
 !"
$ %"&'()$ *'"+$,-- -,. /"0" 12&3(45 ) 65�48(
9()-$:"8$,"8;'" <= 65�48(
9()" >??@
 !"#$ %&" '()*+*,$ -./0"1 23.+.
$*+(5.$(", "1 6#7.0(*&(
580%3+**9:.;#*< ="<.;>+"?"0($(",.; 2.;
#;#0 !"#$%!" &!'((  ) *+!
-. /+012! !  !"#$#%#& '( )*#+&,*#$
" *!. /',0%#&1 2
$&!
&3!$4&1"$#5 '( 60'7&!  !"#$#%#& '( )*#+&,*#$
" *!. /',0%#&1 2
$&!
&8*! 9:%;'"< 3!$4&1"$#5 '( /<=&"#'
+'>* ! "#$% &'"$
)* +* 
,!%$-*' "+, %.%"*/% ,0 123&%$*+$
45% "#'**67&)2*- /,-&) 8',8,%$"$,!&) 
&)
2)*%9 :!* ,0 "#*/ $% "#* %.%"*/ ;&%*-,! %2
# 8'$/&'. "*'/% &% "#* -$%<2!
"$,! =A>? !*@&"$,! =N> &!- !*6
*%%$". =L>? +#*'*&% "#* %*
,!- $% ;&%*- ,! %2
# 8'$/&'. "*'/% &% "#*$/8)$
&"$,! =C>? !*@&"$,! =N> &!- -*A!$"$7*). $/8',7*- ;. /,-&) !*6
*%%$". "*'/%9 B#* ;,"# %.%"*/% &'* -*A!$"$7*). *C2$7&)*!"9 !" A−N − L #$#%"&D*7*),8$!@ 123&%$*+$
45% $-*&%? EF28*
3$ GH℄ *J8)&$!% "#* $!"2$"$7* ;&%*%,0 "#'**67&)2*- ),@$
 2!-*' &%%2/8"$,! "#&" 8',8,%$"$,!% -*%
'$;* *7*!"%=8'*%*!"? 02"2'* ,' 8&%"> &!- $" $% 8,%%$;)* ", &%%$@! ", "#*%* *7*!"%"#* ),@$
&) 7&)2* =KLM>9 N&%*- ,! &! &!&).%$% ,0 "#* ),@$
&) 7&)2*% ,0
,/8,2!- 8',8,%$"$,!% O9 EF28*
3$ 
,!
)2-*% "#&" "#* "&;)*% ,0 ),@6$
&) 7&)2*% ,0 -$%<2!
"$,!? 
,!<2!
"$,! &!- !*@&"$,! %#,2)- #&7* "#*0,)),+$!@ 0,'/? '*%8*
"$7*).P= > A Q KLM K

0 Q KLM K
1/2 KLM KLM K
1 K K K K Q KLM K

0 Q Q Q
1/2 Q KLM KLM
1 Q KLM K N

0 K
1/2 KLM
1 Q



 ! "#$%&'()'
+,& -./((01%2#(3 4/565&'7'58%2 9%2
#2#&5/ Axy = max(x, y): Kxy = min(x, y): Nx = 1 − x: ).(/(
x, y ∈ {0, 1/2, 1};-.( %<51( 7%<2(& 
5'8
'3( )'7. 7.5&( 6/565&(3 <= >; ?#$%&'()'
+;>; @A#6(
$' 857'
(3 7.%7 7.( &(7 5B /(%&58%<2( B5/C#2%& '8
5/65/%70'8D: %6%/7 B/5C 6/565&'7'58%2 1%/'%<2(&: 582= 7.( B#8
75/& A: K: N %83<('8D 7.( 7%#7525D= '8 7.( C%7/'E

M = ({0, 1/2, 1}, {1}, {A, K, N})'& (C67=;"#$%&'()'
+,& 'C62'
%7'58 C .%1'8D 7.( 7%<2( 5B 25D'
%2 1%2#(&FGGH C I JK J
0 J J J

