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GBMFBM; T?vHQ;2M2iB+ bBKBH�`Biv �M/ TQHHmiBQM b2MbBiBpBiv
iQ /2p2HQT 2+QHQ;B+�H �bb2bbK2Mi K2i?Q/b, � i2bi rBi?

`Bp2` /B�iQKb
6`�MÏQBb E2+F �;Mĕb "Qm+?2x �H�BM 6`�M+ 6`û/û`B+ _BK2i

62#`m�`v 8- kyRe

�#bi`�+i

RX .B�iQKb BM+Hm/2 � ;`2�i /Bp2`bBiv Q7 i�t� �M/ �`2 `2+Q;MBx2/ �b TQr2`7mH
#BQBM/B+�iQ`b Q7 7`2b?r�i2` [m�HBivX >Qr2p2` mbBM; /B�iQKb 7Q` #BQ�bb2bb@
K2Mi Bb +QbiHv �M/ iBK2 +QMbmKBM;- #2+�mb2 KQbi Q7 i?2 BM/B+2b M2+2bbBi�i2
bT2+B2b@H2p2H B/2MiB}+�iBQMX aBKTHB7vBM; /B�iQKb@#�b2/ �bb2bbK2Mi T`QiQ@
+QHb ?�b 7Q+mb2/ i?2 �ii2MiBQM Q7 r�i2`@K�M�;2`b �M/ `2b2�`+?2`b BM `2+2Mi
v2�`bX

kX h?2 BM+`2�bBM; �p�BH�#BHBiv Q7 ;2MQKB+ /�i� �M/ T?vHQ;2MB2b +�M #2M2}i
BM i?2 /2p2HQTK2Mi Q7 #BQ�bb2bbK2Mi K2i?Q/b K�FBM; mb2 Q7 i?2b2 iQQHb-
r?2`2 � +H�/2 TH�vb i?2 `QH2 Q7 � bT2+B2b B7 `2H2p�MiX AM/22/- i?2 MmHH ?v@
TQi?2bBb Bb i?�i +HQb2Hv `2H�i2/ bT2+B2b �`2 KQ`2 HBF2Hv iQ 2t?B#Bi bBKBH�`
2MpB`QMK2Mi�H b2MbBiBpBiv #2+�mb2 Q7 T?vHQ;2M2iB+ +QMbi`�BMib �M/ BM?2`@
Bi�M+2X am+? T�ii2`Mb ?�p2 #22M `2TQ`i2/ `2+2MiHv 7Q` b2MbBiBpBiv iQ �
p�`B2iv Q7 TQHHmi�Mib 7Q` irQ BKTQ`i�Mi ;`QmTb Q7 #BQBM/B+�iQ`b mb2/ 7Q`
7`2b?r�i2` KQMBiQ`BM;, #2Mi?B+ K�+`QBMp2`i2#`�i2b �M/ /B�iQKbX

jX q2 BMi`Q/m+2 � K2i?Q/ iQ 2ti`�+i +Hmbi2`b Q7 bT2+B2b b?�`BM; bBKBH�` i`�Bib
�M/ #2BM; T?vHQ;2M2iB+�HHv `2H�i2/X q2 �TTHv i?Bb K2i?Q/ QM i?2 ;2M@
2`�H TQHHmiBQM b2MbBiBpBiv UASa bT2+B}+ b2MbBiBpBiv p�Hm2c *Qbi2- RN3kV Q7
kek bT2+B2b Q7 /B�iQKb �M/- #v imMBM; i?2 K2i?Q/ b2iiBM;bc r2 ;2M2`�i2
/Bz2`2Mi +H�/2@#�b2/ /2`Bp�iBp2b Q7 i?2 i`�/BiBQM�H ASa BM/2tX

9X 6BM�HHv- r2 2biBK�i2 i`�/BiBQM�H �M/ /2`Bp2/ ASa b+Q`2b 7Q` kRRN M�im@
`�H +QKKmMBiB2b Q7 /B�iQKb BM 2�bi2`M 6`�M+2 iQ +QKT�`2 �M/ �bb2bb i?2
T2`7Q`K�M+2b Q7 i?2b2 M2r BM/B+2bX

8X avMi?2bBb �M/ �TTHB+�iBQMbX q2 b?Qr i?�i T?vHQ;2M2iB+ �TT`Q�+?2b Qz2` �
b+QT2 7Q` bBKTHB}+�iBQM rBi?Qmi �M BKTQ`i�Mi HQbb Q7 BM7Q`K�iBQM �M/ r2
/Bb+mbb i?2 TQi2MiB�H Q7 i?2B` mb2 BM #BQKQMBiQ`BM;X

h?Bb Bb � TQbi@T`BMi p2`bBQM Q7 �M �`iB+H2 Q`B;BM�HHv Tm#HBb?2/ BM CQm`M�H Q7 �TTHB2/ 1+QHQ;vX
UHBMF 2/BiQ`VX SH2�b2 +Bi2, E2+F 6X- "Qm+?2x �X- 6`�M+ �X � _BK2i 6X UAM T`2bbV GBMFBM;
T?vHQ;2M2iB+ bBKBH�`Biv �M/ TQHHmiBQM b2MbBiBpBiv iQ /2p2HQT 2+QHQ;B+�H �bb2bbK2Mi K2i?Q/b,
� i2bi rBi? `Bp2` /B�iQKbX CQm`M�H Q7 �TTHB2/ 1+QHQ;vX

R



*QMi2Mib
R AMi`Q/m+iBQM k

k J�i2`B�H �M/ J2i?Q/b 9
kXR S?vHQ;2M2iB+ i`22 `2+QMbi`m+iBQM X X X X X X X X X X X X X X X X X X X X 9
kXk S?vHQ;2M2iB+�HHv +QMbi`�BM2/ +Hmbi2`BM; X X X X X X X X X X X X X X X X X 9
kXj .2}MBM; M2r BM/B+2b #�b2/ QM T?vHQ;2M2iB+ +Hmbi2`b X X X X X X X X X X 9
kX9 .2p2HQTBM; ASaS BM/B+2b X X X X X X X X X X X X X X X X X X X X X X X X X e
kX8 *QKT�`BM; ASaS BM/B+2b T2`7Q`K�M+2b X X X X X X X X X X X X X X X X X e
kXe ai�iBbiB+�H S�+F�;2b X X X X X X X X X X X X X X X X X X X X X X X X X X X d

j _2bmHib d

9 .Bb+mbbBQM d
9XR S?vHQ;2M2iB+ +Hmbi2`BM; Ĝ K2i?Q/QHQ;B+�H /Bb+mbbBQM X X X X X X X X X X d
9Xk S?vHQ;2M2iB+�HHv #�b2/ BM/B+2b Ĝ TQi2MiB�H 7Q` �TTHB+�iBQMb X X X X X X Rj

8 �+FMQrH2/;K2Mib R9

_272`2M+2b R9

R AMi`Q/m+iBQM
.B�iQKb ?�p2 #22M i`�/BiBQM�HHv `2+Q;MBx2/ �b � ;QQ/ +�M/B/�i2 ;`QmT iQ KQMB@
iQ` 7`2b?r�i2` 2+Qbvbi2Kb- #2+�mb2 i?2v 2t?B#Bi �M BKTQ`i�Mi /Bp2`bBiv �M/ i?2B`
+QKKmMBiv +QKTQbBiBQM Bb bi`QM;Hv bi`m+im`2/ #v MmK2`Qmb 2MpB`QMK2Mi�H 7�+iQ`b
BM+Hm/BM; ;`Qri? biBKmH�iBM; Mmi`B2Mib US�i`B+F- RNeRc G�M;2@"2`i�HQi- RNdNVX 6`QK
i?Bb T`2KBb2- i?2 }`bi 2MpB`QMK2Mi�H [m�HBiv BM/B+2b- #�b2/ QM /B�iQKb �bb2K#H�;2b-
r2`2 /2p2HQT2/ �#Qmi 8y v2�`b �;Q U2X;X w2HBMF� �M/ J�`p�M- RNeRV �M/ MQr�/�vb /B@
�iQKb �`2 T�`i Q7 `QmiBM2 #BQ�bb2bbK2Mi bi�M/�`/ K2i?Q/b BM 7`2b?r�i2` KQMBiQ`BM;
Uai2p2MbQM 2i �HX- kyRyVX

qBi? �M 2biBK�iBQM Q7 Ryy yyy 2ti�Mi bT2+B2b- /B�iQKb +QMbiBimi2 QM2 Q7 i?2
KQbi /Bp2`b2 �H;�H +H�bb2b UJ�MM �M/ o�MQ`K2HBM;2M- kyRjVX h�tQMQKB+ /Bp2`bBiv Bb
BKTQ`i�Mi 7Q` #BQKQMBiQ`BM;- #2+�mb2 Bi T`QKQi2b �bb2K#H�;2 /Bp2`bBiv �M/ �HHQrb
2+QHQ;B+�H �bb2bbK2Mi �i � }M2 H2p2H U"B`Fb- kyRyVX >Qr2p2`- i?2 2ti`2K2 /Bp2`bBiv
Q7 /B�iQKb �HbQ +QMbiBimi2b � +?�HH2M;2 7Q` �TTHB2/ #BQKQMBiQ`BM;X AM/B+2b �`2 i`�@
/BiBQM�HHv /2p2HQT2/ #v bFBHH2/ /B�iQKBbib �M/ �`2 mbm�HHv /2`Bp2/ �i bT2+B2b@H2p2H
iQ K�tBKBx2 i?2B` T2`7Q`K�M+2X JQ`2Qp2`- i?2v K�v BM+Hm/2 b2p2`�H ?mM/`2/b Q7
bT2+B2bX 1ti2M/BM; i?2 mb2 Q7 bm+? +QKTH2t T`QiQ+QHb Ĝ 7Q` 2t�KTH2 �i � M�iBQM�H
M2irQ`F b+�H2 Ĝ Bb +QbiHv �M/ `2[mB`2b i`�BMBM; Q7 K�Mv QT2`�iQ`b rBi? +QMiBMmQmb
BMi2`+�HB#`�iBQM US`v;B2H 2i �HX- kyykc E�?H2`i 2i �HX- kyyNVX AM �//BiBQM- i?2`2 Bb biBHH
i?2 `BbF Q7 BKT`2+Bb2 Q` r`QM; B/2MiB}+�iBQMb- r?B+? +�M H2�/ iQ � #B�b2/ 2biBK�@
iBQM Q7 2MpB`QMK2Mi�H [m�HBiv �M/ mHiBK�i2Hv H2�/ K�M�;2`b iQ i�F2 mMb�iBb7�+iQ`v
/2+BbBQMb U"2bb2@GQiQibF�v� 2i �HX- kyyeVX

aBKTHB7vBM; �M/ bi�M/�`/BxBM; /B�iQKb@#�b2/ �bb2bbK2Mi T`QiQ+QHb 7Q+mb2/ i?2
�ii2MiBQM Q7 K�Mv `2b2�`+?2`b BM `2+2Mi v2�`bX hrQ K�BM T�i?r�vb ?�p2 #22M 2t@
THQ`2/, UBV `2/m+BM; i?2 MmK#2` Q7 bT2+B2b BM+Hm/2/ BM i?2 BM/B+2b #v 7Q+mbBM; QM

k



KQbi �#mM/�Mi �M/ F2v bT2+B2b UG2MQB` �M/ *Qbi2- RNNec G�pQB2 2i �HX- kyyNV �M/
UBBV `2/m+BM; i?2 i�tQMQKB+ `2bQHmiBQM UE2HHv 2i �HX- RNN8c *?2bbK�M 2i �HX- RNNNc
:`QrMb- RNNNc >BHH 2i �HX- kyyRc qmMb�K 2i �HX- kyykc _�mMBQ �M/ aQBMBM2M- kyydc
_BK2i �M/ "Qm+?2x- kyRkVX

