
6BM�H h2+?MB+�H _2TQ`i U6h_V
62/2`�H �;2M+v, .2T�`iK2Mi Q7 1M2`;v

�r�`/ LmK#2`, .1@11yyy3yye

S`QD2+i hBiH2, _Q#mbi �M/ `2bBHB2Mi +QQ`/BM�iBQM Q7 722/2`b rBi? mM+2`i�BM

/Bbi`B#mi2/ 2M2`;v `2bQm`+2b, 7`QK `2�H@iBK2 +QMi`QH iQ HQM;@i2`K TH�MMBM;

S`BM+BT�H AMp2biB;�iQ`, J�/b �HK�bb�HF?B

�bbBbi�Mi S`Q72bbQ`

K�HK�bb�!mpKX2/m

8Rj@9y9@kkdy U+2HHV

"mbBM2bb *QMi�+i, CQb?m� hv�+F

a2MBQ` _2b2�`+? �/KBMBbi`�iQ`

bT�!mpKX2/m

3yk@e8e@jjey

am#KBbbBQM .�i2, RyfR8fkyky

.lLa LmK#2`, yee3RRRNR

_2+BTB2Mi P`;�MBx�iBQM, lMBp2`bBiv Q7 o2`KQMi UloJV

S`QD2+i S2`BQ/ P`;�MBx�iBQM, ai�`i, yNfyRfkyRdc 1M/, y3fjRfkyky

am#KBiiBM; P{+B�H aB;M�im`2,



h�#H2 Q7 *QMi2Mib

�+FMQrH2/;2K2Mi X X X X X X X X X X X X X X X X X X X X X X X X X R
1t2+miBp2 amKK�`v X X X X X X X X X X X X X X X X X X X X X X X X R
�+`QMvKb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k
"�+F;`QmM/ X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9

E2v T`QD2+i i2`Kb �M/ +QM+2Tib X X X X X X X X X X X X X X X X X X X 9
AMi`Q/m+iBQM �M/ KQiBp�iBQMX X X X X X X X X X X X X X X X X X X X X e

S`QD2+i P#D2+iBp2b X X X X X X X X X X X X X X X X X X X X X X X X X Ry
S`QD2+i _2bmHib �M/ .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X R8

h�bF R, a2`pB+2 h`�Mb7Q`K2` G�v2` UahGV X X X X X X X X X X X X X X X R8
h�bF k, 622/2` PT2`�iBQM�H G�v2` U6PGV X X X X X X X X X X X X X X X ky
h�bF j, :`B/ J�`F2i G�v2` U:JGV X X X X X X X X X X X X X X X X X X jy
h�bF 9, h2+?MQHQ;v .2KQMbi`�iBQM X X X X X X X X X X X X X X X X X X jN

aB;MB}+�Mi �++QKTHBb?K2Mib �M/ *QM+HmbBQMbX X X X X X X X X X X X 9d
AMp2MiBQMb- S�i2Mib- Sm#HB+�iBQMb- �M/ Pi?2` _2bmHib X X X X X X X X 9N
S�i? 6Q`r�`/ X X X X X X X X X X X X X X X X X X X X X X X X X X X 8R

.Bb+H�BK2`, ǳh?Bb `2TQ`i r�b T`2T�`2/ �b �M �++QmMi Q7 rQ`F bTQMbQ`2/ #v �M �;2M+v Q7 i?2
lMBi2/ ai�i2b :Qp2`MK2MiX L2Bi?2` i?2 lMBi2/ ai�i2b :Qp2`MK2Mi MQ` �Mv �;2M+v i?2`2Q7-
MQ` �Mv Q7 i?2B` 2KTHQv22b- K�F2b �Mv r�``�Miv- 2tT`2bb Q` BKTHB2/- Q` �bbmK2b �Mv H2;�H
HB�#BHBiv Q` `2bTQMbB#BHBiv 7Q` i?2 �++m`�+v- +QKTH2i2M2bb- Q` mb27mHM2bb Q7 �Mv BM7Q`K�iBQM-
�TT�`�imb- T`Q/m+i- Q` T`Q+2bb /Bb+HQb2/- Q` `2T`2b2Mib i?�i Bib mb2 rQmH/ MQi BM7`BM;2 T`B@
p�i2Hv QrM2/ `B;?ibX _272`2M+2 ?2`2BM iQ �Mv bT2+B}+ +QKK2`+B�H T`Q/m+i- T`Q+2bb- Q` b2`pB+2
#v i`�/2 M�K2- i`�/2K�`F- K�Mm7�+im`2`- Q` Qi?2`rBb2 /Q2b MQi M2+2bb�`BHv +QMbiBimi2 Q`
BKTHv Bib 2M/Q`b2K2Mi- `2+QKK2M/�iBQM- Q` 7�pQ`BM; #v i?2 lMBi2/ ai�i2b :Qp2`MK2Mi Q`
�Mv �;2M+v i?2`2Q7X h?2 pB2rb �M/ QTBMBQMb Q7 �mi?Q`b 2tT`2bb2/ ?2`2BM /Q MQi M2+2bb�`BHv
bi�i2 Q` `2~2+i i?Qb2 Q7 i?2 lMBi2/ ai�i2b :Qp2`MK2Mi Q` �Mv �;2M+v i?2`2Q7XǴ



�+FMQrH2/;2K2Mi
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1t2+miBp2 amKK�`v
_2M2r�#H2 TQ`i7QHBQ bi�M/�`/b �M/ i?2 /2+`2�bBM; +Qbib Q7 `2M2r�#H2 2M2`;v �`2 �KQM; K�Mv
7�+iQ`b i?�i �`2 /`BpBM; i?2 T`QHB72`�iBQM Q7 +H2�M 2M2`;vX h?Bb rBHH H2�/ iQ BM+`2�bBM; H2p2Hb
Q7 p�`B�#H2 bQH�` So BM 2H2+i`B+ /Bbi`B#miBQM bvbi2Kb- r?B+? +QmH/ K�F2 `2HB�#BHBiv KQ`2 +?�H@
H2M;BM; iQ K�BMi�BM 7Q` /Bbi`B#miBQM bvbi2K QT2`�iQ`b U.aPbVX hQ 7�+BHBi�i2 `2HB�#BHBiv mM/2`
?B;? H2p2Hb Q7 bQH�` So- ~2tB#BHBiv- 2M�#H2/ #v +QQ`/BM�iBM; `2bTQMbBp2 ;`B/ `2bQm`+2b- bm+?
�b bK�`i +QMM2+i2/ �TTHB�M+2b �M/ So BMp2`i2`b- +�M bmTTQ`i i?2 .aP BM �+iBp2Hv K�M�;BM;
i?2B` M2irQ`FbX 6m`i?2`KQ`2- i?Bb ~2tB#BHBiv �HbQ �HHQrb bvbi2K QT2`�iBQMb iQ #2 QTiBKBx2/
rBi? `2bT2+i iQ 2+QMQKB+ bB;M�Hb 7`QK r?QH2b�H2 2M2`;v �M/ �M+BHH�`v b2`pB+2 K�`F2ibX hQ
2M�#H2 ~2tB#H2 /2K�M/ �M/ 2Mbm`2 `2HB�#H2 �M/ 2+QMQKB+�H QT2`�iBQM Q7 /Bbi`B#miBQM bvbi2Kb-
r2 T`2b2Mi � MQp2H ?B2`�`+?B+�H b+?2K2 i?�i �+iBp2Hv +QQ`/BM�i2b `2bTQMbBp2 #2?BM/@i?2@K2i2`
;`B/ `2bQm`+2b- BM+Hm/BM; /Bbi`B#mi2/ 2M2`;v `2bQm`+2b U.1_bV- iQ `2HB�#Hv K�M�;2 2�+? mM@
#�H�M+2/ /Bbi`B#miBQM 722/2` �M/ 2tTHQBib i?2 �p�BH�#H2 ~2tB#BHBiv iQ 2+QMQKB+�HHv QTiBKBx2
i?2 2MiB`2 M2irQ`FX 1�+? H�v2` Q7 i?2 b+?2K2 2KTHQvb �/p�M+2/ QTiBKBx�iBQM K2i?Q/b �i /B7@
72`2Mi iBK2b+�H2b iQ 2Mbm`2 i?�i i?2 bvbi2K QT2`�i2b rBi?BM #Qi? ;`B/ �M/ /2pB+2 HBKBibX h?2
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r?2`2BM � H�`;2 ~22i Q7 /Bp2`b2 /Bbi`B#mi2/ 2M2`;v `2bQm`+2b U.1_bV +�M #2 K�M�;2/ 27@
72+iBp2Hv �+`Qbb /Bz2`2Mi pQHi�;2 H2p2Hb rBi?BM � /Bbi`B#miBQM miBHBivX h?2 Qmi+QK2b Q7 i?Bb
K�M�;2K2Mi Bb i?`22@7QH/, RV bmTTQ`i BM+`2�bBM; T2M2i`�iBQMb Q7 bQH�` So ;2M2`�iBQMc kV
2Mbm`2 `2HB�#BHBiv �M/ `2bBHB2M+2 BM �/p�M+2/ miBHBiv ;`B/ QT2`�iBQMbc �M/ jV /2HBp2` p�Hm�#H2
K�`F2i b2`pB+2bX AM �+?B2pBM; i?2b2 ;Q�Hb- r2 `2Hv QM � MmK#2` Q7 F2v i2`Kb �M/ +QM+2Tib
i?�i �`2 /2b+`B#2/ M2tiX
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Ç � #2?BM/@i?2@K2i2` U"hJV .1_ `272`b iQ � .1_ i?�i Bb +QMM2+i2/ QM i?2 b2+QM/�`v
bB/2 Q7 � b2`pB+2 i`�Mb7Q`K2` UBX2X- pQHi�;2 H2p2H ≤ 480o- r?B+? Bb +QMbB/2`2/ HQr@pQHi�;2
Q` GoVX oB� �;;`2;�iBQM- �HH "hJ .1_b �`2 `2T`2b2Mi2/ �b +QMi`QHH�#H2 `2bQm`+2b QM i?2
T`BK�`v bB/2 Q7 � b2`pB+2 i`�Mb7Q`K2` UBX2X- > 1000o- r?B+? Bb +QMbB/2`2/ K2/BmK@pQHi�;2
Q` JoVX

Ç "hJ- bK�`i- +QMM2+i2/ �TTHB�M+2b bBi #2?BM/ � b2`pB+2 i`�Mb7Q`K2` Q` � b2i Q7 M2�`#v b2`@
pB+2 i`�Mb7Q`K2`b �M/ �`2 �;;`2;�i2/ �M/ �#bi`�+i2/ BMiQ � /vM�KB+- 2M2`;v +QMbi`�BM2/
`2T`2b2Mi�iBQM +�HH2/ � pB`im�H #�ii2`B2b Uo"bVX h?2 o"- pB� /B`2+i K�MBTmH�iBQM Q7
�TTHB�M+2 bi�imb2b- +�M BMi2HHB;2MiHv b?B7i HQ�/b BM iBK2 UBX2X- /272` /2K�M/V iQ �+?B2p2 �
/2bB`2/ �+iBp2 TQr2` b2i@TQBMibX aBM+2 +QK7Q`if/2pB+2 +QMbi`�BMib HBKBi i?2 /m`�iBQM Q7
i?2 b?B7i- i?2 o" Bb �FBM iQ � }`bi@Q`/2` 2M2`;v biQ`�;2 bvbi2KX 6Q` bBKTHB+Biv- i?2b2
�TTHB�M+2b �`2 �bbmK2/ mMBiv@TQr2` 7�+iQ` �M/- ?2M+2- i?2 o" `2T`2b2Mib � +QMi`QHH�#H2
�+iBp2 TQr2` `2bQm`+2 QM i?2 T`BK�`v /Bbi`B#miBQM M2irQ`FX �Mv /2pB�iBQM �#Qp2f#2HQr
7`QK #�b2HBM2 /2K�M/ Q7 i?2 �;;`2;�i2 o" ~22i `2T`2b2Mib +?�`;BM;f/Bb+?�`;BM; #2?�pBQ`X

Ç q2 +QKTH2K2Mi i?2 2M2`;v@�r�`2 o" #v b2T�`�i2Hv �;;`2;�iBM; bQH�` So- r?B+? Bb
`2T`2b2Mi2/ #v /Bbi`B#mi2/ Fq@b+�H2 So bvbi2Kb- BM i?2 Go +QMi`QH H�v2`X 1�+?
So bvbi2K Bb 2[mBTT2/ rBi? � bK�`i BMp2`i2` i?�i +�M +QM};m`2 �+iBp2f`2�+iBp2 TQr2`
b2i@TQBMibX aBM+2 bQH�` So Bb MQi +QMbi`�BM2/ #v BMi2`M�H 2M2`;v #QmM/b- #mi `�i?2`
TQr2` HBKBib- i?2B` �;;`2;�iBQM Bb b2T�`�i2 7`QK i?2 o" �M/ HBM2�` BM TQr2` #QmM/b �M/
TQr2` ;2M2`�iBQMX �HH �;;`2;�i2/ So BMp2`i2`b #2?BM/ i?2 b�K2 b2`pB+2 i`�Mb7Q`K2` Q`
M2�`#v b2`pB+2 i`�Mb7Q`K2`b UBX2X- Go +QMi`QH H�v2`V �`2 +QMi`QHH2/ pB� T`QTQ`iBQM�H T�bb@
i?`m Q7 �+iBp2 �M/ `2�+iBp2 TQr2` b2i@TQBMibX h?2 T`2b2Mi2/ 7`�K2rQ`F +�M #2 2ti2M/2/
iQ +QMbB/2` bK�`i bQH�` So `2bQm`+2b QM i?2 T`BK�`v M2irQ`F UBX2X- +QMM2+i2/ �i i?2 Jo@
H2p2H `�i?2` i?�M Go@H2p2HV �M/ bi�M/�`/ So BMp2`i2` +QMi`QH b+?2K2b U2X;X- A111 R89dǶb
TQr2` 7�+iQ` b+?2K2VX

Ç q2 i�F2 � miBHBiv@+2Mi`B+ �TT`Q�+? iQ ;`B/ QT2`�iBQMb rBi? .1_b �M/- +QMb2[m2MiHv- /2}M2
i?2 /Bbi`B#miBQM bvbi2K QT2`�iQ` U.aPV �b i?2 miBHBiv- r?Q +�M +QM};m`2 �M/
/BbT�i+? �HH .1_b #v ?�pBM; T`2@/2}M2/ +QMi`�+ib BM TH�+2 rBi? .1_ QrM2`b U2X;X- �
bBKTH2 miBHBiv `2#�i2 7Q` .1_ T�`iB+BT�iBQMVX h?�i Bb- � .aP `2T`2b2Mib � rB`2b@�M/@TQH2b
miBHBiv rBi? �++2bb iQ i?2 T`QD2+iǶb �/p�M+2/ .1_ +QQ`/BM�iBQM i2+?MQHQ;v- r?B+? 2M?�M+2b
#Qi? +QMi`QH �M/ pBbB#BHBivX h?Bb Bb p�Hm�#H2 BM L2r uQ`F bi�i2- r?B+? Bb i?2 HQ+�iBQM Q7 i?2
BM/mbi`v T�`iM2`- P`�M;2 �M/ _Q+FH�M/ liBHBiv UP_lVkX aBM+2 i?2 T`2b2Mi2/ 7`�K2rQ`F
Rq?BH2 L1_*Ƕb Q{+B�H /2}MBiBQM Q7 � .1_ Bb HBKBi2/ iQ 2H2+i`B+Biv ;2M2`�iBM; �bb2ib- i?2v ?�p2 `2+2MiHv

`2+QKK2M/2/ i?�i /2K�M/@bB/2 K�M�;2K2Mi Q7 �;;`2;�i2/ `2bQm`+2b #2 BM+Hm/2/ BM i?2 /2}MBiBQM Q7 �
.1_ (R) bBM+2 i?2v T`QpB/2 bBKBH�` +?�HH2M;2b �M/ QTTQ`imMBiB2b �i i?2 h�. BMi2`7�+2 �b BMp2`i2`@#�b2/
.1_bX aBM+2 i?Bb _�. T`QD2+i Bb 7Q`r�`/@HQQFBM; BM � kyjy b+2M�`BQ- r2 ?�p2 i�F2M i?2 HB#2`iv Q7 mbBM; i?2
i2`K ǳ.1_Ǵ iQ `272` iQ � #`Q�/2` +H�bb Q7 /Bbi`B#mi2/ +QMi`QHH�#H2 ;`B/ `2bQm`+2b i?�M i?2 KQ`2 M�``Qr kyRe
/2}MBiBQM 7`QK (R)X

kLQi2 i?�i o2`KQMiǶb :`22M JQmMi�BM SQr2` U:JSV Bb �H`2�/v /2THQvBM; � miBHBiv@+2Mi`B+ �TT`Q�+? iQ
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/BbT�i+?2b .1_b rBi? i?2 mb2 Q7 HBp2 M2irQ`F /�i� 7Q` KQ`2 R8y 722/2`b- Bi Bb M2+2bb�`v i?�i
i?2 miBHBiv �+ib �b i?2 .aP �M/ MQi � j`/ T�`iv K�`F2i �+iQ` Q` BM/2T2M/2Mi .1_
�;;`2;�iQ`X >Qr2p2`- i?2 ?B2`�`+?B+�H +QMi`QH �`+?Bi2+im`2 +�M #2 2ti2M/2/ iQ BM+Hm/2
MQM@miBHBiv .1_ �+iQ`b #v H2p2`�;BM; `2+2Mi rQ`F QM /vM�KB+ ?QbiBM; +�T�+Biv (k)X

Ç h?2 .aP BMi2`�+ib rBi? i?2 i`�MbKBbbBQM bvbi2K QT2`�iQ` UhaPV- r?B+? Bb +QMbB/@
2`2/ � ;2M2`�HBx�iBQM Q7 i?2 BM/2T2M/2Mi bvbi2K QT2`�iQ` UAaPVX h?2 haPǶb `QH2 Bb iQ
/2}M2 r?QH2b�H2 2M2`;v T`B+2b �M/ �p�BH�#H2 K�`F2i b2`pB+2b �M/ Bb KQ/2H2/ �7i2` LuAaP
BM L2r uQ`F bi�i2X q?BH2 i?2 T`QD2+i +QMbB/2`b � bBM;H2 +QKKQM b2i Q7 T`B+2b �M/ b2`pB+2b
7Q` �HH 722/2`b- Bi Bb TQbbB#H2 iQ 2ti2M/ i?2 7`�K2rQ`FǶb K�`F2i H�v2` iQ /Bz2`2Mi b2i Q7
T`B+2b �M/ K�`F2i b2`pB+2b 7Q` /Bz2`2Mi 722/2`bX

AMi`Q/m+iBQM �M/ KQiBp�iBQM
6Q` � +2Mim`v- /Bbi`B#miBQM bvbi2K QT2`�iQ`b U.aPbV ?�p2 K�M�;2/ � bvbi2K r?2`2BM TQr2`
~Qr2/ 7`QK H�`;2- +2Mi`�H i?2`K�H ;2M2`�iQ`b BM ?B;? pQHi�;2 U>oV i`�MbKBbbBQM M2irQ`Fb iQ
K2/BmK pQHi�;2 UJoV T`BK�`v /Bbi`B#miBQM M2irQ`Fb iQ HQr@pQHi�;2 UGoV b2+QM/�`v /Bbi`B#m@
iBQM M2irQ`Fb r?2`2 HQ�/b +QMbmK2/ 2M2`;vX AM 7�+i- i?2 iBK2b+�H2b Q7 �;;`2;�i2 HQ�/b r2`2
bQ bHQr i?�i KQMi?Hv +mbiQK2` K2i2` `2�/BM;b r2`2 bm{+B2Mi 7Q` `2HB�#H2 ;`B/ QT2`�iBQMbX
>Qr2p2`- i?2 H�bi /2+�/2 ?�b b22M � T`2+BTBiQmb /`QT BM bQH�` So +Qbib (j)- r?B+? iQ;2i?2`
rBi? �;;`2bbBp2 `2M2r�#H2 TQ`i7QHBQ bi�M/�`/b �M/ Tm#HB+ /2K�M/ 7Q` +H2�M 2M2`;v ?�b H2/
iQ BM+`2�bBM; /2THQvK2Mib Q7 p�`B�#H2 �M/ /Bbi`B#mi2/ ;2M2`�iBQM BM /Bbi`B#miBQM M2irQ`FbX
AM bQK2 +�b2b- HBF2 *�HB7Q`MB�- >�r�BB- o2`KQMi- �M/ L2r uQ`F- ?B;? H2p2Hb Q7 bQH�` So
;2M2`�iBQM U2X;X- > 50% Q7 2M2`;v +QMbmK2/ #v HQ�/bV `2T`2b2Mi � 7mM/�K2Mi�H 2M;BM22`BM;
+?�HH2M;2 7Q` 2H2+i`B+ /Bbi`B#miBQM bvbi2K QT2`�iBQMb �M/ rBHH `2[mB`2 � Km+? KQ`2 ~2tB#H2
2H2+i`B+Biv ;`B/ �M/ K�bbBp2 2zQ`ib iQ 2H2+i`B7v 2M/ mb2 (9)X aT2+B}+�HHv- i?2 2M2`;v biQ`�;2
+�T�#BHBiv BM?2`2Mi iQ K�Mv 2M/@mb2 �TTHB�M+2b Bb 2tT2+i2/ iQ mM/2`TBM � ~2tB#H2 /2K�M/
i?�i +�M ;`2�iHv `2/m+2 +m`i�BHK2Mi Q7 `2M2r�#H2 ;2M2`�iBQM �M/ bmTTQ`i �+iBp2 /Bbi`B#miBQM
M2irQ`F QT2`�iBQMb (8- e)X

h?mb- � 7mim`2 /Bbi`B#miBQM 722/2` rBi? i?2 2tT2+i2/ Jqb Q7 bQH�` So �M/ ~2tB#H2 /2@
K�M/ `2T`2b2Mib � ;`B/ i?�i BMi2`�+ib rBi? i?Qmb�M/b Q7 +QMi`QHH�#H2 BMp2`i2`b �M/ Fq@b+�H2
HQ�/b- bm+? �b i?2`KQbi�iB+�HHv +QMi`QHH2/ HQ�/b U2X;X- 2H2+i`B+ r�i2` ?2�i2`b- `2bB/2MiB�H �B`@
+QM/BiBQM2`bV- /272``�#H2 HQ�/b U2X;X- 2H2+i`B+ p2?B+H2 +?�`;2`b- bK�`i �TTHB�M+2bV- �M/ /Bb@
i`B#mi2/ #�ii2`B2bX >Qr2p2`- i?2 ǳ7mim`2Ǵ Bb +QKBM; bQQM2` i?�M r2 i?BMF �b i?2 �p�BH�#BHBiv
Q7 +?2�T ǳT`BMi�#H2Ǵ 2K#2//2/ ?�`/r�`2 TH�i7Q`Kb- bm+? �b i?2 AMi2`M2i Q7 h?BM;b UAQhV-
�M/ T2QTH2Ƕb /2bB`2 7Q` +QK7Q`i �M/ +QMp2MB2M+2 ?�p2 `2+2MiHv QT2M2/ mT � M2r 7`QMiB2` 7Q`
2M2`;v /B;BiBx�iBQM (d)X AM/22/- �b HBp2 b2MbBM;- +QMM2+iBpBiv- �M/ +QKTmiBM; #2+QK2 BM2t@
T2MbBp2- i?2v #2+QK2 m#B[mBiQmbX h?�i Bb- 2M2`;v i2+?MQHQ;v Bb �/p�M+BM; 7�bi2` i?�M i?2
2H2+i`B+Biv BM7`�bi`m+im`2 �`QmM/ BiX h?mb- i?2`2 Bb � M22/ iQ `2+QMbB/2` i?2 `QH2 Q7 i?2 /Bbi`B@
#miBQM bvbi2K QT2`�iQ`b U.aPbV �b bQH�` So U�M/ bK�`i BMp2`i2`bV Bb BM+`2�bBM;Hv /2THQv2/
�M/ /2K�M/ #2+QK2b ~2tB#H2X

q?BH2 Bi ?�b #22M +H2�` 7Q` bQK2 iBK2 i?�i .aPb M22/ iQ 2pQHp2 7`QK T�bbBp2f`2�+iBp2

.1_ K�M�;2K2Mi mbBM; �/p�M+2/ i2+?MQHQ;v T�`iM2`b- bm+? �b h2bH� 1M2`;vX

e



M2irQ`F K�M�;2`b iQ �+iBp2 M2irQ`F QT2`�iQ`b (3- N- Ry- RR- Rk)- Bi ?�b #22M H2bb +H2�` ?Qr �
.aP b?QmH/ K�M�;2 i?2 BM~mt Q7 Ryyyb Q7 +QMM2+i2/ +QMi`QHH�#H2 /2pB+2b U2X;X- So BMp2`i2`b
�M/ bK�`i �TTHB�M+2bV `2H�iBp2 iQ +?�M;BM; ;`B/ �M/ r?QH2b�H2 K�`F2i +QM/BiBQMbX aT2+B}+�HHv-
i?2 +QQ`/BM�iBQM #2ir22M � .aPǶb M2irQ`F �M/ K�Mv .1_ QrM2`b �M/ �;;`2;�iQ`b rBHH
#2+QK2 +`BiB+�HHv BKTQ`i�Mi �i b+�H2X h?Bb ?�b bTm``2/ � KmHiBim/2 Q7 �/p�M+2/ +QM+2Tib �M/
KQ/2Hb 7Q` ?Qr .aPb +�M BMi2`�+i rBi? .1_b- �;;`2;�iQ`b- �M/ r?QH2@b�H2 Ui`�MbKBbbBQMV
K�`F2ib (Rj- R9)X AM i?Bb K�Mmb+`BTi- r2 7Q+mb QM i?2 bQ@+�HH2/ ǳJ�`F2i .aPǴ KQ/2H- 2X;X-
b22 (Rj)- r?2`2 i?2 .aP T2`7Q`Kb �HH +QQ`/BM�iBQM- �;;`2;�iBQM- �M/ +QMi`QH Q7 .1_b iQ
/2HBp2` ;`B/ b2`pB+2b �+`Qbb /Bz2`2Mi iBK2b+�H2bX q?BH2 bm+? � .aP@+2Mi`B+ KQ/2H +QmH/
T`2+Hm/2 BM/2T2M/2Mi .1_ �;;`2;�iQ`b UBX2X- BM+`2�b2b `2;mH�iQ`v +QKTH2tBivV- i?2 KQ/2H
bBKTHB}2b i?2 `QH2 Q7 r?QH2b�H2 K�`F2i bB;M�Hb 7`QK i?2 haP- r?B+? QMHv BMi2`�+ib rBi?
i?2 �;;`2;�i2/ .aP `2bQm`+2b �M/ /Q2b MQi M22/ iQ #2 +Q;MBx�Mi Q7 /Bbi`B#miBQM M2irQ`F
+QM/BiBQMb Q` BM/BpB/m�H .1_ QrM2`b Q` �;;`2;�iQ`bX AM 7�+i- i?2 ǳJ�`F2i .aPǴ KQ/2H Bb
bBKBH�` iQ BMMQp�iBp2 2M2`;v b2`pB+2 T`QpB/2` KQ/2Hb T`QTQb2/ #v 2MiBiB2b bm+? �b *QM1/BbQM
Q7 L2r uQ`F (R8)X

AM K�`F2i@+2Mi`B+ .1_ +QQ`/BM�iBQM b+?2K2b- ǳi`�Mb�+iBp2 2M2`;vǴ +�M 2M;2M/2` ?QHBb@
iB+ UhaP@.aP@�;;`2;�iQ`V T�`iB+BT�iBQM Q7 .1_b (Re)X aQK2 Q7 i?2b2 b+?2K2b 7Q+mb QM
#`Q�/+�biBM; T`B+2b /B`2+iHv iQ /2pB+2bX >Qr2p2`- rBi? H�`;2@b+�H2 T�`iB+BT�iBQM Q7 .1_b-
i`�Mb�+iBp2 2M2`;v Bb bmb+2TiB#H2 iQ ?�`K7mH HQ�/ bvM+?`QMBx�iBQM 2z2+ib- TQr2` Qb+BHH�iBQMb-
�M/ pQH�iBH2 T`B+2b Ĝ 2bT2+B�HHv r?2M /Bbi`B#miBQM +B`+mBib +QMbi`�BM .1_ #2?�pBQ`b Ĝ �b b?QrM
BM (Rd)X hQ BM+Q`TQ`�i2 �* M2irQ`F +QMbi`�BMib �M/ 2M;2M/2` ǳ;`B/@�r�`2Ǵ �TT`Q�+?2b iQ
.1_ �;;`2;�iBQM �M/ +QQ`/BM�iBQM- QTiBKBx�iBQM@#�b2/ K2i?Q/b ?�p2 `2+2MiHv ;�BM2/ MQiQ@
`B2iv UBM #B; T�`i- i?�MFb 7Q` `2+2Mi �/p�M+2/ BM i?2 HBi2`�im`2 QM +QMp2t PS6 (R3- RN- ky-
kR- kk)V �M/ #22M #22M mb2/ (kj) #v ?�pBM; i?2 �;;`2;�iQ`Ƕb .1_ +QMi`QH #2 i?2 Qmi+QK2 Q7
bQHpBM; �M QTiBKBx�iBQM T`Q#H2K #�b2/ QM �* M2irQ`F KQ/2Hb �M/ i`�+FBM; � E�`mb?@Em?M@
hm+F2` UEEhV TQBMi i?�i b�iBb}2b i?2 EEh QTiBK�HBiv +QM/BiBQMbX >Qr2p2`- 7Q` MQM@+QMp2t
�* PS6- i?2 EEh +QM/BiBQMb K�v MQi #2 bm{+B2Mi iQ ;m�`�Mi22 ;HQ#�H QTiBK�HBivX Pi?2`
QTiBKBx�iBQM b+?2K2b +�M T`QpB/2 K�`F2i b2`pB+2b rBi? o"b rBi?Qmi 2t�+i ;`B/ KQ/2Hb MQ`
`2�H@iBK2 K2�bm`2K2Mib (k9)X >Qr2p2`- i?2b2 K2i?Q/b /Q MQi /B`2+iHv BM+Q`TQ`�i2 KmHiB@
T2`BQ/ 2M2`;v +QMbi`�BMib �M/ i?2 EEh TQBMi +�M #2 b2MbBiBp2 iQ 2tQ;2MQmb /Bbim`#�M+2bX

hQ Qp2`+QK2 i?2 2z2+i Q7 /Bbim`#�M+2b r?BH2 i`�+FBM; �M �;;`2;�i2 TQr2` bB;M�H- i?2
HBi2`�im`2 ?�b `2+2MiHv 7Q+mb2b QM ?B2`�`+?B+�H +QMi`QH Q7 .1_b BM KB+`Q;`B/ b2iiBM;b (k8)X
h?2b2 rQ`Fb ;2M2`�HHv +QMbB/2` mbBM; 7`2[m2M+v �M/ pQHi�;2 /`QQT +?�`�+i2`BbiB+b iQ ;2M2`@
�i2 �+iBp2 �M/ `2�+iBp2 TQr2` b2i@TQBMib 7Q` .1_b mbBM; HQ+�H K2�bm`2K2Mib Q7 7`2[m2M+v
�M/ pQHi�;2 �M/ +QKT2Mb�iBM; 7Q` i?2 /2pB�iBQMb- ?Qr2p2`- i?2 HQ+�H +QMi`QHH2` /2bB;M Q7i2M
Bb MQi +Q;MBx�Mi Q7 M2irQ`F@rB/2 +QM/BiBQMb MQ` Q7 2+QMQKB+ bB;M�Hb �M/ /2bB`2/ i`�D2+iQ`B2bX
q?BH2 (ke) /2p2HQTb � HQ+�H UT`QTQ`iBQM�HV +QMi`QHH2` i?�i BM+Q`TQ`�i2b M2irQ`F T�`�K2i2`b
�M/ +QM/BiBQMb BMiQ +QMi`QHH2` ;�BMb iQ KBMBKBx2 pQHi�;2 /2pB�iBQMb rBi? �+iBp2 TQr2` BM@
D2+iBQMb- Bi /Q2b MQi +QMbB/2` bvbi2K@rB/2 TQr2` i`�+FBM; Q#D2+iBp2b bm+? �b �M 2+QMQKB+
i`�D2+iQ`v i?�i b�iBb}2b pQHi�;2 HBKBib �+`Qbb i?2 722/2`X 1+QMQKB+b �M/ M2irQ`F@rB/2 +QM@
i`QHH2` ;�BMb �`2 T`2b2Mi2/ BM (kd)- r?2`2 � /Bbi`B#mi2/ �p2`�;BM; SA +QMi`QH bi`�i2;v Bb mb2/
iQ 2Mbm`2 T`QTQ`iBQM�H TQr2`@b?�`BM; �M/ 2+QMQKB+ QTiBK�HBivX >Qr2p2`- bBM+2 Bi `2[mB`2b
2ti2MbBp2 +QKKmMB+�iBQM #2ir22M i?2 .1_b- Bi K�v MQi #2 72�bB#H2 QM � H�`;2` ;2Q;`�T?B+
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6B;m`2 R, >B2`�`+?B+�H .1_ +QMi`QH b+?2K2 �HQM; [m�HBi�iBp2 bT�iBQ@i2KTQ`�H b+�H2bX

b+�H2X JQ`2Qp2`- r?BH2 i?2 /`QQT +Q2{+B2Mib BM (kd) �`2 +?Qb2M T`QTQ`iBQM�HHv �++Q`/BM; iQ
.1_ TQr2` HBKBib- bi�i2@Q7@+?�`;2 HBKBib �`2 MQi +QMbB/2`2/- �M/ i?2 +Q2{+B2Mib �`2 MQi QTiB@
KBx2/ iQ KBMBKBx2 ?2�/ MQ/2 TQr2` /2pB�iBQMb 7`QK i?2 2+QMQKB+ i`�D2+iQ`vX AM i?Bb T�T2`-
r2 Qp2`+QK2 i?2 �#Qp2 +?�HH2M;2b �bbQ+B�i2/ rBi? haP K�`F2i BMi2`�+iBQMb- �* M2irQ`F
+QMbi`�BMib �M/ T?vbB+b- �M/ .1_ +QMi`QH i?`Qm;? � MQp2H ?B2`�`+?B+�H +QMi`QH b+?2K2 i?�i
Bb T`�+iB+�HHv BKTH2K2Mi�#H2 �M/ bmBi�#H2 7Q` � K�`F2i .aP KQ/2HX

h?2 T`QD2+iǶb i?`22@H�v2` ?B2`�`+?B+�H .1_ +QQ`/BM�iBQM b+?2K2 �/�Tib bT�iBQ@i2KTQ`�H
+QM+2Tib 7`QK +QMp2MiBQM�H rB/2@�`2� +QMi`QH UQ7 7`2[m2M+vV BM i`�MbKBbbBQM bvbi2Kb iQ �
M2r �TT`Q�+? 7Q` TQr2` K�M�;2K2Mi BM /Bbi`B#miBQM bvbi2Kb �M/ Bb bmKK�`Bx2/ BM 6B;X RX
_2+�HH i?�i BM +QMp2MiBQM�H 7`2[m2M+v +QMi`QH- T`BK�`v +QMi`QH Bb T2`7Q`K2/ #v HQ+�H /`QQT
+QMi`QHH2`b BM `2�H@iBK2 Ubm#@b2+QM/V r?BH2 b2+QM/�`v +QMi`QH #�H�M+2b `2;BQM�H �`2�b QM �
iBK2b+�H2 Q7 jy@Ny b2+QM/b �M/ i2`iB�`v +QMi`QH `2T`2b2Mib 2+QMQKB+ r?QH2@b�H2 K�`F2i +H2�`@
BM; K2+?�MBbKb 7Q` i?2 2MiB`2 bvbi2K i?�i Bb mT/�i2/ 2p2`v 8@R8 KBMmi2b �M/ b+?2/mH2/
?Qm`HvX hQ;2i?2`- i?2b2 i?`22 H�v2`b #�H�M+2 bmTTHv �M/ /2K�M/ iQ 2Mbm`2 iB;?i +QMi`QH Q7
7`2[m2M+vX AM i?2 T`2b2Mi2/ rQ`F- r2 /2+QKTQb2 i?2 .aPǶb QT2`�iBQMb T`Q#H2K �b b?QrM BM
6B;X R �M/ bmKK�`Bx2/ M2ti,