1/2 JK J J
1 I JK JFCxy = min(1, 1− x + yH: ).(/( x, y ∈ {0, 1/2, 1}H:'& 857 3(L8%<2( <= 7.( B#8
75/& A: K: N : <(
%#&( C1/2 1/2 = 1:).(/(%& %8= /(%&58%<2( B5/C#2% α(x, y) )/'77(8 '8 7(/C& 5B A: K: N.%& 7.( 25D'
%2 1%2#( JK B5/ x− y = 1/2;M.(8 7.( &=&7(C )'7. 6/'C%/= 7(/C& A: N 5/ K: N '& 'C6/51(3<= C53%2 7(/C& 7.(8 )( 5<7%'8 7.( &=&7(C 3(L8'7'1(2= (N#'1%2(87 757.( &=&7(C )'7. 7.( 6/'C%/= 7(/C& C: N : ';(; %8= 7(/C 5B 58( &=&7(C'& 3(L8%<2( '8 %857.(/ &=&7(C; -.(/( %/( 7.( B5225)'8D 7%<2(& 5B 25D'
%21%2#(& B5/ C53%2 B#8
75/& 5B 8(
(&&'7= L %83 65&&'<'2'7= MFGGGH p ?6 O6
0 I I

1/2 I J
1 J J-.( B#8
75/& L %83 M 35 857 7%$( 7.( 25D'
%2 1%2#( JK ; -.(= %/(C#7#%22= 3(L8%<2( #&'8D 7.( 8(D%7'58

(GP) Mα = NLNα,

Lα = NMNα.



 ! "#$%%& '! ()*+,# -./0 
)2 30420 +50 67*%6
)+682 9,2
+8# ,:62; +50 +0#7: A& K& N & M ):98%%8<:
(=) Cαβ = AANαβMKNαβ."0
),:0 89 
87*%6
)+03 )23 ,2
%0)# :+#,
+,#0 89 +56: 30426+682& 6+ 6:<8#+5$ 89 )++02+682 +8 
82:+#,
+ +50 
)%
,%,: <6+5 +50 *#67)#$ +0#7:+8 >0 )782; +50 98%%8<62; +#6*%0:?

(A, N, L), (A, N, M), (K, N, L), (K, N, M).@2 +50 *)*0# A.℄ +50 *#8*8:6+682)% 
)%
,%,: <): 
82:+#,
+03 <6+5 +50*#67)#$ +0#7: (A, N, L)& +50 *#67)#$ #,%0 89 :,>:+6+,+682& )23 +50 #,%089 30+)
5702+& )

8#362; +8 +50 :
5070
(=@) ANLαβ, α/β.C50 98#7,%) ANLαβ 380: 28+ 30420 +50 98#7,%) Cαβ 8>D68,:%$!C50#098#0& <0 ,:0 +50 :$7>8% F 62:+0)3 89 ANL! C50 9,2
+8# F 36E0#:9#87 +50 9,2
+8# C 82%$ 98# p = 1

2
)23 q = 0! @+ 5): +50 98%%8<62;+)>%0 89 %8;6
)% D)%,0:∗F=@@G Fpq H IJ- I

0 I I I
1/2 I I I
1 H IJ- I@2 +50 A−N −L )K687)+6
 :$:+07 <0 ,:0 +50 0L,6D)%02
0 9,2
+8#

E& <56
5 
)2 >0 304203 ,:62; +50 9,2
+8#: K )23 F ): 98%%8<:?
(=@@@) Eαβ = NCE1αβNE1αβ,<50#0

Kαβ = NANαNβ,

E1αβ = KKFαβFβαKFNαNβFNβNα)23 +50 9,2
+8# C 6: 304203 >$ F=G! C50 )K687: 89 +50 A − N − L:$:+07 )#0 F:00 A.℄G?
∗ !" #$ %&"'
! ")*" ")! +#%
"&, F '$ -!.%*/0! /1 ")! #$! &+ ")! +#%
"&, C *$+&00&2$3 Fαβ = CαCαβ.



 ! "#$%&'()'
+,& -./((01%2#(3 4/565&'7'58%2 9%2
#2#&
A:; FFFpqrFFrpFsp,∗

A ; FFpqFApqq,

A<; FpApq,

A=; FpAqp,

A>; FpNNp,

A?; FNNpp,

A@; FNApqNp,

A!; FNApqNq,

AA; FNpFNqNApq,

A:B; FLpp,

A::; NLNApNp,

A: ; ALpNLp;C7 )%& 6/51(3 '8 D@℄ 7.%7 7.( &F&7(G H%&(3 58 7.( %H51(0G(87'58(3%I'5G& '& 
5G62(7( )'7. /(&6(
7 75 7.( G%7/'I
(CJ) M = ({0, 1/2, 1}, {1}, {A, N, L}),).(/( 7.( K#8
75/& AL N L L %/( 3(M8(3 HF 7%H2(& NCOL NCCCO; !" A−N − L #$#%"&'C7 &.5#23 H( 857(3 7.%7 P%Q&H(/R,& %I'5G%7'
& D!℄ K5/ 'G62'
%7'5808(R%7'58 6/565&'7'58%2 
%2
#2#& )%& %G58R 7.( M/&7 1(/&'58& 5K %I0'5G%7'
& K5/ 7.( 7./((01%2#(3 6/565&'7'58%2 
%2
#2#& 5K "#$%&'()'
+;S; P%Q&H(/R .%& %

