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AMi`Q/m+iBQM iQ *QM/BiBQM�H _�M/QK 6B2H/b

CBM;#Q sB�

>m�x?QM; �;`B+mHim`�H lMBp2`bBiv

tB�DBM;#QXK�i?!;K�BHX+QK

kyky ㅰ RR 㴨 R3 㑓

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 R f 3e

X
X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X

h�#H2 Q7 +QMi2Mib A
R _Q�/K�T �M/ 1ti2`M�H _2bQm`+2b 7Q` aim/2Mib 9
k 6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H U"�v2bB�M L2irQ`FfJ�`FQp _�M/QK 6B2H/VRR
j 6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 ky

L"- >JJ pbX J1- *_6- "�v2bB�M M2irQ`F pbX J�`FQp `�M/QK }2H/ kk
J1 5 k8
*Q/BM; imiQ`B�H, J1 QM i2ti +H�bbB}+�iBQM jk
*_6 jj

9 oBi2`#B QM T�i? BM72`2M+2 9y
oBi2`#B QM >JJ 9k
oBi2`#B QM *_6 9N

8 6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; 8k
e *_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b ek

� iQQHFBi 7Q` *_6 BKTH2K2Mi�iBQM ej
_LL pb *_6- QM b2[m2M+2 H�#2HHBM; dR
*Q/BM; imiQ`B�H, _LL QM b2[m2M+2 QmiTmi d8
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ de
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PmiHBM2
R _Q�/K�T �M/ 1ti2`M�H _2bQm`+2b 7Q` aim/2Mib 9
k 6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H U"�v2bB�M L2irQ`FfJ�`FQp _�M/QK 6B2H/VRR
j 6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 ky

L"- >JJ pbX J1- *_6- "�v2bB�M M2irQ`F pbX J�`FQp `�M/QK }2H/ kk
J1 5 k8
*Q/BM; imiQ`B�H, J1 QM i2ti +H�bbB}+�iBQM jk
*_6 jj

9 oBi2`#B QM T�i? BM72`2M+2 9y
oBi2`#B QM >JJ 9k
oBi2`#B QM *_6 9N

8 6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; 8k
e *_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b ek

� iQQHFBi 7Q` *_6 BKTH2K2Mi�iBQM ej
_LL pb *_6- QM b2[m2M+2 H�#2HHBM; dR
*Q/BM; imiQ`B�H, _LL QM b2[m2M+2 QmiTmi d8
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ de
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_Q�/K�T �M/ 1ti2`M�H _2bQm`+2b 7Q` aim/2Mib
_Q�/K�T 7Q` b2H7 bim/v bim/2Mib

RV h2ti#QQF `2�/BM;X
BV *?�Ti2` 3X :`�T?B+�H KQ/2HX *?`BbiQT?2` "Bb?QT- kyye R X
BBV *_6X _QK�M E �M/ E�i`BM h- kyyd kX

kV :Q i?`Qm;? i?Bb bHB/2bX
jV am;;2bi2/ oB/2QX ?iiTb,ffrrrX#BHB#BHBX+QKfpB/2Qf�pj99993Re\7`QK4

b2�`+?�b2B/4Rjky9y89Nejy89jdRejd
9V h`v ǳhmiQ`B�H QM J1Ǵ,

?iiTb,ff;Bi?m#X+QKf#BQMHT@?x�mfJ�tBKmK1Mi`Qv9*H�bbB7B+�iBQM
8V h`v ǳhmiQ`B�H QM *_6Ǵ,

?iiTb,ff;Bi?m#X+QKf#BQMHT@?x�mfhmiQ`B�Hn9n*_6
! hQQHb mb2/ BM i?2 imiQ`B�H, q�TBiB- � Tvi?QM r`�TT2` 7Q` 7�bi HBM2�`@+?�BM *_6X

eV JQ`2 T�T2` `2�/BM; Q` Svi?QM vQm` QrMX UPTiBQM�HV

R"Bb?QT- *?`BbiQT?2` JX S�ii2`M `2+Q;MBiBQM �M/ K�+?BM2 H2�`MBM;X bT`BM;2`- kyyeX
kEHBM;2`- _QK�M- �M/ E�i`BM hQK�M2FX *H�bbB+�H T`Q#�#BHBbiB+ KQ/2Hb �M/ +QM/BiBQM�H `�M/QK

}2H/bX hl- �H;Q`Bi?K 1M;BM22`BM;- kyydX
CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 8 f 3e
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_Q�/K�T �M/ 1ti2`M�H _2bQm`+2b 7Q` aim/2Mib
1ti2`M�H `2bQm`+2b 7Q` bim/2Mib

RV *Qm`b2 _2TQ, ?iiTb,ff;Bi?m#X+QKf#BQMHT@?x�mfhmiQ`B�Hn9n*_6
BV 6BM/ bHB/2b i?2`2XXX
BBV 6BM/ HBi2`�im`2 i?2`2XXX
BBBV 6BM/ imiQ`B�H i?2`2XXX

kV aHB/2b, E�B@r2B *?�M;Ƕb bHB/2b 7Q` 7Q`r�`/ �M/ oBi2`#B QM >JJ jX
jV JQ`2 T�T2` `2�/BM;,

R 6B`bi *_6 T�2`X G�z2`iv- J+*�HHmK �M/ S2`2B`�- kyyRX 9 X
k *_6 T�T2`X *?�`H2b amiiQM �M/ �M/`2r J+*�HHmK 8 X
j >JJ S�T2`X G�r`2M+2 _�#BM2`- RN3NX eX
9 qBFBT�;2bX ?iiTb,ff2MXrBFBT2/B�XQ`;frBFBf*QM/BiBQM�Hn`�M/QKn7B2H/

j?iiT,ffrrrX+bXpB`;BMB�X2/mf�F+kr+fi2�+?BM;fLGSRefbHB/2bfRR@oBi2`#BXT/7
9G�z2`iv- CQ?M- �M/`2r J+*�HHmK- �M/ 62`M�M/Q *L S2`2B`�X Ǵ*QM/BiBQM�H `�M/QK }2H/b,

S`Q#�#BHBbiB+ KQ/2Hb 7Q` b2;K2MiBM; �M/ H�#2HBM; b2[m2M+2 /�i�XǴ UkyyRVX
8*?�`H2b a- �M/ J+*�HHmK �X ǴR �M AMi`Q/m+iBQM iQ *QM/BiBQM�H _�M/QK 6B2H/b 7Q` _2H�iBQM�H

G2�`MBM;XǴ?iiTb,ffTm#HBbiXBbiX�+X�if�ii�+?K2MibfyyyyfykNkf+`7@imiQ`B�HXT/7
e_�#BM2`- G�r`2M+2 _X Ǵ� imiQ`B�H QM ?B//2M J�`FQp KQ/2Hb �M/ b2H2+i2/ �TTHB+�iBQMb BM

bT22+? `2+Q;MBiBQMXǴ S`Q+22/BM;b Q7 i?2 A111 dd- MQX k URN3NV, k8d@k3eX
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_Q�/K�T �M/ 1ti2`M�H _2bQm`+2b 7Q` aim/2Mib
JQ`2 bm;;2biBQMb iQ bim/2Mib

JQ`2 bm;;2biBQMb iQ bim/2Mib,
am;;2biBQM R, hQ mM/2`bi�M/ i?2 `2H�iBQMb?BT �KQM; L"- >JJ- J1 �M/ *_6

HQQFb 7�B`Hv *PPGX
R 6BMBb? `2�/BM; _QK�M �M/ E�i`BM kyydX
k �M Ny KBMmi2b bF2i+? biQ`v Q7 L"- J1 �M/ *_6 BM � i�bi2 Q7

Ǵ;`�T?B+�H KQ/2Hf+QM/BiBQM�H /2T2M/2M+2 �bbmKTiBQMǴ Bb pBpB/Hv
BMi`Q/m+2/ BM #BHB#BHB pB/2Q- �b bm;;2bi2/ BM i?2 T`2pBQmb T�;2X

j J2�Mr?BH2- � r`�T@mT bF2i+? Q7 _QK�M �M/ E�i`BMǶb B/2� Bb b?QrM
BM T�;2 kRX
ǳA /`2r Bi5Ǵ

am;;2biBQM k, >QH/ QMX hQ FMQr i?2 +QKTmi�iBQM Q7 *_6 KQ/2H Bb 2ti`2K2Hv
*PPGX aQ-

R mM/2`bi�M/ oBi2`#B QM >JJ }`bi-
k i?2M K�F2 r�v iQ oBi2`#B QM *_6-
j �bF vQm`b2H7 r?v oBi2`#B Bb MQi 2MQm;? iQ bQHp2 *_6X

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 Ry f 3e
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PmiHBM2
R _Q�/K�T �M/ 1ti2`M�H _2bQm`+2b 7Q` aim/2Mib 9
k 6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H U"�v2bB�M L2irQ`FfJ�`FQp _�M/QK 6B2H/VRR
j 6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 ky

L"- >JJ pbX J1- *_6- "�v2bB�M M2irQ`F pbX J�`FQp `�M/QK }2H/ kk
J1 5 k8
*Q/BM; imiQ`B�H, J1 QM i2ti +H�bbB}+�iBQM jk
*_6 jj

9 oBi2`#B QM T�i? BM72`2M+2 9y
oBi2`#B QM >JJ 9k
oBi2`#B QM *_6 9N

8 6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; 8k
e *_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b ek

� iQQHFBi 7Q` *_6 BKTH2K2Mi�iBQM ej
_LL pb *_6- QM b2[m2M+2 H�#2HHBM; dR
*Q/BM; imiQ`B�H, _LL QM b2[m2M+2 QmiTmi d8
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ de
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6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H A

�b ;`�T?B+�H KQ/2H Bb � #�bBb 7Q` mM/2`bi�M/BM; b2`B2b Q7 �H;Q`Bi?Kb BM+Hm/BM; *_6-
"Bb?QTǶb #QQF d Bb bi`QM;Hv bm;;2bi2/X SH2�b2 K�F2 bm`2 iQ mM/2`bi�M/ i?2
7QHHQrBM; MQi�iBQMb Q` K2i?Q/bX
BV lM/2`bi�M/ #�bB+ MQi�iBQMbX 6Q` `�M/QK p�`B�#H2b t = {t1, · · · , tL}-
⍋㴛⡣⿔ S(tB)ᱨ㝫⮔⡣⿔ S(tB|tD)ᱨ⻶⧩⡣⿔ S(t1, t2, · · · , tL)ᱨ

amK _mH2, S(tB) =
∫

S(tB, tD)/tD- US(tB) =
∑
tD

S(tB, tD)V

S`Q/m+i _mH2, S(tB, tD) = S(tB)S(tD|tB)

*?�BM _mH2, S(t1, t2, · · · , tT) =
L∏

M=1
S(tM|t1, t2, · · · , tM−1)

"�v2bB�M _mH2, S(tD|tB) =
S(tB,tD)

S(tB)
= S(tB,tD)∫

S(tB,tD)/tD

X

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 Rk f 3e
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6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H AA
BBV lM/2`bi�M/ +QM/BiBQM�H BM/2T2M/2M+2 BM "�v2bB�M L2irQ`F- �F�- /B`2+i2/

;`�T?B+�H KQ/2Hb-
.2}M2

� ⊥⊥ #|+ URV
�b i?2 b?Q`i 7Q`K 7Q` ǳ�, # �`2 +QM/BiBQM�HHv BM/2T2M/2M+2 QM +ǴǴX AM �MQi?2`
rQ`/-

S(�, #|+) = S(�|+)S(#|+),
Q`

S(�|#, +) = S(�|+).
ULQi2, q2 ?�p2 S(�, #|+) = S(�|#, +)S(#|+) = S(�|+)S(#|+)XV

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 Rj f 3e
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6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H AAA