qBi? i?2 BM+`2�bBM; �p�BH�#BHBiv Q7 ;2M2iB+ /�i� �M/ T?vHQ;2MB2b U"2MbQM 2i �HX-
kyy3c q?22H2` 2i �HX- kyy3V- i?2 B/2� �`Qb2 i?�i i?2 /2p2HQTK2Mi Q7 #BQ�bb2bbK2Mi
K2i?Q/b +QmH/ �HbQ #2M2}i 7`QK T?vHQ;2M2iB+ bi�iBbiB+�H �TT`Q�+?2bX *�`2r 2i �HX
UkyRRV }`bi 7Q`KmH�i2/ i?2 +QM+2Ti Q7 T?vHQ;2M2iB+ `2/mM/�M+v BM 7`2b?r�i2` KQM@
BiQ`BM; #v �M�HvxBM; HBMFb #2ir22M K�v~B2b �M/ +?B`QMQKB/b TQHHmiBQM b2MbBiBpBiv
�M/ T?vHQ;2MvX h?2 +2Mi`�H B/2� Bb i?�i +HQb2Hv `2H�i2/ bT2+B2b �`2 KQ`2 HBF2Hv iQ
2t?B#Bi bBKBH�` b2MbBiBpBiv #2+�mb2 Q7 T?vHQ;2M2iB+ +QMbi`�BMib �M/ BM?2`Bi�M+2X h?Bb
?vTQi?2bBb Bb +QKKQMHv i2bi2/ BM i?2 HBi2`�im`2 #v K2�bm`BM; �M/ i2biBM; i?2 T`2b@
2M+2 Q7 i?2 T?vHQ;2M2iB+ bB;M�H Uǳi?2 i2M/2M+v 7Q` `2H�i2/ bT2+B2b iQ `2b2K#H2 2�+?
Qi?2` KQ`2 i?�M i?2v `2b2K#H2 bT2+B2b /`�rM �i `�M/QK 7`QK i?2 i`22Ǵc "HQK#2`;
�M/ :�`H�M/- kyykVX h?2 T`2b2M+2 Q7 bm+? � bB;M�H K�v ?�p2 /B`2+i +QMb2[m2M+2b
QM #BQKQMBiQ`BM;- #2+�mb2 Bi QT2Mb mT BMi2`2biBM; TQbbB#BHBiB2b Q7 bBKTHB}+�iBQM #v
mbBM; H�`;2` +H�/2b BMbi2�/ Q7 bT2+B2bX AMi2`2biBM;Hv- i?2 T?vHQ;2M2iB+ bB;M�H ?�b #22M
�bb2bb2/ 7Q` b2MbBiBpBiv iQ TQHHmiBQM QM irQ BKTQ`i�Mi ;`QmTb Q7 #BQBM/B+�iQ`b mb2/
7Q` 7`2b?r�i2` KQMBiQ`BM;, #2Mi?B+ K�+`QBMp2`i2#`�i2b �M/ /B�iQKb UA#�Ƣ2x 2i �HX-
kyRyVX S?vHQ;2M2iB+ bB;M�H ?�b #22M 7QmM/ bB;MB}+�Mi 7Q` K�+`QBMp2`i2#`�i2b b2MbB@
iBpBiv iQ p�`BQmb K2i�Hb U"m+?r�Hi2` 2i �HX- kyy3c SQi2�i 2i �HX- kyRjc SQi2�i �M/
"m+?r�Hi2`- kyR9V �M/ iQ ;2M2`�H TQHHmi�Mib U*�`2r 2i �HX- kyRRVX 6Q` /B�iQKb- bB;@
MB}+�Mi T?vHQ;2M2iB+ bB;M�H r�b 7QmM/ 7Q` b2MbBiBpBiB2b iQ /Bz2`2Mi ?2`#B+B/2b UG�``�b
2i �HX- kyR9V �M/ 7Q` ;2M2`�H 2+QHQ;B+�H T`272`2M+2b UE2+F 2i �HX- kyReVX

.2KQMbi`�iBM; i?2 T`2b2M+2 Q7 T?vHQ;2M2iB+ bB;M�H Bb 2bb2MiB�H- #mi Bb QMHv i?2
}`bi bi2T BM K�FBM; T`QTQb�Hb 7Q` #BQKQMBiQ`BM; iQQHb #�b2/ QM T?vHQ;2M2iB+ FMQrH@
2/;2X � b2+QM/ bi2T Bb iQ /2p2HQT K2i?Q/b iQ 2ti`�+i BM7Q`K�iBp2 ;`QmTb Q7 bT2+B2b
#�b2/ QM T?vHQ;2M2iB+ bB;M�H iQ /2`Bp2 bBKTH2` BM/B+2b �M/ i2bi i?2B` �#BHBiv iQ T`2/B+i
2MpB`QMK2Mi [m�HBivX h?mb- r2 BMi`Q/m+2 � bBKTH2 /Bbi�M+2@#�b2/ K2i?Q/ iQ 2ti`�+i
+Hmbi2`b Q7 bT2+B2b b?�`BM; bBKBH�` i`�Bib- #mi �HbQ �`2 T?vHQ;2M2iB+�HHv `2H�i2/X Ai Bb
+H�bbB+�H BM 2+QHQ;v iQ +QKT�`2 irQ /Bbi�M+2b rBi?BM � b2i Q7 BM/BpB/m�Hb- ivTB+�HHv
i?`Qm;? � J�Mi2H i2bi iQ +QKT�`2 T?2M2iB+ Q` ;2M2iB+ /Bbi�M+2 rBi? ;2Q;`�T?B+ /Bb@
i�M+2 UaQF�H- RNdNc 6Q`iBM �M/ :m`2pBi+?- kyyRc oB;MB2`B- kyy8VX >2`2- r2 ;Q QM2
bi2T 7m`i?2`- #v #mBH/BM; +Hmbi2`b Q7 bT2+B2b #�b2/ #Qi? QM i`�Bib p�Hm2b �M/ T?vHQ@
;2M2iB+ T`QtBKBiv K2�MBM; i?�i- irQ /Bbi�MiHv `2H�i2/ bT2+B2b +�MMQi #2 BM+Hm/2/ BM
i?2 b�K2 +Hmbi2` 2p2M B7 i?2v 2t?B#Bi bBKBH�` i`�Bi p�Hm2bX

AM i?Bb T�T2`- r2 �TTHv i?Bb K2i?Q/ iQ ;2i /Bz2`2Mi b2ib Q7 +Hmbi2`b 7`QK kek
/B�iQK bT2+B2bX *Hmbi2`BM; Bb #�b2/ QM i?2 T?vHQ;2Mv �M/ QM i?2 ;2M2`�H TQHHmiBQM
b2MbBiBpBiv Q7 i?2 bT2+B2b UASa bT2+B}+ b2MbBiBpBiv p�Hm2c *Qbi2- RN3kVX q2 mb2 i?2b2
b2ib Q7 +Hmbi2`b iQ /2p2HQT /2`Bp�iBp2b Q7 i?2 i`�/BiBQM�H ASa BM/2tX 6BM�HHv r2 2biB@
K�i2 i`�/BiBQM�H �M/ /2`Bp2/ ASa b+Q`2b Q7 kRRN b�KTH2b iQ +QKT�`2 �M/ �bb2bb i?2
T2`7Q`K�M+2b Q7 i?2b2 M2r BM/B+2bX

j



k J�i2`B�H �M/ J2i?Q/b
kXR S?vHQ;2M2iB+ i`22 `2+QMbi`m+iBQM
q2 mb2/ i?2 T?vHQ;2M2iB+ i`22 `2+QMbi`m+i2/ BM E2+F 2i �HX UkyReVX h?Bb T?vHQ;2Mv
Bb #�b2/ #Qi? QM i?2 Mm+H2�` ;2M2 +Q/BM; 7Q` i?2 bK�HH bm#mMBi R3a `_L� �M/
i?2 +?HQ`QTH�bi `#+G ;2M2 +Q/BM; 7Q` i?2 _m"Bb*P 2MxvK2X h?2 i`22 BM+Hm/2b 89N
/B�iQKb bT2+B2b 7Q` r?B+? ;2M2iB+ BM7Q`K�iBQM Bb �p�BH�#H2 7Q` �i H2�bi QM2 Q7 i?2b2
K�`F2`bX _2+QMbi`m+iBQM r�b /QM2 rBi? _�tJG dXkX3 Uai�K�i�FBb- kyyeV mbBM; �
T�`iBiBQM2/ J�tBKmK GBF2HB?QQ/ �M�HvbBb rBi? � :h_YAY: 2pQHmiBQM�`v KQ/2H
Ub22 E2+F 2i �HX- kyRe- 7Q` /2i�BHbVX h?2 i`22 r�b /�i2/ BM `2H�iBp2 iBK2 mbBM; �
b2KB@T�`�K2i`B+ K2i?Q/ #�b2/ QM T2M�HBx2/ HBF2HB?QQ/ Ua�M/2`bQM- kyykVX

kXk S?vHQ;2M2iB+�HHv +QMbi`�BM2/ +Hmbi2`BM;
q2 T`2b2Mi ?2`2 � bBKTH2 +Q@+Hmbi2`BM; K2i?Q/ 7Q` � b2i Q7 n bT2+B2b BM � T?vHQ;2Mv
rBi? QM2 Q` KQ`2 �bbQ+B�i2/ i`�Bi p�Hm2b U�b BHHmbi`�i2/ BM 6B;m`2 R�VX h?2 K2i?Q/
Bb #�b2/ #Qi? QM i?2 T�B`rBb2 i`�Bi /Bbi�M+2 K�i`Bt h �M/ i?2 T�B`rBb2 T?vHQ;2M2iB+
/Bbi�M+2 K�i`Bt SX q2 +QMbB/2` i?2 ;`�T? G = (V,E) r?2`2 V /2MQi2b i?2 p2`iB+2b
Ui?2 bT2+B2bV �M/ E i?2 b2i Q7 2/;2b +QMM2+iBM; i?2 p2`iB+2bX >2`2- i?2 ;`�T? G Bb
/2}M2/ #v Bib �/D�+2M+v #BM�`v K�i`Bt �- �M n × n K�i`Bt r?2`2 �ij = 1 B7 i?2`2
Bb �M 2/;2 DQBMBM; bT2+B2b i rBi? bT2+B2b j �M/ �ij = 0 Qi?2`rBb2X � p�`B2iv Q7 `mH2b
+�M #2 mb2/ iQ /2+B/2 r?2i?2` i?2`2 Bb �M 2/;2 Q` MQi #2ir22M irQ p2`iB+2bX >2`2-
r2 T`QTQb2 � HBM2�` `mH2 ;Bp2M BM 1[m�iBQM R- 7Q` r?B+? � ;`�T?B+�H BHHmbi`�iBQM Bb
;Bp2M BM 6B;m`2 R"X

Aij =

{
1 B7 − t

pSij ≥ hij ; i ̸= j

0 Qi?2`rBb2
URV

r?2`2 t �M/ p �`2 i?2 mTT2` #QmM/b iQ #2 +QMbB/2`2/ 7Q` `2bT2+iBp2Hv i`�Bi �M/
T?vHQ;2M2iB+ /Bbi�M+2b Ub22 6B;m`2 R"V �M/ Kmbi #2 K�Mm�HHv b2iX h?mb- i?2 ?B;?2`
i?2 p�Hm2b Q7 t �M/ p- i?2 HQr2` i?2 i`�Bi �M/ T?vHQ;2M2iB+ +QMbi`�BMib �`2- `2bT2+@
iBp2HvX

PM+2 i?2 �/D�+2M+v K�i`Bt Bb ;Bp2M- r2 +QKTmi2 i?2 +QMM2+i2/ +QKTQM2Mib Q7
i?2 �bbQ+B�i2/ ;`�T?- r?B+? /2}M2 i?2 +Hmbi2`b U6B;m`2 R*VX LQi2- ?Qr2p2`- i?�i
/Bz2`2Mi bi`�i2;B2b �`2 TQbbB#H2 U2X;X b2H2+iBQM Q7 +HB[m2b- mb2 Q7 +QKKmMBiv /2i2+iBQM
�H;Q`Bi?KbV r?B+? rBHH #2 /Bb+mbb2/ H�i2`X

kXj .2}MBM; M2r BM/B+2b #�b2/ QM T?vHQ;2M2iB+ +Hmbi2`b
q2 +?Qb2 iQ rQ`F rBi? i?2 ASa BM/2t UBM/B+2 /2 TQHHmQ@b2MbB#BHBiûc *Qbi2- RN3kVX h?2
ASa BM/2t Bb � r2B;?i2/ �p2`�;2 �mi2+QHQ;B+�H BM/2t #�b2/ QM � KQ/B}2/ p2`bBQM Q7
i?2 w2HBMF� �M/ J�`p�M URNeRV 2[m�iBQM U1[m�iBQM kV r?2`2 ai Bb i?2 T`QTQ`iBQM�H
�#mM/�M+2 Q7 i?2 i�tQM i- vi Bb Bib BM/B+�iQ` p�Hm2 �M/ si Bib TQHHmiBQM b2MbBiBpBivX

