B1/ .CG N( Z".C/ C"(,)$ 5"("# H)"(1) >1#/ >)1!!,!0 I1+$2 "! A*&'"E$2  7*$!@

#$2  !# B")"!;  )0"',#/*/ A34FCG KC,3-C.,"FC.L ?FCJ3-3C43 FC R3C3,"4 .CG 'WFL1,"FC.-T

?F2O1,"CD/ A3O,32U3- :>>X/ OO( :=P<:=;(

 RBZ)>X& 6( R.F/ N( B1/ N( Z".C/ .CG H( )1/ >1#/ >)1!!,!0 6"' C"(,)$ 5"("# I1+$2 "! B/1"+ H$@

!$#,-  )0"',#/*/ QF1-,5 KC,3-C.,"FC.L ?FCJ3-3C43 FC 0.,1-.L ?F2O1,.,"FC/ :>>X/ OO( [>%<

[8P(

 HR!>X& K( H.++.C\.G35/ H( R5.G"-"/ .CG V( !.L.T"2"L.C/ J$+,0! 1!2 A*&)$*$!#1#,"! "6 1 K,*@

&)$ L733;  )0"',#/* 6"' M(+#1-)$  E",21!-$ ?1E,01#,"! "6 1 C"(,)$ 5"("# ,! J;!1*,-

D!E,'"!*$!#/ I-F433G"CD+ FJ ,53 $,5 KC,3-C.,"FC.L AT2OF+"12 FC 6345.,-FC"4+ .CG ",+

MOOL"4.,"FC+/ 6.T :>>X(

 HB>=& B( H1 .CG ?( B"3/ ?,-/$ H$!$#,-  )0"',#/* 6"' 5"("# >1#/ >)1!!,!0/ Z5"-G KC,3-C.,"FC.L

?FCJ3-3C43 FC 0.,1-.L ?F2O1,.,"FC/ WFL( :/ K'''/ M1D1+, :>>=/ OO( ==[<==X(

 K6A>=& V( K-.#" .CG 6( Z( 6.C\1-"^A5.L2.C"/  ?$% L733;@I1+$2 K&1#,1) C"2$) 6"' 5"("# ?1@

E,01#,"! 1*"!0 J;!1*,- M(+#1-)$+/ :>>= K''' KC,3-C.,"FC.L ?FCJ3-3C43 FC ?FC,-FL .CG

M1,F2.,"FC/ 6.T :>>=(

 N.C>[& !( N.CDLFW./ ?$7'1) ?$#%"'G+ ,! C"(,)$ 5"("# C"#,"!/ KC,3-C.,"FC.L NF1-C.L FJ MGW.C43G

VFUF,"4 AT+,32+  7:>>[9/ CF( 8/ 8$<::(

 Na8>& H( N1C .CG E( a"CDU.F/ C7)#,@"(4$-#,E$ C"(,)$ 5"("# >1#/ >)1!!,!0 I1+$ "! A*&'"E$2

H$!$#,-  )0"',#/*/ K''' KC,3-C.,"FC.L ?FCJ3-3C43 FC KC,3LL"D3C, ?F2O1,.,"FC Z345CFLFDT

.CG M1,F2.,"FC 7:>8>9/ =$:<=$;(

 bS>X& S( '( b.W-.*" .CG A( 6( S.c.LL3/ C"#,"! >)1!!,!0/ 45( $/ OO( 8>%<8P8/ AO-"CD3-/ :>>X(

 bS6%;& S( I( b.3LUL"CD/ 6( S( S",,2.C/ .CG M( )( 6FF-3/ 5$,!6"'-$*$!# N$1'!,!08  K7'E$;/

NF1-C.L FJ M-,"d4".L KC,3LL"D3C43 V3+3.-45 " 78%%;9/ :P=<:X$(

$:



 !"#$%&' () !*+,-.*+--+/01 ") !) "02,0+1 !) #345+,01 +,/ ") 6) $+/+-7*04+/3*1  !"#$ %&'

()*+$, -.#( -".//$/0 !1$/0 2!33) $/24+4/54 1)1#4611 8*3 9,/ :,;32,+;0.,+< =.,>323,73 .,

=.-?@;32 +,/ 6@;.-+;0., A,B0,3320,B1 5.<) %1 6?20< 9&%&1 ??) CDEFCE9)

 !(GHEI' G) A) !+52+J01 K) (53L;J+1 M) =) G+;.-N31 +,/ ") O) H532-+2L1 7+8*.*$"$1#$5 98.,6.-1 28+

7.#( 7".//$/0 $/ :$0(;<$64/1$8/." =8/>0!+.#$8/ ?-.5411 :AAA 82+,L+7;0., ., #.N.;07L

+,/ 6@;.-+;0.,  ! P%EEIQ1 ,.) R1 SIIFSDD)

 !8' !T83+-1 @(4-(4+. AAA1 U0L0;+/+V M@<W%9)

 G+;E%' M) =) G+;.-N31 98*8#  8#$8/ 7".//$01 !<@X32 67+/3-07 K@N<0L*32L1 %EE%)

 G!EC' () G33 +,/ Y) !+2/+2+L1 =8""$1$8/;B+44 7.#( 7".//$/0 C$#( D4!+." D4#C8+E11 K2.733/0,BL

.> ;*3 %EEC :AAA :,;32,+;0.,+< =.,>323,73 ., #.N.;07L +,/ 6@;.-+;0.,1 6?20< %EEC1

??) ZSISFZSC&)

 GG=&I+' [) G0@1 \) Y) G@1 +,/ ]) =@,^01 B!33) F*1#.5"4;.G8$,$/0 =8/#+8""4+ 82 %!#8/868!1  8*$"4

98*8# F-#$6$34, *) &4/4#$5 %"08+$#(6 !/,4+  !"#$;8*1#.5"41 H/G$+8/64/# 1 K2.733/0,BL .>

;*3 I;* _.2</ =.,B23LL ., :,;3<<0B3,; =.,;2.< +,/ 6@;.-+;0.,1 M@,3 9&&I1 ??) Z9SSFZ9SE)

 GG=&IN' 1 F-#$6." &4/4#$5 B!33) F*1#.5"4 %G8$,./54 =8/#+8""4+ 82 %!#8/868!1  8*$"4 98;

*8# I.14, 8/ J"#+.18/$5 ?4/18+11 K2.733/0,BL .> ;*3 9&&I :AAA :,;32,+;0.,+< =.,>323,73

., #.N.;07L +,/ $0.-0-3;07L1 `373-N32 9&&I1 ??) %9SF%9E)

 GGK

+
&S' Y) G0@1 8) G01 \) K3,B1 3; +<)1 K(4 ./# ."08+$#(6 28+ 18"G$/0 +8*8# -.#( -".//$/0 -+8;

*"461 K2.733/0,BL .> ;*3 8*02/ :,;32,+;0.,+< =.,>323,73 ., :,>.2-+;0., 837*,.<.Ba +,/

6??<07+;0.,L1 5.<) 91 :AAA1 M@<a 9&&S1 ??) 9SF9C)

 G8]b&I' [) G01 ]) 8.,B1 () ]031 +,/ \) b*+,B1 F-#$6!/ 7.#( 7".//$/0 28+  8*$"4 98*8#1 I.14, 8/

. :)*+$, &4/4#$5 %"08+$#(61 K2.733/0,BL .> ;*3 (0^;* :,;32,+;0.,+< =.,>323,73 ., OaN20/

:,;3<<0B3,; (aL;3-L1 9&&I)

 G__&I' G) G301 O) _+,B1 +,/ [) _@1 A6-+8G4, &4/4#$5 %"08+$#(61 I.14, 7.#( -".//$/0 82  8*$"4

98*8# J/,4+ <)/.6$5 J/E/8C/ H/G$+8/64/#1 K2.733/0,BL .> ;*3 9&&I :AAA :,;32,+;0.,+<

=.,>323,73 ., "37*+;2.,07L +,/ 6@;.-+;0.,1 :AAA1 M@,3 9&&I1 ??) %C9DF%DZ9)

 Gb\

+
&I' [) G01 _) b*+,B1 \) \0,1 b) _+,B1 +,/ Y) G0@1 %/ A6-+8G4, &4/4#$5 %"08+$#(6 82 F-#$6!/

7.#( 7".//$/0 28+  8*$"4 98*8#11 K2.733/0,BL .> ;*3 (0^;* :,;32,+;0.,+< =.,>323,73 .,

:,;3<<0B3,; (aL;3-L `3L0B, +,/ 6??<07+;0.,L1 9&&I)

 "6$(&D' ") "+c/01 O) () 6,5+21 #) $+24+-0,01 +,/ () (.<30-+,?.@21  !"#$ %&' 7.#( 7".//$/0 $/

J/E/8C/ H/G$+8/64/# J1$/0 B!33) A/24+4/54 ?)1#4611 Z2/ :,;32,+;0.,+< (a-?.L0@- .,

=.--@,07+;0.,L1 =.,;2.< +,/ (0B,+< K2.73LL0,B1 M@,3 9&&D1 ??) %C9F%CC)

 "68&D' ") "+,L.@201 ") 6<0a+20 (*..23*/3<01 +,/ ") 83L*,3*<+N1 A/#404+ &% 28+  8*$"4 98*8#

7.#( 7".//$/0 C$#( !1$/0 ./8#(4+ &% .1 +4-.$+$/0 2!/5#$8/1 K2.733/0,BL .> ;*3 :AAA

:,;32,+;0.,+< =.,>323,73 ., 6@;.-+;0., +,/ G.B0L;07L1 :AAA1 (3?;3-N32 9&&D1 ??) %ZSF

%R&)

 "0;ED' ") "0;7*3<<1 %/ A/#+8,!5#$8/ #8 &4/4#$5 %"08+$#(611 ":8 K23LL1 =+-N20/B31 "61 d(61

%EED)

SZ



 !"#$% &' !()*+( (,- .' "/)01(2  !"!#$%&'!( $"( )*(&+!( $", $%-*#&,.) /*# 0*%1&"- #*2*, 3$,.

3%$""&"- 3#*2%!)2 3*- 4555 4,67*,(689,(1 :9,;7*7,<7 9, :9=>)67* "<87,<7 (,- 4,;9*=(?

689, @7</,919A+  BC$#$D2 EF3GEFE'

 !)*$C% &' &' !)*>/+2 4",#*(56,&*" ,* 74 8*2*,&602 !4@ H*7II2 C$$C'

 JK7$C% !' L' JK7*=(*I2 8!6!", 9!1!%*3)!",0 &" :*,&*" ;%$""&"-2 M7<6)*7 N967I 8, :9=>)67*

"<87,<72 K91' C33#2 >>' 3G#32 ">*8,A7* O7*18, P L78-71Q7*A2 R(,)(*+ C$$C'

 H(*$S% T' &' H(*/82 <$1&-$,&*" */ :*2&%! 8*2*,0 =0&"- $ >5''? @*-&6 A*",#*%%!#2 R9)*,(1 9; 4,67?

118A7,6 (,- &9Q968< "+I67=I !" BC$$SD2 ,9' 32 CS3GCU3'

 HHH$E% "' V' H*(-/(,2 T' &' H(*/82 (,- .' V' H(,-(2 <!5#*B/5''? ,!6."&C5! /*# "$1&-$,&*" */

)5%,&3%! )*2&%! #*2*,02 W)XX+ J>68=8X(689, (,- T7<8I89, !(08,A # BC$$ED2 ,9' 32 CSSGCYY'

 ZWL&$[% R' Z8(92 &' W(,2 L' L(,2 (,- \' &)(,2 DB@!$#"&"- E$0!( *" 9?"$)&6$% F,#56,5#! <!5B

#$% <!,G*#H /*# 8*2*, <$1&-$,&*" &" ="H"*G" I"1&#*")!",2 M7<6)*7 N967I 8, :9=>)67*

"<87,<72 K91' SSS32 >>' #YYG#[E2 ">*8,A7* O7*18, P L78-71Q7*A2 !(+ C$$['

 &T$S% ]' M' &9^)7 (,- T' T97*8,A2 J#$K!6,*#? 3%$""&"- /*# %$2 #*2*,0 2$0!( *" -%*2$% 1&0&*" $"(

L*#*"*& #*$()$302 &9Q968<( "$ BC$$SD2 ,9' F2 FEUGFUU'

 &N#$% "' &)II711 (,- H' N9*K8A2 7#,&+6&$% 4",!%%&-!"6!M 7 )*(!#" $33#*$6.2 H7(*I9,2 C$#$'

 &9^[E% ]' M' &9^)72 4",#*(56$* $ JN6"&6$0 (! ;%$"!K$)!",* (! J#$K!,O#&$0 (! 8*2P0 :O1!&0 2

K91' #2 >>' #CSG#S$2 ?2 #[[E'

 "(/$E% !' "(/(2 :*,&*" ;%$""&"- G&,. ;#*2$2&%&0,&6 8*$()$302 H/'T' 6/7I8I2 "6(,;9*- _,8K7*I86+2

.)A)I6 C$$E'

 "O[Y(% &' "' ")669, (,- .' `' O(*692 8!&"/*#6!)!", @!$#"&"-2 R9)*,(1 9; :9A,868K7 N7)*9I<87,<7

  B#[[YD2 #CEG#3F'

 "O[YQ% 2 8!&"/*#6!)!", @!$#"&"-M 7" 4",#*(56,&*"2 !4@ H*7II2 #[[Y'

 "W[3% @' "/8Q(6( (,- @' W)0)-(2 4",!%%&-!", :*,&*" ;%$""&"- 2?  !"!,&6 7%-*#&,.) G&,. >5''?

A#&,&62 H*9<77-8,AI 9; 6/7 #[[3 4,67*,(689,(1 "+=>9I8)= 9, 4,67118A7,6 :9,6*912 .)A)I6

#[[32 >>' SESGSU$'

 "W!$E% !' "/8=8X)2 !' W)a86(2 (,- L' !8+(=9692 J#$K!6,*#?  !"!#$,&*" /*# $ :*2&%! 8*2*, 2?

8!&"/*#6!)!", @!$#"&"-2 H*9<77-8,AI 9; 6/7 3*- 4,67*,(689,(1 "+=>9I8)= 9, .)69,9=9)I

!8,8*9Q96I ;9* &7I7(*</ (,- 5-)6(8,=7,62 ">*8,A7* O7*18, P L78-71Q7*A2 C$$E'

 "N$F% &' "87Ab(*6 (,- 4' &' N9)*Q(0/I/2 4",#*(56,&*" ,* 75,*"*)*50 :*2&%! 8*2*,02 4,67118A7,6

&9Q968<I (,- .)69,9=9)I .A7,6I2 !4@ H*7II2 C$$F'

 ""Y3% R' @' "</b(*6X (,- !' "/(*8*2 Q" ,.! 3&$"* )*1!#0R 3#*2%!)M 44  !"!#$% ,!6."&C5!0 /*#

6*)35,&"- ,*3*%*-&6$% 3#*3!#,&!0 */ #!$% $%-!2#$&6 )$"&/*%(0 2 .-K(,<7I 8, (>>187- !(6/7?

=(68<I ! B#[Y3D2 ,9' 32 C[YG3S#'

 "]4$E% &' "+(=2 V' ](6(,(Q72 (,- V' 4X)=82 7" 7($3,&1! 76,*#B6#&,&6 7%-*#&,.) G&,. :5%,&B0,!3

F&)5%$,!( IS3!#&!"6!0 /*# A*",#*%%&"- <*".*%*"*)&6 :*2&%! 8*2*,0 2 "9;6 :9=>)68,A ? .

