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am#M�iBQM�H QH/@�;2 KQ`i�HBiv KQ/2HBM;,
�++QmMiBM; 7Q` mM/2``2TQ`iBM; BM � "�v2bB�M 7`�K2rQ`F

ZB�M Gm�-+- E�iD� >�M2r�H/#-+- �M/`ûb JX oBHH2;�b#-+- sB�QDmM q�M;/-∗

�a+?QQH Q7 ai�iBbiB+b- _2MKBM lMBp2`bBiv Q7 *?BM�- "2BDBM; Ryy3dk- *?BM�
#a+?QQH Q7 _BbF �M/ �+im�`B�H aim/B2b- lLaq av/M2v- L2r aQmi? q�H2b ky8k- �mbi`�HB�

+*1S�_- lLaq av/M2v- L2r aQmi? q�H2b ky8k- �mbi`�HB�
/*2Mi2` 7Q` �TTHB2/ ai�iBbiB+b Q7 _2MKBM lMBp2`bBiv Q7 *?BM�- "2BDBM; Ryy3dk- *?BM�

�#bi`�+i

�++m`�i2 QH/@�;2 KQ`i�HBiv T`QD2+iBQMb 7Q` bm#M�iBQM�H �`2�b �`2 BKTQ`i�Mi 7Q` �bb2bbBM; ?2�Hi?
Qmi+QK2b �M/ p�HmBM; T2MbBQM HB�#BHBiB2bX >Qr2p2`- bm#M�iBQM�H KQ`i�HBiv /�i� Q7i2M 7�+2 bK�HH
b�KTH2 bBx2b �i QH/2` �;2bX AM bQK2 +QmMi`B2b- i?2 mM/2``2TQ`iBM; Q7 /2�i?b �M/ TQTmH�iBQM MmK@
#2`b TQb2b �//BiBQM�H T`Q#H2KbX q2 T`QTQb2 � M2r "�v2bB�M 7`�K2rQ`F 7Q` QH/@�;2 KQ`i�HBiv
i?�i �HHQrb 7Q` /2�i? mM/2``2TQ`iBM; #v BMi`Q/m+BM; � `2TQ`iBM; T`Q#�#BHBiv- r?B+? Bb /2}M2/ �b
i?2 `�iBQ Q7 `2TQ`i2/ /2�i?b iQ `2�H /2�i?b �M/ mb2b BM7Q`K�iBp2 T`BQ`b /2`Bp2/ 7`QK /2KQ;`�T?B+
/2�i? /Bbi`B#miBQM K2i?Q/bX q2 b?Qr i?�i i?2 T`QTQb2/ KQ/2HBM; 7`�K2rQ`F rQ`Fb r2HH 7Q`
T`QpBM+2@H2p2H QH/@�;2 KQ`i�HBiv /�i� U�;2b eyĜNNV BM *?BM� Qp2` RN3kĜkyRyX *QKT�`2/ iQ �
KQ`2 +QMp2MiBQM�H 7`�K2rQ`F i?�i �bbmK2b i?2 `2TQ`i2/ /�i� �`2 �++m`�i2 �M/ mb2b `2TQ`i2/
KQ`i�HBiv /�i� /B`2+iHv- i?2 T`QTQb2/ 7`�K2rQ`F T`QpB/2b � #2ii2` }i- rBi? � HQr2` /2pB�M+2
BM7Q`K�iBQM +`Bi2`BQMX h?2 T`QTQb2/ 7`�K2rQ`F ;2M2`�i2b � `2�bQM�#H2 KQ`i�HBiv +m`p�im`2 �M/
+Q?2`2Mi 7Q`2+�bib 7Q` bm#TQTmH�iBQMb rBi? bT�`b2 Q` BM+QKTH2i2 KQ`i�HBiv /�i�X
E2vrQ`/b, PH/@�;2 KQ`i�HBiv- am#M�iBQM�H KQ/2HBM;- "�v2bB�M 7`�K2rQ`F- .2�i?
mM/2``2TQ`iBM;
C1G, :kk- CRR

RX AMi`Q/m+iBQM

JQ`i�HBiv BKT`Qp2K2Mib �i QH/2` �;2b i`�MbH�i2 BMiQ HQM;2` HB72 2tT2+i�M+v �M/ TQTmH�iBQM
�;BM; rQ`H/rB/2 U:�p`BHQp 2i �HX- kyRdVX h?2`27Q`2- �++m`�i2 KQ`i�HBiv T`QD2+iBQMb 7Q` QH/2` �;2b
�`2 BKTQ`i�Mi 7Q` �+im�`B2b �M/ i?2 TQHB+vK�F2`b +QM+2`M2/ rBi? i?2 /2bB;M �M/ `27Q`Kb Q7 T2M@
bBQM bvbi2KbX >Qr2p2`- rBi?BM QM2 +QmMi`v- i?2 HB72bT�Mb Q7i2M ?�p2 H�`;2 `2;BQM�H BM2[m�HBiB2b
�M/ ?B;? p�`B�#BHBiB2b �i QH/2` �;2b U2X;X- S2`K�Mv2` �M/ a+?QHH- kyRNVX �b bm+?- /2+BbBQMb #�b2/

∗*Q``2bTQM/BM; �mi?Q`
1K�BH �//`2bb, tB�QDmMnr�M;!`m+X2/mX+M UsB�QDmM q�M;V



QM M�iBQM�H KQ`i�HBiv 7Q`2+�bib rBHH Qp2`HQQF bm#M�iBQM�H ?2i2`Q;2M2Biv �M/ TQi2MiB�HHv H2�/ iQ
Qp2`Hv bBKTHBbiB+ +QM+HmbBQMb QM HQM;2pBiv US2`K�Mv2` �M/ a+?QHH- kyRNVX JQ`2Qp2`- �++m`�i2
bm#M�iBQM�H KQ`i�HBiv T`QD2+iBQMb 7Q` QH/2` �;2b �`2 T�`iB+mH�`Hv BKTQ`i�Mi 7Q` +QmMi`B2b rBi?
/2+2Mi`�HBx2/ T2MbBQM 7mM/b- bm+? �b i?2 lMBi2/ ai�i2b- r?2`2 KQbi T2MbBQM TH�Mb �`2 bTQMbQ`2/
#v HQ+�H ;Qp2`MK2Mib U:�H2 �M/ E`mTFBM- kyReVX

PM2 +?�HH2M;2 iQ KQ/2HBM; i?2 KQ`i�HBiv �i QH/2` �;2b Bb i?2 `2H�iBp2Hv TQQ` /�i� [m�HBivX
1p2M BM /2p2HQT2/ +QmMi`B2b r?2`2 i?2 pBi�H `2;Bbi`�iBQM Bb ?B;? [m�HBiv U*�B`Mb 2i �HX- kyRec
S2`�Hi� 2i �HX- kykyV- i?2`2 �`2 TQi2MiB�H 2``Q`b �M/ bB;MB}+�Mi �MQK�HB2b BM i?2 MmK#2` Q7
2tTQbm`2@iQ@`BbF U*�B`Mb 2i �HX- kyReVX �//BiBQM�HHv- �b i?2 b�KTH2 bBx2 Q7 QH/2` �;2b Bb bK�HH2`
i?�M i?�i Q7 KB//H2 �;2b- 2bT2+B�HHv BM bm#M�iBQM�H �`2�b- i?2 `2;Bbi2`2/ KQ`i�HBiv /�i� 7Q` QH/2`
�;2b +�M #2 bm#D2+i iQ pQH�iBHBiv- BM+QKTH2i2 /2�i? `2TQ`iBM;- �M/ KBb`2TQ`iBM;- ?�pBM; bT�`b2 Q`
MQ Q#b2`p�iBQMb BM i?2 /2�i? +QmMib �i �/p�M+2/ �;2b UG2FM2b �M/ GǠFF2M- kykyc a+?K2`iK�MM
�M/ :QMx�;�- kyR3VX h?mb- 7Q` QH/2` �;2b- i?2 `2;Bbi2`2/ KQ`i�HBiv /�i� �`2 Q7i2M BM�++m`�i2
BM /2p2HQT2/ +QmMi`B2b- H2�/BM; iQ bTm`BQmb T�ii2`Mb Q7 KQ`i�HBiv /2+2H2`�iBQM �M/ TH�i2�mb
U:�p`BHQp �M/ :�p`BHQp�- kyRN�- kyRN#VX AM +QmMi`B2b rBi?Qmi `2HB�#H2 pBi�H `2;Bbi`�iBQM `2+Q`/b-
+2Mbmb2b �`2 i?2 K�BM bQm`+2 Q7 KQ`i�HBiv /�i�X >Qr2p2`- +2Mbmb KQ`i�HBiv /�i� +�M �HbQ bmz2`
7`QK BM+QKTH2i2 /2�i? `2TQ`iBM;- r?B+? H2�/b iQ /�i� mM`2HB�#BHBiv U>BHH- kyyNc S2`�Hi� 2i �HX-
kykyVX h?2`27Q`2- 7Q` #Qi? /2p2HQT2/ �M/ /2p2HQTBM; +QmMi`B2b- Bi Bb BKTQ`i�Mi iQ �++QmMi 7Q`
mM/2``2TQ`i2/ /�i� �M/ bK�HH b�KTH2 bBx2b r?2M T`QD2+iBM; 7mim`2 bm#M�iBQM�H KQ`i�HBiv `�i2b
7Q` QH/2` �;2bX

.2�i? mM/2``2TQ`iBM; Bb �HbQ � T`Q#H2K BM i?2 `2TQ`ib Q7 i?2 *Q`QM�pB`mb /Bb2�b2 U*PoA.@
RNV �M/- i?mb- `2[mB`2b M2r KQ/2HBM; bQHmiBQMbX .m2 iQ i?2 *PoA.@RN Qmi#`2�F- K2/B+�H
`2bQm`+2b �`2 HBKBi2/ BM K�Mv +QmMi`B2b- �M/ i?2 /2�i?b `2H�i2/ iQ *PoA.@RN `2TQ`i2/ #v
?QbTBi�Hb �`2 HBF2Hv iQ #2 mM/2``2TQ`i2/ Q` �++QmMi2/ �b Qi?2` +�mb2b Q7 /2�i? UC�;Q/MBF 2i �HX-
kykyVX h?2b2 Bbbm2b T`QpB/2 �//BiBQM�H KQiBp�iBQM 7Q` Qm` `2b2�`+?X

q2 T`QTQb2 iQ mb2 � "�v2bB�M 7`�K2rQ`F iQ bim/v i?2 BKT�+i Q7 mM/2``2TQ`i2/ /2�i?b QM i?2
KQ/2HBM; Q7 QH/@�;2 KQ`i�HBivX h?2 T`QTQb2/ 7`�K2rQ`F BMi`Q/m+2b i?2 `2TQ`iBM; T`Q#�#BHBiv
iQ �++QmMi 7Q` mM/2``2TQ`i2/ /2�i?b- /2}M2/ �b i?2 `�iBQ Q7 `2TQ`i2/ /2�i?b iQ `2�H /2�i?bX
h?2 `2TQ`iBM; T`Q#�#BHBiv mb2b BM7Q`K�iBp2 T`BQ`b /2`Bp2/ 7`QK /2KQ;`�T?B+ /2�i? /Bbi`B#miBQM
K2i?Q/b- r?BH2 i?2 T`QTQb2/ KQ`i�HBiv KQ/2H BM i?2 7`�K2rQ`F Bb #�b2/ QM i?2 *�B`MbĜ"H�F2Ĝ
.Qr/ U*".V KQ/2H 7�KBHv U*�B`Mb 2i �HX- kyye- kyyNV rBi? MQ`K�HBx2/ �;2 7mM+iBQMX Pm` `2bmHib
b?Qr i?�i /2�i? mM/2``2TQ`iBM; +�MMQi #2 Qp2`HQQF2/ #2+�mb2 Bi �z2+ib #Qi? i?2 KQ/2H }i �M/
KQ`i�HBiv 7Q`2+�bibX

q2 mb2 � /2�i? /Bbi`B#miBQM K2i?Q/ +�HH2/ i?2 ;2M2`�HBx2/ ;`Qri? #�H�M+2 K2i?Q/ iQ 2biB@

k



K�i2 i?2 T`BQ`b 7Q` i?2 `2TQ`iBM; T`Q#�#BHBivX .2�i? /Bbi`B#miBQM K2i?Q/b �`2 rB/2Hv mb2/ BM i?2
/2KQ;`�T?B+ HBi2`�im`2 iQ 2p�Hm�i2 i?2 +Qp2`�;2 Q7 `2;Bbi2`2/ /2�i?b BM +2Mbmb /�i� U2X;X- >BHH-
kyy9- kyyNc Zm2B`Qx 2i �HX- kyRdc S2`�Hi� 2i �HX- kykyVX h?`22 K�BM /2�i? /Bbi`B#miBQM K2i?Q/b
�`2 +QKKQMHv 2KTHQv2/, i?2 ;2M2`�HBx2/ ;`Qri? #�H�M+2 U::"V K2i?Q/- i?2 bvMi?2iB+ 2tiBM+i
;2M2`�iBQMb Ua1:V K2i?Q/- �M/ i?2 +QK#BM2/ ::"@a1: K2i?Q/ U>BHH- kyyNVX q2 mb2 i?2
;2M2`�HBx2/ ;`Qri? #�H�M+2 K2i?Q/ BM i?Bb T�T2`X lM/2` i?Bb K2i?Q/- /�i� 7`QK � #�b2HBM2
+2Mbmb �`2 mb2/ iQ 2biBK�i2 i?2 +Qp2`�;2 Q7 /2�i?b BM �MQi?2` +2MbmbX