㟰 R, �, # +QM/BiBQM2/ QM i?2 p�Hm2 Q7 p�`B�#H2 + Ub?�/2/ +B`+H2VX �``Qrb bi�`ib 7`QK
i?2 p�`B�#H2b + QM r?B+? i?2 /Bbi`B#miBQM Bb +QM/BiBQM2/X

h?2 };m`2 /2TB+ib i?2 7�+i � ⊥⊥ #|+- Q` BM �MQi?2` rQ`/-
S(�, #|+) = S(�|+)S(#|+)X
ǳh?2 MQ/2 + Bb b�B/ iQ #2 i�BH@iQ@i�BH rBi? `2bT2+i iQ i?Bb T�i? #2+�mb2 i?2
MQ/2 Bb +QMM2+i2/ iQ i?2 i�BHb Q7 i?2 irQ �``Qrb- �M/ i?2 T`2b2M+2 Q7 bm+? �
T�i? +QMM2+iBM; MQ/2b � �M/ # +�mb2b i?2b2 MQ/2b iQ #2 /2T2M/2MiX >Qr2p2`-
r?2M r2 +QM/BiBQM QM MQ/2 +- �b BM 6B;m`2 R- i?2 +QM/BiBQM2/ MQ/2 ᮮ#HQ+Fbᮯ
i?2 T�i? 7`QK � iQ # �M/ +�mb2b � �M/ # iQ #2+QK2 U+QM/BiBQM�HHvV
BM/2T2M/2MiXǴ
ěh?Bb +QK2 Qmi �M 2�bv@iQ@7QHHQr BHHmbi`�iBQMX

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 R9 f 3e



X
X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X

6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H Ao
BBBV lM/2`bi�M/ .@b2T�`�iBQMfǳi�BH@iQ@i�BHǶ-ǳ?2�/@iQ@i�BHǴ-ǳ?2�/@iQ@?2�/Ǵc

⛊⹻ U.@a2T�`�iBQMV
� ⊥⊥ "|* Bb BKTHB2/ #v � ;Bp2M /B`2+i2/ �+v+HB+ ;`�T? U.�:VX hQ /Q bQ- r2
+QMbB/2` �HH TQbbB#H2 T�i?b 7`QK �Mv MQ/2 BM � iQ �Mv MQ/2 BM "X �Mv bm+? T�i? Bb
b�B/ iQ #2 #HQ+F2/ B7 Bi BM+Hm/2b � MQ/2 bm+? i?�i 2Bi?2`
U�V i?2 �``Qrb QM i?2 T�i? K22i 2Bi?2` ?2�/@iQ@i�BH Q` i�BH@iQ@i�BH �i i?2 MQ/2- �M/ i?2

MQ/2 Bb BM i?2 b2i *-
Q`

U#V i?2 �``Qrb K22i ?2�/@iQ@?2�/ �i i?2 MQ/2- �M/ M2Bi?2` i?2 MQ/2- MQ` �Mv Q7 Bib
/2b+2M/�Mib- Bb BM i?2 b2i *X

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 R8 f 3e
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6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H oA
BpV lM/2`bi�M/ +QM/BiBQM�H BM/2T2M/2M+2 BM J�`FQp _�M/QK 6B2H/- �F�-

lM/B`2+i2/ ;`�T?B+�H KQ/2HbX UlMHBF2 "�v2bB�M M2irQ`F- r2 /Q MQi �bbmK2
FMQrBM; ?Qr p�`B�#H2b �`2 +QM/BiBQM2/- BMbi2�/- i?2 +QM/BiBQMBM; KB;?i #2
�`#Bi`�`v- 2p2M Kmim�HX h?mb- i?2 �``Qr Bb KBbbBM; BM i?2 ;`�T?- �M/ i?2
.@b2T�`�iBQM Bb MQi �TTHB2/ BM i?Bb +B`+mKbi�M+2- Q7 +QxXV aiBHH- QM2 M22/ iQ
bi�`i i?2 /Bb+mbbBQM #v /2}M2 +QM/BiBQM�H BM/2T2M/2M+2 �b r2HHX

㟰 j, S�i?b 7`QK � iQ " �`2 Ƕ#HQ+F2/Ƕ �M/ bQ �," Bb +QM/BiBQM�H BM/2T2M/2Mi QM i?2
+QM/BiBQM Q7 *X

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 Rd f 3e
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6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H oAA
q2 +QMbB/2` �HH TQbbB#H2 T�i?b i?�i +QMM2+i MQ/2b BM b2i � iQ MQ/2b BM b2i "X
A7 �HH bm+? T�i?b T�bb i?`Qm;? QM2 Q` KQ`2 MQ/2b BM b2i *- i?2M �HH bm+? T�i?b
�`2 ᮮ#HQ+F2/ᮯ�M/ bQ i?2 +QM/BiBQM�H BM/2T2M/2M+2 T`QT2`iv ?QH/b,

� ⊥⊥ "|*.

pV lM/2`bi�M/ C *HB[m2 BM mM/B`2+iBQM�H ;`�T?c
� *HB[m2 Bb � ;QQ/ bi`m+im`2 BM r?B+? �HH i?2 MQ/2b �`2 7mHHv +QMM2+i2/X AM
i?�i r�v- Bi Bb BKTQbbB#H2 iQ Ƕ#HQ+FǶ 2�+? T�B` Q7 p�`B�#H2b- �M/ K�F2 i?2K
+QM/BiBQM�H /2T2M/2M+2X 6BM�HHv- Bi Bb M�im`�H iQ /2}M2 � T/7 iQ � r?QH2 +HB[m2-
BMbi2�/ Q7 Ƕ/@b2T�`�iBM;Ƕ i?2KX
*HB[m2, h?2`2 2tBbib � HBMF #2ir22M �HH T�B`b Q7 MQ/2b BM � +HB[m2 CX AM Qi?2`
rQ`/b- i?2 b2i Q7 MQ/2b BM � +HB[m2 Bb 7mHHv +QMM2+i2/X
J�tBK�H +HB[m2, � K�tBK�H +HB[m2 Bb � +HB[m2 bm+? i?�i Bi Bb MQi TQbbB#H2 iQ
BM+Hm/2 �Mv Qi?2` MQ/2b 7`QK i?2 ;`�T? BM i?2 b2i rBi?Qmi Bi +2�bBM; iQ #2 �
+HB[m2X
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6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H oAAA
G2i mb /2MQi2 �HH i?2 `�M/QK p�`B�#H2b #v t- i?2 b2i Q7 p�`B�#H2b BM i?�i +HB[m2
#v tC - i?2M i?2 DQBMi /Bbi`B#miBQM Bb r`Bii2M �b � T`Q/m+i Q7 TQi2MiB�H
7mM+iBQMb 㗀⧉㗷 ΨC(tC) Qp2` i?2 K�tBK�H +HB[m2b Q7 i?2 ;`�T?,

T(t) = 1

w
∏

C
ΨC(tC), UkV

?2`2 i?2 [m�MiBiv w- bQK2iBK2b +�HH2/ i?2 T�`iBiBQM 7mM+iBQM- Bb �
MQ`K�HBx�iBQM +QMbi�Mi �M/ Bb ;Bp2M #v w =

∑
t

∏
C
ΨC(tC)X

pBV lM/2`bi�M/ 7�+iQ` ;`�T?c
pBBV :2M2`�iBp2 KQ/2H 7Q` KQ/2HBM; S(s,u)c .Bb+`BKBM�iBp2 KQ/2H 7Q` KQ/2HBM;

S(u|s)X

d"Bb?QT- *?`BbiQT?2` JX S�ii2`M `2+Q;MBiBQM �M/ K�+?BM2 H2�`MBM;X bT`BM;2`- kyyeX
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PmiHBM2
R _Q�/K�T �M/ 1ti2`M�H _2bQm`+2b 7Q` aim/2Mib 9
k 6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H U"�v2bB�M L2irQ`FfJ�`FQp _�M/QK 6B2H/VRR
j 6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 ky

L"- >JJ pbX J1- *_6- "�v2bB�M M2irQ`F pbX J�`FQp `�M/QK }2H/ kk
J1 5 k8
*Q/BM; imiQ`B�H, J1 QM i2ti +H�bbB}+�iBQM jk
*_6 jj

9 oBi2`#B QM T�i? BM72`2M+2 9y
oBi2`#B QM >JJ 9k
oBi2`#B QM *_6 9N

8 6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; 8k
e *_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b ek

� iQQHFBi 7Q` *_6 BKTH2K2Mi�iBQM ej
_LL pb *_6- QM b2[m2M+2 H�#2HHBM; dR
*Q/BM; imiQ`B�H, _LL QM b2[m2M+2 QmiTmi d8
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ de
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6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6

㟰 9, 6`�K2 Q7 *_6 �H;Q`Bi?Kb
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6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 A
L"- >JJ pbX J1- *_6- "�v2bB�M M2irQ`F pbX J�`FQp `�M/QK }2H/

㟰 8, _2H�iBQMb �KQM; L"- >JJ- J1 �M/ *_6 �H;Q`Bi?KbX U7`QK _QK�M �M/ E�i`BMV

LQi2 R, SH2�b2 /Qm#H2 +?2+F i?2 HQ;B+ b?QrM BM T�;2 kRc SH2�b2 �b r2HH +?2+F ?Qr
HBM2�` +?�BM *_6 Bb /2p2HQT2/ QM i?2 #�bBb Q7 J1 �M/ >JJ,

R *_6 ?�b p2`v bBKBH�` bi`m+im`2 BM ;`�T? rBi? >JJX PMHv /Bz2`2M+2,
/B`2+iBQM�H pb mM/B`2+iBQM�HX

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 kk f 3e

X
X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X

6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 AA
L"- >JJ pbX J1- *_6- "�v2bB�M M2irQ`F pbX J�`FQp `�M/QK }2H/

k J1 +QMi`B#mi2b i?2 B/2� Q7 7Q`K�iBQM Q7 TQi2MiB�H 7mM+iBQM UpB� 72�im`2
7mM+iBQMV- 2tT

(∑K
B=1 λB7B(tC)

)
X GBM2�` +?�BM *_6 ?�b +HB[m2b- BX2X-

tC = {vB−1, vB, t1:L}X

LQi2 k, "Qi? L" �M/ >JJ KQ/2H i?2 DQBMi T`Q#X h?2v +Q``2bTQM/ iQ ;2M2`�iBp2
KQ/2HbX
L�Bp2 "�v2b,

T∗(v|"t) = �`;K�t
T(v|!t)

T(v|"t), r?2`2 T(v|"t) ∝ T(v,"t) = T(v)
K∏

B=1

T (tB|v) . UjV

aBKBH�`Hv- >JJ,

T("v,"t) =
M∏

B=0

T (vB|vB−1) T (tB|vB) . U9V
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6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 AAA
L"- >JJ pbX J1- *_6- "�v2bB�M M2irQ`F pbX J�`FQp `�M/QK }2H/

LQi2 j, 6`QK >JJ iQ *_6- r2 +QMp2`i /B`2+iBQM�H ;`�T?B+�H KQ/2H iQ
mM/B`2+iBQM�H ;`�T?B+�H KQ/2HX JQ`2Qp2`- r2 +QMp2`i HQ+�H MQ`K�HBx�iBQM iQ ;HQ#�H
MQ`K�HBx�iBQM �M/ �pQB/ H�#2H #B�b T`Q#H2K- b22 G�z2`iv 2i �H kyyR 3

3G�z2`iv- CQ?M- �M/`2r J+*�HHmK- �M/ 62`M�M/Q *L S2`2B`�X Ǵ*QM/BiBQM�H `�M/QK }2H/b,
S`Q#�#BHBbiB+ KQ/2Hb 7Q` b2;K2MiBM; �M/ H�#2HBM; b2[m2M+2 /�i�XǴ UkyyRVX
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6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 A
J1 5