W)I89, 9; W9),-(689,I2 !76/9-919A87I (,- .>>18<(689,I   BC$$ED2 ,9' #2 Y#GY['

SF



 !"#$% &' !() ()* +' "(,(*-.  !"#$%&'! (#)*"# +,-&'"# ."-/ .#"00&01 )2 3)*&#!  )*)-4 5"4!6

)0 3)6&7!6 80- 9:4-!' 8#1);&-/'. /012340 56207 8) 96,:3204 ;180)10. <6=' >???. ::' ?#>@

?A>. ;:48)B04 C04=8) D E08*0=F04B. ;0:20,F04 ?##$'

 !!/

+
#?% G' 9' !(). G' G' !(). !' E' /00. 02 (='. 8<-)0)')<4 ;)*)- 0"=&1"-&)0 *"4!6 )0 2<>>: 4!04);

2<4&)0 "06 ;!&02);?!'!0- #!";0&01. H46100*8)B7 6I 2J0 ?##? KLLL K)204)(286)(= ;-,:6783,

6) K)20==8B0)2 96)246=. KLLL. M126F04 ?##?. ::' AN?@ANO'

 <*C#O% P' H' <() *04 C04B. ."-/ .#"00&01 &0 @:0"'&? A0=&;)0'!0-4. HJ'+' 2J0787. Q2401J2 Q)8R

<04782-. ?##O'

 SS/9#O% 5' T' S80). 5' E' S802. ;' &' /00. ()* !' 9' 9J3)B. +*4-"?#! 8=)&6"0?! ."-/ .#"00&01

2); 3)*&#!  )*)- 5"4!6 )0 80-$B  !&02);?!'!0- C!";0&01 8#1);&-/' . /012340 56207 8)

96,:3204 ;180)10. <6=' >>UA. ::' O#>@OAV. ;:48)B04 C04=8) D E08*0=F04B. P3=- ?##O'

 W&T#$% T' "' W(J*(). W' &J(480F. ()* "' "' T228(J. 8 .;"?-&?"# (!0!-&? 8#1);&-/' 2); +*4-"$

?#!4 8=)&6"0?!  )*)- 3)-&)0 .#"00&01. !01J' 40:642. 96,:3204 ()* ;-720,7 +0:(42,0)2.

T8) ;J(,7 Q)8<04782-. ?##$'

 W";;#N% X' W()B. +' "3=<()0-. K' ;8==8260. ()* L' ;Y040.  )*)- D"=&1"-&)0 *: E":,)&0-4. P634)(=

6I K)20==8B0)2 ()* Z6F6281 ;-720,7  ! [?##N\. )6' ?. AO]@?#O'

 W^X#$% P' _' W3. +' `' ^38). ()* E' H' X3. D)0/)#)0)'&? 3)-&)0 .#"00&01 )2 3)*&#!  )*)- F&-/

8'!#&);"-!6 (!0!-&? 8#1);&-/'. H46100*8)B7 6I 2J0 ?##$ KLLL K)204)(286)(= 96)I040)10

6) K)20==8B0)2 K)I64,(286) E8*8)B ()* "3=28,0*8( ;8B)(= H4610778)B. ?##$'

 W<E#O% Z' W08). P' H' <() *0) C04B. ()* +' E(=:048). %/! =&4&*&#&-:GH);)0)& ?)',#!I "06 &-4

",,#&?"-&)04. 96,:32(286)(= &06,024-a !J064- ()* T::=81(286)7 "# [?##O\. )6' A. $$@NO'

 XWX

+
#O% `' X(). ^' W3. P' X(). 02 (='. 8 J"4- A=)#<-&)0";: 8#1);&-/' 2);  )*)- ."-/ .#"00&01.

?##O KLLL K)204)(286)(= 96)I040)10 6) 96)246= ()* T326,(286). P3)0 ?##O. ::' N>@NO'

 XXX

+
#N% /' X()b3. 9' X3)*6)B. X' X3. +' W()B. W' `8). X' P3). 02 (='. 8 ,"-/ ,#"00&01 4-<6: )2

"<-)0)')<4 ')*&#! ;)*)- &0 6:0"'&? !0=&;)0'!0-. V4* KLLL K)204)(286)(= 96)I040)10 6)

K)*37248(= L=01246)817 ()* T::=81(286)7 [?##N\. A#>#@A#>V'

 c`/X#U% H' cJ()B. `' `3. 9' /83. ()* ^' X3().  !&02);?!'!0- C!";0&01 K)0-;)# )2 "  !"# 3)*&#!

 )*)- L4&01 8,,;)I&'"-! .)#&?: M-!;"-&)0. /012340 56207 8) 96,:3204 ;180)10. <6=' ]]]V.

::' ?ON@?NN. ;:48)B04 C04=8) D E08*0=F04B. "(- ?##U'

 cX#$% +' cJ(6 ()* P' X8.  )*)- .#"00&01 F&-/ 8;-&7?&"# .)-!0-&"# J&!#6 (<&6!6 80- K)#)0: +,-&$

'&>"-&)0 8#1);&-/'. /012340 56207 8) 96,:3204 ;180)10. <6=' >???. ::' ???@?VA. ;:48)B04

C04=8) D E08*0=F04B. ;0:20,F04 ?##$'

 ccc#N% X' cJ()B. /' cJ()B. ()* `' cJ()B. 3)*&#!  )*)- ."-/ .#"00&01 *"4! )0 -/! N:*;&6 (!0!-&?

8#1);&-/' &0 L0O0)F0 A0=&;)0'!0-. K;+T d#Na H46100*8)B7 6I 2J0 ?##N L8BJ2J K)204)(286R

)(= 96)I040)10 6) K)20==8B0)2 ;-720,7 +078B) ()* T::=81(286)7 [W(7J8)B26). +9. Q;T\.

<6=' ?. KLLL 96,:3204 ;61802-. 56<0,F04 ?##N. ::' $$A@$$]'

]]





 !"#$ %&

 !"!#$%&!'() *!" !+($*) *!" $,(!

 !



 !"#$%&'  

 !"#$%&' '($#)!*' *#+%,

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

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

#) $%!*&-,$$/4! (" )-.)* !,$#")-"* #/("-)() 1%- #) 5!/4! 6%7/8&/$) 0 #%*  *&)(%* 5!/(%*9 *" ("*)--%:

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

/!$#,*/4! (" .)!/1,#)(%-"* /!(,*&-/)#"* % 2-)>%* -%24&/$%* "! %&-)* ?-")* (" )1#/$)$/4!9 "*1"$/)#."!&"

"! #) /!(,*&-/) .)!,@)$&,-"-)<  *&%* -%2%&* @,"-%! ("*)--%##)(%* 1-/!$/1)#."!&" 1)-) -")#/>)- "! @%-.)

-"1"&/&/7) &)-")* $%! ,! )#&% +-)(% (" 1-"$/*/4! 0 7"#%$/()(<

A%- %&-% #)(%9 "! #) (8$)() (" BCDE 0 2)3% #) /!F,"!$/) (" #) $)--"-) "*1)$/)#9 *" $%."!>)-%! )

("*)--%##)- -%2%&* .47/#"* 2)*)(%* "! G!&"#/+"!$/) H-&/I$/)#<  # "!@%J," /!+"!/"-/# )1#/$)(% K)*&) "#

.%."!&% 1)-) #) -%24&/$) /!(,*&-/)# !% "-) *,I$/"!&" 1)-) -"*%#7"- #) "7/("!&" !"$"*/()( (" (%&)- )

#%* -%2%&* "'1#%-)(%-"* (" ),&%!%.L)<

M" "*&" .%(%9 0 "! @%-.) $-"$/"!&" K)*&) !,"*&-%* (L)*9 #) -%24&/$) ),&4!%.) .47/# K) /(% $%!:

$"!&-)!(% #) )&"!$/4! (" #%* 1-/!$/1)#"* $"!&-%* (" /!7"*&/+)$/4! ("(/$)(%* ) #) -%24&/$) " /!&"#/+"!$/)

)-&/I$/)#< NO,-EPQ

 !2!  3%#$%( 4-56$,&-( 7#$%/,3%#$%(

RS4.% ("2"-L)! *"-T RU,8 @%-.) ("2"-L)! &"!"-T RU,8 &)-") ("2"-L)! *"- $)1)$"* (" -"*%#7"-T

 *&)* *%! )#+,!)* (" #)* /!&"--%+)!&"* J," $%.V!."!&" *,-+"! )# 1"!*)- "! )+"!&"* -%24&/$%*

/!&"#/+"!&"*< M" /+,)# .%(%9 "* @-"$,"!&" )*%$/)- #)* $)1)$/()("* 0 @%-.) (" ,! -%2%& ) #) &)-")

1)-) #) $,)# @," ("*)--%##)(%< 6/! ".2)-+%9 ) "*&%* )*1"$&%* ("2" *,.?-*"#" ,! &"-$"-% J," -"I"-"

) #)* $%!(/$/%!"* "! #)* $,?#"* ("2" -")#/>)-*" #) &)-")<  * ("$/-9 "! J,8 ).2/"!&" % "!&%-!% ("2"-?

("*"!7%#7"-*" "# -%2%& (,-)!&" *, 7/() "* &).2/8! ,! @)$&%- ("&"-./!)!&"< NW"XEYQ

 ! #% *,$"*/7%9 "*&" "!@%J," "$%#4+/$%9 (%!(" #)* ."&)* ("# -%2%& 0 #)* $)-)$&"-L*&/$)* ("# "!&%-!%

$%!(/$/%!)! % /!F,"!$/)* @,"-&"."!&" *, (/*"Z%9 *"-? "# $%!*/("-)(% 1)-) "# ("*)--%##% (" #%* (/@"-"!&"*

&".)*<

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

5! -%2%& ),&4!%.% "* ,!) .?J,/!) /!&"#/+"!&" $)1)> (" -")#/>)- &)-")* "! ,! "!&%-!% 1%- */ ./*.%9

*/! J," ,! K,.)!% $%!&-%#" "'1#L$/&)."!&" *,* .%7/./"!&%*<NW"XEYQ

Y[



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

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

",-$**) ,-$ 3$&4(%$ "* "#$!%$ )5%$!$& -! 4$6)& &$+-*%"1)/ 7$ 4)1) ,-$ $+ !$'$+"&() 1$%$&4(!"& -!"

8)&4" 1$ 4$1(& $* 9:(%)/ ;<=>?@

A" &"'()!"*(1"1 $! -! 4)4$!%) 1"1) 1$3$!1$ 1$ '-"%&) 8"'%)&$+B

*" 4$1(1" 1$ &$!1(4($!%)

$* ')!)'(4($!%) "'-4-*"1) 3)& $* "#$!%$ +)5&$ $* 4$1()

*"+ "''()!$+ ,-$ 3-$1$ &$"*(C"& $* "#$!%$

*" +$'-$!'(" 1$ 3$&'$3'()!$+ 1$* "#$!%$ ."+%" $+$ 4)4$!%)

 0/)1/ 2%&'()%* 0! '"1" 3)+(5*$ +$'-$!'(" 1$ 3$&'$3'()!$+2 -! "#$!%$ &"'()!"* 1$5$&D $43&$!1$&

",-$**" "''(E! ,-$ +-3-$+%"4$!%$ 4":(4('$ +- 4$1(1" 1$ &$!1(4($!%)2 5"+D!1)+$ $! *"+ $F(G

1$!'("+ "3)&%"1"+ 3)& *" +$'-$!'(" 1$ 3$&'$3'()!$+ H $! $* ')!)'(4($!%) ,-$ $* "#$!%$ 4"!%($!$

"*4"'$!"1)/ ;<=>?@

 0/)1/ (-)'.&'/)1/ 0+ ",-$* ,-$ ')!)'$ $* &$+-*%"1) 1$ +-+ "''()!$+ H "'%I" 1$ "'-$&1) ')! $**)/

;<=>?@

A"4$!%"5*$4$!%$2 *" )4!(+'($!'(" !) $+ 3)+(5*$ H" ,-$ *)+ &$+-*%"1)+ !) 1$3$!1$! $:'*-+(F"4$!%$ 1$

*" JF)*-!%"1K 1$* "#$!%$/ 0+ (43)&%"!%$ 3-$+2 &$4"&'"& *" 1(8$&$!'(" $!%&$ &"'()!"*(1"1 H 3$&8$''(E!/

L($!%&"+ *" 3&(4$&" 4":(4(C" $* &$!1(4($!%) $+3$&"1)2 *" +$#-!1" 4":(4(C" $* &$+-*%"1) &$"*/

 !"!#!"!  32/)+'4%5/

0! %"* +$!%(1)2 ')!+(1$&"& "* "#$!%$ &)5E%(') ')4) "#$!%$ &"'()!"* !) (43*('" +)*"4$!%$ ,-$ +$"

'"3"C 1$ &$')3(*"& (!8)&4"'(E! 1$ (!%$&9+2 +(!)2 ,-$ "3&$!1" *) 4D:(4) 3)+(5*$ " 3"&%(& 1$ 1('."

(!8)&4"'(E!/ 0+%" "M&4"'(E! +$ 1$5$2 5D+('"4$!%$2 "* .$'.) ,-$ +)! $:'$3'()!"*$+ *)+ '"+)+ $! *)+ ,-$

+$ ')!)'$ %)%"*4$!%$ $* $!%)&!) " 3&()&(/ N"&" $* &$+%) 1$ *)+ '"+)+2 &$+-*%" 1$ #&"! F"*O" ,-$ $* "#$!%$

+$" '"3"C 1$ "3&$!1$& " &$')!)'$& -! $!%)&!) 3)%$!'("*4$!%$ 1$+')!)'(1) H '"45("!%$/ ;L-&?P@

 !"!#!6!  71()(-8%

Q-%)!)4O" &$M$&$ " *" '"3"'(1"1 1$ &$"*(C"& %"&$"+ $! -! 4-!1) &$"* +(! !(!#-!" 8)&4" 1$ ')!%&)*

$:%$&!) 3)& 3$&O)1)+ 3&)*)!#"1)+ 1$ %($43)/

N)& $* ')!%&"&()2 +$ 1('$ ,-$ -! "#$!%$ '"&$'$ 1$ "-%)!)4O" '-"!1)2 3"&" %)4"& +-+ 1$'(+()!$+2 +$

"3)H" 4D+ $! $* ')!)'(4($!%) 3&$F() ,-$ *$ 8-$ 3&)3)&'()!"1) ,-$ $! +- 3&)3(" $:3$&($!'("/

 ! "#$!%$ &"'()!"* 1$5$ +$& "-%E!)4) 3-$+%) ,-$ 1$5$ "3&$!1$& " 1$%$&4(!"& ')4) ')43$!+"& $*

')!)'(4($!%) (!('("* (!')43*$%)/ ;L-&?P@

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

A)+ $!%)&!)+ 1$ %&"5"6) +)! $+$!'("*4$!%$ *)+ J3&)5*$4"+K 3"&" *)+ '-"*$+ *)+ "#$!%$+ &"'()!"*$+

+)! *" J+)*-'(E!K/ 0! $* 1(+$R) 1$ -! "#$!%$ &)5E%(') $* 3&(4$& 3"+) 1$5$ +$& $+3$'(M'"& $* $!%)&!) 1$

%&"5"6) 1$ *" 8)&4" 4D+ ')43*$%" 3)+(5*$/ Q %"*$+ $8$'%)+2 *)+ $*$4$!%)+ ,-$ 1$5$! 1$%$&4(!"&+$ +)!B

*"+ 4$1(1"+ 1$ &$!1(4($!%)2 $* $!%)&!) H *)+ "'%-"1)&$+ H +$!+)&$+ 1$* "#$!%$/ ;<=>?@

ST



 !"!"!#! $%&'()*&*(+,

 ! "#$%& '( ($)&"$&* '( )"#+#,& -#"# !&* ./( -/('($ '0*(1#"*( #%($)(* "&+2)03&* (* 4/5 %"#$'(

5 6#"0#'&7 80$ (4+#"%&9 -/('($ 0'($)0:3#"*( #!%/$#* '04($*0&$(* ./( -("40)($ 3#)(%&"0;#" '03<&*

($)&"$&*7 =>?@AB

 *)# 3#)(%&"0;#302$ "(*/!)# '( /)0!0'#' 5# ./( 3&$)"0+/5( 3&$ !# '()("40$#302$ '(! '0*(1& 4C*

#-"&-0#'& -#"# (! #%($)( 5 */%0("( ./D */+3&$,/$)& '( )D3$03#* *&$ '( #-!03#302$ ($ !# 04-!(4($)#302$

'(! 40*4&7

-./&%01,/1 .2'134&2%1 4' 5&3*(&%01,/1 .2'134&2%1 E$ ($)&"$& (* )&)#!4($)( &+*("6#+!( *0 #

)"#6D* '( !&* *($*&"(* ./( -&*(( (! #%($)( *( !&%"# #33('(" # )&'# !# 0$F&"4#302$ "(!(6#$)( -#"# !#

)&4# '( '(30*0&$(*7 G# "(!(6#$30# # */ 6(; (*)C ($ "(!#302$ '0"(3)# 3&$ !#* 4('0'#* '( "($'040($)&7

61/130(,('/& 4' 1'/.*7'/(*. 80 (! -"2H04& (*)#'& '(! ($)&"$& -/('( '()("40$#"*( # -#")0" '(! (*)#I

'& #3)/#! 5 !# #3302$ ./( (!0%( (! #%($)(9 (! ($)&"$& (* '()("40$0*)#7  $ 3#*& 3&$)"#"0&9 (*)&3C*)03&7

J */ 6(;9 *0 (* '()("40$0*)# (H3(-)/#$'& !#* #330&$(* '( &)"&* #%($)(*9 )#4+0D$ */(!( '($&40$C"I

*(!(  !"#$"%&'()7

85('+9(*. 4' '1*:1,*(&%  $ ($)&"$&* '( )"#+#,& (-0*2'03&* !# (H-("0($30# '(! #%($)( *( '060'( ($

(-0*&'0&*7  * '(30"9 !#* -("3(-30&$(* 5 #330&$(* '(! #%($)( *( "(*)"0$%($ # 3#'# (-0*&'0& '( 4&'&

./( $& #F(3)#$ !#* -("3(-30&$(* 5 #330&$(* ($ (! *0%/0($)( (-0*&'0&7 K&" (! 3&$)"#"0&9 ($ /$ ($)&"$&

*(3/($30#!9 !# '(30*02$ -"(*($)( -/('( #F(3)#" '(30*0&$(* F/)/"#*7

8'/7/(*. 4' 9(,70(*. 80 (! ($)&"$& -/('( 3#4+0#" 40($)"#* (! #%($)( )&4# /$# '(30*02$9 (! ($)&"$&

(* '0$C403& -#"# (! #%($)(7 G&* ($)&"$&* (*)C)03&* *&$ 4C* FC30!(* '( )"#)#" 5# ./( (! #%($)(

$& '(+( -"(&3/-#"*( -&" (! -#*& '(! )0(4-& 40($)"#* '(30'(7 L/#$'& (! ($)&"$& $& 3#4+0#

40($)"#* (! #%($)( '(!0+("# -("& */ "($'040($)& '(3"(3( 3&$ (! )0(4-&9 (! ($)&"$& *( '($&40$#

! *'+,'-.*'()7

6('*31/. 4' *.,/(,:. G# '0*)0$302$ ($)"( '0*3"()& 5 3&$)0$/& -/('( #-!03#"*( )#$)& #! (*)#'& '(!