"mBH/BM; QM �M 2K2`;BM; HBi2`�im`2- r2 mb2 � "�v2bB�M 7`�K2rQ`F iQ +QT2 rBi? BM�++m`�i2
KQ`i�HBiv /�i�X *�B`Mb 2i �HX UkyReV bim/v i?2 2``Q`b BM 2tTQbm`2b �M/ T`QTQb2 � KQ/2H BM �
"�v2bB�M 7`�K2rQ`F iQ [m�MiB7v i?2 2``Q`b BM 2tTQbm`2b 7Q` 1M;H�M/ �M/ q�H2b mbBM; /�i� 7`QK
i?2 P{+2 Q7 L�iBQM�H ai�iBbiB+b UPLaVX �H2t�M/2` 2i �HX UkyRdV 2KT?�bBx2 i?2 �/p�Mi�;2 Q7
i?2 "�v2bB�M 7`�K2rQ`F BM /2�HBM; rBi? KBbbBM; /�i� �M/ mb2 Bi iQ 2biBK�i2 i?2 bm#M�iBQM�H
KQ`i�HBiv BM i?2 lMBi2/ ai�i2b �M/ 6`�M+2X a+?K2`iK�MM �M/ :QMx�;� UkyR3V +QK#BM2 /2�i?
/Bbi`B#miBQM K2i?Q/b rBi? i?2 "�v2bB�M 7`�K2rQ`F BM KQ`i�HBiv KQ/2HBM; iQ �M�Hvx2 "`�xBH
bm#M�iBQM�H KQ`i�HBiv BM kyRyX

h?2 KQ`i�HBiv KQ/2H BM Qm` 7`�K2rQ`F Bb #�b2/ QM i?2 *". 7�KBHv Q7 KQ`i�HBiv KQ/2Hb
rBi? MQ`K�HBx2/ �;2 7mM+iBQMX h?2 *". 7�KBHv Q7 KQ`i�HBiv KQ/2Hb Bb /2bB;M2/ bT2+B}+�HHv 7Q`
TQbi@�;2@ey U*�B`Mb 2i �HX- kyye- kyyNV- #2BM; `2+2MiHv 2ti2M/2/ iQ � KmHiB@TQTmH�iBQM b2iiBM;
#v GB 2i �HX UkyR8V �M/ GB �M/ GBm UkyRNV rBi? +QKKQM 7�+iQ`b 7Q` K�H2b �M/ 72K�H2b mbBM;
?B;?@[m�HBiv KQ`i�HBiv /�i� 7Q` /2p2HQT2/ +QmMi`B2bX h?2 *". 7�KBHv mb2b T2`BQ/ 2z2+ib �M/
� T�`�K2i`B+ �;2 7mM+iBQM iQ T`QD2+i i?2 KQ`i�HBiv 7Q` �Mv �;2- 2p2M QmibB/2 i?2 �;2 `�M;2 Q7
i?2 b�KTH2 /�i� U.Qr/ �M/ "H�F2- kyRNVX h?2`27Q`2- i?2 *". 7�KBHv Bb mb27mH iQ KQ/2H i?2
KQ`i�HBiv �i �/p�M+2/ �;2b r?2M /�i� [m�HBiv Bb TQQ`X �Hi?Qm;? r2 mb2 � KQ/2H p�`B�Mi Q7
i?2 *". 7�KBHv iQ bim/v QH/@�;2 KQ`i�HBiv- Qm` T`QTQb2/ mM/2``2TQ`iBM; KQ/2HBM; 7`�K2rQ`F
Bb MQi +QMbi`�BM2/ iQ QM2 bT2+B}+ KQ`i�HBiv KQ/2H- �M/ i?2 *".@ivT2 KQ/2H r2 mb2 +QmH/ #2
`2TH�+2/ #v �Mv Qi?2` �Hi2`M�iBp2 KQ/2H 7Q`KX

q2 �TTHv i?2 7`�K2rQ`F iQ i?2 T`QpBM+B�H KQ`i�HBiv BM *?BM� 7Q` i?2 �;2 `�M;2 eyĜNN Qp2`
RN3kĜkyRyX S`2pBQmb /2KQ;`�T?B+ `2b2�`+? b?Qrb i?�i *?BM2b2 TQTmH�iBQM /�i� �`2 Q7 ;QQ/
[m�HBiv U2X;X- "�MBbi2` �M/ >BHH- kyy9c *Q�H2 �M/ GB- RNNRV- r?2`2�b +2Mbmb /2�i?b BM *?BM�
bmz2` 7`QK mM/2``2TQ`iBM; U2X;X- q�M;- kyyjc q�M; �M/ :2- kyRjVX q2 KQ/2H i?2 mMQ#b2`p2/
`2�H KQ`i�HBiv `�i2b �M/ i?2 Q#b2`p2/ `2TQ`i2/ KQ`i�HBiv `�i2b iQ;2i?2` �M/ i?2M +QKT�`2 i?2
BKT�+i Q7 i?2 mM/2``2TQ`i2/ /2�i?b QM i?2 KQ/2HBM; Q7 QH/@�;2 KQ`i�HBivX h?Bb `2H�iBp2Hv M2r
/�i�b2i 7Q` *?BM� ?�b QMHv #22M mb2/ #v Gm 2i �HX UkyRNV- r?Q /2p2HQT2/ "�v2bB�M ?B2`�`+?B+�H
KQ`i�HBiv KQ/2Hb 7Q` �HH �;2b- rBi?Qmi mM/2``2TQ`iBM;X

j



*QKT�`2/ rBi? T`2pBQmb bim/B2b- bm+? �b GB �M/ GBm UkyRNV �M/ a+?K2`iK�MM �M/ :QM@
x�;� UkyR3V- Qm` 7`�K2rQ`F +QMbB/2`b i?2 T`Q#H2K Q7 BM�++m`�i2 KQ`i�HBiv /�i� �M/ T`Q/m+2b
`2�bQM�#H2 T`QD2+iBQMbX *QKT�`2/ rBi? � p2`bBQM Q7 i?2 KQ/2H rBi?Qmi mM/2``2TQ`iBM;- r?B+?
�bbmK2b i?2 /�i� �`2 �++m`�i2 �M/ KQ/2Hb i?2 `2;Bbi2`2/ KQ`i�HBiv /B`2+iHv- i?2 T`QTQb2/ KQ/2H
?�b #2ii2` T2`7Q`K�M+2- rBi? � HQr2` p�Hm2 Q7 i?2 /2pB�M+2 BM7Q`K�iBQM +`Bi2`BQM U.A*V- �M/
T`Q/m+2b KQ`2 `2�bQM�#H2 KQ`i�HBiv +m`p2b /2bTBi2 i?2 pQH�iBH2 /�i�X h?2 KQ/2H �HbQ T2`7Q`Kb
r2HH BM T`QD2+iBQMb �M/ ;2M2`�i2b +Q?2`2Mi 7Q`2+�bibX

q2 +QMi`B#mi2 irQ K�BM �bT2+ib iQ i?2 HBi2`�im`2X 6B`bi- r2 +QMbB/2` i?2 `2TQ`iBM; T`Q#�@
#BHBiv BM KQ`i�HBiv KQ/2HBM;- r?B+? Bb mb27mH iQ +QmMi`B2b rBi? mM`2HB�#H2 KQ`i�HBiv /�i�b2ibX �b
KQ`i�HBiv /�i� �i �/p�M+2/ �;2b ?�p2 bT�`b2 Q#b2`p�iBQMb- r?B+? �`2 TQi2MiB�HHv mM/2``2TQ`i2/-
Qm` bim/v T`QpB/2b � M2r bQHmiBQM iQ KQ/2HBM; �/p�M+2/@�;2 KQ`i�HBivX a2+QM/- Qm` 7`�K2rQ`F
vB2H/b � MQp2H +Q?2`2Mi KQ/2H iQ 2biBK�i2 �M/ 7Q`2+�bi bm#M�iBQM�H KQ`i�HBivX h?2 KQ/2H rQ`Fb
r2HH 7Q` bm#@TQTmH�iBQMb- r?2`2 KQ`i�HBiv `�i2b ?�p2 bm#bi�MiB�H p�`B�iBQMb BM ?BbiQ`B+�H H2p2Hb
�M/ i`2M/bX

Pm` bim/v b?Qrb i?�i i?2`2 +�M #2 BKTQ`i�Mi /Bz2`2M+2b BM i?2 2biBK�i2/ �M/ T`QD2+i2/ KQ`@
i�HBiv `2bmHib rBi? �M/ rBi?Qmi �++QmMiBM; 7Q` mM/2``2TQ`iBM;X S`Q#H2K�iB+ KQ`i�HBiv 7Q`2+�bib
�M/ +QM+HmbBQMb +�M #2 /2`Bp2/ B7 mM/2``2TQ`iBM; Bb B;MQ`2/- r?B+? +�M ?�p2 b2p2`2 +QMb2[m2M+2b
7Q` i?2 T2MbBQM bvbi2K �M/ BMbm`�M+2 +QKT�MB2bX >2M+2- 7m`i?2` bim/B2b QM KQ`i�HBiv KQ/2HBM;
b?QmH/ �++QmMi 7Q` BM+QKTH2i2 `2TQ`iBM;- r?2`2 i?2 `2TQ`iBM; T`Q#�#BHBiv +�M �HbQ #2 mb27mH BM
+�mb2@Q7@/2�i? KQ`i�HBiv KQ/2HBM;X JQ`2Qp2`- �b i?2 `2TQ`i2/ /2�i?b /m2 iQ *PoA.@RN �`2
HBF2Hv iQ #2 mM/2``2TQ`i2/- `2b2�`+?2`b b?QmH/ �M�Hvx2 i?2 KQ`i�HBiv /m2 iQ *PoA.@RN rBi?
+�miBQMX q?BH2 r2 /Q MQi 2tTHQ`2 i?2 �TTHB+�iBQM Q7 Qm` K2i?Q/b iQ i?2 KQ/2HBM; Q7 *PoA.@RN
KQ`i�HBiv BM i?Bb T�T2`- Qm` T`QTQb2/ 7`�K2rQ`F Qz2`b � TQbbB#H2 �TT`Q�+? 7Q` �++QmMiBM; i?2
mM/2``2TQ`iBM; Q7 *PoA.@RN /2�i?bX

h?2 `2K�BM/2` Q7 i?2 T�T2` Bb bi`m+im`2/ �b 7QHHQrbX a2+iBQM k BMi`Q/m+2b i?2 T`QTQb2/
KQ/2HX a2+iBQM j /2b+`B#2b i?2 KQ`i�HBiv /�i�#�b2X a2+iBQM 9 T`2b2Mib �M/ +QKT�`2b i?2 }iiBM;
`2bmHib Q7 i?2 T`QTQb2/ KQ/2H rBi? � bBKBH�` KQ/2H rBi?Qmi mM/2``2TQ`iBM;X a2+iBQM 8 T`2b2Mib
i?2 7Q`2+�biBM; T2`7Q`K�M+2 Q7 i?2 T`QTQb2/ KQ/2H �M/ i?2 KQ/2H rBi?Qmi mM/2``2TQ`iBM;X
a2+iBQM e T`QpB/2b +QM+HmbBQMb �M/ B/2�b 7Q` 7mim`2 `2b2�`+?X

kX JQ/2H

kXRX JQ/2H bmKK�`v

q2 T`QTQb2 � M2r KQ`i�HBiv KQ/2H mM/2` � "�v2bB�M 7`�K2rQ`F iQ 2biBK�i2 �M/ 7Q`2+�bi QH/@
�;2 KQ`i�HBiv `�i2b �i i?2 bm#M�iBQM�H H2p2HX h?2 KQ/2H 2tTHB+BiHv �++QmMib 7Q` mM/2``2TQ`iBM;X
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h?2 bi�iBbiB+�H �TT`Q�+? Bb bmKK�`Bx2/ BM 6B;m`2 RX

Demographic estimates 
by DDM

Priors for , ~i
x t Beta

Death reporting

Mortality rates

National mortality

Priors for common  
parameters   

,log( ) ~ ( )x t Nm f x

Individual parameters
2

,1 ~ (0, )i
x N 

,1x

Real deaths
, , ,~ ( )i i i

x t x t x tD Poisson m E
Reported responses

~ ( , )R Binomial D 

Reported deaths
 

, , , ,~ ( )i i i i
x t x t x t x tR Poisson E m  

Subnational mortality
,log( ) ~ ( )i i

x t Nm f x

Sequential parameters
Random walk process

, , 1 , ,x t x t x x td   −= + +

, , 1 ,
i i i i
x t x t x x td  −= + +

2
, ~ (0, )xd N 

Future parameters
Random walk process

Future mortality
,log( )i

x T nm +

M2

M1

6B;m`2 RX S`QTQb2/ 7`�K2rQ`F

h?2 `2�H MmK#2` Q7 �;2@bT2+B}+ /2�i?b- Di
x,t- Bb /2}M2/ �b i?2 mMQ#b2`p2/ `2�H MmK#2` Q7

/2�i?b �i �;2 x BM v2�` t 7Q` bm#@TQTmH�iBQM i- r?BH2 i?2 `2TQ`i2/ MmK#2` Q7 /2�i?b- Ri
x,t- Bb

