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 !" "#$%&'('&) *$&+', -. &!" (-/%&'&0&'1" "20$&'-/ -. "$(! /0*"+'($# #$)"+ k 3k = 1, . . . , n4

.-+ &!" *"$/ *-5"# '% 5"/-&"5 6) [Ak] $/5 '% $ *$&+', 6"#-/7'/7 &- &!" %"&  +
5 (!) -. $## &!"

8-%'&'1"95":/'&" %)**"&+'( 35×54 +"$# *$&+'("%;  !" *0#&'#$)"+ %)%&"* '% 5":/"5 '/ $ ($+&"%'$/

(--+5'/$&" $,'% 3-,)<4 =!"+" - '% #-($&"5 '/ &!" (-*8-%'&" *'58#$/";

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

 !" 0%0$# -/" 5'*"/%'-/$# !-*-7"/'<$&'-/ &!+-07! &!" &!'(>/"%% -. &!" *0#&'#$)"+ (-*8-%'&"

)'"#5% $ *$&+', "20$&'-/ +"#$&'/7? 6) *"$/% -. &!" !-*-7"/'<"5 *"$/ *$&+', [Ag]? &!" *"*6+$/"

.-+("% "i, i = {1, 2, 6}? &!" 6"/5'/7 *-*"/&% #i, i = {1, 2, 6} $/5 &!" %!"$+ .-+("%? "i, i = {4, 5}?

='&! &!" *"*6+$/" 5".-+*$&'-/% em
j , j = {1, 2, 6}? &!" 6"/5'/7 5".-+*$&'-/% κj , j = {1, 2, 6}

$/5 &!" %!"$+ 5".-+*$&'-/% ej , j = {4, 5} $((-+5'/7 &- @2; 3A4;



"1

"2

"6

−

#1

#2

#6

−

"4

"5




=




| | 0 0

[H] | [B] | 0 0

| | 0 0

−− −− −− − −− −− −− − −− −−

| | 0 0

[B] | [C] | 0 0

| | 0 0

−− −− −− − −− −− −− − −− −−

0 0 0 | 0 0 0 | F 44 F 45

0 0 0 | 0 0 0 | F 45 F 55







em
1

em
2

em
6

−

κ1

κ2

κ6

−

e4

e5




, 3A4

B



 !"#"

[H]ij =
n∑

k=1

(zk − zk−1)Ã
k

ij(M, θ) i $%& j = 1, 2, 6 , '($)

[C]ij = 1/3
n∑

k=1

(z3
k − z3

k−1)Ã
k

ij(M, θ) i $%& j = 1, 2, 6 , '(*)

[B]ij = 1/2
n∑

k=1

(z2
k − z2

k−1)Ã
k

ij(M, θ) i $%& j = 1, 2, 6 , '(+)

[F ] =
n∑

k=1

(z3
k − z3

k−1)




Gk
TN 0

0 Gk
NL


 . '(&)

,!" -./0 '($)1'(&) +2##"/32%& #"/3"+456"78 42 4!" 9"9*#$%" /45:%"// 9$4#5; "7"9"%4/< 4!" *"%&1

5%= /45:%"// 9$4#5; "7"9"%4/< 4!" 9"9*#$%"1*"%&5%= +2>375%= 9$4#5; "7"9"%4/ $%& 4!" /!"$#

/45:%"// 9$4#5; "7"9"%4/0 ?% 4!"/" ".>$452%/< θ 5/ 4!" 4"93"#$4>#" $%&M = (x, y, z) 5/ $ 325%4 5%

4!" @A &29$5%0 ,!" 9$4#5+"/ [Ã
k
(M, θ)] $#" />+! 4!$4 [Ã

k
(M, θ)] = (I − [Dk(M, θ)])[Ak(M, θ)]

5%  !5+! [Ak(M, θ)] $%& [Dk(M, θ)] +2##"/32%& 42 4!" /45:%"// $%& &$9$=" 9$4#5+"/ 2B 4!" 7$8"#

C< #"/3"+456"780 D5%$778< 2%" !$/ Ak
11 = Ex/(1 − νxyνyx)< Ak

22 = Ey/(1 − νxyνyx)< Ak
66 = Gxy<

Ak
12 = νxyEy/(1 − νxyνyx) = Ak

21< Ak
44 = Gyz< Ak

55 = Gzx $%& Ak
45 = Ak

54 = Ak
26 = Ak

62 = Ak
16 =

Ak
61 = 00

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

,!" 9"$% 4!"#9$7 &5:>/56548 '/"" D5=0 E) 2B 4!" FGF 37$4"/ 5/ 5&"%45H"& *8 $% 5%6"#/" 3#2*1

7"9 3"#B2#9"&  54! $ &"6"723"& H%54" "7"9"%4 +2&" 2B !"$4 4#$%/B"# $%$78/5/ $%& $++2#&5%= 42

4"93"#$4>#"1459" 4"/4/ +$##5"& 2>4  54! 4!" ,IJ0 ,!" FGF 4!"#9$7 +2%&>+456548 5/ $7/2 5&"%1

45H"& *8 4!"#9$7 ";3"#59"%4/ $4 4!" /4"$&8 /4$4" 3"#B2#9"&  54! 4!" ,IJ0 ,!" !"$4 4#$%/B"#

$%$78/5/ 4!#2>=! 4!" 4!5+C%"// 2B 4!" FGF 9>7457$8"# '4$C5%= 5%42 $++2>%4 4!" 5&"%45H"& 3$#$91

"4"#/) $772 / 4!" 4"93"#$4>#" 5% 4!" 95&&7" 2B 4!" &5:"#"%4 %>9"#5+$7 7$8"#/ 2B 4!" FGF 42 *"

+$7+>7$4"& $/ $ B>%+452% 2B 4!" 4!"#9$7 72$&5%= 459" 'D5=0 K)0 ,!" 9"+!$%5+$7 +!$#$+4"#5/45+/ 2B

E



 !" #$# %&'"() *+,-./0) 1,2-%-)3 &(" 1,2"%"2 4' &. &5." 6-.7 8,. ,6  !" 1"&.  "19"(& -("

T: ;!" 9&(&1" "() & &.2 4 !&<" 4"". 82". 8="2 >8 !  !"  !"(1,?1"7!&.87&% (")9,.)" ,6  !"

1-% 8%&'"( 7,19,)8 ": *;!8) 82". 8=7& 8,. '8"%2) a = −3.71 &.2 b = 2.453: @ )!,-%2 4" ., "2

 !& ., 9(,4&48%8) 87 1,2"% ,6 -.7"( &8. 8") 6,(  !" !"&  (&.)6"( &.&%')8) 8) 819%"1". "2 8.  !"