Ç h?2 b2`pB+2 i`�Mb7Q`K2` H�v2` UahGV Bb i�bF2/ rBi? T2`7Q`KBM; HQ+�H `2�H@iBK2
+QMi`QH Q7 � bK�HH ;`QmTb Q7 .1_b U2X;X- bQH�` So BMp2`i2`b �M/ bK�`i �TTHB�M+2bV
2p2`v 72r b2+QM/b iQ K�M�;2 TQr2` 2t+?�M;2b �i i?2 b2`pB+2 i`�Mb7Q`K2` UBX2X- i?2 BM@
i2`7�+2 #2ir22M T`BK�`v �M/ b2+QM/�`v /Bbi`B#miBQM M2irQ`FbVX h?Bb K2�Mb i?�i 2�+?
ahG 2H2K2Mi +�M #2 `2�HBx2/ �b � bK�HH- HQr@+Qbi +QKTmiBM; MQ/2 HQ+�i2/ �i i?2 b2`pB+2
i`�Mb7Q`K2` �M/ +QKKmMB+�iBM; rBi? miBHBivǶb b2+m`2 M2irQ`F �M/ M2�`#v .1_bX .m2
iQ i?2 HQ+�H M�im`2 Q7 +QMi`QH 2M�#H2/ #v i?2 ?B2`�`+?B+�H /2bB;M- i?2 ahG +QMi`QHH2` ?�b
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�++2bb iQ i?2 .1_bǶ bi�iB+ T�`�K2i2`b U2X;X `�i2/ TQr2`V- /2pB+2@H2p2H b2MbQ` K2�bm`2@
K2Mib U2X;X- i2KT2`�im`2 �M/ So BMp2`i2` QmiTmiV- �M/ /2pB+2@H2p2H +QMi`QH BMTmib �i 2�+?
b2`pB+2 i`�Mb7Q`K2` MQ/2X 1�+? ahG +QMi`QHH2` Bb i�bF2/ rBi?, �V mT/�iBM; �M �;;`2;�i2/
/vM�KB+ ~2tB#BHBiv KQ/2H 7Q` i?2 .1_bc �M/ #V `2�H@iBK2 /BbT�i+? Q7 i?2 .1_b iQ i`�+F
+2`i�BM TQr2` b2i@TQBMibX AM T�`iB+mH�`- 2�+? ahG +QMi`QHH2` +QMbi`m+ib � /vM�KB+ `2T@
`2b2Mi�iBQM Q7 2M2`;v �M/ TQr2` ~2tB#BHBiv HBKBib 7Q` i?2 ;`QmT Q7 .1_b �i i?2 b2`pB+2
i`�Mb7Q`K2`- i?�i iQ;2i?2` Bb /2MQi2/ #v � o" KQ/2H (k3- kN- jy- jR- jk)X h?2 o"Ƕb TQr2`
HBKBib `2T`2b2Mi i?2 UK�tBK�HV `�M;2 Q7 i?2 +QMi`QH b2i@TQBMib i?�i +�M #2 bm++2bb7mHHv
i`�+F2/ #v i?2 2M2`;v@+QMbi`�BM2/ .1_b �i 2�+? b2`pB+2 i`�Mb7Q`K2`c r?BH2 o"Ƕb 2M2`;v
HBKBib 2M+Q/2 i?2 2M/@mb2` [m�HBiv Q7 b2`pB+2 +QMbi`�BMib �M/- �HQM; rBi? i?2 2biBK�i2/
bi�i2 Q7 +?�`;2 UaQ*V- /2i2`KBM2 i?2 /m`�iBQM Q7 bm++2bb7mH i`�+FBM; T2`7Q`K�M+2X .Bz2`@
2Mi K2i?Q/b 2tBbi 7Q` +?�`�+i2`BxBM; i?2 o" KQ/2H Q7 �M �;;`2;�iBQM Q7 .1_b- BM+Hm/BM;
+HQb2/@7Q`K 2tT`2bbBQMb (k3)- QTiBKBx�iBQM@#�b2/ K2i?Q/b (kN- jR)- �b r2HH �b /22T H2�`MBM;
i2+?MB[m2b (jy- jk)X 6BM�HHv- i?2 ahG +QMi`QHH2` T2`7Q`Kb � `2�H@iBK2 QTiBK�H +QMi`QH Q7
i?2 .1_b U2X;X brBi+?BM; i?2`KQbi�iB+ HQ�/b QMfQzV iQ i`�+F i?2 TQr2` b2i@TQBMib #v
2tTHB+BiHv �++QmMiBM; 7Q` b2`pB+2 i`�Mb7Q`K2` �M/ .1_ [m�HBiv Q7 b2`pB+2 +QMbi`�BMib- �b
M2+2bb�`v (jR)X h?2 �+iBp2 �M/ `2�+iBp2 TQr2` b2i@TQBMib 7Q` �;;`2;�i2/ So BMp2`i2`b �`2
T`QpB/2/ b2T�`�i2Hv iQ i?2 ahG �M/ i`�+F2/ pB� � bBKTH2 T`QTQ`iBQM�H T�bb@i?`m QT2`�@
iBQM iQ i?2 BM/BpB/m�H So BMp2`i2`b #2?BM/ 2�+? b2`pB+2 i`�Mb7Q`K2`bX h?2 ahG- i?2`27Q`2-
`2T`2b2Mib ;`QmTb Q7 /Bp2`b2 .1_b BM i?2 b2+QM/�`v /Bbi`B#miBQM M2irQ`F �b /BbT�i+?�#H2
`2bQm`+2b UBX2X- o" �M/ SoV BM 2�+? T?�b2 Q7 i?2 T`BK�`v /Bbi`B#miBQM M2irQ`FX

Ç h?2 ahGǶb HmKT2/ `2bQm`+2b �`2 `2~2+i2/ QMiQ i?2 T`BK�`v M2irQ`F- r?B+? `2T`2b2Mi �
722/2`Ƕb i?`22@T?�b2 /Bbi`B#miBQM M2irQ`F KQ/2H UBX2X- �M mM#�H�M+2/ 722/2`VX h?Bb �HHQrb
i?2 722/2` QT2`�iBQM�H H�v2` U6PGV iQ QTiBK�HHv /BbT�i+? `2bQm`+2b BM i?2 722/2`
iQ ;2M2`�i2 ahG `2bQm`+2 U#Qi? o" �M/ SoV TQr2` b2i@TQBMib 2p2`v R@8 KBMmi2b BM i?2
2MiB`2 722/2` �M/ 2Mbm`2 pQHi�;2 �M/ +m``2Mi T`Q}H2b �`2 �/KBbbB#H2 (jj- j9- j8)X h?mb- i?2
6PGǶb Q#D2+iBp2 Bb iQ +QQ`/BM�i2 i?2 ~2tB#BHBiv �p�BH�#H2 BM i?2 ahG UBM+Hm/BM; `2bTQMbBp2
o"b �M/ So BMp2`i2`bV �HQM; rBi? i?2 UK2+?�MB+�HHv �+im�i2/V H2;�+v +QMi`QH /2pB+2b-
bm+? �b +�T�+BiQ` #�MFb U*"bV �M/ QM@HQ�/ i�T +?�M;2`b UPGh*bVX

Ç h?2 6PGǶb +QQ`/BM�iBQM `2b?�T2b M2i TQr2` 2t+?�M;2b �i i?2 722/2`bǶ ?2�/@MQ/2b UBX2X- �i
i?2 /Bbi`B#miBQM bm#bi�iBQMbV BM `2bTQMb2 iQ 2+QMQKB+�HHv QTiBKBx2/ TQr2` b2i@TQBMib T`Q@
pB/2/ #v i?2 ;`B/ K�`F2i H�v2` U:JGVX h?2 :JG `2T`2b2Mib i?2 .aPǶb b+?2/mH@
BM; +QQ`/BM�iQ` �i i?2 BMi2`7�+2 #2ir22M i?2 Jo /Bbi`B#miBQM bvbi2K �M/ i?2 haPǶb
K�`F2i �M/ +QMp2`ib K�`F2i bB;M�Hb BMiQ QTiBKBx2/ TQr2` b2i@TQBMib �i i?2 /Bbi`B#miBQM
bm#bi�iBQM Q7 2p2`v 722/2`X aBM+2 i?2 ~2tB#BHBiv BM?2`2Mi iQ o"b Bb 2M2`;v@+QMbi`�BM2/ �M/
i?2 722/2`b �`2 M2irQ`F2/ rBi?BM � .aPǶb H�`;2 bm#@i`�MbKBbbBQM bvbi2K- i?2 :JG +QM@
bB/2`b � KmHiB@T2`BQ/ KQ/2H Q7 � bBKTHB}2/ bm#@i`�MbKBbbBQM M2irQ`F r?2`2 2p2`v 722/2`
Bb `2T`2b2Mi2/ �b � SZ@HQ�/ rBi? +QMi`QHH�#H2 �;;`2;�i2/ o" �M/ So BMp2`i2` `2bQm`+2bX
AM i?Bb rQ`F- i?2 :JG QTiBKBx2b i?2 .aPǶb `2bQm`+2b 7Q` T2�F /2K�M/ `2/m+iBQM �M/
/�v@�?2�/ �M/ `2�H@iBK2 #�H�M+BM; `2b2`p2b K�`F2i QM � iBK2b+�H2 Q7 8@R8 KBMmi2bX

Ç hQ;2i?2`- i?2 i?`22 H�v2`b U:JG- 6PG- �M/ ahGV KB``Q` i?2 pQHi�;2 ?B2`�`+?v Q7 i?2
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.aPǶb T?vbB+�H >o U:JGV- Jo U6PGV- �M/ Go UahGV M2irQ`F BMi2`7�+2bX h?Bb 7`�K2@
rQ`F �HB;Mb rBi? i?2 ǳJ�`F2i .aPǴ KQ/2H /2b+`B#2/ �#Qp2 �M/ 2M�#H2b � b+�H�#H2 �T@
T`Q�+? iQ K�M�;BM; KBHHBQMb Q7 +QMi`QHH�#H2 .1_b �+`Qbb � .aPǶb 2MiB`2 M2irQ`F- `2HB�#HvX
AM �//BiBQM- i?2 T`2b2Mi2/ 7`�K2rQ`F �HbQ T2`KBib miBHBx�iBQM Q7 miBHBivǶb b2+m`2 �M/ HQr@
H�i2M+v +QKKmMB+�iBQM M2irQ`F #2ir22M bm#@i`�MbKBbbBQM MQ/2b UBX2X- :JG 2H2K2MibV-
/Bbi`B#miBQM bm#bi�iBQM MQ/2b UBX2X- 6PG 2H2K2MibV- �M/ b2`pB+2 i`�Mb7Q`K2` MQ/2b UBX2X-
ahG 2H2K2MibVX aT2+B}+�HHv- r2 H2p2`�;2 i?2 +QKKmMB+�iBQM bvbi2K iQ /2bB;M �M/ 2K@
THQv � T`QTQ`iBQM�H BMi`�@722/2` +QMi`QH b+?2K2 i?�i T`QpB/2b bm#@b2+QM/ mT/�i2b iQ i?2
6PGǶb TQr2` b2i@TQBMib iQ +Q``2+i 7Q` 7Q`2+�bi 2``Q`b �M/ KQ/2H KBbK�i+?X 6m`i?2`KQ`2-
iQ �++QmMi 7Q` KQ/2H KBbK�i+? BM i?2 :JG- i?2 .aPǶb a*�.� bvbi2K Bb 2KTHQv2/ iQ T`Q@
pB/2 bm#@KBMmi2 BMi2`@722/2` +Q``2+iBp2 mT/�i2b iQ i?2 :JGǶb 2+QMQKB+ TQr2` b2i@TQBMib
Q7 722/2` ?2�/@MQ/2bX

S`QD2+i P#D2+iBp2b
h?2 T`QD2+i Qmi+QK2 Bb � p�HB/�i2/ .aP i2+?MQHQ;v i?�i Bb +QKK2`+B�HHv pB�#H2 �M/ 2M�#H2b
+Qbi@2z2+iBp2 BMi2;`�iBQM Q7 bQH�` So ;2M2`�iBQM Q7 �i H2�bi 8yW Q7 /2K�M/ QM �M 2M2`;v
#�bBb UFq? Q7 iQi�HV #v +QQ`/BM�iBM; ~2tB#H2 /Bbi`B#mi2/ 2M2`;v `2bQm`+2bX h?2 T`QTQb2/
i2+?MQHQ;v 2M�#H2b � 7mim`2 U2X;X- u2�` kyjyV BM r?B+? � H�`;2 TQ`iBQM Q7 "hJ .1_b UBX2X-
bK�`i- +QMM2+i2/ �TTHB�M+2b �M/ So BMp2`i2`bV �`2 bmTTQ`iBM; `2HB�#BHBiv �M/ `2bBHB2M+v Q7
i?2 ;`B/- `�i?2` i?�M +`2�iBM; `2HB�#BHBiv T`Q#H2KbX 62/2`�H �M/ bi�i2 2M2`;v `2;mH�iQ`b �`2
`�TB/Hv /2p2HQTBM; `mH2b Ubm+? �b 61_* kkkkV i?�i rBHH bmTTQ`i i?2 7mim`2 Q7 ~2tB#H2 /2@
K�M/- #mi i?Qb2 `2;mH�iQ`v +?�M;2b rBHH i�F2 b2p2`�H v2�`b iQ #2+QK2 7mHHv BKTH2K2Mi2/X
AM i?2 K2�M iBK2- i?Bb T`QD2+i TQbBiBQMb i?2 la iQ H2�/ i?2 r�v BM `2}MBM; ;`B/ �M/ .1_
i2+?MQHQ;v �M/ miBHBiv #mbBM2bb KQ/2Hb i?�i rBHH bmTTQ`i � +Qbi@2z2+iBp2 �M/ b+�H�#H2 i`�MbB@
iBQM iQ `�TB/ �M/ #`Q�/ �/QTiBQM Q7 /Bbi`B#miBQM@+QMM2+i2/ bQH�` So �M/ �++2H2`�i2 la +H2�M
2M2`;v T`Q;`2bbBQM- r?BH2 2Mbm`BM; bvbi2K `2HB�#BHBivX aT2+B}+�HHv- i?Bb T`QD2+i /2KQMbi`�i2b
i?2 +QKBM; iQ;2i?2` Q7 bi�i2@Q7@i?2@b+B2M+2 +QMi`QH �M/ QTiBKBx�iBQM i2+?MQHQ;B2b iQ K�F2
i?2 ;`B/ ~2tB#BHBiv i2+?MB+�HHv pB�#H2- +Qbi 2z2+iBp2 �i ?B;? H2p2Hb Q7 bQH�` So ;2M2`�iBQM �M/
`2HB�#H2X

h?Bb T`QD2+i p�HB/�i2b i?2 T`QTQb2/ i?`22@H�v2` ?B2`�`+?B+�H �TT`Q�+? b?QrM BM 6B;X R rBi?
H�`;2@b+�H2- `2�HBbiB+ h`�MbKBbbBQM@.Bbi`B#miBQM@.1_ bBKmH�iBQMb Uh�bF 9V #�b2/ QM a*�.�
�M/ M2irQ`F /�i� 7`QK miBHBiv T�`iM2` P`�M;2 �M/ _Q+FH�M/ liBHBiv UP_lV- r?B+? Bb �b
bm#bB/B�`v Q7 *QMbQHB/�i2/ 1/BbQM *QKT�Mv Q7 L2r uQ`F U*1*PLuVX AM i?2 bBKmH�iBQMb-
KQ`2 i?�M QM2 KBHHBQM �+iBp2 MQ/2b U2X;X- #2?BM/@i?2@K2i2` .1_b Q` ~2tB#H2 HQ�/bV �`2 +Q@
Q`/BM�i2/ �+`Qbb P_lǶb bm#i`�MbKBbbBQM M2irQ`F pB� i?2 :JG i?�i /2i2`KBM2b i?2 QTiBK�H
U�;;`2;�i2 `2bQm`+2V K�`F2i BMi2`�+iBQM #v i?2 .aP bm#D2+i iQ M2i@HQ�/ 7Q`2+�bib Uh�bF jVX
h?2 :JG �HbQ /2i2`KBM2b i?2 2tT2+i2/ K�`F2i +QMi`B#miBQM 7`QK 2�+? Q7 KQ`2 i?�M kyy
722/2`b BM P_lǶb i2``BiQ`vX � 722/2`Ƕb 2tT2+i2/ K�`F2i +QMi`B#miBQM b2`p2b �b i?2 TQr2`
`272`2M+2 bB;M�H 7Q` 722/2`@H2p2H �;;`2;�i2/ `2bQm`+2b BM i?2 6PG Uh�bF kVX 1�+? 2H2K2Mi
BM i?2 6PG +QMbBbib Q7 QM2 722/2` �M/ Kmbi /2i2`KBM2 i?2 QTiBK�H /BbT�i+? Q7 Bib ~2tB#H2
`2bQm`+2b iQ b�iBb7v i?2 722/2`@H2p2H �;;`2;�i2 `2bQm`+2 `272`2M+2- bm#D2+i iQ i?`22@T?�b2 ;`B/
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+QMbi`�BMib U2X;X- �LaA HBKBibV- KBt2/ K2+?�MB+�Hf/Bb+`2i2 �M/ 2H2+i`B+�Hf+QMiBMmQmb ~2tB#H2
2H2K2Mib- �M/ M2i@HQ�/ 7Q`2+�bibX h?�i Bb- 2�+? 6PG 2H2K2Mi +QKTmi2b TQr2` b2i TQBMib 7Q`
i?2 /BbT�i+?�#H2 HmKT2/ 2H2K2Mib BM i?2 ahG Uh�bF RVXh?2 ahGǶb HmKT2/ `2bQm`+2b �`2 K�/2
mT Q7 /BbT�i+?�#H2 .1_b U2X;X- 8y@jyy /Bp2`b2 �M/ ?2i2`Q;2M2Qmb HQ�/b �M/ BMp2`i2`bV- r?B+?
�`2 KQ/2H2/ �b � o" TH�+2/ BM T�`�HH2H rBi? �M �;;`2;�i2/ So BMp2`i2` �M/ Bb bm#D2+i iQ
biQ+?�biB+ #QmM/b QM �+iBp2f`2�+iBp2 TQr2` �M/ 2M2`;v +�T�#BHBivX h?2b2 mM+2`i�BM #QmM/b
U�M/ �bbQ+B�i2/ /Bbi`B#miBQMbV �`2 T`QpB/2/ iQ i?2 6PG iQ BKT`Qp2 722/2` QT2`�iBQMb mM/2`
`2�HBbiB+ p�`B�#H2 �M/ mM+2`i�BM bQH�` So 7Q`2+�bibX

�HiQ;2i?2`- i?2 T`QTQb2/ U:JG@6PG@ahGV ?B2`�`+?B+�H b+?2K2 `2T`2b2Mib � b+�H�#H2
7`�K2rQ`F r?2`2BM BM KBHHBQMb Q7 `2bQm`+2b +�M #2 +QQ`/BM�i2/ rBi?BM 2tBbiBM; �M/fQ` `2�bQM@
�#H2 +QKKmMB+�iBQM `2[mB`2K2MibX >Qr2p2`- `2HvBM; bi`B+iHv QM K�`F2i bB;M�Hb 7Q` QT2`�iBQMb
Tmib `2HB�#BHBiv �M/ `2bBHB2M+2 �i `BbF- bBM+2 r2 b?QmH/ MQi r�Bi 7Q` bvbi2K@rB/2 K�`F2i +QM@
/BiBQMb BM i?2 :JG iQ BM7Q`K mb �#Qmi +QM/BiBQMb Q7 i?2 ;`B/X h?2`27Q`2- r2 �m;K2Mi i?2
�#Qp2 b+?2K2 iQ 2M?�M+2 `2bTQMbBp2M2bb Q7 `2bQm`+2b #v ?�pBM; ahG �M/ 6PG 2H2K2Mib `2@
bTQM/ iQ �+im�H ;`B/ +QM/BiBQMb �FBM iQ `2�H@iBK2 /`QQT +QMi`QH #2ir22M ahG 2H2K2Mib U2X;X-
rBi?BM � 722/2`V �M/ �:* #2ir22M 6PG 2H2K2Mib U2X;X- #2ir22M KmHiBTH2 722/2`bV iQ +QQ`/B@
M�i2 `2bQm`+2bX h?Bb BKT`Qp2b `2HB�#BHBiv �M/ `2bBHB2M+2 r?2M bHQr2` U+QMp2MiBQM�HV iQT@/QrM
T`2/B+iBQMb /Q MQi �HB;M rBi? �+im�H ;`B/ +QM/BiBQMb U2X;X- � +HQm/ /`�biB+�HHv `2/m+2b bQH�`
So BM T�`i Q7 � 722/2` Q` bvbi2K Q` .1_ ~2tB#BHBiv Bb MQ HQM;2` �p�BH�#H2VX 6Q` 2t�KTH2-
B7 QM2 ahG 2H2K2Mi +�MMQi i`�+F Bib QTiBK�H b2i TQBMi- Qi?2` ahG 2H2K2Mib- rBi?BM i?2 +Q`@
`2bTQM/BM; 6PG 2H2K2Mi- Kmbi K�F2 mT i?2 /Bz2`2M+2 U2X;X- ǳTB+F mT i?2 bH�+FǴVX A7 i?2v
+�MMQi K�F2 mT i?2 /Bz2`2M+2- i?2 6PG 2H2K2Mi Bb mM�#H2 iQ i`�+F Bib 722/2`@H2p2H �;;`2;�i2
`2bQm`+2 bB;M�H- bQ Qi?2` 6PG 2H2K2Mib Kmbi K�F2 mT i?2 /Bz2`2M+2 �+`Qbb i?2 bvbi2KX �b
ahG Q` 6PG 2H2K2Mib /2pB�i2 7`QK i?2B` QTiBK�H 2+QMQKB+ `272`2M+2 bB;M�Hb- i?2v BM7Q`K
mTbi`2�K 2H2K2Mib UahG@6PG@:JGV Q7 i?2 /2pB�iBQM- B/2MiB7v i?2B` `2K�BMBM; �p�BH�#H2 `2@
bQm`+2b- �M/ `2[m2bi mT/�i2/ `272`2M+2 bB;M�Hb mbBM; 722/#�+F +QMi`QHX 6B;X R `2T`2b2Mib
i?2b2 +QMi`QHH2`b �b i?2 BMi2`@722/2` �M/ BMi`�@722/2` #HQ+Fb- r?B+? QT2`�i2 QM iBK2b+�H2b Q7
8@b2+QM/b �M/ 8yyKb- `2bT2+iBp2Hv- �M/ +�M QT2`�i2 rBi?BM 2tBbiBM; �M/fQ` bi�i2 Q7 i?2 �`i
bK�`i@;`B/ +QKKmMB+�iBQM bi�M/�`/bX

hQ �+?B2p2 i?2 T`QD2+iǶb Q#D2+iBp2- i?2 i2�K r�b H2/ #v lMBp2`bBiv Q7 o2`KQMi UloJV �b@
bBbi�Mi S`Q72bbQ` �M/ T`BM+BT�H BMp2biB;�iQ` J�/b _X �HK�bb�HF?B- r?Q r�b bmTTQ`i2/
#v � rQ`H/@+H�bb i2�K Q7 b+B2MiBbib- �+�/2KB+B�Mb- bim/2Mib- �M/ BM/mbi`v H2�/2`bX

Ç lMBp2`bBiv Q7 o2`KQMi, *Q@SAb >�KB/ Pbb�`2? U�bbBbi�Mi S`Q72bbQ`V �M/ S�p�M _�+?2`H�
U_2b2�`+? �bbBbi�Mi S`Q72bbQ`V r2`2 bmTTQ`i2/ #v S?X.X bim/2Mib L�r�7 L�xB` �M/ a�`@
M�/miB "`�?K� �M/ `2+2Bp2/ BMTmi 7`QK *Q@Ab S�mH >BM2b �M/ GmBb .mz�mi 1bTBMQb�X

Ç CQ?Mb >QTFBMb lMBp2`bBiv UC>lV, *Q@SAb .2MMB+2 :�vK2 U�bbQ+B�i2 S`Q72bbQ`V �M/
1M`B[m2 J�HH�/� U�bbBbi�Mi S`Q72bbQ`V r2`2 bmTTQ`i2/ #v S2M;+?2M; u�M; USQbi@/Q+V �M/
S?X.X bim/2Mib *?2M;/� CB �M/ um2 a?2MX

Ç S�+B}+ LQ`i?r2bi L�iBQM�H G�#Q`�iQ`v USLLGV, *Q@SA aQmKv� EmM/m r�b bmT@
TQ`i2/ #v `2b2�`+? b+B2MiBbib h?B�;�`�D�M _�K�+?�M/`�M- a�B SX L�M/�MQQ`B- �MFBi aBM;@
?�H- �M/ AM/`�bBb *?�F`�#Q`iv UMQr �i GGLGVX
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Ç AM/mbi`B�H �/pBbQ`v "Q�`/ UA�"V r�b K�/2 mT Q7 72/2`�H �M/ BM/mbi`v T�`iM2`b-
BM+Hm/BM; .`X .?�M�MD�v �M�M/ 7`QK i?2 L�iBQM�H AMbiBimi2 Q7 ai�M/�`/b �M/ h2+?MQHQ;v
ULAahV- JBF2 J+:mB`2 �M/ ��`QM �M�v� 7`QK P_l- CQ2 q?Bi2 7`QK *1*PLu- J�`F
:`�KK�iB+Q 7`QK *H2�M SQr2` _2b2�`+? U*S_V- �M/ .`X "2M >Q##b r?Q b2`p2b �b
*�AaP �/pBbQ`X

h?2 i�bF bi`m+im`2 7Q` i?2 T`QD2+i r�b Q`;�MBx2/ �b 7QHHQrb,
h�bF R, �;;`2;�iBQM- JQ/2HBM;- �M/ _2�H@iBK2 *QQ`/BM�iBQM Q7 .1_b BM i?2 ahG
G2�/, SLLG @ amTTQ`i, loJX

Ç :`QmTb Q7 8y@R8y /Bp2`b2 ?2i2`Q;2M2Qmb "hJ .1_b r2`2 �;;`2;�i2/ �M/ i?2B` ~2tB#BHBiv
r�b +?�`�+i2`Bx2/ �++m`�i2Hv #v HQr@Q`/2` o" KQ/2HbX o�`BQmb K2i?Q/b r2`2 mb2/ iQ /2@
p2HQT i?2 o" KQ/2Hb- BM+Hm/BM; U/2i2`KBMBbiB+V QTiBKBx�iBQM@#�b2/ K2i?Q/b �M/ biQ+?�b@
iB+ /�i�@/`Bp2M- H2�`MBM;@#�b2/ K2i?Q/bX Ai r�b b?QrM i?�i i?2 o" T�`�K2i2`b +QmH/ #2
�/�Ti2/ �b ;`QmTb Q7 /2pB+2b r2`2 �//2/X .Bz2`2Mi `2�H@iBK2 +QQ`/BM�iBQM b+?2K2b r2`2
Tm`bm2/ #v i?2 i2�K- BM+Hm/BM; /2pB+2@/`Bp2M K2i?Q/b #�b2/ QM 2�+? /2pB+2 i`�MbKBiiBM;
� ǳ}iM2bbǴ `�iBM; �M/ KQ`2 /B`2+i b+?2/mHBM; +QMi`QH K2i?Q/bX .m2 iQ i?2 ?B;? T2`7Q`@
K�M+2 Q7 KQbi QTiBKBx�iBQM bQHp2`b iQ/�v- i?2 /B`2+i +QMi`QH K2i?Q/ r�b b?QrM iQ #2
bm{+B2MiHv 7�bi �M/ r�b mb2/ iQ b+?2/mH2 .1_b iQ K�i+? i?2 �;;`2;�i2 rBi? � /2bB`2/
b2i@TQBMi r?BH2 K�M�;BM; /2pB+2@bT2+B}+ +QMbi`�BMib UBX2X- +QK7Q`iVX h?Bb K2�Mb i?�i i?2
ahG Bb �#H2 iQ T2`7Q`K i?2 `2�H@iBK2 +QQ`/BM�iBQM Q7 .1_b iQ i`�+F TQr2` `272`2M+2 bB;@
M�Hb rBi?BM RyW _Ja1 �M/ +?�`�+i2`Bx2 i?2 #QmM/b Q7 ~2tB#BHBiv rBi? o" T�`�K2i2`b
rBi?BM RyW _Ja1 bQ i?�i i?2 6PG +�M QTiBKBx2 i?2 /BbT�i+? Q7 i?2 o"bX

h�bF k, :`B/@�r�`2 PTiBKBx�iBQM �M/ *QQ`/BM�iBQM Q7 L2irQ`F _2bQm`+2b BM i?2 6PG
G2�/, loJ @ amTTQ`i, SLLGX

