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RXRXkX J�;M2iB+ 6B2H/ S`QT2`iB2b X X X X X X X X X X X X X X X d
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AMi`Q/m+iBQM

AM i?2 kRbi +2Mim`v i?2 rQ`H/ M22/b iQ `2+QMbB/2` Bib 2M2`;v T`Q/m+iBQM
KBtX AM Bib `2+2Mi 2M2`;v bim/v (R)- i?2 62/2`�H AMbiBimi2 7Q` :2Qb+B2M+2b
�M/ L�im`�H _2bQm`+2b 2biBK�i2/ �M �MMm�H rQ`H/ 2M2`;v +QMbmKTiBQM Q7
eyN1C BM kyRd- r?B+? `2~2+ib i?2 T`BK�`v 2M2`;v mb2/ ;HQ#�HHvX Ai +QMbBbi2/
Q7 ddW 7QbbBH 7m2Hb- 8W Mm+H2�` 7m2Hb �M/ R3W `2M2r�#H2bX h?2v 2biBK�i2 i?2
+QK#BM2/ ;HQ#�H `2b2`p2b �M/ `2bQm`+2b iQ #2 83y deN1C Q7 7QbbBH 7m2Hb- �M/
Ne8R1C Q7 Mm+H2�` }bbBQM 7m2HbX h?mb- �bbmKBM; � +QMbi�Mi 2M2`;v +QMbmKT@
iBQM- i?2 rQ`H/ +QmH/ bmbi�BM Bib 2M2`;v M22/b �TT`QtBK�i2Hv Ryyy UReV v2�`b
`2HvBM; QM 7QbbBH 7m2Hb UMm+H2�` 7m2HbV QMHv- #mi i?2 `BbBM; 2z2+ib Q7 +HBK�i2
+?�M;2 Qm;?i iQ T`Q?B#Bi i?2 7m`i?2` mb2 Q7 7QbbBH 7m2Hb �M/ i?2 /�M;2` �M/
mMBK�;BM�#H2 HQM; HB72iBK2 Q7 Mm+H2�` }bbBQM r�bi2 [m2biBQMb i?2 2+QMQKB+�H
�M/ b�72iv �bT2+ib Q7 }bbBQM 2M2`;v T`Q/m+iBQMX _2M2r�#H2 2M2`;v T`Q/m+@
iBQM Bb QM i?2 `Bb2- #mi i?2 /Bbi`B#miBQM Q7 ?v/`Q �M/ ;2Qi?2`K�H `2bQm`+2b
Bb bT�`b2 �M/ i?2 r2�i?2` /2T2M/2Mi ~m+im�iBQMb Q7 rBM/ �M/ bQH�` 2M2`;v
mM�pQB/�#Hv HBKBi i?2B` T`�+iB+�#BHBiv (k)X Ai Bb BKTQ`i�Mi iQ mM/2`bi�M/ i?�i
�Mv TQbbB#H2 2M2`;v +`BbBb Q7 i?2 kRbi +2Mim`v rBHH MQi #2 +�mb2/ #v i?2 H�+F
Q7 `2bQm`+2b- #mi `�i?2` #v i?2B` 2t+2bbBp2 mb2 QM QM2 bB/2 �M/ i?2 H�+F Q7
2{+B2Mi 2M2`;v biQ`�;2 bvbi2Kb QM i?2 Qi?2`X Lm+H2�` 7mbBQM ?�b i?2 TQi2M@
iB�H iQ bQHp2 i?Bb /BH2KK� i?�MFb iQ Bib #�b2 HQ�/ +�T�#BHBiv- mMHBKBi2/ 7m2H
`2bQm`+2b �M/ M2�` 2MpB`QMK2Mi�H T2`72+iBQM (j)X � T`QKBbBM; +�M/B/�i2 7Q`
bm+? � 7mim`2 7mbBQM `2�+iQ` Bb i?2 bi2HH�`�iQ`- #mi Bib /2bB;M �M/ +QMbi`m+iBQM
�`2 p2`v +?�HH2M;BM;X h?2 T�i? iQ i?2 }`bi 7mbBQM TQr2` TH�Mi +QMbBbib Q7
2p2M KQ`2 +?�HH2M;BM; b+B2M+2 �M/ 2M;BM22`BM; T`Q#H2Kb- #mi i?2 i2+?MB[m2
Q7 biQ+?�biB+ bi2HH�`�iQ` /2bB;M- r?2`2 i?2 }`bi iQQHb �`2 /2b+`B#2/ BM i?Bb
i?2bBb- ?�b i?2 TQi2MiB�H iQ bQHp2 irQ Q7 i?2K 2tTH�BM2/ ?2`2BM�7i2`X
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6B;m`2 RXRX, 1tT2`BK2Mi�HHv K2�bm`2/ +`Qbb b2+iBQMb 7Q` i?2 .h- ..- hh-
.>2j- >2j>2j- TGBe- T"RR- �M/ TT 7mbBQM `2�+iBQMb �b � 7mM+iBQM Q7 i?2
+2Mi2` Q7 K�bb 2M2`;v Q7 i?2 irQ T�`iB+H2bX h?2 v@�tBb Bb #`QF2M iQ }i
i?2 K2MiBQM2/ +`Qbb b2+iBQMb QMiQ QM2 +QQ`/BM�i2 bvbi2KX h?2 T. +`Qbb
b2+iBQM Bb MQi b?QrM #2+�mb2 Bi Bb QM i?2 Q`/2` Q7 R  Ryjk KkX aQm`+2 (9)X

Lm+H2�` 6mbBQM ?�b i?2 TQi2MiB�H iQ #2 i?2 2M2`;v bQm`+2 Q7 i?2 7mim`2X
AM � 7mbBQM `2�+iBQM- irQ HB;?i Mm+H2B K2`;2 �M/ `2H2�b2 QM i?2 Q`/2` Q7
QM2 KBHHBQM iBK2b KQ`2 2M2`;v T2` 2H2K2Mi�`v T�`iB+H2 i?�M �Mv +?2KB+�H
`2�+iBQMX AMbi2�/ Q7 mbBM; i?2 TQi2MiB�H 2M2`;v Q7 2H2+i`QMb rBi?BM i?2 �iQKB+
bi`m+im`2- � Mm+H2�` `2�+iBQM `2H2�b2b Mm+H2�` #BM/BM; 2M2`;v #v /2+`2�bBM;
i?2 }M�H K�bb Q7 i?2 Mm+H2B- r?B+? Bb i`�Mb7Q`K2/ BMiQ i?2B` FBM2iB+ 2M2`;vX
J�bb �M/ 2M2`;v �`2 `2H�i2/ #v 1BMbi2BMǶb 7�KQmb 7Q`KmH�Ӻ � ԜԒϵ� URXRV

h?2 bmM +QMp2`ib i?2 2M2`;v Q7 Mm+H2�` 7mbBQM BMiQ � mb27mH bQ+B2i�H �TTHB+@
�iBQM �H`2�/v 7Q` #BHHBQMb Q7 v2�`b #v 7mbBM; ?v/`Q;2M iQ ?2HBmK �++Q`/BM;
iQ i?2 7QHHQrBM; `2�+iBQM +?�BM (8)

TT .2Yᅸր� .T >2jᅭ� >2j>2j TT>29�
h?2 T`Q#�#BHBiv i?�i �Mv Q7 i?2b2 irQ Mm+H2B rBHH Qp2`+QK2 i?2 `2T2HHBM;
*QmHQK# 7Q`+2 �M/ mM/2`;Q � Mm+H2�` 7mbBQM `2�+iBQM Bb /2}M2/ #v i?2B`
`2�+iBQM +`Qbb b2+iBQM Ub22 };m`2 RXRVX h?2 p2`v HQr `2�+iBQM `�i2 Q7 i?2 TT
`2�+iBQM K�F2b i?2 7mbBQM `2�+iBQM Q7 i?2 amM BKT`�+iB+�H QM 1�`i?- #mi #v

k



RXRX SH�bK� S?vbB+b

/2}MBM; i?2 HB72@iBK2 Q7 i?2 amM Bi K�/2 HB72 QM 1�`i? TQbbB#H2X 6B;m`2 RXR
b?Qrb i?2 `2�+iBQM +`Qbb b2+iBQM Q7 K�Mv TQbbB#H2 7mbBQM `2�+iBQMb- Q7 r?B+?
i?2 /2mi2`BmK@i`BiBmK UirQ ?v/`Q;2M BbQiQT2b rBi? QM2 �M/ irQ M2mi`QMbV
`2�+iBQM ?�b i?2 KQbi 7�pQ`�#H2 `2�+iBQM +`Qbb b2+iBQM- r?B+? T2�Fb �i �
+2Mi2` Q7 K�bb 2M2`;v Q7 Ryy F2oX Aib `2�+iBQM 7QHHQrb

.h M	R9�RJ2o
>29	j�8J2o
 URXkV

T`Q/m+BM; � M2mi`QM �M/ � ?2HBmK Mm+H2mbX _2�HBxBM; K�Mv Q7 i?2b2 `2�+iBQMb
bBKmHi�M2QmbHv `2[mB`2b � b?B7i 7`QK i?2 bBM;H2 T�`iB+H2 /2b+`BTiBQM iQ �
i?2`KQ/vM�KB+ /2b+`BTiBQM Q7 ;�b2bX �i i?2b2 i2KT2`�im`2b- � .h@;�b rBHH
#2 � TH�bK� +QMbBbiBM; Q7 +?�`;2/ T�`iB+H2b BM r?B+? *QmHQK# +QHHBbBQMb H2�/
iQ � J�tr2HHB�M /Bbi`B#miBQMX 6mbBQM B;MBiBQM Bb `2�+?2/ r?2M i?2 2M2`;v Q7
i?2 j�8J2o ᅫ@T�`iB+H2b Bb bm{+B2Mi iQ bmbi�BM i?2 i2KT2`�im`2 Q7 i?2 TH�bK�
#v i`�Mb72` Q7 Bib 2M2`;v iQ i?2 .h@TH�bK� i?`Qm;? #BM�`v +QHHBbBQMbX h?2
QTiBK�H i2KT2`�im`2 Bb �#Qmi R8 F2o (j) �M/ KQbi Q7 i?2 7mbBQM `2�+iBQMb
Q++m` 7Q` T�`iB+H2b QM i?2 ?B;? 2M2`;v i�BH Q7 i?2 /Bbi`B#miBQM 7mM+iBQMX h?2
`2K�BMBM; p�Hm2b 7Q` i?2 /2MbBiv ԝ �M/ 2M2`;v +QM}M2K2Mi iBK2 ᅽզ `2[mB`2/
7Q` 7mbBQM B;MBiBQM +�M #2 /2`Bp2/ 7`QK i?2 i`BTH2 T`Q/m+i +`Bi2`BQM (e)ԝԉBᅽ1 ଯ j  RykR F2o bKj� URXjV

Ai `2[mB`2b- BM �//BiBQM iQ � i2KT2`�im`2 Q7 R8 F2o- � +QK#BM2/ /2MbBiv �M/
2M2`;v +QM}M2K2Mi iBK2 Q7 ԝᅽ1 ଯ k  Ryky bKjX h?2 B;MBiBQM `2[mB`2K2Mi
�bbmK2b i?�i i?2 .h@TH�bK� Bb bi�iBQM�`v �M/ +QM}M2/ #v 2H2+i`QK�;M2iB+
}2H/bX AM � 7mim`2 7mbBQM `2�+iQ` i?2 TQr2` 7Q` 2H2+i`B+Biv Bb Q#i�BM2/ 7`QK
i?2 R9�RJ2o M2mi`QMb r?B+? �`2 MQi �z2+i2/ #v i?2 2H2+i`QK�;M2iB+ }2H/b
�M/ +�M H2�p2 i?2 BMM2` p2bb2H Q7 i?2 7mbBQM `2�+iQ`X h?2 M2mi`QMb rBHH #2-
�//BiBQM�HHv- mb2/ iQ #`22/ i`BiBmK 7`QK HBi?BmK- bBM+2 i`BiBmK /Q2b MQi Q++m`
M�im`�HHv QM 2�`i?X

RXRX SH�bK� S?vbB+b
SH�bK� Bb /2}M2/ �b � [m�bB@M2mi`�H ;�b Q7 +?�`;2/ U�M/ M2mi`�HV T�`iB+H2b
i?�i 2t?B#Bib +QHH2+iBp2 #2?�pBQ` (d)X h?2 i2`K �TT2�`2/ }`bi BM � bim/v
Q7 ;�b /Bb+?�`;2b #v hQMFb �M/ G�M;KmB` BM RNkN (3)X Ai Bb �M 2H2+i`B+�HHv
+QM/m+iBM; ;�b i?�i bi`QM;Hv `2bTQM/b iQ 2H2+i`QK�;M2iB+ }2H/b bm+? i?�i

j



*?�Ti2` RX AMi`Q/m+iBQM

Bib KQiBQM /2T2M/b MQi QMHv QM HQ+�H +QM/BiBQMb #mi QM i?2 bi�i2 Q7 i?2
TH�bK� BM `2KQi2 `2;BQMb �b r2HH (d)X h?2 M2+2bbBiv iQ /2b+`B#2 � TH�bK� �b
�M 2H2+i`QK�;M2iB+ ~mB/ Bb T`BK�`BHv i?2 `2�bQM iQ `272` iQ Bi �b i?2 7Qm`i?
bi�i2 Q7 K�ii2`- /BbiBM+i 7`QK Q`/BM�`v ;�b2b (N)X

RXRXRX SH�bK� .2b+`BTiBQM
�Mv TH�bK� /2b+`BTiBQM bi�`ib rBi? J�tr2HHǶb 2[m�iBQMb- i?2 b2i Q7 7Qm`
+QmTH2/ T�`iB�H /Bz2`2MiB�H 2[m�iBQMb i?�i +QMbiBimi2 i?2 7QmM/�iBQM Q7 2H2+@
i`QK�;M2iBbK,ခ ੁ 1 � ᆆᅯЈ  U:�mbbǶb H�rV URX9Vခ ੁ " � � U:�mbbǶb H�r 7Q` K�;M2iBbKV URX8Vခ  1 � ᆉ"ᆉԣ  UJ�tr2HH@6�`�/�v 2[m�iBQMV URXeVခ  " � ᅷЈ ভC � ᅯЈ ᆉ1ᆉԣ ম � U�KTĕ`2Ƕb H�rV� URXdV

h?2v /2b+`B#2 i?2 /Bp2`;2M+2 �M/ +m`H Q7 i?2 2H2+i`B+ 1 �M/ K�;M2iB+ }2H/ "
BM i2`Kb Q7 i?2B` Kmim�H iBK2 2pQHmiBQM- i?2 +?�`;2 /2MbBiv ᆆ- �M/ i?2 +m``2Mi
/2MbBiv CX >2`2- ᅯЈ �M/ ᅷЈ /2MQi2 i?2 2H2+i`B+ p�+mmK T2`KBiiBpBiv �M/
K�;M2iB+ p�+mmK T2`K2�#BHBivX �M �//BiBQM�H +QMM2+iBQM iQ "QHixK�MMǶb
FBM2iB+ KQ/2H �M/ � bm#b2[m2Mi /2`Bp�iBQM Q7 i?2 K�bb- KQK2MimK �M/
2M2`;v KQK2Mib H2�/b iQ i?2 i?2Q`v Q7 K�;M2iQ?v/`Q/vM�KB+b UJ>.V i?�i
/2b+`B#2b i?2 TH�bK� �b � bBM;H2- 2H2+i`B+�HHv +QM/m+iBM;- #mi mM+?�`;2/ ~mB/
rBi? /2MbBiv ᆆ- ~Qr p2HQ+Biv p �M/ T`2bbm`2 ԟX h?2 }`bi �M/ b2+QM/ KQK2Mi
H2�/ iQ i?2 +QMb2`p�iBQM Q7 K�bb `2H�iBQM �M/ i?2 J>. 2[m�iBQM Q7 KQiBQM,ᆉᆆᆉԣ � ခ ੁ 	ᆆp
 � � U*QMiBMmBiv 2[m�iBQMV URX3Vᆆ/p
/ԣ  C  " � ခԟ � �� UJ>. 2[m�iBQM Q7 KQiBQMV URXNV

h?2 2[m�iBQM Q7 KQiBQM U2[X RXNV mb2b i?2 +QMp2+iBp2 /2`Bp�iBp2- BX2X

/
/ԣ � ᆉᆉԣ � p ੁ ခ URXRyV

9



RXRX SH�bK� S?vbB+b

r?B+? Bb i�F2M rX`XiX � KQpBM; 7`�K2X h?2 2[m�iBQM Q7 KQiBQM U2[X RXNV-
�//BiBQM�HHv- �bbmK2b � p�MBb?BM; `2bBbiBpBiv `2H�i2/ iQ B/2�H J>. i?�i
i`�Mb7Q`Kb i?2 TH�bK� BMiQ � T2`72+i +QM/m+iQ`X h?mb- i?2 2H2+i`B+ }2H/
p�MBb?2b BM � 7`�K2 KQpBM; rBi? i?2 ~mB/,

1 � p  " � �� UA/2�H P?KǶb H�rV URXRRV

h?2 i?B`/ KQK2MimK H2�/b iQ i?2 2M2`;v 2[m�iBQM- r?B+? bi�i2b i?�i 2Mi`QTv
Bb � +QMp2+iBp2 BMp�`B�Mi BM B/2�H J>.

/
/ԣ ভ ԟᆆΘ�ϯ ম � �� U�/B�#�iB+ 2M2`;v 2[m�iBQMV URXRkV

h?2 �bbmKTiBQMb mM/2`HvBM; i?2 J>. 2[m�iBQMb �`2 p�HB/ 7Q` 7mbBQM TH�b@
K�b 2t+2Ti i?�i i?2 +QHHBbBQM�HBiv Bb HQr- r?B+? ?Qr2p2` /Q2b MQi TH�v �M
BKTQ`i�Mi `QH2 BM KQbi J>. bi�#BHBiv �M/ 2[mBHB#`BmK T?2MQK2M�X

h?2 iBK2@BM/2T2M/2Mi bi�iB+ 7Q`K Up 4 yV Q7 i?2 J>. 2[m�iBQMb �`2 i?2
i?2 2[mBHB#`BmK 2[m�iBQMb,

C  " � ခԟ U6Q`+2 #�H�M+2V URXRjVခ  " � ᅷЈC U_2/m+2/ �KTĕ`2Ƕb H�rV URXR9Vခ ੁ " � �� U.Bp2`;2M+2 +QMbi`�BMiV URXR8V

h?2 K�;M2iB+ 7Q`+2 C  " Bb #�H�M+2/ #v i?2 T`2bbm`2 ;`�/B2Mi 7Q`+2 ခԟ-
H2�/BM; iQ bm`7�+2b Q7 +QMbi�Mi T`2bbm`2

" ੁ ခԟ � �� URXReV

h?2 Ǵ?�B`v #�HHǴ i?2Q`2K bi�i2b i?�i bm+? � MQM@p�MBb?BM; i�M;2MiB�H p2+iQ`
}2H/ +�M QMHv #2 `2�HBx2/ QM i?2 iQ`mb (Ry)X >2M+2- M2bi2/ iQ`QB/�H bm`7�+2b
�`2 i`�+2/ Qmi #v K�;M2iB+ }2H/ HBM2b- r?B+? /2;2M2`�i2 BM i?2 +2Mi2` iQ i?2
bBM;H2 K�;M2iB+ HBM2 Q7 K�tBKmK T`2bbm`2 +�HH2/ i?2 K�;M2iB+ �tBbX

Ai 7QHHQrb 7`QK i?2 B/2�H P?KǶb H�r U2[X RXRRV i?�i }2H/ HBM2b �`2 Ǵ7`Qx2M
BMǴ i?2 K�;M2iB+ }2H/ r?B+? T`2p2Mib Bi 7`QK +?�M;BM; i?2B` iQTQHQ;v rBi?BM
i?2 /2b+`BTiBQM Q7 B/2�H J>.X *QMb2[m2MiHv- i?2 iQ`QB/�H �M/ TQHQB/�H ~mtᆁ � ௷մᆲ " ੁ /a UhQ`QB/�H ~mtV URXRdVᆀ � ௷մᆮ " ੁ /a USQHQB/�H ~mtV URXR3V
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ԏ Ԏᆈ ᆄ ᅲ
ԡЈԇЈ ԍԢ ᅻ ԡ

6B;m`2 RXkX, 6B2H/ HBM2b ;2M2`�iBM; M2bi2/ K�;M2iB+ ~mt bm`7�+2bX aQm`+2 (9)X

�`2 +QMb2`p2/ QM bm`7�+2b Q7 +QMbi�Mi T`2bbm`2- H2�/BM; iQ i?2 i2`K ~mt
bm`7�+2bX h?2 bm`7�+2b Q7 +QMbi�Mi T`2bbm`2 Ԉᇜ �M/ Ԉᇘ F22T i?2 iQ`QB/�H
�M;H2 ᆈ �M/ i?2 TQHQB/�H �M;H2 ᆄ +QMbi�Mi- `2bT2+iBp2HvX 1ti2M/BM; i?2 irQ
�M;H2b #v � KBMQ` `�/Bmb H2�/b iQ � iQ`QB/�H +QQ`/BM�i2 bvbi2K �b pBbm�HBx2/
BM };m`2 RXkX h?2 KBMQ` `�/Bmb +�M #2 K2�bm`2/ BM i2`Kb Q7 i?2 iQ`QB/�H ~mt-
r?B+? Bb /2MQi2/ #v Ԣ r?2M MQ`K�HBx2/ iQ i?2 iQ`QB/�H ~mt Q7 i?2 Qmi2`KQbi
~mt bm`7�+2X h�FBM; i?2 b[m�`2/ `QQi Q7 Ԣ /2}M2b i?2 MQ`K�HBx2/ KBMQ`
`�/Bmb ᅻ � అԢ- r?B+? Bb 7`2[m2MiHv mb2/ i?`Qm;?Qmi i?2 �ii�+?2/ �`iB+H2
A- AA �M/ AAAX A7 i?2 KBMQ` `�/Bmb Bb MQi MQ`K�HBx2/- r2 /2MQi2 Bi rBi? ԡX h?2
`�iBQ Q7 i?2 K�DQ` `�/Bmb ԇЈ U/Bbi�M+2 7`QK i?2 Q`B;BM iQ i?2 K�;M2iB+ �tBbV
iQ i?2 KBMQ` `�/Bmb Q7 i?2 Qmi2`KQbi ~mt bm`7�+2 ԡЈ /2}M2b i?2 �bT2+i `�iBQӶ � ԇ�ԡЈX �M 2[mBp�H2Mi +QQ`/BM�i2 bvbi2K Bb i?2 +vHBM/`B+�H +QQ`/BM�i2
bvbi2K `2H�i2/ pB�ԇ � ԇЈ � ᅻ +Qbᆄ URXRNVԏ � ᅻ bBMᆄ� URXkyV

lbBM; i?2 T`QT2`iB2b Q7 i?2 K�;M2iB+ }2H/- QM2 +�M i`�Mb7Q`K �M �`#Bi`�`v
iQ`QB/�H +QQ`/BM�i2 bvbi2K 	ᅻ ᆄ ᆈ
 BMiQ K�;M2iB+ +QQ`/BM�i2b BM *H2#b+?
7Q`K

" � ခᆁ  ခᅲ � ခᆈ  ခᆀ URXkRV

i?�i F22T ᆁ �M/ ᆀ +QMbi�Mi QM ~mt bm`7�+2b r?BH2 i?2 K�;M2iB+ }2H/ HBM2b
�`2 bi`�B;?i BM i2`Kb Q7 i?2 Qi?2` +QQ`/BM�i2b (RR)X >2`2 ᅲ � ᆄ�ᅭ- r?2`2 ᅭ Bb

e



RXRX SH�bK� S?vbB+b

bQK2 �`#Bi`�`v 7mM+iBQM /BpB/2/ #v i?2 /2`Bp�iBp2 Q7 i?2 iQ`QB/�H ~mt ᆁX h?Bb
p2`bBQM Q7 K�;M2iB+ +QQ`/BM�i2b- r?2`2 i?2 iQ`QB/�H �M;H2 ᆈ /Q2b MQi +?�M;2
/m`BM; i?2 +QQ`/BM�i2 i`�Mb7Q`K�iBQM- �`2 `272``2/ iQ �b S1ah +QQ`/BM@
�i2b (Rk)X Pi?2` BKTQ`i�Mi K�;M2iB+ +QQ`/BM�i2b �`2 "QQx2` +QQ`/BM�i2b (Rj)-
r?2`2 i?2 }2H/ HBM2b �`2 M2p2` T2`T2M/B+mH�` iQ "- #mi �Hr�vb i�M;2MiB�H iQ
~mt bm`7�+2b ᆁ- �M/ >�K�/� +QQ`/BM�i2b (R9)- r?2`2 i?2 bi`2�KHBM2b Q7 "
�M/ C �`2 bi`�B;?iX

RXRXkX J�;M2iB+ 6B2H/ S`QT2`iB2b
h?2 +?�M;2 Q7 i?2 TQHQB/�H ~mt rBi? `2bT2+i iQ i?2 iQ`QB/�H ~mt /2}M2b i?2
`Qi�iBQM�H i`�Mb7Q`Kᅳ	ᆁ
 � /ᆀ

/ᆁ � /ᅲ
/ᆈ URXkkV

r?B+? [m�MiB}2b ?Qr K�Mv iBK2b � }2H/ HBM2 im`Mb TQHQB/�HHv rBi?BM QM2
iQ`QB/�H im`M �`QmM/ i?2 ~mt bm`7�+2X A7 ᅳ Bb `�iBQM�H- BX2X ᅳ ୮ ඵ- i?2M i?2 }2H/
HBM2 2t�+iHv +HQb2b QM Bib2H7 �7i2` � }MBi2 MmK#2` Q7 iQ`QB/�H im`MbX �i i?2b2
`�iBQM�H bm`7�+2b- +HQb2/ K�;M2iB+ ~mt im#2b K�v 2K2`;2 i?�i �`2 +�HH2/
K�;M2iB+ BbH�M/bX A7 ᅳ Bb B``�iBQM�H- BX2X ᅳ ୮ බ�ඵ- i?2M i?2 }2H/ HBM2 +Qp2`b i?2
r?QH2 ~mt bm`7�+2 #v ;QBM; �`QmM/ Bi 2`;Q/B+�HHvX q?2M K�;M2iB+ bm`7�+2b
#`2�F mT- biQ+?�biB+ `2;BQMb 2K2`;2 r?2`2 i?2 }2H/ HBM2b }HH � }MBi2 pQHmK2X
6`QK 2[X URXReV Bi 7QHHQrb i?�i ԟ Bb +QMbi�Mi Qp2` i?2 r?QH2 biQ+?�biB+ pQHmK2-
r?B+? BKTHB2b i?�i i?2 i`�MbTQ`i Bb BM}MBi2Hv H�`;2 (R8)X

h?2 +?�M;2 Q7 ᅳ �+`Qbb i?2 iQ`QB/�H /QK�BM Bb +�Tim`2/ #v Bib `�/B�H
;`�/B2Miᆇ � ԡᅳ /ᅳ

/ԡ URXkjV

�M/ Bb +�HH2/ i?2 K�;M2iB+ b?2�`X h?2 iQi�H iQ`QB/�H pQHmK2 Q7 i?2 K�;M2iB+
/QK�BM Bb /2}M2/ �bԋ � ௷ ௷ ௷ అԖ /ᆁ /ᅲ /ᆈ URXk9V

r?2`2 అԖ � `ᇕ ੁ `ᇆ  `ᇓ Bb i?2 C�+Q#B�MX PM2 +�M /2}M2 i?2 /2`Bp�iBp2 Q7
i?2 pQHmK2 ԋ rX`Xi ᆁԋ  � /ԋԓᆁ � ௷ ௷ అԖ /ᅲ /ᆈ URXk8V

d
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+�HH2/ i?2 bT2+B}+ K�;M2iB+ pQHmK2 �b i?2 �p2`�;2 HBM2 BMi2;`�H MQ`K�HBx2/
#v i?2 K�;M2iB+ }2H/ bi`2M;i? (Re)ԋ  � HBKկ݂� �ԃ ௷կ /ԛӷ � URXkeV

L�im`�HHv- i?2 +QMi�BM2/ pQHmK2 BM+`2�b2b BM `�/B�H /B`2+iBQM- ԋ 	Ԣ
 � �- �M/
i?2 K�;M2iB+ }2H/ ?�b � K�;M2iB+ r2HH r?2M i?2 `�i2 Q7 BM+`2�b2 /2+`2�b2b
rBi? `�/Bmb (Rd)- BX2Xԋ  � /ԋ ԓᆁ � ௷ ௷ ᆉఅԖᆉᆁ /ᅲ /ᆈ � �� URXkdV

lbBM; i?2 K�tBKmK UKBMBKmKV K�;M2iB+ }2H/ bi`2M;i? �HQM; � }2H/ HBM2 ԛӷK�t � K�t֓୮և ]"	ԧ
] URXk3VӷKBM � KBM֓୮և ]"	ԧ
] URXkNV

QM2 Bb �#H2 iQ /2}M2 i?2 K�;M2iB+ KB``Q`Ԝ � ӷK�t  ӷKBMӷK�t � ӷKBM
� URXjyV

*QMiBMmQmb avKK2i`v Q7 i?2 K�;M2iB+ /QK�BM BM iQ`QB/�H /B`2+iBQM Bb
+�HH2/ �tBbvKK2i`v �M/ `2/m+2b i?2 K�;M2iB+ }2H/ Q7 BMi2`2bi iQ � 7mM+iBQM
Q7 irQ /BK2MbBQMbX SQHQB/�H Q` ?2HB+�H bvKK2i`v �`2 �#b2Mi BM iQ`QB/�H ;2Q@
K2i`v �M/ +�M QMHv Q++m` BM mM#QmM/2/ K�;M2iB+ }2H/bX hQ`QB/�H K�;M2iB+
}2H/b rBi?Qmi �tBbvKK2i`v �`2 7mM+iBQMb Q7 i?`22 /BK2MbBQMbX h?2v �`2 �#H2
iQ TQbb2bb bQ@+�HH2/ [m�bBbvKK2i`v- BX2X [m�bB@�tBbvKK2i`v- [m�bB@?2HB+�H
bvKK2i`v Q` [m�bB@TQHQB/�H bvKK2i`vX �KQM; K�Mv 2[mBp�H2Mi /2}MBiBQMb-
[m�bB@bvKK2i`v Bb �+?B2p2/ r?2M " ੁ ခӷ Bb � 7mM+iBQM i?�i QMHv /2T2M/b QM
i?2 ~mt ᆁ �M/ i?2 K�;M2iB+ }2H/ bi`2M;i? ӷ (R3)- bm+? i?�i i?2 ;mB/BM; +2Mi2`
T�`iB+H2 i`�D2+iQ`B2b #2?�p2 2t�+iHv �b B7 i?2v r2`2 BM � i`mHv bvKK2i`B+ K�;@
M2iB+ }2H/X lM7Q`imM�i2Hv- Bi Bb MQi TQbbB#H2 iQ �+?B2p2 2t�+i [m�bB@bvKK2i`v
BM i?2 r?QH2 K�;M2iB+ /QK�BM- QMHv QM BbQH�i2/ bm`7�+2b (RN)X
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>B;? [m�HBiv Q7 p�+mmK K�;M2iB+ }2H/ bm`7�+2b Bb /2bB`2/ iQ T`QT2`Hv
+QM}M2 i?2 TH�bK�X AM HQr@b?2�` +QM};m`�iBQMb- HQr@Q`/2` `�iBQM�H p�Hm2b
Q7 i?2 `Qi�iBQM�H i`�Mb7Q`K ᅳ b?QmH/ #2 �pQB/2/- bBM+2 Bi Bb KQbi HBF2Hv i?�i
BbH�M/b �`Bb2 �i i?2b2 `�iBQM�H bm`7�+2b- i?�i `2/m+2 i?2 +QM}M2K2MiX �HbQ-
biQ+?�biB+ `2;BQMb �`2 mM/2bB`�#H2 /m2 iQ TQQ` +QM}M2K2MiX � HQr Q`/2`
`�iBQM�H p�Hm2 �i i?2 #QmM/�`v Q7 i?2 +QM}M2K2Mi `2;BQM rBHH ;m�`�Mi22
;QQ/ K�;M2iB+ bm`7�+2b �M/ K�v 2bi�#HBb? �M Qmi2` BbH�M/ +?�BM i?�i +�M
2p2Mim�HHv #2 mb2/ 7Q` � T�`iB+H2 2t?�mbiX

RXRXjX 1[mBHB#`BmK S`QT2`iB2b
q2 /2b+`B#2 i?2 T`QT2`iB2b Q7 � TH�bK� i?�i Bb +QM}M2/ #v � iQ`QB/�H K�;M2iB+
}2H/ " �M/ Bb BM 2[mBHB#`BmK �++Q`/BM; iQ 2[X URXRjV- URXR9V- �M/ URXR8VX h?2
bT�+2 #2ir22M i?2 TH�bK� �M/ i?2 Qmi2` r�HH Bb +?�`�+i2`Bx2/ #v p2`v HQr
/2MbBiv �M/ +�M #2 �TT`QtBK�i2/ #v � p�+mmKX AM i?2 J>. 2[m�iBQMb- i?2
bvbi2K Bb K�i?2K�iB+�HHv /2b+`B#2/ #v i?2 p2+iQ` }2H/ " �M/ i?2 b+�H�`
7mM+iBQM ԟX

h?2 iQi�H 2M2`;v Q7 i?2 bvbi2K BM 2[mBHB#`BmK Bb /2}M2/ #v i?2 i?2`K�H
�M/ K�;M2iB+ 2M2`;vԌ � ௷շ ভ ӷϵ�ᅷЈ � ԟম /ԋ � URXjRV

h?2 J>. 2[mBHB#`BmK +�M #2 +QKTmi2/ #v KBMBKBxBM; 2[X URXjRV BM � iQ`@
QB/�H /QK�BM mM/2` +2`i�BM +QMbi`�BMib �b /QM2 #v i?2 p�`B�iBQM�H KQK2Mib
2[mBHB#`BmK +Q/2 UoJ1*V (ky)X AM Bib }`bi p2`bBQM- oJ1* /2b+`B#2/ i?2
TH�bK� �b +QMi�BM2/ rBi?BM � }t2/ #QmM/�`v- #mi r�b H�i2` 2ti2M/2/ iQ
BM+Hm/2 �M 2ti2`BQ` p�+mmK `2;BQM (kR)- 2bb2MiB�HHv bQHpBM; � 7`22 #QmM/�`v
T`Q#H2KX h?2 `�iBQ Q7 �p2`�;2 i?2`K�H iQ �p2`�;2 K�;M2iB+ 2M2`;vਓᅬਔ � ��� ਓԟਔਓӷϵ��ᅷЈਔ URXjkV

Bb mb2/ �b �M 2+QMQKB+ K2�bm`2 Q7 i?2 mM/2`HvBM; `2�+iQ` +QM+2TiX h?2
?B;?2` i?2 i?2`K�H T`2bbm`2 7Q` � ;Bp2M K�;M2iB+ T`2bbm`2- i?2 ?B;?2` Bb i?2
i`BTH2 T`Q/m+i U2[X RXjV- r?B+? +�M #2 `27Q`KmH�i2/ iQԟᅽ1 ଯ j  RykR F2o bKj URXjjV
r?2`2 i?2 +QM}M2K2Mi iBK2 ᅽզ Ñ ӷЈӳ΅Κ Ub22 Aaay9 b+�HBM; (kk)V /2T2M/b
�KQM; Qi?2` i?BM;b QM i?2 K�;M2iB+ }2H/ bi`2M;i? ӷX

N



*?�Ti2` RX AMi`Q/m+iBQM

:QQ/ }MBi2@ᅬ 1[mBHB#`BmK S`QT2`iB2b �`2 T`2b2Mi r?2M i?2 `Qi�iBQM�H
i`�Mb7Q`K ᅳ- i?2 b?2�`- �M/ i?2 TQbBiBQM Q7 i?2 K�;M2iB+ �tBb �`2 QMHv K�`@
;BM�HHv �z2+i2/ #v �M BM+`2�b2 Q7 ᅬX h?2 b?B7i Q7 i?2 K�;M2iB+ �tBb Bb +�HH2/
a?�7`�MQp b?B7i �M/ Q++m`b- r?2M ᅬ  �- HBM2�`Hv rBi? i?2 BM+`2�b2 Q7 ਓᅬਔX
h?2 Q`B;BM Q7 i?2 /27Q`K�iBQM Q7 i?2 K�;M2iB+ }2H/ +�M #2 2tTH�BM2/ #v
i?2 7Q`+2 #�H�M+2 U2[X RXRjVX �M BM+`2�b2 BM T`2bbm`2 ԟ H2�/b iQ �M BM+`2�b2
Q7 i?2 BMi2`M�H TH�bK� +m``2Mib C i?�i �`2 MQi 2[m�HHv /Bbi`B#mi2/ /m2 iQ
i?2 iQ`QB/�H b?�T2 Q7 i?2 2[mBHB#`BmKX � bi`QM;2` TQHQB/�H }2H/ +QMi`B#m@
iBQM 7`QK i?2 +m``2Mi QM i?2 BM#Q�`/ bB/2 +QKT�`2/ iQ i?2 Qmi#Q�`/ bB/2
b?B7ib i?2 K�;M2iB+ }2H/ `�/B�HHv Qmir�`/ �M/ +?�M;2b Bib BMi2`BQ`X h?mb-
;QQ/ }MBi2@ᅬ 2[mBHB#`BmK T`QT2`iB2b +�M #2 �+?B2p2/ #v `2/m+BM; i?2 T�`�HH2H
+m``2Mi /2MbBiv (kj)

C]]ϵ�Cશϵ  �� URXj9V

h?2 bm#b+`BTib ]] �M/ શ /2MQi2 i?2 +QKTQM2Mi T�`�HH2H �M/ T2`T2M/B+mH�` iQ
i?2 K�;M2iB+ }2H/ "X

ai�#BHBiv h?2Q`v T2`im`#b i?2 J>. 2[mBHB#`BmK �M/ �M�Hvx2b i?2 ;`QrBM;-
Qb+BHH�iBM; Q` /�KT2/ #2?�pBQ`X S2`im`#�iBQMb i?�i /2bi�#BHBx2 i?2 TH�bK�
#2+QK2 KQ`2 b2p2`2 �i ?B;? p�Hm2b Q7 ᅬ- i?2 bi�#BHBiv HBKBi Q7 � +QM};m`�iBQM
#2BM; i?2 i?`2b?QH/ ᅬ@p�Hm2 #2ir22M bi�#H2 �M/ mMbi�#H2 J>. T`QT2`iB2bX

�M J>. 2[mBHB#`BmK Bb b�B/ iQ #2 bi�#H2 B7 i?2 bmK Q7 i?2 K�;M2iB+ �M/
i?2`K�H TH�bK� 2M2`;v BM+`2�b2b �b � `2bmHi Q7 �Mv �/KBbb�#H2 /BbTH�+2K2Mib-
Q` mMbi�#H2 B7 � T2`im`#�iBQM 2tBbib 7Q` r?B+? i?2 2M2`;v /2+`2�b2b (k9)- `2@
bT2+iBp2HvX �/KBbb�#H2 T2`im`#�iBQMb �`2 i?Qb2 rBi? #QmM/2/ FBM2iB+ 2M2`;v
i?�i b�iBb7v i?2 #QmM/�`v +QM/BiBQMb Q7 i?2 2[mBHB#`BmK �M/ i?2 Qi?2` +QM@
bi`�BMib Q7 B/2�H J>.X Ai Bb �bbmK2/ i?�i TH�bK� T2`im`#�iBQMb �`2 bK�HH
2MQm;? i?�i QMHv i?2 HBM2�` i2`Kb Q7 i?2 T2`im`#�iBQMb M22/ iQ #2 +QMbB/2`2/X
h?2 HBM2�`Bx2/ 2[m�iBQMb Q7 B/2�H J>. +�M #2 +�bi BMiQ � b2+QM/@Q`/2` BM
iBK2 /Bz2`2MiB�H 2[m�iBQM 7Q` i?2 /BbTH�+2K2Mi 2KTHQvBM; i?2 B/2�H J>.
7Q`+2 QT2`�iQ` rBi? iBK2@BM/2T2M/2Mi +Q2{+B2MibX a2T�`�iBM; i2KTQ`�H �M/
bT�iB�H /2T2M/2M+2 H2�/b iQ �M 2B;2Mp�Hm2 T`Q#H2K 7Q` i?2 7Q`+2 QT2`�iQ`X
h?2 bQ@+�HH2/ KQ/2 �M�HvbBb �Mbr2`b i?2 bi�#BHBiv [m2biBQM #v 2p�Hm�iBM; i?2
bB;M Q7 i?2 HQr2bi 2B;2Mp�Hm2 (k8)X AM �//BiBQM iQ i?2 ;HQ#�H �bb2bbK2Mi Q7
B/2�H J>.- HQ+�H +`Bi2`B� �`2 �p�BH�#H2 i?�i 2p�Hm�i2 i?2 bi�#BHBiv QM ~mt bm`@
7�+2b U7Q` 2t�KTH2- J2`+B2` +`Bi2`BQM (ke) Q` `2bBbiBp2 BMi2`+?�M;2 (kd)V- �HQM;
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6B;m`2 RXjX, JQiBQM Q7 +?�`;2/ T�`iB+H2b BM � K�;M2iB+ }2H/X aQm`+2 (jy)X

}2H/ HBM2b BM ~mt im#2b UHQ+�H }2H/ HBM2 #�HHQQMBM;V- Q` HQ+�HBx2/ �i i?2 2/;2
UT22HBM; KQ/2b (k3)VX "�HHQQMBM; KQ/2b �`2 /`Bp2M #v i?2 T`2bbm`2 ;`�/B2MiခԟX :HQ#�H #�HHQQMBM; bi�#BHBiv +�M #2 +�H+mH�i2/ MmK2`B+�HHv #v i?2 *Q/2
7Q` i?2 �M�HvbBb Q7 i?2 J>. ai�#BHBiv Q7 j. 1[mBHB#`B� U*�aj.V r?B+? mb2b
72�im`2b Q7 i?2 T2`im`#�iBQM 7mM+iBQM �M/ i?2 bi2HH�`�iQ` bvKK2i`v iQ K�F2
i?2 T`Q#H2K i`�+i�#H2 �M/ 7�+BHBi�i2 i?2B` /2b+`BTiBQMX

6Q` bi2HH�`�iQ`b rBi? ~�i `Qi�iBQM�H i`�Mb7Q`K T`Q}H2 �M/ p�MBb?BM; M2i
iQ`QB/�H +m``2Mi U2[X RXj9V- i?2 p�+mmK@}2H/ K�;M2iB+ r2HH +�M #2 +QMbB/2`2/
�b � bm{+B2Mi bi�#BHBiv +`Bi2`BQM �++Q`/BM; iQ i?2 7QHHQrBM; `2H�iBQM

ԟԋ   ௷ ௷ CϵఅԖ]ခԢ]ϵ /ᅲ /ᆈ � � URXj8V

r?B+? Bb � ;QQ/ �TT`QtBK�iBQM Q7 i?2 bi�#BHBiv +`Bi2`BQM (kN)X aBM+2 i?2
T`2bbm`2 mbm�HHv /2+`2�b2b `�/B�HHv Qmir�`/- ԟ � �- �M/ i?2 BMi2;`�H Bb
M2;�iBp2 /m2 iQ i?2 M2;�iBp2 bB;M BM 7`QMi Q7 i?2 TQbBiBp2 /2}MBi2 BMi2;`�H-
BM2[m�HBiv URXj8V ?QH/b B7 ԋ  � �- r?B+? Bb i?2 /2}MBiBQM Q7 i?2 p�+mmK@}2H/
K�;M2iB+ r2HHX

S�`iB+H2 .`B7ib �`2 2bb2MiB�H iQ mM/2`bi�M/ i?2 i`�MbTQ`i Q7 T�`iB+H2b �M/
2M2`;vX 1H2+i`B+�HHv +?�`;2/ T�`iB+H2b ;v`�i2 BM i?2 T`2b2M+2 Q7 � K�;M2iB+
}2H/ /m2 iQ i?2 GQ`2Mix 7Q`+2X h?2 +Q``2bTQM/BM; ;v`QKQiBQM +QMbBbi Q7 �
+B`+mH�` KQiBQM �i +QMbi�Mi bT22/ �`QmM/ i?2 ;mB/BM; +2Mi2` T2`T2M/B+mH�` iQ
i?2 K�;M2iB+ }2H/ "X h?2 +Q``2bTQM/BM; ;v`Q7`2[m2M+v �M/ G�`KQ` `�/Bmb
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U;v`Q`�/BmbV �`2ᆂվ � ]Ԡ]ӷԜ  URXjeVᅻխ � ԥશᆂվ � URXjdV

AM i?2 T`2b2M+2 Q7 �M 2H2+i`B+ }2H/ 1- � /`B7i Q7 i?2 T�`iB+H2b 2K2`;2b T2`@
T2M/B+mH�` iQ " `272``2/ iQ �b 1  "@/`B7i

pզ � 1  "ӷϵ � URXj3V

h?2 /`B7i Bb BM/2T2M/2Mi Q7 i?2 +?�`;2 H2�/BM; iQ i?2 b�K2 KQiBQM 7Q` BQMb
�M/ 2H2+i`QMb bm+? i?�i MQ +m``2Mi Bb T`Q/m+2/X A7 ӷ Bb MQMmMB7Q`K- 2X;X #2Mi
iQ � iQ`mb- i?2M irQ /`B7ib 2K2`;2X PM+2 � T�`iB+H2 KQp2b BMiQ � bi`QM;2`
K�;M2iB+ }2H/ Bib G�`KQ` `�/Bmb `2/m+2b- 2p2Mim�HHv H2�/BM; iQ � +v+HQB/
KQiBQM +�mb2/ #v i?2 ခӷ@/`B7i

pဃգ � Ԝԥϵશ�Ԡӷ "  ခӷӷϵ � URXjNV

h?2 +m`p�im`2 Q7 i?2 K�;M2iB+ }2H/ " H2�/b iQ � /`B7i p2HQ+Biv Qmi Q7 i?2
K�;M2iB+ bm`7�+2 �;�BMbi i?2 +2Mi`BT2i�H 7Q`+2 +�HH2/ i?2 +m`p�im`2@/`B7i

pճ � Ԝԥϵ]]Ԡӷ _+  "ԇϵվӷϵ � URX9yV

>2`2- _վ Bb i?2 `�/Bmb Q7 i?2 +Q``2bTQM/BM; K�;M2iB+ }2H/ HBM2 +m`p�im`2
TQBMiBM; Qmir�`/bX S�`iB+H2 /`B7ib �`2 i?2 `2�bQM r?v � TH�bK� +�MMQi #2
+QM}M2/ BM � Tm`2Hv iQ`QB/�H K�;M2iB+ }2H/ �M/ i?2 `Qi�iBQM�H i`�Mb7Q`K Bb-
i?2`27Q`2- M2+2bb�`v 7Q` iQ`QB/�H +QM}M2K2MiX

h`�MbTQ`i Q7 2M2`;v 7`QK i?2 +2Mi2` Q7 i?2 TH�bK� iQ i?2 r�HH Bb +?�`�+i2`@
Bx2/ #v i?2 +QM}M2K2Mi iBK2b ᅽզ r?B+? Bb /2bB`2/ iQ #2 H�`;2X AM �M QTiBK�H
bBim�iBQM- i?2 T�`iB+H2 i`�MbTQ`i iBK2 iQ i?2 r�HH Bb b?Q`i �M/ i?2 FBM2iB+
2M2`;v Q7 i?2 T�`iB+H2 Bb i`�Mb72``2/ iQ i?2 TH�bK� #27Q`2 Bi `2�+?2b i?2 r�HHX
h?Bb r�v- BKTm`BiB2b +�M H2�p2 i?2 TH�bK� +QM}M2K2Mi [mB+FHvX lM7Q`im@
M�i2Hv- p2`v 7�bi T�`iB+H2b bm+? �b 7mbBQM@T`Q/m+2/ ᅫ@T�`iB+H2b i2M/ iQ H2�p2
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i?2 TH�bK� rBi?Qmi i`�Mb72``BM; i?2B` 2MiB`2 FBM2iB+ 2M2`;v iQ i?2 TH�bK�X
h?mb- 7�bi T�`iB+H2b Kmbi i`�Mb72` i?2B` FBM2iB+ 2M2`;v iQ i?2 #�+F;`QmM/
TH�bK� bQ i?�i i?�i i?2 #m`MBM; Q7 i?2 TH�bK� +�M #2 bmbi�BM2/ #v 7mbBQM
`2�+iBQMbX h?Bb T`Q+2bb Bb +?�`�+i2`Bx2/ #v i?2 bHQrBM;@/QrM iBK2 ᅽ֎X
*H�bbB+�H h`�MbTQ`i h?2Q`v �bbmK2b � `�M/QK r�HF Q7 i?2 TH�bK� T�`iB+H2b
BM r?B+? i?2 bi2T bBx2 Bb i?2 G�`KQ` `�/BmbX h?2 T�`iB+H2b +?�M;2 i?2B` T�i?
/m2 iQ *QmHQK# +QHHBbBQMb �M/ 2p2Mim�HHv H2�p2 i?2 +QM}M2K2Mi pQHmK2X h?2
`�i2 Q7 /BzmbBQM Bb ;Bp2M #v ᅸվᅻϵխ- r?2`2 ᅸվ Bb i?2 +QHHBbBQM 7`2[m2M+vX >2M+2-
+H�bbB+�H i`�MbTQ`i Bb 7�` iQQ bHQr iQ #2 Q7 +QM+2`MX

L2Q+H�bbB+�H h`�MbTQ`i h?2Q`v 7QHHQrb i?2 T�`iB+H2b �HQM; i?2B` ;mB/BM;
+2Mi2` #v �p2`�;BM; Qp2` i?2 ;v`Q`�/Bmb �M/ i�F2b i?2 K�;M2iB+ }2H/ ;2Q@
K2i`v BMiQ �++QmMiX 1t+2Ti QM BbQH�i2/ ~mt bm`7�+2b- i?`22@/BK2MbBQM�H
K�;M2iB+ }2H/b H�+F �M B;MQ`�#H2 +QQ`/BM�i2 bm+? i?�i i?2B` MQMmMB7Q`KBiv
bi`QM;Hv KQ/B}2b i?2 Q`#Bib Q7 � +H�bb Q7 i`�TT2/ T�`iB+H2b BM 7Q`K Q7 `�/B@
�HHv Qmir�`/ /`B7ib- H2�/BM; iQ � i`�MbTQ`i Km+? ?B;?2` i?�M T`2/B+i2/ #v
+H�bbB+�H i`�MbTQ`i i?2Q`vX � /2`Bp�iBQM Q7 i?2 M2Q+H�bbB+�H i`�MbTQ`i KQ/2H
bi�`ib 7`QK i?2 oH�bQp 2[m�iBQM �M/ `2/m+2b i?2 bvbi2K #v �bbmKBM; � bK�HH
G�`KQ` `�/Bmb �M/ � H�`;2 ;v`Q7`2[m2M+vX *QHHBbBQMb �`2 i�F2M BMiQ �++QmMiX
h?2 +Q``2bTQM/BM; bvbi2K `2/m+2b iQ i?2 .`B7i@EBM2iB+ 1[m�iBQM U.E1V (jR)ᆉԕᆿᆉԣ � গp]] "ӷ � pեঘ ੁ ခԕᆿ � Ӹᆿ	ԕᆿ
 URX9RV

r?2`2 ᅫ Bb i?2 +Q``2bTQM/BM; T�`iB+H2 bT2+B2b- ԕᆿ Bb i?2 /Bbi`B#miBQM 7mM+iBQM-
p]] Bb i?2 T�`�HH2H p2HQ+Biv- pե Bb i?2 /`B7i p2HQ+Biv- �M/ Ӹᆿ	ԕᆿ
 Bb i?2 +QHHB@
bBQM QT2`�iQ`X h?2 .`B7i@EBM2iB+ 1[m�iBQM aQHp2` U.E1aV bQHp2b � bBKTHB}2/
p2`bBQM Q7 2[X URX9RV #v `2/m+BM; i?2 T?�b2@bT�+2 iQ QMHv i?2 iQ`QB/�H �M;H2ᆈ- i?2 TQHQB/�H �M;H2 ᅲ �M/ i?2 TBi+? �M;H2 ᅶ � ԥ]]�ԥX Ai QMHv +QMbB/2`b
bK�HH /2pB�iBQMb 7`QK i?2 2[mBHB#`BmK /Bbi`B#miBQM r?BH2 i?2 #�+F;`QmM/
2[mBHB#`BmK Bb �bbmK2/ iQ #2 J�tr2HHB�MX h?2 `2bmHi Bb � HBM2�`Bx2/ �M/ `�@
/B�HHv HQ+�H FBM2iB+ 2[m�iBQM i?�i Bb H�`;2Hv BM/2T2M/2Mi Q7 ]p]X h?2 bQHmiBQM
iQ i?Bb 2[m�iBQM H2�/b iQ i`�MbTQ`i T`2/B+iBQMb i?�i K�v #2 +QMp2MiBQM�HHv
2tT`2bb2/ BM i2`Kb Q7 KQMQ@2M2`;2iB+ i`�MbTQ`i +Q2{+B2MibX h?2b2 /2b+`B#2
i?2 M2Q+H�bbB+�H i`�MbTQ`i rBi? i?`22 /BK2MbBQMH2bb T�`�K2i2`b- M�K2Hv i?2
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Tokamak

W7-X
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Plateau PS

6B;m`2 RX9X, h?2 KQMQ@2M2`;2iB+ /BzmbBQM +Q2{+B2Mi p2`bmb +QHHBbBQM�HBiv ᅸX
h?2 i`�MbTQ`i Q7 i?2 q2M/2Hbi2BM d@s Uqd@sV bi�M/�`/ +QM};m`�iBQM
UbQHB/V Bb +QKT�`2/ iQ � iQF�K�F U/�b?2/V rBi? bBKBH�` �bT2+i `�iBQ
UԇЈ�Ԑ � �����������V �M/ �M 2HQM;�iBQM Q7 RX8X h?2 �bvKTiQiB+ i`�MbTQ`i
`2;BK2b �`2 i?2

