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() # .&&#6) 7(,! -".4  # #0"* #* 6)4"*"+ (7. (#) #'  *"" !"(,! + 3!")  !"  "**.() .- ( 64"

@"+ (7. "4 .  !" &") "* #'  !" /(8"-D (+ +6$ *.& "4 () .*".+ 3( ! +(,)(A&.) +-#/"1 I)  !" &.+" #'

. CKP +-#/"E K1Q 7 +/. (.- *"+#-6 (#)E .)4 .++67(), /-.)" ,*#6)4 +6*'.&"E /(8"- !"(,! .44( (0"

"**#* 3(-- $" . 7#+ K1LL 7 3( ! . 7".) 0.-6" #' R"*#1

;6&! 0.-6"+ .*" #'  !" +.7" #*4"* #' 7.,)( 64" .+ O(:2S .- (7" *(& .&&6*.&5E .)4 -#3"*  !.)

!"(,! 7".+6*"+ /"*'#*7"4 #)  !" A"-41 9!"*"'#*"E  !" 7" !#4 $.+"4 #) *" .()(),  !" 7.8(767

0.-6" '#* ".&! /(8"-E 3( !#6 () "*/#-. (#)E 3(-- $" 6+"4 '*#7 )#3 #)1 9!" (++6" #' 0#(4 /(8"-+

3(-- $" .44*"++"4 -. "* #)1
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 ." /,0+1-2*$0&2, 23 '$%&'(' )$*(+4

 !"#$% &'() *!"!+,- .#$/,0% 123%-. 2/ 4-2+ 05,6-,!.( 78'9 1 .4,+!,- $%.2-#+!2:;'

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

 !" #$%$&'( &"))'$* +,#"( -. /0 $1 &!" $+'%" ,2 %),3*# "("4'&$,*5 6),3*# 7,$*&1 '88,3*& 2,) '

4")9 1+'(( 7),7,)&$,* ,2 &!" :!,(" 7,$*& 8(,3# $* 2,)"1&"# ')"'15 ;,) "<'+7("= ,* &!" >'3?'*9

7(,&= %),3*# 7,$*& #"*1$&9 $1 ,*(9 @5A +

 !

-:!,(" 7,$*& 8(,3#B AC5A0= '*# &!" 1&'*#')# #"4$'&$,*

@5D +

 !

5 E* 7')&$83(')= ('1") 73(1"1 ')" 3*'F(" &, )"'8! &!" 2,)"1& G,,) F"(,: (')%" &)""1 :$&!

#"*1" 8),:*1= "4"* $* ')"'1 :$&! !$%! 7,$*& #"*1$&95 H38! ')"'1 ')" $#"*&$I'F(" '1 &!" #')J

F(3" 7'&8!"1 $* I%3)" K5LF5 6),3*# 7,$*& #"*1$&9 $1 !$%!") $* ')"'1 :!")" &)""1 ')" +,)" 17')1"

-F,&&,+ ("2& M3')&")0 ,) $* 3*2,)"1&"# ')"'1 138! '1 ),'#1 -($*"1 '(,*% &!" ("2& F,)#") '*# $* &!"

F,&&,+ )$%!& 8,)*")05  !" (,: #"*1$&9 ,2 %),3*# 7,$*&1 !'1 &:, ,)$%$*15 N$&!") 8'*,79 $1 4")9



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

 !"#! $" %!& '()#!# *!$+, -,! .*/(" 0 /* '()#!# $*! $+-($))1 *!2!+-! 31 -,! .*/(" 0 3(- -!**$4"

#(*%$+! 4# #/ */(., /* #/ +*/& ! 31 )/& 5!.!-$-4/" -,$- $ 5!*1 +/"#!*5$-45! #-*$-!.1 4# $ /'-! 

%/* '/4"- +)$##46+$-4/"7 8" 3/-, +$#!#0 -,! "(93!* /% '/4"-# +)$##46! $# .*/(" '/4"-# 4# )/& $" 

-!**$4" #(*%$+! 4# /")1 +/$*#!)1 9/ !)! 7

:)-,/(., -,! *!#()-4". .*/(" '/4"-  !"#4-1 4# -,!/*!-4+$))1 "/- #(;+4!"- -/  !*45! $ <=> &4-,

-,! #$9! #'$-4$) *!#/)(-4/" $# -,! <?>0 $##(9'-4/" 4# 9$ ! -,$- -!**$4" $#'!+- 4# )/+$))1 ')$"!7

=,! 94##4". 5$)(!# &4)) 3! 4"-!*'/)$-! #/ -,$- -!**$4" ,!4.,- 4# $5$4)$3)! -/ !#-49$-! -*!! ,!4.,-

31 #(3-*$+-4". 4- -/ -,! <?> $- -*!!-/' )/+$-4/"#7 =,! 5$)(!# /% -,! <=> $*! +$)+()$-! 31

34)4"!$* 4"-!*'/)$-4/" /% .*/(" '/4"-# $- -,! +//* 4"$-!# /% '4@!) +!"-!*#7 =,! +$"/'1 ,!4.,-

9/ !) ABC>D 4# +$)+()$-! $# -,!  4E!*!"+! 3!-&!!" -,! <?> $" -,! <=> A6.(*! F7GD7 H"!

9(#- 3$*! 4" 94" -,! %$+- -,$- 4" */(., -!**$4"0 !**/*# 4" -,! <=> &4)) '*/'$.$-! 4"-/ +$"/'1

,!4.,- !#-49$-!#7
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 !"#$% &'() *!"!+,- +%$$,!. /01%- ,.1 2$03. 4%!"4+ /01%- 05 6-0+ 24,7-,!89 :;'< / 86,+!,- $%80-#+!0.='

!)3)3) "#,0/' ,4 567 ,( "87 4,( 1$901$ -'&'/&0,+

:- -,4# #-$.!0 4- 4# -!9'-4". -/ (#! -,! BC> %/* -*!!-/'  !-!+-4/"7 8" !! 0 -,! 5!.!-$-4/"

,!4.,- 4#  4*!+-)1 $++!##43)!7 C/&!5!*0 -,! #(3-*$+-4/" /% -,! <=> -/ -,! BC> *!#()-# 4" $

 4#-/*-4/" /% -*!! +*/&"# 4" $*!$# &4-, #-!!' #)/'!7 8" '$*-4+()$*0 -*!!-/' '/#4-4/" 4# #,4%-! 

-/&$*  /&"#)/'! %/* -*!!# &4-, *!)$-45!)1 2$- /* */(" ! -/'# A6.(*! F7ID7 =,! '*/3)!9 !@4#-#

%/* 3*/$ )!$5! -*!!#0 3(- $)#/ %/* #/9! +/"4%!*#0 #(+, $# #4)5!* 6*#0 &,/#! -/'# -!" -/ 2$--!"

&4-, $.! %/*  /94"$"-0 9$-(*! -*!!#7 =,! /* !* /% 9$."4-( ! /% '/#4-4/" #,4%- 4# 9!-*4+0 #/

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

%/* $(-/9$-4+ 9$-+,4". /% 6!) -*!!# -/  !-!+-! -*!!-/'#7 8" #(+, +$#!# -,! -*!!-/' ,!4.,- 4#

$)#/ /5!*J!#-49$-! 7 =/ $5/4 -,4# #,4%-4". !E!+-0 -,! <?> 4# (#! %/* )/+$) 9$@49$  !-!+-4/"7

=,! BC> 4#  4#')$1! %/* -,! +/"5!"4!"+! /% 54#($) $"$)1#4# 4" -,! %/))/&4". 6.(*!# $" (#! 

%/* $ '/#-!*4/*4 *!-*4!5$) /% -*!!-/' ,!4.,-7 :"1&$10 '*!)494"$*1 -!#-# #,/&! -,$-  !-!+-4/"

'!*%/*9$"+! &$# /")1 9$*.4"$))1 $E!+-! &,!" -,! BC> 4# (#! %/* )/+$) 9$@49$  !-!+-4/"

4"#-!$ /% <?>7

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

=,! #+$""4". '$--!*" *!#()-# 4" #!5!*$) $*-4%$+-# 4" -,! <?>K

J 5/4 '4@!)# &,!*! "/ )$#!* '/4"-# $*! '*!#!"- A4"#(;+4!"- #$9')4".  !"#4-10 #,$ 4". !E!+-

/% -*!!# $- "/" "$ 4* $".)!#D0

J )/& '4@!)# 4" -*!! +*/&"# A-,! )$#!* '()#! !"-!*# 4"#4 ! -,! -*!! +*/&" -,*/(., .$'# $" 4#

*!2!+-! 31 )/& 3*$"+,!# /* )!$5!#D7



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

 !" #$%  &" '(%

 !"#$% &'() *%+,$-./!,0 ,+ /$%% 1$,20 3#% /, /4% 1,$$%1/!,0 ,+ 5%"%/./!,0 4%!"4/ 2!/4 /%$$.!0 4%!"4/'  ,$

/4% $,#03 /$%%6 4%!"4/ !7 ,5%$%7/!-./%3 .03 /$%%/,8 8,7!/!,0 74!+/%3 9:;#% ;!0%<'

 ! "#$%&'$( $)*+, -./0,!!$(+ *%+/.$&1)! 1*2, (/ !-,0$30 -./0,4#., &/ 1*(4%, 2/$4 -$5,%!6 &1,

2*%#,! /7 &1, 0/..,!-/(4$(+ -$5,%! $( &1, 89: *., *;,0&,4 &/ &1, 8<:6 =1$01 $! ,>#$2*%,(& &/

!,&&$(+ &1,) &/ ?,./ $( &1, @A:B

 !"!1!2 3+4*&. 5',+-

91, -.,!,(0, /7 %/= -$5,%! $( &1, 8<:6 /. )/., -.,0$!,%C /7 ?,./ 2*%#,! $( &1, @A: 0*( ",

0/(!$4,.,4 *! $)-#%!, /. D!*%& *(4 -,--,.E (/$!,B F( &1$! 0*!,6 &1, ),4$*( 3%&,.6 =1$01 $! *(

/.4,.'!&*&$!&$0 G(/( %$(,*.H 3%&,.6 $! -*.&$0#%*.%C ,;,0&$2, IJK6 -B LKMNB 91, ),4$*( 3%&,. .,-%*0,!

&1, 2*%#, f(x, y) "C &1, ),4$*( /7 &1, 2*%#,! /7 -$5,%! %/0*&,4 $( * +$2,( (,$+1"/.1//4 SxyB O;,0&
/7 &1, ),4$*( 3%&,. 7/. 4$;,.,(& !$?,! /7 &1, (,$+1"/.1//4 G4,3(,4 "C n =1,., 2n+1 $! &1, =$4&1
/7 &1, !>#*., =$(4/=H $! 4,-$0&,4 $( 3+#., MBMB F( &1$! 0*!,6 &1, (/$!, $! .,)/2,4 ,2,( =$&1 *(

*--%$0*&$/( /7 &1, ),4$*( /( * !)*%% (,$+1"/.1//4 Gn = 1HB 9.,, 0/(&/#.! *., *%!/ !)//&1,4B
9.,,! &1*& *--,*. *! !&*.! $( &1, @A: G01*.*0&,.$!&$0 /7 !-.#0, ".*(01,!6 !#01 *! 4/)$(*(&

&.,,! $( -%/& 01*"%*$!L6 7/. ,5*)-%, &1, &.,, *& )*&.$5 0//.4$(*&,! PQ6RQPH *--,*. )/., ./#(4,4B

S(, 4$!*42*(&*+, $! &1*& %/0*% )*5$)* G-/!!$"%, &.,,&/-!H *%!/ 1*2, &1,$. 2*%#,! .,-%*0,4 "C &1,

),4$*(6 =1$01 )$+1& %,*4 &/ *( #(4,.',!&$)*&$/( /7 1,$+1&B :/.,/2,.6 &1, D-,--,.'%$T,E (/$!,

$( (/& #($7/.)%C 4$!&.$"#&,46 *! -*&01,! G!1*4$(+ ,;,0& /7 &.,,!6 *! ,5,)-%$3,4 $( &1, 0*(/-C

+*- $( &1, "/&&/)'.$+1& /7 3+#., MBL"H /. %$(,! G%/=,. -#%!, 4,(!$&C *0./!! -%*&7/.) &.*U,0&/.CH

)$+1& *--,*.B 91, (,$+1"/.1//4 )#!& ", ,5-*(4,4 &/ !*&$!7*0&/.$%C 3%&,. !#01 0*!,!6 "#& &1$!

=$%% .,!#%& $( * %/!! /7 $(7/.)*&$/( $( /&1,. *.,*!B
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 4" 1+.20*03 n = 2

 !"#$% &'&) =>%1/ ,+ -%3!.0 ?;/%$ 2!/4 3!>%$%0/ 0%!"4:,$4,,3 7!@% 97A#.$% 2!03,2 ,+ 2n+1 8!B%;7 2!3/4<'

 !/%#&$/( 7/. "/&1 *!-,0&! $! &1, *4*-&$2, ),4$*( 3%&,.B 91$! 3%&,. *0&! $( &=/ !&,-!B @/('



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

 !"#$ % &!'#( (x, y) %)" !* )#!+,-.$,.." Sxy/ 0!$ * *,# %(+.$!*,1 2.1&%$# *,# 1#"!%) 3%(4# .5

Sxy *. *,# 1!)!141 %)" 1%'!141 !) *,! )#!+,-.$,.."/ 65 *,# 1#"!%) ! #74%( *. .)# .5 *,. #

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

*,#$#5.$# *,# )#!+,-.$,.." ! !)2$#% #" %)" *,# %)%(: ! $#<!*#$%*#"/ =*,#$>! # *,# %(+.$!*,1

&$.2##" *. *,#  #2.)"  *#&/ 6* ! ).> *,# 3%(4# %* *,# 2.) !"#$#" &!'#( f(x, y) *,%* ! 2.1&%$#"

*. *,# 1!)!141 %)" 1%'!141/ 65 !* ! #74%( *. .)# .5 *,#18 !* ! (!9#(: *,%* *,# &!'#( ! !)"##"

).! : %)" !* ! $#&(%2#" -: *,# 1#"!%) 3%(4#/ =*,#$>! #8 !* 3%(4# $#1%!) 4)2,%)+#"/

?,# %"%&*!3# 1#"!%) @(*#$ ,% *>. %"3%)*%+# .3#$ *,# -% !2 1#"!%) @(*#$A !* %"%&* *,# )#!+,<

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

).! : &!'#( / 6) .4$ 2% #8 >,#$# .)(: *,# B&#&&#$<(!9#C ).! # ! &$# #)*8 *,# %(+.$!*,1 ! 1."!@#"

 . *,%* 1%'!141 3%(4# %$# ).* *%9#) !)*. %22.4)* !) *,# @$ *  *#&8 ).$ $#&(%2#" !) *,#  #2.)"

.)#/ ?. *%9# %"3%)*%+# .5 *,# %"%&*!3# )#!+,-.$,.."8 3.!" &!'#( !) *,# DEF %$# ).*  #* *. *,#

3%(4# !) *,# D?F -4* *. G#$.8 2.)*$%$: *. .*,#$ *# *#" ).)<(!)#%$ @(*#$ / 6)"##"8 % &%*2, .5

3.!" &!'#( !) *,# DEF >!(( -# $#&(%2#" -:  #3#$%( "!H#$#)* 3%(4# 5$.1 *,# D?F8 % *#$$%!) ! 

+#)#$%((: ).* I%*/ ?,# &%*2, >!(( ).* %&&#%$ % % 4)!5.$18 ).! : %$#% %)" *,# %(+.$!*,1 >!(( ).*

!)2$#% # *,# )#!+,-.$,.."/

J# !"# 8 *,! &$.-(#1  *!(( #'! * 5.$ (.> 3%(4# >!*,!) *,# 3#+#*%*!.)/ 0.$ #'%1&(# >!*,!) %

2$.>) .5 ,#!+,* %-.3# KL 18 *>. %";%2#)* &!'#( >!*, 3%(4# MN %)" MM 1 2%) -# 5.4)"/ ?,#

%"%&*!3# 1#"!%) %(+.$!*,1 >!(( .)(: 2.$$#2* *,# (.>#$/ 6* 14 * -# %&&(!#" *>!2# !5 -.*, 3%(4# 

%$# *. -# 2.$$#2*#"/ 0!+4$# O/P "! &(%: *,# #H#2* .5 .)# .$ *>.  422#  !3# %&&(!2%*!.) .5 *,#

%"%&*!3# 1#"!%) @(*#$/ Q!*, .)# !*#$%*!.)8 1. * .5 (.> &!'#( %$# 2.$$#2*#"/ Q!*, *>. !*#$%*!.) 

R@+4$# O/P2S8 $#1%!)!)+ (.> &!'#( >!*,!) *,#  *%$< ,%&#"  &$42# 2$.>) ,%3# "! %&&#%$#"/
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 -" 01/ !,,(%-!.%/'2

 !"#$% &'() *+%,- ./ 0102-!3% 4%1!05 67-%$'

)*4*5*4 6-(%#-7-810$7 97&'(3

T(*#$)%*!3# *..( 5.$ *,# $#1.3%( .5 (.> &!'#( %$# &$.3!"#" -: 1%*,#1%*!2%( 1.$&,.(.+:/ ?,! 

&.>#$54( *,#.$: ,% )41#$.4 %&&(!2%*!.) 5.$ !1%+# &$.2#  !)+ &$.-(#1 / =&#$%*!.) !) 1%*,<

#1%*!2%( 1.$&,.(.+: %$# -% #" .)  *$42*4$!)+ #(#1#)* REUS i/ 6) *,!  *4":8 .)(: 2#)*#$#"8

-!)%$: "! 9 %$# 4 #"/ ?,! 2,.!2# ! "$!3#) -: *,# 5%2* *,%* *$## 8 >,!2, %$# *,# #(#1#)* *. -#

,!+,(!+,*#" !) *,# !1%+#8 %$# +#)#$%((: .5 2!$24(%$  ,%&#/ ?,# *>. -% !2 .&#$%*!.) .5 1%*,#1%*<

!2%( 1.$&,.(.+: %$# #$. !.) %)" "!(%*!.)/ 6) % +$%:< 2%(# !1%+#8 *,# #$. !.) ǫi R$# &/ "!(%*!.)

δiS .5 %) !1%+# 2.) ! * !) $#&(%2!)+ #3#$: &!'#( -: *,# 1!)!141 R$# &/ 1%'!141S 3%(4# .5 !* 

)#!+,-.$,.." "#@)#" -: *,#  *$42*4$!)+ #(#1#)* i/ Q!*, *,# # *>. -% !2 .&#$%*.$ 8 1.$# 2.1<

&(#' .&#$%*!.) %$# "#@)#"/ V(. !)+ ψ .5 %) !1%+# f 2.) ! * !) % "!(%*!.) 5.((.>#" -: #$. !.)

>!*, *,#  %1# EU i/

ψi(f) = ǫi(δi(f)) RO/NS



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

 !" #$#%!" &'# !( '#)(*# ")&++ ,(+#" &-. /++ -&''(0 1&2" 3/14'# 56786 9*#- 0:!, & ")&++ "!'4%;

!4':-1 #+#)#-!< ,(+#" &'# /++#. &-. )&=:)4) ,#:1,!" &'# -(! +(0#'#. 3/14'# 567>86 ?,# .:"%'#!#

&22'(=:)&!:(- (@ & %:'%+# (@ /*# 2:=#+" 0:.!, :" &%!4&++A .:&)(-.;",&2#.< 0,:%, !#-." !( 2'(.4%#

.:&1(-&+ &'!:@&%!" :- !,# /+!#'#. :)&1#6 B#":.#"< "()# >':.1#" &22#&' 0,#'# !'##" 0#'# 2'#*:(4"+A

"#2&'&!#. >A -&''(0 1&2"< &-. >:11#' ,(+#"< 2("":>+A !'4# %&-(2A 1&2"< &'# '#.4%#.6 ?,# .:"%'#!#

&22'(=:)&!:(- SEdisk
n (@ !,# .:"C "!'4%!4':-1 #+#)#-!" (@ ":D# n 4"#. :- !,# /14'#" &'#E

SEdisk
1 =





0 1 0
1 1 1
0 1 0



 SEdisk
2 =













0 0 1 0 0
0 1 1 1 0
1 1 1 1 1
0 1 1 1 0
0 0 1 0 0
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 +" ,(-.%'& /%01 SEdisk
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 2" ,(-.%'& /%01 SEdisk
2

 !"#$% &'() *+%,- ./ ,0.1!2" 30-%$ 4!-5 6!171 ./ 6!+%$%2- 1!8%1 91 1-$#,-#$!2" %0%:%2-1'

?( &*(:. !,:" !#-.#-%A !( (*#';/++ !,# 1&2"< &-. )('# 1#-#'&++A !,# .#1'&.&!:(- (@ (':1:-&+

",&2#" >A !,# "!'4%!4':-1 #+#)#-!< !,# %+(":-1 >A '#%(-"!'4%!:(- (2#'&!(' ψi
R %&- ># :-!'(.4%#.

&" GFH5IE

ψi
R(f) = Rǫ

f (δ
i(f)) 0:!, Rǫ

f !,# 1#(.#":% '#%(-"!'4%!:(- >A #'(":(- 356J8

?,# &.*&-!&1# (@ '#%(-"!'4%!:(- (2#'&!('" :" !,&! @#&!4'#" ")&++#' !,&- !,# "!'4%!4':-1 #+#)#-!

&'# '#)(*#.< >4! 0:!,(4! &+!#':-1 !,# ",&2#6 K+(":-1 >A '#%(-"!'4%!:(- '#)(*#" !,# 4-%(--#%!#.

+(0 @#&!4'#" 3/14'# 56L86 ?,# +(0 2:=#+" &'# "&!:"@&%!(':+A /++#. 0,:+# !,# (':1:-&+ ",&2# :"

2'#"#'*#.6 M(0#*#'< "()# +(0 2:=#+" '#)&:- :- !,# !'## %'(0-"6

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

?,# 2'#*:(4" "!#2 (@ -(-;+:-#&' /+!#':-1 )&:-+A &:)" &! '#)(*:-1 !,# &'!:@&%!" :- !,# *#1#!&!:(-

)(.#+ .4# !( !,# &%N4:":!:(- 2&'&)#!#'"6 ?,# -#=! "!#2 :" !( C##2 (-+A !,# :-@(')&!:(- '#+&!#.

!( !'##"6  -.##.< !,# /-&+ (>O#%!:*# :" !( .#!#%! !,# !'##!(2" 0:!, & +(%&+ )&=:)& /+!#':-16

P ":)2+:/#. @'#N4#-!:&+ :-!#'2'#!&!:(- (@ & %&-(2A;,#:1,! (' .:1:!&+;"4'@&%# )(.#+ :)&1# :" !(

%(-":.#' !,&!E

; *#'A +(0 @'#N4#-%:#" &'# +:-C#. !( !#''&:- *&':&!:(-"< 2'(*:.#. !,&! "+(2# :" %(-"!&-! & "%&+#

")&++#' !,&! !,# 0:.!, (@ & !'## 3&22'(=6 QR ) 2#':(.8<

; +(0 @'#N4#-%:#" &'# +:-C#. !( !'## #-*#+(2#" 3F )8<

; )#.:4) @'#N4#-%:#" !( >'&-%,#" 3R6S )8<

; &-. ,:1, @'#N4#-%:#" !( ")&++ >'&-%,#"< +#&*#" &-. T:UPV -(:"# 3R6Q )86



 ! "#$%&'( )* +,&(-./0&1-, $,. 2'&#-.3
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 !"#$% &'() *+%,- ./ ,0.1!2" 34 $%,.21-$#,-!.2 50-%$ 6!-7 8!191 ./ 8!+%$%2- 1!:%1 ;1 1-$#,-#$!2" %0%<%2-1'

 !" !#$! %&"'(")*+ *,)-")- #. /#0"/+ -, #)1(*" ."2"&3/ /,*3/ 435#43 -!3- 6#// ),- *,&&".7,)1

-, 3*-(3/ -&""-,7.8 9)1"& -!" .-&,)$ !+7,-!".#. -!3- :&3)*!".; /"32". 3)1 <#=>? ),#." *3)

:" *,).#1"&"1 3. 3 &3)1,4 ),#.". 6#-! @"&, 4"3); ,)" "A*#")- 63+ -, &"4,2" -!"4 #. /#)"3&

.4,,-!#)$8 B"&" 1#.*&"-" 377&,5#43-#,). ,% C3(..#3) /,673.. D/-"&. 3&" (."18  !" 1#.*&"-"

377&,5#43-#,) Gσ ,% 3 C3(..#3) 0"&)"/ ,% 73&34"-"& σ #. *,)2,/2"1 6#-! -!" ),)E/#)"3& D/-"&"1
2"$"-3-#,) !"#$!- #43$" f -, ,:-3#) -!" .4,,-!"1 #43$" f̂ 8

f̂ = f ⋆ Gσ FG8HI

J5347/". ,% C3(..#3) .4,,-!#)$ 377/#"1 -, -!" 1#$#-3/ .(&%3*" 4,1"/ 7&"2#,(./+ D/-"&"1 :+ -!"