1,2"%:

 !"!#$ "%&$'

A) & =() &99(,&7!B & 7- ?,C 1,2"% >&) &2,9 "2 6,(  !" 9%&) "( %&'"(): D,( "&7! 9,8. ,6  !"

1,2"%"2 2,1&8.B  !" 2&1&/" 8) "E-&%  , F"(, 86  !" ) (")) 8) %"))  !&.  !" %818 ) (")) &.2 "E-&%

 , G , !"(>8)": ;!8) =() .,.%8."&( &99(,&7! -)"2 6,( 1,2"%8./  !" /%,4&% 4"!&<8,( ,6  !" #$#

)!,>) & /,,2 E-&%8 & 8<" &/(""1". >8 ! "H9"(81". &% (")-% ) & 120I# &.2 ),1" 28C"(".7")

& (,,1  "19"(& -(" *J&KL8 " &%: MNNO3: @. ,(2"(  , 819(,<"  !" 1,2"% 9("287 8,.B & 4(8  %"

2&1&/" 1,2"% *)"" P&L&( GQRS3 !&) 4"". 819%"1". "2 6,(  !" 9%&) "(: A77,(28./  ,  !8) 1,2"%B

>!87! 8) 4&)"2 ,. ) (&8. "."(/' 6,(1-%& 8,.B  !" 2&1&/" "<,%- 8,. %&> ,6 "&7! .-1"(87&% %&'"(

,6  !" 9%&) "( 7&. 4" >(8  ". &)

βk =





βk
0 "H9(ωk) 86α = 0 ,

βk
0 (1 + αωk)1/α

86α 6= 0 .

*T3

@. UE: *T3  !" 9&(&1" "() βk
0 B α &.2 ωk

2"9".2 ,.  "19"(& -(" θB ,.  !" 9,8. V &.2 ,.

ωk = W k
perf/W ∗

k : ;!" E-&. 8 ' W k
perf 8)  !" ) (&8. "."(/' ,6  !" -.2&1&/"2 1& "(8&% 6,(  !"

%&'"( k: ;!" .,18.&% 2&1&/" "."(/' 6,(  !" %&'"( kB 2"., "2 4' W ∗
k B 8) 2"=."2 &)  !" .,18.&%

7&9&78 ' ,6  !" 1& "(8&%  , ) ,(" "."(/' 8.  !" 6,(1 ,6 8. "(.&% ) (-7 -(&% 2&1&/": D8.&%%'B βk
0

8)  !" 8.8 8&% 2&1&/" 6,(  !" %&'"( k &.2 α 8) & 1,2"% 9&(&1" "(: A) & =() &))-19 8,.B >"

7,.)82"(  !" 9%&) "( 2&1&/" &) 8), (,987 &.2 6,%%,>)  !" 2&1&/" "<,%- 8,. %&> ,6 UE: *T3 8. "&7!

9(8.789&% 28("7 8,.: ;!" 2&1&/" 1& (8H [Dk] ("%& "2  ,  !" .-1"(87&% %&'"( k ,6  !" 9%&) "( 8)

Q



 !"# $%&  "# '(

[Dk] = βk[I] , (k = 2, . . . , n − 1) . )*+

,&#'--./  !" 01 234 536"- &( 1("6 73%  !" 0'%683'%6 $!&-" ' 8%&  -" 6'5'9" 536"- &( 1("6 73%  !"

:-'( "%83'%6;

 !"#$"%&' ()%'*!+*%,)&"$,&# &"&#-.$. !/ ()% 010 *%&" *!2%#

< 51- &-'."%  !&# :-' "  !"3%. &( 1("6 $& !  !" 03#( & 1 &=" ">1' &3# ?>; )@+; < A#& " "-"5"# 

036" &( 6"="-3:"6 73%  !" #3#-&#"'%  !"%532"-'( &0 536"-; B!" 5"0!'#&0'- %"(:3#(" 37  !" CDC

&( 0'-01-' "6 '( ' 71#0 &3# 37  !" "E "%#'- 5"0!'#&0'- -3'6 03%%"(:3#6&#9  3 ' 731%2:3&# 8"#6&#9

 "( ; B!" 6'5'9" :'%'5" "%( '%" (10!  !' α20FC = 0.1/ β20FC = 0.005/ (W ∗
k )20FC = 3.2KJ/m3

73%  !"  "5:"%' 1%" θ = 20FC '#6 α120FC = 0.8/ β120FC = 0.005/ (W ∗
k )120FC = 2KJ/m3

73%  !"

 "5:"%' 1%" θ = 120FC; ,&91%"( @G '#6 @@ (!3$  !" 035:'%&(3#( 37  !" "E:"%&5"# '- %"(1- (

$& !  !" #15"%&0'- (&51-' &3#( 73%  !" '::-&"6 5"0!'#&0'- -3'6 '( ' 71#0 &3# 37  !"  %'#(="%('-

6&(:-'0"5"# ' 20FC '#6 120FC %"(:"0 &="-.;

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

H" #3$ 03#(&6"% 6' ' '#6 536"- 1#0"% '&# &"( &#  !" :!.(&0'- -'."%( )(18(0%&: I+; H" !'=" 1("6

 !" #3#:'%'5" %&0 :%38'8&-&( &0 '::%3'0! )("" J3&K" LGGM+ &# 3%6"%  3  'N" &# 3 '0031#  !"("

1#0"% '&# &"(; <003%6&#9  3  !&( '::%3'0!/ ' 9-38'- %'#635 536"- &( 03#( %10 "6 1(&#9 %'#635

5' %&E  !"3%. %' !"%  !'# 1(&#9 ' :%38'8&-&( &0 536"- 37 "'0! 1#0"% '&# :'%'5" "% ):'%'5" %&0

:%38'8&-&( &0 '::%3'0! ) !"! ("" O!'#"5 '#6 J:'#3( @PP@++;

@G



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

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

+
5 (!) 341!*- ('&-156 7#- 4$'8!8+1+*9

&-%)+*9 :2%"*+'% ': *#+) (!*$+. +) "'%)*$2"*-& :'11'/+%; *#- 4$'"-&2$- ;+0-% +% *#- %-.* )-"*+'%6

<% #'(';-%+=!*+'% *#$'2;#'2* *#- *#+">%-)) ': *#- ?@? 3!) :'$ *#- (-!% ('&-15 +) !441+-& *'