4('0&9 (! 4#$(,& '(! )0(4-& 5 # -("3(-30&$(* 5 #330&$(* '(! #%($)(7 M(-($'0($'& 324& *(#$ (*&*

3&$,/$)&* '( 6#!&"(* (* 3&4& *( 3!#*0:3# (! ($)&"$&7

 ;1,/1 (,9(4(9:&% 4' 0:%/(&;1,/1 G# '0*)0$302$ ($)"( (! ($)&"$& '( /$ #%($)( 0$'060'/#! 5 /$&

4/!)0#%($)( */(!( -#"(3(" *04-!(7 L!#"#4($)(9 (H0*)($ ($)&"$&* '&$'( *&!& #3)N# /$ #%($)(7 80$

(4+#"%&9 &)"&* ($)&"$&* '&$'( #3)N#$ 6#"0&* #%($)(* -/('($ & $& *(" 3&$*0'("#'&* 3&4& 4/!)0I

#%($)(*7 OC*03#4($)(9 !# '0F("($30# '(-($'( '( 3/#!(* ($)0'#'(* '(+($ 3&$*0'("#"*( 3&4& #%($)(*7

80 (! 3&4-&")#40($)& '( /$# ($)0'#' (*)C 4(,&" '(*3"0-)# -&" !# 4#H040;#302$ '( /$# 4('0'#

'( "($'040($)&9 ($)&$3(* *("P# 3&$6($0($)( 3&$*0'("#"!# 3&4& /$ #%($)(7 K&" (! 3&$)"#"0&9 -&'"P#

3&$*0'("C"*(!( *04-!(4($)( 3&4& /$ &+,()& 3/5& 3&4-&")#40($)& (* (*)&3C*)03&7  $ 3&$*(3/($I

30#9 -/('($ 3&$*0'("#"*( ($)&"$&* 4/!)0#%($)( 3&4-()0)06&* I'&$'( !# 4#H040;#302$ '( !# 4('0'#

'( "($'040($)& '( /$&* 40$040;#$ !# 4('0'# '( "($'040($)& '( !&* &)"&*I & 3&&-("#)06&* I'&$'(

4#H040;#" !# 4('0'# '( /$ #%($)( 3&$)"0+/5( # 4#H040;#" !# 4('0'# '( "($'040($)& '(! "(*)&I7

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

E$ #%($)( (* 3/#!./0(" 3&*# 3#-#; '( -("30+0" */ 4('0& #4+0($)( 3&$ !# #5/'# '( *($*&"(* 5 #3)/#"

($ (*( 4('0& /)0!0;#$'& #3)/#'&"(*7 =>?@AB

QA



 ! "#$#% &!%'(&)'!%' '* +!, -./+&!, 0,1,2 3' '4%",'" &!5#"-,0&6! 3'( '!%#"!# 7 +%&(&2," 3&08#

0#!#0&-&'!%# 1,", -#9'"*' '! 5#"-, *')+", -&'!%",* "',(&2, +!, %,"', *&)!&:0,%&9, 1'"*&)+&'!3# +!

1"#16*&%#; <=">?@A

 ! "#$#% *' 3&*%&!)+' 3' +! ,)'!%' 3' *#5%B,"' 1#" '( 8'08# 3' '*%," *&%+,3#* '! +! -+!3# "',(C

%&'!' 3&-'!*&#!'* 5D*&0,* 7 1+'3' 'E'"0'" 5+'"2, *#$"' #%"#* #$E'%#*; <F'>GHA

 !"!#!$! %&'()*&(

 ! ,)'!%' "#$6%&0# !'0'*&%, *'!*#"'* 1,", 3#* %,"',* '*'!0&,('*I 1'"0&$&" *+ '!%#"!# 7 -#!&%#"',"

*+ '*%,3# &!%'"!#; J! %,( *'!%&3#C (#* -&*-#* 1+'3'! 0(,*&:0,"*' '! 3#* 0,%')#"D,*I '4%'"# 7 1"#1&#K

0'1%&9#*C 3&*%&!)+&L!3#(#* '!%"' (#* /+' 1#*&$&(&%,! '( *'!*,3# 3'( -'3&# '4%'"&#" # '*%,3# &!%'"!#C

"'*1'0%&9,-'!%';

= *+ 9'2C 5"'0+'!%'-'!%' '( 3&*'M# # 1"&!0&1&# '! '( /+' *' $,*,! (#* *'!*#"'* '*%. &!*1&",3# '! (#*

*&*%'-,* *'!*#"&,('* 3' '*1'0&'* ,!&-,('*; <F'>GHA

 !"!#!"!  +,-./)*&(

 ! ,)'!%' "#$6%&0# 3'$' '*%," '/+&1,3# 1,", &!%'",0%+," 0#! '( '!%#"!#; N.* 1"'0&*,-'!%'C 3'$'

1#3'" -#3&:0,"(# # -#9'"*' '! '(;

=()+!#* 3' (#* %&1#* 3' ,0%+,3#"'* -.* 0#-+!'* *#!I

-O*0+(#* ,"%&:0&,('*I ,O! -+7 ('E#* 3' *'" $+'!,* ,1"#4&-,0&#!'* , (#* -O*0+(#* $&#(6)&0#*;

PD1&0,-'!%'C 1+'3'! *'" ,(',0&#!'* 0#! -'-#"&, 3' 5#"-,C 1#(D-'"#* '('0%"#,0%&9#* # 3' %&1#

 !"#$$%&

 

;

-#%#"'* '(L0%"&0#*I 0#-O!-'!%' +%&(&2,3#* '! "#$#%* -69&('* %,!%# 1,", (#0#-#0&6! # 1,", -,K

!&1+(,0&6!; PD1&0,-'!%'C 1+'3'! *'" 3' 0#""&'!%' 0#!%&!+,C 1,*# , 1,*# # *'"9#-#%#"'*;

,0%+,3#"'* !'+-.%&0#* # 8&3".+(&0#*I -+7 +%&(&2,3#* '! '( &!3+*%"&, 1,", %,"',* 3' -,!&1+(,0&6!

7 -+7 ",",-'!%' '! "#$6%&0, -69&(;

= *+ 9'2C 3'1'!3&'!3# 3'( %&1# 3' -#9&-&'!%# /+' )'!'",!C 1+'3'! 0(,*&:0,"*' '!I 1"&*-.%&0#* Q#

%'('*061&0#*R 7 "#%,0&#!,('* Q# 3' "'9#(+%,R; <F'>GHA

 

 !"#!$!%&!$#!' ( )( %(#!*+",( -! ./'%0)+' ("#&1%&()!' $!0.2#&%+'3 40!"+$ -!'(""+))(-+' 5+" 5"&.!"( 6!7 !$ )( -8%(-(

-! 9:;< 5("( 0'+ +"#+58-&%+= >"!&$#( (?+' .2' #("-! 40!"+$ %+.!"%&()&7(-+' @(A+ !) $+.@"! -! !""#$%!&%'$(=

ST



 !"#$%&' (

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

 

 !"! #$%&'()&(*+ ,$- )'./-$01

 ! "#!$%&'!'%($ )* +,-%+%*$.,/ */ 0$, )* #,/ +!1,2*/ "2,3#*+!/ ! 2*/,#-*2 )02!$.* #! '2*!'%($

)* 0$ 2,3,. !0.($,+,4 5, */ *# 6$%', * %$.*2!'.6! ',$ ,.2,/ .!+3%7$ +01 %+",2.!$.*/ ',+,8 ',$.2,#

*$ .%*+", 2*!#9 /*$/!), 1 "#!$%&'!'%($ )* .!2*!/4 :$ .!# /*$.%),9 '2*!2 2,3,./ !0.($,+,/ 2*;0%*2*9

)*&$%.%-!+*$.*9 ),.!2#,/ )*# ",)*2 )* )*'%)%2 !0.,+<.%'!+*$.* ;07 +,-%+%*$.,/ 2*!#%=!2 "!2! #,>2!2

/0/ ,3?*.%-,/ , )* ,.2, +,),9 ),.!2#,/ )* #! @!3%#%)!) )* "#!$%&'!2 !0.,+<.%'!+*$.* /0/ +,-%+%*$.,/4

:# ,3?*.%-, )* #! "#!$%&'!'%($ )* +,-%+%*$.,/9 *$ .72+%$,/ >*$*2!#*/9 */ ;0* )!)! 0$! */"*'%&'!'%($

)* 0$! .!2*! 0.%#%=!$), 0$ #*$>0!?* )* !#., $%-*#9 *# 2,3,. /*! '!"!= )* )*/',+",$*2#! !0.,+<.%'!+*$.*

*$ 0$ ',$?0$., )* +,-%+%*$.,/ "2%+%.%-,/ ;0* #* "*2+%.!$ '0+"#%2 ',$ #, /,#%'%.!),4 AB"%'!+*$.*9 */.!

.!2*! /0*#* /*2 #! 36/;0*)! )* '!+%$,/ (".%+,/ , '0!/%C(".%+,/9 #%32*/ )* ',#%/%,$*/9 *$.2* 0$ */.!),

, ',$&>02!'%($ %$%'%!# 1 0$, &$!#9 2*/"*.!$), '%*2.,/ '2%.*2%,/ )* *-!#0!'%($4  ,/ +</ D2*'0*$.*+*$.*

0.%#%=!),/ /,$ #! )%/.!$'%! 2*',22%)!9 *# !@,22, )* *$*2>B!9 #! /0!-%)!) 1 /*>02%)!) )* #!/ .2!1*'.,2%!/4

E*/)* /0 "2%+*2! -*2/%($9 )*# "!2!)%>+<.%', "2,3#*+! )* +,-*2 0$ "%!$, FGGHIJ9 #! "#!$%&'!'%($

)* +,-%+%*$.,/ @! *-,#0'%,$!), !"#%'<$),/* .!$., ! 32!=,/ 2,3(.%',/ ',+, ! 2,3,./ +(-%#*/9 *$ 0$

',$?0$., -!2%!), )* "2,3#*+!/8 !$%+!'%($ )%>%.!#9 '%20>B!9 -*2%&'!'%($ !0.,+<.%'! )* )%/*K, )* D<32%'!/9

',$/.20''%($ )* +!"!/ *$ *$.,2$,/ )*/',$,'%),/9 $!-*>!'%($ *$ *$.,2$,/ )%$<+%',/9 *$/!+3#!?*9 )%/*K,

)* +*)%'!+*$.,/9 *$.2* ,.2!/4

 !2! 3-$0$+4.% ,$ (+4$'5%

L$! D,2+! /%+"#*9 "*2, +01 0.%#%=!)!9 )* "*$/!2 *# )*/!22,##, )* "#!$%&'!),2*/ )* +,-%+%*$.,/

.,+! *$ '0*$.! #! .!2*! ! 2*!#%=!29 #!/ "2,"%*)!)*/ )*# 2,3,. 1 )*# !#>,2%.+, )* "#!$%&'!'%($4

 !"#!$ L$, )* #,/ '2%.*2%,/ +</ D0*2.*/ */ ',$/%)*2!2 *# "2,3#*+! )* +</ !#., $%-*# "!2! *# ;0* /*2<

0.%#%=!), *# "#!$%&'!),24 M +,), )* *?*+"#,9 $!-*>!'%($9 '032%+%*$.,9 #,'!#%=!'%($9 '!2.,>2!DB!9

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

/* 2*;0%*2* "#!$%&'!2 *# +,-%+%*$.,4

 

 !"! #! $#!%&"!'()* +$# ,"$-$*.$ '!,/.0#& 12!.345 67895 :2;

+
8<= >0$"&* #!- ,"(*'(,!#$- "$>$"$*'(!- %(%#(&?"@A'!-

'&*-0#.!+!-B 2!- "$-.!*.$- -$ -$C!#!* ,0*.0!#D$*.$ $* $# .$E.&B

NO



 !"#$%&'&%( &%) !"*"+  ! "#$%! &'( $#)#* + (! &,-.#-,/,01 &' (#- !/*2!&#$'- /#1&,/,#1!1 "2'$*'3

%'1*' (! .(!1,4/!/,01 ! $'!(,5!$6 7' '((!- -' &'-.$'1&'1 (#- 8$!&#- &' (,)'$*!& + $'-*$,//,#1'- &'(

-,-*'%! 9:#(#10%,/# # 1#;< !-= /#%# (! /#1>'1,'1/,! &' 2*,(,5!$ %#&'(#- /,1'%?*,/#- # &,1?%,/#-

.!$! (#- /#1*$#('-6

 !"#$%&'&%( &%) '),"!$+-" @1! >'5 &'41,&! (! *!$'! ! $'-#(>'$ + '( $#)#* ! 2*,(,5!$< &')' '('8,$-' '(

!(8#$,*%#6 A1 '-*' -'1*,&#< -#1 &' ,1*'$B- *$'- /#1/'.*#-C #.*,%!(,&!&< /#%.('*,*2& + /#%.('D,&!&

/#%.2*!/,#1!(6  ! .$,%'$! $'4'$' ! (! /!(,&!& &' (! -!(,&! E2' .$#>'' '( !(8#$,*%#6  ! -'821&!

$'4'$' ! (! /!.!/,&!& &' '1/#1*$!$ 21! $'-.2'-*! -,'%.$' E2' 'F,-*!6 G,1!(%'1*'< (! *'$/'$!

.2'&' %'&,$-' *'1,'1&# '1 /2'1*! -, '( !(8#$,*%# '- ,1*'1-,># '1 '( 2-# &' (! %'%#$,! # (#-

/?(/2(#-6 G$'/2'1*'%'1*'< '- 1'/'-!$,# '1/#1*$!$ 21 .21*# &' 'E2,(,)$,# &#1&' -' (#8$'1 $'-2(*!&#-

&' /!(,&!& !/'.*!)(' /#1 21 2-# $!5#1!)(' &' (#- $'/2$-#- /#%.2*!/,#1!('-6 H *!('- '"'/*#-< (!
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*#-< '- (#8$!$ !,-(!$ !(821#- !-.'/*#- /#1-,&'$!&#- /'1*$!('- ' ,1>'-*,8!$(#- '1 .$#"21&,&!&< &'D!1&#

!(821!- &,4/2(*!&'- !&,/,#1!('- .!$! 21 !1?(,-,- .#-*'$,#$6

A1 '( .$#)('%! )?-,/# -' !-2%' E2' '( $#)#* '- '( I1,/# #)D'*# %0>,( &'( '1*#$1# + -' ,81#$!1<

*!%),B1< (#- !-.'/*#- &,1?%,/#- &' -2 %#>,%,'1*#6 J!%),B1 -' &'-.$'/,!1 (!- ,1*'$!//,#1'- '1*$' (#-

#)D'*#- "=-,/#-< *$!1-"#$%!1&# 21 .$#)('%! &' .(!1,4/!/,01 &' %#>,%,'1*#- "=-,/#- '1 21 .$#)('%!