Ç hrQ MQp2H mM#�H�M+2/ /Bbi`B#miBQM PS6 7Q`KmH�iBQMb ?�p2 #22M /2p2HQT2/ 7Q` i?2 6PG
�M/ BMi2`7�+2/ rBi? 2�+? Qi?2` iQ b+?2/mH2 #Qi? K2+?�MB+�Hf/Bb+`2i2 H2;�+v �bb2ib QM �M
bHQr iBK2b+�H2- 2X;X- Qmi2` H�v2` 7Q` ?Qm`Hv b+?2/mH2b 7Q` +�T�+BiQ` #�MFb �M/ Gh*b- �M/
+QMiBMmQmbHv +QMi`QHH2/ �bb2ib 2p2`v KBMmi2 UBX2X- i?2 BMM2` H�v2`VX h?2 Q#D2+iBp2 Q7 i?2
Qmi2` H�v2` Bb iQ HQQF �?2�/ i?`22 ?Qm`b �M/ QTiBKBx2 i?2 b+?2/mH2 Q7 K2+?�MB+�H �bb2ib iQ
K�tBKBx2 pQHi�;2 K�`;BMb BM � bBKTHB}2/ mM#�H�M+2/ KQ/2H Q7 i?2 722/2` UGBM.BbijV ;Bp2M
2tT2+i2/ 722/2` /BbT�i+? 7`QK i?2 :JG rBi? �b HBiiH2 So BMp2`i2` +QMi`QHf+m`i�BHK2MiX
h?Bb }t2b i?2 H2;�+v �bb2ibǶ b+?2/mH2b �M/ �HHQrb 7Q` i?2 BMM2` HQQT- r?B+? Bb � +QK#BM�@
iBQM Q7 � KmHiB@T2`BQ/ b2+QM/@Q`/2` +QMB+ T`Q;`�K UaP*SV �M/ /2+QmTH2/- bBM;H2@T2`BQ/
MQMHBM2�` T`Q;`�Kb ULGSbV i?�i iQ;2i?2` QTiBKBx2 i?2 /BbT�i+? Q7 o"b �M/ So BMp2`i2`b
BM i?2 � 722/2` ;Bp2M p2`v b?Q`i@i2`K- BMi`�@?Qm` So 7Q`2+�bib iQ 2Mbm`2 iB;?i i`�+FBM; Q7
?2�/ MQ/2 TQr2` `272`2M+2 bB;M�H 7`QK i?2 :JGX h?2 BMM2` HQQT �HbQ +QMbB/2`BM; TQr2`
�M/ 2M2`;v +QMbi`�BMib Q7 i?2 o"b �M/ `2�+iBp2 TQr2` �M/ +m`i�BHK2Mi +�T�#BHBiv Q7 i?2
So BMp2`i2`bX h?2 i2�K �HbQ b?Qr2/ ?Qr �/p�M+2/ /Bbi`B#mi2/ bvbi2K bi�i2 2biBK�iBQM
U.aa1V b+?2K2b +QmH/ BMi2;`�i2 rBi? i?2 6PG iQ T`QpB/2 2biBK�i2/ HBM2 +m``2Mib U�M/-
i?mb- HBM2 HQbb2bV r?B+? �`2 mb2/ #v i?2 BMM2` H�v2` iQ 2Mbm`2 � x2`Q /m�HBiv ;�T UBX2X-
QTiBK�H bQHmiBQMb �`2 `2�HBx2/ �M/ rBi?BM �LaA HBKBibVX 6BM�HHv- `Q#mbi 7Q`KmH�iBQMb �`2
T`QTQb2/ iQ �++QmMi 7Q` bQH�` So 7Q`2+�bi mM+2`i�BMiB2b Qp2` i?2 T`2/B+iBQM ?Q`BxQM �M/
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MQp2H M2irQ`F `2/m+iBQM i2+?MB[m2b r2`2 mb2/ iQ +`2�i2 �++m`�i2- bB;MB}+�MiHv `2/m+2/-
v2i T?vbB+�HHv K2�MBM;7mH M2irQ`Fb Qp2` r?B+? i?2 6PG +QmH/ QTiBKBx2 [mB+FHv �M/ #`BM;
#�+F QTiBKBx2/ b2i@TQBMib Q7 ǳbmT2`@o"bǴ iQ BM/BpB/m�H o"bX Pp2`�HH- i?2 6PG +�M bQHp2
i?2 BMM2` H�v2` rBi?BM � KBMmi2 iQ T`QpB/2 mT/�i2/ o" �M/ So BMp2`i2` b2i@TQBMib i?�i
�`2 rBi?BM 8W Q7 i?2 ;HQ#�H QTiBK�H bQHmiBQM BM �HH BMp2biB;�i2/ `mMbX

h�bF j, 1+QMQKB+ .BbT�i+? �M/ _2;mH�iBQM Q7 622/2`b BM i?2 :JG
G2�/, C>l @ amTTQ`i, loJX

Ç h?2 :JG /BbT�i+?2b �p�BH�#H2 ~2tB#BHBiv �KQM; 722/2`b rBi? `2bT2+i iQ i?`22 /Bz2`2Mi
K�`F2i bB;M�Hb, r?QH2b�H2 2M2`;v GJSb �M/ �M+BHH�`v b2`pB+2 T`B+2b- mT/�i2/ 2p2`v 8
KBMmi2b 7`QK LuAaP- �b r2HH �b T2�F /2K�M/ +?�`;2 UKQMi?Hv i`�MbKBbbBQM +?�`;2VX
1M2`;v i`�Mb�+iBQMb �`2 +Q@QTiBKBx2/ rBi? �M+BHH�`v b2`pB+2b QT2`�iBM; `2b2`p2b- �M/ T2�F
/2K�M/ `2/m+iBQMX h?Bb r�b 7Q`KmH�i2/ 7Q` #Qi? `�/B�H �M/ K2b?2/ Ubm#@i`�MbKBbbBQMV
M2irQ`Fb Q7 /Bbi`B#miBQM bm#bi�iBQMbX Ai r�b 7QmM/ i?�i `�/B�H �bbmKTiBQMb r2`2 H2bb
mb27mH BM LuǶb b2iiBM; �M/ � HBM2�`Bx2/ PS6 7Q`KmH�iBQM r�b mb2/ rBi? i?2 K2b?2/ bm#@
i`�MbKBbbBQM M2irQ`F 2ti`�+i2/ 7`QK LuAaPǶb KQ/2HX h?2 :JG bQHp2b i?2 7mHH K2b?2/
KQ/2H rBi?BM � +QmTH2 KBMmi2b iQ /2HBp2` b2i@TQBMi mT/�i2b 7Q` Qp2` kyy 722/2` ?2�/@
MQ/2b 2p2`v }p2 KBMmi2bX � biQ+?�biB+ BKTH2K2Mi�iBQM r�b �HbQ BMp2biB;�i2/ �HQM; rBi?
}M�M+B�H #2M2}i �M�HvbBb r?B+? 2biBK�i2b i?2 p�Hm2 Q7 ~2tB#H2 /2K�M/ BM i?2 T`QTQb2/
K�`F2i bi`m+im`2 7Q` P_l �b � J�`F2i .aP UBX2X- i?2 bQH2 .1_ b+?2/mHBM; +QQ`/BM�iQ`VX

h�bF 9, o�HB/�iBQM �M/ .2KQMbi`�iBQM Q7 +QmTH2/ +QQ`/BM�iBQM Q7 H�v2`b
G2�/, SLLGfloJ @ amTTQ`i, C>l �M/ LAah �M/ P_lX

Ç u2�` R 7Q+mb2/ QM T`QQ7 Q7 +QM+2Ti bBKmH�iBQMb Q7 2�+? H�v2` b2T�`�i2Hv QM bvMi?2iB+ M2i@
rQ`FbX h?Bb r�b �/p�M+2/ BM u2�` k rBi? +QmTH2/ bBKmH�iBQMb mM/2` /2i2`KBMBbiB+ UT2`72+i
7Q`2+�biV +QM/BiBQM QM bK�HH- `2�HBbiB+ M2irQ`Fb 7`QK miBHBiv T�`iM2` �M/ b2T�`�i2 p�HB/�iBQM
Q7 `2�H@iBK2 722/#�+F@#�b2/ +Q``2+iBp2 +QMi`QH Q7 722/2` UBMi2`V �M/ o" UBMi`�V b2i@TQBMib
rBi? BMi2`@ �M/ BMi`�@722/2` +QMi`QHH2`b- `2bT2+iBp2HvX u2�` j BM+Hm/2/ � /2KQMbi`�iBQM Q7 �
#`Qrb2`@#�b2/ pBbm�HBx�iBQM �M/ �M�HviB+b iQQH BS:� i?�i r�b /2p2HQT2/ �i loJ �M/ BM@
i2`�+iBp2Hv b?Qr2/ i?2 2z2+i Q7 i?2 6PGǶb /BbT�i+?2/ ~2tB#BHBiv �M/fQ` ?BbiQ`B+�H /�i� QM
�+im�H 722/2`bX h?2 T`QD2+i +QM+Hm/2/ rBi? H�`;2@b+�H2- biQ+?�biB+ bBKmH�iBQMb Q7 �HH i?`22
H�v2`b QM miBHBiv@T`QpB/2/ 722/2`b U�M/ i?2B` `2/m+2/ M2irQ`F �TT`QtBK�iBQMb- r?B+? r2`2
T`2T�`2/ #v BS:�V �M/ LuAaP@/2`Bp2/ K2b?2/ bm#@i`�MbKBbbBQM M2irQ`F 7Q` P_l rBi?
:`B/G�#@.X AM i?2 }M�H H�`;2 bBKmH�iBQM- r2 r2`2 �#H2 iQ [m�MiB7v i?2 �pQB/2/ pQHi�;2
pBQH�iBQMb- `2/m+2/ So +m`i�BHK2Mi- �M/ i?2 �#BHBiv iQ i`�+F K�`F2i@bB;M�Hb �++m`�i2HvX
6BM�HHv- i?2 bQ7ir�`2 iQQH BS:�- i?�i r�b bmTTQ`i2/ #v i?Bb T`QD2+i- ?�b #22M /Bb+HQb2/
�b � bQ7ir�`2 BMp2MiBQM �M/ #22M HB+2Mb2/ iQ bi�`imT +QKT�Mv S�+F2iBx2/ 1M2`;v- r?2`2
Bi ?�b #22M /2p2HQT2/ 7m`i?2` BMiQ � +QKK2`+B�H T`Q/m+i +�HH2/ :`B/aQHp2` i?�i Bb MQr BM
mb2 �i miBHBiB2b BM i?2 laX

E2v T`QD2+i i2+?MB+�H i�`;2ib �`2 b?QrM BM 6B;X k rBi? /2HBp2`�#H2b �M/ KBH2biQM2b 7Q` i?2
T`QD2+i B/2MiB}2/ �b 7QHHQrb,
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<latexit sha1_base64="FWiYDDIjipYr3VUKRQ9xGOgZS4U="></latexit>

Performance Metric FOA Metric Proposed Target Achieved Target

Solution components Subset of layers Device & Enhanced layers Device & Enhanced layers

HiL Validation > 10
2

physical nodes > 10
2

with OPAL-RT > 10
2

with real-time, cyber-enabled DERs

Software Validation > 10
6

virtual nodes > 10
6

with GridLab-D > 10
6

with GridLab-D

Scalability (Feeders) 1000 >1000 >150

Scalability (Active nodes) 1,000,000 >1,000,000 >1,000,000

Computation cycle (Real-time) 1 minute < 1 minute < 1 minute

Computation cycle (Planning) 5 minutes < 5 minutes < 5 minutes

Device Time resolution (Real-time) 1 second 1 seconds 1 seconds

Device Time resolution (Planning) 1 minutes 1 minutes 1 minutes

Response time (local: STL) < 10 seconds Real-time Real-time

Response time (network: FOL) < 30 seconds < 30 seconds < 30 seconds

Response time (system: GML) < 1 minute < 1 minutes < 1 minutes

DSSE Observability >99% 100% 100%

Power Flows Multiple substations Multiple substations Multiple substations

OPF Objectives Techno-economic Techno-economic Techno-economic

Predictive Control Real-time planning Real-time planning Real-time planning

Prescriptive Control Operational planning Operational planning Operational planning

6B;m`2 k, E2v T`QD2+i K2i`B+b i?�i ?�p2 �HH #22M b�iBb}2/ �b T`QTQb2/- 2t+2Ti 7Q` i?Qb2 BM Q`�M;2 �#Qp2, iV
i?2 Ryyy 722/2` b2imT- r?B+? ?�b #22M `2TH�+2/ #v P_lǶb KQ`2 i?�M R8y 722/2`b U�b P_l /Q2b MQi ?�p2 Ryyy
722/2`bVc �M/ iiV r2 /B/ MQi BM+Q`TQ`�i2 Ryy /2pB+2b 7Q` ?�`/r�`2 i2biBM;X AMbi2�/- r2 b?Qr+�b2b i?2 pB�#BHBiv
Q7 i?2 T`QTQb2/ ahG �H;Q`Bi?Kb #v 2KTHQvBM; > 100 `2�H@iBK2 bBKmH�i2/ �M/ +v#2`@2M�#H2/ .1_b iQ i2bi
i?2 pB�#BHBiv Q7 i?2 T`2b2Mi2/ ?B2`�`+?B+�H 7`�K2rQ`F �HQM; rBi? �p�BH�#H2 A1* +QKKmMB+�iBQM bi�M/�`/bX

6BM�H .2HBp2`�#H2 OR, *QKTH2i2/ bQ7ir�`2 bBKmH�iBQMb Q7 i?2 :JG@6PG@ahG@.1_ ?B@
2`�`?+v �i b+�H2 rBi? :`B/G�#@.X

6BM�H .2HBp2`�#H2 Ok, *QKTH2i2/ `2�H@iBK2 bBKmH�iBQMb Q7 +v#2`@2M�#H2/ .1_bX
6BM�H .2HBp2`�#H2 Oj, *QKTH2i2/ i2+?MQ@2+QMQKB+ #2M2}i �M�HvbBb Q7 i?2 T`QD2+iǶb +Q`2

.aP i2+?MQHQ;v
6BM�H .2HBp2`�#H2 O9, qQ`F 7`QK h�bF R UahGV ?�b #22M Tm#HBb?2/ BM �i H2�bi j T22`

`2pB2r2/ DQm`M�Hb �M/fQ` +QM72`2M+2b
6BM�H .2HBp2`�#H2 O8, qQ`F 7`QK h�bF k U6PGV ?�b #22M Tm#HBb?2/ BM �i H2�bi j T22`

`2pB2r2/ DQm`M�Hb �M/fQ` +QM72`2M+2b
6BM�H .2HBp2`�#H2 Oe, qQ`F 7`QK h�bF j U:JGV ?�b #22M Tm#HBb?2/ BM �i H2�bi j T22`

`2pB2r2/ DQm`M�Hb �M/fQ` +QM72`2M+2b
6BM�H .2HBp2`�#H2 Od, qQ`F 7`QK h�bF 9 U/2KQMbi`�iBQMfp�HB/�iBQMV ?�b #22M Tm#@

HBb?2/ BM �i H2�bi R T22` `2pB2r2/ DQm`M�Hb �M/fQ` +QM72`2M+2b
i?�i T`2b2Mib i?2 QT2M@bQm`+2 bQ7ir�`2 iQQH BS:� bmBi�#H2 7Q`
/2KQMbi`�iBM; .1_fbQH�` So ǳr?�i@B7 b+2M�`BQbǴ 7Q` miBHBiB2b X

6BM�H .2HBp2`�#H2 O3, h?2 bQ7ir�`2 iQQH BS:� ?�b #22M K�/2 �p�BH�#H2 QM :Bi>m# �i,
?iiTb,ff;Bi?m#X+QKfi2bH�mpKf1L1_:Aa1

�HH K�DQ` T`QD2+i /2HBp2`�#H2b r2`2 bm++2bb7mHHv +QKTH2i2/X
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S`QD2+i _2bmHib �M/ .Bb+mbbBQM
h�bF R, a2`pB+2 h`�Mb7Q`K2` G�v2` UahGV
6Q` h�bF R- i?2 7Q+mb BM v2�` R r�b QM KQ/2HBM; �M �;;`2;�i2 TQTmH�iBQM Q7 Ryy Q` bQ bK�`i
�TTHB�M+2b- r?B+? r�b �++QKTHBb?2/ rBi? i?2 o" 7`�K2rQ`F BM h�bF RXRX AM u2�` k- i?2
7Q+mb Bb QM `2�H@iBK2 +QMi`QHH2` T2`7Q`K�M+2 BM i2`Kb Q7 i`�+FBM; i?2 o"Ƕb `272`2M+2 p�Hm2b
rBi? ahGǶb �p�BH�#H2 bK�`i �TTHB�M+2b Uh�bF RXkVX h?2 }M�H v2�` Q7 i?2 T`QD2+i r�b 7Q+mb2/
QM BMi2;`�iBM; ahG rBi? Qi?2` H�v2`b- BM+Hm/BM; bK�`i So BMp2`i2`b �M/ bQH�` So ;2M2`�iBQMX

h�bF RXR @ JQ/2HBM; �;;`2;�i2 aiQ+?�biB+ 6H2tB#BHBiv Q7 .1_b �i i?2 ahG
h?2 ;Q�H BM h�bF RXR r�b iQ #mBH/ � HmKT2/ /vM�KB+ o" KQ/2H Q7 bK�`i �TTHB�M+2b i?�i
+�M bmBi�#Hv UrBi?BM `2�bQM�#H2 2``Q` #QmM/b i?�i �`2 �++2Ti�#H2 7Q` `Q#mbi QTiBKBx�iBQM
T`Q#H2K �i i?2 6PGV +�Tim`2 i?2 b?Q`i@i2`K HQ�/ `2bTQMb2 7Q` /`QQT@HBF2 bi�#BHBx�iBQM Q7
BMi`�@722/2` /Bbim`#�M+2bX hQ;2i?2` rBi? +QM};m`�#H2 bK�`i- bQH�` So BMp2`i2` �+iBp2 �M/
`2�+iBp2 TQr2` BMD2+iBQM b2i@TQBMib- i?Bb o" KQ/2H T2`KBib ahG 2H2K2Mib rBi?BM � H�`;2
722/2` iQ Qp2`+QK2 mM2tT2+i2/ p2`v b?Q`i@i2`K /Bbim`#�M+2b UQM i?2 Q`/2` Q7 b2+QM/bVX q2
i?2M i2bi- pB� bBKmH�iBQMb- i?2 �++m`�+v Q7 i?2 `2/m+2/@Q`/2` biQ+?�biB+ /vM�KB+ KQ/2Hb 7Q`
/Bz2`2Mi �;;`2;�iBQM H2p2Hb �M/ ivT2b Q7 .1_b U�B`@+QM/BiBQM2`b- r�i2`@?2�i2`b- #�ii2`B2b- So
BMp2`i2`bVX h?2 �;;`2;�i2 KQ/2H Q7 o" Bb /2p2HQT2/ iQ T`2/B+i i?2 b?Q`i i2`K UR8 KBMmi2b-
I RyW _Ja1V �M/ HQM; i2`K UR@k ?Qm`b- I R8W _Ja1V Fq ~2tB#BHBiv /2T2M/BM; QM i?2
�++m`�+v Q7 i?2 7Q`2+�bib �M/ K2�bm`2K2Mi /�i�- r?BH2 �HbQ b�iBb7vBM; HQ+�H +QMbmK2` 2M2`;v
`2[mB`2K2Mi rBi?BM i?2 ahGX q2 +?�`�+i2`Bx2 i?2 �;;`2;�i2/ o" KQ/2H 7Q` i?2 ahG �b

Ḃ(t) = −aB(t)− P #(t) , B(0) = B0

B(t) ∈
[
C−(t), C+(t)

]

P #(t) ∈
[
P−(t), P+(t)

]
,

URV

r?2`2 B `2T`2b2Mib i?2 pB`im�H 2M2`;v bi�i2 Q7 i?2 o" rBi? BMBiB�H +QM/BiBQM B0- � Bb i?2
bi`B+iHv TQbBiBp2 b2H7@/BbbBT�iBQM +Q2{+B2Mi U;2M2`�HHv p2`v bK�HHV- P # Bb i?2 o"Ƕb +QMi`QH BMTmi
/2MQiBM; i?2 `2H�iBp2 BMD2+iBQM BMiQ i?2 ;`B/ U�#Qp2 Bib MQKBM�H #�b2HBM2 TQr2` /2K�M/VX h?2
HQr2` �M/ mTT2` 2M2`;v �M/ TQr2` #QmM/b- C, P �`2 /2MQi2/ #v +Q``2bTQM/BM; bmT2`b+`BTib
(.)−, (.)+X h?mb- i?Bb �;;`2;�i2/ o" Bb `2T`2b2Mi2/ #v i?2 b2i Q7 T�`�K2i2`b

Φ =
(
a,B0, C

−, C+, P−, P+
)
,

r?B+? Kmbi #2 +QKTmi2/ iQ +?�`�+i2`Bx2 i?2 o"X LQi2 i?�i i?2 �;;`2;�i2/ o" KQ/2H URV
;m�`�Mi22b i?�i 7Q` 2p2`v b2i Q7 ǵ�/KBbbB#H2Ƕ i`�D2+iQ`B2b P /2p

i (t) 7Q` 2�+? Q7 BM/BpB/m�H /2pB+2
i = 1, . . . , N - i?2 �;;`2;�i2/ TQr2` i`�D2+iQ`v P #(t) Bb �HbQ �/KBbbB#H2 7Q` i?2 o" �i i?2
b2`pB+2 i`�Mb7Q`K2` H2p2HX

AM i?Bb T`QD2+i- r2 T`QTQb2/ irQ +QKTH2K2Mi�`v- MQp2H K2i?Q/b 7Q` T�`�K2i2`BxBM; i?2
o" KQ/2H, RV QTiBKBx�iBQM@#�b2/ #BM�`v b2�`+? 7Q` }M/BM; [P−, P+]Vc �M/ kV H2�`MBM;@#�b2/
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7`�K2rQ`F 7Q` i?2 Qi?2` T�`�K2i2`b Ua,B0, C−, C+VX h?2 H2�`MBM;@#�b2/ 7`�K2rQ`F r�b
b?QrM iQ #2 KQ`2 p2`b�iBH2 pB� i?2 mb2 Q7 i`�Mb72` H2�`MBM;X 6Q` /2i�BHb QM i?2 H2�`MBM;@#�b2/
K2i?Q/QHQ;v- TH2�b2 b22 (jy- jk)- r?B+? �`2 bmKK�`Bx2/ M2tiX

6B;m`2 j, o�HB/�iBQM Q7 H2�`MBM;@#�b2/ o" KQ/2HX

h?2 i`�Mb72` H2�`MBM;@#�b2/ /22T M2irQ`F 7`�K2rQ`F rQ`F2/ r2HH 7Q` /vM�KB+�HHv mT@
/�iBM; i?2 o" T�`�K2i2`b bm+? �b b2H7@/BbbBT�iBQM UaV �M/ +�T�+Biv #QmM/b UC−, C+V 7Q` 2M@
b2K#H2b Q7 ~2tB#H2 i?2`KQbi�iB+ HQ�/b- 7`QK i?2 �p�BH�#H2 /2pB+2@H2p2H K2�bm`2K2MibX 6B;X j
b?Qrb i?2 �++m`�+v BM 2biBK�iBM; B0 �M/ 7Q`2+�biBM; mbBM; � i`�Mb72` H2�`MBM;@#�b2/- /22T
M2irQ`F 7`�K2rQ`FX SHQib �V �M/ #V UQM i?2 H27iV b?Qr i?�i � bi�+F2/ �miQ@2M+Q/2` Ua�1V
�`+?Bi2+im`2 Bb �#H2 iQ �++m`�i2Hv 2M+Q/2@/2+Q/2 /2pB+2 bi�i2b rBi? H2bb i?�M RyW 2``Q`- r?2`2
2``Q` Bb rX`XiX RyW Q7 �*Ƕb �M/ 2H2+i`B+ r�i2` ?2�i2`Ƕb U1q>ǶbV �HHQr�#H2 `�M;2b Q7 ±26 �M/
±5F - `2bT2+iBp2HvVX SHQi +V UQM i?2 `B;?iV b?Qrb ~2tB#BHBiv 7Q`2+�biBM; 2``Q`b Q7 H2bb i?�M
yX8W KQ`2 i?�M R ?Qm` QmiX h?2 #QiiQK i�#H2 b?Qrb i?2 o" T�`�K2i2`b 7`QK 7Qm` /Bz2`2Mi
.1_ 2Mb2K#H2b i?�i ?�p2 #22M i2bi2/ rBi? i?Bb T`QTQb2/ /22T M2irQ`F #�b2/ 7`�K2rQ`FX
h?Bb 7`�K2rQ`F Bb ;2M2`�HBx�#H2 �M/ +�M #2 2ti2M/2/ 7Q` Qi?2` 2Mb2K#H2b UKBt Q7 /Bz2`2Mi
ivT2 Q7 .1_bV �M/ iQ +?�M;BM; TQTmH�iBQM mbBM; � i`�Mb72`@H2�`MBM; L2ikL2i K2i?Q/QHQ;v
/2p2HQT2/ BM i?Bb T`QD2+iX hQ 2Mbm`2 i?�i i?2 7Q`2+�bi ~2tB#BHBiv 7`QK i?2 o" KQ/2H �+?B2p2b
i�`;2i �++m`�+v- r2 H2p2`�;2/ � HQM;@b?Q`i@i2`K@K2KQ`v UGahJV M2irQ`F rBi? � irQ@bi�;2
i`�BMBM; T`Q+2bbX 6BM�HHv- r2 BMi`Q/m+2/ � +QMpQHmiBQM #�b2/ GahJ M2irQ`F 7Q` 7Q`2+�biBM;
i?2 o" bi�i2 2pQHmiBQMX
JBH2biQM2 /2HBp2`2/,

Ç J Uah@RXRXjV �;;`2;�i2 KQ/2H Q7 .1_ Bb /2p2HQT2/ iQ T`2/B+i UrBi? _Ja1V i?2 b?Q`i i2`K UR8 KBM@
mi2bV �M/ HQM; i2`K UR@k ?Qm`bV ~2tB#BHBiv /2T2M/BM; QM i?2 �++m`�+v Q7 i?2 7Q`2+�bib �M/ K2�bm`2K2Mi
/�i�- r?BH2 �HbQ b�iBb7vBM; HQ+�H 2M2`;v `2[mB`2K2Mib BM i?2 ahGX

Re



h�bF RXk @ _2�H@iBK2 *QQ`/BM�iBQM Q7 .1_b rBi? h`�+FBM; *QMi`QHH2`
h?2 ;Q�H Q7 i?Bb i�bF BM u2�` k r�b iQ BKT`Qp2 i?2 ahGǶb �#BHBiv iQ i`�+F � TQr2` `272`2M+2
b2i@TQBMi BM `2�H@iBK2 UJRXkXRV mM/2` `2�HBbiB+ biQ+?�biB+ So �M/ HQ�/ +QM/BiBQMb UJRXkXkV-
i?2`2#v BKT`QpBM; `2HB�#BHBivX �+?B2pBM; i?Bb ;Q�H Bb M2+2bb�`v 7Q` i?2 bm++2bb Q7 i?2 6PG
U�M/- +Q``2bTQM/BM;Hv- i?2 :JGV �M/ 7Q` bvbi2K `2HB�#BHBivX hQ +QKTH2i2 i?Bb Q#D2+iBp2- r2
}`bi i2bi2/ i?2 ahG@.1_ /BbT�i+? UBX2X- i?2 /Bb�;;`2;�iQ` BM 6B;X 9 �M/ /2i�BH2/ BM (jR- je)V
BM bBKmH�iBQM QM bi2T �M/ `�KT mTf/QrM `272`2M+2 bB;M�Hb �M/ b?Qr2/ i?�i i`�+FBM; 2``Q`b
7Q` � /Bp2`b2 ~22i Q7 kyy �*b �M/ Ryy 1q>b r2`2 H2bb i?�M j@dW rBi? 2``Q`b +HQb2` iQ dW
r?2M i?2 `272`2M+2 bB;M�Hb /2+`2�b2/X h?Bb r�b Km+? HQr2` i?�M i?2 i�`;2i p�Hm2 Q7 R8W
�M/ BM/B+�i2/ i?�i ahG +QmH/ �++m`�i2Hv /BbT�i+? bK�`i- `2bTQMbBp2 .1_b 2p2`v b2+QM/ iQ �
/2bB`2/ �+iBp2 TQr2` b2i@TQBMiX 6m`i?2`KQ`2- r2 �+?B2p2/ `2�H@iBK2 `QQi@K2�M@b[m�`2 U_JaV
i`�+FBM; 2``Q` 7Q` bi2T �M/ `�KT `2bTQMb2b �i i?2 :JG #2HQr jX8W- r?B+? Bb Km+? HQr2`
i?�M i?2 i�`;2i p�Hm2 Q7 RyWX