*#- $!%&'( (21*+1!9-$ "'(4')+*- !%& 9+-1&) *#- $!%&'( (!*$+. [Ag] ': *#- $!%&'( #'(';-%+=-&

"'%)*+*2*+0- -A2!*+'%

[Ag] = hom{[Ã1], . . . , [Ãj ]} . 3B5

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

7#- 4$'8!8+1+*9 &-%)+*9 :2%"*+'% ': *#- (!*$+. [Aj ] +) "'%)*$2"*-& 2)+%; *#- (!.+(2( -%*$'49

4$+%"+41- 3)-- C'+=- DEEB56 7#- (!.+(2( -%*$'49 4$+%"+41- !11'/) *#- 4$'8!8+1+*9 &-%)+*9 :2%"F

*+'% ': ! $!%&'( 0!$+!81- *' 8- "'%)*$2"*-& 89 (!.+(+=+%; *#- -%*$'49 :2%"*+'% 2%&-$ "'%)*$!+%*)

&-G%-& 89 *#- !0!+1!81- +%:'$(!*+'%6 7#- !0!+1!81- +%:'$(!*+'% $-1!*-& *' $!%&'( (!*$+. [Aj ]

+) &-G%-& !) :'11'/)H

I6 7#- $!%&'( (!*$+. +) /+*# 0!12-) +%  

+
5 (!)6

D6 7#- (-!% 0!12- +) )2"# *#!* E{[Aj ]} = [Aj ] +% /#+"# E{·} &-%'*-) *#- (!*#-(!*+"!1

-.4-"*!*+'%6

J6 E{‖[Aj ]−1‖2
F } < +∞ /#-$- ‖[A]‖F = (*${[A][A]T })1/2

+) *#- K$'8-%+2) %'$(6

7#- 1!)* "'%)*$!+%* +%)2$-) *#- -.+)*-%"- ': ! )-"'%&F'$&-$ )'12*+'% ': *#- )*'"#!)*+" 4$'81-(

!%& *#-% *' 8- "'%)+)*!%* /+*# (-"#!%+"L) "'%)+&-$!*+'%)6

7#- $!%&'( (!*$+. [Aj ] ': *#- jth
1!9-$ +) /$+**-% !)

[Aj ] = [LAj ]T [GAj ][LAj ] . 3M5

II



 !"#" [LAj ] $% & (5 × 5) #"&' ())"# *#$&+,('&# -&*#$. %(/! *!&* [Aj ] = [LAj ]T [LAj ]0 1!" )#234

&3$'$*5 6$%*#$3(*$2+ 7(+/*$2+ 27 *!" #&+62- -&*#$. [GAj ]  $*! 8&'("% $+  +
5 (!) $% 6"9+"6 35

*!" )#23&3$'$*5 6"+%$*5 7(+/*$2+ [GAj ] 7→ p[G
Aj ]([GAj ]) 7#2-  

+
5 (!) $+ !+

 $*! #"%)"/* *2 *!"

-"&%(#" d̃GAj %(/! *!&* d̃GAj = 2n(n−1)/4
∏

1≤i≤k≤n d[GAj ]ik &+6 %(/! *!&*

p[G
Aj ]([GAj ]) = "

 

+

5 (!)
([GAj ]) × cG

Aj
× (det[GAj ])

3
1−δ2j

δ2
j × exp(− 3

δ2
j

tr[GAj ]) , :;<

$+  !$/! *!" +2#-&'$=&*$2+ )2%$*$8" /2+%*&+* cG
Aj
$%  #$**"+ &%

cG
Aj

= (2π)−5(
3

δ2
j

)15δ−2

j /{
n∏

l=1

Γ(
3

δ2
j

+
1 − l

2
)} . :><

?+ @A0 :><B 72# z > 0B Γ(z) $% *!" ,&--& 7(+/*$2+ 6"9+"6 35 Γ(z) =
∫ +∞

0 tz−1e−tdt0 1!"

)&#&-"*"# δj &''2 % *!" )#23&3$'$*5 -26"' 6$%)"#%$2+ 27 *!" #&+62- -&*#$. [GAj ] *2 3" /2+*#2''"6

:&+6 *!"+ *!" 6$%)"#%$2+ 27 *!" #&+62- -&*#$. [Aj ] *2 3" /2+*#2''"6<0 C" !&8"

δj = {E{‖[GAj ] − [GAj ]‖2
F }/‖[GAj ]‖2

F }1/2 . :D<

1!" )&#&-"*"# δj $% $+6")"+6"+* 27 *!" #&+62- -&*#$. 6$-"+%$2+ &+6 -(%* 3" %(/! *!&*

0 < δj <
√

0.6 . :EF<

G2# *!" H2+*"4I&#'2 %$-('&*$2+ -"*!26B *!" #"&'$=&*$2+% 27 *!" #&+62- -&*#$/"% [A]j &#" /2+4

%*#(/*"6 (%$+, *!" 72''2 $+, &',"3#&$/ #")#"%"+*&*$2+J

[GAj ] = [Lj ]
T [Lj ] , :EE<

 !"#" [Lj ] $% &+ ())"# #&+62- *#$&+,('&# -&*#$. %(/! *!&*J

• K&+62- 8&#$&3'"% {[Lj ]kk′ , k ≤ k′} &#" $+6")"+6"+*B

• G2# k ≤ k′
B *!" #&+62- 8&#$&3'" [Lj ]kk′

B $% %(/! [Lj ]kk′ = σjYkk′
B $+  !$/! σj = δj/

√
6 &+6

Ykk′
$% & +2#-&'$="6 L&(%%$&+ #&+62- 8&#$&3'"B

EM



•  !" k = k′
# [Lj ]kk = σj

√
2Vkjσj = δj/

√
6 $%&"& Vkj '( ) *)++) "),-!+ .)"')/0& $%'1%

2"!/)/'0'34 -&,('34 56,13'!, *'.&, /4

p
Vj

(ν) =  

!