IPS =

∑n
i=1 ai × vi × si∑n

i=1 ai × vi
UkV

q2 i?2M ?�p2 bBKTHB}2/ i?2 BM/2t #v /2}MBM; bQK2 +Hmbi2`b �b 2tTH�BM2/ �#Qp2-
�M/ �p2`�;BM; p�Hm2b Q7 vi �M/ si �M/ bmKKBM; i?2 p�Hm2b Q7 ai- Qp2` +Hmbi2`b Q7
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6B;m`2 R, S?vHQ;2M2iB+�HHv +QMbi`�BM2/ +Hmbi2`BM; T`Q+2bbX �X h?2 T`Q+2bb Bb BH@
Hmbi`�i2/ rBi? � /�i�b2i Q7 RN bT2+B2b UB/2MiB}2/ #v H2ii2`b �ĜaVX h?2 i`�Bi /�i�
�`2 bBKmH�i2/ mM/2` � "`QrMB�M JQiBQM KQ/2H Q7 i`�Bi 2pQHmiBQM �M/ �`2 +2Mi`2/X
"X S�B`b Q7 bT2+B2b BM 7mM+iBQM Q7 i?2B` T?vHQ;2M2iB+ UT�i`BbiB+V /Bbi�M+2 �M/ i`�Bi
U1m+HB/2�MV /Bbi�M+2X h?2 b2H2+i2/ T�B`b U7QHHQrBM; 1[m�iBQM R- p �M/ t p�Hm2bV �`2
`2T`2b2Mi2/ rBi? +`Qbb2b r?BH2 MQM@b2H2+i2/ T�B`b �`2 `2T`2b2Mi2/ rBi? +B`+H2bX h?2
/�b?2/ HBM2 BHHmbi`�i2b i?2 b2H2+iBQM HBKBiX *X � ;`�T? r?2`2 bT2+B2b �`2 +QMM2+i2/
�++Q`/BM; iQ T`2pBQmbHv b2H2+i2/ T�B`b- mMp2BHBM; 3 /Bb+QMM2+i2/ +QKTQM2Mib U+Hmb@
i2`bVX

bT2+B2bX G2i mb /2MQi2 #v γ � +Hmbi2`X h?2M- �;;`2;�i2/ ASa BM/2t Bb /2}M2/ �b BM
1[m�iBQM jX

IPSP =

∑
γ aγ × vγ × sγ∑

γ aγ × vγ
UjV

r?2`2

aγ =
∑

i∈γ
ai, vγ =

1

nγ

∑

i∈γ
vi, sγ =

1

nγ

∑

i∈γ
si, nγ = O{i : i ∈ γ}

�b i?2 ;`�BM 7Q` bT2+B2b b2MbBiBpBiv p�`B�iBQM Bb +Q�`b2` UBM ASaS- �HH bT2+B2b #2@
HQM;BM; iQ i?2 b�K2 +Hmbi2` �`2 �bbmK2/ iQ b?�`2 � b�K2 p�Hm2 7Q` s �M/ vV- i?2
2biBK�i2 Q7 ASa rBHH #2 +Q�`b2`X AM Q`/2` iQ 2p�Hm�i2 i?2 /Bb+`2T�M+v #2ir22M ASa
�M/ ASaS- r2 ?�p2 +�H+mH�i2/ i?2 2``Q` K�/2 #v mbBM; ASaS BMbi2�/ Q7 ASa- #v � }`bi
Q`/2` /2p2HQTK2Mi Q7 ASaSX q2 b?Qr MQr i?�i i?2 /Bb+`2T�M+v BM/m+2/ #v mbBM; i?2
+Q�`b2 BM/2t Bb KBMBKBx2/ r?2M i?2 +Hmbi2`b �`2 bm+? i?�i i?2 /Bb+`2T�M+v #2ir22M
�p2`�;2 p�Hm2 �M/ BM/BpB/m�H p�Hm2b rBi?BM 2�+? +Hmbi2` �`2 #QmM/2/ 7`QK �#Qp2X
h?Bb Bb T`2+Bb2Hv i?2 `QH2 Q7 t BM i?2 �#Qp2 +�H+mH�iBQMX AM/22/- i?2 2``Q` K�/2 #v
mbBM; ASaS BMbi2�/ Q7 ASa /2T2M/b QM irQ ivT2b Q7 i2`Kb ;Bp2M BM 1[m�iBQM 9 Ub22
�TT2M/Bt aR 7Q` /2i�BHbVX

∆v,i =
∑

i∈γ
ai(vi − vγ), ∆s,i =

∑

i∈γ
ai(si − sγ) U9V

1�+? Q7 i?2b2 i2`Kb Bb � +QK#BM�iBQM Q7 irQ i2`Kb, i?2 �#mM/�M+2b BM i?2 2M@
pB`QMK2Mi�H b�KTH2 ai- �M/ i?2 /Bb+`2T�M+v #2ir22M i?2 bT2+B2b si �M/ vi �M/ i?2
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+Hmbi2` sγ �M/ vγ Bi #2HQM;b iQX 1�+? i2`K `2K�BMb bK�HH- BX2X i?2 �TT`QtBK�iBQM Bb
�++2Ti�#H2- B7 UBV i?2 bT2+B2b BHH TQbBiBQM2/ BM � ;`QmT- BX2X i?2 i2`K |xi − xγ | Bb ?B;?-
rBi? x = s Q` x = v ?�b � HQr �#mM/�M+2- Q` UBBV i?2 /Bb+`2T�M+v Bb �++2Ti�#H2X G2i
mb MQi2 i?�i 7Q` 2�+? +Hmbi2` γ- r2 ?�p2

∑
i∈γ(si − sγ) =

∑
i∈γ(vi − vγ) = 0- r?B+?

K2�Mb i?�i i?2 2``Q` i2`Kb �`2 2tT2+i2/ iQ #2 bK�HHX h?2 /2i�BH2/ +�H+mH�iBQMb �`2
�p�BH�#H2 BM �TT2M/Bt aRX

kX9 .2p2HQTBM; ASaS BM/B+2b
q2 +�``B2/ Qmi +Hmbi2`BM; �M�Hvb2b mbBM; i?2 K2i?Q/ /2b+`B#2/ �#Qp2 7Q` bT2+B2b
7Q` r?B+? #Qi? T?vHQ;2M2iB+ �M/ ASa /�i� Us �M/ v p�Hm2bV r2`2 �p�BH�#H2X ASa
/�i� r2`2 `2i`B2p2/ 7`QK PJLA.A� UG2+QBMi2 2i �HX- RNNjVX q2 mb2/ � T?vHQ;2M2iB+
/Bbi�M+2 K�i`Bt S- #�b2/ QM i?2 MmK#2` Q7 MQ/2b b2T�`�iBM; irQ bT2+B2b i �M/ j �M/
� i`�Bi /Bbi�M+2 K�i`Bt h- #�b2/ QM i?2 T�B`rBb2 1m+HB/2�M /Bbi�M+2 Q7 ASa TQHHmiBQM
b2MbBiBpBiv Uhij =

√
(si − sj)2VX hQ K�F2 i?BM;b KQ`2 BMi2`T`2i�#H2- #Qi? S �M/ h

r2`2 /BpB/2/ #v i?2B` `2bT2+iBp2 K�tBKmK p�Hm2b bQ i?�i �HH /Bbi�M+2b `�M;2 #2ir22M
y �M/ RX

aBM+2 i?2`2 Bb MQ `mH2 iQ b2i t �M/ p p�Hm2b- r2 i2bi2/ /Bz2`2Mi b2iiBM;bX � 7mHH
;`B/ Q7 Ry9 +QK#BM�iBQMb Q7 t �M/ p = {0.01, 0.02, 0.03, ..., 0.99, 1} r�b T`Q+2bb2/X
>Qr2p2`- 7Q` +H�`Biv- r2 `2TQ`i `2bmHib 7Q` � b2i Q7 `2T`2b2Mi�iBp2 +QK#BM�iBQMb Q7
t = {0.2, 0.4, 0.6, 0.8} �M/ p = {0.05, 0.1, 0.15} ;BpBM; Rk /Bz2`2Mi ;`�T?b �M/ �b
K�Mv /Bz2`2Mi b2ib Q7 +Hmbi2`bX h?2M- r2 /2p2HQT2/ � b2`B2b Q7 T?vHQ;2M2iB+�HHv ASa@
/2`Bp2/ BM/B+2b mbBM; 1[m�iBQM j U`272``2/ �b ASaS[t,p] rBi? t �M/ p BM/B+�iBM; i?2
i`�Bi �M/ T?vHQ;2M2iB+ +QMbi`�BMib �TTHB2/ 7Q` i?2 +Hmbi2`BM;VX

kX8 *QKT�`BM; ASaS BM/B+2b T2`7Q`K�M+2b
hQ �bb2bb i?2 T2`7Q`K�M+2b Q7 ASaS BM/B+2b r2 mb2/ � /�i�#�b2 Q7 kRRN /B�iQK
+QKKmMBiv b�KTH2b +QHH2+i2/ BM `Bp2`b �M/ bi`2�Kb BM 2�bi2`M 6`�M+2 #2ir22M kyyR
�M/ kyy3X 6Q` 2�+? Q7 i?2K- 9yy /B�iQK 7`mbimH2b r2`2 +QmMi2/ �M/ B/2MiB}2/ �i
bT2+B2b H2p2HX .2i�BHb �#Qmi i?Bb /�i�#�b2 �`2 ;Bp2M BM _BK2i �M/ "Qm+?2x UkyRkVX
h?2b2 +QmMi /�i� r2`2 mb2/ iQ +QKTmi2 i?2 ASabi�M/�`/ p�Hm2 Q7 2�+? b�KTH2- r?B+?
+QMbiBimi2b i?2 `272`2M+2 BM/2t p�Hm2X h?mb r2 +�M +QKTmi2 /Bz2`2Mi bi�iBbiB+b iQ
+QKT�`2 i?2 �#BHBiv Q7 i?2 /Bz2`2Mi ASaS iQ `2+Qp2` i?2 BM7Q`K�iBQM +QMi�BM2/ BM
ASabi�M/�`/X 6B`bi- i?2 S2�`bQM +Q``2H�iBQM BM/2t Bb +QKTmi2/ �b � K2�bm`2 Q7 i?2
/2T2M/2M+2 #2ir22M i?2 b�KTH2b b+Q`2b �b 2biBK�i2/ #v ASaS �M/ #v ASabi�M/�`/X
a2+QM/- i?2 `2bB/m�H bmK Q7 b[m�`2 U_aaV Bb mb2/ �b � K2�bm`2 Q7 i?2 /Bb+`2T�M+v
#2ir22M i?2 b+Q`2b Q7 ASaS �M/ i?2 b+Q`2b Q7 ASabi�M/�`/X 6BM�HHv- Bi Bb +QKKQM iQ mb2
ASa b+Q`2b iQ +H�bbB7v b�KTH2b BM 8 H2p2Hb Q7 r�i2` [m�HBiv, (yc d( 4 o2`v SQQ`c (dc RR( 4
SQQ`c (RRc RjX8( 4 6�B`c (RjX8c Re( 4 :QQ/c (Recky) 4 o2`v :QQ/ US`v;B2H 2i �HX- RNNeVX
AM T�`iB+mH�`- i?2b2 i?`2b?QH/b �`2 +m``2MiHv mb2/ #v K�M�;2`b iQ i�F2 /2+BbBQMb
7Q` 2MpB`QMK2Mi�H `2biQ`�iBQMX q2 `2TQ`i2/ i?2 T2`+2Mi�;2 Q7 ;QQ/ +H�bbB}+�iBQM
�M/ T2`+2Mi�;2b Q7 KBb+H�bbB}+�iBQM UQp2` �M/ mM/2` 2biBK�i2bV Q7 b�KTH2b #v ASaS
+QKT�`2/ iQ ASabi�M/�`/X

