
 

 

 

 

Series of ERUDITE Working Papers 

N° 07-2019 

 

Title  

Dépenses publiques de l’éducation et les inégalités au Maroc :  

Une approche par le modèle de l’équilibre générale calculable 

 

Authors 

Imad EL HAMMA, Farid ECHCHARFI 



.ûT2Mb2b Tm#HB[m2b /2 HǶû/m+�iBQM 2i H2b
BMû;�HBiûb �m J�`Q+ , lM2 �TT`Q+?2 T�` H2
KQ/ĕH2 /2 HǶû[mBHB#`2 ;ûMû`�H2 +�H+mH�#H2

1G >�JJ� AK�/ R �M/ 1*>*>�_6A 6�`B/k

R1_l.Ah1- lMBp2`bBiû S�`Bb@1bi J�`M2@H�@o�HHû2
k6aC1a@aQmBbbB- lMBp2`bBiû JQ?�K2/ o _�#�i

k9 7ûp`B2` kyRN

_ûbmKû

GǶ�TTHB+�iBQM 2i HǶ�/�Ti�iBQM /ǶmM KQ/ĕH2 /Ƕû[mBHB#`2 ;ûMû`�H +�H+mH�#H2 UJ1:*V-
2M HǶQ++m``2M+2 +2HmB /m `ûb2�m ǴS�`iM2`b?BT 7Q` 1+QMQKB+ SQHB+vǴ- bm` H2b /QM@
Mû2b /2 H� J�i`B+2 /2 *QKTi�#BHBiû aQ+B�H2 /m J�`Q+ TQm` kyRe- 7�Bi `2bbQ`iB`- ¨
i`�p2`b +BM[ bBKmH�iBQMb- [m2 HǶ�m;K2Mi�iBQM /2b .ûT2Mb2b Sm#HB[m2b /2 HǶ1/m@
+�iBQMb 7�pQ`Bb2 H2b KûM�;2b `B+?2b m`#�BMb �m /ûi`BK2Mi /2b �mi`2b +�iû;Q`B2b
bQ+B�H2bX � HǶQTTQbû- mM2 #�Bbb2 /2 +2b /ûT2Mb2b �m T`Q}i /2b bm#p2MiBQMb ûi�@
iB[m2b �mt BMp2biBbb2K2Mib BM/mbi`B2Hb- `û/mBi H2b BMû;�HBiûbX 1M}M- mM2 ?�mbb2
/2b .ûT2Mb2b Sm#HB[m2b /2 HǶ1/m+�iBQMb +QMDm;mû2 �mt /Bib bm#p2MiBQMb T2`K2i
/2 K�ŗi`Bb2` H2b BMû;�HBiûb 2i /2 /û;�;2` mM bm`THmb #m/;ûi�B`2 T2`K2ii�Mi /2
}M�M+2` /2b T`Q;`�KK2b bQ+B�mtX SQm` TQmpQB` miBHBb2` H2b .ûT2Mb2b Sm#HB[m2b
/2 HǶ1/m+�iBQMb �}M /2 `û/mB`2 H2b BMû;�HBiûb- mM +B#H�;2 /2b T�mp`2b `m`�mt 2i
m`#�BMb 2bi Mû+2bbBiûX
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R AMi`Q/+miBQM

G� KQMiû2 /2b BMû;�HBiûb /�Mb H2b T�vb /ûp2HQTTûb BMi2`T2HH2 H2m`b ;Qmp2`M2K2Mib
bm` H2b TQHBiB[m2b bQ+B�H2b ¨ K2M2` TQm` H2b `û/mB`2X S�` 2t2KTH2- /�Mb H2b T�vb /2
HǶP*.1- H2 `�TTQ`i /2 `2p2Mm 2Mi`2 H2b RyW H2b THmb `B+?2b 2i H2b RyW H2b THmb T�mp`2b
/2 H� TQTmH�iBQM 2bi T�bbû /2 d +QMi`2 R /�Mb H2b �MMû2b RN3y ¨ N +QMi`2 R /�Mb H2b
�MMû2b kyyy UP*.1- kyR8VX .�Mb H2 +QMi2ti2 /2b S�vb 2M .ûp2HQTT2K2Mi US1.V-
H2b BMû;�HBiûb b2 bQMi �++QKT�;Mû2b /2 bm`+`Qŗi T�` H� T�mp`2iû- HǶ�M�HT?�#ûiBbK2 2i
/Ƕ�mi`2b +QMi`2T2`7Q`K�M+2b bQ+B�H2bX SQm` �B/2` b2b /2`MB2`b ¨ �KûHBQ`2` H2m`b BM/B+�@
i2m`b bQ+B�mt- H� +QKKmM�miû BMi2`M�iBQM�H2 � �/QTiû mM +2`i�BM MQK#`2 /ǶQ#D2+iB7b-
¨ �ii2BM/`2 ¨ HǶ?Q`BxQM kyR8 R - �mt[m2Hb H� THmT�`i /2b S1. QMi bQmb+`BiX 1Mi`2 �mi`2b
BMbi`mK2Mib /2 TQHBiB[m2b bQ+B�H2b- HǶû/m+�iBQM T2mi āi`2 +QMbB/û`û2 T�`KB H2b +�M�mt
T`BpBHû;Bûb bmb+2TiB#H2b /Ƕāi`2 miBHBbûb TQm` `û/mB`2 H2b BMû;�HBiûb 2i �KûHBQ`2` H2b T2`@
7Q`K�M+2b bQ+B�H2b /ǶmM T�vb [mǶBH bQBi /ûp2HQTTû Qm 2M pQB2 /2 /ûp2HQTT2K2MiX P`-
bB HǶû/m+�iBQM T`Bpû2 2i H2b +QMbB/û`�iBQMb /2 H� [m�HBiû /2 HǶû/m+�iBQM bQMi KBb2b /2
+Ƭiû- +2HH2@+B T2mi āi`2 �TT`Q+?û2 T�` H2b /ûT2Mb2b Tm#HB[m2b �mt[m2HH2b 2HH2 /QMM2
HB2mX

S�` +QMbû[m2Mi- ûim/B2` HǶBKT�+i /2 HǶû/m+�iBQM bm` H2b BMû;�HBiûb `2pB2Mi ¨ b2 /2K�M@
/2` /�Mb [m2HH2 K2bm`2 HǶ�m;K2Mi�iBQM /2b .ûT2Mb2b Sm#HB[m2b /2 HǶ1/m+�iBQM U.S1V
T�`iB+BT2 ¨ H� `û/m+iBQM /2b û+�`ib /2 [m�HB}+�iBQM- /2 `2p2Mm 2i /2 +QMbQKK�iBQM
T�`KB H2b BM/BpB/mb �TT�`i2M�Mi ¨ /Bzû`2Mib KûM�;2bX G2b +�M�mt /2 i`�MbKBbbBQM
/2 +2i 2z2i T`ûbmKû /2b .S1 bm` H2b BMû;�HBiûb bQMi KmHiBTH2b 2i T2mp2Mi �pQB` /2b
+QMbû[m2M+2b +QMi`�/B+iQB`2bX .ǶmM +Ƭiû- H2 `2M/2K2Mi T`Bpû /2 HǶû/m+�iBQM- `2H�iû
T�` HǶ�m;K2Mi�iBQM /m `2p2Mm /m i`�p�BH [m�HB}û- ¨ i`�p2`b H2b ;�BMb /2 T`Q/m+iBpBiû
[m2 T2`K2i HǶû/m+�iBQM- T2mi `û/mB`2 H2b BMû;�HBiûb bB H2b +�iû;Q`B2b T�mp`2b bQMi THmb
`2T`ûb2Miû2b T�`KB H2b #ûMû}+B�B`2b /2b .S1X aBMQM- H2b .S1 T2mp2Mi �m;K2Mi2`
H2b BMû;�HBiûb /�Mb H2 +�b +QMi`�B`2X .ǶmM �mi`2 +Ƭiû- H2 7`mBi /2 H� +`QBbb�M+2 û+Q@
MQKB[m2- +QMbû[m2M+2 /B`2+i2 /m `2M/2K2Mi T`Bpû 2i Tm#HB+ k /2 HǶû/m+�iBQM- T2mi
āi`2 miBHBbû T�` H2 ;Qmp2`M2K2Mi TQm` �KûHBQ`2` H2b T2`7Q`K�M+2b bQ+B�H2b ¨ i`�p2`b
/2b TQHBiB[m2b `2/Bbi`B#miBp2b �/û[m�i2bX .�Mb +2 /2`MB2` +�b- HǶ2z2i /2b .S1 bm` H2b
BMû;�HBiûb /ûT2M/`� /2 H� M�im`2 /2b TQHBiB[m2b bQ+B�H2b [mB T2mp2Mi āi`2 T`Q@T�mp`2b
Qm T`Q@`B+?2bX

.2 H2m` +Ƭiû- H2b BMû;�HBiûb T2mp2Mi �mbbB 7`2BM2` H� +`QBbb�M+2 2i /QMM2` �BMbB HB2m ¨ mM
+2`+H2 pB+B2mt Qɍ H2b +QMi`2T2`7Q`K�M+2b û+QMQKB[m2b 2i bQ+B�H2b bǶ2Mi`2iB2MM2Mi Km@
im2HH2K2MiX �BMbB- mM 2Mb2K#H2 /2 +QMbB/û`�iBQMb i?ûQ`B[m2b bm` HǶBKT�+i T`ûbmKû Mû@
;�iB7 /2b BMû;�HBiûb bm` H� +`QBbb�M+2 û+QMQKB[m2 bQMi T`ûb2Miû2b T�` "2M�#Qm URNNeVX
.2 KāK2- /2b ûim/2b 2KTB`B[m2b QMi KQMi`û [mǶBH v � mM2 +Q``ûH�iBQM Mû;�iBp2 �bb2x
7Q`i2 2Mi`2 H2 /2;`û /2b BMû;�HBiûb i2H [m2 K2bm`û T�` HǶBM/B+2 /2 :BMB 2i H� +`QBbb�M+2
û+QMQKB[m2 U"�``Q- kyy3VX GǶû/m+�iBQM T2mi �mbbB +QMbiBim2` mM KQv2M T`BpBHû;Bû
TQm` #`Bb2` +2 +2`+H2 pB+B2mtX G2 7�Bi [m2 HǶû/m+�iBQM �m;K2Mi2 H2b +�T�+Biûb T`Q/m+@
iBp2b /2b BM/BpB/mb- 7�Bi /2b .S1 mM BMbi`mK2Mi THmb 2{+�+2 /�Mb H� `û/m+iBQM /2b
BMû;�HBiûb [m2 HǶ�B/2 /B`2+i2 T�` 2t2KTH2X

*2b +QMbB/û`�iBQMb b2`�B2Mi 2M+Q`2 THmb T2`iBM2Mi2b /�Mb H2 +�b /ǶmM T�vb 2M /ûp2HQT@
T2K2Mi +QKK2 H2 J�`Q+ Qɍ H2 K�`+?û /2 +`û/Bi 2bi BKT�`7�BiX 1M 2z2i- bB HǶû/m+�iBQM

RX LQmb 2Mi2M/QMb H2b 7�K2mt Q#D2+iB7b /m KBHHûM�B`2 �/QTiûb T�` H2b L�iBQMb lMBbX
kX S�` `2M/2K2Mi Tm#HB+ Qm bQ+B�H /2 HǶû/m+�iBQM- MQmb 2Mi2M/QMb HǶ�m;K2Mi�iBQM /2 HǶû+?2HH2 /2

T`Q/m+iBQM bmBi2 ¨ HǶ�++mKmH�iBQM /2b +QMM�Bbb�M+2b BM/mBi2 T�` HǶû/m+�iBQMX

k



2bi 2MiBĕ`2K2Mi }M�M+û2 T�` H2b KûM�;2b- 2HH2 �m`�Bi TQm` `ûbmHi�i BMûHm+i�#H2 H� T2`@
bBbi�M+2 /2b BMû;�HBiûb /ǶmM2 ;ûMû`�iBQM ¨ HǶ�mi`2X *2+B 2bi /ȿ �m 7�Bi [m2 H2b 7�KBHH2b
T�mp`2b M2 T2mp2Mi T�b QTiBKBb2` H2m` +QMbQKK�iBQM ¨ HQM; i2`K2 T�` HǶ�HHQ+�iBQM
/2 H2m`b `2bbQm`+2b 2Mi`2 +QMbQKK�iBQM T`ûb2Mi2 2i +QMbQKK�iBQM 7mim`2- +Ƕ2bi@¨@
/B`2 +2HH2 /2 H2m`b 2M7�Mib Q#i2Mm2 ;`�+2 ¨ HǶBMp2biBbb2K2Mi /�Mb HǶû/m+�iBQMX aB- T�`
+QMi`2- HǶû/m+�iBQM 2bi }M�M+û2 T�` H2 ;Qmp2`M2K2Mi- bQM BKT�+i bm` H2b BMû;�HBiûb b2`�
�K#B;m 2i /ûT2M/`� /2 THmbB2m`b T�`�Kĕi`2bX .ǶmM +Ƭiû- HǶ�++ĕb ;`�imBi /2b 2M7�Mib
Bbbmb /2b 7�KBHH2b T�mp`2b ¨ HǶû/m+�iBQM H2m` T2`K2i /2 `û/mB`2 HǶû+�`i /2 `2p2Mm �p2+
+2mt Bbbmb /2b 7�KBHH2b `B+?2b 2M K2ii�Mi 2M p�H2m` H2m`b i�H2Mib T2`bQMM2HbX 1M KāK2
i2KTb- H� +QMi`�BMi2 }M�M+Bĕ`2 /2b 7�KBHH2b T�mp`2b bǶ�HHĕ;2 H2m` T2`K2ii�Mi mM2 THmb
;`�M/2 +QMbQKK�iBQM T`ûb2Mi2X aQmb HǶ?vTQi?ĕb2 /2 HǶ2tBbi2M+2 /ǶmM b2+i2m` T`Bpû
/2 HǶû/m+�iBQM [mB �iiB`2`�Bi H2b 2M7�Mib /2b +Qm+?2b H2b THmb �Bbû2b /2 H� bQ+Bûiû- H2b
.S1 +QMi`B#m2`�Bi MQM b2mH2K2Mi ¨ H� `û/m+iBQM /2b BMû;�HBiûb T�`KB H2b ;ûMû`�iBQMb
7mim`2b- K�Bb �mbbB T�`KB H2b ;ûMû`�iBQMb �+im2HH2bX S�` +QMi`2- mM2 #�Bbb2 /2b .S1 b2
i`�/mB`�Bi T�` mM2 #�Bbb2 /2 H� [m�HBiû /2 HǶ2Mb2B;M2K2Mi Tm#HB+ TQmbb�Mi mM2 T�`iB2
/2 H� +H�bb2 KQv2MM2 ¨ b2 iQm`M2` p2`b H2 T`Bpû TQm` û/m[m2` H2m`b 2M7�MibX *2+B T2mi
�pQB` TQm` +QMbû[m2M+2 /Ƕ�m;K2Mi2` H2b BMû;�HBiûb ¨ H� 7QBb �+im2HH2b 2i 7mim`2bX

.ǶmM �mi`2 +Ƭiû- BH v � /2b 7�+i2m`b bQ+BQHQ;B[m2b 2i +mHim`2Hb bmb+2TiB#H2b /Ƕ2Mi`2`
2M D2m TQm` +QMi`2/B`2 +2b bTû+mH�iBQMb i?ûQ`B[m2b 2i /QMM2` HB2m ¨ /2b `ûbmHi�ib �mt
�MiBTQ/2b /2b �ii2Mi2bX S�` 2t2KTH2- H2b 7�KBHH2b T�mp`2b QMi ;ûMû`�H2K2Mi mM +�TBi�H
+mHim`2H BM7û`B2m` ¨ +2HmB /2b 7�KBHH2b `B+?2b +2 [mB H2b 2KTā+?2Mi /2 #ûMû}+B2` /2 H�
;`�imBiû /2 HǶû/m+�iBQM Tm#HB[m2- �m@/2H¨ /2 H� +QMi`�BMi2 }M�M+Bĕ`2X .Ƕ�BHH2m`b- H2b
bi�iBbiB[m2b KQMi`2Mi [m2 K�H;`û H2b 2zQ`ib /2 ;ûMû`�HBb�iBQM /2 HǶ2Mb2B;M2K2Mi- +2
bQMi THmiƬi H2b 2M7�Mib Bbbmb /2b +Qm+?2b bQ+B�H2b KQv2MM2b [mB iB`2Mi H2 THmb T`Q}i /2
HǶû/m+�iBQM Tm#HB[m2 �m /ûi`BK2Mi /2b T�mp`2b U"2M JBKQmM- kyyNVX *2 T?ûMQKĕM2
bǶ�KTHB}2 /�Mb H2b +v+H2b �p�M+ûb /2 HǶ2Mb2B;M2K2Mi 2i TûM�HBb2 THmb T�`iB+mHBĕ`2K2Mi
H2b 2M7�Mib /m KQM/2 `m`�H Qɍ H2 7�+i2m` ;ûQ;`�T?B[m2 bǶ�DQmi2 �mt 7�+i2m`b +mHim`2Hb j
X

.�Mb +2 +QMi2ti2- iQmi2 �m;K2Mi�iBQM /2b .S1 `Bb[m2 /2 #ûMû}+B2` THmb �mt `B+?2b 2i
�mt +H�bb2b KQv2MM2b �m /ûi`BK2Mi /2b T�mp`2b- 2i �mt +Bi�/BMb �m /ûi`BK2Mi /2b `m@
`�mtX G2b 2M7�Mib Bbbmb /2b 7�KBHH2b `B+?2b ûi�Mi THmb `2T`ûb2Mi�iB7b /�Mb H2b +v+H2b bm@
Tû`B2m`b /2 HǶ2Mb2B;M2K2Mi- #ûMû}+B2`�B2Mi THmb [m2 H2b �mi`2b /2 iQmi2 �m;K2Mi�iBQM
/2b .S1 /û/Bû2 �m /Bi +v+H2X aBKBH�B`2K2Mi- H2b 7�+i2m`b +mHim`2Hb 2i ;ûQ;`�T?B[m2b
+QMbiBim2Mi mM Q#bi�+H2 TQm` H2b 2M7�Mib /2b 7�KBHH2b `m`�H2b TQm` #ûMû}+B2` /2 iQmi2
�m;K2Mi�iBQM /2b .S1X G� +QMbû[m2M+2 BKKû/B�i2 /2 +2 b+?ûK� 2bi HǶ�m;K2Mi�iBQM
/2b BMû;�HBiûb �+im2HH2b 2Mi`2 H2b `B+?2b 2i H2b T�mp`2b /ǶmM +Ƭiû- 2i 2Mi`2 H2b m`#�BMb
2i H2b `m`�mt /ǶmM �mi`2 +ƬiûX � HQM; i2`K2- +2b BMû;�HBiûb �m;K2Mi2Mi /m 7�Bi /m
+`2mb2K2Mi /m /Bzû`2MiB2H b�H�`B�H /ȿ �mt /BTHƬK2bX

S�` �BHH2m`b- BH b2`� QTTQ`imM /2 b2 /2K�M/2` bm` /Ƕ�mi`2b /ûT2Mb2b Tm#HB[m2b [m2
H2 ;Qmp2`M2K2Mi T2mi miBHBb2` �Hi2`M�iBp2K2Mi TQm` H� KāK2 }M- ¨ b�pQB` H� `û/m+@
iBQM /2b BMû;�HBiûbX � +2i û;�`/- MQmb T2MbQMb [m2 HǶBMp2biBbb2K2Mi /�Mb H2 +�TBi�H
T?vbB[m2 b2`�Bi mM +�M/B/�i bû`B2mt ¨ +QM+m``2M+2` H2b .S1 2M K�iBĕ`2 /2 `û/m+@
iBQM /2b BMû;�HBiûbX G2[m2H /2b /2mt T2`K2ii`�Bi /2 #B2M `û/mB`2 H2b BMû;�HBiûb \ b2HQM
[m2Hb Kû+�MBbK2b \ Qm 2M+Q`2- [m2HH2 H� +QK#BM�BbQM QTiBK�H2 2Mi`2 +2b /2mt ivT2b
/2 /ûT2Mb2b Tm#HB[m2b [mB T2`K2i /2 KB2mt `û/mB`2 H2b BMû;�HBiûb \

SQm` `ûTQM/`2 ¨ +2b [m2biBQMb 2i /Ƕ�mi`2b- +2i �`iB+H2 i`�Bi2 HǶBKT�+i /2b .S1 bm`
jX *7 H2b /QMMû2b /2 HǶ1M[māi2 L�iBQM�H2 bm` H2 LBp2�m /2 oB2 /2b JûM�;2b- kyydX

j



H2b BMû;�HBiûb bQ+B�H2b �m J�`Q+ ¨ HǶ�B/2 /ǶmM JQ/ĕH2 /Ƕ1[mBHB#`2 :ûMû`�H *�H+mH�#H2
UJ1:*VX aB HǶ2z2i /2b .S1 bm` H2b BMû;�HBiûb � ûiû H�`;2K2Mi ûim/Bû [m2 +2 bQBi
/�Mb H2b T�vb /ûp2HQTTûb Qm 2M /ûp2HQTT2K2Mi- `�`2b bQMi H2b ûim/2b [mB QMi miBHBbû
/2b J1:* ¨ +2i 2z2iX P`- H� KmHiBTHB+Biû /2b +�M�mt /2 i`�MbKBbbBQM T�` H2b[m2Hb
HǶû/m+�iBQM T2mi BM~m2M+2` H2b BMû;�HBiûb Mû+2bbBi2 pBp2K2Mi HǶmiBHBb�iBQM /2 +2 ivT2
/2 KQ/ûHBb�iBQMX S�` �BHH2m`b- ¨ MQi`2 +QMM�Bbb�M+2- `�`2b bQMi H2b û+QMQKBbi2b [mB
b2 bQMi BMiû`2bbûb ¨ +2ii2 i?ûK�iB[m2 /2 `2+?2`+?2 �m J�`Q+- 2i 2M+Q`2 KQBMb T�`
H� KQ/ûHBb�iBQM 2M 1:*X G2b �TT`Q+?2b �v�Mi ûiû miBHBbû2b ûi�B2Mi bQBi /ǶmM2 M�im`2
bQ+BQHQ;B[m2 Uh�rBH 2i �HX- kyRyV Qm miBHBb�B2Mi H� i2+?MB[m2 /2b bû`B2b i2KTQ`2HH2b
U"QmQBvQm` 2i �HX- kyR9VX *2 /2`MB2` � �mbbB miBHBbû mM KQ/ĕH2 S`Q#Bi TQm` +�H+mH2` H2b
`�iBQb /2 +?�M+2b /2 b+QH�`Bb�iBQM /�Mb H� `û;BQM /2 bm/- K�Bb 2M +2Mi`�Mi HǶ�M�Hvb2
bm` HǶ2z2i /2b i`�Mb72`ib /2 KB;`�Mib /2 +2ii2 `û;BQM U"QmQBvQm`- kyReVX G2b ûim/2b
/m >�mi@*QKKBbb�`B�i �m SH�M 9 U>*SV QMi �mbbB TQ`iû mM BMiû`āi T�`iB+mHB2` bm`
H2b BMû;�HBiûb bQ+B�H2b 2M `2H�iBQM �p2+ H2b /ûT2Mb2b bQ+B�H2b 2M ;ûMû`�H ¨ HǶ�B/2 /ǶmM
J1:* U>*S- kyyNVX 1HH2b b2 bQMi �mbbB BMiû`2bbû2b ¨ HǶû/m+�iBQM- K�Bb 2M `�TTQ`i �p2+
H2b BMû;�HBiûb 2i H� KQ#BHBiû BMi2`;ûMû`�iBQMM2HH2b U>*S- kyRRVX � MQi`2 +QMM�Bbb�M+2-
H� b2mH2 ûim/2 �v�Mi miBHBbû mM J1:* TQm` 2biBK2` HǶBKT�+i /2b .S1- 2M THmb /2 +2HH2
/m >*S +Biû THmb ?�mi- 2bi +2HH2 /2 E?2HH�7 UkyR8V [mB � miBHBbû mM J1:* 2M KB+`Q@
bBKmH�iBQM ¨ +2i 2z2i- K�Bb +Ƕûi�Bi /�Mb mM +�/`2 THmb ;HQ#�H /2 HǶBKT�+i /2b /ûT2Mb2b
bQ+B�H2b /2 H� TQHBiB[m2 #m/;ûi�B`2 bm` H2b T2`7Q`K�M+2b û+QMQKB[m2b 2i bQ+B�H2b /m
J�`Q+X