/2}M2/ �b i?2 Q#b2`p2/ MmK#2` 7`QK +2Mbmb Q` `2;Bbi`�iBQM /�i�X h?2 `2TQ`i2/ /2�i?b 7QHHQr �
SQBbbQM /Bbi`B#miBQM rBi? i?2 K2�M 2[m�H iQ i?2 T`Q/m+i Q7 i?2 Q#b2`p2/ �;2@bT2+B}+ 2tTQbm`2b
Ei

x,t- i?2 KQ`i�HBiv `�i2b mi
x,t- �M/ i?2 `2TQ`iBM; T`Q#�#BHBiB2b πi

x,tX �//BiBQM�HHv- i?2 `2TQ`i2/
/2�i?b 7QHHQr � "BMQKB�H /Bbi`B#miBQM rBi? i?2 ǳMmK#2` Q7 2tT2`BK2MibǴ ;Bp2M #v i?2 `2�H /2�i?b
�M/ i?2 ǳbm++2bb T`Q#�#BHBivǴ #v i?2 `2TQ`iBM; T`Q#�#BHBivX h?2 `2TQ`iBM; T`Q#�#BHBiv Bb KQ/2H2/
mbBM; BM7Q`K�iBQM 2biBK�i2/ #v /2�i? /Bbi`B#miBQM K2i?Q/b �b T`BQ`b 7Q` � #2i� /Bbi`B#miBQMX

lM/2` i?2 T`QTQb2/ 7`�K2rQ`F- /2MQi2/ �b JR BM 6B;m`2 R- i?2 `2�H /2�i?b 7QHHQr � SQBbbQM
/Bbi`B#miBQM Q7 i?2 2tTQbm`2b �M/ mMQ#b2`p2/ `2�H KQ`i�HBiv `�i2bX h?2 `2�H KQ`i�HBiv Bb KQ/2H2/

8



mbBM; � T�`�K2i`B+ KQ/2H i?�i ?�b +QKKQM �M/ BM/BpB/m�H T�`�K2i2`b 7Q` bm#M�iBQM�H �`2�bX
h?2 BMBiB�H p�Hm2b Q7 i?2 +QKKQM T�`�K2i2`b mb2 T`BQ` BM7Q`K�iBQM- 2biBK�i2/ #v i?2 M�iBQM�H
KQ`i�HBiv Q7 i?2 `272`2M+2 v2�` UBX2X- i?2 v2�` rBi? i?2 #2bi@[m�HBiv /�i�VX h?2 BMBiB�H p�Hm2b Q7
i?2 BM/BpB/m�H T�`�K2i2`b 7QHHQr MQ`K�H /Bbi`B#miBQMbX h?2 bm#b2[m2Mi �M/ 7mim`2 T�`�K2i2`b
�`2 KQ/2H2/ mbBM; � `�M/QK r�HF T`Q+2bbX h?2 7mim`2 KQ`i�HBiv `�i2b �`2 7Q`2+�bi2/ #�b2/ QM
i?2 T�`�K2i2` 7Q`2+�bibX

hQ b?Qr i?2 BKT�+i Q7 i?2 `2TQ`iBM; T`Q#�#BHBiv QM KQ`i�HBiv 2biBK�iBQM �M/ T`QD2+iBQM- r2
+QKT�`2 JR rBi? � p2`bBQM Q7 i?2 7`�K2rQ`F rBi?Qmi i?2 `2TQ`iBM; T`Q#�#BHBiv- /2MQi2/ �b Jk
BM 6B;m`2 RX lM/2` Jk- i?2 `2TQ`i2/ /�i� �`2 �bbmK2/ iQ #2 �++m`�i2 �M/ i?2 `2TQ`i2/ /2�i?b
�`2 mb2/ �b `2�H /2�i?b UBX2X- Ri

x,t 4 Di
x,tV iQ KQ/2H KQ`i�HBivX

kXkX .2i�BH2/ KQ/2H /2b+`BTiBQM

q2 �/QTi � "�v2bB�M 7`�K2rQ`F- r?2`2 i?2 `2�H MmK#2` Q7 /2�i?b- Di
x,t- Bb �bbmK2/ iQ #2

+QM/BiBQM�HHv BM/2T2M/2Mi �M/ 7QHHQr � SQBbbQM /Bbi`B#miBQM,

Di
x,t ∼ Poisson(Ei

x,t ·mi
x,t), URV

r?2`2 Ei
x,t Bb i?2 MmK#2` Q7 �;2@bT2+B}+ 2tTQbm`2b 7Q` bm#@TQTmH�iBQM i �M/ mi

x,t i?2 +2Mi`�H
/2�i? `�i2 7Q` T2QTH2 �;2/ x �i v2�` t BM bm#@TQTmH�iBQM iX

hQ �++QmMi 7Q` BM+QKTH2i2 /2�i? `2TQ`iBM;- r2 7QHHQr �M �TT`Q�+? bBKBH�` iQ i?�i Q7 a+?K2`i@
K�MM �M/ :QMx�;� UkyR3V �M/ BMi`Q/m+2 �M �;2@bT2+B}+ `2TQ`iBM; T`Q#�#BHBiv- πi

x,t- 7Q` T2QTH2
�;2/ x �i v2�` t BM bm#@TQTmH�iBQM iX q2 mb2 /2�i? /Bbi`B#miBQM K2i?Q/b iQ 2biBK�i2 i?2 T`BQ`b
7Q` πi

x,tX h?2 `2TQ`i2/ MmK#2` Q7 /2�i?b- Ri
x,t- Bb KQ/2H2/ BM/2T2M/2MiHv 7Q` 2�+? �;2 �M/ v2�`

7`QK � #BMQKB�H /Bbi`B#miBQM,

Ri
x,t ∼ Binomial(Di

x,t, π
i
x,t). UkV

h?2 �;2@bT2+B}+ `2TQ`iBM; T`Q#�#BHBiv- πi
x,t- Bb KQ/2H2/ BM/2T2M/2MiHv 7Q` 2�+? �;2 �M/ v2�`

7`QK � #2i� /Bbi`B#miBQM- r?B+? Bb � +QMDm;�i2/ T`BQ` 7Q` i?2 #BMQKB�H /Bbi`B#miBQM,

πi
x,t ∼ Beta(Ktφt, Kt[1− φt]), UjV

r?2`2 Kt �M/ φt �`2 i?2 T`BQ`B b?�T2 �M/ b+�H2 T�`�K2i2`b Q7 i?2 #2i� /Bbi`B#miBQM- +QKTmi2/
#v i?2 2biBK�i2b Q7 /2�i? /Bbi`B#miBQM K2i?Q/b /2b+`B#2/ BM a2+iBQM jX h?2 K2�M �M/ p�`B�M+2
Q7 i?2 2biBK�i2b /2`Bp2/ #v /2�i? /Bbi`B#miBQM K2i?Q/b �`2 /2MQi2/ �b µt �M/ s2t - `2bT2+iBp2HvX
h?2 b?�T2 �M/ b+�H2 T�`�K2i2`b �`2 `2bT2+iBp2Hv +QKTmi2/ �b φt = µt �M/ Kt =

µt(1−µt)
s2t

− 1

U:H2M �M/ G22KBb- kyRdc a+?K2`iK�MM �M/ :QMx�;�- kyR3VX

e



a+?K2`iK�MM �M/ :QMx�;� UkyR3V T`Qp2 i?�i i?2 K�`;BM�H /Bbi`B#miBQM Q7 i?2 DQBMi SQBb@
bQM �M/ #BMQKB�H T`Q+2bb ?�b � SQBbbQM HBF2HB?QQ/X h?Bb K2�Mb Ri

x,t biBHH 7QHHQrb � SQBbbQM
/Bbi`B#miBQM,

Ri
x,t ∼ Poisson(Ei

x,t ·mi
x,t · πi

x,t). U9V

�b i?2 *". KQ/2H 7�KBHv T2`7Q`Kb r2HH BM �/p�M+2/@�;2 KQ`i�HBiv KQ/2HBM; r?2M /�i�
[m�HBiv Bb MQi QTiBK�H- r2 T`QTQb2 � ;2M2`�H KQ/2H 7Q`K #�b2/ QM i?2 *". 7�KBHv iQ KQ/2H
i?2 bm#M�iBQM�H KQ`i�HBiv mi

x,tX >Qr2p2`- r2 MQi2 i?�i i?2 T`QTQb2/ mM/2``2TQ`iBM; KQ/2HBM;
7`�K2rQ`F Bb BM/2T2M/2Mi Q7 i?2 bT2+B}+�iBQM Q7 i?2 KQ/2H 7Q` mi

x,t �M/ i?2 *".@ivT2 KQ/2H
+QmH/ #2 `2TH�+2/ #v Qi?2` �Hi2`M�iBp2 KQ/2HX 6Q` 2t�KTH2- BMbi2�/ Q7 mbBM; i?2 *". �TT`Q�+?
/Bb+mbb2/ ?2`2- r2 +QmH/ Qp2`H�v i?2 bm#M�iBQM�H "�v2bB�M �TT`Q�+? T`2b2Mi2/ #v �H2t�M/2` 2i
�HX UkyRdV Q` �Mv Qi?2` �TT`QT`B�i2 K2i?Q/ 7Q` KQ/2HBM; bm#M�iBQM�H KQ`i�HBiv �i QH/2` �;2bX

hQ �pQB/ TQbbB#H2 MmK2`B+�H T`Q#H2Kb +�mb2/ #v i?2 /Bz2`2Mi b+�H2b Q7 �;2fT2`BQ/ i2`Kb
U>mMi �M/ "H�F2- kykyV- r2 mb2 i?2 MQ`K�HBx2/ �;2 7mM+iBQMb BM Qm` bT2+B}+�iBQM Q7 i?2 KQ`i�HBiv
7Q` i?2 bm#M�iBQM�H TQTmH�iBQMb,

log(mi
x,t) = atx

2
N + btxN + ct + gitxN + hi

t + ϵix,t, U8V

r?2`2 mi
x,t Bb i?2 +2Mi`�H KQ`i�HBiv `�i2 �i �;2 x BM v2�` t U t = t1, t2, ..., tT - r?2`2 tT Bb i?2 H�bi

v2�` BM i?2 b�KTH2 `�M;2V 7Q` bm#@TQTmH�iBQM iX AM 1[m�iBQM U8V- xN = x−x̄
x−xmin

∈ [0, 1] Bb i?2
MQ`K�HBx2/ �;2 7mM+iBQM- rBi? xmin /2MQiBM; i?2 KBMBKmK �;2 BM i?2 b�KTH2 `�M;2c at- bt- �M/
ct �`2 i?2 +QKKQM T�`�K2i2`b �KQM; �HH bm#@TQTmH�iBQMbc git �M/ hi

t �`2 BM/BpB/m�H T�`�K2i2`b
7Q` bm#@TQTmH�iBQM ic �M/ ϵix,t Bb � `�M/QK 2``Q` /`�rM 7`QK � MQ`K�H /Bbi`B#miBQM- N(0, σ2

ϵ )X
q2 mb2 � `�M/QK r�HF T`Q+2bb iQ KQ/2H i?2 iBK2@/2T2M/2Mi T�`�K2i2`b BM mi

x,tX hQ Q#i�BM
i?2 2biBK�iBQM �M/ T`QD2+iBQM BM QM2 bi�;2- r2 /`�r i?2 BMBiB�H p�Hm2b Q7 i?2 T�`�K2i2`b Ut = t1V
7`QK MQ`K�H /Bbi`B#miBQMbX

q2 �bbmK2 i?�i i?2`2 Bb � ǳ#2bi v2�`Ǵ Q7 KQ`i�HBiv /�i�- r?2`2 mM/2``2TQ`iBM; Bb HQr2bi- �M/
`2TQ`iBM; Bb ?B;?2bi +QKT�`2/ �KQM; �HH /�i� �p�BH�#H2X q2 /2MQi2 i?Bb v2�` �b i?2 `272`2M+2
v2�`X AM T`�+iB+2- i?2 `272`2M+2 v2�` +�M #2 +?Qb2M 2Bi?2` #�b2/ QM i?2 BM7Q`K�iBQM QM `2TQ`iBM;
[m�HBiv 7`QK HBi2`�im`2 Q` 7`QK i?2 2biBK�i2b Q7 i?2 /2�i? /Bbi`B#miBQM K2i?Q/b rBi? i?2 ?B;?2bi
+Qp2`�;2X AM i?Bb T�T2`- r2 i�F2 i?2 }`bi �TT`Q�+? �M/ 2biBK�i2 i?2 M�iBQM�H KQ`i�HBiv /�i�
BM i?2 `272`2M+2 v2�`X h?2 2biBK�i2/ BM7Q`K�iBQM Q7 i?2 M�iBQM�H KQ`i�HBiv Bb mb2/ �b T`BQ`b 7Q`
i?2 BMBiB�H p�Hm2b Q7 i?2 +QKKQM T�`�K2i2`bX h?mb- at- bt- �M/ ct �`2 `2bT2+iBp2Hv KQ/2H2/ 7`QK
i?2 7QHHQrBM; BM7Q`K�iBp2 T`BQ`b,

at1 ∼ N(µa, σ
2
a), bt1 ∼ N(µb, σ

2
b ), ct1 ∼ N(µc, σ

2
c ), UeV

d



r?2`2 µa- µb- �M/ µc �`2 i?2 T�`�K2i2`b +QKTmi2/ #v }iiBM; i?2 M�iBQM�H KQ`i�HBiv /�i� Q7 i?2
`272`2M+2 v2�`X

h?2 BMBiB�H p�Hm2b Q7 i?2 BM/BpB/m�H T�`�K2i2`b �`2 KQ/2H2/ 7`QK i?2 7QHHQrBM; MQM@BM7Q`K�iBp2
T`BQ`b,

git1 ∼ N(0, σ2
gi), h

i
t1 ∼ N(0, σ2

hi), UdV

r?2`2 σ2
a- Ę- σ2

hi - σ2
ϵ �`2 i?2 p�`B�M+2b 7`QK BMp2`b2 ;�KK� UA:V /Bbi`B#miBQMb- 7Q` 2t�KTH2-

σ2
a ∼ IG(1, 0.01)X

h?2 bm#b2[m2Mi p�Hm2b Q7 T�`�K2i2`b �i iBK2 t = t2, ..., tT �`2 KQ/2H2/ #v � `�M/QK r�HF
T`Q+2bb,

atm ∼ N(atm−1 +∆m · da,∆m · σ2
ϵa), U3V

btm ∼ N(btm−1 +∆m · db,∆m · σ2
ϵb), UNV

ctm ∼ N(ctm−1 +∆m · dc,∆m · σ2
ϵc), URyV

gitm ∼ N(gitm−1
+∆m · dig,∆m · σ2

ϵgi), URRV

hi
tm ∼ N(hi

tm−1
+∆m · dih,∆m · σ2

ϵhi), URkV

r?2`2 ∆m = tm− tm−1 /2MQi2b i?2 v2�` ;�T #2ir22M iBK2b tm �M/ tm−1 Um = 1, 2, ..., T VX h?�i
Bb- Qm` KQ/2H �HHQrb 7Q` /�i� iQ #2 +QHH2+i2/ �i B``2;mH�` iBK2 BMi2`p�Hb U`�i?2` i?�M �MMm�HHvVX
o�`B�M+2b σ2