e



kXe ai�iBbiB+�H S�+F�;2b
q2 T2`7Q`K2/ �HH i?2 bi�iBbiB+�H �M�Hvb2b rBi? _ jXyXk bQ7ir�`2 U_ .2p2HQTK2Mi
*Q`2 h2�K- kyRjVX S?vHQ;2MB2b r2`2 ?�M/H2/ rBi? i?2 �T2 T�+F�;2 US�`�/Bb 2i �HX-
kyy9V �M/ i?2 T?vHQ#�b2 T�+F�;2 U>�+F�i?QM 2i �HX kyRjVX S?vHQ;2M2iB+ /Bbi�M+2b
r2`2 +QKTmi2/ rBi? i?2 �/2T?vHQ T�+F�;2 UCQK#�`i 2i �HX- kyRyVX S?vHQ;2M2iB+
+Hmbi2`BM; r�b T2`7Q`K2/ rBi? i?2 T?vHQbB;M�H T�+F�;2 RX

j _2bmHib
h?2 /�i�b2i BM+Hm/2b kek i�t� r?B+? r2`2 7QmM/ #Qi? BM i?2 T?vHQ;2M2iB+ i`22 �M/
i?2 ASa /�i�#�b2 U6B;m`2 kVX h?2 7mHH ;`B/ �TT`Q�+? ;2M2`�i2/ Ry9 b2ib Q7 +Hmbi2`X
q2 BMp2biB;�i2/ i?2 2z2+ib Q7 T?vHQ;2M2iB+ �M/ i`�Bi +QMbi`�BMib QM i?2 MmK#2` Q7
+Hmbi2`b T`Q/m+2/ U6B;m`2 j�V �M/ i?2 `2H�iBQMb?BT #2ir22M i?2 MmK#2` Q7 +Hmbi2`
Q7 �M ASaS BM/2t �M/ Bib �#BHBiv 7Q` b�KTH2 +H�bbB}+�iBQM U6B;m`2 j"VX

h?2 bm#b2i Q7 Rk +QK#BM�iBQMb Q7 t �M/ p p�Hm2b i2bi2/ T`Q/m+2/ +QMi`�biBM;
b2ib Q7 +Hmbi2`bX h?2 KQbi `2bi`B+iBp2 ;`�T? Ut = 0.2- p = 0.05c BX2X HQr i`�Bi �M/
T?vHQ;2M2iB+ /Bbi�M+2bV Bb +QKTQb2/ Q7 RNe +QMM2+i2/ +QKTQM2Mib UBX2X +Hmbi2`bV
r?BH2 i?2 KQbi `2H�t2/ ;`�T? Ut = 0.8 �M/ p = 0.15c BX2X ?B;? i`�Bi �M/ T?vHQ;2M2iB+
/Bbi�M+2bV Bb +QKTQb2/ Q7 N +QKTQM2MibX Pi?2` ;`�T?b ?�p2 � MmK#2` Q7 +QMM2+i2/
+QKTQM2Mib `�M;BM; #2ir22M i?2b2 irQ 2ti`2K2b Uh�#H2 RVX

aBM+2 i?2 MmK#2` Q7 +Hmbi2` QM r?B+? i?2v �`2 #�b2/ p�`B2b ;`2�iHv- i?2 +�T�+Biv
Q7 i?2 /Bz2`2Mi ASaS BM/B+2b iQ `2~2+i i?2 BM7Q`K�iBQM Q7 ASabi�M/�`/ p�`B2b �HbQ
K�`F2/HvX h?2 +Q``2H�iBQM #2ir22M ASaS BM/B+2b �M/ ASabi�M/�`/ Bb ?B;? U= yXNV �b
HQM; �b i?2 MmK#2` Q7 +Hmbi2`b `2K�BMb ?B;? U= e3c h�#H2 R �M/ 6B;m`2 9VX h?2
?B;?2bi +Q``2H�iBQM UyXNj3V Bb �+?B2p2/ rBi? ASaS[0.2,0.1] �M/ ASaS[0.2,0.15] UBX2X HQr
i`�Bi �M/ KQ/2`�i2 iQ ?B;? T?vHQ;2M2iB+ /Bbi�M+2bVX

h?2 `2bB/m�H bmK b[m�`2 U_aaV `�M;2/ #2ir22M kNNy �M/ 9j8d �b HQM; �b i?2
MmK#2` Q7 +Hmbi2`b `2K�BMb ?B;? U= e3VX lM/2` i?Bb i?`2b?QH/- i?2 2``Q` BM+`2�b2b
/`�biB+�HHv Uh�#H2 R �M/ 6B;m`2 9VX h?2 HQr2bi _aa Bb �+?B2p2/ rBi? ASaS[0.2,0.1]

UkNNyVX
JQ`2 i?�M djW Q7 i?2 b�KTH2b �`2 +Q``2+iHv +H�bbB}2/ �b HQM; �b i?2 MmK#2`

Q7 +Hmbi2`b `2K�BMb �#Qp2 e3X 6Q` BM/B+2b #�b2/ QM p2`v 72r +Hmbi2`b URe �M/ NV-
i?2 MmK#2` Q7 KBb+H�bbB}2/ b�KTH2b 7�HHb mM/2` i?2 MmK#2` Q7 +Q``2+iHv +H�bbB}2/
b�KTH2bX h?2 #2bi T2`+2Mi�;2 Q7 +H�bbB}+�iBQM Bb �+?B2p2/ rBi? ASaS[0.2,0.1] U3yXeW
Q7 ;QQ/ +H�bbB}+�iBQMVX ai`QM; Qp2`2biBK�iBQMb Q7 r�i2` [m�HBiv U≥ 2 +H�bb2bV �`2
`�`2 Qp2`�HH r?BH2 bi`QM; mM/2`2biBK�iBQMb U≥ 2 +H�bb2bV �TT2�` iQ #2 KQ`2 7`2[m2Mi
r?2M i?2 MmK#2` Q7 +Hmbi2`b Bb p2`v HQrX Pp2`�HH- BM +�b2 Q7 KBb+H�bbB}+�iBQM- ASaS
BM/B+2b �`2 KQ`2 HBF2Hv iQ mM/2`2biBK�i2 r�i2` [m�HBiv i?�M Qp2`2biBK�i2 BiX

9 .Bb+mbbBQM
9XR S?vHQ;2M2iB+ +Hmbi2`BM; Ĝ K2i?Q/QHQ;B+�H /Bb+mbbBQM
h?2 B/2� Q7 bBKTHB7vBM; #BQ�bb2bbK2Mi K2i?Q/b mbBM; T?vHQ;2M2iB+b ?�b #22M `�Bb2/
BM i?2 H�bi 72r v2�`b U*�`2r 2i �HX- kyRRc G�``�b 2i �HX- kyR9V- #mi MQ bim/v T`Q@

R?iiTb,ff+`�MX`@T`QD2+iXQ`;fr2#fT�+F�;2bfT?vHQbB;M�Hf

d

https://cran.r-project.org/web/packages/phylosignal/
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b2MbBiBpBiv p�Hm2 UsVX h?2 +QHQ`b /2HBM2�i2 e3 +Hmbi2`b #�b2/ QM t = 0.6 �M/ p = 0.1X
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Zm�HBiv +H�bbB}+�iBQM UW Q7 b�KTH2bV
+QKT�`2/ iQ ASabi�M/�`/

*Hmbi2`BM;
+QMbi`�BMib

Pp2`2biBK�i2 1t�+i lM/2`2biBK�i2

t p LmK#2` Q7
+Hmbi2`b

*Q``2H�iBQM
ASabi�M/�`/

_aa
ASabi�M/�`/

k R y R k j

yXk yXy8 RNe yXNj8 jyNN yXR NXd dNX8 Ry yX8 yXR
yX9 yXy8 R3d yXNje jy3R yXR 3Xk dNX3 RRXk yX8 yXR
yXe yXy8 R8d yXNkN jjj8 yXk NX8 ddX8 RkXj yX9 yXR
yX3 yXy8 R8j yXNk8 jN3N yXk eX8 djXN R3XR RXk yXR
yXk yXR Rke yXNj3 kNNy yXR 3 3yXe RyXd yX8 yXR
yX9 yXR 3N yXNk3 j8N9 yXk dX9 deXR R8X9 yX3 y
yXk yXR8 3e yXNj3 jRdN yXR dX8 ddXj R9Xk yXd yXR
yXe yXR e3 yXNyd 9j8d yX9 NXN djX9 R8 RXk y
yX3 yXR 8R yX3ej dNkk yXd N ejXk k8 k y
yX9 yXR8 jk yXNy9 3e39 yXR kXk 88Xj jN jXR yXk
yXe yXR8 Re yXdd9 RdjRd yXk 8Xj jdX8 93XR 3Xj yXe
yX3 yXR8 N yX8NR jRRky yXN 8XN kjX8 jdX9 jyXk kXR

h�#H2 R, *QKT�`BbQM Q7 i?2 Rk ASaS BM/B+2bX 1�+? BM/2t Bb #�b2/ QM � b2i Q7 +Hmbi2`b
;2M2`�i2/ #v � T�B` Q7 t �M/ p p�Hm2bX S2`7Q`K�M+2b Q7 i?2 BM/B+2b �`2 �bb2bb2/ #v
+QKT�`BM; rBi? `2bmHib Q7 ASabi�M/�`/ 7Q` kRRN /B�iQK b�KTH2bX
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6B;m`2 j, �X _2H�iBQM #2ir22M i?2 T�B` Q7 t �M/ p p�Hm2b �M/ i?2 MmK#2` Q7 +Hmbi2`b
T`Q/m+2/ #v i?2 K2i?Q/X h?2 +QHQ` ;`�/B2Mi BM/B+�i2b i?2 T2`+2Mi�;2 Q7 b�KTH2b
+Q``2+iHv +H�bbB}2/ #v i?2 ASaS /2p2HQT2/ 7`QK i?2 +Q``2bTQM/BM; b2i Q7 +Hmbi2`X "X
_2H�iBQM #2ir22M i?2 MmK#2` Q7 +Hmbi2`b T`Q/m+2/ #v i?2 K2i?Q/ �M/ i?2 T2`+2Mi�;2
Q7 b�KTH2b +Q``2+iHv +H�bbB}2/ #v i?2 ASaS /2p2HQT2/ 7`QK i?2 +Q``2bTQM/BM; b2i Q7
+Hmbi2`X .�i� T`2b2Mi2/ QMHv 7Q` p I yXkX
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6B;m`2 9, _2H�iBQM #2ir22M b�KTH2b b+Q`2b 2biBK�i2/ rBi? ASabi�M/�`/ U?Q`BxQMi�H
�tBbV �M/ ASaS[t,p] Up2`iB+�H �tBbV 7Q` i?2 ky i2bi2/ T�B`b Q7 t Ui`�Bi +QMbi`�BMiV �M/
p UT?vHQ;2M2iB+ +QMbi`�BMiV p�Hm2bX h?2 bQHB/ `2/ HBM2 `2T`2b2Mib i?2 7mHH 2[mBp�H2M+2
#2ir22M ASabi�M/�`/ �M/ ASaSX
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TQb2/ � T?vHQ;2M2iB+�HHv #�b2/ #BQKQMBiQ`BM; iQQHX q2 BMi`Q/m+2/ � bBKTH2 �M/
;2M2`�H �TT`Q�+? iQ /2p2HQT bm+? iQQHb �M/ i2bi2/ Bi BM Q`/2` iQ bBKTHB7v � TQTmH�`
#BQKQMBiQ`BM; /B�iQKB+ BM/2t, i?2 ASa U*Qbi2- RN3kVX