3137-#2" 4"1#3) D/-"& 3&" 1#.7/3+"1 #) D$(&" G8KL8 M#-! σ = 0.25 4 FD$(&" G8KL3I; -!" "N"*- #.

:3&"/+ ),-#*"3:/"8 O) 73&-#*(/3&; :&3)*!". ,% -!" /3&$".- .7&(*" -&"". 3&" .-#// &"43&03:/"; 3)1 /,6

7#5"/. #) -!" *&,6) &"43#) 2#.#:/" F43-&#5 *,,&1#)3-". PL; KLPI8 M#-! σ = 1 4; .43// 31Q3*")-
-&"". -!3- 6"&" #1")-#D3:/" 3. .43// +"//,6 73-*!". #) -!" *")-"& ,% -!" #43$" D/-"&"1 :+ 3137-#2"

4"1#3) #43$" FD$(&" G8R:I 3&" 4"&$"1 #)-, 3 .#)$/"; :3)3)3E.!37"1 :/,: F43-&#5 *,,&1#)3-".

RL; GL #) D$(&" G8KL*I8 M#-! σ = 0.5 4; -&"". 377"3& *,).#1"&3:/+ /".. :&3)*!+ :(- .43// -&"".
3&" 7&"."&2"18

O- #. ),-"6,&-!+ -!3- C3(..#3) .4,,-!#)$ 1,". ),- !3)1/" -!" .34" -+7" ,% ),#." 3. -!" 7&"2#,(.

),)E/#)"3& D/-"&.8  !,." -6, -+7". ,% D/-"& 3&" *,47/"4")-3&+8 S,& "5347/"; #% 3 2"&+ /,6 23/("

#. 7&".")- 6#-!#) 3 *&,6); -!" /,6E73.. D/-"& 6#// ,)/+ 73&-#3//+ #)*&"3." #-; 3)1 6#// 3/., /,6"&

-!" )"3&:+ 23/(".8 T) -!" *,)-&3&+; ),)E/#)"3& D/-"&. 1, ),- &"4,2" 3// -!" !#$!E%&"'(")*+ ),#.";

"2") -,($! -!" 4"1#3) D/-"& F3)1 -, 3 /".."& "5-")-; */,.#)$ D/-"&I !3. 3 .4,,-!#)$E/#0" "N"*-

6!") "47/,+"1 ,) /3&$" 6#)1,6.8

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

<,*3/ 435#43 3&" 1"-"*-"1 :+ *!"*0#)$ %,& "3*! 7#5"/ (x, y) #% #-. 23/(" #. "'(3/ -, -!" 435#4(4
23/(" #) #-. )"#$!:,&!,,1 Sxy8 O% f(x, y) #. #)1""1 3 $/,:3/ 435#4(4 #) Sxy; -!" ,7"&3-#,)
#. &"#-"&3-"1 6#-! 3 /3&$"& )"#$!:,&!,,18 B"&"; *,).#1"&"1 )"#$!:,&!,,1. 3&" *")-"&"1; .'(3&"

6#)1,6. ,% 6#1-! 2n + 1 7#5"/.; Sn
xy8 =(&#)$ -!" ./#1#)$ 7&,*".. ,% -!" 23&#3:/" .#@" 6#)1,6; 3

435#43 #43$" m #. *,47(-"18

m(x, y) =

{

0 #% f(x, y) < maxf (S
1
xy)

2n+1
2 #% f(x, y) = maxf (S

n
xy) 3)1 f(x, y) < maxf (S

n+1
xy )

FG8PI

6!"&" maxf (S
i
xy) #. -!" 435#4(4 23/(" ,% f #) -!" )"#$!:,&!,,1 Si

xy8  !" 23/(" ,% 3 7#5"/ #) m
#. @"&, #% -!#. 7#5"/ #. ),- 3 /,*3/ 435#4(4; 3)1 #. ,-!"&6#." "'(3/ -, !3/% -!" 6#1-! ,% -!" /3&$".-



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

 !"#$% &'()* +,%-. /0 12#33!24 35//.6!4" /0 .6% !52"% 78.%$%9 :; 292<.!=% 5%9!24 >7"#$% &'?:@A B!.6

9!,%$%4. =28#%3 0/$ σ >5@' C<2.!28 $%3/8#.!/4 !3 )'D 5' E2$FG:8#% 0$25%3 !4 .6% 78.%$%9 !52"%3 523F .6%
:/$9%$ %,%-.3'

 !"#$% &'()*& &+%$% ', ' -.*/#. 0#1'0"02 3( ,+' 4$*5%  6 78#)9#5%(, 0#1'0# &',+ %!"#. +%'-+,

0#: /% %1,$#5,%)2 3(  "5+ 5# % 6 *(.: *(% 0#1'0# #0*(- ,+% 0#1'0# ,+#, #$% 785*((%5,%) ' 

$%,#'(%)2 ;% "., *< 0#1'0# %1,$#5,'*( *( )'=%$%(,.: >.,%$%) '0#-% #$% )' 4.#:%) '( >-"$% ?2@@2

A',+*", .*&4#  >.,%$ B>-"$% ?2@@#C6 # +'-+ ("0/%$ *< 0#1'0# ' )%,%5,%)2 D+%'$ ("0/%$  %%0 

0*$% $%# *(#/.% &+%( # (#$$*& E#"  '#( F%$(%. ' " % <*$  0**,+'(- B>-"$% ?2@@/C2 G*&%H%$6

 *0% <#. % )%,%5,'*( $%0#'(6 0#'(.: '( (*( <*$% ,%) -#4 B)#$F /."% #$%# C6 /", #. * '( ,+% <*$0

*< (%#$/: 0#1'0# &',+ #  0#.. H#."% '( m B5*04#5, -$*"4 *<  0#..  !"#$% C2 A',+ σ = 0.5 06

 0#.. 0#1'0# -$*"4 +#H% )' #44%#$%)2 I(<*$,"(#,%.:6 0#(: .*5#. 0#1'0# &',+  0#.. H#."% 

'( m ,+#, &+%$% 5.* % ,* .#$-%$ *(% +#H% #. * /%%( $%0*H%)6 <*$ %1#04.% '( ,+%  4$"5% ,$%% #,

0#,$'1 5**$)'(#,% BJK6 @KJC6 *$ (%#$ ,+%  '.H%$ >$ #, BLK6 MJC2
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 !" #$%&'()* +*$(%, - σ = 0.25
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 ." #$%&'()* +*$(%, - σ = 0.5

 !"#$% &'(() *+,-. /-0!/- 1%2%,2%1 +3 !/-"%4 +52-!3%1 56 - ,+/5!3-2!+3 +7 -1-82!9% /%1!-3 :.2%$!3"

-31 ;-#44!-3 4/++2<!3"' =-,>"$+#31 !4 2<% :.2%$%1 !/-"% #4%1 7+$ .+,-. /-0!/- 1%2%,2!+3' =.-,>

4?#-$%4 -$% 2<% 1%2%,2%1 /-0!/-' @6/5+. 4!A% !4 8$+8+$2!+3-. 2+ 2<% 9-.#% +7 8!0%.4 !3 m(x, y)'

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

 ! "##$%&& '(% )$!*+%, !- '(% !.%$ #%'%/'0!1 !- '$%%'!)&2 "1 "##0'0!1"+ )$!/%#3$% -!$ ,"40,"

&%+%/'0!1 0& )%$-!$,%#5 6' $%+0%& !1 '7! ,"01 "&&3,)'0!1&8

9 '$%%& (".% " ,010,3, (%0:(';

9 '(% (0:(%$ " '$%%2 '(% *0::%$ 0'& #0&'"1/% '! 0'& 1%0:(*!$ !- %<3"+ (%0:('5



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

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

&,*+ *4+ &,"50$(&*&"' &,6+(6&,7 $ #&,&#0# !"&7!* $,/ *!" ."($*&+,'!&- 1"*4"", $ #$%&#$ !"&7!*

hl(x, y) $,/ &*' /&'*$,)" m(x, y) *+ *!" ,"$."'* !&7!". -&%"(8 hl &' *!" )$,+-3 !"&7!* #+/"(
)$()0($*"/ $' *!" /&9".",)" 1"*4"", *!" ,+,:(&,"$. ;(*"."/ <=> $,/ *!" < >8 ?6", *+07!

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

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

#$%&#$ -&%"('8 A, *!" ",/@ $ (+)$( #$%&#0#@ 4&*! )++./&,$*"' (x, y)@ 4!&)! /+"' ,+* 20(;( *!"
2+((+4&,7 &,"50$(&*&"'@ &' /&')$./"/8

{

m(x, y) ≥ mmin +mprop × hl(x, y)

hl(x, y) ≥ hmin
BC8CD

(mmin,mprop, hmin) $." *!" '"(")*&+, -$.$#"*".'8  !" ;,$( &#$7" +2 '"(")*"/ #$%&#$ ms(x, y)
&' +1*$&,"/ 13 '"**&,7 *+ E".+ *!" 6$(0"' &, m(x, y) *!$* /+ ,+* )+#-(3 4&*! &,"50$(&*&"' C8C8
F&70." C8GH /&'-($3' *!" ."'0(* +2 #$%&#$ '"(")*&+,8  !" !"&7!* *!."'!+(/ ."#+6"' (+)$( #$%&#$

&, *!" (+4 6"7"*$*&+, B/$.I 1(0" $."$' &, ;70." C8GH1D8  !" *!."'!+(/ $--(&"/ *+ m ."#+6"'

#$%&#$ +, *!" '#$(("'* ,"&7!1+.!++/' B;70." C8GH)D8 =+#" +2 *!"# #&7!* $)*0$((3 1" *.""*+-'8
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 !" #$ %&'&()*$+  ,-./& 01223"

 

 

20 40 60 80 100 120 140

20

40

60

80

100

120

5

10

15

20

25

 3" hmin = 5 4
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 (" mprop = 05 mmin = 1 4

 !"#$% &'()* +,%-. /0 1/-21 324!32 5%1%-.!/6' 7839/15 2$% .:% 523% 25 !6 ;"#$% &'(('

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

F+. "$)! '"(")*"/ #$%&#$ J -&%"( (x, y) 4&*! ms(x, y) > 0 J *4+ 6$(0"' $." $6$&($1("8 ms(x, y) &'
*!" /&'*$,)" *+ *!" ,"$."'* -&%"( *!$* !$' !&7!". 6$(0"@ $,/ &' +2 (&**(" &,*"."'* +,)" *!" '"(")*&+,

!$' 1"", -".2+.#"/8 hl(x, y) &' *!" "'*&#$*"/ !"&7!*8 K, $//&*&+,$( &,2+.#$*&+, $1+0* *!" $(("7"/
*."" &' +1*$&,"/ 13 '"7#",*$*&+, +2 *!" <=> *+ /"(&,"$*" *."" 1+0,/$.&"'8  !" (&#&*' 1"*4"",

$/L$)",* *.""' )$, 1" /"*".#&,"/ 0'&,7 *!" 4$*".'!"/ '"7#",*$*&+, $(7+.&*!# MNH@ -8 OCNP8  !&'

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

#&,&#0# 4&*! $ #+,+*+,&)$((3 /")."$'&,7 -$*!8  !"'" $."$' $." )$(("/ *!" 4$*".'!"/'8 Q&%"('

*!$* /&6&/" *4+ +. #+." $/L$)",* 4$*".'!"/' $." *!" 4$*".'!"/ (&,"'8 ?$)! 4$*".'!"/ &, *!"

R&--"/:+6". <=> )$, 1" )+,'&/"."/ $' *!" ).+4, +2 *!" *."" $''+)&$*"/ *+ *!" (+)$( #$%&#0# &,

*!" <=>8 F&70." C8GS$ '!+4' *!" '"7#",*' +1*$&,"/ 13 4$*".'!"/ '"7#",*$*&+, +2 *!" '#++*!"/

<=>8 K' "$)! #$%&#0# &,/0)"' $ ,"4 4$*".'!"/@ *!" &#$7" &' +6".'"7#",*"/8  + +1*$&, $

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

13 -."6&+0'(3 /"*".#&,"/ #$.I".'T $ (+)$( #&,&#$ )$, ,+* 7&6" 1&.*! *+ $ ,"4 4$*".'!"/ &2 &*

&' ,+* (+)$*"/ +, $ #$.I".8 U"."@ #$.I".' $." *!" '"(")*"/ #$%&#$8 F&70." C8GS$ /&'-($3' *!"

'"7#",*' +1*$&,"/ 13 #$.I".:)+,'*.$&,"/ 4$*".'!"/@ $,/ ;70." C8GS) /&'-($3' *!" 4$*".'!"/



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

 !"#$ %" &'# ()*+ ,$ -#  ,$ &'# $# #.&#/ 0,1!0,2 34&#5 $#60#"&,&!%"+ ," ,//!&!%", 7!839

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

"?0=#5 %4 :!1# $ -!&'!" !&$ $#60#"& 0? &!: !#/ => &'# :!1# $!@# !" $A?,5# 0#&#5$2
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 4" 5!($2)/$- 6,'$) !'- &!23$2)

 !"#$% &'()* +$%% ,%-!.%/0!1. 2!03 2/0%$43%, 4%"5%.0/0!1.* 6/7 $%4#-0!." 4%"5%.048 697 $%4#-0 1: 4%";

5%.0/0!1. <1.40$/!.%, 9= 03% 4%-%<0%, 5/>!5/ /4 5/$?%$4 /., 6<7 2/0%$43%, -!.%4 4#@%$!5@14%, 1. 03%

ABC /-1." 2!03 4%-%<0%, 5/>!5/ 6×8 23!0% <$144%4 /$% 03% 4%-%<0%, 5/>!5/ -1</0%, 1#04!,% 03% D%-,
@-10 5/4?7' E. 6/7 /., 697 <1-1$4 $%:%$ 01 4%"5%.0 .#59%$4'

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

B'# %=C#.&!<# !$ &% &#$& &'# $#"$!&!<!&> %4 &'# /#&#.&!%" , 6%5!&'0 &% :,5,0#&5!@,&!%" ,"/ &% 4%5#$&

$&5?.&?5#2 3$ "?0#5%?$ .,$#$ -!  =# &#$&#/+ !& !$ "%& :%$$!= # &% 0,"?,  > .'#.D ,  /#&#.&!%"

5#$? &$2 3" ,?&%0,&!. ,$$#$$0#"& :5%.#/?5# -!  "%& =# ,= # &% ',"/ # ,  :,5&!.? ,5 .,$#$+

'%-#<#5 !& !$ 0?.' 4,$&#5 ,"/ -!  &5#,& ,  .,$#$ .%"$!$&#"& >2 B'# :5%.#/?5# ?$#/ !" &'!$ -%5D

!". ?/#$ &-% ,$:#.&$2

E 3" ,?&%0,&#/ 0,&.'!"6 :5%.#/?5# &% ,$$#$$ &'# /#&#.&!%" 5,&#2 F& !$ =,$#/ %" &'# G8

/!$&,".# =#&-##" $# #.&#/ 0,1!0, ,"/ &'# :%$!&!%"$ %4 H# / &5##&%:$2

E 3 I$.%5#J <, ?# 4%5 &'# /#&#.&!%" :#54%50,".# &',& &,D#$ =%&' &5?# ,"/ 4, $# :%$!&!<#$ !"&%

,..%?"&2

B'%$# &-% ,$:#.&$ ,5# :5#$#"&#/ !" &'# 4%  %-!"6 :,5,65,:'$2

 !"!# "$ %&'()*+, -./(012.0

B% ,$$#$$ &'# ,..?5,.> %4 &5##&%: /#&#.&!%"+ ," ,?&%0,&#/ 0,&.'!"6 :5%.#/?5# !$ :#54%50#/2 F&

!$ =,$#/ %" &'# .%0:,5!$%" %4 /!$&,".#$ =#&-##" $# #.&#/ 0,1!0, ,"/ &'# :%$!&!%"$ %4 &5##&%:$

,  #6#/ 45%0 &'# H# / !"<#"&%5>+ ,"/ #$&!0,&#$ &'# :5%:%5&!%" %4 .%55#.& > /#&#.&#/ &5##$2 F&

!$ ,$$?0#/ &',& KLM :%$!&!%"!"6 : ,"!0#&5!. #55%5 ǫgps !$ !"4#5!%5 &% N2O 0 ,"/ &',& &'# $ %:#

%4 , &! &#/ &5## stree !$ !"4#5!%5 &% NPQ R<, ?# /#&#50!"#/ => 0#,$?5#$ :#54%50#/ %" &'# ST

'!6'#$& &5##$ !" U,?C,">V2 )#!6'& 0#,$?5#$ ,..?5,.> !$ #$&!0,&#/ &% =# ǫh = 15%2 W"/#5 &'#$#

,$?0:&!%"$+ &'#  !0!& 0,&.'!"6 /!$&,".# =#&-##" , $# #.&#/ 0,1!0, ,"/ , &'#%5#&!., &5##&%:

 %.,&#/ <#5&!.,  > ,& ht 0#&#5$ ,=%<# &'# KLM :%$!&!%" %4 &5## T !$;

dmax(ht) = ǫgps ×
√

1 + s2terrain + stree × (ǫh + 1)× ht RT2XV

-!&' sterrain &'# &#55,!" $ %:#+ $#& &% GYQ2



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

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

!4 +.( /(2% 02!+5 64( !0+$!4 $, +! 7(!2!*"+( +.( /(2% &!84%"'$(, 9$+. " :;< "4% +! (3*28%(

1"3$1" +."+ %! 4!+ ="22 $4,$%( +.( +.(!'(+$*"2 02!+5 >8( +! +!0!7'"0.$* *!4,+'"$4+,- '("2 /(2%

02!+ 1"? &( @8$+( %$)('(4+ ='!1 +.( 02!+ %(/4(% &? +.( :;< *!!'%$4"+(, != $+, =!8' *!'4(',5

A(,$%(,- +.( +!0 != "4 $4#(4+!'$(% +'(( 1"? &( 2!*"+(% !8+,$%( 02!+ &!84%"'? &(*"8,( != +$2+5

 .('(=!'(- +.( 02!+ "'(" $, %(/4(% ", +.( 84$!4 != &8)(' %$,B, *'("+(% "'!84% ("*. +'(( 9$+.

" '"%$8, 0'!0!'+$!4"2 +! +'(( .($7.+- "4% 7$#(4 &? (@8"+$!4 C5D5  .( /(2% 02!+ 1",B $, +.8, "

&$4"'? $1"7( E/78'( C5FG"H5 ;!,,$&2( .!2(, $4 +.( &8)(' "'( /22(% &? " *2!,$47 !0('"+$!4 9$+.

,$3 1(+(' '"%$8, *$'*82"' ,+'8*+8'$47 (2(1(4+5 ;'(#$!8, &!'%(' $, '(*!4,+'8*+(% &? 1!'0.!2!7$*"2

'(*!4,+'8*+$!45 I$4"2 1"+'$3 != ,(2(*+(% 1"3$1" !4 +.( /(2% 02!+ $, !&+"$4(% ", +.( (2(1(4+9$,(

0'!%8*+ != +.( ,(2(*+(% 1"3$1" $1"7( 9$+. 02!+ 1",B $1"7(5 642? +.!,( 1"3$1" "'( 8,(% %8'$47

+.( 1"+*.$47 0'!*(%8'(5
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 1" +,'!-.-./ '!0-'! !.2 3,$2

&4,,(

 !"#$% &'()* +,-./!0" 1$2.%3#$%' 4,5 6207-$#.-!20 28 192- :,7; 4<,.;"$2#03 !:,"%5 8$2: -/% $%"=

#9,$!>,-!20 28 -$%% <#?%$7 4.!$.9%75' 4<5 @%9%.-%3 :,A!:, 92.,-%3 !07!3% -/% <#?%$ 4<9,.; 7B#,$%7C 7!>%

1$212$-!20,9 -2 1!A%9 D,9#% !0 m5 ,03 4.5 .2:1,$!720 E!-/ F%93 -$%%7 4$%3 .!$.9%7C 7G:<29 7!>% 1$212$-!20,9
-2 /%!"/-5'

I!' ("*. 0"$' *!4,+$+8+(% != " +'(( T "4% " 1"3$181 M != '(,0(*+$#( .($7.+, ht "4% hm- "
1"+*.$47 $4%(3 IT,M $, *!108+(% ", +.( '"+$! != +.( %$,+"4*( dT,C &(+9((4 +.( ",,81(% +'((+!0
"4% +.( %(+(*+(% 1"3$181- "4% dmax(ht)5

IT,M =
dT,M

dmax(ht)
EC5JH

 .( 0!+(4+$"2 0"$' 9$+. +.( 2!9(,+ 1"+*.$47 $4%(3 $, #"2$%"+(% "4% +.( 2$,+, != '(1"$4$47 1"3$1"

"4% +'((, "'( 80%"+(% &(=!'( '($+('"+$47 +.( 0'!*(%8'(5 K$4B$47 (4%, 9.(4 "22 '(1"$4$47 #"28(,

!= IT,M "'( 7'("+(' +."4 F5 I'!1 +.$, 0'!*(%8'(- +.'(( *",(, *"4 &( %$,+$478$,.(%L

M +'8( 0!,$+$#( E!' *!''(*+2? %(+(*+(% +'((H- 9.(4 " ,(2(*+(% 1"3$181 $, ,8**(,,=822? 2$4B(%

+! " /(2% +'((-

M ="2,( 0!,$+$#( E!' ="2,( "2"'1- *!11$,,$!4 (''!'H- 9.(4 " ,(2(*+(% 1"3$181 *"4 4!+ &(

1"+*.(% +! "4? /(2% +'((-

M ="2,( 4(7"+$#( E!1$,,$!4 (''!'H- 9.(4 " /(2% +'(( *"4 4!+ &( 1"+*.(% +! "4? ,(2(*+(% 1"3M

$1815

K(+ NTP , NFP , NFN &( +.( 481&(', != +'8( 0!,$+$#(,- ="2,( 0!,$+$#(, "4% ="2,( 4(7"+$#(, '(,0(*M

+$#(2?5 N( ."#( NTP + NFN = NT "4% NTP + NFP = NM 9.('( NT $, +.( 481&(' != /(2%

+'((, "4% NM +.( 481&(' != ,(2(*+(% 1"3$1"5 O4 (3"102( != '(,82+ != "8+!1"+(% 1"+*.$47

!= ,(2(*+(% 1"3$1" 9$+. /(2% +'((, $, %$,02"?(% !4 /78'( C5FP5  .( ="*+ +."+ %(+(*+(% +'((, "'(

1"$42? %!1$4"4+ !4(, "00("', *2("'2? !4 /78'( C5FP&5
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 !"#$% &'()* +%,#-. /0 1#./21.%3 21.45!6" 78 $%3 -!6%,9 :%.;%%6 � <!=>+ ,%-%4.%3 21?!21 163 × @%-3

.$%%./A, 7,41-%, 1$% !6 2%.%$9'

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

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

"+'$,(* #-'+'#$"+,2$,# 6789: #;+4"< =-,#- ,2 $-" /)%$ %& $-" $+;" /%2,$,4"2 +'$,% 4"+2;2 $-" &')2"

/%2,$,4"2 +'$,%> ?"+" $+;" '(0 &')2" /%2,$,4" +'$,%2 '+" 0"@("0 '2 RTP = NTP

NT
'(0 RFP = NFP

NT
>

A"2,0"2< &%+ '##;+'#3 '22"22."($ ' $+'0"5%! 1"$=""( $-" $+;" '(0 &')2" /%2,$,4"2 +'$,%2 -'2

$% 1" &%;(0> B$ ,2 '22;."0 $-'$ &%+ "4"+3 @4" '00,$,%(') $+;" /%2,$,4"2< %(" &')2" /%2,$,4" ,2

$%)"+'$"0> C-" 0"$"#$,%( 2#%+" S ,2 $-;2 #%./;$"0 '2D

S = (w ×RFP )
2 + (1−RTP )

2
=,$- w = 5 6E>F:

=-,#- #%++"2/%(02 $% $-" 2G;'+"0  ;#),0"'( 0,2$'(#" $% $-" /"+&"#$ .'$#- 6NFP = 0 '(0NTP = NT :

=,$- $-" &')2" /%2,$,4"2 +'$,% =",*-$"0 13 ' &'#$%+ H>



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



 !"#$%& '

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

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

 !" #$%&'$ (%)*+%( ,%) -)""-%. /"-"0-1%2 %2 ' .$%- 13 /13.$'4"/ 12 5#6)" 7898 :'0! 3-". %, -!"