&' .(!1,4/!/,01 &' /!%,1#- .2$!%'1*' 8'#%B*$,/#6 H&'%?-< -' $'&2/' (! /#%.('D,&!& &'( !-.'/*#

8'#%B*$,/# !-2%,'1&# E2' '( $#)#* '- 21 /2'$.# $=8,&# 1# !$*,/2(!&#6

7' *#&!- '-*!- -,%.(,4/!/,#1'- -2$8' E2' (! "#$%2(!/,01 .!$! '( .$#)('%! )?-,/# &' .(!1,4/!/,01

&' %#>,%,'1*#- '- (! -,82,'1*'C

K'!  21 #)D'*# $=8,&# 9!"# $%&%'(; %#>,B1&#-' '1 21 '-.!/,# '2/(,&,!1#)< ((!%!&# ?$'! &' *$!)!D# #

'1*#$1#< $'.$'-'1*!&# .#$ *
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!
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21 /#1D21*# &' #)D'*#- $=8,&#- &,-*$,)2,&#-

'1 )< ((!%!&#- #)-*?/2(#-6 K, -' !-2%' E2' *!1*# (! 8'#%'*$=! &'  + /

#

/#%# (! 2),/!/,01 &' /

#

'1 ) -#1 /#1#/,&!- + E2' 1# 'F,-*'1 $'-*$,//,#1'- /,1'%?*,/!- E2' (,%,*'1 '( %#>,%,'1*# &'  < '(

.$#)('%! )?-,/# &' .(!1,4/!/,01 &' %#>,%,'1*#- '-C

7!&! 21! .#-,/,01 + #$,'1*!/,01 ,1,/,!( + 21! .#-,/,01 + #$,'1*!/,01 #)D'*,># &'  '1)< 8'1'$!$ 21

/!%,1# '-.'/,4/!1&# 21! -'/2'1/,! /#1*,12! &' .#-,/,#1'- + #$,'1*!/,#1'- .!$!  '>,*!1&# /#(,-,#1!$

/#1 /

#

< /#%'15!1&# &'-&' (! .#-,/,01 + #$,'1*!/,01 ,1,/,!( + *'$%,1!1&# '1 (! .#-,/,01 + #$,'1*!/,01

#)D'*,>#6

 !"!0! 1-2+/.& 3) /&4567%+/.84

L!$! /$'!$ .(!1'- &' %#>,%,'1*# .!$! $#)#*- -' &')'< .$,%'$#< /#1#/'$ 21! '-.'/,4/!/,01 /#%.('*!

&' (! (#/!(,5!/,01 &' /!&! .21*# &'( $#)#* &' %#&# &' !-'82$!$ E2' 1# -' .$#&25/!1 /#(,-,#1'-6 H

*!('- '"'/*#-< -#)$'>,'1'1 (!- -,82,'1*'- .$'821*!-C M/2?1*! ,1"#$%!/,01 '- 1'/'-!$,! .!$! '-.'/,4/!$

/#%.('*!%'1*' (! .#-,/,01 &' *#&#- + /!&! 21# &' (#- .21*#- &' 21 $#)#*N M/0%# &')' $'.$'-'1*!$-'

&,/:! ,1"#$%!/,01N M/2?('- -#1 (!- .$#.,'&!&'- %!*'%?*,/!- &' &,/:! $'.$'-'1*!/,01N M/0%# .2'&'1
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2)3.2.!" )4

 !"!#!$! %&'()*+,-./' 01 *' +&2&3

5)" !( ,#),1$. ) -! %)2!"/'# ' #!$,)"-!# !$ '$ ." !##)6'" !$ -! 7)#2' ,#!%.$' $!#+" "!%!$'#.'$ ('$

$.6&.!" !$ -!0".%.)"!$8

%&'()*+,-./'  !$ (' !$,!%.0%'%.1" -! &" ,&" ) -!( $.$ !2'8

%&'()*+,-./' 014 +&2&3 !" # $ %" # !$ (' !$,!%.0%'%.1" %)2,(! ' -! (' ,)$.%.1" -!  )-)$ ()$ ,&" )$

-! &" $.$ !2' #)*1 .%)8

567,-.& 01 -&'()*+,-.&'16 & !$ !( !$,'%.) -!  )-'$ ('$ ,)$.*(!$ %)"06&#'%.)"!$ -!( $.$ !2'8 9'2:
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8+,0&6 01 4.21+3,0 <' %'" .-'- -! 6#'-)$ -! (.*!# '- -! &" $.$ !2' #)*1 .%) !$ .6&'( ' (' -.2!"$.1"

-!( !$,'%.) -! %)"06&#'%.)"!$ )= -! ) #) 2)-)= !( ">2!#) 2?".2) -! ,'#+2! #)$ #!@&!#.-) ,'#'

!$,!%.0%'# &"' %)"06&#'%.1"8

A ,'# .# -! !$ '$ -!0".%.)"!$ $! ,&!-! #!7)#2&('# !( ,#)*(!2' -! ,('".0%'%.1" -! 2)3.2.!" )$ %)2)

!( ,#)*(!2' -! -! !#2."'# &"' %)##!$,)"-!"%.' %)" ."&' c : [0, 1] → Q ) %'2.") -!$-! &"' %)"06&:

#'%.1" .".%.'( ,".#/ 

 ! "

B'$ ' &"' %)"06&#'%.1" -!$ .") ,"0#/ 

#$%&

=  '( @&! "."6&"' %)"06&#'%.1"  

 

,!# !"!%.!" ! '( %'2.") %'&$' &"' %)(.$.1" !" #! !( #)*) C &" )*$ +%&()8

 !"!#!#! 9263:-*4&6 ; 167,-.& 01 -&'()*+,-.&'16

567,-.& 01 -&'()*+,-.&'16 01 *' &263:-*4& '1
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COi = {qǫC | A (q) ∩Oi 6= ∅}

567,-.& 01 -&'()*+,-.&'16 4.2+16 '

'())

!$ !( %)"D&" ) -! ('$ %)"06&#'%.)"!$ !" ('$ %&'(!$ !( #)*) 

") ." !#$!% ' "."6>" )*$ +%&() ,#!$!" ! !" !( !" )#") -!  #'*'D)8

Cfree = C \

(

⋃

i

COi

)

=

{

qǫC | A (q) ∩
⋃

i

COi = ∅

}

E."'(2!" != ' ,'# .# -! !$ '$ "&!3'$ -!0".%.)"!$= $! ,&!-! -!0".# 7)#2'(2!" ! &" %'2.") (.*#!

-! %)(.$.)"!$ %)2) (' %)##!$,)"-!"%.' %)" ."&' c : [0, 1] → Cfree C &" %'2.") $!2.:(.*#! %)2) ('

%)##!$,)"-!"%.' %)" ."&' c : [0, 1] → cl (Cfree) !" (' %&'( cl (Cfree) -!") ' (' %('&$&#' -! Cfree8
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"!!$2$!)"0/$3 4& '%/ )$&'",+( 2%!"+) ,$ /+) #<'+,+) + $&7+-.$) '!%,"*"+&%/$) 82$! ?3@9 )+& %5/"*%0/$)

%/ 5!+0/$#% ,"&1#"*+ 5$!+ ,$0$& !$%/"A%!)$ #+,"=*%*"+&$) + $B'$&)"+&$) -.$ '+#$& $& *.$&'% /%)

$)5$*"=*",%,$) ,$ /% ,"#$&)":& '$#5+!%/3 6 ). 2$A( $/  !+0/$#% ,"&1#"*+ ,$ 5/%&"=*%*":& 5.$,$
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!
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COi (t) = {q ∈ C | A (q) ∩Oi (t) 6= 0} 8?3L9

4) "#5+!'%&'$ &+'%! -.$ /% 7+!#% ,$ 9

!

>1? &+ ,$5$&,$ ,$ 1( 5$!+ ). .0"*%*":& $& @ )" /+ C%*$3

61(!'-)0 2,3$),%( 2- /'03,4%0%,*3 2- )(+,),-3#(" 4) 5/%&"=*%! .&% )$*.$&*"% ,$ #+2"#"$&N

'+) N/"0!$) ,$ *+/")":&N 5%!% 3 ,$),$ /% *+&=;.!%*":& "&"*"%/ =

! !"

$& 15A C%)'% /% *+&=;.!%*":&

+0G$'"2+ =

#$%&

$& $/ "&)'%&'$ ,$ '"$#5+ B≥O3 B )$ *+&+*$ *+#M&#$&'$ *+#+ '"$#5+ ,$ //$;%,%3

4)'$ 5!+0/$#% !$-."$!$ .& 7.&*":& -.$ $)5$*"=-.$ /%) *+&=;.!%*"+&$) -.$ ,$0$ '+#%! 3 $& '+,+) /+)

"&)'%&'$) ,$ '"$#5+ ,$/ "&'$!2%/+ PO(B Q3 R+!#%/#$&'$( .&% )+/.*":& %/ 5!+0/$#% $) .&% 7.&*":& *+&'"&.%

,$ /% 7+!#% 5!$)$&'%,% $& /% $*.%*":& ?3KF

t ∈ [0, T ] 7→ q (t) ∈ C \

q
⋃
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COi (t) 8?3K9

*+& 1 !$5!$)$&'%&,+ $/ '"$#5+( =>A?5=

! !"

D =>B?5=
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 ! "#!$%&! '( ()*+) '(,!%$%-!(). () $-//($*- +,/0+/ 1#( #! /-2-*  )( $-//()3-!'( (! !" )(45!

#!+ 3+/(6+ #$%&'()*#+,%-.+/01$ 723.8. 1#( )%4!%,$+ 1#( 9+ $-!,4#/+$%&! '(  (! (9 %!)*+!*( .. () 2:
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. 99+0+'+

!"-$56.*#7/. '(,!%'+ )(45! 9+ ($#+$%&! =:>?

CTOi = {(q, t) | A (q) ∩Oi (t) 6= 0} 7=:>8

 9 ()3+$%- '( $-!,4#/+$%-!() 9%2/() (! !" )( '(,!( )(45! 9+ ($#+$%&! =:@?

CTfree = CT \

q
⋃

i=1

CTOi 7=:@8

A+ $9+#)#/+ '( !"

!"##

. 3-/ $-!)%4#%(!*(. () $-!-$%'+ $-0- ()3+$%- )(0%B9%2/( '( $-!,4#/+$%-!() (!

!":

C%!+90(!*(. #! $+0%!- 9%2/( '( $-9%)%-!() (! #! ()3+$%- '( $-!,4#/+$%-!() *%(03-B()3+$%- B- */+B

D($*-/%+ 9%2/(B 78)// !"-1*.98 () #!+ $-//()3-!'(!$%+ $-!*%!#+ ξ : [0, 1] → CTfree: E!<9-4+0(!*(. #!

$+0%!- )(0%B9%2/( () #!+ $-//()3-!'(!$%+ $-!*%!#+ ξ : [0, 1] → cl (CTfree):
 ! "#!$%&! '( ()*+) "-/0+9%F+$%-!(). (9 3/-29(0+ '( 39+!%,$+$%&! '( */+D($*-/%+) 3#('( /('(,!%/)(

'( 9+ )%4#%(!*( "-/0+?

 !"#$%&' ()*+&)," (% -$'*).,',)/* (% &"0)&)%*1"2 G-03#*+/ #!+ */+D($*-/%+ ξ 8)// !"-1*.9
(!*/( '-) 3+/() $-!,4#/+$%&!B*%(03- 72

 $ %

. H8 D 72

&'()

. " 8:

 ! /(9+$%&! $-! (9 3/-29(0+ 2<)%$- '( 39+!%,$+$%&! (I%)*( #!+ '%"(/(!$%+ %03-/*+!*(: J+'- 1#( !%!B

45! -26(*- 3#('( K-9K(/ (! (9 *%(03-. #!+ */+D($*-/%+ !"-1*.9 ξ '(2( )(/ 0-!&*-!+ $/($%(!*( (! (9
3+/<0(*/- *%(03-. )+*%)"+$%(!'-? ∀s, s′ ∈ [0, 1] , con ξ (s) = (q, t) y ξ (s′) = (q′, t′) ; s < s′ ⇒ t < t′:
 !*-!$(). ξ '(*(/0%!+ #!+ */+D($*-/%+ q (t) | ∀s ∈ [0, 1] : ξ (s) = (q (t) , t):

 ! 9+ 3/<$*%$+. ()*+ 59*%0+ $-!'%$%&! !- () )#,$%(!*( D+ 1#( 3-'/L+! $+9$#9+/)( K(9-$%'+'() -

+$(9(/+$%-!() %!,!%*+0(!*( 4/+!'(): G-!)($#(!*(0(!*(. (9 ;/-29(0+ '%!<0%$- '( 39+!%,$+$%&! 3#('(

M+$(/)( 0<) /(+9%)*+ %!*/-'#$%(!'- /()*/%$$%-!() + 9+ K(9-$%'+' D +$(9(/+$%&! '(9 /-2-*:  )*- )%4!%,$+/L+

%!*/-'#$%/ /()*/%$$%-!() + 9+ 3(!'%(!*( D $#/K+*#/+ '( 9+ "#!$%&! ξ (! /(9+$%&! + 9+ '%0(!)%&! *(03-/+9:
N%! (02+/4-. ()*+) /()*/%$$%-!() +#0(!*+! $-!)%'(/+29(0(!*( 9+ '%,$#9*+' '( /()-9#$%&! '(9 3/-29(0+.

'( 0-'- 1#( )#(9(! +2-/'+/)(. 0+D-/0(!*(. )&9- '-) )%*#+$%-!()? K(9-$%'+' %9%0%*+'+ D K(9-$%'+'

9%0%*+'+: O*/+ K+/%+!*( +9 3/-29(0+ '%!<0%$- '( 39+!%,$+$%&! () 9%2(/+/ (9 *%(03- '( 99(4+'+ +9 -26(*%K-.

%039%$+!'- 1#( 9- %03-/*+!*( () 3-'(/ +9$+!F+/ 9+ $-!,4#/+$%&! -26(*%K- (! +945! %!)*+!*( '( *%(03-

"≥H:

34$1)-$%2 5"#"12

P!+ )(4#!'+ (I*(!)%&! () $-!)%'(/+/ 1#( (! (9 (!*-/!-. $-0- 3+/*() '( #! 0%)0- )%)*(0+. $-!B

K%K(! 059*%39() /-2-*):  9 3/-29(0+ /()#9*+!*( )( $-!-$( $-0- :)$57/0* ;/ 17*%+&#*#+,% ;/ #*0+%$6

0(7.+-)$5$.:  ! ()*( $+)-. 059*%39() /-2-*) )( 0#(K(! %!'(3(!'%(!*(0(!*( (! (9 0%)0- (!*-/!- (!*/(

-2)*<$#9-) ()*+$%-!+/%-): J-) (!"-1#() #*%9%F+'-) 3+/+ )# /()-9#$%&! )-!? ;9+!%,$+$%&! $(!*/+9%F+'+ D

;9+!%,$+$%&! '()+$-39+'+: G-! (9 3/%0(/ (!"-1#( )( $-!)%'(/+ + *-'-) 9-) /-2-*) $-0- 3+/*() '( #!

5!%$- /-2-*: G-0- $-!*/+3+/*%'+ + )(0(6+!*( )%039%,$+$%&!. 9+ '%0(!)%&! '(9 ()3+$%- '( $-!,4#/+$%&!