SQm` 2bb�v2` /2 +QK#H2` +2 pB/2 2M û+QMQKB2 /Ƕû/m+�iBQM /�Mb H2 +QMi2ti2 K�`Q+�BM-
MQmb MQmb bQKK2b #�bûb bm` mM J1:* +QMbi`mBi T�` mM ;`QmT2 /2 +?2`+?2m`b 8 /m
`ûb2�m S�`iM2`b?BT 7Q` 1+QMQKB+ SQHB+v US1S1−tV [m2 MQmb �pQMb �/�Tiû 2i +�HB#`û
bm` H� J�i`B+2 /2 *QKTi�#BHBiû aQ+B�H2 UJ*aV /m J�`Q+ /2 kyReX S�`iB+mHBĕ`2K2Mi-
/�Mb +2 KQ/ĕH2- 2M THmb /2 H� /ûb�;`û;�iBQM /m +QKTi2 Ŀ i`�p�BH ŀ 2M [m�HB}û 2i
MQM [m�HB}û [mB T2`K2i HǶBMi`Q/m+iBQM /m HB2M �p2+ H2b .S1- H2 +QKTi2 KûM�;2 2bi
/ûb�;`û;û 2M [m�i`2 , H2b `m`�mt T�mp`2b U>_SV- H2b m`#�BMb T�mp`2b U>lSV- H2b `m@
`�mt `B+?2b U>__V 2i H2b m`#�BMb `B+?2b U>l_VX LQmb T2MbQMb [m2 +2ii2 7�ÏQM /2
/ûb�;`û;2` H2 +QKTi2 KûM�;2 T2`K2i /2 KB2mt +2`M2` H2 HB2M 2Mi`2 .S1 2i BMû;�HBiûb
�m J�`Q+X .ǶmM +Ƭiû- H2b BMû;�HBiûb /2 `2p2Mm 2i /Ƕû/m+�iBQM bQMi 2M 2z2i i`ĕb K�`@
[mûb 2Mi`2 H2 KBHB2m `m`�H 2i H2 KBHB2m m`#�BM 2i /ǶmM �mi`2 +Ƭiû H2b .S1 T`Q}i2Mi
THmb �mt KûM�;2b `B+?2b [mǶ�mt KûM�;2b T�mp`2b bm`iQmi /�Mb H2b +v+H2b �p�M+ûb /2
HǶ2Mb2B;M2K2Mi U>*S- kyydVX G� bmBi2 /2 +2i �`iB+H2 T`ûb2Mi2`� bm++2bbBp2K2Mi mM2
`2pm2 /2 HBiiû`�im`2- H2 KQ/ĕH2 PEP1−t 2i H2b �/�Ti�iBQMb [mB HmB QMi ûiû �TTQ`iû2b 2i
2M}M MQmb T`ûb2Mi2`QMb 2i �M�Hvb2`QMb H2b `ûbmHi�ib /2b bBKmH�iBQMb [m2 MQmb �pQMb
2z2+imû2bX

k _2pm2 /2 HBiiû`�im`2

G2b ûim/2b TQ`i�Mi bm` HǶBKT�+i /2b .S1 bm` H2b BMû;�HBiûb QMi ûpQHmû ¨ i`�p2`b H2
i2KTb [m�Mi �mt [m2biBQMb TQbû2b �mt +�M�mt /2 i`�MbKBbbBQM bmTTQbûb Qm �mt Kû@
i?Q/2b miBHBbû2bX hQmi27QBb- 2HH2b QMi �#QmiB ¨ /2b `ûbmHi�ib T�`7QBb +QMi`�/B+iQB`2bX
G2b T`2KBĕ`2 ûim/2b ûi�B2Mi /2 M�im`2 bQ+BQHQ;B[m2 U"Qm`/B2m �M/ S�bb2`QM- RNe9V

9X G2 >�mi@*QKKBbb�`B�i �m SH�M 2bi HǶQ`;�MBbK2 +?�`;û /2 H� T`Q/m+iBQM- /2 HǶ�M�Hvb2 2i /2 H�
Tm#HB+�iBQM /2b bi�iBbiB[m2b Q{+B2HH2b �m J�`Q+

8X _Q#B+?�m/ 2i �HX UkyRjVX
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Qm /2 M�im`2 i?ûQ`B[m2 #�bû2 bm` /2b ?vTQi?ĕb2b /ǶmM +QKTQ`i2K2Mi /ǶQTiBKBb�iBQM
/2b �;2Mib U"2+F2` �M/ hQK2b- RNdNV Qm /2 M�im`2 û+QMQKûi`B[m2X h`ĕb i�`/Bp2K2Mi-
HǶ�/QTiBQM /2b J1:* TQm` i`�Bi2` H2b [m2biBQMb `2H�iBp2b �mt .S1 � T2`KBb- MQM
b2mH2K2Mi /Ƕûp�Hm2` THmb `B;Qm`2mb2K2Mi H2m` BKT�+i bm` H2b BMû;�HBiûb- K�Bb /2 H2
7�B`2 /�Mb mM +�/`2 THmb ;ûMû`�H 2M bǶBMiû`2bb�Mi bBKmHi�MûK2Mi ¨ iQmi2b H2m`b +QMbû@
[m2M+2b û+QMQKB[m2b 2i bQ+B�H2bX P`- �HQ`b [mǶmM +2`i�BM MQK#`2 /2 T�vb /ûp2HQTTûb
H2 *�M�/� T�` 2t2KTH2 Qm 2M /ûp2HQTT2K2Mi i2Hb [m2 H2 oB2iM�K Qm H2 "ûMBM QMi
#ûMû}+Bû /2 +2 ;2M`2 /Ƕûim/2b- �m+mM2 ûim/2 /2 +2 ;2M`2 MǶ� ûiû- ¨ MQi`2 +QMM�Bbb�M+2-
K2Mû2 /�Mb H2 +QMi2ti2 K�`Q+�BMX

G2b T`2KB2`b �mi2m`b- [mB b2 bQMi �ii2Hûb bm` HǶ�M�Hvb2 û+QMQKB[m2 /2 HǶû/m+�iBQM- b2
bQMi bm`iQmi BMiû`2bbûb ¨ bQM HB2M �p2+ H� +`QBbb�M+2 û+QMQKB[m2X *2+B 2bi THmb p`�B
/�Mb H2 +�b /2b �mi2m`b /2 H� Ŀ +`QBbb�M+2 2M/Q;ĕM2 ŀ [mB b2 bQMi i�+?ûb ¨ �M�Hvb2`
H2b 7�+i2m`b- /QMi HǶû/m+�iBQM- [mB 2tTHB[m2Mi H2 `ûbB/m2H /2 aQHQr `2bTQMb�#H2 TQm`
mM2 #QMM2 T�`iB2 /2 H� +`QBbb�M+2 Q#b2`pû2 ¨ i`�p2`b H2b T�vbX P`- KāK2 TQm` +2
+Qm`�Mi- MQmb i`QmpQMb T�bb2` 2M }HB;`�M2 /2b [m2biBQMb bQ+B�H2b 2i /2b BMû;�HBiûb ¨
i`�p2`b HǶ�M�Hvb2 /2 HǶ�m;K2Mi�iBQM /m T`Q/mBi T�` ?�#Bi�MiX .�Mb H2b �M�Hvb2b /2
"2+F2` URNeRV 2i a+?mHix URNejV- T�` +QMi`2- MQmb i`QmpQMb /ĕb H2 /ûT�`i mM �++2Mi
2bi KBb bm` H2b �bT2+ib bQ+B�mt 2i /2b BMû;�HBiûb /2 HǶBMp2biBbb2K2Mi 2M +�TBi�H ?m@
K�BMX G2 T`2KB2` 2bb�v�Bi /Ƕ2tTHB[m2` +QKK2Mi HǶ�++mKmH�iBQM /2b +QMM�Bbb�M+2b ¨
i`�p2`b HǶBMp2biBbb2K2Mi /�Mb H2 +�TBi�H ?mK�BM T2`K2i /Ƕ�m;K2Mi2` H2 `2p2Mm 7mim`
/2b BM/BpB/mb �m /ûi`BK2Mi /2 H� +QMbQKK�iBQM BKKû/B�i2- +2 [mB T2`K2i /2 `û/mB`2
H2b BMû;�HBiûb bB H2b .S1 #ûMû}+B2Mi THmb �mt KûM�;2b /û7�pQ`BbûbX G2 b2+QM/- [m�Mi
¨ HmB- bǶ2bi 2zQ`+û /2 KQMi`2` [m2 HǶ�m;K2Mi�iBQM /m +�TBi�H ?mK�BM 2bi bmb+2TiB#H2
/Ƕ�HHû;2` HǶ�+mBiû /2b BMû;�HBiûb ¨ T�`iB` /m KQK2Mi Qɍ 2HH2 T2`K2i �mt BM/BpB/mb /ǶûH2@
p2` H2m` T`Q/m+iBpBiû 2i T�` +QMbû[m2M+2 H2m`b b�H�B`2bX G�/Bi2 ?�mbb2 /2 T`Q/m+iBpBiû
+QKT2Mb2 2i �iiûMm2 H2b BMû;�HBiûb /2 /ûT�`iX .ĕb HQ`b- HǶ2zQ`i Tm#HB+ /ǶBMp2biBbb2@
K2Mi /�Mb HǶû/m+�iBQM T2mi āi`2 mM 7Q`KB/�#H2 QmiBH TQm` +2ii2 }MX .Ƕ�T`ĕb HmB- +Ƕ2bi
/2 +2ii2 K�MBĕ`2 [m2 /2b T�vb +QKK2 HǶ�HH2K�;M2 /2 HǶQm2bi 2i +2mt /2 HǶ�bB2 /m
am/@1bi QMi `ûmbbB ¨ �m;K2Mi2` H2m` `2p2Mm T�` ?�#Bi�Mi- 2i ¨ `û/mB`2 H� T�mp`2iû H2b
BMû;�HBiûbX

S�` H� bmBi2- H2b [m2biBQMb bQ+B�H2b- 2i THmb T`û+BbûK2Mi H2b BMû;�HBiûb- QMi +QKK2M+û ¨
;�;M2` THmb /ǶBMiû`āi TQm` HǶ�M�Hvb2 û+QMQKB[m2 [mB � Tm `2pāiB` mM �bT2+i i?ûQ`B[m2
2i 7Q`K�HBbû +QKK2 /�Mb HǶ�M�Hvb2 /2 a2M 2i �HX URNNdV TQm` [mB HǶBMp2biBbb2K2Mi
2M +�TBi�H ?mK�BM T2`K2i �mt BM/BpB/mb /Ƕ2tT`BK2` H2m`b +�T�+Biûb 2i /2 DQmB` /2b
HB#2`iûb 2i /2b #B2Mb TQm` �m;K2Mi2` H2m` #B2M@āi`2X GǶû/m+�iBQM T2`K2i- /2 H� bQ`i2-
/Ƕ�iiûMm2` H2b BMû;�HBiûb /2 M�Bbb�M+2 �v�Mi TQm` Q`B;BM2 /2b bi�imib �+[mBbX "H�M/2M
2i �HX Ukyy9V bQmiB2MM2Mi- /2 H2m` T�`i- [m2 HǶû/m+�iBQM 7Qm`MBi THmb /ǶQTTQ`imMBiûb
û+QMQKB[m2b- bm`iQmi TQm` H2b T�mp`2bX 1HH2 /ûi2`KBM2 H2 bi�imi Q++mT�iBQMM2H- H2
MBp2�m /2 b�H�B`2 2i DQm2 mM `ƬH2 +2Mi`�H +QKK2 bB;M�H bm` H2 MBp2�m /2 +QKTûi2M+2b 2i
/2 T`Q/m+iBpBiû TQm` H2 K�`+?û /2 i`�p�BHX GǶû/m+�iBQM +?�M;2 �mbbB H� bi`m+im`2 /2 H�
7Q`+2 /2 i`�p�BH 2M KmHiBTHB�Mi H2 MQK#`2 /2 i`�p�BHH2m`b [m�HB}ûbX *2H� T2mi 2Mi`�BM2`
/2b /BbT�`Biûb /2 `2p2Mm ¨ +Qm`i i2`K2 +QKK2 HǶ�p�Bi D�/Bb T`û+Bbû qBM2;�`/2M URNdNV-
K�Bb ¨ HQM; i2`K2 BH 2bi �ii2M/m /2 H2b `û/mB`2X

:HQKK 2i _�pBFmK�` URNNkV QMi /ûp2HQTTû mM KQ/ĕH2 ¨ ;ûMû`�iBQMb BK#`B[mû2b Qɍ
H2b �;2Mib T2mp2Mi +?QBbB` 2Mi`2 /2mt bvbiĕK2b û/m+�iB7b , Tm#HB+ 2i T`BpûX GǶû/m+�iBQM
v 2bi H2 KQi2m` K�D2m` /2 H� +`QBbb�M+2 û+QMQKB[m2- 2i /Bzû`2Mi2b 7Q`K2b 7QM+iBQM@
M2HH2b bQMi +?QBbB2b TQm` KQ/ûHBb2` H2b T`û7û`2M+2b /2b �;2Mib 2i H� i2+?MQHQ;B2 /2 H�
7QM+iBQM /2 T`Q/m+iBQMX AHb QMi +QM+Hm- �m@/2H¨ /2b T2`7Q`K�M+2b û+QMQKB[m2b /2b
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.S1- [m2 HǶû/m+�iBQM Tm#HB[m2 T2`K2i KB2mt /2 `û/mB`2 H2b BMû;�HBiûb /�Mb iQmi2b
H2b bBim�iBQMb �HQ`b [m2 HǶ2z2i /2 HǶû/m+�iBQM T`Bpû2 /ûT2M/ /2 THmbB2m`b �mi`2b T�`�@
Kĕi`2bX avHr2bi2` UkyyyV Mm�M+2 b2b bBim�iBQMb 2M �{`K�Mi [m2 HǶ2Mb2B;M2K2Mi Tm#HB+
#�Bbb2 H2 MBp2�m /2b BMû;�HBiûb /2 `2p2Mm TQm`pm [m2 H2b �;2Mib �B2Mi bm{b�KK2Mi
/2 `2bbQm`+2 TQm` `2MQM+2` �m i`�p�BH 2i �HH2` ¨ HǶû+QH2X J�Bb- bB H2b �;2Mib bQMi bB
T�mp`2b TQm` �HH2` ¨ HǶû+QH2- HǶ2Mb2B;M2K2Mi Tm#HB+ T2mi 2M 7�Bi �++2Mim2` H2b BMû;�HB@
iûb /m KQK2Mi Qɍ +2b /2`MB2`b +QMi`B#m2Mi ¨ HǶ2zQ`i Tm#HB[m2 /Ƕû/m+�iBQM ¨ i`�p2`b
HǶBKTƬi b�Mb 2M `2+2pQB` H2b #ûMû}+2bX

� HǶBMbi�` /2b �M�Hvb2b Tm`2K2Mi i?ûQ`B[m2b- H2b ûim/2b 2KTB`B[m2b 2i û+QMQKûi`B[m2b
QMi /û#Qm+?û bm` /2b `ûbmHi�ib +QMi`�biûb �m `2;�`/ /2 HǶBKT�+i /2b .S1 bm` H2b
BMû;�HBiûbX *2b /Bp2`;2M+2b TQm``�B2Mi �pQB` TQm` Q`B;BM2 H� /Bzû`2M+2 /2b bBim�iBQMb
�mt[m2HH2b /2 i2HH2b ûim/2b QMi ûiû �TTHB[mû2b- H� [m�HBiû /2b /QMMû2b miBHBbû2b Qm H�
bTû+B}+�iBQM /2b KQ/ĕH2b û+QMQKûi`B[m2b miBHBbûbX .2 i2HH2b ûim/2b 2KTB`B[m2b QMi
B/2MiB}û THmbB2m`b 7�+i2m`b bmb+2TiB#H2b /2 KQ/2H2` H2b BMû;�HBiûb- +QKK2 HǶm`#�MBb�@
iBQM UZBm �M/ �HX- kyRNV- H2 MBp2�m /2 /ûp2HQTT2K2Mi U >2`x2` �M/ �HX- kyR8V H2 `û;BK2
TQHBiB[m2 U�/�Kb �M/ �HX- kyR3V - H2b BMi2`p2MiBQMb /2 HǶ1i�i UE?2HH�7- kyR8V 2i HǶBM@
û;�HBiû �m MBp2�m /2 H� TQbb2bbBQM /2 H� i2``2 Uq�H/2` �M/ L;mv2M- kyy3VX SQm`i�Mi-
�m KQK2Mi Qɍ iQmb b2b 7�+i2m`b bQMi BKTQ`i�Mib bm`iQmi /�Mb +2`i�BMb +QMi2ti2b-
HǶû/m+�iBQM 2bi bQmp2Mi +QMbB/û`û2 DQm2` mM `ƬH2 /2 T`2KB2` TH�M /�Mb H� `û/m+iBQM
/2b BMû;�HBiûb /2 `2p2Mm /�Mb iQmb H2b +QMi2ti2b K�Bb bQmb /2b +QM/BiBQMb T�`iB+mHBĕ`2bX
G2 `ƬH2 /2 HǶû/m+�iBQM /�Mb H� `û/m+iBQM /2b BMû;�HBiûb /2 `2p2Mm 2Mi`2 +�iû;Q`B2b bQ@
+BQû+QMQKB[m2b 2bi 2M 7�Bi �K#B;m 2i HǶûpB/2M+2 2KTB`B[m2- 2M T�`iB+mHB2` �m MBp2�m
K�+`Qû+QMQKB[m2- û+?Qm2 bQmp2Mi /2 HǶûi�#HB` KāK2 bB H� +`Qv�M+2 /�Mb mM i2H `ƬH2
`2bi2 H�`;2K2Mi T�`i�;û2 T�`KB H2b �mi2m`bX a2HQM +2`i�BMb- +2 `ƬH2 2bi �bb2x BKTQ`i�Mi
bB H2 MBp2�m BMBiB�H /2 HǶû/m+�iBQM 2bi �bb2x #�b 2i [m2 HǶ2tT�MbBQM /2 HǶû/m+�iBQM 2bi
�bb2x `�TB/2 U*?2++?B- kyyRVX .ǶQɍ- H2b T�vb �v�Mi mM MBp2�m BMBiB�H ûH2pû /Ƕû/m+�iBQM
QMi i2M/�M+2 ¨ KQMi`2` /2b `ûbmHi�ib THmiƬi KQBMb T`Q#�Mib [m2 H2m`b ?QKQHQ;m2b ¨
MBp2�m /Ƕû/m+�iBQM #�b 2i +2 /�Mb /Bzû`2Mi2b ûim/2b 2KTB`B[m2bX

.�Mb +2 b2Mb- EMB;?i 2i �HX URN3jV b2 bQMi #�bûb bm` mM2 ûim/2 K2Mû2 2M h�Mx�MB2
2i �m E2Mv�- T�vb ¨ MBp2�m /Ƕû/m+�iBQM THmiƬi #�b- TQm` Mm�M+2` [m2 HǶ2tT�MbBQM /2
HǶû/m+�iBQM � /2mt 2z2ib +QMi`�/B+iQB`2b , mM 2z2i [mB 7�pQ`Bb2 H2b BMû;�HBiûb 2i mM �mi`2
[mB H2b `û/mBiX *Ƕ2bi mM T`Q+2bbmb [mB `2bb2K#H2 ¨ #B2M /2b û;�`/b �m T`Q+2bbmb /û+`Bi
T�` EmxM2ib eX 1M 2z2i- mM2 �m;K2Mi�iBQM /2 H� TQTmH�iBQM û/m[mû2 T`QpQ[m2 /�Mb
mM T`2KB2` i2KTb H� KQMiû2 /2b BMû;�HBiûb T�`+2 [m2 +2ii2 +�iû;Q`B2 /2 i`�p�BHH2m`b 2bi
KB2mt `ûKmMû`û2- K�Bb H� +QM+m``2M+2 bm` H2 K�`+?û /2 i`�p�BH �m`� mM 2z2i BMp2`b2 2M
`�K2M�Mi ¨ H� #�Bbb2 /2 i2Hb b�H�B`2b 2i `û/mBb�Mi T�`@H¨ KāK2 H2b BMû;�HBiûbX P`- /�Mb
THmbB2m`b T�vb 2M /ûp2HQTT2K2Mi- HǶBMp2biBbb2K2Mi /�Mb HǶ2Mb2B;M2K2Mi bmTû`B2m` M2
#ûMû}+B2 T�b ¨ iQmi2b H2b +�iû;Q`B2b bQ+B�H2b /2 K�MBĕ`2 û;�HBi�B`2 2i i2M/ ¨ 7�pQ`Bb2`
H2b +H�bb2b /2 `2p2Mm [mB b2 i`Qmp2 2M ?�mi /2 H� Tv`�KB/2 U"2M JBKQmM- kyyNV +2
[mB `Bb[m2 /Ƕ�m;K2Mi2` H2b BMû;�HBiûbX

