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+ 77 ′ !# (7

′)
)

∩ !" 

(

λ!# (7

′)
)

= {+} ∩ { ), λ} = ∅.

 #!" 

  ( )  ! "#$%

23-456 M$&)0+# ',7 5=!" & ′

!"   (1)G'N

O/) =,".& 0(.82,"C2% -.&7 3',"'#&'# 8., =,L.,. <!".&.(D

A: 8 ′ → ∗88 ′ /0 8 ′ → λD

!" 

(

∗ 88 ′ !# (8 ′)
)

= {∗} /0

!" 

(

λ!# (8 ′)
)

= !# (8 ′) = {+, ), λ}4

P'52)
!" 

(

∗ 88 ′!# (8

′)
)

∩ !" 

(

λ!# (8

′)
)

= {∗} ∩ {+, ), λ} = ∅.

O$-')#'(/0#/CC'& & ′

!" '%60'&   (1)4
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  ( )  ! "#$%

K( '%60'&   ( ) ','3(/0 .,.C$),')'D O/%L/0D 9 ∈ :(& ) Q

P<L@<#D ; ⇒∗

# <,α /0 9 = <9 ′4  ,6%'&/(/0D $ = !" (9 ′)4

B. ,G) .( , → β .,)'%&.)?-2-., )'%@'0()@+# #>7 .##=%

; ⇒∗

# <,α ⇒∗

# <βα 3>.)) $ ∈ !" (βα)G&.# )',@'0+,&>' #',,4

R>-', !" (α) ⊆ !# (,)7 .&&.# >0 )',@'0+,&>' #',,7 5=!"

$ ∈ !" (β!# (,))4

K( '%60'&   (= ) L'S&?
>F@. 0('%>&) ,'!*',@'88 '!" =,".& , → β

0(.82," -.&7 .3>%' '( . ).%).,3.(20 )',@'0+,4 B. C'L>! &>&
0 >,"'&

0(.82,"7 .##=% 9 6∈ :(& )4

K !" (β!# (,)) 5.,3.(=# #>0(23?)20. .,.C-')6 *=&)=002!HN
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  ( )  ! "#$%

 !"#$%  & ′

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

3'$,'12/ '$'45-!6

76 ' → (( ′  ! 

(

(( ′ " (' )
)

= {(, $}

86 ( ′ → +(( ′  ! 

(

+ (( ′ " (( ′)
)

= {+}

96 ( ′ → λ  ! 

(

λ " (( ′)
)

= {), λ}

:6 ( → )) ′  ! 

(

)) ′ " (( )
)

= {(, $}

;6 ) ′ → ∗)) ′  ! 

(

∗ )) ′ " () ′)
)

= {∗}

<6 ) ′ → λ  ! 

(

λ " () ′)
)

= {+, ), λ}

=6 ) → (' )  ! 

(

(' ) " () )
)

= {(}

>6 ) → $  ! 

(

$ " () )
)

= {$}
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 1 #.?(#! ##(*) #$#,1)( '$'4@&$#&#6

A.?(#! ++(*) !"#$%&'!2/ #(#&)*#! #B" M #$#,1? &-*$-&

/2!(&.C-$C!/ ' /@%#&/#1?/)44#!D

M (2.'0 '1 , ∪ Σ ∪ {$} 3'$,'1 #$#,#0%#$E 2(1$24'0 4#F0B ' Σ∗,"

3'$,'1 #$#,#0%#$ %'!!'/ 
H,/)1%#D

MI!#/ '1 - ∈ , (2.321 )( . ∈ Σ∗," 2(1$24321 &'.&21J M(-, .)

#$#,# '1& ' &#%)/#!"()B#& H.5' $# ',0& '//2. /#$$ %)B#1!0E 3' '1

#$#,1)( (2.-! -I& /#$$ /0&#.5#(1&#!0 )( . '1 #$?.# !)1#&& (1JD

MI!#/ '1 $ ∈ Σ (2.321 )( '1 . ∈ Σ∗," 2(1$24321 &'.&21J M($, .)

#$#,# '1& 'F5' ,#BE 32B" ,0& /#$$ &#!!0E 3' '1 #$?.# !)1#&& (1J . )(

$I& /#$$ 0$$#(1&#!0 '1 #$#,1#!F? (1J321D

 #"# 

  ( )  ! "#$%

 1 M #$#,1?&-*$' F#K!H
0J5'6

+7L M0!F#! - ∈ , )( . ∈ Σ∗," #(#&)!E 3' . ∈  !"(β( "" (-)) )(

-→ β ' /I#F0/ (1'*-$"E '//2.

M(-, .) = (β, /),

+8L M0!F#! $ ∈ Σ )( . ∈ Σ∗," #(#&)!E 3' . = $0 E '//2. $#B"#!

