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*2ii2 i?ĕb2 bǶ2bi /û`QmHû2 ¨ H� bi�iBQM A6_1J1_ /2 SQ`i@2M "2bbBM /�Mb H2
H�#Q`�iQB`2 _2bbQm`+2b >�HB2miB[m2b /2 HǶmMBiû >�HB2miB[m2 J�M+?2 J2` /m LQ`/
UA7`2K2`f>JJLfG_>S"V 2i �m b2BM /2 HǶû+QH2 /Q+iQ`�H2 :�A� , "BQ/Bp2`bBiû-
�;`B+mHim`2- �HBK2Mi�iBQM- 2MpB`QMM2K2Mi- i2``2- 2�m U1. 839V /2 HǶlMBp2`bBiû /2
JQMiT2HHB2`X 1HH2 2bi +Q@2M+�/`û2 T�` mM +?2`+?2m` /2 HǶlJ_ J�_"1* UA_.-
A7`2K2`- lMBp2`bBiû /2 JQMiT2HHB2`- *L_aV 2i /2b +?2`+?2m`b /m H�#Q`�iQB`2 _> /2
HǶA7`2K2` /2 SQ`i@2M@"2bbBMX

G� i?ĕb2 b2 `�ii�+?2 ¨ HǶ�+iBQM LPl_a1AL1- mM T`QD2i }M�M+û /�Mb H2 +�/`2
/2 H� K2bm`2 9yXR+ /m 61�JS Ŀ �KûHBQ`�iBQM /2b +QMM�Bbb�M+2b bm` H2b xQM2b
7QM+iBQMM2HH2b ?�HB2miB[m2b ŀ 2M T�`i2M�`B�i �p2+ H2 *_SJ1J LQ`K�M/B2X G2b Q#@
D2+iB7b /m T`QD2i LPl_a1AL1 U61�JS- kyRd@kykyV- �bbQ+Bûb �mt +�KT�;M2b /2
bmBpB /2 H� MQm``B+2`B2 /2 H� #�B2 /2 a2BM2- b2 /û+HBM�B2Mi 2M k �t2b , URV �KûHBQ`2`
H� +QMM�Bbb�M+2 /2b xQM2b 7QM+iBQMM2HH2b ?�HB2miB[m2b 2M #�B2 /2 a2BM2 Q`B2Mi�H2 2i
2bim�B`2 /2 a2BM2 2M �bbm`�Mi mM2 +�KT�;M2 /2 bmBpB �MMm2HH2 /2 kyRd ¨ kyky T`QHQM@
;2�Mi H2b +�KT�;M2b �Miû`B2m`2b- 2i UkV 2biBK2` H� +`QBbb�M+2 DQm`M�HBĕ`2 KQv2MM2
/2b DmpûMBH2b /2b 2bTĕ+2b T`ûb2Mi2b /�Mb H� xQM2X G2b i`�p�mt K2Mûb T�` H� i?ĕb2 b2
`�ii�+?2Mi ¨ +2 T`2KB2` Q#D2+iB7- 2M �M�Hvb�Mi H2 7QM+iBQMM2K2Mi /2 H� MQm``B+2`B2
/2 HǶ2bim�B`2 /2 a2BM2 ¨ HǶ�B/2 /2b /QMMû2b Bbbm2b /m bmBpB /2b +QKKmM�miûb ?�HB2m@
iB[m2bX *2ii2 i?ĕb2 2bi +Q@}M�M+û2 T�` HǶA7`2K2`- H2 6QM/ 2m`QTû2M TQm` H2b �z�B`2b
K�`BiBK2b 2i H� Tā+?2 U61�JSV 2i 6`�M+2 6BHBĕ`2 Sā+?2 U66SVX



*2ii2 i?ĕb2- +QKK2 iQmi2 H2b �mi`2b- 2bi �bbQ+Bû2 �m /Q+iQ`�Mi TmBb[mǶ2HH2 `2~ĕi2
bQM i`�p�BH K2Mû T2M/�Mi i`QBb �MbX *2T2M/�Mi- +QKK2 /2 MQK#`2mb2b �mi`2b �p�Mi
2HH2- +Ƕ2bi �mbbB H2 `ûbmHi�i /ǶmM i`�p�BH +QHH2+iB7 2i /ǶmM2 /vM�KB[m2 /2 ;`QmT2 b�Mb
H2b[m2Hb 2HH2 MǶ�m`�Bi Tm �#QmiB`X *2b [m2H[m2b HB;M2b bQMi /QM+ /û/Bû2b ¨ iQmi2b H2b
T2`bQMM2b [mB QMi T�`iB+BTû ¨ +2ii2 �p2Mim`2X

L�im`2HH2K2Mi H2b T`2KBĕ`2b �mt[m2HH2b D2 T2Mb2 bQMi K2b 2M+�/`�Mib- LB+QH�b-
*�KBHH2 2i G�m`2MiX S2M/�Mi i`QBb �Mb pQmb KǶ�p2x H�Bbbû �mt +QKK�M/2b /2 +2b
i`�p�mt- K2 T2`K2ii�Mi /2 H2b /B`B;2` b2HQM K2b 2MpB2b 2i T`û7û`2M+2b- +2 [mB KǶ�
K2Mû MB 2M û+QHQ;B2 Tm`2 MB 2M bi�iBbiB[m2b K�Bb #B2M 2M TH2BM KBHB2mX oQmb �p2x
ûiû mM2 û[mBT2 2M+�/`�Mi2 7Q`KB/�#H2- BMp2biB2 UmM T2m i`QT T2mi@āi`2 [m�M/ QM
}MBi ¨ 9?jy- G�m`2MiĘV 2i iQmDQm`b `û�+iBp2X CǶ�B Tm �TT`2M/`2 /2b /QK�BM2b /2
+QKTûi2M+2b /2 +?�+mM- [mB ûi�B2Mi p�`Bûb- K2 T2`K2ii�Mi /2 TBQ+?2` 2Mi`2 /2b
+QM+2Tib +QM+`2ib /2 HǶû+QHQ;B2 2bim�`B2MM2 Qm bT�iB�H2X C2 M2 T2mt [mǶ2bTû`2` M2
T�b āi`2 H2 b2mH ¨ �pQB` �TT`Bb /2 +2ii2 2tTû`B2M+2 2i [m2 pQmb `2iB2M/`2x û;�H2K2Mi
[m2H[m2 +?Qb2- TQm` pQb 7mim`b 2M+�/`2K2Mib Qm T`QD2ibX

C2 bQm?�Bi2 `2K2`+B2` .�pB/ L2`BMB 2i J�`B2@SB2``2 1iB2MM2 /Ƕ�pQB` �++2Tiû
/Ƕāi`2 H2b `�TTQ`i2m`b /2 +2 K�Mmb+`Bi- �BMbB [m2 >2`pû G2 "`Bb- 6`�MÏQBb G2 GQ+Ƕ?
2i *�i?2`BM2 �HB�mK2 TQm` 2M/Qbb2` H2 `ƬH2 /Ƕ2t�KBM�i2m`bX

J2`+B ¨ PHBpB2` G2 S�T2- L�i?�HB2 LB[mBH- aBKQM *?�K�BHH2- a�M/`BM2 o�x 2i
h�`2F >�ii�# TQm` �pQB` �++2Tiû /2 7�B`2 T�`iB2 H2b /Bzû`2Mib +QKBiûb /2 i?ĕb2X

lM `2K2`+B2K2Mi T�`iB+mHB2` 2bi +2HmB [m2 D2 7�Bb ¨ S�//vX 1HH2 M2 H2 b�Bi T�b
2i M2 H2 b�m`� b�Mb /Qmi2 D�K�Bb- K�Bb +2ii2 �p2Mim`2 MǶ�m`�Bi T�b ûiû TQbbB#H2 bB
2HH2 MǶ�p�Bi T�b ûiû H¨X C2 /Bb +2H� T`2b[m2 b�Mb 2t�;û`2`X C2 i2 bQm?�Bi2 2M+Q`2 /2
#2HH2b 2i MQK#`2mb2b #�H�/2bX

lM2 i?ĕb2 2bi HǶQ++�bBQM /2 bǶ�ii�+?2` ¨ mM2 +QKKmM�miû b+B2MiB}[m2- K�Bb û;�@
H2K2Mi /2 bǶBKTHB[m2` /�Mb H� pB2 /ǶmM H�#Q`�iQB`2X 1M +2H� D2 bQm?�Bi2 `2K2`+B2`
H2b /Bzû`2Mib K2K#`2b /m H�#Q`�iQB`2 /2 _2bbQm`+2 >�HB2miB[m2 /2 SQ`i@2M@"2bbBM ,
oB+iQ`- 1`B+- CQďH- Cû`ƬK2- .�pB/- J�`B2@G�m`2- aQT?B2- Ap�MX oQmb �p2x iQmb T�`@
iB+BTû ¨ KQM BMiû;`�iBQM /�Mb H2 H�#Q`�iQB`2 2i T2`KBb /2 /û+Qmp`B` H2b /Bzû`2Mi2b
7�+2ii2b /m KQM/2 ?�HB2miB[m2X lM `2K2`+B2K2Mi T�`iB+mHB2` TQm` aQT?B2- ¨ [mB D2
bQm?�Bi2 /2b +�KT�;M2b 2M #�B2 /2 a2BM2 H2b THmb T�BbB#H2b TQbbB#H2b UT2mi@āi`2 [m2
DǶûi�Bb p`�BK2Mi mM +?�i MQB` \V 2i TQm` Ap�M- [mB KǶ� �++m2BHHB /�Mb bQM #m`2�m 2i
¨ [mB DǶ2bTĕ`2 �pQB` Tm �TT`2M/`2 /2mt i`QBb �bim+2b bm` HǶmiBHBb�iBQM /2 _aim/BQX

J�H;`û H2b B/û2b `2Ïm2b iQmi MǶ2bi T�b [m2 i`�p�BH T2M/�Mi i`QBb �MbX �BMbB- D2
bQm?�Bi2 `2K2`+B2` H2b MQK#`2mt K2K#`2b /2 Ŀ A7`2K2` h2�K UT�b [m2V ŀ- [m2 +2
bQBi TQm` H2b `2M/2x@pQmb DQm`M�HB2`b /2 KQib ~û+?ûb Qɍ TQm` H2b MQK#`2mb2b bQ`iB2b
bQ+B�H2b , �miQm` /ǶmM p2``2- /ǶmM #�`#2+m2 Qm Dmbi2 /ǶmM +�7ûX



.2 K�MBĕ`2 T2`bQMM2HH2- D2 bQm?�Bi2 `2K2`+B2` K� 7�KBHH2 TQm` H2 bQmiB2M [mǶBHb
KǶQMi �TTQ`iû �m +Qm`b /2 iQmi2b +2b �MMû2b- 2i D2 bQm?�Bi2 �DQmi2` mM KQi T�`iB+m@
HB2` TQm` K2b T�`2MibX oQmb KǶ�p2x H�Bbbû bmBp`2 H2 +?2KBM [m2 D2 pQmH�Bb- KāK2 bB
D2 K2 bmBb /2TmBb #B2M û+�`iû /2 KQM B/û2- [m�M/ DǶ�p�Bb 3 �Mb- /2 pQmHQB` i`�p�BHH2`
bm` H2b `2[mBMb 2M �mbi`�HB2X oQmb �p2x �BMbB b�+`B}û HǶQTTQ`imMBiû /2 pQv�;2` /�Mb
H2 S�+B}[m2 TQm` K2 pQB` i`�p�BHH2` i`QBb �Mb 2M LQ`K�M/B2- pQmb /QMM�Mi H� TQbbB@
#BHBiû ¨ H� TH�+2 /2 /û+Qmp`B` H2 "2bbBMX C2 M2 T2mt T�b T`QK2ii`2 /2 pQmb Qz`B` +2
pQv�;2 bQmb H2b i`QTB[m2b K�Bb KQM �p2Mim`2 2M `2+?2`+?2 M2 7�Bi [m2 +QKK2M+2`
[mB b�Bi +2 [mǶ2HH2 MQmb `ûb2`p2 5

1M}M- D2 i2`KBM2 +2b `2K2`+B2K2Mib T�` +2mt [m2 DǶ�/`2bb2 ¨ �M;ûHBM2X hm T�`@
i�;2b K� pB2 /2TmBb THmb /2 +BM[ �Mb ¨ HǶ?2m`2 Qɍ DǶû+`Bb +2b HB;M2bX *Ƕ2bi /B`2 bB +2b
i`QBb �Mb /2 i?ĕb2 QMi Q++mTû mM2 TH�+2 BKTQ`i�Mi2 /�Mb MQi`2 pB2X hm �b +QMMm U2i
bm#B \V H2b +QmTb /2 `mb?b- H2b bQmp2MB`b /2 +QM7û`2M+2b- H2b MQK#`2mb2b BM+2`iBim/2b-
H� }2`iû /Ƕ�#QmiB` ¨ mM2 Tm#HB+�iBQM- 2i THmb `û+2KK2Mi H2b HQM;m2b MmBib /2 i`�p�BH
2i #B2M THmb 2M+Q`2X hm �b bm KǶûT�mH2` [m�M/ DǶ2M �p�Bb #2bQBM 2i im MǶBK�;BM2b
T�b H� +?�M+2 [m2 DǶ�B /Ƕāi`2 ¨ i2b +ƬiûbX J�BMi2M�Mi +Ƕ2bi ¨ KQM iQm` /2 i2 `2M/`2
H� T�`2BHH2- iQB [mB +QKK2M+2 û;�H2K2Mi ¨ T`ûT�`2` iQM K�Mmb+`Bi /2 }M /2 i?ĕb2X
CǶ2bTĕ`2 āi`2 ¨ H� ?�mi2m` /m bQmiB2M [m2 im KǶ�b �TTQ`iûX aB MQb }Mb /2 i?ĕb2
K�`[m2Mi H� }M /ǶmM +?�TBi`2 /�Mb MQb pB2b- BH K2 i�`/2 /ǶQmp`B` H2 T`Q+?�BM �p2+
iQBX

� iQmb H2b H2+i2m`b /2 T�bb�;2 Qm BMiû`2bbûb- DǶ2bTĕ`2 [m2 pQmb i`Qmp2`2x +2 [m2
pQmb +?2`+?2` /�Mb +2 K�Mmb+`Bi 2i D2 pQmb bQm?�Bi2 mM2 #QMM2 H2+im`2X



RXR GǶû+QHQ;B2 bT�iB�H2 , +QKTQb�Mi2 BM?û`2Mi2 /2 HǶû+QHQ;B2 X X X X X X X k
RXRXR G� +QKT`û?2MbBQM /2b T`Q+2bbmb bT�iB�mt , û+?2HH2 2i ?ûiû@

`Q;ûMûBiû X X X X X X X X X X X X X X X X X X X X X X X X X X X X j
RXRXk �M�Hvb2b bT�iB�H2b , 7�KBHH2b /Ƕ�M�Hvb2b 2i i`�Bi2K2Mi bi�iBb@

iB[m2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8
RXk G2 KBHB2m 2bim�`B2M- mM û+QbvbiĕK2 /vM�KB[m2 �mt MQK#`2mt b2`@

pB+2b , +�b /2 HǶ2bim�B`2 /2 a2BM2 X X X X X X X X X X X X X X X X X X X X e
RXkXR 6QM+iBQM /2 MQm``B+2`B2 , /û}MBiBQM 2i +QM+2Ti X X X X X X X X d
RXkXk úi�i /2 HǶ�`i /2 H� MQm``B+2`B2 /2 HǶ2bim�B`2 /2 a2BM2 X X X X X Ry

RXj P#D2+iB7b /2 H� i?ĕb2 X X X X X X X X X X X X X X X X X X X X X X X X X X Rj

kXR P`/BM�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8
kXRXR .û+QKTQbBiBQM 2M p�H2m`b bBM;mHBĕ`2b X X X X X X X X X X X X X Re
kXRXk *�b /2 HǶ�M�Hvb2 2M +QKTQb�Mi2b T`BM+BT�H2b U�*SV X X X X X Rd
kXRXj lb�;2 /2 HǶ�M�Hvb2 2M +QKTQb�Mi2b T`BM+BT�H2b 2M û+QHQ;B2 X Rd
kXRX9 .Bp2`bBiû /2b �M�Hvb2b 7�+iQ`B2HH2b X X X X X X X X X X X X X X X RN

kXk :ûQbi�iBbiB[m2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ky
kXkXR P`B;BM2b 2i �miQ+Q``ûH�iBQM bT�iB�H2 X X X X X X X X X X X X X X ky
kXkXk Jûi?Q/QHQ;B2 ;ûQbi�iBbiB[m2 X X X X X X X X X X X X X X X X X X kj



kXkXj �TTHB+�iBQM 2M #BQHQ;B2 X X X X X X X X X X X X X X X X X X X X X jk

jXR 1MD2mt /2 H� #�B2 /2 a2BM2 X X X X X X X X X X X X X X X X X X X X X X X j8
jXRXR .ûHBKBi�iBQM 2i T�`�Kĕi`2b T?vbB[m2b X X X X X X X X X X X X X j8
jXRXk SHm`�HBiû /2b �+iBpBiûb ?mK�BM2b X X X X X X X X X X X X X X X X jd
jXRXj wQM2b /ǶBKTQ`i�M+2 û+QHQ;B[m2 X X X X X X X X X X X X X X X X j3
jXRX9 lM2 �TT`Q+?2 bT�iB�HBbû2 BMiû;`û2 , H� TH�MB}+�iBQM bT�iB�H2

K�`BM2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jN
jXk _û;BQM�HBb�iBQM /2 H� #�B2 /2 a2BM2 X X X X X X X X X X X X X X X X X X 9y

jXkXR P#D2+iB7b 2i T`Q#HûK�iB[m2b X X X X X X X X X X X X X X X X X X 9y
jXkXk Jûi?Q/QHQ;B2 X X X X X X X X X X X X X X X X X X X X X X X X X X 9R
jXkXj "�B2 /2 a2BM2 `û;BQM�HBbû2 X X X X X X X X X X X X X X X X X X X 9e

jXj *QM+HmbBQMb 2i #BH�M X X X X X X X X X X X X X X X X X X X X X X X X X X 9N

9XR GǶû+QHQ;B2- T`Q/m+i`B+2 /2 /QMMû2b X X X X X X X X X X X X X X X X X X X 8j
9Xk G� KBb2 ¨ /BbTQbBiBQM /2b /QMMû2b X X X X X X X X X X X X X X X X X X X 89

9XkXR >û#2`;2K2Mi Tû`2MM2 /2 H� /QMMû2 2i #B; /�i� X X X X X X X X 88
9XkXk omH;�`Bb�iBQM i2+?MB[m2 , H2 /�i� T�T2` X X X X X X X X X X X X 8e
9XkXj .�i� T�T2` , GQM; i2`K bm`p2v Q7 i?2 }b? +QKKmMBiv �M/ �b@

bQ+B�i2/ #2Mi?B+ 7�mM� Q7 i?2 a2BM2 2bim�`v Mm`b2`v ;`QmM/b 8d
9Xj G2 +QM+2Ti /2 6�A_ /�i� 2i bQM �TTHB+�iBQM /�Mb H� i?ĕb2 X X X X X X eR

8XR �TT`Q+?2 i�tBMQKB[m2 , Kûi?Q/2b X X X X X X X X X X X X X X X X X X X e8
8Xk �TT`Q+?2 i�tBMQKB[m2 , `ûbmHi�ib X X X X X X X X X X X X X X X X X X X ee

8XkXR "BQ/Bp2`bBiû 2i #BQK�bb2b /�Mb HǶ2bim�B`2 X X X X X X X X X X X ee
8XkXk *QKTQbBiBQM /2b +QKKmM�miûb 2i �bb2K#H�;2b /Ƕ2bTĕ+2b X X eN

8Xj �TT`Q+?2 7QM+iBQMM2HH2 , Kûi?Q/2b X X X X X X X X X X X X X X X X X X de
8X9 �TT`Q+?2 7QM+iBQMM2HH2 , `ûbmHi�ib X X X X X X X X X X X X X X X X X X X dN



8X9XR úi�#HBbb2K2Mi 2i i2M/�M+2b /2b ;`QmT2b 7QM+iBQMM2Hb /�Mb
HǶ2bim�B`2 /2 a2BM2 X X X X X X X X X X X X X X X X X X X X X X X dN

8X8 1pQHmiBQM /2b +QKKmM�miûb 2M HB2M �p2+ HǶ2MpB`QMM2K2Mi X X X X X X 3j
8Xe .Bb+mbbBQM , +?�M;2K2Mib /2 H� bi`m+im`2 /2b +QKKmM�miûb /2 HǶ2b@

im�B`2 /2 a2BM2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3e
8XeXR ai`m+im`2 bT�iB�H2 /2b +QKKmM�miûb X X X X X X X X X X X X X 3d
8XeXk o�`B�iBQM i2KTQ`2HH2 /2 H� +QKTQbBiBQM /2b +QKKmM�miûb X X 3N
8XeXj *?�M;2K2Mi i�tBMQKB[m2 2i +?�M;2K2Mi 7QM+iBQMM2H X X X X NR

8Xd *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X N9
8X3 amTTHûK2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X N9

eXR AM/B+2b ;ûQbi�iBbiB[m2b /2b /Bbi`B#miBQMb bT�iB�H2b X X X X X X X X X X RyR
eXRXR C2m /2 /QMMû2b X X X X X X X X X X X X X X X X X X X X X X X X X RyR
eXRXk AM/B+2b ;ûQbi�iBbiB[m2b , i?ûQ`B2 X X X X X X X X X X X X X X X X Ryj
eXRXj _2+QmT2K2Mi /2 /2mt TQTmH�iBQMb X X X X X X X X X X X X X X Ry8
eXRX9 AM/B+2b ;ûQbi�iBbiB[m2b , `ûbmHi�ib X X X X X X X X X X X X X X X Ry8

eXk ai`m+im`�iBQM bT�iB�H2 , �M�Hvb2b 7�+iQ`B2HH2b X X X X X X X X X X X X X RR9
eXkXR 6QM+iBQMb 2KTB`B[m2b Q`i?Q;QM�H2b 2i JBMfJ�t �miQ+Q``2@

H�iBQM 6�+iQ` X X X X X X X X X X X X X X X X X X X X X X X X X X RR9
eXj .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRd

eXjXR *QKT�`�BbQM /2b Kûi?Q/2b 2KTHQvû2b X X X X X X X X X X X X RRd
eXjXk lM2 MQm``B+2`B2 T�`i�;û2 2Mi`2 H2b /Bzû`2Mi2b 2bTĕ+2b /2 TQBb@

bQMb TH�ib X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rky
eXjXj ai�#BHBiû i2KTQ`2HH2 /2b +QKKmM�miûb 2i ûpQHmiBQM /2b T`2b@

bBQMb 2MpB`QMM2K2Mi�H2b 2i �Mi?`QTB[m2b X X X X X X X X X X X Rk9
eX9 *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk8

dXR .m F`B;2�;2 bBKTH2 �m F`B;2�;2 aS.1 X X X X X X X X X X X X X X X X RkN



dXRXR *QF`B;2�;2 2i F`B;2�;2 2M /û`Bp2 2ti2`M2 X X X X X X X X X X X RkN
dXRXk �TTHB+�iBQM bm` H2b DmpûMBH2b :y /2 THB2 X X X X X X X X X X X X Rjy
dXRXj ǴLB+?2 ;ûQbi�iBbiB[m2Ǵ /2 H� THB2 X X X X X X X X X X X X X X X X Rj9
dXRX9 G2 F`B;2�;2 aS.1 , T`Bb2 2M +QKTi2 /2 HǶ�MBbQi`QTB2 HQ+�H2 X Rj3

dXk .ûi2`KBM�iBQM Q#D2+iBp2 /2b û+?2HH2b bT�iB�H2b /2b T`Q+2bbmb û+QHQ@
;B[m2b , �TT`Q+?2 ;ûQbi�iBbiB[m2 X X X X X X X X X X X X X X X X X X X X R9j
dXkXR G2 KQ/ĕH2 HBMû�B`2 /2 +Q`û;BQM�HBb�iBQM X X X X X X X X X X X X R99
dXkXk �TTHB+�iBQM /�Mb HǶ2bim�B`2 /2 a2BM2 X X X X X X X X X X X X X X R98
dXkXj .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X R93

dXj *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8k

3XR GǶBMiû`āi /2 HǶ�TT`Q+?2 +QKKmM�mi�B`2 X X X X X X X X X X X X X X X X R88
3Xk G2 7QM+iBQMM2K2Mi /2 H� MQm``B+2`B2 /2 HǶ2bim�B`2 /2 a2BM2 X X X X X X R8d
3Xj GǶBKTQ`i�M+2 /2b `2H�iBQMb #BQiB[m2b X X X X X X X X X X X X X X X X X Rey
3X9 S2`bT2+iBp2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rej

�XR G� 7Q`K�iBQM /Q+iQ`�H2 X X X X X X X X X X X X X X X X X X X X X X X X X Re8
�XRXR G� 7Q`K�iBQM /2 HǶû+QH2 /Q+iQ`�H2 X X X X X X X X X X X X X X X Re8
�XRXk G� 7Q`K�iBQM 2M H�#Q`�iQB`2 X X X X X X X X X X X X X X X X X X Red

�Xk G2b +QKKmMB+�iBQMb Q`�H2b 2i TQbi2`b X X X X X X X X X X X X X X X X X Re3

"XR aT�iB�H BM/B+�iQ`b +QKTmi�iBQM �M/ 2z2+ib 7Q` biQ+F �bb2bbK2Mi X X X Rdk
"Xk hm`MBM; � iBK2 +QMbmKBM; T`Q+2bb BMiQ � 72r +Q/2/ HBM2b , >Qr /22T

H2�`MBM; +�M b?Q`i2M ?BbiQHQ;v bHB/2 `2�/BM;b 7Q` K�im`Biv bi�;BM;X X Rd9



RXR .Bzû`2M+2b /Ƕû+?2HH2b 2Mi`2 H2b T`Q#HûK�iB[m2b 2MpB`QMM2K2Mi�H2b 2i
HǶBM7Q`K�iBQM T`Q/mBi2 T�` H� `2+?2`+?2 b+B2MiB}[m2X 6B;m`2 2ti`�Bi2
/2 G2;2M/`2 �M/ G2;2M/`2 UkyRkVX X X X X X X X X X X X X X X X X X X X 9

RXk "�M+ /2 T2iBib TûH�;B[m2bX *`û/Bi , A7`2K2`f"�`#�`Qmt X X X X X X X 9
RXj 1t2KTH2 /2 H� /Bp2`bBiû /2b ?�#Bi�ib 2i H2m` miBHBb�iBQM /�Mb mM2

MQm``B+2`B2 2bim�`B2MM2X 6B;m`2 2ti`�Bi2 /2 C�K2b 2i �HX UkyRNVX X X X N

kXR Jûi?Q/2b /ǶQ`/BM�iBQMb b2HQM H2 ivT2 /2 /QMMû2b /Ƕ2Mi`û2bX 6B;m`2
2ti`�Bi2 /2 ?iiT,ffrrrXbi?/�X+QKf2M;HBb?frBFBf7�+iQ2ti`�@`@T�+F�;2@
2�bv@KmHiBp�`B�i2@/�i�@�M�Hvb2b@�M/@2H2;�Mi@pBbm�HBx�iBQM X X X X X X kR

kXk 6Q`K2 ;ûMû`�H2 /ǶmM p�`BQ;`�KK2 i?ûQ`B[m2XG� HB;M2 ?Q`BxQMi�H2
`Qm;2 `2T`ûb2Mi2 H2 T�HB2`X G� HB;M2 p2`iB+�H2 `2T`ûb2Mi2 H� TQ`iû2 /m
p�`BQ;`�KK2X GǶû+�`i ¨ HǶQ`B;BM2 2bi H� `2T`ûb2Mi�iBQM /2 HǶ2z2i TûTBi2X k8

kXj 6Q`K2 /2b KQ/ĕH2b p�`BQ;`�T?B[m2b H2b THmb +Qm`�Mib- TQm` mM2 TQ`@
iû2 ¨ yXd 2i mM T�HB2` ¨ RX X X X X X X X X X X X X X X X X X X X X X X X X kd

kX9 aBKmH�iBQM MQM +QM/BiBQMM2HH2 T�` #�M/2b iQm`M�Mi2b �p2+ U�V R
#�M/2- U#V Ry #�M/2b- U+V Ryy #�M/2b 2i U/V Ryyy #�M/2b X X X X X X jy

kX8 S`Q+2bbmb /2 bBKmH�iBQM /ǶmM2 p�`B�#H2 +�iû;Q`B2HH2 T�` ;�mbbB2MM2
b2mBHHû2 U�V /QMMû2b BMBiB�H2b ¨ /2mt KQ/�HBiûb- U#V +?�KT ;�mb@
bB2M �Hû�iQB`2 Q#i2Mm T�` bBKmH�iBQM +QM/BiBQMM2HH2 T�` #�M/2 iQm`@
M�Mi2b- U+V 7QM+iBQM /2 /2MbBiû +mKmHû2 c H� HB;M2 ?Q`BxQMi�H2 `2T`û@
b2Mi2 H� T`QTQ`iBQM /2 +?�[m2 KQ/�HBiû- U/V +?�KT ;�mbbB2M �Hû�@
iQB`2 b2mBHHû `ûbmHi�Mi /2 H� bBKmH�iBQM /2 H� p�`B�#H2 +�iû;Q`B2HH2X X X jj

jXR G� #�B2 /2 a2BM2X G2b T`BM+BT�mt TQ`ib 2i ~2mp2b bQMi KBb 2M ûpB/2M+2X je



jXk GQ+�HBb�iBQM /2b +QMi`�BMi2b �Mi?`QTQ;ûMB[m2b 2i /2b `ûb2`p2b M�im@
`2HH2b /2 H� #�B2 /2 a2BM2 Q`B2Mi�H2X 6B;m`2 2ti`�Bi2 /2 J�`KBM 2i �HX
UkyR9VX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9R

jXj a+?ûK� /2 H� Kûi?Q/QHQ;B2 �/QTiû2 �}M /2 `û�HBb2` H� `û;BQM�HBb�@
iBQM /2 H� #�B2 /2 a2BM2 bm` i`QBb 2Mb2K#H2b /2 T�`�Kĕi`2b /Bzû`2Mib-
2ti`�Bi /2 _Bp2i UkykyVX *�> 2bi H2 bB;H2 TQm` *H�bbB}+�iBQM �b+2M@
/�Mi2 >Bû`�`+?B[m2X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9j

jX9 *QQ`/QMMû2b /2b i`�Bib /2 +?�Hmi 2z2+imûb T�` H� +�KT�;M2 *:6a
/�Mb H� #�B2 /2 a2BM2 /2 RNN3 ¨ kyRNX X X X X X X X X X X X X X X X X X 99

jX8 _û;BQM�HBb�iBQMb /2 H� #�B2 /2 b2BM2 Q#i2Mm2b TQm` U?�miV H2b p�@
`B�#H2b 2MpB`QMM2K2Mi�H2b- UKBHB2mV H2b +QKKmM�miûb #BQHQ;B[m2b
#�bû2b bm` /2b i`�Bib 7QM+iBQMM2Hb 2i U#�bV H2b mb�;2b K�`BMbX �/�Tiû
/2 _Bp2i UkykyVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9d

jXe "Qŗi2b ¨ KQmbi�+?2b `ûbmK�Mi H� /Bbi`B#miBQM /2b p�H2m`b /2 T�`�@
Kĕi`2b 2MpB`QMM2K2Mi�mt Up�H2m`b /BpBbû2b T�` H2 K�tBKmK 2M`2@
;Bbi`ûV TQm` +?�[m2 xQM2 +`ûû2 T�` `û;BQM�HBb�iBQMX 1ti`�Bi /2 _Bp2i
UkykyVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 93

jXd "Qŗi2b ¨ KQmbi�+?2b `ûbmK�Mi H� /Bbi`B#miBQM /2b p�H2m`b /2 /2MbB@
iûb KQv2MM2b UBM/BpB/mb T�` KȷV TQm` H2b +QKKmM�miûb #BQHQ;B[m2b
/QMi H2b /Bzû`2M+2b BMi2`@xQM2b bQMi H2b THmb 7Q`i2bX G� +QKKmM�miû
AAA `2;`QmT2 98 i�tQMb- +�`�+iû`Bbûb T�` H2b �M+?QBb 2i H2b H�MÏQMbX G�
+QKKmM�miû Ao `2;`QmT2 d i�tQMb TBb+BpQ`2b ¨ ?�mi MBp2�m i`QT?B[m2X 9N

jX3 "Qŗi2b ¨ KQmbi�+?2b `ûbmK�Mi H� /Bbi`B#miBQM /2b p�H2m`b /2MbBiûb
/2 M�pB`2b U?Xkm−1V TQm` +?�[m2 xQM2 +`ûû2 T�` `û;BQM�HBb�iBQMX 1t@
i`�Bi /2 _Bp2i UkykyVX X X X X X X X X X X X X X X X X X X X X X X X X X X 8y

9XR a+?ûK� /m T`Q+2bbmb /2 i`B /2 H� +�Tim`2 /m`�Mi H2b bmBpBb LPl_@
a1AL1 U6B;m`2 k /m /�i� T�T2`VX X X X X X X X X X X X X X X X X X X X 83

9Xk *�`i2 /Ƕû+?�MiBHHQMM�;2 /m bmBpB LPl_a1AL1X *?�[m2 TQBMi `2@
T`ûb2Mi2 H� TQbBiBQM KQv2MM2 /ǶmM i`�Bi /2 +?�Hmi- i�M/Bb [m2 H2b
H2ii`2b `Qm;2b +Q``2bTQM/2Mi ¨ H� /ûMQKBM�iBQM /2b bi`�i2b /Ƕû+?�M@
iBHHQMM�;2bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8N



9Xj .Bbi`B#miBQM �MMm2HH2 2M #Qŗi2b ¨ KQmbi�+?2b /m MQK#`2 /2 i�tQMb
B/2MiB}ûb /�Mb H2b i`�Bib /m bmBpB LPl_a1AL1 /2 RNN8 ¨ kyRN X X X ey

9X9 LQK#`2 /Ƕ�TT�`BiBQM /2b i�tQMb T�` T?vHmK bm` H2b R9 �MMû2b /2
bmBpB LPl_a1AL1X X X X X X X X X X X X X X X X X X X X X X X X X X X X eR

9X8 G2b 9 T`BM+BT2b /m 6�A_ /�i�X X X X X X X X X X X X X X X X X X X X X X ek

8XR _ûbmKû ;`�T?B[m2 /2b i`�p�mt K2Mûb /�Mb +2 +?�TBi`2X X X X X X X X e9
8Xk �MQK�HB2b �MMm2HH2b /2b BM/B+2b /2 a?�MMQM 2i SBûHQm- �BMbB [m2 /2

H� /2MbBiû iQi�H2 2i /2 DmpûMBH2b /�Mb HǶ2bim�B`2 /2 a2BM2 /2 RNN8
¨ kyRNX G2b �MQK�HB2b bQMi +�H+mHû2b ¨ T�`iB` /2 H� KQv2MM2 bm`
H� bû`B2X G2b +QmH2m`b /ûMQi2Mi H2b �MQK�HB2b TQbBiBp2b UD�mM2V /2b
�MQK�HB2b Mû;�iBp2b UpBQH2iVX G� /2MbBiû iQi�H2 2i /2b DmpûMBH2b 2bi
/QMMû2 2M MQK#`2 /ǶBM/BpB/mb T�` Kĕi`2 +�``ûX X X X X X X X X X X X X ed

8Xj ai`m+im`2 bT�iB�H2 /2b BM/B+2b /2 #BQ/Bp2`bBiû a?�MMQM UHV 2i SBû@
HQm UJV �BMbB [m2 /2 H� /2MbBiû iQi�H2 /2 TQBbbQMb 2i /2b DmpûMBH2bX
G2b H2ii`2b `2T`ûb2Mi2Mi H2 MQK /2b bi`�i2b /Ƕû+?�MiBHHQMM�;2b /2 H�
+�KT�;M2 LPl_a1AL1X X X X X X X X X X X X X X X X X X X X X X X X X e3

8X9 �M�Hvb2 2M +QKTQb�Mi2b T`BM+BT�H2b U�*SV /2 H� K�i`B+2 /2 +QKKm@
M�miû �T`ĕb mM2 bi�M/�`/Bb�iBQM /2 >2HHBM;2`X .�Mb +?�[m2 +QmTH2
/2 +QKTQb�Mi2b T`BM+BT�H2b- H2b /Bt p�`B�#H2b �p2+ H2b THmb 7Q`i2b
+QMi`B#miBQMb ¨ H� p�`B�M+2 bQMi `2T`ûb2Miû2bX X X X X X X X X X X X X X dy

8X8 S`QTQ`iBQM `2H�iBp2 /2b /2MbBiûb TQm` H2b R8 i�tQMb H2b THmb `2T`ûb2MiûbX dR
8Xe .2M/`Q;`�KK2 `2T`ûb2Mi�Mi H2 `ûbmHi�i /m ;`QmT2K2Mi /2b +QQ`@

/QMMû2b /2 HǶQ`/BM�iBQM /2 H� K�i`B+2 /2 +QKKmM�miûX G2 +`Biĕ`2
/2 q�`/ 2bi miBHBbû TQm` +QMbi`mB`2 H2 ;`QmT2K2MiX G2b +QmH2m`b `2@
T`ûb2Mi2Mi H2b [m�i`2 �bb2K#H�;2b /û}MBb T�` H2 MQK#`2 QTiBK�H /2
;`QmT2b Q#i2Mm �p2+ H� HB#`�B`B2 U*?�``�/ 2i �HX- kyR9VX X X dk

8Xd _ûbmHi�ib /m ;`QmT2K2Mi `2TQ`iûb /�Mb HǶ2bT�+2 /2 HǶ�*SX X X X X X dk
8X3 .Bbi`B#miBQM �MMm2HH2 /2b �bb2K#H�;2b /2 +QKKmM�miûb /�Mb HǶ2b@

im�B`2 /2 a2BM2X *?�[m2 TQBMi `2T`ûb2Mi2 mM i`�Bi /2 +?�Hmi 2z2+imû
2i b� +QmH2m` +Q``2bTQM/ ¨ HǶ�bb2K#H�;2 �m[m2H H� +QKKmM�miû �T@
T�`iB2MiX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d9



8XN "Qŗi2b ¨ KQmbi�+?2 /2b p�H2m`b /2 `B+?2bb2 bTû+B}[m2 UaV /2 +?�[m2
�bb2K#H�;2X G� /Bzû`2M+2 2Mi`2 H2b p�H2m`b KQv2MM2b /2 `B+?2bb2
2bi i2biû2 �p2+ mM i2bi /2 E`mbF�H@q�HHBb 2i /2b i2bib /2
qBH+QtQM@J�MM@q?BiM2vX G2b T@p�Hm2b bQMi BM/B[mû2b 2Mi`2 H2b /B7@
7û`2Mi2b +QKT�`�BbQMbX X X X X X X X X X X X X X X X X X X X X X X X X X d8

8XRy o�`B�iBQM �MMm2HH2 /2b /2MbBiûb `2H�iBp2b /2b +�Tim`2b /2 +?�[m2
�bb2K#H�;2X G2b #H�M+b BM/B[m2Mi /2b +ûbm`2b /�Mb H� bû`B2 LPl_@
a1AL1X G� HB;M2 MQB`2 `2T`ûb2Mi2 H2b /2MbBiûb iQi�H2b +�Tim`û2bX X X X de

8XRR "Qŗi2 ¨ KQmbi�+?2 /2b p�H2m`b /2b BM/B+2b KmHiBp�`Bûb U6_B+ , `B@
+?2bb2 7QM+iBQM2HH2- 61p2 , û[mBi�#BHBiû 7QM+iBQM2HH2 2i 6.Bb , /BbT2`@
bBQM 7QM+iBQM2HH2V +�H+mHûbX G2b /Bzû`2M+2b 2Mi`2 +2b BM/B+2b bQMi i2b@
iû2b �p2+ mM i2bi /2 E`mbF�H@q�HHBb 2i /2b i2bib /2 qBH+QtQM@
J�MM@q?BiM2vX G2b T@p�Hm2b bQMi MQiû2b bm` H� };m`2 TQm` +?�[m2
+QmTH2 /Ƕ�bb2K#H�;2 +QKT�`ûbX X X X X X X X X X X X X X X X X X X X X X 3y

8XRk �M�Hvb2 /2b +Q``2bTQM/�M+2b KmHiBTH2b U�*JV #�bû2 bm` H� #�b2 /2
i`�Bib /2 "2mF?Q7 2i �HX UkyRNV 2i H2b 99 i�tQMb bûH2+iBQMMûb /m bmBpB
LPl_a1AL1X .ǶmM +Ƭiû- H2b p�`B�#H2b Ui`�BibV bQMi `2T`ûb2Miû2b- /2
HǶ�mi`2 H2b BM/BpB/mb Ui�tQMbVX X X X X X X X X X X X X X X X X X X X X X 3y

8XRj .2M/`Q;`�KK2 `2T`ûb2Mi�Mi H2 `ûbmHi�i /2 H� +H�bbB}+�iBQM ?Bû`�`@
+?B[m2 �b+2M/�Mi2 /2b +QQ`/QMMû2b /2 HǶQ`/BM�iBQM /2 H� K�i`B+2 /2
i`�Bib 7QM+iBQMM2HbX G2 +`Biĕ`2 /2 q�`/ 2bi miBHBbû TQm` +QMbi`mB`2
H2 ;`QmT2K2MiX G2b +QmH2m`b `2T`ûb2Mi2Mi H2b +BM[ ;`QmT2b 7QM+iBQM@
M2Hb /û}MBb T�` H2 MQK#`2 QTiBK�H /2 ;`QmT2b Q#i2Mm �p2+ H� HB#`�B`B2

U*?�``�/ 2i �HX- kyR9VX X X X X X X X X X X X X X X X X X X X 3R

8XR9 o�`B�iBQM i2KTQ`2HH2 /2 H� /2MbBiû /2 `2H�iBp2 /2b +�Tim`2b `2;`Qm@
Tû2b T�` ;`QmT2b 7QM+iBQMM2HbX hQmb H2b ;`QmT2b 7QM+iBQMM2Hb bQMi
T`ûb2Mib /�Mb H2 ;`�T?B[m2- K�Bb H� `2T`ûb2Mi�iBQM ;`�T?B[m2 2bi
/QKBMû2 T�` H2b ;`QmT2b [mB BM+Q`TQ`2Mi H� [m�bB@iQi�HBiû /2 H� #BQ@
K�bb2X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3j



8XR8 úpQHmiBQM �MMm2HH2 /2b �MQK�HB2b /2b /Bzû`2Mib T�`�Kĕi`2b 2MpB`QM@
M2K2Mi�mt U*?HQ`QT?vHH , +QM+2Mi`�iBQM 2M +?HQ`QT?vHH2 2M mg.m−3

- ~Qr , /û#Bi ~mpB�H 2M m3.s−1- L�P , BM/B+2 /2 HǶQb+BHH�iBQM MQ`/@
�iH�MiB[m2- aah , i2KTû`�im`2 /2 bm`7�+2 2M /2;`ûb +2HbBmb- im`#B@
/Biv , im`#B/Biû- #�bû2 bm` H2 +Q2{+B2Mi /Ƕ�iiûMm�iBQMVX G2b �MQK�@
HB2b bQMi +�H+mHû2b T�` `�TTQ`i ¨ H� KQv2MM2 /2 H� bû`B2 i2KTQ`2HH2
+QKTHĕi2X G2b +QmH2m`b bQmHB;M2Mi H2 bB;M2 /2b �MQK�HB2b UTQbBiB7 2M
D�mM2 2i Mû;�iB7 2M pBQH2iVX X X X X X X X X X X X X X X X X X X X X X X X 3e

8XRe .2MbBiûb KQv2MM2b �MMm2HH2b UBM/BpB/mb T�` Kĕi`2b +�``ûbV /2b i�tQMb
�TT�`i2M�Mi �mt ;`QmT2b 7QM+iBQMM2Hb #2Mi?Q@TûH�;B[m2 2i TûH�;B[m2-
+�Tim`ûb 2M #�B2 /2 a2BM2 HQ`b /2 H� +�KT�;M2 *:6a /2 RN33 ¨ kyRNX Nk

eXR _ûbmKû ;`�T?B[m2 /2b i`�p�mt K2Mûb /�Mb +2 +?�TBi`2- 2ti`�Bi /2
U*�`BQm 2i �HX- kykRVX X X X X X X X X X X X X X X X X X X X X X X X X X X RyR

eXk "Qŗi2b ¨ KQmbi�+?2b /2b i�BHH2b TQm` +?�[m2 +H�bb2 /Ƕ�;2 2i +?�[m2
2bTĕ+2 /2 TQBbbQMb TH�ib ûim/Bû2bX X X X X X X X X X X X X X X X X X X X Ryk

eXj úpQHmiBQM /2b +2Mi`2b /2 ;`�pBiû 2i /2 HǶBM2`iB2 /2b /Bbi`B#miBQMb 2M
/2MbBiû /2 j TQBbbQM TH�ib /2 RNN8 ¨ kyRN , U;�m+?2V TQbBiBQMb /2b
+2Mi`2b /2 ;`�pBiû TQm` H� HBK�M/2 UpBQH2iV- H� THB2 U#H2mV 2i H� bQH2
UD�mM2VX GǶ2HHBTb2 `2T`ûb2Mi2 HǶBM2`iB2 �bbQ+Bû2 ¨ +?�[m2 +2Mi`2 /2
;`�pBiûX U.`QBi2V #Qŗi2b ¨ KQmbi�+?2b 2i BbQi`QTB2 �MMm2HH2 TQm` H2b
i`QBb 2bTĕ+2b /2 TQBbbQMb TH�ibX G� i�BHH2 /m TQBMi TQm` HǶBbQi`QTB2
�MMm2HH2 2bi T`QTQ`iBQMM2HH2 ¨ HǶBM2`iB2X G2b };m`2b bQMi +`ûû2b TQm`
H2b DmpûMBH2b :y URĕ`2 HB;M2V- :R Uk2 HB;M2V 2i H2b :kT Uj2 HB;M2VX X X Ryd

eX9 úpQHmiBQM /2 /2mt BM/B+2b /ǶQ++mT�iBQM bT�iB�H2 TQm` i`QBb 2bTĕ+2b
2i i`QBb +Q?Q`i2b /2 TQBbbQMb TH�ib /�Mb HǶ2bim�B`2 /2 a2BM2 /2 RNN8
¨ kyRNX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry3

eX8 LQK#`2 /2 T�i+?b /ûi2+iûb iQmi2b �MMû2b +QM7QM/m2b TQm` i`QBb +Q@
?Q`i2b /2 TQBbbQMb TH�ib /�Mb HǶ2bim�B`2 /2 a2BM2X G2 b2mBH /2 /Bbi�M+2
/û}MB TQm` H� +`û�iBQM /2b T�i+?b 2bi /2 yXRN /2;`ûb U/Bbi�M+2 2m@
+HB/B2MM2 /�Mb H2 bvbiĕK2 /2 +QQ`/QMMû2b q:a39VX G� i�BHH2 /2b
TQBMib 2bi T`QTQ`iBQMM2HH2 ¨ H� /2MbBiû /2b BM/BpB/mb +�Tim`ûbX X X X X RyN



eXe ai�iBQMb +?�Hmiû2b 2Mi`2 RNN8 2i kyRN UTQBMib MQB`bV 2i bi�iBQMb /û}@
MB2b TQm` H2 bmBpB i2KTQ`2H bm` /2b TQBMib }t2b /�Mb H2 i2KTb U`Qm;2bVXRRy

eXd .Bbi`B#miBQM /2b BM/B+2b ;HQ#�H 2i HQ+�H /2 +Q@HQ+�HBb�iBQM U:A* 2i
GA*- 2M #Qŗi2 ¨ KQmbi�+?2 2M pBQHQMV TQm` H2b DmpûMBH2b :y /2 HB@
K�M/2b- THB2b 2i bQH2bX X X X X X X X X X X X X X X X X X X X X X X X X X RRR

eX3 AM/B+2b ;HQ#�H 2i HQ+�H /2 +Q@HQ+�HBb�iBQM U:A* 2i GA*V +�H+mHûb TQm`
iQmi2b H2b T�B`2b /Ƕ�MMû2b TQm` +?�[m2 2bTĕ+2 /2 TQBbbQMb TH�ib /2
RNN8 ¨ kyRNX G2 i2`K2 2bi B+B bvMQMvK2 /2 ;`QmT2X
1HH2b bQMi Q#i2Mm2b ¨ HǶ�B/2 /2 HǶ�H;Q`Bi?K2 /2 GQmp�BM [mB K�tBKBb2
H� KQ/mH�`Biû /ǶmM `ûb2�m KmHiBTH2t2X GǶûT�Bbb2m` /ǶmM2 �`āi2 2bi
T`QTQ`iBQMM2HH2 ¨ H� p�H2m` /2 HǶBM/B+2X SQm` +?�[m2 +Qm+?2- b2mH2b
H2b �`āi2b +QMi2M�Mi 8yW /2 p�H2m`b H2b THmb ûH2pû2b bQMi `2T`ûb2Miû2bXRRj

eXN o�`BQ;`�KK2b 2KTB`B[m2b /2b i`2Bx2 J�6b TQm` H2b DmpûMBH2b :y /2b
i`QBb 2bTĕ+2b /2 TQBbbQMb TH�ib U/�# , HBK�M/2- TH�B+2 , THB2- bQH2 ,
bQH2VX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRe

eXRy a+Q`2b /2b i`QBb T`2KB2`b J�6b TQm` H2b DmpûMBH2b :y /2b i`QBb 2b@
Tĕ+2b /2 TQBbbQMb TH�ib ûim/BûbX X X X X X X X X X X X X X X X X X X X X RR3

eXRR .2M/`Q;`�KK2 +QMbi`mBi ¨ HǶ�B/2 /m +`Biĕ`2 /2 q�`/ TQm` H2b Dmpû@
MBH2b :y /2 i`QBb 2bTĕ+2b /2 TQBbbQMb TH�ibX G2 MQK#`2 /2 ;`QmT2b
BM/B[mû 2bi Q#i2Mm ¨ HǶ�B/2 /ǶmM +`Biĕ`2 �TT2Hû BM/B+2 /2 bi`m+im`2
bBKTH2X SQm` +?�[m2 2bTĕ+2- H2b #`�M+?2b +QHQ`ûb BM/B[m2Mi H2b �T@
T�`i2M�M+2b /2 +?�[m2 �MMû2 ¨ mM ;`QmT2X *2mt@+B bQMi /Bzû`2Mib
2Mi`2 2bTĕ+2b , T�` 2t2KTH2- H2 ;`QmT2 R /m /2M/`Q;`�KK2 /2 H�
THB2 2bi /Bzû`2Mi /2 +2HmB /2 H� bQH2X G2b HB;M2b 2M TQBMiBHHû2b +Q`@
`2bTQM/2Mi �mt #`�M+?2b /m /2M/`Q;`�KK2 MQM HBû2b ¨ mM b2mH 2i
mMB[m2 ;`QmT2X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRN

dXR X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjR

dXk o�`BQ;`�KK2b bBKTH2b , p�`BQ;`�KK2 KQv2M �MMm2H /2b /2MbBiû /2
THB2 :y UT�MM2�m /m ?�miV- #�i?vKûi`B2 UT�MM2�m ;�m+?2V- 2i p�`BQ@
;`�KK2 +`QBbû Qm +Qp�`BQ;`�KK2 /2 H� /2MbBiû 2i /2 H� #�i?vKûi`B2
UT�MM2�m 2M #�b ¨ ;�m+?2VX X X X X X X X X X X X X X X X X X X X X X X Rjk



dXj _ûbmHi�ib /2b F`B;2�;2b /2 H� /2MbBiû /2 THB2 :y /�Mb H2 +�b /ǶmM +Q@
F`B;2�;2 /2MbBiû /2 THB2 2i #�i?vKûi`B2 U*PE , +�`i2 /2 ;�m+?2V 2i
/�Mb H2 +�b Qɍ H� #�i?vKûi`B2 2M BMiû;`û2 2M /û`Bp2 2ti2`M2 UE1. ,
+�`i2 /2 /`QBi2VX G2b xQM2b #H�M+?2b /�Mb H2 F`B;2�;2 2M /û`Bp2 2t@
i2`M2 M2 bQMi T�b /2b �`i27�+ib /2 +�H+mH K�Bb H2 `ûbmHi�ib /ǶmM }H@
i`�;2 ¨ RX8- p�H2m` H� THmb ûH2pû2 /m +QF`B;2�;2X X X X X X X X X X X X Rjk

dX9 "QBi2b ¨ KQmbi�+?2 /2 HǶ2``2m` [m�/`�iB[m2 /2 HǶ2biBK�iBQM /2b /2MbB@
iûb /2 THB2b :y TQm` +?�[m2 �MMû2 /2 bmBpB UPE , F`B;2�;2 Q`/BM�B`2 c
*PE , +QF`B;2�;2 �p2+ H� #�i?vKûi`B2 c E1. , F`B;2�;2 �p2+ #�i?v@
Kûi`B2 2M /û`Bp2 2ti2`M2VX GǶ�t2 /2b Q`/QMMû2b p�`B2 TQm` +?�[m2
Kûi?Q/2 /2 F`B;2�;2 �}M /2 KB2mt `2T`ûb2Mi2` H� /Bbi`B#miBQM /2b
p�H2m`bX SQm` +?�[m2 �MMû2- mM p�`BQ;`�KK2 i?ûQ`B[m2 2bi �Dmbiû ¨
HǶ�B/2 /2b /QMMû2b û+?�MiBHHQMMû2b bi�M/�`/Bbû2bX X X X X X X X X X X X Rjj

dX8 1t2KTH2 /ǶmM b+?ûK� /2 b2mBHH�;2 /û}MB ¨ HǶ�B/2 /2 /2mt ;�mbbB2MM2b
b2mBHHû2bX *?�[m2 +QmH2m` `2T`ûb2Mi2 mM ivT2 /2 7�+BĕbX G2b /Bbi`B#m@
iBQMb /2b /2mt ;�mbbB2MM2b b2mBHHû2b bQMi T`ûb2Miû2b 2M �#b+Bbb2 2i
2M Q`/QMMû2X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rje

dXe *�`i2 /2b ?�#Bi�ib 1lLAa /2 HǶ2bim�B`2 /2 a2BM2X AK�;2 iB`û2 /2
?iiTb,ffrrrX2KQ/M2i@b2�#2/?�#Bi�ibX2mf�++2bb@/�i�fH�mM+?@K�T@
pB2r2`f X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjd

dXd o�`BQ;`�KK2b bBKTH2b 2i +`QBbûb /2b +?�KTb ;�mbbB2Mb Q#i2Mmb T�`
bBKmH�iBQM +QM/BiBQMM2HH2 ¨ T�`iB` /2b +�iû;Q`B2b 1lLAaX lM2 `û�HB@
b�iBQM /2b +?�KTb ;�mbbB2Mb 2bi û;�H2K2Mi T`ûb2Miû2X X X X X X X X X Rj3

dX3 o�`BQ;`�KK2b bBKTH2b 2i +`QBbûb /2 H� T`ûb2M+2 /2 THB2b- /2 bQH2b 2i
/2b ;�mbbB2MM2b KQ/ûHBb�Mi HǶ?�#Bi�iX X X X X X X X X X X X X X X X X X RjN

dXN _ûbmHi�i /m +QF`B;2�;2 /2b T`ûb2M+2b /2 THB2b :y BMiû;`�Mi H2b T`û@
b2M+2 /2 bQH2b 2i H2b /2mt ;�mbbB2MM2b `2T`ûb2Mi�Mi HǶ?�#Bi�i 1lLAaX RjN

dXRy _ûbmHi�i /m F`B;2�;2 aS.1 /2b /2MbBiûb /2 DmpûMBH2b :y /2 THB2 2M
kyRy U/`QBi2V �p2+ HǶ�MBbQi`QTB2 HQ+�H2 �bbQ+Bû2 U;�m+?2VX G� +�`i2
/2b �MBbQi`QTB2b HQ+�H2b 2bi +�H+mHû2 bm` mM2 ;`BHH2 `û;mHBĕ`2 ¨ T�`iB`
/2 /QMMû2b bm` H2 ;`�/B2Mi #�i?vKûi`B[m2X X X X X X X X X X X X X X X R9j



dXRR o�`BQ;`�KK2b bBKTH2b Ubm` H� /B�;QM�H2 bmTû`B2m`2V 2i +`QBbûb 2tTû@
`BK2Mi�mt UT�MM2�mt BM7û`B2m`bV /2b Rk p�`B�#H2b- �p2+ HǶ�Dmbi2K2Mi
/2b p�`BQ;`�KK2b i?ûQ`B[m2b T�` H2 KQ/ĕH2 HBMû�B`2 /2 +Q`û;BQM�H@
b�iBQM UHB;M2 #H2m2VX lM p�`BQ;`�KK2 +`QBbû 2bi /ûi2`KBMû 2M `2@
+QmT�Mi H2b p�`B�#H2b BM/B[mû2b bm` H� /B�;QM�H2 UT�` 2t2KTH2 H2
p�`BQ;`�KK2 +`QBbû /2 H� HBK�M/2 :R �p2+ H� i2KTû`�im`2 2bi `2T`û@
b2Miû bm` H� /2mtBĕK2 +QHQMM2 2i H� M2mpBĕK2 HB;M2 /2 HǶ2Mb2K#H2
/2b };m`2bVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9e

dXRk o�`B�M+2 `2H�iBp2 /2 HǶBKTQ`i�M+2 /2 +?�[m2 bi`m+im`2 /m KQ/ĕH2
HBMû�B`2 /2 +Q`û;BQM�HBb�iBQM UGBM , KQ/ĕH2 HBMû�B`2- GQM; , KQ/ĕH2
bT?û`B[m2 /2 TQ`iû2 e FK- a?Q`i , KQ/ĕH2 bT?û`B[m2 /2 TQ`iû2 RkFK-
Lm;;2i , 2z2i TûTBi2VX X X X X X X X X X X X X X X X X X X X X X X X X X R9d

dXRj �M�Hvb2 2M +QKTQb�Mi2b T`BM+BT�H2b /2 +?�+mM2 /2b K�i`B+2b /2 +Q@
`û;BQM�HBb�iBQM TQm` H2b Rk p�`B�#H2b ûim/Bû2bX J�i`B+2b , 2z2i TûTBi2
ULm;;2iV- KQ/ĕH2 bT?û`B[m2 /2 TQ`iû2 eFK Ua?Q`i bT?2`B+V- KQ/ĕH2
bT?û`B[m2 /2 TQ`iû2 RkFK UGQM; bT?2`B+V- KQ/ĕH2 HBMû�B`2 UGBM2�`VX
o�`B�#H2b , /2MbBiû /2b bQH2b /2b ;`QmT2b :y 2i :R UaQH:P 2i aQH:RV-
/2MbBiû /2b HBK�M/2b /2b ;`QmT2b :y 2i :R U.�#:P 2i .�#:RV- /2M@
bBiû /2b THB2b /2b ;`QmT2b :y 2i :R USH�:P 2i SH�:RV- i2KTû`�im`2
/2 HǶ2�m Uh2KTV- im`#B/Biû Uhm`#V- 7�+Bĕb bû/BK2Mi�B`2 2i T`Q7QM/2m`
Ua2/ 2i .2Ti?V- /2MbBiû /2 M�pB`2b /2 Tā+?2 Uo2bb2HVX X X X X X X X X R9N

dXR9 �M�Hvb2 2M +QKTQb�Mi2b T`BM+BT�H2b /2 H� K�i`B+2 /2 p�`B�M+2@+Qp�`B�M+2
/m KQ/ĕH2 /2 +Q`û;BQM�HBb�iBQM TQm` H2b Rk p�`B�#H2b ûim/Bû2bX o�@
`B�#H2b , /2MbBiû /2b bQH2b /2b ;`QmT2b :y 2i :R UaQH:P 2i aQH:RV-
/2MbBiû /2b HBK�M/2b /2b ;`QmT2b :y 2i :R U.�#:P 2i .�#:RV-
/2MbBiû /2b THB2b /2b ;`QmT2b :y 2i :R USH�:P 2i SH�:RV- i2K@
Tû`�im`2 /2 HǶ2�m Uh2KTV- im`#B/Biû Uhm`#V- 7�+Bĕb bû/BK2Mi�B`2 2i
T`Q7QM/2m` Ua2/ 2i .2Ti?V- /2MbBiû /2 M�pB`2 /2 Tā+?2b Uo2bb2HVX X X R8y

3XR X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rek

�XR S?QiQb /2 ;`QmT2b /2b T�`iB+BT�Mib ¨ /2mt +QHHQ[m2b , BMiû;`�iBQM ¨
/Bzû`2Mib `ûb2�mt /2 +?2`+?2m`b X X X X X X X X X X X X X X X X X X X X ReN



8XR ρ /2 aT2�`K�M TQm` H2b i�tQMb /QMi H� +Q``ûH�iBQM 2Mi`2 H2m` /2MbBiû
KQv2MM2 �MMm2HH2 2i HǶ�MMû2 2bi bB;MB}+�iBp2 UT@p�Hm2IyXy8VX X X X X eN

8Xk GBbi2 /2b bBt i�tQMb H2b THmb `2T`ûb2Mi�iB7b /2 +?�[m2 �bb2K#H�;2
/ûi2`KBMûb T�` ;`QmT2K2MiX lM i�tQM T2mi āi`2 `2T`ûb2Mi�iB7 /2
HǶ�bb2K#H�;2 bQBi T�` mM2 T`ûb2M+2 THmb ûH2pû2 [m2 H� KQv2MM2 Ubi�@
iBbiB[m2 o TQbBiBp2V Qm T�` mM2 �#b2M+2 THmb K�`[mû2 Ubi�iBbiB[m2
o Mû;�iBp2VX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dj

8Xj h`�Bib +QKT`Bb /�Mb H� #�b2 /2 i`�Bib /Ƕ?BbiQB`2 /2 pB2 /2 "2mF?Q7
2i �HX UkyRNVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dd

8X9 *�`�+iû`Bb�iBQM /2b ;`QmT2b 7QM+iBQMM2Hb Q#i2Mmb T�` ;`QmT2K2MiX
G2b [m�i`2 T`2KBĕ`2b +QHQMM2b T`ûb2Mi2Mi H2b i`�Bib /û+`Bp�Mi �m
KB2mt H2 ;`QmT2X G� +BM[mBĕK2 T`ûb2Mi2 H2b 2bTĕ+2b `2T`ûb2Mi�iBp2b
/m ;`QmT2 7QM+iBQMM2HX G2b +QHQMM2b e ¨ N BM/B[m2Mi H� `ûT�`iBiBQM
/2b ;`QmT2b 7QM+iBQMM2Hb /�Mb H2b �bb2K#H�;2bX X X X X X X X X X X X X 3R

8X8 ρ /2 aT2�`K�M TQm` H2b i`�Bib /QMi H� +Q``ûH�iBQM 2Mi`2 H2m` *qJ
2i HǶ�MMû2 2bi bB;MB}+�iBp2 UT@p�Hm2IyXy8VX X X X X X X X X X X X X X X 3k

8Xe GBbi2b /2b +QK#BM�BbQMb /2 p�`B�#H2b 2tTHB[m�Mi �m KB2mt H2b /BbbB@
KBH�`Biûb 2M 7QM+iBQM /m MQK#`2 /2 p�`B�#H2b +?QBbB2b /�Mb H2 KQ/ĕH2X
G2b U@RV ¨ +Ƭiû /2b T�`�Kĕi`2b BM/B[m2Mi [mǶmM H�; /ǶmM �M � ûiû
�TTHB[mû �m T�`�Kĕi`2 +QMbB/û`û UH� +Q``ûH�iBQM �m i2KTb t 2bi 27@
72+imû2 �p2+ H� p�H2m` /m T�`�Kĕi`2 HǶ�MMû2 t− 1VX X X X X X X X X X X 3e



eXR P++m``2M+2b 2i /2MbBiûb KQv2MM2b /2b i`QBb 2bTĕ+2b /2 TQBbbQMb TH�ib
TQm` i`QBb +Q?Q`i2b /Bzû`2Mi2b bm` H2b Rj �MMû2b /Ƕû+?�MiBHHQMM�;2X
SQm` H2b �;2b c :y +Q``2bTQM/ �mt BM/BpB/mb Mûb HǶ�MMû2 /2 HǶû+?�M@
iBHHQMM�;2- :R H2b BM/BpB/mb /ǶmM �M 2i :kT H2b BM/BpB/mb �;ûb /2 k
�Mb Qm THmbX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryj



�*J �M�Hvb2 /2b *Q``2bTQM/�M+2b JmHiBTH2b
�*QS �M�Hvb2b 2M *QQ`/QMMû2b S`BM+BT�H2b
�*S �M�Hvb2 2M *QKTQb�Mi2b S`BM+BT�H2b
�6* �M�Hvb2 6�+iQ`B2HH2 /2b *Q``2bTQM/�M+2b
�6J �M�Hvb2 6�+iQ`B2HH2 JmHiBTH2
*>� *H�bbB}+�iBQM >Bû`�`+?B[m2 �b+2M/�Mi2
*: *2Mi`2 /2 ;`�pBiû

*qJ Ǵ*QKKmMBiv@q2B;?i2/ J2�MǴ
1P6 6QM+iBQMb 1KTB`B[m2b P`i?Q;QM�H2b
6.Bb AM/B+2 /2 .BbT2`bBQM 7QM+iBQMM2HH2
61p2 AM/B+2 /Ƕ1[mBi�#BHBiû 7QM+iBQMM2HH2
6_B+ AM/B+2 /2 _B+?2bb2 7QM+iBQMM2HH2
:A* AM/B+2 :HQ#�H /2 *Q@HQ+�HBb�iBQM
GA* AM/2t GQ+�H /2 *Q@HQ+�HBb�iBQM
GJ* JQ/ĕH2 HBMû�B`2 /2 +Q`û;BQM�HBb�iBQM
J�6b ǴJBMBKmKfJ�tBKmK �miQ+Q``2H�iBQM 6�+iQ`bǴ
JaS SH�MB}+�iBQM aT�iB�H2 J�`BiBK2
S:a SHm`B:�mbbB2MM2b a2mBHHû2b

_l"AL U+Q/2V _QliBM2 7Q` "BQHQ;B+�H AL7Q`K�iBQM
ao. .û+QKTQbBiBQM 2M o�H2m` aBM;mHBĕ`2



GǶû+QHQ;B2 2bi mM +?�KT /Bb+BTHBM�B`2 ûim/B�Mi H2b `2H�iBQMb 2Mi`2 H2b Q`;�MBbK2b
pBp�Mib 2i H2m` 2MpB`QMM2K2Mi T?vbB[m2 Uh�Bi �M/ .BTT2`- RNN3VX *2b `2H�iBQMb BK@
THB[m2Mi Mû+2bb�B`2K2Mi mM2 /BK2MbBQM bT�iB�H2 /�Mb H�[m2HH2 URV +2b Q`;�MBbK2b
BMi2`�;Bbb2Mi- UkV KQ/B}2Mi H2m` 2MpB`QMM2K2Mi 2i UjV Qɍ HǶ2MpB`QMM2K2Mi +QM/B@
iBQMM2 H� T`ûb2M+2 /2 +2b Q`;�MBbK2b U/BbTQMB#BHBiû 2M `2bbQm`+2b- ?�#Bi�i 7�pQ`�#H2-
2i+XXXVX a2 7�Bb�Mi- /2mt ûHûK2Mib BMi2`+QMM2+iûb +QKTQb2Mi �HQ`b HǶû+QbvbiĕK2 , H�
#BQ+ûMQb2 [mB BM+Hmi H2b ûHûK2Mib #BQiB[m2b 2i H2 #BQiQT2 `�bb2K#H�Mi H2b +QKTQ@
b�Mi2b /m KBHB2m BMQ`;�MB[m2X GǶû+QHQ;B2 2M;HQ#2 �BMbB mM2 /Bp2`bBiû /2 T`Q#HûK�@
iB[m2b [mB pQMi /2 HǶû+QHQ;B2 /m KQmp2K2Mi U>�vb 2i �HX- kyReV ¨ HǶû+QHQ;B2 i`Q@
T?B[m2 U"Q2+FH2M 2i �HX- kyRRV- 2M T�bb�Mi T�` HǶû+QT?vbBQHQ;B2 USBMiƦ@J�`BDm�M
�M/ JmMMû@"Qb+?- kyRjV 2i HǶû+QiQtB+QHQ;B2 UGQ;�M- kyydV [mB bQMi /2b BMi2`7�+2b
2Mi`2 /Bzû`2Mib +?�KTb /Bb+BTHBM�B`2bX AH 2tBbi2 +2T2M/�Mi mM2 /BbT�`Biû /�Mb H2
i`�Bi2K2Mi /2 +2b T`Q#HûK�iB[m2b b2HQM H2b û+QbvbiĕK2b ûim/Bûb- MQi�KK2Mi 2Mi`2
H2b ûim/2b 2M KBHB2m i2``2bi`2 2i K�`BM Uq2##- kyRkVX *2ii2 /BbT�`Biû /QBi BM+B@
i2` ¨ bQ`iB` /2 bQM +?�KT /Ƕûim/2 �}M /2 bǶBMbTB`2` /2 Kûi?Q/2b [mB QMi Tm āi`2
2KTHQvû2b bm` /2b T`Q#HûK�iB[m2b bBKBH�B`2bX *2b TQMib 2Mi`2 û+QHQ;B2 i2``2bi`2 2i
û+QHQ;B2 K�`BM2 /QBp2Mi T2`K2ii`2 /Ƕû;�HBb2` HǶ�+[mBbBiBQM /2 +QMM�Bbb�M+2- 2i /�Mb
+2ii2 i?ĕb2- /2mt /2 +2b TQMib T2mp2Mi āi`2 /BbiBM;mûbX

G2 T`2KB2` TQMi 2bi Kûi?Q/QHQ;B[m2X G2b i`�p�mt /2 i?ĕb2 +?2`+?2Mi ¨ /û+`B`2
2i [m�MiB}2` /2b T`Q+2bbmb bT�iB�mtX GǶ2bT�+2 DQm�Mi mM `ƬH2 K�D2m` 2M û+QHQ;B2-
BH b2K#H�Bi BKTQ`i�Mi /2 +QKK2M+2` T�` +QKT`2M/`2 HǶû+QbvbiĕK2 bT�iB�H2K2MiX

R



P`- HǶû+QHQ;B2 bT�iB�H2 � /Ƕ�#Q`/ T`Bb bQM 2bbQ` 2M KBHB2m i2``2bi`2 �p�Mi /Ƕāi`2
�TTHB[mû2 �m KBHB2m K�`BM Uq2//BM; 2i �HX- kyRRVX G2 /2mtBĕK2 TQMi 2bi THmb
+QMi2tim2H- TmBb[mǶBH bǶ�;Bi /2 HǶQ#D2i /Ƕûim/2 , H2 KBHB2m 2bim�`B2MX S�` /û}MBiBQM-
H2b KBHB2mt +ƬiB2`b bQMi ¨ HǶBMi2`7�+2 2Mi`2 H2b bT?ĕ`2b /ǶBM~m2M+2 i2``2bi`2 2i K�`BM2-
+Ƕ2bi TQm`[mQB `2HB2` H2b T`Q#HûK�iB[m2b /2 +?�+mM2 M2 T2mi [mǶ�KûHBQ`2` H� ;2biBQM
2i H� +QKT`û?2MbBQM /m KBHB2m U_mii2M#2`; �M/ :`�M2F- kyRRVX GǶBMi`Q/m+iBQM
bǶ�ii�+?2`� ¨ /û}MB` iQmi /Ƕ�#Q`/ HǶû+QHQ;B2 bT�iB�H2 2i H2b +QM+2Tib �bbQ+Bûb- �p�Mi
/2 /û+`B`2 H2b T`Q#HûK�iB[m2b HBû2b �m KBHB2m 2bim�`B2M 2i b� 7QM+iBQM /2 MQm``B+2`B2-
2i THmb T�`iB+mHBĕ`2K2Mi ¨ HǶ2bim�B`2 /2 a2BM2X

G� /BK2MbBQM bT�iB�H2 2bi BM?û`2Mi2 ¨ HǶû+QHQ;B2 /2 T�` H� /û}MBiBQM /2 +2ii2
/2`MBĕ`2X SQm`i�Mi- H2b T`Q#HûK�iB[m2b [mǶ2HH2 �#Q`/2 MǶQMi ûiû TQTmH�`Bbû2b [m2
i`ĕb `û+2KK2Mi UaBHp2`iQrM �M/ �MiQMQpB+b- kyyRVX GǶBMiû;`�iBQM /2 HǶ2bT�+2 2bi
/Ƕ�#Q`/ T�bbû2 T�` mM2 T?�b2 /2b+`BTiBp2 U2t2KTH2 /�Mb .�mpBM 2i �HX Ukyy9VV-
b�Mb HB2Mb �p2+ H2b T`Q+2bbmb û+QbvbiûKB[m2bX lM2 /2b /B{+mHiûb /2 H� /Bb+BTHBM2 2bi
[m2 H2b T`Q+2bbmb M2 T2mp2Mi āi`2 pmb [mǶ2M T�`iB2 bB H� bi`m+im`2 bT�iB�H2 MǶ2bi
T�b û+?�MiBHHQMMû2 /�Mb bQM 2MiBĕ`2iûX �BMbB- H2b `ûbmHi�ib /ǶmM2 �M�Hvb2 bT�iB�H2 M2
T2mp2Mi āi`2 /Bb+miûb [mǶ2M i2M�Mi +QKTi2 /2 X

*2 i2`K2 /Ƕû+?2HH2 2bi +QKTH2t2 ¨ /Bb+mi2` TmBb[mǶBH TQbbĕ/2 mM2 /û}MBiBQM
+QMi`�/B+iQB`2 b2HQM [m2 HǶQM bQBi 2M û+QHQ;B2 Qm 2M +�`iQ;`�T?B2 U*bBHH�; 2i �HX-
kyyyVX 1M û+QHQ;B2 bT�iB�H2- HǶû+?2HH2 7�Bi T`BM+BT�H2K2Mi `û7û`2M+2 ¨ HǶûi2M/m2 bT�@
iB�H2 /2b T`Q+2bbmb û+QHQ;B[m2bX .2mt �bT2+ib /2 HǶû+?2HH2 bT�iB�H2 +Q2tBbi2Mi , HǶûi2M@
/m2 /2 H� xQM2 /Ƕûim/2 2i H� `ûbQHmiBQM /m TH�M /Ƕû+?�MiBHHQMM�;2 c H� /Bbi�M+2 2Mi`2
+?�[m2 K2bm`2 U.�H2 �M/ 6Q`iBM- kyR9VX GǶûim/2 /ǶûTBbQ/2b /2 T`û+BTBi�iBQM 2bi mM
2t2KTH2 /2 T?ûMQKĕM2 ¨ ;`�M/2 û+?2HH2 Qɍ H2b bi�iBQMb bQMi bûT�`û2b /2 THmbB2m`b
/Bx�BM2b /2 FBHQKĕi`2b UG�F?�MF�` 2i �HX- kyRyVX � HǶBMp2`b2- H� i2M2m` 2M Kûi�mt
HQm`/b /2 bû/BK2Mi �[m�iB[m2 2i K�`BMb p�`B2 ¨ HǶû+?2HH2 /2 [m2H[m2b /Bx�BM2b /2
Kĕi`2bX G2 TH�M /Ƕû+?�MiBHHQMM�;2 +QM/BiBQMM2 �BMbB H2b T`Q+2bbmb [mB TQm``QMi āi`2
ûim/BûbX GǶûim/2 /2 q�M; �M/ ZB URNN3V /ûKQMi`2 HǶ2z2i /2 H� bi`�iû;B2 2i /2 H�

k



i�BHH2 /2 HǶû+?�MiBHHQMM�;2 TQm` mM2 xQM2 /Ƕûim/2 /QMMû2X G� #�Bbb2 /2 HǶBMi2MbBiû
/Ƕû+?�MiBHHQMM�;2 2Mi`�ŗM�Bi mM2 �m;K2Mi�iBQM /2b 2z2ib /2 #`mBibX .2 THmb- mM2
;`BHH2 `û;mHBĕ`2 /2 bi�iBQMb /QMM�Bi mM2 K2BHH2m`2 2biBK�iBQM /2 H� bi`m+im`2 bT�iB�H2
[mǶmM2 bi`�iû;B2 �Hû�iQB`2 Qm bi`�iB}û2X G� /ûKQ+`�iBb�iBQM /Ƕ2M;BMb /ǶQ#b2`p�iBQM
�miQMQK2b T2mi T2`K2ii`2 /Ƕ�m;K2Mi2` H2 `�{M2K2Mi /2b TH�Mb /Ƕû+?�MiBHHQMM�;2
2i Q#i2MB` /2b K2bm`2b �mt û+?2HH2b bQm?�Biû2b U�M/2`bQM �M/ :�biQM- kyRj c "�ti2`
�M/ >�KBHiQM- kyR3VX

*2ii2 MQiBQM /Ƕû+?2HH2- #B2M [m2 bBKTH2 ¨ /û}MB`- 2i THmb +QKTHB[mû2 ¨ �TT`û@
?2M/2` /�Mb H� T`�iB[m2X AH T2mi 2tBbi2` THmbB2m`b û+?2HH2b TQm` ûim/B2` mM KāK2
T`Q+2bbmb û+QHQ;B[m2- K�Bb BH 2bi Mû+2bb�B`2 /2 i`Qmp2` +2HH2 [mB 2bi T2`iBM2Mi2 T�`
`�TTQ`i �m TH�M /Ƕû+?�MiBHHQMM�;2X S�` 2t2KTH2- _�v �M/ >�biBM;b URNNeV QMi ûim@
/Bû H� `2H�iBQM /2 /2MbBiû /ûT2M/�M+2 �m b2BM /2 /Bzû`2Mi2b TQTmH�iBQMb /ǶBMb2+i2bX
lM2 /2b +QM+HmbBQMb /2 H2m` ûim/2 2bi [m2 H� /ûi2+iBQM /2 H� /2MbBiû@/ûT2M/�M+2
2bi 7�+BHBiû2 bB HǶûim/2 T`2M/ 2M +QKTi2 mM2 bm`7�+2 BMiû;`�Mi /2b /ûTH�+2K2Mib
BM/BpB/m2Hb BKTQ`i�Mib TQm` H2b bi�/2b KQ#BH2b- 2i bB H� xQM2 /Ƕûim/2 M2 /ûT�bb�Bi
T�b mM ?2+i�`2X G� THmT�`i /2b ûim/2b û+QHQ;B[m2b K2Mû2b QMi T`Q/mBi /2b `ûbmH@
i�ib ¨ T2iBi2b û+?2HH2b- Qɍ H2b TH�Mb 2tTû`BK2Mi�mt bQMi THmb 7�+BH2K2Mi +QMi`ƬHûb
U>2rBii 2i �HX- kyydVX � +2b û+?2HH2b +2T2M/�Mi- H2b p�`B�#H2b 2MpB`QMM2K2Mi�H2b- 2i
MQi�KK2Mi H2b BKT�+ib �Mi?`QTB[m2b M2 bQMi T�b `2T`ûb2Miûb /2 K�MBĕ`2 QTiBK�H2
TmBb[m2 +2b /2`MB2`b QMi /2b BM~m2M+2b [mB TQ`i2Mi ¨ /2b û+?2HH2b THmb H�`;2b U};m`2
RXRVX

GǶBM+HmbBQM /2 H� MQiBQM /Ƕû+?2HH2 /�Mb H2b ûim/2b bT�iB�H2b /Ƕû+QHQ;B2 K�`BM2
MǶ2bi T�b 2M+Q`2 bvbiûK�iB[m2X 1HH2 2bi T`ûb2Mi2 T`BM+BT�H2K2Mi /�Mb H2 +QM+2Ti
/2 /2MbBiû@/ûT2M/�M+2 2i /�Mb H2b û+QbvbiĕK2b /2 `û+B7b +Q`�HHB2Mb Ua�H2- RNN3 c
q?Bi2 �M/ q�`M2`- kyydVX G2b �p�M+û2b Kûi?Q/QHQ;B[m2b 2M ?�HB2miB[m2 bT�iB�H2
+QMbB/ĕ`2Mi H2b û+?2HH2b T�` mM2 �TT`Q+?2 ?Bû`�`+?B[m2 U*B�MM2HHB 2i �HX- kyy3V- Qɍ
HǶû+?2HH2 H� THmb H�`;2 2bi /û}MB2 2M T`2KBĕ`2 TmBb /2b T`Q+û/m`2b Biû`�iBp2b +�`�+@
iû`Bb2Mi H2b û+?2HH2b KQv2MM2b 2i }M2bX *2ii2 �TT`Q+?2 T�b ¨ T�b 2bi /ûp2HQTTû2
MQi�KK2Mi TQm` `ûTQM/`2 ¨ H� M�im`2 /2b /Bbi`B#miBQMb TQm` /2 MQK#`2mb2b 2b@

j



RXR Ĝ .Bzû`2M+2b /Ƕû+?2HH2b 2Mi`2 H2b T`Q#HûK�iB[m2b 2MpB`QMM2K2Mi�H2b 2i
HǶBM7Q`K�iBQM T`Q/mBi2 T�` H� `2+?2`+?2 b+B2MiB}[m2X 6B;m`2 2ti`�Bi2 /2 G2;2M/`2
�M/ G2;2M/`2 UkyRkVX

Tĕ+2b /2 TQBbbQMb , /2b /Bbi`B#miBQMb /Bi2b 2M X lM T�i+? 2bi mM2 bi`m+im`2
bT�iB�H2 `2T`ûb2Mi�Mi mM2 xQM2 ?QKQ;ĕM2 [mB b2 /ûK�`[m2 /2 bQM 2MpB`QMM2K2Mi
�H2MiQm` U};m`2 RXkVX GǶ�;2M+2K2Mi 2i H� 7`û[m2M+2 /2 +2b T�i+?b /û}MBbb2Mi H2
/2;`û /Ƕ?ûiû`Q;ûMûBiû bT�iB�H2X

RXk Ĝ "�M+ /2 T2iBib TûH�;B[m2bX *`û/Bi , A7`2K2`f"�`#�`Qmt

*2ii2 /2`MBĕ`2 2bi mM2 MQiBQM [mB 2bi bQmp2Mi HBû2 ¨ HǶû+QHQ;B2 /2b T�vb�;2b USB@
+F2ii �M/ *�/2M�bbQ- RNN8VX 1M KBHB2m i2``2bi`2 HǶ?ûiû`Q;ûMûBiû /2b û+QbvbiĕK2b 2bi
pBbB#H2 , H� pû;ûi�iBQM +?�M;2- H2b BMbi�HH�iBQMb ?mK�BM2b BMbi�m`2Mi /2b 7`QMiBĕ`2b
2Mi`2 H2b /Bzû`2Mib ?�#Bi�ibX 1M KBHB2m K�`BM- H� MQiBQM T2mi T�`�ŗi`2 KQBMb ûpB@
/2Mi2 �m T`2KB2` �#Q`/- MQi�KK2Mi TQm` H2b 2bTĕ+2b TûH�;B[m2b Qɍ H2b 2bT�+2b 2M
i`QBb /BK2MbBQMb T2mp2Mi +`û2` /2b pQHmK2b /2 /Bbi`B#miBQM +QMbû[m2Mib U.QK2B2`
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�M/ L�b#v@Gm+�b- kyy3VX G2b ûim/2b �#Q`/�Mi HǶ?ûiû`Q;ûMûBiû bT�iB�H2 QMi /Ƕ�BHH2m`b
/Ƕ�#Q`/ `�ii�+?û +2ii2 MQiBQM �mt ?�#Bi�ib #2Mi?B[m2b- 2M /2mt /BK2MbBQMb- 2i T�`
2ti2MbBQM �mt 2bTĕ+2b BM7ûQ/û2b ¨ +2 KBHB2mX U:BHBMbFv- RN39 c :�`+ő�@*?�`iQM 2i �HX-
kyy9 c h?Q`bQM 2i �HX- kyR3VX *2T2M/�Mi- HǶ�p�M+2K2Mi /2b +QMM�Bbb�M+2b KQMi`2
[m2 H2 KBHB2m TûH�;B[m2 2bi mM KBHB2m �p2+ /2 MQK#`2mb2b T2`im`#�iBQMb T?vbB[m2b
2i /2b MBp2�mt /2 T`Q/m+iBQM T`BK�B`2 +QMi`�biûb +2 [mB 7Q`K2 /2b 2MiBiûb #BQ@
T?vbB[m2b /BbiBM+i2b UE�p�M�m;? 2i �HX- kyReVX

G2b bi`m+im`2b bT�iB�H2b bǶ�#Q`/2Mi �p2+ /2mt ;`�M/2b 7�KBHH2b /Ƕ�M�Hvb2b , HǶ�T@
T`Q+?2 T�` bi`m+im`2 /2 TQBMib 2i HǶ�TT`Q+?2 T�` bi`m+im`2 /2 bm`7�+2bX

GǶ�TT`Q+?2 T�` TQBMi ûim/B2 H� /Bbi`B#miBQM /ǶQ#D2ib [mB T2mp2Mi āi`2 BM/BpB/m�@
HBbûb , /2b #�M+b /2 TQBbbQMb T�` 2t2KTH2 U_Qv2` 2i �HX- kyy9VX GǶû+QHQ;B2 i2``2bi`2-
T�`iB+mHBĕ`2K2Mi pû;ûi�H2- � ûiû KQi`B+2 /�Mb H2 /ûp2HQTT2K2Mi /2 +2b �M�Hvb2b
Uo2H�x[m2x 2i �HX- kyReVX .�Mb H2m` `2pm2- o2H�x[m2x 2i +QHH�#Q`�i2m`b 7QMi HǶQ#@
b2`p�iBQM /ǶmM �++`QBbb2K2Mi /2 HǶBMiû`āi /�Mb HǶûim/2 /2b T`Q+2bbmb bT�iB�mt 2i H�
`2HB2 ¨ HǶ�KûHBQ`�iBQM /2b i2+?MB[m2b /Ƕ�M�Hvb2b [mB T2`K2i HǶmiBHBb�iBQM /2 D2mt /2
/QMMû2b ¨ 7Q`i2 `ûbQHmiBQM bT�iB�H2 2i i2KTQ`2HH2 Ua�;�`BM �M/ S�m+?�`/- kyRyVX

*2T2M/�Mi HǶ�TT`Q+?2 H� THmb +Qm`�Mi2 2bi +2HH2 /2b bi`m+im`2b /2 bm`7�+2X *2ii2
�TT`Q+?2 ûim/B2 MQM THmb /2b T?ûMQKĕM2b HQ+�HBbûb K�Bb /2b +?�KTb +QMiBMmb /�Mb
HǶ2bT�+2X 1HH2 T2`K2i 2Mi`2 �mi`2b /Ƕûp�Hm2` HǶûi�i /ǶmM2 TQTmH�iBQM 2M #BQK�bb2
Qm /2 HB2` H2b `ûTQMb2b /ǶmM2 +QKKmM�miû ¨ /Bzû`2Mi2b p�`B�#H2b 2MpB`QMM2K2M@
i�H2b 2M T`2M�Mi 2M +QKTi2 H2b bi`m+im`2b bT�iB�H2b UJ�`b?�HH 2i �HX- kyReVX GǶQ#@
b2`p�iBQM /2 +2 +?�KT +QMiBMm T2mi āi`2 +QKTHĕi2 UBK�;2 b�i2HHBi2- �û`B2MM2V Qm
/Bb+`ĕi2 Ubi�iBQMb /Ƕû+?�MiBHHQMM�;2VX *2b p�`B�#H2b bQMi H2b THmb +Qm`�Mi2b 2M û+Q@
HQ;B2 2i /2 MQK#`2mb2b Kûi?Q/2b 2tBbi2Mi TQm` `ûTQM/`2 �mt /Bzû`2Mib Q#D2+iB7b
/2 `2+?2`+?2 U/2b+`BTiBQM /2 bi`m+im`2b bT�iB�H2- BMi2`TQH�iBQMb- `2H�iBQMb 2bTĕ+2b@
2MpB`QMM2K2MiVX .�Mb H2b i`�p�mt T`ûb2Miûb �m b2BM /2 +2ii2 i?ĕb2- H2 +?QBt 2bi 7�Bi
/ǶmiBHBb2` /2b Kûi?Q/2b ;ûQbi�iBbiB[m2b- [mB �M�Hvb2Mi /2b p�`B�#H2b `û;BQM�HBbû2b-
2i /QM+ +2b bi`m+im`2b /2 bm`7�+2bX

8



G2b û+QbvbiĕK2b bQMi bQmKBb ¨ mM2 +QK#BM�BbQM /Ƕ2z2ib /m +?�M;2K2Mi +HB@
K�iB[m2 U.QM2v 2i �HX- kyRRV [mB bQmp2Mi BMi2`�;Bbb2Mi �p2+ H2b T2`im`#�iBQMb ?m@
K�BM2b , 2mi`QT?Bb�iBQM 2i ?vTQtB2 US�2`H- kyyeV- TQHHmiBQMb U.`Bb+QHH 2i �HX- kyRj c
.2``�BF- kyykV Qm 2M+Q`2 Tā+?2`B2b UC2MMBM;b �M/ E�Bb2`- RNN3VX G� `û�HBiû /2b +?�M@
;2K2Mib û+QbvbiûKB[m2b BMi2``Q;2 bm` +QKK2Mi pQMi `ûTQM/`2 H2b û+QbvbiĕK2b /�Mb
H2m` 7QM+iBQMM2K2Mi ¨ /2b #QmH2p2`b2K2Mib TQi2MiB2HH2K2Mi /QKK�;2�#H2b U"�b@
iB�M 2i �HX- kyy3VX >�HT2`M 2i �HX Ukyy3V KQMi`2Mi [m2 HǶmM /2b û+QbvbiĕK2b H2b THmb
�Mi?`QTBbûb- 2i /QM+ mM /2b THmb ¨ `Bb[m2 /2 T2`i2 /2 7QM+iBQMM�HBiû #BQHQ;B[m2- 2bi
HǶû+QbvbiĕK2 2bim�`B2MX

G2b 2bim�B`2b bQMi +QKTH2t2b ¨ �#Q`/2` /2 T�` H2m` M�im`2 /ǶBMi2`7�+2 2Mi`2
i2``2 2i K2` UGBK#m`;- RNNNV 2i 2M +QMbû[m2M+2 BH 2bi /B{+BH2 /2 i`Qmp2` mM2 /û}MB@
iBQM [mB 2M;HQ#2 H� iQi�HBiû /2b û+QbvbiĕK2b [mB T2mp2Mi āi`2 [m�HB}ûb /Ƕ2bim�`B2MbX
1HHBQii �M/ J+GmbFv UkyykV T`QTQb2Mi H� /û}MBiBQM T?vbB[m2 bmBp�Mi2 , mM2 2�m +Ƭ@
iBĕ`2 b2KB@72`Kû2 [mB bǶQmp`2 bm` HǶQ+û�M �p2+ mM �|mt /Ƕ2�m /Qm+2 7�Bb�Mi p�`B2` H�
b�HBMBiûX *2ii2 MQiBQM /ǶBMi2`7�+2 �KĕM2 mM2 /Bp2`bBiû û+QbvbiûKB[m2 BKTQ`i�Mi2 2i
H2b i`�p�mt /Ƕû+QMQKB2 û+QHQ;B[m2 2bb�B2Mi 2M+Q`2 /Ƕûp�Hm2` H� p�H2m` �}M /2 KQiB@
p2` H2b 2zQ`ib ¨ K2ii`2 bm` H� T`ûb2`p�iBQM /2 +2b û+QbvbiĕK2b U"�`#B2` 2i �HX- kyRRVX
S�`KB H2b b2`pB+2b ûMmKû`ûb T�` "�`#B2` 2i �HX UkyRRV- H� ǴK�BMi2M�M+2 /2b Tā+?2@
`B2bǴ 2bi HǶmM /2b `�`2b /QK�BM2b /QMi H� p�H2m` 2bi 2biBKû2X .2 7�Bi- H2b 2bim�B`2b
bQMi /2b HB2mt T`BpBHû;Bûb TQm` H2 #QM /û`QmH2K2Mi /2b +v+H2b /2 pB2 #BQHQ;B[m2b 2i
T2mp2Mi DQm2` mM `ƬH2 /2 MQm``B+2`B2 TQm` /2 MQK#`2mb2b 2bTĕ+2b K�`BM2b T`BM+B@
T�H2K2Mi #2Mi?Q@/ûK2`b�H2b- [m2 +2 bQBi TQm` H2b TQBbbQMb UoBM�;`2 2i �HX- kyy3 c
>Q##b 2i �HX- kyyeV Qm H2b BMp2`iû#`ûb U"2mF2K�- RNNk c 1i?2`BM;iQM �M/ 1;;H2biQM-
kyyyVX

e



G2 +QM+2Ti /2 MQm``B+2`B2 7�Bi HǶQ#D2i /ǶmM2 ûim/2 �TT`Q7QM/B2- /QMi H� /û}MB@
iBQM �+im2HH2 2bi K�DQ`Bi�B`2K2Mi �ii`B#mû2 �m i`�p�BH /2 "2+F 2i �HX UkyyRVX *2ii2
ûim/2 /û}MBi mM2 MQm``B+2`B2 +QKK2 ûi�Mi mM ?�#Bi�i �#`Bi�Mi mM2 #BQK�bb2 BK@
TQ`i�Mi2 /2 DmpûMBH2b [mB `2DQB;M2Mi H� TQTmH�iBQM �/mHi2X *2ii2 +QMi`B#miBQM ¨ H�
TQTmH�iBQM 2bi H2 `ûbmHi�i /ǶmM2 /2MbBiû 2i /ǶmM2 +`QBbb�M+2 QTiBKBbû2 K�Bb �mbbB
/ǶmM2 KQ`i�HBiû THmb 7�B#H2 HQ+�H2K2MiX

*2 bi�imi 2ti`āK2K2Mi 7�pQ`�#H2 TQm` H� +`QBbb�M+2 /2b DmpûMBH2b T2mi bǶ2tTHB@
[m2` T�` THmbB2m`b 7�+i2m`bX GǶ�TTQ`i 2M Mmi`BK2Mib i2``B;ĕM2b T�` H2b ~2mp2b 2i
`BpBĕ`2b T2`K2i mM 2M`B+?Bbb2K2Mi /m KBHB2m +ƬiB2`- B/û�H �m /ûp2HQTT2K2Mi /2 H�
#BQK�bb2 /2b T`Q/m+i2m`b T`BK�B`2b U*Q``2HH- RNd3VX *2ii2 7Q`i2 T`Q/m+iBpBiû #BQHQ@
;B[m2 T2`K2i 2M i?ûQ`B2 �mt DmpûMBH2b /Ƕ�++û/2` ¨ mM2 `2bbQm`+2 i`QT?B[m2 /Bp2`b2
2i �#QM/�Mi2 bm` H�[m2HH2 #�b2` H2m` +`QBbb�M+2X UoBM�;`2 2i �HX- kyy3VX

G� `2bbQm`+2 i`QT?B[m2 � 7�Bi HǶQ#D2i /2 MQK#`2mb2b ûim/2b bm` H2b MQm``B+2`B2bX
G� 7Q`i2 +�T�+Biû i`QT?B[m2 BKTHB[m2`�Bi [m2 H2 `2+`mi2K2Mi U HǶBMiû;`�iBQM /2b
BM/BpB/mb DmpûMBH2b ¨ H� TQTmH�iBQM �/mHi2V 2bi HBKBiû T�` H� +�T�+Biû /ûKQ;`�T?B[m2
/2 H� MQm``B+2`B2 UL�b? 2i �HX- kyydVX 1M `2p�M+?2- +2`i�BM2b ûim/2b KQMi`2Mi [m2
H2b MQm``B+2`B2b M2 bQMi T�b miBHBbû2b �m K�tBKmK /2 H2m` +�T�+Biû /Ƕ�++m2BH- +2 [mB
bm;;ĕ`2 mM2 HBKBi�iBQM T�` H� `2bbQm`+2 i`QT?B[m2 Uh�#H2�m 2i �HX- kyReVX *2 /û#�i
[m�Mi ¨ H� M�im`2 HBKBi�Mi2 Qm MQM /2 H� `2bbQm`+2 i`QT?B[m2 2M 2bim�B`2 2bi `ûbmKû
T�` G2 S�T2 �M/ "QM?QKK2�m UkyR8V TQm` H2 +�b /2b TQBbbQMb TH�ibX G2b �mi2m`b
�``Bp2Mi ¨ H� +QM+HmbBQM [mǶBH 2tBbi2 mM2 HBKBi�iBQM T�` H� `2bbQm`+2 i`QT?B[m2 2i [m2
HǶ�#b2M+2 �TT�`2Mi2 /2 +2ii2 HBKBi�iBQM Q#b2`pû2 /�Mb +2`i�BM2b ûim/2b 2bi /m2 ¨ mM
#B�Bb /ǶQ#b2`p�iBQMX AH 2tBbi2 mM2 KQ`i�HBiû i�BHH2@/ûT2M/�Mi2 �z2+i�Mi H2b BM/BpB/mb
MQmp2HH2K2Mi BMbi�HHûb /�Mb H� MQm``B+2`B2X �BMbB- H2b BM/BpB/mb H2b THmb /ûp2HQTTûb
bQMi H2b THmb T`ûH2pûb- +2 [mB MǶBMi2``QKTi T�b H� /vM�KB[m2 /2 +`QBbb�M+2 Q#b2`pû2X

*2b i�mt /2 +`QBbb�M+2 /2 DmpûMBH2b T2mp2Mi ~m+im2` �p2+ H2b 7Q`i2b p�`B�iBQMb /2
i2KTû`�im`2 2i /2 b�HBMBiû Ua�Qm/ �M/ .�pBb- kyyj c G2 S�T2 2i �HX- kyyjVX G�MF7Q`/
�M/ h�`;2ii URNN9V QMi /Q+mK2Miû HǶmiBHBb�iBQM /Ƕ2bT�+2b QHB;Q?�HBMb bm#QTiBK�mt
TQm` H� +`QBbb�M+2 T�` H2b DmpûMBH2b /2 X AH 2tBbi2 /2b +QKT`QKBb
2Mi`2 H� +`QBbb�M+2 2i H2 i�mt /2 bm`pB2 /2b BM/BpB/mbX *2b KBHB2mt /2 THmb 7�B#H2
b�HBMBiû TQbbĕ/2Mi û;�H2K2Mi /2 THmb 7�B#H2b T`Q7QM/2m`b 2i b2`p2Mi /QM+ /Ƕ�#`Bb
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�mt DmpûMBH2b 7�+2 ¨ H� T`û/�iBQM U:B#bQM 2i �HX- kyykV , [m2 +2 bQBi /�Mb H2b K�M@
;`Qp2b /�Mb H2b 2bim�B`2b i`QTB+�mt Qm /�Mb H2b p�b2b BMi2`iB/�H2b /2b 2bim�B`2b THmb
i2KTû`ûbX

G� xQM2 /2 MQm``B+2`B2 2M 2HH2@KāK2- #B2M [mǶ2HH2 �Bi mM2 /û}MBiBQM 7Q`K2HH2 /2@
TmBb ky �Mb- T`ûb2Mi2 /2 7Q`i2b H�+mM2b /�Mb H� +QKT`û?2MbBQM /2b BMi2`�+iBQMb 2Mi`2
H2b DmpûMBH2b 2i H2m` 2MpB`QMM2K2Mi- �BMbB [mǶ2Mi`2 H� MQm``B+2`B2 2i H� TQTmH�iBQM
�/mHi2X

aB +2`i�BM2b MQm``B+2`B2b bQMi B/2MiB}û2b /2TmBb THmbB2m`b /û+2MMB2b U"�`+2HƦ
2i �HX- kyReV- /Ƕ�mi`2b H2 bQMi /2TmBb THmb `û+2KK2Mi- [m2 +2 bQBi ¨ ;`�M/2 U*QHHQ+�
2i �HX- kyyN c S�`�/BM�b 2i �HX- kyR8V Qm ¨ T2iBi2 û+?2HH2 Uo2Mim`� 2i �HX- kyReVX
*2b ûim/2b KQMi`2Mi H� /Bp2`bBiû /2b +�b /2 };m`2 +Q``2bTQM/�Mi ¨ H� /û}MBiBQM
/2 MQm``B+2`B2X 1HH2b T2mp2Mi āi`2 T`ûb2Miû2b +QKK2 /2b xQM2b +ƬiBĕ`2b HQ+�HBbû2b
b�Mb `û2HH2b 7`QMiBĕ`2b [mB pQMi /ǶmM2 #�B2 U.2 _�2/2K�2+F2` 2i �HX- kyRR c >2mT2H
�M/ >m2i2`- kyykV ¨ mM T�M 2MiB2` /2 +Ƭi2 USB?H 2i �HX- kyy8V Qm #B2M ¨ /2b #`�b
2bim�`B2Mb Uo�b+QM+2HQb 2i �HX- kyRyVX aB HǶB/2MiB}+�iBQM /2 xQM2b /2 MQm``B+2`B2b
b2K#H2 2M+Q`2 2M /ûp2HQTT2K2Mi- +Ƕ2bi T�`+2 [mǶBH 2bi Mû+2bb�B`2 /2 T`2M/`2 2M
+QKTi2 H2b /Bzû`2Mib ?�#Bi�ib K�`BMb [mB +QKTQb2Mi +2ii2 MQm``B+2`B2X

_û+2KK2Mi HǶB/û2 /ǶBMiû;`2` H2 T�vb�;2 K�`BM � ûK2`;û �}M /Ƕ�{M2` H� /û}MB@
iBQM /ǶmM2 MQm``B+2`B2 UL�;2HF2`F2M 2i �HX- kyR8 c *QHHQ+� 2i �HX- kyR8VX 1M Kû/Bi2`@
`�Mû2 Q++B/2Mi�H2 ¨ H� 7`QMiBĕ`2 7`�M+Q@2bT�;MQH2- *?2KBMû2 2i �HX UkyRdV KQMi`2Mi
[m2 b2mHb RRW /2 H� +Ƭi2 `Q+?2mb2 �v�Mi /2b +�`�+iû`BbiB[m2b /2 MQm``B+2`B2 ûi�B2Mi
�m b2BM /ǶmM2 `ûb2`p2 T�`iB2HH2 Qm BMiû;`�H2X G� /2MbBiû /2 DmpûMBH2b ûi�Bi û;�H2K2Mi
+Q``ûHû2 �m MBp2�m /Ƕ�Mi?`QTBb�iBQM /2 H� +Ƭi2X �m;K2Mi2` H2b T`Qi2+iBQMb 2bi /QM+
mM KQv2M /2 T`ûb2`p2` /2b MBp2�mt /2 DmpûMBH2b T2`K2ii�Mi /2b `2+`mi2K2Mib bB;MB@
}+�iB7b /�Mb H2b TQTmH�iBQMb �/mHi2bX G2b +�`�+iû`BbiB[m2b /2 MQm``B+2`B2b +ƬiBĕ`2b
U7�B#H2 T`Q7QM/2m`- T`Q/m+iBpBiû �++`m2V M2 bm{b2Mi +2T2M/�Mi T�b ¨ /û}MB` }M2@
K2Mi +2b ?�#Bi�ibX "`�/H2v 2i �HX UkyRNV KQMi`2Mi 2M 2z2i [mǶ�m@/2H¨ /2 HǶ?�#Bi�i
2M HmB@KāK2- +Ƕ2bi b� +QKTH2tBiû 2i H2 +QMi2ti2 2MpB`QMM2K2Mi�H /�Mb H2[m2H BH b2
i`Qmp2 [mB /û}MBi H� [m�HBiû /2 MQm``B+2`B2X �BMbB- TQm` /2mt ?�#Bi�ib T`ûb2Mi�Mi
/2b ?2`#B2`b- +2HmB [mB �p�Bi mM bm#bi`�i }M Mm T`ûb2Mi�Bi KQBMb /2 DmpûMBH2b [m2
+2HmB [mB �p�Bi /2b /û#`Bb pû;ûi�mt 2M THmbX G� MQiBQM /2 T�vb�;2 K�`BM �DQmi2 mM2
+QKTH2tBiû bmTTHûK2Mi�B`2 ¨ H� /û}MBiBQM /ǶmM2 MQm``B+2`B2 TmBb[m2 H2b ?�#Bi�ib
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2MiQm`�Mi H2b MQm``B+2`B2b BM~m2M+2Mi û;�H2K2Mi H2m` �#QM/�M+2 2i #BQK�bb2 2M
DmpûMBH2b U"2`Fbi`ƺK 2i �HX- kykyVX

GǶB/2MiB}+�iBQM /2 +2b ?�#Bi�ib `2pāi mM2 ;`�M/2 BKTQ`i�M+2 /�Mb H� K2bm`2 Qɍ
H� ;2biBQM /2 HǶû+QbvbiĕK2- TQm` āi`2 2{+�+2- /QBi T`2M/`2 2M +QKTi2 H2b /Bzû`2Mib
?�#Bi�ib miBHBbûb T�` H2b DmpûMBH2b U};m`2 RXjVX G� +QKT`û?2MbBQM /m 7QM+iBQMM2K2Mi
/2 H� MQm``B+2`B2 T�bb2 /QM+ T�` mM2 /2b+`BTiBQM H� THmb }M2 TQbbB#H2 /2 +2HH2@+B , /2
H� +QMM2+iBpBiû /2b KB+`Q@?�#Bi�ib [mB H� +QKTQb2 ¨ H� +QKTH2tBiû /2 +2b /2`MB2`bX
.ǶmM +Ƭiû- +2ii2 +QMM2+iBpBiû Q#HB;2 ¨ pQB` 2M THmb ;`�M/ H2b �B`2b ;ûQ;`�T?B[m2b
+QMbB/û`û2b US2``v 2i �HX- kyR3V- �p2+ H� Mû+2bbBiû /2 +`û2` /2b TQMib bB D�K�Bb HǶ2MpB@
`QMM2K2Mi p2M�Bi ¨ āi`2 7`�;K2MiûX .2 HǶ�mi`2- H2 HB2M �p2+ H2b TQTmH�iBQMb �/mHi2b
/QBi āi`2 ûi�#HB TmBb[mǶBH 2tBbi2 mM +QMiBMmmK /�Mb H2b /ûTH�+2K2Mib 2Mi`2 H2b ?�@
#Bi�ib /2 DmpûMBH2b 2i H2b ?�#Bi�ib miBHBbûb T�` H2b TQTmH�iBQMb �/mHi2bX U:BHH�M/2`b
2i �HX- kyyjV

RXj Ĝ 1t2KTH2 /2 H� /Bp2`bBiû /2b ?�#Bi�ib 2i H2m` miBHBb�iBQM /�Mb mM2
MQm``B+2`B2 2bim�`B2MM2X 6B;m`2 2ti`�Bi2 /2 C�K2b 2i �HX UkyRNVX
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GǶ2K#Qm+?m`2 /2 H� a2BM2 DQm2 mM `ƬH2 K�D2m` /�Mb H2 +v+H2 /2 pB2 /2 THmbB2m`b
2bTĕ+2b /2 TQBbbQMbX G2b ûim/2b /2 .mp�H URN3k- RN38V bQMi H2b T`2KBĕ`2b 2M #�B2 /2
a2BM2 ¨ /û+`B`2 H2b +QKKmM�miûb ?�HB2miB[m2b 2i MQi�KK2Mi H2b +Q?Q`i2b /2 Dmpû@
MBH2b /2 /Bzû`2Mi2b 2bTĕ+2b UbQH2- HBK�M/2- bT`�i- i�+�m/VX AH 7�m/`� 2MbmBi2 �ii2M/`2
Ry �Mb 2i H2 T`QD2i /Ƕ2ti2MbBQM /m SQ`i �miQMQK2 /m >�p`2 TQm` 2z2+im2` /2 MQm@
p2HH2b +�KT�;M2b /ǶQ#b2`p�iBQM bm` +2b KāK2b MQm``B+2`B2b UJQ`BM 2i �HX- RNNdVX *2b
T`2KBĕ`2b +�KT�;M2b 7QMi ûi�i /ǶmM KBHB2m Qɍ H� p�`B�#BHBiû BMi2`@�MMm2HH2 /Ƕ�#QM@
/�M+2 2bi i`ĕb BKTQ`i�Mi2- K�Bb �mbbB [m2 HǶ2K#Qm+?m`2 /2 a2BM2 2bi mM 2bim�B`2
�p2+ mM2 7Q`i2 ?ûiû`Q;ûMûBiû bT�iB�H2 2M i2`K2b /ǶQ++mT�iBQM T�` H2b DmpûMBH2bX *2b
`ûbmHi�ib b2`QMi +QM}`Kûb T�` _BQm URNNNV- [mB KQMi`2 /2b ~m+im�iBQMb /�Mb H2b
/2MbBiûb /2 DmpûMBH2b ¨ HǶû+?2HH2 /2 H� J�M+?2 1biX G� T`Q#HûK�iB[m2 /Ƕ�KûM�;2@
K2Mi TQ`im�B`2 2bi /Ƕ�mi�Mi THmb T`ûQ++mT�Mi2 [m2 HǶ2bim�B`2 /2 H� a2BM2 � bm#B
/2 7Q`i2b TQHHmiBQMb- T`BM+BT�H2K2Mi +?BKB[m2 U�#�`MQm �M/ aBKQM- RN38VX G2 #�b@
bBM p2`b�Mi 2bi 7Q`i2K2Mi �Mi?`QTBbû- ¨ i2H TQBMi [m2 H� a2BM2 �p�Bi ûiû /û+H�`û2
+QKK2 ûi�Mi mM ~2mp2 KQ`i /�Mb H2b �MMû2b RNey UlL1a*P- kyyjVX GǶûim/2 /2
J2v#2+F 2i �HX UkyR3V `ûbmK2 H2b /Bzû`2Mi2b TQHHmiBQMb �v�Mi HB2m /�Mb HǶ2bim�B`2 2i
H2b `ûTQMb2b TQHBiB[m2b 2i bQ+Bûi�H2b [mB QMi ûiû �TTQ`iû2bX *2b i2KTb /2 `ûTQMb2b
T2mp2Mi āi`2 HQM;b- �p2+ /2b +v+H2b Ƕ�Hiû`�iBQM@B/2MiB}+�iBQM@`2bi�m`�iBQMǶ K2Mûb
bm` mM2 Tû`BQ/2 /2 8y �Mb TQm` H2b T`Q#HĕK2b /Ƕ2mi`QT?B+�iBQM 2i /2 THmb /2 Ryy
�Mb TQm` H2b TQHHmiBQMb Q`;�MB[m2b 2i Kûi�HHB[m2bX

G2b ûim/2b /�Mb H2 +�/`2 /2 HǶ2ti2MbBQM /m TQ`i /m >�p`2 b2 bQMi û;�H2K2Mi `�T@
TQ`iû2b �m `ûb2�m i`QT?B[m2 /2 HǶ2bim�B`2X G2b `ûbmHi�ib KQMi`2Mi [m2 /2mt +?�ŗM2b
i`QT?B[m2b 2tBbi2Mi , mM2 2M �KQMi �p2+ /QKBM�M+2 /ǶmM +QKT�`iBK2Mi TûH�;B[m2-
2i mM2 2M �p�H �p2+ mM `ûb2�m i`QT?B[m2 #2Mi?B[m2 UJQmMv 2i �HX- RNN3VX G2b ûim/2b
/�Mb +2i û+QbvbiĕK2 b2 bQMi bm++û/û2b- +?�+mM2 �KûHBQ`�Mi H� +QKT`û?2MbBQM /2 H�
+QKTH2tBiû /2b `2H�iBQMb i`QT?B[m2b �p2+ HǶ�p�M+2K2Mi i2+?MQHQ;B[m2 U_v#�`+xvF
�M/ 1HF�øK- kyyj c h2++?BQ 2i �HX- kyR8VX
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GǶ2bim�B`2 ûi�Mi mM2 MQm``B+2`B2- mM2 �ii2MiBQM iQmi2 T�`iB+mHBĕ`2 � ûiû �TTQ`@
iû2 bm` H2 `û;BK2 �HBK2Mi�B`2 /2b DmpûMBH2b �}M /2 /ûi2`KBM2` H2b `2bbQm`+2b Mû+2b@
b�B`2b �m /ûp2HQTT2K2Mi /2 +2b 2bTĕ+2bX .Ƕ�#Q`/ }M /2b �MMû2b RNNy- HǶ�M�Hvb2 /2
+QMi2Mmb biQK�+�mt � T2`KBb mM2 /2b+`BTiBQM /2b `û;BK2b 2i +QKTQ`i2K2Mib �HB@
K2Mi�B`2b /Ƕ2bTĕ+2b T?�`2b /2 HǶ2bim�B`2 UH2 #�`- H� bQH2- H2 ~2i- H2 K2`H�M- H2 i�+�m/
2i H� THB2V UJQ`BM 2i �HX- RNNdVX SmBb }M /2b �MMû2b kyyy- /�Mb H2 +�/`2 /m T`QD2i
*PGJ�h�:1 U.�mpBM 2i �HX- kyRk- �MM2t2 dV- /2 MQmp2HH2b �M�Hvb2b /2 +QMi2Mmb
biQK�+�mt QMi TQ`iû bm` H� /Bbi`B#miBQM 2i HǶ�HBK2Mi�iBQM /2 +2`i�BMb SH2m`QM2+iB@
7Q`K2b UH� bQH2- - H� THB2- 2i H� T2iBi2 bQH2 D�mM2

VX *2b ûim/2b QMi KQMi`û H2b HB2Mb 7Q`ib 2Mi`2 H2b TQBbbQMb TH�ib
2i H� 7�mM2 #2Mi?B[m2 �BMbB [m2 HǶ�TTQ`i /2b KBHB2mt BMi2`iB/�mt TQm` /2b TQBbbQMb
`QM/b U#�`- i�+�m/VX G2b 2bTĕ+2b b2 T�`i�;2Mi H2b /Bzû`2Mi2b `2bbQm`+2b /2 HǶ2bim�B`2
2i T2m /2 +?2p�m+?2K2Mib 2tBbi2Mi /�Mb H2b MB+?2b i`QT?B[m2bX

*2b /Bzû`2Mib T`QD2ib QMi T2`KBb /2 +QMbi`mB`2 mM2 #�b2 /2 /QMMû2b +QMbû@
[m2Mi2 bm` H2b MQm``B+2`B2b /2b DmpûMBH2b /2 TQBbbQMb- +2 [mB � KQiBpû /2b ûim/2b bm`
H� /vM�KB[m2 /2 +2b KBHB2mt- ¨ +QKK2M+2` T�` H2 T`QD2i JP.>�LPl_ U"`BM/@
�KQm` 2i �HX- kyR3VX AH �p�Bi TQm` Q#D2+iB7 /ǶB/2MiB}2` H2b T�`�Kĕi`2b 2tTHB+�iB7b
/2 H� p�`B�#BHBiû /2b �#QM/�M+2b /2b 2bTĕ+2b miBHBb�Mi HǶ2bim�B`2 /2 a2BM2 2M i�Mi
[m2 MQm``B+2`B2X .2b p�`B�#H2b i`QT?B[m2b 2i �#BQiB[m2b QMi ûiû BMiû;`û2b TQm` 2tTHB@
[m2` H2b /Bbi`B#miBQMb bT�iB�H2b 2i /2 T`2KB2`b KQ/ĕH2b /Ƕ?�#Bi�ib QMi ûiû +QMbi`mBibX
.2b HBKBi�iBQMb QMi Tm āi`2 KBb2b 2M �p�Mi bm` H� [m�HBiû /2 /QMMû2b 2MpB`QMM2K2M@
i�H2b /BbTQMB#H2b- �BMbB [m2 HǶ�TTQ`i /2 p�`B�#H2b #BQiB[m2b TQ`i�Mi bm` H2b `2H�iBQMb
i`QT?B[m2bX .Ƕ�mi`2b `2H�iBQMb #BQiB[m2b �mi`2b [m2 i`QT?B[m2b T2mp2Mi /QM+ āi`2
2MpBb�;û2b 2i H2b /QMMû2b H�+mM�B`2b 2MpB`QMM2K2Mi�H2b /QBp2Mi āi`2 �/`2bbû2b- bQBi
T�` BMi2`TQH�iBQM- bQBi 2M +?�M;2�Mi /2 Kûi?Q/QHQ;B2X

G� MQm``B+2`B2 /2 HǶ2bim�B`2 /2 a2BM2 � 7�Bi HǶQ#D2i /Ƕûim/2b �TT`Q7QM/B2b HBû2b
¨ H� TQTmH�iBQM /2 bQH2bX _BQm URNNNV +QMbi�i2 [m2 H2b DmpûMBH2b [mB 2M bQMi Bbbmb-
K�H;`û H� i�BHH2 2i H� T`Q/m+iBpBiû /2 H� MQm``B+2`B2- +QMi`B#m2Mi KQBMb ¨ H� TQTmH�@
iBQM �/mHi2 [mǶ�ii2M/mX G2b DmpûMBH2b /2 HǶ2bim�B`2 /2 a2BM2 +QMi`B#m2`�B2Mi ¨ 9W /2
H� TQTmH�iBQM �/mHi2 /2 J�M+?2 1bi- �HQ`b [m2 H� #�B2 /2b o2vb- �v�Mi mM2 bm`7�+2
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THmb `2bi`2BMi2 2i /2b /û#Bib ~mpB�mt THmb 7�B#H2b- �m`�Bi mM2 +QMi`B#miBQM bǶûH2p�Mi
¨ RyWX AHb ûi�#HBbb2Mi TQm` H2m` ûim/2 mM KQ/ĕH2 /2 /2MbBiû TQi2MiB2HH2 2M 7QM+iBQM
/m bû/BK2Mi 2i /2 H� T`Q7QM/2m` /�Mb H2b MQm``B+2`B2b /2 H� J�M+?2 1biX G� TQHHm@
iBQM 2i H2b �+iBpBiûb ?mK�BM2b bQMi /2b 7�+i2m`b BKTQ`i�Mib /QMi HǶBM~m2M+2 bm` H2b
DmpûMBH2b /2 bQH2b /�Mb HǶ2bim�B`2 /2 a2BM2 � ûiû ûim/Bû2 U:BHHB2`b 2i �HX- kyye c �K�`�
2i �HX- kyyd c G2 S�T2 2i �HX- kyyd c _Q+?2ii2 2i �HX- kyRy c �`+?�K#�mHi 2i �HX- kyR3VX
GǶûim/2 /2 _Q+?2ii2 2i �HX UkyRyV � �TT`Q7QM/B û;�H2K2Mi H2b +�`i2b /Ƕ?�#Bi�ib TQ@
i2MiB2Hb /2 H� bQH2 [mB ûi�B2Mi BMBiBû2b T�` _BQm 2i �HX UkyyRVX 1HH2b +QMbiBim2Mi ¨
+2 DQm` HǶûi�i H2 THmb �p�M+û /2 H� +QMM�Bbb�M+2 /2 H� bi`m+im`�iBQM bT�iB�H2 /�Mb
HǶ2bim�B`2 /2 a2BM2 TQm` H2b DmpûMBH2b /2 bQH2bX Lû�MKQBMb- H2b +QMM�Bbb�M+2b bm`
H� MQm``B+2`B2 /2 HǶ2bim�B`2 /2 a2BM2 M2 b2 HBKBi2Mi T�b ¨ H� bQH2- #B2M [m2 +2ii2
2bTĕ+2 `2T`ûb2Mi2 H� K�D2m`2 T�`iB2 /2 H� HBiiû`�im`2X SQm` H2b �mi`2b 2bTĕ+2b- QM
`2i`Qmp2 /2b ûim/2b bm` H� [m�HBiû /2b ?�#Bi�ib TQm` H2b DmpûMBH2b /2 ~2i U�K�`�
2i �HX- kyyNV Qm /2 THmbB2m`b 2bTĕ+2b 2bim�B`2@/ûT2M/�Mi2b U*Qm``�i 2i �HX- kyyNVX
GǶQ++mT�iBQM bT�iB�H2 TQm` [m�i`2 2bTĕ+2b UbQH2- THB2- #�` 2i K2`H�MV � ûiû `û+2K@
K2Mi �#Q`/û2- T`ûb2Mi�Mi MQi�KK2Mi H2b HB2Mb �p2+ H� `2bbQm`+2 i`QT?B[m2 U.�v
2i �HX- kykRVX *2ii2 ûim/2 KQMi`2 HǶBKTQ`i�M+2 /2b p�bBĕ`2b BMi2`iB/�H2b /�Mb H�
+QMi`B#miBQM �mt `û;BK2b �HBK2Mi�B`2b /2 +2`i�BM2b 2bTĕ+2b 2i `2M7Q`+2 H2b +QMM�Bb@
b�M+2b bm` H� bûT�`�iBQM /2b `2bbQm`+2b i`QT?B[m2b /�Mb HǶ2bim�B`2X