.�Mb H2 +�b /2b T�vb /ûp2HQTTûb- H2b `ûbmHi�ib [m�Mi ¨ H� `2H�iBQM 2Mi`2 û/m+�iBQM 2i
MBp2�mt /2b BMû;�HBiûb bQMi THmb +QM+Hm�Mib 2i KQBMb KBiB;ûbX �BMbB- "H�M/2M 2i _�@
pBFmK�` Ukyy9V QMi i`Qmpû mM2 7Q`i2 `2H�iBQM 2Mi`2 H2 MBp2�m /Ƕûim/2b �ii2BMi T�` H2b
ûim/B�Mib 2i H2 `2p2Mm /2 H2m`b 7�KBHH2b 2M :`�M/2 "`2i�;M2 2i +QM+Hm2Mi [m2 K�H;`û

eX EmxM2ib bǶBMiû`2bb�Bi �mt 2z2ib /2 H� +`QBbb�M+2 û+QMQKB[m2 bm` H2b BMû;�HBiûbX AH � i`Qmpû mM2
`2H�iBQM 2M 7Q`K2 /2 l 2Mi`2 H2b /2mt- +Ƕ2bi@¨@/B`2 H2b BMû;�HBiûb �m;K2Mi2Mi �m /û#mi /m T`Q+2bbmb /m
/ûp2HQTT2K2Mi û+QMQKB[m2 2i +QKK2M+2Mi ¨ #�Bbb2` /ĕb [m2 H2 T�vb 2M [m2biBQM �ii2BMi mM +2`i�BM
MBp2�m /2 `B+?2bb2

e



H2 7�Bi [m2 THmbB2m`b 2M7�Mib Bbbm2b /2 7�KBHH2b T�mp`2b �ii2BMi HǶmMBp2`bBiû �T`ĕb H�
`û+2Mi2 2tT�MbBQM /m bvbiĕK2- HǶ2tT�MbBQM � 2M 7�Bi T�`iB+BTû ;`�M/2K2Mi ¨ HǶûH�`;Bb@
b2K2Mi /2 HǶû+�`i 2Mi`2 2M7�Mib T�mp`2b 2i `B+?2bX *2ii2 2tT�MbBQM T?ûMQKûM�H2 /2
HǶû/m+�iBQM /�Mb H2b T�vb /ûp2HQTTûb � ûiû �mbbB +�`�+iû`Bbû T�` HǶ�HHQM;2K2Mi /2 H�
/m`û2 /2b ûim/2b 2i mM2 +Q``ûH�iBQM �bb2x 7Q`i2 2Mi`2 H2 MBp2�m /Ƕûim/2 2i H2 bi�imi
bQ+BQû+QMQKB[m2 UavHr2bi2`- kyyjVX GǶ2tT�MbBQM /2 HǶ2Mb2B;M2K2Mi bmTû`B2m`- 2M T�`@
iB+mHB2`- 7Qm`MBi �m K�`+?û /2 i`�p�BH mM2 K�BM /Ƕƾmp`2 ?�mi2K2Mi [m�HB}û2 2i +?�M;2
H� bi`m+im`2 /2 H� TQTmH�iBQM �+iBp2 2M 7Qm`MBbb�Mi THmb /2 K�BM /Ƕƾmp`2 [m�HB}û2
`2H�iBp2K2Mi ¨ H� K�BM /Ƕƾmp`2 MQM [m�HB}û2X *2ii2 �m;K2Mi�iBQM /2 H� TQTmH�iBQM
?�mi2K2Mi û/m[mû2 T2mi 2Mi`�BM2` mM2 �++2Mim�iBQM /2b BMû;�HBiûb /2 `2p2Mm /m KQ@
K2Mi Qɍ û/m+�iBQM 2i `2p2Mm bQMi +Q``ûHûb +QKK2 MQmb �pQMb /ûD¨ �p�M+ûX *Ƕ2bi H2
+�b /2b la� Qɍ H2 /ûp2HQTT2K2Mi /2 HǶ2Mb2B;M2K2Mi bmTû`B2m` bǶ2bi �++QKT�;Mû T�`
mM +`2mb2K2Mi /2b BMû;�HBiûb U6Bb?2`- kyR8V- [mB T�`iB+BT2Mi ¨ H� ?�mbb2 /2b 7`�Bb /2b
ûim/2b mMBp2`bBi�B`2b 2i TûM�HBb2Mi H2b i`�M+?2b BM7û`B2m`2b /2 `2p2Mm- /ǶQɍ mM2 �KTHB@
}+�iBQM /2b BMû;�HBiûb BMBiB�H2b U>BHH- kyR8VX J�Bb- QM T2mi �mbbB bǶ�ii2M/`2 ¨ +2 [m2
HǶ�m;K2Mi�iBQM /2b 2z2+iB7b ?�mi2K2Mi [m�HB}ûb `�KĕM2 ¨ H� #�Bbb2 H2m` MBp2�m /2
b�H�B`2 +QM7Q`KûK2Mi �mt T`ûpBbBQMb /2 H� i?ûQ`B2 û+QMQKB[m2- +QKK2 +Ƕ2bi H2 +�b
TQm` HǶ�HH2K�;M2 T�` 2t2KTH2 Ua+?�/- kyR8VX

.ǶmM �mi`2 +Ƭiû- H2 T?ûMQKĕM2 /2 H� +QKTHûK2Mi�`Biû 2Mi`2 i`�p�BH [m�HB}û 2i H2 i`�@
p�BH MQM [m�HB}û +QMi`B#m2 ¨ HǶ�iiûMm�iBQM /2b BMû;�HBiûb /2 `2p2Mm 2Mi`2 i`�p�BHH2m`b
[m�HB}ûb 2i i`�p�BHH2m`b MQM [m�HB}ûbX 1M 2z2i- +QKK2 /�Mb Gm+�b URN3eV- H2b BM;û@
MB2m`b QMi iQmDQm`b #2bQBM /2 i2+?MB+B2Mb 2i /2 K�BM /Ƕƾmp`2b TQm` 2tû+mi2` H2b B/û2b
[mǶBHb +QMÏQBp2MiX *2 T?ûMQKĕM2 2bi bmb+2TiB#H2 /Ƕ�m;K2Mi2` H2b b�H�B`2b /2b MQM
[m�HB}ûb T�`�HHĕH2K2Mi ¨ +2HmB /2b [m�HB}ûb 2i T�`iB+BT2- /2 H� bQ`i2- ¨ �iiûMm2` H2b
BMû;�HBiûb 2Mi`2 H2b /2mtX G� +QMbû[m2M+2 /2 +2 `�BbQMM2K2Mi 2M i2`K2b /2 TQHBiB[m2
û+QMQKB[m2- +QKK2 H2 T`û+Bb2Mi �;?BQM 2i �HX URNN3V- H2b T�vb 2M /ûp2HQTT2K2Mi
QMi BMiû`āi ¨ /B`B;2` H2b .S1 p2`b H2b #�b +v+H2b /2 HǶ2Mb2B;M2K2Mi 2i H� 7Q`K�iBQM
T`Q72bbBQMM2HH2 TQm` `û/mB`2 H2b BMû;�HBiûb- bBMQM +2b /2`MBĕ`2b `Bb[m2Mi /2 bǶ�KTHB}2`
¨ +�mb2 /m +?ƬK�;2 /2b D2mM2b /BTHƬKûb MQi�KK2MiX S�` +QMi`2- H2b T�vb /ûp2HQTTûb
;�;M2`�B2Mi ¨ BMp2biB` /�Mb HǶ2Mb2B;M2K2Mi bmTû`B2m` 2i H� `2+?2`+?2 b+B2MiB}[m2 TQm`
7�B`2 7�+2 ¨ H� +QM+m``2M+2 BMi2`M�iBQM�H2 bm` H2 MBp2�m /2 HǶBMMQp�iBQM- +2 [mB H2m`
T2`K2ii`�Bi /2 ;�;M2` /2b �p�Mi�;2b +QKT�`�iB7b /�Mb H2 +QKK2`+2 BMi2`M�iBQM�H2 2i
`û/mB`2 H2b BMû;�HBiûbX

GǶBKT�+i /2 HǶû/m+�iBQM bm` H2b BMû;�HBiûb /ûT2M/ �mbbB /Ƕ�mi`2b T�`�Kĕi`2b i2Hb [m2
H2b KQMi�Mib BMp2biBb T�` H2 ;Qmp2`M2K2Mi 2i H2b KûM�;2b- H2 i�mt /2 `2M/2K2Mi /2
+2b BMp2biBbb2K2Mib 2i H2 /2;`û 2i HǶ2{+�+Biû /2 HǶBMi2`p2MiBQM /2 HǶ1i�iX �BMbB- CBK2M2x
URN3eV bQmiB2Mi [m2 THmbB2m`b .S1 M2 #ûMû}+B2Mi 2M `B2M �mt T�mp`2b 2i M2 T2mp2Mi
/QM+ [mǶ�iiûMm2` H2b BMû;�HBiûbX 6B2H/b URN3yV- /2 b� T�`i- bQmiB2Mi [m2 K�H;`û H�
+QMbû+`�iBQM /2 `2bbQm`+2b +QMbû[m2Mi2b ¨ HǶû/m+�iBQM T�` THmbB2m`b T�vb- H2 MBp2�m
/2b BMû;�HBiûb MǶ� T�b #�Bbbû iQmi /2 KāK2X 6BM�H2K2Mi- _�K URN3NV 2M `2pBbBi�Mi
H2b ûim/2b i?ûQ`B[m2b 2i 2KTB`B[m2b �Miû`B2m`2b- � +QM+Hm [mǶBH MǶv � T�b /2 HB2M 7Q`i
2Mi`2 HǶ2tT�MbBQM /2 HǶû/m+�iBQM �m b2BM /2 H� TQTmH�iBQM 2i H2 /2;`û /2b BMû;�HBiûbX
1i�Mi /QMMû H2 +�`�+iĕ`2 �K#Bp�H2Mi /2b ûim/2b bmbK2MiBQMMû2b- BH MǶ2bi T�b ûpB/2Mi
/2 i`�M+?2` bB H2b .S1 bQMi bmb+2TiB#H2b /2 `û/mB`2 H2b BMû;�HBiûb /2 `2p2MmX *2+B
/ûT2M/ /2 THmbB2m`b T�`�Kĕi`2b- ¨ HǶBMbi�` /m MBp2�m /2 `B+?2bb2 /2 H� bQ+Bûiû- H2b
T`Q#HĕK2b HBûb ¨ H� /2K�M/2 /2 HǶû/m+�iBQM- 2i+X

SQm` T`2M/`2 2M +QKTi2 H� KmHiBTHB+Biû /2b +�M�mt /2 i`�MbKBbbBQM /2 HǶBKT�+i /2b
.S1 bm` H2b BMû;�HBiûb 2i 2bb�v2` /2 `2Kû/B2` �m T`Q#HĕK2 /2 H� +QMi`�/B+iBQM /2b
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`ûbmHi�ib /2b /Bzû`2Mi2b ûim/2b +Biû2b THmb ?�mi- H2b �mi2m`b `2+Qm`2Mi /2 THmb 2M THmb
�mt J1:*X *2b /2`MB2`b T2`K2ii2Mi /2 i`�Bi2` HǶBKT�+i /2b .S1- MQM b2mH2K2Mi
bm` H2b BMû;�HBiûb- K�Bb �mbbB bm` HǶ2Mb2K#H2 /2b T2`7Q`K�M+2b û+QMQKB[m2b 2i bQ+B�H2b
bBKmHi�MûK2Mi- K�Bb bQmz`2Mi �mbbB /2 T`Q#HĕK2b /2 bTû+B}+�iBQM 2i /2b 7Q`K2b 7QM+@
iBQMM2HH2b +?QBbB2bX �BMbB- a�p�`/ 2i �/DQpB URNN3V BMi`Q/mBb2Mi /2b 2ti2`M�HBiûb bm` H2
bvbiĕK2 T`Q/m+iB7 /2b /ûT2Mb2b 2M û/m+�iBQM 2i 2M b�Miû �}M /2 +�Ti2` HǶBKT�+i /2
+2b 7�+i2m`b bm` H� T`Q/m+iBQM �m "ûMBMX hQmi27QBb- KāK2 bB H2m` Kûi?Q/2 T2`K2i /2
+�Ti2` mM2 �KûHBQ`�iBQM /m #B2M@āi`2 /2b KûM�;2b bmBi2b ¨ /2b /ûT2Mb2b Tm#HB[m2b 2M
û/m+�iBQM Qm 2M b�Miû- H2b KûM�;2b `2bi2Mi T�bbB7b 2i M2 KQ/B}2Mi T�b H2m`b +QKTQ`i2@
K2Mib bmBi2 ¨ mM2 p�`B�iBQM /2b T`Bt `2H�iB7bX lM �++`QBbb2K2Mi /2b +Qȿib /2 7Q`K�iBQM
T�` 2t2KTH2 MǶ� �m+mM BKT�+i bm` H� /2K�M/2 /Ƕû/m+�iBQM T�` H2b KûM�;2bX

SQm` /ûT�bb2` +2b HBKBi2b- CmM; 2i h?Q`#2+F2 UkyyRV T`QTQb2Mi mM �mi`2 Kû+�MBbK2
T�` H2[m2H H2b /ûT2Mb2b Tm#HB[m2b 2M û/m+�iBQM �z2+i2Mi H� T`Q/m+iBQM /2 +�TBi�H ?m@
K�BMX AHb �TTHB[m2Mi +2ii2 �TT`Q+?2 ¨ H� h�Mx�MB2 2i 2M w�K#B2X GǶQmiTmi û/m+�iB7- 2M
i2`K2b /2b /Bzû`2Mib ivT2b /2 i`�p�BH- 2bi /ûi2`KBMû T�` /2mt 7�+i2m`b c /ǶmM2 T�`i H2b
/ûT2Mb2b /m ;Qmp2`M2K2Mi 2M û/m+�iBQM 2i /Ƕ�mi`2 T�`i mM2 K2bm`2 /2b 2zQ`ib 7�Bib
T�` H2b BM/BpB/mb TQm` bǶû/m[m2`X *2i 2zQ`i 2bi 2tT`BKû 2M i2`K2b /2 +Qȿib /ǶQT@
TQ`imMBiû [m2 bm#Bi H2 KûM�;2 Qm HǶBM/BpB/m HQ`b[mǶBH +?QBbBi /2 bǶû/m[m2`X GǶ�;2Mi
+QKT�`2 H2b #ûMû}+2b U+Ƕ2bi@¨@/B`2 H� p�H2m` T`ûb2Mi2 /2 bQM `2p2Mm 7mim` Q#i2Mm 2M
i2`KBM�Mi mM MBp2�m /Ƕû/m+�iBQM THmb ûH2pûV �p2+ bQM +Qȿi /ǶQTTQ`imMBiû UBX2X H2 `2@
p2Mm T2`/m T2M/�Mi [m2 HǶQM bǶû/m[m2VX "B2M [mǶBMiû`2bb�Mi- +2 KQ/ĕH2 2bi +`BiB[m�#H2
+�` H2b /Qi�iBQMb 2M +�TBi�H ?mK�BM /2 +?�[m2 KûM�;2 M2 bQMi T�b 2M/Q;ĕM2bX .�Mb
H2m` KQ/ĕH2- HǶ�m;K2Mi�iBQM /2 H� /Qi�iBQM 2M i`�p�BH [m�HB}û b2`� T`QTQ`iBQMM2HH2 �m
`vi?K2 /2 +`QBbb�M+2 /2 H� TQTmH�iBQM /2 bQ`i2 [mǶmM KûM�;2 [mB ¨ H� Tû`BQ/2 BMBiB�H2
2bi `2H�iBp2K2Mi KB2mt /Qiû 2M i`�p�BH [m�HB}û- `2bi2`� iQmDQm`b T`QTQ`iBQMM2HH2K2Mi
KB2mt /Qiû- BM/ûT2M/�KK2Mi /2 HǶBKTQ`i�M+2 /2b 2zQ`ib 7�Bib TQm` �+[mû`B` mM2
[m�HB}+�iBQM THmb ûH2pû2X �;2MQ` 2i �H UkyyjV iB2MM2Mi +QKTi2- b2HQM mM b+?ûK� ¨ H�
a�p�`/ 2i �/DQpB URNN3V- /2 HǶBKT�+i /2b +QKTQb�Mi2b /2b /ûT2Mb2b /2 ;Qmp2`M2K2Mi
/�Mb H2b b2+i2m`b /2 H� b�Miû 2i /2 HǶû/m+�iBQM bm` H2 T`Q+2bbmb /Ƕ�++mKmH�iBQM /m
+�TBi�H T?vbB[m2 2i ?mK�BM T�` H2 b2+i2m` T`BpûX GǶ�+[mBbBiBQM /2 +QKTûi2M+2b T�` H2b
i`�p�BHH2m`b MQM [m�HB}ûb 2bi bmTTQbû2 /ûT2M/`2 /2 i`QBb 7�+i2m`b- URV H2 /Bzû`2MiB2H
b�H�`B�H 2Mi`2 H2 i�mt /2 b�H�B`2 /2b [m�HB}ûb 2i +2HmB /2b MQM [m�HB}ûb- UkV H2 biQ+F
/2 +�TBi�H /Ƕû/m+�iBQM [mB �z2+i2 H� +�T�+Biû ¨ BMp2biB` /�Mb H2b +QMM�Bbb�M+2b- 2i UjV
H2 MBp2�m KQv2M /2 H� `B+?2bb2 /ûi2Mm T�` +?�[m2 i`�p�BHH2m` MQM [m�HB}ûX hQmi27QBb
b2mHb H2b i`�p�BHH2m`b m`#�BMb MQM [m�HB}ûb QMi �++ĕb ¨ HǶû/m+�iBQMX �BMbB H2 KQ/ĕH2
M2 bǶ�/`2bb2 [mǶ¨ mM2 7`�M;2 /2 H� TQTmH�iBQM UH2b MQM [m�HB}ûb m`#�BMbV- �HQ`b [m2
H2b KûM�;2b H2b THmb iQm+?ûb T�` H� T�mp`2iû 2i H2b KQBMb [m�HB}ûb bQMi ;ûMû`�H2K2Mi
H2b `m`�mtX 1M Qmi`2- H� bTû+B}+�iBQM /2 H� 7QM+iBQM /Ƕ�+[mBbBiBQM M2 /û+QmH2 T�b /m
+QKTQ`i2K2Mi /2b KûM�;2b- 2HH2 2bi iQi�H2K2Mi �/@?Q+X G2b KûM�;2b M2 bQMi T�b
BKTHB[mûb /�Mb H� /û+BbBQM /Ƕû/m+�iBQM 2i `2bi2Mi 2MiBĕ`2K2Mi T�bbB7b U¨ H� /Bzû`2M+2
/m KQ/ĕH2 CmM; 2i h?Q`#2F2VX

*HQmiB2`- *Q+F#m`M 2i .2+�Hmrû Ukyy8V BMi`Q/mBb2Mi mM2 /Qi�iBQM 2M K�BM@/Ƕƾmp`2
[m�HB}û2 2i MQM [m�HB}û2 /2b KûM�;2b- ~2tB#H2 TQm` +?�[m2 +�iû;Q`B2 /2 KûM�;2-
+2 [mB 7�Bi [m2 H2b KûM�;2b T2mp2Mi KQ/B}2` H� +QKTQbBiBQM /2 H� 7Q`+2 /2 i`�p�BH
/m KûM�;2 2M +QMb�+`�Mi /�p�Mi�;2 /2 i2KTb ¨ H� 7Q`K�iBQMX hQmi27QBb- +2 KQ/ĕH2-
�TTHB[mû �m oB2iM�K- 2bi bi�iB[m2 2i M2 T2`ÏQBi /QM+ [m2 T�`iB2HH2K2Mi H2b 2z2ib
/ǶmM2 TQHBiB[m2 bm` HǶû/m+�iBQMX 1M Qmi`2- H2 7�Bi [mǶBH MǶ2tBbi2 T�b /2 +?ƬK�;2 2bi
mM2 HBKBi2 BKTQ`i�Mi2 +�` QM T2mi T2Mb2` [m2 THmb H2 i�mt /2 +?ƬK�;2 /2b i`�p�BHH2m`b

3



[m�HB}ûb 2bi ûH2pû- THmb 7�B#H2b bQMi H2b BM+Bi�iBQMb ¨ �++2Ti2` HǶ2zQ`i bmTTHûK2Mi�B`2
TQm` �+[mû`B` mM MBp2�m /2 +QKTûi2M+2b THmb ûH2pûX

1M}M- H2 /2`MB2` J1:* /�Mb H2[m2H H2b /ûT2Mb2b 2M û/m+�iBQM bQMi T`Bb2b 2M +QKTi2
2bi H� K�[m2ii2 T`QTQbû2 T�` "Qm`;mB;MQM 2i �H UkyyeV- +QMÏm2 TQm` ûp�Hm2` H2b
P#D2+iB7b /2 .ûp2HQTT2K2Mi /m JBHHûM�B`2 UP.JV- 2i 2biBK2` H2 +Qȿi 2i H2 i2KTb Mû@
+2bb�B`2 ¨ HǶ�ii2BMi2 /2 +2b Q#D2+iB7bX GǶ�TT`Q+?2 bmBpB2 TQm` KQ/ûHBb2` H2b BKT�+ib /2b
/ûT2Mb2b /Ƕû/m+�iBQM 2bi T�`iB+mHBĕ`2K2Mi BMiû`2bb�Mi2 +�` H2b �mi2m`b BMi`Q/mBb2Mi
/2b 2z2ib /2 `ûi`Q�+iBQM bm` H2 `2bi2 /2 HǶû+QMQKB2 MQi�KK2Mi pB� H2 K�`+?û /m
i`�p�BHX GǶû/m+�iBQM v 2bi /ûb�;`û;û2 2M +v+H2bX SQm` +?�[m2 +v+H2 /Ƕûim/2b- H2 +QK@
TQ`i2K2Mi /2b ûim/B�Mib �m +Qm`b /2 +?�[m2 �MMû2 /m +v+H2 2bi /ûi2`KBMû T�` mM2
7QM+iBQM HQ;BbiB[m2 [mB HB2 H� T2`7Q`K�M+2 /m bvbiĕK2 /Ƕû/m+�iBQM ¨ mM 2Mb2K#H2 /2
/ûi2`KBM�Mib û+QMQKB[m2b B/2MiB}�#H2bX �BMbB H2 K�`+?û /m i`�p�BH 2bi /B`2+i2K2Mi
�z2+iû T�` H2 bvbiĕK2 /Ƕû/m+�iBQMX G2b Qz`2b /2 i`�p�BH- ¨ +?�[m2 Tû`BQ/2 /2 i2KTb-
bQMi �+im�HBbû2b 2i /B`2+i2K2Mi `2HBû2b �m bvbiĕK2 û/m+�iB7 2i ¨ b� T2`7Q`K�M+2X hQm@
i27QBb 2i TmBb[m2 +2 KQ/ĕH2 2bi T`BM+BT�H2K2Mi /2biBMû ¨ K2bm`2` H� 7�Bb�#BHBiû 2i H2
+Qȿi /2 HǶ�ii2BMi2 /2b P.J ¨ HǶ?Q`BxQM kyR8- BH /QBi bǶ�TTmv2` bm` /2b /QMMû2b ?Bb@
iQ`B[m2b `ûi`Q�+iBp2b T`û+Bb2b 2i i`ĕb +QKTHĕi2bX 1M 2z2i- bB HǶ�MMû2 /2 #�b2 2bi kyyy
T�` 2t2KTH2- BH 7�mi [m2 MQmb /BbTQbBQMb /2b /QMMû2b /�Mb H2b /Bzû`2Mib +v+H2b û/m@
+�iB7b /2TmBb RN33 UbB H2 +v+H2 iQi�H /m`2 Rk �MbV- �}M /2 TQmpQB` bmBp`2 H2b /Bzû`2Mi2b
+Q?Q`i2b /Ƕûim/B�MibX 1M Qmi`2- 2i ûi�Mi /QMMû [m2 H2 KQ/ĕH2 � HǶ�K#BiBQM /2 +�Ti2`
H2b BMi2`�+iBQMb 2Mi`2 H2b /ûT2Mb2b Tm#HB[m2b /2 b�Miû 2i /Ƕû/m+�iBQM U2Mi`2 �mi`2bV
BH 2bi 2ti`āK2K2Mi /ûHB+�i 2i +QMi2bi�#H2 /2 7Q`KmH2` /2b ?vTQi?ĕb2b Qm /Ƕ�bbB;M2`
/2b p�H2m`b /ǶûH�biB+Biûb TQm` H2b 2z2ib /2 `ûi`Q�+iBQMb 2Mi`2 +2b /Bp2`b ûHûK2Mib b�Mb
TQmpQB` H2b �TTmv2` bm` /2b 7�Bib Q#D2+iB7bX