'$#%)1-!; 13 .)"3"2-"/ 12 -!" .)"<1%63 0!'.-")8
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 !"#$% &'() *+$,-+. /+$ 0$%%0+1 2%0%30!+4'

 !"#$ $%&%  !" '$#%)1-!; 13 -"3-"/ %2 == .$%-3 ,)%; -!" ,%$$%(12# >1?@A '0B6131-1%23C

D E!';%21F G-!)"" .$%-3C H%633%6FI J)-!'K '2/ E%))6'KLI

D E!'&$'13 G"1#!- .$%-3 26;&")"/ ,)%; 9 -% MLI

D H6)1'2"--" GE%;&"$%6. .$%-LI

D N")0%)3 GO'12-D@#2'2 ;')-"$%30%." /1<1/"/ 12 ,%6) .$%-3 26;&")"/ ,)%; 9 -% PLI

D N'$/)Q;" G;')-"$%30%." /1<1/"/ 12 ,%6) .$%-3 26;&")"/ ,)%; 9 -% PL8

D N'6R'24 G)%0*,'$$ "F.")1;"2- ')"' /1<1/"/ 12 -(% .$%-3C $%(") '2/ 6..") .')-L8

@$$ .$%-3 ')" 3B6')" .$%-3 %, S8=T !'I "F0".- '- O'12-D@#2'2 G)"0-'2#6$') 3!'."C 40 × 62.5 ; 

L

'2/ N'6R'24 G2% .')-106$') 3!'."I '..)%F1;'-"$4 S8UU !'L8  !" 31K" %, -!"3" -)'1212# .$%-3

13 2"0"33')4 -% $1;1- &%)/") "V"0-3 /6)12# -!" ;'-0!12# .)%0"338 W2/""/I "))%)3 ;'4 %006) '-

.$%- &%)/")3 /6" -% .%%) XYO .)"0131%2 '2/ 3-";3 &"12# -1$-"/8 Z1-! &1##") .$%-3I -!" ')"' -%

.")1;"-") )'-1% 120)"'3"3I (!10! /"0)"'3"3 -!" 12+6"20" %, &%)/") "V"0-3 %2 /"-"0-1%2 30%)"8

'!()* $%&% @0B6131-1%2 .')';"-")3 %, >1?@A 36)<"43 ')" .)"3"2-"/ 12 -'&$" P8=8 A"36$-12#

"0!% /"231-1"3 ,%) -!" 5"$/ .$%-3 ')" /13.$'4"/ 12 -'&$" 7898

T7



 ! "#$%&'( )* +,%-.($&.(/ 0'102&232&/ $1$-/020

 !"#$ %&'( )*+,- $./0 1$23*4*$3 56

 !

7 08 90*243 .#!33*:$1 !3 ;<0=21 5>7 !21 ?$;$4!4*02 5@7 80< 4/$ AA

:$#1 9#043&

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

()*+!*$,- 0.8 19.0 (".+/!"01 3.0 3.6 ,#*23*34 0.9 8.4
()*+!*$,5 1.1 10.7 ("660*7 0.4 6.0 8*!%6"./- 1.9 8.5
()*+!*$,9 1.1 12.4 ."0,,"0: 0.3 8.0 8*!%6"./5 1.7 7.5
()*+!*$,4 0.9 13.1 "6#)*79 0.5 8.7 8*!%6"./9 1.5 12.8
()*+!*$,; 0.5 17.6 ,#*23*3- 0.9 9.9 8*!%6"./4 1.6 14.0
()*+!*$,< 0.8 12.3 ,#*23*35 1.1 11.9 8*0=*3>+* 1.4 37.8
()*+!*$,? 0.7 8.0 ,#*23*39 0.7 8.7 8*0=*3>)* 0.8 20.7
()*+!*$,@ 0.8 26.0

4'0&'5 %$($6'&'(0 A" *,,/,, #)/ ,/3,$#$8$#> "B #)/ %/#/(#$"3 *!2"6$#). #" 1*6*./#6$7*#$"3

*3% B"6/,# ,#60(#06/C B"6 /*() #6*$3$32 1!"# 30./6"0, (".+$3*#$"3, "B 1*6*./#/6, *6/ #/,#/%D

A)/ #/,#/% 8*!0/, B"6 #)/ ,1*#$*! 6/,"!0#$"3 "B #)/ EFG *3% EAG $.*2/, *6/ res ∈ {1
5 ,

1
4 ,

1
3 ,

2
5 ,

1
2 ,

2
3 ,1,

3
2} $3 ./#/6,D  6/!$.$3*6> #/,#, H$#) 1$:/! H$%#) 26/*#/6 #)*3 5 . ,)"H/% #)*# %/#/(#$"3

1"#/3#$*! $, %6*,#$(*!!> !$.$#/% B"6 ("*6,/ 6/,"!0#$"3,D

A)/ 16/!$.$3*6> #/,#, *!," ,)"H/% #)*# #)/ $3#/61"!*#$"3 ./#)"% 0,/% B"6 EFG (*!(0!*#$"3 )*,

!$##!/ /I/(# "3 %/#/(#$"3 1"#/3#$*!D F$.$!*6!>C /:#6*(#$32 #)/ .*:$.* "3 #)/ EFG "6 "3 #)/

JKG >$/!%/% ,$.$!*6 6/,0!#,D L*,/% "3 #)",/ M3%$32,C #)/ EFG $, ()",/3 *, #)/ +*,$, $.*2/

B"6 .*:$.* /:#6*(#$"3 *3% $# $, (*!(0!*#/% +> 6/#*$3$32 $3 /*() 1$:/! #)/ .*:$.0. )/$2)# "B

("3#*$3/% N$EOP 1"$3#,D

Q"3R!$3/*6 M!#/6, *6/ #/,#/% ,/1*6*#/!>D O%*1#$8/ ./%$*3 $, *11!$/% ,0((/,,$8/!> nadapt ∈ {1, 2,
3, 4} #$./,D G/%$*3 *3% ."61)"!"2$(*! M!#/6, *6/ *11!$/% H$#) M!#/6 ,$7/ rm ∈ {0.25, 0.5, 0.75,
1, 1.5, 2, 3, 4} $3 ./#/6,D E/1/3%$32 "3 #)/ 6/,"!0#$"3 resC %$,(6/#/ M!#/6 ,$7/ $, *116":$.*#/% #"
#)/ 3/*6/,# $3#/2/6 30.+/6 "B 1$:/!,D rm ("66/,1"3%, #" #)/ H$3%"H )*!BRH$%#) B"6 #)/ ./%$*3

M!#/6 *3% #" ,#60(#06$32 /!/./3# ,$7/ S%$,T 6*%$0,U B"6 ."61)"!"2$(*! M!#/6,D

A/,#/% 8*!0/, B"6 #)/ &*0,,$*3 ,.""#)$32 1*6*./#/6 *6/ σ ∈ {0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, 1,
1.25, 1.5} $3 ./#/6,D E$,(6/#/ *116":$.*#$"3, "B #)/ &*0,,$*3 %$,#6$+0#$"3 *6/ 0,/%D
J6$#/6$* B"6 #)/ )/$2)# #)6/,)"!% "B %/#/(#/% .*:$.* *6/ hmin ∈ {0, 2.5, 5, 7.5, 10, 12.5, 15} $3
./#/6,D

A/,#/% (6$#/6$* B"6 #)/ 6/!*#$"3,)$1 +/#H//3 * .*:$.* )/$2)# *3% $#, %$,#*3(/ #" #)/ 3/*6/,# )$2)/6

1$:/! *6/ (mmin,mprop) ∈ {(0.5, 0), (0.75, 0), (1, 0), (1.25, 0), (1.5, 0), (1.75, 0), (2, 0), (1.5, 1
80),

(1, 1
40), (

2
3 ,

1
30), (

2
5 ,

1
25), (0,

1
20)}

V"6 /*() 1!"#C * #"#*! "B 188160 (".+$3*#$"3, *6/ #/,#/%D O!! (".10#*#$"3, *6/ 1/6B"6./%
0,$32 G*#!*+

"©
*3% $#, W.*2/  6"(/,,$32 A""!+":D

 !" #$%&'(%

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

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

,$&4+)*#+$)% +% $)35 111720 /$' "*,1 -3$#6 7*43" 869 -'"%")#% #1" 4"%# ("#",#+$) '"%!3#% $4#*+)"(
$) "*,1 -3$# *)( #1" ,$''"%-$)(+): %"##+):%6 7'!" -$%+#+;"% '*#+$ '*):"% /'$& 9<68 #$ <=6> ?6 @*3%"

-$%+#+;"% '*#+$ +% 3$A"' #1*) B6> ?6 C,$'"% *'" +) #1" +)#"';*3 [0.06, 0.54]6 71" 4"%# -"'/$'&*),"
+% /$' -3$# ,1*43*+%B0 A1+,1 +% * '",")#35 #1+))"( 5$!): %-'!," -3*)#*#+$) $) * D*# *'"* ERTP =
80.5% A+#1 2;" /*3%" -$%+#+;"%F6  "#",#+$) '*#+$ +% $)35 9<68? +) G$&43"3$!-0 A+#1 /$!' /*3%"

-$%+#+;"%6



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

 !"#$ %!&#% '() *+#%# ,#%* %#**!-.% /)# /$0/1% ,#$(0 234 56 #"7#8* '() 8$(* 9 !- :/!-*;<.-/- 0!*+

93= 5> <$$ -(-;$!-#/) ?$*#)% /)# )#8)#%#-*#@6 %/A# 7$(%!-. ,1 )#7(-%*)B7*!(- C/@/8*!A# 5#@!/-D

E6 5#@!/-D F6 7$(%!-.D EG> H- (-# 8$(*6 *+# ,#%* )#%B$* !% (,*/!-#@ 0!*+(B* -(-;$!-#/) ?$*#)!-.

C()*+/&4G> I#./)@!-. (*+#) 8/)/5#*#)% C-(-;$!-#/) /-@ J/B%%!/- ?$*#)% %!&#%6 %#$#7*!(- 7)!*#)!/G6

-( *)#-@ !% )#5/)K/,$#>

L+# +#!.+* @!%*)!,B*!(-% (' @#*#7*#@ /-@ 5!%%#@ *)##%6 /% 0#$$ /% '/$%# 8(%!*!A#% !% /A/!$/,$# !-

/88#-@!" M>4>2 C?.B)#% M>N /-@ M>OG> P(5!-/-* *)##% /)# .#-#)/$$1 0#$$ @#*#7*#@> L+# @#*#7*!(-

)/*# @#7)#/%#% '() %5/$$#) *)##%>

 !"#$ %&'( )$*+ ,$+$-+./0 1$*2#+* !0, -/11$*3/0,.04 !#4/1.+56 3!1!6$+$1* 7/1 +5$ '' +$*+$, 3#/+*& 8/09

#.0$!1 3!1!6$+$1 n -/11$*3/0,* +/ +5$ 026"$1 /7 .+$1!+./0* /7 +5$ !,!3+.:$ 6$,.!0 ;#+$1< /1 +/ +5$ =.,+5
2n+ 1 .0 6$+$1* /7 +5$ =.0,/= >6$,.!0 ;#+$1? /1 /7 +5$ *+12-+21.04 $#$6$0+ >-#/*.04 ;#+$1*?&

 $(* !@ res Q(-;$!-#/) ?$*#) σ hmin mmin mprop RTP RFP S R!#$@

C5G L18# n C5G C5G C5G CSG CSG *)##%

7+/,$/!%2 1/3 /@> 5#@> 4 0.3 5 0 0.05 51.6 3.9 0.27 153
7+/,$/!%9 1/5 7$(%!-. 2 0.3 15 0.75 0 46.6 2.9 0.31 174
7+/,$/!%4 1/4 7$(%!-. 0.5 0.2 2.5 1 0 64.7 2.0 0.13 102
7+/,$/!%T 1/3 7$(%!-. 2 0.1 5 0.4 0.04 47.6 3.7 0.31 82
7+/,$/!%= 1/4 7$(%!-. 0.75 0.5 15 0.75 0 55.9 2.1 0.21 145
7+/,$/!%F 1/3 /@> 5#@> 3 0.3 7.5 0.5 0 80.5 2.7 0.06 185
7+/,$/!%E 1/5 7$(%!-. 0.4 0.75 5 0 0.05 36.7 5.8 0.48 139
7+/,$/!%N 1/4 5#@!/- 1 0.1 10 0.5 0 45.9 3.7 0.33 109
7(5,#$(B8 1/5 7$(%!-. 1.4 0.3 10 2 0 28.7 3.5 0.54 115
7())B/& 1/5 7$(%!-. 0.8 0.1 10 0 0.05 31.7 2.7 0.48 186
5(B%%(B" 1/5 /@> 5#@> 2 0.5 12.5 1.25 0 44.5 6.0 0.40 281
()*+/&4 1/2 -(-# 0 0.3 7.5 0.67 0.03 45.3 4.1 0.34 148
%*/.-/-2 1/5 7$(%!-. 0.8 0.4 10 0.5 0 55.1 3.8 0.24 78
%*/.-/-9 2/5 /@> 5#@> 1 0.5 15 1.5 0 47.9 0.0 0.27 94
%*/.-/-4 1/3 5#@!/- 0.67 0.75 7.5 0.5 0 40.4 1.1 0.36 94
%*/.-/-T 1/3 5#@!/- 0.67 0.5 10 1.25 0 43.0 4.3 0.37 93
A/$@)(5#2 1/3 5#@!/- 0.67 0.2 10 0.4 0.04 67.7 3.0 0.13 198
A/$@)(5#9 1/4 /@> 5#@> 4 0.4 12.5 1.5 0 67.1 4.0 0.15 149
A/$@)(5#4 1/5 /@> 5#@> 4 0.4 12.5 0.4 0.04 58.9 5.3 0.24 265
A/$@)(5#T 1/5 5#@!/- 0.2 0.2 10 0.4 0.04 58.2 6.5 0.28 400
A/BU/-1,/ 1/5 /@> 5#@> 4 1 7.5 0.5 0 38.0 0.0 0.38 92
A/BU/-1+/ 1/3 5#@!/- 1 0.5 7.5 1.25 0 38.5 2.1 0.39 96

V- 7/%# (' *!#@ %7()#% '() / .!A#- 8$(*6 *+# '($$(0!-. 7)!*#)!/ /)# %B77#%%'B$$1 7(-%!@#)#@ B-*!$

(-$1 (-# )#%B$* )#5/!-%D

; $(0#) '/$%# 8(%!*!A#% )/*!(6

; $/).#) 8!"#$ 0!@*+6

; 5#@!/- ?$*#) !% B%#@6

; 7$(%!-. ?$*#) !% B%#@6

; 7$(%!-. ,1 )#7(-%*)B7*!(- ?$*#) !% B%#@6

; 0!-@(0 0!@*+ '() -(-;$!-#/) ?$*#)!-. !% *+# ,!..#%*6 () -B5,#) (' !*#)/*!(-% '() /@/8*!A#

5#@!/- !% *+# %5/$$#%*6

; +#!.+* *+)#%+($@ hmin !% *+# $/).#%*6

; A/$B# '() *+# @!%*/-7# *+)#%+($@ mmin !% *+# $/).#%*6

; A/$B# '() 7(#W7!#-* mprop !% *+# $/).#%*>



 ! "#$%&'( )* +,%-.($&.(/ 0'102&232&/ $1$-/020

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

)*4*4*5 61&(.789&2.1

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

-4"')*#. !-$ #'(% ,3-"6 "%# 3)0" -! (-$$#("37 .#"#("#. "$##0 1)"% "%#)$ ,'$'&#"#$0 &#'0/$#. -* "%#

8#3. 9%#)+%" h '*. .)'&#"#$ d: '*. "%# 3)0" -! (-$$#0,-*.)*+ 0#3#("#. &'2)&' 1)"% "%#)$ ;)< =
,'$'&#"#$0 9%#)+%" hl '*. ($-1* '$#' al:> ?-$ "$##0 -* ' +)@#* ,3-"5 3)*#'$ $#+$#00)-* &-.#30
'$# "$')*#. "- 8" $#3'")-*0%),0 4#"1##* "%# 8#3. ,'$'&#"#$0 h '*. d '*. "%# #2"$'("#. ;)< =
,'$'&#"#$0 hl '*. al>

?-$ "%# A'3.$B&# ,3-"05 '33 %#)+%"0 %'@# *-" 4##* &#'0/$#. -* "%# 8#3.> C*37 (-$$#("37

.#"#("#. "$##0 1)"% ' 8#3. @'3/# '$# /0#. )* "%# '*'370)0>

)*4*4*4 :'2;#& '0&2<$&'0

D"'")0")(0 -! "%# .)E#$#*(# 4#"1##* ;)< = %#)+%" '*. "%# 8#3. &#'0/$#. %#)+%" -! "%# (-$$#("37

.#"#("#. "$##0 '$# 0%-1* )* "'43# F>G> H#'* .)E#$#*(# )0 #)"%#$ *#+'")@# -$ ,-0)")@# 9IJ>K "-

J>G &:> L%# .)0"$)4/")-* -! h − hl )0 *-" 07&&#"$)( '4-/" K 9p < 0.055 "1-I0).#. M)3(-2-*
0)+*#.I$'*N "#0": !-$ "%)$"##* ,3-"0> L%# %)+%#0" 4)'0#0 '$# !-$ ,3-"0 (%'43')0O '*. -$"%'PG>

D"'*.'$. .#@)'")-* -! .)E#$#*(#0 $'*+#0 !$-& K>FF & "- Q>Q &5 $#0,#(")@#37 !-$ ,3-"0 (%'43')0O

'*. (-&4#3-/,> L%# $--" &#'* 0R/'$# -! .)E#$#*(# h− hl $'*+#0 !$-& J>K "- Q>Q &> ;-1 @'3/#0

'$# -4"')*#. )* ,3-"0 (%'43')0G5 (%'43')0S '*. (%'43')0F>

;)*#'$ $#+$#00)-* &-.#30 1)"% 8#3. %#)+%" '0 .#,#*.#*" @'$)'43# '*. ;)< = %#)+%" '0 )*.#I

,#*.#*" @'$)'43# '$# 8""#. 47 -$.)*'$7 3#'0" 0R/'$#0 1)"% "%# .'"' -! (-$$#("37 .#"#("#. "$##0 -*

#'(% ,3-"6

h = α+ βhl 1)"% (α, β) "%# &-.#3 ,'$'&#"#$0 9F>J:

L'43# F>G .)0,3'70 $#+$#00)-* &-.#3 ,'$'&#"#$0> <'"' ,-)*"0 '$# @#$7 (3-0# "- "%# J6J 3)*#

98+/$# T>JK:5 '*. $#+$#00)-* ,'$'&#"#$ β )0 (3-0# "- J5 #2(#," !-$ @'/U'*74' '*. 0-&# ,3-"0
)* D')*"I +*'* '*. )* A'3.$B&# 1%#$# )" )0 3-1#$ "%'* K>V> A'3/#0 !-$ '.UI=

 

'$# '4-@# K>W5

#2(#," )* @'3.$-&#Q '*. @'3.$-&#G> </# "- "%# !')$37 +--. (-$$#0,-*.#*(# 4#"1##* ;)< =

%#)+%" '*. &#'0/$#. %#)+%"5 "%# $--" &#'* -! 0R/'$#. $#0)./'30 -! $#+$#00)-* &-.#30 )0 -*37

03)+%"37 $#./(#. (-&,'$#. "- "%# $--" &#'* 0R/'$#. .)E#$#*(#0 9$#0,#(")@#37 rmsr '*. RMS )*
"'43# F>G:> X&,$-@#&#*" )0 &')*37 ./# "- 4)'0 (-$$#(")-* )* ,3-"0 1)"% 0&'33 @'$)'*(# -! h − hl
9#>+> ,3-"0 (%'43')0O5 -$"%'PG '*. (%'43')0J:>

Y3-"0 -! h '0 !/*(")-* -! hl '$# .)0,3'7#. )* "%# ',,#*.)2 T>G>Q 98+/$#0 T>JK '*. T>JJ:5
'3-*+ 1)"% "%# -4"')*#. $#+$#00)-* &-.#30> X* (#$"')* ,3-"05 "%# %#)+%"0 -! "%# "'33#0" "$##0 0##&

-@#$#0")&'"#. 98+/$# T>JJ5 D')*"I +*'* ,3-"05 @'3.$-&#Q '*. @'/U'*74':> Z-1#@#$5 D,#'$&'*

(-$$#3'")-* (-#[()#*"0 ρ 4#"1##* h '*. h−hl )*.)('"# "%'" 0)+*)8('*" $#3'")-*0%),0 '$# !-/*. )*
T%'43')0 ,3-"05 (-&4#3-/,5 &-/00-/2 '*. "%$## -! "%# A'3.$B&# ,3-"05 '*. '$# )* !'(" ,-0)")@#

(-$$#3'")-*0> X* "%#0# ,3-"05 "$## %#)+%"0 '$# '33 "%# &-$# /*.#$#0")&'"#. '0 "$##0 '$# "'33>

)*4*4*= >$0$- $('$ '0&2<$&'0

L1- "7,#0 -! $#+$#00)-* &-.#30 '$# "#0"#. !-$ 4'0'3 '$#' $#"$)#@'3 !$-& "1- ;)< = .#$)@#.