+(ν)
1

Γ(3/δ2
j + (1 − k)/2)

ν
3

δ2
j

+ 1−k
2

e−ν . 789:

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

;%& ,!,0',&)" (3!1%)(3'1 /!6,-)"4 .)06& 2"!/0&+ '( )22"!<'+)3&- /4 3%& 6(6)0 =,'3& &0&>

+&,3 +&3%!- 7)0(! 1)00&- (3!1%)(3'1 =,'3& &0&+&,3 +&3%!-:? ;%& +&), *0!/)0 (3'@,&(( +)3"'<

7[K(q , T)]: !5 3%& 10)(('1 +&), =,'3& &0&+&,3 +!-&0',* 7 !"! [K(q , T)]q = f: '( 3%&, "&20)1&-

/4 ) "),-!+ +)3"'< [K(q , T)]? ;%& (!063'!, q '( ,! 0!,*&" -&3&"+','(3'1 ),- 3%&, /&1!+&( )

(3!1%)(3'1 2"!1&(( -&,!3&- /4 Q? ;%& +&), &A6)3'!, '( 3%&, "&20)1&- /4 3%& (3!1%)(3'1 &A6)3'!,

1!""&(2!,-',* 3! 3%& 2"!/)/'0'(3'1 +!-&0 !5 6,1&"3)',3'&( $%'1% '( $"'33&, )(

[K(Q , T)] Q = f , 78B:

$%&"& [K(Q , T)] 1!""&(2!,-( 3! 3%& *0!/)0 (3'@,&(( +)3"'< 1!,(3"613&- /4 3%& )((&+/04 !5 3%&

"),-!+ &0&+&,3)"4 +)3"'1&( [Ke(Q , T)] (61% 3%)3

[Ke(Q , T)] =

∫

De

[Be(x1, x2, 0)]T [Ag(x1, x2, Q , T)] [Be(x1, x2, 0)] dx1 dx2 . 78C:

D, EA? 78C:# [Ag(x1, x2, Q , T)] -&,!3&( 3%& %!+!*&,'F&- +)3"'< 1!,(3"613&- )11!"-',* 3! EA? 7G:

$%&"& 3%& 62-)3&- -)+)*&# )11!"-',* 3! EA? 7B: ),- EA? 7C:# '( 3)H&, ',3! )11!6,3 6(',* ',3&",)0

'3&")3'!,(? I)3"'< [Be(x1, x2, 0)] 1!""&(2!,-( 3! 3%& (3")', ',3&"2!0)3'!, +)3"'< !5 &)1% =,'3&

&0&+&,3 -&=,&- ', 3%& &0&+&,3)"4 -!+)', De?

5#-)/,(#!) (-%3$* ,"' )-"3$*6$")$

;%& I!,3&>J)"0! ('+60)3'!, +&3%!- '( 6(&- )( 3%& (3!1%)(3'1 (!0.&" 5!" 3%& "),-!+ ,!,0',&)"

&A6)3'!, 7 !"! EA? 78B::?  !" j = 1, 2, 3# 0&3 [Aj(r1)], . . . , [Aj(rns)] /& ns ',-&2&,-&,3 "&)0>

'F)3'!,( !5 "),-!+ +)3"'< [Aj ]? E)1% "&)0'F)3'!, {[Aj(rℓ)], j = 1, 2, 3} !5 3%& 2%4('1)0 0)4&"(
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 !"#$%&"#$ '( )*"+,-# ".$ !"#$%&"#$ /0 1+ !&.+,#2!,-$ 2+1.3 ,4- +!4-5- $-+!#1%-$ 1. ,4- 6&2#,4

7-!,1&. ".$ "!!&#$1.3 ,& 89:  ''0( 89:  ;0 ".$ 89:  <0: =4- 4&5&3-.1>",1&. )#&!-++ 31?-. %@

89:  A0 ".$ "))*1-$ ,& ,4- #".$&5 5",#1!-+ &6 -"!4 .25-#1!"* *"@-# k(  k = 1, . . . , n0 ,4#&234&2,

,4- ,41!B.-++ &6 ,4- CDC( @1-*$+ ,4- #-"*1>",1&. &6 ,4- #".$&5 5",#1E [Ag(x1, x2, Q(rℓ,T), rℓ)]

&6 ,4- 4&5&3-.1>-$ 52*,1*"@-#: =4- !&##-+)&.$1.3 #-"*1>",1&. &6 89:  'F0 1+ ,4-. G#1,,-. "+

[K(Q(rℓ) , T)] Q(rℓ) = f .  'A0

892",1&.  'F0 1+ +&*?-$ %@ )-#6&#51.3 1.!#-5-.,+ &. *&"$ G1,4 " *&"$ +,-) +5"** -.&234 ,& ,"B-

1.,& "!!&2., $"5"3- G41!4 1+ 2)$",-$ "!!&#$1.3 ,& 89:  F0 &6 ,4- $"5"3- -?&*2,1&. *"G: =4-

2)$",-$ $"5"3- 1+ ,"B-. 1.,& "!!&2., 2+1.3 1.,-#."* 1,-#",1&.+:

=4- !&.?-#3-.!- G1,4 " #-+)-!, ,& ,4- .25%-# ns &6 #-"*1>",1&.+ r1, . . . , rns 2+-$ 1. ,4-

H&.,- C"#*& +152*",1&. 1+ +,2$1-$ %@ "."*@>1.3 ,4- 62.!,1&.

ns 7→ conv(ns) =

{
1

ns

ns∑

ℓ=1

‖Q(rℓ)‖2

}1/2

.  '<0

I-, Qj %- ,4- #".$&5 ,#".+?-#+"* $1+)*"!-5-., &6 ,4- CDC )*",- ", " 31?-. .&$- &6 ,4- 5-+4:

=4- !&.J$-.!- #-31&. G1,4 #-+)-!, ,& " 31?-. )#&%"%1*1,@ *-?-* Pc 1+ $-J.-$ %@ ,4- 2))-# ".$

,4- *&G-# -.?-*&)-+  q+
".$ q− #-+)-!,1?-*@0 +2!4 "+

Prob(q− < Qj ≤ q+) = Pc .  ';0

=4- -+,15",1&. &6 q− ".$ q+
1+ )-#6&#5-$ 2+1.3 ,4- +"5)*- 92".,1*-+: I-, Q1 = Qj(r1), . . . , Qns =

Qj(rns)( ns %- 1.$-)-.$-., #-"*1>",1&.+ &6 ,4- #".$&5 ?"#1"%*- Qj : I-, Q̂1 < . . . < Q̂ns %- ,4-

&#$-# +,",1+,1!+ &6 ,4- 1.$-)-.$-., ?"#1"%*-+ Q1, . . . , Qns : =4-#-6&#-( " )&++1%*- -+,15",1&. &6

,4- *&G-# ".$ ,4- 2))-# -.?-*&)-+ &6 q− ".$ q+
1+

q− ≃ Q̂j− G1,4 j− = fix(ns(1 − Pc)/2) ,  'K"0

q+ ≃ Q̂j+ G1,4 j+ = fix(ns(1 + Pc)/2) ,  'K%0

'L



 !"#" fix(x) $% &!" $'&"("# )*#& +, &!" #"*- './0"# x1

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

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

3#"&$8"4 05 &!" %&+3!*%&$3 9'$&" "-"/"'& /"&!+41 2" *#" $'&"#"%&"4 $' &!" #*'4+/ #"%)+'%" Q *%

* ,.'3&$+' +, &!" *))-$"4 /"3!*'$3*- -+*41 : + 3*%"% *#" 3+'%$4"#"4; &!" 9#%& +'" 3+##"%)+'4%

&+ * &"/)"#*&.#" +, <=>? @#++/ &"/)"#*&.#"A *'4 &!" %"3+'4 +'" 3+##"%)+'4% &+ B<=>?1 :!"