6B;m`2 9, _2�H hBK2 AMi2`@ �M/ AMi`�@722/2` *QMi`QH a+?2K2

h?2M- #�b2/ QM +QKKQM +QM+2Tib 7`QK rB/2@�`2� +QMi`QH BM i`�MbKBbbBQM- r2 /2p2HQT2/ �
MQp2H T`QTQ`iBQM�H BMi`�@722/2` �M/ � SA BMi2`@722/2` U+Q``2+iBp2V +QMi`QHH2` Ub22 6B;X 9V i?�i
/vM�KB+�HHv mT/�i2 o" �+iBp2 TQr2` b2i@TQBMib iQ i`�+F i?2 /2bB`2/ 2+QMQKB+b ?2�/@MQ/2
i�`;2i p�Hm2 UBX2X- `2D2+i /Bbim`#�M+2b 7`QK bQH�` So p�`B�#BHBivVX

h?2 BMi2`@722/2` +QMi`QH bvbi2K KBiB;�i2b H�`;2 /Bbim`#�M+2b Q++m``BM; rBi?BM �M/ �+`Qbb
722/2`b- �M/ Bb /2TB+i2/ BM 6B;X 9�X Ai Bb 2bb2MiB�HHv � SA +QMi`QH b+?2K2 rBi? � /2�/@xQM2
�M/ �MiB@rBM/mT K2+?�MBbK i?�i +Q``2+ib i?2 :JG 2+QMQKB+ b2i@TQBMi `272`2M+2b- P2+QM,r-
iQ i?2 m BMi`�@722/2` +QMi`QH bvbi2Kb U6B;X 9#VX h?2 rQ`FBM; T`BM+BTH2 Q7 i?2 BMi2`@722/2`
+QMi`QHH2` Bb �b 7QHHQrb, h?2 bmK Q7 K2�bm`2/ ?2�/ MQ/2 �+iBp2 TQr2`b 7`QK �HH 722/2`b-
P?-M2i- Bb +QKT�`2/ rBi? i?2 iQi�H 2+QMQKB+ K�`F2i b2i@TQBMi 7Q` �HH 722/2`b- P2+QM-M2i- �M/
i?2 2``Q` #2ir22M i?2K Bb T�bb2/ i?`Qm;? � /2�/@xQM2 }Hi2` �M/ SA +QMi`QHH2` rBi? �MiB@
rBM/mTX h?2M- i?2 +QMi`QH BMTmi iQ i?2 ri? BMi`�@722/2` +QMi`QH bvbi2K- Puf,r- Bb +QKTmi2/
�b Puf,r = KfrPu,M2i + P2+QM,r- r?2`2 P2+QM,r Bb i?2 2+QMQKB+ b2i@TQBMi 7Q` i?2 ri? 722/2`- Kfr
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Bb � b+�HBM; 7�+iQ`- �M/ Pu,M2i Bb i?2 QmiTmi Q7 i?2 SA +QMi`QHH2` UrBi? �TT`QT`B�i2 HBKBibVX
h?2 BMi`�@722/2` +QMi`QH b+?2K2- QM i?2 Qi?2` ?�M/- `2D2+ib b?Q`i@i2`K /Bbim`#�M+2b UHBF2

bQH�` Sof/2K�M/ ~m+im�iBQMbV i?�i 2Mi2` i?2 T`BK�`v Jo MQ/2b Q7 � 722/2` �M/ K�BMi�BM
i?2 6PG b2i@TQBMi �i i?2 722/2`Ƕb ?2�/@MQ/2 UBX2X- bm#bi�iBQMVX hQ +QMi`QH i?2 .1_b BM i?Bb
b+?2K2- i?2 QMHv K2�bm`2K2Mi `2[mB`2/ Bb i?2 �+iBp2 TQr2` �i i?2 ?2�/@MQ/2 Q7 i?2 722/2`-
r?B+? Bb �p�BH�#H2 �i i?2 bm#bi�iBQM- 2X;X- pB� _h�*bX h?2 b+?2K2 Bb /2TB+i2/ BM 6B;X 9#-
�b � xQQK2/ p2`bBQM Q7 i?2 ;`22M #HQ+F BM 6B;X 9�- �M/- 2bb2MiB�HHv- +QMbBbib Q7 � #�MF Q7
T`QTQ`iBQM�H +QMi`QHH2`b- Kr- KmHiBTHB2/ #v +2`i�BM /vM�KB+ �/DmbiK2Mi 7�+iQ`b- K�/D,r- QM2
iQ +QMi`QH 2�+? Q7 i?2 n ;`QmTb Q7 .1_b BM i?2 722/2`X h?2 +Q``2+i2/ 2+QMQKB+ `272`2M+2
?2�/@MQ/2 TQr2` 7Q` i?Bb 722/2`- Puf,i- Bb +�H+mH�i2/ #v i?2 BMi2`@722/2` +QMi`QHH2` /2b+`B#2/
#27Q`2- �M/ Ph,i i?2 ?2�/ MQ/2 TQr2` Q7 i?2 722/2`X lM+QMi`QHH2/ MQ/�H /Bbim`#�M+2b �`2
�bbmK2/ iQ 2Mi2` i?2 722/2` �i KmHiBTH2 bBi2b- mMFMQrM iQ i?2 +QMi`QHH2`X h?2 +Q``2+i2/ b2i@
TQBMi 7Q` i?2 ri? b2i Q7 .1_b- pBM,r- Bb Q#i�BM2/ �b pBM,r = KrK�/D,r(Puf − Ph) + Pb2i,r- r?2`2
Pb2i,r `272`b iQ i?2 b2i@TQBMi T`QpB/2/ #v i?2 6PG QTiBK�H b2i@TQBMi /BbT�i+?2` �#Qmi 2p2`v
KBMmi2- �M/ K�/D,r Bb �M �/DmbiK2Mi 7�+iQ` i?�i 2Mbm`2b i?�i �b i?2 2M2`;v bi�i2b Q7 i?2 o"b
+Q``2bTQM/BM; iQ i?2 b2ib Q7 .1_b �TT`Q�+? 7mHH +�T�+Biv- i?2 +?�`;BM; `�i2 Bb T`QTQ`iBQM�i2Hv
`2/m+2/- �M/ r?2M i?2 2M2`;v bi�i2 #2+QK2b 2KTiv- i?2 /Bb+?�`;BM; `�i2 Bb T`QTQ`iBQM�i2Hv
`2/m+2/ UbBKBH�` iQ bi�M/�`/ ;�BM b+?2/mHBM;VX h?Bb ?2HTb iQ �pQB/ � bm//2M bi2T@+?�M;2 BM
TQr2` iQ x2`Q r?2M i?2 .1_b b�im`�i2 U2Bi?2` 2KTiv Q` 7mHH +�T�+BivVX h?2 ǳ/Bb�;;`2;�iQ`bǴ
i?2M `2+�bi PBM,i �b PLfP66 bB;M�Hb 7Q` BM/BpB/m�H /2pB+2b mbBM; i?2 QTiBKBx�iBQM@#�b2/
/BbT�i+?X AM 6B;X 9- bm#bi�iBQM H2p2H bB;M�Hb �`2 +QHQ`2/ #H�+F- 722/2` H2p2H bB;M�Hb �`2 +QHQ`2/
pBQH2i- ahG H2p2H bB;M�Hb #`QrM- r?BH2 /2pB+2 H2p2H bB;M�Hb �`2 +QHQ`2/ #Hm2X

h?2 +QMi`QHH2`b 2KTHQv i?2 .aPǶb QrM b2+m`2 +QKKmMB+�iBQM M2irQ`F �M/ bi�i2@Q7@i?2@
�`i A1* bi�M/�`/b �M/ � H�;@#�b2/ KQ/2H Q7 i?2 o" UiQ �++QmMi 7Q` #Qi? 2M2`;v �M/ TQr2`
/vM�KB+b �bbQ+B�i2/ rBi? /2H�vb #2ir22M /2pB+2b #2BM; +QKK�M/2/ #v i?2 ahG i?2 i?2
/2pB+2 brBi+?BM; PLfP66VX aT2+B}+�HHv- i?2 BMi2`@722/2` SA +QMi`QH +�M #2 mb2/ QM i?2 722/2`
bm#bi�iBQM iQ i`�+F i?2 :JG b2i@TQBMi �M/ +Q``2+i BMi2`@722/2` /Bbim`#�M+2b r?BH2 i?2 BMi`�@
722/2` T`QTQ`iBQM�H +QMi`QH +�M #2 mb2/ �i i?2 o"b iQ +Q``2+i 7Q` MQ/�H /Bbim`#�M+2b rBi?BM
2�+? 722/2`X h?2 +QMi`QHH2`b +�M #2 bi`�B;?i7Q`r�`/Hv 2ti2M/2/ iQ So TQr2` b2i@TQBMib �b
r2HH #v `2KQpBM; i?2 2M2`;v@�r�`2 �/DmbiK2Mi Q7 i?2 ;�BMb BM i?2 BMi`�@722/2` +QMi`QHH2`X

h?2 +QMi`QHH2` ;�BMb +�M #2 +?Qb2M bQ �b iQ 2Mbm`2 T2`7Q`K�M+2 �M/ bi�#BHBiv �M/ bBKm@
H�iBQM `2bmHib p�HB/�i2 i?2 2z2+iBp2M2bb Q7 i?2 `2�H@iBK2 +QMi`QH i2+?MB[m2 BM h�bF 9 UTH2�b2-
b22 #2HQrVX h?2 T`Q+2bb 7Q` +?QQbBM; +QMi`QHH2` ;�BMb Bb /2b+`B#2/ M2ti,
a2H2+iBQM Q7 AMi`�@622/2` *QMi`QHH2` :�BMb

h?2 BMi`�@722/2` +QMi`QHH2` ;�BMb r2`2 b2H2+i2/ QTiBK�HHv mbBM; �M �TT`Q�+? bBKBH�` iQ
bi�M/�`/ HBM2�` [m�/`�iB+ `2;mH�iQ` UGZ_VX 6B`bi- i?2 ri? b2i Q7 .1_b UBM 6B;X 9#V r�b
KQ/2H2/ �b � o" rBi? � }`bi Q`/2` H�; τr �M/ � /2H�v Tdr- rBi? i?2 i`�Mb72` 7mM+iBQM UbBKBH�`
iQ (jd) 7Q` 2t�KTH2V,

V (s) =
e−Tdrs

τrs+ 1
UkV

h?Bb KQ/2H r�b 7Q`K2/ #v i�FBM; MQi2 Q7 i?2 7QHHQrBM; 7�+ib, iV h?2 .1_b i?�i +QKTQb2 �
o" im`M QMfQz UTQbbB#HvV b2[m2MiB�HHv- �M/ i?2`2 �`2 2H2+i`QMB+ �M/ K2+?�MB+�H +QKTQM2Mib
U2X;X- `2H�vV T`2b2Mi BMbB/2 2�+? o"- #Qi? Q7 r?B+? +QMi`B#mi2 iQ � M2i H�; τrc iiV h?2`2

R3



�`2 +QKKmMB+�iBQM /2H�vb U;2M2`�HHv Q7 i?2 Q`/2` Q7 kyy KbV #2ir22M i?2 ?2�/ MQ/2 Q7 i?2
722/2` �M/ 2�+? o" (j3- jN)- �M/ /2H�vb �bbQ+B�i2/ rBi? /Bb�;;`2;�iBM; i?2 +QMi`QH bB;M�H BMiQ
/2pB+2@H2p2H bB;M�Hb mbBM; i?2 QTiBKBx�iBQM@#�b2/ �TT`Q�+? (9y)X h?2 /2H�vb r2 +QMbB/2`2/ BM
i?2 o" KQ/2H r2`2 #Qi? i?2b2 ivT2b Q7 /2H�vb HmKT2/ iQ;2i?2`X "�b2/ QM ivTB+�H Q#b2`p2/
b2`p2` +QKKmMB+�iBQM iBK2b �M/ i?2 /2pB+2@H2p2H QTiBKBx�iBQM bQHp2@iBK2b- r2 �bbmK2/ #Qi?
i?2 iBK2 /2H�vb �M/ i?2 H�;b iQ #2 H2bb i?�M kyy Kb 7Q` /2bB;MX

hQ /2bB;M i?2 T`QTQ`iBQM�H ;�BMb- r2 �bbmK2 i?�i i?2 722/2` Bb �z2+i2/ #v MQ/�H BMD2+iBQMb
i?�i �`2 biQ+?�biB+X h?Bb Bb `2�bQM�#H2 bBM+2 bQH�` So �M/ /2K�M/ ~m+im�iBQMb �`2 ivTB+�HHv
`�M/QKX h?2 Q#D2+iBp2 Bb i?2M iQ `2/m+2 i?2 2z2+i Q7 i?2b2 BMD2+iBQMb QM /2pB�iBM; i?2 ?2�/@
MQ/2 TQr2` 7`QK i?2 2+QMQKB+ `272`2M+2X �Hi2`M�iBp2Hv- r2 +�M i`2�i i?2 `272`2M+2 bB;M�H
Bib2H7 �b biQ+?�biB+ �M/ `2/m+2 i?2 bi�M/�`/ /2pB�iBQM Q7 i?2 i`�+FBM; 2``Q`X hQ /Q i?�i- }`bi-
i?2 bvbi2K Bb HBM2�`Bx2/ #v HBM2�`BxBM; i?2 �* TQr2` ~Qr 2[m�iBQMb �#Qmi �M QT2`�iBM; TQBMi
b2i #v i?2 6PGX h?Bb /QM2 #v }M/BM; i?2 b2MbBiBpBiv Q7 i?2 ?2�/ MQ/2 �+iBp2 TQr2` Q7 i?2
722/2` iQ i?2 �+iBp2 TQr2` BMD2+iBQM �i i?2 T�`iB+mH�` MQ/2b r?2`2 i?2 .1_b �`2 bBim�i2/X
h?2 iBK2@/2H�vb BM i?2 i`�Mb72` 7mM+iBQM UkV r2`2 B;MQ`2/ /m`BM; i?2 +QKTmi�iBQM Q7 i?2 ;�BMb
#mi r2`2 �++QmMi2/ 7Q` #v /2bB;MBM; ;�BMb BM bm+? � r�v i?�i i?2 ;�BM@+`QbbQp2` 7`2[m2M+v
Q7 i?2 QT2M@HQQT bvbi2K- Q` i?2 #�M/rB/i? Q7 i?2 +HQb2/@HQQT bvbi2K UrBi?Qmi /2H�vbV- Bb
H2bb i?�M 1/5Td,K�t- r?2`2 Td,K�t Bb i?2 K�tBKmK iBK2 /2H�v BM i?2 bvbi2KX 1z2+iBp2Hv- i?Bb
2Mbm`2b i?�i i?2 /2H�v@7`22 bvbi2K �M/ i?2 /2H�v2/ bvbi2K #2?�p2 bBKBH�`HvX h?2M- �bbmKBM;
i?�i i?2 bvbi2K Bb 2t+Bi2/ #v x2`Q@K2�M rB/2@b2Mb2 bi�iBQM�`v :�mbbB�M BMTmib- r2 KBMBKBx2
i?2 bmK Q7 i?2 p�`B�M+2 Q7 i?2 2``Q`- Pe- /2MQi2/ #v σ2

Pe
- �M/ � r2B;?i2/ bmK Q7 i?2 p�`B�M+2b

Q7 i?2 +QMi`QH BMTmib iQ 2�+? o"- Pu1- . . . - Pun- /2MQi2/ #v σ2
Pu1

- XXX- σ2
Pun

`2bT2+iBp2Hv,

minK σ2
Pe
(K) +

∑n
r=1 ρrσ

2
Pur

(K), UjV

r?2`2 K = [ K1 K2 . . . Kn ]"X >2`2- σPe(K) �M/ σPur(K) �`2 `2H�i2/ iQ i?2 bi�M/�`/
/2pB�iBQM Q7 i?2 `272`2M+2 pB� i?2 H2@MQ`K Q7 i?2 i`�Mb72` 7mM+iBQM Q7 i?2 +HQb2/@HQQT bvbi2K-
�M/ iQ i?2 ;�BMb Kr i?`Qm;? i?2 Gv�TmMQp 2[m�iBQM- AΣ + ΣA" + BB" = 0- r?2`2 A,B
�`2 bvbi2K bi�i2 K�i`B+2b �M/ Σ Bb i?2 bi�i2 +Qp�`B�M+2 K�i`BtX a22 (9R) 7Q` /2i�BHbX ρr > 0
Bb � +QMbi�Mi T2M�Hiv T�`�K2i2` i?�i r2 /2bB;M iQ #2 BMp2`b2Hv T`QTQ`iBQM�H iQ i?2 TQr2`
+�T�+Biv Q7 i?2 ri? o"X h?Bb T2M�HBx2b TQr2` 2ti`�+iBQM 7`QK o"b i?�i ?�p2 � HQr2` +�T�+Biv
iQ T`QpB/2 TQr2` QmiTmi- i?mb `2bmHiBM; BM � +QMbi`�BMi@�r�`2 +QMi`QHH2`X AM Qm` /2bB;M-
r2 mb2/ � p�Hm2 Q7 ρr ≈ 6X h?2 �#Qp2 MQMHBM2�` QTiBKBx�iBQM T`Q#H2K r�b bQHp2/ mbBM;
i?2 "`Qv/2MĜ6H2i+?2`Ĝ:QH/7�`#Ĝa?�MMQ �H;Q`Bi?K (9k) BM a+BSvǶb KBMBKBx2 (9j)X h?2 bQHp2
iBK2 7Q` QTiBKBxBM; 2�+? BMi`�@722/2` +QMi`QH bvbi2K r�b �`QmM/ Ryy@kyy Kb Ur?B+? Bb bK�HH-
+QMbB/2`BM; i?�i Bi M22/b iQ #2 bQHp2/ QMHv �`QmM/ 2p2`v R@8 KBMmi2b B7 i?2 6PG +?�M;2b
ahG b2i@TQBMib Q` r?2M iQTQHQ;v +?�M;2bVX
a2H2+iBQM Q7 AMi2`@622/2` *QMi`QHH2` :�BMb h?2 BMi2`@722/2` SA +QMi`QHH2` ;�BMb Kp �M/
Ki r2`2 b2H2+i2/ #v KBMBKBxBM; i?2 b2iiHBM; iBK2 ts Q7 i?2 Qp2`�HH bvbi2K `2bTQMb2- bm#D2+i
iQ bi�M/�`/ T?�b2 K�`;BM SJ > 40◦X h?Bb Bb /QM2 #2+�mb2 � ?B;? T?�b2 K�`;BM 2Mbm`2b
i?�i i?2 bvbi2K `2K�BMb `Q#mbi iQ o" 7�BHm`2- r?BH2 � HQr b2iiHBM; iBK2 Q7 H2bb i?�M � KBMmi2
2Mbm`2b i?�i �Mv H�`;2 /Bbim`#�M+2 Bb [mB+FHv `2D2+i2/ #27Q`2 i?2 QTiBK�H /BbT�i+?2` T`QpB/2b
M2r b2i@TQBMib iQ o"b 2p2`v KBMmi2X hQ /Q i?Bb- }`bi- i?2 Qp2`�HH bvbi2K Bb HBM2�`Bx2/ BM

RN



i?2 b�K2 K�MM2` �b 7Q` i?2 AMi`�@722/2` +QMi`QHH2` /2bB;MX h?2M- i?2 7QHHQrBM; QTiBKBx�iBQM
T`Q#H2K Bb bQHp2/ iQ }M/ Kp �M/ Ki,

minKp,Ki ts
bX iX SJ > 40◦

U9V

r?2`2 ts Bb i?2 b2iiHBM; iBK2 Q7 i?2 2MiB`2 +HQb2/@HQQT bvbi2K /m2 iQ i?2 `2bTQMb2 iQ � bi2T
BMTmi �TTHB2/ �i ∆P2+QM-M2i �M/ SJ Bb i?2 T?�b2 K�`;BM Q7 i?2 QT2M@HQQT i`�Mb72` 7mM+iBQM
7`QK Pe,M2i iQ Ph,M2iX h?Bb MQMHBM2�` QTiBKBx�iBQM T`Q#H2K r�b bQHp2/ mbBM; � ;HQ#�H KBMB@
KBx�iBQM "�bBM@>QTTBM; �H;Q`Bi?K (99) BM a+BSvǶb KBMBKBx2 (9j)X h?2 bQHp2 iBK2 r�b �`QmM/
8 b Ur?B+? Bb `2�bQM�#H2 +QMbB/2`BM; i?�i i?Bb QTiBKBx�iBQM M22/b iQ #2 T2`7Q`K2/ �#Qmi
2p2`v 8 KBMVX

hQ T2M�HBx2 i?2 2ti`�+iBQM Q7 TQr2` 7`QK 722/2`b rBi? HQr2` +�T�+Biv iQ T`QpB/2 TQr2`-
i?2 BMi2`@722/2` ;�BMb Kfi �`2 +?Qb2M BM T`QTQ`iBQM iQ i?2 iQi�H +�T�+Biv Q7 i?2 722/2` rBi?
r?B+? i?2v �`2 �bbQ+B�i2/X A7 i?2 722/2` i ?�b � ?B;?2` +�T�+Biv- Kfi Bb �bbB;M2/ � ?B;?2`
p�Hm2- �M/ B7 Bi ?�b � HQr2` +�T�+Biv- Kfi Bb �bbB;M2/ � HQr2` p�Hm2X aT2+B}+�HHv- Kfi = P i/P -
r?2`2 P i Bb i?2 TQr2` +�T�+Biv Q7 i?2 ii? 722/2`- �M/ P Bb i?2 iQi�H TQr2` +�T�+Biv Q7 �HH
722/2`bX �HbQ- i?2 �MiB@rBM/mT ;�BM Kw r�b b2i iQ mMBiv iQ 2Mbm`2 � b�iBb7�+iQ`v T2`7Q`K�M+2
/m`BM; `2+Qp2`v 7`QK o" b�im`�iBQMX h�bF 9 BM+Hm/2b p�HB/�iBQM Q7 i?2 �#Qp2 K2i?Q/QHQ;v
7Q` BMi2`@H�v2`- `2�H@iBK2 +Q``2+iBp2 +QMi`QH Q7 o"X
JBH2biQM2b /2HBp2`2/,

Ç J Uah@RXkXRV _QQi@K2�M@b[m�`2 i`�+FBM; 2``Q` 7Q` bi2T �M/ `�KT `2bTQMb2b U�7i2` i`�MbB2Mib ?�p2
bm#bB/2/V Qp2` � 8@R8 KBMmi2 T2`BQ/

Ç J Uah@RXkXkV _QQi@K2�M@b[m�`2 i`�+FBM; 2``Q` 7Q` bi2T �M/ `�KT `2bTQMb2b mM/2` `2�HBbiB+ 7Q`2+�bi
+QM/BiBQMb U�7i2` i`�MbB2Mib ?�p2 bm#bB/2/V Qp2` � 8@R8 KBMmi2 T2`BQ/

h�bF k, 622/2` PT2`�iBQM�H G�v2` U6PGV
AM u2�` R- i?2 ;Q�H Q7 h�bF k r�b irQ@7QH/, RV /2p2HQT T`QQ7@Q7@+QM+2Ti /Bbi`B#miBQM bvbi2K
bi�i2 2biBK�iBQM U.aa1V �M/ kV /2p2HQT /2i2`KBMBbiB+ PS6 7Q`KmH�iBQM 7Q` mM#�H�M+2/ �*
/Bbi`B#miBQM 722/2`bX h?2 `2�bQM iQ Tm`bm2 i?2 .aa1 r�b iQ 2M/Qr i?2 PS6 rBi? KQ/2H 722/@
#�+F iQ 2M�#H2 � bBKTHB}2/- #mi �++m`�i2 T`2/B+iBp2 7Q`KmH�iBQM 7Q` QTiBKBxBM; i?2 /BbT�i+?
Q7 +QMiBMmQmb o" �M/ So BMp2`i2` �bb2ib UBMM2`@HQQT- JkXRXjVX AM �//BiBQM- r2 /2p2HQT2/
� MQp2H pQHi�;2@TQbBiBQMBM; 7`�K2rQ`F iQ K�tBKBx2 pQHi�;2 K�`;BMb QM � bHQr2` iBK2b+�H2
rBi? H2;�+v K2+?�MB+�H �bb2ib UJkXRX9VX AM u2�` k- h�bF k b?B7i2/ 7Q+mb 7`QK /2i2`KBMBbiB+
iQ biQ+?�biB+ 7Q`KmH�iBQMb iQ �++QmMi 7Q` BMi`�@?Qm`Hv bQH�` So 7Q`2+�biBM; 2``Q`b- i?2`2#v
BKT`QpBM; `2HB�#BHBivX

h?2 F2v +?�HH2M;2 rBi? h�bF k r�b i?2 7�+i i?�i i?2 mM/2`HvBM; T?vbB+b 7Q` �M mM#�H�M+2/
/Bbi`B#miBQM M2irQ`F `2[mB`2/ /2p2HQTK2Mi Q7 M2r QTiBK�H TQr2` ~Qr `QmiBM2b �M/ K2i?Q/bX
h?2 KQ/2H Q7 �M mM#�H�M+2/ 722/2` Bb BMi`Q/m+2/ M2ti �M/ mb2/ BM #Qi? .aa1 �M/ PS6
`QmiBM2b T`2b2Mi2/ 7m`i?2` #2HQrX

ky



JQ/2HBM; mM#�H�M+2/ 722/2`b
:Bp2M � `�/B�H- j@T?�b2 722/2` rBi? MQ/�H b2i N = {1, 2, . . . , N} Q7 r?B+? � bm#b2i ?�p2
.1_b �ii�+?2/ G = {1, 2, . . . , G} ⊆ N - �M/ b2i Q7 #`�M+?2b L = {1, 2, . . . , L} = {(m,n)} ⊂
(N ×N )- i?2 T?vbB+b Q7 j@T?�b2 �* TQr2` ~Qrb �`2 ;Bp2M #v i?2 bi�M/�`/ 2[m�iBQMb (98),

0 =Wn(t)−Wm(t) + (Sl(t)Z
∗
l + ZlSl(t))− ZlIl(t)Z

∗
l ∀l ∈ L U8�V

0 =/B�;(Sl(t)− ZlIl(t)−
∑

p

Sp(t)) + SM2i
n (t) ∀l ∈ L U8#V

[
Wn(t) Sl(t)
Sl(t)∗ Il(t)

]
=

[
Vn(t)
il(t)

] [
Vn(t)
il(t)

]∗
∀l ∈ L U8+V

0 =`2�H{SM2i
n (t)− Sa

n(t) + SG
n(t)}− P #

n (t) ∀n ∈ G U8/V
0 =BK�;{SM2i

n (t)− Sa
n(t) + SG

n(t)} ∀n ∈ G U82V

AM U8V- U8�V `2H�i2b i?2 pQHi�;2 /`QT BM i?2 M2irQ`F rBi? i?2 #`�M+? TQr2` ~Qrb- U8#V
`2T`2b2Mib i?2 TQr2` #�H�M+2 2[m�iBQM �i 2�+? MQ/2 r?B+? 2Mbm`2b i?�i i?2 TQr2` 2Mi2`BM; �
MQ/2 2[m�Hb i?2 TQr2` H2�pBM;- �M/ U8+V Bb i?2 MQM@HBM2�` TQr2` ~Qr +QMbi`�BMi i?�i `2H�i2b
pQHi�;2b �M/ +m``2Mib iQ M2r K�i`Bt p�`B�#H2b Wn(t)- Il(t) �M/ Sl(t)X AM U8/V �M/ U82V- i?2
�+iBp2 �M/ `2�+iBp2 MQ/�H TQr2` #�H�M+2 2[m�iBQMb �`2 /2}M2/X

6B;m`2 8, .Bbi`B#miBQM avbi2K ai�i2 1biBK�iBQMX UG27iV h?2 MQp2H .aa1 bmTTQ`ib i?2 6PG �M/ 2M�#H2/
KQ/2H@#�b2/ 722/#�+F 7Q` i?2 PS6@#�b2/ /BbT�i+? Q7 o" �M/ So BMp2`i2`bX h?2 .aa1 T`Q#H2K +QMbBbi Q7
� oQHi�;2 1biBK�iQ` U.aa1@o1- JkXRXRV �M/ hQTQHQ;v 1biBK�iQ` U.aa1@h1- JkXkXRV iQ /2+QKTQb2 i?2
7mHH KBt2/@BMi2;2` MQM+QMp2t 2biBK�iBQM T`Q#H2K BMiQ irQ bBKTH2` bm#@T`Q#H2KbX U_B;?iV h?2 2biBK�iBQM
2``Q` 7`QK /2i2`KBMBbiB+ .a11@o1 �TTHB2/ iQ i?2 A111 Rkj@MQ/2 i2bi M2irQ`F b?QrBM; i?�i N8W Q7 pQHi�;2
2biBK�i2b ?�p2 2``Q`b #2HQr RX8WX

h�bF kXR @ PT2`�iBQM � _2�H@iBK2 *QQ`/BM�iBQM Q7 .2i2`KBMBbiB+ 6PG
h?2 ;Q�H Q7 h�bF kXR Bb irQ 7QH/, RV /2p2HQT � .aa1 K2i?Q/QHQ;v 7Q` mM#�H�M+2/ M2irQ`Fb
iQ /2i2+i iQTQHQ;v +?�M;2b �M/ 2biBK�i2 M2irQ`F bi�i2b U2X;X- pQHi�;2b- +m``2Mib- �M/ HBM2
HQbb2bV �M/ kV mb2 i?2 HBM2 HQbb2b iQ 2M�#H2 b+�H�#H2 PS6 7Q`KmH�iBQM BM 6PG 7Q` /BbT�i+?BM;
+QMi`QHH�#H2 ;`B/ `2bQm`+2bX hQ �+?B2p2 i?2 7Q`K2`- r2 /2p2HQT2/ � .aa1 �H;Q`Bi?K �b �
MQMHBM2�` MQM@+QMp2t r2B;?i2/ H2�bi@b[m�`2 QTiBKBx�iBQM T`Q#H2K i?�i 7mb2b K2�bm`2K2Mib

kR



Q7 pQHi�;2 K�;MBim/2 U2X;X- 7`QK µSJl Q` .1_b Q` �JAV �M/ pQHi�;2 T?�b2 U2X;X- 7`QK
µSJlV �i �#Qmi RyW Q7 MQ/2b rBi? a*�.� U7Q` TQr2`@~Qrb- pQHi�;2 K�;MBim/2V- �JA
UTQr2` BMD2+iBQMbV- �M/ ?BbiQ`B+�H /�i� U2X;X- 2biBK�i2/ HQ�/ T�ii2`MbV iQ 2biBK�i2 pQHi�;2
T?�bQ`b �i �HH MQ/2bX h?2 .aa1 pQHi�;2 2biBK�iBQM T`Q#H2K rBi? KBt2/ K2�bm`2K2Mib Bb
;Bp2M #v

V̂ = argmin
V

∑

i∈MS

(
hSi(V )− Ŝi

)2
σ−1
S +

∑

i∈Mv

(hVi(V )− V m
i )2 σ−1

i UeV

+
∑

i∈M|v|

(
h|Vi|(V )− |Vi|m

)2
σ−1
|i|

bm#D2+i iQ, |V | ∈ [0.5, 1.5], ∠V ∈ [−π,π],

r?2`2 7mM+iBQMb h(.)i(V ) K�T 2biBK�i2/ pQHi�;2b V iQ UTb2m/QV K2�bm`2/ T�`�K2i2` (.) �i
MQ/2 i �M/ S, V m, |V |m `2T`2b2Mi MQBbv Tb2m/Q@K2�bm`2K2Mi /�i� 7`QK �JAfa*�.� UrBi?
?B;?@p�`B�M+2V- `2�H@iBK2 pQHi�;2 T?�bQ`- �M/ `2�H@iBK2 pQHi�;2 K�;MBim/2 /�i� UrBi? HQr
p�`B�M+2V- `2bT2+iBp2HvX

Ç 6Q` i?2 /2i2`KBMBbiB+ +�b2 Q7 i?2 .aa1Ƕb oQHi�;2 1biBK�iQ` Ub22 6B;X 8V- r2 i2bi2/ i?2
�H;Q`Bi?K QM irQ i2bi@722/2`b, RV � bBM;H2@T?�b2 jj@#mb `�/B�H /Bbi`B#miBQM 722/2` UJ�h@
SPq1_ i2bi+�b2V- �M/ kV �M A111 Rj@#mb i?`22@T?�b2 mM#�H�M+2/ /Bbi`B#miBQM 722/2`X
h?2 MQ/2 pQHi�;2 2biBK�iBQM 2``Q`b r2`2 rBi?BM R@jW 7Q` Qp2` N8W Q7 i?2 b�KTH2b 7Q` �
bmKK2` KQMi? T2`BQ/- r?B+? 2t+22/b i?2 8W bT2+ b2iX h?2 :JGǶb TQr2` `272`2M+2 7Q`
i?2 722/2` Bb T`QpB/2/ iQ 6PG- r?B+? 2KTHQvb i?2 .aa1 iQ T`QpB/2 2biBK�i2/ bi�i2b Q7
i?2 M2irQ`FX h?2b2 bi�i2b �`2 mb2/ iQ BM7Q`K i?2 6PGǶb BMM2`@HQQT PS6 7Q`KmH�iBQMb Q7
HBM2 HQbb2b i?�i 2M�#H2 �++m`�i2 i`�+FBM; Q7 b�B/ `272`2M+2 pB� .aa1Ƕb 722/#�+FX

6B;m`2 e, oQHi�;2 TQbBiBQMBM; BM i?2 6PGX UG27iV h?2 6PGǶb Qmi2`@HQQT UPGV Bb +�bi �b � pQHi�;2 TQbBiBQMBM;
UoSV T`Q#H2K- r?B+? 2KTHQvb � +QMp2t KQ/2H iQ K�tBKBx2 pQHi�;2 K�`;BMb ;Bp2M �M 2tT2+i2/ 2+QMQKB+
722/2` TQr2` i�`;2i 7`QK i?2 :JG �M/ p�HB/�i2/ rBi? :`B/G�#@. U:G.VX U_B;?iV oQHi�;2 K�`;BMb �`2
`2T`2b2Mi2/ �b i?2 KBMBKmK /Bbi�M+2 7`QK � MQKBM�H `�M;2 [V , V ] iQ Vmin �M/ VmaxX