.2 +2i ûi�i /2 HǶ�`i /2 H� MQm``B+2`B2 /2mt +QM+HmbBQMb ûK2`;2MiX G� T`2KBĕ`2
2bi [m2 #B2M [mǶBH bQBi `2+QMMm [m2 THmbB2m`b 2bTĕ+2b bQMi T`ûb2Mi2b �m bi�/2 Dmpû@
MBH2 /�Mb HǶ2bim�B`2 /2 a2BM2- b2mH2 H� bQH2 � /QMMû HB2m ¨ mM2 HBiiû`�im`2 7Qm`MB2X P`
H2b BMi2`�+iBQMb #BQiB[m2b 2tBbi2Mi 2i /QBp2Mi āi`2 T`Bb2b 2M +QKTi2 �}M /2 KB2mt
+QKT`2M/`2 HǶmiBHBb�iBQM /2b ?�#Bi�ib /BbTQMB#H2bX *Ƕ2bi HǶ�TT`Q+?2 2KTHQvû2 /�Mb
H2b MQm``B+2`B2b /m SQ`im;�H [mB T`2M/ 2M +QKTi2 H2b BMi2`�+iBQMb #BQiB[m2b /�Mb H2b
MB+?2b i`QT?B[m2b U*�#`�H 2i �HX- kyykV- H2b `ûTQMb2b 2MpB`QMM2K2Mi�H2b UJ�`iBM?Q
2i �HX- kyRyV 2i H2b /Bbi`B#miBQMb bT�iB�H2b U*�#`�H- kyyyVX .�Mb /2 MQK#`2mb2b MQm`@
`B+2`B2b- BH 2bi KQMi`û [m2 H2b /Bzû`2Mi2b 2bTĕ+2b Q++mT2Mi /2b xQM2b [mB H2m` bQMi
T`QT`2b- ûpBi�Mi �BMbB mM2 +QKTûiBiBQM BMi2`@bTû+B}[m2 Uo�b+QM+2HQb 2i �HX- kyRy c
1/rQ`i?v �M/ ai`v/QK- kyReVX G� b2+QM/2 2bi [m2 H2b +QMM�Bbb�M+2b /2 H� MQm``B@
+2`B2 /2 HǶ2bim�B`2 /2 a2BM2 bQMi �bb2x ;ûMû`�H2b- �p2+ /2b +QM+2Tib THmb T`û+Bb /m
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7QM+iBQMM2K2Mi /2 H� MQm``B+2`B2 TQm` H2b DmpûMBH2b /2 bQH2bX *2T2M/�Mi- H2b ûim/2b
`û+2Mi2b i`�Bi�Mi /2 MQm``B+2`B2b TQBMi2Mi p2`b /2b +QMM�Bbb�M+2b ¨ }M2 û+?2HH2 /2
+2b û+QbvbiĕK2b UJmMb+? 2i �HX- kyReVX AH b2K#H2 /QM+ Mû+2bb�B`2 /Ƕ�pQB` mM2 pB@
bBQM THmb H�`;2- 2M i2`K2b /2 TQTmH�iBQMb /2 DmpûMBH2b- �}M /2 TQmpQB` 2M;HQ#2` H2b
/Bzû`2Mib Kû+�MBbK2b 2M �+iBQM /�Mb HǶ2bim�B`2X

GǶûim/2 /2 H� MQm``B+2`B2 /2 HǶ2bim�B`2 /2 a2BM2 TQbbĕ/2 /ûD¨ mM2 HBiiû`�im`2
`B+?2- �p2+ /2 MQK#`2mb2b ûim/2b TQ`i�Mi bm` HǶ2{+�+Biû /2 H� MQm``B+2`B2 TQm`
H2b TQBbbQMb TH�ibX *2T2M/�Mi /2 MQK#`2mb2b 2bTĕ+2b pBp2Mi /�Mb +2i û+QbvbiĕK2X
GǶ�TT`Q+?2 +QKKmM�mi�B`2 2bi ¨ HǶBMi2`7�+2 2Mi`2 H2b /vM�KB[m2b /2 TQTmH�iBQMb 2i
H2b T`Q+2bbmb ¨ HǶû+?2HH2 /2 HǶû+QbvbiĕK2X *2ii2 BMi2`7�+2 2M 7�Bi mM #QM MBp2�m /�Mb
H� bi`m+im`2 /2 HǶ2MpB`QMM2K2Mi TQm` �TTHB[m2` /2b �TT`Q+?2b bT�iB�H2b UJ�bbQH
2i �HX- kyRRVX .2 THmb HǶûim/2 ¨ HǶû+?2HH2 +QKKmM�mi�B`2- T2`K2i /Ƕ�ii2BM/`2 THmb
`�TB/2K2Mi H2b `ûTQMb2b 2MpB`QMM2K2Mi�H2b 2i /ǶBMiû;`2` HǶBM7Q`K�iBQM /2b û+?2HQMb
bTû+B}[m2b U62``B2` �M/ :mBb�M- kyyeVX

G2 /û#mi /2b i`�p�mt +QMbBbi2 /QM+ 2M mM2 �TT`Q+?2 i�tBMQKB[m2 2i 7QM+iBQM2HH2
/2 H� +QKKmM�miû /2 TQBbbQMb 2M 2bim�B`2 /2 a2BM2 U+?�TBi`2 8VX � T�`iB` /2b
`ûbmHi�ib Q#i2Mmb- mM 7Q+mb b2`� 7�Bi bm` H2b 2bTĕ+2b miBHBb�Mi +2ii2 xQM2 +QKK2
MQm``B+2`B2- �}M /2 /û+`B`2 H2m`b bi`m+im`2b bT�iB�H2b 2i H2m` HB2M �p2+ H� /vM�KB[m2
/2 HǶ2bim�B`2 U+?�TBi`2 eVX 1M}M- +2b HB2Mb 2Mi`2 /2MbBiûb 2i 2MpB`QMM2K2Mi b2`QMi
THmb }M2K2Mi 2tTHQ`ûb TQm` [m�MiB}2` 2i [m�HB}2` H2b û+?2HH2b �mt[m2HH2b H2b HB2Mb
bi�iBbiB[m2b bǶ2tT`BK2Mi /2 7�ÏQM K�DQ`Bi�B`2 U+?�TBi`2 dVX

GǶQ#i2MiBQM /ǶmM2 +QKT`û?2MbBQM }M2 /2 H� bi`m+im`2 bT�iB�H2 /2b DmpûMBH2b
/�Mb HǶ2bim�B`2- /2p`�Bi T2`K2ii`2 /2 KB2mt TQmpQB` �TT`û?2M/2`- /�Mb H2 7mim`- H2b
/vM�KB[m2b /2 `2+`mi2K2Mi /�Mb HǶ2bim�B`2 pQB`2 /2 KQ/ûHBb2` /2b xQM2b /Ƕ?�#Bi�ib
bTû+B}[m2b T`û7û`2MiB2HbX
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aB H� THmT�`i /2b �M�Hvb2b 2KTHQvû2b �m +Qm`b /2 H� i?ĕb2 b2`QMi /û+`Bi2b /�Mb
H2b +?�TBi`2b +QM+2`Mûb- +2 +?�TBi`2 T`ûb2Mi2 THmb 2M /ûi�BH H2b Kûi?Q/2b �bbQ+Bû2b
2i H2m`b �TTHB+�iBQMb 2M û+QHQ;B2X G� T`2KBĕ`2 T�`iB2 /2 +2 +?�TBi`2 b2 +QMb�+`2
�mt Kûi?Q/2b /2 `û/m+iBQM /2 /BK2MbBQM- 2i THmb bTû+B}[m2K2Mi �m +�b /2b Q`/B@
M�iBQMbX GǶQ#b2`p�iBQM /2 HǶ�#QM/�M+2 /ǶQ`;�MBbK2b ;ûMû`�Mi /2b K�i`B+2b /2 /QM@
Mû2b /2 ;`�M/2b /BK2MbBQMb UMQK#`2 /Ƕ2bTĕ+2b û+?�MiBHHQMMû2b × MQK#`2 /2 bBi2b
× MQK#`2 /2 +�KT�;M2b /Ƕû+?�MiBHHQMM�;2V- H� `2T`ûb2Mi�iBQM /2b i2M/�M+2b T`BM@
+BT�H2b 2i H2m`b BMi2`T`ûi�iBQMb Mû+2bbBi2Mi /2b Kûi?Q/2b T2`K2ii�Mi /2 `û/mB`2 +2b
/BK2MbBQMb 2M +QMb2`p�Mi �m KB2mt H2b +�`�+iû`BbiB[m2b MmKû`B[m2b /2b K�i`B+2bX
G2b Kûi?Q/2b /ǶQ`/BM�iBQMb `ûTQM/2Mi ¨ +2 #2bQBMX G� b2+QM/2 T�`iB2 /2 +2 +?�@
TBi`2 /ûi�BHH2 H2b /ûp2HQTT2K2Mib �M�HviB[m2b HBûb ¨ H� ;ûQbi�iBbiB[m2X *2 +?�KT
/Bb+BTHBM�B`2 b2 +QMb�+`2 ¨ HǶûim/2 /2b T`Q+2bbmb bT�iB�HBbûbX 1M+Q`2 T2m miBHBbû 2M
û+QHQ;B2- H� b2+iBQM +Q``2bTQM/�Mi2 T`ûb2Mi2 H2b +QM+2Tib T`BM+BT�mt 2i bQM �TTQ`i
TQm` H2b T`Q#HûK�iB[m2b �#Q`/û2b T2M/�Mi H� i?ĕb2X

GǶQ`/BM�iBQM 2M û+QHQ;B2 MǶ2bi T�b mM2 Kûi?Q/2 /Ƕ�M�Hvb2 `û+2Mi2X aQM 2KTHQB 2M
û+QHQ;B2 /2b +QKKmM�miûb 2i b� /ûMQKBM�iBQM ǴQ`/BM�iBQMǴ 2bi KBb2 2M TH�+2 /�Mb
H� /2mtBĕK2 KQBiBû /m ss bBĕ+H2 U:QQ/�HH- RN89VX .2TmBb- HǶmiBHBb�iBQM /2 +2ii2
Kûi?Q/2 2bi /2p2Mm2 mM2 �TT`Q+?2 bi�M/�`/ /�Mb HǶûim/2 /2b +QKKmM�miûb T�` b�
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/BzmbBQM /�Mb H2b Qmp`�;2b Kûi?Q/QHQ;B[m2b /2 `û7û`2M+2 UG2;2M/`2 �M/ G2;2M/`2-
kyRkV 2i T�` b� KBb2 2M �TTHB+�iBQM /�Mb H2b �M�Hvb2b MmKû`B[m2b ¨ i`�p2`b /2b
HB#`�B`B2b /2 7QM+iBQMb bTû+B�HBbû2b UPFb�M2M 2i �HX- kyR8VX

lM2 Q`/BM�iBQM 2bi mM2 �M�Hvb2 KmHiBp�`Bû2 [mB +QMbBbi2 ¨ `2T`ûb2Mi2` /2b Q#D2ib
Ubi�iBQMb /Ƕû+?�MiBHHQMM�;2V 2M HB2M �p2+ /2b /2b+`BTi2m`b U�#QM/�M+2b Qm T`ûb2M+2b
/Ƕ2bTĕ+2bV- /�Mb mM 2bT�+2 ;ûQKûi`B[m2 /û}MBi T�` /2b �t2b `2T`ûb2Mi�Mi �m KB2mt
H� p�`B�#BHBiû /m D2m /2 /QMMû2b BMBiB�HX G� +QMbi`m+iBQM /2 +2b �t2b 2bi HǶûi�T2 bi`m+@
im`�Mi2 /2 HǶQ`/BM�iBQM- TmBb[mǶ2HH2 /û}MBi H� /Bbi`B#miBQM /2b Q#D2ib /�Mb +2 MQmp2H
2bT�+2 2i bmTTQ`i2 �BMbB HǶBMi2`T`ûi�iBQM /2b `2H�iBQMb 2Mi`2 Q#D2ib Qm /2b+`BTi2m`bX
.�Mb +2 +�/`2- b2mHb H2b T`2KB2`b �t2b U/2 k ¨ j �t2b 2M ;ûMû`�HV bQMi +QMb2`pûb- 2M
`2;�`/ /2 H2m` `2T`ûb2Mi�iBpBiû T�` `�TTQ`i ¨ H� bi`m+im`2 /m D2m /2 /QMMû2b BMBiB�H-
�m HB2m /m MQK#`2 /2 /2b+`BTi2m`b Q`B;BM�HX *2ii2 `û/m+iBQM bǶ�++Q`/2 �mbbB �mt
HBKBi�iBQMb ?mK�BM2b /ǶBMi2`T`ûi�iBQM /�Mb /2b 2bT�+2b ¨ THmb /2 i`QBb /BK2MbBQMbX

SQm` BHHmbi`2` H2b Kûi?Q/2b /2 `û/m+iBQM /2 /BK2MbBQMb- H� T`Q+?�BM2 bQmb@
b2+iBQM /û+`Bi H� /û+QKTQbBiBQM 2M p�H2m`b bBM;mHBĕ`2b UQm ao. TQm`

V- [mB 2bi mM /2b T`Q+û/ûb 7QM/�K2Mi�mt /2 HǶQ`/BM�iBQMX

aQBi M mM2 K�i`B+2 `2+i�M;mH�B`2 /2 M HB;M2b UQ#D2ibV 2i T +QHQMM2b U/2b+`BT@
i2m`bVX G� K�i`B+2 J T2mi �HQ`b āi`2 /û+QKTQbû2 2M i`QBb /Bzû`2Mi2b K�i`B+2b- U -
D 2i V i2H [m2 ,

M = UDV t UkXRV

�p2+

ě U mM2 K�i`B+2 mMBi�B`2 UU tU = IV /2 i�BHH2 n ∗ n- [mB +QMiB2Mi H2b p2+i2m`b
T`QT`2b /Ƕ2Mi`û2 UQm p2+i2m`b bBM;mHB2`b /2 ;�m+?2V

ě V - Q`i?Q;QM�H ¨ U - 2bi û;�H2K2Mi mM2 K�i`B+2 mMBi�B`2- /2 i�BHH2 p ∗ p- +QMi2@
M�Mi H2b p2+i2m`b T`QT`2b /2 bQ`iB2 UQm p2+i2m`b bBM;mHB2`b /2 /`QBi2V

ě D- mM2 K�i`B+2 /B�;QM�H2- +QMi2M�Mi H2b p�H2m`b bBM;mHBĕ`2b d11-d22- XXX- dpp /2
M X

G2b p�H2m`b bBM;mHBĕ`2b bQMi `�M;û2b /�Mb HǶQ`/`2 /û+`QBbb�Mi 2i H2m` MQ`K�HBb�@
iBQM /QMM2 H2 TQm`+2Mi�;2 /2 p�`B�M+2 2tTHB[mû2 T�` H2b p2+i2m`b T`QT`2bX

Re



GǶ�M�Hvb2 2M +QKTQb�Mi2b T`BM+BT�H2b U�*SV bǶ2z2+im2 bm` mM2 K�i`B+2 +QMi2@
M�Mi /2b p�`B�#H2b [m�MiBi�iBp2bX G� +QMbi`m+iBQM /2 HǶ2bT�+2 `û/mBi T`ûb2`p2 H�
/Bbi�M+2 2m+HB/B2MM2 2Mi`2 H2b Q#D2ibX GǶ�*S pBb2 �mbbB ¨ K�tBKBb2` HǶBM2`iB2 UH�
/BbT2`bBQMV /m Mm�;2 /2 TQBMib /�Mb H2 MQmp2H 2bT�+2 2M K�tBKBb�Mi H� p�`B�M+2
/2b Ǵ+QKTQb�Mi2bǴ- Qm �t2bX

G� `ûQ`;�MBb�iBQM /m Mm�;2 /2 TQBMib 2i H� +`û�iBQM /2b MQmp2�mt �t2b bǶ2z2+im2
¨ HǶ�B/2 /ǶmM2 ao. 2z2+imû2 bm` H� K�i`B+2 /2 p�`B�M+2@+Qp�`B�M+2 Qm H� K�i`B+2
/2 +Q``ûH�iBQMX G� K�i`B+2 /2 p�`B�M+2@+Qp�`B�M+2 bǶQ#iB2Mi 2M +2Mi`�Mi H2b /QMMû2b
/Ƕ2Mi`û2b- 2i H� K�i`B+2 /2 +Q``ûH�iBQM T�` +2Mi`�;2@`û/m+iBQMX

aQBi X H� K�i`B+2 /2 /QMMû2b 2i X- H� K�i`B+2 +2Mi`û2X G� ao. /2 +2ii2 K�@
i`B+2 /QMM2 X = UDV

T X G2b K�i`B+2b U 2i V bQMi /2b K�i`B+2b Q`i?QMQ`K�H2b-
+Ƕ2bi ¨ /B`2 [m2 H2b HB;M2b 2i H2b +QHQMM2b +Q``2bTQM/2Mi �mt p2+i2m`b Q`i?QMQ`Kûb
/2 HǶQ`/BM�iBQMX G2b +QQ`/QMMû2b /2b Q#D2ib /�Mb HǶ2bT�+2 ;ûQKûi`B[m2 }M�H bQMi
Q#i2Mm2b T�` H2 +�H+mH C = XV X *?�[m2 +QHQMM2 /2 H� K�i`B+2 C `2T`ûb2Mi2 mM2
/2b +QKTQb�Mi2b T`BM+BT�H2bX G� p�`B�M+2 2tTHB[mû2 T�` +?�+mM2 /2b +QKTQb�Mi2b
bǶQ#iB2Mi �p2+ H� K�i`B+2 D- [mB +QMiB2Mi H2b p�H2m`b T`QT`2b UD2/

∑

(D2VVX

*QKK2 ûMQM+û T`û+û/2KK2Mi- +Ƕ2bi MQi�KK2Mi 2M û+QHQ;B2 /2b +QKKmM�miûb
[m2 H2b Kûi?Q/2b /Ƕ�M�Hvb2b 7�+iQ`B2HH2b b2 bQMi /ûp2HQTTû2bX G2b ûim/2b bm` H2b
+QKKmM�miûb pû;ûi�H2b 7m`2Mi T�`KB H2b T`2KBĕ`2b ¨ /ûTHQv2` HǶmiBHBb�iBQM /2b Q`/B@
M�iBQMb 2i H2b /ûp2HQTT2` UE2Mi �M/ "�HH�`/- RN33VX G2m`b miBHBb�iBQMb b2 `2;`QmT2Mi
2M i`QBb +�iû;Q`B2b ,

ě H� bvMi?ĕb2 /2 /QMMû2b , T�` /û}MBiBQM- HǶQ`/BM�iBQM � TQm` #mi /2 bvMi?ûiBb2`
HǶBM7Q`K�iBQMX G� K�tBKBb�iBQM /2 H� p�`B�M+2 bm` H2b T`2KB2`b �t2b /2 HǶ�*S
T2`K2i ¨ HǶmiBHBb�i2m` /Ƕ�pQB` mM2 `2T`ûb2Mi�iBQM 2tTHB+Bi�Mi H� bi`m+im`2 /2b
D2mt /2 /QMMû2bX GǶBM7Q`K�iBQM �BMbB KBb2 2M �p�Mi T2mi āi`2 `ûmiBHBbû2 T�`
2ti`�+iBQM /2b +QQ`/QMMû2b /�Mb H2 MQmp2H 2bT�+2X lM 2t2KTH2 /2 +2ii2 miB@

Rd



HBb�iBQM 2bi +2HH2 /2 *BmiB 2i �HX UkyR3V bm` mM D2m /2 /QMMû2b GB.�_ UGB;?i
/2i2+iBQM �M/ `�M;BM;VX *2ii2 i2+?MB[m2 T`Q/mBi mM2 K�i`B+2 Qɍ H2b HB;M2b
`2T`ûb2Mi2Mi /2b TBt2Hb /2 H� +�`i2 Q#i2Mm2 T�` H2 bB;M�H `�/�` 2i H2b +QHQMM2b
bQMi HǶBMi2MbBiû /m bB;M�H `2iQm` T�` i`�M+?2b p2`iB+�H2bX GǶ�*S 2bi miBHBbû2
TQm` `ûbmK2` +2b BM7Q`K�iBQMb 2M +QKTQb�Mi2b T`BM+BT�H2b TmBb b2mH2b +2`@
i�BM2b +QKTQb�Mi2b T`BM+BT�H2b bQMi ;�`/û2b +QKK2 T`û/B+i2m`b 2MpB`QMM2@
K2Mi�mt /�Mb mM2 KQ/ûHBb�iBQMX

ě HǶ2tTHQ`�iBQM /2 `2H�iBQMb /2b +QKKmM�miûb �p2+ /2b ;`�/B2Mib 2MpB`QMM2@
K2Mi�mt , H2 `û�``�M;2K2Mi /2b +QKKmM�miûb /�Mb HǶ2bT�+2 /2 HǶQ`/BM�iBQM
2bi BMi2`T`ûiû ¨ HǶ�B/2 /2b /QMMû2b 2MpB`QMM2K2Mi�H2b `û+QHiû2bX GǶQ`/BM�iBQM
T2mi T2`K2ii`2 �BMbB /2 7�B`2 /2b HB2Mb 2Mi`2 H2b /Bzû`2M+2b /2 +QKTQbBiBQMb H2
HQM; /ǶmM ;`�/B2Mi 2MpB`QMM2K2Mi�HX .�Mb HǶQ+û�M S�+B}[m2- "�HH�M+2 2i �HX
URNNdV QMi /û}MB /2b �bb2K#H�;2b /ǶQBb2�mt K�`BMb /QMi H� /Bbi`B#miBQM ûi�Bi
+Q``ûHû2 ¨ mM ;`�/B2Mi /2 T`Q/m+iBpBiû /�Mb H2b 2�mt /2 bm`7�+2X a�;�` 2i �HX
UkyyjV QMi [m�Mi ¨ 2mt HBû H2b p�`B�iBQMb /2 +QKTQbBiBQM /2 +QKKmM�miûb 7Q@
`2biBĕ`2b �m /2;`û /2 T2`im`#�iBQM /m bQH- 2i H� KQBiBû /2b 2bTĕ+2b �M�Hvbû2b
pQB2Mi H2m` /Bbi`B#miBQM +?�M;2` H2 HQM; /m ;`�/B2Mi /2 T2`im`#�iBQMX

ě HǶûim/2 /2 H� bi`m+im`2 /2b +QKKmM�miûb , H2b /2b+`BTi2m`b /2 H� K�i`B+2 /2
+QKKmM�miûb TQbbĕ/2Mi û;�H2K2Mi /2b +QQ`/QMMû2b /�Mb H2 MQmp2H 2bT�+2
;ûQKûi`B[m2X 1HH2b /QMM2Mi �BMbB H2b `2H�iBQMb 2Mi`2 /2b+`BTi2m`b �BMbB [m2
H2m` BM~m2M+2 /�Mb H2b /Bzû`2Mib TH�Mb 7�+iQ`B2HbX �BMbB- HǶQ`/BM�iBQM T2`K2i
/Ƕûim/B2` /2b +?�M;2K2Mib /2 /QKBM�M+2 HBûb ¨ HǶ2MpB`QMM2K2Mi T�` 2t2KTH2
U"Qmpv 2i �HX- kyyeVX

G� /Bp2`bBiû /2b mb�;2b /2 HǶ�*S- �bbQ+Bû2 ¨ HǶ�M+B2MM2iû /2 H� Kûi?Q/2- � K2@
Mû2 ¨ /2 MQK#`2mb2b T`QTQbBiBQMb /Ƕ�/�Ti�iBQM UCQHHBz2 �M/ *�/BK�- kyReVX �BMbB-
/2b �*S 2tBbi2Mi TQm` /2b /QMMû2b #BM�B`2b- /Bb+`ĕi2b Qm /2b bû`B2b i2KTQ`2HH2bX
.2b i`�Mb7Q`K�iBQMb T2mp2Mi û;�H2K2Mi āi`2 QTû`û2b bm` H� K�i`B+2 /2 /QMMû2b BMB@
iB�H2X _2B/ �M/ aT2M+2` UkyyNV QMi KQMi`û HǶ2z2i /2 /Bzû`2Mi2b bi�M/�`/Bb�iBQMb 2i
/2 H� bmTT`2bbBQM /2 p�H2m`b B/2MiB}û2b +QKK2 �#2``�Mi2b Ui2HH2b [m2 /2b p�H2m`b
Bbbm2b /Ƕ2``2m`b /2 K2bm`2bV �p2+ mM 2t2KTH2 bm` /2b /QMMû2b 2MpB`QMM2K2Mi�H2b
2i ;ûQ+?BKB[m2bX G2b �mi2m`b Q#iB2MM2Mi /2b `ûbmHi�ib bBKBH�B`2b TQm` iQmi2b H2b
bi�M/�`/Bb�iBQMb 2i QMi Tm B/2MiB}2` H2b p�`B�#H2b BM~m2MÏ�Mi H2 THmb H� p�`B�M+2

R3



/2b Q#D2ib ûim/BûbX
*QKK2 ûpQ[mû T`û+û/2KK2Mi- HǶ�*S T`ûb2`p2 H� /Bbi�M+2 2m+HB/B2MM2 2Mi`2

H2b /Bzû`2Mib Q#D2ibX *2T2M/�Mi- /2b i`�Mb7Q`K�iBQMb /2 H� K�i`B+2 /Ƕ2Mi`û2 T2`@
K2ii2Mi /2 `2KTH�+2` H� /Bbi�M+2 2m+HB/B2MM2 T�` mM2 �mi`2 Dm;û2 T`û7û`�#H2 UG2@
;2M/`2 �M/ G2;2M/`2- kyRk- *?�TBi`2 dVX *2b �*S #�bû2b bm` /2b i`�Mb7Q`K�iBQMb
/2 /QMMû2b T2`K2ii2Mi /2 HBKBi2` /2b #B�Bb TQi2MiB2Hb BM/mBi T�` H� /Bbi�M+2 1m+HB@
/B2MM2- MQi�KK2Mi H� T`ûb2M+2 /2b Ǵ/Qm#H2@xû`QbǴX G2 /Qm#H2@xû`Q 7�Bi `û7û`2M+2 �m
+�b Qɍ HǶ2bTĕ+2 +QMbB/û`û2 MǶ2bi /�Mb �m+mM /2b /2mt bBi2b /QMi QM K2bm`2 H� /Bb@
i�M+2X GǶBM+HmbBQM /2 +2b p�H2m`b /�Mb H2 +�H+mH p� �m;K2Mi2` H2 MBp2�m /2 bBKBH�`Biû
UTmBb[m2 H2b p�H2m`b bQMi B/2MiB[m2b TQm` H2b /2mt bBi2b bm` +2ii2 2bTĕ+2VX aB T2m
/Ƕ2bTĕ+2b bQMi T`ûb2Mi2b- +2H� T2mi `ûbmHi2` ¨ +2 [m2 H2b bBi2b +QMbB/û`ûb �B2Mi mM2
7Q`i2 bBKBH�`Biû �HQ`b [m2 H� +QKTQbBiBQM bTû+B}[m2 2bi i`ĕb /Bzû`2Mi2X *2 T�`�/Qt2
Kûi?Q/QHQ;B[m2 7�Bi [m2 TQm` /2b +QM/BiBQMb 2MpB`QMM2K2Mi�H2b i`ĕb ?ûiû`Q;ĕM2b-
+QKK2 /2b 7Q`ib ;`�/B2Mib 2MpB`QMM2K2Mi�mt- HǶ�*S �p2+ H� /Bbi�M+2 2m+HB/B2MM2
2bi #B�Bbû2- TmBb[m2 HǶ?ûiû`Q;ûMûBiû T2mi ;ûMû`2` /2 MQK#`2mt xû`Qb /�Mb H� K�i`B+2
/2 +QKKmM�miûX AH 2bi �HQ`b Mû+2bb�B`2 /2 i`�Mb7Q`K2` H� K�i`B+2 /Ƕ2Mi`û2 �p�Mi
/ǶQTû`2` H2b +�H+mHb /�Mb H2 MQmp2H 2bT�+2 ;ûQKûi`B[m2- 2m+HB/B2MX

GǶ2KTHQB /2b Kûi?Q/2b /ǶQ`/BM�iBQM M2 b2 HBKBi2 T�b �mt /QMMû2b [m�MiBi�@
iBp2bX *2ii2 bQmb@b2+iBQM HBbi2 H2b /Bzû`2Mi2b Kûi?Q/2b /ǶQ`/BM�iBQM b2HQM H2 ivT2
/2 p�`B�#H2b Qm /2 K�i`B+2b /B�;QM�HBbû2X

AH 2tBbi2 /QM+ /Bzû`2Mi2b Kûi?Q/2b �/�Tiû2b ¨ H� ivTQHQ;B2 /2b /QMMû2b /Ƕ2Mi`û2
U};m`2 kXRVX GǶ�M�Hvb2 7�+iQ`B2HH2 /2b +Q``2bTQM/�M+2b U�6* Qm +Q``2bTQM/�M+2
�M�HvbBb 2M �M;H�BbV 2bi mM2 �M�Hvb2 7�+iQ`B2HH2 T2`K2ii�Mi /Ƕûim/B2` H� `2H�iBQM 2Mi`2
/2mt p�`B�#H2b [m�HBi�iBp2bX *QMi`�B`2K2Mi ¨ HǶ�*S- H2 MQmp2H 2bT�+2 ;ûQKûi`B[m2
T`ûb2`p2 H2b /Bbi�M+2b χ2X GǶ�M�Hvb2 /2b +Q``2bTQM/�M+2b KmHiBTH2b U�*JV 2bi mM2
;ûMû`�HBb�iBQM /2 HǶ�6* TQm` THmbB2m`b p�`B�#H2b [m�HBi�iBp2bX *2b p�`B�#H2b bQMi
i`�Mb7Q`Kû2b 2M p�`B�#H2b MmKû`B[m2b ¨ HǶ�B/2 mM i�#H2�m /BbDQM+iB7 +QKTH2i Qm
mM i�#H2�m /2 "m`iX *2ii2 �M�Hvb2 2bi 2KTHQvû2 /�Mb H2 +?�TBi`2 8 2i H2 T`BM+BT2
K�i?ûK�iB[m2 2bi /ûp2HQTTû ¨ +2 KQK2Mi@H¨X 1M}M- HǶ�M�Hvb2 7�+iQ`B2HH2 KmHiBTH2
U�6JV 2bi mM2 �M�Hvb2 7�+iQ`B2HH2 [mB KBt2 /2b p�`B�#H2b [m�HBi�iBp2b 2i [m�HBi�iBp2bX

RN



AH 2tBbi2 /QM+ /2 MQK#`2mb2b /û+HBM�BbQMb Kûi?Q/QHQ;B[m2b �/�Tiû2b ¨ H� iv@
TQHQ;B2 /2b D2mt /2 /QMMû2bX lM2 �Hi2`M�iBp2 ¨ HǶ�*S T2mi �mbbB T�bb2` /�Mb H2
i`�Bi2K2Mi /m i�#H2�m BMBiB�HX GǶ�*S T`2M/ 2M +QKTi2 H2 D2m /2 /QMMû2b #`mi- +2
[mB 2Mi`�ŗM2 H2 `2bT2+i /2 H� /Bbi�M+2 2m+HB/B2MM2 +QKK2 2tTHB[mû +B@/2bbmbX 1M
`2p�M+?2 HǶ�M�Hvb2 2M +QQ`/QMMû2b T`BM+BT�H2b U�*QSV 2bi mM2 �mi`2 p�`B�iBQM [mB
T2`K2i /Ƕ2MpBb�;2` /Ƕ�mi`2b /Bbi�M+2b 2Mi`2 H2b Q#D2ib ûim/BûbX � T�`iB` /2 H� K�@
i`B+2 /2 +QKKmM�miûb- mM2 K�i`B+2 /2 /BbbBKBH�`Biû 2bi /`2bbû2X aQBi D H� K�i`B+2
/2 /BbbBKBH�`Biû /m D2m /2 /QMMû2b ûim/BûX aQM +�H+mH /ûT2M/ /2 H� Kûi`B[m2 +?QB@
bB2X *2ii2 K�i`B+2 2bi miBHBbû2 TQm` /û}MB` mM2 MQmp2HH2 K�i`B+2 A Bbbm2 /m /Qm#H2
+2Mi`�;2 /2 −1

2
D2 ,

A = −1

2
CD2C UkXkV

Qɍ C 4 I− 1
n
Jn- n 2bi H2 MQK#`2 /ǶQ#D2ib- I mM2 K�i`B+2 B/2MiBiû 2i Jn mM2 K�i`B+2

+�``û2 /2 RX G� K�i`B+2 /2 +QQ`/QMMû2b 2i H2b p�H2m`b T`QT`2b bQMi Q#i2Mm2b �p2+ H�
ao. /2 AX GǶ�*QS 2bi mM +�b T�`iB+mHB2` /ǶmM
UJ.a 2M �M;H�BbV- i2`K2 [mB `�bb2K#H2 H2b i2+?MB[m2b /Ƕ2tTHQ`�iBQM /2 /QMMû2b
#�bû2b bm` H2b K�i`B+2b /2 /BbbBKBH�`Biûb Qm /2 bBKBH�`BiûbX

G� ;ûQbi�iBbiB[m2 2bi mM2 #`�M+?2 /2b bi�iBbiB[m2b [mB bǶBMiû`2bb2 �mt bi`m+im`2b
bT�iB�H2b 2i bT�iBQ@i2KTQ`2HH2b /2 D2mt /2 /QMMû2bX 1HH2 T`2M/ b2b Q`B;BM2b /�Mb
H2b KBM2b /ǶQ` /Ƕ�7`B[m2 /m am/ /�Mb H2b �MMû2b 8y- TmBb 7mi /ûp2HQTTû2 T�` /2b
BM;ûMB2m`b 7`�MÏ�Bb UJ�i?2`QM- RNejVX 1HH2 �p�Bi TQm` #mi T`2KB2` /2 `ûTQM/`2 ¨
/2b T`Q#HûK�iB[m2b 2i /2b #2bQBMb BM/mbi`B2Hb /Ƕûp�Hm�iBQM /2 H� i2M2m` iQi�H2 2M
KBM2`�B /�Mb H2b ;Bb2K2MibX G2b p�`B�#H2b ûim/Bû2b 2M ;ûQbi�iBbiB[m2 bQMi bQmp2Mi
`û7û`2M+û2b +QKK2 ûi�Mi /2b X lM2 p�`B�#H2 `û;BQM�HBbû2 2bi
mM2 p�`B�#H2 /QMi H2b p�H2m`b bQMi /ûT2M/�Mi2b /2 H2m` TQbBiBQM /�Mb HǶ2bT�+2X

aQBi z(x) +2ii2 p�`B�#H2X .�Mb mM 2bT�+2 ¨ /2mt /BK2MbBQMb x 2bi mM p2+i2m` /2
/2mt +QQ`/QMMû2b UHQM;Bim/2 2i H�iBim/2 /�Mb mM `2Tĕ`2 ;ûQ;`�T?B[m2 T�` 2t2KTH2VX
G� p�`B�#H2 `û;BQM�HBbû2 T2mi āi`2 +QMbB/û`û2 +QKK2 ûi�Mi H� `û�HBb�iBQM /ǶmM2

ky



kXR Ĝ Jûi?Q/2b /ǶQ`/BM�iBQMb b2HQM H2 ivT2 /2 /QMMû2b /Ƕ2Mi`û2bX 6B@
;m`2 2ti`�Bi2 /2 ?iiT,ffrrrXbi?/�X+QKf2M;HBb?frBFBf7�+iQ2ti`�@`@T�+F�;2@2�bv@
KmHiBp�`B�i2@/�i�@�M�Hvb2b@�M/@2H2;�Mi@pBbm�HBx�iBQM

7QM+iBQM �Hû�iQB`2X GǶûim/2 /2 +2b 7QM+iBQMb �Hû�iQB`2b /QBi b2 7�B`2 ¨ HǶ�B/2 /ǶQm@
iBHb bi�iBbiB[m2b �/�TiûbX 1M 2z2i- mM2 /2b T`QT`Bûiûb /2 +2b p�`B�#H2b 2bi [m2 H2b
p�H2m`b 2Mi`2 /2mt TQBMib T2mp2Mi /ûT2M/`2 /2 H� /Bbi�M+2 [mB H2b bûT�`2X *2ii2
T`QT`Bûiû 2bi �TT2Hû2 X GǶ�miQ+Q``ûH�iBQM 2M û+QHQ;B2 2bi mM
T?ûMQKĕM2 +Qm`�Mi- HBû T�` 2t2KTH2 �mt ;`�/B2Mib 2MpB`QMM2K2Mi�mt Ub�HBMBiû /2
HǶ2�m /2 K2`- ûHûp�iBQM 2i+XXXV Qm �mt /Bbi`B#miBQMb �;`û;û2b /2 +2`i�BM2b 2bTĕ+2b
UG2;2M/`2- RNNjVX GǶ�miQ+Q``ûH�iBQM 2bi H� +Qp�`B�M+2 /2 H� 7QM+iBQM �Hû�iQB`2 2Mi`2
/2mt TQBMib /2 HǶ2bT�+2 /Bbi�Mi /2 h MQiû2 C(h)X .�Mb mM +�/`2 /2 ;ûQbi�iBbiB[m2
bi�iBQMM�B`2 2i TQm` mM2 p�`B�#H2 Z(x) /2 KQv2MM2 µ- û+?�MiBHHQMMû2 �mt TQBMib xi

U1M+�`i RV- +2ii2 +Qp�`B�M+2 2bi +�H+mHû2 �BMbB ,

C(h) = E[Z(xi)− µ][Z(xi + h)− µ] UkXjV

kR



GǶ�miQ+Q``ûH�iBQM ρ(h) TQm` mM û+�`i /2 /Bbi�M+2 h 2bi �HQ`b H� +Qp�`B�M+2 /BpBbû2
T�` H� p�`B�M+2 /2 Z(x)- [m2 HǶQM MQi2 C(0)

ρ(h) =
C(h)

C(0)
UkX9V

�p2+ C(0) = V ar(Z(x))X
GǶ�miQ+Q``ûH�iBQM BMp�HB/2 mM2 /2b ?vTQi?ĕb2b 2bb2MiB2HH2b /2b MQK#`2mt i2bib

/2 bi�iBbiB[m2 BM7û`2MiB2HH2 , +2HH2 /2 HǶBM/ûT2M/�M+2 /2 /2mt û+?�MiBHHQMbX .�Mb H2
+�b Qɍ H� /ûT2M/�M+2 bT�iB�H2 2bi TQbBiBp2- H2b K2bm`2b 2z2+imû2b ¨ mM2 bi�iBQM
/QMMû2 bQMi bBKBH�B`2b ¨ +2HH2b /2b bi�iBQMb �pQBbBM�Mi2bX .�Mb +2 +�b- H2 MQK#`2 /2
bi�iBQMb ¨ û+?�MiBHHQMM2` TQm` +QKT�`2` /2b bi�iBQMb 2Mi`2 2HH2b ¨ HǶ�B/2 /ǶmM i2bi
bi�iBbiB[m2 b2`� n′ BM7û`B2m` �m MQK#`2 /2 bi�iBQMb `û2HH2K2Mi û+?�MiBHHQMMû2b nX
.�Mb H2 +�b BMp2`b2 Qɍ H� /ûT2M/�M+2 bT�iB�H2 2bi Mû;�iBp2- H2b 2z2+iB7b Mû+2bb�B`2b
¨ H� KBb2 2M TH�+2 /ǶmM i2bi b2`QMi �m;K2MiûbX *Ƕ2bi TQm`[mQB HǶBMiû;`�iBQM /2b
2z2ib /2 HǶ�miQ+Q``ûH�iBQM bT�iB�H2 /�Mb H2b i2bib bi�iBbiB[m2b 2bi ;ûMû`�H2K2Mi +Q`@
`B;û2 2M �Dmbi�Mi H2b 2z2+iB7b U.�H2 �M/ 6Q`iBM- kyyNVX � HǶBMp2`b2 H� ;ûQbi�iBbiB[m2
bǶ�TTHB[m2 ¨ ûim/B2` H2b T?ûMQKĕM2b bT�iB�mt- 2M T`2M�Mi 2M +QKTi2 H2b T`QT`Bûiûb
/2 +2ii2 �miQ+Q``ûH�iBQM T`ûb2Mi2 /�Mb H2b K2bm`2bX *2 +?�KT /Bb+BTHBM�B`2 � /QM+
ûiû +?QBbB TQm` BMiû;`2` H2b bi`m+im`2b bT�iB�H2b /�Mb HǶ�M�Hvb2 /2b +QKKmM�miûb
?�HB2miB[m2b /2 H� #�B2 /2 a2BM2X

kk



G2b p�`B�#H2b `û;BQM�HBbû2b ûim/Bû2b 2M ;ûQbi�iBbiB[m2 bQMi Bbbm2b /2 H� `û�HBb�iBQM
mMB[m2 /ǶmM2 7QM+iBQM �Hû�iQB`2X *QMi`�B`2K2Mi �mt bi�iBbiB[m2b BM7û`2MiB2HH2b +H�b@
bB[m2b- H� `ûTûiBiBQM BM/ûT2M/�Mi2 /2 HǶûpĕM2K2Mi MǶ2bi T�b TQbbB#H2 2i mM2 bQHm@
iBQM �Hi2`M�iBp2 /QBi āi`2 KBb2 2M ƾmp`2 �}M /2 TQmpQB` 7�B`2 HǶBM7û`2M+2 bi�iBbiB[m2X
*2ii2 bQHmiBQM T`2M/ H� 7Q`K2 /2 MQmp2HH2b ?vTQi?ĕb2b TQbû2b- �TT2Hû2b ?vTQi?ĕb2b
/2 X 1M ;ûQbi�iBbiB[m2- BH 2M 2tBbi2 i`QBb ,
@ mM2 7QM+iBQM �Hû�iQB`2 Z(x) 2bi /Bi2 TQm` iQmi2 i`�Mb@
H�iBQM h- b2b +�`�+iû`BbiB[m2b bQMi B/2MiB[m2bX *2ii2 ?vTQi?ĕb2 2bi ;ûMû`�H2K2Mi
+QMbB/û`û2 +QKK2 i`ĕb 7Q`i2 2i `2bi`B+iBp2-
@ H� 2bi `2bT2+iû2 bB HǶ2bTû`�M+2 2i H� p�`B�M+2 bQMi
+QMbi�Mi2b T�` i`�MbH�iBQMX S�` �#mb /2 H�M;�;2- HQ`b[m2 HǶQM T�`H2 /2 bi�iBQMM�`Biû-
+Ƕ2bi ¨ +2ii2 ?vTQi?ĕb2 [m2 HǶQM 7�Bi `û7û`2M+2-
@ H� 7�Bi HǶ?vTQi?ĕb2 [m2 H2b �++`QBbb2K2Mib /2 H� 7QM+@
iBQM �Hû�iQB`2 Z(x) bQMi bi�iBQMM�B`2b 2i /QM+ [m2 [(Z(x+ h)− Z(x))] = 0

G� bi�iBQMM�`Biû /ǶQ`/`2 k BKTHB[m2 H� bi�iBQMM�`Biû BMi`BMbĕ[m2X

.2 MQK#`2mb2b �M�Hvb2b ;ûQbi�iBbiB[m2b T2mp2Mi āi`2 2KTHQvû2b TQm` HǶûim/2
/ǶmM2 7QM+iBQM �Hû�iQB`2 Z(x)X G� +�`�+iû`Bb�iBQM /2 H� bi`m+im`2 bT�iB�H2 2i /2
HǶ�miQ+Q``ûH�iBQM 2bi H� T`2KBĕ`2 ûi�T2 /Ƕ�M�Hvb2 /2 +2b 7QM+iBQMbX *2ii2 /2b+`BT@
iBQM /2 H� p�`B�#H2 bǶ�TTmB2 bm` HǶûH�#Q`�iBQM /ǶmM p�`BQ;`�KK2 Qm +Q``ûHQ;`�KK2
[mB bQMi /2b 7QM+iBQMb [mB KQ/ûHBb2Mi H� /ûT2M/�M+2 bT�iB�H2 2Mi`2 Q#b2`p�iBQMbX
GǶBM/mbi`B2 KBMBĕ`2 � miBHBbû H� ;ûQbi�iBbiB[m2 �}M /2 TQmpQB` 2biBK2` 2i 2tTHQB@
i2` �m KB2mt +2`i�BMb ;Bb2K2MibX AH ûi�Bi Mû+2bb�B`2 /2 TQmpQB` [m�MiB}2`- ¨ HǶ�B/2
/ǶmM û+?�MiBHHQMM�;2- H� i2M2m` 2M KBM2`�B /ǶmM 2bT�+2 /QMMûX G� bmBi2 HQ;B[m2 /2
+2 T`Q+2bbmb /Ƕ�M�Hvb2 2bi /QM+ HǶBMi2`TQH�iBQM /2 /QMMû2b- [mB bǶ�TTmB2 2M ;ûQ@
bi�iBbiB[m2 bm` H� Kûi?Q/2 /m F`B;2�;2X 1M}M- H� +�`�+iû`Bb�iBQM /ǶmM2 7QM+iBQM
�Hû�iQB`2 T�` bQM p�`BQ;`�KK2 T2`K2i /2 `2T`Q/mB`2 H2 T?ûMQKĕM2 bT�iB�H ûim/Bû
2i b� p�`B�#BHBiû T�` bBKmH�iBQM +2 [mB- /�Mb +2`i�BMb +�b MQM@HBMû�B`2b- 2bi HǶmM2
/2b b2mH2b QTiBQMb /BbTQMB#H2bX *2b i`QBb �TT`Q+?2b bQMi /ûi�BHHû2b /�Mb H2b b2+iBQMb

kj



p�`BQ;`�T?B2- BMi2`TQH�iBQM bT�iB�H2 2i bBKmH�iBQMbX

GǶûim/2 /2 H� bi`m+im`2 bT�iB�H2 /2b 7QM+iBQMb �Hû�iQB`2b 2bi ;ûMû`�H2K2Mi H� T`2@
KBĕ`2 ûi�T2 /�Mb H2 T`Q+2bbmb �M�HviB[m2X 1M ;ûQbi�iBbiB[m2- H� /2b+`BTiBQM /2 +2ii2
bi`m+im`2 T�bb2 T�` HǶûH�#Q`�iBQM /ǶmM2 7QM+iBQM T2`K2ii�Mi /2 KQ/ûHBb2` H� /ûT2M@
/�M+2 bT�iB�H2 �TT2Hû2 p�`BQ;`�KK2X PM MQKK2 p�`BQ;`�T?B2 HǶûim/2 /ûi�BHHû2 2i
H� KQ/ûHBb�iBQM /m Qm /2b p�`BQ;`�KK2b /m D2m /2 /QMMû2b +QMbB/û`ûX

AH 7�mi /BbiBM;m2` H2 p�`BQ;`�KK2 2tTû`BK2Mi�H- Q#i2Mm ¨ HǶ�B/2 /2 H� p�`B�#H2
`û;BQM�HBbû2- /m p�`BQ;`�KK2 i?ûQ`B[m2 [mB +�`�+iû`Bb2 H� 7QM+iBQM �Hû�iQB`2X G2 p�@
`BQ;`�KK2 2tTû`BK2Mi�H M2 /QMM2 H� bi`m+im`2 bT�iB�H2 [m2 TQm` /2b TQBMib TQM+@
im2Hb bûT�`ûb T�` /2b BMi2`p�HH2b /2 /Bbi�M+2 h /û}MBb T�` H2 TH�M 2tTû`BK2Mi�HX AH
2bi +�H+mHû �BMbB ,

ˆγ(h) =
1

2N(h)

N(h)
∑

i=1

[z(xi)− z(xi + h)]ȷ UkX8V

N(h) `2T`ûb2Mi2 H2b T�B`2b /2 TQBMib bûT�`ûb T�` H� /Bbi�M+2 h 2i xi H2b TQBMib
/Ƕû+?�MiBHHQM�;2X

aQBi H� 7QM+iBQM Z(x)- /QMi QM 7�Bi HǶ?vTQi?ĕb2 [m2 HǶ2bTû`�M+2 m 2bi +QMbi�Mi2
UE[Z(x)] = mVX .�Mb +2 +�b- QM T2mi û+`B`2 E[Z(x + h) − Z(x)] = 0 .2 THmb ,
V ar[Z(x)− Z(x+ h)] = E[Z(x)− Z(x+ h)]ȷ = 2γ(h)X

*2b /2mt ?vTQi?ĕb2b 7Q`K2Mi H� bi�iBQMM�`Biû 2i QM /Bi [m2 Z(x) 2bi BMi`BMbĕ[m2
2i /ǶQ`/`2 kX G� p�H2m` γ(h) `2T`ûb2Mi2 H� /2KB@p�`B�M+2 bT�iB�H2 ¨ HǶ�++`QBbb2K2Mi
h- MQKKû2 p�`BQ;`�KK2X

G2 p�`BQ;`�KK2 2bi HǶQmiBH [mB T2`K2i /2 K2bm`2` HǶ�miQ+Q``ûH�iBQM bT�iB�H2X lM
HB2M /B`2+i T2mi āi`2 ûi�#HB 2Mi`2 γ(h) 2i C(h) ,

γ(h) =
1

2
V ar[Z(x)− Z(x+ h)]

=
1

2
V ar[Z(x)] + V ar[Z(x+ h)]− 2Cov[Z(x), Z(x+ h)]

= σȷ − Cov[Z(x), Z(x+ h)] = σȷ − C(h)

UkXeV

h`QBb +�`�+iû`BbiB[m2b T`BM+BT�H2b T2`K2ii2Mi /2 /û+`B`2 +2ii2 7QM+iBQM U};m`2 kXkV ,
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ě H2 T�HB2` , BH `2T`ûb2Mi2 H� p�`B�M+2 /2 H� 7QM+iBQM �Hû�iQB`2 UV ar[Z(x)]V-

ě H� TQ`iû2 , +Ƕ2bi H� /Bbi�M+2 ¨ H�[m2HH2 H2 T�HB2` 2bi �ii2BMiX � +2ii2 /Bbi�M+2-
BH 2bi TQbbB#H2 /2 +QMbB/û`2` [m2 /2mt û+?�MiBHHQMb M2 bQMi THmb +Q``ûHûb /�Mb
HǶ2bT�+2- H� +Qp�`B�M+2 i2M/�Mi p2`b xû`Q-

ě H� TûTBi2 , BH bǶ�;Bi /2 H� HBKBi2 /m p�`BQ;`�KK2 [m�M/ h i2M/ p2`b xû`QX PM
�TT2HH2 H� /Bb+QMiBMmBiû ¨ HǶQ`B;BM2 /m p�`BQ;`�KK2X AH `2T`ûb2Mi2
H2b p�`B�iBQMb ¨ i`ĕb +Qm`i2 û+?2HH2 bT�iB�H2- [mB M2 bQMi T�b T`Bb2b 2M +QKTi2
T�` H2 `2bi2 /m p�`BQ;`�KK2X G2b bQm`+2b /2 HǶ2z2i TûTBi2 bQMi MQK#`2mb2b
2i BM+Hm2b H2b p�`B�iBQMb MQM K2bm`û2b �mt #`mBib HBûb ¨ H� p�`B�#BHBiû /2b
BMbi`mK2Mib /2 K2bm`2X

kXk Ĝ 6Q`K2 ;ûMû`�H2 /ǶmM p�`BQ;`�KK2 i?ûQ`B[m2XG� HB;M2 ?Q`BxQMi�H2
`Qm;2 `2T`ûb2Mi2 H2 T�HB2`X G� HB;M2 p2`iB+�H2 `2T`ûb2Mi2 H� TQ`iû2 /m p�`BQ;`�KK2X
GǶû+�`i ¨ HǶQ`B;BM2 2bi H� `2T`ûb2Mi�iBQM /2 HǶ2z2i TûTBi2X

GǶQ#D2+iB7 /2 H� p�`BQ;`�T?B2 2bi 2MbmBi2 /2 KQ/ûHBb2` H2 p�`BQ;`�KK2 2tTû`B@
K2Mi�H2 �}M /Ƕ�pQB` mM2 K2bm`2 /2 H� +Q``ûH�iBQM bT�iB�H2 TQm` iQmi BM+`ûK2Mib
hX �BMbB- /Bzû`2Mi2b 7QM+iBQMb T2mp2Mi `2T`ûb2Mi2` H� p�`B�M+2 bT�iB�H2 U};m`2 kXjVX
hQmi2 7QM+iBQM M2 T2mi +2T2M/�Mi T�b āi`2 miBHBbû2 TQm` �Dmbi2` H2b p�`BQ;`�KK2b
2tTû`BK2Mi�mtX AH 2bi Mû+2bb�B`2 [m2 H2 p�`BQ;`�KK2 �bbm`2 /2b p�`B�M+2b TQbBiBp2b

k8



[m2HH2b [m2 bQB2Mi H2b +QK#BM�BbQMb HBMû�B`2b /2b 7QM+iBQMb �Hû�iQB`2b +QMbB/û`û2bX
G2b KQ/ĕH2b H2b THmb +Qm`�Mib bQMi U�p2+ a H� TQ`iû2 /m p�`BQ;`�KK2V ,

ě H2 KQ/ĕH2 bT?û`B[m2 , γ(h) = C[3
2
h
a
− 1

2
(h
a
)3] UbB 0 < h < aV 2i

γ(h) = C UbB h ≥ aV

ě H2 KQ/ĕH2 ;�mbbB2M , γ(h) = C[1− exp(−3(h
a
)ȷ)]

ě H2 KQ/ĕH2 +m#B[m2 U+�b /m KQ/ĕH2 TmBbb�M+2V , γ(h) = Chb �p2+ b H� TmBbb�M+2
+QMbB/û`û2X aB b = 1- H� +Qp�`B�M+2 bmBi mM KQ/ĕH2 HBMû�B`2X

ě H2 KQ/ĕH2 2tTQM2MiB2H , γ(h) = C[1− exp(−3h
a
)]

AH 2tBbi2 /Bzû`2Mi2b Kûi?Q/2b TQm` �Dmbi2` mM KQ/ĕH2 /2 p�`BQ;`�KK2 i?ûQ`B[m2
i2H [m2 T`ûb2Miû T`û+û/2KK2Mi ¨ mM p�`BQ;`�KK2 2tTû`BK2Mi�HX *2i �Dmbi2K2Mi
2bi +`m+B�H ¨ HǶûim/2 /ǶmM T?ûMQKĕM2 bT�iB�HX 1M 2z2i- H� 7Q`K2 K�i?ûK�iB[m2 /2
H� /ûT2M/�M+2 bT�iB�H2 +QM/BiBQMM2 HǶBMi2`T`ûi�iBQM /2b `ûbmHi�ib 2i H� +QKT`û?2M@
bBQM /2b T`Q+2bbmb [mB bi`m+im`2Mi H2 T?ûMQKĕM2 ûim/Bû- 2M T�`iB+mHB2` 2M û+QHQ;B2
U_QbbB 2i �HX- RNNkVX G2b Kûi?Q/2b /Ƕ�Dmbi2K2Mi 7QMi /QM+ HǶQ#D2i /ǶmM bQBM iQmi
T�`iB+mHB2` 2M i2`K2b /ǶQTiBKBb�iBQM MmKû`B[m2 2i `2bi2Mi mM +?�KT /2 `2+?2`+?2
2M /ûp2HQTT2K2Mi �+iB7X G� Kûi?Q/QHQ;B2 H� THmb +QKKmM2 bǶ�TTmB2 bm` mM �Dmb@
i2K2Mi ¨ HǶ�B/2 /2b KQBM/`2b +�``ûb- �/�Tiûb 2M i2`K2b /2 T2`7Q`K�M+2 2i pBb�Mi
¨ H� T�`+BKQMB2 [m�Mi �mt MQK#`2b /2 bi`m+im`2 ¨ +QMb2`p2` U.2b�bbBb �M/ _2@
M�`/- kyRjVX *2b �KûHBQ`�iBQMb `2M/2Mi H2b �Dmbi2K2Mib THmb T2`iBM2Mib 2i Q#D2+iB7b-
MQi�KK2Mi /�Mb H� bûH2+iBQM /2b bi`m+im`2b p�`BQ;`�T?B[m2bX *2ii2 bûH2+iBQM /û@
T2M/ /2b bi`m+im`2b [mB bQMi KBb2b 2M 2Mi`û2- TQBMi [mB `2bi2 ¨ HǶ�TT`Q#�iBQM /2
HǶmiBHBb�i2m`- BM/mBb�Mi mM2 T�`i /2 bm#D2+iBpBiû /�Mb H2 T`Q+2bbmb �M�HviB[m2X

GǶ�Dmbi2K2Mi /ǶmM p�`BQ;`�KK2 T2mi û;�H2K2Mi b2 7�B`2 ¨ HǶ�B/2 /ǶmM
X G2 p�`BQ;`�KK2 2biBKû 2bi `2T`ûb2Miû T�` mM2 bQKK2 /2 p�`BQ;`�KK2b

i?ûQ`B[m2b , γ(h) =
∑

i γi(h)X *?�[m2 bi`m+im`2 TQbbĕ/2 bQM T`QT`2 T�HB2` 2i b�
T`QT`2 TQ`iû2X

G2b T`Q+2bbmb bT�iB�mt bQMi Q#b2`pûb [m2 /2 K�MBĕ`2 /Bb+`ĕi2 /�Mb H� K�DQ`Biû
/2b +�b , H2b K2bm`2b bQMi 2z2+imû2b 2M /2b TQBMib /û}MBb /2 HǶ2bT�+2 /û}MB T�` mM

ke



kXj Ĝ 6Q`K2 /2b KQ/ĕH2b p�`BQ;`�T?B[m2b H2b THmb +Qm`�Mib- TQm` mM2
TQ`iû2 ¨ yXd 2i mM T�HB2` ¨ RX

TH�M /Ƕû+?�MiBHHQMM�;2X AH `2bi2 2M 2z2i BKTQbbB#H2 ¨ HǶ?2m`2 �+im2HH2 /Ƕû+?�MiBHHQM@
M2` mM T`Q+2bbmb /2 K�MBĕ`2 +QMiBMm2 /�Mb HǶ2bT�+2X �}M /2 KQ/ûHBb2` H2b +?�KTb
bT�iB�mt Q#b2`pûb /ǶmM2 K�MBĕ`2 +QMiBMm2- mM2 BMi2`TQH�iBQM /2b p�H2m`b Q#b2`pû2b
2bi QTû`û2X GǶBMi2`TQH�iBQM +QMbBbi2 ¨ KQ/ûHBb2` H2 T`Q+2bbmb bT�iB�H ¨ HǶ�B/2 /m p�@
`BQ;`�KK2- iQmi 2M `2bT2+i�Mi H2b p�H2m`b /2 H� p�`B�#H2 `û;BQM�HBbû2 bm` H2b TQBMib
û+?�MiBHHQMMûbX 1M ;ûQbi�iBbiB[m2- +2b Kûi?Q/2b bQMi �TT2Hû2b - 2M ?QK@
K�;2 ¨ .�MB2 :X E`B2;2- BM;ûMB2m` /2b KBM2b bm/@�7`B+�BM [mB 7mi H2 T`2KB2` ¨
�pQB` BM+Hmi H2 p�`BQ;`�KK2 /�Mb HǶBMi2`TQH�iBQM /ǶmM2 p�`B�#H2 `û;BQM�HBbû2- �p�Mi
[m2 H� Kûi?Q/2 M2 bQBi 7Q`K�HBbû2 T�` J�i?2`QM U*`2bbB2- RNNkVX

aQBi Z- H� 7QM+iBQM �Hû�iQB`2 /Ƕ2bTû`�M+2 m- [m2 HǶQM +?2`+?2 ¨ 2biBK2` bQmb
HǶ?vTQi?ĕb2 [mǶ2HH2 bmBp2 mM2 bi�iBQMM�`Biû /ǶQ`/`2 kX γ(h) 2bi H2 p�`BQ;`�KK2 �b@
bQ+Bû ¨ H� p�`B�#H2 2i x1-XXX-xn H2b TQBMib û+?�MiBHHQMMûb 2i x0 H2 TQBMi Qɍ H� p�H2m`
2bi BMi2`TQHû2X G2 F`B;2�;2 `2pB2Mi ¨ `ûbQm/`2 H2b û[m�iBQMb HBMû�B`2b bmBp�Mi2b ,

Z∗(x0) =
n

∑

i=1

λiZ(xi) UkXdV

PM MQi2 Z∗ H2 `ûbmHi�i /m F`B;2�;2 �}M /2 /BbiBM;m2` H2b p�H2m`b BMi2`TQHû2b

kd



/2b p�H2m`b /2 H� 7QM+iBQM ZXG2b p�H2m`b λi bQMi H2b TQB/b /2 F`B;2�;2 Q#i2Mmb ¨
HǶ�B/2 /m p�`BQ;`�KK2X AH MǶ2tBbi2 [mǶmM2 b2mH2 +QK#BM�BbQM /2 λi KBMBKBb�Mi H�
p�`B�M+2 /2b p�H2m`b BMi2`TQHû2bX G2 F`B;2�;2 2bi 2t�+i /�Mb bQM BMi2`TQH�iBQM- /�Mb
H2 b2Mb Qɍ H2b p�H2m`b /2 F`B;2�;2 �mt TQBMib û+?�MiBHHQMMûb bQMi +2HH2b Bbbm2b /2
HǶû+?�MiBHHQMM�;2X G2b û[m�iBQMb [mB T2`K2ii2Mi /Ƕ�++û/2` �mt p�H2m`b /2 λi bQMi ,

N
∑

j

λjγ(xi − xj) +m = γ(x0 − xi)
N
∑

i

λi = 1 UkX3V

�p2+ m H� KQv2MM2 BM+QMMm2 /2 H� 7QM+iBQM �Hû�iQB`2X G� /2mtBĕK2 û[m�iBQM 2bi H�
+QMi`�BMi2 /Ƕ�#b2M+2 /2 #B�BbX *2b û[m�iBQMb bQMi û+`Bi2b bQmb 7Q`K2 K�i`B+B2HH2 /2
H� K�MBĕ`2 bmBp�Mi2 ,

















λ1

λ2

.

λN

m

















=

















γ(x1 − x1) .. γ(x1 − xN) 1

γ(x2 − x1) .. γ(x2 − xN) 1

. .. . .

γ(xN − x1) .. γ(xN − xN) 1

1 .. 1 0

















−1























γ(x0 − x1)

γ(x0 − x2)

.

.

γ(x0 − xN)

1























UkXNV

[mB /QMM2 2M û+`Bim`2 `û/mBi2 , λ0 = Γ−1
ij γ0X

AH 2tBbi2 /Bzû`2Mi2b 7�ÏQMb /ǶQTû`2` mM F`B;2�;2X G� Kûi?Q/QHQ;B2 2tTHQ`û2 +B@
/2bbmb 2bi H2 X GQ`b[m2 H� KQv2MM2 MǶ2bi T�b +QMMm2 2M �KQMi /m
F`B;2�;2- K�Bb bmTTQbû2 +QMbi�Mi2- QM T�`H2 /2 X G2 F`B;2�;2
T2mi û;�H2K2Mi āi`2 KmHiBp�`Bû , QM T�`H2 /2 HQ`b[m2 HǶQM miBHBb2 H2b BM7Q`@
K�iBQMb /2 k Qm THmbB2m`b 7QM+iBQMb �Hû�iQB`2b Zi(x)X �BMbB- H2b `2H�iBQMb bT�iB�H2b
2Mi`2 H2b /Bzû`2Mi2b p�`B�#H2b T2mp2Mi �{M2` H2b T`û/B+iBQMb 2i `û/mB`2 H2b 2``2m`b
�bbQ+Bû2b �mt 2biBK�iBQMb UpQB` +?�TBi`2 dVX

G� 7QM+iBQM �Hû�iQB`2 2bi Dmb[mǶB+B ûim/Bû2 �m i`�p2`b /2 b� b2mH2 `û�HBb�iBQM
û+?�MiBHHQMMû2X .�Mb +2`i�BMb +�b- BH T2mi āi`2 miBH2 /2 i`�p�BHH2` �p2+ THmbB2m`b

k3



`û�HBb�iBQMb Ǵ�`iB}+B2HH2bǴ �m HB2m /2 HǶmMB[m2 `û�HBb�iBQM û+?�MiBHHQMMû2X *2b `û�HB@
b�iBQMb �`iB}+B2HH2b bQMi /2b bBKmH�iBQMb ;ûQbi�iBbiB[m2bX 1HH2b pBb2Mi ¨ ;ûMû`2` mM
+?�KT �Hû�iQB`2 `2T`Q/mBb�Mi H� p�`B�#BHBiû /2 H� 7QM+iBQM �Hû�iQB`2X *QMi`�B`2K2Mi
�mt F`B;2�;2b- [mB 2M i�Mi [m2 `û;`2bbBQMb `û/mBb2Mi H� p�`B�#BHBiû /2b `ûbmHi�ib-
H2b bBKmH�iBQMb `2T`Q/mBb2Mi /QM+ H� p�`B�#BHBiû +QMi2Mm2 /�Mb H2 KQ/ĕH2 p�`BQ;`�@
T?B[m2 [mB- bB HǶ�Dmbi2K2Mi /m KQ/ĕH2 2bi T2`iBM2Mi- bǶ�TT`Q+?2 /2 +2HH2 /�Mb H�
`û�HBiûX G2b bBKmH�iBQMb ;ûQbi�iBbiB[m2b T2mp2Mi +QMbB/û`2` H2b p�H2m`b �mt TQBMib
û+?�MiBHHQMMûb T2`K2ii�Mi �BMbB mM2 bBKmH�iBQM +QM/BiBQMMû2 UT�` H2 D2m /2 /QMMû2b
2Mi`�MiVX G� +QMbi`m+iBQM /2 +2b bBKmH�iBQMb Mû+2bbBi2 TQmpQB` TH2BM2K2Mi +�`�+iû`B@
b2` mM2 7QM+iBQM �Hû�iQB`2 ¨ T�`iB` /2 b� 7QM+iBQM /2 +Qp�`B�M+2X G2 KQ/ĕH2 ;�mbbB2M
2bi �BMbB ;ûMû`�H2K2Mi miBHBbû 2i H2b bBKmH�iBQMb ;ûMĕ`2Mi /2b 7QM+iBQMb �Hû�iQB`2b
;�mbbB2MM2bX G2 +?�KT ;�mbbB2M �Hû�iQB`2 `ûbmHi�Mi 2bi +QKTQbû /2 p�H2m`b bBKm@
Hû2b b2HQM mM2 /Bbi`B#miBQM MQ`K�H2 UQm ;�mbbB2MM2V 2i +�`�+iû`Bbû T�` mM2 bi`m+im`2
bT�iB�H2 `2T`ûb2Miû2 T�` mM p�`BQ;`�KK2X

GǶmM2 /2b T`2KBĕ`2b Kûi?Q/2b /2 bBKmH�iBQM 2bi H� Kûi?Q/2 /2b #�M/2b iQm`@
M�Mi2b UJ�MiQ;HQm �M/ qBHbQM- RN3kVX 1HH2 +QMbBbi2 ¨ i`�+2` /�Mb mM 2bT�+2 U¨ /2mt
Qm i`QBb /BK2MbBQMbV mM2 bû`B2 /2 HB;M2b U#�M/2bV bm` H2b[m2HH2b H2b p�H2m`b bQMi bB@
KmHû2b b2HQM mM2 +Qp�`B�M+2 /û/mBi2 /2 H� +Qp�`B�M+2 /m p�`BQ;`�KK2X GǶ�xBKmi /2
+2b #�M/2b 2bi p�`B�#H2 2i THmbB2m`b +2Mi�BM2b /2 #�M/2b bQMi Mû+2bb�B`2b TQm` ûHB@
KBM2` H2b �`i27�+ib MmKû`B[m2b U};m`2 kX9VX G2b bBKmH�iBQMb bǶ2z2+im2Mi bm` +?�[m2
#�M/2X G2 `ûbmHi�i /2 +2ii2 bBKmH�iBQM 2bi 2MbmBi2 ûi2M/m bm` mM2 HB;M2 T2`T2M/B@
+mH�B`2 ¨ HǶ�xBKmiX G� p�H2m` Q#i2Mm2 ¨ H� }M /m T`Q+2bbmb /2 #�M/2b iQm`M�Mi2b
+Q``2bTQM/ ¨ H� KQv2MM2 /m `ûbmHi�i /2 HǶ2Mb2K#H2 /2b bBKmH�iBQMbX *?�[m2 #�M/2
2bi mM T`Q+2bbmb /2 KQv2MM2 y 2i /2 +Qp�`B�M+2 C1(φ)- Qm φ 2bi H� +QQ`/QMMû2 bm`
H� #�M/2 iX *2ii2 +Qp�`B�M+2 M2 +Q``2bTQM/ T�b ¨ H� +Qp�`B�M+2 /2 H� p�`B�#H2 [m2
HǶQM +?2`+?2 ¨ bBKmH2` BMBiB�H2K2Mi- K�Bb 2bi +`ûû2 ¨ T�`iB` /2 +2HH2@+BX G� p�H2m`
TQm` mM TQBMi N /2 HǶ2bT�+2 2bi /QMMû2 T�` ,

zs(xN) =
1√
L

L
∑

i=1

zi(xN .ui) UkXRyV

Qɍ zs `2T`ûb2Mi2 H� p�`B�#H2 bBKmHû2- L H2 MQK#`2 /2 #�M/2b iQi�H 2i ui H� T`QD2+iBQM
/m p2+i2m` xN bm` H� HB;M2 iX

kN



kX9 Ĝ aBKmH�iBQM MQM +QM/BiBQMM2HH2 T�` #�M/2b iQm`M�Mi2b �p2+ U�V R
#�M/2- U#V Ry #�M/2b- U+V Ryy #�M/2b 2i U/V Ryyy #�M/2b

G2 +?�KT ;�mbbB2M Q#i2Mm T�` H2b #�M/2b iQm`M�Mi2b 2bi /2 KQv2MM2 y 2i H�
+Qp�`B�M+2 /2 +?�[m2 #�M/2 TQm` /2mt TQBMib xt 2i xv 2bi /QMMû2 T�` ,

Cs(xt, xv) = E[Zs(xt)Zs(xv)]

=
1

L

L
∑

i

L
∑

j

E[Zi(xtut)Zj(xvuj)]
UkXRRV

SmBb[m2 H2b bBKmH�iBQMb bQMi BM/ûT2M/�Mi2b E[Zi(xtut)Zj(xvuj)] p�mi xû`Q- b�m7
bB i = jX *2 [mB /QMM2 �HQ`b ,

Cs(xt, xv) =
1

L

L
∑

i

E[Zi(xt ∗ ut) ∗ Zi(xv ∗ ui)]

=
1

L

L
∑

i

C1(hui)

UkXRkV

�p2+ h4xv −xt 2i C1(hui) H� +Qp�`B�M+2 ¨ mM2 /BK2MbBQM /m T`Q+2bbmb /2 H� #�M/2
i /�Mb mM +�/`2 bi�iBQMM�B`2 /ǶQ`/`2 kX G� T�`iB2 /`QBi2 /2 HǶû[m�iBQM M2 /ûT2M/�Mi
[m2 /2 h- /�Mb H2 +�/`2 bi�iBQMM�B`2 2i BbQi`QTB[m2 QM Q#iB2Mi ,

Cs(xt, xv) = Cs(h) =
1

L

L
∑

i

C1(hui) UkXRjV

SQm` mM MQK#`2 /2 #�M/2b BM}MB- 2i TQm` mM 2bT�+2 2M k /BK2MbBQMb- HǶû[m�iBQM

jy



+B@/2bbmb /QMM2 ,
Cs(h) =

1

2π

∫

cercleunite

C1(hu)du UkXR9V

PM Q#iB2Mi /QM+ mM2 `2H�iBQM [mB T2`K2i /ǶQ#i2MB` H2b /Bzû`2Mi2b +Qp�`B�M+2b
T�` #�M/2 2M 7QM+iBQM /2 H� +Qp�`B�M+2 [m2 HǶQM +?2`+?�Bi ¨ bBKmH2`X

.�Mb H2 +�b /2b p�`B�#H2b +�iû;Q`B2HH2b- H2b bBKmH�iBQMb bQMi QTû`û2b T�` H� Kûi?Q/2
/2b ;�mbbB2MM2b b2mBHHû2b U"2m+?2` �M/ _2M�`/- kyReVX G2b p�`B�#H2b +�iû;Q`B2HH2b M2
TQmp�Mi āi`2 BMiû;`û2b /�Mb H2m` ûi�i BMBiB�H- mM2 i`�Mb7Q`K�iBQM 2M p�H2m`b MmKû@
`B[m2b T�` H2 #B�Bb /2 p�`B�#H2b BM/B+�i`B+2b 2bi Mû+2bb�B`2- /�Mb H2b[m2HH2b H� p�H2m`
2bi û;�H2 ¨ R HQ`b[m2 H2 TQBMi p�mi H� KQ/�HBiû +QMbB/û`û2- y bBMQMX

aQBi Z(x) mM2 7QM+iBQM �Hû�iQB`2 [m�HBi�iBp2 �p2+ K KQ/�HBiûbX PM MQi2 Ik

HǶBM/B+�i`B+2 /2 H� KQ/�HBiû k [mB 2bi +Q/û2 �BMbB ,

Ik(x) =







1, bB x �TT�`iB2Mi ¨ H� KQ/�HBiû k

0, bBMQM
UkXR8V

AH v � /QM+ �mi�Mi /ǶBM/B+�i`B+2b [m2 /2 KQ/�HBiûb /�Mb H� p�`B�#H2 +�iû;Q`B2HH2X
*2ii2 i`�Mb7Q`K�iBQM 2M p�`B�#H2 [m�MiBi�iBp2 T2`K2i �HQ`b H� +QMbi`m+iBQM /ǶmM
p�`BQ;`�KK2X GǶ2bTû`�M+2 /2 Ik(x) +Q``2bTQM/ ¨ H� T`Q#�#BHBiû /2 i`Qmp2` H� KQ@
/�HBiû k bm` x- E[Ik(x)] = P [x ∈ k]X .�Mb mM +�b bi�iBQMM�B`2- +2ii2 T`Q#�#BHBiû 2bi
+QMbi�Mi2 /�Mb HǶ2bT�+2X

PM MQi2 �BMbB H2 p�`BQ;`�KK2 /2 HǶBM/B+�i`B+2 Ik(x) ,

γ(h) =
1

2
V ar[Ikk − Ik(x+ h)]

=
1

2
E[Ikk − Ik(x+ h)]ȷ

=
1

2
(P [x ∈ k, x+ h 6∈ k] + P [x 6∈ k, x+ h ∈ k])

UkXReV

:`�+2 ¨ +2b /ûp2HQTT2K2Mib- H2b p�`BQ;`�KK2b +`QBbûb 2Mi`2 +?�[m2 +QmTH2 /2
KQ/�HBiûb T2mp2Mi āi`2 2biBKûb- K�Bb b2HQM H2m` MQK#`2- H2m`b �M�Hvb2b T2mp2Mi āi`2
`2M/m2b /B{+BH2b T�` H2b i2KTb /2 +�H+mHb 2i H2 pQHmK2 /2b `ûbmHi�ibX GǶ�TT`Q+?2

jR



/2b ;�mbbB2MM2b b2mBHHû2b T2`K2i /2 bBKTHB}2` +2b �M�Hvb2bX 1HH2 +QMbB/ĕ`2 H2b /Bzû@
`2Mi2b KQ/�HBiûb /2 H� p�`B�#H2 +�iû;Q`B2HH2 +QKK2 H2 `ûbmHi�i /ǶmM +?�KT ;�mbbB2M
�Hû�iQB`2X G2b p�H2m`b /2 +2 +?�KT bQMi 2MbmBi2 b2mBHHû2b TQm` Q#i2MB` H2b /Bzû`2Mi2b
KQ/�HBiûb /2 H� p�`B�#H2 +�iû;Q`B2HH2X .�Mb H2 +�/`2 /2 H� ;�mbbB2MM2 b2mBHHû2- H� 7QM+@
iBQM /2 /2MbBiû +mKmHû2 /2b p�H2m`b ;�mbbB2MM2b 2bi /û+QmTû2 2M BMi2`p�HH2b /QMi H�
T`QTQ`iBQM /2 p�H2m`b [mǶBHb +QKT`2MM2Mi +Q``2bTQM/ ¨ H� T`Q#�#BHBiû /2 T`ûb2M+2
/2 H� KQ/�HBiû +QMbB/û`û2 U};m`2 kX8VX G� HQ+�HBb�iBQM /2 HǶBMi2`p�HH2 bm` HǶ�t2 /2b
�#b+Bbb2b /2 H� 7QM+iBQM /2 /2MbBiû +Q``2bTQM/ ¨ +2 [mB 2bi �TT2Hû H� `ĕ;H2 /2b 7�+BĕbX
*2ii2 `ĕ;H2 T2`K2i /2 +QM/BiBQMM2` H2b 2M+?�ŗM2K2Mib 2Mi`2 H2b KQ/�HBiûb /�Mb HǶ2b@
T�+2X *2ii2 Q`/BM�iBQM /2b KQ/�HBiûb /2 H� p�`B�#H2 +�iû;Q`B2HH2 T2`K2i /2 +Q/B}2`
HǶQ`/`2 /2b KQ/�HBiûb Q#b2`pû2b- HQ`b[mǶBH 2tBbi2X PM +Bi2`� T�` 2t2KTH2 HǶûi�;2K2Mi
/2b xQM2b #�i?vKûi`B[m2b HBiiQ`�H2b Qm H� bm++2bbBQM /2 7�+Bĕb bû/BK2Mi�B`2b /2 ;`�@
MmHQKûi`B2 +`QBbb�Mi2 /QMi HǶQ`/`2 /2b KQ/�HBiûb /2pB2Mi 2tTHB+Bi2 /�Mb H2 +�/`2 /2
+2b ;�mbbB2MM2b b2mBHHû2bX aB mM BMi2`p�HH2 2bi bBimû �m +2Mi`2 /2 H� /Bbi`B#miBQM ;�mb@
bB2MM2- H2 p�`BQ;`�KK2 /2 HǶBM/B+�i`B+2 �bbQ+Bû2 �m`� mM2 7�B#H2 TQ`iû2X � HǶBMp2`b2-
bB HǶBMi2`p�HH2 2bi bm` H2b p�H2m`b 2ti`āK2b TQbBiBp2b Qm Mû;�iBp2b- H2 p�`BQ;`�KK2
�m`� mM2 HQM;m2 TQ`iû2 U"2m+?2` �M/ _2M�`/- kyReVX

lM2 Kûi?Q/2 /û`Bpû2 T2`K2i /2 KQ/B}2` HǶQ`/BM�iBQM /2b p�H2m`b- 2M +`QBb�Mi
THmbB2m`b +?�KTb �Hû�iQB`2b ;�mbbB2MbX AH 2bi �BMbB TQbbB#H2 /2 `2M/`2 +QKTi2 /�Mb
+2b p�`B�#H2b +�iû;Q`B2HH2b- /2 T`Q+2bbmb û+QHQ;B[m2b THmb +QKTH2t2bX PM T�`H2 �HQ`b
/2 THm`B;�mbbB2MM2b b2mBHHû2b U+?�TBi`2 dVX

"B2M [m2 T`Qp2M�Mi /2b b+B2M+2b KBMBĕ`2b- HǶmiBHBb�iBQM /2 H� ;ûQbi�iBbiB[m2
bǶûi2M/ K�BMi2M�Mi ¨ /Bzû`2Mib /QK�BM2b- [m2 +2 bQBi 2M b+B2M+2b �iKQbT?û`B[m2b
U1MF?im`- kyRjV- Qm mM /QK�BM2 THmb T`Q+?2 /2 HǶBM/mbi`B2 KBMBĕ`2- H� ;ûQHQ;B2
U1K2`v �M/ J�H2FB- kyRNVX 1M û+QHQ;B2- H� ;ûQbi�iBbiB[m2 2bi T`BM+BT�H2K2Mi miB@
HBbû2 /�Mb HǶûim/2 /2 H� /Bbi`B#miBQM bT�iB�H2 /2b 2bTĕ+2b UJQM2biB2x 2i �HX- kyy8 c
>Qbb2BMB 2i �HX- kyRjVX 1M ?�HB2miB[m2- 2HH2 2bi 2bb2MiB2HH2K2Mi miBHBbû2 TQm` 2biB@
K2` H� #BQK�bb2 /2b TQTmH�iBQMb 2tTHQBiû2b U:`�#QrbFB 2i �HX- kyy8 c :�bi�m2`
2i �HX- kyRdVX *2b 2biBK�iBQMb miBHBb2Mi bQmp2Mi /2b Kûi?Q/2b /2 F`B;2�;2 TQm`
[m�MiB}2` +2b #BQK�bb2bX GǶBKTQ`i�M+2 /2 +2b 2biBK�iBQMb 2M i2`K2 QTû`�iBQMM2H

jk



kX8 Ĝ S`Q+2bbmb /2 bBKmH�iBQM /ǶmM2 p�`B�#H2 +�iû;Q`B2HH2 T�` ;�mbbB2MM2
b2mBHHû2 U�V /QMMû2b BMBiB�H2b ¨ /2mt KQ/�HBiûb- U#V +?�KT ;�mbbB2M �Hû�iQB`2 Q#i2Mm
T�` bBKmH�iBQM +QM/BiBQMM2HH2 T�` #�M/2 iQm`M�Mi2b- U+V 7QM+iBQM /2 /2MbBiû +mKm@
Hû2 c H� HB;M2 ?Q`BxQMi�H2 `2T`ûb2Mi2 H� T`QTQ`iBQM /2 +?�[m2 KQ/�HBiû- U/V +?�KT
;�mbbB2M �Hû�iQB`2 b2mBHHû `ûbmHi�Mi /2 H� bBKmH�iBQM /2 H� p�`B�#H2 +�iû;Q`B2HH2X

U2HH2b T2mp2Mi +QM/BiBQMM2` H2b [mQi�b /2 Tā+?2 �zû`2Mib T�` 2t2KTH2V � +QM/mBi
�m /ûp2HQTT2K2Mi /2 /Bzû`2Mi2b Kûi?Q/2b /2 F`B;2�;2X �BMbB- H2b û+?�MiBHHQMM�;2b
�+QmbiB[m2b /2 T2iBib TûH�;B[m2b- Qɍ H2b ~m+im�iBQMb T2mp2Mi āi`2 BKTQ`i�Mi2b- bQMi
ûim/Bûb T�` F`B;2�;2 /BbDQM+iB7 US2iBi;�b- RNNjVX .�Mb +2 +�/`2- H2b [m�MiBH2b /2 HǶ?Bb@
iQ;`�KK2 /2b /2MbBiûb bQMi bûT�`ûb 2i +Q/ûb T�` /2b BM/B+�i`B+2b [mB bQMi 2MbmBi2
�M�Hvbû2bX lM2 �mi`2 �TT`Q+?2 2bi H2 +Q@F`B;2�;2- [mB �{M2 H2b `ûbmHi�ib 2M T`2M�Mi
2M +QKTi2 H2b `2H�iBQMb bT�iB�H2b 2Mi`2 H� #BQK�bb2 Qm H2b /2MbBiûb /ǶmM2 2bTĕ+2 2i
/2b p�`B�#H2b 2MpB`QMM2K2Mi�H2b U:2Q`;�F�`�FQb �M/ EBibBQm- kyy3 c �KB`B 2i �HX-
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kyRdVX G2b `2H�iBQMb 2Mi`2 2bTĕ+2b 2i 2MpB`QMM2K2Mi bQMi `�`2K2Mi ûim/Bû2b /�Mb
mM +�/`2 ;ûQbi�iBbiB[m2- K�H;`û [m2H[m2b i`�p�mt MQi�#H2b- 2X;X "2HHB2` 2i �HX UkyRyVX
G2b /Bzû`2Mi2b Kûi?Q/2b ;ûQbi�iBbiB[m2b T`ûb2Miû2b /�Mb +2 +?�TBi`2 b2`QMi miBHBbû2b
TQm` �KûHBQ`2` HǶBMiû;`�iBQM /2 H� +QKTQb�Mi2 bT�iB�H2 /�Mb H2b `2H�iBQMb 2bTĕ+2b
2i 2MpB`QMM2K2Mi 2M 2bim�B`2 /2 a2BM2X G� p�`BQ;`�T?B2 b2`� miBHBbû2 ¨ H� 7QBb TQm`
B/2MiB}2` Q#D2+iBp2K2Mi H2b p�`B�#H2b H2b THmb bi`m+im`û2b bT�iB�H2K2Mi U+?�TBi`2 eV
2i ûim/B2` H2b `2H�iBQMb 2Mi`2 2bTĕ+2b 2i 2MpB`QMM2K2Mi U+?�TBi`2 dVX G2 F`B;2�;2
T2`K2ii`� /ǶBMi2`TQH2` H2b /2MbBiûb /2 DmpûMBH2b Q#b2`pû2b 2i ûim/B2` H2b p�`B�iBQMb
BMi2`@�MMm2HH2b U+?�TBi`2 dVX 1M}M H2b bBKmH�iBQMb b2`QMi miBHBbû2b /�Mb H2 +�/`2 /2
H� KQ/ûHBb�iBQM /2 p�`B�#H2b +�iû;Q`B2HH2b [mB /û}MBbb2Mi H2 KBHB2m K�`BM U+?�TBi`2
dVX
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G2b i`�p�mt K2Mûb /m`�Mi +2ii2 i?ĕb2 bǶBMiû`2bb2Mi �m 7QM+iBQMM2K2Mi /2 H�
MQm``B+2`B2 /2 HǶ2bim�B`2 /2 a2BM2X *2T2M/�Mi- �}M /2 KB2mt +QKT`2M/`2 H2 7QM+@
iBQMM2K2Mi 2i HǶBKTQ`i�M+2 /2 +2i 2bim�B`2- BH 2bi Mû+2bb�B`2 /2 TH�+2` +2 /2`MB2`
/�Mb mM2 2MiBiû ;ûQ;`�T?B[m2 THmb H�`;2 , H� #�B2 /2 a2BM2 2HH2@KāK2X *2ii2 +QMi2t@
im�HBb�iBQM /2 H� xQM2 /Ƕûim/2 T2`K2i /2 KB2mt +2`M2` H2b T`Q+2bbmb T?vbB[m2b 2i
#BQHQ;B[m2b TQmp�Mi BM~m2M+2` H2 7QM+iBQMM2K2Mi /2 HǶ2bim�B`2X *2 i`�p�BH � ûiû
K2Mû /�Mb H2 +�/`2 /ǶmM bi�;2 /2 J�bi2` k [m2 DǶ�B +Q@2M+�/`û U_Bp2i- kykyVX *2
+?�TBi`2 `2T`2M/ /QM+ +2 i`�p�BH 2i b2b �#QmiBbb2K2Mib H2b THmb T2`iBM2Mib- +2mt
�v�Mi +QMi`B#mû ¨ +QKTHûi2` H� +QKT`û?2MbBQM /2 H� MQm``B+2`B2X

G� #�B2 /2 a2BM2 2bi mM2 #�B2 /2 H� J�M+?2- bBimû2 bm` H� +Ƭi2 LQ`K�M/2- 2i
/�Mb H�[m2HH2 b2 /ûp2`b2 H� a2BM2X 1HH2 2bi /ûHBKBiû2 T�` H� T`2b[mǶŗH2 /m *Qi2MiBM ¨
HǶQm2bi- H2 *�Hp�/Qb �m bm/ 2i H� a2BM2@J�`BiBK2 ¨ HǶ2biX �m MQ`/- mM2 HB;M2 `2HB�Mi
H� TQBMi2 /2 "�`~2m` UMQ`/@2bi *Qi2MiBMV 2i H2 +�T /2 H� >ĕp2 U�m MQ`/ /m >�p`2V
`2T`ûb2Mi2 H� HBKBi2 MQ`/ /2 H� #�B2 U};m`2 jXRVX
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jXR Ĝ G� #�B2 /2 a2BM2X G2b T`BM+BT�mt TQ`ib 2i ~2mp2b bQMi KBb 2M ûpB/2M+2X

G� #�B2 2M;HQ#2 HǶ2bim�B`2 /2 a2BM2 ¨ HǶ2bi 2i H� "�B2 /2b o2vb ¨ HǶQm2bi- [mB
2bi H2 /û#Qm+?û /2 THmbB2m`b ~2mp2b MQ`K�M/b UHǶ�m`2- H� .Qmp2- H� oB`2 2i H�
h�mi2VX 1HH2 2bi `2H�iBp2K2Mi T2m T`Q7QM/2 �p2+ 2M KQv2MM2 ky Kĕi`2b /2 7QM/-
2i /2b K�tBKmKb HQ+�mt /2 8y Kĕi`2b ¨ H� HBKBi2 MQ`/X G� #�B2 /2 a2BM2 2bi
K�+`QiB/�H2- �p2+ /2b K�`M�;2b �HH�Mi Dmb[m2 3 Kĕi`2b HQ`b[m2 H2b +Q2{+B2Mib /2
K�`û2 �ii2B;M2Mi Rky UTQ`i�BH /�i� a>PJ ?iiTb,ff/�i�Xb?QKX7`fVX *2 K�`M�;2
BM/mBi mM2 +B`+mH�iBQM iB/�H2 ûH2pû2 [mB T2`K2i H2b û+?�M;2b 2Mi`2 H2b 2K#Qm+?m`2b
/2 ~2mp2b 2i H2b 7QM/b /2 H� J�M+?2 Uh?Bû#�mi 2i �HX- RNN3VX G2b 7QM/b /2 H� #�B2 /2
a2BM2 bQMi �BMbB T`BM+BT�H2K2Mi ;`QbbB2`b �p2+ /2b ;`�pB2`b Qm b�#H2b 2i 7Q`K2Mi mM
2Mb2K#H2 `2H�iBp2K2Mi ?QKQ;ĕM2 /Ƕ?�#Bi�ib #2Mi?B[m2b bm` H2 +2Mi`2 /2 H� #�B2X G�
#�B2 /2b o2vb �BMbB [m2 HǶ2bim�B`2 /2 a2BM2 T`ûb2Mi2Mi /2b 7�+Bĕb ;`�MmHQKûi`B[m2b
/Bzû`2Mib /2 +2mt `2M+QMi`ûb /�Mb H� T�`iB2 +2Mi`�H2 /2 H� #�B2- �p2+ /2b b�#H2b THmb
}Mb �BMbB [m2 /2b p�b2b /�Mb H� T�`iB2 Q`B2Mi�H2X *2b /ûTƬib /2 p�b2b iûKQB;M2Mi /2
HǶBKTQ`i�M+2 /2b ~mt bû/BK2Mi�B`2b 2Mi`�ŗMûb T�` H� a2BM2X *2 ~2mp2 `2T`ûb2Mi2 ¨ HmB
b2mH THmb /2 H� KQBiBû /2b ~mt /Ƕ2�mt /Qm+2b 7`�MÏ�Bb p2`b H� J�M+?2 U.m#QBb- kyRkV
2i /`�BM2 mM #�bbBM p2`b�Mi /2 de yyyFKȷ [mB �++m2BHH2 ReXd KBHHBQMb /Ƕ?�#Bi�Mib
U/QMi RkX9 ¨ S�`BbVX G� T`ûb2M+2 /2 7Q`i2b xQM2b m`#�BM2b �BMbB [m2 /2 ;`�M/2b xQM2b
/Ƕ2tTHQBi�iBQM �;`B+QH2b U8eXdW /2 H� bm`7�+2 /m #�bbBMV QMi 2Mi`�ŗMû /2b TQHHmiBQMb
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+?BKB[m2b 2i Q`;�MB[m2b T2M/�Mi H2b /2`MBĕ`2b /û+2MMB2b- [mB b2 `2i`Qmp2Mi /�Mb H�
#�B2 /2 a2BM2 U6HBTQ 2i �HX- kykRVX

aB H� #�B2 /2 a2BM2 2bi BM~m2M+û2 T�` H2b �+iBpBiûb ?mK�BM2b /m #�bbBM p2`@
b�Mi- 2HH2 +QM+2Mi`2 �mbbB /2 KmHiBTH2b �+iBpBiûb �Mi?`QTB[m2bX G� LQ`K�M/B2 2bi
H� /2mtBĕK2 `û;BQM 7`�MÏ�Bb2 2M i2`K2b /Ƕ�+iBpBiûb /2 Tā+?2- /2``Bĕ`2 H� "`2i�;M2
U*_SJ1J- kykyVX *2b /2`MBĕ`2b bQMi T`BM+BT�H2K2Mi +ƬiBĕ`2b U¨ HǶBMiû`B2m` /2b
Rk KBHH2b M�miB[m2bV 2i i`ĕb /Bp2`bB}û2b 2M i2`K2b /Ƕ2bTĕ+2b +B#Hû2b 2i /2 T`�iB[m2
UhQBbQM �M/ >�KQM- kyRjVX S�`KB H2b /Bt 2bTĕ+2b T`BM+BT�H2b 2M i2`K2 /2 p�H2m`
K�`+?�M/2- QM `2i`Qmp2 H� +Q[mBHH2 a�BMi C�+[m2b U/QMi H� #�B2 /2
a2BM2 2bi HǶmM /2b T`BM+BT�mt ;Bb2K2Mib 2M 1m`QT2V- H� bQH2 - H� b2B+?2

2i H� /Q`�/2 ;`Bb2 U*_SJ1J- kykyVX G2b
Tā+?2m`b /2 H� #�B2 /2 a2BM2 QMi ;ûMû`�H2K2Mi mM2 �+iBpBiû /Bp2`bB}û2 2i T`�iB[m2Mi
2M KQv2MM2 THmb /2 /2mt KûiB2`b T�` M�pB`2 UmM KûiB2` ûi�Mi H� +QK#BM�BbQM /ǶmM
2M;BM 2i /ǶmM2 2bTĕ+2 +B#Hû2VX

G� Tā+?2 2bi /QKBMû2 T�` mM2 ~QiiBHH2 /2 ivT2 �`iBb�M�H UM�pB`2b /2 T2iBi2b
i�BHH2b 2i /2 7�B#H2 TmBbb�M+2VX 1HH2 2bi bQmKBb2 ¨ /2 MQK#`2mt �Hû�b M�im`2Hb
Up�`B�iBQMb /2b biQ+Fb 2tTHQBiûbV 2i bQ+BQ@û+QMQKB[m2b UT`Bt /2b 2bTĕ+2b- +?�`;2b
/2b û[mBT�;2bVX � +2H� bǶ�DQmi2 /2b T`Q#HûK�iB[m2b `û;BQM�H2b i2HH2b [m2 HǶ2tTHQBi�@
iBQM /2 bû/BK2Mib }Mb 2i HǶ�;`�M/Bbb2K2Mi /2b xQM2b TQ`im�B`2b- MQi�KK2Mi +2HH2
/m >�p`2 U.2b�mM�v �M/ "2BHHQBb- RNdeV [mB 2Mi`�ŗM2Mi /2b +QM~Bib /Ƕmb�;2X lM
2t2KTH2 /2 +QM~Bi /Ƕ�+iBpBiû 2bi +2HmB /2 H� Tā+?2`B2 /2 +`2p2ii2 ;`Bb2 /�Mb HǶ2b@
im�B`2 /2 a2BM2X .�Mb H2b �MMû2b dy- +2ii2 Tā+?2`B2 `2T`ûb2Mi�Bi mM2 7Q`i2 p�H2m`
û+QMQKB[m2 TQm` THmbB2m`b TQ`ib /2 HǶ2bim�B`2 U.2b�mM�v �M/ "2BHHQBb- RNdeVX 1M
kyR3- b2mHb Re M�pB`2b �p�B2Mi mM2 HB+2M+2 TQm` H� Tā+?2 ¨ H� +`2p2ii2 U*_SJ1J-
kykyVX GǶ�;`�M/Bbb2K2Mi /m TQ`i /m >�p`2 �m /û#mi /2b �MMû2b kyyy- 2bi HǶmM2 /2b
+�mb2b /m /û+HBM /2 +2ii2 Tā+?2`B2- +�` mM2 /BKBMmiBQM /2 H� #BQK�bb2 /2b +QKKm@
M�miûb #2Mi?B[m2b � ûiû 2M`2;Bbi`û2 /2b bmBi2b /2 +2b �KûM�;2K2Mib U.�mpBM 2i �HX-
kyRyVX S`ĕb /ǶmM iB2`b /2b +QM~Bib `2+2Mbûb T�` H� T`2bb2 �miQm` /2 HǶ�KûM�;2K2Mi
/m :`�M/ SQ`i J�`BiBK2 /m >�p`2- bQMi /2b +QM~Bib +QM+2`M�Mi HǶ2MpB`QMM2K2Mi
2bim�`B2M 2i H� #BQ/Bp2`bBiû U"2m`2i �M/ *�/Q`2i- kyR9VX
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*2b �+iBpBiûb TQ`im�B`2b BM+Hm2Mi û;�H2K2Mi 2M T�`iB2 H2 i`�}+ K�`BiBK2 HBû �m
i`�MbTQ`i /2 K�`+?�M/Bb2b- [mB ;ûMĕ`2Mi /2b T`2bbBQMb bmTTHûK2Mi�B`2b �mt +QK@
T�`iBK2Mib #BQHQ;B[m2b /2 HǶ2bim�B`2X .ǶmM +Ƭiû- H2b û+?�M;2b K�`BiBK2b T2mp2Mi
7�pQ`Bb2` HǶBMi`Q/m+iBQM /Ƕ2bTĕ+2b BMp�bBp2b- b�Mb TQm` �mi�Mi [m2 +2ii2 T`Q#HûK�@
iB[m2 M2 bQBi TQm` H2 KQK2Mi T`ûQ++mT�Mi2 /�Mb +2i 2bim�B`2 Uo2`H�[m2 �M/ "`2iQM-
kyRNVX .2 HǶ�mi`2- H2 i`�}+ K�`BiBK2 2Mi`�ŗM2 H� Mû+2bbBiû /2 ;û`2` H2b ~mt bû/BK2M@
i�B`2bX �}M /2 T2`K2ii`2 H2 T�bb�;2 /2b M�pB`2b /�Mb HǶ2bim�B`2- /2b QTû`�iBQMb /2
/`�;�;2b QMi HB2m /2 K�MBĕ`2 `û+m``2Mi2 �m TQ`i /m >�p`2X PM `2i`Qmp2 /2b QTû`�@
iBQMb /2 K�BMi2M�M+2 /2 KQBM/`2 2Mp2`;m`2 /�Mb /Ƕ�mi`2b TQ`ib /m *�Hp�/Qb i2Hb
[m2 SQ`i@2M@"2bbBM- PmBbi`2?�K- *�#Qm`; Qm *Qm`b2mHH2b@bm`@J2`X G2b BKT�+ib /2
+2b QTû`�iBQMb bQMi MQK#`2mt 2i �z2+i2Mi �mbbB #B2M H� [m�HBiû T?vbB+Q@+?BKB[m2
/2 HǶ2�m- H2b /Bzû`2Mib +QKT�`iBK2Mib #BQHQ;B[m2b U_�Qmt 2i �HX- kykyV [m2 /Ƕ�mi`2b
�+iBpBiûb ?mK�BM2b U:1P.1- kyRkVX

lM2 +QM+m``2M+2 TQm` HǶ2bT�+2 2tBbi2 /QM+ 2Mi`2 H2b /Bzû`2Mi2b �+iBpBiûb �Mi?`Q@
TB[m2b /û+`Bi2b T`û+û/2KK2MiX � +2H� bǶ�DQmi2 H2b xQM2b /Ƕ2ti`�+iBQM /2 ;`�MmH�ib-
/QMi THmbB2m`b +QM+2bbBQMb QMi ûiû Qm bQMi 2M+Q`2 2M �+iBpBiû 2M #�B2 /2 a2BM2 �BMbB
[m2 H2b /BbTQbBiB7b HBûb �mt ûM2`;B2b K�`BM2b `2MQmp2H�#H2b U1J_V [mB T`2MM2Mi /2
THmb 2M THmb /Ƕ�KTH2m` /�Mb +2 b2+i2m`X 1M #�B2 /2 a2BM2- HǶBMbi�HH�iBQM /ǶmM T�`+
ûQHB2M Qzb?Q`2 2bi �BMbB T`ûpm2 �m H�`;2 /2 *Qm`b2mHH2b@bm`@J2` +QKTQ`i�Mi e9 ûQ@
HB2MM2b +Qmp`�Mi mM2 xQM2 /2 8y FKȷX GǶûp�Hm�iBQM /2 HǶBKT�+i /2 +2b T�`+b- K2Mû2
2M �KQMi /m T`QD2i U_�Qmt 2i �HX- kyR3V- /2p`�Bi T2`K2ii`2 /2 TQmpQB` T`2M/`2 2M
+QKTi2 H2b /Bzû`2Mi2b �+iBpBiûb 2i BM+Hm`2 /�Mb +2ii2 ;2biBQM /2 HǶ�+iBpBiû H� p�H2m`
#BQHQ;B[m2 /2 H� #�B2- [m2 H� T`Q+?�BM2 b2+iBQM K2i 2M �p�MiX

*QKK2 ûpQ[mû /�Mb H2b b2+iBQMb T`û+û/2Mib Ub2+iBQM RXkXkV- H� #�B2 /2 a2BM2
TQbbĕ/2 /2b xQM2b ¨ 7Q`i BMiû`āi û+QHQ;B[m2X aBt xQM2b L�im`� kyyy bQMi `2+2Mbû2b ,
HǶ2bim�B`2 2i K�`�Bb /2 H� "�bb2 a2BM2- H2 HBiiQ`�H �m;2`QM- HǶ2bim�B`2 /2 a2BM2- H�
#�B2 /2 a2BM2 Q`B2Mi�H2- H� #�B2 /2 a2BM2 Q++B/2Mi�H2 2i H2b J�`�Bb /m *Qi2MiBM 2i /m
"2bbBM @ "�B2 /2b o2vbX *2b xQM2b bQMi B/2MiB}û2b +QKK2 T`ûb2Mi�Mi /2b ?�#Bi�ib
/ǶBMiû`āi +QKKmM�mi�B`2 Qm /2b 2bTĕ+2b ¨ 7Q`i BMiû`āi /2 +QMb2`p�iBQM- Qm #B2M
/2b 2bT�+2b +B#Hûb bTû+B}[m2K2Mi TQm` H� +QMb2`p�iBQM /2 TQTmH�iBQMb /ǶQBb2�mt
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K2M�+ûbX *2b /Bzû`2Mi2b xQM2b /2 +QMb2`p�iBQM `2T`ûb2Mi2Mi �m iQi�H THmb /2 kyW
/2 H� bm`7�+2 /2 H� #�B2 /2 a2BM2X .�Mb +2b xQM2b- H2b �+iBpBiûb TQmp�Mi �Hiû`2` H2b
Q#D2+iB7b /2 +QMb2`p�iBQM /QBp2Mi �BMbB āi`2 ûp�Hmû2b �}M /2 K2bm`2` H2m`b BKT�+ib
TQi2MiB2HbX �m@/2H¨ /2 HǶ�bT2+i ?�#Bi�ib 2i QBb2�mt- H� #�B2 /2 a2BM2 �#`Bi2 /2b xQM2b
/2 MQm``B+2`B2b TQm` /2 MQK#`2mb2b 2bTĕ+2b /2 TQBbbQMb U_BQm 2i �HX- kyyRVX *2b
xQM2b ¨ 7Q`i BMiû`āi û+QHQ;B[m2 bQMi bQmKBb2b ¨ /2b T`2bbBQMb �Mi?`QTB[m2b- MQi�K@
K2Mi 2M 2bim�B`2 /2 a2BM2- Qɍ H2b /Bzû`2Mib �KûM�;2K2Mib TQ`im�B`2b QMi �Hiû`û H�
7QM+iBQM /2 MQm``B+2`B2 �m }H /m i2KTb U_Q+?2ii2 2i �HX- kyRyVX JQBMb 2M+�/`û2b
`û;H2K2Mi�B`2K2Mi [m2 H2b xQM2b L�im`� kyyy- H2b K2bm`2b /2 `2bi�m`�iBQM /2 +2b
MQm``B+2`B2b bQMi 2M+Q`2 i`ĕb HBKBiû2b 2i H2b T`2bbBQMb �Mi?`QTB[m2b [mB bǶ2t2`+2Mi
bm` H2b +QKKmM�miûb /2 DmpûMBH2b bQMi 2M+Q`2 7Q`i2b UpQB` +?�TBi`2 8VX

G2b T�`�;`�T?2b T`û+û/2Mib QMi KQMi`û [m2 H� #�B2 /2 a2BM2 �#`Bi2 /2 MQK@
#`2mb2b �+iBpBiûb ?mK�BM2b �mt /BK2MbBQMb û+QMQKB[m2b 2i bQ+B�H2b /Bp2`b2b 2i BK@
TQ`i�Mi2b- �BMbB [m2 /2b 2bT�+2b û+QHQ;B[m2b b2MbB#H2bX AH 2bi /QM+ Mû+2bb�B`2 [m2 +2b
/Bzû`2Mib �bT2+ib bQB2Mi T`Bb 2M +QKTi2 /�Mb H� ;2biBQM /2 +2i 2bT�+2X G� TH�MB}+�@
iBQM bT�iB�H2 K�`BM2 UQm J�`BM2 aT�iB�H SH�MMBM; , JaSV 2bi H2 +�/`2 /2 `û7û`2M+2
2m`QTû2M /2p�Mi T2`K2ii`2 H� +QQ`/BM�iBQM /2 iQmi2b H2b �+iBQMb /2 ;2biBQM 2i HǶmiB@
HBb�iBQM /2 HǶ2bT�+2 K�`BiBK2 Ua+?�272` �M/ "�`�H2- kyRRVX a2HQM HǶlL1a*P- 2HH2
b2 /û}MBi +QKK2 Ǵ

Ǵ U?iiTb,ffrrrXKbT;HQ#�HkyjyXQ`;f�#QmifVX
GǶ�TT`Q+?2 BMiû;`�iBp2 /2 H� JaS T2`K2i KB2mt +QKT`2M/`2 H2b T`2bbBQMb �M@

i?`QTB[m2b /�Mb /2b xQM2b 7QM+iBQMM2HH2b BKTQ`i�Mi2b- i2HH2b [m2 H2b MQm``B+2`B2b- 2i
/QM+ /Ƕ2MpBb�;2` /2b K2bm`2b /2 ;2biBQM THmb 2{+�+2b UJmƢQx 2i �HX- kyR3VX .�Mb
H2 +�b /2 H� #�B2 /2 a2BM2- �m pm /2 H� bBim�iBQM 2tTQbû2 /�Mb H� b2+iBQM T`û+û/2Mi2-
BH 2bi /QM+ Mû+2bb�B`2 /ǶBM+Hm`2 H2b Tā+?2`B2b 2i H2b +QKKmM�miûb /2 TQBbbQMb- #B2M
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[m2 +2b �bT2+ib bQB2Mi `�`2K2Mi �#Q`/ûb HQ`b /2 HǶûi�#HBbb2K2Mi /ǶmM2 JaS UC�MĽ2M
2i �HX- kyR3VX a� KBb2 2M TH�+2- �BMbB [m2 H2b K2bm`2b /2 ;2biBQM �bbQ+Bû2b /QBp2Mi
û;�H2K2Mi T`2M/`2 2M +QKTi2 H2b +?�M;2K2Mib 2MpB`QMM2K2Mi�mt �m `Bb[m2 /2 /2@
p2MB` Q#bQHĕi2b U_BHQp 2i �HX- kykyVX .�Mb H2 +�/`2 #�B2 /2 a2BM2- /2mt ûHûK2Mib
T2mp2Mi āi`2 +Biûb TQm` BHHmbi`2` +2 #2bQBMX G� K�M+?2 Q`B2Mi�H2 bǶ2bi `û+?�mzû2
bm` H2b /2mt /2`MBĕ`2b /û+2MMB2b- KQ/B}�Mi T�` 2t2KTH2 H� ivTQHQ;B2 /2b +QKKm@
M�miûb /2 TQBbbQMb 2M #�B2 /2 aQKK2 U�m#2` 2i �HX- kyRdVX G� +QM+2Mi`�iBQM 2M
+?HQ`QT?vHH2 - mM K�`[m2m` /m 7QM+iBQMM2K2Mi /m T`2KB2` MBp2�m i`QT?B[m2 /2b
û+QbvbiĕK2b K�`BMb- 2bi û;�H2K2Mi 2M /BKBMmiBQM /�Mb iQmi2 H� J�M+?2 U:Q?BM
2i �HX- kyRNVX G2b �mi2m`b BMpQ[m2Mi H� KBb2 2M TH�+2 /2 MQmp2HH2b `û;H2K2Mi�iBQMb
[mB QMi `û/mBi H2b ~mt /2 Mmi`BK2MibX *2b KQ/B}+�iBQMb QMi HB2m /�Mb /2b û+Qbvb@
iĕK2b pQBbBMb ¨ H� #�B2 /2 a2BM2 2i bm` /Bzû`2Mib +QKT�`iBK2Mib #BQHQ;B[m2bX AH
2bi /QM+ T`Q#�#H2 [m2 H2b T`2bbBQMb 2MpB`QMM2K2Mi�H2b 2i �Mi?`QTB[m2b BKT�+i2Mi
�mbbB H2 7QM+iBQMM2K2Mi û+QHQ;B[m2 /2 H� #�B2 /2 a2BM2X

GǶQ#D2+iB7 T`2KB2` /2 +2 i`�p�BH ûi�Bi /Ƕ�bb2QB` H� KBb2 2M TH�+2 /ǶmM2 TH�MB}+�@
iBQM K�`BiBK2 bT�iB�H2 2M BM7Q`K�Mi HǶ2Mb2K#H2 /2b T`Q+2bbmb 2M D2m /�Mb H� #�B2 /2
a2BM2 U2MpB`QMM2K2Mi T?vbB[m2- +QKKmM�miûb û+QHQ;B[m2b 2i �+iBpBiûb ?mK�BM2bVX
�}M /2 `ûbmK2` H� [m�MiBiû /ǶBM7Q`K�iBQMb /BbTQMB#H2b- mM2 xQM�iBQM /2 HǶ2bT�+2
2M bi`m+im`2 ?QKQ;ĕM2 � ûiû ûH�#Q`û2X *2ii2 xQM�iBQM T2`K2i /2 /ûi2`KBM2` bB
/2b bQmb@`û;BQMb ?QKQ;ĕM2b 2M i2`K2 bT�iB�H 2i i2KTQ`2H 2tBbi2Mi /�Mb H� #�B2 /2
a2BM2- 2i +QKK2Mi +2b bQmb@`û;BQMb TQi2MiB2HH2b b2 +�`�+iû`Bb2Mi /�Mb H2b /Bzû`2Mib
MBp2�mt /2 7QM+iBQMM2K2Mi /2 HǶû+QbvbiĕK2 2i /2 b2b mb�;2bX GǶQ#D2+iB7 2bi /QM+
/2 KB2mt +B#H2` H2b `û;BQMb ¨ ûim/B2` /�Mb H� #�B2 /2 a2BM2 2M 7QM+iBQM /2 H2m`b
+�`�+iû`BbiB[m2b T?vbB[m2b 2i #BQHQ;B[m2b- 2i /2b �+iBpBiûb ?mK�BM2b T`ûb2Mi2bX G�
+2Mi`2 /2 H� #�B2 /2 a2BM2 2bi bQmp2Mi /ûT2BMi2 +QKK2 mM2 xQM2 ?QKQ;ĕM2 U"�7@
7`2�m 2i �HX- kyRdV 2M+�/`û2 T�` /2b 2bim�B`2b �p2+ H2 /û#Bi /2 H� a2BM2 [mB BMBiB2 mM
+Qm`�Mi +ƬiB2` `2KQMi�Mi Dmb[mǶ2M #�B2 /2 aQKK2 U*m;B2` 2i �HX- kyy8VX *2 i`�p�BH
pBb2 ¨ +QM}`K2` Qm BM}`K2` +2ii2 �bb2`iBQM /ǶmM2 K�MBĕ`2 Q#D2+iBp2 T�` H2 #B�Bb
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/ǶmM2 `û;BQM�HBb�iBQM /2 H� xQM2 /Ƕûim/2X

_�bb2K#H2` 2i `2T`ûb2Mi2` iQmi2b H2b BM7Q`K�iBQMb /BbTQMB#H2b /�Mb H2 +�/`2 /2 H�
KBb2 2M TH�+2 /ǶmM2 JaS T2mi K2M2` ¨ HǶûH�#Q`�iBQM /2 +�`i2b Qɍ H� Dmti�TQbBiBQM
/ǶBM7Q`K�iBQM `2M/ H2m` H2+im`2 TmBb H2m` BMiû;`�iBQM /ûHB+�i2b /�Mb mM +�/`2 /2
;2biBQM U};m`2 jXkVX

jXk Ĝ GQ+�HBb�iBQM /2b +QMi`�BMi2b �Mi?`QTQ;ûMB[m2b 2i /2b `ûb2`p2b M�im@
`2HH2b /2 H� #�B2 /2 a2BM2 Q`B2Mi�H2X 6B;m`2 2ti`�Bi2 /2 J�`KBM 2i �HX UkyR9VX

.�Mb H2 +�/`2 Kûi?Q/QHQ;B[m2 �/QTiû B+B- i`QBb `û;BQM�HBb�iBQMb /BbiBM+i2b bQMi
QTû`û2b ,

ě mM2 `û;BQM�HBb�iBQM /2 HǶ2MpB`QMM2K2Mi , #�bû2 bm` H2b /QMMû2b 2MpB`QMM2K2M@
i�H2b- 2HH2 BMiĕ;`2 ?mBi p�`B�#H2b Q#i2Mm2b T�` �+[mBbBiBQMb b�i2HHBi�B`2 Qm Bbbm2b
/2 KQ/ûHBb�iBQMb 2i `û+mTû`û2b 2M HB#`2 �++ĕb bm` ?iiTb,ff`2bQm`+2bXK�`BM2X
+QT2`MB+mbX2mfT`Q/m+ib U+QM+2Mi`�iBQM 2M +?HQ`QT?vHH2 - im`#B/Biû- T`Q/m+@
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iBQM T`BK�B`2- /ûi`Bimb- +QM+2Mi`�iBQM 2M Qtv;ĕM2 /BbbQmb- b�HBMBiû- T�`iB+mH2b
2i i2KTû`�im`2 /2 bm`7�+2V-

ě mM2 `û;BQM�HBb�iBQM /2b +QKKmM�miûb #BQHQ;B[m2b , miBHBb�Mi H2b /QMMû2b Bb@
bm2b /2 H� +�KT�;M2 *:6a @ *?�MM2H :`QmM/ 6Bb? am`p2v UG2 _Qv 2i �HX-
RN33VX G2b +QKKmM�miûb bQMi `�bb2K#Hû2b T�` ;`QmT2b 7QM+iBQMM2Hb miBHBb�Mi
H2b #�b2b /2 /QMMû2b /2 i`�Bib "APhA* UJ�`GAL- kyyeV TQm` H2b i�tQMb BM@
p2`iû#`ûb 2i "2mF?Q7 2i �HX UkyRNV- TQm` H2b i�tQMb p2`iû#`ûb-

ě mM2 `û;BQM�HBb�iBQM /2b mb�;2b , pmb ¨ i`�p2`b HǶmiBHBb�iBQM /2 HǶ2bT�+2 /2b
M�pB`2b 2M 7QM+iBQM /2 H2m`b ivTQHQ;B2b 2i `2T`ûb2Miûb MmKû`B[m2K2Mi T�` H�
7`û[m2M+2 /2b ûKBbbBQMb /2 TQbBiBQMb 7Qm`MB2b T�` HǶ�Aa U�miQK�iB+ A/2M@
iB}+�iBQM avbi2K- pQB` ap�M#2`; 2i �HX UkyRNVV T�` mMBiû /2 bm`7�+2- Qm
TBt2HX *2b /QMMû2b bQMi û;�H2K2Mi `û+mTû`û2b bm` H2 TQ`i�BH 2m`QTû2M ?iiTb,
ffrrrX2KQ/M2i@?mK�M�+iBpBiB2bX2mfX

GǶ?ûiû`Q;ûMûBiû /2b 7Q`K�ib /2 /QMMû2b 2i H2m`b /BbTQMB#BHBiûb Mû+2bbBi2 /Ƕ�/�T@
i2` H� Kûi?Q/QHQ;B2 /2 xQM�iBQM TQm` +?�+mM /2 +2b ivT2b /2 /QMMû2bX G� };m`2
jXj `ûbmK2 H2b /Bzû`2Mi2b ûi�T2b [mB QMi ûiû Mû+2bb�B`2b TQm` Q#i2MB` H2b `û;BQM�HB@
b�iBQMbX

*?�[m2 p�`B�#H2 2MpB`QMM2K2Mi�H2 2bi `2T`ûb2Miû2 T�` mM2 bm++2bbBQM /2 +�`i2b
/QMi HǶmMBiû bT�iB�H2 2bi /ûi2`KBMû2 T�` H� `ûbQHmiBQM /m +�Ti2m` b�i2HHBi�B`2 UmM
+�``û /2 kFK t kFK TQm` H� i2KTû`�im`2 T�` 2t2KTH2V Qm /m KQ/ĕH2 �v�Mi ûH�@
#Q`û H� bBKmH�iBQMX S�` mMBiû /2 bm`7�+2- Qm TBt2H- mM2 KQv2MM2 �MMm2HH2 /m T�`�@
Kĕi`2 2bi +�H+mHû2 �}M /Ƕ?QKQ;ûMûBb2` H2b `ûbQHmiBQMb i2KTQ`2HH2b 2Mi`2 T�`�Kĕi`2bX
*?�[m2 TBt2H /ǶmM2 p�`B�#H2 /QMMû2- +QMiB2Mi �HQ`b mM2 bû`B2 i2KTQ`2HH2 �MMm2HH2X
G2b bû`B2b i2KTQ`2HH2b /2 +2b TBt2Hb bQMi 2MbmBi2 `2;`QmTû2b T�` +H�bbB}+�iBQM �b@
+2M/�Mi2 ?Bû`�`+?B[m2 U*�>V 2M miBHBb�Mi H2 +`Biĕ`2 /2 q�`/ bm` H� K�i`B+2 /2
/Bbi�M+2 2m+HB/B2MM2X G� +H�bbB}+�iBQM T2`K2i /2 /ûi2`KBM2` /2b ;`QmT2b /2 bû`B2b
i2KTQ`2HH2b bBKBH�B`2b 2i +2b ;`QmT2b bQMi `2T`ûb2Miûb /�Mb HǶ2bT�+2 ;ûQ;`�T?B[m2X
G2b xQM2b Q#i2Mm2b +Q``2bTQM/2Mi TQm` +?�[m2 T�`�Kĕi`2 ¨ /2b 2bT�+2b Qɍ H2b p�@
H2m`b bQMi T`Q+?2b 2i Qɍ H2b i2M/�M+2b i2KTQ`2HH2b i2M/2Mi ¨ b2 `2bb2K#H2`X lM2
7QBb H2b ?mBi +�`i2b `û;BQM�HBbû2b Q#i2Mm2b- mM b2+QM/ ;`QmT2K2Mi 2bi QTû`û �}M /2
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jXj Ĝ a+?ûK� /2 H� Kûi?Q/QHQ;B2 �/QTiû2 �}M /2 `û�HBb2` H� `û;BQM�HBb�iBQM
/2 H� #�B2 /2 a2BM2 bm` i`QBb 2Mb2K#H2b /2 T�`�Kĕi`2b /Bzû`2Mib- 2ti`�Bi /2 _Bp2i
UkykyVX *�> 2bi H2 bB;H2 TQm` *H�bbB}+�iBQM �b+2M/�Mi2 >Bû`�`+?B[m2X

