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)3 ! 2%4' -$'".,!( ,!30': 59. .#'+ ")3-%4', 1',+ 3!,,)2 -$'".,!( "#!33'(-: -) .#!. ,'4934!3.
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.%)3 %- .#' J,%3"%$!( K)/$)3'3. ;3!(+-%-: 2#%"# '-.%/!.'- .#' 4!.! '%0'31!(9'- %3 ),4', .)
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 !"! #$%&'()* +,-. .,/. 0,)(1*,%12' 02-2

O3 .#%- -'".%)3: "(!--%"!( $,)5('/- '3")93.','4 %3 #%0#=4%/'3-%)3!( -$!"' !,' $,'-'3.'47
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*4.*-52 56 *%& -26540.*-52 -2 *%& *.-/'! ?2 . )544&'7521-2$ ,.:8 #2-6540/: 1-'*4-3#*&1

1.*. *&21 *5 )52)&2*4.*& 52 *%& )542&4 56 *%& '-07/&L &2)/5'-2$ *%& -26540.*-52!
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Σy = S[(y −my)(y −my)
t]

= S[(Ptx−Ptmx)(P
tx−Ptmx)

t] H ! I

= PtE[(x−mx)(x−mx)
t]P

= PtΣxP.
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9,'*5 4-(/-:21* -**+./-&1; 6/&, ,/3, 1/31)4-2'1* )11; &+ :1 .+)*/;1(1; -); *,+'2; (18-/)
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MSE =
n∑

i=k+1

λi.  !"C$
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∑n
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6,/., /* (12-&1; &+ &,1 .2-**/F.-&/+) 1((+(5 -); /*5 &,1(10+(15 )+& -77(+7(/-&1 -* - ;/81)*/+)-2
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9,1 RSQ -23+(/&,8 .-) :1 ');1(*&++; -* -) -23+(/&,8 F);/)3 &,1 ;/(1.&/+) +0 *7-.1

6/&, &,1 ,/3,1*& *-8721 4-(/-).15 -); 8+4/)3 +) &+ &,1 +(&,+3+)-2 *':*7-.1 +0 &,/* ;/(1.&/+)

&+ F); &,1 )1U& ,/3,1*& 4-(/-).15 -); /&1(-&/412= ;/*.+41(/)3 -) +(;1(1; +(&,+3+)-2 :-*/*

+0 ,/3,1*& 4-(/-).1" 9,/* /* 6122 -;-7&1; &+ )+(8-2 7(+.1**1*5 -* &,1/( .+4-(/-).1 /* /);11;

;/-3+)-2 /) -) +(&,+3+)-2 :-*/*" %) -;;/&/+)5 &,1 (1*'2&/)3 41.&+(* .+81 6/&, - VRSQ *.+(1V5

/"1"5 &,1 4-(/-).1 +0 &,1 ;-&- 7(+T1.&1; -2+)3 &,1 ;/(1.&/+) &,1= ;1F)1" 9,'* 6,1) '*/)3 RSQ

0+( ;/81)*/+) (1;'.&/+)5 61 .-) .,++*1 &,1 *':*7-.1 ;1F)1; := &,1 F(*& k RSQ 41.&+(*5 +)

&,1 :-*/* &,-& &,1= 1U72-/) - 3/41) 71(.1)&-31 +0 &,1 4-(/-).15 -); &,-& &,1 *':*7-.1 &,1=

;1F)1 /* &,1 *':*7-.1 +0 ;/81)*/+) ) &,-& 1U72-/)* &,1 2-(31*& 7+**/:21 0(-.&/+) +0 &,1 &+&-2

4-(/-).1"

W+6141(5 /) &,1 .-*1 +0 )+)?X-'**/-) 7(+.1**1*5 -* .2-** ;/*&(/:'&/+)* -(1 /) ,=71(*71.&(-2

;-&-5 &,1 4-(/-).1 8-= )+& :1 &,1 E'-)&/&= +0 /)&1(1*&" Q2&,+'3, /& /* )+& +7&/8-2 0+(

.2-**/F.-&/+)5 &,1 RSQ /* +0&1) '*1; 0+( *'., - &-*G5 ;'1 &+ /&* */872/./&= -); 1-*1 +0 '*1"

%) +(;1( &+ +41(.+81 &,1 7(+:2185 %);171);1)& S+87+)1)& Q)-2=*/*  %SQ$ /* -)-2=Y1; /)

&,/* 6+(G" %SQ 6-* F(*& 7(+7+*1; -* - :2/); *+'(.1 *17-(-&/+) &1.,)/E'1 /) BZ5 C!D5 -); 6-*

/881;/-&12= -;+7&1; /) *141(-2 F12;* +0 */3)-2 7(+.1**/)3"

['1 &+ /&* -&&(-.&/41 7(+71(&/1*5 %SQ /* (1.1/4/)3 - 3(+6/)3 /)&1(1*& -8+)3 &,1 (18+&1 *1)*/)3
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 !""#$%&'( )!* )+,&#*+ *+-# &%!$ ,$- ./+ &*,0 #$"%1%$2 345( 64( 6678 9:; &*%+. &! "%$%"%<+

,00 &=+ -+/+$-+$ %+. !) &=+ *+&*%+>+-  !"/!$+$&.( #.%$2 =%2=+* ?&=,$ .+ !$-@ !*-+* .&,&%.&% .8

9$ &=+ )!00!A%$2( &=+ 9:; "!-+0 %. /*+.+$&+- %$&! "!*+ -+&,%08

 !"!2! 34% 567 80.%*

9:;  !$.%.&. !) B$-%$2 , 0%$+,* -+ !"/!.%&%!$ !) !C.+*>+- -,&, %$&! .&,&%.&% ,00' %$-+/+$-+$&

 !"/!$+$&.8 D%>+$ ,$ !C.+*>,&%!$ "!-+0

x = As, ?E8F@

A=+*+ x %. &=+ >+ &!* !) &=+ !C.+*>+- .%2$,0.( 7 , . ,0,* ",&*%1 !) &=+ "%1%$2  !+G %+$&. ,$-

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

y = Wx = WAs, ?E8H@

A=+*+ y %. , >+ &!* !) %$-+/+$-+$&  !"/!$+$&.8 I=%. "+,$. &=,& &=+ >,0#+ !) ,$' !) &=+

 !"/!$+$&. -!+. $!& 2%>+ ,$' %$)!*",&%!$ ,C!#& &=+ >,0#+ !) &=+ !&=+*  !"/!$+$&.8 9:;

C,.% ,00' ",J+. &=*++ 2+$+*,0 ,..#"/&%!$.( %$ !*-+* &! ",J+ .#*+ &=,& %&. C,.% "!-+0  ,$ C+

+.&%",&+- 36K7L

E8 I=+  !"/!$+$&. !) y( +.&%",&+- )*!" &=+ !C.+*>+- .%2$,0 x( ,*+ .&,&%.&% ,00' %$-+/+$M

-+$&8 I=%. %. &=+ C,.% /*%$ %/0+ *+N#%*+- )!* 9:; &! C+ >,0%-8

48 ;& "!.& !$+ .%2$,0 =,. , D,#..%,$ -%.&*%C#&%!$8 9) "!*+ &=,$ !$+  !"/!$+$& =,>+

, D,#..%,$ -%.&*%C#&%!$( A+ -! $!& =,>+ +$!#2= %$)!*",&%!$ &! .+/,*,&+ "%1&#*+. !)

D,#..%,$ .!#* +.8 9$ &=+  ,.+ !) &A! !* "!*+ D,#..%,$ -%.&*%C#&%!$.( &=+ =%2=+*M!*-+*

 #"#0,$&. ,*+ +N#,0 &! <+*!8 I=%. %$)!*",&%!$ %. +..+$&%,0 %$ !*-+* &! +.&%",&+ &=+ 9:;

"!-+0( &=#. &=+ ,02!*%&="  ,$$!& A!*J #$-+* &=+.+  !$-%&%!$.8

68 I=+ #$J$!A$ "%1%$2 ",&*%1 A %. !) )#00 *,$J ,$- %$>+*&%C0+8 I=%. ,..#"/&%!$ %.

+N#%>,0+$& &! .,'%$2 &=,& &=+ $#"C+* !) %$-+/+$-+$&  !"/!$+$&. %. +N#,0 &! &=+ $#"C+*

!) !C.+*>+- "%1&#*+8 9& %. -!$+ %$ !*-+* &! .%"/0%)' >+*' "# = +.&%",&%!$( C#& %&  ,$

.!"+&%"+. C+ *+0,1+-8

O$-+* &=+.+ &=*++ ,..#"/&%!$. ?!* ,& 0+,.& &=+ B*.& &A!@( &=+ %$-+/+$-+$&  !"/!$+$&. ,$-

&=+ "%1%$2 ",&*%1  ,$ C+ +.&%",&+-( #$-+* .!"+ %$-+&+*"%$, %+. &=,& A%00 $+ +..,*%0' =!0-8

9$ ), &( )!* ?E8F@ %) C!&= A ,$- s ,*+ #$J$!A$( ,& 0+,.& &A! ,"C%2#%&%+.  ,$$!& C+ ,>!%-+-8

P%*.&( &=+ >,*%,$ +. !) %$-+/+$-+$&  !"/!$+$&.  ,$$!& C+  !"/#&+-8 9$ ), &( ,$' . ,0,*

"#0&%/0%+* %$ !$+ !) &=+ .!#* +.  !#0- ,0A,'. C+  ,$ +00+- C' -%>%-%$2 &=+  !**+./!$-%$2  !0M

#"$ !) &=+ "%1%$2 ",&*%18 Q#+ &! &=%.( &=+ +$+*2' !) &=+  !"/!$+$&.  ,$ C+ ,& B*.& B1+-

C' A=%&+$%$2 %$ !*-+* &! ",J+ ,00 >,*%,$ +. +N#,0 &! #$%&'( ,$-  !$.+N#+$&0' &=+ "%1%$2

",&*%1 %. ,-,/&+-8 R+ !$-( C+ ,#.+ !) .%"%0,* *+,.!$.( &=+ %$-+/+$-+$&  !"/!$+$&.  ,$$!&

C+ *,$J+-( C+ ,#.+ ,$'  =,$2+ %$ &=+%* !*-+* A%00 $!&  =,$2+ &=+ /!..%C%0%&' &! +.&%",&+ &=+

"!-+08 R%$ + &=+ "+&=!- %. A+00 J$!A$ %$ &=+ .%2$,0 /*! +..%$2  !""#$%&'( A+ A%00 $!& 2%>+

,00 &=+ ",&=+",&% ,0 -+&,%0. !) &=+ 9:; %"/0+"+$&,&%!$8 ; -+&,%0+- +1/0,$,&%!$ !) &=+ C,.% .

!) 9:; A!#0- C+ !#& !) &=+ . !/+ !) &=%. .+ &%!$8 S!A+>+*( %$ &=+ $+1& .#C.+ &%!$( A+ C*%+T'

*+>%+A .+>+*,0 /!..%C%0%&%+. A=% = A+*+ /*!/!.+- %$ &=+ 0,.& '+,*. ,. , /!..%C%0%&' &!  !"/#&+

%$-+/+$-+$ +8 U!*+!>+*( A+ 2%>+ .!"+ -+&,%0. !) 9:; V,-+( A=% = %. &=+ ,02!*%&="  !$.%-+*+-

%$ !#* +1/+*%"+$&.8 W+ *+)+* &=+ *+,-+* %$&+*+.&+- %$ ,  !"/0+&+ +1/0,$,&%!$ !) &=+ 2+$+*,0

)*,"+A!*J !) 9:; &! *+)+*+$ +. 36E(6F(6H78



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

)*!* *! .34565345375 859:;<5:

 ! "! !#$#%& '( "#! )$*%+ #,% #,%-.%#"/$0 /-)/%1# -) 2,"/, 34 .%!#! "! ")&%1%)&%)/%5

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

&%/-..%0$#"-) *%#,-&!+ !6/, $! 8.")/"1$0 4-*1-)%)#  )$0(!"! 984 : $)& ;$/#-.  )$0(!"!

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

/-*1-)%)#!+ 34 /-)!"&%.! ,"7,%. 9#,$) !%/-)&: -.&%. !#$#"!#"/!5 ?-2%=%.+ !#$.#")7 <.-*

#,% 1.-'$'"0"!#"/ &%@)"#"-) -< ")&%1%)&%)/%+ !%=%.$0 1.$/#"/$0 ")&%1%)&%)/% /."#%."$ /$) '%

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

/."#%."$ $.% '$!%& -) )-)0")%$. &%/-..%0$#"-) $)& *$>"*6* )-)AB$6!!"$)"#(C

• D-)0")%$. &%/-..%0$#"-)5 ;")& #,% *$#."> W !- #,$# #,% #.$)!<-.*%& /-*1-)%)#!

g(yi) $)& h(yi) $.% 6)/-..%0$#%&+ 2,%.% g $)& h $.% !-*% !6"#$'0% )-)0")%$. <6)/#"-)!5
8-!!"'0% )-)A0")%$. <6)/#"-)! /$) '% &%."=%& #,.-67, #,% *$>"*6* 0"E%0",--& $11.-$/,+

-. '$!%& -) #,% *6#6$0 ")<-.*$#"-)5

• F$>"*6* )-)AB$6!!"$)"#(5 ;")& #,% 0-/$0  !"# ! -< )-)AB$6!!"$)"#( -< $ 0")%$. /-*A

'")$#"-) 6)&%. #,% /-)!#.$")#! #,$# #,% =$."$)/% -< y "! /-)!#$)# $)& #,$# "#! /-*1-)%)#!

$.% )-# /-..%0$#%& 9"5%5+ $<#%. 1.%2,"#%)")7:5 G$/, 0-/$0 *$>"*6* 7"=%! -)% ")&%1%)&%)#

/-*1-)%)#5

40$!!"/$0 $07-."#,*!+ !6/, $! ;$!#34 HIJK+ 3)<-*$> HILK ,$=% '%%) &%=%0-1%& 6!")7 #,% $'-=%

/."#%."$5  )-#,%. $11.-$/, <-. #,% %!#"*$#"-) -< #,% 3)&%1%)&%)# 4-*1-)%)#! "! M NG HIOK+

2,"/, *$E%! 6!% -< P#, -.&%. /6*60$)# #%)!-.!5 3) #,% <-00-2")7 %>1%."*%)#!+ 2% ,$=% 6!%&

M NG $! 34 $07-."#,* #- %)<-./% ")&%1%)&%)/%+ &6% #- #,% %Q%/#"=%)%!! !,-2) 2,%) &%$0")7

2"#, ,(1%.!1%/#.$0 .%*-#% !%)!")7 &$#$ HPR+ PSK+ $)& !")/% "# ,$! 1.-="&%& ") $ 1.%0"*")$.(

#%!# '%##%. .%!60#! #,$) ;$!#34 $)& 3)<-*$>5

46*60$)# #%)!-.! /$) '% /-)!"&%.%& $! #,% 7%)%.$0"T$#"-) -< #,% /-=$."$)/% *$#."> $# -.A

&%.! ,"7,%. #,$) #,% !%/-)& -.&%.5 3< 2% /-)!"&%. $ .$)&-* =%/#-. x 2"#, $ 1.-'$'"0"#( &%)!"#(

<6)/#"-) 91&<: p(x)+ "#! /,$.$/#%."!#"/ <6)/#"-) "! &%@)%& $! #,% ")=%.!% ;-6."%. #.$)!<-.* -<

#,% 1&< HPUK

Φ(ω) = G{%>1(jωx)} =
∫

∞

−∞

%>1(jωx)p(x)dx 9S5J:

2,%.% j "! %V6$0 #-
√
−1 $)& ω "! #,% #.$)!<-.*%& .-2 =%/#-. /-..%!1-)&")7 #- x5 G=%.( 1&<

/-..%!1-)&! #- $ 6)"V6% /,$.$/#%."!#"/ <6)/#"-)+ $)& ="/% =%.!$5 N6% #- "#! $##.$/#"=% 1.-1A

%.#"%!+ #,% )$#6.$0 0-7$."#,* -< #,% /,$.$/#%."!#"/ <6)/#"-) "! -<#%) /-)!"&%.%&+ $)& 1.-="&%!

#,% !%/-)& /,$.$/#%."!#"/ <6)/#"-)+ &%)-#%& Ψ(ω)5 B"=%) #,% W$(0-. !%."%! %>1$)!"-) -< #,%
/,$.$/#%."!#"/ <6)/#"-)

Ψ(ω) =

∞∑

k=0

ak
(jω)k

k!
9S5L:

#,% a#, /6*60$)# "! &%@)%& $! #,% &%."=$#"=%

ak = (−j)k dkΨ(ω)

dωk


ω=0

. 9S5O:

3# /$) '% !,-2) #,$# #,% !%/-)&+ $)& #,".& -.&%. /6*60$)#! <-. $ T%.- *%$) .$)&-* =%/#-.

$.% HPIK

/6*(xi, xj) = G{xixj} 9S5SR:

/6*(xi, xj , xk) = G{xixjxk} 9S5SS:
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 ! "!#!" $%! "!&'!" ()$!"!*$!' () & +,"! '!$&(-!' !./-&)&$(,) ,# $%! 01+1-&)$* &)' $%!("

/",/!"$(!*2 $, 3442 4567 8%! #,1"$% ,"'!" 01+1-&)$* 0,)$&() &-- $%! ()#,"+&$(,) &9,1$ $%!

#,1"$% ,"'!" *$&$(*$(0* ,# $%! '&$&7 :) $%! 0&*! $%! '&$& &"! ()'!/!)'!)$2 &-- $%! 01+1-&)$*

;($% $;, ," +,"! '(<!"!)$ ()'(0!* &"! !=1&- $, >!",7

8%! 01+1-&)$ $!)*," (* & -()!&" ,/!"&$," '!?)!' 9@ $%! #,1"$% ,"'!" 01+1-&)$* 01+Axi, xj , xk, xlB2
() &) &)&-,C1! ;&@ $, $%! 0&*! ,# & 0,D&"(&)0! +&$"(.2 ;%(0% '!?)!* & -()!&" ,/!"&$,"7 :)

$%(* 0&*! ;! %&D! & -()!&" $"&)*#,"+&$(,) () $%! */&0! ,# n×n +&$"(0!*2 ()*$!&' ,# $%! */&0!
,# nE'(+!)*(,)&- D!0$,"*7 8%! */&0! ,# *10% +&$"(0!* (* & -()!&" */&0! ,# '(+!)*(,) n× n2 *,
($ (* *(+/-! $, '!?)! $%! -()!&" $"&)*#,"+&$(,)7 8%! !-!+!)$* ,# $%(* $"&)*#,"+&$(,) 0&) 9!

'!?)!' &*F

Fij(M) =
∑

kl

mkl01+(xi, xj , xk, xl) AG7GHB

;%!"! mkl &"! $%! !-!+!)$* () $%! +&$"(. M $%&$ (* $"&)*#,"+!'7

I,()$ J//",.(+&$! K(&C,)&-(>&$(,) ,# L(C!)+&$"(0!* AIJKLB "!#!"* $, ,)! ,# $%! /"()0(E

/-!* ,# *,-D()C $%! /",9-!+ ,# !=1&- !(C!)D&-1!* ,# $%! 01+1-&)$ $!)*,"7 J* &)@ *@++!$"(0

-()!&" ,/!"&$,"2 $%! 01+1-&)$ $!)*," %&* &) !(C!)D&-1! '!0,+/,*($(,)7 J) !(C!)+&$"(. ,# $%!

$!)*," (*2 9@ '!?)($(,)2 & +&$"(. M *10% $%&$

F(M) = λM, AG7GMB

;%!"! λ (* & *0&-&" !(C!)D&-1!7
N!$ 1* 0,)*('!" '&$& ;%(0% #,--,; $%! :OJ +,'!-2 ;($% ;%($!)!' '&$&

z = VAs = HTs AG7G4B

;%!"! HT
'!),$!* $%! ;%($!)!' +(.()C +&$"(.7 8%! !(C!)D&-1! '!0,+/,*($(,) &--,;* ,)! $,

/,()$ ,1$ *,+! ()$!"!*$()C #!&$1"!* ,# $%! 01+1-&)$ $!)*," ,# z7 LD!"@ +&$"(. ,# $%! #,"+

M = hmhT

m AG7G5B

(* &) !(C!)+&$"(.7 8%! D!0$," hm "!/"!*!)$* %!"! ,)! ,# $%! ",;* ,# H2 &)' $%1* ,)! ,#

$%! 0,-1+)* ,# $%! ;%($!)!' +(.()C +&$"(. HT
7 K1! $, $%! ()'!/!)'!)0! ,# $%! *,1"0!*2

$%! 0,""!*/,)'()C !(C!)D&-1!* &"! C(D!) 9@ $%! P1"$,*(* ,# $%! ()'!/!)'!)$ 0,+/,)!)$*2 &)'

&-- $%! ,$%!" !(C!)D&-1!* &"! >!",7 Q@ '!$!"+()()C $%!*! !(C!)D&-1!*2 ;! 0&) ,9$&() $%!

()'!/!)'!)$ *,1"0!* ;! &"! -,,P()C #,"7  ! "!#!" $%! "!&'!" ()$!"!*$!' () & +,"! '!$&(-!'

!./-&)&$(,) ,# $%! $%!,"!$(0&- #"&+!;,"P ,# IJKL $, 3MR67

 !"!2!2 3$$*4/15 673 '0 84$%(9$%&'()* /:)5%9

 %!) &//-@()C :OJ $, %@/!"*/!0$"&- (+&C!*2 $;, "!/"!*!)$&$(,)* 0&) 9! 0,)*('!"!'F */!0E

$"&- &)' */&$(&- +(.$1"! +,'!-*7 S,1C%-@ */!&P()C2 $%! */!0$"&- +(.$1"! +,'!- 0,""!*/,)'*

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

+,'!-* /",D('! & '!*0"(/$(,) ,# $%! +&$!"(&- &91)'&)0!* ;%(0% &"! ('!&--@ ()'!/!)'!)$7 :#

;! 0,)*('!" & %@/!"*/!0$"&- '&$& 019! ;($% Nf (+&C!* ,# Nz T ANx × NyB /(.!-* ,9$&()!'

#",+ Nf #"!=1!)0@ 9&)'* &)' #," *(+/-(0($@2 &**1+! "&; D!0$,"(>!' (+&C!* :An, λkB2 ;($%
1 ≤ n = (i − 1)Ny + j ≤ Nz A;%!"! i &)' j &"! $%! ()($(&- ",; &)' 0,-1+) (+&C! ()'(0!*B
(* $%! */&$(&- ()'!. &)' k2 k = 1, . . . , Nf 2 (* $%! */!0$"&- ()'!. #," ;&D!-!)C$% λk2 $%! $;,
"!/"!*!)$&$(,)* 0&) 9! '!*0"(9!' &* #,--,;*F

• U/!0$"&- V(.$1"! V,'!-F L&0% /(.!- ,# */&$(&- ()'!. n C(D!* &) ,9*!"D!' */!0$"1+ ,#
Nf #"!=1!)0@ *&+/-!*2 ;%(0% (* "!/"!*!)$!' 9@ $%! -()!&" &//",.(+&$(,)F

In(λk) ≈
Nc∑

p=1

a(n,p)φp(λk), ∀n = 1, . . . , Nz AG7GWB



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

 !"  #"  $"  %"

 &"  '"  ("  )"

*+(,-& ./.0 1-+2$+3!4 567362&28 92!4:;+; <;/ =2%&3&2%&28 567362&28 92!4:;+;0  !"> %"

*+-;8 '6,- 3-+2$+3!4 $67362&28;? @AB=B C2+<&-;+8: %!8! ;&8D  &"> )" *+-;8 '6,- +2%&3&2%&28

$67362&28;/



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

 !"#" φp(λk)$ %&# p = 1, . . . , Nc$ '#" (!" )&*+(,(-"*( #".")('*)" +/")(#'$ '*0 (!" *-12"#

Nc ,+ )!&+"* '))&#0,*3 (& (!" 0"+,#"0 '))-#')4 &% (!" '//#&5,1'(,&*6 7"*&(,*3 '+ I(λk)
(!" 8")(&#,9"0 ,1'3" :&% 0,1"*+,&* Nx × Ny;$ (!" :Nz × Nc; 1,5,*3 1'(#,5 < '*0

φ(λk) = [φ1(λk), . . . , φNc ]$ (!,+ +/")(#'= 1,5(-#" 1&0"= ,+ (!"* "5/#"++"0 '+>

I(λk) ≈ A · φ(λk) :?6?@;

A#')(,)'==4$ (!,+ +/")(#'= 1&0"= ,*("*0+ (& '//#&5,1'(" (!" +/")(#-1 &% "')! /,5"= '+ '

+-1 &% Nc )&1/&*"*( +/")(#' &% (!" '#"' )&##"+/&*0,*3 (& (!"+" /,5"= )&&#0,*'("+6 B%

BC< ,+ -+"0 %&# (!" "+(,1'(,&*$ (!"* (!" Nc 2'+,+ +/")(#' φp$ p = 1, . . . , Nc$ +!&-=0 2"

+('(,+(,)'==4 ,*0"/"*0"*(6 D&#"&8"#$ (!" pE(! )&=-1* &% (!" 1'(#,5 < ,+ (!" -*%&=0"0

,1'3" '++&),'("0 (& (!" 2'+,+ +/")(#-1 φp6 <))&#0,*3 (& (!,+ 1&0"=$  " !'8" Nx ×Ny

F GH$HHH +"*+&#+ '*0 ' +1'== *-12"# &% +'1/="+ Nf F ?@I$ %&# "+(,1'(,*3 (!" ='#3"

1'(#,5 A  !,)! !'+ Nz ×Nc F JGH$HHH /'#'1"("#+ :('K,*3 Nc F G;6

• L/'(,'= D,5(-#" D&0"=> M!,+ 1&0"= '++-1"+ (!'( %&# "')!  '8"="*3(! λk$ (!" 1"'+-#"0
,1'3" Iλk

(n) ,+ '  ",3!("0 +-1 &% Nc 2'+,+ ,1'3"+$ 0"*&("0 IIp(n)$ p = 1, . . . , Nc>

Iλk
(n) ≈

Nc∑

p=1

b(λk,p)IIp(n), ∀k = 1, . . . , Nf :?6?N;

B* 8")(&# *&('(,&*+$ 0"*&(,*3 (!" 1'(#,5 B '*0 II(n) = [II1(n), . . . , IINc(n)]
T
$ &*"
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I(n) ≈ B · II(n) :?6?O;
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'+ ' +-1 &% Nc 2'+,+ ,1'3"+6 B% BC< ,+ -+"0 %&# (!" "+(,1'(,&*$ (!"* (!" Nc 2'+,+ ,1'3"+

IIp$ p = 1, . . . , Nc$ +!&-=0 2" +('(,+(,)'==4 ,*0"/"*0"*(6 D&#"&8"#$ (!" kE(! )&=-1* &%
(!" 1'(#,5 B ,+ (!" +/")(#-1 '++&),'("0 (& (!" 2'+,+ ,1'3" IIk6 <))&#0,*3 (& (!,+
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"+(,1'(,*3 (!" 1'(#,5 B  !,)! !'+ Nf F Nc Q OHH /'#'1"("#+ :('K,*3 Nc F G;6
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(!" 0'('  ,(!&-( ,*)-##,*3 ,* /#&2="1+ #"='("0 (& &8"#R((,*3 '*0 1'(#,5 2'0 )&*0,(,&*,*36
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 !" #$%&'%( )*%&+,* -.&,%/&'01
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("5(-#" '*0 &(!"# +/'(,'= )!'#')("#,+(,)+  !,)! )!'#')("#,9" (!" &2T")(+ &% ' #"1&(" +"*+,*3

+)"*"6 B* (!,+  &#K  "  ,== ,*8"+(,3'(" ,* 1&#" 0"(',= +/'(,'= %"'(-#" "5(#')(,&* (")!*,P-"+$

1',*=4 2")'-+" &% ( & #"'+&*+> ,; L/'(,'= %"'(-#" "5(#')(,&* (")!*,P-"+ )'* 2" T&,*(=4 -+"0
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$%&'"()* 5)$&- "&'#/!;,&$ <=>4?@AB
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0."& $&/$.( "&'#/.*.734  #!'# 0)-& )1)!*)5*& -)")  !"# 1&(3 2/& $%)"!)* (&$.*,"!./ D!/ "#&
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!/+.(0)"!./ %(.1!-&- 53 $%)"!)* 5)$&- )%%(.)'#&$ !$ 1&(3 !0%.(")/" ". !0%(.1& '*)$$!2')"!./
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5& *!E&*3 ". #)1& ) (&'")/7,*)( $#)%&4 !/-&%&/-&/"*3 .+ "#& $&/$.( (&$.*,"!./94 "#,$ 0)E!/7

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

:#& './"&6",)* !/+.(0)"!./ /&&-$ "#&(&+.(& ". 5& &6"()'"&- !/". $"(,'",(&$ )/- 5&" &&/
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2*"&($ !/ ) 0,*"!*&1&*  )3 *&)-$ ". "#& -&2/!"!./ .+ )""(!5,"& %(.2*&$ DYW$9 <>=A4  #!'# %&(0!"