J1 N Ry RR,
T∗(v|"t) = �`;K�t

T(v|!t)
>(u|s), U8V

r?2`2 i?2 2Mi`QTv

>(u|s) = −
∑

!t∈X ,v∈Y

T("t, v) HQ; T(v|"t)

+QmH/ #2 pB2r2/ �b
>(u|s) = E(7(s,u)),

r?2`2 7 : ("t, v)→ − HQ;(T(v|"t))- r?B+? /2b+`B#2 i?2 i?2 �KQmMi Q7 BM7Q`K�iBQM
M22/2/ iQ /2b+`B#2 i?2 2p2Mi (u = v) ;Bp2M (s = "t)c
Q` r2B;?i2/ bmK Q7 >(u|s = "t) 7Q` 2�+? TQbbB#H2 p�Hm2 Q7 "t- mbBM; T("t) �b i?2
r2B;?ib

>(u|s) =
∑

!t∈X

T("t)>(u|s = "t)

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 k8 f 3e
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6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 AA
J1 5

G�;`�M;B�M 7mM+iBQM BM J1,

Λ(T,"λ) = >(u|s)︸ ︷︷ ︸
S`BK�H T`Q#H2K

+
K∑

B=1

λB
(

1 (7B)− 1̃ (7B)
)

︸ ︷︷ ︸
=0

*QMbi`�BMib

+λK+1




∑

v∈Y
T(v|"t)− 1





︸ ︷︷ ︸
=0

*QMbi`�BMib

UeV

⛊⹻ UT/7 Q7 TUv%tVrBi? J1V
aQHpBM; 2[m�iBQM UeV H2�/b iQ �M 2tTQM2MiB�H 7�KBHv /Bbi`B#miBQM 7Q` T/7 Q7 T(v|t)-

T∗
!λ
(v|"t) = 1

w!λ("t)
2tT

( K∑

B=1

λB7B("t, v)
)
, UdV

r?2`2 w!λ("t) =
∑

v∈Y 2tT
(∑K

B=1 λB7B("t, v)
)
, �M/ K�F2b Bi `2�/v 7Q` i?2 2ti2MbBQM

iQ *_6X

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 ke f 3e
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6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 AAA
J1 5

S`QQ7, q2 +QKTmi2 i?2 /2`Bp�iBp2 Q7 UeV Qp2` T(v|"t) b2T�`�i2HvX
UBV ∂

∂T(v|!t)>(v|"t) = −T̃("t)(HQ; T(v|"t) + 1)X
UBBV 1(7B) =

∑
(!t,v)∈X×Y

T("t, v)7B("t, v) ≈
∑

(!t,v)∈Xh`�BM×Y
T̃("t)T(v|"t)7B("t, v)-

1̃(7B) =
∑

(!t,v)∈Xh`�BM×Y
T̃("t, v)7B("t, v)X aQ-

∂
∂T(v|!t)

∑K
B=1 λB

(
1 (7B)− 1̃ (7B)

)
=

K∑
B=1

λBT̃("t)7B("t, v).

UBBBV ∂
∂T(v|!t)λK+1

(
∑

v∈Y
T(v|"t)− 1

)
= λK+1

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 kd f 3e
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6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 Ao
J1 5

1[m�iBM; i?2 bmK Q7 i?2 �#Qp2 i2`Kb iQ x2`Q �M/ bQHpBM; #v T(v|t) H2�/b iQ,

0 = −T̃("t)(HQ; T(v|"t) + 1) +
K∑

B=1
λBT̃("t)7B("t, v) + λK+1

HQ; T(v|"t) + 1 =
K∑

B=1
λB7B("t, v) + λK+1

T̃(!t)

T(v|"t) = 2tT
( K∑

B=1
λB7B("t, v)

)
· 2tT

(
λK+1

T̃(!t) − 1
)
.

am#b2[m2MiHv- mbBM; i?2 +QMbi`�BMi ∑
v∈Y

T(v|"t) = 1 H2�/b iQ

∑
v∈Y

2tT
( K∑

B=1
λB7B("t, v)

)
· 2tT

(
λK+1

T̃(!t) − 1
)
= 1- �M/ /2`Bp2b i?2 `2bmHi BM UdVX

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 k3 f 3e
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6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 o
J1 5

:2M2`�HBx2/ Ai2`�iBp2 a+�HBM; U:AaV 7Q` +QKTmiBM; λB BM UdVX

⛊⹻ U:Aa �H;Q`Bi?KV

�bbmK2 * = K�t
K∑

B=1
7B("t, v)-

λ(i+1)
B = λ(i)B +

1

* HQ; 1(7B)
1̃(7B)

,

mMiBH >̃(u|s) = −
∑

!t,v∈Xi`�BM×Y
T̃("t, v) HQ; T∗(v|"t) +QMp2`;2M+2bX

�X GX "2`;2`X h?2 BKT`Qp2/ Bi2`�iBp2 b+�HBM; �H;Q`Bi?K, � ;2MiH2 BMi`Q/m+iBQM-
h2+?MB+�H `2TQ`i- *�`M2;B2 J2HHQM lMBp2`bBiv- RNNd

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 kN f 3e
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6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 oA
J1 5

LQi2 R, h?2`2 �`2 irQ +Q`2 B/2�b BM J1X 6B`bi- AL61_1L*1 5
AM �MQi?2` rQ`/- iQ Q#i�BM T∗(v|"t) 7Q` i?2 b�F2 Q7 BM72`2M+2c
a2+QM/- h_�ALAL: 5
a�v- iQ Q#i�BM "λ /m`BM; Bi2`�iBp2 i`�BMBM; bi2TbX

LQi2 k, _2+�HH i?2 TQi2MiB�H 2[m�iBQM ΨC(tC) /2}M2/ BM 2[m�iBQM UkVX AM i?2
�#Qp2 +�b2- t = {t, v}- �M/ i?2 QMHv +HB[m2 BM t Bb Bib2H7X aQ i?2 `2bmHib BM 2[m�iBQM
UdV bm;;2bib i?�i 2tTQM2MiB�H Q7 72�im`2 7mM+iBQMb

2tT
( K∑

B=1

λB7B(tC)

)

Bb �+im�HHv � ;Q`;2Qmb +�M/B/�i2 7Q` TQi2MiB�H 7mM+iBQMX

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 jy f 3e
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6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 oAA
J1 5

*?2+F i?2 #2HQr 7QQiMQi2b 7Q` KQ`2X
N*?2+F ?iiTb,ff2MXrBFBT2/B�XQ`;frBFBf*QM/BiBQM�Hn2Mi`QTv iQ FMQr KQ`2 �#Qmi

+QM/BiBQM�H 2Mi`QTvX J�tBKBx2 i?2 +QM/BiBQM�H 2Mi`QTv Bb iQ �TT`QtBK�i2 i?2 `�M/QKM2bb Q7 i?2
Ƕbvbi2KǶ T(v|t)X

h?2 �`2� +QMi�BM2/ #v #Qi? +B`+H2b Bb i?2 DQBMi 2Mi`QTv >(s,u)X h?2 +B`+H2 QM i?2 H27i Bb i?2
BM/BpB/m�H 2Mi`QTv >(s)- rBi? i?2 `2/ #2BM; i?2 +QM/BiBQM�H 2Mi`QTv >(s|u)X h?2 +B`+H2 QM i?2
`B;?i Bb >(u)- rBi? i?2 #Hm2 #2BM; >(u|s)X h?2 pBQH2i Bb i?2 Kmim�H BM7Q`K�iBQM A(s;u)X

Ry>(u|s) = 0 BzX i?2 p�Hm2 Q7 u Bb +QKTH2i2Hv /2i2`KBM2/ #v i?2 p�Hm2 Q7 s- BX2X- v = ;(t)X
?iiTb,ffK�i?Xbi�+F2t+?�M;2X+QKf[m2biBQMbfjj3jRNNf
+QM/BiBQM�H@2Mi`QTv@B7@?vt@y@i?2M@i?2`2@2tBbib@�@7mM+iBQM@;@bm+?@i?�i

RR*?2+F ?iiTb,ff2MXrBFBT2/B�XQ`;frBFBfJmim�HnBM7Q`K�iBQM iQ FMQr KQ`2 �#Qmi Kmim�H
BM7Q`K�iBQM A(s;u) = KL(T(s,u)||TsTu)X
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6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6
*Q/BM; imiQ`B�H, J1 QM i2ti +H�bbB}+�iBQM

hmiQ`B�H Q7 J1 QM i2ti +H�bbB}+�iBQM,
?iiTb,ff;Bi?m#X+QKf#BQMHT@?x�mfJ�tBKmK1Mi`Qv9*H�bbB7B+�iBQMX

h?2 �#Qp2 +Q/BM; ?2HTb iQ mM/2`bi�M/
R h?2 /2bB;M Q7 7B("t, v) BM � i2ti +H�bbB}+�iBQM i�bFc
k *QKTmi2 1(7B) �M/ 1̃(7B);
j *QKTmi2 T(v|t) rBi? ;Bp2M "t �M/ v- U*?2+F 7Q`KmH� UdVVc
9 Ai2`�iBQM Q7 λB rBi? i?2 :Aa �H;Q`Bi?KX
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X

6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6
*_6

6BM�HHv- r2 �`2 `2�/v iQ BMi`Q/m+2 *_6X
6B`bi- BMi`Q/m+2 i?2 ;2M2`�H 7Q`K Q7 *_6X
6QHHQr2/ rBi? HBM2�` +?�BM *_6X
�M/ i?2 +Hm2 iQ `2�/ i?2 `2bi T�`ibX
1MDQv5
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X

6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6
*_6, :2M2`�H 7Q`K Q7 TUv%tV 7Q` �M mM@/B`2+iBQM�H ;`�T?B+�H KQ/2H

AM i?2 pB2r Q7 �M mM@/B`2+iBQM�H ;`�T?B+�H KQ/2H- r2 KQ/2H i?2 DQBMi T`Q#�#BHBiv
T("t,"v) #v mbBM; TQi2MiB�H 7mM+iBQM UkV- BX2X- Ψ* ("t*,"v′)- �M/ r2 ?�p2,

T("v|"t) = T("t,"v)
T("t) =

T("t,"v)∑
!v′

T ("v′,"t) =

1
w
∏

*∈C
Ψ* ("t*,"v*)

1
w
∑
!v′

∏
*∈C

Ψ*
(
"t*,"v′*

) ,

6`QK i?Bb- i?2 ;2M2`�H KQ/2H 7Q`KmH�iBQM Bb /2`Bp2/,

T("v|"t) = 1

w("t)
∏

*∈C
Ψ* ("t*,"v*) , U3V

r?2`2 w("t) =
∑

!v′
∏

*∈C Ψ* ("t*,"v′)- * Bb � +HB[m2X
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6`QK >JJ iQ *_6- BM i?2 oB2r Q7 :`�T?B+�H JQ/2H A
*_6, hvTB+�H 7Q`K Q7 J1- �b �M 2t�KTH2

AM i?2 J1 KQ/2H- {"t, v} Bb i?2 QMHv +HB[m2 BM i?2 ;`�T?X
aQ r2 ?�p2

T∗
!λ
(v|"t) = 1

w!λ("t)
Ψ*
(
""t*,"v′

)
=

1

w!λ("t)
2tT

( K∑

B=1

λB7B("t, v)
)
,

r?2`2 w!λ("t) =
∑

v∈Y 2tT
(∑K

B=1 λB7B("t, v)
)
.