ϵa, ..., σ
2
ϵhi �`2 BM/2T2M/2MiHv KQ/2H2/ 7`QK IG(1, 0.01)X h?2 /`B7ib da, ..., dih �`2 7`QK

MQM@BM7Q`K�iBp2 T`BQ`b,

da ∼ N(0, σ2
da), db ∼ N(0, σ2

db
), dc ∼ N(0, σ2

dc), d
i
g ∼ N(0, σ2

dg), d
i
h ∼ N(0, σ2

dh
), URjV

r?2`2 i?2 p�`B�M+2b σ2
da , ..., σ

2
dh

�`2 7`QK IG(1, 0.01)X h?2 /`B7ib dig �M/ dih �`2 KQ/2H2/ 7`QK
i?2 b�K2 T`BQ` /Bbi`B#miBQMb- N(0, σ2

dg) �M/ N(0, σ2
dh
)- iQ TQQH BM7Q`K�iBQM �KQM; T`QpBM+2bX

h?2 7mim`2 T�`�K2i2`b �`2 �HbQ 7Q`2+�bi2/ #v � `�M/QK r�HF T`Q+2bbX 6Q` 2t�KTH2- atT+n Bb
7Q`2+�bi2/ �b,

atT+n = atT+n−1 + da + ζa, UR9V

r?2`2 n Bb i?2 MmK#2` Q7 v2�`b �?2�/ iQ 7Q`2+�bi �M/ ζa Bb i?2 `�M/QK 2``Q` /`�rM 7`QK
i?2 TQbi2`BQ` MQ`K�H /Bbi`B#miBQM N(0, σ2

ζa)- rBi? σ2
ζa = σ2

ϵaX Pi?2` T�`�K2i2`b �`2 7Q`2+�bi2/
bBKBH�`Hv iQ atT+nX

h?2 bBKmH�i2/ i`�D2+iQ`B2b Q7 i?2 7mim`2 KQ`i�HBiv `�i2b BM v2�` tT +n �`2 i?2M Q#i�BM2/ #v,

log(mi
x,tT+n) = atT+nx

2
N + btT+nxN + ctT+n + gitT+nxN + hi

tT+n. UR8V

3



jX .�i�

q2 mb2 T`QpBM+2@H2p2H +2Mbmb /�i� 7`QK 7Qm` +2Mbmb2b +QM/m+i2/ BM *?BM� BM RN3k- RNNy-
kyyy- �M/ kyRy Ut = t1, t2, t3, t4- `2bT2+iBp2HvVX h?2 /�i� +QMi�BM i?2 TQTmH�iBQM �M/ /2�i?
+QmMib #v ;2M/2` �M/ �;2 7Q` 2p2`v �p�BH�#H2 T`QpBM+2X 1t+2Ti 7Q` i?2 +2Mbmb /�i� BM RNNy-
r?B+? ?�p2 NyY �b i?2 QT2M@2M/2/ �;2 BM i?2 /2�i? /�i� 7Q` �HH T`QpBM+2b- i?2 Qi?2` +2Mbmb2b
?�p2 /2�i?b �M/ TQTmH�iBQM /�i� mT iQ �;2 RyyY 7Q` KQbi T`QpBM+2bX �b T`2pBQmbHv K2MiBQM2/-
i?Bb mM/2`2tTHQ`2/ /�i�b2i ?�b QMHv #22M mb2/ #v Gm 2i �HX UkyRNV- r?Q +QKTBH2/ Bi #�b2/ QM
/�i� 7`QK i?2 �`+?Bp2 Q7 i?2 L�iBQM�H "m`2�m Q7 ai�iBbiB+b Q7 *?BM�X

q?BH2 i?2 [m�HBiv Q7 *?BM2b2 KQ`i�HBiv /�i� Bb bQK2iBK2b [m2biBQM2/- T`2pBQmb bim/B2b b?Qr
i?�i TQTmH�iBQM /�i� 7`QK *?BM� �`2 Q7 `2�bQM�#H2 [m�HBiv 7Q` �/mHi �;2b U2X;X- "�MBbi2` �M/
>BHH- kyy9c *Q�H2- RN39c *Q�H2 �M/ "�MBbi2`- RNN9VX .2�i? +QmMib 7Q` i?2 RN3k +2Mbmb- r?B+?
r�b +QM/m+i2/ mM/2` i?2 ;mB/�M+2 Q7 i?2 lMBi2/ L�iBQMb- �`2 �HbQ rB/2Hv +QMbB/2`2/ �++m`�i2
U2X;X- GB- RNN9c amM 2i �HX- RNNjc w?�B- RN3NVX >Qr2p2`- i?2`2 Bb 2pB/2M+2 Q7 mM/2``2TQ`iBM;
Q7 /2�i?b BM i?2 RNNy- kyyy- �M/ kyRy +2Mbmb2b- i?2 2biBK�i2/ mM/2``2TQ`iBM; `�iBQb `�M;BM;
#2ir22M 3X88W �M/ kdXRW- �b b?QrM BM h�#H2 R U2X;X- *mB 2i �HX- kyRjc GB- RNN9c q�M;- kyyjVX

h�#H2 RX lM/2``2TQ`iBM; 2biBK�i2b BM T`2pBQmb bim/B2b

u2�` RN3k RNNy kyyy kyRy

.2�i? mM/2``2TQ`iBM; bK�HH 3X88W Ĝ RdW RyW Ĝ R8W RjXeW Ĝ kdXRW

_272`M+2b w?�B URN3NV GB URNN9V- amM 2i �HX URNNjV q�M; UkyyjV *mB 2i �HX UkyRjV

*Q�H2 �M/ GB URNNRV +QM+Hm/2 i?�i QH/@�;2 KQ`i�HBiv �M/ TQTmH�iBQM /�i� BM KQbi *?BM2b2
T`QpBM+2b �`2 �++m`�i2X h?Bb Bb #2+�mb2 >�M *?BM2b2- r?Q �`2 i?2 K�BM 2i?MB+ ;`QmT BM *?BM�-
mb2 i?2 HmM�` +�H2M/�` �M/ �MBK�H v2�`b UxQ/B�+bV iQ `2K2K#2` i?2B` #B`i?/�vbX � MQi2rQ`i?v
2t+2TiBQM r?2`2 i?2 �++m`�+v Q7 i?2 /�i� K�v #2 T`Q#H2K�iB+ Bb sBMDB�M; S`QpBM+2- r?B+? ?�b
� JmbHBK K�DQ`BivX "�b2/ QM i?2 }M/BM;b Q7 *Q�H2 �M/ GB URNNRV- r2 mb2 i?2 /�i� 7Q` K�H2b
7`QK �HH �p�BH�#H2 T`QpBM+2b 2t+2Ti sBMDB�M;- �M/ ;�i?2` i?2 /�i� #v bBM;H2 v2�` Q7 �;2 7`QK �;2
ey iQ NNX 6Q` i?2 T`QpBM+2b rBi?Qmi �p�BH�#H2 /2�i? �M/ TQTmH�iBQM /�i� mT iQ NNY v2�`b QH/-
r2 mb2 i?2 ?B;?2bi �;2b U#2HQr i?2 QT2M �;2 BMi2`p�HV �p�BH�#H2 �M/ i`2�i i?2 /�i� 7Q` i?2 �;2b
�#Qp2 NN �b KBbbBM; /�i�X h?2 MmK#2` Q7 2tTQbm`2@iQ@`BbF Bb �TT`QtBK�i2/ #v i?2 *Q�H2 �M/
.2K2Mv 7Q`KmH� U*Q�H2 2i �HX- RN3jc S`2biQM 2i �HX- kyyyV #�b2/ QM i?2 +2Mbmb TQTmH�iBQM /�i�X

q2 /Q MQi �++QmMi 7Q` KB;`�iBQM BM Qm` KQ/2HX �Hi?Qm;? i?2`2 Bb `m`�H@m`#�M KB;`�iBQM
BM *?BM�- i?2 KB;`�iBQM `�i2b �i QH/2` �;2b �`2 HQrX .m`BM; kyyyĜkyRy- KB;`�Mib �#Qp2 �;2
ey +QMbiBimi2/ QMHv �`QmM/ 8W Q7 �HH KB;`�Mib- �M/ H2bb i?�M kW Q7 T2QTH2 �;2/ e8Y v2�`b

N



QH/ KB;`�i2/ UJ� 2i �HX- kyR9c wQm �M/ qm- kyRjVX q2 i?mb B;MQ`2 KB;`�iBQM �M/ mb2 /2�i?
/Bbi`B#miBQM K2i?Q/bX

aBM+2 i?2 /�i� BM RN3k �`2 rB/2Hv +QMbB/2`2/ �++m`�i2 BM i?2 HBi2`�im`2 U2X;X- w?�B- RN3Nc
amM 2i �HX- RNNjc GB- RNN9V- r2 mb2 RN3k �b i?2 `272`2M+2 v2�` �M/ 2biBK�i2 i?2 p�Hm2b 7Q` RNNy-
kyyy- �M/ kyRyX q2 2biBK�i2 i?2 T`BQ` p�Hm2b Q7 Kt �M/ φt BM RNNy- kyyy- �M/ kyRy U t = tmc
m ≥ 2c t1 = 1982, ..., t4 = 2010V #v i?2 ;2M2`�HBx2/ ;`Qri? #�H�M+2 Q7 i?2 /2�i? /Bbi`B#miBQM
K2i?Q/b U>BHH- kyyNV mbBM; i?2 ..J _ T�+F�;2 U_Bz2 2i �HX- kyRdVX q2 +�H+mH�i2 i?2 /2�i?
/Bbi`B#miBQM K2i?Q/b 2biBK�i2b 7Q` 2p2`v T`QpBM+2 �M/ mb2 i?2 �p2`�;2 K2�M �M/ p�`B�M+2 Q7
i?2b2 T`QpBM+B�H 2biBK�i2b �b T`BQ`b 7Q` µt �M/ s2t X h�#H2 k `2TQ`ib i?2b2 T`BQ`b 7Q` v2�`b RNNy-
kyyy- �M/ kyRyX

h�#H2 kX S`BQ`b 7Q` µt �M/ s2t /m`BM; RNNyĜkyRy

u2�` RNNy kyyy kyRy

µt yX3NeR yX3ke9 yXNykj

s2t yXyRRj yXykNj yXyj8k

h?2 /2�i? /Bbi`B#miBQM K2i?Q/ QMHv 2biBK�i2b i?2 /2�i? +Qp2`�;2 7Q` i?2 +2Mbmb2b �7i2`
RN3kX >2M+2- r2 M22/ iQ K�F2 �bbmKTiBQMb QM i?2 /2�i? +Qp2`�;2 BM RN3kX "�b2/ QM i?2
BM7Q`K�iBQM i?�i /�i� BM RN3k �`2 �++m`�i2 U2X;X- GB- RNN9c amM 2i �HX- RNNjc w?�B- RN3NV- r2
�bbmK2 i?�i, URV i?2 K2�M Q7 i?2 `2TQ`iBM; T`Q#�#BHBiv BM RN3k Bb ?B;?2` i?�M i?�i BM Qi?2` v2�`b
�M/ UkV i?2 p�`B�M+2 Q7 i?2 `2TQ`iBM; T`Q#�#BHBiv BM RN3k Bb bK�HH2` i?�M i?2 �p2`�;2 p�`B�M+2
BM Qi?2` v2�`bX hQ +�Tim`2 i?2b2 �bbmKTiBQMb- r2 KQ/2H i?2 K2�M �M/ p�`B�M+2 Q7 i?2 /2�i?
/Bbi`B#miBQM 2biBK�i2 BM RN3k mbBM; i?2 7QHHQrBM; mMB7Q`K /Bbi`B#miBQMb,

µt1 ∼ U(µmax, 1), s
2
t1 ∼ U(0, s̄2), UReV

r?2`2 µmax Bb i?2 ?B;?2bi µt BM RNNy- kyyy- �M/ kyRy- �M/ s̄2 Bb i?2 K2�M Q7 s2t BM RNNy- kyyy-
�M/ kyRy U t = tmc m ≥ 2VX

9X 1biBK�iBQM `2bmHib

AM i?Bb b2+iBQM- r2 �TTHv i?2 T`QTQb2/ KQ/2H UJRV iQ *?BM�Ƕb T`QpBM+2b �M/ +QKT�`2 Bi rBi?
i?2 p2`bBQM rBi?Qmi mM/2``2TQ`iBM; UKQ/2H JkVX _2+�HH 7`QK a2+iBQM kXR i?�i Jk Bb bBKBH�` iQ
JR- 2t+2Ti i?�i r2 `2TH�+2 1[m�iBQM U9V rBi? �bbmKTiBQM Ri

x,t = Di
x,tX

h?2 TQbi2`BQ` /Bbi`B#miBQMb �`2 Q#i�BM2/ mbBM; i?2 `D�;b _ T�+F�;2 USHmKK2`- kyRNV- r?B+?
;2M2`�i2b b�KTH2b pB� i?2 J�`FQp *?�BM JQMi2 *�`HQ UJ*J*V �H;Q`Bi?K mbBM; :B##b b�K@
THBM;X 6Q` KQ/2Hb JR �M/ Jk- r2 ;2M2`�i2 irQ +?�BMb �M/ i?BM i?2 +?�BMb �i 2p2`v Ryi?