". 0.-&* ."#&( 7&.0&"(!')* '#)()'"&(!$"!'$ ()"#&( "#)/ "#& $!Q& .+ "#& .5P&'"$B Y""(!5,"& Z!*"&(

.%&()".($ ')/ &6"()'" ) 7(&)" -&)* .+ $"(,'",()* !/+.(0)"!./4 $,'# )$[

C -!(&'"!./

C )(&)

C 0.0&/" .+ !/&("!)

C $")/-)(- -&1!)"!./
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I/ "#& +.**. !/74  &  !** 5(!&\3 !/"(.-,'&$ "#& 5)$!'$ .+ 0)"#&0)"!')* 0.(%#.*.73 )/- .+

)""(!5,"& 2*"&($B :#&/  &  !** %(&$&/" "#& %.$$!5!*!"3 ". ,$& "#!$ 0&"#.-.*.73 ./ ) 0,*"!*&1&*

)%%(.)'#4 53 './$!-&(!/7 "#& './'&%" .+ %(.2*&$B :#& 0)!/ -!V&(&/'&$ 5&" &&/ "#& )%%(.)'#&$

)(& #!7#*!7#"&-4 )/- %(&1!.,$  .(E (&*)"&-  !"# (&0."& $&/$!/7 )(& -!$',$$&-B

 !"! #$%&'%()*+, -&()&./ &0 1+($%2+()*+, 1&'3$&,&45

R)"#&0)"!')* R.(%#.*.73 !$ ) "#&.(3 +.( /./C*!/&)( !0)7& %(.'&$$!/7B I" )!0$ ". )/)*3Q&

$%)"!)* (&*)"!./$#!%$ 5&" &&/ %!6&*$B I/ "#!$ $&'"!./4 5)$!' /."!./$ .+ R)"#&0)"!')* R.(C

%#.*.73 )(& %(&$&/"&-B F&)-&($ !/"&(&$"&- !/ R)"#&0)"!')* R.(%#.*.73 ')/ 2/- )--!"!./)*

0)"&(!)* !/ <?S]>UAB

:#& 5)$!' 0.(%#.*.7!')* .%&()".($ )(& &(.$!./ )/- -!*)"!./B ^#&/ )%%*3!/7 "#& &(.$!./

D-!*)"!./9 .%&()".( ". )/ !0)7&4 &1&(3 %!6&* .+ "#& !0)7&  !** 5& (&%*)'&- 53 "#& 0)6!0,0

D0!/!0,09 1)*,& .+ "#& /&!7#5.(#..- -&2/&- 53 ) $%)"!)* $"(,'",(& ')**&- $"(,'",(!/7 &*&C

0&/"B N6)0%*&$ .+ HN )(& $#. / !/ Z!7B =B_B `3 '.05!/!/7 &(.$!./ )/- -!*)"!./4 .%&/!/7
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 !"#$% &'() *+,-./%0 12 03$#43#$!5" %/%-%530'

,56 4/10!5" 78 $%41503$#43!15 4,5 7% 173,!5%6' 9.%5!5" 78 $%41503$#43!15 !0 ,5 !-,"% 3$,50:

21$-,3!15 3;,3 !0 !54$%,0!5"< !6%-.13%53 ,56 ,53!:%+3%50!=% >?@A'

B5 1.%5!5" 78 $%41503$#43!15 4150!030 12 $%-1=!5" 2$1- , 04,/,$ !-,"% ,// 3;% 7$!";3%$ 415:

5%43%6 41-.15%530 15 C;!4; 3;% D* 61%0 513 E3 !5< C!3; $%0.%43 31 3;% "$,8 /%=%/ 12 3;%

5%!";71$!5" $%"!150' F;% #0% 12 1.%5!5" 3$,5021$-,3!15 ,//1C0 3;% ,..%,$,54% 12 6!031$3!15

!5 3;% !-,"% 31 7% ,=1!6%6< 0!54% !3 3$,5021$-0 3;% !-,"% 78 -%$"!5" G,3 $%"!150' F;%$%21$%<

3;% "%1-%3$!4,/ 4;,$,43%$!03!4 12 3;% 03$#43#$%0 C;!4; ,$% 513 $%-1=%6 ,$% 313,//8 .$%0%$=%6<

C;!/% 3;% 41-./%+!38 12 3;% !-,"% !0 6%4$%,0%6' F;% 6#,/ 1.%$,31$ !0 3;% 4/10!5" 78 $%415:

03$#43!15 .$14%00' H3 $%-1=%0 2$1- 3;% 1$!"!5,/ !-,"% ,// 3;% 6,$I 4155%43%6 41-.15%530'

F;% -,3;%-,3!4,/ 6%E5!3!150 12 1.%5!5" ,56 4/10!5" 78 $%41503$#43!15 12 , "$,8:/%=%/ !-,"%

f ,$% $%0.%43!=%/8 "!=%5 78)

γiR(f) = Rδ
f [ǫ

i(f)], J&'(KL

ψi
R(f) = Rǫ

f [δ
i(f)], J&'(&L

C;%$% ǫi ,56 δi ,$% 3;% %$10!15 ,56 6!/,3!15 C!3; ,5 D* 12 0!M% !< $%0.%43!=%/8< Rδ
f ,56 R

ǫ
f ,$%

3;% "%16%0!4 $%41503$#43!15 78 6!/,3!15 ,56 %$10!15< $%0.%43!=%/8 >NKA'

B -,!5 !00#% !0 ;1C 31 .$1.%$/8 0%/%43 3;% 0!M% 12 3;% 03$#43#$!5" %/%-%53' O%-13% 0%50!5"

!-,"%0 4153,!5 17P%43 C!3; 313,//8 6!Q%$%53 0!M%0< 7%!5" 3;%$%21$% !-.100!7/% 31 4;,$,43%$!M%

,// 3;% 03$#43#$%0 C!3; , 0!5"/% 03$#43#$!5" %/%-%53' H5 1$6%$ 31 1=%$41-% 3;% .$17/%-< 3;%

4154%.3 12 -1$.;1/1"!4,/ .$1E/%0 C,0 .$1.10%6 ,0 ,5 !53%$%03!5" %+3%50!15 12 -,3;%-,3!4,/

-1$.;1/1"8< 21$ 3;% ,5,/80!0 12 $%-13% 0%50!5" !-,"%0'

B -1$.;1/1"!4,/ .$1E/% !0 , 4154,3%5,3!15 12 4/10!5" .$1E/%0 ,56 1.%5!5" .$1E/%0< C;!4;

21$- , 0%R#%54% 12 4/10!5"0 ,56 1.%5!5"0 78 $%41503$#43!15 173,!5%6 78 #0!5" D*0 12 6!Q%$%53

0!M%0' F;% -,3;%-,3!4,/ 6%E5!3!15 12 , S1$.;1/1"!4,/ T$1E/% !0)

MP (x) = {ψn(x, . . . , f(x), . . . , γn(x))} J&'((L

,56

MPi(x) =





= ψn−i(x) if 0 ≤ i < n
= f(x) if i = n
= γi(x) if n < i ≤ 2n

F;#0< 713; 3;% 1.%5!5" ,56 4/10!5" .$1E/%0 ,$% 41-.#3%6 C!3; ,5 D* 12 E+%6 0;,.%

,56 !54$%,0!5" 0!M%' F;% ST !0 %Q%43!=% 21$ !5=%03!",3!5" 3;% 03$#43#$% !53%$,43!150 12 3;%



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

 !"#$!#"% &"% %'! (' !)% (*+,% -(.%./ 012%$! (' !)%  #"3%4%5  $%'%6 7(!) !)% 89 $0' (5%"%5.

:$$0"5(', !0 (! 5%;'(!(0'/ +' <= $+' 0'>4 )+'5>% +  $+>+" (*+,% -%.,./ 0'% 1+'56.

 !"!# $%&'()') *+,-.+/+0123/ 4,+5/'6

?)% ,%'%"+>(@+!(0' 0A 9<= !0 )4&%" &%$!"+> 5+!+ 7+ ;" ! &"0&0 %5 (' BCDE. ?)% 1+ ($

(5%+ 7+ !0 "%5#$% !)% 5(*%' (0'+>(!4 0A !)% 5+!+ 14 # (', =F:/ +'5 !0 +&&>4 !)% !"+' G

A0"*+!(0' 0' %+$) 0A !)% &"('$(&+> $0*&0'%'! "%!+('%5. ?)% A%+!#"% %H!"+$!%5 14 !)%

!"+' A0"*+!(0' -(.%./ %(,%'3%$!0" 0"5%"%5 ('$"%+ (',>4 +$$0"5(', !0 !)% 3+>#% 0A !)% $0""%G

 &0'5%'! %(,%'3+>#% 6/ $+>>%5 &"('$(&+> $0*&0'%'! -=F 6/ +"% *%+'(',A#> A0" "%&"% %'!+!(0'

 ('$% !)%4 +$$0#'! *0 ! 0A !)% 3+"(+'$% 0A !)% 5+!+ (' !)% 0"(,('+> A%+!#"%  &+$%. ?)# / 0'>4

!)% ;" ! =F +"% $0' (5%"%5 A0" !)% +'+>4 ( / 7)(>% !)% 0!)%" +"% 5( $+"5%5. : + ,%'%"+>

,#(5%>('%/ !)% '#*1%" 0A !)% $0' (5%"%5 =F  )0#>5 $0'!+(' +10#! IIJ 0A !)% !0!+> 3+"(+'$%

0A !)% 5+!+. 8#1 %K#%'!>4/ 0' %+$) 0A !)% =F / + A#>> <= ( $0*&#!%5. ?)# / !)% 9<= 0A $

=F $+' 1% A0"*+>(@%5 14L

EAP = {AP (PC1), AP (PC2), . . . , AP (PCc)}, -C.MN6

7)%"% c 5%;'% !)% =F +>>07(', !0 "%+$) !)% !)"% )0>5 0A IIJ 0A 3+"(+'$%. :' %H+*&>% 0A

*0"&)0>0,($+> &"0;>% 1#(>! A"0* +  (',>% (*+,% $0*&0'%'! (  )07' (' O(,. C.N.

:>!)0#,) !)% 9<= 7+  #$$%  A#>>4 # %5 A0" ('$>#5(', !)%  &+!(+> ('A0"*+!(0' (' !)%

$>+  (;$+!(0' 0A PQ )4&%" &%$!"+> (*+,% /  0*% 5"+71+$R $+' 1% &0('!%5 0#!. ?)% *+('

 )0"!$0*(', 0A 9<= $+' 1% (5%'!(;%5 + L -(6 !)%  &+!(+> ('A0"*+!(0' $+' 1% *05%>%5 0'>4

!)"0#,) +  *+>> '#*1%" 0A 89S -((6 !)% A%+!#"%G%H!"+$!(0' !%$)'(K#% $0' (5%"%5 A0" "%5#$(',

!)% 5(*%' (0'+>(!4 0A !)% 0"(,('+> A%+!#"%  &+$%S +'5 -(((6 !)% ('$"%+ % (' !)% '#*1%" 0A A%+!#"% 

&"05#$%5 14 !)% *0"&)0>0,($+> !"+' A0"*+!(0' .

?)% ;" ! 5"+71+$R *+('>4 "% (5% (' !)% >(*(!%5 T%H(1(>(!4 0A !)% 0&%"+!0" 14 "%$0' !"#$!(0'
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!)% 5(*%' (0'+>(!4 0A !)% 5+!+ &"(0" !0 !)% *0"&)0>0,($+> &"0$%  (',. ?)% 9<= +"% $0*&#!%5
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5(*%' (0' 0A !)% A%+!#"%  &+$% 5#% !0 !)% $0*&#!+!(0' 0A !)% 9<= $+' 1% +55"%  %5 +,+(' 14

+&&>4(',  0*% A%+!#"%G%H!"+$!(0' !%$)'(K#% / + +>"%+54 &"% %'!%5 14 BCDE/ 0" 14 $0' (5%"(',

$>+  (;%" '0!  %' (!(3% !0 !)% $#" % 0A 5(*%' (0'+>(!4.

V' !)( 70"R/ !)% *+(' %*&)+ ( ( &0 %5 (' !)% ('3% !(,+!(0' 0A  #(!+1>% !%$)'(K#% !0 &"% %"3%

+'5 *05%> !)%  &+!(+> +'5  &%$!"+> ('A0"*+!(0' 0A + )4&%" &%$!"+> 5+!+  %!. ?)% *+(' $0'$%"' 

"%,+"5 !)%"%A0"% !)% ;" ! !70 5"+71+$R *%'!(0'%5 +103%.
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(*+,% +>> !)% $0''%$!%5 $0*&0'%'! !)+! 50 '0! A#>;>> + ,(3%' $"(!%"(0'/ 7)($) $+' 1% 5%;'%5

14 %3+>#+!(', +'4 +!!"(1#!% %H!"+$!%5 A"0* !)%  $%'%. ?)% *+(' +53+'!+,% &"03(5%5 14 !)% %

;>!%" ( + ,"%+! T%H(1(>(!4 (' !)% 5%;'(!(0' 0A !)% +!!"(1#!% . V' A+$!/ !)% +!!"(1#!% $0' (5%"%5

$+' 1% &#"%>4 ,%0*%!"($ -%.,. +"%+/ >%',!) 0A !)% &%"(*%!%"/ (*+,% *0*%'! /  )+&% A+$!0" 6/

!%H!#"+> -%.,. "+',%/  !+'5+"5 5%3(+!(0'/ %'!"0&46/ %!$. :$!#+>>4/ +' +!!"(1#!% $+' 1% +'4

*%+ #"% $0*&#!+1>% 0' !)% "%,(0' 0A !)% $0''%$!%5 $0*&0'%'! &"% %'! (' !)% (*+,%.
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f(x)

 !"

ψ1 ψ2 γ1 γ2
 5× 5"  3× 3"  3× 3"  5× 5"
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 !"!#$% $&&#'$()! )$"! #!(!*+%, -!!* &#'&' !. +' !/&%'0+ $% ' +)!  &$+0$% 0*1'#2$+0'* '1 +)!

.$+$ 3456789:
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∏

fu(X∗

k), JM:MK
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k )
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R(k̂|x) =
∑K

k=1 L(k, k̂)fk(x)πk∑K
k=1 fk(x)πk

9:;<=

+!"#" πk $% 4!"  !"#$"# ,#.616$2$47 4!14 1 %1/,2" (.)2* 6"2.'0 4. 4!" (21%% k> fk $% 4!"
(21%%?(.'*$4$.'12  !"#$"# *"'%$47 .- (21%% k> 1'* L $% 4!" (.%4 .# 2.%% $'()##"* +!"' 1%%$0'$'0
4!" %1/,2" x> 6"2.'0$'0 4. 4!" (21%% k> 4. 4!" (21%% k̂; @' 4!" (1%" .- !1#* (21%%$3(14$.' 9$;";>
(21%%$3(14$.' +!"#" .'27 .'" (21%% $% %"2"(4"*=> 4!$% (.%4 (1' 6" "A,#"%%"* 67 4!" %.?(122"*

%&''()"#* + 2.%% -)'(4$.'>

L(k, k̂) =

{
0 $- k = k̂

1 $- k 6= k̂.

B7 (!..%$'0 k̂ %)(! 4!14 4!" ')/"#14.# .- 9:;<= $% /$'$/$C"*> 4!$% 2"1*% 4. 4!" %.?(122"*
B17"% *"($%$.' #)2"; @' 4!" (1%" .- !1#* (21%%$3(14$.'> 4!" B17"% #)2" #"*)("% 4. 4!" -.22.+$'0

#)2"8 1%%$0' x 4. 4!" (21%% k̂ %)(! 4!14

k̂ = d(x) = 1#0/1A{fk(x)πk} k = 1, ..,K. 9:;D=
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+!"#" Nk $% 4!" ')/6"# .- %1/,2"% .- 4!" (21%% k 1'* N $% 4!" .5"#122 ')/6"# .- %1/,2"% .-
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1

(2π)d/2|Σk|1/2
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− 1
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(x− µ)TΣ−1

k (x− µ)
]

9:;I=

+!"#" x $% 1 d?(./,.'"'4 (.2)/' 5"(4.#> µ $% 4!" d?(./,.'"'4 /"1' 5"(4.#> Σ $% 4!" d
67 d (.51#$1'(" /14#$A> |Σ| 1'* Σ−1

1#" $4% *"4"#/$'1'4 1'* $4% $'5"#%"; J$'1227> (x − µ)T

*"'.4"% 4!" 4#1'%,.%" .- (x−µ); K./" (21%%$3(14$.' #)2"% 1#" *"#$5"* 67 1%%)/$'0 4!14 4!"
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µ̂k =
1

Nk

Nk∑

i=1

xik  !"#$

Σ̂k =
1

Nk − 1

Nk∑

i=1

(xik − µ̂k)(xik − µ̂k)
T

 !"%$

&'()( xk = {xik, i = 1, . . . , Nk} *)( +'( +)*,-,-. /*012(/ 34 +'( 52*// k" 6',/ *11)3*5' &3)7/

&(22 &'(- +'( 52*//853-9,+,3-*2 9(-/,+,(/ *)( *11)3:,0*+(2; -3)0*2 *-9 .339 (/+,0*+(/ 5*- <(

3<+*,-(9 4)30 +'( +)*,-,-. /*012(/" =3&(>()? ,+ ,/ ',.'2; *@(5+(9 <; /A</+*-+,*2 9,>().(-5(

4)30 -3)0*2 9(-/,+; *-9 <; * 2,0,+(9 +)*,-,-. /(+ BCCD? */ ,+ ,/ 34+(- +'( 5*/( 43) ';1()/1(5+)*2

)(03+( /(-/,-. 9*+*"

E- 3)9() +3 3>()530( 1)3<2(0/ 2,-7(9 +3 +'( *<3>( 0(-+,3-(9 2,0,+*+,3-/? +'( 1*)*0(+),5

*11)3*5' +3 9,/5),0,-*-+ *-*2;/,/ '*/ <((- (:+(-9(9 +3 +'( 5*/( &'()( -3+',-. ,/ 7-3&-

*<3A+ +'( 9(-/,+,(/ fk (:5(1+ 43) /30( *//A01+,3-/ *<3A+ +'(,) .(-()*2 <('*>,3A) B##D" 6'(

,9(* ,/ +3 *112; * -3-81*)*0(+),5 9(-/,+; (/+,0*+3) +3 +'( +)*,-,-. /*012(/ *-9 +'(- +3

/A</+,+A+( +'( 3<+*,-(9 (/+,0*+(/ ,-+3 +'( F*;(/ 9(5,/,3- )A2(  !"G$" 6',/ 4*0,2; 34 9(-8

/,+; (/+,0*+3)/ 93(/ -3+ *//A0( *-; 1),3) 7-3&2(9.( *<3A+ +'( 9,/+),<A+,3- 34 +'( 9*+*?

2,7( 1*)*0(+),5 (/+,0*+3)/ 93" H*-; 3+'() -3-81*)*0(+),5 (/+,0*+3)/ 5*- <( 43A-9 ,- +'(

2,+()*+A)(? /A5' */ +'( ',/+3.)*0 *11)3*5'? k8-(*)(/+ -(,.'<3A) *-9 +'( (:1*-/,3- <; <*8

/,/ 4A-5+,3-/ 0(+'39 B#%D" 6'*-7/ +3 ,+/ 1)31()+,(/ ,- +()0/ 34 5301A+*+,3- *-9 *55A)*5;?

3-( 34 +'( 03/+ 53003- 1)35(9A)( ,/ +3 A/( 0A2+,>*),*+( 7()-(2 9(-/,+; (/+,0*+3) 34 +'( 43)0I

f̂k(x) =

Nk∑

i=1

K{x− xik ;Hk}  !"J$

&'()( K 9(-3+(/ *- A-<,*/(9 7()-(2 4A-5+,3- *-9 Hk ,/ * 9,*.3-*2 53>*),*-5( 0*+),:" 6'(

5'3,5( 34 +'( 7()-(2 A/(9 43) +'( (/+,0*+,3- 5*- <( >(); ,013)+*-+" =3&(>()? ,- 5*/( 34

52*//,K5*+,3-? 9,@()(-+ 7()-(2/ 5*- /'3& /,0,2*) +)(-9/ B#%D" E- 3A) (:1(),0(-+/? &( '*>(

53-/,9()(9 3-( 34 +'( 03/+ &,9(2; A/(9 7()-(2? +'( L*A//,*- 3-(I

K(§) = 1

h
√
2π

(:1

{
− x2

2h2

}
.  !"MN$

HA2+,9,0(-/,3-*2 9(-/,+; (/+,0*+,3- ,/ ',.'2; *@(5+(9 <; +'( ',.' 9,0(-/,3-*2,+; 34 +'(

9*+*? *-9 1)*5+,5*22; ,/ -3+ +)*5+*<2( &'(- +'( 9,0(-/,3- 34 +'( 9*+* ,/ 5301*)*<2( &,+' +'(

/,O( 34 +'( +)*,-,-. 9*+*? */ ,+ 34+(- '*11(-/ ,- ';1()/1(5+)*2 9*+* *-*2;/,/" E- +'(/( 5*/(/?

+'( 7()-(2 K ,/ /A</+,+A+(9 <; +'( 1)39A5+ 34 A-,>*),*+( L*A//,*- 7()-(2 4A-5+,3-? 2(*9,-. +3

(/+,0*+(/ 34 +'( 43)0 BCPDI

f̂k(x) = (2π)−p/2HN−1
k

Nk∑

l=1

p∏

j=1

(:1

{
− (xj − xlkj)2

2h2kj

}
 !"MM$

&'()( hkj ,/ +'( j+' (2(0(-+ 34 ,- +'( Hk 9,*.3-*2 0*+),:? xljk ,/ +'( lj+' 3</()>*+,3- 34 +'(

/*012(/ <(23-.,-. +3 +'( 52*// k? *-9

H =
1∏p

j=1 hkj
 !"M!$

6'( 0*,- 9)*&<*57 34 +',/ *11)3*5' ,/ +'*+ /30( ,013)+*-+ ,-43)0*+,3- 43) +'( 52*//,K5*+,3-

1)35(// ,/ -3+ )(+),(>(9" E- 4*5+? ,+ (/1(5,*22; 355A)/ &'(- 9(*2,-. &,+' ',.'89,0(-/,3-*2 9*+*



 !"#$%&'( )* +,-'%',-',& "./%.,',& -+0"(+/+,$,& $,$120+0
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M5 E)# + ," )20"#$+*&), x7 *!" L)&,* 3",0&*% )-Y = Âkx &0 1#0* .)'(8*"3 -)# "+.! ./+00 +0

*!" (#)38.* )- *!" "0*&'+*"3 '+#4&,+/ 3",0&*&"07 0&,." *!" .)'(),",*0 +#" &,3"(",3",*5
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(;< "$))$5 B0 +)!)& 3*4$5$.,$+ >?@A "$))$5 <$!. Z

CD(>( 3!)! +$)

E E F GH&II

A;>C>( >.3*.! J*.$ 3!)! +$)

E E FE GFK&%E

A;>C>( L$M#! 3!)! +$)

E E FE GFE&NK

LO@>?P 3!)! +$)

E F Q GN&RQ

3$S*!)*0.&  2*+ 92$.08$.0. 6!+ #$++ *8905)!.) 105 )2$ A;>C>( L$M#! 3!)! +$) 37$ )0 )2$

#!5-$5 .78"$5 01 )5!*.*.- +!89#$+ +$#$,)$3& A+ !. $T!89#$= U*-75$+ %&K !.3 %&V +206 +08$

,#!++*/,!)*0. 8!9+ 0")!*.$3 6*)2 )2$ (;< !.3 6*)2 >?@A&

>) 2!+ "$$. 0"+$5S$3 *. WNFX )2!) )2$ ,089!5*+0. 01 )60 ,#!++*/,!)*0. 5$+7#)+ *. )$58+ 01

0S$5!## !,,75!,: 8!: "$ *.!995095*!)$= "$*.- $T9#*,*)#: "!+$3 0. !. !++789)*0. )2!) )2$ )60

+$)+ ,0.+*3$5$3 !5$ *.3$9$.3$.)&  2*+ *+ .0) )57$ *. 075 $T9$5*8$.)+= 62$5$ )2$ +!89#$+ 7+$3

105 )2$ )5!*.*.- !.3 )$+) 950,$++ 01 )2$ )60 3*4$5$.) ,#!++*/,!)*0.+= !5$ $T!,)#: )2$ +!8$& >.