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

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

• (δplaster)20>C = 0.15 *'4 (δcardboard)20>C = 0.08 *& <=>? ;

• (δplaster)120>C = 0.18 *'4 (δcardboard)120>C = 0.09 *& B<=>? 1

D+# "*3! &"/)"#*&.#" 3*%"; &!" E+'&" ?*#-+ %$/.-*&$+' /"&!+4 $% 3*##$"4 +.& ,+# ns %$/.-*&$+'%

 $&! (ns)20>C = 350 *'4 (ns)120>C = 7001 D$(.#"% B< *'4 BF *#" #"-*&"4 &+ &!" 3+'6"#("'3"

,.'3&$+' @GH1 @BIAA *& <=>? *'4 *& B<=>? #"%)"3&$6"-51 D$(.#"% BJ *'4 BK 4$%)-*5 &!" 3+/)*#$%+'

+, &!" "C)"#$/"'&%  $&! &!" 3+'94"'3" #"($+'% 3*-3.-*&"4 ,+# Pc = 0.98 *& 20>C *'4 120>C

#"%)"3&$6"-51

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

L 4"&"#/$'$%&$3 '+'-$'"*# &!"#/+7/"3!*'$3*- /+4"- !*% 0""' )#"%"'&"4 ,+# %&.45$'( * 3*#40+*#47

)-*%&"#73*#40+*#4 /.-&$-*5"# )-*&"1 L '" &"%& 0"'3! ,+# &!"#/+7/"3!*'$3*- 3!*#*3&"#$8*&$+'

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

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

%5%&"/ $'4.3"4 05 &!" '*&.#" +, &!" /*&"#$*-% .%"4 $' &!" ?N? )-*&"% @)-*%&"# *'4 3*#40+*#4A;
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 !"#" $% & %$'($)*&( +&#$&,$-$ . $(  !" #"&- /0/ 1-& "% $(23*"2 ,.  !" 1#4*"%% 45 5&,#$*& $4(

&(2  !"#" &#" ,4 ! 642"- 3(*"# &$( $"% &(2 2& & 3(*"# &$( $"% $(  !"  !"#6476"*!&($*&- 642"-

1#414%"28 /4(%"93"( -.: & 1#4,&,$-$% $* 642"- 45 3(*"# &$( $"% !&% ,""( $( #423*"2 $( 4#2"#

 4 $(*#"&%"  !" #4,3% ("%% 45  !" 1#"2$* $4(%8 ;!" 2$%1"#%$4( 1&#&6" "#% 45  !" 1#4,&,$-$% $*

642"- 45  !" 6"*!&($*&- 1#41"# $"% 54#  !" *&#2,4&#2 &(2 54#  !" 1-&% "# !&+" "<1"#$6"( &--.

,""( $2"( $)"2 54#  =4  "61"#& 3#" % "1% &**4#2$('  4  !" >?@ABC  !"#6&- -4&2 *3#+"8 ;!"

*4()2"(*" #"'$4( !&% ,""( *4(% #3* "2  4 1#"2$*  !" '-4,&-  !"#6476"*!&($*&- ,"!&+$4# 45  !"

/0/ 63- $-&."# 1-& " %3,6$  "2  4 & >?@ABC  !"#6&- -4&2$('8 ;!" 1#414%"2 642"- =$ ! 3(7

*"# &$( $"% *&( ," *4(%$2"#"2 &% +&-$2& "2 ,. "<1"#$6"( %  &D$(' $( 4 &**43(  !" *461-"<$ . 45

 !"  !"#6476"*!&($*&- %.% "68

>(  !$% 1&1"#:  !" !"&  #&(%5"# &(&-.%$% !&% ,""( 1"#54#6"2 =$ ! 2" "#6$($% $*  !"#6&-

1#41"# $"%: =!$*! 6"&(%  !& (4 3(*"# &$( $"% 642"-$(' !&+" ,""(  &D"( $( 4 &**43( 54#  !"

 !"#6&- 1#41"# $"%8 > %!43-2 ," (4 "2  !& &(4 !"# $(+"% $'& $4( !&% ,""( 2"+"-41"2  4 &(&-.E"

 !" !"&  #&(%5"# =$ ! 3(*"# &$(  !"#6&- 1#41"# $"% $(  !" *4( "< 45  !" 1#4,&,$-$ .  !"4#. F%""

?&DG$ HIIJK8 > !&% ,""( 1#4+"(  !&  !"  "61"#& 3#" )"-2 $(  !" /0/ 1-& " $% %"(%$ $+"  4  !"

3(*"# &$( $"% $(  !"  !"#6&- 1#41"# $"% ,3 $( 4114%$ " $ !&% ,""( 1#4+"(  !&  !" % & $% $*&-

L3* 3& $4(% 45  !"  "61"#& 3#" )"-2 &#" (4 %3M*$"( -. -&#'"  4 %$'($)*&( -. 642$5.  !" (4(-$(7

"&#  !"#6476"*!&($*&- ,"!&+$4# 45  !" /0/ 1-& " %3,6$  "2  4 )#" -4&2 &(2 6"*!&($*&- -4&2%8

;!$% $%  !" #"&%4( =!. =" !&+" 1#"%"( "2 & %$61-$)"2 +"#%$4( 45  !$% =4#D $( 4#2"#  4 $(*#"&%"

$ % #"&2&,$-$ .8 N$(&--.: $ %!43-2 ," (4 "2  !&  !" 3(*"# &$( $"% $(23*"2 ,. )#" %*"(&#$4 $% (4 

*4(%$2"#"2 $(  !" *4( "< 45  !$% 1&1"# ,"*&3%"  !"  !"#6&- -4&2$(' $% )<"2 ,.  !" >?@ ABC

 !"#6&- -4&2$(' *3#+"8

;!" -$6$ & $4( 45  !" 642"- 2"+"-41"2 $% 23"  4  !" 3%" 45 & (4(-$("&#  !"#6476"*!&($*&-

642"- $(% "&2 45 & (4(-$("&#  !"#647!.2#47*!"6$*476"*!&($*&- 642"-8 O4="+"#: $ %!43-2 ,"
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 !"#$ "%&" "%# %'$(!)*%#+,*&- .%# !+# & &(# ,+.-,*,"-' "&/# , "! &**!0 " 1' "%# .(!.!2#$

#3.#(,+# "&- .(!"!*!- 4%,*% (#.(!$0*#2 "%# 567 89: "%#(+&- -!&$ *0(;# & $ ,2 &-2! "&/# , "!