q2 T`QTQb2/ � bBKTH2 K2i?Q/- r?B+? �HHQrb +Hmbi2`BM; bT2+B2b i�FBM; BMiQ �+@
+QmMi #Qi? i?2B` T?vHQ;2M2iB+ T`QtBKBiB2b �M/ i`�Bi bBKBH�`BiB2bX *Hmbi2`b ;2M2`�i2/
#v i?Bb K2i?Q/ �`2 MQi M2+2bb�`BHv KQMQT?vH2iB+ +H�/2bX h?2 K2i?Q/ ?�b K�Mv
/2+HBM�iBQMb TQbbB#H2- bBM+2 2�+? bi2T Bb BM/2T2M/2Mi �M/ �/�Ti�#H2X 6B`bi- � /B7@
72`2Mi T?vHQ;2M2iB+ /Bbi�M+2 K�i`Bt USV +�M #2 mb2/X >2`2 r2 mb2/ i?2 MmK#2`
Q7 BMi2`M�H MQ/2b b2T�`�iBM; irQ bT2+B2b- #mi T�i`BbiB+ /Bbi�M+2 UH2M;i? Q7 #`�M+?2b
b2T�`�iBM; irQ bT2+B2bV Q` KQ`2 +QKTH2t /Bbi�M+2b US�pQBM2 2i �HX- kyy3c S�pQBM2
�M/ _B+Qii�- kyRjV +�M #2 +QMbB/2`2/- �b r2HH �b i`�Mb7Q`K�iBQM Q7 i?2b2 /Bbi�M+2b
U2X;X b[m�`2 `QQi Q7 T�i`BbiB+ /Bbi�M+2c >�`/v �M/ S�pQBM2- kyRkVX a2+QM/- r2 �T@
THB2/ i?2 K2i?Q/ QM � bBM;H2 i`�Bi UbT2+B2b b2MbBiBpBivV- #mi bBM+2 +Hmbi2`BM; Bb #�b2/
QM i?2 1m+HB/2�M /Bbi�M+2 Q7 i`�Bi UhV- Bi +�M #2 2�bBHv 2ti2M/2/ iQ � KmHiBp�`B�i2
7`�K2rQ`FX h?B`/- /Bz2`2Mi `mH2b +�M #2 mb2/ iQ b2H2+i r?B+? T�B`b Q7 bT2+B2b �`2
+QMM2+i2/ #v �M 2/;2 BM i?2 ;`�T?X q2 mb2/ � bBKTH2 `mH2 #�b2/ QM � HBM2�` 2[m�iBQM
U1[m�iBQM R- 6B;m`2 R"V- #mi Qi?2` QTiBQMb +�M #2 /2p2HQT2/ U2X;X `2+i�M;mH�` �M/
2HHBTiB+�H b2H2+iBQMb �`2 BM+Hm/2/ BM i?2 _ T�+F�;2 T?vHQbB;M�HVX 6BM�HHv- /Bz2`2Mi
+Hmbi2` 2ti`�+iBQM �TT`Q�+?2b +�M #2 i2bi2/X AM T�`iB+mH�`- 7Q` +QKTH2t /�i�- +Hmb@
i2`b +�M #2 /2i2+i2/ mbBM; +QKKmMBiv /2i2+iBQM �H;Q`Bi?Kb UL2rK�M �M/ :B`p�M-
kyy9V �M/ +Hmbi2`b p�HB/Biv +�M #2 �bb2bb2/ rBi? bi�iBbiB+b /2`Bp2/ 7`QK ;`�T? i?2Q`v
HBF2 K2�bm`2b Q7 /2MbBiv �M/ +QMM2+iBpBiv Uo�M ai22M- kyRyVX aBM+2 i?2 K2i?Q/ Bb
2ti`2K2Hv ;2M2`�H �M/ ~2tB#H2- i?Bb ;Bp2b �M QTTQ`imMBiv iQ }i iQ � H�`;2 p�`B2iv Q7
/�i�X *Hmbi2`BM; +�M #2 �TTHB2/ iQ �Mv FBM/ Q7 i`�BiX 6Q` 2t�KTH2 BM 7`2b?r�i2`
#BQKQMBiQ`BM;- Qi?2` BM/B+2b +QmH/ #2 +Hmbi2`2/ HBF2 i?2 i`QT?B+ /B�iQK BM/2t UE2HHv
�M/ q?BiiQM- RNN8V- i?2 ;HQ#�H T2`BT?viQM BM/B+2b U_Qii 2i �HX- RNNdc _Qii 2i �HX-
RNNNV Q` i?2 "`2iimK BM/2t 7Q` H�F2b KQMBiQ`BM; U"`2iimK- RN3NV- #mi i?2 K2i?Q/
+QmH/ �HbQ #2 �TTHB2/ /B`2+iHv QM bT2+B2b T`272`2M+2b i?`Qm;? � KmHiBp�`B�i2 �TT`Q�+?
Ub22 E2+F 2i �HX- kyReVX

h?2 K2i?Q/ /Q2b MQi T`QpB/2 �M QTiBK�H T�B` Q7 p �M/ t +QMbi`�BMBM; p�Hm2bX
h?Bb +�M HBKBi i?2 2�b2 Q7 mb2- #mi Bb �HbQ � bQm`+2 Q7 ~2tB#BHBivX aBM+2 i?2 +Hmbi2`BM;
�H;Q`Bi?K r2 T`QTQb2 Bb MQi +QKTmi�iBQM�HHv BMi2MbBp2- Bi +�M #2 2�bv iQ i2bi i?Qm@
b�M/b Q7 b2iiBM;bX h?mb- � T`�+iBiBQM2` /2p2HQTBM; � M2r BM/2t +�M TB+F mT i?2 T�B`
Q7 T?vHQ;2M2iB+ �M/ i`�Bi +QMbi`�BMib r?B+? }i i?2 #2bi rBi? ?Bbf?2` QrM M22/b BM
i2`Kb Q7 i`�/2@Qz #2ir22M bBKTHB}+�iBQM �M/ T`2+BbBQMX _2T`2b2MiBM; i?2 `2H�iBQM@
b?BT #2ir22M i?2 MmK#2` Q7 +Hmbi2`b �M/ i?2 2{+B2M+v Q7 BM/B+2b U6B;m`2 9V K�v #2
� ;QQ/ r�v iQ bmTTQ`i i?2 /2+BbBQM T`Q+2bbX

Pp2`�HH- i?2 `2bmHib Kmbi �Hr�vb #2 BMi2`T`2i2/ +�`27mHHv �M/ r2 bi`2bb i?2 BKTQ`@
i�M+2 iQ K�F2 � /2i�BH2/ �M�HvbBb Q7 ?Qr t �M/ p BM~m2M+2 i?2 +Hmbi2`BM; Qmi+QK2bX
�M B/2MiB}2/ Bbbm2 Bb i?2 HBMF�;2 2z2+i, B7 i?2`2 Bb �M 2/;2 #2ir22M bT2+B2b � �M/
bT2+B2b " �M/ �M 2/;2 #2ir22M bT2+B2b " �M/ *- i?2M �- " �M/ * rBHH #2 BM+Hm/2/ BM
i?2 b�K2 +QMM2+i2/ +QKTQM2Mi UBX2X +Hmbi2`V- 2p2M B7 � �M/ * �`2 MQi +QMM2+i2/X �
r�v iQ Qp2`+QK2 i?Bb T`Q#H2K KB;?i #2 iQ mb2 KQ`2 bQT?BbiB+�i2/ K2i?Q/ iQ 2ti`�+i
+Hmbi2`b 7`QK i?2 ;`�T?- �b /Bb+mbb2/ �#Qp2X �MQi?2` TQBMi r?B+? M22/b �ii2MiBQM
Bb i?�i B7 t Q` p p�Hm2b �`2 iQQ ?B;?- i?2 K2i?Q/ rBHH +QMp2`;2 iQ T?vHQ;2M2iB+@QMHv
+Hmbi2`BM; UBX2X +Hmbi2`b bi`B+iHv #�b2/ QM T?vHQ;2M2iB+ /Bbi�M+2bV Q` i`�Bi@QMHv +Hmb@
i2`BM; UBX2X +Hmbi2`b bi`B+iHv #�b2/ QM i`�Bib /Bbi�M+2bV- `2bT2+iBp2HvX 6Q` 2t�KTH2
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BM Qm` /�i�b2i- r?2M i?2 MmK#2` Q7 +Hmbi2`b Bb p2`v HQr �M/ i?2 T2`7Q`K�M+2 Q7
i?2 BM/2t Bb p2`v ?B;?- i?Bb Bb /m2 iQ i?2 T?vHQ;2M2iB+ +QMbi`�BMi- r?B+? Bb MQM2t@
Bbi2Mi Up > 0.25c ?B;? T?vHQ;2M2iB+ /Bbi�M+2VX h?2`27Q`2- i?2 `2bmHib +QMp2`;2 iQ �
i`�Bi@QMHv +Hmbi2`BM;- r?B+? Bb /2}MBi2Hv MQi i?2 �BK ?2`2X

9Xk S?vHQ;2M2iB+�HHv #�b2/ BM/B+2b Ĝ TQi2MiB�H 7Q` �TTHB+�iBQMb
h?2 i2bib r2 +QM/m+i2/ b?Qr2/ i?�i i?2 MmK#2` Q7 +Hmbi2`b +�M #2 `2/m+2/ rBi?Qmi
�M BKTQ`i�Mi HQbb Q7 BM7Q`K�iBQMX h?2b2 `2bmHib i2M/b iQ +QM}`K i?�i #BQKQMBiQ`BM;
rBi? /B�iQKb +�M #2 bBKTHB}2/ mbBM; i�tQMQKB+ H2p2Hb ?B;?2` i?�M i?2 bT2+B2b H2p2H
�b T`2pBQmbHv bm;;2bi2/ #v Qi?2` �mi?Q`b UE2HHv 2i �HX- RNN8c *?2bbK�M 2i �HX- RNNNc
:`QrMb- RNNNc >BHH 2i �HX- kyyRc qmMb�K 2i �HX- kyykc _�mMBQ �M/ aQBMBM2M- kyydc
_BK2i �M/ "Qm+?2x- kyRkVX h?Bb Bb �+?B2p2/ 7Q` i?2 }`bi iBK2 mbBM; � T?vHQ;2M2iB+
�TT`Q�+? BM Q`/2` iQ i�F2 �++QmMi T?vHQ;2M2iB+ `2/mM/�M+v U*�`2r 2i �HX- kyRRVX