,'$'&#"#$06 %#)+%" hl '*. 0#+&#*" '$#' al> L%# '..)")@# &-.#3 )0 '* -$.)*'$7 3#'0" 0R/'$#0
&/3")@'$)'"# 3)*#'$ $#+$#00)-*5 "%# &/3"),3)('")@# &-.#3 )0 -4"')*#. 47 3-+I"$'*0!-$&'")-* -! '33

@'$)'43#0 ,$)-$ "- ',,37)*+ "%# '..)")@# &-.#3>

g = α+ βhl + γal 9F>Q:

g = αhβl a
γ
l 9F>G:



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

 !"#$ %&'( )*++$,-#. /$-$,-$/ -+$$0 12-3 4$#/56$!07+$/ 3$283-( 0-!-20-2,0 *9 -3$ /2:$+$;,$ "$-1$$; 8+*7;/

-+7-3 !;/ <2=>? 3$283- @6$!;A 0-!;/!+/ /$B2!-2*;A +**- 6$!; 0C7!+$A !;/ DE$!+6!; ,*++$#!-2*; ,*$95

4,2$;- ρ 12-3 6$!07+$/ 3$283-FA !;/ +$8+$002*; 6*/$# "$-1$$; 4$#/ 3$283- h !;/ <2=>? 3$283- hl(
h = α+βhl @6*/$# E!+!6$-$+0A !/G5? 

!;/ +**- 6$!; 0C7!+$ +$02/7!#0F& D28;24,!;,$ #$B$#0(

!!! p < 0.001A
!! p < 0.01A ! p < 0.05A • p < 0.1& D28;24,!;,$ #$B$#0 2; -3$ HI$!;J ,*#76; ,*++$0E*;/ -* -3$ K2#,*L*;
028;$/5+!;M -$0- !EE#2$/ -* h− hl&

 !"# $%

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

"0 #+**. 5*-3 ,#% %*67 15, ρ α β -%891

 

+(.+

/:-)!-$.; 79 0.97!!! 1.02 1.40 0.48!!! 0.35 1.05 0.93 1.00
/:-)!-$.< 81 0.76!!! 1.62 1.78 0.41!!! 0.12 1.02 0.86 1.61
/:-)!-$.= 66 0.46!!! 0.90 1.00 0.29! 0.17 1.02 0.97 0.88
/:-)!-$.> 39 0.87!!! 1.34 1.59 0.28• 0.88 1.00 0.98 1.33
/:-)!-$.? 81 −0.05 1.11 1.10 0.30!! 1.13 0.96 0.80 1.10
/:-)!-$.@ 149 1.27!!! 0.77 1.49 0.22!! 1.82 0.96 0.85 0.77
/:-)!-$.A 51 0.36! 1.19 1.23 0.30! −0.31 1.04 0.96 1.16
/:-)!-$.B 50 −0.04 1.66 1.65 0.42!! −1.39 1.06 0.95 1.59
/"()*!"'4 33 −0.28 2.24 2.23 0.38! 1.03 0.95 0.79 2.20
/"++'-C 59 0.57!! 1.50 1.59 0.00 1.50 0.95 0.95 1.45
("'.."'D 125 0.62!!! 1.76 1.86 0.39!!! 0.56 1.00 0.83 1.75
"+#:-C= 67 1.31!!! 1.18 1.75 0.11 1.06 1.01 0.95 1.17
.#-23-3; 42 −0.98!!! 1.45 1.74 0.24 2.27 0.87 0.86 1.35
.#-23-3< 45 −1.03!!! 1.89 2.13 0.07 5.26 0.75 0.72 1.64
.#-23-3= 38 −0.52 1.91 1.95 0.03 3.14 0.84 0.82 1.73
.#-23-3> 40 −0.16 1.69 1.67 −0.04 2.17 0.89 0.87 1.59
6-!%+"(*; 45 0.91!!! 1.09 1.41 0.28• 2.43 0.92 0.81 1.06
6-!%+"(*< 33 0.07 1.91 1.89 0.32• 6.16 0.71 0.52 1.73
6-!%+"(*= 52 0.15 1.49 1.49 0.11 4.76 0.74 0.70 1.30
6-!%+"(*> 96 0.39!! 1.42 1.47 0.29!! 2.00 0.89 0.77 1.38
6-'8-3E)- 35 −0.91! 2.03 2.20 −0.10 2.20 0.89 0.89 1.88
6-'8-3E:- 37 −0.50 1.91 1.95 0.10 1.12 0.94 0.92 1.85

F:* 4'+4".* :*+* $. 3"# #" %*6*!"4 3*G H$IJ19)-.*% -!!"(*#+$/ +*!-#$"3.:$4. 0"+ #+** %$-(*#*+

"+ )-.-! -+*- 4+*%$/#$"37 K# $. 8'.# #" .:"G #:-#L G:*+*-. :*$2:# 4+*%$/#$"3 0+"( H$IJ1 $.

M'$#* .#+-$2:#0"+G-+%L %*+$6-#$"3 "0 "#:*+ #+** 4-+-(*#*+. $. - 0-+ ("+* %$N/'!# #-.O $3 /"(4!*DL

:*#*+"2*3*"'. 0"+*.#.7

F-)!* A7> %$.4!-E. #:* -%891

 

/"*N/$*3# 0"+ )"#: #E4*. "0 ("%*!.L G:*3 "3!E H$IJ1 :*$2:# $.

'.*% -. 6-+$-)!* -3% G:*3 /+"G3 -+*- $. -!." $3/!'%*% -. 6-+$-)!*7 -%891

 

+-32*. 0+"( P7P@ #" P7BP

G:*3 "3!E hl $. *(4!"E*% -. 6-+$-)!* $3 #:* -%%$#$6* ("%*!7 Q3 ."(* 4!"#.L $3/!'%$32 al $3/+*-.*.
#:* %*2+** "0 R#7 K3 #:* R+.# #:+** 4!"#. "0 S-!%+T(*L -%%$#$6* +*2+*..$"3 ("%*!. G$#: "3!E hl -+*
4""+!E R##*%L )'# #:* $3/!'.$"3 "0 al 2+*-#!E $3/+*-.*. #:* -%891 

7 K(4+"6*(*3# $. -!." 3"#$/*-)!*

$3 4!"#. /:-)!-$.; -3% .#-23-3;7 U$#: #G" H$IJ1 6-+$-)!*.L )*.# +*.'!#. 0"+ #:* -%%$#$6* ("%*!

-+* ")#-$3*% 0"+ 4!"#. /:-)!-$.;L /:-)!-$.BL /"++'-C -3% /:-)!-$.=L G$#: -%891

 > 0.87
U$#: #:* ('!#$4!$/-#$6* ("%*!L -%891

 

6-!'*. -+* 2*3*+-!!E )*##*+ )'# .$($!-+ #+*3%. -+* 3"#$/*9

-)!*7 5$3$('( -3% (-D$('( 6-!'*. -+* (0.06, 0.93) -3% (0.36, 0.93) 0"+ ("%*!. G$#:"'# -3%
G$#: al +*.4*/#$6*!E7 F:* $3/!'.$"3 "0 al E$*!%. - 2+*-# $(4+"6*(*3# $3 -!! S-!%+T(* 4!"#.L -3%
$3 /:-)!-$.B7 Q)#-$3*% )*.# R#. -+* .!$2:#!E )*##*+ G$#: -%891

 

0"+ /:-)!-$.>L /:-)!-$.BL S-'8-3E

4!"#.L /:-)!-$.= -3% 6-!%+"(*< -)"6* P7B7

K# $. 3"#*G"+#:E #:-# ,4*-+(-3 /"++*!-#$"3 /"*N/$*3# )*#G**3 #:* -%891

 

6-!'* "0 #:* ('!#$9

4!$/-#$6* ("%*! G$#: #G" H$IJ1 6-+$-)!*. -3% #:* .#*( %*3.$#E :-. - 3*2-#$6* 6-!'* V9P7@<WL



 ! "#$%&'( )* +,%-.($&.(/ 0'102&232&/ $1$-/020

 !"#!$%&#' &' '() p < 0.01 *)+)*, -.//)*&'!.# 0!'( .'()/  '&#1 2&/&3)')/ 4 '&#1 5& &* &/)& &#1

1.3!#&#' ()!"('6 &/) #.'  !"#!$%&#' 4p > 0.16,

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

 

-. /0#123#$ 4$54$662-7 /-)$#6 .-4 18$ 34$)2912-7 -. "!6!# !4$! :218 ;2<=, >!42!"#$6

?8$2581 hl !7) 94-:7 !4$! al .-4 9-44$91#@ )$1$91$) 14$$6 :218 A$#)+/$!604$) 8$25816B&

7*.' !1

8935)/ &1:;<

 

.= 39*'!2*) /)"/)  !.# 3.1)*

.= '/)) g = α+ βhl + γal g = α+ βhl g = αhβl a
γ
l g = αhβl

%(&5*&! > 79 ?,@A ?,B@ ?,BB ?,BA

%(&5*&! A 81 ?,CA ?,CA ?,D? ?,D?

%(&5*&! C 66 ?,@> ?,EB ?,@C ?,EE

%(&5*&! D 39 ?,BD ?,F@ ?,GC ?,GC

%(&5*&! F 81 ?,DE ?,D> ?,DF ?,DC

%(&5*&! B 149 ?,CE ?,CF ?,BB ?,FG

%(&5*&! E 51 ?,BE ?,BE ?,EE ?,EE

%(&5*&! @ 50 ?,@A ?,@? ?,@B ?,EE

%.35)*.92 33 ?,DA ?,CG ?,BD ?,BF

%.//9&H 59 ?,@> ?,@? ?,EA ?,EC

3.9  .9I 125 ?,C@ ?,C@ ?,FE ?,FE

./'(&HC 67 ?,E> ?,BD ?,EG ?,EE

 '&"#&#> 42 ?,BA ?,DG ?,FB ?,DE

 '&"#&#A 45 ?,BA ?,FB ?,B> ?,FA

 '&"#&#C 38 ?,FF ?,FB ?,EB ?,EB

 '&"#&#D 40 ?,BF ?,BF ?,E? ?,E>

+&*1/.3)> 45 ?,BB ?,CE ?,DF ?,DD

+&*1/.3)A 33 ?,EE ?,DF ?,@> ?,DD

+&*1/.3)C 55 ?,DG ?,?B ?,DC ?,?B

+&*1/.3)D 96 ?,CE ?,C@ ?,CG ?,CB

+&9:&#J5& 35 ?,BG ?,E? ?,@D ?,@F

+&9:&#J(& 37 ?,EE ?,ED ?,@D ?,@C

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

K9) '. '() (!"( #935)/ .= %.35!#&'!.# L .#*J & "/&2(!%&* .+)/+!)0 .= '() /) 9*' ! 2/) )#')1,

M# '() =.**.0!#" $"9/) L '() 3.#.'.#!%&**J !#%/)& !#" 5./1)/ .= '() 2.!#' "/.92 )#+)*.2) 

4)N%!)#%J =/.#'!)/6 &/) /)2/) )#')1 !# '() (RFP , RTP ) 2*&#)L 0!'( RFP ≤ 0.2 &#1 RTP ≥ 0.2,
O&%( 2.!#' /)2/) )#' & 2&/&3)')/ %.35!#&'!.#L "/.92 &/) %.# '!'9')1 &%%./1!#" '. +&*9) .=

& "!+)# 2&/&3)')/, P() 922)/ 5./1)/ .= '() 1!Q)/)#' 2.!#' "/.92 !#1!%&') 0()'()/ & "!+)#

2&/&3)')/ (& *!3!'!#" )Q)%' .# 1)')%'!.# 2)/=./3&#%), M5+!.9 *JL '(! /.9"( &22/.&%( %&##.'

&11/)  '() %.35!#)1 )Q)%' .= 2&/&3)')/ ,

<)"&/1!#" '() '/&1);.Q 5)'0))# '/9) &#1 =&* ) 1)')%'!.# L  .3) ")#)/&* '/)#1 &/) #.'!%)&5*),

R!'( (.3.")#).9  '&#1 L '/9) 2. !'!+) /&'!. !#%/)& ) "/)&'*J 0()# & =)0 =&* ) 2. !'!+) &/)

'.*)/&')1, P()# '/9) 2. !'!+) /&'!. =9/'()/ !#%/)& )  *.0*J )+)# != 3./) =&* ) 2. !'!+) &/) '.*;

)/&')1, OI&32*) =./ '(! %& ) ! "!+)# 5J 2*.' %(&5*&! BL 0(!%( ! & J.9#"  2/9%) 2*&#'&'!.#, S./

 '&#1 '(&' &/) 3./) ()')/.")#).9 L  9%( & 2*.' %(&5*&! FL %(&5*&! > &#1 %(&5*&! E 4$"9/) E,A&6L

'() .5 )/+)1 <M- %9/+) ! 3./) /.9#1, T# ()')/.")#).9  '&#1 L '() <M- %9/+) &* .  ))3 

3./) U&' =./  '&#1 1.3!#&')1 5J & =)0 +)/J *&/") '/)) L  9%( & 2*.' +&9:&#J(&L  '&"#&#> ./

%(&5*&! D 4$"9/) E,A56,

R!'( 2!I)*  !H)  3&**)/ '(&# &22/.I!3&')*J ?,F 3)')/L &%(!)+)1 1)')%'!.# 2)/=./3&#%) !  !3;
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 !"#$% &'() *+,!%-,. /$0-1!%$ /0$ 234 56017 8!19 :3$!0#7 9%1%$0"%-%!1. 0$ 2;4 9%1%$0"%-%0#7 56017 <0=!>

-31%< ;. 3 /%8 63$"% 1$%%7'

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

) 3&! - 4&  - 5 6 786.#& 9+:";+

< =&#&/* /%/>! /&"# 8!*&#- ? &!1 @&#? - 2 !"# #&-.!*-+ A%B&@&#0 '!%- /6 5? #&'%/-*#.'* %/  - $#&>

C.&/*!? !&-- &D' &/* *("/ '!%- /6 %# 2&1 "/ 8!*&#-+ 786.#& 9+:5;+

E(& - 4& %$ *(& F".-- "/ G&#/&! $%# !%B)"-- 8!*&# /6 6#&"*!? "=&'*- *(& *#"1&>%= 5&*B&&/ $"!-&

"/1 *#.& )%- * @&- #"* %-+ ,%# σ "5%@& H+9I 2&*&# *#.& )%- * @&- #"* %  - 5%./1&10 5.* -% 1%&-

*(& $"!-& )%- * @&- #"* %+ J/1&&10 B *( σ = 1 20 RFP 6&/&#"!!? #&2" /- 5&!%B KHL+ ,%# @"!.&-

5&!%B H+I 20 /% 6&/&#"! )"**&#/  - /%* '&"5!& 786.#& 9+:';+
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 /" σ  $"

 !"#$% &'?) *@%,1 0/ 53$3=%1%$7 0- 19% %+,!%-,. /$0-1!%$ 0/ 19% <%1%,1!0- 36"0$!19= /0$ 5601 ,93;63!7?'

M=&'* %$ *(& (& 6(* *(#&-(%!1 #&"!!? 1&)&/1- %/ *(& $%#&-* -*#.'*.#&+ N/ -%2& )!%*-0 ( 6(

*(#&-(%!1- 5%./1 *(& *#.& )%- * @&- #"* %+ N/ )!%* '("5!" -K0 B( '(  - " #"*(&# -)"#-&0 ?%./6

 ##&6.!"# -*"/10 ( 6( *(#&-(%!1- #&2%@& -2"!! 1&*&'*&1 *#&&- 5.* %*(&# @"!.&- ("@& /% /%* '&"5!&

&=&'* 786.#& 9+O";+ N/ )!%*- B *( " @&#? ( 6( "/1 (%2%6&/&%.- '"/%)? '%@&#0 *(#&-(%!1 /6 *(&

(& 6(* @"!.&- ("- /%/ &=&'* 786.#& 9+O5;+ J/ %*(&# '"-&-0  /*&#2&1 "*& @"!.&- $%# *(& *(#&-(%!1

(&!) #&2%@ /6 1&*&'*&1 -(#.5- "/1 B( !& G&&) /6 -2"!! *#&&- 786.#& 9+O';+

M=&'* %$ *(& 1 -*"/'& *(#&-(%!1 1 -)!"?- /% 6&/&#"! *#&/10 -(%B /6 *("*  * 2 6(* 5& %/!? "

-&'%/1"#? "-)&'*+ N/ 2%-* )!%*- (%B&@&#0 -&!&'* %/ 5"-&1 %$ @"!.&- %$ mmin 6#&"*&# *("/ K+I 2

#&-.!*  / !%B&# 1&*&'* %/ )&#$%#2"/'&+
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 !"#$% &'() *+%,- ./ 0!+%$%1- 234#%5 /.$ -6% 6%!"6- -6$%56.40 73$38%-%$ hmin 98: .1 -6% %;,!%1,< /$.1-!%$'

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

)*4*!*5 6'1'($- 7.1028'($&2.10

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

#!./(.,3*4! 3*1 "%3*1 #3.3,!%!." 3.! $*5!"%$63%!17 83-'! 97: #.!"!*% %&! ;#!3.,3* .3*< 4(..!=

'3%$(* 4(!>4$!*% ρ -!%)!!* "%3*1 #3.3,!%!." 3*1 %&! %.+! #("$%$5!" .3%$( (-%3$*!1 )$%& %&! -!"%
"!%%$*6 /(. !34& #'(%7 8.+! #("$%$5!" .3%$( $" #("$%$5!'? 4(..!'3%!1 %( 4(*$/!.(+" %.!! #.(#(.%$(*

@p < 0.05A -+% $" *!63%$5!'? 4(..!'3%!1 )$%& 1(,$*3*% &!$6&% @p < 0.05A7 B(..!'3%$(* $" "$6*$0=
43*% 3% %&! p < 0.1 '!5!' /(. "%!, 1!*"$%? @ρ = 0.37A7 C% $" *(%!)(.%&? %&3% %&! *+'' &?#(%&!"$"
%&3% 1(,$*3*% &!$6&% 3*1 4(*$/!.(+" #.(#(.%$(* 3.! *(% 4(..!'3%!1 43**(% -! .!D!4%!1 @p = 0.7A7
E'(% 4&3-'3$"F 3##!3." 3" 3* (+%'$!. 3*12 )&!* .!,(5!1 /.(, %&! 13%3"!%2 4(..!'3%$(*" 3.! '!""

"$6*$043*% /(. 1(,$*3*% &!$6&% 3*1 "%!, 1!*"$%?7

=3>4% &'?) @7%3$831 ,.$$%43-!.1 ,.%;,!%1- ρ >%-A%%1 -6% -$#% 7.5!-!2%5 $3-!. 310 /.$%5- 5-310 73$38%-%$5'
 !$5- $.A ./ -6% -3>4% 0!5743<5 $%5#4-5 A6%1 344 BB 74.-5 3$% ,.15!0%$%0' @%,.10 $.A 7$%5%1-5 $%5#4-5 /.$

344 74.-5 %C,%7- -6% .#-4!%$ ,63>43!5D' @!"1!E,31,% 4%2%4)

• p < 0.1F  p < 0.05'

;+-"!%

G3"3' ;%!,  (,$*3*% B(*$/!.(+"

3.!3 1!*"$%? &!$6&% #.(#(.%$(*

@3''A 0.07 0.37• −0.45 0.53 

@= 4&3-'3$"FA 0.19 0.33 −0.37• 0.53 

)*4*!*4 "(.0093$-28$&2.1 .: .%&2;$- 0'&&21<0

H$6+.! 97: 1$"#'3?" -(I#'(%" (/ "4(.!" (-%3$*!1 (* 3'' #'(%" /(. %&! "!%%$*6" (#%$,$J!1 (* !34&

#'(% $*1$5$1+3''?2 3*1 )$%& 3 6'(-3' K35!.36!L "!%%$*67 8&$" "!%%$*6 $" %&! #3.3,!%!." 4(,-$*3%$(*

%&3% ?$!'1" %&! '()!"% ,!3* "4(.! (* 3'' #'(%"2 $7!7 smin = argmin(
∑

i S
j
i ) )$%& S

j
i %&! "4(.!

(-%3$*!1 (* #'(% Pi )$%& %&! "!%%$*6 sj 7 8&! (-%3$*!1 smin 4(*"$"%" $* %&! /(''()$*6 #3.3,!%!."M

4(,#+%3%$(* (/ $,36!" (/ "#3%$3' .!"('+%$(* res = 0.4 ,2 0'%!.$*6 )$%& (*! $%!.3%$(* (/ %&!
313#%$5! ,!1$3* 0'%!.2 N3+""$3* ",((%&$*6 )$%& σ = 0.75 ,2 .!,(53' (/ ,3I$,3 )$%& &!$6&% h
+*1!. hmin = 5 ,2 3*1 (/ ,3I$,3 )&("! 53'+!" $* %&! ,3I$,3 $,36! 1( *(% "3%$"/? m ≥ 0.05×h
@mmin = 0 3*1 mprop = 0.05A7

H(. "!5!.3' "!%%$*6"2 (+%'$!. "4(.!" 3.! #.!"!*% @1(%" /3. (+%"$1! %&! )&$"<!." $* 06+.! 97:3A7

8&!"! 53'+!" 3.! ,3$*'? (-%3$*!1 (* #'(% 4(,-!'(+#7 8&.!! "!%%$*6" %+.* (+% %( ?$!'1 5!.?
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 !"#!$%& "&'(%)'* )+&'& !"& )+& ,-)#.!% '&))#/0' 1&)&".#/&1 ,/ -%,)'  !%1",.&23 4+!$%!#'5 !/1

4+!$%!#'6 7%!"0& $,8&' #/ 90("& :;<!=; >+& .&!/ '4,"& ?#)+ )+& ! &"!0& '&))#/0 #' @;2: ?#)+

! ')!/1!"1 1& #!)#,/ ,A @;B<; >+& .#/#.(. !/1 .!8#.!% '4,"&' !"& ,$)!#/&1 ?#)+ )+& -%,)'

)+!) !%', C#&%1&1 )+& .#/#.(. !/1 .!8#.(. '4,"&' ?#)+ )+& ,-)#.!% '&))#/03 "&'-&4)# &%C -%,)

4+!$%!#'6 !/1 4,.$&%,(-; >+& .&!/ '4,"& ?#)+ ,-)#.!% '&))#/0' #' @;D@3 ?#)+ @;BE ')!/1!"1
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 !"#$% &'() *+,-.+/ +0 1%/%2/!+3 42+$%4 +5/6!3%1 +3 6.. 77 -.+/4 0+$ /8% 4%//!3"4 1%/%$9!3%1 +3 %628 -.+/

!31!:!1#6..;< 631 0+$ /8% 6:%$6"% 4%//!3"'

F#0("& :;6 1#'-%!C' $,8-%,)' ,A '4,"&' ,$)!#/&1 ?#)+ !%% ,-)#.!% '&))#/0' A," &!4+ -%,); G&H

)&4)#,/ '4,"&  !%(&' !"& )+& '!.& !' #/ 90("& :;<3 &84&-) )+!) )+&C !"& 0",(-&1 $C )&')&1 -%,)

#/')&!1 ,A )&')&1 '&))#/0; I!/C ,()%#&"' !"& /,)#4&!$%& 790("& :;6!=3 ?+#4+ .&!/' )+!) A," !%%

-%,)' ',.& #/!--",-"#!)& '&))#/0' &8#'); J(4+ -,#/)' 4,""&'-,/1' ), '&))#/0' ,-)#.#K&1 A," -%,)'

4+!$%!#'63 4+!$%!#'5 !/1  !%1",.&23 )+!) +! & '+,?/ -,," -&"A,".!/4& #/ )+& -"& #,(' 0"!-+;

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

'4,"& #' (/1&" )+& 9"') L(!")#%& ,A 1&)&4)#,/ '4,"&' A," B< -%,)' 790("& :;6$=; M) #' %,4!)&1 !$, &

)+& .&1#!/ A," ,/%C A,(" -%,)' 74+!$%!#'<3 4+!$%!#'53  !%1",.&D !/1  !%1",.&2=;

I&!/ '4,"&' 4!/ $& 4!%4(%!)&1 -%,)H?#'& ," '&))#/0H?#'&; I&!/ '4,"& A," -%,) Pi #' S̄i =
1
N

∑

j S
j
i !/1 .&!/ '4,"& A," '&))#/0 sj #' S̄j = 1

N

∑

i S
j
i ; F#0("& :;: 1#'-%!C' )+& '4!))&"-%,)

,A (S̄i, S̄i)3 #;&; )+& .&!/ 1&)&4)#,/ '4,"& ,$)!#/&1 ?#)+ !%% '&))#/0' ,/ -%,) i !' ! A(/4)#,/ ,A

)+& .&!/ '4,"& ,$)!#/&1 ,/ !%% -%,)' ?#)+ )+& '&))#/0 1&)&".#/&1 ,/ -%,) i; >+& .&!/  !%(& ,A

1&)&4)#,/ '4,"&' A," -%,) 4,.$&%,(-3 !/1 ), ! %&''&" &8)&/)3 -%,) ')!0/!/B !"& +#0+ 7:;N !/1 D;:

"&'-&4)# &%C=; O,?& &"3 )+& '&))#/0' 1&)&".#/&1 ,/ )+&'& -%,)' !"& L(#)& ",$(') !' )+&C C#&%1 .&!/

1&)&4)#,/ '4,"&' ,/ !%% -%,)' ,A @;<: !/1 @;ND "&'-&4)# &%C; P/ )+& 4,/)"!"C3 '&))#/0' 1&)&".#/&1

,/ -%,)'  !%1",.&23 4+!$%!#'5 !/1 4+!$%!#'6 0# & -,," "&'(%)' ?#)+ .&!/ 1&)&4)#,/ '4,"&' ,A 5;B3

6;@ !/1 <;N3 $() '4,"&' ,$)!#/&1 ,/ )+&'& -%,)' ?#)+ ,)+&" '&))#/0' !"& '!)#'A!4),"#%C ?#)+ .&!/

1&)&4)#,/ '4,"&' ,A @;6E3 @;<N !/1 @;<E; Q%,) 4+!$%!#'D %#&' #/ ! #/)&".&1#!)& -,'#)#,/ 4,.-!"&1 ),

)+& )?, !A,"&.&/)#,/&1 0",(-'; >+& "&.!#/#/0 -,#/)' !"& 0!)+&"&1 #/ !/ !"&! $,(/1&1 $C S̄i < 3
!/1 S̄i < 2; J-&!".!/ "!/R 4,""&%!)#,/ ρ $&)?&&/ (S̄i) !/1 (S̄i) #' −0.63 7p < 0.01= #A !%% -,#/)'
!"& 4,/'#1&"&13 !/1 −0.56 7p < 0.05= #A )+& '#8 -,#/)' .&/)#,/&1 -"& #,('%C !"& "&., &1; >+#'
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 !"#$% &'() *+,-.+/ +0 1%/%2/!+3 42+$%4 +5/6!3%1 7!/8 6.. 4%//!3"4 0+$ %628 -.+/' 92+$%4 +5/6!3%1 7!/8 /8%

6:%$6"% 4%//!3" 6$% 1!4-.6;%1 64 × $%1 2$+44%4'
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 !" #$%&'%%$()

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

 !"!+!+ ,(&-. /-0$/- 1023-&2$()

 !" #$%&# '&()'& "(*+&%*)$, &#-$+)*!' %$,.).*. $/ ,0'"+$0. .*"1.2 3$+ "&%! $,"4 ."5"+&# 1&+&'6

"*"+. !&5" 7"", *".*"84 #"&8),- *$ & )'1$+*&,* ,0'7"+ $/ *".*"8 %$'7),&*)$,.2 9$:"5"+4 +".0#*.