M($, .)N ! D

+9L O#B"#! M($, λ)N"#$!%&'()E

+:L M0!F#! ,-( 1 ∈ (, ∪ Σ ∪ {$}) )( . ∈ Σ∗," #(#&)! $#B"#!
M(1 , .)N*+,&D

 $"# 

  ( )  ! "#$%

 !"#$% & ′

 ! #$#,1?&-*$-5'6

2 : $ ( ) + ∗ λ

' (( ′, 7 (( ′, 7 * * * *

( )) ′, : )) ′, : * * * *

( ′ * * λ, 9 (( ′, 8 * λ, 9

) $, > (' ), = * * * *

) ′ * * λ, < λ, < ∗)) ′, ; λ, <

$  * * * * *

( *  * * * *

) * *  * * *

+ * * *  * *

∗ * * * *  *

$ * * * * * "

%&"# 



  ( )  ! "#$%

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

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

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

89&:$- $1

 !"#$

  ( )  ! "#$%

./01'*2

◮ ;3!#+,*3++<8 * 2 & #+)-,&%)5(1

◮ =+  & *+/# (3 , α$, π) )&)8> 83$?2<!,
508 #3!3+)()6 )73&

  ∈ Σ∗ !"# $%&' (% !)!*%!+,- $%& ./01()23- 12$%!'

 α ∈ (! ∪ Σ)∗ !"# 3!1!*' ( )!3!%!0!00 4() *5+,(0651*( (%5+

12$%!' (*!)# *2" 053/447 870!19!$%02$!8!0 2$ 7))!$%02$!8!0

0(10()*(%:

 $ (% !)!*%!+,- $%& 32"20 9!)%- $%7*4&);*' $ 6∈ (! ∪ Σ):

 π !"# $51' $%(4/)#58 $51$%/*(74&) ()850500 $515%(0:

◮ A +4" 83$?2<!,
50B (' ,4$, λ)1
◮ ' ∈ +(& ) )883! /# 
#)85# )883! ( &. #9&6 7)

(' ,4$, λ) ⊢∗ (λ, $, π)1

 %"#$

  ( )  ! "#$%

5' *6*-'718 96):28%-$1

C1 ; := (' ,4$, λ)D

E1 =*F2 ')$ 3&%)$ ; ′6 * &%! ; ⊢ ; ′6 & 2% $ ; := ; ′D

G1 H) ; = (λ, $, π) )&)8>6 ')&)* &% πI! 6 )883! 3<(J<(B !)*"

89&:$- $ 3<(J<(B ,*-1

=* $$%5- $ )+ 3<(J<( !)*"6 π )4.) '  2% -)& 3&4)&5 & ' + (/#/(1

K(( ⊢ ) 83$?2<!,
508 8:+:((5 ,(* $ (5 ! &,
506 )* &% ( )

8:' (8 +"8/JJ $ 4 ?$5,&<$8B111

 $"#$

  ( )  ! "#$%

<%-*"*%8 2*6=
8/ L 2%98 M &6 732% )+ (3 , α, π)  !"#$%&'
)*+,"

-,$.%" /,0!1  α ∈ (! ∪Σ)∗$23 4567889 " =  ! (#):7;3

/<2 =,  = $ ∈ ! 5> M($, ") = (β, %)? ,  !&

(# , α, π) ⊢ (# , βα, π%)3 /@ -7&7A ;7;7B5" 7$. "7A;7&A)"'1)>

'11; ,A71.7;  );7&B7>8;7;;9" 32

/C2 =,  = & ∈ Σ 5> M(&, ") = ! ? ,  !&

(# , α, π) ⊢ (# ′, α, π)? ,0!1 # = &# ′3 /@8 )117>8;7"DE ;7&A)"'1)>

)117>8 7D) ,8 717A87"DE >8*0!832

/F2 =, M( , ") ="#$!%&'() /,A) 
>, G$. 1707;? 0,

 = $, α = λ 5> " = λ2? ,  !& ")"
> ';A7"7;3

/H2 =, M( , ")I*+,&? ,  !& ")"
> ';A7"7;3
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  ( )  ! "#$%

 !"#$%  !"#$ & ′

 ! %& ' ' = $ ∗ ($ + $) &()*

($ ∗ ($ + $),($, λ) ⊢ ($ ∗ ($ + $),)) ′$, +) ⊢
($ ∗ ($ + $),** ′) ′$, +,) ⊢ ($ ∗ ($ + $), $* ′) ′$, +,-) ⊢
(∗($ + $),* ′) ′$, +,-) ⊢ (∗($ + $), ∗** ′) ′$, +,-.) ⊢
(($+ $),** ′) ′$, +,-.) ⊢ (($+ $), (( )* ′) ′$, +,-./) ⊢