`ûbmK2` HǶBM7Q`K�iBQM bm` mM2 b2mH2 +�`i2 /2 `û;BQMb 2MpB`QMM2K2Mi�H2b bBKBH�B`2bX
S�`+2 [m2 H2b +�`i2b `û;BQM�HBbû2b bQMi /2 ivT2 +�iû;Q`B2H- +2 /2`MB2` `2;`QmT2K2Mi
7�Bi �TT2H ¨ mM2 �M�Hvb2 /2b +Q``2bTQM/�M+2b KmHiBTH2b U�*JV 2i /ǶmM ;`QmT2K2Mi
T�` *�> 2M miBHBb�Mi H2 +`Biĕ`2 /2 q�`/X

G2b +QKKmM�miûb #BQHQ;B[m2b bQMi /û+`Bi2b ¨ T�`iB` /2b /QMMû2b +QHH2+iû2b T�`
H� +�KT�;M2 *:6a [mB � HB2m �MMm2HH2K2Mi 2M J�M+?2 1bi /2TmBb RN33X GǶû+?�M@
iBHHQMM�;2 Q#i2Mm T2mi T�`�ŗi`2 /ûbû[mBHB#`û U};m`2 jX9V �p2+ /2b xQM2b �m +2Mi`2
2i ¨ HǶ2bi /2 H� #�B2 Qɍ �m+mM i`�Bi /2 +?�Hmi MǶ2bi `2+2MbûX *2T2M/�Mi- BH 2bi ¨ MQi2`
[m2 H2b xQM2b 2bim�`B2MM2b- [mB bQMi bmD2ii2b ¨ /2 THmb ;`�M/2b p�`B�#BHBiûb [m2 H2
+2Mi`2 /2 H� #�B2- bQMi #B2M `2T`ûb2Miû2bX

�T`ĕb pû`B}+�iBQM i�tBMQKB[m2- QM `2+2Mb2 �m iQi�H RNy i�tQMb- 7�mM2 #2Mi?B[m2
2i TQBbbQMb +QM7QM/mbX 6�B`2 mM2 �M�Hvb2 bm` +?�+mM /2 +2b i�tQMb `2M/`�Bi H� [m�M@
iBiû /ǶBM7Q`K�iBQM ¨ i`�Bi2` i`QT ;`�M/2 TQm` H2b �M�Hvb2b bmBp�Mi2bX G2 +?QBt 2bi

9j



jX9 Ĝ *QQ`/QMMû2b /2b i`�Bib /2 +?�Hmi 2z2+imûb T�` H� +�KT�;M2 *:6a
/�Mb H� #�B2 /2 a2BM2 /2 RNN3 ¨ kyRNX

/QM+ 7�Bi /2 `�bb2K#H2` H2b +QKKmM�miûb #BQHQ;B[m2b 2M ;`QmT2b 7QM+iBQMM2HbX G�
`2T`ûb2Mi�iBQM /2b +QKKmM�miûb #BQHQ;B[m2b T�` H2m`b i`�Bib 7QM+iBQMM2Hb T`BM+B@
T�mt � �mbbB /m b2Mb 2M i2`K2 /2 ;2biBQM- TmBb[mǶ2HH2b bBKTHB}2Mi H� KBb2 2M TH�+2
/2b `ĕ;H2b /2 ;2biBQM bm` /2b ;`QmT2b bTû+B}[m2b TQbbû/�Mi /2b +�`�+iû`BbiB[m2b û+Q@
HQ;B[m2b bBKBH�B`2b UKQ/�HBiû /2 `2T`Q/m+iBQM- T`QB2b T`BM+BT�H2b- 2i+XXXVX � T�`iB`
/2b #�b2b /2 /QMMû2b /2 i`�Bib 7QM+iBQMM2Hb ûpQ[mû2b T`û+û/2KK2Mi- mM2 bûH2+iBQM
� ûiû QTû`û2 �}M /2 M2 ;�`/2` [m2 +2`i�BMb i`�Bib- +2mt /QMi H2b /QMMû2b MQM /Bb@
TQMB#H2b ûi�B2Mi HBKBiû2bX SQm` H2b i�tQMb /2 TQBbbQMb- +2H� +Q``2bTQM/ ¨ HǶ�;2 2i H�
i�BHH2 K�tBKmKb- HǶ�;2 ¨ K�im`Biû- H2 +Q2{+B2Mi /2 +`QBbb�M+2- H2 MBp2�m i`QT?B[m2-
HǶ?�#Bi�i 2i H2 `û;BK2 �HBK2Mi�B`2X SQm` H2b i�tQMb #2Mi?B[m2b- +2 bQMi HǶ�;2 K�tB@
KmK 2i ¨ K�im`Biû- HǶ?�#Bi�i- H� +�T�+Biû KB;`�iQB`2- H2 ivT2 /2 7û+QM/�iBQM- H�
7`û[m2M+2 /2 `2T`Q/m+iBQM 2i H2 +�`�+iĕ`2 ;`û;�B`2- bQHBi�B`2 Qm +QHQMB�HX .2 THmb-
H2 bi�imi lA*L UlMBQM BMi2`M�iBQM�H2 TQm` H� +QMb2`p�iBQM /2 H� M�im`2V- #B2M [m2
MǶûi�Mi T�b mM i`�Bi /Ƕ?BbiQB`2 /2 pB2 2M bQBi- � ûiû �DQmiû �}M /ǶBMi`Q/mB`2 /B`2+@
i2K2Mi /2b T`ûQ++mT�iBQMb /2 ;2biBQM /�Mb HǶûi�#HBbb2K2Mi /2b ;`QmT2b /Ƕ2bTĕ+2bX
*2b ;`QmT2b bQMi +`ûûb T�` H� +QK#BM�BbQM /ǶmM2 �*J 2i /ǶmM ;`QmT2K2Mi T�`
*�> 2M miBHBb�Mi H2 +`Biĕ`2 /2 q�`/X G2b i`�Bib bQMi /Ƕ�#Q`/ +�iû;Q`Bbûb �}M /2
TQmpQB` āi`2 i`�Biûb /�Mb HǶ�*J 2i +2 bQMi H2b b+Q`2b /2 +?�[m2 i�tQM /�Mb HǶ2bT�+2

99



/2 HǶQ`/BM�iBQM [mB T2`K2ii2Mi /2 +�H+mH2` H� K�i`B+2 /2 /Bbi�M+2 2m+HB/B2MM2 [m2
`ûbmK2 H� *�>X �}M /2 TQmpQB` 2z2+im2` mM2 `û;BQM�HBb�iBQM +QKT�`�#H2 ¨ +2HH2
/2 HǶ2MpB`QMM2K2Mi Qm /2b �+iBpBiûb ?mK�BM2b- Qɍ H2b /QMMû2b bQMi +QMMm2b 2M iQmi
TQBMi /2 H� #�B2- BH 2bi Mû+2bb�B`2 /Ƕ2biBK2` /2b +?�KTb +QMiBMmb /2 /2MbBiûbX lM2
ûi�T2 /2 F`B;2�;2 Q`/BM�B`2 � /QM+ ûiû `û�HBbû2 bm` H2b �#QM/�M+2b KQv2MM2b /2
+?�[m2 +QKKmM�miû 7QM+iBQMM2HH2 TQm` +?�[m2 �MMû2X *QKK2 TQm` H2b /QMMû2b
2MpB`QMM2K2Mi�H2b- mM T`2KB2` ;`QmT2K2Mi `�bb2K#H2 H2b TBt2Hb bmBp�Mi H2b KāK2b
i2M/�M+2b TQm` +?�[m2 +QKKmM�miûX lM b2+QM/ `2;`QmT2K2Mi 2bi 2MbmBi2 QTû`û
bm` H2b +�`i2b Q#i2Mm2b �}M /ǶQ#i2MB` H� `û;BQM�HBb�iBQM }M�H2 /2b +QKKmM�miûb
#BQHQ;B[m2bX

GǶ�Aa 2bi mM bvbiĕK2 /Ƕ�B/2 ¨ H� M�pB;�iBQMX AH +QKT`2M/ mM `û+2Ti2m` :Sa-
[mB +�Ti2 H� TQbBiBQM ;ûQ;`�T?B[m2- 2i mM ûK2ii2m` /2 /QMMû2b [mB /Bzmb2 +2ii2
TQbBiBQM bm` H2b +�M�mt o>6 Uo2`v >B;? 6`2[m2M+vVX G2b TQbBiBQMb �Aa /2b M�pB`2b
2M #�B2 /2 a2BM2 M2 bQMi �++2bbB#H2b /2 K�MBĕ`2 Qmp2`i2 [m2 /2TmBb kyRdX "B2M [m2
HǶ�Aa M2 bQBi T�b Q#HB;�iQB`2 bm` H2b M�pB`2b /2 TH�Bb�M+2 2i H2b M�pB`2b /2 Tā+?2 /2
KQBMb /2 R8 Kĕi`2b- H2b 7QM/b /2 H� #�B2 /2 a2BM2 7QMi [m2 H� THmT�`i /2 +2b M�pB`2b
�+iBp2Mi H2m`b i`�MbK2ii2m`b- +2 [mB `2M/ H2b /QMMû2b `2T`ûb2Mi�iBp2b [m�Mi ¨ HǶB/û2
/2 H� /Bbi`B#miBQM /m i`�}+ K�`BiBK2X �m }M�H- +2 bQMi +BM[ +H�bb2b /2 M�pB`2b QMi
ûiû /û}MBb 2M `2;�`/ /2b mb�;2b K�DQ`Bi�B`2b �bbQ+Bûb ,

ě H2b M�pB`2b /2 Tā+?2-

ě H2b M�pB`2b /2 /`�;�;2-

ě H2b M�pB`2b /2 b2`pB+2b Ub2`pB+2b TQ`im�B`2b- /2 b�mp2i�;2 Qm KBHBi�B`2bV-

ě H2b M�pB`2b /2 TH�Bb�M+2-

ě H2b M�pB`2b /2 i`�MbTQ`ibX

G2b +�`i2b K2Mbm2HH2b /m i`�}+ /2 +?�[m2 +�iû;Q`B2 bQMi KQv2MMû2b TQm` MǶQ#@
i2MB` [mǶmM2 b2mH2 +�`i2 T�` +�iû;Q`B2 2i bQMi 2MbmBi2 `2;`QmTû2b TQm` Q#i2MB` mM2
`û;BQM�HBb�iBQM }M�H2 `ûbmK�Mi H� bT�iB�HBb�iBQM /2b mb�;2b ?mK�BMb 2M #�B2 /2
a2BM2X

98



G� };m`2 jX8 `2T`ûb2Mi2 H2b `û;BQM�HBb�iBQMb Q#i2Mm2b TQm` H2b T�`�Kĕi`2b 2M@
pB`QMM2K2Mi�mt- H2b +QKKmM�miûb #BQHQ;B[m2b 2i H2b �+iBpBiûb ?mK�BM2bX G2b /B7@
7û`2Mi2b `û;BQM�HBb�iBQMb QMi T2`KBb /ǶB/2MiB}2` /2b `û;BQMb bBKBH�B`2b 2M i2`K2
/2 7QM+iBQMM2K2Mi 2MpB`QMM2K2Mi�H- #BQHQ;B[m2 2i /Ƕmb�;2X "B2M [m2 H2 MQK#`2
/2 `û;BQMb Q#i2Mm2b p�`B2 b2HQM H� `û;BQM�HBb�iBQM- /2b 2Mb2K#H2b +QKKmMb ¨ H�
#�B2 b2 /û;�;2MiX G2 T`2KB2` 2bi HǶ2K#Qm+?m`2 /2 H� a2BM2- Qɍ HǶQM `2i`Qmp2 mM2
;`�M/2 +QM+2Mi`�iBQM /2 /Bzû`2Mi2b `û;BQMb Ui`QBb `û;BQMb 2MpB`QMM2K2Mi�H2b- i`QBb
`û;BQMb #BQHQ;B[m2b 2i iQmi2b H2b `û;BQMb /Ƕ�+iBpBiûb ?mK�BM2bVX G� #�B2 /2b o2vb-
¨ HǶQm2bi- 2bi û;�H2K2Mi `2+QMMm2- �p2+ mM2 `û;BQM 2MpB`QMM2K2Mi�H2 2i +QKKm@
M�mi�B`2 T`QT`2 2i T2m /2 /Bp2`bBiû [m�Mi �mt �+iBpBiûb K�`BiBK2bX 1M}M- H2 +2Mi`2
/2 H� #�B2 2i H2b xQM2b H2b THmb �m H�`;2 bQMi /2 ;`�M/b 2bT�+2b �p2+ mM2 Qm /2mt
`û;BQMb T`BM+BT�H2bX GǶ?ûiû`Q;ûMûBiû 2M xQM2 +ƬiBĕ`2 ûi�Bi �ii2M/m2 2i `2~ĕi2 H� T`û@
b2M+2 /2b 2bim�B`2b- Qɍ H� p�`B�#BHBiû 2MpB`QMM2K2Mi�H2 2bi THmb BKTQ`i�Mi2 UPibmF�
2i �HX- kyR3VX

G2b +�`�+iû`BbiB[m2b /2 +?�[m2 `û;BQM bQMi 2tTHQ`û2b ¨ HǶ�B/2 /2 #Qŗi2b ¨ KQmb@
i�+?2 U};m`2b jXe- jXd 2i jX3VX G� `û;BQM e- �m +2Mi`2 /2 H� #�B2- 2bi H� `û;BQM H� THmb
b�HBM2- K�Bb Qɍ iQmb H2b �mi`2b T�`�Kĕi`2b 2MpB`QMM2K2Mi�mt bQMi H2b THmb 7�B#H2bX
G2b `û;BQMb 8- 9 2i k 7Q`K2Mi H2 ;`�/B2Mi 2bim�`B2M /2 HǶ2bim�B`2 /2 a2BM2- H� `û;BQM
j 2bi +2HH2 /2 H� #�B2 /2b o2vb 2i H� `û;BQM R 2bi mM2 xQM2 +ƬiBĕ`2 /2 i`�MbBiBQM
2Mi`2 H2 H�`;2 2i H2b 2bim�B`2bX G2b p�H2m`b /2 T�`iB+mH2b 2M bmbT2MbBQM- /2 b�HBMBiû
2i /2 T`Q/m+iBQM T`BK�B`2 +QM}`K2Mi #B2M [m2 H� a2BM2 BM~m2M+2 H� /vM�KB[m2
/2 HǶ2bim�B`2 T�` HǶ�TTQ`i /Ƕ2�m /Qm+2X G2b /QMMû2b /2 /ûi`Bimb [mB `�bb2K#H2Mi H�
K�iBĕ`2 Q`;�MB[m2 /BbbQmi2 �BMbB [m2 /2b `ûbB/mb /ǶQ`B;BM2 +QMiBM2Mi�H2 MQM pBp�Mib
`�TT2HH2Mi [mǶ2HH2 �KĕM2 �mbbB �p2+ 2HH2 /2b MBp2�mt /2 TQHHmiBQM- TH�biB[m2 T�`
2t2KTH2 Uh`�KQv 2i �HX- kyRNV- THmb BKTQ`i�MibX G2b `ûbmHi�ib /2 H� `û;BQM�HBb�iBQM
2MpB`QMM2K2Mi�H2 ¨ T�`iB` /2b /QMMû2b b�i2HHBi�B`2b T2`K2ii2Mi #B2M /2 /BbiBM;m2`
/2b 2bT�+2b [mB pQMi �pQB` /2b 7QM+iBQMM2K2Mib û+QHQ;B[m2b /Bzû`2MibX

*QMi`�B`2K2Mi ¨ HǶ2MpB`QMM2K2Mi- H� `û;BQM�HBb�iBQM /2b +QKKmM�miûb #BQHQ@
;B[m2b /ûK2`b�H2b M2 /Bb+`BKBM2 T�b THmbB2m`b `û;BQMb +QKKmM�mi�B`2b 2M 2K#Qm@
+?m`2 /2 HǶ2bim�B`2 /2 a2BM2- K�Bb mM2 b2mH2 `û;BQM bǶûi2M/ bm` iQmi2 H� #�B2 /2
a2BM2 Q`B2Mi�H2X � T`2KBĕ`2 pm2- BH 2tBbi2 /QM+ mM �bb2K#H�;2 T�`iB+mHB2` mMB[m2 `2@
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jX8 Ĝ _û;BQM�HBb�iBQMb /2 H� #�B2 /2 b2BM2 Q#i2Mm2b TQm` U?�miV H2b p�@
`B�#H2b 2MpB`QMM2K2Mi�H2b- UKBHB2mV H2b +QKKmM�miûb #BQHQ;B[m2b #�bû2b bm` /2b
i`�Bib 7QM+iBQMM2Hb 2i U#�bV H2b mb�;2b K�`BMbX �/�Tiû /2 _Bp2i UkykyVX

H�iB7 ¨ HǶ2bim�B`2- +2 [mB 2Mi`2 2M +QMi`�/B+iBQM �p2+ H� p�`B�#BHBiû 2MpB`QMM2K2Mi�H2
Q#b2`pû2X GǶmiBHBb�iBQM /2 H� +�KT�;M2 *:6a- /QMi H� xQM2 /Ƕû+?�MiBHHQMM�;2 2bi
bmTû`B2m`2 ¨ HǶû+?2HH2 /2 H� MQm``B+2`B2- T2mi 2Mi`�ŗM2` mM K�M[m2 /2 T`û+BbBQM /�Mb
H� /BbiBM+iBQM /2 +QKKmM�miûb ¨ mM2 û+?2HH2 THmb }M2X G2b `ûbmHi�ib /m +?�TBi`2 8
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jXe Ĝ "Qŗi2b ¨ KQmbi�+?2b `ûbmK�Mi H� /Bbi`B#miBQM /2b p�H2m`b /2 T�@
`�Kĕi`2b 2MpB`QMM2K2Mi�mt Up�H2m`b /BpBbû2b T�` H2 K�tBKmK 2M`2;Bbi`ûV TQm`
+?�[m2 xQM2 +`ûû2 T�` `û;BQM�HBb�iBQMX 1ti`�Bi /2 _Bp2i UkykyVX

K2ii`QMi 2M �p�Mi H2 7�Bi [m2 HǶ2bim�B`2 b2 +�`�+iû`Bb2 T�` THmbB2m`b +QKKmM�miûb
#BQHQ;B[m2b /BbiBM+i2bX *2`i�BM2b `û;BQMb /2 H� #�B2 /2 a2BM2 bQMi +QMbiBimû2b /2
TBt2Hb mMB[m2bX *2b /2`MB2`b T`QpB2MM2Mi /2 +QKKmM�miûb T�`iB+mHBĕ`2b /QMi H2b
/Bbi`B#miBQMb F`B;û2b BbQH2Mi +2b TBt2HbX G2b TQBbbQMb TûH�;B[m2b bmBp2Mi T�`iB+mHBĕ@
`2K2Mi +2 +�b /2 };m`2- +2 [mB Q#HB;2 /�Mb +2`i�BMb +�b ¨ �/�Ti2` H2b Kûi?Q/QHQ;B2b
2KTHQvû2b US2iBi;�b- RNNjVX

G� `û;BQM�HBb�iBQM /2b �+iBpBiûb K�`BiBK2b `ûbmK2 [m�Mi ¨ 2HH2 H2b T`BM+BT�H2b
i2M/�M+2b ûpQ[mû2b 2M /û#mi /2 +?�TBi`2- �p2+ mM2 KmHiBTHB+Biû /2b �+iBpBiûb /�Mb
HǶ2bim�B`2 /2 a2BM2 2i mM2 #�B2 /2 a2BM2 Qɍ H2b �+iBpBiûb /2 Tā+?2 bQMi HQ+�HBbû2b 2i
`2T`ûb2Mi2Mi û;�H2K2Mi HǶ�+iBpBiû T`BM+BT�H2 U`û;BQM kVX G� `û;BQM�HBb�iBQM T2`K2i
û;�H2K2Mi /2 pBbm�HBb2` H2b xQM2b Qɍ H2b �+iBpBiûb bQMi KBMBK�H2b U`û;BQM RVX .�Mb
H2 +�/`2 /2 H� TH�MB}+�iBQM /2 HǶ2bT�+2 K�`BiBK2- +2 ivT2 /2 `ûbmKû +�`iQ;`�T?B[m2
T2mi 7�+BHBi2` H� T`Bb2 /2 /û+BbBQM /2 ;2biBQM T�` HǶBM7Q`K�iBQM [m�MiBi�iBp2 [mǶBH
pû?B+mH2X
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jXd Ĝ "Qŗi2b ¨ KQmbi�+?2b `ûbmK�Mi H� /Bbi`B#miBQM /2b p�H2m`b /2 /2MbBiûb
KQv2MM2b UBM/BpB/mb T�` KȷV TQm` H2b +QKKmM�miûb #BQHQ;B[m2b /QMi H2b /Bzû`2M+2b
BMi2`@xQM2b bQMi H2b THmb 7Q`i2bX G� +QKKmM�miû AAA `2;`QmT2 98 i�tQMb- +�`�+iû`Bbûb
T�` H2b �M+?QBb 2i H2b H�MÏQMbX G� +QKKmM�miû Ao `2;`QmT2 d i�tQMb TBb+BpQ`2b ¨
?�mi MBp2�m i`QT?B[m2X

G� `û;BQM�HBb�iBQM /2 H� #�B2 /2 a2BM2 � T2`KBb /2 K2ii`2 2M ûpB/2M+2 /2b 2bT�+2b
K�`BMb bBM;mHB2`b 2i /2 /ûi2`KBM2` +QKK2Mi bǶQ`;�MBb2` H2b �+iBpBiûb ?mK�BM2b 2M
H2m` b2BMX

G� +QKT�`�BbQM /2b `û;BQMb Q#i2Mm2b �p2+ H� HBiiû`�im`2 � KQMi`û [m2 H2b
+QMbi`m+iBQMb ûi�B2Mi +Q?û`2Mi2b ¨ /2b `û�HBiûb Q#b2`pû2b Dmb[mǶB+B /2 K�MBĕ`2 7`�;@
K2Mi�B`2- �p2+ /2b xQM2b 2bim�`B2MM2b /BbiBM+i2b bm` /2b TH�Mb #BQHQ;B[m2b 2i /2b
�+iBpBiûb ?mK�BM2b HQ+�HBbû2bX *2ii2 Kûi?Q/QHQ;B2- �TTHB[mû2 B+B ¨ H� #�B2 /2 a2BM2-
2bi i`�MbTQb�#H2 ¨ HǶ2Mb2K#H2 /2b K2`b 2m`QTû2MM2b- TQm` T2m [m2 H2b BM7Q`K�iBQMb
miBHBbû2b TQm` ûH�#Q`2` H2b `û;BQM�HBb�iBQMb bQB2Mi /BbTQMB#H2bX *2ii2 ;ûMû`�HBb�iBQM
� Tm āi`2 KBb2 2M �TTHB+�iBQM /�Mb H2 +�/`2 /ǶmM ?�+F�i?QM Qɍ H� `û;BQM�HBb�iBQM
� ûiû QTû`û2 TQm` MǶBKTQ`i2 [m2HH2 xQM2 +?QBbB2 /2b K2`b 2m`QTû2MM2b U1M+�`i kVX
G� `û;BQM�HBb�iBQM /2 H� #�B2 /2 a2BM2 T2`K2i /2 `2TH�+2` H2 bBi2 /Ƕûim/2 /2 H�
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jX3 Ĝ "Qŗi2b ¨ KQmbi�+?2b `ûbmK�Mi H� /Bbi`B#miBQM /2b p�H2m`b /2MbBiûb
/2 M�pB`2b U?Xkm−1V TQm` +?�[m2 xQM2 +`ûû2 T�` `û;BQM�HBb�iBQMX 1ti`�Bi /2 _Bp2i
UkykyVX

i?ĕb2 /�Mb mM +QMi2ti2 `û;BQM�HX GǶ2bim�B`2 /2 a2BM2 2bi mM û+QbvbiĕK2 [mB b2K#H2
?QKQ;ĕM2 /ǶmM TQBMi /2 pm2 +QKKmM�mi�B`2 K�H;`û /2 MQK#`2mb2b T`2bbBQMb �M@
i?`QTB[m2b 2i mM ;`�/B2Mi 2MpB`QMM2K2Mi�H K�`[mûX G2b +QKKmM�miûb #BQHQ;B[m2b
pm2b T�` mM2 +�KT�;M2 ?�mim`Bĕ`2 M2 b2K#H2Mi T�b `2~ûi2` /Ƕ?ûiû`Q;ûMûBiû [m2 HǶQM
TQm``�Bi �ii2M/`2 /�Mb mM KBHB2m 7Q`i2K2Mi p�`B�#H2- K�Bb H2 +?�TBi`2 8 ûim/B2`� 2M
/ûi�BH H2b +QKKmM�miûb /2 TQBbbQMb /2 HǶ2bim�B`2 2M bǶ�TTmv�Mi bm` mM2 +�KT�;M2
+2Mi`û2 bm` H� MQm``B+2`B2X

lM 2zQ`i +QMbB/û`�#H2 � ûiû �TTQ`iû bm` H� Kûi?Q/QHQ;B2 2KTHQvû2 /�Mb +2b
i`�p�mt- �p2+ mM Q#D2+iB7 /2 H� `2M/`2 i`�MbT�`2Mi2- Q#D2+iBp2 2i `2T`Q/m+iB#H2 �m
TQbbB#H2X �BMbB- iQmi2b H2b /QMMû2b miBHBbû2b /�Mb H2 +�/`2 /2 +2 bi�;2 bQMi Bbbm2b
/2 TQ`i�BHb 2M HB#`2 �++ĕb- [mǶBHb bQB2Mi 2m`QTû2Mb U1JP.M2i- *QT2`MB+mb TQm` H2b
/QMMû2b 2MpB`QMM2K2Mi�H2b- "APhA* 2i .�h_�a TQm` H2b /QMMû2b #BQHQ;B[m2bV Qm
BMi2`M�iBQM�mt UqQ_Ja , qQ`H/ _2;Bbi2` Q7 J�`BM2 aT2+B2b TQm` H� i�tQMQKB2VX
*2b i`�p�mt BHHmbi`2Mi �mbbB mM /2b �TTQ`ib /2 H� KBb2 ¨ /BbTQbBiBQM �m Tm#HB+
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/2b /QMMû2b- 2M T2`K2ii�Mi �BMbB H2m` p�HQ`Bb�iBQM b+B2MiB}[m2X 1M}M- H2b b+`BTib
�bbQ+Bûb �m i`�p�BH QMi ûiû KBb 2M HB;M2 �}M /Ƕāi`2 �++2bbB#H2b T�` iQmb- �bbm`�Mi H�
`2T`Q/m+iB#BHBiû /2b `ûbmHi�ib T`Q/mBib /m`�Mi +2 bi�;2 U?iiTb,ff;Bi?m#X+QKfH/#Ff
a2BM2JaSVX
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G2b TQ`i�BHb /2 /Bbi`B#miBQM /2 H� /QMMû2 K�`BM2 T2`K2ii2Mi �mDQm`/Ƕ?mB /2 /Q+m@
K2Mi2` H2b mb�;2b K�`BMb 2i H2b `2M/`2 /BbTQMB#H2b ¨ iQmbX *2b TH�i2b@7Q`K2b bQMi
MQK#`2mb2b 2i /ǶmM mb�;2 bQmp2Mi +QKTH2t2X AH 2tBbi2 mM2 KmHiBim/2 /2 TQ`i�BHb 2i
+?�+mM T`QTQb2 /2b QmiBHb /2 /Bbi`B#miBQM 2i /2 pBbm�HBb�iBQM bQmp2Mi /Bzû`2Mib H2b
mMb /2b �mi`2bX
G2 J�`BM2 �M�Hvbi bBKTHB}2 2i �;`ĕ;2 HǶ�++ĕb �mt /QMMû2b K�`BM2b KBb2b ¨ /BbTQbB@
iBQM T�` H2b /Bzû`2Mib TQ`i�BHb 2m`QTû2Mb U1JP.L1h- *QT2`MB+mb- Al*L- A*1aĘVX
� +2i �++ĕb- H2 J�`BM2 �M�Hvbi BMiĕ;`2 mM bvbiĕK2 �M�HviB[m2 +QKTH2i 2i Qmp2`iX
GǶQ#D2+iB7 2bi /2 +`û2` /2 H� p�H2m` �DQmiû2 �mt BM7Q`K�iBQMb BM/BpB/m2HH2b TQm` `û@
TQM/`2 ¨ /2b 2MD2mt bQ+Bûi�mt 2i 2MpB`QMM2K2Mi�mt HBûb �m /QK�BM2 K�`BM- iQmi
+2H� /ǶmM2 K�MBĕ`2 /Q+mK2Miû2 2i i`�MbT�`2Mi2- TQm` �TTmv2` H2b /û+BbBQMb TQHB@
iB[m2b 2i H2b �+iBQMb +BiQv2MM2b 2M b2 #�b�Mi bm` H2b BM7Q`K�iBQMb /BbTQMB#H2b H2b
THmb T2`iBM2Mi2bX
G2b Kûi?Q/2b /Ƕ�M�Hvb2b /2 /QMMû2b 2KTHQvû2b QMi ûiû +?QBbB2b �}M /2 /BKBMm2` H2b
/Bzû`2Mi2b BMi2`T`ûi�iBQMb TQbbB#H2bX .�Mb H2 +�/`2 /m KQ/mH2 /2 `û;BQM�HBb�iBQM-
H2 MQK#`2 /2 ;`QmT2K2Mib /�Mb H2b +H�bbB}+�iBQMb T`QpB2Mi /ǶmM2 HBbi2 /ǶBM/B+2b
2i H2 +?QBt /2 HǶ�H;Q`Bi?K2 /2 ;`QmT2K2Mi KāK2 � ûiû bQmKBb ¨ mM T`Q+2bbmb /2
bûH2+iBQM bm` H� #�b2 /ǶBM/B+2b K2bm`�Mi HǶ?QKQ;ûMûBiû BMi`�@;`QmT2 2i H� /Bbi�M+2
/2 bûT�`�iBQM 2Mi`2 ;`QmT2bX
G2 /ûp2HQTT2K2Mi /2 +2b b+`BTib �M�HviB[m2b /m J�`BM2 �M�Hvbi bǶ2bi 7�Bi ¨ HǶQ++�@
bBQM /ǶmM >�+F�i?QM UP+2�M >�+F�i?QM kykyV ¨ "`2bi- Qɍ BH � `2KTQ`iû H� T`2KBĕ`2
TH�+2X

X
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GǶû+QHQ;B2 +?2`+?2 ¨ +QKT`2M/`2 2i ûim/B2` H2b `2H�iBQMb 2Mi`2 H2b Q`;�MBbK2b
pBp�Mib 2i H2m` 2MpB`QMM2K2Mi- #BQiB[m2 Qm �#BQiB[m2X *2T2M/�Mi- �p�Mi /2 TQmpQB`
+QKT`2M/`2- BH 2tBbi2 mM2 ûi�T2 T`û�H�#H2 /ǶQ#b2`p�iBQM 2i /2 /Q+mK2Mi�iBQM /2
+2b BMi2`�+iBQMb 2i /QM+ /2 K2bm`2b Qm /Ƕû+?�MiBHHQMM�;2bX

GǶ�+[mBbBiBQM /2 /QMMû2b T2mi āi`2 ;`QbbBĕ`2K2Mi bûT�`û2 2M /2mt +�iû;Q`B2b ,
H2b /QMMû2b Bbbm2b /ǶQ#b2`p�iBQMb Q++�bBQMM2HH2b Qm QTTQ`imMBbi2b- 2i H2b /QMMû2b
Bbbm2b /ǶmM TH�M /Ƕû+?�MiBHHQMM�;2 T2`K2ii�Mi /2 `ûTQM/`2 ¨ mM2 T`Q#HûK�iB[m2
T`û+Bb2 Qm /2 i2bi2` mM2 ?vTQi?ĕb2 `2H�iBp2 �m T`Q+2bbmb Q#b2`pû U"Q2`Q- kyyNVX G�
T`2KBĕ`2 Kûi?Q/2 T2`K2i mM2 �+[mBbBiBQM ;ûMû`�H2K2Mi `�TB/2 2i T2m +Qȿi2mb2 /2
HǶBM7Q`K�iBQMX 1HH2 T2`K2i mM2 /2b+`BTiBQM /2 +2`i�BMb T`Q+2bbmb û+QHQ;B[m2b- K�Bb
`2bi2 /B{+BH2K2Mi i`�MbTQb�#H2 ¨ HǶ2Mb2K#H2 /ǶmM2 TQTmH�iBQMX .2 THmb- +2b Q#@
b2`p�iBQMb QMi bQmp2Mi HB2m /�Mb /2b û+QbvbiĕK2b �++2bbB#H2b- Qɍ H2b T`ûHĕp2K2Mib
bQMi 7�+BH2K2Mi 2z2+imûb U1p�Mb- RN9d c E�`FB 2i �HX- kykRVX .2 +2 7�Bi- 2HH2b M2
`2~ĕi2Mi bQmp2Mi [mǶmM2 T�`iB2 /2 H� +QKTH2tBiû /2b BMi2`�+iBQMb û+QHQ;B[m2bX G�
b2+QM/2 �TT`Q+?2 T2`K2i mM2 BMi2`T`ûi�iBQM THmb ;ûMû`�H2 /2b `ûbmHi�ib Q#i2Mmb
bm` mM T`Q+2bbmb û+QHQ;B[m2 /QMMû +�` URV 2HH2 `ûTQM/ ¨ mM [m2biBQMM2K2Mi BMBiB�H
2i UkV H� bi`m+im`�iBQM /m TH�M /Ƕû+?�MiBHHQMM�;2 `ûTQM/ ¨ mM #2bQBM B/2MiB}û 2i
/2b ?vTQi?ĕb2b T`û+Bb2b U*?�b2 �M/ EMB;?i- kyRj c 1HT?B+F- kyy3 c GQQb 2i �HX- kyR8VX
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GǶ2MpB`QMM2K2Mi ûi�Mi 2M +QMbi�Mi2 ûpQHmiBQM- HǶûim/2 /2b T`Q+2bbmb û+QHQ;B[m2b
�bbQ+Bûb /QBi bǶ�TTmv2` bm` /2b Q#b2`p�iBQMb `ûTûiû2b /�Mb H2 i2KTbX G2b bû`B2b i2K@
TQ`2HH2b 2M û+QHQ;B2 bQMi /QM+ Mû+2bb�B`2b ¨ HǶûpQHmiBQM /2 H� /Bb+BTHBM2X *2`i�BMb
�mi2m`b +QKK2 "Q2`Q 2i �HX UkyR8V 7QMi /2b HB2Mb 2Mi`2 H2b b+B2M+2b ?BbiQ`B[m2b 2i
HǶû+QHQ;B2- BM+Bi�Mi ¨ 7�B`2 /2b HB2Mb 2Mi`2 H2b ûpĕM2K2Mib T�bbûb 2i H2b /vM�KB[m2b
�+im2HH2bX GǶû+QHQ;B2 K�`BM2 2bi mM2 bQmb@/Bb+BTHBM2 /2 HǶû+QHQ;B2 Qɍ +2b bû`B2b i2K@
TQ`2HH2b 2tBbi2Mi /2TmBb HQM;i2KTb- MQi�KK2Mi 2M `�BbQM /2 HǶ2tTHQBi�iBQM û+QMQ@
KB[m2 /2 +2`i�BM2b 2bTĕ+2b- /Q+mK2Miû2 /Ƕ�#Q`/ TQm` /2b `�BbQMb +QKTi�#H2b bm`
THmbB2m`b /û+2MMB2b pQB`2 bBĕ+H2b UG�Dmb 2i �HX- kyydVX GǶmiBHBb�iBQM /2 +2b bû`B2b 7�Bi
�TT2H �m +QM+2Ti /2 ǴJ�`BM2 >BbiQ`B+�H 1+QHQ;vǴ U1M;2H?�`/ 2i �HX- kyReVX lM2
7QBb 2M+Q`2 H2 TQMi 2bi 7�Bi 2Mi`2 HǶ?BbiQB`2 2i HǶû+QHQ;B2X G2b b+B2M+2b ?�HB2miB[m2b
M2 bQMi T�b H2b b2mH2b bû`B2b i2KTQ`2HH2b 2tBbi�Mi2b 2M KBHB2m K�`BMX .2 MQK#`2mt
Q#b2`p�iQB`2b QMi ûiû +`ûûb U.m+FHQr 2i �HX- kyyNV- iQmb �v�Mi TQm` #mi /ǶQ#b2`p2`
bm` H2 HQM; i2`K2 /2b /QMMû2b T2`K2ii�Mi /2 KB2mt BM7Q`K2` MQi�KK2Mi bm` H2b
`2H�iBQMb 2bTĕ+2b 2i 2MpB`QMM2K2MiX SHmb +2b bû`B2b i2KTQ`2HH2b bǶ�HHQM;2Mi �p2+ H2b
�MMû2b- THmb H2m` BMiû`āi TQm` H2b û+QHQ;Bbi2b [mB H2b ûim/B2Mi �m;K2Mi2X G� HBiiû@
`�im`2 bm` H2b Q#b2`p�iQB`2b K�`BMb 2bi �+iBp2- KQMi`�Mi [m2 H2m`b /ûp2HQTT2K2Mib
bQMi iQmDQm`b /Ƕ�+im�HBiû U"�biQb 2i �HX- kyRe c *`Bb2 2i �HX- kyR3VX J�H;`û HǶ�TTQ`i
ûpB/2Mi /2 +2b D2mt /2 /QMMû2b ¨ H� +QKT`û?2MbBQM /2b /Bzû`2Mib T`Q+2bbmb Q+û�@
MB[m2b 2i û+QHQ;B[m2b- mM2 HBKBi2 /2b THmb /B{+BH2 ¨ 7`�M+?B` TQm` +2b Q#b2`p�iQB`2b
2bi /2 TQmpQB` K�BMi2MB` }M�M+Bĕ`2K2Mi H2m`b 7QM+iBQMM2K2Mib /2 7�ÏQM Tû`2MM2X
�BMbB- p�HQ`Bb2` H2b /QMMû2b Bbbm2b /2b Q#b2`p�iQB`2b 2i �mi`2b +�KT�;M2b /2 bmBpBb
2bi 2bb2MiB2H TQm` DmbiB}2` H2b +Qȿib �bbQ+Bûb 2i �bbm`2` H� +QMiBMmBiû /2b }M�M+2@
K2MibX G2b T`BM+BT�H2b 7Q`K2b /2 p�HQ`Bb�iBQM /2 +2b /QMMû2b T�bb2Mi T�` H� KBb2
¨ /BbTQbBiBQM /2b /QMMû2b +QHH2+iû2b ¨ HǶ2Mb2K#H2 /2 H� +QKKmM�miû 2i T�` H� Tm@
#HB+�iBQM /ǶmM Qm THmbB2m`b �`iB+H2b b+B2MiB}[m2b #�bûb bm` +2b /QMMû2b- HQ`b[m2 H2b
QTû`�i2m`b /2 +2b Q#b2`p�iQB`2b 2M QMi H� TQbbB#BHBiû USQr2HH- kyReVX

G� T`Q+?�BM2 b2+iBQM /û+`Bi mM2 7Q`K2 /2 p�HQ`Bb�iBQM /2b /QMMû2b [mB � ûiû 2K@
THQvû2 HQ`b /2 H� i?ĕb2 , H2 X *2ii2 p�HQ`Bb�iBQM 2bi M�im`2HH2K2Mi KBb2 2M
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�p�Mi �m pm /m i`�p�BH Mû+2bb�B`2 bm` H2b /QMMû2b #`mi2b bm` H2b[m2HH2b H� i?ĕb2 bǶ�T@
TmB2 , H2 bmBpB LPl_a1AL1X G2 /�i� T�T2` 2bi /QM+ HǶQ++�bBQM /2 /û+`B`2 H2 TH�M
/Ƕû+?�MiBHHQMM�;2 �BMbB [m2 HǶ?QKQ;ûMûBb�iBQM 2i H2b +Q``2+iBQMb 2z2+imû2b /�Mb H2b
/QMMû2bX

G� T`2KBĕ`2 ûi�T2 /�Mb H� p�HQ`Bb�iBQM /ǶmM D2m /2 /QMMû2b 2bi /2 TQmpQB` H2
T�`i�;2` �m THmb ;`�M/ MQK#`2X G2b �+i2m`b /2 H� `2+?2`+?2 pQB2Mi /ǶmM2 K�MBĕ`2
7�pQ`�#H2 H2 T�`i�;2 /2b /QMMû2b- 2i HǶûim/2 /2 JBHHb 2i �HX UkyR8V KQMi`2 [m2 NjW
/2b SA US`BM+BT�H AMp2biB;�iQ`b Qm +?2`+?2m`b T`BM+BT�mtV QMi �m KQBMb mM2 7QBb
T�`i�;û H2m`b /QMMû2bX aB +2ii2 BM7Q`K�iBQM KQMi`2 #QMM2 pQHQMiû /2b T2`bQMM2b
+QM+2`Mû2b /2 pQmHQB` T�`i�;2` H2b /QMMû2b [mǶ2HH2b QMi �+[mBb2b- BH 2tBbi2 mM2 /Bzû@
`2M+2 2Mi`2 H2b T�`i�;2` bm` /2K�M/2 2i H2b K2ii`2 2M HB#`2 �++ĕb 2i ejW /2b bQM/ûb
ûK2ii2Mi Ǵ/2 bû`B2mt /Qmi2bǴ ¨ HǶB/û2 /ǶmM �++ĕb HB#`2 �mt /QMMû2b #`mi2bX G2b
/QMMû2b- bB 2HH2b bQMi /QM+ ;ûMû`�H2K2Mi /BbTQMB#H2b bm` /2K�M/2- T2mp2Mi �mbbB
āi`2 /ûTQbû2b /�Mb mM `ûT2`iQB`2 /ûK�iû`B�HBbû Tm#HB+X .�Mb +2 +�b- MǶBKTQ`i2 [mB
�v�Mi �++ĕb �m TQ`i�BH T2mi �++û/2` �mt /QMMû2b /�Mb H2 7Q`K�i /�Mb H2[m2H 2HH2b
QMi ûiû /ûTQbû2bX *QKK2 EH2BM2` UkyRRV H2 7�Bi `2K�`[m2`- +2ii2 KBb2 ¨ /BbTQbBiBQM
2bi i`ĕb ?ûiû`Q;ĕM2 b2HQM H2b /QK�BM2b- H� ;ûMQKB[m2 ûi�Mi mM /QK�BM2 MQi�KK2Mi
THmb �p�M+û bm` H2 T�`i�;2 [m2 H� +HBK�iQHQ;B2X lM2 `2pm2 /2b /QMMû2b 2M û+QHQ;B2
2i ûpQHmiBQM MQM@KQHû+mH�B`2 KQMi`2 [m2 THmb /2 H� KQBiBû /2b D2mt /2 /QMMû2b
ûim/Bûb M2 bQMi T�b +QKTH2ib Qm `ûmiBHBb�#H2b 2M HǶûi�i U_Q+?2 2i �HX- kyR8- kykRVX
aB H2b T`�iB[m2b ûpQHm2Mi 2i H� KBb2 ¨ /BbTQbBiBQM i2M/ ¨ /2p2MB` /2 THmb 2M THmb
7`û[m2Mi2- BH 7�mi 2M+Q`2 TQmpQB` H2 7�B`2 `B;Qm`2mb2K2MiX GǶBMiû`āi /ǶmM /�i� T�T2`
bǶ2M i`Qmp2 /QM+ �++`m UpQB` bQmb@b2+iBQM bmBp�Mi2VX
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aǶBH 2bi BKTQ`i�Mi /Ƕ�/QTi2` H2b #QMM2b T`�iB[m2b /�Mb H� Tm#HB+�iBQM /ǶmM D2m
/2 /QMMû2b- +Ƕ2bi [m2 +2b /2`MB2`b QMi i2M/�M+2 ¨ /2p2MB` i`ĕb BKTQ`i�Mib 2M i�BHH2-
2i +2mt 2M û+QHQ;B2 M2 7QMi T�b 2t+2TiBQM c QM T�`H2 �HQ`b /2 /QMMû2b K�bbBp2b Qm

X >�KTiQM 2i �HX UkyRjV 7QMi H2 TQBMi bm` H2 /2p2MB` /2 HǶû+QHQ;B2 /�Mb +2
+QMi2ti2X GǶQ`B;BM2 /2 i2Hb pQHmK2b /2 /QMMû2b 2bi KmHiBTH2 , H2b b+B2M+2b T�`iB+BT�@
iBp2b- H2b /QMMû2b ¨ ?�mi2 `ûbQHmiBQM bT�iB�H2 Qm i2KTQ`2HH2 /2 ivT2 Q#b2`p�iBQMb
b�i2HHBi�B`2b Qm 2M+Q`2 /2b bmBpBb i2KTQ`2Hb K�BMi2Mmb bm` /2 HQM;m2b Tû`BQ/2b [mB
bǶ�++`QBbb2Mi �p2+ H2 i2KTbX AH 2bi /QM+ Mû+2bb�B`2 [m2 H2b û+QHQ;m2b �TT`2MM2Mi
¨ K�MBTmH2` /2b D2mt /2 /QMMû2b `B+?2b Qm ?ûiû`Q;ĕM2b 2i TmBbb2Mi H2b miBHBb2` 2i
`ûmiBHBb2`X G2 T�`i�;2 2i H2 i`�p�BH bm` /2 i2Hb D2mt /2 /QMMû2b �KĕM2Mi �p2+ 2mt
/2 MQmp2HH2b T`Q#HûK�iB[m2b /�Mb H2b /QK�BM2b /2 HǶBM7Q`K�iB[m2 2i /2 HǶû+QMQKB2-
+QKK2 H2 bQmHĕp2Mi .22HK�M 2i �HX Ukyy3VX

lM /�i� T�T2`- Qm HBiiû`�H2K2Mi mM Ǵ�`iB+H2 /2 /QMMû2bǴ- 2bi mM �`iB+H2 b+B2MiB@
}[m2 /QMi H2 #mi MǶ2bi T�b /2 `2Mb2B;M2` bm` mM2 �p�M+û2 b+B2MiB}[m2 2M i�Mi [m2
i2HH2- K�Bb /2 /û+`B`2 2i T`ûb2Mi2` mM2 BM7Q`K�iBQM �+[mBb2 T�` û+?�MiBHHQMM�;2-
+�KT�;M2b /2 bmBpBb- �M�Hvb2b Qm bvMi?ĕb2 #B#HBQ;`�T?B[m2X GǶBMiû`āi /ǶmM /�i� T�@
T2` 2bi /ǶmM2 T�`i- /2 `2M/`2 pBbB#H2 H2 D2m /2 /QMMû2b- /2 H2 `2M/`2 �++2bbB#H2- K�Bb
û;�H2K2Mi /2 HmB /QMM2` mM2 THmb@p�Hm2 2M T�bb�Mi T�` mM2 ûi�T2 /2 T22`@`2pB2rX
aB +2 /2`MB2` TQBMi T2mi āi`2 bmD2i ¨ /Bb+mbbBQM UG22 2i �HX- kyRjV- BH MǶ2M `2bi2 T�b
KQBMb [mǶmM2 ûi�T2 /2 pû`B}+�iBQM bmTTHûK2Mi�B`2 T�` mM `2pB2r2` BM/ûT2M/�Mi
`2M7Q`+2 H� [m�HBiû /m D2m /2 /QMMû2b 2i /2 b� /Q+mK2Mi�iBQMX S�` +QMbû[m2Mi-
+Ƕ2bi mM KQ/2 /Ƕû+`Bim`2 `2+QKK�M/û 2M û+QHQ;B2 MQi�KK2Mi bm` H2b /QMMû2b /2
#BQ/Bp2`bBiû U*?�p�M �M/ S2M2p- kyRRVX G2 /�i� T�T2` BKTHB[m2 H� KBb2 ¨ /BbTQbB@
iBQM /m D2m /2 /QMMû2b T`ûb2Miû- 2i /QM+ T2`K2i b� `ûmiBHBb�iBQM T�` H� +QKKmM�miû
b+B2MiB}[m2X Zm2H[m2b T2`bQMM2b T2mp2Mi pQB` +2ii2 /BbTQMB#BHBiû +QKK2 mM �#�M@
/QM /m D2m /2 /QMMû2b UQm #B2M H� T2`i2 /ǶmM �`iB+H2 [m2 [m2H[mǶmM /Ƕ�mi`2 �m`�
û+`Bi THmb pBi2V- K�Bb H� KBb2 2M TH�+2 /ǶmM .PA `2M/ #B2M +QKTi2 /2 H� +QMi`B#miBQM
/2b T2`bQMM2b �v�Mi ûi�#HB +2ii2 #�b2X .2 THmb- mM �TTQ`i 2tiû`B2m` T2mi T2`K2ii`2
/2 pQB` H2b /QMMû2b bQmb mM MQmp2H �M;H2- �p2+ /Ƕ�mi`2b Kûi?Q/2b /Ƕ�TT`Q+?2b 2i
/2 +QKTûi2M+2b- +2 [mB T2mi �K2M2` ¨ /2 MQmp2�mt [m2biBQMM2K2MibX
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.�Mb H2 +�/`2 /2 H� i?ĕb2 mM /�i� T�T2` � ûiû `û/B;û 2i Tm#HBû /�Mb
UAaaL ky8k@99ejV U*�`BQm 2i �HX- kyky#VX *2i �`iB+H2 T`ûb2Mi2 /QM+ H2b /QMMû2b

Bbbm2b /2 H� +�KT�;M2 LPl_a1AL1 K2Mû2 T�` HǶA6_1J1_ 2M 2bim�B`2 /2 a2BM2X
SHmb [m2 H� MQmp2�miû /2 H� bû`B2 i2KTQ`2HH2 2i bQM Q`B;BM�HBiû- +Ƕ2bi H� KBb2 ¨
/BbTQbBiBQM /ǶmM2 #�b2 miBHBb�#H2 bBKTH2K2Mi [mB 2bi KBb 2M �p�Mi /�Mb HǶ�`iB+H2X

G� T`2KBĕ`2 ûi�T2- #B2M [mǶ2HH2 M2 };m`2 T�b /�Mb H2 /�i� T�T2` 2M bQBi- 7mi /2
+?QBbB` [m2H /ûTƬi �HH�Bi ?û#2`;2` H2b /QMMû2bX *2ii2 /û+BbBQM � ûiû +QM/BiBQMMû2 T�`
H2 +?QBt T`û�H�#H2 /m DQm`M�HX .2 MQK#`2mt DQm`M�mt b2 /ûp2HQTT2Mi pBb�Mi bTû+B}@
[m2K2Mi ¨ Tm#HB2` +2 ivT2 /Ƕ�`iB+H2- 2i H2m` /QK�BM2 /Ƕûim/2 p�`B2X AHb T2mp2Mi āi`2
bTû+B�HBbûb U"Qi�MB+�H aim/B2b- �MM�Hb Q7 6Q`2bi a+B2M+2V Qm THmb ;ûMû`�mt USGPa
PM2- .�i� BM "`B27VX G2 +?QBt � ûiû 7�Bi /2 pBb2` mM2 `2pm2 ;ûMû`�HBbi2- a+B2MiB}+
.�i�- TmBb[mǶBH MǶv � T�b /2 `2pm2 /û/Bû2 bTû+B}[m2K2Mi �mt /QMMû2b û+QHQ;B[m2b
K�`BM2b 2i +2 DQm`M�H �p�Bi �mT�`�p�Mi Tm#HBû /2b D2mt /2 /QMMû2b bBKBH�B`2b ¨ +2@
HmB /2 LPl_a1AL1 U*?2M 2i �HX- kyR3VX G� HBbi2 /2b /ûTƬib `2+QKK�M/ûb T�` H2
DQm`M�H � /QM+ b2`pB /2 #�b2 �m +?QBt TQm` HǶ?û#2`;2K2Mi /2b /QMMû2bX �m KQK2Mi
/2 H� Tm#HB+�iBQM- H2 /ûTƬi BMbiBimiBQMM2H /2 HǶA7`2K2`- a1�LP1- MǶûi�Bi T�b HBbiû
2i /QM+ T�b /BbTQMB#H2X *2 MǶ2bi THmb H2 +�b /2TmBb kykR 2i +2H� KQMi`2 [m2 H2b DQm`@
M�mt b2 /ûp2HQTT2Mi 2i ûH�`;Bbb2Mi H2 bT2+i`2 /2b Tm#HB+�iBQMb TQbbB#H2bX G2 +?QBt
� ûiû 7�Bi /Ƕ?û#2`;2` H2b /QMMû2b LPl_a1AL1 /�Mb H2 `ûT2`iQB`2 w2MQ/Q U*�`BQm
2i �HX- kyky�VX "B2M [m2 w2MQ/Q bQBi THmb ;ûMû`�HBbi2- H2 7�Bi [mǶBH bQBi /ûp2HQTTû 2i
?û#2`;û /�Mb mM2 2MiBiû 2m`QTû2MM2- H2 *1_L- 7Qm`MBi mM2 �bbm`�M+2 [m�Mi ¨ H�
Tû`2MMBiû /m /ûTƬi 2i H� `Q#mbi2bb2 /2b BM7`�bi`m+im`2b BM7Q`K�iB[m2b H2 bmTTQ`i�MiX
L2 T�b �pQB` miBHBbû mM /ûTƬi bTû+B�HBbû T2`K2i �mbbB �m D2m /2 /QMMû2b /Ƕāi`2 /û@
+Qmp2`i T�` mM2 +QKKmM�miû b+B2MiB}[m2 THmb H�`;2- 2i /QM+- TQi2MiB2HH2K2Mi- /2
bmTTQ`i2` /2 MQmp2�mt [m2biBQMM2K2Mib b+B2MiB}[m2bX G2 T`QiQ+QH2 /Ƕû+?�MiBHHQM@
M�;2 /2b +�KT�;M2b MQm``B+2`B2b K2Mû2b T�` HǶA6_1J1_ � ûiû bi�M/�`/Bbû 2i H2
/Q+mK2Mi KBb 2M HB#`2 �++ĕb- �p�Mi b� /2b+`BTiBQM /�Mb H2 /�i� T�T2` U.2H�mM�v
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�M/ "`BM/Ƕ�KQm`- kyR3VX *2T2M/�Mi- b� i`�/m+iBQM 2M �M;H�Bb 2i b� Tm#HB+�iBQM
/�Mb mM2 `2pm2 BMi2`M�iBQM�H2 T2`K2ii2Mi /2 K2ii`2 2M �p�Mi H2b Kûi?Q/QHQ;B2b
miBHBbû2b 2i �{Mû2b /2TmBb ky �Mb ¨ HǶA6_1J1_X *2 T`QiQ+QH2 2bi `ûbmKû T�` H�
};m`2 9XR

9XR Ĝ a+?ûK� /m T`Q+2bbmb /2 i`B /2 H� +�Tim`2 /m`�Mi H2b bmBpBb LPl_@
a1AL1 U6B;m`2 k /m /�i� T�T2`VX

G� MQm``B+2`B2 /2 HǶ2bim�B`2 /2 a2BM2 � 7�Bi HǶQ#D2i /ǶmM bmBpB /Bb+QMiBMm- �p2+ mM
bmBpB �MMm2H /Ƕ�#Q`/ 2Mi`2 RNN8 2i kyyk- TmBb 2Mi`2 kyy3 2i kyRy /�Mb H2 +�/`2 /m
T`QD2i *PGJ�h�:1 U.�mpBM 2i �HX- kyRkV 2i 2M}M 2Mi`2 kyRd Dmb[mǶ¨ �mDQm`/Ƕ?mB
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UkykRVX G� xQM2 T`QbT2+iû2 `2+Qmp`2 THmb /2 600km2 2Mi`2 PmBbi`2?�K �m bm/
2i �MiB72` �m MQ`/ U};m`2 9XkVX GǶû+?�MiBHHQMM�;2 bmBi mM TH�M bi`�iB}û }t2X *2ii2
bi`�iB}+�iBQM 2bi #�bû2 bm` H� #�i?vKûi`B2 �BMbB [m2 H� /Bbi�M+2 ¨ HǶ2bim�B`2X 1MpB`QM
98 i`�Bib bQMi 2z2+imûb T�` +�KT�;M2 ¨ HǶ�B/2 /ǶmM +?�Hmi ¨ T2`+?2 /2 k Qm j Kĕi`2b
KmMBb /ǶmM `�+�bb2m`X *2i 2M;BM +B#H2 H2b 2bTĕ+2b #2Mi?B[m2b 2i #2Mi?Q@/ûK2`b�H2b
¨ HǶ�B/2 /ǶmM2 K�BHH2 /2 kyKKX G2 +?�Hmi ¨ T2`+?2 /2 k Kĕi`2b MǶ2bi miBHBbû [m2
/�Mb H� 7Qbb2 MQ`/ Ubi`�i2 6VX G2 bmBpB � HB2m ¨ H� }M /2 HǶûiû U2Mi`2 H2 k8 �Qȿi 2i H2
jy b2Ti2K#`2 /�Mb H� bû`B2 /2 /QMMû2bV- Tû`BQ/2 Qɍ H� +�Tim`�#BHBiû 2bi K�tBK�H2
TQm` H2b 2bTĕ+2b +B#Hû2bX

9Xk Ĝ *�`i2 /Ƕû+?�MiBHHQMM�;2 /m bmBpB LPl_a1AL1X *?�[m2 TQBMi `2@
T`ûb2Mi2 H� TQbBiBQM KQv2MM2 /ǶmM i`�Bi /2 +?�Hmi- i�M/Bb [m2 H2b H2ii`2b `Qm;2b
+Q``2bTQM/2Mi ¨ H� /ûMQKBM�iBQM /2b bi`�i2b /Ƕû+?�MiBHHQMM�;2bX

G2b /QMMû2b LPl_a1AL1 #`mi2b bQMi /B{+BH2K2Mi 2tTQ`i�#H2b 2i +QKT`û?2M@
bB#H2b �m THmb ;`�M/ MQK#`2X 1M 2z2i- H2b +�H+mHb /2 /2MbBiûb /2b +�Tim`2b Mû@

8N



+2bbBi2Mi mM2 +QMM�Bbb�M+2 /m T`Q+2bbmb /2 i`B /m +QMi2Mm /m +?�Hmi- Qm /ǶmM2
MQK2M+H�im`2 i�tBMQKB[m2 /Bzû`2Mi2 /2 H� MQ`K2 6�PX G2 +Q/2 miBHBbû B+B 2bi H2
+Q/2 _l"AL U_QliBM2 7Q` "BQHQ;B+�H AL7Q`K�iBQMV- /ûp2HQTTû T�` H2 LQ`/B+ *Q/2
*2Mi2`X *2b +Q/2b M2 bQMi T�b ?QKQ;ĕM2b /�Mb H2 i2KTb- b2HQM H� T`û+BbBQM /2b B/2M@
iB}+�iBQMb- 2i /2b `2;`QmT2K2Mib QMi ûiû QTû`ûb TQm` �bbm`2` mM2 +QMiBMmBiû bm` H�
bû`B2X *2b `2;`QmT2K2Mib ûi�B2Mi �mT�`�p�Mi `2Mb2B;Mûb bm` mM /Q+mK2Mi i2ti2
MQM BMiû;`û /�Mb H� #�b2- +2 [mB H2 `2M/�Bi b2MbB#H2 ¨ āi`2 T2`/m �p2+ H2 i2KTbX
GǶBKTQ`i�M+2 /2 `2;`QmT2` H2b Kûi�/QMMû2b 2i /2 H2b `�ii�+?2` �m D2m /2 /QMMû2b
2bi T`BKQ`/B�H �}M /Ƕāi`2 2M K2bm`2 /Ƕ2tTHQBi2` mM2 BM7Q`K�iBQM /Q+mK2Miû2X aB
H2b `2;`QmT2K2Mib /2 +Q/2b _l"AL ûi�B2Mi T`ûb2Mib- /Ƕ�mi`2b BM7Q`K�iBQMb QMi ûiû
QKBb2bX GǶ�MMû2 RNNN /m bmBpB LPl_a1AL1 MǶ� pm H2 /ûMQK#`2K2Mi 2i HǶB/2MiB}@
+�iBQM [m2 /2b 2bTĕ+2b +QKK2`+B�H2b /2 TQBbbQMb THmb [m2H[m2b i�tQMb /2 H� 7�mM2
#2Mi?B[m2 U};m`2 9XjVX G2 T2`bQMM2H �v�Mi 2K#�`[mû +2ii2 �MMû2@H¨ MǶûi�Mi THmb
2M �+iBpBiû- HǶBM7Q`K�iBQM � ûiû +QMbB/û`û2 +QKK2 T2`/m2- +2 [mB 2bi /QKK�;2�#H2
TQm` H� bû`B2 2i KQMi`2 HǶBKTQ`i�M+2 /2 /Q+mK2Mi2` H� /QMMû2 2M KāK2 i2KTb [m2
bQM �+[mBbBiBQM TQm` /2 7mim`b mb�;2bX

9Xj Ĝ .Bbi`B#miBQM �MMm2HH2 2M #Qŗi2b ¨ KQmbi�+?2b /m MQK#`2 /2 i�tQMb
B/2MiB}ûb /�Mb H2b i`�Bib /m bmBpB LPl_a1AL1 /2 RNN8 ¨ kyRN

�m }M�H- +Ƕ2bi Rjd i�tQMb U+Q/2 _m#BMV- [mB bQMi `2+2Mbûb bm` H2b ej9 i`�Bib
/2 +?�Hmi `û�HBbûb bm` R9 �MbX G� };m`2 9X9 T`ûb2Mi2 H� 7`û[m2M+2 /Ƕ�TT�`BiBQM /2b
i�tQMb T�` T?vHmK /�Mb H2b bmBpBb LPl_a1AL1X 9yW /2b i�tQMb M2 bQM Q#b2`pûb

ey



[m2 bm` i`QBb �MMû2b /2 bmBpB i�M/Bb [m2 9e i�tQMb bQMi Q#b2`pûb /2 RR ¨ R9 �MbX *2b
i�tQMb bQMi T`BM+BT�H2b /2b +?Q`/ûb- `2~ûi�Mi H� 7Q`i2 +�Tim`�#BHBiû /2 +2b 2bTĕ+2b
T�` H2 +?�Hmi ¨ T2`+?2X

9X9 Ĝ LQK#`2 /Ƕ�TT�`BiBQM /2b i�tQMb T�` T?vHmK bm` H2b R9 �MMû2b /2
bmBpB LPl_a1AL1X

aB H� K�MBTmH�iBQM /2 D2mt /2 /QMMû2b MǶ2bi T�b mM 7�Bi MQmp2�m- +QMbB/û`2`
+2HH2@+B +QKK2 mM2 Ǵb+B2M+2Ǵ 2bi i`ĕb `û+2MiX �BMbB- +Ƕ2bi 2M kyRe [m2 H2 T`BM+BT2
/2 6�A_ .�i� U6BM/�#H2- �++2bbB#H2- AMi2`QT2`�#H2 �M/ _2mb�#H2V 2bi /ûp2HQTTû-
�}M /Ƕ�B/2` H2b �+i2m`b ¨ KB2mt Q`;�MBb2` H2m`b D2mt /2 /QMMû2b UqBHFBMbQM 2i �HX-
kyReVX

*Ƕ2bi TQm` bǶBMb+`B`2 /�Mb +2ii2 T`�iB[m2 [m2 H2 D2m /2 /QMMû2b � ûiû Tm#HBû-
[m2 H2 /�i� T�T2` � ûiû `û/B;û K�Bb û;�H2K2Mi [mǶmM `ûT2`iQB`2 :Bi>m# � ûiû +`ûû

eR



9X8 Ĝ G2b 9 T`BM+BT2b /m 6�A_ /�i�X

/m`�Mi H� i?ĕb2X � HǶQ`B;BM2- :Bi 2bi mM ;2biBQMM�B`2 /2 p2`bBQMb- T2`K2ii�Mi /2
bmBp`2 HǶûH�#Q`�iBQM 2i H2 /ûp2HQTT2K2Mi /2 b+`BTib Qm /Ƕ�TTHB+�iBQMb BM7Q`K�iB[m2bX
:Bi>m#- HmB- T2`K2i ¨ HǶmiBHBb�i2m` /2 +`û2` mM `ûT2`iQB`2 T�`i�;2�#H2 �bbQ+Bû ¨
mM2 ;2biBQM /2b p2`bBQMb /2b Q#D2ib +QMi2Mmb /�Mb H2 /ûTƬiX � HǶ?2m`2 �+im2HH2- BH
MǶ2tBbi2 T�b /2 p�HQ`Bb�iBQM /2b b+`BTib /Ƕ�M�Hvb2b b+B2MiB}[m2b- ¨ KQBMb /Ƕû+`B`2 mM2
HB#`�B`2 2i /2 H� Tm#HB2` /�Mb /2b DQm`M�mt i2Hb [m2 h?2 _ CQm`M�H UAaaL , kydj@
938NVX :Bi>m# 2bi mM2 �Hi2`M�iBp2 T2`K2ii�Mi /Ƕāi`2 i`�MbT�`2Mi [m�Mi ¨ H� 7�ÏQM
/QMi H� /QMMû2 2bi i`�Biû2 2i H2b `ûbmHi�ib T`Q/mBibX *Ƕ2bi mM2 K�MBĕ`2 /Ƕ�bbm`2`
H� `ûTHB+�#BHBiû /2b �M�Hvb2b ¨ KQv2M 2i HQM; i2`K2X 1M 2z2i- HǶ�++2bbB#BHBiû /2b
b+`BTib /ûT2M/ /2 HǶ�++2bbB#BHBiû 2i H� /m`û2 /2 pB2 /m bBi2 ?û#2`;2m`- [mB `2bi2
/B{+BH2K2Mi T`û/B+iB#H2X .�Mb H2b T`Q+?�BMb +?�TBi`2b- H2b HB2Mb p2`b H2b `ûT2`iQB`2b
:Bi>m# +QKT`2M�Mi H2b b+`BTib /Ƕ�M�Hvb2b /ǶmM +?�TBi`2 /QMMû b2`QMi BM/B[mûb

X

ek



GǶ2bim�B`2 /2 a2BM2 � ûiû +�`�+iû`Bbû +QKK2 ûi�Mi mM û+QbvbiĕK2 T�`iB+mHB2`
/2 H� #�B2 /2 a2BM2 U+?�TBi`2 jV- KāH�Mi H� THm`�HBiû /2b �+iBpBiûb ?mK�BM2b �p2+
mM 2MpB`QMM2K2Mi p�`B�#H2 +�`�+iû`BbiB[m2 /2b KBHB2mt 2bim�`B2MbX *2 +QMi2ti2 2M@
pB`QMM2K2Mi�H 2bi #B2M /Q+mK2Miû- �p2+ /2b ûim/2b MQi�KK2Mi bm` H2b TQHHmiBQMb
+?BKB[m2b UJBMB2` 2i �HX- kyyeV Qm H2b +?�M;2K2Mib /�Mb H� KQ`T?QHQ;B2 /2 HǶ2b@
im�B`2 U*mpBHHB2x 2i �HX- kyyNVX G2b +QKKmM�miûb /2 TQBbbQMb /2 HǶ2bim�B`2 QMi +2@
T2M/�Mi ûiû T2m ûim/Bû2b- �p2+ /2b ûim/2b HBKBiû2b �mt +QKKmM�miûb �[m�iB[m2b
U"2HHB�`/ 2i �HX- kykyVX am` +2 TQBMi- H2b +QMM�Bbb�M+2b /2 HǶ2bim�B`2 /2 a2BM2 bQMi
2M `2i�`/ T�` `�TTQ`i ¨ /Ƕ�mi`2b 2bim�B`2b 7`�MÏ�Bb- [m2 +2 bQBi 2M :B`QM/2 U*?2@
pBHHQi 2i �HX- kyReV- 2M oBH�BM2 U"`BM/Ƕ�KQm` �M/ GQ#`v- kyyNV Qm /Ƕ�mi`2b 2bim�B`2b
/2 J�M+?2 1bi Ua2HH2bH�;? 2i �HX- kyyNVX GǶQ#D2+iB7 /2 +2 +?�TBi`2 2bi /QM+ /2 /û@
+`B`2 H� bi`m+im`2 /2b +QKKmM�miûb /2 TQBbbQMb /2 HǶ2bim�B`2 /2 a2BM2 2i H2m`b
ûpQHmiBQMb /�Mb H2 i2KTbX G2b `ûbmHi�ib /m +?�TBi`2 j UMQi�KK2Mi H� };m`2 jX8V
KQMi`2Mi mM2 +QKKmM�miû T`QT`2 ¨ HǶ2bim�B`2 /2 a2BM2- K�Bb �p2+ mM D2m /2 /QM@
Mû2 7Q+�Hbû bm` H� J�M+?2 1biX GǶB/û2 2bi /QM+ /ǶmiBHBb2` mM D2m /2 /QMMû2b +2Mi`û

ej



bm` H� MQm``B+2`B2 TQm` KB2mt �TT`û?2M/2` H2b TQi2MiB2HH2b /Bzû`2M+2b /�Mb H2b �b@
b2K#H�;2b #BQHQ;B[m2bX �}M /2 `2M/`2 +2ii2 /2b+`BTiBQM H� THmb +QKTHĕi2- /2mt
�TT`Q+?2b bQMi 2tTHQ`û2b bm++2bbBp2K2Mi TmBb +QK#BMû2b , mM2 �TT`Q+?2 i�tBMQ@
KB[m2 2i mM2 �TT`Q+?2 7QM+iBQMM2HH2X *2b /2mt �TT`Q+?2b T2mp2Mi b2K#H2` +QK@
THûK2Mi�B`2b- K�Bb +2`i�BM2b ûim/2b KQMi`2Mi /2b `ûbmHi�ib /Bp2`;2Mib 2Mi`2 2HH2b
UJ+G2�M 2i �HX- kyRN�VX G2b b+`BTib �v�Mi ûH�#Q`ûb H2b `ûbmHi�ib bQMi /BbTQMB#H2b B+B ,
?iiTb,ff;Bi?m#X+QKfh?B#�mHi*�`BQmfa2BM2n7Bb?+QKX

G2b b2+iBQMb [mB bmBp2Mi bQMi mM2 i`�/m+iBQM 2M 7`�MÏ�Bb /2 HǶ�`iB+H2 2M T`û@
T�`�iBQM T`ûb2Miû 2M �MM2t2 U�MM2t2 *VX G� };m`2 8XR 2bi H2 `ûbmKû ;`�T?B[m2
T`ûb2Mi�Mi T`ûb2Mi2 H2b +?2KBM2K2Mib Kûi?Q/QHQ;B[m2b �BMbB [m2 H2b `ûbmHi�ib Q#@
i2Mmb

8XR Ĝ _ûbmKû ;`�T?B[m2 /2b i`�p�mt K2Mûb /�Mb +2 +?�TBi`2X

e9



G2 D2m /2 /QMMû2b /2 LPl_a1AL1 2bi +QMbiBimû ¨ H� 7QBb /ǶBM7Q`K�iBQMb bm`
H� 7�mM2 K�+`Q#2Mi?B[m2 2i H2b TQBbbQMbX SQm` HǶQ#D2+iB7 /2 HǶûim/2- b2mH2 H� +H�bb2
�+iBMQTi2`v;BB 2i H� bQmb@+H�bb2 1H�bKQ#`�M+?BB QMi ûiû +QMb2`pû2b- +2 [mB � K2Mû
¨ +QMb2`p2` e3 i�tQMb bm` H2b ReR /BbTQMB#H2bX

GǶ�M�Hvb2 /2 H� +QKTQbBiBQM 2i /2 H� bi`m+im`2 i�tBMQKB[m2 � ûiû K2Mû2 /2
/2mt 7�ÏQMb , pB� H2 +�H+mH /ǶBM/B+2b /2 #BQ/Bp2`bBiû 2i pB� mM2 Q`/BM�iBQM bmBpB2
/ǶmM ;`QmT2K2MiX .2mt BM/B+2b- +H�bbB[m2b 2i +QKTHûK2Mi�B`2b /�Mb HǶûim/2 /2 H�
#BQ/Bp2`bBiû- QMi ûiû +�H+mHûb c HǶBM/B+2 /2 a?�MMQM UQm a?�MMQM@qB2M2`V MQiû 2i
HǶû[mBi�#BHBiû /2 SBûHQm MQiû2 ,

H = −
∑

i

pi ln(pi) et J =
H

ln(S)
U8XRV

�p2+ pi HǶ�#QM/�M+2 `2H�iBp2 /m i�tQM i 2i S H2 MQK#`2 /2 i�tQMb /�Mb H2 bBi2
+QMbB/û`ûX

a?�MMQM /QMM2 mM2 BM/B+�iBQM bm` H� bi`m+im`2 /ǶmM2 +QKKmM�miû 2M T`2M�Mi
2M +QKTi2 H2 MQK#`2 /2 i�tQM 2i H2m` �#QM/�M+2 `2H�iBp2 /�Mb H� +QKKmM�miûX SBû@
HQm BM7Q`K2 bm` H� bi`m+im`2 /2 H� +QKKmM�miû �p2+ mM2 TQM/û`�iBQM T�` H� `B+?2bb2
bTû+B}[m2 TQm` +?�[m2 bBi2X aB J 2bi T`Q+?2 /2 y- +2H� bB;MB}2 [mǶmM i�tQM /QKBM2
H� +QKKmM�miû 2M i2`K2 /Ƕ�#QM/�M+2 2i bB BH 2bi T`Q+?2 /2 R- H2b �#QM/�M+2b bQMi
û[mBHB#`ûb TQm` iQmb H2b i�tQMbX S�` �BHH2m`b- mM2 �M�Hvb2 2M +QKTQb�Mi2b T`BM@
+BT�H2b U�*SV 2bi 2z2+imû2 bm` H� K�i`B+2 /2 +QKKmM�miû Ui`�Bib /2 +?�Hmi 2M
HB;M2 2i i�tQMb 2M +QHQMM2VX �}M /2 bi�M/�`/Bb2` H2b /QMMû2b /2 +2ii2 K�i`B+2- mM2
i`�Mb7Q`K�iBQM /2 >2HHBM;2` � ûiû QTû`û2 UG2;2M/`2 �M/ :�HH�;?2`- kyyRVX 1HH2 2bi
/û}MB2 �BMbB ,

y′ij =

√

yij

yi
U8XkV

�p2+ yij HǶ�#QM/�M+2 /m i�tQM j /�Mb H2 bBi2 i 2i yi H� bQKK2 /2b �#QM/�M+2b /m
bBi2 iX

1M THmb /2 +2b /2mt BM/B+2b- H� #BQK�bb2 iQi�H2 2i H� #BQK�bb2 /2b DmpûMBH2b QMi
ûiû ûim/Bû2bX G� #BQK�bb2 2bi T2mi āi`2 `2HBû2 ¨ H� `B+?2bb2 bTû+B}[m2 UJQ`� 2i �HX-
kyRR c .mzv 2i �HX- kyReV- K�Bb +2 MǶ2bi +2T2M/�Mi T�b iQmDQm`b H2 +�b- +QKK2 +2H�
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� ûiû KQMi`û /�Mb H2b 2�mt /m TH�i2�m +QMiBM2Mi�H /Ƕ1m`QT2 /2 HǶQm2bi UJ�m`2�m/
2i �HX- kyRNVX .�Mb +2ii2 ûim/2- i`QBb ?vTQi?ĕb2b bQMi KBb2b 2M �p�Mi TQm` 2tTHB[m2`
HǶ�#b2M+2 /2 `2H�iBQMb 2Mi`2 #BQK�bb2 2i `B+?2bb2 , URV HǶ�Hiû`�iBQM /2b +QKKmM�miûb
T�` H2b �+iBpBiûb /2 Tā+?2- UkV mM2 K�mp�Bb2 û+?2HH2 /Ƕûim/2 TmBb[m2 H� `2H�iBQM 2bi
û+?2HH2@/ûT2M/�Mi2- UjV H� /vM�KB[m2 2Mi`2 `B+?2bb2 2i #BQK�bb2 2bi 7QM/�K2Mi�H2@
K2Mi /Bzû`2Mi2 +QKT�`û2 �mt xQM2b /Ƕûim/2b Qɍ mM2 `2H�iBQM TQbBiBp2 2bi Q#b2`pû2X
GǶ�DQmi /2 H� #BQK�bb2 2bi /QM+ DmbiB}û 2M T�`�HHĕH2 /2b BM/B+2b /2 #BQ/Bp2`bBiûX G�
xQM2 /Ƕûim/2 ûi�Mi mM2 MQm``B+2`B2- mM 7Q+mb T�`iB+mHB2` H2m` 2bi �ii`B#mû- 2i H2b
�#QM/�M+2b /2 DmpûMBH2b UTQm` H2b i�tQMb /QMi H2b +Q?Q`i2b bQMi /ûi2`KBMû2bV bQMi
û;�H2K2Mi +�H+mHû2bX

G� i`�Mb7Q`K�iBQM /2 >2HHBM;2`- +QK#BMû2 ¨ HǶ�*S /QMM2 mM2 BM7Q`K�iBQM bm`
H2b +?�M;2K2Mib `2H�iB7b /Ƕ�#QM/�M+2- THmb [m2 bm` H2b +?�M;2K2Mib 2M p�H2m`b �#@
bQHm2bX *2H� T2`K2i /2 /QMM2` mM TQB/b KQBMb BKTQ`i�Mi �mt 2bTĕ+2b `�`2b- [mB
M2 bQMi T�b HǶQ#D2i /Ƕûim/2 B+BX G2 bBi2 /Ƕûim/2 ûi�Mi mM2 MQm``B+2`B2 TQm` /2 MQK@
#`2mb2b 2bTĕ+2b /2 TQBbbQMb- H2b +Q?Q`i2b /2 DmpûMBH2b bQMi bûT�`û2b 2M +H�bb2b /Ƕ�;2b
HQ`b[m2 +2HH2b@+B QMi Tm āi`2 B/2MiB}û2bX *2b +H�bb2b /Ƕ�;2b bQMi MQKKû2b :y UBM/B@
pB/mb Mûb HǶ�MMû2 /2 HǶû+?�MiBHHQMM�;2V- :R UBM/BpB/mb /ǶmM �MV- :kY UBM/BpB/mb /2
k �Mb Qm THmbVX GǶQ`/BM�iBQM 2bi bmBpB2 /ǶmM2 +H�bbB}+�iBQM ?Bû`�`+?B[m2 �b+2M/�Mi2-
#�bû2 bm` H� /Bbi�M+2 2m+HB/B2MM2 /2b +QQ`/QMMû2b /�Mb H2 MQmp2H 2bT�+2X a2mHb H2b
8 T`2KBĕ`2b +QKTQb�Mi2b T`BM+BT�H2b bQMi +QMbB/û`û2bX G2 ;`QmT2K2Mi 2bi `û�HBbû ¨
HǶ�B/2 /m +`Biĕ`2 /2 q�`/X

1M THmb /2 HǶ�TT`Q+?2 +QKKmM�mi�B`2- H2b +?�M;2K2Mib /Ƕ�#QM/�M+2b H2b THmb
BKTQ`i�Mib T�` i�tQMb QMi ûiû /ûi2`KBMûb ¨ HǶ�B/2 /ǶmM2 +Q``ûH�iBQM /2 `�M; /2
aT2�`K�M 2Mi`2 H2b �#QM/�M+2b KQv2MM2b 2i HǶ�MMû2 /m bmBpBX

�}M /Ƕûp�Hm2` H2b +?�M;2K2Mib /2b BM/B+2b 2i /2MbBiûb T`ûb2Miûb /�Mb H� b2+iBQM
T`û+û/2Mi2- H2b �MQK�HB2b i2KTQ`2HH2b bQMi +�H+mHû2b Up�H2m` �m i2KTb t @ KQv2MM2
/2 /m T�`�Kĕi`2 bm` H� bû`B2 i2KTQ`2HH2VX �m+mM2 i2M/�M+2 +H�B`2 M2 T2mi āi`2

ee



iB`û2 /2 HǶûpQHmiBQM i2KTQ`2HH2 /2b BM/B+2b /2 a?�MMQM 2i SBûHQm U};m`2 8XkVX 1M
`2p�M+?2- H2b /2MbBiûb KQv2MM2b /2 TQBbbQMb bm` H2b �MMû2b H2b THmb `û+2Mi2b bQMi
H2b THmb #�bb2b- i2M/�M+2 2M+Q`2 THmb M2ii2 bm` H2b /2MbBiûb /2 DmpûMBH2bX

8Xk Ĝ �MQK�HB2b �MMm2HH2b /2b BM/B+2b /2 a?�MMQM 2i SBûHQm- �BMbB [m2
/2 H� /2MbBiû iQi�H2 2i /2 DmpûMBH2b /�Mb HǶ2bim�B`2 /2 a2BM2 /2 RNN8 ¨ kyRNX G2b
�MQK�HB2b bQMi +�H+mHû2b ¨ T�`iB` /2 H� KQv2MM2 bm` H� bû`B2X G2b +QmH2m`b /ûMQi2Mi
H2b �MQK�HB2b TQbBiBp2b UD�mM2V /2b �MQK�HB2b Mû;�iBp2b UpBQH2iVX G� /2MbBiû iQi�H2
2i /2b DmpûMBH2b 2bi /QMMû2 2M MQK#`2 /ǶBM/BpB/mb T�` Kĕi`2 +�``ûX

aT�iB�H2K2Mi- H� KQv2MM2 /2b BM/B+2b �m b2BM /2 +?�[m2 bi`�i2 /Ƕû+?�MiBHHQM@
M�;2 2bi `2T`ûb2Miû2 U};m`2 8XjVX GǶ2bim�B`2 MǶ2bi T�b mM2 2MiBiû ?QKQ;ĕM2 2i /2b
+QMi`�bi2b 2tBbi2Mi 2M i2`K2b /2 `B+?2bb2 i�tBMQKB[m2 2i /2 /QKBM�M+2X GǶ2K#Qm@
+?m`2 /2 HǶ2bim�B`2 TQbbĕ/2 H2b b2+i2m`b H2b THmb `B+?2b Ub2+i2m`b .- 1- JV 2i H2b
/QKBM�M+2b H2b THmb 7�B#H2b U6 2i .VX G� xQM2 MQ`/ Ub2+i2m` �V 2i H2b b2+i2m`b bB@
imûb bQmb HǶ2K#Qm+?m`2 bQMi T�`KB H2b THmb T�mp`2b 2i Qɍ mM2 [m2H[m2b 2bTĕ+2b
b2K#H2Mi /QKBM2` H� +QKKmM�miû /2 T�`i H2m`b �#QM/�M+2b- �p2+ HǶ2t+2TiBQM /m
b2+i2m` G- T`Q+?2 /2 HǶ2K#Qm+?m`2 /2 HǶP`M2X

G2b /2MbBiûb /2 DmpûMBH2b bQMi T`BM+BT�H2K2Mi /Bbi`B#mû2b H2 HQM; /2b +Ƭi2b 2i
/�Mb HǶ2bim�B`2- i�M/Bb [m2 H2b b2+i2m`b .- >- 2i E bQMi +2mt �v�Mi H2b THmb 7Q`i2b
/2MbBiûb iQmb i�tQMb +QM7QM/mbX *2b 7Q`i2b /2MbBiûb �bbQ+Bû2b ¨ H� 7Q`i2 /QKBM�M+2
2tBbi�Mi2 2i H� 7�B#H2 `B+?2bb2 BM/B[m2Mi [m2 TQm` H2b b2+i2m` > 2i E- mM i�tQM

ed



8Xj Ĝ ai`m+im`2 bT�iB�H2 /2b BM/B+2b /2 #BQ/Bp2`bBiû a?�MMQM UHV 2i SBûHQm
UJV �BMbB [m2 /2 H� /2MbBiû iQi�H2 /2 TQBbbQMb 2i /2b DmpûMBH2bX G2b H2ii`2b `2T`û@
b2Mi2Mi H2 MQK /2b bi`�i2b /Ƕû+?�MiBHHQMM�;2b /2 H� +�KT�;M2 LPl_a1AL1X

T`ûb2Mi UB/2MiB}û /�Mb H2b `ûbmHi�ib bmBp�Mib , V /QKBM2 H2b +QK@
KmM�miûb �p2+ /2 i`ĕb 7Q`i2b �#QM/�M+2b X G2 b2+i2m` 6- Qɍ H2b /2MbBiûb bQMi KB2mt
`ûT�`iB2b 2Mi`2 H2b /Bzû`2Mib i�tQMb 2i /QMi H� `B+?2bb2 i�tBMQKB[m2 };m`2 T�`KB
H2b THmb 7Q`i2b /2 HǶ2bim�B`2- TQbbĕ/2 2M `2p�M+?2 H2b /2MbBiûb H2b THmb 7�B#H2bX
.2b e3 i�tQMb /2 H� K�i`B+2 /2 +QKKmM�miû- R8 /Ƕ2Mi`2 2mt �{+?2Mi mM2 `2H�iBQM
bB;MB}+�iBp2 2Mi`2 H2m`b /2MbBiûb 2i H2 i2KTb Ui�#H2�m 8XRVX G� K�DQ`Biû /2 +2b `2H�@
iBQMb bQMi /2b +Q``ûH�iBQMb Mû;�iBp2b- `2~ûi�Mi �BMbB H� i2M/�M+2 ¨ H� /BKBMmiBQM 2M
�#QM/�M+2 /2 TQBbbQMb /�Mb HǶ2bim�B`2 /2 a2BM2X SQm` i`QBb 2bTĕ+2b U

- 2i V- +2ii2 /vM�KB[m2 2bi B/2MiB}û2 TQm`
iQmi2b H2b +Q?Q`i2b /2 DmpûMBH2b- +2 [mB 2bi +Q?û`2Mi �p2+ H2b #�Bbb2b /2 /2MbBiûb /2
DmpûMBH2b û;�H2K2Mi Q#b2`pû2b /�Mb H� };m`2 8XkX

e3



h�tQMb ρ /2 aT2�`K�M
:kT @yX38

@yX3j
:R @yX3k
:y @yXdN
:y @yXd3

:R @yXdd
:R @yXde
:y @yXd8

@yX83
@yX89

:kT yX8e
yXee
yXdy
yX3y
yX3R

h�#H2�m 8XR Ĝ ρ /2 aT2�`K�M TQm` H2b i�tQMb /QMi H� +Q``ûH�iBQM 2Mi`2 H2m` /2MbBiû
KQv2MM2 �MMm2HH2 2i HǶ�MMû2 2bi bB;MB}+�iBp2 UT@p�Hm2IyXy8VX

G2b i`QBb T`2KB2`b �t2b /2 HǶ�*S 2tTHB[m2Mi 8RXkW /2 H� p�`B�M+2 iQi�H2- /Bbi`B@
#mû2 `2bT2+iBp2K2Mi ¨ k3X8W- RjX3W 2i NW U};m`2 8X9VX .2mt i�tQMb bi`m+im`2Mi H2b
+QKKmM�miûb /2 TQBbbQMb /2 HǶ2bim�B`2 /2 a2BM2 , H2 +�HHBQMvK2 Hv`2 U

V 2i H2b :Q#BB/�2 U V- +Q``ûHûb `2bT2+iBp2K2Mi ¨ H� +QKTQ@
b�Mi2 T`BM+BT�H2 R 2i kX .2 7�Bi- +2b /2mt i�tQMb `2T`ûb2Mi2Mi ¨ 2mt b2mHb 8yW /2b
/2MbBiûb iQi�H2b /2b TQBbbQMb /�Mb H2 bmBpB LPl_a1AL1 U};m`2 8X8VX G2 i`QBbBĕK2
�t2 /2 HǶ�*S /BbiBM;m2 mM �bb2K#H�;2 ¨ i2M/�M+2 TûH�;B[m2- �p2+ /2b i�tQMb i2Hb
[m2 2i - /ǶmM �bb2K#H�;2 ¨ 2bTĕ+2b #2Mi?B[m2b
i2Hb [m2 H� bQH2 Qm H2 i�+�m/ X G2b +Q?Q`i2b /2 Dmpû@
MBH2b :y bQMi +2HH2b [mB 2tTHB[m2Mi �m KB2mt H2b p�`B�iBQMb /2b +QKKmM�miûb /2

eN



TQBbbQMb- +2 [mB T2mi āi`2 HBû ¨ H2m`b 7Q`i2b �#QM/�M+2b `2H�iBp2K2Mi �mt +Q?Q`i2b
:R 2i :kT- Qɍ ¨ /2b /Bbi`B#miBQMb THmb HQ+�HBbû2b /m 7�Bi /2 H2m` 7�B#H2 +�T�+Biû /2
/ûTH�+2K2MiX

8X9 Ĝ �M�Hvb2 2M +QKTQb�Mi2b T`BM+BT�H2b U�*SV /2 H� K�i`B+2 /2 +QKKm@
M�miû �T`ĕb mM2 bi�M/�`/Bb�iBQM /2 >2HHBM;2`X .�Mb +?�[m2 +QmTH2 /2 +QKTQb�Mi2b
T`BM+BT�H2b- H2b /Bt p�`B�#H2b �p2+ H2b THmb 7Q`i2b +QMi`B#miBQMb ¨ H� p�`B�M+2 bQMi
`2T`ûb2Miû2bX

G2 /2M/`Q;`�KK2 Bbbm /2 H� K�i`B+2 /2 +QQ`/QMMû2b /�Mb HǶ2bT�+2 /2 HǶ�*S
T2mi āi`2 b+BM/û ¨ /Bzû`2Mib MBp2�mt TQm` 7Q`K2` /2b ;`QmT2b +Q?û`2MibX SQm`
2z2+im2` mM2 bûT�`�iBQM Q#D2+iBp2- H� HB#`�B`B2 _ U*?�``�/ 2i �HX- kyR9V
2bi 2KTHQvû2 B+BX 1HH2 T2`K2i H2 +�H+mH /2 jy BM/B+2b TQm` /ûi2`KBM2` H2 MQK#`2 /2
;`QmT2b `2~ûi�Mi �m KB2mt bBKBH�`Biûb 2i /Bzû`2M+2bX *2ii2 Kûi?Q/QHQ;B2 T2`K2i
/2 M2 T�b #�b2` H2b `ûbmHi�ib bm` H2 +?QBt /ǶmM BM/B+2 +QMMm T�` 2tTû`B2M+2- 2i /QM+
/ǶQ#D2+iBpBb2` mM T2m THmb H2 +?QBt /m MQK#`2 /2 ;`QmT2bX G2b `ûbmHi�ib KQMi`2Mi
�mi�Mi /ǶBM/B+2b U8V T`û+QMBb�Mi mM2 /û+QmT2 2M j ;`QmT2b [m2 /ǶBM/B+2b TQm` 9
;`QmT2bX G2 +?QBt 2bi 7�Bi B+B /2 bûH2+iBQMM2` 9 ;`QmT2b �}M /2 `2~ûi2` �m KB2mt H�
/Bp2`bBiû /2b �bb2K#H�;2b `2M+QMi`ûb U};m`2 8XeVX

*2b [m�i`2 ;`QmT2b bQMi /BbiBM;mûb bm` H2 +QmTH2 /2 +QKTQb�Mi2b T`BM+BT�H2b R
2i j 2i +Q``2bTQM/2Mi �mt [m�i`2 �bb2K#H�;2b T�` H2+im`2 /2 HǶ�*S U};m`2 8XdVX

dy



8X8 Ĝ S`QTQ`iBQM `2H�iBp2 /2b /2MbBiûb TQm` H2b R8 i�tQMb H2b THmb `2T`ûb2M@
iûbX

�}M /2 /û+`B`2 +2b �bb2K#H�;2b 2M i2`K2b bTû+B}[m2b- H2b /2MbBiûb /2b /2b+`BT@
i2m`b /2 HǶ�*S UH2b i�tQMbV bQMi i2biûb Ui�#H2�m 8XkVX SQm` +?�[m2 �bb2K#H�;2 2i
TQm` +?�[m2 /2b+`BTi2m` /2 HǶ�*S UMQiû XV- H� KQv2MM2 /2b /2MbBiûb /m /2b+`BT@
i2m` bm` H2b i`�Bib /2 +?�Hmi +QMbiBim�Mi HǶ�bb2K#H�;2 2bi +�H+mHû2- �BMbB [m2 H2b
/2MbBiûb KQv2MM2b /2b /2b+`BTi2m`b /2 HǶ�bb2K#H�;2 bm` iQmb H2b i`�Bib /2 +?�Hmi /2
H� K�i`B+2 �BMbB [m2 HǶû+�`i@ivT2 /2b /2MbBiûb bm` HǶ2Mb2K#H2 /2b i`�Bib /2 +?�Hmi
U>mbbQM 2i �HX- kyRRVX �p2+ +2b /QMMû2b- H� bi�iBbiB[m2 bmBp�Mi2 2bi +�H+mHû2 ,

V =
x̄q − x̄

√

s
Iq
( I−Iq
I−1

)
U8XjV

�p2+ x̄q H� KQv2MM2 /m /2b+`BTi2m` X TQm` HǶ�bb2K#H�;2 q- x̄ H� KQv2MM2 /2 X

bm` HǶ2Mb2K#H2 /2b i`�Bib /2 +?�Hmib- Iq H2 MQK#`2 /2 i`�Bi /2 +?�Hmi �TT�`i2M�Mi
¨ HǶ�bb2K#H�;2 qX *2ii2 bi�iBbiB[m2 T2mi āi`2 pm2 +QKK2 mM û+�`i ¨ mM2 KQv2MM2
;ûMû`�H2 2i QM T2mi v �bbQ+B2` mM2 T`Q#�#BHBiû ¨ HǶ�B/2 /ǶmM2 HQB MQ`K�H2X

G2 T`2KB2` ;`QmT2 2bi 7Q`i2K2Mi bi`m+im`û T�` H2b �#QM/�M+2b /2 2i
2bi /QM+ MQKKû TQm` H� bmBi2 Ǵ�bb2K#H�;2 ¨ +�HHBQMvK2bǴX h`QBb i�tQMb /2 TQBb@

dR



8Xe Ĝ .2M/`Q;`�KK2 `2T`ûb2Mi�Mi H2 `ûbmHi�i /m ;`QmT2K2Mi /2b +QQ`/QM@
Mû2b /2 HǶQ`/BM�iBQM /2 H� K�i`B+2 /2 +QKKmM�miûX G2 +`Biĕ`2 /2 q�`/ 2bi miBHBbû
TQm` +QMbi`mB`2 H2 ;`QmT2K2MiX G2b +QmH2m`b `2T`ûb2Mi2Mi H2b [m�i`2 �bb2K#H�;2b
/û}MBb T�` H2 MQK#`2 QTiBK�H /2 ;`QmT2b Q#i2Mm �p2+ H� HB#`�B`B2 U*?�`@
`�/ 2i �HX- kyR9VX

8Xd Ĝ _ûbmHi�ib /m ;`QmT2K2Mi `2TQ`iûb /�Mb HǶ2bT�+2 /2 HǶ�*SX

bQMb TH�ib bQMi û;�H2K2Mi `û+m``2Mib /�Mb +2i �bb2K#H�;2 , H� T2iBi2 bQH2 D�mM2
- H� HBK�M/2 2i H2b �`MQ;HQbb2b

dk



h�tQMb ai�iBbiB[m2 o JQv2MM2 JQv2MM2 T@p�Hm2
/m ;`QmT2 ;ûMû`�H2

kRXR yXdyj3 yXjN8y 5.9−99

RkXd yXjkyd yXkyeN 3.6−37

:R 3Xk yXRydk yXyedd 3.1−16

dXy yXy989 yXyk9e 2.3−12

8X9 yXyky8 yXyRyk 5.3−08

:y 9XN yXRReN yXyNRk 7.7−07

RdX9 yXd8eR yX9k8k 5.3−68

kXj yXyRN3 yXyRkj 2.2−02

kXR yXy9N3 yXyXjN9 3.4−02

:y kXR yXRRkk yXyNke 3.6−02

:R @kXy yXyRR8 yXykeN 4.5−02

:R @kXy yXyky3 yXyj98 3.9−02

:y ReXN yXjN9y yXRydj 1.1−64

:y RjXd yXkN99 yXyNkk 6.2−42

:R RyX9 yXRkkR yXykeN 1.3−25

:R 3Xy yXRy3N yXyjdR 4.3−15

:y eXy yXye83 yXykRy 1.8−09

8XN yXRRe3 yXy9Nk 1.3−09

:y ReXj yXkeNd yXy3yR 5.2−60

:R R8Xj yXRd3R yXy9jR 1.0−52

:kT R8Xk yXkR88 yXyeRN 2.0−52

RjXk yXjjee yXRRyj 1.1−39

:R RyX3 yXRR3e yXyj98 4.5−27

:kT Ry yXy38d yXyk9k 1.4−23

h�#H2�m 8Xk Ĝ GBbi2 /2b bBt i�tQMb H2b THmb `2T`ûb2Mi�iB7b /2 +?�[m2 �bb2K#H�;2
/ûi2`KBMûb T�` ;`QmT2K2MiX lM i�tQM T2mi āi`2 `2T`ûb2Mi�iB7 /2 HǶ�bb2K#H�;2 bQBi
T�` mM2 T`ûb2M+2 THmb ûH2pû2 [m2 H� KQv2MM2 Ubi�iBbiB[m2 o TQbBiBp2V Qm T�` mM2
�#b2M+2 THmb K�`[mû2 Ubi�iBbiB[m2 o Mû;�iBp2VX

X G2 b2+QM/ ;`QmT2 2bi +�`�+iû`Bbû T�` H� 7�KBHH2 /2b :Q#BB/�2 2i /QM+ MQKKû
Ǵ�bb2K#H�;2 ¨ ;Q#B2bǴX G2 i`QBbBĕK2 ;`QmT2 `�bb2K#H2 T`BM+BT�H2K2Mi /2b 2bTĕ+2b
TûH�;B[m2b �BMbB [m2 H2 #�` U VX AH 2bi MQKKû Ǵ�bb2K#H�;2 ¨
i2M/�M+2 TûH�;B[m2ǴX G2 /2`MB2` ;`QmT2 `�bb2K#H�Mi /2b i�tQMb #2Mi?B[m2b Qm /û@
K2`b�mt 2bi MQKKû Ǵ�bb2K#H�;2 /ûK2`b�HǴX

dj



G� };m`2 8X3 KQMi`2 [m2 H2b �bb2K#H�;2b Q++mT2Mi /2b 2bT�+2b T�`iB+mHB2`b
/2 HǶ2bim�B`2X GǶ�bb2K#H�;2 ¨ +�HHBQMvK2b 2bi H2 THmb `2T`ûb2Miû /�Mb H2b bmBpBb
LPl_a1AL1X AH 2bi `2M+QMi`û /�Mb H2b xQM2b H2b THmb T�mp`2b 2M #BQ/Bp2`bBiû /2
HǶ2bim�B`2 U`B+?2bb2 bTû+B}[m2 KQv2MM2 S = 8.5V- +2 [mB T2`K2i /ǶB/2MiB}2` H2b
+�HHBQMvK2b +QKK2 ûi�Mi H2b i�tQMb `2bTQMb�#H2b /2 H� 7�B#H2 û[mBi�#BHBiû /�Mb +2b
b2+i2m`bX

8X3 Ĝ .Bbi`B#miBQM �MMm2HH2 /2b �bb2K#H�;2b /2 +QKKmM�miûb /�Mb HǶ2b@
im�B`2 /2 a2BM2X *?�[m2 TQBMi `2T`ûb2Mi2 mM i`�Bi /2 +?�Hmi 2z2+imû 2i b� +QmH2m`
+Q``2bTQM/ ¨ HǶ�bb2K#H�;2 �m[m2H H� +QKKmM�miû �TT�`iB2MiX

G2b bi�iBQMb /2 HǶ�bb2K#H�;2 ¨ ;Q#B2b bQMi T`BM+BT�H2K2Mi T`ûb2Mi2b /�Mb HǶ2K@
#Qm+?m`2 /2 HǶ2bim�B`2 Qm H2 HQM; /2 H� +Ƭi2 �p2+ mM2 `B+?2bb2 bTû+B}[m2 KQv2MM2

d9



/2 S = 9.8X 1M RNNN- HǶ�bb2K#H�;2 MǶ2bi T�b T`ûb2Mi +�` b2mHb H2b i�tQMb /ǶBMiû`āi
+QKK2`+B�mt QMi ûiû B/2MiB}ûbX

G2b /2mt /2`MB2`b �bb2K#H�;2b T�`i�;2Mi H2b KāK2b 2bT�+2b /�Mb HǶ2K#Qm+?m`2
/2 HǶ2bim�B`2X *2 bQMi /2mt �bb2K#H�;2b �p2+ mM2 7Q`i2 `2T`ûb2Mi�iBQM /2 +Q?Q`i2b
/2 DmpûMBH2b- +2 [mB 2tTHB[m2 2M T�`iB2 +2ii2 `ûT�`iBiBQM /�Mb H2b 2�mt T2m T`Q7QM/2b
/2 H� xQM2 /Ƕûim/2X .2 THmb +2b �bb2K#H�;2b bQMi H2b THmb `B+?2b �p2+ S = 11 TQm`
HǶ�bb2K#H�;2 TûH�;B[m2 2i S = 12.5 TQm` HǶ�bb2K#H�;2 #2Mi?B[m2X AH 2tBbi2 mM2
p�`B�#BHBiû /�Mb H� /QKBM�M+2 /2b �bb2K#H�;2b /�Mb H2b bi�iBQMb /2 HǶ2K#Qm+?m`2-
�p2+ /2b �MMû2b Qɍ H2b �bb2K#H�;2b ¨ ;Q#B2b bQMi THmb T`ûb2Mib [m2 H2b �bb2K#H�;2b
#2Mi?B[m2 2i TûH�;B[m2X lM i2bi /2 E`mbF�H@q�HHBb �bbQ+Bû ¨ mM i2bi /2
qBH+QtQM@J�MM@q?BiM2v � KQMi`û [m2 H2b /Bzû`2M+2b 2M `B+?2bb2 bTû+B}[m2 ûi�B2Mi
bB;MB}+�iBp2b /ǶmM �bb2K#H�;2 ¨ mM �mi`2 U};m`2 8XNVX

8XN Ĝ "Qŗi2b ¨ KQmbi�+?2 /2b p�H2m`b /2 `B+?2bb2 bTû+B}[m2 UaV /2 +?�[m2
�bb2K#H�;2X G� /Bzû`2M+2 2Mi`2 H2b p�H2m`b KQv2MM2b /2 `B+?2bb2 2bi i2biû2 �p2+
mM i2bi /2 E`mbF�H@q�HHBb 2i /2b i2bib /2 qBH+QtQM@J�MM@q?BiM2vX G2b
T@p�Hm2b bQMi BM/B[mû2b 2Mi`2 H2b /Bzû`2Mi2b +QKT�`�BbQMbX

G� };m`2 8XRy KQMi`2 [mǶBH b2K#H2 v �pQB` mM2 +Q``ûH�iBQM 2Mi`2 H2b /2MbBiûb
iQi�H2b 2i H� T`QTQ`iBQM /2 HǶ�bb2K#H�;2 #2Mi?B[m2 U2M QK2ii�Mi HǶ�MMû2 kyy3VX
.2 THmb- H2b �MMû2b Qɍ H2b �bb2K#H�;2b ¨ ;Q#B2b bQMi ¨ 7Q`i2 /2MbBiû- H2b /2MbBiûb

d8



/2b �bb2K#H�;2b ¨ i2M/�M+2 TûH�;B[m2b 2i #2Mi?B[m2b bQMi /2 KQBM/`2 BKTQ`i�M+2X
*2ii2 Q#b2`p�iBQM 2bi `2M7Q`+û2 T�` H� +�`�+iû`Bb�iBQM /2 HǶ�bb2K#H�;2 Ui�#H2�m 8XkV-
TmBb[m2 HǶ�#b2M+2 /2 ?�`2M; U V Qm /2 ~2i U V 2M 2bi mM2 K�`[m2X

8XRy Ĝ o�`B�iBQM �MMm2HH2 /2b /2MbBiûb `2H�iBp2b /2b +�Tim`2b /2 +?�[m2
�bb2K#H�;2X G2b #H�M+b BM/B[m2Mi /2b +ûbm`2b /�Mb H� bû`B2 LPl_a1AL1X G� HB;M2
MQB`2 `2T`ûb2Mi2 H2b /2MbBiûb iQi�H2b +�Tim`û2bX

hQmi +QKK2 TQm` H2 +?�TBi`2 j- H2 D2m /2 /QMMû2b miBHBbû TQm` HǶûim/2 /2 i`�Bib
7QM+iBQMM2Hb 2bi #�bû bm` +2HmB /2 "2mF?Q7 2i �HX UkyRNVX *2 D2m /2 /QMMû2b bvM@
i?ûiBb2 H� HBiiû`�im`2 bm` H2b i`�Bib /Ƕ?BbiQB`2 /2 pB2 /2 i�tQMb #2Mi?Q@/ûK2`b�mt
2M �iH�MiB[m2 MQ`/@2biX AH BM+Hmi R9 i`�Bib c N i`�Bib +QMiBMmb 2i 8 i`�Bib +�iû;Q`B2Hb
Ui�#H2�m 8XjVX

G� #�b2 +QMiB2Mi ekRe i�tQMb �p2+ /2b BM7Q`K�iBQMb `2H�iBp2b ¨ H2m` /Bbi`B#m@
iBQM ;ûQ;`�T?B[m2X .2 +2ii2 #�b2- b2mHb /2mt i�tQMb /2 H� #�b2 LPl_a1AL1 MǶv
};m`2Mi T�b , HǶ?BTTQ+�KT2 U V 2i H2 KmH2i U VX G2b /QMMû2b

de



h`�Bib +QMiBMmb h`�Bib +�iû;Q`B2Hb
LBp2�m i`QT?B[m2 >�#Bi�i

_�iBQ /Ƕ�bT2+i M�;2QB`2 +�m/�H2 JQ/2 /Ƕ�HBK2Mi�iBQM
h�BHH2 /2 H� /2b+2M/�M+2UKKV 6Q`K2 /m +Q`Tb

�;2 ¨ K�im`Biû U�MMû2bV 6Q`K2 /2 H� +�m/�H2
6û+QM/Biû UMQK#`2 /ǶQ2m7b Qm /2b+2M/�Mib

T`Q/mBi T�` �M T�` 72K2HH2bV hvT2 /2 7û+QM/�iBQM
h�BHH2 ¨ HǶBM}MBU+KV- T�`�Kĕi`2 /2 HǶû[m�iBQM

/2 oQM "2`i�H�Mzv
*Q2{+B2Mi E /2 +`QBbb�M+2 /2

oQM "2`i�H�Mzv U�MMû2−1V
h�BHH2 K�tBK�H2 U+KV
�;2 K�tBK�H U�MMû2V

h�#H2�m 8Xj Ĝ h`�Bib +QKT`Bb /�Mb H� #�b2 /2 i`�Bib /Ƕ?BbiQB`2 /2 pB2 /2 "2mF?Q7
2i �HX UkyRNVX

/2 i`�Bib 7QM+iBQMM2Hb K�M[m�Mi2b M2 bQMi /QM+ T�b +QKTHûiû2b 2i H2b i�tQMb TQm`
H2b[m2HH2b HǶBM7Q`K�iBQM MǶ2bi T�b +QKTHĕi2 bQMi /QM+ 2MH2pûb /2 HǶ�M�Hvb2X �T`ĕb
bmTT`2bbBQM /2 +2b i�tQMb UT`BM+BT�H2K2Mi /2b `�B2bV- 83 /2b e3 i�tQMb /2 H� K�i`B+2
/2 +QKKmM�miû QMi ûiû +QMb2`pûb TQm` H� bmBi2 /2b �M�Hvb2bX G2b i�tQMb bmTT`BKûb
M2 `2T`ûb2Mi2Mi T�b mM2 T�`i BKTQ`i�Mi2 /2 H� #BQK�bb2 /2b +�Tim`2bX G� #�b2 /2
i`�Bi +QMiB2Mi /2b BM7Q`K�iBQMb TQm` mM2 2bTĕ+2- b�Mb +QMbB/û`�iBQM /2 H� +H�bb2
/Ƕ�;2X �}M /2 `2M/`2 +QKTi2 /m +�`�+iĕ`2 MQm``B+2`B2 /m D2m /2 /QMMû2b- /2b 2M@
i`û2b bQMi �DQmiû2b TQm` H2b +H�bb2b /2 DmpûMBH2bX G� #�b2 /2 i`�Bi 2i H2b �DQmib /2b
i�tQMb DmpûMBH2b bQMi /ûi�BHHûb 2M b2+iBQM 8X3- 2M }M /2 +?�TBi`2X GǶ�M�Hvb2 7QM+@
iBQMM2HH2 /2 H� +QKKmM�miû 2bi bBKBH�B`2 ¨ HǶ�M�Hvb2 i�tBMQKB[m2X lM2 Q`/BM�iBQM
bmBpB2 /ǶmM ;`QmT2K2Mi bQMi /QM+ �TTHB[mûb �}M /2 `ûbmK2` HǶBM7Q`K�iBQM /m D2m
/2 /QMMû2b BMBiB�H 2i /ǶB/2MiB}2` H2b ;`QmT2b 7QM+iBQMM2Hb T`BM+BT�mtX *2ii2 `û/m+@
iBQM /2 /BK2MbBQM T2`K2i /2 iB`2` H2b i2M/�M+2b ;ûMû`�H2b 2i /2 M2 T�b �pQB` mM
bB;M�H #`mBiû T�` H2 MQK#`2 /2 p�`B�#H2bX G� T`2KBĕ`2 ûi�T2 2bi /QM+ /Ƕ2z2+im2` mM2
�M�Hvb2 /2b +Q``2bTQM/�M+2b KmHiBTH2b U�*JV bm` H� K�i`B+2 /2 i`�Bib 7QM+iBQMM2HbX

*2ii2 K�i`B+2 +QMiB2Mi H2b i�tQMb 2M HB;M2b 2i H2b i`�Bib 2M +QHQMM2bX *?�[m2
+2HHmH2 (i, j) /2 +2ii2 K�i`B+2 +QMiB2Mi H� KQ/�HBiû /m i`�Bi 2M +QHQMM2 j TQm` H2
i�tQM iX GǶ�*J 2bi mM2 �M�Hvb2 7�+iQ`B2HH2 TQm` mM i�#H2�m /2 /QMMû2b [m�HBi�iBp2bX

dd



SQm` +2ii2 `�BbQM- iQmb H2b i`�Bib +QMiBMmb /2 H� K�i`B+2 BMBiB�H2 bQMi i`�Mb7Q`Kûb 2M
p�`B�#H2b b2KB@[m�MiBi�iBp2bX G� T`2KBĕ`2 ûi�T2 /2 HǶ�*J 2bi H� +QMbi`m+iBQM /ǶmM
i�#H2�m /BbDQM+iB7 +QKTH2i �}M /2 +Q/2` MmKû`B[m2K2Mi H2b HB2Mb 2Mi`2 H2b i`�Bib
2i H2b i�tQMbX .�Mb +2 ivT2 /2 i�#H2�m- H2b k KQ/�HBiûb /ǶmM2 p�`B�#H2 [m�HBi�iBp2
/2pB2MM2Mi k p�`B�#H2b #BM�B`2b [mB bQMi /2b BM/B+�i`B+2bX G� p�`B�#H2 p�mi R TQm`
H2b HB;M2b Qɍ H2b i�tQMb TQbbĕ/2Mi H� KQ/�HBiû +QMbB/û`û2X *2 i�#H2�m /BbDQM+iB7
+QKTH2i UMQiû T V- 2bi i`�Biû +QKK2 mM i�#H2�m /2 +QMiBM;2M+2 2i mM2 K�i`B+2 /2
7`û[m2M+2 Z T2mi /QM+ āi`2 /û/mBi2 �p2+ Z = T

np
- Qɍ np 2bi H2 T`Q/mBi /m MQK#`2

/2 i�tQMb n 2i /m MQK#`2 /2 i`�Bib pX .2mt p2+i2m`b bQMi 2MbmBi2 +�H+mHûb , r- H2
p2+i2m` /2b bQKK2b /2 +?�[m2 HB;M2 /2 Z 2i c H� bQKK2 /2 +?�[m2 +QHQMM2 /2 ZX
.2mt K�i`B+2b /B�;QM�H2b bQMi 2MbmBi2 +QMbiBimû2b , Dr = diag(r) 2i Dc = diag(c)X
GǶ�*J bǶ2z2+im2 2M 7�Bb�Mi H� /û+QKTQbBiBQM 2M p�H2m`b bBM;mHBĕ`2 /2

M = D
−

1

2

r (Z − rct)D
−

1

2

c U8X9V

G� /û+QKTQbBiBQM /2 M /QMM2 ,

M = P∆Qt U8X8V

�p2+ P 2i Q /2b K�i`B+2b mMBi�B`2b 2i ∆ H� K�i`B+2 /2b p�H2m`b bBM;mHBĕ`2bX ∆T∆ =

∆2 +QMiB2Mi H2b p�H2m`b T`QT`2b 2i H2b +QQ`/QMMû2b /2 +?�[m2 i�tQM /�Mb H2 MQmp2H
2bT�+2 bQMi /QMMû2b T�` , D−

1

2

r P∆X *2b +QQ`/QMMû2b bQMi 2MbmBi2 miBHBbû2b /�Mb mM2
+H�bbB}+�iBQM �b+2M/�Mi2 ?Bû`�`+?B[m2 QTû`û2 �p2+ H2 +`Biĕ`2 /2 q�`/X
hQmi +QKK2 H2b BM/B+2b /2 #BQ/Bp2`bBiû /û+`Bp�B2Mi H� bi`m+im`2 /2b +QKKmM�m@
iûb- i`QBb BM/B+2b 7QM+iBQMM2Hb /ûp2HQTTûb T�` oBHHû;2` 2i �HX Ukyy3V 2i G�HB#2`iû �M/
G2;2M/`2 UkyRyV bQMi miBHBbûb TQm` /û+`B`2 H2b �bT2+ib T`BM+BT�mt /2 H� `B+?2bb2 7QM+@
iBQMM2HH2X G� `B+?2bb2 7QM+iBQMM2HH2 U6_B+V- HǶû[mBi�#BHBiû 7QM+iBQMM2HH2 U61p2V 2i H�
/BbT2`bBQM 7QM+iBQMM2HH2 U6.BbVX 6_B+ +Q``2bTQM/ �m pQHmK2 Q++mTû T�` mM2 +QK@
KmM�miû /�Mb mM 2bT�+2 7QM+iBQMM2H U_Qb2M72H/- kyykV- i�M/Bb [m2 61p2 `2T`ûb2Mi2
+QKK2Mi HǶ�#QM/�M+2 iQi�H2 2bi `ûT�`iB2 2Mi`2 iQmi2b H2b KQ/�HBiûb /�Mb HǶ2bT�+2
7QM+iBQMM2HX 1M}M 6.Bb 2bi +QKTHûK2Mi�B`2 ¨ 6_B+- TmBb[mǶ2HH2 2bi +QMbi`mBi2 2M
T`2M�Mi 2M +QKTi2 H2b �#QM/�M+2b `2H�iBp2bX *2H� T2`K2i /2 +Q``B;2` H2 #B�Bb BMi`Q@
/mBi T�` /2b 2bTĕ+2b �mt 7QM+iBQMM�HBiûb `�`2bX hQmi +QKK2 TQm` H2b i�tQMb- H2b
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T`BM+BT�mt +?�M;2K2Mib 2M i2`K2 /2 `2T`ûb2Mi�iBQM /2 i`�Bib QMi ûiû ûim/BûbX G�
+Q``ûH�iBQM /2 `�M; aT2�`K�M 2bi +�H+mHû2 2Mi`2 H2b �MMû2b 2i H2b ǴKQv2MM2b TQM@
/û`û2b T�` H� +QKKmM�miûǴ U*QKKmMBiv@q2B;?i2/ J2�M Qm *qJVX .�Mb H2 +�b
Qɍ H2b p�`B�#H2b bQMi MQKBM�H2b Qm Q`/BM�H2b- +2ii2 p�H2m` +Q``2bTQM/ ¨ HǶ�#QM/�M+2
/2 +?�[m2 KQ/�HBiû /2b i`�Bib UG�pQ`2H 2i �HX- kyy3VX

G2b /Bzû`2M+2b 2M i2`K2b 7QM+iBQMM2Hb QMi /Ƕ�#Q`/ ûiû ûim/Bû2b ¨ HǶ�B/2 /2b
i`QBb BM/B+2b KmHiBp�`Bûb U};m`2 8XRRVX � MQmp2�m H2b /Bzû`2M+2b bQMi i2biû2b ¨
HǶ�B/2 /ǶmM i2bi /2 E`mbF�H@q�HHBb bmBpB /2 i2bib /2 qBH+QtQM@J�MM@q?BiM2vX
GǶ�bb2K#H�;2 ¨ +�HHBQMvK2b 2bi +�`�+iû`Bbû T�` b� 7�B#H2 `B+?2bb2 2i b� /BbT2`bBQM
7QM+iBQMM2HH2- �p2+ MQi�KK2Mi mM BM/B+2 6_B+ bB;MB}+�iBp2K2Mi THmb 7�B#H2 [m2
+2HmB /2b i`QBb �mi`2b �bb2K#H�;2bX GǶ�bb2K#H�;2 ¨ ;Q#B2b b2 +QKTQ`i2 /Bzû`2KK2Mi-
�p2+ mM BM/B+2 61p2 bBKBH�B`2 ¨ +2HmB /2b �bb2K#H�;2b ¨ i2M/�M+2 TûH�;B[m2 2i
#2Mi?B[m2- K�Bb �p2+ /2b p�H2m`b /2 HǶBM/B+2 6_B+ BMi2`Kû/B�B`2bX GǶ�bb2K#H�;2 ¨
;Q#B2b T2mi +QMi2MB` /2b 2bTĕ+2b KQBMb +QKKmM2b [mB +QMi`B#m2Mi ¨ �m;K2Mi2`
6_B+- +2T2M/�Mi HǶBM/B+2 6.Bb bm;;ĕ`2 K�H;`û iQmi [m2 H� /Bp2`bBiû 7QM+iBQMM2HH2
/2 +2 ;`QmT2 2bi THmb 7�B#H2 [m2 +2HH2b /2b �bb2K#H�;2b #2Mi?B[m2 2i TûH�;B[m2X *2b
/2`MB2`b T`ûb2Mi2Mi H2b p�H2m`b H2b THmb ûH2pû2b bm` H2b i`QBb BM/B+2bX

G2b p�`B�M+2b /û+`Bi2b T�` H2b +QKTQb�Mi2b T`BM+BT�H2b /2 HǶ�*J bQMi `2H�iBp2@
K2Mi 7�B#H2b- �p2+ mM T`2KB2` �t2 ¨ RRXRW- mM /2mtBĕK2 ¨ NXRW 2i mM i`QBbBĕK2 ¨
NW U};m`2 8XRkVX G2b BM/BpB/mb ûi�Mi iQmb Bbbmb /ǶmM û+?�MiBHHQMM�;2 pBb�Mi T`BM@
+BT�H2K2Mi H2b 2bTĕ+2b #2Mi?Q@/ûK2`b�H2b +ƬiBĕ`2b- H� #�b2 /2 i`�Bib T2mi M2 T�b
`2~ûi2` H� p�`B�#BHBiû �mbbB }M2K2Mi [m2 HǶBM7Q`K�iBQM i�tQMQKB[m2X