Ry



Q#b2`p�iBQMX h?2 :B##b b�KTHBM; +QMp2`;2b rBi?BM Ry-yyy Bi2`�iBQMbX �7i2` � #m`M@BM Q7 ky-yyy
Bi2`�iBQMb �M/ +QMp2`;2M+2 i2bib- i?2 TQbi2`BQ` /Bbi`B#miBQMb �`2 2biBK�i2/ #�b2/ QM i?2 H�bi
ky-yyy `2+Q`/2/ b�KTH2bX

9XRX 1biBK�i2/ T�`�K2i2`b

h?2 T2`7Q`K�M+2b Q7 JR �M/ Jk �`2 2p�Hm�i2/ #v i?2 .A*X h?2 .A* Bb � "�v2bB�M 2ti2MbBQM
Q7 i?2 �F�BF2 BM7Q`K�iBQM +`Bi2`BQM U�A*V �M/ � TQTmH�` KQ/2H b2H2+iBQM +`Bi2`BQM iQ /2�H rBi?
BM7Q`K�iBp2 T`BQ`b BM "�v2bB�M ?B2`�`+?B+�H KQ/2Hb Uu�M 2i �HX- kyR3VX � HQr2` .A* p�Hm2
BM/B+�i2b � #2ii2` KQ/2H }i- �M/ � .A* /Bz2`2M+2 Q7 jĜ8 Bb +QMbB/2`2/ bB;MB}+�Mi UE?�M� 2i �HX-
kyR3VX h?2 .A* Bb 98-dy9Xd 7Q` JR �M/ 9e-R8RXN 7Q` Jk- r?B+? K2�Mb i?2 KQ/2H }i BKT`Qp2b
bB;MB}+�MiHv #v BM+Q`TQ`�iBM; i?2 `2TQ`iBM; T`Q#�#BHBivX

h?2 2biBK�i2/ at- bt- �M/ ct 7Q` JR �M/ Jk �`2 b?QrM BM 6B;m`2 kX h?2 r?Bi2 HBM2b b?Qr
i?2 2biBK�i2/ K2/B�Mb �M/ i?2 �`2�b b?�/2/ BM ;`2v i?2 N8W TQbi2`BQ` BMi2`p�Hb 7Q` JRX h?2
#H�+F HBM2b �M/ /�b?2/ HBM2b b?Qr i?2 2biBK�i2/ K2/B�Mb �M/ i?2 +Q``2bTQM/BM; N8W TQbi2`BQ`
BMi2`p�Hb 7Q` Jk- `2bT2+iBp2HvX S�`�K2i2` at +�Tim`2b i?2 �;2 +m`p�im`2 Q7 i?2 KQ`i�HBiv +m`p2bX
h?2 b�K2 T`BQ` 7Q` at1 K�F2b i?2 TQbi2`BQ` at1 bBKBH�` 7Q` JR �M/ JkX >Qr2p2`- i?2 bm#b2[m2Mi
at Ut = tmc m ≥ 2V p�`v #2+�mb2 Q7 i?2 `2TQ`iBM; T`Q#�#BHBiv πi

x,tX lbBM; πi
x,t iQ +Q``2+i 7Q`

BM+QKTH2i2 /2�i?b- JR ?�b � KQ`2 bi�#H2 at- BM/B+�iBM; i?�i i?2 +m`p�im`2 Q7 �;2 Bb ;`�/m�HHv
+?�M;BM; Qp2` iBK2X h?2 �;2 +m`p�im`2 BM Jk +?�M;2b KQ`2 bB;MB}+�MiHv i?�M BM JR- BKTHvBM;
Jk `2+Q;MBx2b i?2 /�i� BM+QKTH2i2M2bb �b � T�ii2`M Q7 i?2 KQ`i�HBiv T`Q}H2X �b 7Q` bt �M/ ct-
JR vB2H/b � bBKBH�` i`2M/ iQ Jk- #mi rBi? HQr2` p�Hm2bX 6m`i?2`- JR ;Bp2b M�``Qr2` BMi2`p�Hb
7Q` bt �M/ rB/2` BMi2`p�Hb 7Q` ctX
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1985 1990 1995 2000 2005 2010

-2
.8

-2
.4

-2
.0

ct

Year

c t
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6B;m`2 kX 1biBK�i2/ T�`�K2i2`b 7Q` JR �M/ Jk, SQbi2`BQ` K2/B�Mb �M/ i?2 N8W BMi2`p�Hb Q7 T�`�K2i2`b at- bt-
�M/ ct

h?2 K2/B�Mb Q7 git �M/ hi
t BM KQ/2Hb JR �M/ Jk �`2 b?QrM BM 6B;m`2b j �M/ 9- `2bT2+iBp2HvX

h?2 /�`F ;`2v HBM2b �M/ ;`2v b?�/BM;b `2bT2+iBp2Hv b?Qr i?2 K2/B�Mb �M/ N8W TQbi2`BQ` BMi2`p�Hb
7Q` JRX h?2 #H�+F HBM2b �M/ /�b?2/ HBM2b b?Qr i?2 2biBK�i2/ K2/B�Mb �M/ +Q``2bTQM/BM; N8W

RR



TQbi2`BQ` BMi2`p�Hb 7Q` JkX AM �;`22K2Mi rBi? i?2 HQr2` p�Hm2b Q7 bt �M/ ct BM JR- JR ?�b ?B;?2`
TQbi2`BQ` /Bbi`B#miBQMb Q7 git �M/ hi

t i?�M Jk /m`BM; RN3kĜkyRy 7Q` KQbi T`QpBM+2b- 2t+2Ti 7Q`
a?�MtB S`QpBM+2 BM kyyyX JR ?�b M�``Qr2` TQbi2`BQ` BMi2`p�Hb Q7 git �M/ rB/2` TQbi2`BQ` BMi2`p�Hb
Q7 hi

t- r?B+? �`2 BM HBM2 rBi? i?2 BMi2`p�H rB/i?b Q7 bt �M/ ct BM 6B;m`2 kX h?2 `2bmHib 7Q` a?�MtB
S`QpBM+2 �`2 /m2 iQ /�i� 2``Q`b- r?B+? r2 rBHH /Bb+mbb BM /2i�BH H�i2`X AM RNNy- i?2 BMi2`p�Hb
Q7 git �M/ hi

t BM #Qi? KQ/2Hb 7Q` *?QM;[BM; S`QpBM+2 bi�M/ Qmi �b #2BM; i?2 rB/2bi QM2bX h?Bb
Bb #2+�mb2 *?QM;[BM; Bb i?2 QMHv T`QpBM+2 rBi? KBbbBM; /�i� BM RNNyX .�i� 7Q` *?QM;[BM;
S`QpBM+2 �`2 �HbQ KBbbBM; BM RN3k- r?B+? �HbQ `2bmHi BM rB/2` BMi2`p�Hb 7Q` git �M/ hi

t BM i?Bb v2�`X
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6B;m`2 jX 1biBK�i2/ T�`�K2i2`b 7Q` JR �M/ Jk, SQbi2`BQ` K2/B�Mb �M/ N8W BMi2`p�Hb 7Q` git

9XkX 1biBK�i2/ `2TQ`iBM; T`Q#�#BHBiv

h?2 TQbi2`BQ` K2/B�Mb Q7 `2TQ`iBM; T`Q#�#BHBiv πi
x,t 7Q` 2p2`v �;2 BM JR �`2 b?QrM BM 6B;m`2

8X 1�+? +QHQ`2/ HBM2 `2T`2b2Mib � T`QpBM+2X h?2 i?B+F2` #H�+F /�b?2/ HBM2 Bb i?2 M�iBQM�H �p2`�;2
Q7 �HH T`QpBM+2b- /2MQi2/ �b πC

x,tX h?2 TQbi2`BQ` K2/B�Mb �`2 ~�i 7Q` bQK2 �;2b /m2 iQ KBbbBM;

Rk
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ht

6B;m`2 9X 1biBK�i2/ T�`�K2i2`b 7Q` JR �M/ Jk, SQbi2`BQ` K2/B�Mb �M/ N8W BMi2`p�Hb 7Q` hi
t

/�i�X h?2 /2�i? /Bbi`B#miBQM K2i?Q/b 2biBK�i2 i?2 /2�i? +Qp2`�;2 7Q` /�i� BM }p2@v2�`@QH/ �;2
;`QmTb U>BHH- kyyNVc ?Qr2p2`- B7 i?2 /2�i? +Qp2`�;2 7Q` � bBM;H2 �;2 M22/b iQ #2 2biBK�i2/- Qm`
KQ/2H +�M #2 mb2/ �b �M �Hi2`M�iBp2X

6Q` RN3k �M/ RNNy- `2TQ`iBM; T`Q#�#BHBiv πi
x,t ~m+im�i2b �`QmM/ πC

x,t �M/ ?�b MQ Q#pBQmb �;2
i`2M/X h?2 M�iBQM�H �p2`�;2 `2TQ`iBM; `�iBQb 7Q` �HH �;2b �`2 NRXjW �M/ NjXeW BM RN3k �M/ RNNy-
`2bT2+iBp2HvX >Qr2p2`- BM kyyy �M/ kyRy- πi

x,t /2+`2�b2b �#Qp2 �;2 Ny �M/ ?�b � +H2�` i`2M/X
h?2 M�iBQM�H �p2`�;2 `2TQ`iBM; `�iBQb mM/2` �;2 Ny �`2 NRX9W �M/ NeXjW BM kyyy �M/ kyRy-
`2bT2+iBp2HvX h?2 M�iBQM�H �p2`�;2 `2TQ`iBM; `�iBQb �#Qp2 �;2 N8 �`2 QMHv dRXRW �M/ dyX3W BM
kyyy �M/ kyRy- r?BH2 i?2 KBMBKmK p�Hm2b Q7 πi

x,t BM kyyy �M/ kyRy �`2 2biBK�i2/ �b k9XdW �M/
kyX3W- `2bT2+iBp2HvX h?2 HQr2` `2TQ`iBM; T`Q#�#BHBiv 7Q` NyY v2�`b QH/ BM/B+�i2b mM/2``2TQ`iBM;
+QmH/ #2 b2p2`2 7Q` i?2 QH/2bi �;2b BM *?BM�- r?B+? Bb +QMbBbi2Mi rBi? `2TQ`ib 7`QK /2p2HQT2/
+QmMi`B2b U:�p`BHQp �M/ :�p`BHQp�- kyRN�VX

hQ +QKT�`2 i?2 /Bz2`2M+2b BM i?2 TQbi2`BQ` BMi2`p�Hb #2ir22M QH/2` �M/ vQmM;2` �;2b- r2

Rj
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Age

6B;m`2 8X SQbi2`BQ` K2/B�M Q7 T`QpBM+B�H `2TQ`iBM; T`Q#�#BHBiv πi
x,t BM JR

b?Qr i?2 N8W TQbi2`BQ` BMi2`p�Hb Q7 πi
x,t �i �;2b ey- Ny- �M/ N8 BM kyyy �M/ kyRy U πi

60,t- πi
90,t- �M/

πi
95,tc t = t3 �M/ t4V BM 6B;m`2 eX h?2 /�`F ;`2v HBM2b �M/ ;`2v b?�/2/ �`2�b b?Qr i?2 K2/B�Mb �M/

i?2 N8W TQbi2`BQ` BMi2`p�Hb 7Q` JRX Pp2`�HH- i?2 Q`/2` Q7 i?2 rB/i?b Q7 i?2 TQbi2`BQ` BMi2`p�Hb
Bb πi