అᅸ@`2;BK2- i?2 ��ᅸ@`2;BK2- i?2 TH�i2�m `2;BK2- �M/ i?2
S}`b+?Ĝa+?HɃi2` `2;BK2X h?2v �`2 ?B;?HB;?i2/ #v /Qii2/ bi`�B;?i HBM2bX
h?2 `�/B�H 2H2+i`B+ }2H/ ?�b #22M +?Qb2M �b Ӻ֍�]p]ӷ � j  Ry8- �M/
i?2 /BzmbBpBiv ?�b #22M MQ`K�HBx2/ iQ i?2 TH�i2�m p�Hm2 BM � +B`+mH�`
iQF�K�FX aQm`+2 (R3)X

iQ`QB/�H K�;M2iB+ ~mt ᆁ- i?2 +QHHBbBQM�HBiv ᅸ 4 ᅸԇЈ�]p]ᅳ �M/ i?2 MQ`K�H@
Bx2/ 1  " /`B7i p2HQ+Biv ԥզ � Ӻ֍�]p]ӷЈ- r?2`2 ӷЈ Bb i?2 K�;M2iB+ }2H/
bi`2M;i? QM i?2 �tBbX h?2 2z2+iBp2 i?2`K�H i`�MbTQ`i +Q2{+B2Mib mb2/ iQ /2@
b+`B#2 i?2 M2Q+H�bbB+�H i`�MbTQ`i �`2 /2`Bp2/ #v �M 2M2`;v +QMpQHmiBQM Q7 i?2
+Q``2bTQM/BM; KQMQ@2M2`;2iB+ i`�MbTQ`i +Q2{+B2Mi rBi? i?2 HQ+�H J�tr2HH
/Bbi`B#miBQMX h?Bb i`�MbTQ`i KQ/2H /2T2M/b QM i?2 +QHHBbBQM�HBiv `2;BK2b �M/
i?2 T�`iB+H2 bT2+B2bX h?2 +QHHBbBQM�HBiv `2;BK2b �`2 pBbm�HBx2/ BM };m`2 RX9X
AM i?2 +Q`2- r?2`2 i?2 TH�bK� Bb ?Qi- i?2 +QHHBbBQM�HBiv Bb HQr �M/ i?2 2H2+@
i`QMb �`2 BM i?2 ��ᅸ@`2;BK2 /2b+`B#2/ #v i?2 +Q``2bTQM/BM; KQMQ@2M2`;2iB+
/BzmbBQM +Q2{+B2Mi

ӹր  ᅯϯ�ϵ
2z ԥϵեᅸր � URX9kV
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Ai i?mb b+�H2b �bӹր Ñ ᅯϯ�ϵ
2z ԉ2

Ϩ�ϵԝ2ӷϵԇϵ  URX9jV

r?B+? Bb ?B;?Hv i2KT2`�im`2@/2T2M/2Mi ӹր Ñ ԉ Ϩ�ϵր X �TTHvBM; i?2 b�K2 /B7@
7mbBQM +Q2{+B2Mi iQ i?2 BQMb H2�/b iQ � Km+? ?B;?2` /BzmbBQM `�i2 pBQH�iBM;
�K#BTQH�`BivX h?mb- i?2B` i`�MbTQ`i Bb `2/m+2/ iQ i?2 2H2+i`QM H2p2H #v �M
�`BbBM; BMr�`/@TQBMiBM; U/2T2M/b QM bB;Mb Q7 ԝ �M/ ԉ V `�/B�H 2H2+i`B+ }2H/Ӻ֍ � �X h?2 `�/B�H 2H2+i`B+ }2H/ b?B7ib i?2 BQMb BMiQ i?2 2p2M HQr2` +QHHB@
bBQM�HBiv

అᅸ@`2;BK2 H2�/BM; BM iQi�H iQ i?2 7QHHQrBM; /BzmbBQM +Q2{+B2Mi

ӹք  అᅸ ԥϵեᅪզϯ�ϵ � URX99V

>2`2 ᅪզ  Ӻ֍�ԡӷ Bb i?2 1  " TQHQB/�H T`2+2bbBQM 7`2[m2M+vX h?2 �K#B@
TQH�`Biv 2[m�iBQM Bb ?B;?Hv MQMHBM2�` �M/ K�v ?�p2 KmHiBTH2 bQHmiBQMbX PM2
Bb i?2 ǴBQM `QQiǴ UӺ֍ � �V r?B+? Bb i?2 b+2M�`BQ Dmbi /2b+`B#2/ r?2`2 i?2
2H2+i`QMb �`2 i?2 `�i2@/2i2`KBM; bT2+B2b (jk)- QM2 Bb �Hr�vb mMbi�#H2- �M/
i?2 Ǵ2H2+i`QM `QQiǴ UӺ֍ � �V r?B+? Bb QMHv `2�HBx2/ r?2M i?2 2H2+i`QMb �`2
Km+? ?Qii2` i?�M i?2 BQMbX

"QQibi`�T *m``2Mi Bb i?2 i2`KBMQHQ;v �TTHB2/ iQ i?2 M2i T�`�HH2H +m``2Mi
~Qr T2` mMBi iBK2 �`BbBM; BM iQ`QB/�H /2pB+2b /m2 iQ T�`iB+H2 /`B7ib T2`T2M/B+@
mH�` iQ i?2 /2pB+2Ƕb ~mt bm`7�+2bX Ai �TT2�`b ǴM�im`�HHvǴ 7`QK i?2 bQHmiBQMb
Q7 i?2 /`B7i FBM2iB+ 2[m�iBQM U2[X RX9RV- #mi Bb 2MiB`2Hv �#b2Mi BM � ~mB/
UQ` J>.V /2b+`BTiBQMX h?2 /`B7i@FBM2iB+ 7Q`KmH�iBQM +�M #2 7QmM/ BM i?2
2[m�iBQM 7Q` Ӿϯ QM T�;2 j Q7 (jk)X h?2 #QQibi`�T +m``2Mi Bb /`Bp2M #v �HH
Qz@/B�;QM�H i?2`KQ/vM�KB+ 7Q`+2b- BX2X /2MbBiv �M/ i2KT2`�im`2 ;`�/B2Mib
�b r2HH �b i?2 `�/B�H 2H2+i`B+ }2H/X >2M+2- � /2b+`BTiBQM Q7 i?2 #QQibi`�T
+m``2Mi HB2b #2vQM/ i?2 b+QT2 Q7 i?Bb i?2bBbX �M 2ti2MbBp2 /2b+`BTiBQM Q7 i?2
#QQibi`�T +m``2Mi BM � bi2HH�`�iQ` +�M #2 7QmM/ BM (jk)X

hm`#mH2Mi h`�MbTQ`i Bb #2HB2p2/ iQ #2 i?2 K�BM /`Bp2` Q7 �MQK�HQmb i`�Mb@
TQ`i- � K2�bm`2/ i`�MbTQ`i i?�i +�MMQi #2 2tTH�BM2/ rBi? i?2 +H�bbB+�H Q`
M2Q+H�bbB+�H KQ/2HX SH�bK� im`#mH2M+2 Bb /`Bp2M #v KB+`Q@BMbi�#BHBiB2b i?�i
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/vM�KB+�HHv BMi2`�+i rBi? i?2 #�+F;`QmM/ }2H/ �M/ i�F2 �/p�Mi�;2 Q7 i?2
7`22 2M2`;v BM i?2 TH�bK� �p�BH�#H2 7`QK i?2 `2H�t�iBQM Q7 /2MbBiv �M/ i2K@
T2`�im`2 ;`�/B2Mib (jj)X h?2b2 BMbi�#BHBiB2b +�mb2 ~m+im�iBQMb iQ ;`Qr BM i?2
TH�bK�- r?B+? Bb i?2`27Q`2 MQi BM � [mB2b+2Mi bi�i2- #mi i?2 TH�bK� `2K�BMb
BM � bi�i2 +HQb2 iQ HQ+�H i?2`KQ/vM�KB+ 2[mBHB#`BmKX aK�HH ~m+im�iBQMb H2�/
iQ +?�`;2 b2T�`�iBQMb i?�i �`2 �KTHB}2/ #v i?2 +Q``2bTQM/BM; ;`�/B2Mib �M/
`2bmHi BM im`#mH2Mi 2//B2bX h?2`2 2tBbi � TH2i?Q`� Q7 bm+? BMbi�#BHBiB2b r?B+?
�`2 ;2M2`�i2/ #v /Bz2`2Mi ;`�/B2Mib �M/ ;2QK2i`B+ 2z2+ib i?�i BMi2`�+i rBi?
2�+? Qi?2`X h?2 KQbi +QKKQM QM2b �`2 AQM h2KT2`�im`2 :`�/B2Mi UAh:V-
1H2+i`QM h2KT2`�im`2 :`�/B2Mi U1h:V �M/ h`�TT2/ 1H2+i`QM JQ/2 Uh1JVX

� i`�+i�#H2 MmK2`B+�H KQ/2H i?�i Bb �#H2 iQ ;HQ#�HHv /2b+`B#2 i?2 im`#m@
H2M+2 Q7 j. 2[mBHB#`B� T`Q+22/b 7`QK i?2 bBt@/BK2MbBQM�H oH�bQp 2[m�iBQM- #mi
K�F2b BKTQ`i�Mi bBKTHB}+�iBQMbX h?2 �bbmKTiBQMb i?�i i?2 KB+`QBMbi�#BHBi@
B2b �`2 �MBbQi`QTB+- ?�p2 HQr 7`2[m2M+v +QKT�`2/ iQ i?2 ;v`Q7`2[m2M+v- �M/
QMHv BMpQHp2 bK�HH ~m+im�iBQMb Bb `272``2/ iQ �b i?2 ;v`QFBM2iB+ Q`/2`BM; �M/
�`2 mb2/ iQ bBKTHB7v i?2 2[m�iBQMX :v`�iBM; T�`iB+H2b �`2 2z2+iBp2Hv `2TH�+2/
#v +?�`;2/ `BM;b r?B+? �`2 bm#D2+i iQ 7Q`+2b +`2�i2/ #v TH�bK� BM?QKQ;2M@
BiB2b �M/ 2H2+i`QK�;M2iB+ ~m+im�iBQMbX h?2 HQbb Q7 i?2 ;v`QT?�b2 BM7Q`K@
�iBQM }M�HHv `2/m+2b i?2 KQ/2H iQ � }p2@/BK2MbBQM�H ;v`QFBM2iB+ oH�bQp
2[m�iBQMX h?2 +m``2Mi bi�i2 Q7 i?2 :v`QFBM2iB+ 1H2+i`QK�;M2iB+ LmK2`B+�H
1tT2`BK2Mi@j. U:1L1@j.V (j9) bQHp2b i?2 +QHHBbBQMH2bb ;v`QFBM2iB+ oH�bQp
2[m�iBQM T`Q}iBM; 7`QK �HHQr2/ H�`;2` iBK2 bi2Tb �M/ HQr2` `2bQHmiBQM `2@
[mB`2K2Mib +QKT�`2/ rBi? i?Qb2 T2`i�BMBM; iQ i?2 bBt@/BK2MbBQM�H oH�bQp
2[m�iBQMX

:1L1@j. Bb �#H2 iQ bQHp2 i?2 ;v`QFBM2iB+ oH�bQp 2[m�iBQM HBM2�`Hv- bQ
i?�i i?2 /QKBM�Mi BMbi�#BHBiB2b UKQ/2bV +�M #2 bim/B2/X AM MQMHBM2�` bBKm@
H�iBQMb- i?2 KQ/2b BMi2`�+i rBi? 2�+? Qi?2` �M/ 2t+?�M;2 2M2`;v bm+? i?�i
i?2 iBK2 �p2`�;2b Q7 i?2 b�im`�i2/ bi�i2 Q7 i?2 im`#mH2M+2 H2�/ iQ T�`iB+H2
�M/ ?2�i i`�MbTQ`iX JmHiBTH2 T�`iB+H2 bT2+B2b +�M #2 bBKmH�i2/X �M BMp2bi@
B;�iBQM mbm�HHv bi�`ib #v �bbmKBM; �M �/B�#�iB+ `2bTQMb2 7Q` i?2 2H2+i`QMb-
BX2X M2;H2+iBM; 2H2+i`QM BM2`iB� �M/ +�M i?2M bm#b2[m2MiHv #2 2ti2M/2/ iQ
FBM2iB+ 2H2+i`QMbX

*QM}M2K2Mi Q7 6�bi S�`iB+H2b Bb � M2+2bb�`v `2[mB`2K2Mi BM � 7mim`2
7mbBQM `2�+iQ`- bBM+2 7�bi ᅫ@T�`iB+H2b M22/ iQ #2 +QM}M2/ HQM; 2MQm;? i?�i
i?2B` FBM2iB+ 2M2`;v Bb i`�Mb72``2/ iQ i?2 #�+F;`QmM/ TH�bK�X h?Bb 2M2`;v

Re



RXkX ai2HH�`�iQ`

Bb M2+2bb�`v iQ K�BMi�BM i?2 #m`M +QM/BiBQM Q7 i?2 7mbBQM `2�+iBQM- BM Q`/2`
i?�i 2ti2`M�H ?2�iBM; Bb QMHv M2+2bb�`v 7Q` bi�`i@mT �M/ TH�bK� +QMi`QHX
GQbBM; i`�TT2/ T�`iB+H2b #27Q`2 i?2v i`�Mb72` i?2B` FBM2iB+ 2M2`;v `2/m+2b
i?2 2{+B2M+v Q7 i?2 7mbBQM `2�+iQ`- #mi KQ`2 BKTQ`i�MiHv- i?2v ?�p2 i?2
TQi2MiB�H iQ /�K�;2 p2bb2H +QKTQM2Mib- 2bT2+B�HHv r?2M i?2b2 HQbb2b �`2
+QM+2Mi`�i2/ BM Ǵ?Qi bTQibǴX h?2 +QM}M2K2Mi Q7 7�bi T�`iB+H2b- r?B+? M22/b iQ
#2 +QKT�`�#H2 iQ i?2 bHQrBM; /QrM iBK2 ᅽb- ?�b iQ #2 +QMbB/2`2/ b2T�`�i2Hv
7`QK i?2 `2bi Q7 i?2 i`�MbTQ`i bBM+2 i?2 FBM2iB+ 2M2`;v Q7 i?2 T�`iB+H2b Bb
bQ ?B;? i?�i i?2v �`2 MQi �z2+i2/ #v i?2 �K#BTQH�` `�/B�H 2H2+i`B+ }2H/
1֍ �M/ +�M QMHv #2 +QM}M2/ #v i?2 K�;M2iB+ }2H/ " �HQM2X �tBbvKK2i`B+
K�;M2iB+ }2H/b �/2[m�i2Hv +QM}M2 +QHHBQMH2bb Q`#Bib- #mi BM i?`22@/BK2MbBQM�H
K�;M2iB+ }2H/b i?2 bBim�iBQM Bb MQi �b bBKTH2 �M/ Bi r�b HQM; #2HB2p2/ i?�i
�Mv `2~2+i2/ T�`iB+H2b rBHH [mB+FHv H2�p2 i?2 +QM}M2K2Mi `2;BQM (j8)X AM
bQ@+�HH2/ [m�bB@bvKK2i`B+ }2H/b- i?2 K�DQ`Biv Q7 i?2 i`�TT2/ T�`iB+H2b �`2
+QM}M2/- #mi BM Qi?2` ivT2b Q7 }2H/b i?2 /22THv i`�TT2/ T�`iB+H2b �`2 mbm�HHv
+�``B2/ Qmi Q7 i?2 TH�bK� #v i?2 ခӷ �M/ +m`p�im`2 /`B7ibX am+? HQbb2b +�M #2
`2/m+2/ #v �pQB/BM; � bi�;M�iBQM TQBMi BM i?2 TQHQB/�H T`2+2bbBQM 7`2[m2M+v
Q7 i?2 T�`iB+H2b �/p2+i2/ #v i?2 ခӷ@/`B7iX h?Bb +�M #2 �++QKTHBb?2/ #v
2bi�#HBb?BM; � KBMBKmK@ӷ +QM};m`�iBQM- r?2`2

/ӷKBM
/ԡ � � URX98V

?QH/b Qp2` i?2 +QM}M2K2Mi `2;BQMX �b ᅲ۾ Ñ ᇝգᇝ֍ - �HH i`�TT2/ T�`iB+H2b rBHH
T`2+2bb BM i?2 b�K2 /B`2+iBQMX h?2 K�;M2iB+ KB``Q` Bb mb2/ �b � iQQH iQ
T`Q/m+2 p�+mmK +QM};m`�iBQMb r?2`2 ӷKBM QMHv bHB;?iHv /2+`2�b2b `�/B�HHv
Qmir�`/ bm+? i?�i i?2 /B�K�;M2iB+ 2z2+ib Q7 }MBi2@ᅬ 2[mBHB#`B� +�M i?2M
i`�Mb7Q`K i?2 K�;M2iB+ }2H/ BMiQ � KBMBKmK@ӷ +QM};m`�iBQMX

RXkX ai2HH�`�iQ`
h?2 bi2HH�`�iQ` +QM+2Ti r�b BMp2Mi2/ #v GvK�M aTBix2` BM RN8R r?Q `2�H@
Bx2/ i?�i irQ 7mM/�K2Mi�HHv /Bz2`2Mi r�vb 2tBbi iQ T`Q/m+2 i?2 `Qi�iBQM�H
i`�Mb7Q`K M2+2bb�`v 7Q` iQ`QB/�H +QM}M2K2Mi (je)X ai�`iBM; rBi? � iQ`QB/�H
K�;M2iB+ }2H/- i?2 iQF�K�F T`Q/m+2b i?2 TQHQB/�H }2H/ +QKTQM2Mi #v �M
BMi2`M�H TH�bK� +m``2Mi bm+? i?�i i?2 K�;M2iB+ }2H/ Bb �tBbvKK2i`B+ �M/
+�M i?mb #2 /2b+`B#2/ BM � irQ@/BK2MbBQM�H TQHQB/�H TH�M2X h?2 bi2HH�`�iQ`-

Rd



*?�Ti2` RX AMi`Q/m+iBQM

>2HB+�H *QBH avbi2K

hQTpB2r

JQ/mH�` *QBH avbi2K

6B;m`2 RX8X, h?2 `2H�iBQM #2ir22M +H�bbB+ �M/ KQ/mH�` bi2HH�`�iQ` +QBH bvb@
i2KX h?2 ?2HB+�H +QBH bvbi2K Bb +QKT�`2/ rBi? Bib KQ/mH�` p2`bBQM 7`QK
i?2 iQTX

QM i?2 Qi?2` ?�M/- mb2b i?`22@/BK2MbBQM�H b?�TBM; Q7 i?2 K�;M2iB+ }2H/ �M/
+`2�i2b i?2 TQHQB/�H }2H/ +QKTQM2Mi bQH2Hv #v 2ti2`M�H +m``2MibX "v /2bB;M-
i?2 TH�bK� #QmM/�`v Q7 � bi2HH�`�iQ` TQbb2bb2b � /Bb+`2i2 bvKK2i`v BM 7Q`K
Q7 ԃ B/2MiB+�H }2H/ T2`BQ/b 2�+? #2BM; KB``Q` bvKK2i`B+X h?Bb BMi`Q/m+2b
bQ@+�HH2/ bi2HH�`�iQ` bvKK2i`v /2}M2/ BM +vHBM/`B+�H +QQ`/BM�i2b �bᆁ	ԇ ᆈ ԏ
 � ᆁ	ԇ ᆈ ԏ
� URX9eV

� +H�bbB+�H bi2HH�`�iQ` T`Q/m+2b i?2 iQ`QB/�H �M/ TQHQB/�H }2H/ +QKTQM2Mib
rBi? irQ BM/2T2M/2Mi b2ib Q7 K�;M2iB+ }2H/ +QBHbX h?2 iQ`QB/�H }2H/ +QBHb �`2
�++QKT�MB2/ #v � b2i Q7 ?2HB+�HHv rQmM/ +QBHb- r?B+? HB2 #2ir22M i?2 iQ`QB/�H
}2H/ +QBHb �M/ i?2 TH�bK�X h?2 ?2HB+�H +QBHb �`2 �``�M;2/ BM T�B`b rBi? +m``2Mi
~QrBM; BM QTTQbBi2 /B`2+iBQM BM �/D�+2Mi +QBHb- bQ i?�i i?2 }2H/ +�M+2Hb Qmi �i
i?2 K�;M2iB+ �tBb #mi vB2H/b � irBbi Q7 i?2 }2H/ HBM2b Qz@�tBbX h?2 �/p�Mi�;2
Q7 i?2 +H�bbB+ /2bB;M Bb i?2 2tT2`BK2Mi�H ~2tB#BHBiv �+?B2p2/ #v #2BM; �#H2 iQ
p�`v i?2 iQ`QB/�H �M/ TQHQB/�H }2H/ +QKTQM2Mib BM/2T2M/2MiHvX .B{+mHiB2b
�`Bb2 /m`BM; i?2 +QMbi`m+iBQM bBM+2 i?2 ?2HB+�H +QBHb �`2 BMi2`HQ+F2/ �M/ M22/
iQ #2 rQmM/ ǶBM@bBimǶX �//BiBQM�HHv- 7Q`+2b 2K2`;2 #2ir22M i?2 iQ`QB/�H �M/
?2HB+�H }2H/ +QBHb- r?B+? BM+`2�b2 rBi? i?2 K�;M2iB+ }2H/ bi`2M;i?X AM RNdk-

R3



RXkX ai2HH�`�iQ`

>2HB+�H �M/ hQ`QB/�H
*QBH avbi2K JQ/mH�` *QBH avbi2K

SH�M�` oB2r

6B;m`2 RXeX, h?2 `2H�iBQM #2ir22M +H�bbB+ �M/ KQ/mH�` bi2HH�`�iQ` +QBH bvb@
i2KX h?2 ?2HB+�H +QBH bvbi2K �M/ i?2 iQ`QB/�H +QBH bvbi2K �`2 +QKT�`2/
rBi? Bib KQ/mH�` p2`bBQM BM i?2 k@. `2T`2b2Mi�iBQMX

i?2 bi2HH�`�iQ` /2bB;M Q7 q2M/2Hbi2BM d UqdV r�b T`2b2Mi2/ �i � +QM72`2M+2
BM oB2MM� (jd)- r?2`2 2t�+iHv i?2b2 7Q`+2b r2`2 mM/2`2biBK�i2/- H2�/BM; iQ �
`2/2bB;M Q7 i?2 K�+?BM2 BM 7Q`K Q7 � `2/m+2/ KBMQ` `�/Bmb �M/ � M�K2@+?�M;2
iQ q2M/2Hbi2BM d@� Uqd@�V (j3)X AMi2`2biBM;Hv- /m`BM; i?2 b�K2 +QM72`2M+2
BM RNdk- qQ#B; �M/ _2?F2` �H`2�/v T`2b2Mi2/ i?2 bQHmiBQM iQ i?2 T`Q#H2K-
� KQ/mH�` bi2HH�`�iQ` rBi?Qmi ?2HB+�H rBM/BM;b (jN) U_mbbB�M b+B2MiBbib ?�/
Q`B;BM�HHv BMp2Mi2/ i?2 KQ/mH�` +QBH bvbi2K (9y)VX PM2 +QBH bvbi2K T`Q/m+2b
i?2 r?QH2 K�;M2iB+ }2H/ bm+? i?�i 2�+? +QBH Bb TQHQB/�HHv +HQb2/- MQMTH�M�`-
+�M #2 K�Mm7�+im`2/ b2T�`�i2Hv- �M/- BM i?2Q`v- #2 `2TH�+2/ b2T�`�i2HvX h?2
BM?QKQ;2M2Qmb 7Q`+2b QM i?2 +QBHb i?�i +QKTHB+�i2 i?2 bmTTQ`i bi`m+im`2
�`2 Bib QMHv K�DQ` /Bb�/p�Mi�;2X h?2 KQ/mH�` +QBH bvbi2K r�b mb2/ iQ
mT;`�/2 qd@� iQ q2M/2Hbi2BM d@�a Uqd@�aV (9R) `2�+?BM; i?2 Q`B;BM�H
K�+?BM2 T�`�K2i2`b Q7 qdX h?2 +QMM2+iBQM #2ir22M i?2 +H�bbB+ �M/ KQ/mH�`
bi2HH�`�iQ` +QBH bvbi2K Bb b?QrM BM };m`2 RX8 �M/ };m`2 RXeX

h?2 ;`2�i2bi �/p�Mi�;2 Q7 i?2 KQ/mH�` +QBH bvbi2K Bb i?2 TQbbB#BHBiv iQ
i?BMF �#Qmi i?2 TH�bK� �M/ Bib T`QT2`iB2b }`bi �M/ i?2M �#Qmi i?2 /2bB;M
Q7 i?2 +Q``2bTQM/BM; +QBH +QM};m`�iBQM BM � b2+QM/ bi2TX .2bB;MBM; i?2 2[mB@
HB#`BmK rX`XiX }MBi2@ᅬ 2z2+ib BMi`Q/m+2/ i?2 }2H/ Q7 bi2HH�`�iQ` QTiBKBx�iBQM-
r?B+? H2/ iQ i?2 /2bB;M Q7 qd@�a #2BM; i?2 }`bi QTiBKBx2/ bi2HH�`�iQ`X

RN



*?�Ti2` RX AMi`Q/m+iBQM

RXjX ai2HH�`�iQ` PTiBKBx�iBQM
ai2HH�`�iQ` QTiBKBx�iBQM Bb mb2/ iQ }M/ �M 2[mBHB#`BmK i?�i Bb KQbi bmBi�#H2
7Q` � 7mim`2 7mbBQM `2�+iQ`X h?2 F2v `2[mB`2K2Mib 7Q` bm+? �M 2[mBHB#`BmK �`2
J>. bi�#BHBiv �i ?B;? p�Hm2b Q7 ᅬ- ;QQ/ 2M2`;v +QM}M2K2Mi �M/ � bm{+B2Mi
+QM}M2K2Mi Q7 7�bi T�`iB+H2bX �HH Q7 i?2b2 T`QT2`iB2b �`2 /2b+`B#2/ BM KQ`2
/2i�BH BM b2+iBQM RXRXj �M/ �`2 `272``2/ iQ �b }MBi2@ᅬ 2z2+ib Q` T2`7Q`K�M+2
+`Bi2`B� i?`Qm;?Qmi i?Bb i?2bBbX ai2HH�`�iQ` QTiBKBx�iBQM 2bb2MiB�HHv 2tTHQBib
i?2 bi2HH�`�iQ` +QM};m`�iBQM bT�+2 iQ }M/ �M 2[mBHB#`BmK i?�i +QKTHB2b #2bi
rBi? i?2 �7Q`2K2MiBQM2/ `2[mB`2K2MibX h?2 Q#D2+i Q7 BMi2`2bi Bb i?2 TH�bK�
#QmM/�`v ᆉԂ bBM+2 Bi H�`;2Hv /2}M2b i?2 K�;M2iB+ }2H/ " BM Bib BMi2`BQ`X
PM+2 i?2 +Q``2bTQM/BM; T`2bbm`2 ԟ �M/ +m``2Mi /2MbBiv C �`2 �HbQ FMQrM- �M
2[mBHB#`BmK Bb mMB[m2Hv /2}M2/ �M/ Bib }iM2bb rX`Xi i?2 T2`7Q`K�M+2 +`Bi2`B�
+�M #2 +�H+mH�i2/X h?2 K�;M2iB+ }2H/ BM im`M /2}M2b i?2 +QBH +QM};m`�iBQM-
r?B+? +�M #2 /2`Bp2/ mbBM; i?2 #QmM/�`v +QM/BiBQM " ੁ M � � QM ᆉԂX >2`2-
M Bb i?2 +Q``2bTQM/BM; MQ`K�H QM i?2 TH�bK� #QmM/�`vX

h?2 TH�bK� #QmM/�`v �M/ i?2 +Q``2bTQM/BM; K�;M2iB+ }2H/ �`2 /2b+`B#2/
#v ?�`KQMB+ 7mM+iBQMb �M/ i?2 bi2HH�`�iQ` bvKK2i`v bBKTHB}2b i?2 /2b+`BT@
iBQMX .m`BM; i?2 /2bB;M Q7 qd@�a- .QKK�b+?F TQi2MiB�Hb (9k) r2`2 mb2/
i?�i 7�+BHBi�i2/ i?2 /2bB;M Q7 i?2 +QBH bvbi2K #v 2ti2M/BM; i?2 K�;M2iB+
}2H/ BMiQ i?2 Qmi2` /QK�BMX h?2 QTiBKBx�iBQM T`BM+BTH2 r�b /2KQMbi`�i2/
BM qd@�a- � +QM};m`�iBQM r?2`2 i?2 T�`�HH2H +m``2Mi /2MbBiv r�b `2/m+2/
r?B+? H2/ iQ ;QQ/ 2[mBHB#`BmK T`QT2`iB2b BM+Hm/BM; � `2/m+2/ a?�7`�MQp b?B7i
�M/ BKT`Qp2/ bi�#BHBiv T`QT2`iB2b (9j)X

h?2 2K2`;BM; i2+?MQHQ;v Q7 K�BM7`�K2 +QKTmi2`b 7�+BHBi�i2/ i?2 /2bB;M
T`Q+2bb Q7 M2r QTiBKBx2/ bi2HH�`�iQ` +QM+2Tib �M/ �HHQr2/ i?2 QTiBKBx�iBQM
i�`;2ib iQ #2 2ti2M/2/ �M/ mHiBK�i2Hv H2/ iQ i?2 /2bB;M Q7 qd@s- i?2 }`bi
7mHHv QTiBKBx2/ bi2HH�`�iQ`X .m`BM; i?2 /2bB;M T`Q+2bb- i?2 TH�bK� #QmM/�`v
Bb /2b+`B#2/ #v � 6Qm`B2` `2T`2b2Mi�iBQM BM +vHBM/`B+�H +QQ`/BM�i2bԇ	Ԥ ԥ
 � ంֈӴ։ ԡֈӴ։ +Qb	�ᅺ	ԜԤ � ԝԥ

 URX9dVԏ	Ԥ ԥ
 � ంֈӴ։ ԩֈӴ։ bBM	�ᅺ	ԜԤ � ԝԥ

 URX93Vᆈ	ԥ
 � �ᅺԥ�ԃ URX9NV

vB2H/BM; � M�im`�H /Bb+`2iBx�iBQM BM 7Q`K Q7 6Qm`B2` ?�`KQMB+bX >2`2 Ԥ ԥ �`2
TQHQB/�H �M/ iQ`QB/�H +QQ`/BM�i2b- 2�+? `�M;BM; 7`QK y iQ R BM QM2 T2`BQ/ Q7

ky



RXjX ai2HH�`�iQ` PTiBKBx�iBQM

i?2 K�+?BM2X 6`QK i?Bb `2T`2b2Mi�iBQM- +QBHb +�M #2 2�bBHv +QKTmi2/ QM �
bm`7�+2 QmibB/2 i?2 TH�bK� #QmM/�`v rBi? i?2 L1a*PAG (99) �H;Q`Bi?KX

h?2 /Bb+Qp2`v Q7 bi2HH�`�iQ` +QM};m`�iBQMb i?�i �`2 [m�bB@?2HB+�HHv bvK@
K2i`B+ UZ>V BM RN3e (98) r�b � #`2�Fi?`Qm;? BM bi2HH�`�iQ` QTiBKBx�iBQM
/m2 iQ Bib +�T�#BHBiv Q7 /`�biB+�HHv `2/m+BM; i?2 M2Q+H�bbB+�H i`�MbTQ`iX h?2
+QM+2Ti r�b }`bi `2�HBx2/ BM i?2 >2HB+�H avKK2i`B+ 1tT2`BK2Mi U>asV BM
qBb+QMbBM- r?B+? r2Mi BMiQ QT2`�iBQM BM RNNN (9e)X h?2 #QQibi`�T +m``2Mi-
r?B+? ;2M2`�HHv Q++m`b BM iQ`QB/�H /2pB+2b- Bb � bQm`+2 Q7 7`22 2M2`;v BM i?2
TH�bK� i?�i 7�+BHBi�i2b BMbi�#BHBiB2bX h?mb- Bib KBMBKBx�iBQM r�b i?2 K�BM
i�`;2i �7i2` � 7Q`K Q7 [m�bB@bvKK2i`v +QmH/ #2 Q#i�BM2/X h?2 #QQibi`�T
+m``2Mi Bb M2;�iBp2 BM Z> +QM};m`�iBQMb �M/ TQbBiBp2 BM [m�bB@�tBbvKK2i`B+
UZ�V +QM};m`�iBQMb (9d)- #mi BM �#bQHmi2 p�Hm2b- i?2 #QQibi`�T +m``2Mi r�b
`2/m+2/ BM Z> +QM};m`�iBQMb +QKT�`2/ iQ Z� +QM};m`�iBQMbX � 7m`i?2`
`2/m+iBQM r�b Q#i�BM2/ #v BMi`Q/m+BM; HBMF2/ KB``Q` +QM};m`�iBQMb- r?B+?
BM bQK2 b2Mb2 +QK#BM2 �bT2+ib Q7 Z> �M/ Z� +QM};m`�iBQMb (93)X h?2 `2/m+@
iBQM Q7 i?2 #QQibi`�T +m``2Mi �HB;M2/ i?2 /`B7i bm`7�+2b rBi? i?2 K�;M2iB+
bm`7�+2b �M/ r�b H�i2` `272``2/ iQ �b [m�bB@BbQ/vM�KB+Biv (9N)X AM i?Bb ivT2
Q7 +QM};m`�iBQM- i?2 +QMiQm`b Q7 +QMbi�Mi K�;M2iB+ }2H/ ӷ +HQb2 TQHQB/�HHv
�M/ MQi iQ`QB/�HHvX aBKBH�`Hv iQ [m�bB@bvKK2i`v- Bi Bb BKTQbbB#H2 iQ �+?B2p2
2t�+i [m�bB@BbQ/vM�KB+Biv BM i?2 r?QH2 +QM}M2K2Mi /QK�BM (8y)X qd@s Bb
2bb2MiB�HHv � [m�bB@BbQ/vM�KB+ UZAV bi2HH�`�iQ`X Aib QTiBKBx�iBQM i�`;2ib r2`2
H�i2` bmKK�`Bx2/ BM i?2 qd@s Q#D2+iBp2b,

RX :QQ/ [m�HBiv Q7 i?2 p�+mmK K�;M2iB+ }2H/ BM 7Q`K Q7 M2bi2/ K�;M2iB+
~mt bm`7�+2bX h?2 /2bB;M QKBib HQr@Q`/2` p�Hm2b Q7 i?2 `Qi�iBQM�H
i`�Mb7Q`K �M/ �pQB/b biQ+?�biB+ `2;BQMb /m2 iQ i?2B` TQQ` +QM}M2K2Mi
T`QT2`iB2bX

kX :QQ/ 2[mBHB#`BmK T`QT2`iB2b BM+Hm/BM; � bK�HH a?�7`�MQp b?B7iX h?2
TH�bK� +QM};m`�iBQM 2bb2MiB�HHv `2K�BMb +HQb2 iQ i?2 QTiBKBx2/ p�@
+mmK +QM};m`�iBQM r?2M � TH�bK� T`2bbm`2 Bb �TTHB2/X

jX :QQ/ J>. bi�#BHBiv T`QT2`iB2b mT iQ �M �p2`�;2 TH�bK�@ᅬ p�Hm2 Q7
8WX

9X aK�HH M2Q+H�bbB+�H i`�MbTQ`i BM i?2 ��ᅸ@`2;BK2 H2�/BM; iQ ;QQ/ 2M2`;v
+QM}M2K2Mi T`QT2`iB2bX
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*?�Ti2` RX AMi`Q/m+iBQM

8X aK�HH #QQibi`�T +m``2Mi i?�i- #2bB/2b i?2 BbQ/vM�KB+ T`QT2`iB2b- `2@
/m+2b i?2 �p�BH�#BHBiv Q7 7`22 2M2`;v BM i?2 TH�bK�X

eX :QQ/ ᅫ@T�`iB+H2 +QM}M2K2Mi �i `2�+iQ` `2H2p�Mi `2;BK2b Q7 ਓᅬਔ � ��X

dX :QQ/ KQ/mH�` +QBH 72�bB#BHBiv i?�i 7�+BHBi�i2b i?2 K�Mm7�+im`BM; �M/
�bb2K#Hv T`Q+2bbX

h?2 T`QD2+i qd@s #2;�M Q{+B�HHv rBi? � /2bB;M bim/v i?�i r�b T`2b2Mi2/
BM RN33 �i i?2 A�1� +QM72`2M+2 BM LB+2 (kj)- BM r?B+? i?2 M�K2 Ǵq2M/2Hbi2BM
oAA@sǴ �TT2�`2/ 7Q` i?2 }`bi iBK2X h?2 ǶsǶ r�b Q`B;BM�HHv mb2/ �b � TH�+2@
?QH/2` rBi?Qmi 2p2` #2BM; `2TH�+2/X AM i?Bb bim/v- K�Mv +QM};m`�iBQMb r2`2
T`2b2Mi2/ �b � +�M/B/�i2 7Q` � TQbbB#H2 7QHHQr@QM Q7 i?2 qd@�a 2tT2`BK2Mi-
BM+Hm/BM; i?2 M2rHv /2p2HQT2/ Z> �M/ ZA +QM+2TibX � ZA +QM};m`�iBQM
r�b 2p2Mim�HHv +?Qb2M- bBM+2 Bib `2/m+2/ #QQibi`�T +m``2Mi K�/2 i?2 +QM};@
m`�iBQM bBKBH�` iQ qd@�a �M/ QM2 BMi2M/2/ iQ mb2 bvM2`;BbiB+ 2z2+ibX h?2
/Bb�/p�Mi�;2 Q7 i?2 /2bB;M Q7 qd@�a r�b Bib BMBiB�H H�+F Q7 2tT2`BK2Mi�H
~2tB#BHBiv +�mb2/ #v i?2 KQ/mH�` +QBH bvbi2KX �M BM+`2�b2/ ~2tB#BHBiv +QmH/
H�i2` #2 2bi�#HBb?2/- r?B+? BM~m2M+2/ i?2 /2bB;M T`Q+2bb Q7 qd@s �M/ H2�/
iQ �M 2ti2M/2/ +QM};m`�iBQM bT�+2 (8R)X h?2 T`BK�`v +QBH bvbi2K- +QMbBbi@
BM; QMHv Q7 MQMTH�M�` +QBHb- r�b 2ti2M/2/ #v � b2+QM/�`v +QBH bvbi2K BM
i?2 7Q`K Q7 TH�M�` +QBHbX h?2 }M�H /2bB;M TQbb2bb2b 8 /Bz2`2Mi MQMTH�M�`
�M/ k /Bz2`2Mi TH�M�` +QBH ivT2bX h?2 Q`B;BM�H qd@s TH�bK� #QmM/�`v r�b
bHB;?iHv +?�M;2/ �M/ M�K2/ i?2 Ƕ>B;?@JB``Q`Ƕ +QM};m`�iBQMX h?2 �#BHBiv iQ
b2i /Bz2`2Mi +m``2Mib 7Q` 2�+? +QBH ivT2 H2/ iQ � iQi�H Q7 N +�MQMB+�H K�;@
M2iB+ +QM};m`�iBQMb r?2`2 i?2 `Qi�iBQM�H i`�Mb7Q`K- i?2 K�;M2iB+ KB``Q`-
i?2 K�;M2iB+ b?2�` �M/ i?2 TQbBiBQM Q7 i?2 K�;M2iB+ }2H/ r�b p�`B2/X aBM+2
Bib }`bi BMi`Q/m+iBQM BM (8R)- i?2 qd@s +QM};m`�iBQM bT�+2 +?�M;2/ KmHiBTH2
iBK2b iQ +QKTHv rBi? i?2 2pQHpBM; `2[mB`2K2Mib Q7 i?2 bmTTQ`i bi`m+im`2
�M/ i?2 TQ`i /2bB;MbX h?Bb H�bi bi2T Q7 i?2 /2bB;M T`Q+2bb Bb bBKBH�` iQ i?2
}`bi /2bB;M bi2T bBM+2 i?2 T2`7Q`K�M+2 +`Bi2`B� �`2 �;�BM QTiBKBx2/- #mi MQr
i?2 +QBH +QM};m`�iBQM Bb KQ/B}2/ iQ +QKTHv rBi? i?2 mT/�i2/ ;2QK2i`B+
+QMbi`�BMibX *QMb2[m2MiHv- i?2 Ƕ>B;?@KB``Q`Ƕ +QM};m`�iBQM �p�BH�#H2 BM i?2
�b@#mBHi /2bB;M Q7 qd@s ?�b MQ i�`;2i K�;M2iB+ }2H/ �M/ Bb /Bz2`2Mi 7`QK
i?2 Q`B;BM�H qd@s TH�bK� #QmM/�`v- r?B+? Bb #2bi /2b+`B#2/ BM (8k)X
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RX9X ai2HH�`�iQ` *QBH PTiBKBx�iBQM

RX9X ai2HH�`�iQ` *QBH PTiBKBx�iBQM
ai2HH�`�iQ` +QBH QTiBKBx�iBQM Bb i?2 b2+QM/ bi2T BM i?2 /2bB;M T`Q+2bb Q7
� bi2HH�`�iQ`- �7i2` �M QTiBK�H TH�bK� #QmM/�`v ᆉԂ ?�b #22M 7QmM/ i?�i
mMB[m2Hv /2b+`B#2b i?2 i�`;2i K�;M2iB+ }2H/ "X .2`BpBM; 2ti2`M�H +m``2Mib
QM � bm`7�+2 QmibB/2 i?2 TH�bK� #QmM/�`v Ԍ i?�i T`Q/m+2 i?2 ;Bp2M i�`;2i
K�;M2iB+ }2H/ Bb �M BHH@TQb2/ BMp2`b2 T`Q#H2K- r?B+? +�M #2 /2b+`B#2/ �b �
j. L2mK�MM #QmM/�`v p�Hm2 T`Q#H2K (8j) `2[mB`BM; " ੁ M 4 y QM ᆉԂX >2`2-

" � "֑ � " URX8yV
Bb i?2 bmT2`TQbBiBQM Q7 i?2 p�+mmK K�;M2iB+ }2H/ "֑ �M/ i?2 K�;M2iB+
}2H/ T`Q/m+2/ #v BMi2`M�H TH�bK� +m``2Mib "- �M/ M Bb i?2 MQ`K�H QM
i?2 TH�bK� #QmM/�`vX h?2 #QmM/�`v +QM/BiBQM +�M #2 i`�MbH�i2/ BMiQ i?2
7QHHQrBM; KBMBKBx�iBQM T`Q#H2K

KBM௷ᇝծ	ӷ ੁ ԝ
ϵ /Ԉ URX8RV

r?B+? �BKb iQ }M/ �M QTiBK�H +m``2Mi /Bbi`B#miBQM QM � ǴrBM/BM;Ǵ bm`7�+2Ԍ bm``QmM/BM; i?2 TH�bK�X >BbiQ`B+�HHv- i?Bb T`Q#H2K r�b }`bi bQHp2/ #v
2ti2M/BM; i?2 i�`;2i K�;M2iB+ }2H/ BMiQ i?2 p�+mmK `2;BQM BM bm+? � r�v
i?�i i?2 2ti2`M�H }2H/ +�M #2 `2T`2b2Mi2/ #v � bmT2`TQbBiBQM Q7 ?�`KQMB+
7mM+iBQMb (9k)X h?Bb i2+?MB[m2 r�b mb2/ iQ /2bB;M i?2 +QBH +QM};m`�iBQM Q7
qd@�a- i?2 }`bi KQ/mH�` bi2HH�`�iQ`X AM ;2M2`�H- +QBH QTiBKBx�iBQM Bb #�b2/
QM i?2 7QHHQrBM; i?2Q`2K,

ǳ�Mv ?�`KQMB+ p2+iQ` }2H/ +�M #2 r`Bii2M BM i2`Kb Q7 Bib #QmM/�`v p�Hm2b
QM � bm`7�+2Ǵ(8j)X

h?2 KBMBKBx�iBQM T`Q#H2K U2[X RX8RV +�M #2 �TT`Q�+?2/ /B`2+iHv r?2M
i?2 i�`;2i K�;M2iB+ }2H/ T`Q/m+2/ #v i?2 +m``2Mi /Bbi`B#miBQM Bb /2b+`B#2/
#v i?2 "BQi@a�p�`i 7Q`KmH�ӷ	`
 � ᅷЈ�ᅺ ௷շ Cո  `  `]`  `]ϯ /ԋ  URX8kV

�M/ i?2 bm`7�+2 +m``2Mi Cո QM i?2 rBM/BM; bm`7�+2 Bb 2tT`2bb2/ #v � +m``2Mi
TQi2MiB�H ᅨ,

Cո � M  ခᅨ� URX8jV

kj



*?�Ti2` RX AMi`Q/m+iBQM

h?2 L1a*PAG +Q/2 (99) /2b+`B#2b ᅨ #v � }MBi2 b2i Q7 6Qm`B2` ?�`KQMB+b
�M/ �7i2` /Bz2`2MiB�iBM; 2[X URX8RV Bi bQHp2b i?2 +Q``2bTQM/BM; H2�bi b[m�`2b
T`Q#H2KX h?2 `2bmHi Bb � +QMiBMmQmb �M/ bKQQi? +m``2Mi /Bbi`B#miBQM QM
i?2 rBM/BM; bm`7�+2 Ԍ- r?B+?- BM i?2 �#b2M+2 Q7 HQ+�H KBMBK� Q7 ᅨ- +�M #2
/Bb+`2iBx2/ BMiQ � }MBi2 b2i Q7 TQHQB/�HHv +HQb2/ }H�K2Mib r?2M � p�MBb?BM; M2i
iQ`QB/�H +m``2Mi Bb �bbmK2/X L1a*PAG r�b mb2/ iQ /2bB;M i?2 +QBH bvbi2K Q7
qd@s �M/ Bib K2i?Q/ r�b H�i2` 2ti2M/2/ #v _1:*PAG (89)- r?B+? mb2b �M
�//BiBQM�H `2;mH�`Bx�iBQM +QMbi`�BMi QM i?2 +m``2Mi /Bbi`B#miBQM iQ T`Q/m+2
KQ`2 T`�+iB+�H +QBHb BM i?2 b2Mb2 i?�i i?2B` �p2`�;2 +m`p�im`2 Bb `2/m+2/X

PM+2 � bi�`iBM; +QBH +QM};m`�iBQM BM i?2 1m+HB/2�M bT�+2 Bb ;Bp2M- Bib
b?�T2 �M/ �TT`QtBK�iBQM Q7 i?2 i�`;2i K�;M2iB+ }2H/ +�M #2 7m`i?2` BK@
T`Qp2/ mbBM; MQMHBM2�` +QBH QTiBKBx�iBQM �b /QM2 rBi? +Q/2 bmBi2b bm+? �b
QTiBKBx�iBPL Q7 ?2i2`Q;2M2Qma K�;M1h bvbi2Kb UPLa1hV (88)- *PAG@
PSh (8e)- *PAGPSh�� (8d) �M/ 6H2tB#H2 PTiBKBx2/ *QBHb lbBM; aT�+2
+m`p2b U6P*laV (83)X h?2v i`�MbH�i2 i?2 Q`B;BM�H T`Q#H2K- ǳ�TT`QtBK�iBQM
Q7 � ;Bp2M K�;M2iB+ }2H/ rBi? � }MBi2 b2i Q7 +QMbi`m+i�#H2 +QBHbǴ- BMiQ i?2
KBMBKBx�iBQM Q7 � MQMHBM2�` Q#D2+iBp2 7mM+iBQM ԕ

KBM֓୮չ ԕ	ԧ
� URX89V

h?2 bi`m+im`2 Q7 i?2 Q#D2+iBp2 7mM+iBQM Bb pBbm�HBx2/ BM };m`2 RXdX h?2 BMTmi
iQ i?2 Q#D2+iBp2 7mM+iBQM ԕ Bb � b2i Q7 T�`�K2i2`b ԧ ୮ ԍ ୢ බ։ /2b+`B#BM;
i?2 +QBH b2i BM i?2 T�`�K2i2` bT�+2 ԍX h?2 QmiTmi Bb i?2 T2M�Hiv p�Hm2Ԩ ୮ බ /2b+`B#BM; i?2 }iM2bb Q7 i?2 +QM};m`�iBQM #�b2/ QM b2p2`�H [m�HBiv
+`Bi2`B�X lbBM; i?2 bi2HH�`�iQ` bvKK2i`v U2[X RX9eV- QM2 +�M `2/m+2 i?2 7mHH
+QBH +QM};m`�iBQM iQ Bib mMB[m2 #mBH/BM; #HQ+F- r?B+? Bb � ?�H7@KQ/mH2 BM
qd@s- BX2X ���� Q7 i?2 iQ`mbX h?Bb `2/m+iBQM Q7 i?2 T�`�K2i2` bT�+2 Bb
2ti2MbBp2Hv mb2/ #v PLa1hX 6P*la- QM i?2 Qi?2` ?�M/- mb2b i?2 7mHH +QBH
+QM};m`�iBQM �M/ +QMb2[m2MiHv KBMBKBx2b BM i?2 7mHH T�`�K2i2` bT�+2X

h?2 Q#D2+iBp2 7mM+iBQM ԕ +QMbBbib Q7 � T�`�K2i`Bx�iBQM ԗ i?�i mM7QH/b
i?2 +QBH +QM};m`�iBQM iQ � }H�K2Mi `2T`2b2Mi�iBQM BM 1m+HB/2�M bT�+2 7`QK
r?B+? i?2 T2M�Hiv 7mM+iBQM Ԗ +�H+mH�i2b Bib }iM2bbX h?2 T2M�Hiv 7mM+iBQMԖ +QKTmi2b i?2 K�;M2iB+ }2H/ " T`Q/m+2/ #v i?2 +QBHb �M/ bm#b2[m2MiHv
+�H+mH�i2b i?2 [m�HBiv +`Bi2`B� \Ԡք	ԧ
^ք�φӴwӴֆ i?�i K2�bm`2 i?2 /Bz2`2M+2b
#2ir22M i?2 K�;M2iB+ }2H/ T`Q/m+2/ #v i?2 +QBHb �M/ i?2 i�`;2i K�;M2iB+
}2H/ /2}M2/ #v i?2 TH�bK� #QmM/�`vX �//BiBQM�HHv- ;2QK2i`B+ T`QT2`iB2b
i?�i /2b+`B#2 i?2 b?�T2 Q7 i?2 +QBH b2i �`2 BM+Hm/2/X h?2 H�bi T�`i BM i?2

k9
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ԕ � Ԗ ੋ ԗ

S�`�K2i`Bb�iBQMԗ ԍ ݂ Ԉ  බϯ

"BQi@a�p�`i

S2M�Hiv 6mM+iBQMԖ Ԉ  බϯ ݂ බ
Zm�HBiv *`Bi2`B�

*?B@b[m�`2/ 7mM+iBQM ᆀϵ
S2M�Hiv o�Hm2Ԩ ୮ බ

*QBH *QM};m`�iBQM
ԧ ୮ ԍ ୢ බ։S�`�K2i2` aT�+2

\Ԡք	ԧ
^ք�φӴwӴլ

J�;M2iB+ 6B2H/ "

6BH�K2Mi
BM බϯ

௴լք�φ ᆂք	Ԡք	ԧ
  Ԡ/2bB;Mք 
ϵ

ԕ ԍ ݂ බP#D2+iBp2 6mM+iBQM

6B;m`2 RXdX, h?2 bi`m+im`2 Q7 i?2 Q#D2+iBp2 7mM+iBQM ԕ Bb pBbm�HBx2/X Ai
+QMbBbib Q7 i?2 T�`�K2i`Bx�iBQM ԗ �M/ i?2 T2M�Hiv 7mM+iBQM ԖX

k8
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+�H+mH�iBQM Q7 i?2 T2M�Hiv 7mM+iBQM Bb i?2 ᆀϵ	ԧ
 7mM+iBQM i?�i bmKK�`Bx2b
�HH i?2 BM7Q`K�iBQM BM i?2 7QHHQrBM; 7Q`Kᆀϵ	ԧ
 � ֆంք�φ ᆂք ੁ ५Ԡք	ԧ
  Ԡ/2bB;Mք ६ϵ � URX88V

h?2 p�Hm2 Q7 i?2 [m�HBiv +`Bi2`BQM Ԡք	ԧ
 Bb bm#i`�+i2/ #v Bib /2bB;M p�Hm2Ԡ/2bB;Mք UQ#i�BM2/ 7`QK i?2 i�`;2i K�;M2i }2H/V �M/ vB2H/b- 7�+iQ`Bx2/ #v Bib
r2B;?i +QMbi�Mi ᆂք- i?2 bT2+B}+ +QMi`B#miBQM iQ i?2 T2M�Hiv 7mM+iBQMX

h?2 +QBH /2bB;M T`Q+2bb +QMbBbib Q7 � /2bB;M b2[m2M+2 r?B+? /2b+`B#2b i?2
7Q+mb Q7 2�+? QTiBKBx�iBQM `mM BM 7Q`K Q7 r2B;?i +QMbi�Mib \ᆂք^ք�φwֆ �M/
i?`2b?QH/bX AM Qi?2` rQ`/b- i?2 r2B;?i +QMbi�Mib �`2 +QMbi�Mi rBi?BM 2�+?
QTiBKBx�iBQM #mi K�v +?�M;2 i?`Qm;?Qmi i?2 /2bB;M T`Q+2bb- 2bb2MiB�HHv
/2}MBM; i?2 /2bB;M b2[m2M+2X h?2 /2bB;M b2[m2M+2 Bb /BpB/2/ BMiQ T?�b2b
BM r?B+? ;2M2`�H �bT2+ib Q7 i?2 +QBH QTiBKBx�iBQM T`Q#H2K �`2 i�`;2i2/X
h?2 +QBH /2bB;M T`Q+2bb Bb bi`m+im`2/ BM bm+? � r�v i?�i i?2 `2bmHi Q7 i?2
T`2pBQmb QTiBKBx�iBQM Bb mb2/ �b � M2r bi�`iBM; +QBH +QM};m`�iBQM Q7 i?2 M2ti
QTiBKBx�iBQMX