***

(λ,* ′) ′$, +,-./+,-01,-02) ⊢ (λ,) ′$, +,-./+,-01,-020) ⊢
(λ, $, +,-./+,-01,-0202)

3456$ $ ∗ ($ + $) ∈ +(& ′

 ! ) %& +,-./+,-01,-0202 ' &() 7'8 98:'8;

84<4(4$%&4*

 !"#$

  ( )  ! "#$%

=;<48 '(   (,) !>48<$'!9? @)8 484A4(54$B?C ?D<6!'$9& 84!!4 5'

A;!:4! & 
F !>48<$'!$ 6$ 8454$!4 '8'?D$'!; 4G> <484 4?<;<'84!&

  (,) !>48<$'!!6 <'8'A48> ,HI'*

J( &'@!9& !4A 8454$&%G4&C A4I$ <'! 98>'! + 
F !>48<C 'A48>4$

G4!4I68) 76IA48> !>48<$'! !4A   (,) &4AA;8>4! ,HI'*

K -$,./01'234 !4<L A):&(4IC '(9!7'! !%5' &4GD$*

 %"#$

  ( )  ! "#$%

M'?$9I;(686&N

JG> A):&(4I '(   (+) ?9!O;?$#& A4G&(P!$4$%&%I4*

34?;!$&P? '( ;FH$54!H48&4 !>48<$'!$N

5 → 16.575 | 16.5 | 8

6 → 9 C

'A; !>;8<6!<'8)'! !4A   (+) '( 5 → 16.575 | 16.5 &('768>9?

A;'$$N
!" (16.575 !# (5)) ∩ !" (16.5 !# (5)) = {1} 6= ∅.

 &"#$

  ( )  ! "#$%

M'?$9I;(686&N

Q;4A48@P? ' ?R(R& "I4ST4$ %& 74<4(4$P!? 4G> U@ <68$9()$N

5 → 16.575 | 16.5 | 8

6 → 9

548>4$$N

5 → 16.5: | 8

:→ 75 | λ

6 → 9 *

J( #$)77; !>48<$'! A6I   (+)*

VW4I&(4 ' A):&(4I !4A AL?R:;? A;!:4! !>48<$'! 4&4$%!*X
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  ( )  ! "#$%

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

 ,-./01 2

3456#+  = (!,Σ," ,#) 
8 49:);#!4<

=2 >&4?:4 $ ∈ !@%:+

A2 B:%:**C" D:E $@*'!F()9$" G$FF $)?!)!&4!" ):EH$**'!FF α 6= λ

"I'I* 5%:JKL#<

@ H:)9:##:*M#*C" !' $→ αβ | . . . | αβ | γ | . . . | γ *'!F()9$"!#

@ !' $→ α$′ | γ | . . . | γ L* $′ → β | . . . | β *'!F()9$""!)

N2 3*DL#:)GC" A2@#O !DME D(% 4&4
*:4:" $@*'!F()9$"O D:)9:" G$FF

$)?!)!&4!" "I'I* ! 5%:JK:<

 !"#$

  ( )  ! "#$%

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

"%&'() ,

◮ * → + + * | +

◮ + → , ∗ + | ,

◮ , → (* ) | (

49:);#!4FP) "!5G6" ! "I;:#":'Q   (=) 49:);#!4$"!#+

* → ++ ′ * → ++ ′

+ ′ → +* | λ + ′ → +++ ′ | λ

+ → ,, ′ + → ,, ′

, ′ → ∗+ | λ , ′ → ∗,, ′ | λ

, → (* ) | ( , → (* ) | (

%&"#$

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

$&-&./& 01&01&% 23455467-89 H!)!?P :):D'L*& !)E$%&#D6*$"+

,?$##  = (!,Σ," ,#) 
8 49:);#!4 L* : ∈ Σ∗ *'PO &E!'@:O H$E9

: ∈ ;( )

, : *'PFP) "&&4?6);! 5%PF()64" D:E 8:)L5M#:4& :E9 $)9!4 ?:%&;(
&P*

8(# !D&4:" ! E9I":%: # O ! H!#(%! 5:?&E : <

R! *&":%C)O : ∈ ;( )O "C)I4F:4 : 6∈ ;( )<

-*!" ! λ@D:4#:* L* !' S4< 
&")6*D:4#:* 49:);#!4$"%! !)"!)D!'H!#P

14&4
* $)9!4 $ ∈ !O D:)9%: $⇒+ $2<

%'"#$

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

T)#!)(4$* !)6)%P) 8:)8:)L :):D'L*+

BL# !)!5DU;:):# ;!4+

#<=051&%>? :E9 *'&DFP)6DD!) #$;(FF $);!**6" !' &456# *'P# 1!D&

":'?:#F:4 :2<

@1'-AB&B>? :E9 *'!F()9 G$FF $)?!)(# ! F!) $)?!)(;!) H:)9:##:*M#GC"<

 !"#$%&%'