G2 ;`QmT2K2Mi ?Bû`�`+?B[m2 �b+2M/�Mi /2b i�tQMb #�bû bm` H2b +QQ`/QMMû2b /2
HǶ�*J � K2Mû ¨ H� 7Q`K�iBQM /2 8 ;`QmT2b 7QM+iBQMM2Hb /ûi2`KBMûb T�` H� HB#`�B`B2
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8XRR Ĝ "Qŗi2 ¨ KQmbi�+?2 /2b p�H2m`b /2b BM/B+2b KmHiBp�`Bûb U6_B+ , `B@
+?2bb2 7QM+iBQM2HH2- 61p2 , û[mBi�#BHBiû 7QM+iBQM2HH2 2i 6.Bb , /BbT2`bBQM 7QM+iBQM2HH2V
+�H+mHûbX G2b /Bzû`2M+2b 2Mi`2 +2b BM/B+2b bQMi i2biû2b �p2+ mM i2bi /2 E`mbF�H@q�HHBb
2i /2b i2bib /2 qBH+QtQM@J�MM@q?BiM2vX G2b T@p�Hm2b bQMi MQiû2b bm` H� }@
;m`2 TQm` +?�[m2 +QmTH2 /Ƕ�bb2K#H�;2 +QKT�`ûbX

8XRk Ĝ �M�Hvb2 /2b +Q``2bTQM/�M+2b KmHiBTH2b U�*JV #�bû2 bm` H� #�b2 /2
i`�Bib /2 "2mF?Q7 2i �HX UkyRNV 2i H2b 99 i�tQMb bûH2+iBQMMûb /m bmBpB LPl_a1AL1X
.ǶmM +Ƭiû- H2b p�`B�#H2b Ui`�BibV bQMi `2T`ûb2Miû2b- /2 HǶ�mi`2 H2b BM/BpB/mb Ui�tQMbVX

- `2T`ûb2Miûb bm` H� };m`2 8XRjVX
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8XRj Ĝ .2M/`Q;`�KK2 `2T`ûb2Mi�Mi H2 `ûbmHi�i /2 H� +H�bbB}+�iBQM ?Bû@
`�`+?B[m2 �b+2M/�Mi2 /2b +QQ`/QMMû2b /2 HǶQ`/BM�iBQM /2 H� K�i`B+2 /2 i`�Bib 7QM+@
iBQMM2HbX G2 +`Biĕ`2 /2 q�`/ 2bi miBHBbû TQm` +QMbi`mB`2 H2 ;`QmT2K2MiX G2b +QmH2m`b
`2T`ûb2Mi2Mi H2b +BM[ ;`QmT2b 7QM+iBQMM2Hb /û}MBb T�` H2 MQK#`2 QTiBK�H /2 ;`QmT2b
Q#i2Mm �p2+ H� HB#`�B`B2 U*?�``�/ 2i �HX- kyR9VX

G� +�`�+iû`Bb�iBQM /2 +2b ;`QmT2b 7QM+iBQMM2Hb 2bi /û+`Bi2 /�Mb H2 i�#H2�m 8X9X

h`�Bib S`ûb2M+2 /2 ai�iBbiB[m2 T@p�Hm2 h�tQMb S`QTQ`iBQM /�Mb H2b �bb2K#H�;2b
H� KQ/�HBiû UWV o +�`�+iû`BbiB[m2b *�HHBQMvK2b :Q#BB/�2 S2H�;B[m2 "2Mi?B[m2

6û+QM/Biû4(y-Ryy( Ryy jX9j 6.05−4 IR IR IR IR
6Q`K2 /2 H� +�m/�H24?ûiû`Q+2`[m2 Ryy jX9j 6.05−4

�;2 K�t4(8-Ry( Ryy kXeR 9.07−03

h�BHH2 /2 H� /2b+2M/�M+24(k9-8y( Ryy kXy8 0.04
6Q`K2 /m +Q`Tb4SH�i Ryy dXNj 2.22−15 kj Re Rj 98

6Q`K2 /2 H� +�m/�H24`QM/2 Ryy 8Xdk 1.04−08

�HBK2Mi�iBQM4#2Mi?BpQ`2 Ryy 8Xdk 1.04−08

>�#Bi�i4/ûK2`b�H Ryy 9X8d 4.90−06

62+mM/Biv4(Ryy-Ryyyy( ey 9XR9 3.43−05 "H2MBB/�2 dR d8 Rd R9
6û+QM/�iBQM4;�`/û2 9y jX93 4.95−04

6Q`K2 /2 H� +�m/�H24`QM/2 Ny kXNe 3.11−03

�;2 ¨ K�im`Biû4(R-k( 9y kXdk 6.46−03

h�BHH2 /2 H� +�m/�H24i`QM[mû2 Ryy eX9e 1.02−10 j 8 Rj jd
�HBK2Mi�iBQM4;ûMû`�HBbi2 Ryy 8Xke 1.41−07

6û+QM/Biû4(15-19) Ryy jX9k 6.15−05

>�#Bi�i4#2Mi?Q@TûH�;B[m2 83 jX9R 6.36−05

6Q`K2 /2 H� +�m/�H247Qm`+?2 N9 dXkk 5.38−13 k 9 8d 9
>�#Bi�i4TûH�;B[m2 e3 8Xek 1.92−08

�HBK2Mi�iBQM4TH�M+iQMQT?�;2 8e 9X33 1.07−06

6û+QM/Biû4(14-15) eN 9XkN 1.79−05

h�#H2�m 8X9 Ĝ *�`�+iû`Bb�iBQM /2b ;`QmT2b 7QM+iBQMM2Hb Q#i2Mmb T�` ;`QmT2K2MiX
G2b [m�i`2 T`2KBĕ`2b +QHQMM2b T`ûb2Mi2Mi H2b i`�Bib /û+`Bp�Mi �m KB2mt H2 ;`QmT2X G�
+BM[mBĕK2 T`ûb2Mi2 H2b 2bTĕ+2b `2T`ûb2Mi�iBp2b /m ;`QmT2 7QM+iBQMM2HX G2b +QHQMM2b
e ¨ N BM/B[m2Mi H� `ûT�`iBiBQM /2b ;`QmT2b 7QM+iBQMM2Hb /�Mb H2b �bb2K#H�;2bX
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�m pm /2b `ûbmHi�ib- H2b ;`QmT2b 7QM+iBQMM2Hb bQMi MQKKûb Ǵ`2[mBMbǴ- ǴTQBb@
bQMb TH�ibǴ-ǴTQBbbQMb ;�`/B2Mb Ubm`p2BHH�M+2 /2b Q2m7b 7û+QM/ûbV 2i ¨ bi`�iû;B2 `Ǵ-
Ǵ#2Mi?Q@TûH�;B[m2 ;ûMû`�HBbi2bǴ 2i ǴTûH�;B[m2b TH�M+iQMQT?�;2bǴX GǶ�bb2K#H�;2 /Q@
KBM�Mi /�Mb +?�[m2 ;`QmT2 7QM+iBQMM2H 2bi +Q?û`2Mi �m pm /2b i�tQMb T`ûb2Mib
/�Mb H2b ;`QmT2b +Q``2bTQM/�MibX G2b TûH�;B[m2b TH�M+iQMQT?�;2b `2T`ûb2Mi2Mi 8dW
/2b i�tQMb /2 HǶ�bb2K#H�;2 TûH�;B[m2- H2b TQBbbQMb ¨ bi`�iû;B2 ` /QKBM2Mi H2b �b@
b2K#H�;2b ¨ +�HHBQMvK2b 2i ¨ ;Q#B2b U`2bT2+iBp2K2Mi dRW 2i d8WVX .2mt ;`QmT2b
b2 /BbiBM;m2Mi /�Mb HǶ�bb2K#H�;2 #2Mi?B[m2 , H2b TQBbbQMb TH�ib U¨ 98 WV 2i H2b
#2Mi?Q@TûH�;B[m2b ;ûMû`�HBbi2b UjdWVX G2b +�HHBQMvK2b 2i H2b :Q#BB/�2 ûi�Mi iQmb
H2b /2mt +H�bbûb 2M i�Mi [m2 ǴTQBbbQMb ¨ bi`�iû;B2 `Ǵ- +2 ;`QmT2 7QM+iBQMM2H 2bi
K�DQ`Bi�B`2 /�Mb H2b /2MbBiûb /2 HǶ2bim�B`2 /2 a2BM2 bm` iQmi2 H� bû`B2 U};m`2 8XR9VX
G2b ;`QmT2b TûH�;B[m2b TH�M+iQMQT?�;2b 2i #2Mi?QTûH�;B[m2b ;ûMû`�HBbi2b bQMi `2@
H�iBp2K2Mi #B2M `2T`ûb2Miûb bm` H� Tû`BQ/2 RNN8@kyyk- K�Bb #2�m+QmT KQBMb bm` H2b
Tû`BQ/2b bmBp�Mi2b Qɍ H2b /2MbBiûb /2 +2b �bb2K#H�;2b QMi /BKBMmûX G� `2H�iBQM 2Mi`2
H2b *qJ 2i H2 i2KTb 7�Bi `2bbQ`iB` Ry i`�Bib /QMi HǶûpQHmiBQM i2KTQ`2HH2 T`ûb2Mi2
/2b i2M/�M+2b bB;MB}+�iBp2b Ui�#H2�m 8X8V

h�tQMb ρ /2 aT2�`K�M
_�iBQ /Ƕ�bT2+i M�;2QB`2 +�m/�H2 (k cj% @yXdj

�;2 (R8 cky( @yXdy
LBp2�m i`QT?B[m2 (jX8 c 9( @yXdy

SH�M+iQMQT?�;2 @yXe3
L�;2QB`2 +�m/�H2 7Qm`+?û2 @yXed
h�mt /2 +`QBbb�M+2 (k c kX8( yX88

6û+QM/�iBQM BMi2`M2 yX83
*Q`Tb 2M 7Q`K2 /Ƕ�M;mBHH2 yX83

�;2 ¨ K�im`Biû (9 c 8( yXe9
*Q`Tb +QKT`2bbB7Q`K2 yXe3

h�#H2�m 8X8 Ĝ ρ /2 aT2�`K�M TQm` H2b i`�Bib /QMi H� +Q``ûH�iBQM 2Mi`2 H2m` *qJ
2i HǶ�MMû2 2bi bB;MB}+�iBp2 UT@p�Hm2IyXy8VX

h`QBb /2b i`�Bib �v�Mi mM2 /û+`QBbb�M+2 bB;MB}+�iBp2 bQMi `2HBûb �m ;`QmT2 7QM+@
iBQMM2H /2b TûH�;B[m2b TH�M+iQMBpQ`2bX .2 HǶ�mi`2 +Ƭiû- +2`i�BMb i`�Bib /2pB2MM2Mi
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8XR9 Ĝ o�`B�iBQM i2KTQ`2HH2 /2 H� /2MbBiû /2 `2H�iBp2 /2b +�Tim`2b `2;`Qm@
Tû2b T�` ;`QmT2b 7QM+iBQMM2HbX hQmb H2b ;`QmT2b 7QM+iBQMM2Hb bQMi T`ûb2Mib /�Mb
H2 ;`�T?B[m2- K�Bb H� `2T`ûb2Mi�iBQM ;`�T?B[m2 2bi /QKBMû2 T�` H2b ;`QmT2b [mB
BM+Q`TQ`2Mi H� [m�bB@iQi�HBiû /2 H� #BQK�bb2X

THmb T`ûb2Mib MQM T�b T�` `�TTQ`i ¨ mM ;`QmT2 7QM+iBQMM2H T�`iB+mHB2` K�Bb T�`
HǶ�m;K2Mi�iBQM /2 HǶ�#QM/�M+2 /2 +2`i�BMb i�tQMb , H2b +QKT`2bbB7Q`K2b �m;K2Mi2Mi
�p2+ 2i H2b i�tQMb �m +Q`Tb �M;mBHHB7Q`K2b 2i ¨ 7û+QM/�iBQM BMi2`M2
bQMi HBûb ¨ HǶ�m;K2Mi�iBQM /2b /2MbBiûb /2 avM;M�i?B/�2 �m +Qm`b /m i2KTbX

�}M /2 `2HB2` H2b +?�M;2K2Mib Q#b2`pûb bm` H2b +QKKmM�miûb �m 7QM+iBQMM2@
K2Mi ?v/`Q@/vM�KB[m2 /2 HǶ2bim�B`2- /2b /QMMû2b 2MpB`QMM2K2Mi�H2b Q#i2Mm2b T�`
/Bzû`2Mi2b bQm`+2b /2 bmBpBb QMi ûiû BMiû;`û2b ¨ HǶ�M�Hvb2X G� /vM�KB[m2 /2b +QKKm@
M�miûb /2 HǶ2bim�B`2 2bi +QKT�`û2 �p2+ +BM[ p�`B�#H2bX G� im`#B/Biû 2bi mM2 p�`B�#H2
bi`m+im`�Mi2 /2 HǶ2bim�B`2- Qɍ H2b 7Q`i2b +QM+2Mi`�iBQMb /2 K�iBĕ`2b T�`iB+mH�B`2b
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2M bmbT2MbBQM /û+H2M+?2Mi +2`i�BMb T`Q+2bbmb û+QHQ;B[m2b 2bim�`B2MbX .2 THmb- BH
� ûiû KQMi`û [m2 H� im`#B/Biû � mM `ƬH2 bm` H� /Bbi`B#miBQM /2b 2bTĕ+2b /2 TQBb@
bQMb U*v`mb �M/ "H�#2`- RN3dVX lM2 �mi`2 p�`B�#H2 bi`m+im`�Mi2 2bi H2 /û#Bi ~mpB�HX
GǶ2bim�B`2 2bi mM KBHB2m /2 `2M+QMi`2 Qɍ /2b 2bTĕ+2b KB;`�i`B+2b U�M�/`QK2b- +�@
i�/`QK2b Qm �KT?B/`QK2bV +ƬiQB2 /2b 2bTĕ+2b K�`BM2b Qm /mH+B+QH2b U*?2pBHHQi
2i �HX- kyReVX GǶ�``Bpû2 /2b 2�mt /Qm+2b T�` H� a2BM2 2bi /QM+ +?QBbB2 TQm` `2~û@
i2` +2b +?�M;2K2Mib /2 b�HBMBiû /�Mb HǶ2MpB`QMM2K2Mi 2bim�`B2MX G� +?HQ`QT?vHH2
2bi miBHBbû2 +QKK2 T`Qtv /2 H� T`Q/m+iBQM T`BK�B`2- [mB 2bi H2 T`2KB2` K�BHHQM /2b
/Bzû`2Mi2b +?�ŗM2b i`QT?B[m2bX 1HH2 T2`K2i /QM+ /ǶBMiû;`2` ¨ HǶûim/2 2MpB`QMM2K2M@
i�H2 H� T`Q/m+iBpBiû #BQHQ;B[m2X G2 +QMi2ti2 /2 +?�M;2K2Mi ;HQ#�H 2bi bQmp2Mi HBû ¨
mM2 �m;K2Mi�iBQM /2b i2KTû`�im`2b /�Mb /Bzû`2Mib û+QbvbiĕK2bX .2 7�Bi- HǶûim/2
/2 �m#2` 2i �HX UkyRdV KQMi`2 mM `û+?�mz2K2Mi /2b 2�mt /�Mb H� MQm``B+2`B2 /2
HǶ2bim�B`2 /2 aQKK2- +2 [mB 2Mi`�ŗM2 mM +?�M;2K2Mi /2b +QKKmM�miûb Q#b2`pû2bX
G� i2KTû`�im`2 /2 bm`7�+2 �BMbB [m2 HǶBM/B+2 /2 HǶQb+BHH�iBQM MQ`/@�iH�MiB[m2 UL�PV
bQMi T`Bb2b 2M +QKTi2X .2b 2z2ib BM/B`2+ib Qm ¨ THmb HQM; i2`K2 QMi ûiû /ûKQMi`ûb
bm` +2`i�BM2b T`2bbBQMb bm#B2b T�` H2b +QKKmM�miûb /2 J2` /m LQ`/ U.��M 2i �HX-
kyy8VX *2 +�b /2 };m`2 2bi 2MpBb�;û TQm` +2b /2mt /2`MB2`b T�`�Kĕi`2b 2MpB`QMM2@
K2Mi�mt 2i mM H�; /2 R �M 2bi +QMbB/û`û /�Mb H2b `2H�iBQMb UH2b +QKKmM�miûb /2
HǶ�MMû2 t b2`QMi +QKT�`û2b �mt i2KTû`�im`2b 2i ¨ HǶBM/B+2 L�P /2 HǶ�MMû2 t− 1V

G2b /QMMû2b /2 i2KTû`�im`2 /2 bm`7�+2- /2 +QM+2Mi`�iBQM 2M +?HQ`QT?vHH2 2i H2b
K2bm`2b /2 im`#B/Biû QMi ûiû Q#i2Mm2b T�` HǶQ#b2`p�iBQM b�i2HHBi�B`2 /QMi H2b /QMMû2b
bQMi /BbTQMB#H2b pB� H2 TQ`i�BH /m bBi2 *QT2`MB+mb U?iiTb ,ffK�`BM2X+QT2`MB+mbX2mfVX
*QT2`MB+mb 2bi H2 MQK /m T`Q;`�KK2 2m`QTû2M /ǶQ#b2`p�iBQM b�i2HHBi�B`2 /2 H�
h2``2X SQm` +?�[m2 T�`�Kĕi`2- H� bû`B2 /2 /QMMû2b H� THmb HQM;m2 � ûiû 2ti`�Bi2X
G2b /QMMû2b /2 i2KTû`�im`2 bǶûi2M/2Mi /2 RN3k ¨ kyR3- H2b +QM+2Mi`�iBQMb 2M +?HQ@
`QT?vHH2 /2 RNN3 ¨ kyRd 2i H2b K2bm`2b /2 im`#B/Biû /2 RNN3 ¨ kyR3X *2b i`QBb
T�`�Kĕi`2b /û+`Bp2Mi HǶ2MpB`QMM2K2Mi T?vbB[m2 /B`2+i /�Mb H2[m2H ûpQHm2Mi H2b +QK@
KmM�miûbX SQm` +QKTHûi2` +2b /2b+`BTi2m`b- /2mt T�`�Kĕi`2b /û+`Bp�Mi HǶBM~m2M+2
/m +HBK�i 2i /2 H� a2BM2 QMi ûiû �DQmiûbX SQm` HǶBM/B+2 +HBK�iB[m2- BH bǶ�;Bi /2
HǶBM/B+2 L�P [mB +�`�+iû`Bb2 H2b ~m+im�iBQMb /m `û;BK2 +HBK�iB[m2 /�Mb HǶ�iH�M@
iB[m2 LQ`/ 2i 2M 1m`QT2X SQm` HǶBM~m2M+2 /2b �TTQ`ib ~mpB�mt- H2 /û#Bi /2 H�
a2BM2 � ûiû miBHBbûX *QMi`�B`2K2Mi �mt T�`�Kĕi`2b b�i2HHBi�B`2b- +2b /2mt /2`MB2`b
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T�`�Kĕi`2b M2 bQMi T�b bT�iB�HBbûb /�Mb HǶ2bim�B`2- 2i b2mH2b H2b bû`B2b i2KTQ`2HH2b
+Q``2bTQM/�Mi2b QMi ûiû ûim/Bû2bX G2b /QMMû2b /2 /û#Bi bQMi Q#i2Mm2b T�` H2 TQ`@
i�BH >v/`Q /m bBi2 1�m6`�M+2 U?iiT,ffrrrX?v/`QX2�m7`�M+2X7`fVX SQm` HǶ2bim�B`2
/2 a2BM2- /2mt bi�iBQMb QMi ûiû Mû+2bb�B`2b �}M /2 7�B`2 mM2 bû`B2 +QKTHĕi2X AH
bǶ�;Bi /2b K2bm`2b /2 /û#Bib 2z2+imû2b ¨ SQBbbv /2 RNN8 ¨ kyyN- +QKTHûiû2b T�`
+2HH2b /2 o2`MQM /2 kyRy ¨ kyRNX GǶBM/B+2 L�P 2bi /Bbi`B#mû T�` H� LP�� U?iiTb,
ffrrrX+T+XM+2TXMQ��X;QpfT`Q/m+ibfT`2+BTf*qHBMFfTM�fM�QXb?iKHVX G2b p�H2m`b
K2Mbm2HH2b Q#i2Mm2b bQMi KQv2MMû2b �MMm2HH2K2Mi �}M /2 +Q``2bTQM/`2 ¨ H� 7`û@
[m2M+2 /2b Q#b2`p�iBQMb /2 H� +�KT�;M2 LPl_a1AL1X G2 +?QBt 2bi 7�Bi B+B /2
T`BpBHû;B2` H2b /QMMû2b Bbbm2b /2 bvbiĕK2b /ǶQ#b2`p�iBQMb T�` `�TTQ`i ¨ +2HH2b Bbbm2b
/2 KQ/ûHBb�iBQM- 2t+Hm�Mi /2 7�Bi HǶ2KTHQB /2 H� b�HBMBiûX

G2b `2H�iBQMb 2Mi`2 H2b +?�M;2K2Mib /2 +QKKmM�miûb 2i H2b T�`�Kĕi`2b 2MpB@
`QMM2K2Mi�mt bQMi ûp�Hmû2b T�` H� T`Q+û/m`2 "AP1Lo U*H�`F2 �M/ �BMbrQ`i?-
RNNjVX *2ii2 Kûi?Q/2 2bi #�bû2 bm` mM2 +Q``ûH�iBQM /2 `�M; 2Mi`2 H2b /Bbi�M+2b 2m@
+HB/B2MM2b /2 H� K�i`B+2 /2 p�`B�#H2b 2MpB`QMM2K2Mi�H2b bi�M/�`/Bbû2b 2i H� K�i`B+2
/2 /BbbBKBH�`Biû /2 H� +QKKmM�miûX
hQmb H2b T�`�Kĕi`2b 2MpB`QMM2K2Mi�mt T`ûb2Mi2Mi /2b T�i`QMb �MMm2Hb U};m`2 8XR8VX
G� im`#B/Biû 2i H� +QM+2Mi`�iBQM 2M +?HQ`QT?vHH2 bmBp2Mi H2b KāK2b i2M/�M+2b- �p2+
mM2 /û+`QBbb�M+2 bB;MB}+�iBp2 /2 kyyR ¨ kyRy 2i /2b p�H2m`b KQv2MM2b �MMm2HH2b 2M
/2bbQmb /2 H� KQv2MM2 /2 H� bû`B2 /2TmBb kyy9 TQm` H� im`#B/Biû 2i kyRy TQm` H�
+?HQ`QT?vHH2 X G� i2KTû`�im`2 � �m;K2Miû +QMbi�KK2Mi- �p2+ /2b �MQK�HB2b �i@
i2B;M�Mi yX8ê* /2 THmb [m2 H� KQv2MM2 /2 H� bû`B2 i2KTQ`2HH2 bm` H2b 8 /2`MBĕ`2b
�MMû2bX G2 /û#Bi /2 H� a2BM2 M2 bmBi T�b mM2 i2M/�M+2 +QMbi�Mi2- /Ƕ�#Q`/ Qb+BHH�Mi
2Mi`2 /2b �MMû2b bĕ+?2b URNNe@RNN3 2i kyyj@kyydV 2i /2b �MMû2b ¨ 7Q`i /û#Bi URNN8-
RNNN@kyykVX �m@/2H¨ /2 kyRy- BH 2bi /B{+BH2 /ǶB/2MiB}2` mM2 i2M/�M+2 /2 p�`B�iBQM-
+2T2M/�Mi H2 /û#Bi KQv2M �MMm2H 2bi THmb bQmp2Mi BM7û`B2m` ¨ H� KQv2MM2 /2 H�
bû`B2X �m+mM2 i2M/�M+2 M2ii2 MǶ�TT�`�ŗi /�Mb HǶûpQHmiBQM /2 HǶBM/B+2 L�P TQm` H�
Tû`BQ/2 +QMbB/û`û2 /�Mb MQi`2 �M�Hvb2X

G� T`Q+û/m`2 "AP1Lo B/2MiB}2 H� +?HQ`QT?vHH2 2i H� im`#B/Biû +QKK2 ûi�Mi
H2b T�`�Kĕi`2b 2MpB`QMM2K2Mi�mt 2tTHB[m�Mi �m KB2mt H2b +?�M;2K2Mib /2b +QK@
KmM�miûb Ui�#H2�m 8XeVX
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8XR8 Ĝ úpQHmiBQM �MMm2HH2 /2b �MQK�HB2b /2b /Bzû`2Mib T�`�Kĕi`2b 2MpB@
`QMM2K2Mi�mt U*?HQ`QT?vHH , +QM+2Mi`�iBQM 2M +?HQ`QT?vHH2 2M mg.m−3 - ~Qr ,
/û#Bi ~mpB�H 2M m3.s−1- L�P , BM/B+2 /2 HǶQb+BHH�iBQM MQ`/@�iH�MiB[m2- aah , i2K@
Tû`�im`2 /2 bm`7�+2 2M /2;`ûb +2HbBmb- im`#B/Biv , im`#B/Biû- #�bû2 bm` H2 +Q2{+B2Mi
/Ƕ�iiûMm�iBQMVX G2b �MQK�HB2b bQMi +�H+mHû2b T�` `�TTQ`i ¨ H� KQv2MM2 /2 H� bû@
`B2 i2KTQ`2HH2 +QKTHĕi2X G2b +QmH2m`b bQmHB;M2Mi H2 bB;M2 /2b �MQK�HB2b UTQbBiB7 2M
D�mM2 2i Mû;�iB7 2M pBQH2iVX

o�`B�#H2b *Q``ûH�iBQM
hm`#B/Biû yX9Nd9
*?HQ`QT?vHH2 Y hm`#B/Biû yX9NNN
*?HQ`QT?vHH2 Y hm`#B/Biû Y .û#Bi yXjdjd
*?HQ`QT?vHH2 Y hm`#B/Biû Y .û#Bi Y h2KTû`�im`2U@RV yXjy93
*?HQ`QT?vHH2 Y hm`#B/Biû Y .û#Bi Y h2KTû`�im`2U@RV Y h2KTû`�im`2 yXkjy9
*?HQ`QT?vHH2 Y hm`#B/Biû Y .û#Bi Y h2KTû`�im`2U@RV Y h2KTû`�im`2 Y L�P yXR38d
*?HQ`QT?vHH2 Y hm`#B/Biû Y .û#Bi Y h2KTû`�im`2U@RV Y h2KTû`�im`2 Y L�P Y L�PU@RV yXRyde

h�#H2�m 8Xe Ĝ GBbi2b /2b +QK#BM�BbQMb /2 p�`B�#H2b 2tTHB[m�Mi �m KB2mt H2b /BbbBKB@
H�`Biûb 2M 7QM+iBQM /m MQK#`2 /2 p�`B�#H2b +?QBbB2b /�Mb H2 KQ/ĕH2X G2b U@RV ¨ +Ƭiû
/2b T�`�Kĕi`2b BM/B[m2Mi [mǶmM H�; /ǶmM �M � ûiû �TTHB[mû �m T�`�Kĕi`2 +QMbB/û`û
UH� +Q``ûH�iBQM �m i2KTb t 2bi 2z2+imû2 �p2+ H� p�H2m` /m T�`�Kĕi`2 HǶ�MMû2 t− 1VX

aB /2b +?�M;2K2Mib /�Mb H2b +QKKmM�miûb #2Mi?B[m2b QMi /ûD¨ ûiû /Q+mK2Miûb
U.�mpBM 2i �HX- kyRy c .�mpBM �M/ S2xv- kyRjV- +2ii2 ûim/2 2bi H� T`2KBĕ`2 ¨ MQi`23e



+QMM�Bbb�M+2 ¨ /û+`B`2 +2b +?�M;2K2Mib bm` +QKKmM�miûb /2 TQBbbQMb K�`BMb /�Mb
HǶ2bim�B`2 /2 a2BM2X lM2 ûim/2 bm` H2b +QKKmM�miûb +ƬiBĕ`2b /2 TQBbbQMb � KQMi`û
[mǶ2M RNN8 BH 2tBbi�Bi /ûD¨ /2b BKT�+ib bmBi2b �mt �+iBpBiûb /2 Tā+?2 U_Q+?2i 2i �HX-
kyy8VX *2ii2 ûim/2 M2 /ûi�BHH2 +2T2M/�Mi T�b +QKK2Mi H2b +QKKmM�miûb QMi `û�;B
¨ +2b �+iBpBiûb- 2M i2`K2 /2 bi`m+im`2 Qm /2 +QKTQbBiBQMX 1HH2 `�TTQ`i2 [m2 H2
7QM+iBQMM2K2Mi û+QHQ;B[m2 /2 HǶ2bim�B`2 bm` H� Tû`BQ/2 RNN8@kyyk M2 bǶ2bi MB /û;`�/û-
MB �KûHBQ`ûX 1M miBHBb�Mi H2 D2m /2 /QMMû2b Bbbm /m bmBpB /2b +QKKmM�miûb /2
TQBbbQMb /2 HǶ2bim�B`2 /2 a2BM2- BH � /QM+ ûiû TQbbB#H2 /Ƕûim/B2` H� bi`m+im`2 2i H2b
p�`B�iBQMb /2 +2b +QKKmM�miûb 2M HB2M �p2+ H2b +?�M;2K2Mib 2MpB`QMM2K2Mi�mt 2i
�Mi?`QTB[m2bX

G2b /QMMû2b /m bmBpB LPl_a1AL1 +Qmp`2Mi mM2 xQM2 ûi2M/m2 /2 H� #�B2 /2
a2BM2 Q`B2Mi�H2- �HH�Mi /2b p�bBĕ`2b BMi2`iB/�H2b ¨ HǶBMiû`B2m` /2 HǶ2bim�B`2 ¨ H� bQM/2
/2b ky Kĕi`2bX .�Mb H� THmT�`i /2b ûim/2b T�bbû2b bm` H2b +QKKmM�miûb /2 TQBb@
bQMb- HǶ�B`2 /Ƕûim/2 2bi #2�m+QmT THmb `2bi`2BMi2 �m MBp2�m /2 HǶ2bim�B`2- /ûH�Bbb�Mi
H2b xQM2b H2b THmb T`Q7QM/2b U_v#�`+xvF �M/ 1HF�øK- kyyj c .�v 2i �HX- kykyVX G2b
�bb2K#H�;2b /2 TQBbbQMb 2i H2b /2MbBiûb bQMi bi`m+im`ûb b2HQM mM ;`�/B2Mi +Ƭi2@H�`;2-
�p2+ /2b b2+i2m`b T`Q+?2b /2 HǶ2bim�B`2 THmb `B+?2b 2M i2`K2 /2 #BQ/Bp2`bBiûX *2ii2
bi`m+im`�iBQM b2 `2i`Qmp2 7`û[m2KK2Mi 2M KBHB2m 2bim�`B2M- 2M T�`iB+mHB2` /�Mb
/Ƕ�mi`2b 2bim�B`2b /2 H� J�M+?2 i2Hb [m2 H� #�B2 /2 aQKK2 UJ+G2�M 2i �HX- kyRN#VX
*2 ;`�/B2Mi +Ƭi2@H�`;2 bi`m+im`2 û;�H2K2Mi H� /Bbi`B#miBQM /2b DmpûMBH2b /�Mb HǶ2b@
im�B`2 /2 a2BM2X G2b DmpûMBH2b T`BpBHû;B2Mi H2b xQM2b T2m T`Q7QM/2b Qɍ +`QBbb�M+2
2i bm`pB2 /2b BM/BpB/mb bQMi THmb ûH2pû2b U"2+F 2i �HX- kyyRVX G� };m`2 8Xj KQMi`2
+2T2M/�Mi [mǶBH 2tBbi2 mM2 /BbiBM+iBQM 2Mi`2 H� bi`m+im`2 /2b /2MbBiûb DmpûMBH2b 2i
/2b /2MbBiûb iQi�H2bX G2b /2MbBiûb /2 DmpûMBH2b- #B2M [m2 `2H�iBp2K2Mi 7Q`i2b /�Mb
H2b 7Qbb2b /2 HǶ2bim�B`2- M2 `2~ĕi2Mi T�b H� /Bbi`B#miBQM /2b /2MbBiûb TQm` iQmi2b H2b
2bTĕ+2bX G2b /2MbBiûb H2b THmb ûH2pû2b TQm` HǶ2Mb2K#H2 /2b i�tQMb bQMi 2M`2;Bbi`û2b
/�Mb H2b b2+i2m`b /2 8 ¨ Ry Kĕi`2b /2 7QM/- 2i +2 [m2 H� `B+?2bb2 i�tBMQKB[m2 bQBi
ûH2pû2 Ub2+i2m` .V Qm MQM Ub2+i2m` > 2i EVX G2b �bb2K#H�;2b /2 TQBbbQMb /�Mb
HǶ2bim�B`2 /2 a2BM2 TQbbĕ/2Mi /2b HBKBi2b 7`�M+?2b /�Mb HǶ2bT�+2 2i H� #B#HBQ;`�T?B2
2tBbi�Mi2 bm` H2m`b i�tQMb `2T`ûb2Mi�iB7b 2bi miBHBbû2 TQm` 2tTHB[m2` H2m` `ûT�`iBiBQMX
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GǶ�bb2K#H�;2 ¨ +�HHBQMvK2b BM+Hm�Bi /2 K�MBĕ`2 bB;MB}+�iBp2 /2b i�tQMb i2Hb [m2
H� bQH2M2ii2 U V Qm H� HBK�M/2 U V [mB QMi /2b T`û7û`2M+2b TQm`
H2b 2�mt K�`BM2b U>2M/2`bQM- RNN3 c �K�`� 2i �HX- kyy9VX "B2M [mǶ�m+mM2 `û7û`2M+2
MǶ2tBbi2 bm` H� iQHû`�M+2 ¨ H� b�HBMBiû /m +�HHBQMvK2- H2b `ûbmHi�ib Q#i2Mmb B+B TQBMi2Mi
p2`b H� +QM+HmbBQM [m2 +2ii2 2bTĕ+2 ûpBi2 û;�H2K2Mi H2b 2�mt 2bim�`B2MM2bX GǶ�bb2K@
#H�;2 ¨ ;Q#B2b 2bi T`ûb2Mi 2bb2MiB2HH2K2Mi /�Mb H2b 7`�M;2b +ƬiBĕ`2b- �BMbB [m2 /�Mb
H2b 7Qbb2b /2 HǶ2bim�B`2- 2i THmb Q++�bBQMM2HH2K2Mi /�Mb H2b b2+i2m`b THmb �m H�`;2X
G2b 2bTĕ+2b /2 :Q#BB/�2 H2b THmb `2M+QMi`û2b 2M J�M+?2@1bi bQMi

2i - /QMi H2b û+QHQ;B2 bQMi bBKBH�B`2bX G� HBiiû`�im`2
T`ûb2Mi2 +2ii2 /2`MBĕ`2 +QKK2 mM2 2bTĕ+2 +ƬiBĕ`2 Ua2HH2bH�;? 2i �HX- kyyNV [mB iQHĕ`2
/2b 2�mt b�mK�i`2b UG2Bi½Q 2i �HX- kyyeVX G� T`ûb2M+2 /2 +2i �bb2K#H�;2 /�Mb H2b
xQM2b /m H�`;2 2bi 2tTHB[mû2 T�` /2b 2bTĕ+2b i2HH2b [m2 H� #�`#m2 U

V Qm H2 ;`QM/BM T2`HQM U V [mB M2 7`û[m2Mi2Mi T�b Qm
T2m H2b xQM2b T2m T`Q7QM/2b UoBM�;`2 2i �HX- kyRR c J+*�`i?v �M/ J�``BQii- kyR3VX
GǶ�bb2K#H�;2 ¨ i2M/�M+2 TûH�;B[m2 M2 b2 `2i`Qmp2 T�b 7Q`+ûK2Mi /�Mb H2b xQM2b /2
7Q`i2b T`Q7QM/2m`b K�Bb THmiƬi /�Mb HǶ2K#Qm+?m`2 /2 HǶ2bim�B`2- �p2+ HǶ�bb2K#H�;2
#2Mi?B[m2X G� T`ûb2M+2 ûH2pû2 /2 DmpûMBH2b /�Mb +2b �bb2K#H�;2b +�`�+iû`Bb2 H2m`b
TQbBiBQMM2K2Mib /�Mb H2b 2�mt T2m T`Q7QM/2b 2i B/2MiB}2 /QM+ /2b xQM2b /2 7Q`i2b
T`Q/m+iBpBiûbX .ǶmM +Ƭiû- +2b xQM2b Qz`2Mi mM2 T`Qi2+iBQM +QMi`2 H� T`û/�iBQM 2i /2
HǶ�mi`2 H� T`Q/m+iBpBiû /m KBHB2m bm#pB2Mi �mt #2bQBMb /2 DmpûMBH2bX G2b TQBbbQMb
TH�M+iQMQT?�;2b b2 MQm``Bbb2Mi /2 xQQTH�M+iQM UJQmMv 2i �HX- RNN3V 2i H� /Bp2`bBiû
/2b +QKKmM�miûb #2Mi?B[m2b MQm``Bi H2b #2Mi?BpQ`2b U"�z`2�m 2i �HX- kyRdVX G�
`B+?2bb2 i�tBMQKB[m2 `2~ûiû2 T�` HǶBM/B+2 /2 a?�MMQM ¨ H� bQ`iB2 /m ~2mp2- �bbQ+Bû2
¨ H� `B+?2bb2 #2Mi?B[m2- /ûD¨ +�`�+iû`Bbû2 T�` "�z`2�m 2i �HX UkyRdV- KQMi`2 [m2
+2ii2 xQM2 TQbbĕ/2 H� #BQ/Bp2`bBiû H� THmb ûH2pû2 /2 HǶ2bim�B`2X
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GǶ2bim�B`2 /2 a2BM2 � bm#B /2 7Q`i2b KQ/B}+�iBQMb HBû2b �m /ûp2HQTT2K2Mi /2b
�+iBpBiûb ?mK�BM2b UG2bQm`/ 2i �HX- kyyRV [mB QMi BKT�+iû2b H2b +QKKmM�miûb #BQ@
HQ;B[m2b U_Q+?2i 2i �HX- kyy8 c .�mpBM 2i �HX- kyRyVX S`2b[m2 iQmb H2b T�`�Kĕi`2b
2MpB`QMM2K2Mi�mt ûim/Bûb B+B `2~ĕi2Mi +2b +?�M;2K2MibX

SHmbB2m`b 7�+i2m`b T2mp2Mi 2tTHB[m2` H� #�Bbb2 /2 H� +QM+2Mi`�iBQM 2M +?HQ`Q@
T?vHH2 /�Mb HǶ2bim�B`2- K�Bb H2 T`BM+BT�H 7�+i2m` T`QpB2Mi /ǶmM +?�M;2K2Mi /2
Hû;BbH�iBQM /2b H2bbBp2b [mB � 2Mi`�ŗMû mM2 /BKBMmiBQM /2b T?QbT?�i2b T`ûb2Mib
/�Mb H2b 2�mt mbû2b /ûp2`bû2b /�Mb H� a2BM2 U�Bbb�@:`Qmx 2i �HX- kyR3VX GǶ�T@
THB+�iBQM /2 +2ii2 Hû;BbH�iBQM /�Mb H2b �MMû2b kyyy +Q``2bTQM/ ¨ H� Tû`BQ/2 �m
+Qm`b /2 H�[m2HH2 H2b �MQK�HB2b �MMm2HH2b /2 +?HQ`QT?vHH2 /2pB2MM2Mi Mû;�iBp2bX
.2 H� KăK2 K�MBĕ`2- H� im`#B/Biû bmBi H� KāK2 i2M/�M+2 TQm` /2b `�BbQMb /B7@
7û`2Mi2bX hQmi +QKK2 TQm` HǶûpQHmiBQM /m /û#Bi /2 H� a2BM2- +2 bQMi /2b +?�M@
;2K2Mib /�Mb H� KQ`T?QHQ;B2 /2 HǶ2bim�B`2 [mB bQMi `2bTQMb�#H2b /2 H� i2M/�M+2
Q#b2`pû2X G2b KQ/ĕH2b /ûp2HQTTûb bm` H� /vM�KB[m2 bû/BK2Mi�B`2 KQMi`2Mi [m2
H2 K�tBKmK /2 im`#B/Biû bǶ2bi /ûTH�+û 2M �KQMi- MQi�KK2Mi HQ`b /2b Tû`BQ/2b
¨ 7�B#H2 /û#Bi U:`�bbQ �M/ G2 >B`- kyRNVX G2b +?�M;2K2Mib /2 KQ`T?QHQ;B2 QMi
û;�H2K2Mi 2Mi`�ŗMû mM2 ǴK�`BMBb�iBQMǴ /2 H� T�`iB2 H� THmb 2M �KQMi /2 H� xQM2
/Ƕûim/2- i2HH2 [m2 /ûKQMi`û /�Mb H2b bBKmH�iBQMb Q+û�MQ;`�T?B[m2b :`�bbQ �M/
G2 >B` UkyRNVX G2 +?2M�H MQ`/ Ub2+i2m` 6V 2bi H2 THmb +QM+2`Mû T�` +2ii2 �m;K2M@
i�iBQM /2 H� b�HBMBiû- +2 [mB T2mi 2tTHB[m2` H� /BKBMm�iBQM /`�biB[m2 /2b /2MbBiûb
/2 ~2i U V /�Mb H2b �MMû2b `û+2Mi2bX *2ii2 2bTĕ+2 2bi ;ûMû`�H2K2Mi �bbQ@
+Bû2b �mt xQM2b 2bim�`B2MM2b T`ûb2Mi�Mi /2 7�B#H2b b�HBMBiûb UPǶL2BHH 2i �HX- kyRRVX
AH 2bi /QM+ T`Q#�#H2 [m2 +2b #�Bbb2b /2 /2MbBiûb M2 bQB2Mi T�b /m2b ¨ mM2 /BbT�`B@
iBQM /2 H� TQTmH�iBQM /�Mb HǶ2bim�B`2- K�Bb ¨ mM /ûTH�+2K2Mi THmb 2M �KQMi- ?Q`b
/2 H� xQM2 /Ƕûim/2X *2 `�BbQMM2K2Mi 2bi bmTTQ`iû T�` H2b /QMMû2b /m :AS a2BM2@
�p�H U?iiTb,ffBM/B+�i2m`bXb2BM2@�p�HX7`f+�`iQ;`�T?B2fi?2K�iB[m2f9fKQi+H2fRjV [mB
KQMi`2Mi mM2 �m;K2Mi�iBQM /2b +�Tim`2b /2 ~2ib /�Mb H2b xQM2b H2b THmb 2M �KQMi
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/2 HǶ�B`2 /Ƕûim/2 /2TmBb kyRyX

lM HB2M /2 +�mb�HBiû T2mi āi`2 ûi�#HB 2Mi`2 H2b /BKBMmiBQMb /2 +QM+2Mi`�iBQM 2M
+?HQ`QT?vHH2 2i /2 im`#B/Biû- 2i H� /BKBMmiBQM ;ûMû`�H2 /2b /2MbBiûb /2 DmpûMBH2
2i /2b /2MbBiûb iQi�H2b /�Mb HǶ2bim�B`2X lM i2H HB2M � /ûD¨ ûiû 2tTHB+Biû 2M 2MpB@
`QMM2K2Mi 2bim�`B2M �mt úi�ib@lMBb 2Mi`2 H� im`#B/Biû 2i HǶ�#QM/�M+2 /2 TQBbbQMb
K�`BMb US2i2`bQM �M/ _Qbb- RNNRVX G� T`ûb2M+2 /2 DmpûMBH2b /�Mb H2b 2�mt im`#B/2b
T2mi āi`2 HBû2 ¨ H� T`Qi2+iBQM +QMi`2 H2b T`û/�i2m`b U*v`mb �M/ "H�#2`- RN3dVX G�
`û/m+iBQM /2 HǶ�#QM/�M+2 /2 DmpûMBH2b /�Mb HǶ2bim�B`2 /2 a2BM2 2bi �mbbB `2HBû2 ¨
H� p�`B�#BHBiû /2b �bb2K#H�;2b #2Mi?B[m2b 2i ¨ i2M/�M+2 TûH�;B[m2bX S�`KB 2mt- H2b
2bTĕ+2b TûH�;B[m2b +QKK2 H2 ?�`2M; U V 2i H2 bT`�i U V QMi pm
H2m`b /2MbBiûb /û+`Qŗi`2X G2b xQM2b im`#B/2b bǶûi�Mi /ûTH�+û2b p2`b /2b ?�#Bi�ib THmb
b�mK�i`2b [m2 +2b 2bTĕ+2b M2 T2mp2Mi THmb �ii2BM/`2 2i /QMi 2HH2b b2 b2`p�B2Mi TQm`
b2 T`Qiû;2` /2 H� T`2bbBQM /2 T`û/�iBQM U.2 _Q#2`iBb 2i �HX- kyyjV- BH 2bi TQbbB#H2
[m2 +2ii2 T`2bbBQM �Bi �m;K2Miû �p2+ H2 i2KTbX

*2b p�`B�iBQMb /2 /2MbBiûb bQMi +2T2M/�Mi `�`2K2Mi KQMQ@+�mb�H2bX �BMbB- BH 2bi
¨ MQi2` [m2 H2 ?�`2M; U V 2bi mM2 2bTĕ+2 T`û7û`�Mi H2b 2�mt 7`QB/2b- 2i [m2
H2b 2�mt /2 HǶ2bim�B`2 /2 a2BM2 b2 bQMi `û+?�mzû2b /2TmBb mM KBMBKmK 2M`2;Bbi`û
2M RN38X .Ƕ�mi`2b 2bT�+2b /2 H� J�M+?2 QMi 2M`2;Bbi`û /2b T?ûMQKĕM2b bBKBH�B`2b-
[m2 +2 bQBi ¨ SHvKQmi? U>�rFBMb 2i �HX- kyyjV Qm /�Mb H� #�B2 /2 aQKK2 U�m#2`
2i �HX- kyRdVX *2b /2mt ûim/2b 7QMi H2 HB2M 2Mi`2 H2 `û+?�mz2K2Mi /2b 2�mt 2i H2
/û+HBM /2b T2iBi2b 2bTĕ+2b TûH�;B[m2b +QKK2 H2 ?�`2M; 2i H2 bT`�iX G� HBK�M/2 2i
/2b i�tQMb /ûK2`b�mt +QKK2 H2 i�+�m/ U V Qm H2 K2`H�M U V
QMi û;�H2K2Mi /2b T`û7û`2M/mKb i?2`KB[m2b Q`B2Miûb p2`b H2b 2�mt 7`QB/2b UHBK�M/2 ,
>2M/2`bQM URNN3V- i�+�m/ 2i K2`H�M , SQmH�`/ �M/ "H�M+?�`/ Ukyy8VVX G2 /û+HBM
2M /2MbBiûb �MMm2HH2b T`ûb2Miû /�Mb H2 i�#H2�m 8XR T2mi āi`2 `2HBû /�Mb MQb `ûbmHi�ib
¨ +2ii2 �m;K2Mi�iBQM /2 H� i2KTû`�im`2- +QKK2 +2H� � ûiû Q#b2`pû /�Mb mM �mi`2
2bim�B`2 /2 J�M+?2 /�Mb H2b i`�p�mt /2 �m#2` 2i �HX UkyRdVX G� b2mH2 2bTĕ+2 [m2
H2b �mi2m`b /2 +2b i`�p�mt QMi `2H2pû +QKK2 �m;K2Mi�Mi 2M �#QM/�M+2 �p2+ H2
`û+?�mz2K2Mi /2b 2�mt 2bi - +2 [mB +QM+Q`/2 �p2+ H2b `ûbmHi�ib
T`ûb2Miûb B+BX

AH `2bi2 Mû�MKQBMb /B{+BH2 /2 `2HB2` H� /vM�KB[m2 /ǶmM2 TQTmH�iBQM �mt b2mHb
T�`�Kĕi`2b 2MpB`QMM2K2Mi�mt +�` /Ƕ�mi`2b 7�+i2m`b BM~m2M+2Mi +2ii2 /vM�KB[m2X
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�BMbB- i�M/Bb [m2 H� i2KTû`�im`2 b2K#H2 7�B`2 +?mi2` H2b /2MbBiûb /2 bT`�i 2M
J�M+?2- /�Mb H2 :QH72 /2 :�b+Q;M2- H2b /2MbBiûb /2 +2 KāK2 i�tQM bQMi bB;MB}@
+�iBp2K2Mi 2i TQbBiBp2K2Mi +Q``ûHû2b �p2+ H� i2KTû`�im`2 US�b[m�m/ 2i �HX- kyRkVX
.2 `û+2Mi2b ûim/2b KQMi`2Mi [m2 H� bi`m+im`2 /2b ?�#Bi�ib /2 MQm``B+2`B2 2bi bQm@
p2Mi THmb BKTQ`i�Mi2 [m2 H2m` M�im`2 TQm` �bbm`2` H2m` 7QM+iBQMM�HBiû U"`�/H2v
2i �HX- kyRNVX GǶ2MpB`QMM2K2Mi /2 HǶ2bim�B`2 /2 a2BM2 UT?vbB[m2- +?BKB[m2- ;ûQHQ@
;B[m2V � /`�biB[m2K2Mi +?�M;û T2M/�Mi H� /2`MBĕ`2 /û+2MMB2- +2 [mB � K2Mû ¨ /2b
T2`i2b /2 7QM+iBQMM�HBiû /2 b2b ?�#Bi�ib û+QHQ;B[m2b UG2 S�T2 2i �HX- kyydVX GǶûpQ@
HmiBQM bû/BK2Mi�B`2 KQMi`2 mM T�bb�;2 `�TB/2 /2 7�+Bĕb /QKBMûb T�` /2b p�b2b ¨
/2b 7�+Bĕb /QKBMûb T�` /2b b�#H2b UG2bQm`/ 2i �HX- kyReVX *2b ?�#Bi�ib M2 bQMi T�b
7�pQ`�#H2b ¨ H� T`ûb2M+2 /2 i�tQMb /ûK2`b�mt 2i T2mp2Mi /QM+ �pQB` �++ûHû`û H2m`b
/BKBMmiBQMb /2 /2MbBiû Q#b2`pû2b- +QKK2 pm /�Mb /Ƕ�mi`2b xQM2b /2 J2` /m LQ`/
U_2m#2Mb 2i �HX- kyRjVX

1M}M- H� [m2biBQM T2mi b2 TQb2` /2 b�pQB` bB H2b i2M/�M+2b Q#b2`pû2b bm` H2b
;`QmT2b 7QM+iBQMM2Hb bQMi mMB[m2K2Mi HQ+�H2b ¨ HǶ2bim�B`2 /2 a2BM2X GQ`b[m2 H2b
i�tQMb /m ;`QmT2 #2Mi?QTûH�;B[m2b bQMi Q#b2`pûb bm` HǶ2Mb2K#H2 /2 H� #�B2 /2
a2BM2 ¨ HǶ�B/2 /2 /QMMû2b Bbbm2b /m bmBpB *:6a- BH b2K#H2 v �pQB` mM2 i2M/�M+2
bBKBH�B`2 ¨ H� /BKBMmiBQM /2 /2MbBiûb U};m`2 8XReVX .2b 7�+i2m`b ¨ THmb H�`;2 û+?2HH2
iQm+?�Mi HǶ2Mb2K#H2 /2 H� #�B2 /2 a2BM2 2i MQM THmb `2HBûb �mt +QM/BiBQMb HQ+�H2b
/2 HǶ2bim�B`2 T2mp2Mi /QM+ �mbbB āi`2 KBb 2M +�mb2X

G� +QK#BM�BbQM /2b TQBMib /2 pm2b i�tBMQKB[m2 2i 7QM+iBQMM2H 2M û+QHQ;B2 QTû@
`û2 T�` +2`i�BM2b ûim/2b � ;ûMû`û /2b `ûbmHi�ib /Bp2`;2Mib- T2`K2ii�Mi /2 +`QBb2`
/Bzû`2Mi2b BM7Q`K�iBQMb TQm` +�`�+iû`Bb2` H2b +QKKmM�miûb UoBHHû;2` 2i �HX- kyRy c
J+G2�M 2i �HX- kyRN�VX .�Mb H2b `ûbmHi�ib T`ûb2Miûb B+B- H2b /2mt Kûi?Q/2b T`û@
b2Mi2Mi mM2 7Q`i2 bBKBH�`Biû /�Mb H2b +?�M;2K2Mib [mǶ2HH2b /û+`Bp2MiX S�` 2t2KTH2-
/ǶmM +Ƭiû- HǶ�bb2K#H�;2 /2b i�tQMb ¨ i2M/�M+2 TûH�;B[m2 T`ûb2Mi2 /2 7Q`i2b p�`B�@
iBQMb /2 /2MbBiûb i�M/Bb [m2 /2 HǶ�mi`2- H2 ;`QmT2 7QM+iBQMM2H /2b TQBbbQMb TH�M+@
iQMQT?�;2b +Q``2bTQM/�Mi 2bi /2 KQBMb 2M KQBMb `2T`ûb2Miû /�Mb HǶ2bim�B`2X G2b
p�`B�iBQMb /2 /2MbBiûb TQm` H2 ?�`2M; QMi ûiû /Bb+miû2b /�Mb H� T�`iB2 T`û+û/2Mi2-
2i H� HBiiû`�im`2 KQMi`2 [m2 +2b 7Q`i2b p�`B�M+2b /�Mb H2b bû`B2b /2 /2MbBiûb bQMi +Qm@
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8XRe Ĝ .2MbBiûb KQv2MM2b �MMm2HH2b UBM/BpB/mb T�` Kĕi`2b +�``ûbV /2b
i�tQMb �TT�`i2M�Mi �mt ;`QmT2b 7QM+iBQMM2Hb #2Mi?Q@TûH�;B[m2 2i TûH�;B[m2- +�T@
im`ûb 2M #�B2 /2 a2BM2 HQ`b /2 H� +�KT�;M2 *:6a /2 RN33 ¨ kyRNX

`�Mi2b TQm` +2ii2 2bTĕ+2 2i /Ƕ�mi`2b T2iBib TûH�;B[m2b U�H?2Bi �M/ >�;2M- RNNdVX
*2T2M/�Mi HǶ�M�Hvb2 7QM+iBQMM2HH2 KQMi`2 [m2 /�Mb HǶ2bim�B`2 /2 a2BM2- H2b ?�`2M;b
M2 bQMi T�b `2KTH�+ûb T�` /2b b�`/BM2b +QKK2 /�Mb HǶûim/2 /2 �H?2Bi �M/ >�;2M
URNNdV- +2 [mB 2Mi`�ŗM2 HǶûi�#HBbb2K2Mi /2 +QKKmM�miûb Qɍ H2 i`�Bi TH�M+iQMQT?�;2
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2bi KQBMb `2T`ûb2Miû pQB`2 �#b2MiX lM2 ?vTQi?ĕb2 2tTHB[m�Mi +2b /BKBMmiBQMb 2bi
HBû2 ¨ H� `û/m+iBQM /2b bm`7�+2b /Ƕ?�#Bi�ib 7�pQ`�#H2b TQm` +2b i�tQMb- TQmp�Mi āi`2
`2HBû2 ¨ H� /BKBMmiBQM ;ûMû`�H2 /2 H� +QM+2Mi`�iBQM 2M +?HQ`QT?vHH2 X "B2M [m2 +2 T�@
`�Kĕi`2 M2 bQBi T�b /B`2+i2K2Mi `2HBû ¨ H� /Bbi`B#miBQM /2 TQBbbQMb TH�M+iQMQT?�;2b-
BH 2bi HBû �m 7QM+iBQMM2K2Mi /m T`2KB2` MBp2�m i`QT?B[m2 /2b û+QbvbiĕK2b K�`BMb-
2i /2pB2Mi /QM+ mM T`Qtv /2 HǶ�#QM/�M+2 2M xQQTH�M+iQM U:B�MMQmH�FB 2i �HX- kyRR c
.2MBb 2i �HX- kyReVX 1M +QMbB/û`�Mi +2ii2 `2H�iBQM- HǶ2bim�B`2 Qz`2 TQi2MiB2HH2K2Mi
KQBMb /2 `2bbQm`+2b �m bi�/2 DmpûMBH2- Qɍ +2HH2b@+B bQMi BM/BbT2Mb�#H2b ¨ H� +`QBb@
b�M+2 2i H� bm`pB2 /2b BM/BpB/mbX *2ii2 +?mi2 /2 H� +QM+2Mi`�iBQM 2M +?HQ`QT?vHH2
2bi Q#b2`pû2 bm` HǶ2Mb2K#H2 /2 H� J�M+?2- b�Mb [mǶ�m+mM2 +�mb2 +H�B`2 MǶ2bi 2M+Q`2
ûiû B/2MiB}û2 U:Q?BM 2i �HX- kyRNVX

GǶ�TTQ`i /2 HǶ�bT2+i /2 7QM+iBQMM�HBiû `2bbQ`i /ǶmM2 K�MBĕ`2 THmb K�`[mû2 bm`
HǶûim/2 /2b i�tQMb #2Mi?Q@/ûK2`b�mtX GǶ�bb2K#H�;2 #2Mi?B[m2 2bi +QKTQbû T`BM+B@
T�H2K2Mi /2 /2mt ;`QmT2b 7QM+iBQMM2Hb- H2b TQBbbQMb TH�ib U¨ 98WV 2i H2b #2Mi?Q@
TûH�;B[m2b ;ûMû`�HBbi2b U¨ jdWVX "B2M [m2 H� `2T`ûb2Mi�iBQM /m ;`QmT2 /2b ;ûMû`�@
HBbi2b �Bi /BKBMmû �T`ĕb kyyk- HǶ�bb2K#H�;2 `2bi2 BKTQ`i�Mi 2i �m+mM i`�Bi +�`�+iû`B@
b�Mi H2b #2Mi?QTûH�;B[m2b ;ûMû`�HBbi2b MǶ� /BKBMmû bB;MB}+�iBp2K2MiX G� bBKBH�`Biû
/2b ;`QmT2b 7QM+iBQMM2Hb #2Mi?Q@TûH�;B[m2 2i /2b TQBbbQMb TH�ib T2mi 2tTHB[m2`
[m2 H2b #�Bbb2b /2 /2MbBiû /2b i�tQMb /m T`2KB2` ;`QmT2 MǶ2Mi`�ŗM2Mi T�b H� bQmb@
`2T`ûb2Mi�iBQM /2b i`�Bib 7QM+iBQMM2HbX *2T2M/�Mi- HǶ�M�Hvb2 H2b `ûb2�mt i`QT?B[m2b
/2 HǶ2bim�B`2 /2 a2BM2 � T2`KBb /ǶB/2MiB}2` H2b +?�M;2K2Mib ûpQ[mûb bm` H2 ;`QmT2
7QM+iBQMM2H /2b ;ûMû`�HBbi2b Uh2++?BQ 2i �HX- kyReVX G2b �mi2m`b QMi Q#b2`pû mM2
+?mi2 /2 H� #BQK�bb2 /2b TQBbbQMb TBb+BpQ`2b 2i mM2 #�Bbb2 /2 HǶ2{+�+Biû /m i`�Mb@
72`i ûM2`;ûiB[m2 �mt �H2MiQm`b /m MBp2�m i`QT?B[m2 9- MQi�KK2Mi /�Mb H2b 7Qbb2b
MQ`/ 2i bm/ /2 HǶ2bim�B`2 /2 a2BM2 Ub2+i2m`b 6 2i JVX .Ƕ�T`ĕb 2mt- H2 i`�Mb72`i /2
#BQK�bb2 /2TmBb +2b ?�mib MBp2�mt i`QT?B[m2b 2bi `2HBû �m /ûp2HQTT2K2Mi TQ`im�B`2
2Mi`2 kyyk 2i kyy8X

J�H;`û H2 7�Bi [m2 H2b /2mt �bb2K#H�;2b H2b THmb `2T`ûb2Miûb 2M #BQK�bb2b 2M
Q++m``2M+2 bQB2Mi H2b THmb T�mp`2b /ǶmM TQBMi /2 pm2 7QM+iBQMM2H- HǶ2bim�B`2 /2 a2BM2
MǶ� T�b pm b� `B+?2bb2 7QM+iBQMM2HH2 ;HQ#�H2 /û+`Qŗi`2 bB;MB}+�iBp2K2MiX G� `ûbBHB2M+2
/2 H� 7QM+iBQMM�HBiû /�Mb mM û+QbvbiĕK2 2bi bQmp2Mi HBû2 H� `2/QM/�M+2 /2 b2b
i`�Bib 7QM+iBQMM2HbX *2b T`QT`Bûiûb /2 `ûbBHB2M+2 +�`�+iû`Bb2Mi /Ƕ�mi`2b +QKKmM�miûb
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+ƬiBĕ`2b ?�HB2miB[m2b U"�TiBbi� 2i �HX- kykRVX

*2 +?�TBi`2 /û+`Bi H2b +?�M;2K2Mib /�Mb H2b +QKKmM�miûb /2 TQBbbQMb /2 HǶ2b@
im�B`2 /2 a2BM2 bm` mM2 bû`B2 /Bb+QMiBMm2 /2 Rj �MMû2b- 2M bǶ�TTmv�Mi bm` mM2
�TT`Q+?2 i�tBMQKB[m2 2i mM2 �TT`Q+?2 7QM+iBQMM2HH2X *2b /2mt �TT`Q+?2b i2M/2Mi
p2`b /2b `ûbmHi�ib bBKBH�B`2b- BM/B[m�Mi mM2 #�Bbb2 /2 H� /2MbBiû /2b T2iBib TûH�;B[m2b
/�Mb HǶ2bim�B`2 /2 a2BM2- �BMbB [m2 /2b p�`B�iBQMb /�Mb H2b �bb2K#H�;2b /ûK2`b�mtX
G2b p�`B�#H2b 2MpB`QMM2K2Mi�H2b 2tTHB[m�Mi �m KB2mt +2b +?�M;2K2Mib bQMi H� im`@
#B/Biû 2i H� +QM+2Mi`�iBQM 2M +?HQ`QT?vHH2 - /QMi H2b p�`B�iBQMb bQMi `2HBû2b ¨ /2b
ûpQHmiBQMb /2b �+iBpBiûb ?mK�BM2bX G2b `ûbmHi�ib `2M7Q`+2Mi H2b +QM+HmbBQMb /Ƕûim/2b
T`û+û/2Mi2b UG2 S�T2 2i �HX- kyydV- MQi�KK2Mi bm` H� /BKBMmiBQM /2 H� [m�HBiû /2
H� MQm``B+2`B2 2M HB2M �p2+ mM2 #�Bbb2 /2 H� /2MbBiû 2M DmpûMBH2bX G� `ûbBHB2M+2 Q#b2`@
pû2 /�Mb H� 7QM+iBQMM�HBiû /2b �bb2K#H�;2b /ûK2`b�mt � /ûD¨ ûiû /Q+mK2Miû2 /�Mb
/Ƕ�mi`2b +QKKmM�miûb 2bim�`B2MM2b UC�K2b 2i �HX- kyR3V 2i #B2M [mǶBM/B[m�Mi [m2
H2b +?�M;2K2Mib M2 bQB2Mi T�b B``ûp2`bB#H2b- /2b K2bm`2b /2 ;2biBQM /QBp2Mi āi`2
KBb2 2M TH�+2 �p�Mi [m2 H2 7QM+iBQMM2K2Mi /2 H� MQm``B+2`B2 bQBi B``ûKû/B�#H2K2Mi
BKT�+iûX

úim/B2` H� /Bbi`B#miBQM bT�iB�H2 /2b �bb2K#H�;2b /2p`�Bi �B/2` ¨ KB2mt +QK@
T`2M/`2 H2b Kû+�MBbK2b [mB /ûi2`KBM2Mi H2b xQM2b Qɍ H� `B+?2bb2 bTû+B}[m2 2bi ûH2@
pû2X G� +QKT`û?2MbBQM /2 HǶmiBHBb�iBQM /2 HǶ2bT�+2 /�Mb H� MQm``B+2`B2 2bi �mbbB mM2
ûi�T2 Mû+2bb�B`2 ¨ H� KBb2 2M TH�+2 /2 K2bm`2b /2 `2bi�m`�iBQMb 2{+�+2b U"`�/H2v
2i �HX- kyRNVX
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Including juvenile phase in Beukhof dataset for some fish  

 

 

Tableau 1: Traits included in the dataset classified as either continuous or categorical traits (extracted from Beukhof et al. 

2020) 

 

Initial database: trait investigated for juvenile stage 

      Trait unrelated to growth phase 

 

In our dataset, eight species have been recorded at a juvenile stage:  

Herring (Clupea harengus), Sea Bass (Dicentrarchus labrax), Dab (Limanda limanda), Whiting 

(Merlangius merlangus), Flounder (Platychthys flesus), Plaice (Pleuronectes platessa), Sole (Solea 

solea) and Sprat (Sprattus sprattus).  

 

Trophic level 

Trophic level in the dataset is obtained using the values in fishbase (see 

https://www.fishbase.de/manual/English/fishbasethe_food_items_table.htm). Diet for juvenile stage 

is not available for all species. We used the relationship given in fishbase.de (see figure below) to 

approximate based on the maximal length that each species could reach at the two stags recorded 

(G0: young of the year, and G1: individuals of 1 year). We established that trophic level for juvenile 

would be lower than the one for the adult stage. The latter is represented with blue lines on the figure 

below. All species except the whiting fall in the same interval, [3.0;3.5[, and 3 is the minimal possible 

value in the regression, hence juvenile and adult shared the same trophic level. For the whiting, 

individulas were classified in the [3.5; 4[ interval, using the slope for first order carnivores.  



 

 

https://www.fishbase.de/manual/English/fishbasethe_food_items_table.htm 

 

Caudal fin aspect ratio 

It is defined in Beukhof et al. (2019) as:  

« The caudal fin aspect ratio is the squared height of the caudal fin divided by the surface area of the  

caudal fin.  It is  known  to  correlate  with  fish  swimming  speed,  activity,  metabolism  and  food  

consumption”. 

There are very few literatures on the subject and the value in fishbase is based on the analysis of one 

picture. Juvenile and adult phases will have the same values.  

 

Maximum length 

Values extracted from the NOURSEINE dataset.  

Species Max. length G0 (cm) Max. length G1 (cm) 

Herring 11 21 

Sea bass 11 21 

Dab 10 22 

Whiting 20 27 

Flounder  12 20 

Plaice 17 27 

Sole 14 22 

Sprat 14 / 

 

Habitat 

Herring, Dab 
Sea bass 

Whiting 

Plaice, Sole 

Sprat 

Adult trophic 

level 

Maximum size G0  G1 

Trophic level 

interval 



For all species, except herring, the review of the literature did not lead to any changes of the habitat, 

as categories in the Beukhof dataset are quite general. For the herring however, changes were made 

to consider it as a pelagic species rather than a demersal one, with literature supporting it 

(https://repository.library.noaa.gov/view/noaa/3101)  

Feeding mode 

The Beukhof dataset gives a choice between: 

· Herbivorous (algae) 

· Benthivorous (benthos) 

· Planktivorous (plankton) 

· Piscivorous (fish) 

· Generalist (2 or more, assigned when major food type comprised no more than 

approximately 2/3 diet) 

 

Species/C

ohort 

Main 

food type 

Source Feeding 

mode 

Herring G0 Zooplank

ton 

https://link.springer.com/article/10.1007/s10530-012-0336-4 Planktivo

rous 

Herring G1 Zooplank

ton 

https://link.springer.com/article/10.1007/s10530-012-0336-4 Planktivo

rous 

Sea bass 

G0 

Zooplank

ton +  

Mollusca, 

ploychae

te 

https://link.springer.com/article/10.1007/s12237-020-00823-z 

 
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1439-0426.2007.01049.x  

Generalis

t 

Bar G1  https://link.springer.com/article/10.1007/s12237-020-00823-z 

 
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1439-0426.2007.01049.x  

 

Sole G0 Polychae

ta + 

harpactic

oida 

https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1439-0426.2007.01049.x  Benthivor

ous 

Sole G1 Polychae

ta 

https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1439-0426.2007.01049.x  Benthivor

ous 

Whiting 

G0 

Copepod 

june / 

Crangon 

and 

decapods 

after 

https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1095-8649.2011.02997.x Planktivo

rous or 

benthivor

ous -> 

generalis

t 

Whiting 

G1 

Fishes  Generalis

t 

Plaice G0 Benthos https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1095-

8649.2001.tb00531.x?casa_token=sgJV1YaucAQAAAAA:Vw44c6BSEIWScAiamK6QoTMSGz5C8rj5AkI5EWMFAH2

qI4ZkyDd6nJpZhkrHKSJzu_6QyWnT9Zsk3pQ 

Benthivor

ous 

Plaice G1 Benthos https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1095-

8649.2001.tb00531.x?casa_token=sgJV1YaucAQAAAAA:Vw44c6BSEIWScAiamK6QoTMSGz5C8rj5AkI5EWMFAH2

qI4ZkyDd6nJpZhkrHKSJzu_6QyWnT9Zsk3pQ 

Benthivor

ous 



Flounder 

G0 

Corophiu

m 

volutator 

The diet and feeding behaviour of the flounder Platichthys flesus (L.) in the Ythan estuary, Aberdeenshire, 

Scotland 
Benthivor

ous 

Flounder 

G1 

Benthos  Benthivor

ous 

 

 

Diet for dab was considered to be benthivorous, as per all flatfish juveniles, as sprat diet to be 

equivalent to herring juveniles.   



G2 +?�TBi`2 T`û+û/2Mi � KQMi`û [m2 H2b �bb2K#H�;2b /2 TQBbbQMb ûi�#HBb ûi�B2Mi
TQm` H� THmT�`i #B2M bi`m+im`ûb bT�iB�H2K2MiX *2ii2 bi`m+im`�iBQM bT�iB�H2 T2mi āi`2
H2 `ûbmHi�i /2 T`2bbBQMb 2MpB`QMM2K2Mi�H2b Qm #BQiB[m2b- Qm Bbbm2 /2 H� +QK#BM�BbQM
/2b /2mtX G2b i`�p�mt T`ûb2Miûb /�Mb +2 +?�TBi`2 bǶ�ii2HH2Mi ¨ /û}MB` [m2Hb bQMi H2b
T�`�Kĕi`2b [mB /û}MBbb2Mi �m KB2mt H2b /Bbi`B#miBQMb /2 TQTmH�iBQMb /2 DmpûMBH2bX
G2 +?QBt 2bi 7�Bi /2 i`�p�BHH2` �p2+ i`QBb TQTmH�iBQMb /2 TQBbbQMb TH�ib , H� bQH2 U

V- H� HBK�M/2 U V 2i H� THB2 U VX SHmbB2m`b
`�BbQMb QMi ;mB/û +2 +?QBtX

G2b Q#b2`p�iBQMb LPl_a1AL1 bQMi Q#i2Mm2b T�` mM û+?�MiBHHQMM�;2 miBHBb�Mi
/2b +?�Hmib ¨ T2`+?2X *2b 2M;BMb /2 Tā+?2 +B#H�Mi H2b TQBbbQMb #2Mi?Q/ûK2`b�mt- H2b
/QMMû2b /BbTQMB#H2b �bbm`2Mi H� `2T`ûb2Mi�iBpBiû /2b BM7Q`K�iBQMb `û+QHiû2b TQm` +2b
2bTĕ+2bX .2 THmb- H2b +Q?Q`i2b /2 +2b 2bTĕ+2b bQMi B/2MiB}û2b /2 RNN8 ¨ kyRyX .�Mb H2
+�b /m ~2i U V- HǶ�#b2M+2 /ǶBM7Q`K�iBQM BM/mBi T�` H2 /ûTH�+2K2Mi
/2 +2ii2 TQTmH�iBQM p2`b /2b xQM2b �mt 2�mt THmb �KQMi KQBMb +Qmp2`i2b T�` H2
TH�M /Ƕû+?�MiBHHQMM�;2 LPl_a1AL1 2bi H� `�BbQM TQm` H�[m2HH2 +2ii2 2bTĕ+2 MǶ2bi
T�b +QMb2`pû2 /�Mb H2b �M�Hvb2bX G2b `ûbmHi�ib bm` H2b +QKKmM�miûb /2 HǶ2bim�B`2
/2 a2BM2 QMi KQMi`û [m2 +2b i`QBb 2bTĕ+2b ûi�B2Mi +�`�+iû`BbiB[m2b /Ƕ�bb2K#H�;2b
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/Bzû`2Mib /�Mb HǶ2bim�B`2X GǶûim/2 /2 +2b i`QBb TQTmH�iBQMb T2`K2i /QM+ /Ƕûim/B2`
/2b 2bT�+2b /BbiBM+ib /�Mb H� MQm``B+2`B2- Qɍ H2b T`2bbBQMb T2mp2Mi āi`2 /Bzû`2Mi2bX

*QKT`2M/`2 HǶBKT�+i /m /ûp2HQTT2K2Mi /2b �+iBpBiûb ?mK�BM2b bm` H� 7QM+iBQM
/2 MQm``B+2`B2 /�Mb HǶ2bim�B`2 /2 a2BM2 TQm` H2b TQBbbQMb TH�ib 7�Bi ûi�i /ǶmM2 HBi@
iû`�im`2 �#QM/�Mi2 U_BQm 2i �HX- kyyR c �K�`� 2i �HX- kyyd c _Q+?2ii2 2i �HX- kyRy c
�`+?�K#�mHi 2i �HX- kyR3VX Lû�MKQBMb +2b i`�p�mt MǶ�#Q`/2Mi T2m Qm T�b H2 +QM+2Ti
/Ƕ?ûiû`Q;ûMûBiû bT�iB�H2 /�Mb HǶ2bim�B`2X *QKK2 H2 +?�TBi`2 T`û+û/2Mi HǶ� KQMi`û-
H� MQm``B+2`B2 MǶ2bi T�b mM 2bT�+2 ?QKQ;ĕM2 2i H� xQM2 2Mi`2 y 2i 8 Kĕi`2b MǶ2bi T�b
miBHBbû2 T�` H2b KāK2b i�tQMb 2M xQM2 +ƬiBĕ`2 Qm /�Mb H2 +2Mi`2 /2 HǶ2bim�B`2X .2b
/Bzû`2M+2b ¨ THmb }M2b û+?2HH2b QMi ûiû /û+`Bi2b /�Mb H2 7QM+iBQMM2K2Mi i`QT?B[m2
/2 HǶ2bim�B`2 Uh2++?BQ 2i �HX- kyR8VX 1M KQ/ûHBb�Mi bBt `ûb2�mt i`QT?B[m2b /�Mb bBt
+QKT�`iBK2Mib bT�iB�mt- H2b �mi2m`b QMi i`Qmpû /2b /BbiBM+iBQMb 7QM+iBQMM2HH2b /�Mb
H2b /Bzû`2Mib ?�#Bi�ib- bm;;û`�Mi mM2 THmb ;`�M/2 +QKTH2tBiû /�Mb HǶQ`;�MBb�iBQM
bT�iB�H2 /2 HǶ2bim�B`2X .2 THmb- BH � ûiû Q#b2`pû /�Mb mM �mi`2 2bim�B`2 i2KTû`û [m2
H� +QKTûiBiBQM TQm` H� `2bbQm`+2 i`QT?B[m2 2bi HǶmM /2b T`BM+BT�mt 7�+i2m`b /�Mb H�
/Bbi`B#miBQM /2b DmpûMBH2b Uh�#H2�m 2i �HX- kyReVX

G2b i`�p�mt T`ûb2Miûb /�Mb +2 +?�TBi`2 +?2`+?2Mi /QM+ ¨ [m�MiB}2` H2b T`Q+2bbmb
bT�iB�mt [mB QMi HB2m /�Mb H� MQm``B+2`B2 /2 HǶ2bim�B`2 /2 a2BM2 TQm` i`QBb 2bTĕ+2b
/2 TQBbbQMb TH�ibX G2b `ûbmHi�ib QMi 7�Bi HǶQ#D2i /2 THmbB2m`b T`ûb2Mi�iBQMb Q`�H2b
�BMbB [m2 /ǶmM �`iB+H2 U*�`BQm 2i �HX- kykRVX G� };m`2 eXR 2bi H2 `ûbmKû ;`�T?B[m2
�ii�+?û ¨ H� Tm#HB+�iBQM 2i T`ûb2Mi2 H2b +?2KBM2K2Mib Kûi?Q/QHQ;B[m2b �BMbB [m2
H� 7Q`K2 /2b `ûbmHi�ib Q#i2MmbX

Ryy



eXR Ĝ _ûbmKû ;`�T?B[m2 /2b i`�p�mt K2Mûb /�Mb +2 +?�TBi`2- 2ti`�Bi /2
U*�`BQm 2i �HX- kykRVX

G2b bmBpBb /2 TQTmH�iBQMb ?�HB2miB[m2b �KĕM2Mi bQmp2Mi ¨ H� `2+?2`+?2 /2 HB2Mb
2Mi`2 H2b /vM�KB[m2b /2 +2b TQTmH�iBQMb 2i H2b T`Q+2bbmb û+QHQ;B[m2b H2b bi`m+im@
`�Mi US2iBi;�b 2i �HX- kykyVX G2 +�`�+iĕ`2 `û+m``2Mi /2b +�KT�;M2b /2 bmBpB ?�@
HB2miB[m2 � K2Mû ¨ HǶmiBHBb�iBQM /2 /Bzû`2Mib BM/B+2b T2`K2ii�Mi /2 `ûbmK2` HǶBM@
7Q`K�iBQM /2b /Bbi`B#miBQMb bT�iB�H2b U/2MbBiûb- HQ+�HBb�iBQM- 7Q`K2XXXV �m +Qm`b /m
i2KTb UqQBHH2x 2i �HX- kyydVX *2b BM/B+2b T2`K2ii2Mi û;�H2K2Mi /Ƕûim/B2` H2b 2z2ib
/2 /2MbBiû@/ûT2M/�M+2 Qm /Ƕ2tTHQ`2` H2b HB2Mb 2Mi`2 /Bbi`B#miBQM 2i 2MpB`QMM2K2MiX

G2 D2m /2 /QMMû2b miBHBbû TQm` H� /2b+`BTiBQM /2b /Bbi`B#miBQMb /2 TQBbbQMb TH�ib
� ûiû �/�Tiû �mt Q#D2+iB7b /2 HǶûim/2X �}M /ǶBMiû;`2` H2b bi�/2b /2 pB2 /2b BM/B@
pB/mb /�Mb H2b �M�Hvb2b- BH 2bi Mû+2bb�B`2 /ǶmiBHBb2` H2b BM7Q`K�iBQMb bm` HǶ�;2X P`-
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BH 2tBbi2 mM2 ?ûiû`Q;ûMûBiû /�Mb HǶ�ii`B#miBQM /2b �;2b QTû`ûb /�Mb LPl_a1AL1X
1Mi`2 RNN8 2i kyyk- BH MǶ2tBbi2 [m2 i`QBb +�iû;Q`B2b , :y UMûb HǶ�MMû2 /2 HǶû+?�M@
iBHHQMM�;2V- :R UBM/BpB/mb /ǶmM �MV 2i :kT UBM/BpB/mb /2 k �Mb Qm THmbVX � T�`iB`
/2 kyy3- H� +�iû;Q`B2 :kT 2bi �{Mû2 TmBb[m2 H2b �;2b bQMi /ûi2`KBMûb ¨ HǶ�MMû2X
am` H� Tû`BQ/2 kyRd@kyRN H2b H2+im`2b /ǶQiQHBi?2b T2`K2ii�Mi H� /ûi2`KBM�iBQM /2
HǶ�;2 MǶQMi T�b Tm āi`2 2z2+imû2b- +2 [mB 2Mi`�ŗM2 mM MQK#`2 MQM Mû;HB;2�#H2 /2
/QMMû2b K�M[m�Mi2b U};m`2 eXkV

eXk Ĝ "Qŗi2b ¨ KQmbi�+?2b /2b i�BHH2b TQm` +?�[m2 +H�bb2 /Ƕ�;2 2i +?�[m2
2bTĕ+2 /2 TQBbbQMb TH�ib ûim/Bû2bX

"�bû2 bm` H� /Bbi`B#miBQM 2M i�BHH2 /2b +H�bb2b /Ƕ�;2b- H� /ûi2`KBM�iBQM /2b �;2b
2bi 2z2+imû2 TQm` H2b BM/BpB/mb bm` H2b[m2Hb +2ii2 BM7Q`K�iBQM 2bi K�M[m�Mi2X �BMbB-
H2b HBK�M/2b /2 Ry+K Qm KQBMb- H2b THB2b /2 Rd+K Qm KQBMb 2i H2b bQH2b /2 R9+K Qm
KQBMb bQMi �ii`B#mû2b �m ;`QmT2 :yX G2b HBK�M/2b /2 RR ¨ kk+K- H2b THB2b /2 R3 ¨
kd+K 2i H2b bQH2b /2 R8 ¨ kk+K bQMi +QMbB/û`û2b :RX hQmi2b H2b i�BHH2b bmTû`B2m`2b
2i H2b +H�bb2b /Ƕ�;2b bQMi `2;`QmTû2b 2M :kTX

G2 i�#H2�m eXR /ûi�BHH2 H2b bi�iBbiB[m2b T`BM+BT�H2b /2b /QMMû2bX "B2M [m2 H2b
:y /2 HBK�M/2b 2i /2 THB2b bQB2Mi T`ûb2Mi2b /�Mb THmb /2 H� KQBiBû /2b i`�Bib /2
+?�Hmi 2z2+imû2b- H2b /2MbBiûb /2 :y /2 bQH2b bQMi H2b THmb ûH2pû2bX SQm` H2b i`QBb
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2bTĕ+2b- H� /vM�KB[m2 BMi2`@+Q?Q`i2 2bi B/2MiB[m2X G2b BM/BpB/mb bQMi T`ûb2Mib /�Mb
HǶ2bim�B`2 bm` H2b /2mt T`2KBĕ`2b �MMû2b /2 H2m` pB2- TmBb H� T`ûb2M+2 /2b BM/BpB/mb
/2 k �Mb 2i THmb /BKBMm2X *2T2M/�Mi- H2b /2MbBiûb /û+`QBbb2Mi /ûD¨ 2Mi`2 H� T`2@
KBĕ`2 2i H� /2mtBĕK2 +Q?Q`i2bX *2ii2 /BKBMmiBQM 2Mi`2 H2b BM/BpB/mb :y 2i :R T2mi
āi`2 HBû2 2Mi`2 �mi`2b �mt T`2bbBQMb /2 T`û/�iBQM U1HHBb �M/ :B#bQM- RNN8V- Qɍ ¨
HǶ�m;K2Mi�iBQM /2 H� KQ#BHBiû /2 H� +Q?Q`i2 :RX

h�tQMb �;2 S`ûb2M+2UWV JQv2MM2 *Q2{+B2Mi /2
Uind.ha−1V p�`B�iBQMUWV

:y 8jX9 jkX3 R3j
:R 9yX3 RyX3 Ry8
:kT dXyk jX38 eNXe
:y 8kXe kjXN R89
:R jeXy eXj9 Rye
:kT R3X8 8X88 Ry9
:y 9yXR 9yXN Rd3
:R j9Xe RkXk R8R
:kT kjX8 dXyj Ny

h�#H2�m eXR Ĝ P++m``2M+2b 2i /2MbBiûb KQv2MM2b /2b i`QBb 2bTĕ+2b /2 TQBbbQMb TH�ib
TQm` i`QBb +Q?Q`i2b /Bzû`2Mi2b bm` H2b Rj �MMû2b /Ƕû+?�MiBHHQMM�;2X SQm` H2b �;2b c
:y +Q``2bTQM/ �mt BM/BpB/mb Mûb HǶ�MMû2 /2 HǶû+?�MiBHHQMM�;2- :R H2b BM/BpB/mb
/ǶmM �M 2i :kT H2b BM/BpB/mb �;ûb /2 k �Mb Qm THmbX

.2mt BM/B+2b bQMi miBHBbûb B+B TQm` +�`�+iû`Bb2` HǶ2KTH�+2K2Mi /ǶmM2 TQTmH�iBQM
�m +Qm`b /m i2KTb , H2 +2Mi`2 /2 ;`�pBiû U*:V 2i H2 MQK#`2 /2 T�i+?b PM [m�HB}2`�
/2 T�i+? mM2 xQM2 /ûi2`KBMû2 /�Mb HǶ2bT�+2 Qɍ H2b p�H2m`b MmKû`B[m2b /ǶBMiû`āi
U/2MbBiû- �#QM/�M+2- 2i+XV bQMi THmb ûH2pû2b [m2 /�Mb bQM pQBbBM�;2 T`Q+?2X

G2 +2Mi`2 /2 ;`�pBiû +Q``2bTQM/ ¨ H� TQbBiBQM KQv2MM2 /ǶmM BM/BpB/m iB`û �m
?�b�`/X �BMbB- bB H2b BM/BpB/mb bQMi /Bbi`B#mûb 2M /2mt HQ+�HBb�iBQMb i`ĕb ûHQB;Mû2b-
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H2 +2Mi`2 /2 ;`�pBiû T2mi b2 `2i`Qmp2` ¨ KB@+?2KBM 2Mi`2 +2b /2mt TQbBiBQMb- ¨ mM
2M/`QBi Qɍ �m+mM BM/BpB/m MǶ� ûiû û+?�MiBHHQMMûX G2 MQK#`2 /2 T�i+? 2bi +QMbi`mBi
¨ T�`iB` /2b 7Q`i2b /2MbBiûb 2i /ǶmM b2mBHX G� +QMbi`m+iBQM /2b T�i+?b `�M;2 H2b
/2MbBiûb T�` Q`/`2 /û+`QBbb�MiX 1M bmBp�Mi +2i Q`/`2- i�Mi [m2 H2b û+?�MiBHHQMb bQMi
¨ mM2 /Bbi�M+2 BM7û`B2m`2 �m b2mBH +?QBbB- QM +QMbB/ĕ`2 [mǶBHb �TT�`iB2MM2Mi �m KāK2
T�i+?X aB H� /2MbBiû bmBp�Mi2 H� THmb 7Q`i2 2bi ¨ mM2 /Bbi�M+2 bmTû`B2m`2 ¨ +2 b2mBH-
HǶ�H;Q`Bi?K2 +`û2 mM MQmp2�m T�i+?X

aQBi zi H� p�H2m` /2 H� /2MbBiû /2 TQBbbQM 2M xi /�Mb mM2 xQM2 /ǶBM~m2M+2 si- H2
+2Mi`2 /2 ;`�pBiû b2 +�H+mH2 �BMbB ,

CG =

∑

i xisizi
∑

i sizi
UeXRV

G� xQM2 /ǶBM~m2M+2 2bi /û}MB2 +QKK2 ûi�Mi HǶ2Mb2K#H2 /2b TQBMib /2 HǶ2bT�+2
ûi�Mi H2b THmb T`Q+?2b /m TQBMi +QMbB/û`ûX :ûMû`�H2K2Mi- H2 +�H+mH /m +2Mi`2 /2
;`�pBiû bǶ�++QKT�;M2 /m +�H+mH /2 HǶBM2`iB2 2i /2 HǶBbQi`QTB2X

GǶBM2`iB2 K2bm`2 H� /BbT2`bBQM /2b BM/BpB/mb �miQm` /m +2Mi`2 /2 ;`�pBiû U*:VX
aQBi I +2ii2 BM2`iB2- 2HH2 b2 +�H+mH2 ,

I =

∑

i(xi − CG)2sizi
∑

i sizi
UeXkV

aB +2ii2 /BbT2`bBQM 2bi B/2MiB[m2 /�Mb iQmi2b H2b /B`2+iBQMb �miQm` /m +2Mi`2 /2
;`�pBiû- QM T�`H2 /ǶmM2 /Bbi`B#miBQM X .�Mb H2 +�b +QMi`�B`2 QM T�`H2
/Ƕ X GǶBbQi`QTB2 /ǶmM2 /Bbi`B#miBQM T2mi āi`2 +�H+mHû2 ¨ HǶ�B/2 /2b �t2b
/ǶBM2`iB2 K�tBK�H2 2i KBMBK�H2 ,

Isotropie =

√

Imin

Imax

UeXjV

.2b BM/B+2b 2tBbi2Mi û;�H2K2Mi bm` /2b K2bm`2b /ǶQ++mT�iBQMb 2M i2`K2 /2 bm`@
7�+2X .2mt /Ƕ2Mi`2 2mt bQMi miBHBbûb B+B , HǶ�B`2 TQbBiBp2 2i HǶ�B`2 û[mBp�H2Mi2X GǶ�B`2
TQbBiBp2 +Q``2bTQM/ ¨ H� bQKK2 /2b �B`2b /ǶBM~m2M+2b UsiV Qɍ /2b /2MbBiûb bQMi
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bi`B+i2K2Mi TQbBiBp2bX GǶ�B`2 û[mBp�H2Mi2 +Q``2bTQM/ ¨ H� bm`7�+2 Q++mTû2 T�` H�
TQTmH�iBQM bB H� /2MbBiû 2M +?�[m2 TQBMi ûi�Bi û;�H2 ¨ H� /2MbBiû KQv2MM2 /2 H�
TQTmH�iBQMX

G2b BM/B+2b /2 +Q@HQ+�HBb�iBQM ;HQ#�H2 U:A* TQm` ;HQ#�H BM/2t Q7 +QHQ+�iBQMV 2i
HQ+�H2 UGA* TQm` HQ+�H BM/2t Q7 +QHQ+�iBQMV K2bm`2Mi H2b bBKBH�`Biûb /2 /Bbi`B#miBQMb
Q#b2`pû2b 2Mi`2 mM2 T�B`2 /Ƕ�MMû2bX G2 :A* K2bm`2 +QKK2Mi /2mt /Bbi`B#miBQMb
bQMi T`Q+?2b �m pm /2 H2m`b *: 2i /2 HǶBM2`iB2 �bbQ+Bû2 ,

GIC = 1− ∆CGȷ
∆CGȷ + I1 + I2

UeX9V

∆CG +Q``2bTQM/ ¨ H� /Bbi�M+2 2Mi`2 H2b /2mt +2Mi`2b /2 ;`�pBiûX GQ`b[m2 H2
:A* p�mi y- H2b /2mt TQTmH�iBQMb bQMi +QM+2Mi`û2b 2M mM b2mH TQBMi UI14I24yV ¨
/Bzû`2Mib 2M/`QBib U∆*:ȷ=yVX GQ`b[m2 H2b *: bQMi ¨ H� KāK2 TQbBiBQM- H2 :A* p�mi
RX G2 GA* +QKTHĕi2 HǶBM7Q`K�iBQM /QMMû2 T�` H2 :A* 2M 2z2+im�Mi mM2 +QKT�`�BbQM
bi�iBQM T�` bi�iBQMX aQBi z1i 2i z2i H2b /2MbBiûb /2 TQBbbQMb Q#b2`pû2b ¨ H� bi�iBQM i

¨ /2mt /Bzû`2Mi2b �MMû2b- �HQ`b QM � ,

LIC =

∑

i siz1iz2i
√

∑

i siz1iȷ
√

∑

i siz2iȷ
UeX8V

lM GA* û;�H ¨ y BM/B[m2 [m2 H2b TQTmH�iBQMb M2 bQMi D�K�Bb `2i`Qmpû2b /�Mb H2b
KāK2b û+?�MiBHHQMb- i�M/Bb [mǶmM GA* û;�H ¨ R KQMi`2 [m2 H2 `�M; /2b /2MbBiûb
/�Mb H2b /2mt �MMû2b 2bi /Bbi`B#mû /2 K�MBĕ`2 B/2MiB[m2X G2 GA* MǶ2bi T�b mM
BM/B+2 bT�iB�H �m b2Mb bi`B+i- TmBb[mǶmM2 T2`Kmi�iBQM /2 iQmi2b H2b bi�iBQMb /�Mb
mM `2Tĕ`2 ;ûQ;`�T?B[m2 M2 +?�M;2`�Bi T�b H2 `ûbmHi�i /2 HǶBM/B+2X

am` H2b k8 /2`MBĕ`2b �MMû2b- H� TQbBiBQM /2b +2Mi`2b /2 ;`�pBiû 2bi ;HQ#�H2K2Mi
bi�#H2 U};m`2 eXjVX G� b2mH2 2t+2TiBQM 2bi H� +Q?Q`i2 :kT /2b bQH2bX G2b /Bbi`B#miBQMb
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/2b i`QBb 2bTĕ+2b /2 TQBbbQMb TH�ib bQMi +H�B`2K2Mi /BbiBM+i2b TQm` H� +Q?Q`i2 :yX
G2b +2Mi`2b /2 ;`�pBiû /2b +Q?Q`i2b /2 HBK�M/2b bQMi bBimûb /�Mb H2 b2+i2m` MQ`/@
Qm2bi /2 HǶ2bim�B`2- `2H�iBp2K2Mi ¨ H� bQH2 2i H� THB2X lM2 2t+2TiBQM 2bi HǶ�MMû2
RNNe Qɍ H2 +2Mi`2 /2 ;`�pBiû 2bi bBimû 2M /B`2+iBQM /2 HǶ2K#Qm+?m`2 /2 HǶP`M2 UQM
b2 `û7û`2`� ¨ H� };m`2 jXR TQm` H� TQbBiBQM /2b ~2mp2b 2i `BpBĕ`2bVX G2b +2Mi`2b /2
;`�pBiû /2 H� THB2 bQMi `ûT�`iBb H2 HQM; /2 H� +Ƭi2 /m *�Hp�/QbX *2T2M/�Mi- /2mt
;`QmT2b T2mp2Mi āi`2 /BbiBM;mûb- �p2+ mM T�i+? p2`b HǶP`M2 2i mM2 �mi`2 T`Q+?2 /2
HǶ2K#Qm+?m`2 /2 H� a2BM2X 1M}M- H2b +2Mi`2b /2 ;`�pBiû /2 H� bQH2 bQMi T`BM+BT�H2K2Mi
bBimûb /�Mb HǶ2K#Qm+?m`2 /2 H� a2BM2X � HǶ�;2 R- H2b HBK�M/2b 2i H2b THB2b b2 /ûTH�+2Mi
�m@/2H¨ /2b Ry Kĕi`2b /2 T`Q7QM/2m` i�M/Bb [m2 H2b bQH2b `2bi2Mi ¨ HǶ2K#Qm+?m`2 /2
HǶ2bim�B`2X G2b +2Mi`2b /2 ;`�pBiû Q#i2Mmb /2 HǶ�;2 k@THmb `2~ĕi2Mi /ûD¨ H2 K�M[m2
/2 /QMMû2b TQm` +2ii2 +H�bb2 /Ƕ�;2 2i H2 /ûT�`i /2b BM/BpB/mb /2 H� MQm``B+2`B2- �p2+
/2b +2Mi`2b /2 ;`�pBiû Qɍ HǶBM2`iB2 2bi T�`7QBb i`ĕb 7�B#H2X

G2b /Bbi`B#miBQMb /2b TQBbbQMb TH�ib bQMi ;ûMû`�H2K2Mi �MBbQi`QT2bX 1M 2z2i-
H2b 2HHBTb2b /ǶBM2`iB2 KQMi`2Mi [m2 H2b /B`2+iBQMb +?�M;2Mi TQm` H2b 2bTĕ+2b 2i H2b
+Q?Q`i2bX � HǶ�;2 :y- H2 i`�+û /2 H� +Ƭi2 BM~m2M+2 HǶBM2`iB2 /2 H� /Bbi`B#miBQM /2b
THB2b i�M/Bb [m2 H2b �t2b T`BM+BT�mt /2 HǶBM2`iB2 /2b /Bbi`B#miBQMb /2 HBK�M/2b bQMi
T�`�HHĕH2b �mt BbQ#�i?2bX GǶ�MBbQi`QTB2 bǶ�iiûMm2 Hû;ĕ`2K2Mi TQm` H2b THB2b /2 HǶ�;2
R UyXe 2M KQv2MM2V K�Bb HǶBM2`iB2 KQMi`2 iQmDQm`b HǶBM~m2M+2 /2b BbQ#�i?2b /�Mb
H2b /Bbi`B#miBQMb +2ii2 +Q?Q`i2 2i /2 :kTX GǶBM2`iB2 /2 H� bQH2- HQ`b[m2 H2 +2Mi`2 /2
;`�pBiû 2bi /�Mb H2b 7Qbb2b /2 HǶ2bim�B`2- bmBi H� 7Q`K2 /2 HǶ2K#Qm+?m`2X

G� };m`2 eX9 KQMi`2 [m2 HǶ�B`2 TQbBiBp2 2bi T`2b[m2 iQmDQm`b bmTû`B2m`2 ¨ HǶ�B`2
û[mBp�H2Mi2X G� HBK�M/2 #B2M [mǶ2HH2 Q++mT2 HǶ2bT�+2 H2 THmb ;`�M/ TQm` H2b +Q?Q`i2b
:y 2i :R U/2 RNN8 ¨ kyRyV- TQbbĕ/2 mM2 �B`2 û[mBp�H2Mi2 bBKBH�B`2 �mt �B`2b Q++mTû2b
T�` H� THB2 2i H� bQH2X G2b /2MbBiûb /2 HBK�M/2b bQMi /QM+ bQmp2Mi THmb 7�B#H2b Qm
û[mBp�H2Mi2b ¨ +2HH2b /2 H� THB2 2i H� bQH2 K�Bb /�Mb mM 2bT�+2 THmb ;`�M/X lM2
7QBb /2 THmb- H2b BM/B+2b /2 H� +Q?Q`i2 :kT BM/B[m2Mi [mǶBH v � T2m /ǶBM/BpB/mb /2
+2b +H�bb2b /Ƕ�;2b /�Mb HǶ2bim�B`2- 2i [mǶBHb Q++mT2Mi mM2 T2iBi2 T�`iB2 /2 HǶ2bT�+2X
*Ƕ2bi H� +H�bb2 /Ƕ�;2 TQm` H�[m2HH2 HǶ�B`2 TQbBiBp2 2i HǶ�B`2 û[mBp�H2Mi2 bQMi H2b THmb
T`Q+?2bX
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eXj Ĝ úpQHmiBQM /2b +2Mi`2b /2 ;`�pBiû 2i /2 HǶBM2`iB2 /2b /Bbi`B#miBQMb 2M
/2MbBiû /2 j TQBbbQM TH�ib /2 RNN8 ¨ kyRN , U;�m+?2V TQbBiBQMb /2b +2Mi`2b /2 ;`�pBiû
TQm` H� HBK�M/2 UpBQH2iV- H� THB2 U#H2mV 2i H� bQH2 UD�mM2VX GǶ2HHBTb2 `2T`ûb2Mi2 HǶBM2`@
iB2 �bbQ+Bû2 ¨ +?�[m2 +2Mi`2 /2 ;`�pBiûX U.`QBi2V #Qŗi2b ¨ KQmbi�+?2b 2i BbQi`QTB2
�MMm2HH2 TQm` H2b i`QBb 2bTĕ+2b /2 TQBbbQMb TH�ibX G� i�BHH2 /m TQBMi TQm` HǶBbQi`QTB2
�MMm2HH2 2bi T`QTQ`iBQMM2HH2 ¨ HǶBM2`iB2X G2b };m`2b bQMi +`ûû2b TQm` H2b DmpûMBH2b
:y URĕ`2 HB;M2V- :R Uk2 HB;M2V 2i H2b :kT Uj2 HB;M2VX
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eX9 Ĝ úpQHmiBQM /2 /2mt BM/B+2b /ǶQ++mT�iBQM bT�iB�H2 TQm` i`QBb 2bTĕ+2b
2i i`QBb +Q?Q`i2b /2 TQBbbQMb TH�ib /�Mb HǶ2bim�B`2 /2 a2BM2 /2 RNN8 ¨ kyRNX

G2 MQK#`2 /2 T�i+?b `2~ĕi2 H2b i2M/�M+2b `ûpûHû2b T�` H2b BM/B+2b /2 bm`7�+2b
2i H2b +2Mi`2b /2 ;`�pBiû U};m`2 eX8VX G� +Q?Q`i2 :y /2 HBK�M/2 Q++mT2 mM2 ;`�M/2
T�`iB2 /2 HǶ2bim�B`2- �p2+ 9 T�i+?b /û}MBb- TmBb +2 MQK#`2 b2 `û/mBi ¨ j TmBb k /�Mb
H2b +Q?Q`i2b THmb �;û2bX G2b 7Q`i2b /2MbBiûb M2 bQMi T�b T`ûb2Mi2b bm` H2b bi�iBQMb
H2b THmb +ƬiBĕ`2b- +QKK2 HǶBM/B[m2 H2b +2Mi`2b /2 ;`�pBiû- b�m7 TQm` H� HBK�M/2 /2
K�MBĕ`2 ûTBbQ/B[m2X G� THB2 2i H� bQH2 QMi /2b `ûbmHi�ib bBKBH�B`2b 2M i2`K2 /2 T�i+?
2i /2 /BKBMmiBQM /2b /2MbBiûb �p2+ HǶ�;2X

G2 +�H+mH /2 HǶBM/B+2 HQ+�H /2 +Q@HQ+�HBb�iBQM Mû+2bbBi2 mM2 +QKT�`�BbQM bi�iBQM
T�` bi�iBQMX *2H� BKTHB[m2 mM2 TQbBiBQM }t2 /2b bi�iBQMb /�Mb H2 i2KTbX P`- H�
};m`2 eX8 BHHmbi`2 #B2M H2 7�Bi [m2 H2b bi�iBQMb M2 bQMi T�b 2t�+i2K2Mi �m KāK2 2K@
TH�+2K2Mi ;ûQ;`�T?B[m2 /ǶmM2 �MMû2 ¨ HǶ�mi`2X AH v � /QM+ mM #2bQBM /2 `2;`QmT2`
H2b bi�iBQMb [mB bQMi H2b THmb T`Q+?2b 2Mb2K#H2 �}M /2 +QMbi`mB`2 mM2 bû`B2 i2KTQ@
`2HH2 bi�#H2 `ûTQM/�Mi �mt +QMi`�BMi2b �M�HviB[m2b U};m`2 eXeVX �T`ĕb i`�Bi2K2Mi-
+2 bQMi jk bi�iBQMb [mB bQMi +QMb2`pû2bX GǶ�MMû2 RNN8 2bi 2t+Hm2 /2 +2ii2 �M�Hvb2
+�` T`ûb2Mi�Mi mM THmb 7�B#H2 MQK#`2 /2 bi�iBQMb û+?�MiBHHQMMû2b- bQM BMiû;`�iBQM
�m`�Bi +QM/mBi ¨ M2 +QMb2`p2` [m2 kR bi�iBQMbX

*2 `2;`QmT2K2Mi bi�iBQM T�` bi�iBQM T2`K2i /2 bmBp`2 HǶûpQHmiBQM /2 H� bi`m+@
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eX8 Ĝ LQK#`2 /2 T�i+?b /ûi2+iûb iQmi2b �MMû2b +QM7QM/m2b TQm` i`QBb
+Q?Q`i2b /2 TQBbbQMb TH�ib /�Mb HǶ2bim�B`2 /2 a2BM2X G2 b2mBH /2 /Bbi�M+2 /û}MB TQm`
H� +`û�iBQM /2b T�i+?b 2bi /2 yXRN /2;`ûb U/Bbi�M+2 2m+HB/B2MM2 /�Mb H2 bvbiĕK2
/2 +QQ`/QMMû2b q:a39VX G� i�BHH2 /2b TQBMib 2bi T`QTQ`iBQMM2HH2 ¨ H� /2MbBiû /2b
BM/BpB/mb +�Tim`ûbX

im`2 bT�iB�H2 /2b DmpûMBH2b /�Mb HǶ2Mb2K#H2 /2 HǶ2bim�B`2X SQm` ûpBi2` /ǶQ#i2MB` /2b
BM/B+2b �p2+ /2 i`QT ;`�M/b MQK#`2b /2 /QMMû2b �#b2Mi2b- H2b /QMMû2b bQMi }Hi`û2b
û;�H2K2Mi TQm` M2 ;�`/2` [m2 H� +Q?Q`i2 :y �}M /Ƕ�bbm`2` H� `2T`ûb2Mi�iBpBiû /2b
`ûbmHi�ib Q#i2MmbX

G2b BM/B+2b :A* bQMi i`ĕb ûH2pûb TQm` +?�[m2 2bTĕ+2 U};m`2 eXdV- �p2+ mM2
KQv2MM2 bmTû`B2m`2 ¨ yX3- BM/B[m�Mi mM2 bi�#BHBiû i2KTQ`2HH2 /2 H� HQ+�HBb�iBQM
KQv2MM2 /2b DmpûMBH2b /�Mb HǶ2bim�B`2 /2 a2BM2- `2H�iBp2K2Mi ¨ HǶBM2`iB2X G2b GA*
QMi /2b p�H2m`b THmb 7�B#H2b- K�Bb H2 +QMi`�bi2 2bi THmb 7Q`i TQm` H2b DmpûMBH2b /2
bQH2bX J�H;`û /2b +2Mi`2b /2 ;`�pBiû i`ĕb T`Q+?2b H2b mMb /2b �mi`2b- H� /Bbi`B#miBQM
/2b /2MbBiûb 2bi p�`B�#H2 /ǶmM2 �MMû2 ¨ HǶ�mi`2X
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eXe Ĝ ai�iBQMb +?�Hmiû2b 2Mi`2 RNN8 2i kyRN UTQBMib MQB`bV 2i bi�iBQMb
/û}MB2b TQm` H2 bmBpB i2KTQ`2H bm` /2b TQBMib }t2b /�Mb H2 i2KTb U`Qm;2bVX

GǶmb�;2 /ǶmM2 �M�Hvb2 2M `ûb2�m � ûiû 7�Bi TQm` `2T`ûb2Mi2` 2i /ûi2`KBM2` H2b
TQbbB#H2b `2H�iBQMb i2KTQ`2HH2b 2Mi`2 H2b BM/B+2bX G2 +�H+mH /2b BM/B+2b :A* 2i GA*
;ûMĕ`2 /2b K�i`B+2b +�``û2b /2 ǴbBKBH�`BiûǴX G2 +?QBt 2bi /QM+ 7�Bi /2 +QMbi`mB`2
mM `ûb2�m KmHiBTH2t2 #�bû bm` +2b K�i`B+2b /2 bBKBH�`Biû �}M /2 `2M/`2 +QKTi2
/2 H� `2H�iBQM /2b /2mt BM/B+2b UJm+?� 2i �HX- kyRyVX GǶQ#D2+iB7 /ǶmM `ûb2�m 2bi
/2 T2`K2ii`2 HǶB/2MiB}+�iBQM /2 ;`QmT2b /2 7Q`i2K2Mi +QMM2+iûb �TT2Hû

X G2 `ûb2�m KmHiBTH2t2 T2`K2i H� +QMbi`m+iBQM /2 +2b
2M T`2M�Mi 2M +QKTi2 THmbB2m`b K�i`B+2b /Ƕ�/D�+2M+2 c K�i`B+2b +�``û2b +QMi2M�Mi
H2 MQK#`2 /Ƕ HB�Mi +?�[m2 bQKK2i /m `ûb2�mX G2b BM/B+2b ûi�Mi +�H+mHûb TQm`
iQmb H2b +QmTH2b /Ƕ�MMû2b- BH 2tBbi2 mM2 �`āi2 2Mi`2 MǶBKTQ`i2 [m2H +QmTH2 /2 bQKK2iX
GǶ�H;Q`Bi?K2 miBHBbû TQm` H� /ûi2+iBQM /2 2bi HǶ�H;Q`Bi?K2 /2 GQmp�BM
U"HQM/2H 2i �HX- kyy3VX G� Kûi?Q/2 pBb2 ¨ T�`iBiBQMM2` H2 `ûb2�m 2M 2M
K�tBKBb�Mi mM2 bi�iBbiB[m2 �TT2Hû2 X *?�[m2 �`āi2 TQbbĕ/2 mM TQB/b [mB-
B+B- 2bi H� p�H2m` /m GA* 2i /m :A* TQm` H2 +QmTH2 /2 bQKK2ib +QMbB/û`ûbX *2i �H;Q@
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eXd Ĝ .Bbi`B#miBQM /2b BM/B+2b ;HQ#�H 2i HQ+�H /2 +Q@HQ+�HBb�iBQM U:A* 2i
GA*- 2M #Qŗi2 ¨ KQmbi�+?2 2M pBQHQMV TQm` H2b DmpûMBH2b :y /2 HBK�M/2b- THB2b 2i
bQH2bX

`Bi?K2 � HǶ�p�Mi�;2 /2 7QM+iBQMM2` bm` /2b `ûb2�mt KmHiBTH2t2bX AH � û;�H2K2Mi ûiû
bûH2+iBQMMû TQm` bQM miBHBb�iBQM `ûT�M/m2 2i /2b T`QT`Bûiûb �/�Tiû2b ¨ HǶQ#D2+iB7 /2
HǶûim/2 , H� +QKT�`�BbQM bT�iBQ@i2KTQ`2HH2 2i BMi2`bTû+B}[m2 /2 T�i`QMb bT�iB�mt ,
Uh`��; 2i �HX- kyRNVX

*2ii2 �M�Hvb2 � K2Mû ¨ H� +QMbi`m+iBQM /2 /2mt ;`QmT2b TQm` +?�[m2 2bTĕ+2b
U};m`2 eX3VX SQm` +?�[m2 2bTĕ+2- H� +Qm+?2 :A* /m `ûb2�m KQMi`2 /2b bQKK2ib 7Q`@
i2K2Mi +QMM2+iûb H2b ;`QmT2b H2b THmb /BbiBM+ib bQMi bm` H� +Qm+?2 GA*X � HǶBMp2`b2-
H2b /2mt ;`QmT2b /m `ûb2�m /2 H� THB2 bQMi /BbiBM;m�#H2b bm` H� +Qm+?2 :A*X G2b
�MMû2b /2 +?�[m2 ;`QmT2 +Q``2bTQM/2Mi û;�H2K2Mi �mt /2mt T�i+?b /2 *: /BbiBM@
;mûb };m`2 eXjX G� R +Q``2bTQM/ �mt +2Mi`2b /2 ;`�pBiû T`Q+?2b /2
HǶ2bim�B`2 /2 a2BM2- 2i H� k ¨ +2HH2 T`Q+?2 /2 HǶP`M2X G2b �MMû2b RNNe
2i kyyR bm` H2 `ûb2�m /2 H� HBK�M/2 `2bbQ`i2Mi +QKK2 /2b �MMû2b Qɍ H� TQbBiBQM
KQv2MM2 2bi i`ĕb /Bzû`2Mi2 /2b �mi`2b �MMû2b- `2~ûi�Mi H2b /Bzû`2M+2b +QMbi�iû2b
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TQm` +2b KāK2b �MMû2b /�Mb H2b /Bbi`B#miBQMb 2M /2MbBiûX 1M kyyN 2i kyRd b2mH2b H2b
/2MbBiûb bQMi /Bbi`B#mû2b /2 K�MBĕ`2 BMû/Bi2X G� +Qm+?2 GA* KQMi`2 [m2 H� /Bbi`B@
#miBQM /2b bQH2b bmBi /2b bi`m+im`2b i`ĕb /Bzû`2Mi2b K�Bb /QMi +2`i�BM2b b2 `ûTĕi2Mi
/�Mb H2 i2KTbX Zm�i`2 +QmTH2b /Ƕ�MMû2b TQbbĕ/2Mi /2b p�H2m`b /2 GA* bmTû`B2m`b ¨
yX3X
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eX3 Ĝ AM/B+2b ;HQ#�H 2i HQ+�H /2 +Q@HQ+�HBb�iBQM U:A* 2i GA*V +�H+mHûb TQm`
iQmi2b H2b T�B`2b /Ƕ�MMû2b TQm` +?�[m2 2bTĕ+2 /2 TQBbbQMb TH�ib /2 RNN8 ¨ kyRNX
G2 i2`K2 2bi B+B bvMQMvK2 /2 ;`QmT2X 1HH2b bQMi Q#i2Mm2b ¨ HǶ�B/2
/2 HǶ�H;Q`Bi?K2 /2 GQmp�BM [mB K�tBKBb2 H� KQ/mH�`Biû /ǶmM `ûb2�m KmHiBTH2t2X
GǶûT�Bbb2m` /ǶmM2 �`āi2 2bi T`QTQ`iBQMM2HH2 ¨ H� p�H2m` /2 HǶBM/B+2X SQm` +?�[m2
+Qm+?2- b2mH2b H2b �`āi2b +QMi2M�Mi 8yW /2 p�H2m`b H2b THmb ûH2pû2b bQMi `2T`ûb2Miû2bX
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G� bi`m+im`2 bT�iB�H2 7�Bi `û7û`2M+2 ¨ H� 7Q`K2 T`Bb2 T�` H� /Bbi`B#miBQM /2b /2M@
bBiûb /ǶmM2 TQTmH�iBQMX G2 +?QBt 2bi 7�Bi B+B /ǶmiBHBb2` /2b Kûi?Q/2b 7�+iQ`B2HH2b �}M
/2 `ûbmK2` 2i /ǶB/2MiB}2` H2b bi`m+im`2b bT�iB�H2b T`BM+BT�H2b /2b /Bbi`B#miBQMb �m
+Qm`b /m i2KTbX .2mt Kûi?Q/2b QMi ûiû miBHBbû2b , H2b 7QM+iBQMb 2KTB`B[m2b Q`i?Q@
;QM�H2b UQm 1P6b TQm` 2KTB`B+�H Q`i?Q;QM�H 7QM+iBQMbV 2i H2b KBMBKmKfK�tBKmK
�miQ+Q``2H�iBQMb 7�+iQ`b UJ�6bVX

G2b 1P6b bQMi mM2 �TTHB+�iBQM /2 HǶ�*S bm` /2b /QMMû2b ;ûQ;`�T?B[m2bX *?�[m2
1P6 +Q``2bTQM/ ¨ mM2 +QKTQb�Mi2 T`BM+BT�H2 /QMi H� p�H2m` T`QT`2 �bbQ+Bû2 /QMM2
H� p�`B�M+2 2tTHB[mû2 T�` +?�[m2 7�+i2m`X A+B- H� K�i`B+2 /2 /QMMû2b 2bi +2Mi`û2
�p�Mi /Ƕ2z2+im2` mM2 /û+QKTQbBiBQM 2M p�H2m`b bBM;mHBĕ`2b Uao.VX lM2 �mi`2 TQb@
bB#BHBiû 2bi /Ƕ2z2+im2` H� /û+QKTQbBiBQM bT2+i`�H2 /2 H� K�i`B+2 2KTB`B[m2 /2 +Q@
p�`B�M+2X *2T2M/�Mi H� ao. T2`K2i /ǶQ#i2MB` bû`B2b i2KTQ`2HH2b /2b +QKTQb�Mi2b
T`BM+BT�H2b UHǶBKTQ`i�M+2 /m 7�+i2m` /�Mb H2 i2KTbV 2i H2b 1P6b /�Mb H2 KāK2 `û@
bmHi�iX G2 7Q`K�HBbK2 K�i?ûK�iB[m2 miBHBbû +B@�T`ĕb 2bi Bbbm /2 qBFH2 2i �HX UkyRNVX
aQBi Z̄ H� K�i`B+2 +2Mi`û2X G� /û+QKTQbBiBQM 2M p�H2m` bBM;mHBĕ`2 /QMM2 ,

Z̄ = UDV t UeXeV

�p2+ U 2i V H2b K�i`B+2b Q`i?QMQ`K�H2bX V +QMiB2Mi H2b 1P6b- H2b p�H2m`b T`QT`2b
bQMi Q#i2Mm2b T�` DtD 2i H2b +QHQMM2b /2 (

√
T − 1)UD /QMM2Mi H2b bû`B2b i2KTQ@

`2HH2 /2b +QKTQb�Mi2b T`BM+BT�H2b MQ`K�HBbû2b- �p2+ T H2 MQK#`2 /2 HB;M2 /2 Z̄X

G2b `ûbmHi�ib /2 HǶ�M�Hvb2 T�` H2b 1P6b QMi ûiû p�HQ`Bbûb HQ`b /m R92 +QM;`ĕb /2
HǶ�6> ¨ *�2M UoQB` �MM2t2 �V- T�` H2 #B�Bb /ǶmM TQbi2` 2i HQ`b /ǶmM2 T`ûb2Mi�iBQM
�mt sAo2 DQm`Mû2b /2 H� ;ûQbi�iBbiB[m2 ¨ 6QMi�BM2#H2�mX G2b 1P6b QMi ûiû +Q``ûHûb
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¨ /2b BK�;2b b�i2HHBi2b /2 T�`�Kĕi`2b 2MpB`QMM2K2Mi�mt TQm` i2Mi2` /Ƕ2tTHB[m2`
+2b bi`m+im`2b U`ûbmHi�ib MQM T`ûb2Miûb B+B TmBb[m2 HǶ�M�Hvb2 1P6 MǶ2bi T�b ;�`/û2VX
G2b T`BM+BT�mt `ûbmHi�ib KQMi`2Mi [m2 H2b `2H�iBQMb #BQiB[m2b b2K#H2Mi BM~m2` iQmi
�mi�Mi H� /Bbi`B#miBQM /2b TQTmH�iBQMb /2 TQBbbQMb TH�ib [m2 H2b p�`B�#H2b 2MpB`QM@
M2K2Mi�H2bX G2b DQm`Mû2b ¨ 6QMi�BM2#H2�m QMi ûiû HǶQ++�bBQM /Ƕû+?�M;2` bm` /2b
TQBMib Kûi?Q/QHQ;B[m2bX G� THmT�`i /2b Kûi?Q/2b 7�+iQ`B2HH2b 2z2+imû2b bm` /2b
/QMMû2b bT�iB�H2b M2 T`2MM2Mi T�b 2M +QKTi2 H2b 2z2ib bT�iB�mt- MQi�KK2Mi HǶ�m@
iQ+Q``ûH�iBQM U.2KȒ�` 2i �HX- kyRjVX �}M /2 T�HHB2` +2 T`Q#HĕK2- H2 +?QBt 2bi 7�Bi
/2 +QKTHûi2` H2b `ûbmHi�ib Q#i2Mmb T�` H2b 1P6b T�` H2b J�6bX