Ç "27Q`2 QTiBKBxBM; o"b �M/ So BMp2`i2`b rBi? i?2 6PGǶb BMM2`@HQQT- r2 M22/ iQ b+?2/mH2
/Bb+`2i2 �bb2ib }`bi �b b?QrM BM 6B;X eX h?Bb Bb �++QKTHBb?2/ rBi? i?2 6PGǶb MQp2H pQHi�;2
TQbBiBQMBM; UoSV Qmi2` HQQT 7Q`KmH�iBQM i?�i bQHp2b � KmHiB@T2`BQ/ Uj@Rk ?Qm`Hv T2`BQ/b
�?2�/V K2+?�MB+�H �bb2i b+?2/mHBM; T`Q#H2KX h?2 oS 7Q`KmH�iBQM 2KTHQvb � HBM2�`Bx2/

kk



i?`22@T?�b2 722/2` KQ/2H i?�i K�tBKBx2b pQHi�;2 K�`;BMb UBX2X- `Q#mbiHv TQbBiBQM pQHi�;2bV
r?BH2 i`�+FBM; � ?2�/MQ/2 TQr2` `272`2M+2 r?BH2 KBMBKBxBM; i?2 miBHBx�iBQM Q7 ~2tB#H2 o"
�M/ So BMp2`i2` `2bQm`+2bX h?2 oS 7Q`KmH�iBQM Bb ;Bp2M #v i?2 #2HQr,

min
V,qTp,pp#

(P0 − P:JG
0 )2 + (Q0 −Q:JG

0 )2 + ρ
∑

i

(
(pp#

i )2 + (qTp
i )2

)
+ ρV

∑

i

Vb,i Ud�V

bXiX HBM2�` TQr2` ~Qr `2H�iBQMb UGSV Ud#V
#`�M+? TQr2` ~Qr HBKBib UGSV Ud+V
/Bb+`2i2fH2;�+v �bb2i +QMbi`�BMib UJ+*Q`KB+F- JAaP*SV Ud/V
+QMiBMmQmbf`2bTQMbBp2 �bb2i +QMbi`�BMib UaP*SV Ud2V
− Vb,i + V i ≤ Vi ≤ V i + Vb,i Ud7V
Vmin,i ≤ Vi ≤ Vmax,i Ud;V
Vb-i ≥ 0 Ud?V

r?2`2 � HBM2�` TQr2` ~Qr Bb 2KTHQv2/ r?B+? Bb bmBi�#H2 /m2 iQ i?2 HQM;2` T`2/B+iBQM
?Q`BxQM �M/ bHQr2` U?Qm`HvV iBK2b+�H2X h?2 }`bi irQ i2`Kb BM i?2 Q#D2+iBp2 Ud�V i`�+F
i?2 :JGǶb �+iBp2 �M/ `2�+iBp2 TQr2` b2iTQBMib �i i?2 ?2�/@MQ/2 P:JG

0 , Q:JG
0 X h?2 i?B`/

i2`K KBMBKBx2b i?2 mb2 Q7 `2�+iBp2 TQr2` 7`QK bQH�` So �M/ o" `2bQm`+2b qSo
i , po"

i X h?2
H�bi i2`K T2M�HBx2b i?2 pQHi�;2 bH�+F Vb,i iQ K�tBKBx2 pQHi�;2 K�`;BMbX h?2 T�`�K2i2`b
ρ �M/ ρV �`2 +?Qb2M bQ �b iQ �+?B2p2 � i`�/2@Qz #2ir22M miBHBxBM; ~2tB#BHBiv iQ TQbBiBQM
pQHi�;2 +HQb2 iQ MQKBM�H Q` miBHBx2 i?2 pQHi�;2 bH�+F �M/ T`BQ`BiBx2 i?2 ~2tB#H2 `2bQm`+2b
7Q` i?2 6PGǶb BMM2` HQQTX h?2 /Bb+`2i2 H2;�+v �bb2ib `2T`2b2Mi #BHBM2�` +QMbi`�BMib UJA@
LGSV i?�i +�M #2 `2H�t2/ rBi? J+*Q`KB+F iQ JAaP*S- r?B+? Bb �HbQ i?2 7Q`KmH�iBQM 7Q`
+QMiBMmQmb `2bTQMbBp2 �bb2ib- HBF2 So BMp2`i2`bX AM �//BiBQM- iQ K�F2 i?2 oS 7Q`KmH�iBQM
i`�+i�#H2 7Q` H�`;2` M2irQ`Fb rBi? KQ`2 /Bb+`2i2 �bb2ib- o" ~2tB#BHBiv po"

i +�M #2 QKBii2/
7`QK i?2 oS T`Q#H2K- r?B+? `2KQp2b i?2 o"Ƕb i2KTQ`�H +QmTHBM; Q7 +QMbi`�BMibX
AM u2�` R- r2 ?�/ iQ p�HB/�i2 i?2 oS T2`7Q`K�M+2 7Q` � M2irQ`F rBi? >Ryy MQ/2b iQ
rBi?BM 8W Q7 QTiBK�H bQHmiBQM BM H2bb i?�M jyy b2+QM/b rBi? /27�mHi KBt2/@BMi2;2` bQHp2`
b2iiBM;b r?BH2 b�iBb7vBM; �HH +QMbi`�BMibX hQ �++QKTHBb? i?Bb- r2 `27Q`KmH�i2/ i?2 oS
Q#D2+iBp2 mbBM; +QMp2t QTiBKBx�iBQM i2+?MB[m2b iQ +`2�i2 � JAaP*S 7Q`KmH�iBQMX h?2
MQp2H 7Q`KmH�iBQM �HHQrb i?2 pQHi�;2b iQ /2pB�i2 7`QK MQKBM�H U2X;X- RXyTmV #v � T`2@
/2}M2/ M�``Qr `�M;2 U2X;X- ±yXykTmV �M/ T2M�HBx2b bQHmiBQMb i?�i �`2 #2vQM/ i?�i H2p2H
UBX2X- i?2 pQHi�;2 K�`;BM Bb MQr � T`B+2/ `2bQm`+2 BM i?2 6PG Qmi2`@HQQT oS T`Q#H2KVX
aBM+2 i?2 mb2 Q7 `2�+iBp2 TQr2` �bb2ib ?2HTb K�M�;2 pQHi�;2b- i?2`2 Bb � M�im`�H i`�/2@
Qz #2ir22M pQHi�;2 /2pB�iBQMb 7`QK MQKBM�H �M/ i?2 mb2 Q7 `2�+iBp2 TQr2` `2bQm`+2b-
bQ r2 T`B+2/ `2�+iBp2 TQr2` `2bQm`+2b �b r2HHX q2 +�Tim`2 i?Bb i`�/2@Qz BM i?2 oS #v
+QMbB/2`BM; i?2 b2MbBiBpBiv Q7 pQHi�;2 /2pB�iBQMb �M/ `2�+iBp2 TQr2` BMD2+iBQMb BM /2bB;MBM;
� ǳM�``Qr@2MQm;?Ǵ `�M;2 Q7 �++2Ti�#H2 /2pB�iBQMbX AM v2�` R- r2 p�HB/�i2 i?2 7Q`KmH�iBQM
QM A111@Rkj MQ/2 M2irQ`F �M/ i?2 JAaP*S bQHp2/ BM H2bb i?�M dy b2+QM/b rBi? yW
+QMbi`�BMi pBQH�iBQMb �M/ rBi? H2bb i?�M � 8W QTiBK�HBiv ;�T- r?B+? K2i i?2 ;Q�Hb �M/
b�iBb}2/ i?2 `2HB�#BHBiv K2i`B+bX

kj



Ç h?2 K2+?�MB+�H b+?2/mH2 Bb bmTTHB2/ iQ i?2 6PGǶb MQp2H BMM2` HQQT UAGV- r?B+? 2HBKBM�i2/
/Bb+`2i2 p�`B�#H2b �M/ i?2 AG +�M i?2M bQHp2 � +QMiBMmQmb mM#�H�M+2/ �* PS6 iQ QTiBKBx2
i?2 /BbT�i+? Q7 i?2 o"b iQ i`�+F i?2 :JGǶb bmTTHB2/ TQr2` `272`2M+2X h?Bb Bb �++QKTHBb?2/
#v bQHpBM; � KmHiB@T2`BQ/ Ui2M iQ i?B`iv R@8@KBMmi2 T2`BQ/bV PS6 /BbT�i+? iQ �++QmMi
7Q` i2KTQ`�H +QmTHBM; BM/m+2/ #v 2M2`;v /vM�KB+b BM i?2 o"bX Ai Bb BKTQ`i�Mi i?�i
i?2 bQHmiBQM Bb ;QQ/ UBX2X- +HQb2 iQ QTiBK�HBiv Q` < 5% QTiBK�HBiv ;�TV �M/ T?vbB+�HHv
K2�MBM;7mH iQ 2Mbm`2 i?�i i?2 BKTH2K2Mi2/ /BbT�i+? /Q2b MQi pBQH�i2 �LaA HBKBib QM
pQHi�;2b- i?2`2#v K�BMi�BMBM; bvbi2K `2HB�#BHBivX AM �//BiBQM- Bi b?QmH/ #2 +QKTmi�iBQM�HHv
2{+B2Mi bBM+2 r2 rQmH/ HBF2 iQ `2T2�i2/Hv bQHp2 AG PS6 2p2`v KBMmi2 Q` bQ iQ mT/�i2 o"
b2i@TQBMib ;Bp2M i?2 iBK2b+�H2 Q7 bQH�` So p�`B�#BHBivX h?mb- � MQp2H irQ@bi�;2 aP*S@LGS
7Q`KmH�iBQM r�b /2p2HQT2/ 7Q` i?2 6PGǶb BMM2` HQQT iQ T2`7Q`K b2i@TQBMi QTiBKBx�iBQM 7Q`
o"b �M/ So BMp2`i2`b rBi?BM � 722/2`X
LQi2 i?�i i?2 aP*S bQHmiBQM K�v MQi #2 T?vbB+�HHv `2�HBx�#H2 /m2 iQ i?2 MQM@x2`Q /m�HBiv

;�T BM +QMp2t `2H�t�iBQM- bQ � r�`K@bi�`i LGS QTiBKBx�iBQM Bb BMBiB�HBx2/ rBi? i?2 aP*S
bQHmiBQM �M/ bQHp2/ 7Q` `2�+iBp2 TQr2` b2i@TQBMibX h2bi bBKmH�iBQMb �`2 +QM/m+i2/ QM j@
T?�b2 KQ/2H Q7 A111 Rkj@MQ/2 i2bi bvbi2K rBi? p�HB/�iBQM T2`7Q`K2/ mbBM; :`B/G�#@.X h?2
bBKmH�iBQM `2bmHib +QM}`K i?2 LGS QTiBKBx�iBQM bQHmiBQM #v T`Q/m+BM; K�i+?BM; `2bmHibX
h?2 aP*S@LGS QTiBKBx�iBQM �H;Q`Bi?K i�F2b QM �p2`�;2 �#Qmi RR b2+QM/b iQ bQHp2 BM iQi�H-
r?B+? Bb r2HH #2HQr i?2 ey b2+ bQHp2 iBK2 `2[mB`2K2MiX h?2 QTiBK�HBiv ;�T #2ir22M i?2
aP*S �M/ LGS r�b 7QmM/ iQ #2 H2bb i?�M 8WX �b i?2 aP*S QTiBK�H p�Hm2 Bb � HQr2` #QmM/
iQ i?2 ;HQ#�H QTiBKmK- i?2 Q#i�BM2/ bQHmiBQM rBHH #2 rBi?BM 8W Q7 i?2 ;HQ#�H QTiBKmKX
6`QK p�HB/�iBQM rBi? :`B/G�#@. U:G.V- i?2 Q#i�BM2/ QTiBK�H bQHmiBQM K�i+?2b rBi? i?2
bBKmH�iBQM `2bmHib �M/ Bb 7QmM/ iQ #2 rBi?BM i?2 72�bB#BHBiv #QmM/bX h?Bb T`2HBKBM�`v 2pB/2M+2
r�b BKTQ`i�Mi 7Q` i?2 T`QD2+i �b Bi b?Qr2/ i2+?MB+�H 72�bB#BHBiv Q7 i?2 6PGǶb mM#�H�M+2/ PS6
rBi? b�iBb7�+iBQM Q7 `2HB�#BHBiv K2i`B+bX

6B;m`2 d, UG27iV h?2 6PGǶb BMM2`@HQQT UAGV Bb +�bi �b � irQ@bi�;2 aP*S@LGS T`Q#H2K- r?2`2 i?2 aP*S
?�M/H2b KmHiB@T2`BQ/ `2H�t2/ p2`bBQM Q7 i?2 �*PS6 �M/ T�bb2b i?2 bQHmiBQM iQ i?2 LGS iQ r�`K@bi�`i #mi
}t2b i?2 LGSǶb o" �+iBp2 TQr2` b2i@TQBMib Up∗V- bQ i?2 LGS +�M 7Q+mb QM QTiBKBxBM; i?2 i?2 `2�+iBp2 TQr2`
b2i@TQBMib Uq∗∗) Q7 So BMp2`i2`b iQ F22T pQHi�;2b rBi?BM HBKBibX LQi2 i?�i i?2 +?�M+2 +QMbi`�BMi Bb i?2 Qmi+QK2
Q7 u2�` k rQ`F QM `Q#mbi 2ti2MbBQM �M/ Bb /2b+`B#2/ H�i2`X U_B;?iV h?2 M2r aP*S@LGS +QK#BM�iBQM 2Mbm`2b
2{+B2Mi +QKTmi�iBQM �M/ ;m�`�Mi22b T?vbB+�H �/KBbbB#BHBiv Q7 i?2 bQHmiBQMX

JBH2biQM2b /2HBp2`2/,
Ç J Uah@kXRXRV ai�i2 1biBK�iQ` pQHi�;2b /m`BM; � QM2@KQMi? T2`BQ/ BM � bmKK2` KQMi? 7Q` �p2`�;2/

T2`@T?�b2 p�Hm2b

k9



Ç J Uah@kXRXjV aQHp2 KmHiB@T2`BQ/ URk@k9 ?Qm`Hv T2`BQ/bV K2+?�MB+�H �bb2i b+?2/mHBM; T`Q#H2K 7Q` i?`22@
T?�b2 722/2` KQ/2H rBi? =Ryy MQ/2b U2�+? rBi? � T�`�K2i`Bx2/ pB`im�H #�ii2`v `2T`2b2MiBM; �`QmM/
Ry@ky /2pB+2bV iQ rBi?BM 8W Q7 QTiBK�H bQHmiBQM rBi? /27�mHi :l_P"A UQ` QT2M@bQm`+2 "PLJALV
KBt2/@BMi2;2` bQHp2` r?BH2 b�iBb7vBM; �HH +QMbi`�BMibX

Ç J Uah@kXRX9V aQHp2 KmHiB@T2`BQ/ Ui2M iQ i?B`iv R@8@KBMmi2 T2`BQ/bV QTiBK�H ahG 2H2K2Mi /BbT�i+? iQ
rBi?BM 8W Q7 QTiBK�H bQHmiBQM QM � bi�M/�`/ H�TiQT rBi? /27�mHi :l_P"A UQ` bmBi�#H2 QT2M@bQm`+2
bQHp2`bV b2iiBM;b BM bmBi�#H2 iBK2 �M/ p2`B7v i?�i i?2 QTiBK�H /BbT�i+? Bb T?vbB+�HHv `2�HBx�#H2 rBi?
`2bT2+i iQ `2H2p�Mi ;`B/ +QMbi`�BMib i?`Qm;? T?vbB+�H bBKmH�iBQM Q7 bQHmiBQM QM i?`22@T?�b2 mM#�H�M+2/
bvbi2KX

h�bF kXk @ lM+2`i�BMiv@�r�`2 QTiBKBx�iBQM 7Q` 6PG
6Q` h�bF kXk- u2�` k ;2M2`�HHv 7Q+mb2/ QM `Q#mbiM2bb �;�BMbi mM+2`i�BMiv BM i2`Kb Q7 i?2
M2irQ`F iQTQHQ;v U7Q` i?2 .aa1V �M/ bQH�` So 7Q`2+�bi U7Q` i?2 6PGǶb PS6VX h?Bb 2Mbm`2b
� `Q#mbi PS6 7`�K2rQ`F BM � T`�+iB+�H b2iiBM;X

Ç 6Q` i?2 .aa1 iQ `2K�BM `Q#mbi iQ mM+2`i�BMiv BM i?2 722/2` iQTQHQ;v- r2 M22/2/ iQ
/2p2HQT i?2 .aa1@h1 b?QrM BM 6B;X 8UG27iVX h?2 .aa1@h1 2KTHQv2/ � HBM2�`Bx2/- j@
T?�b2 TQr2` ~Qr KQ/2H �M/ � FMQrM b2i Q7 TQbbB#H2 iQTQHQ;B2b UbBM+2 i?2 brBi+? HQ+�iBQMb
�`2 FMQrM � T`BQ`BVX aBM+2 i?2 TQbbB#H2 �/KBii�M+2 K�i`B+2b r2`2 FMQrM #27Q`2 ?�M/- �
iBK2@p�`vBM; HQ�/ T`Q}H2 r�b +QK#BM2/ rBi? i?2 /Bz2`2Mi M2irQ`F iQTQHQ;B2b iQ +`2�i2 � b2i
Q7 b+2M�`BQb QM r?B+? i?2 iQTQHQ;vfpQHi�;2 2biBK�iQ` Bb p�HB/�i2/X LQi2 i?�i i?2 MmK#2`
Q7 TQbbB#H2 iQTQHQ;B2b Bb HBKBi2/ 7Q` � bBM;H2 722/2`- r?B+? F22Tb i?2 MmK#2` Q7 b+2M�`BQb
bK�HHX � b2MbQ` T`Q}H2 r�b B/2MiB}2/ 7Q` 2�+? Q7 i?2 i2bi 722/2`b r?B+? /2i2+ib iQTQHQ;v
+?�M;2b rBi? RyyW �++m`�+v Ua22 6B;- 3UhQTVV �M/ Bi +QmH/ #2 b?QrM i?�i QM2 pQHi�;2
K2�bm`2K2Mi T2` mMB[m2 BbH�M/ Bb bm{+B2Mi iQ ;m�`�Mi22 T2`72+i Qmi�;2 /2i2+iBQMX aBM+2
i?2 .aa1@h1 T2`7Q`K2/ `�i?2` r2HH- i?2 +QK#BM2/ iQTQHQ;v �M/ pQHi�;2 .aa1 �+?B2p2/
2biBK�iBQM 2``Q`b #2HQr yX8W 7Q` N8W Q7 �HH pQHi�;2 K�;MBim/2b 7Q` i?`22 /Bz2`2Mi i2bi@
bvbi2Kb b?QrM BM 6B;X 3- r?B+? b�iBb}2b i?2 T`QD2+iǶb `2[mB`2K2Mi Q7 ≥ 99% Q#b2`p�#BHBivX
LQi2 i?�i bBM+2 i?2 MmK#2` Q7 brBi+?2b Bb ;2M2`�HHv Km+? bK�HH2` i?�M i?2 MmK#2` Q7
MQ/2b �M/ r2 HBF2Hv Dmbi M22/ i?2 b�K2 MmK#2` Q7 b2MbQ`b UHQ+�i2/ M2�` i?2 brBi+?2b �M/
K2�bm`BM; pQHi�;2 �M/ SfZ TQr2` ~QrbV- i?2 7Q`KmH�iBQM +�M b+�H2 r2HHX

Ç AM u2�` k- r2 r�Mi2/ iQ 7Q+mb QM `Q#mbiB7vBM; #Qi? i?2 6PGǶb BMM2` �M/ Qmi2` HQQTbǶ
PS6b iQ �++QmMi 7Q` bQH�` So- i?2`2#v BKT`QpBM; `2HB�#BHBivX >Qr2p2`- i?2 6PGǶb Qmi2`
HQQT i?�i bQHp2b � K2+?�MB+�H �bb2i JAS b+?2/mHBM; T`Q#H2K iQ K�tBKBx2 pQHi�;2 K�`;BMb
Bb �H`2�/v `Q#mbi #v M�im`2 Q7 K�tBKBxBM; pQHi�;2 K�`;BMbX h?mb- Bi #2+�K2 +H2�` 7`QK
bBKmH�iBQM `2bmHib- b22 7Q` 2t�KTH2 6B; NUiQTV- i?�i QMHv i?2 BMM2`@HQQT M22/2/ iQ #2 K�/2
`Q#mbi �;�BMbi mM+2`i�BMiB2bX

Ç "�b2/ QM i?2 2tT2`B2M+2 rBi? i?2 6PGǶb Qmi2`@HQQT- r2 /2+B/2/ iQ �// +?�M+2 +QMbi`�BMib
iQ i?2 6PGǶb BMM2` HQQT PS6 7Q`KmH�iBQM �b b?QrM BM 6B;X dX h?2 K2i?Q/QHQ;v b?QmH/
2Mbm`2 i?�i �Mv bQHmiBQM #2 T?vbB+�HHv `2�HBx�#H2 QM j@T?�b2 722/2` KQ/2H rBi? pQHi�;2
�M/ #`�M+? +QMbi`�BMibX oQHi�;2 Q` +m``2Mi pBQH�iBQMb b?QmH/ #2 bK�HH U< 1W- < 10W-
`2bT2+iBp2Hv 7Q` pQHi�;2 �M/ +m``2MibV �M/ bi`B+iHv i2KTQ`�`v U< 10 KBMmi2bVX h?2 �T@
T`Q�+? r2 iQQF r�b iQ mb2 i?2 .aa1 iQ /2i2`KBM2 i?2 M2irQ`FǶb bi�i2 �M/ 7`QK i?�i
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6B;m`2 3, UhQTV .aa1@h1 /2i2+i2/ iQTQHQ;v rBi? RyyW �++m`�+v BM #Qi? H27i �M/ `B;?i M2irQ`F b+2M�`BQbX
U"QiiQKV *QK#BM2/ .aa1@h1@o1 pQHi�;2 2biBK�i2b rBi? H2bb i?�M yX8W 2``Q` 7Q` N8W Q7 2biBK�i2bX

2biBK�i2- HBM2�`Bx2 i?2 j@T?�b2 PS6 �M/ �// �//BiBQM�H HBM2�` +QMbi`�BMib i?�i 2z2+iBp2Hv
iB;?i2Mb i?2 pQHi�;2 #QmM/bX h?Bb �TT`Q�+? Bb T`�;K�iB+ #mi � HBiiH2 H2bb 2H2;�Mi i?�M
i?2 HBi2`�im`2 QM biQ+?�biB+ PS6X >Qr2p2`- i?2 �TT`Q�+? Bb +QKTmi�iBQM�HHv 2z2+iBp2 �M/
/Q2b MQi T2`im`# i?2 irQ@bi�;2 aP*SYLGS 7Q`KmH�iBQMbX

Ç q2 +�M MQr 7Q`KmH�i2 i?2 }M�H `Q#mbi- KmHiB@T2`BQ/ aP*S QTiBKBx�iBQM T`Q#H2K bQHp2/ BM
i?2 6PGX 6B`bi- +QMbB/2` i?2 Q#D2+iBp2 7mM+iBQM i?�i i`�+Fb i?2 :JGǶb +QKTmi2/ 2+QMQKB+
TQr2` i�`;2ib 7Q` i?2 ?2�/@MQ/2 U�+iBp2 P:JGV- iQi�H o"b U�+iBp2 Rf V- �M/ iQi�H bQH�` So
U�+iBp2 P g

f �M/ `2�+iBp2 Qg
f V �M/ `2/m+2b iQi�H HBM2 HQbb2b- B7 TQbbB#H2- rBi? ε bK�HHX

f1(x) :=
∑

t∈T




(
L1(t) + P:JG(t)−

∑

n∈N
`2�H{SM2i

n (t)}
)2

+ α

(
Rf (t)−

∑

n∈N
P #
n (t)

)2

+β

(
P ;
f (t)−

∑

n∈N
`2�H{Sa

n(t)}
)2

+ γ

(
Q;

f (t)−
∑

n∈N
BK�;{Sa

n(t)}
)2

+ ε
∑

l∈L
1#/B�;(Rl ◦ Il(t))



 .

h?2 }`bi i2`K BM f1(x) `2T`2b2Mib i?2 6PGǶb i`�+FBM; Q7 i?2 :JGǶb +QKTmi2/ 722/2`
?2�/@MQ/2 TQr2` `272`2M+2 P:JG rBi? L1(t) = L0(t)+

∑
n∈N ζn∆pn(t) #2BM; � }`bi@Q`/2`

�TT`QtBK�iBQMb Q7 i?2 iQi�H 722/2` HBM2 HQbb2b- L0(t) Bb i?2 HQbb 2biBK�i2/ 7Q` i?2 QT2`�iBM;
TQBMi �i iBK2 t- �M/ ζn∆pn(t) `2T`2b2Mib i?2 +?�M;2 BM iQi�H 722/2` HQbb2b /m2 iQ i?2
+?�M;2 BM �+iBp2 TQr2` BMD2+iBQM �i MQ/2 nX h?2 7�+iQ`b ζn `2T`2b2Mi i?2 b2MbBiBpBiv BM
722/2` HQbb2b /m2 iQ +?�M;2b BM �+iBp2 TQr2` BMD2+iBQMb �M/ �`2 bBKBH�` iQ i?2 TQr2` i`�Mb72`
/Bbi`B#miBQM 7�+iQ`b USh.6bV i?�i �`2 Q7i2M mb2/ BM i`�MbKBbbBQM bvbi2K �M�HvbBb (9d)X h?2

ke



6B;m`2 N, _Q#mbi aP*SYLGS 7Q` 6PGX UhQT `QrV *QKT�`BM; i?2 /2i2`KBMBbiB+ oS 7Q`KmH�iBQM 7`QK UdV
UhQT H27iV �;�BMbi irQ /Bz2`2Mi `Q#mbi 7Q`KmH�iBQMb UmM/2` �bbmK2/ :�mbbB�M �M/ lMBKQ/mH�` 7Q`2+�bi 2``Q`
�bbmKTiBQMb- b22 (9e)V 7Q` � keR@MQ/2 `2/m+2/ P_l M2irQ`F 7Q` � 7mHH /�v rBi? T2�F bQH�` So ;2M2`�iBQM
�`QmM/ MQQMX *H2�`Hv- �HH �`2 `Q#mbi iQ i?2 mM+2`i�BMivX aQ i?2`2 Bb MQ `2�bQM iQ +?�M;2 i?2 /2i2`KBMBbiB+
oS 7Q`KmH�iBQMX UJB//H2 G27iV 6Q` i?2 keR@MQ/2 `2/m+2/ M2irQ`F- r2 b22 .2i2`KBMBbiB+ BMM2`@HQQT pQHi�;2
T`Q}H2c UJB//H2 `B;?iV oQHi�;2 T`Q}H2 7Q` i?2 `Q#mbi BMM2`@HQQT rBi? iB;?i2M #QmM/- r?B+? Bb �`QmM/ yXykTm BM
i?Bb +�b2c U"QiiQK H27iV LQ/�H pQHi�;2b Qp2` ey bBKmH�i2/ iBK2@bi2Tb b?Qr i?�i i?2`2 �`2 HBiiH2 iQ MQ pQHi�;2
pBQH�iBQMb �M/ i?�i i?2 `Q#mbi 7Q`KmH�iBQM rQ`Fbc U"QiiQK `B;?iV bQHp2 iBK2b �`2 +QMbBbi2MiHv 7�bi Qp2` �
ey@iBK2bi2T ?Q`BxQM �M/ bB;MB}+�MiHv b?Q`i2` i?�M i?2 eyb i?�i �`2 `2[mB`2/ BM aPSP U"QiiQK `QrVX

kd



h�#H2 R, *QMi`QH p�`B�#H2b mb2/ BM i?2 6PG �M/ :JG 7Q`KmH�iBQMbX
o�`B�#H2 ivT2 o�`B�#H2b
6PG +QMi`QH p�`B�#H2b P #

n Uo"V- Sa
n USoV- V +

p,n- V −
p,n

:JG +QMi`QH p�`B�#H2b P:JG- Rf Uo"V- P ;
f USoV- Q;

f USoV

b2+QM/ i2`K 2Mbm`2b i`�+FBM; Q7 i?2 :JGǶb T`QpB/2/ o" TQr2` `272`2M+2 Rf 7Q` 722/2` f X
h?2 i?B`/ i2`K i`�+Fb i?2 :JGǶb T`QpB/2/ bQH�` So TQr2` `272`2M+2 P ;

f - i?2 7Qm`i? i2`K
i`�+Fb i?2 :JGǶb T`QpB/2/ `2�+iBp2 TQr2` `272`2M+2 Q;

f �M/ i?2 }M�H i2`K �//BiBQM�HHv
KBMBKBx2b 722/2` HQbb2bX h?Bb Q#D2+iBp2 Bb mb2/ iQ 7Q`KmH�i2 i?2 `Q#mbi aP*S,

min
x

f1(x) + η
∑

t∈T

N∑

n=1

1T(Vp,n(t)
+ + Vp,n(t)

−) U3�V

s.t.

U8�V, U8#V, U8/V, U82V, U3#V
Bn(t+ 1) = Bn(t)− P #

n (t)∆t ∀n ∈ G, U3+V
∥∥∥∥

2Wn(t)(i, j)

Wn(t)(i, i)−Wn(t)(j, j)

∥∥∥∥
2

≤ Wn(t)(i, i) +Wn(t)(j, j), U3/V
∥∥∥∥

2Il(t)(i, j)

Il(t)(i, i)− Il(t)(j, j)

∥∥∥∥
2

≤ Il(t)(i, i) + Il(t)(j, j), U32V
∥∥∥∥

2Sl(t)(i, j)

Wn(t)(i, i)− Il(t)(j, j)

∥∥∥∥
2

≤ Wn(t)(i, i) + Il(t)(j, j), U37V

|/B�;(Sl(t))| ≤ L#,l(t,αG,Σ) ∀l ∈ L, U3;V
V #,n(t,αp,Σ)− V −

p,n(t) ≤ /B�;(Wn(t)) ≤ V #,n(t,αp,Σ) + V +
p,n ∀n ∈ N , U3?V

|Sa
n(t)| ≤ S#,n(t,αb,Σ) ∀n ∈ G, U3BV

BKBM,n ≤ Bn(t) ≤ BK�t,n ∀n ∈ G, U3DV
PKBM,n ≤ P #

n (t) ≤ PK�t,n ∀n ∈ G U3FV

7Q` �HH t ∈ T - r?2`2 Vp,n(t)+ �M/ Vp,n(t)− `2T`2b2Mi i?2 bH�+F p�`B�#H2b i?�i �`2 �//2/
iQ 2Mbm`2 T2`bBbi2Mi 72�bB#BHBiv 7Q` i?2 mTT2` �M/ HQr2` pQHi�;2 #QmM/b- `2bT2+iBp2Hv- �M/
rBi? η >> 1X AM2[m�HBiB2b U3BV-U3DV- �M/ U3FV #QmM/b i?2 �TT�`2Mi TQr2` Q7 bQH�` So
BMp2`i2`b- bi�i2 Q7 +?�`;2 UaQ*V- �M/ �+iBp2 TQr2` /BbT�i+?- `2bT2+iBp2HvX h?2 `2H�iBQM
#2ir22M i?2 #�ii2`v aQ* �M/ o" TQr2` Bb ;Bp2M #v U3+V �M/ U3/V@U37V �`2 � +QMp2t `2@
H�t�iBQM Q7 i?2 MQMHBM2�` U8+VX h?2 αG@`Q#mbi #QmM/ 7Q` �TT�`2Mi HBM2 ~Qrb Bb ;Bp2M #v
L#,l(t,αG,Σ) := SK�t,l − λG(αG,Σ, Sl(t)∗)- r?BH2 i?2 αp@`Q#mbi pQHi�;2 #QmM/b �`2 ;Bp2M
#v V #,n(t,αp,Σ) := V 2

K�t,n−λp(αp,Σ,Wn(t)∗)- V #,n(t,αp,Σ) := V 2
KBM,n+λp(αp,Σ,Wn(t)∗)X

aBKBH�`Hv- �TT�`2Mi bQH�` BMp2`i2` TQr2` #QmM/b +�M #2 K�/2 iB;?i2M2/ �b S#,n(t,αb,Σ) :=
GK�t,n − λb(αb,Σ, Sa∗

n (t))X h?2 p�`B�#H2 ivT2b mb2/ BM i?2 7Q`KmH�iBQM �`2 T`2b2Mi2/
BM h�#H2 RX LQi2 i?�i i?2 #QmM/b �`2 iB;?i2M2/ #v 2MiBiv λu(αu,Σ, Y ∗) := f−1(1 −

k3



αu)||ΓYΣ1/2||2 r?B+? b?Qrb i?�i i?2 iB;?i2MBM; /2T2M/b QM #Qi? i?2 QT2`�iBM; TQBMi Y ∗

�M/ i?2 bQ@+�HH2/ b�72iv 7�+iQ` 7mM+iBQM f−1(1 − αu)- r?B+? Bb /2}M2/ #v i?2 �++2Ti�#H2
T`Q#�#BHBiv H2p2HX h?2 b�72iv@7�+iQ` 7mM+iBQM 7Q` i?2 mMBKQ/�H /Bbi`B#miBQM Bb #QmM/2/ #v
� iB;?i BMM2` �M�HviB+�H �TT`QtBK�iBQM,

f−1(1− αu) <

(
1− αu
eαu

)1/1.95

.