 

= !"′ # ! ′

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

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

 !"#$%&'()*%+,-.&.( -/01"-$,(2 /) )**,0 12,3"4'"56-7 2%08 4'!$"56-

408 %'8)6 #%6"%" )2%' $4*9-:'6, ,1 '424"7 )--%$ 64( "9*;9-7 2%08

4'<!04==5->4 ) $4*9-:':1" <)08 "%<:&& 12,3"4';56- 408 -!1?&&, %'8)6

$4*9-:':1 $4(!68!&467 )(,"?' )=" <:$;9-7 2%08 1,-4$4146 4'<4=4"

 >24=@

3%+,-.&.()*%+,-.&.( -/01"-$,(2 /) 4'!$"56- 408 %'8)6 #%6"%"7 )2%'

$4*9-:'6, '424"7 )--%$ "A&& %'8)6 1=)&:'8 ,1 '424"7 )(, )'-)'()1 )

$4*9-:':1$)@ B--%$ 64( "9*;9- 4'*A6"46,7 2%08 (4'8,- 1=)&:'8

1=4$,6" $4*9-:';96-@

 4$4156- 408 %'8)67 1=C-4&& 684'<")6 %1=":'8" D !(-) 684'<")6%-E7

)(4'84- 4'4(=!14 1%$:6 408,- -%6F,-"91 14( (4$5' 34'@

 !"#!

 !( ) &!&+,'-

 !(-) 684'<")6%- !1 4'4(=!15-.

4 = (5,Σ,6 , ) 408 "4"1=?'4041 
3 684'<")6@

H=  !(-) 684'<")6%-7 )2%' - ≥ I (%1" ,1 408 40!1= 1=:(7 %'8)6

1#4
,:',1 -A$684=4"35004"'46 684'<")6%-7 (4'84- 414"!&46 )= )'9'$+'

34'34'! 4'4(=!1-%$ (406!==5- ) ;%&& %'*)', (%6*)"3%$() (!0

34'*%'0%=)"')6 $!1=!64- - 2%11=J1:0J #$4KL!" !1 4664- 140M"1!0!<4'

34' "9*;9- %'*)6, (,6* ) 12,3"4'!1>$4*9-:':1 (,6* )

$4*9-:':1>$4*9-:':1 -%6F,-"91"@

N4
26,-), %-%- (,)"" 34'"411=5-7 2%08  >64- 
1)- 4084"'46

)'"4$6)"M<:;) <)6 !1  64( 1=4$4#4' 4084"'46 1=)&:'8 ;%&& %'*)':6

14(@

 $"#!

 !( ) &!&+,'-

 !"#$
&'( O40846 γ ;%&& (%6*)"3%$()7 γ 6=  @ H=" (%6*;9-7

2%08 β ) γ 684'47 2) <)6 %'8)6 7 → β 1=)&:'87 (4'8$4

 ⇒∗

 α78 ⇒ αβ8 = γ@

H= 4'4(=!1 1=4(#%6";:&+' 3%6"%1 ) 68!' (402)":$%=:1). 2) (,6*46

γ ;%&& (%6*)"3%$(:6)- (40 "9*6:6- 2)":$%=6, 408 684'!"7 )--%$

(,6*46 ;%&& (%6*)"3%$(:" "9*6:6- $4*9-:'6, ,1@ P,<4' 4--%$ J;$)

;%&& (%6*)"3%$(:" -)#96-7 4' "9*6:6- *A6"46,7 2%08 408 9 ∈ Σ∗
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 !"#$
&'( O40846 - ≥ I 408 40!1= 1=:(@ H=" (%6*;9-7 2%08 ) 4

684'<")6 :3(-)7 2) <)')2:681=%$ "4';415'64- )=

◮  ⇒∗

 α78 ⇒ αβ8

◮  ⇒∗

 γ;< ⇒ γδ< = αβ=

◮ >?!(8) = >?!(=)

34'"!"4'4-7 (,6*)668,1=%$ α = γ,7 = ; !1 β = δ@

@(9*%A'$%&B /) 408 684'<")6 :3(-)7 )--%$ )= :3(- + Q) ,1@
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 ! "#$  %$"&'(!%  !(!)) !**+, !- "&".-/0 0+,1% %". &"0-

,"23*1&104,"23*1&10 *+%56*(307

89:) "& !*!,;3* 2<%("%6) :+#$ " ∈ #( ) ("&;"0=&4" /0 !-( .1, (32;3*)