� bT2+B}+ Q`/2` 2tBbib BM r?B+? QM2 Qm;?i iQ �TTHv i?2 [m�HBiv +`Bi2`B�X
h?Bb ?B2`�`+?v Bb /2}M2/ #v i?2B` /QKBM�M+2 �M/ i?2B` 2z2+i QM i?2 T�`�@
K2i2` bT�+2X h?2 KQbi /QKBM�Mi [m�HBiv +`Bi2`BQM Bb i?2 }2H/ 2``Q`X 6P*la
+QM+2Mi`�i2b QM i?2 �p2`�;2 b[m�`2/ 2``Q` U2[X RX8RV r?BH2 PLa1h [m�MiB}2b
Bi rBi? irQ /Bz2`2Mi p�Hm2b- i?2 K�tBKmK HQ+�H }2H/ 2``Q`

K�t Ԡևր	ԧ
 � K�t ]" ੁ M]]"]  URX8eV

�M/ i?2 �p2`�;2 ;HQ#�H }2H/ 2``Q`Ԡռր	ԧ
 � ௩բ Ԡևր /ӶӶ  URX8dV

r?2`2 Ӷ Bb i?2 �`2� Q7 i?2 TH�bK� #QmM/�`vX h?2 ?B2`�`+?v K2�Mb i?�i QM2
Bb biBHH �#H2 iQ QTiBKBx2 i?2 Qi?2` [m�HBiv +`Bi2`B�- QM+2 i?2 }2H/ 2``Q` �``Bp2b
�i �M �++2Ti�#H2 p�Hm2X

h?2 }H�K2Mi bi`m+im`2 Q7 i?2 +QBH +QM};m`�iBQM mM7QH/2/ BM j. 1m+HB/2�M
bT�+2 M22/b iQ +QKTHv rBi? +2`i�BM ;2QK2i`B+ T`QT2`iB2b i?�i ;m�`�Mi22
TQbbB#H2 +QMbi`m+iBQM Q7 i?2 bi2HH�`�iQ`X h?2 K�i2`B�H i?�i Bb mb2/ 7Q` i?2 +QBHb

ke



RX9X ai2HH�`�iQ` *QBH PTiBKBx�iBQM

BM +QK#BM�iBQM rBi? i?2 /2bB;M +m``2Mi Q7 i?2 K�+?BM2 /2}M2b i?2 H�i2`�H
rB/i? Q7 i?2 +QBHb- r?B+? BM im`M /2}M2b i?2 `2[mB`2/ +H2�`�M+2 #2ir22M
�/D�+2Mi +QBHbX h?2 +H2�`�M+2 Kmbi �Hr�vb #2 H�`;2` i?�M i?2 H�i2`�H rB/i?
�M/ M22/b iQ BM+Hm/2 i?2 /27Q`K�iBQM /m`BM; mb�;2X h?2`2 Bb � KBMBKmK
/Bbi�M+2 #2ir22M i?2 +QBHb �M/ i?2 TH�bK� i?�i M22/b iQ #2 K2i bBM+2 i?2
+QBHb ?�p2 iQ #2 bm{+B2MiHv b?B2H/2/ 7`QK 7mbBQM@T`Q/m+2/ M2mi`QMb �M/ �
#H�MF2i ?�b iQ #2 T`2b2Mi BM r?B+? i`BiBmK +�M #2 #`2/X h?Bb +�M #2 �+?B2p2/
#v � +QMbi`�BMi QM i?2 +QBH@iQ@TH�bK� b2T�`�iBQM Q` #v /2}MBM; irQ HBKBiBM;
bm`7�+2b- r?B+? ;m�`�Mi22 i?�i i?2 +QBHb /Q MQi ;2i iQQ +HQb2 Q` iQQ 7�` �r�v
7`QK i?2 TH�bK� #QmM/�`vX h?2 K�i2`B�H mb2/ 7Q` i?2 +QBHb- �//BiBQM�HHv-
/2}M2b +m``2Mi /2MbBiv �M/ i?mb i?2 K�tBK�H �HHQr2/ +QBH +m`p�im`2X Ai Bb
/2}M2/ �bᅴ � �ԡվ  URX83V

r?2`2 ԡվ Bb i?2 `�/Bmb Q7 i?2 bK�HH2bi +B`+H2 /2}M2/ #v j TQBMib Q7 irQ
+QMb2+miBp2 +QBH b2;K2MibX AM �//BiBQM iQ i?2 K�tBK�H +m`p�im`2- mMM2+2bb�`v
mM/mH�iBQMb M22/ iQ #2 �pQB/2/- r?B+? Bb 2M7Q`+2/ #v � b2+QM/ K2�bm`2 Q7
+m`p�im`2 BM PLa1hX Ai Bb � r2B;?i2/ BMi2;`�H Q7 ᅴ Qp2` i?2 +QBH H2M;i? ԁԀ � ��ᅺ ௷խЈ Ԓ	ᅴ
ᅴ	Ԣ
 /Ԣ� URX8NV

h?2 +m`p�im`2 r2B;?i Ԓ Bb /2}M2/ �bԒ	ᅴ
 �  ᇈᇈKBMᇈK�tᇈKBM
ᅴ ଯ ᅴKBM� Qi?2`rBb2

� URXeyV

Ai Bb /2bB`2/ iQ F22T i?2 r2B;?i2/ +m`p�im`2 Q7 i?2 +QBH �b bK�HH �b TQbbB#H2X
AM i?2 /2bB;M T`Q+2bb /Q+mK2Mi2/ BM �`iB+H2 A � AAA i?2 T�`�K2i2`b ᅴK�t
�M/ ᅴKBM r2`2 b2i iQ i?2 7QHHQrBM; p�Hm2bᅴK�t � 9�jKR URXeRVᅴKBM � R�jKR� URXekV

h?2 r2B;?i2/ +m`p�im`2 r�b Q`B;BM�HHv /2b+`B#2/ BM (8N)X �HH Q7 i?2b2 ;2QK2i@
`B+ T`QT2`iB2b +�M bBKmHi�M2QmbHv #2 i�`;2i2/ r?2M T2M�HBxBM; i?2 H2M;i? Q7

kd
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>�H7@JQ/mH2५ φφЈ Q7 qd@s६ PmibB/2 Q7 i?2 hQ`mb

AMbB/2 Q7

qBM/BM; am`7�+2
GBKBiBM; am`7�+2b

SH�bK� "QmM/�`v
*QBH

*H2�`�M+2

*QBH *m`p�im`2

J�;M2iB+ q2HH
�

AQi� S`Q}H2

am`7�+2

�tBb SQbBiBQM
"2�M a?�T2/
*`Qbb a2+iBQM��ੋ

�tBb SQbBiBQM
h`B�M;mH�`

*`Qbb a2+iBQM

J�;M2iB+ �tBb
J�;M2iB+

JB``Q`

6B2H/ 1``Q`

:2QK2i`B+ S`QT2`iB2b
S`QT2`iB2b Q7 i?2 J�;M2iB+ 6B2H/

6B2H/ 1``Q`

i?2 hQ`mb

6Hmt

6B;m`2 RX3X, h?2 ?�H7@KQ/mH2 Q7 qd@s Bb pBbm�HBx2/ rBi? i?2 [m�HBiv +`Bi2`B�X

i?2 +QBH ԁX Ai Bb � ;2QK2i`B+ +QMbi`�BMi i?�i Bb bBKTH2 iQ BKTH2K2Mi- #mi MQi
�b 2z2+iBp2 �b i?2 mb2 Q7 i?2 BM/BpB/m�H ;2QK2i`B+ +QMbi`�BMib Ub22 �`iB+H2
AAAVX

�7i2` i?2 }2H/ 2``Q` Bb `2/m+2/ iQ �M �++2Ti�#H2 H2p2H �M/ i?2 +QBH +QM};@
m`�iBQM K22ib i?2 ;2QK2i`B+ `2bi`B+iBQMb- T`QT2`iB2b Q7 i?2 p�+mmK K�;M2iB+
}2H/ +�M #2 QTiBKBx2/X h?2v �`2 M2+2bb�`v 7Q` i?2 T2`7Q`K�M+2 Q7 i?2 K�;@
M2iB+ }2H/ �M/ 7�+BHBi�i2 � 7m`i?2` }2H/ 2``Q` `2/m+iBQMX h?2 T`QT2`iB2b Q7 i?2
K�;M2iB+ }2H/ �`2 /2b+`B#2/ BM b2+iBQM RXRXk �M/ +�M #2 +�H+mH�i2/ #v 7QH@
HQrBM; K�;M2iB+ }2H/ HBM2b �HHQrBM; i?2 2tBbi2M+2 �M/ b?�T2 Q7 i?2 K�;M2iB+
~mt bm`7�+2b iQ #2 /2i2`KBM2/X h?2 +�H+mH�iBQM BM PLa1h mb2b � K�;M2iB+
}2H/ i?�i Bb `2/m+2/ iQ QM2 ?�H7@KQ/mH2X h?2 #2;BMMBM; Q7 i?2 ?�H7@KQ/mH2
Bb bQK2iBK2b `272``2/ iQ �b i?2 #2�M@b?�T2/ +`Qbb b2+iBQM �M/ i?2 2M/ �b
i?2 i`B�M;mH�` +`Qbb b2+iBQM Ub22 };m`2 RX3VX h?2 K�;M2iB+ }2H/ T`QT2`iB2b
�`2 +?�`�+i2`Bx2/ #v b2p2M [m�HBiv +`Bi2`B� mb2/ /m`BM; i?2 /2bB;M T`Q+2bb Q7
�`iB+H2 A � AAA,

Ç h?2 }2H/ HBM2 K�T ?�b � }t2/ TQBMi �i i?2 BMM2` HBKBi Q7 i?2 M2bi2/
K�;M2iB+ ~mt bm`7�+2 +�HH2/ i?2 K�;M2iB+ �tBbX h?2 TQbBiBQM �i i?2

k3
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#2;BMMBM; �M/ �i i?2 2M/ Q7 i?2 ?�H7@KQ/mH2 Q7 i?2 K�;M2iB+ �tBb �`2
2p�Hm�i2/X

Ç h?2 /Bz2`2M+2 #2ir22M i?2 K�;M2iB+ }2H/ bi`2M;i? ӷ QM i?2 �tBb �i
i?2 #2;BMMBM; �M/ �i i?2 2M/ Q7 i?2 ?�H7@KQ/mH2 Bb `272``2/ iQ �b i?2
K�;M2iB+ KB``Q`Ԝ � ӷ#2;BM  ӷ2M/ӷ#2;BM � ӷ2M/

� URXejV

h?2 K�;M2iB+ KB``Q` Bb BKTQ`i�Mi 7Q` i?2 +QM}M2K2Mi Q7 7�bi T�`iB+H2bX

Ç h?2 p�Hm2 Q7 i?2 `Qi�iBQM�H i`�Mb7Q`K ᅳ QM i?2 �tBb Bb /2`Bp2/ #v
7QHHQrBM; i?2 K�;M2iB+ �tBb Qp2` QM2 ?�H7@T2`BQ/X

Ç h?2 ᅳ p�Hm2 QM i?2 �tBb iQ;2i?2` rBi? � b2+QM/ ᅳ p�Hm2 Qz �tBb �HHQrb
�M �TT`QtBK�iBQM Q7 i?2 K�;M2iB+ b?2�` iQ #2 /2`Bp2/X

Ç h?2 K�;M2iB+ r2HH Bb /2}M2/ BM i2`Kb Q7 ?Qr [mB+FHv i?2 pQHmK2
2M+HQb2/ #v i?2 K�;M2iB+ }2H/ BM+`2�b2b rBi? `�/BmbX aBKBH�`Hv iQ i?2
K�;M2iB+ KB``Q`- i?2 K�;M2iB+ r2HH Bb +QKTmi2/ �b i?2 /Bz2`2M+2
#2ir22M irQ /BbiBM+i pQHmK2 BM+`2�b2b 2p�Hm�i2/ BM `�/B�H /B`2+iBQMX
h?2 K�;M2iB+ r2HH Bb BM/B+�iBp2 Q7 ;HQ#�H J>. bi�#BHBiv (Rd)X

Ç �T�`i 7`QK i?2 }2H/ 2``Q` i?�i [m�MiB}2b i?2 �HB;MK2Mi Q7 i?2 bm`7�+2b-
i?2 H�ii2` +�M #2 +?�`�+i2`Bx2/ BM 6Qm`B2` bT�+2 #v +QKTmiBM; i?2
6Qm`B2` +Q2{+B2Mib Q7 BMM2` ~mt bm`7�+2bX h?2v �`2 QTiBKBx2/ iQr�`/b
i?2 +Q2{+B2Mib Q7 i?2 +Q``2bTQM/BM; bm`7�+2b Q7 i?2 i�`;2i K�;M2iB+
}2H/X h?2 /2`Bp�iBQM BM PLa1h mb2b S1ah +QQ`/BM�i2b (Rk)X

.m`BM; i?2 /2bB;M T`Q+2bb- i?2 Q#D2+iBp2 7mM+iBQM ԕ Bb KBMBKBx2/ #v �M
QTiBKBx2` i?�i mb2b /2`Bp�iBp2 BM7Q`K�iBQM Q7 ԕX h?2 bim/B2b BM �`iB+H2 A �
AAA mb2 "`2MiǶb S_BMtBT�H �sAa K2i?Q/ (ey) BM PLa1h- r?B+? �TT`QtBK�i2b
i?2 >2bbB�M Q7 ԕ BM �M Bi2`�iBp2 T`Q+2bb �M/ QTiBKBx2b �HQM; Bib T`BM+BT�H
�t2bX 6P*la mb2b �M�HviB+�HHv /2`Bp2/ /2`Bp�iBp2b Q7 Bib Q#D2+iBp2 7mM+iBQM-
�M/ BM �`iB+H2 AAA r2 2KTHQv2/ i?2 +QMDm;�i2 ;`�/B2Mi K2i?Q/ iQ KBMBKBx2
i?2 Q#D2+iBp2 7mM+iBQMX

kN
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RX8X *QMbi`m+iBQM Q7 ai2HH�`�iQ`b
h?2 +?�HH2M;2b BM +QMbi`m+iBQM Q7 bi2HH�`�iQ`b HB2 T`BK�`BHv BM i?2 K�Mm7�+@
im`BM; Q7 i?2 +QBHb �M/ i?2 �bb2K#Hv Q7 i?2 +2Mi`�H +QBH bvbi2KX h?2 K�;M2iB+
}2H/ /2}M2/ #v i?2 +QBH bvbi2K Bb i?2 +`m+B�H T�`i Q7 � bi2HH�`�iQ` #2+�mb2 Bi
H�`;2Hv /2}M2b Bib T2`7Q`K�M+2X .m`BM; +QMbi`m+iBQM- +QBH b?�T2 �M/ TQbBiBQM
2``Q`b Q++m` i?�i +�M #2 2Bi?2` bvbi2K�iB+ Q` biQ+?�biB+X q?�i r2 K2�M
#v bvbi2K�iB+ 2``Q`b �`2 2``Q`b i?�i �`2 2[m�H 7Q` i?2 b�K2 +QMbi`m+iBQM
T`Q+2bb bm+? i?�i i?2v �`2 2[m�H 7Q` i?2 +QBHb Q7 i?2 b�K2 ivT2 /m`BM; i?2
K�Mm7�+im`BM; �M/ �`2 2[m�H 7Q` i?2 �bb2K#Hv Q7 i?2 b�K2 ?�H7@KQ/mH2 �M/
KQ/mH2X aiQ+?�biB+ 2``Q`b /Q MQi 7QHHQr � T`2/B+i�#H2 T�ii2`MX h?2v #`2�F
bi2HH�`�iQ` bvKK2i`v- bBM+2 i?2v �`2 mMB[m2 7Q` i?2 +Q``2bTQM/BM; T�`i Q7 i?2
+QBH bvbi2KX .2T2M/BM; QM i?2 +QMbi`m+iBQM bi2T- bvbi2K�iB+ 2``Q`b 2Bi?2`
K�BMi�BM Q` #`2�F bi2HH�`�iQ` bvKK2i`vX .m`BM; i?2 K�Mm7�+im`BM; T`Q+2bb-
bvbi2K�iB+ 2``Q`b K�BMi�BM bi2HH�`�iQ` bvKK2i`v r?2`2�b i?2v +�M #`2�F Bi
/m`BM; i?2 �bb2K#Hv T`Q+2bbX h?2 +QMbi`m+iBQM Q7 qd@s r�b /QKBM�i2/ #v
bvbi2K�iB+ 2``Q`b BM i?2 K�Mm7�+im`BM; T`Q+2bb �M/ #v biQ+?�biB+ 2``Q`b BM
i?2 �bb2K#Hv T`Q+2bb (eR)X h?2 +QMbi`m+iBQM iQH2`�M+2b 7Q` i?2 BM/BpB/m�H
T�`ib Q7 i?2 +QBH bvbi2K �`2 /2/m+2/ #v �M�HvxBM; i?2 BM/BpB/m�H 2z2+i Q7
i?2 /BbTH�+2K2Mi QM i?2 �HHQr2/ K�;M2iB+ }2H/ 2``Q` r?B+? BM im`M Bb /2@
/m+2/ 7`QK � T2`im`#�iBQM �M�HvbBb �7i2` i?2 }M�H +QBH bvbi2K ?�b #22M
/2bB;M2/X *QMbi`m+iBQM iQH2`�M+2b /2}M2 i?2 T`2+BbBQM `2[mB`2K2Mib /m`BM;
i?2 K�Mm7�+im`BM; T`Q+2bb �M/ i?2 2M;BM22`BM; `2[mB`2K2Mib /m`BM; i?2 �b@
b2K#HvX .BpB/BM; i?2 �p2`�;2 �HHQr2/ /BbTH�+2K2Mi T2` +QBH #v i?2 �p2`�;2
+QBH /B�K2i2` vB2H/b i?2 `2H�iBp2 +QMbi`m+iBQM iQH2`�M+2X

RX8XRX *QMbi`m+iBQM Q7 q2M/2Hbi2BM d@s
qd@s Bb � K�;M2iB+ 7mbBQM 2tT2`BK2Mi �i i?2 :`2B7br�H/ bBi2 Q7 i?2 J�t@
SH�M+F AMbiBimi2 7Q` SH�bK� S?vbB+b UASSV BM :2`K�MvX Ai Bb i?2 H�`;2bi
bi2HH�`�iQ` BM i?2 rQ`H/ U#v K�DQ` `�/BmbV �M/ r�b Tmi bm++2bb7mHHv BMiQ
QT2`�iBQM BM kyR8 rBi? � `2K�`F�#H2 +QM}`K�iBQM Q7 Bib K�;M2iB+ }2H/
iQTQHQ;v (ek)X qd@s �BKb iQ BMp2biB;�i2 K�DQ` T?vbB+b �M/ 2M;BM22`BM;
Bbbm2b 7Q` 7mim`2 7mbBQM TQr2` TH�Mib- BM+Hm/BM; jyKBM +QMiBMmQmb TH�bK�
/Bb+?�`;2b �i RyJq Q7 ?2�iBM; TQr2`X Ai Bb 2[mBTT2/ rBi? bmT2`+QM/m+iBM;
+QBHb �HHQrBM; 7Q` bi2�/v@bi�i2 QT2`�iBQMX qd@s Bb � ZA bi2HH�`�iQ` Ub22
b2+iBQM RXjV rBi? � }p2 T2`BQ/ bvKK2i`v �M/ �M �bT2+i `�iBQ ԇЈ�ԡЈ Q7 RyX

jy



RX8X *QMbi`m+iBQM Q7 ai2HH�`�iQ`b

h?2 +QMbi`m+iBQM Q7 qd@s `2[mB`2/ `2H�iBp2 +QBH iQH2`�M+2b #2ir22M yXRW @
yXRdW (eR)X h?2b2 bi`B+i iQH2`�M+2b H2/ iQ T`2+BbBQM `2[mB`2K2Mib M2+2bb�`v
7Q` i?2 +QMbi`m+iBQM Q7 i?2 +2Mi`�H +QBH bvbi2K i?�i r2`2 � K�DQ` +?�HH2M;2
�M/ �z2+i2/ #Qi? +Qbi �M/ b+?2/mH2 M2;�iBp2Hv- �b bi�i2/ BM (ej), ǳh?2
�bb2K#Hv T`Q+2bb r?B+? iQQF �#Qmi R yyy yyy K�M@?Qm`b mT iQ J�`+? kyR9-
r�b 2bb2MiB�HHv /QKBM�i2/ #v i?2 ?B;? /2K�M/b QM iQH2`�M+2b 7Q` i?2 TQbBiBQM
Q7 i?2 bmT2`+QM/m+iBM; +QBHbǴX

RX8XkX *QMbi`m+iBQM Q7 L*as
h?2 L�iBQM�H *QKT�+i ai2HH�`�iQ` 1tT2`BK2Mi UL*asV (e9) Bb � +QKT�+i
bi2HH�`�iQ` 2tT2`BK2Mi /2bB;M2/ #v i?2 S`BM+2iQM SH�bK� S?vbB+b G�TQ`�iQ`v
USSSGV BM L2r C2`b2v- la�X Ai Bb � Z� /2pB+2 Ub22 b2+iBQM RXjV rBi? � i?`22@
T2`BQ/ bvKK2i`v �M/ � HQr �bT2+i `�iBQ Q7 9X9X Aib TH�bK� #QmM/�`v r�b
/2bB;M2/ rBi? ah1GGPSh (e8) �M/ i?2 +Q``2bTQM/BM; K�;M2iB+ }2H/ r�b
T`Q/m+2/ #v R3 KQ/mH�` MQMTH�M�` +QBHb /2bB;M2/ rBi? *PAGPSh (8e)X "Qi?
/2bB;M bi2Tb mb2/ K�bbBp2Hv T�`�HH2H +QKTmi2`bX L*as r�b /B{+mHi iQ #mBH/
�M/ `2[mB`2/ iB;?i K�Mm7�+im`BM; �M/ �bb2K#Hv iQH2`�M+2b H2�/BM; iQ `2H�iBp2
+QMbi`m+iBQMb iQH2`�M+2b Q7 �`QmM/ yXy3WX h?2 �bbQ+B�i2/ /B{+mHiv �M/
`BbF Ǵr�b `2+Q;MBx2/ #mi mM/2`@�TT`2+B�i2/ �i i?2 T`QD2+i Qmib2iǴX (ee) h?2
+QMbi`m+iBQM- r?B+? #2;�M BM kyyj- +QmH/ MQi K22i i?2 `2[mB`2/ iQH2`�M+2bX
6Bt2b r2`2 rQ`F2/ Qmi #mi i?2 T`QD2+i `2T2�i2/Hv 2t+22/2/ Bib #m/;2i �M/
iBK2 HBKBib- r?B+? 2p2Mim�HHv `2bmHi2/ BM i?2 +�M+2HH�iBQM Q7 i?2 r?QH2 T`QD2+i
QM J�v kkM/ kyy3 (ed)X

RX8XjX *QMbi`m+iBQM Q7 *Lh
h?2 *QHmK#B� LQM@M2mi`�H hQ`mb U*LhV Bb � TH�bK� 2tT2`BK2Mi i?�i #2;�M
QT2`�iBQM BM kyy9 �M/ +QM+2Mi`�i2/ QM i?2 BMp2biB;�iBQM Q7 MQM@M2mi`�H
TH�bK�b +QM}M2/ QM K�;M2iB+ bm`7�+2bX Ai Bb mMB[m2 BM Bib bBKTH2 /2bB;M
+QMbBbiBM; Q7 QMHv 7Qm` +B`+mH�` +QBHb, irQ BMi2`HQ+F2/ +QBHb BMbB/2 i?2 p�+mmK
+?�K#2` �M/ � T�B` Q7 >2HK?QHix +QBHb QmibB/2X *Lh ?�b �M �bT2+i `�iBQ Q7
RXN- i?2 HQr2bi Q7 �Mv bi2HH�`�iQ` 2p2` #mBHiX .m`BM; i?2 /2bB;M Q7 *Lh- �
JQMi2@*�`HQ ivT2 T2`im`#�iBQM �M�HvbBb r�b T2`7Q`K2/ iQ /2i2`KBM2 i?2 +QBH
+m``2Mib �M/ i?2 �M;H2 #2ir22M i?2 BMi2`HQ+F2/ +QBHb (e3)X Ai Bb 2bb2MiB�HHv �
bBKTH2` p2`bBQM Q7 biQ+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM /2b+`B#2/ BM b2+iBQM
RXeX AMbi2�/ Q7 b2H2+iBM; i?2 +QM};m`�iBQM rBi? i?2 H�`;2bi K�;M2iB+ pQHmK2-

jR



*?�Ti2` RX AMi`Q/m+iBQM

i?2 +QM};m`�iBQM KQbi `2bBHB2Mi iQ +QBH /BbTH�+2K2Mib �M/ +m``2Mi p�`B�iBQMb
r�b +?Qb2MX h?Bb H2/ iQ �M BM+`2�b2 Q7 i?2 `2H�iBp2 +QBH iQH2`�M+2b iQ p�Hm2b
#2ir22M yX8W �M/ RWX (eN)- BX2X �#Qmi �M Q`/2` Q7 K�;MBim/2 ?B;?2` i?�M
qd@s �M/ L*asX h?Bb �HHQr2/ � brB7i �M/ BM2tT2MbBp2 +QMbi`m+iBQM r?2`2
b2p2`�H /Bb+`2T�M+B2b +QmH/ #2 �++2Ti2/X h?2 +QBH /BbTH�+2K2Mib r2`2 H�i2`
+QM}`K2/ (dy) iQ;2i?2` rBi? i?2 `Q#mbiM2bb Q7 i?2 K�;M2iB+ bm`7�+2b (dR)X
h?Bb T`Qp2b i?�i i?2 +?Qb2M +QM};m`�iBQM r�b BM/22/ `Q#mbi �;�BMbi +QBH
K�Mm7�+im`BM; �M/ BMbi�HH�iBQM 2``Q`bX h?2 >2bbB�M �TT`Q�+? i?�i /2i2`K@
BM2/ i?2 2``Q` }2H/b Q7 *Lh (dk) �b r2HH +QM}`K2/ i?2 `2bBHB2M+2X

RX8X9X 6BM�H _2K�`Fb
.m`BM; i?2 +QMbi`m+iBQM- /2pB�iBQMb Q7 i?2 +2Mi`�H +QBH bvbi2K BM 7Q`K Q7 +QBH
b?�T2 Q` TQbBiBQM 2``Q`b +�MMQi #2 �pQB/2/X h?2v +�M QMHv #2 `2/m+2/ r?B+?
Bb ?B;?Hv +QKTHB+�i2/ �M/ i?mb 2tT2MbBp2 �M/ iBK2 +QMbmKBM;X � `2HB�#H2
K2i?Q/ i?�i BM+`2�b2b +QMbi`m+iBQM iQH2`�M+2b rBi?Qmi +QKT`QKBbBM; i?2
T2`7Q`K�M+2 Q7 i?2 K�;M2iB+ }2H/ rQmH/ #2 ?B;?Hv #2M2}+B�HX

RXeX aiQ+?�biB+ ai2HH�`�iQ` *QBH PTiBKBx�iBQM
aiQ+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM mb2b `�M/QK MmK#2`b iQ KQ/2H mM+2`@
i�BMiB2b i?�i �`2 �#b2Mi BM i`�/BiBQM�H /2i2`KBMBbiB+ +QBH QTiBKBx�iBQMX h?2b2
mM+2`i�BMiB2b /2b+`B#2 /2pB�iBQMb /m`BM; i?2 +QMbi`m+iBQM i?�i �`2 mMFMQrM
�i i?2 iBK2 Q7 i?2 /2bB;M T`Q+2bbX h?2 T`Q+2/m`2 Bb r`�TT2/ �`QmM/ i?2
/2i2`KBMBbiB+ p2`bBQM Q7 +QBH QTiBKBx�iBQM Ub22 };m`2 RXdV �M/ #2;BMb rBi?
i?2 ;2M2`�iBQM Q7 Tb2m/Q@`�M/QK MmK#2`b (dj) rBi? � :�mbbB�M /Bbi`B#miBQMX
� MQ`K�H /Bbi`B#miBQM Bb +?Qb2M iQ KQ/2H i?2 /2pB�iBQMb BM � r�v M�im`�HHv
Q++m``BM; /m`BM; bm#b2[m2Mi +QMbi`m+iBQMX h?2 `�M/QK MmK#2`b �`2 mb2/
iQ +?�M;2 i?2 BMTmi T�`�K2i2`b ԧ ୮ ԍ Q7 i?2 Q#D2+iBp2 7mM+iBQM ԕ i?�i
/2b+`B#2 i?2 +QBH b2i BM i?2 T�`�K2i2` bT�+2 ԍX AM Q`/2` iQ `2/m+2 i?2 +QK@
Tmi�iBQM�H +Qbi- i?2 QTiBKBx�iBQM BM PLa1h +QM+2Mi`�i2b QM i?2 +QBHb Q7 QM2
?�H7@KQ/mH2X h?2 JQMi2@*�`HQ ivT2 T2`im`#�iBQM Q7 i?2 T�`�K2i2`b ԧ ୮ ԍ
i?2M H2�/b iQ +QBH /BbTH�+2K2Mib i?�i �`2 bi2HH�`�iQ` bvKK2i`B+X h?2 +QBH
/BbTH�+2K2Mib BM 1m+HB/2�M bT�+2 BM+Hm/2 +?�M;2b Q7 i?2 b?�T2 �M/ TQbBiBQM
Q7 i?2 +QBH +QM};m`�iBQM bm+? i?�i i?2 biQ+?�biB+ �TT`Q�+? +Qp2`b bvbi2K�iB+
2``Q`b BM i?2 +QBH K�Mm7�+im`BM; T`Q+2bbX h?2 T2`im`#�iBQM T`Q+2bb +`2�i2b

jk



RXeX aiQ+?�biB+ ai2HH�`�iQ` *QBH PTiBKBx�iBQM

6B;m`2 RXNX, a+?2K�iB+ /`�rBM; Q7 i?2 b�KTH2 +HQm/ KQpBM; i?`Qm;? i?2
T�`�K2i2` bT�+2 ԍ /m`BM; i?2 QTiBKBx�iBQMX h?2 `2/ /Qib �`2 i?2 mMT2`@
im`#2/ +QBH +QM};m`�iBQM �M/ 2�+? +HQm/ Bb �M BM/2T2M/2Mi 2p�Hm�iBQM Q7ӻկ	ԧ
Xԃ֎ b�KTH2b i?�i +�M #2 /2b+`B#2/ �b � b�KTH2 +HQm/ \ᅹք	ԧ
^ք�ЈӴwӴկ +Qp2`BM;

�M ԝ/BK2MbBQM�H `2;BQM Q7 i?2 T�`�K2i2` bT�+2 �`QmM/ i?2 mMT2`im`#2/
+QM};m`�iBQM ԧ ୮ ԍ Ub22 };m`2 RXNVX Ai ?QH/b 7Q` Ԙ ୮ \� w  ԃ֎^ᅹք	ԧ
 � ԧ � ᅯք rBi? ]ᅯք]  ]ԧ]� URXe9V

am#b2[m2MiHv- 2�+? 2H2K2Mi Q7 i?2 b�KTH2 +HQm/ Bb �M�Hvx2/ #v i?2 Q#D2+iBp2
7mM+iBQM ԕ vB2H/BM; ԃ֎ T2M�Hiv p�Hm2bX h?2 �p2`�;2 Q7 i?2 b2i Q7 T2M�Hiv
p�Hm2b \ԕ	ᅹք	ԧ

^ք�ЈӴwӴկ /2}M2b i?2 }iM2bb Q7 i?2 +QBH +QM};m`�iBQM BM i?2
biQ+?�biB+ b2Mb2 #v i�FBM; BM7Q`K�iBQM �#Qmi i?2 pB+BMBiv Q7 i?2 +QBH b2i BM i?2
T�`�K2i2` bT�+2 BMiQ �++QmMiX h?Bb `BbF@�p2`b2 Q#D2+iBp2 7mM+iBQM vB2H/b i?2
T2M�Hiv p�Hm2 Ԩ ୮ බ �M/ 2M/b i?2 biQ+?�biB+ T�`i Q7 i?2 QTiBKBx�iBQMX h?2
/2b+`B#2/ QTiBKBx�iBQM HQQT pBbm�HBx2/ BM };m`2 RXRy �``Bp2b �i i?2 QTiBKBx2`-
r?B+? mb2b i?2 BM7Q`K�iBQM Q7 i?2 T2M�Hiv p�Hm2 iQ +?Qb2 i?2 M2ti TQBMi BM
T�`�K2i2` bT�+2 bm+? i?�i i?2 QTiBKBx�iBQM HQQT +�M bi�`i Qp2`X

h?2 b�KTH2 +HQm/ \ᅹք	ԧ
^ք�ЈӴwӴկ Bb +?�`�+i2`Bx2/ #v i?2 MmK#2` Q7
b�KTH2b ԃ֎- i?2B` /Bbi`B#miBQM �`QmM/ i?2 mMT2`im`#2/ +QM};m`�iBQM- �M/

jj



*?�Ti2` RX AMi`Q/m+iBQM

P#D2+iBp2 6mM+iBQM

PTiBKBx2`

ԕ ԍ ݂ බ
_BbF@�p2`b2 P#D2+iBp2 6mM+iBQMӻկ  ԍ  ԃ ݂ බ

S2M�Hiv o�Hm2Ԩ ୮ බ

.BbTH�+2K2Miᅹք  ԍ ݂ ԍ
*QBH *QM};m`�iBQMԧ ୮ ԍ ୢ බ։

ӻկ	ԧ
 � φկ�φ ௴կք�Ј ԕ	ᅹք	ԧ


S2`im`#�iBQM

1p�Hm�iBQM

PTiBKBx�iBQM GQQT

*HQm/ Q7 a�KTH2b\ᅹք^φӴwӴկ

6B;m`2 RXRyX, h?2 QTiBKBx�iBQM HQQT Q7 +QBH QTiBKBx�iBQM Bb pBbm�HBx2/ r?B+?
?B;?HB;?ib i?2 /Bz2`2M+2b #2ir22M i?2 +H�bbB+ /2i2`KBMBbiB+ QTiBKBx�iBQM
�M/ i?2 M2rHv BMi`Q/m+2/ biQ+?�biB+ MQM@/2i2`KBMBbiB+ �TT`Q�+?X

i?2 2ti2Mi Q7 i?2 +HQm/X h?2 H�ii2` Bb [m�MiB}2/ #v i?2 �p2`�;2 T2`im`#�iBQM
�KTHBim/2

ᅧ � �ԃ֎ �ԃց ੁ կంք�φ
կՋంօ�φ ԟքօԟքօ URXe8V

r?2`2 ԟքօԟքօ Bb i?2 /Bbi�M+2 #2ir22M i?2 T2`im`#2/ ԟքօ �M/ mMT2`im`#2/ ԟքօ
}H�K2Mi TQBMiX h?2 bmK Bb i�F2M Qp2` �HH i?2 }H�K2Mi TQBMib ԃց i?�i /2b+`B#2
i?2 +QBH b2i- �M/ Qp2` �HH i?2 +QBH b2ib BM i?2 +HQm/ 2t+2Ti i?2 mMT2`im`#2/
QM2X

aiQ+?�biB+ +QBH QTiBKBx�iBQM b?B7ib i?2 QTiBKBx�iBQM Q7 � bBM;H2 +QBH +QM};@
m`�iBQM Ub22 2[X RX89V iQ i?2 QTiBKBx�iBQM Q7 � +HQm/ Q7 +QBH +QM};m`�iBQMb
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RXeX aiQ+?�biB+ ai2HH�`�iQ` *QBH PTiBKBx�iBQM

KBM֓୮չ ӻկ	ԧ
 URXeeV

rBi? ӻկ	ԧ
 � �ԃ֎ � � կంք�Ј ԕք	ԧ
 � �ԃ֎ � � կంք�Ј ԕ 	ᅹք	ԧ

 � URXedV

6Q` � ;Bp2M +QBH +QM};m`�iBQM ԧ ୮ ԍ i?2 p�Hm2 ӻկ	ԧ
 Bb i?2 b�KTH2 �p2`�;2
Q7 ԕ	ԧ
 r?B+? Bb �M mM#B�b2/ �M/ +QMbBbi2Mi 2biBK�iQ` (d9) Q7 i?2 2tT2+i2/
p�Hm2 ඩ 	ԕ	ԧ

 � ௷չ ԓ	Ԥ
ԕ	ԧ  Ԥ
 /Ԥ � <ԕ  ԓ>	ԧ
� URXe3V

h?2 BMi2;`�H Bb i�F2M Qp2` i?2 r?QH2 T�`�K2i2` bT�+2 ԍ bm+? i?�i i?2 T2`@
im`#�iBQM 7mM+iBQM ᅹ Bb `2TH�+2/ #v � /2MbBiv 7mM+iBQM ԓ  ԍ ݂ <� �>X AM Qm`
+�b2- Bi Bb i?2 ԝ@/BK2MbBQM�H :�mbbB�M /Bbi`B#miBQM �`QmM/ i?2 TQBMi ԧ ୮ ԍX
h?2 2tT2+i2/ p�Hm2 ඩ 	ԕ	ԧ

 vB2H/b i?2 �p2`�;2 }iM2bb Q7 i?2 +QBH +QM};m`@
�iBQM r?2M 2p2`v TQbbB#H2 T2`im`#�iBQM Bb +QMbB/2`2/ �M/ Bb 2bb2MiB�HHv i?2
+QMpQHmiBQM Q7 i?2 Q#D2+iBp2 7mM+iBQM rBi? i?2 +?Qb2M /2MbBiv 7mM+iBQMX

� +QBH +QM};m`�iBQM Bb KQ`2 `Q#mbi i?�M � `272`2M+2 +QM};m`�iBQM- r?2M
mM/2` T2`im`#�iBQM i?2 [m�HBiv Q7 Bib K�;M2iB+ }2H/ /2+`2�b2b H2bb QM �p2`�;2
i?�M i?2 [m�HBiv Q7 i?2 K�;M2iB+ }2H/ Q7 i?2 `272`2M+2 +QM};m`�iBQMX h?2
`Q#mbiM2bb Bb BMp2biB;�i2/ #v � T2`im`#�iBQM �M�HvbBbX h?2 [m�HBiv Q7 i?2
+Q``2bTQM/BM; K�;M2iB+ }2H/ Bb K2�bm`2/ #v i?2 [m�HBiv +`Bi2`B� H2�/BM;
iQ i?2 T2M�Hiv p�Hm2 Ԩ ୮ බ /2b+`B#BM; i?2 }iM2bb Q7 i?2 +QBH +QM};m`�iBQMX
h?2 T2M�Hiv p�Hm2 /Bbi`B#miBQM Q#i�BM2/ #v KmHiBTH2 T2`im`#�iBQMb vB2H/b
i?2 `Q#mbiM2bb BM7Q`K�iBQM Q7 i?2 +QBH +QM};m`�iBQM rX`XiX ԕ BM i2`Kb Q7 Bib
?2B;?i �M/ rB/i?X

h?2 biQ+?�biB+ QTiBKBx�iBQM KQ/2H U2[X RXedV QTiBKBx2b i?2 Q#D2+iBp2
7mM+iBQM ԕ QM �p2`�;2 rBi?Qmi ?�pBM; � /B`2+i T2M�Hiv QM i?2 `Q#mbiM2bb
Q7 i?2 Qmi+QK2X h?Bb Bb �+?B2p2/ #v � r2B;?i ᆂᇐ i?�i Bb KmHiBTHB2/ rBi?
i?2 bi�M/�`/ /2pB�iBQM ᅼ Q7 i?2 /Bbi`B#miBQM- �M/ �//2/ iQ i?2 Q#D2+iBp2
7mM+iBQM ӻկ	ԧ
ӻկӴᇐ	ԧ
 � �ԃ֎ � � կంք�Ј ԕք	ԧ
 � ᆂᇐᅼ� URXeNV
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*?�Ti2` RX AMi`Q/m+iBQM

h?2 T2M�Hiv QM i?2 bi�M/�`/ /2pB�iBQM i?�i i�`;2ib i?2 rB/i? Q7 i?2 T2M�Hiv
/Bbi`B#miBQM Bb � iQQH Q7 `BbF@�p2`b2 T`Q;`�KKBM; i?�i �BKb iQ QTiBKBx2
rQ`bi@+�b2 b+2M�`BQbX

je



k
amKK�`v Q7 �`iB+H2b

q2 i2bi2/ i?2 biQ+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM �TT`Q�+? BM �`iB+H2
A � AAA 7QHHQrBM; � +QKT�+i /2bB;M b2[m2M+2 7Q` i?2 Q`B;BM�H qd@s TH�bK�
#QmM/�`vX h?2 /2bB;M b2[m2M+2 +QM+2Mi`�i2b QM i?`22 ;2M2`�H i�`;2ib,

Ç 6B2H/ 1``Q`-

Ç :2QK2i`B+ S`QT2`iB2b-

Ç S`QT2`iB2b Q7 i?2 J�;M2iB+ 6B2H/X

h?2 K�BM /Bz2`2M+2 #2ir22M i?2 /2bB;M b2[m2M+2 BM �`iB+H2 A � AAA �`2
i?2 T?�b2b r?B+? /BpB/2 i?2 �7Q`2K2MiBQM2/ i�`;2ib �M/ /2}M2 i?2B` Q`/2`X
*QBH +QM};m`�iBQMb i?�i r2`2 QTiBKBx2/ biQ+?�biB+�HHv /Bz2` #v i?2

Ç MmK#2` Q7 b�KTH2b ԃ-

Ç �p2`�;2 T2`im`#�iBQM �KTHBim/2 ᅧ-
Ç /2;`22 Q7 +QBH /BbTH�+2K2Mi mb2/ /m`BM; i?2 T2`im`#�iBQMbX

h?2 /2;`22 Q7 +QBH /BbTH�+2K2Mi /2b+`B#2b i?2 bi`m+im`2 Q7 i?2 K�MB7QH/
QM r?B+? i?2 /BbTH�+2K2Mib Q++m` �M/ Bib +Q``2bTQM/BM; /BK2MbBQMX q2
/Bz2`2MiB�i2 #2ir22M

Ç irQ@/BK2MbBQM�H /BbTH�+2K2Mib Q7 i?2 +QBHb �HQM; i?2 rBM/BM; bm`7�+2-

Ç }`bi bi�;2 Q7 i?`22@/BK2MbBQM�H /BbTH�+2K2Mib- r?2`2 �//BiBQM�HHv i?2
rBM/BM; bm`7�+2 Bb T2`im`#2/-

jd



*?�Ti2` kX amKK�`v Q7 �`iB+H2b

Ç 2ti2M/2/ i?`22@/BK2MbBQM�H T2`im`#�iBQM- r?2`2 2�+? +QBH Bb BM/2T2M/@
2MiHv BMi2`TQH�i2/ #2ir22M i?2 irQ HBKBiBM; bm`7�+2bX

�HH T2`im`#�iBQMb T`2b2`p2 i?2 }p2@T2`BQ/ bvKK2i`v Q7 i?2 K�;M2iB+ }2H/
/2}M2/ #v i?2 Q`B;BM�H qd@s TH�bK� #QmM/�`vX h?2 `2bmHib Q7 i?2 biQ+?�biB+
+QBH QTiBKBx�iBQM �`2 +QKT�`2/ iQ i?2 bBM;H2 b�KTH2 p2`bBQM Q7 PLa1h �M/
6P*laX h?2B` �p2`�;2 T2`im`#�iBQM �KTHBim/2 Bb 2bb2MiB�HHv yKK �M/ i?2
QTiBKBx�iBQM Bb /2i2`KBMBbiB+X �HH QTiBKBx�iBQMb rBi? i?2 /2i2`KBMBbiB+ Q`
MQM@/2i2`KBMBbiB+ p2`bBQM Q7 PLa1h �;`22 QM i?2 b�K2 bi�`iBM; +QBH +QM};@
m`�iBQM �M/ mb2 "`2MiǶb T`BM+BT�H �tBb K2i?Q/ iQ KBMBKBx2 i?2B` BM/BpB/m�H
Q#D2+iBp2 7mM+iBQMX h?2 QTiBKBx�iBQMb rBi? 6P*la bi�`i2/ rBi? +B`+mH�`
+QBHb �M/ Bib Q#D2+iBp2 7mM+iBQM r�b KBMBKBx2/ #v i?2 +QMDm;�i2 ;`�/B2Mi
K2i?Q/X

AM �`iB+H2 AA r2 mb2/ i?2 +QBH +QM};m`�iBQMb QTiBKBx2/ BM �`iB+H2 A
�M/ 2ti2M/2/ i?2 BMp2biB;�iBQM Q7 i?2B` }iM2bbX q2 +QKTmi2/ i?2B` K�;M2iB+
}2H/b �M/ /2`Bp2/ ਓᅬਔ � �� 2[mBHB#`B� rBi? oJ1* (ky)- BM r?B+? i?2 /2MbBiv
�M/ i2KT2`�im`2 T`Q}H2b �`2 BM �;`22K2Mi rBi? i?2 `2bmHib Q7 i?2 H�i2bi
2tT2`BK2Mi�H +�KT�B;M Q7 i?2 qd@s 2T2`BK2Mi UPSRXk� �M/ PSRXk# (d8Ĝ
dd) VX h?2M- r2 �M�Hvx2/ i?2B` }iM2bb rX`XiX iQ i?2 T2`7Q`K�M+2 +`Bi2`B�
Uqd@s Q#D2+iBp2b- b22 b2+iBQM RXjV i?�i Q`B;BM�HHv H2/ iQ i?2 b?�T2 Q7 i?2
i�`;2i K�;M2iB+ }2H/ mb2/ /m`BM; i?2 QTiBKBx�iBQM T`Q+2bbX �//BiBQM�HHv- r2
�M�Hvx2/ i?2 ;v`QFBM2iB+ #2?�pBQ` Q7 � bm#b2i Q7 i?`22 +�b2bX

kXRX �`iB+H2 A, ai2HH�`�iQ` +QBH QTiBKBx�iBQM
iQr�`/b ?B;?2` 2M;BM22`BM; iQH2`�M+2b

h?2 }`bi biQ+?�biB+ bi2HH�`�iQ` +QBH /2bB;M bim/v mb2/ irQ@/BK2MbBQM�H T2`@
im`#�iBQMb- r?2`2 2�+? +QBH r�b BM/2T2M/2MiHv /BbTH�+2/ �HQM; i?2 rBM/BM;
bm`7�+2X h?2 T2`im`#�iBQMb Q7 i?2 +QBH +QM};m`�iBQM mb2/ �M �p2`�;2 T2`@
im`#�iBQM �KTHBim/2 Q7 �TT`QtBK�i2Hv kKKX h?2 i2bi BM+Hm/2/ bBt /Bz2`2Mi
b�KTH2 bBx2b ԃ � � ��� ���� ���� ���� ����X h?2 +�b2 rBi? QM2 b�KTH2
`2/m+2b iQ i?2 /2i2`KBMBbiB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM +�b2 +�HH2/ i?2 `27@
2`2M+2 +�b2X q2 `272` iQ i?2 `2bi �b biQ+?�biB+ +�b2 ԃX h?2 /2bB;M b2[m2M+2
mb2/ BM i?Bb bim/v /BpB/2b i?2 ;2M2`�H i�`;2ib BMiQ irQ T?�b2bX h?2 Rbi T?�b2
+QM+2Mi`�i2b QM i?2 }2H/ 2``Q` r?BH2 bBKmHi�M2QmbHv BKTH2K2MiBM; i?2 ;2Q@
K2i`B+ T`QT2`iB2bX h?2 kM/ T?�b2 7Q+mb2b QM i?2 T`QT2`iB2b Q7 i?2 p�+mmK
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kXRX �`iB+H2 A, ai2HH�`�iQ` +QBH QTiBKBx�iBQM iQr�`/b ?B;?2` 2M;BM22`BM;
iQH2`�M+2b

K�;M2iB+ }2H/X

q2 2p�Hm�i2/ i?2 }iM2bb Q7 i?2 +QBH +QM};m`�iBQMb �7i2` i?2 }`bi QTiBK@
Bx�iBQM `mM- r?2`2 i?2 K�DQ`Biv Q7 i?2 T2M�Hiv p�Hm2 Bb `2/m+2/X q2 i?2M
+QM+Hm/2/ i?2 /2bB;M T`Q+2bb �M/ �M�Hvx2/ i?2B` }M�H `Q#mbiM2bb rX`XiX i?2
Q#D2+iBp2 7mM+iBQM ԕ BM � T2`im`#�iBQM �M�HvbBb i?�i T2`im`#2/ i?2 +QBH +QM@
};m`�iBQMb Ryy yyy iBK2b rBi? i?2 b�K2 i2+?MB[m2 �M/ �p2`�;2 T2`im`#�iBQM
�KTHBim/2 �b mb2/ /m`BM; i?2 QTiBKBx�iBQMX h?2 `2bmHib �`2 T`2b2Mi2/ BM 7Q`K
Q7 T2M�Hiv p�Hm2 ?BbiQ;`�Kb i?�i �`2 2ti2M/2/ #v i?2 }iM2bb Q7 i?2 mMT2`@
im`#2/ +QBH +QM};m`�iBQM BM 7Q`K Q7 � bi`�B;?i HBM2X hQ +�Tim`2 i?2 +?�M;2 BM
`Q#mbiM2bb r?2M i?2 �p2`�;2 T2`im`#�iBQM �KTHBim/2 Bb BM+`2�b2/- r2 K2�b@
m`2/ i?2 +?�M;2 Q7 i?2 ?BbiQ;`�Kb rBi? 7Qm` T2`+2MiBH2b i?�i +Q``2bTQM/ iQ
i?2 NyW- N8W- N3W �M/ NNW +QM}/2M+2 BMi2`p�HX

h?2 +QBH /2bB;M bim/v BM �`iB+H2 A /2KQMbi`�i2/ i?2 �/p�Mi�;2 Q7 biQ@
+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM +QKT�`2/ iQ i?2 +H�bbB+ /2i2`KBMBbiB+
+QBH QTiBKBx�iBQMX 6QHHQrBM; i?2 b�K2 /2bB;M b2[m2M+2- r2 +QmH/ BM+`2�b2
i?2 T2`7Q`K�M+2 Q7 i?2 /2bB;M T`Q+2bb #v HQr2`BM; i?2 T2M�Hiv p�Hm2 #v kyW
r?BH2 bBKmHi�M2QmbHv BM+`2�bBM; i?2 `Q#mbiM2bb rX`XiX i?2 Q#D2+iBp2 7mM+iBQMԕX h?2 M2r QTiBKBx�iBQM i2+?MB[m2 7QmM/ /Bz2`2MiHv b?�T2/ KBMBK� rBi?
?B;?2` T2�Fb �M/ bK�HH2` rB/i?b i?�i b?Qr2/ #2ii2` T2`7Q`K�M+2 �i �M
�p2`�;2 T2`im`#�iBQM �KTHBim/2 Q7 kKK �M/ #2vQM/X *QKT�`BM; i?2 #2?�@
pBQ` Q7 i?2 biQ+?�biB+ +�b2 3yyy /B`2+iHv iQ i?2 `272`2M+2 +�b2 �i i?2 NNW
+QM}/2M+2 BMi2`p�H- r2 +QmH/ `2H�t i?2 �p2`�;2 T2`im`#�iBQM �KTHBim/2 #v
KQ`2 i?�M � 7�+iQ` Q7 irQ 7Q` i?2 b�K2 `BbF i�F2MX h?2 b�K2 +QKT�`BbQM
vB2H/b M2�`Hv � 7�+iQ` Q7 i?`22 �i i?2 NyW +QM}/2M+2 BMi2`p�HX q2 TQBMi Qmi
i?�i i?2 BM+`2�b2/ `Q#mbiM2bb rX`XiX i?2 Q#D2+iBp2 7mM+iBQM ԕ r�b Q#i�BM2/
rBi?Qmi � T2M�Hiv QM i?2 T2M�Hiv p�Hm2 /Bbi`B#miBQM- 2X;X QM i?2 bi�M/�`/
/2pB�iBQM- QMHv #v mbBM; biQ+?�biB+ QTiBKBx�iBQMX h?2 i2+?MB[m2 Q7 biQ+?�b@
iB+ QTiBKBx�iBQM +?�M;2b i?2 T�`�K2i2` bT�+2- r?B+? ?�b � #2M2}+B�H 2z2+i
r?2M i?2 b�KTH2 bBx2 Bb H�`;2X h?2 QTiBKBx�iBQM bT�+2 Bb bKQQi?2/- r?B+?
T`2p2Mib i?2 QTiBKBx2` 7`QK ;2iiBM; bim+F BM HQ+�H KBMBK�X h?2 biQ+?�biB+
QTiBKBx�iBQM HQb2b i?2 �#BHBiv iQ +�Tim`2 i?2 ;2M2`�H bi`m+im`2 Q7 i?2 Q`B;BM�H
QTiBKBx�iBQM bT�+2 ԕ	ԍ
 r?2M i?2 b�KTH2 bBx2 Bb HQrX h?Bb K2�Mb i?�i i?2
T�`�K2i2` bT�+2 Q7 i?2 biQ+?�biB+ QTiBKBx�iBQM ӻկԾ	ԍ
 Bb ~�ii2M2/ Qmi iQQ
Km+?- r?B+? ?�Hib i?2 QTiBKBx�iBQM T`Q+2bbX
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*?�Ti2` kX amKK�`v Q7 �`iB+H2b

kXkX �`iB+H2 AA, S?vbB+b �M�HvbBb Q7 `2bmHib Q7
biQ+?�biB+ �M/ +H�bbB+ bi2HH�`�iQ` +QBH
QTiBKBx�iBQM