95,t > πi
90,t > πi

60,t- `2~2+iBM; H�`;2` mM+2`i�BMiB2b �i QH/2` �;2bX "2ir22M kyyy �M/ kyRy- i?2
mM+2`i�BMiv Bb H�`;2` BM kyyy- BM/B+�iBM; +2Mbmb /�i� �`2 KQ`2 pQH�iBH2 BM kyyyX AM T`QpBM+2b
bm+? �b �M?mB- i?2 H�`;2` TQbi2`BQ` BMi2`p�Hb Q++m` �i �;2b Ny �M/ N8 U`2/ `2+i�M;H2bV /m2 iQ
KBbbBM; /�i� �#Qp2 �;2 NyX >Qr2p2`- i?2 H�`;2` TQbi2`BQ` BMi2`p�Hb Q7 H2bb 2+QMQKB+�HHv /2p2HQT2/
T`QpBM+2b bm+? �b hB#2i �M/ ZBM;?�B U#Hm2 `2+i�M;H2bV �`2 #2+�mb2 Q7 i?2 bK�HH TQTmH�iBQMb �M/
pQH�iBH2 `2TQ`i2/ /2�i?b �i �/p�M+2/ �;2bX h?2 TQbi2`BQ` BMi2`p�Hb Q7 πi

x,t b?Qr i?�i KBbbBM; Q`
pQH�iBH2 `2TQ`i2/ /�i� `2bmHi BM H�`;2` `2TQ`iBM; T`Q#�#BHBiv mM+2`i�BMivX

h?2 QmiHB2` `2TQ`iBM; T`Q#�#BHBiv 7Q` a?�MtB BM 6B;m`2 8U+V Bb /m2 iQ `2TQ`i2/ /�i� 2``Q`bX
6B;m`2 dU�V b?Qrb a?�MtBǶb TQbi2`BQ` K2/B�Mb Q7 πi

x,t BM kyyy- r?B+? �`2 i?2 b�K2 �b BM 6B;m`2
8U+VX 6B;m`2 dU#V b?Qrb i?2 `2TQ`i2/ KQ`i�HBiv �M/ 2biBK�i2/ K2/B�M KQ`i�HBiv 7Q` a?�MtB
�M/ Qi?2` T`QpBM+2b BM kyyyX h?2 Q`�M;2 TQBMib �M/ HBM2 BM 6B;m`2 dU#V �`2 i?2 `2TQ`i2/
�M/ 2biBK�i2/ KQ`i�HBiv `�i2b Q7 a?�MtB- `2bT2+iBp2HvX h?2 ;`2v TQBMib BM 6B;m`2 dU#V �`2 i?2
`2TQ`i2/ KQ`i�HBiv `�i2b Q7 Qi?2` T`QpBM+2bX h?2 a@b?�T2/ `2TQ`i2/ KQ`i�HBiv `�i2b Q7 a?�MtB
b?Qr bvbi2K�iB+ 2``Q`b BM kyyy, mM/2` �;2 d8- i?2 KQ`i�HBiv `�i2b �`2 �#MQ`K�HHv HQr +QKT�`2/
iQ �;2 ey- r?BH2 i?2 `2TQ`i2/ KQ`i�HBiv `�i2b �#Qp2 �;2 d8 �`2 mMmbm�HHv ?B;? +QKT�`2/ iQ Qi?2`
T`QpBM+2bX �b i?2 2biBK�iBQM `2bmHib �`2 #�b2/ QM `2TQ`i2/ /�i�- i?2 HQr2` `2TQ`i2/ KQ`i�HBiv
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6B;m`2 eX N8W TQbi2`BQ` BMi2`p�Hb Q7 T`QpBM+B�H `2TQ`iBM; T`Q#�#BHBiv πi
x,t �i �;2b ey- Ny- �M/ N8 BM kyyy �M/

kyRy 7Q` JR

mM/2` �;2 d8- iQ;2i?2` rBi? ?B;?2` `2TQ`i2/ KQ`i�HBiv �#Qp2 �;2 d8- `2bmHi BM i?2 2ti`2K2Hv HQr
`2TQ`iBM; T`Q#�#BHBiv mM/2` �;2 d8 7Q` a?�MtB S`QpBM+2X

9XjX 1biBK�i2/ KQ`i�HBiv `�i2b

6B;m`2 3 b?Qrb i?2 TQbi2`BQ` K2/B�Mb Q7 `2�H KQ`i�HBiv log(mi
x,t) �M/ `2;Bbi2`2/ KQ`i�HBiv

log(rix,t) 7Q` �;2b eyĜNNX 6`QK 1[m�iBQM U9V- r2 ?�p2 log(rix,t) = log(mi
x,t ·πi

x,t)X �b i?2`2 �`2 Rey
+m`p2b 7Q` log(mi

x,t) �M/ log(rix,t)- `2bT2+iBp2Hv- 7Q` i?2 9y �;2 ;`QmT �M/ 7Qm` iBK2 TQBMib URN3k-
RNNy- kyyy- �M/ kyRyV- r2 b?Qr i?`22 T`QpBM+2b `2T`2b2MiBM; 2�bi2`M- +2Mi`�H- �M/ r2bi2`M *?BM�
U"2BDBM;- >2M�M- :�MbmV BM 6B;m`2 3X AM *?BM�- HB72 2tT2+i�M+v Bb +HQb2Hv `2H�i2/ iQ 2+QMQKB+
/2p2HQTK2Mi Ub22- 2X;X- w?Qm 2i �HX- kyReVX 1�bi2`M *?BM� Bb i?2 KQbi 2+QMQKB+�HHv /2p2HQT2/
�M/ ?�b � HQM;2` HB72 2tT2+i�M+v- r?BH2 r2bi2`M *?BM� Bb H2�bi /2p2HQT2/ �M/ ?�b � b?Q`i2` HB72
2tT2+i�M+v Uw?Qm 2i �HX- kyReVX *QKT�`BbQMb Q7 Qi?2` T`QpBM+2b +�M #2 7QmM/ BM i?2 �TT2M/BtX

h?2 #H�+F /Qib BM 6B;m`2 3 �`2 i?2 ?BbiQ`B+�H `2;Bbi2`2/ /�i�- i?2 #H�+F HBM2b �`2 }ii2/ `2�H
KQ`i�HBiv log(mi

x,t) 7Q` KQ/2H Jk- i?2 `2/ HBM2b �`2 }ii2/ `2�H HQ; KQ`i�HBiv `�i2b log(mi
x,t)

7Q` KQ/2H JR- �M/ i?2 +v�M /�b?2/ HBM2b �`2 }ii2/ `2;Bbi2`2/ HQ; KQ`i�HBiv `�i2b log(rix,t) 7Q`
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6B;m`2 dX πi
x,t 7Q` a?�MtB �M/ `2TQ`i2/ KQ`i�HBiv 7Q` �HH T`QpBM+2b BM kyyy U2biBK�i2/ KQ`i�HBiv Q7 a?�MtB Bb

b?QrM �b Q`�M;2 HBM2V

JRX lbBM; i?2 `2TQ`iBM; T`Q#�#BHBiv πi
x,t iQ +Q``2+i 7Q` /2�i? mM/2``2TQ`iBM;- JR ;Bp2b ?B;?2`

2biBK�i2b Q7 `2�H KQ`i�HBiv log(mi
x,t) i?�M Jk- �M/ `2;Bbi2`2/ KQ`i�HBiv log(rix,t) BM JR ~m+im�i2b

�`QmM/ log(mi
x,t) BM JkX q?2M i?2 `2TQ`iBM; T`Q#�#BHBiv πi

x,t Bb ?B;?2`- �b BM RN3k �M/ RNNy UBM
i?2 }`bi irQ `Qrb BM 6B;m`2 3V- i?2 2biBK�iBQMb Q7 i?2 `2�H KQ`i�HBiv `�i2b �`2 MQi bB;MB}+�MiHv
BKT�+i2/- i?2 `2bmHib #2BM; +HQb2 7Q` JR �M/ JkX

q?2M πi
x,t Bb HQr2`- �b 7Q` �;2 NyY BM kyyy �M/ kyRy UBM i?2 H�bi irQ `Qrb BM 6B;m`2 3V- i?2

`2�H KQ`i�HBiv 7Q` JR Bb Km+? ?B;?2` i?�M i?�i 7Q` JkX �b � `2bmHi- i?2 �;2 +m`p�im`2b Q7 i?2
}ii2/ `2�H KQ`i�HBiv �i �;2 NyY �`2 K�`F2/Hv /Bz2`2Mi #2ir22M JR �M/ Jk- r?B+? +QM}`Kb
i?2 /Bz2`2Mi 2pQHmiBQM Q7 at BM 6B;m`2 kX h?2`27Q`2- i?2 +QKT�`BbQM #2ir22M vQmM;2` �;2b
UmM/2` �;2 d8V �M/ QH/2` �;2b U�#Qp2 �;2 NyV vB2H/b � bBKBH�` +QM+HmbBQM, i?2 2biBK�iBQMb Q7
`2�H KQ`i�HBiv �`2 MQi bB;MB}+�MiHv BKT�+i2/ r?2M i?2`2 Bb ;QQ/ `2TQ`iBM;X >Qr2p2`- B7 i?2`2 Bb
bm#bi�MiB�H mM/2``2TQ`iBM;- i?2 BKT�+i Q7 `2�H KQ`i�HBiv QM i?2 2biBK�iBQMb +�M #2 bB;MB}+�MiX

6Q` �;2 ey- mM/2``2TQ`iBM; /Q2b MQi K�F2 � bB;MB}+�Mi /Bz2`2M+2 r?2M +QKT�`2/ iQ �;2
N8 #2+�mb2 Q7 ;QQ/ `2TQ`iBM;X aBKBH�`Hv- i?2 `2bmHib 7Q` i?2 v2�`b RN3k �M/ kyRy bm;;2bi ;QQ/
`2TQ`iBM;X >Qr2p2`- r?2M i?2`2 Bb mM/2``2TQ`iBM;- i?2 BKT�+i Bb bB;MB}+�MiX Ai Bb BKTQ`i�Mi iQ
MQi2 i?�i- BM � KQ/2H rBi?Qmi i?2 `2TQ`iBM; T`Q#�#BHBiv- KBbbBM; �M/ mM/2``2TQ`iBM; /�i� rBHH
/QKBM�i2 i?2 KQ`i�HBiv +m`p2b �i ?B;?2` �;2b- H2�/BM; iQ mMmbm�H �;2 +m`p�im`2b �M/ mM/2`2biB@
K�iBQM Q7 `2�H KQ`i�HBivX h?2`27Q`2- rBi?Qmi i?2 `2TQ`iBM; T`Q#�#BHBiv- KQ`i�HBiv KQ/2HBM; 7Q`
�/p�M+2/ �;2b KB;?i ;Bp2 BM+Q``2+i KQ`i�HBiv T`Q}H2bX "�b2/ QM i?2b2 `2bmHib- +QM+HmbBQMb 7Q`
KQ`i�HBiv TH�i2�mb �i �/p�M+2/ �;2b b?QmH/ #2 [m2biBQM2/ #2+�mb2 i?2 /2+2H2`�iBQM Q7 KQ`i�HBiv
�i �/p�M+2/ �;2b +�M `2bmHi 7`QK /2�i? mM/2``2TQ`iBM;X

6B;m`2 N b?Qrb i?2 TQbi2`BQ` K2/B�Mb �M/ N8W BMi2`p�Hb #�b2/ QM KQ/2H JR 7Q` "2BDBM;-
>2M�M- �M/ :�Mbm BM RN3k �M/ kyRyX h?2 #H�+F /Qib �`2 i?2 `2TQ`i2/ KQ`i�HBiv `�i2b- r?BH2
i?2 `2/ HBM2b �M/ TBMF BMi2`p�Hb �`2 i?2 TQbi2`BQ` K2/B�Mb �M/ N8W BMi2`p�Hb- `2bT2+iBp2HvX

Re
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6B;m`2 3X SQbi2`BQ` K2/B�Mb 7Q` `2�H �M/ `2;Bbi2`2/ KQ`i�HBiv 7Q` JR �M/ Jk

h?2 +QKT�`BbQM #2ir22M RN3k �M/ kyRy b?Qrb i?�i KQ`2 pQH�iBH2 `2TQ`i2/ /�i� T`Q/m+2 rB/2`
BMi2`p�Hb /m2 iQ i?2 H�`;2` ?BbiQ`B+�H mM+2`i�BMiB2bX h?2 +QKT�`BbQM Q7 vQmM;2` �M/ QH/2` �;2b-
7Q` 2t�KTH2 mM/2` �;2 dy rBi? �#Qp2 �;2 Ny- b?Qrb i?�i KQ`2 mM/2``2TQ`i2/ /�i� �HbQ `2bmHi
BM rB/2` BMi2`p�HbX h?2 TQbi2`BQ` BMi2`p�Hb Q7 Qi?2` T`QpBM+2b �`2 T`QpB/2/ BM i?2 �TT2M/BtX

� F2v 72�im`2 Q7 i?2 "�v2bB�M 7`�K2rQ`F Bb i?�i Bi +�M M�im`�HHv /2�H rBi? KBbbBM; /�i�X
AM Qm` /�i�b2i- i?2 /2�i? +QmMib 7Q` hB#2i �`2 KBbbBM; BM RN3kX 6B;m`2 Ry b?Qrb i?2 TQbi2`BQ`
K2/B�M �M/ N8W BMi2`p�H 7Q` hB#2i BM RN3k �M/ kyRy #�b2/ QM KQ/2H JRX AM RN3k- i?2 KQ`i�HBiv
`�i2 ?�b � rB/2` BMi2`p�H i?�M i?�i BM kyRy- r?B+? Bb i?2 `2bmHi Q7 H�`;2` mM+2`i�BMiv /m2 iQ
KBbbBM; /�i�X

8X 6Q`2+�biBM; T2`7Q`K�M+2

AM i?2 T`2pBQmb b2+iBQM- r2 b?Qr2/ i?2 BKTQ`i�M+2 Q7 `2TQ`iBM; T`Q#�#BHBiv πi
x,t 7Q` i?2

2biBK�iBQMX AM i?2 7QHHQrBM;- r2 T`2b2Mi 7Q`2+�bib rBi? �M/ rBi?Qmi πi
x,tX

Rd
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6B;m`2 RyX SQbi2`BQ` K2/B�Mb �M/ N8W BMi2`p�Hb 7Q` hB#2i #�b2/ QM JR

8XRX J2/B�M KQ`i�HBiv 7Q`2+�bib

lbBM; JR �M/ Jk- r2 7Q`2+�bi `2�H KQ`i�HBiv log(mi
x,t) 7Q` ky v2�`b- mT iQ kyjyX h?2