:+#$ ω ⇒∗

 " >'!#$60 "4( .1, ,"23*1&(3* ω4,!?@ A**+, !- ω 0-B%!*
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◮ ( ⇒∗
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&'( A#$ γ ∈ () ∪Σ)∗ *+,-./0 1,23%) :! '!% +&$!% αβ$ ;+CC

.+%2!(9+,.! ."&$%"* %$"&" β /0 ("&;"0=& ,1) :+#$ γ E,"MN" αβ4%!*@
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0-BC! ;<:"( ! ;1(:!(B E,"MN ,"23*1&101%1&@
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 !( )  ! "#$%

 !"#"$%!&'  !"## γ $%&'(#) *&+,- +.+#/0 ( γ1&( /&2/03+.  !( )

+4+5+6 '(45(7%# ! (γ)12(4 $+484$96:

;<0!+0 γ1&( ! (γ) 2/=+. '(45(7:  ! (γ)16(#  !( ) "#$%# &' 

'>2$?6 @5+43 +40+2+7/. "00(0 (!)!<6A '"=3 +=3 ! (γ) '(45(7B(0

4/2C $%&'(#) *&+,-+6+# +=35%. (4% >&2( #%B4%7(#.7+&D +4&+0!+7/.#

6(*?06E:

F+2+7+#$96 (

T = {! (γ) | γ $%&'(#) *&+,-}

$+484/.#:

;+=$+=3+7796A '"=3 G B%& %4#(4%B(0 2/=#+4+0 ."6 γ $%&'(#) *&+,-

2(0 G T <. 2/=+. '(45(7A ?=3(0<. &/.7'(45(7( (7  !( ) +4+5+6

'(45(7( '(#2%03'(45(7%0(6A (5< 5+=<0# 
.(6 2/=+.:

 !"#$

 !( )  ! "#$%

! (γ) 5+='(#%&"7%.(I

(&)*" + 03+42#(0 /. γ = , . . .,! .7)A ('"4 , , . . . ,,! ∈ (- ∪ Σ):

.*")*" ! (γ) '(45(7:

/012345 J<.7%5"4$?6 ( ! (λ),! (, ), . . . ,! (, . . .,!)

'(45(7"6(#:

 %"#$

 !( )  ! "#$%

6%7859":*2

@(E ! (λ) 6<.7%5>#%.(

@KE @L0<
<(4<7%4%.:E ;<0!+0 ; → α ∈ < +.+#/0 4+=3+0

[; → .α, λ] ∈ ! (λ):

@ME @N+7%&%.:E ;<0!(!!<=A (5>= ! (λ) BC2>#'+#CA ( ! (λ) 5<0!+0

[6 → .=β, *] (4(6O +4+5/&+ /. = → δ <1B+4< .7(B%43&(A 4+=3+0

[= → .δ, > ] ∈ ! (λ) 5<0!+0 > ∈ ?( (β*)1&(:

 $"#$

 !( )  ! "#$%

6%7859":*2

@BE P+=396 Q+4A '"=3 ! (, . . .,"− )1+# 5%& 6<.7%5>#"##?6: R66"&

6<.7%5>#$?6 ! (, . . .," )1#:

@KE @N/*#+#/.:E ;<0!+0 [6 → α.,"β, *] (4(6O ! (, . . .,"− )1B+4<

+4+5 +.+#/0 4+=3+0 [6 → α," .β, *] ∈ ! (, . . .,"):

@ME @N+7%&%.:E ;<0!(!!<=A (5>= ! (, . . .," ) BC2>#'+#CA (

! (, . . .," ) 5<0!+0 [6 → α.=β, *] (4(6O +4+5/&+ /. = → δ

<1B+4< .7(B%43&(A 4+=3+0 [= → .δ, > ] ∈ ! (, . . .," ) 5<0!+0

> ∈ ?( (β*)1&(:

 &"#$



 !( )  ! "#$%

 !"#$%   !(!) "#$%#&' & !"# ' → (

( → ( ∗ ) |)

) → $ | *

+ = ,!(λ) ( [' → .(, λ]
[(→ .( ∗ ) , λ / ∗]
[(→ .) , λ / ∗]
[) → .$, λ / ∗]
[) → .*, λ / ∗]

+! = ,!(() ( [' → (., λ]
[(→ (. ∗ ) , λ / ∗]

 !"#$

 !( )  ! "#$%

T = {,$ (γ) | γ )#*+,"- .*/01 } &234#56"#3,7

-./01 & 89/%:",8; 201/01 T = {,$ (γ) | γ )#*+,"- .*/01 }.

 !' </=9/8 T = {,$(λ)}  ,$(γ) >%=?*2"5@3  ,' .?8"';

 A' B28C,CC2= ,56= T D$/8 :,8 5/=)/%E%/"%/8 "#$%#4," "/=9F& ,

&E:/"&/4G"7

◮  !"#$%& !"# '!"(!)*)!+)!%  ∈ T !)!'!+, -!"#!% !.