.m`BM; +QMp2MiBQM�H +QBH /2bB;M- i?2 }iM2bb Q7 i?2 +QBH +QM};m`�iBQMb Bb b2i
#v i?2 Q#D2+iBp2 7mM+iBQM ԕ i?�i K2�bm`2b Bi #v K2�Mb Q7 +?Qb2M [m�HBiv
+`Bi2`B�X h?2v [m�MiB7v i?2 /Bz2`2M+2 #2ir22M i?2 i�`;2i K�;M2iB+ }2H/
�M/ i?2 K�;M2iB+ }2H/ T`Q/m+2/ #v i?2 +QBH +QM};m`�iBQM- �M/ �//BiBQM�HHv
`2bi`B+i i?2 b?�T2 Q7 i?2 +QBH +QM};m`�iBQM BM bm+? � r�v i?�i Bi Bb 72�bB#H2 7Q`
� bm#b2[m2Mi +QMbi`m+iBQMX >2M+2- i?2 [m�HBiv Q7 i?2 mM/2`HvBM; K�;M2iB+
}2H/ Bb QMHv K2�bm`2/ rX`Xi i?2 i�`;2i K�;M2iB+ }2H/X h?2 �+im�H }iM2bb
Q7 i?2 mM/2`HvBM; K�;M2iB+ }2H/ Bb mMFMQrM /m`BM; i?2 +QBH /2bB;M T`Q+2bbX
h?2`27Q`2- r2 +?�M;2/ i?2 T2`bT2+iBp2 BM �`iB+H2 AA �M/ �M�Hvx2/ i?2 }iM2bb
Q7 K�;M2iB+ }2H/b T`Q/m+2/ #v i?2 +QBH +QM};m`�iBQMb QTiBKBx2/ BM �`iB+H2
A- #v K2�Mb Q7 i?2 T2`7Q`K�M+2 +`Bi2`B� i?�i H2/ iQ i?2 b?�T2 Q7 i?2 Q`B;BM�H
qd@s TH�bK� #QmM/�`vX h?2 `2bmHib �`2 `�MF2/ #v i?2 i�`;2i K�;M2iB+
}2H/X h?2 K�;M2iB+ }2H/b �`2 mb2/ iQ +�H+mH�i2 ਓᅬਔ � �� 2[mBHB#`B� rBi?
oJ1* (ky)X h?2 ਓᅬਔ � �� 2[mBHB#`BmK Bb QM2 Q7 i?2 /2bB;M ;Q�Hb Q7 qd@s
�M/ � `2�+iQ`@`2H2p�Mi `2;BK2X h?2 �M�HvbBb Q7 i?2 qd@s Q#D2+iBp2b BM+Hm/2b
�M BMp2biB;�iBQM Q7 i?2 a?�7`�MQp b?B7i- ;HQ#�H J>. bi�#BHBiv- M2Q+H�bbB+�H
i`�MbTQ`i �M/ +QM}M2K2Mi Q7 7�bi T�`iB+H2bX q2 2ti2M/2/ i?Bb HBbi #v �M
BMp2biB;�iBQM Q7 ;v`QFBM2iB+ #2?�pBQ`X

�HH +�M/B/�i2b ?�p2 [mBi2 ;QQ/ �;`22K2Mi QM i?2 p�Hm2b Q7 i?2 [m�HBiv
+`Bi2`B� mb2/ /m`BM; i?2 QTiBKBx�iBQMX h?Bb ;m�`�Mi22b i?�i i?2v �`2 �HH
p�HB/ �TT`QtBK�iBQMb Q7 i?2 i�`;2i K�;M2iB+ }2H/X h?2 T2`7Q`K�M+2 /Bz2`@
2M+2 #2ir22M i?2 biQ+?�biB+ +�b2 3yyy �M/ i?2 `272`2M+2 +�b2 `2K�BMb r?2M
�M�HvxBM; i?2 }MBi2@ᅬ 2z2+ib Q7 i?2 irQ K�;M2iB+ }2H/bX >2M+2- i?2 bBim�iBQM
Bb r2HH +�Tim`2/ #v i?2 T2M�Hiv 7mM+iBQMX q2 7QmM/ � bm`T`BbBM;Hv ;QQ/
T2`7Q`K�M+2 Q7 i?2 biQ+?�biB+ +�b2b ԃ � ��� ����- r?B+? ?�p2 � ?B;?2`
T2M�Hiv p�Hm2 i?�M i?2 `272`2M+2 +�b2X 1bT2+B�HHv i?2 }iM2bb Q7 i?2 biQ+?�biB+
+�b2 Ryy Bb MQi r2HH `2T`2b2Mi2/ #v Bib H�`;2 T2M�Hiv p�Hm2X q2 +QM+Hm/2 i?�i
biQ+?�biB+ +QBH QTiBKBx�iBQM QmiT2`7Q`Kb /2i2`KBMBbiB+ +QBH QTiBKBx�iBQM B`@
`2bT2+iBp2Hv Q7 i?2 MmK#2` Q7 b�KTH2b Uԃ ଯ ���VX h?2 BMp2biB;�iBQM b?Qrb
i?�i i?2 T2M�Hiv 7mM+iBQM /Q2b MQi `2T`2b2Mi i?2 T?vbB+b T2`7Q`K�M+2 Q7 i?2
QTiBKmK T2`72+iHv �M/ i?�i #2ii2` T`QtB2b 7Q` J>. bi�#BHBiv �`2 M2+2bb�`vX
h?2 BMp2biB;�iBQM Q7 ;v`QFBM2iB+ #2?�pBQ` b?Qr2/ MQ bB;MB}+�Mi /Bz2`2M+2
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kXjX �`iB+H2 AAA, AKT`Qp2/ T2`7Q`K�M+2 Q7 bi2HH�`�iQ` +QBH /2bB;M
QTiBKBx�iBQM

#2ir22M i?2 biQ+?�biB+ +�b2 3yyy- i?2 `272`2M+2 +�b2 �M/ i?2 i�`;2i K�;M2iB+
}2H/- bm;;2biBM; i?�i i?2 /Bz2`2M+2b BM i?2 K�;M2iB+ }2H/ �`2 iQQ bK�HH iQ
+�Tim`2 �Mv im`#mH2Mi i`�MbTQ`i /Bz2`2M+2bX

kXjX �`iB+H2 AAA, AKT`Qp2/ T2`7Q`K�M+2 Q7
bi2HH�`�iQ` +QBH /2bB;M QTiBKBx�iBQM

q2 2ti2M/2/ i?2 }`bi biQ+?�biB+ bi2HH�`�iQ` +QBH /2bB;M bim/v U�`iB+H2 AV
#v brBi+?BM; iQ i?22@/BK2MbBQM�H T2`im`#�iBQMb- BM+`2�bBM; i?2 MmK#2` Q7
b�KTH2b ԃ iQ ky yyy- �M/ mbBM; � `BbF@�p2`b2 T2M�Hiv QM i?2 bi�M/�`/ /2@
pB�iBQMX q2 �//BiBQM�HHv +?�M;2/ i?2 7Q+mb Q7 i?2 /2bB;M b2[m2M+2 iQ +QM@
+2Mi`�i2 QM 2�+? ;2M2`�H i�`;2i b2T�`�i2Hv #v /BpB/BM; Bi BMiQ i?`22 T?�b2bX
h?2 Rbi T?�b2 bQH2Hv +QM+2Mi`�i2b QM i?2 `2/m+iBQM Q7 i?2 }2H/ 2``Q`- i?2 kM/

T?�b2 �BKb iQ }t i?2 ;2QK2i`B+ T`QT2`iB2b Q7 i?2 +QBH +QM};m`�iBQM- r?BH2
i?2 j`/ T?�b2 7Q+mb2b QM QTiBKBxBM; i?2 T`QT2`iB2b Q7 i?2 p�+mmK K�;M2iB+
}2H/X q2 +?Qb2 i?`22 +�M/B/�i2b rBi? p�`vBM; �p2`�;2 T2`im`#�iBQM �KT@
HBim/2, yKK- kKK- �M/ 8KKX h?2 +�b2 rBi? yKK �;�BM `2/m+2b iQ i?2
/2i2`KBMBbiB+ +QBH QTiBKBx�iBQM +�b2 +�HH2/ i?2 `272`2M+2 +�b2 PLa1hX qBi?
i?2 �BK iQ Tmi Qm` `2bmHib BMiQ � #`Q�/2` T2`bT2+iBp2- �M �//BiBQM�H `272`2M+2
+�b2 >u"_A. mb2b i?2 6P*la bmBi2 iQ `2/m+2 i?2 }2H/ 2``Q` BM T?�b2 A
�M/ +QM+Hm/2b i?2 /2bB;M T?�b2 AA �M/ AAA rBi? i?2 /2i2`KBMBbiB+ p2`bBQM Q7
PLa1hX

h?2 biQ+?�biB+ +�b2b mb2 i?2 bBKTH2 i?`22@/BK2MbBQM�H T2`im`#�iBQM BM
T?�b2 A �M/ AA- r?B+? +QKT�`2/ iQ i?2 /2pB�iBQM i2+?MB[m2 mb2/ BM �`iB+H2
A �//BiBQM�HHv T2`im`#b i?2 rBM/BM; bm`7�+2X lM7Q`imM�i2Hv- Bi r�b MQi TQb@
bB#H2 iQ }t i?2 ;2QK2i`B+ T`QT2`iB2b Q7 i?2 `272`2M+2 +�b2 BM T?�b2 AAX h?2
;2QK2i`B+ T2M�HiB2b mb2/ BM PLa1h r2`2 MQi �#H2 iQ `2+iB7v i?2 FBMF BM
QM2 Q7 i?2 +QBHbX �HH Qi?2` +�b2b +QM+Hm/2/ i?2 /2bB;M T`Q+2bbX AM T?�b2 AAA-
i?2 T�`�K2i`Bx�iBQM Q7 i?2 biQ+?�biB+ +�b2b Bb +?�M;2/ BM bm+? � r�v i?�i
2�+? +QBH Bb BM/BpB/m�HHv BMi2`TQH�i2/ #2ir22M i?2 irQ HBKBiBM; bm`7�+2bX h?Bb
+?�M;2 Q7 T�`�K2i`Bx�iBQM BM+`2�b2b i?2 i?`22@/BK2MbBQM�H ~2tB#BHBiv Q7 i?2
+QBH +QM};m`�iBQM �M/ K�F2b � +QKT�`BbQM rBi? i?2 +QBH ~2tB#BHBiv BM 6P*la
TQbbB#H2X h?2 `272`2M+2 +�b2 >u"_A. mb2b i?2 2ti2M/2/ i?`22@/BK2MbBQM�H
T�`�K2i`Bb�iBQM i?`Qm;?Qmi T?�b2 AA �M/ AAAX

h?2 BMp2biB;�iBQM +QM+2Mi`�i2/ QM i?2 /2p2HQTK2Mi Q7 i?2 }2H/ 2``Q`
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*?�Ti2` kX amKK�`v Q7 �`iB+H2b

i?`Qm;?Qmi i?2 i?`22 T?�b2b Q7 i?2 /2bB;M b2[m2M+2X � /B`2+i +QKT�`BbQM iQ
i?2 `2bmHib Q7 i?2 +QBH QTiBKBx�iBQM bim/v BM �`iB+H2 A b?Qrb � bB;MB}+�Mi
`2/m+iBQM Q7 i?2 }2H/ 2``Q`X h?Bb Bb +�mb2/ #v i?2 BM+`2�b2 Q7 i?2 MmK#2`
Q7 b�KTH2b- i?2 �//BiBQM�H T2`im`#�iBQM Q7 i?2 rBM/BM; bm`7�+2- �M/ KQbi
BKTQ`i�MiHv #v QKBiiBM; i?2 ;2QK2i`B+ +QMbi`�BMib BM i?2 }`bi T?�b2 Q7 i?2
/2bB;M b2[m2M+2X aBKBH�`Hv iQ i?2 `Q#mbiM2bb BM+`2�b2 BM i?2 T`2pBQmb bim/v
U�`iB+H2 AV- r?2`2 MQ T2M�Hiv QM i?2 T2M�Hiv p�Hm2 /Bbi`B#miBQM r�b mb2/-
biQ+?�biB+ +QBH QTiBKBx�iBQM `2/m+2b i?2 K�tBK�H �M/ �p2`�;2 +QBH +m`p�im`2
r?2M MQ ;2QK2i`B+ +QMbi`�BMib �`2 T`2b2Mi BM i?2 T2M�Hiv 7mM+iBQMX AM i?Bb
bBim�iBQM- i?2 biQ+?�biB+ �TT`Q�+? T`2p2Mib i?2 QTiBKBx2` 7`QK ;2iiBM; bim+F
BM HQ+�H- MQM@QTiBK�H- KBMBK� BM +QMi`�bi iQ i?2 bBim�iBQM Q7 i?2 `272`2M+2
+�b2 PLa1hX >2M+2- ;2QK2i`B+ +QMbi`�BMib �`2 M2+2bb�`v iQ �pQB/ HQ+�H KBM@
BK�- #mi B7 +?Qb2M iQQ iB;?i- i?2v +�M Dmbi �b r2HH ?�Hi i?2 QTiBKBx�iBQMX h?2
}M�H }iM2bb Q7 i?2 +QBH +QM};m`�iBQMb +QmH/ #2 bB;MB}+�MiHv BM+`2�b2/ rBi?
i?2 biQ+?�biB+ p2`bBQM Q7 PLa1h- r?B+? Bb +HQb2Hv 7QHHQr2/ #v i?2 }iM2bb Q7
i?2 `272`2M+2 +�b2 >u"_A.X AM i?2 }M�H T2`im`#�iBQM �M�HvbBb i?2 MmK#2`
Q7 b�KTH2b Bb BM+`2�b2/ iQ ԃ � kyy yyy �M/ i?2 2ti2M/2/ i?`22@/BK2MbBQM�H
/BbTH�+2K2Mi Bb mb2/ r?BH2 i?2 �p2`�;2 T2`im`#�iBQM �KTHBim/2 Bb F2Ti �;�BM
}t2/ �i kKKX h?2 biQ+?�biB+ +QBH QTiBKBx�iBQM b?Qr2/- bBKBH�`Hv iQ i?2 }`bi
bim/v U�`iB+H2 AV- �M BM+`2�b2/ `Q#mbiM2bb +QKT�`2/ iQ i?2 `272`2M+2 +�b2
>u"_A.X h?2 `Q#mbiM2bb BM+`2�b2 Bb +�mb2/ T�`iHv #v i?2 `BbF@�p2`b2 iQQH
�M/ i?2 biQ+?�biB+ i2+?MB[m2 Bib2H7X h?2 +QKT�`BbQM rBi? 6P*la /2KQM@
bi`�i2/ i?2 �/p�Mi�;2 Q7 QTiBKBxBM; rBi? /2`Bp�iBp2b r?BH2 i?2 +QKT�`BbQM
#2ir22M i?2 irQ biQ+?�biB+ +�b2b b?Qr2/ i?�i 72r2` 2p�Hm�iBQMb �`2 M2+2b@
b�`v iQ +QMp2`;2 iQ � KBMBKmK r?2M i?2 �p2`�;2 T2`im`#�iBQM �KTHBim/2
Bb ?B;?2`X
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L2�` h2`K P#D2+iBp2b

� M�im`�H r�v iQ 2ti2Mi i?2 BMp2biB;�iBQM Q7 biQ+?�biB+ bi2HH�`�iQ` +QBH QT@
iBKBx�iBQM Bb iQ `2}M2 i?2 p�`BQmb �bT2+ib Q7 i?2 QTiBKBx�iBQM T`Q+2/m`2
r?BH2 �TTHvBM; Bi iQ M2r bi�i2@Q7@i?2@�`i QTiBKBx�iBQM T`Q#H2KbX 1K2`;BM;
+QBH QTiBKBx�iBQM T`Q#H2Kb �`2 � M2r [m�bB@�tBbvKK2i`B+ +QM};m`�iBQM (d3)
i?�i ?�b i?2 TQi2MiB�H BM #2+QKBM; i?2 T`2/2+2bbQ` iQ i?2 �a.1s lT;`�/2
U�l:V T`QD2+i �i ASS :�`+?BM;- �M/ i?2 T`2b2Mi bi2HH�`�iQ` .1JPMbi`�iBQM
TQr2` TH�Mi U.1JPV /2bB;M /2p2HQT2/ #v JX .`2pH�F �i ASS :`2B7br�H/X
h?2 `2}M2K2Mi b?QmH/ +QM+2Mi`�i2 QM i?2 i?`22 K�BM �bT2+ib mb2/ BM i?2
biQ+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM HQQT Ub22 };m`2 RXRyV,

Ç S2`im`#�iBQM-

Ç 1p�Hm�iBQM-

Ç PTiBKBx2`X

�//BiBQM�HHv- QM2 +�M BKT`Qp2 i?2 Q#D2+iBp2 7mM+iBQM ԕ Q7 /2i2`KBMBbiB+ +QBH
QTiBKBx�iBQM UBM T�`iB+mH�` i?2 [m�HBiv +`Bi2`B�V �M/ `2}M2 i?2 K�i?2K�iB+�H
/2b+`BTiBQM Q7 i?Bb bT2+B�H ivT2 Q7 biQ+?�biB+ QTiBKBx�iBQMX

h?2 T2`im`#�iBQM Q7 i?2 +QBH +QM};m`�iBQM Bb i?2 +`m+B�H 2H2K2Mi Q7 biQ@
+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM- bBM+2 #v /2}MBM; i?2 p�`B�iBQMb Q7 i?2
+QBH +QM};m`�iBQM Bi /B+i�i2b r?�i i?2 H�ii2` Bb QTiBKBx2/ 7Q`X � b?B7i Q7 i?2
T2`im`#�iBQM 7`QK T�`�K2i2` bT�+2 iQ 1m+HB/2�M bT�+2 �HHQrb i?2 +QBH b?�T2
�M/ +QBH TQbBiBQM mM+2`i�BMiB2b #2 QTiBKBx2/ b2T�`�i2HvX "v 2ti2M/BM; i?2
T2`im`#�iBQMb iQ ?�H7@KQ/mH2b �M/ KQ/mH2b- BM+Hm/BM; T2`im`#�iBQMb i?�i
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*?�Ti2` jX L2�` h2`K P#D2+iBp2b

#`2�F i?2 bvKK2i`v Q7 i?2 /2pB+2- QM2 Bb �#H2 iQ KQ/2H i?2 r?QH2 +QMbi`m+@
iBQM T`Q+2bb Q7 � bi2HH�`�iQ`X h?2 [m2biBQM B7 QM2 +�M QTiBKBx2 7Q` bi2HH�`�iQ`
�bvKK2i`B+ T2`im`#�iBQMb Bb mM�Mbr2`2/- #mi ?B;?Hv /2bB`2/- bBM+2 i?2v r2`2
i?2 /QKBM�Mi 2``Q`b /m`BM; i?2 �bb2K#Hv Q7 qd@s (eR)X lHiBK�i2Hv- /Bz2`2Mi
`�M/QK MmK#2` ;2M2`�iQ`b b?QmH/ #2 i2bi2/- 2X;X Zm�bB@JQMi2 *�`HQX h?2v
?�p2 i?2 TQi2MiB�H iQ #2ii2` +Qp2` i?2 pB+BMBiv Q7 i?2 +QBH +QM};m`�iBQM BM i?2
b2Mb2 i?�i +Hmbi2`BM;- r?B+? M�im`�HHv Q++m`b BM Tm`2 `�M/QK /Bbi`B#miBQMb-
+�M #2 /BKBMBb?2/X �HbQ � +?�M;2 Q7 i?2 /Bbi`B#miBQM 7mM+iBQM b?QmH/ #2
i2bi2/ iQ #2ii2` mM/2`bi�M/ i?2B` 2z2+i QM i?2 KBMBKBx�iBQM T`Q+2bb �M/ i?2
bm#b2[m2Mi T2`im`#�iBQM �M�HvbBbX

h?2 2p�Hm�iBQM Q7 i?2 T2M�Hiv p�Hm2b Q7 i?2 b�KTH2 +HQm/ \ԕք	ԧ
^ք�ЈӴwӴկ
bmKK�`Bx2b i?2 BM7Q`K�iBQM BMiQ � bBM;H2 T2M�Hiv p�Hm2 Ԩ ୮ බX 6Q` � ;Bp2M
+QBH b2i ԧ ୮ ԍ i?2 2p�Hm�iBQM +�M #2 `2}M2/ #v brBi+?BM; 7`QK �M �`Bi?@
K2iB+ J2�M U�JV �TTHB2/ iQ i?2 b�KTH2 +HQm/ \ԕք	ԧ
^ք�ЈӴwӴկ /m`BM; i?2
QTiBKBx�iBQMb BM �`iB+H2 A � AAA iQ � :2QK2i`B+ J2�M U:JV

ԕ۽ � ৃ կఃք�Ј ԕքৄ ȯԹ  UjXRV

Q` iQ � >�`KQMB+ J2�M U>JV۽ԕ � ԃ֎ ৃ կంք�Ј �ԕք ৄφ � UjXkV

h?2v �`2 `2H�i2/ pB� i?2 7QHHQrBM; BM2[m�HBiv

�J ଯ :J ଯ >J UjXjV

�M/ i?2 :J �M/ >J +QM+2Mi`�i2 KQ`2 QM i?2 HQr2` T�`i Q7 i?2 /Bbi`B#miBQM
7mM+iBQMX h?Bb K�v ?�p2 �M 2z2+i QM i?2 }M�H `Q#mbiM2bb Q7 i?2 +QM};m`�iBQM
�M/ i?2 T2`7Q`K�M+2 Q7 i?2 QTiBKBx�iBQMX 6BiiBM; 7mM+iBQMb iQ i?2 T2M�Hiv
p�Hm2 /Bbi`B#miBQMb +�M H2�/ iQ � /22T2` mM/2`bi�M/BM; Q7 i?2 p�`BQmb 7Q`Kb
Q7 `Q#mbiM2bb �M/ +QmH/ H2�/ iQ � #2ii2` /BbiBM+iBQM #2ir22M +QBHb QTiBKBx2/
biQ+?�biB+�HHv Q` /2i2`KBMBbiB+�HHvX _BbF@�p2`b2 T`Q;`�KKBM; r�b �H`2�/v
mb2/ BM �`iB+H2 AAA- #mi i?2 K2i?Q/ mb2/ T2M�HBx2/ i?2 bi�M/�`/ /2pB�iBQM-
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r?B+? BM+Hm/2b � T2M�Hiv QM i?2 rQ`b2 T2`7Q`KBM; �b r2HH �b i?2 #2ii2` T2`@
7Q`KBM; +QBH +QM};m`�iBQMbX AM i?2 7mim`2- /Bz2`2Mi b2;K2Mib Q7 i?2 T2M�Hiv
p�Hm2 /Bbi`B#miBQM b?QmH/ #2 +QMbi`�BM2/ rBi? i?2 �BK iQ BM+`2�b2 i?2 }M�H
`Q#mbiM2bb Q7 i?2 +QBH +QM};m`�iBQMb rX`XiX i?2 Q#D2+iBp2 7mM+iBQM ԕX
h?2 QTiBKBx2` mb2/ /m`BM; i?2 biQ+?�biB+ QTiBKBx�iBQM bim/v Bb "`2MiǶb
S_BM+BT�H �sAa K2i?Q/ +�HH2/ S_�sAa (ey)X Ai mb2b i?2 ;Bp2M TQBMib BM
i?2 T�`�K2i2` bT�+2 iQ �TT`QtBK�i2 i?2 >2bbB�M Q7 i?2 Q#D2+iBp2 7mM+iBQM
�M/ QTiBKBx2b �HQM; Bib T`BM+BT�H �t2bX PTiBKBx�iBQM rBi?Qmi /2`Bp�iBp2b
M22/b BM ;2M2`�H K�Mv KQ`2 7mM+iBQM 2p�Hm�iBQMb iQ +QMp2`;2 +QKT�`2/ iQ
QTiBKBx�iBQMb rBi? /2`Bp�iBp2 BM7Q`K�iBQM Ub22 �`iB+H2 AAAVX h?2 T2M�Hiv
p�Hm2b Q7 i?2 b�KTH2 +HQm/ \ԕք	ԧ
^ք�ЈӴwӴկ +�M �//BiBQM�HHv #2 mb2/ iQ /2@
`Bp2 /2`Bp�iBp2 BM7Q`K�iBQM Q7 i?2 Q#D2+iBp2 7mM+iBQM ԕ i?�i +�M #2 mb2/ iQ
7�+BHBi�i2 i?2 QTiBKBx�iBQM T`Q+2bbX

lM7Q`imM�i2Hv- Bi Bb MQi TQbbB#H2 iQ Q#i�BM �M�HviB+ /2`Bp�iBp2b 7`QK i?2
T�`i Q7 i?2 Q#D2+iBp2 7mM+iBQM ԕ i?�i +�H+mH�i2b T`QT2`iB2b Q7 i?2 K�;M2iB+
}2H/ #v }2H/ HBM2 i`�+BM; bm+? i?�i /2`Bp�iBp2@#�b2/ QTiBKBx2`b +�MMQi #2
mb2/ BM PLa1hX � TQbbB#H2 bQHmiBQM �`2 bm``Q;�i2 KQ/2Hb i?�i mb2 � b2i
Q7 2tT2MbBp2 7mM+iBQM 2p�Hm�iBQMb iQ KQ/2H i?2 Q#D2+iBp2 7mM+iBQM ԕX h?2
bm``Q;�i2 7`�K2rQ`F /B`2+iHv [m�MiB}2b i?2 mM+2`i�BMiB2b �M/ MQBb2 #2ir22M
Bib KQ/2H �M/ i?2 BK�;2 Q7 i?2 T�`�K2i2` bT�+2 K�TT2/ #v i?2 Q#D2+iBp2
7mM+iBQM- �M/ +�M /B`2+i i?2 QTiBKBx�iBQM BMiQ �`2�b r2`2 i?2 bvbi2K M22/b
iQ #2 BKT`Qp2/X h?2 bm``Q;�i2 KQ/2H K�v vB2H/ /2`Bp�iBp2 BM7Q`K�iBQM �M/
K�F2b Bi H2bb 2tT2MbBp2 iQ 2p�Hm�i2 i?2 Q#D2+iBp2 7mM+iBQMX h?2 `2H�iBp2
�/p�Mi�;2 Q7 i?2 bm``Q;�i2 KQ/2H /2T2M/b QM Bib �++m`�+v- r?B+? BM im`M
/2T2M/b QM i?2 MmK#2` Q7 TQBMib mb2/ iQ #mBH/ BiX

h?2 Q#D2+iBp2 7mM+iBQM ԕ mb2/ BM +QBH QTiBKBx�iBQM K2�bm`2b i?2 /Bz2`2M+2
#2ir22M i?2 K�;M2iB+ }2H/ T`Q/m+2/ #v i?2 +QBH +QM};m`�iBQM �M/ i?2 i�`;2i
K�;M2iB+ }2H/- �M/ �//BiBQM�HHv 2Mbm`2b +2`i�BM ;2QK2i`B+ T`QT2`iB2b Q7 i?2
+QBH bi`m+im`2X :2M2`�H +QBH QTiBKBx�iBQM +�M #2 `2}M2/ #v /2p2HQTBM; 7�bi2`
�M/ KQ`2 `2HB�#H2 T`QtB2b 7Q` i?2 J>. bi�#BHBiv �M/ i?2 +QM}M2K2Mi Q7 7�bi
T�`iB+H2b �b bm;;2bi2/ BM �`iB+H2 AAX

L2r T�`�K2i`Bx�iBQMb 7`QK /Bb+`2i2 /Bz2`2MiB�H ;2QK2i`v +QmH/ H2�/ iQ �
/Bb+`2i2 /2b+`BTiBQM UMQi #�b2/ QM 6Qm`B2` ?�`KQMB+bV i?�i `2H�i2 i?2 +QBH
+QM};m`�iBQM KQ`2 2�bBHv iQ i?2 TH�bK� #QmM/�`vX h?2 B/2� Bb iQ /Bb+`2iBx2
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i?2 mM/2`HvBM; /Bz2`2MiB�H 2[m�iBQMb bm+? i?�i- BMbi2�/ Q7 /2b+`B#BM; i?2
K�;M2iB+ }2H/ rBi? bKQQi? +m`p2b �M/ bm`7�+2b- QM2 rQmH/ mb2 TQHv;QMb-
K2b?2b �M/ bBKTHB+B�H +QKTH2t2bX h?2 /Bb+`2i2 TQBMib �`2 i?2M +?Qb2M BM �
bT2+B}+ r�v vB2H/BM; �M 2t�+i bQHmiBQM Q7 i?2 /Bb+`2i2 /Bz2`2M+2 2[m�iBQMb
r?B+? KBKB+ T`QT2`iB2b Q7 i?2 ;Qp2`MBM; /Bz2`2MiB�H 2[m�iBQMb- #mi rBi? H2bb
+QKTmi�iBQM�H +QbiX

h?2 K�i?2K�iB+�H 7Q`KmH�iBQM Q7 biQ+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM
r�b #`B2~v BMi`Q/m+2/ BM b2+iBQM RXeX 6`QK i?2 KBMBKBx�iBQM Q7 i?2 �M�HviB+
/2b+`BTiBQM Q7 i?2 2tT2+i2/ p�Hm2 U2[X RXe3V QM2 b?QmH/ #2 �#H2 iQ 2ti`�+i
� T2M�Hiv Q7 i?2 +m`p�im`2 �b r2HH �b � T2M�Hiv QM i?2 bi�M/�`/ /2pB�iBQMX
"Qi? +QMbi`�BMib r2`2 7QmM/ MmK2`B+�HHv BM i?2 }MBi2 p2`bBQM Q7 biQ+?�biB+
bi2HH�`�iQ` +QBH QTiBKBx�iBQM- /Q+mK2Mi2/ BM i?2 bim/B2b BM �`iB+H2 A � AAAX

jXRX aiQ+?�biB+ o2`bBQM Q7 6P*la
h?2 6P*la bmBi2 (83) r�b mb2/ BM �`iB+H2 AAA iQ QTiBKBx2 +QBHb 7Q` i?2
Q`B;BM�H TH�bK� #QmM/�`v Q7 qd@sX h?2 `2bmHib r2`2 +QKT�`2/ iQ i?2 `2bmHib
Q7 PLa1h (88) �M/ Bib biQ+?�biB+ p2`bBQM (dN)X Aib bT22/ K2�bm`2/ #v i?2
MmK#2` Q7 7mM+iBQM 2p�Hm�iBQMb r�b bB;MB}+�MiHv ?B;?2` i?�M #Qi? p2`bBQMb
Q7 PLa1h- r?2`2�b Bib }M�H +QBH +QM};m`�iBQM r�b bHB;?iHv rQ`b2 i?�M
i?2 }M�H +QBH +QM};m`�iBQM Q7 i?2 biQ+?�biB+ p2`bBQM Q7 PLa1hX �TTHvBM;
biQ+?�biB+ QTiBKBx�iBQM iQ i?2 +QBH QTiBKBx�iBQM T`Q+2bb BM 6P*la �HHQrb
� /B`2+i +QKT�`BbQM #2ir22M i?2 irQ biQ+?�biB+ +QBH QTiBKBx�iBQM iQQHb QM
i?2 #�bBb Q7 }iM2bb �M/ `Q#mbiM2bb Q7 i?2 `2bmHiBM; +QBH +QM};m`�iBQMb �M/
KB;?i /2KQMbi`�i2 QM+2 �;�BM i?�i biQ+?�biB+ +QBH QTiBKBx�iBQM ;Bp2b #2ii2`
`2bmHib i?�M Bib /2i2`KBMBbiB+ +QmMi2`T�`i (dN)X

h?2 6P*la bmBi2 +QMbB/2`b i?2 7mHH +QBH b2i /m`BM; i?2 QTiBKBx�iBQM bQ
i?�i T2`im`#�iBQMb i?�i #`2�F i?2 bi2HH�`�iQ` bvKK2i`v U2[X RX9eV +�M #2
bim/B2/X q2 K2MiBQM �;�BM i?�i i?2 [m2biBQM B7 bi2HH�`�iQ`b +�M #2 QTiBKBx2/
iQ #2 `Q#mbi �;�BMbi �bvKK2i`B+ 2``Q`b Bb Q7 ;`2�i BMi2`2bi bBM+2 i?2 2``Q`b
/m`BM; i?2 �bb2K#Hv Q7 qd@s r2`2 KQbiHv biQ+?�biB+ (eR)X

AM 6P*la- i?2 Q#D2+iBp2 7mM+iBQM Bb KBMBKBx2/ mbBM; /2`Bp�iBp2 BM7Q`K@
�iBQM BM i?2 7Q`K Q7 i?2 C�+Q#B�M �M/ >2bbB�M Q7 ԕX h?2 +Q``2bTQM/BM;
2B;2MbT2+i`mK Q7 i?2 >2bbB�M vB2H/b- iQ;2i?2` rBi? i?2 2B;2Mp2+iQ`b- i?2
/27Q`K�iBQMb Q7 i?2 +QBH +QM};m`�iBQM rBi? i?2 b2p2`2bi 2z2+i QM Bib }iM2bbX
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jXkX aiQ+?�biB+ ai2HH�`�iQ` PTiBKBx�iBQM

� T2`im`#�iBQM �M�HvbBb i?�i pBbm�HBx2b i?2 /2p2HQTK2Mi Q7 i?2b2 /27Q`K�@
iBQMb ;Bp2b BM7Q`K�iBQM p�Hm�#H2 7Q` i?2 QTiBKBx2` bm+? i?�i i?2 `Q#mbiM2bb
+�M #2 i�`;2i2/ BM KQ`2 /2i�BHX h?2 +QBHb �`2 T�`�K2i`Bx2/ mbBM; � 6Qm`B2`
/2b+`BTiBQM BM 6P*laX h?2 /27Q`K�iBQMb Q#i�BM2/ 7`QK i?2 >2bbB�M �`2
+QMb2[m2MiHv BM i?2 7Qm`B2` bT�+2 �M/ MQi BM i?2 1m+HB/2�M bT�+2X � brBi+?
iQ � bTHBM2 `2T`2b2Mi�iBQM Umb2/ BM PLa1hV rQmH/ vB2H/ `Q#mbiM2bb BM7Q`K@
�iBQM i?�i Bb KQ`2 T`�+iB+�H �M/ +�M /2b+`B#2 i?2 +QMbi`m+iBQM iQH2`�M+2b
KQ`2 `2�HBbiB+�HHvX

jXkX aiQ+?�biB+ ai2HH�`�iQ` PTiBKBx�iBQM
�`iB+H2 A � AAA b?Qr2/ i?�i biQ+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM BM@
+`2�b2b i?2 `2bBHB2M+2 Q7 i?2 +QBH +QM};m`�iBQM rX`XiX i?2 Q#D2+iBp2 7mM+iBQM ԕX
h?2 Q#D2+iBp2 7mM+iBQM BM im`M K2�bm`2b i?2 /Bz2`2M+2 #2ir22M i?2 K�;M2iB+
}2H/ T`Q/m+2/ #v i?2 +QBH +QM};m`�iBQM �M/ i?2 i�`;2i K�;M2iB+ }2H/X *QM@
b2[m2MiHv- biQ+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM +�M QMHv �+?B2p2 `2bBHB2M+2
rX`XiX iQ i?2 �TT`QtBK�iBQM Q7 i?2 i�`;2i K�;M2iB+ }2H/X q?2M #mBH/BM; �
7mbBQM `2�+iQ` BM 7Q`K Q7 � bi2HH�`�iQ`- QM2 Bb BMi2`2bi2/ BM � `2bBHB2M+2 +QBH
+QM};m`�iBQM rX`Xi }MBi2@ᅬ 2z2+ib- bQ i?�i /2pB�iBQMb /m`BM; i?2 +QMbi`m+iBQM
QMHv BM+QMbB/2`�#Hv �z2+i i?2 T2`7Q`K�M+2 Q7 i?2 `2�+iQ`X h?2`27Q`2- Bi Bb
M�im`�H iQ �TTHv biQ+?�biB+ QTiBKBx�iBQM /B`2+iHv iQ bi2HH�`�iQ` QTiBKBx�iBQM
�b bm;;2bi2/ BM �`iB+H2 AAX lM7Q`imM�i2Hv- i?2 +QKTmi�iBQMBQM�H +Qbi Q7
i?2 Q#D2+iBp2 7mM+iBQM BM bi2HH�`�iQ` QTiBKBx�iBQM Bb Km+? ?B;?2` i?�M i?�i
7Q` bi2HH�`�iQ` +QBH QTiBKBx�iBQM /m2 iQ i?2 M2+2bbBiv Q7 +�H+mH�iBM; J>.
2[mBHB#`B� �M/ i�`;2i p�Hm2bX h?Bb bBim�iBQM `2[mB`2b � +�`27mH +?QB+2 Q7 i?2
bi2HH�`�iQ` QTiBKBx�iBQM T`Q#H2K �M/ i?2 +Q``2bTQM/BM; /2bB;M b2[m2M+2X
h?Bb BM+Hm/2b �M BMp2biB;�iBQM Q7 i?2 ?B2`�`+?v Q7 T2`7Q`K�M+2 +`Bi2`B� mb2/
/m`BM; i?2 QTiBKBx�iBQMX

jXjX lMBi2/ aiQ+?�biB+ ai2HH�`�iQ` �M/ *QBH
PTiBKBx�iBQM

PM+2 i?2 biQ+?�biB+ �TT`Q�+? Bb bm++2bb7mHHv i2bi2/ BM bi2HH�`�iQ` QTiBKBx@
�iBQM BM i?2 b2Mb2 i?�i Bi `2/m+2b i?2 +QKTmi�iBQM�H iBK2 #v mbBM; 72r2`
7mM+iBQM 2p�Hm�iBQMb mMiBH i?2 T`Q+2bb +QMp2`;2b- QM2 Bb �#H2 iQ ;Q QM2 bi2T

9d



*?�Ti2` jX L2�` h2`K P#D2+iBp2b

7m`i?2` �M/ +QK#BM2 +QBH QTiBKBx�iBQM rBi? bi2HH�`�iQ` QTiBKBx�iBQMX h?mb-
i?2 2[mBHB#`BmK Bb /2bB;M2/ #v +?�M;BM; i?2 +QBH +QM};m`�iBQM BMbi2�/ Q7
i?2 TH�bK� #QmM/�`vX h?Bb /2bB;M T`Q+2bb Bb �H`2�/v mb2/ BM i?2 j`/ bi2T
Q7 i?2 bi2HH�`�iQ` /2bB;M T`Q+2bb r?2`2 i?2 +QBH +QM};m`�iBQM Bb �/Dmbi2/
iQ /2bB;M �M/ 2M;BM22`BM; `2[mB`2K2Mib i?�i r2`2 mMFMQrM �i i?2 Qmib2iX
h?2 QMHv /Bz2`2M+2 Bb i?�i i?2 QTiBKBx�iBQM bi�`ib �i i?2 #2;BMMBM;- #mi
bBKBH�`Hv 2HBKBM�i2b i?2 M22/ 7Q` � TH�bK� #QmM/�`v i?�i +QMM2+ib bi2HH�`@
�iQ` QTiBKBx�iBQM rBi? bi2HH�`�iQ` +QBH QTiBKBx�iBQMX h?2 �/p�Mi�;2 Q7 i?Bb
�TT`Q�+? Bb i?�i QM2 QMHv +QMbB/2`b K�;M2iB+ }2H/b i?�i +�M #2 `2�HBx2/
#v `2�bQM�#H2 +QBHb �M/ i?�i i?2 [m�HBiv Q7 i?2 K�;M2iB+ }2H/ Bb K2�bm`2/
/B`2+iHv #v T2`7Q`K�M+2 +`Bi2`B�X

93
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(R) >X �X U+QQ`/BM�iBQMV 2i �HX ":_ 1M2`;v aim/v kyR3 Ĝ .�i�
�M/ .2p2HQTK2Mib *QM+2`MBM; :2`K�M �M/ :HQ#�H 1M2`;v amTTHB2bX
h2+?MB+�H `2TQ`i kkX .�i� bi�imb kyRdX aiBHH2r2; k- jye88 >�MMQp2`-
:2`K�Mv, h?2 62/2`�H AMbiBimi2 7Q` :2Qb+B2M+2 �M/ L�im`�H _2bQm`+2b
U":_V BM >�MQp2`- kyR3X

(k) .X CX J�+E�vX ambi�BM�#H2 1M2`;v Ĝ rBi?Qmi i?2 ?Qi �B`X Aa"L
Nd3@y@N8998kN@j@jX �p�BH�#H2 7`22 QMHBM2 7`QK rrrXrBi?Qmi?Qi�B`X+QKX
lAh *�K#`B/;2- kyy3X

(j) CX SX 6`2B/#2`;X SH�bK� S?vbB+b �M/ 6mbBQM 1M2`;vX *�K#`B/;2
lMBp2`bBiv S`2bb- kyydX /QB, RyXRyRdf*"PNd3y8RRd88dy8X

(9) .X "ƴ+F2M?Q77X 1M _Qmi2 hQr�`/b >2�i GQ�/ *QMi`QH 7Q` q2M/2H@
bi2BM d@s rBi? J�+?BM2 G2�`MBM; �TT`Q�+?2bX S?. i?2bBbX lMBp2`bBi i
:`2B7br�H/- kykyX

(8) CX LX "�?+�HHX ŀL1lh_ALPa 6_PJ h>1 alLĿX AM, a+B2MiB}+
�K2`B+�M- oQHX kkRXR URNeNV- T�;2b k3ĜjdX m`H, ?iiT,ffrrrXDbiQ`X
Q`;fbi�#H2fk9Nke9ydX

(e) CX .X G�rbQMX ŀaQK2 *`Bi2`B� 7Q` � SQr2` S`Q/m+BM; h?2`KQ@
Mm+H2�` _2�+iQ`ĿX AM, S`Q+22/BM;b Q7 i?2 S?vbB+�H aQ+B2ivX a2+iBQM "-
oQHX dyXR UC�MX RN8dV- T�;2b eĜRyX /QB, RyXRy33fyjdy@RjyRfdyfRf
jyjX

(d) 6X *?2MX AMi`Q/m+iBQM iQ SH�bK� S?vbB+b �M/ *QMi`QHH2/ 6mbBQMX
AMi`Q/m+iBQM iQ SH�bK� S?vbB+b �M/ *QMi`QHH2/ 6mbBQM "/X RX aT`BM;2`-
RN39X m`H, ?iiTb,ff#QQFbX;QQ;H2X/2f#QQFb\B/4hQ�i[MxM`3y*X

(3) GX hQMFb �M/ AX G�M;KmB`X ŀPb+BHH�iBQMb BM AQMBx2/ :�b2bĿX AM,
S?vbX _2pX- oQHX jj Uk 62#X RNkNV- T�;2b RN8ĜkRyX /QB, RyXRRyjf
S?vb_2pXjjXRN8X
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(N) EX LBb?BF�r�- JX q�F�i�MB �M/ JX q�F�i�MBX SH�bK�
S?vbB+b, h?B`/ 1/BiBQMX aT`BM;2` L�im`2 "QQF �`+?Bp2b JBHH2MMBmKX
aT`BM;2`- kyyyX m`H, ?iiTb,ff#QQFbX;QQ;H2X/2f#QQFb\B/49+>F/d
dha>+*X

(Ry) hX C�`pBb �M/ CX h�MiQMX ŀh?2 >�B`v "�HH h?2Q`2K pB� aT2`M2`Ƕb
G2KK�ĿX AM, h?2 �K2`B+�M J�i?2K�iB+�H JQMi?Hv- oQHX RRRXd Ukyy9V-
T�;2b 8NNĜeyjX /QB, RyXRy3yfyyykN3NyXkyy9XRRNkyRkyX 2T`BMi,
?iiTb,ff/QBXQ`;fRyXRy3yfyyykN3NyXkyy9XRRNkyRkyX

(RR) SX >2H�M/2`X ŀh?2Q`v Q7 TH�bK� +QM}M2K2Mi BM MQM@�tBbvKK2i`B+
K�;M2iB+ }2H/bĿX AM, _2TQ`ib QM S`Q;`2bb BM S?vbB+b- oQHX ddX3 UCmHv
kyR9V- T�;2 y3dyyRX /QB, RyXRy33fyyj9@9338fddf3fy3dyyRX

(Rk) _X *X :_AJJ- CX JX :_11L1 �M/ CX GX CP>LaPLX ŀ*QK@
Tmi�iBQM Q7 i?2 J�;M2iQ?v/`Q/vM�KB+ aT2+i`mK BM �tBbvKK2i`B+
hQ`QB/�H *QM}M2K2Mi avbi2KbĿX AM, *QMi`QHH2/ 6mbBQMX 1/Bi2/ #v CX
EAGG11LX oQHX ReX J2i?Q/b BM *QKTmi�iBQM�H S?vbB+b, �/p�M+2b
BM _2b2�`+? �M/ �TTHB+�iBQMbX 1Hb2pB2`- RNde- T�;2b k8jĜk3yX /QB,
?iiTb,ff/QBXQ`;fRyXRyRef"Nd3@y@Rk@9ey3Re@yX8yyRk@NX

(Rj) �X >X "QQx2`X ŀSH�bK� 2[mBHB#`BmK rBi? `�iBQM�H K�;M2iB+ bm`@
7�+2bĿX AM, h?2 S?vbB+b Q7 6HmB/b- oQHX k9XRR URN3RV- T�;2b RNNNĜkyyjX
/QB, RyXRyejfRX3ejkNdX 2T`BMi, ?iiTb,ff�BTXb+Bi�iBQMXQ`;f/QBf
T/7fRyXRyejfRX3ejkNdX

(R9) aX >�K�/�X ŀ>v/`QK�;M2iB+ 2[mBHB#`B� �M/ i?2B` T`QT2` +QQ`/BM@
�i2bĿX AM, Lm+H2�` 6mbBQM- oQHX kXR@k UC�MX RNekV- T�;2b kjĜjdX /QB,
RyXRy33fyykN@88R8fkfR@kfyy8X

(R8) CX SX 6`2B/#2`;X A/2�H J>.X *�K#`B/;2 lMBp2`bBiv S`2bb- kyR9X
/QB, RyXRyRdf*"PNd3y8RRdN8y9eX

(Re) "X"XE�/QKib2pX ŀ>v/`QK�;M2iB+ bi�#BHBiv Q7 � TH�bK�ĿX AM, _2@
pB2rb Q7 TH�bK� T?vbB+b- oQHX k URNeeV- T�;2 R8jX

(Rd) AX "X "2`Mbi2BM 2i �HX ŀ�M 2M2`;v T`BM+BTH2 7Q` ?v/`QK�;M2iB+
bi�#BHBiv T`Q#H2KbĿX AM, S`Q+22/BM;b Q7 i?2 _Qv�H aQ+B2iv Q7 GQM/QMX
a2`B2b �X J�i?2K�iB+�H �M/ S?vbB+�H a+B2M+2b- oQHX k99XRkje URN83V-
T�;2b RdĜ9yX /QB, RyXRyN3f`bT�XRN83XyykjX 2T`BMi, ?iiTb,ff`Qv�
HbQ+B2ivTm#HBb?BM;XQ`;f/QBfT/7fRyXRyN3f`bT�XRN83XyykjX
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(R3) SX >2H�M/2` 2i �HX ŀai2HH�`�iQ` �M/ iQF�K�F TH�bK�b, � +QKT�`@
BbQMĿX AM, SH�bK� S?vbB+b �M/ *QMi`QHH2/ 6mbBQM- oQHX 89XRk ULQpX
kyRkV- T�;2 Rk9yyNX /QB, RyXRy33fyd9R@jjj8f89fRkfRk9yyNX

(RN) .X �X :�``2M �M/ �X >X "QQx2`X ŀ1tBbi2M+2 Q7 [m�bB?2HB+�HHv
bvKK2i`B+ bi2HH�`�iQ`bĿX AM, S?vbB+b Q7 6HmB/b ", SH�bK� S?vbB+b-
oQHX jXRy URNNRV- T�;2b k3kkĜk3j9X /QB, RyXRyejfRX38NNReX 2T`BMi,
?iiTb,ff/QBXQ`;fRyXRyejfRX38NNReX

(ky) aX SX >B`b?K�M �M/ CX *X q?BibQMX ŀai22T2biɢ/2b+2Mi KQK2Mi
K2i?Q/ 7Q` i?`22ɢ/BK2MbBQM�H K�;M2iQ?v/`Q/vM�KB+ 2[mBHB#`B�ĿX AM,
h?2 S?vbB+b Q7 6HmB/b- oQHX keXRk URN3jV- T�;2b j88jĜj8e3X /QB, RyX
RyejfRX3e9RReX 2T`BMi, ?iiTb,ff�BTXb+Bi�iBQMXQ`;f/QBfT/7fRyX
RyejfRX3e9RReX

(kR) aX >B`b?K�M- qX p�M _AC �M/ SX J2`F2HX ŀh?`22@/BK2MbBQM�H
7`22 #QmM/�`v +�H+mH�iBQMb mbBM; � bT2+i`�H :`22MǶb 7mM+iBQM K2i?Q/ĿX
AM, *QKTmi2` S?vbB+b *QKKmMB+�iBQMb- oQHX 9jXR URN3eV- T�;2b R9jĜ
R88X /QB, ?iiTb,ff/QBXQ`;fRyXRyRefyyRy@9e88U3eVNyy83@8X

(kk) >X u�K�/� 2i �HX ŀ*?�`�+i2`Bx�iBQM Q7 2M2`;v +QM}M2K2Mi BM M2i@
+m``2Mi 7`22 TH�bK�b mbBM; i?2 2ti2M/2/ AMi2`M�iBQM�H ai2HH�`�iQ` .�i�@
#�b2ĿX AM, Lm+H2�` 6mbBQM- oQHX 98XRk ULQpX kyy8V- T�;2b Re39ĜReNjX
/QB, RyXRy33fyykN@88R8f98fRkfyk9X

(kj) :X :`B2;2`- *X "2B/H2` �M/ 1X >�`K2v2`X ŀS?vbB+b bim/B2b
7Q` ?2HB+�H@�tBb �/p�M+2/ bi2HH�`�iQ`bĿX AM, SH�bK� T?vbB+b �M/ +QM@
i`QHH2/ Mm+H2�` 7mbBQM `2b2�`+? RN33X kX A�1�X LBxx�- RN3N- T�;2b jeNĜ
j3dX

(k9) AX "2`Mbi2BM 2i �HX ŀ1M2`;v S`BM+BTH2 7Q` >v/`QK�;M2iB+ ai�#BHBiv
S`Q#H2KbĿX AM, S`Q+22/BM;b Q7 i?2 _Qv�H aQ+B2iv Q7 GQM/QMX a2`B2b �-
J�i?2K�iB+�H �M/ S?vbB+�H a+B2M+2b-- oQHX k99XRkje URN3NV- T�;2b RdĜ
9yX

(k8) *X LX ;2#X a+?r�#X LmK2`Bb+?2 o2`7�?`2M xm` lMi2`bm+?m; /2`
K�;M2iQ?v/`Q/vM�KBb+?2M ai�#BHBi i /`2B/BK2MbBQM�H2` SH�bK�;H2B+?;2rB+?i2X
S?. i?2bBbX h2+?MBb+?2 >Q+?b+?mH2 .�`Kbi�/i- RNNRX

(ke) *X J2`+B2`X ŀ*`Biĕ`2 /2 ai�#BHBiû /ǶmM avbiĕK2 iQ`QB/�H >v/`Q@
K�;M2iB[m2 2M S`2bbBQM a+�H�B`2ĿX AM, SH�bK� S?vbB+b �M/ *QMi`QHH2/
6mbBQM _2b2�`+?X kX A�1�X qB2M, Lm+H2�` 6mbBQM- RNek- T�;2 3yRX
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(kd) �X >X :H�bb2`- CX JX :`22M2 �M/ CX GX CQ?MbQMX ŀ_2bBbiBp2
BMbi�#BHBiB2b BM ;2M2`�H iQ`QB/�H TH�bK� +QM};m`�iBQMbĿX AM, h?2 S?vbB+b
Q7 6HmB/b- oQHX R3Xd URNd8V- T�;2b 3d8Ĝ333X /QB, RyXRyejfRX3eRkk9X
2T`BMi, ?iiTb,ff�BTXb+Bi�iBQMXQ`;f/QBfT/7fRyXRyejfRX3eRkk9X

(k3) .X GQ`ixX ŀam{+B2Mi bi�#BHBiv +`Bi2`B� 7Q` ;2M2`�H J>.@2[mBHB#`B�ĿX
AM, Lm+H2�` 6mbBQM- oQHX RjXe U.2+X RNdjV- T�;2b 3RdĜ3RNX /QB, RyX
Ry33fyykN@88R8fRjfefyy8X

(kN) CX LȽ?`2M#2`; �M/ _X wBHH2X ŀ1[mBHB#`BmK �M/ bi�#BHBiv Q7 HQr@
b?2�` bi2HH�`�iQ`bĿX AM, S`Q+22/BM;b Q7 qQ`Fb?QT QM i?2Q`v Q7 7mbBQM
TH�bK�bX 1/Bi2/ #v "X *QKTQbBiQ`BX 1l_RRjje1LX RN3dX

(jy) _X.mtX SH�bK�T?vbBF mM/ 6mbBQMb7Q`b+?mM;- h2BH A, SH�bK�T?vbBFX
lMBp2`bBi i �m;b#m`;- kyyRX

(jR) _X .X >�x2HiBM2X ŀ_2+m`bBp2 /2`Bp�iBQM Q7 /`B7i@FBM2iB+ 2[m�iBQMĿX
AM, SH�bK� S?vbB+b- oQHX R8XR UC�MX RNdjV- T�;2b ddĜ3yX /QB, RyXRy33f
yyjk@Ryk3fR8fRfyyNX