(67(3 7.( K5225)'8R %I'5G&T

a:; CqCpqL
a ; CCpqCCqrCprL
a<; CCCpNpppL
∗ !" #$%&' A1 %( ")*%+#,"-. .& .!" /-&0- 1*/#(%"0%
3 4&5'*,#6 0!%
! %( .!"&-,7 #$%&' &4 .0&8+#,*"9 %':,%
#.%&- :5&:&(%.%&-#, 
#,
*,*(;



 ! "#$%%& '! ()*+,# -.
a/! CCNqNpCpq!012 #,%23 45 6752#27
2 )#2 +12 #,%2 45 3,93+6+,+647 )7: +12 #,%2 45:2+)
1;27+ 54# 6;*%6
)+647 C! '! <)=392#>74+6
23& +1)+ +12 )?64;

a3 
4,%: 92 #2*%)
2: 9$ +12 )?64; a3′@
a3′. CCCpCpqpp!A+ 63 *43369%2 +4 67+#4:,
2 +12 5,7
+4#3 45 :63=,7
+647 BAC& 
47=,7
D+647 BKC )7: 2E,6F)%27
2 BEC 54# +12 3$3+2; ,7:2# 
4736:2#)+647 9$:2G76+6473@

Aαβ = CCβαα,
Kαβ = NANαNβ,
E1αβ = KCαβCβα,
Eαβ = NCE1αβNE1αβ.012 5,7
+4# E 1)3 +12 54%%4H67> +)9%2 45 %4>6
)% F)%,23@BIC E J KL- K

0 K J J
1/2 J K J
1 J J K'! <)=392#> MN℄ *#2327+2: ) *#445 45 67:2*27:27
2 45 ):4*+2: )?64;3)7: ) *#445 45 
4;*%2+27233 45 )?64;)+6
 3$3+2; H6+1 #23*2
+ +4 +12;)+#6?∗

(IA) M∗ = ({0, 1/2, 1}, {1}, {C, N}),H12#2 Cxy = min(1, 1− x + yC& Nx = 1− x, x, y ∈ {0, 1/2, 1}!A7 4#:2# +4 #2
26F2 +12 +1#22DF)%,2: ;4:)% *#4*436+647)% 
)%
,%,345 P,Q)362H6
R 6+ 63 3,S
627+ +4 ):: +4 ) %)7>,)>2 +12 ;4:)% +2#; 4572
2336+$ BLC 32++67> +12 :2G76+647 B322 MT℄C@
Lα = NCαNα.U +)9%2 45 F)%,23 54# +163 5,7
+4# 63 +12 3);2 )3 +12 +)9%2 BAAAC! 0125,7
+4# 45 *433696%6+$ BMC 
)7 92 :2G72: )3 54%%4H3 B322 MT℄C@
Mα = CNαα.

∗ ! "#$%&'() *%'+ ,-' ./)0
 2#.*' 3 04%,'#+ /5 673! 8-' 
/(('%9/4+04) :#,(0;0% 0%/:/(9-0
 ,/ ,-' :#,(0; M∗!



 ! "#$%&'()'
+,& -./((01%2#(3 4/565&'7'58%2 9%2
#2#& !"
$%&'"( )*+,)-.:)'8; 75 7.( 65&&'<'2'7= 5> 3(?8'8; 7.( @53%2 >#8
75/& L %83 M #&'8;7.( >#8
75/& C %83 N A &5@( 35#<7& %/( 
%&7 58 @53%2 
.%/%
7(/ 5> 7.(
C − N − L 
%2
#2#&B -.( >5225)'8; 
/'7'
%2 
5@@(87& 
58
(/8'8; 7.(7./((01%2#(3 25;'
 