SH2�b2 +QKT�`2 i?Bb rBi? 7Q`KmH� UdVX

�b r2 K2MiBQM2/ #27Q`2- J1 +QMi`B#mi2b � K�BM B/2� Q7 KQ/2HBM; TQi2MiB�H
7mM+iBQM rBi? `2bT2+i iQ 7B(t, v)X
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6`QK >JJ iQ *_6- BM i?2 oB2r Q7 :`�T?B+�H JQ/2H A
*_6, hvTB+�H 7Q`K Q7 HBM2�` +?�BM *_6

AM � HBM2�` +?�BM *_6- �HH +HB[m2b �`2 i?2 b�K2 7Q`K- {vD−1, vD,"t}X

"�b2/ QM U3V- i?2 ;`�T? 7�+iQ` `2bmHi vB2H/b iQ,

T("v|"t) =

M∏
D=1

ΨD(vD−1, vD,"t)

wλ("t)
, UNV
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6`QK >JJ iQ *_6- BM i?2 oB2r Q7 :`�T?B+�H JQ/2H AA
*_6, hvTB+�H 7Q`K Q7 HBM2�` +?�BM *_6

r?2`2 i?2 7�+iQ` ΨD(vD−1, vD,"t) Bb p2`v �HBF2 BM UdV rBi? J1 KQ/2HRk,

ΨD(vD−1, vD,"t) = 2tT
( K∑

B=1

λB7B (vD−1, vD,"t, D)
)
, URyV

�M/- wλ("t) =
∑

!v′∈Y

2tT




M∑

D=1

K∑

B=1

λB7B
(
v′D−1, v′D,"t, D

)


 . URRV

Rk �+im�HHv- i?Bb 7Q`K K�F2b bm`2 i?�i Bi 7QHHQrb �M 2tTQM2MiB�H 7�KBHv /Bbi`B#miBQM- r?2`2
T(t) = ?(t) 2tT(h(t)′η − �(η))- η Bb +�HH2/ �b M�im`�H T�`�K2i2`- h(t) Bb +�HH2/ �b bm{+B2Mi
bi�iBbiB+b- �(η) Bb HQ;@MQ`K�HBx2`- ?(t) Bb #�b2 K2�bm`2X
_272` iQ Kv +Qm`b2 QM G.� �M/ o�`B�iBQM�H AM72`2M+2 �M/ FMQr KQ`2X
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6`QK >JJ iQ *_6- BM i?2 oB2r Q7 :`�T?B+�H JQ/2H
*_6, hvTB+�H 7Q`K Q7 HBM2�` +?�BM *_6

LQi2, UNV Bb �+im�HHv `2;�`/2/ �b

T("v|"t) =
2tT

(
M∑

D=1

K∑
B=1

λB7B (vD−1, vD,"t, D)
)

∑
!v′∈Y

2tT
(

M∑
D=1

K∑
B=1

λB7B
(

v′D−1, v′D,"t, D
)) =

2tT (a+Q`2("t,"v))
∑
!v′∈Y

2tT
(

a+Q`2("t, "v′)
) ,

r?2`2

a+Q`2("t,"v) =
M∑

D=1

HQ;ΨD(vD−1, vD,"t). URkV

LQi2, GBi2`�HHv- ;`2�i2` λB �HQM; rBi? 7B (vD−1, vD,"t, D) H2�/b iQ ?B;?2` Ǵa+Q`2Ǵ Q7
+HB[m2 {vD−1, vD,"t}- �M/ URkV `2~2+ib bQ`iQ7 +mKmH�iBp2 b+Q`2 Q7 T("v|"t)X
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6`QK >JJ iQ *_6- BM i?2 oB2r Q7 :`�T?B+�H JQ/2H
*_6

>Qr iQ `2�/ i?2 `2bi T�`ib Q7 i?Bb bHB/2b

EMQrBM; 7Q`KmH�b BM i?2 �#Qp2 T�;2b Bb MQi bm{+B2Mi iQ
mM/2`bi�M/ i?2 r?QH2 *_6- i?Qm;? Bi b?Qrb � ;QQ/ bF2i+? Q7
i?2 �H;Q`Bi?KX
q2 rQmH/ 2MmM+B�i2 +Q`2 /2i�BHb BM i?2 `2bi b2+iBQMbX

! a2+iBQM 9 Bb 7Q` T�i? BM72`2M+2 U`2i`B2pBM; "v) #v mbBM; oBi2`#BX
! a2+iBQM 8 Bb 7Q` Bi2`�iBM; i?2 T�`�K2i2` λB BM ΨBX
! a2+iBQM e 2tTH�BMb ?Qr *_6 H�v2` Bb BMi`Q/m+2/ BM i?2 K�MM2` Q7 M2m`�H

M2irQ`F BKTH2K2Mi�iBQMX
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PmiHBM2
R _Q�/K�T �M/ 1ti2`M�H _2bQm`+2b 7Q` aim/2Mib 9
k 6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H U"�v2bB�M L2irQ`FfJ�`FQp _�M/QK 6B2H/VRR
j 6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 ky

L"- >JJ pbX J1- *_6- "�v2bB�M M2irQ`F pbX J�`FQp `�M/QK }2H/ kk
J1 5 k8
*Q/BM; imiQ`B�H, J1 QM i2ti +H�bbB}+�iBQM jk
*_6 jj

9 oBi2`#B QM T�i? BM72`2M+2 9y
oBi2`#B QM >JJ 9k
oBi2`#B QM *_6 9N

8 6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; 8k
e *_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b ek

� iQQHFBi 7Q` *_6 BKTH2K2Mi�iBQM ej
_LL pb *_6- QM b2[m2M+2 H�#2HHBM; dR
*Q/BM; imiQ`B�H, _LL QM b2[m2M+2 QmiTmi d8
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ de
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oBi2`#B QM T�i? BM72`2M+2
q?�i Bb BM72`2M+2 7Q`\

h?2 T`Q#H2K Q7 BM72`2M+2 Bb iQ }M/ i?2
KQbi HBF2Hv b2[m2M+2 v 7Q` ;Bp2M
Q#b2`p�iBQMb tX
aBM+2 oBi2`#B �H;Q`Bi?K Bb �TTHB2/ BM >JJ rBi? � Km+? 2�bB2`@iQ@mM/2`bi�M/
K�MM2`- r2 BMi`Q/m+2 i?Bb B/2� bi�`iBM; 7`QK >JJX
1MDQv5
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oBi2`#B QM T�i? BM72`2M+2
oBi2`#B QM >JJ, JQ/2H T�`�K2i2`b Rj

P#b2`p�iBQM b2[m2M+2 s = {t1, t2, · · · , th}- /2MQi2 ti = QB �b ti = Bc
r?2`2 i = 1, 2, · · · ,h `272`b iQ iBK2c QB ∈ O- P#b2`p�iBQM bT�+2-
O = {Q1, Q2, · · · , QL}- UB = 1, 2, · · · ,LVc
ai�i2 b2[m2M+2 u = {v1, v2, · · · , vh}-
r?2`2 vi ∈ S- ai�i2b bT�+2- S = {b1, b2, · · · , bE}- UF = 1, 2, · · · ,EVc

.2}M2 h`�MbBiBQM K�i`Bt � ∈ RE×E- r?2`2 �F1F2 = S(bF2 |bF1)c
2KBbbBQM K�i`Bt " ∈ RE×L- r?2`2 #FB = S(QB|bF)c
BMBiB�H T`Q#�#BHBiB2b Π = {π1,π2, · · · ,πE}- r?2`2 πF = S(v1 = bF)

>JJ i�bF
AMTmi, s,λ = {Π,�,"}
PmiTmi, u

Rj?iiTb,ff2MXrBFBT2/B�XQ`;frBFBfoBi2`#Bn�H;Q`Bi?K
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oBi2`#B QM T�i? BM72`2M+2 A
oBi2`#B QM >JJ, oBi2`#B S`Q#

.2}M2 oBi2`#B T`Q#- r?B+? Bb +�HH2/ �b δi(F) BM � KQ`2 TQTmH�` +�b2b-

oi,F = K�t
v1:i−1

S(v1, v2, · · · , vi = bF, t1, t2, · · · , ti). URjV

LQi2, URV Ai Bb 2�bv iQ }M/
o1,F = K�t

v0

S(v1 = bF, t1) = K�t
v0

S(t1|v1 = bF)S(v1 = bF)

= S(t1|v1 = bF)S(v1 = bF) := #F1 · πFX
UkV q?2M +QKTmiBM; o2,F- mb2 /@b2T�`�iBQM `mH2 BM i?2 /B`2+iBQM�H ;`�T?B+�H KQ/2H-

r2 ?�p2
o2,F = K�t

v1∈S
S(v1, v2 = bF, t1, t2) = K�t

v1∈S
S(t1, v1) · S(v2 = bF|v1)S(t2|v2 = bF)

= K�t
v1=bv∈S

S(t1, v1 = bv) ·S(v2 = bF|v1 = bv)S(t2|v2 = bF) = K�t
v1=bv∈S

o1,v · �vF#F2
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oBi2`#B QM T�i? BM72`2M+2 AA
oBi2`#B QM >JJ, oBi2`#B S`Q#

UjV aBKBH�`Hv- r?2M +QKTmiBM; o3,F-

r2 ?�p2 o3,F = K�t
v1,v2∈S

S(v1, v2, v3 = bF, t1, t2, t3)
= K�t

v2=bv∈S
S(v1, v2 = bv, t1, t2) · S(v3 = bF|v2 = bv)S(t3|v3 = bF)

= K�t
v2=bt∈S

o2,v · �vF · #F3X

U9V AM �HH- r2 Q#i�BM i?2 `2+m`bBp2 7Q`KmH� iQ 7Q`K i?2 BM/m+iBp2 bi2T,

oi,F = K�t
vi−1=bv∈S

oi−1,v · �vF · #Fi, UR9V

�M/ Q#i�BM oi,F 7Q` i = 1, 2, · · · ,h BM � b2[m2MiB�H Q`/2`- 7Q` �Mv ;Bp2M FX
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oBi2`#B QM T�i? BM72`2M+2 A
oBi2`#B QM >JJ, S�i? _2i`B2p�H

_2i`B2p2 i?2 T�i? u,
ai2T R, vh = �`; K�t

bv∈S
oh,vc

ai2T k, �bbmK2 vh = bF- bQ oh,F = K�t
v1,··· ,vh−1∈S

S(v1, · · · , vh = bF, t1, · · · , th)

= · · · 2[m�iBQM UR9V · · · = K�t
vh−1=bv∈S

oh−1,v · �vF · #FhX
aQ- vh−1 = �`; K�t

bv∈S
oh−1,v · �vFX

ai2T j, �;�BM- r2 �bbmK2 vh−1 = bF- �M/ +QKTmi2 vh−2 = �`; K�t
bv∈S

oh−2,v · �vFX

_2+m`bBp2Hv- r2 Q#i�BM i?2 T�i? uX

h?2 Tb2m/Q+Q/2 Q7 >JJ Bb `2r`Bii2M BM i?2 M2ti T�;2X
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X

oBi2`#B QM T�i? BM72`2M+2 AA
oBi2`#B QM >JJ, S�i? _2i`B2p�H

7mM+iBQM oAh1_"A (P,a,Π,s,�,") : u
7Q` 2�+? bi�i2 D ∈ {1, 2, . . . ,E} /Q

h1[D, 1]← πDǦ"Dt1 - h2[D, 1]← 0
2M/ 7Q`
7Q` 2�+? Q#b2`p�iBQM B = 2, 3, . . . ,h /Q

7Q` 2�+? bi�i2 D ∈ {1, 2, . . . ,E} /Q
h1[D, B]← K�t

F
(h1[F, B− 1] · �FD · "DtB)

h2[D, B]← �`; K�t
F

(h1[F, B− 1] · �FD)