*2ii2 Kûi?Q/QHQ;B2 � ûiû /ûp2HQTTû2 /�Mb H2b �MMû2b 3y T�` arBix2` �M/ :`22M
URN39VX 1HH2 T2`K2i û;�H2K2Mi /2 `ûbmK2` mM2 bû`B2 i2KTQ`2HH2 /2 /Bbi`B#miBQMb
bT�iB�H2b 2M mM MQK#`2 `û/mBi /2 bi`m+im`2b bT�iB�H2b T2m +Q``ûHû2bX *?�+mM2 /2
+2b bi`m+im`2b 2bi mM2 +QK#BM�BbQM HBMû�B`2 /2b /Bbi`B#miBQMb BMBiB�H2bX G2b Kûi?Q/2b
7�+iQ`B2HH2b Mû+2bbBi2Mi- +QKK2 H2b GA*- /Ƕ�pQB` mM2 bû`B2 /2 bi�iBQMb pBbBiû2b }t2b
/�Mb HǶ2bT�+2 +?�[m2 �MMû2X G2 KāK2 D2m /2 /QMMû2b UDmpûMBH2b :y bm` jk bi�iBQMbV
b2`� /QM+ miBHBbûX G2b J�6b +QMbBbi2Mi 2M mM2 /Qm#H2 �*S /m D2m /2 /QMMû2b
BMBiB�HX G� T`2KBĕ`2 �*S- +QKK2 HǶ1P6- T`Q/mBi /2b +QKTQb�Mi2b T`BM+BT�H2b [mB
bQMi [m�HB}ûb /2 7�+i2m`b bT�iB�mtX lM2 K�i`B+2 /2 +Qp�`B�M+2 bT�iB�H2 2bi 2MbmBi2
+QMbi`mBi2 ¨ T�`iB` /2 +2b 7�+i2m`b bT�iB�mtX G� +Qp�`B�M+2 2bi /û}MB2 TQm` mM2
/Bbi�M+2 h /û}MBi 2M �KQMi UB+B 8FKVX � T�`iB` /2 H¨- mM2 b2+QM/2 �*S T2`K2i
/ǶQ#i2MB` /2 MQmp2�mt 7�+i2m`b [mB bQMi H2b J�6bX G2b J�6b bQMi +H�bbûb T�`
Q`/`2 /Ƕ�miQ+Q``ûH�iBQM TQm` H� /Bbi�M+2 h +`QBbb�Mi2X �BMbB H2b T`2KB2`b J�6b
QMi /2b p�`BQ;`�KK2b THmb +QMiBMmb [m2 H2b /2`MB2`b J�6bX �HQ`b [mǶBHb QMi ûiû
/ûp2HQTTûb TQm` 7�B`2 /m }Hi`�;2 /ǶBK�;2b- H2b J�6b T2mp2Mi �mbbB āi`2 miBHBbûb /�Mb
/2b +QMi2ti2b bT�iBQ@i2KTQ`2Hb US2iBi;�b 2i �HX- kykyVX G2b /Bbi`B#miBQMb bT�iB�H2b
BMBiB�H2b T2mp2Mi āi`2 TQbBiBQMMû2b /�Mb H2 MQmp2H 2bT�+2 +`ûû T�` H2b �*SX AH 2bi
/QM+ TQbbB#H2 /2 +�H+mH2` H� /Bbi�M+2 2Mi`2 /2mt /Bbi`B#miBQMb 2i /2 +H�bb2` H2b �MMû2b
2M 7QM+iBQM /2 H2m` bBKBH�`Biû 2M i2`K2b /2 bi`m+im`2b bT�iB�H2bX *2ii2 /Bbi�M+2
2Mi`2 J�6b /ûT2M/ /QM+ /m MQK#`2 /2 bi`m+im`2b bT�iB�H2b +QMbB/û`û2bX G2 +?QBt
/m MQK#`2 /2b J�6b 2bi 2z2+imû bm` H� bi`m+im`�iBQM /2b p�`BQ;`�KK2b U};m`2
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eXNV

eXN Ĝ o�`BQ;`�KK2b 2KTB`B[m2b /2b i`2Bx2 J�6b TQm` H2b DmpûMBH2b :y /2b
i`QBb 2bTĕ+2b /2 TQBbbQMb TH�ib U/�# , HBK�M/2- TH�B+2 , THB2- bQH2 , bQH2VX

a2mHb H2b i`QBb T`2KB2`b J�6b bQMi +QMb2`pûb T�` ûp�Hm�iBQM pBbm2HH2X G2b �mi`2b
p�`BQ;`�KK2b QMi mM 2z2i TûTBi2 U+Ƕ2bi ¨ /B`2 mM2 p�`B�#BHBiû bT�iB�H2 MQM 2tTHB[mû2
T�` H2 p�`BQ;`�KK2V i`QT BKTQ`i�Mi TQm` āi`2 +QMbB/û`ûb 2i HǶQ`i?Q;QM�HBiû ¨ +Qm`i2
/Bbi�M+2 MǶûi�Bi THmb pû`B}û2X *2b i`QBb J�6b KQMi`2Mi /2b bi`m+im`2b ¨ HǶû+?2HH2 /2
HǶ2bim�B`2 U};m`2 eXRyVX G2 J�6 H2 THmb bi`m+im`û bm` H� HBK�M/2 BM/B[m2 mM T�i`QM
/2 /Bbi`B#miBQM Q`B2Miû /m MQ`/ �m bm/ /2 H� xQM2 /Ƕûim/2- �p2+ /2b p�`B�iBQMb 2M
7�+2 /2 HǶ2K#Qm+?m`2 /2 H� a2BM2 2i �m MBp2�m /2 HǶ2K#Qm+?m`2 /2 HǶP`M2X SQm` H�
THB2 2i H� bQH2- +2 T`2KB2` J�6 /Bb+2`M2 HǶ2K#Qm+?m`2 /2 HǶ2bim�B`2 /2 a2BM2 /�Mb
H2b /2mt +�bX G2 b2+QM/ J�6 /2 H� HBK�M/2 /ûHBKBi2 H� xQM2 /2 T`Q7QM/2m` 2Mi`2 8
2i Ry Kĕi`2b 2i H2 i`QBbBĕK2 2bi mM ;`�/B2Mi +Ƭi2 H�`;2X *2b bi`m+im`2b +QM}`K2Mi H2b
`ûbmHi�ib bm` H2b +2Mi`2b /2 ;`�pBiû 2i HǶ�B`2 TQbBiBp2 [mB KQMi`2Mi [m2 H2b DmpûMBH2b
/2 HBK�M/2 Q++mT�B2Mi /2b 2bT�+2b THmb �m H�`;2 [m2 H2b /2mt �mi`2b 2bTĕ+2bX G2
J�6 k /Bb+`BKBM2 H� +Ƭi2 2i HǶBMiû`B2m` /2 HǶ2bim�B`2 i�M/Bb [m2 H2 i`QBbBĕK2 � mM

RRe



bB;M�H THmb ?ûiû`Q;ĕM2X G2 J�6 k /2 H� bQH2 2bi bBKBH�B`2 �m T`2KB2` i�M/Bb [m2
H2 i`QBbBĕK2 KQMi`2 mM bB;M�H +ƬiB2`X G� bQH2 2bi /QM+ +�MiQMMû2 ¨ HǶBMiû`B2m` /2
HǶ2bim�B`2- i�M/Bb [m2 H� THB2 b2 `2i`Qmp2 bm` H2b xQM2b +ƬiBĕ`2b- K�Bb û;�H2K2Mi ¨
HǶ2K#Qm+?m`2 /2 HǶ2bim�B`2 �p2+ H� bQH2X

G� /Bbi�M+2 2Mi`2 J�6b 2bi +�H+mHû2 ¨ HǶ�B/2 /2 HǶ�KTHBim/2 /2b J�6b- H2b
+QKTQb�Mi2b T`BM+BT�H2b i2KTQ`2HH2bX G� /Bbi�M+2 2Mi`2 /2mt J�6b u 2i v 2bi
/û}MB2 T�` ,

d2(u, v) =
∑

i

(ci(u)− ci(v))ȷ UeXdV

�p2+ B p�`B�Mi /2 R ¨ j- H2 MQK#`2 /2 J�6b bûH2+iBQMMûbX GǶQ#D2+iB7 2bi- +QKK2 bm`
H2b BM/B+2b :A* 2i GA*- /2 `2;`QmT2` H2b �MMû2b b2HQM H2m`b bBKBH�`Biûb 2M i2`K2
/2 bi`m+im`2b bT�iB�H2bX G� /Bbi�M+2 +�H+mHû2 T2`K2i /Ƕ2z2+im2` mM ;`QmT2K2Mi
?Bû`�`+?B[m2 2M miBHBb�Mi H2 +`Biĕ`2 /2 q�`/X GǶBM/B+2 /2 bi`m+im`2 bBKTH2 2bi miBHBbû
TQm` /ûi2`KBM2` H2 MQK#`2 /2 ;`QmT2 QTiBK�H /m /2M/`Q;`�KK2 U};m`2 eXRRV

SQm` +?�[m2 2bTĕ+2- +BM[ ;`QmT2b /Ƕ�MMû2b bQMi /ûi2`KBMûbX .�Mb +?�[m2 ;`QmT2-
�m+mM2 +QMiBMmBiû i2KTQ`2HH2 MǶ2bi p`�BK2Mi Q#b2`pû2X *2T2M/�Mi- +?�[m2 TQBbbQM
TH�i TQbbĕ/2 b� T`QT`2 /vM�KB[m2 i2KTQ`2HH2 2i H2b ;`QmT2b /Ƕ�MMû2b M2 b2 `2b@
b2K#H2Mi T�b /ǶmM2 2bTĕ+2 ¨ mM2 �mi`2X G2 ;`QmT2K2Mi /2 H� HBK�M/2 KQMi`2 i`QBb
;`QmT2b +QKTQbûb /ǶmM2 �MMû2 mMB[m2 UbBM;H2iQMV- /QMi /2mt �MMû2b /ûD¨ B/2MiB@
}û2b bm` H2 `ûb2�m GA* URNNe 2i kyyRVX

.�Mb +2b i`�p�mt- /2b BM/B+2b bT�iB�mt 2i /2b �M�Hvb2b KmHiBp�`Bû2b QMi ûiû miB@
HBbûb TQm` /û+`B`2 [m�MiBi�iBp2K2Mi /2b T�i`QMb bT�iB�mt 2i ûp�Hm2` H2m`b TQbbB#H2b
p�`B�iBQMb i2KTQ`2HH2bX G2b /2mt Kûi?Q/2b UBM/B+2b 2i Q`/BM�iBQMbV QMi T2`KBb /2
T`2M/`2 2M +QKTi2 H� /Bb+QMiBMmBiû /2 H� bû`B2 i2KTQ`2HH2 LPl_a1AL1X G2b BM/B+2b
bT�iB�mt QMi 7Qm`MB /2b BM7Q`K�iBQMb bm` H� /Bbi`B#miBQM /2b TQTmH�iBQMb 2i H2b bBKBHB@
im/2b 2Mi`2 2HH2bX G2b J�6b TQ`i�Mi bm` H� /BK2MbBQM bT�iB�H2- H2b `ûbmHi�ib Q#i2Mmb
M2 bQmz`2Mi /QM+ T�b /2 H� /Bb+QMiBMmBiû i2KTQ`2HH2 /2 H� bû`B2 LPl_a1AL1X a2mH2
HǶBMi2`T`ûi�iBQM /2 H� /vM�KB[m2 /2b T�i`QMb bT�iB�mt `2bi2 BM~m2M+û2 T�` +2ii2
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eXRy Ĝ a+Q`2b /2b i`QBb T`2KB2`b J�6b TQm` H2b DmpûMBH2b :y /2b i`QBb
2bTĕ+2b /2 TQBbbQMb TH�ib ûim/BûbX

RR3



eXRR Ĝ .2M/`Q;`�KK2 +QMbi`mBi ¨ HǶ�B/2 /m +`Biĕ`2 /2 q�`/ TQm` H2b
DmpûMBH2b :y /2 i`QBb 2bTĕ+2b /2 TQBbbQMb TH�ibX G2 MQK#`2 /2 ;`QmT2b BM/B[mû 2bi
Q#i2Mm ¨ HǶ�B/2 /ǶmM +`Biĕ`2 �TT2Hû BM/B+2 /2 bi`m+im`2 bBKTH2X SQm` +?�[m2 2bTĕ+2-
H2b #`�M+?2b +QHQ`ûb BM/B[m2Mi H2b �TT�`i2M�M+2b /2 +?�[m2 �MMû2 ¨ mM ;`QmT2X
*2mt@+B bQMi /Bzû`2Mib 2Mi`2 2bTĕ+2b , T�` 2t2KTH2- H2 ;`QmT2 R /m /2M/`Q;`�KK2
/2 H� THB2 2bi /Bzû`2Mi /2 +2HmB /2 H� bQH2X G2b HB;M2b 2M TQBMiBHHû2b +Q``2bTQM/2Mi
�mt #`�M+?2b /m /2M/`Q;`�KK2 MQM HBû2b ¨ mM b2mH 2i mMB[m2 ;`QmT2X
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/Bb+QMiBMmBiû , H2b �MMû2b MQM@û+?�MiBHHQMMû2b +QMbiBim2Mi mM2 /2b `�BbQMb TQm` H�@
[m2HH2 H� /ûi2+iBQM 2i HǶBMi2`T`ûi�iBQM /ǶmM2 /vM�KB[m2 i2KTQ`2HH2 2bi /B{+BH2X
G� +QK#BM�BbQM /2b /Bzû`2Mi2b Kûi?Q/2b /Ƕ�M�Hvb2 bT�iB�H2 2i H2m` +QKT�`�BbQM �
T2`KBb /Ƕ�{M2` H2b `ûbmHi�ib /2 HǶmM2 2i /2 HǶ�mi`2 2i /2 KB2mt +QKT`2M/`2 +QK@
K2Mi H2b /Bbi`B#miBQMb /2b DmpûMBH2b /2 TQBbbQMb TH�ib BMi2`�;Bbb2Mi /�Mb HǶ2bim�B`2X
.ǶmM +Ƭiû- H2b BM/B+2b bT�iB�mt QMi T2`KBb /2 `ûbmK2` MmKû`B[m2K2Mi H2b /Bbi`B@
#miBQMbX .2 HǶ�mi`2 +Ƭiû- H2b J�6b b2K#H2Mi āi`2 THmb `2T`ûb2Mi�iBp2b /2 H� `û�HBiû
/2b T�i`QMb bT�iB�mt- +�` H� Kûi?Q/2 QTĕ`2 mM }Hi`�;2 /Ƕûp2Mim2Hb #`mBib US2iBi;�b
2i �HX- kykyVX G2b p�`B�iBQMb i2KTQ`2HH2b /2b /Bbi`B#miBQMb /2 DmpûMBH2b b2K#H2Mi āi`2
i`QT 7�B#H2b TQm` āi`2 /ûi2+iû2b +Q``2+i2K2Mi T�` H2b BM/B+2b i2KTQ`2HbX G2b +2Mi`2b
/2 ;`�pBiû- HǶBM2`iB2 2i HǶBM/B+2 ;HQ#�H /2 +Q@HQ+�HBb�iBQM bQMi /2b bi�iBbiB[m2b ;ûMû@
`�H2b [mB T2mp2Mi HBbb2` H2b p�`B�iBQMb 2tBbi�Mi2bX AHb QMi `2Mb2B;Mû H2b +?�M;2K2Mib
BKTQ`i�Mib c b�Mb BMiû;`2` H2b p�`B�iBQMb ¨ THmb T2iBi2 û+?2HH2X a2mH HǶBM/B+2 GA* �
T2`KBb /Ƕ�pQB` mM �T2`Ïm /2 HǶ?ûiû`Q;ûMûBiû /2b /Bbi`B#miBQMbX
G2b ;`QmT2b /Ƕ�MMû2b #�bûb bm` H2b BM/B+2b :A*fGA* 2i +2mt Bbbmb /2 H� K�i`B+2
/2 /Bbi�M+2 2Mi`2 J�6b T`ûb2Mi2Mi /2 7Q`i2b /BbbBKBH�`BiûbX G2b `ûbmHi�ib /m ;`Qm@
T2K2Mi bm` H2b J�6b bQMi THmb �Ti2b ¨ /BbiBM;m2` H2b p�`B�iBQMb i2KTQ`2HH2b- �p2+
/2b ûpĕM2K2Mib K�`[m�Mib [mB bQMi B/2MiB}ûb /�Mb H� HBiiû`�im`2 UpQB` b2+iBQMb bmB@
p�Mi2bVX G2b BM/B+2b T2`K2ii2Mi �p�Mi iQmi /2 `ûbmK2` HǶBM7Q`K�iBQM bT�iB�H2X .ǶmM2
K�MBĕ`2 bBKBH�B`2- HǶûim/2 /2 h�#H2�m 2i �HX UkyReV miBHBb2 /2b p�`BQ;`�KK2b 2i HǶBM@
/B+2 :A* TQm` +QKT�`2` H� /Bbi`B#miBQM /2b TQBbbQMb 2i H2m`b T`QB2bX AHb KQMi`2Mi
�BMbB mM2 �bbQ+B�iBQM bT�iB�H2 MQi�KK2Mi ¨ HǶû+?2HH2 /2 H� +QKKmM�miû 2MiBĕ`2
/2 TQBbbQMbX *2ii2 �bbQ+B�iBQM ûi�Bi �iiûMmû �mt MBp2�mt i�tQMQKB[m2b BM7û`B2m`b-
MQi�KK2Mi bTû+B}[m2X G2m`b `ûbmHi�ib KQMi`2Mi /ǶmM2 T�`i HǶBMiû`āi /2b BM/B+2b
2KTHQvûb /�Mb mM2 +QKT`û?2MbBQM /m 7QM+iBQMM2K2Mi û+QHQ;B[m2 /2 H� MQm``B+2@
`B2- K�Bb û;�H2K2Mi H2b �p�Mi�;2b TQi2MiB2Hb ¨ BMiû;`2` H� +QKKmM�miû /2 TQBbbQMb
TH�ib 2i MQM Dmbi2 7�B`2 /2b �M�Hvb2b KQMQ@bTû+B}[m2bX

GǶ2bim�B`2 /2 a2BM2 2bi mM ?�#Bi�i +`m+B�H /�Mb H2 +v+H2 /2 pB2 /2b i`QBb 2bTĕ+2b
/2 TQBbbQMb TH�ib ûim/Bû2bX SQm`i�Mi- +2i û+QbvbiĕK2 2bi BKT�+iû H2b �+iBpBiûb ?m@
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K�BM2b [mB �z�B#HBbb2Mi b� 7QM+iBQM /2 MQm``B+2`B2 UG2 S�T2 2i �HX- kyydVX Cmb[mǶB+B-
H2b ûim/2b bm` H� MQm``B+2`B2 /2 HǶ2bim�B`2 /2 a2BM2 i`�Bi�B2Mi 2bb2MiB2HH2K2Mi /2 H�
TQTmH�iBQM /2 bQH2 U�K�`� 2i �HX- kyyd c _Q+?2ii2 2i �HX- kyRyV 2i /2 K�MBĕ`2 THmb
Q++�bBQMM2HH2 /m ~2i 2i /2 H� HBK�M/2- pmb +QKK2 /2b BM/B+�i2m`b /2 TQHHmiBQM
U�K�`� 2i �HX- kyyN c .ûpB2` 2i �HX- kyRjVX G� THB2 2bi `2i`Qmpû2 /�Mb H� HBiiû`�im`2
/�Mb _BQm 2i �HX UkyyRV 2i THmb `û+2KK2Mi /�Mb .�v 2i �HX UkykRV [mB +QKT�`�B2Mi
H2b ?�#Bi�ib /2 MQm``Bbb�;2 /2b DmpûMBH2b /2 bQH2 2i /2 THB2X G2b `ûbmHi�ib T`ûb2Miûb
+B@/2bbmb bQMi- ¨ MQi`2 +QMM�Bbb�M+2- H2b T`2KB2`b ¨ ûim/B2` +QMDQBMi2K2Mi H� /Bb@
i`B#miBQM /2 DmpûMBH2b /2 i`QBb 2bTĕ+2b /2 TQBbbQMb TH�ib /�Mb HǶ2bim�B`2 /2 a2BM2 2i
BMiû;`2` H2b 2z2ib BMi2`@bTû+B}[m2b /�Mb mM +�/`2 bT�iB�HX

"B2M [m2 b2mH2b i`QBb 2bTĕ+2b �B2Mi ûiû +QMbB/û`û2b- H2b BM/B+2b bT�iB�mt 2i H2b
J�6b BM/B[m2Mi mM2 bû;`û;�iBQM bT�iB�H2 +H�B`2 /�Mb H� /Bbi`B#miBQM /2b DmpûMBH2b
:y /2 +2b 2bTĕ+2bX .2b `ûbmHi�ib bBKBH�B`2b QMi ûiû Q#i2Mmb T�` SB2i 2i �HX URNN3V
[mB MǶQMi T�b mMB[m2K2Mi i`�p�BHHû bm` H2b DmpûMBH2b K�Bb iQmi2b H2b +H�bb2b /2 i�BHH2
/�Mb H2 bm/ /2 H� K2` /m LQ`/X *2ii2 ûim/2 KQMi`2 /2b /Bzû`2M+2b /�Mb H2b `û@
T�`iBiBQMb bT�iB�H2b /2 H� HBK�M/2- /2 H� THB2 2i /2 H� bQH2 bB;MB}+�iBp2K2Mi THmb
T`QMQM+û2b bm` H2b +H�bb2b /2 i�BHH2 H2b THmb T2iBi2bX *2ii2 bû;`û;�iBQM 2bi �HQ`b BM@
i2`T`ûiû2 +QKK2 ûi�Mi HBû2 �mt `ûT�`iBiBQMb /2b `2bbQm`+2b i`QT?B[m2bX .Bzû`2Mi2b
ûim/2b +QM/mBi2b bm` H2b TQBbbQMb TH�ib +QM}`K2Mi 2M 2z2i [mǶBH 2tBbi2 mM T�`iBiBQM@
M2K2Mi /2b `2bbQm`+2b TQm` +2b 2bTĕ+2b U�K�`� 2i �HX- kyyR c .�mpBM 2i �HX- kyRk c
.�v 2i �HX- kykRV 2i [m2 H� +QKTûiBiBQM BMi2`@bTû+B}[m2 2Mi`2 H2b i`QBb 2bTĕ+2b /2
HǶûim/2 /2p`�Bi āi`2 KBMBK�H2X lM2 +QKT�`�BbQM /2 +QMi2Mmb biQK�+�mt 2Mi`2 H�
bQH2 2i H� THB2 2M kyRd KQMi`2 [m2 H2b DmpûMBH2b b2 MQm``Bbb2Mi T`BM+BT�H2K2Mi /�Mb
H2b b2+i2m`b Qɍ BHb pBp2Mi U.�v 2i �HX- kykRVX lM2 ?vTQi?ĕb2- `2HBû2 �mt `ûbmHi�ib
bm` H2b �bb2K#H�;2b /m +?�TBi`2 T`û+û/2Mi- TQmp�Mi 2tTHB[m2` H� bû;`û;�iBQM bT�@
iB�H2 BMi2`@bTû+B}[m2 2bi [m2 H2b T�i`QMb bT�iB�mt `2~ĕi2Mi �mbbB H2b T`û7û`2M+2b
2MpB`QMM2K2Mi�H2b /2 +?�+mM2 /2b 2bTĕ+2b US2i2`bQM 2i �HX- kyRRVX *?�[m2 2bT�+2
T`û7û`2MiB2H TQm` mM2 2bTĕ+2 `2T`ûb2Mi2`�Bi /QM+ mM ?�#Bi�i T�`iB+mHB2` /2 HǶ2bim�B`2X

G2 +?QBt � ûiû 7�Bi /2 M2 T�b BMiû;`2` HǶ2MpB`QMM2K2Mi /�Mb H2b �M�Hvb2bX G�
;ûQbi�iBbiB[m2- bB 2HH2 BMiĕ;`2 BKTHB+Bi2K2Mi HǶ�miQ+Q``ûH�iBQM T�` H2 #B�Bb /m p�`BQ@
;`�KK2- MǶBMiĕ;`2 T�b B+B 2tTHB+Bi2K2Mi H2b `2H�iBQMb 2Mi`2 2bTĕ+2b 2i 2MpB`QMM2K2Mi
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U*B�MM2HHB 2i �HX- kyy3V [mB b2`�B2Mi `2bTQMb�#H2b /2 HǶ�miQ+Q``ûH�iBQM 2M T`2KB2`
HB2mX a2mH2 H� HBiiû`�im`2 bm` HǶû+QHQ;B2 /2b TQBbbQMb TH�ib ûim/Bûb 2bi /QM+ miBHBbû2
TQm` /QMM2` /m b2Mb �mt T`Q+2bbmb Q#b2`pûb B+BX

G2b DmpûMBH2b /2 HBK�M/2 /�Mb HǶ2bim�B`2 /2 a2BM2 bQMi i`Qmpûb /2 K�MBĕ`2 `û+m`@
`2Mi2 /�Mb H2b xQM2b H2b THmb ¨ HǶQm2bi 2i �m MQ`/ U};m`2b eXj 2i eXRyVX G� HBiiû`�im`2
KQMi`2 /�Mb /Ƕ�mi`2b û+QbvbiĕK2b /2 H� J�M+?2 [m2 H2b DmpûMBH2b MǶmiBHBb2Mi T�b
mMB[m2K2Mi H2b 2�mt T2m T`Q7QM/2b K�Bb û;�H2K2Mi /2b 7QM/b �HH�Mi Dmb[m2 ky
Kĕi`2b U"QHH2 2i �HX- RNN9 c >2M/2`bQM- RNN3 c J�`iBM 2i �HX- kyRyVX *2b Q#b2`p�@
iBQMb +QM}`K2Mi /QM+ [m2 H2b `ûbmHi�ib Q#i2Mmb bm` H� HBK�M/2 bQMi +Q?û`2Mib �p2+
HǶû+QHQ;B2 /2 HǶ2bTĕ+2X G� HBK�M/2 TQbbĕ/2 /2b T`û7û`2M+2b TQm` H2b 2�mt THmb b�@
HBM2b U>2M/2`bQM- RNN3 c �K�`� 2i �HX- kyy9V- K�Bb H2b +Ƭi2b /m +�Hp�/Qb `2bi2Mi /2b
xQM2b K�`BM2b û;�H2K2Mi [m2 H2b HBK�M/2b 7`û[m2Mi2Mi KQBMbX *2 TQbBiBQMM2K2Mi
THmb �m H�`;2 /2b +Ƭi2b TQm``�Bi T�`iB+BT2` ¨ `û/mB`2 H� +QKTûiBiBQM BMi2`bTû+B}[m2
TQm` +2ii2 2bTĕ+2X G� #�i?vKûi`B2 bm` H2b +Ƭi2b 7`�MÏ�Bb2b /2 H� J�M+?2 1bi /2b@
+2M/ `�TB/2K2Mi 2M@/2bbQmb /2 ky Kĕi`2b /2 7QM/X aB H� HBK�M/2 MǶQ++mT2 T�b H2b
7`�M;2b H2b THmb +ƬiBĕ`2b- +2H� bB;MB}2 [m2 bQM ?�#Bi�i QTiBK�H- /�Mb mM +�/`2 /2
MB+?2 û+QHQ;B[m2 HB#`2 /2 +QKTûiBiBQM- T2mi āi`2 mM 7�+i2m` HBKBi�Mi b� /Bbi`B#miBQM
bT�iB�H2X

G2b DmpûMBH2b /2 THB2 b2 /Bbi`B#m2Mi TQm` H2m` T�`i bm` mM2 xQM2 HQM;2�Mi /2b
+Ƭi2b /m *�Hp�/Qb- /2 HǶP`M2 Dmb[mǶ¨ H� a2BM2- 2i /2mt TQbBiBQMb KQv2MM2b QMi ûiû
+�`�+iû`Bbû2b T�` H2b +2Mi`2b /2 ;`�pBiû 2i H2 T`2KB2` J�6- p2`b HǶ2K#Qm+?m`2 /2
H� a2BM2 2i p2`b HǶP`M2X G2b DmpûMBH2b /2 THB2 i2M/2Mi ¨ pBp`2 2i ¨ b2 MQm``B` /�Mb
H2b xQM2b BMi2`iB/�H2b U"2vbi 2i �HX- kyykVX GǶBM~m2M+2 +ƬiBĕ`2 /�Mb +2i û+QbvbiĕK2
2bi +2Mi`�H2 ¨ H2m` /Bbi`B#miBQM +QKK2 /û+`Bi T�` .mp�H URN3kVX G2b ;`QmT2b /2
TQbBiBQMb KQv2MM2b B/2MiB}û2b T2mp2Mi T2`K2ii`2 /2 /BbiBM;m2` /2mt 7�+i2m`b /ǶBM@
~m2M+2 /Bb+`BKBM�Mib /�Mb H2b T�i`QMb �MMm2Hb /2 `ûT�`iBiBQM- [mB bQMi H2 /û#Bi /2 H�
a2BM2 2i H� T`Q/m+iBQM #2Mi?B[m2X G2 ;`QmT2 /2 +2Mi`2b /2 ;`�pBiû ¨ HǶ2K#Qm+?m`2
/2 H� a2BM2 2bi `2H�iBp2K2Mi HQBM /2b +Ƭi2b- K�Bb H2b T`Q7QM/2m`b bQMi 2M+Q`2 7�B#H2b
¨ +�mb2 /2 H� T`ûb2M+2 /m #�M+ /m _�iB2`X AH bǶ�;Bi /ǶmM #�M+ /2 b�#H2 BMi2`iB/�H
bBimû ¨ H� bQ`iB2 /2 H� 7Qbb2 bm/ /2 HǶ2bim�B`2 /QMi H� KQ`T?QHQ;B2 � ûpQHmû �p2+
H2b i`�p�mt /2 HǶ2bim�B`2 /2 a2BM2X _û+2KK2Mi- mM �K�b /2 `Q+?2 2i /û#`Bb Bbbm
/2 HǶ�KûM�;2K2Mi TQ`im�B`2 2Mi`2 kyyk 2i kyy8 � ûiû �KûM�;û 2M mM ŗHQi �`iB}+B2H
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bm` +2 #�M+X *2H� � Tm +`û2` /2 MQmp2�mt 2bT�+2b BMi2`iB/�mt 7�pQ`Bb�Mi HǶBMbi�HH�@
iBQM /2 DmpûMBH2b /�Mb HǶ2bim�B`2X J�H;`û +2ii2 �{MBiû TQm` H2b xQM2b BMi2`iB/�H2b-
HǶ�miQKM2- Tû`BQ/2 /Ƕû+?�MiBHHQMM�;2- +Q``2bTQM/ �m /û#mi /2 H� KB;`�iBQM /2 +2b
DmpûMBH2b p2`b H2b xQM2b /2 8 Kĕi`2b /2 T`Q7QM/2m`b 2M KQv2MM2 U:B#bQM 2i �HX- kyyk-
kyRRVX GǶ�#b2M+2 /Ƕû+?�MiBHHQMM�;2 /2 H� xQM2 BMi2`iB/�H2 M2 #B�Bb2 /QM+ T�b HǶBK�;2
/2 H� `ûT�`iBiBQM /2b THB2b /�Mb HǶ2bim�B`2 Q#i2Mm2 T�` H2 bmBpB LPl_a1AL1X

G� bQH2 2bi HǶ2bTĕ+2 TQm` H�[m2HH2 H� #B#HBQ;`�T?B2 2bi H� THmb �#QM/�Mi2- /�Mb
HǶ2bim�B`2 /2 a2BM2- 2M J�M+?2 U_Q+?2ii2 2i �HX- kyRy c �`+?�K#�mHi 2i �HX- kyR3V Qm
bm` H� +Ƭi2 7`�MÏ�Bb2 2M ;ûMû`�H UG2 S�T2 2i �HX- kyyj c LB+QH�b 2i �HX- kyyd c EQbi2+FB
2i �HX- kyRyV- /m 7�Bi /2 bQM BKTQ`i�M+2 û+QMQKB[m2 /�Mb H2b Tā+?2`B2b 7`�MÏ�Bb2bX
G2b DmpûMBH2b /2 bQH2 bQMi i`Qmpûb /2 K�MBĕ`2 `û+m``2Mi2 /�Mb HǶ2bim�B`2 /2 a2BM2
2i T`ûb2Mi2Mi mM2 /Bbi`B#miBQM i`ĕb p�`B�#H2 /ǶmM2 �MMû2 ¨ HǶ�mi`2- BM/B[m�Mi mM2
?ûiû`Q;ûMûBiû bT�iB�H2 7Q`i2- MQi�KK2Mi /�Mb H� xQM2 H� THmb BMi2`M2 /2 HǶ2bim�B`2X
G� T`Q7QM/2m` 2i H� i2KTû`�im`2 BM~m2M+2Mi H2b /Bbi`B#miBQMb /2 bQH2b- iQmi +QKK2
+2HH2b /2 H� THmT�`i /2b DmpûMBH2b /2 TQBbbQMb TH�ib U1�birQQ/ 2i �HX- kyyjVX *2@
T2M/�Mi- +2`i�BM2b `û7û`2M+2b KQMi`2Mi [m2 H� b�HBMBiû 2i H2 /û#Bi ~mpB�H bQMi /2b
T�`�Kĕi`2b �mt[m2Hb H2b DmpûMBH2b /2 bQH2b bQMi THmb b2MbB#H2b UG2 S�T2 2i �HX- kyyj c
EQbi2+FB 2i �HX- kyRyVX G2b �TTQ`ib ~mpB�mt BMi`Q/mBb2Mi /2b Mmi`BK2Mib 2bb2MiB2Hb ¨
HǶû+QbvbiĕK2 [mB 2Mi`2Mi /�Mb H2 `ûb2�m i`QT?B[m2 2i �z2+i2Mi H2b /BbTQMB#BHBiûb 2M
T`QB2b TQm` H2b DmpûMBH2bX G2b p�`B�iBQMb /2 +2 T�`�Kĕi`2 T2mp2Mi 2tTHB[m2` 2M T�`@
iB2 H� p�`B�#BHBiû Q#b2`pû2 /�Mb H2b T�i`QMb bT�iB�mtX .�Mb /Ƕ�mi`2b 2bim�B`2b- BH 2bi
KQMi`û [m2 H� bQH2 ¨ mM2 iQHû`�M+2 THmb ûH2pû2 ¨ H� /2bb�Hm`2 [m2 H� THB2 Qm H� HBK�M/2
USQr2` 2i �HX- kyyyVX *2H� T2`K2ii`�Bi /QM+ ¨ H� bQH2 /Ƕ�ii2BM/`2 /2b `2bbQm`+2b BM@
/BbTQMB#H2b TQm` +2b /2mt �mi`2b 2bTĕ+2bX *2ii2 iQHû`�M+2 �mt 2�mt THmb b�mK�i`2b
�KĕM2 ¨ b2 /2K�M/2` bB H� TQTmH�iBQM /2 bQH2 M2 b2 HQ+�HBb2`�Bi T�b �mbbB THmb 2M
�KQMi /2 H� xQM2 û+?�MiBHHQMMû2- 2i bB H2b `ûbmHi�ib bQMi `2T`ûb2Mi�iB7b /2 HǶ2Mb2K#H2
/2 H� MQm``B+2`B2 TQm` +2ii2 2bTĕ+2X .2 7�Bi- H2b /QMMû2b /m :AS a2BM2@�p�H U?iiTb,
ffBM/B+�i2m`bXb2BM2@�p�HX7`f+�`iQ;`�T?B2fi?2K�iB[m2f9fKQi+H2fRjV �BMbB [m2 H2b `û@
bmHi�ib /2 .�v 2i �HX UkykRV KQMi`2Mi [m2 H� bQH2 2bi T`ûb2Mi2 /�Mb H2b p�bBĕ`2b
BMi2`iB/�H2b [mB bQMi ?Q`b /2 H� xQM2 /Ƕûim/2X G2b /2MbBiûb H2b THmb ûH2pû2b bQMi
+2T2M/�Mi #B2M /�Mb HǶ2K#Qm+?m`2X
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GǶ�#QM/�M+2 /2 DmpûMBH2b � ûiû HBû2 ¨ H� /BbTQMB#BHBiû /2 HǶ?�#Bi�i TQm` H2m` /ûp2@
HQTT2K2Mi 2i �mt T�i`QMb bT�iB�mt US�`bQMb 2i �HX- kyR9VX GǶ?ûiû`Q;ûMûBiû /2b ?�@
#Bi�ib K�`BMb b2 `2~ĕi2 /�Mb H2b T�i`QMb /2 /Bbi`B#miBQMb- �p2+ /2b 7Q`K2b 2M T�i+?b
bQmp2Mi ûpQ[mû2b TQm` H2b /Bbi`B#miBQMb /2 TQBbbQMb UJBF?22p 2i �HX- kyRyVX AH 2tBbi2
/QM+ mM2 p�`B�#BHBiû M�im`2HH2 /2 H� /Bbi`B#miBQM /2b /2MbBiûb �m b2BM /2b ?�#Bi�ib
T`QTB+2b TQm` H2b 2bTĕ+2bX G2b 7�B#H2b /2MbBiûb T2mp2Mi āi`2 mM2 bQm`+2 bmTTHûK2M@
i�B`2 /2 p�`B�#BHBiû /�Mb HǶQ#b2`p�iBQM /2b T�i`QMb �bbQ+BûbX GQ`b[m2 HǶ�#QM/�M+2
2bi 7�B#H2 /�Mb mM ?�#Bi�i bm{b�KK2Mi ;`�M/- BH 2bi �ii2M/m [m2 H� /Bbi`B#miBQM
p�`B2 /ǶmM2 �MMû2 ¨ HǶ�mi`2 TmBb[m2 H2 T�i+? /2 /2MbBiû T2mi bǶBMbi�HH2` HB#`2K2Mi
/�Mb HǶ2bT�+2 /2 H� MQm``B+2`B2X .2 THmb- mM2 ûim/2 KQMi`2- ¨ HǶû+?2HH2 /ǶmM2 +QK@
KmM�miû /2 TQBbbQMb +ƬiB2`b- [m2 H� p�`B�#BHBiû /2b /2MbBiûb 2i #BQK�bb2b ûi�Bi THmb
ûH2pû2 /�Mb /2b ?�#Bi�ib /2 K�mp�Bb2 [m�HBiû U*Qi2 2i �HX- kyRjVX amBi2 ¨ H� #�Bbb2
/2b /2MbBiûb /2 TQBbbQMb TH�ib 2i /2 H� [m�HBiû /2b ?�#Bi�ib /�Mb HǶ2bim�B`2 /2b
+�mb2b /m /ûp2HQTT2K2Mi TQ`im�B`2 U_Q+?2ii2 2i �HX- kyRyV- BH ûi�Bi �ii2M/m [m2
H2b T�i`QMb bT�iB�mt �bbQ+Bûb /2pB2MM2Mi 7Q`i2K2Mi p�`B�#H2bX .�Mb MQb `ûbmHi�ib-
b2mH2 H� bQH2 TQbbĕ/2 /2b /Bbi`B#miBQMb i`ĕb +?�M;2�Mi2b- 2i +2 /2TmBb H2 /û#mi /m
bmBpB LPl_a1AL1X G� 7Q`i2 ?ûiû`Q;ûMûBiû /2b �bb2K#H�;2b #2Mi?B[m2b ¨ HǶ2K#Qm@
+?m`2 /2 HǶ2bim�B`2 U:?2`ibQb 2i �HX- kyyRV T2mi āi`2 mM 7�+i2m` bmTTHûK2Mi�B`2 TQm`
2tTHB[m2` +2ii2 p�`B�#BHBiû /2 bi`m+im`2 TQm` H2b bQH2bX

.2b +?�M;2K2Mib /�Mb H2b +QKKmM�miûb #2Mi?B[m2b /2 HǶ2bim�B`2 /2 a2BM2 QMi
ûiû Q#b2`pûb T2M/�Mi H2 /ûp2HQTT2K2Mi /m TQ`i /m >�p`2 ¨ T�`iB` /2 RNN3 U.�m@
pBM 2i �HX- kyRy c .�mpBM �M/ S2xv- kyRjVX SQm` H2b TQBbbQMb TH�ib- H� /Bbi`B#miBQM
KQv2MM2 /2b BM/BpB/mb � T2m p�`Bû- K�H;`û H2b /û;`�/�iBQMb BMi2MbBp2b /2 HǶ2bim�B`2
UG2 S�T2 2i �HX- kyydVX .2mt ?vTQi?ĕb2b T2mp2Mi 2tTHB[m2` +2ii2 bi�#BHBiû KQv2MM2X
G� T`2KBĕ`2 2bi [m2 H� bm`7�+2 /2b ?�#Bi�ib HBKBi2 H2b /ûTH�+2K2Mib /2 TQTmH�@
iBQMbX G2b ?�#Bi�ib /BbTQMB#H2b TQm` HǶBMbi�HH�iBQM /2b DmpûMBH2b QMi ûiû `û/mBib 2i
/2b T`2bbBQMb #BQiB[m2b bQMi 2t2`+û2b T�` H2b +Q@Q++m``2M+2b /2b �mi`2b 2bTĕ+2b /2
TQBbbQMb TH�ibX *2b T`2bbBQMb T2mp2Mi +QMi`�BM/`2 H� `ûT�`iBiBQM /2b BM/BpB/mb 2i
/QM+ HBKBi2` H� p�`B�#BHBiû i2KTQ`2HH2X G� b2+QM/2 ?vTQi?ĕb2 2bi Kûi?Q/QHQ;B[m2 ,
H2b Kûi?Q/2b ;ûQbi�iBbiB[m2b miBHBbû2b /�Mb +2ii2 ûim/2 M2 T`2MM2Mi T�b 2M +QKTi2
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H2b /2MbBiûb #`mi2b 2i H2m`b p�`B�iBQMb K�Bb H2b /2MbBiûb `2H�iBp2b ¨ H2m` û+�`i@ivT2X
*2ii2 bi�M/�`/Bb�iBQM ûi�Bi T`û�H�#H2 �mt �M�Hvb2b �}M /2 MQ`K�HBb2` H2b K2bm`2b
2Mi`2 H2b /Bzû`2Mi2b �MMû2bX *2ii2 ûi�T2 � Tm /QM+ K�b[m2` H2b /Bzû`2M+2b /2 bi`m+@
im`2b �p�Mi 2i �T`ĕb H2 /ûp2HQTT2K2Mi TQ`im�B`2X .2 7�Bi- H2b DmpûMBH2b /2 TQBbbQMb
TH�ib QMi ûiû BKT�+iûb T�` H2b T`2bbBQMb �Mi?`QTB[m2b- +QKK2 Q#b2`pû T�` :BHHB2`b
2i �HX UkyyeVX G2 +?�TBi`2 T`û+û/2Mi �p�Bi KQMi`û mM2 #�Bbb2 /2 HǶ�#QM/�M+2 /2b
DmpûMBH2b /2TmBb kyyR U};m`2 8XkVX J�H;`û +2ii2 /BKBMmiBQM- H� /vM�KB[m2 /2b T�@
i`QMb bT�iB�mt M2 b2K#H2 T�b āi`2 BKT�+iû2 T�` +2b T`2bbBQMbX G2b 7�B#H2b /2MbBiûb
û+?�MiBHHQMMû2b BM/mBb2Mi mM2 7Q`i2 p�`B�#BHBiû bT�iB�H2 [mB � Tm K�b[m2` mM2 `û@
TQMb2 /�Mb H� /Bbi`B#miBQMX �BMbB- mM2 /BbiBM+iBQM T2mi āi`2 7�Bi2 2Mi`2 H� `ûTQMb2
/ûKQ;`�T?B[m2 2i H2b T�i`QMb bT�iB�mt `2H�iB7b �mt T2`im`#�iBQMbX

*2`i�BMb bBM;H2iQMb /ûi2+iûb T�` H2 ;`QmT2K2Mi /2b J�6b `2~ĕi2Mi /2b +QM/B@
iBQMb ?v/`Q/vM�KB[m2b T�`iB+mHBĕ`2bX G2 /û#Bi ~mpB�H 2bi mM T�`�Kĕi`2 bQmp2Mi
2bb2MiB2H /�Mb H2 7QM+iBQMM2K2Mi /2b MQm``B+2`B2b 2bim�`B2MM2b /2 TQBbbQMb TH�ib
TmBb[mǶBH +QMi`ƬH2 H� /BbTQMB#BHBiû /2b ?�#Bi�ib 2M BM~m2MÏ�Mi H� b�HBMBiû HQ+�H2 U"Qb
�M/ h?B2H- kyyeV 2i H� T`Q/m+iBQM #2Mi?B[m2 UG2 S�T2 2i �HX- kyyjVX *QKK2 KQM@
i`û T�` .�mpBM �M/ S2xv UkyRjV- kyyR 2bi HǶ�MMû2 /m`�Mi H�[m2HH2 H2 /û#Bi /2 H�
a2BM2 2bi K�tBK�H bm` H� Tû`BQ/2 RNNy@kyRkX G� HBK�M/2- [mB T`û7ĕ`2 H2b 2�mt b�Hû2b
2bi HǶ2bTĕ+2 [mB 2bi H� THmb BM~m2M+û2 T�` +2 T�`�Kĕi`2- 2i +2 bm` H2 ;`QmT2K2Mi
/2b J�6b 2i H2 `ûb2�m bm` H2b BM/B+2b bT�iB�mtX G2b KQmp2K2Mib b�BbQMMB2`b M2
bQMi T�b T`Bb 2M +QKTi2 /�Mb +2ii2 ûim/2- H� +�KT�;M2 ûi�Mi �MMm2HH2X *2T2M/�Mi
"`BM/@�KQm` 2i �HX UkyR3V QMi B/2MiB}û [m2 H2b i`QBb 2bTĕ+2b ûim/Bû2b KQMi`�B2Mi
/2b /ûTH�+2K2Mib b�BbQMMB2`b B/2MiB[m2b- bQ`i�Mi /2 HǶ2bim�B`2 T2M/�Mi HǶûiû �p�Mi
/Ƕv `2p2MB` 2M �miQKM2X AH 2bi /QM+ T`Q#�#H2 [m2 H� bû;`û;�iBQM bT�iB�H2 Q#b2`pû2
2Mi`2 2bTĕ+2b bQBi +QMbi�Mi2 /�Mb H2 i2KTbX

*2ii2 ûim/2 /2b T�i`QMb bT�iB�mt KQMi`2 [m2 #B2M [m2 HǶ2Mb2K#H2 /2 H� MQm`@
`B+2`B2 2bi miBHBbû T�` H2b DmpûMBH2b /2 TQBbbQMb TH�ib- H2b xQM2b TQm` +?�[m2 2bTĕ+2
bQMi #B2M /û}MB2b 2i +QMi`�BMi2b T�`7QBb T�` HǶ2MpB`QMM2K2MiX *2ii2 bû;`û;�iBQM /2b
TQTmH�iBQMb /2 TQBbbQMb TH�ib 2bi mM T?ûMQKĕM2 `û+m``2Mi- 2i bǶ�++QKT�;M2 /ǶmM2
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+2`i�BM2 BMbi�#BHBiû /�Mb H2b /Bbi`B#miBQMb BM/BpB/m2HH2b- MQi�KK2Mi ¨ +�mb2 /2 H�
/û;`�/�iBQM /2 HǶ2bim�B`2X GǶBMiû;`�iBQM /2 T�`�Kĕi`2b 2MpB`QMM2K2Mi�mt /�Mb H�
bmBi2 /2 +2ii2 ûim/2 /2p`�Bi T2`K2ii`2 /Ƕ�KûHBQ`2` H� +QKT`û?2MbBQM /2 H� `2H�iBQM
2bTĕ+2@2MpB`QMM2K2Mi US2i2`bQM- kyyjV 2i /Ƕûp�Hm2` H� T�`i /2b T`2bbBQMb #BQiB[m2b
/�Mb H� /Bbi`B#miBQM /2b DmpûMBH2b :yX Lû�MKQBMb- HǶ2KTHQB /ǶBM/B+2b bT�iB�mt T�`@
iB+BT2 ¨ �KûHBQ`2` HǶ2{+�+Biû /2b `ĕ;H2b /2 ;2biBQM �m MBp2�m bTû+B}[m2- +QKK2
/û+`Bi /�Mb _m}MQ 2i �HX UkyR3VX
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G2b ûim/2b bm` H2b MQm``B+2`B2b +ƬiBĕ`2b bQmb@2biBK2Mi bQmp2Mi H� +QKTH2tBiû
/2b b2`pB+2b û+QbvbiûKB[m2b `2M/mb T�` +2b xQM2b 7QM+iBQMM2HH2b Ua?2�p2b 2i �HX-
kyR8VX G2b ûim/2b H2b THmb `û+2Mi2b �TT`Q+?2Mi H2b ?�#Bi�ib /2 MQm``B+2`B2b +QKK2
ûi�Mi mM2 KQb�ś[m2 /2 KB+`Q@?�#Bi�ib +QMM2+iûb H2b mMb �mt �mi`2b UL�;2HF2`F2M
2i �HX- kyR8 c "`�/H2v 2i �HX- kyRNVX GǶ?ûiû`Q;ûMûBiû 2MpB`QMM2K2Mi�H2 /2 +2b KB+`Q@
?�#Bi�ib T2mi K2M2` ¨ /2b BMi2`T`ûi�iBQMb û+QHQ;B[m2b /2b T`Q+2bbmb `û;Bbb�Mi H�
MQm``B+2`B2 b2HQM HǶ +QMbB/û`û2X *2ii2 û+?2HH2 T2`K2i /2 HB2` H2b T`Q+2bbmb
#BQHQ;B[m2b- �m MBp2�m /2 HǶ2bTĕ+2 Qm /2 HǶBM/BpB/m- ¨ HǶû+QHQ;B2 /m T�vb�;2 UG2pBM-
RNNkVX .�Mb H� HBiiû`�im`2- HǶû+?2HH2 2bi bQmp2Mi /ûi2`KBMû2 2M �KQMi /2 HǶûim/2 T�`
H2b �mi2m`bX AHb T2mp2Mi �HQ`b /û+B/2` bQBi /2 b2 +QM+2Mi`2` ¨ mM2 û+?2HH2 T�`iB+mHBĕ`2
UJmMb+? 2i �HX- kyReV- bQBi /ǶBMiû;`2` /Bzû`2Mi2b û+?2HH2b bT�iB�H2b /�Mb HǶûim/2 /2b
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T`Q+2bbmb /ǶBMiû`āib U.�M+2 �M/ _QQF2`- kyR8 c JQ``Bb 2i �HX- kyRdVX *2T2M/�Mi-
HǶû+?2HH2 2bi ;ûMû`�H2K2Mi /û}MB2 T�` H2 TH�M /Ƕû+?�MiBHHQMM�;2 2i MQM T�b T�`
H2b T`Q+2bbmb ûim/BûbX aB H2 TH�M /Ƕû+?�MiBHHQMM�;2 MǶBMiĕ;`2 T�b +2ii2 /BK2MbBQM
/Ƕû+?2HH2b bT�iB�H2b KmHiBTH2b- BH T2mi +QKT`QK2ii`2 H� /2b+`BTiBQM /2b T`Q+2bbmb
/ûT2M/�Mi /2 +2b û+?2HH2b 2i 2Mi`�p2` �BMbB H� +QKT`û?2MbBQM /2b Kû+�MBbK2b H2b
THmb bi`m+im`�MiX .2 THmb- BH 2bi TQbbB#H2 /2 b2 `2i`Qmp2` ¨ mM2 û+?2HH2 bT�iB�H2 Qɍ
/Bzû`2Mib T`Q+2bbmb BMi2`�;Bbb2Mi- K2M�Mi �HQ`b ¨ /2b `ûbmHi�ib Qɍ H� +QKTQb�Mi2
#`mBi 2bi bmTû`B2m`2 ¨ +2HH2 /m bB;M�H Q#b2`pû US�b+m�H 2i �HX- kyyRVX

lM2 /2b HBKBi2b /m +?�TBi`2 T`û+û/2Mi ûi�Bi H� Mû+2bbBiû /2 bmBp`2 mMB[m2K2Mi
/2b bi�iBQMb /Ƕû+?�MiBHHQMM�;2b }t2b /�Mb H2 i2KTbX lM2 TQbbB#BHBiû MQM 2KTHQvû2
TQm` H2b �M�Hvb2b T`û+û/2Mi2b 2bi /ǶmiBHBb2` /2b Kûi?Q/2b /2 F`B;2�;2 �}M /2 T2`@
K2ii`2 mM2 BMi2`TQH�iBQM 2i /2 +QMM�ŗi`2 2M iQmb TQBMib /2 HǶ2bim�B`2 H2b /2MbBiûb
TQi2MiB2HH2b /2b DmpûMBH2b T`û�H�#H2K2Mi �mt �M�Hvb2bX �BMbB- H2b 7�+i2m`b Q#i2Mmb
U1P6b Qm J�6bV MǶ�m`�B2Mi T�b ûiû /2b TQBMib /�Mb HǶ2bT�+2 K�Bb /2b +?�KTb
+QMiBMmb `2+QMbi`mBib T�` BMi2`TQH�iBQMX *2ii2 �TT`Q+?2 `2[mB2`i +2T2M/�Mi /Ƕ�pQB`
mM KQ/ĕH2 /2 F`B;2�;2 [mB `2T`ûb2Mi2 }/ĕH2K2Mi H2b 7QM+iBQMb �Hû�iQB`2b ûim/Bû2b-
2i /QM+ mM �Dmbi2K2Mi p�`BQ;`�T?B[m2 Qɍ H2b û+�`ib �mt Q#b2`p�iBQMb bQMi KBMBK2bX
lM2 T�`iB2 /2b i`�p�mt K2Mûb B+B � /QM+ TQm` #mi /2 KQ/ûHBb2` �m KB2mt H2b /2M@
bBiûb Q#b2`pû2b �}M /2 `2T`ûb2Mi2` 2i KB2mt +QKT`2M/`2 H2b T`Q+2bbmb bT�iB�mt
bQmb@D�+2MibX
*2 +?�TBi`2 +QKTQ`i2 /2mt T�`iB2bX G� T`2KBĕ`2 T�`iB2 2bi /û/Bû2 �m `�{M2K2Mi /2
HǶBMiû;`�iBQM /2 p�`B�#H2b bT�iB�H2b /�Mb HǶûH�#Q`�iBQM /2 +�`i2 /2 /2MbBiûb /2 Dmpû@
MBH2bX AH bǶ�;B`� /ǶmM2 T�`i /2 /ûi2`KBM2` mM2 MB+?2 û+QHQ;B[m2 /2b 2bTĕ+2b ûim/Bû2b
2M BMiû;`�Mi /2b p�`B�#H2b +�iû;Q`B2HH2b 2i /Ƕ�mi`2 T�`i /2 i2MB` +QKTi2 2tTHB+B@
i2K2Mi /2 HǶ�MBbQi`QTB2 /�Mb H2b T`û/B+iBQMbX .�Mb H� /2mtBĕK2 T�`iB2- BH b2`� 7�Bi
mb�;2 /2 H� p�`BQ;`�T?B2 TQm` /ûi2`KBM2` HǶû+?2HH2 /2b T`Q+2bbmb bT�iB�mt +QKKmMb
�mt p�`B�#H2b #BQiB[m2b 2i �#BQiB[m2b- +2H� /�Mb mM +�/`2 KmHiBp�`BûX

Rk3



.Bzû`2Mi2b Kûi?Q/2b /2 F`B;2�;2b QMi ûiû ûpQ[mû2b /�Mb H2 +?�TBi`2 Kûi?Q/Q@
HQ;B[m2 U+?�TBi`2 kVX GǶB/û2 2bi B+B /ǶBMiû;`2` mM2 �TT`Q+?2 KmHiBp�`Bû2 /�Mb H2 F`B@
;2�;2 �}M /Ƕ�{M2` H2b BMi2`TQH�iBQMb bm` H2b /2MbBiûb /2 DmpûMBH2b /�Mb HǶ2bim�B`2
/2 a2BM2X G� xQM2 /Ƕûim/2 ûi�Mi H�`;2 2i H2 MQK#`2 /2 TQBMib û+?�MiBHHQMMûb HB@
KBiû- HǶ�DQmi /2 p�`B�#H2b 2tiû`B2m`2b KB2mt /û}MB2b /�Mb HǶ2bT�+2 /2p`�Bi T2`K2ii`2
/Ƕ�m;K2Mi2` H� `ûbQHmiBQM bT�iB�H2 /2b BMi2`TQH�iBQMb }M�H2bX .2mt Kûi?Q/2b b2`QMi
+QKT�`û2b , H2 +Q@F`B;2�;2 2i H2 F`B;2�;2 2M /û`Bp2 2ti2`M2X �//BiBQMM2HH2K2Mi- H�
T`Bb2 2M +QKTi2 /Ƕ�MBbQi`QTB2b HQ+�H2b b2`� BHHmbi`û2 T�` H2 F`B;2�;2 aS.1X

G2 +QF`B;2�;2 2bi mM2 2ti2MbBQM /m F`B;2�;2 /�Mb H2 +�b Qɍ THmbB2m`b p�`B�#H2b
Z(x) bQMi +QMbB/û`û2b UH2b i2`K2b miBHBbû2b /�Mb H2b û[m�iBQMb bmBp�Mi2b bQMi /û}@
MB2b /�Mb H2b +?�TBi`2 kVX *2b p�`B�#H2b bQMi iQmi2b /2b p�`B�#H2b �Hû�iQB`2bX SQm`
bBKTHB}2` H2b û[m�iBQMb- QM b2 TQbBiBQMM2 /�Mb H2 +�b Qɍ BH v � mM2 p�`B�#H2 /ǶBMiû`āi
Z1(x) p�`B�Mi /2 R ¨ xN1

2i mM2 b2mH2 p�`B�#H2 �mtBHB�B`2- MQiû2 Z2(x) p�`B�Mi /2 R ¨
xN2

X *2b x `2T`ûb2Mi2Mi H2b bi�iBQMb û+?�MiBHHQMMû2b 2i M2 bQMi T�b Mû+2bb�B`2K2Mi
B/2MiB[m2b TQm` H2b /2mt p�`B�#H2bX

GǶ2biBK�iBQM b2 7�Bi ¨ T�`iB` /2 H� +QK#BM�BbQM HBMû�B`2 /2 ,

Z∗

1(x0) =

N1
∑

i=1

λ1iZ1(xi) +

N2
∑

j=1

λ2jZ2(xj) UdXRV

�p2+ H2b +QMi`�BMi2b /2 MQM@#B�Bb ,

N1
∑

i=1

λ1i = 1;

N2
∑

j=1

λ2j = 0 UdXkV

G� `2+?2`+?2 /2 +2i 2biBK�i2m` +QM/mBi ¨ mM bvbiĕK2 /Ƕû[m�iBQMb Qɍ /2mt T�@
`�Kĕi`2b /2 G�;`�M;2 µ1 2i µ2 bQMi BMi`Q/mBib TQm` b�iBb7�B`2 H2b +QM/BiBQMb /2

RkN



MQM@#B�Bb ,












γZ1Z1
γZ1Z2

1 0

γZ2Z1
γZ2Z2

0 1

1 0 0 0

0 1 0 0

























λ1

λ2

µ1

µ2













=













γZ0Z1

γZ0Z2

1

0













UdXjV

lM2 �mi`2 �TT`Q+?2 TQbbB#H2 T2`K2ii�Mi /2 i2MB` +QKTi2 /ǶmM2 p�`B�#H2 �mtB@
HB�B`2 2bi /2 `2+Qm`B` �m F`B;2�;2 �p2+ mM2 /û`Bp2 2ti2`M2X .�Mb +2 +�b- H� p�`B�#H2
�mtBHB�B`2 2bi +QMMm2 �mt TQBMib û+?�MiBHHQMMûb /2 H� p�`B�#H2 /ǶBMiû`āi 2i �mt TQBMib
Qɍ HǶBMi2`TQH�iBQM 2bi bQm?�Biû2X *Ƕ2bi mM2 2ti2MbBQM /m F`B;2�;2 mMBp2`b2HX .�Mb
H2 F`B;2�;2 mMBp2`b2H- QM `�KĕM2 mM2 p�`B�#H2 MQM bi�iBQMM�B`2 /�Mb mM +�b bi�iBQM@
M�B`2 2M TQb�Mi , Z(x) = Y (x)+m(x) �p2+ m(x) mM2 /û`Bp2 [mB 2bi `2T`ûb2Miû T�`
m(x) =

∑

l alf
l(x) �p2+ al /2b +Q2{+B2Mib BM+QMMmb 2i f l(x) /2b 7QM+iBQMb /2 #�b2bX

.�Mb H2 F`B;2�;2 2M /û`Bp2 2ti2`M2- QM bmTTQb2 H� +QMM�Bbb�M+2 /ǶmM2 7QM+iBQM s(x)

[mB `2T`ûb2Mi2 H� p�`B�#H2 �mtBHB�B`2 2i QM TQb2 m(x) = a0 + a1s(x) /�Mb H2 +�/`2
2M /2mt /BK2MbBQMbX G2 bvbiĕK2 ¨ `ûbQm/`2 /2pB2Mi /QM+ ,







γZ1
1 s

1 0 0

s 0 0













λ

µZ0

µZ1






=







γZ1

1

s






UdX9V

G2b DmpûMBH2b /2 THB2 /�Mb H� MQm``B+2`B2 /2 HǶ2bim�B`2 /2 a2BM2 QMi /2b T`û7û@
`2M+2b TQm` H2 KBHB2m +ƬiB2`X AH b2K#H2 /QM+ T2`iBM2Mi /ǶBMiû;`2` H� T`Q7QM/2m` /�Mb
mM F`B;2�;2 KmHiBp�`Bû TQm` �KûHBQ`2` HǶBMi2`TQH�iBQM /2b /2MbBiûb Q#b2`pû2bX SQm`
Q#b2`p2` HǶ2z2i /2 H� T`Q7QM/2m` bm` H� bi`m+im`2 /2b /2MbBiûb /2 THB2- H2 +?QBt 2bi 7�Bi
/2 KQv2MM2` H2b p�`BQ;`�KK2b �MMm2Hb /2b /2MbBiûb /2 THB2 +QKK2 BHHmbi`û /�Mb
a�`�mt 2i �HX UkyR9VX G2b p�`BQ;`�KK2b BM/BpB/m2Hb `2Mb2B;M2Mi bm` H� bi`m+im`2
bT�iB�H2 Q#b2`pû2 ¨ HǶBMbi�Mi t- K�Bb H2 p�`BQ;`�KK2 KQv2M T2`K2i /2 /û+`B`2 /2
K�MBĕ`2 BMiû;`�iBp2 /�Mb H2 i2KTb H� bi`m+im`2 bT�iB�H2 /2 H� p�`B�#H2 +QMbB/û`û2 U}@
;m`2 dXRVX G2 +�H+mH /ǶmM p�`BQ;`�KK2 KQv2M +QMbBbi2 ¨ +QMbi`mB`2 H2 p�`BQ;`�KK2
2M miBHBb�Mi iQmb H2b TQBMib û+?�MiBHHQMMûb- 2i 2M M2 ;�`/�Mi mM2 T�B`2 [m2 bB H2b
/2mt Q#b2`p�iBQMb �TT�`iB2MM2Mi ¨ H� KāK2 �MMû2X .2 THmb B+B- H2b Q#b2`p�iBQMb

Rjy



`û�HBbû2b +?�[m2 �MMû2 bQMi bi�M/�`/Bbû2b TQm` H2b `�K2M2` ¨ /2b p�`B�M+2b û;�H2b
¨ R 2i H2b `2M/`2 +QKT�`�#H2 2Mi`2 2HH2X

dXR

G� `2H�iBQM 2Mi`2 H� /2MbBiû /2 THB2 2i H� #�i?vKûi`B2 2bi /û+`Bi2 ¨ HǶ�B/2 /ǶmM
p�`BQ;`�KK2 +`QBbûX AH bǶû+`Bi bQmb H� 7Q`K2 bmBp�Mi2 ,

γ12(h) =
1

2
E[(Z1(x+ h)− Z1(x))(Z2(x+ h)− Z2(x))] UdX8V

GǶ2bTû`�M+2 /2 +?�[m2 BM+`ûK2Mi p�H�Mi y- H2 p�`BQ;`�KK2 +`QBbû UQm +Qp�`BQ@
;`�KK2V `2T`ûb2Mi2 H� +Qp�`B�M+2 /2b BM+`ûK2MibX *QMi`�B`2K2Mi �m p�`BQ;`�KK2
[mB 2bi TQbBiB7- BH T2mi T`2M/`2 /2b p�H2m`b Mû;�iBp2bX �}M /2 +�H+mH2` +2 p�`BQ@
;`�KK2 +`QBbû- BH 2bi Mû+2bb�B`2 /2 +QMM�ŗi`2 H2b /2mt p�`B�#H2b �mt KāK2b TQBMibX

G2 `ûbmHi�i /m p�`BQ;`�KK2 +`QBbû 2Mi`2 H2b DmpûMBH2b /2 THB2b 2i H� #�i?vKûi`B2
KQMi`2 mM2 `2H�iBQM Mû;�iBp2 2Mi`2 H2b k p�`B�#H2b , HQ`b[m2 H� T`Q7QM/2m` �m;K2Mi2-
H2b /2MbBiûb /BKBMm2Mi U};m`2 dXkVX

� T�`iB` /2 +2 +Qp�`BQ;`�KK2- BH 2bi TQbbB#H2 /Ƕ2z2+im2` mM +QF`B;2�;2 2M M2
+QMbB/û`�Mi H� #�i?vKûi`B2 [mǶ�mt TQBMib Qɍ H2b /2MbBiûb bQMi û+?�MiBHHQMMû2b- Qm
mM F`B;2�;2 2M /û`Bp2 2ti2`M2- bB QM BMiĕ;`2 �HQ`b iQmi2b H2b /QMMû2b /2 #�i?vKûi`B2X

aB H2b p�`BQ;`�KK2b bQMi KQv2MMûb- H2b /QMMû2b /Ƕ2Mi`û2b /�Mb H2 F`B;2�;2 +Q`@

RjR



dXk Ĝ o�`BQ;`�KK2b bBKTH2b , p�`BQ;`�KK2 KQv2M �MMm2H /2b /2MbBiû /2
THB2 :y UT�MM2�m /m ?�miV- #�i?vKûi`B2 UT�MM2�m ;�m+?2V- 2i p�`BQ;`�KK2 +`QBbû
Qm +Qp�`BQ;`�KK2 /2 H� /2MbBiû 2i /2 H� #�i?vKûi`B2 UT�MM2�m 2M #�b ¨ ;�m+?2VX

`2bTQM/2Mi ¨ +2HH2b /ǶmM2 �MMû2 /QMMû2- 2i H2 `ûbmHi�i +Q``2bTQM/ ¨ HǶBMi2`TQH�iBQM
�MMm2HH2 /2b /2MbBiûb /2 THB2 U};m`2 dXjVX G2b /2mt Kûi?Q/2b /2 F`B;2�;2 `ûbmHi2Mi
2M /2b BK�;2b b2MbB#H2K2Mi /Bzû`2Mi2bX

dXj Ĝ _ûbmHi�ib /2b F`B;2�;2b /2 H� /2MbBiû /2 THB2 :y /�Mb H2 +�b /ǶmM
+QF`B;2�;2 /2MbBiû /2 THB2 2i #�i?vKûi`B2 U*PE , +�`i2 /2 ;�m+?2V 2i /�Mb H2 +�b
Qɍ H� #�i?vKûi`B2 2M BMiû;`û2 2M /û`Bp2 2ti2`M2 UE1. , +�`i2 /2 /`QBi2VX G2b xQM2b
#H�M+?2b /�Mb H2 F`B;2�;2 2M /û`Bp2 2ti2`M2 M2 bQMi T�b /2b �`i27�+ib /2 +�H+mH K�Bb
H2 `ûbmHi�ib /ǶmM }Hi`�;2 ¨ RX8- p�H2m` H� THmb ûH2pû2 /m +QF`B;2�;2X

Rjk



.�Mb H2 +�b /m +QF`B;2�;2- H� bi`m+im`2 /2b /2MbBiûb bmBi T`2b[m2 }/ĕH2K2Mi H2
;`�/B2Mi +Ƭi2@H�`;2 /2 H� #�i?vKûi`B2X PM `2i`Qmp2 /QM+ /2b /2MbBiûb ûH2pû2b bm`
iQmi2 H� xQM2 BM7û`B2m`2 ¨ 8 Kĕi`2b /2 T`Q7QM/2m`X G2 F`B;2�;2 2M /û`Bp2 2ti2`M2
;ûMĕ`2 [m�Mi ¨ HmB /2b T�i+?b i`ĕb HQ+�HBbûb bm` H2b 7Q`i2b /2MbBiûb- iQmi 2M `2/2b@
bBM�Mi H� +�`i2 #�i?vKûi`B[m2X G2b +?2M�mt /2 +B`+mH�iBQM ¨ H� bQ`iB2 /m TQ`i /m
>�p`2 /2pB2MM2Mi KāK2 pBbB#H2bX

G� +QKT�`�BbQM 2Mi`2 +2b /2mt Kûi?Q/2b /2 F`B;2�;2 bǶ2z2+im2 ¨ HǶ�B/2 /ǶmM2
p�HB/�iBQM +`QBbû2X 1HH2 +QMbBbi2 ¨ K2bm`2` H� /Bzû`2M+2 2Mi`2 H� p�H2m` /ǶmM2 /2MbBiû
û+?�MiBHHQMMû2- 2i H� p�H2m` /2 +2ii2 KāK2 /2MbBiû 2biBKû2 T�` F`B;2�;2 bB H2 TQBMi
ûi�Bi �#b2MiX GǶBM/B+�i2m` miBHBbû TQm` 7�B`2 H2 +?QBt /2 H� Kûi?Q/2 2bi H� KQv2MM2
/2b 2``2m`b �m +�``ûX 1M b2 #�b�Mi bm` +2i BM/B+�i2m`- H2 +QF`B;2�;2 T`Q/mBi /2
K2BHH2m`2b 2biBK�iBQMb [m2 H2 F`B;2�;2 2M /û`Bp2 2ti2`M2 U};m`2 dX9VX

dX9 Ĝ "QBi2b ¨ KQmbi�+?2 /2 HǶ2``2m` [m�/`�iB[m2 /2 HǶ2biBK�iBQM /2b /2M@
bBiûb /2 THB2b :y TQm` +?�[m2 �MMû2 /2 bmBpB UPE , F`B;2�;2 Q`/BM�B`2 c *PE ,
+QF`B;2�;2 �p2+ H� #�i?vKûi`B2 c E1. , F`B;2�;2 �p2+ #�i?vKûi`B2 2M /û`Bp2 2t@
i2`M2VX GǶ�t2 /2b Q`/QMMû2b p�`B2 TQm` +?�[m2 Kûi?Q/2 /2 F`B;2�;2 �}M /2 KB2mt
`2T`ûb2Mi2` H� /Bbi`B#miBQM /2b p�H2m`bX SQm` +?�[m2 �MMû2- mM p�`BQ;`�KK2 i?ûQ@
`B[m2 2bi �Dmbiû ¨ HǶ�B/2 /2b /QMMû2b û+?�MiBHHQMMû2b bi�M/�`/Bbû2bX

J�H;`û +2b `ûbmHi�ib- H2 F`B;2�;2 Q#i2Mm MǶ2bi T�b b�iBb7�Bb�Mi 2M i2`K2 û+QHQ@

Rjj



;B[m2 , BH M2 `2~ĕi2 T2m Qm T�b H� bi`m+im`2 /2b /2MbBiûb Q#b2`pûb- 2i +QMiB2Mi /2b
BM+Q?û`2M+2b UT�` 2t2KTH2 H� T`ûb2M+2 /2 /2MbBiûb ûH2pû2b /�Mb H2b +?2M�mt /2 HǶ2b@
im�B`2VX SQm` T�HHB2` +2H�- BH � ûiû 2Mi`2T`Bb /ǶBMiû;`2` /Ƕ�mi`2b p�`B�#H2b 2ti2`M2b
�m +QF`B;2�;2 2M M2 +QMbB/û`�Mi [m2 H2b Q++m``2M+2b /ǶQ#b2`p�iBQMb /2 H� THB2X G2b
/2MbBiûb bQMi `2KTH�+û2b T�` mM2 BM/B+�i`B+2 Qɍ y iûKQB;M2 /2 HǶ�#b2M+2 /2 THB2
û+?�MiBHHQMMû2 2i R H2b bi�iBQMb Qɍ �m KQBMb mM2 THB2 � ûiû Q#b2`pû2X G2 +?�KTb
F`B;û Q#i2Mm �m`� /QM+ /2b p�H2m`b p�`B�Mi 2Mi`2 y 2i R- 2i H� +�`i2 Q#i2Mm2 T2mi
āi`2 +QMbB/û`û2 +QKK2 mM2 +�`i2 /2 T`Q#�#BHBiû /2 T`ûb2M+2X AH bǶ�;Bi /QM+ /Ƕûi�#HB`
MmKû`B[m2K2Mi mM2 bQ`i2 /2 ǴMB+?2 û+QHQ;B[m2Ǵ- �bbQ+Bû2 ¨ mM2 +�`i2 /2b p�`B�M+2b
/2 T`û/B+iBQMX

G� `2H�iBQM 2Mi`2 H� /Bp2`bBiû #BQHQ;B[m2 2i H2b ?�#Bi�ib 2bi ûim/Bû2 TQm` /QMM2`
/2b BM/B+�iBQMb bm` H� p�`B�iBQM /2 H� p�H2m` /ǶmM û+QbvbiĕK2 JQ``Bb �M/ "�HH UkyyeV c
1`/ǒb 2i �HX UkyR3VX S�` 2t2KTH2 bB HǶ?�#Bi�i 2bi +QHQMBbû T�` mM i�tQM `�`2- BH b2`�
�bbQ+Bû ¨ mM2 ;`�M/2 p�H2m` û+QHQ;B[m2X � HǶBMp2`b2- /2b ?�#Bi�ib `ûT�M/mb �p2+
mM2 7�B#H2 /Bp2`bBiû #BQHQ;B[m2 T2mp2Mi T`ûb2Mi2` mM BMiû`āi KQBM/`2 2M i2`K2 /2
+QMb2`p�iBQMX .2 MQK#`2mb2b Kûi?Q/2b T2`K2ii2Mi /Ƕûim/B2` +2ii2 `2H�iBQM 2i- /�Mb
+2 +�/`2- H2b KQ/ĕH2b /Ƕ?�#Bi�ib bQMi 2KTHQvûbX aB H� HBiiû`�im`2 /�Mb +2 /QK�BM2
2bi �#QM/�Mi2- H2b Kûi?Q/2b T2`K2ii�Mi /ǶûH�#Q`2` H2b KQ/ĕH2b /Ƕ?�#Bi�ib bQMi
;ûMû`�H2K2Mi T2m Qm T�b 2tTHB+Bi2K2Mi /û}MB2b US2i2`bQM �M/ aQ#2`ƦM- kyRkVX

.2mt +QM+2Tib bQMi bQmp2Mi +QM7QM/mb , H2b KQ/ĕH2b /2 MB+?2b û+QHQ;B[m2 2i
H2b KQ/ĕH2b /2 /Bbi`B#miBQMb /Ƕ2bTĕ+2b UJ2HQ@J2`BMQ 2i �HX- kykyVX SQm` `ûbmK2`
#`Bĕp2K2Mi +2b /2mt MQiBQMb- H2b MB+?2b û+QHQ;B[m2b i`�Bi2Mi /2 H� /û}MBiBQM /2b
?�#Bi�ib TQi2MiB2Hb /ǶmM2 2bTĕ+2- �HQ`b [m2 H2b KQ/ĕH2b /2 /Bbi`B#miBQM /Ƕ2bTĕ+2b b2
7Q+�HBb2Mi bm` H2b 2bT�+2b Qɍ H2 i�tQM ûim/Bû 2bi Q#b2`pûX GǶ2zQ`i KBb T�` H2b /Bzû@
`2Mi2b Tm#HB+�iBQMb TQm` /Bzû`2M+B2` +2b Kûi?Q/2b- KQMi`2 [mǶmM2 7Q`i2 �K#B;mśiû
2tBbi2 K�H;`û iQmiX PM /û}MBi B+B mM2 ǴMB+?2 û+QHQ;B[m2 ;ûQbi�iBbiB[m2Ǵ +QKK2 H�
KQ/ûHBb�iBQM /2b `2H�iBQMb bT�iB�H2b 2Mi`2 p�`B�#H2b T�` p�`BQ;`�T?B2 TmBb mM2 BMi2`@
TQH�iBQM /�Mb H� xQM2 /Ƕûim/2 /2b Q++m``2M+2b /2 HǶ2bTĕ+2 ûim/Bû2X aB H2b `ûbmHi�ib
/ǶmM2 KQ/ûHBb�iBQM /2 +2 ivT2 M2 bQMi p�H�#H2b [m2 /�Mb H� xQM2 bm` H�[m2HH2 H2
KQ/ĕH2 2bi ûH�#Q`û- BH +QMiB2Mi H2b T`û@`2[mBb TQm` /ûi2`KBM2` H2b ?�#Bi�ib TQi2M@
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iB2Hb T�` HǶBMiû;`�iBQM /2 T�`�Kĕi`2b 2ti2`M2b 2i 2bi i`�MbTQb�#H2 /�Mb /Bzû`2Mib
û+QbvbiĕK2bX

.2 THmb- H� K�DQ`Biû /2b ûim/2b b2 +QM+2Mi`2Mi bm` mM i�tQM Qm mM ;2M`2 2M BM@
iû;`�Mi HǶ2MpB`QMM2K2Mi �bbQ+Bû- 2i Qm#HB2Mi H2b BMi2`�+iBQMb BMi2`@bTû+B}[m2b /�Mb
HǶûH�#Q`�iBQM /2 +2b KQ/ĕH2bX AH � TQm`i�Mi ûiû /ûKQMi`û [m2 HǶBMiû;`�iBQM /2 p�@
`B�#H2b #BQiB[m2b �KûHBQ`2 bm#bi�MiB2HH2K2Mi HǶûim/2 /2b `2H�iBQMb 2Mi`2 2bTĕ+2b 2i
2MpB`QMM2K2Mi �`�ȹDQ 2i �HX UkyRdVX .2 H� KāK2 K�MBĕ`2- KāK2 bB H2b KQ/ĕH2b
/Ƕ?�#Bi�ib i`�Bi2Mi /ǶBM7Q`K�iBQMb bT�iB�HBbû2b- BH 2bi `�`2 [m2 HǶ�miQ+Q``ûH�iBQM bQBi
BMi`BMbĕ[m2K2Mi T`Bb2 2M +QKTi2 /�Mb HǶûH�#Q`�iBQM /2b KQ/ĕH2bX .2 7�Bi- PHBp2B`�
2i �HX UkyR9V QMi KQMi`û [m2 HǶBMiû;`�iBQM /2 HǶ�miQ+Q``ûH�iBQM bT�iB�H2 �KûHBQ`2 +2b
KQ/ĕH2bX A+B- +QKK2 /�Mb H2 +?�TBi`2 e- H� ;ûQbi�iBbiB[m2 2bi miBHBbû2 TQm` �#Q`/2`
+2ii2 T`Q#HûK�iB[m2X

*QMi`�B`2K2Mi �mt b2+iBQMb T`û+û/2Mi2b- H2b /QMMû2b miBHBbû2b bQMi /2b /QMMû2b
/ǶQ++m``2M+2X SQm` `2bi2` /�Mb H� +QMiBMmBiû /2b i`�p�mt /2 H� i?ĕb2- HǶQ#D2+iB7 2bi
/ǶQ#i2MB` mM2 +�`i2 /2b T`Q#�#BHBiûb /2 T`ûb2M+2 /2 H� THB2X .�Mb H2 KQ/ĕH2- /2mt
+Qp�`B�#H2b bQMi BMiû;`û2b , H2b Q++m``2M+2b /2 bQH2 2i H� ivTQHQ;B2 /2b ?�#Bi�ib
bû/BK2Mi�B`2bX G2 +?�TBi`2 8 � KQMi`û [m2 H� bQH2 2i H� THB2 MǶ�TT�`i2M�B2Mi T�b
2t�+i2K2Mi �mt KāK2b �bb2K#H�;2b 2i H2 +?�TBi`2 e � �TTmvû H2 7�Bi [m2 H2b ?�#B@
i�ib ûi�B2Mi T`Q+?2b K�Bb /Bzû`2MibX PM bmTTQb2 /QM+ [mǶBH 2tBbi2 mM Kû+�MBbK2
/ǶûpBi2K2Mi �m MBp2�m /2 H� +QKKmM�miû [mB HBKBi2 H� +QKTûiBiBQM BMi2`@bTû+B}[m2X
G� T`ûb2M+2 /ǶmM2 2bTĕ+2 T2mi /QM+ `2Mb2B;M2` bm` H� T`Q#�#BHBiû /2 H� T`ûb2M+2
/2 HǶ�mi`2X G� THB2 T`BpBHû;B2 H2b KBHB2mt BMi2`iB/�mt 2i BM7`�HBiiQ`�mt bm` H2b +Ƭi2b
/m *�Hp�/Qb U.mp�H- RN3kVX GǶ?vTQi?ĕb2 2bi 7�Bi2 [m2 +2ii2 T`û7û`2M+2 �m bû/BK2Mi
+QM/BiBQMM2 û;�H2K2Mi H� T`ûb2M+2 /2 THB2X

GǶBMiû;`�iBQM /2 p�`B�#H2b +�iû;Q`B2HH2b 2M ;ûQbi�iBbiB[m2 � ûiû /Bb+miû /�Mb H2
+?�TBi`2 kX .�Mb H2 +�/`2 /m KQ/ĕH2 /2 /Bbi`B#miBQM- H� p2`bBQM KmHiBp�`Bû2 /2b
;�mbbB2MM2b b2mBHHû2b 2bi 2KTHQvû2 , H2b THm`B;�mbbB2MM2b b2mBHHû2b US:aVX GǶ�DQmi
/ǶmM2 ;�mbbB2MM2 bmTTHûK2Mi�B`2 T2`K2i /2b b+?ûK�b /2 b2mBHH�;2 /Bzû`2Mib- THmb
+QKTH2t2- T2`K2ii�Mi- T�` 2t2KTH2- /ǶBMiû;`2` 2tTHB+Bi2K2Mi H� +QKTH2tBiû /2b
Q#b2`p�iBQMb `2H�iBp2b �mt 7�+Bĕb bû/BK2Mi�B`2b U};m`2 dX8VX

G� p�`B�#H2 +�iû;Q`B2HH2 miBHBbû2 B+B 2bi HǶ?�#Bi�i 1lLAaX G� +H�bbB}+�iBQM 1l@
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dX8 Ĝ 1t2KTH2 /ǶmM b+?ûK� /2 b2mBHH�;2 /û}MB ¨ HǶ�B/2 /2 /2mt ;�mbbB2MM2b
b2mBHHû2bX *?�[m2 +QmH2m` `2T`ûb2Mi2 mM ivT2 /2 7�+BĕbX G2b /Bbi`B#miBQMb /2b /2mt
;�mbbB2MM2b b2mBHHû2b bQMi T`ûb2Miû2b 2M �#b+Bbb2 2i 2M Q`/QMMû2X

LAa 2bi mM2 +H�bbB}+�iBQM T�M@2m`QTû2MM2 TQm` HǶB/2MiB}+�iBQM /2b ?�#Bi�ibX 1HH2
/QMM2 mM +Q/2 bTû+B}[m2 �BMbB [mǶmM MQK ¨ iQmb H2b ivT2b /Ƕ?�#Bi�ib- M�im`2Hb
2i �`iB}+B2Hb- K�`BMb- i2``2bi`2b Qm �[m�iB[m2bX G2b ?�#Bi�ib K�`BMb #2Mi?B[m2b /2
H� +H�bbB}+�iBQM bQMi bûT�`ûb 2M 7QM+iBQM /2 H� T`Q7QM/2m` 2i /m ivT2 /2 bm#bi`�iX
GǶ2bim�B`2 /2 a2BM2 2bi mM2 xQM2 Qɍ /2 MQK#`2mt ?�#Bi�ib b2 `2+QmT2Mi U};m`2 dXeVX
Zm�i`2 7�+Bĕb QMi ûiû `2i2Mmb , H2b p�b2b BM7`�HBiiQ`�H2b- H2b p�b2b +B`+�HBiiQ`�H2b- H2b
b�#H2b BM7`�HBiiQ`�mt 2i H2b b�#H2b +B`+�HBiiQ`�mtX G� `ĕ;H2 /2 b2mBHH�;2 2bi +QMbi`mBi2
/2 K�MBĕ`2 ¨ +2 [m2 H� ;�mbbB2MM2 R bûT�`2 b�#H2b 2i p�b2b- 2i H� ;�mbbB2MM2 k
HǶBM7`�HBiiQ`�H /m +B`+�HBiiQ`�HX

G2b ?�#Bi�ib bQMi �ii`B#mûb ¨ +?�[m2 i`�Bi /2 +?�Hmi 2z2+imûX GǶ�TT`Q+?2 BHHmb@
i`û2 2M };m`2 kX8 2bi �TTHB[mû2 ¨ H� /Bzû`2M+2 [m2 /2mt ;�mbbB2MM2b bQMi +QMbB/û`û2b
+2ii2 7QBbX � HǶ�B/2 /m b+?ûK� /2 b2mBHH�;2 U};m`2 dX8V- mM BMi2`p�HH2 /2 p�H2m` bm`
+?�[m2 ;�mbbB2MM2 2bi �ii`B#mû TQm` +?�[m2 7�+BĕbX *?�[m2 +QmTH2 /2 +QQ`/QMMû2b
;ûQ;`�T?B[m2b TQbbĕ/2 /QM+ mM +QmTH2 /2 +QQ`/QMMû2b ;�mbbB2MM2bX *2b p�H2m`b
bQMi miBHBbû2b TQm` +QMbi`mB`2 mM p�`BQ;`�KK2 2tTû`BK2Mi�H TmBb i?ûQ`B[m2 T�` +QQ`@
/QMMû2b ;�mbbB2MM2bX G2b /2mt ;�mbbB2MM2b ûi�Mi BM/ûT2M/�Mi2b- H2m` p�`BQ;`�KK2
+`QBbû M2 T`ûb2Mi2 �m+mM2 bi`m+im`2 bT�iB�H2X .2b bBKmH�iBQMb +QM/BiBQMM2HH2b T�`
#�M/2b iQm`M�Mi2b T2`K2ii2Mi 2M}M /ǶQ#i2MB` /2mt +?�KTb ;�mbbB2Mb- mM T�` p�@
`BQ;`�KK2X G2b p�H2m`b �ii`B#mû2b �mt 7�+Bĕb M2 bQMi T�b }tû2b T�` û+?�MiBHHQMM�;2
K�Bb p�`B2Mi /�Mb H2b BMi2`p�HH2b T`û/û}MBbX �}M /ǶQ#i2MB` /2b bi`m+im`2b bi�#H2b-
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dXe Ĝ *�`i2 /2b ?�#Bi�ib 1lLAa /2 HǶ2bim�B`2 /2 a2BM2X AK�;2 iB`û2 /2
?iiTb,ffrrrX2KQ/M2i@b2�#2/?�#Bi�ibX2mf�++2bb@/�i�fH�mM+?@K�T@pB2r2`f

H2b bBKmH�iBQMb bQMi `ûTûiû2b R8 7QBb 2i H2 p�`BQ;`�KK2 KQv2M /2b bBKmH�iBQMb 2bi
2ti`�Bi U};m`2 dXdVX G2 MQK#`2 /2 `ûTûiBiBQMb � ûiû i2biû �}M /Ƕ�bbm`2` H� bi�#BHBiû
/2b `ûbmHi�ib /2b bBKmH�iBQMbX

G2 p�`BQ;`�KK2 +`QBbû 2Mi`2 H2b /2mt ;�mbbB2MM2b KQMi`2 [m2 H2b +?�KTb bQMi
+QMbi`mBib 2M ûi�Mi BM/ûT2M/�Mib HǶmM /2 HǶ�mi`2X lM2 7QBb +2b p�`BQ;`�KK2b Q#i2@
Mmb- BHb bQMi BMiû;`ûb /�Mb mM KQ/ĕH2 p�`BQ;`�T?B[m2 2M �DQmi�Mi H2b p�`B�#H2b /2
T`ûb2M+2 /2 THB2b 2i /2 bQH2b U};m`2 dX3VX

am` +2 KQ/ĕH2 p�`BQ;`�T?B[m2- H� T`2KBĕ`2 +QHQMM2 /QMM2 H� `2H�iBQM 2Mi`2 H�
T`ûb2M+2 /2 THB2 2i H2b i`QBb �mi`2b p�`B�#H2bX SQm` H� `2H�iBQM 2Mi`2 THB2 2i bQH2-
¨ T2iBi2 /Bbi�M+2 H2 p�`BQ;`�KK2 +`QBbû 2bi TH�i- KQMi`�Mi HǶ�#b2M+2 /2 `2H�iBQMX
� /Bbi�M+2 KQv2MM2- H� T`ûb2M+2 /2 THB2 2bi `2HBû2 TQbBiBp2K2Mi ¨ H� T`ûb2M+2 /2
bQH2- Dmb[mǶ¨ /2 ;`�M/2b /Bbi�M+2b Qɍ H2 +Qp�`BQ;`�KK2 i2M/ ¨ MQmp2�m p2`b /2b
p�H2m`b MmHH2b 2i Qɍ +2ii2 `2H�iBQM /BbT�`�ŗi /QM+X G2b /2mt ;�mbbB2MM2b bi`m+im`2Mi
H� T`ûb2M+2 /2b THB2b- ¨ +?�[m2 7QBb /2 K�MBĕ`2 Mû;�iBp2X *Ƕ2bi ¨ /B`2 [m2 H2 T�bb�;2
BM7`�HBiiQ`�H p2`b +B`+�HBiiQ`�H /BKBMm2 H2b +?�M+2b /2 T`ûb2M+2 /2 THB2- iQmi +QKK2
H2b T�bb�;2b /2 p�b2b ¨ b�#H2bX G2 `ûbmHi�i /m +QF`B;2�;2 Bbbm /2 +2b p�`BQ;`�KK2b
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dXd Ĝ o�`BQ;`�KK2b bBKTH2b 2i +`QBbûb /2b +?�KTb ;�mbbB2Mb Q#i2Mmb T�` bB@
KmH�iBQM +QM/BiBQMM2HH2 ¨ T�`iB` /2b +�iû;Q`B2b 1lLAaX lM2 `û�HBb�iBQM /2b +?�KTb
;�mbbB2Mb 2bi û;�H2K2Mi T`ûb2Miû2X

+`QBbûb U};m`2 dXNV 2bi +Q?û`2Mi �p2+ H2b `ûbmHi�ib /ûD¨ Q#i2Mmb bm` H� /Bbi`B#miBQM
/2 H� THB2 /�Mb HǶ2bim�B`2 /2 a2BM2X G2b +Ƭi2b /m *�Hp�/Qb bQMi mM2 xQM2 /2 T`ûb2M+2
`û+m``2Mi2 TQm` H� THB2- 2i BH 2tBbi2 û;�H2K2Mi /2b Q++m``2M+2b ûH2pû2b TQm` H� bQ`iB2
/2 HǶ2bim�B`2X *2b T`ûb2M+2b ûpBi2Mi HǶ?ûiû`Q;ûMûBiû /2b ?�#Bi�ib p�b2mt /2 HǶ2bim�B`2
U};m`2 dXeV- BM/B[m�Mi [m2 H� THB2 ûpBi2 H2b BM~m2M+2b i`QT 7Q`i2b /m /û#Bi /2 H� a2BM2X

lM �bT2+i /ûH�Bbbû Dmb[mǶB+B 2bi H� T`Bb2 2M +QKTi2 /2 HǶ�MBbQi`QTB2X hQmb H2b p�@
`BQ;`�KK2b +QMbi`mBib QMi ûiû /2b p�`BQ;`�KK2b QKMB/B`2+iBQMM2HbX GǶ�MBbQi`QTB2
/�Mb HǶ2bim�B`2 /2 a2BM2 � ûiû 2tTHQ`û2 2M +?�TBi`2 e U};m`2 eXjV 2i /2b p�`BQ;`�KK2b
/B`2+iBQMM2Hb QMi ûiû +QMbi`mBibX 1M +�b /Ƕ�MBbQi`QTB2- BH T2mi āi`2 Mû+2bb�B`2 /2 +�H@
+mH2` /Bzû`2Mib p�`BQ;`�KK2b 2M 7QM+iBQM /2 H� /B`2+iBQM- TmBb[m2 H2 +QKTQ`i2K2Mi

Rj3



dX3 Ĝ o�`BQ;`�KK2b bBKTH2b 2i +`QBbûb /2 H� T`ûb2M+2 /2 THB2b- /2 bQH2b 2i
/2b ;�mbbB2MM2b KQ/ûHBb�Mi HǶ?�#Bi�iX

dXN Ĝ _ûbmHi�i /m +QF`B;2�;2 /2b T`ûb2M+2b /2 THB2b :y BMiû;`�Mi H2b T`û@
b2M+2 /2 bQH2b 2i H2b /2mt ;�mbbB2MM2b `2T`ûb2Mi�Mi HǶ?�#Bi�i 1lLAaX

/2 H� p�`B�M+2 /ûT2M/ /2 H� /B`2+iBQM /�Mb H�[m2HH2 QM +QMbB/ĕ`2 H2 T�b /2 /Bbi�M+2
hX aB H� bi`m+im`2 /2b p�`BQ;`�KK2b +?�M;2 b2HQM H� /B`2+iBQM /2b H�;b h �HQ`b BH
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T2mi āi`2 Mû+2bb�B`2 /2 T`2M/`2 2M +QKTi2 +2ii2 �MBbQi`QTB2X .�Mb H2 +�b T`ûb2Mi-
H� 7Q`K2 /2 HǶ2bim�B`2 2M 2MiQMMQB` 2Mi`�ŗM2 /2b +�H+mHb /2 p�`BQ;`�KK2b 2tTû`B@
K2Mi�mt Qɍ H2 MQK#`2 /2 TQBMib 2bi HBKBiûX .2 THmb- HǶBMiû;`�iBQM /2 HǶ�MBbQi`QTB2
/�Mb H2 +�/`2 �M�HviB[m2 [mB � bmBpB H2b ûi�T2b /2 p�`BQ;`�T?B2b �m`�Bi ;`�M/2K2Mi
+QKTH2tB}û H2b Kûi?Q/2bX GǶ�TT`Q+?2 ;HQ#�H2 K2Mû2 B+B- �p2+ H2 +�H+mH /2 p�`BQ@
;`�KK2b KQv2Mb- 2bi û;�H2K2Mi mM2 /2b `�BbQMb TQm` H2b[m2HH2b HǶBMiû;`�iBQM /2
HǶ�MBbQi`QTB2 MǶ� T�b ûiû TQmbbû2 �m@/2H¨ /2 H� T?�b2 2tTHQ`�iQB`2X .�Mb mM 2bT�+2
i`QT /û7Q`Kû- 2HH2 T2mi 2Mi`�ŗM2` /2b bi`m+im`2b MQM bi�iBQMM�B`2b 2i /QBi āi`2 T`Bb2
2M +QKTi2X lM2 T`2KBĕ`2 bQHmiBQM 2bi /2 /BpBb2` H� xQM2 /Ƕûim/2 2M /Bzû`2Mi2b xQM2b
Qɍ HǶ?vTQi?ĕb2 /2 bi�iBQMM�`Biû 2bi �++2Ti�#H2X .�Mb +2 +�b- QM T2`/ H� +QMiBMmBiû
/m T?ûMQKĕM2 ûim/BûX lM2 b2+QM/2 2bi /Ƕ2z2+im2` mM2 �M�KQ`T?Qb2 /2 HǶ2bT�+2
;ûQKûi`B[m2 �p2+ mM2 ?QKQi?ûiB2 b2HQM HǶ�t2 /Ƕ�MBbQi`QTB2X *2+B 2bi 7�Bb�#H2 bB H2
+�b 2bi bBKTH2 2i [m2 HǶ�MBbQi`QTB2 2bi bi�iBQMM�B`2X AH 2tBbi2 /2b +�b Qɍ QM M2 T2mi
T�b `û/mB`2 HǶ�MBbQi`QTB2 ¨ +2 KQ/ĕH2 bBKTH2X lM2 bQHmiBQM `û+2Mi2 ¨ +2 T`Q#HĕK2
2bi HǶBMiû;`�iBQM /2b UQm aS.1V- /ûp2HQT@
Tû2b T�` GBM/;`2M 2i �HX UkyRRVX aQM BKTHûK2Mi�iBQM K�i?ûK�iB[m2 2bi `ûbmKû2
B+B bmBpB2 /ǶmM2 �TTHB+�iBQM MmKû`B[m2 /�Mb mM +�b /Ƕûim/2 bm` H2b DmpûMBH2b /2 THB2X

GǶ�TT`Q+?2 aS.1 MǶ2bi p�H�#H2 [m2 bB H� +Qp�`B�M+2 2bi KQ/ûHBbû2 T�` mM KQ/ĕH2
/2 J�iû`M- 2tTHB+Biû +B@/2bbQmb ,

C(h) = σ2 2
1−ν

Γ(ν)
(
√
2ν

h

a
)νKν(

√
2ν

h

a
) UdXeV

Qɍ Γ 2bi mM2 7QM+iBQM ;�KK�- Kν 2bi H� 7QM+iBQM /2 "2bb2H KQ/B}û2 �m b2+QM/
Q`/`2 2i ν H2 T�`�Kĕi`2 /2 J�iû`M- [mB +QMi`ƬH2 H� `û;mH�`Biû /2 H� 7QM+iBQM /2
+Qp�`B�M+2X aB ν = 1

2
- QM `2i`Qmp2 H2 KQ/ĕH2 2tTQM2MiB2H- 2i bB ν → +∞- H2 KQ/ĕH2

;�mbbB2MX
G2b û[m�iBQMb bmBp�Mi2b /û+`Bp�Mi HǶBMiû;`�iBQM /2b aS.1 /�Mb H2b Kûi?Q/2b /2

F`B;2�;2 bQMi iQmi2b Bbbm2b /2 _2M�`/ �M/ .2b�bbBb UkyRdV [mB bmBp2Mi H2b MQi�iBQMb
/2 GBM/;`2M 2i �HX UkyRRVX aB Z(x) 2bi mM2 7QM+iBQM �Hû�iQB`2 bi�iBQMM�B`2 �p2+ mM2
+Qp�`B�M+2 /2 J�iû`M- mM2 `û;mH�`Biû ν- mM T�`�Kĕi`2 /Ƕû+?2HH2 a 2i mM T�HHB2` σ2-
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�HQ`b Z(x) 2bi bQHmiBQM /2 H� aS.1 bmBp�Mi2 ,

(κ2 −∆)
α
2 Z(x) = τW (x) UdXdV

�p2+

ě ∆ =
∑

i
δ2

δx2

i

HǶQTû`�i2m` H�TH�+B2M

ě W (x) mM #`mBi #H�M+ bi�M/�`/Bbû

ě κ = 1
a

ě α = ν + d
2

ě τ = σΓα
1
2 (4π)

d
4 κν

Γ(ν)
1
2

1M miBHBb�Mi H2b i`�p�mt /2 q?BiiH2 URN89V- QM T2mi `�K2M2` H� aS.1 /�Mb mM2
;`BHH2 `û;mHBĕ`2 2M k. 2i miBHBb2` mM2 p2`bBQM /Bzû`2M+2 }MB2 Uν = 1- QM � α = 2VX

κ2Zi,j−
1

dx
(
Zi+1,j − Zi,j

dx
−Zi,j − Zi−1,j

dx
)− 1

dy
(
Zi,j+1 − Zi,j

dy
−Zi,j − Zi,j−1

dy
) = τWi,j

UdX3V
�p2+ Wi,j H2 #`mBi #H�M+ bi�M/�`/BbûX

*2 `ûbmHi�i +Q``2bTQM/ �m H2 bvbiĕK2 HBMû�B`2 +`2mt bmBp�Mi ,

AZ = W UdXNV

*2 [mB HQ`b[m2 HǶQM +QMbB/ĕ`2 H� +Qp�`B�M+2 /2 Z UCov(Z) = ΣV b2 `ûû+`Bi ,

AΣAt = τ 2I UdXRyV

G� K�i`B+2 /2 T`û+BbBQM Q /2 Z 2bi /QM+ ,

Q = Σ−1 =
1

τ 2
AtA UdXRRV

*2 `ûbmHi�i bǶmiBHBb2 2MbmBi2 /�Mb H2b bvbiĕK2b /2 F`B;2�;2X aQBi ZD H2 p2+i2m`
/2b /QMMû2b 2i ZT H2 p2+i2m` �p2+ H2b +QQ`/QMMû2b +B#H2b Qɍ HǶQM bQm?�Bi2 BMi2`TQH2`
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H2b /QMMû2bX G� K�i`B+2 /2 +Qp�`B�M+2 2bi

Σ =

[

ΣDD ΣDT

ΣTD ΣTT

]

UdXRkV

*2ii2 K�i`B+2 /2 +Qp�`B�M+2 T2mi āi`2 `2KTH�+û2 T�` H� K�i`B+2 /2 T`û+BbBQM- QM
Q#iB2Mi ,

Σ−1 =

[

QDD QDT

QTD QTT

]

UdXRjV

G� K�i`B+2 ΣDD 2bi /2Mb2 2i T2mi- /�Mb H2 +�b Qɍ H2b TQBMib bQMi MQK#`2mt-
āi`2 +QKTH2t2 2i /2K�M/2` mM i2KTb /2 +�H+mH BKTQ`i�MiX :`�+2 ¨ H� bi`m+im`2 A-
H� K�i`B+2 /2 T`û+BbBQM 2bi +`2mb2- +Ƕ2bi ¨ /B`2 [m2 H� THmT�`i /2 b2b p�H2m`b bQMi
/2b 0- `û/mBb�Mi �BMbB H2b i2KTb /2 +�H+mHX

*2 [mB MQmb BMiû`2bb2 B+B- +Ƕ2bi HǶBMiû;`�iBQM /ǶmM2 �MBbQi`QTB2 HQ+�H2 T�` H2b
aS.1X GǶû[m�iBQM dXd 2bi p�H�#H2 /�Mb H2 +�b BbQi`QTB[m2X SQm` mM2 �MBbQi`QTB2
HQ+�H2- 2HH2 /2pB2Mi ,

(κ2(x)−▽.H(x)▽)
α
2 Z(x) = τ(x)W (x) UdXR9V

.�Mb +2ii2 û[m�iBQM ▽.▽ 2bi mM2 û+`Bim`2 û[mBp�H2Mi2 �m H�TH�+B2M 2i `2T`ûb2Mi2
H� /Bp2`;2M+2 U▽.V /m ;`�/B2Mi U▽VX G� K�i`B+2 H 2bi mM2 K�i`B+2 /Ƕ�MBbQi`QTB2
[mB /QMM2 HǶBM7Q`K�iBQM bm` HǶBKTQ`i�M+2 /2b +QKTQb�Mi2b /m ;`�/B2MiX .�Mb mM2
�MBbQi`QTB2 HQ+�H2 QM H� MQi2 H(x)X

*2b /ûp2HQTT2K2Mib QMi ûiû �TTHB[mûb ¨ HǶBMi2`TQH�iBQM /2 H� /2MbBiû /2b Dmpû@
MBH2b /2 THB2- BMiû;`�Mi H2 ;`�/B2Mi #�i?vKûi`B[m2 +QKK2 K2bm`2 HQ+�H2 /2 HǶ�MBbQ@
i`QTB2X G2 F`B;2�;2 Q#i2Mm 2bi T`ûb2Miû bm` H� };m`2 dXRyX

G� #�i?vKûi`B2 ûi�Mi mM 7�+i2m` bi`m+im`�Mi /2 H� `ûT�`iBiBQM /2b DmpûMBH2b /2
THB2 U:B#bQM 2i �HX- kyykV- H2 ;`�/B2Mi #�i?vKûi`B[m2 2bi +?QBbB TQm` `2T`ûb2Mi2`
HǶ�MBbQi`QTB2 HQ+�H2 TQm` +2ii2 p�`B�#H2X *2ii2 �MBbQi`QTB2 HQ+�H2 2bi /QM+ +�H+mHû2
2M +?�[m2 TQBMi /ǶmM2 ;`BHH2 `û;mHBĕ`2- 2M +�H+mH�Mi H2b /2mt +QKTQb�Mi2b /m ;`�@
/B2Mi #�i?vKûi`B[m2- TmBb HǶ�M;H2 �bbQ+Bû ¨ +2 ;`�/B2MiX am` H2 F`B;2�;2- H2b /2MbBiûb
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bmBp2Mi /QM+ H2b ;`�/B2Mib /û}MBbX �m KQK2Mi /2 +2b i`�p�mt- H2 F`B;2�;2 aS.1
2bi mMBp�`Bû 2i /Ƕ�mi`2b p�`B�#H2b M2 TQmp�B2Mi T�b āi`2 BM+Hm2b /�Mb H2 KQ/ĕH2
/2 F`B;2�;2X AH � /QM+ ûiû /û+B/û /ǶQ`B2Mi2` +2b i`�p�mt p2`b H2b Kûi?Q/2b /2 +Q@
F`B;2�;2X .2 THmb- /�Mb MQi`2 +�b /Ƕ�TTHB+�iBQM- HǶ�MBbQi`QTB2 ûi�Bi bȿ`2K2Mi i`QT
T`QMQM+û2 `2M/�Mi HǶ2``2m` /Ƕ2biBK�iBQM /m F`B;2�;2 aS.1 bmTû`B2m`2 ¨ +2HH2 /m
F`B;2�;2 Q`/BM�B`2 UyX33 +QMi`2 yXddV- 2i `2K2ii�Mi 2M +�mb2 H� T2`iBM2M+2 /ǶBMiû;`2`
HǶ�MBbQi`QTB2 /�Mb HǶûH�#Q`�iBQM /2b +�`i2b /2 /2MbBiû BMi2`TQHû2bX

dXRy Ĝ _ûbmHi�i /m F`B;2�;2 aS.1 /2b /2MbBiûb /2 DmpûMBH2b :y /2 THB2 2M
kyRy U/`QBi2V �p2+ HǶ�MBbQi`QTB2 HQ+�H2 �bbQ+Bû2 U;�m+?2VX G� +�`i2 /2b �MBbQi`QTB2b
HQ+�H2b 2bi +�H+mHû2 bm` mM2 ;`BHH2 `û;mHBĕ`2 ¨ T�`iB` /2 /QMMû2b bm` H2 ;`�/B2Mi
#�i?vKûi`B[m2X

.�Mb +2ii2 b2+iBQM- BH bǶ�;Bi /Ƕ2tTHQBi2` THmb HǶBM7Q`K�iBQM �TTQ`iû2 T�` H� p�@
`BQ;`�T?B2X G� TQ`iû2 /ǶmM p�`BQ;`�KK2 i?ûQ`B[m2 U};m`2 kXkV /û}MBi mM2 û+?2HH2
bT�iB�H2 bi`m+im`�Mi2 TQm` H2 T`Q+2bbmb KQ/ûHBbûX *2ii2 p�H2m` /û}MBi HǶû+?2HH2 ¨
H�[m2HH2 H2 T`Q+2bbmb � HB2m 2i Qɍ bQM BM~m2M+2 T`2M/ }M U"2?`2Mb 2i �HX- kyRN c
"2?`2Mb �M/ _Qbb2H- kykyVX .�Mb mM +�/`2 KmHiBp�`Bû- Qɍ H2 T`Q+2bbmb ûim/Bû 2bi
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/û}MB T�` mM 2Mb2K#H2 /2 T�`�Kĕi`2b KQ/ûHBbûb +QMDQBMi2K2Mi T�` mM 2Mb2K#H2 /2
p�`BQ;`�KK2b 2i /2 +Qp�`BQ;`�KK2b- +2ii2 �TT`Q+?2 � /ûD¨ Tm āi`2 KBb2 2M ƾmp`2
TQm` /û+`B`2 2i B/2MiB}2` H2b û+?2HH2b bT�iB�H2b �bbQ+Bû2b ¨ /Bzû`2Mib b2`pB+2b û+Qbvb@
iûKB[m2b /�Mb mM2 TH�BM2 +?BMQBb2 GBm 2i �HX UkyRdVX liBHBb�Mi H2 KQ/ĕH2 HBMû�B`2 /2
+Q`û;BQM�HBb�iBQM UGJ* 2M �M;H�Bb TQm` V- GBm 2i �HX
UkyRdV QMi /ûKQMi`û [m2 H2b K2bm`2b /2 ;2biBQM /2p�B2Mi �p�Mi iQmi b2 +QM+2Mi`2`
¨ /2mt û+?2HH2b bT�iB�H2b �}M /Ƕ�pQB` HǶBKT�+i H2 THmb 2{+�+2X *2b /2mt û+?2HH2b
URk 2i 3j FKV QMi ûiû 2ti`�Bi2b /2b �Dmbi2K2Mib /m GJ*- 2i `2HBû2b �mt xQM�;2b
�/KBMBbi`�iB7b /2 H� xQM2 UpBHH2b 2i T`û72+im`2bVX AH bǶ�;Bi /QM+ B+B /2 /ûTHQv2` +2ii2
�TT`Q+?2 /�Mb HǶ2bim�B`2 /2 a2BM2 �}M /2 /ûi2`KBM2` Q#D2+iBp2K2Mi H2b û+?2HH2b
bT�iB�H2b [mB +QM/BiBQMM2Mi H2b /Bbi`B#miBQMb 2M /2MbBiû /2 TQBbbQMb DmpûMBH2bX

G2 KQ/ĕH2 /2 +Q`û;BQM�HBb�iBQM 2bi mM2 ;ûMû`�HBb�iBQM /2 HǶ�Dmbi2K2Mi /2 p�`BQ@
;`�KK2b bBKTH2b 2i +`QBbûbX AH 2bi miBHBbû /�Mb HǶ2biBK�iBQM /2b /2MbBiûb T�` +QF`B@
;2�;2- K�Bb �mbbB /�Mb H2b +?�TBi`2b T`û+û/2Mib Qɍ HǶ�Dmbi2K2Mi /2b p�`BQ;`�KK2b
2tTû`BK2Mi�mt bǶ2z2+im�B2Mi ¨ HǶ�B/2 /ǶmM 2z2i TûTBi2 2i /ǶmM2 bi`m+im`2 bT?û`B[m2
mMB[m2 UpQB` +?�TBi`2 kVX .�Mb +2ii2 b2+iBQM- H2 KQ/ĕH2 /2 +Q`û;BQM�HBb�iBQM 7�Bi BM@
i2`p2MB` THmbB2m`b bi`m+im`2b /Bzû`2Mi2b UbT?û`B[m2b- HBMû�B`2 2i TûTBiB[m2V [mB bQMi
�Dmbiû2b TQm` H2b p�`BQ;`�KK2b bBKTH2b 2i +`QBbûbX aQBi Zix U�p2+ i p�`B�Mi /2 R ¨
NV H2b 7QM+iBQMb �Hû�iQB`2b [mB T2mp2Mi āi`2 /û+QKTQbû2b 2M +QKTQb�Mi2b bT�iB�H2b
MQM +Q``ûHû2b Zi

u(x) �p2+

Zi(x) =
S
∑

u=0

Zi
u(x) UdXR8V

� +2b /Bzû`2Mi2b +QKTQb�Mi2b QM �bbQ+B2 mM2 +Qp�`B�M+2 Cu
ij(h) /2 T�HB2` buij 2i /2

7QM+iBQM /2 +Q``ûH�iBQM ρuX

Cij(h) =
S
∑

u=0

Cu
ij(h) =

S
∑

u=0

buijρu UdXReV
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1M `2;`QmT�Mi H2b T�HB2`b buij 2M S +1 K�i`B+2b /2 +Q`û;BQM�HBb�iBQM Bu- QM Q#iB2Mi

C(h) =
S
∑

u=0

Buρu(h) UdXRdV

G2 KQ/ĕH2 /2 p�`BQ;`�KK2 Bbbm /m KQ/ĕH2 HBMû�B`2 /2 +Q`û;BQM�HBb�iBQM 2bi
/û}MB �BMbB ,

Γ(h) =
S
∑

u=0

Bugu(h) UdXR3V

Qɍ H2b gu(h) bQMi H2b p�`BQ;`�KK2b MQ`KûbX
G2b K�i`B+2b /2 +Q`û;BQM�HBb�iBQM `2;`QmT2Mi H2b T�HB2`b /2 +?�[m2 p�`BQ;`�KK2b

bBKTH2b 2i +`QBbûb- K�Bb H2b TQ`iû2b /2b bi`m+im`2b �mt[m2HH2b 2HH2b bQMi HBû2b bQMi
+QKKmM2bX G2b TQ`iû2b `2T`ûb2Mi2Mi H2b û+?2HH2b /2b T`Q+2bbmb bT�iB�mt- i�M/Bb [m2
H2b T�HB2`b /QMM2Mi HǶBKTQ`i�M+2 /2 HǶû+?2HH2 /�Mb H2 p�`BQ;`�KK2 bBKTH2 2i H2b
`2H�iBQMb 2Mi`2 p�`B�#H2b ¨ +2ii2 û+?2HH2 /�Mb H2b p�`BQ;`�KK2b +`QBbûbX

"B2M [mǶ?BbiQ`B[m2K2Mi HǶ�Dmbi2K2Mi /m KQ/ĕH2 /2 +Q`û;BQM�HBb�iBQM �Bi ûiû
/û}MB T�` :QmH�`/ �M/ oQHix URNNkV- mM �Dmbi2K2Mi /ûp2HQTTû T�` .2b�bbBb �M/
_2M�`/ UkyRjV 2M `2H�iBQM �p2+ HǶ2MpB`QMM2K2Mi /2 i`�p�BH U_2M�`/ 2i �HX- kyRNV
b2`� miBHBbû B+B- �p2+ mM2 T`Q+û/m`2 Biû`�iBp2 /2b KQBM/`2b +�``ûbX

�m iQi�H- Rk p�`B�#H2b bQMi BMiû;`û2b /�Mb H2 GJ*- e p�`B�#H2b #BQiB[m2b 2i e
p�`B�#H2b �#BQiB[m2b U};m`2 dXRRV- ¨ b�pQB` ,

RX H2b /2MbBiûb /2 HBK�M/2 :y
kX H2b /2MbBiûb /2 HBK�M/2 :R
jX H2b /2MbBiûb /2 THB2 :y
9X H2b /2MbBiûb /2 THB2 :R
8X H2b /2MbBiûb /2 bQH2 :y
eX H2b /2MbBiûb /2 bQH2 :R
dX H� ;�mbbB2MM2 R Bbbm2 /2b S:a bm`

H2b ?�#Bi�ib 1lLAa

3X H� ;�mbbB2MM2 k Bbbm2 /2b S:a bm`
H2b ?�#Bi�ib 1lLAa

NX H� i2KTû`�im`2 /2 HǶ2�m

RyX H� b�HBMBiû

RRX H� /2MbBiû /2 M�pB`2 /2 Tā+?2 U2M
?2m`2 T�` ?2+i�`2V

RkX H� im`#B/Biû

R98



dXRR Ĝ o�`BQ;`�KK2b bBKTH2b Ubm` H� /B�;QM�H2 bmTû`B2m`2V 2i +`QBbûb 2t@
Tû`BK2Mi�mt UT�MM2�mt BM7û`B2m`bV /2b Rk p�`B�#H2b- �p2+ HǶ�Dmbi2K2Mi /2b p�`BQ@
;`�KK2b i?ûQ`B[m2b T�` H2 KQ/ĕH2 HBMû�B`2 /2 +Q`û;BQM�Hb�iBQM UHB;M2 #H2m2VX lM
p�`BQ;`�KK2 +`QBbû 2bi /ûi2`KBMû 2M `2+QmT�Mi H2b p�`B�#H2b BM/B[mû2b bm` H� /B�;Q@
M�H2 UT�` 2t2KTH2 H2 p�`BQ;`�KK2 +`QBbû /2 H� HBK�M/2 :R �p2+ H� i2KTû`�im`2 2bi
`2T`ûb2Miû bm` H� /2mtBĕK2 +QHQMM2 2i H� M2mpBĕK2 HB;M2 /2 HǶ2Mb2K#H2 /2b };m`2bVX

*2ii2 ûim/2 bǶ2bi 7Q+�HBbû2 bm` H2b �MMû2b kyRd- kyR3 2i kyRN- 2M HB2M �p2+ H�
/BbTQMB#BHBiû /2b BM7Q`K�iBQMb miBHBbû2bX G2b T�`�Kĕi`2b 2MpB`QMM2K2Mi�mt Ui2K@
Tû`�im`2- b�HBMBiû- im`#B/BiûV 2i H2b /2MbBiûb /2b DmpûMBH2b bQMi K2bm`ûb T2M/�Mi
H� +�KT�;M2 LPl_a1AL1- i�M/Bb [m2 H� /2MbBiû /2 M�pB`2b /2 Tā+?2 2bi 2ti`�Bi2
/2b TQ`i�BHb 2m`QTû2Mb /Bzmb�Mi H� /QMMû2 K�`BM2 U1KQ/M2i- kyRNVX G2b 7�+Bĕb bû/B@
K2Mi�B`2b `2T`ûb2Miûb T�` H2b S:a bQMi `2T`ûb2Miûb bm` H� };m`2 dXeX *QMi`�B`2K2Mi
�m +?�TBi`2 e Qɍ H2b i`QBb +Q?Q`i2b ûi�B2Mi ûim/Bû2b- b2mH2b H2b +Q?Q`i2b :y 2i :R
bQMi +QMbB/û`û2b- �}M /Ƕ�pQB` /2b /QMMû2b bm{b�KK2Mi MQK#`2mb2b TQm` �bbm`2`
H� `2T`ûb2Mi�iBpBiû /2b `ûbmHi�ibX

GǶ�Dmbi2K2Mi /2b p�`BQ;`�KK2b i?ûQ`B[m2b ¨ HǶ2Mb2K#H2 /2 +2b Rk p�`B�#H2b �
ûiû 7�Bi 2M T`2M�Mi 2M +QKTi2 , mM 2z2i TûTBi2- /2mt bi`m+im`2b bT?û`B[m2b 2i
mM2 bi`m+im`2 HBMû�B`2X GǶ2z2i TûTBi2 2bi H¨ TQm` T`2M/`2 2M +QKTi2 H2b 2z2ib ¨
KB+`Q@û+?2HH2- H2b bT?û`B[m2b TQm` /ûi2`KBM2` H2b bi`m+im`2b /2b p�`BQ;`�KK2b- 2i
H2 HBMû�B`2 KQ/ûHBb2 H2b bi`m+im`2b ¨ i`ĕb HQM;m2 TQ`iû2X G2b TQ`iû2b Q#i2Mm2b TQm`
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H2b /2mt bi`m+im`2b bT?û`B[m2b bQMi yXy3y U2MpB`QM eFKV 2i yXRej U2MpB`QM RkFKVX
G2 HBMû�B`2 TQbbĕ/2 mM 7�+i2m` /BpBb�Mi h ¨ yXkeR UkRFKVX *2 7�+i2m` 2bi û;�H2@
K2Mi �TT2Hû TQ`iû2 /�Mb H2b 7QM+iBQMb miBHBbû2b- K�Bb 2bi T`ûb2Mi TQm` TQM/û`2`
H� T�`iB2 HBMû�B`2 bm` H2b /Bbi�M+2b BM7û`B2m`2b ¨ +2 7�+i2m` /�Mb HǶ�Dmbi2K2Mi /m
p�`BQ;`�KK2X 1M miBHBb�Mi H2b MQ`K2b K�i`B+B2HH2b- HǶBKTQ`i�M+2 `2H�iBp2 /2 +?�[m2
bi`m+im`2 2bi �M�Hvbû2X GǶ2z2i TûTBi2 `2T`ûb2Mi2 9jW- H2 bT?û`B[m2 ¨ T2iBi2 û+?2HH2
ReW- H2 bT?û`B[m2 ¨ ;`�M/2 û+?2HH2 kRW 2i H2 HBMû�B`2 ¨ kkWX G2b i`QBb bi`m+im`2b
p�`BQ;`�T?B[m2b bQMi /QM+ iQmi2b bB;MB}+�iBp2b /�Mb H� /2b+`BTiBQM /2 H� p�`B�M+2
/m D2m /2 /QMMû2b BMBiB�HX G� /QKBM�M+2 /2b bi`m+im`2b � û;�H2K2Mi ûiû Q#b2`pû2
/�Mb H2b p�`BQ;`�KK2b /2 +?�[m2 p�`B�#H2 U};m`2 dXRkVX

dXRk Ĝ o�`B�M+2 `2H�iBp2 /2 HǶBKTQ`i�M+2 /2 +?�[m2 bi`m+im`2 /m KQ/ĕH2
HBMû�B`2 /2 +Q`û;BQM�HBb�iBQM UGBM , KQ/ĕH2 HBMû�B`2- GQM; , KQ/ĕH2 bT?û`B[m2 /2
TQ`iû2 e FK- a?Q`i , KQ/ĕH2 bT?û`B[m2 /2 TQ`iû2 RkFK- Lm;;2i , 2z2i TûTBi2VX