 = ! (γ),

◮ /!)*)($& '!"  0+,

◮ 12%3!%  ∈ (! ∪Σ) !" #$%&'()*+ +, " ′ = # (γ ) -. /# (γ)

0(1'!,.&*# /23 4'5.36 7" " ′ 6∈ T "++'! " ′ . 8-19:+ ;-( T  2-<

+:(=52-5 (>4):5+ .'8%226

 !"#$ %&  !( ) '()$(* +%$,%&% -"%./!0 T 1 "2.#03 % 4#5'!

%$.67!',80 "2.#0 0&(,9 $2:20 8'(5 '#7,!5($;

  !"#

 !( )  ! "#$%

!"#$%& -'((<) '()$(*1 ) !"# = * → '

' → ' ∗ + |+

+ → % | ,

- = .!(λ) > [* → .', λ]
[' → .' ∗ + , λ / ∗]
[' → .+ , λ / ∗]
[+ → .%, λ / ∗]
[+ → .,, λ / ∗]

-! = .!(') > [* → '., λ]
[' → '. ∗ + , λ / ∗]

 $!"#

 !( )  ! "#$%

-" = .!(+ ) > [' → + ., λ / ∗]

-# = .!(%) > [+ → %., λ / ∗]

-$ = .!(,) > [+ → ,., λ / ∗]

-% = .!('∗) > [' → ' ∗ .+ , λ / ∗]
[+ → .%, λ / ∗]
[+ → .,, λ / ∗]

-& = .!(' ∗ + ) > [' → ' ∗ + ., λ / ∗]

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

 !"#$
&'( .$",!/%$)$, α ,!01*

 !! (α) = {!" (#) |α ⇒∗

! β ⇒! # 2)34 5()3 β 6= $#

,$++6%3$7 $ ∈ %81$}.

)*+!,( #$%(") &'&()*+ & *99(1 #, 
,*96, *99(1 $%(")4 5* +67;$7

' ∈ T $%(") "&<%&1* 6)*!4 5()3 5* ' 8<$7 =*7

[$ → β., (] *%*92 $%$+4 *99(1 767
, <$77$ $)3 (%3*7 +&,69

[) → β .β!, * ] $%$+4 +$%31$ ( ∈  !! (β!*)> ?@!" 1A=6;$7 2)3

'$B$!!C9 964 5()3 +67;$7 $%(") "&<%* 9(7!6,!"$7,>D

 !"#$

 !( )  ! "#$%

)*+!,( & 81/% $%;A7"5$"/4 5()3 $%(")8$>

-&./#0$+12( E!&+(%BF9 96 T 8"4 +*B; =$)3C9 ,(11* T 87$9 +67;$7 '

$%$+#">  +$7736<$7 ' 8<$7 767
, [$ → β., (] *%*92 $%$+4 =&%*,,!F9

* 9A=$"9$!/ "&<%&!*"(">

G* ' 8<$7 "*%&%F79 [$ → β., (] *%*92 $%$+$"4 *99(1 ' +67;$7

[) → β .β!, * ] *%*92 $%$+#1$ =6!,)&%BF9 +$)4 5()3 ( ∈  !! (β!*)

"$%B$,C%8$> ?H"" 965*,!7&%"F94 5()3  !! (β!*) 96,!&+I"5*"0>D G*

"*%&%F79 6%3$7 $%$+$" ' 8<$74 *99(1 & 7$+ $%(")> G* $)3$"%$7 '

"&<%&!*" $,$"#7 ,$+ "*%&%F79 9#" (%3*7 $%$+$"4 *+$%3$9 96$%#)I"69

$!" * '$%"#"$%"4 *99(1 & $%(")>

%&"#$

 !( )  ! "#$%

+,-./0  &"#$% 73$%="*7 $%(J)-

'" = 1 (λ) K [2 → . , λ]
[ → . ∗ 3 , λ / ∗]
[ → .3 , λ / ∗]
[3 → ./, λ / ∗]
[3 → .4, λ / ∗]

@<<$7 767
, [$ → β., (] *%*92 $%$+4 "$5&" 7$+ %$5$" 9(7L69"F,>

%'"#$

 !( )  ! "#$%

+,-./0  &"#$% 73$%="*7 $%(J)-

' = 1 ( ) K [2 →  ., λ]
[ →  . ∗ 3 , λ / ∗]

 ! [2 →  ., λ]8" #, *! [ →  . ∗ 3 , λ / ∗] $%$+$9 9(7L69"F,<*7

%$5$"7$9> M$  !! (∗3λ) =  !! (∗3∗) = {∗} #, λ 6∈ {∗}4 I)3 *!