Ai Bb BKTQ`i�Mi iQ MQi2 i?�i i?2 T?vHQ;2Mv Q7 /B�iQKb Bb 7�` 7`QK +QKTH2i2X PMHv
kek bT2+B2b ?�p2 #22M BM+Hm/2/ BM i?2 +Hmbi2`BM; K2i?Q/- r?2`2�b ASa +QKTmi�iBQM Bb
#�b2/ QM KQ`2 i?�M 8yyy bT2+B2b rBi? NyN Q7 i?2K T`2b2Mi BM i?2 b�KTH2b Q7 Qm` i2bi
/�i�b2iX AM+Hm/BM; KQ`2 bT2+B2b BM i?2 T?vHQ;2M2iB+ i`22 +QmH/ T`Q/m+2 KQ`2 +Hmbi2`b-
#mi �HbQ Bi rBHH T`Q#�#Hv BM+`2�b2 bB;MB}+�MiHv i?2 T2`7Q`K�M+2 Q7 ASaS BM/B+2bX AM
T�`iB+mH�`- bQK2 KBbbBM; i�t� �`2 BKTQ`i�Mi 7Q` #BQKQMBiQ`BM; HBF2 �+?M�Mi?B/BmK
bm#�iQKmb- �X bm#�iQKQB/2b- �X /�QM2Mb2- r?B+? �`2 BM/B+�iQ`b Q7 T`BbiBM2 `Bp2`b Q7
`2H�iBp2Hv HQr +QM/m+iBpBivX h?2b2 KBbbBM; bT2+B2b +�M T`Q#�#Hv 2tTH�BM i?2 i2M/2M+v
Q7 ASaS iQ mM/2`2biBK�i2 i?2 r�i2` [m�HBivX PM i?2 Qi?2` ?�M/- TQHHmiBQM iQH2`�Mi
i�t� �`2 #2ii2` `2T`2b2Mi2/ BM i?2 +m``2Mi T?vHQ;2MvX aB;MB}+�Mi T`Q;`2bb ?�b #22M
K�/2 BM Qm` mM/2`bi�M/BM; Q7 /B�iQK T?vHQ;2Mv BM `2+2Mi v2�`b Uh?2`BQi 2i �HX- kyRyc
h?2`BQi 2i �HX- kyRRc J2/HBM- kyRRVX G�`;2 b+�H2 T?vHQ;2M2iB+ i`22b- BM+Hm/BM; K�Mv
KQ`2 bT2+B2b �M/ #�b2/ QM K�Mv KQ`2 K�`F2`b- rBHH #2 K�/2 �p�BH�#H2- K�FBM;
T?vHQ;2M2iB+ �TT`Q�+?2b KQ`2 `Q#mbi �M/ `2H2p�MiX "BQKQMBiQ`BM; K2i?Q/b #�b2/
QM T?vHQ;2MB2b +�M #2 2�bBHv mT/�i2/ �b M2r /�i� �`2 K�/2 �p�BH�#H2X

h?2 mb2 Q7 T?vHQ;2M2iB+ �TT`Q�+?2b �BKb T`BM+BT�HHv iQ bBKTHB7v #BQKQMBiQ`BM;
#v �pQB/BM; T?vHQ;2M2iB+ `2/mM/�M+v U*�`2r 2i �HX- kyRRVX AM i?Bb T�T2`- r2 i`v iQ
�//`2bb i?Bb Bbbm2 #v 2ti`�+iBM; +Hmbi2`b Q7 T?vHQ;2M2iB+�HHv `2H�i2/ bT2+B2b b?�`BM;
bBKBH�` TQHHmiBQM b2MbBiBpBiB2bX A/2�HHv- i?2b2 +Hmbi2`b rQmH/ T`QpB/2 i?2 #2bi +QK@
T`QKBb2 #2ir22M bBKTHB+Biv �M/ 2{+B2M+vX >Qr2p2`- Bi b22Kb /B{+mHi iQ BKTQ`i �
iQQH /2p2HQT2/ rBi? T?vHQ;2Mv BM i?2 i`�/BiBQM�H #BQKQMBiQ`BM; rQ`F~Qrb #�b2/ QM
+H�bbB+�H KB+`Qb+QTB+ +QmMib- #2+�mb2 i?2`2 �`2 b2p2`�H BM+QM;`m2M+B2b #2ir22M KQ`@
T?QHQ;v �M/ .L�@T?vHQ;2Mv UE2`K�``2+ 2i �HX- kyRRc wBKK2`K�MM 2i �HX- kyR9VX
JQ`2Qp2` i�tQMQKB+�H +H�bbB}+�iBQM Bb `�`2Hv K�i+?BM; i?2 ASaS +Hmbi2`b T`QTQb2/-
�M/ Bi rQmH/ �bF i?2 i2+?MB+B�M +QmMiBM; /B�iQKb iQ H2�`M i?2b2 M2r +Hmbi2`b 2p2M B7
K�Mv Q7 i?2K �`2 BMimBiBp2 U2X;X lHM�`B� ;`QmT- LBixb+?B� H�M+2QH�i�2 ;`QmTVX h?Bb Bb
T`Q#�#Hv ?�`/Hv �TTHB+�#H2 7Q` �H`2�/v i`�BM2/ /B�iQKBbibX >Qr2p2`- BM bQK2 +�b2b-
+Hmbi2`b K�i+? i?2 i�tQMQKv- 2bT2+B�HHv �i ;2Mmb H2p2HX 6Q` 2t�KTH2- BM 6B;m`2 k-
i?2 ;2M2`� 1mMQiB� �M/ ai�m`QM2Bb �`2 B/2MiB}2/ �b irQ +Hmbi2`b rBi? ?B;? b2MbBiBpBiv
r?BH2 �HH 1MiQKQM2Bb bT2+B2b �`2 /2i2+i2/ BM i?2 b�K2 MQM b2MbBiBp2 UHQr b2MbBiBpBiv
p�Hm2bV +Hmbi2`X am+? `2bmHib +�M #2 BMi2`2biBM; iQ /2p2HQT #BQKQMBiQ`BM; iQQHb #�b2/
QM � KBtim`2 Q7 i�tQMQKB+�H H2p2Hb �b bm;;2bi2/ #v CQM2b Ukyy3V 7Q` K�+`QBMp2`i2@
#`�i2bX 6Q` /B�iQKb- iQQHb #�b2/ #Qi? QM bT2+B2b �M/ ;2Mmb H2p2Hb 2tBbib UE2HHv �M/
q?BiiQM- RNN8V- #mi +QmH/ mM/2`;Q M2r /2p2HQTK2Mib rBi? T?vHQ;2M2iB+ �TT`Q�+?2bX
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6BM�HHv- i?2b2 �TT`Q�+?2b b22K iQ #2 Km+? #2ii2` �/�Ti2/ 7Q` M2ti ;2M2`�@
iBQM #BQKQMBiQ`BM;- bQ@+�HH2/ #BQKQMBiQ`BM; kXy- #�b2/ QM K2i�#�`+Q/BM; �M/ ?B;?
i?`Qm;?Tmi b2[m2M+BM; K2i?Q/b U"�B`/ �M/ >�DB#�#�2B- kyRkV- r?B+? �BKb iQ mb2
.L�@#�`+Q/2b iQ �bb2bb 2MpB`QMK2Mi�H [m�HBivX aBM+2 i?Bb �TT`Q�+? Bb #�b2/ QM
KQH2+mH�` +?�`�+i2`b- Bi Bb Km+? KQ`2 bi`�B;?i7Q`r�`/ iQ BMi2;`�i2 T?vHQ;2M2iB+ +QM@
bB/2`�iBQMbX AM K2i�#�`+Q/BM;- QM2 Q7 i?2 /B{+mHiB2b Bb i?2 i�tQMQKB+ �bbB;MK2Mi
Q7 K2i�#�`+Q/2 b2[m2M+2b U*QBbb�+ 2i �HX- kyRkVX �bbB;MBM; .L� b2[m2M+2b iQ +Hmb@
i2`b Q7 bT2+B2b- `�i?2` i?�M bT2+B2b rQmH/ #2 KQ`2 ~2tB#H2 �M/ T`Q#�#Hv rQmH/ #2
�+?B2p2/ KQ`2 2�bBHvX �MQi?2` +QKKQM Bbbm2 Bb i?2 H�+F Q7 /�i� BM i�tQM@bi`2bbQ`
`2bTQMb2 HB#`�`B2bX h?2 mb2 Q7 T?vHQ;2M2iB+ K2i?Q/b iQ BM72` i�t� i`�Bib 7`QK i?2B`
T?vHQ;2M2iB+ TQbBiBQM +QmH/ Qz2` � bQHmiBQM iQ i?Bb T`Q#H2K UE2+F 2i �HX- kyReV �M/
� +QKTH2i2 KQ/2HBM; 7`�K2rQ`F ?�b #22M T`QTQb2/ #v :mûM�`/ 2i �HX UkyRjVX >Qr@
2p2`- �b � }`bi bi2T BM � #BQKQMBiQ`BM; +QMi2ti- Bi rQmH/ #2 bBKTH2 iQ BM72` i`�Bi
p�Hm2b Q7 mMFMQrM b�KTH2/ bT2+B2b B7 i?2v 7�HH rBi?BM � ;Bp2M +Hmbi2`X h?mb- BM+`2�b@
BM; BM7Q`K�iBQM QM i`�Bib �M/ i�t� Ĝ i?�MFb iQ K2i�#�`+Q/BM; �bbQ+B�i2/ iQ;2i?2`
rBi? T?vHQ;2M2iB+�HHv #�b2/ K2i?Q/b Ĝ b?QmH/ bB;MB}+�MiHv 2M?�M+2 i?2 2{+B2M+v Q7
2MpB`QMK2Mi�H KQMBiQ`BM;X

8 �+FMQrH2/;K2Mib
h?Bb rQ`F r�b 7mM/2/ #v PL1J� U6`2M+? L�iBQM�H P{+2 7Q` q�i2` �M/ �[m�iB+
1+Qbvbi2KbV BM i?2 +QMi2ti Q7 i?2 kyRj@kyR8 ǳS?vHQ;2Mv �M/ "BQ�bb2bbK2MiǴ T`Q@
;`�KX

_272`2M+2b
"�B`/- .X CX �M/ JX >�DB#�#�2B UkyRkVX ǳ"BQKQMBiQ`BM; kXy, � M2r T�`�/B;K BM

2+Qbvbi2K �bb2bbK2Mi K�/2 TQbbB#H2 #v M2ti@;2M2`�iBQM .L� b2[m2M+BM;ǴX AM,
JQH2+mH�` 1+QHQ;v kRX3- TTX kyjNĜky99X

"2MbQM- .X �X- AX E�`b+?@JBx`�+?B- .X CX GBTK�M- CX Pbi2HH- �M/ .X GX q?22H2` Ukyy3VX
ǳ:2M"�MFǴX AM, Lm+H2B+ �+B/b _2b2�`+? je U.�i�#�b2 Abbm2V- TTX .k8Ĝ.jyX

"2bb2@GQiQibF�v�- �X- SX 6X JX o2`/QMb+?Qi- �M/ CX �X aBMF2H/�K UkyyeVX ǳlM+2`@
i�BMiv BM /B�iQK �bb2bbK2Mi, b�KTHBM;- B/2MiB}+�iBQM �M/ +QmMiBM; p�`B�iBQMǴX AM,
>v/`Q#BQHQ;B� 8eeXR- TTX k9dĜkeyX

"B`Fb- >X CX "X UkyRyVX ǳLmK2`B+�H K2i?Q/b 7Q` i?2 �M�HvbBb Q7 /B�iQK �bb2K#H�;2
/�i�ǴX AM, h?2 .B�iQKb, �TTHB+�iBQMb 7Q` i?2 1MpB`QMK2Mi�H �M/ 1�`i? a+B2M+2bX
1/X #v CX SX aKQH �M/ 1X 6X aiQ2`K2`X kM/X *�K#`B/;2- lE, *�K#`B/;2 lMBp2`@
bBiv S`2bb- TTX kjĜ89X

"HQK#2`;- aX SX �M/ hX :�`H�M/ UkyykVX ǳh2KTQ �M/ KQ/2 BM 2pQHmiBQM, T?vHQ;2@
M2iB+ BM2`iB�- �/�Ti�iBQM �M/ +QKT�`�iBp2 K2i?Q/bǴX AM, CQm`M�H Q7 1pQHmiBQM�`v
"BQHQ;v R8Xe- TTX 3NNĜNRyX

"`2iimK- SX URN3NVX �H;2M �Hb AM/BF�iQ`2M 7Ƀ` /B2 :2r bb2`[m�HBi i BM MQ`r2;Bb+?2M
"BMM2Mb22MX LQ`r�v, LQ`bF AMbiBimii 7Q` p�MM7Q`bFMBM; ULAo�V- TX RykX

"m+?r�Hi2`- .X "X- .X CX *�BM- *X �X J�`iBM- GX sB2- aX LX GmQK�- �M/ hX :�`H�M/
C` Ukyy3VX ǳ�[m�iB+ BMb2+i 2+QT?vbBQHQ;B+�H i`�Bib `2p2�H T?vHQ;2M2iB+�HHv #�b2/
/Bz2`2M+2b BM /BbbQHp2/ +�/KBmK bmb+2TiB#BHBivǴX AM, S`Q+22/BM;b Q7 i?2 L�iBQM�H
�+�/2Kv Q7 a+B2M+2b Ry8Xk9- TTX 3jkRĜ3jkeX
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*�`2r- JX 1X- �X .X JBHH2`- �M/ �X �X >QzK�MM UkyRRVX ǳS?vHQ;2M2iB+ bB;M�Hb �M/
2+QiQtB+QHQ;B+�H `2bTQMb2b, TQi2MiB�H BKTHB+�iBQMb 7Q` �[m�iB+ #BQKQMBiQ`BM;ǴX AM,
1+QiQtB+QHQ;v kyXj- TTX 8N8ĜeyeX