),8)%&*" *!&* *!" :!$#" 1+$%".. %$0#8 7" .$'":!&* .)'1#);"82 <".)8".4 .$'" .#)-!* '$8);%&*)$,.

%&, 7" 1"+/$+'"8 ), $+8"+ *$ '&=" %$'1&+).$,. 7"*:"", 1&+&'"*"+ ."*. '$+" '"&,),-/0#2

>"-&+8),- +".$#0*)$,4 )* &11"&+. *!&* "5", :!", ?)@A> 8&*& ). *!"$+"*)%&##B ,$* 8",." ",$0-!

*$ %$'10*" )'&-". :)*! .'&## 1)("# .)C"4 -$$8 8"*"%*)$, 1"+/$+'&,%" &+" $7*&),"82  !). ')-!*

7" #),="8 :)*! *!" /&%* *!&* ,$,6#),"&+ ;#*"+. &+" .0%%"../0# ), ;##),- "'1*B 1)("#.2  !", *!"

1$.)*)$, $/ *!" *+""*$1 ). ".*)'&*"8 :)*! 7"**"+ 1+"%).)$, /$+ )'&-". :)*! ;,"+ .1&*)&# +".$#0*)$,2

 !). #"&8. *$ & '&+-),&##B 7"**"+ 8"*"%*)$, 1"+/$+'&,%" :)*! *!" '&*%!),- 1+$%"80+" 7&."8 $,

8).*&,%". 7"*:"", *!" &..0'"8 *+""*$1 &,8 *!" 1$.)*)$, $/ *!" #$%&# '&()'0'2  !" ),/$+'&*)$,

$+)-),&##B %$,*&),"8 ), *!" 1$),* %#$08 ). ),8""8 7"**"+ +"*&),"8 ), ;,"+ -+)8.2 9$:"5"+4 *!"

%$'10*&*)$,&# 70+8", /$+ 1+$%"..),- .0%! )'&-". ). !)-!"+2 D/ .)')#&+ 1"+/$+'&,%" ). $7*&),"8

:)*! .#)-!*#B %$&+."+ +".$#0*)$,4 "2-2 E2F $+ E2G '4 :$+=),- :)*! .0%! 1)("# .)C" ')-!* 7" '$+"

"H%)",* ), $1"+&*)$,&# &11#)%&*)$,.2 I$+"$5"+4 )/ 8"#),"&*)$, $/ *+"". J :!)%! 8"'&,8. "5", '$+"

KLM J ). 1"+/$+'"8 &/*"+ '&()'& ."#"%*)$,4 &, &#*"+,&*)5" /$+ 7"**"+ ".*)'&*)$, $/ *+"" 1$.)*)$,

&,8 !")-!* :$0#8 7" *$ ."#"%* *!" 1$.)*)$, $/ *!" !)-!".* ?)@A> "%!$ ), *!" ?)@A> 1$),* %#$08

%$,*&),"8 ), *!" ."-'",*2

>"-&+8),- ,$,6#),"&+ ;#*"+.4 )* &11"&+. *!&* ;#*"+. *!&* &+" *!" #".. %$,."+5&*)5" :)*! .!&1".

N'"8)&, &,8 %#$.),-O B)"#8 7"**"+ +".0#*. *!&* %#$.),- 7B +"%$,.*+0%*)$,2  !). .!$:. *!&* ), *!"

1+$%".. $/ 8"*"%*),- *+""*$1.4 ;," 8"*&)#. $/ *+"" %+$:,. 8).*0+7 *!" 8"*"%*)$, $/ *!" -#$7&# .!&1"

$/ *+"".2  !" %&." $/ *!" &8&1*)5" '"8)&, ;#*"+ ). P0)*" 8)Q"+",*4 &. )* ). P0)*" %$,."+5&*)5" :)*!

%+$:, 8"*&)#. 70* &#.$ &8R0.*. *!" :),8$: .)C" *$ *!" ".*)'&*"8 ,$)." #"5"#2  !). ')-!* "(1#&),

:!B )* 1+$80%". -$$8 +".0#*.2 9$:"5"+4 /$+ & '$+" *+0*!/0# %$'1&+).$, $/ ,$,6#),"&+ ;#*"+.4

.)')#&+ :),8$: .!&1". .!$0#8 7" 0."82 D,8""84 .P0&+" :),8$:. &+" 0."8 /$+ *!" ;#*"+. 7&."8 $,

'"8)&,4 :!"+"&. 8).= .*+0%*0+),- "#"'",*. &+" 0."8 /$+ %#$.),- ;#*"+.2 S)5", *!" .!&1" $/ *+"".4

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

'&()'& 8"*"%*)$,2 9$:"5"+ *!). ). #)="#B *$ -)5" $,#B '),$+ 8)Q"+",%". TUGVW2

 !" &88)*)$,&# ."#"%*)$, 7&."8 $, '),)'0' !")-!* 1+$5"8 0."/0#4 '&),#B ), .1&+." .*&,8.2 D,

/&%*4 8"*"%*"8 '&()'& ')-!* +"&##B %$++".1$,8 *$ .'&## *+"". $+ 70.!".2 <0* &. *!"." 1#&,*. &+"

,$* %$,.)8"+"8 ), *!" ;"#8 ),5",*$+B4 $+ &+" ,$* ),*"+".*),- *$ *!" /$+".* '&,&-"+4 )* ). 7"**"+ *$

+"'$5" *!"' ), $+8"+ ,$* *$ 7)&. *!" 8"*"%*)$, 1"+/$+'&,%" $+ .*&,8 1&+&'"*"+. ".*)'&*". N"2-2

,0'7"+ $/ .*"'. &7$5" & %"+*&), @<9O2

X"#"%*)$, 7&."8 $, *!" +"#&*)$,.!)1 7"*:"", *!" 5&#0" ), *!" '&()'& )'&-" m4 :!)%! %$+6
+".1$,8. *$ *!" .)C" $/ *!" :),8$: :!"+" *!" 1)("# ). #$%&# '&()'0'4 &,8 1)("# !")-!* ).

'$+" 8)H%0#* *$ ),*"+1+"*2 M.),- %+)*"+)& 7&."8 $, +"#&*)$,.!)1. 7"*:"", *+"" !")-!* &,8 %+$:,

:)8*! TFY4 UGVW .""'. '$+" '"&,),-/0# 70* +"P0)+". 1+)$+ =,$:#"8-" $/ &##$'"*+)% +"#&*)$,.!)1.
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(RTP , RFP )
(0.74, 0.03), (0.86, 0.1) (0.92, 0.08)

(RTP , RFP ) = (45.4, 5.5) n = 2584
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∑
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 4" 72 3&)4,56- S(r) !$. S(ri)

 !"#$% &'() *+,-#./.!+0 +1 .2% 3-%4.$#, 1+$ -5+. 42/65/!37' 8/9 *:; /. <'= , $%3+5#.!+0' 869 >?

3-%4.$#, +6./!0%@ 6A ? B' 849 (? 3-%4.$#,) $%@ @+.3 /$% /55 .2% -+!0.3 S(r)C 65/4D 5!0% !3 .2% S(ri)
/E%$/"% 4#$E%'

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

 !" #$%&'$(&)* +,)-"'.," $&/0 $( -)/+$,&*1 (!" '"("-(&)* +",2),/$*-" )2 #$,&).0 +)00&3&%&(&"0

2), $%1),&(!/ +$,$/"(,&4$(&)*5 6" -)*0&'", $ #$%&'$(&)* +%)( P v
$*' $ 0"( T )2 n (,$&*&*1 +%)(0

(P i)i∈{1,··· ,n}5

 !" 7,0( +)00&3&%&(8 () +$,$/"(,&4" (!" $%1),&(!/ &0 () -!)0" (!" 0"((&*1 sTmin (!$( 8&"%'0 (!" %)9"0(

/"$* 0-)," )* $%% (,$&*&*1 +%)(05  !&0 $#",$1" 0"((&*1 &0 '"(",/&*"' $0 sTmin = argmin(
∑

i S
j
i , j ∈

A) 9&(! Sj
i (!" 0-)," )3($&*"' )* +%)( 9&(! (!" 0"((&*1 sj 5  !" 0"( A )2 111720 -)/3&*$(&)*0

("0("' &* (!" +,"#&).0 -!$+(", &0 -)*0&'","' 2), (sj)i∈A5  !" '"("-(&)* +",2),/$*-" 0-)," )3:
($&*"' 38 .0&*1 sTmin )* (!" #$%&'$(&)* +%)( P

v
&0 *./3","' Saverage5

 !" 0"-)*' +)00&3&%&(8 &0 () $++%8 (!" )+(&/&4"' 0"((&*1 )3($&*"' )* $ (,$&*&*1 +%)( (!$( 3"0(

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

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

)3($&*"' 38 '"("-(&*1 (,""0 )* P v
9&(! (!" )+(&/$% 0"((&*1 )2 (!" +%)( 9&(! %)9"0( '&0($*-" 2),

(!" !"&1!( '&0(,&3.(&)* <,"0+5 0+"-(,./= -,&(",&)* &0 *./3","' SH−opt <,"0+5 SS−opt)5
>), -)/+$,&0)* +.,+)0"0? (!" %)9"0( 0-)," )3($&*"' )* P v

9&(! (!" )+(&/$% 0"((&*1 (Topt) )2 (!"

(,$&*&*1 +%)(0 &0 $%0) ,"-),'"'5  !" 0"((&*1 &0 -!)0"* $0 sTopt = argmin(
∑

i S
j
i , j ∈ Topt)? $*' (!"

,"0.%(&*1 0-)," )* P v
&0 Sopt5  !" 0-)," )3($&*"' 9&(! $ ,$*')/%8 0"%"-("' 0"((&*1 &* Topt &0 $%0)

,"-),'"' $0 Srandom5

 ) $00"00 (!" &*@."*-" )2 (!" *./3", )2 (,$&*&*1 +%)(0 )* (!" '"("-(&)* +",2),/$*-" )2 "$-!

)2 (!"0" +$,$/"(,&4$(&)* $%(",*$(&#"0? (!" 2)%%)9&*1 +,)-"'.," &0 &/+%"/"*("'5 A #$%&'$(&)* +%)(

&0 0$/+%"' 2,)/ (!" BB ,"2","*-" +%)(05 n (,$&*&*1 +%)(0 $," 0$/+%"' 2,)/ (!" BC ,"/$&*&*1 +%)(05

D$%."0 )2 Saverage? SH−opt? SS−opt $*' Sopt )3($&*"' 9&(! (!" +,)+)0"' 9),E@)9 $," ,"-),'"'5

 !" -)/+.($(&)* &0 ,"+"$("' 104 (&/"0 2), "$-! #$%." )2 n &* {5, 6, · · · , 21}5



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

 !" #$%&'(%

 !"!# $%&'()*

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

 !"#$% &'( )*+,) -*% *%!"*- .!)-$!/#-!+0 +1 2!345 6+!0-) +1 -*% $%1%$%07% 68+-)' 9- !) 0+-%,+$-*:

-*;- *%!"*- .!)-$!/#-!+0 +1 6+!0-) !) <#!-% )!=!8;$ -+ *%!"*- .!)-$!/#-!+0 +1 -$%%) !0 7+$$%)6+0.>

!0" 68+-) ?;66%0.!@ AB'  +$ %@;=68%C -*% *+=+"%0%+#) 7;0+6: 7+D%$ !0 -*% )!0"8%>8;:%$%. 68+-)

7*;/8;!)E ;0. 7*;/8;!)F ;66%;$) ;) )*;$6>6%;G%. .!)-$!/#-!+0) !0 /+-* 7;)%) ?H"#$% &'(/B' I*%

%@!)-%07% +1 -,+ 8;:%$) !0 68+- 7*;/8;!)J 7+#8. %@68;!0 -*% 6$%)%07% +1 -,+ =+.%) !0 -*% 6+!0-)

*%!"*- .!)-$!/#-!+0 ?H"#$% &'(;B' K8+- 7+$$#;L *;) =+$% )=;88 -$%%) -*;0 -*% +-*%$ A*;=+0!@

68+-)C ,*!7* !) $%M%7-%. /: -*% *!"*%$ 6$+6+$-!+0 +1 8+, 2!345 6+!0-) ?H"#$% &'(7B' I*% .!N%$>

%07%) !0 -*% *%!"*- .!)-$!/#-!+0) +1 -*% -,+ 68+-) +1 O;#P;0: ;0. +1 -*% 1+#$ 68+-) +1 Q;!0->4"0;0

;$% *;$.8: 0+-!7%;/8% ?H"#$%) &'(. ;0. &'(%B' I*% .!)-$!/#-!+0) !0 -*% O;8.$R=% 68+-) $%M%7-

-*% 1;7- -*;- ;88 68+-) %@*!/!- ; )!0"8%>8;:%$C *+=+"%0%+#) )-$#7-#$%C /#- ,!-* )8!"*-8: .!N%$%0-

.+=!0;0- *%!"*-)' I*%: ;$% ;88 6%;G>)*;6%.C /#- )*!1-%. ;8+0" -*% *%!"*- ;@!) ?H"#$% &'(1B'

 +$ 8+, *%!"*-)C -*% 7+$$%)6+0.%07% !) 0+- )+ )-$;!"*-1+$,;$.C ;) )=;88 -$%%) ;0. /#)*%) ;$%

0+- !0D%0-+$!%.' I*% D%$: 78+)%. 7;0+6: !0 68+- 7*;/8;!)E $%)#8-) !0 -*% ;/)%07% +1 6+!0-) 0%;$

-*% "$+#0.C ,*%$%;) ,*%0 7;0+6: !) 8%)) .%0)% +$ 6$%)%0-) ";6)C 8+, 6+!0-) ;=+#0- -+ ; 8;$"%$

6$+6+$-!+0' I*% 7+=/%8+#6 68+- !) ; %@-$%=% %@;=68%C ;) 6+!0-) /%-,%%0 ( ;0. ('E =%-%$) *!"*

$%6$%)%0- ;8=+)- +0% 1+#$-* +1 -*% -+-;8' I*!) =!"*- /% %@68;!0%. /: -*% 1;7- -*;- -*% 2!345

)#$D%: ,;) 6%$1+$=%. !0 8%;1>+N 7+0.!-!+0)C +$ /: ; /;. 6$%>6$+7%))!0" +1 -*% 6+!0- 78+#.'
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 >" 7!&4?@15 )&*+(

 !"#$% &'() *!+,$!-#,!./ .0 1.!/, 23.#4 5%!"5,+ !/ ,5% $%0%$%/2% 13.,+'



 ! "#$%&'(  ) *+,-%'(./,'0 $123(/&#4 %$($4'&(/5$&/3+

 )6)7)6 "$+3%8 #'/2#& 430'1 ,%'9&($

 !"#$% &'( )!*+,-.* /0% 12 *+%3/$- S(ri) 45 /0% $%5%$%63% +,4/*'  $%7#%63!%* /0-/ 34$$%*+46)

/4 /$%% %68%,4+%* -$% -++$49!:-/%,. !6 /0% $-6"% [0.05, 0.5] : !

;+%$!4) !6 [2, 20] :%/%$*<' =,4/
30->,-!*? 0-* -6 04:4"%6%4#* #++%$ ,-.%$ 45 ,-$"% /$%%* @0!30 :!"0/ %9+,-!6 @0. !/* *+%3/$#:

0-* /0% ,-$"%*/ 8-,#%* 54$ 5$%7#%63!%* >%/@%%6 A'AB -6) A'1B :

 !

;C"#$% &'(-<' =,4/ 30->,-!*B 0-*

-6 04:4"%6%4#* 3-64+. 45 *:-,,%$ /$%%*D -6) /0% *+%3/$#: )!*+,-.* - /->,%E,!F% -$%- >%/@%%6

5$%7#%63!%* A'AB -6) A'G :

 !

D @0!30 :!"0/ 34$$%*+46) /4 +,-6/-/!46 *+-3!6" ;C"#$% &'(><' H4:%

$%:-$F->,% +%-F* 433#$ !6 /0% *+%3/$- 45 :4#**4#9 -6) 30->,-!*1 +,4/* -/ 5$%7#%63!%* A'?G -6)

A'BB $%*+%3/!8%,.' I0!* !6)!3-/%* +%$!4)!3 5%-/#$%* /0-/ :!"0/ >% ,!6F%) @!/0 -,!"6%) */$!+* 45 84!)

+!9%,* !6 /0% JKL 3-#*%) >. /0% *3-66!6" +-//%$6' I0%*% ,!6%* -$% 8!*!>,% !6 /0% A'M : JKL 45

+,4/ :4#**4#9 ;C"#$% J'G%<D >#/ -$% >-$%,. 64/!3%->,% 54$ /0% JKL 45 30->,-!*1 -* /0%!$ 8-,#%

!6 /0% *+%3/$#: !* :4$% /0-6 /%6 /!:%* *:-,,%$ ;C"#$% J'?><' I0% 84!) +!9%,* :!"0/ -,*4 >%

$%*+46*!>,% 54$ /0% 0!"0 %6%$". 8-,#%* !6 /0% 8%$. 0!"0 5$%7#%63!%* 45 /0% *+%3/$#: 45 */-"6-6?'

N6 :-6. -$%-*D /0% A'M : JKL $%*%:>,%* - 30%** >4-$) -/ +!9%, ,%8%,'  !%,) +,4/ -$% #*#-,,.

-,!"6%) 46 346/4#$ ,!6%* !6 4$)%$ /4 %-*% C%,)@4$F'  4$ /0% *-:% $%-*46D OPH *#$8%. Q!"0/ +-/0*

-$% -,!"6%) 46 346/4#$ ,!6%*' R0%6 /0% JKL !* $4/-/%) /4 -,!"6 /0% +,4/ @!/0 !:-"% "$!)D /0%

*3-66!6" +-//%$6 !* -,*4 -,!"6%) @!/0 /0% !:-"% "$!)D @0!30 %60-63%* /0% $%*#,/!6" 64!*% !6 /0%

JKLD -* @04,% 04$!S46/-, ,!6%* $%:-!6 @!/04#/ !654$:-/!46'
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 !"#$% &'() *+,-.%/0$1 S(ri) 02% $%3%$%4/% .560-' 7.%/0$#8 /6%9/!%40- 64 02% :,1;!- 1$% 56",-/15%<' ;,1;!-

!- 51=%55%< !4 1=-65#0% 3$%>#%4/!%- ?8

 !