(jk) *X "2B/H2` 2i �HX ŀ"2M+?K�`FBM; Q7 i?2 KQMQ@2M2`;2iB+ i`�MbTQ`i
+Q2{+B2Mibě`2bmHib 7`QK i?2 AMi2`M�iBQM�H *QHH�#Q`�iBQM QM L2Q+H�b@
bB+�H h`�MbTQ`i BM ai2HH�`�iQ`b UA*LhaVĿX AM, Lm+H2�` 6mbBQM- oQHX 8RXd
UCmM2 kyRRV- T�;2 ydeyyRX /QB, RyXRy33fyykN@88R8f8RfdfydeyyRX

(jj) hm`#mH2Mi h`�MbTQ`iX AM, 6mbBQM SH�bK� S?vbB+bX CQ?M qBH2v �M/ aQMb-
Gi/- kyRjX *?�Ti2` RR- T�;2b kNjĜjkkX /QB, RyXRyykfNd3j8kdeeN8ReX
+?RRX 2T`BMi, ?iiTb,ffQMHBM2HB#`�`vXrBH2vX+QKf/QBfT/7fRyX
RyykfNd3j8kdeeN8ReX+?RRX

(j9) JX J�m`B+2X ŀh?2 j. ;HQ#�H p2`bBQM Q7 i?2 ;v`QFBM2iB+ im`#mH2M+2
+Q/2 :1L1ĿX AM, SH�bK� S?vbB+b �M/ *QMi`QHH2/ 6mbBQM _2b2�`+?-
UkyRNVX bm#KBii2/ iQ CQm`M�H Q7 *QKTmi�iBQM�H S?vbB+bX

(j8) qX GQix 2i �HX ŀ*QHHBbBQMH2bb �HT?� @T�`iB+H2 +QM}M2K2Mi BM bi2HH�`@
�iQ`bĿX AM, SH�bK� S?vbB+b �M/ *QMi`QHH2/ 6mbBQM- oQHX j9Xe UCmM2
RNNkV- T�;2b RyjdĜRy8kX /QB, RyXRy33fyd9R@jjj8fj9fefyRyX

(je) GX aTBix2`X ŀh?2 ai2HH�`�iQ` *QM+2TiĿX AM, h?2 S?vbB+b Q7 6HmB/b-
oQHX RX9 URN83V- T�;2b k8jĜke9X /QB, RyXRyejfRXRdy833jX 2T`BMi,
?iiTb,ff�BTXb+Bi�iBQMXQ`;f/QBfT/7fRyXRyejfRXRdy833jX
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(jd) JX "H�mKQb2` 2i �HX ŀai�imb �M/ i2+?MB+�H +QM+2Ti Q7 i?2 :�`+?BM;
bi2HH�`�iQ` q2M/2Hbi2BM oAAĿX AM, S`Q+22/BM;b Q7 i?2 di? avKTQbBmK
QM 6mbBQM h2+?MQHQ;vX :`2MQ#H2- 6`�M+2- URNdkV- T�;2b kjNĜk9NX

(j3) JX "H�mKQb2` 2i �HX ŀP?KB+ >2�iBM; BM i?2 q oAA �@ai2HH�`�iQ`ĿX
AM, 1B;?i? 1m`QT2�M +QM72`2M+2 QM +QMi`QHH2/ 7mbBQM �M/ TH�bK� T?vb@
B+b- S`�;- *x2+?QbHQp�FB�- oQHX k URNddV- T�;2b djĜNkX

(jN) >X qQ#B; �M/ aX _2?F2`X ŀ� ai2HH�`�iQ` +QBH bvbi2K rBi?Qmi
?2HB+�H rBM/BM;bĿX AM, S`Q+22/BM;b Q7 i?2 di? avKTQbBmK QM 6mbBQM
h2+?MQHQ;vX :`2MQ#H2- 6`�M+2- URNdkV- T�;2b j98Ĝj8jX

(9y) JX Ap�MQpbFBB- aX SQTQp �M/ �X SQT`v�/mF?BMX ŀhQ`@k@
ai2HH�`�iQ`ĿX AM, SXLX G2#2/2p S?vbB+b AMbiBimi2- �+�/2Kv Q7 a+B2M+2
Q7 i?2 laa_- S`2T`BMi LQX N9 URNe3V- T�;2 9kX

(9R) 6X _�m- CX EBbbHBM;2` �M/ >X qQ#B;X ŀo�+mmK J�;M2iB+ 6B2H/
�M/ JQ/mH�` *QBH avbi2K Q7 i?2 �/p�M+2/ ai2HH�`�iQ` q2M/2Hbi2BM
oAA@�aĿX AM, ASS _2TQ`i kfk8N- URN3kVX

(9k) qX .QKK�b+?FX ŀaQHmiBQM iQ ai2HH�`�iQ` "QmM/�`v o�Hm2 S`Q#@
H2Kb rBi? � M2r a2i Q7 aBKTH2 hQ`QB/�H >�`KQMB+ 6mM+iBQMbĿX 1M;HBb?X
AM, w2Bib+?`B7i 7m` L�im`7Q`b+?mM; @ a2+iBQM � CQm`M�H Q7 S?vbB+�H
a+B2M+2b- oQHX jeXj URN3RVX +Bi2/ "v RN- T�;2b k8RĜkeyX /QB, RyXR8R8f
xM�@RN3R@yjydX

(9j) JX >B`b+? 2i �HX ŀJ�DQ` `2bmHib 7`QK i?2 bi2HH�`�iQ` q2M/2Hbi2BM
d@�aĿX AM, SH�bK� S?vbB+b �M/ *QMi`QHH2/ 6mbBQM- oQHX 8yX8 UJ�`X
kyy3V- T�;2 y8jyyRX /QB, RyXRy33fyd9R@jjj8f8yf8fy8jyyRX

(99) SX J2`F2HX ŀaQHmiBQM Q7 bi2HH�`�iQ` #QmM/�`v p�Hm2 T`Q#H2Kb rBi?
2ti2`M�H +m``2MibĿX AM, Lm+H2�` 6mbBQM- oQHX kdX8 UJ�v RN3dV- T�;2b 3edĜ
3dRX /QB, RyXRy33fyykN@88R8fkdf8fyR3X

(98) CX LȽ?`2M#2`; �M/ _X wBHH2X ŀZm�bB@?2HB+�HHv bvKK2i`B+ iQ`@
QB/�H bi2HH�`�iQ`bĿX AM, S?vbB+b G2ii2`b �- oQHX RkNXk URN33V- T�;2b RRjĜ
RRdX /QB, ?iiTb,ff/QBXQ`;fRyXRyRefyjd8@NeyRU33VNyy3y@RX

(9e) 6X aX "X �M/2`bQM 2i �HX ŀh?2 >2HB+�HHv avKK2i`B+ 1tT2`BK2Mi-
U>asV :Q�Hb- .2bB;M �M/ ai�imbĿX AM, 6mbBQM h2+?MQHQ;v- oQHX kdXjh
URNN8V- T�;2b kdjĜkddX /QB, RyXRjR3kf6ahN8@�RRN9dy3eX 2T`BMi,
?iiTb,ff/QBXQ`;fRyXRjR3kf6ahN8@�RRN9dy3eX
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(9d) CX LȽ?`2M#2`;- qX GQix �M/ aX :Q`BX ŀZm�bB@�tBbvKK2i`B+
hQF�K�FbĿX AM, h?2Q`v Q7 6mbBQM SH�bK�b- URNN9VX

(93) 1X >X 2i �HX ŀJQ/mH�` bi2HH�`�iQ`b rBi? BKT`Qp2/ +QM}M2K2MiĿX AM,
*QMi`QHH2/ 6mbBQM �M/ SH�bK� S?vbB+b US`Q+X R9i? 1m`X *QM7X J�/`B/V
oQHX RR.- S�`i A - URN3dV- T�;2 9RRX

(9N) aX :P_A- qX GQix �M/ CX LȽ?`2M#2`;X ŀh?2Q`v Q7 6mbBQM
SH�bK�bĿX AM, S`Q+XqQ`Fb?QT o�`2MM�- RNNe- oQHX jj8 URNNdVX

(8y) CX _X *�`v �M/ aX :X a?�b?�`BM�X ŀPKMB;2MBiv �M/ [m�bB?2HB@
+Biv BM ?2HB+�H TH�bK� +QM}M2K2Mi bvbi2KbĿX AM, S?vbB+b Q7 SH�bK�b-
oQHX 9XN URNNdV- T�;2b jjkjĜjjjjX /QB, RyXRyejfRX3dk9djX 2T`BMi,
?iiTb,ff/QBXQ`;fRyXRyejfRX3dk9djX

(8R) CX XEBbbHBM;2` 2i �HX ŀJ�;M2iB+ 6B2H/ �M/ *QBH avbi2Kb Q7 i?2
JQ/mH�` >2HB�b *QM};m`�iBQMb >a 8@RyĿX AM, 6mbBQM h2+?MQHQ;v RNNy-
oQHX kX RNNR- T�;2b R8kyĜR8k9X

(8k) *X LȽ?`2M#2`;X ŀ:HQ#�H B/2�H K�;M2iQ?v/`Q/vM�KB+ bi�#BHBiv
�M�HvbBb 7Q` i?2 +QM};m`�iBQM�H bT�+2 Q7 q2M/2Hbi2BM dĜsĿX AM, S?vbB+b
Q7 SH�bK�b- oQHX jXe URNNeV- T�;2b k9yRĜk9RyX /QB, RyXRyejfRX3dRNk9X
2T`BMi, ?iiTb,ff/QBXQ`;fRyXRyejfRX3dRNk9X

(8j) 1X J�`i2Mb2MX ŀɂ#2` 2BM2 J2i?Q/2 xmK ` mKHB+?2M L2mK�MMb+?2M
S`Q#H2K KBi 2BM2` �Mr2M/mM; 7Ƀ` iQ`mb�`iB;2 "2`�M/mM;2MĿX AM, �+i�
J�i?2K�iB+�- oQHX RyN URNejV- T�;2b d8ĜRj8X /QB, ?iiTb,ff/QBXQ`;f
RyXRyydf"6ykjNR3RyX

(89) JX G�M/`2K�MX ŀ�M BKT`Qp2/ +m``2Mi TQi2MiB�H K2i?Q/ 7Q` 7�bi
+QKTmi�iBQM Q7 bi2HH�`�iQ` +QBH b?�T2bĿX AM, Lm+H2�` 6mbBQM- oQHX 8dX9
U62#X kyRdV- T�;2 y9eyyjX /QB, RyXRy33fRd9R@9jkef��8d/9X

(88) JX .`2pH�FX ŀ*QBH .2bB;Mb 7Q` � Zm�bB@�tB�HHv avKK2i`B+ ai2HH�`@
�iQ`ĿX AM, kyi? avKTQbBmK QM 6mbBQM h2+?MQHQ;v J�`2b2BHH2 6`�M+2-
URNN3V- T�;2 33jX

(8e) .X CX ai`B+FH2`- GX �X "2``v �M/ aX SX >B`b?K�MX ŀ.2bB;M@
BM; *QBHb 7Q` *QKT�+i ai2HH�`�iQ`bĿX AM, 6mbBQM a+B2M+2 �M/ h2+?MQ@
HQ;v- oQHX 9RXk UkyykV- T�;2b RydĜRR8X /QB, RyXRjR3kf6ahyk@�kyeX
2T`BMi, ?iiTb,ff/QBXQ`;fRyXRjR3kf6ahyk@�kyeX

89
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(8d) hX "`QrM 2i �HX ŀ1M;BM22`BM; QTiBKBx�iBQM Q7 bi2HH�`�iQ` +QBHb H2�/ iQ
BKT`Qp2K2Mib BM /2pB+2 K�BMi2M�M+2ĿX AM, kyR8 A111 kei? avKTQbBmK
QM 6mbBQM 1M;BM22`BM; UaP61VX J�v kyR8- T�;2b RĜeX /QB, RyXRRyNf
aP61XkyR8Xd93k9keX

(83) *X w?m 2i �HX ŀL2r K2i?Q/ iQ /2bB;M bi2HH�`�iQ` +QBHb rBi?Qmi i?2
rBM/BM; bm`7�+2ĿX AM, Lm+H2�` 6mbBQM- oQHX 83XR ULQpX kyRdV- T�;2 yReyy3X
/QB, RyXRy33fRd9R@9jkef��32y�X

(8N) JX .`2pH�FX ŀ�miQK�i2/ PTiBKBx�iBQM Q7 ai2HH�`�iQ` *QBHbĿX AM,
6mbBQM h2+?MQHQ;v- oQHX jjXk URNN3V- T�;2b RyeĜRRdX /QB, RyXRjR3kf
6ahN3@�kRX 2T`BMi, ?iiTb,ff/QBXQ`;fRyXRjR3kf6ahN3@�kRX

(ey) EX _X :2;2M7m`iM2`X ŀS_�sAa, "`2MiǶb �H;Q`Bi?K 7Q` 7mM+iBQM
KBMBKBx�iBQMĿX AM, "2?�pBQ` _2b2�`+? J2i?Q/b- AMbi`mK2Mib- � *QK@
Tmi2`b- oQHX k9 URNNkV- T�;2b 8eyĜ8e9X

(eR) hX _mKK2H 2i �HX ŀ�++m`�+v Q7 i?2 +QMbi`m+iBQM Q7 i?2 bmT2`+QM@
/m+iBM; +QBHb 7Q` q1L.1Gah1AL d@sĿX AM, A111 h`�Mb�+iBQMb QM
�TTHB2/ amT2`+QM/m+iBpBiv- oQHX R9Xk UCmM2 kyy9V- T�;2b RjN9ĜRjN3X
/QB, RyXRRyNfh�a*Xkyy9X3jy839X

(ek) hX S2/2`b2M- JX Pii2 �M/ aX G�x2`bQMX ŀ*QM}`K�iBQM Q7
i?2 iQTQHQ;v Q7 i?2 q2M/2Hbi2BM d@s K�;M2iB+ }2H/ iQ #2ii2` i?�M
R,Ryy-yyyĿX AM, L�im`2 *QKKmMB+�iBQM- oQHX d ULQpX kyReV- T�;2 Rj9NjX
/QB, RyXRyj3fM+QKKbRj9NjX

(ej) >X@aX "Qb+? 2i �HX ŀ6BM�H BMi2;`�iBQM- +QKKBbbBQMBM; �M/ bi�`i
Q7 i?2 q2M/2Hbi2BM d@s bi2HH�`�iQ` QT2`�iBQMĿX AM, Lm+H2�` 6mbBQM-
oQHX 8dXRR U�m;X kyRdV- T�;2 RReyR8X /QB, RyXRy33fRd9R@9jkef
��d+##X

(e9) �X _2BK�M 2i �HX ŀS?vbB+b /2bB;M Q7 � ?B;?@##2i� [m�bB@�tBbvKK2i`B+
bi2HH�`�iQ`ĿX AM, SH�bK� S?vbB+b �M/ *QMi`QHH2/ 6mbBQM- oQHX 9RXRk"
U.2+X RNNNV- "kdjĜ"k3jX /QB, RyXRy33fyd9R@jjj8f9RfRk#fjkyX

(e8) .X �X aTQM; 2i �HX ŀC QTiBKBx�iBQM Q7 bK�HH �bT2+i `�iBQ bi2H@
H�`�iQ`fiQF�K�F ?v#`B/ /2pB+2bĿX AM, S?vbB+b Q7 SH�bK�b- oQHX 8X8
URNN3V- T�;2b Rd8kĜRd83X /QB, RyXRyejfRX3dk399X 2T`BMi, ?iiTb,
ff/QBXQ`;fRyXRyejfRX3dk399X
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(ee) :X >X L2BHbQM 2i �HX ŀG2bbQMb G2�`M2/ BM _BbF J�M�;2K2Mi QM
L*asĿX AM, A111 h`�Mb�+iBQMb QM SH�bK� a+B2M+2- oQHX j3Xj UJ�`X
kyRyV- T�;2b jkyĜjkdX /QB, RyXRRyNfhSaXkyyNXkyjd33NX

(ed) _XGX P`#�+?X ŀai�i2K2Mi �#Qmi i?2 6mim`2 Q7 i?2 S`BM+2iQM SH�bK�
S?vbB+b G�#Q`�iQ`vĿX AM, lM/2` a2+`2i�`v 7Q` a+B2M+2 �M/ .B`2+iQ`-
P{+2 Q7 a+B2M+2- lXaX .2T�`iK2Mi Q7 1M2`;v- UJ�v kyy3VX

(e3) CX SX E`2K2`X h?2 *`2�iBQM �M/ 6B`bi aim/B2b Q7 1H2+i`QM SH�bK�b
BM i?2 *QHmK#B� LQM@M2mi`�H hQ`mbX S?. i?2bBbX *QHmK#B� lMBp2`bBiv-
kyyeX

(eN) hX aX S2/2`b2M 2i �HX ŀ*QMbi`m+iBQM �M/ AMBiB�H PT2`�iBQM Q7 i?2
*QHmK#B� LQMM2mi`�H hQ`mbĿX AM, 6mbBQM a+B2M+2 �M/ h2+?MQHQ;v-
oQHX 8yXj UkyyeV- T�;2b jdkĜj3RX /QB, RyXRjR3kf6ahye@�Rk83X 2T`BMi,
?iiTb,ff/QBXQ`;fRyXRjR3kf6ahye@�Rk83X

(dy) EX *X >�KKQM/ 2i �HX ŀ1tT2`BK2Mi�H �M/ MmK2`B+�H bim/v Q7 2``Q`
}2H/b BM i?2 *Lh bi2HH�`�iQ`ĿX AM, SH�bK� S?vbB+b �M/ *QMi`QHH2/
6mbBQM- oQHX 83Xd UJ�v kyReV- T�;2 yd9yykX /QB, RyXRy33fyd9R@
jjj8f83fdfyd9yykX

(dR) hX aX S2/2`b2M 2i �HX ŀ1tT2`BK2Mi�H /2KQMbi`�iBQM Q7 � +QKT�+i
bi2HH�`�iQ` K�;M2iB+ i`�T mbBM; 7Qm` +B`+mH�` +QBHbĿX AM, S?vbB+b Q7
SH�bK�b- oQHX RjXR UkyyeV- T�;2 yRk8ykX /QB, RyXRyejfRXkR9NjRjX
2T`BMi, ?iiTb,ff/QBXQ`;fRyXRyejfRXkR9NjRjX

(dk) *X w?m 2i �HX ŀ>2bbB�M K�i`Bt �TT`Q�+? 7Q` /2i2`KBMBM; 2``Q` }2H/
b2MbBiBpBiv iQ +QBH /2pB�iBQMbĿX AM, SH�bK� S?vbB+b �M/ *QMi`QHH2/
6mbBQM- oQHX eyX8 U�T`X kyR3V- T�;2 y89yReX /QB, RyXRy33fRjeR@
e83df��#e+#X

(dj) JX J�ibmKQiQ �M/ hX LBb?BKm`�X ŀJ2`b2MM2 hrBbi2`, � ekj@
.BK2MbBQM�HHv 1[mB/Bbi`B#mi2/ lMB7Q`K Sb2m/Q@_�M/QK LmK#2` :2M@
2`�iQ`ĿX AM, �*J h`�MbX JQ/2HX *QKTmiX aBKmHX- oQHX 3XR UC�MX RNN3V-
T�;2b jĜjyX /QB, RyXRR98fkdkNNRXkdkNN8X

(d9) a?�TB`Q- �X ŀJQMi2 *�`HQ b�KTHBM; �TT`Q�+? iQ biQ+?�biB+ T`Q@
;`�KKBM;ĿX AM, 1a�AJ, S`Q+X- oQHX Rj UkyyjV- T�;2b e8ĜdjX /QB,
RyXRy8RfT`Q+,kyyjyyjX
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(d8) hX aX S2/2`b2M 2i �HX ŀ6B`bi `2bmHib 7`QK /Bp2`iQ` QT2`�iBQM BM
q2M/2Hbi2BM d@sĿX AM, SH�bK� S?vbB+b �M/ *QMi`QHH2/ 6mbBQM- oQHX eRXR
ULQpX kyR3V- T�;2 yR9yj8X /QB, RyXRy33fRjeR@e83df��2+k8X

(de) _X *X qQH7 2i �HX ŀS2`7Q`K�M+2 Q7 q2M/2Hbi2BM d@s bi2HH�`�iQ`
TH�bK�b /m`BM; i?2 }`bi /Bp2`iQ` QT2`�iBQM T?�b2ĿX AM, S?vbB+b Q7
SH�bK�b- oQHX keX3 UkyRNV- T�;2 y3k8y9X /QB, RyXRyejfRX8yN3deRX
2T`BMi, ?iiTb,ff/QBXQ`;fRyXRyejfRX8yN3deRX

(dd) hX EHBM;2` 2i �HX ŀPp2`pB2r Q7 }`bi q2M/2Hbi2BM d@s ?B;?@T2`7Q`K�M+2
QT2`�iBQMĿX AM, Lm+H2�` 6mbBQM- oQHX 8NXRR UCmM2 kyRNV- T�;2 RRkyy9X
/QB, RyXRy33fRd9R@9jkef�#yj�dX

(d3) aX >2MM2#2`; 2i �HX ŀS`QT2`iB2b Q7 � M2r [m�bB@�tBbvKK2i`B+ +QM@
};m`�iBQMĿX AM, Lm+H2�` 6mbBQM- oQHX 8NXk UC�MX kyRNV- T�;2 ykeyR9X
/QB, RyXRy33fRd9R@9jkef��7ey9X

(dN) CX@6X GQ#bB2M- JX .`2pH�F �M/ hX aX S2/2`b2MX ŀai2HH�`�iQ`
+QBH QTiBKBx�iBQM iQr�`/b ?B;?2` 2M;BM22`BM; iQH2`�M+2bĿX AM, Lm+H2�`
6mbBQM- oQHX 83XRy U�m;X kyR3V- T�;2 RyeyRjX /QB, RyXRy33fRd9R@
9jkef��/9jRX

(3y) CX@6X GQ#bB2M 2i �HX ŀS?vbB+b �M�HvbBb Q7 `2bmHib Q7 biQ+?�biB+ �M/
+H�bbB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQMĿX AM, Lm+H2�` 6mbBQM- oQHX eyX9
U62#X kykyV- T�;2 y9eyRkX /QB, RyXRy33fRd9R@9jkef�#dkRRX

(3R) CX@6X GQ#bB2M 2i �HX ŀAKT`Qp2/ T2`7Q`K�M+2 Q7 bi2HH�`�iQ` +QBH
/2bB;M QTiBKBx�iBQMĿX AM, CQm`M�H Q7 SH�bK� S?vbB+b- oQHX 3eXk UkykyV-
T�;2 3R83eykykX /QB, RyXRyRdfayykkjdd3kyyyykkdX
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�J �`Bi?K2iB+ J2�M
�l: �a.1s lT;`�/2

*�aj. *Q/2 7Q` i?2 �M�HvbBb Q7 i?2
J>. ai�#BHBiv Q7 j. 1[mBHB#`B�
*Lh *QHmK#B� LQM@M2mi`�H hQ`mb

.1JP .1JPMbi`�iBQM TQr2` TH�Mi

.E1 .`B7i@EBM2iB+ 1[m�iBQM

.E1a .`B7i@EBM2iB+ 1[m�iBQM aQHp2`

1h: 1H2+i`QM h2KT2`�im`2 :`�/B2Mi

6P*la 6H2tB#H2 PTiBKBx2/ *QBHb lb@
BM; aT�+2 +m`p2b

:1L1@j. :v`QFBM2iB+ 1H2+i`QK�;@
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1. Introduction

Stellarators confine plasma in a ’magnetic cage’, which is produced by a set of external

coils. These coil systems need to be optimized to fit both the physics requirements of the
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corresponding vacuum field and the engineering requirements of the coil structure. The

accuracy of the constructed coil system is crucial for the performance of the stellarator

and is a cost and schedule driver as exemplified below.

The Wendelstein 7-X (W7-X) project required relative coil tolerances (defined as the

allowed tolerance divided by the average coil radius) between 0.1% - 0.17% [1] . These

strict tolerances were kept, and the device was put successfully in operation with a

remarkable precision of its magnetic field topology [2]. However, precision requirements

for the magnets were a major challenge and a↵ected both cost and schedule negatively, as

stated in [3]: ”The assembly process which took about 1 000 000 man-hours up to March

2014, was essentially dominated by the high demands on tolerances for the position

of the superconducting coils”. The construction of the National Compact Stellarator

Experiment (NCSX), which started in 2003, required relative coil deviation tolerances of

about 0.08%. The associated di�culty and risk ”was recognized but underappreciated

at the project outset” [4]. Unfortunately, ”the budget increases, schedule delays and

continuing uncertainties of the NCSX construction project necessitate its closure” [5] in

2008.

For the design of the Columbia Nonneutral Torus (CNT), whose design started around

2001, well after the coil designs of W7-X and NCSX had started, the issue of tight coil

tolerances was addressed from the beginning of the coil design. A Monte-Carlo-type

perturbation analysis was performed as an integral part of determining the coil currents

and coil locations [6]. A configuration was chosen that exhibited large flux surfaces

even in the presence of minor coil displacements, over others that nominally had larger

confinement volumes but were much more sensitive to coil placement inaccuracies. The

chosen configuration had assembly tolerances of 0.5% - 1% for deviations in coil location

and orientation [7], ie. about an order of magnitude looser than W7-X and NCSX.

The resilience against error fields allowed the acceptance of several discrepancies. The

robustness of the volume of the magnetic surfaces was directly verified experimentally [8],

and significant coil displacements were later confirmed with state-of-the-art metrology

[9], proving that the device was not accurately built but rather that its design point

indeed was robust against coil manufacturing and installation errors.

Those results were promising, and very important for the successful construction of

CNT, but the optimization goals for CNT were simple: to maximize the volume of good

flux surfaces for a stellarator with only four circular coils. It was until now not clear if

the approach taken would be e↵ective for the much more complicated and multi-faceted

optimization goals for stellarators designed for fusion energy research, and for the much

more complicated coils that result from state-of-the-art coil design codes. The approach

itself, described in more detail in [6], is one that optimizes a cloud of coil sets in the near

vicinity of a particular configuration that is being optimized. This configuration will

be referred to as the leading configuration and is in the center of the multidimensional

cloud of other configurations, a Monte-Carlo sample of the coil configurations that

could be realized within the uncertainties associated with construction and assembly of

an actual device. The average performance of this cloud of coil sets is ascribed to the
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leading configuration. By sampling neighboring states in this way, a penalty is given to

configurations whose performance could be well below that of the leading configuration.

In particular, this sample average avoids that a search ends up in a narrow ”peak”

(if maximizing) or trough (if minimizing) which is then, due to the narrowness, not

robust against errors in the range that is to be expected. This technique also e↵ectively

smoothens the optimization landscape, as illustrated for a toy model in Figure 1. In

this case, the non-robust optimum for x ⇡ 0.42 vanishes and the most stable optimum

emerges as the global optimum at x ⇡ 0.3 in both locally averaged parameter spaces.

For the one using a broad Gaussian distribution, the function to be optimized is now

very smooth, and it even has just one maximum. For the one using a narrower Gaussian,

the smoothening is also evident, and the global maximum is the robust one, but several

other local maxima are still present.
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Figure 1: In stellarator optimization, the target function may be a non-smooth function of
control parameters, and may exhibit a global maximum that is not robustly attainable since
the control parameters (such as coil shapes) have finite tolerances. Taking the average of
normal distributed samples in a small region of control parameters has a smoothening e↵ect
on the parameter space, and avoids getting stuck in non-robust optima. This is illustrated
here for a toy model.

The approach presented in this paper follows the same philosophy but is applied for

a much more fusion relevant problem addressed with state-of-the-art codes. Nonlinear

coil optimization is expanded by an iterative perturbation analysis, which aims to
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achieve higher engineering tolerances through the aforementioned technique. Instead

of optimizing a single coil set, we optimize the sample average of N + 1 coil sets,

where N is the number of additional samples. Its disadvantage, that N + 1 times more

computational resources are needed, is partly o↵set by the highly e�cient parallelization

that is possible for this problem.

In Section 2, we transform the original optimization problem into a stochastic

optimization problem. We then expand upon the sampling technique first performed

for CNT, applying a more sophisticated version of it to a much more complicated

optimization problem, namely that of W7-X. Since the original optimization sequence for

the W7-X coil system is not available, a new coil optimization sequence was developed.

Additionally, in order to achieve a high amount of experimental flexibility, the W7-X

coil configuration was designed to produce multiple plasma configurations. The various

features resulted in a compromise between di↵erent, at times conflicting, optimization

targets. Consequently, the W7-X coil system does not correspond precisely to the

original plasma boundary designed by J. Nührenberg [10] and hence, we do not use

the present W7-X coil set as a reference case to validate how good our newly optimized

coil sets are. Instead, we compare our results with a coil set that was found with our

most recent standard optimization - one that only optimizes for a single coil set at a time

without averaging over a cloud of perturbed coils. The test is described and analyzed

in Section 3. We conclude in Section 4 and give an outlook on our future projects in

Section 5. More details about the optimization sequence can be found in Appendix A.

2. Stochastic Optimization Problem

In nonlinear coil optimization one starts with an initial coil configuration x 2 X ⇢ Rn,

where n is the number of parameters describing the coil set, and tries to solve the

optimization problem

min
x2X

f(x) (1)

with a nonlinear optimizer. The objective function f : X ! R yields the fitness of

the corresponding coil set x and is the measure of optimization. It summarizes the

di↵erences of the quality criteria qi(x) and their design value qdesigni in a sum of squares:

f(x) =
kX

i=1

!i

⇣
qi(x)� q

design
i

⌘2

. (2)

Here, the !i denote the weight constants. Since on the one hand the coil geometry

and installation has a certain precision, and deviations within this precision in general

are not predictable, and on the other hand our goal is to be able to relax precision

requirements with minimal loss of plasma performance, the optimization problem is a

stochastic one, with the following formulation:

min
x2X

{F (x) := EPx [f(⇠(x))]} ⇠(x) = x+ ✏ with |✏| ⌧ |x|. (3)
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The expectation is taken with respect to the probability distribution Px of the random

vector ⇠. This includes random deviations of a manufactured and installed coil set from

its as-designed geometry and placement. We therefore optimize for uncertainty of the

deformation of the coil set during construction. The probability distribution Px carries

the information of the likelihood of any possible geometric deviation of each particular

coil set x 2 X. Px is assumed to follow a normal distribution.

We follow the approach taken in [11] and use a Monte Carlo sampling approach

to approximate the expected value EPx [f(⇠(x))]. Let ⇠
1(x), . . . , ⇠N(x) be i.i.d.

(independently and identically distributed) samples generated by the n-dimensional

normal distribution N (x,⌃). Here, the mean of the normal distribution is our initial

coil configuration x 2 X and the standard deviation is equal in every dimension and

chosen appropriately to obtain the desired deviation in the euclidean space. Then by

the Law of Large Numbers, for a given x 2 X, we have

FN(x) := (N + 1)�1
NX

i=0

f(⇠i(x)) �! EPx [f(⇠(x))], for N ! 1 (4)

almost surely, where ⇠0(x) := x is the unperturbed coil set (leading configuration). The

sample average FN is an unbiased and consistent estimator of F (x) = EPx [f(⇠(x))].

The convergence in probability is of order Op(N� 1
2 ), implying that a ten-fold increase

in accuracy of the estimate of the expectation requires a 100-fold increase in sample size.

3. Results

We test our stochastic optimization technique using a newly developed coil optimization

sequence for the W7-X plasma boundary [12]. The sequence consists of six optimization

runs (cf. Table A1) such that the previous optimization run is used as a new starting

point. The initial coil set is computed with NESCOIL [13] on a winding surface (WS)

located 45 cm beyond the outer plasma surface. The objective function f , which assigns

a penalty value to every coil set, is calculated by ONSET [14]. The evaluation criteria

used in ONSET are shown in Table A1. A coil is defined by 12 periodic spline points

and raised to 13 spline points in optimization run 4. Each spline point is defined by a

poloidal angle u and a toroidal angle v. The 5-fold symmetry of W7-X combined with

the stellarator symmetry reduces the primary coil set to 5 di↵erent coils. The WS is

interpolated with 13 parameters between two limiting surfaces and since the auxiliary

coils are not being considered we arrive at n = 133 or rather n = 143 parameters in total.

We have chosen Brent’s PRincipal AXIS algorithm [15] for the nonlinear optimization

without using derivatives.

We modified the objective function from calculating the penalty value f(x) of a

single coil set x 2 X to generating a cloud of coil sets ⇠
1(x), . . . , ⇠N(x), which are

slight variations of the parameters x 2 X, computing the corresponding penalty values

f(⇠1(x)), . . . , f(⇠N(x)) and assigning the average value FN(x) to the unperturbed leading
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configuration. A deformation of the parameters used for the optimization results in coil

deformations that preserve the 5-fold and stellarator symmetry of W7-X and target

systematic errors that are equal for each coil of the same type during coil fabrication.

The way this stochastic optimization problem is approached, one must provide as input

a relevant scale length over which the coil deviations are distributed. We determined this

as follows: During fabrication of the W7-X winding pack, the average deviation of the

non-planar coils from their Computer-Aided-Design (CAD) shape were approximately

2mm [16]. In the subsequent assembly, reference marks were used to guide and validate

the assembly. ”In total no reference mark co-ordinate deviated more than 5.7mm from

its manufacture value” [17]. We take these values to define the rough length scale over

which we numerically displace coils in our stochastic optimization, since this was actually

achieved (and therefore achievable), but only achieved with a significant engineering

and metrology e↵ort [3]. Thus, we chose the n-dimensional normal distribution N (x,⌃)

appropriately to optimize numerically for robustness against deviations that are 2mm

on average, with greater than 6mm deviations being present in roughly 10% of the

numerically tracked geometric points on the coils in the Euclidean space.

Each time the algorithm computes the modified objective function FN(x) and

evaluates the fitness of the coil set x, the perturbed coil sets ⇠1(x), . . . , ⇠N(x) are defined

anew. Thus, the deviations are not only randomly assigned once at the beginning of

every optimization sequence but continue to be re-randomized for each evaluation of

FN(x). To provide a comparison basis, the optimization sequence was designed in the

classical way F1 = f with N = 1 samples, where only one coil set is evaluated in each

optimization step. We call this the reference coil set with cloud size of 1. We then

increased the sample size N and optimized with a cloud size of 100, 1000, 2000, 4000,

and 8000 perturbed coil sets, so as to determine if there is an optimum cloud size, and

some convergence or saturation of the results at very large cloud size. We restricted the

coil displacements to variations of the parameters that move the circular spline (coil)

along the two-dimensional WS, instead of allowing coil deviations also perpendicular

to this surface. This restriction was done in order to keep the computational e↵ort

moderate for this first study and we expect to be able to lift this restriction in future

studies.

We compare the results of the first optimization run in Section 3.1 by comparing the

penalty values. In Section 3.2 we compare the results after the optimization sequence

has completed, ie. it has come to a stationary value of FN . The robustness of the newly

optimized coil sets is assessed by plotting the penalty value distributions. They are

obtained by deviating the coil sets multiple times at the aforementioned level (average

deviation 2mm). A narrower histogram gives more confidence in the performance, ie.

it is more robust against coil deviations of the size assumed here. Another important

question arises if the histogram not only narrows (more robust), but also shifts to the

left (lower penalty values) indicating that a better optimum has been found, and that

the device would accordingly perform better than the device optimized with the classical

algorithm. Furthermore, the robustness can also be quantified in terms of relaxed
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tolerances, for a given performance. For that, we compare the classically optimized

coil set to the best coil set obtained with the new optimization technique.

3.1. Comparison after the 1st optimization run

In Table 1 we compare the results of the 1st optimization run quantified by the penalty

value. Since the algorithm is non-deterministic, we assess the results by running the

1st optimization multiple times, as suggested in [11]. Each dot in Figure 2 represents
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Optimization run

Best case

Reference case Samples # Best ? �

1 - 9.28 - -

100 5 13.55 19.56 4.56

1000 5 7.56 10.26 2.47

2000 5 6.91 7.81 0.69

4000 5 6.06 7.51 0.86

8000 5 6.00 7.21 0.95

Figure 2 & Table 1: Results of the 1st optimization run are listed in form of the best coil
set (Best), the average penalty value (?) and the standard deviation (�)

an independent 1st optimization run. The average penalty value is shown in the

blue line. It declines the more samples are used, as does the best result (red dots

& Best column). Using the stochastic optimization with a sample size less than or

equal to 1000, we observe that the average penalty value is worse than the reference

optimization. It indicates that in the transformed parameter space more local optima

are present when the sample size is low than in the parameter space of the reference

optimization, which causes the optimizer to halt even earlier. Increasing the sample

size leads to the intersection between the blue and dashed line, where both parameter

spaces have a similar landscape such that both optimization techniques show the same

performance. Increasing the sample size further intensifies the smoothing e↵ect and

leads to a reduction of local optima which causes the optimizer to find even better

results than the reference optimization.

The standard deviation shows that the statistical noise of the penalty values after the 1st

optimization run is very high for low sample rates, in addition to the bad performance

of the coil sets. A plausible explanation of both negative behaviours is the combination

of random samples and the discrepancy between the dimension of the parameter space

(n = 133) and a sample size of the same magnitude. In each evaluation of the penalty

function, the chance is high that not every dimension is covered and the optimal path in
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the vicinity of the leading configuration is not visible for the optimizer. The stochastic

behaviour of our sampling technique guarantees that these situation happen, sometimes

more, sometimes less. In addition to the bad convergence rate of the expected value

mentioned in Section 2, this e↵ect leads to an overall poor approximation of the expected

value when the sample size is low.

Unfortunately, we do not fully understand all of the e↵ects and their interplay which

cause the parameter space to contain more local optima than the reference case for low

sample rates but we intend to include a more detailed investigation in our future studies.

In general, all statistical measures converge as the sample size increases.

3.2. Comparison after completion of the optimization sequence

We compare the robustness of the design of the coil sets after their last optimization

run (cf. Table A1) by analyzing the penalty value distribution for clouds of 100 000

perturbed coil sets around the newly optimized leading coil sets. The entries of 100 000

provide enough statistics to compute the relevant variables of the histogram. The results

are shown in Figure 3. The coil shapes are parametrized such that the 2mm average

deviation in the Euclidean is not automatically kept, even if the coil shape parameter

deviation is kept fixed. Since the WS is part of the optimization and changes its form, the

perturbation in the Euclidean space slightly increased over the course of the optimization

sequence in the cases with 100, 1000 and 2000 samples. The perturbations in Figure

3 are done with the same technique as described in Section 2 but normalized to reach

again an average deviation of 2mm in the Euclidean space. The coil sets are compared

by their penalty value f(x0) and their robustness, which is seen by an increased height

and decreased width of the distribution function. Additionally, the high-end tails of the

penalty function distributions are analyzed.

In Figure 3 the leading configuration of the optimization with 8000 samples reaches

the best result of f(x0) ⇡ 5.39, and it is nearly identical to the result for a cloud

size of 4000, indicating a possible convergence of the penalty values. The reference

coil set (using the classical, non-stochastic, optimization) has f(x0) ⇡ 6.65. Thus, we

observe a systematic improvement of this nonlinear coil optimization - irrespective of

the issue of robustness, and we see that we need a cloud size above 2000 before the new

algorithm outperforms the old one. The width of the distribution is improved already

for the smallest cloud size (100), but then actually begins to get wider again for the

largest cloud sizes - the coil set optimized with a 2000 sample cloud reaches the highest

peak and together with the case of 1000 samples they reach the smallest widths (RMS)

of the distribution function. Therefore, the case with 2000 samples is more ”robust”

in the sense of stable quality criteria, but will have poorer performance than the 8000

sample optimization. Overall, both robustness and average performance are significantly

improved over the reference coil set. The double peak of the histogram of the reference

coil set is not understood in any detail at this point, but will be further investigated in

the future.
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8000 Samples

Entries 100000
Mean 5.611
Std Dev 0.1579
f(x0) 5.38718
10% 5.83611
5% 5.96501
2% 6.0585
1% 6.1137
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4000 Samples

Entries 100000
Mean 5.641
Std Dev 0.1262
f(x0) 5.47581
10% 5.80762
5% 5.88507
2% 5.97841
1% 6.04877

2000 Samples

Entries 100000
Mean 6.423
Std Dev 0.1162
f(x0) 6.25628
10% 6.54713
5% 6.61641
2% 6.75807
1% 6.92662

1000 Samples

Entries 100000
Mean 7.76
Std Dev 0.1152
f(x0) 7.65041
10% 7.91399
5% 7.97115
2% 8.04301
1% 8.09524

100 Samples

Entries 100000
Mean 11.32
Std Dev 0.1976
f(x0) 10.98
10% 11.5594
5% 11.6515
2% 11.7711
1% 11.8578

Reference Case

Entries 100000
Mean 7.071
Std Dev 0.3037
f(x0) 6.65137
10% 7.48375
5% 7.60976
2% 7.83457
1% 8.03636

8000 Samples

Entries 100000
Mean 5.611
Std Dev 0.1579
f(x0) 5.38718
10% 5.83611
5% 5.96501
2% 6.0585
1% 6.1137

4000 Samples

Entries 100000
Mean 5.641
Std Dev 0.1262
f(x0) 5.47581
10% 5.80762
5% 5.88507
2% 5.97841
1% 6.04877

2000 Samples

Entries 100000
Mean 6.423
Std Dev 0.1162
f(x0) 6.25628
10% 6.54713
5% 6.61641
2% 6.75807
1% 6.92662

1000 Samples

Entries 100000
Mean 7.76
Std Dev 0.1152
f(x0) 7.65041
10% 7.91399
5% 7.97115
2% 8.04301
1% 8.09524

100 Samples

Entries 100000
Mean 11.32
Std Dev 0.1976
f(x0) 10.98
10% 11.5594
5% 11.6515
2% 11.7711
1% 11.8578

f(x0)
Percentile

Figure 3: The result of all optimizations including the reference coil set (black) are randomly
perturbed 100 000 times and the penalty value distribution is displayed.

The results in Figure 3 are positive, despite this slight broadening of the distribution

function for the 4000 and 8000 sample sets relative to the results obtained with

the sample size of 2000. From an experimental/user perspective, what is desired is

confidence in good performance at tolerances that are relaxed enough that they do not

a↵ect the cost or schedule of construction significantly. It is clear from Figure 3 that

this optimization is a significant win at the 2mm accuracy level. This can be quantified

further, and put in relation to relaxed engineering tolerances by focusing on the high-end

tail of the histogram - the poorly performing configurations.

We plot in Figure 4 the development of the percentiles 10%, 5%, 2% and 1% of

the penalty function histogram, thereby quantifying what performance is guaranteed

at the 90%, 95%, 98% and 99% confidence level. We compare these percentiles of the

reference coil set (classical optimization) and the optimization with 8000 samples (our

most comprehensive stochastic optimization). For the 2mm accuracy case which was

used for the optimization and achieved in W7-X (left side of graph) it is again clear,

as evident in Figure 3, that the new configuration will outperform the old with better

than 99% likelihood. In Figure 4 we now increase the coil tolerances progressively (x-

axis) and monitor how the penalty value for these percentiles increases (y-axis). At the

99% confidence level, the classical optimization would have led to a penalty value up

to about 8, given the 2mm tolerances achieved in W7-X. For the new optimization,
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the same would be achieved with 99% confidence with coil tolerances of approximately

4.5mm, more than a factor of two relaxation for the same risk taken. If we lower

the degree of confidence (90%, 95%, 98% confidence) the relaxation of tolerances is a

bit larger, approaching a factor of three, eg. 5.8mm tolerances at the 90% confidence

level. These comparison points are given as stars. The very steep ascents beyond these

values are possibly due to the combination of low statistics and discontinuities in the

penalty function, but should be taken with some caution at this point. Regardless of

this issue, the data fully supports the statement that the stochastic optimization would

give significantly better performance at the same level of engineering tolerances (Fig 3),

and comparable if not better performance with a factor of two relaxed tolerances, for a

variety of confidence standards.
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Figure 4: Percentile development of the reference coil case and the optimization with 8000
samples.

3.3. Remark

The object of optimization in this study is the approximation of the expected value

which aims to represent the most likely realization of a stellarator. The relaxation of

precision requirements is no direct target of the optimization since it is no criterion in

the objective function. It is only indirectly represented in the sample average FN but

nevertheless leads to a coil configuration with significantly relaxed tolerances.
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The optimization suite ONSET is capable of optimizing the three-dimensional shape

of the WS within two constraining toroidal surfaces. This o↵ers the possibility to

extend the coil displacements from a non-planar two-dimensional in-surface deviation to

also capture three-dimensional deviations. A first attempt at using this feature, which

demands significantly more computer resources, has been made and will be reported on

in a future publication. Initial results appear consistent with what has been reported

here, but convergence studies have not yet been completed.

4. Discussion and conclusion

A stochastic technique of nonlinear coil optimization for stellarators that includes

engineering tolerances has been developed and tested on a state-of-the-art optimization

problem. The technique shows significant promise. Improved performance is seen -

a 20% decrease in the targeted penalty function. The new optimization shows more

engineering robustness - the results are less sensitive to coil displacements, and one can

relax coil tolerances by at least a factor of two relative to a coil design created using

earlier techniques. The relaxation of engineering tolerances was expected. But it was

not necessarily expected that the algorithm found a better optimum - irrespective of

engineering tolerances. As illustrated in Figure 1, this technique can have a smoothing

e↵ect in the otherwise rather spiky optimization space of stellarators, and this may have

allowed the algorithm to find a better global optimum than that found by the earlier

algorithm. Improved performance and then convergence with sample (cloud) size was

seen, with the results from cloud sizes of 4000 and 8000 being nearly identical.

5. Outlook

This work brings up several questions, some of which can be addressed soon. Coil

deviations in all three dimensions (not just within a prescribed toroidal surface, and

not just stellarator-symmetric) will be addressed next. Additionally, a penalty on the

width of the distribution will be included in the objective function in order to directly

target reduced precision requirements. The reason why the original algorithm got stuck

in a non-global minimum together with the origin of the double peak in the histogram

of the reference coil set will be investigated. The new, more optimal, configuration will

be compared to the configuration found with the earlier algorithm, in particular with

respect to each individual physics target lumped into the penalty function, and the coil

geometry will be investigated. At first glance, the geometry of the coils is somewhat

di↵erent for the newly found coil set but does not appear to be more complicated than

what was found with the standard algorithm.
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6. Pictures

We compare the shape of the coil set of the optimization with 8000 samples in blue

with the reference coil optimization in black in Figure 5 & 6. We show 2 perspectives of

one stellarator segment where two half modules are connected at the triangular plane.

Figure 5 visualizes the di↵erences from the inside of the torus towards the outside and

Figure 6 shows the opposite direction from the outside towards the inside. In general,

the two coil sets are quite similar with a certain tendency that the blue coil set is slightly

less windy than the reference coil case in black.

Figure 5: View of two half modules connected at the triangular plane from the inside towards
the outside. The coil set in blue is the optimization with 8000 samples and the coil set in black
is the reference coil optimization.

Figure 6: View of two half modules connected at the triangular plane from the outside
towards the inside. The coil set in blue is the optimization with 8000 samples and the coil set
in black is the reference coil optimization.
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Appendices

Appendix A. Details about the optimization sequence

The optimization sequence is listed in Table A1, which illustrates the change of the

weight constants throughout the six optimization runs. Every entry consists of two

values (design value/ weight constant) which define the objective function f . Exceptions

are the limiting surfaces (inner surface / outer surface), and the number of spline points

which are defined per coil. The optimization sequence is divided into the optimization

of the field error under observance of the geometric restrictions (1-4) followed by the

optimization of the properties of the magnetic field. In the final step we compute

additionally the Fourier coe�cients of a magnetic surface inside the plasma boundary.

The di↵erence to the Fourier coe�cients obtained from the target magnetic surface

inside the original plasma boundary designed by Nühreberg [10] is then minimized in

the last optimization run. The optimization of the field error took 4 runs. We refer to

[12] for a detailed description of the optimization sequence and the design criteria.

Table A1: Optimization Sequence

Optimization run: 1 2 3 4 5 6

Maximum Field Error 0/ 1.0 · 103 · · · · ·
Mean Field Error 0/ 1.0 · 105 · · · · ·
Clearance 0.35/1 0.3/1 0.27/1 · · ·
Curvature 3/0.7 · · · · ·
Distortion 0.3/0.4 · · · · ·

Magnetic Axis (bean) - - - - 5.93/4 ·
Magnetic Axis (triangle) - - - - 5.17/15 5.17/450

Magnetic Ripple on Axis - - - - 0.11/3 ·
Iota on Axis - - - - 0.88/1.0 · 103 ·
Magnetic Shear - - - - 1.56/0.4 1.56/0.8

Magnetic Well - - - - 0.007/1.0 · 103 ·
Fourier Coe↵. of inner Surface - - - - - varies/1.0 · 102
Limiting Surfaces +30/+60 · +30/+65 +30/+70 · ·
Points per Coil 12 · · 13 · ·
Points of WS 13 · · · · ·

Description:

- Target not included in objective function.

· Value from the previous run was used.

Field Error Normal magnetic field on the plasma boundary.

Clearance Minimum distance between adjacent coils.

Curvature Maximum coil curvature d2x
ds2 .
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Distortion Weighted curvature defined in [18].