*?2bbK�M- "X- AX :`QrMb- CX *m``2v- �M/ LX SHmMF2ii@*QH2 URNNNVX ǳS`2/B+iBM; /B@
�iQK +QKKmMBiB2b �i i?2 ;2Mmb H2p2H 7Q` i?2 `�TB/ #BQHQ;B+�H �bb2bbK2Mi Q7 `Bp2`bǴX
AM, 6`2b?r�i2` "BQHQ;v 9RXk- TTX jRdĜjjRX

*QBbb�+- 1X- hX _B�x- �M/ LX SmBHH�M/`2 UkyRkVX ǳ"BQBM7Q`K�iB+ +?�HH2M;2b 7Q` .L�
K2i�#�`+Q/BM; Q7 TH�Mib �M/ �MBK�HbǴX AM, JQH2+mH�` 1+QHQ;v kRX3- TTX R3j9Ĝ
R39dX

*Qbi2- JX URN3kVX úim/2 /2b Kûi?Q/2b #BQHQ;B[m2b /Ƕ�TT`û+B�iBQM [m�MiBi�iBp2 /2 H�
[m�HBiû /2b 2�mtX *2K�;`27- TX kR3X

6Q`iBM- JX@CX �M/ CX :m`2pBi+? UkyyRVX ǳJ�Mi2H i2bib, bT�iB�H bi`m+im`2 BM }2H/ 2tT2`@
BK2MibǴX AM, .2bB;M �M/ �M�HvbBb Q7 1+QHQ;B+�H 1tT2`BK2MibX 1/X #v aX JX a+?2BM2`
�M/ CX :m`2pBi+?X kM/X L2r uQ`F, Pt7Q`/ lMBp2`bBiv S`2bb- TTX jy3ĜjkeX

:`QrMb- AX URNNNVX ǳAb ;2Mmb Q` bT2+B2b B/2MiB}+�iBQM Q7 T2`BT?viB+ /B�iQKb `2[mB`2/
iQ /2i2`KBM2 i?2 BKT�+ib Q7 `Bp2` `2;mH�iBQM\Ǵ AM, CQm`M�H Q7 �TTHB2/ S?v+QHQ;v
RRXj- TTX kdjĜk3jX

:mûM�`/- :X- SX G2;2M/`2- �M/ SX S2`2b@L2iQ UkyRjVX ǳS?vHQ;2M2iB+ 2B;2Mp2+iQ`
K�Tb, � 7`�K2rQ`F iQ KQ/2H �M/ T`2/B+i bT2+B2b i`�BibǴX AM, J2i?Q/b BM 1+QHQ;v
�M/ 1pQHmiBQM 9XRk- TTX RRkyĜRRjRX

>�+F�i?QM 2i �HX UkyRjVX T?vHQ#�b2, "�b2 T�+F�;2 7Q` T?vHQ;2M2iB+ bi`m+im`2b �M/
+QKT�`�iBp2 /�i�X o2`bBQM yXeX8XkX

>�`/v- PX CX �M/ aX S�pQBM2 UkyRkVX ǳ�bb2bbBM; T?vHQ;2M2iB+ bB;M�H rBi? K2�bm`2@
K2Mi 2``Q`, � +QKT�`BbQM Q7 J�Mi2H i2bib- "HQK#2`; 2i �HXǶb E- �M/ T?vHQ;2M2iB+
/BbiQ;`�KbǴX AM, 1pQHmiBQM eeX3- TTX keR9ĜkekRX

>BHH- "X >X- _X CX ai2p2MbQM- uX S�M- �X hX >2`HB?v- SX _X E�m7K�MM- �M/ *X "X
CQ?MbQM UkyyRVX ǳ*QKT�`BbQM Q7 +Q``2H�iBQMb #2ir22M 2MpB`QMK2Mi�H +?�`�+i2`@
BbiB+b �M/ bi`2�K /B�iQK �bb2K#H�;2b +?�`�+i2`Bx2/ �i ;2Mmb �M/ bT2+B2b H2p2HbǴX
AM, CQm`M�H Q7 i?2 LQ`i? �K2`B+�M "2Mi?QHQ;B+�H aQ+B2iv kyXk- TTX kNNĜjRyX

A#�Ƣ2x- *X- LX *�BQH�- SX a?�`T2- �M/ _X h`Q#�DQ UkyRyVX ǳ1+QHQ;B+�H BM/B+�iQ`b iQ
�bb2bb i?2 ?2�Hi? Q7 `Bp2` 2+Qbvbi2KbǴX AM, >�M/#QQF Q7 1+QHQ;B+�H AM/B+�iQ`b 7Q`
�bb2bbK2Mi Q7 1+Qbvbi2K >2�Hi?X 1/X #v aX 1X CǠ`;2Mb2M- GX sm- �M/ _X *Qbi�Mx�X
kM/X "Q+� _�iQM- 6HQ`B/�, *_* S`2bb- TTX 99dĜ9e9X

CQK#�`i- hX- 6X "�HHQmt- �M/ aX .`�v UkyRyVX ǳ�/2T?vHQ, M2r iQQHb 7Q` BMp2biB;�iBM;
i?2 T?vHQ;2M2iB+ bB;M�H BM #BQHQ;B+�H i`�BibǴX AM, "BQBM7Q`K�iB+b keXR8- TTX RNydĜ
RNyNX

CQM2b- 6X *X Ukyy3VX ǳh�tQMQKB+ bm{+B2M+v, i?2 BM~m2M+2 Q7 i�tQMQKB+ `2bQHmiBQM QM
7`2b?r�i2` #BQ�bb2bbK2Mib mbBM; #2Mi?B+ K�+`QBMp2`i2#`�i2bǴX AM, 1MpB`QMK2Mi�H
_2pB2rb Re- TTX 98ĜeNX

E�?H2`i- JX 2i �HX UkyyNVX ǳ>�`KQMBx�iBQM Bb KQ`2 BKTQ`i�Mi i?�M 2tT2`B2M+2ě
`2bmHib Q7 i?2 }`bi LQ`/B+Ĝ"�HiB+ /B�iQK BMi2`+�HB#`�iBQM 2t2`+Bb2 kyyd Ubi`2�K
KQMBiQ`BM;VǴX AM, CQm`M�H Q7 �TTHB2/ S?v+QHQ;v kRX9- TTX 9dRĜ93kX

E2+F- 6X- 6X _BK2i- �X 6`�M+- �M/ �X "Qm+?2x UkyReVX ǳS?vHQ;2M2iB+ bB;M�H BM /B@
�iQK 2+QHQ;v, T2`bT2+iBp2b 7Q` �[m�iB+ 2+Qbvbi2Kb #BQKQMBiQ`BM;ǴX AM, 1+QHQ;B+�H
�TTHB+�iBQMbX
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E2HHv- JX :X- *X CX S2MMv- �M/ "X �X q?BiiQM URNN8VX ǳ*QKT�`�iBp2 T2`7Q`K�M+2
Q7 #2Mi?B+ /B�iQK BM/B+2b mb2/ iQ �bb2bb `Bp2` r�i2` [m�HBivǴX AM, >v/`Q#BQHQ;B�
jykXj- TTX RdNĜR33X

E2HHv- JX :X �M/ "X �X q?BiiQM URNN8VX ǳh?2 i`QT?B+ /B�iQK BM/2t, � M2r BM/2t
7Q` KQMBiQ`BM; 2mi`QT?B+�iBQM BM `Bp2`bǴX AM, CQm`M�H Q7 �TTHB2/ S?v+QHQ;v dX9-
TTX 9jjĜ999X

E2`K�``2+- GX- GX 1+iQ`- �X "Qm+?2x- 6X _BK2i- �M/ GX >QzK�MM UkyRRVX ǳ� T`2@
HBKBM�`v T?vHQ;2M2iB+ �M�HvbBb Q7 i?2 *vK#2HH�H2b #�b2/ QM R3a `.L� ;2M2 b2@
[m2M+BM;ǴX AM, .B�iQK _2b2�`+? keXj- TTX jy8ĜjR8X

G�M;2@"2`i�HQi- >X URNdNVX ǳSQHHmiBQM iQH2`�M+2 Q7 /B�iQKb �b � +`Bi2`BQM 7Q` r�i2`
[m�HBiv 2biBK�iBQMǴX AM, LQp� >2/rB;B� e9- TTX k38Ĝjy9X

G�``�b- 6X- 6X E2+F- "X JQMim2HH2- 6X _BK2i- �M/ �X "Qm+?2x UkyR9VX ǳGBMFBM; .B@
�iQK a2MbBiBpBiv iQ >2`#B+B/2b iQ S?vHQ;2Mv, � ai2T 6Q`r�`/ 7Q` "BQKQMBiQ`@
BM;\Ǵ AM, 1MpB`QMK2Mi�H a+B2M+2 � h2+?MQHQ;v 93Xj- TTX RNkRĜRNjyX

G�pQB2- AX- SX CX .BHHQM- �M/ aX *�KT2�m UkyyNVX ǳh?2 2z2+i Q7 2t+Hm/BM; /B�iQK
i�t� �M/ `2/m+BM; i�tQMQKB+ `2bQHmiBQM QM KmHiBp�`B�i2 �M�Hvb2b �M/ bi`2�K
#BQ�bb2bbK2MiǴX AM, 1+QHQ;B+�H AM/B+�iQ`b NXk- TTX kRjĜkk8X

G2+QBMi2- *X- JX *Qbi2- �M/ CX S`v;B2H URNNjVX ǳǳPKMB/B�Ǵ, bQ7ir�`2 7Q` i�tQMQKv-
+�H+mH�iBQM Q7 /B�iQK BM/B+2b �M/ BMp2MiQ`B2b K�M�;2K2MiǴX AM, >v/`Q#BQHQ;B�
keN@kdyXR- TTX 8yNĜ8RjX

G2MQB`- �X �M/ JX *Qbi2 URNNeVX ǳ.2p2HQTK2Mi Q7 � T`�+iB+�H /B�iQK BM/2t Q7 Qp2`�HH
r�i2` [m�HBiv �TTHB+�#H2 iQ i?2 6`2M+? L�iBQM�H q�i2` "Q�`/ L2irQ`FǴX AM, lb2
Q7 �H;�2 7Q` JQMBiQ`BM; _Bp2`b AAX AMi2`M�iBQM�H bvKTQbBmK- oQHFb#BH/mM;b?2BK
:`BH?Q7 oBHH- �lh- Rd@RN a2Ti2K#2` RNN8X lMBp2`bBi i AMMb#`m+F, q?BiiQM- "X�X-
_Qii- 1X- 1/bX- TTX kNĜ9jX

J�MM- .X :X �M/ SX o�MQ`K2HBM;2M UkyRjVX ǳ�M BMQ`/BM�i2 7QM/M2bb\ h?2 MmK#2`-
/Bbi`B#miBQMb- �M/ Q`B;BMb Q7 /B�iQK bT2+B2bǴX AM, CQm`M�H Q7 1mF�`vQiB+ JB+`Q#B@
QHQ;v eyX9- TTX 9R9Ĝ9kyX

J2/HBM- GX EX UkyRRVX ǳ� `2pB2r Q7 i?2 2pQHmiBQM Q7 i?2 /B�iQKb 7`QK i?2 Q`B;BM Q7 i?2
HBM2�;2 iQ i?2B` TQTmH�iBQMbǴX AM, h?2 .B�iQK qQ`H/X L2r uQ`F- la�, a2+F#�+?-
CX- EQ+BQH2F- SX- 1/bX- TTX NjĜRR3X

L2rK�M- JX 1X CX �M/ JX :B`p�M Ukyy9VX ǳ6BM/BM; �M/ 2p�Hm�iBM; +QKKmMBiv bi`m+@
im`2 BM M2irQ`FbǴX AM, S?vbB+�H `2pB2r 1 eNXk- TX ykeRRjX