'(9 /-2-* /()#9*+!*( () 0<) 4/+!'( $-! (9 $-!)%4#%(!*( 3(/6#%$%- (! *%(03- '( $&03#*-:  9 )(4#!'-

(!"-1#(. (! *+!*-. 39+!*(+ +2-/'+/ 9+ 39+!%,$+$%&! '( $+0%!-) (! "-/0+ %!'(3(!'%(!*( 3+/+ $+'+ /-2-*

D 9#(4- */+*+/ 9+) 3-*(!$%+9() %!*(/+$$%-!() (!*/( $+0%!-):  ! ()*( $+)-. 9+ $-039(6%'+' '(9 $&03#*-

)( 0+!*%(!( +9 0%)0- !%K(9 3(/- )( 3%(/'( (! $-039(*%*#':

QQ



 !"!#$ %&#'()*%+!$

 !"# $%!$&'()& *+'(,-$ $' .+&'(/$"#" 01$ -+' "+,+!' '+& +,2$!+' #"!(.1-#,-$' $& -13#" /$ .+&'(/$"#"-+'

.+4+ +,2$!+' "53(/+' .+&6+"4#/+' *+" 1&# 7&(.# *($8# 4+&+-5!(.#9 :& $'!+' .#'+' -+' "+,+!' *1$/$&

$'!#" .+4*1$'!+' *+" 47-!(*-$' +,2$!+' "53(/+' 1&(/+' $&!"$ $--+' *+" #"!(.1-#.(+&$' 01$ "$'!"(&3$&

'1' 4+;(4($&!+' "$-#!(;+'9 :'!# $%!$&'()& '1$-$ $'!#" #'+.(#/# 61$"!$4$&!$ .+& -# *-#&(<.#.()& /$

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

,-.-.-/-  0$#&'(('!10$ ('1023#'(%$

:%('!$& /+' !(*+' /$ "$'!"(..(+&$' .(&$4=!(.#' 01$ *1$/$& #6$.!#" $- 4+;(4($&!+ /$ 1& "+,+!9

> 4+/+ /$ $2$4*-+?

$& 1& "+,+! #"!(.1-#/+ .+4*1$'!+ *+" 47-!(*-$' *#"!$' @+,2$!+' "53(/+'A .+&$.!#/#' *+" (&!$"4$B

/(+ /$ #"!(.1-#.(+&$'C $'!#' "$'!"(&3$& $- 4+;(4($&!+ "$-#!(;+ $&!"$ -#' *#"!$' .+&$.!#/#' (4*+B

&($&/+ "$'!"(..(+&$' .(&$4=!(.#' D+-+&)4(.#'9

1& "+,+! 4);(- B,(""+/#/+ .+& .+&!"+- /(6$"$&.(#-B *1$/$ 4+;$"'$ -(,"$4$&!$ D#.(# #/$-#&!$ E

#!"=' E "$#-(8#" 3("+'9 F(& $4,#"3+C &+ *1$/$ !"#'-#/#"'$ /$ .+'!#/+ E '1' 3("+' '1$-$& $'!#"

-(4(!#/+' *+" #'*$.!+' 4$.=&(.+' "$-#.(+&#/+' .+& -# .#*#.(/#/ /$ +"($&!#" -#' "1$/#'9

 0$#&'(('!10$ 4!*!152'(%$

:'$&.(#-4$&!$C &+ #6$.!#& $- *"+,-$4# ,='(.+ /$ *-#&(<.#.()& /$ 4+;(4($&!+'9 G+47&4$&!$C *$"B

4(!$& -# /('4(&1.()& /$ -# /(4$&'()& /$- $'*#.(+ /$ .+&<31"#.(+&$'9

>'14($&/+ 01$ $& .1#-01($" (&'!#&!$ /$ !($4*+  C $%('!$ 1&# "$'!"(..()& $'.#-#" #/(.(+&#- # -#

.+&<31"#.()& /$- "+,+!C 01$ '$ $%*"$'# '$37& -# $.1#.()& H9I?

F (q, t) = F (q1, . . . , qm, t) = 0 @H9IA

/+&/$ ! $' 1&# 61&.()& .+&!(&1# .+& /$"(;#/# /('!(&!# /$ .$"+9 J(.D# "$'!"(..()& /$!$"4(&# 1&

'1,.+&21&!+ /$ .+&<31"#.(+&$' /$ " /+&/$ $- "+,+! *1$/$ $'!#"9 K!(-(8#&/+ $- #$%&$'( )$ *( !+,-./,

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

 

*+" $2$4*-+C $& 61&.()& /$ -#' '45 "$'!#&!$' E

$- !($4*+? 6@3

!

C 999C 3

 "!

C  A9 L# 61&.()& 6 $' .+&!(&1#C /$ 4+/+ 01$ -# $.1#.()& H9I /$<&$ 1& '1,$'*#.(+

.+&!(&1+ /$ " /$ /(4$&'()& '459 J$ D$.D+C /(.D+ '1,$'*#.(+ $' $- $'*#.(+ /$ .+&<31"#.(+&$' /$- "+,+!

E -#' '45 *#"=4$!"+' '+& -#' .++"/$&#/#' /$ -#' .+&<31"#.(+&$' $& /(.D+ $'*#.(+9

67)%*+%+ 4!*!152'(% K&# "$'!"(..()& $'.#-#" /$ -# 6+"4# !738 9:;C /+&/$ ! $' 1&# 61&.()& .+&!(&1#

.+& /$"(;#/# /('!(&!# /$ .$"+C $' 1&# "$'!"(..()& /$ (31#-/#/ D+-+&)4(.#9

M5*(.#4$&!$C '( '$ .+&'(/$"# 1& ,"#8+ "+,)!(.+ #"!(.1-#/+ .1E+' 4+;(4($&!+' $'!=& "$'!"(&3(/+' # 1&

*-#&+ E 01$ $'!= .+4*1$'!+ *+" /+' +,2$!+' 4);(-$' @<

!

E <

#

A 1&(/+' *+" /+' #"!(.1-#.(+&$' "+!#.(+&#-$'

.+4+ '$ 41$'!"# $& -# <31"# H9N9

F(& .+&'(/$"#" -#' #"!(.1-#.(+&$'C $- $'*#.(+ .+4*1$'!+ /$ -#' .+&<31"#.(+&$' /$ #4,+' +,2$!+'

4);(-$' !($&$ /(4$&'()& '$(' @=

#

% >

!

% =

#

% >

!

C .#/# +,2$!+ '$ *1$/$ 1,(.#" $& 1& *1&!+ /$- *-#&+ .+&

/$!$"4(&#/# +"($&!#.()&A9 F(& $4,#"3+C .#/# #"!(.1-#.()& #*-(.# /+' "$'!"(..(+&$' $'.#-#"$' /$ -# 6+"4#

!738 9:;9 L# *"(4$" #"!(.1-#.()& (4*+&$ 01$ 1& *1&!+ /$ <

!

@$- .$&!"+ /$ "+!#.()&A $'!O <2+ "$'*$.!+

# !+/+ $- $'*#.(+ /$ .+&<31"#.(+&$'9 L# '$31&/# #"!(.1-#.()& (4*+&$ 01$ 1& *1&!+ /$ <

#

@$- .$&!"+

/$ "+!#.()&A $'!O <2+ "$'*$.!+ /$ <

!

9

P(&#-4$&!$C !+4#&/+ $& .1$&!# $'!#' .1#!"+ "$'!"(..(+&$'C $- $'*#.(+ /$ .+&<31"#.(+&$' /$- "+,+!

!($&$ /(4$&'()& /+' @>

!

% >

!

A9

QR



≤

G
(

q, ˙q, t
)

= G
(

q1, . . . , qm, q̇1, . . . , ˙qm, t
)

= 0

q̇i = dqi
dt

q̇ =
(q̇1, . . . , q̇m)



 !" #$%&#'((')! ('!$*+&'(" ,$ -" ./#*" 012 $% 3/-/!)*'(" %' $% '!&$4#"5-$ 6&/,/% -/% 7"#+*$&#/%

(/##$%7/!,'$!&$% " -" 8$-/(',", q̇1, . . . , q̇m  !"#"$ "%&'&$()*" + %( ",!(,&-$ ./0  !"#" )""*,)&1&)*" *"23$

%( 45)'( 6!" "7 )"*( %( ",!(,&-$ ./89/ :" %5 ,5$;)()&5< %( )"*;)&,,&-$ "* $5=>5%5$-'&,(/

 !"#$%#% &'()'$'&*+,-# ?$( )"*;)&,,&-$ "*,(%() $5 &$;"2)(1%" #" %( 45)'( G
(

q1, . . . , qm, q̇1, . . . , ˙qm, t
)

=
0< #5$#"  "* !$( 4!$,&-$ ,5$;&$!(< "* !$( )"*;)&,,&-$ #" &2!(%#(# $5=>5%5$-'&,(/ ?$( )"*;)&,=

,&-$ #" "*;" ;& 5 )"*;)&$2" "% "* (,&5 #" @"%5,&#(#"* (%,($A(1%"  5) ! "$ ,!(%6!&") ,5$B2!)(,&-$

" ( !$ *!1"* (,&5 @",;5)&(% #" #

 

$%& #" '() #&'"$*&5$"*/

./0,!"#$%#% &'()'$'&*+,-# ?$( )"*;)&,,&-$ "*,(%() #" %( 45)'( G
(

q, ˙q, t
)

< 0 5 G
(

q, ˙q, t
)

≤ 0<
2"$")(%'"$;"< )"*;)&$2" "% ,5$C!$;5 #" @"%5,&#(#"* (%,($A(1%"*  5) ! *&$ ,('1&() %( #&'"$*&-$

#"% *!1"* (,&5 + "* !$( )"*;)&,,&-$ #" #"*&2!(%#(# $5=>5%5$-'&,(/

12323232  &-/45,%"+64/

D$ "%  )51%"'( 1E*&,5 #"  %($&B,(,&-$ #" '5@&'&"$;5* *" (*!'" 6!" "% )515; "*  ")4",;('"$;"

,( (A #" ,5$;)5%() *!* '5@&'&"$;5* ( %5* "4",;5* #" *"2!&) %5* ,('&$5* 2"$")(#5*  5) "%  %($&B,(#5)/

D*;( (*!$,&-$ "* )(A5$(1%"'"$;" )"(%&*;( "$ ,5$;"7;5* '!+  ();&,!%()"* #5$#"<  5) "C"' %5< $5 "7&*;"$

'!,>5* 51*;E,!%5* $& A5$(* &$;)&$,(#(* + %( ,5$B2!)(,&-$ 51C";&@5 $5 #"1" (%,($A()*"< $","*()&('"$;"<

,5$  )",&*&-$/ D$ "*5* ,(*5* %( &$,");&#!'1)"  !"#" *") '&;&2(#( >(,&"$#5 ,)",") %"@"'"$;" "% "* (,&5

#" ,5$B2!)(,&5$"* #" %5* 51*;E,!%5* %(*+,-./01,/ F(*  %($&B,(,&5$"* 6!" *" )"(%&A($ ,5$ "*;( "*;)(;"2&(

*" ,5$5,"$ ,5'5 23*,, '*-4*5,/

G&$ "'1()25< "*;( "*;)(;"2&( $5 "* *&"' )" ( %&,(1%"/ D$ "$;5)$5* #"$*('"$;" 5,! (#5*  5) 51*=

;E,!%5*< "% ,)",&'&"$;5 #" %(*+,-./01,  !"#" )"#!,&) ;($;5 (% "* (,&5 #" ,5$B2!)(,&5$"* %&1)"* %

!"##

<

6!" %(* ,5$B2!)(,&5$"* &$&,&(% + 51C";&@5  5#)H($ #"C() #" "*;() ,5$",;(#(* ( ;)(@I* #" !$ ,('&$5 %&1)"/

D$ "*;5* ,(*5* "* $","*()&5 &$,5) 5)()< ;5;(% 5  (),&(%'"$;"< &$45)'(,&-$ *"$*(#( ( %(  %($&B,(,&-$ #"

'5@&'&"$;5* #" 45)'( #"  5#") '5$&;5)"() %5* "4",;5* #" %5* '5@&'&"$;5* + ,5'($#() ( )5 &(#('"$;"

'5@&'&"$;5* ,5))",;&@5*/

?$(  %($&B,(,&-$ #" '5@&'&"$;5* "$ "*;" ,(*5< ,5$*&*;" "$ !$( ,5'1&$(,&-$ #" '5@&'&"$;5* J,5=

'($#5* ( %5* '5;5)"*9 +  ")," ,&5$"* J%",;!)( #" *"$*5)"*9 &$;")(,;!($#5  ()( #&*'&$!&) %( &$,");&=

#!'1)" + ,5$#!,&) "% )515; >(,&( *! 51C";&@5/ D*;5*  %($"* *5$ ,5$5,&#5* ,5'5 '*-4*5 ,-3.-126 + %5*

'5@&'&"$;5* 6!"  )5#!,"$ *!"%"$ %%('()*" 751 '*-4*5,/

K$@()&(1%"'"$;"< "% *"$*(#5 $5 "*  ")4",;5 + $5  )5@"" ,5$5,&'&"$;5  ")4",;5 *51)" %( ,5$B2!)(=

,&-$ (,;!(% #!)($;" %( "C",!,&-$ #"%  %($/ :" '5#5 6!"< %( &$,");&#!'1)" $5 "*;E  )"*"$;" *-%5 "$ %(

 %($&B,(,&-$< *&$5 6!" ;('1&I$ (4",;( %( "C",!,&-$ #"%  %($/ L5) ;($;5< "* $","*()&5 6!" "%  %($&B,(#5)

 !"#( ($;&,& ()*" ( "*;(* *&;!(,&5$"* #" '5#5 #" )"#!,&) %( &$,");&#!'1)" *51)" %( &$45)'(,&-$ 'E*

*"$*&1%" &$;"$;($#5 2()($;&A() ,&");5 $&@"% #"  )",&*&-$ 6!" %"  ")'&;( ,!' %&) "% ,5'";&#5 #" ,5$#!,&)

(% )515; >(,&( *! 51C";&@5/

M;)5 (* ",;5 6!" &$;)5#!," %( 51;"$,&-$ #" &$45)'(,&-$ ( ;)(@I* #" *"$*(#5 "* 6!" "% )",5$5,&'&"$;5

#"% 51C";&@5 $5 #"1")H( *") !$( ,!"*;&-$ #" *!");"/ N(%" #",&)< "% )",5$5,&'&"$;5 #" ,&");( &$45)'(,&-$

#"% "$;5)$5 *!"%" )"6!")&) %(  %($&B,(,&-$ #" '5@&'&"$;5* 6!"  ")'&;($ %( &#"$;&B,(,&-$ + %5,(%&A(,&-$

,5$B(1%"  5)  ();" #" %5* *"$*5)"*/

12323272 869/5'0 +#&,:"$#6$/0

O(*;( (6!H< *" >($  )"*"$;(#5 @()&($;"* #"%  )51%"'( 1E*&,5 #"  %($&B,(,&-$ 6!" ,5$*&#")($ 6!"

"$ "% "$;5)$5  !"#"$ P,5$@&@&)Q '3%;& %"* )515;* + 51*;E,!%5*/ D*;5* 3%;&'5*<  !"#"$ *") "*;E;&,5* 5

"*;(,&5$()&5*<  ")5 *" (*!'&- 6!" "$ $&$23$ ,(*5 "% '5@&'&"$;5 #" "% 5 %5* )515;* &$;")B")" ,5$ %( ,5$B=

2!)(,&-$ #" %5* 51*;E,!%5*/ L)",&*('"$;"< "*;( "7;"$*&-$  %($;"( %( "7&*;"$,&( #" 51C";5* '($& !%(1%"*/

D* #",&)< 51C";5* 6!"  !"#($ *") (4",;(#5*  5) %5* '5@&'&"$;5* )"(%&A(#5*  5) !$ )515;/

0R



 !"#$% $&$'!(%) $*+%!$, -.%+'"/$,!$ 0(% &(1/"% 0$ #(21"1 34$ 4, 1(-(! "&$'!$ #" '(,5241"'+6, 0$

4, (-7$!(8 $/947.,0(#( ( "2"11.,0(#(: ;" 91+/$1") $% /.% %+/9#$ 9$1( /$,(% %(5%!+'"0") 9$1/+!+$,0(

/",+94#"1 4, /$,(1 ,</$1( 0$ (-7$!(% $, 4, /$,(1 ,</$1( 0$ %+!4"'+(,$%= #" %$24,0" %4$#$ %$1 /.%

'(/9#$7" 9$1( -1+,0" /">(1$% 9(%+-+#+0"0$%:

?# $&$'!( 0$ +,!1(04'+1 $%!$ "%9$'!( 94$0$ $%!"1 1$#"'+(,"0() !"/-+@,) '(, 0(% %+!4"'+(,$%8 $# 1(-(!

94$0$ /(0+5'"1 $# $%9"'+( 0$ '(,5241"'+(,$% 0$ #(% (-%!.'4#(% A(-7$!+B( +,!$1/$0+(C '(, /+1"% "

$,'(,!1"1 4, '"/+,( D"'+" #" '(,5241"'+6, (-7$!+B( A(-7$!+B( 5,"#C >) 9(1 (!1( #"0() #(21"1 '+$1!"

