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12 1('2*% +, )*1%3/*4 1('2*%"# $%& ./&8+(10 0190&
$+(# *& +#$/(31
&3 5 ,&#&/5) '(/6 (' Γ '1#
$+(# 50 5 65..+#, $%5$ '(/&5
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1= A'#$-/) B'/
g (xi ;µ, κ) =

1

360I0(κ)
exp
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κ cos(xi − µ)
π
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∑

µ∈Dn

ηµ g(xi;µ, κ),>5"'" )5" >"&/5)- ηµ = P (xi = µ) #'" -0
5 )5#) ∑

µ∈Dn
ηµ = 12 @$ *0' 
#-"6 )5" #--0!,)&*$*: 0$&:*'! >"&/5)- 7"#%- )* ηµ = 1/|Dn| = 1/(3n − 2) :*' #77 µ ∈ Dn6 Dn 8"&$/ %"A$"% &$B'*,"')9 12C45&- 0$&:*'! %&-)'&80)&*$ #--0!,)&*$ &- )5" !*-) $"0)'#7 #--0!,)&*$2 @$ :#
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xi &-?
ω(xi, µ) =

g (xi;µ, κ)
∑

γ∈Dn
g (xi; γ, κ)

.  12H+
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#$%&%#)" #$/7"2



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

"#$%&' ()*+, -./'&012 1&3%.4 /5'3&'/#
12 1.$2'78 µ = 137.5◦) 95' #./'&012 #7 %7'4 /3 4':.' Γ;%.
/#3.) !"! #$%&'()*+,"#&7/ <' =&3=37' 1. 12$3&#/5> /3 7320' ?&3@2'> ()*) !"#$%&&%'() "(*+,%-.$ !"#"
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"+ 01 #2"03"#%
)- !%4"3'"&
")&'-"+95' 12$3&#/5> /51/ <' =&3=37' %7'7 ?1&#A5 >1==#.$ B?1&#418 C++D℄ /3 /'7/ {u0, ..., uℓ} =

{0, 1, ..., ℓ}) ?1&#A5 >1==#.$ >1=7 '1
5 <3&4 /3 1 0'
/3& 3; .%>@'& 3; 3

%&&'.
'7 3; /5' 2'//'&7#. /5' <3&4) F'/ Σ @' 1. 12=51@'/ 3; 7#G' m ∈ N8
Σ = {σ1, σ2, · · · , σm}.H' 7%==37' >3&'30'& /51/ /5' 7I>@327 1&' 3&4'&'4, σ1 < σ2 < · · · < σm) "3& '1
5 <3&4

w ∈ Σ∗ 2'/ ψi @' /5' .%>@'& 3; 3

%&&'.
'7 3; σi #. w) ?1&#A5 >1==#.$ #7 1 ;%.
/#3.
Ψ : Σ∗ → Nm

Ψ(w) = (ψ1, ψ2, ..., ψm).56)*7-" 89:9  !" Σ = {a, b, c, d} #$"% "%! &'(%&)!"$
&' +,-!,. &/- w = abad0 1%!/ Ψ(w) =

(2, 1, 0, 1)0
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%&&'3
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-3 56 U6&57 1'64 45 &#$/4 -115A2 %2 45 
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' 6&57 1'64 45 &#$/4 53
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Organ order

(a) Forward analysis

(b) Backward analysis
3α -α -α 3α 2α -α 2α
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Organ order

(a) Forward analysis

(b) Backward analysis
3α -α -α 3α 2α -α 2α
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= ky1L1 − δyY +Dy∇2Y,

dS

dt
= kS1stem − δSS +DS∇2S,

N0.-TPN0.-OPN0.-QP2)&4& h #! ' U&'A#!#"& ,%*
(#+* h : R → [0, 1]S
h(x, θ) =

{

1, x < θ,

0, +()&42#!&.
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#&-($ 34 /&'0&>7$ W̄ = δw
kw
W ; .$ 3>%&0-E

dW̄

dt
=
δw
kw

dW

dt
=
δw
kw

(kwh(Y + S, θ)− δwW ) = δw(h(Y + S, θ)− W̄ ).?$% W̃ >$ %#$ /&7=$ 34 W̄ &% $F=070>'0=9; 4'39 %#$ &>3/$ $F=&%03-1 .$ G-3. %#&% W̃ =

h(S + Y ): <$-
$ W̃ 01 & >337$&- /$
%3':H- %#$ 1&9$ .&D; >D 
#&-($ 34 /&'0&>7$1 Ȳ =
δy
ky
Y &-6 S̄ = δS

kS
S ; .$ 3>%&0-E

dȲ

dt
= δy[1L1 − Y ] +

δy
ky
Dy∇2Y,

dS̄

dt
= δS [1stem − S] +

δS
ks
DS∇2S.+0-
$ ∇2 01 70-$&'; 1$$ IF=&%03- J@:KL; .$ #&/$E

dȲ

dt
= δy[1L1 − Ȳ ] +Dy∇2Ȳ ,

dS̄

dt
= δS [1stem − S̄] +DS∇2S̄.)$ 
&- 4='%#$' 109,704D %#$ 1D1%$9 >D 
#&-($ 34 %09$ 1
&7$ τ = δytE