%8 <( >5#83 '8 CDA 6B  EF℄H I:/';'8%22= 6.'25&56.'0
%2 .56(& )(/( 6'8'8; 58 7.'& 25;'
A >5/ (J%@62(A %33'7'58%2 3(?8'7'5865&&'<'2'7'(& K
5@6%/(3 75 7.( 
2%&&'
%2 25;'
L <= 
/(%7'58 7.( &7%/70'8; 65'87 >5/ 3(?8'8; 7.( 65&&'<'2'7= %83 8(
(&&'7= 7(/@&B M7 &.5#23<( (@6.%&'+(3 7.%7 7.( #&( 5> &#
. 65&&'<'2'7'(& '8 7.( 7./((01%2#(325;'
 5> "#$%&'()'
+ .%& &(/'5#& 
58&(N#(8
(& BBB '7 
%#&(& /(O(
7'585> 58( 5> 7.( @5&7 5<1'5#& %83 #&(>#2 /#2(& P 7.( /#2( 5> 
%8
(22%7'58>5/ '@62'
%7'58B -.'& /(&#27& '8 7.( 2%
$ 5> 7.( 3(3#
7'58 7.(5/(@ >5/7.'& 25;'
BBBQB R(7 #& 857( 7.%7 SB "#$%&'()'
+ .%& 
58&7/#
7(3 &5@(>5#/01%2#(3 @53%2 6/565&'7'58%2 
%2
#2#& )'7. @53%2 >#8
75/ 5> 8(
(&0&'7= %83 65&&'<'2'7= C ℄ K&(( %2&5CT℄LB U53%2 >#8
75/& )(/( %2/(%3= #&(3'8 %8
'(87 V/((
( <= &75'
& '8 6/565&'7'58%2 
%2
#2#& %83 <= W/'&7572('8 &=225;'&7'
&A .5)(1(/ /(&(%/
. '8 6/565&'7'58%2 
%2
#2#& K%83 57.(/&=&7(@&L )'7. @53%2 >#8
75/& 3(1(256(3 %>7(/ 6#<2'&.'8; 9BSBR()'&,)5/$&B -.'& .%& 2(3 @%8= 6(562( 75 <(2'(1( 7.%7 9BSBR()'& '& 7.(5/';'8%75/ 5> 7.( @53%2 25;'
 &=&7(@& K&(( CX℄LB !"!#!$
!&CT℄ VB Y/=22A UB Z5&'($B [57% 5 "0/5+&7/+=;%285\
' 6()8(O 25;'$'@53%28(O "#$%&'()'
+%B  !"#$%$ &'()*+! ,-. + /0*1(2 3'%!4'5%$)' /0A 66B TFT0TF]A T^] BCX℄ 9BMB R()'&A 9B_B R%8;>5/3B -$46*17
 9*:7
B `51(/A [() a5/$A T^F^BC ℄ SB "#$%&'()'
+B W &=&7(@ 5> @53%2 25;'
B ;<! =*(>?'1 *@ A*40(%57?: -$"%!4B /A 85B  A 66B TTT0TD^A T^F BCD℄ bBWB 45;5/+(2&$'B c2(@(87%/8= de5)8'$ R5;'$' f5/@%28(OB C*#50>'+$ D?7+!>"$%!%( ,'>"#'+")7!:*A 012A `+'%e b=3%)8'
7) f'2''g8')(/&=7(7# b%/&+%)&$'(;5 ) Y'%e=@&75$#A Y'%e=&75$A T^h^BCF℄ UB 45/�<&$%A bB d#
.5jB E1!4!?%'>?! +0>*+'F#!?7! + 1*:7)� @*>54'1?HB 4b[A b%/&+%)%A T^^TBCE℄ SB de#6(
$'B 4/k<% '87#'
=O8(O '87(/6/(7%
O' 2';'$' 7/kO)%/75\
'5)(O"#$%&'()'
+%B C*#0>'+$ 1*:7
#?!I J"7�:' 0'47H%)*+' )( 
#
7JB KLF()7!+7
#'B b%/&+%)%A T^EDB



 ! "#$%%& '! ()*+,# -./0℄ 2! 34,*5
78&  ! "#$%%& 9! :#,
;)%! 3<=5 #5=)#7> <; +?#55@A)%,5B%<C8
 <D E,7)>85F8
G!  !"#$% &'($
%&  !& **! HI@JK& .KJ0!/L℄ '! M)N>O5#C! P7>N<=)+$G)
N) +#QNF)#+<R
8<F5C< #)
?,;7, GB)S! *+%,'-#%.$% - *'/$0#-01 2',%+-3/!,% 4%"5',0(' 6%+/-%,/5$0('7TTUT& F$BG! UUU& **! .VJ@.HL& .K-.!