@'



 !"! #$%&'(%  )

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

 !"!"!) *+,&$+-$ ./ (012+2+3 %$( %24$

 !"#$% &'( )!*+,-.* /0% 1%-2 -2) */-2)-$) )%3!-/!42 45 *64$% 3-,#%* 47/-!2%) 8!/0 /0% 104

$%+%/!/!42*' 9#$3%* *048 /0-/ $-2)41 *%,%6/!42 45 42% 45 /0% *%//!2"* 5$41 /0% /$-!2!2" +,4/*

$%*#,/* !2 -2 -3%$-"% *64$% 45 1.8: 8!/0 - */-2)-$) )%3!-/!42 45 -$4#2) 4.6' ;0% /0%4$%/!6-, *64$%
47/-!2%) 7. /0% *%,%6/!42 45 /0% 7%*/ *%//!2" !2 /0% -3-!,-7,% /$-!2!2" +,4/* .!%,)* 1%-2 3-,#%*

,48%$ /0-/ <'(= 8!/0 <'>< */-2)-$) )%3!-/!42' ;0%*% 3-,#%* )%6$%-*% *,!"0/,. 80%2 /$-!2!2" *%/ *!?%

!* !26$%-*%) -2) $%-60 0.38± 0.16 54$ n = 21' ;0% 1%-2 *64$% 47/-!2%) 8!/0 /0% -3%$-"% *%//!2"
)%/%$1!2%) 42 /0% /$-!2!2" +,4/* */-$/* 5$41 <'@A -2) *%%1* /4 )%6$%-*% #2/!, n > 10 80%$% !/
$%1-!2* B#!/% */-7,% -$4#2) <'=<' ;0% */-2)-$) )%3!-/!42 45 Saverage !* 14$% /0-2 0-,3%) 80%2
/0% 2#17%$ 45 /$-!2!2" +,4/* !26$%-*%* 5$41 C3% /4 C5/%%2 -2) /0%2 )%6$%-*%* 14$% *,48,. /4 <'D

54$ n = 21' E%-2 *64$%* 47/-!2%) 8!/0 *%//!2" *%,%6/!42 7-*%) 42 *+%6/$#1 4$ 0%!"0/ )!*/$!7#/!42

)!*/-26%* 0-3% 1%-2 3-,#%* 0!"0%$ /0-2 /04*% 45 /0% -3%$-"% *%//!2": 7#/ 8!/0 - 5-*/%$ )%6$%-*!2"

/$%2) 8!/0 /0% 2#17%$ 45 /$-!2!2" +,4/*' ;0% !1+$43%1%2/ 45 /0% 1%-2 *64$% 8!/0 /$-!2!2" *%/

*!?% !* 7%//%$ 54$ /0% *+%6/$#1 /0-2 54$ /0% 0%!"0/F7-*%) *%,%6/!42: 8!/0 3-,#%* )%6$%-*!2" 5$41

1.51± 4.21 /4 0.58± 0.38 641+-$%) /4 1.16± 2.13 /4 0.64± 0.50' G+%6/$#1F7-*%) *%,%6/!42 "!3%*
7%//%$ $%*#,/* /0-2 0%!"0/ *%,%6/!42 54$ ,-$"%$ /$-!2!2" *%/ *!?%* Hn > 11I: 7#/ */!,, +$4)#6%* 84$*%
)%/%6/!42 +%$54$1-26% /0-2 /0% -3%$-"% *%//!2"' J4/0 1%/04)* $%-60 *!1!,-$ +%$54$1-26% /0-2

/0% -3%$-"% *%//!2" 54$ /0% 0!"0%*/ /%*/%) *!?% 45 /$-!2!2" *%/ Hn = 21I' G/-2)-$) )%3!-/!42 54$
SS−opt !* %3%2 *1-,,%$ /0-2 /0% 42% 45 Saverage'
 4$ %-60 /$-!2!2" *%/ *!?%: - K!,64L42 *!"2%)F$-2M /%*/ !* +%$54$1%) /4 /%*/ /0% 2#,, 0.+4/0%*!*

/0-/ /0% )!*/$!7#/!42 45 /0% )!N%$%26% 45 *64$%* 47/-!2%) 8!/0 /84 +-$-1%/$!?-/!42 6$!/%$!- !*

*.11%/$!6 H/84F*!)%) /%*/I' O!*/$!7#/!42* 45 Sopt -2) Srandom -$% *!"2!C6-2/,. )!N%$%2/ 5$41 /0%

4/0%$ )!*/$!7#/!42* Hp < 0.001I' O!*/$!7#/!42 45 SS−opt !* *!"2!C6-2/,. )!N%$%2/ 5$41 Saverage 54$
n ∈ {5, · · · , 20} Hp < 0.001I -2) n = 21 Hp < 0.05I' O!*/$!7#/!42 45 SH−opt !* -,*4 *!"2!C6-2/,.

)!N%$%2/ 5$41 Saverage 54$ *1-,, /$-!2!2" *%/* Hn ∈ {5, · · · , 19}: p < 0.001I: 7#/ 24/ 54$ n = 20
Hp = 0.76I -2) n = 21 Hp = 0.08I'

 !"#$ %&'( )$!* !*+ ,-!*+!.+ +$/0!-01* /!#2$, 13 +$-$4-01* 5$.31.6!*4$ ,41.$, 7104 .$5$-0-01*,8 31.
+09$.$*- *26"$., 13 -.!0*0*: 5#1-, n; !*+ 31. -<$ +09$.$*- 5!.!6$-.0=!-01* 4.0-$.0!&

n D P< PD >P

SS−opt 1.51±4.21 0.99±2.49 0.72±0.93 0.58±0.38
SH−opt 1.16±2.13 0.95±1.52 0.85±1.29 0.64±0.50
Sopt 0.46±0.20 0.41±0.17 0.40±0.17 0.38±0.16
Saverage 0.73±1.38 0.62±0.84 0.58±0.59 0.58±0.50
Srandom 1.77±4.53 1.79±4.73 1.82±4.72 1.76±4.36

 !"!"!" 5..6 .+ 0$%&'(% /.0 (012+2+3 %$( %24$ n = 21

K!/0 >> $%5%$%26% +,4/*: $%*#,/* 47/-!2%) 8!/0 n = 21 64$$%*+42) /4 - ,%-3%F42%F4#/ 6$4** 3-,!F
)-/!42' ;-7,% &'> )%/-!,* /0% *64$%* 47/-!2%) 42 %-60 +,4/ 80%2 /0% -,"4$!/01 !* +-$-1%/$!?%)

8!/0 /0% n− 1 $%1-!2!2" 42%*' ;0% *%,%6/!42 45 /0% 7%*/ -3-!,-7,% *%//!2" !* )42% 42,. 54$ +,4/*
60-7,-!*A -2) 3-,)$41%( H74/0 *%,%6/!42 6$!/%$!-I: -2) 60-7,-!*= H0%!"0/F7-*%) *%,%6/!42I' ;0%

-3%$-"% *%//!2" .!%,)* 42,. 42% *64$% -743% P: 54$ /0% 6417%,4#+ +,4/' Q%!"0/F7-*%) *%,%6/!42

"!3%* 54#$ *64$%* -743% P H54$ +,4/* 60-7,-!*>: 60-7,-!*(: 60-7,-!*@ -2) 3-,)$41%>I: 80%$%-* !/ !*

42,. /0% 6-*% 54$ /84 +,4/* H60-7,-!*@ -2) 3-,)$41%AI 54$ /0% *+%6/$#1 7-*%) *%,%6/!42'
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>?@O7?@?D &. ,# 0&)4+"9 /+4,#" "#!,.&#)"#$3 >?OCD:

K3 $%" ,#$"./0$,&# 1"$2""# +/3". 4'+3"3 /#* $%" !"("$/$,&# %"/!,+= *"4"#*3 &# $%" 3$/#*

3$.'0$'." /#* 34"0,"3 0&)4&3,$,&#7 3&)" 3$'*,"3 ."+,"* &# 4.,&. 3$./$,H0/$,&# &- -&."3$ $=4"3

1"-&." )&*"+3 /." 0/+,1./$"* -&. "/0% *"$".),#"* $=4"7 "!"# 2,$%,# / 3)/++ I,JKL /0<',3,$,&#:

R$./$,H0/$,&# 0/# 1" 1/3"* &# 4.,&. 6#&2+"*(" &- $%" /."/ &. &# 4%&$&5,#$".4."$/$,&# >BB@D:

S&$"#$,/+ 3$./$,H0/$,&# 0.,$".,/ /." 1/3"* &# -/0$&.3 /T"0$,#( -&."3$ 3$.'0$'." )&." &. +"33 *,."0$+=7

":(: 3$/#* /(" >BB@D7 )/#/(")"#$ 3$/(" >?@OD7 0&#,-".&'3U1.&/*+"/!"* 4.&4&.$,&# >?OC7 BF@D7 3,$"

<'/+,$= >BB@7 BFBD7 /+$,$'*" >?OCD: Q# / 3$'*= 0&#*'0$"* ,# $%" V/!/.,/# M&."3$ W/$,&#/+ S/.67

3$./$')534"0,H0 )&*"+3 ("#"./++= %/* 1"$$". 4."*,0$,&# /00'./0= $%/# ("#"./+ &#"3 >?OCD: Q#

1&."/+ -&."3$37 0&#,-". )&*"+3 '3"* &# 1,.0% *&),#/$"* 3$/#*3 =,"+*"* /00'./$" %",(%$ "3$,)/$"3

1'$ 4&&. ."3'+$3 -&. 3$") #')1". /#* !&+')" >BF?D:

K3 '3'/+ 2,$% I,JKL */$/7 &#" &- $%" &$%". 0&#0".#3 ,3 $%" 3"#3,$,!,$= &- $%" )"$%&* $&

/0<',3,$,&# 4/./)"$".3: ;%" )"$%&* 2/3 -&'#* $& =,"+* 3$/1+" ."3'+$37 "!"# -&. +&2 4&,#$ *"#3,$,"3

&. 4".$'.1/$,&# &- /0<',3,$,&# 0&#*,$,&#3: Q# >?BBD7 4."*,0$,&# "..&. .")/,#"* /+)&3$ 0&#3$/#$

2%"# *"#3,$= 2/3 ."*'0"* -.&) X:F $& O:? 4&,#$3 4". 3<'/." )"$".: Q# >BF@D7 +"/-5&# /#* +"/-5

&T /0<',3,$,&# $'.#"* &'$ $& /T"0$ +/3". )"$.,03 ,# ),9"* 3$/#*3: V"3,*"37 0%/#(,#( $%" 3"#3&.

@E



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

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

.,/'&'(,075 '0(*!%$* +)-,&,"(5 *'+ .)6)0'& /&,+) ()!" '  %&' 71 8*, 6,(*!+ 3'. '0.! .*!3" (!

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

@A (*, /&! ,+%&, .,,6. (! 9, '90, (! *'"+0, ' 9&!'+ &'"$, !A A!&,.( .(&% (%&,. '"+ B)CDE

' F%).)()!" /'&'6,(,&.5 !", G,7 /!)"( ). (*, #,0+ +'(' %.,+ (! (&')" (*, 6!+,0.1 C)-,&," ,.

)" (&')")"$ +'('.,(.  '" 0,'+ (! 0!3,& '  %&' ),. ;H<<?1 ;<=I? ,6/*'.)J,. (*, A' ( (*'( #,0+ +'('

.*!%0+ 9, ' &,/&,.,"('()4, .'6/0, !A ," !%"(,&,+ A!&,.( (7/,. )" !&+,& (! '4!)+ .7.(,6'() ,&&!&.1

2!3,4,&5 #,0+ +'(' A&!6 +)-,&,"( +).(&) (.  !%0+ 9,  !69)",+ /&!4)+,+ (*'( (*,7 '&, '-, (,+ (!

(*,  !&&, ( .(&'('1 D"!(*,& .(%+7  !69)")"$ (&')")"$ +'(' A&!6 (3! +).(&) (.5 !", +!6)"'(,+ 97

/)", '"+ (*, !(*,& 97 ./&% ,5 ",4,&(*,0,.. !9(')",+ '  !66!" &,$&,..)!" 6!+,0 3)(* .'().A' (!&7

/&,+) ()!" '  %&' 7 ;<=<?1

K!.( !A (*, .(%+),. &,0),+ !" !&+)"'&7 0,'.( .F%'&,. 6%0()/0, &,$&,..)!" (! ,.('90).* &,0'()!"L

.*)/. 9,(3,," 0'.,& 6,(&) . '"+ A!&,.( /'&'6,(,&.1 D  !6/'&).!" !A .,,6)"$07 %"&,0'(,+5 /'&L

()'0 0,'.( .F%'&,. '"+ !&+)"'&7 0,'.( .F%'&,. &,$&,..)!". .*!3,+ !"07 6)"!& +). &,/'" ),. ;<=I?1

2!3,4,&5 /'&'6,(&) 6,(*!+. &,' * (*,)& 0)6)(. 3*," +,'0)"$ 3)(* ' .6'00 "%69,& !A #,0+ !9L

.,&4'()!".  !69)",+ 3)(* *)$* +)6,".)!"'0 +'('1 8*, "!" /'&'6,(&) GL6!.( .)6)0'& ",)$*9!&

6,(*!+ *'. 9,," .%  ,..A%007 (,.(,+ A!& ./, ),.L./, )# .('"+ '((&)9%(,. ,.()6'()!" A&!6 0'.,&

+'(' ;<II?1 @" '  !6/'&).!" 3)(* GL6!.( .)6)0'& ",)$*9!& '"+ '&()# )'0 ",%&'0 ",(3!&G. 6!+,0.

.% * '. .,0A !&$'")J)"$ 6'/ '"+ 6%0()0'7,& /,& ,/(&!"5 .%//!&( 4, (!& 6' *)",. &,$&,..)!" MNOEP

(%&",+ !%( (! 9, !", !A (*, 9,.( .%)(,+ 6,(*!+ A!& /&,+) ()!" /%&/!.,. ;<<I?1

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

@" Q&," * 6!%"(')"!%. '&,'.5 6'"7  !//) , .('"+. '&, ," !%"(,&,+ )" (*, *)00 '"+ 0!3,& 6!"('",

9,0(.1 @" .% * .('"+.5 ,' * (&,, .(%6/ *'. .,4,&'0 .(,6. (*'( '&, 4,&7  0!., !", (! '"!(*,&

M#$%&, =1HP1 N% * .(&% (%&,.  '" "!( 9, ,'.)07  *'&' (,&)J,+ 97 .)"$0, (&,, 6,(*!+.1 R,.)+,.5

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

N('"+ /'&'6,(,&. .% * '. .(,6 +,".)(75 +!6)"'"( *,)$*( '"+ 6,'" +)'6,(,& '&, 6!&, )"(,&,.()"$

(! (*, A!&,.( /&' ()()!",&1 8*,&,A!&,5 (*, '&,'L9'.,+ 6,(*!+ .,,6. 6!&, '//&!/&)'(, A!& (*).

/'&() %0'&  '.,1 D. "! .(%+7 !A ,.()6'()!" !A /'&'6,(,&. !A  !//) , .('"+. A&!6 ')&9!&", 0'.,&

. '"",& +'(' 3'. '4')0'90, )" (*, 0)(,&'(%&,5 (*, #&.( !9S, ()4, !A (*).  *'/(,& ). (! (,.( (*, (3!L

.(,/ /&! ,+%&, ;<<T? !" 6!%"(')"!%.  !//) , .('"+. '"+ (!  !6/'&, &,.%0(. (! (*!., !9(')",+

A!& ' 6)U,+ A!&,.(1

@( 3'. ,U/!.,+ )" V1< (*'( (!/!$&'/*)  !".(&')"(. 0)6)( (*, /&!+% ()4)(7 !A 9!(* (*, )"4,"(!&7

'"+ WXN ' F%).)()!"1 D.  !00, ()!" !A +'(' !" 0'&$, /0!(. ).  !.(075 (*, ,-, ( !A .'6/0, /0!( .)J,

!" (*, /&,+) ()!" '  %&' 7 !A B)CDE 6!+,0. 6%.( 9, F%'"()#,+ .! (*'( ,Y ),"( /&! ,+%&,.  '"

9, +,.)$",+1 8*'( ). 3*7 (*, ., !"+ !9S, ()4, ). (! '..,.. (*, ,-, ( !A .'6/0, /0!( .)J, !" (*,

(&')")"$ +'(' '"+ !" (*, '  %&' 7 !A &,.%0()"$ B)CDE 6!+,0.1 8*!., (3! './, (. 3)00 9, (&,'(,+

)"  *'/(,& H>1

@A (*, (!('0 "%69,& !A #,0+ /0!(. ). 0)6)(,+ 97 #,0+  !".(&')"(.5 (*, "%69,& !A 6,(&) . (*'(

 '" 9, ,U(&' (,+ A&!6 (*, 0'.,& +'(' ). 4,&7 )6/!&('"(5 '"+ )( ). 0)G,07 (*'( .,4,&'0 !A (*,6

'&,  !&&,0'(,+1 C)6,".)!" &,+% ()!" 6,(*!+. '&, '" '0(,&"'()4, 3'7 (! ,U(&' ( 6,'")"$A%0 )"L

A!&6'()!" A&!6 !&)$)"'0 4'&)'90,. )"(! ' 0)6)(,+ "%69,& !A  !6/!","(.1 8*, (*)&+ !9S, ()4, ).

(*%. (! ,4'0%'(, (*, ,-, ( !A (*,  *!) , !A 0'.,& 6,(&) . !" 6!+,0. '  %&' 75 '"+  !".).(. )"

(3!  !6/0,6,"('&7 './, (.1 Z", ). (! '..,.. (*, )":%," , !A +)-,&,"( "%69,&. '"+ (7/,. !A

0'.,& 6,(&) . )" (*, 6!+,0.5 )" 0%+)"$ '" ,"(&!/7 6,(&) +,.)$",+ (! )"/%( )"A!&6'()!" '9!%(

(*, *!&)J!"('0 +)./,&.)!" !A (*, /!)"(  0!%+1 8*, !(*,& ). (*, &,0,4'" , !A +)6,".)!" &,+% ()!"

!A (*, &'3 0'.,& 6,(&) . /&)!& (! 6!+,0 (&')")"$1 X&)" )/'0  !6/!","( '"'07.). '"+ )"+,/,"+,"(

 !6/!","( '"'07.). '&, (,.(,+1

E,0'()!".*)/. 9,(3,," B)CDE 6,(&) . '"+ A!&,.( 4'&)'90,. 6)$*( 9, "!" 0)",'&1 D. '" '0(,&"'()4,



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

 ! !"#$%&"' ()* $+*, *,&- -.)&",- ",/",--$!%0  1, 2!)" 1 !34,5 $6, 7&-  !  ,- & %!% *$%,&" ",/",-8

-$!% (, 1!# 3&-,# !% -)++!" 6,5 !" (&51$%,-9 :1!-, &-+,5 - 7$** 3, 1&%#*,# $% 51&+ ," ;;9

<!" &**  1,-, $%6,- $/& $!%-0  7! &",&- &", - )#$,#=  1, 5!++$5, #!($%& ,# 2!",- !2 >&$% 8

?&)*8#,8@&"5,-0 &%#  1, A1&3*&$-9 B- $(& ,# 2!",- +&"&(, ,"- &", 3&-&* &",&0 - ,( #,%-$ '0

(,&% #$&(, ,"0 #!($%&% 1,$/1 &%# - ,( 6!*)(, CA1&3*&$- #& & !%*'D9 E,%,"&* 7!"FG!7 &%#

(, 1!#- &", +",-,% ,# $%  1$- 51&+ ,"9

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

<$/)", H9; #$-+*&'-  1, /*!3&* 7!"FG!7 $(+*,(,% ,#  ! ,- $(& , 2!",- - &%# +&"&(, ,"- 2"!(

&$"3!"%, *&-," -5&%%$%/ #& &9 <"!( %!7 !% !"#$%&"' ()* $+*, *,&- -.)&", ",/",--$!% &%# -)++!" 

6,5 !" ",/",--$!% 7$** 3, ",2,"",#  ! &-  !"8IJ &%# >@J ",-+,5 $6,*'9 K** 5!(+) & $!%- &",

+,"2!"(,# 7$ 1  1, J -!2 7&", LMNHO9
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 !"#$% &'() *%+%$,- ./$01/. 2/$ %34!5,4!+" 2/$%34 34,+6 7,$,5%4%$3 .!48 ,+ ,$%,9:,3%6 5%48/6'

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

P, 5!%-$#," & -, !2 NF Q,*# +*! - (Fj)j∈{1,...,NF }9 ?*! - &", !2 5$"5)*&" -1&+, 7$ 1 "&#$)- r0
&%#  1, 5!!"#$%& ,- !2  1,$" 5,% ,"- (xj , yj)j∈{1,...,NF } &", F%!7%9 P, &*-! 1&6,  1, 5!",/$- ,",#

*&-," +!$% 5*!)# 7$ 1 2!**!7$%/ $%2!"(& $!% &3!) ,&51 +!$% = RS 5!!"#$%& ,-0 ", )"% +!-$ $!%

5& ,/!"'0 /"!)%# !" %!%8/"!)%# 5*&--$Q5& $!%9 J, )"% +!-$ $!% $- 2&5 !" 6&"$&3*, 71$51 *,6,*- &",=

s 2!" -$%/*, ,51!,- C!%*' !%, ,51! 2!" & /$6,% +)*-,D0 f 2!" Q"- ,51!,- &%# l 2!" *&- ,51!,-9 :1,

5*&--$Q5& $!% !2 *&-," +!$% - $% -)51 5& ,/!"$,- $- #$",5 *' F%!7% 2"!(  1, ,51! ,T "&5 $!% +"!5,--9

A*&--$Q5& $!% $% ! /"!)%# !" %!% /"!)%# ,51!,- ",-)* - 2"!(  1, +"!5,#)", $(+*,(,% ,# 3'  1,

U$SKJ 5!% "&5 !" C-,, V9R9RD9

<!" ,&51 +*! j0 *&-," +!$% - 7$ 1$% r (, ,"- 1!"$W!% &* #$- &%5, 2!"(  1, +*! 5,% ," &", ,T8

 "&5 ,# CQ/)", H9M&D9 :1,$" %!"(&*$W,# 1,$/1 - &", 5!(+) ,# 3' -)3 "&5 $%/  1,  ,""&$% &* $ )#,

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

5*&--$Q,# &- /"!)%# +!$% -9 ?!$% - 7$ 1 1,$/1 *!7,"  1&% M ( &", ,T5*)#,#  ! &6!$# $%G),%5, !2

#,%-, -1")3- )%#,"- !"'0 &- -)//,- ,# 3' LMMXO9 :1",, +!$% /"!)+- &",  1,% 5!%- $ ) ,# &55!"#8

$%/  ! ", )"% +!-$ $!%-= -$%/*,0 Q"- &%# *&- ,51!,- CQ/)", H9M3D9 I&%' - )#$,- $(+*,(,% $%/

 1$- (, 1!#!*!/' !%*' ",*$,# !%  7! +!$% - /"!)+- &-  1,$" #& & 7&- &5.)$",# 7$ 1 ()* $8,51!

-5&%%,"- 7$ 1 !%*' Q"- &%# *&- ,51! 5*&--,-9 Y,", -$%/*, ,51!,- &", 5!%-$#,",# &- & -,+&"& ,#

/"!)+9 Z% ,"(,#$& , +!$% -0 $9,9 ,51!,- !55)""$%/ 3, 7,,%  1, Q"- &%#  1, *&- ,51!,-0 ",+",-,% 

*,--  1&% & 2,7 +,"5,% !2  1,  ! &* %)(3," &%# &", %! $%5*)#,# $%  1, &%&*'-$-9



• •
• • •

nh nd
q

nh = q+2
( i
nd+1)i∈{1,...,nd}

si
ne (hj)j∈{1,...,ne}

hj

ej =
∑

i

pi,jlog(pi,j) pi,j =
card(si ∩ hj)
card(hj)

(vi)i∈{1,...,nv} nv = 3× (nh+nd)+ne
(nh, nd, ne) = (6, 3, 3)



ne = 2
h = hmax

2

2× 2

[0, h3 [ [h3 ,
2×h
3 [ [2×h

3 , h] h
M

NF×nv

NF nv = 3× 9 + 3 = 30



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

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

'."' ."! 3$$, 1.+!$, +2'*-"& 5+# +,$ )*6$, #$5$#$,1$ -$'.+/7 8.*! $&%/$! '.$ 5"1' '."' /*9$#$,'

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

;, '.*! 0+#:( " <3#%'$=5+#1$> !'#"'$)4 *! "/+2'$/ !*,1$ 5+#  !"=?@ "&& 2+!!*3&$ 1+-3*,"'*+,!

+5 " -"A*-%- +5 '.#$$ 6"#*"3&$! B&"!$# -$'#*1! +# $A'#"1'$/ 1+-2+,$,'!C "#$ '$!'$/7 8.*! *!

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

+5 $A'#"1'$/ &"!$# -$'#*1! *! "&!+ &*-*'$/7 D+# EF@( "&& $A'#"1'$/ &"!$# -$'#*1! "#$ !4!'$-"'*1"&&4

$,'$#$/ "! *,2%' '+ '.$ "&)+#*'.-( 3%' 0.$, G@ *! 2$#5+#-$/( /*9$#$,' ,%-3$#! +5 5$"'%#$! "#$

%!$/ '+ H' '.$ -+/$&!7

 )1)2)1 3'&#,-4

5(0+/0%$6 /,7%,+'+& $+$68404 BIJ C *! 1+,!*/$#$/ +,$ +5 '.$ -+!' "22&*1"3&$ G@ -$'.+/

KLMN7 ;' #$/%1$! /*-$,!*+,"&*'4 34 $A'#"1'*,) 5#+- '.$ +#*)*,"& /"'" !$' %,1+##$&"'$/ 1+-2+,$,'!