6Q` /2i�BHb QM α �M/ λ- TH2�b2 b22 (9e- j8)X

Ç 6Q` i?2 `Q#mbi LGS 7Q`KmH�iBQM BM i?2 6PG- r2 ?�p2 i?2 7QHHQrBM; Q#D2+iBp2 7mM+iBQM-
r?B+? i�F2b �b BMTmi i?2 bQHmiBQM 7`QK i?2 aP*S �M/ KBMBKBx2b,

f2(x(t)) := (Q;
f (t)−

∑

n∈N

BK�;{Sa
n(t)})2 + ε

L∑

l=1

1T/B�;(Rl ◦ Il(t)),

�M/ QMHv QTiBKBx2b Qp2` i?2 6PGǶb +QMi`QHH�#H2 `2�+iBp2 TQr2` b2i@TQBMib �M/ P #∗
n ∈ R|φ|

Bb i?2 QTiBK�H �+iBp2 TQr2` BMD2+iBQM Q7 i?2 o" �i MQ/2 n Q#i�BM2/ 7`QK i?2 aP*SX

Ç h?Bb ;Bp2b mb i?2 7QHHQrBM; LGS 7Q`KmH�iBQM,

min
x

f2(x(t)) + η
N∑

n=1

1T
(
Vp,n(t)

+ + Vp,n(t)
−) UN�V

bm#D2+i iQ, U8�V− U82V UN#V
(P #∗

n )2 + (q#
n(t))

2 ≤ H2
K�t,n ∀n ∈ G UN+V

|/B�;(Sl(t))| ≤ L#,l(t,αG,Σ) ∀l ∈ L UN/V
V #,n(t,αp,Σ)− V −

p,n(t) ≤ /B�;(Wn(t)) ≤ V #,n(t,αp,Σ) + V +
p,n(t) ∀n ∈ N

UN2V
|Sa

n(t)| ≤ S#,n(t,αb,Σ) ∀n ∈ G UN7V

r?2`2 U8�V@U82V `2T`2b2Mib i?2 MQMHBM2�` TQr2` ~Qr 2[m�iBQMb �M/ UN+V `2T`2b2Mib i?2 o"
�TT�`2Mi TQr2` +QMbi`�BMi rBi? P #∗

n ∈ R|φ| #2BM; i?2 QTiBK�H �+iBp2 TQr2` BMD2+iBQM Q7
i?2 o" �i MQ/2 n Q#i�BM2/ 7`QK i?2 biQ+?�biB+ aP*S U3VX h?mb- i?2 6PGǶb BMM2` HQQT
Bb i?2 +QK#BM�iBQM Q7 i?2 `Q#mbi- KmHiB@T2`BQ/ aP*S 7Q`KmH�iBQM BM U3V �M/ i?2 `Q#mbi-
iBK2@/2+QmTH2/ LGSb BM UNVX

Ç AM 6B;X N- i?2 `Q#mbi aP*S@LGS T2`7Q`K�M+2 Bb BM/B+�iBp2 Q7 b+�H2 �M/ +QKTH2i2b /2HBp@
2`�#H2X

JBH2biQM2b /2HBp2`2/
Ç J Uah@kXkXRV J�BMi�BM ?B;?@H2p2H Q7 Q#b2`p�#BHBiv mM/2` mM2tT2+i2/ bm//2M +?�M;2b BM i?2 M2irQ`F-

/m2 iQ HBM2 brBi+?BM;- 7�mHib �M/fQ` Qmi�;2b QM bK�HH M2irQ`F /2p2HQT2/ BM ah@9XRX9X

kN



Ç J Uah@kXkXkV aQHp2 KmHiB@T2`BQ/ URk@k9 ?Qm`Hv T2`BQ/bV K2+?�MB+�H �bb2i JAS b+?2/mHBM; T`Q#H2K iQ
rBi?BM 8W Q7 QTiBK�H bQHmiBQM QM � bi�M/�`/ H�TiQT r?BH2 �++QmMiBM; 7Q` biQ+?�biB+ M2i@HQ�/b BM i?2
bK�HH@+�b2 bvbi2K /2p2HQT2/ BM bm#i�bF 9XRX9X h?Bb BMpQHp2b �i H2�bi 8y i?`22@T?�b2 MQ/2b 7Q` i?2
722/2`X

Ç J Uah@kXkXjV h?2 bQHmiBQM b?QmH/ #2 T?vbB+�HHv `2�HBx�#H2 QM mM#�H�M+2/- `2�HBbiB+ 722/2` KQ/2H Q7
KQ`2 i?�M k8y i?`22@T?�b2 MQ/2b rBi? pQHi�;2 �M/ #`�M+? +QMbi`�BMibX oQHi�;2 Q` +m``2Mi pBQH�iBQMb
b?QmH/ #2 bK�HH UI RW- IRyW- `2bT2+iBp2Hv 7Q` pQHi�;2 �M/ +m``2MibV �M/ bi`B+iHv i2KTQ`�`vX

h�bF j, :`B/ J�`F2i G�v2` U:JGV
h?2 ;Q�H Q7 i?2 :JG Bb iQ QTiBKBx2 ~2tB#BHBiv Q7 /Bbi`B#miBQM@H2p2H �;;`2;�i2/ .1_b iQ
DQBMiHv T�`iB+BT�i2 BM i?2 haP@H2p2H 2M2`;v �M/ �M+BHH�`v b2`pB+2 K�`F2ibX h?Bb /2i2`KBM2b
i?2 QTiBK�H �;;`2;�i2 BMi2`�+iBQMb rBi? r?QH2b�H2 2M2`;v �M/ �M+BHH�`v K�`F2ib �b r2HH �b
722/2`@H2p2H b2i@TQBMib 7Q` i?2 6PG iQ i`�+FX AM T�`iB+mH�`- :JG b22Fb iQ `2/m+2 i?2 2M2`;v
T`Q+m`2K2Mi +Qbi BM i?2 2M2`;v K�`F2i �M/ Q#i�BM `2p2Mm2 BM i?2 �M+BHH�`v b2`pB+2 K�`F2i-
rBi? �M QTiBQM�H 7mM+iBQM iQ bBKmHi�M2QmbHv `2/m+2 T2�F /2K�M/X h?2 :JG �HbQ �++QmMib
7Q` i?2 HQbb /m2 iQ bQH�` +m`i�BHK2Mi iQ 2M+Qm`�;2 bQH�` mb�;2X

h?2 BMBiB�H B/2� 7Q` u2�` R r�b iQ /2+QKTQb2 i?2 :JG BMiQ 7�bi �M/ bHQr iBK2b+�H2b
iQ �++QmMi 7Q` /Bz2`2Mi K�`F2ib- ?Qr2p2`- i?2 2{+B2M+v Q7 i?2 /2i2`KBMBbiB+ 7Q`KmH�iBQM
Ub22 Q#D2+iBp2 7mM+iBQM BM 6B;X RyUhQTVV /B/ MQi M2+2bbBi�i2 i?2 /2+QKTQbBiBQM- bQ i?2 :JG
`2K�BM2/ �b QM2 KmHiB@iBK2b+�H2 QTiBK�H /BbT�i+? Q7 722/2` `2bQm`+2bX q2 �HbQ BMBiB�HHv
+QMbB/2`2/ � `�/B�H i`�MbKBbbBQM@bm#bi�iBQM i`�Mb7Q`K2` #�MF@722/2` M2irQ`F Q7 722/2`b �b
BM 6B;X RyU"QiiQK@`B;?iV- ?Qr2p2`- BM u2�` j i?Bb r�b `27Q`KmH�i2/ �b � K2b?2/ M2irQ`F Q7
722/2`bX

h�bFb jXR, 6Q`KmH�i2 �M/ T2`7Q`K DQBMi 2+QMQKB+ /BbT�i+? �M/ `2;mH�iBQM T`Q#@
H2K 7Q` 722/2`b
h?2 miBHBiv +�M +QQ`/BM�i2 722/2`bǶ ~2tB#H2 `2bQm`+2b �M/ mb2 i?Bb ~2tB#BHBiv iQ T�`iB+BT�i2
BM `2�H@iBK2 Q` �M+BHH�`v b2`pB+2b K�`F2ibX "v T�`iB+BT�iBQM- r2 K2�M i?2v +�M 2Bi?2` b2HH
Q` #mv 2H2+i`B+Biv iQf7`QK i?2 `2�H@iBK2 K�`F2i �M/fQ` T�`iB+BT�i2 BM �M �M+BHH�`v b2`pB+2
K�`F2i- bT2+B�HHv #v T`QpB/BM; `2b2`p2 b2`pB+2bX 6Q` 2�+? 722/2` r2 +QMbB/2` irQ TQi2MiB�H
bQm`+2 Q7 `2�H TQr2` mT/�i2b, UBV aQH�` ;2M2`�iBQM UQ` TQr2` `2bTQMb2V �M/ UBBV biQ`�;2 7`QK
o"bX Pmi+QK2 r�b T`2b2Mi2/ �i � +QM72`2M+2 (93) iQ +QKTH2i2 u2�` R :JG /2HBp2`�#H2bX

h?2 K�BM K�`F2i bB;M�Hb 7Q` i?2 :JG BM+Hm/2 #Qi? r?QH2b�H2 2M2`;v �M/ �M+BHH�`v b2`pB+2
K�`F2i T`B+2bX h?2 2M2`;v K�`F2i mbm�HHv QT2`�i2b BM � irQ@b2iiH2K2Mi K�MM2` �M/ +H2�`b
i`�Mb�+iBQMb �i irQ iBK2b+�H2b rBi? `2bT2+iBp2 T`B+2b- BX2X- /�v �?2�/ rBi? /�v@�?2�/f7Q`r�`/
T`B+2 �M/ `2�H@iBK2- mbm�HHv 8 KBMmi2b �?2�/- rBi? `2�H@iBK2fbTQi T`B+2X q2 �bbmK2 i?2
+H2�`BM; iBK2b Q7 i?2 �M+BHH�`v b2`pB+2 K�`F2i +QBM+B/2 rBi? i?2 `2�H@iBK2 K�`F2i QM � 8@KBMmi2
#�bBb- 2M�#HBM; +Q@QTiBKBx2/ +`Qbb@K�`F2i T�`iB+BT�iBQMX 6m`i?2`- i?2 :JG Bb �bbmK2/ iQ #2
� T`B+2 i�F2`- BX2X- ?�b MQ bB;MB}+�Mi 2z2+i QM T`B+2bX

Ç .�v@�?2�/ J�`F2i, h?2 /�v@�?2�/ K�`F2i `mMb 7Q` 2�+? ?Qm` Q7 i?2 M2ti /�v bBKmHi�@
M2QmbHvX h?2 :JG /2i2`KBM2b QTiBK�H ?Qm`Hv T`Q+m`2K2Mi Q7 2M2`;v BM i?2 /�v@�?2�/
K�`F2i #�b2/ QM T`2/B+i2/ ?Qm`Hv T`B+2b �M/ 722/2` bT2+B}+�iBQMb bm#D2+i iQ mM+2`i�BMiB2b

jy



6B;m`2 Ry, UhQTV .2i2`KBMBbiB+ 7Q`KmH�iBQM Q7 i?2 :JG rBi? /�v@�?2�/- `2�H@iBK2- �M/ QT2`�iBM; `2b2`p2
T`B+2b `2T`2b2MiBM; KmHiB@K�`F2i T�`iB+BT�iBQMX U"QiiQK@H27iV h?2 BMTmib �M/ QmiTmib Q7 i?2 QTiBKBx�iBQM
KQ/mH2 U"QiiQK@`B;?iV AMBiB�H `2M/2`BM; Q7 :JGǶb M2irQ`F Q7 722/2`b r�b #�b2/ QM i?2 b+?2K�iB+ Q7 i?2
P�_ �HH2M/�H2- LC bvbi2K +QKT`Bb2/ Q7 irQ H�`;2 i`�Mb7Q`K2` #�MFb 2�+? bmTTHvBM; 7Qm` 722/2`bX "�MF y
Bb +QMM2+i2/ iQ i?2 i`�MbKBbbBQM bvbi2KbX 1�+? i`�Mb7Q`K2` #�MF U#�MFb R �M/ kV ?�b �M �TT�`2Mi TQr2`
+�T�#BHBiv Q7 j8Jo� �M/ #�b2 pQHi�;2 �i eNFoX G�i2` BM i?2 T`QD2+i- r2 2KTHQv2/ i?2 LuAaP bm#i`�MbKBbbBQM
bvbi2K 7Q` i?2 6PG iQ BM+Q`TQ`�i2 Ryyb Q7 722/2` r?B+? �`2 BMi2`+QMM2+i2/ 7`QK � K2b?2/ M2irQ`F Q7
i`�Mb7Q`K2` #�MFb `�i?2` i?�M i?2 BMBiB�H `�/B�H +QM+2TiX

BM i?2 /�v@�?2�/ 7Q`2+�biX AM HB;?i Q7 i?2 TQi2MiB�H T`B+2 /Bz2`2M+2b �M/ i?2 +?�M+2 7Q`
�`#Bi`�;2 �+`Qbb bi�;2b- i?2 :JG K�v BM/22/ T`2/B+i irQ@bi�;2 T`B+2 /Bz2`2M+2b �M/ Qp2`@
Q` mM/2`@T`Q+m`2 2M2`;v iQ KBMBKBx2 M2i +QbiX

Ç _2�H@hBK2 J�`F2i, h?2 `2�H@iBK2 K�`F2i `mMb iQ Qzb2i �Mv /2pB�iBQM 7`QK i?2 /�v@�?2�/
b+?2/mH2 7Q` 2�+? 8@KBMmi2 bHQi #27Q`2 �+im�H QT2`�iBQMX h?Bb `QHHBM; K�`F2i@+H2�`BM;
BKTHB2b i?�i i?2 :JG ?�b i?2 +?�M+2 iQ mT/�i2 Bib +QKKBiK2Mi iQ T`Q+m`2 2M2`;v BM
i?2 `2�H@iBK2 K�`F2i 7Q` i?2 M2ti bHQi rBi? i?2 H�i2bi BM7Q`K�iBQM- 2X;X- `2�H@iBK2 T`B+2
T`2/B+iBQMb- �7i2` Q#b2`pBM; i?2 K�`F2i Qmi+QK2 Q7 i?2 +m``2Mi bHQiX AM/22/- i?2 :JG
mb2b � b+2M�`BQ@#�b2/ �TT`Q�+? iQ T`2/B+i 7mim`2 T`B+2b #�b2/ QM � b2i S Q7 /QKBM�Mi
b+2M�`BQb Q7 T`B+2 +?�M;2b- BX2X- ∆λrt

s (τ), τ = 1, 2, . . . , T pred, s ∈ S- rBi? `2bT2+i iQ i?2
H�i2bi T`B+2 `2�HBx�iBQM- r?2`2 T pred Bb i?2 H2M;i? Q7 T`2/B+iBQMX 6Q` BMbi�M+2- �i iBK2
t- ;Bp2M i?2 H�i2bi `2�H@iBK2 T`B+2 λrt(t − 1)- i?2 7Q`i?+QKBM; T`B+2b �`2 T`2/B+i2/ �b
λrt
s (t − 1 + τ) := λrt(t − 1) + ∆λrt

s (τ), τ = 1, 2, . . . , T pred, s ∈ SX h?2b2 b+2M�`BQ@#�b2/
T`2/B+iBQMb �`2 2ti`�+i2/ 7`QK LuAaP@#�b2/ `2�H@iBK2 T`B+2b (9N)- �M/ 6B;X RR� BHHmbi`�i2b
�M 2t�KTH2 Q7 j b+2M�`BQb Q7 T`B+2 +?�M;2b rBi? i?2 T`2/B+iBQM H2M;i? Q7 k ?Qm`b 7Q` �
T�`iB+mH�` iBK2 Q7 � /�vX

Ç �M+BHH�`v a2`pB+2 J�`F2i, q2 rBHH bT2+B}+�HHv 7Q+mb QM i?2 �M+BHH�`v b2`pB+2 Q7 8@KBM
QT2`�iBM; `2b2`p2b 7`QK LuAaPX h?2 :JG- r?BH2 T�`iB+BT�iBM; BM i?2 `2�H@iBK2 K�`F2i-
+�M bBKmHi�M2QmbHv T`QpB/2 `2b2`p2 b2`pB+2 #v i`�+FBM; /2bB;M�i2/ +QKK�M/b rBi?BM �
+QKKBii2/ #QmM/f+�T�+BivX GBF2rBb2- Bi +�M K�M�;2 �M/ mT/�i2 `2b2`p2 +QKKBiK2Mib

jR



8 KBMmi2b �?2�/ mbBM; i?2 H�i2bi BM7Q`K�iBQM- 2X;X- `2b2`p2 T`B+2 T`2/B+iBQMb- /m2 iQ i?2
`2T2�i2/Hv `QHHBM; K�`F2i QT2`�iBQMX h?2 :JG Q#i�BMb i?2 7mim`2 `2b2`p2 T`B+2 T`2/B+iBQMb
αs(τ), τ = 1, 2, . . . , T pred, s ∈ S, mbBM; i?2 b�K2 b+2M�`BQ@#�b2/ �TT`Q�+?- 2t+2Ti i?�i i?2
b+2M�`BQb �`2 /B`2+iHv /2}M2/ QM `2b2`p2 T`B+2b `�i?2` i?�M T`B+2 +?�M;2bX LQi2 i?�i /m2
iQ i?2 bi`QM; +Q?2`2M+2 #2ir22M `2�H@iBK2 T`B+2b �M/ `2b2`p2 T`B+2b- i?2 b+2M�`BQb s ∈ S
�`2 +Hmbi2`2/ DQBMiHv #�b2/ QM /�i� 7`QK LuAaP ?BbiQ`B+�H /�i�X 6B;m`2 RR# b?Qrb �M
2t�KTH2 Q7 `2b2`p2 T`B+2 b+2M�`BQb �+[mB`2/ iQ;2i?2` rBi? i?Qb2 Q7 `2�H@iBK2 T`B+2 +?�M;2b
BM 6B;m`2 RR�X
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U#V _2b2`p2 T`B+2 b+2M�`BQb

6B;m`2 RR, �M 2t�KTH2 Q7 b+2M�`BQ +Hmbi2`BM; 7Q` `2�H@iBK2 T`B+2 +?�M;2b �M/ `2b2`p2 T`B+2bX

Ç S2�F .2K�M/ *?�`;2, q2 BM+Hm/2 � :JG KQ/2 i?�i �++QmMib 7Q` T2�F /2K�M/ +?�`;2-
r?B+? �bbB;Mb � H�`;2 +Qbi iQ i?2 T2�F /2K�M/ Q++m``BM; /m`BM; � bT2+B}2/ T2`BQ/- 2X;X- �
KQMi?X h?Bb QM2@iBK2 T�vK2Mi +QKT`Bb2/ Q7 � mMBi T`B+2 r�v ?B;?2` i?�M �p2`�;2 2M2`;v
T`B+2b- 2X;X- 7Q` � Lu miBHBiv- i?2 Bb T`B+2 γ = $10, 000fJq T2` KQMi?X h?2 :JG T2�F
b?�pBM; KQ/2 �HHQrb miBHBiB2b iQ mb2 i?Bb KQ/2 iQ `2/m+2/ i?Bb bB;MB}+�Mi 2tT2M/Bim`2X

:JG 6Q`KmH�iBQM �M/ AKTH2K2Mi�iBQM, �i i?2 `2�H@iBK2 }p2@KBMmi2 iBK2b+�H2- r2 }`bi
T`QTQb2 � b+2M�`BQ@#�b2/ �TT`Q�+? iQ �++QmMi 7Q` i?2 mM+2`i�BMiv BM `2�H@iBK2 �M/ `2b2`p2
T`B+2bX *QMbB/2` � }MBi2 b2i Q7 b+2M�`BQb S Q7 i?2b2 T`B+2 b2[m2M+2b 2ti`�+i2/ 7`QK ?BbiQ`B+�H
/�i�X 6Q` � T`2/2i2`KBM2/ b2[m2M+2 `�M;2 7`QK t1 iQ tf - 2�+? b+2M�`BQ s ∈ S Bb ;Bp2M #v
s := {

(
πs,λrt

s (t),αs(t)
)
| t ∈ {t1, t2, · · · tf}}- r?2`2 πs Bb i?2 +Q``2bTQM/BM; T`Q#�#BHBiv Q7

Q++m``2M+2 rBi?
∑

s∈S πs = 1- �M/ λrt
s (t) �M/ αs(t) �`2 i?2 T`2/B+i2/ `2�H@iBK2 �M/ `2b2`p2

T`B+2b- `2bT2+iBp2HvX
� `2+2/BM; ?Q`BxQM BKTH2K2Mi�iBQM 7`�K2rQ`F Bb T`QTQb2/ iQ +QKTmi2 i?2 QTiBK�H 722/2`

/BbT�i+? i`�D2+iQ`B2b bm#D2+i iQ i?2 :JGǶb �* bm#@i`�MbKBbbBQM M2irQ`F rBi? |N | MQ/2b- �M/
|F | 722/2`bX q2 b2i � KQpBM; T`2/B+iBQM rBM/Qr 7`QK ti iQ ti + T − 1 rBi? �HH i?2 b+2M�`BQb
BM S �++QmMi2/ 7Q`X �i 2�+? iBK2 t ∈ {ti, · · · , ti + T − 1}- i?2 7QHHQrBM; +QMi`QH p�`B�#H2b
+Q``2bTQM/BM; iQ b+2M�`BQ s ∈ S �`2 +QMbB/2`2/X PM � 722/2` f - i?2 `2�H �M/ `2�+iBp2 bQH�`
;2M2`�iBQM �`2 /2MQi2/ �b P g

f,s(t) �M/ Qg
f,s(t)X h?2 o" 2M2`;v �M/ TQr2` �`2 Bf,s(t), Rf,s(t)X

�i � MQ/2 i- i?2 `2�H �M/ `2�+iBp2 MQ/�H BMD2+iBQMb �`2 /2MQi2/ �b Pi,s(t) �M/ Qi,s(t)- �M/ i?2
pQHi�;2 K�;MBim/2 �M/ T?�b2 �M;H2 �`2 vi,s(t) �M/ θi,s- `2bT2+iBp2HvX h?2 iQi�H 2M2`;v �M/
TQr2` `2b2`p2/ Q7 i?2 :JG �`2 Brsrv,s(t) �M/ Prsrv,s(t)X q2 mb2 Us iQ /2MQi2 �HH i?2 +QMi`QH

jk



p�`B�#H2b BM i?2 :JG T`Q#H2K- �M/ Bi Bb ;Bp2M #v

Us(t) :=






(
P g
f,s(t), Q

g
f,s(t), Bf,s(t), Rf,s(t)

)
, ∀f ∈ |F|,(

Pi,s(t), Qi,s(t)
)
, ∀i ∈ |N |,(

vi,s(t), θi,s
)
, ∀i ∈ |N |,(

Brsrv,s(t), Prsrv,s(t)
)





=






6PG So TQr2`- o" 2M2`;vfTQr2`
:JG MQ/�H BMD2+iBQMb
oQHi�;2 K�;MBim/2fT?�b2 �M;H2
hQi�H 2M2`;vfTQr2` `2b2`p2b

�M/ i?2 QTiBKBx�iBQM T`Q#H2K iQ #2 `2T2�i2/Hv bQHp2/ Bb

min γmax {P0,s(t)}+
∑

s∈S

πs

[
ti+T−1∑

t=ti

δt

(
λrt
s (t)(P0,s(t)−P da(t)) +λda(t)P da(t)

)]

+
∑

s∈S

πs

[
ti+T−1∑

t=ti

δt

(
−αs(t)Prsrv,s(t)+

∑

f

ff,t(P
g
f,s(t))

)]
URyV

bm#D2+i iQ
622/2` #QmM/b URRV
"�MF �TT�`2Mi TQr2` +QMbi`�BMib URkV
�M+BHH�`v b2`pB+2 +QMbi`�BMib URjV
GBM2�`Bx2/ TQr2` ~Qr KQ/2H UR9V
a+2M�`BQ +QmTHBM; +QMbi`�BMb, Us(ti) = U(ti), ∀s ∈ S UR8V

r?2`2 P0,s(t) Bb i?2 M2i /2K�M/ �+[mB`2/ BM i?2 `2�H@iBK2 K�`F2i �i iBK2 t BM b+2M�`BQ sX AM
T�`iB+mH�`- i?2 Q#D2+iBp2 URyV Bb +QKTQb2/ Q7 8 T�`ibX γmax {P0,s(t)} `2T`2b2Mib i?2 T2�F
/2K�M/ +?�`;2X λrt

s (t)(P0,s(t)−P da(t)) +λda(t)P da(t) `2T`2b2Mib i?2 iQi�H 2M2`;v 2tT2M/Bim`2
BM #Qi? /�v@�?2�/ �M/ `2�H@iBK2 K�`F2ibX h?2 `2p2Mm2 7`QK `2b2`p2 T`QpBbBQM �M/ bQH�`
+m`i�BHK2Mi T2M�Hiv �`2 �++QmMi2/ 7Q` #v αs(t)Prsrv,s(t) �M/

∑
f ff,t(P

g
f,s(t)- `2bT2+iBp2HvX

h?2 T2M�Hiv 7mM+iBQM ff,t(P
g
f ) �bbQ+B�i2/ rBi? 722/2` f �i iBK2 t �M/ Bb HBM2�`- ;Bp2M #v

ff,t(P
g
f (t)) = βf (P

max
f (t)− P g

f (t)), UReV

r?2`2 Pmax
f (t) − P g

f (t) K2�bm`2b bQH�` +m`i�BHK2Mi �M/ i?2 +QMbi�Mi +Q2{+B2Mi βf > 0 `2T@
`2b2Mib i?2 mMBi +QbiX h?2 +m`i�BHK2Mi mMBi +Qbi r�b /2i2`KBM2/ #�b2/ QM T`BQ`Biv �M/ bQH�`
+m`i�BHK2Mi Bb i?2 H�bi `2bQm`+2 iQ #2 miBHBx2/- bQ βf r�b b2i iQ � ?B;? p�Hm2 `2H�iBp2 iQ
Qi?2` T`B+2bX h?2 +QMbi`�BMi UR8V 2M7Q`+2b i?�i i?2 }`bi@bHQi /2+BbBQM p�`B�#H2b U(ti) iQ #2
BKTH2K2Mi2/ BKK2/B�i2Hv �`2 b+2M�`BQ@BMp�`B�Mi i?�i +QmTH2 �HH b+2M�`BQbX

h�bFb jXk �M/ jXj, 1ti2M/ :JG iQ biQ+?�biB+ b2iiBM; �M/ p�HB/�i2 �i b+�H2
h?2 :JG Bb 2ti2M/2/ iQ biQ+?�biB+ 7Q`KmH�iBQM #v �++QmMiBM; 7Q` RV T`B+2 bB;M�H mM+2`i�BMiv
�M/ kV bQH�` �M/ /2K�M/ mM+2`i�BMiv UJjXkXkV- i?2`2#v BKT`QpBM; bvbi2K `2HB�#BHBivX h?2
7Q`K2` Bb �++QmMi2/ 7Q` rBi? � b2i Q7 `2T`2b2Mi�iBp2 b+2M�`BQb- +Hmbi2`BM; rBi? k@K2�Mb- �M/
i?2 Q++m``2M+2 T`Q#�#BHBiB2b Q7 2�+? +Hmbi2`X h?2 bQH�` So �M/ /2K�M/ mM+2`i�BMiv �`2 �+@
+QmMi2/ 7Q` rBi? +?�M+2 +QMbi`�BMib pB� �M�HviB+�H `27Q`KmH�iBQM iQ +�bi i?2 mM+2`i�BMiv �b

jj



� +QMb2`p�iBp2 mTT2` #QmM/ QM bQH�` So +�T�+BivX aQH�` So 7Q`2+�bi 2``Q` �M�HvbBb BM7Q`Kb
p�`B�M+2 QM bQH�` So 7Q`2+�bi 2``Q`bX 6BM�HHv- � `2+2/BM;@?Q`BxQM +QMi`QH U_>*V BKTH2K2M@
i�iBQM Q7 i?2 :JG Qz2`b UpB� 722/#�+FV M�im`�H `Q#mbiM2bb iQ � b2i Q7 mMFMQrM /Bbim`#�M+2b
�M/ 2M?�M+2b `2HB�#BHBivX q2 i?2M b?Qr i?�i i?2 Q|BM2 UrBi? /2i2`KBMBbiB+ 7Q`KmH�iBQMV
QmiT2`7Q`Kb i?2 QMHBM2 UbiQ+?�biB+ _>*V BKTH2K2Mi�iBQM- �b 2tT2+i2/ bBM+2 i?2 QMHBM2 BK@
TH2K2Mi�iBQM ?�b BKT2`72+i T`2/B+iBQMb �M/ `2b2`p2b iQQ Km+? 2M2`;v 7`QK `2b2`p2 T`B+2
T`2/B+iBQM 2``Q`bX Pp2`�HH- iQ +QKTmi2 i?2 QTiBK�H `Q#mbi _>* /BbT�i+? 7Q` � bvbi2K Q7
Rk 722/2`b +QMM2+i2/ �+`Qbb � bBKTH2- `�/B�H M2irQ`F rBi? j i`�Mb7Q`K2` #�MFb i�F2b Dmbi k8
b2+QM/b- r?B+? Bb bm#bi�MiB�HHv HQr2` i?�M i?2 mTT2` i�`;2i Q7 jyy b2+QM/bX >Qr2p2`- 2p2M 7Q`
� H�`;2 bvMi?2iB+ bvbi2K Q7 Ryy3 722/2`b �+`Qbb k8k i`�Mb7Q`K2` #�MFb UJjXjXjV- i?2 `Q#mbi
_>* BKTH2K2Mi�iBQM Q7 :JG i�F2b MQ KQ`2 i?�M R3y@kjy b2+QM/b /2T2M/BM; QM K�`F2i
bB;M�H +QKTH2tBivX a22 6B;X Rk 7Q` bT2+B}+ iBK2bX