0+%9(%+'+6, 9"1" '+$1!(% (-7$!(% /",+94#"-#$% 0$# $,!(1,( 94$0$ %$1) 91(9+"/$,!$) %4 (-7$!+B( 5,"#:

E412$ $,!(,'$% 4," &(1/" /.% %(5%!+'"0" 0$ 9#",+5'"'+6, 0$ /(B+/+$,!(% '(,('+0" '(/(  !"#$%&!'#("

$&!""#"):

F$-+0( " #" 1$"#+G"'+6, 0$ /<#!+9#$% 9#",$% > #" %$#$''+6, 0$ (-7$!+B(% +,!$1/$0+(%) #" 0+/$,%+6, 0$#

$%9"'+( 0$ '(,5241"'+(,$% 9"1" 4," 9#",+5'"'+6, 34$ +,'#4>" #" /",+94#"'+6, 0$ (-7$!(% %4$#$ $%!"1

%47$!" " $*9#(%+6, '(/-+,"!(1+": ?, !"# %$,!+0() $# 0+%$H( 0$ 9#",+5'"0(1$% /4#!+I'"9"% ( 7$1.134+'(%

%412+6 '(/( 4," %(#4'+6, 34$ +,!$,!" "-(10"1 #"% 0+&$1$,!$% 9#",+5'"'+(,$% $, 0+&$1$,!$% ,+B$#$%:

 !"! #$%&'&( ') *)(&+,-./0 %*1'.-.&01+)(

?*+%!$ 4, 21", ,</$1( 0$ /@!(0(% 9"1" 1$%(#B$1 $# 91(-#$/" 0$ 9#",+5'"'+6, 0$ /(B+/+$,!(%:

E+, $/-"12() " 9$%"1 0$ %4% 0+&$1$,'+"%) $%!(% /@!(0(% %$ -"%", $, 4, ,</$1( 1$04'+0( 0$ $,&(34$%

34$ 94$0$, '#"%+5'"1%$ $,8 *(!+ !$) ,-&& +-,( $(.#'#(" > $('-"'#!& /-&+: J.%+'"/$,!$) $%!(% !1$% $,I

&(34$% 0+5$1$, $, #(% 21"&(% 0$ '(,$'!+B+0"0 34$ '(,%!14>$, > #"% 1$91$%$,!"'+(,$% $/9#$"0"%: K"'$

"#2( /.% 0$ 4," 0@'"0") '4",0( #"% '(/94!"0(1"% !$,L", /$,(% 9(0$1 0$ '6/94!() $%!"% 0+&$1$,'+"%

9(0L", "&$'!"1 %+2,+5'"!+B"/$,!$ $# '(%!( '(/94!"'+(,"# 0$ #(% 9#",+5'"0(1$%) +,'#4%( $, $%9"'+(% -+I

0+/$,%+(,"#$%:  '!4"#/$,!$) '(, $# "B",'$ 0$# 9(0$1 0$ '6/94!( 0$ #(% '(/9(,$,!$% $#$'!16,+'(% 0$

91('$%"/+$,!() #" +/9(1!",'+" 0$ #"% /+%/"% D" 0+%/+,4+0( '(,%+0$1"-#$/$,!$: ;( 1$#$B",!$) $, ,4$%I

!1(% 0L"%) $% $,'(,!1"1 $,&(34$% 34$ %$", '"9"'$% 0$ $%'"#"1 " 91(-#$/"% 0$ /.% 0+/$,%+(,$% A%$+% (

/.%C: F$%"&(1!4,"0"/$,!$) ,+,24,( 0$ $##(% $, %4 &(1/"!( (1+2+,"# I0+%$H"0( 9"1" "!"'"1 $# 91(-#$/"

0$ 9#",+5'"'+6, $, %4 B$1%+6, /.% -.%+'"I $% '"9"G 0$ 1$"#+G"1#(: MN-K;OPQ

 !"!#!  !"#$"%

?# 4%( 0$ 0(!+ !$. $, R#",+5'"'+6, 0$ /(B+/+$,!(% '(/+$,G" " 9"1!+1 0$# !1"-"7( 0$ 1!""2: ?%!$

$,&(34$ '(,%+%!$ $, '"9!41"1 #" '(,$'!+B+0"0 0$# $%9"'+( 0$ '(,5241"'+(,$% #+-1$% > 1$S$7"1#" $, 4," 1$0

0$ '41B"% 4,+0+/$,%+(,"#$% ##"/"0" *(!+ !$: ?# 91(-#$/" 0$ 9#",+5'"'+6, 0$ /(B+/+$,!(% %$ 1$04'$

94$% " '(,$'!"1 #" '(,5241"'+6, +,+'+"# > 5,"# " #" 1$0 > $,'(,!1"1 4, '"/+,( #+-1$ 0$ '(#+%+(,$% 34$

'(,$'!$ "/-(% 94,!(%: ?# '"/+,( 1$%4#!",!$) %+ $*+%!$) %$ '(/9(,$ 9(1 !1$% !1"/(% ( %4-'"/+,(%8 4,

!1"/( 34$ '(,$'!" #" '(,5241"'+6, +,+'+"# "# *(!+ !$) (!1( '(,!$,+0( $, $# *(!+ !$ > 9(1 <#!+/( 4,(

34$ '(,$'!" $# *(!+ !$ '(, #" '(,5241"'+6, 0$%!+,(:

 !"#$%$&# T," 4,+6, 0$ '41B"% 4,+0+/$,%+(,"#$% $% 4, *(!+ !$ 03 %+ 9"1" !(0( 4

 ! "

> 4

#$%&

$,

1

'())

34$ 94$0$, '(,$'!"1%$ 9(1 4, '"/+,() %$ '4/9#$, #"% %+24+$,!$% '(,0+'+(,$%8

U:  ''$%+-+#+0"08 $*+%!$ 4, '"/+,( 0$%0$ qinitǫCfree D"'+" "#2<, q′initǫRM 5

V: E"#+0"8 $*+%!$ 4, '"/+,( 0$%0$ "#2<, q′goalǫRM D"'+" qgoalǫCfree:

W: X(,$'!+B+0"08 $*+%!$ 4, '"/+,( $, 03 $,!1$ q′init > q′goal5

J"%"0(% $, 0+&$1$,!$% 91+,'+9+(% %$ D", 91(94$%!( B"1+(% /@!(0(% 34$ %$ 0+&$1$,'+",) -.%+'"/$,!$) 9(1

$# !+9( 0$ *(!+ !$ 34$ '(,%!14>$,: ;(% /.% 0$%!"'"0(% %(,8 N1"&(% 0$ B+%+-+#+0"0 A6#.#7#&#'2 )*!$8C)

Y$!1"''+6,) Y$0 0$ "4!(9+%!"% A9*--:!2 "-'C > E+#4$!"% A;#&8(%-''-C:

ZO



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

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

%& )-4()(&#+-! %& 3-5-+!6 7& $*'(,$ $ &!*$,(-! %& ,-#2/"3$,(8# %& %-! %()&#!(-#&! 09 5.!(,$)&#+&9 &'

*3(#,(*(- *-3 %&+3.! %& &!+$ ()*'&)&#+$,(8# &! '$ ,-#!+3",,(8# %& "# ,$)(#- !&)(:'(53& %& !&/)&#+-!

%& 3&,+$ ;"& ,-#&,+$# '$! ,-#2/"3$,(-#&! (#(,($'  

 ! "

0 2#$'  

#$%&

*$!$#%- *-3 '-! 4<3+(,&! %&' &!*$,(-

%& ,-#2/"3$,(-#&! %& '-! -5!+.,"'-! !"6

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

 ! "

$  

#$%&

0 '-! 4<3+(,&! %&' &!*$,(-

%& ,-#2/"3$,(-#&! %& '-! -5!+.,"'-! !" > 0 ,"0$! $3(!+$! !-# '$! $3(!+$! %&' &!*$,(- %& ,-#2/"3$:

,(-#&! %& '-! -5!+.,"'-! !" 0 '-! !&/)&#+-! %& 3&,+$ ;"& "#&# %-! #-%-! %& # 0 *&3+&#&,&# $

!

'())

%

 ?(!+&# $'/-3(+)-! %& ,-#!+3",,(8# 0 5@!;"&%$ ;"& *&3)(+&# &#,-#+3$3 "# ,$)(#- !&)(:'(53& &# +(&)*-!

"&'

*

( *$3$ &' *&-3 ,$!-9 !(&#%- ' '$ ,$#+(%$% %& #-%-! %& #6

 # '$ 2/"3$ A6B !& *"&%& $*3&,($3 "# /3$=- %& 4(!(5('(%$% *$3$ "# &!*$,(- %& ,-#2/"3$,(-#&! !()*'&

C%-#%& &?(!+&# +3&! -5!+.,"'-! :*-'D/-#-! &# /3(!: %(!,-#&?-! ;"& ,-#=-3)$# &' &!*$,(- %& ,-#2/"3$:

,(-#&! %& -5!+.,"'-!E 0 &' ,$)(#- ).! ,-3+- C'D#&$ 3&!$'+$%$ &# #&/3(+$E &# '$ ,'$"!"3$ %&' &!*$,(- %&

,-#2/"3$,(-#&! '(53&! !

'())

6

F(/"3$ A6BG H3$=- %& 4(!(5('(%$%6

 !"!#!1! 2+3%&44-56

 !+& )<+-%- ,-#!(!+& &# %&2#(3 "#$ ,-33&!*-#%&#,($ ,-#+(#"$ &#+3& &' &!*$,(- %& ,-#2/"3$,(-#&!

'(53&! %&' 3-5-+ !

'())

0 "#$ 3&% "#(%()&#!(-#$' %& ,"34$! ) (#,'"(%$ &# !

'())

6

2+3%&44-56 7&$ * "# &!*$,(- +-*-'8/(,- & + "# !"5,-#I"#+- %& *6 J#$ ,-33&!*-#%&#,($ !-53&0&,+(4$

, %& '-! &'&)&#+-! %& * &# + &! "#$ 3&+3$,,(8# %& * !-53& + -. / -010 -. , &! ,-#+(#"$ 0 !"

3&!+3(,,(8# $ + &! '$ K%&#+(%$%6

7%+)+%0&% /& 4(6+43-0-*&* 7&$ ρ "#$ 3&+3$,,(8# %&' &!*$,(- +-*-'8/(,- * !-53& +6 7& %(,& ;"& ρ
*3&!&34$ '$ ,-#&,+(4(%$% %& * -. / -010 -.9 *$3$ +-%- xǫX9 2 0 ρ (x) *&3+&#&,&# $ '$ )(!)$
,-)*-#&#+& %&' ,$)(#- &# *6

7%+8()-4-56 7&$ ρ : Cfree → R "#$ 3&+3$,,(8# ;"& *3&!&34$ '$ ,-#&,+(4(%$%9 %-#%& R ⊂ Cfree &! "#$

3&% "#(%()&#!(-#$' %& ,"34$!6  ?(!+& "# ,$)(#- '(53& &#+3& %-! ,-#2/"3$,(-#&!  

 ! "

0  

#$%&

-. /

-010 -. &?(!+& "# ,$)(#- &# ) &#+3& ρ (qinit) 0 ρ (qgoal)6

LM



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

/) *!(('"0!-&'-*+) ρ2 34)-&! C = R2
1 Cfree '" '/ +-%'(+!( &' 4-) ('5+,- 0!/+5!-)/6 *!-"+"%'- '-

('%()'( Cfree "!.(' "4 &+)5()#) &' 7!(!-!+2 8+*9! &' !%(! #!&!6 '- '"%' *)"!6 '/ &+)5()#) &' 7!(!-!+

*!(('"0!-&+'-%' ) Cfree '" '/  !"#$"% & 4%+/+:)&! 0!( '/ #$%!&! &' ('%()**+,-2

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

;&'#<" &' "'( 4-) &' /)" 0(+-*+0)/'" *!-"%(4**+!-'" &'-%(! &' /) ='!#'%(>) 3!#04%)*+!-)/6 )/

+54)/ ?4' /!" 5()@!" &' A+"+.+/+&)& 1 /)" ('&'" &' )4%!0+"%)"6 /!" &+)5()#)" &' 7!(!-!+ "!- 4-) &' /)"

%$*-+*)" #<" 4"4)/'" 0)() /) *!-"%(4**+,- &'  !"#$"%'2 BC!?DE6 F= GHI6 C8HJ6 KALHM6 N=HOP

Q') ( 4- *!-R4-%! &' '-%+&)&'" 5'!#$%(+*)" '- R 

1 4-) &+"%)-*+) #$%(+*) ‖�‖6 '/ &+)5()#) &'
7!(!-!+ *!(('"0!-&+'-%' ) ( '" /) 0)(%+*+,- &' R 

'- /) #<S+#) *)-%+&)& &' ('5+!-'"6 %)/'" ?4' /!"

04-%!" 0'(%'-'*+'-%'" ) *)&) ('5+,- &' 7!(!-!+ *4#0/'- /) *!-&+*+,- &' '"%)( #<" *'(*) &' 4-) "!/)

'-%+&)& &' ( ?4' &' -+-54-) !%()2 BKALHMP

T- (!.,%+*) #,A+/ 9)- "+&! )0/+*)&!" *!-"+&'()-&!6 4"4)/#'-%'6 '/ '"0)*+! *!(('"0!-&+'-%' ) R!

6

/) &+"%)-*+) '4*/+&+)-) '-%(' 04-%!" 1 '/ 0(+-*+0+! &'/ A'*+-! #<" 0(,S+#!2 ;"> 04'"6 "+ "' *!-"+&'()

) P = {p1, p2, ..., pn} 4- *!-R4-%! &' 04-%!" -! )/+-')&!" '- '/ 0/)-! 1 "') d (pi, pj) /) &+"%)-*+)

'4*/+&+)-) '-%(' /!" 04-%!" pi 1 pj 6 /) ('5+,- &' 7!(!-!+ R (pi) 5'-'()&) 0!( '/ 04-%! pi ?4'&) &'U-+&)
0!( /) '*4)*+,- N2MV

R (pi) =
{

p ∈ R! ; d (p, pi) ≤ d (p, pj) , ∀j 6= i
}

WN2MX

T- '"%' *!-%'S%!6 ) /!" 04-%!" pi "' /'" &'-!#+-) )*+* "#! *' #* ,! !+!- 1 )/ *!-R4-%! &' %!&)"

/)" ('5+!-'" &' 7!(!-!+ R (p1) , R (p2) , ..., R (pn)6 #-") "$" #* ,! !+!- &' P 2 ;&'#<"6 ) 4-) @(!-%'()
*!#Y- ) &!" ('5+!-'" "' /' &'-!#+-) " -'." #* ,! !+!- 1 ) 4- 04-%! &' *!(%' '-%(' %('" ! #<" )(+"%)"6

/0 .-1* #* ,! !+!-2

 !" &+)5()#)" &' 7!(!-!+ 0('"'-%)- &!" 0(!0+'&)&'" &' +-%'($" '- '/ *!-%'S%! &' /) 0/)-+U*)*+,-

&' #!A+#+'-%!" 0)() (!.!%" #,A+/'"V

I2 Z!&) )(+"%) &' 7!(!-!+ 0'(%'-'*' ) /) #'&+)%(+: &'/ "'5#'-%! &' ('*%) @!(#)&! 0!( /!" &!" 04-%!"

5'-'()&!('" &' /)" ('5+!-'" ?4' &'%'(#+-)- /) )(+"%)2

[2 Z!&! A$(%+*' &' 7!(!-!+ '"%< 4.+*)&! 'S)*%)#'-%' '- '/ *+(*4-*'-%(! &'/ 0!/>5!-! &'U-+&! 0!(

/!" 04-%!" 5'-'()&!('" &' /)" ('5+!-'" ?4' &'%'(#+-)- '/ A$(%+*'2

T"%)" 0(!0+'&)&'" 0'(#+%'- '/ 4"! &' &+)5()#)" &' 7!(!-!+ 0)() 5'-'()(  !"#$"%' &!-&' "' 04'&'-

*!#04%)( *)#+-!" &' #<S+#) "'54(+&)& '-%(' !."%<*4/!"2 \%() A'-%)R) '"%(+.) '- /) 0!"+.+/+&)& &'

5'-'()/+:)( &+*9!" &+)5()#)"6 04&+$-&!"' &'U-+( 5'-'()&!('" W-! 04-%4)/'"X *!- @!(#)" 5'!#$%(+*)"

#<" ('0('"'-%)%+A)" &' !."%<*4/!" (')/'"2 ;"> 04'"6 "'(>) 0!"+./' ('0('"'-%)( 4-) 0)('& &'U-+'-&!