0.*1. $,1+-2"!! '.$ .*).$!' 6"#*",1$ KOPPN7  ! +%# /"'" *,1&%/$ /*9$#$,' 6"#*"3&$! B.$*).'!(

/$,!*'*$!( $,'#+2*$!C '.$ +#*)*,"& /"'" !$' *! 1$,'$#$/ ",/ !'",/"#/*Q$/ 3$5+#$.",/7 8.$ IJ *!

'.$, $R%*6"&$,' '+ ", $*)$,","&4!*! +5 '.$ 1+##$&"'*+, -"'#*A7

*+-'%'+-'+& /,7%,+'+& $+$68404 B;J C $A'#"1'! 1+-2+,$,'! '."' "#$ "&!+ 1"&&$/ &"'$,'

6"#*"3&$!7 8.$*# 1"&1%&"'*+, *! 3"!$/ +, -"A*-*Q"'*+, +5 '.$ !'"'*!'*1"& *,/$2$,/$,1$ +5 '.$

$!'*-"'$/ 1+-2+,$,'!7  , *-2&$-$,'"'*+, +5 '.$ D"!';J "&)+#*'.- KOSLN *! %!$/ B@ 2"1:")$

#$"%&'(C7 ;J ."! "&#$"/4 2#+6$/ R%*'$ $T1*$,' 5+# '.$ #$/%1'*+, +5 &"!$# -$'#*1! KOUVN7

W.$, '.$ ,%-3$# +5 +3!$#6"'*+,! NF *! )#$"'$# '.", '.$ ,%-3$# +5 6"#*"3&$! nv( IJ ",/
;J "#$ 2$#5+#-$/ 5+# /*-$,!*+, #$/%1'*+,7 E%3!$'! +5 /*-$,!*+, nv ∈ XO( U( S( P( L( M( Y( OZ(
OU( OP( OM( OY( UZ( UU( UP[ +5 '.$ +3'"*,$/ 2#*,1*2"& ",/ *,/$2$,/$,' 1+-2+,$,'! "#$ "&!+ %!$/

"! !$'! +5 *,/$2$,/$,' 6"#*"3&$!( *7$7 '.$ -"'#*A +5 $A'#"1'$/ -$'#*1! *! #$2&"1$/ 34 '.$ -"'#*A

+5 !$&$1'$/ 1+-2+,$,'! /%#*,) '.$ -+/$& '#"*,*,) !'$27

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

 )1)!)9 :(-0+$(8 6'$4& 4;.$('4 7.6&0%6' ('<('440,+

\*6$, " /$2$,/$,' 6"#*"3&$ B!'",/ 2"#"-$'$#C y ",/ " *,/$2$,/$,' 6"#*"3&$! !$' v = (vi)i∈{1,...,nv}(

'.$ H$&/ +3!$#6"'*+,! (yj)j∈{1,...,NF } ",/ '.$ -"'#*A +5 $A'#"1'$/ -$'#*1! M
NF×nv

"#$ %!$/ "! '#"*,=

*,) /"'" '+ H' " -%&'*2&$ #$)#$!!*+, -+/$& 34 +#/*,"#4 &$"!' !R%"#$!]

y = b+

nv
∑

i=1

ai × vi 0*'. ((ai)i∈{1,...,nv}, b) '.$ -+/$& 2"#"-$'$#! BV7UC

?+/$&! *,1&%/*,) " -"A*-%- +5 '.#$$ 6"#*"3&$! "#$ '$!'$/ 34 $A."%!'*6$ !$"#1. "-+,) "&& '.$

2+!!*3&$ 1+-3*,"'*+,! B2"1:")$ !)$*"C7 ?+/$&! 0.*1. /+ ,+' 5%&H&& '.$ &*,$"# -+/$& "!!%-2'*+,!

B2"1:")$ +,!-$( 0.*1. '$!'! " &*,$"# -+/$& 5+# !:$0,$!!( :%#'+!*!( &*,: 5%,1'*+, ",/ .$'$#+!1$/"!=

'*1*'4C +# *,1&%/*,) " 6"#*"3&$ 0*'. " 2"#'*"& 2=6"&%$ )#$"'$# '.", Z7ZL "#$ /*!1"#/$/7 D+# $"1.

6"#*"3&$! !$' '.$ -+/$& 0*'. .*).$!' "/^%!'$/ 1+$T1*$,' +5 /$'$#-*,"'*+, B"/^=@

 

C 0"! !$&$1'$/7

 )1)!)1 =.%%,(& >'/&,( ('<('440,+

E%22+#' 6$1'+# -"1.*,$! "#$ " '#"*,*,) "22#+"1. 3"!$/ +, '.$ 5#"-$0+#: +5 !'"'*!'*1"& &$"#,*,)
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5 32.3 4.9 66.8 16.7 34.3 2.1 96.0 24.6
7.5 34.6 4.7 90.1 15.9 30.8 5.1 85.1 17.9

10 34.8 4.6 59.7 11.4 32.3 4.8 79.2 18.5
12.5 8!%! (9% !:!'+!2+$ 34.1 8.5 72.5 17.2
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5 1668 382 3310 724 525 127 891 209
7.5 1714 736 3112 560 502 226 1019 199

10 1735 764 2833 577 529 191 923 196
12.5 8!%! (9% !:!'+!2+$ 538 244 917 169

D 5.#7

5 14.5 8.9 30 4.6 26.4 8.3 64.0 12.0
7.5 14.4 8.3 23.3 3.9 25.4 12.8 47.2 8.3

10 14.5 8.3 22.7 3.6 25.3 12.4 48.3 8.2
12.5 8!%! (9% !:!'+!2+$ 25.9 13.3 42.3 8.3

H 5#7

5
8!%! (9% !:!'+!2+$

23.5 8.3 38.7 8.9
7.5 25.0 10.1 38.7 7.8

10 15.6 5.8 25.8 5.5 24.6 12.2 39.2 7.3
12.5 8!%! (9% !:!'+!2+$ 25.4 14.3 38.3 7.2
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8!%! (9% !:!'+!2+$

412 22 1483 396
7.5 358 37 1300 300

10 374 34 1207 307
12.5 398 56 1094 299
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$6-'!H(  !' 6()% 8$)6(*(' )%8 +*(6 8(%+$*: /'(+-(9*$H(": 0@2[ )%8 >@21 Z3? D5* )'( #!'+(  !'

D)+)" )'() /@[2A Z32 P,( "!#(+* )995')9$(+ )'( )9,$(H(8 #$*, = 6 ')8$5+. @>2Y Z  !' +*(6 8(%+$*:

)%8 @[2\ Z  !' D)+)" )'()2
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(:4

!"

;< 0/%5 3%80!/= N 9:4

!"
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5%48 3!45%/%$ D 9>5;< 3+5!848/ :%!":/ H 95; 483 7+.#5% V 95

#

(:4

!"

; 3%-%83!8" +8 -.+/ $43!#0(

?#62"#$%0 94;@9>; >+$$%0-+83 /+ ?4!8/@A4#.@3%@B4$>%0 34/4 9?/A;< 0#62"#$%0 93;@9:; /+ C:46.4!0 34/4

9C:6;(

D46.% &'(E) ?-%4$548 >+$$%.4/!+8 >+%F>!%8/ ρ 6%/G%%8 2%.3 +60%$74/!+80 0/4/!0/!>0 483 -.+/ $43!#0 1+$
6404. 4$%4 9G;< 0/%5 3%80!/= 9N; 483 5%48 3!45%/%$ 9D;( ?/4/!0/!>0 4$% 5!8!5#5 9H!8;< 2$0/ I#4$/!.%

9J&;< 5%3!48< /:!$3 I#4$/!.% 9JK;< 54,!5#5 9H4,;< 5%48< 0/4834$3 3%7!4/!+8 9?3; 483 !8/%$I#4$/!.%

$48"% 9LJM;( ?!"8!2>48>% .%7%.0)

$$$p < 0.001< $$p < 0.01< $p < 0.05 9/G+@0!3%3 /%0/;(

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

 !"#$%&!'(% G −0.68 0.98   0.91   −0.02 −0.31 0.85  −0.89   −0.76   

)*% N 0.84  0.90   0.12 0.11 −0.76  0.87   −0.54 −0.60
+!,-*. D −0.87   0.77  0.75 0.57 −0.93   −0.52 −0.98   −0.14

H 0.93   0.96   0.43 0.15 −0.30 0.86   −0.91   −0.79   

G 0.89   0.68  −0.36 0.14 −0.84   0.50 −0.85   −0.25
/0!1(!". N 0.77   0.66  0.31 −0.04 −0.12 0.84   −0.75  −0.44

D 0.88   0.49 0.61 −0.21 −0.73  −0.37 −0.85   −0.27
V 0.86   0.54 0.59 0.19 −0.87   0.36 −0.75  0.02



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

 !"# $#%&'%!( )%"%* +,-)!."!/0 %..1,%.!-( 2/, 3456 7 +'/"( %,- ,-(+-."!8-'9 3:* 4;* 345<* 335=

%0) ;>5? @ 2/, &%(%' %,-%* ("-7 )-0(!"9* 7-%0 )!%7-"-,* )/7!0%0" #-!A#" %0) ("-7 8/'17-5 B/,

&%(%' %,-%* ("-7 )-0(!"9 %0) 8/'17-* %..1,%.9 )-.,-%(-( ./0(!)-,%&'9 2/, (7%''-, +'/"(5 B/, 7-%0

)!%7-"-, %0) )/7!0%0" #-!A#"* "#- -C-." !( '-(( +,/0/10.-)5

 !'./D/0 (!A0-)E,%0F "-("( !0)!.%"- "#%" "#- )!(",!&1"!/0 /2 "#- )!C-,-0.-( &-"G--0 +,-)!."-)

%0) /&(-,8-) 8%'1-( !( 0/" (!A0!H.%0"'9 %(977-",!. %&/1" > Ip > 0.05J 2/, %09 2/,-(" +%,%7-"-,5
K" !( 0/"-G/,"#9 "#%" '%(-, 7-",!.( !0.'1)-) !0 "#- 7/)-'( )-+-0) &/"# /0 "#- 2/,-(" +%,%7-"-,

%0) /0 ",%!0!0A +'/" ,%)!1(5

 !"#$ %&'() *$#$+,$- ./#,01#$ 2$32$44056 .5-$#4 752 2!-0/4 r ∈ {5, 7.5, 10}8 !6- +522$4156-063 +5$9+0$6,
57 -$,$2.06!,056 !-:;<

 

!6- +5$9+0$6, 57 =!20!,056 57 ,>$ RMSE +5.1/,$- "? #$!=$;56$;5/, @ABBC

+2544;=!#0-!,056 !6- D&& 2$1$,0,0564 57 ,$6;75#- +2544;=!#0-!,056 @.$!6 ± 4,!6-!2- -$=0!,056C'

L!"-

M%,%E

N%)!1(

O%(-, 7-",!.( adjEN CVRMSE CVRMSE

7-"-, !0 "#- 7/)-' I@J OPP I@J 3>E2/') I@J

L
%
!
0
"
E
M
%
1
'
E
)
-
E
Q
%
,
.
-
(

G
5 hs,0 + hs,1 + hf,mean 55.5 36.7 34.3±0.8
7.5 hf,0.75 46.0 36.4 36.2±1.1
10 hf,0.25 + hf,0.5 + ds,0.5 70.8 19.4 19.5±0.7

N
5 hl,mean + df,0.75 + dl,0.25 51.0 32.9 31.8±0.9
7.5 hf,0.75 + hl,1 + dl,0.25 59.1 23.0 22.9±0.6
10 hl,0.5 + df,0.25 58.0 25.5 25.7±1.5

D
5 '!0-%, 7/)-' %((17+"!/0( 0/" (%"!(H-)

7.5 hf,0 + hl,0.25 + dl,0.75 76.6 13.6 13.6±0.4
10 hs,0.75 + hf,0.75 + dl,0.25 71.4 14.3 14.4±0.4

H
5, 7.5 0/ ,-'-8%0" )1- "/ (%7+'!0A (.#-7-

10 hs,0.5 + hl,0.5 + hl,0.75 73.1 19.4 19.5±0.6

$
#
%
&
'
%
!
(

G

5 hf,0.75 + hl,0 + ds,0.5 67.9 44.0 44.5±1.4
7.5 hs,0.75 + ds,0.25 + dl,0.75 79.5 29.4 30.4±1.4
10 hf,0.5 + hmeans, + ds,0.25 85.9 24.1 23.4±0.7
12.5 hf,0.75 + hl,0.75 + ds,0.25 90.6 18.0 16.3±0.4

N

5 hs,0.75 + hl,0.75 + ds,0.5 44.2 34.2 32.2±1.0
7.5 hl,0.5 + hs,means + df,0.25 67.6 25.3 24.5±0.7
10 hf,0.75 + df,0.25 62.1 23.9 23.8±0.5
12.5 hs,0.5 + df,0.25 53.1 23.0 22.2±0.5

D

5 hs,0.75 + hf,0.25 + hf,0.5 74.4 26.4 24.3±0.5
7.5 hs,0.75 + hf,0.5 + dl,0.75 72.2 22.9 18.8±0.6
10 hl,1 50.3 27.3 23.9±0.6
12.5 hf,0.25 + hl,0.5 + ds,0.75 85.2 15.6 13.3±0.4

H

5 hs,0.75 + hf,0.5 + df,0.25 92.9 11.0 10.9±0.3
7.5 hs,0.25 + hs,0.5 + hs,0.75 84.6 14.3 13.2±0.4
10 hl,0.75 + ds,0.25 + dl,0.5 90.5 10.8 9.8±0.3
12.5 hl,0.75 + df,0.5 + dl,0.25 91.0 11.7 9.5±0.4

V

5 hl,0 + hl,0.75 + df,0.25 73.5 54.6 54.4±2.2
7.5 hs,mean + ds,0.25 + dl,0.75 87.1 34.9 38.5±2.5
10 hs,0.5 + hs,1 + hs,mean 86.8 31.1 32.5±1.1
12.5 hs,0 + hs,1 + hl,0.75 91.0 30.4 24.4±0.8

B!A1,- 3>54 )!(+'%9( &/D+'/"( /2 +,-)!."!/0 %..1,%.9 /2 71'"!+'- ,-A,-((!/0 7/)-'( %( % 210.E

"!/0 /2 +'/" ,%)!1(5 R" L%!0"EM%1'E)-EQ%,.-(* L+-%,7%0 ./,,-'%"!/0 ./-S.!-0" ρ &-"G--0 +,-)!.E
"!/0 %..1,%.9 I./-S.!-0" /2 8%,!%"!/0 /2 "#- RMSE .%'.1'%"-) &9 OPP .,/((E8%'!)%"!/0J %0)
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 !"# $%&'() ') )'*+',-%+#!. &'/0$0+# 1$"2 30$" 1"$ 4%)%! %$0% "+!. 5ρ = −0.876 p < 0.0016 #7"8)'&0&
#0)#9: ;#02 &0+)'#. &') !%.) % )'2'!%$ &0-$0%)'+* #$0+& 4(#  $0&'-#'"+ %--($%-. '+-$0%)0) %*%'+

7<0+ r > 9: ="$ 20%+ &'%20#0$ #<0 -"0>-'0+# "1 ?%$'%#'"+ "1 #<0 RMSE &0-$0%)0) 7<0+  !"#

$%&'() '+-$0%)0) 1$"2 @ #" A:B 26 %+& #<0+ $02%'+) )#%4!0 %$"(+& CDE:

F'#< G<%4!%') &%#%6 %!! -"$$0!%#'"+) %$0 )'*+',-%+# '1 %!! $%&'' %$0 #%H0+ '+#" %--"(+# 5G,N %+&

V I p < 0.0016 DI p < 0.016 HI p < 0.059: J"70?0$6 7<0+ "+!. $%&'' 40#700+ B %+& CK 2 %$0

'+-!(&0& '+ #<0 %+%!.)')6 #<0 -"$$0!%#'"+ $02%'+) )'*+',-%+# "+!. 1"$ 4%)%! %$0%: L<') )(**0)#)

#<%# #<0 "?0$%!! &0-$0%)'+* #$0+& ') )"207<%# &$'?0+ 4. ?%!(0) "4#%'+0& 1"$ !%$*0$  !"#):

5 6 7 8 9 10

0
.2

0
0
.2

5
0
.3

0
0
.3

5
0
.4

0

C
V

R
M

S
E

Plot radius (m)

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

5 6 7 8 9 10

0
.2

0
0
.2

5
0
.3

0
0
.3

5

C
V

R
M

S
E

Plot radius (m)

 ," )*'- .'/$0*1 ( )*+

0
.1

2
0
.1

6
0
.2

0
0
.2

4

C
V

R
M

S
E

Plot radius (m)
6 7 8 9 10

 2" 3'!/ .0!-'*'& ( )*+

5 6 7 8 9 10 11 12

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

C
V

R
M

S
E

Plot radius (m)

 ." 45%6-' ( 78,

5 6 7 8 9 10 11 12

0
.1

5
0
.2

5
0
.3

5
0
.4

5

C
V

R
M

S
E

Plot radius (m)

 '" #!$!% !&'! ( 78,

5 6 7 8 9 10 11 12

0
.2

0
0
.2

5
0
.3

0
0
.3

5

C
V

R
M

S
E

Plot radius (m)

 9" )*'- .'/$0*1 ( 78,

5 6 7 8 9 10 11 12

0
.1

5
0
.2

0
0
.2

5

C
V

R
M

S
E

Plot radius (m)

 :" 3'!/ .0!-'*'& ( 78,

5 6 7 8 9 10 11 12

0
.0

8
0
.1

0
0
.1

2
0
.1

4
0
.1

6

C
V

R
M

S
E

Plot radius (m)

 8" ;5-0/!/* 8'0:8* ( 78,

 !"#$% &'()* +,-./,01 ,2 .$%3!40!,5 644#$647 84,%94!%50 ,2 :6$!60!,5 ,2 0;% RMSE 46/4#/60%3 <7 )''

0%5=2,/3 4$,11=:6/!360!,51> 2,$ <616/ 6$%6 G? 10%@ 3%51!07 N ? @%65 3!6@%0%$ D? 3,@!5650 ;%!";0 H 653

:,/#@% V 3%.%53!5" ,5 ./,0 $63!#1( A#<B"#$%1 86>=84> 4,$$%1.,53 0, A6!50=C6#/=3%=D6$4%1 3606 8A0C>?

1#<B"#$%1 83>=8;> 0, E;6</6!1 3606 8E;<>(

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

="$ #<0 $0*$0))'"+ 2"&0!) "4#%'+0& 7'#< #<0 2%M'2(2 $%&'() "1 #$%'+'+*  !"#) '+ ;%'+#8N%(!

5r = 109 %+& G<%4!%') 5r = 12.596 % )<"$# %+%!.)') "1  $0&'-#'"+ 0$$"$) ')  0$1"$20&: O0*%$&'+*

#<0 &'/0$0+-0 40#700+ ?%!(0)  $0&'-#0& 4. !0%?08"+08"(# -$"))8?%!'&%#'"+ %+& "4)0$?0& ?%!(0)6

F'!-"M"+ )'*+0&8$%+H #0)#) '+&'-%#0 #<%# #<0 +(!! <. "#<0)') 5#<0 &')#$'4(#'"+ "1 #<0 &'/0$0+-0)

40#700+  $0&'-#0& %+& "4)0$?0& ?%!(0) ') ).220#$'- %4"(# K9 -%+ +"# 40 $0P0-#0&:

='*($0 CK:Q  !"#) #<0  $0&'-#0& ?%!(0) %*%'+)# #<0 "4)0$?0& ?%!(0) 1"$ 4%)%! %$0%6 )#02 &0+)'#.6

20%+ &'%20#0$6 &"2'+%+# <0'*<# %+& ?"!(20 5G<%4!%') "+!.9: ="$ )#02 &0+)'#. '+ ;%'+#8N%(!6

"+0 +0*%#'?0 ?%!(0 ')  $0&'-#0&: L<') "(#!'0$ ') "4#%'+0& 1"$  !"# RC6 7<'-< ') !"-%#0& "+ % )-$00

%+& &') !%.) !%$*0 -%+" . *% ): ="$ #<')  !"#6 "#<0$ )#%+&  %$%20#0$) %$0 40##0$  $0&'-#0& 5GI
C:B 1"$ D:@ 2
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$02%$H%4!06 0M 0-# #<%# )#02 &0+)'#. ?%!(0) '+ G<%4!%') )002) "?0$0)#'2%#0& 1"$ '+#0$20&'%#0

?%!(0)6 4(# (+&0$0)#'2%#0& 1"$ !%$*0 "+0): V )'2'!%$  %##0$+ ') <%$&!. +"#'-0%4!0 7'#< )#02

&0+)'#. 0)#'2%#0) '+ ;%'+#8N%(!:
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!"

<= 2.%: ,%52!.> N
9;0

!"

<= :%05 ,!0:%.%$ D 9-:<= ,4:!505. ;%!";. H 9:< 05, /41#:% V 9:

#

(;0

!"

<( ?#86"#$%2 90<@9,<

-4$$%2345, .4 ?0!5.@+0#1@,%@A0$-%2 ,0.0 9?.+<= 2#86"#$%2 9%<@9!< .4 B;0810!2 ,0.0 9B;8<( +$%,!-.%,

/01#%2 0$% %2.!:0.%, 8> 1%0/%@45%@4#. -$422@/01!,0.!45(

 !"#$ %&'( )*$+$,-+ )*$./0-/1, $**1*+ +-!-/+-/0+' 2/!+ /+ #13$* -4!, 2.2 5 /, !"+1#6-$ 7!#6$8

$9)$0- :1* +-$; 71#6;$ 3/-4 −5.5 5'  4$ 3/.$+- *!,<$ 1: *$#!-/7$ $**1*+ /+ !#+1 1"-!/,$.