dȲ

dτ
=

1

δy

dȲ

dt
= 1L1 − Ȳ +

Dy

δy
∇2Y,

dS̄

dτ
=

1

δy

dS̄

dt
=
δS
δy

(1stem − S) +
DS

δy
∇2S,.#0
# 7$&61 =1 %3 6$M-$ %#$ 43773.0-( ,&'&9$%$'1E

D̄y =
Dy

δy
, δ̄S =

δS
δy
, D̄S =

DS

δy
.CD 390%%0-( %#$ >&'1 43' 109,70
0%D &-6 -3%0-( t 0-1%$&6 34 τ .$ 3>%&0-















dY

dt
= 1L1 − Y +Dy∇2Y,

dS

dt
= δS(1stem − S) +DS∇2S.
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dS

dt
= δS1stem + (DSL− δSId)S,<)$,$ Id '? %)$ '.$0%'%2 *+%,'-( @6%$ %)+% 12 
60?%,9
%'604 %)$ *+%,'- L )+? 0600$B+%'=$ $-%,+C.'+B60+D $D$*$0%?4 +0. +DD '%? ,6<? ?9* %6 E$,6( F,6* %)'?4 <$ 
+0 .$.9
$ %)+% 56, +02 G6?'%'=$

δS 4 %)$ *+%,'- (−DSL+δSId) '? ?%,'
%D2 .'+B60+DD2 .6*'0+0%4 +0. %)9? '0=$,%'1D$ +0. %)$ ?2?%$*)+? + 90'89$ ?%$+.2 ?%+%$( H% ?%$+.2 ?%+%$ <$ 
+0 <,'%$>
S̃ = −(DSL− δSId)

−1(δS1stem),

=
1

δS
(Id− DSL

δS
)−1(δS1stem),

= (Id− DSL

δS
)−1

1stem,<)$,$ Id '? %)$ '.$0%'%2 *+%,'- 65 ?'E$ 65 %)$ 09*1$, 65 
$DD? '0 %'??9$( I$ .$/0$ D̄S = Ds

δS
(J'0
$ %)$ .$
+2 ,+%$ '?  '0 789+%'60 &:( K34 <$ +D?6 )+=$>

Ỹ = (Id− D̄yL)
−1

1L1.L2 6*'%%'0B %)$ 1+,? +B+'04 %)$ ?2?%$* +% ?%$+.2 ?%+%$ 
+0 1$ .$?
,'1$. 12>














W̃ = h(S̃ + Ỹ , θ),

Ỹ = (Id−DyL)
−1

1L1,

S̃ = (Id−DSL)
−1

1stem.
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$ <$ .6 06% )+=$ %6 
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0.052, Tw = 10.0, dw = 0.1, hw = 2.0, Twy = −10.0
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454' 
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









W̃ = h(S̃ + Ỹ , θ),

Ỹ = (Id−DyL)
−1

1L1,

S̃ = (Id−DSL)
−1

1stem.

G)*!FHG)*!)HG)*!IH#4' 3.$: :@:3(1 48 
(55: $2 '47E 3.( 8&2
3$42: 1L1 /20 1stem $2 /?4<( (J&/3$42: /'(,
{

1L1(i) = 1 $8 i = 1,

1L1(i) = 0 43.('7$:(.
{

1stem(i) = 1 $8 i = N,

1stem(i) = 0 43.('7$:(,7.('( i $: 
(55 $20(A*B( /::&1( 3./3 84' 3.$: 
42K%&'/3$42,
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













Aij

dijVi
= 1, 1 ≤ i ≤ N, j ∈ Ni,

Aij

dijVi
= 0, 1 ≤ i ≤ N, j /∈ Ni,7.('( Ni = {i − 1, i + 1}E 2 ≤ i ≤ N − 1E N1 = {2}E NN = {N − 1}E Aij

dijVi
?($2% 0(K2(0 $2LJ&/3$42 G)* H* -.&: 3.( 1/3'$A LN×N $2 LJ&/3$42: G)*!)H /20 G)*!IH $:,

LN×N =















−1 1 0 0 ... 0 0
1 −2 1 0 ... 0 0
0 1 −2 1 0 ... 0*** ***
0 . . . 0 1 −1















.
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. %.'%H
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% 3'%%$4*/ %.'% 
'*&$ 4$34-:)
$:= Q* 3'4%,
)6'4 %.,/ *)7&$4 ,/ O*,%$9 ?.$4$'/ %.$ 3'4'7$%$4 /3'
$ ,/ ' 
-*%,*))7=



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

#$%&'( )*  + ,$-&./0$12 13 /4$-(25$12/.$6(4 -14(. 12 / '17 13  8 
(..5* :;( 
12
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(K / %$D(2 ;<= 9/33('2K W̄i,j K 
/2 @( %(2('/3(0 @A 0$C('(23 8(3 4E 9/'/1(3('8K $*(*
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( 3.( 83(/0A 83/3( 9/33('28 Ỹ /20 S̃ 3.(18(5D(8 04 243 ./D( / 8$195((>9'(88$42 $2 3('18 4E 3.( 9/'/1(3('8 (Dy,DS , θ)* I20((0K 3.( 8(3 4E 9/'/1(3(' D/5&(8 5(/0$2%



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

"#$%&' () !* +,' -.#/'01#20-3#4'. /2.'3 #0 
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2 %44$5- 7- #$ 2%() % ('-7%4 ,)+,)-)*#%#'$* $3 #2).)
$>+$-'#'$* $3 +%,%>)#), -+%
) '*#$ ,)&'$*- $3 #2) 3$,> Ψ−1(W̄i,j)C 3$, %44 %.>'--'04) W̄i,j C -))H'&7,) :; :;
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