2M/ 7Q`
2M/ 7Q`
xh ← �`; K�t

F
(h1[F,h])

vh ← bxh
7Q` B← h,h− 1, . · · · 2 /Q

xB−1 ← h2[xB, B]- vB−1 ← bxB−1

2M/ 7Q`
`2im`M u

2M/ 7mM+iBQM
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oBi2`#B QM T�i? BM72`2M+2
oBi2`#B QM >JJ, S�i? _2i`B2p�H

hQv 2t�KTH2

?iiT,ffB/BQKXm+b/X2/mf�`H2pvfi2�+?BM;frBMi2`kyyNfHB;M+b2k8ef
H2+im`2bf?KKnpBi2`#BnKBMBn2t�KTH2XT/7
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X

oBi2`#B QM T�i? BM72`2M+2
oBi2`#B QM >JJ, q`�T mT

LQi2 i?�i oBi2`#B Bb i?2 K�BM �H;Q`Bi?K 7Q` i`�+BM; i?2 T�i?- #v /2}MBM; BM
2[m�iBQM URjV UP7i2M +�HH2/ �b δi(F)V,

oi,F = K�t
v1:i−1

S(v1, v2, · · · , vi = bF, t1, t2, · · · , ti)

"2bB/2b i?�i- �M �Hi2`M�iBp2 �H;Q`Bi?K- ǳ6Q`r�`/@#�+Fr�`/Ǵ �H;Q`Bi?K- /2}M2b �
bBKBH�` 7Q`r�`/ p�`B�#H2 αi(F)-

αi(F) =
∑

v1:i−1

S(v1, v2, · · · , vi = bF, t1, t2, · · · , ti). UR8V

�TT�`2MiHv- i?2 /2}MBiBQM Q7 7Q`r�`/ p�`B�#H2 �M/ oBi2`#B
T`Q# /Bz2` BM bmKKBM; �M/ K�tX

A bFBT ǳ7Q`r�`/@#�+Fr�`/Ǵ �H;Q`Bi?K 7Q` i?2 b�F2 Q7 bBKTHB+BivX "mi r2 rBHH
/Bb+mbb Bi r?2M /QBM; *_6 T�`�K2i2` 2biBK�iBQMX *?2+F T�;2 89X
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oBi2`#B QM T�i? BM72`2M+2
oBi2`#B QM *_6

h?Qm;? 2[m�iBQM UNV Qz2`b � r�v iQ +QKTmi2 i?2 /Bb+`BKBM�iBp2 T`Q#�#BHBiv- i?2
MmK2`�iQ` wλ("t) =

∑
!v′∈Y

2tT
(∑M

D=1

∑K
B=1 λB7B

(
v′D−1, v′D,"t, D

))
Bb 7�` 7`QK 2�bv

+QKTmi�iBQMX aQ r2 M22/ � 7�bi BKTH2K2Mi�iBQM r�vX
oBi2`#B QM *_6 Bb T`2iiv +HQb2 iQ i?2 B/2� Q7 oBi2`#B QM >JJX
h?2 [m�MiBiv δD(b|"t)- r?B+? Bb i?2 ?B;?2bi b+Q`2 �HQM; � T�i?- �i TQbBiBQM D- r?B+?
2M/b BM bi�i2 b- Bb /2}M2/ �b

δD(b|"t) = K�t
v1,v2,...,vD−1

T (v1, v2, . . . , vD = b|"t)

6`QK *_6 7�+iQ` Ub22 UNVV- r2 Q#i�BM i?2 BM/m+iBQM bi2T,

δD+1(b|"t) = K�t
b′∈a

δD (b′) ·ΨD+1 ("t, b′, b)

h?2 �``�v ψD(b) F22Tb i`�+F Q7 i?2 #2bi bi�i2 Q7 vD−1 r?B+? K�F2 vD = bX h?2
�H;Q`Bi?K i?2M rQ`Fb �b 7QHHQrb,
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oBi2`#B QM T�i? BM72`2M+2 A
oBi2`#B QM *_6, �H;Q`Bi?K

ai2T R AMBiB�HBx�iBQM,
h?2 p�Hm2b 7Q` �HH bi2Tb 7`QK i?2 bi�`i bi�i2 ⊥ iQ �HH TQbbB#H2 }`bi bi�i2b b
�`2 b2i iQ i?2 +Q``2bTQM/BM; 7�+iQ` p�Hm2

∀b ∈ a :δ1(b) = Ψ1(⊥, b,"t)
ψ1(b) =⊥

ai2T k _2+m`bBQM,
h?2 p�Hm2b 7Q` i?2 M2ti bi2Tb �`2 +QKTmi2/ 7`QK i?2 +m``2Mi p�Hm2 �M/ i?2
K�tBKmK p�Hm2b `2;�`/BM; �HH TQbbB#H2 bm++22/BM; bi�i2b b�X

∀b ∈ a : 1 ≤ D ≤ M :δD(b) = K�t
b′∈a

δD−1 (b′)ΨD (b′, b,"t)

ψD(b) = �`;K�t
b′∈a

δD−1 (b′)ΨD (b′, b,"t)
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oBi2`#B QM T�i? BM72`2M+2 AA
oBi2`#B QM *_6, �H;Q`Bi?K

ai2T j h2`KBM�iBQM,

T∗ = K�t
b′∈a

δM (b′)

v∗M = �`;K�t
b′∈a

δM (b′)

ai2T 9 S�i? Ubi�i2 b2[m2M+2V #�+Fi`�+FBM;,
_2+QKTmi2 i?2 QTiBK�H T�i? 7`QK i?2 H�iiB+2 mbBM; i?2 i`�+F F22TBM;
p�Hm2b ψiX

v∗D = ψD+1

(
v∗D+1

)
D = M− 1,M− 2, . . . , 1

㑁㣄わ⢖㮥⢔㑉ッ⍖㽂☨⺋㽳ᱶ
?iiTb,ff+HQm/Xi2M+2MiX+QKf/2p2HQT2`f�`iB+H2fR89838Rᮣ
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PmiHBM2
R _Q�/K�T �M/ 1ti2`M�H _2bQm`+2b 7Q` aim/2Mib 9
k 6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H U"�v2bB�M L2irQ`FfJ�`FQp _�M/QK 6B2H/VRR
j 6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 ky

L"- >JJ pbX J1- *_6- "�v2bB�M M2irQ`F pbX J�`FQp `�M/QK }2H/ kk
J1 5 k8
*Q/BM; imiQ`B�H, J1 QM i2ti +H�bbB}+�iBQM jk
*_6 jj

9 oBi2`#B QM T�i? BM72`2M+2 9y
oBi2`#B QM >JJ 9k
oBi2`#B QM *_6 9N

8 6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; 8k
e *_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b ek

� iQQHFBi 7Q` *_6 BKTH2K2Mi�iBQM ej
_LL pb *_6- QM b2[m2M+2 H�#2HHBM; dR
*Q/BM; imiQ`B�H, _LL QM b2[m2M+2 QmiTmi d8
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ de
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6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM;
q?�i Bb i`�BMBM; 7Q`\

"2bB/2b BM72`2M+2 T`Q#H2K- i?2
BKTH2K2Mi�iBQM Q7 *_6 7�+2b �MQi?2`
T`Q#H2K- 2biBK�iBQM Q7 λB BM ΨD("t,"v)
/m`BM; i`�BMBM;- b22 7Q`KmH� URyV R9X
aQ- i`�BMBM; Bb iQ Q#i�BM "λ

R9h?Bb bm#@b2+iBQM Bb 7mHHv +Bi2/ �;�BM 7`QK _QK�M �M/ E�i`BM kyydX SH2�b2 +?2+F i?2 T�T2`
7Q` KBbbBM; +QKTmi�iBQM bi2TbX
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6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM;

6Q` �HH ivT2b Q7 *_6b- �b r2HH �b 7Q` J�tBKmK 1Mi`QTv JQ/2Hb- i?2 K�tBKmK@
HBF2HB?QQ/ K2i?Q/ +�M #2 �TTHB2/ 7Q` T�`�K2i2` 2biBK�iBQMX aQ- i`�BMBM; i?2 KQ/2H
Bb /QM2 #v K�tBKBxBM; i?2 HQ;@HBF2HB?QQ/ L QM i?2 i`�BMBM; /�i� T ,

L(T ) =
∑

(!t,v)∈T

HQ; T("v|"t)

=
∑

(!t,!v)∈T



HQ;




2tT

(∑M
D=1

∑K
B=1 λB7B (vD−1, vD,"t, D)

)

∑
!v′∈Y 2tT

(∑M
D=1

∑K
B=1 λB7B

(
v′D−1, v′D,"t, D

))







 .

�M/ #v �//BM; i?2 `2;mHBx2` iQ �pQB/ Qp2` }iiBM;- r2 ?�p2

L(T ) = L(T )−
K∑

B=1

λ2B
2σ2

.
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6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; A

aQHp2 i?2 /2`Bp�iBp2 Q7 L(T ) H2/ iQ

⛊⹻ U.2`Bp�iBp2 Q7 HQbb 7mM+iBQM rBi? `2bT2+i iQ H�K#/�V
∂L(T )
∂λF

=
∑

(!t,!v)∈T

M∑

D=1

7F (vD−1, vD,"t, D)

︸ ︷︷ ︸
1̃(7F)

−
∑

(!t,!v)∈T

∑

!v′∈Y

T!λ ("v
′|"t)

M∑

D=1

7F
(
v′D−1, v′D,"t, D

)

︸ ︷︷ ︸
1(7F)

− λF
σ2

aQ- λ +QmH/ #2 +QKTmi2/ pB� ;`�/B2Mi /2b+2Mi,

λ(i+1) = λ(i) + η∇λ(L(T )).
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6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; AA

LQr Bi Bb iBK2 iQ +QKTmi2 i?2 /2`Bp�iBp2 Q7 i?2 HQbb 7mM+iBQMX
6B`bi- 1̃ (7B) Bb i?2 2KTB`B+�H /Bbi`B#miBQM Q7 � 72�im`2 7B- r?B+? Bb 2�bv iQ Q#i�BM
i?`Qm;? /B`2+i +QmMiBM; BM T X
a2+QM/- ǳ7Q`r�`/ #�+Fr�`/Ǵ �H;Q`Bi?K Bb mb2/ iQ +QKTmi2 2tT2+i�iBQM Q7 7B- 1(7B)

aBKBH�` �b i?2 MQi�iBQM BM 2[m�iBQM UR8V- r2 /2}M2 7Q`r�`/ p�`B�#H2 αD(b|"t) �M/
#�+Fr�`/ p�`B�#H2 βD(b|"t) 7`QK S(vD = b|"t),
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6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; AAA

㟰 e, J2bb�;2 T�bbBM; BM i?2 6Q`r�`/@"�+Fr�`/ �H;Q`Bi?KX 1�+? +QHmKM `2T`2b2Mib QM2
p�`B�#H2- 2�+? #Qt BM � `Qr QM2 TQbbB#H2 p�Hm2 Q7 i?�i p�`B�#H2X
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6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; Ao

S(vD = b|"t) =
∑

v #=D∈Y
S(v &=D, vD = b|"t)

=
∑

v1:D−1∈Y

∑
vD+1:M∈Y

1
w

M∏
D′=1

ΨD′(vD′−1, vD′ ,"t) U6`QK 2[m�iBQM U3VX V

= 1
w ·

∑

v1:D−1∈Y
Ψ1(v0, v1,"t) · · ·ΨD−1(vD−2, vD−1,"t)ΨD(vD−1, vD = b,"t)

︸ ︷︷ ︸
αD(b|!t)

·
∑

vD+1:M∈Y
ΨD+1(vD = b, vD+1,"t)ΨD+2(vD+1, vD+2,"t) · · ·ΨM(vM−1, vM,"t)

︸ ︷︷ ︸
βD+1(b|!t)

= 1
w ·
∑

vD−1

ΨD(vD−1, vD = b,"t)(
∑

vD−2

ΨD−1(vD−2, vD−1,"t) · ·(
∑
v0

Ψ1(v0, v1,"t)·))

·
∑

vD+1

ΨD+1(vD = b, vD+1,"t)
∑

vD+2

ΨD+2(vD+1, vD+2,"t) · · ·
∑
vM

ΨM(vM−1, vM,"t)