7Q`2+�bib 7Q` kyky �M/ kyjy �`2 b?QrM BM 6B;m`2 RRX h?2 `2/ �M/ #H�+F HBM2b �`2 i?2 7Q`2+�bib
7Q` JR �M/ Jk- `2bT2+iBp2HvX aBKBH�` iQ i?2 }iiBM;b- i?2 7Q`2+�bib 7Q` JR �M/ Jk ?�p2 /Bz2`2Mi
�;2 +m`p�im`2bX h?2 log(mi

x,t) 7Q`2+�bib Q7 Jk �`2 HQr2` 7Q` �;2b eyĜe8 �M/ �#Qp2 �;2 38X h?2
KQ/2H rBi?Qmi `2TQ`iBM; T`Q#�#BHBiv mM/2`2biBK�i2b KQ`i�HBiv �i �/p�M+2/ �;2b U�#Qp2 38VX
*QKT�`2/ iQ kyky Ui?2 }`bi `Qr BM 6B;m`2 RRV- i?2 /Bz2`2M+2 Bb H�`;2` BM kyjy Ui?2 b2+QM/ `Qr
BM 6B;m`2 RRV- r?B+? BM/B+�i2b i?�i i?2 /Bz2`2M+2 #2ir22M i?2 JR �M/ Jk 7Q`2+�bib rBHH BM+`2�b2
rBi? i?2 7Q`2+�biBM; v2�`bX 6m`i?2`KQ`2- �+`Qbb T`QpBM+2b U�+`Qbb i?2 +QHmKMb BM 6B;m`2 RRV-
i?2 /Bz2`2M+2b BM 7Q`2+�bib �`2 H�`;2` 7Q` i?2 H2bb /2p2HQT2/ r2bi2`M T`QpBM+2b i?�M 7Q` i?2
KQ`2 /2p2HQT2/ 2�bi2`M T`QpBM+2bX �b i?2 KQ`i�HBiv /�i� �i �/p�M+2/ �;2b �`2 KQ`2 pQH�iBH2 BM
:�Mbm- �b b?QrM BM 6B;m`2 3- i?2 mM/2`2biBK�iBQM rBHH #2 KQ`2 b2p2`2 r?2M /�i� [m�HBiv Bb MQi
bQ ;QQ/X h?2`27Q`2- KQ/2HBM; rBi?Qmi i?2 `2TQ`iBM; T`Q#�#BHBiv rBHH mM/2`2biBK�i2 i?2 }i- �b
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6B;m`2 RRX J2/B�M 7Q`2+�bib Q7 log(mi
x,t) 7Q` JR �M/ Jk BM kyky �M/ kyjy

6B;m`2 Rk b?Qrb i?2 7Q`2+�bib Q7 log(mi
x,t) 7Q` JR Qp2` kyRRĜkyjy 7Q` i?`22 b2H2+i2/ T`QpBM+2bX

h?2 `2bmHib 7Q` i?2 Qi?2` T`QpBM+2b �`2 �p�BH�#H2 BM i?2 �TT2M/BtX h?2 }`bi �M/ b2+QM/ `Qrb
b?Qr i?2 7Q`2+�bib #v �;2 �M/ v2�`- `2bT2+iBp2HvX *QKT�`2/ rBi? ?BbiQ`B+�H i`2M/b- r2 �HbQ
b?Qr i?2 }ib 7Q` RN3kĜkyRy BM 6B;m`2 RkX 1�+? b?�/2/ #Hm2 HBM2 BM i?2 }`bi `Qr `2T`2b2Mib �
v2�`- �M/ /�`F2` b?�/2/ HBM2b `2T`2b2Mi H�i2` v2�`bc 2�+? b?�/2/ #Hm2 HBM2 BM i?2 b2+QM/ `Qr
`2T`2b2Mib � QM2@v2�` �;2 ;`QmT- �M/ /�`F2` b?�/2/ HBM2b `2T`2b2Mi ?B;?2` �;2bX h?2 /�b?2/
HBM2b �`2 i?2 2biBK�i2b �M/ i?2 bQHB/ HBM2b i?2 +Q``2bTQM/BM; 7Q`2+�bibX 6Q` /Bz2`2Mi T`QpBM+2b-
i?2 7Q`2+�bib Qp2` kyRRĜkyjy K�BMi�BM i?2 ?BbiQ`B+�H T�ii2`M- /2+`2�bBM; KQ`2 `�TB/Hv �i bQK2
�;2b �b � `2bmHi Q7 i?2 /Bz2`2Mi KQ`i�HBiv BKT`Qp2K2Mib Qp2` RN3kĜkyRyX 6Q` 2t�KTH2- i?2
7Q`2+�bib 7Q` �;2b eyĜdy /2+`2�b2 KQ`2 `�TB/Hv i?�M i?Qb2 7Q` ?B;?2` �;2b BM "2BDBM; #2+�mb2 Q7
i?2 ?B;?2` KQ`i�HBiv BKT`Qp2K2Mi �i HQr2` �;2b /m`BM; RN3kĜkyRyX AM >2M�M �M/ :�Mbm- i?2
7Q`2+�bib /2+`2�b2 2p2MHv �i �HH �;2b- r?B+? Bb TH�mbB#H2 #�b2/ QM i?2 ?BbiQ`B+�H i`2M/b BM :�MbmX

h?2 7Q`2+�bib 7Q` KQ/2H JR �`2 +Q?2`2Mi �KQM; T`QpBM+2bX 6B;m`2 Rj b?Qrb i?2 K2/B�M
2biBK�iBQMb �M/ 7Q`2+�bib Q7 log(mi

x,t) 7Q` JR �i �;2b e8 �M/ N8 7Q` �HH T`QpBM+2b- r?2`2 i?2
/�b?2/ HBM2b �`2 i?2 2biBK�iBQMb- i?2 bQHB/ HBM2b i?2 7Q`2+�bib- �M/ 2�+? +QHQ`2/ HBM2 `2T`2b2Mib �
T`QpBM+2X �Hi?Qm;? T`QpBM+2b ?�p2 /Bz2`2Mi ?BbiQ`B+�H KQ`i�HBiv T`Q}H2b- 7Q` � bT2+B}+ �;2- i?2
KQ`i�HBiv 7Q`2+�bib 7Q` JR �`2 +Q?2`2Mi �KQM; �HH T`QpBM+2bX

6B;m`2 R9 b?Qrb i?2 7Q`2+�bib 7Q` a?�MtB S`QpBM+2- r?B+? ?�b QmiHB2` `2TQ`iBM; T`Q#�#BHBiB2b
�M/ KQ`i�HBiv 2biBK�iBQMb /m2 iQ i?2 mMmbm�H `2TQ`i2/ KQ`i�HBiv /�i� BM kyyyX 1�+? b?�/2/ #Hm2
HBM2 BM 6B;m`2 R9U�V `2T`2b2Mib � v2�`- �M/ 2�+? U/�b?2/V #Hm2 HBM2 BM 6B;m`2 R9U#V `2T`2b2Mib �M

RN
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6B;m`2 RjX J2/B�M 7Q`2+�bib Q7 log(mi
x,t) 7Q` JR �i �;2b e8 �M/ N8 7Q` �HH T`QpBM+2b

�;2X h?2 }ii2/ KQ`i�HBiv BM kyyy Bb ?B;?2` i?�M i?�i BM RN3k �M/ RNNy- 2bT2+B�HHv 7Q` QH/2` �;2bX
�b i?2 +QKKQM 7�+iQ`b �M/ `2TQ`iBM; T`Q#�#BHBiv K�BMi�BM � TH�mbB#H2 �;2 +m`p�im`2- /2bTBi2
i?2 /�i� 2``Q`b- JR ;Bp2b bi�#H2 �M/ TH�mbB#H2 7Q`2+�bib �HQM; i?2 �;2 /BK2MbBQM U6B;m`2 R9U�VVX
�Hi?Qm;? i?2 KQ`i�HBiv `�i2b Q7 a?�MtB BM kyyy ?�p2 ?B;?2` 2biBK�iBQMb i?�M BM i?2 Qi?2` v2�`b-
�b b?QrM BM 6B;m`2 R9U#V- JR ;2M2`�i2b TH�mbB#H2 7Q`2+�bib �HQM; i?2 v2�` /BK2MbBQMX

8XkX JQ`i�HBiv 7Q`2+�bi BMi2`p�Hb

6B;m`2 R8 b?Qrb i?2 K2/B�Mb �M/ N8W }iiBM; �M/ 7Q`2+�biBM; BMi2`p�Hb #�b2/ QM JR 7Q`
�;2b e8 �M/ N8X h?2 #H�+F bQHB/ �M/ /�b?2/ HBM2b �`2 i?2 K2/B�Mb �M/ N8W BMi2`p�Hb �i �;2 e8-
r?BH2 i?2 ;`2v bQHB/ �M/ /�b?2/ HBM2b �`2 i?2 K2/B�Mb �M/ N8W BMi2`p�Hb �i �;2 N8- `2bT2+iBp2HvX
Pp2`�HH- i?2 }iiBM; �M/ 7Q`2+�biBM; BMi2`p�Hb �`2 � HBiiH2 rB/2` �i �;2 N8 i?�M �i �;2 e8- `2~2+iBM;
i?2 #B;;2` ?BbiQ`B+�H mM+2`i�BMiv �i ?B;?2` �;2bX h?2 7Q`2+�bib �`2 +Q?2`2Mi #2ir22M �;2b- �b
b?QrM BM 6B;m`2 R8X
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6B;m`2 R8X J2/B�M KQ`i�HBiv }i- 7Q`2+�bib- �M/ N8W BMi2`p�Hb 7Q` �;2b e8 �M/ N8 #�b2/ QM JR

AM bmKK�`v- KQ/2H Jk ;Bp2b H�`;2` �;2 +m`p�im`2b BM i?2 7Q`2+�bib �M/ HQr2` T`QD2+iBQMb �i
vQmM;2` �M/ �/p�M+2/ �;2b i?�M KQ/2H JRX h?2 �;2 +m`p�im`2 7Q` Jk BM+`2�b2b rBi? i?2 v2�`b
Q7 7Q`2+�biBM;c i?mb- 7Q`2+�biBM; rBi?Qmi i?2 `2TQ`iBM; T`Q#�#BHBiv K�v ;2M2`�i2 bTm`BQmb T`Q@
D2+iBQMbX "v +QMi`�bi- KQ/2H JR- r?B+? �++QmMib 7Q` i?2 `2TQ`iBM; T`Q#�#BHBiv- ;Bp2b TH�mbB#H2
�M/ +Q?2`2Mi 7Q`2+�bib /2bTBi2 /�i� 2``Q`bX

8XjX 6Q`2+�bib Q7 HB72 2tT2+i�M+v

6B;m`2 Re b?Qrb i?2 HB72 2tT2+i�M+v `�MFb �i �;2 ey ULE60V �M/ N8 ULE95V BM kyjyX h?2
/�`F ;`2v HBM2b �M/ ;`2v b?�/2/ �`2�b b?Qr i?2 K2/B�Mb �M/ i?2 N8W TQbi2`BQ` BMi2`p�Hb 7Q`
JR �M/ i?2 #H�+F HBM2b �M/ /�b?2/ HBM2b i?2 2biBK�i2/ K2/B�Mb �M/ i?2 +Q``2bTQM/BM; N8W
TQbi2`BQ` BMi2`p�Hb 7Q` Jk- `2bT2+iBp2HvX h?2 T`QpBM+2b �`2 `�MF2/ #v LE60X Pp2`�HH- Jk ?�b
?B;?2` K2/B�M LE60 �M/ LE95X >�BM�M S`QpBM+2- r?B+? Bb � bQmi?2`M BbH�M/- ?�b i?2 HQM;2bi
LE60X "�b2/ QM i?2 7Q`2+�bib 7Q` JR- i?2 K2/B�M 7Q` LE60 p�`B2b 7`QK kyXkj iQ k8XNd v2�`b-
#2BM; b?QrM �b i?2 K�T Q7 LE60 BM 6B;m`2 Rd- r?BH2 Bi p�`B2b 7`QK kyX8k iQ keXdR v2�`b #�b2/
QM i?2 7Q`2+�bib 7Q` JkX h?2 `�MFb Q7 LE95 �`2 /Bz2`2Mi 7`QK �;2 eyX h?2 K2/B�M Q7 LE95

p�`B2b 7`QK jXkd iQ 3X8R v2�`b #�b2/ QM JRX Jk ;2M2`�i2b Km+? HQM;2` K2/B�M LE95 �M/ rB/2`
BMi2`p�Hb �i �;2 N8- rBi? LE95 p�`vBM; 7`QK 9X99 iQ RkXe3 v2�`bX �Hi?Qm;? hB#2i ?�b � b?Q`i2`
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2030

6B;m`2 ReX 6Q`2+�bib Q7 LE60 �M/ LE95 BM kyjy

LE60 +QKT�`2/ iQ i?2 Qi?2` T`QpBM+2b- Bi ?�b i?2 HQM;2bi LE95X *?QM;[BM; S`QpBM+2 ?�b Km+?
rB/2` BMi2`p�Hb i?�M Qi?2` T`QpBM+2b #2+�mb2 i?2 /�i� �`2 QMHv �p�BH�#H2 7`QK kyyy QMr�`/-
r?B+? BM/B+�i2b i?�i KBbbBM; /�i� rBHH H2�/ iQ H�`;2` mM+2`i�BMiB2b BM i?2 T`QD2+iBQMX

eX *QM+HmbBQMb

AM i?Bb T�T2`- r2 T`QTQb2 � ;2M2`�H KQ`i�HBiv KQ/2H 7Q` bm#M�iBQM�H TQTmH�iBQMb �i �/p�M+2/
�;2bX h?2 KQ/2H +Q``2+ib 7Q` BM+QKTH2i2 /2�i? `2TQ`iBM; mbBM; � `2TQ`iBM; T`Q#�#BHBiv mM/2`
� "�v2bB�M 7`�K2rQ`FX q2 �TTHv i?2 KQ/2H iQ }i �M/ T`QD2+i T`QpBM+B�H KQ`i�HBiv BM *?BM�
7Q` i?2 �;2 `�M;2 eyĜNNX h?2 T`QTQb2/ KQ/2H ?�b � #2ii2` }i �M/ � HQr2` .A* i?�M � bBKBH�`
KQ/2H rBi?Qmi i?2 `2TQ`iBM; T`Q#�#BHBivX Ai +�M �HbQ /2�H rBi? KBbbBM; /�i�- �M/ i?2 }iiBM;
BMi2`p�Hb `2~2+i ?BbiQ`B+�H mM+2`i�BMivX Pm` KQ/2H �HbQ T2`7Q`Kb r2HH BM i2`Kb Q7 T`QD2+iBQMb
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LE _2030