1M ;mBb2 /2 +QM+HmbBQM /2 +2ii2 `2pm2 /2 HBiiû`�im`2- HǶûim/2 /2 HǶBKT�+i /2b .S1
bm` H2b BMû;�HBiûb � /QMMû HB2m ¨ /2b `ûbmHi�ib [mB b2 `2DQB;M2Mi /�Mb /2b +�b- b2
Mm�M+2Mi /�Mb /Ƕ�mi`2b Qm b2 +QMi`2/Bb2Mi /�Mb /Ƕ�mi`2bX S�`KB H2b `�BbQMb /2 +2ii2
MQM +QM+Q`/�M+2 /2b `ûbmHi�ib i`Qmpûb- H� KmHiBTHB+Biû /2b +�M�mt /2 i`�MbKBbbBQM T�`
H2b[m2Hb H2b .S1 T2mp2Mi BM~m2M+2` H2b BMû;�HBiûb T2mi āi`2 /ûi2`KBM�Mi2X SQm` 2M
T`2M/`2 +QKTi2- K�Bb �#QmiBbb�Mi ¨ /2b `ûbmHi�ib �mbbB T2m +QM+Q`/�Mib- /2b ûim/2b
`û+2Mi2b miBHBb�Mi /2b J1:* ¨ +2i 2z2i- `2bi2Mi �m KQBMb THmb ûHû;�Mi2b bm` H2 TH�M
i?ûQ`B[m2X amBp�Mi H2m` /ûK�`+?2- MQmb �pQMb �/QTiû TQm` MQi`2 T`QT`2 +QKTi2 mM
J1:*- 2M HǶQ++m``2M+2 H2 PEP1−t- [m2 MQmb �pQMb �/�Tiû 2i `2K�MBû TQm` bǶ2M b2`pB`
�}M /Ƕûim/B2` HǶBKT�+i /2b .S1 bm` H2b BMû;�HBiûb �m J�`Q+X

j G2 KQ/ĕH2 PEP1−t , /û}MBiBQM 2i �/�Ti�iBQMb

jXR .û}MBiBQM

a2HQM .2+�Hmrû 2i �HX UkyRjV- H2 KQ/ĕH2 PEP1−t 2bi mM J1:* /ûp2HQTTû T�` /2b
+?2`+?2m`b /m `ûb2�m ĿS�`iM2`b?BT 7Q` 1+QMQKB+ SQHB+vŀ d [mB � ûiû H�`;2K2Mi miBHBbû
TQm` ûp�Hm2` mM +2`i�BM MQK#`2 /2 T`Q;`�KK2b /2b Q`;�MBb�iBQMb QMmbB2MM2b 2i ûi�@
iB[m2b �BMbB [m2 T�` H2b +?2`+?2m`b /�Mb H2 +�/`2 /2 i`�p�mt Tm`2K2Mi �+�/ûKB[m2bX

dX *Ƕ2bi mM `ûb2�m /2 +?2`+?2m`b 2i BMbiBimiBQMb /2 `2+?2`+?2- MQm�Mi /2b T�`i2M�`B�ib �p2+ /2b
mMBp2`bBiûb +�M�/B2MM2b 2i �M;H�Bb2b 2Mi`2 �mi`2b- /QMi HǶQ#D2+iB7 2bi /2 K2M2` /2b `2+?2`+?2b bm` H2b
TQHBiB[m2b û+QMQKB[m2b 2i bQ+B�H2b- bTû+B�H2K2Mi /�Mb H2b T�vb 2M /ûp2HQTT2K2MiX *2b ûim/2b bQMi
Tm#HBû2b bm` H2 bBi2 BMi2`M2i rrrXT2T@M2iXQ`; Qɍ HǶQM T2mi i`Qmp2` �mbbB H2 S1SR@iX

N



AH MǶ2bi T�b +QMÏm TQm` i`�Bi2` /2b T`Q#HûK�iB[m2b i2HH2b +2HH2b /2 HǶBKT�+i /2b .S1
bm` HǶ�++mKmH�iBQM /m +�TBi�H ?mK�BM TmBb[m2 HǶQz`2 /2 i`�p�BH v 2bi 2tQ;ĕM2 2i bmBi
H� +`QBbb�M+2 /ûKQ;`�T?B[m2X *Ƕ2bi mM KQ/ĕH2 /vM�KB[m2 `û+m`bB7 KQ/ûHBb�Mi mM2
T2iBi2 û+QMQKB2 Qmp2`i2X .vM�KB[m2 T�`+2 [mǶBH T`2M/ 2M +QKTi2 H� /BK2MbBQM /m
i2KTb 2i +?�[m2 p�`B�#H2 /QBi āi`2 `ûbQHm M 7QBb UMQK#`2 /Ƕ�MMû2bV /QMi H� T`2KBĕ`2
/QBi `2T`Q/mB`2 H� p�H2m` /m #2M+?K�`F UHǶ�MMû2 /2 `û7û`2M+2VX _û+m`bB7 T�`+2 [m2
b� `ûbQHmiBQM M2 b2 7�Bi T�b bm` H� #�b2 /m +QKTQ`i2K2Mi /ǶQTiBKBb�iBQM BMi2`i2KTQ@
`2HH2 /2b �;2MibX GǶQTiBKBb�iBQM b2 7�Bi �m MBp2�m /2 +?�[m2 Tû`BQ/2 TQm` `ûbQm/`2
H2b p�H2m`b /2b p�`B�#H2bX lM +2`i�BM MQK#`2 /2 +2b /2`MBĕ`2b b2`� �+im�HBbû2b 3 TQm`
`ûbQm/`2 H2 `2bi2 /2b p�`B�#H2b TQm` HǶû[mBHB#`2 bmBp�Mi 2i �BMbB /2 bmBi2X

G2b 2Mi`2T`Bb2b v QTĕ`2Mi /�Mb mM +QMi2ti2 +QM+m``2MiB2H- +Ƕ2bi@¨@/B`2 [mǶ2HH2b K�tB@
KBb2Mi H2m` T`Q}i bQmb +QMi`�BMi2 /2b T`Bt /2b 7�+i2m`b 2i H2m` i2+?MQHQ;B2X 1HH2b +QK@
#BM2Mi H2b 7�+i2m`b /2 T`Q/m+iBQM 2i H� +QMbQKK�iBQM BMi2`Kû/B�B`2 TQm` /ûi2`KBM2`
H2 KQMi�Mi /2 H� T`Q/m+iBQM [mB K�tBKBb2 H2m` T`Q}iX G2b 7�+i2m`b /2 T`Q/m+iBQM- 2M
HǶQ++m``2M+2 H2b /Bzû`2Mib ivT2b /2 i`�p�BH 2i /2 +�TBi�H- bTû+B}[m2 ¨ +?�[m2 #`�M+?2 N

- bQMi bmTTQbûb bm#biBim�#H2bX �BMbB- H2 i`�p�BH [m�HB}û 2i MQM [m�HB}û bQMi �;`û;ûb b2@
HQM mM2 6QM+iBQM /Ƕ1H�biB+Biû *QMbi�Mi2 U*1aV /2 K�MBĕ`2 ¨ û;�HBb2` H� T`Q/m+iBpBiû
K�`;BM�H2 /2 +?�[m2 ivT2 /2 i`�p�BH �p2+ bQM i�mt b�H�`B�H +Q``2bTQM/�Mi TQm` �pQB`
mM2 [m�MiBiû /2 i`�p�BH +QKTQbBi2X G2 KāK2 T`Q+2bbmb 2bi �/QTiû TQm` HǶ�;`û;�iBQM
/m +�TBi�HX G2 i`�p�BH +QKTQbBi2 2i H2 +�TBi�H +QKTQbBi2- �BMbB Q#i2Mmb- bQMi �;`û@
;ûb b2HQM mM2 *1a /2 K�MBĕ`2 ¨ û;�HBb2` H2m` T`Q/m+iBpBiû K�`;BM�H2 �p2+ H2m` T`Bt
`2bT2+iB7b TQm` /ûi2`KBM2` H2 KQMi�Mi /2 H� p�H2m` �DQmiû2X G2b T`Q/mBib /2 +QMbQK@
K�iBQM BMi2`Kû/B�B`2b bQMi bmTTQbûb āi`2 +QKTHûK2Mi�B`2bX SQm` +2ii2 `�BbQM- BHb bQMi
�;`û;ûb b2HQM mM2 7QM+iBQM /2 G2QMiB27X

G� /2K�M/2 TQm` H2b #B2Mb b2`pB+2b- [mǶBHb bQB2Mi BKTQ`iûb Qm T`Q/mBib HQ+�H2K2Mi- 2bi
+QMbiBimû2 /2 H� +QMbQKK�iBQM BMi2`Kû/B�B`2- /2 H� +QMbQKK�iBQM }M�H2 /2b KûM�;2b
2i /2b �/KBMBbi`�iBQMb Tm#HB[m2b- /2 H� /2K�M/2 /ǶBMp2biBbb2K2Mi 2i /2 H� /2K�M/2
+QKK2 i`�MbTQ`i 2i K�`;2b +QKK2`+B�H2bX G� /2K�M/2 /2b KûM�;2b 2bi KQ/ûHBbû2
b2HQM H� 7QM+iBQM /ǶmiBHBiû aiQM2@:2�`vX *Ƕ2bi mM2 7QM+iBQM HBMû�B`2 /m #m/;2i /2
+QMbQKK�iBQM /m KûM�;2 [mB � TQm` T2Mi2 H� T`QT2MbBQM K�`;BM�H2 ¨ +QMbQKK2` 2i
TQm` Q`/QMMû2 ¨ Q`B;BM2 mM2 +QMbQKK�iBQM KBMBK�H2 Qm BM+QKT`2bbB#H2X G� +QMbQK@
K�iBQM /m ;Qmp2`M2K2Mi /2 +?�[m2 #B2M 2i b2`pB+2 2bi mM2 T�`i +QMbi�Mi2 /�Mb H2
i2KTb /m iQi�H /2b /ûT2Mb2b +Qm`�Mi2b [mB- 2HH2b- �m;K2Mi2Mi b2HQM H2 `vi?K2 /2
HǶ�m;K2Mi�iBQM /2 H� TQTmH�iBQMX

G2 K�`+?û /2b #B2Mb 2i b2`pB+2b 2i +2HmB /2b 7�+i2m`b /QBp2Mi āi`2 û[mBHB#`ûb- +Ƕ2bi@
¨@/B`2 HǶQz`2 /QBi āi`2 û;�H2 ¨ H� /2K�M/2 TQm` +?�+mM /Ƕ2mtX �BMbB- HǶQz`2 /ǶmM
#B2M /QBi āi`2 û;�H2 ¨ H� bQKK2 /2 H� +QMbQKK�iBQM /2b KûM�;2b- /m ;Qmp2`M2K2Mi-
/2 H� /2K�M/2 BMi2`Kû/B�B`2- /2 HǶBMp2biBbb2K2Mi 2i /2b K�`;2b +QKK2`+B�H2bX G�
bm#biBimiBQM 2Mi`2 H� T`Q/m+iBQM HQ+�H2 2i H2b 2tTQ`i�iBQMb- /2 KāK2 [m2 +2HH2 2Mi`2
H� /2K�M/2 /2b #B2Mb HQ+�mt 2i H2b BKTQ`i�iBQMb- 2bi mM2 6QM+iBQM /2 h`�Mb7Q`K�iBQM
¨ 1H�biB+Biû *QMbi�Mi2 U*1hVX

SQm` +?�[m2 ivT2 /2 i`�p�BH- HǶû[mBHB#`2 /QBi �mbbB āi`2 pû`B}û- /2 KāK2 [m2 TQm` H2
3X G� THmT�`i /2b p�`B�#H2b 2tQ;ĕM2b bQMi bmTTQbû2b bmBp`2 HǶûpQHmiBQM /ûKQ;`�T?B[m2X lM i`�B@

i2K2Mi bTû+B�H 2bi `ûb2`pû �m T`Q#HĕK2 1T�`;M2 BMp2biBbb2K2Mi- H� #�H�M+2 2tiû`B2m`2 2i /Ƕ�mi`2bĘ
LQmb v `2p2M/`BQMb /�Mb H� /Bb+mbbBQM /2 H� K�+`Q +HƬim`2X

NX *Ƕ2bi@¨@/B`2 BKKQ#BH2 2Mi`2 H2b #`�M+?2bX �mi`2K2Mi /Bi- 2M THmb HǶû;�HBiû 2Mi`2 HǶQz`2 2i H�
/2K�M/2 iQi�H2b /m +�TBi�H- +2ii2 û;�HBiû /QBi āi`2 �mbbB pû`B}û2 �m MBp2�m /2 +?�[m2 #`�M+?2 KāK2
bB H2b i�mt /2 `2M/2K2Mi v bQMi /Bzû`2MibX

Ry



+�TBi�HX GǶBMp2biBbb2K2Mi iQi�H /QBi āi`2 û;�H ¨ H� bQKK2 /2 HǶûT�`;M2 /2b KûM�;2b-
/m ;Qmp2`M2K2Mi- /2b 2Mi`2T`Bb2b 2i /m `2bi2 /m KQM/2X G� p�`B�iBQM /2 biQ+Fb 2bi H�
/Bzû`2M+2 2Mi`2 HǶBMp2biBbb2K2Mi iQi�H /ǶmM2 T�`i- 2i HǶBMp2biBbb2K2Mi T`Bpû 2i Tm#HB+
/Ƕ�mi`2 T�`iX 6BM�H2K2Mi- HǶû[mBHB#`2 /QBi �mbbB āi`2 pû`B}û TQm` H2b #B2Mb 2i b2`pB+2b
2tTQ`iûbX

G2b û[m�iBQMb /vM�KB[m2b +QMbiBim2Mi mM HB2M 2Mi`2 mM2 Tû`BQ/2 2i H� bmBp�Mi2X 1HH2b
b2`p2Mi ¨ �+im�HBb2` H2b p�H2m`b /2 +2`i�BM2b p�`B�#H2b 2i T�`�Kĕi`2b [mB bQMi `ûbQHm2b
?Q`b /m KQ/ĕH2X *2b /2`MB2`b bQMi /2 /2mt bQ`i2b , H2b p�`B�#H2b 2i û[m�iBQMb bmTTQbûb
+`QBi`2 ¨ mM KāK2 `vi?K2 HQ`b /2 +?�[m2 Tû`BQ/2 2i H2b û[m�iBQMb +QMi`ƬH�Mi HǶ�+@
+mKmH�iBQM /m +�TBi�HX �BMbB- H2b Q`/QMMû2b ¨ HǶQ`B;BM2 /2 H� 7QM+iBQM /ǶûT�`;M2 /2b
KûM�;2b- /2 +2HH2 /2 HǶBKTƬi bm` H2 `2p2Mm /2b KûM�;2b 2i /2b 2Mi`2T`Bb2b- +2HH2 /2b
i`�Mb72`ib /m ;Qmp2`M2K2Mi 2i /m `2bi2 bQMi bmTTQbû2b +`QBi`2 �m KāK2 `vi?K2 [m2
H2 i�mt /Ƕ�++`QBbb2K2Mi /2 H� TQTmH�iBQMX G2b /Bzû`2Mi2b +�iû;Q`B2b /2 i`�p�BH bQMi
2tQ;ĕM2b 2i bQMi �mbbB bmTTQbû2b bmBp`2 H2 `vi?K2 /Ƕ�m;K2Mi�iBQM /2 H� TQTmH�iBQMX
AH p� /2 KāK2 TQm` H� +QMbQKK�iBQM KBMBK�H2 /2b KûM�;2b- H2 +QKTi2 +Qm`�Mi /2 H�
#�H�M+2 /2b T�B2K2Mib- H2 bQH/2 Q`/BM�B`2 /m #m/;2i /2 HǶ1i�i- HǶBMp2biBbb2K2Mi Tm#HB+
T�` +�iû;Q`B2b 2i T�` b2+i2m`b 2i 2M}M TQm` H� p�`B�iBQM /2 biQ+FX

SQm` HǶû[m�iBQM /û+`Bp�Mi HǶ�++mKmH�iBQM /m +�TBi�H �m MBp2�m /ǶmM b2+i2m` /QMMû-
2HH2 bmTTQb2 [m2 H2 biQ+F /m +�TBi�H /ǶmM2 Tû`BQ/2 2bi û;�H �m biQ+F /2 H� Tû`BQ/2
T`û+û/2Mi2 /BKBMmû /m KQMi�Mi /2 H� /ûT`û+B�iBQM /m +�TBi�H 2i �m;K2Miû /m KQMi�Mi
/m MQmp2�mt BMp2biBbb2K2Mi QTû`û �m MBp2�m /m/Bi b2+i2m` H� Tû`BQ/2 T`û+û/2Mi2X

1M}M- mM2 +�`�+iû`BbiB[m2 /ǶmM ;`�M/ b2+Qm`b ¨ MQi`2 T`Q#HûK�iB[m2- H2 +QKTi2 Kû@
M�;2 2bi /ûb�;`û;û 2M [m�i`2 , H2b `m`�mt T�mp`2b U>_SV- H2b m`#�BMb T�mp`2b U>lSV-
H2b `m`�mt `B+?2b U>__V 2i H2b m`#�BMb `B+?2b U>l_VX *2+B MQmb T2`K2ii`� /2 bmBp`2
HǶûpQHmiBQM /2b bBKmH�iBQMb /2 THmbB2m`b BM/B+�i2m`b `2H�iB7b ¨ +?�[m2 +�iû;Q`B2 bQ+B�H2
+2 [mB T2`K2i /2 K2bm`2` H2b BMû;�HBiûb 2Mi`2 2HH2- 2M K�iBĕ`2 /2 `2p2Mm- +QMbQKK�@
iBQM- û/m+�iBQM- 2i+ RyX

jXk G2b �/�Ti�iBQMb �TTQ`iû2b �m PEP1−t

SQm` TQmpQB` BMi`Q/mB`2 H� T`Q#HûK�iB[m2 /2b .S1 /�Mb H2 PEP1−t- BH 7�HH�Bi KQ/B}2`
+2`i�BM2b /2 b2b û[m�iBQMb- 2M �DQmi2` /Ƕ�mi`2b 2i �DQmi2` /Ƕ�mi`2b p�`B�#H2b 2i T�`�@
Kĕi`2bX G2 +ƾm` /2 MQi`2 bmD2i 2bi /Ƕ�#Q`/ HǶBKT�+i /2b .S1 bm` H2b BMû;�HBiûb- pB�
H2 `2p2Mm /2b KûM�;2b 2i H2m` biQ+F /2 K�BM /Ƕƾmp`2 [m�HB}û- /2 H¨ BH 7�HH�Bi i`Qmp2`
mM2 7Q`K2 7QM+iBQMM2HH2 HB�Mi +2 /2`MB2` �p2+ H2b .S1 2M 2biBK2` H2b T�`�Kĕi`2bX G�
[m�HB}+�iBQM � mM2 BM+B/2M+2 bm` H2b b�H�B`2b- /QM+ bm` H2b BMû;�HBiûb- 2i bm` HǶû+?2HH2
/2 T`Q/m+iBQMX

SQm` H2 KQ/ĕH2 PEP1−t- H2b /2mt +�iû;Q`B2b i`�p�BH U[m�HB}û LSsk 2i MQM [m�HB}û
LSuskV bQMi 2tQ;ĕM2b 2i +`QBbb2Mi �m `vi?K2 /2 HǶ�m;K2Mi�iBQM /2 H� TQTmH�iBQM
MiX .2 H2m` T�`i- H2b .S1 bQMi 2M/Q;ĕM2b 2i +QMbB/û`ûb +QKK2 mM2 T�`i }t2 /2b
/ûT2Mb2b +Qm`�Mi2b /2 HǶ1i�i [mB bQMi 2tQ;ĕM2b 2i ûpQHm2Mi �m KāK2 `vi?K2 [m2
+2HmB /2 TQTmH�iBQMX *2ii2 bTû+B}+�iBQM M2 T2`K2i T�b /Ƕûp�Hm2` HǶBKT�+i /2b .S1
bm` H2 biQ+F /2 K�BM [mǶBH bQBi [m�HB}û Qm MQMX SQm` `2Kû/B2` ¨ +2 T`Q#HĕK2- MQmb
�pQMb /ǶmM2 T�`i- 2tQ;ûMûBbû H2b .S1- 2i /Ƕ�mi`2 T�`i 2M/Q;ûMûBbû HǶQz`2 /2 i`�p�BH

RyX SQm` THmb /2 /ûi�BHb bm` H2 S1SR@i- pQB` H2 bBi2 rrrXT2T@M2iX+QKX

RR



[m�HB}û 2i MQM [m�HB}û T�` H� +`û�iBQM /ǶmM2 MQmp2HH2 p�`B�#H2 `2T`ûb2Mi�Mi HǶQz`2 /2
i`�p�BH iQi�H hGaiX *2ii2 /2`MBĕ`2 2bi 2tQ;ĕM2 2i ûpQHm2 �m `vi?K2 /2 H� TQTmH�iBQMX

1tQ;ûMûBb�iBQM /2b /ûT2Mb2b /2 ;Qmp2`M2K2Mi

SQm` 2tQ;ûMûBb2` H2b .S1- BH bm{i /2 `ûû+`B`2 HǶû[m�iBQM γngvti = CGi,t∑
i

CGi,t
[mB

/2pB2Mi bQmb H� 7Q`K2 bmBp�Mi2 ,

CGedu,t = γngovedu ×
∑

i

CGi,t URV

Qɍ ,
γngvti 2bi H� T�`i /2 H� +QMbQKK�iBQM ;Qmp2`M2K2Mi�H2 2M T`Q/mBi B /�Mb H2 iQi�H
/2b /ûT2Mb2b Tm#HB[m2b +Qm`�Mi2b /�Mb H� Tû`BQ/2 iX
γngovedu 2bi H� T�`i /2b .S1∑

i CGi,t bQMi H2b /ûT2Mb2b +Qm`�Mi2b /2 HǶ1i�i TQm` H� Tû`BQ/2 iX

1M/Q;ûMûBb�iBQM /2 HǶQz`2 /2 i`�p�BH

SQm` 2M/Q;ûMûBb2` H2b Qz`2b /2 i`�p�BH [m�HB}û 2i MQM [m�HB}û- MQmb �pQMb +`ûû mM2
MQmp2HH2 p�`B�#H2 TLSt `2T`ûb2Mi�Mi HǶQz`2 /2 i`�p�BH iQi�H2 [mB 2bi /QM+ H� bQKK2
/2b /2mt T`2KB2`b +QKK2 bmBi ,

TLSt = LSusk,t + LSsk,t UkV

*2ii2 MQmp2HH2 p�`B�#H2 b2`� 2tQ;ĕM2 2i bmBp`� H2 `vi?K2 /2 HǶ�++`QBbb2K2Mi /2 H�
TQTmH�iBQMX GǶQz`2 /2 i`�p�BH [m�HB}û LSsk,t 2bi /û+QKTQbû2 2M i`QBb +QKTQb�Mi2b /2
H� K�MBĕ`2 bmBp�Mi2 ,

ě lM2 Qz`2 KBMBK�H2 `2T`ûb2Mi2 T�` H� p�H2m` /2 `û7û`2M+2 };m`�Mi bm` H� J*a
LSOsk U�VX

ě lM2 Qz`2 bmTTHûK2Mi�B`2 `ûbmHi�Mi /2 H� Ŀ +`QBbb�M+2 M�im`2HH2 ŀ /2 iQmi2b H2b
p�`B�#H2b bmBp�Mi H2 b+ûM�`BQ i2M/�M+B2H U"�lVX *2HH2@+B +`QBi b2HQM H2 `vi?K2
/2 H� /ûKQ;`�T?B2 nt 2i b2`� �HQ`b û;�H2 ¨ , ntLSOsk U#VX

ě lM2 Qz`2 `ûbmHi�Mi /2 HǶ�m;K2Mi�iBQM UQm /BKBMmiBQMV /2b .S1 T�` `�TTQ`i
�m b+ûM�`BQ i2M/�M+B2HX �mi`2K2Mi /Bi- bB H2b .S1 �m;K2Mi2Mi UQm /BKBMm2MiV
/2 RW- [m2HH2 H� p�`B�iBQM +QMbû[m2Mi2 /2 HǶQz`2 /2 K�BM /Ƕƾmp`2 [m�HB}û2 \
*Ƕ2bi H� T2Mi2 /2 H� /`QBi2 /2 `û;`2bbBQM /2 H� TQTmH�iBQM �+iBp2 [m�HB}û2 `2H�@
iBp2K2Mi �m .S1X G2b 2biBK�iBQMb û+QMQKûi`B[m2b [m2 MQmb �pQMb 2z2+imû2b
bm` /2b bû`B2b +?`QMQHQ;B[m2b +QKTBHû2b ¨ T�`iB` /m bBi2 /2 H� #�M[m2 KQM/B�H2
T2`K2ii2Mi /Ƕ�pQB` mM2 `2H�iBQM /2 HǶQ`/`2 /2 δedu = 0.17X S�` +QMbû[m2Mi-
+2ii2 i`QBbBĕK2 +QKTQb�Mi2 /2 HǶQz`2 /2 i`�p�BH [m�HB}û U2M 7QM+iBQM /2b .S1V
b2`� û;�H2 ¨ ,

LSOskδedu.
∆CGedu,t

CGedu,t
U+V

Rk



ě CGnedu, t `2T`ûb2Mi2 H2b .S1 TQm` H� Tû`BQ/2 iX

ě δnedu `2T`ûb2Mi2 H2 +Q2{+B2Mi /2 p�`B�iBQM HBMû�B`2 HB�Mi H� p�`B�iBQM `2H�iBp2
/2b .S1 ¨ +2HH2 /2 HǶQz`2 /2 K�BM /Ƕƾmp`2 [m�HB}ûX *2 +Q2{+B2Mi 2bi +�HB#`û bm`
H2b /QMMû2b /m #2M+?K�`F 2i bmTTQbû āi`2 +QMbi�Mi TQm` iQmi2b H2b Tû`BQ/2bX

Pz`2 /2 K�BM /Ƕƾmp`2 [m�HB}û2 2M 7QM+iBQM /2b .S1 2i +`QBbb�M+2 /ûKQ@
;`�T?B[m2

� T�`iB` /2 U�V- U#V 2i U+V- HǶQz`2 /2 K�BM /ǶQmp`2 ûpQHm2`� b2HQM H2 `vi?K2 bmBp�Mi ,

LSsk,t = LSOsk

[

1 + nt + δedu.