&**!0 " 1' "%# 02# !< "%# .(!1&1,-,2",* +!$#- !< 0 *#("&, ",#2=

>! *#( , ? "%# 2"(0*"0(&- # ?, ##(, ? &..-,*&",! 2@ "%# +&, *! *-02,! 2 !< "%,2 .&.#( *& 1#

20++&(,A#$ &2 <!--!42B CDE $#;#-!.+# " !< &  #4 #3.#(,+# "&- .(!"!*!- <!( "%#(+!)+#*%& ,*&-

*%&(&*"#(,A&",! !< "%# >F> .-&"#G CHE $#;#-!.+# " !< &  ! -, #&( "%#(+!)+#*%& ,*&- +!$#-

, *-0$, ? 0 *#("&, ",#2 & $ #3.#(,+# "&--' ;&-,$&"#$ <!( >F> .-&"#2 , 2.,"# !< "%# <&*" "%&"  !

+!$#- #3,2"#$ <!( 20*% >F> , "%# -,"#(&"0(#G C9E "%# #3.#(,+# "&- "%#(+!)+#*%& ,*&- +#&20(#)

+# "2 ! 2#;#(&- 2.#*,+# 2 2%!4 2+&-- ;&(,&1,-,"' !< "%#  ! -, #&( 1#%&;,!( 10" 2%!4 & -&(?#

;&(,&1,-,"' <!( "%# 0-",+&"# -!&$G "%,2 "4! "'.#2 !< ;&(,&1,-,"' &(# ;#(' 4#-- .(#$,*"#$ 1' "%#

 ! -, #&( "%#(+!)+#*%& ,*&- +!$#- , *-0$, ? 0 *#("&, ",#2 C2## I?=CD:E & $ CDJEE=

K%# !1L#*",;# !< "%,2 .&.#( ,2 ! -' <!*02#$ ! "%# $#;#-!.+# " !< #3.#(,+# "&- & $ +!$#-, ?

"!!-2 "! & &-'A# "%#  ! -, #&( "%#(+!)+#*%& ,*&- (#2.! 2# !< >F> .-&"#2 201+,""#$ "! I(#

-!&$ & $ +#*%& ,*&- -!&$2= M!4#;#(@ "%#2# $#;#-!.+# "2 *! 2","0"# &  #*#22&(' I(2" 2"&?# "!

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

*!+.-#"# -&(?# -,?%" .&(",",! = K%,2 &2.#*" (#N0,(#2 &$$,",! &- 4!(/2 <!( 4%,*% !"%#( "'.#2 !<

$#;#-!.+# "2 +02" 1# .#(<!(+#$ & $ &(#  !" (#-#;& " !< "%,2 .&.#(= O#;#("%#-#22@ 4# ?,;# 1#-!4

2!+# , $,*&",! 2 &1!0" "%# +#"%!$!-!?' 4%,*% *!0-$ 1# 02#$ & $ 4%,*% ,2 , .(!?(#22= K%#

I(2" $#;#-!.+# " ,2 (#-&"#$ "! "%# *!  #*",! !< "%# >F> .-&"#2 "! 2"##- <(&+# 4,"% 2"0$2= P

4&' "! 2!-;# "%,2 .(!1-#+ ,2 "! $#;#-!. & -!&$)$,2.-&*#+# " *! 2","0",;# #N0&",! <!( "%# 2"0$2

*!  #*"#$ "! "%# >F> .-&"# 02, ? & -!*&- "%(##)$,+# 2,! &- I ,"# #-#+# "  ! -, #&( "%#(+!)

+#*%& ,*&- +!$#-= K%# 2#*! $ $#;#-!.+# " *! 2,2"2 , &22#+1-, ? &-- "%# >F> .-&"#2 ! "%#

2"##- <(&+# 4,"% 2"0$2 & $ , *-0$, ? , "#( &- , 20-&",! = 5 & I(2" 2"#.@ "%# %#&" "(& 2<#( & &-'2,2

4!0-$ 1# $! # ! "%,2 .&(",",! & $ "%# 2#*! $ 2"#. 4!0-$ 1# $#;!"#$ "! "%#  ! -, #&( "%#(+!)
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 !"#$%&"$' $%$'()&) *+ ,#! -$.,&,&*% /)&%0 '*$121&)-'$"! !%, "*%),&,/,&3! !4/$,&*% +*. ,#! ),/1)

$%1 /)&%0 +*. !$"# 565 -'$,! ,#! %*%'&%!$. ,#!. *2 !"#$%&"$'  *1!' &%"'/1&%0 /%"!.,$&%,&!)

$%1 -.!)!%,!1 &% ,#&) -$-!.7

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

8#&) 9*.: 9$) )/--*.,!1 ;( ,#! 5<8= $%1 ,#! <>?67 8#! ,#!. $' '*$1 ;!%"# 9*/'1 %*, ;!

$"#!&3!1 9&,#*/, ,#! #!'- $%1 ,#! !@*., *+ 67 A.* (B C7 5!) $,B D7 6$.1*%B 57 E! !.'!B 67

F&3&''&*%B 67 6& &!%,$ $%1 57 =$'*"#!7 8#&) #!'- $%1 )/--*., $.! 0.$,!+/''( $":%*9'!10!17

,$+-+.$#

8#! +*''*9&%0 )( ;*') $.! /)!1 &% ,#&) -$-!.G

HI



[Ak]  !"# $%&'#!$$  "%(&) *+ %,! -".!( k/

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

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

[B]  ! 4("#!54!#0&#1 6*37-&#1 $%&'#!$$  "%(&)/

[C] 4!#0&#1 $%&'#!$$  "%(&)/

[F ] $,!"( $%&'#!$$  "%(&)/

[GAj ] ("#0*  "%(&) 1!( (!-"%!0 %* %,! ("#0*  "%(&) [Aj ]/

[H]  ! 4("#! $%&'#!$$  "%(&)/

[I] &0!#%&%.  "%(&)/

J #3 4!( *+ 7,.$&6"- -".!($/

[LAj ] (!"- 377!( %(&"#13-"(  "%(&) *+ 6,*-!$8. 0!6* 7*$!0  "%(&) [Aj ]/

 

+(!) $!% *+ 7*$&%&9!50!:#&%! $.  !%(&6 (!"-  "%(&6!$/

n #3 4!( *+ #3 !(&6"- -".!($/

ns #3 4!( *+ $& 3-"%&*#$/

;<



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

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

[S]T  #$),/(," (- 0$ #&1 [S].