6B;m`2 Rk, o2`B7vBM; b+�H�#H2 BKTH2K2Mi�iBQM QM i?2 H�`;2 bvMi?2iB+ `�/B�H :JG bvbi2K rBi? Ryy3 722/2`b
�M/ k8k i`�Mb7Q`K2` #�MFbX ?2 K�tBKmK bQHp2 iBK2 7Q` i?2 `Q#mbi :JG Bb R3k b2+QM/b �M/ kjR b2+QM/b 7Q`
`2�H@iBK2 #�H�M+BM; �M/ `2�H@iBK2 #�H�M+BM; rBi? Ry@KBMmi2 `2b2`p2b- `2bT2+iBp2HvX

h�bF jX9, .2p2HQT +QMiBM;2M+v KQ/2 7Q` `2HB�#H2 BMi2`@722/2` /BbT�i+? �M/ T2`@
7Q`K #2M2}i �M�HvbBb
AM u2�` j- r2 +QMbmHi2/ T`QD2+i �/pBbQ`b BM TQr2` bvbi2K 2+QMQKB+b- S`Q7X "2M >Q##b 7`QK
CQ?Mb >QTFBMb lMBp2`bBiv �M/ S`Q7X *`BbiQT? q2#2` 7`QK lMBp2`bBiv Q7 .mBb#m`;@1bb2MX q2
?�p2 /BpB/2/ +QMiBM;2M+B2b `2H�i2/ iQ i?2 HQbb Q7 +`BiB+�H +QKTQM2Mib BM 2Bi?2` i`�MbKBbbBQM
Q` /Bbi`B#miBQM M2irQ`FbX AM �//BiBQM- i?2 BMi2`@ �M/ BMi`�@H�v2` +QMi`QHH2`b `2T`2b2Mi �MQi?2`
7Q`K Q7 +QMiBM;2M+v KQ/2b i?�i �`2 `2H2p�Mi iQ +v#2`@+QKTQM2Mib Q7 i?2 ;`B/- BM+Hm/BM; T�`ib
Q7 i?2 T`QTQb2/ +v#2`@BM7`�bi`m+im`2 U2X;X- o" /BbT�i+? �M/ `2;mH�iBQMVX

h?2 7QHHQrBM; irQ `2[mB`2K2Mib /2}M2 i?2 T`BQ`BiB2b Q7 i?2 :JG BM +QMiBM;2M+v QT2`�@
iBQM iQ K�BMi�BM `2HB�#H2 /BbT�i+?, RV _2b2`p2 +QKKBiK2Mi �M/ 2M/ mb2`b �`2 Q7 i?2 ?B;?@
2bi T`BQ`Biv- K2�MBM; i?�i +QMiBM;2M+v `2bTQMb2 M22/b iQ 2Mbm`2 i?�i i?2 :JG Bb �Hr�vb
�#H2 iQ T`QpB/2 i?2 /2bB`2/ �KQmMi Q7 `2b2`p2 QM+2 +�HH2/ mTQM rBi?Qmi b?2//BM; �Mv HQ�/-
i?2`2#v BKT`QpBM; `2HB�#BHBivc �M/ kV h?2 :JG rBHH K�BMi�BM 2+QMQKB+ 2{+B2M+v r?2M2p2`
`2@/BbT�i+?BM; i?2 722/2` QT2`�iBQM �M/ BMi2`�+iBM; rBi? i?2 i`�MbKBbbBQM 2M2`;v K�`F2i
i?`Qm;? i?2 `2+2/BM; ?Q`BxQM +QMi`QHX

AM �++Q`/�M+2 rBi? i?2 `2HB�#BHBiv `2[mB`2K2Mib B/2MiB}2/ �#Qp2- r2 B/2MiB7v QM2 Q7
i?2 KQbi i?`2�i2MBM; +QMiBM;2M+B2b iQ #2 �M Qmi�;2/ Q` QmiTmi@+QMbi`�BM2/ 722/2`- r?B+?
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�#`mTiHv `Q#b i?2 :JG Q7 T�`iB�H bQH�` ;2M2`�iBQM �M/fQ` pB`im�H #�ii2`v +�T�+BivX h?2
+QMiBM;2M+v@b2+m`2 KQ/2 Q7 :JG Bb /2bB;M2/ iQ ?2/;2 �;�BMbi i?2 7�BHm`2 iQ `2@/BbT�i+?
722/2`b �M/ ;m�`�Mi22 i?2 T2`bBbi2Mi :JG QT2`�iBQM rBi? i?2 `2+2/BM; ?Q`BxQM +QMi`QH- 7QH@
HQrBM; i?2 mM2tT2+i2/ Q++m``2M+2 Q7 � 722/2` HQbbX q2 �/QTi i?2 `Q#mbi i2+?MB[m2 Q7 N − 1
+QMiBM;2M+v +QMbi`�BMib iQ 2Mbm`2 i?�i 2p2M B7 �M �`#Bi`�`v 722/2` Bb HQbi- i?2 `2K�BMBM;
722/2`b K�BMi�BM i?2 �#BHBiv iQ K�BMi�BM `2HB�#H2 bvbi2K QT2`�iBQM �M/ HBp2 mT iQ i?2 `2b2`p2
+QKKBiK2Mib K�/2 2�`HB2`X

h?2 +QMiBM;2M+v@b2+m`2 KQ/2 Bb 7Q`KmH�i2/ #2HQr i?`Qm;? � KBMQ` KQ/B}+�iBQM K�/2
iQ i?2 `2b2`p2 +QKKBiK2Mi +QMbi`�BMibX JQ`2 bT2+B}+�HHv- r2 T`QTQb2 � N − 1 +QMiBM;2M+v
+QMbi`�BMib QM i?2 QT2`�iBQM Q7 pB`im�H #�ii2`B2b

∑

f ′ &=f

Bf ′(t) ≥ B`b`p(t), ∀f, URdV

iQ `2TH�+2 i?2 Q`B;BM�H +QMbi`�BMi,
∑

f Bf (t) ≥ B`b`p(t)- r?2`2 Bf (t) Bb i?2 2M2`;v QM 722/2` f
�M/ B`b`p(t) Bb i?2 iQi�H 2M2`;v `2b2`p2bX h?2 M2r N − 1 +QMiBM;2M+v +QMbi`�BMi URdV `2[mB`2b
i?�i ;Bp2M �Mv 722/2` Qmi�;2- i?2 iQi�H pB`im�H #�ii2`v bi�i2@Q7@+?�`;2 Q7 i?2 `2K�BMBM; 722/@
2`b b?QmH/ biBHH #2 �#H2 iQ T`QpB/2 i?2 K�tBKmK TQbbB#H2 +�HH2/ `2b2`p2 B`b`p(t)X AM Qi?2`
rQ`/b- i?2 `2b2`p2 +QKKBiK2Mib K�/2 2�`HB2` rBHH +QMiBMm2 iQ #2 `2�HBx�#H2 7Q` +QMiBM;2M+B2b
+QMbBbiBM; Q7 QM2 722/2` HQbbX

h?2 +QMiBM;2M+v@b2+m`2 KQ/2 T`2T�`2b i?2 :JG 7Q` TQi2MiB�H +QMiBM;2M+B2b Q7 �M �`@
#Bi`�`v 722/2` Qmi�;2 �M/ 2M?�M+2b Bib `2HB�#BHBiv BM i2`Kb Q7 K�BMi�BMBM; T�`iB+BT�iBQM BM
#Qi? i?2 2M2`;v �M/ �M+BHH�`v b2`pB+2 K�`F2ibX q2 7m`i?2` T`QTQb2 � T`�+iB+�H +QMiBM;2M+v@
`2+Qp2`v K2+?�MBbK 2M+Q/2/ BM i?2 `2+2/BM; ?Q`BxQM BKTH2K2Mi�iBQM i?�i BKK2/B�i2Hv `2@
bTQM/b iQ i?2 Q++m``2M+2 Q7 � +QMiBM;2M+v �M/ ;`�/m�HHv `2+Qp2`b i?2 :JG iQ i?2 +QMiBM;2M+v@
b2+m`2 +QM/BiBQM #v i�FBM; Qp2` i?2 `2@/BbT�i+? Q7 722/2`b BM i?2 BMi2`BKX am+? � K2+?�MBbK
T`QpB/2b � ?QHBbiB+ +QMiBM;2M+v bQHmiBQM 7Q` :JG, }`bi- mTQM � +QMiBM;2M+v- i?2 bT�`2 2M@
2`;v biQ`2/ BM i?2 pB`im�H #�ii2`B2b /m2 iQ i?2 +QMb2`p�iBp2 2M7Q`+2K2Mi Q7 URdV Bb `2H2�b2/
iQ K�BMi�BM i?2 +�T�#BHBiv Q7 7mH}HHBM; �H`2�/v@K�/2 `2b2`p2 +QKKBiK2Mibc b2+QM/- T`QKTi
bi2Tb �`2 K2�Mr?BH2 i�F2M iQ `2biQ`2 i?2 +QMiBM;2M+v@b2+m`2 KQ/2 bm+? i?�i i?2 :JG Bb
`2�/v 7Q` �Mv TQbbB#H2 7QHHQr@mT +QMiBM;2M+B2bX

h?2 +QMiBM;2M+v@b2+m`2 KQ/2 Bb /2KQMbi`�i2/ i?`Qm;? � QM2@/�v :JG `mM rBi? � bBKm@
H�i2/ +QMiBM;2M+v �i iBK2 bHQi R3eX 6B;X RjUG27iV +QKT�`2b i?2 irQ i`�D2+iQ`B2b Q7 i?2 BMi2`7�+2
TQr2` P0(t) Q7 i?2 :JG rBi? i?2 i`�MbKBbbBQM M2irQ`F K�`F2i mM/2` i?2 +QMiBM;2M+v@b2+m`2
KQ/2 rBi? �M/ rBi?Qmi i?Bb +QMiBM;2M+vX JQ`2 2tTHB+BiHv- i?2 /Bz2`2M+2 #2ir22M i?2 irQ
i`�D2+iQ`B2b Ur KBMmb rfQV Bb �HbQ THQii2/ i?2`2BMX h?2 bm#iH2 /Bz2`2M+2 bm;;2bib i?�i i?2
+QMiBM;2M+v@b2+m`2 KQ/2 biQ`2b 2MQm;? #�+FmT 2M2`;v BM i?2 pB`im�H #�ii2`B2b iQ �++QKKQ@
/�i2 � +QMiBM;2M+v rBi?Qmi T`QT�;�iBM; i?2 2z2+i Qmir�`/b iQ i?2 i`�MbKBbbBQM M2irQ`FX
6B;X RjU_B;?iV KQ`2 2tTHB+BiHv /2KQMbi`�i2b i?2 QT2`�iBM; T`BM+BTH2 Q7 i?2 +QMiBM;2M+v@b2+m`2
KQ/2 i?`Qm;? i?2 2pQHmiBQM Q7 i?2 /Bz2`2M+2 #2ir22M i?2 �;;`2;�i2 bi�i2@Q7@+?�`;2 Btotal �M/
i?2 rQ`bi@+�b2 N − 1 bi�i2@Q7@+?�`;2j Btotal − max{Bf}X 1p2M rBi?Qmi � +QMiBM;2M+v- i?2

j"v rQ`bi +�b2- r2 K2�M i?2 �;;`2;�i2 bi�i2@Q7@+?�`;2 #v 2t+Hm/BM; i?2 722/2` rBi? i?2 KQbi pB`im�H
#�ii2`v 2M2`;vX
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/Bz2`2M+2- BX2X- i?2 2ti`� �KQmMi Q7 pB`im�H #�ii2`v 2M2`;v- Bb Tmi �bB/2 +QMb2`p�iBp2HvX PM+2
� +QMiBM;2M+v Q++m`b- bi�`iBM; 7`QK iBK2 bHQi R3e UR8,k8@R8,jyV- i?Bb #�+FmT 2M2`;v Bb `2@
H2�b2/ iQ ?2/;2 �;�BMbi i?2 HQbb Q7 biQ`�;2 +�T�#BHBiv- r?B+? Bb `2~2+i2/ #v i?2 bm//2M /`QT
Q7 i?2 /Bz2`2M+2X �7i2` i?2 `2+Qp2`v T2`BQ/- i?2 /Bz2`2M+2 `Bb2b �M/ `2biQ`2b iQ Bib MQ`K�H
p�Hm2X

12AM 3AM 6AM 9AM 12PM 3PM 6PM 9PM 12AM
-1500

-1000

-500

0

500

1000

-6

-4

-2

0

2

4

12AM 3AM 6AM 9AM 12PM 3PM 6PM 9PM 12AM
0

0.05

0.1

0.15

0.2

0.25
W contingency event
W/O contingency event

6B;m`2 Rj, UG27iV *QMiBM;2M+v@b2+m`2 KQ/2, +QKT�`BbQM Q7 i?2 M2i TQr2` T`Q+m`2K2Mi P0(t) BM � /�v rBi?
�M/ rBi?Qmi � +QMiBM;2M+vX U_B;?iV *QKT�`BbQM Q7 +QMiBM;2M+v �M/ MQM@+QMiBM;2M+v `mMb Q7 +QMiBM;2M+v@
b2+m`2 KQ/2, /Bz2`2M+2 #2ir22M �;;`2;�i2 aQ* Btotal �M/ rQ`bi@+�b2 N − 1 aQ* Btotal −max{Bf}X

h�bF jX8, 6Q`K�HBx2 �M/ [m�MiB7v i`�/2Qzb #2ir22M b?Q`ifHQM;@i2`K ~2tB#BHBiv
�M/ K�`F2i@T�`iB+BT�iBQM
AHHmbi`�iBQM Q7 :JG #2M2}i �M�HvbBb

hQ +QKT2Mb�i2 7Q` i?2 �++m`�+v HQbb Q7 i?2 HBM2�`Bx2/ TQr2` ~Qrb- r2 BMi`Q/m+2 i?2 7QH@
HQrBM; i?`22@H�v2` imMBM; K2+?�MBbK- �b /2TB+i2/ BM 6B;m`2 R9X h?2 }`bi �M/ i?B`/ H�v2`b
�`2 #Qi? TQr2` ~Qr H�v2`b- r?B+? `2bQ`i iQ +QKK2`+B�H TQr2` ~Qr bQHp2`b- bm+? �b SQr@
2`JQ/2HbXDH (8y)X AM Qm` }`bi H�v2`- r2 �bbmK2 i?�i i?2 /2K�M/ Bb ;Bp2M �b 2biBK�i2/- i?2
bQH�` ;2M2`�iBQM Bb T`QpB/2/ �i Bib 2biBK�i2 K�tBKmK- �M/ i?2 pB`im�H biQ`�;2 `2K�BMb B/H2X
q2 i?2M �ii�BM i?2 TQr2` ~Qr b2iTQBMib (P ∗

i , Q
∗
i , V

∗
i , θ

∗
i ) 7Q` ∀i ∈ N rBi? SQr2`JQ/2HbXDH-

r?B+? �`2 T�bb2/ iQ i?2 b2+QM/ H�v2`- i?2 �TT`QtBK�i2 :JG KQ/2H H�v2`X h?2 �TT`QtBK�i2
:JG KQ/2H H�v2` bQHp2b 7Q` i?2 QTiBK�H 722/2`@H2p2H bQH�` �M/ o" b+?2/mHBM;X LQi2 i?�i
i?2 `2bmHiBM; TQr2` ~Qrb �`2 �i #2bi �TT`QtBK�i2- �M/ M22/ iQ #2 imM2/ BM i?2 i?B`/ TQr2`
~Qr H�v2`X h?`Qm;? i?2 i?B`/ H�v2`- �++m`�i2 TQr2` ~Qr Bb ;m�`�Mi22/ #�b2/ QM i?2 bQHmiBQM
7`QK SQr2`JQ/2HbXDH- ;Bp2M i?2 722/2`@H2p2H b+?2/mHBM; /2i2`KBM2/ 7`QK i?2 b2+QM/ H�v2`X q2
MQr T`QpB/2 � b2i Q7 MmK2`B+�H `2bmHib Q7 � bm#@M2irQ`F Q7 L2r uQ`F AM/2T2M/2Mi avbi2K
PT2`�iQ` ULuAaPVX h?2 bQH�` ;2M2`�iBQM �M/ /2K�M/ T`Q}H2b �`2 Q#i�BM2/ 7`QK i?2 miBHBiv
7Q` � /�v BM �m;mbi kyReX q2 �/QTi i?2 T`B+2 i`�D2+iQ`v Q7 �m;mbi kyRN- �M/ +QMbB/2` i?2
7QHHQrBM; i?`22 b+2M�`BQb BM Qm` BHHmbi`�iBQM,

Ç a+2M�`BQ OR, h?Bb #�b2HBM2 b+2M�`BQ �bbmK2b i?�i MQ o" Bb �p�BH�#H2- BX2X- Bmax
f (t) =

0, ∀f, t- �M/ i?�i �HH bQH�` `mMb �i 7mHH +�T�+Biv- BX2X- P g
f (t) = Pmax

f (t), ∀t- 7Q` #Qi? i?2
/�v@�?2�/ �M/ `2�H@iBK2 K�`F2ibX

Ç a+2M�`BQ Ok, AM i?Bb :JG b+2M�`BQ- i?2 :JG ?�b i?2 �#BHBiv iQ +m`i�BH i?2 bQH�` mb�;2
�M/ +?�`;2f/Bb+?�`;2 i?2 o"X

Ç a+2M�`BQ Oj, AM i?Bb :JGYT2�F@b?�pBM; b+2M�`BQ- i?2 T2�F@b?�pBM; KQ/2 Bb BKTH2K2Mi2/-
�M/ i?2 mMBi T`B+2 7Q` T2�F /2K�M/ +?�`;2 Bb b2i iQ #2 γ = 10, 000 $/JqX

je



6B;m`2 R9, UG27iV .m2 iQ i?2 K2b?2/ M�im`2 Q7 P_lǶb bm#i`�MbKBbbBQM M2irQ`F i?�i BMi2`+QMM2+ib i?2
i`�Mb7Q`K2` #�MFb �M/ 722/2`b- i?2 :JG Kmbi #2 2M?�M+2/ rBi? � MQp2H i?`22@H�v2` imMBM; bvbi2KX U_B;?iV
h?2 �TT`QtBK�i2 :JG KQ/2H H�v2` bQHp2b 7Q` i?2 QTiBK�H 722/2`@H2p2H bQH�` �M/ o" b+?2/mHBM;X LQi2 i?�i
i?2 `2bmHiBM; TQr2` ~Qrb �`2 �i #2bi �TT`QtBK�i2- �M/ M22/ iQ #2 imM2/ BM i?2 i?B`/ TQr2` ~Qr H�v2`X
h?`Qm;? i?2 i?B`/ H�v2`- �++m`�i2 TQr2` ~Qr Bb ;m�`�Mi22/ #�b2/ QM i?2 bQHmiBQM 7`QK SQr2`JQ/2HbXDH- ;Bp2M
i?2 722/2`@H2p2H b+?2/mHBM; /2i2`KBM2/ 7`QK i?2 b2+QM/ H�v2`X

h�#H2 k, 1+QMQKB+ #2M2}ib Q7 :JGX

qBi?Qmi o" o", d8 JqYR3dX8 Jq? o", R8y JqYjd8 Jq?
a+2M�`BQ OR Ok Oj Ok Oj
_2�H@iBK2 +Qbi U0V 9k3 jjy 9k8 N3R 9ke y8j 9k9 jkk 9k9 93e
aQH�` +m`i�BHK2Mi +Qbi U0V y y y y y
S2�F +Qbi U0V Rk eyN yyy Rj kNN Nky Rk R8y k9y R9 yeR jey RR 33R jjy
hQi�H +Qbi U0V Rj yjd jjy Rj dk8 NyR Rk 8de kNj R9 938 e3k Rk jy8 3Re

AM a+2M�`BQb Ok �M/ Oj- r2 2p�Hm�i2 i?2 2+QMQKB+ BKT�+i Q7 i?2 o" bBx2X hrQ b2ib Q7 o"b
�`2 i2bi2/, RV �;;`2;�i2/ 2M2`;v +�T�+Biv 187.5 Jq? �M/ TQr2` `�iBM; UK�tBKmK +?�`;BM;
Q` /Bb+?�`;BM; `�i2V 75Jqc kV �;;`2;�i2/ 2M2`;v +�T�+Biv 375 Jq? �M/ TQr2` `�iBM; 150
JqX h?2 /2i�BH2/ +Qbi +QKT�`BbQM Bb bmKK�`Bx2/ BM h�#H2 kX AM T�`iB+mH�`- i?2 /�v@�?2�/
�M/ `2�H@iBK2 +Qbib �`2 #Qi? +�H+mH�i2/ #�b2/ QM M2i T`Q+m`2K2Mi 7`QK i?2 i`�MbKBbbBQM@H2p2H
K�`F2ib- BX2X-

∑T
t=1 λ

da(t)P da
0 (t)δdat �M/

∑T
t=1 λ

rt(t)(P0 − P da
0 (t))(t)δtX h?2 bQH�` +m`i�BHK2Mi

+Qbi Bb �/QTi2/ 7`QK UReV- �M/ i?2 T2�F /2K�M/ +?�`;2 Bb 2tTHB+BiHv γ ·maxt {P0(t)}X
�b r2 2tT2+i- i?2 #�b2HBM2 b+2M�`BQ BM+m`b i?2 ?B;?2bi `2�H@iBK2 +QbiX :Bp2M i?2 b�K2 o"

bT2+B}+�iBQMb- i?2 :JG b+2M�`BQ `2/m+2b i?2 `2�H@iBK2 +Qbi KQbi- ?Qr2p2` +`2�i2b i?2 ?B;?2bi
T2�F �b � `2bmHiX h?2 HQr2bi +Qbi �M/ HQr2bi T2�F Bb ;m�`�Mi22/ BM a+2M�`BQ OjX "2bB/2b- Qm`
`2bmHib +QM7Q`Kb rBi? i?2 BMimBiBQM i?�i � H�`;2` o" H2�/b KQ`2 b�pBM;bX 6B;m`2b R8 �M/ Re
/2TB+i i?2 M2i T`Q+m`2K2Mi 7`QK i?2 i`�MbKBbbBQM K�`F2i �M/ i?2 o"bǶ �;;`2;�i2 #2?�pBQ`-
`2bT2+iBp2Hv- 7Q` i2bi rBi? o" �;;`2;�i2/ 2M2`;v +�T�+Biv 375 Jq? �M/ TQr2` `�iBM; 150
JqX q2 +�M Q#b2`p2 i?�i BM a+2M�`BQ Ok- i?2 o" Bb KQ`2 �+iBp2 #2ir22M Rd,yy iQ ky,yy-
i`vBM; iQ �`#Bi`�;2 �+`Qbb i?2 irQ@bi�;2 K�`F2ibX >Qr2p2`- BM a+2M�`BQ Oj- i?2 T2�F@b?�pBM;
KQ/2 �Hr�vb KBMBKBx2b i?2 T2�F M2i T`Q+m`2K2Mi- r?B+? ~�ii2Mb i?2 M2i /2K�M/ +m`p2X

jd



6B;m`2 R8, h?2 M2i T`Q+m`2K2Mi P0 7Q` �HH i?`22 b+2M�`BQbX

6B;m`2 Re, h?2 �;;`2;�i2 o" /Bb+?�`;2 rBi? i?2 `2�H@iBK2 T`B+2X q?2M i?2 T`B+2 Bb ?B;?- i?2 o" i2M/b iQ
/Bb+?�`;2 iQ �pQB/ � ?B;? `2�H@iBK2 +Qbi- 2X;X- e,R8 SJX

q2 7m`i?2` BMp2biB;�i2 i?2 2+QMQKB+ 2{+B2M+v Q7 i?2b2 irQ b2ib Q7 o"bX h?2 2+QMQKB+
2{+B2M+v Bb [m�MiB}2/ #v i?2 T2`@mMBi b�pBM;b 7Q` o" 2M2`;v +�T�+Biv rBi? `2bT2+i iQ i?2
#�b2HBM2@b+2M�`BQ +QbiX h?2b2 `2bmHib �`2 HBbi2/ BM h�#H2 j- r?B+? b?Qr i?�i �Hi?Qm;? H�`;2`
o"b vB2H/ KQ`2 b�pBM;b- i?2 K�`;BM�H #2M2}ib Q7 o" +�T�+Biv �M/ TQr2` `�iBM; /2+`2�b2X
AMi2`2biBM;Hv- Bi +�M #2 b?QrM i?�i �i $6120/MW T2�F b�pBM;b 7Q` i?2 d8JqfR3dX8Jq?
o" a+2M�`BQ Oj- i?2 :JG �+?B2p2b �M 2+QMQKB+ 2{+B2M+v Q7 eRW ;Bp2M i?2 T2�F T`B+2 Q7
0Ry-yyyfJqX h?2 HQbb Q7 2{+B2M+v 7`QK RyyW Bb � 7mM+iBQM Q7 i?2 U+QMb2`p�iBp2V M�im`2 Q7
i?2 biQ+?�biB+ :JG �HQM; rBi? i?2 6PGǶb 722/2` HBKBib QM ?2�/MQ/2 ~2tB#BHBivX
JBH2biQM2b /2HBp2`2/,

Ç J Uah@jXkXRV AKTH2K2Mi�iBQM �M/ p�HB/�iBQM Q7 i?2 KQ/2H rBi? � bK�HH i2bi ;`B/ i?�i +�M #2 p2`B}2/
�M�HviB+�HHv Uj 6PGb �M/ irQ iBK2b+�H2bVX

Ç J Uah@jXkXkV aQHp2 i?2 /2+QKTQbBiBQM T`Q#H2K 7Q` bK�HH@b+�H2 722/2` U8y@Ryy MQ/2b T2` 722/2`- i?`22@
T?�b2 mM#�H�M+2/V i2bi +�b2b rBi? =Ry 6PG 2H2K2Mib iQ rBi?BM bi�M/�`/ bQHp2` iQH2`�M+2bX

Ç J Uah@jXjXjV aQHp2 iBK2 7Q` biQ+?�biB+ :JG /2+QKTQbBiBQM T`Q#H2K 7Q` H�`;2@b+�H2 i2bi M2irQ`F
/2p2HQT2/ BM bm#i�bF 9XRX9 rBi? � 7Q+mb QM +QQ`/BM�iBM; �M/ /BbT�i+?BM; > 1000 6PG 2H2K2MibX

Ç J Uah@jX9XkV _2bBHB2Mi :JG QT2`�iBQM 7Q` � H�`;2 `2�HBbiB+ i2bi +�b2, /m`BM; � T2`BQ/ 7QHHQrBM; �
ǳ`2�bQM�#H2Ǵ +QMiBM;2M+v- 722/2`b mM/2` :JG +�M +QKTmi2 M2+2bb�`v `2@/BbT�i+? bB;M�Hb iQ `2b2i

h�#H2 j, S2`@mMBi b�pBM;b 7Q` o" +�T�+Biv �M/ TQr2` `�iBM;X

o", d8 JqYR3dX8 Jq? o", R8y JqYjd8 Jq?
a+2M�`BQ Ok Oj Ok Oj
_2�H@iBK2 b�pBM; RkX8N 0fJq? \ RyXdk 0fJq? \
S2�F b�pBM; \ k993X3y 0fJq? \ RN9RX9N 0fJq?
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�;;`2;�i2 BMi2`�+iBQM rBi? K�`F2ib r?BH2 QT2`�iBM; rBi?BM ;`B/ HBKBibX

h�bF 9, h2+?MQHQ;v .2KQMbi`�iBQM
h?2 ;Q�H Q7 h�bF 9 Bb iQ /2KQMbi`�i2 b+�H�#BHBiv- T`�+iB+�HBiv- `2HB�#BHBiv �M/ +QKK2`+B�H
pB�#BHBiv 7Q` � .aP BM u2�` kyjyX hQ �+?B2p2 i?Bb ;Q�H- u2�` R 7Q+mb2/ QM /�i� T`Q+m`2K2Mi-
T`Q+2bbBM; U2X;X- M2irQ`F `2/m+iBQMV- �M/ pBbm�HBx�iBQM rBi? BS:� �M/ 7Q` 2�+? H�v2` U:JG-
6PG- ahGV iQ +QKTH2i2 bi�M/@�HQM2 T`QQ7 Q7 +QM+2Ti p�HB/�iBQMX AM u2�` k- r2 7Q+mb2/
QM bK�HH /2i2`KBMBbiB+ i2bi bvbi2Kb mbBM; i?2 `2/m+2/ M2irQ`Fb 7`QK u2�` RX u2�` j rQmH/
i?2M +QKTH2i2 p�HB/�iBQM �M/ /2KQMbi`�iBQM �i b+�H2 �M/ BM+Q`TQ`�i2 biQ+?�biB+ mM+2`i�BMiB2b
�bbQ+B�i2/ rBi? /2K�M/ �M/ bQH�` So 7Q`2+�bi 2``Q`bX

h�bF 9XR @ .�i� ;�i?2`BM; �M/ T`Q+2bbBM;
AM i?2 }`bi v2�`- i?2 ;Q�H QM /�i� ;�i?2`BM; �M/ T`Q+2bbBM; r�b iQ T`Q+m`2 H�`;2 M2irQ`Fb-
a*�.� /�i� 7`QK miBHBiv T�`iM2` P_l- �M/ `2T`2b2Mi�iBp2 bQH�` So Q7 Lu bi�i2X P_l r�b �
7�Mi�biB+ T�`iM2` BM i?2 T`Q+2bb �M/ T`QpB/2/ M2+2bb�`v /�i� �M/ H2Mi i?2B` iBK2 iQ i?2 T`QD2+i
iQ �HHQr mb iQ T`QT2`Hv mM/2`bi�M/ i?2 M2irQ`FbX AM i?2 2M/- r2 T`Q+2bb2/ j H�`;2 722/2`b
7`QK P_lǶb bm#bi�iBQMb BM loJǶb bQ7ir�`2 iQQH BS:�X PM2 722/2` �M/ Bib `2/m+iBQM Bb b?QrM
BM 6B;- Rd- r?B+? Bb b2`p2/ 7`QK � bm#bi�iBQM rBi? � j8Jo� i`�Mb7Q`K2`X h?2 7mHH M2irQ`F
?�b �#Qmi Rkyy T`BK�`v MQ/2b U�i RjXk FoV �M/ �#Qmi 98y b2+QM/�`v MQ/2b U�i k9yfRky
oV Q7 r?B+? �`2 KmHiBTH2 b2`pB+2 TQBMibX AM �//BiBQM iQ M2irQ`Ff2[mBTK2Mi T�`�K2i2`b-
P_l T`QpB/2/ ?Qm`Hv a*�.� K2�bm`2K2Mib �i i?2 ?2�/@MQ/2 UFq- Fo�_- TQr2` 7�+iQ`-
�KT2`2bV �M/ QzfQM@T2�F MQ/�H /Bb�;;`2;�iBQM 7�+iQ`b 7Q` T`BK�`v MQ/2 HQ�/bX a2+QM/�`v
HQbb T�`�K2i2`b r2`2 }HH2/ BM #�b2/ QM � +QKKQM HQbb 7�+iQ` i?�i KBMBKBx2/ i?2 2``Q` #2ir22M
�* HQ�/ ~Qr /�i� BM a*�.� �M/ bBKmH�i2/ HQ�/ ~Qr `2bmHib 7`QK :`B/G�#@.X q2 TH�+2/
So �``�vb �i b2`pB+2 TQBMib BM R,R T`QTQ`iBQM iQ i?2 MQ/�H T2�F HQ�/b �M/ `QmM/2/ iQ i?2
M2�`2bi 8 Fq/+ bvbi2K p�Hm2- `2bmHiBM; BM jXk Jq BMbi�HH2/ +�T�+Biv BM i?2 722/2` Ui?2 T2�F
/2K�M/ Bb jXj JqVX q2 TQr2` i?2b2 T�M2Hb mbBM; ?BbiQ`B+�H UkyRdV KBMmi2Hv B``�/B�M+2 /�i�
T`QpB/2/ #v A�" K2K#2` U*S_VX

h�bF 9Xk @ aK�HH@b+�H2 aQ7ir�`2 �M/ >�`/r�`2 o�HB/�iBQM
Ç �i i?2 2M/ Q7 u2�` k- r2 +QM/m+i2/ i?2 bK�HH@b+�H2- +QmTH2/ bQ7ir�`2 bBKmH�iBQM Q7 i?2