4- 5'-'()&!( *!- @!(#) &' "'5#'-%! &' ('*%) ! 4%+/+:)( 4- 0!/>5!-! 0)() ('0('"'-%)( /) 0(!1'**+,-

!(%!5!-)/ "!.(' '/ 0/)-! &' !%(! (!.!%6 #4'./'"6 '-%(' !%(!" %+0!" &' !."%<*4/!" ?4' "4'/'- 0('"'-%)("'

'- '-%!(-!" (')/'"2  ) U54() N2] #4'"%() 4- &+)5()#) &' 7!(!-!+ 5'-'()&! ) 0)(%+( &' %('" *4)&()&!"

W'"%!" 0!&(>)- ('0('"'-%)( %('" !."%<*4/!" 0('"'-%'" '- '/ '-%!(-!X2

1-(&20 ,- ./)/0/& (-0-)'3&4',' ^-) ('5+,- 5'-'()/+:)&) &' 7!(!-!+ &

"

'"%< &'U-+&) 0!( /) */)4_

"4() &'/ *!-R4-%! &' 04-%!" #<" *'(*)-!" )/ !."%<*4/! 23

"

2  ) '*4)*+,- N2O @!(#)/+:) '"%)

-!*+,-2

Ri = R (COi) = {q ∈ Cfree | di (q) ≤ dh (q) , ∀h 6= i} WN2OX

di (q) = minc∈COi
d (q, c)

M[



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

 !"#$% &' ()!)*)" +'*'!%,"-%&% 10% %$!23% "-0-$%4!5%,% ,- ./$/0/!  

 !

-2 -4 6/07#03/ ,- 8#03/2

9#- -9#!,!23%0 % ,/2 /:23;6#4/2 !"

 

< !"

!

< 3!-0- 6/+/ /:23;6#4/2 +;2 6-$6%0/2 % !"

 

< !"

!

'

=% -6#%6!>0 &'? @/$+%4!5% -23% 0/6!>0'

Fij = {q ∈ Sij | di (q) ≤ dh (q) , ∀h} A&'?B

Sij = {x ∈ Q | di (q)− dj (q) = 0}

."%+!%/% &' ()!)*)" +'*'!%,"-%&) 10 ,!%"$%+% ,- ./$/0/! "-0-$%4!5%,/ A#$% & '() *+,)-. #(&

+(/0)*1(' $2/2+2* %*0,/03B 8#-,- ,-C0!$2- 6/+/ 4% #0!>0 ,- 3/,%2 4%2 %$!23%2 ,- ./$/0/! "-0-D

$%4!5%,%2' =% -6#%6!>0 &'EF @/$+%4!5% -23% 0/6!>0'

GVD =
⋃

i

⋃

j

Fij A&'EFB

GH!23-0 %4"/$!3+/2 9#- 8-$+!3-0 6/+8#3%$ #0 ,!%"$%+% ,- ./$/0/! -0 3!-+8/ O (n lg n)I 2!-0,/ +
-4 0J+-$/ ,- 8#03/2 "-0-$%,/$-2 A# >:23;6#4/2 -0 4% 0/6!>0 "-0-$%4!5%,%B' KL:M=FNO

01213121 4'& &' %5$)6"#$%#

P4 !"#%4 9#- 4/2 +Q3/,/2 :%2%,/2 -0 $-3$%66!/0-2I -23- +Q3/,/ !03-03% +%03-0-$ %4 $/:/3 4/ +;2

4-7/2 8/2!:4- ,- 4/2 /:23;6#4/2'  #- 8$/8#-23/ 8/$ 4/225. -0 E?R( 6/0 4% !03-06!>0 ,- 6%83#$%$ 4/2

+/S!+!-03/2 ,- 3$%24%6!>0 < $/3%6!>0 ,- #0 /:7-3/ -0 #0% $-8$-2-03%6!>0 +;2 !03#!3!S% 9#- 4/2 -28%6!/2

,- 6/0C"#$%6!>0' T/02!23-I :;2!6%+-03-I -0 -H3$%-$ ,-3-$+!0%,%2 C"#$%2 "-/+Q3$!6%2 D44%+%,%2 %#3/D

8!23%2 / 6/((708.& ,-4 -28%6!/ ,- 6/0C"#$%6!>0I 6/0-63%$4%2 -0 #0 "$%@/ 44%+%,/ 6/((708 +(9 < $-%4!5%$

#0% :J29#-,% -0 ,!6U/ "$%@/'

10% 6/((708 8#-,- S-$2-I "-0Q$!6%+-03-I 6/+/ #0 6!4!0,$/ % 3$%SQ2 ,- 6#</ -7- 6-03$%4 2- ,-284%5% -4

$/:/3' =% C"#$% &'V% 8$-2-03% #0 6%2/ "-0-$%4 ,/0,- 2- 8#-,- /:2-$S%$ 9#- -4 -7- / .:*+( -2 -0 -@-63/I

4% :!2-63$W5 ,-4 ;0"#4/ @/$+%,/ 8/$ 4/2 4%,/2 ,- 4/2 /:23;6#4/2 9#- ,-4!+!3%0 4% %#3/8!23%' 10 $/:/3

2>4/ 8#-,- 0%S-"%$ % 3$%SQ2 ,- #0% %#3/8!23% 2! -H!23- -0 6%,% 8#03/ ,-4 -7- %4 +-0/2 #0% /$!-03%6!>0

-0 4% 9#- 2-% @%63!:4- 2# 8/2!6!/0%+!-03/' *-4 +!2+/ +/,/I 2/4/ 8#-,- 6%+:!%$ ,- %#3/8!23% 2! 4%

!03-$2-66!>0 ,-4 6/07#03/ ,- /$!-03%6!/0-2 @%63!:4-2 ,- 6%,% -7- -0 -4 8#03/ ,- !03-$2-66!>0 0/ -2 S%6W%'

G0 4% C"#$% &'V: 2- 8$-2-03% #0 ,!%"$%+% !06/+84-3/ 6/0 +J43!84-2 %#3/8!23%2' G0 $-2#+-0I 4% $-, ,-

%#3/8!23%2 -2 #0% $-8$-2-03%6!>0 ,- 4%2 /86!/0-2 ,- +/S!+!-03/ ,-4 $/:/3 2/:$- 6%,% %#3/8!23% < -03$-

%#3/8!23%2'

X(



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

 !"#$% &'()  !""#$%&'

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

*%+ %#,-.!+,%+ +-/ 01,$%23%+ 304 5-/6#/,- ε = W \ O7 3-/30 ' $0.$0+0/,% 04 0/,-$/- 30 ,$%8%6-

9 ( 04 5-/6#/,- 30 -8+,:5#4-+7 5-/+!30$%/3- ,-3-+ 4-+ .%$0+ 30 %$!+,%+ 30 (' ;/ .%$ 30 %$!+,%+ <)

 

9

)

!

= .$-3#50/ #/% %#,-.!+,% &* % &+,+ &* +%,!+>%50/ 4%+ +!"#!0/,0+ 5-/3!5!-/0+)

?' @0%/ i, j ǫ {1, 2} , i 6= j7 %A8-+ 01,$0A-+ 30 )
"

.0$,0/050/ %4 +0A!.4%/- -.#0+,- %4 30 )

#

'

B' C4 .$-3#5,- !/,0$/- 30 4-+ D05,-$0+ /-$A%40+ % )

 

9 )

!

0+ /0"%,!D-'

*% +%,!+>%55!E/ 30 %A8%+ 5-/3!5!-/0+ !A.4!5% F#0 4-+ 4%3-+ 0/ 5#0+,!E/ +0 0/5#0/,$%/ G0/>$0/,%3-+H

<D0$ I"#$% &'(%=' J0 0+,0 A-3- +0 304!A!,%/ 4%+ %#,-.!+,%+ .-$ 4-+ 4%3-+' *-+ 01,$0A-+ +-/ 304!A!,%3-+

!/,0$+05,%/3- 5%3% %#,-.!+,% 5-/ 04 0+.%5!- 30 -8+,:5#4-+ ( 9 .$-905,%/3- 4-+ .#/,-+ 30 !/,0$+055!E/

+-8$0 04 060' C4 ,!0A.- ,-,%4 30 0+,0 .$-50+- 0+ O
(

n3
O

)

7 3-/30 -

$

0+ 04 /KA0$- ,-,%4 30 %$!+,%+ 30 ('

/#0$), )*1 2#$3,

;/% D0L F#0 +0 5#0/,% 5-/ #/ 5-/6#/,- 30 %#,-.!+,%+7 04 AM,-3- 5-/+!+,0 0/ 5$0%$ #/ "$%>- /-

3!$!"!3- F#0 30,0$A!/0 ,-3%+ 4-+ .-+!840+ A-D!A!0/,-+ 304 $-8-, +-8$0 4%+ %#,-.!+,%+' N ,%40+ 0>05,-+ +0

30,0$A!/%/ ,-3-+ 4-+ .#/,-+ 30 !/,0$+055!E/ 30 060+' *#0"- +0 5$0%/ 4-+ /-3-+ 304 "$%>- 5-/+!30$%/3-7

.%$% 5%3% %#,-.!+,%7 ,-3-+ 4-+ .#/,-+ !/,0$+055!E/ 9 4%+ -$!0/,%5!-/0+ >%5,!840+ 0/ 3!5O-+ .#/,-+'  !P

/%4A0/,07 4%+ %$!+,%+ +0 5$0%/ 5-/05,%/3- /-3-+ F#0 +0 5-$$0+.-/30/ 5-/ .#/,-+ .0$,0/05!0/,0+ % #/%

A!+A% %#,-.!+,% - +0 5-$$0+.-/30/ 5-/ #/ .#/,- .0$,0/05!0/,0 % 3-+ %#,-.!+,%+'

*%+ 01.0$!0/5!%+ $0%4!L%3%+ 5-/ 0+,0 AM,-3- A#0+,$%/ F#0 >#/5!-/% 8!0/ 9 $:.!3- 0/ 0/,-$/-+

$04%,!D%A0/,0 .-5- +!A.40+ +!/ A#5O-+ -8+,:5#4-+' @!/ 0A8%$"-7 04 AM,-3- /- 0+ 5-A.40,- 9 .-$ ,%/,-7

%#/F#0 01!+,!0$%7 .#030 /- 0/5-/,$%$ #/ 5%A!/- 4!8$0 30 5-4!+!-/0+'

Q(



 !"!#!$! %&'()*+,

 !"#$%&'" #"!  !""# %( )**+, - ./0%!%(1/- .% 2"& 34'"."& -('%!/"!%&, %& $( 34'"." 5%(%!-2 6-&-."

%( $%!&'!()7 8&'% 34'"." 5%(%!- 1-3/("& &%3/92/6!%&, %& 1"3#2%'" :, #"! '-('", 5-!-('/;- %2 <-22-;5"

.% $( 1-3/(" &/ %=/&'%7  !""# '-36/4( .%3"&'!> ?$% %( $( %('"!(" #"62-." 1"( "6&'@1$2"& 1$:-&

0!"('%!-& #$%.-( &%! !%#!%&%('-.-& #"! ( #"2/("3/"& .% 5!-." * A- 2" &$3"B, 1$-2?$/%! #!"62%3- .%

#2-(/C1-1/>( .% 3"D/3/%('"& #$%.% &%! !%&$%2'" $'/2/;-(." %&'% 34'"." %( O
(

pn (log p)w(O(n
4))
)

,

."(.% " &"( 2"& 5!-."& .% 2/6%!'-. .%2 !"6"' A2- ./3%(&/>( .%2 %&#-1/" .% 1"(C5$!-1/>(B7

82 34'"." 1"(&/&'% %( 2- 1"(&'!$11/>( .% $( $%!&'!( 3%./-('% $( -25"!/'3" ?$% !%.$1% !%1$!&/9

D-3%('% %2 #!"62%3- %( &$6#!"62%3-& #-!- %&#-1/"& .% ./3%(&/>( 3@& 1</1-, : 2$%5" !%-2/;-(." $(-

6E&?$%.- &"6!% $( 5!-0" ?$% !%#!%&%('% ./1<" $%!&'!(7

-./,*0(11&2/ 3)'  !"#$"%

8( %2 (/D%2 1%!" .% 2- !%1$!&/>(, &% .%&#2-;- $( </#%!#2-(" .% ./3%(&/>( "+, - '!-D4& .% - 92-

12-$&$!- .%2 %&#-1/" .% 1"(C5$!-1/>( .% ./3%(&/>( "9, %( ./!%11/>( #%!#%(./1$2-! - -25$(" .% 2"& %F%&

.%2 &/&'%3- .% 1""!.%(-.-& %( %2 1$-2 - %& !%#!%&%('-."7 8&'% #!"1%&" .% G6-!!/."H 1"3/%(;- %( 1/%!'-

-6&1/&- ./.

 

7 82 #2-(" 0

!

, &% .%&#2-;- -$3%('-(." 1"('/($-3%('% %2 D-2"! .% .7 I% %&'% 3".", %2

$%!&'!( &% 1"(&'!$:% /(1"!#"!-(." '"."& 2"& #$('"& %='!%3"& A3J(/3"& : 3@=/3"&B .% 2- /('%!&%11/>(

S ∩ Pc7 K- &$1%&/>( .% #$('"& %='!%3"& D- 1"(0"!3-(." '!-3"& .% 1$!D-& -25%6!-/1-& .%("3/(-.-&

.1$2!) &3 )45136! ?$% C(-23%('% 1"(0"!3-!@( %2 $%!&'!(7  -!- 2- 3-:"!J- .% 2"& D-2"!%& .% ., 2-&

1$!D-& ?$% &% D-( 5%(%!-(." %&'@( 1"(%1'-.-& %('!% &J, &/( %36-!5", #-!- $( 1"(F$('" C(/'" .% D-2"!%&

.% ., 22-3-."& 2!5%$3) .$764.%), 2- 1"(%1'/D/.-. .%2 $%!&'!( &% D% -2'%!-.-7 8&'"& ($%D"& #$('"& ?$%

-#-!%1%( &% 22-3-( (1"6%) .$764.%)7 8( 2- C5$!- L7M &% #$%.% "6&%!D-! %2 &/&'%3- .% 1""!.%(-.-& .%

!%0%!%(1/-, %2 </#%!#2-(" 0

!