 #([S])  #$2" (- 0$ #&1 [S].

[S] 0"$) 0(3"% 0$ #&1.

[S] #$)3(0 0$ #&1.

T 4"2 (# (-  !" 0"$)  "0/"#$ 5#" &) )50"#&2$% %$6"#,.

βk
3$0$+" /$#$0" "# (-  !" %$6"# k.

δj
3&,/"#,&() /$#$0" "# (-  !" #$)3(0 0$ #&1 [Aj ].

θ 3")( ",  !"  "0/"#$ 5#" .

7#(*(X > x) /#(*$*&%& 6  !$ X *" +#"$ "#  !$) x8

 

!

+(x) "95$%  ( 1 &- x ∈ !

+
$)3 0 "%,":!"#".

 !"!#!$%!&

;1")")<(= >8 $)3 ?!#(/"= @8ABCCDE8 F?!" 0(3"%%&)+ (- 3"!63#$ &() $)3 , #",, $)$%6,&, (-

+6/,50 /%$, "#*($#3, "1/(,"3  ( G#"8F  !"#$%&%'!(&) *&%+,'&)- ./'+(/+= DHIJBKICL8

M5#(/"$) N(00& "" -(# O $)3$#3&'$ &() ANMPE ABCCLE8 FM5#(2(3"BH $2 &(), ,5# %", , #52 5#", K

7$# &" IKI H $2 &(), +Q)Q#$%", K ;2 &(), ,5# %", , #52 5#", "1/(,Q", $5 -"58F 0$,!#+&(  !""'%++

1!, .%&(2&,2'3&%'!(= MPR BCCBKIKIABCCLE8

S#(06= 78 $)3 N5# $ = T8ABCCCE8 FU"$  #$),-"# &) G#" #",&, $)2" -5#)$2", /&%( "3 :& !  !"#0(K

2(5/%", (# /%$ "  !"#0(0" "#,8F 4,!/5 6

th
7(%8 .9"# !( :',+ .&1+%9 ./'+(/+= V;SOO= T8N5# $ =

"38= WXBKWLI8

@!$)"0= @8 Y8 $)3 O/$)(,= 78 Z8ABCCBE8 .%!/;&-%'/ :'('%+ 0)+"+(%-< = .#+/%,&) =##,!&/;8
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 !"#$%&"'(&")*%+ ,&- ./"01

2$3&"$*3#/$*)  3*$4*"45 6"%*$#7*3#/$ 82 69 8:;<=91  !"#$ %$&"&'()*$ +$&'&, -.$/$)'& 01 23".4,

")5 60)&'#3*'"0)7 8)'$#)('"0)(. 9'()4(#4 89: ;<=1

,*>*"1 ?1 8:;@<91  60)'")33/ 4(/(5$ /$*>()"*&? +>$0#@ ()4 (AA."*('"0)&7 60)'")303& B(/,

(5$ 01 2#"''.$ 90."4&+ A1 B"*>C#$/D#C *$4 ?1 E&F*#3"&+ &451  !"#$%&"'(&")*%+ G#&$',&- ./"0+

HHI'H;J1

 *0>#+  1 8HKKL91  C#0D(D"."&'"* /04$.")5 ()4 $EA$#"/$)'(. F(."4('"0) 01 >$(' '>$ '#()&1$# ()(.@&"&

()4 '>$ '>$#/0/$*()"*(. G"'> 4(/(5$ D$>(F"0# 01 ( *(#4D0(#4,A.(&'$#,*(#4D0(#4 /3.'".(@$#

&3D/"''$4 '0 H#$ .0(4&7 #$ M"&$CN+ O$#D&"5#3P 4& Q*"$&')*'(*))&&+ R"*$C&1

 *0>#+  1+  /#7&+ S1 *$4 T&C0+ ?1'(1 8HKK=91 UVN&"F/'F&CN*$#C*) F/4&) /M * C*"4W/*"4'!)*53&"'

C*"4W/*"4 C/F!/5#3& !)*3& 5XWF#33&4 3/ Y"& )/*4 *$4 &Z!&"#F&$351U60/A3'('"0)(. I$'>04&

()4 -EA$#"/$)'& ") I('$#"(. 6>(#(*'$#"&('"0) 88 S1[1 \]^\\2[+ G&55&Z 2$53#3X3& /M V&CN'

$/)/%_ OB *$4 [1[1 Q[QQ6E2+ O$#D&"5#3_ /M ,&- Q&Z#C/+ &451+ G2V V"*$5*C3#/$5 /$

^$%#$&&"#$%  C#&$C&5+ (/) =:+ IL=!1

 /#7&+ S18HKK=91 U]*$4/F F*3"#Z 3N&/"_ M/" F/4&)#$% X$C&"3*#$3#&5 #$ C/F!X3*3#/$*) F&CN*$'

#C51U 60/A3'$# I$'>04& ") JAA."$4 I$*>()"*& () -)5")$$#")5+ :;J8:H':L9+:III':ILL1
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 !"#$%&' %( )*+,-' .