G� TûTBi2 UKB+`Q@û+?2HH2V `2T`ûb2Mi2 THmb /2 8yW /2 H� p�`B�M+2 TQm` iQmi2b H2b
p�`B�#H2b #BQiB[m2bX G� T2iBi2 û+?2HH2 M2 bǶ2tT`BK2 [m2 /�Mb [m2H[m2b p�`B�#H2b , H2b
/2mt +Q?Q`i2b /2 bQH2b �BMbB [m2 H2b ;�mbbB2MM2b- 2i ¨ KQBM/`2 BKTQ`i�M+2 /�Mb H�
+Q?Q`i2 :y /2 THB2 2i H� im`#B/BiûX G� HQM;m2 û+?2HH2 2bi T2m 2tT`BKû2 U¨ HǶ2t+2TiBQM
/2 H� /2MbBiû /2 M�pB`2bV 2i H2 HBMû�B`2 2bi 7Q`i2K2Mi `2T`ûb2Miû /�Mb H2b p�`B�#H2b
2MpB`QMM2K2Mi�H2bX *2 /2`MB2` TQBMi � /Ƕ�mi�Mi THmb /2 b2Mb [m2 i2KTû`�im`2 2i
b�HBMBiû bQMi bi`m+im`û2b 2M ;`�/B2Mib /�Mb HǶ2bim�B`2- +2 [mB KĕM2 ¨ /2b bi`m+im`2b
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¨ ;`�M/2 û+?2HH2X
G2b `2H�iBQMb 2Mi`2 H2b /Bzû`2Mi2b p�`B�#H2b bQMi �M�Hvbû2b ¨ HǶ�B/2 /ǶmM2 �M�Hvb2

2M +QKTQb�Mi2 T`BM+BT�H2 U�*SV 2z2+imû2 bm` +?�[m2 K�i`B+2 /2 +Q`û;BQM�HBb�iBQM-
+Ƕ2bi ¨ /B`2 T�` û+?2HH2 +�`�+iû`BbiB[m2 U};m`2 dXRjVX G2 T`2KB2` �t2 /2 +?�[m2 �*S
bûT�`2 7Q`i2K2Mi H2b p�`B�#H2b 2M /2mt bQmb@2Mb2K#H2b U/Bzû`2Mib b2HQM H2b û+?2HH2b
+2T2M/�MiV 2i /2 K�MBĕ`2 ;ûMû`�H2- H2b /2mt T`2KB2`b TH�Mb 7�+iQ`B2Hb 2tTHB[m2Mi
mM2 H�`;2 TQ`iBQM /2 H� p�`B�#BHBiû U2Mi`2 e9X8W 2i RyyWVX

G2b +Q?Q`i2b /2 +?�[m2 2bTĕ+2 bQMi `2;`QmTû2b 2i +2 T2m BKTQ`i2 HǶû+?2HH2 +QMbB@
/û`û2X G2b p�`B�#H2b #BQiB[m2b bQMi mMB[m2K2Mi ;`QmTû2b ¨ KB+`Q@û+?2HH2 2i T2iBi2
û+?2HH2X �m+mM2 `2H�iBQM MǶ2bi bi�#H2 TQm` H2b HBK�M/2b bm` iQmi2b H2b û+?2HH2bX �
HQM;m2 û+?2HH2 QM `2i`Qmp2 /2b +Q``ûH�iBQMb �p2+ H2b THB2b :R TQm` H2b /2mt +Q?Q`i2b
TmBb H� bi`m+im`2 /2b M�pB`2b /2 Tā+?2 TQm` H2b HBK�M/2b :y 2i H2b bQH2b :R 2i 2M}M
2Mi`2 H� im`#B/Biû 2i H2b HBK�M/2 :RX G2b +Q?Q`i2b /2 bQH2b bQMi 7Q`i2K2Mi +Q``ûHû2b
�mt THB2b :y b�m7 ¨ KB+`Q@û+?2HH2- [m2 +2 bQBi TQbBiBp2K2Mi Qm Mû;�iBp2K2MiX

�m+mM2 p�`B�#H2 �#BQiB[m2 M2 b2K#H2 �pQB` /2 `2H�iBQMb bi�#H2b �p2+ /2b p�`B�#H2b
#BQiB[m2b- K�Bb H� im`#B/Biû 2bi Mû;�iBp2 TQm` THB2 :R ¨ ;`�M/2 û+?2HH2X 1M THmb /2
H� `2H�iBQM /2b +Q?Q`i2b /2 bQH2b 2Mi`2 2HH2b- BH 2tBbi2 mM2 7Q`i2 `2H�iBQM Mû;�iBp2 �p2+
H� b�HBMBiû 2i H� /2MbBiû /2 M�pB`2b /2 Tā+?2 bm` iQmi2b H2b û+?2HH2b b�m7 H� THmb T2iBi2
UTûTBi2V 2i H� bi`m+im`2 bT�iB�H2 /m bû/BK2Mi �TT�`�ŗi bm` H2b ;`�M/2b û+?2HH2b /2
bQH2b :yX

GǶûim/2 /2b `2H�iBQMb 2Mi`2 2bTĕ+2b 2i 2MpB`QMM2K2Mi T�` H2 #B�Bb /m KQ/ĕH2 /2
+Q`û;BQM�HBb�iBQM � T2`KBb /Ƕ2tTHQ`2` HǶ?ûiû`Q;ûMûBiû bT�iB�H2 /�Mb HǶQ`;�MBb�iBQM
/2b +Q?Q`i2b /2 DmpûMBH2b /�Mb HǶ2bim�B`2 /2 a2BM2X G� `ûTQMb2 2MpB`QMM2K2Mi�H2
/2b TQBbbQMb TH�ib 2bi û+?2HH2 /ûT2M/�Mi2X GǶ�TTQ`i /2 HǶBM+HmbBQM /2 HǶû+?2HH2 bT�@
iB�H2 T2mi bǶûp�Hm2` 2M +QKT�`�Mi H2b `ûbmHi�i /2 HǶ�*S /2 H� K�i`B+2 /2 p�`B�M+2@
+Qp�`B�M+2 [mB M2 +QMbB/ĕ`2 T�b H� /BK2MbBQM bT�iB�H2 U};m`2 dXR9VX aB QM M2 +QMbB@
/ĕ`2 T�b HǶû+?2HH2 bT�iB�H2- H2b bi`m+im`2b BMi2`@bTû+B}[m2b bQMi 7Q`i2K2Mi +Q``ûHû2b
H2b mM2b �mt �mi`2b 2i BM/B[m2Mi HǶBKTQ`i�M+2 /2b T`2bbBQMb #BQiB[m2b /�Mb HǶ2b@
im�B`2 /2 a2BM2X *2`i�BMb HB2Mb ûi�#HBb /�Mb H2b +?�TBi`2b T`û+û/2Mib- MQi�KK2Mi
H� `2H�iBQM 2Mi`2 H2b /2MbBiûb /2b +Q?Q`i2b /2 HBK�M/2b 2i H� T`Q7QM/2m`- bQMi `2@
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dXRj Ĝ �M�Hvb2 2M +QKTQb�Mi2b T`BM+BT�H2b /2 +?�+mM2 /2b K�i`B+2b /2
+Q`û;BQM�HBb�iBQM TQm` H2b Rk p�`B�#H2b ûim/Bû2bX J�i`B+2b , 2z2i TûTBi2 ULm;;2iV-
KQ/ĕH2 bT?û`B[m2 /2 TQ`iû2 eFK Ua?Q`i bT?2`B+V- KQ/ĕH2 bT?û`B[m2 /2 TQ`iû2
RkFK UGQM; bT?2`B+V- KQ/ĕH2 HBMû�B`2 UGBM2�`VX o�`B�#H2b , /2MbBiû /2b bQH2b /2b
;`QmT2b :y 2i :R UaQH:P 2i aQH:RV- /2MbBiû /2b HBK�M/2b /2b ;`QmT2b :y 2i :R
U.�#:P 2i .�#:RV- /2MbBiû /2b THB2b /2b ;`QmT2b :y 2i :R USH�:P 2i SH�:RV-
i2KTû`�im`2 /2 HǶ2�m Uh2KTV- im`#B/Biû Uhm`#V- 7�+Bĕb bû/BK2Mi�B`2 2i T`Q7QM/2m`
Ua2/ 2i .2Ti?V- /2MbBiû /2 M�pB`2b /2 Tā+?2 Uo2bb2HVX

i`Qmpûb /�Mb HǶ�M�Hvb2 /m KQ/ĕH2 HBMû�B`2 /2 +Q`û;BQM�HBb�iBQM- BM/B[m�Mi [m2 H2b
`ûbmHi�ib bQMi `2T`ûb2Mi�iB7b /2b `û�HBiûb û+QHQ;B[m2bX *2ii2 `2H�iBQM 2bi /Ƕ�BHH2m`b H�
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T`BM+BT�H2 `2H�iBQM 2tBbi�Mi2 2Mi`2 /2b p�`B�#H2b #BQiB[m2b 2i mM2 p�`B�#H2 �#BQiB[m2X
.�Mb mM2 KQBM/`2 K2bm`2 H� im`#B/Biû b2K#H2 BM~m2M+2` H2b /2MbBiûb /2b +Q?Q`i2b
/2 THB2 2i /2 bQH2X

dXR9 Ĝ �M�Hvb2 2M +QKTQb�Mi2b T`BM+BT�H2b /2 H� K�i`B+2 /2 p�`B�M+2@
+Qp�`B�M+2 /m KQ/ĕH2 /2 +Q`û;BQM�HBb�iBQM TQm` H2b Rk p�`B�#H2b ûim/Bû2bX o�`B�#H2b ,
/2MbBiû /2b bQH2b /2b ;`QmT2b :y 2i :R UaQH:P 2i aQH:RV- /2MbBiû /2b HBK�M/2b
/2b ;`QmT2b :y 2i :R U.�#:P 2i .�#:RV- /2MbBiû /2b THB2b /2b ;`QmT2b :y 2i :R
USH�:P 2i SH�:RV- i2KTû`�im`2 /2 HǶ2�m Uh2KTV- im`#B/Biû Uhm`#V- 7�+Bĕb bû/BK2M@
i�B`2 2i T`Q7QM/2m` Ua2/ 2i .2Ti?V- /2MbBiû /2 M�pB`2 /2 Tā+?2b Uo2bb2HVX

G2 GJ* `ûpĕH2 [mǶBH 2tBbi2 /2b HB2Mb 2Mi`2 H2b p�`B�#H2b 2MpB`QMM2K2Mi�H2b 2i
H2b p�`B�#H2b #BQiB[m2b [m�M/ H2b û+?2HH2b bT�iB�H2b bQMi BMiû;`û2b /�Mb HǶ�M�Hvb2X
G� b�HBMBiû bi`m+im`2 �BMbB H2b /2MbBiûb /2 THB2b �mt KB+`Qb 2i HQM;m2b û+?2HH2bX *2b
+Q?Q`i2b `2KQMi�Mi T2m /�Mb HǶ2bim�B`2 /2 a2BM2 2i T`ûb2Mi�Mi mM T`û7û`2M/mK
TQm` H2b b�HBMBiûb ûH2pû2b- BH 2bi +Q?û`2Mi /2 `2i`Qmp2` mM2 `2H�iBQM 2Mi`2 H� THB2 2i
H� b�HBMBiûX G2 7�Bi [m2 +2ii2 `2H�iBQM bQBi K�b[mû2 bB QM M2 +QMbB/ĕ`2 T�b H� MQiBQM
/Ƕû+?2HH2 T`QpB2Mi TQi2MiB2HH2K2Mi /m 7�Bi [m2 H� THB2 M2 bmBi T�b mM2 /Bbi`B#miBQM
2M ;`�/B2Mi +QKK2 H� bi`m+im`2 /2 H� b�HBMBiûX
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GǶ�M�Hvb2 /2 HǶBKTQ`i�M+2 /2 +?�[m2 bi`m+im`2 /m KQ/ĕH2 /2 +Q`û;BQM�HBb�iBQM
/�Mb H2b p�`BQ;`�KK2b bBKTH2b U};m`2 dXRkV KQMi`2 [m2 H� bi`m+im`2 /2b p�`B�#H2b
#BQiB[m2b 2bi K�H /û}MB2X G� p�`B�M+2 /2b bi`m+im`2b #BQiB[m2b 2bi +QMi2Mm2 /�Mb
H� KB+`Q@û+?2HH2- H� T`2KBĕ`2 TQ`iû2 ûi�Mi ¨ eFKX lM2 Kûi� �M�Hvb2 K2Mû2 T�`
G2 S�T2 �M/ *Q;M2x UkyReV KQMi`2 [m2 b�Mb K�`û2b- H2b KQmp2K2Mib /2 DmpûMBH2b
/2 TQBbbQMb TH�ib bQMi /2 HǶQ`/`2 /2 H� +2Mi�BM2 /2 Kĕi`2bX *2ii2 7�B#H2 �KTHBim/2
/2 KQmp2K2Mi KĕM2 ¨ /2b T�i+?b /�Mb H� /Bbi`B#miBQM /2b DmpûMBH2b [mB bQMi /2
HǶQ`/`2 /2 8FK /�Mb mM ;`�/B2Mi 2bim�`B2M 2i RyFK bm` H� +Ƭi2X .�Mb H2 +?�TBi`2
e- H� /ûi2`KBM�iBQM /m MQK#`2 /2 T�i+?b �p�Bi mM2 /Bbi�M+2 +`BiB[m2 /2 0.19- bQBi
R8FKX G2 +?QBt �p�Bi �HQ`b ûiû 7�Bi /2 T`2M/`2 mM2 /Bbi�M+2 ¨ H�[m2HH2 H2 MQK#`2 /2
T�i+?b ûi�Bi bi�#H2X GǶQ`/`2 /2 ;`�M/2m` 2bi �BMbB bmTû`B2m` ¨ +2 [mB 2bi BM/B[mû /�Mb
H� #B#HBQ;`�T?B2X *2T2M/�Mi- H� /Bbi�M+2 2bi /û}MB2 TQm` +QKT�`2` i`QBb +Q?Q`i2b
2i i`QBb 2bTĕ+2b /Bzû`2Mi2bX .�Mb +2b +QM/BiBQMb- H2b `ûbmHi�ib bQMi T`Q+?2b /2b
RyFK BM/B[mûb T�` HǶûim/2X .2 THmb- H2b bi`m+im`2b bT?û`B[m2b QMi /2b Q`/`2b /2
;`�M/2m`b bBKBH�B`2b �mt KQmp2K2Mib BM/B[mûbX G2 ;`�/B2Mi 2bim�`B2M /2 T�i+?b /2
8FK /û}MB /�Mb G2 S�T2 �M/ *Q;M2x UkyReV 2bi bBKBH�B`2 /2 H� bi`m+im`2 bT?û`B[m2
¨ eFK- +2 [mB DmbiB}2 bQM 2tT`2bbBQM `2H�iBp2K2Mi 7Q`i2 /�Mb H2b +Q?Q`i2b /2 bQH2b-
[mB `2T`ûb2Mi2Mi H2 i�tQM H2 THmb 2bim�`B2M /2 HǶûim/2X G2 bT?û`B[m2 /2 TQ`iû2 RkFK
b2K#H2 T`Q+?2 /2 H� /Bbi�M+2 /û}MBbb�Mi H2b T�i+?b +ƬiB2`b /2 G2 S�T2 �M/ *Q;M2x
UkyReV B/2MiB}û2 ¨ RyFKX *2T2M/�Mi +2ii2 bi`m+im`2 MǶ2bi T�b 2tT`BKû2 /2 K�MBĕ`2
bB;MB}+�iBp2 /�Mb H2b p�`BQ;`�KK2b /2 p�`B�#H2b #BQiB[m2bX

.ǶmM2 K�MBĕ`2 ;ûMû`�H2- H2b `ûbmHi�ib /m GJ* i2M/2Mi ¨ KQMi`2` [m2 HǶû+?�M@
iBHHQMM�;2 LPl_a1AL1 MǶ2bi T�b H2 THmb �/�Tiû TQm` /û+`B`2 H2b bi`m+im`2b bT�@
iB�H2b /2 }M2b û+?2HH2b 2Mi2 /2MbBiûb /2 DmpûMBH2b 2i 2M HB2M �p2+ H2b p�`B�#H2b �#BQ@
iB[m2bX G� T�`i TûTBiB[m2 BKTQ`i�Mi2 2i HǶ2tBbi2M+2 /2 T�i+? /QMi H� i�BHH2 +Q``2b@
TQM/ ¨ H� bi`m+im`2 �Dmbiû2 KQMi`2Mi [mǶmM2 T�`i MQM Mû;HB;2�#H2 b2 i`Qmp2 ¨ mM2
û+?2HH2 MQM `ûbQHm2 T�` H2 TH�M /Ƕû+?�MiBHHQMM�;2 2i /QM+ i`QT 7�B#H2 TQm` āi`2 /û@
i2+iû2 /�Mb H� #�b2 /2 /QMMû2b �+im2HH2X G2 bmBpB LPl_a1AL1 � ûiû ûi�#HB TQm`
û+?�MiBHHQMM2` HǶ2bim�B`2 /2 a2BM2 2i TQmpQB` ûi�#HB` H2b /Bbi`B#miBQMb /2 /Bzû`2Mib
i�tQMb /ûK2`b�mt- MQi�KK2Mi /2b TQBbbQMb TH�ibX aB H2b �B`2b /2 /Bbi`B#miBQM bQMi
K�BMi2M�Mi #B2M +QMMm2b- H2b bi`m+im`2b bT�iB�H2b /2 +?�[m2 TQTmH�iBQM MǶQMi ûiû
ûim/Bû2b- ¨ MQi`2 +QMM�Bbb�M+2- [m2 /�Mb +2 K�Mmb+`BiX G2 +?�TBi`2 e � /ûD¨ KQMi`û
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H2b HBKBi2b /m TH�M /Ƕû+?�MiBHHQMM�;2 HQ`b[mǶBH ûi�Bi Mû+2bb�B`2 /2 bmBp`2 mM +2`i�BM
MQK#`2 /2 bi�iBQMb /�Mb H2 i2KTbX G2 GJ* � [m�MiB}û 2M mM b2Mb +2ii2 HBKBi2X SQm`
p�HB/2` +2 `ûbmHi�i- BH +QMpB2M/`�Bi /2 T`Q+û/2` ¨ mM2 +�KT�;M2 /û/Bû2 �KûHBQ`�Mi
H� `ûbQHmiBQM bT�iB�H2 �+im2HH2X GǶBMiû;`�iBQM /2 H� +�KT�;M2 LPl_a1AL1 /�Mb H2
+�M2p�b `û;H2K2Mi�B`2 /2b /B`2+iBp2b +�/`2b bm` HǶ2�m `2M/ Mû�MKQBMb /B{+BH2 mM2
KQ/B}+�iBQM /m T`QiQ+QH2 �+im2HX

*2T2M/�Mi- HǶQmiBH � �mbbB KQMi`û [m2 /2b BMi2`�+iBQMb MQM bB;MB}+�iBp2b b�Mb H�
/BK2MbBQM bT�iB�H2 2tBbi�B2Mi 2Mi`2 /2b p�`B�#H2b #BQiB[m2b 2i �#BQiB[m2bX G2 GJ*
� �BMbB +QKTHûiû H2b `ûbmHi�ib /m +?�TBi`2 T`û+û/2Mi Qɍ HǶ2MpB`QMM2K2Mi MǶ�p�Bi T�b
ûiû BMiû;`ûX 1M `2p�M+?2- mM /2b `ûbmHi�ib K�`[m�Mib 2bi H� +Q?û`2M+2 /2b bi`m+im`2b
bT�iB�H2b 2Mi`2 +Q?Q`i2b TQm` +?�[m2 2bTĕ+2 /2 TQBbbQMb TH�ib ûim/Bû2bX J�H;`û H2b
/Bzû`2M+2b 2Mi`2 +Q?Q`i2b KQMi`û2b bm` H� };m`2 eXj 2i /�Mb H� #B#HBQ;`�T?B2 U:B#bQM
2i �HX- kyyk- TQm` H� THB2V- H2b bi`m+im`2b M2 +?�M;2Mi T�b /`�biB[m2K2Mi 2Mi`2 H2b
/2mt +Q?Q`i2b 2i `2bi2Mi +Q``ûHû2b HǶmM2 ¨ HǶ�mi`2X

GǶBKTQ`i�iBQM /2b p�`B�#H2b �#BQiB[m2b i2HH2b [m2 H2 /û#Bi ~mpB�H Qm H2b +Qm@
`�Mib T2`K2ii`�Bi /Ƕ�#Q`/2` /2b T`Q+2bbmb û+QHQ;B[m2b HBûb ¨ /Ƕ�mi`2b T?ûMQKĕM2b
T?vbB[m2b U/Bbi`B#miBQM 2M �MMû2b bĕ+?2b Qm ¨ 7Q`i /û#Bi T�` 2t2KTH2VX *2T2M/�Mi-
+2b p�`B�#H2b `2bi2Mi ¨ HǶ?2m`2 �+im2HH2 BM�++2bbB#H2b T�` HǶQ#b2`p�iBQMX *2b i`�p�mt
�TTmB2Mi ¨ MQmp2�m HǶBKTQ`i�M+2 /2b `2H�iBQMb #BQiB[m2b /�Mb H� MQm``B+2`B2 /2
HǶ2bim�B`2 /2 a2BM2X GǶûim/2 BMi2`@+Q?Q`i2b- #B2M [mǶ2HH2 MǶ�Bi T�b KQMi`û /2 T`Q+2b@
bmb /Bzû`2Mib TQm` +?�[m2 2bTĕ+2- `2M7Q`+2 H� bi�#BHBiû /2b /Bbi`B#miBQMb /�Mb H�
MQm``B+2`B2 2i +QM}`K2 H2b `ûbmHi�ib /2b T`û+û/2Mib +?�TBi`2bX

*2 +?�TBi`2 � T`ûb2Miû i`QBb i`�p�mt /û/Bûb ¨ HǶBMiû;`�iBQM /2 H� /BK2MbBQM
bT�iB�H2 /�Mb HǶ�M�Hvb2 /2 H� /Bbi`B#miBQM /2 /2MbBiûb /2 DmpûMBH2bX 1M i`�p�BHH�Mi
¨ /Bzû`2Mi2b û+?2HH2b UKQMQ@bTû+B}[m2 TQm` H2 F`B;2�;2 aS.1 2i KmHiB@bTû+B}[m2
TQm` H2 GJ*V- +2b i`�p�mt /ûKQMi`2Mi H� T2`iBM2M+2 /2b �TT`Q+?2b ;ûQbi�iBbiB[m2b
TQm` `ûTQM/`2 ¨ /2b [m2biBQMM2K2Mib û+QHQ;B[m2bX JQBMb �#QmiBb 2M i2`K2b /2 `û@
bmHi�ib û+QHQ;B[m2b TQm` H� T`2KBĕ`2 b2+iBQM- BHb +QM}`K2Mi Mû�MKQBMb H2b `ûbmHi�ib
/2b +?�TBi`2b T`û+û/2Mib 2i- /�Mb H2 +�b /m GJ*- TQb2Mi H� [m2biBQM /2 HǶ�/û[m�@
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iBQM /2b Kûi?Q/QHQ;B2b /2 bmBpBb TQm` �TT`û?2M/2` H� +QKTH2tBiû /2b T`Q+2bbmb 2M
Q2mp`2 [mB bi`m+im`2Mi HǶQ`;�MBb�iBQM bT�iB�H2b /2b DmpûMBH2b /2 TQBbbQMb TH�ib /�Mb
HǶ2bim�B`2X
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G2b 2bim�B`2b- /2 T�` H2m` 7`�;BHBiû 2i H2b bi`2bb �Mi?`QTB[m2b �mt[m2Hb BHb bQMi
bQmKBb- bQMi /2b û+QbvbiĕK2b `û;mHBĕ`2K2Mi bmBpBbX 1M 6`�M+2- H� `2+?2`+?2 bm` H2b
2bim�B`2b 2bi KQiBpû2 T�` H� T`ûb2M+2 bm` H2 i2``BiQB`2 M�iBQM�H /2 ;`�M/b 2bim�B`2b
K�+`QiB/�mt i2Hb [m2 +2HmB /2 H� :B`QM/2 U635km2V- H� aQKK2 U72km2V- H� GQB`2
U60km2V 2i H� a2BM2 U50km2VX �m@/2H¨ /2b MQK#`2mb2b T`2bbBQMb /ûD¨ ûpQ[mû2b
[mB Tĕb2Mi bm` +2b û+QbvbiĕK2b- BHb TQbbĕ/2Mi û;�H2K2Mi mM2 /vM�KB[m2 M�im`2HH2
/ûT2M/�Mi2 /2b K�`û2b 2i /2 T�`�Kĕi`2b i2Hb [m2 H� im`#B/Biû U.2#Q`/2 2i �HX-
kyydV- bm` H�[m2HH2 pB2MM2Mi bǶ�DQmi2` H2b /vM�KB[m2b /2b T`2bbBQMb �Mi?`QTB[m2b
[mB- 2M 7QM+iBQM /2 H2m` BMi2MbBiû +QKTH2tB}2Mi H� /vM�KB[m2 M�im`2HH2 U:`�bbQ
�M/ G2 >B`- kyRNVX *2b /vM�KB[m2b bT�iBQ@i2KTQ`2HH2b 2MpB`QMM2K2Mi�H2b /QBp2Mi
KQiBp2` HǶmiBHBb�iBQM /m K�BHHQM +QKKmM�mi�B`2 �}M /2 T2`+2pQB` �m KB2mt H2b T`Q@
+2bbmb û+QHQ;B[m2b 2M Q2mp`2X SHmbB2m`b ûim/2b QMi i`�p�BHHû bm` H2 HB2M 2Mi`2 H2b
+QKKmM�miûb /2 TQBbbQMb 2bim�`B2Mb 2i H2b +?�M;2K2Mib 2MpB`QMM2K2Mi�mt U*�@
#`�H 2i �HX- kyyR c J�2b 2i �HX- kyy9 c J�`iBM?Q 2i �HX- kyydVX *2b ûim/2b KQMi`2Mi
[m2 H2b HB2Mb �p2+ HǶ2MpB`QMM2K2Mi M2 bQMi T�b HBMû�B`2b- �p2+ /2b T�i`QMb /2 p�`B�@
iBQMb b�BbQMMBĕ`2b UJ�2b 2i �HX- kyy9V- K�Bb �mbbB mM2 p�`B�#BHBiû BMi2`@2bim�B`2X aB
J�`iBM?Q 2i �HX UkyydV KQMi`2Mi HǶBKT�+i /2 H� bû+?2`2bb2 /�Mb H2b +QKKmM�miûb
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/2 HǶ2bim�B`2 /m JQM/2;Q- J�2b 2i �HX Ukyy9V M2 `2iB2MM2Mi T�b H2 /û#Bi /2 HǶ1b+�mi
Ua+?2H/2 2M 6H�M/`2bV +QKK2 T�`�Kĕi`2 bi`m+im`�Mi /2 HǶ�#QM/�M+2 /2 TQBbbQMbX
lM2 /2b `�BbQMb ûpQ[mû2b 2bi [m2 H� `ûTQMb2 ¨ HǶ2MpB`QMM2K2Mi M2 bmBi T�b mM2
`2H�iBQM HBMû�B`2- K�Bb �ii2BMi mM QTiBKmK �p�Mi /Ƕ�pQB` mM2 `ûTQMb2 Mû;�iBp2 ¨
+2 KāK2 T�`�Kĕi`2X .2 THmb- BH 7�mi i2MB` +QKTi2 /m 7�Bi [mǶ¨ HǶû+?2HH2 +QKKm@
M�mi�B`2- /Bzû`2Mi2b `ûTQMb2b bTû+B}[m2b b2 +`QBb2Mi 2i BMi2`�;Bbb2Mi U*Qbi� 2i �HX-
kyydVX AH 7�mi /QM+ bûT�`2` H2b 7Q`Ï�;2b 2MpB`QMM2K2Mi�mt [mB pQMi �ii2BM/`2 iQmi2
H� +QKKmM�miû #BQHQ;B[m2 UT2`i2 /Ƕ?�#Bi�i- MBp2�mt /2 TQHHmiBQMbV /2b 7Q`Ï�;2b
[mB KQ/B}2Mi H� +QKTQbBiBQM /2 +QKKmM�miûbX

1M 6`�M+2- HǶ�TT`Q+?2 +QKKmM�mi�B`2 � ûiû �TTHB[mû2 TQm` ûim/B2` H2b +?�M;2@
K2Mib /2 MQK#`2mt 2bim�B`2bX 1M :B`QM/2- HǶBKT�+i /2b �+iBpBiûb ?mK�BM2b 2bi /û@
+2Hû T�` H� #BQ�++mKmH�iBQM /2 S*"b USQHv+?HQ`Q#BT?ûMvH2- +QKTQbû bvMi?ûiB[m2V
+?2x /Bzû`2Mi2b 2bTĕ+2b +Hûb /2b +QKKmM�miûb /2 TQBbbQMb /2 HǶ2bim�B`2 U"Q/BM
2i �HX- kyR9VX .2 THmb- THmbB2m`b i`�MbBiBQMb /�Mb +2b +QKKmM�miûb QMi ûiû B/2M@
iB}û2b U*?2pBHHQi 2i �HX- kyReVX G2b �mi2m`b /û+`Bp2Mi mM2 +QKKmM�miû K�`[mû2
T�` /2 7Q`i2b �#QM/�M+2b /Ƕ2bTĕ+2b �KT?B/`QK2b U2z2+im�Mi /2b KB;`�iBQMb 2�mt
/Qm+2b@2�mt b�Hû2b /m`�Mi bQM +v+H2 /2 pB2V [mB bm#Bi mM2 Tû`BQ/2 /2 K�`BMBb�iBQM
/�Mb H2b �MMû2b RNNy [mB �#QmiBi /�Mb H2b �MMû2b kyyy ¨ HǶûi�#HBbb2K2Mi /�Mb HǶ2b@
im�B`2 /2 H� MQm``B+2`B2 /2 TQBbbQMb K�`BMb `2KTH�Ï�Mi H� xQM2 /2 MQm``Bbb�;2 TQm`
2bTĕ+2b �KT?B/`QK2bX AH 2tBbi2 û;�H2K2Mi /2b /2b+`BTiBQMb /2 HǶûi�i /2b +QKKm@
M�miûb /2 TQBbbQMb /�Mb HǶ2bim�B`2 /m JQMi a�BMi@JB+?2H UG�z�BHH2 2i �HX- kyyyV 2i
H2b 2bim�B`2b /2 LQ`/ /2 H� 6`�M+2 , 2bim�B`2b /2 H� aQKK2- /2 H� *�M+?2 2i /2
HǶ�miB2 Ua2HH2bH�;? �M/ �K�`�- kyy3 c a2HH2bH�;? 2i �HX- kyyN c �m#2` 2i �HX- kyRdVX
GǶ2bim�B`2 /2 a2BM2 /�Mb +2ii2 #B#HBQ;`�T?B2 2bi bQmp2Mi `2Hû;mû ¨ mM TQBMi /2 +QK@
T�`�BbQM �p2+ /Ƕ�mi`2b û+QbvbiĕK2b- /2 T�` H2b T`2bbBQMb �Mi?`QTB[m2b T`ûb2Mi2bX
.�Mb _Q+?2i 2i �HX Ukyy8V- HǶmiBHBb�iBQM /ǶBM/B+�i2m`b /2 i2M/�M+2 KQMi`2 [m2 H�
+QKKmM�miû /2 TQBbbQMb /2 HǶ2bim�B`2 /2 a2BM2 MǶ� T�b bm#B /2 +?�M;2K2Mib bB@
;MB}+�iB7b 2Mi`2 RNN8 2i kyykX 1M i2`K2 /2 +QKKmM�miûb K�`BM2b- +Ƕ2bi HǶmM2 /2b
b2mH2b Tm#HB+�iBQMb b+B2MiB}[m2b [mB /QMM2 mM2 BM/B+�iBQM bm` H2b /vM�KB[m2b /2
+?�M;2K2MibX .�Mb /Ƕ�mi`2b ûim/2b- HǶ2bim�B`2 2bi BMiû;`û /�Mb H2b �M�Hvb2b K�Bb
�#b2Mi /2 H� T`ûb2Mi�iBQM /2 +2`i�BMb `ûbmHi�ib U"`BM/Ƕ�KQm` �M/ GQ#`v- kyyNVX
G� 7QM+iBQM /2 MQm``B+2`B2 /2 HǶ2bim�B`2- Qɍ H� TQHHmiBQM BKT�+i2 H2b TQTmH�iBQMb
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/2 DmpûMBH2b U*Qm``�i 2i �HX- kyyNV 2i H2 7QM+iBQMM2K2Mi i`QT?B[m2 Uh2++?BQ 2i �HX-
kyReV `�bb2K#H2Mi H� K�DQ`Biû /2b �`iB+H2bX G2 +?�TBi`2 8 pB2Mi /QM+ +QKTHûi2` H2b
ûHûK2Mib T`ûb2Mib 2bb2MiB2HH2K2Mi /�Mb /2b `�TTQ`ib Qm /2b /Q+mK2Mib i2+?MB[m2b
UJQ`BM 2i �HX- kyRyVX G� +�`�+iû`Bb�iBQM /2b +QKKmM�miûb /2 TQBbbQMb T2mi āi`2
KBb2 2M HB2M �p2+ +2HH2 /Ƕ�mi`2b +QKKmM�miûb #BQHQ;B[m2b /2 HǶ2bim�B`2 +QKK2 H�
7�mM2 #2Mi?B[m2 U"�+QmBHH�`/ 2i �HX- kykyV- Qɍ H� bi�#BHBiû /2b bi`m+im`2b Q#b2`pû2b
�m MBp2�m #2Mi?B[m2 2bi bBKBH�B`2 ¨ +2HH2 /2b `ûbmHi�ib Q#i2Mmb TQm` H2b +QKKm@
M�miûb /2 TQBbbQMbX lM2 �mi`2 +QKT�`�BbQM T2mi b2 7�B`2 �p2+ H2b ûim/2b ¨ HǶû+?2HH2
`û;BQM�H2 +QKK2 H2b ûim/2b 2z2+imû2b 2M J�M+?2 Uo�x 2i �HX- kyydVX GǶmiBHBb�iBQM
/2b /QMMû2b /2 H� +�KT�;M2 *:6a U*?�MM2H :`QmM/ 6Bb? am`p2v- +7X +?�TBi`2
jV +�`�+iû`Bb2 H2b +QKKmM�miûb /2 HǶ2bim�B`2 /2 a2BM2 +QKK2 ûi�Mi BM7ûQ/û2b ¨
/2b bû/BK2Mib ?ûiû`Q;ĕM2b 2i b2MbB#H2 �mt p�`B�iBQMb /2 b�HBMBiû 2i /2 i2KTû`�im`2X
G2b `ûbmHi�ib /2 HǶûim/2 �TTmB2Mi �mbbB H� bi�#BHBiû /2 H� bi`m+im`2 /2b +QKKmM�m@
iûb /�Mb H2 i2KTbX GǶû+?2HH2 +QKKmM�mi�B`2 2bi /QM+ mM K�BHHQM BKTQ`i�Mi TQm`
HǶûim/2 /2b T`Q+2bbmb û+QbvbiûKB[m2b K�Bb û;�H2K2Mi TQm` mM2 ûim/2 BMiû;`û2 /2b
TQTmH�iBQMbX

G2b `ûbmHi�ib /2b +?�TBi`2b 8 2i e QMi /ûT2BMi mM2 MQm``B+2`B2 7Q`i2K2Mi bi`m+@
im`û2 bT�iB�H2K2Mi- �p2+ mM2 /vM�KB[m2 i2KTQ`2HH2 THmb +QMi`�biû2X G2b ;`�/B2Mib
/2 b�HBMBiû 2i /2 T`Q7QM/2m`- K�Bb �mbbB H� T`Q/m+iBQM T`BK�B`2 2i H� im`#B/Biû-
b2K#H2Mi /ûHBKBi2` H� `ûT�`iBiBQM /�Mb HǶ2bT�+2 /2b +QKKmM�miûbX .�Mb HǶ2bim�B`2
/m a+?2H/i- H� b�HBMBiû +QMi`B#m2 /Ƕ�BHH2m`b /2 K�MBĕ`2 bB;MB}+�iBp2 ¨ H� p�`B�iBQM
/Ƕ�#QM/�M+2 /2 +2`i�BM2b 2bTĕ+2b i2HH2b [m2 - mM /2b ;Q@
#B2b H2b THmb 7`û[m2Mib /�Mb HǶ2bim�B`2 /2 a2BM2- H� bQH2 Qm 2M+Q`2 H2 ~2i

UJ�2b 2i �HX- kyy9VX G2b �bb2K#H�;2b /2 TQBbbQMb /û+`Bib /QBp2Mi
T2`K2ii`2 /ǶB/2MiB}2` �m KB2mt H2b +QM/BiBQMb 2MpB`QMM2K2Mi�H2b /�Mb H2b[m2HH2b
H2b DmpûMBH2b bQMi `2i`QmpûbX G� bi�#BHBiû `2H�iBp2 /2b +QKKmM�miûb BM/B[m2 bQBi
mM2 `ûbBHB2M+2 /2b +QKKmM�miûb +ƬiBĕ`2b- bQBi mM2 bi�#BHBiû `2H�iBp2 /2b T�`�Kĕi`2b
bi`m+im`�Mi H� +QKKmM�miûX P`- H� /vM�KB[m2 /2 HǶ2bim�B`2 `2M/ H2b 7QM/b bû/B@
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K2Mi�B`2b p�`B�#H2b- bQmKBb �m /û#Bi /2 H� a2BM2 2i �mt �TTQ`ib Bbbm2b /2b �+iBpBiûb
?mK�BM2bX G2bQm`/ 2i �HX UkyReV QMi �BMbB `�TTQ`iû H2 T�bb�;2 2Mi`2 mM2 Tû`BQ/2
RNNj@RNNe �p2+ /2b p�b2b [mB Q++mT�B2Mi 9yW /2 H� bm`7�+2 /2 HǶ2K#Qm+?m`2- ¨ kyyN
Qɍ 2HH2b M2 `2T`ûb2Mi2Mi THmb [m2 8W /2 +2ii2 bm`7�+2X *2b +?�M;2K2Mib T2mp2Mi
2tTHB[m2` HǶ�++`QBbb2K2Mi /2 HǶ�bb2K#H�;2 ¨ ;Q#B2b [mB 2bi ûi�#HBX 1M 2z2i-

2bi mM2 2bTĕ+2 [mB b2 `2i`Qmp2 /2 T`û7û`2M+2 bm` +2b 7QM/b b�#H2mt U_BH2v-
kyydVX *2ii2 T2`i2 /Ƕ?�#Bi�i p�b2mt- [mB +Q``2bTQM/ ¨ HǶ?�#Bi�i T`û7û`2MiB2H /2b
DmpûMBH2b /2 bQH2- � T�` �BHH2m`b û;�H2K2Mi 2Mi`�ŗMû mM2 `û/m+iBQM /2 HǶ�#QM/�M+2
¨ HǶû+?2HH2 /2 HǶ2bim�B`2 /2b DmpûMBH2b /2 +2ii2 2bTĕ+2 U_Q+?2ii2 2i �HX- kyRyVX �
HǶBMp2`b2- H� bm`7�+2 /Ƕ?�#Bi�ib b�#H2mt T2m T`Q7QM/b- 7�pQ`�#H2 �mt DmpûMBH2b /2
THB2b- � �m;K2MiûX *2H� �m`�Bi Tm b2 i`�/mB`2 T�` /2b �#QM/�M+2b THmb ûH2pû2b Qm
mM �;`�M/Bbb2K2Mi /2 H� bm`7�+2 +QHQMBbû2 T�` +2ii2 2bTĕ+2- +2T2M/�Mi H2b p�H2m`b
/ǶBM/B+2b /ǶQ++mT�iBQM bT�iB�H2 M2 b2K#H2Mi T�b `2~ûi2` mM i2H T?ûMQKĕM2X GǶ2tTHB@
+�iBQM 2bi T2mi@āi`2 +2HH2 �TTQ`iû2 T�` "`�/H2v 2i �HX UkyRNVX G2m` ûim/2 KQMi`2
[mǶ�m@/2H¨ /2 H� M�im`2 /2 HǶ?�#Bi�i +Ƕ2bi b� +QKTH2tBiû [mB 7�pQ`Bb2`�Bi bQM miBHB@
b�iBQM T�` H2b TQBbbQMb DmpûMBH2bX G� +QKTH2tBiû /ǶmM ?�#Bi�i T2mi b2 /û}MB` T�`
H� T`ûb2M+2 /ǶûHûK2Mib #BQiB[m2b U2bTĕ+2b b2bbBH2b- ?2`#B2`bV 2i �#BQiB[m2b U/û#`Bb-
`Q+?2`bV [mB �DQmi2Mi /2 HǶ?ûiû`Q;ûMûBiû UJBF?22p 2i �HX- kyRyVX .�Mb HǶ2bim�B`2 /2
a2BM2- H� +QKTH2tBiû /2b ?�#Bi�ib 2bi �KQBM/`B2- �p2+ /2b /`�;�;2b `û+m``2Mib /QMi
H2b bBi2b /2 /ûTƬib bQMi- TQm` +2`i�BMb- /�Mb H� xQM2 /2 MQm``B+2`B2 UJ�`KBM 2i �HX-
kyR9VX �BMbB- H2b +QKKmM�miûb #2Mi?B[m2b /2 HǶ2bim�B`2 /û+`Bi2b T�` "�z`2�m 2i �HX
UkyRdV bQMi `ûT�`iB2b bm` /2b xQM2b /2 bû/BK2Mi �TT�mp`B2b 2M bQ`iB2 /Ƕ2bim�B`2 2i
/2b ?�#Bi�ib ¨ - KQHHmb[m2 #Bp�Hp2 QTTQ`imMBbi2 [mB bǶBMbi�HH2 /�Mb +2b
KBHB2mt T2`im`#ûbX *2b /ûbi�#BHBb�iBQMb /2 HǶ?�#Bi�i T2mp2Mi `û/mB`2 HǶBMbi�HH�iBQM
/2b DmpûMBH2b /�Mb H2b xQM2b +QM+2`Mû2bX

G� T`ûb2M+2 /Ƕ2bTĕ+2b BMp�bBp2b i2HH2b [m2 H2 +iûMQT?Q`2 2bi
û;�H2K2Mi MQi�#H2 /�Mb H� xQM2 /Ƕûim/2 U�Mi�D�M 2i �HX- kyR9VX *2ii2 2bTĕ+2 2bi
`2bTQMb�#H2 /2 H� /û;`�/�iBQM /2 THmbB2m`b û+QbvbiĕK2b 2M 1m`QT2X 6��bb2 2i �HX
UkyyeV 7QMi ûi�i /2 +2ii2 2bTĕ+2 2M K2` /m LQ`/ 2i /2 HǶBKT�+i [mǶ2HH2 T2mi �pQB`
bm` H2b Tā+?2`B2b /2 THB2 2i /2 bQH2 T�` T`û/�iBQM /2b ƾm7b 2i /2b H�`p2bX 1HH2 T2mi
/QM+ +QMi`B#m2` ¨ `2M/`2 HǶ2bim�B`2 KQBMb T`QTB+2 ¨ HǶBMbi�HH�iBQM /2b H�`p2b /2 TQBb@
bQMb TH�ibX
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lM2 /2b +QM+HmbBQMb /2b i`�p�mt /2 i?ĕb2 2bi H� +?mi2 2M #BQK�bb2 /2b i�tQMb
TH�M+iQMQT?�;2b- [mB `2T`ûb2Mi2Mi û;�H2K2Mi mM �bb2K#H�;2 i�tBMQKB[m2 T�`iB+m@
HB2`X �m@/2H¨ /2b +?�M;2K2Mib /2 +QM/BiBQMb 2MpB`QMM2K2Mi�H2b /ûD¨ ûpQ[mûb 2M
/Bb+mbbBQM /m +?�TBi`2 8- mM TQBMi `2H�iB7 ¨ HǶ2M;BM /2 Tā+?2 miBHBbû /�Mb H� +�K@
T�;M2 LPl_a1AL1 T2mi āi`2 �#Q`/û B+BX G2 +?�Hmi ¨ T2`+?2 U/2 k Qm /2 j Kĕi`2bV
2bi 7�Bi TQm` û+?�MiBHHQMM2` /2 K�MBĕ`2 `2T`ûb2Mi�iBp2 H2b +QKKmM�miûb #2Mi?Q@
/ûK2`b�H2b /2b 7QM/b K2m#H2bX AH T2`K2i /2 TQmpQB` bmBp`2 +Q``2+i2K2Mi H2b �#QM@
/�M+2b /Ƕ2bTĕ+2b i2HH2b [m2 H� bQH2- H2 K2`H�M- H2 #�` Qm 2M+Q`2 H� THB2X AH � ûiû
/ûKQMi`û [m2 H2b +QKKmM�miûb #2Mi?B[m2b /ûT2BMi2b T�` H2b +�Tim`2b �m +?�Hmi
¨ T2`+?2 bQMi û;�H2K2Mi `2T`ûb2Mi�iBp2b /2 H� T`Q/m+iBpBiû #2Mi?B[m2 U.�v 2i �HX-
kykyVX G2b T2iBib TQBbbQMb TûH�;B[m2b T2mp2Mi /QM+ M2 T�b āi`2 û+?�MiBHHQMMûb /2
K�MBĕ`2 b�iBb7�Bb�Mi2 2i BMi`Q/mB`2 /2b #B�Bb /�Mb H2b BM7Q`K�iBQMb `û+QHiû2bX G2b
?�`2M;b ûi�Mi T`ûb2Mib /�Mb H2b û+?�MiBHHQMM�;2b /2b T`2KBĕ`2b +�KT�;M2b K�Bb
THmb T�` H� bmBi2- KQMi`2Mi +2T2M/�Mi [m2 +2ii2 `2T`ûb2Mi�iBQM /BKBMm2 #2H 2i #B2M
/�Mb HǶ2bim�B`2X AH 2bi �mbbB TQbbB#H2 [m2 HǶBMi2`�+iBQM /2 H� /vM�KB[m2 /2 TQTmH�@
iBQM 2Mi`2 /Bzû`2Mi2b 2bTĕ+2b /2 TQBbbQMb TûH�;B[m2b M2 TmBbb2 āi`2 �TT`û?2M/û2
T�` H2 +?�Hmi ¨ T2`+?2- MQi�KK2Mi +2HH2 2Mi`2 ?�`2M;b 2i b�`/BM2b U�H?2Bi �M/ >�@
;2M- RNNdVX G2b b�`/BM2b UiQmi2b +H�bb2b /Ƕ�;2 +QM7QM/m2bV bQMi T`ûb2Mi2b /�Mb H�
#�B2 /2 a2BM2 ¨ H� bQ`iB2 /2 HǶ2bim�B`2 /2 a2BM2 Uo�x 2i �HX- kyy9 c *�`T2MiB2` 2i �HX-
kyyNVX 1M `2p�M+?2- H2m` +�Tim`2 b2K#H2 āi`2 b2MbB#H2 ¨ HǶ2M;BM /2 Tā+?2 miBHBbû-
2i /2b +?�Hmib /2 7QM/ ¨ ;`�M/2 Qmp2`im`2 p2`iB+�H2 b2K#H2Mi �pQB` mM2 K2BHH2m`2
+�Tim`�#BHBiû U*�`T2MiB2` 2i �HX- kyyNVX lM �mi`2 TQBMi 2bi [m2 H� /Bbi`B#miBQM /2b
Q2m7b /2 b�`/BM2b /�Mb H� J�M+?2 M2 b2K#H2 T�b K�`[m2` H� #�B2 /2 a2BM2 +QKK2
mM2 xQM2 Qɍ H2b H�`p2b b2 +QM+2Mi`2Mi U*QQK#b 2i �HX- kyy8VX *2H� �TTmB2 H2 7�Bi
[m2 H2b DmpûMBH2b /2 b�`/BM2b M2 +QHQMBb2Mi T�b HǶ2bim�B`2- 2i /QM+ [m2 H� 7QM+iBQM
/2 TH�M+iQMQT?�;B2 2bi KQBMb `2T`ûb2Miû2 /2 7�ÏQM ;ûMû`�H2 /�Mb H� MQm``B+2`B2X

"B2M [m2 H2 bmBpB T2`K2ii2 /2 HQ+�HBb2` H� MQm``B+2`B2 �m@/2H¨ /2 HǶBbQ#�i?2 /2b 8
Kĕi`2b /2 7QM/- BH 2tBbi2 mM2 T�`iB2 /2b T`Q+2bbmb /2 H� MQm``B+2`B2 2M �KQMi [mB M2
T2mi āi`2 Q#b2`pû �p2+ +2 D2m /2 /QMMû2bX G2b p�bBĕ`2b BMi2`iB/�H2b T`ûb2Mi2b /�Mb
+2ii2 T�`iB2 /2 HǶ2bim�B`2 bQMi TQm`i�Mi /2b ?�#Bi�ib 2bb2MiB2Hb ¨ +2`i�BM2b 2bTĕ+2b
UE2`�K#`mM 2i �HX- kyRj c .�v 2i �HX- kykRVX *2ii2 MQM@T`QbT2+iBQM /2 HǶ�KQMi 2bi
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mM2 /2b `�BbQMb TQm` H�[m2HH2 H2b TQBbbQMb TH�ib QMi ûiû THmb ûim/Bûb [m2 H2b 2bTĕ+2b
/ûK2`b�H2b- /QMi H� KQ#BHBiû 7�Bi [m2 HǶBK�;2 /2 H� /Bbi`B#miBQM /û+`Bi2 ¨ HǶBMbi�Mi
/m bmBpB M2 `2~ĕi2 T�b 2MiBĕ`2K2Mi HǶmiBHBb�iBQM /2 HǶ2bim�B`2 T�` +2b 2bTĕ+2b U.�v
2i �HX- kykRVX .Ƕ�mi`2b `�BbQMb bQMi H2m` 7Q`i BMiû`āi +QKK2`+B�H /�Mb H� `û;BQM �BMbB
[m2 H� +�Tim`�#BHBiû ûH2pû2 �p2+ HǶ2M;BM /2 Tā+?2 miBHBbûX

G2b `ûbmHi�ib /2 H� i?ĕb2 K2ii2Mi 2M �p�Mi HǶBMiû`āi /2 i`�p�BHH2` ¨ mM2 û+?2HH2
KmHiB@bTû+B}[m2 Qm +QKKmM�mi�B`2X �m@/2H¨ /m HB2M �p2+ HǶû+QbvbiĕK2- HǶB/û2 ûi�Bi
/2 TQmpQB` BMiû;`2` HǶBKTQ`i�M+2 /2b `2H�iBQMb #BQiB[m2b /�Mb HǶQ++mT�iBQM /2 H�
MQm``B+2`B2X .�Mb H� HBiiû`�im`2 2M û+QHQ;B2- +2b `2H�iBQMb bQMi bQmp2Mi BMiû;`û2b
/�Mb /2b KQ/ĕH2b /2 MB+?2 Qm /2 /Bbi`B#miBQM UqBbx 2i �HX- kyRjVX .�Mb HǶ2bim�B`2
/2 a2BM2- HǶûim/2 /2b `2H�iBQMb i`QT?B[m2b � ûiû 7�Bi2 ¨ HǶû+?2HH2 /2 HǶû+QbvbiĕK2
Qɍ HǶ?ûiû`Q;ûMûBiû /2b ?�#Bi�ib � Tm āi`2 /ûKQMi`û2 Uh2++?BQ 2i �HX- kyR8V- 2i ¨
HǶû+?2HH2 bTû+B}[m2 Qɍ H2b `û;BK2b i`QT?B[m2b KQMi`2Mi /2b bTû+B�HBb�iBQMb 2Mi`2 2b@
Tĕ+2b T`Q+?2b i�tQMQKB[m2K2Mi U.�mpBM 2i �HX- kyRk- �MM2t2 dV 2i /2b miBHBb�iBQMb
/Bzû`2Mi2b /2 HǶ2bT�+2 U.�v 2i �HX- kykRVX .�Mb /Ƕ�mi`2b û+QbvbiĕK2b- H2b BMi2`�+@
iBQMb #BQiB[m2b bQMi bQmp2Mi HBû2b ¨ /2b T?ûMQKĕM2b /2 +QKTûiBiBQM TQm` HǶ2bT�+2
U6�`B� �M/ �HK�/�- kyyRV Qm ¨ /2b `ûTQMb2b ¨ HǶ2MpB`QMM2K2Mi UEQ`/�b 2i �HX-
kyRRVX

1M KBHB2m /mH+B+QH2 UH�+b 2i `BpBĕ`2bV- HǶûim/2 /2b BMi2`�+iBQMb #BQiB[m2b 2bi #2�m@
+QmT THmb BMiû;`û2X G� `2pm2 /2 aBHFM2ii2` 2i �HX UkykyV KQMi`2 H2b +�b /ǶBMi2`�+@
iBQMb #BQiB[m2b TQbBiBp2b- �p2+ /2b +�b /2 Kmim�HBbK2b TQm` H� `2bbQm`+2 i`QT?B[m2-
H� T`Qi2+iBQM Qm H2b /ûTH�+2K2Mib /�Mb HǶ2MpB`QMM2K2MiX G2b �mi2m`b /2 H� `2pm2
bm;;ĕ`2Mi û;�H2K2Mi /Ƕûim/B2` H2b `2H�iBQMb #BQiB[m2b ¨ HǶû+?2HH2 /2b TQTmH�iBQMb 2i
/2b +QKKmM�miûb- 2i /ǶBMiû;`2` H2b û+?2HH2b bT�iB�H2b /�Mb +2b `2H�iBQMbX .2b ûim/2b
+QKK2 +2HH2 /2 JQi�@62``2B`� �M/ "2D� UkykyV �TTHB[m2Mi +2b `2+QKK�M/�iBQMb
2M BMiû;`�Mi /2b KQ/ĕH2b ;ûQbi�iBbiB[m2b /�Mb /2b KQ/ĕH2b /2 /Bbi`B#miBQMX *2H�
�TTmB2 H� T2`iBM2M+2 /2 H� Kûi?Q/QHQ;B2 2KTHQvû2 /�Mb H2 +?�TBi`2 dX

lM2 �mi`2 7�ÏQM /2 K2bm`2` HǶBKTQ`i�M+2 /2b `2H�iBQMb #BQiB[m2b 2bi /2 +QKT�`2`
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û;�H2K2Mi H2b `ûbmHi�ib [mB 2tBbi2Mi bm` H2b /Bbi`B#miBQMb /2 DmpûMBH2b 2M 2bim�B`2
/2 a2BM2X SQm` BHHmbi`2` +2ii2 +QKT�`�BbQM- H2b `ûbmHi�ib /2 bQH2b :y Q#i2Mmb T�`
_Q+?2ii2 2i �HX UkyRyV bQMi `�TT`Q+?ûb /2b `ûbmHi�ib Bbbmb /m KQ/ĕH2 /2 +QF`B;2�;2
/û+`Bi b2+iBQM dXRXj /�Mb H2 +?�TBi`2 dX

G2 KQ/ĕH2 T`ûb2Miû /�Mb _Q+?2ii2 2i �HX UkyRyV 2bi +QMbi`mBi �p2+ H2b p�`B�#H2b
/2 b2+i2m`b ;ûQ;`�T?B[m2- /2 #�i?vKûi`B2 2i /2 bû/BK2MiX *2ii2 /2`MBĕ`2 p�`B�#H2
MǶûi�Mi T�b bB;MB}+�iBp2- 2HH2 MǶ2bi T�b +QMb2`pû2 /�Mb H2b bQmb@KQ/ĕH2b /2 HǶûim/2X
.�Mb H2 KQ/ĕH2 /2 +Q`û;BQM�HBb�iBQM- H2b bQH2b :y bQMi KBb2b 2M `2H�iBQM �p2+ H�
T`ûb2M+2 /2 THB2b :y �BMbB [mǶ�p2+ HǶ?�#Bi�i #2Mi?B[m2 /BpBbû 2M /2mt p�`B�#H2b
;�mbbB2MM2bX G2b p�`BQ;`�KK2b +`QBbûb KQMi`2Mi [m2 H� /BbiBM+iBQM b�#H2 2i p�b2b
MǶ2bi T�b bi`m+im`�Mi2 TQm` H� T`ûb2M+2 /2 bQH2b :y- K�Bb [m2 H� T`ûb2M+2 /2 THB2b
:y 2i H� T`Q7QM/2m` HǶ2biX G2b p�HB/�iBQMb +`QBbû2b �TTmB2Mi HǶ�KûHBQ`�iBQM /2b T`û@
/B+iBQMb �p2+ H2b MQmp2HH2b p�`B�#H2bX .ǶmM +Ƭiû H2b KQ/ĕH2b /2 _Q+?2ii2 2i �HX UkyRyV
QMi mM �bT2+i [m�MiBi�iB7 /2 HǶ�mi`2 b2mH2 HǶQ++m``2M+2 /2 H� bQH2 2i /QM+ b� T`û@
b2M+2 2bi ûim/Bû2X *2T2M/�Mi TQm` +QKT�`2` H2b `ûbmHi�ib /2 +2b /2mt �TT`Q+?2b-
H2b BM/B+2b /Ƕ�#QM/�M+2b T2mp2Mi āi`2 i`�Mb7Q`Kûb 2M T`ûb2M+2 TQm` H2b MBp2�mt H2b
THmb ?�mib 2i 2M �#b2M+2 TQm` H2b MBp2�mt H2b THmb #�b U};m`2 3XRVX

G2b +�`i2b Q#i2Mm2b bQMi ;HQ#�H2K2Mi bBKBH�B`2b K�Bb T`ûb2Mi2Mi �mbbB [m2H[m2b
/Bzû`2M+2b MQi�#H2b /�Mb HǶBM7Q`K�iBQM [mǶ2HH2b i`�MbK2ii2MiX G2b +�`i2b /2 _Q@
+?2ii2 2i �HX UkyRyV KQMi`2Mi /2b �#QM/�M+2b /2 bQH2b bm` iQmi2 H� xQM2 /2 y ¨
8 Kĕi`2b 2Mi`2 G2 >�p`2 2i PmBbi`2?�KX G2 +?2M�H /2 M�pB;�iBQM 2bi [m�Mi ¨ HmB
T2m T`QTB+2 �mt DmpûMBH2b /2 bQH2bX am` H2 `ûbmHi�i /2 +QF`B;2�;2- H� xQM2 /2b y@8
Kĕi`2b MǶ2bi T�b T`ûb2Miû2 /2 K�MBĕ`2 mMB7Q`K2 2i H2 +?2M�H /2 M�pB;�iBQM MǶ2bi
T�b /ûHBKBiû MQM THmbX .2 THmb- mM2 xQM2 /2 T`ûb2M+2 mM T2m THmb �m H�`;2 /2
HǶ2K#Qm+?m`2 b2K#H2 û;�H2K2Mi b2 /BbiBM;m2`X G2 +QF`B;2�;2 2bi `û�HBbû /�Mb mM
TQHv;QM2 b�Mb �m+mM2 +QMi`�BMi2- +2 [mB 2Mi`�ŗM2 HǶ�#b2M+2 /2 /Bb+2`M2K2Mi TQm`
H2 +?2M�H /2 M�pB;�iBQM- �HQ`b [m2 H2 KQ/ĕH2 /2 _Q+?2ii2 2i �HX UkyRyV /BbiBM;m2
H� xQM2 bm#iB/�H2 /2 H� xQM2 BMi2`iB/�H2X G2b `ûbmHi�ib /2b +�KT�;M2b /m T`QD2i
*�S1a U"`BM/Ƕ�KQm` 2i �HX- kykRV KQMi`2Mi [m2 H2b DmpûMBH2b /2 bQH2b bQMi #B2M
T`ûb2Mib /�Mb +2ii2 xQM2 /2 HǶ2bim�B`2X

"B2M [m2 H2b :GJ U:2M2`�HBx2/ GBM2�` JQ/2HbV /2 _Q+?2ii2 2i �HX UkyRyV KQ@
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3XR

/ûHBb2Mi H2b `2H�iBQMb �p2+ HǶ2MpB`QMM2K2Mi #�bû2b bm` /Bzû`2Mi2b +�KT�;M2b- H�
/BK2MbBQM bT�iB�H2 MǶ2bi T�b T`Bb2 M2 +QKTi2X *2H� ;ûMĕ`2 /2b /2MbBiûb /2 bQH2b [mB
bQMi ûH2pû2b bm` H� +Ƭi2- �HQ`b [m2 H2b /QMMû2b 2i H2b `ûbmHi�ib /2 +QF`B;2�;2 M2 bmT@
TQ`i2Mi T�b +2ii2 ?vTQi?ĕb2X *2b 2bT�+2b BMi2`iB/�mt bQMi THmiƬi +QHQMBbûb T�` H2b
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DmpûMBH2b /2 THB2b- 2i HǶBMi2`�+iBQM Mû;�iBp2 /m KQ/ĕH2 ;ûQbi�iBbiB[m2 /BKBMm2 HǶBK@
TQ`i�M+2 /2b T`ûb2M+2b /2 bQH2b HQ`b[m2 /2b THB2b bQMi T`ûb2Mi2bX GǶ2t2KTH2 /QMMû
B+B BHHmbi`2 H� T2`iBM2M+2 /2b Kûi?Q/2b bT�iB�H2b 2i HǶ�TTQ`i /2 p�`B�#H2b #BQiB[m2b
TQm` HǶ�KûHBQ`�iBQM /2b KQ/ĕH2bX G� T`Bb2 2M +QKTi2 /2 H� /BK2MbBQM bT�iB�H2 2M
û+QHQ;B2 K�`BM2 2bi `û+2Mi2 Uai`QM; �M/ 1HHBQii- kyRdV 2i H2b 2zQ`ib /ǶBMiû;`�iBQM
û+QbvbiûKB[m2 2M b+B2M+2b ?�HB2miB[m2b US�i`B+F �M/ GBMF- kyR8V i2M/2Mi ¨ +QMbB@
/û`2` H2b T`Q+2bbmb #BQiB[m2b +QKK2 7Q`i2K2Mi bi`m+im`�MibX

G2b i`�p�mt ûH�#Q`ûb /�Mb +2ii2 i?ĕb2 bǶBMb+`Bp2Mi /�Mb +2ii2 /ûK�`+?2 /ǶBMiû@
;`�iBQM /2 H� /BK2MbBQM bT�iB�H2 2M HǶ�TTHB[m�Mi /�Mb mM +QMi2ti2 /2 MQm``B+2`B2X aB
HǶmiBHBb�iBQM /2b Kûi?Q/2b ;ûQbi�iBbiB[m2b MǶ2bi T�b MQmp2HH2 /�Mb H2 +?�KTb /2 HǶû+Q@
HQ;B2 2i /2 HǶ?�HB2miB[m2 US2iBi;�b- RNNj c qQBHH2x 2i �HX- kyydV- +2ii2 i?ĕb2 /ûKQMi`2
HǶBMiû`āi iQmDQm`b �+im2H /2 +2b Kûi?Q/2b TQm` H� +QKT`û?2MbBQM /2b û+QbvbiĕK2b
K�`BMbX lM /2b �t2b /2 `2+?2`+?2 H2b THmb 2tTHQ`ûb /�Mb H2b i`�p�mt K2Mûb B+B 2bi
H� `2H�iBQM 2Mi`2 H2b /Bzû`2Mi2b 2bTĕ+2b T`ûb2Mi2b /�Mb HǶ2bim�B`2X GǶBMiû;`�iBQM /2b
p�`B�#H2b #BQiB[m2b 2bi mM2 i?ûK�iB[m2 2M+Q`2 `û+2Mi2 2i T2m 2tTHQBiû2 U:�`+ő�@
:B`ƦM 2i �HX- kykyVX *2ii2 �TT`Q+?2 Mû+2bbBi2 mM2 pm2 +QKTHĕi2 /2 HǶû+QbvbiĕK2
ûim/Bû- +2 [mB /2pB2Mi H� MQ`K2 �p2+ H2 /ûp2HQTT2K2Mi /2b bmBpBb û+QbvbiûKB[m2b
U.Q`�v 2i �HX- kyR3VX G2b `ûbmHi�ib /2 H� i?ĕb2 QMi �#Q`/û +2b `2H�iBQMb #BQiB[m2b
�m b2BM /2 H� +QKKmM�miû /2 TQBbbQMbX G2b ûim/2b p�`BQ;`�T?B[m2b b2 bQMi �pû@
`û2b 2{+�+2b TQm` [m�MiB}2` bT�iB�H2K2Mi H2b `2H�iBQMb 2Mi`2 DmpûMBH2b /2 TQBbbQMb
TH�ib- 2i HǶBMiû;`�iBQM /2 +2b `2H�iBQMb � �K2Mû ¨ /2b `ûbmHi�ib +Q?û`2Mib 2M i2`K2b
û+QHQ;B[m2 2i bi�iBbiB[m2X G2b /ûp2HQTT2K2Mib TQbbB#H2b bQMi T`ûb2Miûb /�Mb HǶûim/2
/2 "�`#2` 2i �HX UkykRV [mB BMiĕ;`2 mM KQ/ĕH2 /2 +Q`û;BQM�HBb�iBQM /�Mb mM2 �T@
T`Q+?2 #�v2bB2MM2 ALG�@aS.1 UAMi2;`�i2/ L2bi2/ G�TH�+2 �TT`QtBK�iBQM rBi?
aiQ+?�biB+ S�`iB�H .Bz2`2MiB�H 1[m�iBQMVX G� +QK#BM�BbQM /2 +2b Kûi?Q/2b T2`K2i
/ǶBMiû;`2` H2b p�`B�#H2b #BQiB[m2b 2i /2 TQmpQB` BMi2`TQH2` H2b p�`B�#H2b /ǶBMiû`āib
bm` /2b TQBMib MQM@û+?�MiBHHQMMûbX "B2M [m2 H2 KQ/ĕH2 /2 +Q`û;BQM�HBb�iBQM M2 bQBi
T�b `û+2Mi U:QmH�`/ �M/ oQHix- RNNkV- bQM TQi2MiB2H 2M 7�Bi mM2 Kûi?Q/2 2M+Q`2
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T2`iBM2Mi2 TQm` �TT`û?2M/2` H2 7QM+iBQMM2K2Mi /2b +QKKmM�miûb ?�HB2miB[m2bX G�
+QKTQb�Mi2 bT�iB�H2 /�Mb H2b `2H�iBQMb û+QHQ;B[m2b 2bi û;�H2K2Mi /2 THmb 2M THmb
BMiû;`û2- [m2 +2 bQBi p2`b /2b û+?2HH2b THmb ;`�M/2b Uh?QKTbQM 2i �HX- kyR3V- Qm
p2`b mM2 /2b+`BTiBQM ¨ }M2 û+?2HH2 +QKK2 H2b i`�p�mt /m +?�TBi`2 dX G� `2+?2`+?2
/2 +2b û+?2HH2b bT�iB�H2 2bi KQiBpû2 T�` H� KBb2 2M TH�+2 /2 K2bm`2b /2 ;2biBQM [mB
TmBbb2Mi BM~m2M+2` H2b T`Q+2bbmb bT�iB�mt ûim/BûbX S�` 2t2KTH2- HǶB/2MiB}+�iBQM /2b
?�#Bi�ib pBbBiûb T�` /2b DmpûMBH2b /Ƕ2bTĕ+2b 2M /�M;2` /QBi T2`K2ii`2 mM2 K2BHH2m`2
T`Qi2+iBQM /2 HǶ2bTĕ+2 T�` H� KBb2 2M TH�+2 /2 MQmp2HH2b xQM2b /2 T`Qi2+iBQM UG2�`
2i �HX- kyRNVX

*2b 2t2KTH2b KQMi`2Mi [m2 HǶû+QHQ;B2 bT�iB�H2 2i KmHiBbTû+B}[m2 bQMi /2b i?û@
K�iB[m2b /QMi H2b 2MD2mt bQMi /Ƕ�+im�HBiû UGQr2``2@"�`#B2`B 2i �HX- kyRNV 2i [m2 H2b
;ûQbi�iBbiB[m2b `2T`ûb2Mi2Mi mM QmiBH �/�Tiû TQm` v `ûTQM/`2X *2ii2 i?ĕb2 �TTmB2
/QM+ H� Mû+2bbBiû /ǶBMiû;`2` +2b �bT2+ib /�Mb H2 /QK�BM2 ?�HB2miB[m2 �}M /ǶQ#i2MB`
mM2 K2BHH2m`2 �TT`û?2MbBQM /2b û+QbvbiĕK2b 2i /2b T`Q+2bbmb [mB H2b +�`�+iû`Bb2MiX
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G2 /Q+iQ`�i 2bi +QMbB/û`û +QKK2 HǶûi�T2 BMBiB�H2 /ǶmM2 +�``Bĕ`2 �+�/ûKB[m2X
.ǶmM2 T�`i BH pBb2 ¨ �m;K2Mi2` H2b +QMM�Bbb�M+2b b+B2MiB}[m2b /ǶmM2 T`Q#HûK�iB[m2
bTû+B}[m2 2i ¨ H2b /Bzmb2`X .Ƕ�mi`2 T�`i +2ii2 `2+?2`+?2 `2bi2 2M+�/`û2 T�` mM
/B`2+i2m` Qm mM2 /B`2+i`B+2 /2 i?ĕb2 2i /2b +Q@2M+�/`�MiU2Vb- +�` BH bǶ�;Bi û;�H2K2Mi
/ǶmM2 Tû`BQ/2 /2 7Q`K�iBQM TQm` HǶûim/B�MiU2V +QM+2`MûX �T`ĕb �pQB` ûpQ[mû H2b
/Bzû`2Mib i`�p�mt K2Mûb T2M/�Mi +2ii2 i?ĕb2- +2ii2 �MM2t2 /ûi�BHH2 H2b /Bzû`2Mi2b
7Q`K�iBQMb [mB QMi �++QKT�;Mû +2b i`�p�mtX *2ii2 7Q`K�iBQM bǶ2bi 2z2+imû2 2M /2mt
i2KTb , /2b ?2m`2b /2 7Q`K�iBQMb Mû+2bb�B`2b /û+QKTiû2b T�` HǶû+QH2 /Q+iQ`�H2 2i
mM �TT`2MiBbb�;2 2M H�#Q`�iQB`2 /Ƕ�++m2BHX

G2b 7Q`K�iBQMb /2 HǶû+QH2 /Q+iQ`�H2 QMi pQ+�iBQM ¨ ûH�`;B` H2b +QMM�Bbb�M+2b
b+B2MiB}[m2b /m U/2 H�V /Q+iQ`�MiU2V- /Ƕ�+[mû`B` /2b i2+?MB[m2b MQM /BbTQMB#H2b 2M
H�#Q`�iQB`2 2i /Ƕ�B/2` H2 UH�V /Q+iQ`�MiU2V ¨ bǶBMbû`2` T`Q72bbBQMM2HH2K2MiX

GQ`b /2 +2ii2 i?ĕb2- Ry3 ?2m`2b /2 7Q`K�iBQMb QMi ûiû bmBpB2b ,

ě JPP* UJ�bbBp2 PT2M PMHBM2 *Qm`b2- Qm 6Q`K�iBQM 2M GB;M2 Pmp2`i2 ¨
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hQmb @ 6GPhV bm` HǶûi?B[m2 /2 H� `2+?2`+?2 T�` HǶmMBp2`bBiû /2 GvQM UR8
?2m`2bVX

ě JPP* bm` HǶBMiû;`Biû b+B2MiB}[m2 /�Mb H2b KûiB2`b /2 H� `2+?2`+?2 T�` HǶmMB@
p2`bBiû /2 "Q`/2�mt UR8 ?2m`2bVX

ě o�+�i�B`2 2M #BQbi�iBbiB[m2b /m R8 b2Ti2K#`2 �m R2` /û+2K#`2 kyky- TQm`
9y? /2 +Qm`b 2M i`�p�mt /B`B;ûb ¨ /2b HB+2M+2b i`QBbBĕK2 �MMû2 ¨ HǶmMBp2`bBiû
/2 *�2M Uk8 ?2m`2b 2M`2;Bbi`û2bVX

ě 6Q`K�iBQM BMiBimHû2 ǴG2b Kûi?Q/2b /2 H� ;ûQbi�iBbiB[m2Ǵ bmBpB2 ¨ HǶû+QH2 /2b
JBM2b /2 6QMi�BM2#H2�m Uk8 ?2m`2b 2M`2;Bbi`û2bVX

ě JPP* _2+?2`+?2 `2T`Q/m+iB#H2 , T`BM+BT2b Kûi?Q/QHQ;B[m2b TQm` mM2 b+B2M+2
i`�MbT�`2Mi2 T�` HǶAM`B� Uk9 ?2m`2bVX

G2b 7Q`K�iBQMb bmBpB2b b2 `ûT�`iBbb2Mi /QM+ /�Mb /Bzû`2Mi2b +�iû;Q`B2bX GǶ2tTû@
`B2M+2 /2 p�+�i�B`2 � T2`KBb mM2 T`2KBĕ`2 2tTû`B2M+2 /�Mb H2b KûiB2`b /2 HǶ2Mb2B;M2@
K2MiX *2ii2 2tTû`B2M+2 2bi bûT�`û2 2M /2mt T�`iB2b , H� T`2KBĕ`2 T�`iB2 /m b2K2bi`2-
�p2+ /2b +Qm`b 2M T`ûb2MiB2H- 2i H� b2+QM/2- Qɍ H2 +QM}M2K2Mi /ȿ ¨ H� +`Bb2 /2 H�
*PoA.@RN 2M kyky � 2Mi`�ŗMû /2b +Qm`b 2M /Bbi�M+B2HX G2b +Qm`b ¨ /Bbi�M+2b QMi
+QKK2M+û ¨ b2 /ûp2HQTT2` /2TmBb H2b �MMû2b dy US2i2`b- kyRjV- 2M +QKTHûK2Mi /2
HǶ2Mb2B;M2K2Mi 2M T`ûb2MiB2HX GǶ�MMû2 +BpBH2 kyky � pm H� KBb2 2M TH�+2 7Q`+û2 /2
+2ii2 KQ/�HBiû /Ƕ2Mb2B;M2K2Mi- [mB 2bi /2p2Mm H� KQ/�HBiû T`BM+BT�H2 T2M/�Mi H2b
Tû`BQ/2b /2 +QM}M2K2MiX G� Tû/�;Q;B2 Mû+2bb�B`2 TQm` K2M2` mM2 b�HH2 /2 +Qm`b
2M T`ûb2MiB2H MǶ2bi T�b H� KāK2 HQ`b[m2 H2b ûim/B�Mib bQMi /�Mb mM 2bT�+2 [mB MǶ2bi
T�b 7Q`+ûK2Mi `ûb2`pû ¨ HǶû/m+�iBQM U_�T�Mi� 2i �HX- kykyVX GǶ2tTû`B2M+2 K2Mû2 B+B
� /QM+ ûiû /Qm#H2X aB HǶ2Mb2B;M2K2Mi 2M /Bbi�M+B2H bǶ2bi `ûpûHû +QKTHB[mû U+?QBt
/Ƕ�+iBp�iBQM /m T�`i�;2 pB/ûQ- /B�HQ;m2 /B{+BH2 �p2+ /2b ûim/B�Mib bQmp2Mi `û/mBi
¨ mM2 �/`2bb2 K�BH ûim/B�Mi2XXXV- HǶ2Mb2B;M2K2Mi +H�bbB[m2 2M T`ûb2MiB2H � T2`KBb
/2 `2M/`2 +QKTi2 /2b BMiû`āib /m KûiB2`X �BMbB- H2b û+?�M;2b �p2+ +2`i�BMb ûim@
/B�Mib T2mp2Mi 7�B`2 p�`B2` HǶ�M;H2 /Ƕ�TT`Q+?2 bm` /2b 2t2`+B+2b T2Mbûb i`BpB�mt ¨
HǶQ`B;BM2- 2i H� T2`+2TiBQM /2 H� T`Q;`2bbBQM /ǶmM ;`QmT2 [m2 HǶQM bmBi 2bi ;`�iB@
}�Mi2X G2b JPP*b bm` HǶûi?B[m2- HǶBMiû;`Biû 2i H� `2+?2`+?2 `2T`Q/m+iB#H2 QMi iQmb
H2b i`QBb +QMi`B#mûb ¨ �+[mû`B` /2b +QKTûi2M+2b i`�Mbp2`b�H2b �mt /Bb+BTHBM2b bm`
H� `2+?2`+?2X � mM2 ûTQ[m2 Qɍ H2 MQK#`2 /2 `ûi`�+i�iBQMb U�`iB+H2b `2iB`ûb /2 H�
HBiiû`�im`2V �m;K2Mi2 Uai22M- kyRRV- BH b2K#H2 [m2 H� b2MbB#BHBb�iBQM /2b /Q+iQ`�Mib
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�mt [m2biBQMb /Ƕûi?B[m2 2i /ǶBMiû;`Biû bQBi mM T`û@`2[mBb 2bb2MiB2H ¨ H� 7Q`K�iBQM
/Q+iQ`�H2X G2 JPP* bm` H� `2+?2`+?2 `2T`Q/m+iB#H2 7�Bi û+?Q �m +?�TBi`2 9X *2
JPP* � TQm` #mi /2 T`QKQmpQB` mM2 `2+?2`+?2 [mB bQBi `û2HH2K2Mi T�`i�;2�#H2 2i
i`�MbT�`2Mi2- �p2+ H� KBb2 2M TH�+2 /ǶQmiBHb T2`K2ii�Mi /2 i`�+2` H2b T`Q+2bbmb /2
`û~2tBQM K2Mûb 2Mi`2 HǶ�+[mBbBiBQM /2 /QMMû2b 2i H� +`û�iBQM /2 `ûbmHi�ibX GǶQ#D2+iB7
ûi�Bi /2 +QKTHûi2` H� HBbi2 /2b QTiBQMb TQi2MiB2HH2b TQm` H2b T�`i�;2b /2b i`�p�mt
/2 i?ĕb2X 1M}M- H� 7Q`K�iBQM ǴG2b Jûi?Q/2b /2 H� :ûQbi�iBbiB[m2Ǵ � b2`pB ¨ �+[mû@
`B` H2b MQiBQMb /2 +2ii2 /Bb+BTHBM2- [mB MǶ�p�B2Mi T�b ûiû �#Q`/û2b /�Mb H2 +m`bmb
mMBp2`bBi�B`2X G� 7Q`K�iBQM BMi2MbBp2 bm` mM2 b2K�BM2 � 2tTHQ`û H2b �bT2+ib /2 ;ûQ@
bi�iBbiB[m2b KmHiBp�`Bû2b [mB QMi 2MbmBi2 ûiû �TTHB[mûb ¨ THmbB2m`b `2T`Bb2b T2M/�Mi
+2ii2 i?ĕb2X

*2 [mB 2bi �TT2Hû Ǵ�TT`2MiBbb�;2 2M H�#Q`�iQB`2Ǵ `�bb2K#H2 B+B H2b +QMM�Bbb�M+2b
b+B2MiB}[m2b �+[mBb2b �BMbB [m2 H2b b�pQB`b@āi`2b- [mB M2 bQMi ;ûMû`�H2K2Mi T�b [m�M@
iB}ûb T�` H2b 7Q`K�iBQMb /2 HǶû+QH2 /Q+iQ`�H2b K�Bb [mB bQMi iQmi �mbbB Mû+2bb�B`2b
¨ H� 7Q`K�iBQM ¨ H� `2+?2`+?2X lM 2t2KTH2 bBKTH2 2bi +2HmB /2 H� T�`iB+BT�iBQM �mt
+�KT�;M2b /2 bmBpB ?�HB2miB[m2 K2Mû2b T�` H2 H�#Q`�iQB`2 _2bbQm`+2 >�HB2miB[m2 /2
SQ`i@2M@"2bbBMX *2b T�`iB+BT�iBQMb QMi T2`KBb /Ƕ�+[mû`B` /2b +QMM�Bbb�M+2b i�tBMQ@
KB[m2b �BMbB [mǶmM2 Kûi?Q/2 /ǶQ`;�MBb�iBQM- /2 ;2biBQM 2i /2 +QHH�#Q`�iBQM /�Mb
mM +QMi2ti2 T�`iB+mHB2`- [mB 2bi +2HmB /m i`�p�BH /Ƕû[mBT2 /�Mb mM 2bT�+2 `2bi`2BMi
UH2 TQMi /m M�pB`2V �p2+ mM2 +?�`;2 /2 i`�p�BH ~m+im�Mi b2HQM H2b QTû`�iBQMb /2
Tā+?2X �m iQi�H- +Ƕ2bi bBt +�KT�;M2b /2 bmBpB /2b MQm``B+2`B2b [mB QMi #�iB +2ii2
2tTû`B2M+2 , LPl_aPJJ1 UkyRNV- LPl_JPLh UkyRNV- LPl_a1AL1 UkyRN-
kyky- kykRV 2i LPl_o1ua UkykRVX .ǶmM TQBMi /2 pm2 b+B2MiB}[m2- H� T�`iB+BT�@
iBQM ¨ HǶ�+[mBbBiBQM /2b /QMMû2b 2bi mM2 ûi�T2 2bb2MiB2HH2 TQm` T`2M/`2 H� K2bm`2 /2
HǶBM7Q`K�iBQM +QHH2+iû2- 2i /2 K2ii`2 2M TH�+2 mM2 /ûK�`+?2 �M�HviB[m2X G� `û�HBiû
/2 i2``�BM- b2b +QM/BiBQMb- +QMi`�BMi2b 2i �Hû�b T2mp2Mi b2K#H2` �#bi`�Bib bB b2mH2
H� #�b2 /2 /QMMû2b 2bi Hm2X *2ii2 2tTû`B2M+2 T2`K2i �mbbB /2 +QKTHûi2` H2b �bT2+ib
T2m Qm T�b /û+`Bib /�Mb mM T`QiQ+QH2 /Ƕû+?�MiBHHQMM�;2X *2b ûHûK2Mib QMi ;`�M/2@
K2Mi �B/û ¨ H� `û/�+iBQM /m T`2KB2` �`iB+H2X lM2 �mi`2 ûi�T2 /2 HǶ�TT`2MiBbb�;2
2M H�#Q`�iQB`2 2bi H� T�`iB+BT�iBQM ¨ H� pB2 /m/Bi H�#Q`�iQB`2X G2b `ûmMBQMb ?2#/Q@
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K�/�B`2b Qm K2Mbm2HH2b `2Mb2B;M2Mi bm` H2b �+iBpBiûb /2 +?�[m2 +QHHĕ;m2 /2 #m`2�m-
2i T2mp2Mi K2M2` ¨ /2b +QHH�#Q`�iBQMb [mB TQi2MiB2HH2K2Mi �#QmiBbb2Mi ¨ /2b i`�@
p�mt 2M +QKKmM [m2 +2 bQBi /2b Tm#HB+�iBQMb b+B2MiB}[m2b UpQB` �MM2t2 "V Qm ¨
H� T�`iB+BT�iBQM bm` H� `û/�+iBQM /ǶmM `�TTQ`i i2+?MB[m2 Ua+?H�B+? 2i �HX- kykyVX G2
i`�p�BH /2 `2+?2`+?2- #B2M [m2 bQmp2Mi ûp�Hm2` /2 K�MBĕ`2 BM/BpB/m2HH2 @ MQK#`2 /2
+Bi�iBQM T�` +?2`+?2m` T�` 2t2KTH2 @- `2bi2 mM i`�p�BH �p�Mi iQmi +QHH2+iB7 2i +QHH�@
#Q`�iB7X G� pB2 2M H�#Q`�iQB`2 2bi H� K2BHH2m`2 BKK2`bBQM TQbbB#H2 TQm` b2 `2M/`2
+QKTi2 /2 +2 KQ/2 /2 7QM+iBQMM2K2Mi- 2i BH 2bi BKTQ`i�Mi [m2 H2b /Q+iQ`�MiU2Vb
�B2Mi HǶQTTQ`imMBiû /2 bǶBMp2biB` �m@/2H¨ /2 H2m`b i`�p�mt /2 i?ĕb2 /�Mb +2 [mB H2b
2MiQm`2 2i [mB /û}MBi H2m` HB2m /2 i`�p�BHX

lM2 T�`iB2 /m /Q+iQ`�i pBb2 �mbbB ¨ /Bzmb2` 2i +QKKmMB[m2` bm` H2b `ûbmHi�ib
Q#i2MmbX lM2 /2b 7Q`K2b H2b THmb �#QmiB2 2i `2+QMMm2 /2 +2ii2 +QKKmMB+�iBQM
b+B2MiB}[m2 2bi H� Tm#HB+�iBQM /�Mb mM DQm`M�H b+B2MiB}[m2X lM2 �mi`2 7Q`K2 2bi
+2HH2 /2 H� +QKKmMB+�iBQM HQ`b /2 +QHHQ[m2b bQmb 7Q`K2 /2 T`ûb2Mi�iBQMb Q`�H2b 2i
/2 TQbi2`bX �BMbB- /2b i`�p�mt QMi ûiû T`ûb2Miûb T2M/�Mi H2b ûpĕM2K2Mib bmBp�Mib ,

ě H2 14me +QM;`ĕb /2 HǶ�6>- /m k9 �m ke CmBM kyRN ¨ *�2M USQbi2`VX

ě H2b 14me DQm`Mû2b /2 H� ;ûQbi�iBbiB[m2- /m RN �m ky a2Ti2K#`2 kyRN ¨ HǶû+QH2
/2b JBM2b /2 6QMi�BM2#H2�m UP`�HVX

ě H2b CQm`Mû2b A7`2K2` @ _ûb2�m J2tB+Q @ :._ 1+Qbi�i @ :._ J�b+QiLmK
UCA1JV kyRN- /m kk �m kj P+iQ#`2 kyRN UP`�HVX

ě H2b CQm`Mû2b J�M+?2@J2` /m LQ`/- ¨ GBHH2 UP`�HVX

ě H� `ûmMBQM �MMm2HH2 /m :/_ 1+Qbi�i- /m N �m Ry J�`b kyky ¨ _2MM2b UP`�HVX

ě +QHHQ[m2 AGA*Pf1oPG1*P- /m k �m 8 LQp2K#`2 kykRX

*QMi`�B`2K2Mi- �mt �`iB+H2b b+B2MiB}[m2b- H2 +QMi�+i �p2+ H� +QKKmM�miû b+B2M@
iB}[m2 HQ`b /2 +2b +QHHQ[m2b 2i `ûmMBQMb /2 i`�p�BH 2bi THmb /B`2+i 2i KĕM2 bQmp2Mi
¨ /2b ûpQHmiBQMb THmb `�TB/2b /2b i`�p�mtX *2b ûpĕM2K2Mib bQMi û;�H2K2Mi HǶQ++�@
bBQM /Ƕûi2M/`2 bQM `ûb2�m /2 +QMM�Bbb�M+2- +2 [mB +QKK2 ûMQM+û �mT�`�p�Mi- 2bi
Mû+2bb�B`2 �}M /2 KB2mt �M+`2` bQM i`�p�BH /�Mb mM2 +QKKmM�miû /2 `2+?2`+?2X
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�XR Ĝ S?QiQb /2 ;`QmT2b /2b T�`iB+BT�Mib ¨ /2mt +QHHQ[m2b , BMiû;`�iBQM ¨
/Bzû`2Mib `ûb2�mt /2 +?2`+?2m`b
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*2 +?�TBi`2 T`ûb2Mi2 /2mt +QHH�#Q`�iBQMb KBb2b 2M TH�+2 2M T�`�HHĕH2 /2b i`�@
p�mt /2 i?ĕb2X G2b /2mt `ûbmHi�Mi2b bQMi mM �`iB+H2 2M +Qm`b /2 `û/�+iBQM 2i mM2
T`ûb2Mi�iBQM ¨ mM +QM;`ĕb bmTTQ`i�Mi H� T`ûT�`�iBQM /ǶmM �mi`2 �`iB+H2 b+B2MiB}[m2X
.�Mb H2b /2mt +�b- H2b i`�p�mt bQMi TQ`iûb T�` /Ƕ�mi`2b K2K#`2b /m H�#Q`�iQB`2b
[mB bQMi H2b T`2KB2`b �mi2m`bX .�Mb +2b i`�p�mt +2 bQMi H2b +QKTûi2M+2b �M�Hv@
iB[m2b KBb2b 2M Q2mp`2 bm` H� T`Q#HûK�iB[m2 T`BM+BT�H2 [mB QMi ûiû KQ#BHBbû2bX *2b
i`�p�mt QMi ûiû 2Mi`2T`Bb b�Mb +QKT`QK2ii`2 HǶûH�#Q`�iBQM /2 +2 K�Mmb+`Bi +�` BHb
+QMbBbi�B2Mi 2bb2MiB2HH2K2Mi ¨ �TTHB[m2` /2b +�/`2b Kûi?Q/QHQ;B[m2b /ûp2HQTTûb 2M
KQ/B}�Mi bBKTH2K2Mi H2b D2mt /2 /QMMû2b /Ƕ2Mi`û2bX AHb T�`iB+BT2Mi ¨ H� 7Q`K�iBQM ¨
H� `2+?2`+?2 [m2 T`QTQb2 H2 /Q+iQ`�i +�` BHb QMi T2`KBb /ǶQmp`B` H2 +?�KTb /Ƕ2tT2`@
iBb2 �+[mBb �p2+ H� i?ĕb2 ¨ /2b i?ûK�iB[m2b �pQBbBM�Mi2bX *2b /2mt +QHH�#Q`�iBQMb
T`ûT�`2Mi �mbbB ¨ H� `2+?2`+?2 /2 +QMi`�ib TQbi@/Q+iQ`�mt Qm �mi`2b [mB bmBp`QMi
HQ;B[m2K2Mi H� /û72Mb2 /2 +2 /Q+iQ`�i , 2HH2b T2`K2ii2Mi /Ƕ�;`�M/B` H2 +?�KTb /2b
TQbbB#H2b T�` `�TTQ`i �mt i?ûK�iB[m2b /2 `2+?2`+?2 T`ûb2Miû2b B+BX
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*2 i`�p�BH 2bi 2M +Qm`b /2 }M�HBb�iBQM �M�HviB[m2X GǶ�`iB+H2 +Q``2bTQM/�Mi b2`�
}M�HBbû /�Mb H2 +Qm`�Mi /2 HǶ?Bp2` kykRX AH bǶ�;Bi /2 ,

�m +Qm`b /2b /2`MBĕ`2b �MMû2b H� /2K�M/2 TQm` HǶûp�Hm�iBQM /2 biQ+Fb bmTTQ`@
i�Mi H2b �pBb /2 ;2biBQM /2b Tā+?2b +Q``2bTQM/�Mi2b MǶ� +2bbû /Ƕ�m;K2Mi2` U*�``m@
i?2`b 2i �HX- kyR9VX SQm`i�Mi +2ii2 �m;K2Mi�iBQM M2 bǶ2bi T�b �++QKT�;Mû2 T�` mM2
2ti2MbBQM /2b KQv2Mb /û/Bûb ¨ H� +QHH2+i2 /2b /QMMû2b /2 Tā+?2bX *2ii2 ûpQHmiBQM
/Bzû`û2 2Mi`2 H2b 2tB;2M+2b /2 ;2biBQM 2i H2b `2bbQm`+2b 2M i2`K2b /2 /QMMû2b � K2Mû
�m /ûp2HQTT2K2Mi /2 MQmp2HH2b Kûi?Q/QHQ;B2b /Ƕûp�Hm�iBQM /2 biQ+F /Bi2b Kûi?Q/2b
¨ /QMMû2b HBKBiû2bX *2b Kûi?Q/2b QMi TQm` Q#D2+iB7 /2 T2`K2ii`2 /2 /ûi2`KBM2` /2b
T`QtB2b /2 TQBMi /2 `û7û`2M+2b TQm` H2b biQ+Fb /QMi H2b /QMMû2b M2 `2+Qmp`2Mi T�b
H2b 2tB;2M+2b mbm2HH2b /ǶmM2 ûp�Hm�iBQM /2 biQ+F /2 ivT2 �M�HviB[m2 UJ�`i2HH �M/
6`Q2b2- kyRj c q2ix2H �M/ SmMi- kyR8 c S2/2`b2M �M/ "2`;- kyRdVVX G2b biQ+Fb bQm7@
7`�Mi H2 THmb /2 +2b HBKBi�iBQMb bQMi TQm` H� THmT�`i /2b 2bTĕ+2b +QKTQb�Mi H2b
+�Tim`2b �++2bbQB`2b- /QMi H2 TQi2MiB2H û+QMQKB[m2 2bi 7�B#H2 Uai2p2Mb 2i �HX- kyyyVX
.2 MQK#`2mt KQ/ĕH2b ¨ /QMMû2b HBKBiû2b 2tBbi2MiX *?�+mM /2 +2b KQ/ĕH2b `2TQb2
bm` /2b ?vTQi?ĕb2b T2`K2ii�Mi /2 bǶ�z`�M+?B` /2b /QMMû2b H�+mM�B`2b U:2M; 2i �HX-
kykyVX *2T2M/�Mi +2b ?vTQi?ĕb2b `û�;Bbb2Mi /2 K�MBĕ`2b p�`B�#H2b �mt bTû+B}+Biûb
û+QHQ;B[m2b /2 +?�[m2 biQ+FX .�Mb +2 `2;Bbi`2 H2b KQ/ĕH2b- /2 ivT2 KQ/ĕH2 /2 T`Q@
/m+iBQM- miBHBb2Mi /2b bû`B2b i2KTQ`2HH2b /2 +�Tim`2b- /2b BM/B+2b /Ƕ�#QM/�M+2 Bbbmb
/2b +�KT�;M2b /2 bmBpBb ?�HB2miB[m2b 2i /2b K2bm`2b /2b T�`�Kĕi`2b HBûb �mt i`�Bib
/Ƕ?BbiQB`2 /2 pB2 TQm` /û}MB` /2b TQBMib /2 `û7û`2M+2bX .2b p�`B�iBQMb 2tBbi2Mi bB
HǶmM Qm THmbB2m`b /2 +2b T�`�Kĕi`2b bQMi �#b2MibX GQ`b[m2 +2b KQ/ĕH2b 7QMi mb�;2
/ǶBM/B+2b /Ƕ�#QM/�M+2- +2mt@+B bQMi bQmp2Mi miBHBbûb +QKK2 /2b T`Qtv }�#H2b /2
H� /vM�KB[m2 /m biQ+FX .�Mb +2 +�/`2- MQmb �pQMb /ûp2HQTTû mM2 �TT`Q+?2 T�`
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bBKmH�iBQM MQmb T2`K2ii�Mi /2 +QKT�`2` H2b T2`7Q`K�M+2b /2 i`QBb KQ/ĕH2b /2 T`Q@
/m+iBQM U*Jau- aSB+h , am`THmb S`Q/m+iBQM KQ/2Hb BM *QMiBMmQmb@hBK2 2i mM
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community and associated benthic 
fauna of the Seine estuary nursery 
grounds
Thibault Cariou  , Laurent Dubroca   & Camille Vogel  

ecologists motivated by early life stages of commercial species or by the impact of human disturbances, 

Monitoring programs for ecological purposes provide valuable information. !eir interest increases as time series 
lengthen over the years. Marine ecosystems currently undergo significant alterations because of human activities. 
As such, ecological monitoring is key to assess anthropogenic impacts on marine resources and habitats. Marine 
historical ecology, which relies on the resulting datasets, is becoming popular1. !e discipline expands in marine 
conservation and in fisheries management, promoting policies that consider ecosystems as a whole2.

!e Seine estuary is located on the French coast of the eastern Channel. It is a very dynamic environment, 
where two contrasting backgrounds coexist and shape the ecosystem: intense human pressure on the one hand, 
and crucial ecological function on the other. Today, the Seine watershed supports an important part of the French 
industrial development and agricultural activity. With the presence of Paris and Rouen, the Seine River also 
undergoes significant demographic pressure. Human pressure has profoundly impacted the estuary’s and river’s 
biological communities. !e Seine River was declared as “dead” in the 1960s3, before national measures for water 
quality were considered in the 1970s. For instance, the Paris Convention in 1974 aimed at protecting the ocean 
from land based pollution, especially substances like heavy metals and PCBs. Despite these regulations, the Seine 
estuary still recorded one of the highest concentrations of PCBs in mussels4 in 2006 compared to other regions of 
the globe. !e Seine estuary is also a historical fishing ground for brown shrimp (Crangon crangon) and flatfishes, 
such as sole (Solea solea) and plaice (Pleuronectes platessa). An extensive fleet of fishing boats under 12 m in length 
was historically located in the nearby harbours of Le Havre, Honfleur, Ouistreham and Trouville. However, the 
industrialization pushed the estuarine system further offshore (modifications in salinity gradient and tide cycles) 
relocating fishing activities5.

!e Seine estuary is a nursery area for fish. It was first described in the literature by Duval in the 1980s6,7. It 
plays a core role in the life cycle of many demersal and benthic fish8,9 and marine invertebrates10,11, among them 
are fish species of commercial interest. Duval focused his work on describing the size and distribution of two flat-
fish species, sole (Solea solea) and dab (Limanda limanda) as well as one round fish species, pouting (Trisopterus 
luscus). !e concept of nursery is under constant revision; the current definition is attributed to the work of 
Beck and collaborators12. Associated with shallow waters, reduced wave exposure and physical protection such 
as intertidal mud flats, the nursery environment must favor protection from predation13, growth and survival of 
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juveniles. By definition, juvenile stages include all developmental stages before the first maturation, until the first 
reproduction. Enhanced growth depends on the quantity and quality of food ressources8. Estuaries o%en qualify 
as nursery because their high productivity14 potentially drives high availability and diversity of trophic resources, 
which benefits juveniles’ growth rate. To date, there is a debate on whether nurseries regularly reach their maxi-
mum hosting capacity based on available trophic resources. When overpassed, juveniles would display reduced 
fitness parameters such as growth and survival, which would in turn regulate their abundance in a retro-control 
loop15,16. Once they reach sexual maturity, individuals tend to leave the nursery for more suitable ecosystems.

Human activities in estuaries affect the development of juvenile individuals and their survivability by impact-
ing the nursery function17,18. IFREMER (the French Institute for the Exploitation of the Sea) implemented scien-
tific cruises on coastal nursery grounds off the French coast of the Channel in the early 1990’s. !e surveys aim 
at describing the juvenile fish population and giving an insight into ecosystems functioning in these areas19. !e 
NOURSEINE survey20 came to existence in this context, with a first occurrence in 1995. !e dataset collected 
from 1995 to 2019 is described in this paper. It consists primarily of density values for several taxa collected in the 
Seine estuary using a beam trawl for sampling. !e dataset allows the exploration of changes at a community or 
population level in time and space. It can help understanding how the nursery function may change through time 
and how it is impacted by human disturbances. Scientific exploitation of earlier versions of the dataset already 
identified such impacts at the community level21 and for the sole population22.

Methods
Data collection takes place in the Seine estuary sector extending from Ouistreham (Coordinates in projection 
world geodesic system 1984 or WGS84, 49°17′N 0°16′W) to Antifer (49°40′20″N 0°11′21″E) and from the Pont de 
Normandie (49°26′09″N 0°16′28″E) to roughly 20 meter-depth offshore to the west (Fig. 1). !is 20 meter-depth 
limit delimitates the area considered as part of the nursery grounds23. !e survey follows a fixed stratified sam-
pling design. !e stratification is based on bathymetry and distance to the mouth estuary. In total, 47 hauls are 
distributed across 12 sectors. Haul positions are randomly drawn in each sector. Due to rocky outcrop and the 
presence of many shipwrecks in the area, hauls’ locations are later assessed based on recommendations from pro-
fessional fishers operating in the area and adjusted where needed. Morin and Schlaich23 provided a standardized 

Fig. 1 Geographical extent and sectors of the NOURSEINE survey displaying the position of hauls performed 
across all years. Sectors are originally established from the distance to the estuary and the bathymetry.
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sampling protocol for nursery zones from 1995 to 2017. In 2018, the protocol was updated in order to obtain a 
standardized sampling protocol on a national scale and to comply with the French Marine Strategy Framework 
Directive (MSFD) survey plan19. Differences in the two protocols for this particular survey are highlighted where 
needed. Sampling occurred once a year from 1995 to 2002, then from 2008 to 2010 and from 2017 to 2019. !e 
two first periods strictly follow the first protocol. Only the last years are susceptible to changes due to protocol 
updates.

Sampling is carried out with a 20 mm mesh size beam trawl of 2 or 3 m wide depending on the sectors, with a 
0.50 m vertical opening. !e beam trawl is equipped with ground chains. Each haul lasts 15 minutes and is done 
against the tide at speed between 2.5 to 2.8 knots. From 2018 onward, a length of 7 minutes for the 2 m beam trawl 
was applied, in line with the updated national protocol. Shooting and hauling coordinates, times and depths of 
each haul are systematically noted. Using two different fishing gear may cause differences in the catchability of 
individuals, leading to differences in population characteristics estimates. An intercalibration exercise was imple-
mented and results are presented in Riou’s work24. Data on flounder and sole captures were used to draw the com-
parison. Briefly, they showed that there were no differences in the mean density nor in the size structure for these 
two species. !erefore, the density values are considered comparable no matter the gear used in this protocol.

Total capture
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Fig. 2 Sketch of the capture sorting process used during the NOURSEINE surveys (adapted from19).
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!e period of reference for sampling is at the end of summer or beginning of autumn. Sampling dates scope 
from August 25 to September 30 over the time series. !e juvenile stages here regroup individuals of age 1 and 
age 0. !e latter corresponds to individuals who settled in the estuary on the year of the survey. Fish from age 0 
group had their first period of growth over the summer. Sampling in late summer or early autumn ensures good 
catchability by the 20 mm mesh size beam trawl providing an accurate image of the fish distribution and abun-
dance. Each survey day, 12 to 15 trawl stations are performed. In total, 40 to 47 stations are sampled each year. In 
1996, 63 stations were surveyed as replicates were done. Hauls of a given station locate themselves relatively close 
to each other throughout the surveys.

A%er each haul, the content of the trawl is emptied on deck, and a total or partial sorting is carried out 
depending on the volume and homogeneity of the capture. All taxa, both fish and benthos, are sorted, identified, 
counted and weighted. Fishes of commercial value and all others flatfish are measured. Otoliths are collected on 
the main commercial fish species (sole, plaice, flounder, dab, pouting, large whiting and European bass) for later 
age group determination in the laboratory. In 1999, the sampling was incomplete and only commercial fish and 

Taxa name Taxa clustered

Acanthocardia spp Acanthocardia echinata

Ammodytes spp
Ammodytes sp.

Ammodytes tobianus

Ensis spp
Ensis magnus

Ensis directus

Gobiidae
Gobius niger

Gobiidae

Liocarcinus spp

Liocarcinus sp.

Liocarcinus depurator

Liocarcinus holsatus

Liocarcinus marmoreus

Liocarcinus vernalis

Mactra spp
Mactra sp.

Mactra stultorum

Mya spp

Mya sp.

Mya arenaria

Mya arenaria

Mya truncata

Ophiuridae

Ophiura sp.

Ophiura albida

Ophiura ophiura

Ophiuridae

Spisula spp
Spisula solida

Spisula subtruncata

Inachinae

Macropodia longirostris

Macropodia linaresi

Macropodia rostrata

Macropodia sp.

Inachus sp.

Inachus dorsettensis

Paguroidea

Pagurus bernhardus

Diogenes sp.

Paguroidea

Pagurus prideaux

Pagurus cuanensis

Anapagurus hyndmanni

Euspira spp
Euspira nitida

Euspira catena

Cottidae Taurulus

Chlamys spp
Aequipecten opercularis

Mimachlamys varia

Doris spp Doris pseudoargus

Table 1. Outcome of the clustering process applied to homogenize the dataset. !e le% column contains the 
taxa names as they are found in the dataset and the right column the scientific names clustered.
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invertebrates (King scallop and lobster) were sampled. !e year was kept in the dataset to ensure continuity for 
these taxa.

Sorting the capture can be separated into three different steps (Fig. 2):

 1. Total capture weighting: when the hauls are emptied on the deck, the whole capture is distributed in several 
baskets/box in order to weight it.

 2. Fish and large taxa sorting: All fish and large taxa of invertebrates easily identified (edible crab, common 
spider crab, large cephalopods) are sorted, identified, numbered, measured (for fish) and weighted (total 
weight per taxa). Depending on the size of the capture, subsampling might be necessary. Operations are 
performed on the subsample in such a case. If visual identification is too difficult (for instance due to a 
large mud proportion), the capture is washed using a 5 mm sieve. !e weight ratio between the total cap-
ture and the subsample form a “division” variable that allows the calculation of density. Another subsam-
pling may be needed if a taxon has a high abundance. In that case, for practical reasons, only a subsample 
of the individuals are numbered, measured and weighted.

 3. Benthic fauna sorting: What is le% from the second step is weighted before the sorting operation. All taxa 
constituting benthic fauna are sorted, identified, numbered and weighted (total weight per taxa). Some 
taxa may be measured (whelk, scallop). As for step 2, a subsample might be necessary before sorting ac-
cording to the quantity of benthic fauna.

All observations are manually recorded on fieldwork paper books before being checked and registered in the 
NOURSEINE database.

!e NOURSEINE database consists of all information on fish and benthic taxa collected in a given haul, 
together with haul and survey information. !roughout the survey period, some changes on the level of iden-
tification are observed: while all fish taxa were normally considered and processed, sampling was reduced to 
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commercial taxa solely during the 1999 survey. Changes in human operators may lead to mis-identifications and 
irregular records of a same taxa through the dataset. To provide a readily exploitable dataset, taxa clustering was 
applied to keep a homogenous record in the time series. Changes were mostly applied to benthic taxa (Table 1). 
In hauls where several taxa were clustered, abundance and weight were summed to calculate taxa density accord-
ingly. Out of the 161 taxa initially recorded in the database, 138 remained a%er clustering.

As only raw abundance is available first-hand, taxa densities are calculated based on trawled surface but also 
takes into account if the haul has been partially sorted or not. !e formula to calculate the density of individuals 
per surface unit is:

=
∗ ∗

Density
Raw abundance Division Coefficient

Trawled surface

( )

where Division is a factor used to elevate the abundance if the whole haul was not sorted. !e same formula with 
abundance replaced by the capture’s weight gives the captured weight per surface unit.

!e database is reworked and corrected in an R script before being provided here. !e coordinates of each 
haul are given at the beginning and the end of the fishing operation in degrees, minutes and seconds. !ey are 
converted in decimal degrees. It is in this R script that the taxa density is calculated, along with the mean weight 
of the capture, and that taxa clustering happens.

Efforts have been made to detect and correct any typos that potentially slipped through the first correction 
when data are entered in the database.

Data Records
!e data represents the densities of the different taxa encountered at hauled stations across the 14-year period 
where the NOURSEINE survey took place. !e table contains 22435 rows and 25 columns. Following the sam-
pling protocol prescriptions, one row corresponds either to the density of a taxa when it is only counted, or to the 
density of individuals of the same size within a taxa when it is counted and measured. !e associated haul infor-
mation is reported for each row to ensure uniqueness of the record. !e community observations are published 
on the data depository Zenodo (https://doi.org/10.5281/zenodo.3824354)25.

Technical Validation
!e taxa diversity is inspected to see the effect of different identification degrees across the survey. One hundred 
and thirty-eight taxa were recorded in this database (Fig. 3) mainly Chordata, where targeted taxa belong (i.e. flat 
teleostean fish). !e taxa diversity is distributed mainly across three phyla: arthropods (16%), chordates (41%) 
and molluscs (27%). !ese proportions between phyla are quite stable across the period of surveys. However, 
there is an increase in the number of benthic fauna taxa recorded through time due to further effort put on their 
identification. For instance, the number of annelids taxa recorded during the surveys increased from 1.63 ± 0.80 
(s.d.) from 1995 to 2002, to 3.8 ± 1.44 (s.d.) from 2008 to 2019. Likewise for the same periods of survey, the num-
ber of molluscs taxa increased from 15.56 ± 2.18 (s.d.) to 20.75 ± 2.52 (s.d.) respectively.

Looking at the number of taxa per haul, the distribution of all taxa is not even across the different sectors, and 
the richness variability is different (Fig. 4). !e sectors located at the mouth of the estuary display the highest 
richness, whereas the sectors north and south of the navigation channel are the poorest. !e majority of taxa 
identified and reported for the first time in the second half of the campaign (2008–2019) are benthic fauna taxa. 
Overall, the clustering appears to smooth the diversity enough to hide the differences in richness across the years 
(See figure in supplementary materials).

Age, inferred from otolith readings and extrapolated through length correlation of the sampled population, 
is available for nine species across the period, all being taxa of commercial interest (Fig. 5). Age can be used to 
investigate the early life stages of those species. It indicates that the gear employed to catch fish is indeed adapted 

Solea solea Sprattus sprattus Trisopterus luscus

Merlangius merlangus Platichthys flesus Pleuronectes platessa

Clupea harengus Dicentrarchus labrax Limanda limanda
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Fig. 5 Number of individuals measured per age group for the nine species whose age is determined on more 
than ten cruises during the period 1995–2010.
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for the survey of juveniles in this nursery. Most of the individuals measured belong to the “G0” age group, which 
corresponds to fish that settled in the estuary on the year of the survey. For some taxa, later life stages are not 
recorded in the hauls because adults tend to leave this environment to go offshore. !e data is heterogeneous 
and possesses two levels of detail according to the period considered. From 1995 to 2002, juveniles are identified 
and aged, but life stages a%er them are regrouped (Age group “G2+” or “G1+” for Clupea harengus). Since 2008, 
ages are determined for all individuals. !e lack of adult individuals for some taxa makes this heterogeneity less 
inconvenient as the data themselves are scarce.

Code availability
All figures have been produced using R (3.5.1) and RStudio (version 1.1.463). !is script can be accessed by 
contacting either !ibault Cariou (thibault.cariou@gmail.com) or Camille Vogel (camille.vogel@ifremer.fr).

Received: 5 March 2020; Accepted: 9 June 2020;

Published: xx xx xxxx

References
 1. Fortibuoni, T. et al. Fish and fishery historical data since the 19th century in the Adriatic Sea, Mediterranean. Sci. Data 4, 170104 

(2017).
 2. Engelhard, G. H. et al. ICES meets marine historical ecology: placing the history of fish and fisheries in current policy context. ICES 

J. Mar. Sci. 73, 1386–1403 (2015).
 3. UNESCO. Water for People, Water for Life. World Water Development Report No 1. (United Nations Educational, Scientific and 

Cultural Organization, 2003).
 4. Minier, C. et al. A pollution-monitoring pilot study involving contaminant and biomarker measurements in the Seine Estuary, 

France, using zebra mussels (Dreissena polymorpha). Environ. Toxicol. Chem. Int. J. 25, 112–119 (2006).
 5. Rieucau, J.-N. Mutations halieutiques en Haute-Normandie: de la pêche lointaine au large à une pêche côtière intensive. Norois 121, 

127–140 (1984).
 6. Duval, P. Etude des nurseries littorales de l’estuaire de la Seine. Rapport Groupement Régional des Pêches et Cultures marines de Basse 

Normandie (1982).
 7. Duval, P. Impact du milieu sur les nourriceries de poissons plats de la Baie de Seine. Actes de colloques Ifremer Brest (1985).
 8. Vinagre, C., Salgado, J., Costa, M. J. & Cabral, H. N. Nursery fidelity, food web interactions and primary sources of nutrition of the 

juveniles of Solea solea and S. senegalensis in the Tagus estuary (Portugal): a stable isotope approach. Estuar. Coast. Shelf Sci. 76, 
255–264 (2008).

 9. Hobbs, J. A., Bennett, W. A. & Burton, J. E. Assessing nursery habitat quality for native smelts (Osmeridae) in the low-salinity zone 
of the San Francisco estuary. J. Fish Biol. 69, 907–922 (2006).

 10. Beukema, J. J. Dynamics of juvenile shrimp Crangon crangon in a tidal-flat nursery of the Wadden Sea a%er mild and cold winters. 
Mar. Ecol. Prog. Ser. Oldendorf 83, 157–165 (1992).

 11. Etherington, L. L. & Eggleston, D. B. Large-scale blue crab recruitment: linking postlarval transport, post-settlement planktonic 
dispersal, and multiple nursery habitats. Mar. Ecol. Prog. Ser. 204, 179–198 (2000).

 12. Beck, M. W. et al. !e identification, conservation, and management of estuarine and marine nurseries for fish and invertebrates: a 
better understanding of the habitats that serve as nurseries for marine species and the factors that create site-specific variability in 
nursery quality will improve conservation and management of these areas. Bioscience 51, 633–641 (2001).

 13. Gibson, R. N., Robb, L., Wennhage, H. & Burrows, M. T. Ontogenetic changes in depth distribution of juvenile flatfishes in relation 
to predation risk and temperature on a shallow-water nursery ground. Mar. Ecol. Prog. Ser. 229, 233–244 (2002).

 14. Correll, D. L. Estuarine productivity. BioScience 28, 646–650 (1978).
 15. Le Pape, O. & Bonhommeau, S. !e food limitation hypothesis for juvenile marine fish. Fish Fish. 16, 373–398 (2015).
 16. Nash, R. D., Geffen, A. J., Burrows, M. T. & Gibson, R. N. Dynamics of shallow-water juvenile flatfish nursery grounds: application 

of the self-thinning rule. Mar. Ecol. Prog. Ser. 344, 231–244 (2007).
 17. Amara, R., Méziane, T., Gilliers, C., Hermel, G. & Laffargue, P. Growth and condition indices in juvenile sole Solea solea measured 

to assess the quality of essential fish habitat. Mar. Ecol. Prog. Ser. 351, 201–208 (2007).
 18. Courrat, A. et al. Anthropogenic disturbance on nursery function of estuarine areas for marine species. Estuar. Coast. Shelf Sci. 81, 

179–190 (2009).
 19. Delaunay, D. & Brind’Amour, A. Manuel des protocoles de campagne halieutique. Campagnes Nourriceries  (2018).
 20. Vogel, C. & Morin, J. NOURSEINE, https://doi.org/10.18142/244 (1995).
 21. Rochet, M.-J. et al. Combining indicator trends to assess ongoing changes in exploited fish communities: diagnostic of communities 

off the coasts of France. ICES J. Mar. Sci. 62, 1647–1664 (2005).
 22. Rochette, S. et al. Effect of nursery habitat degradation on flatfish population: Application to Solea solea in the Eastern Channel 

(Western Europe). J. Sea Res. 64, 34–44 (2010).
 23. Morin, J. & Schlaich, I. Manuel des protocoles de campagne halieutique. Campagnes Nourriceries en Estuaire de Seine (NourSei). V 1.0. 

(2004).
 24. Riou, P. Etude des nourriceries cotieres et estuariennes de sole (solea solea) et de plie (pleuronectes platessa) en manche est. Importance 

écologique de l’estuaire de seine. PhD thesis, Université de Caen (IFREMER, 1999).
 25. Cariou, T., Dubroca, L. & Vogel, C. Dataset of biodiversity of the Seine nursery over 20 years in a highly disturbed environment. 

Zenodo https://doi.org/10.5281/zenodo.3824354 (2020).

!is work took place during the NOURSEINE project (2017–2019), funded by the European Maritime and 
Fisheries Fund (EMFF). Dara collection was carried out through different scientific programs, financed 
by the Région de Haute-Normandie prefecture (1995,1996,1997), the Autonomous Harbor of Le Havre 
(1995,1996,1997), LITEAU program (1999,2000), Seine-Aval program (2001,2002), GIP Seine-Aval 
(2008,2009,2010) and IFREMER (1995–2010). We thank all participants of the scientific cruises for their work 
in collecting the data, and namely Jocelyne Morin, who was the scientific chief of the survey from 1995 to 2010, 
Sophie Parrad from Ifremer who took charge of the technical organisation of the survey from 2017 to 2019, 
Catherine Paul, Lucile Aumont, Benoit Duval, Elodie Morvan and Xavier Tétard from the Comité Régional des 
Pêches de Normandie who assisted in collecting data during the NOURSEINE project (2017–2019).



8SCIENTIFIC DATA |           (2020) 7:229  | 

www.nature.com/scientificdatawww.nature.com/scientificdata/

Author contributions
L.D. and C.V. conceived the work. C.V., L.D. and T.C. collected data. All authors wrote and revised the paper.

Competing interests
!e authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41597-020-0572-x.

Correspondence and requests for materials should be addressed to C.V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. !e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

!e Creative Commons Public Domain Dedication waiver http://creativecommons.org/publicdomain/zero/1.0/ 
applies to the metadata files associated with this article.
 
© !e Author(s) 2020



Comparison!of!the!spatiotemporal!distribution!of!three!"at#sh!species!in!
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A B S T R A C T ! !

Nurseries!are!crucial!habitats!that!play!an!important!role!for!many!marine!#sh!species;!which!rely!on!them!to!
complete!their!life!cycle.!Juvenile!stages!of!dab!(Limanda!limanda),!plaice!(Pleuronectes!platessa)!and!sole!(Solea!
solea)!present!in!the!English!Channel!are!common!in!the!Seine!estuary!nursery!grounds.!To!further!explore!the!
estuary’s! nursery! function,! we! investigated! the! heterogeneity! in! spatial! distribution! patterns! of! these! three!
"at#sh!at!their!juvenile!stage,!between!1996!and!2019.!We!used!geostatistical!indices!and!multivariate!analyses!
to!demonstrate!species!speci#c!spatiotemporal!dynamic.!Sole!favoured!the!most!upstream!part!of!the!nursery,!
dab!was!found!in!the!most!marine!areas,!and!plaice!preferred!the!southern!coast.!We!then!performed!clusters!
analysis! based! on! spatial! indices! and! spatial! patterns! extracted! from! a!Minimum/Maximum!Autocorrelation!
Factor!(MAF).!We!showed!that!the!average!positions!of!the!three!"at#sh!species!were!stable!across!time.!Each!
"at#sh!appeared!to!have!its!own!spatial!preference! inside!the!nursery.!No!temporal!variability! in!the!spatial!
pattern!nor!trend!was!found!that!would!correspond!to!the!major!stress!imposed!on!the!community!by!harbour!
development!within!the!2000–2005!period.!We!conclude!that!segregation!of!the!juveniles!of!the!three!species!
within!the!nursery!may!re"ect!different!ecological!needs!and!underlying!mechanisms!to!minimise!interspeci#c!
competition.!!!

1. Introduction!

In!addition!to!the!natural!variability!of!environmental!conditions,!
coastal!ecosystems!undergo!constant!modi#cations!and!disturbances!as!
human!activities!keep!increasing!(Cloern!et!al.,!2016).!A!thorough!un-
derstanding!of!the!functioning!of!these!ecosystems!is!needed!to!ensure!
the! sustainable! coexistence! of! human! activities! and! of! the! valuable!
ecological!services!they!provide!(Costanza!et!al.,!2014).!Estuaries!are!
particularly! exposed! to! human! pressure! often! leading! to! detrimental!
consequences!on!the!ecosystem’s!functioning!(Courrat!et!al.,!2009).!A!
function!of!estuaries!is!as!nursery!grounds!for!many!#sh!species!(Vinagre!
et! al.,! 2008).! They! are! characterised!by! larger! biomasses! of! juvenile!
individuals!in!comparison!to!other!habitats!(Beck!et!al.,!2001)!and!are!
key!habitat!for!benthic!invertebrates!(Etherington!and!Eggleston,!2000)!
which!provide!abundant!food!resources!to!sustain!juvenile!#sh!growth!
(Seitz!et!al.,!2005).!Trophic!resources!combined!with!protection!against!
predation! from! shallow! depth! (Gibson! et! al.,! 2002),! large! "uvial!
discharge!increasing!food!availability!and!growth!(Le!Pape!et!al.,!2003),!
and!high!productivity!strengthening!recruitment!(Correll,!1978)!make!

estuaries!favourable.!
Most! "at#shes! found! along! the! French! coasts! are! of! commercial!

value! (Hermant! et! al.,! 2010)!or! can!be!used! as! indicators! of! habitat!
quality!(Amara!et!al.,!2009).!The!Seine!estuary,!located!in!the!eastern!
English!Channel,!is!a!nursery!for!at!least!ten!species,!including!the!three!
species!of!"at#sh!in!this!study!(Duval,!1985).!This!area!is!also!considered!
as!one!of! the!most!polluted!estuaries! in!France,!recording!one!of! the!
highest!concentrations!of!PCBs!in!mussels!for!2006,!compared!to!other!
regions!of!the!globe!(Minier!et!al.,!2006).!It!has!been!the!site!for!several!
harbour!developments!during!the!20th!century,!with!the!most!recent!– 

Port!2000,!le!Havre!– ending!in!2005!(Dauvin!et!al.,!2010).!These!de-
velopments! led! to! the! loss!of!nursery! function!effectiveness! (Le!Pape!
et! al.,! 2007),! which! for! sole! (Solea! solea)!was! evaluated! to! a! 42%!
decrease!of!its!capacity!(Rochette!et!al.,!2010).!