: %2 1"(F$('" -7

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

/'-(! -% %-4)*(!5 -6()!7+!. ! 8!)(*) +- 8'%($. -6()-,$. +- S∩Pc0

N/5$!- L7MO P/2$%'-&7 82%3%('"& #!/(1/#-2%&7

I$!-('% %2 #!"1%&" .% 6-!!/.", 1$-(." %2 </#%!#2-(" -21-(;- $( #$('" 1!J'/1" &% !%-2/;- $(- 22-3-.-

!%1$!&/D- #-!- 1"(%1'-! ./1<" #$('" 1"( 2-& 1$!D-& .% &/2$%'- #!%D/-3%('% 5%(%!-.-&7 8&'- 22-3-.-
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<D-B#,:% :,; .%0!3/' E3 ,-5, .%-/? :,<!:/ %; 5%0%F/ :, ;% "$!;;%? -, $,B#!,$,3 G,#$H-5!.%- :, <D-B#,:%

-#=.!,35,0,35, 1/5,35,-' 73% :, ;%- 09- ,8!5/-%- -, <%-% ,3 @#3.!/3,- B#, -/3 !35,$1$,5%:%- ./0/

.%01/- :, 1/5,3.!%;'

I% 0,59@/$% B#, -#"!,$, ,-5% 5,$0!3/;/"H% ,- ./3-!:,$%$ %; $/</5 ./0/ #3% 1%$5H.#;% B#, -, 0#,>,

,3 ,; ,-1%.!/ :, ./3="#$%.!/3,- <%J/ ;% !3K#,3.!% :, .%01/- %$5!=.!%;,- :, 1/5,3.!%; 1$/:#.!:/- 1/$ ;%

./3="#$%.!23 /<J,5!>/ L ;/- /<-59.#;/-' 6H1!.%0,35,? %#3B#, 3/ 3,.,-%$!%0,35,? ;% @#3.!23 :, 1/5,3.!%;

,- :,=3!:% -/<$, ,; ,-1%.!/ :, ./3="#$%.!/3,- ;!<$,- ./0/ ;% -#0% :, #3 1/5,3.!%; %5$%.5/$? B#, ,01#J%

%; $/</5 G%.!% ;% ./3="#$%.!23 /<J,5!>/? L #3 1/5,3.!%; $,1#;-!>/ B#, ;/ %;,J% :, ;/- /<-59.#;/-'

E3 ,-5, ,3@/B#,? ;% 1;%3!=.%.!23 :, 0/>!0!,35/- ,- $,%;!C%:% :, @/$0% !5,$%5!>%' E3 .%:% !5,$%.!23

;% @#,$C% %$5!=.!%;

−→
F (q) = −

−→
∇U (q)? !3:#.!:% 1/$ ;% @#3.!23 :, 1/5,3.!%;? ,- ./3-!:,$%:% ./0/ ;%

:!$,..!23 09- 1$/0,5,:/$% 1%$% $,%;!C%$ ,; -!"#!,35, 0/>!0!,35/ L ;% ",3,$%.!23 :,; .%0!3/ -, $,%;!C%

% ;/ ;%$"/ :, :!.G% :!$,..!23 :, % .!,$5/- !3.$,0,35/-'

M$!"!3%;0,35,? ;/- .%01/- %$5!=.!%;,- :, 1/5,3.!%; @#,$/3 ./3.,<!:/- ./0/ #3% @/$0% :, $,%;!C%$

,>%-!23 :, /<-59.#;/- ,3 5!,01/ $,%;? %1;!.%<;,- ,3 ./35,85/- :/3:, 3/ -, :!-1/3, % 1$!/$! :, #3 0/:,;/

NO



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

!"/ 0"4.0.&'("/5

6! 7'8$/./+ -!$)$0&'(&+ &/(9 ,1&/(" &' !$ &:-.&'-.$ ,$)$ 1' &'(")'" )&$! %&/-"'"-.%" * '" ($'("

&' &! !" )" %&! "#2&(.4"5 ;$!& %&-.)+ !$ 81'-.3' %& ,"(&'-.$! ,1&%& (&'&) 0<'.0"/ !"-$!&/ =1&  &'&)&'

1' %&(&'.0.&'(" %&! )"#"( &' "()$ -"': 1)$-.3' %.8&)&'(& $ !$ -"': 1)$-.3' "#2&(.4" #1/-$%$5 6/(& &/

&! 0$*") .'-"'4&'.&'(& $ 0.(. $) $! ,&'/$) &' 1(.!.>$) 1'$ ,!$'.:-$-.3' #$/$%$ &' &/(& &'8"=1&5 ?.'

&0#$) "+ /1 &:-.&'-.$ &' 1'$ $0,!.$  $0$ %& /.(1$-."'&/ * &'(")'"/+ /.0,!.-.%$% * )"#1/(&> 8)&'(& $

&))")&/ &' &! -"'()"! " /&'/$%"+ &' -"'()$,$)(.%$ $ /&) .'-"0,!&("/+ &@,!.-$ &! ,") =17 %& /1 -)&-.&'(&

,",1!$).%$% &'()& !"/ ,!$'.:-$%")&/ %&/$))"!!$%"/ &' !$ ,)9-(.-$5 AB#CDEFG

 !"#$%"$#& '()(#&*

6! -$0," %& 81&)>$/ $)(.:-.$!&/

−→
F (q) &'  &/ ,)"%1-.%" ,") 1'$ 81'-.3' %& ,"(&'-.$! U : Cfree →

R+ -"'H

−→
F (q) = −

−→
∇U (q)5 6'  !" I#!$ " #!% J+ & ,1&%& /&) '() *+ " '() *) ,++ -"' !" -1$!H

−→
∇U =

(

δU/δx
δU/δy

)

"

−→
∇U =





δU/δx
δU/δy
δU/δz





5

6' ")%&' %& !" )$) =1& &! )"#"( /&$ $()$<%" K$-.$ !$ -"': 1)$-.3' %&/(.'" 0.&'()$/ &/ )&,1!/$%"

,") !"/ "#/(9-1!"/+ - /& %&:'& -"0" !$ /10$ %& %"/ 81'-."'&/ %& ,"(&'-.$! 09/ &!&0&'($!&/ -"0" /&

.'%.-$ &' !$ &-1$-.3' L5MM

U (q) = Uatt (q) + Urep (q) IL5MMJ

%"'%& -

!""

&/ &! ,"(&'-.$! $()$-(") $/"-.$%" $ !$ -"': 1)$-.3' "#2&(.4" &

#$!%

* -

&'(

&/ &! ,"(&'-.$!

)&,1!/.4" $/"-.$%" -"' !$/ -"': 1)$-."'&/ %& !"/ "#/(9-1!"/ .5 -

!""

&/ .'%&,&'%.&'(& %& !$/ -"': 1)$N

-."'&/ %& !"/ "#/(9-1!"/ . * -

&'(

&/ .'%&,&'%.&'(& %& !$ -"': 1)$-.3' "#2&(.4" &

#$!%

5 O& &/(& 0"%"+

−→
F /& %&:'& -"0" !$ /10$ %& !"/ %"/ 4&-(")&/ %& !$ &-1$-.3' L5MPH

−→
F att = −

−→
∇Uatt y

−→
F rep = −

−→
∇Urep IL5MPJ

+,"()%-&* &"#&%",#

6! ,"(&'-.$! $()$-(") ,1&%& %&:'.)/& -"0" 1'$ ,$)9#"!$+ &' !"/ (7)0.'"/ %& !$ &-1$-.3' L5MQH

Uatt (q) =
1

2
ξρ2goal (q) IL5MQJ

%"'%& ξ &/ 1' 8$-(") %& &/-$!$%" * ρgoal (q) %&'"($ !$ %./($'-.$ 61-!.%.$'$ ‖q − qgoal‖5 6/($ 81'-.3'

&/ ,"/.(.4$ " '1!$ * (.&'& 1' 0<'.0" &' &

#$!%

+ %"'%& -

!""

'&

#$!%

+!/5 R") "()" !$%"+ !$ 81'-.3' ρgoal &/

%.8&)&'-.$#!& &' ("%"  5 O& 0"%" =1&+ &' -1$!=1.&) -"': 1)$-.3' &+ !$ 81&)>$ $()$-(")$ $)(.:-.$!

−→
F att

%&).4$%$ %&! ,"(&'-.$! $()$-(") -

!""

&/(9 %&(&)0.'$%$ ,") !$ &-1$-.3' L5MSH

−→
F att (q) = −

−→
∇Uatt (q) = −ξρgoal (q)

−→
∇ρgoal (q) = −ξ (q − qgoal) IL5MSJ

TQ



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

 ! "#$! %&"'("%!) *+$ ,+-.!($ $' )! #$/'"("0' #$ +' %12$'("!) &$%+),"31 $, (&$!& +'! -!&&$&! !)&$4

#$#1& #$) $,%!("1 #$ (1'/5+&!("0' #$ 1-,26(+)1,7 81& $) (1'2&!&"19 $, #$,$!-)$ *+$ $) %12$'("!) &$%+),1&

'1 !:$(2$ )1, ;13";"$'21, #$) &1-12 (+!'#1 $,2< ,+/("$'2$;$'2$ !)$=!#1 #$ )1, 1-,26(+)1,7 >'! :1&;!

#$ )15&!&)1 $, #$/'"$'#1 )! :+'("0' #$ %12$'("!) &$%+),"31 (1;1 )1 "'#"(! )! $(+!("0' ?7@AB

Urep (q) =







1
2η
(

1
ρ(q) −

1
ρ0

)2

si ρ (q) ≤ ρ0

0 si ρ (q) > ρ0
C?7@AD

#1'#$ η $, +' :!(21& #$ $,(!)!#19 ρ (q) #$'12! )! #",2!'("! #$,#$  E!,2! $) $,%!("1 #$ (1'/5+&!("1'$,
#$ )1, 1-,26(+)1, ρ (q) = mı́nq′ǫO ‖q − q′‖ . ρ0 $, +'! (1',2!'2$ %1,"2"3! *+$ &$%&$,$'2! )! #",2!'("! #$
"'F+$'("! #$ )1, 1-,26(+)1,7  ! :+'("0' !

 !"

$, %1,"2"3! 1 '+)!9 2"$'#$ ! "'/'"21 ! ;$#"#! *+$ $) &1-12

,$ !($&(! ! )! &$5"0' #1'#$ $,26' )1, 1-,26(+)1, . ,$ !'+)! (+!'#1 )! #",2!'("! $'2&$ )! (1'/5+&!("0'

#$) &1-12 . )! #$ )1, 1-,26(+)1, $, ;!.1& *+$ ρ07
G"9 !#$;6,9 ,$ (+;%)$ *+$ $) $,%!("1 #$ (1'/5+&!("0' #$ )1, 1-,26(+)1, #$2$&;"'! +'! &$5"0'

(1'3$H! (1' +'! :&1'2$&! #":$&$'("!-)$ ! 2&1I1,9 ρ $, #":$&$'("!-)$ $' 21#1 "

# !!

7  ! :+$&I! &$%+),"3!

#$&"3!#! #$) %12$'("!) &$%+),"31 !

 !"

$,26 #$2$&;"'!#! %1& )! $(+!("0' ?7@JB

−→
F rep (q) = −

−→
∇Urep (q) =

{

η
(

1
ρ(q) −

1
ρ0

)

1
ρ2(q)

−→
∇ρ (q) si ρ (q) ≤ ρ0

0 si ρ (q) > ρ0
C?7@JD

 ! /5+&! ?7@A ;+$,2&! +' $,%!("1 #$ (1'/5+&!("1'$, #$ #1, #";$',"1'$, (1'2$'"$'#1 #1, 1-,4

26(+)1, C/5+&! ?7@A!D7 K) %12$'("!) !2&!(21& 2"$'$ ,+ ;L'";1 $' )! (1'/5+&!("0' 1-=$2"31  

$%&'

C/5+&!

?7@A-D9 ;"$'2&!, *+$ $) %12$'("!) &$%+),"31 ,$ !%&$("! $' )! /5+&! ?7@A(7  ! ,+;! #$ !;-1, %12$'("!)$,

,$ ;+$,2&! $' )! /5+&! ?7@A#7 M"'!);$'2$9 $' )!, /5+&!, ?7@A$ . ?7@A: %+$#$' !%&$("!&,$ +' #"!5&!4

;! #$ (+&3!, #$ '"3$) =+'21 !) (!;"'1 $'(1'2&!#1 . +'! ;!2&"I (1'2$'"$'#1 +'! #",(&$2"I!("0' #$)

3$(21& 5&!#"$'2$ '$5!#1 (1&&$,%1'#"$'2$ !) %12$'("!) 212!) ,1-&$ $) $,%!("1 #$ (1'/5+&!("1'$, )"-&$,9

&$,%$(2"3!;$'2$7

NO
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=%"&%4$5)8

?"1*('%$)1'" @>% +) 3"*(-(:1 A "$(%14)-(:1 '% >1 $"#"4 &:B(+ @>% *% &>%B% %1 %+ 3+)1" 3>%'%

$%3$%*%14)$*% 3"$ +) 4>3+) '% 3)$C&%4$"* 623 43 5 7 A @>% ) &%1>'" +"* $"#"4* &:B(+%* %*4C1 *"&%4('"*

) $%*4$(--("1%* '(1C&(-)* @>% 3)$) $%3$%*%14)$+)* %* 1%-%*)$(" -"1*('%$)$; )'(-("1)+&%14%; +)* B%+"-(D

')'%* (ẋ, ẏ, ż); $%*>+4)1'" %1 >1 %*3)-(" '% -"1<=>$)-("1%* '% *%(* '(&%1*("1%*8 E'%&C*; *( F>#(%$)1
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>1) F%$$)&(%14) 3"'%$"*) 3)$) $%)+(2)$ 3+)1(<-)-(:1 '% &"B(&(%14"* %1 %*3)-("* '% =$)1 '(&%1*(:18

E-4>)+&%14%; +"* 3+)1(<-)'"$%* #)*)'"* %1 &"$%*)67 *"1 -)3)-%* '% $%*"+B%$; %1 4(%&3"* $)2"1)#+%*;

%+ 3$"#+%&) '% 3+)1(<-)-(:1 '% &"B(&(%14"* '% $"#"4* -"1 B)$("* =$)'"* '% +(#%$4)' 6&C* '% >1)

'%-%1); 38%K87 4"&)1'" %1 ->%14) $%*4$(--("1%* -(1%&C4(-)* A '(1C&(-)*; '% %*4)#(+(')'; '% B(*(#(+(')';

'% -"14)-4"; '% %1%$=5) A $"#"4* $%-"1<=>$)#+%*; %14$% "4$)*8

9H(*4%1 '"* -+)*%* 3$(1-(3)+%* '% )+="$(4&"*8 L1) -"&3>4) 3$%B()&%14% >1  !"#$"% 3%$&(4(%1'"

@>%; *"#$% >1 %14"$1" %*4C4(-"; &G+4(3+%* 3+)1(<-)-("1%* 3>%')1 -"1*>+4)$*% A $%)+(2)$*% $C3(')&%14%8

M) "4$) -+)*% 1" $%)+(2) 1(1=G1 -C+->+" 3$%B(" A -"1*4$>A% >1 3%@>%J"  !"#$"% %1 *(&>+4C1%" &(%14$)*

3$"-%*) >1) *"+) 3+)1(<-)-(:1 4)1 $C3('" -"&" *%) 3"*(#+%8 9*4) G+4(&) %* >4(+(2)'); =%1%$)+&%14%;

->)1'" %+ %14"$1" -)&#() -"1 I$%->%1-() A; 3"$ 4)14"; $%)+(2)$ -C+->+"* 3$%B()&%14% 1" %* I)-4(#+%8

M) 3$(&%$) -+)*% %* -"1"-(') -"&" $8*+)198/ 4 %*"66)67; &(%14$)* @>% +) *%=>1') *% -"1"-% -"&"

&)67*/198/ 4 %*"66)678

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

9*4"* )+="$(4&"* "3%$)1 %1 '"* %4)3)*8 M) 3$(&%$); " '% )3$%1'(2)K%; '"1'% *% -"&3>4) >1  !"#$"%

: @>% -)34>$) +) -"1%-4(B(')' '%+ %*3)-(" '% -"1<=>$)-("1%* +(#$%* ;

 !""

'% +) I"$&) &C* 3$%-(*) 3"*(#+%

(1B($4(%1'" 3)$) %++" >1 4(%&3" $)2"1)#+%8 N)$) $%)+(2)$ %*% -C+->+" *% 3$"-%'% ) &>%*4$%)$ )+%)4"$()D

&%14% %+ %*3)-(" '% -"1<=>$)-("1%* ; A *% $%4(%1%1 +)* -"1<=>$)-("1%* @>% 3%$4%1%-%1 )+ %*3)-(" '%

-"1<=>$)-("1%* +(#$%*8 9*4)* -"1<=>$)-("1%* *)( /& *% '%1"&(1)1 $)*/&+!6/& A *"1 -"1*('%$)')* -"&"

1"'"* '%+ =$)I" :8 M)* )$(*4)* '%+ =$)I" *%$C1 4"'"* +"* *%=&%14"* '% $%-4) +(#$%* '% -"+(*(:1 %14$% '"*

$)*/&+!6/&8

M) *%=>1') %4)3); " '% -"1*>+4); %* '"1'% *% #>*-) -"1"-%$ >1 -)&(1" +(#$% '% -"+(*("1%* %14$% '"*

-"1<=>$)-("1%* 9

#$#%

A 9

&'()

8

M) <=>$) O8.P &>%*4$) >1 =$)I" 3$"#)#(+5*4(-" D$%*>+4)'" '% +) 3$(&%$) %4)3) '% >1 )+="$(4&" '%

$8*+)198/ 4 %*"66)67 %1 >1 %14"$1" #('(&%1*("1)+8

M) -+)B% '% +) -"1*4$>--(:1 '% &)3)* 3$"#)#(+5*4(-"* %* +) '(*4$(#>-(:1 '% 3$"#)#(+(')' >4(+(2)')

3)$) $%)+(2)$ %+ &>%*4$%" '% +"* 3"4%1-()+%* 1"'"* '%+ =$)I"8 91 4)+ *%14('"; -"&3$%1'(%1'" @>% +)

%*4$)4%=() '% &>%*4$%" K>%=) >1 $"+ *(=1(<-)4(B" %1 %+ '%*%&3%J" '%+ )+="$(4&"; *% F)1 3$"3>%*4"
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