:= 1
w · αD(b|"t) · βD+1(b|"t)

UReV
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6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; o
r2 i?2M ?�p2,

⛊⹻ Uh?2 Bi2`�iBp2 +QKTmi�iBQM 7Q` 7Q`r�`/ �M/ #�+Fr�`/ p�`B�#H2bV
αD(b|"t) =

∑

b′∈h−1
D (b)

αD−1 (b′|"t) ·ΨD (vD−1 = b′, vD = b,"t)

βD(b|"t) =
∑

b′∈hD(b)
βD+1 (b′|"t) ·ΨD (vD−1 = b, vD = b′,"t) ,

r?2`2 hD(b) K�Tb � bBM;H2 bi�i2 b �i �M BMTmi TQbBiBQM D iQ � b2i Q7 �HHQr2/ M2ti
bi�i2b �i TQbBiBQM D + 1- �M/ i?2 BMp2`b2 7mM+iBQM h(−1)

D (b) K�Tb i?2 b2i Q7 �HH
bi�i2b Q7 TQbbB#H2 T`2/2+2bbQ`b iQ bX

h?2 α 7mM+iBQMb �`2 K2bb�;2b b2Mi 7`QK i?2 #2;BMMBM; Q7 i?2 +?�BM iQ i?2 2M/X
h?2 β 7mM+iBQMb �`2 K2bb�;2b b2Mi 7`QK i?2 2M/ Q7 i?2 +?�BM iQ i?2 #2;BMMBM;X
h?2v �`2 BMBiB�HBx2/ #v

α0(⊥ |"t) = 1

β|!t|+1(*|"t) = 1
.
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6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; oA
_2bmHib BM UReV �M/ bBKBH�` +QKTmi�iBQM bi`�B;?i7Q`r�`/Hv vB2H/b iQ,

⛊⹻

S(vD = b|"t) = 1

x · αD(b|"t) · βD+1(b|"t),

S(vD−1 = b, vD = b′|"t) = 1

x · αD−1(b|"t) ·ΨD(vD−1 = b, vD = b′,"t) · βD+1(b′|"t).

qBi? i?2b2 K2bb�;2b- Bi Bb TQbbB#H2 iQ +QKTmi2 i?2 2tT2+i�iBQM
1 (7B) =

∑
(!t,!v)∈T

∑
!v′∈Y T!λ ("v′|"t)

∑M
D=1 7B

(
v′D−1, v′D,"t, D

)
mM/2` i?2 KQ/2H

/Bbi`B#miBQM 2{+B2MiHv pB�

1 (7B) =
∑

(!t,!v)∈T

1

w!λ("t)

M∑

D=1

∑

b∈a

∑

b′∈hD(b)
7B (b, b′,"t, D) · αD−1(b|"t)ΨD (b, b′,"t)βD+1 (b′|"t)

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 ey f 3e

X
X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X

6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; oAA

h?2 MQ`K�HBx�iBQM 7�+iQ` Bb +QKTmi2/ #v

w!λ("t) = β0(⊥ |"t)
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PmiHBM2
R _Q�/K�T �M/ 1ti2`M�H _2bQm`+2b 7Q` aim/2Mib 9
k 6mM/�K2Mi�Hb Q7 :`�T?B+�H JQ/2H U"�v2bB�M L2irQ`FfJ�`FQp _�M/QK 6B2H/VRR
j 6`QK L�Bp2 "�v2b- >JJ- J1 iQ *_6 ky

L"- >JJ pbX J1- *_6- "�v2bB�M M2irQ`F pbX J�`FQp `�M/QK }2H/ kk
J1 5 k8
*Q/BM; imiQ`B�H, J1 QM i2ti +H�bbB}+�iBQM jk
*_6 jj

9 oBi2`#B QM T�i? BM72`2M+2 9y
oBi2`#B QM >JJ 9k
oBi2`#B QM *_6 9N

8 6Q`r�`/@#�+Fr�`/ �H;Q`Bi?K QM *_6- 7Q` h`�BMBM; 8k
e *_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b ek

� iQQHFBi 7Q` *_6 BKTH2K2Mi�iBQM ej
_LL pb *_6- QM b2[m2M+2 H�#2HHBM; dR
*Q/BM; imiQ`B�H, _LL QM b2[m2M+2 QmiTmi d8
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ de
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b A
q�TBiB, � bBKTH2 �M/ 7�bi /Bb+`BKBM�iBp2 b2[m2M+2 H�#2HHBM; iQQHFBi

q�TBiB U?iiTb,ffr�TBiBXHBKbBX7`fV Bb � p2`v 7�bi iQQHFBi 7Q` b2;K2MiBM; �M/
H�#2HBM; b2[m2M+2b rBi? /Bb+`BKBM�iBp2 KQ/2HbX Ai Bb #�b2/ QM J1- K�tBKmK
2Mi`QTv J�`FQp KQ/2Hb �M/ HBM2�`@+?�BM *_6 �M/ T`QTQb2b p�`BQmb QTiBKBx�iBQM
�M/ `2;mH�`Bx�iBQM K2i?Q/b iQ BKT`Qp2 #Qi? i?2 +QKTmi�iBQM�H +QKTH2tBiv �M/ i?2
T`2/B+iBQM T2`7Q`K�M+2 Q7 bi�M/�`/ KQ/2HbX
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b AA
q�TBiB, � bBKTH2 �M/ 7�bi /Bb+`BKBM�iBp2 b2[m2M+2 H�#2HHBM; iQQHFBi

*?2+F ?iiTb,ff;Bi?m#X+QKf#BQMHT@?x�mfhmiQ`B�Hn9n*_6 iQ ;2i
i?2 imiQ`B�H Q7 q�SAhAX

h?2 �/p�Mi�;2 Q7 mbBM; q�SAhA Bb iQ mM/2`bi�M/ ?Qr 72�im`2 2M;BM22`BM;
rQ`Fb BM *_6X

hQ ;2M2`�i2 72�im`2 7mM+iBQMb 7B(vD−1, vD,"t, D) BM � #�i+?- � T�ii2` }H2 ǳ XT�iǴ Bb
M22/2/X _2�/ ?iiTb,ffr�TBiBXHBKbBX7`fK�Mm�HX?iKHOT�ii2`Mb- b2+iBQM
IS�ii2`Mb=X

6Q` 2t�KTH2- B7 vQm` /�i� Bb
�R #R +R
�k #k +k
�j #j +j

h?2 T�ii2`M Ǵm,Wt(@R-y)fWt(YR-k)Ǵ �TTHB2/ �i TQbBiBQM k BM i?2 b2[m2M+2 rBHH
T`Q/m+2 i?2 Q#b2`p�iBQM Ǵm,�Rf+jǴX
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b AAA
q�TBiB, � bBKTH2 �M/ 7�bi /Bb+`BKBM�iBp2 b2[m2M+2 H�#2HHBM; iQQHFBi

6Q` #2ii2` mM/2`bi�M/BM;- H2iǶb b?Qr �M 2t�KTH2X �bbmK2
㣖⧔ⰶ⟂⼗
" A P P P
Bb � i`�BMBM; b�KTH2 7Q` i?2 i�bF Q7 ǳGQ+�iBQM i�;;BM;Ǵ- i?2M i?2 T�ii2`M

l01 : Wt[0, 0]
;2M2`�i2 R8 72�im`2 7mM+iBQMb,
7mM+R 4 B7 UQmiTmi 4 " �M/ 72�im`24lyR,Ǵ 㣖ǴV `2im`M R 2Hb2 `2im`M y
7mM+k 4 B7 UQmiTmi 4 A �M/ 72�im`24lyR,Ǵ 㣖ǴV `2im`M R 2Hb2 `2im`M y
7mM+j 4 B7 UQmiTmi 4 P �M/ 72�im`24lyR,Ǵ 㣖ǴV `2im`M R 2Hb2 `2im`M y
7mM+9 4 B7 UQmiTmi 4 " �M/ 72�im`24lyR,Ǵ ⧔ǴV `2im`M R 2Hb2 `2im`M y
7mM+8 4 B7 UQmiTmi 4 A �M/ 72�im`24lyR,Ǵ ⧔ǴV `2im`M R 2Hb2 `2im`M y
XXX
7mM+R9 4 B7 UQmiTmi 4 A �M/ 72�im`24lyR,Ǵ ⼗ǴV `2im`M R 2Hb2 `2im`M y
7mM+R8 4 B7 UQmiTmi 4 P �M/ 72�im`24lyR,Ǵ ⼗ǴV `2im`M R 2Hb2 `2im`M y
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b Ao
q�TBiB, � bBKTH2 �M/ 7�bi /Bb+`BKBM�iBp2 b2[m2M+2 H�#2HHBM; iQQHFBi

aQK2 T�`�K2i2` b2iiBM; 7Q` i?2 #BM�`v q�SAhA }H2R8X
! avMQTbBbX

r�TBiB KQ/2 (QTiBQMb) (BMTmi) (QmiTmi)
! h`�BM KQ/2X

@� % Ĝ�H;Q Ibi`BM;= a2H2+i i?2 �H;Q`Bi?K mb2/ iQ i`�BM i?2 KQ/2H- bT2+B7v ǴHBbiǴ
7Q` � HBbi Q7 �p�BH�#H2 �H;Q`Bi?KbX h?2 }`bi �H;Q`Bi?K BM i?Bb HBbi Bb mb2/ �b /27�mHiX
@i % ĜMi?`2�/ IBMi2;2`= a2i i?2 MmK#2` Q7 i?`2�/ iQ mb2- i?Bb +�M /`�biB+�HHv
BKT`Qp2 T2`7Q`K�M+2 #mi Bb p2`v �H;Q`Bi?K /2T2M/2MiX "2bi p�Hm2 Bb iQ b2i Bi iQ
i?2 MmK#2` Q7 +Q`2 vQm ?�p2X .27�mHi Bb RX
@B % ĜK�tBi2` IBMi2;2`= .2}M2b i?2 K�tBKmK MmK#2` Q7 Bi2`�iBQMb /QM2 #v i?2
i`�BMBM; �H;Q`Bi?KX � p�Hm2 Q7 y K2�Mb mMHBKBi2/ �M/ i`�BMBM; rBHH +QMiBMm2 mMiBH
�MQi?2` biQTTBM; +`Bi2`BQM Bb `2�+?2/X h?2 /27�mHi Bb mMHBKBi2/ �M/ �H;Q`Bi?K rBHH
biQT mbBM; i?2 Qi?2`b +`Bi2`B�X
@T % ĜT�ii2`M I}H2= aT2+B7v i?2 }H2 +QMi�BMBM; i?2 T�ii2`Mb 7Q` 2ti`�+iBM;
72�im`2bX h?2 7Q`K�i Q7 i?2 T�ii2`M }H2 Bb /2i�BH2/ #2HQrX

! G�#2H KQ/2X
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b o
q�TBiB, � bBKTH2 �M/ 7�bi /Bb+`BKBM�iBp2 b2[m2M+2 H�#2HHBM; iQQHFBi

@+ % Ĝ+?2+F �bbmK2 i?2 /�i� iQ #2 H�#2H2/ �`2 �H`2�/v H�#2H2/ bQ /m`BM; i?2
H�#2HBM; T`Q+2bb r2 +�M +?2+F Qm` QrM `2bmHi /BbTH�vBM; i?2 2``Q` `�i2bX h?Bb
/Q2bMǶi �z2+i i?2 H�#2HBM; T`Q+2bb �M/ QmiTmi /�i� rBHH `2K�BM 2t�+iHv i?2 b�K2X
>Qr2p2`- T`Q;`2bb rBHH #2 KQ`2 p2`#Qb2 �M/ BM7Q`K�iBp2, �i i?2 2M/ Q7 i?2
T`Q+2bb- 7Q` 2�+? H�#2Hb- i?2 T`2+BbBQM- `2+�HH- �M/ 7@K2�bm`2 rBHH #2 /BbTH�v2/X A7
vQm �bF 7Q` L@#2bi QmiTmi- bi�iBbiB+b �`2 +QKTmi2/ QMHv QM i?2 #2bi b2[m2M+2X
@K % ĜKQ/2H I}H2= aT2+B}2b � KQ/2H }H2 iQ HQ�/ �M/ iQ mb2 7Q` H�#2HBM;X h?Bb
brBi+? Bb K�M/�iQ`vX