S�`�/Bb- 1X- CX *H�m/2- �M/ EX ai`BKK2` Ukyy9VX ǳ�S1, �M�Hvb2b Q7 T?vHQ;2M2iB+b
�M/ 2pQHmiBQM BM _ H�M;m�;2ǴX AM, "BQBM7Q`K�iB+b kyXk- TTX k3NĜkNyX

S�i`B+F- _X URNeRVX ǳ� bim/v Q7 i?2 MmK#2`b �M/ FBM/b Q7 bT2+B2b 7QmM/ BM `Bp2`b BM
2�bi2`M lMBi2/ ai�i2bǴX AM, S`Q+22/BM;b Q7 i?2 �+�/2Kv Q7 L�im`�H a+B2M+2b Q7
S?BH�/2HT?B� RRjXRy- TTX kR8Ĝk83X

S�pQBM2- aX �M/ *X _B+Qii� UkyRjVX ǳh2biBM; 7Q` S?vHQ;2M2iB+ aB;M�H BM "BQHQ;B+�H
h`�Bib, h?2 l#B[mBiv Q7 *`Qbb@S`Q/m+i ai�iBbiB+bǴX AM, 1pQHmiBQM edXj- TTX 3k3Ĝ
39yX

S�pQBM2- aX- aX PHHB2`- .X SQMiB2`- �M/ .X *?2bb2H Ukyy3VX ǳh2biBM; 7Q` T?vHQ;2M2iB+
bB;M�H BM T?2MQivTB+ i`�Bib, M2r K�i`B+2b Q7 T?vHQ;2M2iB+ T`QtBKBiB2bǴX AM, h?2Q@
`2iB+�H SQTmH�iBQM "BQHQ;v djXR- TTX dNĜNRX

SQi2�i- JX .X �M/ .X "X "m+?r�Hi2` UkyR9VX ǳS?vHQ;2Mv �M/ aBx2 .Bz2`2MiB�HHv AM~m@
2M+2 .BbbQHp2/ */ �M/ wM "BQ�++mKmH�iBQM S�`�K2i2`b �KQM; *HQb2Hv _2H�i2/
�[m�iB+ AMb2+ibǴX AM, 1MpB`QMK2Mi�H a+B2M+2 � h2+?MQHQ;v 93XN- TTX 8kd9Ĝ8k3RX

Re



SQi2�i- JX .X- hX :�`H�M/- LX aX 6Bb?2`- qX@sX q�M;- �M/ .X "X "m+?r�Hi2` UkyRjVX
ǳ1pQHmiBQM�`v S�ii2`Mb BM h`�+2 J2i�H U*/ �M/ wMV 1|mt *�T�+Biv BM �[m�iB+
P`;�MBbKbǴX AM, 1MpB`QMK2Mi�H a+B2M+2 � h2+?MQHQ;v 9dXR9- TTX dN3NĜdNN8X

S`v;B2H- CX- SX *�`T2MiB2`- aX �HK2B/�- JX *Qbi2- CX@*X .`m�`i- GX 1+iQ`- .X :mBH@
H�`/- JX@�X >QMQ`û- _X Ab2`2Mi�Mi- �M/ SX G2/2;�M+F UkyykVX ǳ.2i2`KBM�iBQM Q7
i?2 #BQHQ;B+�H /B�iQK BM/2t UA". L6 h NyĜj89V, `2bmHib Q7 �M BMi2`+QKT�`BbQM
2t2`+Bb2ǴX AM, CQm`M�H Q7 �TTHB2/ S?v+QHQ;v R9XR- TTX kdĜjNX

S`v;B2H- CX- GX Gûpā[m2- �M/ _X Ab2`2Mi�Mi URNNeVX ǳlM MQmp2H AM/B+2 .B�iQKB[m2
S`�iB[m2 TQm` HǶûp�Hm�iBQM /2 H� [m�HBiû /2b 2�mt 2M `ûb2�m /2 bm`p2BHH�M+2ǴX AM,
CQm`M�H Q7 q�i2` a+B2M+2 NXR- TTX NdĜRRjX

_�mMBQ- CX �M/ CX aQBMBM2M UkyydVX ǳ� T`�+iB+�H �M/ b2MbBiBp2 �TT`Q�+? iQ H�`;2 `Bp2`
T2`BT?viQM KQMBiQ`BM;, +QKT�`�iBp2 T2`7Q`K�M+2 Q7 K2i?Q/b �M/ i�tQMQKB+ H2p@
2HbXǴ AM, "Q`2�H 2MpB`QMK2Mi `2b2�`+? RkXRX

_ .2p2HQTK2Mi *Q`2 h2�K UkyRjVX _, � G�M;m�;2 �M/ 1MpB`QMK2Mi 7Q` ai�iBbiB+�H
*QKTmiBM;X oB2MM�- �mbi`B�, _ 6QmM/�iBQM 7Q` ai�iBbiB+�H *QKTmiBM;X

_BK2i- 6X �M/ �X "Qm+?2x UkyRkVX ǳ"BQKQMBiQ`BM; `Bp2` /B�iQKb, AKTHB+�iBQMb Q7
i�tQMQKB+ `2bQHmiBQMǴX AM, 1+QHQ;B+�H AM/B+�iQ`b R8XR- TTX NkĜNNX

_Qii- 1X- SX :X >Q7K�MM- EX S�HH- SX S}bi2`- �M/ 1X SBTT URNNdVX ǳAM/BF�iBQMbHBbi2M
7Ƀ` �m7rm+?b�H;2M BM ƺbi2``2B+?Bb+?2M 6HB2bb;2r bb2`MX h2BH R, a�T`Q#B2HH2 AM/BF�@
iBQMǴX AM, "mM/2bKBMBbi2`BmK 7Ƀ` G�M/@mM/ 6Q`birB`ib+?�7i- q�bb2`rB`ib+?�7i@
bF�i�bi2`- qB2MX

_Qii- 1X- 1X SBTT- SX S}bi2`- >X o�M .�K- EX P`iH2`- LX "BM/2`- �M/ EX S�HH URNNNVX
ǳAM/BF�iBQMbHBbi2M 7Ƀ` �m7rm+?b�H;2M BM ƺbi2``2B+?Bb+?2M 6HB2bb;2r bb2`MX h2BH
k, h`QT?B2@BM/BF�iBQM bQrB2 ;2Q+?2KBb+?2 S` 72`2Mxc i�tQMQKBb+?2 mM/ iQtBFQH@
Q;Bb+?2 �MK2`FmM;2MǴX AM, "mM/2bKBMBbi2`BmK 7Ƀ` G�M/@mM/ 6Q`birB`ib+?�7i-
q�bb2`rB`ib+?�7ibF�i�bi2`- qB2MX

a�M/2`bQM- JX CX UkyykVX ǳ1biBK�iBM; �#bQHmi2 _�i2b Q7 JQH2+mH�` 1pQHmiBQM �M/
.Bp2`;2M+2 hBK2b, � S2M�HBx2/ GBF2HB?QQ/ �TT`Q�+?ǴX AM, JQH2+mH�` "BQHQ;v �M/
1pQHmiBQM RNXR- TTX RyRĜRyNX

aQF�H- _X _X URNdNVX ǳh2biBM; ai�iBbiB+�H aB;MB}+�M+2 Q7 :2Q;`�T?B+ o�`B�iBQM S�i@
i2`MbǴX AM, avbi2K�iB+ wQQHQ;v k3Xk- TTX kkdĜkjkX

ai�K�i�FBb- �X UkyyeVX ǳ_�tJG@oA@>S*, K�tBKmK HBF2HB?QQ/@#�b2/ T?vHQ;2M2iB+
�M�Hvb2b rBi? i?Qmb�M/b Q7 i�t� �M/ KBt2/ KQ/2HbǴX AM, "BQBM7Q`K�iB+b kkXkR-
TTX ke33ĜkeNyX

ai2p2MbQM- _X CX- SX u�M;/QM;- �M/ >X o�M .�K UkyRyVX ǳ�bb2bbBM; 2MpB`QMK2Mi�H
+QM/BiBQMb BM `Bp2`b �M/ bi`2�Kb rBi? /B�iQKbǴX AM, h?2 .B�iQKb, �TTHB+�iBQMb
7Q` i?2 1MpB`QMK2Mi�H �M/ 1�`i? a+B2M+2bX 1/X #v CX SX aKQH �M/ 1X 6X aiQ2`K2`X
kM/ 2/X *�K#`B/;2 lMBp2`bBiv S`2bb- TTX 88Ĝ38X

h?2`BQi- 1X *X- JX �b?rQ`i?- 1X _m+F- hX L�FQp- �M/ _X EX C�Mb2M UkyRyVX ǳ�
T`2HBKBM�`v KmHiB;2M2 T?vHQ;2Mv Q7 i?2 /B�iQKb U"�+BHH�`BQT?vi�V, +?�HH2M;2b 7Q`
7mim`2 `2b2�`+?ǴX AM, SH�Mi 1+QHQ;v �M/ 1pQHmiBQM R9jXj- TTX kd3ĜkNeX

h?2`BQi- 1X *X- 1X _m+F- JX �b?rQ`i?- hX L�FQp- �M/ _X EX C�Mb2M UkyRRVX ǳai�imb
Q7 i?2 Tm`bmBi Q7 i?2 /B�iQK T?vHQ;2Mv, �`2 i`�/BiBQM�H pB2rb �M/ M2r KQH2+mH�`
T�`�/B;Kb `2�HHv i?�i /Bz2`2Mi\Ǵ AM, h?2 .B�iQK qQ`H/X 1/X #v CX a2+F#�+? �M/
CX EQ+BQH2FX L2r uQ`F- la�, aT`BM;2`- TTX RRNĜR9kX

o�M ai22M- JX UkyRyVX :`�T? h?2Q`v �M/ *QKTH2t L2irQ`Fb, �M AMi`Q/m+iBQMX
J��`i2M p�M ai22MX jyy TTX

Rd



oB;MB2`B- aX LX Ukyy8VX ǳai`2�Kb Qp2` KQmMi�BMb, BM~m2M+2 Q7 `BT�`B�M +QMM2+iBpBiv
QM ;2M2 ~Qr BM i?2 S�+B}+ DmKTBM; KQmb2 Uw�Tmb i`BMQi�imbVǴX AM, JQH2+mH�`
1+QHQ;v R9Xd- TTX RNk8ĜRNjdX

q?22H2`- .X GX 2i �HX Ukyy3VX ǳ.�i�#�b2 `2bQm`+2b Q7 i?2 L�iBQM�H *2Mi2` 7Q` "BQi2+?@
MQHQ;v AM7Q`K�iBQMǴX AM, Lm+H2B+ �+B/b _2b2�`+? je U.�i�#�b2 Abbm2V- TTX .RjĜ
.kRX

qmMb�K- aX- �X *�ii�M2Q- �M/ LX "Qm`�bb� UkyykVX ǳ*QKT�`BM; /B�iQK bT2+B2b-
;2M2`� �M/ bBx2 BM #BQKQMBiQ`BM;, � +�b2 bim/v 7`QK bi`2�Kb BM i?2 G�m`2MiB�Mb
UZm2#2+- *�M�/�VǴX AM, 6`2b?r�i2` "BQHQ;v 9dXk- TTX jk8Ĝj9yX

w2HBMF�- JX �M/ SX J�`p�M URNeRVX ǳwm` T` xBbB2`mM; /2` #BQHQ;Bb+?2M FH�bbB}F�iBQM
/2` `2BM?2Bi ~B2Ľ2M/2` ;2r bb2`ǴX AM, �`+?Bp 7Ƀ` >v/`Q#BQHQ;B2 8dXj- TTX j3NĜ9ydX

wBKK2`K�MM- CX- LX �#�`+�- LX 1MF- PX aFB##2- qX@>X Emb#2`- �M/ _X C�?M UkyR9VX
ǳh�tQMQKB+ _272`2M+2 GB#`�`B2b 7Q` 1MpB`QMK2Mi�H "�`+Q/BM;, � "2bi S`�+iB+2
1t�KTH2 7`QK .B�iQK _2b2�`+?ǴX AM, SGQa PL1 NXN- 2Ry3dNjX
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