(
∆CGedu,t

CGedu,t

)]

UjV

Pz`2 /2 K�BM /Ƕƾmp`2 MQM [m�HB}û2 2M 7QM+iBQM /2b .S1 2i +`QBbb�M+2
/ûKQ;`�T?B[m2

GǶQz`2 /2 i`�p�BH MQM [m�HB}û b2`� /ûi2`KBMû2 `ûbB/m2HH2K2Mi +QKK2 ûi�Mi H� /B7@
7û`2M+2 2Mi`2 HǶQz`2 /2 i`�p�BH iQi�H2 2i HǶQz`2 /2 i`�p�BH [m�HB}û b2HQM HǶû[m�iBQM
bmBp�Mi2 ,

LSusk,t = TLSt − LSsk,t U9V

1M 2z2i- H2b BM/BpB/mb [mB /û+B/2Mi /2 bmBp`2 H2m`b ûim/2b pB2MM2Mi 2M /BKBMmiBQM /2
H� TQTmH�iBQM /2b MQM [m�HB}ûbX _û+BT`Q[m2K2Mi- +2mt [mB /û+B/2Mi M2 T�b �++QKTHB`
H2m`b ûim/2b +`Qŗi`QMi H2b `�M;b /2 H� TQTmH�iBQM MQM [m�HB}û2X �BMbB- HǶû[m�iBQM 3d
/m S1S@R@i RR b2`� `2KTH�+û2 T�` H2b i`QBb û[m�iBQMb bmBp�Mi2b ,

1[mBHB#`2 bm` H2 K�`+?û /m i`�p�BH MQM [m�HB}û

∑

j

LDsk,j,t = LSsk,t U8V

1[mBHB#`2 bm` H2 K�`+?û /2b /2mt ivT2b /2 i`�p�BH

LSsk,t = TLSt − LSusk,t UeV
RRX oQB` rrrXT2T@M2iX+QK

Rj



1pQHmiBQM /m i`�p�BH [m�HB}û

LSsk,t = LSOsk

[

1 + nt + δedu.

(
∆CGedu,t

CGedu,t

)]

UdV

G� };m`2 R `û+�TBimH2 HǶ2z2i /2b .S1 bm` HǶQz`2 /2 i`�p�BH /2 /Bzû`2Mi2b [m�HB}@
+�iBQMb 2i /2 HǶQz`2 iQi�H /2 i`�p�BHX GǶQz`2 iQi�H2 /2 i`�p�BH 2bi mM2 p�`B�#H2 2tQ@
;ĕM2X 1HH2 2bi /ûi2`KBMû2 T�` H� +`QBbb�M+2 /ûKQ;`�T?B[m2 /2 H� K�MBĕ`2 bmBp�Mi2 ,
TLSt = poptTLSt−1- popt ûi�Mi HǶBM/B+2 /2 H� TQTmH�iBQM- HmB �mbbB 2tQ;ĕM2 2i }tû
RXyyk Rk X GǶQz`2 /2 i`�p�BH [m�HB}û 2bi mM2 7QM+iBQM HBMû�B`2 /2b .S1 /ûi2`KBMû2 b2HQM
HǶû[m�iBQM bmBp�Mi2 , LSsk,t = TLSt − LSusk,tX

GǶQz`2 /2 i`�p�BH MQM [m�HB}û 2bi }M�H2K2Mi /ûi2`KBMû2 /2 K�MBĕ`2 `ûbB/m2HH2 b2HQM
HǶû[m�iBQM bmBp�Mi2 , LSusk,t = TLSt − LSsk,tX G2b i?ûQ`B+B2Mb /2 +�TBi�H ?mK�BM-
¨ HǶBMbi�` /2 UGm+�b- RN33V- `2iB2MM2Mi /2mt ivT2b /2 `2M/2K2Mib TQm` HǶû/m+�iBQM ,
mM `2M/2K2Mi T`Bpû `2~ûiû T�` HǶ�m;K2Mi�iBQM /2 H� T`Q/m+iBpBiû /m i`�p�BH 2i mM
`2M/2K2Mi bQ+B�H +�`�+iû`Bb�Mi H2 +?�M;2K2Mi [m�HBi�iB7 TQmp�Mi �z2+i2` H2b bi`m+@
im`2b T`Q/m+iBp2b /2 HǶû+QMQKB2X G2 `2M/2K2Mi T`Bpû 2bi 2tT`BKû T�` H2 /Bzû`2MiB2H
/m b�H�B`2 2Mi`2 i`�p�BH [m�HB}û 2i MQM [m�HB}ûX G2 `2M/2K2Mi bQ+B�H �z2+i2 HǶû+?2HH2
/2 T`Q/m+iBQM /�Mb H� 7QM+iBQM /2 T`Q/m+iBQM /2b #`�M+?2b T`Q/m+iBp2bX

6B;m`2 R , ai`m+im`2 /2b ~mt /2 i`�p�BH

.Bzû`2MiB2H b�H�`B�H 2Mi`2 i`�p�BH [m�HB}û 2i MQM [m�HB}û

G2 /Bzû`2MiB2H b�H�`B�H 2Mi`2 i`�p�BH [m�HB}û 2i MQM [m�HB}û BKTQbû �m KQ/ĕH2 2bi
/ûi2`KBMû ?Q`b KQ/ĕH2 TmBb[m2 MQmb �pQMb 2KT`mMiû b� p�H2m` ¨ ûim/2 /m >�mi@
+QKKBbb�`B�i �m TH�M U>*SV 2i [mB 2bi û;�H2 ¨ yX93kX

Wsk = (1 + δq,q1) .Wusk U3V
Qɍ ,

RkX a2HQM H2b +?Bz`2b /m G2 >�mi@*QKKBbb�`B�i �m TH�M /m J�`Q+- H� +`QBbb�M+2 /ûKQ;`�T?B[m2
ûi�Bi /2 kX3W T2M/�Mi H2b �MMû2b RN3y- 2i 2HH2 2bi /2 RXjW 2M kyRdX 1Mi`2 +2b /2mt p�H2m`b- MQmb
�pQMb +?QBbB kWX

R9



ě Wsk H2 i�mt /2 b�H�B`2 /m i`�p�BH [m�HB}ûX
ě Wusk H2 i�mt /2 b�H�B`2 /m i`�p�BH MQM [m�HB}ûX
ě δq,q1 H2 /Bzû`2MiB2H /2 b�H�B`2 2Mi`2 H2b /2mtX

1ti2`M�HBiû /2 HǶû/m+�iBQM

G2 `2M/2K2Mi bQ+B�H 2bi KQ/ûHBbû ¨ H� �/DQpB 2i a�p�`/ URNN3VX AH bǶ�;Bi /ǶmM2 7QM+@
iBQM HQ;BbiB[m2 ¨ /2mt T�`�Kĕi`2b `ûTQM/�Mi ¨ /2mt +QMi`�BMi2b , +Ƕ2bi mM2 7QM+iBQM ¨
`2M/2K2Mib K�`;BM�mt /û+`QBbb�Mib- 2i [mB � mM `2M/2K2Mi K�tBK�H [mǶ2HH2 M2 T2mi
/ûT�bb2`X

θ = Ke

1 + e−υCGedu
UNV

Pɍ

ě θ GǶ2ti2`M�HBiû K�tBK�H2 /2 HǶû/m+�iBQM
ě θ GǶ2ti2`M�HBiû K�tBK�H2 /2 HǶû/m+�iBQM
ě CGedu H2b .S1
ě Ke HǶ2ti2`M�HBiû K�tBK�H2 TQmp�Mi āi`2 �ii2BMi2

*2ii2 7QM+iBQM `ûTQM/ 2t�+i2K2Mi �mt /2mt +QMi`�BMi2b bmb+Biû2bX 1M 2z2i- HQ`b[m2
H2b .S1 CGedu i2M/2Mi p2`b HǶBM}MB- HǶ2ti2`M�HBiû θ i2M/ p2`b b� p�H2m` K�tBK�H2
KeX Zm�M/ H2b .S1 i2M/2Mi p2`b xû`Q- HǶ2ti2`M�HBiû b2`� H� KQBiBû /m HǶ2ti2`M�HBiû
K�tBK�H2 θ = Ke

2 X G2 T`Q#HĕK2 /2 +2ii2 bTû+B}+�iBQM 2bi [mǶ2HH2 M2 T2`K2i T�b /2
+�HB#`2` b2b /2mt T�`�Kĕi`2b- ¨ H� 7QBb- υ 2i Ke bm` H2b /QMMû2b /m #2M+?K�`FX P`-
2M HǶ�#b2M+2 /2b .S1 UCGedu4yV- HǶ2ti2`M�HBiû K�tBK�H2 /QBi āi`2 Ke4k TQm` [m2
HǶû[m�iBQM /û+`Bp�Mi H� T`Q/m+iBQM `2bi2 i2HH2 [m2 /�Mb H2 PEP1−t UKmHiBTHBû T�` RVX
G2 T�`�Kĕi`2 υ 2bi 2MbmBi2 +�HB#`û bm` H2b /QMMû2b /m #2M+?K�`F- +2 [mB T2`K2i /2
`ûû+`B`2 HǶû[m�iBQM j U6QM+iBQM /2 T`Q/m+iBQMV /m PEP1−t /2 H� K�MBĕ`2 bmBp�Mi2 ,

V Aj,t = θβV A
j

[
βV A

j LDC
−ρV A

j

j,t
+
(
1 − βV A

j

)
KDC

−ρV A
j

j,t

]− 1
ρV A

j URyV

*QKK2 MQmb HǶ�pQMb bB;M�Hû T`û+û/2KK2Mi- H2 PEP1−t MǶ2bi T�b mM KQ/ĕH2 /vM�@
KB[m2 ¨ T`QT`2K2Mi T�`H2`- +�` BH M2 T2`K2i T�b �mt �;2Mib /ǶQTiBKBb2` H2m`b +QK@
TQ`i2K2Mib 2Mi`2 H2b Tû`BQ/2bX G� `ûbQHmiBQM /m KQ/ĕH2 b2 7�Bi TQm` +?�[m2 Tû`BQ/2
bm` H� #�b2 /2b p�H2m`b- /2 [m2H[m2b p�`B�#H2b - ?û`Biû2b /2 H� Tû`BQ/2 T`û+û/2Mi2X
*Ƕ2bi TQm` +2ii2 `�BbQM [mǶBH 2bi /Bi `û+m`bB7X .�Mb +2 b2Mb- H2b KûM�;2b M2 T2mp2Mi
T�b +?�M;2` H2m`b /Qi�iBQMb 2M K�BM /Ƕƾmp`2 [m�HB}û2 2i MQM [m�HB}û2 T2M/�Mi iQmi2b
H2b Tû`BQ/2bX hQmi �m HQM; /2b /Bt Tû`BQ/2b- +?�[m2 KûM�;2 `2ÏQBi mM2 T�`i +QMbi�Mi2
/2 H� K�bb2 b�H�`B�H2 iQi�H2 /2 +?�[m2 Tû`BQ/2X lM KûM�;2 M2 T2mi- T�` 2t2KTH2-
�m;K2Mi2` H2 MQK#`2 /2 b2b BM/BpB/mb ¨ 7Q`K2` bmBi2 ¨ mM2 �m;K2Mi�iBQM `2H�iBp2 /m
b�H�B`2 /2b [m�HB}ûb T�` `�TTQ`i ¨ +2HmB /2b MQM [m�HB}ûbX AMp2`b2K2Mi- BH M2 T2mi T�b-
MQM THmb- /û+B/2` /2 `2iB`2` b2b BM/BpB/mb /m bvbiĕK2 b+QH�B`2 bmBi2 ¨ mM2 +?mi2 `2H�iBp2
/2b b�H�B`2b /2b [m�HB}ûb T�` `�TTQ`i �m MQM [m�HB}ûbX *2ii2 `2bi`B+iBQM- +QK#BMû2 ¨
+2HH2 /2 H� }tBiû /m /Bzû`2MiB2H b�H�`B�H 2Mi`2 H2b /2mt ivT2b /2 b�H�B`2- +QMbiBim2 mM2
HBKBi2 �m KQ/ĕH2X

SQm` MQi`2 KQ/ĕH2- 2z2+iBp2K2Mi- HǶû/m+�iBQM T`Bpû2 2bi mM #B2M +QKK2 H2b �mi`2b
/QMi H2b [m�MiBiûb +QMbQKKû2b T�` H2b KûM�;2b bQMi /ûi2`KBMû2b T�` H2 +QKTQ`i2@

R8



K2Mi /ǶQTiBKBb�iBQM /2b KûM�;2b bQmb +QMi`�BMi2 /2 H2m` `2p2MmX Lû�MKQBMb- H2b/Bi2b
[m�MiBiûb b2`QMi �z2+iû2b T�` iQmi2 �+iBQM /2b TQmpQB`b Tm#HB+b bm` .S1X �BMbB- iQmi2
�m;K2Mi�iBQM /2b +2b /2`MB2`b `2M+?û`B`� H2 T`Bt /2 HǶû/m+�iBQM TQmbb�Mi H2b KûM�;2b
¨ /BKBMm2` H2m` +QMbQKK�iBQM T`Bpû2 /2 HǶû/m+�iBQMX AMp2`b2K2Mi- iQmi2 #�Bbb2 /2b
.S1 2Mi`�BM2 mM2 #�Bbb2 /m T`Bt /2 HǶû/m+�iBQM BM+Bi�Mi H2b KûM�;2b ¨ 2M �m;K2Mi2`
H� +QMbQKK�iBQMX *2ii2 KQ/ûHBb�iBQM +QśM+B/2 �p2+ H2 b2Mb +QKKmM /m KQK2Mi Qɍ
H� /û;`�/�iBQM /2 H� [m�HBiû /m b2`pB+2 Tm#HB+- [m2 +QMbiBim2 HǶû/m+�iBQM- ¨ +�mb2 /m
/ûb2M;�;2K2Mi /2 HǶ1i�i- TQmbb2 H2b KûM�;2b ¨ b2 /B`B;2` p2`b H2 T`BpûX

G2 +QKTQ`i2K2Mi /2b KûM�;2b pBb@¨@pBb /2 H� +QMbQKK�iBQM /2 HǶû/m+�iBQM M2 b2`�
[m2 T�`iB2HH2K2Mi �z2+iû T�` H2 7QM+iBQMM2K2Mi /m K�`+?û /m i`�p�BHX lM2 �m;K2M@
i�iBQM /2b b�H�B`2b /2b [m�HB}ûb- T�` 2t2KTH2- �m;K2Mi2`� THmb H2 `2p2Mm /2b KûM�;2b
KB2mt /Qiûb 2M +2ii2 `2bbQm`+2 /ǶQɍ mM2 THmb ;`�M/2 +QMbQKK�iBQM /2 HǶû/m+�iBQM
/�Mb H� Tû`BQ/2 bmBp�Mi2X G2b KûM�;2b `2bi2Mi T�bbB7b 2M M2 TQmp�Mi /û+B/2` /2 H�
[m�MiBiû ¨ /ûi2MB` /2 +?�+mM /2b /2mt ivT2b /2 i`�p�BH T�` HǶQTiBKBb�iBQM /ǶmM `2p2Mm
�+im�HBbû bm` H� /m`û2 /ǶmM2 pB2 �+iBp2 T�` 2t2KTH2 RjX *2ii2 HBKBi2 /2 MQi`2 KQ/ĕH2
/QBi āi`2 T`Bb2 2M +QKTi2 HQ`b /2 HǶBMi2`T`ûi�iBQM 2i HǶ�M�Hvb2 /2b `ûbmHi�ib /2b /Bzû@
`2Mi2b bBKmH�iBQMbX .2 KāK2- BHb /QBp2Mi āi`2 T`Bb 2M +QKTi2 iQmb H2b �bT2+ib 7�Bb�Mi
ûHQB;M2` H2 KQ/ĕH2 /2 H� `û�HBiûX

*�M�mt /2 i`�MbKBbbBQM

G2b .S1 �;Bbb2Mi bm` HǶ2Mb2K#H2 /2 HǶû+QMQKB2 ¨ i`�p2`b THmbB2m`b +�M�mt /2 i`�Mb@
KBbbBQMX *2b /2`MBĕ`2b bQMi #B2M /û+`Bi2b T�` >@aX CmM; 2i 1X h?Q`#2+F2 UkyyRVX G2b
.S1 2i H� +`QBbb�M+2 /ûKQ;`�T?B[m2 /ûi2`KBM2Mi HǶQz`2 /2 i`�p�BH /2 /Bzû`2Mi2b [m�@
HB}+�iBQMb 2i H2m` T`Q/m+iBpBiûX *2b /2`MBĕ`2b- +QM7`QMiû2b �mt /2K�M/2b û[mBp�H2Mi2b
bm` H2 K�`+?û /2 i`�p�BH- /ûi2`KBM2Mi H2 MBp2�m /2b /Bzû`2Mib b�H�B`2bX G2 SA" 2bi H2
`ûbmHi�i /2 H� +QK#BM�BbQM /m i`�p�BH 2i /m +�TBi�HX AH 7�mi MQi2` ¨ +2 MBp2�m [mǶmM2
�m;K2Mi�iBQM /2 H� T`Q/m+iBpBiû /m i`�p�BH +QM/mBi ¨ mM2 bm#biBimiBQM /m +�TBi�H T�`
H2 i`�p�BH 2i- T�` +QMbû[m2Mi- H2m`b `ûKmMû`�iBQMb `2bT2+iBp2bX .2 KāK2- mM2 �m;@
K2Mi�iBQM /2 HǶQz`2 /2 K�BM /Ƕƾmp`2 [m�HB}û2 U/QM+ mM2 #�Bbb2 /2 K�BM /Ƕƾmp`2
MQM [m�HB}û2V- bmBi2 ¨ mM2 ?�mbb2 /2b .S1- /QMM2 /2mt 2z2ib +QMi`�/B+iQB`2b , .ǶmM2
T�`i- MQmb �bbBbiQMb ¨ mM `2M+?û`Bbb2K2Mi /m i`�p�BH [m�HB}û bmBi2 ¨ HǶ�m;K2Mi�iBQM
/2 T`Q/m+iBpBiûX .Ƕ�mi`2 T�`i- H2 i`�p�BH MQM [m�HB}û b2 `2M+?û`B`�- /2 bQM +Ƭiû- bmBi2
¨ b� `�`û7�+iBQMX AH bǶ�;Bi MQi�KK2Mi B+B /ǶBbQH2` H2b /2mt 2z2ibX 1M}M- H2 MBp2�m /2
`2p2Mm /2b /Bzû`2Mib KûM�;2b /ûi2`KBM2Mi H2 MBp2�m /2b BMû;�HBiûbX

�M�Hvb2 /2 b2MbB#BHBiû

.2 T`BK2 �#Q`/- MQiQMb [mǶBH 2bi T`�iB[m2K2Mi BKTQbbB#H2 TQm` H2 KQ/ûHBb�i2m` /2
i2bi2` H� p�HB/Biû /2 H� iQi�HBiû /2b T�`�Kĕi`2b [mB bQMi i`ĕb MQK#`2mt /�Mb mM J1:* X
Lû�MKQBMb- BH T2mi b2 +QM+2Mi`2` bm` +2`i�BMb T�`�Kĕi`2b +Hûb /2 bQM KQ/ĕH2- ¨ HǶBMbi�`
/2b T�`�Kĕi`2b /2 H� 7QM+iBQM /Ƕ�`KBM;iQM TQ`i�Mi bm` H2 +QKK2`+2 2tiû`B2m`- /2
+2mt /2b 7QM+iBQMb /2 T`Q/m+iBQM- H2b 7Q`K2b 7QM+iBQMM2HH2b /2 +2b /2`MBĕ`2b Qm �mbbB 2i
bm`iQmi H2b T�`�Kĕi`2b [mB iQm+?2Mi /B`2+i2K2Mi ¨ bQM Q#D2i /Ƕ�M�Hvb2X :ûMû`�H2K2Mi-

RjX �p2+ +2 ivT2 /2 KQ/ûHBb�iBQM- /2b �bT2+ib BKTQ`i�Mib /2 HǶû/m+�iBQM- ¨ HǶBMbi�` /2 bQM }M�M+2@
K2Mi 2M `2H�iBQM �p2+ H� M�im`2 /m K�`+?û /m +`û/Bi b2`QMi ?Q`b /2 H� TQ`iû2 /2 MQi`2 �M�Hvb2X *2b
�bT2+ib QMi 7�Bi HǶQ#D2i /2 #2�m+QmT /2 i`�p�mt /2 `2+?2`+?2b

Re



H2b �mi2m`b `2iB2MM2Mi /2mt +`Biĕ`2b TQm` Dm;2` /2 H� p�HB/Biû /ǶmM T�`�Kĕi`2 2i HmB
/QMM2` KāK2 Ŀ mM BMi2`p�HH2 /2 +QM}�M+2 ŀ U>QbQ2- kyRyV ,

ě *`Biĕ`2 R , H2 +?�M;2K2Mi /2 H� p�H2m` /ǶmM T�`�Kĕi`2 M2 KĕM2 T�b ¨ mM
+?�M;2K2Mi /m bB;M2 /2 p�`B�iBQM /2b p�`B�#H2b [mB 2M /ûT2M/2Mi /B`2+i2K2Mi
UBKT�+i TQbBiB7 `2bi2 TQbBiB7 [m2HH2 [m2 bQBi H� p�H2m` /m T�`�Kĕi`2 Qm pB+2
p2`b�VX