053$5 )0 "$))$5 $S!#7!)$ )2$ +)!)*+)*,!# +*-.*/,!.,$ 01 )2$ 3*4$5$.,$ "$)6$$. >?@A !.3 (;<=

<,B$8!5Y+ )$+) 6!+ 9$51058$3= 62*,2 *+ "!+$3 790. )2$ +)!.3!53*Z$3 .058!# )$+) +)!)*+)*,'

Z =
f12 − f21√
f12 − f21

[%&FK\

62$5$ f12 *.3*,!)$+ )2$ .78"$5 01 +!89#$+ ,#!++*/$3 ,055$,)#: ": ,#!++*/$5 F !.3 *.,055$,)#:
": ,#!++*/$5 %&  2$ 3*4$5$.,$ *. !,,75!,: "$)6$$. ,#!++*/$5+ F !.3 % *+ +!*3 )0 "$ +)!)*+)*,!##:

+*-.*/,!.) *1 |Z| > F&QI&  2$ +*-. 01 Z *.3*,!)$+ 62$)2$5 ,#!++*/$5 F *+ 805$ !,,75!)$ )2!.

,#!++*/$5 % [Z > 0\ 05 S*,$ S$5+! [Z < 0\&  2*+ )$+) !++78$+ 5$#!)$3 )$+) +!89#$+ !.3 )27+
*+ !3!9)$3 )0 )2$ +*)7!)*0. !) 2!.3 +*.,$ )2$ )5!*.*.- !.3 )$+) +$)+ 6$5$ )2$ +!8$ 105 $!,2

$T9$5*8$.)&  2$ 5$+7#)+ 01 <,B$8!5Y+ )$+) WNFX !5$ +206. *.  !"#$ %&%= !.3 ,0./58 )2$

,0.,#7+*0.+ 01 95$S*07+ $T9$5*8$.)+&

U*.!##:= )2$ ,0897)!)*0.!# "753$. 01 (;< !.3 >?@A 6!+ *.S$+)*-!)$3&  2$ 950,$++*.-

)*8$ 01 (;< ]7!35!)*,!##: 3$9$.3+ 0. )2$ +*Z$ 01 )2$ )5!*.*.- +$)= !.3 *) *+ #0.-$5 62$5$

! #!5-$ .78"$5 01 )5!*.*.- +!89#$+ *+ 7+$3& >. 0990+*)$= >?@A 2!+ ! S$5: +205) )5!*.*.-

)*8$= 37$ )0 )2$ 1!+) ,0897)!)*0. 01 3$.+*): $+)*8!)*0.+ 01 )2$ )5!*.*.- +!89#$+= !.3 !

#0.-$5 )$+)*.- )*8$= "$,!7+$ )2$+$ 3$.+*)*$+ 2!+ )0 "$ ,!#,7#!)$3 105 $!,2 01 )2$ )$+) +!89#$+&

U*-75$ %&% +206+ *. )2$ )2*53 ,0#78. 206 )2$ 950,$++*.- )*8$ 01 >?@A S!5*$+ !,,053*.- )0 )2$

.78"$5 01 >.3$9$.3$.) ?0890.$.) 5$)!*.$3& A+ ,07#3 "$ $T9$,)$3= (;< *+ ,0897)!)*0.!##:

#$++ 3$8!.3*.- )2!. )2$ >?@A 62$. ,0.+*3$5*.- 3!)! +$)+ 6*)2 +8!## 05 S$5: +8!## .78"$5

01 )5!*.*.- +!89#$+&  2$ 0990+*)$ +*)7!)*0. 0,,75+ 62$. 8$3*78^#!5-$ )5!*.*.- +$)+ !5$

!S!*#!"#$= !+ *. )2$ ,!+$ 01 CD(>( 05 A;>C>( L$M#! 3!)! +$)+&
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FG?:? ;!4! ?$4 <@:F:? :07.!0 H.0$ <@:F:? I$J#! IK;:)L D!/9.0C4*0

<,,-*!29 ?@A :);< ?@A :);< ?@A :);< ?@A :);<

G< MN&ONP 3)*4!5 QR&S% ± N&SQP 6!*73 ± )*485 TO&'T ± N&NUP 7!*)) ± 8*945 TS&UM ± N&OOP 7:*)9± 4*!65

V!,,! 2*$1& UQ&MRP ::*935 QO&TT ± N&'QP 68*38 ± )*)85 MM&TR ± N&'NP 79*9) ± 8*965 T%&'U ± N&SSP 7 *7 ± )*4)5

<< 33*) 5 MU&SMP UO&NO ± O&MUP :6*4 ± 4*8)5 TO&'U ± O&UNP 7)*)3 ± 8* 85 T'&R% ± N&NQP 7!*:4± 4*795

)#!// N MS&T'P UR&SOP MS&SSP M'&''P MM&'RP TR&T%P TR&'MP TU&UTP

)#!// % UO&UTP UU&USP 'R&UTP QQ&TUP MU&%QP TQ&NSP TT&NRP T%&RNP

)#!// ' RU&NRP UU&S%P SO&RUP QN&RNP MM&%SP TS&NTP TR&UTP TS&SMP

)#!// S TU&UUP TM&OUP U%&'NP UM&MOP MS&TSP TR&QSP TM&SNP TT&TQP

)#!// Q TT&SRP NOOP MO&SOP MS&MUP T'&''P MR&NNP TM&%'P TM&NQP

)#!// R T%&M'P MM&MRP UM&T'P T%&Q'P TS&%SP TM&QRP MN&MQP MM&U'P

)#!// U TO&S%P TN&'QP TQ&'MP TR&NQP MU&QSP TR&ORP MS&SMP TO&RTP

)#!// M T%&UMP M%&O%P UR&NNP TO&S'P TN&RTP UT&QSP W W

)#!// T TM&NNP TQ&'QP NOOP NOOP MQ&MMP MU&%TP W W

)#!// NO W W Q'&MOP QU&%QP US&%OP MO&%OP W W

)#!// NN W W 'T&U'P ST&UMP NOOP NOOP W W

)#!// N% W W ST&N%P RO&OUP TU&QTP TM&NTP W W

)#!// N' W W TN&S%P TT&NQP W W W W

)#!// NS W W MN&'NP T%&'OP W W W W

)#!// NQ W W SU&OQP QN&MTP W W W W

)#!// NR W W TS&NNP TO&Q'P W W W W

H-& 4.+$ %SO + Q' + QMO / S%O / %O + N% + 'R / RR /
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B$C#! D!0! E$0

;<= F%G ;<= F'G ;<= F%HG ID= FJJG )<= F%G )<= F'G )<= F%HG

K= LJ&HM ± %&HN LH&OP ± %&L> L%&J% ± M&JL NP&>H ± %L&MM LJ&HP ± %&%M LJ&JM ± %&>L L%&HM ± %&>N

== O%&>O ± M&JJ ON&PM ± M&>M LH&PH ± '&J> NO&>J ± %O&'N O%&>O ± M&MP ON&OJ ± '&%P LH&NP ± '&%H

κ OL&H% ± %&'N OO&LP ± M&M% O>&N> ± M&PM N%&>> ± %>&MM OL&LP ± %&N> OL&%L ± M&'M O>&'J ± M&ML

=Q)R)E )*23!* ;3*$

;<= F'G ;<= FMJG ;<= FJHJG ID= FJNG )<= F'G )<= FMJG )<= FJHJG

K= P%&MP ± J&LN N>&'% ± %&PO NH&H' ± %&M% >&L% ± N&PJ 'N&ML ± M&'N P%&JM ± %&HH PN&'L ± J&%L

== O'&%J ± J&JH OM&LP ± J&LL PO&HJ ± J&PP %%&O' ± J&N> NL&MN ± J&LM O'&H> ± J&OO OL&J% ± J&H%

κ NO&>' ± J&>O N'&OL ± %&LP ''&N% ± %&NH M&JO ± H&MO M>&%% ± M&'H NO&OM ± %&%N PJ&'J ± J&MP

BSD)<T U!513*V0.*

;<= F%'G ;<= F'OG ;<= FWG ID= FPG )<= F%'G )<= F'OG )<= FWG

K= LN&LH ± %&'% L%&H% ± '&PJ W W L'&HH ± M&LH L%&>N ± '&OH W

== OL&'N ± '&P> OL&%M ± P&M> W W OL&NN ± M&>> OL&M% ± P&>% W

κ O>&'J ± M&PN O'&PL ± N&>> W W OO&MJ ± '&>M ON&N% ± P&P% W

RKE)E 2!0! 5$0

;<= F'G ;<= FJNG ;<= F''G ID= FLG )<= F'G )<= FJNG )<= F''G

K= OH&J> OP&'M OM&%J OO&PO P>&>N OP&%> OM&MM

== LH&MO LN&JP L'&J% L'&'L O>&L' LN&'P L'&HJ

κ PM&% OH&O' PO&J% OJ&>P PJ&M' OH&PH PO&%%
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Thematic classes for the University:
trees asphalt bitumen

gravel metal sheets shadows

meadows bricks bare soil

Thematic classes for the Center:
water trees asphalt

bricks bitumen tiles

shadows meadows bare soil
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0(*++,/0*", . 3$+5("+  D"*,.$)  . "#$ +,.-($ H'%+B C#$ $Q2$3,1$."*( 3$+5("+  D"*,.$)  . 3$*(

#62$3+2$0"3*( )*"* +$"+ 23 4$) "#*" "#$ 23$23 0$++,.-  ! "#$ #62$3+2$0"3*( )*"* 0*33,$)  5"

F,"# G&' ,+ 1 3$ +5,"*D($ "#*. "#$ %&' ! 3 1 )$(,.- "#$ ),V$3$." + 530$+  ! ,.! 31*", .

23$+$." ,. "#$ +0$.$B T 3$ 4$3A !3 1 "#$ $Q2$3,1$."+ *.) 3$+5("+A ," F*+ $4,)$." # F ,12 3O

"*." "#$ +2*",*( !$*"53$+ $Q"3*0"$) D6 "#$ H'%+ *3$ ! 3 0(*++,/0*", .B C#$ 0 .0*"$.*", .  !

"#$ ),V$3$." H'%+ -*4$ $Q0$(($." 3$+5("+ ,. "$31+  ! 0(*++,/0*", . *0053*0,$+ ;F,"# 3$+2$0" " 

 "#$3 F 3S+ 23$+$." ,. "#$ (,"$3*"53$  . "#$+$ )*"* +$"+=B C#,+ *223 *0# ),) . " 2$3! 31 F$((

 .(6 ,.  .$ 0*+$ F,"# "#$ %&'A ,B$BA F#$. "#$ +,.-($ H'%+ ($) " 3$+5("+ +,-.,/0*."(6 ),V$3$."

 .$ " "#$  "#$3B ;3*.-$  ! ),V$3$.0$ ,. "#$  4$3*(( *0053*0,$+ -3$*"$3 "#*. :89=B W F$4$3A

"#,+ $V$0" ),) . "  0053 F,"# "#$ G&'A F#$3$ "#$  D"*,.$) 3$+5("+ F$3$ 1 3$ 5.,! 31 *.) *((

+"*",+",0*( +,-.,/0*." ;*00 3),.- " "#$ T0X$1*3Y+ "$+"=B C#$ *223 *0# D*+$)  . "#$ !5+, .  !

"#$ 0(*++,/0*", . 3$+5("+ F,"# "#$ 1*Z 3,"6 4 ",.- +"3*"$-6 23 4$) " #*4$ * 3 D5+" D$#*4, 3

($*),.- " *0053*0,$+ +(,-#"(6 ( F$3 "#*. "# +$  ! "#$ D$+" 0*+$  D"*,.$) F,"# * +,.-($ H'%+

D5" D$""$3 "#*. *(( "#$  "#$3+B C#$ 23 2 +$) "$0#.,E5$ 23 4$) "#$ ,12 3"*.0$  ! ,.0(5),.-

"#$ +2*",*( ,.! 31*", . ,. "#$ *.*(6+,+  ! #,-# 3$+ (5", . #62$3+2$0"3*( ,1*-$+B H4$. "#$

,.03$*+$  ! "#$ .51D$3  ! !$*"53$+ 23 )50$) D6 0 .+,)$3,.- "#$ H'%+ F*+ . " *. ,++5$ )5$



 !

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

+,/.(3$&+.,

 !"#$ %&'( )*+,+ -./0$12/34 5!3! 2$3& 6#!22/78!3/9. !88:1!8/$2 9"3!/.$5 !88915/.; 39 3<$

5$281/"$5 28<$=$&  <$ 7123 > 89#:=.2 1$?1$2$.3 3<$ 1$2:#32 9@ +AB !??#/$5 39 3<$ 2/.;#$

CDE2&  !! =$!.2 3<!3 3<$ +AB /2 !??#/$5 39 3<$ 5!3! 9"3!/.$5 89.2/5$1/.; 3<$ 9:3?:32

9@ 3<$ @9:1 7#3$12F 39;$3<$1& "#$%&' /2 9"3!/.$5 G/3< 3<$ 2:= 9@ 3<$ 093$2 9@ 3<$ 7123 @9:1

8#!22/7$12&  <$ "$23 1$2:#32 9"3!/.$5 @91 $!8< 5/=$.2/9.!#/34 1$5:83/9. =$3<95 !1$ :.5$1#/.$5&

 <$ "$23 1$2:#32 "4 89=?!1/.; E6D 02& ,6D !1$ /. "9#5&

*1/;/.!# > 69=?& D1$! H/!;9.!# ,.$13/! +35 D## I:2/9.

I$!3& 'J% > %K %K %K %K '>> L'>>M

E1/.8/?!# 69=?9.$.3 D.!#42/2

*D LNM OO&PQ OR&QR QJ&JJ PS&>R KQ&PJ PK&SK OO&P' PQ&R'

κ LNM OR&%> KK&RS PO&JK P'&R> K%&RR PR&PR O'&JP PK&JK

DD LNM PS&OP P'&SS QR&J> PQ&SS PR&>P 45*56 PK&P> QR&J>

D2?<!#3 OP&RQN OQ&S'N 46*7)8 PQ&RKN P%&%RN 45*6 8 PP&%>N 4)*968

B$!59G KO&OQN K'&ORN PS&Q'N PJ&P>N S'&JQN OQ&Q'N KJ&KJN PS&JKN

T1!0$# KJ&R'N S'&SJN SO&'RN KR&KSN S>&KQN :4*6:8 SQ&RON K>&%RN

 1$$2 QP&>ON QO&Q'N 44* 58 44*778 QS&>KN 4;*;48 QP&OKN 44*958

B$3!# +<$$3 QQ&>PN QQ&>PN QQ&OJN QQ&OJN QQ&RKN QQ&OJN QQ&OJN QQ&OPN

U!1$ 29/# PK&KPN O%&RQN 47*:78 ;5*!68 OO&O%N 45*;68 PK&SKN ;4* :8

U/3:=$. PQ&OJN P'&P'N 44*768 QO&%ON QK&P>N QO&PRN QP&KSN QQ&JRN

U1/8V2 Q'&SJN PP&PKN 4;*;48 QS&PON PQ&P>N Q'&'RN QR&Q>N QO&K'N

+<!59G QQ&PQN QQ&PQN 44*;48 5!!8 Q>&JQN QQ&PQN QK&O%N 5!!8

,.5$?$.5$.3 69=?9.$.3 D.!#42/2

*D LNM OO&PQ O>&K> 45*7: ; *49 4)*6 ; *:4 49*9 45*:4

κ LNM OR&%> KP&RR ;;*66 ;9*)5 45*:) ;9*59 47*;! ;4*5)

DD LNM PS&OP OO&'P 47*): 45* 7 46* ) QJ&QR 4:*6; 49*55

D2?<!#3 OP&RQN PJ&K>N QJ&S%N 4!*69N 47*:5N QJ&JSN 47*;98 QR&%SN

B$!59G KO&OQN K>&K%N 45*) N ;6*)!N 4!*4:N ;)*:;8 45*478 4!*978

T1!0$# KJ&R'N SP&'ON :4*!)N ;6*7)N 45*!48 KK&PQN 4!*!!8 ;6* 58

 1$$2 QP&>ON QO&KPN QQ&SPN QP&PKN 4;*!98 QO&SRN 44*698 QQ&%PN

B$3!# +<$$3 QQ&>PN QQ&K%N 44*;6N 44*;6N 44*4)8 44*;68 44*4)8 44*;68

U!1$ +9/# PK&KPN OR&PJN P>&Q'N O>&R'N 46* !N PP&OQN 4 *458 P%&JPN

U/3:=$. PQ&OJN PR&Q%N QP&QSN 4 * 7N 44*)78 4 *;78 44*5!8 44*!78

U1/8V2 Q'&SJN PP&O%N QP&OSN 4 *;!N 44*!!N 49*9)8 44*548 4;*9;8

+<!59G QQ&PQN QQ&SPN QP&RJN QS&OPN 46*6:8 QQ&%ON 4;*;98 QQ&>ON
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 !"#$% &'() *+,-, ./0!/ 12!0%$3!45 6/4/ 3%4' 78/33!9:/4!;2 </=3 ;>4/!2%6 >5) ?/@ .7A B!4C

/$%/ /44$!>#4% ?DA.a@E ?>@ .7A B!4C  AE ?:@ -7A B!4C ,FAE /26 ?6@ -7A B!4C  A'
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 "#$# 0' / "0E" E#(#$/.0F/ 0!( -/6/%0.0 5 0(  "# 6$!6!'#4 7# "!49 8"0-" 0' #G6#- #4  ! '"!8

0( #$#' 0(E $#'&. ' /.'! 0( / 40H#$#( -!( #G 80 " $#'6#-  !  "# !(# /(/.5F#4 0(  "0' -"/6 #$

I&$%/( /$#/ 80 " D#$5 "0E" '6/ 0/. $#'!.& 0!(J2

K' / 7/  #$ !) )/- 9 '6#- $/. )#/ &$# $#4&- 0!( /(4 '6/ 0/. )#/ &$# #G $/- 0!( "/D# 6$!D#(  !

%# '&0 /%.# 7# "!4'  ! 076$!D#  "# -./''01-/ 0!( /--&$/-5 !) "56#$'6#- $/. 07/E#'2 L!8#D#$9

/ 6$!%.#7 8"0-" 8/' (! /44$#'' 0'  "# 0(M&#(-# !) .!8 '6/ 0/. $#'!.& 0!(9 8"0-" .#/4  !  "#

6$#'#(-# !) 70G &$#' !) 7/ #$0/.' 0(  "# '-#(#'2 3"# '#-!(4 6/$ !)  "0'  "#'0' 80.. #G6.!$#

 "# 6!''0%0.0 5  ! &'# '&%:60G#. 0()!$7/ 0!( )!$ / %#  #$ $#6$#'#( / 0!( !) "56#$'6#- $/. 4/ /
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*03:3.!# C 56@A G0$! J3!:6.!# ,.$0/3! +/1 G## K7236.

K$!/& ;<' C %L %L %L %L ;CC M;CCN

H03.53A!# -6@A6.$./ G.!#8232

*G MON PL&'? ± <&'? PL&'C ± <&'C PQ&C< ± <&'< PR&Q% ± <&'C PR&Q; ± <&'? ,-!.-± <&;C PQ&C%± <&'? PQ&%P ± <&;?

κ MON P%&?P ± <&C' P%&?L ± <&C; PR&'L ± <&%C PL&'R ± <&C; PL&'C ± <&C% ,+! , ± <&'% PR&%;± <&C' PR&'C ± <&'?

GG MON P'&Q< ± <&%Q P'&L? ± <&%? PR&;Q ± <&%' PL&;Q ± <&C' ,/!0 ± <&%% PL&P% ± <&%Q ,+!0/ ± <&%Q PR&'; ± <&'?

-#!22 ; PP&%CO PP&?%O PP&R<O ,,!//1 PP&L%O ,,!,,1 PP&R?O PP&R<O

-#!22 ' Q?&LRO Q?&QQO P<&CLO QP&P'O QQ&%QO --!+21 P<&?QO P<&?<O

-#!22 % P'&Q?O P'&?<O PC&'QO ,.!- 1 ,.!.21 , !321 ,"! 01 P?&%'O

-#!22 C QL&Q%O QL&LQO ,,!""1 PR&C'O ,-!+21 ,,!"+1 ,,!"+1 PP&?;O

-#!22 ? P;&P<O P;&P'O PQ&?PO ,-! 21 ,+!.+1 ,,!//1 PQ&L<O PQ&L<O

-#!22 L P%&LPO P%&P<O ,+!++1 PL&;%O PC&QRO ,+!221 PR&;CO PR&<<O

-#!22 R QL&LLO QC&'RO ,.!//1 QP&RCO P'&PQO ,"!031 PC&Q;O PC&RCO

-#!22 Q PP&%CO PP&'CO PP&?PO PP&L;O PP&L;O ,,!2,1 PP&L'O PP&?CO

-#!22 P PP&P'O PP&P'O ,,!,,1 2331 ,,!,-1 PP&PCO ,,!,-1 ,,!,-1

,.1$A$.1$./ -6@A6.$./ G.!#8232

*G MON PL&'? ± <&'? PL&CR ± <&'C ,-!", ± <&;L ,-!2- ± <&'' ,+!,2 ± <&%' PR&PR ± <&'Q ,-!/, ± <&;P ,-!.+ ± <&;P

κ MON P%&?P ± <&C< P%&PC ± <&C; ,+!"- ± <&'L ,/!-+ ± <&%Q ,/!.0 ± <&?C PL&?; ± <&CL ,+!+" ± <&%' ,+! - ± <&%'

GG MON P'&Q< ± <&%Q P'&%P ± <&%C ,+!"3 ± <&'? ,/!+/ ± <&'R PL&;? ± <&CR PL&;Q ± <&%R ,+!"- ± <&%% ,+!0/ ± <&%?

-#!22 ; PP&%CO PP&Q;O ,,!+.1 PP&LLO ,,!/.1 PP&RCO ,,!-0 ,,!+ 1

-#!22 ' Q?&LRO QL&?;O ,0!+.1 ,2!+,1 --!,.1 Q?&%;O ,0!2" ,3!"-1

-#!22 % P'&Q?O P<&P%O ,.!,,1 PC&CPO P'&?%O P;&;RO PC&L' ,"! "1

-#!22 C QL&Q%O Q%&CCO PP&%'O ,-!301 PR&%LO PP&CLO PP&?< ,,!"/1

-#!22 ? P;&P<O P<&RCO ,,! ,1 PQ&;CO P?&LCO PQ&QPO ,-!-,1 ,-!/31

-#!22 L P%&LPO PC&?CO PR&%%O ,/!/01 ,/!+,1 PL&PLO ,+!"31 ,+!2.1

-#!22 R QL&LLO QL&CCO PC&?<O ,0!/ 1 ,.!-.1 PC&??O ,"!,/1 ,.!-01

-#!22 Q PP&%CO PP&'?O ,,!/+1 ,,!/+1 ,,!/+1 PP&?QO ,,!+31 ,,!/01

-#!22 P PP&P'O PP&QRO PP&RQO PP&Q<O PP&PRO ,,!,+1 PP&PRO ,,!,-1
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 !"#$ %&%' ()*+* ,-./$01.23 4!2! 1$2& 5#!11.67!2.8- !7790!7.$1 8"2!.-$4 :.2; 4.<$0$-2 78=>

".-!2.8- 8? 6#2$01

@0.-7.A!# 58=A8-$-2 B-!#31.1

B0$!C*24 B0$!CD.!E8 B0$!CD.!E8C*24

)B FGH IJ&KLG MM&MNG MI&OPG

κ FGH MN&%%G ML&PLG MP&%%G

BB FGH IQ&IMG IQ&LMG IQ&MOG

+-4$A$-4$-2 58=A8-$-2 B-!#31.1

B0$!CD.!E8 B0$!C+-$02.! B0$!CD.!E8C*24

)B FGH IJ&MPG IL&JJG IO&JIG

κ FGH MN&IMG I%&ONG IK&%JG

BB FGH IK&MPG IP&NNG IP&%QG

 !"#$ %&O' ()*+* 5$-2$0 4!2! 1$2& 5#!11.67!2.8- !7790!7.$1 8"2!.-$4 :.2; 4.<$0$-2 78=".>

-!2.8- 8? 6#2$01

@0.-7.A!# 58=A8-$-2 B-!#31.1

B0$!C*24 B0$!CD.!E8 B0$!CD.!E8C*24

)B FGH IM&LK ± J&QI IM&%K± J&KQ IM&OL ± J&KQ

κ FGH IN&OP ± J&%J IN&QK± J&%P IN&%O ± J&%L

BB FGH IN&KO ± J&%K IN&QJ± J&%O IN&KL ± J&%O

+-4$A$-4$-2 58=A8-$-2 B-!#31.1

B0$!CD.!E8 B0$!C*24 B0$!CD.!E8C*24

)B FGH IM&LO ± J&QL IM&PP ± J&QN IM&PL ± J&QL

κ FGH IN&LJ ± J&KP IN&NJ ± J&KM IN&PM ± J&KL

BB FGH IN&%P ± J&K% IN&LJ ± J&%K IN&LK ± J&KN
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 !"!# $%&'()%&*+%, -(./*&*0/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1#

 !"!" 2/-)()3(4 (5&4%+&*0/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1"

 !"!6 738/-%/+(9 -(&(4)*/%&*0/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 16

 !"!6!# :*/(%4 ;<(+&4%, =/)*5*/> ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 16

 !"!6!" ?8,,@ A0/9&4%*/(- :*/(%4 ;<(+&4%, =/)*5*/> ! ! ! ! ! ! ! ! 16

 !"!6!6 B%4&*%, =/)*5*/> ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1 

 !9 4$5+6+$7:;2<1( =12%)&1 >6%&2*%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 8?