Magnetic Axis Major radius.
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T�T2` #mi b22F � p2`B}+�iBQM �M/ /22T2` mM/2`bi�M/BM; Q7 i?2 T?vbB+b T2`7Q`K�M+2 #v
`2TH�+BM; i?2 `2H�iBp2Hv bBKTH2 T2M�Hiv 7mM+iBQM 2biBK�i2 rBi? KQ`2 �++m`�i2 QM2b 7`QK
bi�i2@Q7@i?2@�`i +�H+mH�iBQMb Q7 J>. bi�#BHBiv- M2Q+H�bbB+�H i`�MbTQ`i BM i?2 1/⌫@`2;BK2-
7�bi T�`iB+H2 +QM}M2K2Mi- �M/ ;v`QFBM2iB+ #2?�pBQ`X h?2 BMp2biB;�iBQM b?Qrb i?�i
biQ+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM ;2M2`�HHv QmiT2`7Q`Kb i?2 2�`HB2` MQM@biQ+?�biB+
bi2HH�`�iQ` QTiBKBx�iBQM- �HbQ r?2M mbBM; i?2b2 KQ`2 �++m`�i2 K2i`B+b- ;2M2`�HHv
+QM}`KBM; �M/ [m�MiB7vBM; i?2 #2ii2` T2`7Q`K�M+2X q2 /Q }M/ bQK2 /Bb+`2T�M+B2b-
BM/B+�iBM; i?�i i?2 T2M�Hiv 7mM+iBQM /Q2b MQi `2T`2b2Mi � T?vbB+b T2`7Q`K�M+2 QTiBKmK
T2`72+iHvX 6Q` 2t�KTH2- �b TQBMi2/ Qmi #v Qi?2`b #27Q`2 mb- i?2 /2Ti? Q7 i?2 K�;M2iB+
r2HH Bb MQi � bm{+B2MiHv ;QQ/ T`Qtv 7Q` J>. bi�#BHBiv- �M/ i?2 M2Q+H�bbB+�H i`�MbTQ`i
+�M #2 bB;MB}+�MiHv `2/m+2/ BM +QM};m`�iBQMb i?�i ?�p2 `2H�iBp2Hv ?B;? }2H/ 2``Q`b �M/
i?2`27Q`2 ?B;? T2M�Hiv p�Hm2bX h?mb- Qm` rQ`F TQBMib iQ �`2�b r?2`2 #2ii2` T?vbB+b
KQ/2H BMbB/2 i?2 QTiBKBb�iBQM HQQT �`2 M22/2/- i?�M r?�i Bb +m``2MiHv `2T`2b2Mi2/ #v
Qm` T2M�Hiv 7mM+iBQMX

E2vrQ`/b, ai2HH�`�iQ`- *QBH PTiBKBx�iBQM- 1M;BM22`BM; hQH2`�M+2b- _Q#mbi J�;M2iB+
6B2H/- aiQ+?�biB+ PTiBKBx�iBQM- J>.- L2Q+H�bbB+�H h`�MbTQ`i- 6�bi@S�`iB+H2 *QM}M2@
K2Mi- hm`#mH2Mi h`�MbTQ`i
am#KBii2/ iQ, Lm+HX 6mbBQM

RX AMi`Q/m+iBQM

� bi2HH�`�iQ` Bb /2}M2/ #v � b2i Q7 M2bi2/ iQ`QB/�H ~mt bm`7�+2b r?B+? K�v #2 QTiBKBx2/
iQ 7mH}HH KmHiBTH2 T2`7Q`K�M+2 +`Bi2`B�X AM i?2 +�b2 Q7 q2M/2Hbi2BM d@s Uqd@sV i?2b2
+`Bi2`B� r2`2 bmKK�`Bx2/ BM i?2 qd@s Q#D2+iBp2b (j)- r?B+? MQi QMHv +QM+2Mi`�i2/
QM i?2 [m�HBiv Q7 i?2 p�+mmK K�;M2iB+ bm`7�+2b #mi �HbQ 7Q+mb2/ QM i?2 T`QT2`iB2b
Q7 }MBi2@T`2bbm`2 2[mBHB#`B�X aT2+B�H 2KT?�bBb r�b TH�+2/ QM � bK�HH a?�7`�MQp b?B7i-
;QQ/ J>. bi�#BHBiv T`QT2`iB2b- � bK�HH M2Q+H�bbB+�H i`�MbTQ`i- � ;2M2`�H `2/m+iBQM Q7
T�`�HH2H +m``2Mib- �M/ ;QQ/ ↵�T�`iB+H2 +QM}M2K2Mi BM 7mbBQM@`2H2p�Mi QT2`�iBM; `2;BK2bX
�HH i?2b2 T`QT2`iB2b �`2 /2i2`KBM2/ #v i?2 b?�T2 Q7 i?2 TH�bK� #QmM/�`v- #2+�mb2 i?Bb
Qmi2`KQbi ~mt bm`7�+2 /2}M2b i?2 K�;M2iB+ }2H/ BM Bib BMi2`BQ`- r?B+? BM im`M /2}M2b i?2
+Q``2bTQM/BM; #2?�pBQm` r?2M � TH�bK� T`2bbm`2 Bb T`2b2MiX h?2 /2bB;M Q7 � bi2HH�`�iQ`-
i?2`27Q`2- K�v #2;BM rBi? i?2 b?�T2 Q7 i?2 TH�bK� #QmM/�`v �M/ +QMiBMm2b rBi? i?2
QTiBKBx�iBQM Q7 � b2i Q7 }MBi2 +m``2Mi@+�``vBM; }H�K2Mib QmibB/2 i?2 TH�bK�- r?B+? Bb
K2�Mi iQ T`Q/m+2 i?2 /2bB`2/ K�;M2iB+ }2H/X h?2 bi�`iBM; TQBMi Bb mbm�HHv � }`bi ;m2bb
Q7 i?2 +QBH bi`m+im`2 +QKTmi2/ rBi? L1a*PAG (9) Q` _1:*PAG (8)X 1�+? +QBH Bb i?2M
T�`�K2i`Bb2/ #v 2Bi?2` 6Qm`B2` +Q2{+B2Mib Q` bTHBM2 TQBMib �M/ � T2M�Hiv 7mM+iBQM f Bb
/2}M2/ r?B+? K2�bm`2b i?2 /Bz2`2M+2 #2ir22M i?2 K�;M2iB+ }2H/ T`Q/m+2/ #v i?2 +QBHb
�M/ i?2 /2bB`2/ p�+mmK K�;M2iB+ }2H/ Q7 i?2 bi2HH�`�iQ` +�HH2/ i?2 i�`;2i K�;M2iB+ }2H/X
LQMHBM2�` +QBH QTiBKBx�iBQM- �b /QM2 rBi? +Q/2b HBF2 PLa1h (R)- *PAGPSh++ (d) �M/
6P*la (3)- i?2M KBMBKBx2b i?Bb MQMHBM2�` 7mM+iBQM f - r?B+? i�F2b i?2 +QBH T�`�K2i2`b
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�b �M BMTmi p�Hm2 �M/ bmKK�`Bx2b i?2 }iM2bb Q7 i?2 +Q``2bTQM/BM; K�;M2iB+ }2H/ BM
� `2�H p�Hm2 y 2 RX h?2 }iM2bb Bb +?�`�+i2`Bx2/ #v � b2i Q7 [m�HBiv +`Bi2`B� Q7 r?B+?
i?2 }2H/ 2``Q` Bb i?2 KQbi /QKBM�Mi QM2X Ai Bb [m�MiB}2/ #v B · n- r?2`2 B Bb i?2
p2+iQ` Q7 i?2 K�;M2iB+ }2H/ T`Q/m+2/ #v i?2 +QBHb �M/ n Bb i?2 MQ`K�H QM i?2 TH�bK�
#QmM/�`vX AM ;2M2`�H- B K�v BM+Hm/2 BMi2`M�H TH�bK� +m``2Mib- r?B+? r2`2 �#b2Mi BM
i?2 QTiBKBx�iBQM Q7 qd@sX h?2 KBMBKBx�iBQM Q7 i?2 }2H/ 2``Q` Bb QM2 K�DQ` +?�HH2M;2 Q7
bi2HH�`�iQ` +QBH QTiBKBx�iBQM #mi- 7`QK � i?2Q`2iB+�H TQBMi Q7 pB2r- /2pB�iBQMb 7`QK i?2
B/2�H i�`;2i �`2 mM�pQB/�#H2 /m2 iQ i?2 /Bb+`2i2 M�im`2 Q7 i?2 +QBH b2i r?B+? BM2pBi�#Hv
T`Q/m+2b � +Q``2bTQM/BM; `BTTH2 Q7 i?2 K�;M2iB+ bm`7�+2bX �//BiBQM�HHv- /2pB�iBQMb Q++m`
/m2 iQ ;2QK2i`B+ +QMbi`�BMib M2+2bb�`v 7Q` i?2 K�Mm7�+im`BM; Q7 i?2 +QBHb �M/ �bb2K#Hv
Q7 i?2 +QBH b2iX

PM+2 i?2 +QBH QTiBKBx�iBQM �``Bp2b �i i?2 HQr2` #QmM/�`v Q7 i?2 }2H/ 2``Q`- i?2
T2M�Hiv 7mM+iBQM f Bb 2ti2M/2/ #v �//BiBQM�H [m�HBiv +`Bi2`B� �M/ i?2 QTiBKBx�iBQM
+QMiBMm2bX 1�+? M2r b2i Q7 [m�HBiv +`Bi2`B� /2b+`B#2b � KQ`2 BMi`B+�i2 T`QT2`iv Q7 i?2
b2i Q7 M2bi2/ iQ`QB/�H ~mt bm`7�+2b r?B+? /2}M2 i?2 bi2HH�`�iQ`X "mi i?2 KQ`2 BMi`B+�i2
i?2 [m�HBiv +`Bi2`BQM- 2X;X 2z2+ib rBi? }MBi2 TH�bK� T`2bbm`2- i?2 KQ`2 iBK2 Bi i�F2b
iQ +QKTmi2 � bBM;H2 2p�Hm�iBQM Q7 f X h?2`27Q`2- Bi Bb i?2 +?�HH2M;2 Q7 MQMHBM2�` +QBH
QTiBKBx�iBQM iQ BM+Hm/2 M2r 2H2K2Mib rBi?BM i?2 T2M�Hiv 7mM+iBQM f bi2T #v bi2T- bm+?
i?�i i?2 }2H/ 2``Q` Bb MQi BM+`2�bBM; r?BH2 F22TBM; i?2 +QKTH2tBiv Q7 i?2 [m�HBiv +`Bi2`B�
BM f KQ/2`�i2 bQ �b iQ �pQB/ 2t+2bbBp2 +QKTmiBM; iBK2bX

h`�/BiBQM�HHv- i?2 +QBH QTiBKBx�iBQM Bb +QKTH2i2/ r?2M i?2 mM/2`HvBM; K�;M2iB+
}2H/ 7mH}HHb i?2 b�K2 T2`7Q`K�M+2 +`Bi2`B�- i?�i BMBiB�HHv H2/ iQ i?2 b?�T2 Q7 i?2 TH�bK�
#QmM/�`vX "mi QTiBKBxBM; i?2K `2[mB`2b � i`�MbBiBQM Q7 i?2 QTiBKBx�iBQM i�`;2ibX h?2
QTiBKBx�iBQM Q7 i?2 [m�HBiv +`Bi2`B�- r?B+? `2/m+2b i?2 /Bz2`2M+2 #2ir22M i?2 K�;M2iB+
}2H/ 7`QK i?2 +QBHb �M/ i?2 K�;M2iB+ }2H/ /2}M2/ #v i?2 TH�bK� #QmM/�`v- Bb `2TH�+2/
#v i?2 /B`2+i QTiBKBx�iBQM Q7 i?2 T2`7Q`K�M+2 Q7 i?2 K�;M2iB+ }2H/ T`Q/m+2/ #v i?2
+QBHbX h?Bb H�bi bi2T Bb bBKBH�` iQ i?2 QTiBKBx�iBQM Q7 i?2 i�`;2i bi2HH�`�iQ` K�;M2iB+ }2H/
Bib2H7- rBi? i?2 /Bz2`2M+2 i?�i BMbi2�/ Q7 p�`vBM; i?2 TH�bK� #QmM/�`v QM2 +?�M;2b i?2
+QBH +QM};m`�iBQM i?�i /2}M2b i?2 TH�bK� #QmM/�`vX

PM+2 � bmBi�#H2 b2i Q7 }H�K2Mib ?�b #22M 7QmM/- i?2 7Q+mb Bb +?�M;2/ �M/ i?2
+QBH +QM};m`�iBQM Bb 2p�Hm�i2/ BM � T2`im`#�iBQM �M�HvbBbX 1�+? /2pB�iBQM H2�/b iQ �
+?�M;2 Q7 i?2 K�;M2iB+ }2H/ �M/ +QMb2[m2MiHv iQ � +?�M;2 BM i?2 T2`7Q`K�M+2 +`Bi2`B�X
�7i2` T2`7Q`KBM; � bi�iBbiB+�H 2Mb2K#H2 Q7 /2pB�iBQMb i?2 T2`im`#�iBQM �M�HvbBb /2}M2b �
K2�bm`2 Q7 i?2 +?�M;2 Q7 i?2 [m�HBiv Q7 i?2 K�;M2iB+ }2H/ rX`XiX /27Q`K�iBQMb Q7 i?2 +QBH
b2iX � T`2b+`B#2/ HQr2bi �++2Ti�#H2 K�;M2iB+ }2H/ [m�HBiv i?2M H2�/b iQ +QBH +QMbi`m+iBQM
iQH2`�M+2b r?B+? rBHH `2[mB`2 KQ`2 iBK2 �M/ `2bQm`+2b i?2 HQr2` i?2v �`2X lM7Q`imM�i2Hv-
`2+2Mi K�DQ` bi2HH�`�iQ` T`QD2+ib ?�p2 ?�/ i?2 i2M/2M+v iQ #2 M2;�iBp2Hv BM~m2M+2/ #v
i?2B` QrM bi`B+i iQH2`�M+2 `2[mB`2K2Mib- 2X;X q2M/2Hbi2BM d@s (N) �M/ L*as (Ry)X

qBi? i?2 �BK iQ 2�b2 i?2 +QMbi`m+iBQM Q7 7mim`2 bi2HH�`�iQ` T`QD2+ib- r2 2bi�#HBb?2/
� biQ+?�biB+ p2`bBQM Q7 bi2HH�`�iQ` +QBH QTiBKBx�iBQM i?�i r�b �#H2 iQ BM+`2�b2 i?2
+QMbi`m+iBQM iQH2`�M+2b /m`BM; i?2 /2bB;M T`Q+2bb Q7 i?2 +QBH +QM};m`�iBQM (k)X LQMHBM2�`
+QBH QTiBKBx�iBQM Bb +QK#BM2/ rBi? �M Bi2`�iBp2 T2`im`#�iBQM �M�HvbBb rBi? i?2 `2bmHi
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i?�i i?2 i�`;2i K�;M2iB+ }2H/ Bb KQ`2 �++m`�i2Hv `2T`Q/m+2/ �M/ Bb �HbQ KQ`2 `2bBHB2Mi
�;�BMbi +QBH /BbTH�+2K2Mib rX`XiX i?2 T2M�Hiv 7mM+iBQM f X h?2 M2r i2+?MB[m2 `2TH�+2b
i?2 QTiBKBx�iBQM Q7 � bBM;H2 +QBH +QM};m`�iBQM f1 rBi? i?2 QTiBKBx�iBQM Q7 � +HQm/ Q7
M2B;?#Q`BM; +QBH +QM};m`�iBQMb fN X 1�+? 2H2K2Mi Q7 i?2 +HQm/ Bb � T2`im`#�iBQM Q7
i?2 Q`B;BM�H +QBH +QM};m`�iBQM �i i?2 +HQm/Ƕb +2Mi2`X h?2 +HQm/ Bb +?�`�+i2`Bx2/ #v i?2
MmK#2` Q7 b�KTH2b N UMmK#2` Q7 T2`im`#�iBQMbV �M/ i?2B` :�mbbB�M /Bbi`B#miBQM �`QmM/
i?2 mMT2`im`#2/ +QM};m`�iBQMX qBi? i?2 �BK iQ i2bi i?2 biQ+?�biB+ p2`bBQM Q7 bi2HH�`�iQ`
+QBH QTiBKBx�iBQM �;�BMbi Bib +H�bbB+�H +QmMi2`T�`i- � +QKT�+i QTiBKBx�iBQM b2[m2M+2 7Q`
i?2 Q`B;BM�H qd@s TH�bK� #QmM/�`v (RR) r�b /2p2HQT2/- BM r?B+? i?2 +QKTH2tBiv Q7
i?2 T2M�Hiv 7mM+iBQM bi�v2/ `�i?2` HQrX h?2 i2bi BM+Hm/2/ e /Bz2`2Mi b�KTH2 bBx2b
UR- 100- 1000- 2000- 4000 �M/ 8000V �M/ +QKT�`2/ i?2 `2bmHib #�b2/ QM i?2B` }iM2bb
�M/ `Q#mbiM2bb rX`XiX f X >2`2- f1 Bb i?2 +H�bbB+- bBM;H2 +QBH QTiBKBx�iBQM +�b2X h?2
�H;Q`Bi?K iQ;2i?2` rBi? i?2 QTiBKBx�iBQM b2[m2M+2 Bb /2b+`B#2/ BM KQ`2 /2i�BH BM (k)X
h?2 e QTiBKBx�iBQM `mMb Q7 i?2 QTiBKBx�iBQM b2[m2M+2 +QM+2Mi`�i2 K�BMHv QM i?2 }2H/
2``Q` �M/ �i i?2 2M/ QM T`QT2`iB2b Q7 i?2 p�+mmK K�;M2iB+ }2H/- r?BH2 �/?2`BM; i?2
;2QK2i`B+ +QMbi`�BMib i?`Qm;?Qmi i?2 QTiBKBx�iBQMX h?2 T2M�Hiv p�Hm2b �i i?2 2M/ Q7
i?2 QTiBKBx�iBQM b2[m2M+2 `2bmHi2/ BM i?2 7QHHQrBM; Q`/2`BM; Q7 i?2 b�KTH2 bBx2 +�b2b

f8000 < f4000 < f2000 < f1 < f1000 ⌧ f100, URV
r?2`2 i?2 #B;;2bi ;�T BM i?Bb Q`/2` Bb #2ir22M i?2 +�b2 rBi? 1000 �M/ 100 b�KTH2bX h?2
+�b2 rBi? 8000 b�KTH2b ?�b � kyW HQr2` T2M�Hiv p�Hm2 +QKT�`2/ iQ i?2 +QBH QTiBKBx�iBQM
i?�i mb2b Dmbi � bBM;H2 b�KTH2X AM �HH +�b2b- i?2 T2M�Hiv QM i?2 }2H/ 2``Q` +QMbiBimi2b 38W
Q7 i?2 iQi�H T2M�Hiv p�Hm2 bBM+2 i?2 /2bB;M p�Hm2b Q7 i?2 `2K�BMBM; [m�HBiv +`Bi2`B� �`2
`2�+?2/ rBi? [mBi2 ?B;? �++m`�+vX h?2 7Q+mb Q7 i?2 }`bi bim/v r�b iQ /2KQMbi`�i2 i?2
�/p�Mi�;2b Q7 biQ+?�biB+ QTiBKBx�iBQM BM i?2 +QMi2ti Q7 bi2HH�`�iQ` +QBH /2bB;M- mbBM; QMHv
PLa1hX h?2 BKT`Qp2/ `2bmHib /Q MQi M2+2bb�`BHv BKTHv i?�i i?2b2 `2bmHib �`2 bmT2`BQ`
iQ M2r2` +QBH /2bB;M iQQHb Ubm+? �b 6P*laV- QMHv i?�i i?2 biQ+?�biB+ QTiBKBx�iBQM Bib2H7
r�b #2M2}+B�HX

.m`BM; i?2 QTiBKBx�iBQM �M/ bm#b2[m2Mi T2`im`#�iBQM �M�HvbBb BM (k)- i?2 }iM2bb Q7
i?2 +QBH b2ib �M/ i?2 +Q``2bTQM/BM; [m�HBiv Q7 i?2 K�;M2iB+ }2H/b r2`2 K2�bm`2/ #v i?2
T2M�Hiv 7mM+iBQM f X h?Bb T2`bT2+iBp2 Bb HBKBi2/ �M/ b?Qrb QMHv i?2 /Bz2`2M+2b rX`XiX i?2
i�`;2i K�;M2iB+ }2H/ �M/ MQi ?Qr i?2b2 K�;M2iB+ }2H/ /Bz2`2M+2b BM~m2M+2 i?2 KQ`2
7mM/�K2Mi�H T?vbB+b T`QT2`iB2b Q7 i?2 +QM};m`�iBQMX AM i?Bb T�T2` r2 KQp2 #2vQM/
i?2 b+QT2 Q7 f �M/ +QKT�`2 i?2 +QBH b2ib QTiBKBx2/ BM (k) #v i?2 �+im�H T2`7Q`K�M+2
+`Bi2`B� r?B+? H2�/ iQ i?2 b?�T2 Q7 i?2 TH�bK� #QmM/�`vX q2 b?B7i i?2 T2`bT2+iBp2- 7`QK
BMp2biB;�iBM; T`QT2`iB2b Q7 K�;M2iB+ }2H/b iQ � T?vbB+b �M�HvbBb Q7 }MBi2@h�i 2[mBHB#`B�X
h?Bb r�v- r2 K�F2 � #2ii2` �bb2bbK2Mi Q7 i?2 �+im�H }iM2bb Q7 i?2 +QBH b2ib �M/ i2bi
i?2 Q`/2`BM; Q#i�BM2/ 7`QK i?2 T2M�Hiv p�Hm2b BM 2[m�iBQM URV �;�BMbi i?2 MmK#2` Q7
b�KTH2b mb2/ /m`BM; i?2 QTiBKBx�iBQMX GQQb2Hv 7Q`KmH�i2/- r2 i`v iQ �bb2bb ?Qr Km+?
i?2 HQr2` T2M�Hiv 7mM+iBQM ?�b #`Qm;?i mb BM i2`Kb Q7 KQ`2 7mM/�K2Mi�H �M/ BKTQ`i�Mi
T?vbB+b T`QT2`iB2b- �bb2bb2/ rBi? i?2 #2bi iQQHb r2 ?�p2 �p�BH�#H2 iQ/�vX Ai Bb �i H2�bi
BM T`BM+BTH2 TQbbB#H2 i?�i i?2 bB;MB}+�MiHv `2/m+2/ T2M�Hiv p�Hm2 BM i?2 2M/ /Q2b MQi
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i`�MbH�i2 BMiQ bB;MB}+�MiHv BKT`Qp2/ T?vbB+b T`QT2`iB2bX aQ T�`i Q7 Qm` Tm`TQb2 Bb �HbQ
iQ K�F2 � }`bi �bb2bbK2Mi Q7 i?2 �TT`QT`B�i2M2bb Q7 i?2 T2M�Hiv 7mM+iBQM Bib2H7- �Hi?Qm;?
�/KBii2/Hv i?2 /�i� T`2b2Mi2/ ?2`2 �`2 iQQ bT�`b2 iQ ;Bp2 KQ`2 i?�M � }`bi BM/B+�iBQMX

AM i?Bb T?vbB+b �M�HvbBb- i?2 bBM;H2 +QBH QTiBKBx�iBQM rBi? � bBM;H2 b�KTH2 Bb i?2
`272`2M+2 +�b2 Q7 +H�bbB+ +QBH QTiBKBx�iBQM �M/ r2 `272` iQ i?2 `2bi Q7 i?2 +�b2b QTiBKBx2/
BM (k) �b biQ+?�biB+ +�b2 N X �HH i?2 `2bmHib �`2 `�MF2/ rBi? i?2 i�`;2i K�;M2iB+ }2H/-
/2}M2/ #v i?2 Q`B;BM�H qd@s #QmM/�`v (Rk)X h?2 Q`B;BM Q7 �HH K�;M2iB+ }2H/b Bb 2tTH�BM2/
BM KQ`2 /2i�BH BM b2+iBQM k �M/ i?2B` /Bz2`2M+2b rX`XiX i?2 [m�HBiv +`Bi2`B� mb2/ �i i?2
2M/ Q7 i?2 QTiBKBx�iBQM �`2 /2b+`B#2/ BM b2+iBQM jX h?2 T2`7Q`K�M+2 +`Bi2`B� �`2 +?Qb2M
7QHHQrBM; i?2 HBbi Q7 i?2 qd@s Q#D2+iBp2b BM (j)X q2 /2b+`B#2 i?2 /2p2HQTK2Mi Q7 i?2
a?�7`�MQp b?B7i BM b2+iBQM 9XR �M/ i?2 ;HQ#�H B/2�H J>. bi�#BHBiv T`QT2`iB2b mbBM; i?2
*�aj. bi�#BHBiv +Q/2 (R8) BM b2+iBQM 9XkX h?2 M2Q+H�bbB+�H i`�MbTQ`i rBHH #2 /Bb+mbb2/
BM b2+iBQM 9Xj- �M/ i?2 +QM}M2K2Mi Q7 7�bi T�`iB+H2b mbBM; i?2 �Lha +Q/2 (Re) rBHH #2
+QKT�`2/ BM b2+iBQM 9X9X G�bi #mi MQi H2�bi- r2 KQp2 #2vQM/ i?2 T2`7Q`K�M+2 +`Bi2`B�
7Q` r?B+? i?2 qd@s #QmM/�`v r�b QTiBKBx2/ �M/ T`2b2Mi � KQ/2 �M�HvbBb BM b2+iBQM
9X8 b?QrBM; � ;HBKTb2 BMiQ i?2 ;v`QFBM2iB+ #2?�pBQm` Q#b2`p�#H2 BM � b2H2+iBQM Q7 i?`22
+�b2bX

kX P`B;BM Q7 i?2 J�;M2iB+ 6B2H/b

h?2 QTiBKBx�iBQM i?�i H2/ iQ i?2 /2bB;M Q7 i?2 �+im�H qd@s +QBH b2i +�M mM7Q`imM�i2Hv MQi
#2 `2T`Q/m+2/ iQ/�vX h?�i QTiBKBx�iBQM T`Q+2/m`2 BMpQHp2/ Bi2`�iBQMb �M/ +QMbi`�BMib
i?�i �`2 MQi 2�bBHv �miQK�i2/ �M/ MQi bm{+B2MiHv /Q+mK2Mi2/X aQK2 Q7 i?2b2
�`2 /2b+`B#2/ #2HQrX h?2 QTiBKBx�iBQM- r?B+? +QKT�`2/ i`�/BiBQM�H �M/ biQ+?�biB+
bi2HH�`�iQ` +QBH QTiBKBx�iBQM mb2/ i?2 Q`B;BM�H qd@s Ǵ?B;?@KB``Q`Ǵ +QM};m`�iBQM �b i?2
i�`;2i K�;M2iB+ }2H/X h?2 #QmM/�`v r�b }`bi BMi`Q/m+2/ BM (Rk) #mi Bb #2ii2` /2b+`B#2/
BM (ky)X h?2 +QBH +QM};m`�iBQM i?�i `2T`Q/m+2/ i?2 K�;M2iB+ }2H/b Q7 i?2 Q`B;BM�H qd@s
+QM};m`�iBQM�H bT�+2 Bb MQ HQM;2` �p�BH�#H2 �M/ Bib b?�T2 ?�b `2T2�i2/Hv +?�M;2/ bBM+2
Bib }`bi Tm#HB+�iBQM BM (Rd)X h?2 K�BM KQiBp�iBQM r�b i?2 K�Mm7�+im`�#BHBiv �i i?2 iBK2
+QK#BM2/ rBi? i?2 �//BiBQM�H /2bB`2 Q7 KQ`2 2tT2`BK2Mi�H ~2tB#BHBivX qBi? i?2 +?�M;2
Q7 i?2 +QBH +QM};m`�iBQM i?2 K�;M2iB+ }2H/b Q7 i?2 qd@s +QM};m`�iBQM�H bT�+2 +?�M;2/X
*QMb2[m2MiHv- i?2`2 Bb � MQi 7mHHv FMQrM /Bz2`2M+2 #2ir22M i?2 Q`B;BM�H i�`;2i K�;M2iB+
}2H/ �M/ i?2 K�;M2iB+ }2H/ 7Q` r?B+? i?2 +QBHb BM i?2 2M/ r2`2 /2bB;M2/X

q2 +QKTmi2/ �M �M�HviB+ +m``2Mi /Bbi`B#miBQM QM � bm`7�+2 QmibB/2 i?2 TH�bK�
#QmM/�`v rBi? L1a*PAG (9)- i?�i `2T`Q/m+2b i?2 Q`B;BM�H #QmM/�`v rBi? �++2Ti�#H2
T`2+BbBQMX q2 mb2/ i?2 K�;M2iB+ }2H/ T`Q/m+2/ #v i?Bb +m``2Mi b?22i iQ Q#i�BM i?2
i�`;2i p�Hm2b mb2/ 7Q` i?2 QTiBKBx�iBQM �M/ i?2`27Q`2- r2 `272` iQ i?Bb K�;M2iB+ }2H/ �b
i?2 i�`;2i K�;M2iB+ }2H/X *?QQbBM; � p�MBb?BM; M2i iQ`QB/�H +QBH +m``2Mi ;m�`�Mi22b i?�i
i?2 K�;M2iB+ }2H/ Q7 i?2 bi2HH�`�iQ` +�M #2 ;2M2`�i2/ 7`QK TQHQB/�HHv +HQb2/ K�;M2ib-
�M/ i?�i i?2`2 Bb MQ M22/ 7Q` iQ`QB/�H Q` ?2HB+�H K�;M2ibX h?Bb r�v- � /Bb+`2iBx�iBQM
Q7 i?2 +m``2Mi b?22i BMiQ TQHQB/�HHv +HQb2/ KQ/mH�` +m``2Mi }H�K2Mib Bb TQbbB#H2X h?2b2
T`QpB/2 i?2 bi�`iBM; TQBMi Q7 i?2 +QBH QTiBKBx�iBQM rBi? PLa1h (R) �M/ Bib biQ+?�biB+



S?vbB+b �M�HvbBb Q7 `2bmHib Q7 biQ+?�biB+ �M/ +H�bbB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM e

2ti2MbBQM (k)X h?2 QTiBKBx�iBQM 2M/2/ �7i2` e `mMb rBi? i?2 +QBH b2ib i?�i T`Q/m+2 i?2
K�;M2iB+ }2H/b r2 `272` iQ �b i?2 `272`2M+2 +�b2 �M/ i?2 biQ+?�biB+ +�b2bX

h?2 }MBi2@h�i J>. 2[mBHB#`B� Q7 i?2 d K�;M2iB+ }2H/b �`2 +QKTmi2/ rBi? i?2 7`22
#QmM/�`v p2`bBQM Q7 oJ1* (R3) (RN)- r?2`2 r2 mb2 i?2 T`2bbm`2 T`Q}H2 Q7 i?2 bi�#BHBiv
�M�HvbBb (ky) Q7 i?2 Q`B;BM�H qd@s +QM};m`�iBQM�H bT�+2 (RR) r?B+? Bb T`QTQ`iBQM�H iQ

p(⇢) / 7� 11⇢2 + 4⇢4 -r?2`2 0  ⇢  1 UkV
Bb i?2 KBMQ` `�/Bmb MQ`K�HBx2/ iQ i?2 KBMQ` `�/Bmb Q7 i?2 H�bi +HQb2/ ~mt bm`7�+2X
oJ1* Bb mb2/ rBi? e8 ~mt bm`7�+2b �HHQrBM; `2bB/m�H 7Q`+2b Q7 i?2 Q`/2` Q7 10�11X h?2
`2bQHmiBQM Q7 i?2 J:_A. }H2b mb2b Rjy TQBMib BM `�/B�H@ �M/ x@/B`2+iBQM �M/ ek TQBMib
BM '@/B`2+iBQMX >2`2 r2 /2MQi2 i?�i i?2 QTiBKBx�iBQM Q7 i?2 }MBi2@h�i 2z2+ib Q7 i?2
Q`B;BM�H qd@s #QmM/�`v r�b /QM2 mbBM; i?2 }t2/@#QmM/�`v oJ1*X h?Bb K2�Mb i?�i
i?2 7`22@#QmM/�`v oJ1* 2[mBHB#`BmK Q7 i?2 i�`;2i K�;M2iB+ }2H/ r�b M2p2` /B`2+iHv
QTiBKBx2/- QMHv BM/B`2+iHv i?`Qm;? i?2 }t2/@#QmM/�`v oJ1* bim/B2bX

jX Zm�HBiv *`Bi2`B�

h?2 [m�HBiv +`Bi2`B� mb2/ /m`BM; i?2 QTiBKBx�iBQM �`2 pBbm�HBx2/ BM };m`2 R �M/ i?2
+Q``2bTQM/BM; p�Hm2b Q7 i?2 biQ+?�biB+ �M/ `272`2M+2 +�b2b iQ;2i?2` rBi? i?2 i�`;2i p�Hm2b
�`2 HBbi2/ BM i�#H2 �R Q7 i?2 �TT2M/Bt �X q2 �//2/ i?2 +Q``2bTQM/BM; T2M�Hiv p�Hm2b iQ
#2ii2` �bb2bb 2[m�iBQM URVX .m`BM; i?2 QTiBKBx�iBQM- i?2 b[m�`2/ `2bB/m�H Q7 2�+? [m�HBiv
+`Bi2`BQM rX`XiX Bib +Q``2bTQM/BM; i�`;2i p�Hm2 r�b � r2B;?i2/ T�`i BM i?2 T2M�Hiv 7mM+iBQM
f r?Qb2 KBMBKBx�iBQM r�b i?2 K�BM i�bF Q7 i?2 QTiBKBx�iBQM b2[m2M+2 /2b+`B#2/ BM (k)X

h?2 }2H/ 2``Q` Bb [m�MiB}2/ rBi? irQ p�Hm2b- i?2 K�tBKmK HQ+�H }2H/ 2``Q`
max el = |B·n|

|B| - r?2`2 B Bb i?2 p2+iQ` Q7 i?2 K�;M2iB+ }2H/ �M/ n Bb i?2 MQ`K�H QM
i?2 TH�bK� #QmM/�`v- �M/ i?2 �p2`�;2 ;HQ#�H }2H/ 2``Q` ea =

R
A eldA

A - r?2`2 A Bb i?2 �`2�
Q7 i?2 TH�bK� #QmM/�`vX h?2v �`2 i?2 KQbi /QKBM�Mi [m�HBiv +`Bi2`B� BM i?2 T2M�Hiv
7mM+iBQM /B`2+iHv [m�MiB7vBM; i?2 /Bz2`2M+2 #2ir22M i?2 i�`;2i K�;M2iB+ }2H/ �M/ i?2
K�;M2iB+ }2H/ T`Q/m+2/ #v i?2 +QBHbX h?2 i�`;2i K�;M2iB+ }2H/ Bb T`Q/m+2/ #v �M
�M�HviB+ +m``2Mi /Bbi`B#miBQM +QKTmi2/ rBi? L1a*PAG URk TQHQB/�H �M/ Ry iQ`QB/�H
KQ/2bV QM � +m``2Mi@+�``vBM; bm`7�+2 30 cm QmibB/2 i?2 TH�bK� #QmM/�`vX Aib }2H/ 2``Q`
b2ib i?2 HQr2` #QmM/�`v +QKT�`2/ iQ i?2 }2H/ 2``Q`b Q7 i?2 +QBH QTiBKBx�iBQM bim/v �b
+�M #2 b22M BM i�#H2 RX
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>�H7@JQ/mH2
U 1
10 Q7 qd@sV

PmibB/2 Q7 i?2 hQ`mb

AMbB/2 Q7
i?2 hQ`mb

qBM/BM; am`7�+2

GBKBiBM; am`7�+2b

SH�bK� "QmM/�`v

*QBH

*H2�`�M+2

*QBH *m`p�im`2

J�;M2iB+ q2HH
�

AQi� S`Q}H2

am`7�+2

�tBb SQbBiBQM
"2�M a?�T2/ *`Qbb

a2+iBQM

36�

�tBb SQbBiBQM
h`B�M;mH�` *`Qbb

a2+iBQM

J�;M2iB+ �tBbJ�;M2iB+
JB``Q`

6B2H/ 1``Q`

P#D2+ib mb2/ BM PTiBKBx�iBQM

6B2H/ 1``Q` Y :2QK2i`B+ S`QT2`iB2b

S`QT2`iB2b Q7 i?2 J�;M2iB+ 6B2H/

PTiBKBx�iBQM Q7 6Qm`B2` *Q2{+B2Mib

6B;m`2 R, � qd@s ?�H7@KQ/mH2 Bb b?QrM iQ;2i?2` rBi? i?2 bm`7�+2b mb2/ /m`BM; � bi2HH�`�iQ`
+QBH QTiBKBx�iBQM rBi? PLa1h (R)X �//BiBQM�HHv- r2 T`2b2Mi i?2 [m�HBiv +`Bi2`B� mb2/ /m`BM;
i?2 +QKT�+i QTiBKBx�iBQM b2[m2M+2 +7X�RX

h�#H2 R, o�Hm2b Q7 i?2 6B2H/ 1``Q`

J�;M2iB+ 6B2H/b, J�tBKmK GQ+�H �p2`�;2 :HQ#�H
6B2H/ 1``Q`, 6B2H/ 1``Q`,

h�`;2i J�;M2iB+ 6B2H/ 3.4⇥ 10�4 9.5⇥ 10�5

aiQ+?�biB+ *�b2 8000 6.0⇥ 10�2 1.6⇥ 10�2

aiQ+?�biB+ *�b2 4000 5.7⇥ 10�2 1.66⇥ 10�2

aiQ+?�biB+ *�b2 2000 6.0⇥ 10�2 1.95⇥ 10�2

_272`2M+2 *�b2 7.0⇥ 10�2 1.7⇥ 10�2

aiQ+?�biB+ *�b2 1000 7.0⇥ 10�2 1.92⇥ 10�2

aiQ+?�biB+ *�b2 100 8.0⇥ 10�2 2.27⇥ 10�2

h?2 /Bz2`2M+2b BM i?2 }2H/ 2``Q` #2ir22M i?2 QTiBKBx2/ +QBH +�b2b `2~2+i i?2 Q`/2` Q7
i?2 T2M�Hiv p�Hm2b BM 2[m�iBQM URV Q#i�BM2/ �7i2` i?2 QTiBKBx�iBQM �M/ ?B;?HB;?ib i?�i i?2
biQ+?�biB+ +�b2 8000 ?�b M2�`Hv i?2 b�K2 }2H/ 2``Q` �b i?2 biQ+?�biB+ +�b2 4000- i?�i i?2
`272`2M+2 +�b2 Bb bQK2r?2`2 #2ir22M i?2 biQ+?�biB+ +�b2 2000 �M/ biQ+?�biB+ +�b2 1000

�M/ i?�i i?2 rQ`bi p�Hm2b rBi? i?2 H�`;2bi ;�T �KQM; i?2 +QBH +�b2b ?�b i?2 biQ+?�biB+
+�b2 100X h?2 p�+mmK SQBM+�`2 THQib Q7 �HH i?2 K�;M2iB+ }2H/b �i i?2 #2�M@b?�T2/ +`Qbb
b2+iBQM T`2b2Mi2/ BM };m`2 k +QM}`K i?Bb bBim�iBQM �M/ b?Qr i?�i i?2 K�;M2iB+ }2H/ Q7
i?2 biQ+?�biB+ +�b2 100 /2pB�i2b KQbi 7`QK i?2 i�`;2i K�;M2iB+ }2H/X "mi p�`B�iBQMb
BM i?2 SQBM+�`2 THQib /Q MQi M2+2bb�`BHv H2�/ iQ +?�M;2b BM i?2 TH�bK� T2`7Q`K�M+2 �b
bi�i2/ BM (Rj) �M/ (R9)X h�#H2 �R pBbm�HBx2b BM MmK#2`b i?�i �HH +QBH +QM};m`�iBQMb b?Qr
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[mBi2 ;QQ/ �;`22K2Mi QM i?2 T`QT2`iB2b Q7 i?2 p�+mmK K�;M2iB+ }2H/ �M/ K22i i?2
;2QK2i`B+ +QMbi`�BMib bm+? i?�i �HH +QBH +QM};m`�iBQMb �`2 p�HB/ �TT`QtBK�iBQMb Q7 i?2
i�`;2i K�;M2iB+ }2H/X

6B;m`2 k, SQBM+�`2 THQib Q7 i?2 p�+mmK }2H/ �i i?2 #2�M@b?�T2/ �M/ i`B�M;mH�` +`Qbb b2+iBQM

h?2 ;2QK2i`B+ T`QT2`iB2b Q7 i?2 }H�K2Mi bi`m+im`2 ;m�`�Mi22 i?2 72�bB#BHBiv Q7 i?2
bi2HH�`�iQ` +QMbi`m+iBQMX h?2 K�i2`B�H mb2/ �M/ +QMb2[m2MiHv i?2 2ti2Mi Q7 i?2 +QBH
mbm�HHv /2}M2b i?2 K�tBK�H �HHQr2/ +QBH +m`p�im`2X Ai Bb /2}M2/ �b  = 1

R - r?2`2 R

Bb i?2 `�/Bmb Q7 i?2 bK�HH2bi +B`+H2 `2T`2b2MiBM; � +QBH b2;K2MiX �//BiBQM�HHv- QM2 i`B2b
iQ �pQB/ mMM2+2bb�`v mM/mH�iBQMb- r?B+? Bb 2M7Q`+2/ #v i?2 b2+QM/ +m`p�im`2X Ai Bb �
r2B;?i2/ BMi2;`�H Q7 i?2 }`bi +m`p�im`2 �M/ 7mHHv /2b+`B#2/ BM (kk)X h?2 }MBi2 2ti2Mi Q7
i?2 +QBH �HbQ /2}M2b i?2 `2[mB`2/ +H2�`�M+2 #2ir22M �/D�+2Mi +QBHb- �M/ i?2 irQ HBKBiBM;
bm`7�+2b ;m�`�Mi22 i?�i i?2 +QBHb /Q MQi ;2i iQQ +HQb2 Q` iQQ 7�` �r�v 7`QK i?2 TH�bK�
#QmM/�`vX "2bB/2b i?2b2 T`QT2`iB2b- +QBH iQ TH�bK� b2T�`�iBQM �M/ +QBH H2M;i? U(8)- (e)-
(3)- (kR)V �`2 Q7i2M mb2/ �b /2bB;M K2i`B+bX

h?2 #�bB+ T`QT2`iB2b Q7 i?2 K�;M2iB+ }2H/ �`2 +?�`�+i2`Bx2/ #v d �bT2+ib BM i?2
T2M�Hiv 7mM+iBQM,
• h?2 K�;M2iB+ �tBb Bb /2i2`KBM2/ �i i?2 #2;BMMBM; �M/ �i i?2 2M/ Q7 i?2 ?�H7@KQ/mH2X
• h?2 /Bz2`2M+2 #2ir22M i?2 K�;M2iB+ }2H/ bi`2M;i? QM i?2 �tBb �i i?2 bi�`i �M/ �i i?2
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2M/ Q7 i?2 ?�H7@KQ/mH2 Bb `272``2/ iQ �b i?2 K�;M2iB+ KB``Q`X Ai Bb MQ`K�HBx2/ iQ i?2
bmK Q7 i?2 irQ K�;M2iB+ }2H/ bi`2M;i? p�Hm2bX Ai Bb BKTQ`i�Mi 7Q` i?2 +QM}M2K2Mi
Q7 7�bi T�`iB+H2b �M/ rBHH #2 /Bb+mbb2/ BM b2+iBQM 9X9X

• h?2 p�Hm2 Q7 BQi� QM i?2 �tBb �M/ i?2 b?2�` Bb /2i2`KBM2/X h?2 H�ii2` Bb +QKTmi2/
#v i�FBM; i?2 /Bz2`2M+2 Q7 BQi� QM �tBb �M/ BQi� 0.2m Qz �tBb �i i?2 #2;BMMBM; Q7
i?2 ?�H7@KQ/mH2 �i z = 0X

• h?2 +?�M;2 Q7 i?2 K�;M2iB+ pQHmK2 �HQM; i?2 `�/B�H /B`2+iBQM Bb bmKK�`Bx2/ BM i?2
K�;M2iB+ r2HH- r?B+? Bb M2+2bb�`v 7Q` i?2 ;HQ#�H J>. bi�#BHBiv �M/ rBHH #2 /Bb+mbb2/
BM b2+iBQM 9XkX

• h?2 6Qm`B2` +Q2{+B2Mib Q7 BMM2` ~mt bm`7�+2b +�M #2 +QKTmi2/ �M/ QTiBKBx2/
iQr�`/b i?2 +Q2{+B2Mib Q7 i?2 +Q``2bTQM/BM; bm`7�+2b Q7 i?2 i�`;2i K�;M2iB+ }2H/X
h?2v �`2 /2`Bp2/ BM S1ah +QQ`/BM�i2b (98) �M/ r2 +?Qb2 i?2 Rmn �M/ Zmn Q7 �
~mt bm`7�+2 bHB;?iHv BMbB/2 i?2 TH�bK� #QmM/�`vX

jXRX _2K�`F,

q2 TQBMi Qmi- i?�i QMHv i?2 p�Hm2b Q7 }`bi +m`p�im`2- i?2 +H2�`�M+2 �M/ i?2 irQ �t2b
TQbBiBQMb ?�p2 T?vbB+�H mMBibX

9X S2`7Q`K�M+2 *`Bi2`B�

9XRX a?�7`�MQp a?B7i

h?2 a?�7`�MQp b?B7i K2�bm`2b i?2 /2pB�iBQM Q7 i?2 K�;M2iB+ �tBb r?2M � TH�bK� T`2bbm`2
Bb �TTHB2/X h?2 `2/m+iBQM Q7 i?2 a?�7`�MQp b?B7i r�b QM2 Q7 i?2 F2v Q#D2+iBp2b BM i?2
/2bB;M Q7 qd@s (j)X

AM };m`2 j r2 +QKT�`2 i?2 TQbBiBQM Q7 i?2 K�;M2iB+ �tBb �i #Qi? mT@/QrM bvKK2i`B+
TH�bK� +`Qbb b2+iBQMb �b � 7mM+iBQM Q7 MQ`K�HBx2/ TH�bK� T`2bbm`2 Uh�iVX h?2 a?�7`�MQp
b?B7i #2ir22M h�i = 0% �M/ h�i = 5% K2�bm`2/ �i i?2 #2�M@b?�T2/ +`Qbb b2+iBQM Bb
�#Qmi 1 cm HQr2` 7Q` i?2 biQ+?�biB+ +�b2 100 +QKT�`2/ iQ i?2 `2bi Q7 i?2 +�b2bX h?2v
�HH ?�p2 �HKQbi i?2 b�K2 b?B7i rBi? i?2 `272`2M+2 +�b2 ?�pBM; i?2 H�`;2bi QM2X �i i?2
i`B�M;mH�` +`Qbb b2+iBQM i?2 biQ+?�biB+ +�b2 100 ?�b �;�BM i?2 bK�HH2bi a?�7`�MQp b?B7i-
r?B+? Bb i?Bb iBK2 2 cm bK�HH2` i?�M i?2 a?�7`�MQp b?B7i Q7 i?2 `272`2M+2 +�b2X h?2 `2bi
Q7 i?2 +�b2b BM+Hm/BM; i?2 i�`;2i K�;M2iB+ }2H/ ?�p2 � a?�7`�MQp b?B7i BM #2ir22M i?2
H�ii2` irQ +�b2b- �`QmM/ 1 cm ?B;?2` i?�M i?2 biQ+?�biB+ +�b2 100 �M/ �`QmM/ 1 cm HQr2`
i?�M i?2 `272`2M+2 +�b2X h?2 a?�7`�MQp b?B7i Bb BM ;2M2`�H � 7�+iQ` Q7 irQ HQr2` �i i?2
#2�M@b?�T2/ +`Qbb b2+iBQM +QKT�`2/ iQ i?2 i`B�M;mH�` +`Qbb b2+iBQM /m2 iQ i?2 /Bz2`2Mi
2HQM;�iBQMb Q7 i?2 irQ +`Qbb b2+iBQMbX h?2 `2bmHib vB2H/ i?2 7QHHQrBM; Q`/2`BM;,

f100 < h�`;2i ⇡ f8000 ⇡ f4000 ⇡ f2000 ⇡ f1000 < f1. UjV
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6B;m`2 j, a?B7i Q7 i?2 K�;M2iB+ �tBb 7`QK h�i = 0% mT iQ h�i = 5% K2�bm`2/ �i #Qi? 2M/b
Q7 i?2 ?�H7@KQ/mH2X

9XkX ai�#BHBiv

h?2 /2Ti? Q7 i?2 K�;M2iB+ r2HH Bb � };m`2 Q7 K2`Bi BM i?2 B/2�H J>. +QMbB/2`�iBQMb
(kj)X >�pBM; � K�;M2iB+ r2HH K2�Mb i?�i i?2 `�i2 Q7 BM+`2�b2 Q7 i?2 +QMi�BM2/ K�;M2iB+
pQHmK2 rBi? iQ`QB/�H ~mt - V 0(s)- /2+`2�b2b rBi? `�/Bmb- BX2X V 00(s) < 0 (k9)X AM PLa1h-
i?2 K�;M2iB+ r2HH Bb /2}M2/ �b i?2 MQ`K�HBx2/ /Bz2`2M+2 Q7 i?2 bT2+B}+ pQHmK2 Q7 irQ
r2HH@b2T�`�i2/ K�;M2iB+ bm`7�+2b UBM+Hm/BM; i?2 K�;M2iB+ �tBbV

�2 · V
0
2 � V 0

1

V 0
1 + V 0

2

. U9V

>2`2 V 0
1 Bb i?2 bT2+B}+ pQHmK2 #2HQM;BM; iQ i?2 K�;M2iB+ bm`7�+2 +HQb2` iQ i?2 K�;M2iB+

�tBb �M/ V 0
2 i?2 +Q``2bTQM/BM; bT2+B}+ pQHmK2 #2HQM;BM; iQ i?2 K�;M2iB+ bm`7�+2 +HQb2`

iQ i?2 H�bi +HQb2/ ~mt bm`7�+2X .m`BM; Qm` QTiBKBx�iBQM r2 +QKTmi2/ V 0
1 QM i?2 K�;M2iB+

�tBb �M/ V 0
2 QM i?2 bm`7�+2 �i ⇢ = 0.2- r?2`2 ⇢ Bb i?2 MQ`K�HBx2/ KBMQ` `�/BmbX h?2

bT2+B}+ K�;M2iB+ pQHmK2 Bb +QKTmi2/ �b i?2 �p2`�;2 HBM2 BMi2;`�H �HQM; � K�;M2iB+ }2H/
HBM2 MQ`K�HBx2/ #v i?2 K�;M2iB+ }2H/ bi`2M;i? �M/ Bb 2tT`2bb2/ �b i?2 HBKBi Q7

lim
N!1

1

N

Z

N

dl

B
=

dV

d 
rBi?  � iQ`QB/�H ~mtX U8V

h?2 i�`;2i K�;M2iB+ }2H/ T`QpB/2b i?2 /2bB;M p�Hm2 Q7 i?2 K�;M2iB+ r2HH Q7 7.0⇥ 10�3X
h?2 biQ+?�biB+ +�b2b 4000 � 8000 TQbb2bb � /22T2` K�;M2iB+ r2HH Q7 ⇡ 8⇥ 10�3 �M/ i?2
`272`2M+2 +�b2 ?�b � KQ`2 b?�HHQr K�;M2iB+ r2HH Q7 5.4⇥ 10�3X h?2 K�;M2iB+ r2HH Q7 i?2
biQ+?�biB+ +�b2b 100 � 1000 � 2000 Bb KQ`2 i?�M irQ iBK2b /22T2` i?�M i?2 K�;M2iB+
r2HH Q7 i?2 biQ+?�biB+ +�b2b 4000 � 8000X >�pBM; � K�;M2iB+ r2HH Bb � M2+2bb�`v +QM/BiBQM



S?vbB+b �M�HvbBb Q7 `2bmHib Q7 biQ+?�biB+ �M/ +H�bbB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM RR

7Q` ;HQ#�H B/2�H J>. bi�#BHBiv �M/ i?2 `2bmHi bm;;2bib i?�i i?2 biQ+?�biB+ +�b2b �`2 KQ`2
bi�#H2 i?�M i?2 `272`2M+2 +QBH +�b2X
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Target Margnetic Field

6B;m`2 9, G27i, *`Qbb b2+iBQMb Q7 i?2 2[mBHB#`B� �i h�i = 0.048 �i i?2 i`B�M;mH�`@ �M/ #2�M@
b?�T2/ +`Qbb b2+iBQMX _B;?i, A/2�H J>. 2B;2Mp�Hm2 +�H+mH�iBQMb p2`bmb �p2`�;2 TH�bK�@�X

q2 /Bb+mbb i?2 ;HQ#�H #�HHQQMBM; bi�#BHBiv Q7 i?2 `272`2M+2 �M/ biQ+?�biB+ +�b2b �M/
+QKT�`2 i?2 `2bmHib rBi? i?2 i�`;2i K�;M2iB+ }2H/ #�b2/ QM 7Qm` J>. 2[mBHB#`B� 2�+?X
h?2 pQHmK2@�p2`�;2/ TH�bK�@� Bb p�`B2/ BM � bK�HH `�M;2 �`QmM/ i?2 qd@s #2i� bi�#BHBiv
HBKBi Q7 �#Qmi 8WX h?2 `Qi�iBQM�H i`�Mb7Q`K p�`B2b #2ir22M ◆ = 5/6 M2�` i?2 K�;M2iB+
�tBb �M/ ◆ = 5/5 M2�` i?2 TH�bK� #QmM/�`v BM i?2 `272`2M+2 �M/ i?2 biQ+?�biB+ +�b2bX
PMHv BM i?2 i�`;2i K�;M2iB+ }2H/ r2 b22 ◆ < 0.8 QM i?2 �tBbX 6Q` i?2 2[mBHB#`B� �i
h�i = 0.048 irQ +?�`�+i2`BbiB+ TH�bK� +`Qbb b2+iBQMb Q7 QM2 ?�H7@KQ/mH2 �`2 b?QrM BM
};m`2 9 UH27iVX

h?2 B/2�H J>. +QKTmi�iBQMb r2`2 /QM2 mbBM; i?2 *�aj. +Q/2 (R8) rBi?
8ky 6Qm`B2` ?�`KQMB+b 7Q` i?2 b+�H�` T2`im`#�iBQM +QKTQM2Mib �M/ e9 2[mB/Bbi�Mi
~mt BMi2`p�Hb 7Q` i?2 `�/B�H /Bb+`2iBx�iBQMX q2 +QMbB/2` 2p2M@T�`Biv }t2/@#QmM/�`v
T2`im`#�iBQMb 7Q` r?B+? i?2 MQ`K�H /BbTH�+2K2Mi Bb mT@/QrM bvKK2i`B+ QM i?2 mT@/QrM
bvKK2i`B+ TH�bK� +`Qbb b2+iBQMb- BX2X �i i?2 #2�M@b?�T2/ �M/ i`B�M;mH�` +`Qbb b2+iBQMb-
};m`2 9 UH27iVX h?2 �M;mH�` `2bQHmiBQM Bb `2/m+2/ #v mbBM; � T?�b2@7�+iQ` i`�Mb7Q`K i?�i
2ti`�+ib � TQi2MiB�HHv bi`QM;Hv p�`vBM; T�`i Q7 i?2 b+�H�` T2`im`#�iBQM +QKTQM2MibX

:HQ#�H #�HHQQMBM; bi�#BHBiv T`2p�BHb 7Q` i?2 �@p�Hm2b bim/B2/ Q7 i?2 `272`2M+2 +�b2
�M/ biQ+?�biB+ +�b2b 8000 � 4000 � 2000 �b +�M #2 b22M 7`QK i?2B` TQbBiBp2 2B;2Mp�Hm2b BM
};m`2 9 U`B;?iVX h?2 i�`;2i K�;M2iB+ }2H/ iQ;2i?2` rBi? i?2 biQ+?�biB+ +�b2b 100 � 1000

?�p2 mMbi�#H2 2B;2Mp�Hm2b 7Q` i?2 TQHQB/�H KQ/2 MmK#2` ⇡ 100 +QMbB/2`2/ BM };m`2 9X
>2`2- 2ti`�TQH�iBQM 7`QK i?2 bi�#H2 Q` mMbi�#H2 bB/2 vB2H/b TQBMib Q7 K�`;BM�H bi�#BHBivX
�#Qp2 i?2 K�`;BM�H TH�bK�@� i?2 2[mBHB#`BmK Bb T`2/B+i2/ iQ #2 mMbi�#H2X >2M+2 HQQFBM;



S?vbB+b �M�HvbBb Q7 `2bmHib Q7 biQ+?�biB+ �M/ +H�bbB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM Rk