ě *`Biĕ`2 k , H2 +?�M;2K2Mi /2 H� p�H2m` /ǶmM T�`�Kĕi`2 M2 +QM/mBi T�b ¨ mM
+?�K#QmH2K2Mi /2 HǶQ`/`2 /2b �KTHBim/2b /2 p�`B�iBQMb /2b p�`B�#H2b [mB 2M
/ûT2M/2Mi /B`2+i2K2Mi UbB H� bBKmH�iBQM /ǶmM2 �#QHBiBQM /2b /`QBib /2 /Qm�M2b
KQMi`2 mM BKT�+i 7Q`i /�Mb HǶ�;`B+mHim`2- bmBpB2 /2 HǶBM/mbi`B2 2i 2M}M H2b
b2`pB+2b- T�` 2t2KTH2- +2i Q`/`2 /QBi `2bi2` H2 KāK2 [m2HH2 [m2 bQBi H� p�H2m`
/m T�`�Kĕi`2VX

SQm` H� `2+?2`+?2 /2 #`Bĕp2iû- MQmb KQMi`QMb B+B H2b `ûbmHi�ib /2 HǶ�TTHB+�iBQM /2b
/2mt +`Biĕ`2b +B@/2bbmb bm` H� 7QM+iBQM /m +QKK2`+2 BMi2`M�iBQM�HX GǶû[m�iBQM ek R9

bmBp�Mi2 , XSj,i,t = BX
j,i

[
βX

j,iEX
ρX

j,i

j,i,t +
(
1 − βX

j,i

)
DS

ρX
j,x

j,i,t

] 1
ρX

j,i KQMi`2 [m2 H� T`Q/m+@
iBQM /m #B2M B T�` HǶ2Mi`2T`Bb2 D 2bi `ûT�`iB2 2Mi`2 H2b 2tTQ`i�iBQMb EXj,i,t 2i HǶQz`2
bm` H2 K�`+?û /QK2biB[m2 DSj,i,t /2 K�MBĕ`2 ¨ K�tBKBb2` H2 T`Q}i /2 +2HH2@+B ûi�Mi
/QMMû H2b T`Bt `2H�iB7b /2b /2mtX �p2+ BX

j,i T�`�Kĕi`2 /Ƕû+?2HH2 2i βX
j,i‘ T�`�Kĕi`2

/2 T�`i�;2X G� `ûbQHmiBQM /2 +2 T`Q;`�KK2 2bi /QMMû2 T�` HǶû[m�iBQM ej bmBp�Mi2

EXj,i,t =
[

1−βX
j,i

βX
j,i

P Ei,t

P Li,t

]σX
j,i

DSj,i,t Qɍ σX
j,i = 1

ρX
j,i−1 X hQmi2b +?Qb2b ûi�Mi û;�H2b T�`

�BHH2m`b- [m�M/ H2 T`Bt BMi2`M�iBQM�H /m T`Q/mBi B PEi,t �m;K2Mi2 `2H�iBp2K2Mi ¨ bQM
T`Bt HQ+�H PLi,t- H2b 2tTQ`i�iBQMb /m/Bi T`Q/mBi �m;K2Mi2Mi `2H�iBp2K2Mi ¨ bQM Qz`2
bm` H2 K�`+?û HQ+�H 2i pB+2 p2`b�X GǶ�KTHBim/2 /2 +2ii2 p�`B�iBQM /ûT2M/ /2 HǶûH�biB+Biû
2Mi`2 H2b 2tTQ`i�iBQMb /ǶmM T`Q/mBi 2i bQM û+QmH2K2Mi bm` H2 HQ+�HX �mi`2K2Mi /Bi-
+Ƕ2bi H� p�`B�iBQM `2H�iBp2 /2b /2mt bmBi2 ¨ mM2 p�`B�iBQM BM}MBiûbBK�H2 /2 H2m` T`Bt
`2H�iB7 bǶû+`Bp�Mi �mbbB /2 K�MBĕ`2 bmBp�Mi2 , σX

j,i = ∂(EXj,i,t/DSj,i,t)/(EXj,i,t/DSj,i,t)
∂(P Ei,t/P Li,t)/(P Ei,t/P Li,t) �p2+

0 < σX
j,i < ∞X Zm�M/ σX

j,i - BH MǶv � �m+mM2 p�`B�iBQM /2b T�`ib `2H�iBp2b /2b /2mt
+QKTQb�Mi2b [m2Hb [m2 bQBi H2m`b T`Bt `2H�iB7bX

S�` +QMi`2- [m�M/ σX
j,i → ∞- mM2 T2iBi2 p�`B�iBQM /2b T`Bt `2H�iB7b +QM/mBi ¨ mM2

p�`B�iBQM BM}MB2 /2 HǶQz`2 2tTQ`i�#H2 `2H�iBp2K2Mi ¨ H� p2Mi2 HQ+�H2X 1Mi`2 +2b /2mt
2ti`ûKBiûb- MQmb �pQMb +?QBbB /2b ûH�biB+Biûb /2 yX3- RXk 2i RX8 TQm` `2bT2+iBp2K2Mi H2b
T`Q/mBib �;`B+QH2b- H2b T`Q/mBib BM/mbi`B2Hb 2i H2b b2`pB+2bX 1MbmBi2- MQmb �pQMb 2MbmBi2
iQm`Mû mM2 KāK2 bBKmH�iBQM /ǶmM2 #�Bbb2 /2 kyW /m i�mt /2 +?�M;2 i`QBb 7QBb 2M
�/QTi�Mi H2b p�H2m`b +B@/2bbmb /m T�`�Kĕi`2 σX

j,i 2i HǶ�m;K2Mi�Mi 2i H2 #�Bbb�Mi /2
kyWX G2b `ûbmHi�ib /2 H� T`2KBĕ`2 �MMû2 /2b i`QBb bBKmH�iBQMb bQMi T`ûb2Miûb /�Mb H2
i�#H2�m bmBp�Mi ,

G2 i�#H2�m R KQMi`2 [m2 /�Mb +?�+mM /2b i`QBb +�b- mM2 /ûT`û+B�iBQM /m i�mt /2
+?�M;2 � TQm` 2z2i /Ƕ�m;K2Mi2` H2b 2tTQ`i�iBQMb /2b i`QBb T`Q/mBib- +2 [mB `2KTHBi H2
+`Biĕ`2 RX SHmb 2M+Q`2- HǶ�KTH2m` /2 H� p�`B�iBQM 2bi THmb BKTQ`i�Mi2 TQm` H2b b2`pB+2b-
bmBpBb /2b T`Q/mBib BM/mbi`B2Hb 2i 2M}M H2b T`Q/mBib �;`B+QH2bX *2+B 2bi p`�B TQm` H2b
i`QBb p�H2m`b +?QBbBb /m T�`�Kĕi`2 σX

j,i +2 [mB `2KTHBi H2 +`Biĕ`2 kX G� KāK2 i2+?MB[m2
/2 i2bi /2 `Q#mbi2bb2 � ûiû �/QTiû2 TQm` H� THmT�`i /2b T�`�Kĕi`2b +Hûb /m KQ/ĕH2-
2i H2b `ûbmHi�ib QMi ûiû b�iBb7�Bb�Mib �m `2;�`/ /2b /2mt +`Biĕ`2bX

R9X /m P EP1−t- rrrXT2T@M2iX+QKX

Rd



h�#H2 R , o�`B�iBQM 2M W /2b 2tTQ`i�iBQMb bmBi2 ¨ mM2 #�Bbb2 /2 kyW /m i�mt /2
+?�M;2 TQm` HǶ�MMû2 /2 #�b2 kyRe

�;`B+mHim`2 AM/mbi`B2 a2`pB+2b
σX

agr = 0.8
sigmaX

ind = 1.2
sigmaX

ser = 1.5

y-ke8N y-jdd3 y-888

σX
i YkyW y-kdeN y-jNR9 y-8d3

σX
i @kyW y-k9Rk y-jjye y-8y

aQm`+2 , *�H+mH /2 HǶ�mi2m`X

*QKTQ`i2K2Mi /m T`Q/m+i2m`

H2 +QKTQ`i2K2Mi /m T`Q/m+i2m` pBb@¨@pBb /2 H� +QK#BM�BbQM /2b /Bzû`2Mib ivT2b /2
i`�p�BH 2bi KQMiû T�` H� };m`2 kX GQ`b /ǶmM2 �m;K2Mi�iBQM /2b .S1- HǶQz`2 /2 i`�p�BH
[m�HB}û �m;K2Mi2 2i +2HH2 /m i`�p�BH MQM [m�HB}û #�Bbb2- +2 [mB � TQm` +QMbû[m2M+2
/Ƕ�m;K2Mi2` H2 b�H�B`2 /2b MQM [m�HB}ûb 2i H� #�Bbb2 /2 +2HmB /2b [m�HB}ûbX aB H� TQM@
/û`�iBQM /m i`�p�BH [m�HB}û 2bi BKTQ`i�Mi2 /�Mb H2 i`�p�BH +QKTQbBi2- H2 +Qȿi /2 +2
/2`MB2` WCj,t #�Bbb2`� TQm` b� T�`i- +2 [mB BM+Bi2 H2 T`Q/m+i2m` ¨ +?2`+?2` ¨ bm#biB@
im2` H2 i`�p�BH �m +�TBi�HX G2 /ûTH�+2K2Mi p2`b H2 TQBMi /Ƕû[mBHB#`2 " K2i 2M 2t2`;m2
+2 T?ûMQKĕM2X P`- H� #�Bbb2 /m b�H�B`2 /2b [m�HB}ûb `2H�iBp2K2Mi ¨ +2HmB /2b MQM
[m�HB}ûb Q#HB;2 H2 T`Q/m+i2m` ¨ /2b+2M/`2 H2 HQM; /2 H� 7`QMiBĕ`2 /2b TQbbB#BHBiûb k
TQm` b2 bBim2` �m TQBMi * �}M /2 KBMBKBb2` H2 +Qȿi /2 b� +QK#BM�BbQMX *2 TQBMi b2
i`Qmp2 bm` H� i�M;2M+2 2Mi`2 H� +Qm`#2 /2 H� 7`QMiBĕ`2 /2b TQbbB#BHBiûb k 2i H� /`QBi2
.j �v�Mi TQm` T2Mi2 TMSsk/usk = WTIsk/WTIuskX .�Mb H2b b2+i2m`b �v�Mi mM2
TQM/û`�iBQM 7�B#H2 /2 H� K�BM /Ƕƾmp`2 [m�HB}û- HǶ�;`B+mHim`2 T�` 2t2KTH2- H2 T?ûMQ@
KĕM2 /û+`Bi +B@?�mi 2bi �iiûMmûX AH 2bi �mbbB �iiûMmû T�` H� +QMi`�BMi2 /m /Bzû`2MiB2H
b�H�`B�H [m2 MQmb �pQMb BKTQbûX

6B;m`2 k , *QKTQ`i2K2Mi /m T`Q/m+i2m` pBb@¨@pBb /2 H� +QK#BM�BbQM /2 i`�p�BH
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9 _ûbmHi�ib 2i BMi2`T`ûi�iBQMb

a2HQM H2 +�HB#`�;2 MQi`2 KQ/ĕH2 2i i2H [mǶ2tTHB[mû H� bQmb@b2+iBQM bm` H2b +�M�mt /2
i`�MbKBbbBQM- H2b .S1 �;Bbb2Mi bm` H2 biQ+F /2 K�BM /Ƕƾmp`2 [m�HB}û2 2i MQM [m�HB}û
/ûi2Mm T�` H2b /Bzû`2Mib KûM�;2b [mB +QMbiBim2 HǶQz`2 /2 +?�+mM2X *2ii2 /2`MBĕ`2-
+QM7`QMiû2 ¨ H� /2K�M/2 2tT`BKû2 T�` H2b 2Mi`2T`Bb2b- /ûi2`KBM2 H2 i�mt b�H�`B�H /2
+?�[m2 +�iû;Q`B2 /2 i`�p�BH [mB /ûi2`KBM2 H2 `2p2Mm b�H�`B�H /2 +?�[m2 KûM�;2X *2
/2`MB2` 2bi /ûi2`KBMû- 2M THmb /2b i�mt b�H�`B�mt /2b /2mt ivT2b /2 i`�p�BH- T�` H2b
TQM/û`�iBQMb /ûi2Mm2b T�` +?�[m2 KûM�;2X GQ`b[mǶBH bǶ�DQmi2 �mt `2p2Mmb /2 +�TBi�H
2i �mt /Bzû`2Mib i`�Mb72`ib- BH /ûi2`KBM2 H2 `2p2Mm ;HQ#�H /2b KûM�;2b [mB BM~m2M+2 H2
MBp2�m /2b BMû;�HBiûb 2Mi`2 2mtX .ǶmM �mi`2 +Ƭiû- TQm` ûp�Hm2` HǶBKT�+i /2b .S1 bm` H�
`û/m+iBQM Qm HǶ�KTHB}+�iBQM /2b BMû;�HBiûb �m `2;�`/ /Ƕ�mi`2b /ûT2Mb2b TQbbB#H2b- MQmb
�pQMb iQm`Mû /2b bBKmH�iBQMb Qɍ /2b +?Q+b /Ƕ�m;K2Mi�iBQM- /2 #�Bbb2 UQm bi�;M�iBQMV
/2 8W �MMm2HH2 /2b .S1 2i /2b BMp2biBbb2K2Mib Tm#HB+b bQMi +QK#BMûb bm` Ry �MbX
AH 2M `ûbmHi2 8 bBKmH�iBQMb UaBKR- aBKkĘV 2M THmb /m b+ûM�`BQ i2M/�M+B2H U"�l R8 V
i2HH2b [m2 `ûbmKû /�Mb H2 i�#H2�m kX

h�#H2 k , SH�M /2 bBKmH�iBQMb

*?Q+
"�l hQmi2b H2b p�`B�#H2b 2tQ;ĕM2b- 2M HǶQ++m``2M+2 +2HH2b �bbm`�Mi H� +HƬim`2

/m KQ/ĕH2- ûpQHm2Mi �m `vi?K2 /2 H� +`QBbb�M+2 /ûKQ;`�T?B[m2 UkWV
aBKR �m;K2Mi�iBQM /2b .S1 bm` Ry �Mb- H2b BMp2biBbb2K2Mib Tm#HB+b K�BM@

i2Mmb ¨ H2m` `vi?K2 i2M/�M+B2HX
aBKk �m;K2Mi�iBQM +QM+QKBi�Mi2 /2b .S1 2i /2b BMp2biBbb2K2Mib Tm#HB+b

/2 8W bm` Ry �MbX
aBKj �m;K2Mi�iBQM /2b BMp2biBbb2K2Mib Tm#HB+b /2 8W bm` Ry �Mb- H2b .S1

bQMi K�BMi2Mm2b ¨ H2m` `vi?K2 i2M/�M+B2HX
aBK9 �m;K2Mi�iBQM /2b BMp2biBbb2K2Mib Tm#HB+b /2 8W bm` Ry �Mb +QMDm;mû2

¨ mM2 #�Bbb2 û[mBp�H2Mi2 /2b .S1 bm` H� KāK2 Tû`BQ/2X
aBK8 �m;K2Mi�iBQM /2b .S1 /2 8W bm` Ry �Mb +QMDm;mû2 ¨ mM2 #�Bbb2 /2

8W /2b BMp2biBbb2K2Mib Tm#HB+b bm` H� KāK2 Tû`BQ/2X

.�Mb H� bmBi2 /2 +2ii2 �M�Hvb2- MQmb i`�Bi2`QMb bm++2bbBp2K2Mi HǶBKT�+i /2 b2b bBKm@
H�iBQMb bm` H2b BMû;�HBiûb /2 `2p2Mm- /m `2p2Mm b�H�`B�H- /2 H� +QMbQKK�iBQM 2i /m
#B2M@āi`2 /2b [m�i`2 KûM�;2b [m2 MQmb �pQMb `2i2MmbX

9XR AMû;�HBiûb /2 `2p2Mm

G2b .S1 T2`K2ii2Mi �mt KûM�;2b /Ƕ�m;K2Mi2` H2m` biQ+F /2 K�BM /Ƕƾmp`2 [m�HB@
}û2 �m /ûi`BK2Mi /m biQ+F /2 H� K�BM /Ƕƾmp`2 MQM [m�HB}û2X 1i�Mi /QMMû [m2 H�
T`2KBĕ`2 2bi KB2mt `ûKmMû`û2 [m2 H� b2+QM/2- +2+B H2m` T2`K2i /Ƕ�m;K2Mi2` H2m` `2@
p2Mm /BbTQMB#H2 `û2HX SQm` �M�Hvb2` HǶBKT�+i /2b .S1 bm` H2b BMû;�HBiûb /2 `2p2Mm-

R8X SQm` "mbBM2bb �b lbm�H- +Ƕ2bi@¨@/B`2 H� bBKmH�iBQM Qɍ �m+mM +?Q+ MǶ2bi BMi`Q/mBi 2i iQmi2b H2b
p�`B�#H2b 2tQ;ĕM2b bmBp2Mi H2 `vi?K2 /2 H� +`QBbb�M+2 /ûKQ;`�T?B[m2 /2 kWX

RN



MQmb T`Q+û/QMb 2M /2mt ûi�T2bX .�Mb mM2 T`2KBĕ`2 ûi�T2- MQmb �M�Hvb2`QMb H2b ;`�@
T?B[m2b /û+`Bp�Mi HǶûpQHmiBQM bBKmHû2 /m `2p2Mm b�H�`B�H 2i /m `2p2Mm ;HQ#�H 2i /�Mb
mM2 /2mtBĕK2 ûi�T2 MQmb `2+Qm`QMb �mt `�TTQ`ib /2 `2p2Mm /2b KûM�;2b TQm` TQmpQB`
KB2mt K2bm`2` HǶûpQHmiBQM /2b BMû;�HBiûb 2Mi`2 H2b [m�i`2 KûM�;2bX

1pQHmiBQM /2b `2p2Mmb

GǶûpQHmiBQM /m `2p2Mm b�H�`B�H- b2HQM H2b bBKmH�iBQMb- � ;`QbbQ KQ/Q H� KāK2 �HHm`2
TQm` H2b [m�i`2 KûM�;2b [m2 +2HH2 /m `2p2Mm ;HQ#�HX SQm` H2b /2mt ivT2b /2 `2p2Mm-
H� +BM[mBĕK2 bBKmH�iBQM- +Ƕ2bi@¨@/B`2 +2HH2 [mB bmTTQb2 HǶ�m;K2Mi�iBQM /2b .S1 �m
/ûi`BK2Mi /2 HǶBMp2biBbb2K2Mi 2M +�TBi�H T?vbB[m2- 2bi H� K2BHH2m`2 TQm` H2b /2mt ivT2b
/2 `2p2Mm TQm` H2b [m�i`2 KûM�;2bX � HǶQTTQbû- H� [m�i`BĕK2 bBKmH�iBQM- bmTTQb�Mi
HǶ�m;K2Mi�iBQM /2 HǶBMp2biBbb2K2Mi T?vbB[m2 �mt /ûT2Mb /2b .S1- �{+?2 HǶûpQHmiBQM
H� THmb /û7�pQ`�#H2 T�`KB H2b +BM[ bBKmH�iBQMb [m�Mi ¨ HǶûpQHmiBQM /2b /2mt ivT2b
/2 `2p2Mm TQm` iQmb H2b [m�i`2 KûM�;2bX 1M}M- H� T`2KBĕ`2 bBKmH�iBQM U�m;K2Mi�@
iBQM /2b .S1- BMp2biBbb2K2Mi T?vbB[m2 bmBp�Mi H2 "�lV- H� /2mtBĕK2 U�m;K2Mi�iBQM
+QM+QKBi�Mi2 /2b /2mtV 2i H� i`QBbBĕK2 U�m;K2Mi�iBQM /2 HǶBMp2biBbb2K2Mi T?vbB[m2-
H2b .S1 bmBp�Mi H2 "�lV KQMi`2Mi mM2 ûpQHmiBQM KQBMb BKTQ`i�Mi2 /2b /2mt ivT2b
/2 `2p2Mm TQm` H2b [m�i`2 KûM�;2bX

G2b ;`�T?B[m2b j 2i 9 KQMi`2Mi `2bT2+iBp2K2Mi HǶûpQHmiBQM /m `2p2Mm ;HQ#�H /BbTQMB#H2
2i /m `2p2Mm b�H�`B�H /2b [m�i`2 KûM�;2b TQm` H2b +BM[ bBKmH�iBQMb 2i H2 "�lX

6B;m`2 j , aBKmH�iBQMb /m `2p2Mm /BbTQMB#H2b /2b KûM�;2b
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G2 ;`�T?B[m2 j KQMi`2 [m2 H2 `2p2Mm `û2H ;HQ#�H /2b KûM�;2b T�mp`2b- [mǶBHb bQB2Mi
m`#�BMb Qm `m`�mt- M2 +QMM�Bi T�b /2 p�`B�iBQMb MQi�#H2b ¨ i`�p2`b H2b +BM[ bBKmH�@
iBQMb 2i H2 "�l 2i +2- T2M/�Mi iQmi HǶ?Q`BxQM i2KTQ`2H /2 H� bBKmH�iBQMX � HǶQTTQbû-
H2 `2p2Mm /2b KûM�;2b `B+?2b m`#�BMb p�`B2 b2MbB#H2K2Mi /ǶmM2 bBKmH�iBQM ¨ HǶ�mi`2X
G2 "�l 2i H� i`QBbBĕK2 bBKmH�iBQM KQMi`2Mi mM Hû;2` ~û+?Bbb2K2Mi p2`b H2 #�b /m@
/Bi `2p2Mm p2`b H� /2mtBĕK2 2i H� /2`MBĕ`2 Tû`BQ/2X G2b bBKmH�iBQMb R- k 2i 8 T�`
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+QMi`2- KQMi`2Mi b� i2M/�M+2 ?�mbbBĕ`2 iQmi �m HQM; /2 HǶ?Q`BxQM /2 H� bBKmH�iBQMX
1M}M- H� [m�i`BĕK2 bBKmH�iBQM- ¨ HǶQTTQbû- �{+?2 mM2 #�Bbb2 i2M/�M+B2HH2 /m KāK2
`2p2Mm iQmi �m HQM; /2 HǶ?Q`BxQM /2 H� bBKmH�iBQMX G2 `2p2Mm `û2H ;HQ#�H /2b Kû@
M�;2b `m`�mt `B+?2b- [m�Mi ¨ HmB- +QMM�Bi /2b p�`B�iBQMb b2HQM H2b bBKmH�iBQMb- K�Bb
/�Mb mM2 KQBM/`2 K2bm`2 [m2 +2HmB /2b `B+?2b m`#�BMb ¨ T�`i H2 "�l HQ`b /m[m2H BH
`2bi2 T`�iB[m2K2Mi +QMbi�MiX G� i`QBbBĕK2 bBKmH�iBQM KQMi`2- [m�Mi ¨ 2HH2- mM Hû;2`
~û+?Bbb2K2Mi ¨ H� #�Bbb2 /m/Bi `2p2Mm p2`b HǶ�p�Mi /2`MBĕ`2 Tû`BQ/2X G� [m�i`BĕK2
bBKmH�iBQM KQMi`2 bQM ~û+?Bbb2K2Mi 2M 2b+�HB2` ¨ H� #�Bbb2 iQmi �m HQM; /2 HǶ?Q`BxQM
i2KTQ`2H /2 H� bBKmH�iBQMX 1M}M- H� /2mtBĕK2- H� i`QBbBĕK2 2i H� +BM[mBĕK2 bBKmH�@
iBQMb KQMi`2Mi mM2 ûpQHmiBQM ?�mbbBĕ`2 2M 2b+�HB2` /m KāK2 `2p2Mm iQmi HQM; /2b /Bt
Tû`BQ/2bX G2 /2mtBĕK2 ;`�T?B[m2 KQMi`2- ;`QbbQ KQ/Q- H2b KāK2b p�`B�iBQMb TQm` H2
`2p2Mm b�H�`B�H /2b [m�i`2 KûM�;2bX
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1pQHmiBQM H2b `�TTQ`ib /2 `2p2Mm