 !6!# =/)*5*/> A'%*/ C# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1D

 !6!" =/)*5*/> A'%*/ C" ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1D

 !6!6 =/)*5*/> A'%*/ C6 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1E

 !6! =/)*5*/> A'%*/ C ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1E

 ! >601&+51$%23 @1<)3%< ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 88

 ! !# F@<(49<(+&4%, G%&% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 11

 ! !" 25<(4*)(/&9 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1H
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12(%%+#"$ (/- &!" -+3"/%+)/(2+&4 )* &!" (/(24;"- -(&(:

<),"."$7 &!" )&!"$ 3(=)$ +%%5" $"2(&"- &) !4'"$%'"1&$(2 +3(0"%7 ,!+1! +% &!" 2), %'(&+(2

$"%)25&+)/ (9"1&+/0 %(&"22+&" +3(0"%7 -5" &) '!4%+1(2 1)/%&$(+/&% (/- &) &!" &$(-">)9 ,!+1! +%

0"/"$(224 )8%"$."- 8"&,""/ %'(&+(2 (/- %'"1&$(2 $"%)25&+)/7 +% /)& (--$"%%"-: ?/ &!" %"1)/-

'($& )* &!+% &!"%+%7 &!" +%%5" $"2(&"- &) 2), %'(&+(2 $"%)25&+)/ ($" (--$"%%"-: @+05$" A:B

+225%&$(&"% &!" '$)82"3 1)//"1&"- ,+&! 2), %'(&+(2 $"%)25&+)/: C."$4 '+D"2 )* &!" +3(0" +%

1!($(1&"$+;"- 84 ( %+/02" %'"1&$(2 %+0/(&5$"E  !+% %+0/(&5$" !),"."$ +% )*&"/ 1)3')%"- 84 &!"

3+D&5$" )* %"."$(2 3(&"$+(2 %'"1&$(2 %+0/(&5$"% FGAH: I20)$+&!3% ,!+1! -) /)& 1)/%+-"$ %51!

( 2+3+&(&+)/ 1)52- 8" %"."$"24 (9"1&"- +/ &"$3% )* 12(%%+#1(&+)/ (115$(14:

 !" )8="1&+." )* &!+% 1!('&"$ +% &) '$)')%" 3"&!)-% '"$*)$3+/0 -+3"/%+)/(2+&4 $"-51&+)/7

84 "D'2)+&+/0 %58>'+D"2 +/*)$3(&+)/ 1)/&(+/"- +/ &!" +3(0":  !"%" 3"&!)-% 1)52- '$).+-"

&,) 3(+/ (-.(/&(0"%7 &!(& ($" &!" +3'$)."3"/& )* -+%1$+3+/(&+)/ 1('(8+2+&4 ,!"/ (/(24;+/0

!+0!24 3+D"- %1"/"7 (% )*&"/ !(''"/% ,+&! 3"-+53 %'(&+(2 $"%)25&+)/ %(&"22+&" +3(0"%7 (/-

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

?/ 3(/4 %&5-+"%7 !4'"$%'"1&$(2 (/(24%+% &"1!/+65"% ($" -+.+-"- +/&) *522>'+D"2 (/- 3+D"->

'+D"2 12(%%+#1(&+)/ &"1!/+65"% FBA7GJ7GAH7 ,!"$" "(1! '+D"2 ."1&)$ -"#/"% (  !"#$%&'  ()*&$+%"

)$ ,*)"%!%(*$ &!(& 5/+65"24 1!($(1&"$+;"% &!" 5/-"$24+/0 3(&"$+(2% (& "(1! %+&" +/ ( %1"/":

I22 &!" *"(&5$" $"-51&+)/K"D&$(1&+)/ &"1!/+65"% '$"%"/&"- +/ &!" #$%& '($& )* &!+% &!"%+% ($"

*522 '+D"2% &"1!/+65"%: @522>'+D"2 12(%%+#1(&+)/ &"1!/+65"% (%%53" &!(& "(1! %'"1&$(2 %+0/(&5$"

1)3'$+%"% &!" $"%')/%" )* )/" %+/02" 5/-"$24+/0 3(&"$+(2: L*&"/7 !),"."$7 &!+% +% /)& ( $"(2+%&+1

(%%53'&+)/ FMH:  !"$" ($" %"."$(2 $"(%)/% &!(& 3(4 1(5%" &!" (''"($(/1" )* 3+D"- '+D"2%N

• ?* &!" %'(&+(2 $"%)25&+)/ )* &!" %"/%)$ +% /)& #/" "/)50! &) %"'($(&" -+9"$"/& '5$" %+0/(>
&5$" 12(%%"% (& ( 3(1$)%1)'+1 2"."27 %"."$(2 %+0/(&5$"% 1(/ 1)/&$+85&" &) &!" $"O"1&(/1"

.(25" )* ( %+/02" '+D"27 (/- &!" $"%52&+/0 %'"1&$(2 %+0/(&5$" ,+22 8" ( 3+D&5$" )* &!"

+/-+.+-5(2 '5$" %'"1&$(7 )*&"/ 1(22"- "*-."./"% +/ !4'"$%'"1&$(2 +3(0+/0 &"$3+/)2>

)04 FGMH:

•  !" P)+/& Q'$"(- @5/1&+)/ )* &!" %"/%)$%7 (2%) +/ &!" 1(%" )* (-.(/1"- &"1!/)2)047
3(R"% !(''"/ &!(& ( '+D"2% ,+22 !(." 1)/&$+85&+)/ *$)3 +&% %5$$)5/-+/0 ($"(% FGSH:

• T!"/ 0")2)0+1(2 )$ 3+/"$(2 1)."$"- %1"/"% ($" (/(24;"-7 &!"$" ,+22 8" ( '$)8(8+2+&4 )*
3+D&5$"% (& ( 3+1$)%1)'+1 2"."27 (2%) 1(22"- +/&+3(&" 3+D&5$"% FGUH:

 !" '$"%"/1" )* 3+D"- '+D"2% +% /)& ( 3+/)$ +%%5" ,!"/ '"$*)$3+/0 %5'"$.+%"- 12(%%+#1(>

&+)/ FGVH: ?* ( '+D"2 +% ( 3+D&5$" )* &,) W)$ 3)$"X 2(/- 1)."$ 12(%%"%7 +&% %&(&+%&+1(2 1!($(1&"$>

+%&+1% ,+22 8" -+9"$"/& *$)3 &!" 12(%%"% ,!+1! +& +/125-"%:  !" 12(%%+#1(&+)/ (115$(14 1(/ 8"

&!"$"*)$" %"."$"24 (9"1&"- +/ &!+% 1(%"7 +* 5%+/0 &$(-+&+)/(2 *522 '+D"2 3"&!)-% *)$ -+3"/%+)/>

(2+&4 $"-51&+)/7 (% PYI )$ ?YI %!),/ +/ &!" #$%& '($&:

?/ &!+% 1!('&"$7 ," "D'2)$" (/ (2&"$/(&+." %&$(&"04 *)15%"- )/ &!" 5%" )* %'"1&$(2 5/3+D+/0 *)$

*"(&5$" "D&$(1&+)/ '$+)$ &) 12(%%+#1(&+)/:  !" 5%" )* %'"1&$(2 5/3+D+/07 (/- %58>'+D"2 %1(2"

+/*)$3(&+)/7 (22),% &) 8"&&"$ $"'$"%"/& 3+D&5$"% )* 12(%%"%:

 !" (/(24%+% )* %58>'+D"2% +/*)$3(&+)/ &) )8&(+/ *$(1&+)/(2 (85/-(/1"% 3('% )* 2(/- 1)."$

12(%%"% ,(% "D&"/%+."24 +/."%&+0(&"- %+/1" &!" #$%& $"%"($1! 1($$+"- )5& )/ %'"1&$(2 5/3+D+/0:

Q'"1&$(2 5/3+D+/0 !(% 8""/ 5%"- +/ ( 2($0" #"2- )* (''2+1(&+)/%7 %51! (% 12)5- %1$""/+/0 FGGH7
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 !"#$% &'() *++#,-$.-!/0 /1 -2% 3!4%5 6!4%+, 6$/7+%3' 82%0 -2% ,6.-!.+ $%,/+#-!/0 !, 0/- 90%

90% %0/#"2: 3!4-#$% /1 3.-%$!.+, ;.0 7% 1/#05 !0 -2% ,.3% 6!4%+' <+,/ !0 ;.,% /1 2!"2 ,6.-!.+

$%,/+#-!/0: 3!4%5 6!4%+, ;.0 7% 1/#05 !0 -2% !3."%

$%,/+#-!/0 %02.0;%3%0- /1 2=6%$,6%;-$.+ !3."%, >(??@: 3.66!0" 1/$%,- 2%-%$/"%0%!-= >(?(@

.05: 3/$% $%;%0-+=: .+,/ 1/$ 2=6%$,6%;-$.+ !3."% ;/36$%,,!/0 >(?A@'

B/C%D%$: -2% 6/,,!7!+!-= -/ %46+/!- ,#7E6!4%+ !01/$3.-!/0 -/ /7-.!0 5!3%0,!/0.+!-= $%5#;-!/0

-%;20!F#%, .05 ., . 6/,,!7+% 6$%E6$/;%,,!0" ,-%6 1/$ ,#6%$D!,%5 ;+.,,!9;.-!/0 C., /0+= +!-E

-+% -/#;2%5 C!-2!0 -2%,% !0D%,-!".-!/0,' G$%D!/#, %H/$-, !0 -2!, 5!$%;-!/0 C%$% 6$%,%0-%5

!0 >(I: (J@: 7#- -2% .0.+=,!, /1 C2%-2%$ ,6%;-$.+ #03!4!0" ;.0 $%6+.;% ,-.05.$5 1%.-#$% %4E

-$.;-!/0 -$.0,1/$3.-!/0, $%3.!0, .0 #0%46+/$%5 -/6!;' <+-2/#"2 ;+.,,!9;.-!/0 -%;20!F#%,

/1-%0 0%"+%;- -2% !36.;- /1 3!4%5 6!4%+, !0 -2% 6$/D!,!/0 /1 . ,%- /1 90.+ ;+.,, +.7%+,: C!5%+=

#,%5 7%0;23.$K 5.-. ,%-, !0 -2% +!-%$.-#$% L%'"' -2% <M*N*O *05!.0 G!0%, ,;%0%L .$% K0/C0

-/ 7% 5/3!0.-%5 7= 3!4%5 6!4%+,: %D%0 !1 -2% .,,/;!.-%5 "$/#05E-$#-2 !01/$3.-!/0 !, /0+=

.D.!+.7+% !0 1#++E6!4%+ 1/$3' B%0;%: -2% #,% /1 ,6%;-$.+ #03!4!0" 6$%,%0-, 5!,-!0;-!D% 1%.-#$%,

C!-2 $%".$5, -/ /-2%$ .66$/.;2%, ,#;2 ., GP<: QR /$ *P<'  !$,-: !- 6$/D!5%, .55!-!/0.+

!01/$3.-!/0 1/$ ;+.,,!9;.-!/0 !0 2=6%$,6%;-$.+ .0.+=,!, ,;%0.$!/, C!-2 3/5%$.-% ,6.-!.+ $%,/+#E

-!/0: ,!0;% -2% ,#7E6!4%+ ;/36/,!-!/0 /1 -$.!0!0" ,.36+%, ;.0 7% #,%5 ., 6.$- /1 -2% +%.$0!0"

6$/;%,, /1 -2% ;+.,,!9%$' O%;/05: -2% ;/36/0%0-, %,-!3.-%5 7= ,6%;-$.+ #03!4!0" ;.0 7%

62=,!;.++= %46+.!0%5 ., -2% .7#05.0;%, /1 ,6%;-$.+ %053%37%$,' S2!$5: ,6%;-$.+ #03!4!0"

5/%, 0/- 6%0.+!T% ;+.,,%, C2!;2 .$% 0/- $%+%D.0- !0 -%$3, /1 D.$!.0;% /$ ORN' B%$%: ,-.$-!0"

1$/3 -2% !0!-!.+ 7.;K"$/#05 !5%.: C% 5%,!"0 5!H%$%0- #03!4!0" 6$/;%,,!0" ;2.!0, C!-2 -2%

"/.+ /1 .55$%,,!0" -2$%% ,6%;!9; $%,%.$;2 F#%,-!/0,)

(' *, ,6%;-$.+ #03!4!0" . 1%.,!7+% ,-$.-%"= 1/$ 1%.-#$% %4-$.;-!/0 6$!/$ -/ ;+.,,!9;.-!/0U

A' V/%, -2% !0;+#,!/0 /1 ,6.-!.+ !01/$3.-!/0 .- -2% %053%37%$ %4-$.;-!/0 ,-."% +%.5 -/

7%--%$ ;+.,,!9;.-!/0 $%,#+-,U

W' *, !- $%.++= 0%;%,,.$= -/ %,-!3.-% 6#$% ,6%;-$.+ %053%37%$, 1/$ ;+.,,!9;.-!/0 6#$6/,%,U

S2% /7X%;-!D% /1 -2!, ;2.6-%$ !, -/ .5%F#.-%+= .0,C%$ -/ -2% .7/D% 3%0-!/0%5 F#%,-!/0,'

S2% $%3.!05%$ /1 -2!, ;2.6-%$ !, ,-$#;-#$%5 ., 1/++/C,' O%;-!/0 &'A 6$/D!5%, .0 /D%$.++ !0E
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 !"#$% &"' ()"$ *+,% !(- $'.&/&'01 2,% &"' 314 #,*%!&),*  5, %"'*&#,!,# *+,% !(- $'.&/&'0

%5(&'*1 2,% &"' 313 +!,*,' * #&6,!,' ,/+,!&.,' * *+,%&7%(--8 #,*&0',#  " (##!,**  5, !,*,(!%5

9$,* &"'* ()":, ('#  " +!":&#, ( %".+(!&*"' ), ;,,'  5, +!"+"*,# $'.&/&'0<)(*,# * !( ,08

('# " 5,! =,( $!, ,/ !(% &"' (++!"(%5,* +!,*,' ,# &'  5, -& ,!( $!,1 2,% &"' 31> %"'%-$#,*

;& 5 *"., !,.(!?* ('# =$ $!, !,*,(!%5 (:,'$,*1

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

2+,% !(- $'.&/&'0 &*  5, +!"%,#$!, )8 ;5&%5  5, .,(*$!,# *+,% !$. "= ( .&/,# +&/,- &*

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

&'0 =!(% &"'*@ "! ()$'#('%,*@  5( &'#&%( ,  5, +!"+"! &"' "= ,(%5 ,'#.,.),! +!,*,' &'  5,

+&/,-1 A'#.,.),!* '"!.(--8 %"!!,*+"'#  " =(.&-&(! .(%!"*%"+&% ")B,% * &'  5, *%,',@ *$%5

(* ;( ,!@ *"&-@ ., (-@ "! ('8 '( $!(- "! .('<.(#, .( ,!&(-1 C'.&/&'0 +!":&#,* ( %(+()&-& 8

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

D&/&'0 ."#,-* (  ,.+  " !,+!,*,'  5, $'#,!-8&'0 +58*&%*  5( (!,  5, ="$'#( &"' "= 58+,!<

*+,% !(- +5,'".,'"-"08@ ('# $'.&/&'0 (-0"!& 5.* $*,  5,*, ."#,-*  " +,!="!.  5, &':,!*,

"+,!( &"'@ (  ,.+ &'0  " !,%":,!  5, ,'#.,.),!* ('#  5,&! (**"%&( ,# =!(% &"'(- ()$'#('%,*

=!".  5, .&/,#<+&/,- *+,% !$.1

E;" .(&' ."#,-* %(' ), $*,#  " #,*%!&+, ( 58+,!*+,% !(- *%,', )8 .,(' "= *+,% !(- $'<

.&/&'01 E5, 7!* +"**&)&-& 8 &*  5,  !"#$% &"'!(!")@ ;5&%5 (**$.,*  5(  5, #&6,!,' -('#

%":,! %-(**,* 5(:, -&',(! !,-( &"'*5&+ ('#  5,&! !,F,% ('%, &* #&!,% -8 +!"+"! &"'(-  "  5, (!,(

"%%$+&,# ;& 5&'  5, +&/,-1 E5, *,%"'# +"**&)&-& 8 &*  " $*, ( '"'<-&',(! ."#,-@ (**$.&'0  5( 

 5, .( ,!&(-* (!, '" -8&'0 *&#, )8 *&#,@ )$  5,8 (!, 5"."0,',"$*-8 #&* !&)$ ,# ;& 5&'  5,

+&/,-* ('# .&/,# ( ( .&%!"*%"+&% -,:,-1

G'  5&* ;"!?@  5, ="%$* &* +"*,# "'  5, -&',(! .&/&'0 ."#,-1 H5,' +,!="!.&'0 *$+,!:&*,#

%-(**&7%( &"'@ .(%!"<-('# %":,! %-(**,* (!, ('(-8I,#1 G' *$%5 ( %(*,@  5, -&',(! *+,% !(- $'<

.&/&'0 (++!"/&.( &"' %(' ), $*,# ;& 5"$ -"** "= &.+"! (' &'="!.( &"'1 D"!,":,!@  5, '"'

-&',(! *+,% !(- ."#,- &* .$%5 ."!, ,/+,'*&:, =!". ( %".+$ ( &"'(- +"&' "= :&,;1 G'  5,

="--";&'0@ (= ,! #,*%!&)&'0 =!". ( .( 5,.( &%(- +"&' "= :&,;  5, -&',(! $'.&/&'0 +!")-,.@

( 0,',!(- ":,!:&,; "=  5, #&6,!,' ., 5"#* +!"+"*,#  " !, !&,:, ,'#.,.),!* ('# ,* &.( ,

 5,&! ()$'#('%,* &* +!":&#,#1

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

J, $* #,'" , ( !,." ,-8 *,'*,# 58+,!*+,% !(- *%,', ;& 5 n )('#* )8 3@ &' ;5&%5 ,(%5

+&/,- &* !,+!,*,' ,# )8 ( :,% "! 4 = [x1, x2, · · · , xn] ∈ ℜn
@ ;5,!, ℜ #,'" ,*  5, *, "= !,(-

'$.),!* &' ;5&%5  5, +&/,-K* *+,% !(- !,*+"'*, xk ( *,'*"! %5('',-* k = 1, . . . , n &* &'%-$#,#1

C'#,!  5, -&',(! .&/ $!, ."#,- (**$.+ &"'@ ,(%5 +&/,- :,% "! %(' ), ."#,-,# $*&'0L

4 =

p∑

z=1

Φz ·5z + ,, M31NO

;5,!, 5z #,'" ,*  5, *+,% !(- !,*+"'*, "= ,'#.,.),! z@ Φz &* ( *%(-(! :(-$, #,*&0'( &'0

 5, =!(% &"'(- ()$'#('%, "=  5, ,'#.,.),! z (  5, +&/,- 4@ p &*  5,  " (- '$.),! "= ,'#<

.,.),!*@ ('# , &* ( '"&*, :,% "!1 E;" +58*&%(- %"'* !(&'* %(' ), &.+"*,# &' "  5, ."#,-

#,*%!&),# &' MP1NO QNR4SL
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Φz ≥ 0  !"#$

p∑

z=1

Φz = 1.  !"%$

&'( )*+, (-./,012 *(3*(+(2, ,'( /4.25/26( 21272(8/,090,: 612+,*/02,; 0"("; 21 2(8/,09( /4.27

5/26(+ /*( 31++04<(; ='0<( ,'( +(6125 12( 0+ ,'( /4.25/26( +.>7,1712( 612+,*/02,; 0"("; ,'(

+.> 1? /<< ,'( >/,(*0/<+ ?*/6,012+ =0,'02 / 30@(< >.+, '/9( ,'( .20,: /+ *(+.<, 1? ,'( +.>"

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

A'(2 3(*?1*>028 +3(6,*/< .2>0@028; ,'(*( /*( ,=1 B(: ,/+B+C (25>(>4(* 5(,(*>02/,012

/25 /4.25/26(+ -./2,0)6/,012" &'( )*+, ,/+B 02 <02(/* +3(6,*/< >0@,.*( /2/<:+0+ 0+ ,1 )25 /2

/33*13*0/,( +.0,( 1? 3.*( +3(6,*/< +082/,.*(+  (25>(>4(*+$; ='06' /*( ,'(2 .+(5 ,1 >15(<

/,7+(2+1* 30@(< +3(6,*/ ,'*1.8' / <02(/* 61>402/,012 1? (25>(>4(* +082/,.*(+" &'( +(<(6,012

1? (25>(>4(*+ 6/2 4( 3(*?1*>(5 02 ,=1 =/:+C D$ 4: 5(*09028 ,'(> 50*(6,<: ?*1> ,'( 0>/8(

 0>/8( (25>(>4(*+$ 1* #$ ?*1> )(<5 1* </41*/,1*: +3(6,*/ 1? B21=2 ,/*8(, >/,(*0/<+  <04*/*:

(25>(>4(*+$E +(( FDG!H ?1* / 61>3/*0+12 4(,=((2 ,'( ,=1" &'( *0+B 02 .+028 <04*/*: (257

>(>4(*+ 0+ ,'/, ,'(+( +3(6,*/ /*( */*(<: /6-.0*(5 .25(* ,'( +/>( 61250,012+ /+ ,'( /0*41*2(

5/,/" I>/8( (25>(>4(*+ '/9( ,'( /59/2,/8( 1? 4(028 61<<(6,(5 /, ,'( +/>( +6/<( /+ ,'(

5/,/ /25 6/2; ,'.+; 4( >1*( (/+0<: /++160/,(5 =0,' ?(/,.*(+ 12 ,'( +6(2( FJ!H" K 2.>4(* 1?

/<81*0,'>+ '/9( 4((2 5(9(<13(5 19(* ,'( 3/+, 5(6/5( ,1 /661>3<0+' ,'( ,/+B 1? )25028 /37

3*13*0/,( 0>/8( (25>(>4(*+ ?1* +3(6,*/< >0@,.*( /2/<:+0+" I, +'1.<5 4( ,/B(2 02,1 /661.2,

,'/, ,'( 3*(+(26( 1? 3.*( 6</++ 30@(<+ 02 ,'( 0>/8( 5/,/ 5(3(25+ 12 /9/0</4<( +(2+1* +3/,0/<

*(+1<.,012" K+ / *(+.<,; ,'(*( >/: 4( 6/+(+ ='(*( 0, 0+ 21, 31++04<( ?1* / 6(*,/02 /<81*0,'> ,1

)25 +.6' 3.*( 30@(<+ 02 / +6(2(" I2 ,'1+( +0,./,012+; ,'( ?*/6,012/< 61>312(2,+ ?1.25 ?1* ,'(

>0@(5 30@(<+ /*( .+./<<: (@3*(++(5 02 ,(*>+ 1? 1,'(* >0@(5 30@(<+  ,'( (25>(>4(*+ 05(2,0)(5

4: ,'( /<81*0,'>$ /25 21, 02 ,(*>+ 1? 3.*( 6</++(+"

&'( 5/,/ +(,+ /2/<:L(5 02 ,'0+ =1*B /*( 61>>12 4(26'>/*B+ ?1* +.3(*90+(5 6</++0)6/,012"

&'(+( 0>/8(+ /*( 61>31+(5 4: 41,' 3.*( /25 >0@(5 30@(<+; /<+1 02 6/+( 1? '08'<: >0@(5

+6(2(+; <0B( ,'( KMINIO I250/2 P02( 5/,/ +(,; /25 30@(<+ 166.30(5 4: / +028<( </25 619(*

6</++ 6/2 4( (/+0<: ?1.25" Q1* +.6' / *(/+12; ,'( .+( 1? /<81*0,'>+ ='06' +(/*6' ?1* ,'( 3.*(

61>312(2,+ 50*(6,<: =0,'02 ,'( 0>/8( =(*( 3*(?(**(5 ,1 ,'( .+( 1? +3(6,*/< <04*/*0(+"

R.*028 ,'( </+, 5(6/5(; +(9(*/< /<81*0,'>+ '/9( 4((2 3*131+(5 ?1* ,'( 3.*31+( 1? /.,121>1.+S

+.3(*90+(5 (25>(>4(* +(<(6,012 ?*1> ':3(*+3(6,*/< +6(2(+" T(+05(+ ,'( </*8( 2.>4(* 1?

,(6'20-.(+ 3*131+(5; ,'(*( /*( ,=1 >/02 8*1.3+ 1? /<81*0,'>+C 8(1>(,*06/< /25 +,/,0+,06/<

4/+(5 /<81*0,'>+" U(1>(,*06 (25>(>4(* 5(,(*>02/,012 ,(6'20-.(+ (@3<10, ,'( 3/*/<<(<0+>

4(,=((2 >0@028 >15(<+ /25 ,'( 8(1>(,*06 1*0(2,/,012 1? ':3(*+3(6,*/< 5/,/ 02 >.<,050>(27

+012/< +3/6(+" O,/*,028 ?*1> ,'( +(>02/< =1*B 1? V*/08  >020>.> 91<.>( ,*/2+?1*> 1*

WM& FDGXH$; ,*: ,1 )25 ,'( >020>.>791<.>( +0>3<(@; 0"(" ,'( 12( ,'/, (>4*/6(+ ,'( 5/,/

6<1.5 /+ ,08',<: /+ 31++04<(; / 8*(/, 2.>4(* 1? ,(6'20-.(+ =(*( 3*131+(5 02 ,'( </+, :(/*+;

+.6' /+ Y7QIYRN; M(*,(@ V1>312(2, K2/<:+0+; Z*,'1812/< O.4+3/6( P*1[(6,012" I? / +3(67

,*/< .2>0@028 /<81*0,'> 3*16(++(+ / >0@(5 30@(< 4: .+028 +,/,0+,06/< *(3*(+(2,/,012+; ,'(2

,'( /<81*0,'> 0+ +,/,0+,06/<" &'( *(3*(+(2,/,012+ 6/2 4( /2/<:,06/< (@3*(++012+ ,'/, *(3*(+(2,

3*14/40<0,: 5(2+0,: ?.26,012  3/*/>(,*06$" K2 (@/>3<( 1? ,'0+ ?/>0<: 0+ ,'( +,16'/+,06 >0@028

>15(< FDG\H; 02 ='06' (/6' (25>(>4(* 50+,*04.,012 '/+ U/.++0/2 ?1*>" K<+1 02 ,'0+ 6/+(; /

</*8( 2.>4(* 1? /<81*0,'>+ =(*( 3*131+(5" K 5(,/0<(5 5(+6*03,012 1? ,'(+( /<81*0,'>+ 6/2 4(

?1.25 02 FDG];DG^H" _1=(9(*; /<+1 02 ,'(+( >(2,012(5 *(>/*B/4<( =1*B+; ,'( 0>31++040<0,: ,1

'/9( / 9(*: 5(,/0<(5 61>3/*0+12 1? /<< ,'(+( >(,'15+ =/+ 3102,(5 1.,; 4(6/.+( 1? ,'( '.8(
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 !"#$% &' ()*&%+,-". /%&/&.$0 + ,-$ )(., 1$(%. ( 0 &' ,-$ 0+23!),1 ,& $4()!(,$ ,-$ "$,-&0.