�i i?2 KQ/2b rBi? TQHQB/�H KQ/2 MmK#2` ⇡ 100- r2 +�M /2`Bp2 i?2 bi�#BHBiv HBKBi Q7 �HH
i?2 +�b2b b?QrM BM i�#H2 kX

h�#H2 k, ai�#BHBiv HBKBi Q7 TQHQB/�H KQ/2 MmK#2` 100

J�;M2iB+ 6B2H/b, ai�#BHBiv GBKBi,

aiQ+?�biB+ *�b2 1000 h�i = 4.7%

aiQ+?�biB+ *�b2 100 h�i = 4.9%

h�`;2i J�;M2iB+ 6B2H/ h�i = 4.9%

aiQ+?�biB+ *�b2 8000 h�i = 5.6%

_272`2M+2 *�b2 h�i = 5.8%

aiQ+?�biB+ *�b2 2000 h�i = 5.9%

aiQ+?�biB+ *�b2 4000 h�i = 6.1%

>B;?2` KQ/2 MmK#2`b ;Bp2 KQ`2 bi`BM;2Mi bi�#BHBiv HBKBib- #mi i?2 `2bT2+iBp2 bT�iB�H
bi`m+im`2 Bb Q7 p2`v bK�HH b+�H2X h?2 r�p2H2M;i? Q7 i?2 TQHQB/�H KQ/2 MmK#2` ⇡ 100 Bb
QMHv QM2 Q`/2` Q7 K�;MBim/2 �#Qp2 i?2 G�`KQ`@`�/Bmb Q7 ;v`�iBM; BQMb KQpBM; BM i?2
+Q``2bTQM/BM; K�;M2iB+ }2H/X h?2`27Q`2- i?2 bT�iB�H bi`m+im`2 Bb +HQb2 iQ i?2 TQBMi r?2`2
T?vbB+b #2vQM/ B/2�H J>. b?QmH/ #2 i�F2M BMiQ �++QmMiX

h?2 J>. #�HHQQMBM; bi�#BHBiv T`QT2`iB2b Q7 i?2 `272`2M+2 +�b2 �M/ i?2 biQ+?�biB+
+�b2b 2000 � 4000 � 8000 �`2 �HKQbi i?2 b�K2 �M/ bQK2?Qr KQ`2 bi�#H2 i?�M i?2
i�`;2i K�;M2iB+ }2H/X 1p2M i?Qm;? i?2 H�ii2` +�b2b �`2 K2`2 �TT`QtBK�iBQMb Q7 Bib
p�+mmK K�;M2iB+ }2H/ i?2B` `Qi�iBQM�H i`�Mb7Q`K T`Q}H2 ?�b H2bb b?2�` i?�M i?�i Q7 i?2
i?2 i�`;2i K�;M2iB+ }2H/ �i }MBi2 TH�bK�@h�iX h?2 biQ+?�biB+ +�b2 100 Bb �b bi�#H2 �b
i?2 i�`;2i K�;M2iB+ }2H/ �M/ QMHv i?2 biQ+?�biB+ +�b2 1000 Bb H2bb bi�#H2X h?2 K�tBKmK
�KTHBim/2b Q7 i?2 MQ`K�H@/BbTH�+2K2Mi ?�`KQMB+b �`2 HQ+�i2/ [mBi2 +HQb2 iQ i?2 2/;2 BM
i?2 biQ+?�biB+ +�b2b 100 � 1000 7Q` r?B+?- M2�` i?2 TH�bK� #QmM/�`v- i?2 HQ+�H bi�#BHBiv
J2`+B2` +`Bi2`BQM Bb pBQH�i2/- iQQX h?2`27Q`2- r2 �//BiBQM�HHv HQQF2/ �i K2/BmK@KQ/2@
MmK#2` 7`22@#QmM/�`v T2`im`#�iBQMb �M/ +QKT�`2/ i?2 bi�#BHBiv HBKBib Q7 i?2 TQHQB/�H
KQ/2 MmK#2` ⇡ 30X h?Bb M2r T2`bT2+iBp2 /Q2b MQi +?�M;2 i?2 Q`/2` Q#i�BM2/ #27Q`2
�M/ Dmbi /2+`2�b2b i?2 p�Hm2b Q7 i?2 biQ+?�biB+ +�b2b 100 � 1000 r?BH2 BM+`2�bBM; i?2
p�Hm2b Q7 i?2 `2biX

h?2 p�Hm2b Q7 i?2 K�;M2iB+ r2HH �`2 BMbm{+B2Mi BM/B+�iQ`b- bBM+2 i?2v BM/B+�i2 �
;`2�i2` /Bz2`2M+2 #2ir22M i?2 biQ+?�biB+ �M/ `272`2M+2 +�b2bX >2`2 r2 TQBMi Qmi i?�i
i?2 QTiBKBx�iBQM H2�/BM; iQ i?2 qd@s +QM};m`�iBQM�H bT�+2 r�b #�b2/ QM }t2/@#QmM/�`v
2[mBHB#`B� �M/ i?�i J>. bi�#BHBiv T`QT2`iB2b 2Mi2`2/ i?2 i�`;2i 7mM+iBQM #v 2p�Hm�iBQM Q7
HQ+�H bi�#BHBiv +`Bi2`B� UJ2`+B2` �M/ `2bBbiBp2 BMi2`+?�M;2V Q` /`BpBM; i2`Kb UHQ+�H }2H/@
HBM2 #�HHQQMBM;V (RR)X L2p2`i?2H2bb- #Qi? BMp2biB;�iBQMb �``Bp2 �i � bBKBH�` h�i@HBKBiX
"2bB/2b i?2 p�+mmK@}2H/ K�;M2iB+ r2HH- Qi?2` 2[mBHB#`BmK T`QT2`iB2b �`2 BKTQ`i�Mi BM
;HQ#�H B/2�H J>. bi�#BHBiv- 2X;X i?2 `Qi�iBQM�H i`�Mb7Q`K T`Q}H2X 6�HHBM; #2HQr BQi�48fe
BM i?2 i�`;2i K�;M2iB+ }2H/ BM T�`i 2tTH�BMb r?v � /2+`2�b2 BM p�+mmK@}2H/ K�;M2iB+



S?vbB+b �M�HvbBb Q7 `2bmHib Q7 biQ+?�biB+ �M/ +H�bbB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM Rj

r2HH /Q2b MQi `2bmHi BM �M BM+`2�b2/ h�i@bi�#BHBiv HBKBiX h?2 }M�H Q`/2` Bb,
f4000 < f2000 < f1 < f8000 < h�`;2i < f100 < f1000. UeV

9XjX L2Q+H�bbB+�H h`�MbTQ`i

h?2 M2Q+H�bbB+�H +QM}M2K2Mi �i HQr +QHHBbBQM�HBiB2b BM i?2 1/⌫@`2;BK2 +�M #2
+?�`�+i2`Bx2/ #v i?2 Ƕ2z2+iBp2 ?2HB+�H `BTTH2Ƕ ✏e↵ Ub22 (k8) �M/ `272`2M+2b i?2`2BMVX h?Bb
[m�MiBiv +�M #2 /2i2`KBM2/ 2{+B2MiHv 7`QK �M �M�HviB+ bQHmiBQM Q7 i?2 #QmM+2@�p2`�;2/
/`B7i FBM2iB+ 2[m�iBQM iQ +�H+mH�i2 i?2 M2Q+H�bbB+�H i`�MbTQ`i +Q2{+B2Mib rBi?Qmi mbBM;
� bBKTHB}2/ KQ/2H Q7 i?2 K�;M2iB+ }2H/ (ke)X
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6B;m`2 8, S`Q}H2 Q7 2TbBHQM 2z2+iBp2 �i h�i = 5%

AM };m`2 8 r2 BHHmbi`�i2 i?2 ✏e↵ T`Q}H2 Q7 �HH d +�b2b �i h�i = 5%X h?2 `�/B�H T`Q}H2
Bb BM �HH +�b2b [mBi2 bBKBH�` �M/ QMHv /Bz2`b BM i?2 BMBiB�H p�Hm2 �M/ i?2 �b+2Mi iQr�`/b
i?2 2/;2X h?2 i�`;2i K�;M2iB+ }2H/ `2�+?2b QM �p2`�;2 Qp2` i?2 r?QH2 `�/B�H 2ti2Mi i?2
HQr2bi ✏e↵ T`Q}H2X Aib T2`7Q`K�M+2 Bb QMHv `Bp�HH2/ #v i?2 biQ+?�biB+ +�b2b 100 � 1000

+HQb2 iQ i?2 K�;M2iB+ �tBbX h?2B` T`Q}H2- BM im`M- ?�b � bi22T �b+2Mi iQr�`/b i?2 2/;2
r?B+? Bb +QKT�`�#H2 iQ i?2 �b+2Mi Q7 i?2 `272`2M+2 +�b2 r?B+? ?�b #v 7�` i?2 ?B;?2bi
✏e↵ p�Hm2bX h?2 kM/ #2bi ✏e↵ T2`7Q`K�M+2 ?�b i?2 biQ+?�biB+ +�b2 8000 r?B+? Bb +HQb2Hv
7QHHQr2/ #v i?2 biQ+?�biB+ +�b2b 2000 � 4000X

h?2 K�;M2iB+ }2H/ BM "QQx2` +QQ`/BM�i2b +�M #2 /2b+`B#2/ #v 6Qm`B2` +Q2{+B2Mib
bmnX h?2 a?�7`�MQp b?B7i `2/m+2b i?2 K�;M2iB+ KB``Q` i2`K b01 r?2M BM+`2�bBM; h�i
7`QK yW iQ 8W r?B+? H2�/b BM �HH +�b2b iQ � /2+`2�b2 Q7 ✏e↵ +HQb2 iQ i?2 �tBb (kd)X h?2
b2+QM/ +QMb2[m2M+2 Q7 i?2 a?�7`�MQp b?B7i Bb � ;2M2`�H BM+`2�b2 Q7 i?2 K�;MBim/2 Q7 i?2
?B;?2` 6Qm`B2` ?�`KQMB+b r?B+? H2�/b iQ �M BM+`2�b2/ i`�MbTQ`i ;`�/B2Mi �i i?2 2/;2X



S?vbB+b �M�HvbBb Q7 `2bmHib Q7 biQ+?�biB+ �M/ +H�bbB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM R9

0.2 0.4 0.6 0.8

Normalized Minor Radius ⇢

0

10

20

30

40

B
oo

ts
tr
ap

C
u
rr
en
t

in
kA

/m
2

0

0.05

0.1

0.15

E
n
er
gy

F
lu
x

in
M
W

/m
2

0

200

400

600

800

1000

P
ar
ti
cl
e
F
lu
x

in
10

2
0
1/
s

-10

-8

-6

-4

-2

R
ad

ia
l
E
le
ct
ri
c
F
ie
ld

in
kV

/m Reference Case
Stochastic Case 100
Stochastic Case 1000
Stochastic Case 2000
Stochastic Case 4000
Stochastic Case 8000
Target Magnetic Field

1

2

3

4

5
T
em

p
er
at
u
re

in
ke
V

0.8

1

1.2

1.4

D
en
si
ty

in
10

2
0
m

�
3

6B;m`2 e, h?2 M2Q+H�bbB+�H i`�MbTQ`i Bb b?QrM 7Q` i?2 /2MbBiv �M/ i2KT2`�im`2 /Bbi`B#miBQM
/BbTH�v2/ BM i?2 iQT }`bi �M/ iQT b2+QM/ TB+im`2X 6`QK i?B`/ iQT iQ #QiiQK i?2 `�/B�H 2H2+i`B+
}2H/- T�`iB+H2 �M/ 2M2`;v ~mt �M/ i?2 #QQibi`�T +m``2Mi Bb /BbTH�v2/ �HH �HQM; i?2 `�/B�H
/B`2+iBQMX

AM };m`2 e r2 T`2b2Mi M2Q+H�bbB+�H i`�MbTQ`i +�H+mH�iBQMb #�b2/ QM i?2 Ƕ.`B7i EBM2iB+
1[m�iBQM aQHp2`Ƕ .E1a (k3) (kN)X AM Q`/2` iQ `2�+? h�i = 5% r2 +?Qb2 � /2MbBiv Q7
1.46⇥ 1020 m�3 �M/ � i2KT2`�im`2 Q7 5 keV BM i?2 +Q`2X h?2 +Q``2bTQM/BM; T`Q}H2b �`2
b?QrM BM i?2 }`bi �M/ b2+QM/ 7`�K2 Q7 };m`2 eX h?2B` b?�T2 Bb +?Qb2M bBKBH�` iQ T`Q}H2b
7QmM/ /m`BM; i?2 2tT2`BK2Mi�H +�KT�B;M PSRXk Q7 qd@s r?BH2 i?2 Qp2`�HH T`2bbm`2
T`Q}H2 `2�+?2b h�i = 5%X � KmHiBTHB+�iBQM Q7 i?2 /2MbBiv �M/ i2KT2`�im`2 T`Q}H2 vB2H/b
i?2 T`2bbm`2 T`Q}H2 /2}M2/ BM UkV- r?B+? r�b mb2/ 7Q` i?2 2[mBHB#`B� +�H+mH�iBQMb rBi? i?2
7`22 #QmM/�`v p2`bBQM Q7 oJ1* (RN)X h?2 `�/B�H 2H2+i`B+ }2H/- i?2 2M2`;v �M/ T�`iB+H2
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~mt2b iQ;2i?2` rBi? i?2 #QQibi`�T +m``2Mi �HQM; i?2 `�/B�H /B`2+iBQM �`2 b?QrM BM };m`2
e Ui?B`/ iQ #QiiQK 7`�K2- `2bT2+iBp2HvVX h?2`2 Bb �HKQbi MQ /Bz2`2M+2 BM i?2 `�/B�H
2H2+i`B+ }2H/- #mi i?2 /2p2HQTK2Mi Q7 i?2 T�`iB+H2 �M/ 2M2`;v ~mt BM i?2 `�/B�H /B`2+iBQM
`2~2+ib i?�i i?2 ✏e↵@T`Q}H2 Bb ?B;?2bi 7Q` i?2 `272`2M+2 +�b2X h?2 biQ+?�biB+ +�b2 8000 �M/
i?2 i�`;2i K�;M2iB+ }2H/ ?�p2 [mBi2 bBKBH�` 2M2`;v ~mt /2p2HQTK2Mi #mi �`2 MQiB+2�#Hv
HQr2` i?�M i?2 `272`2M+2 +�b2X h?2 biQ+?�biB+ +�b2b 100 � 1000 ?�p2 i?2 b�K2 T�`iB+H2
�M/ 2M2`;v ~mt �b i?2 i�`;2i K�;M2iB+ }2H/ +HQb2 iQ i?2 +Q`2 #mi /Bp2`;2 iQr�`/b i?2
2/;2X h?2 T�`iB+H2 �M/ 2M2`;v ~mt /2p2HQTK2Mi Q7 i?2 biQ+?�biB+ +�b2b 2000 � 4000 HB2b
BM #2ir22M i?2 `272`2M+2 +�b2 �M/ i?2 biQ+?�biB+ +�b2 8000X � /Bz2`2Mi TB+im`2 T`2b2Mib
Bib2H7 `2;�`/BM; i?2 /2p2HQTK2Mi Q7 i?2 #QQibi`�T +m``2Mi �b +�M #2 b22M BM i�#H2 j-
r?2`2 r2 BMi2;`�i2/ i?2 #QQibi`�T +m``2Mi /2MbBiv Qp2` i?2 +`Qbb b2+iBQM�H �`2�X

h�#H2 j, AMi2;`�i2/ #QQibi`�T +m``2Mi /2MbBiv Qp2` i?2 +`Qbb b2+iBQM�H �`2�X

J�;M2iB+ 6B2H/b, "QQibi`�T *m``2Mi

aiQ+?�biB+ *�b2 8000 17 kA

aiQ+?�biB+ *�b2 2000 22 kA

_272`2M+2 *�b2 28 kA

aiQ+?�biB+ *�b2 100 31 kA

aiQ+?�biB+ *�b2 1000 32 kA

aiQ+?�biB+ *�b2 4000 33 kA

h�`;2i J�;M2iB+ 6B2H/ 35 kA

h?2 biQ+?�biB+ +�b2 8000 ?�b i?2 HQr2bi iQi�H #QQibi`�T +m``2Mi- i?2 `272`2M+2 +�b2
Bb bBim�i2/ BM i?2 KB//H2 �M/ i?2 ?B;?2bi #QQibi`�T +m``2Mi Bb 7QmM/ bm`T`BbBM;Hv BM i?2
i�`;2i K�;M2iB+ }2H/X � +�H+mH�iBQM Q7 i?2 2[mBp�H2Mi #QQibi`�T +m``2Mi Q7 �M 2HQM;�i2/
iQF�K�F U+Q``X b+�H2 7QmM/ BM (jR)V rBi? i?2 b�K2 pQHmK2 �M/ �bT2+i `�iBQ rBi? Lhaa
(jk) vB2H/b p�Hm2b �`QmM/ 220 kAX h?2 #QQibi`�T +m``2Mi Q7 � KQ`2 `2�HBbiB+ +B`+mH�`
b+�H2/ iQF�K�F rBi? i?2 b�K2 pQHmK2 �M/ �bT2+i `�iBQ rQmH/ vB2H/ p�Hm2b �`QmM/
600 kAX *QMb2[m2MiHv- i?2 #QQibi`�T +m``2Mi Bb bB;MB}+�MiHv `2/m+2/ BM �HH d +�b2b
+QMbB/2`2/-r?B+? +QM}`Kb i?2 KBMBKBx�iBQM Q7 i?2 #QQibi`�T +m``2Mi Q7 i?2 >1GA�a
HBM2 /2b+`B#2/ BM (jy)X h?2 bK�HH /Bz2`2M+2b BM iQi�H #QQibi`�T +m``2Mi #2ir22M i?2 +�b2b
+�M i?mb #2 M2;H2+i2/X

AM bmKK�`v- i?2 M2Q+H�bbB+�H +QM}M2K2Mi Bb #2bi BM i?2 i�`;2i K�;M2iB+ }2H/ �M/
+HQb2Hv 7QHHQr2/ #v i?2 biQ+?�biB+ +�b2 8000 � 1000- r?B+? ?�p2 �HKQbi i?2 b�K2
T2`7Q`K�M+2X h?2 `2bi Q7 i?2 biQ+?�biB+ +�b2b ?�p2 rQ`b2 M2Q+H�bbB+�H +QM}M2K2Mi
�Hi?Qm;? biBHH #2ii2` i?�M i?2 T2`7Q`K�M+2 Q7 i?2 `272`2M+2 +�b2- vB2H/BM; i?2 7QHHQrBM;
Q`/2`,

h�`;2i < f8000 ⇡ f100 < f4000 ⇡ f1000 < f2000 < f1. UdV



S?vbB+b �M�HvbBb Q7 `2bmHib Q7 biQ+?�biB+ �M/ +H�bbB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM Re

9X9X 6�bi S�`iB+H2 *QM}M2K2Mi

AM i?2 +�b2 Q7 qd@s � K�;M2iB+ KB``Q` Q7 RyW Q` ?B;?2` Bb � M2+2bb�`v +QM/BiBQM
iQ �bbm`2 ;QQ/ ↵@T�`iB+H2 +QM}M2K2Mi (jj)X �HH i?2 biQ+?�biB+ +�b2b rBi? N > 0

2M/2/ i?2 QTiBKBx�iBQM b2[m2M+2 rBi? i?2 b�K2 K�;M2iB+ KB``Q` �b i?2 i�`;2i K�;M2iB+
}2H/ �M/ QMHv i?2 `272`2M+2 +�b2 `2�+?2b � bHB;?iHv ?B;?2` K�;M2iB+ KB``Q` Q7 ⇠ 13%X
lM7Q`imM�i2Hv- i?2 K�;M2iB+ KB``Q` Bb MQi � /B`2+i T`Qtv 7Q` 7�bi T�`iB+H2 +QM}M2K2Mi
r?B+? K2�Mb i?�i � ?B;?2` K�;M2iB+ KB``Q` /Q2b MQi M2+2bb�`BHv K2�M #2ii2` 7�bi T�`iB+H2
+QM}M2K2MiX
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Stochastic Case 2000
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 = 0.95ρ
 = 0.9ρ
 = 0.84ρ
 = 0.78ρ
 = 0.7ρ
 = 0.5ρ
 = 0.25ρ

Stochastic Cases 0, 100, 1000 Stochastic Cases 2000, 4000, 8000 Target Magnetic Field

6B;m`2 d, *QKT�`BbQM Q7 i?2 HQbb 7`�+iBQM Q7 7�bi T�`iB+H2b BMBiB�i2/ �i /Bz2`2Mi bi�`iBM;
TQbBiBQMb �HQM; i?2 `�/B�H /B`2+iBQMX h?2 `272`2M+2 +�b2 iQ;2i?2` rBi? i?2 biQ+?�biB+ +�b2b 100
� 1000 �`2 bBim�i2/ H27i- i?2 biQ+?�biB+ +�b2b 2000 � 4000 � 8000 �`2 BM i?2 KB//H2 �M/ i?2
i�`;2i K�;M2iB+ }2H/ Bb TH�+2/ QM i?2 `B;?iX

q2 K2�bm`2 i?2 7�bi T�`iB+H2 +QM}M2K2Mi Q7 i?2 d K�;M2iB+ }2H/b rBi? �Lha
(Re)X �HQM; i?2 `�/B�H /B`2+iBQM- d /Bz2`2Mi bi�`iBM; TQbBiBQMb �`2 /2}M2/ �i ⇢ =

0.25, 0.5, 0.7, 0.78, 0.84, 0.9, 0.95X �i 2�+? `�/B�H TQbBiBQM �M BQM TQTmH�iBQM Q7 10 000

T�`iB+H2b r�b BMBiB�i2/ �M/ i?2 HQbb 7`�+iBQM r�b K2�bm`2/ �b � 7mM+iBQM Q7 iBK2X h?2
/2mi2`BmK BQMb �`2 BMBiB�i2/ rBi? � FBM2iB+ 2M2`;v Q7 60 keV- r?B+? vB2H/b �#Qmi i?2 b�K2
;v`Q`�/Bmb@iQ@bvbi2K@bBx2 `�iBQ �b 7Q` 7mbBQM �HT?� T�`iB+H2b �i 3.5MeV BM � >1GA�a
`2�+iQ` (j9)X q2 /Q MQi +QMbB/2` +QHHBbBQMb r?BH2 i`�+BM; i?2 T�`iB+H2b �HQM; i?2 }2H/
HBM2b BM i?2 K�;M2iB+ }2H/ Q7 � h�i = 5% 2[mBHB#`BmKX

AM };m`2 d r2 +QKT�`2 i?2 /2p2HQTK2Mi Q7 i?2 HQbb 7`�+iBQM �b � 7mM+iBQM Q7 iBK2
bi�`iBM; rBi? i?2 `272`2M+2 +�b2 �M/ i?2 biQ+?�biB+ +�b2 100 � 1000 QM i?2 H27i- i?2
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Stochastic Case 4000 s = 0.06
Reference Case s = 0.06
Stochastic Case 8000 s = 0.06
Stochastic Case 1000 s = 0.06
Target Magnetic Field s = 0.06
Linestyle of s = 0.25 Cases
Slowing Down Time

6B;m`2 3, wQQK BMiQ i?2 +QKT�`BbQM Q7 i?2 HQbb 7`�+iBQM Q7 i?2 BQM TQTmH�iBQMb bi�`iBM; �i
⇢ = 0.25 �M/ ⇢ = 0.5X �//BiBQM�HHv- i?2 bHQrBM; /QrM iBK2 BM � bBKBH�` qd@s K�;M2iB+ }2H/
Bb BM/B+�i2/X

biQ+?�biB+ +�b2b 2000 � 4000 � 8000 BM i?2 KB//H2 �M/ i?2 i�`;2i K�;M2iB+ }2H/ QM
i?2 `B;?iX h?2 H�ii2` 2t?B#Bib 2t+2HH2Mi 7�bi T�`iB+H2 +QM}M2K2Mi M2�` i?2 �tBb- �b Bb
2pB/2Mi #v i?2 bK�HH HQbb 7`�+iBQM 7Q` t < 2⇥ 10�2 sX .2i�BHb �#Qmi Bib QTiBKBx�iBQM-
r?B+? 7Q+mb2/ QM i?2 +QM}M2K2Mi +HQb2 iQ i?2 �tBb QMHv- +�M #2 7QmM/ BM (RR)X .m`BM;
i?2 QTiBKBx�iBQM Q7 i?2 K�;M2iB+ }2H/b Q7 i?2 biQ+?�biB+ �M/ i?2 `272`2M+2 +�b2b MQ T`Qtv
7Q` i?2 +QM}M2K2Mi Q7 7�bi T�`iB+H2b r�b mb2/ /m2 iQ i?2B` iBK2@BMi2MbBp2 +QKTmi�iBQMX
h?2`27Q`2- i?2 7�bi T�`iB+H2 +QM}M2K2Mi r�b QMHv BM/B`2+iHv QTiBKBx2/ i?`Qm;? i?2 }2H/
2``Q`X

�b 2tT2+i2/- i?2 i�`;2i K�;M2iB+ }2H/ ?�b i?2 #2bi +QM}M2K2Mi Q7 7�bi T�`iB+H2b
�i 2�+? bi�`iBM; TQbBiBQMX A7 r2 +QKT�`2 i?2 `2bi Q7 i?2 +�b2b �i ⇢ � 0.7- r2 b22
i?�i i?2 `272`2M+2 +�b2 ?�b MQiB+2�#Hv i?2 rQ`bi T2`7Q`K�M+2 r?BH2 i?2 biQ+?�biB+ +�b2b
rBi? N > 0 ?�p2 �HKQbi i?2 b�K2 T2`7Q`K�M+2X �i ⇢ = 0.7 r2 }M/- bm`T`BbBM;Hv-
i?2 T2`7Q`K�M+2 Q`/2`2/ #v i?2 MmK#2` Q7 b�KTH2 mb2/ /m`BM; i?2 QTiBKBx�iBQM
Uf8000 < f4000 < f2000 < f1000 < f100 < f1VX GQQFBM; �i i?2 irQ bi�`iBM; TQbBiBQMb
+HQb2 iQ i?2 �tBb U⇢ = 0.25 �M/ ⇢ = 0.5V- r2 b22 i?2 rQ`bi T2`7Q`K�M+2 7`QK i?2
biQ+?�biB+ +�b2 100 � 2000X � +QKT�`BbQM #2ir22M i?2 `2K�BMBM; 8 +�b2b Bb b?QrM BM
};m`2 3X �//BiBQM�HHv- r2 �//2/ i?2 bHQrBM;@/QrM iBK2 Q7 5⇥ 10�3 s +QKTmi2/ 7Q` �
bBKBH�` qd@s K�;M2iB+ }2H/ bi�i2/ BM (j8)X Aib K�;M2iB+ +QM};m`�iBQM QMHv `2�+?2b �
T`2bbm`2 Q7 h�i = 4%- #mi i?2 /2MbBiv Q7 1.6⇥ 1020 m�3 Bb +QKT�`�#H2 iQ i?2 QM2 b?QrM
BM b2+iBQM 9XjX � +QKT�`BbQM �i i?Bb T�`iB+mH�` iBK2 bi2T b?Qrb i?�i �i ⇢ = 0.25 i?2
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7�bi T�`iB+H2 +QM}M2K2Mi Bb b2+QM/ #2bi 7Q` i?2 biQ+?�biB+ +�b2 1000- +HQb2Hv 7QHHQr2/
#v i?2 biQ+?�biB+ +�b2 8000 �M/ i?2 `272`2M+2 +�b2 r?B+? ?�p2 i?2 b�K2 T2`7Q`K�M+2X
�i ⇢ = 0.5 i?2 biQ+?�biB+ +�b2 1000 � 8000 ?�p2 i?2 b2+QM/ #2bi T2`7Q`K�M+2 �7i2` i?2
i�`;2i K�;M2iB+ }2H/ rBi? � bHB;?iHv #2ii2` T2`7Q`K�M+2 i?2M i?2 `272`2M+2 +�b2X �i #Qi?
bi�`iBM; TQbBiBQMb- i?2 biQ+?�biB+ +�b2 4000 T2`7Q`Kb rQ`bi �KQM; i?2 +�b2b +QMbB/2`2/
BM };m`2 3X

AM bmKK�`v- i?2 7�bi T�`iB+H2 +QM}M2K2Mi Bb #2bi BM i?2 i�`;2i K�;M2iB+ }2H/-
r?B+? Bb +HQb2Hv 7QHHQr2/ #v i?2 biQ+?�biB+ +�b2b 1000 � 8000 r?B+? ?�p2 �HKQbi i?2
b�K2 T2`7Q`K�M+2X h?2B` T2`7Q`K�M+2 Bb [mBi2 bBKBH�` iQ i?2 `272`2M+2 +�b2- #mi QMHv
+HQb2 iQ i?2 �tBbX 6Q` ⇢ � 0.7 i?2 `272`2M+2 +�b2 �+im�HHv T2`7Q`Kb rQ`biX *QMb2[m2MiHv-
i?2 T2`7Q`K�M+2 Q7 i?2 biQ+?�biB+ +�b2 4000 Bb biBHH #2ii2` i?�M i?2 `272`2M+2 +�b2 r?B+?
Bb QMHv #2ii2` i?�M i?2 biQ+?�biB+ +�b2 2000 � 1000 /m2 iQ i?2B` #�/ T2`7Q`K�M+2 +HQb2
iQ i?2 �tBbX h?2 }M�H Q`/2` Bb,

h�`;2i < f8000 ⇡ f1000 < f4000 < f1 < f2000 ⇡ f100. U3V

9X8X hm`#mH2Mi h`�MbTQ`i

�b M2Q+H�bbB+�H i`�MbTQ`i Bb bmTT`2bb2/- im`#mH2Mi i`�MbTQ`i #2+QK2b KQ`2 BKTQ`i�Mi
BM T`2b2Mi /�v bi2HH�`�iQ`b HBF2 qd@s (je)X h?2`27Q`2- �ii2KTib ?�p2 #22M K�/2 iQ
/2p2HQT KQ/2Hb iQ T`2/B+i im`#mH2Mi i`�MbTQ`i BM bi2HH�`�iQ`b BM Q`/2` iQ QTiBKBx2 7mim`2
/2pB+2b (jd)X >2`2- r2 b?Qr bBKmH�iBQM `2bmHib T`Q/m+2/ #v :1L1@j.- i?2 `�/B�HHv@
;HQ#�H bi2HH�`�iQ` p2`bBQM Q7 i?2 ;`B/@#�b2/ ;v`QFBM2iB+ im`#mH2M+2 +Q/2 :1L1 (jN- j3- 9y)
r?B+? r�b `2+2MiHv /2p2HQT2/ �i ASS :�`+?BM; (9R)X S`2pBQmb bim/B2b Q7 bi2HH�`�iQ`b
rBi? :1L1 r2`2 HBKBi2/ iQ i?2 ~mt@im#2 �M/ ~mt@bm`7�+2 ;HQ#�H p2`bBQM Q7 :1L1
(9k- 9j)X h?Bb Bb QM2 Q7 i?2 }`bi bim/B2b T2`7Q`K2/ rBi? i?2 7mHHv ;HQ#�H :1L1@j. +Q/2X
q2 +QKT�`2 i?`22 /Bz2`2Mi 2[mBHB#`B� K2MiBQM2/ BM b2+iBQM k rX`XiX iQ irQ /Bz2`2Mi
i2KT2`�im`2 �M/ /2MbBiv T`Q}H2bX h?2 }`bi T`Q}H2 ivT2 r�b mb2/ BM i?2 BMp2biB;�iBQM Q7
i?2 M2Q+H�bbB+�H i`�MbTQ`i Q7 b2+iBQM 9Xj �M/ i?2 b2+QM/ T`Q}H2 ivT2 Bb � bi�M/�`/ mb2/
BM :1L1X Aib ;`�/B2Mi T2�Fb �i ⇢ = 0.5 �M/ ?�b � :�mbbB�M HBF2 b?�T2 Ub22 };X NVX Ai
�HHQrb :1L1 bBKmH�iBQMb iQ `mM �++m`�i2Hv rBi? `2H�iBp2Hv HQr `2bQHmiBQM `2[mB`2K2Mib
�M/ ?2M+2 HQr2` +QKTmi�iBQM�H +QbiX h?2 /Bz2`2M+2b Q7 i?2 T`Q}H2b BM HQ+�iBQM �M/
?2B;?i Q7 i?2 T2�F Q7 i?2 ;`�/B2Mib +�M H2�/ iQ /Bz2`2Mi KQ/2 bi`m+im`2b BM :1L1@j.
bBKmH�iBQMb r?B+? Bb T�`i Q7 i?2 mT+QKBM; BMp2biB;�iBQMX

9X8XRX GBM2�` bBKmH�iBQMb rBi? �/B�#�iB+ 2H2+i`QMb 6B;m`2 Ry b?Qrb i?2 KQbi mMbi�#H2
KQ/2b /`B7iBM; BM i?2 BQM /B�K�;M2iB+ /B`2+iBQM BM HBM2�` bBKmH�iBQMb �bbmKBM;
"QHixK�MM@/Bbi`B#mi2/ 2H2+i`QMbX GQQFBM; �i i?2 bQHB/ HBM2b r?B+? +Q``2bTQM/ iQ i?2
T`Q}H2b mb2/ BM i?2 M2Q+H�bbB+�H i`�MbTQ`i BMp2biB;�iBQM Q7 b2+iBQM 9Xj- i?2 `272`2M+2 +�b2
�M/ i?2 biQ+?�biB+ +�b2 8000 T2�F �i i?2 b�K2 iQ`QB/�H KQ/2 MmK#2` Q7 n = 110 �M/
i?2 i�`;2i K�;M2iB+ }2H/ T2�Fb �i � bHB;?iHv bK�HH2` KQ/2 MmK#2` Q7 n = 105X �
?B;?2` KQ/2 MmK#2` BM/B+�i2b i?�i i?2 mM/2`HvBM; KQ/2 bi`m+im`2 p�`B2b QM � bK�HH2`
b+�H2X G�`;2 b+�H2 BMbi�#BHBiB2b �`2 ?Qr2p2` KQ`2 `2H2p�Mi BM MQMHBM2�` bBKmH�iBQMb �b
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6B;m`2 N, .2MbBiv �M/ i2KT2`�im`2 T`Q}H2b mb2/ BM :1L1@j. bBKmH�iBQMb 7Q` i?2 KQ/2
�M�HvbBbX h?2 ;`�/B2Mi T`Q}H2b ?�p2 p2`v /Bz2`2Mi b?�T2 �M/ T2�F �i /Bz2`2Mi TQbBiBQMb �M/
+�M i?2`27Q`2 H2�/ iQ /Bz2`2Mi /QKBM�Mi KQ/2b BM i?2 bBKmH�iBQMbX

i?2v H2�/ iQ KQ`2 T�`iB+H2 �M/ ?2�i i`�MbTQ`iX h?2 TB+im`2 bi�vb i?2 b�K2 r?2M HQQFBM;
�i i?2 ;`Qri? `�i2b- r?2`2 i?2 i�`;2i K�;M2iB+ }2H/ ?�b � bHB;?iHv ?B;?2` ;`Qri? `�i2 Q7
� = 0.146vi

a +QKT�`2/ iQ � = 0.137vi
a 7Q` i?2 Qi?2` irQ +�b2bX >2`2- vi Bb i?2 BQM i?2`K�H

p2HQ+Biv /2}M2/ �b
p
Ti0/mi �M/ a Bb i?2 KBMQ` `�/BmbX

GQQFBM; �i i?2 /�b?2/ HBM2b Q7 };m`2 Ry r?B+? +Q``2bTQM/ iQ i?2 T`Q}H2 ivT2 k BM
};m`2 N i?2 `272`2M+2 +�b2 �M/ i?2 biQ+?�biB+ +�b2 8000 T2�F �;�BM �i i?2 b�K2 iQ`QB/�H
KQ/2 MmK#2` Q7 n = 175 #mi rBi? bHB;?iHv /Bz2`2Mi ;`Qri? `�i2bX h?Bb iBK2 i?2 i�`;2i
K�;M2iB+ }2H/ T2�Fb �i � bHB;?iHv ?B;?2` iQ`QB/�H KQ/2 MmK#2` Q7 n = 185 �M/ ?�b �
MQiB+2�#Hv ?B;?2` ;`Qri? `�i2 Q7 � = 0.202vi

a X
�b #Qi? i2KT2`�im`2 T`Q}H2b b?Qr bBKBH�` #2?�pBQ` BM `2bT2+i iQ /Bz2`2M+2b BM i?2

K�;M2iB+ }2H/ ;2QK2i`v r2 +QMiBMm2 i?2 bBKmH�iBQMb mbBM; i?2 T`Q}H2 ivT2 k r?B+? H2�/b
iQ HQr2` +QKTmi�iBQM�H +Qbi Q7 i?2 :1L1@j. bBKmH�iBQMbX
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Profiles Section 3.4

New Profiles

6B;m`2 Ry, JQbi mMbi�#H2 KQ/2b BM HBM2�` bBKmH�iBQMb Q7 �/B�#�iB+ 2H2+i`QMbX hrQ /Bz2`2Mi
i2KT2`�im`2 �M/ /2MbBiv T`Q}H2b r2`2 mb2/X

9X8XkX GBM2�` bBKmH�iBQMb rBi? FBM2iB+ 2H2+i`QMb �M 2tTHB+Bi 2H2+i`QM bT2+B2b +�M +?�M;2
i?2 Qmi+QK2 Q7 � bBKmH�iBQM �b i?2 /QKBM�Mi KQ/2 +�M ?�p2 /Bz2`2Mi +?�`�+i2`BbiB+bX
h?2Q`2iB+�HHv- i?2 KQ/2 +�M +?�M;2 7`QK BQM KQ/2b bm+? �b BQM i2KT2`�im`2 ;`�/B2Mi
UAh:V KQ/2b iQ 2H2+i`QM KQ/2b bm+? �b 2H2+i`QM i2KT2`�im`2 ;`�/B2Mi U1h:V KQ/2b
Q` i`�TT2/ 2H2+i`QM KQ/2b Uh1JVX h?2`27Q`2- r2 `2T2�i2/ i?2 i2bib Q7 b2+iBQM 9X8XR 7Q`
FBM2iB+ 2H2+i`QMb iQ BMp2biB;�i2 i?2B` 2z2+i QM i?2 KQ/2 bi`m+im`2 �M/ bK�HH +?�M;2b BM
i?2 ;2QK2i`vX q2 �bbmK2 i?2 b�K2 /2MbBiv �M/ i2KT2`�im`2 ;`�/B2Mi 7Q` i?2 2H2+i`QMb
�b 7Q` i?2 BQMb- bm+? i?�i i?2 irQ HBM2�` +�b2b /Bz2` QMHv #v i?2 �//BiBQM�H 2tTHB+Bi ?2�pv
2H2+i`QM bT2+B2b BM i?2 bvbi2K rBi? me/mi = 1/100 Ume, 2H2+i`QM K�bb- mI , BQM K�bbVX

�b +�M #2 b22M 7`QK };m`2 RR- �//BM; FBM2iB+ 2H2+i`QMb iQ i?2 bBKmH�iBQMb b?B7ib
i?2 iQ`QB/�H KQ/2 MmK#2` iQ ?B;?2` p�Hm2b �M/ BM+`2�b2b i?2 ;`Qri? `�i2X AM i?2
T2`7Q`K2/ bBKmH�iBQMb rBi? FBM2iB+ 2H2+i`QMb i?2 /QKBM�Mi KQ/2 Bb biBHH `Qi�iBM; BM
i?2 BQM /B�K�;M2iB+ /`B7i /B`2+iBQM HBF2 rBi? �/B�#�iB+ 2H2+i`QMbX h?2 mT b?B7i BM KQ/2
MmK#2` /m2 iQ FBM2iB+ 2H2+i`QMb Bb bK�HH2bi BM i?2 i�`;2i K�;M2iB+ }2H/ �M/ H�`;2bi BM i?2
`272`2M+2 +�b2X "mi BM ;2M2`�H i?2 mT b?B7i Bb bK�HH2` i?�M i?2 +?�M;2 Q7 KQ/2 MmK#2`
/m2 iQ i?2 /Bz2`2M+2 BM T`Q}H2b- r?B+? BM/B+�i2b i?�i �M 2tTHB+Bi 2H2+i`QM bT2+B2b BM i?2
bBKmH�iBQMb /Q2b MQi ?�p2 � bi`QM; 2z2+i QM i?2 mM/2`HvBM; BMbi�#BHBivX h?2 `272`2M+2
+�b2 �;�BM ?�b i?2 HQr2bi ;`Qri? `�i2 r?BH2 i?2 i�`;2i K�;M2iB+ }2H/ ?�b i?2 ?B;?2biX

9X8XjX LQMHBM2�` bBKmH�iBQMb rBi? �/B�#�iB+ 2H2+i`QMb �//BM; FBM2iB+ 2H2+i`QMb iQ
i?2 bBKmH�iBQMb BM i?2 HBM2�` b+2M�`BQ /B/ MQi ?�p2 � bi`QM; 2z2+i QM i?2 Qmi+QK2X
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Target Magnetic Field � = 0.242

Adiabatic Electrons

Kinetic Electrons

6B;m`2 RR, JQbi mMbi�#H2 KQ/2b BM HBM2�` bBKmH�iBQMb Q7 FBM2iB+ 2H2+i`QMb

h?2`27Q`2- r2 +QM+2Mi`�i2 QM MQMHBM2�` bBKmH�iBQMb Q7 �/B�#�iB+ 2H2+i`QMb iQ K2�bm`2
i?2 pQHmK2@�p2`�;2/ U2H2+i`Qbi�iB+V BQM ?2�i ~mtX �b +�M #2 b22M 7`QK };m`2 Rk i?2
i?`22 2[mBHB#`B� #2?�p2 �HKQbi B/2MiB+�HHv 7Q` i?2 }`bi 250 iBK2 mMBibX h?Bb +QM}`Kb
i?2 HBM2�` `2bmHib �b i?2 }`bi T�`i Q7 pB`im�HHv mMBM?B#Bi2/ ;`Qri? UmMiBH t ⇡ 100) Q7 �
MQMHBM2�` bBKmH�iBQM Bb Q7i2M +QMbB/2`2/ i?2 HBM2�` T?�b2 mMiBH MQMHBM2�` 2z2+ib bi�`i iQ
i�F2 Qp2`X >2`2�7i2`- bBKBH�`Biv Q` 2[m�HBiv +�M QMHv #2 /2i2`KBM2/ bi�iBbiB+�HHv #2+�mb2
irQ MQMHBM2�` bBKmH�iBQMb rBHH M2p2` #2 2t�+iHv i?2 b�K2X h?2`27Q`2- i?2 [m�HBi�iBp2
72�im`2b Q7 i?2 i?`22 2[mBHB#`B� �`2 p2`v bBKBH�` bBM+2 i?2v �HH b?Qr i?2 b�K2 /2p2HQTK2MiX
�7i2` i?2 }`bi T2�F 7QHHQrb � /BT �M/ i?2M �MQi?2` T2�F Q7 ?2�i ~mtX h?2b2 ~m+im�iBQMb
T2`bBbi 2p2M QM HQM; iBK2 b+�H2bX Zm�MiBi�iBp2Hv- i?2 ?2�i ~mt �p2`�;2/ Qp2` iBK2 7Q`
i?2 i?`22 2[mBHB#`B� Bb �HbQ p2`v bBKBH�` �b r2HH �b i?2B` mM+2`i�BMiB2bX h?2 mM+2`i�BMiv Bb
+QKTmi2/ �b QM2 bi�M/�`/ /2pB�iBQM Q7 i?2 iBK2 i`�+2 BM i?2 BMi2`p�H mb2/ 7Q` �p2`�;BM;X

9X8X9X *QM+HmbBQM *QKT�`BM; i?`22 /Bz2`2Mi 7`22@#QmM/�`v 2[mBHB#`B� `2T`2b2MiBM; i?2
qd@s ?B;?@KB``Q` p�`B�Mi r2 }M/ i?�i i?2 i�`;2i K�;M2iB+ }2H/ Bb �+im�HHv HBM2�`Hv
KQ`2 mMbi�#H2 i?�M i?2 `272`2M+2 �M/ biQ+?�biB+ +�b2 8000X "2ir22M i?2 `272`2M+2
�M/ biQ+?�biB+ +�b2 8000 r2 +QmH/ QMHv }M/ KBMQ` /Bz2`2M+2b BM i2`Kb Q7 KQ/2
bi`m+im`2 Q` HBM2�` ;`Qri? `�i2X LQMHBM2�`Hv- i?2 /Bz2`2M+2b #2ir22M i?2 i?`22 2[mBHB#`B�
�`2 M2;HB;B#H2X h?2`27Q`2- +QMbB/2`BM; i?2 T2`7Q`K2/ ;v`QFBM2iB+ bBKmH�iBQMb bK�HH
/Bz2`2M+2b BM ;2QK2i`v /Q MQi �z2+i i?2 ?2�i ~mt bB;MB}+�MiHvX �b i?2 /Bz2`2M+2b
#2ir22M i?2 i?`22 /Bz2`2Mi 2[mBHB#`B� /Q MQi ?�p2 � H�`;2 BKT�+i QM i?2 :1L1@j.
`2bmHib bm+? i?�i MQ �//BiBQM�H `mMb r2`2 T2`7Q`K2/ 7Q` i?2 `2bi Q7 i?2 +QBH +�b2bX
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Total heat transport Qes over time

Reference Case, Mean Q = 9.0± 3.02

Stochastic Case, Mean Q = 8.53± 3.45

Target Magnetic Field, Mean Q = 8.86± 2.97

6B;m`2 Rk, >2�i ~mt /2p2HQTK2Mi 7Q` i?2 i?`22 /Bz2`2Mi 2[mBHB#`B�X GBM2�` S?�b2- [m�HBi�iBp2
72�im`2b �M/ [m�MiBi�iBp2 �p2`�;2b Qp2` iBK2 �`2 �HH pB`im�HHv i?2 b�K2X >2`2- ni0 �M/ Ti0 �`2
i?2 /2MbBivfi2KT2`�im`2 �i ⇢ = 0.5 �M/ ⇢i Bb i?2 BQM G�`KQ`@`�/BmbX

8X .Bb+mbbBQM �M/ +QM+HmbBQM

h?2 K�;M2iB+ }2H/b Q7 � biQ+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM UbiQ+?�biB+ +�b2 NV �`2
+QKT�`2/ rBi? � K�;M2iB+ }2H/ Q7 i?2 i`�/BiBQM�H bi2HH�`�iQ` +QBH QTiBKBx�iBQM U`272`2M+2
+�b2V QM i?2 #�bBb Q7 �M B/2MiB+�H QTiBKBx�iBQM b2[m2M+2X h?2 `2bmHib �`2 +QKT�`2/ rBi?
i?2 i�`;2i K�;M2iB+ }2H/ mb2/ /m`BM; i?2 QTiBKBx�iBQMX h?2 +QBH b2ib �`2 M�im`�HHv
Q`/2`2/ #v i?2B` }iM2bb rX`XiX i?2 T2M�Hiv 7mM+iBQM f - r?B+? K2�bm`2b i?2 /Bz2`2M+2
#2ir22M i?2 K�;M2iB+ }2H/ T`Q/m+2/ #v i?2 +QBH +QM};m`�iBQM �M/ i?2 i�`;2i K�;M2iB+
}2H/ #v K2�Mb Q7 b2p2`�H [m�HBiv +`Bi2`B�X 1t+2Ti 7Q` i?2 `272`2M+2 +�b2 Ub�KTH2 bBx2 RV-
i?2 Q`/2`BM; Q7 i?2 T2M�Hiv p�Hm2b `2T`2b2Mib i?2 MmK#2` Q7 b�KTH2b mb2/ /m`BM; i?2
QTiBKBx�iBQM, h?2 ?B;?2` i?2 b�KTH2 bBx2- i?2 HQr2` i?2 T2M�Hiv p�Hm2X h?2 `272`2M+2
+�b2 HB2b #2ir22M i?2 biQ+?�biB+ +�b2 2000 � 1000 �M/ ?�b � kyW HQr2` T2M�Hiv p�Hm2
i?�M i?2 biQ+?�biB+ +�b2 8000X h?2 biQ+?�biB+ +�b2 100 ?�b #v 7�` i?2 ?B;?2bi T2M�Hiv
p�Hm2- bm;;2biBM; i?�i Bi rQmH/ ?�p2 i?2 rQ`bi T2`7Q`K�M+2X 1�+? K�;M2iB+ }2H/ Bb
i`�Mb7Q`K2/ BMiQ � h�i = 5% 2[mBHB#`BmK rBi? oJ1* �M/ +QKT�`2/ QM i?2 #�bBb Q7 i?2
qd@s Q#D2+iBp2b (j)- M�K2Hv i?2 a?�7`�MQp b?B7i- bi�#BHBiv �M/ M2Q+H�bbB+�H i`�MbTQ`i
T`QT2`iB2b- �M/ i?2 +QM}M2K2Mi Q7 7�bi T�`iB+H2bX �i H�bi- r2 BMp2biB;�i2 i?2 ;v`QFBM2iB+
#2?�pBQ` Q7 i?2 biQ+?�biB+ +�b2 3yyy- i?2 `272`2M+2 +�b2- �M/ i?2 i�`;2i K�;M2iB+ }2H/X

h?2 T2M�Hiv 7mM+iBQM f `2T`2b2Mib i?2 T2`7Q`K�M+2 Q7 i?2 biQ+?�biB+ +�b2b 8000

� 4000 � 2000 iQ;2i?2` rBi? i?2 `272`2M+2 +�b2 [mBi2 r2HH r?2M BMp2biB;�iBM; i?2
a?�7`�MQp b?B7i- i?2 M2Q+H�bbB+�H i`�MbTQ`i �M/ i?2 +QM}M2K2Mi Q7 7�bi T�`iB+H2bX h?2
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i�`;2i K�;M2iB+ }2H/- r?B+? ?�b � T2M�Hiv p�Hm2 Q7 x2`Q- b?Qrb BM i?2 H�ii2` irQ +`Bi2`B�
i?2 #2bi T2`7Q`K�M+2- #mi QMHv `2~2+ib Bib Km+? #2ii2` }iM2bb rX`XiX f BM i?2 +QM}M2K2Mi
Q7 7�bi T�`iB+H2bX h?2 bi�#BHBiv Bb MQi p2`v r2HH /2b+`B#2/ #v i?2 T2M�Hiv 7mM+iBQM �M/
bm;;2bib i?�i 7m`i?2` BKT`Qp2K2Mi b?QmH/ #2 K�/2X AMi2`2biBM;Hv- i?2 biQ+?�biB+ +�b2b
1000 � 100 b?Qr ;QQ/ `2bmHib r?2M BMp2biB;�iBM; i?2 T2`7Q`K�M+2 +`Bi2`B� r?B+? K2�Mb
i?�i i?2 T2M�Hiv 7mM+iBQM f /B/ MQi `2T`2b2Mi i?2B` T2`7Q`K�M+2 p2`v r2HHX 1bT2+B�HHv
i?2 bm`T`BbBM;Hv ;QQ/ T2`7Q`K�M+2 Q7 i?2 biQ+?�biB+ +�b2 100 [m2biBQMb i?2 2z2+iBp2M2bb
Q7 i?2 T2M�Hiv 7mM+iBQM f �M/ b?Qrb �;�BM i?�i �M �;`22K2Mi BM i?2 p�+mmK K�;M2iB+
}2H/ Bb MQi M2+2bb�`v 7Q` ;QQ/ T2`7Q`K�M+2 U+X7X (Rj) �M/ (R9)VX h?2 BMp2biB;�iBQM Q7 i?2
im`#mH2Mi i`�MbTQ`i b?Qr2/ i?�i i?2 /Bz2`2M+2b BM i?2 K�;M2iB+ }2H/ ;2QK2i`v �`2 iQQ
bK�HH iQ }M/ `2�bQM�#H2 /Bz2`2M+2b BM i?2 ?2�i ~mtX

amKK�`BxBM; i?2 T2`7Q`K�M+2 BMp2biB;�iBQM- i?2 i�`;2i TH�bK� b?�T2 Bb QTiBK�H
7QHHQr2/ #v i?2 biQ+?�biB+ +�b2b �M/ +QM+Hm/2b rBi? i?2 TH�bK� b?�T2 Q7 i?2 `272`2M+2
+�b2X h?Bb b?Qrb i?�i biQ+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM QmiT2`7Q`Kb +H�bbB+
bi2HH�`�iQ` +QBH QTiBKBx�iBQM B``2bT2+iBp2 Q7 i?2 MmK#2` Q7 +QMbB/2`2/ b�KTH2bX h?2
Q`B;BM�H `2�bQM 7Q` BMi`Q/m+BM; i?2 biQ+?�biB+ +QBH QTiBKBx�iBQM r�b iQ BKT`Qp2
`Q#mbiM2bb- #mi Bi K�M�;2/ iQ �HbQ }M/ +QBH b2ib i?�i QmiT2`7Q`K i?2 T`2pBQmbHv 7QmM/
+QBH b2i 2p2M r?2M /Bb`2;�`/BM; iQH2`�M+2bX

eX PmiHQQF

h?2 `2�bQM r?v biQ+?�biB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM QmiT2`7Q`Kb +H�bbB+ bi2HH�`�iQ`
+QBH QTiBKBx�iBQM B``2bT2+iBp2 Q7 i?2 MmK#2` Q7 +QMbB/2`2/ b�KTH2b r?2M �M�HvxBM;
i?2 T?vbB+b T`QT2`iB2b Q7 i?2 +Q``2bTQM/BM; K�;M2iB+ }2H/b Bb MQi 7mHHv mM/2`biQQ/X
aiQ+?�biB+ QTiBKBx�iBQM bKQQi?b Qmi i?2 QTiBKBx�iBQM bT�+2 r?B+? H2�/b iQ HQr2` }2H/
2``Q` p�Hm2b r?2M i?2 b�KTH2 bBx2 Bb ?B;? 2MQm;?X Ai Bb H27i iQ 7mim`2 rQ`F iQ BMp2biB;�i2
r?v biQ+?�biB+�HHv QTiBKBx2/ +QBH +QM};m`�iBQMb rBi? MQiB+2�#Hv ?B;?2` }2H/ 2``Q` p�Hm2b
T2`7Q`K2/ #2ii2` i?�M i?2 `272`2M+2 +�b2X

h?2 }iM2bb Q`/2`BM; Q#i�BM2/ 7`QK i?2 T2M�Hiv p�Hm2b �7i2` i?2 QTiBKBx�iBQM /B/
MQi 7mHHv `2~2+i i?2 �+im�H 2tT2+i2/ T?vbB+b T2`7Q`K�M+2 Q7 i?2 +QBH b2ibX h?Bb KQiBp�i2b
iQ BMp2Mi M2r T`QtB2b 2bT2+B�HHv 7Q` i?2 J>. bi�#BHBivX h?2 +QBH QTiBKBx�iBQM i?�i r2
?�p2 #22M 7Q+mbBM; QM ?2`2 i�F2b �b BMTmi i?2 i�`;2i K�;M2iB+ }2H/ �M/ Bb i?2`27Q`2
HBKBi2/ iQ i?2 T2`7Q`K�M+2 Q7 i?2 i�`;2i K�;M2iB+ }2H/- 2p2M B7 i?Bb i�`;2i Bib2H7 +QmH/ #2
7m`i?2` QTiBKBx2/X h?2`27Q`2- �M Q#pBQmb M2ti bi2T Bb iQ �TTHv i?2 biQ+?�biB+ 7`�K2rQ`F
iQ bi2HH�`�iQ` QTiBKBx�iBQM- r?B+? +QM+2Mi`�i2b QM i?2 QTiBKBx�iBQM Q7 i?2 T2`7Q`K�M+2
+`Bi2`B� /B`2+iHvX

dX �+FMQrH2/;2K2Mi

h?2 �mi?Q`b i?�MF oX S2`b2Q- *X.X "2B/H2`- CX :2B;2` �M/ CX LɃ?`2M#2`; 7Q` 7`mBi7mH
/Bb+mbbBQMb �M/ bmTTQ`iX h?Bb rQ`F ?�b #22M +�``B2/ Qmi rBi?BM i?2 7`�K2rQ`F Q7
i?2 1l_P7mbBQM *QMbQ`iBmK �M/ ?�b `2+2Bp2/ 7mM/BM; 7`QK i?2 1m`�iQK `2b2�`+? �M/