Understanding! the! impact! of! human! development! on! the! estuary!
nursery!function!for!"at#shes!has!generated!abundant!literature!(Riou!
et! al.,! 2001;!Amara! et! al.,! 2007;!Rochette! et! al.,! 2010;!Archambault!
et!al.,!2018).!Most!of! the!cited! literature!did!not!address! spatial!het-
erogeneity!although!#ne-scale!differences!in!trophic!functioning!have!

* Corresponding!author.!IFREMER,!Ctr!Manche!Mer-du-Nord,!Laboratoire!de!Ressources!Halieutiques,!F-14520!Port!en!Bessin,!France.!
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been!described!(Tecchio!et!al.,!2015).!By!modelling!food!webs! in!six!
spatial!compartments,!they!found!functional!distinctions!in!the!different!
habitats!and!pointed!out!that!the!estuary!was!spatially!more!complex!
than! previously! thought.! Moreover,! it! is! demonstrated! in! another!
temperate!estuary!that!competition!for!speci#c!food!resources!is!one!of!
the!main!drivers!of!juveniles’ distribution!(Tableau!et!al.,!2016).!These!
#ndings!motivate! further!work!on! small! scale!nursery!usage!and!po-
tential! biotic! interactions! between! different! "at#sh! species! (Amara!
et!al.,!2001;!Rooper!et!al.,!2006).!

Previously,!general!additive!models!(GAMs)!were!applied!to!build!
habitat!suitability!models!of!"at#sh!in!the!Baltic!sea!(Florin!et!al.,!2009)!
and! for! sole! in! the! Seine! estuary! (Rochette! et! al.,! 2010).! However,!
geostatistical! methods! are! increasingly! being! considered! in! spatial!
ecology! as! a! tool! to! improve! the! management! of! marine! resources!
(Ciannelli! et!al.,!2008)!and!account!explicitly! for!autocorrelation!be-
tween! observations.! Spatial! eigenfunctions! were! applied! to! analyse!
spatiotemporal! processes.! These! spatial! eigenfunctions! proposed! by!
Grif#th!and!Peres-Neto!(2006)!include!methods!that!use!eigenvectors!of!
spatial!matrices.!A!geostatistical!version!of!spatial!eigenfunctions!is!the!
Minimum/Maximum!Autocorrelation! Factors! (MAFs)! and!was! devel-
oped!by!Switzer!and!Green!(1984).!It!was!previously!applied!to!#sheries!
to! analyse! spatiotemporal! data! on! sardine! eggs! in! the! Bay! of! Biscay!
(Petitgas!et!al.,!2020).!Although!geostatistics!address!spatial!autocor-
relation! in! the! data,! they! may! not! explain! species-environment!

relationships!(Ciannelli!et!al.,!2008).!Observed!spatial!patterns!are!the!
manifestations!of!underlying!ecological!relationships.!This!property!of!
ecological!spatial!patterns!allows!us!to! focus!on!the!spatial!processes!
alone,!leaving!aside!the!environmental!parameters.!

The!present!study!focused!on!the!quanti#cation!of!the!spatial!pro-
cesses!at!work!in!the!Seine!nursery!for!juveniles!of!three!"at#sh!species,!
dab! (Limanda! limanda),! plaice! (Pleuronectes! platessa)! and! sole,! over!
thirteen!non-consecutive!years.!Using!MAFs!and!geostatistical!indices,!
we!studied!these!species!distributions!in!the!nursery!and!if!they!changed!
following!harbour! development.!Restoring! the!quality! of! the! nursery!
would!require!a!better!comprehension!of!the!ecosystem!and!the!different!
pressures!that!weigh!on!it.!We!discussed!our!results!on!the!key!charac-
teristics!of!both!spatial!patterns!and!temporal!variability!of!juveniles’ 
distributions!in!the!Seine!estuary!in!relation!to!biological!traits!of!the!
species!and!to!ecological!processes.!

2. Material!and!methods!

2.1. Data!collection!

The!analyses!focused!on!the!NOURSEINE!scienti#c!surveys!dataset!
(Cariou!et!al.,!2020a).!The!surveys!aimed!at!describing!the!juvenile!#sh!
populations!and!exploring! the!Seine!estuary’s!ecosystem! functioning.!
They!took!place!over!13!non-continuous!years!(1995–2002,!2008–2010!

Fig.!1. Study!area!of!the!NOURSEINE!survey!displaying!the!mean!position!of!hauls!that!have!been!performed!each!year.!Sectors!were!originally!established!with!the!
distance!to!the!estuary!and!the!bathymetry.!Rivers!are!in!bold!font,!cities!and!locations!named!in!the!article!are!shown.!Coordinates!are!in!decimal!degree!(DD).!
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and!2017–2019).!The!sampling!area!extended!from!Ouistreham!(WGS84!
49◦17′N,!0◦16′W)!to!Antifer!(49◦40′20′′N,!0◦11′21′′E)!and!from!the!Pont!
de! Normandie! (49◦26′09′′N,! 0◦16′28′′E)! to! roughly! a! 20! m-depth!
offshore! to! the!west! (Fig.!1).! This!20!m-depth! limit!de#nes! the! area!
considered!as!the!nursery!grounds.!The!sampling!protocol!is!described!in!
Cariou! et! al.! (2020b)! and! the! data! supporting! this! study! are! freely!
available!on!the!Zenodo!repository!10.18142/244!(Cariou!et!al.,!2020a).!

Dab,!plaice!and!sole!were!selected!for!this!study!due!to!their!eco-
nomic!importance!and!the!availability!of!data!to!ensure!robust!analyses.!
Only!records!of!the!G0!(young-of-the-year)!age!group!were!kept,!cor-
responding!to!dab!of!10!cm!or!less,!plaice!of!17!cm!or!less!and!sole!of!14!
cm!or!less.!These!limits!were!de#ned!using!the!size!distribution!of!G0!
juveniles,!with!further!age!determination!obtained!from!otolith!readings!
on!a!sub-sample!of!each!species.!We!assumed!that!the!G0’s!movement!is!
limited.!This!ensures!that!the!patterns!examined!re"ect!their!distribu-
tion!of!the!nursery.!

Sample!locations!that!were!close!together!among!years!were!aver-
aged!to!get!a!spatially!consistent!time!series!of!observations!(Table!A1).!
This!eventually!led!to!32!points!that!were!sampled!systematically!over!
the!study!periods!(Fig.!1).!The!1995!survey!was!removed!as!its!sampling!
area!was!reduced!and!would!only!have!21!sampling!sites.!

2.2. Geostatistical!indices!

Summary! spatial! statistics! were! used! to! describe! the! temporal!
changes! in! spatial! distributions.! Four! commonly! used! indices! were!
applied!in!this!study:!the!centre!of!gravity,!the!inertia,!the!global!index!of!
collocation!and!the!local!index!of!collocation!(Bez!and!Rivoirard,!2001;!
Woillez,!2007).!

The!centre!of!gravity!(CG)!is!the!mean!position!of!a!population!and!
the!inertia!describes!the!spreading!of!the!population!around!it.!These!
statistics!were!estimated!by!discrete! summations!over! sampling! loca-
tions!with!areas!of!in"uences!used!as!a!weighting!factor.!The!area!of!
in"uence!of!each!sample!was!de#ned!by!all!the!pixels!that!were!closer!to!
them!than!to!other!samples.!For!the!sample!i,!let!si!be!the!area!of!in-
"uence,!xi!its!geographical!coordinates!and!zi!its!#sh!density.!The!centre!
of!gravity!and!the!inertia!were!estimated!by:!

CG=

∑

ixisizi
∑

isizi

(1)!!

I =

∑

i(xi − CG)2
sizi

∑

isizi

(2)!

The!inertia!was!then!decomposed!into!two!principal!axes!orthogonal!
to!each!other,!one!for!the!maximum!inertia!(Imax)!and!the!other!for!the!
minimum!(Imin).!It!was!graphically!represented!by!an!ellipse!centred!on!
the!centre!of!gravity!with!axes!equal!to!the!principal!axes!of!inertia.!The!
isotropy!index!ranged!between!0!(anisotropy)!and!1!(isotropy)!and!was!
calculated!by:!

Isotropy=

̅̅̅̅̅̅̅̅

Imin

Imax

√

(3)!

For! each! species,! the! global! (GIC)! and! the! local! (LIC)! index! of!
collocation!(Bez!and!Rivoirard,!2001)!measured!the!similarities!in!the!
spatial!distributions!between!pairs!of!years.!The!GIC!measures!how!two!
distributions!were!spatially!close!to!each!other!by!considering!the!dis-
tance!between!their!CG!relatively!to!their!associated!inertia:!

GIC = 1 −
ΔCG2

ΔCG2 + I1 + I2

(4)!

When! the!GIC!equalled!0,!populations!are!both!concentrated! in!a!
single!point!(I1!= I2!= 0)!at!different!locations!(ΔCG2>0).!When!CG!were!
located!at! the!same! location,! the!GIC!equalled!1.!Between! those! two!
extremes,!the!GIC!measured!the!overlap!between!ellipses,!summarising!
the!two!distributions.!However,!a!GIC!closer!to!1!did!not!mean!that!the!

distributions!were!the!same.!Instead,!it!meant!that!the!mean!positions!
were!very!close!despite!their!inertia.!Therefore,!GIC!quanti#ed!global!
changes!of!spatial!distributions!between!two!selected!years!for!a!given!
species.!

The! LIC! complements! the! GIC! with! station-by-station! pairwise!
comparisons.!Denoting!z1i!and!z2i!the!#sh!densities!observed!at!sample!i!
in!two!different!years!respectively,!it!was!estimated!as:!

LIC=

∑

isiz1iz2i
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

isiz1i
2

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

isiz2i
2

√ (5)!

A!LIC!equal!to!0!indicated!that!the!two!populations!never!occur!at!the!
same!sampling!locations,!while!a!LIC!equal!to!1!meant!that!the!rank!of!
the!densities!in!both!years!are!similarly!distributed.!In!between!these!
limits,! the! LIC! was! used! to! evaluate! the! similarity! of! the! densities!
(observed!at!the!same!station)!for!a!given!species!between!two!different!
years!(not!necessarily!consecutive!ones).!

Calculation! of! GIC/LIC! indices! for! all! pairs! of! surveys! generated!
square!similarity!matrices,!opening!the!possibility!to!analyse!them!as!
networks!of!years.!For!each!species,!the!choice!was!made!to!consider!
multiplex!networks! (Mucha!et!al.,!2010)!based!on! their!GIC!and!LIC!
values.!Whereas!simple!network!links!nodes!according!to!their!relation!
from!a!given!variable,!a!multiplex!network! is!a!multivariate!version,!
accounting!for!the!relation!given!by!more!than!one!variable.!Both!GIC!
and!LIC!indices!were!then!combined!to!cluster!years.!Years!(nodes)!were!
clustered! using! the! Louvain! algorithm! (Blondel! et! al.,! 2008)! that!
searches!for!the!partition!that!maximises!the!modularity!of!the!parti-
tioned!graph.!The!modularity!(Newman!and!Girvan,!2004)!is!based!on!
the!difference!between!the!fraction!of!connections!that!effectively!con-
nect! groups! and! the! fraction! expected!under! random! connexions! be-
tween!groups.!To!emphasise!the!information!in!the!networks,!only!the!
50%!most!values! edges! are!displayed!on!each! layer!of! the!multiplex!
network,!values!being!given!by!the!GIC!and!LIC!indices.!

2.3. Spatio-temporal!decompositions!(Minimum/Maximum!
Autocorrelation!Factor!-!MAF)!

Principal!component!analyses!(PCA)!generally!produce!uncorrelated!
variables! (also! called! factors)!by! the! linear!combination!of! the! input!
variables!and!then!select!a!reduced!number!of!factors!that!explain!as!
much! as! possible! of! the! initial! variability.! In! spatial! statistics,!MAFs!
(Switzer!and!Green,!1984)!proceed!similarly!but!work!on!spatial!dis-
tributions!rather!than!variables.!A!MAF!procedure!aims!thus!to!explain!a!
time!series!of!spatial!distributions!by!a!small!number!of!uncorrelated!
spatial!distributions! (also! called! factors!produced!by! linear! combina-
tions!of! the! input!spatial!distributions).!Each!one!of! the!uncorrelated!
factors!is!a!linear!combination!of!the!input!spatial!distributions.!As!in!
PCA,! there! are! as! many! factors! as! input! spatial! distributions,! with!
decreasing!contribution!to!the!overall!spatial!pattern.!For!a!given!spe-
cies,!this!led!to!the!following!framework:!

zi,t =mt +
∑

13

k=1

ck,tχk,i , ∀ t = 1,…, 13, ∀ i = 1,…, 32 (6)!!

zi,t!denotes!the!#sh!density!at!sample!i!and!year!t,!for!i = 1,…,32!and!t =
1,…,13.!χk,i,!k = 1,…,13!are!the!factors!of!the!MAF!decomposition,!i.e.!

spatial! distributions! that! are!mutually! uncorrelated! (at! least! at! short!

distance).!mt!represents!the!mean!density!of!tth!survey!and!ck,t!represents!

the! score!of! the!kth! MAF! in! the! tth! survey.!Each!MAF!being!a! spatial!
factor,!it!is!possible!to!build!the!variogram!associated!with!the!structure.!
The!second!step!of!the!MAF!decomposition!allowed!selecting!only!the!
most! important! factors! to! remove! those! associated! with! pure! noise.!
Structures!of!the!variograms!were!investigated!only!to!keep!those!dis-
playing!the!most!explicit!spatial!structure.!This!led!to!the!selection!of!the!
#rst!three!MAFs!for!each!species!(see!�result’ section)!so!that!the!MAF!
decomposition!was!#nally!de#ned!as:!
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zi,t =mt +
∑

3

k=1

ck,tχk,i + εi,t, ∀ t = 1,…, 13, ∀ i = 1,…, 32 (7)!!

where!εi,t!represents!an!uncorrelated!random!variable!with!0!mean!(pure!
noise).!

The!inference!of!such!a!model!was!described!in!details!in!the!liter-
ature!(Switzer!and!Green,!1984;!Desbarats!and!Dimitrakopoulos,!2000;!
Woillez!et!al.,!2009;!Petitgas!et!al.,!2020).!

Each!survey!could!then!be!positioned!in!3-dimensional!space;!with!
“coordinates” equal!to!their!scores!in!the!MAF!decomposition.!Yearly!
distributions’ scores!on!the!selected!MAFs!were!used!to!cluster!surveys!
with!similar!spatial!patterns.!Clustering!was!based!on!Ward’s!algorithm.!
Simple!Structure!Index!(SSI)!was!used!afterwards!to!optimise!clusters!
de#nition!with!regards!to!their!intra!and!inter-cluster!variances.!

All!analyses!were!performed!using!the!R!software,!version!3.5.3!(R!
Core! Team,! 2020).! Geostatistical! analysis! were! made! in! RGeostats!
version!12.0.1!(MINES!ParisTech/ARMINES,!2020);!#gures!were!made!
with!ggplot2!version!3.3.0! (Wickham,!2016);!graphs!were!built!with!
ggraph!version!2.0.2! (Pedersen,! 2020a),! igraph!version!1.2.5! (Csardi!
and! Nepusz,! 2006)! and! tidygraph! version! 1.2.0! (Pedersen,! 2020b);!
clustering!used!the!ggdendro!package!version!0.1.22!(Vries!and!Ripley,!
2020)! and! the! SSI! index! was! extracted! from! vegan! version! 2.5–6!
(Oksanen! et! al.,! 2019).! Clustering! with! hclust! used! the! “ward.D2” 

method! to!use! the!ward!criterion!(Murtagh!and!Legendre,!2014).!All!
codes!are!available!on!a!GitHub!repository!(https://github.com/Thibau!
ltCariou/CG_MAF_Flat#shSeine).!

3. Results!

3.1. Mean!statistics!and!distribution!

The!G0!juveniles!of!each!species!within!the!"at#sh!assemblage!had!
different!distributions!patterns!and!abundance!(Table!1).!Dab!and!plaice!
were!found!across!more!than!half!of!the!total!hauls.!While!occurring!in!a!
little!more!than!a!third!of!the!hauls!(35%),!sole!had!the!highest!mean!
density.! Map! of! mean! distributions! (Fig.! 2)! showed! species-speci#c!
patterns.! Dab!was! found! at! least! once! in! every! station,!while! plaice!
and!sole!were!absent!in!some!areas!during!the!entire!sampling!period.!

3.2. Spatial!variation!

Over!the!last!25!years,!the!mean!position!of!the!G0!juveniles!changed!
for!each!species!while!remaining!distinct!between!species!(Fig.!3).!The!
centres!of!gravity!for!dab!distributions!spread!in!the!north-western!part!
of!the!estuary!relative!to!plaice!and!sole,!except!for!the!1996!centre!of!
gravity,!which!was!located!in!the!southernmost!part!of!the!estuary.!The!
centres!of!gravity!of!plaice!spread!along!the!southern!coast.!However,!
two!groups!of!ellipsis!were!identi#ed!at!a!closer!look!at!their!distribu-
tion.!One!coincided!with!the!centres!of!gravity!of!sole!while!the!other!
was!closer!to!the!Orne!estuary!(Years!of!each!CG!noted!in!#gure!A4).!
Sole!was!mostly!concentrated!at!the!mouth!of!the!Seine!estuary!and!had!
the! smallest! inertia! on! average! across! species.! In! most! cases,! the!
dispersion!of!individuals!around!the!centres!of!gravity!is!not!isotropic,!as!
shown!by!the!low!isotropy!index.!

All!species!displayed!an!average!isotropy!index!of!around!0.4,!indi-
cating!anisotropy.!The!inertia!ellipsis!showed!that!the!direction!of!this!
anisotropy!was! species! speci#c,! and! similar! across! years! for! a! given!
species.! The! coastline! affected! the! inertia! along! the! southern! coast!
(mainly!for!plaice).!The!main!axis!of!inertia!for!dab!was!aligned!with!the!
isobaths!in!most!cases.!No!temporal!pattern!emerged!from!the!inertia!or!
isotropy! results.! However,! the! inertia! seemed! to! increase! when! the!
isotropy!index!decreased!for!plaice!(Pearson’s!r:!t!= -4.78,!df!= 11,!p-!
value!= 0.00057,! cor!= -0.82.!Normality! checked!with!Shapiro-Wilk!
normality!test).!The!inertia!of!plaice!and!dab!were!similar,!while!those!
of! sole! were! signi#cantly! smaller! as! re"ected! by! the! small! ellipsis,!
showing! a! smaller! spread! of! the! distribution! around! the! centres! of!
gravity!(Fig.!3).!The!mean!GIC!for!the!three!species!were!large!(above!
0.8,!Fig.!4!and!A.1),!indicating!reasonable!temporal!stability!of!the!mean!
location!for!these!species!in!the!Seine!estuary,!relative!to!their!spreads.!
For!the!three!species,!GIC!values!were!higher!than!the!LIC!index.!Hence,!
each!"at#sh!population!was!on!average!observed!at!the!same!places!in!
the! Seine! estuary.!However,! the! distribution! of! individuals! is!mostly!
different!in!time.!Sole!had!the!highest!contrast!between!high!GIC!and!
low!LIC!values.!Although!the!centres!of!gravity!were!very!close!to!one!
another!(except!for!2019),!the!densities!distribution!between!the!years!
was!very!different,!with!varying!hotspots’ locations!through!time.!

The!Louvain!clustering!detected!two!main!clusters!for!each!species.!
Dab!and!sole!have!highly!connected!GIC!nodes,!and!clusters!were!more!
distinct!on!the!LIC!layer!of!their!respective!networks.!Conversely,!the!
two!clusters!were!easily!identi#able!on!the!plaice!GIC!layer.!No!temporal!
similarity! was! found! between! the! three! clustering! results! in! each!
network.!The!distributions!of!dab!in!1996,!2001,!2009!and!2017!had!low!
values!of!LIC,!and!1996!and!2001!also!having!low!GIC!values.!The!lack!of!
edge!connecting!these!years!to!the!others!indicated!that!they!displayed!a!
distinct! distribution.!The!LIC! layer! showed! that! sole! exhibited! a! few!
different!yet!repeating!patterns!despite!the!overall!LIC!values!being!low.!
Four!pairs!of!years!had!very!high!LIC!values!(above!0.8)!showing!high!
spatial! correlations! in! the! densities! these! years.!However,! the! global!
signal!of!the!LIC!layer!shows!that!the!densities!distributions!were!quite!
variable,!with!only!1997!being!well!connected.!It!is!notable!as!well!that!
2019!is!isolated!in!the!GIC!network.!

The!two!clusters!on!the!plaice!network!were!distinguishable!on!both!
the!GIC!and!the!LIC!layers.!They!represent!the!two!patches!of!centres!of!
gravity!described!in!Fig.!3!and!A.4.!The!1996/1999/2000/2002/2017!
cluster!matches!the!centres!of!gravity!closer!to!the!Orne!estuary,!while!
the!other!contains!the!centres!of!gravity!near!the!mouth!of!the!Seine!
river.!

3.3. Spatial!structures!

Based!on!the!eigenvalues!and!the!shape!of!each!MAF!variogram,!only!
the!#rst!three!MAFs!were!considered!(Fig.!5).!The!variograms!indicated!
clear!structure!until!the!third!MAF,!where!they!started!to!present!a!large!
nugget!component.!After!the!third!MAF,!the!orthogonality!at!short!dis-
tances! was! also! not! veri#ed! anymore.! These! three! MAFs! displayed!
spatial!patterns!at!the!estuary!scale,!as!shown!by!the!MAF!scores!shown!
on!the!map!in!#gure!A2.!

The! SSI! index! discerned! 5! clusters! for! each! species! (Fig.! 6).! The!
clusters!of!each!species!did!not!display!clear!temporal!continuity.!Dab’s!
clusters! displayed! three! singletons! (1996/1997/2001)! whereas! most!
sole’s!clusters!had!group!membership!of!two!or!three!years.!As!seen!in!
the! GIC/LIC! clustering,! the! temporal! dynamics! for! each! "at#sh!was!
different.!However,!for!dab!and!plaice,!the!most!recent!years!tended!to!
be!grouped!together!(2017/2018!for!dab!and!2018/2019!for!plaice).!

4. Discussion!

4.1. Methods!

In!this!study,!spatial!indices!and!multivariate!analyses!were!used!to!

Table!1!
Mean!frequency!of!occurrence!and!density!of!three!"at#sh!populations!surveyed!
in!the!Seine!estuary!during!the!13!years!of!sampling.!C.V!is!the!coef#cient!of!
variation.!!

Species! Occurrence!in!all!hauls!(%)! Density!(individuals!per!hectare)!when!
excluding!absence!!!

Mean!(ind/ha)! C.V.!(%)!
Dab! 56.2! 36.7! 158!
Plaice! 53.6! 25.1! 160!
Sole! 35.4! 43.6! 176!!

T.!Cariou!et!al.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!



describe! quantitative! spatial! patterns! and! to! evaluate! their! temporal!
variation.! Both!methods!were!well! suited! to! deal!with! the! temporal!
discontinuity! existing! in! the!dataset.!The! spatial! indices!provided! in-
formation!on!how!a!population!was!distributed!or!how!the!distributions!
of!the!two!populations!looked!alike.!A!missing!year!would!only!result!in!
not!having!the!information!on!the!distribution!and!not!introduce!any!
bias.!MAFs!were!a!k-table!analysis,!a! table!being!the!densities!of! the!
three!"at#shes! for!one!survey.!These!tables!could!be!switched!in!the!
analysis!without!changing!the!results!as!the!PCAs!were!not!affected!by!
the! relative! order! of! the! values.! Therefore,! thirteen! years! of! surveys!
provided!a!non-continuous!yet!informative!dataset!on!G0!juvenile!"at-
#sh!distributions!in!the!Seine!estuary.!However,!the!temporal!disconti-
nuity!may!have!altered!our!ability!to!detect!any!dynamic!trend!in!spatial!
patterns.!

Here,! the! combination! of! spatial!methods! and! the! comparison! of!
their!results!allowed!us!to!better!read!the!spatial!patterns!existing!in!the!
estuary.!On!one!hand,!the!considered!spatial!indices!acted!as!indicators,!
numerically!summarising!distributions.!On!the!other!hand,!MAFs!were!
closer!to!a!model!of!the!actual!distribution,!removing!noise!in!the!spatial!

patterns!(Petitgas!et!al.,!2020).!Temporal!variations!in!"at#shes’ dis-
tribution!in!the!Seine!estuary!existed!but!may!be!too!faint!to!be!rendered!
correctly!by!spatial!indices.!CG,!inertia!and!indices!of!collocation!were!
global!statistics,!which!smoothed!the!temporal!aspect!of!the!distribution.!
In!this!study,!they!tracked!major!changes!but!were!less!able!to!render!
short!term!variations.!Only!the!LIC!layer!of!the!multiplex!network!gave!
an!insight!into!annual!variability,!based!on!the!Louvain!clustering!al-
gorithm.!This!algorithm!was!selected!because!of!its!widespread!use!and!
appropriate! properties! (Traag! et! al.,! 2019),! which! were! considered!
suf#cient! for! the! objective! of! this! study:! interspeci#c! comparison! of!
spatiotemporal!distribution.!Strictly!speaking,!LIC!is!not!a!spatial!sta-
tistic!as!it!is!unchanged!by!a!geographical!permutation!of!the!observa-
tion.!Clusters!of!years!based!on!the!GIC/LIC,!and!the!clusters!extracted!
from!the!spatial!analysis!based!on!the!MAF!decompositions!were!not!
similar.!For!instance,!the!year!1996!for!dab!would!instinctively!be!iso-
lated!from!the!clusters!detected!when!based!on!the!LIC,!but!this!was!not!
the!case!with!the!Louvain!clustering.!It!was!considered!that!MAFs!were!
better!suited!to!track!temporal!changes!in!spatial!distributions:!spatial!
indices! summarised! the! spatiotemporal! variations! in! a! single! value,!

Fig.!2. Mean!density!of!dab,!plaice!and!soles!across!all!surveys!and!hauls,!between!1995!and!2017.!Density!is!expressed!in!individuals!per!hectares.!Coordinates!are!
in!decimal!degree!(DD).!

Fig.!3. (Left)!Position!of!the!centres!of!gravity!across!years!for!dab!(violet),!plaice!(turquoise)!and!sole!(yellow).!The!ellipsis!represent!inertia!associated!with!the!
centre!of!gravity.!(Right)!Boxplot!and!annual!isotropy!index!for!the!three!species!of!"at#shes.!The!size!of!the!symbol!for!the!annual!isotropy!is!proportional!to!the!
inertia.!Coordinates!are!in!decimal!degree!(DD).!(For!interpretation!of!the!references!to!colour!in!this!#gure!legend,!the!reader!is!referred!to!the!Web!version!of!
this!article.)!
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while!scores!of!the!orthogonal!factors!for!each!year!could!group!them!
according!to!coherent!spatial!structure.!Tableau!et!al.!(2016)!used!part!
of! the! analytical! tools! of! this! study! (GIC! and! variogram)! to! link! the!
distributions!of!preys!and!#shes! in!an!estuary!without!describing!the!
spatial!use!of!the!environment!at!the!species!level.!

4.2. Distinct!usage!of!the!nursery!in!spatial!patterns!

The!Seine!nursery!is!a!key!habitat!in!the!life!cycle!of!the!three!"at#sh!
species.!It!is!under!pressure!from!human!activities!that!undermine!its!
role!as!a!nursery!(Le!Pape!et!al.,!2007).!So!far,!associated!studies!mostly!

focused!on!sole!population!(Amara!et!al.,!2007;!Rochette!et!al.,!2010),!
and! to! a! lesser! extent! on! "ounder! (Platichthys! "esus)! and! dab! as! in-
dicators!of!pollution! levels! (Amara!et!al.,!2009;!Dévier!et!al.,!2013).!
Plaice!was!studied!in!the!Seine!estuary!in!Riou!et!al.!(2001)!and!most!
recently!in!Day!et!al.!(2020)!who!analysed!the!feeding!habitat!of!plaice!
and! sole! juveniles.! Our! study! was,! to! our! best! knowledge,! the! #rst!
attempt!to!look!for!different!spatial!patterns!in!the!Seine!estuary’s!"at-
#sh!assemblage.!Although!only! three! species!were!considered! in! this!
study,!the!spatial!indices!and!the!MAF!all!pointed!out!segregation!of!the!
distribution!of!the!juvenile!"at#sh.!It!showed!a!distinct!species-speci#c!
usage!of!the!nursery!area.!Similar!results!were!obtained!by!Piet!et!al.!

Fig.!4. Global!index!of!collocation!(GIC)!and!
Local! Index! of! collocation! (LIC)! calculated!
for! any! pair! of! years! for! the! three! "at#sh!
species.! A! community! is! a! synonym! for! a!
cluster.!Node!clusters!are!obtained! through!
the! Louvain! algorithm,! optimising! the!
modularity! of! the! multilevel! network.! The!
edges’ thickness! of! the! network! is! propor-
tional!to!the!value!of!the!GIC!or!LIC!index.!
On!each!layer,!only!the!edges!whose!weight!
are!greater!than!the!median!of!all!values!are!
shown!(50%!of!edges!are!removed!from!each!
layer).!!!
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(1998),!who!worked!not!only!on!juveniles!but!on!all!size!classes.!They!
found!a!difference!in!spatial!distribution!between!dab,!plaice!and!sole!
that!were!signi#cantly!more!distinct!for!the!smallest!size!class!than!the!
largest!ones!found!in!the!southern!North!Sea.!They!linked!this!segre-
gation!to!several!hypotheses!revolving!around!trophic!resources.!Several!
studies!conducted!on!"at#shes!in!the!Seine!estuary!showed!a!resource!
partitioning!in!their!diets!(Amara!et!al.,!2001;!Dauvin!et!al.,!2012;!Day!
et!al.,!2020).!They!tended!to!indicate!that!trophic!competition!between!
dab,! sole! and!plaice!was!minimal.!A! comparison!of! the! gut! contents!
between!sole!and!plaice!in!2017!demonstrates!a!high!site!#delity!within!
nursery!habitats!for!both!species!(Day!et!al.,!2020),!which!is!consistent!
with!our!results!on!the!relative!stability!of!distributions’ mean!position!
across! the! years.!As! each! species! has! environmental! preferences,! the!
spatial!pattern!we!highlighted!in!the!estuary!may!be!related!to!different!
nursery!environments!(Peterson!et!al.,!2011).!

Dab! juveniles! in! the! Seine! estuary! are! recurrently! found! in! the!
furthest!western!and!northern!parts!(Fig.!2).!The!literature!on!this!spe-
cies!in!other!ecosystems!and!the!English!Channel!showed!that!dab!ju-
veniles! did! not! just! use! the! shallow! and! estuarine! areas! as! nursery!
grounds!but!may!use!deeper!waters!as!well! (Bolle!et! al.,!1994;!Hen-
derson,!1998;!Martin!et!al.,!2010).!This!was!consistent!with!our!results!
showing!the!mean!distribution! location! in!deeper!water!compared! to!
plaice!and!sole.!This!behaviour!might!help!reduce!interspeci#c!compe-
tition.!The!bathymetry!on!the!French!side!of!the!eastern!English!Channel!
dropped!off!steeply!past!20!m!deep,!except!for!the!Seine!and!Somme!
estuaries.!Hence,!optimal!habitat!(suitable!and!free!of!competition)!for!
dab!may! be! limited! in! other! locations! on! the! French! coast! as! other!
"at#sh!occupied!the!coastal!fringe.!

The!juveniles!of!plaice!had!a!wide!distribution!along!the!southern!
coastline,!up!to!the!Seine!estuary’s!mouth,!and!two!clusters!could!be!
drawn! from! the! centres! of! gravity.!These! clusters! could!also!be! seen!
highlighted!on!the!#rst!MAF!(Figure!A2).!The!G0!juveniles!of!plaice!tend!
to!distribute!and! feed! in! intertidal!areas! (Beyst!et!al.,!2002).!Coastal!
in"uence!is!central!to!their!distribution,!as!described!by!Duval!(1982).!
Clusters!identi#ed!in!our!analysis!may!distinguish!years!when!the!Seine!
had!a!larger!in"uence!on!their!distribution!potentially!linked!with!the!

river!"ow!and!benthic!productivity.!The!“Banc!du!Ratier” is!a!pile!of!
rocks!and!rubbles!that!was!landscaped!as!a!small!arti#cial!island!during!
Le!Havre!harbour!development!of!Le!Havre! in!2002–2005;! it!created!
new! intertidal! beaches! potentially! favourable! to! plaice! settlement.!
Autumn,!when! sampling! took!place,! corresponds! to! the!migration!of!
juvenile!plaice!from!the!intertidal!area!to!deeper!waters!of!around!5!m!
depth,!increasing!their!catchability!(Gibson!et!al.!2002,!2011).!Although!
the! intertidal! area!was! not! surveyed! and! the! use! of! this! part! of! the!
nursery!was! not! be! evaluated,!we! believe! that! our! sampling! scheme!
provided!a!fair!representation!of!the!distribution!of!juvenile!plaice.!

Sole! is! the!species! for!which! literature!on!nurseries!was! the!most!
abundant,!whether! in! the! Seine! (Rochette! et! al.,! 2010;! Archambault!
et!al.,!2018),!in!the!Channel!(Eastwood!et!al.,!2003)!or!on!the!French!
coast!(Le!Pape!et!al.,!2003;!Nicolas!et!al.,!2007;!Kostecki!et!al.,!2010).!
Juveniles!of!sole!were!constantly!found!at!the!Seine!estuary.!However,!
the!very!low!LIC!index!indicates!that!high!densities!were!rarely!seen!at!
the!same! location,!showing!a!high! local!heterogeneity! in! their!distri-
bution! patterns.! Depth! and! temperature! affected! the! juvenile! sole’s!
distribution!which!is!true!for!the!juveniles!of!most!"at#shes!(Eastwood!
et!al.,!2003).!However,!some!literature!shows!that!river!"ow!and!salinity!
affected!sole!more!than!dab!or!plaice,!perhaps!because!these!factors!have!
been!studied!more!often!with!sole!(Le!Pape!et!al.,!2003;!Kostecki!et!al.,!
2010).!River!input!brings!essential!nutrients!to!the!ecosystem!that!enter!
the!trophic!chain!and!affect!food!availability!for!the!juveniles.!As!it!has!
been! seen! in! other! estuaries,! sole! tolerates! a!wider! range! of! salinity!
(Power!et!al.,!2000)!compared!to!plaice!and!dab.!Sole!could!then!access!
resources!not!exploited!by!the!two!other!species.!

4.3. Temporal!variation!of!spatial!pattern!

Juveniles’ abundance! was! linked! to! habitat! availability! for! their!
development!(Parsons!et!al.,!2014).!Low!densities!may!be!the!source!of!
highly!variable!patterns.!When!abundance!was!low,!it!was!expected!that!
the!pattern!might!vary!from!year!to!year!as!the!habitable!area!is!pro-
portionally! large.!Hotspots!of!density!were!then!expected!to!occur!at!
different!locations!over!the!years!and!within!the!nursery!area.!Following!

Fig.!5. Empirical!variograms!of!each!MAF!for!the!three!species!of!"at#sh.!!
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the!decrease!in!"at#sh!abundance!by!harbour!development!in!the!area!
(Rochette! et! al.,! 2010),! spatial! patterns! were! expected! to! be! highly!
variable!(Figure!A.3).!Changes!in!the!benthic!communities!in!the!Seine!
estuary! were! observed! before! and! after! the! harbour! development!
(Dauvin!et!al.,!2010;!Dauvin!and!Pezy,!2013).!However,!our!results!did!
not!point!to!harbour!development!being!the!source!of!major!changes!in!
juveniles!repartition! in! the!nursery!area.! Instead,!mean!spatial!distri-
butions!were!stable!despite!known!and!extensive!degradation!(Le!Pape!
et!al.,!2007).!Two!hypotheses!could!explain!our!results.!First,!it!could!be!
that!there!is!no!room!for!heterogeneity.!Spatial!patterns!were!restricted!
because! the!area!available! to!settlement!within! the!nursery!has!been!
reduced!and!biotic!pressures!were!exerted!by!the!co-occurrence!of!other!
"at#sh!species!at!the!same!time.!These!pressures!constrained!the!dis-
tribution! patterns! of! each! population! and! the! temporal! variability!
observed.!Second,!the!geostatistical!methods!used!in!this!study!did!not!
directly!take!into!consideration!the!raw!densities!but!their!standardised!
version,!i.e.!densities!relative!to!their!standard!deviation.!This!method!
may! have! hidden! larger! differences! in! patterns! before! and! after! the!
harbour!development.!The!state!of!juvenile!"at#sh!in!the!Seine!estuary!

was! impacted!by!anthropogenic!disturbances,!as!observed!by!Gilliers!
et!al.!(2006).!One!clear!example!is!the!trend!in!juveniles’ density!(See!
#gure!A.3).!Although!the!dataset!seems!to!show!changes!in!abundance,!
the! dynamic! described! in! spatial! patterns! did! not! correlate!with! the!
disturbances.! Hence,! a! distinction! can! be! made! between! the! pop-
ulation’s! response! in! spatial! distributions! and!demography! to! distur-
bances.!However,!the!standardisation!was!necessary!due!to!the!variance!
in! the! data.! The! low! densities! induced! a! high! variability! on! spatial!
patterns! that!may! have!masked! an! anthropogenic! signal.! These! low!
densities!coupled!with!the!high!heterogeneity!of!benthic!assemblage!at!
the!mouth!of!the!estuary!(Ghertsos!et!al.,!2001)!may!explain!the!high!
variability!in!juveniles’ distribution.!

Some!singletons!detected!by!the!MAF!clustering!could!however!be!
explained! by! particular! hydrodynamic! conditions.! River! "ow! is! an!
environmental! driver! often! essential! in!"at#sh! nursery! as! it! controls!
habitat!availability! through!salinity!(Bos!and!Thiel,!2006)!or!benthic!
production!(Le!Pape!et!al.,!2003).!As!pointed!out!in!Dauvin!and!Pezy!
(2013),!2001!was!the!year!with!the!maximum!mean!"ow!for!the!period!
of!1990–2012.!This!was!highlighted!in!the!dab!clusterings!where!2001!is!

Fig.!6. Dendrograms!built!using!Ward’s!criteria!for!each!species!based!on!scores!of!the!#rst!three!MAF!and!displaying!the!number!of!groups!indicated!on!simple!
structure!index.!The!coloured!set!of!branches!indicates!the!clustering!results!for!each!species!(a!clustering!is!performed!for!each!species,!so!cluster!4!of!one!species!is!
not!the!same!as!cluster!4!of!the!other!two!species).!Dashed!lines!are!branches!not!related!to!a!single!cluster.!
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one!of!the!singletons!on!the!MAF!dendrogram!and!on!the!GIC!network!
being!only!connected!to!2008!by!one!edge.!This!potentially!re"ected!a!
higher!in"uence!of!freshwater!input!on!this!species!distribution!than!on!
sole!or!plaice.!

Seasonal! movements! cannot! be! evaluated! in! the! current! study!
because!of!the!yearly!survey.!However,!Brind’Amour!et!al.!(2018)!pre-
viously!identi#ed!that!all!three!species’ juveniles!displayed!an!identical!
seasonal!migration!pattern,!moving!out!of!the!estuary!in!summer!and!
coming! back! in! autumn.! If! all! three! species! globally! had! the! same!
movement,! it! is!possible! that! segregation,!as! it!was!observed!here! in!
autumn,!may!be!constant!in!time.!

4.4. Conclusion!and!perspectives!

The!investigation!of!spatial!patterns!in!the!nursery!showed!that!even!
though!relatively!small!areas!are!used!for!a!single!species,! the!whole!
space!considered!as!a!nursery!was!used!due!to!ecological!constraints.!
Segregation!in!the!spatial!distribution!was!recurrent,!but!spatial!patterns!
themselves! are! unstable,! partly! because! of! the! nursery! degradation.!
Further!studies!should!emphasise!the!characteristics!of!the!eastern!Bay!
of!the!Seine!ecosystem!to!understand!how!environmental!variables!can!
affect!the!spatial!distribution!of!communities!during!the!juvenile!phase.!
Putting! together! the! spatial! knowledge! of! this! study! and! abiotic! pa-
rameters!will!give!a!better!understanding!of!species/environment!rela-
tionship! in! a! disturbed! nursery! (Peterson,! 2003).! The! use! of! spatial!
indices!has!been!reviewed!and!encouraged!in!Ru#no!et!al.! (2018)! to!
create!the!most!ef#cient!management!for!a!given!species.!These!man-
agement!methods!need!to!integrate!as!much!as!possible!the!ecological!
knowledge!to!maximise!survival!during!the!juvenile!phase!that!is!crucial!
to!exploited!populations.!
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A B S T R A C T

Human induced-disturbances have increasingly modified estuarine communities. In the Seine estuary,

they have been linked to decrease the nursery function. However, little literature described how

fish communities in the estuary responded to the disturbances. We used taxonomical and functional

analysis to characterise trends in the organisation of fish communities and to investigate their responses

to human disturbances. Ordination and clustering have led to the construction of four taxonomic

assemblages and five functional groups. The assemblages are spatially distinct but the juveniles-rich

assemblage have declined over time. Functionally, planktivorous feeders are less abundant. All other

functional groups have not significantly declined or have been stable through time. Turbidity and

chlorophyll a are the environmental parameters that best explain changes in the fish community of the

Seine estuary.

1. Introduction

At the interface between marine and freshwater ecosys-

tems, estuarine systems are characterised by their high

environmental variability (Cloern et al., 2017). Variations

can be seasonal (Uncles et al., 2018), annual (Ross et al.,

2015) or due to extreme events (James et al., 2020). On

top of these natural variations, estuaries undergo significant

human-made disturbances (Cloern et al., 2016). Therefore,

there is a need to characterize and monitor the dynamic of

estuaries’ biological communities in response to these natu-

ral and human-induced factors. In this framework, biological

communities are intermediate between population dynamic

and ecosystem functioning. Literature on the dynamic of

biological communities in estuaries is quite abundant and

all compartments have been investigated, ranging from

planktonic communities (Murrell and Lores, 2004), to ben-

thic (Teixeira et al., 2008), fish (Cabral et al., 2001) and

bird communities (Ysebaert et al., 2000). Studies use this

biological level to either directly study ecosystem processes

(Mazancourt et al., 2013), associated environmental changes

(Warwick et al., 2002) or characterise different estuaries

altogether Lefran et al. (2021). Among these, fish communi-

ties reflect the state of estuarine ecosystems, being sensitive

indicators of anthropogenic stress and are better appreciated

in ecosystem management (Whitfield and Elliott, 2002). Fish

communities respond to global changes (Genner et al., 2004;

Pasquaud et al., 2012) and human-induced changes, whether

degradation (Araújo et al., 2017) or restoration (Castro et al.,

2016).

Classically, studies on fish communities focus on tax-

onomical changes and link the observed changes to the
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species ecology. However, taxonomical diversity in a highly

variable ecosystem such as an estuary may not measure

changes as wished. Elliott and Quintino (2007) developed

this idea called “Estuarine Quality Paradox" that can be

resumed as follows: the natural variability of an estuary

may hide that induced by anthropogenic activities. While it

may explain the lack of human impact on fish communities

where expected (Valenti et al., 2017), the main conclusion is

that other indicators should be used to reflect the processes

happening in an estuary. Mouillot et al. (2006) tackled

the question and concluded that functional diversity and

functional groups were the best way to answer the problem

of taxonomic changes in transitional waters. Functional

ecology for fish communities is relatively new (Villéger

et al., 2017). It is based on the study of functional traits

which can be defined as “any morphological physiolog-

ical or phenological feature measurable at the individual

level” which “impacts fitness indirectly via its effects on

growth, reproduction and survival” (Violle et al., 2007).

Using biological life traits has different usages. One of the

most obvious is regrouping species into groups of similar

functions, diminishing the dataset’s dimension (Pecuchet

et al., 2017). In the North Sea, (McLean et al., 2019a) have

observed divergent results between a taxonomical and a

functional approach. Their study is an example of getting

further insights into the different processes occurring in an

ecosystem (here, a trait homogenisation while communities

diverge). While fishing pressure has been linked to size

reduction and faster growth rates (Brown et al., 2008),

ecosystem functioning has yet to be linked to and interpreted

using life traits variations.

The Seine estuary has a long history of successive dis-

turbances, whether pollution, habitat destruction or climate

change (Meybeck et al., 2018). These disturbances have

been linked to the decrease of functional effectiveness of the

nursery (Le Pape et al., 2007), and harbour developments
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have changed structuring environmental gradients such as

salinity and turbidity (Grasso and Le Hir, 2019). Although

these changes are well documented, the fish communities’

response to them is less investigated. The only studies in

the literature at the community scale investigate freshwater

communities (Belliard et al., 1997, 2020). In Rochet et al.

(2005), trends indicators showed that marine fish commu-

nities had not undergone significant changes, although their

state was referred to as degraded. In other French estuaries,

communities’ succession following marinization has been

documented Chevillot et al. (2016) and functional changes

linked to climate change (McLean et al., 2019b). We aim

to describe taxonomical and functional changes in the fish

community of a highly disturbed coastal nursery: the Seine

estuary. The dynamic of fish communities at the mouth of the

estuary will be investigated using a long-term scientific sur-

vey of the benthic fish communities, well suited to investi-

gate communities’ variation (Collins et al., 2000). Anthropic

disturbances were reported to have an impact on benthic

communities (Dauvin and Pezy, 2013) and it is hypothe-

sised that fish communities also displayed changes over 20

years. Although estuaries are overall taxonomically richer

and more redundant functionally (Teichert et al., 2017),

human disturbances decreasing this redundancy will even-

tually lead to a decline of the resilience to change of these

ecosystems (Teichert et al., 2018). This study fills the gap

on fish communities’ knowledge of the Seine estuary, using

taxonomical and functional analysis, and investigates how

resilient these communities are to environmental changes.

2. Material and methods

2.1. Bottom trawl survey
The NOURSEINE survey dataset describes the fish and

partial benthic communities composition in the flatfish nurs-

ery habitat of the Seine estuary and eastern bay of Seine.

Data was collected using a 20 mm mesh-size and 3 m wide

beam trawl throughout three periods from 1995 to 2019. The

surveys happened at the start of autumn to maximize the

catchability of juvenile fish. The beam trawl targeted mainly

benthic and demersal species over 600 square kilometres of

the study area. The dataset provided densities of 161 species

for 634 hauls performed at around 40 stations each year. The

community observations are published on the data depos-

itory Zenodo (https://doi.org/10.5281/zenodo.3824354). A

detailed description of the sampling protocol, the surveys

and the related data are available in Cariou et al. (2020).

Cohorts were distinguished for the species where the

age was regularly measured for eight species (Clupea haren-

gus Dicentrarchus labrax, Merlangius merlangus, Limanda

limanda, Platichthys flesus, Pleuronectes platessa, Solea

solea and Sprattus sprattus). However, individuals whose

size was not reported were left out of the analysis. The three

cohorts were labelled G0 (young-of-the-year), G1 (1-year

individuals) and G2p (individuals of 2 years and more).

2.2. Community analysis
Biodiversity was investigated through the Shannon (or

Shannon-Wiener) H and Pielou’s evenness J indices. They

are calculated as follows:

H =
∑

i

piln(pi) and J =
H

ln(S)
(1)

with pi the proportional abundance of species i and S the

number of species in the sample. While the Shannon index

measured the species richness, Pielou’s evenness ranged

between 0 and 1 and informed on how a given sample was

structured. If a species accounts for 90% of the abundance

of a given sample, the index was close to 0 and the sample

was said to be highly structured.

The link between abundance and time was explored

through a Spearman correlation for each species. It was

used to avoid the assumption of a parametric test and han-

dle the discontinuous time series. It summarised the main

trends in population dynamics in the Seine estuary. Only

the significant correlations were described in the results.

Community composition was analysed through principal

component analysis (PCA). Only the Actinopterygii class

and Elasmobranchii subclass were kept. In the end, the

community matrix included 634 stations (rows) and 68

taxa (columns). The Hellinger’s transformation was applied

beforehand to standardise the data as advised by Legendre

and Gallagher (2001). Ordination was followed by a hierar-

chical ascendant clustering (HAC) of the samples based on

their coordinates in the newly created space. This clustering

resulted in the creation of assemblages: samples with close

species structure. As Hellinger transformation produced a

Euclidean distance, so the clustering used the Euclidean

distance with the Ward algorithm. This algorithm minimises

the inertia within a cluster (within-inertia) while maximising

the one between clusters (between-inertia). The number of

clusters is defined according to a criterion based on the

between-inertia. The criterion is:

ΔQ

ΔQ + 1
(2)

where Q is the number of clusters and ΔQ the between-

inertia increase moving from Q − 1 to Q clusters. The final

number of clusters minimises this criterion. The number of

clusters determined with this criterion was also compared

with other indices computed with the NbClust package

(Charrad et al., 2014).

2.3. Trait analysis
The functional diversity was based on the dataset pro-

vided by Beukhof et al. (2019), which synthesized the avail-

able literature on bentho-demersal species life-history traits

in the North-East Atlantic. It included 14 traits, 9 contin-

uous ones and 5 categorical ones. As the dataset is based

upon bottom-trawl surveys, most species in the NOUR-

SEINE dataset were included in Beukhof et al. (2019). Only

Hippocamus sp. and Liza sp. could not be assigned trait

values. To better reflect the nursery aspect of the Seine
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estuary, juvenile cohorts were added for the species where

data were available, changing trait modalities where neces-

sary (see Appendix). After removing species with missing

traits (mainly rays and skates), 58 taxa remained out of

the 68 taxa in the community matrix. Functional groups

were created using the same methodology as the community

assemblages. First, continuous traits were transformed into

semi-quantitative variables. Then, the species-trait matrix

was used in a multiple correspondence analysis (MCA) to

compare the traits composition. Again, the coordinates of the

species in this new space were used in a HAC using Ward’s

criterion. The functional groups created were described us-

ing a set of functional indexes developed by Villéger et al.

(2008) and (Laliberté and Legendre, 2010): functional rich-

ness (FRic) reflected the “functional space” occupied by a

community and functional evenness (FEve) described how

the abundance was distributed in the functional trait space;

functional dispersion (FDis) completed the FRic index by

accounting for relative abundances of each species, which

FRic was not built for. FDis allowed describing functional

richness without the bias of rare species with uncommon

traits. On top of these indices, the functional redundancy was

measured to evaluate the potential stability of the function-

ality (Ricotta et al., 2016). As for taxa, trends in functional

traits were also investigated using Spearman correlation

between their community-weighted mean (CWM) and the

years. CWM values are traits weighted by the species abun-

dance and are used to link the prevalence of a trait with

environmental variables (McWilliam et al., 2020).

2.4. Environmental data
Satellite, physical and meteorological observations ob-

servations provided the environmental context in which

communities evolved. The satellite observation of sea sur-

face temperature, chlorophyll a concentration and turbid-

ity were extracted from the Copernicus data portal for

marine science (https://marine.copernicus.eu/), using the

longest time series available for the study area. Sea sur-

face temperature extended from 1982 to 2018, chlorophyll

a concentration from 1998 to 2017 and turbidity from

1998 to 2018. The Seine flow measurements in two sta-

tions (in Poissy from 1995 to 2009 and in Vernon from

2010 to 2019) were extracted from the French national

river flow database http://www.hydro.eaufrance.fr/. Be-

cause of the challenges faced with the spatial represen-

tation of the influence of the river flow on the estuarine

ecosystem, only temporal series were analysed. The North

Atlantic Oscillation index (NAO) was also considered in

the analysis to quantify the effect of medium and large

scale meteorological influences on the Seine ecosystem..

Monthly values extracted from https://www.cpc.ncep.noaa.

gov/products/precip/CWlink/pna/nao.shtml, were averaged

to yearly values. The BIOENV procedure (Clarke and

Ainsworth, 1993) was applied to discriminate the envi-

ronmental variables that best explained the changes in the

community matrix. It is based on a rank correlation between

the Euclidean distance of scaled environmental variables and

the community dissimilarity matrix.

All analyses were performed using the R software (Team,

2013). PCA, MCA and clustering were done with the fac-

tomineR package (Lê et al., 2008). Biodiversity indices and

BIOENV were computed with the vegan library (Oksanen

et al., 2015). Functional indices and CWM were calculated

with the FD package (Laliberté et al., 2014). All codes

are available on a GitHub repository (https://github.com/

ThibaultCariou/Seine_fishcom).

3. Results

3.1. Biodiversity and main abundance changes
Temporal variations of the Shannon and Pielou indices

were explored with yearly anomalies between the mean on

the time series and a given year, but no significant trends

were detected (Figure 1). Fish densities in the estuary have

been decreasing since 2009, the trend being more distinct on

the juveniles. The Seine estuary was spatially contrasted in

its species richness and structure (Figure 2). The estuary’s

mouth included the taxonomically richest sectors (D, E, M)

and the less structured (F and D).

Figure 1: Anomalies of the Shannon and Pielou biodiversity
indices and of the annual densities of all the communities
and all the young-of-the-year juveniles from 1995 to 2019
(positive values in yellow, negative values in purple). Density
and Juveniles are given in individuals per m²

The northern area (sector A) and the sectors located

below the estuary’s mouth were amongst the poorest and

highly structured except for sector L, located on the coast

closest to the Orne estuary. Juvenile’s densities were mainly

distributed in the estuary and the coastal sectors, while

sectors D, H and K had the most fish densities. While not

structured and with a relatively high richness, sector F (north

entrance of the Seine) had one of the lowest mean densities.

Out of the 68 species in the community table, 15 had

a significant relationship between their abundance and time

(Table 1). Most values reflected a negative relationship be-

tween abundance and time. For the three species C. haren-

gus, L. limanda and P. flesus, such a signal was identified for

all cohorts (in accordance with the drop of juvenile densities

observed in figure 1).
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Figure 2: Averaged (1995 to 2009) spatial structure of the
Shannon and Pielou biodiversity indices and of the total density
and the young-of-the-year juveniles. Spatial sector are labelled
according the Cariou et al. (2020)

Table 1

Spearman’s � for taxa whose correlation between annual mean
density and time was significant (p-value<0.05).

Taxa Spearman’s �

Platichthys flesus G2p -0.85
Trisopterus luscus -0.83
Platichthys flesus G1 -0.82
Clupea harengus G0 -0.79
Limanda limanda G0 -0.78
Clupea harengus G1 -0.77
Limanda limanda G1 -0.76
Platichthys flesus G0 -0.75
Anguilla anguilla -0.58
Ciliata mustela -0.54

Pleuronectes platessa G2p 0.56
Scophtalamus rhombrus 0.66
Arnoglossus spp. 0.70
Hippocampus spp. 0.80
Spondyliodoma cantharus 0.81

3.2. Communities composition
The first three axes of the PCA explained 51.2% of the

total variation altogether, respectively distributed as 28.5%,

13.8% and 9% (Figure 3). Two taxa structured the fish

communities in the Seine estuary: the common dragonet

(Callyonimus lyra) and the Gobiidae, which were respec-

tively discriminated on the first and the second principal

components. These two taxa represented 50% of the total

biomass in the NOURSEINE surveys (Figure 8). The third

axis separated “pelagic” assemblages, with species like C.

harengus or S. sprattus from more “benthic” ones with S.

solea or Trisopterus luscus. Although all cohorts measured

were present for the mentioned species, the young-of-the-

year was the most explained on those 3 axes.

Figure 3: Principal component analysis (PCA) of the com-
munity matrix with a Hellinger standardisation. The first row
represents the projection of the ten variables with the highest
contributions to the total variance in the bi-dimensional space
defined by the first and the second principal component (on
the left), and by the first and the third principal components
(on the right). The second row represents the distribution of
the individuals with the clustering results (in the same bi-
dmensional space defined before). Colours and point shapes
correspond to each assemblage described in the results.

The clustering of the PCA coordinates resulted in 4

coherent units in terms of fish assemblage. Results of the

NbClust package showed that there were as many indices

indicating 3 groups (5 indices) as there were indicating 4

groups. We chose to proceed with the 4-groups clustering to

reflect better the diversity of the assemblages encountered

(9). These groups were distinguished on the axes couple 1/3,

and they seemed to match the description of the assemblages

formed on the first three axes of the PCA (Table 4). The

first cluster was heavily structured by C. lyra (Figures 3

and 10), later on designed as “dragonet assemblage”. This

assemblage was the most present throughout the survey.

It was mostly encountered in the sectors where species

richness was poor (mean species number S = 8.5), meaning

C. lyra was the species structuring these stations. Three

species of flatfish were also recurrent in this assemblage L.

limanda, Arnoglossus spp. and Buglossidium luteum. The

second cluster was characterised by the Gobiidae family and

named “Gobiidae assemblage”. Stations belonging to this

assemblage were, for the most part, in the Seine’s mouth or

along the southern shore (S = 9.8). In 1999, this assemblage

was not present because only species with an economic

interest were identified and numbered. The third cluster

regrouped mostly round pelagic fish as well as the sea bass

(D. labrax) and was named “pelagic-like assemblage” (S =

11). The last one regrouped benthic or demersal fishes and

was named “benthic-like assemblage” (S = 12.5). Those

last two assemblages shared the same estuary sectors in the

Seine’s mouth, with a maximum of the pelagic one in 2001.

However, they also shared the same temporal trend. There is

a negative correlation between the Gobiidae assemblage and

the pelagic-like and benthic-like ones as stations belonging
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to the latter were replaced by the Gobiidae assemblage,

mostly in recent years (Figure 4). Kruskal-Wallis and ad-

hoc Wilcoxon-Mann-Whitney showed that species richness

was significantly different from one assemblage to another.

(Kruskal: �2 = 98.401, p − value < 0.001, Wilcoxon

dragonet/Gobiidae: W = 15877, p = 0.001, Wilcoxon

pelagic-like/Gobiidae: W = 6120, p < 0.01, pelagic-

like/benthic-like: W = 7184, p < 0.01)

Figure 4: Temporal variations of the relative densities of
each species assemblages. The black line represents the total
captured density.

3.3. Functional groups compositions
The differences in assemblages in terms of relative func-

tional groups were first detailed with multivariate indices

(Figure 5). The variation in these indices was tested for sig-

nificance with a Kruskal-Wallis rank-sum test. As expected

by the low species richness, the dragonet assemblage also

had a lower global functional diversity than the three oth-

ers. However, the Gobiidae assemblage behaved differently,

with a FEve similar to the pelagic and benthic assemblages

but a FRic intermediate between the dragonet and pelagic

assemblages. The Gobiidae assemblage may have included

“rare” species that increased FRic. However, FDis showed

that accounting for species relative abundance hinted at

a functional diversity lower compared to the benthic-like

and pelagic-like assemblages. These assemblages had the

highest values for all indices. Functional redundancy was

overall high but slightly greater in the Gobiidae and dragonet

assemblages.

The hierarchical clustering of the species based on the

coordinates in the space created with the MCA led to the for-

mation of 5 functional groups (see supplementary materials

figures 11 and 12). The table 2 resumed the traits which char-

acterised the most each functional group. Based on these re-

sults, the 5 functional groups were called "sharks", "flatfish",

"guarder fish and strategy r", "benthopelagic generalist" and

"pelagic planktivorous". The species deleted in the analytical

process had no important weight in the communities; hence

no further investigations were conducted to complete the

Figure 5: Boxplot of the multivariate indices (functional disper-
sion: FDis, functional evenness: Feve, functional richness: FRic
and functional redundancy: Redun) calculated for each fish
assemblage. Differences in these indices between assemablages
were tested with a Kruskal-Wallis test and ad-hoc Wilcoxon.
Values indicated are p-values.

missing trait. The major functional group in each assemblage

was coherent with the species describing the assemblage:

planktivorous pelagic fishes were mainly in the pelagic-like

assemblage (56%), demersal benthivorous fishes dominate

in the Gobiidae and dragonet assemblages (respectively 91

and 94%). Two groups were predominant in the benthic-like

assemblage: benthivorous demersal (61%) and to a lesser

extent benthopelagic generalists (35%). C. lyra and Gobiidae

both being classed in the demersal benthivorous species, this

functional group dominated the biomass in the Seine estuary

throughout the period (Figure 6). Benthopelagic generalist

and pelagic planktivorous, although quite represented in the

1995-2001 period, have seen their densities dropped, reflect-

ing the trend in the pelagic-like and benthic-like assemblages

described figure 4.

Figure 6: Temporal variations of the relative density for each
functional group.
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Table 2

Characterisation of the functional groups obtained with clustering. The first 4 columns present the traits best describing the group. Modality
presence is the percentage of taxa sharing the modality in a given group. The V-statistic is the comparison between the prevalence of the trait
in the group and the prevalence in all taxa. If V>0, the trait is more represented in the group. The p-value gives the statistical significance of
the V-statistics, if it is different from 0. The fifth gives the species that best represented the functional groups and the last 4 columns describe
the distribution of these functional groups in proportion (percentage) of the fish assemblages obtained with the PCA on the community matrix.

Trait Modality V p-value Representative Proportion in assemblages
presence (%) statistic taxa Dragonet Gobiidae Pelagic-like Benthic-like

Fecundity=[0,100[ 100 3.43 6.05−4 Mustelus asterias <1 <1 <1 <1
Fin shape=heteroceral 100 3.43 6.05−4 Scylorhinus canicula

Age max=[5,10[ 100 2.61 9.07−03

Offspring size=[24,50[ 100 2.05 0.04

Body shape=flat 100 7.93 2.22−15 Platichthys flesus 23 16 13 45
Fin shape=rounded 100 5.72 1.04−08 Limanda limanda

Feeding=benthivorous 100 5.72 1.04−08 Buglossidium luteum

Habitat=demersal 100 4.57 4.90−06

Fecundity=[100,10000[ 60 4.14 3.43−05 Bleniidae 71 75 17 14
Spawning=guarder 40 3.48 4.95−04 Spinachia spinachia

Fin shape=rounded 90 2.96 3.11−03 Syngnathus

Age maturity=[1,2[ 40 2.72 6.46−03 Agonus cataphractus

Fin shape=truncate 100 6.46 1.02−10 Gadus morhua 3 5 13 37
Feeding=generalist 100 5.26 1.41−07 Pollachius pollachius

Fecundity=[15,19] 100 3.42 6.15−05 Merlangius merlangus

Habitat=benthopelagic 58 3.41 6.36−05

Fin shape=forked 94 7.22 5.38−13 Zeus faber 2 4 57 4
Habitat=pelagic 68 5.62 1.92−08 Belone belone

Feeding=planktivorous 56 4.88 1.07−06 Sprattus sprattus

Fecundity=[14,15] 69 4.29 1.79−05 Clupea harengus

Table 3

Spearman’s � of trait whose correlation between time and
CWM values is significant (p-value<0.05).

Taxa Spearman’s �

Aspect ratio [2;3[ -0.73
Age [15;20[ -0.70

Trophic level [3.5;4[ -0.70
Planktivorous -0.68

Caudal fin forked -0.67

Growth [2;2.5[ 0.55
Spawning bearer 0.58

Eel-like 0.58
Maturity [4;5[ 0.64
Compressiform 0.68

According to CWM values, ten traits have seen their

dominance change in time (Table 3). Three traits that saw a

decrease in time were linked with the planktivorous pelagic

group. Other traits increasing were closely linked to taxa

which have seen their abundance increased significantly

(Compressiform with S. cantharus and eel-like, bearer with

Syngnathidae).

3.4. Environmental variables
Environmental trends were represented using anomalies

built on the mean of the parameter on its time series (Figure

7). Nearly all parameters displayed apparent yearly varia-

tions. The turbidity and chlorophyll a concentration followed

the same pattern, with a significant decrease from 2001 to

2010 and values below the time series mean respectively

since 2010 and 2004. Sea surface temperature has increased

steadily reaching mean values 0.5°C above the time series

mean for the last 5 years. The Seine flow followed a more

contrasted trend, oscillating between dry years (1996-1998

and 2003-2007) and years with stronger flow (1995, 1999-

2002) reaching its maximum in 2001. The second part of the

time series has no clear trend, however the Seine flow was

more often under its time series mean. The NAO index also

does not display a any temporal trend.

The BIOENV procedure between environmental vari-

ables and fish abundance discriminated the combination of

chlorophyll a and turbidity to have the highest correlation

(0.50) with the dissimilarity matrix (Table 5). In this proce-

dure, SST and NAO were also introduced with comparison

between the community and the variable the previous year,

hence a 1-year gap. The NAO index was the last variable

integrated by the procedure.

T. Cariou et al.: Preprint submitted to Elsevier Page 6 of 13



Community dynamics and functional resilience

Figure 7: Anomalies of selected environmental parameters in
the Seine estuary on their available time series (positive values
in yellow, negative values in purple). Chlorophyll a is given in
mg.m−3, flow in m3.s−1, NAO has no unit, SST is in celsius
and turbidity is based on the diffuse attenuation coefficient (no
unit).

4. Discussion

Although changes in the Seine estuary on benthic com-

munities were already documented (Dauvin et al., 2010;

Dauvin and Pezy, 2013), fish communities were not as

well studied. A study on French coastal fish communities

acknowledged that the Seine estuary was well impacted

by fishing activities as soon as 1995 (Rochet et al., 2005).

However, it had no information on how fish communities in

the nursery reacted to such changes or how they shifted in

time, only that the condition of the estuary did not improve

nor decline. Using the NOURSEINE survey discontinuous

available over 20 years, we have described and documented

taxonomic and functional changes in fish communities in the

Seine estuary.

4.1. Spatial patterns
The NOURSEINE survey provided a dataset that spanned

the largest area from the Seine’s mouth to the 20 meters

depth limit. More often, surveys on fish communities fo-

cused on the Seine estuary without venturing far offshore

(Rybarczyk and Elkaım, 2003; Day et al., 2021). The fish

assemblages were mostly structured on an inshore-offshore

gradient, with the sectors closest to the estuary being tax-

onomically richer than the others. This pattern is quite

common and found in other estuaries of the Eastern English-

French Channel, such as the Bay of Somme (McLean et al.,

2019b). This coastal gradient also described the distribution

of juveniles in the Seine estuary. Coastal areas enhance

juveniles’ growth and survival, explaining their distribution

(?). However, mean densities showed a pattern that did not

follow the structure of fish-specific richness. Densities were

low in the Seine’s channels (sector F and M) while the

highest were on the sectors between 5 and 10 meters deep

(D, H, K) whether species richness was high (D) or low (H

and K).

Fish assemblages were quite distinct in space, and previ-

ous studies support these characteristic space occupancies.

The dragonet assemblage included species like B. luteum or

L. limanda that generally prefer saline waters (Henderson,

1998; Amara et al., 2004). Although no literature exists on

the salinity tolerance of the dragonet, we hypothesised that

it also avoided estuarine waters. Gobiidae assemblage had a

coastal presence in the estuary’s channels and out and was

occasionally seen in the offshore sectors. The main species

encountered on the French coast of the eastern English-

French Channel is Pomatoschistus microps. The literature on

the ecology of this species showed a species that preferred

coastal waters (Selleslagh et al., 2009) and tolerated less

marine waters (Leitão et al., 2006). The occurrence of this

assemblage on offshore stations may be explained by the

presence of the other species representing it, such as Scoph-

thalmus rhombus or Chelidonichthys lucerna that do not

visit shallow water regularly (Vinagre et al., 2011; McCarthy

and Marriott, 2018). The pelagic-like assemblage was not

found on the deepest hauls but rather with the benthic-

like assemblage in the Seine’s mouth. In coastal waters,

the significant presence of juveniles in those two assem-

blages characterised their localisation as highly productive

areas. Planktivorous fishes in the Seine estuary find marine

zooplanktonic species (Mouny and Dauvin, 2002) while

the diversity of benthic communities sustain benthivorous

species (Baffreau et al., 2017). The fish species richness

reflected by the Shannon index associated and this benthic

richness characterised by Baffreau et al. (2017) demonstrate

that this part of the study area is the most productive.

4.2. Environmental changes and temporal trends

on fish populations
The Seine estuary underwent major changes with human

development (Lesourd et al., 2001) which impacted biolog-

ical communities (Rochet et al., 2005; Dauvin et al., 2010).

Nearly all the chosen environmental parameters displayed a

trend that reflected some of these changes. Several factors

may explain the decrease of the chlorophyll a concentration

in the estuary however one of the significant changes is the

decrease of phosphorus following the new regulation on

washing powders (Aissa-Grouz et al., 2018). This regulation

developed in the 2000s corresponded to the time when

the chlorophyll a concentration switched from positive to

negative anomalies. Correlatively, turbidity also switched to

negative anomalies in the 2000s, but for different reasons.

The morphological changes in the Seine estuary were the

main driver of its trend as the river flow. Models developed

on sediment dynamics showed that the estuarine turbidity

maximum moved upstream, especially during low river

flow (Grasso and Le Hir, 2019). The morphological trends

also caused the marinization of the most upstream part of

the study area as shown in salinity outputs of Grasso and

Le Hir (2019). The northern sector especially has seen its

salinity increase which may be the cause of the decrease
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of P. flesus in the survey. The species which seemingly

saw its population drop might have moved to more suitable

habitats as this species develops in low salinity environments

(O’Neill et al., 2011).

One biological indicator that correlated well with the

chlorophyll a concentration and the turbidity trend was the

total density of fish and the juveniles’ densities. Such a link

was already described in an estuarine environment in the

USA, where there was a positive link between turbidity and

marine fish abundance (Peterson and Ross, 1991) for marine

fishes in general. The presence of juveniles on more turbid

waters is often related to protection from predation (Cyrus

and Blaber, 1987). The reduction of juvenile abundance in

the Seine estuary was linked to the variability in the benthic

and pelagic assemblages, which included many young-of-

the-year cohorts. Among the juveniles, many pelagic species

like C. harengus (and S. sprattus although the Spearman

correlation was not significant) saw their densities drop.

Turbidity acting as a protection to predation for these species

(De Robertis et al., 2003), it may be possible that the de-

crease of turbidity had strengthened the predation pressure.

However, turbidity is not the only factor at play. C

harengus is a cold-water species, and the Seine estuary has

seen its temperature increase since a minimum in 1985.

Other parts of the English-French Channel have documented

this warming, whether in Plymouth (Hawkins et al., 2003)

or in the Bay of Somme (Auber et al., 2017). Both these

studies also linked the warming of the Channel to the

decline of small pelagic species like C. harengus and S.

sprattus. The dab (L. limanda) and demersal species like

the bib (T. luscus) or the whiting (Merlangius merlangus)

also preferring colder water (dab: Henderson (1998), bib

and whiting: Poulard and Blanchard (2005)) may have

decreased because of the temperature, which was a result

also seen in Auber et al. (2017). The only species they found

increased with the seawater temperature was Arnoglossus

spp. which also increased significantly in the Seine estuary.

However, population dynamics are often more complex than

it appears, and other factors may modify the relationship

between variables. For example, while S. sprattus decreased

in density in the English-French Channel, in the Bay of

Biscay, densities of the same taxa have increased, which was

also significantly correlated with the temperature (Pasquaud

et al., 2012).

Recent studies showed that in terms of habitat in a nurs-

ery, the structure of said habitat was more important than its

type (Bradley et al., 2019). The Seine estuary has drastically

changed, losing some of its ecological functions (Le Pape

et al., 2007). Sediment evolution showed fast evolution from

a mud dominated facies to a sand facies (Lesourd et al.,

2016). These environments were not as optimal for demersal

species and may have accelerated their declines in density as

seen in other parts of the North Sea (Reubens et al., 2013).

When looking at the trend of the taxa that composed the

benthopelagic group in the Bay of Seine, they seem to follow

the same trend described in the Seine estuary, meaning that

their decrease in density may have factors unrelated to the

estuary’s condition (Figure 13).

4.3. Changes in taxonomy and functionality
4.3.1. Comparison of both approach

Using both taxonomical and functional analyses in com-

munity ecology allow to cross-information to best describe

fish communities but can generate divergent results (Villéger

et al., 2010; McLean et al., 2019a). In our results, both

methods displayed many similarities in the changes they

described. On one side, fish assemblages of pelagic-like

taxa were highly variable in density and were not spatially

dominant in the estuary. On the other side, pelagic plank-

tivorous fishes saw their density decreasing. Variation of C.

harengus has already been discussed previously and previ-

ous studies have shown that these phenomena are expected

for this species and other small pelagic species (Alheit and

Hagen, 1997). However, the functional analysis shows that

herring are not replaced by sardines in the Seine estuary,

decreasing the presence of pelagic and planktivorous traits.

One explanation could be that the quality of the estuary

has decreased for these fishes, with the decrease of the

chlorophyll a concentration. Even if this parameter has no

direct link to the spatial distribution of planktivorous fishes,

it can be used as a proxy of zooplankton abundance, their

primary prey (Giannoulaki et al., 2011; Denis et al., 2016).

Based on this relation, the Seine estuary may have become

a less valuable habitat for these taxa at a juvenile stage.

The decrease of the chlorophyll a concentration observed

in our results is also true for the English Channel and the

explanation for this trend are yet to be clarified (Gohin et al.,

2019).

The changes in the benthic-like assemblage illustrate the

contribution of the functional approach in our result. This

assemblage was composed of two functional groups being

the demersal benthivorous (61%) and benthopelagic gener-

alist (35%). While the representation of the benthopelagic

decreased after 2002, the assemblage remained important

(25% of the total density in 2010, 2017 and 2019), and none

of the traits characterising the functional group decreased

significantly. The relative closeness of the two demersal

groups (demersal and benthopelagic) may be related to

functional traits that are shared between these two groups,

counterbalancing the decrease of the benthopelagic fishes.

However, a study on trophic networks in the Seine estuary

presents results corroborating the change seen with ben-

thopelagic generalists (Tecchio et al., 2016). The authors

found a diminution in piscivorous fishes biomass and in

transfer efficiency around the trophic level 4 in both the

northern and southern channel (sectors F and M). The

transfer of biomass from these higher levels is hypothesised

to be linked to harbour development between 2002 and 2005.
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4.3.2. Anthropogenic disturbances effects

Even though the most represented assemblages are the

two poorest in terms of functional richness, the global func-

tional richness of the Seine estuary did not decrease. The

resilience of the functional state of an ecosystem is often

linked to the redundancy of said traits. In Portugal, Baptista

et al. (2021) found nearshore fish communities resilient with

high species richness and functional redundancy. Our results

explored resiliency with the functional indices. This func-

tional redundancy and dispersion are expected to decrease

when disturbances grow, and contrary to the functional

richness, they react to even minor disturbances (Mouillot

et al., 2013). In the Seine estuary, the dragonet and Gobiidae

assemblages possessed the highest redundancy and the low-

est functional richness and dispersion. These assemblages

illustrate a functional homogeneity where most taxa share

the same traits. The dragonet assemblage, the poorest and

most structured, stayed mainly stable through the years. In

term of resilience, this assemblage maintains the benthiv-

orous function but represents a low value on a biodiversity

point of view. The benthic-like and pelagic-like assemblages

have high functional and specific richness. Their distribution

in the estuary puts them at the forefront of the potential

disturbances generated by the harbour development. Within

these assemblages, the functional indices did not display a

trend reflecting said disturbances (i.e. decrease in functional

dispersion and redundancy). However, the figure 10 illus-

trate that their occurrences fluctuate after the 2002 survey,

with years like 2008, 2009 and 2018 where they are not

abundant. Instead of losing functional redundancy, the Seine

estuary rich functional group seems to be slowly fading with

time.

5. Conclusion

This study described the changes in the fish communities

of the Seine estuary over 13 discontinuous years using

taxonomical and functional methodologies. Both methods

provided similar results, pointing towards a decline of small

pelagic fishes in the Seine estuary and changes in the de-

mersal assemblage. These changes were best explained by

the changes of the turbidity and the chlorophyll a con-

centration in the estuary, both of which have been altered

following human activities. The results followed conclusions

of previous studies, such as the reduction of the nursery

quality (Le Pape et al., 2007) with the decrease of juvenile

biomass. Apart from the pelagic fishes, other assemblages

have been relatively resilient to environmental and anthro-

pogenic changes. Resilience in estuary communities have

been documented already (James et al., 2018), and while it

may indicate that some of the changes are not irreversible,

management measures are necessary before a threshold is

trespassed and other ecological functions are threatened. The

spatially contrasted distribution of the assemblage should

help focus the effort on the area where richness is still

high. Understanding how species use the nursery surface

is necessary to implement effective restoration measures

(Bradley et al., 2019). Further studies should then emphasize

on investigating this spatial segregation in fish assemblages

and see if it is purely environmental variables at play or if

other factors are also constrain the Seine estuary’s spatial

organisation.

A. Appendix

Figure 8: Relative proportion (in %) of the total density of the
15 most represented taxa in the NOURSEINE survey.

Figure 9: Dendrogram representing the clustering’s result of
the coordinates of each taxa in the geometric space of the
ordination of the community matrix. Ward’s criteria is used to
perform the clustering. Colors indicate the four assemblages
defined by the optimal number of groups obtained with
NbClust R library (Charrad et al., 2014).
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�#�`MQm- �X �M/ aBKQM- aX URN38VX *QMi�KBM�iBQM /2 HǶ2bim�B`2 2i /2 H� #�B2 /2
a2BM2 T�` H2 S*"@"BH�M /2b 2im/2bX AM

X

�Bbb�@:`Qmx- LX- :�`MB2`- CX- �M/ "BHH2M- :X UkyR3VX GQM; i`2M/ `2/m+iBQM Q7 T?Qb@
T?Q`mb r�bi2r�i2` HQ�/BM; BM i?2 a2BM2 , /2i2`KBM�iBQM Q7 T?QbT?Q`mb bT2+B�iBQM
�M/ bQ`TiBQM 7Q` KQ/2HBM; �H;�H ;`Qri?X

- k8Uk9V ,kj8R8Ĝkj8k3X Sm#HBb?2` , aT`BM;2`X

�H?2Bi- CX �M/ >�;2M- 1X URNNdVX GQM;@i2`K +HBK�i2 7Q`+BM; Q7 1m`QT2�M ?2``BM;
�M/ b�`/BM2 TQTmH�iBQMbX - eUkV ,RjyĜRjNX Sm#HBb?2` ,
CQ?M qBH2v � aQMb- Gi/X

�K�`�- _X- G�z�`;m2- SX- .2r�`mK2x- CX JX- J�`vMB�F- *X- G�;�`/ĕ`2- 6X- �M/
Gmx�+- *X UkyyRVX 622/BM; 2+QHQ;v �M/ ;`Qri? Q7 P@;`QmT ~�i}b? UbQH2- /�# �M/
TH�B+2V QM � Mm`b2`v ;`QmM/ UaQmi?2`M "B;?i Q7 i?2 LQ`i? a2�VX

- 83UjV ,d33Ĝ3yjX

�K�`�- _X- J�?û- EX- G2S�T2- PX- �M/ .2b`Qv- LX Ukyy9VX :`Qri?- 722/BM; �M/
/Bbi`B#miBQM Q7 i?2 bQH2M2ii2 "m;HQbbB/BmK Hmi2mK rBi? T�`iB+mH�` `272`2M+2 iQ
Bib ?�#Bi�i T`272`2M+2X - 8RUj@9V ,kRRĜkRdX Sm#HBb?2` ,
1Hb2pB2`X

�K�`�- _X- JûxB�M2- hX- :BHHB2`b- *X- >2`K2H- :X- �M/ G�z�`;m2- SX UkyydVX :`Qri?
�M/ +QM/BiBQM BM/B+2b BM Dmp2MBH2 bQH2 aQH2� bQH2� K2�bm`2/ iQ �bb2bb i?2 [m�HBiv
Q7 2bb2MiB�H }b? ?�#Bi�iX - j8R ,kyRĜky3X

kRR



�K�`�- _X- a2HH2bH�;?- CX- "BHHQM- :X- �M/ JBMB2`- *X UkyyNVX :`Qri? �M/ +QM/BiBQM
Q7 y@;`QmT 1m`QT2�M ~QmM/2`- SH�iB+?i?vb ~2bmb �b BM/B+�iQ` Q7 2bim�`BM2 ?�#Bi�i
[m�HBivX - ekdURV ,3dX Sm#HBb?2` , aT`BM;2`X

�KB`B- EX- a?�#�MBTQm`- LX- �M/ 1�;/2`B- aX UkyRdVX lbBM; F`B;BM; �M/ +Q@F`B;BM;
iQ T`2/B+i /Bbi`B#miBQM�H �`2�b Q7 EBHF� bT2+B2b U*HmT2QM2HH� bTTXV BM i?2 bQmi?2`M
*�bTB�M a2�X - 8UkV ,Ry3ĜRRjX

�M/2`bQM- EX �M/ :�biQM- EX CX UkyRjVX GB;?ir2B;?i mMK�MM2/ �2`B�H p2?B+H2b
rBHH `2pQHmiBQMBx2 bT�iB�H 2+QHQ;vX -
RRUjV ,Rj3ĜR9eX Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

�Mi�D�M- 1X- "�biB�M- hX- _�m/- hX- "`vHBMbFB- CX@JX- >QzK�M- aX- "`2iQM- :X-
*Q`MBHH2- oX- .2H2;`�M;2- �X- �M/ oBM+2Mi- .X UkyR9VX h?2 BMp�bBp2 +i2MQT?Q`2
JM2KBQTbBb H2B/vB �X �;�bbBx- R3e8 �HQM; i?2 1M;HBb? *?�MM2H �M/ i?2 LQ`i?
a2� 6`2M+? +Q�bib , �MQi?2` BMi`Q/m+iBQM T�i?r�v BM MQ`i?2`M 1m`QT2�M r�i2`b \

- NUkV ,RedĜRdjX Sm#HBb?2` , _2;BQM�H 1m`Q@�bB�M "BQHQ;B+�H
AMp�bBQMb *2Mi`2@`2�#B+X

�`�ȹDQ- 6X :X- SBMiQ- aX JX- L2p2b- GX JX- �M/ /2 �x2p2/Q- JX *X *X UkyRdVX AMi2`@
�MMm�H +?�M;2b BM }b? +QKKmMBiB2b Q7 � i`QTB+�H #�v BM bQmi?2�bi2`M "`�xBH ,
q?�i +�M #2 BM72``2/ 7`QK �Mi?`QTQ;2MB+ �+iBpBiB2b \ -
RR9URV ,RykĜRRjX Sm#HBb?2` , 1Hb2pB2`X

�`+?�K#�mHi- "X- _BpQi- 1X- a�pBM�- JX- �M/ G2 S�T2- PX UkyR3VX lbBM; � bT�iB�HHv
bi`m+im`2/ HB72 +v+H2 KQ/2H iQ �bb2bb i?2 BM~m2M+2 Q7 KmHiBTH2 bi`2bbQ`b QM �M
2tTHQBi2/ +Q�bi�H@Mm`b2`v@/2T2M/2Mi TQTmH�iBQMX

- kyR ,N8ĜRy9X Sm#HBb?2` , 1Hb2pB2`X

�m#2`- �X- :Q?BM- 6X- :Q�b+Qx- LX- �M/ a+?H�B+?- AX UkyRdVX .2+HBM2 Q7 +QH/@r�i2`
}b? bT2+B2b BM i?2 "�v Q7 aQKK2 U1M;HBb? *?�MM2H- 6`�M+2V BM `2bTQMb2 iQ Q+2�M
r�`KBM;X - R3N ,R3NĜkykX

"�+QmBHH�`/- GX- "�mt- LX- .�mpBM- CX@*X- .2b`Qv- LX- :2B;2`- EX CX- :2MiBH- 6X-
�M/ h?Bû#�mi- ฀X UkykyVX GQM;@i2`K bT�iBQ@i2KTQ`�H +?�M;2b Q7 i?2 Km//v }M2

kRk



b�M/ #2Mi?B+ +QKKmMBiv Q7 i?2 "�v Q7 a2BM2 U2�bi2`M 1M;HBb? *?�MM2HVX
- ReR ,Ry8yekX

"�z`2�m- �X- S2xv- CX@SX- .�M+B2- *X- *?Qm[m2i- "X- >�+[m2#�`i- SX- SQBbbQM- 1X-
6Qp2�m- �X- CQM+Qm`i- uX- .m?�K2H- aX- �M/ L�pQM- JX UkyRdVX J�TTBM; #2Mi?B+
+QKKmMBiB2b , �M BM/BbT2Mb�#H2 iQQH 7Q` i?2 T`2b2`p�iBQM �M/ K�M�;2K2Mi Q7
i?2 2+Q@bQ+BQ@bvbi2K BM i?2 "�v Q7 a2BM2X -
N ,RekĜRdjX Sm#HBb?2` , 1Hb2pB2`X

"�HH�M+2- GX hX- SBiK�M- _X GX- �M/ _2BHHv- aX "X URNNdVX a2�@
#B`/ *QKKmMBiv ai`m+im`2 �HQM; � S`Q/m+iBpBiv :`�/B2Mi , AKTQ`i�M+2
Q7 *QKT2iBiBQM �M/ 1M2`;2iB+ *QMbi`�BMiX - d3U8V ,R8ykĜR8R3X
n2T`BMi , ?iiTb ,ff2b�DQm`M�HbXQMHBM2HB#`�`vXrBH2vX+QKf/QBfT/7fRyXR3NyfyyRk@
Ne83Wk3RNNdWkNyd3W8"R8ykWj�a*a��SW8.kXyX*PWj"kX

"�TiBbi�- CX- p�M /2` GBM/2M- SX- J�`iBM?Q- 6X- J�`iBMb- _X- *�`M2B`Q- JX- "2MiQ-
1X :X- �M/ S�`/�H- JX ฀X UkykRVX h?2 7mM+iBQM�H +QKTQbBiBQM Q7 M2�`b?Q`2 }b?
+QKKmMBiB2b /2KQMbi`�i2/ #v i`�Bi �M�HvbBb , _2bTQMb2 iQ 2MpB`QMK2Mi�H ;`�@
/B2MibX - ReN ,RRk8ekX

"�`#2`- sX- *QM2b�- .X- GƦT2x@ZmőH2x- �X- J�`iőM2x@JBM�v�- CX- S�`�/BM�b- AX- �M/
S2MMBMQ- JX :X UkykRVX AM+Q`TQ`�iBM; #BQiB+ BM7Q`K�iBQM BM bT2+B2b /Bbi`B#miBQM
KQ/2Hb , � +Q`2;BQM�HBx2/ �TT`Q�+?X - NU9V ,9RdX

"�`#B2`- 1X "X- >�+F2`- aX .X- E2MM2/v- *X- EQ+?- 1X qX- aiB2`- �X *X- �M/ aBHHBK�M-
"X _X UkyRRVX h?2 p�Hm2 Q7 2bim�`BM2 �M/ +Q�bi�H 2+Qbvbi2K b2`pB+2bX

- 3RUkV ,ReNĜRNjX

"�`+2HƦ- *X- *B�MM2HHB- GX- PHb2M- 1X JX- CQ?�MM2bb2M- hX- �M/ EMmib2M- >X UkyReVX
1B;?i /2+�/2b Q7 b�KTHBM; `2p2�H � +QMi2KTQ`�`v MQp2H }b? �bb2K#H�;2 BM +Q�bi�H
Mm`b2`v ?�#Bi�ibX - kkUjV ,RR88ĜRRedX Sm#HBb?2` , qBH2v
PMHBM2 GB#`�`vX

"�biB�M- JX- S2�`bQM- _X :X- �M/ "Qv2`Q- GX lX wX Ukyy3VX 1z2+ib Q7 /Bp2`bBiv
HQbb QM 2+Qbvbi2K 7mM+iBQM �+`Qbb i`QT?B+ H2p2Hb �M/ 2+Qbvbi2Kb , � i2bi BM �
/2i`Bimb@#�b2/ i`QTB+�H 7QQ/ r2#X - jjUjV ,jyRĜjyeX

kRj



"�biQb- GX- "BQ- �X- �M/ A;H2bB�b- AX UkyReVX h?2 AKTQ`i�M+2 Q7 J�`BM2 P#b2`p�iQ`B2b
�M/ Q7 _�A� BM S�`iB+mH�`X - yX Sm#HBb?2` , 6`QMiB2`bX

"�ti2`- SX qX �M/ >�KBHiQM- :X UkyR3VX G2�`MBM; iQ ~v , BMi2;`�iBM; bT�iB�H 2+QHQ;v
rBi? mMK�MM2/ �2`B�H p2?B+H2 bm`p2vbX - NU9V ,2ykRN9X Sm#HBb?2` , qBH2v
PMHBM2 GB#`�`vX

"2+F- JX qX- >2+F- EX GX- �#H2- EX qX- *?BH/2`b- .X GX- 1;;H2biQM- .X "X- :BHH�M@
/2`b- "X JX- >�HT2`M- "X- >�vb- *X :X- >Qb?BMQ- EX- �M/ JBM2HHQ- hX CX UkyyRVX
h?2 B/2MiB}+�iBQM- +QMb2`p�iBQM- �M/ K�M�;2K2Mi Q7 2bim�`BM2 �M/ K�`BM2 Mm`@
b2`B2b 7Q` }b? �M/ BMp2`i2#`�i2b , � #2ii2` mM/2`bi�M/BM; Q7 i?2 ?�#Bi�ib i?�i
b2`p2 �b Mm`b2`B2b 7Q` K�`BM2 bT2+B2b �M/ i?2 7�+iQ`b i?�i +`2�i2 bBi2@bT2+B}+ p�@
`B�#BHBiv BM Mm`b2`v [m�HBiv rBHH BKT`Qp2 +QMb2`p�iBQM �M/ K�M�;2K2Mi Q7 i?2b2
�`2�bX - 8RU3V ,ejjĜe9RX Sm#HBb?2` , �K2`B+�M AMbiBimi2 Q7 "BQHQ;B+�H
a+B2M+2bX

"2?`2Mb- hX �M/ _Qbb2H- _X �X oX UkykyVX PM i?2 BMi2`T`2i�#BHBiv Q7 T`2/B+iQ`b BM
bT�iB�H /�i� b+B2M+2 , h?2 BM7Q`K�iBQM ?Q`BxQMX - RyURV ,RĜRyX
Sm#HBb?2` , L�im`2 Sm#HBb?BM; :`QmTX

"2?`2Mb- hX- _Qbb2H- _X �X oX- E2``v- _X- J�+JBHH�M- _X- a+?KB/i- EX- G22- CX-
a+?QHi2M- hX- �M/ w?m- �X@sX UkyRNVX h?2 `2H2p�Mi `�M;2 Q7 b+�H2b 7Q` KmHiB@b+�H2
+QMi2tim�H bT�iB�H KQ/2HHBM;X - NURV ,RĜNX Sm#HBb?2` , L�im`2
Sm#HBb?BM; :`QmTX

"2HHB�`/- CX- "2bH�;B+- aX- �M/ h�H2b- 1X UkykyVX *?�M;2b BM }b? +QKKmMBiB2b Q7
i?2 a2BM2 "�bBM Qp2` � HQM;@i2`K T2`bT2+iBp2X - T�;2 jyRX
Sm#HBb?2` , aT`BM;2`- *?�KX

"2HHB2`- 1X- *2`i�BM- :X- SH�M[m2- "X- JQM2biB2x- SX- �M/ "`2i�;MQHH2- oX UkyRyVX
JQ/2HHBM; ?�#Bi�i b2H2+iBQM �i KmHiBTH2 b+�H2b rBi? KmHiBp�`B�i2 ;2Qbi�iBbiB+b ,
�M �TTHB+�iBQM iQ b2�#B`/b BM QT2M b2�X - RRNUeV ,N33ĜNNNX Sm#HBb?2` ,
qBH2v PMHBM2 GB#`�`vX

"2`Fbi`ƺK- *X- 1;;2`ib2M- GX- :QQ/2HH- qX- *Q`/2B`Q- *X- Gm+2M�- JX "X- :mbi�7@
bbQM- _X- "�M/2B`�- aX- CB//�rB- LX- �M/ 62``2B`�- *X 1X GX UkykyVX h?`2b?QH/b

kR9



BM b2�b+�T2 +QMM2+iBpBiv , i?2 bT�iB�H �``�M;2K2Mi Q7 Mm`b2`v ?�#Bi�ib bi`m+im`2
}b? +QKKmMBiB2b QM M2�`#v `227bX X Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

"2m+?2`- >X �M/ _2M�`/- .X UkyReVX h`mM+�i2/ :�mbbB�M �M/ /2`Bp2/ K2i?Q/bX
- j93UdV ,8RyĜ8RNX

"2mF2K�- CX CX URNNkVX .vM�KB+b Q7 Dmp2MBH2 b?`BKT *`�M;QM +`�M;QM BM � iB/�H@
~�i Mm`b2`v Q7 i?2 q�//2M a2� �7i2` KBH/ �M/ +QH/ rBMi2`bX

- 3jUkV ,R8dĜRe8X

"2mF?Q7- 1X- .2M+F2`- hX aX- S�HQK�`2b- JX GX- �M/ J�m`2�m/- �X UkyRNVX � i`�Bi
+QHH2+iBQM Q7 K�`BM2 }b? bT2+B2b 7`QK LQ`i? �iH�MiB+ �M/ LQ`i?2�bi S�+B}+ +QMiB@
M2Mi�H b?2H7 b2�bX - Nyy3eeX

"2m`2i- CX@1X �M/ *�/Q`2i- �X UkyR9VX 6`QK +QM~B+i �M�HvbBb iQ i?2 bim/v Q7
+QM~B+iBM; bvbi2Kb , h?2 2t�KTH2 Q7 i?2 i?`22 #B;;2bi 7`2M+? b2�TQ`ib UK�`b2BHH2@
7Qb- H2 ?�p`2- �M/ /mMFB`FVX - ReUkV ,kydĜkjRX

"2vbi- "X- o�M�p2`#2F2- CX- oBM+t- JX- �M/ J22b- CX UkyykVX hB/�H �M/ /Bm`M�H
T2`BQ/B+Biv BM K�+`Q+`mbi�+2�Mb �M/ /2K2`b�H }b? Q7 �M 2tTQb2/ b�M/v #2�+?-
rBi? bT2+B�H 2KT?�bBb QM Dmp2MBH2 TH�B+2 SH2m`QM2+i2b TH�i2bb�X

- kk8 ,kejĜkd9X

"HQM/2H- oX .X- :mBHH�mK2- CX@GX- G�K#BQii2- _X- �M/ G272#p`2- 1X Ukyy3VX 6�bi
mM7QH/BM; Q7 +QKKmMBiB2b BM H�`;2 M2irQ`FbX

- kyy3URyV ,SRyyy3X Sm#HBb?2` , APS Sm#HBb?BM;X

"Q/BM- LX- h�TB2- LX- G2 JûM�+?- EX- *?�bbQi- 1X- 1HB2- SX- _Q+?�`/- 1X- �M/
"m/xBMbFB- >X UkyR9VX S*" +QMi�KBM�iBQM BM }b? +QKKmMBiv 7`QK i?2 :B`QM/2
1bim�`v U6`�M+2V , "H�bi 7`QK i?2 T�biX - N3 ,eeĜdkX Sm#HBb?2` ,
1Hb2pB2`X

"Q2+FH2M- qX CX- u�`M2b- *X hX- *QQF- "X �X- �M/ C�K2b- �X *X UkyRRVX PM i?2 mb2
Q7 bi�#H2 BbQiQT2b BM i`QT?B+ 2+QHQ;vX

- 9k ,9RRĜ99yX

kR8



"Q2`Q- 6X UkyyNVX _2+2Mi BMMQp�iBQMb BM K�`BM2 #BQHQ;vX - jy ,RĜRkX
Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

"Q2`Q- 6X- E`�#2`;- �X *X- E`�mb2- :X- �M/ qBHib?B`2- EX >X UkyR8VX hBK2 Bb �M
�|B+iBQM , q?v 2+QHQ;v +�MMQi #2 �b T`2/B+iBp2 �b T?vbB+b �M/ r?v Bi M22/b
iBK2 b2`B2bX - RyR ,RkĜR3X

"QHH2- GX CX- .�TT2`- _X- qBii2- CX AX- �M/ o�M .2` o22`- >X qX URNN9VX Lm`b2`v
;`QmM/b Q7 /�# UGBK�M/� HBK�M/� GXV BM i?2 bQmi?2`M LQ`i? a2�X

- jkUj@9V ,kNNĜjydX

"Qb- �X _X �M/ h?B2H- _X UkyyeVX AM~m2M+2 Q7 b�HBMBiv QM i?2 KB;`�iBQM Q7 TQbiH�`p�H
�M/ Dmp2MBH2 ~QmM/2` SH2m`QM2+i2b ~2bmb GX BM � ;`�/B2Mi 2tT2`BK2MiX

- e3U8V ,R9RRĜR9kyX

"Qmpv- JX- "�- LX- E�- aX- a�M2- aX- S�;�MQ- JX- �M/ �`}- _X UkyyeVX S?viQTH�MF@
iQM +QKKmMBiv bi`m+im`2 �M/ bT2+B2b �bb2K#H�;2 bm++2bbBQM BM � b?�HHQr i`QTB+�H
H�F2 UG�F2 :mB2`b- a2M2;�HVX - 98UkV ,R9dĜReRX

"`�/H2v- JX- "�F2`- _X- L�;2HF2`F2M- AX- �M/ a?2�p2b- JX UkyRNVX *QMi2ti Bb KQ`2
BKTQ`i�Mi i?�M ?�#Bi�i ivT2 BM /2i2`KBMBM; mb2 #v Dmp2MBH2 }b?X

- j9UkV ,9kdĜ99kX

"`BM/@�KQm`- �X- *?��H�HB- �X- h�#H2�m- �X- �M/ SBMbBpv- oX UkyR3VX S`QD2i JP.@
>�LPl_ , JQ/ûHBb�iBQM /2b >�#Bi�ib /2 LQm``B+2`B2 2M "�B2 /2 a2BM2X _�TTQ`i
/2 `2+?2`+?2 /m T`Q;`�KK2 a2BM2@�p�H 8X

"`BM/Ƕ�KQm`- �X- .�v- GX- *`2bbQM- SX- oQ;2H- *X- *?Qm[m2i- "X- S2xv- CX@SX- .�m@
pBM- CX *X- .m?�K2H- aX- �M/ G2 "`Bb- >X UkykRVX S`QD2i *�S1a , *�T�+Biû
i`QT?B[m2 /2b MQm``B+2`B2b /2 SQBbbQMb /2 HǶ1bim�B`2 /2 a2BM2X _�TTQ`i /2 `2@
+?2`+?2 /m T`Q;`�KK2 a2BM2@�p�H eX

"`BM/Ƕ�KQm`- �X �M/ GQ#`v- CX UkyyNVX �bb2bbK2Mi Q7 i?2 2+QHQ;B+�H bi�imb Q7 +Q�b@
i�H �`2�b �M/ 2bim�`B2b BM 6`�M+2- mbBM; KmHiBTH2 }b?@#�b2/ BM/B+�iQ`b , � +QKT�@
`�iBp2 �M�HvbBb QM i?2 oBH�BM2 2bim�`vX - kkU9V ,88NĜ8dkX
Sm#HBb?2` , 1.S a+B2M+2bX
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*�#`�H- >X LX UkyyyVX .Bbi`B#miBQM �M/ �#mM/�M+2 T�ii2`Mb Q7 ~�i}b?2b BM i?2
a�/Q 2bim�`v- SQ`im;�HX - kjUjV ,j8RĜj83X Sm#HBb?2` , aT`BM;2`X

*�#`�H- >X LX- *Qbi�- JX CX- �M/ a�H;�/Q- CX SX UkyyRVX .Q2b i?2 h�;mb 2bim�`v }b?
+QKKmMBiv `2~2+i 2MpB`QMK2Mi�H +?�M;2b \ - R3UR@kV ,RRNĜRkeX

*�#`�H- >X LX- GQT2b- JX- �M/ GQ2T2`- _X UkyykVX h`QT?B+ MB+?2 Qp2`H�T #2ir22M
~�i}b?2b BM � Mm`b2`v �`2� QM i?2 SQ`im;m2b2 +Q�biX - eeUjV ,kNjĜ
jyyX

*�`BQm- hX- .m#`Q+�- GX- �M/ oQ;2H- *X Ukyky�VX .�i�b2i Q7 #BQ/Bp2`bBiv Q7 i?2
a2BM2 Mm`b2`v Qp2` ky v2�`b BM � ?B;?Hv /Bbim`#2/ 2MpB`QMK2MiX hvT2 , /�i�b2iX

*�`BQm- hX- .m#`Q+�- GX- �M/ oQ;2H- *X Ukyky#VX GQM; i2`K bm`p2v Q7 i?2 }b?
+QKKmMBiv �M/ �bbQ+B�i2/ #2Mi?B+ 7�mM� Q7 i?2 a2BM2 2bim�`v Mm`b2`v ;`QmM/bX

- dURV ,RĜ3X Sm#HBb?2` , L�im`2 Sm#HBb?BM; :`QmTX

*�`BQm- hX- .m#`Q+�- GX- oQ;2H- *X- �M/ "2x- LX UkykRVX *QKT�`BbQM Q7 i?2 bT�@
iBQi2KTQ`�H /Bbi`B#miBQM Q7 i?`22 ~�i}b? bT2+B2b BM i?2 b2BM2 2bim�`v Mm`b2`v
;`QmM/bX - T�;2 Ryd9dRX

*�`T2MiB2`- �X- *QTTBM- 6X- *m`2i- GX- .�mpBM- CX@*X- .2H�p2MM2- CX- .2r�`mK2x-
CX@JX- .mTmBb- GX- 6Qp2�m- �X- :�`+B�- *X- �M/ :�`/2H- GX UkyyNVX �iH�b /2b
>�#Bi�ib /2b _2bbQm`+2b J�`BM2b /2 H� J�M+?2 P`B2Mi�H2@*>�_J AA- *?�MM2H
>�#Bi�i �iH�b 7Q` K�`BM2 _2bQm`+2 J�M�;2K2Mi@*>�_J AAX

*�``mi?2`b- hX _X- SmMi- �X 1X- q�Hi2`b- *X CX- J�+*�HH- �X- J+�HHBbi2`- JX EX-
.B+F- 1X CX- �M/ *QT2- CX UkyR9VX 1p�Hm�iBM; K2i?Q/b 7Q` b2iiBM; +�i+? HBKBib BM
/�i�@HBKBi2/ }b?2`B2bX - R8j ,93Ĝe3X Sm#HBb?2` , 1Hb2pB2`X

*?�``�/- JX- :?�xx�HB- LX- "QBi2�m- oX- �M/ LBFM�7b- �X UkyR9VX L#*Hmbi , �M _
T�+F�;2 7Q` /2i2`KBMBM; i?2 `2H2p�Mi MmK#2` Q7 +Hmbi2`b BM � /�i� b2iX

- eRURV ,RĜjeX

*?�b2- CX JX �M/ EMB;?i- hX JX UkyRjVX a+�H2@/2T2M/2Mi 2z2+i bBx2b
Q7 2+QHQ;B+�H /`Bp2`b QM #BQ/Bp2`bBiv , r?v bi�M/�`/Bb2/ b�KTHBM; Bb MQi

kRd



2MQm;?X - ReUbRV ,RdĜkeX n2T`BMi , ?iiTb ,ffQMHBM2HB@
#`�`vXrBH2vX+QKf/QBfT/7fRyXRRRRf2H2XRkRRkX

*?�p�M- oX �M/ S2M2p- GX UkyRRVX h?2 /�i� T�T2` , � K2+?�MBbK iQ BM+2MiBpBx2
/�i� Tm#HBb?BM; BM #BQ/Bp2`bBiv b+B2M+2X - RkUR8V ,akX

*?2KBMû2- �X- _B/2`- JX- G2M7�Mi- SX- w�r�/xFB- �X- J2`+Bĕ`2- �X- *`2+Ƕ?`BQm- _X-
J2`+�/2`- JX- a�`�;QMB- :X- L2p2m- _X- h2`MQM- ZX- �M/ S�biQ`- CX UkyRdVX a?�H@
HQr `Q+Fv Mm`b2`v ?�#Bi�i 7Q` }b? , aT�iB�H p�`B�#BHBiv Q7 Dmp2MBH2 }b?2b �KQM;
i?Bb TQQ`Hv T`Qi2+i2/ 2bb2MiB�H ?�#Bi�iX - RRNURV ,k98Ĝ
k89X

*?2M- >X- *?2M- *X@uX- �M/ a?�Q- EX@hX UkyR3VX hBK2 b2`B2b /�i�b2i Q7 }b? �b@
b2K#H�;2b M2�` i?2`K�H /Bb+?�`;2b �i Mm+H2�` TQr2` TH�Mib BM MQ`i?2`M h�B@
r�MX - 8URV ,R3yy38X "�M/B2`�n�#i2bi , � *+nHB+2Mb2nivT2 ,
++nTm#HB+/QK�BM *;nivT2 , L�im`2 _2b2�`+? CQm`M�Hb LmK#2` , R S`B@
K�`vn�ivT2 , _2b2�`+? Sm#HBb?2` , L�im`2 Sm#HBb?BM; :`QmT am#D2+ini2`K ,
"BQ/Bp2`bBiv c6Bb?2`B2b am#D2+ini2`KnB/ , #BQ/Bp2`bBiv c}b?2`B2bX

*?2pBHHQi- sX- SB2``2- JX- _B;�m/- �X- .`QmBM2�m- >X- *?��H�HB- �X- a�miQm`- "X- �M/
GQ#`v- CX UkyReVX �#`mTi b?B7ib BM i?2 :B`QM/2 }b? +QKKmMBiv , �M BM/B+�iQ` Q7
2+QHQ;B+�H +?�M;2b BM �M 2bim�`BM2 2+Qbvbi2KX -
89N ,RjdĜR8RX

*B�MM2HHB- GX- 6�m+?�H/- SX- *?�M- EX@aX- �;QbiBMB- oX LX- �M/ .BM;bǠ`- :X 1X Ukyy3VX
aT�iB�H }b?2`B2b 2+QHQ;v , `2+2Mi T`Q;`2bb �M/ 7mim`2 T`QbT2+ibX

- dRUj@9V ,kkjĜkjeX

*BmiB- aX- h`BTF2- >X- �MiFQrB�F- SX- :QMx�H2x- _X aX- .Q`K�MM- *X 6X- �M/ >2m`B+?-
JX UkyR3VX �M 2{+B2Mi K2i?Q/ iQ 2tTHQBi GB .�_ /�i� BM �MBK�H 2+QHQ;vX

- NU9V ,3NjĜNy9X Sm#HBb?2` , qBH2v PMHBM2
GB#`�`vX

*H�`F2- EX _X �M/ �BMbrQ`i?- JX URNNjVX � K2i?Q/ Q7 HBMFBM; KmHiBp�`B�i2 +QK@
KmMBiv bi`m+im`2 iQ 2MpB`QMK2Mi�H p�`B�#H2bX -
Nk ,ky8Ĝky8X Sm#HBb?2` , ALh1_ _1a1�_*>X
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*QHHQ+�- 6X- "�`iQHBMQ- oX- G�bBMBQ- :X CX- J�BQ`�MQ- GX- a�`iQ`- SX- �M/ �`/BxxQM2-
:X UkyyNVX A/2MiB7vBM; }b? Mm`b2`B2b mbBM; /2MbBiv �M/ T2`bBbi2M+2 K2�bm`2bX

- j3R ,k3dĜkNeX

*QHHQ+�- 6X- :�`Q7�HQ- :X- "Bi2iiQ- AX- 6�++?BMB- JX hX- :`�iB- 6X- J�`iB`�/QMM�- �X-
J�bi`�MiQMBQ- :X- LBFQHBQm/�FBb- LX- P`/BM�b- 6X- �M/ a+�`+2HH�- :X UkyR8VX h?2
b2�b+�T2 Q7 /2K2`b�H }b? Mm`b2`v �`2�b BM i?2 LQ`i? J2/Bi2``�M2�M a2�- � }`bi
bi2T iQr�`/b i?2 BKTH2K2Mi�iBQM Q7 bT�iB�H TH�MMBM; 7Q` i`�rH }b?2`B2bX

- RyUjV ,2yRRN8NyX Sm#HBb?2` , Sm#HB+ GB#`�`v Q7 a+B2M+2 a�M 6`�M+Bb+Q- *�
la�X

*QQK#b- aX >X- >�HHB/�v- LX *X- aQmi?r�`/- �X CX- �M/ >�rFBMb- aX CX Ukyy8VX .Bb@
i`B#miBQM �M/ �#mM/�M+2 Q7 b�`/BM2 Ua�`/BM� TBH+?�`/mbV 2;;b BM i?2 1M;HBb?
*?�MM2H 7`QK *QMiBMmQmb SH�MFiQM _2+Q`/2` b�KTHBM;- RN83@RN3yX

- 38U8V ,Rk9jX Sm#HBb?2` , *�K#`B/;2 lMBp2`@
bBiv S`2bbX

*Q``2HH- .X GX URNd3VX 1bim�`BM2 T`Q/m+iBpBivX - k3URyV ,e9eĜe8yX

*Qbi�- JX CX- o�b+QM+2HQb- _X- *Qbi�- CX GX- �M/ *�#`�H- >X LX UkyydVX _Bp2` ~Qr
BM~m2M+2 QM i?2 }b? +QKKmMBiv Q7 i?2 h�;mb 2bim�`v USQ`im;�HVX -
83dURV ,RRjĜRkjX Sm#HBb?2` , aT`BM;2`X

*Qi2- .X- :`2;Q`v- _X aX- JQ``Bb- *X CX- L2riQM- "X >X- �M/ a+?M2B/2`- .X *X UkyRjVX
1H2p�i2/ ?�#Bi�i [m�HBiv `2/m+2b p�`B�M+2 BM }b? +QKKmMBiv +QKTQbBiBQMX

- 99y ,kkĜk3X

*Qm``�i- �X- GQ#`v- CX- LB+QH�b- .X- G�z�`;m2- SX- �K�`�- _X- G2T�;2- JX- :B`�`/BM-
JX- �M/ G2 S�T2- PX UkyyNVX �Mi?`QTQ;2MB+ /Bbim`#�M+2 QM Mm`b2`v 7mM+iBQM
Q7 2bim�`BM2 �`2�b 7Q` K�`BM2 bT2+B2bX -
3RUkV ,RdNĜRNyX Sm#HBb?2` , 1Hb2pB2`X

*`2bbB2- LX URNNkVX ai�iBbiB+b 7Q` bT�iB�H /�i�X - 9U8V ,eRjĜeRdX
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*`Bb2- �X- _B#2`� /Ƕ�H+�H¨- JX- J�`B�MB- SX- S2iB?�FBb- :X- _Q#B/�`i- CX- Am/B+QM2-
.X- "�+?K�v2`- _X- �M/ J�H7�iiB- 6X UkyR3VX � *QM+2Tim�H 6`�K2rQ`F 7Q` .2@
p2HQTBM; i?2 L2ti :2M2`�iBQM Q7 J�`BM2 P"b2`p�iQ`B2b UJP"bV 7Q` a+B2M+2 �M/
aQ+B2ivX - yX Sm#HBb?2` , 6`QMiB2`bX

*_SJ1J UkykyVX _�TTQ`i /Ƕ�+iBpBiû kyRN /m *_SJ1J LQ`K�M/B2X h2+?MB+�H
`2TQ`i- *_SJ1JX

*bBHH�;- 6X- 6Q`iBM- JX@CX- �M/ .mM;�M- CX GX UkyyyVX PM i?2 HBKBib �M/ 2ti2MbBQMb Q7
i?2 /2}MBiBQM Q7 b+�H2X - 3RUjV ,kjyĜ
kjkX

*m;B2`- SX- JûM2b;m2M- �X- �M/ :mBHH�m/- CX Ukyy8VX h?`22@/BK2MbBQM�H Uj/V 2+Q@
HQ;B+�H KQ/2HHBM; Q7 i?2 #�v Q7 b2BM2 U2M;HBb? +?�MM2H- 7`�M+2VX

- 89URV ,Ry9ĜRk9X

*mpBHHB2x- �X- .2HQz`2- CX- G�}i2- _X- �M/ "2bbBM2iQM- *X UkyyNVX JQ`T?QHQ;B+�H
`2bTQMb2b Q7 �M 2bim�`BM2 BMi2`iB/�H Km/~�i iQ +QMbi`m+iBQMb bBM+2 RNd3 iQ kyy8 ,
h?2 a2BM2 2bim�`v U6`�M+2VX - Ry9Uj@9V ,Re8ĜRd9X Sm#HBb?2` ,
1Hb2pB2`X

*v`mb- .X SX �M/ "H�#2`- aX CX JX URN3dVX h?2 BM~m2M+2 Q7 im`#B/Biv QM Dmp2MBH2
K�`BM2 }b?2b BM 2bim�`B2bX S�`i RX 6B2H/ bim/B2b �i G�F2 aiX Gm+B� QM i?2 bQm@
i?2�bi2`M +Q�bi Q7 �7`B+�X -
RyNURV ,8jĜdyX Sm#HBb?2` , 1Hb2pB2`X

.��M- LX- :BbH�bQM- >X- :X SQT2- CX- �M/ *X _B+2- CX Ukyy8VX *?�M;2b BM i?2 MQ`i?
b2� }b? +QKKmMBiv , 2pB/2M+2 Q7 BM/B`2+i 2z2+ib Q7 }b?BM; \

- ekUkV ,RddĜR33X

.�H2- JX _X �M/ 6Q`iBM- JX@CX UkyyNVX aT�iB�H �miQ+Q``2H�iBQM �M/ bi�iBbiB+�H i2bib ,
bQK2 bQHmiBQMbX -
R9UkV ,R33ĜkyeX Sm#HBb?2` , aT`BM;2`X

.�H2- JX _X �M/ 6Q`iBM- JX@CX UkyR9VX X
*�K#`B/;2 lMBp2`bBiv S`2bbX
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.�M+2- JX �X �M/ _QQF2`- CX _X UkyR8VX >�#Bi�i@�M/ #�v@b+�H2 +QMM2+iBpBiv Q7
bvKT�i`B+ }b?2b BM �M 2bim�`BM2 Mm`b2`vX -
Red ,99dĜ98dX Sm#HBb?2` , 1Hb2pB2`X

.�mpBM- CX@*X- �HBxB2`- aX- o�HH2i- *X- �M/ _m2HH2i- hX UkyRyVX .Q2b i?2 SQ`i kyyy
?�`#Qm` +QMbi`m+iBQM ?�p2 �M 2z2+i QM i?2 a2BM2 2bim�`v bmT`�#2Mi?B+ +QKKm@
MBiv \ - 3eURV ,9kĜ8yX Sm#HBb?2` , 1Hb2pB2`X

.�mpBM- CX *X- "`BM/@�KQm`- �X- *mpBHHB2x- �X- .�M+B2- *X- .2b`Qv- LX- G2 >B`- SX-
G2bQm`/- aX- J2�`- uX- �M/ JQ`BM- CX UkyRkVX S`QD2i *PGJ�h�:1 , *QmTH�;2
#BQ@KQ`T?Q@bû/BK2Mi�B`2b 2i /vM�KB[m2 ¨ HQM; i2`K2 /2b ?�#Bi�ib 2i T2mTH2@
K2Mib #2Mi?B[m2b 2i B+?ivQHQ;B[m2b 2M a2BM2 �p�HX S`QD2i a2BM2@�p�H9X

.�mpBM- CX@*X �M/ S2xv- CX@SX UkyRjVX GQM;@i2`K +?�M;2b Q7 i?2 a2BM2 2bim�`v
bmT`�#2Mi?Qb URNNeĜkyRkVX -
993 ,NjĜRyjX Sm#HBb?2` , 1Hb2pB2`X

.�mpBM- CX@*X- h?Bû#�mi- 1X- :2bi2B`�- CX GX :X- :?2`ibQb- EX- :2MiBH- 6X- _QT2`i-
JX- �M/ avHp�M/- "X Ukyy9VX aT�iB�H bi`m+im`2 Q7 � bm#iB/�H K�+`Q#2Mi?B+ +QK@
KmMBiv BM i?2 "�v Q7 o2vb Ur2bi2`M "�v Q7 a2BM2- 1M;HBb? *?�MM2HVX

- jydUkV ,kRdĜkj8X Sm#HBb?2` , 1Hb2pB2`X

.�v- GX- "`BM/Ƕ�KQm`- �X- *`2bbQM- SX- *?Qm[m2i- "X- �M/ G2 "`Bb- >X UkykRVX
*QMi`B#miBQM Q7 1bim�`BM2 �M/ *Q�bi�H >�#Bi�ib qBi?BM Lm`b2`v iQ i?2 .B2ib Q7
Cmp2MBH2 6Bb? BM aT`BM; �M/ �mimKMX - 99U9V ,RRyyĜRRRdX

.�v- GX- G2 "`Bb- >X- a�mHMB2`- 1X- SBMbBpv- GX- �M/ "`BM/Ƕ�KQm`- �X UkykyVX "2M@
i?B+ T`2v T`Q/m+iBQM BM/2t 2biBK�i2/ 7`QK i`�rH bm`p2v bmTTQ`ib i?2 7QQ/ HBKB@
i�iBQM ?vTQi?2bBb BM +Q�bi�H }b? Mm`b2`B2bX -
kj8 ,Rye8N9X Sm#HBb?2` , 1Hb2pB2`X

.2 _�2/2K�2+F2`- 6X- PǶ*QMMQ`- AX- "`QT?v- .X- �M/ "H�+F- �X UkyRRVX J�+`Q@
#2Mi?B+ T`2v �p�BH�#BHBiv �M/ i?2 TQi2MiB�H 7Q` 7QQ/ +QKT2iBiBQM #2ir22M y v2�`
;`QmT SH2m`QM2+i2b TH�i2bb� �M/ GBK�M/� HBK�M/�X -
dNUdV ,RNR3ĜRNjNX

kkR



.2 _Q#2`iBb- �X- _v2`- *X >X- o2HQx�- �X- �M/ "`Q/2m`- _X .X UkyyjVX .Bz2`2M@
iB�H 2z2+ib Q7 im`#B/Biv QM T`2v +QMbmKTiBQM Q7 TBb+BpQ`Qmb �M/ TH�MFiBpQ`Qmb
}b?X - eyURkV ,R8RdĜR8keX
Sm#HBb?2` , L_* _2b2�`+? S`2bb Pii�r�- *�M�/�X

.2#Q`/2- CX- �Mb+?mix- SX- *?�BHHQm- :X- 1i+?2#2`- >X- *QKK�`B2m- JX@oX- G2+`Q�`i-
SX- �M/ �#`BH- :X UkyydVX h?2 /vM�KB+b Q7 T?QbT?Q`mb BM im`#B/ 2bim�`BM2 bvb@
i2Kb , 1t�KTH2 Q7 i?2 :B`QM/2 2bim�`v U6`�M+2VX -
8kUkV ,3ekĜ3dkX Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

.22HK�M- 1X- aBM;?- :X- GBpMv- JX- "2``BK�M- "X- �M/ :QQ/- CX Ukyy3VX h?2 +Qbi
Q7 /QBM; b+B2M+2 QM i?2 +HQm/ , i?2 KQMi�;2 2t�KTH2X AM