& .$4$%() 0(,( .$,.5 #$3(!.$ &' ,-$ )(36 &' 6 &7)$0*$ (#&!, ,-$ .3$ $ (, ( .!#8/+9$) )$4$):

;&% .!3- ( %$(.& 5 + ,-+. 3-(/,$% .$4$%() ,$3- +<!$. 7$%$ ,$.,$0: =-$ *$&"$,%+3 #(.$0 ,$3-8

 +<!$. 7$%$ /%$'$%%$05 0!$ ,& ,-$+% *&&0 #$-(4+&% + ,$%". &' 3&"/!,(,+& () #!%0$ :

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

> 3$ ,-$ $ 0"$"#$%. (%$ $9,%(3,$0 '%&" ,-$ +"(*$5 ,-$ (#! 0( 3$ '%(3,+& . &' ,-$

$)$"$ ,. 7+,-+ $(3- /+9$) .-&!)0 #$ 0$,$%"+ $0: ? ,-$ '&))&7+ *5 7$ 7+)) #%+$@1 %$4+$7 ,-$

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

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

=-$ $(.+$., 7(1 ,& $.,+"(,$ ,-$ (#! 0( 3$. 7+,-+ ( %$"&,$ .$ .+ * +"(*$ +. ,-%&!*- (

.+"/)$ + 4$%.+& : ?' 7$ 3& .+0$% ,-$  &+.$ 4$3,&% n $<!() ,& A$%& + B<!(,+& C:D5 ,-$ (#! 8

0( 3$. &' $(3- $ 0"$"#$% ./$3,%!" 3( #$ $(.+)1 '&! 0 & 3$ ,-$ "(,%+9 Ez +. 6 &7 : =-+.

,$3- +<!$ +. &/,+"() '&% ,-$ 3&"/!,(,+& () #!%0$ 5 .+ 3$ +, 0&$.  &,  $$0 ( 1 &/,+"+A(,+& 

.,$/: E&7$4$%5 +, 0&$.  &, (..!%$ ,-$ /-1.+3() 3& .,%(+ . C:F: G-$ !.+ * ! 3& .,%(+ $0

)+ $(% ./$3,%() ! "+9+ *5 (#! 0( 3$. )&7$% ,-( A$%&. &% *%$(,$% ,-( ! +,1 7+)) #$ )+6$)1 ,&

(//$(% + ,-$ %$.!),.:

 !"!2!" 56**7 89,:'().,%; 4.,%)( #$%&'()* +,-./.,0

H$4$%() ()*&%+,-". -(4$ #$$ 0$4$)&/$0 ,& -( 0)$ ,-$ )+ $(% "+9+ * "&0$) (33&%0+ *

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

,-$ (#! 0( 3$. "!., #$ *%$(,$% ,-( &% $<!() ,& A$%&J ( 0 '!)) (00+,+4+,1 I,-$ .!" &' ,-$

$ 0"$"#$% (#! 0( 3$. 7+,-+ ( /+9$) .-&!)0 #$ $<!() ,& & $J: K!$ ,& ,-$ $23+$ 31 '%&"

( 3&"/!,(,+& () /&+ , &' 4+$75 ( 3&""& 3-&+3$ +. ,& !.$ ( '!))1 3& .,%(+ $0 )$(., .<!(%$.

I;LMHJ ()*&%+,-"5 7-+3- .(,+.N$. #&,- (#! 0( 3$ 3& .,%(+ ,. ( 0 +. &/,+"() + ,$%". &' )$(.,

.<!(%$. $%%&% ODPQR: ? 3& 3%$,$ /%&3$..+ *5 ,-$ "(+ /%&#)$" +. ,-(, ,-$ ;LMH 0&$.  &, -(4$

( 3)&.$08'&%" "(,-$"(,+3() .&)!,+& 0!$ ,& ,-$  &  $*(,+4+,1 3& .,%(+ ,.S ,-!.5 (  !"$%+3()

.&)!,+& +. ()7(1. %$<!+%$0: =& 3()3!)(,$ ,-$ ;LMH .&)!,+& 5 ,-$  &  $*(,+4+,1 3& .,%(+ , +.

3& .+0$%$0 N%.,: =-$ +0$( +. ,& "+ +"+A$ ,-$ MHB #1 $.,+"(,+ * ,-$  &  $*(,+4$ (#! 0( 3$

4()!$.5 7-+3- +. "(,-$"(,+3())1 $9/%$..$0 (.

"+ (z− Sa)T(z− Sa). IC:CJ

T1 !.+ * M(*%( *$ "!),+/)+$%.5 ( M(*%( *+( J +. 0$N $0 (.

J =
1

2
(z− Sa) (z− Sa) + λ (a− c) IC:UJ

7-$%$ a = c5 $(3- "$"#$% &' ,-$ ! 6 &7 3& .,( , M×D 4$3,&% c +.  &  $*(,+4$ ,&

$ '&%3$ ,-$  &  $*(,+4+,1 3& .,%(+ ,5 ( 0 λ +. ,-$ M(*%( *$ "!),+/)+$% 0$ &,$0 #1 ( M×D
4$3,&%: =-$ 0$N $0 $<!(,+& C:C ())&7. ,-$ !.$ &' M(*%( *$ "!),+/)+$%. #$3(!.$ ,-$  & 

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

c: =& 3()3!)(,$ ,-$ $.,+"(,$ &' a5 7$ ,(6$ ,-$ /(%,+() 0$%+4(,+4$ &' J 7+,- %$./$3, ,& a: B<!(8

,+& C:U 3& ,(+ . ,7& ! 6 &7 /(%("$,$%.5  !"!5 ,-$ (#! 0( 3$ $.,+"(,$. ( 0 ,-$ M(*%( *$

"!),+/)+$%.: H&)4+ * '&% ,-$.$ ! 6 &7 /(%("$,$%. %$.!),. + 



 !

"#$%&'( !) *%'"&($+ ,-./0/-1 23( 4/.'-*/3-$+/&5

('4,"&/3-

â = (S S)−1ST z− (STS)−1λ  !"#$

λ = S (z− Sâ).  !"%$

&' ()*+,)(-. )/+01./ )/* *21,)(0-3 !"#4 )/* -15*+(6,7 3071)(0- (3 8+09(:*: ;0+ )/* -0- -*.<

,)(9()' 60-3)+,(-)" =0 >*.(- )/(3 ()*+,)(9* 5*)/0:4 ?* 3*) ,77 )/* @,.+,-.* 517)(87(*+3 )0

A*+0 ,-: 6,7617,)* )/* ,>1-:,-6*" B0)* )/,) )/(3 (-()(,7 6,7617,)(0- (3 )/* 1-60-3)+,(-*:

7*,3) 321,+*3 3071)(0- ;0+ )/* ,>1-:,-6* 9,71*3" C+05 )/(3 3071)(0-4 ?* D-: )/03* ,>1-:,-6*

9,71*3 ?/(6/ ,+* .+*,)*+ )/,- A*+0 ,-: 81) )/*5 (-)0 )/* 8,33(9* 3*) E" =/* +*5,(-(-. -0-

803()(9* ,>1-:,-6* 9,71*3 ,+* 87,6*: (- )/* ,6)(9* 3*) F" G21,)(0-3 !"# ,+* ()*+,)*: 1-)(7 ,77

@,.+,-.* 517)(87(*+3 (- )/* 8,33(9* 3*) ,+* A*+0 ,-: ,77 @,.+,-.* 517)(87(*+3 (- )/* ,6)(9*

3*) ,+* *()/*+ A*+0 0+ -*.,)(9*" H) )/(3 80(-)4 )/* I1/-<=16J*+ 60-:()(0-3 /,9* >**- 5*)4

,-: ,- 08)(5,7 3071)(0- ;0+ )/* ,>1-:,-6* 9,71*3 /,3 >**- ;01-: KLLMN" O) 3/017: >* -0)*:

)/,) )/(3 3071)(0- 0-7' ,6601-)3 ;0+ )/* -0- -*.,)(9()' 60-3)+,(-)" =0 /,-:7* )/* 315<)0<0-*

60-3)+,(-)4 ,- *,3' 50:(D6,)(0- 0; )/* ,;0+*5*-)(0-*: ,7.0+()/5 ?,3 :*9*708*: )0 +*),(- )/*

08)(5,7()' .1,+,-)**: 1-:*+ )/* I1/-<=16J*+ 60-:()(0-3 ;0+ -15*+(6,7 08)(5(A,)(0- 0- ,

D-()* 60581)(-. 5,6/(-*" O- )/* 50:(D6,)(0-4 )/* *-:5*5>*+ 5,)+(P ,-: 8(P*7 3(.-,)1+*3

,+* *P)*-:*: 316/ )/,)

S̃ =

[
δS
1T

]
 !"Q$

(3 )/* -*? *-:5*5>*+ 5,)+(P ,-:

ã =

[
δz
1

]
 !"R$

(3 )/* -*? 8(P*7 3(.-,)1+*4 ?/*+* δ (3 , 60-3),-)  )'8(6,77'4 1×10−5
$" =/* 9,+(,>7* δ 60-)+073

/0? )(./)7' )/* 3071)(0- ?(77 315 )0 0-* 30 )/,) )/* 35,77*+ 9,71*3 8+09(:* , >*))*+ 3071)(0-4

>1) () 5,' -**: , 70-.*+ 60-9*+.*-6* )(5*" =/* -*? *-:5*5>*+ 5,)+(P ,-: 8(P*7 3(.-,)1+*

,+* )/*- 13*: (- !"Q ,-: !"R )0 0>),(- ,- ,>1-:,-6* 3071)(0- )/,) 31>S*6)3 )0 >0)/ )/* -0-

-*.,)(9()' ,-: 315<)0<0-* 60-3)+,(-)3 3(517),-*0137'"

=/* 3071)(0- 0>),(-*: >' )/* CT@U ,7.0+()/5 (3 )/* 08)(5,7 0-*" &' )/* CT@U ,7.0+()/54

)/* ,>1-:,-6* 0; *,6/ *-:5*5>*+ (- *,6/ 8(P*7 6,- >* 0>),(-*:"

!)6)7)7 %89:;8< ,=>;?;=@

@(-*,+ U8*6)+,7 V-5(P(-. ,-: C177' T0-3)+,(-*: @UV ,+* )/* 503) ?(:*7' 13*: )*6/-(21*3

)0 :*)*+5(-* *-:5*5>*+ ,>1-:,-6*3" W0?*9*+4 (- 6,3* -0) ,77 )/* *-:5*5>*+3 60-),(-*:

?()/(- , :,), 3*) ,+* +*609*+*:4 0+ (; )/* 3*) 0; 81+* 38*6)+,7 3(.-,)1+*3 (3 :(X*+*-) ;+05

)/* 3*) 0; (-)*+*3)4 )/*' 6017: 7*,: )0 5(37*,:(-. +*317)3" O- 316/ , 6,3*4 8,+)(,7 1-5(P(-.4

?/(6/ )+(*3 )0 :*)*+5(-* ,>1-:,-6*3 0; *,6/ 0; )/* *-:5*5>*+3 3*8,+,)*7'4 6017: >* 50+*

,88+08+(,)*" O- )/(3 ?0+J4 ?* ?(77 60-3(:*+ )/* Y(P)1+* =1-*: Y,)6/ C(7)*+  Y=YC$4 ,730

J-0?- ,3 T0-3)+,(-*: G-*+.' Y(-(5(A,)(0-  TGY$" TGY (3 0-* 0; , -15>*+ 0; (--*+ 8+0:16)

5*,31+*3 )/,) ,+* 13*: ?()/ /'8*+38*6)+,7 :,)," =/,) (3 )0 3,'4 () 6,7617,)*3 , ?*(./)*: 3154

η 3,'4 0; )/* 60580-*-)3 0; , 517)(9,+(,)*4 +*50)*7' 3*-3*: 3(.-,7

ν = w1x1 + w2x2 + . . .+ wnxn = wTx  !"LM$

?/*+* x (3 )/* n<:(5*-3(0-,7 3(.-,7 0; , 517)(38*6)+,7 8(P*7" V-60-3)+,(-*: 38*6)+,7

1-5(P(-.  ("*"4 ?/*+* ?* :0 -0) +*21(+* )/* 315 0; )/* *3)(5,)*: 609*+ ;+,6)(0-3 )0 ,:: )0
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 !"#$% &'() *+,!-!+"./01%2 3%04#$% %-4$054!6+ 570!+1 89 :1;%54$0< %+2,%,/%$1= 0+2 8(

:1;04!0<.1;%54$0< %+2,%,/%$1='

#+!4>= !1 0+647%$ %-0,;<% 63 1#57 0 ,%01#$%' ?3 0 56+140+4 4%$, !1 !+5<#2%2@ A% 70B% 0 1<!"74<>

,6$% "%+%$0< ,%01#$% 46 570$054%$!C% 1#$305% 56B%$@

η = η0 +wTx :&'99=

*+!4.1#, 56+14$0!+%2 1;%54$0< #+,!-!+" 701 47!1 36$, D999E@ 01 26%1 0/#+20+5% %14!,04!6+

/01%2 6+ $%"$%11!6+ 63 3$054!6+0< 0/#+20+5% 6+ 47% 1!"+0< D99(E' ?+ 47% FGH ,0457%2 I<4%$@

47% A%!"74 B%546$ w !1 "!B%+ />

w = (dTR−1d)−1d :&'9(=

A7%$% 2 !1 0 ;0$4!5#<0$ 1!"+0< 63 !+4%$%14 0+2 J !1 47% ,04$!-

R =
1

m

m∑

1

xxT
:&'9K=

(x1, x2, . . . , xm) !1 47% 56,;<%4% 1%4 63 1;%54$0< 1!"+0<1 36$ 47% !,0"%@ m ;!-%<1 !+ 0<<' :L%+5%.

36$47@ /$05M%41 {} A!<< /% #1%2 46 2%+64% 0+ 0B%$0"% 6B%$ 0<< !,0"% ;!-%<1@ 16 4704 36$ !+140+5%
R = {xxT }= !=' N7% FGH ,!+!,!C%1 47% ,%0+ 1O#0$% B0<#% 63 η A7!<% 36$5!+" !4 46 40M% 47%
B0<#% 9 36$ ;!-%<1 ,0457!+" 47% 1!"+0< 63 !+4%$%14' N7% !2%0 !1 4704 !41 B0<#%1 0$% "%+%$0<<> 01

1,0<< 01 ;611!/<%@ %-5%;4 36$ ;!-%<1 A7%$% 47% 56+14!4#%+4 63 !+4%$%14 26,!+04%1' N7% 4$%04.

,%+4 63 47!1 ,%4762 /> P!%<1%+ D99KE !1 ;0$4!5#<0$<> %<%"0+4' N7% 14#2!%1 !+ D99&E 70B% 176A+

4704 47% $%1#<4!+" B0<#% 63 η 50+ 56$$%<04% A%<< A!47 47% ;$6;6$4!6+ 63 47% 56B%$ 4>;% ;$%1%+4'
N7#1@ !4 +64 6+<> 40M%1 0 <6A B0<#% A7%+ 47% 56B%$ 4>;% !1 0/1%+4@ 0+2 47% B0<#% 63 9 A7%+ !4

56B%$1 0 ;!-%<@ /#4 47% !+4%$,%2!04% B0<#%1 0$% ,6+646+!50<<> $%<04%2 46 47% 4$#% 56B%$ ;$6.

;6$4!6+1' ?+ D99KE %-0,;<%1 0$% "!B%+ 6+ QR?J?S 2040 63 T0/#+20+5%T !,0"%1 6/40!+%2 034%$

150<!+" 47% FGH $%1#<41 3$6, U 46 9' N7% 36$,#<04!6+ ;$6B!2%2 /> S%44<% !+ D99VE 022$%11 47%

4A6 !,;6$40+4 O#%14!6+1 63 76A A%<< 26%1 47% FGH 0;;$6057 56$$%1;6+2 A!47 47% 3$054!6+0<

0/#+20+5% 63 47% 56B%$ 4>;% !+ 0 "%+%$0< ,!-%2 ;!-%<@ 0+2 46 A704 %-4%+4 50+ FGH /% #1%2



 !

"#$%&'( )* +%'"&($, -./010.2 34( 50/'.+04.$,0&6

('5-"&04.

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

!/ 3%,%*(#% 40 &'#%$%+. 2!+&% %!+3 /!#  1%3  ! !22)#5

 !" #$%&'&$()*+,-. /-+012- 3'02+40&5$

63 "!%+ '& !) %+  1' "#'$%!)3 3'2 %!+30  1' %&'(  ! '-"*!% 3)78"%-'* %+/!#,( %!+  1#!).1

3"'2 #(* )+,%-%+. 3'',3  ! 7' ( $'#4 %+ '#'3 %+. "!33%7%*% 4 (3 (+ (* '#+( %$' &%,'+3%!+(*% 4

#'&)2 %!+ ,' 1!&5 9!:'$'#0 3'$'#(* ,(;!# %33)'3 :1%21 31!)*& 7' 2(#'/)**4 (&&#'33'&0 1!*&

%+  1' /#(,':!#<5 =%#3 (+& "#!7(7*4 ,!3 %,"!# (+ 0  1' 21!%2' !/  1' (*.!#% 1,3  ! 7' )3'&

 ! #'(*%>'  1' &%?'#'+ 21(%+35 @'2 %!+ A5B 31!:'& "#'3'+ '& ( *(#.' +),7'# !/  '21+%C)'3

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

/#(2 %!+(* (7)+&(+2'35 6+! 1'# $'#4 %,"!# (+ %33)' %3  1' +),7'# !/ /'( )#'3 :1%21 +''&

 ! 7' 2!,") '&D E+ !+' 1(+&0 3'$'#(*  '21+%C)'3 :'#' "#!"!3'& %+  1' *(3 4'(#3  ! '3 %,( '

 1' &%,'+3%!+(*% 4 !/ 14"'#3"'2 #(* &( (0 :1%21 2!)*& 7' )3'&  ! 3!*$'  1' "#!7*',5 E+  1'

! 1'# 1(+&0 %/ ( 3)"'#$%3'& 2*(33%F2( %!+ %3  ! 7' "'#/!#,'&0  1'#' %3 (*3!  1' "!33%7%*% 4  !

 (<' (&$(+ (.' !/  1' "#%!# %+/!#,( %!+ (7!) *(+& 2!$'# 2*(33'30 (+&  1'%# +),7'#5

G% 1  1'3' %33)'3 %+ ,%+&0 :' 1($' '-"*!#'& %+  1%3 :!#< ( +),7'# !/ &%?'#'+ /'( )#'

#'&)2 %!+ 21(%+3 7(3'& !+ 3"'2 #(* )+,%-%+.0 :1%21 2!)*& (&'C)( '*4 (&&#'33  1' "#!7*',3

;)3 ,'+ %!+'&5

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

H+  1%3 3)73'2 %!+ :' &'32#%7' !)# F#3 (""#!(21  ! &'3%.+ (+ )+,%-%+.87(3'& /'( )#'

'- #(2 %!+ 21(%+ :1%21 2(+ 7' 3),,(#%>'& 74  1' I!:21(# %+ =%.5 A5B5 =%#3 0 :' '3 %,( '

 1' +),7'# !/ '+&,',7'#30 p0 &%#'2 *4 /#!,  1' !#%.%+(* n8&%,'+3%!+(* 14"'#3"'2 #(* %,(.'

05 =!#  1%3 ")#"!3'0 :' )3' %+  1%3 :!#<  :! 3 (+&(#&  '21+%C)'3 :%&'*4 )3'& %+  1' *% '#8

( )#' 3)21 (3  1' 94@%,' ,' 1!& JKKLM (+&  1' $%# )(* &%,'+3%!+(*% 4 NOPQ 2!+2'" JKKRM5

E+2'  1' +),7'# !/ '+&,',7'#3 p 1(3 7''+ '3 %,( '&0 :' (""*4 (+ () !,( %2 (*.!#% 1,  !

'- #(2 ( 3' !/ '+&,',7'#3 /#!,  1' !#%.%+(* 14"'#3"'2 #(* %,(.' JKKSM5 9'#'0 :' )3' (+ !#8

 1!.!+(* 3)73"(2' "#!;'2 %!+ NE@TQ  '21+%C)' JKKUM :1%21 1(3 7''+ 31!:+ %+ "#'$%!)3 :!#<3

 ! "#!$%&' ( $'#4 .!!&  #(&'8!? 7' :''+  1' 3%.+( )#' ")#% 4 !/  1' '- #(2 '& '+&,',7'#3

(+&  1' 2!,") ( %!+(*  %,'  ! !7 (%+  1',5 T#'*%,%+(#4 '-"'#%,'+ 3 2!+&)2 '& :% 1 ! 1'#

'+&,',7'# '- #(2 %!+  '21+%C)'30 3)21 (3 O'# '- V!,"!+'+ 6+(*43%3 NOV6Q JKBWM (+& X8

=HXPY JKBKM0 1($' 31!:+ $'#4 3%,%*(# #'3)* 3 %+  '#,3 !/ 2*(33%F2( %!+ (22)#(245 =%+(**40

*%+'(# 3"'2 #(* )+,%-%+. N'% 1'# )+2!+3 #(%+'& !# 2!+3 #(%+'&Q 2(+ 7' )3'&  ! '3 %,( '  1'

(7)+&(+2' !/ '(21 '+&,',7'# %+ '(21 "%-'* !/  1' 32'+'0 "#!$%&%+. ( 3' !/ p (7)+&(+2'

,("3  1( (#' )3'&  !  #(%+ ( 3 (+&(#& @OZ 2*(33%F'#5

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

H+  1%3 3)73'2 %!+ :' %+ #!&)2' ( $(#%( %!+ !/  1' )+,%-%+.87(3'& /'( )#' '- #(2 %!+ 21(%+

:1%21 %+2*)&'3 3"( %(* "#'"#!2'33%+. "#%!#  ! '+&,',7'# '- #(2 %!+ %+ !#&'#  ! .)%&'  1'

'+&,',7'# 3'(#21%+. "#!2'33  !  1!3' (#'(3 :1%21 (#' ,!#' 3"( %(**4 1!,!.'+'!)35 [1%3

(""#!(21 %3 #'"#'3'+ '& %+ =%.5 A5B5 [1' ,' 1!& 2!,") '30 /!# '(21 "%-'* $'2 !#0 ( 32(*(#

3"( %(**4 &'#%$'& /(2 !#  1( #'*( '3  !  1' 3"'2 #(* 3%,%*(#% 4 !/ "%-'*3 *4%+. :% 1%+ ( 2'# (%+
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JA? BI&GKC :'D= BD&DHC :F%= GH&%'C :'D= GD&HDC :F%=

LMN GI&IBC :FD= GH&HFC :FD= EF&H%C :FD= GE&DKC :FD=

L LNu GK&EDC :FD= GD&F'C :FD= GE&%DC :FD= GI&I%C :FD=

OLu GB&FGC :HD= G'&FBC :'D= EF&IFC :FD= GE&%%C :'D=
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+> 4.2"- 3.2"( '#- (+$  3').'( &" +(,).+# +> &"4+)"  "# .#* .4'*" ?@A8 BACDBAEF0 G%" "

)"!%#.<," !'# =" -.;.-"- .# )%&"" 4'.# *&+,3 0 G%" 9& ) *&+,3 .#!(,-" )"!%#.<," $%.!%

, " %.*%  3').'( &" +(,).+# .4'*" H+.#)(5 $.)% )%" &" +(,).+# .4'*" 8 .# +&-"& )+ +=)'.# '

>, "- .4'*" $.)% %.*%  3"!)&'( '#-  3').'( &" +(,).+# ?BACDBAAF0 G%" &" ,().#* .4'*" !'#

'>)"&$'&- =" , "- ' .#3,) >+& !('  .9!').+#0 G%" 4'.# -&'$='!/ +> )%. '33&+'!%8 =" .-" 

)%" #""- >+& '# '!!,&')" !+&"*. )&'*.+# +> )%" )$+ .4'*" 8 . )%" #""- >+& '#!.(('&5 -')' $%.!%
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G%"  "!+#- *&+,3 +> )"!%#.<," !+43&. "  ,3"&I&" +(,).+# '33&+'!%" .#-"3"#-"#) >&+4 '#5

%.*%  3').'( &" +(,).+# -')'0 G')"4 ") '(0 3&+3+ " '# '(*+&.)%4 =' "- +# )%" J+39"(- K",I

&'( K")$+&/ ?BA@F $%.!% -+" #+) #""- '#5  "!+#-'&5  +,&!" +> -')' )+ &"'(.L" )%"  ,3"&

&" +(,).+# 4'33.#*0 G%. 4")%+- %' ' *++- "M!."#!5 =,)  ,N"& >&+4 %.*% !+43,)').+#'(
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!+# .-"&"- )" ) -')' ?BPPF0 G%" +,)3,) +>  ,!% )"!%#.<," . '  "&." +> '=,#-'#!" 4'3 ') '

%.*%"& &" +(,).+#0 Q+& "'!% !('  !+# .-"&"-8 '# '=,#-'#!" 4'3 . !&"')"-0
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 !"!#$% &'! (!&'$ )

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

*'! +!,!-.# /0'!(! $1 &'! %-$%$/! (!&'$ $#$+2 3/ /'$4, 3, 53+) 6)7 ., 53+) 6)8) *'!