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

$©4 51'0!)'/ &,+-'(6

7©4 ),.!+' 0*(8 */-

9©4

(*-!*/8 1*/'+#

 !"# 7# :/0!-'/8 -'/2!8; &'*8 <=> ?@'(8!0*+ *>!2 !/ AB/)2
C *2 * 3=/08!,/ ,3 8!)' ?&,(!D,/8*+

*>!2 !/ 2'0,/-C4 0*+0=+*8'- &'*8 <=> ?8&!0E 2,+!- +!/'C6 %FG )'*2=('- &'*8 <=> ?-*2&'- */-

)*(E'- +!/'2C6 =11'( */- +,H'( :5I J9K 'L=!@*+'/8 -'/2!8; <=> .,=/-2 ?-,8M-*2&'- */- -*2&'-

+!/'2 ('21'08!@'+;C#

 !"# 9# G'/-!/" 8'28 '>1'(!)'/82 3,( -!N'('/8 @*+='2 ,3 8')1'(*8=(' ,/ OPO 21'0!)'/2

0*((!'- ,=8 *00,(-!/" 8, 8&' +,/"!8=-!/*+ -!('08!,/4 "(*1& ,3 8&' )'0&*/!0*+ +,*- ?@'(8!0*+ *>!2

!/ QC *2 * 3=/08!,/ ,3 8&' 8(*/2@'(2*+ -!21+*0')'/8 ?&,(!D,/8*+ *>!2 !/ ))C4 8&!0E 2,+!- +!/'2

?7RSTOC6 8&!/ 2,+!- +!/'2 ?$USTOC6 -,8M-*2&'- +!/'2 ?$7STOC6 8&!/ -*2&'- +!/'2?7STOC#

 !"# K# %&'(),)'0&*/!0*+ '>1'(!)'/82 3,( 8&' OPO4 "(*1& ,3 8&' )'*/ V,=/" ),-=+=2

?@'(8!0*+ *>!2 !/ WP*C *2 * 3=/08!,/ ,3 8&' *@'(*"' 8')1'(*8=(' !/ 8&' OPO ?&,(!D,/8*+ *>!2 !/

TOC4 2,+!- +!/' )*(E'- ”∗” ?XLLC6 2,+!- +!/' )*(E'- ”+”?XTT C6 2,+!- +!/' )*(E'- ”T” -*2&'- +!/'

?XLT C#

 !"# R# G'/-!/" 8'282 3,( -!N'('/8 @*+='2 ,3 8')1'(*8=(' 0*((!'- ,=8 ,/ 1+*28'( 21'0!)'/24

"(*1& ,3 8&' )'0&*/!0*+ +,*- ?@'(8!0*+ *>!2 !/ QC *2 * 3=/08!,/ ,3 8&' 8(*/2@'(2*+ -!21+*0')'/8

?&,(!D,/8*+ *>!2 !/ ))C4 8&!/ 2,+!- +!/'2 ?(,,) 8')1'(*8=('C6 8&!/ -*2&'- +!/' ?$7STOC6 8&!0E

+!/'2?$USTOC6 8&!0E -*2&'- +!/'2?7RSTOC #

 !"# Y# %'/2!+' 8'282 ,/ 0*(-.,*(- 3,( 8H, -!N'('/8 @*+='2 ,3 8')1'(*8=('4 "(*1& ,3 *>!*+

28('22 ?!/ WP*C *2 * 3=/08!,/ ,3 28(*!/# 5,+!- +!/'2 ?8'282 *8 (,,) 8')1'(*8=('C6 -*2&'- +!/'2

?8'282 *38'( R)!/ :5I 8&'()*+ +,*-C#

 !"# U# 50&')*8!0 ('1('2'/8*8!,/ ,3 0*(-.,*(-M1+*28'(M0*(-.,*(- 1+*8'2#

77



 !"# $# %&'()*+ ,!-./!0!12 34 1&' 565 70'(1!8*+ *9!/ !: 7)

2//;; */ * 4.:81!3: 34 1&' 1&'()*+

+3*,!:" 1!)' 7&3(!<3:1*+ *9!/ !: 7/;;#

 !"# =# %')>'(*1.(' >(3?+'/ !: 1&' 83(' 34 565 >+*1'/# %')>'(*1.(' !: 1&' )!,,+' 34

:.)'(!8*+ +*2'(/ 7@'(1!8*+ *9!/ !:AB; */ * 4.:81!3: 34 1&' 1&'()*+ +3*,!:" 1!)'7&3(!<3:1*+ *9!/

!: /;#

 !"# CD# E'8&*:!8*+ *>>+!', +3*, 70'(1!8*+ *9!/ !: F; */ * 4.:81!3: 34 1&' 1(*:/0'(/*+ ,!/>+*8'G

)':1 7&3(!<3:1*+ *9!/ !: ));H '9>'(!)':1/ 7,*/&', +!:'/;I :.)'(!8*+ /!).+*1!3: 34 1&' )'*:

)3,'+ *1 (33) 1')>'(*1.(' 71&!8J /3+!, +!:';#

 !"# CC# E'8&*:!8*+ *>>+!', +3*, 70'(1!8*+ *9!/ !: F; */ * 4.:81!3: 34 1&' 1(*:/0'(/*+ ,!/>+*8'G

)':1 7&3(!<3:1*+ *9!/ !: ));H '9>'(!)':1/ 7,*/&', +!:'/;I :.)'(!8*+ /!).+*1!3: 34 1&' )'*:

)3,'+ *1 CKDA5 71&!8J /3+!, +!:';#

 !"# CK# 53:0'("':8' L!1& ('/>'81 13 1&' :.)M'( ns 34 ('*+!<*1!3:/H "(*>& 34 1&' 4.:81!3:

ns 7→ conv(ns) 43( :.)'(!8*+ /!).+*1!3: *1 (33) 1')>'(*1.('#

 !"# CN# 53:0'("':8' L!1& ('/>'81 13 1&' :.)M'( ns 34 ('*+!<*1!3:/H "(*>& 34 1&' 4.:81!3:

ns 7→ conv(ns) 43( :.)'(!8*+ /!).+*1!3: *1 CKDA5#

 !"# CO# P'/.+1/ 43( KDA5H )'8&*:!8*+ *>>+!', +3*, 7@'(1!8*+ *9!/ !: F; */ * 4.:81!3: 34 1&'

1(*:/0'(/*+ ,!/>+*8')':1 7&3(!<3:1*+ *9!/ !: ));H '9>'(!)':1/ 7,*/&', 1&!: +!:'/;I :.)'(!8*+

/!).+*1!3:/ L!1& 1&' )'*: )3,'+ 71&!8J /3+!, +!:';I 83:?,':8' ('"!3: L!1& 1&' /138&*/1!8 )3,'+

7"('2 ('"!3:;#

 !"# CQ# P'/.+1/ 43( CKDA5H )'8&*:!8*+ *>>+!', +3*, 7@'(1!8*+ *9!/ !: F; */ * 4.:81!3: 34 1&'

1(*:/0'(/*+ ,!/>+*8')':1 7&3(!<3:1*+ *9!/ !: ));H '9>'(!)':1/ 7,*/&', 1&!: +!:'/;I :.)'(!8*+

/!).+*1!3:/ L!1& 1&' )'*: )3,'+ 71&!8J /3+!, +!:';I 83:?,':8' ('"!3: L!1& 1&' /138&*/1!8 )3,'+

7"('2 ('"!3:;#

KN
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