R8?iiTb,ffr�TBiBXHBKbBX7`fK�Mm�HX?iKH
CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 ed f 3e



X
X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X

*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b
q�TBiB, � bBKTH2 �M/ 7�bi /Bb+`BKBM�iBp2 b2[m2M+2 H�#2HHBM; iQQHFBi

R ǴǴǴ
k 4444444 h`� BM BM; Qm i i ` � B M U i ? B b K�v i�F2 bQK2 iBK2 V 4444444
j  ALSlh
9 BMTmin/ B `4Qm i i ` � B M
8 T � i i 2 ` Mn 7 B H 24ǶT�ifhQFjkR/Bb X T�i Ƕ
e i ` � B M B M;nQTi B QM b4Ƕ −� b;/−H R −i j − B Ry Ƕ
d i ` � B M n 7 B H 2 b 4ǶU +�i Qm i i ` � B M f (�−a )  X i�# V Ƕ
3  PlhSlh
N QmiTmin/B`42p� H f # BQ
Ry KQ/2 Hn7 B H 24Ƕ 2p� H f # BQ fhQFjkR/Bb−i ` � BM−Qm i i ` � B M XKQ/ Ƕ
RR ǴǴǴ
Rk
Rj =r�T B i B i ` � B M −� b;/−H R −i j − B Ry −T T�ifhQFjkR/Bb X T�i IU+�i

Qm i i ` � B M f (�−a )  X i�# V 2p� H f # BQ fhQFjkR/Bb−i ` � BM−Qm i i ` � B M XKQ/
R9
R8 ǴǴǴ
Re  amKK�`v
Rd M# i ` � B M , Ry38e
R3 M# H � # 2 H b , Rd
RN M# # HQ+Fb , 9RkNj3
ky M# 7 2 � im ` 2 b , dykykj8
kR ǴǴǴ
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b
q�TBiB, � bBKTH2 �M/ 7�bi /Bb+`BKBM�iBp2 b2[m2M+2 H�#2HHBM; iQQHFBi

R ǴǴǴ44444444 AM 7 2 ` 2M+2 Qm i i ` � B M 4444444
k  ALSlh
j BMTmin/ B `4Qm i i ` � B M
9 KQ/2 Hn7 B H 24Ƕ 2p� H f # BQ fhQFjkR/Bb−i ` � BM−Qm i i ` � B M XKQ/ Ƕ
8 i 2 b i n 7 B H 2 b 4ǶU +�i Qm i i ` � B M f (h−w)  X i�# V Ƕ
e  PlhSlh
d QmiTmin/B`42p� H f # BQ
3 S ` 2/ B + i 2/n 7 B H 24Ƕ 2p� H f # BQ fhQFjkR/Bb−i ` � BM−i2b i−Qm i i ` � B M X i�# Ƕ ǴǴǴ
N =r�T B i B H � # 2 H −+ −K 2p� H f# BQ fhQFjkR/Bb−i ` � BM−Qm i i ` � B M XKQ/ IU+�i

Qm i i ` � B M f (h−w)  X i�# V 2p� H f # BQ fhQFjkR/Bb−i ` � BM−i2b i−Qm i i ` � B M X i�#
Ry ǴǴǴ  amKK�`v
RR L# b2[m2M+2b , j9e9
Rk hQF2M 2 ` ` Q ` , 9X3yW
Rj a2[m2M+2 2 ` ` Q ` , k9Xy3W
R9  S2` H � # 2 H b i � i B b i B + b
R8 P S`4yXNd _+4yXN3 6R4yXN3
Re "−a2p2 ` B i v S`4yXdy _+4yXeR 6R4yXe8
Rd "−�/p2`b2_2�+i BQM S`4yX3y _+4yX33 6R4yX39
R3 1−�/p2`b2_2�+i BQM S`4yXdj _+4yXd3 6R4yXde
RN A−�/p2`b2_2�+i BQM S`4yXd3 _+4yX9N 6R4yXey
ky "−6�+iQ` S`4yXdR _+4yXeN 6R4yXdy
kR 1−a2p2 ` B i v S`4yX8N _+4yX8N 6R4yX8N
kk A−a2p2 ` B i v S`4yX9d _+4yXjj 6R4yXjN
kj "−�MBK�H S`4yXde _+4yX8N 6R4yXed
k9 A−6�+iQ` S`4M�M _+4yXyy 6R4M�M
k8 1−6�+iQ` S`4M�M _+4yXyy 6R4M�M
ke "−L2;�iBQM S`4yXek _+4yX8d 6R4yX8N
kd A−L2;�iBQM S`4M�M _+4M�M 6R4M�M
k3 1−L2;�iBQM S`4yXyy _+4yXyy 6R4M�M
kN "−.`m;*H�bb S`4yXR3 _+4yXyN 6R4yXRk
jy A−.`m;*H�bb S`4yXyy _+4yXyy 6R4M�M
jR 1−.`m;*H�bb S`4yXjj _+4yXyN 6R4yXR9
jk ǴǴǴ
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b
q�TBiB, � bBKTH2 �M/ 7�bi /Bb+`BKBM�iBp2 b2[m2M+2 H�#2HHBM; iQQHFBi

R ǴǴǴ
k 44444441p�Hm�i BQM rBi? + Q M H H 2 p � H X T H Qm i i ` � B M 4444444
j  ALSlh
9 1p� H m� i 2n 7 B H 24Ƕ 2p� H f # BQ fhQFjkR/Bb−i ` � BM−i2b i−Qm i i ` � B M X i�# Ƕ
8  PlhSlh
e _2 bm H in 7 B H 24Ƕ 2p� H f # BQ fhQFjkR/Bb−i ` � BM−i2 b i−Qm i i ` � B M X 2p� H Ƕ
d ǴǴǴ
3
N =bm/Q T2 ` H Xf + Q M H H 2 p � H X T H −/ 0 Ƕ$ i Ƕ I2p� H f # BQ fhQFjkR/Bb−i ` � BM−i2 b i−

Qm i i ` � B M X i�# % i22 2p� H f # BQ fhQFjkR/Bb−i ` � BM−i2 b i−Qm i i ` � B M X 2p� H
Ry
RR ǴǴǴ
Rk  amKK�`v
Rj T`Q+2bb2/ eyN83 iQF rBi? jeeN T?` c 7QmM/ , j3Ny T?` c +Q ` ` 2 + i , kNd8X
R9 �++m`�+v , N8XkyWc T ` 2 + B b B Q M , deWc ` 2 + � H H , 3RWc 6"R , d3XdR
R8 �/p2`b2_2�+i BQM , T ` 2 + B b B Q M , ddWc ` 2 + � H H , 39Wc 6"R , 3yX3d j9dy
Re �MBK�H , T ` 2 + B b B Q M , deWc ` 2 + � H H , 8NWc 6"R , eeXed Rd
Rd .`m;*H�bb , T ` 2 + B b B Q M , R3Wc ` 2 + � H H , 3Wc 6"R , RRXde RR
R3 6�+iQ` , T ` 2 + B b B Q M , dyWc ` 2 + � H H , e3Wc 6"R , eNX3y Rke
RN L2;�iBQM , T ` 2 + B b B Q M , 8dWc ` 2 + � H H , 8dWc 6"R , 8dXR9 R9
ky a2p2 ` B i v , T ` 2 + B b B Q M , e3Wc ` 2 + � H H , 83Wc 6"R , ekXNR k8k
kR ǴǴǴ
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b A
_LL pb *_6- QM b2[m2M+2 H�#2HHBM;

h`�/BiBQM�H 722/@7Q`r�`/ M2irQ`F Bb ;QQ/ 7Q` +H�bbB}+�iBQM i�bF- #mi MQi 7Q`
b2[m2M+2 H�#2HHBM;X

Re

_LL Bb � bmBi�#H2 bi`m+im`2 7Q` b2[m2M+2 H�#2HHBM; #v M�im`2X
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b AA
_LL pb *_6- QM b2[m2M+2 H�#2HHBM;
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b AAA
_LL pb *_6- QM b2[m2M+2 H�#2HHBM;
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b Ao
_LL pb *_6- QM b2[m2M+2 H�#2HHBM;

Re?iiT,ffBMi`QiQ/22TH2�`MBM;X+QKfbHB/2bfeaRNRnJAhn.22TG2�`MBM;nGkXT/7
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b
*Q/BM; imiQ`B�H, _LL QM b2[m2M+2 QmiTmi

� "2;BMM2`ᮯb :mB/2 QM _2+m``2Mi L2m`�H L2irQ`Fb rBi? SvhQ`+?X
?iiTb,ff#HQ;X7HQv/?m#X+QKf
�@#2;BMM2`b@;mB/2@QM@`2+m``2Mi@M2m`�H@M2irQ`Fb@rBi?@TviQ`+?f

*?2+F i?2 �#Qp2 imiQ`B�H 7Q` _LL +Q/BM;X
h?2 �#Qp2 +Q/BM; ?2HTb BM mM/2`bi�M/BM;,

R ?Qr � b2[m2M+2 BMTmifQmi 7Q`K�HBx2/ BM LGS T`Q#H2KX
k QM2@?Qi +Q/BM; Bb �M 2ti`� /�i�@T`Q+2bbBM; i�bF BM LGS- #mi MQi BM Qi?2`

b+2M�`BQb HBF2 BK�;2- pBbBQM Q` #BQBM7Q`K�iB+b- 2i+X
j _LL Bb ?�TTv iQ i�F2 rQ`/ 2K#2//BM; �b Q`B;BM�H BMTmi- B7 i?2v �`2 �p�BH�#H2X
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b A
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ

*_6 H�v2` #v >m�M; kyR8 Rd H2�`Mb +QMbi`�BMb 7`QK i`�BMBM; /�i�- 2X;X-
BV i?2 H�#2H Q7 i?2 }`bi rQ`/ BM � b2Mi2M+2 bi�`ib rBi?᮰"@᮰Q`᮰P᮱- MQi᮰A@᮰c
BBV᮰"@S2`bQM A@P`;�MBx�iBQM᮱- ᮰P A@H�#2H᮱�`2 BMp�HB/X R3
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b AA
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ

*_6 H�v2` BM LL i�F2b i?2 QmiTmi Q7 "B@GahJ �b i?2 bmK Q7 r2B;?i2/ 72�im`2
7mM+iBQMb RNX
_2+�HH a+Q`2("t,"v) =

M∑
D=1

HQ;ΨD(vD−1, vD,"t) BM URkV-

*_6 H�v2` /2}M2b

a+Q`2("t,"v) =
M∑

D=1

K∑
B=1

λB7D(vD−1, vD,"t, D)

=
M∑

D=1
HQ;Ψ1JAh(vD → tD) + HQ;Ψh_�La(vD−1 → vD)

=
M∑

D=1
PmiTmi"B@GahJ(vD, tD) + S`(vD|vD−1)

i?2M r2 ?�p2
T("v|"t) = 2tT(a+Q`2("t,"v))

∑
!v′∈Y

2tT(a+Q`2("t, "v′))
URdV
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b AAA
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ

6`QK �M 2M;BM22`BM; pB2r- i?2`2 �`2 |"t||!v| TQbbB#BHBiB2b 7Q` "v′X h?2 �KQmMi Bb
>l:1X q2 M22/ � 7�bi BKTH2K2Mi�iBQM �H;Q`Bi?KX