$%(J) '$%"#"$% +$)67" 
,*9 7$+ ,#1C%>

G*,(7%0*7 %&"5*"0 * '!, . . . ,'# "&<%&9 $,$"#7 6,>
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 !  !(") "#"$!%& $'()*%&" +,-. #  !(")/

0"1(23&4567#86( 9!  !(") $%$&'( )*+%*): 9$"#; (%4 5%&!5"

2&!4.94<= 9! , )$-."$/01.2 )*+%*34 %& 9 2 25)5 )*+%*34> 0?3*(%4

47@#9 &259? T "#"$"?A"# A9339( 
C$(%!A">

 ! , 4"A%("3;&%1 47@#9 2&!#2D9? Σ∗, "#"$"?A"# A9339( 
C$(%!A">  

6 ∈ T &25.2! %& 9! 7 ∈ Σ∗, 2&!#2D.2! 49542!< , (6 , 7) &25 9!4 C589

#": .21; $?4 ("## 4"33?: .9 9 A?!&17#4 875.94< D5"EF5" %5A%3;"&  !(")

"#"$"( .9#$9!9 6 : 9! "#G5"3%!"44 &!< D"*?1 7>

 2 1242 47@#9 2&!#2D9? 8 ∪ Σ "#"$"?A"# A9339( 
C$(%!A">  

6 = 9 (γ) &25 %& 9! : 2&!#2D 7#49# $"1.94752!244 "#"$ 9 (γ: ):

4".74 2(6 ,: ) = 9 (γ: )>
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 !( )  ! "#$%

, (6 , 7) D2342& *"E3C
?<89>

+H/ I9 6 J@"3 A93 [; → β., 7] 9#9(K "#"$: 9((25 #"1;"3

, (6 , 7) =+ !"#$%&%': </: 9.2# < 9! ; → β &!9@7#; &25&!7$9>

+L/ .9 6 J@"3 A93 [; → β .β!, - ] 9#9(K "#"$: 9.2# β! 6= λ %&

7 ∈ "## (β!-): 9((25 #"1;"3 , (6 , 7) ='()*+>

+M/ I9 7 = λ %& 6 J@"3 A93 [= → α., λ] 9#9(K "#"$: 9((25

, (6 , 7) =!&*,-."%'>

+N/ 0?3*"3 $7& "&"4@"3 #"1;"3 , (6 , 7) =()/.>

 2 1242 47@#9 2&!#2D9? 8 ∪ Σ "#"$"?A"# A9339( 
C$(%!A">  

6 = 9 (γ) &25 %& 9! : 2&!#2D 7#49# $"1.94752!244 "#"$ 9 (γ: ):

4".74 2(6 ,: ) = 9 (γ: )>

 $"#!

 !( )  ! "#$%

>.%?4@ #!"#$ = H= = →  

L=  →  ∗ A M=  → A

N= A → 4 O= A → + 4"A%("3;&%1 47@#789=

, : 4 + ∗ λ

6" ' ' ( (

6 ( ( ' !

6! ( (  M  M

6# ( (  N  N

6$ ( (  O  O

6% ' ' ( (

6& ( (  L  L

2 : =  A 4 + ∗

6" 6 6! 6# 6$

6 6%

6!

6#

6$

6% 6& 6# 6$

6&
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 !(") "#"$!%&? 9#125?4$6&=

B/C7) # + !(")/ 3;"#A493  !(") "#"$!G +4"A%("3;&%1 %& 1242/

47@#789 %& D ∈ Σ∗ &!<>

E7)C7) B2$/ %& D 82@@ 2#*9#? "#"$!%&": .9 D ∈  (# ): 8$&

(P#)3@"3>

FG?1'$3

•  ! "#"$!%& (H , α6 , π) 9#9(K (23E1657
?<( &252!949: 9.2#

J H ∈ Σ∗ "1; &!<: 9! "#"$!"3*G &!< .7459#%AG +A91;?& 9 875.94<

D5"EF"3 4K#?/ 5%&!":

J α6 ∈ (T ∪ 8 ∪ Σ)∗: 9.2# α 49549#$9!!9 9 875.94< D5"EF"4 K1;:

.21; "33"( $?3*"3 D5"EF" 6473 αJ@93 @"33" A93 9 57 %5A%3;"&

 !(") 47@#9 ?&> +Q1; 6 %5A%3;"& α′J5": 9.2# α′J4 K1; (9D86( αJ@<#:

.21; 4)5)#8P( @"#G#" 9 T J@"#? &!?$@<#6$2(94>/ R1; A"5"$3"(

4"(?348P(: $"#;3"( 4"4"8" 9 82@@ A%1%3 A93>

J π "1;: 9 &!9@7#;2( &25&!7$9?@<# 9#(24244 &252!94> R1; &2539(

4"(?348P(: $"#;3"( 4"4"8" 9 @9# A%1%3 A93>
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•  !"#$ %&'()*+,
./0 (/ ,0 , λ)1 23&4 0 = 1 (λ) 562)7.8 2 λ