- T�;2b RĜRkX A222X

.2H�mM�v- .X �M/ "`BM/Ƕ�KQm`- �X UkyR3VX J�Mm2H /2b T`QiQ+QH2b /2 +�KT�;M2
?�HB2miB[m2X *�KT�;M2b ĿLQm``B+2`B2bŀX

.2KȒ�`- lX- >�``Bb- SX- "`mMb/QM- *X- 6Qi?2`BM;?�K- �X aX- �M/ J+GQQM2- aX UkyRjVX
S`BM+BT�H +QKTQM2Mi �M�HvbBb QM bT�iB�H /�i� , �M Qp2`pB2rX

- RyjURV ,RyeĜRk3X Sm#HBb?2` , h�vHQ` �
6`�M+BbX

.2MBb- CX- o�HH2i- *X- *Qm`+Qi- GX- G272#p`2- oX- *�#Q+?2- CX- �Mi�D�M- 1X- J�`+?�H-
SX- �M/ GQQib- *X UkyReVX 622/BM; bi`�i2;v Q7 .QrMb ?2``BM; H�`p�2 U*HmT2�
?�`2M;mb GXV BM i?2 1M;HBb? *?�MM2H �M/ LQ`i? a2�X -
RR8 ,jjĜ9eX

.2``�BF- CX :X UkyykVX h?2 TQHHmiBQM Q7 i?2 K�`BM2 2MpB`QMK2Mi #v TH�biB+ /2#`Bb ,
� `2pB2rX - 99UNV ,39kĜ38kX

.2b�bbBb- LX �M/ _2M�`/- .X UkyRjVX �miQK�iB+ o�`BQ;`�K JQ/2HBM; #v Ai2`�iBp2
G2�bi a[m�`2b , lMBp�`B�i2 �M/ JmHiBp�`B�i2 *�b2bX -
98U9V ,98jĜ9dyX

.2b�mM�v- uX �M/ "2BHHQBb- SX URNdeVX úim/2 /2 H� Tā+?2 �`iBb�M�H2 2M #�B2 /2 a2BM2X
1z2i /2 HǶ2tTHQBi�iBQM /2b b�#H2b 2i ;`�pB2`b bm` HǶ2MpB`QMM2K2Mi K�`BMX

kkk



.QK2B2`- JX GX �M/ L�b#v@Gm+�b- LX Ukyy3VX JB;`�iBQM T�ii2`Mb Q7 r?Bi2 b?�`Fb
+�`+?�`Q/QM +�`+?�`B�b i�;;2/ �i ;m�/�HmT2 BbH�M/- K2tB+Q- �M/ B/2MiB}+�iBQM Q7
�M 2�bi2`M T�+B}+ b?�`2/ Qzb?Q`2 7Q`�;BM; �`2�X -
jdy ,kkRĜkjdX

.QM2v- aX *X- _m+F2Hb?�mb- JX- .mzv- CX 1X- "�``v- CX SX- *?�M- 6X- 1M;HBb?- *X �X-
:�HBM/Q- >X JX- :`2#K2B2`- CX JX- >QHHQr2/- �X "X- �M/ EMQrHiQM- LX UkyRRVX
*HBK�i2 +?�M;2 BKT�+ib QM K�`BM2 2+Qbvbi2KbX

.Q`�v- JX- S2iBi;�b- SX- _QK�;M�M- CX "X- >m`2i- JX- .m?�K2H- 1X- .mTmv- *X-
aTBix- CX- �mi?B2`- JX- a�M+?2x- 6X- "2`;2`- GX- .Q`ûKmb- :X- "Qm``B�m- SX- :`2H@
HB2`- SX- �M/ J�bbû- CX UkyR3VX h?2 S1G:�a bm`p2v , a?BT@#�b2/ BMi2;`�i2/
KQMBiQ`BM; Q7 i?2 "�v Q7 "Bb+�v T2H�;B+ 2+Qbvbi2KX -
Ree ,R8ĜkNX

.`Bb+QHH- *X hX- J�bQM- _X SX- *?�M- >X JX- C�+Q#- .X CX- �M/ SB``QM2- LX UkyRjVX
J2`+m`v �b � ;HQ#�H TQHHmi�Mi , bQm`+2b- T�i?r�vb- �M/ 2z2+ibX

- 9dURyV ,9NedĜ9N3jX

.m#QBb- �X UkyRkVX *�`�+iû`BbiB[m2 T?vbB[m2 2i ûi�i û+QHQ;B[m2 J�M+?2 @J2` /m
LQ`/X úi�i T?vbB[m2 2i +?BKB[m2 , *�`�+iû`BbiB[m2b T?vbB[m2b @ .û#Bi ~mpB�mtX
h2+?MB+�H `2TQ`iX

.m+FHQr- >X qX- .QM2v- aX *X- �M/ ai2BM#2`;- .X EX UkyyNVX *QMi`B#miBQMb Q7
HQM;@i2`K `2b2�`+? �M/ iBK2@b2`B2b Q#b2`p�iBQMb iQ K�`BM2 2+QHQ;v �M/ #BQ;2Q@
+?2KBbi`vX - R ,kdNĜjykX Sm#HBb?2` , �MMm�H
_2pB2rbX

.mzv- CX 1X- G27+?2+F- CX aX- aim�`i@aKBi?- _X .X- L�p�``2i2- aX �X- �M/ 1/;�`-
:X CX UkyReVX "BQ/Bp2`bBiv 2M?�M+2b `227 }b? #BQK�bb �M/ `2bBbi�M+2 iQ +HBK�i2
+?�M;2X - RRjUkkV ,ekjyĜekj8X

.mp�H- SX URN3kVX 1im/2 /2b Mm`b2`B2b HBiiQ`�H2b /2 HǶ2bim�B`2 /2 H� a2BM2X _�TTQ`i
AahSJf:_S*JX

.mp�H- SX URN38VX AKT�+i /m KBHB2m bm` H2b MQm``B+2`B2b /2 TQBbbQMb TH�i /2 H� "�B2
/2 a2BM2X

kkj



.ûpB2`- JX@>X- G2 .ȿ@G�+Qbi2- JX- �F+?�- 6X- JQ`BM- "X- S2Hm?2i- GX- G2 J2M�+?-
EX- "m`;2Qi- hX- �M/ "m/xBMbFB- >X UkyRjVX "BHB�`v S�> K2i�#QHBi2b- 1_P. �+@
iBpBiv �M/ .L� /�K�;2 BM /�# UGBK�M/� HBK�M/�V 7`QK a2BM2 1bim�`v U6`�M+2VX

- kyUkV ,dy3ĜdkkX

1�birQQ/- SX .X- J2�/2M- :X CX- *�`T2MiB2`- �X- �M/ _Q;2`b- aX AX UkyyjVX 1biB@
K�iBM; HBKBib iQ i?2 bT�iB�H 2ti2Mi �M/ bmBi�#BHBiv Q7 bQH2 UaQH2� bQH2�V Mm`b2`v
;`QmM/b BM i?2 .Qp2` ai`�BiX - 8yUk@jV ,R8RĜRe8X Sm#HB@
b?2` , 1Hb2pB2`X

1/rQ`i?v- *X �M/ ai`v/QK- LX UkyReVX >�#Bi�i T�`iBiBQMBM; #v Dmp2MBH2 }b?2b BM �
i2KT2`�i2 2bim�`BM2 Mm`b2`v- aQmi? �7`B+�X - 3yUkV ,R8RĜReRX

1HHBQii- JX �M/ J+GmbFv- .X aX UkyykVX h?2 M22/ 7Q` /2}MBiBQMb BM mM/2`bi�M@
/BM; 2bim�`B2bX - 88UeV ,3R8Ĝ3kdX Sm#HBb?2` ,
1Hb2pB2`X

1HHBb- hX �M/ :B#bQM- _X LX URNN8VX aBx2@b2H2+iBp2 T`2/�iBQM Q7 y@;`QmT ~�i}b?2b QM
� a+QiiBb? +Q�bi�H Mm`b2`v ;`QmM/X - Rkd ,kdĜjdX

1HT?B+F- *X aX Ukyy3VX >Qr vQm +QmMi +QmMib , i?2 BKTQ`i�M+2 Q7 K2i?Q/b
`2b2�`+? BM �TTHB2/ 2+QHQ;vX - 98U8V ,RjRjĜRjkyX
n2T`BMi , ?iiTb ,ff#2bDQm`M�HbXQMHBM2HB#`�`vXrBH2vX+QKf/QBfT/7fRyXRRRRfDXRje8@
kee9Xkyy3XyR898XtX

1K2`v- sX �M/ J�H2FB- JX UkyRNVX :2Qbi�iBbiB+b BM i?2 T`2b2M+2 Q7 ;2QHQ;B+�H
#QmM/�`B2b , �TTHB+�iBQM iQ KBM2`�H `2bQm`+2b KQ/2HBM;X -
RR9 ,RyjRk9X

1KQ/M2i UkyRNVX 1m p2bb2H /2MbBiv K�TX X

1M;2H?�`/- :X >X- h?m`bi�M- _X >X- J�+E2MxB2- "X _X- �HH2r�v- >X EX- "�MMBbi2`-
_X *X �X- *�`/BM�H2- JX- *H�`F2- JX qX- *m``B2- CX *X- 6Q`iB#mQMB- hX- >QHK- SX-
>QHi- aX CX- J�xxQH/B- *X- SBMM2;�`- CX EX- _�B+2pB+?- aX- oQH+F�2`i- 6X �X JX-
EH2BM- 1X aX- G2b+`�mr�2i- �X@EX- �M/ >�M/HBM; 2/BiQ` , 1KQ`v �M/2`bQM UkyReVX
A*1a K22ib K�`BM2 ?BbiQ`B+�H 2+QHQ;v , TH�+BM; i?2 ?BbiQ`v Q7 }b? �M/ }b?2`B2b
BM +m``2Mi TQHB+v +QMi2tiX - djU8V ,Rj3eĜR9yjX

kk9



1MF?im`- "X UkyRjVX :2Qbi�iBbiB+�H KQ/2HHBM; �M/ K�TTBM; Q7 �B` TQHHmiBQMX J�b@
i2`Ƕb i?2bBb- lMBp2`bBiv Q7 hr2Mi2X

1`/ǒb- GX- E`ƺ2H@.mH�v- :X- "�iQ`B- wX- EQp�+b- "X- LûK2i?- *X- EBbb- SX CX- �M/
hƺH;v2bB- *X UkyR3VX >�#Bi�i ?2i2`Q;2M2Biv �b � F2v iQ ?B;? +QMb2`p�iBQM p�Hm2
BM 7Q`2bi@;`�bbH�M/ KQb�B+bX - kke ,dkĜ3yX

1i?2`BM;iQM- GX GX �M/ 1;;H2biQM- .X "X UkyyyVX G�`;2@b+�H2 #Hm2 +`�# `2+`mBiK2Mi ,
HBMFBM; TQbiH�`p�H i`�MbTQ`i- TQbi@b2iiH2K2Mi TH�MFiQMB+ /BbT2`b�H- �M/ KmHiBTH2
Mm`b2`v ?�#Bi�ibX - ky9 ,RdNĜRN3X

1p�Mb- _X :X URN9dVX h?2 BMi2`iB/�H 2+QHQ;v Q7 *�`/B;�M "�vX
- T�;2b kdjĜjyNX Sm#HBb?2` , CahP_X

6��bb2- JX �X- "�v?�- EX JX- 2i �HX UkyyeVX h?2 +i2MQT?Q`2 KM2KBQTbBb H2B/vB
�X �;�bbBx R3e8 BM +Q�bi�H r�i2`b Q7 i?2 M2i?2`H�M/b , �M mM`2+Q;MBx2/ BMp�bBQMX

- RU9V ,kdyĜkddX

6�`B�- *X �M/ �HK�/�- oX UkyyRVX JB+`Q?�#Bi�i b2;`2;�iBQM BM i?`22 `Q+Fv BMi2`iB/�H
}b? bT2+B2b BM SQ`im;�H , /Q2b Bi `2~2+i BMi2`bT2+B}+ +QKT2iBiBQM \

- 83URV ,R98ĜR8NX Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

62``B2`- aX �M/ :mBb�M- �X UkyyeVX aT�iB�H KQ/2HHBM; Q7 #BQ/Bp2`bBiv �i i?2 +QKKm@
MBiv H2p2HX - 9jUjV ,jNjĜ9y9X Sm#HBb?2` , qBH2v PMHBM2
GB#`�`vX

6HBTQ- LX- G�#�/B2- SX- �M/ G2bi2H- GX UkykRVX X aT`BM;2`
L�im`2X

:�`+ő�@:B`ƦM- CX- >2BMQ- CX- :�`+ő�@*`B�/Q- 6X- 62`M�M/2x@�H�2x- *X- �M/ �H�?m?i�-
CX UkykyVX "BQiB+ BMi2`�+iBQMb ?QH/ i?2 F2v iQ mM/2`bi�M/BM; K2i�+QKKmMBiv
Q`;�MBb�iBQMX - 9jU3V ,RR3yĜRRNyX

:�`+ő�@*?�`iQM- CX �X- Sû`2x@_mx�7�- �X- a�M+?2x@C2`2x- SX- "�vH2@a2KT2`2- CX hX-
_2ƢQM2b- PX- �M/ JQ`2MQ- .X Ukyy9VX JmHiB@b+�H2 bT�iB�H ?2i2`Q;2M2Biv- ?�#Bi�i
bi`m+im`2- �M/ i?2 2z2+i Q7 K�`BM2 `2b2`p2b QM q2bi2`M J2/Bi2``�M2�M `Q+Fv `227
}b? �bb2K#H�;2bX - R99URV ,ReRĜR3kX Sm#HBb?2` , aT`BM;2`X

kk8



:�bi�m2`- aX- a+QmH/BM;- "X- �M/ S�`bQMb- JX UkyRdVX 1biBK�i2b Q7 p�`B�#BHBiv Q7
;QH/#�M/ bM�TT2` i�`;2i bi`2M;i? �M/ #BQK�bb BM i?`22 }b?BM; `2;BQMb rBi?BM i?2
LQ`i?2`M .2K2`b�H a+�H2}b? 6Bb?2`v Uq2bi2`M �mbi`�HB�VX -
RNj ,k8yĜkekX Sm#HBb?2` , 1Hb2pB2`X

:2M;- wX- SmMi- �X 1X- q�M;- uX- w?m- CX- �M/ .�B- sX UkykyVX PM i?2 /�M;2`b Q7
BM+Hm/BM; /2KQ;`�T?B+ �M�HvbBb BM #�v2bB�M bm`THmb T`Q/m+iBQM KQ/2Hb , � +�b2
bim/v 7Q` BM/B�M Q+2�M #Hm2 b?�`FX - kjy ,Ry8ejeX

:1P.1 UkyRkVX amBpBb 2MpB`QMM2K2Mi�mt /2b QTû`�iBQMb /2 /`�;�;2 2i /ǶBKK2`@
bBQM @ �MM2t2 k , 1z2ib 2i BKT�+ib /2b QTû`�iBQMb /2 /`�;�;2 2i /ǶBKK2`bBQM
bm` HǶ2MpB`QMM2K2MiX h2+?MB+�H `2TQ`i- :1P.1X

:2Q`;�F�`�FQb- aX �M/ EBibBQm- .X Ukyy3VX J�TTBM; �#mM/�M+2 /Bbi`B#miBQM Q7
bK�HH T2H�;B+ bT2+B2b �TTHvBM; ?v/`Q�+QmbiB+b �M/ *Q@E`B;BM; i2+?MB[m2bX AM

- T�;2b R88ĜReNX aT`BM;2`X

:?2`ibQb- EX- Gm+x�F- *X- �M/ .�mpBM- CX@*X UkyyRVX A/2MiB}+�iBQM Q7 ;HQ#�H �M/
HQ+�H +QKTQM2Mib Q7 bT�iB�H bi`m+im`2 Q7 K�`BM2 #2Mi?B+ +QKKmMBiB2b , 2t�KTH2
7`QK i?2 "�v Q7 a2BM2 U1�bi2`M 1M;HBb? *?�MM2HVX -
98URV ,ejĜddX Sm#HBb?2` , 1Hb2pB2`X

:B�MMQmH�FB- JX- Sv`QmM�FB- JX JX- GBQ`xQm- "X- G2QMQ`B- AX- o�H�p�MBb-
oX .X- hb�;�`�FBb- EX- "B;Qi- CX GX- _QQb- .X- 62HB+2- �X .X- *�KT�@
M2HH�- 6X- aQK�`�FBb- aX- �`M2`B- 1X- �M/ J�+?B�b- �X UkyRRVX >�#B@
i�i bmBi�#BHBiv KQ/2HHBM; 7Q` b�`/BM2 Dmp2MBH2b Ua�`/BM� TBH+?�`/mbV BM i?2
J2/Bi2``�M2�M a2�X - kyU8V ,jedĜj3kX n2T`BMi ,
?iiTb ,ffQMHBM2HB#`�`vXrBH2vX+QKf/QBfT/7fRyXRRRRfDXRje8@k9RNXkyRRXyy8NyXtX

:B#bQM- _X LX- "m``Qrb- JX hX- �M/ _Q##- GX UkyRRVX 6B2H/ 2tT2`BK2Mib QM /2Ti?
b2H2+iBQM #v Dmp2MBH2 TH�B+2 SH2m`QM2+i2b TH�i2bb�X

- 9jy ,RNdĜky8X

:B#bQM- _X LX- _Q##- GX- q2MM?�;2- >X- �M/ "m``Qrb- JX hX UkyykVX PMiQ;2M2iB+
+?�M;2b BM /2Ti? /Bbi`B#miBQM Q7 Dmp2MBH2 ~�i}b?2b BM `2H�iBQM iQ T`2/�iBQM `BbF

kke



�M/ i2KT2`�im`2 QM � b?�HHQr@r�i2` Mm`b2`v ;`QmM/X
- kkN ,kjjĜk99X

:BHBMbFv- 1X URN39VX h?2 `QH2 Q7 }b? T`2/�iBQM �M/ bT�iB�H ?2i2`Q;2M2Biv BM /2i2`KB@
MBM; #2Mi?B+ +QKKmMBiv bi`m+im`2X - e8UkV ,988Ĝ9e3X Sm#HBb?2` , qBH2v
PMHBM2 GB#`�`vX

:BHH�M/2`b- "X JX- �#H2- EX qX- "`QrM- CX �X- 1;;H2biQM- .X "X- �M/ a?2`B/�M- SX 6X
UkyyjVX 1pB/2M+2 Q7 +QMM2+iBpBiv #2ir22M Dmp2MBH2 �M/ �/mHi ?�#Bi�ib 7Q` KQ#BH2
K�`BM2 7�mM� , �M BKTQ`i�Mi +QKTQM2Mi Q7 Mm`b2`B2bX

- k9d ,k3RĜkN8X

:BHHB2`b- *X- G2 S�T2- PX- .2b�mM�v- uX- JQ`BM- CX- :mû`�mHi- .X- �M/ �K�`�- _X
UkyyeVX �`2 ;`Qri? �M/ /2MbBiv [m�MiBi�iBp2 BM/B+�iQ`b Q7 2bb2MiB�H }b? ?�#B@
i�i [m�HBiv \ �M �TTHB+�iBQM iQ i?2 +QKKQM bQH2 aQH2� bQH2� Mm`b2`v ;`QmM/bX

- eNUR@kV ,NeĜRyeX Sm#HBb?2` , 1Hb2pB2`X

:Q?BM- 6X- o�M /2` w�M/2- .X- hBHbiQM2- :X- 1H2p2H/- JX �X- G272#p`2- �X- �M/`B2mt@
GQv2`- 6X- "H�mr- �X LX- "`vĕ`2- SX- .2p`2F2`- .X- :�`M2bbQM- SX- >2`M�M/2x 6�@
`BƢ�b- hX- G�K�m`v- uX- G�KT2`i- GX- G�pB;M2- >X- J2M2i@L2/2H2+- 6X- S�`/Q- aX-
�M/ a�mH[mBM- "X UkyRNVX hr2Miv v2�`b Q7 b�i2HHBi2 �M/ BM bBim Q#b2`p�iBQMb Q7
bm`7�+2 +?HQ`QT?vHH@� 7`QK i?2 MQ`i?2`M "�v Q7 "Bb+�v iQ i?2 2�bi2`M 1M;HBb?
*?�MM2HX Ab i?2 r�i2` [m�HBiv BKT`QpBM; \ -
kjj ,RRRj9jX

:QQ/�HH- .X qX URN89VX P#D2+iBp2 K2i?Q/b 7Q` i?2 +H�bbB}+�iBQM Q7 p2;2i�iBQMX AAAX
�M 2bb�v BM i?2 mb2 Q7 7�+iQ` �M�HvbBbX - kUjV ,jy9Ĝ
jk9X Sm#HBb?2` , *aA_P Sm#HBb?BM;X

:QmH�`/- JX �M/ oQHix- JX URNNkVX GBM2�` +Q`2;BQM�HBx�iBQM KQ/2H , iQQHb 7Q` 2biBK�@
iBQM �M/ +?QB+2 Q7 +`Qbb@p�`BQ;`�K K�i`BtX - k9UjV ,keNĜk3eX
Sm#HBb?2` , aT`BM;2`X

:`�#QrbFB- _X *X- qBM/?QHx- hX- �M/ *?2M- uX Ukyy8VX 1biBK�iBM; 2tTHQBi�#H2
biQ+F #BQK�bb 7Q` i?2 J�BM2 ;`22M b2� m`+?BM Uai`QM;vHQ+2Mi`Qimb /`Q2#�+?B2M@
bBbV }b?2`v mbBM; � bT�iB�H bi�iBbiB+b �TT`Q�+?X - RyjUkV ,jkyĜjjyX
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:`�bbQ- 6X �M/ G2 >B`- SX UkyRNVX AM~m2M+2 Q7 KQ`T?QHQ;B+�H +?�M;2b QM bmbT2M/2/
b2/BK2Mi /vM�KB+b BM � K�+`QiB/�H 2bim�`v , /B�+?`QMB+ �M�HvbBb BM i?2 a2BM2
1bim�`v U6`�M+2V 7`QK RNey iQ kyRyX - eNURV ,3jĜRyyX Sm#HBb?2` ,
aT`BM;2`X

>�HT2`M- "X aX- q�H#`B/;2- aX- a2HFQ2- EX �X- E�TT2H- *X oX- JB+?2HB- 6X- .Ƕ�;`Qb�-
*X- "`mMQ- CX 6X- *�b2v- EX aX- 1#2`i- *X- �M/ 6Qt- >X 1X Ukyy3VX � ;HQ#�H K�T
Q7 ?mK�M BKT�+i QM K�`BM2 2+Qbvbi2KbX - jRNU83e8V ,N93ĜN8kX

>�KTiQM- aX 1X- ai`�bb2`- *X �X- h2rFb#m`v- CX CX- :`�K- qX EX- "m//2M- �X 1X-
"�i+?2HH2`- �X GX- .mF2- *X aX- �M/ SQ`i2`- CX >X UkyRjVX "B; /�i� �M/ i?2 7mim`2
Q7 2+QHQ;vX - RRUjV ,R8eĜRekX n2T`BMi ,
?iiTb ,ff2b�DQm`M�HbXQMHBM2HB#`�`vXrBH2vX+QKf/QBfT/7fRyXR3NyfRkyRyjX

>�rFBMb- aX CX- aQmi?r�`/- �X CX- �M/ :2MM2`- JX CX UkyyjVX .2i2+iBQM Q7 2MpB@
`QMK2Mi�H +?�M;2 BM � K�`BM2 2+Qbvbi2Kě2pB/2M+2 7`QK i?2 r2bi2`M 1M;HBb?
*?�MM2HX - jRyUR@jV ,k98Ĝk8eX Sm#HBb?2` , 1Hb2@
pB2`X

>�vb- :X *X- 62``2B`�- GX *X- a2[m2B`�- �X JX- J22F�M- JX :X- .m�`i2- *X JX-
"�BH2v- >X- "�BHH2mH- 6X- "Qr2M- qX .X- *�H2v- JX CX- *Qbi�- .X SX- 2i �HX UkyReVX
E2v [m2biBQMb BM K�`BM2 K2;�7�mM� KQp2K2Mi 2+QHQ;vX

- jRUeV ,9ejĜ9d8X

>2M/2`bQM- SX �X URNN3VX PM i?2 p�`B�iBQM BM /�# GBK�M/� HBK�M/� `2+`mBiK2Mi ,
� xQQ;2Q;`�T?B+ bim/vX - 9yUR@kV ,RjRĜR9kX

>2mT2H- JX _X �M/ >m2i2`- _X 1X UkyykVX AKTQ`i�M+2 Q7 T`2v /2MbBiv BM `2H�iBQM
iQ i?2 KQp2K2Mi T�ii2`Mb Q7 Dmp2MBH2 #H�+FiBT b?�`Fb U*�`+?�`?BMmb HBK#�imbV
rBi?BM � +Q�bi�H Mm`b2`v �`2�X - 8jUkV ,89jĜ88yX
Sm#HBb?2` , *aA_PX

>2rBii- CX 1X- h?`mb?- aX 6X- .�viQM- SX EX- �M/ "QMb/Q`z- 1X UkyydVX h?2 2z2+i
Q7 bT�iB�H �M/ i2KTQ`�H ?2i2`Q;2M2Biv QM i?2 /2bB;M �M/ �M�HvbBb Q7 2KTB`B+�H
bim/B2b Q7 b+�H2@/2T2M/2Mi bvbi2KbX - ReNUjV ,jN3Ĝ9y3X
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>Q##b- CX �X- "2MM2ii- qX �X- �M/ "m`iQM- CX 1X UkyyeVX �bb2bbBM; Mm`b2`v ?�@
#Bi�i [m�HBiv 7Q` M�iBp2 bK2Hib UPbK2`B/�2V BM i?2 HQr@b�HBMBiv xQM2 Q7 i?2 a�M
6`�M+Bb+Q 2bim�`vX - eNUjV ,NydĜNkkX

>Qbb2BMB- aX wX- E�TT�b- JX- *?�?QmFB- JX wX- :2`QH/- :X- 1`�bKB- aX- �M/ 1K�K-
�X _X UkyRjVX JQ/2HHBM; TQi2MiB�H ?�#Bi�ib 7Q` �`i2KBbB� bB2#2`B �M/ �`i2KBbB�
�m+?2`B BM SQb?iFQm? �`2�- +2Mi`�H A`�M mbBM; i?2 K�tBKmK 2Mi`QTv KQ/2H �M/
;2Qbi�iBbiB+bX - R3 ,eRĜe3X Sm#HBb?2` , 1Hb2pB2`X

>mbbQM- 6X- Gā- aX- �M/ S�;ĕb- CX UkyRRVX
- pQHmK2 R8X *_* T`2bb "Q+� _�iQMX

C�K2b- LX *X- G�K#2`i?- aX CX- JB/;H2v- *X- �M/ q?Bi}2H/- �X EX UkyR3VX _2bB@
HB2M+2 Q7 }b? �bb2K#H�;2b BM i?2 "`22/2 1bim�`v- aQmi? �7`B+�- iQ 2MpB`QMK2M@
i�H T2`im`#�iBQMbX - RyRURV ,RyNĜRkeX Sm#HBb?2` ,
aT`BM;2`X

C�K2b- LX *X- G2bHB2- hX .X- SQiib- qX JX- q?Bi}2H/- �X EX- �M/ _�DF�`�M- �X UkyRNVX
h?2 BKTQ`i�M+2 Q7 /Bz2`2Mi Dmp2MBH2 ?�#Bi�ib �b Mm`b2`v �`2�b 7Q` � m#B[mBiQmb
2bim�`BM2@/2T2M/2Mi K�`BM2 }b? bT2+B2bX -
kke ,RyekdyX

C�MĽ2M- >X- "�bi�`/B2- 6X- 12`Q- JX- >�KQM- EX :X- >BM`B+?b2M- >X@>X- J�`+?�H-
SX- LB2Hb2M- CX _X- G2 S�T2- PX- a+?mHx2- hX- aBKQMb- aX- h2�H- GX _X- �M/ hB//-
�X UkyR3VX AMi2;`�iBQM Q7 }b?2`B2b BMiQ K�`BM2 bT�iB�H TH�MMBM; , ZmQ p�/Bb \

- kyR ,Ry8ĜRRjX

C2MMBM;b- aX �M/ E�Bb2`- JX CX URNN3VX h?2 2z2+ib Q7 }b?BM; QM K�`BM2 2+Qbvbi2KbX
AM - pQHmK2 j9- T�;2b kyRĜj8kX 1Hb2pB2`X

CQHHBz2- AX hX �M/ *�/BK�- CX UkyReVX S`BM+BT�H +QKTQM2Mi �M�HvbBb , � `2pB2r
�M/ `2+2Mi /2p2HQTK2MibX

- jd9Ukye8V ,kyR8ykykX

E�`FB- aX- "2`K2DQ- _X- qBHF2b- _X- JQM�;�BH- JX JX- .�Hv- 1X- >2�Hv- JX- >�M�}M-
CX- J+EBMbi`v- �X- J2HH�M/2`- SX@1X- 62MiQM- PX- �M/ JQ``BbQM- GX UkykRVX J�T@
TBM; aT�iB�H .Bbi`B#miBQM �M/ "BQK�bb Q7 AMi2`iB/�H lHp� "HQQKb lbBM; J�+?BM2
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G2�`MBM; �M/ 1�`i? P#b2`p�iBQMX - yX Sm#HBb?2` ,
6`QMiB2`bX

E�p�M�m;?- JX hX- PHBp2`- JX CX- *?�p2x- 6X SX- G2i2HB2`- _X JX- JmHH2`@E�`;2`-
6X 1X- �M/ .QM2v- aX *X UkyReVX a2�b+�T2b �b � M2r p2`M�+mH�` 7Q` T2H�;B+ Q+2�M
KQMBiQ`BM;- K�M�;2K2Mi �M/ +QMb2`p�iBQMX -
djUdV ,R3jNĜR38yX

E2Mi- JX �M/ "�HH�`/- CX URN33VX h`2M/b �M/ T`Q#H2Kb BM i?2 �TTHB+�iBQM Q7 +H�b@
bB}+�iBQM �M/ Q`/BM�iBQM K2i?Q/b BM TH�Mi 2+QHQ;vX - d3UjV ,RyNĜRk9X
Sm#HBb?2` , aT`BM;2`X

E2`�K#`mM- 1X- >2M`v- 6X- *Q`MBHH2- oX- *Qm`+Qi- GX- �M/ �K�`�- _X UkyRjVX � +QK@
#BM2/ K2�bm`2K2Mi Q7 K2i�H #BQ�++mKmH�iBQM �M/ +QM/BiBQM BM/B+2b BM Dmp2MBH2
1m`QT2�M ~QmM/2`- SH�iB+?i?vb ~2bmb- 7`QK 1m`QT2�M 2bim�`B2bX -
NRU9V ,9N3Ĝ8y8X

EH2BM2`- EX UkyRRVX .�i� QM /2K�M/X - RURV ,RyĜRkX

EQ`/�b- _X GX- >�`H2v- *X .X- �M/ PǶ*QMMQ`- JX AX UkyRRVX *QKKmMBiv 2+QHQ;v BM
� r�`KBM; rQ`H/ , i?2 BM~m2M+2 Q7 i2KT2`�im`2 QM BMi2`bT2+B}+ BMi2`�+iBQMb BM
K�`BM2 bvbi2KbX - 9yyUR@
kV ,kR3ĜkkeX Sm#HBb?2` , 1Hb2pB2`X

EQbi2+FB- *X- G2 GQ+Ƕ?- 6X- _Qmbb2H- CX@JX- .2b`Qv- LX- >mi2�m- .X- _B2`�- SX- G2 "`Bb-
>X- �M/ G2 S�T2- PX UkyRyVX .vM�KB+b Q7 �M 2bim�`BM2 Mm`b2`v ;`QmM/ , i?2 bT�iBQ@
i2KTQ`�H `2H�iBQMb?BT #2ir22M i?2 `Bp2` ~Qr �M/ i?2 7QQ/ r2# Q7 i?2 Dmp2MBH2
+QKKQM bQH2 UaQH2� bQH2�- GXV �b `2p2�H2/ #v bi�#H2 BbQiQT2b �M�HvbBbX

- e9UR@kV ,89ĜeyX Sm#HBb?2` , 1Hb2pB2`X

G�z�BHH2- SX- 62mMi2mM- 1X- �M/ G272mp`2- CX@*X UkyyyVX *QKTQbBiBQM Q7 }b? +QKKm@
MBiB2b BM � 1m`QT2�M K�+`QiB/�H b�Hi K�`b? Ui?2 JQMi a�BMi@JB+?2H "�v- 6`�M+2VX

- 8RU9V ,9kNĜ9j3X Sm#HBb?2` , 1Hb2pB2`X

G�Dmb- .X GX- �H2Fb22p�- uX AX- �M/ G�Dmb- CX �X UkyydVX >2``BM; }b?2`B2b BM i?2
r?Bi2 b2� BM i?2 R3i?Ĝ#2;BMMBM; Q7 i?2 kyi? +2Mim`B2b , bT�iB�H �M/ i2KTQ`�H
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T�ii2`Mb �M/ 7�+iQ`b �z2+iBM; i?2 +�i+? ~m+im�iBQMbX - 3dUk@
jV ,k88Ĝk8NX

G�F?�MF�`- hX- CQM2b- �X aX- *QK#b- *X GX- a2M;mTi�- JX- oQM/2` >��`- hX >X-
�M/ E?�M#BHp�`/B- _X UkyRyVX �M�HvbBb Q7 H�`;2 b+�H2 bT�iB�H p�`B�#BHBiv Q7 bQBH
KQBbim`2 mbBM; � ;2Qbi�iBbiB+�H K2i?Q/X - RyURV ,NRjĜNjkX

G�HB#2`iû- 1X �M/ G2;2M/`2- SX UkyRyVX � /Bbi�M+2@#�b2/ 7`�K2rQ`F 7Q` K2�bm`BM;
7mM+iBQM�H /Bp2`bBiv 7`QK KmHiBTH2 i`�BibX - NRURV ,kNNĜjy8X Sm#HBb?2` ,
qBH2v PMHBM2 GB#`�`vX

G�MF7Q`/- hX 1X �M/ h�`;2ii- hX 1X URNN9VX amBi�#BHBiv Q7 2bim�`BM2 Mm`b2`v xQM2b
7Q` Dmp2MBH2 r2�F}b? U*vMQb+BQM `2;�HBbV , 2z2+ib Q7 i2KT2`�im`2 �M/ b�HBMBiv QM
722/BM;- ;`Qri? �M/ bm`pBp�HX - RRNU9V ,eRRĜekyX

G�pQ`2H- aX- :`B;mHBb- EX- J+AMiv`2- aX- qBHHB�Kb- LX aX- :�`/2M- .X- .Q``Qm;?- CX-
"2`K�M- aX- ZmûiB2`- 6X- h?û#�mHi- �X- �M/ "QMBb- �X Ukyy3VX �bb2bbBM; 7mM+iBQM�H
/Bp2`bBiv BM i?2 }2H/ĜK2i?Q/QHQ;v K�ii2`b 5 - kkURV ,Rj9ĜR9dX
Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

G2 S�T2- PX �M/ "QM?QKK2�m- aX UkyR8VX h?2 7QQ/ HBKBi�iBQM ?vTQi?2bBb 7Q`
Dmp2MBH2 K�`BM2 }b?X - ReUjV ,jdjĜjN3X

G2 S�T2- PX- *?�mp2i- 6X- .ûb�mM�v- uX- �M/ :mû`�mHi- .X UkyyjVX _2H�iBQMb?BT
#2ir22M BMi2`�MMm�H p�`B�iBQMb Q7 i?2 `Bp2` THmK2 �M/ i?2 2ti2Mi Q7 Mm`b2`v
;`QmM/b 7Q` i?2 +QKKQM bQH2 UaQH2� bQH2�- GXV BM oBH�BM2 "�vX 1z2+ib QM `2+`mBi@
K2Mi p�`B�#BHBivX - 8yUk@jV ,RddĜR38X

G2 S�T2- PX �M/ *Q;M2x- LX UkyReVX h?2 `�M;2 Q7 Dmp2MBH2 KQp2K2Mib Q7 2bim�`BM2
�M/ +Q�bi�H Mm`b2`v /2T2M/2Mi ~�i}b?2b , 2biBK�iBQM 7`QK � K2i�@�M�HviB+�H
�TT`Q�+?X - Ryd ,9jĜ88X

G2 S�T2- PX- :BHHB2`b- *X- _BQm- SX- JQ`BM- CX- �K�`�- _X- �M/ .ûb�mM�v- uX UkyydVX
*QMp2`;2Mi bB;Mb Q7 /2;`�/�iBQM BM #Qi? i?2 +�T�+Biv �M/ i?2 [m�HBiv Q7 �M
2bb2MiB�H }b? ?�#Bi�i , bi�i2 Q7 i?2 a2BM2 2bim�`v U6`�M+2V ~�i}b? Mm`b2`B2bX

- 833URV ,kk8ĜkkNX Sm#HBb?2` , aT`BM;2`X
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G2 _Qv- .X- :B`�H/Q- *X- h`�p2`b@h`QH2i- JX- �M/ *QTTBM- 6X URN33VX *:6a , *?�M@
M2H :`QmM/ 6Bb? am`p2vX

G2�`- EX PX- SQmH�FBb- :X _X- a+?�`2`- _X JX- :H2Bbb- �X *X- �M/ q?BiM2v- LX JX
UkyRNVX 6BM2@b+�H2 #2?�pBQ` �M/ ?�#Bi�i mb2 Q7 i?2 2M/�M;2`2/ bK�HHiQQi? b�r}b?
UT`BbiBb T2+iBM�i�V , BMbB;?ib 7`QK �++2H2`QK2i`vX - RRdU9V ,j93Ĝ
j8NX

G22- *X CX- am;BKQiQ- *X _X- w?�M;- :X- �M/ *`QMBM- "X UkyRjVX
"B�b BM T22` `2pB2rX

- e9URV ,kĜRdX n2T`BMi ,
?iiTb ,ff�bBbi/HXQMHBM2HB#`�`vXrBH2vX+QKf/QBfT/7fRyXRyykf�bBXkkd39X

G2;2M/`2- SX URNNjVX aT�iB�H �miQ+Q``2H�iBQM , i`Qm#H2 Q` M2r T�`�/B;K \ -
d9UeV ,Re8NĜRedjX Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

G2;2M/`2- SX �M/ :�HH�;?2`- 1X .X UkyyRVX 1+QHQ;B+�HHv K2�MBM;7mH i`�Mb7Q`K�iBQMb
7Q` Q`/BM�iBQM Q7 bT2+B2b /�i�X - RkNUkV ,kdRĜk3yX Sm#HBb?2` , aT`BM;2`X

G2;2M/`2- SX �M/ G2;2M/`2- GX UkyRkVX X 1Hb2pB2`X

G2Bi½Q- _X- J�`iBM?Q- 6X- L2iQ- CX JX- *�#`�H- >X- J�`[m2b- CX *X- �M/ S�`/�H-
JX �X UkyyeVX 622/BM; 2+QHQ;v- TQTmH�iBQM bi`m+im`2 �M/ /Bbi`B#miBQM Q7 SQK�@
iQb+?Bbimb KB+`QTb UE`Ǡv2`- R3j3V �M/ SQK�iQb+?Bbimb KBMmimb US�HH�b- RddyV
BM � i2KT2`�i2 2bim�`v- SQ`im;�HX - eeUR@
kV ,kjRĜkjNX Sm#HBb?2` , 1Hb2pB2`X

G2bQm`/- aX- G2bm2m`- SX- "`mM@*Qii�M- CX@*X- �mz`2i- CX@SX- SQmTBM2i- LX- �M/
G�B;M2H- "X UkyyRVX JQ`T?Qb2/BK2Mi�`v 2pQHmiBQM Q7 i?2 K�+`QiB/�H a2BM2 2bim�`v
bm#D2+i2/ iQ ?mK�M BKT�+iX - k9UeV ,N9yĜN9NX Sm#HBb?2` , aT`BM;2`X

G2bQm`/- aX- G2bm2m`- SX- 6BbbQM- *X- �M/ .�mpBM- CX@*X UkyReVX a2/BK2Mi 2pQHmiBQM
BM i?2 KQmi? Q7 i?2 a2BM2 2bim�`v U6`�M+2V , � HQM;@i2`K KQMBiQ`BM; /m`BM; i?2
H�bi R8yv2�`bX - j93UeV ,99kĜ98yX

G2pBM- aX �X URNNkVX h?2 S`Q#H2K Q7 S�ii2`M �M/ a+�H2 BM 1+QHQ;v , h?2 _Q#2`i >X
J�+�`i?m` �r�`/ G2+im`2X - djUeV ,RN9jĜRNedX n2T`BMi , ?iiTb ,ff2b�@
DQm`M�HbXQMHBM2HB#`�`vXrBH2vX+QKf/QBfT/7fRyXkjydfRN9R99dX
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GBK#m`;- EX 1X URNNNVX 1bim�`B2b- 2+QHQ;v- �M/ 2+QMQKB+ /2+BbBQMb , �M 2t�KTH2
Q7 T2`+2Tim�H #�``B2`b �M/ +?�HH2M;2b iQ mM/2`bi�M/BM;X -
jyURV ,R38ĜR33X

GBM/;`2M- 6X- _m2- >X- �M/ GBM/bi`ƺK- CX UkyRRVX �M 2tTHB+Bi HBMF #2ir22M :�mbbB�M
}2H/b �M/ :�mbbB�M J�`FQp `�M/QK }2H/b , i?2 biQ+?�biB+ T�`iB�H /Bz2`2MiB�H
2[m�iBQM �TT`Q�+?X

- djU9V ,9kjĜ9N3X Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

GBm- uX- "B- CX- Gp- CX- J�- wX- �M/ q�M;- *X UkyRdVX aT�iB�H KmHiB@b+�H2 `2H�iBQM@
b?BTb Q7 2+Qbvbi2K b2`pB+2b , � +�b2 bim/v mbBM; � ;2Qbi�iBbiB+�H K2i?Q/QHQ;vX

- dURV ,N93eX

GQ;�M- .X hX UkyydVX S2`bT2+iBp2 QM 2+QiQtB+QHQ;v Q7 T�?b iQ }b?X
- RjUkV ,jykĜjReX

GQQb- CX- >�MbT�+?- CX- pQM q2?`/2M- >X- "2H/2�M- JX- JQ;�- *X AX- �M/ 6Bb+?2`-
CX UkyR8VX .2p2HQTBM; `Q#mbi }2H/ bm`p2v T`QiQ+QHb BM H�M/b+�T2 2+QHQ;v , � +�b2
bim/v QM #B`/b- TH�Mib �M/ #mii2`~B2bX - k9URV ,jjĜ
9eX

GQr2``2@"�`#B2`B- aX EX- *�i�H�M- AX �X- 6`m;´`/ PT/�H- �X- �M/ CǠ`;2Mb2M- *X
UkyRNVX S`2T�`BM; 7Q` i?2 7mim`2 , BMi2;`�iBM; bT�iB�H 2+QHQ;v BMiQ 2+Qbvbi2K@
#�b2/ K�M�;2K2MiX - deUkV ,9edĜ9deX

J�2b- CX- o�M .�KK2- aX- J2B`2- SX- �M/ PHH2pB2`- 6X Ukyy9VX ai�iBbiB+�H KQ/2@
HBM; Q7 b2�bQM�H �M/ 2MpB`QMK2Mi�H BM~m2M+2b QM i?2 TQTmH�iBQM /vM�KB+b Q7
�M 2bim�`BM2 }b? +QKKmMBivX - R98U8V ,RyjjĜRy9kX Sm#HBb?2` ,
aT`BM;2`X

J�MiQ;HQm- �X �M/ qBHbQM- CX GX URN3kVX h?2 im`MBM; #�M/b K2i?Q/ 7Q` bBKmH�iBQM
Q7 `�M/QK }2H/b mbBM; HBM2 ;2M2`�iBQM #v � bT2+i`�H K2i?Q/X

- R3U8V ,RjdNĜRjN9X Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

J�`�M/2H- 6X- GQ`�M+2- SX- �M/ h`2MF2H- oX JX UkyReVX � "�v2bB�M bi�i2@bT�+2
KQ/2H iQ 2biBK�i2 TQTmH�iBQM #BQK�bb rBi? +�i+? �M/ HBKBi2/ bm`p2v /�i� ,

kjj



�TTHB+�iBQM iQ i?2 i?Q`M#�+F `�v U_�D� +H�p�i�V BM i?2 "�v Q7 "Bb+�vX
- kNUkV ,kyNX Sm#HBb?2` , 1.S a+B2M+2bX

J�`GAL UkyyeVX "APhA* @ "BQHQ;B+�H h`�Bib AM7Q`K�iBQM *�i�HQ;m2X

X

J�`KBM- aX- .�mpBM- CX *X- �M/ G2bm2m`- SX UkyR9VX *QHH�#Q`�iBp2 �TT`Q�+? 7Q` i?2
K�M�;2K2Mi Q7 ?�`#Qm`@/`2/;2/ b2/BK2Mi BM i?2 "�v Q7 a2BM2 U6`�M+2VX

- Ryk ,jk3ĜjjNX

J�`b?�HH- �X JX- "B;;- :X _X- o�M G22mr2M- aX JX- SBMM2;�`- CX EX- q2B- >X@GX-
q2##- hX CX- �M/ "H�M+?�`/- CX GX UkyReVX Zm�MiB7vBM; ?2i2`Q;2M2Qmb `2bTQMb2b
Q7 }b? +QKKmMBiv bBx2 bi`m+im`2 mbBM; MQp2H +QK#BM2/ bi�iBbiB+�H i2+?MB[m2bX

- kkU8V ,Rd88ĜRde3X Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

J�`i2HH- aX �M/ 6`Q2b2- _X UkyRjVX � bBKTH2 K2i?Q/ 7Q` 2biBK�iBM; Jau 7`QK
+�i+? �M/ `2bBHB2M+2X - R9U9V ,8y9Ĝ8R9X Sm#HBb?2` , qBH2v
PMHBM2 GB#`�`vX

J�`iBM- *X aX- o�x- aX- EQm##B- SX- J2�/2M- :X CX- 1M;2H?�`/- :X >X- G�m`B�- oX-
:�`/2H- GX- *QTTBM- 6X- .2H�p2MM2- CX- �M/ .mTmBb- GX UkyRyVX � /B;Bi�H �iH�b iQ
HBMF QMiQ;2MB+ b?B7ib BM }b? bT�iB�H /Bbi`B#miBQM iQ i?2 2MpB`QMK2Mi Q7 i?2 2�bi2`M
1M;HBb? *?�MM2HX .�#- GBK�M/� HBK�M/� �b � +�b2@bim/vX - j9URV ,8NĜdRX

J�`iBM?Q- 6X- .QH#2i?- JX- oB2;�b- AX- "�TiBbi�- CX- *�#`�H- >X LX- �M/ S�`/�H-
JX �X UkyRyVX .Q2b i?2 ~�i}b? +QKKmMBiv Q7 i?2 JQM/2;Q 2bim�`v USQ`im;�HV
`2~2+i 2MpB`QMK2Mi�H +?�M;2b \ - keUeV ,39jĜ38kX
Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

J�`iBM?Q- 6X- G2Bi½Q- _X- oB2;�b- AX- .QH#2i?- JX- L2iQ- CX JX- *�#`�H- >X LX- �M/
S�`/�H- JX �X UkyydVX h?2 BM~m2M+2 Q7 �M 2ti`2K2 /`Qm;?i 2p2Mi BM i?2 }b?
+QKKmMBiv Q7 � bQmi?2`M 1m`QT2 i2KT2`�i2 2bim�`vX

- d8U9V ,8jdĜ89eX Sm#HBb?2` , 1Hb2pB2`X

kj9



J�bbQH- 6X- :`�p2H- .X- JQm[m2i- LX- *�/Qii2- JX qX- 6mF�KB- hX- �M/ G2B#QH/-
JX �X UkyRRVX GBMFBM; +QKKmMBiv �M/ 2+Qbvbi2K /vM�KB+b i?`Qm;? bT�iB�H
2+QHQ;vX - R9UjV ,jRjĜjkjX Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

J�i?2`QM- :X URNejVX S`BM+BTH2b Q7 ;2Qbi�iBbiB+bX - 83U3V ,Rk9eĜ
RkeeX Sm#HBb?2` , aQ+B2iv Q7 1+QMQKB+ :2QHQ;BbibX

J�m`2�m/- �X- >Q/�TT- .X- p�M .2M/2`2M- SX .X- >BHH2#`�M/- >X- :BbH�bQM- >X-
aT��M?2/2M .2M+F2`- hX- "2mF?Q7- 1X- �M/ GBM/2;`2M- JX UkyRNVX "BQ/Bp2`bBivĜ
2+Qbvbi2K 7mM+iBQMBM; `2H�iBQMb?BTb BM }b? +QKKmMBiB2b , #BQK�bb Bb `2H�i2/ iQ
2p2MM2bb �M/ i?2 2MpB`QMK2Mi- MQi iQ bT2+B2b `B+?M2bbX

- k3eURNyeV ,kyRNRR3NX Sm#HBb?2` , h?2 _Qv�H aQ+B2ivX

J+*�`i?v- AX �M/ J�``BQii- �X UkyR3VX �;2- ;`Qri? �M/ K�im`Biv Q7 im# ;m`M�`/
U+?2HB/QMB+?i?vb Hm+2`M� HBMM�2mb Rd83 c i`B;HB/�2V BM i?2 BMb?Q`2 +Q�bi�H r�i2`b
Q7 MQ`i?r2bi r�H2b- mFX - j9UjV ,83RĜ83NX

J+G2�M- JX- JQmBHHQi- .X- GBM/2;`2M- JX- oBHHû;2`- aX- 1M;2H?�`/- :X- Jm`;B2`- CX-
�M/ �m#2`- �X UkyRN�VX 6Bb? +QKKmMBiB2b /Bp2`;2 BM bT2+B2b #mi +QMp2`;2 BM
i`�Bib Qp2` i?`22 /2+�/2b Q7 r�`KBM;X - k8URRV ,jNdkĜjN39X
Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

J+G2�M- JX CX- JQmBHHQi- .X- :Q�b+Qx- LX- a+?H�B+?- AX- �M/ �m#2`- �X UkyRN#VX
6mM+iBQM�H `2Q`;�MBx�iBQM Q7 K�`BM2 }b? Mm`b2`B2b mM/2` +HBK�i2 r�`KBM;X

- k8UkV ,eeyĜed9X Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

J2HQ@J2`BMQ- aX JX- _2v2b@"QMBHH�- >X- �M/ GB`�@LQ`B2;�- �X UkykyVX 1+QHQ;B+�H
MB+?2 KQ/2Hb �M/ bT2+B2b /Bbi`B#miBQM KQ/2Hb BM K�`BM2 2MpB`QMK2Mib , � HBi2`�@
im`2 `2pB2r �M/ bT�iB�H �M�HvbBb Q7 2pB/2M+2X - 9R8 ,Ry33jdX
Sm#HBb?2` , 1Hb2pB2`X

J2v#2+F- JX- G2bi2H- GX- *�``û- *X- "QmH2�m- :X- :�`MB2`- CX- �M/ JQm+?2H- CX
UkyR3VX h`�D2+iQ`B2b Q7 `Bp2` +?2KB+�H [m�HBiv Bbbm2b Qp2` i?2 HQM;m2 /m`û2 ,
i?2 b2BM2 `Bp2` URNyybĜkyRyVX -
k8Uk9V ,kj9e3Ĝkj939X
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JBF?22p- oX- �7QMBM�- JX- �M/ S�pHQp- .X UkyRyVX >�#Bi�i ?2i2`Q;2M2Biv �M/ }b?
#2?�pBQ` , mMBib Q7 ?2i2`Q;2M2Biv �b � `2bQm`+2 �M/ �b � bQm`+2 Q7 BM7Q`K�iBQMX

- 8yU8V ,j3eĜjN8X

JBHHb- CX �X- h2THBibFv- *X- �``QvQ- "X- *?�`K�MiB2`- �X- "2+F2`- SX >X- "B`F?2�/-
hX _X- "Bx2- SX- "HmKbi2BM- .X hX- "QM2M7�Mi- *X- "QmiBM- aX- 2i �HX UkyR8VX �`@
+?BpBM; T`BK�`v /�i� , bQHmiBQMb 7Q` HQM;@i2`K bim/B2bX

- jyURyV ,83RĜ83NX

JBMB2`- *X- �#�`MQm- �X- C�Qm2M@J�/QmH2i- �X- G2 :m2HH2+- �X@JX- hmimM/DB�M-
_X- "Q+[m2Mû- :X- �M/ G2#QmH2M;2`- 6X UkyyeVX � TQHHmiBQM@KQMBiQ`BM; TBHQi
bim/v BMpQHpBM; +QMi�KBM�Mi �M/ #BQK�`F2` K2�bm`2K2Mib BM i?2 a2BM2 1bim�`v-
6`�M+2- mbBM; x2#`� Kmbb2Hb U.`2Bbb2M� TQHvKQ`T?�VX

- k8URV ,RRkĜRRNX Sm#HBb?2` , qBH2v
PMHBM2 GB#`�`vX

JQM2biB2x- SX- .m#`Q+�- GX- "QMMBM- 1X- .m`#2+- CX@SX- �M/ :mBM2i- *X Ukyy8VX
*QKT�`BbQM Q7 JQ/2H "�b2/ :2Qbi�iBbiB+�H J2i?Q/b BM 1+QHQ;v , �TTHB+�iBQM iQ
6BM q?�H2 aT�iB�H .Bbi`B#miBQM BM LQ`i?r2bi2`M J2/Bi2``�M2�M a2�X AM G2m�M;@
i?QM;- PX �M/ .2mib+?- *X oX- 2/BiQ`b- - Zm�MiBi�iBp2
:2QHQ;v �M/ :2Qbi�iBbiB+b- T�;2b dddĜd3eX aT`BM;2` L2i?2`H�M/b- .Q`/`2+?iX

JQ`�- *X- �#m`iQ@P`QT2x�- PX- �v�H� "Q+Qb- �X- �vQii2- SX- "�MFb- aX- "�mK�M-
�X- "2;2`- JX- "2bbm/Q- aX- "QQi?- .X- "`QFQpB+?- 1X- "`QQFb- �X- *?�#�M2i- SX-
C1- *X- *Q`iûb- CX- *`mx@JQii�- CX- *mTmH J�;�Ƣ�- �X- .2J�`iBMB- 1X- 1/;�`-
:X- 62�`v- .X- 62`b2- aX- 6`B2/H�M/2`- �X- :�biQM- EX- :Qm;?- *X- :`�?�K- LX-
:`22M- �X- :mxK�M- >X- >�`/i- JX- EmH#B+FB- JX- G2iQm`M2m`- uX- GƦT2x Sû@
`2x- �X- GQ`2�m- JX- GQv�- uX- J�`iBM2x- *X- J�b+�`2Ƣ�b@PbQ`BQ- AX- JQ`Qp2- hX-
L�/QM- JX- L�F�Km`�- uX- S�`2/2b- :X- SQHmMBM- LX- S`�i+?2ii- JX- _2v2b "BM@
MmHH�- >X- _Bp2`�- 6X- a�H�- 1X- a�M/BM- aX- aQH2`- :X- aim�`i@aKBi?- _X- h2bbB2`-
1X- hBii2MbQ`- .X- hmTT2`- JX- lbb2;HBQ- SX- oB;HBQH�- GX- q�MiB2x- GX- qBHHB�Mb-
AX- qBHbQM- aX- �M/ w�T�i�- 6X UkyRRVX :HQ#�H ?mK�M 7QQiT`BMi QM i?2 HBMF�;2
#2ir22M #BQ/Bp2`bBiv �M/ 2+Qbvbi2K 7mM+iBQMBM; BM `227 }b?2bX -
NU9V ,2RyyyeyeX

kje



JQ`BM- CX- .m?�K2H- aX- �M/ .2 _QiQM- :X UkyRyVX SQBbbQMb- ?�#Bi�ib- � `2bbQm`+2b
?�HB2miB[m2b , *�b /2 HǶ2bim�B`2 /2 H� a2BM2X - T�;2 d3X

JQ`BM- CX- _BQm- SX- "2bbBM2iQM- *X- o2/B2m- *X- G2KQBM2- JX- aBKQM- aX- �M/
G2 S�T2- PX URNNdVX 1im/2 /2b MQm``B+2`B2b /2 H� #�B2 /2 a2BM2 Q`B2Mi�H2 2i
/2 HǶ2bim�B`2 /2 H� a2BM2X

JQ``Bb- GX �M/ "�HH- .X UkyyeVX >�#Bi�i bmBi�#BHBiv KQ/2HHBM; Q7 2+QMQKB+�HHv
BKTQ`i�Mi }b? bT2+B2b rBi? +QKK2`+B�H }b?2`B2b /�i�X

- ejUNV ,R8NyĜReyjX

JQ``Bb- _X GX- *?�TK�M- JX :X- 6B`i?- GX "X- �M/ *QH2K�M- _X �X UkyRdVX AM+`2�bBM;
?�#Bi�i +QKTH2tBiv QM b2�r�HHb , AMp2biB;�iBM; H�`;2@�M/ bK�HH@b+�H2 2z2+ib QM }b?
�bb2K#H�;2bX - dUkkV ,N8edĜN8dNX Sm#HBb?2` , qBH2v PMHBM2
GB#`�`vX

JQi�@62``2B`�- JX �M/ "2D�- SX UkykyVX *QK#BMBM; ;2Qbi�iBbiB+�H �M/ #BQiB+ BMi2`@
�+iBQM KQ/2H iQ T`2/B+i �KT?B#B�M `27m;2b mM/2` +`�v}b? BMp�bBQM �+`Qbb /2M@
/`BiB+ bi`2�K M2irQ`FbX - keUeV ,eNNĜdR9X n2T`BMi ,
?iiTb ,ffQMHBM2HB#`�`vXrBH2vX+QKf/QBfT/7fRyXRRRRf//BXRjy9dX

JQmMv- SX- .�mpBM- CX *X- "2bbBM2iQM- *X- 1HF�BK- "X- �M/ aBKQM- aX URNN3VX "BQ@
HQ;B+�H +QKTQM2Mib 7`QK i?2 a2BM2 2bim�`v , }`bi `2bmHibX AM

- T�;2b jjjĜj9dX aT`BM;2`X

Jm+?�- SX CX- _B+?�`/bQM- hX- J�+QM- EX- SQ`i2`- JX �X- �M/ PMM2H�- CX@SX UkyRyVX
*QKKmMBiv bi`m+im`2 BM iBK2@/2T2M/2Mi- KmHiBb+�H2- �M/ KmHiBTH2t M2irQ`FbX

- jk3U8N3yV ,3deĜ3d3X Sm#HBb?2` , �K2`B+�M �bbQ+B�iBQM 7Q` i?2 �/p�M+2@
K2Mi Q7 a+B2M+2X

JmƢQx- JX- _2mH- �X- /2 aQH�- GX :X- G�m2`#m`;- _X- h2HHQ- PX- :BKT2H- �X- �M/
ai2Hx2MKɃHH2`- oX UkyR3VX � bT�iB�H `BbF �TT`Q�+? iQr�`/b BMi2;`�i2/ K�`BM2
bT�iB�H TH�MMBM; , � +�b2 bim/v QM 2m`QT2�M ?�F2 Mm`b2`v �`2�b BM i?2 MQ`i?
�H#Q`�M b2�X - R9k ,RNyĜkydX

JmMb+?- aX >X- *Q`/2HH- CX _X- �M/ hQ7i- CX .X UkyReVX 6BM2@b+�H2 ?�#Bi�i mb2 �M/
#2?�pBQ` Q7 � M2�`b?Q`2 }b? +QKKmMBiv , Mm`b2`v 7mM+iBQMb- T`2/�iBQM �pQB/�M+2-

kjd



�M/ bT�iBQi2KTQ`�H ?�#Bi�i T�`iBiBQMBM;X - 88d ,RĜ
R8X

L�;2HF2`F2M- AX- a?2�p2b- JX- "�F2`- _X- �M/ *QMMQHHv- _X JX UkyR8VX h?2 b2�b+�T2
Mm`b2`v , � MQp2H bT�iB�H �TT`Q�+? iQ B/2MiB7v �M/ K�M�;2 Mm`b2`B2b 7Q` +Q�bi�H
K�`BM2 7�mM�X - ReUkV ,jekĜjdRX

L�b?- _X .X- :2z2M- �X CX- "m``Qrb- JX hX- �M/ :B#bQM- _X LX UkyydVX .vM�KB+b Q7
b?�HHQr@r�i2` Dmp2MBH2 ~�i}b? Mm`b2`v ;`QmM/b , �TTHB+�iBQM Q7 i?2 b2H7@i?BMMBM;
`mH2X - j99 ,kjRĜk99X

LB+QH�b- .X- G2 GQ+Ƕ?- 6X- .ûb�mM�v- uX- >�KQM- .X- "H�M+?2i- �X- �M/ G2 S�T2-
PX UkyydVX _2H�iBQMb?BTb #2ir22M #2Mi?B+ K�+`Q7�mM� �M/ ?�#Bi�i bmBi�#BHBiv
7Q` Dmp2MBH2 +QKKQM bQH2 UaQH2� bQH2�- GXV BM i?2 oBH�BM2 2bim�`v U"�v Q7 "Bb+�v-
6`�M+2V Mm`b2`v ;`QmM/X - djUj@9V ,ejNĜe8yX
Sm#HBb?2` , 1Hb2pB2`X

PFb�M2M- CX- "H�M+?2i- 6X :X- EBM/i- _X- G2;2M/`2- SX- JBM+?BM- SX _X- PǶ>�`�-
_X "X- aBKTbQM- :X GX- aQHvKQb- SX- >2M`v- JX- �M/ ai2p2Mb- JX >X >X UkyR8VX
o2;�M +QKKmMBiv 2+QHQ;v T�+F�;2 , Q`/BM�iBQM K2i?Q/b- /Bp2`bBiv �M�HvbBb �M/
Qi?2` 7mM+iBQMb 7Q` +QKKmMBiv �M/ p2;2i�iBQM 2+QHQ;BbibX - T�;2b
kĜjX

PHBp2B`�- :X /X- _�M;2H- hX 6X- GBK�@_B#2B`Q- JX aX- h2``B#BH2- GX *X- �M/ .BMBx@
6BH?Q- CX �X 6X UkyR9VX 1p�Hm�iBM;- T�`iBiBQMBM;- �M/ K�TTBM; i?2 bT�iB�H �m@
iQ+Q``2H�iBQM +QKTQM2Mi BM 2+QHQ;B+�H MB+?2 KQ/2HBM; , � M2r �TT`Q�+? #�b2/
QM 2MpB`QMK2Mi�HHv 2[mB/Bbi�Mi `2+Q`/bX - jdUdV ,ejdĜe9dX n2T`BMi ,
?iiTb ,ffQMHBM2HB#`�`vXrBH2vX+QKf/QBfT/7fRyXRRRRfDXReyy@y83dXkyRjXyy8e9XtX

PǶL2BHH- "X- .2 _�2/2K�2+F2`- 6X- J+:`�i?- .X- �M/ "`QT?v- .X UkyRRVX �M 2tT2`B@
K2Mi�H BMp2biB;�iBQM Q7 b�HBMBiv 2z2+ib QM ;`Qri?- /2p2HQTK2Mi �M/ +QM/BiBQM BM
i?2 1m`QT2�M ~QmM/2` USH�iB+?i?vb ~2bmbX GXVX

- 9Ry ,jNĜ99X

PibmF�- �X uX- 62BiQb�- 6X �X /X LX- JQMi2b- JX /X CX 6X- �M/ aBHp�- �X *X /X UkyR3VX
AM~m2M+2 Q7 ~mpB�H /Bb+?�`;2 QM i?2 /vM�KB+b Q7 *?HQ`QT?vHH@฀ BM i?2 +QMiBM2Mi�H

kj3



b?2H7 �/D�+2Mi iQ i?2 _2+B72 SQ`i "�bBM US2`M�K#m+Q@"`�xBHVX
- ee ,NRĜRyjX Sm#HBb?2` , a+B1GP "`�bBHX

S�2`H- >X qX UkyyeVX �bb2bbBM; �M/ K�M�;BM; Mmi`B2Mi@2M?�M+2/ 2mi`QT?B+�iBQM BM
2bim�`BM2 �M/ +Q�bi�H r�i2`b , BMi2`�+iBp2 2z2+ib Q7 ?mK�M �M/ +HBK�iB+ T2`im`@
#�iBQMbX - keURV ,9yĜ89X

S�`�/BM�b- AX- *QM2b�- .X- S2MMBMQ- JX :X- JmƢQx- 6X- 62`M�M/2x- �X JX- GƦT2x@
ZmőH2x- �X- �M/ "2HHB/Q- CX JX UkyR8VX "�v2bB�M bT�iBQ@i2KTQ`�H �TT`Q�+? iQ
B/2MiB7vBM; }b? Mm`b2`B2b #v p�HB/�iBM; T2`bBbi2M+2 �`2�bX

- 8k3 ,k98Ĝk88X

S�`bQMb- .X JX- JB//H2iQM- *X- aKBi?- JX .X- �M/ *QH2- _X :X UkyR9VX h?2 BM~m2M+2
Q7 ?�#Bi�i �p�BH�#BHBiv QM Dmp2MBH2 }b? �#mM/�M+2 BM � MQ`i?2�bi2`M L2r w2�H�M/
2bim�`vX - 93UkV ,kReĜ
kk3X Sm#HBb?2` , h�vHQ` � 6`�M+BbX

S�b+m�H- JX- J�xx2;�- SX- �M/ G2pBM- aX �X UkyyRVX Pb+BHH�iQ`v /vM�KB+b �M/
bT�iB�H b+�H2 , i?2 `QH2 Q7 MQBb2 �M/ mM`2bQHp2/ T�ii2`MX - 3kU3V ,kj8dĜ
kjeNX Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

S�b[m�m/- aX- "û;m2`- JX- G�`b2M- JX >X- *?��H�HB- �X- *�#`�H- >X- �M/ GQ#`v-
CX UkyRkVX AM+`2�b2 Q7 K�`BM2 Dmp2MBH2 }b? �#mM/�M+2b BM i?2 KB//H2 :B`QM/2
2bim�`v `2H�i2/ iQ r�`K2` �M/ KQ`2 b�HBM2 r�i2`b- /m2 iQ ;HQ#�H +?�M;2bX

- Ry9 ,9eĜ8jX Sm#HBb?2` , 1Hb2pB2`X

S�i`B+F- qX aX �M/ GBMF- CX aX UkyR8VX Jvi?b i?�i +QMiBMm2 iQ BKT2/2 T`Q;`2bb BM
2+Qbvbi2K@#�b2/ }b?2`B2b K�M�;2K2MiX - 9yU9V ,R88ĜReyX Sm#HBb?2` ,
h�vHQ` � 6`�M+BbX

S2/2`b2M- JX qX �M/ "2`;- *X qX UkyRdVX � biQ+?�biB+ bm`THmb T`Q/m+iBQM KQ/2H
BM +QMiBMmQmb iBK2X - R3UkV ,kkeĜk9jX Sm#HBb?2` , qBH2v PMHBM2
GB#`�`vX

S2``v- .X- ai�p2H2v- hX �X- �M/ :mHHbi`ƺK- JX UkyR3VX >�#Bi�i +QMM2+iBpBiv Q7 }b?
BM i2KT2`�i2 b?�HHQr@r�i2` b2�b+�T2bX - 9 ,99yX

kjN



S2i2`b- PX UkyRjVX
X _QmiH2/;2X

S2i2`bQM- �X hX �M/ aQ#2`ƦM- CX UkyRkVX aT2+B2b /Bbi`B#miBQM KQ/2HBM; �M/ 2+Q@
HQ;B+�H MB+?2 KQ/2HBM; , ;2iiBM; i?2 +QM+2Tib `B;?iX -
RyUkV ,RykĜRydX

S2i2`bQM- �X hX- aQ#2`ƦM- CX- S2�`bQM- _X :X- �M/2`bQM- _X SX- J�`iőM2x@J2v2`-
1X- L�F�Km`�- JX- �M/ �`�ȹDQ- JX "X UkyRRVX

X S`BM+2iQM lMBp2`bBiv S`2bbX

S2i2`bQM- JX aX UkyyjVX � +QM+2Tim�H pB2r Q7 2MpB`QMK2Mi@?�#Bi�i@T`Q/m+iBQM
HBMF�;2b BM iB/�H `Bp2` 2bim�`B2bX - RRU9V ,kNRĜjRjX
Sm#HBb?2` , h�vHQ` � 6`�M+BbX

S2i2`bQM- JX aX �M/ _Qbb- aX hX URNNRVX .vM�KB+b Q7 HBiiQ`�H }b?2b �M/ /2+�TQ/b
�HQM; � +Q�bi�H `Bp2`@2bim�`BM2 ;`�/B2MiX -
jjU8V ,9edĜ93jX Sm#HBb?2` , 1Hb2pB2`X

S2iBi;�b- SX URNNjVX lb2 Q7 � /BbDmM+iBp2 F`B;BM; iQ KQ/2H �`2�b Q7 ?B;? T2H�;B+ }b?
/2MbBiv BM �+QmbiB+ }b?2`B2b bm`p2vbX - eUjV ,kyRĜkyNX
LmK#2` , j Sm#HBb?2` , 1.S a+B2M+2bX

S2iBi;�b- SX- _2M�`/- .X- .2b�bbBb- LX- >m`2i- JX- _QK�;M�M- CX@"X- .Q`�v- JX-
qQBHH2x- JX- �M/ _BpQB`�`/- CX UkykyVX �M�HvbBM; h2KTQ`�H o�`B�#BHBiv BM aT�iB�H
.Bbi`B#miBQMb lbBM; JBMĜJ�t �miQ+Q``2H�iBQM 6�+iQ`b , a�`/BM2 1;;b BM i?2 "�v
Q7 "Bb+�vX - 8kUjV ,jjdĜj89X

SB+F2ii- aX hX �M/ *�/2M�bbQ- JX GX URNN8VX G�M/b+�T2 2+QHQ;v , bT�iB�H ?2i2`Q;2@
M2Biv BM 2+QHQ;B+�H bvbi2KbX - keNU8kkkV ,jjRĜjj9X Sm#HBb?2` , �K2`B+�M
�bbQ+B�iBQM 7Q` i?2 �/p�M+2K2Mi Q7 a+B2M+2X

SB2i- :X CX- S}bi2`2`- �X "X- �M/ _BDMb/Q`T- �X .X URNN3VX PM 7�+iQ`b bi`m+im`BM;
i?2 ~�i}b? �bb2K#H�;2 BM i?2 bQmi?2`M LQ`i? a2�X -
9yUR@kV ,R9jĜR8kX Sm#HBb?2` , 1Hb2pB2`X

k9y



SB?H- GX- JQ/BM- CX- �M/ q2MM?�;2- >X Ukyy8VX _2H�iBM; TH�B+2 USH2m`QM2+i2b TH�@
i2bb�V `2+`mBiK2Mi iQ /2i2`BQ`�iBM; ?�#Bi�i [m�HBiv , 2z2+ib Q7 K�+`Q�H;�H #HQQKb
BM +Q�bi�H Mm`b2`v ;`QmM/bX -
ekU8V ,RR39ĜRRNjX Sm#HBb?2` , L_* _2b2�`+? S`2bbX

SBMiƦ@J�`BDm�M- JX �M/ JmMMû@"Qb+?- aX UkyRjVX 1+QT?vbBQHQ;v Q7 BMp�bBp2 TH�Mib ,
QbKQiB+ �/DmbiK2Mi �M/ �MiBQtB/�MibX - R3URkV ,eeyĜeeeX

SQmH�`/- CX@*X �M/ "H�M+?�`/- 6X Ukyy8VX h?2 BKT�+i Q7 +HBK�i2 +?�M;2 QM i?2 }b?
+QKKmMBiv bi`m+im`2 Q7 i?2 2�bi2`M +QMiBM2Mi�H b?2H7 Q7 i?2 "�v Q7 "Bb+�vX

- ekUdV ,R9jeĜR99jX Sm#HBb?2` , Pt7Q`/ lMBp2`bBiv
S`2bbX

SQr2HH- EX UkyReVX .Q2b Bi i�F2 iQQ HQM; iQ Tm#HBb? `2b2�`+? \ -
8jyUd83NV ,R93ĜR8RX "�M/B2`�n�#i2bi , � *;nivT2 , L�im`2 _2b2�`+? CQm`M�Hb
LmK#2` , d83N S`BK�`vn�ivT2 , L2rb Sm#HBb?2` , L�im`2 Sm#HBb?BM; :`QmT
am#D2+ini2`K , �mi?Q`b?BT c*�`22`b cG�# HB72 cSm#HBb?BM; am#D2+ini2`KnB/ , �m@
i?Q`b?BT c+�`22`b cH�#@HB72 cTm#HBb?BM;X

SQr2`- JX- �ii`BHH- JX CX- �M/ h?QK�b- _X JX UkyyyVX 1MpB`QMK2Mi�H 7�+iQ`b �M/
BMi2`�+iBQMb �z2+iBM; i?2 i2KTQ`�H �#mM/�M+2 Q7 Dmp2MBH2 ~�i}b? BM i?2 h?�K2b
1bim�`vX - 9jUkV ,Rj8ĜR9NX Sm#HBb?2` , 1Hb2pB2`X

_�Qmt- �X- "�mt- LX- S2xv- CX@SX- "�H�v- SX- G2bQm`/- aX- �M/ .�mpBM- CX@*X UkykyVX
1p�Hm�iBM; 2+Qbvbi2K 7mM+iBQMBM; Q7 � HQM;@i2`K /mKTBM; bBi2 BM i?2 "�v Q7
a2BM2 U1M;HBb? *?�MM2HVX - RR8 ,Ryej3RX

_�Qmt- �X- .�K#�+?2`- CX JX- S2xv- CX@SX- J�xû- *X- .�mpBM- CX@*X- �M/ LB[mBH-
LX UkyR3VX �bb2bbBM; +mKmH�iBp2 bQ+BQ@2+QHQ;B+�H BKT�+ib Q7 Qzb?Q`2 rBM/ 7�`K
/2p2HQTK2Mi BM i?2 "�v Q7 a2BM2 U1M;HBb? *?�MM2HVX - 3N ,RRĜkyX

_�T�Mi�- *X- "Qiim`B- GX- :QQ/v2�`- SX- :m¨`/B�- GX- �M/ EQQH2- JX UkykyVX PMHBM2
mMBp2`bBiv i2�+?BM; /m`BM; �M/ �7i2` i?2 *QpB/@RN +`BbBb , _27Q+mbBM; i2�+?2`
T`2b2M+2 �M/ H2�`MBM; �+iBpBivX - kUjV ,NkjĜ
N98X Sm#HBb?2` , aT`BM;2`X
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_�v- *X �M/ >�biBM;b- �X URNNeVX .2MbBiv /2T2M/2M+2 , �`2 r2 b2�`+?BM; �i i?2
r`QM; bT�iB�H b+�H2 \ - T�;2b 88eĜ8eeX Sm#HBb?2` ,
CahP_X

_2B/- JX EX �M/ aT2M+2`- EX GX UkyyNVX lb2 Q7 T`BM+BT�H +QKTQM2Mib �M�HvbBb US*�V
QM 2bim�`BM2 b2/BK2Mi /�i�b2ib , h?2 2z2+i Q7 /�i� T`2@i`2�iK2MiX

- R8dU3V ,kkd8Ĝkk3RX

_2M�`/- .X- "2x- LX- .2b�bbBb- LX- "2m+?2`- >X- P`b- 6X- �M/ 6`2mHQM- sX UkyRNVX
_;2Qbi�ib i?2 ;2Qbi�iBbiB+�H ` T�+F�;2X - RRXkXRyX

_2M�`/- .X �M/ .2b�bbBb- LX UkyRdVX aS.1 6B`bi bi2TbX ?iiT ,ff`;2Q@
bi�ibX7`22X7`f/Q+faS.1X?iKHX

_2m#2Mb- CX hX- "`�2+FK�M- lX- o�M�p2`#2F2- CX- o�M *QH2M- *X- .2;`�2`- aX- �M/
oBM+t- JX UkyRjVX �;;`2;�iBQM �i rBM/KBHH �`iB}+B�H `227b , *Sl1 Q7 �iH�MiB+
+Q/ U:�/mb KQ`?m�V �M/ TQmiBM; Uh`BbQTi2`mb Hmb+mbV �i /Bz2`2Mi ?�#Bi�ib BM
i?2 "2H;B�M T�`i Q7 i?2 LQ`i? a2�X - RjN ,k3Ĝj9X

_BH2v- EX UkyydVX SQK�iQb+?Bbimb KBMmimbX a�M/ ;Q#vX Sm#HBb?2` , J�`BM2 "BQHQ;B@
+�H �bbQ+B�iBQM Q7 i?2 lMBi2/ EBM;/QKX

_BHQp- :X- 6`�b+?2iiB- aX- :BbbB- 1X- SBTBiQM2- *X- "�/�H�K2MiB- 6X- h�K#m`2HHQ-
GX- J2MBMB- 1X- :Q`BmT- SX- J�x�`Bb- �X .X- :�``�#Qm- CX- "2M2/2iiB@*2++?B-
GX- .�MQp�`Q- _X- GQBb2�m- *X- *H�m/2i- CX- �M/ E�ib�M2p�FBb- aX UkykyVX �
7�bi@KQpBM; i�`;2i , �+?B2pBM; K�`BM2 +QMb2`p�iBQM ;Q�Hb mM/2` b?B7iBM; +HBK�i2
�M/ TQHB+B2bX - jyURV ,2ykyyNX n2T`BMi , ?iiTb ,ff2b�DQm`@
M�HbXQMHBM2HB#`�`vXrBH2vX+QKf/QBfT/7fRyXRyykf2�TXkyyNX

_BQm- SX URNNNVX

X S?. h?2bBb- *�2MX

_BQm- SX- G2 S�T2- PX- �M/ _Q;2`b- aX AX UkyyRVX _2H�iBp2 +QMi`B#miBQMb Q7 /Bz2`2Mi
bQH2 �M/ TH�B+2 Mm`b2`B2b iQ i?2 �/mHi TQTmH�iBQM BM i?2 1�bi2`M *?�MM2H , �TTHB@
+�iBQM Q7 � +QK#BM2/ K2i?Q/ mbBM; ;2M2`�HBx2/ HBM2�` KQ/2Hb �M/ � ;2Q;`�T?B+

k9k



BM7Q`K�iBQM bvbi2KX - R9UkV ,Rk8ĜRj8X Sm#HBb?2` , 1.S
a+B2M+2bX

_Bp2i- CX UkykyVX _û;BQM�HBb�iBQM /2 HǶ2bT�+2 K�`BiBK2 TQm` b� TH�MB}+�iBQM 2i
;2biBQM , H2 +�b /2 H� #�B2 /2 a2BM2X X

_Q+?2- .X- "2`#2`B- AX- .?�M2- 6X- aQ2?�`DQMQ- aX- .�FBM- _X- "BMMBM;- aX- 2i �HX
UkykRVX h?2 [m�HBiv Q7 QT2M /�i�b2ib b?�`2/ #v `2b2�`+?2`b BM 2+QHQ;v �M/ 2pQ@
HmiBQM Bb KQ/2`�i2Hv `2T2�i�#H2 �M/ bHQr iQ +?�M;2X

_Q+?2- .X :X- E`mmF- GX 1X "X- G�M72�`- _X- �M/ "BMMBM;- aX �X UkyR8VX Sm#HB+
.�i� �`+?BpBM; BM 1+QHQ;v �M/ 1pQHmiBQM , >Qr q2HH �`2 q2 .QBM; \

- RjURRV ,2RyykkN8X Sm#HBb?2` , Sm#HB+ GB#`�`v Q7 a+B2M+2X

_Q+?2i- JX@CX- h`2MF2H- oX- "2HH�BH- _X- *QTTBM- 6X- G2 S�T2- PX- J�?û- CX@*X- JQ@
`BM- CX- SQmH�`/- CX@*X- a+?H�B+?- AX- �M/ aQmTH2i- �X Ukyy8VX *QK#BMBM; BM/B+�@
iQ` i`2M/b iQ �bb2bb QM;QBM; +?�M;2b BM 2tTHQBi2/ }b? +QKKmMBiB2b , /B�;MQb@
iB+ Q7 +QKKmMBiB2b Qz i?2 +Q�bib Q7 6`�M+2X -
ekU3V ,Re9dĜRee9X Sm#HBb?2` , Pt7Q`/ lMBp2`bBiv S`2bbX

_Q+?2ii2- aX- _BpQi- 1X- JQ`BM- CX- J�+FBMbQM- aX- _BQm- SX- �M/ G2 S�T2- PX UkyRyVX
1z2+i Q7 Mm`b2`v ?�#Bi�i /2;`�/�iBQM QM ~�i}b? TQTmH�iBQM , �TTHB+�iBQM iQ
aQH2� bQH2� BM i?2 1�bi2`M *?�MM2H Uq2bi2`M 1m`QT2VX -
e9UR@kV ,j9Ĝ99X Sm#HBb?2` , 1Hb2pB2`X

_Qb2M72H/- CX aX UkyykVX 6mM+iBQM�H `2/mM/�M+v BM 2+QHQ;v �M/ +QMb2`p�iBQMX -
N3URV ,R8eĜRekX Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

_QbbB- _X 1X- JmHH�- .X CX- CQm`M2H- �X :X- �M/ 6`�Mx- 1X >X URNNkVX :2Qbi�iBbiB+�H
iQQHb 7Q` KQ/2HBM; �M/ BMi2`T`2iBM; 2+QHQ;B+�H bT�iB�H /2T2M/2M+2X

- ekUkV ,kddĜjR9X

_Qv2`- 6X- 6`QK2MiBM- CX@JX- �M/ :�bT�`- SX Ukyy9VX �bbQ+B�iBQM #2ir22M #Hm2}M
imM� b+?QQHb �M/ Q+2�MB+ 72�im`2b BM i?2 r2bi2`M K2/Bi2``�M2�MX

- keN ,k9NĜkejX
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_m}MQ- JX JX- "2x- LX- �M/ "`BM/Ƕ�KQm`- �X UkyR3VX AMi2;`�iBM; bT�iB�H BM/B+�iQ`b
BM i?2 bm`p2BHH�M+2 Q7 2tTHQBi2/ K�`BM2 2+Qbvbi2KbX - RjURRVX Sm#HBb?2` ,
Sm#HB+ GB#`�`v Q7 a+B2M+2X

_mii2M#2`;- "X AX �M/ :`�M2F- 1X 6X UkyRRVX "`B/;BM; i?2 K�`BM2Ĝi2``2bi`B�H /Bb+QM@
M2+i iQ BKT`Qp2 K�`BM2 +Q�bi�H xQM2 b+B2M+2 �M/ K�M�;2K2MiX

- 9j9 ,kyjĜkRkX

_v#�`+xvF- >X �M/ 1HF�øK- "X UkyyjVX �M �M�HvbBb Q7 i?2 i`QT?B+ M2irQ`F Q7 �
K�+`QiB/�H 2bim�`v , i?2 a2BM2 1bim�`v U1�bi2`M *?�MM2H- LQ`K�M/v- 6`�M+2VX

- 83U9V ,dd8ĜdNRX

a�;�`- _X- _�;?m#�Mb?B- �X aX- �M/ aBM;?- CX aX UkyyjVX h`22 bT2+B2b +QKTQbBiBQM-
/BbT2`bBQM �M/ /Bp2`bBiv �HQM; � /Bbim`#�M+2 ;`�/B2Mi BM � /`v i`QTB+�H 7Q`2bi
`2;BQM Q7 AM/B�X - R3eURV ,eRĜdRX

a�;�`BM- _X �M/ S�m+?�`/- �X UkyRyVX P#b2`p�iBQM�H �TT`Q�+?2b BM 2+Q@
HQ;v QT2M M2r ;`QmM/ BM � +?�M;BM; rQ`H/X

- 3UdV ,jdNĜj3eX n2T`BMi , ?iiTb ,ff2b�DQm`@
M�HbXQMHBM2HB#`�`vXrBH2vX+QKf/QBfT/7fRyXR3NyfyNyyyRX

a�H2- SX 6X URNN3VX �TT`QT`B�i2 bT�iB�H b+�H2b 7Q` bim/B2b Q7 `227@}b?
2+QHQ;vX - kjUjV ,kykĜky3X n2T`BMi ,
?iiTb ,ffQMHBM2HB#`�`vXrBH2vX+QKf/QBfT/7fRyXRRRRfDXR99k@NNNjXRNN3Xi#yydkRXtX

a�Qm/- AX SX �M/ .�pBb- .X �X UkyyjVX a�HBMBiv iQH2`�M+2 Q7 #`QrM b?`BKT6�`7�M@
i2T2M�2mb �xi2+mb �b Bi `2H�i2b iQ TQbiH�`p�H �M/ Dmp2MBH2 bm`pBp�H- /Bbi`B#miBQM-
�M/ ;`Qri? BM 2bim�`B2bX - keU9V ,NdyĜNd9X

a�`�mt- *X- 6`QK2MiBM- CX@JX- "B;Qi- CX@GX- "Qm`/2Bt- CX@>X- JQ`}M- JX- _QQb- .X-
o�M "2p2`2M- 1X- �M/ "2x- LX UkyR9VX aT�iB�H bi`m+im`2 �M/ /Bbi`B#miBQM Q7 bK�HH
T2H�;B+ }b? BM i?2 MQ`i?r2bi2`M J2/Bi2``�M2�M a2�X - NURRV ,2RRRkRRX

a+?�272`- LX �M/ "�`�H2- oX UkyRRVX J�`BiBK2 bT�iB�H TH�MMBM; , QTTQ`imMBiB2b �
+?�HH2M;2b BM i?2 7`�K2rQ`F Q7 i?2 2m BMi2;`�i2/ K�`BiBK2 TQHB+vX

- R8UkV ,kjdĜk98X
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a+?H�B+?- AX- �Mi�D�M- 1X- 6`�MÏQBb2- aX- >2`M�M/2x 6�`BƢ�b- hX- GQQib- *X- JǶw�`B-
GX- J�?2mt- 6X- _QT2`i- JX- �M/ aBKQM- "X UkykyVX am`p2BHH�M+2 û+QHQ;B[m2
2i ?�HB2miB[m2 /m bBi2 ûH2+i`QMm+Hû�B`2 /2 S2MHvX �MMû2 kyRNX h2+?MB+�H `2TQ`i-
A7`2K2`X

a2HH2bH�;?- CX �M/ �K�`�- _X Ukyy3VX 1MpB`QMK2Mi�H 7�+iQ`b bi`m+im`BM; }b? +QKTQ@
bBiBQM �M/ �bb2K#H�;2b BM � bK�HH K�+`QiB/�H 2bim�`v U2�bi2`M 1M;HBb? *?�MM2HVX

- dNUjV ,8ydĜ8RdX Sm#HBb?2` , 1Hb2pB2`X

a2HH2bH�;?- CX- �K�`�- _X- G�z�`;m2- SX- G2bQm`/- aX- G2T�;2- JX- �M/ :B`�`/BM-
JX UkyyNVX 6Bb? +QKTQbBiBQM �M/ �bb2K#H�;2 bi`m+im`2 BM i?`22 1�bi2`M 1M@
;HBb? *?�MM2H K�+`QiB/�H 2bim�`B2b , � +QKT�`BbQM rBi? Qi?2` 6`2M+? 2bim�`B2bX

- 3RUkV ,R9NĜR8NX Sm#HBb?2` , 1Hb2pB2`X

a?2�p2b- JX- "�F2`- _X- L�;2HF2`F2M- AX- �M/ *QMMQHHv- _X JX UkyR8VX h`m2 p�Hm2 Q7
2bim�`BM2 �M/ +Q�bi�H Mm`b2`B2b 7Q` }b? , BM+Q`TQ`�iBM; +QKTH2tBiv �M/ /vM�KB+bX

- j3UkV ,9yRĜ9R9X Sm#HBb?2` , aT`BM;2`X

aBHFM2ii2`- aX- *`22/- _X SX- "`QrM- "X GX- 6`BKTQM;- 1X �X- aF2HiQM- CX- �M/
S2QTH2b- "X EX UkykyVX SQbBiBp2 #BQiB+ BMi2`�+iBQMb BM 7`2b?r�i2`b , � `2pB2r �M/
`2b2�`+? /B`2+iBp2X - e8U9V ,3RRĜ3jkX n2T`BMi , ?iiTb ,ffQMHB@
M2HB#`�`vXrBH2vX+QKf/QBfT/7fRyXRRRRf7r#XRj9deX

aBHp2`iQrM- CX �M/ �MiQMQpB+b- CX UkyyRVX
X

*�K#`B/;2 lMBp2`bBiv S`2bbX :QQ;H2@"QQFb@A. , k[_#PlSvs;u*X

ai22M- _X :X UkyRRVX _2i`�+iBQMb BM i?2 b+B2MiB}+ HBi2`�im`2 , Bb i?2 BM+B/2M+2 Q7
`2b2�`+? 7`�m/ BM+`2�bBM; \ - jdU9V ,k9NĜk8jX Sm#HBb?2` ,
AMbiBimi2 Q7 J2/B+�H 1i?B+bX

ai2p2Mb- CX .X- "QM}H- _X- .mHpv- LX EX- �M/ q�HF2`- SX �X UkyyyVX h?2 2z2+ib
Q7 }b?BM; QM b?�`Fb- `�vb- �M/ +?BK�2`�b U+?QM/`B+?i?v�MbV- �M/ i?2 BKTHB+�@
iBQMb 7Q` K�`BM2 2+Qbvbi2KbX - 8dUjV ,9deĜ9N9X
Sm#HBb?2` , Pt7Q`/ lMBp2`bBiv S`2bbX
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ai`QM;- CX �X �M/ 1HHBQii- JX UkyRdVX h?2 p�Hm2 Q7 `2KQi2 b2MbBM; i2+?MB[m2b BM
bmTTQ`iBM; 2z2+iBp2 2ti`�TQH�iBQM �+`Qbb KmHiBTH2 K�`BM2 bT�iB�H b+�H2bX

- RReURV ,9y8Ĝ9RNX

ap�M#2`;- JX- a�MiûM- oX- >ƺ`i2#Q`M- �X- >QHK- >X- �M/ 6BMMb;´`/- *X UkyRNVX �Bb
BM K�`BiBK2 `2b2�`+?X - Rye ,Ryj8kyX

arBix2`- SX �M/ :`22M- �X URN39VX JBMfK�t �miQ+Q``2H�iBQM 7�+iQ`b 7Q` KmHiBp�`B�i2
bT�iB�H BK�;2`v , .2TiX Q7 ai�iBbiB+bX h2+?MB+�H `2TQ`i- ai�M7Q`/ lMBp2`bBiv- h2+?X
_2TX eX

h�#H2�m- �X- "`BM/Ƕ�KQm`- �X- qQBHH2x- JX- �M/ G2 "`Bb- >X UkyReVX AM~m2M+2 Q7
7QQ/ �p�BH�#BHBiv QM i?2 bT�iB�H /Bbi`B#miBQM Q7 Dmp2MBH2 }b? rBi?BM bQ7i b2/BK2Mi
Mm`b2`v ?�#Bi�ibX - RRR ,deĜ3dX Sm#HBb?2` , 1Hb2pB2`X

h�Bi- _X oX �M/ .BTT2`- 6X URNN3VX X "mii2`rQ`i?@
>2BM2K�MMX

h2++?BQ- aX- *?��H�HB- �X- _�Qmt- �X- hQmb _Bmb- �X- G2[m2bM2- CX- :B`�`/BM- oX- G�b@
b�HH2- :X- *�+?2`�- JX- _BQm- SX- GQ#`v- CX- .�mpBM- CX@*X- �M/ LB[mBH- LX UkyReVX
1p�Hm�iBM; 2+Qbvbi2K@H2p2H �Mi?`QTQ;2MB+ BKT�+ib BM � bi`2bb2/ i`�MbBiBQM�H 2M@
pB`QMK2Mi , h?2 +�b2 Q7 i?2 a2BM2 2bim�`vX - eR ,3jjĜ398X

h2++?BQ- aX- _Bmb- �X hX- .�mpBM- CX@*X- GQ#`v- CX- G�bb�HH2- :X- JQ`BM- CX- "�+[- LX-
*�+?2`�- JX- *?��H�HB- �X- �M/ oBHH�Mm2p�- JX *X UkyR8VX h?2 KQb�B+ Q7 ?�#Bi�ib
Q7 i?2 a2BM2 2bim�`v , BMbB;?ib 7`QK 7QQ/@r2# KQ/2HHBM; �M/ M2irQ`F �M�HvbBbX

- jRk ,NRĜRyRX Sm#HBb?2` , 1Hb2pB2`X

h?Bû#�mi- 1X- G�;�/2m+- uX- PHBpB2`- 6X- .�mpBM- CX *X- �M/ _2iBĕ`2- *X URNN3VX
.Q ?v/`Q/vM�KB+ 7�+iQ`b �z2+i i?2 `2+`mBiK2Mi Q7 K�`BM2 BMp2`i2#`�i2b BM �
K�+`QiB/�H �`2� \ AM "�/2M- aX- S?BH- GX- _Qb2M#2`;- _X- ai`ƺK#2`;- CX@PX- ap�M2-
AX- �M/ hBb2HBmb- SX- 2/BiQ`b-

- T�;2b Re8ĜRdeX aT`BM;2` L2i?2`H�M/b-
.Q`/`2+?iX
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h?QKTbQM- SX GX- Ab#2HH- 6X- GQ`2�m- JX- PǶ+QMMQ`- JX AX- �M/ :QMx�H2x- �X UkyR3VX
h?2 bi`2M;i? Q7 i?2 #BQ/Bp2`bBivĜ2+Qbvbi2K 7mM+iBQM `2H�iBQMb?BT /2T2M/b QM
bT�iB�H b+�H2X - k38UR33yV ,kyR3yyj3X

h?Q`bQM- CX hX- a+?2m2`2HH- JX .X- PH/2M- CX .X- �M/ a+?BM/H2`- .X 1X UkyR3VX
aT�iB�H ?2i2`Q;2M2Biv +QMi`B#mi2b KQ`2 iQ TQ`i7QHBQ 2z2+ib i?�M bT2+B2b p�`B�@
#BHBiv BM #QiiQK@�bbQ+B�i2/ K�`BM2 }b?2bX -
k38UR333V ,kyR3yNR8X Sm#HBb?2` , h?2 _Qv�H aQ+B2ivX

hQBbQM- oX �M/ >�KQM- LX UkyRjVX 1i�i /2b HB2mt /2b �+iBpBiûb bm` H2 bBi2 L�im`�
kyyy "�B2 /2 a2BM2 Q++B/2Mi�H2X h2+?MB+�H `2TQ`i- �;2M;2 /2b �B`2b J�`BM2b
S`Qiû;û2bX

h`��;- oX �X- q�HiK�M- GX- �M/ p�M 1+F- LX CX UkyRNVX 6`QK GQmp�BM iQ G2B@
/2M , ;m�`�Mi22BM; r2HH@+QMM2+i2/ +QKKmMBiB2bX - NURV ,RĜRkX
Sm#HBb?2` , L�im`2 Sm#HBb?BM; :`QmTX

h`�KQv- _X- :�bT2`B- CX- .`Bb- _X- *QH�bb2- GX- 6BbbQM- *X- a�M�M2b- aX- _Q+?2`- oX-
�M/ h�bbBM- "X UkyRNVX �bb2bbK2Mi Q7 i?2 TH�biB+ BMTmib 7`QK i?2 a2BM2 "�bBM
iQ i?2 b2� mbBM; bi�iBbiB+�H �M/ }2H/ �TT`Q�+?2bX -
e ,R8RX Sm#HBb?2` , 6`QMiB2`bX

lL1a*P UkyyjVX
X

o�b+QM+2HQb- _X SX- _2Bb@a�MiQb- SX- J�B�- �X- 6QMb2+�- oX- 6`�MÏ�- aX- qQmi2`b- LX-
*Qbi�- JX CX- �M/ *�#`�H- >X LX UkyRyVX Lm`b2`v mb2 T�ii2`Mb Q7 +QKK2`+B�HHv
BKTQ`i�Mi K�`BM2 }b? bT2+B2b BM 2bim�`BM2 bvbi2Kb �HQM; i?2 SQ`im;m2b2 +Q�biX

- 3eU9V ,eRjĜek9X

o�x- aX- *�`T2MiB2`- �X- �M/ *QTTBM- 6X UkyydVX 1�bi2`M 1M;HBb? *?�MM2H }b? �bb2K@
#H�;2b , K2�bm`BM; i?2 bi`m+im`BM; 2z2+i Q7 ?�#Bi�ib QM /BbiBM+i bm#@+QKKmMBiB2bX

- e9UkV ,kdRĜk3dX

o�x- aX- *�`T2MiB2`- �X- GQQib- *X- �M/ EQm##B- SX Ukyy9VX JQ/2HHBM; 6Bb? >�#Bi�i
amBi�#BHBiv BM i?2 1�bi2`M 1M;HBb? *?�MM2HX �TTHB+�iBQM iQ +QKKmMBiv ?�#Bi�i
H2p2HX AM X
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o2H�x[m2x- 1X- J�`iőM2x- AX- :2ixBM- aX- JQHQM2v- EX �X- �M/ qB2;�M/- hX UkyReVX
�M 2p�Hm�iBQM Q7 i?2 bi�i2 Q7 bT�iB�H TQBMi T�ii2`M �M�HvbBb BM 2+QHQ;vX -
jNURRV ,Ry9kĜRy88X Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

o2Mim`�- .X- "`mMQ- JX- G�bBMBQ- :X CX- "2HHmb+BQ- �X- �M/ �`/BxxQM2- :X UkyReVX
� HQr@+Qbi /`QM2 #�b2/ �TTHB+�iBQM 7Q` B/2MiB7vBM; �M/ K�TTBM; Q7 +Q�bi�H }b?
Mm`b2`v ;`QmM/bX - RdR ,38ĜN3X Sm#HBb?2` ,
1Hb2pB2`X

o2`H�[m2- JX �M/ "`2iQM- :X UkyRNVX "BQHQ;B+�H BMp�bBQM , GQM; i2`K KQMBiQ`BM;
Q7 i?2 K�+`Q�H;�H ~Q`� Q7 � K�DQ` 2m`QT2�M ?�`#Q` +QKTH2tX

- R9j ,kk3Ĝk9RX

oBHHû;2`- aX- JB`�M/�- CX _X- >2`M�M/2x- .X 6X- �M/ JQmBHHQi- .X UkyRyVX *QMi`�biBM;
+?�M;2b BM i�tQMQKB+ pbX 7mM+iBQM�H /Bp2`bBiv Q7 i`QTB+�H }b? +QKKmMBiB2b �7i2`
?�#Bi�i /2;`�/�iBQMX - kyUeV ,R8RkĜR8kkX

oBHHû;2`- aX- J�bQM- LX qX- �M/ JQmBHHQi- .X Ukyy3VX L2r KmHiB/BK2MbBQM�H 7mM+iBQ@
M�H /Bp2`bBiv BM/B+2b 7Q` � KmHiB7�+2i2/ 7`�K2rQ`F BM 7mM+iBQM�H 2+QHQ;vX -
3NU3V ,kkNyĜkjyRX Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

oBM�;`2- *X- a�H;�/Q- CX- *Qbi�- JX CX- �M/ *�#`�H- >X LX Ukyy3VX Lm`b2`v }/2HBiv-
7QQ/ r2# BMi2`�+iBQMb �M/ T`BK�`v bQm`+2b Q7 Mmi`BiBQM Q7 i?2 Dmp2MBH2b Q7 aQH2�
bQH2� �M/ aX b2M2;�H2MbBb BM i?2 h�;mb 2bim�`v USQ`im;�HV , � bi�#H2 BbQiQT2
�TT`Q�+?X - deUkV ,k88Ĝke9X

oBM�;`2- *X- aBHp�- �X- G�`�- JX- �M/ *�#`�H- >X UkyRRVX .B2i �M/ MB+?2 Qp2`H�T Q7
bQmi?2`M TQTmH�iBQMb Q7 #`BHH b+QT?i?�HKmb `?QK#mb �M/ im`#Qi b+QT?i?�HKmb
K�tBKmbX - dNU8V ,Rj3jĜRjNRX

q�M;- sX CX �M/ ZB- 6X URNN3VX h?2 2z2+ib Q7 b�KTHBM; /2bB;M QM bT�iB�H bi`m+im`2
�M�HvbBb Q7 +QMi�KBM�i2/ bQBHX - kk9URV ,kNĜ9RX

q2##- hX CX UkyRkVX J�`BM2 �M/ i2``2bi`B�H 2+QHQ;v , mMB7vBM; +QM+2Tib- `2p2�HBM;
/Bz2`2M+2bX - kdURyV ,8j8Ĝ89RX
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q2//BM;- GX JX- G2T+xvF- *X �X- SBiiK�M- aX CX- 6`B2/H�M/2`- �X JX- �M/ CQ`;2Mb2M-
aX UkyRRVX Zm�MiB7vBM; b2�b+�T2 bi`m+im`2 , 2ti2M/BM; i2``2bi`B�H bT�iB�H T�ii2`M
K2i`B+b iQ i?2 K�`BM2 `2�HKX - 9kd ,kRNĜkjkX

q2ix2H- *X _X �M/ SmMi- �X 1X UkyR8VX 1p�Hm�iBM; i?2 T2`7Q`K�M+2 Q7 /�i�@
KQ/2`�i2 �M/ +�i+?@QMHv �bb2bbK2Mi K2i?Q/b 7Q` la r2bi +Q�bi ;`QmM/}b?X

- RdR ,RdyĜR3dX Sm#HBb?2` , 1Hb2pB2`X

q?Bi2- CX qX �M/ q�`M2`- _X _X UkyydVX a�72iv BM MmK#2`b �M/ i?2 bT�iB�H b+�HBM;
Q7 /2MbBiv@/2T2M/2Mi KQ`i�HBiv BM � +Q`�H `227 }b?X - 33URkV ,jy99Ĝjy89X
Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

q?BiiH2- SX URN89VX PM bi�iBQM�`v T`Q+2bb2b BM i?2 TH�M2X - T�;2b 9j9Ĝ
99NX

qBFH2- *X EX- w�KKBi@J�M;BQM- �X- �M/ *`2bbB2- LX UkyRNVX
X *?�TK�M �M/ >�HHf*_*X

qBHFBMbQM- JX .X- .mKQMiB2`- JX- ��H#2`b#2`;- AX CX- �TTH2iQM- :X- �tiQM- JX-
"��F- �X- "HQK#2`;- LX- "QBi2M- CX@qX- /� aBHp� a�MiQb- GX "X- "Qm`M2- SX 1X-
"QmrK�M- CX- "`QQF2b- �X CX- *H�`F- hX- *`Qb�b- JX- .BHHQ- AX- .mKQM- PX- 1/@
KmM/b- aX- 1p2HQ- *X hX- 6BMF2`b- _X- :QMx�H2x@"2Hi`�M- �X- :`�v- �X CX :X- :`Qi?-
SX- :Q#H2- *X- :`2i?2- CX aX- >2`BM;�- CX- Ƕi >Q2M- SX �X *X- >QQ7i- _X- Em?M-
hX- EQF- _X- EQF- CX- Gmb?2`- aX CX- J�`iQM2- JX 1X- JQMb- �X- S�+F2`- �X GX-
S2`bbQM- "X- _Q++�@a2``�- SX- _QQb- JX- p�M a+?�BF- _X- a�MbQM2- aX@�X- a+?mHi2b-
1X- a2M;bi�;- hX- aH�i2`- hX- ai`�rM- :X- ar2`ix- JX �X- h?QKTbQM- JX- p�M /2`
G2B- CX- p�M JmHHB;2M- 1X- o2Hi2`QT- CX- q��;K22bi2`- �X- qBii2M#m`;- SX- qQH@
bi2M+`Q7i- EX- w?�Q- CX- �M/ JQMb- "X UkyReVX h?2 6�A_ :mB/BM; S`BM+BTH2b 7Q`
b+B2MiB}+ /�i� K�M�;2K2Mi �M/ bi2r�`/b?BTX - jURV ,ReyyR3X

qBbx- JX aX- SQiiB2`- CX- EBbbHBM;- qX .X- S2HHBbbB2`- GX- G2MQB`- CX- .�K;��`/- *X 6X-
.Q`K�MM- *X 6X- 6Q`+??�KK2`- JX *X- :`viM2b- CX@�X- �M/ :mBb�M- �X UkyRjVX
h?2 `QH2 Q7 #BQiB+ BMi2`�+iBQMb BM b?�TBM; /Bbi`B#miBQMb �M/ `2�HBb2/ �bb2K#H�;2b
Q7 bT2+B2b , BKTHB+�iBQMb 7Q` bT2+B2b /Bbi`B#miBQM KQ/2HHBM;X -
33URV ,R8ĜjyX Sm#HBb?2` , qBH2v PMHBM2 GB#`�`vX

k9N



qQBHH2x- JX- SQmH�`/- CX@*X- _BpQB`�`/- CX- S2iBi;�b- SX- �M/ "2x- LX UkyydVX AM/B+2b
7Q` +�Tim`BM; bT�iB�H T�ii2`Mb �M/ i?2B` 2pQHmiBQM BM iBK2- rBi? �TTHB+�iBQM iQ
1m`QT2�M ?�F2 UJ2`Hm++Bmb K2`Hm++BmbV BM i?2 "�v Q7 "Bb+�vX

- e9UjV ,8jdĜ88yX
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G2b xQM2b /2 MQm``B+2`B2b 2M KBHB2m 2bim�`B2M `2T`ûb2Mi2Mi /2b 2bT�+2b 2bb2M@
iB2Hb �m `2MQmp2HH2K2Mi /2 TQTmH�iBQMb �/mHi2bX 1HH2b 7Qm`MBbb2Mi H2b `2bbQm`+2b
Mû+2bb�B`2b ¨ H� +`QBbb�M+2 /2b DmpûMBH2b 2i bQMi +�`�+iû`Bbû2b T�` /2b i�mt /2 bm`@
pB2 /2b DmpûMBH2b bmTû`B2m`b ¨ +2mt Q#b2`pûb /�Mb /Ƕ�mi`2b ?�#Bi�ib- 2Mi`2 �mi`2 /m
7�Bi /ǶmM2 T`2bbBQM /2 T`û/�iBQM `û/mBi2X S�` �BHH2m`b- H2b KBHB2mt 2bim�`B2Mb bQMi
bQmKBb ¨ /2 MQK#`2mb2b T`2bbBQMb �Mi?`QTB[m2b [mB BKT�+i2Mi H2 7QM+iBQMM2K2Mi
/2b xQM2b /2 MQm``B+2`B2b- 2i `û/mBb2Mi �BMbB H2b ?�#Bi�ib 7�pQ`�#H2b ¨ HǶBMbi�HH�iBQM
/2b DmpûMBH2bX �}M /Ƕ�KûHBQ`2` H2b +QMM�Bbb�M+2b /2 +2b xQM2b- BH 2bi 2bb2MiB2H /2
+QKT`2M/`2 H� /vM�KB[m2 bT�iBQ@i2KTQ`2HH2 /2b DmpûMBH2b 2i H2b T`Q+2bbmb �bbQ+BûbX
SQm` `ûTQM/`2 ¨ +2ii2 T`Q#HûK�iB[m2- H2b +QKKmM�miûb /2 HǶ2bim�B`2 /2 a2BM2 bQMi
ûim/Bû2b �m i`�p2`b /2 Kûi?Q/2b BMiû;`�Mi BKTHB+Bi2K2Mi �bT2+ib KmHiB/BK2MbBQM@
M2Hb- û+?2HH2b bT�iB�H2b 2i ûpQHmiBQMb i2KTQ`2HH2b *2b i`�p�mt bǶ�TTmB2Mi bm` R9 �M@
Mû2b /2 bmBpB /2b +QKKmM�miûb ?�HB2miB[m2b ;`�+2 �mt +�KT�;M2b LPl_a1AL1 /2
HǶA7`2K2` /2TmBb RNN8X G2b i`�p�mt K2Mûb 2tTHQ`2Mi /Bzû`2Mi2b û+?2HH2b #BQiB[m2b
�HH�Mi /2 HǶ2Mb2K#H2 /2 H� +QKKmM�miû Dmb[mǶ�mt `2H�iBQMb BMi`�@bTû+B}[m2b- 2M
T�bb�Mi T�` H2b BMi2`�+iBQMb BMi2`@bTû+B}[m2b 2Mi`2 TQTmH�iBQMb /2 DmpûMBH2bX .2b
/ûp2HQTT2K2Mi ;ûQbi�iBbiB[m2b 7Qm`MBbb2Mi mM2 /Bp2`bBiû /Ƕ�M�Hvb2b �}M /Ƕ�TT`Q@
+?2` H� /BK2MbBQM bT�iB�H2- +QKTHûi�Mi H2b �TT`Q+?2b KmHiBp�`Bû2b [mB +�`�+iû`Bb2Mi
H2b +QKKmM�miûb 2i H2m` /vM�KB[m2X

GǶ2bim�B`2 /2 a2BM2 T`ûb2Mi2 [m�i`2 �bb2K#H�;2b bTû+B}[m2b +QMi2M�Mi +?�+mM
/2b TQTmH�iBQMb /2 DmpûMBH2bX .2mt /Ƕ2Mi`2 2mt T`ûb2Mi2Mi /2 MQK#`2mb2b 2bTĕ+2b
/ǶBMiû`āi û+QMQKB[m2 2i mM2 7Q`i2 `B+?2bb2 2M DmpûMBH2b /�Mb /2mt xQM2b /BbiBM+i2b
UTûH�;B[m2 2i #2Mi?B[m2VX *2T2M/�Mi- H2b /BKBMmiBQMb 2M +QM+2Mi`�iBQM /2 +?HQ`Q@
T?vHH2 2i /2 im`#B/Biû b2K#H2Mi �pQB` �z2+iû2b H2b /2MbBiûb /2 DmpûMBH2b 2i H� T`û@
b2M+2 /2 +2b /2mt �bb2K#H�;2bX GǶ�M�Hvb2 7QM+iBQMM2HH2 /2b �bb2K#H�;2b /Ƕ2bTĕ+2b
KQMi`2 û;�H2K2Mi H� /BKBMmiBQM /2b /2MbBiûb /2b i�tQMb TH�M+iQMQT?�;2b i2Hb [m2
H2 ?�`2M; 2i H2 bT`�iX 1M /ûTBi /2b KQ/B}+�iBQMb T?vbB[m2b /2 HǶ2bim�B`2 /m 7�Bi
/2 HǶ2ti2MbBQM TQ`im�B`2- H2b DmpûMBH2b /2 bQH2- /2 THB2 2i /2 HBK�M/2 bQMi T`ûb2Mib
/�Mb i`QBb �bb2K#H�;2b +Qmp`�Mi /2b ?�#Bi�ib /BbiBM+ib 2i bi�#H2b /�Mb H2 i2KTbX
*?�[m2 2bTĕ+2 bmBi b� T`QT`2 /vM�KB[m2 bT�iB�H2- 2i �m+mM2 /Ƕ2HH2b M2 KQMi`2 mM2
/vM�KB[m2 +QKKmM2 [mB b2`�Bi ;Qmp2`Mû2 T�` /2b +?�M;2K2Mib 2MpB`QMM2K2Mi�mt
2i /ǶQ`B;BM2 �Mi?`QTB[m2X Lû�MKQBMb- mM KQ/ĕH2 HBMû�B`2 /2 +Q`û;BQM�HBb�iBQM- /û@
+`Bp�Mi H2b BMi2`�+iBQMb bT�iB�H2b 2Mi`2 p�`B�#H2b #BQiB[m2b 2i �#BQiB[m2b � T2`KBb /2
/û}MB` /2mt û+?2HH2b /2 bi`m+im`�iBQMb bT�iB�H2b- ¨ }M2 û+?2HH2 UeFKV 2i ¨ KQv2MM2
û+?2HH2 URkFKV- K2ii�Mi 2M ûpB/2M+2 /2b `2H�iBQMb /ûT2M/�Mi2b /2b û+?2HH2b bT�@
iB�H2b 2Mi`2 H2b DmpûMBH2b /2 TQBbbQMb TH�ib 2i HǶ2MpB`QMM2K2MiX �BMbB- /2b p�`B�#H2b
2MpB`QMM2K2Mi�H2b- i2HH2b [m2 H� b�HBMBiû- [mB MǶûi�B2Mi Dmb[m2@H¨ T�b bi`m+im`�Mi2b
/2 H� /2MbBiû /�Mb H2b `ûbmHi�ib- bQMi KBb2b 2M �p�MiX GǶBKTQ`i�M+2 /2b `2H�iBQMb
BMi2`@bTû+B}[m2b /ûKQMi`û2b T�` MQb i`�p�mt �BMbB [m2 H� /ûT2M/�M+2 /2b `2H�iBQMb
�p2+ HǶ2MpB`QMM2K2Mi �mt û+?2HH2b �mt[m2HH2b 2HH2b bQMi +QMbB/û`û2b- �TTmB2Mi H�
Mû+2bbBiû /ǶBMiû;`2` 2tTHB+Bi2K2Mi H2b p�`B�#H2b #BQiB[m2b 2i H� /BK2MbBQM bT�iB�H2
/�Mb H� KQ/ûHBb�iBQM /2 /Bbi`B#miBQMb /2 TQBbbQMb TH�ib- /�Mb H2b KBHB2mt 2bim�`B2MbX



Lm`b2`B2b BM 2bim�`v 2+Qbvbi2Kb `2T`2b2Mi 2bb2MiB�Hb �`2�b iQ i?2 `2M2r�H Q7
�/mHi TQTmH�iBQMbX h?2v T`QpB/2 `2bQm`+2b M22/2/ iQ i?2 Dmp2MBH2bǶ ;`Qri? �M/ �`2
+?�`�+i2`Bx2/ #v ?B;?2` bm`pBp�H `�i2b +QKT�`2/ iQ Qi?2` ?�#Bi�ib- T�`iHv #2+�mb2
Q7 � `2/m+2/ T`2bbm`2 7`QK T`2/�iBQMX 6m`i?2`KQ`2- 2bim�`BM2 bvbi2Kb �`2 mM/2` Mm@
K2`Qmb �Mi?`QTB+ T`2bbm`2b r?B+? /Bbim`# i?2 Mm`b2`vǶb 7mM+iBQMBM;- +QMb2[m2MiHv
/2+`2�bBM; 7�pQm`�#H2 ?�#Bi�ib iQ Dmp2MBH2bǶ b2iiH2K2MiX hQ BKT`Qp2 FMQrH2/;2 QM
i?2b2 Mm`b2`B2b- Bi Bb F2v iQ mM/2`bi�M/ Dmp2MBH2bǶ bT�iBQ@i2KTQ`�H /vM�KB+b �M/ Bib
�bbQ+B�i2/ K2+?�MBbKbX AM Q`/2` iQ �Mbr2` i?Bb T`Q#H2K�iB+- }b? +QKKmMBiB2b BM
i?2 a2BM2 2bim�`v �`2 bim/B2/ BMi2;`�iBM; KmHiB/BK2MbBQM�H �bT2+ib- bT�iB�H b+�H2b
�M/ i2KTQ`�H 2pQHmiBQMX h?Bb rQ`F Bb bmTTQ`i2/ #v � R9 v2�`b@HQM; bm`p2v Q7 }b?
+QKKmMBiB2b +QM/m+i2/ #v A7`2K2` bBM+2 RNN8X Ai 2tTHQ`2b p�`BQmb #BQiB+ b+�H2b 7`QK
i?2 r?QH2 +QKKmMBiv iQ BMi`�@bT2+B}+ `2H�iBQMb?BTb �b r2HH �b BMi2`@bT2+B}+ BMi2`�+@
iBQMb #2ir22M Dmp2MBH2b TQTmH�iBQMbX :2Qbi�iBbiB+�H /2p2HQTK2Mib T`QpB/2 � /Bp2`b2
b2i Q7 �M�HvbBb 7Q` i?2 BMi2;`�iBQM Q7 i?2 bT�iB�H /BK2MbBQM- r?B+? +QKTH2i2b i?2
KmHiBp�`B�i2b �TT`Q�+?2b i?�i +?�`�+i2`Bx2 i?2 +QKKmMBiB2b �M/ i?2B` /vM�KB+bX

h?2 a2BM2 2bim�`v b?2Hi2`b 7Qm` bT2+B}+ �bb2K#H�;2- 2�+? +QMi�BMBM; Dmp2MBH2bX
hrQ Q7 i?2K TQbb2bb MmK2`Qmb bT2+B2b rBi? �M 2+QMQKB+ BMi2`2bi �M/ � H�`;2
T`QTQ`iBQM Q7 Dmp2MBH2b BM irQ /BbiBM+i �`2�b UT2H�;B+ �M/ #2Mi?B+VX >Qr2p2`- i?2
/2+`2�b2b BM +?HQ`QT?vHH �M/ im`#B/Biv b22K iQ ?�p2 BKT�+i2/ Dmp2MBH2bǶ /2MbBiB2b
�M/ i?2 Q++m``2M+2 Q7 #Qi? �bb2K#H�;2bX 6mM+iBQM�H �M�HvbBb Q7 bT2+B2b �bb2K#H�;2b
�HbQ BM/B+�i2b � `2/m+iBQM Q7 TH�MFiBpQ`Qmb i�t� bm+? �b ?2``BM; �M/ bT`�iX .2bTBi2
T?vbB+�H +?�M;2b BM i?2 2bim�`v +�mb2/ #v i?2 ?�`#Qm`Ƕb /2p2HQTK2Mi- bQH2- TH�B+2
�M/ /�# Dmp2MBH2b �`2 Q++m``BM; BM i?`22 �bb2K#H�;2b +Qp2`BM; /BbiBM+i ?�#Bi�ib �HbQ
bi�#H2 BM iBK2X 1�+? bT2+B2b 7QHHQr Bib QrM bT�iB�H /vM�KB+- MQi b?QrBM; � +QKKQM
QM2 i?�i rQmH/ #2 ;Qp2`M #v 2MpB`QMK2Mi�H Q` ?mK�M@BM/m+2/ +?�M;2bX LQM2i?2@
H2bb- � HBM2�` KQ/2H Q7 +Q`2;BQM�HBx�iBQM /2b+`B#BM; bT�iB�H BMi2`�+iBQMb #2ir22M
#BQiB+ �M/ �#BQiB+ p�`B�#H2b �HHQr2/ iQ /2}M2/ irQ b+�H2b Q7 bT�iB�H bi`m+im`2b c
}M2 UeFKV �M/ K2/BmK URkFKV- ?B;?HB;?iBM; b+�H2@/2T2M/2Mi `2H�iBQMb #2ir22M
~�i}b? Dmp2MBH2b �M/ 2MpB`QMK2MiX h?2`27Q`2- 2MpB`QMK2Mi�H p�`B�#H2b bm+? �b b�@
HBMBiv- r?B+? r2`2 MQi bi`m+im`BM; i?2 /2MbBiv Q7 Dmp2MBH2b- �`2 2KT�i?Bb2/X h?2
BKTQ`i�M+2 Q7 BMi2`bT2+B}+ `2H�iBQMb?BTb �ii2bi2/ BM Qm` rQ`F �HQM; rBi? i?2 b+�H2
/2T2M/2M+v �i r?B+? i?2v �`2 +QMbB/2`2/ `2BM7Q`+2 i?2 M22/ 7Q` �M 2tTHB+Bi BMi2;`�@
iBQM Q7 #BQiB+ p�`B�#H2b �M/ bT�iB�H /BK2MbBQMb r?2M KQ/2HHBM; ~�i}b? /Bbi`B#miBQMb
rBi?BM 2bim�`BM2 bvbi2KbX