S?vbB+b �M�HvbBb Q7 `2bmHib Q7 biQ+?�biB+ �M/ +H�bbB+ bi2HH�`�iQ` +QBH QTiBKBx�iBQM k9

i`�BMBM; T`Q;`�K kyR9@kyR3 �M/ kyRN@kyky mM/2` ;`�Mi �;`22K2Mi LQ ejjy8jX h?2
pB2rb �M/ QTiBQMb 2tT`2bb2/ ?2`2BM /Q MQi M2+2bb�`BHv `2~2+i i?Qb2 Q7 i?2 1m`QT2�M
*QKKBbbBQMX h?Bb rQ`F r�b bmTTQ`i2/ #v � ;`�Mi 7`QK i?2 aBKQMb 6QmM/�iBQMfa6�_A
U8eye8R- �"VX h?2 bBKmH�iBQMb T`2b2Mi2/ BM i?Bb rQ`F r2`2 T2`7Q`K2/ �i i?2 >u._�
�M/ *P"_� >S* bvbi2K �i i?2 J�t SH�M+F *QKTmiBM; �M/ .�i� 6�+BHBiv UJS*.6V-
:2`K�Mv �M/ �i i?2 J�_*PLA >S* bvbi2K �i *AL1*�- Ai�HvX

_272`2M+2b

(R) JX .`2pH�F- kyi? avKTQbBmK QM 6mbBQM h2+?MQHQ;v- J�`b2BHH2- 6`�M+2 URNN3V TTX 33jX
(k) CX@6X GQ#bB2M 2i �HX- kyR3 - ai2HH�`�iQ` +QBH QTiBKBx�iBQM iQr�`/b ?B;?2` 2M;BM22`BM; iQH2`�M+2b-

Lm+H2�` 6mbBQM- 83UkyR3V- TTX RyeyRj
(j) q2M/2Hbi2BM oAA@s �TTHB+�iBQM 7Q` S`272`2MiB�H amTTQ`i- q2M/2Hbi2BM S`QD2+i :`QmT- ASS@

1l_�hPJ �bbQ+B�iBQM- �l:lah RNNy
(9) SX J2`F2H- aQHmiBQM Q7 bi2HH�`�iQ` #QmM/�`v p�Hm2 T`Q#H2Kb rBi? 2ti2`M�H +m``2Mib- Lm+HX 6mbBQM

URN3dV kd 3ed
(8) G�M/`2K�M- kyRd- �M BKT`Qp2/ +m``2Mi TQi2MiB�H K2i?Q/ 7Q` 7�bi +QKTmi�iBQM Q7 bi2HH�`�iQ` +QBH

b?�T2b- Lm+HX 6mbBQM- 8d y9eyyj
(e) S�mH- 1XCX- G�M/`2K�M- JX- "�/2`- �X- .Q`H�M/- qX, �M �/DQBMi K2i?Q/ 7Q` ;`�/B2Mi@#�b2/

QTiBKBx�iBQM Q7 bi2HH�`�iQ` +QBH b?�T2bX Lm+HX 6mbBQM 83- ydeyR8
(d) iX "`QrM 2i �HX- kyR8- 1M;BM22`BM; QTiBKBx�iBQM Q7 bi2HH�`�iQ` +QBHb H2�/ iQ BKT`Qp2K2Mib BM /2pB+2

K�BMi2M�M+2- kyR8 A111 kei? avKTQbBmK QM 6mbBQM 1M;BM22`BM; UaP61V- TT R@e
(3) w?m 2i �HX- kyRd- L2r K2i?Q/ iQ /2bB;M bi2HH�`�iQ` +QBHb rBi?Qmi i?2 rBM/BM; bm`7�+2- Lm+HX 6mbBQM-

83 yReyy3
(N) >X@aX "Qb+? 2i �HX- 6BM�H BMi2;`�iBQM- +QKKBbbBQMBM; �M/ bi�`i Q7 i?2 q2M/2Hbi2BM d@s bi2HH�`�iQ`

QT2`�iBQM- Lm+H2�` 6mbBQM- oQHX 8d- RReyR8 UkyRdV
(Ry) _XGX P`#�+?- ai�i2K2Mi �#Qmi i?2 6mim`2 Q7 i?2 S`BM+2iQM SH�bK� S?vbB+b G�#Q`�iQ`v- lM/2`

a2+`2i�`v 7Q` a+B2M+2 �M/ .B`2+iQ`- P{+2 Q7 a+B2M+2- lXaX .2T�`iK2Mi Q7 1M2`;v- J�v kk- kyy3
(RR) GQix 2i �HX- RNNy- PTiBKBx�iBQM- J>. KQ/2 �M/ �HT?� T�`iB+H2 +QM}M2K2Mi #2?�pBQm` Q7 >2HB�b

2[mBHB#`B� - S`Q+bX Q7 Rji? *QM72`2M+2 A�1�- A�1�@*L@8jf*@AAA@8- TXeyj
(Rk) LɃ?`2M#2`; CX �M/ wBHH2 _X- RN33 S?vbB+b G2ii2`b � RkN RRj@RRd
(Rj) GQM;@SQ2 Em- �HH2M >X "QQx2`- ai2HH�`�iQ` +QBH /2bB;M �M/ TH�bK� b2MbBiBpBiv- S?vbB+b Q7 SH�bK�b

Rd- Rkk8yj UkyRyV
(R9) w�`MbiQ`z JX 2i �HX- S?vbB+b Q7 i?2 +QKT�+i �/p�M+2/ bi2HH�`�iQ` L*asX SH�bK� S?vbB+b �M/

*QMi`QHH2/ 6mbBQM-UkyyRV 9jURk�V- �kjdĜ�k9NX
(R8) *X a+?r�#- RNNj- S?vbX 6HmB/b- "8 jRN8
(Re) .`2pH�F JX- kyyN- jei? 1Sa *QM7X QM SH�bK� S?vbB+b UaQ}�- "mH;�`B�V- S9XkRR- ?iiT,ff2TbTT/X

2T7HX+?faQ7B�fT/7fS9nkRRXT/7
(Rd) EBbbHBM;2` 2i �HX- RNNy- J�;M2iB+ }2H/ �M/ +QBH bvbi2Kb Q7 i?2 KQ/mH�` ?2HB�b +QM};m`�iBQM >a 8@Ry-

6mbBQM h2+?MQHQ;v- TTX R8ky
(R3) >B`b?K�M aXSX p�M q?BibQM CX *X- RN3j- S?vbX 6HmB/b- ke j88j
(RN) >B`b?K�M aXSX p�M _BD qXAX �M/ J2`F2H SX- RN3e- *QKTmiX S?vbX *QKKmMX- 9j R9j
(ky) *X LɃ?`2M#2`;- :HQ#�H B/2�H K�;M2iQ?v/`Q/vM�KB+ bi�#BHBiv �M�HvbBb 7Q` i?2 +QM};m`�iBQM�H bT�+2

Q7 q2M/2Hbi2BM d@s- S?vbX SH�bK�b- j URNNeV k9yR
(kR) ai`B+FH2`- .XCX- "2``v- GX�X- >B`b?K�M- aXSXK .2bB;MBM; *QBHb 7Q` *QKT�+i ai2HH�`�iQ`bX 6mbBQM

a+BX h2+?MQHX 9R- RydĜRR8 UkyykVX
(kk) JX .`2pH�F- �miQK�i2/ PTiBKBx�iBQM Q7 ai2HH�`�iQ` *QBHb- 6mbBQM h2+?MQHQ;v- oQHX jj- LQX k- S�;2

Rye@RRd- RNN3
(kj) *X LɃ?`2M#2`;- 6`22@#QmM/�`v B/2�H J>. bi�#BHBiv Q7 qd@s /Bp2`iQ` 2[mBHB#`B�- Lm+H2�` 6mbBQM-

oQHX 88- kyRe- TTX ydeyRy



k8

(k9) "2`Mbi2BM AX"X- 6`B2K�M 1X�X- E`mbF�H JX.X �M/ EmHb`m/ _XJX- RN83 S`Q+X _X aQ+X � k99 Rd
(k8) "2B/H2` *X .X 2i �HX- kyRR- Lm+HX 6mbBQM- 8R ydeyyR
(ke) L2KQp oXoX 2i �H- RNNN- 1p�Hm�iBQM Q7 1/⌫ M2Q+H�bbB+�H i`�MbTQ`i BM bi2HH�`�iQ`b- S?vbX SH�bK�b- e

9ekk
(kd) :2B;2` CX- kyR8- S?vbB+b BM i?2 K�;M2iB+ +QM};m`�iBQM bT�+2 Q7 qd@s - SH�bK� S?vbX *QMi`QHX

6mbBQM- oQHX 8d- L`X R
(k3) >B`b?K�M aXSX- a?�BM; EX*X- p�M _BD qXAX- "2�bH2v *XPX �M/ *`mK2 1X*X- RN3e- S?vbX 6HmB/b kN

kN8R
(kN) p�M _BD qXAX �M/ >B`b?K�M aXSX- RN3N- S?vbX 6HmB/b " R 8ej
(jy) "2B/H2` *X .X 2i �HX ǴS?vbB+b �M/ 2M;BM22`BM; /2bB;M 7Q` q2M/2Hbi2BM oAA@sXǴ 6mbBQM h2+?MQHQ;v

RdXR- URNNyV- R93@Re3X
(jR) .BMFH�;2 2i �HX- kyyd- �bb2bbK2Mi Q7 :HQ#�H ai2HH�`�iQ` *QM}M2K2Mi, ai�imb Q7 i?2 AMi2`M�iBQM�H

ai2HH�`�iQ` *QM}M2K2Mi .�i�#�b2- 6mbBQM a+B2M+2 �M/ h2+?MQHQ;v- U8RV R
(jk) hm`FBM uX 2i �HX- kyRR- S?vbX SH�bK�b- R3 ykk8y8
(jj) :2B;2` CX- kyyd- ai�#BHBiv �M�HvbBb Q7 q2M/2Hbi2BM d@s +QM};m`�iBQMb rBi? BM+`2�b2/ KB``Q` `�iBQ-

S`Q+22/BM;b Q7 i?2 Rdi? AMi2`M�iBQM�H hQFB *QM72`2M+2- SX jjk@jj8
(j9) hX amMM S2/2`b2M 2i �HX- E2v `2bmHib 7`QK i?2 }`bi TH�bK� QT2`�iBQM T?�b2 �M/ QmiHQQF 7Q` 7mim`2

T2`7Q`K�M+2 BM q2M/2Hbi2BM d@s- S?vbX SH�bK�b k9- kyRd
(j8) aX �F bHQKTQHQ 2i �HX- JQ/2HHBM; Q7 L"A BQM r�HH HQ�/b BM i?2 qd@s bi2HH�`�iQ`- Lm+H2�` 6mbBQM-

kN- kyR3
(je) *�MBF- CX 2i �HX- 1tT2`BK2Mi�H .2KQMbi`�iBQM Q7 AKT`Qp2/ L2Q+H�bbB+�H h`�MbTQ`i rBi? Zm�bB?2HB+�H

avKK2i`v- S?vbX _2pX G2iiX- UN3V 3- TXy38yyk- kyyd
(jd) >2;M�- *X 2i �HX- h?2Q`v Q7 Ah: im`#mH2Mi b�im`�iBQM BM bi2HH�`�iQ`b, A/2MiB7vBM; K2+?�MBbKb iQ

`2/m+2 im`#mH2Mi i`�MbTQ`i- S?vbX SH�bK�b- Uk8V k- TXykk8RR- kyR3
(j3) :ƺ`H2` hX 2i �HX- h?2 ;HQ#�H p2`bBQM Q7 i?2 ;v`QFBM2iB+ im`#mH2M+2 +Q/2 :1L1- CQm`M�H Q7

*QKTmi�iBQM�H S?vbB+b- kyRR- kjy
(jN) C2MFQ 6X 2i �HX- 1H2+i`QM i2KT2`�im`2 ;`�/B2Mi /`Bp2M im`#mH2M+2- S?vbB+b Q7 SH�bK�b-UdV 8- TXRNy9@

RNRy- kyyy
(9y) C2MFQ- 6X 2i �HX- h?2 :1L1 +Q/2- Ǵ?iiT,ff;2M2+Q/2XQ`;Ǵ- kyRN
(9R) J�m`2` JX 2i �HX- h?2 j. ;HQ#�H p2`bBQM Q7 i?2 ;v`QFBM2iB+ im`#mH2M+2 +Q/2 :1L1- hQ #2 bm#KBii2/-

kyRN
(9k) s�Mi?QTQmHQb- SX 2i �HX- *QMi`QHHBM; hm`#mH2M+2 BM S`2b2Mi �M/ 6mim`2 ai2HH�`�iQ`b- S?vbX _2pX

G2iiX- URRjV R8- TXR88yyR- kyR9
(9j) s�Mi?QTQmHQb- SX 2i �HX- LQMHBM2�` :v`QFBM2iB+ aBKmH�iBQMb Q7 AQM@h2KT2`�im`2@:`�/B2Mi

hm`#mH2M+2 7Q` i?2 PTiBKBx2/ q2M/2Hbi2BM d@s ai2HH�`�iQ`- S?vbX _2pX G2iiX- UNNV j- TXyj8yyk-
kyyd

(99) "QQx2` �X- q?�i Bb � ai2HH�`�iQ`- S?vbB+b Q7 SH�bK�b- 8 8
(98) _X*X :`BKK- CXJX :`22M2- CXGX CQ?MbQM- J2i?Q/b Q7 *QKTmi�iBQM�H S?vbB+b- pQHX N �+�/2KB+

S`2bb- L2r uQ`F- GQM/QM URNdeV- TTX k8j@k3y

�TT2M/B+2b
�TT2M/Bt �X Zm�HBiv *`Bi2`B� mb2/ /m`BM; i?2 PTiBKBx�iBQM

AM i�#H2 �R r2 HBbi i?2 �+?B2p2/ p�Hm2b Q7 i?2 [m�HBiv +`Bi2`B� Q7 i?2 `272`2M+2 � biQ+?�biB+
+�b2b �7i2` i?2 QTiBKBx�iBQM iQ;2i?2` rBi? i?2 i�`;2i p�Hm2bX �//BiBQM�HHv- r2 b?Qr
i?2 +Q``2bTQM/BM; T2M�Hiv p�Hm2b BM #`�+F2ib UVX h?2 [m�HBiv +`Bi2`B� �`2 ;`QmT2/ BM
9 +�i2;Q`B2b �M/ �TT2�`2/ �i /Bz2`2Mi bi�;2b /m`BM; i?2 QTiBKBx�iBQM b2[m2M+2X h?2



ke

QTiBKBx�iBQM b2[m2M+2 +QMbBbi2/ Q7 e QTiBKBx�iBQM `mMb r?B+? /Bz2` BM i?2 p�Hm2b mb2/
7Q` 2�+? BM/BpB/m�H [m�HBiv +`Bi2`BQMX � /2i�BH2/ HBbi Q7 i?2 +Q``2bTQM/BM; r2B;?ib mb2/
BM 2p2`v bBM;H2 QTiBKBx�iBQM `mM +�M #2 7QmM/ BM (k)X h?2 QTiBKBx�iBQM bi�`i2/ rBi? i?2
}2H/ 2``Q` iQ;2i?2` rBi? i?2 ;2QK2i`B+ T`QT2`iB2b �M/ BMi`Q/m+2/ i?2 #�bB+ T`QT2`iB2b
Q7 i?2 K�;M2iB+ }2H/ BM i?2 b2+QM/ bi�;2X h?2 i?B`/ bi�;2 r�b i?2 QTiBKBx�iBQM Q7 i?2
6Qm`B2` +Q2{+B2Mib Q7 �M BMM2` ~mt bm`7�+2X q2 Q#i�BM2/ i?2 6Qm`B2` +Q2{+B2Mib 7`QK
i?2 i�`;2i K�;M2iB+ }2H/ �M/ QTiBKBx2/ i?2 +Q``2bTQM/BM; +Q2{+B2Mib BM i?2 K�;M2iB+
}2H/ T`Q/m+2/ #v i?2 +QBH b2iX q2 mb2 S1ah +QQ`/BM�i2b (98) 7Q` i?Bb +QKTmi�iBQM
r?B+? �bbm`2 B/2MiB+�H TQHQB/�H �M;H2b 7Q` i?2 /Bz2`2Mi +�b2bX AM i?2 +Q``2bTQM/BM; `Qr
BM i�#H2 �R r2 �`2 T`2b2MiBM; i?2 T2M�Hiv p�Hm2 BMbi2�/ Q7 i?2 Ry9 6Qm`B2` +Q2{+B2MibX
� /2i�BH2/ /2b+`BTiBQM Q7 i?2 [m�HBiv +`Bi2`B� �M/ ?Qr i?2v �`2 +QKTmi2/ BM PLa1h (R)
+�M #2 7QmM/ BM (kk)X



kd

h�#H2 �R, o�Hm2b Q7 i?2 Zm�HBiv *`Bi2`B�

Zm�HBiv *`Bi2`B�, aiQ+?�biB+ *�b2 3yyy, h�`;2i o�Hm2b, _272`2M+2 *�b2,

J�tBKmK GQ+�H 6B2H/ 1``Q` 6.0⇥ 10�2 U3.70V UyV 7.0⇥ 10�2 U4.87V
�p2`�;2 :HQ#�H 6B2H/ 1``Q` 1.6⇥ 10�2 U1.25V UyV 1.7⇥ 10�2 U1.45V

*m`p�im`2 R Um�1VU*QBH Rfkfjf9f8V jXyfkXNfjXyfjXRfjXj U9.2⇥ 10�2V jXy UyV jXyfjXyfjXyfjXyfjXR U7.0⇥ 10�3V
*m`p�im`2 k UBM 10�1V kXdfjXRf8XRfeXRfeXk U1.0⇥ 10�1V yXj UyV jXef9Xkf8Xef8XRf8X9 U6.7⇥ 10�2V
*H2�`�M+2 UcmV kdfkdfkdXdfkeX3fkeX3 U1.4⇥ 10�3V kd UyV kdfkeX3fkeX3fkeX3fjR U3.1⇥ 10�3V

J�;M2iB+ �tBb U#2�M@b?�T2/ +`QbbXV 5.936m U5.6⇥ 10�5V 5.934m UyV 5.928m U1.3⇥ 10�4V
J�;M2iB+ �tBb Ui`B�M;mH�` +`QbbXV 5.166m U7.2⇥ 10�3V 5.17m UyV 5.17m U1.1⇥ 10�4V
J�;M2iB+ JB``Q` QM �tBb yXRy38j U8.8⇥ 10�6V yXRyd UyV yXRjk U1.9⇥ 10�3V
AQi� QM �tBb yX33k U9.9⇥ 10�7V yX33j UyV yX33RU3.9⇥ 10�3V
J�;M2iB+ a?2�` RX8kR U2.6⇥ 10�3V RX8e UyV RX9N U3.9⇥ 10�3V
J�;M2iB+ q2HH 8.1⇥ 10�3 U0V 7.0⇥ 10�3 UyV 5.4⇥ 10�3 U2.9⇥ 10�3V

6Qm`B2` *Q2zX Q7 BMM2` 6Hmt am`7�+2 U2.83⇥ 10�1V UyV U2.44⇥ 10�1V

hQi�H S2M�Hiv o�Hm2 U8X3NV UyV U6.65V

Zm�HBiv *`Bi2`B�, aiQ+?�biB+ *�b2 9yyy, aiQ+?�biB+ *�b2 kyyy,

J�tBKmK GQ+�H 6B2H/ 1``Q` 5.7⇥ 10�2 U3.29V 6.0⇥ 10�2 U3.6V
�p2`�;2 :HQ#�H 6B2H/ 1``Q` 1.66⇥ 10�2 U1.39V 1.95⇥ 10�2 U1.9V

*m`p�im`2 R Um�1VU*QBH Rfkfjf9f8V kXNfkX8fkX3fjXRfjXk U4.0⇥ 10�2V kXkfkXjfjXRfjXRfjXj U8.5⇥ 10�2V
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J�;M2iB+ q2HH 7.9⇥ 10�3 UyV 1.7⇥ 10�2 UyV

6Qm`B2` *Q2zX Q7 BMM2` 6Hmt am`7�+2 yXe9e U6.46⇥ 10�1V U5.07⇥ 10�1V

hQi�H S2M�Hiv o�Hm2 U8X93V U6.3V

Zm�HBiv *`Bi2`B�, aiQ+?�biB+ *�b2 Ryyy, aiQ+?�biB+ *�b2 Ryy,

J�tBKmK GQ+�H 6B2H/ 1``Q` 7.0⇥ 10�2 U4.81V 8.0⇥ 10�2 U6.38V
�p2`�;2 :HQ#�H 6B2H/ 1``Q` 1.92⇥ 10�2 U1.85V 2.27⇥ 10�2 U2.58⇥ 10�2V

*m`p�im`2 R Um�1VU*QBH Rfkfjf9f8V kXkfkX8fjXyfjX9fjXj U1.7⇥ 10�1V kXRfkX9fkXefjXkfjXk U3.2⇥ 10�2V
*m`p�im`2 k UBM 10�1V RXNfkXkfjXkfeXRf9X3 U5.1⇥ 10�2V RXdfjX8fjXNf9X3f8Xy U4.5⇥ 10�2V
*H2�`�M+2 UcmV jyXd3fjyXd3fjyXNfk3fk3 UyV keXdfkefkefjyX3fj9X3 UyV

J�;M2iB+ �tBb U#2�M@b?�T2/ +`QbbXV 5.923m U4.8⇥ 10�4V 5.94m U1.6⇥ 10�4V
J�;M2iB+ �tBb Ui`B�M;mH�` +`QbbXV 5.174m U1.1⇥ 10�2V 5.191m U2.2⇥ 10�1V
J�;M2iB+ JB``Q` QM �tBb yXRyRR U8.8⇥ 10�5V yXyNd8 U2.5⇥ 10�4V
AQi� QM �tBb yX3dN U1.2⇥ 10�2V yX3de3 U6.6⇥ 10�2V
J�;M2iB+ a?2�` RX9j U1.3⇥ 10�2V RX8k U1.4⇥ 10�2V
J�;M2iB+ q2HH 1.8⇥ 10�2 UyV 1.6⇥ 10�2 U9.7⇥ 10�5V

6Qm`B2` *Q2zX Q7 BMM2` 6Hmt am`7�+2 U7.34⇥ 10�1V U9.62V

hQi�H S2M�Hiv o�Hm2 UdXe8V U11.03V
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Following up on earlier work which demonstrated an improved numerical stellarator coil
design optimization performance by the use of stochastic optimization [Lobsien J., Nucl.
Fusion 58 106013], it is demonstrated here that significant further improvements can
be made - lower field errors, and improved robustness - for a Wendelstein 7-X test case.
This is done by increasing the sample size and applying fully 3D perturbations, but
most importantly, by changing the design sequence in which the optimization targets
are applied: Optimization for field error is conducted first, with coil shape penalties only
added to the objective function at a later step in the design process. A robust, feasible
coil configuration with a local maximum field error of 3.66% and an average field error
of 0.95% is achieved here, as compared to a maximum local field error of 6.08% and
average field error of 1.56% found in our earlier work. These new results are compared to
those found without stochastic optimization using the FOCUS and ONSET suites. The
relationship between local minima in the optimization space and coil shape penalties is
also discussed.

1. Introduction
The construction cost of stellarators is dominated by the manufacturing and assembly

process of the primary coil system, which produces the “magnetic cage” in which the
plasma is later confined. Budget and schedule of the whole project strongly depends
on the construction tolerances which are derived from a perturbation analysis after the
primary coil system is designed. Unfortunately, the construction of recent stellarator
experiments like Wendelstein 7-X (W7-X) and the National Compact Stellarator Ex-
periment (NCSX) were negatively influenced by their low construction tolerances which
led, in the case of NCSX, to the cancellation of the whole project [Orbach (2008)]. A
method that increases construction tolerances without compromising the performance of
the magnetic field would be highly beneficial.

We investigated the problem by integrating a perturbation analysis into the optimiza-
tion loop of ONSET [Drevlak (1998b)], a nonlinear coil optimization suite. Instead of
optimizing a single coil configuration, the average of a cloud of coil configurations is
being optimized. Each element of the cloud is a perturbation of the coil set at the cloud’s
center. The cloud is characterized by the number of samples N (perturbations) and
its size is defined by the average perturbation amplitude. In our earlier work [Lobsien

† Email address for correspondence: jim.lobsien@ipp.mpg.de
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et al. (2018)] that concentrated on coil configurations for the original W7-X plasma
boundary the average perturbation amplitude was kept fixed at 2mm while the number
of samples N was varied between 1 and 8000. Each perturbation was two dimensional
and displaced the coil set across its winding surface. For one sample this reduces to the
non-stochastic case of classic stellarator coil optimization called the reference case. The
stochastically optimized coil configurations were able to reproduce the target magnetic
field more accurately with a local maximum field error of 6.08% and an average field
error of 1.56% while we observed an increased resilience w.r.t. the objective function f .
A subsequent derivation of reactor relevant h�i=5% equilibria allowed us to analyse the
performance of the coil configurations w.r.t. the criteria that originally led to the shape of
the plasma boundary of W7-X. The investigation revealed that stochastic stellarator coil
optimization outperforms classic stellarator coil optimization irrespective of the sample
size [Lobsien et al. (2020)].

In this manuscript, we build on the results obtained in [Lobsien et al. (2018)] and study
the effects of stochastic stellarator coil optimization with 3D perturbations on a different
coil design process for the original W7-X plasma boundary. First, we solely concentrate
on the field error, then implement the geometric and vacuum magnetic field properties in
two subsequent phases. The number of samples is increased to N = 20 000 while we test
three different average perturbation amplitudes 0mm, 2mm and 5mm. The case with a
cloud size of 0mm reduces again to the case of classic stellarator coil optimization called
the reference case.

We also test here the effect of the nonlinear coil optimization tool FOCUS [Zhu et al.
(2017)] to reduce the field error in the first phase of the design process. ONSET is then
used to implement the geometric constraints and adjust the properties of the vacuum
magnetic field. Following this procedure, we are able to compare the performance of
two nonlinear coil optimization tools. Their differences w.r.t. the objective function f

are described in section 2 together with the perturbation technique that is used in the
stochastic version of ONSET. A detailed description of the design process closes the
methodology. In section 3 we investigate the development of the field error during the
design process and analyze the final fitness of the coil configurations. Their robustness
w.r.t. the objective function f is investigated by a perturbation analysis. Lastly, we
visualize the final coil configurations and conclude the investigation.

2. Methodology
The task of designing a stellarator coil system can be seen as the second step in

the process of designing a stellarator. A given plasma boundary uniquely defines the
vacuum magnetic field in its interior and together with a pressure and current profile the
finite-� effects when a plasma pressure is applied. Intuitively, one first tries to find the
optimal plasma shape that performs best w.r.t. predefined performance criteria like MHD
stability, energy and particle transport, and fast particle confinement. In the second step
one aims to reproduce the desired magnetic field with a finite set of coils. The magnetic
field which later confines the plasma is the crucial element in this scenario by building
the bridge between stellarator and coil optimization.

Deriving external currents that produce a given magnetic field is an inverse problem
that is ill-posed, but can be solved linearly on a surface outside the plasma boundary with
NESCOIL [Merkel (1987)] or its successor REGCOIL [Landreman (2017)] that allows dif-
ferent regularization schemes. The result is a continuous and smooth current distribution
on the winding surface which can be discretized into a finite set of filaments that describe
a coil set. The magnetic field of the coil set can be further improved with codes such as
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ONSET [Drevlak (1998b)], COILOPT [Strickler et al. (2002)], COILOPT++ [Brown et al.
(2015)] and FOCUS [Zhu et al. (2017)] which translate the problem into the minimization
of a nonlinear objective function f . It consists of the parametrization h and the penalty
function g, i.e. f = g � h.

ONSET and FOCUS show substantial differences in the choice of the coil parametriza-
tion (section 2.1), the quality criteria that define the penalty function (section 2.2), and
the optimizer that minimize the objective function f . ONSET has several optimizers,
but we use Brent’s method [Gegenfurtner (1992)] which approximates the Hessian of
f in an iterative process and optimizes along its principal axes. FOCUS, on the other
hand, computes the gradient and Hessian [Zhu et al. (2018b)] of f analytically. FOCUS
also has several optimizers to minimize the objective function f , but in this study, we
will mainly use the conjugate gradient method. ONSET has the ability to optimize a
coil configuration stochastically which perturbs the coil configuration to create a sample
cloud. The technique is explained in section 2.3. The values of the weight constants !i

define the coil design process (section 2.4) which is the path we chose to solve the coil
optimization problem defined as

min
x2Rn

f(x), (2.1)

where x 2 Rn is the set of parameters describing the coil set. The objective function

f : Rn ! R, f(x) = (g � h)(x) (2.2)

consists of a parametrization h : Rn ! R3S which maps the set of parameters to a set of
S filament points that describe the coil set in the 3D Euclidean space. Subsequently, the
penalty function g : R3S ! R calculates the magnetic field with the Biot-Savart formula
and measures the difference between the magnetic field produced by the coils and the
target magnetic field defined by the shape of the plasma boundary. In detail, it calculates
the quality criteria which are compared to the design values of the target magnetic field
while it simultaneously assures that the shape of the coil set is feasible for construction.

2.1. Parametrization
Coil sets are parametrized differently in FOCUS and ONSET. FOCUS uses a three

dimensional Fourier representation of the coil set, where each spatial coordinate is
represented by

x
i(t) = x

j

c,0 +
NFX

n=1

⇥
x
j

c,n
cos(nt) + x

j

s,n
sin(nt)

⇤
with t 2 [0, 2⇡] (2.3)

and j = {1, 2, 3}. This parametrization avoids the necessity of a winding surface. In total,
the number of parameters defining a single coil is 3⇥ (2NF + 1).

The winding surface is an essential element of the parametrisation we chose in ONSET.
Its two parts are visualized in figure 1. Each coil consists of 2⇥NO parameters describing
a cubic periodic spline in the two dimensional plane. The splines are then mapped by
h onto two limiting surfaces. Additional NO parameters then interpolate the winding
surface between two limiting surfaces. The interpolation uses the arc tangent such that the
winding surface can never reach the limiting surfaces. Full three-dimensional flexibility of
the coil set can be achieved when the parametrisation is extended such that each coil has
its own set of parameters that interpolate the winding surface between the two limiting
surfaces. This way, each coil is attached to its own winding surface and can be displaced
independently perpendicular to it. Such a flexibility is comparable to that available in
FOCUS. The number of parameters then yields 3⇥NO per coil.
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Figure 1. The parametrization used in ONSET.

We choose NO = 13 and NF = 6 such that ONSET and FOCUS use the same number
of parameters per coil.

2.2. Penalty Function
In order to compute the value of the penalty function g, the magnetic field produced by

the coil set is computed. Subsequently, characteristics of that magnetic field are derived
called quality criteria. The analytic function that maps the quality criteria to the penalty
value in R is the last part of the calculation of the penalty function and is defined by

kX

i=1

!i

⇣
qi(x)� q

design

i

⌘2
. (2.4)

The value of the quality criterion qi(x) is subtracted by its design value qdesign and yields,
factorized by its weight constant !i, the specific contribution to the penalty function.
The change of the weight constants !i defines the coil design process and is explained in
section 2.4. The target plasma boundary uniquely defines the target vacuum magnetic
field from which the design values q

design are derived prior the optimization.
The most dominant quality criterion is the field error evaluated by computing B · n,

where B is the vector of the magnetic field produced by the coils and n is the normal on
the target plasma boundary. In general, B may include internal plasma currents, which
were absent in the optimization of W7-X. FOCUS minimizes the average squared field
error

qase(x) =

Z

A

1

2
(B · n)2dA, (2.5)

where A is the area of the plasma boundary. ONSET uses two different measures for the
normalized field error

qle(x) =
|B · n|
|B| . (2.6)

The maximum local field error max qle and the average global field error

qae(x) =

R
A
qledA

A
. (2.7)

In ONSET, one can fully control the shape of the coil set by geometric constraints.
The material used for the coils defines the finite extent of the coils which sets the
minimal clearance between adjacent coils. This design process uses two limiting surfaces
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which guarantee that the coils do not get too close or too far away from the plasma
boundary. The finite extent of the coils also defines the maximal allowed coil curvature.
Its computation in ONSET follows  = 1

R
, where R is the smallest radius of curvature

for a given coil. Unnecessary undulations are penalized by a second curvature which is a
weighted variant of the first curvature described in [Drevlak (1998a)]. Ultimately, crossing
points are penalized. These criteria define the geometric properties absolute necessary
for the construction of the W7-X central coil system.

ONSET has additionally the capability to optimize properties of the vacuum magnetic
field by following magnetic field lines and calculating magnetic flux surfaces. The prop-
erties and their calculation are explained in more detail in [Drevlak (1998a)] and briefly
summarized here:
• The position of the magnetic axis is determined by finding the fixed-point of the

field line map and two positions of the magnetic axis at the beginning and at the end of
the half-module are evaluated.
• The difference between the magnetic field strength on the axis at the start and at

the end of the half-module is referred to as the magnetic mirror. It is normalized to the
sum of the two magnetic field strength values.
• The value of iota on the axis and the shear is determined. The latter is computed

by taking the difference of iota on axis and iota 0.2m off axis at the beginning of the
half-module at z = 0.
• The magnetic well (hill) is defined as the normalized difference of the specific volume

of two well-separated magnetic surfaces (including the magnetic axis). The specific
volume is defined as limN!1

1
N

R
N

dl

B
= dV

d 
where  is the toroidal magnetic flux.

• The Fourier coefficients of inner flux surfaces can be computed and optimized
towards the coefficients of the corresponding surfaces of the target magnetic field. They
are derived in PEST coordinates [GRIMM et al. (1976)] and we chose the Rmn and Zmn

of a flux surface slightly inside the plasma boundary.
FOCUS has less control of the coil geometry than ONSET despite having penalty

functions over the coil length, coil-to-coil separation, coil-plasma separation and coil
curvature. To use analytic derivatives, FOCUS employs integrated formulas for these
engineering constraints. The primary constraints used in this study are the coil length
and coil curvature. The penalty on the coil length is

qL(x) =
1

NC

NCX

i=1

1

2

(li(x)� li,o(x))

li,o(x)
,where li(x) =

Z 2⇡

0
|x0

i
|dt (2.8)

is the length of the i-th coil, li,o is the target length and NC is the number of coils. It
has the disadvantage that chosen li,o too low one can perfectly approximates the plasma
boundary but cannot control the geometric properties of the coil. Chosen li,o too high,
one obtains values of the field error that are too large. The introduction of a penalty
on the curvature improved the shape of the coil sets but could not completely avoid the
violation of the second curvature and the coil-to-coil clearance used in ONSET. Compared
to ONSET, the squared curvature was optimized. Due to technical limitations, a version
of FOCUS that could use the curvature and coil-to-coil constraint was not available
during our computations.

2.2.1. Remark:
Both ONSET and FOCUS have the ability to optimize additional physics properties.

We list them here to give a full overview of the characteristics of the two coil optimization
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suites.

ONSET:

• Following magnetic field lines, ONSET can check the existence of magnetic flux
surface.
• On a flux surface ONSET can also compute:
� The Fourier coefficients of the magnetic field Hmn in PEST coordinates.
� Epsilon effective ✏eff.
• ONSET can detect the fixed-point of magnetic islands and optimize their width by

computing their residual [Greene (1968)].
• ONSET has the ability to do equilibrium calculations with VMEC [Hirshman &

Whitson (1983)] such that all performance criteria available in the stellarator optimiza-
tion suite ROSE [Drevlak et al. (2018)] can be optimized.
• A NESCOIL calculation can be invoked to compute the current distribution needed

to eliminate the residual field error. This is useful for optimizing systems of simple
primary field coils (toroidal field component in a mixed-topology coil system) so as
to minimize the burden on a saddle coil or permanent-magnet solution providing the
rotational transform.
ONSET and FOCUS can optimize the current that flows through the coils. In this
manuscript, all coils were equipped with an equal current of 1.45MA.

FOCUS:

• FOCUS can detect magnetic islands and optimize the island width [Zhu et al.
(2018a)].
• FOCUS can optimize the quasi-symmetry of the configuration [Zhu et al. (2018a)].

We did not optimize any of these properties because their investigation would be out of
the scope of this manuscript.

2.3. Perturbation of the Coil Set
Stochastic coil optimization extends the optimization of a single coil configuration

(c.f. equation (2.1)) to the optimization of a cloud of coil configurations

min
x2Rn

FN (x). (2.9)

The cloud is characterized by the number of samples N . Each element of the cloud is
a perturbation of the original coil set at the cloud’s center. A perturbation of the coil
configuration can be intuitively achieved by perturbing the set of parameters that define
the coil set. This leads to the objective function

FN (x) :=
1

N + 1

NX

i=0

f (⇠i(x)) + !�� =
1

N + 1

NX

i=0

(g � h � ⇠i)(x) + !��, (2.10)

where ⇠0(x) = x0 is the original parameter set and {⇠i(x)}i=1,··· ,N is the set of perturbed
parameter sets which have a Gaussian distribution around the cloud’s center. The last
term after the sum !�� is a penalty on the standard deviation � of the penalty value
distribution of one sample cloud. It is a tool of risk averse programming and intends to
increase the robustness w.r.t. f . In the previous coil optimization study [Lobsien et al.
(2018)], we only perturbed the parameters that deform the coil set across its winding
surface. Here, we perturb all of the input parameters and assure that the deviation of
the winding surface itself has the same magnitude as the deviation across the winding
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Optimization Phase: I II III

Maximum Field Error 0/ 1.0 · 103 · ·
Mean Field Error 0/ 1.0 · 105 · ·

Clearance - 0.27m/1 ·
Curvature 1 - 3m�1/0.7 ·
Curvature 2 - 0.3/0.4 ·

Magnetic Axis (bean) - - 5.93m/2450
Magnetic Axis (triangle) - - 7.17m/2450
Magnetic Mirror on Axis - - 0.11/3
Iota on Axis - - 0.88/1.5 · 103
Magnetic Shear - - 1.56/1.6
Magnetic Well - - 0.007/1.0 · 103
Fourier Coeff. of Surface - - varies/2.0 · 102

Limiting Surfaces +30 cm/+75 cm · +30 cm/+80 cm
Points per Coil 13 · ·
Variables of WS 13 · ·
!� 0.5 · ·

Table 1. Design Sequence in ONSET: qdesign/!i

surface. The perturbation of the parameters has the disadvantage that the outcome of
the displacement is hard to control and strongly depends on the parametrization.

We describe the extent of the cloud of samples in physical units of mm by the average
perturbation amplitude. It is defined by

1

N
· 1

500

NX

i=1

500X

j=1

pijp
u

ij
, (2.11)

where pijp
u

ij
is the distance between the perturbed pij and unperturbed p

u

ij
filament

point. The sum goes over all the 500 filament points that describe a coil set and over all
the coil sets in the cloud except the unperturbed one.

2.4. Design Sequence
The coil design process is divided into three phases. The first phase solely concentrates

on the field error, the next phase then targets the geometric properties, and last but not
least properties of the vacuum magnetic field are optimized. Each phase is defined by the
corresponding values of the weight constants !i which are shown in table 1.

The optimization of the field error consists of multiple adjustments that shift the outer
limiting surface further away to find the optimal coil-to-plasma distance. Similarly, we
start the optimization phase with fewer points per coil to slowly increase the geometric
freedom of the coil set while the weights for the field errors and the standard deviation
!� are kept fixed throughout the whole design process.

The 2nd design phase focuses on controlling and improving the geometric properties
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while keeping the weights on the field error fixed. The whole process adjusts the weights
of the coil-to-coil clearance and the two curvatures to their final values with the overall
aim to not increase the value of the field error. This may not always be possible. In some
cases, large kinks and/or self-intersections of the coils appear, and the code can get stuck
with these unacceptable features, even after the geometric properties have been included
in the penalty function in phase II. We find that this can be avoided by either using
stochastic optimization already in phase I, or switching to phase II early, i.e. before
having completed phase I. This is another indication that the optimization space has
many local minima in which the optimizer can get stuck. The coil sets first optimized
with FOCUS enter the design sequence with ONSET at phase II.

After the shape of the coil set meets the geometric constraints, the coil design process
concludes with the optimization of properties of the vacuum magnetic field. The last
design phase usually concentrates first on the magnetic axis, iota profile and the magnetic
mirror and well, and then it concentrates on the Fourier coefficients of an inner flux
surface. All the design values q

design were previously deduced from the target vacuum
magnetic field which corresponds to the original W7-X plasma boundary. The boundary
was first introduced in [Nührenberg & Zille (1988)], but the high-mirror configuration we
are using is better described in [Nührenberg (1996)].

The design sequence described here is slightly different from the one used in the
previous study [Lobsien et al. (2018)]. There, the geometric properties are optimized
simultaneously to the field error such that phases I and II are combined into a single
phase. In its concluding phase the weights of the vacuum field properties are reduced
and the outer limiting surface is kept fixed at +75 cm.

3. Results
In this section, we investigate the effects of stochastic stellarator coil optimization using

3D perturbations. We follow the coil design process described in section 2.4 that consists
of three phases. Two coil configurations are optimized using the stochastic version of
ONSET with an average perturbation amplitude of 2mm and 5mm. In both cases, the
cloud consists of 20 000 samples. The investigation includes two reference cases: One
reference case passes the whole design process with the single sample version of ONSET,
the other reference case is first optimized with FOCUS and then enters the design process
with the single sample version of ONSET at phase II. We refer to them as reference
case ONSET and HYBRID. In order to be consistent with the first design phase of the
previous design process [Lobsien et al. (2018)], the two stochastic cases and the reference
case ONSET use a single winding surface in phase I and II while in phase III they use
the extended parametrisation where each coil is attached to its own winding surface. The
perturbation used in the stochastic optimization always uses the current set of parameters
that describe the coil set. The reference case HYBRID uses the extended parametrisation
of ONSET throughout phase II and III.

3.1. Comparison after design phase I
In table 2 we list the maximal and average field error of the coil configurations after

the completion of the first design phase.
The reference case HYBRID reaches by far the lowest average field error which is

directly targeted through the average squared error in its objective function. Not directly
covered is the maximal field error which is slightly higher than the value of the stochastic
case 2mm. The reduced coil flexibility of the stochastic case 2mm in phase I inhibited
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Coil Configuration: Maximal Average

Field Error Field Error

Stochastic Case 2mm 3.73⇥ 10�2 1.3⇥ 10�2

Stochastic Case 5mm 6.64⇥ 10�2 2.01⇥ 10�2

Reference Case HYBRID 4.0⇥ 10�2 0.53⇥ 10�2

Reference Case ONSET 5.71⇥ 10�2 1.37⇥ 10�2

Stochastic Case 8000 [Lobsien et al. (2018)] 6.1⇥ 10�2 1.59⇥ 10�2

Table 2. Values of the maximal and average field error after design phase I.

a further reduction of the field error but is not responsible for the large difference in the
average field error values compared to the reference case HYBRID.

In the previous study [Lobsien et al. (2018)], where geometric constraints were part of
the penalty function g throughout the first design phase, the lowest field error values
after its first design phase were achieved by the stochastic case 8000. Compared to
these values, the stochastic case 2mm could reduce the maximal field error by 40%
and the average field error by 15%. This shows that in principle geometric constraints
inhibit the optimization of the field error because they restrict the shape of the coil.
The stochastic case 5mm occupies the lowest rank which shows that an increase of the
average perturbation amplitude negatively influences the optimization of the field error
similar to geometric constraints.

We compare the speed and the corresponding efficiency of the three optimization
approaches by the number of evaluations of their individual objective functions assuming
that the evaluations takes a similar amount of time. In the stochastic optimization this
does not include the 20 000 samples, since their computation is parallelized which only
marginal contributes to the evaluation time due to the communication between the
processes. FOCUS only needed 300 evaluations of its objective function f to arrive at that
very low minimum. The stochastic case 5mm needed 5000 evaluations of its objective
function FN , corresponding to 108 evaluations of f , to converge and the stochastic case
2mm needed 28 000 evaluations of FN (5.6⇥ 108 evaluations of f) to arrive at a slightly
worse performing minimum. That is two orders of magnitude more evaluations of the
objective function which shows the advantage of optimizing with derivatives.

3.2. Comparison after design phase II
The design phase II fully concentrates on implementing the geometric properties of

the coil configurations. This was not possible for the reference case ONSET because the
geometric penalties used in the design process were not able to repair the kink in coil
number 1 counting from left. We visualize the reference case ONSET together with both
stochastic coil cases in figure 2. Both have a much smoother coil shape, which shows that
the technique of stochastic coil optimization works as a geometric constraint and reduces
the maximal and average coil curvature.

The development of the field error in phase II is especially interesting, because geo-
metric constraints are not necessary to obtain an optimal approximation of the desired
magnetic field. We visualize the values of the two stochastic cases and the reference
case HYBRID in table 3. The relatively low field errors increased in the stochastic case
2mm and in the reference case HYBRID which shows again that geometric constraints
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Figure 2. The stochastic case 2mm is situated left, the reference case ONSET is situated in
the middle and the stochastic case 5mm is situated right.

Coil Configuration: Maximal Average

Field Error Field Error

Stochastic Case 2mm 4.8⇥ 10�2 1.38⇥ 10�2

Stochastic Case 5mm 5.39⇥ 10�2 1.50⇥ 10�2

Reference Case HYBRID 3.44⇥ 10�2 0.69⇥ 10�2

Table 3. Values of the maximal and average field error after design phase II.

negatively influence the optimization of the field error. But the relatively high field
errors of the stochastic case 5mm decreased. This does not contradict the previous
statement because in principle geometric constraints just change the landscape of the
optimization space. An optimization which was previously halted by the increased average
perturbation amplitude can continue to minimize the field error if the change of the
landscape includes a beneficial change of the local minimum. The increase in field error
indicates that geometric constraints set the lower boundary of the field error. We point
out that the stochastic case 2mm still has lower field error values than the stochastic
case 8000 (c.f. table 2) which shows the advantage of adding shape penalties at a later
step in the design process when using stochastic optimization.

FOCUS can reduce the field error to values much lower than shown in table 2 by
increasing the length of the coil. It gives the coil more freedom to take shape and thus
better approximate the magnetic field. Unfortunately, the field error later increased again
in phase II to values higher than shown in table 3. This shows that for a coil configuration
with our desired geometric properties the average coil length of 8.5m is optimal to
approximate the magnetic field of the W7-X configuration. This is confirmed by the
average coil length of the two stochastic cases.

The absence of a penalty on the coil curvature in FOCUS could initially in phase I
also reduce the field error to values lower than shown in table 2, but they increased again
in phase II to values higher than shown in table 3. The situation was not as fatal as for
the reference case ONSET but it shows that the geometric constraints can be beneficial
and can prevent the optimizer from entering local minima that are far from the global
minimum.

3.3. Comparison after design phase III
In this section we investigate the fitness and robustness of the two stochastic cases

together with the reference case HYBRID after they completed the coil design process.
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Figure 3. Perturbation analysis of the two stochastic cases and the reference case HYBRID.
All the coil sets were perturbed 200 000 times by changing the input parameters. The vertical
dashed line shows the penalty value of the unperturbed coil configuration.

The total fitness is represented by the penalty value and the robustness is visualized by the
penalty value histograms obtained by a perturbation analysis. Each coil configuration is
perturbed 200 000 times with an average perturbation amplitude of 2mm. Their penalty
value histogram together with the penalty value of the unperturbed coil configuration is
shown in figure 3.

The stochastic case 5mm has the lowest penalty value after the completion of the
design process which needed 58 000 evaluations of the objective function FN (1.16⇥ 109

evaluations of f). Closely behind follows the reference case HYBRID which needed
86 000 evaluations of the objective function f to complete phase II & III. The stochastic
case 2mm arrives at a slightly higher penalty value but needed only 69 000 evaluations
of FN (1.38⇥ 109 evaluations of f) to conclude the design process. This means that
the larger the average perturbation amplitude, the fewer evaluations are necessary to
converge. Figure 3 additionally shows that a larger average perturbation amplitude does
not necessarily lead to a lower performance. The penalty value histogram of the stochastic
case 2mm shows the highest peak and the smallest width. Thus, the coil configuration is
most robust w.r.t. the objective function f which is closely followed by the stochastic case
5mm. The lowest robustness w.r.t. f shows the reference case HYBRID with a noticeable
difference to the stochastic cases. This was expected because it was not optimized for
that.

We visualize the field errors after the completion of the design process in table 4. The
penalties on the properties of the vacuum magnetic field and the increased flexibility
through the extended parametrisation in phase III could further reduce the field error of
the stochastic cases, which means that the design process before ended again in a local
minimum. The design process of the reference case HYBRID took a completely different
path, because it started with a very low average field error which increased during the
design process and only the maximum field error slightly decreased. During phase II
and III, coil configurations that used a stronger penalty on the coil length in FOCUS
could not decrease their final field error to values lower than shown in table 4, whereas
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Coil Configuration: Maximal Average

Field Error Field Error

Stochastic Case 2mm 4.32⇥ 10�2 1.09⇥ 10�2

Stochastic Case 5mm 3.66⇥ 10�2 0.95⇥ 10�2

Reference Case HYBRID 3.45⇥ 10�2 0.72⇥ 10�2

Stochastic Case 8000 [Lobsien et al. (2018)] 6.08⇥ 10�2 1.56⇥ 10�2

Table 4. Values of the maximal and average field error after design phase III.

Inboard Side Outboard Side

Figure 4. The final coil configurations of the reference case HYBRID together with two
stochastic cases are shown from both sides.

a weaker penalty led to field error values as well higher than shown in table 4. All of
the coil configurations discussed here have reached lower field error values than the best
results of previous W7-X design studies [Lobsien et al. (2018)] [Drevlak (1998a)] .

3.4. Picture of the Coil Configurations
In figure 4 we visualize the coil configuration of the two stochastic cases and the

reference case HYBRID after they completed the coil design process. Although having
similar fitness their coil shapes are quite different and only coincide at the diagonal
section on the inboard side (c.f. figure 4 right).

4. Discussion and conclusion
We investigated the effects of 3D stochastic stellarator coil optimization and followed

a coil design process for the original Wendelstein 7-X plasma boundary that focused
on the reduction of the field error. The design process consists of three phases: Field
error, geometric properties, and properties of the vacuum magnetic field. The stochastic
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optimization is used with an average perturbation amplitude of 5mm, 2mm and 0mm,
with the latter case reducing to the single sample version of ONSET, i.e. the reference case
ONSET. Unfortunately, the reference case ONSET could not finish the design process
successfully, which shows that certain geometric properties are necessary to prevent the
optimizer from entering a local minimum that leads to unpractical coil shapes. The
stochastic case 5mm completed the design process and reached the lowest penalty value
of exactly 2 and consequently the best fitness. Its field errors are 3.66% maximal and
0.95% on average and except of phase II they reduced over the course of the design
process. With the aim to put our results into a broader perspective, we used the FOCUS
code to reduce the field error in phase I and then finished the design process with the
single sample version of ONSET. This reference case HYBRID concluded with a slightly
higher penalty value of 2.07 but lower field error values of 3.45% maximal and 0.72%
on average. In contrast to the two stochastic cases, the field error increased during the
optimization of the geometric and vacuum magnetic field properties (phase II and III).
This is consistent with, but does not prove that the field error values obtained here are
close to a global field error minimum of a coil configuration that meets the geometric
constraints necessary to build Wendelstein 7-X. Comparing the results to our previous
design study [Lobsien et al. (2018)] it shows that the absence of most of the geometric
constraints in the first phase of the design process in combination with an increased
sample size and fully 3D perturbations yielded lower field error values. We conclude that
geometric constraints are responsible for the creation of local less performing minima in
which the optimizer got stuck.

We have shown in this paper that the enhanced robustness in our previous study can be
extended to three-dimensional perturbations facilitated by the penalty on the standard
deviation !��. We also compared the penalty value histograms for coil sets designed with
the stochastic version of ONSET and ones designed with FOCUS first and then ONSET.
The robustness of the reference case HYBRID w.r.t. the objective function is noticeably
lower than the two stochastic cases. This is consistent with our previous finding that
the stochastic optimization approach tends to improve robustness, although stochastic
optimizations with FOCUS in the future will shed more light on this. The FOCUS code
uses nearly two orders of magnitude fewer evaluations for similar results in phase I.

We also found that, when optimizing with FOCUS in phase I and with ONSET for
phase II and III without stochastic optimization, results are improved significantly over
previous non-stochastic optimizations, but still less well performing and significantly less
robust than the best stochastic optimization results.

4.1. Remark on geometric constraints
A coil configuration needs to fulfil certain geometric properties such that its design can

be realized during a subsequent construction. The corresponding geometric constraints
used during the optimization have a strong effect on the optimization space. Omitting
them completely leads to a reduction of the field error, but allows the optimization
to arrive in a non optimal minimum that terminates the design process. From testing
stochastic stellarator coil optimization without geometric constraints we can say that a
penalty on the coil curvature is necessary to prevent such a situation, but previous studies
have shown that a penalty that is too large has a negative effect on the field error. The
study conducted in this manuscript shows that one is able to fix the geometric properties
at a later step in the design process, when the coil configuration was optimized with
only a small penalty on the curvature, without dramatically increasing the field error.
To summarize, geometric constraints are necessary to prevent the optimizer from getting
stuck in non optimal minima, but chosen to high can halt the whole optimization process.
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