9-/& /&!% 3/ &'!  !&!-(3,.&3$, $1 &'! 0#.//!/ 43&'3, &'! 3(.+!) *4$ .%%-$.0'!/ .-! %-$%$/! 

3, &'3/ 4$-:;

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

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

/!%.-.&3$, &!0',3><!) ?!& </  !,$&! . -!($&!#2 /!,/! '2%!-/%!0&-.# /0!,! 43&' n =., / =2 0@

3, 4'30' !.0' %3A!# 3/ -!%-!/!,&! =2 . "!0&$- 1 = [x1, x2, · · · , xn] ∈ R
n
@ 4'!-! R  !,$&!/ &'!

/!& $1 -!.# ,<(=!-/ 3, 4'30' &'! %3A!#B/ /%!0&-.# -!/%$,/! xk .& /!,/$- 0'.,,!#/ k = 1, . . . , n
3/ 3,0#< ! ) C, !- &'! #3,!.- (3A&<-! ($ !# .//<(%&3$,@ !.0' %3A!# "!0&$- 0., =! ($ !#! 

</3,+;

1 =

p∑

z=1

Φz ·'z + 6, D6)EF

4'!-! 'z  !,$&!/ &'! /%!0&-.# -!/%$,/! $1 !, (!(=!- z@ Φz 3/ . /0.#.- ".#<!  !/3+,.&3,+ &'!

1-.0&3$,.# .=<, .,0! $1 &'! !, (!(=!- z .& &'! %3A!#1@ p 3/ &'! &$&.# ,<(=!- $1 !, (!(=!-/@
., 6 3/ . ,$3/! "!0&$-)

G ,<(=!- $1 &!0',3><!/ './ =!!, -!0!,&#2 %-$%$/! &$ -!&-3!"! !, (!(=!-/ =2 (!., $1 /$<-0!

/!%.-.&3$, HEIJK)

L, HEMMK@ &'! N!-&!A O$(%$,!,& G,.#2/3/ DNOGF 3/ %-$%$/! ./ ., !P!0&3"! (!&'$ 1$-

!A&-.0&3,+ &'! !, (!(=!-/ 4'30' .-! #3,!.-#2 (3A! ) NOG (.:!/ </! $1 &'! 0$,0!%& $1 $-Q

&'$+$,.# %-$R!0&3$,) G#+$-3&'(/ =./! $, &'3/ 0$,0!%&@ /&.-& =2 /!#!0&3,+ &'! %3A!# "!0&$-

43&' (.A3(<( #!,+&' 3, &'! /0!,! ./ &'! 9-/& !, (!(=!-) *'!,@ &'!2 #$$: 1$- &'! %3A!#

"!0&$- 43&' &'! (.A3(<( .=/$#<&! %-$R!0&3$, 3, &'! /%.0! $-&'$+$,.# &$ &'! /%.0! #3,!.-#2

/%.,,! =2 &'! 3,3&3.# %3A!# ., #.=!#/ &'.& %3A!# ./ &'! /!0$, !, (!(=!-) G &'3- !, Q

(!(=!- 3/ 1$<, =2 .%%#23,+ ., $-&'$+$,.# /<=/%.0! %-$R!0&$- &$ &'! $-3+3,.# 3(.+!@ 4'!-!

&'! /3+,.&<-! &'.& './ &'! (.A3(<( $-&'$+$,.# %-$R!0&3$, 3, &'! /%.0! $-&'$+$,.# &$ &'!

/%.0! #3,!.-#2 /%.,,! =2 &'! 9-/& &4$ !, (!(=!-/) *'3/ %-$0! <-! 3/ -!%!.&! <,&3# &'!

 !/3-! ,<(=!- $1 !, (!(=!-/ % 3/ 1$<, )

NOG@ ./ $%%$/! &$ &'! (!&'$ $#$+2 %-!"3$</#2  !/0-3=! @ !A%#$3&/ &'! 1.0& &'.& &'! !, Q

(!(=!-/ .-! &'! "!-&30!/ $1 . /3(%#!A ., &'.& &'! .S,! &-.,/1$-(.&3$, $1 . /3(%#!A 3/ .#/$

. /3(%#!A) G/ . -!/<#&@ NOG ($ !#/ &'!  .&. </3,+ . %$/3&3"! 0$,!@ 4'$/! %-$R!0&3$, $,&$

. %-$%!-#2 0'$/!, '2%!-%#.,! 3/ .,$&'!- /3(%#!A 4'$/! "!-&30!/ .-! &'! 9,.# !, (!(=!-/)

G1&!- %-$R!0&3,+ &'!  .&. $,&$ &'! /!#!0&! '2%!-%#.,!@ &'! NOG %-$R!0&/ .## 3(.+! %3A!#/

&$ . -., $(  3-!0&3$, ., </!/ &'! %3A!# 43&' &'! #.-+!/& %-$R!0&3$, ./ &'! 9-/& !, (!(=!-)

*'! $&'!- !, (!(=!-/ .-! 3 !,&39! 3, /!><!,0! =2 3&!-.&3"!#2 %-$R!0&3,+ &'!  .&. $,&$ .

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

,!4 !, (!(=!- 3/ &'!, /!#!0&! ./ &'! %3A!# 0$--!/%$, 3,+ &$ &'! !A&-!(! %-$R!0&3$,@ ., 

&'! %-$0! <-! 3/ -!%!.&! <,&3# . /!& $1 % !, (!(=!-/ 3/ 1$<, HEMMK)

L, $<- 4$-:@ 4! '."! /!#!0&! NOG  <! &$ 3&/ +$$ %!-1$-(.,0!/ ., &'! "!-2 #$4 0$(%<&.Q

&3$,.# =<- !,)
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 !"#$% &'() *+,-. /!0"$01 ,2 34% 5$,5,6%/ 055$,0-4' 78 0 9$63 63%5: 34%103!- -+066%6 0$%

!/%83!9%/ 3$,#"4 %8/1%1;%$ %<3$0-3!,8 ,$ #86#5%$=!6%/ -+066!9-03!,8' >5%-3$0+ #81!<!8" !6

#6%/ 3, -,15#3% 0;#8/08-%6 ,2 -+066%6 ?!34!8 %0-4 5!<%+' @23%$ 65+!33!8" 5!<%+6 !8 0 8#1;%$

,2 6#;A5!<%+6 08/ 066!"8!8" 34%1 3, 0 -+066 0--,$/!8" 3, 34% $%6#+36 ,2 #81!<!8": 0 6503!0+

$%"#+0$!B03!,8 !6 5%$2,$1%/ 3, ,;30!8 34% 980+ 105'

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

C8/1%1;%$ %<3$0-3!,8 3%-48!D#%6 0$% 08 %06E ?0E 3, $%3$!%=% %8/1%1;%$6: %65%-!0++E !8

34% -06% ,2 !10"%6 -,15$!6!8" 1!<%/ 5!<%+6' F,?%=%$: 34%6% 3%-48!D#%6 0$% !8 "%8%$0+ 6%86!;+%

3, G,#3+!%$6G:  !"!: !6,+03%/ 5!<%+6 ?!34 08,10+,#6 =0+#%6 ,2 $%H%-308-%: ?4!-4 0$% /%3%-3%/ 06

%<3$%1% 5!<%+6 08/ 34%$%2,$% %8/1%1;%$6'  ,$ 6#-4 0 $%06,8: 34% 6%-,8/ 5$,5,6%/ 3%-48!D#%

!6 08 %<3%86!,8 ,2 0 3$0/!3!,80+ #86#5%$=!6%/ -+066!9%$ I34% JA1%086 -+066!9%$K 06 0 1%34,/ 3,

/%3%-3 -+066%6 -,15,6!8" 34% !10"%: ?4!-4 !6 %<5%-3%/ 3, ;% +%66 6%86!3!=% 3, 34% !66#%6 $%+03%/

3, 34% 5$%6%8-% ,2 ,#3+!%$6' L!=%8 0 6%3 ,2 ,;6%$=03!,86 x1, x2, . . . , xn: ?4%$% %0-4 ,;6%$=03!,8
!6 0 /A/!1%86!,80+ $%0+ =%-3,$: JA1%086 -+#63%$!8" 0!16 3, 50$3!3!,8 34% n ,;6%$=03!,86 !83,
p 6%36 6, 06 3, 1!8!1!B% 34% ?!34!8A-+#63%$ 6#1 ,2 6D#0$%6)

minS

p∑

i=1

∑

xj∈Si

‖xj − µi‖2 I&'(K

?4%$% µi !6 34% 1%08 ,2 5,!836 !8 34% -+#63%$ Si'

M4% JA1%086 -+066!9%$ !6 9$63 055+!%/ 3, 34% !10"%' @3 34% %8/ ,2 34% -+066!9-03!,8 5$,A

-%66: 34% -%83$,!/6 ,2 34% -+066%6 2,#8/ ;E 34% 0+",$!341 0$% $%30!8%/ 06 -,863!3#%83 65%-3$0

,2 34% !10"%'
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 !"#$% &'() *+,-./%0 12 3!4%$%56%0 7%89%%5 01#$6% 0%.,$,8!15 ,53 #50#.%$:!0%3 6/,00!;6,8!15

7,0%3 ,..$1,6< 21$ 6/,00%0 !3%58!;6,8!15 !5 , (=3!-%50!15,/ 3,8, 0.,6% 9!8< ( 6/,00%0 >3,8,

0%8 6150!3%$%3) ?@ABA C5!:%$0!8DE 8<$%% .$!56!.,/ 61-.15%580F' G%1-%8$!6,/ 7,0%3 01#$6%

0%.,$,8!15 ,/"1$!8<-0E 0#6< ,0 HIJE "%5%$,//D !3%58!2D ,0 %53-%-7%$0 8<% .!+%/0 9<!6< ,$%

:%$8%+ 12 8<% 0!-./%+ 6158,!5!5" 8<% 3,8, .1!580 >3%.!68%3 ,0 $%3 K+K !5 8<% /%28 <,53 0!3%

;"#$%F' B5 1..10!8% 9,DE #50#.%$:!0%3 6/,00!;%$0 0%.,$,8% 8<% 3,8, !581 , 0.%6!;%3 5#-7%$

12 6/#08%$0E 9<%$% 8<% 6%58$1!3 $%.$%0%580 8<% 6%58$,/ :,/#% 12 8<% 6/,00=0.%6!;6 3,8, 6/1#3

>7/,6L K+K !5 8<% $!"<8 <,53 0!3% ;"#$%F' J0 !8 6,5 7% 0%%5 2$1- 8<% !//#08$,8!15E 01#$6%

0%.,$,8!15 ,/"1$!8<-0 ,$% "%5%$,//D 0%50!8!:% 81 1#8/!%$0 > !"!E .!+%/0 9!8< %+8$%-% :,/#% 12

$%M%68,56%FE 9<!6< ,$% 128%5 !3%58!;%3 ,0 %53-%-7%$0' @5 8<% 18<%$ <,53E !5 6,0% 12 <!"</D

-!+%3 06%5%0E 8<% 6%58$1!30 3%.!68%3 7D #50#.%$:!0%3 6/,00!;%$0 61#/3 61$$%0.153 81 -!+%3

.!+%/0E 8<!0 $%.$%0%58!5" , .$17/%- 21$ 8<% .$1.10%3 ,/"1$!8<-'

@56% 8<% %53-%-7%$0 ,$% %+8$,68%3 2$1- 8<% !-,"%E 8<% ,7#53,56% 2$,68!150 12 8<%

%/%-%580 9!8<!5 %,6< .!+%/ 0<1#/3 7% 3%8%$-!5%3' A%:%$,/ ,/"1$!8<-0 <,:% 7%%5 3%:%/1.%3 81

<,53/% 8<% /!5%,$ -!+!5" -13%/ ,661$3!5" 9!8< 8<% $%N#!$%3 .<D0!6,/ 61508$,!58 12 ,7#53,56%

2$,68!150E 9<!6< ,$% 515 5%",8!:!8D >,// 8<% ,7#53,56%0 -#08 7% "$%,8%$ 8<,5 1$ %N#,/ 81

O%$1F ,53 2#// ,33!8!:!8D >8<% 0#- 12 8<% %53-%-7%$ ,7#53,56%0 9!8<!5 , .!+%/ 0<1#/3 7%

%N#,/ 81 15%F' P#% 81 8<% %Q6!%56D 2$1- , 61-.#8,8!15,/ .1!58 12 :!%9E , 61--15 6<1!6%

!0 81 #0% , 2#//D 61508$,!5%3 /%,08 0N#,$%0 > IRAF ,/"1$!8<-E 9<!6< 0,8!0;%0 718< ,7#53,56%

61508$,!580 ,53 !0 1.8!-,/ !5 8%$-0 12 /%,08 0N#,$%0 %$$1$ STUVW' B5 6156$%8% .$16%00!5"E 8<%

-,!5 .$17/%- !0 8<,8 8<%  IRA 31%0 518 <,:% , 6/10%3=21$- -,8<%-,8!6,/ 01/#8!15 3#% 81

8<% 5155%",8!:!8D 61508$,!580X 8<#0E , 5#-%$!6,/ 01/#8!15 !0 ,/9,D0 $%N#!$%3'

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

A.%68$,/ #5-!+!5" !0 #0%2#/ 81 3%06$!7% 8<% 06%5% ,8 , 0#7=.!+%/ /%:%/E 7#8 6,5 15/D .$1=

:!3% !521$-,8!15 ,71#8 .$1.1$8!15 12 8<% %53-%-7%$0 9!8<!5 %,6< .!+%/' A!56% 8<% 0.,8!,/

/16,8!15 $%-,!50 #5L5195E 0.%68$,/ #5-!+!5" 31%0 518 .%$21$- ,5D $%01/#8!15 %5<,56%-%58'

Y%$%E 9% !5:%08!",8% 891 0#.%$=$%01/#8!15 -,..!5" 8%6<5!N#%0E 9<!6< 8,L% ,3:,58,"% 12 8<%

!521$-,8!15 "!:%5 0.%68$,/ -!+!5" ,5,/D0!0 ,53 #0% !8 81 %5<,56% 8<% 0.,8!,/ $%01/#8!15 12

8<%-,8!6 -,.0'

 !$08E 9% 0%8 ,5 ,7#53,56% 8<$%0<1/3 81 3%8%$-!5% !2 , .!+%/ 6,5 7% 6150!3%$%3 ,0 K.#$%K'

A!56% , 0!5"/% 0.%68$,/ 0!"5,8#$% 6,5 518 $%.$%0%58 %+8%50!:%/D , 6/,00 9!8<!5 8<% 9<1/% !-=
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 !"# $%"  &'() (*" )"$"+,-( $-.( -/ ("! $-0"12  3"*$") &2 /4"*$+ 1 0 +- &-1-$25 6%"+"7.+"#  11

$%" 4-8"1/ 9-$%  !"# $  &'() (*" !+" $"+ $% ( $%-/ $%+"/%.1)  +" *.(/-)"+")  / "($-+"12

&"1.(!-(! $. $%" *.++"/4.()-(! *1 //5 6%" .$%"+ 4-8"1/  +" *.(/-)"+")  / ,-8")5 6%"( " *%

4-8"1 -/ )-0-)") -(  :8") (',&"+ .7 /'&;4-8"1/#  **.+)-(! $. $%" )"/-+") +"/.1'$-.( "(% (*";

,"($5 <0"+2 /'&;4-8"1 -/  //-!(") $.  *1 //# -( *.(7.+,-$2 9-$% $%" 7+ *$-.( 1  &'() (*"

*.,4'$") -( $%" :+/$ /$"45 =.+ " *% 4-8"1# $%" (',&"+ .7 /'&;4-8"1/ ni $.  //-!( $. $%" *1 //

i -/ *.,4'$")  **.+)-(! $. $%" ">' $-.(?

ni = +.'()

(
 &)i

1/N2

)
, @A5BC

9%"+"  &)i -/ $%" 7+ *$-.( 1  &'() (*" .7 $%" *1 // i 9-$%-( $%" *.(/-)"+") 4-8"1 "/$-, $")

9-$% $%" =DEF# N × N -/ $%" $.$ 1 (',&"+ .7 /'&;4-8"1/ 9-$%-( " *% 4-8"1#  () +.'()@8C

+"$'+(/ $%" 0 1'" .7 $%" *1./"/$ -($"!"+ $. 85

G/ ,"($-.(") &"7.+"#  9"11 H(.9( 4+.&1", .7 %24"+/4"*$+ 1 -, !"/ /.'+*" /"4 + $-.(  ()

/4"*$+ 1 '(,-8-(! *.0"+-(! 9-)"  +" / -/ $% $  &'() (*"/ )"$"+,-( $-.( -/ ("! $-0"12 +"1 $")

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

"8$"(/-0"12 +"4+"/"($  *1 // -/ !"("+ 112 7 + 7+., +" 1-$25 M( .$%"+ 9.+)/# -7 9" "8$+ *$ $9.

/4"*$+ .7 $%" / ," , $"+- 1 -( $9. )-3"+"($ *.+("+/ .7 $%" -, !"# $%"2 9-11 4+.& &12 4+"/"($

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

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

9" % 0" $"/$") $9. 4.//-&1"  44+. *%"/5 O%"( '/-(!  ( "(),",&"+ "8$+ *$-.(  1!.+-$%, $.

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

9%.1" -, !"# /-(*" /'*% $"*%(->'"/ +"$+-"0" $%" 4'+"/$ 4-8"1 .7 $%" -, !"/# 9%-*% *.'1) &" '/")

-( $%" 9%.1" ) $ /"$ $. )"$"+,-("  &'() (*"/ 9-$%-( ,-8$'+"/5 M( $%" * /" .7 "(),",&"+/

$% $  +" "8$+ *$") '/-(! *1'/$"+-(! $"*%(->'"/# -$ -/ *.,4'$")  4+"1-,-( +2 P*1 //-:* $-.(

, 4P# 9%"+" .(12 $%" 4'+"/$ 4-8"1/  +" 1 &"1") @ 4-8"1 -/ *.(/-)"+")  / 4'+" -7 -$/ , 8-,',

 &'() (*" -/ %-!%"+ $% (  *%./"( $%+"/%.1)C5 6%"(# $%"  &'() (*"/ .7 '(1 &"1") 4-8"1/

 +" +";*.,4'$") &2 *.(/-)"+-(!  / P"(),",&"+ * ()-) $"/P .(12  (',&"+ .7 4-8"1/ -( $%"

/4 $- 1 ("-!%&.+%..) .7 $%" *.(/-)"+") ,-8") 4-8"15 6%" "(),",&"+ * ()-) $"/  +" $%"+"7.+"

*%./"(  ,.(! $%" 4-8"1/ 1 &"1")  / P4'+"P -( $%" :+/$ /$"4# -( .+)"+ $. '/" 1.* 1 "(),",&"+/

 () $. % ()1" $%" 4+.&1", .7 /4"*$+ 1 0 +- &-1-$25 6%-/ -/ ).(" &"* '/" "(),",&"+ +"$+-"0")

&2 *1'/$"+-(! $"*%(->'"/  +" ,.+" 1-H"12 $. &" ,-8") .+ /1-!%$12 ,-8") 4-8"1/# 9%-*% * ( (.$

+"4+"/"($ $%" *.++"/4.()"($ *1 //  11 -( $%" 9%.1" -, !"5

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

6%" :+/$  44+. *% $. 1.* $" $%" /'&;4-8"1/ -/ & /") .(  /-,'1 $")  ((" 1-(! , 44-(!

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

,-(-,-Q"  *%./"( *./$ 7'(*$-.(5 R"12-(! .( $%" /4 $- 1 *.++"1 $-.( $"()"(*2 .7 1 ()*.0"+/# 9"

 //'," $% $ " *% "(),",&"+ 9-$%-(  4-8"1 /%.'1) &" /4 $- 112 *1./" $. $%" / ," "(),",&"+/

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

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

$%" *./$ 7'(*$-.( C $. &" ,-(-,-Q") -/ *%./"(  / $%" 4"+-,"$"+ .7 $%"  +" / &"1.(!-(! $. $%"

/ ," *1 //?

C =
I∑

i=1

Ni∑

j=1

Pj , @A5TC

9%"+" I -/ $%" (',&"+ .7 $%" *1 //"/# Ni -/ $%" (',&"+ .7 *.(("*$") *.,4.("($/ .7 $%"

*1 // i#  () Pj -/ $%" 4"+-,"$"+ .7 $%" *.(("*$") *.,4.("($ j# *.,4'$")  **.+)-(! $. $%"
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 !"  #"  $"

%&'()* +,-. /!0&$ 01*20 34 15* 2)3230*6 )*037(1&38 &92)3:*9*81 9*1536.  !" ;2*$1)!7 (89&<=

&8' 2)3:&6*0 &843)9!1&38 !#3(1 !#(86!8$* 4)!$1&38 >&15&8 *!$5 2&<*7  #" ?&<*70 !)* 027&1 &813

N 0(#=2&<*70@ !$$3)6&8' 13 15* 6*0&)*6 A339 4!$13)@ !00&'8*6 13 !8 *869*9#*) !86 )!86397B

230&1&38*6 >&15&8 15* 2&<*7  $" ;(#=2&<*70 !)* )*=73$!1*6 #B ;&9(7!1*6 C88*!7&8' 3) ?&<*7

;>!22&8', ;&9(7!1*6 !88*!7&8' 2*)43)90 )!8639 2*)9(1!1&380 34 15* 0(#=2&<*70 230&1&38

(81&7  !"! # $301 &0 )*!$5*6  &8 15* 2)3230*6 *<!927*@ 15* 2*)&9*1*) $301 4(8$1&38 34 D'=

()*  $" &0 15* #*01 2300&#7* 037(1&38@ !86 $7*!)7B 73>*) 15!8 15* $!0* 053>8 &8 D'()*  #" ",

?&<*7 ;>!22&8' $5!8'*0 0(#=2&<*7 230&1&380 !0 053>8 &8 %&', +,E,

F=$388*$1*6 #3)6*) 2&<*70 936*7 GHEIJ,

;&9(7!1*6 C88*!7&8'  ;C" &0 ! >*77 *01!#7&05*6 013$5!01&$ 1*$58&K(* 3)&'&8!77B 6*:*732*6 13

936*7 15* 8!1()!7 2)3$*00 34 $)B01!77&A!1&38 GHEFJ, L5&0 2)3$*00 &0 #!0*6 38 !8 !8!73'B 4)39

15*)936B8!9&$0 >5*)* ! 0B01*9 &0 073>7B $337*6 &8 3)6*) 13 !$5&*:* &10 73>*01 *8*)'B 01!1*,

M3)* )*$*817B@ ;C 5!0 #**8 2)3230*6 13 037:* '73#!7 321&9&A!1&38 2)3#7*90 GHENJ@ !86 &1 5!0

#**8 (0*6 &8 :!)&3(0 D*760,

L5* #!0&$ &6*! 34 15* 9*1536 &0 15!1@ &8 3)6*) 13 !:3&6 13 #* 1)!22*6 &8 73$!7 9&8&9!@

(25&77 93:*9*810@ &,*, 15* 23&810 $3))*02386&8' 13 >3)0* 3#O*$1&:* 4(8$1&38 :!7(*0 $3(76@

039*1&9*0@ #* !$$*21*6 #B 15* 43773>&8' &1*)!1&:* 2)3$*6()*, C0 >&15 ! ')**6B 0*!)$5@ &1

!$$*210 !77 $5!8'*0 15!1 7*!6 13 &92)3:*9*810 &8 15* D18*00 34 ! 037(1&38, P3>*:*)@ !703

$5!8'*0 >5&$5 7*!6 13 >3)0* 037(1&380 $!8 #* !$$*21*6, L5* 2)3#!#&7&1B 34 !$$*21&8' !

)*:*)0!7 &0 &8:*)0*7B 2)323)1&38!7 13 15* 0&A* 34 15* )*:*)0!7 >&15 15* !$$*21!8$* 34 09!77*)

)*:*)0!70@ #*&8' 93)* 2)3#!#7*, L5&0 2)3#!#&7&1B !703 6*$)*!0*0 !0 15* 0*!)$5 $381&8(*0@ 3) !0

15* 0B01*9 $3370@ !773>&8' *:*81(!7 $38:*)'*8$* 38 ! 037(1&38,

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

L5* 0*$386 !7'3)&159 &8:*01&'!1*6 &0 15* 03=$!77*6 2&<*7=0>!22&8' !7'3)&159@ #!0*6 38

15* $38$*21 34 0(#=2&<*70 !11)!$1&:*8*00 &81)36($*6 #B C1Q&8038 &8 GH+R@ H+HJ, L5* 3)&'&8!7

!7'3)&159 1!Q*0 !0 &82(1 15* 0(#=2&<*70 5!)6 7!86 $3:*) 9!20 3#1!&8*6 !41*) $38:*)1&8' 15*

4)!$1&38!7 !#(86!8$*0 34 15* $7!00*0 !86 1)B 13 9!<&9&A* 15* 02!1&!7 $3))*7!1&38 34 0!9* $7!00

0(#=2&<*70 >5&7* 2)*0*):&8' 15* 2)323)1&38!7 $39230&1&38 >&15&8 ! S73>=)*037(1&38S 2&<*7,

T&15 )*02*$1 13 15* 3)&'&8!7 !7'3)&159@ 15)** 9!&8 6&U*)*8$*0 !)* 2)*0*81*6 5*)*.

= V8 GH+HJ@ 15* 4)!$1&38!7 !#(86!8$*0 !)* $380&6*)*6 !0 ! '&:*8 &843)9!1&38@ >5&7* 5*)*

>* $392(1* 15*9 &8 15* D)01 01*2 34 15* 2)3230*6 !7'3)&159,

= L5* 3)&'&8!7 !7'3)&159 >!0 2)3230*6 43) 1>3 $7!00*0 2)3#7*90, P*)*@ >* !227B &1 13 !