G� K�MBĕ`2 +B@/2bbmb /2 T`ûb2Mi2` H2b `ûbmHi�ib- iQmi 2M T2`K2ii�Mi /2 pBbm�HBb2`
H2b +QMp2`;2M+2b 2i /Bp2`;2M+2b /2 `2p2Mm /2b /Bzû`2Mib KûM�;2b- M2 T2`K2i T�b
/2 [m�MiB}2` HǶûpQHmiBQM /2b BMû;�HBiûb 2Mi`2 H2b/Bib `2p2MmX lM2 [m�MiB}+�iBQM �bb2x
T`û+Bb2 b2`�Bi 7Qm`MB2 T�` /2b BM/B+2b i2Hb [m2 +2HmB /2b :BMB- T�` 2t2KTH2- [m2 H2
MQK#`2 `û/mBi /2 KûM�;2b `2i2Mmb /�Mb HǶ�M�Hvb2 M2 T2`K2i T�b /Ƕ�/QTi2`X lM2
�mi`2 i2+?MB[m2 bmb+2TiB#H2 /2 `2KTH�+2` HǶBM/B+2 /2 :BMB 2bi +2HH2 /2 HǶûpQHmiBQM
/2b `�TTQ`ib /2 `2p2Mm /2b /Bzû`2Mib KûM�;2bX .ǶmM �mi`2 +Ƭiû- ûi�Mi /QMMû [m2
H2 `2p2Mm b�H�`B�H 2i H2 `2p2Mm ;HQ#�H QMi H� KāK2 �HHm`2 /ǶûpQHmiBQM- HǶ�M�Hvb2 b2`�
HBKBiû2 �m /2`MB2`X .�Mb H� bmBi2 /2 +2ii2 /2b+`BTiBQM /2 HǶûpQHmiBQM /2b BMû;�HBiûb-
MQmb T`2M/`QMb TQm` `û7û`2M+2 bm++2bbBp2K2Mi H2 `2p2Mm /2b >_S- /2b >lS 2i 2M}M
/2b >__X *?�[m2 7QBb- MQmb /BpBb2`QMb bm` H2 `2p2Mm /m KûM�;2 /2 `û7û`2M+2 H2b
`2p2Mmb /2b i`QBb �mi`2b 2i MQmb 2M bmBp`QMb HǶûpQHmiBQM /2b `�TTQ`ib [mB KQMi`2Mi
HǶûpQHmiBQM /2b BMû;�HBiûb 2Mi`2 +?�[m2 KûM�;2 2i H2 KûM�;2 /2 `û7û`2M+2X

kR



G2b >_S +QKK2 `û7û`2M+2 G2 ;`�T?B[m2 8 KQMi`2 HǶûpQHmiBQM /2b `�TTQ`ib /2b
`2p2Mmb b�H�`B�mt /2b >lS- /2b >__ 2i /2b >l_ T�` `�TTQ`ib ¨ +2HmB /2b >_SX
AH KQMi`2 [m2 H2b BMû;�HBiûb 2Mi`2 H2b >lS- H2b >__ 2i H2b >_S `2bi2Mi- 2M bQKK2-
+QMbi�Mi2b TQm` iQmi2b bBKmH�iBQMb- +QMi`�B`2K2Mi ¨ +2HH2 2Mi`2 H2b >l_ 2i H2b >_S
[mB ûpQHm2Mi /Bzû`2KK2Mi b2HQM H2b bBKmH�iBQMbX G� [m�i`BĕK2 bBKmH�iBQM- 2M HǶQ+@
+m``2M+2 +2HH2 +QMbBbi�Mi ¨ #�Bbb2` H2b .S1 2M 7�p2m` /ǶmM2 �m;K2Mi�iBQM /2b BM@
p2biBbb2K2Mib- 2bi +2HH2 [mB `û/mBi H2 THmb HǶû+�`i /2 `2p2Mm H2b /2mt 2i H2 `�TTQ`i
#�Bbb2 Dmb[mǶ¨ j9X S�` +QMi`2- H2b bBKmH�iBQMb [mB +QMbBbi2Mi ¨ �m;K2Mi2` H2b .S1 2M
#�Bbb�Mi Qm H�Bbb�Mi H2b BMp2biBbb2K2Mib bm` H2m` b+ûM�`BQ i2M/�M+B2H- 2M HǶQ++m``2M+2
H� T`2KBĕ`2 2i +BM[mBĕK2 bBKmH�iBQM- +`2mb2Mi HǶû+�`i /2 `2p2Mm 2Mi`2 2mt 2i H2 `�T@
TQ`i �ii2BMi 99X 1M}M- H2 "�l 2i H� /2mtBĕK2 bBKmH�iBQM- [mB +QMbBbi2 ¨ �m;K2Mi2`
bBKmHi�MûK2Mi H2b .S1 2i H2b BMp2biBbb2K2Mib- �{+?2Mi KQBMb /ǶBMû;�HBiûb /2 `2p2Mm
T�` `�TTQ`i �mt >_S TmBb[m2 H2b i`QBb `�TTQ`ib `2bi2Mi +QMbi�Mib iQmi �m HQM; /2
HǶ?Q`BxQM /2 H� bBKmH�iBQMX

H2 ;`�T?B[m2 8 KQMi`2 [m2 TQm` H2b >_S- H2 `ûbmHi�i 2bi H2 KāK2 [m2 MQmb �pQMb
�p�M+û 2M ?�mi- b�m7 [mǶBMp2`bû +2ii2 7QBbX G2 `�TTQ`i 2Mi`2 b2 +`2mb2 TQm` H2b b+ûM�`BQb
/2 HǶ�m;K2Mi�iBQM /2b .S1 UyXd TQm` H� +BM[mBĕK2 bBKmH�iBQMV 2i b2 `û/mBi /�Mb H2
+�b +QMi`�B`2 UyX3 TQm` H� [m�i`BĕK2 bBKmH�iBQMVX GǶû+�`i /2 `2p2Mm 2Mi`2 H2b >__ 2i
H2b >lS MǶ2bi T�b- T�` +QMi`2- b2MbB#H2 �mt .S1X AH 2bi /2 HǶQ`/`2 /2 Rj TQm` H2 "�l
2i Rk TQm` H2b �mi`2b bBKmH�iBQMbX 1M}M- H2b .S1 T�`iB+BT2Mi �KTH2K2Mi ¨ +`2mb2`
HǶû+�`i /2 `2p2Mm 2Mi`2 H2b >l_ 2i H2b >lSX G2 `�TTQ`i 2Mi`2 H2 `2p2Mm /2b /2mt
p� /2 kd TQm` H2 "�l ¨ jR TQm` H� +BM[mBĕK2 bBKmH�iBQM U�m;K2Mi�iBQM /2b .S1
2i #�Bbb2 /2 HǶBMp2biBbb2K2MiVX *2 /2`MB2` `ûbmHi�i `2~ĕi2 H2 +�`�+iĕ`2 BMû;�HBi�B`2 /2
HǶû/m+�iBQM �m J�`Q+ +QKK2 MQmb HǶ�pQMb KQMi`û THmb ?�miX

6B;m`2 8 , 1pQHmiBQM /2b `2p2Mmb /2b KûM�;2b T�` `�TTQ`i �m >_S

0
2

0
0

4
0

0
6

0
0

8
0

0
0

2
0

0
4

0
0

6
0

0
8

0
0

2015 2020 20252015 2020 20252015 2020 2025

BAU Sim1 Sim2

Sim3 Sim4 Sim5

ING_Hup ING_HRR

ING_HUR

Y
 t

itr
e

Années

G2b >lS +QKK2 `û7û`2M+2 .2 H� KāK2 7�ÏQM [m2 MQmb �pQMb T`Bb H2b >_S
+QKK2 `û7û`2M+2- H2 ;`�T?B[m2 e KQMi`2 HǶûpQHmiBQM /m `2p2Mm ;HQ#�H /2b >_S- /2b
>__ 2i /2b >l_ `2H�iBp2K2Mi �mt >__X AH KQMi`2 mM2 +QMbi�M+2 /2b `�TTQ`ib /2

kk



`2p2Mm /2b >_S 2i /2b >lS `2H�iBp2K2Mi �mt >__- �HQ`b [m2 +2HmB /2b >l_ `2H�iBp2@
K2Mi �mt /2`MB2`b ûpQHm2 /Bzû`2KK2Mi /ǶmM2 bBKmH�iBQM ¨ HǶ�mi`2X GQ`b /m "�l 2i /2
H� i`QBbBĕK2 bBKmH�iBQM- H2 /2`MB2` `�TTQ`i `2bi2- ;`QbbQ KQ/Q +QMbi�Mi- BH �m;K2Mi2
2M T`2KBĕ`2- /2mtBĕK2 2i +BM[mBĕK2 bBKmH�iBQMb 2i #�Bbb2 TQm` H� [m�i`BĕK2X

1M bQKK2- HǶ�m;K2Mi�iBQM /2b .S1 7�pQ`Bb2 2M T�`iB+mHB2` H2b >l_ T�` `�TTQ`i �mt
i`QBb �mi`2b +�iû;Q`B2b /2 KûM�;2b- �HQ`b [m2 HǶ�TTmB /2 HǶ1i�i ¨ HǶBMp2biBbb2K2Mi T?v@
bB[m2 T2`K2i /2 `û/mB`2 H2b BMû;�HBiûb 2i 7�pQ`Bb2 bm`iQmi H2b >_SX lM2 �m;K2Mi�iBQM
/2b /2mt ivT2b /2 /ûT2Mb2b Tm#HB[m2b T2`K2i /2 K�BMi2MB` H2b BMû;�HBiûb ¨ H2m` MBp2�m
Q#b2`pû HQ`b /m "�lX

*2i 2z2i BMû;�HBi�B`2 /2b .S1 [mB Hĕb2 H2b >_S bǶ2tTHB[m2 2bb2MiB2HH2K2Mi- /ǶmM2 T�`i-
T�` H2 7�Bi [m2 +2b /2`MB2`b #ûMû}+B2Mi T2m /2b .S1- 2i /Ƕ�mi`2b T�`i T�` H2 7�Bi [m2 H�
K�D2m`2 T�`iB2 /2 H2m` `2p2Mm 2bi +QMbiBimû T�` H2 `2p2Mm /2 i`�p�BH MQM [m�HB}û Qm H2
`2p2Mm /m +�TBi�H- 2M HǶQ++m``2M+2 H� i2``2X G2b KûM�;2b /QMi H2 `2p2Mm 2bi +QMbiBimû
/2b b�H�B`2b /2 H� K�BM /Ƕƾmp`2 [m�HB}û2- bTû+B�H2K2Mi H2b >l_ T2mp2Mi ;�;M2` mM
`2p2Mm THmb ûH2pû 2i +`2mb2` HǶû+�`i /2 `2p2Mm Dmb[mǶ¨ /Bt 7QBb T�` `�TTQ`i �mt >_SX
S�` 2t2KTH2- H2b >l_ ;�;M2`�B2Mi- b2HQM H� [m�i`BĕK2 bBKmH�iBQM U#�Bbb2 /2b .S1 �m
T`Q}i /2b BMp2biBbb2K2MiV j9 7QBb H2 `2p2Mm /2b >_S- �HQ`b [m2 +2 `�TTQ`i T�bb2 ¨ 99
TQm` H� +BM[mBĕK2 bBKmH�iBQM U�m;K2Mi�iBQM /2b .S1 2i #�Bbb2 /2b BMp2biBbb2K2MibVX
G2 b+?ûK� 2bi ¨ T2m T`ĕb H2 KāK2 TQm` >lS 2i H2b >__X G2b `�TTQ`ib T�bb2`�B2Mi /2
RXk U#�Bbb2 /2b .S1V ¨ RX9 U�m;K2Mi�iBQM /2b .S1V TQm` H2b T`2KB2`b 2i R8X8 ¨ RdX8
TQm` H2b b2+QM/bX 1M i2`K2b `2H�iB7b- +2 `ûbmHi�i /2 HǶûpQHmiBQM /m `�TTQ`i /2 `2p2Mm
2Mi`2 >__ 2i >_S MǶ2bi T�b �bb2x BKTQ`i�Mi bB HǶQM H2 +QKT�`2 �p2+ +2HmB /2b >l_X
.2 H� KāK2 K�MBĕ`2 [m2 T`û+û/2KK2Mi- +2 `ûbmHi�i 2bi 2tTHB[mû T�` H2 7�Bi [m2 H2b
>__ T2`ÏQBp2Mi H� K�D2m`2 T�`iB2 /2 H2m` `2p2Mm /m +�TBi�H- 2M HǶQ++m``2M+2 H� i2``2X
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9Xk �M�Hvb2 2i /Bb+mbbBQMb /2b `ûbmHi�ib

*QKK2 MQmb HǶ�pQMb �p�M+û T`û+û/2KK2Mi- +2b `ûbmHi�ib bQMi Q#i2Mmb ;`�+2 ¨ mM KQ@
/ĕH2 #�bû bm` /2b ?vTQi?ĕb2b �bb2x bBKTHBbi2b 2M iāi2 /2b[m2HH2b H� MQM 2tBbi2M+2 /2
HǶQTiBKBb�iBQM BMi2`i2KTQ`2HH2 [m�Mi ¨ H� K�tBKBb�iBQM /m `2p2Mm /2 H� T�`i /2b Kû@
M�;2bX .Ƕ�mi`2b 7�+i2m`b bQ+BQHQ;B[m2b 2i +mHim`2HH2b bQMi �mbbB bmb+2TiB#H2b /2 #B�Bb2`
+2b `ûbmHi�ibX .�Mb H2 bmBi2 /2 +2ii2 /Bb+mbbBQM- MQmb 2bb�B2`QMb /2 `2H�+?2` mM +2`i�BM
MQK#`2 /2 +2b ?vTQi?ĕb2b 2i T`2M/`2 2M +QKTi2 /2b 7�+i2m`b ?Q`b /m KQ/ĕH2 �}M
/Ƕ�{M2` HǶ�M�Hvb2X

ûpQHmiBQM T�`�HHĕH2 /m `2p2Mm b�H�`B�H 2i /m `2p2Mm ;HQ#�H TQm` H2b [m�i`2 KûM�;2b-
K2MiBQMMû2 THmb ?�mi- 2bi /B`2+i2K2Mi HBû2 �m TQbimH�i b2HQM H2[m2H H2b KûM�;2b bQMi
bmTTQbûb T�bbB7b ¨ HǶû;�`/ /2 HǶ�++mKmH�iBQM /m +�TBi�H- /m KQK2Mi Qɍ MQi`2 KQ/ĕH2
BKTQb2 �mt KûM�;2b H� +QMbQKK�iBQM /ǶmM2 7`�+iBQM +QMbi�Mi2 /2b .S1 iQmi �m HQM;
/2 HǶ?Q`BxQM /2 H� bBKmH�iBQMX aB +2ii2 ?vTQi?ĕb2 2bi `2H�+?û2 �m T`Q}i /ǶmM2 QTiBKB@
b�iBQM BMi2`i2KTQ`2HH2 /m `2p2Mm /2 H� T�`i /2b KûM�;2b- MQmb TQm``BQMb �bbBbi2` ¨
mM2 `ûT�`iBiBQM THmb BMû;�H2 /2 HǶ�++mKmH�iBQM /m +�TBi�H ?mK�BM 2i +2 TQm` THmbB2m`b
`�BbQMbX .Ƕ�#Q`/- mM2 �m;K2Mi�iBQM /2b .S1- �++QKT�;Mû2 /ǶmM2 �KûHBQ`�iBQM /2
H� [m�HBiû /2 HǶû/m+�iBQM TQmbb2`�Bi H2b KûM�;2b `B+?2b ¨ 2MpQv2` H2m`b 2M7�Mib �mt
û+QH2b Tm#HB[m2b �m HB2m /2 HǶû/m+�iBQM T`Bpû2- /2 KāK2 TQm` H2b KûM�;2b T�mp`2b-
K�Bb +2`i�BMb T�`KB +2b /2`MB2`b- [mB ûT`Qmp2Mi /Ƕ�mi`2b /B{+mHiûb /Ƕ�++ĕb [m2 +2HH2
/2 H� +QMi`�BMi2 }M�M+Bĕ`2 b2`QMi HûbûbX *2HH2b@+B b2`�B2Mi THmb �++2Mimû2b TQm` H2b
>_S /QMi H� b+QH�`Bb�iBQM /2b 2M7�Mib 2i HQm`/2K2Mi TûM�HBbû2 T�` H2b 7�+i2m`b +mHim@
`2Hb 2i ;ûQ;`�T?B[m2bX G2b >lS- [m�Mi ¨ 2mt- #ûMû}+B2`�B2Mi /2 HǶ�m;K2Mi�iBQM /2b
.S1 /�Mb H� K2bm`2 Qɍ 2HH2b �HHû;2`QMi H2m` +QMi`�BMi2 #m/;ûi�B`2- K�Bb TQm` H2b THmb
/û7�pQ`Bbûb /Ƕ2Mi`2 2mt- +2H� M2 `Bb[m2 T�b /2 b2 T`Q/mB`2 bB H2 +Qȿi /ǶQTTQ`imMBiû /m
b�H�B`2 /m i`�p�BH MQM [m�HB}û /2 H2m`b 2M7�Mib 2bi bmTû`B2m` �m b�H�B`2 �+im�HBbû /m
i`�p�BH [m�HB}û [mǶBHb iQm+?2`�B2Mi bǶBHb +QMiBMm2Mi H2m`b ûim/2bX SB`2 2M+Q`2- H2 T`Q@
#HĕK2 b2 TQb2`� /�Mb /2b i2`K2b THmb �B;mb bB HǶQM T`2M/ 2M +QMbB/û`�iBQM H2 +?ƬK�;2
/2b D2mM2b /BTHƬKûb [mB TQmbb2`�Bi H2b KûM�;2b T�mp`2b ¨ M2 THmb 2MpQv2` H2m`b 2M@
7�Mib ¨ HǶû+QH2- �m KQBMb �m@/2H¨ /2 HǶ�;2 /2 H� b+QH�`Bb�iBQM Q#HB;�iQB`2 /2 R8 �Mb X
JāK2 /�Mb H2 +�b Qɍ HǶ?vTQi?ĕb2 /ǶQTiBKBb�iBQM b2`�Bi `2i2Mm2- +2b /2mt +�iû;Q`B2b M2
TQm``�B2Mi T�b QTiBKBb2` H2m` +QKTQ`i�Mi [m�Mi ¨ HǶ�++mKmH�iBQM /m +�TBi�H ?mK�BM
/m 7�Bi /2 H2m` 7�B#H2 `2p2Mm 2i /2 HǶ�#b2M+2 /ǶmM K�`+?û /m +`û/Bi T�`7�Bi �m J�`Q+ X
G2b KûM�;2b `B+?2b- /2 H2m` T�`i- TQm``�B2Mi /ûbBbi2` ¨ /2b ûim/2b HQM;m2b 2M QTi�Mi
TQm` /2b +�``Bĕ`2b /2b �z�B`2b bB H2 b�H�B`2 bB H2 b�H�B`2 /2b [m�HB}ûb pB2Mi /2 #�Bbb2`
bmBi2 ¨ HǶ�#QM/�M+2 /2 +2b /2`MB2`b bmBi2 ¨ HǶ�m;K2Mi�iBQM /2b .S1X P`- +2 /2`MB2`
ivT2 /2 KûM�;2b- �v�Mi ;ûMû`�H2K2Mi mM +�TBi�H +mHim`2H �bb2x BKTQ`i�Mi- +?2`+?2@
`�Bi T�` HǶû/m+�iBQM /Ƕ�mi`2b }Mb [m2 H2 Tm` `2M/2K2Mi û+QMQKB[m2X *2b /2`MB2`b bQMi
T`BM+BT�H2K2Mi H� +QMbB/û`�iBQM bQ+B�H2 [m2 T`Q+m`2`�Bi mM /BTHƬK2 T`2biB;B2mt ¨ bQM
/ûi2Mi2m` �BMbB [m2 H� +QMbQKK�iBQM /2b #B2Mb +mHim`2Hb [mB bQMi #B2M TQM/û`ûb /�Mb
H2m` T�MB2` /2 +QMbQKK�iBQM +2 +2ii2 +�iû;Q`B2 /2 KûM�;2bX *2b +QMbB/û`�iBQMb 72@
`�B2Mi [m2 +2ii2 +�iû;Q`B2 /2 KûM�;2b +QMiBMm2`�Bi ¨ #ûMû}+B2` /2b .S1 THmb [m2 H2b
�mi`2b 2i +2 /�Mb iQmi2b H2b +B`+QMbi�M+2bX

.ǶmM �mi`2 +Ƭiû- HǶBKT�+i /2b .S1 bm` H2 `2p2Mm /BbTQMB#H2 /2b KāK2b KûM�;2b b2@
`�Bi THmb BKTQ`i�Mi [m2 H2 KQMi`2Mi H2b ;`�T?B[m2b T`û+û/2Mib TQm` �m KQBMb i`QBb
�mi`2b `�BbQMbX .Ƕ�#Q`/- HǶ2z2i /2 #�b2 7�Bi [m2 H2b KûM�;2b BMBiB�H2K2Mi KB2mt /Qiûb
2M biQ+Fb /2 i`�p�BH [m�HB}û U>__ 2i >l_V bQMi H2b KB2mt ¨ #ûMû}+B2`- 2M i2`K2b
�#bQHmb- /2 +2ii2 ûpQHmiBQM /m `2p2Mm b�H�`B�H [m2 H2b KûM�;2b H2b KQBMb /Qiûb BMB@
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iB�H2K2Mi T�` /2b biQ+Fb /2 +2 ivT2 /2 i`�p�BH U>_S 2i >lSVX �mi`2K2Mi /Bi- KāK2
bB H2b `2p2Mmb b�H�`B�mt /2b [m�i`2 KûM�;2b ûpQHm2Mi T`QTQ`iBQMM2HH2K2Mi- HǶû+�`i b�@
H�`B�H �#bQHm 2Mi`2 2mt b2 +`2mb2`� +2 [mB `Bb[m2 /2 TûM�HBb2` H2b T�mp`2b `m`�mt 2i
m`#�BMbX *2+B b2`�Bi ¨ 7Q`iBQ`B THmb p`�B TQm` H� [m�i`BĕK2 bBKmH�iBQM U#�Bbb2 /2b .S1
2i �m;K2Mi�iBQM /2b BMp2biBbb2K2MibV [mB KQMi`2 mM2 #�Bbb2 /2b `2p2Mmb b�H�`B�mt
bmBi2 H� #�Bbb2 /2b .S1X G� #�Bbb2 /2b `2p2Mmb b�H�`B�mt `Bb[m2 /2 THQM;2` /�Mb H�
T�mp`2iû H2b KûM�;2b /ûD¨ T�mp`2b 2i bm`iQmi +2mt /QMi H2 b�H�B`2 +QMbiBim2 H� T`BM+B@
T�H2 bQm`+2 /2 `2p2Mm- 2M HǶQ++m``2M+2 H2b m`#�BMbX *2 /2`MB2` TQBMi b2`� H2 /2mtBĕK2
+�M�H T�` H2[m2H H2b .S1 TQm``�B2Mi BKT�+i2` H2 `2p2Mm /2b KûM�;2b 2i /QM+ H2b BM@
û;�HBiûbX 1M 2z2i- +QKK2 H2 KQMi`2 H2b /QMMû2b /2 HǶ1LLoJ /2 kyyd- H2b >lS iB`2Mi
H� [m�bB@iQi�HBiû /2 H2m` `2p2Mm /2b b�H�B`2b- +QMi`�B`2K2Mi �mt >_S [mB iB`2Mi mM2
#QMM2 T�`i /2 H2m` `2p2Mm /m +�TBi�H- 2M HǶQ++m``2M+2 H� i2``2X .�Mb +2 b2Mb- H2 [m�@
i`BĕK2 b+ûM�`BQ b2`�Bi T�`iB+mHBĕ`2K2Mi MmBbB#H2 �mt >lS [mB `Bb[m2Mi /2 bǶ�TT�mp`B`
/�p�Mi�;2X SB`2 2M+Q`2- TQm` H2 KāK2 b+ûM�`BQ 2i TQm` H2b KāK2b `�BbQMb- mM2 T�`iB2
/2b KûM�;2b m`#�BMb `B+?2b `Bb[m2 /2 ;HBbb2` p2`b H� +�iû;Q`B2 /2b T�mp`2bX *QKK2 H2
KQMi`2 H2 T`2KB2` ;`�T?B[m2- H2 `2p2Mm /BbTQMB#H2 /2 +2 KûM�;2 � 2M`2;Bbi`û- TQm`
+2ii2 bBKmH�iBQM- mM2 #�Bbb2 /`�biB[m2X JāK2 bB H2/Bi `2p2Mm M2 bǶ2M7QM+2 T�b Dmb[mǶ¨
�ii2BM/`2 +2HmB /2b KûM�;2b T�mp`2b- BH M2 bǶ�;Bi H¨ [m2 /ǶmM2 KQv2MM2 TQm` mM Kû@
M�;2 `2T`ûb2Mi�iB7 }+iB7X .�Mb H� `û�HBiû- mM2 T�`iB2 /2b KûM�;2b +QMbiBim�Mi +2ii2
+�iû;Q`B2 `Bb[m2 #2H 2i #B2M /2 ;`QbbB` H2b `�M;b /2b KûM�;2b T�mp`2bX