6B;m`2 RdX J�T Q7 T`QpBM+B�H LE60 7Q` KQ/2H JR BM kyjy U;`2v �`2�b K2�M MQ �p�BH�#H2 /�i�V

�M/ ;2M2`�i2b +Q?2`2Mi �M/ TH�mbB#H2 7Q`2+�bibX JQ`2Qp2`- Bi T`QpB/2b �;2@bT2+B}+ 2biBK�i2b Q7
i?2 `2TQ`iBM; T`Q#�#BHBiv #v � bBM;H2 v2�` Q7 �;2X qBi? i?2 `2TQ`iBM; T`Q#�#BHBiv- i?2 2biBK�i2/
KQ`i�HBiv +m`p2b ?�p2 `2�bQM�#H2 �;2 +m`p�im`2b 2p2M r?2M i?2 /�i� �`2 pQH�iBH2 Q` BM+QKTH2i2X
>Qr2p2`- rBi?Qmi i?2 `2TQ`iBM; T`Q#�#BHBiv- i?2 KBbbBM; �M/ mM/2``2TQ`i2/ /�i� /QKBM�i2 i?2
KQ`i�HBiv +m`p2b �i ?B;?2` �;2b- H2�/BM; iQ mMmbm�H �;2 +m`p�im`2b �M/ mM/2`2biBK�iBQM Q7 i?2
`2�H KQ`i�HBivX

Pm` `2bmHib b?Qr KQ`i�HBiv +�M #2 KQ/2H2/ r?2M ?B;?@[m�HBiv /�i� �`2 mM�p�BH�#H2- �b i?2
`2TQ`iBM; T`Q#�#BHBiv +�M +Q``2+i i?2 mM/2``2TQ`i2/ KQ`i�HBiv �M/ Bb mb27mH BM +QmMi`B2b r?2`2
`2;Bbi`�iBQM Q` +2Mbmb KQ`i�HBiv /�i� �`2 BM+QKTH2i2 Q` mM/2``2TQ`i2/X Pm` KQ/2H +�M #2 `2�/BHv
�TTHB2/ iQ i?2b2 +QmMi`B2bX 6m`i?2`KQ`2- 2p2M BM /2p2HQT2/ +QmMi`B2b rBi? ?B;?@[m�HBiv /�i�-
KQ`i�HBiv /�i� �i �/p�M+2/ �;2b +�M bmz2` 7`QK KBbbBM; Q` bT�`b2 Q#b2`p�iBQMbX h?2 T`QTQb2/
KQ/2H +�M �HbQ #2 mb2/ BM i?Bb +�b2X h?2`27Q`2- ;Bp2M Bib �#BHBiv iQ /2�H rBi? mM/2``2TQ`i2/
/�i�- Bib bBKTH2 7Q`K- ?B;? 2{+B2M+v U}i �M/ 7Q`2+�bib BM QM2 bi�;2V- �M/ ;QQ/ T2`7Q`K�M+2-
Qm` KQ/2H Bb �HbQ `2+QKK2M/2/ iQ /2p2HQT2/ +QmMi`B2bX

h?2`2 �`2 irQ TQbbB#H2 HBKBi�iBQMb Q7 i?2 T`QTQb2/ KQ/2HX 6B`bi- i?2 KQ/2H M22/b �bbmKT@
iBQMb QM i?2 mM/2``2TQ`iBM; H2p2H Q7 i?2 `272`2M+2 v2�`X q2 K�F2 �bbmKTiBQMb #�b2/ QM T`2pBQmb

kj



bim/B2bX A7 MQ bm+? BM7Q`K�iBQM Bb �p�BH�#H2- i?2 �bbmKTiBQM QM i?2 }`bi@v2�` +Qp2`�;2 b?QmH/
#2 +?Qb2M rBi? +�miBQMX a2+QM/- Qm` KQ/2H mb2b `2;Bbi2`2/ /�i�X avbi2K�iB+ 2``Q`b BM `2;Bb@
i2`2/ /�i� U2X;X- HQr KQ`i�HBiv `�i2b `2TQ`i2/ 7Q` a?�MtB S`QpBM+2 BM kyyyV rBHH H2�/ iQ bTm`BQmb
2biBK�i2bX L2p2`i?2H2bb- i?2 KQ/2H +�M /2�H rBi? 2``Q`b BM i?2 /�i� �M/ ;2M2`�i2 TH�mbB#H2
7Q`2+�bibX Pp2`�HH- /2bTBi2 i?2b2 HBKBi�iBQMb- i?2 KQ/2H rQ`Fb r2HH r?2M ?B;?@[m�HBiv /�i� �`2
mM�p�BH�#H2X

h?2 T`QTQb2/ KQ/2H 2ti2M/b i?2 *". 7�KBHv Q7 KQ/2Hb U*�B`Mb 2i �HX- kyyeV- r?B+? r�b
/2bB;M2/ 7Q` QH/2` �;2 KQ`i�HBiv U�;2 ey �M/ QH/2`VX >Qr2p2`- i?2 T`Q#H2K Q7 BM+QKTH2i2 /2�i?b
+�M 2tBbi 7Q` �HH �;2b- �M/ Qm` KQ/2H Bb MQi +QMbi`�BM2/ iQ � bT2+B}+ KQ/2H 7�KBHvX 6m`i?2`
`2b2�`+? +�M /2p2HQT KQ/2Hb 7Q` Qi?2` �;2b Q` �HH �;2b #�b2/ QM Qi?2` KQ`i�HBiv KQ/2Hb- bm+? �b
i?2 G22@*�`i2` KQ/2H UG22 �M/ *�`i2`- RNNkVX 6mim`2 `2b2�`+? +�M �HbQ bBKmHi�M2QmbHv +QMbB/2`
BM+QKTH2i2 TQTmH�iBQM �M/ /2�i? `2TQ`iBM;X

�+FMQrH2/;2K2Mi

h?Bb `2b2�`+? r�b bmTTQ`i2/ #v i?2 �mbi`�HB�M _2b2�`+? *QmM+BH *2Mi`2 Q7 1t+2HH2M+2 BM
SQTmH�iBQM �;2BM; _2b2�`+? UT`QD2+i MmK#2` *1RdyRyyyy8VX

_272`2M+2b

�H2t�M/2`- JX- w�;?2MB- 1X- � "�`#B2`B- JX UkyRdVX � ~2tB#H2 "�v2bB�M KQ/2H 7Q` 2biBK�iBM;
bm#M�iBQM�H KQ`i�HBivX .2KQ;`�T?v- 89 UeV- kyk8@ky9RX

"�MBbi2`- CX- >BHH- EX- kyy9X JQ`i�HBiv BM *?BM� RNe9ĜkyyyX SQTmH�iBQM aim/B2b- 83- 88Ĝd8X
*�B`Mb- �X CX- "H�F2- .X- � .Qr/- EX UkyyeVX � irQɢ7�+iQ` KQ/2H 7Q` biQ+?�biB+ KQ`i�HBiv rBi?

T�`�K2i2` mM+2`i�BMiv, h?2Q`v �M/ +�HB#`�iBQMX CQm`M�H Q7 _BbF �M/ AMbm`�M+2- djU9V-
e3d@dR3X

*�B`Mb- �X CX- "H�F2- .X- .Qr/- EX- *Qm;?H�M- :X .X- 1Tbi2BM- .X- PM;- �X- � "�H2pB+?- AX
UkyyNVX � [m�MiBi�iBp2 +QKT�`BbQM Q7 biQ+?�biB+ KQ`i�HBiv KQ/2Hb mbBM; /�i� 7`QK 1M;H�M/
�M/ q�H2b �M/ i?2 lMBi2/ ai�i2bX LQ`i? �K2`B+�M �+im�`B�H CQm`M�H- RjURV- R@j8X

*�B`Mb- �X CX- "H�F2- .X- .Qr/- EX- � E2bbH2`- �X _X UkyReVX S?�MiQKb M2p2` /B2, GBpBM; rBi?
mM`2HB�#H2 TQTmH�iBQM /�i�X CQm`M�H Q7 i?2 _Qv�H ai�iBbiB+�H aQ+B2iv, a2`B2b � Uai�iBbiB+b
BM aQ+B2ivV- RdNU9V- Nd8@Ryy8X

*?�M- qX aX- GB- CX aX >X- � GB- CX UkyR9VX h?2 *". KQ`i�HBiv BM/2t2b, JQ/2HBM; �M/
�TTHB+�iBQMbX LQ`i? �K2`B+�M �+im�`B�H CQm`M�H- R3URV- j3@83X

*Q�H2- �X CX- .2K2Mv- SX- � o�m;?�M- "X URN3jVX _2;BQM�H JQ/2H GB72 h�#H2b �M/ ai�#H2
SQTmH�iBQMb, aim/B2b BM SQTmH�iBQMX kM/ 2/BiBQMX L2r uQ`F- Lu, �+�/2KB+ S`2bbX

k9



*Q�H2- �X CX URN39VX _�TB/ SQTmH�iBQM *?�M;2 BM *?BM�- RN8kĜRN3kX *QKKBii22 QM SQTmH�iBQM
�M/ .2KQ;`�T?v- _2TQ`i LQX kdX q�b?BM;iQM- .*, L�iBQM�H �+�/2Kv S`2bbX

*Q�H2- �X CX- � "�MBbi2`- CX URNN9VX 6Bp2 /2+�/2b Q7 KBbbBM; 72K�H2b BM *?BM�X .2KQ;`�T?v-
jR UjV, 98NĜ9dNX

*Q�H2- �X CX- � GB- aX URNNRVX h?2 2z2+i Q7 �;2 KBb`2TQ`iBM; BM *?BM� QM i?2 +�H+mH�iBQM Q7
KQ`i�HBiv `�i2b �i p2`v ?B;? �;2bX .2KQ;`�T?v- k3UkV- kNj@jyRX

*mB >X- sm GX- GB _X UkyRjVX �M 1p�Hm�iBQM Q7 .�i� �++m`�+v Q7 i?2 kyRy SQTmH�iBQM *2Mbmb
Q7 *?BM�X SQTmH�iBQM _2b2�`+?- jdURV- Ry@kRX UBM *?BM2b2V

*m``B2- AX .X UkyRRVX JQ/2HHBM; �M/ 7Q`2+�biBM; i?2 KQ`i�HBiv Q7 i?2 p2`v QH/X �ahAL "mHH2iBM,
h?2 CQm`M�H Q7 i?2 A��- 9RUkV- 9RN@9kdX

.Qr/- EX- � "H�F2- .X UkyRNVX PM i?2 S`QD2+iBQM Q7 JQ`i�HBiv _�i2b iQ 1ti`2K2 PH/ �;2X
SA@RNyNX GQM/QM- lE, S2MbBQMb AMbiBimi2X

:�H2- qX :X- � E`mTFBM- �X UkyReVX 6BM�M+BM; ai�i2 �M/ GQ+�H S2MbBQM P#HB;�iBQMb, Ab@
bm2b �M/ PTiBQMbX "`QQFBM;b _2TQ`iX _2iB`2K2Mi a2+m`Biv S`QD2+i- "`QQFBM;b AMbiB@
imiBQM- CmHv RNX ?iiTb,ffrrrX#`QQFBM;bX2/mf`2b2�`+?f}M�M+BM;@bi�i2@�M/HQ+�H@T2MbBQM@
Q#HB;�iBQMb@Bbbm2b@�M/@QTiBQMbfX

:�p`BHQp- GX �X- :�p`BHQp�- LX aX- � E`miǶFQ- oX LX UkyRdVX >BbiQ`B+�H 1pQHmiBQM Q7 PH/@
�;2 JQ`i�HBiv �M/ L2r �TT`Q�+?2b iQ JQ`i�HBiv 6Q`2+�biBM;X GBpBM; iQ Ryy JQMQ;`�T?-
kyRdUR"VX

:�p`BHQp- GX �X- � :�p`BHQp�- LX aX UkyRN�VX G�i2@HB72 KQ`i�HBiv Bb mM/2`2biBK�i2/ #2+�mb2 Q7
/�i� 2``Q`bX SGQa "BQHQ;v- RdUkV- 2jyyyR93X

:�p`BHQp- GX �X- � :�p`BHQp�- LX aX UkyRN#VX L2r h`2M/ BM PH/@�;2 JQ`i�HBiv, :QKT2`ixB�H@
Bx�iBQM Q7 JQ`i�HBiv h`�D2+iQ`vX :2`QMiQHQ;v- e8U8V- 98R@98dX

:H2M- �X :X- � G22KBb- GX JX U1/bXVX UkyRdVX AMi2`M�iBQM�H b2`B2b BM QT2`�iBQMb `2b2�`+? � K�M@
�;2K2Mi b+B2M+2X *QKTmi�iBQM�H T`Q#�#BHBiv �TTHB+�iBQMbX *?�K- arBix2`H�M/, aT`BM;2`X

>BHH- EX- uQm- .X-� *?QB- uX UkyyNVX .2�i? /Bbi`B#miBQM K2i?Q/b 7Q` 2biBK�iBM; �/mHi KQ`i�HBiv,
a2MbBiBpBiv �M�HvbBb rBi? bBKmH�i2/ /�i� 2``Q`bX .2KQ;`�T?B+ _2b2�`+?- kR- kj8@k89X

>mMi- �X- � "H�F2- .X UkyR9VX � :2M2`�H S`Q+2/m`2 7Q` *QMbi`m+iBM; JQ`i�HBiv JQ/2HbX LQ`i?
�K2`B+�M �+im�`B�H CQm`M�H- R3,R- RRe@Rj3X
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