S�`�K2i2` b2iiBM;, �bbmK2 "t = r0,r1,r2- G�#2H= H1, H2X
G2iǶb b�v- BM � ǴHQ+�iBQM@i�;;BM;Ǵ i�bF- �bbmK2 H1 = G- H2 = P-
"t = r0,r1,r2 = ���- i?2M i?2 2tT2+i2/ "v = GGPX "mi i?2`2 �`2 23 +?�M+2b Q7 "v′X

h?2 #2HQr �H;Q`Bi?K Bb iQ +QKTmi2 i?2 HQ;�`Bi?K Q7 MmK2`�iQ` BM URdV-
HQ;

∑
!v′∈Y

2tT(a+Q`2("t, "v′))X USH2�b2 +?2+F ha+Q`2(r0 → r1 → r2) BM ai2T kVXV

AMTmi, 6B`bi- r2 ?�p2 1KBbbBQM K�i`Bt 7`QK QmiTmi Q7 "B@GahJ,
H1 H2

r0 201 202
r1 211 212
r2 221 222

- �M/ h`�MbBiBQM J�i`Bt, h_�La =
H1 H2

H1 i11 i12
H2 i21 i22

X
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*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ

ai2T yVX r0

ha+Q`2(r0) = HQ;(2tT(201) + 2tT(202))X

ai2T RVX r0 → r1

P#b = (211, 212)
S`2p = (201, 202)
 bi2T,

(
P#b
P#b

)
−→ P#b- (S`2ph,S`2ph) −→ S`2pX

 bi2T, a+Q`2 = S`2p + P#b + h_�La

=

(
201 + 211 + i11 201 + 212 + i12
202 + 211 + i21 202 + 212 + i22

)

 bi2T, S`2p← (HQ;(2tT(a+Q`211) + 2tT(a+Q`221)), HQ;(2tT(a+Q`212) + 2tT(a+Q`222)))
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b o
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ

= (HQ;(2tT(201 + 211 + i11) + 2tT(202 + 211 + i21)), HQ;(2tT(201 + 212 + i12) +
2tT(202 + 212 + i22)))
 bi2T, ha+Q`2(r0 → r1) = HQ;(2tT(S`2p(1)) + 2tT(S`2p(2)))
= HQ;(2tT(201 + 211 + i11) + 2tT(202 + 211 + i21) + 2tT(201 + 212 + i12) +
2tT(202 + 212 + i22))

ai2T kVX r0 −→ r1 −→ r2

P#b = (221, 222)
S`2p = H�bi `QmM/
 bi2T,

(
P#b
P#b

)
−→ P#b- (S`2ph,S`2ph) −→ S`2pX

 bi2T, a+Q`2 = S`2p + P#b + h_�La
 bi2T, S`2p← (HQ;(2tT(a+Q`211) + 2tT(a+Q`221)), HQ;(2tT(a+Q`212) + 2tT(a+Q`222)))
 bi2T, ha+Q`2(r0 → r1 → r2) = HQ;(2tT(S`2p(1)) + 2tT(S`2p(2)))
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b oA
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ

= HQ;(2tT(201 + 211 + i11 + 221 + i11) + 2tT(202 + 211 + i21 + 221 + i11) +
2tT(201 + 212 + i12 + 221 + i21) + 2tT(202 + 212 + i22 + 221 + i21) + 2tT(201 +
211 + i11 + 222 + i12) + 2tT(202 + 211 + i21 + 222 + i12) + 2tT(201 + 212 + i12 +
222 + i22) + 2tT(202 + 212 + i22 + 222 + i22))

PmiTmi, P#i�BM HQ;
∑
!v′∈Y

2tT(a+Q`2("t, "v′)) 7`QK i?2 �#Qp2 i2`KX

RdS�T2` 7Q` *_6 H�v2`, ?iiTb,ff�`tBpXQ`;f�#bfR8y3XyRNNRV
R3?iiTb,ff+`2�i2KQKQX;Bi?m#XBQfkyRdfyNfRkf*_6nG�v2`nQMni?2nhQTnQ7n"BGahJnRf
RN*?2+F ǳ�.o�L*1., J�EAL: .uL�JA* .1*AaAPLa �L. h>1 "A@GahJ *_6Ǵ

?iiTb,ffTviQ`+?XQ`;fimiQ`B�Hbf#2;BMM2`fMHTf�/p�M+2/nimiQ`B�HX?iKH Q` ǳAKTH2K2MiBM;
� HBM2�`@+?�BM *QM/BiBQM�H _�M/QK 6B2H/ U*_6V BM SvhQ`+?Ǵ ?iiTb,ffiQr�`/b/�i�b+B2M+2X+QKf
BKTH2K2MiBM;@�@HBM2�`@+?�BM@+QM/BiBQM�H@`�M/QK@7B2H/@+`7@BM@TviQ`+?@Re#y#N+9#92�
7Q` KQ`2X

CBM;#Q sB� U>w�lV a2KBM�` K�i2`B�Hb kyky ㅰ RR 㴨 R3 㑓 3R f 3e



X
X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X

*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ

*?2+F ?iiTb,ff;Bi?m#X+QKfDB/�b?2M;f#B@HbiK@+`7 iQ b22 ?Qr 7Q`r�`/
�H;Q`Bi?K rQ`Fb BM +Q/BM;X

R
k /27 nn7Q`r�`/n�H;Q`Bi?K U b 2 H 7 - 7 2� im `2 b - K�bFb V ,
j ǴǴǴ + � H + m H � i 2 i?2 T � ` i B i B Q M 7mM+ i B QM rBi? 7Q`r�`/ � H;Q` B i?K X
9 h_A*E, HQ;nbmKn2tT U ( tR - tk - tj - t9 - X X X ) V 4 HQ;nbmKn2tT U (

HQ;nbmKn2tT U ( tR - tk ) V - HQ;nbmKn2tT U ( tj - t9 ) V - X X X ) V
8 , T�`�K 7 2� im ` 2 b , 7 2 � i m ` 2 b X ("- G - *)
e , T�`�K K�bFb , ("- G ) K�bFb
d , ` 2 im `M , (") - b+Q`2 BM i?2 HQ; bT�+2
3 ǴǴǴ
N "- G - * 4 72� im ` 2 b X b?�T2
Ry
RR b +Q ` 2 b 4 iQ`+? X 7 m H H U U"- *V - AJSPaaA"G1 - /2p B +247 2� im ` 2 b X /2p B +2

V O ("- *)
Rk b +Q ` 2 b ( , - b 2 H 7 X b i � ` in B/t ) 4 yX
Rj i `�Mb 4 b 2 H 7 X i ` � M b B i B Q M b X mMb[m22x2 UyV O (R - *- *)
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ

R
k O A i 2 ` � i 2 i?`Qm;? i?2 b2Mi2M+2
j 7 Q ` i B M `�M;2 UGV ,
9 2KBinb+Q`2ni 4 7 2� im ` 2 b ( , - i ) X mMb[m22x2 UkV O ("- *- R )
8 b+Q`2ni 4 b+Q `2 b X mMb[m22x2 URV Y i`�Mb Y 2KBinb+Q`2ni O ("

- R - *) Y (R - *- *) Y ("- *- R ) 4= ("- *- *)
e b+Q`2ni 4 HQ;nbmKn2tTU b+Q`2ni V O ("- *)
d K�bFni 4 K�bFb ( , - i ) X mMb[m22x2 URV O ("- R )
3 b +Q ` 2 b 4 b+Q`2ni  K�bFni Y b+Q `2 b  UR − K�bFniV
N b +Q ` 2 b 4 HQ;nbmKn2tTU b+Q `2 b Y b 2 H 7 X i ` � M b B i B Q M b ( b 2 H 7 X biQTnB/t ) V
Ry ` 2 im `M b+Q `2 b

SH2�b2 MQi2 i?�i i?2 �#Qp2 b+Q`2ni ("- R- *) - i`�Mb (R- *- *)- �M/ 2KBinb+Q`2 ("-
*- R) `272` iQ S`2p- h_�La- �M/ P#b- `2bT2+iBp2HvX

q?2M i?`22 SvhQ`+? i2MbQ`b �`2 �//2/ iQ;2i?2`- i?2v �`2 T2`7Q`KBM; �M �//BiBQM
rBi? �M 2ti2MbBQM K�MM2`- b�v, Ǵ ("- R- *) Y (R- *- *) Y ("- *- R) 4= ("- *- *)ǴX
h?mb-

(
P#b
P#b

)
−→ P#b �M/ (S`2ph,S`2ph) −→ S`2p �`2 #Qi? BKTH2K2Mi2/ BM

�M 2{+B2Mi r�vX
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*_6 �M/ a2[m2M+2 G�#2HHBM;ěAKTH2K2Mi�iBQM hQTB+b
*_6 H�v2` BM M2m`�H M2irQ`F- ǶiQTTBM;Ƕ Q7 GahJ

*?2+F SvhQ`+? Q{+B�H imiQ`B�H ky 7Q` i?2 b�K2 b+`BTibX
R /27 n7Q`r�`/n�H; U b 2 H 7 - 7 2 � i b V ,
k
j X X X
9 M2tini�;np�` 4 7Q`r�`/np�` Y i`�Mbnb+Q`2 Y 2KBinb+Q`2
8 X X X

a22\ h?Bb Bb � i`B+F 7Q` SvhQ`+? i2MbQ` +QKTmi�iBQM5

ky?iiTb,ffTviQ`+?XQ`;fimiQ`B�Hbf#2;BMM2`fMHTf�/p�M+2/nimiQ`B�HX?iKH
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*_6 㖯㦆⧧■⿵ㅢ⻲㝗⡽

⫑㲂 q�TBiBᱨ⹻ⰶǴ 㝎㸛⤀⒴@㫡⼃㫜⏸@㴊␌Ǵ ☨㫼ⳑ
➖㖷

q�TBiB 㗁㮥⢔✠ⱌ㺨⶙㺖㨾㢶⮔ᱨ㎫⯿㋦㴱㨾⒱⤂ᱷ
⒊㗎㩌⡢ T�i 㢶⮔ᱨ⹻ⰶ㝎㸛⧉㗷☨㔤㺥ᱷ
㫓⪹⪆➶㗷⳯⭅㢜 h`�BM- .2p2HQTK2Mi ⧧ h2biᱨ㠞⒱
㝎㸛⧉㗷㫜㱭ᮣ

GahJY*_6
㴪⛣ SvhQ`+? ⤵➝ GahJY*_6 ☨■⿵ᱷ
☠㑩㽴⭐☨㫡⼃㗷⳯ⱌ㨾⏸㗷㫡⼃ᮣ

⌴Ⱓ q�TBiB ⧧ GahJY*_6 ☨㩂ㅢᮣ
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�+FMQrH2/;2K2Mi

h?�MF SB2``2 wr2B;2M#�mK 7Q` i?2 KBMB@+Qm`b2 ᮶⫑㲂㱸⭶⛟㫓㥠☨㑉⤀㺩ㅢ㮧
㮓㢶〉╌⹻᮷- P+i- kyRdX
h?�MF �m/B2M+2b BM Kv ;`�/m�i2 +Qm`b2- ǳ"BQhJ �M/ EMQrH2/;2 .Bb+Qp2`v-
aT`BM; kyRNǴ- ?iiTb,ff?x�m#BQMHTX+QKf+Qm`b2@#BQMHT@�M/@F/f- �M/ BM Kv
mM/2`;`�/m�i2 +Qm`b2- ǳLGSǴ 6�HH kyky-
?iiTb,ff?x�m#BQMHTX+QKfMHT9mM/2`;fX
h?�MF �HH >w�l "BQLGS H�# K2K#2`b r?Q T�`iB+BT�i2 i?2 �H;Q`Bi?K /Bb+mbbBQMbX

kyky ㅰ RR 㴨 R3 㑓
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