9(71&=$7!00 $7!00&D$!1&38 2)3#7*9,

L5* 2&<*70 0>!22&8' !7'3)&159 1!Q*0 &8 $380&6*)!1&38 ! >*&'51*6 4(8$1&38 )*2)*0*81&8'

15* W!11)!$1&:*8*00W 34 ! 0(#=2&<*7 73$!1&38, %3) *!$5 0(#=2&<*7 230&1&38 i >&15&8 15* 2&<*7@ 15*

!11)!$1&:*8*00 Oi &0 )*2)*0*81*6 #B.
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 !"  #"  $"  %"  &"

'()*+& ,-./ 0!1($ 12&31 45 26& 3(7&8 19!33(:) !8)4+(26;/  !" <6& 6!+% 1*#=3(7&8 >!8*&1 !+&

+!:%4; 84$!2&% 9(26(: &!$6 3(7&8-  #" ?7!;38& 45 1*#=3(7&8 %(12+(#*2(4: 54+ $8!11 @  $" '4+

&!$6 1*#=3(7&8 84$!2(4:A 26& !22+!$2(>&:&11 Oi (1 $4;3*2&%- B: 26& &7!;38& C)*+&A 1*#=3(7&81

!884$!2&% 24 $8!11 @ !+& +&3+&1&:2&% (: %!+D )+!EA 1*#=3(7&81 !884$!2&% 24 426&+ $8!11&1 !+&

+&3+&1&:2&% (: 8()62 )+!E-  %" F(26(: &!$6 3(7&8A 26& 849&12 !22+!$2(>&:&11 >!8*& 45 ! 1*#=3(7&8

!884$!2&% 24 26& $4:1(%&+&% $8!11 !:% 26& 6()6&12 !22+!$2(>&:&11 >!8*& 45 ! 1*#=3(7&8 !884$!2&%

24 !:426&+ $8!11 !+& $4:1(%&+&%- B5 26& C+12 >!8*& (1 1;!88&+ 26!: 26& 1&$4:%A 26& 1*#=3(7&81

!+& 19!33&%-  &" ?7!;38& 45 1*#=3(7&81 +&84$!2(4: !52&+ 26& C+12 (2&+!2(4:-

Oi =

n∑

j=1

λijZ(Xj)  ,-."

96&+& n (1 26& :*;#&+ 45 :&()6#4+(:) 3(7&81 $4:1(%&+&%A Z(Xj) (1 26& #(:!+E >!8*& 45 26&

$8!11 z (: 26& jth 1*#=3(7&8 84$!2(4: Xj  @ (5 26& 1*#=3(7&8 #&84:)1 24 26& $8!11 zA G 426&+9(1&"A

!:% λij (1 ! 9&()62 $4;3*2&% !1

λij = &73

(−hij
α

)
 !"!#

$%&'& hij () *%& +()*,-.& /&*$&&- *%& )0/12(3&4 45.,*(5-) i ,-+ j6 ,-+ α () , ',-7&

2,',8&*&' 59 *%& &325-&-*(,4 85+&4" :&;&',4 $&(7%*(-7 90-.*(5-) $&'& &3245'&+ (- <=!>? ,)

25))(/4& ,4*&'-,*(;&) *5 *%& &325-&-*(,4 90-.*(5-" @%& ,0*%5') )077&)*&+ *%,* , )(824& A&,'&)*

A&(7%/5' 85+&4 .504+ 2'5;(+& .582,',/4& ,..0',.B 59 85'& .5824&3 )2,*(,4 85+&4)6 )0.%

,) *%& &325-&-*(,4 $&(7%*(-7 90-.*(5-6 $(*% , 80.% )(824&' 85+&4" CD0,*(5-  !"E# /&.58&)

*%&'&95'& *%& )(824& )08 59 *%& ;,40&) (- *%& -&,'&)* )0/12(3&4) 25)(*(5-)F

Oi =
n∑

j=1

Z(Xj)  !"G#

@%& 8&*%5+ .,- /& +&).'(/&+ ,) 95445$)F $(*%(- , 2(3&46 95' &,.% .4,))6 *%& ,**',.*(;&-&))

;,40& O () .5820*&+ 95' &,.% )0/12(3&4 25)(*(5- i ,-+ .4,)) z" H9 *%& 4&,)* ,**',.*(;& ;,40&

59 , )0/12(3&4 ,.*0,44B /&45-7(-7 *5 , .4,)) z () )8,44&' *%,- *%& 85)* ,**',.*(;& ;,40& 59

, )0/12(3&4 /&45-7(-7 *5 ,-5*%&' .4,))6 *%& *$5 )0/12(3&4) ,'& )$,22&+" @%() 2'5.&+0'& ()

'&2&,*&+ &(*%&' 95' , 2'&;(50)4B I3&+ -08/&' 59 *(8&) 5' 0-*(4 , )*522(-7 .'(*&'(5- () '&,.%&+"

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

@%() )&.*(5- ,(8) ,* 7(;(-7 ,- 5;&',44 (+&, 59 *%& 2'525)&+ 8&*%5+6 $%&- 0)&+ 95' .4,))(1

9B(-7 )B-*%&*(. +,*," J&.,0)& 59 *%() '&,)5-6 5-4B *%& &-+8&8/&' &3*',.*(5- /,)&+ 8&*%5+

() .5-)(+&'&+6 $(*% :(804,*&+ K--&,4(-7 )0/12(3&4 8,22(-7"

L-& 59 *%& 8,(- 2'5/4&8 $%&- +&,4(-7 $(*% )2&.*',4 0-8(3(-7 59 '&,4 +,*, () *%& +(M.04*B

*5 ,))&)) *%& '&)04*) 5/*,(-&+6 &)2&.(,44B (- *%& .,)& 59 ,/0-+,-.& 9',.*(5-) &)*(8,*(5-" H9



 !"

#$%&'() *+ ,&(#')%- ./0121/3 '4 10&)45( '$( ,&%'1%-

)(,4-.'14/ 46 '$(0%'1# 0%&,

 !"  #"

 $"  %"

&'()*+ ,-,.  !" /*0)1% 2*)23 04 23+ 5612+23'$ '7!(+ $*+!2+% 8'23 *+4+*+1$+ 59+$2*!-  #"

/*0)1% 2*)23 !42+* %081:5$!;'1( 04 ! 4!$20* <- ='>+% 9'>+;5 !*+ 53081 '1 #;!$?  $" @7!(+

0#2!'1+% !42+* 50)*$+ 5+9!*!2'01 !1% *!1%07 905'2'01'1( 04 23+ +;+7+125  %" &'1!; *+5);25

!42+* 5'7);!2+% !11+!;'1( 092'7'A!2'01
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 !"! !#$! %&!$' ( $(# )! !(%*+, -)'(*#!. " -/ ( +()- ('- , %*/0+('*-# - " -/  ! " #$ -)%! 1(2

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

/- ! .*7$0+'8 94*% *% '4! /(*#  !(%-# '4(' +!(. 0% '- : %' $-#%*.! %,#'4!'*$ .('(3 ;4! !

(++ '4! %&!$' ( (#. '4! ()0#.(#$! " ($'*-#% ( ! <#-;# *# ( .!'(*+!. ;(,8 =# '4! "-++-;*#6

!5(/&+!3 ;! 4(1! $ !('!. (# */(6! 0%*#6 %&!$' ( -)'(*#!. " -/ ( +*) ( ,3 *# - .! '- )!''! 
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&!$* '#9&37 /&0 H#9&3" !+& "'3#% #5%( n "62I'#9&3"= !$$(+,#5; %( %*& ,&"#+&, J((- )!$%(+= !""#;5&, %(

!5 &5,-&-2&+ !5, +!5,(-3< '("#%#(5&, :#%*#5 %*& '#9&37 8*& 56-2&+ () "62I'#9&3" !""#;5&, %( &!$*

$3!"" +&K&$%" %*& )+!$%#(5!3 G!36& &"%#-!%&, #5 %*& '+&G#(6" "%&'7 /)0 F#-63!%&, !55&!3#5; '&+)(+-"

+!5,(- '&+-6%!%#(5" () %*& "62I'#9&3" '("#%#(5 65%#3  !"! # $("% #" +&!$*&,7

!,& 123 4!#&4&%5 !1% 36&), $4!77)8$!3)21 9)44 #& !%%,&77&% )1 ! 7&$21% 73&:.

;7 421* !7 )3 $!1 :,2<)%& ! :,2#!#)4)73)$ 2+3:+35 &<&,= $4!77)8&, $!1 #& +7&% '2, 36& %!3!

!1!4=7)7. >1 36)7 92,?5 9& :,2:27& 32 +7& ! :,2#!#)4)73)$ @+::2,3 A&$32, B!$6)1&  @AB"

$4!77)8&, CD-EF5 %+& 32 36& *22% :&,'2,G!1$&7 76291 )1 36& $4!77)8$!3)21 2' 6=:&,7:&$3,!4

%!3!5 !472 )1 $!7& 2' 4)G)3&% 3,!)1)1* 7&37 CDH5 D-/5 D-IF. >1 36& '24429)1*5 9& *)<& ! 762,3

%&7$,):3)21 2' 36& :,)1$):4&7 21 96)$6 @AB )7 #!7&%. J+& 32 36& 4!$? 2' 7:!$&5 9& ,&'&, 36&

,&!%&, 32 CD-EF !1% CD-/F '2, '+,36&, %&3!)47 21 36& 36&2,= 2' @AB !1% )37 !::4)$!3)21 '2,

6=:&,7:&$3,!4 )G!*&7 $4!77)8$!3)21.

 !"!# $%&'(')*)+,)- ./00&%, 12-,&% 3(-4)52

K6& @AB )7 7+,&4= 21& 2' 36& G273 $2GG214= +7&% ?&,1&4 4&!,1)1* !4*2,)36G. >3 :&,'2,G7

,2#+73 121L4)1&!, $4!77)8$!3)21 2' 7!G:4&7 +7)1* 36& ?&,1&4 3,)$? CD-HF. K6& )%&! )7 32 81% ! 7&:L

!,!3)1* 6=:&,:4!1& )1 72G& '&!3+,& 7:!$& )1%+$&% #= 36& ?&,1&4 '+1$3)21 96)4& !44 36& $2G:+L

3!3)217 !,& %21& )1 36& 2,)*)1!4 7:!$& CD-EF. M)<&1 ! 3,!)1)1* 7&3 S = {(x1, y1), . . . , (x
ℓ, yℓ)} ∈

R
n × {−1; 1} 96&,& <&$32, x $213!)17 36& #!1% )13&17)3)&7 !1% y 36& $4!77 4!#&45 36& @AB

$2G:+3&7 ! %&$)7)21 '+1$3)21 ' N" 7+$6 36!3 7)*1 ' N"" $!1 #& +7&% 32 :,&%)$3 36& 4!#&4 2' !1=

3&73 7!G:4& N. K6& %&$)7)21 '+1$3)21 $!1 #& 9,)33&1 !7

f(x) =
∑N

i=1 yiαik̃(x
i,xj) + b  -.D"

!1% )3 )7 '2+1% #= 724<)1* 36& $21<&N 2:3)G)O!3)21 :,2#4&G0

max
α

g(α) =

ℓ∑

i=1

αi −
1

2

ℓ∑

i,j=1

αiαjyiyj k̃(x
i,xj)

7+#P&$3 32 0 ≤ αi ≤ C !1%

∑ℓ
i=1 αiyi = 0

 -.E"

96&,& α !,& 36& Q!*,!1*& $2&R$)&1375 k̃(xi,xj) = k(xi,xj)+δij/C5 k 36& ?&,1&4 '+1$3)215

C ! $2173!13 36!3 )7 +7&% 32 :&1!4)O& 36& 3,!)1)1* &,,2,75 δij ! '+1$3)21 7+$6 36!3 δ S D )' iSj5 δ
S T 236&,9)7&. K2 #& !1 !$$&:3!#4& ?&,1&45 k 762+4% #& ! :27)3)<& 7&G)L%&81)3& '+1$3)21 CD-HF.

>1 CD-UF V4!33 :,2:27&7 !::,2N)G!3)1* 36& :273&,)2, $4!77 :,2#!#)4)3)&7 P (y = 1|x) #= !

7)*G2)% '+1$3)210

P (y = 1|x) ≈ PA,B(f) =
1

1 + &N:(Af̂ +B)
 -./"



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

 !"#" f̂ $% &' "%($)&($*' *+ (!" ,"-$%$*' +.'-($*' +/01 -*)2.(", 34 (!" 5678 A &', B ( *

2&#&)"("#% (!&( '"", (* 3" *2($)$9",: ;!" 3"%( 2&#&)"("# %"(($'< /A⋆, B⋆
1 $% ,"("#)$'", 34

%*=>$'< (!" +*==* $'< #"<.=&#$9", )&0$).) =$?"=$!**, 2#*3=") / $(! N+ *+ (!" yi@% 2*%$($>"8
&', N− '"<&($>" (#&$'$'< %&)2="%1A

min
z=A,B

F (z) =
∑l

i=1(tilog(pi) + (1− ti)(1− log(pi)),
/B:C1

 !"#"

pi = PA,B(fi), ti =

{
N++1
N++2 $+ yi = +1

1
N

−
+2 $+ yi = −1

,

i = 1, . . . , l.

D ,"(&$=", ,"%-#$2($*' *+ (!" )"(!*, -&' 3" +*.', $' EFBGH: I' (!$%  *#?8  " !&>" .%", &'

$)2#*>", $)2=")"'(&($*' *+ (!" &3*>" &=<*#$(!) EFBBH8  !$-! $% $'-=.,", $' (!" JIK567

=$3#&#4 EBLH:

I' (!$% M#%( -=&%%$M-&($*' %("28  " -*'%$,"# ( * *.(2.(%A

F1 D -*)2="(" 2#*3&3$=$(4 )&28 -*'(&$'$'< (!" 2#*3&3$=$(4 "%($)&("% +*# "&-! 2$0"= (*

3"=*'< (* (!" &%%$<'", -=&%%:

N1 D -*&#%" -=&%%$M-&($*' )&2 *+ (!" 2$0"=% -*'%$,"#", &% @'*( )$0",@8 -*'(&$'$'< -=&%%

=&3"=% +*# (!" %&)2="%  $(! & 2#*3&3$=$(4 3"=*'<$'< (* (!" -=&%% !$<!"# (!&' & -!*%"'

(!#"%!*=,:

I( $% '*( & %(#&$<!(+*# &#, (&%? (* -!**%" (!" (!#"%!*=, (* ,"("#)$'" $+ & 2$0"= %!*.=, 3"

-*'%$,"#", &% 2.#" *# )$0",: O!"' =&3"==$'< (!" 2.#" 2$0"=%8  " &#" $'("#"%(", $' -*##"-(=4

-=&%%$+4$'< )*%( *+ (!" 2.#" 2$0"=%8 3"-&.%" *+ ( * &=#"&,4 )"'($*'", #"&%*'%A $1 O!"'

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

2#"=$)$'&#4 -=&%%$M-&($*'  $== 3" (!" $'2.( *+ (!" %"-*', %("28 &', & =&#<" '.)3"# *+ -*##"-(=4

-=&%%$M", 2.#" 2$0"= !"=2% (* 2#*>$," %.$(&3=" "',)")3"# -&',$,&("% +*# (!" )$0", 2$0"=%: P*#

(!$% %&)" #"&%*'8 (!" )$%-=&%%$M-&($*' *+ 2.#" 2$0"=% -*.=, ="&, (* -#$($-&= $%%."% &', -&.%" &

=&#<" "##*# $' (!" %2"-(#&= .')$0$'< %("28 (!.% & (#&,"*Q $% *3%"#>",: ;!" "02"#$)"'(% -&##$",

*.( (* $'>"%($<&(" (!$% $%%." !&>" %!* ' (!&( $' <"'"#&= & !$<! (!#"%!*=, /-=*%" (* RST1 &==* %

(* *3(&$' & !$<!"# -=&%%$M-&($*' &--.#&-48 %$'-" *'=4 (!" 2$0"=%  !$-! &#" #"&%*'&3=4 %.#" (*

3"=*'< (* & -=&%% &#" =&3"=",: U* ">"#8 (!" -!*$-" *+ (!$% 2&#&)"("# $% '*( -#.-$&= +*# (!"

-=&%%$M-&($*' &--.#&-4 *+ (!" 2#*2*%", )"(!*,8 &% $(  $== 3" %!* ' $' (!" '"0( %"-($*'%:

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

D+("# *3(&$'$'< & -*&#%" -=&%%$M-&($*' )&28  !"#" %*)" 2$0"=% -*'%$,"#", &% V2.#"V /,."

(* (!" !$<! 2#*3&3$=$(4 (* 3"=*'< (* (!" &%%$<'", -=&%%1  "#" -=&%%$M",8 (!" =&3"==$'< *+ (!"

*(!"# 2$0"=% $% &,,#"%%", $' (!" %"-*', %("2:

52"-(#&= )$0(.#" &'&=4%$% /57D1 ("-!'$W."% !&>" *>"#-*)" %*)" *+ (!"  "&?'"%%"% *+ +.==

2$0"= &22#*&-!"% 34 .%$'< =$'"&# %(&($%($-&= )*,"=$'< &', %$<'&= 2#*-"%%$'< ("-!'$W."% ELC8FSRH:

;!"4 &#" $'!"#"'(=4 "$(!"# '*'=$'"&# ("-!'$W."% *# =$'"&# ("-!'$W."%: X*'=$'"&# )$0", 2$0"=

&'&=4%$% "%($)&(" ).=($2=" %-&(("#$'< "Q"-(% (!&( )&4 &#$%"  !"' (!" ,$Q"#"'( )&("#$&=% +*#)

$'($)&(" &%%*-$&($*' &( )$-#*%-*2$- =">"= ELCH: D=(!*.<! (!"4 -&' 3" .%"+.= +*# %*)" (42"%

*+ &'&=4%$%8 $' (!" )&Y*#$(4 *+ &22=$-&($*'% & =$'"&# )$0$'< )*,"= -&' 3" -*'%$,"#",  $(!*.(

%$<'$M-&'( =*%% *+ $'+*#)&($*' ELCH: ;!" ?"4 (&%? $' =$'"&# 57D $% (* M', &' &22#*2#$&(" %"(

*+ 2.#" %2"-(#&= -*'%($(."'(% Z-&==", V"',)")3"#%V $' !42"#%2"-(#&= &'&=4%$% ("#)$'*=*<4Z8



 !"

#$%&'() *+ ,&(#')%- ./0121/3 '4 45'%1/ 61/() 0%&
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 !"#$% &'()  *+, -./$0 1-.%2% +3 0.% 4$+4+1%5 14/0!/* $%"#*/$!6/0!+7 /44$+/-. 8/1%5 +7

9!2#*/0%5 :77%/*!7"'

,.!-. /$% 0.%7 #1%5 0+ %10!2/0% 0.% 3$/-0!+7/* /8#75/7-%1 +3 %/-. 2!;%5 4!;%* 3$+2 !01 14%-<

0$#2 /75 0.% %752%28%$ 14%-0$/ 8= #1!7" / *!7%/$ 2!;0#$% 2+5%*'

>7 0.% ?!7%/$ @!;0#$% @+5%* A?@@BC 0.% 14%-0$#2 +3 / 2!;%5 4!;%* !1 $%4$%1%70%5 /1 / *!7%/$

-+28!7/0!+7 +3 -+24+7%70 14%-0$/ A%752%28%$1B' D.% ,%!".0 +3 %/-. %752%28%$ 14%-0$#2

A/8#75/7-%B !1 4$+4+$0!+7/* 0+ 0.% 3$/-0!+7 +3 0.% 4!;%* /$%/ -+E%$%5 8= 0.% %752%28%$' >3

0.%$% /$% M 14%-0$/* 8/751C 0.% 14%-0$#2 +3 0.% 4!;%* /75 0.% 14%-0$/ +3 0.% %752%28%$1

-/7 8% $%4$%1%70%5 8= M <5!2%71!+7/* E%-0+$1' D.%$%3+$%C 0.% "%7%$/* %F#/0!+7 3+$ ?@@ !1

5%1-$!8%5 /1 / *!7%/$ $%"$%11!+7 3+$2

z =
L∑

i=1

aisi + e = As+ e A&'GB

,.%$% z !1 /7M×1 -+*#27 4!;%* E%-0+$ ,.!-. 5%1-$!8%1 0.% 14%-0$#2 +3 0.% 2!;%5 4!;%*C

s = [s1s2 . . . sL] !1 /7 M × L %752%28%$ 2/0$!; +3 2/0%$!/* 1!"7/0#$%C si (i = 1, 2, . . . , L)
/$% 0.% M <5!2%71!+7/* 14%-0$/ +3 0.% %752%28%$1C a !1 /7 L × H -+*#27 E%-0+$ /75 !1

-+24+1%5 +3 /8#75/7-% -+%I-!%701 ai (i = 1, 2, . . . , L)C e !1 /7 M <5!2%71!+7/* %$$+$ E%-0+$

/--+#70!7" 3+$ */-J<K0 /75 7+!1% %L%-01C /75 L !1 0.% 7#28%$ +3 0.% %752%28%$1' M#% 0+

4.=1!-/* $%/1+71C A&'GB ./1 0+ $%14%-0 0.% 3+**+,!7" -+710$/!701 +3 7+7<7%"/0!E!0= A/8#75/7-%

3$/-0!+71 ,!0.!7 / 4!;%* -/77+0 8% 7%"/0!E%B /75 1#2 0+ +7% A0.% 1#2 +3 /** 0.% /8#75/7-%1



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

 !"#$%&' (%$)%' " *%+,- ./0$ )"1, 2 "0 " !,0/-$34

ai ≥ 0  !"#$

L∑

i=1

ai = 1.  !"!$

%& '()(&* +(,'-. -(/(',0 ,012'3*45- 4,/( 6((& 7(/(028(7 92' ,:*25,*3) 2' -(53;,:*25,*3)

(<*',)*32& 29 -8()*',0 (&75(56('- 73'()*0+ 9'25 *4( 35,1( 7,*, ,&7 *2 7(*('53&( *4(3' 9',);

*32&,0 ,6:&7,&)(- =3*43& (,)4 83<(0 >?@AB" C--:53&1 *4,* 1'2:&7 *':*4 3- ,/,30,60(. =( 72

&2* &((7 *2 7(*('53&( *4( (&75(56('- )2582-3&1 *4( 7,*,. 6:* -3580+ *4( ,6:&7,&)( 29

(,)4 0,&7 )2/(' *+8( =3*43& *4( 83<(0-" %& *43- ),-(. , 5,D2' 3--:( 3- 42= *2 4,&70( *4( -8();

*',0 /,'3,6303*+ =43)4 ,E()*- *4( 7,*," C- -42=& 3& >?@#B. -29* )0,--3F),*32& 29 4+8('-8()*',0

35,1(- )2/('3&1 =37( ,'(,- 3- &(1,*3/(0+ '(0,*(7 *2 *4( 3&*',;)0,-- -8()*',0;/,'3,6303*+. ,&7 *4(

,--:58*32& *4,* , -3&10( (&75(56(' )2:07 (<*(&-3/(0+ '(8'(-(&* , )0,-- 3- 1(&(',00+ 9,' 9'25

'(,03*+" G4( )423)( 29 ,88'28'3,*( (&75(56('- 3- /('+ 3582'*,&* 3& 2'7(' *2 )2''()*0+ (-*3;

5,*( *4( 9',)*32&,0 ,6:&7,&)(-" %9 *4( (&75(56('- 72 &2* '(8'(-(&* *4( 0,&7 )2/(' )0,--(-

=(00. *4( (-*35,*(- 29 *4( -:6;83<(0 )2/(',1( ),& 6( 43140+ 63,-(7 ,&7 0(,7 *2 53-)0,--3F),*32&

(''2'-"

%& 2'7(' *2 2/(')25( *43- 8'260(5. =( 8'282-( ,& ,7,8*3/( ,88'2,)4 *2 -(0()* *4( 6(-* (&7;

5(56(' ),&737,*(- 92' (,)4 83<(0" G43- ,88'2,)4 3- 6,-(7 2& *=2 5,3& ,--:58*32&-H

?" G4( -8,*3,0 )2''(0,*32& 29 *4( )0,--(-. 3"(". 92' (,)4 83<(0. 3* 3- 8'26,60( *4,* *4( 6(-*

(&75(56(' ),&737,*(- 03( 3& *4( -8,*3,0 8'2<353*+ 29 *4( )2&-37('(7 83<(0"

I" G4( 8'26,6303-*3) 2:*8:* 8'2/37(7 6+ *4( JKL. 3"(". 39 , ),&737,*( 3- &2* -8,*3,00+ )02-(

*2 *4( -(0()*(7 83<(0. 6:* *4( 8'26,6303-*3) /,0:( 29 *4( )0,-- *2 =43)4 3* 6(02&1- 3- 4314.

3* 3- 8'(-:5,60+ , 1227 ),&737,*("

M2' (,)4 53<(7 83<(0 =43)4 4,- *2 6( )0,--3F(7. =( )2&-37(' , -(* 29 ?A 73E('(&* -8()*',.

*4,* '(8'(-(&* *4( (&75(56(' ),&737,*(-" G4( '(,-2& 92' *43- )423)( 3- *4( ,62/( 5(&*32&(7

-8()*',0 /,'3,6303*+H %* 3- 4,'7 *2 '(8'(-(&* , )0,-- =3*4 , -3&10( (&75(56('-" G4( 92002=3&1

(<8('35(&* =300 -42= *4,* *43- &:56(' ),& 6( /,'3(7 =3*43& , =37( ',&1( 29 /,0:(- =3*42:*

,E()*3&1 *4( 8('92'5,&)(- 29 *4( 8'282-(7 5(*427" G4(-( ),&737,*(- ,'( )42-(& 9'25 *4(

0,6(0(7 -,580(- 29 *4( *',3&3&1 7,*, ,&7 *4( '(-:0*- 29 *4( 8'(0353&,'+ )0,--3F),*32& 29 -*(8

2&(. )2&-37('(7 ,- , -(* 29 8:'( 83<(0- )2''()*0+ )0,--3F(7" %9 2&( 29 *4( 0,&7 )2/(' )0,--(-

4,- , 4314 8'26,6303-*3) 2:*8:*  =( )2&-37(' , 8'26,6303-*3) 2:*8:* ,- 4314 39 3*- 73E('(&)(

9'25 *4( *4'(-4207 )42-(& ,* -*(8 ? 3- -5,00(' *4,& @N$. ,* 0(,-* F/( -8()*', 29 *43- )0,--

,'( )2&-37('(7. 2*4('=3-( ,00 *4( ?A ),&737,*(- ,'( -(0()*(7 9'25 *4( -8()*',0 -31&,*:'(-

-8,*3,00+ )02-(-* *2 *4( )2&-37('(7 83<(0. ,9*(' *4( )2,'-( )0,--3F),*32& -*(8" O&)( *4( -8()*',0

-31&,*:'(- '(8'(-(&*,*3/( 29 (,)4 )0,-- ,'( (<*',)*(7 9'25 *4( 35,1(. *4( ,6:&7,&)( 9',)*32& 29

*4( (0(5(&*- =3*43& (,)4 83<(0 -42:07 6( 7(*('53&(7" J(/(',0 ,012'3*45- 4,/( 6((& 7(/(028(7

92' *4( 03&(,' 53<3&1 527(0 ,))2'73&1 *2 *4( '(P:3'(7 )2&-*',3&*- 29 ,6:&7,&)(- 9',)*32&-"

G4( 9:00+ )2&-*',3&(7 0(,-* -P:,'(7 :&53<3&1 ,012'3*45 3- , =37(0+ ,728*(7 8',)*3),0 -20:*32&

*2 ,/237 *4( ,88(,',&)( 29 *4(2'(*3),0 8'260(5-. -:)4 ,- &(1,*3/( 9',)*32&,0 ,6:&7,&)(- 2'

,6:&7,&)(- *4,* -:5 :8 *2 52'( *4,& 2&(" Q:( *2 3*- )258:*,*32&,0 (R)3(&)+. =( 4,/(

)42-(& *43- ,012'3*45. =43)4 -,*3-F(- 62*4 ,6:&7,&)( )2&-*',3&*- ,&7 3- 28*35,0 3& *('5-

29 0(,-* -P:,'(- (''2' >?ASB" C9*(' ,880+3&1 MTUJ. =( 26*,3& *4( 9',)*32&,0 ,6:&7,&)(- 29

(,)4 (&75(56('" Q:( *2 *4( 9,)* *4,* 3& 5,&+ ),-(- -(/(',0 (&75(56('- '(8'(-(&* *4( -,5(

)0,--. 6+ -:553&1 *4( 9',)*32&,0 ,6:&7,&)(- 29 ,00 *4( (&75(56('- 6(02&13&1 *2 *4( -,5(

0,&7 )2/(' )0,--. =( 26*,3& *4( )2/(' 8(')(&*,1( 29 , )0,-- =3*43& , 53<(7 83<(0" %* -42:07



 !!