9,+32:/ ;+!(<+! =+6='7!8  !(2) :,>42?@ A >!B!9!"$ %&'()*+,
./%

(λ,0 α0 , π) 242%C2%@

A %&'()*+,
./% %D"D::. ,:E!'!:!: ⊢F624 9!4D49G%@

A" ,:E!'!:. +!4,
./ C)7 62' #!('.,4621 3&)7 / ∈ 3(4 ) 2%%&+ =8


82%.8 2%%&+ :!49!8G41 32 2 %!"#$ %&'()*+,
./>/4 !4=+:G'% !)7 &472'

(λ,0 α0 , π) %&'()*+,
./:1 E!47+! ( (0 , λ) = !"#$%&'(@ 5H%%&+

αF>/4 !432)762 2" 35(2) :,>42 8".E>/4*E&%2:1 2" 6 !)7!:4!'

24:!+'2:I6,9,: %2;9*%@?
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 !( )  ! "#$%

A" !4!E"=8. 24)&+.:E*80

J@ 7 := (/ ,0 , λ)K

L@ AEI) 62' &472' 7 ′1 E!47+! 7 ⊢ 7 ′1 4!)7!' 7 := 7 ′K

M@ N2 7 = (λ,0 α0 , π) 242%C1 6242E!47 πF+! =8

( (0 , λ) = !"#$%&'(1 2%%&+ &*:;*:0 89%: %G4D'>!' &*:;*:0

;%<@

AE!''7.>!' 2" &*:;*: 89%:1 2%%&+ Jπ 2#92 / !)7 9&>> &4#24.

4!6!"!:=8=:1 23&4 J 2" !)7!:4!' 6 >24 &4#24C 8"2>,47 8&+8",E2@

 "!"#

 !( )  ! "#$%

=,<%:%,> &%*?
>!. OB3 2" (A , α0 , π) %&'()*+,
./>2' 62)7*'%@

 =;!""G% B = C8 (A)F!:@

5J? N2 ( (0 , B) = () &*+'!'(1 D?1 2%%&+ α0 6!+!E>$4 :D+4G'% L · |β|

#2+2> 8".E>/4*E&:1 23&4 E→ β 2 DF!#.% 8"2>,47@ O!)7G% B!41 3&)7

2 6!+!E>!' E2+2# γ0 ′@ A%%&+ (A , α0 , π) ⊢ (A , γ0 ′E0 ′′, Dπ) 23&4

0 ′′ = 9(0 ′,E)@

5L? N2 ( (0 , B) =(,-".1 2%%&+ (A , α0 , π) ⊢ (A ′, α0F0 ′, π), 23&4

A = FA ′ =8 0 ′ = 9(0 , F)@

5M? N2 ( (0 , B) = !"#$%&'( 52E. 
82% C)7 4!3!:1 32 0 F>!' 62'
[6 → α., λ] 242%C !4!E =8 B = λ !)7.#!9P4!) :!49!8G4'!%? 2%%&+

'.'
8 ,:E!'!:@

5Q? N2 ( (0 , B)R,-/%1 2%%&+ '.'
8 ,:E!'!:@

 $!"#
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GH*"FIO!%.':8G% 2 4!"#$ '7!46:2': =8 2 / = F ∗ J ∗ F 8"/:@ A#9*%

E!) 8"/ !4!E"=8=:@

(F ∗ J ∗ F,0 , λ) ⊢ (∗J ∗ F,0 F0!, λ) ⊢ (∗J ∗ F,0 K0", Q) ⊢
(∗J ∗ F,0 30#, MQ) ⊢ (J ∗ F,0 30# ∗ 0$, MQ) ⊢
(∗F,0 30# ∗ 0$J0%, MQ) ⊢ (∗F,0 30# ∗ 0$K0&, SMQ) ⊢
(∗F,0 30#, LSMQ) ⊢ (F,0 30# ∗ 0$, LSMQ) ⊢
(λ,0 30# ∗ 0$F0!, LSMQ) ⊢
(λ,0 30# ∗ 0$K0&, QLSMQ) ⊢ (λ,0 30#, LQLSMQ)

T.6!4 ( (0#, λ) = !"#$%&'(1 2" F ∗ J ∗ F 8"/ !4!E! 3(4!"#$) '7!46'!%@

O&6,>>,1 2" JLQLSMQ 8"2>,47 8&+8",E 8&+&"2: !"!' 8"/ 9&>> &4#24.

4!6!"!:=8=: 2#92@
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