:`QbbQ KQ/Q- BH /û+QmH2 /2b /Bb+mbbBQMb T`û+û/2Mi2b [m2 H2b .S1- +QMi`�B`2K2Mi �m
bQmiB2M Tm#HB+ ¨ HǶBMp2biBbb2K2Mi- i2M/ ¨ �++2Mim2` H2b BMû;�HBiûb /2 `2p2Mm 2i ¨ 7�pQ@
`Bb2` H2b >l_ 2M T�`iB+mHB2`X .2b +QMbB/û`�iBQMb `2H�iBp2b ¨ HǶ�;`û;�iBQM /2b KûM�;2b
/�Mb mM +QKTi2 `2T`ûb2Mi�iB7- ¨ H� KQ/ûHBb�iBQM +?QBbB2- ¨ HǶ2z2i /2 #�b2 2i �mt /Qi�@
iBQMb 7�+iQ`B2Hb KBHBi2Mi TQm` mM 2z2i 2M+Q`2 THmb Mû;�iB7 /2b .S1 bm` H� `û/m+iBQM /2b
BMû;�HBiûbX *2b /2`MBĕ`2b Hĕb2`�B2Mi THmb T�`iB+mHBĕ`2K2Mi +2`i�BMb ivT2b /2 KûM�;2b
�p2+ /2b /B{+mHiûb T�`iB+mHBĕ`2b- 2M HǶQ++m``2M+2 H2b m`#�BMb i`ĕb T�mp`2b 2i `m`�mt
?�#Bi�Mi /2b +QMi`û2b HQBMi�BM2b- [mB M2 #ûMû}+B2`�B2Mi T�b /2b .S1 b2HQM H2m` +QM}@
;m`�iBQM �+im2HH2X .�Mb +2 b2Mb- HǶ�m;K2Mi�iBQM /2b .S1- `Bb[m2 /2 H2b �TT�mp`B`
/�p�Mi�;2 /m KQK2Mi Qɍ BHb +QMi`B#m2Mi �m }M�M+2K2Mi /ǶmM b2`pB+2 Tm#HB+ /QMi
BHb M2 bQMi T�b H2b mb�;2`bX S�` +QMi`2- H2 bQmiB2M ûi�iB[m2 ¨ HǶBMp2biBbb2K2Mi T2`K2i
THmb- /�Mb H� +QM};m`�iBQM �+im2HH2 /2 HǶû+QMQKB2- /2 `û/mB`2 H2b BMû;�HBiûb 2i i2M/ ¨
7�pQ`Bb2` H2b >_SX lM2 +QK#BM�BbQM /2 HǶ�m;K2Mi�iBQM /2b /2mt ivT2b /2 /ûT2Mb2b
Tm#HB[m2b K�BMiB2M/`�Bi H2b BMû;�HBiûb ¨ H2m` MBp2�m �+im2HX "`27- TQm` [m2 H2b .S1
TmBbb2Mi DQm2` mM `ƬH2 THmb BKTQ`i�Mi /�Mb H� `û/m+iBQM /2b BMû;�HBiûb- 2HH2b ;�;M2@
`�B2Mi THmb /Ƕāi`2 +B#Hû2b p2`b H2b +�iû;Q`B2b H2b THmb /û7�pQ`Bbû2bX G2 ;�BM b2`�Bi THmb
BKTQ`i�Mi bB H� TQHBiB[m2 /2 HǶû/m+�iBQM 2bi �++QKT�;Mû2 T�` /Ƕ�mi`2b BMi2`p2MiBQMb
TQm` BM?B#2` H2b 7�+i2m`b [mB HBKBi2Mi HǶ�++ĕb ¨ H� b+QH�`Bb�iBQM /2b /Bi2b +�iû;Q`B2b
pmHMû`�#H2bX G� Hmii2 +QMi`2 H2b BMû;�HBiûb T�bb2`�Bi �mbbB T�` HǶ�m;K2Mi�iBQM /2 H�
+`QBbb�M+2 ¨ i`�p2`b HǶBMp2biBbb2K2Mi /�Mb /2b b2+i2m`b KQ/2`M2b TQm` �#bQ`#2` H2
+?ƬK�;2 /2b D2mM2b /BTHƬKûbX

.ǶmM �mi`2 +Ƭiû- HǶûpQHmiBQM /2b BMû;�HBiûb /2 H� +QMbQKK�iBQM- /m #B2M@āi`2 2i /2 H�
b+QH�`Bb�iBQM bmBp2Mi ¨ T2m T`ĕb H2 KāK2 b+?ûK� [m2 +2HH2 /2b BMû;�HBiûb /2 `2p2MmX
SQm` /2b `�BbQMb /2 #`Bĕp2iû- MQmb MǶ2M �{+?2`QMb T�b H2b `ûbmHi�ib B+B- /QMi HǶ�M�Hvb2
T�` �BHH2m`b b2`�Bi B/2MiB[m2 ¨ +2HH2 [m2 MQmb p2MQMb /2 7�B`2 TQm` H2b BMû;�HBiûb /2
`2p2MmX
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8 *QM+HmbBQM

LQmb �pQMb �M�Hvbû HǶ2z2i /2b .S1 bm` H2b BMû;�HBiûb /2 `2p2Mm /2b KûM�;2b �m J�`Q+X
G2b `ûbmHi�ib /2 MQb +BM[ bBKmH�iBQMb T2`K2ii2Mi /2 `2H2p2` mM 2z2i Mû;�iB7 /2b .S1
/�Mb H� `û/m+iBQM /2b BMû;�HBiûb /2 `2p2Mm 2Mi`2 H2b KûM�;2b- KāK2 bB mM i2H 2z2i `2bi2
¨ Mm�M+2` b2HQM THmbB2m`b +QMbB/û`�iBQMbX .ǶmM +Ƭiû- H2b bBKmH�iBQMb KQMi`2Mi [mǶmM2
�m;K2Mi�iBQM /2b .S1 T2`K2i /Ƕ�KûHBQ`2` H2 `2p2Mm b�H�`B�H 2i ;HQ#�H /2 iQmb H2b
KûM�;2b- K�Bb HǶ�KTHBim/2 /2 +2i 2z2i TQbBiB7 i2M/ THmb 2M 7�p2m` /2b KûM�;2b `B+?2b
2i /2b m`#�BMbX aB MQmb T`2MQMb 2M +QKTi2 HǶ2z2i /2 #�b2 2i H2 7�Bi [m2 H2 KûM�;2
`2T`ûb2Mi�iB7 MǶ2bi [mǶmM2 KQv2MM2 [mB T2mi /BbbBKmH2` /2b /BbT2`bBQMb BKTQ`i�Mi2b-
HǶ�m;K2Mi�iBQM /2b .S1 b2HQM H� +QM};m`�iBQM �+im2HH2 `Bb[m2 /Ƕ�m;K2Mi2` H2b BM@
û;�HBiûb 2M /û7�p2m` /2b +�iû;Q`B2b [mB ûT`Qmp2Mi /2b /B{+mHiûb /Ƕ�++ĕb ¨ HǶû/m+�iBQM
Tm#HB[m2X AH 2M p� /2b `m`�mt `ûbB/�Mi /�Mb /2b +QMi`ûb HQBMi�BM2b 2i /2b m`#�BMb i`ĕb
T�mp`2b /QMi H2 +Qȿi /ǶQTTQ`imMBiû /2 HǶû/m+�iBQM 2bi �bb2x ûH2pûX

.ǶmM �mi`2 +Ƭiû 2i TQm` H2b KāK2b `�BbQMb- mM2 �m;K2Mi�iBQM /2b .S1 b2HQM H� +QM}@
;m`�iBQM /m #2M+?K�`F `Bb[m2 /Ƕ�m;K2Mi2` H2b BMû;�HBiûb /2 HǶû/m+�iBQM- /m `2p2Mm
2i /m #B2M@āi`2 2Mi`2 H2b /Bzû`2Mib KûM�;2bX .m KQK2Mi Qɍ MQi`2 KQ/ĕH2 bmTTQb2
[m2 H2b /Bzû`2Mib #ûMû}+B2Mi /2b .S1 b2HQM mM2 T�`i }t2 iQmi �m HQM; /2 HǶ?Q`B@
xQM i2KTQ`2H- iQmi2 �m;K2Mi�iBQM /2 +2b /2`MBĕ`2b- `Bb[m2 /Ƕ�m;K2Mi2` H2b BMû;�HBiûb
/Ƕû/m+�iBQM bm`iQmi 2Mi`2 H2b m`#�BMb 2i H2b `m`�mt TmBb[mǶ2M i2`K2b `2H�iB7b +2b /2`@
MB2`b #ûMû}+B2Mi KQBMb /2b .S1 HQ`b /2 HǶ�MMû2 /m #2M+?K�`F UkyReVX JāK2 bB +2ii2
?vTQi?ĕb2 /2 H� }tBiû /2b T�`ib /2b KûM�;2b /�Mb H2b .S1 2bi `2H�+?û2 2M 7�p2m` /ǶmM2
QTiBKBb�iBQM BMi2`i2KTQ`2HH2 /2 H� T�`i /2b KûM�;2b- H2b `ûbmHi�ib `Bb[m2b /Ƕāi`2 THmb
BMû;�HBi�B`2b /m 7�Bi /2 HǶBKT2`72+iBQM /m K�`+?û /m +`û/Bi �m J�`Q+X

1MbmBi2- +2ii2 BMû;�HBiû /2 HǶû/m+�iBQM T2mi +QM/mB`2 ¨ mM2 BMû;�HBiû /2 `2p2Mm [mB
Hûb2`� bm`iQmi H2b KûM�;2b /QMi mM2 #QMM2 T�`iB2 /2 +2 /2`MB2` 2bi +QMbiBimû2 /2b
b�H�B`2b- 2M HǶQ++m``2M+2 H2b m`#�BMb T�mp`2bX lM2 �m;K2Mi�iBQM /2b .S1 `Bb[m2 /2
#ûMû}+B2` THmb �mt `B+?2b m`#�BMb �m /ûi`BK2Mi /2b T�mp`2b `m`�mt /m KQK2Mi Qɍ mM2
;`�M/2 T�`iB2 /m `2p2Mm /2b T`2KB2`b T`QpB2Mi /m b�H�B`2 /2 H� K�BM /Ƕƾmp`2 [m�HB}û2
�HQ`b [m2 H2b b2+QM/b iB`2Mi H2m` `2p2Mm T`BM+BT�H2K2Mi /2 H� i2``2X S�` +QMi`2- mM2
#�Bbb2 /2b .S1 `Bb[m2 /2 Hûb2` THmb H2b m`#�BMb T�mp`2b TQm` H2b KāK2b `�BbQMbX
1M}M- HǶûpQHmiBQM /m #B2M@āi`2 /2b KûM�;2b 2i b2b BMû;�HBiûb bmBi- ;`QbbQ KQ/Q- +2HH2
/2b `2p2Mmb 2i +2 TQm` H2b KāK2b `�BbQMb /Bb+miû2b THmb ?�miX 1M ;mBb2 /2 +QM+HmbBQM-
TQm` [m2 H2b .S1 TmBbb2Mi DQm2` ¨ mM [m2H+QM[m2 `ƬH2 /�Mb H� `û/m+iBQM /2b BMû;�HBiûb-
mM +B#H�;2 2M 7�p2m` /2b +�iû;Q`B2b bQ+B�H2b H2b THmb pmHMû`�#H2b- 2M HǶQ++m``2M+2 H2b
T�mp`2b `m`�mt- 2bi `2+QKK�M/ûX

e "B#HBQ;`�T?B2

�;ûMQ`- SX- Ax[mB2`/Q- �X- � 6Q7�+F- >X UkyyjVX h?2 JBMB@AMi2;`�i2/ J�+`Q2+QMQKB+
JQ/2H 7Q` SQp2`iv �M�HvbBbX qQ`H/- yNkUJ�vV- RjkX

�;?BQM- SX- "HQQK- LX- "HmM/2HH- _X- :`B{i?- _X- � >QrBii- SX Ukyy8VX *QKT2iB@
iBQM �M/ AMMQp�iBQM , �M AMp2`i2/@l _2H�iBQMb?BT X Zm�`i2`Hv CQm`M�H Q7 1+QMQKB+b-
RkyUJ�vV- dyRĜdk3X

ke



�H2bBM�- �X 6X- � G� 62``�`�- 1X Ukyy8VX 1i?MB+ .Bp2`bBiv �M/ 1+QMQKB+ S2`7Q`K�M+2X
CQm`M�H Q7 1+QMQKB+ GBi2`�im`2- 9jUjV- dekĜ3yyX

�H2bBM�- �X- � S2`QiiB- _X URNNeVX AM+QK2 /Bbi`B#miBQM- TQHBiB+�H BMbi�#BHBiv- �M/ BM@
p2biK2MiX 1m`QT2�M 1+QMQKB+ _2pB2r- 9yUeV- RkyjĜRkk3X

"�``Q- _X CX Ukyy3VX AM2[m�HBiv �M/ :`Qri? _2pBbBi2/ UaiQ+F LQX SS�kyRey3VX

_Q#B+?�m/- oX- G2K2HBM- �X � "2`M�`/ .X UkyRjVX 1M/Q;2MQmb +m``2Mi �++QmMi #�@
H�M+2b BM � rQ`H/ *:1 KQ/2H rBi? BMi2`M�iBQM�H }M�M+B�H �bb2ib- 1+QMQKB+ JQ/2HHBM;-
jk UJ�vV- R9e@ReyX

"2+F2`- :X aX URNe9VX >mK�M *�TBi�H Uh?B`/VX *?B+�;Q , L�hAPL�G "l_1�l P6
1*PLPJA* _1a1�_*>X

"ûM�#Qm- _X URNNeVX AM2[m�HBiv �M/ :`Qri?X AM "X aX "2`M�MF2 � CX CX _Qi2K#2`;
U1/bXV- L"1_ J�+`Q2+QMQKB+b �MMm�H U6B`bi- oQHX RR- TTX RRĜNkVX "QbiQM , L�hAP@
L�G "l_1�l P6 1*PLPJA* _1a1�_*>X

"H�M/2M- CX- � J�+?BM- aX Ukyy9VX 1/m+�iBQM�H AM2[m�HBiv �M/ i?2 1tT�MbBQM Q7X a+Qi@
iBb? CQm`M�H Q7 SQHBiB+�H 1+QMQKv- 8RUkV- kjyĜk9NX

"Qm`;mB;MQM- 6X- � amM/#2`;- JX UkyyeVX *QMbi`�BMib iQ �+?B2pBM; i?2 J.:b rBi?
a+�H2/@lT �B/X .1a� qQ`FBM; S�T2`- R8UR8VX

*?2++?B- .X UkyyRVX 1/m+�iBQM - AM2[m�HBiv �M/ AM+QK2 AM2[m�HBivX AM .Bbi`B#miBQM�H
�M�HvbBb _2b2�`+? S`Q;`�KK2 UTTX RĜeyVX GQM/QM , GQM/QM a+?QQH Q7 1+QMQKB+bX

*HQmiB2`- JX- *Q+F#m`M- CX- � .2+�Hmrû- "X 1/m+�iBQM �M/ SQp2`iv BM oB2iM�Kg, �
*QKTmi�#H2 :2M2`�H 1[mBHB#`BmK �M�HvbBb Ukyy8VX

6B2H/b- :X aX URN3yVX 1/m+�iBQM �M/ AM+QK2 .Bbi`B#miBQM BM .2p2HQTBM; *QmMi`B2b ,
� _2pB2r Q7 i?2 GBi2`�im`2 U1/m+�iBQM �M/ BM+QK2 , � #�+F;`QmM/ bim/v 7Q` rQ`H/
/2p2HQTK2MiVX 1/m+�iBQM �M/ AM+QK2 , � "�+F;`QmM/ aim/v 7Q` qQ`H/ .2p2HQTK2MX
q�b?BM;iQM- .X*X

:�`+ő�- LX- :`B7QMB- �X- GƦT2x- *X- � J2Dő�- .X UkyRjVX 6BM�M+B�H 1/m+�iBQM BM G�iBM
�K2`B+� �M/ i?2 *�`B##2�M , _�iBQM�H2- Pp2`pB2r �M/ q�v 6Q`r�`/ US�T2`b QM 6B@
M�M+2- AMbm`�M+2 �M/ S`Bp�i2 S2MbBQMbVX

:HQKK- :X- � _�pBFmK�`- "X URNNkVX Sm#HB+ p2`bmb S`Bp�i2 AMp2biK2Mi BM >mK�M
*�TBi�H , 1M/Q;2MQmb :`Qri? �M/ AM+QK2 AM2[m�HBivX CQm`M�H Q7 SQHBiB+�H 1+QMQKv-
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RyyU9V- 3R3Ĝ3j9X ?iiTb ,ff/QBXQ`;fRyXRy3efkeR39R

>�Mmb?2F- 1X �X- q�``2M- CX _X- � :`Q/bFv- 1X UkyRkVX 1pB/2M+2- J2i?Q/QHQ;v-
h2bi@"�b2/ �++QmMi�#BHBiv- �M/ 1/m+�iBQM�H SQHB+v , � a+?QH�`Hv 1t+?�M;2 "2ir22M
.`X 1`B+ �X >�Mmb?2F �M/ .`bX CQ?M _Q#2`i q�``2M �M/ 1`B+ :`Q/bFvX 1/m+�iBQM�H
SQHB+v- keUjV- j8RĜje3X

>*SX UkyyNVX aBKmH�iBQMb /2 H ǵ BKT�+i /2 TQHBiB[m2b û+QMQKB[m2b bm` H� T�mp`2iû 2i
H2b BMû;�HBiûbX >�HB- UK�BV- 8kX

>QbQ2- LX- :�b�r�- EX- � >�b?BKQiQ- >X UkyRyVX h2ti#QQF Q7 *QKTmi�#H2 :2M2`�H
1[mBHB#`BmK JQ/2HHBM; U6B`biVX L2ruQ`F , S�G:_�o1 J�*JAGG�LX

CBK2M2x- 1X URN3eVX h>1 Sl"GA* al"aA.Aw�hAPLP6 1.l*�hAPL �L.>1�Gh>
AL .1o1GPSAL: *PlLh_A1a , � _2pB2r Q7 1[mBiv �M/ 1{+B2M+v Uh?2 qQ`H/
"�MF _2b2�`+? P#b2`p2`VX h?2 qQ`H/ "�MF _2b2�`+? P#b2`p2` UoQHX RVX q�b?BM;iQM-
.X*X

EMB;?i- CX- � a�#Qi- _X >X URN3jVX 1/m+�iBQM�H 1tT�MbBQM �M/ i?2 EmxM2ib 1z2+iX
�K2`B+�M 1+QMQKB+ _2pB2r- djU8V- RRjkĜRRjeX

G�K#2`i- .X JX- *H�`F- *X .X- qBH+Qt- JX .X- � S�`F- qX JX UkyyNVX :`�v S2`BH
>vTQi?2bBbX :`Qri? �M/ *?�M;2- 9yU9V- eRNĜe93X

G22- CX@qX- Ç� "�``Q- _X CX UkyRyVX � L1q .�h� a1h P6 1.l*�hAPL�G �h@
h�ALJ1Lh AL h>1 qP_G.- RN8yĜkyRy UL"1_ qP_EAL: S�S1_ a1_A1a
LQX R8NykVX *�K#`B/;2X

JBM+2`- CX- � CQp�MQpB+- "X URNdNVX G�#Q` JQ#BHBiv �M/ q�;2bX *�K#`B/;2 , L�@
hAPL�G "l_1�l P6 1*PLPJA* _1a1�_*>X

S2`bbQM- hX- � h�#2HHBMB- :X URNN9VX Ab AM2[m�HBiv >�`K7mH 7Q` :`Qri? \ h?2Q`v �M/
1pB/2M+2X h?2 �K2`B+�M 1+QMQKB+ _2pB2r- 39UjV- eyyĜekRX

_�K- _X URN3NVX *�M 2/m+�iBQM�H 2tT�MbBQM `2/m+2 BM+QK2 BM2[m�HBiv BM H2bb@/2p2HQT2/
+QmMi`B2b \ 1+QMQKB+b Q7 1/m+�iBQM _2pB2r- 3UkV- R38ĜRN8X

a+?mHix- hX qX URNeRVX AMp2biK2Mi BM >mK�M *�TBi�HX h?2 �K2`B+�M 1+QMQKB+ _2@
pB2r- 8RUJ�`bV- RĜRdX

avHr2bi2`- EX UkyyyVX AM+QK2 BM2[m�HBiv- 2/m+�iBQM 2tT2M/Bim`2b- �M/ ;`Qri?X CQm`@
M�H Q7 .2p2HQTK2Mi 1+QMQKB+b- ejUkV- jdNĜjN3X

k3



h?Q`#2+F2- 1X- � CmM;- >X@aX h?2 AKT�+i Q7 Sm#HB+ 1/m+�iBQM 1tT2M/Bim`2 QM >m@
K�M *�TBi�H- :`Qri?- �M/ SQp2`iv BM h�Mx�MB� �M/ w�K#B� , � :2M2`�H 1[mBHB#`BmK
�TT`Q�+? UkyyRVX

qBM2;�`/2M- *X _X URNdNVX a+?QQHBM; �M/ AM+QK2 .Bbi`B#miBQM , 1pB/2M+2 7`QK AM@
i2`M�iBQM�H .�i�X 1+QMQKB+�- 9eUR3RV- 3jĜ3dX
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