"#$%&'( )* +%'"&($, -./010.2 &3 34&$0. 50.'( /$%

('+3,-&03.

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

0'"3 4)2/!4 )*+!(, "#$ (' !(!%  !-'2,! #5 $&! (#6 )/# ' *(*$3 #2$)2$ )/#7*%!%  3 $&! 89:;

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

 !"!# $%&'()*+, -&./*.0 123(04/*(+

8)!-$/'( 2"0*+*"= *, 2,!52( $# %!,-/* ! $&! ,-!"! '$ ' ,2 >)*+!( (!7!(1  2$ -'" #"(3 )/#7*%!

*"5#/0'$*#" ' #2$ )/#)#/$*#", #5 $&! !"%0!0 !/, 6*$&*" !'-& )*+!(; 8*"-! $&! ,)'$*'( (#-'$*#"

/!0'*", 2"?"#6"1 ,)!-$/'( 2"0*+*"= %#!, "#$ )!/5#/0 '"3 /!,#(2$*#" !"&'"-!0!"$; @" $&*,

-&')$!/1 6! )/#)#,! ' ,2 >)*+!( 0'))*"= $!-&"*A2!1 6&*-& $'?!, '%7'"$'=! #5 $&! *"5#/0'$*#"

=*7!"  3 $&! ,)!-$/'( 0*+*"= '"'(3,*, '"% 2,!, *$ $# !"&'"-! $&! ,)'$*'( /!,#(2$*#" #5 $&!0'$*-

0'),; B2/ )/#)#,!% '))/#'-& *, ', 5#((#6,C @" ' ./,$ ,$!)1 !'-& )*+!( *, %*7*%!% *" ' .+!%
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-.# -8 ,*#  -', /0,!;# ;-&0/.-#' !. ,*# 0-2.,+=6 D!.0# ST@A: \#M&/ */' #+2%,#$ 92!,# +#>2&/+&=

#;#+= SA =#/+': !. ST@A: STGAWGS: STTS /.$ !. CAAA6 B*# ;-&0/.- !' &-0/,#$ -. ,*# D-2,*W

O#',#+.  /+>!. -8 ,*# ]/',#+. ;-&0/.!0 Y-.# !. D-2,* 70#&/.$6 \#M&/P' %+-$20,' /+#  /!.&=

/.$#'!,!0 /.$ 1/'/&,!0 &/;/' /.$ ,#%*+/6 JE7L7D $/,/ ,*/, )#+# 0-&&#0,#$ -. / 0&-2$W8+## $/=:

R2.# S@ STTS: )#+# 2'#$ 8-+ ,*# 0&/''!<0/,!-.6 B*# JE7L7D '#.'-+ -%#+/,#' !. ,*# ;!'!1&#: .#/+W

/.$  !$W !.8+/+#$ %-+,!-.' -8 ,*# #&#0,+- />.#,!0 '%#0,+2 : !,' '#.'!,!;!,= +/.># '%/..!.>

)/;#&#.>,*' 8+- A6H µ ,- C6H µ 6 J' -. ,*# %+#;!-2' 0/'#: ,*# '#.'-+ '=',# */' CCH

$/,/ 0*/..#&': 2,!&!Y!.> 8-2+ '%#0,+- #,#+': )*#+#/' #/0* '%#0,+/& 1/.$ !' /%%+-"! /,#&=

SA. !. )!$,*6 ^2+!.> ,*# ! /># /092!'!,!-.: '%#0,+- #,#+ H )/' .-, )-+M!.> %+-%#+&=6

B*!' %/+,!02&/+ '%#0,+- #,#+ -%#+/,#' !. ,*# )/;#&#.>,* +/.># 8+- S6GH µ ,- C6H µ (XH
1/.$'56 B*#'# XH 1/.$' )#+# $#&#,#$ 8+- ,*# ! />#+= /&-.> )!,* ,*# <+', 0*/..#&' 8-+ /&&

,*# -,*#+ '%#0,+- #,#+': /.$ ,*# +# /!.!.> S3@ $/,/ 0*/..#&' )#+# &#8,6 J '21'#, -8 SGA ×
SGA %!"#&' */' 1##. 2'#$ 8-+ ,*!' #"%#+! #.,6 7. -+$#+ ,- /$$+#'' ,*# !''2# -8 ,*# +/.$- 

0*-!0# -8 ,*# ,+/!.!.> '/ %&#': 8-+ #/0* $/,/ '#, )# */;# +#%#/,#$ ,*# #"%#+! #., )!,* ,#.

$!I#+#., ,+/!.!.> '#,'6

J' !. ,*# %+#;!-2' #"%#+! #.,: $2# ,- ,*# $!_02&,= ,- */;# / %#+8#0, M.-)&#$># -8 ,*#

8+/0,!-./& /12.$/.0#' -8 #/0* &/.$ 0-;#+ ,=%#: )# $#0!$#$ ,- 2'# ,*# -+!>!./& >+-2.$ ,+2,*

$/,/ -.&= ,- 0- %/+# ,*# -1,/!.#$ +#'2&,': /.$ ,- $#0+#/'# ,*# '%/,!/& +#'-&2,!-. -8 ,*# ! />#

1= /%%&=!.> /. n × n &-) %/'' <&,#+: )*#+# n ;/+!#' /00-+$!.> ,- ,*# 0-.'!$#+#$ $/,/ '#,6
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 !"#$ %&'( )*+,-.!/0,* !",1/ /2$ /-!0*0*3 !*4 /2$ /$5/0*3 5$/ ,+ /2$ /2-$$ 6,*504$-$4 4!/!

5$/5& )/ 2!5 /, "$ *,/06$4 /2!/ /2$ /-!0*0*3 5$/ 05 5$#$6/$4 +-,. /2$ #,7 -$5,#1/0,* 0.!3$ 15$4

!5 0*81/ ,+ /2$ .$/2,49 720#$ /2$ /$5/ 5$/ 05 5$#$6/$4 +-,. /2$ 2032 -$5,#1/0,* -$+$-$*6$ 4!/!

15$4 +,- 6,.8!-05,*&

:;)<)= )*40!* >0*$ =1"5$/ :;)<)= )*40!* >0*$ ?,.8#$/$ :;)<)= @$A#!

B,& B!.$  -!0*  $5/ B!.$  -!0*  $5/ B!.$  -!0*  $5/

C ?,-*D*, /0## EF CG'G :#+! :#+! G HG :*4$50/$ #!I! CJ%F EG K%E

E L-!55D -$$5 EF %G% ?,-*D*, /0## GG CG'G :*4& #!I! CJMF ) CEK ''HF

' =,N"$!*D*, /0## EF %E% ?,-*D.0* /0## EH M'G :*4& #!I! CJMF )) HE' CCJCK

G =,N"$!*D.0* /0## EF CJEK ?,-* % E'G :*4& #!I! CJJC ) EEF G%FJ

H D D D L-!55D>!5/1-$ CH GJ% :*4& #!I! CJJC )) E%J KJCM

K D D D L-!55D -$$5 E' %G% O!I! /$82-! 6,I$-$4 CF' E'CF

% D D D L-!55DP,7$4 G EK <2N,#0/$ K CMC

M D D D @!ND70*4-,7$4 C% GMJ =6,-0! HC CEMK

J D D D Q!/5 G EF R0-*D3#!60$- 06$ GE CFHM

CF D D D =,N"$!*D*, /0## 'E JKM D D D

CC D D D =,N"$!*D.0* /0## M' EGKM D D D

CE D D D =,N"$!*D6#$!* / CJ KCG D D D

C' D D D S2$!/ H ECE D D D

CG D D D S,,45 GE CEJG D D D

CH D D D T#43D -$$5DU-0I$ CE 'MF D D D

CK D D D =/,*$D=/$$#  ,7$- G JH D D D

 205 7!N9 7$ A*,7 $V!6/#N /2$ W1!*/0/N ,+ $!62 6#!55 70/20* ! 80V$#9 !*4 7$ 6!* 15$ /2$ #,7

-$5,#1/0,* 0.!3$ ,"/!0*$4 !+/$- X#/$-0*3 !5 0*81/ +,- /2$ 8-,8,5$4 .$/2,4&  2$ 0*+,-.!/0,*

!",1/ /2$ 6#!55$59 /2$ /-!0*0*3 !*4 /2$ /$5/ 5$/5 6!* "$ +,1*4 0*  !"#$ E&C&

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

 2$ X-5/ $V8$-0.$*/ 7!5 6!--0$4 ,1/ ,* /2$ :;)<)= 51"5$/ 0.!3$&  2$ 3,!# ,+ /205

$V8$-0.$*/ 05 /, 0##15/-!/$ /2$ $Y$6/0I$*$55 ,+ /2$ .$/2,4 72$* 15$4 +,- /2$ !*!#N505 ,+ !

50.8#$ 2N8$-58$6/-!# 4!/! 5$/& )* /205 51"0.!3$9 6,.8,5$4 "N 86 × 68 80V$#59 /2$-$ !-$
+,1- 6#!55$5 70/2 1*$I$* *1."$- ,+ #!"$#$4 5!.8#$59 *!.$#N9 Z?,-*D*,/0##Z9 ZL-!55[ -$$5Z9

Z=,N"$!*5D*, /0##Z9 !*4 Z=,N"$!*5D.0*Z&  2$ 6,.8#$/$ 4$56-08/0,* ,+ /2$ /-!0*0*3 !*4 /$5/

5$/5 6!* "$ +,1*4 0*  !"#$ E&C& : 3× 3 #,7D8!55 X#/$- 7!5 !88#0$4 /, /2$ ,-030*!# 0.!3$9 5,
/2!/ ! *$7 0.!3$ 70/2 #,7$- 58!/0!# -$5,#1/0,* 7!5 ,"/!0*$4&  2$ *$7 0.!3$ 7!5 6,.8,5$4

"N 28 × 23 80V$#59 !*4 0/ 7!5 15$4 !5 0*81/ +,- /2$ 8-,8,5$4 .$/2,4&  2$ #,7 -$5,#1/0,*

0.!3$ ,"/!0*$4 !+/$- X#/$-0*3 !*4 /2$ 3-,1*4 /-1/2 6!* "$ 5$$* 0* R03& %&H \!D"]&  7$*/N

80V$#5 8$- 6#!559 6,*504$-$4 !5 Z81-$Z 0* /2$ #,7 -$5,#1/0,* 0.!3$9 7$-$ -!*4,.#N 62,5$* !*4

15$4 +,- /-!0*0*3 /2$ =;P 6#!550X$-&

 2$ -$51#/ ,+ /2$ 6#!550X6!/0,* 70/2 /2$ =;P 05 8-$5$*/$4 0* R03& %&H \6]& :5 0/ 6!* "$ 5$$*

+-,. /2$ 6#!550X6!/0,* .!89 /2$ /7, .!0* 8-,"#$.5 !-$ -$8-$5$*/$4 "N /2$ .0V$4 80V$#59 72062

.!A$ 2!-4 /, 405/0*31052 /2$ ",-4$- "$/7$$* 40Y$-$*/ #!*4 6,I$- !-$!59 !*4 /2$ 2032 58$6/-!#

I!-0!"0#0/N9 72062 -$51#/5 0* ! *,05N 6#!550X6!/0,* .!8&  2$ 8-,8,5$4 .$/2,4 8-,I04$5 !*

,I$-!## 0.8-,I$.$*/ +,- ",/2 0551$5 \6#!550X6!/0,* .!8 52,7* 0* R03& %&H \+]]& )/ 6!* "$

5$$* !/ /2$ /,8 ,+ /2$ 0.!3$ /2!/ /2$ ",-4$- ,+ /2$ ?,-*D*, /0## X$#4 \-$8-$5$*/$4 0* #032/

"#1$ 0* /2$ .!8] 05 $5/0.!/$4 70/2 0.8-,I$4 !661-!6N 72$* 6,.8!-$4 /, /2$ /-!40/0,*!#



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

2 4 6 8 10 12 14 16 18 20 22

5

10

15

20

25

30

10 20 30 40 50 60

10

20

30

40

50

60

70

80

2 4 6 8 10 12 14 16 18 20 22

5

10

15

20

25

 !"  #"  $"

2 4 6 8 10 12 14 16 18 20 22

5

10

15

20

25

10 20 30 40 50 60

10

20

30

40

50

60

70

80

10 20 30 40 50 60

10

20

30

40

50

60

70

80

 %"  &"  '"

()*+,& -./0 123435 6+#6&7 %!7!0  !" 89: ,&69;+7)9< )=!*&  #!<% >?" 9#7!)<&% !'7&, !@@;A)<*

! >×> B;7&, 79 7C& C)*C ,&69;+7)9< )=!*&.  #" D,9+<% 7,+7C 9' 7C& C)*C ,&69;+7)9< )=!*&.

E<F<9:< @)G&;6 !,& ,&@,&6&<7&% )< #;!$F.  $" H;!66)B$!7)9< =!@ 9#7!)<&% :)7C 7,!%)7)9<!;
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 !" #$%&&'(#%)'*+, )-.& %&&/&&'+0 )-/ /1/#)'2/+/&& *3 )-/ 45*4*&/6 %445*%#- %$&* )* 45*2'6/

#$%&&'(#%)'*+ 7%4& 8')- % 9/))/5 &4%)'%$ 5/&*$.)'*+: ;-/ 45*9$/7 *3 &4/#)5%$ 2%5'%9'$')< '&

%$&* &*$2/6, &'+#/ )-/ #$%&&'(#%)'*+ 7%4 '& 7.#- $/&& +*'&< %+6, )-/5/3*5/, % $*8/5 +.79/5 *3

&4%5&/ 4'=/$& '& *9&/52/6:

;-/ >.%+)')%)'2/ 5/&.$)& *9)%'+/6 8')- )-/ )8* 7/)-*6& %5/ 45/&/+)/6 '+ ;%9$/ ?:@, %$*+0

8')- )-/ 5/&.$)& *3 )-/ *)-/5 6%)% &/)&: ;-/ 45*4*&/6 7/)-*6 45*2'6/& %+ '745*2/7/+) *3

)-/ *2/5%$$ %##.5%#< 8-'#- '& 05/%)/5 )-%+ ABC: D& ') 8'$$ 9/ '+ )-/ *)-/5 /=4/5'7/+)&,

)-/ '745*2/7/+) *3 )-/ #$%&&'(#%)'*+ %##.5%#< *3 )-/ 7'=/6 4'=/$ 8')- 5/&4/#) )-/  !" '&

$%50/5 )-%+ 3*5 )-/ 8-*$/ 6%)% &/): ;-'& 6/7*+&)5%)/& )-%) )-/ 45*4*&/6 7/)-*6 '& /1/#)'2/

'+ '745*2'+0 )-/ 5/&.$)& *3 6%)% &/)& 8')- 7'=).5/& *3 $%+6 #*2/5 #$%&&/&: ;* %&&/&& )-/

/1/#)'2/+/&& *3  D )* $*#%)/ &.9E4'=/$& '+ )-/ #$%&&'(#%)'*+ 7%4, 8/ -%2/ %$&* #*74.)/6 )-/

+.79/5 *3 &.9E4'=/$& #*55/#)$< #$%&&'(/6 %3)/5 )-/ &4/#)5%$ .+7'='+0 &)/4, 9.) '+#*55/#)$<

$*#%)/6 %3)/5 )-/ &4%)'%$ 5/0.$%5'F%)'*+: G+ )-'& #%&/, 8/ #%+ &// )-%) )-/ /55*5 6./ )* 9%6

4*&')'*+'+0 *3 &.9E4'=/$& '& /=)5/7/$< $*8:

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

;-/ &/#*+6 /=4/5'7/+) 8%& #%55'/6 *.) *+ )-/ 8-*$/ D!GHG 6%)% &/):  '=)//+ $%+6

#*2/5 #$%&&/& 8/5/ #*+&'6/5/6 3*5 #$%&&'(#%)'*+: ;-/ *5'0'+%$ '7%0/ '& #*74*&/6 9< A@I ×
A@I 4'=/$&, %+6 ') 8%& .&/6 %& 5/3/5/+#/ 6%)%: D3)/5 %44$<'+0 % J×J $*8 4%&& ($)/5, %+ '7%0/

#*74*&/6 9< ?J×?J 4'=/$& 8%& *9)%'+/6: ;-/ $%+6 #*2/5 05*.+6 )5.)- #%+ 9/ &//+ '+ K'0:

?:L M%N: K*5 )5%'+'+0 &/), 8/ -%2/ 5%+6*7$< &/$/#)/6, 3*5 /%#- #$%&&, AIC *3 %$$ )-/ &%74$/&

8-'#- 8/5/ #*+&'6/5/6 %& O4.5/O '+ )-/ $*8 5/&*$.)'*+ '7%0/ M)-%) 8*.$6 #*55/&4*+6 )* %9*.)

ABC *3 4'=/$& *3 /%#- #$%&& '+ )-/ -'0- 5/&*$.)'*+ '7%0/N: ;* -%2/ )-/ 4*&&'9'$')< )* #*74%5/

)-/ 5/&.$)& *3 )-/ 45*4*&/6 7/)-*6 8')- )-/ %2%'$%9$/ 05*.+6 )5.)-, 8/ #-*&/ % F**7 3%#)*5

/>.%$ )* J, $*8/5 )-%+ '+ )-/ 45/2'*.& #%&/: P*8/2/5, )-/ -'0-/5 +.79/5 *3 #$%&&/& %+6 )-/'5

&4/#)5%$ &'7'$%5')< 7%Q/ )-'& 6%)% &/) 7*5/ #-%$$/+0'+0 )-%+ )-/ (5&) *+/:

K'0.5/ ?:L M9N %+6 M/N &-*8& )-/ #$%&&'(#%)'*+ 7%4& *9)%'+/6 8')- % #*+2/+)'*+%$  !"

%+6 )-/ 45*4*&/6 7/)-*6: D$&* '+ )-'& #%&/, %+ '745*2/7/+) #%+ 9/ #$/%5$< &//+ '+ )-/

#$%&&'(#%)'*+ 7%4&, 5/&.$)'+0 '+ % $/&& +*'&< 7%4 %+6 %+ '745*2/6 6/)/#)'*+ *3 )-/ 9*56/5& *3

&4%)'%$ &)5.#).5/& M'+ )-'& #%&/, %05'#.$).5%$ (/$6&N: ;* -%2/ % >.%+)')%)'2/ #*74%5'&*+ *3 )-/

5/&.$)& *9)%'+/6 8')- )-/ )8* 7/)-*6&, )-/ *2/5%$$ %##.5%#< *3 4'=/$& #*55/#)$< #$%&&'(/6 -%&

9//+ #*74%5/6: ;-/ 7/%+ *2/5%$$ %##.5%#< *9)%'+/6 '+ )-/ (2/ /=4/5'7/+)& 8')- )-/  !" '&

?J:RAC: D& '+ )-/ 45/2'*.& #%&/, )-/ $*8 2%$./ *3 %##.5%#< '& 6./ )* )8* 7%'+ 3%#)*5&, 8-'#-

%5/ )-/ '74*&&'9'$')< *3 % #*77*+ -%56 #$%&&'(#%)'*+ )/#-+'>./ )* 6'&)'+0.'&- 6'1/5/+) $%+6

#*2/5 #$%&&/& %) % &.9E4'=/$ $/2/$, %+6 )-/ 6'S#.$)< )* -%+6$/ )-/ -'0- &4/#)5%$ 2%5'%9'$')<: ;-/

45*4*&/6 7/)-*6 *9)%'+/6 %+ %2/5%0/ *2/5%$$ %##.5%#< *3 TA:ABC, &-*8'+0 )-/ #%4%9'$')< *3

)-/ 45*4*&/6 %445*%#- )* 9/))/5 6/%$ 8')- )-/ %3*5/7/+)'*+/6 )8* 7%'+ '&&./&: U< #*74%5'+0

K'0.5/ ?:L M6N %+6 M/N, ') #%+ 9/ +*)'#/6 )-/ /1/#)'2/+/&& *3 )-/ 45*4*&/6 &4%)'%$ 5/0.$%5'F%)'*+

8')-  '7.$%)/6 D++/%$'+0:

 !"!0 1.2-3 43/3 5./

K*5 )-/ $%&) /=4/5'7/+), 8/ #*+&'6/5 % &.9&/) *3 )-/ P/Q$% 6%)% &/), $*#%)/6 '+ )-/ )*4E$/3)

#*5+/5 *3 )-/ &#/+/: ;-'& &.9&/) '& #*74*&/6 9< AVB × AVB 4'=/$&, %+6 ') #*+)%'+& +'+/ #$%&&/&

*3 '+)/5/&): D$&* '+ )-'& #%&/ % J×J $*8 4%&& ($)/5 8%& %44$'/6 )* )-/ *5'0'+%$ '7%0/, $/%6'+0

)* % $*8 5/&*$.)'*+ '7%0/ *3 TB × TB 4'=/$&: W./ )* )-/ '+&.S#'/+) %2%'$%9'$')< *3 05*.+6

)5.)- )* >.%+)'3< )-/ 5/&.$)& 45*2'6/6 9< )-/ 45*4*&/6 7/)-*6, 8/ -%2/ #*+&'6/5/6 %& 05*.+6

)5.)- )-/ #$%&&'(#%)'*+ 7%4 *9)%'+/6 9< % &4/#)5%$E&4%)'%$ 7/)-*6, 45*4*&/6 '+ X@LY, 8-/5/

)-/ *2/5%$$ %##.5%#< #*74.)/6 *+ )-/ 5/3/5/+#/ )/&) &/) 8%& #$*&/ )* ABBC: ;-.&, %$&* '3 8/

-%2/ )* Q//4 '+ 7'+6 )-%) )-/ 5/&.$)& %5/ /&)'7%)/6 9< #*74%5'&*+ 8')- % #$%&&'(#%)'*+ 7%4
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H;IJI: I07.!0 ?.0$ /5"/$4 H;IJI: I07.!0 ?.0$ 2*+,#$4$ H;IJI: K$L#!

H,,-*!29 :;< ?-*,*/$7 <$49*7 :;< ?-*,*/$7 <$49*7 :;< ?-*,*/$7 <$49*7

MH %N&OO ± P&Q'R 78+9! ± "+: ; %O&ST ± T&U'R 7 + 8 ±  +:"; UQ&TQ ± O&TPR < +* ± "+=:;

κ UN&T' ± T&USR <:+=< ± =+*9; U%&VS ± T&%NR <<+<: ±  +9!; US&QU ± T&QTR *9+"= ± "+=9;

HH NT&'% ± T&VQR 7 +=9 ±  +" ; U'&S' ± T&TQR 78+*= ±  +*=; UO&NS ± O&%TR *:+*" ± =+!8;

<.>$7 ?.>$#/ %S&NVR NN&TSR VP&OTR %O&%%R 'N&TPR U%&UVR

:,!4.!# D--*- E P&UOR E T&SNR E O&QOR

)#!// T %'&'QR N%&OTR SU&SPR NN&TVR VP&SPR VO&QNR

)#!// O QQ&O'R QS&VQR UT&NSR N%&P%R NQ&OOR UO&TNR

)#!// S %U&SQR QS&U%R 'P&UVR %Q&OTR %'&QQR NV&N'R

)#!// ' %V&%'R QP&QNR OU&O'R N'&%PR QP&O%R QP&UTR

)#!// V E E NO&'VR N'&VVR 'O&NQR NO&N%R

)#!// U E E QP&USR QV&VSR %N&QUR N'&VVR

)#!// % E E %U&QOR QQ&OSR VP&NOR UP&NSR

)#!// N E E QS&V'R QN&Q'R S'&S%R UN&SVR

)#!// Q E E NP&PPR Q'&PPR VS&UNR N'&STR

)#!// TP E E VT&VTR N'&VVR E E

)#!// TT E E NV&'TR QU&VUR E E

)#!// TO E E SU&PSR NV&TNR E E

)#!// TS E E UU&%QR QQ&PUR E E

)#!// T' E E QO&QOR QQ&SPR E E

)#!// TV E E ''&'%R N'&SOR E E

)#!// TU E E US&%QR QT&S%R E E
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)#!55/@<!./*0 AB 5 CA 5 DC +/0 D' +/0 A' +/0 A% +/0

:,$<.1!# E0+/F/0G H D' 5 H D&' +/0 H I +/0

:/+-#!.$2 600$!#/0G H 'B 5 H A +/0 H C +/0

 *.!# $#!,5$2 ./+$ AB 5 JJ 5 DJ +/0 IA +/0 A' +/0 CA +/0
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