:1* 71#6;$ 3/-4 −81.3 -1 60.2 5'  4$ +;!##$+- /+ 1"-!/,$. :1* .1;/,!,- 4$/<4- /, =4!"#!/+
3/-4 −30.4 -1 19.1 5' >, ?!/,-@A!6#8 -4$ +;!##$+- *!,<$ :1* *$#!-/7$ $**1* /+ 1"-!/,$. :1* ;$!,
./!;$-$*' >, 01))/0$ +-!,.+8 34$*$ +-$;+ <*13/,< 1, +-6;)+ 6+6!##B 4!7$ -4$ +!;$ !<$8 ./!;$-$*

./+-*/"6-/1, /+ #$++ 7!*/!"#$ -4!, /, /**$<6#!* +-!,.+'



 !" #$%&'()  !* +,-'.&-( )(/)(00.12 314(-0

 !"#$ %&'() *+$,-./-01 $++0+2 2/!/-2/-.2 $34+$22$, -1 4$+.$1/!5$ 06 7$!1 8$#, 9!#:$ 60+ "!2!# !+$! ;G<=
2/$7 ,$12-/> ;N<= 7$!1 ,-!7$/$+ ;D<= ,07-1!1/ ?$-5?/ ;H< !1, 2/$7 90#:7$ ;V <' *+$,-./-01 $++0+2 !+$
$2/-7!/$, "> #$!9$@01$@0:/ .+022@9!#-,!/-01 60+ /?$ 70,$#2 ,$2.+-"$, -1 /!"#$ %&'A' B/!/-2/-.2 !+$ 7$!1

;C-!2<= 7-1-7:7 ;D-1<= 7!3-7:7 ;D!3< !1, 2/!1,!+, ,$9-!/-01 ;B,<'

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

0#&.12

34

G 0.5 −39.8 41.5 19.7
5#'+2 N 2.1 −40.2 73.2 25.9
%"2 D −0.4 −29.4 27.3 14.5

)#!6"( H −0.2 −37.0 47.5 19.8

3789

G 0.8 −37.2 40.9 18.2
N 1.3 −41.0 50.8 23.4

:;#*+#&( D 2.2 −36.9 31.6 15.7
H −1.3 −30.4 19.1 11.8
V −5.5 −81.3 60.2 30.4

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

 !"#" $%%&'(%) *+ ,&-./0-1 '12'133/*4 ,*51-3 +*' 3.(45 0('(,1.1' 13./,(6

./*4

<;"  =0 >"1;?% @!?%'6"( #66'!#1" "(1&>#1"( ?A A?!"(1 (1#.% @#!#>"1"!(B (;?C&.D 1;#1 &1 &(

('&1#*+" A?! >?'.1#&.?'( A?!"(1( ('6; #( 6?@@&6" (1#.%( #.% 6?>@+"/B >&/"% A?!"(1(8 $"('+1(
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  ! "#$%&'(   ) *+%%,(& -'.&,( ('/('001,2 3,4'50

6'2'($5 ('3$(70  !"#" $% &' ()"*# ('++'& ,"&-"&(. *(#'%% ,!" -$/"#"&, %,*&- 0*#*+","#%1

2'#"'3"#4 5'# * 6$3"& 0*#*+","#4 #"%7),% '8,*$&"- 5'# 9*$&,:;*7) *&- <!*8)*$% -*,* *#" *)%' =7$,"

-$/"#"&,1  !$% %766"%,% ,!*, '0,$+$>"- +'-")% *#" 0*#*+","#: 87, *)%' %$,":%0"($?(1 @'# +"*&

-$*+","# *&- ,'0 !"$6!,4 #"%7),% '8,*$&"- A$,!'7, !"$6!, =7*&,$)"% *#" 5*# 0''#"# ,!*& A$,! 5'7#

'# +'#" !"$6!, =7*&,$)"%1  !$% ,"&-"&(. $% )"%% 0#'&'7&("- 5'# 8*%*) *#"*4 *&- %,"+ -"&%$,. $&

9*$&,:;*7)1 9,"+ -"&%$,. $& <!*8)*$% $% ,!" '&). (*%" A!"#" #"%7),% A$,!'7, !"$6!, =7*&,$)"% *#"

%$+$)*# '# "3"& 8",,"#1 B$,! ,!" <!*8)*$% -*,*4 *((7#*(. '8,*$&"- 5'# #*-$*) C"#&") ǫ:9DE 7%"-
'& F<G 3*#$*8)"% +*$&). -"0"&-% '& ,!" &7+8"# '5 !"$6!, +",#$(%1

8$0$5 $('$ B$,! <!*8)*$% -*,*4 0''# #"%7),% *#" '8,*$&"- A$,! )"%% ,!*& 5'7# !"$6!, +",#$(%

$& ,!" 3*#$*8)" %",1 E"6*#-$&6  !":2E4 -$+"&%$'& #"-7(,$'& '5 ,!" 3*#$*8)"% %", #"-7("% *((7#*(.4

0*#,$(7)*#). 5'# F<G1 E"%7),% '8,*$&"- A$,! ;<G *#" $&,"#+"-$*," *&- =7$," "##*,$(1 B!"& &'

-$+"&%$'& #"-7(,$'& $% 0"#5'#+"-4 *((7#*(. $% 8",,"#1 G((7#*(. 3*)7"% *#" %$+$)*# A!",!"# 5'7#

'# %$H !"$6!, +",#$(% *#" "H,#*(,"-1 E"%7),% *#" $+0#'3"- A!"& ,A' '# ,!#"" -"&%$,. +",#$(% *#"

*--"- ,' ,!" 3*#$*8)"% %",1 B!"& "$6!, !"$6!, +",#$(% *#" 7%"-4 *, )"*%, ,!#"" -"&%$,. +",#$(%

*#" &""-"- ,' 0#'3$-" * 57#,!"# $+0#'3"+"&, '5 0#"-$(,$'& *((7#*(.1

@'# ǫ:9DE4 8",,"# *&- +'#" %,*8)" #"%7),% *#" *(!$"3"- A$,! 0#$'# -$+"&%$'& #"-7(,$'& '5 ,!"
+",#$(% %",1 2"*&A!$)"4 %'+" 6''- *((7#*(. $% '8,*$&"- A$,! * #*-$*) C"#&") 5'# 3*#$*8)"% %",%

(nh, nd, ne) ∈ ({4, 6} × {3} × {1})1 I& ,!" A!')"4 )$&"*# *&- #*-$*) C"#&")% -$%0)*. %$+$)*#

*((7#*(.4 "%0"($*)). A!"& F<G $% "+0)'."-1  !" +*$& 5*(,'# $&J7"&($&6 *((7#*(. $% ,!" &7+8"#

'5 !"$6!, +",#$(% $& ,!" 3*#$*8)"% %",1 B$,! nh = 44 F<G '8,*$&% %)$6!,). 8",,"# #"%7),% ,!*&

;<G1 G((7#*(. -"(#"*%"% 5'# 8',! A!"& nh = 64 87, $% $+0#'3"- A!"& nh = 84 "%0"($*)). 5'#
;<G1 B$,! 3*#$*8)"% %",% #"-7("- 8. F<G4 *((7#*(. %""+% )"%% %"&%$,$3" ,' ,!" &7+8"# '5 ',!"#

+",#$(%1

B$,! 9*$&,:;*7) -*,*4 ,#"&-% *#" %'+"A!*, -$/"#"&,1 E"%7),% *#" %$+$)*# A!"& nh = 0 87,
A!"& +'#" +",#$(% *#" $&()7-"-4  !":2E +'-")% *((7#*(. 6"&"#*)). $&(#"*%"% +'#" ,!*& 5'#

ǫ:9DE1 B!"& &' -$+"&%$'& #"-7(,$'& $% 7%"-4  !":2E *((7#*(. $+0#'3"% A!"& ,!" &7+8"# '5

!"$6!, +",#$(% $&(#"*%"% 5#'+ 5'7# ,' %$H 87, ,!"& -"0"&-% +*$&). '& ,!" &7+8"# '5 *--$,$'&*)

-"&%$,. +",#$(%1 K"%, #"%7),% *#" '8,*$&"- 5'# (nh, nd) ∈ ({6, 8}×{1, 3})1 @'# (nh, nd) ∈ ({6, 8}×
{0, 2}) *& $+0#'3"+"&, $% &',$("- A!"& ,!#"" "&,#'0. +",#$(% *#" $&()7-"-1 B$,! nh = 44
-$+"&%$'& #"-7(,$'& 8"&"?,% ,'  !":2E +'-")% *((7#*(.1  !" '3"#*)) 8"%, #"%7),% *#" '8,*$&"-

A$,! ;<G 5'# nh = 8 *&- nd =∈ {0, 1}1
I3"#*))4 ǫ:9DE *((7#*(. $% )'A"# ,!*& A$,!  !":2E4 %*3" 5'# nh = 01 LH("0, 5'# * 5"A (*%"%4

ǫ:9DE A$,!'7, -$+"&%$'& #"-7(,$'& *&- )$&"*# C"#&") ǫ:9DE *((7#*(. #"+*$&% %,*8)"1 E*-$*)

C"#&") 6$3"% 8",,"# *((7#*(.1 E"%7),% '8,*$&"- A$,! F<G *#" %)$6!,). 0''#"# 87, %""+% )"%%

-"0"&-"&, '& ,!" &7+8"# '5 )*%"# +",#$(%1

*&'3 4'201&9 B$,! <!*8)*$% -*,*4 $, $% ,!" '&). (*%" A!"#" 8"%, *((7#*(. $% '8,*$&"- A$,!'7,

*&. !"$6!, =7*&,$)"%1 I& ,!" A!')"4 )$&"*# C"#&") ǫ:9DE .$")-% 0''# #"%7),%4 A!*,"3"# ,!" -$:

+"&%$'& #"-7(,$'&1 E*-$*) C"#&") ǫ:9DE 6$3"% 8",,"# #"%7),%4 "%0"($*)). A!"& &' !"$6!, =7*&,$)"%
*#" "H,#*(,"-1 E*-$*) C"#&") 7%"- A$,! F<G 6$3"% 6''- *&- %,*8)" #"%7),% A!"& nh = 44 87,
*((7#*(. -"(#"*%"% A!"& +'#" !"$6!, =7*&,$)"% *#" "H,#*(,"-1 B$,! ;<G '# A$,!'7, -$+"&%$'&

#"-7(,$'&4 #*-$*) C"#&") .$")-% 3"#. 3*#$*8)" #"%7),%1 G((7#*(. %""+% 8",,"# A!"& *, )"*%, ,A'

-"&%$,. +",#$(% *#" 0#"%"&,1

@'#  !":2E4 *((7#*(. '8,*$&"- A$,! F<G $% 0''#4 "H("0, 5'# ,!" (*%" (nh, nd, ne) ∈ {0}×{2, 3}×
{1}1 K"%, #"%7),% *#" '8,*$&"- A$,!'7, -$+"&%$'& #"-7(,$'&4 "%0"($*)). A!"& '&" "&,#'0. +",#$(
$% ('+8$&"- A$,! *, )"*%, ,A' -"&%$,. +",#$(%1 9'+" 6''- *((7#*($"% *#" '8,*$&"- A$,! ;<G

A!"& nh ≥ 81

B$,! 9*$&,:;*7) -*,*4 )$&"*# C"#&") *)%' 6$3"% 0''# #"%7),%4 "%0"($*)). A$,! &' -$+"&%$'&



  !"! #$%&'(%    

 !"#$%&'( ') *+ &+,-!. .!%. /&%0 nd = 11 +(" !2$!3% )' $'4,&(+%&'(. ') )'# ' .&2 0!&50% 6#+(%&-!.

/&%0 %/' "!(.&%7 4!% &$.8 ǫ9:;< 4'"!-. +$$# +$7 &. 3'' ! /0!( (' "&4!(.&'(  !"#$%&'( &.

3! )' 4!"1 !*!( %'#50  !.#-%. + ! .-&50-%7 ,!%%! /0!( +% -!+.% %/' "!(.&%7 4!% &$. + ! &($-#"!"8

=&%0  +"&+- >! (!-1  !.#-%. ',%+&(!" /&%0 ?@A +(" B@A + ! .&4&-+ +(" 0+ "-7 "!3!("!(% '( %0!

(#4,! ') -+.! 4!% &$.1 .+*! %0! +,'*! 4!(%&'(!" $'4,&(+%&'(.8 C!.&"!.1 +$$# +$7 "!$ !+.!.

/0!( %0! %'%+- (#4,! ') 4!% &$. &($ !+.!.8

D'  !"9E<1 "&4!(.&'(  !"#$%&'( "'!. ('% +--'/ +(7 +$$# +$7 &43 '*!4!(%8 F''"  !.#-%. + !

',%+&(!" /&%0'#% "&4!(.&'(  !"#$%&'( /0!( %/' "!(.&%7 4!% &$. + ! +""!" %' 0!&50% 6#+(%&-!.8

G2% +$%&(5 %0 !! "!(.&%7 4!% &$. 7&!-". -'/! +$$# +$71 /0! !+. /&%0 '(-7 '(! "!(.&%7 4!% &$

$'4,&(!" %' !&50% 0!&50% 4!% &$.1 +$$# +$7 &. ,!%%! 1 .#55!.%&(5 %0! !2&.%!($! ') $'4,&(!" !H!$%.

') -+.! 4!% &$. ') "&H! !(% %73!.8

)$*+ ,-*.$($/ =&%0 ,'%0 "+%+.!%.1  !.#-%. + ! &43 '*!" /0!( 0!&50% 4!% &$. + ! &($-#"!" &(

%0! *+ &+,-!. .!%8 =&%0 @0+,-+&. "+%+1 +$$# +$7 ',%+&(!" /&%0 ?@A $'43'(!(%. "&.3-+7. .&4&-+ 

% !(". )' ǫ9:;< +("  !"9E<8 ?("!!"1 3 !"&$%&'( !  ' . + ! $-'.! +(" "!3!(" 4+&(-7 '( %0!

(#4,! ') 0!&50% 4!% &$.8 :-&50%-7 ,!%%!  !.#-%. + ! ',%+&(!" /&%0 nh = 68 =&%0'#% "&4!(.&'(

 !"#$%&'( ' /&%0 B@A1 :;< +$$# +$7 &. $-'.! %' ?@A  !.#-%. ,#% 4' ! *+ &+,-!1 !2$!3% /0!(

nh = 48 ?("!!"1 )' *+ &+,-!. .!%. ,+.!" '( )'# 0!&50% 4!% &$.1 B@A 5&*!. %0! ,!%%!  !.#-%.

+-%0'#50 %0! !H!$% ') %0! '%0! 4!% &$. &. ('% !+.&-7 !23-+&(+,-!8 <!5+ "&(5  !"9E<1 ,!.%  !.#-%.

/&%0'#% "&4!(.&'(  !"#$%&'( + ! ',%+&(!" /0!( '(! !(% '37 4!% &$ &. #.!"8 B@A 7&!-". .&4&-+ 

3 !"&$%&'( !  ' .8

=&%0 :+&(%9B+#- "+%+1 ǫ9:;< /&%0'#% "&4!(.&'(  !"#$%&'( 5&*!. 3''  !.#-%.8 B !"&$%&'(

!  ' ',%+&(!" /&%0 ?@A 0+ "-7 "!3!(". '( %0! &($-#"!" -+.! 4!% &$. +(" '( %0!  !5 !..&'(

4!%0'"8 <!5+ "&(5 ǫ9:;<1 -&(!+ +("  +"&+- >! (!-. 7&!-" .&4&-+ +$$# +$78 <!.#-%. ',%+&(!"

/&%0 ?@A +(" B@A + ! )+& -7 .&4&-+ /0!( nh = 41 ,#% +$$# +$7 %!(". %' "!$ !+.! I !.38 &($ !+.!J

)' ?@A I !.38 B@AJ /0!( 4' ! 4!% &$. + ! &($-#"!" &( %0! *+ &+,-! .!%.8 K'/!*! +$$# +$7 &.

,!%%! )'  +"&+- ǫ9:;< /&%0 ?@A )' (nh, nd) ∈ {6, 8} × {0, 2}8
D'  !"9E<1 +$$# +$7 4+&(-7 "!3!(". '( %0! (#4,! ') 0!&50% +(" "!(.&%7 4!% &$.8 <!.#-%.

/&%0 + 0&50! (#4,! ') 0!&50% 4!% &$. + ! ,!%%! 1 +(" + ! )# %0! &43 '*!" /0!( 4' ! %0+(

%/' "!(.&%7 4!% &$. + ! +""!"8 K'/!*! 1 +$$# +$7 )' (nh, nd) = (6, 2) &. ,!%%! %0+( )' (8, 2)8
G(% '37 4!% &$. 0+*! (' !H!$%1 .+*! )' %0! (nh, nd, ne) = (8, 1, 3) +(" (4, 3, 3) $+.!.1 /0! !

+$$# +$7 &.  !.3!$%&*!-7 &($ !+.!" +(" "!$ !+.!"8

012 3$-43( =&%0 @0+,-+&. "+%+1  !"9E< 4'"!-. ',%+&(!" /&%0'#% "&4!(.&'(  !"#$%&'( 7&!-"

+-4'.% %0! .+4! 3 !"&$%&'( !  ' IL8MN %' L8OP 4J8 =&%0 ?@A1  !"9E< 4'"!-. + ! -!.. +$$# +%!1

!*!( %'#50 RMSE "!$ !+.!. "'/( %' Q 4 /0!( nh = 88 =&%0 B@A1  !.#-%. + ! 4' ! *+ &+,-!

,#% ,!%%!  !.#-%. + ! +$0&!*!" IRMSE = 1.43 4J8 =&%0 ǫ9:;<1 +$$# +$7 +$0&!*!" /&%0'#%

"&4!(.&'(  !"#$%&'( &. 3'' +(" *! 7 *+ &+,-!1 !.3!$&+--7 /0!( (' "!(.&%7 4!% &$. + ! &($-#"!"8

=&%0 B@A1  !.#-%. + ! ,!%%! ,#% +-.' 4' ! *+ &+,-!1 !.3!$&+--7 )' -&(!+ >! (!-8 =&%0 ?@A1

 +"&+- +(" -&(!+ >! (!-. "&.3-+7 .&4&-+ %!("!($&!.1 %0! )' 4! ,!&(5 .-&50%-7 4' ! +$$# +%!8

B !"&$%&'( !  ' &. 5-',+--7 -&(>!" %' %0! (#4,! ') 0!&50% 4!% &$.1 +(" &. /' .! )' nh = 88

=&%0 :+&(%9B+#- "+%+1 ?@A 3! )' 4!" 3'' -7 )' +-- 4!%0'".1 !2$!3% )' + )!/ 4!% &$. $'49

,&(+%&'(.8 D'  !"9E< /&%0'#% "&4!(.&'(  !"#$%&'(1 +$$# +$7 &. &($ !+.!" /0!( +% -!+.% %/'

"!(.&%7 4!% &$. + ! +""!" %' %0! 0!&50% 4!% &$.8 K'/!*! /0!( nh = 41 &($ !+.&(5 nd ) '4 %/'

%' %0 !!  !.#-%. &( 0&50! !  ' 8 =0!( B@A &. #.!" .'4! ,!%%!  !.#-%. + ! +$0&!*!" ,#% %0!7 + !

+-.' 4' ! *+ &+,-!8 D' ǫ9:;<1 B@A $'4,&(!" /&%0  +"&+- >! (!- 7&!-". 5''" ,#% 0&50-7 *+ &+,-!

+$$# +$78 =0!( (' "&4!(.&'(  !"#$%&'( &. 3! )' 4!"1 !  ' &. 0&50! 1 !2$!3% )' .'4! 3+ %&$#-+ 

$+.!. /0&$0 &($-#"! $'4,&(+%&'(. ') (nd, ne) ∈ {2, 3} × {3}8



  ! "#$%&'(   ) *+%%,(& -'.&,( ('/('001,2 3,4'50

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

",3%$(10,2 ,6 ('/('001,2 3'&#,40  !"#$ %%&% '$(!)#* (+$ *$((),-* (+!( !##./ (+$ #./$*(

01$')2()., $11.1 3.1 $!2+ *(!,' 0!1!4$($1 !,' (50$ .3 1$-1$**).,& 6.1 $!2+ 2!*$7 (+$ 01$')2().,

$11.1 8RMSE9 ."(!),$' "5 #$!:$;.,$;.<( 21.**;:!#)'!()., )* 01),($'7 !* /$## !* (+$ 4$!, :!#<$
."(!),$' /)(+ =>> ($,;3.#' 21.**;:!#)'!().,*& ?!#<$* 01$')2($' "5 @AA 21.**;:!#)'!()., !1$ 0#.(;

($' !-!),*( (+$ B$#' :!#<$* ), B-<1$ %%&C& D+$, .,#5 (+$ #$!:$;.,$;.<( 1$*<#(* !1$ 2.,*)'$1$'7

."(!),$' !22<1!2)$* 3.1 4.*( 2!*$* !1$ *)4)#!1& ǫ;E?F *$$4* $:$, 4.1$ !22<1!($ 3.1 4$!, ')!4;
$($1 ), G+!"#!)* !,' *($4 '$,*)(5 ), E!),(;H!<#& I,'$$'7 $11.1 ')J$1$,2$* !1$ #./$1 (+!, %&KL7

$M2$0( 3.1 4$!, ')!4$($1 ), G+!"#!)* 8=&KL ')J$1$,2$ "$(/$$, 1!')!# ǫ;E?F !,'  !";NF9 !,'

*($4 '$,*)(5 ), E!),(;H!<# 8K&OL ')J$1$,2$ "$(/$$, #),$!1 ǫ;E?F !,'  !";NF9& E.4$ *)4)#!1)()$*
), (+$ $M(1!2($' 4$(1)2* (+!( 5)$#' (+$ "$*( !22<1!25 3.1 ! -):$, *(!,' 0!1!4$($1 !1$ ,.()2$!"#$

/)(+ (+$ G+!"#!)* '!(!&

P./$:$17 /+$, #..Q),- !( 4$!, 01$')2()., $11.1 !,' )(* *(!,'!1' '$:)!()., $*()4!($' "5

=>> ($,;3.#' 21.**;:!#)'!().,*7  !";NF !00$!1* (. "$ 4.1$ 1."<*(& I,'$$'7 *(!,'!1' '$:)!().,

3.1  !";NF )* "$#./ >&RL $M2$0( 3.1 *($4 '$,*)(5 ), G+!"#!)* /+$1$ IGS +!* "$$, 0$13.14$' 3.1

')4$,*)., 1$'<2().,& 6.1 ǫ;E?F7 *(!,'!1' '$:)!()., :!#<$ 1$!2+$* K&O !,' $:$, %>&TL 3.1 "!*!#

!1$! ), G+!"#!)* 83.1 (+)* #!(($1 2!*$7 2.40<(!()., /!* 0!1()2<#!1#5 *#./ /+)2+ 4)-+( ),')2!($

(1.<"#$* '<1),- 4.'$# B((),-9&

 +$ #.2!()., *+)3( .3 (+$ ')*(1)"<().,* .3 (+$ RMSE ."(!),$' ), ($,;3.#' 21.**;:!#)'!()., 3.1

 !";NF !,' #),$!1 ǫ;E?F )* *)-,)B2!,(#5 ')J$1$,( 31.4 > 8N!,,;D+)(,$5 ($*(7 p < 0.00197
$M2$0( 3.1 *($4 '$,*)(5 ), E!),(;H!<#&  +$ ($*( )* !#*. *)-,)B2!,( 3.1  !";NF 2.40!1$' (. 1!')!#

ǫ;E?F7 $M2$0( 3.1 '.4),!,( +$)-+( ), E!),(;H!<#& D+$, #),$!1 ǫ;E?F !,' 1!')!# ǫ;E?F !1$

2.40!1$'7 #.2!()., *+)3(* !1$ *)-,)B2!,(#5 ')J$1$,( 31.4 > .,#5 3.1 4$!, ')!4$($17 !,' 3.1 "!*!#

!1$! ), E!),(;H!<# 8p < 0.0019& I, !## .(+$1 2!*$*7 (+$ ,<## +50.(+$*)* (+!( (+$ #.2!()., *+)3( )*
$U<!# (. V$1. 2!,,.( "$ 1$W$2($' 8p > 0.19& E(!,'!1' '$:)!()., :!#<$* !1$ !#*. +)-+$1 3.1 (+$
01$')2()., $11.1 ."(!),$' "5 ǫ;E?F7 2.40!1$' (. (+.*$ ."(!),$' "5  !";NF7 $M2$0( 3.1 *($4

'$,*)(5 01$')2($' ., (+$ G+!"#!)* '!(!&

",3%$(10,2 71&# &#' -$(1$85'0 0'& (nh, nd, ne) = (6, 3, 0) D)(+ (+$ :!1)!"#$* *$( (6, 3, 0)
/)(+.<( $,(1.05 4$(1)2* .1 ')4$,*)., 1$'<2().,7 (+$ ."(!),$' 01$')2()., $11.1* 3.1 "!*!# !1$!7

*($4 '$,*)(57 4$!, ')!4$($1 !,' (.0 +$)-+( !1$ =C&C7 =C&R7 =R&C !,' K&XL 3.1 G+!"#!)* '!(!7

!,' %T&X7 =O&O7 %X&C !,' %=&KL 3.1 E!),(;H!<#

 

& Y5 <*),- ')J$1$,( #!*$1 4$(1)2* !,' ')4$,*).,
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 FF# K% V% :+,?+). /% L% 7=+2d. 0% M% U136;65. 7% V% $+)+3,;. _% W% $1)-6J+,. V% a% XB5=e.

0% 8% Y+A-=). 7% 7% T6,J+,. 6)* f% _% 06*+A=e. 90+B=2+ -+)-<)? =@ N+?+262<=) \&U -2,14&
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