:JG@6PG@ahG@.aa1 b2imT UJ9XkXkV- r2 b2Mi i?2 loJ bim/2Mib iQ SLLG 7Q` i?2 bmK@
K2` kyRN r?2`2 i?2v rQ`F2/ +HQb2Hv rBi? i?2B` SLLG +QmMi2`T�`ib iQ BKTH2K2Mi i?2
6PGf.aa1 �M/ ahG b+?2K2b �M/ b2i mT i2biBM;X h?Bb r�b [mBi2 2z2+iBp2 mb2 Q7 `2bQm`+2b
�M/ `2bmHi2/ BM bm++2bb7mHHv 2t+22/BM; T2`7Q`K�M+2 BM i2`Kb Q7 i�`;2ibX aT2+B}+�HHv- r2
b?Qr2/ i?�i RV i?2 :JGǶb b2i@TQBMib +QmH/ #2 i`�+F2/ �++m`�i2Hv #v i?2 6PGc kV +QK@
Tmi�iBQM iBK2b r2`2 �HH #2HQr jy b2+QM/bc jV 6PG r�b 2t2+mi2/ 2p2`v KBMmi2c 9V ahG
.1_b i`�+F i?2B` o" b2i@TQBMibc �M/ 8V .aa1 Bb �#H2 iQ +Q``2+iHv 2biBK�i2 pQHi�;2b KQ`2
i?�M NNX38W Q7 i?2 iBK2X >Qr2p2`- i?Bb r�b i?2 bK�HH i2bi@+�b2 Q7 Dmbi RyR MQ/2b BM i?2
`2/m+2/ M2irQ`FX
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6B;m`2 Rd, UhQTV L2irQ`F `2/m+iBQM T`Q+2bb BKTH2K2Mi2/ BM BS:� UH27i@iQ@`B;?iV 7Q` QM2 Q7 i?`22 7mHH M2irQ`Fb
bmTTHB2/ #v miBHBiv T�`iM2` P_lX BS:� }`bi T�`iBiBQMb i?2 7mHH M2irQ`F Q7 Rkyy T`BK�`v MQ/2b BMiQ 8y +Hmbi2`b
#�b2/ QM 2H2+i`B+�H �M/ T?vbB+�H T`QtBKBiv �M/ +?QQb2b bmT2` MQ/2b 7`QK 2�+? +Hmbi2`X h?2 bmT2` MQ/2b i?2M
B/2MiBiv i?2 #mb2b 7Q` r?B+? E`QM _2/m+iBQM Bb �TTHB2/ BM i?2 i?`22@T?�b2 M2irQ`F iQ +`2�i2 � 50 + 1 = 51@
MQ/2 `2/m+2/ M2irQ`FX �HH /2K�M/ �M/ o"b rBi?BM i?2 bmT2` MQ/2Ƕb +Hmbi2` �`2 �;;`2;�i2/ HBM2�`Hv iQ i?�i
bmT2`@MQ/2 iQ +QKTH2i2 i?2 M2irQ`F `2/m+iBQM T`Q+2bbX LQi2 i?�i � 130 + 1 = 131 MQ/2 `2/m+2/ p2`bBQM Q7
i?2 M2irQ`F r�b �HbQ +`2�i2/X q?2M vQm �// BM i?2 bmT2` HQ�/b- i?2 M2irQ`Fb /Qm#H2 BM bBx2 7`QK 8R iQ
RyR �M/ RjR iQ keR UbBM+2 i?2`2 �`2 MQ HQ�/b �i i?2 ?2�/@MQ/2VX U"QiiQKV h?2 i�#H2 Q7 K�tBKmK �#bQHmi2
T2`+2Mi 2``Q` UJ�t@�S1V BM BMi`�@+Hmbi2` pQHi�;2 K�;MBim/2b +QKT�`2b ?Qr `2T`2b2Mi�iBp2 i?2 bmT2` MQ/2
pQHi�;2b BM i?2 `2/m+2/ M2irQ`F �`2 Q7 i?2 +Hmbi2`Ƕb pQHi�;2b mM/2` �* HQ�/ ~Qr �M�HvbBbX Ai Bb b?QrM i?�i
i?2 J�t@�S1 Bb Km+? bK�HH2` i?�M i?2 KBH2biQM2bǶ `2[mB`2/ kW _Ja1X

Ç a2T�`�i2 7`QK i?2 bQ7ir�`2 bBKmH�iBQM- BM J9XkXkX- r2 r�Mi2/ iQ +QM/m+i � ?�`/r�`2@BM@
i?2@HQQT U>BGV bBKmH�iBQMX >Qr2p2`- QrBM; iQ i?2 b+�H2 Q7 i?2 bvbi2K- `2�H ?�`/r�`2 r�b
MQi TQbbB#H2 iQ BMi2`7�+2X AMbi2�/- r2 +QMbB/2`2/ 2KmH�i2/ /2pB+2b i?�i +QKKmMB+�i2/ BM
`2�H@iBK2 Qp2` � +QKKmMB+�iBQM bBKmH�iQ` Q7 A1* T`QiQ+QHb iQ `2T`2b2Mi � `2�HBbiB+ .aP
+QKKmMB+�iBQM bvbi2KX h?�i Bb- iQ;2i?2` rBi? +QHH�#Q`�iQ`b �i LAah- r2 b?Qr2/ rBi?
PS�G@_h �M/ � M2irQ`F bBKmH�iQ` 7Q` A1* T`QiQ+QHb i?�i i?2 T`2b2Mi2/ 7`�K2rQ`F 7Q`
K�M�;BM; .1_b r�b i2+?MB+�HHv BKTH2K2Mi�#H2 BM i2`Kb Q7 +QKKmMB+�iBQM `2[mB`2K2Mib
Q7 �M ahG �M/ i?2 `2�H@iBK2 BMi`�@ �M/ BMi2`@722/2` +QMi`QHX

o�HB/�iBM; T`QQ7 Q7 +QM+2Ti, *QKKmMB+�iBQMb #2ir22M 6PG@ahG H�v2`b UJ9XkXkV,
o�HB/�iBM; i?2 H�i2M+v- i?`Qm;?Tmi- �M/ /�i� b+�H�#BHBiv +?�HH2M;2b �bbQ+B�i2/ rBi? BM7Q`@
K�iBQM 2t+?�M;2 #2ir22M 6PG- ahG- �M/ BM/BpB/m�H .1_b Bb 7�B`Hv +?�HH2M;BM; �M/ #2bi
�TT`Q�+?2/ pB� ?B;? }/2HBiv bBKmH�iBQM QM � `2�H@iBK2 /B;Bi�H bBKmH�iQ`X LQiBM; i?�i i?2b2
M2irQ`F T2`7Q`K�M+2 K2i`B+b �`2 b2MbBiBp2 iQ i?2 +?QB+2 Q7 +QKKmMB+�iBQM T`QiQ+QH- /�i�
2t+?�M;2 7Q`K�ib- �M/ BM7Q`K�iBQM KQ/2Hbc � bBKmH�iBQM Q7 BMi`�@722/2` +QMi`QH r�b bmTTH2@
K2Mi2/ rBi? � ǵ`2�HǶ BKTH2K2Mi�iBQM Q7 i?2 7mHH bi�+F Q7 A1* eR38y +QKKmMB+�iBQM T`QiQ+QHbX

h?Bb K2i?Q/ Q7 2p�Hm�iBQM r�b mb2/ iQ �bb2bb i?2 `2�H@iBK2 72�bB#BHBiv Q7 BMi`�@722/2` �M/
ahG +QMi`QH +QKKmMB+�iBQMb MQiBM; i?2 T�`iB+mH�`Hv /2K�M/BM; R b2+QM/ HQQT iBK2 Q7 i?2
ahG +QMi`QHH2`X h?2 bBKmH�iBQM +QMbBbi2/ Q7 � bBM;H2 6PG 2H2K2Mi `2T`2b2Mi2/ �b � `�/B�H
/Bbi`B#miBQM 722/2` rBi? ey +QMM2+i2/ .1_ �bb2ib /Bbi`B#mi2/ �+`Qbb R8 b2+QM/�`v /Bbi`B#miBQM
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6B;m`2 R3, � b+?2K�iB+ /B�;`�K b?QrBM; i?2 BMi2`�+iBM; 2H2K2Mib BM i?2 p�HB/�iBQM 2MpB`QMK2MiX >2`2 �
bBM;H2 722/2` �M/ b2`pB+2 i`�Mb7Q`K2` mMBi �`2 +QMbB/2`2/X ey .1_ �bb2ib �`2 +QQ`/BM�i2/ #v i?2 bvbi2K mbBM;
A1* eR38y +QKTHB�Mi BM7Q`K�iBQM KQ/2Hb �M/ +QKKmMB+�iBQM T`QiQ+QHbX

+B`+mBibX 1�+? b2+QM/�`v /Bbi`B#miBQM +B`+mBi 72�im`2/ � b2`pB+2 i`�Mb7Q`K2` �m;K2Mi2/ rBi?
i?2 +QKKmMB+�iBQM BMi2`7�+2b �M/ ?Qbi2/ #2ir22M j �M/ 8 .1_ �bb2ibX h?2 KQ/2H2/ .1_
�bb2ib r2`2 � KBt Q7 So ;2M2`�iQ`b �M/ /BbT�i+?�#H2 HQ�/b BM i?2 7Q`K Q7 2H2+i`B+ r�i2`
?2�i2`b �M/ �* mMBibX h?2 2MiB`2 ey .1_ bBKmH�iBQM r�b 2t2+mi2/ QM �M PT�H@_h PS8eyy
`2�H@iBK2 bBKmH�iQ` rBi? R KBHHBb2+QM/ bBKmH�iBQM iBK2 bi2TbX h?2 i2KTQ`�H b+�HBM; #2ir22M
i?2 /Bz2`2Mi +QKTmi�iBQM 2H2K2Mib `�M;2b 7`QK � Ry Kb +QMi`QH HQQT iBK2 7Q` BM/BpB/m�H
.1_b- 9 b2+QM/ HQQT iBK2b 7Q` i?2 BMi`�@722/2` +QMi`QHH2`- �M/ � 6PG mT/�i2 2p2`v QM2
KBMmi2X �HH i?2b2 +QKTmi�iBQM�H mT/�i2b �`2 HQ+F2/ iQ i?2 b�K2 ?�`/r�`2 +HQ+F- 2Mbm`BM;
i?2v �`2 +Q?2`2Mi rBi? 2�+? Qi?2`X

hQ BMi2`7�+2 i?2 bBKmH�i2/ +QKTQM2Mib rBi? � `2�H BKTH2K2Mi�iBQM Q7 i?2 +QKKmMB+�iBQM
bi�+F- 2�+? .1_ �bb2i �M/ 2�+? b2`pB+2 i`�Mb7Q`K2` r�b KQ/2H2/ �b �M A1* eR38y@d@9ky
HQ;B+�H MQ/2 (8R)- `2+2BpBM; BM/BpB/m�H TQr2` b2iTQBMib �M/ +QM};m`�iBQM b2iiBM;b 7`QK i?2
.1_ /BbT�i+? �H;Q`Bi?K BM i?2 BMi`�@722/2` +QMi`QHH2`X h?2b2 K2�bm`2K2Mib �M/ +QKK�M/b
r2`2 KQ/2H2/ �b A1* eR38y@d@k /�i� Q#D2+ib- 2t+?�M;2/ �b A1* eR38y@3@R ;2M2`B+- Q#D2+i@
Q`B2Mi2/ bm#bi�iBQM 2p2Mib U:PPa1V (8k)X h?2 7mHH KQ/2H- BM+Hm/BM; /vM�KB+ `2T`2b2Mi�iBQMb
Q7 i?2 .1_ �bb2ib �M/ i?2 A1* eR38y +QKTQM2Mib- r�b +QMbi`m+i2/ mbBM; i?2 aBKb+�T2
1H2+i`B+�H HB#`�`v �M/ +QMM2+i2/ iQ bQ7ir�`2 /`Bp2`b 7Q` A1* eR38y@3@R +QKKmMB+�iBQMX

�M Qp2`pB2r Q7 i?2 p�HB/�iBQM b2imT Bb b?QrM BM 6B;m`2 R3X 98 .1_b `2+2Bp2 PLfP66
+QKK�M/b �b A1* eR38y@3@R +QKTHB�Mi ._**f.1_ai` �M/ ._**f.1_aiQT 2p2MibX h?2 R8
`2K�BMBM; .1_b U�bbmK2/ iQ #2 /BbT�i+?�#H2 So ;2M2`�iQ`bV �`2 T`QpB/2/ TQr2` +m`i�BHK2Mi
`2[m2bib �b ._**fqa2i 2p2MibX R3yy A1* eR38y@3@R :PPa1 K2bb�;2b T2` KBMmi2 �`2
;2M2`�i2/ iQ K22i i?2 .1_ +QMi`QH HQQT iBK2X h?2 BMi`�@722/2` +QMi`QHH2` BM im`M BMi2`�+ib
rBi? i?2 BMi2`@722/2` +QMi`QHH2` �M/ i?2 6PG mbBM; A1* eR38y@3@R J�Mm7�+im`BM; J2bb�;2
aT2+B}+�iBQM UJJaV K2bb�;2b U�i `�i2 Q7 Rky ?2�/MQ/2 b2iTQBMib `2+2Bp2/ T2` KBMmi2VX

h?2 p�HB/�iBQM �bT2+i Q7 i?Bb 2t2`+Bb2 r�b iQ 2bi�#HBb? r?2i?2` TQi2MiB�H +QM;2biBQM 7`QK
`�TB/- T2`BQ/B+ mT/�i2b rQmH/ �/p2`b2Hv �z2+i i?2 T2`7Q`K�M+2 Q7 i?2 +QMi`QH bvbi2K �i
i?2 ahGX �HH A1* eR38y K2bb�;2b T`Q/m+2/ #v i?2 bBKmH�iBQM r2`2 `Qmi2/ i?`Qm;? � /�i�
TBT2HBM2 +QKTH2i2 rBi? M2irQ`F `Qmi2`b �M/ /�i� T`Q+2bbBM; #mz2`b /2bB;M2/ bQ i?�i i?2
TBT2HBM2 rQmH/ BMi`Q/m+2 `2�HBbiB+ +QKKmMB+�iBQM /2H�vb �M/ 2``Q`bX

6B;m`2 RN b?Qrb i?2 i?`Qm;?Tmi Q7 i?2 /�i� TBT2HBM2 r?BH2 T2`7Q`KBM; i?Bb 2tT2`BK2MiX
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b. c.

6B;m`2 RN, *QKKmMB+�iBQM i?`Qm;?Tmi, �X :PPa1 2t+?�M;2b #2ir22M ahG �M/ .1_b U�p2`�;2 H�i2M+v ≈
8 KbV #X GQ�/ `2[m2bi +Q``2+iBQM 7`QK 6PG iQ ahG U�p2`�;2 H�i2M+v ≈ Ry KbV +X GQ�/ 2biBK�i2 [m2`v 7`QK
ahG iQ 6PGX

6B;m`2 RNU�V b?Qrb � ?BbiQ;`�K Q7 T�+F2i �``Bp�H `�i2X h?2 t@�tBb QM i?2 THQi b?Qrb i?2
iQi�H iBK2 i�F2M 7Q` �HH ey .1_b iQ i`�MbKBi i?2B` bi�i2 �M/ `2+2Bp2 +QKK�M/b 7`QK i?2
ahGX AM i?Bb T�`iB+mH�` BMbi�M+2- �HH ey .1_b r2`2 mT/�i2/ BM mM/2` i?2 mT/�i2 HQQT iBK2
7Q` i?2 ahG Q7 9 b2+QM/bX h?2 �p2`�;2 H�i2M+v Q7 i?2 mT/�i2b r�b 8Xk Kb r?B+? Bb r2HH
#2HQr i?2 `2[mB`2K2Mi Q7 Ryy@8yyKb 7Q` BMi`�@722/2` +QMi`QHH2`X aBKBH�`Hv- 6B;m`2 RNU#V �M/
6B;m`2 RNU+V b?Qr i?2 bi�#H2 i?`Qm;?Tmi 2t+22/BM; i?2 mT/�i2 +QMbi`�BMib Q7 i?2 6PG rBi?
#QmM/2/ K2bb�;2 H�i2M+v Q7 �TT`QtBK�i2Hv Ry KbX P7 +Qm`b2- �b i?2 MmK#2` Q7 .1_b b+�H2-
bQ /Q2b H�i2M+vc ?Qr2p2`- bBM+2 i?2 :JG@6PG@ahG KB``Q`b i?2 pQHi�;2 ?B2`�`+?v Q7 i?2
M2irQ`F- i?2 b+�H2 Q7 .1_b Bb +QMi�BM2/ rBi?BM 2�+? H�v2`X h?mb- i?2 T`QKBbBM; T`QQ7 Q7
+QM+2Ti p�HB/�iBQM T`2b2Mi2/ BM/B+�i2b i?�i i?2 r?QH2 b+?2K2 Bb HBF2Hv iQ #2 BKTH2K2Mi�#H2
BM T`�+iB+2 rBi?BM � .aPX PM2 F2v 2H2K2Mi Bb M22/2/, bK�`i HQ�/b Kmbi #2+QK2 QT2M iQ
bi�M/�`/b bQ i?�i r2 +�M +QKKmMB+�i2 rBi? i?2KX 6Q` So BMp2`i2`b- i?Bb Bb TQbbB#H2 /m2 iQ
amMaT2+Ƕb b2i Q7 bi�M/�`/bX

h�bF 9Xj @ G�`;2@b+�H2 bQ7ir�`2 �M/ ?�`/r�`2 /2KQMbi`�iBQM
AM i?2 }M�H v2�`- r2 +QM/m+i2/ i?2 H�`;2@b+�H2- biQ+?�biB+ bBKmH�iBQM i?�i +QK#BM2/ :JG@
6PG@ahG@.1_ iQ;2i?2` rBi? �HH i?`22 H�`;2@b+�H2 722/2`b- +QMM2+i2/ pB� LuAaPǶb bm#@
i`�MbKBbbBQM M2irQ`F Q7 bm#bi�iBQM i`�Mb7Q`K2` #�MFb- �M/ 7mHHv `2�HBx2/ ahGb BM 2�+? 7222/2`
TQTmH�i2/ rBi? BM/BpB/m�HHv 2KmH�i2/ .1_bX

aBKmH�iBQM a2imT,

Ç h?2 bBKmH�iBQM /2KQMbi`�i2b i?2 2{+�+v Q7 i?2 T`QTQb2/ 7`�K2rQ`F QM � bm#M2irQ`F Q7
LuAaP +QMbBbiBM; Q7 R8y@jyy 722/2`b UTH2�b2 b22- 6B;X R9UH27iVVX h?`22 Q7 i?2 722/2`b BM
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i?2 LuAaP M2irQ`F �`2 7mHHv KQ/2H2/ +B`+mBib BM :`B/H�#@.X h?2 i?`22 722/2`b +QMi�BM
Rk8- Ny �M/ ey bmT2` MQ/2b `2T`2b2MiBM; �M �;;`2;�iBQM Q7 RkRj- Nje �M/ 8N9 ahG MQ/2b
`2bT2+iBp2HvX h?2 o"b KQ/2Hb 7Q` i?2 HQ�/b �`2 BM+Q`TQ`�i2/ BMiQ i?2 :`B/G�#@. KQ/2HX

Ç :Bp2M i?2 o" T�`�K2i2`b- � bm#b2i Q7 i?2 ahG MQ/2b U`2T`2b2MiBM; � bmT2` MQ/2 BM i?2 `2@
/m+2/ KQ/2HV BM 2�+? Q7 i?2 722/2` �`2 TQTmH�i2/ rBi? �B`@+QM/BiBQM2`b �M/ 2H2+i`B+ r�i2`
?2�i2` `2T`2b2MiBM; i?2 �p�BH�#H2 ~2tB#BHBiv #�b2/ QM i?2 ;2M2`�i2/ pB`im�H #�ii2`v T�`�K@
2i2`bX h?2 Qi?2` bmT2`@MQ/2b �`2 �m;K2Mi2/ � :`B/H�#@. #�ii2`v Q#D2+i rBi? +�T�+Biv
�M/ TQr2` `�iBM; B/2MiB}+�H iQ i?2 +Q``2bTQM/BM; pB`im�H #�ii2`vX

Ç 1�+? Q7 i?2 bmT2` MQ/2b Bb �HbQ �m;K2Mi2/ rBi? bQH�` So BMp2`i2`b iQ `2�+? 8yW Q7 /2K�M/
U#v �MMm�H 2M2`;vVX h?2 BMp2`i2`b r2`2 bBx2/ �TT`QT`B�i2Hv iQ 2Mbm`2 2MQm;? `2�+iBp2
TQr2` ~2tB#BHBivX h?2 E`QM@`2/m+2/ 722/2` �HQM; rBi? i?2 M2rHv +`2�i2/ #�ii2`B2b �M/
BMp2`i2`b 7Q`K2/ i?2 }M�H :`B/G�#@. KQ/2H mb2/ BM i?2 bBKmH�iBQMb9X

Ç h?2 T`QD2+iǶb MQp2H 7`�K2rQ`F `2[mB`2/ BMi2;`�iBQM �M/ +QKTH2t BMi2`�+iBQMb #2ir22M i?2
6PG- :JG �M/ ahG �H;Q`Bi?Kb �M/ i?2 :`B/G�#@. KQ/2H- r?B+? bBKmH�i2/ i?2 722/2`b
�M/ BM/BpB/m�H .1_b BM 2�+? 722/2`Ƕb ahG 2H2K2MibX q2 mb2/ 6`�K2rQ`F 7Q` L2irQ`F *Q@
aBKmH�iBQMb U6L*aV- QT2M@bQm`+2 +Q@fKmHiB@bBKmH�iBQM 7`�K2rQ`F r?B+? mb2b � 72/2`�i2/
�TT`Q�+? 7Q` BMi2;`�iBM; KmHiBTH2 bBKmH�iQ`b- 7Q` +Q@fKmHiB@bBKmH�iBQMb Q7 i?2 �7Q`2K2M@
iBQM2/ bQ7ir�`2X 1t+?�M;2 Q7 BM7Q`K�iBQM- BM+Hm/BM; bvM+?`QMBx�iBQM Q7 bBKmH�iQ` +HQ+Fb
�KQM; TQr2` �M/ K�`F2i bBKmH�iQ`b Bb K�BMi�BM2/ mbBM; +2Mi`�H �;2Mi +�HH2/ 6L*a #`Q@
F2`X aBM+2 6L*a ?�b i?2 +�T�#BHBiv Q7 +Q@fKmHiB@bBKmH�iBQMb Q7 KmHiB@/QK�BM bBKmH�iQ`b-
Bi T`QpB/2b �M 2{+B2Mi bQHmiBQM iQ bvM+?`QMBx2 i?2 /Bz2`2Mi �H;Q`Bi?Kb rBi? i?2 :`B/H�#@
. KQ/2HX �HbQ- 6L*a +�M bvM+?`QMBx2 KmHiBTH2 T�+F�;2b- iQQHb- �M/ bBKmH�iQ`b ?Qbi2/
BM /Bz2`2Mi K�+?BM2b- r?B+? mHiBK�i2Hv 2Mbm`2 KQ/mH�` �M/ T�`�HH2H /2p2HQTK2Mi �M/
BMi2;`�iBQM Q7 /Bz2`2Mi T�+F�;2bX
6L*a `2+2Bp2b BM7Q`K�iBQM 7`QK i?2 :`B/G�#@. KQ/2H bm+? �b i?2 #�ii2`v bi�i2 Q7 +?�`;2
M22/2/ 7Q` i?2 6PG �H;Q`Bi?KX h?2 BM7Q`K�iBQM Bb 2t+?�M;2/ BM i?2 7Q`K Q7 F2v@p�Hm2
T�B`b r?B+? i?2M ?�p2 iQ #2 T�`b2/ #27Q`2 #2BM; +QKKmMB+�i2/ iQ i?2 �H;Q`Bi?KbX h?Bb
Bb /QM2 mbBM; � Svi?QM �SA r?B+? T�`b2b i?2 /�i� `2+2Bp2/ 7`QK 6L*a #27Q`2 b2M/BM;
i?2K iQ � CmHB� b2`p2` i?�i +QMi�BMb i?2 :JG- 6PG �M/ ahG �H;Q`Bi?KbX
PM+2 i?2 CmHB� b2`p2` `2+2Bp2b i?2 /�i� 7`QK Svi?QM- .aa1 mb2b i?2 pQHi�;2 K2�bm`2K2Mib
iQ +QKTmi2 i?2 bi�i2 Q7 i?2 bvbi2KX h?2 6PG �H;Q`Bi?K mb2b i?2 #�ii2`v bi�i2 Q7 +?�`;2
p�Hm2b �M/ i?2 :JG i`�+FBM; bB;M�H iQ +QKTmi2 i?2 M2r �+iBp2 �M/ `2�+iBp2 TQr2` b2i@
TQBMib Q7 i?2 BMp2`i2`bX h?2b2 p�Hm2b �`2 `2im`M2/ #�+F iQ i?2 Svi?QM �SA r?B+? i?2M
+QMp2`ib Bi BMiQ F2v@p�Hm2 T�B`b #27Q`2 T�bbBM; Bi #�+F iQ 6L*aX 6L*a i?2M `2H�vb i?Bb
BM7Q`K�iBQM iQ :`B/G�#@. r?B+? mT/�i2b i?2 BMp2`i2` b2i@TQBMib- i?2`2#v +QKTH2iBM; i?2
HQQTX AM i?2 7QHHQrBM; bm#b2+iBQM- r2 rBHH T`2b2Mi /2i�BH2/ `2bmHib 7Q` i?2 i?`22 7mHHv@
KQ/2HH2/ 722/2`b 7Q` irQ /Bz2`2Mi b+2M�`BQbX
9LQi2 i?�i mM/2` �M mM2tT2+i2/ iQTQHQ;v +?�M;2 i?�i T`2b2`p2b i?2 `�/B�H M�im`2 Q7 i?2 722/2`- i?2 `2/m+2/

M2irQ`F b?QmH/ #2 �#H2 iQ 7�Bi?7mHHv `2T`2b2Mi i?2 +Q``2bTQM/BM; M2irQ`F rBi? �M �TT`QT`B�i2 M2i@/2K�M/
`2/m+iBQM U7`QK �M Qmi�;2/ H�i2`�HV Q` �M 2z2+iBp2 Qmi�;2 BM i?2 `2/m+2/ M2irQ`F Qmi�;2X
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Framework for Network 
Co-Simulation (FNCS)

Julia-based Control ServerPower-Flow Solver

optimal set-points 
for PV inverters and other DERs

optimal set-points 
for PV inverters and other DERs

measurements/updates on
node voltages and SoCs of VBs

measurements/updates on
node voltages and SoCs of VBs

6B;m`2 ky, h?2 BMi2;`�i2/ +Q@bBKmH�iBQM 2MpB`QMK2Mi 7Q` MmK2`B+�H p�HB/�iBQM Q7 i?2 +QmTH2/ ?B2`�`+?B+�H
biQ+?�biB+ +QMi`QH �H;Q`Bi?Kb UahG- 6PG �M/ :JGV rBi? H�`;2@b+�H2 bBKmH�iBQMb Q7 /Bbi`B#miBQM 722/2` KQ/2Hb
TQTmH�i2/ rBi? bQH�` So �M/ Qi?2` .1_bX

Ç h?2 bBKmH�iBQM r�b +QM/m+i2/ 7Q` QM2 Q7 i?2 T2�F ?Qm`b U�m; yRbi RR,yy �J @ Rk,yy
�JVX h?2 irQ b+2M�`BQb r2`2 +QKTH2i2/, T2�F b?�pBM; �M/ +HQm/ +Qp2`X q2 rBHH b?Qr+�b2
T2�F@b?�pBM;X

*QMbB/2` i?2 T2�F@b?�pBM; b+2M�`BQ rBi? �M/ rBi?Qmi o"bX h?2M- i?2 :JG +�M T`Q/m+2
�M 2+QMQKB+�HHv QTiBK�H i`�D2+iQ`v 7Q` 2p2`v 722/2`- bm+? �b b22M BM 6B;X kR- r?B+? bi�`ib 7`QK
RR,yy�KX L2ti- 6B;X kk b?Qrb i?2 bvbi2K@rB/2 i`�+FBM; T2`7Q`K�M+2 Q7 i?`22 7mHHv@KQ/2H2/
722/2`b- r?B+? Bb 2t+2HH2MiX h?2M- 6B;X kj /2TB+ib � +QKT�`BbQM Q7 pQHi�;2 T`Q}H2b rBi? �M/
rBi?Qmi o"b iQ ?B;?HB;?i `2HB�#BHBiv #2M2}ib 7`QK 6PGǶb QTiBKBx�iBQM Q7 ahGǶb +QMi`QHH�#H2
So �M/ o" `2bQm`+2bX AM 6B;X k9- r2 +�M b22 i?�i i?2 o"bǶ 2M2`;v +QMbi`�BMib �`2 b�iBb}2/
/m`BM; i?2 T2`BQ/ Q7 i`�+FBM; BM i?2 T2�F@/2K�M/ ?Qm` UBX2X- +QK7Q`i `2[mB`2K2Mib �`2 K2iVX
AKTQ`i�MiHv- o"b /Q MQi Dmbi BKT`Qp2 pQHi�;2 T`Q}H2b- #mi �HbQ �B/ BM `2/m+BM; �Mv bQH�`
So +m`i�BHK2Mi /m`BM; i?2 i`�+FBM; T2`BQ/ �b b?QrM BM 6B;X k8X 6Q` 2t�KTH2- BM 622/2` j-
�i RR,Ry@RR,Re- o"b T`2p2Mi � kJq +m`i�BHK2Mi 2p2MiX 6BM�HHv- h�#H2 9 `2+Q`/b i?2 b�HB2Mi
i`�+FBM; �M/ pQHi�;2 T`Q}H2 K2i`B+b Q7 i?2 bBKmH�iBQMX

6B;m`2 kR, h?2 k9@?Qm` :JG `2�H TQr2` b2iTQBMi 7Q` i?2 7mHHv KQ/2HH2/ 722/2`b bi�`iBM; 7`QK RR,yy �J
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U�V 622/2` R U#V 622/2` k U+V 622/2` j
6B;m`2 kk, :JG b2iTQBMi i`�+FBM; T2`7Q`K�M+2 7Q` i?2 7mHHv KQ/2HH2/ 722/2`bX LQi2 i?�i 622/2` j 2tT2`B2M+2b
� H�`;2`@i?�M@2tT2+i2/ 7Q`2+�bi 2``Q` i?�i H2�/b i?2 :JG iQ Tmb? i?2 722/2` #2vQM/ Bib 2tTQ`i HBKBib �M/
i?2 6PG b�+`B}+2b i`�+FBM; iQ 2Mbm`2 `2HB�#BHBiv U�b /2bB;M2/VX

U�V 622/2` R U#V 622/2` k U+V 622/2` j
6B;m`2 kj, oQHi�;2 /Bbi`B#miBQM 7Q` �HH MQ/2b 7`QK RR,yy �J iQ Rk,yy �JX *H2�`Hv- o"b �B/ BM `2;mH�iBM;
�M/ BKT`QpBM; i?2 722/2`bǶ pQHi�;2 T`Q}H2bX

U�V 622/2` R U#V 622/2` k U+V 622/2` j
6B;m`2 k9, 1pQHmiBQM Q7 bi�i2 Q7 +?�`;2 UaQ*V 7Q` o"b BM 2�+? 722/2`X

h�#H2 9, h`�+FBM; _Ja1 2``Q` �M/ mTT2` N8i? T2`+2MiBH2 Q7 i?2 MQ/�H pQHi�;2 /Bbi`B#miBQM r?2M pB`im�H
#�ii2`B2b �`2 miBHBx2/

_Ja1 oQHi�;2 rBi? o" oQHi�;2 rBi?Qmi o"
622/2` R R9 Fq RXy8j TXm RXy83 TXm
622/2` k ky Fq RXyj8 TXm RXy9R TXm
622/2` j Ny Fq RXyj3 TXm RXy9d TXm

98



U�V 622/2` R U#V 622/2` k U+V 622/2` j
6B;m`2 k8, hQi�H So QmiTmi 7Q` �HH bmT2` MQ/2b 7`QK RR,yy �J iQ Rk,yy �J BM 2�+? 722/2`X

6BM�HHv- r2 r2 BHHmbi`�i2 i?2 T2`7Q`K�M+2 Q7 #Qi? i?2 BMi`�@722/2` �M/ BMi2`@722/2` +QMi`QH
bvbi2Kb pB� bBKmH�iBQMX
S`QQ7 Q7 *QM+2Ti p�HB/�iBQM, AMi2`@H�v2` `2�H@iBK2 722/#�+F +QMi`QH
Ç aBM+2 i?2 bT2+B}+ M2irQ`F Bb MQi BKTQ`i�Mi BM i?Bb b2iiBM;- +QMbB/2` � bBKTHB}2/ :JG i?�i

T`QpB/2b 2+QMQKB+ b2i@TQBMib iQ irQ bBKTHB}2/ 722/2`b i?�i �`2 #�b2/ � KQ/B}2/ A111
jd@MQ/2 bBM;H2@T?�b2 2[mBp�H2Mi +B`+mBib �M/ � bBKTHB}2/ 6PG rBi? #�ii2`B2b `2T`2b2MiBM;
i?2 o"bX h?`22 b2ib Q7 .1_b- bT2+B}+�HHv +QMi�BMBM; k3- k3- �M/ ke r�i2` ?2�i2`b- �`2
�bbmK2/ iQ #2 T`2b2Mi BM 2�+? 722/2` �i /Bz2`2Mi HQ+�iBQMb UbT2+B}+�HHv- r?2`2 i?2 #�b2
/2K�M/ Bb R9y Fq- R9y Fq- �M/ Rke Fq `2bT2+iBp2Hv- iQ K�i+? i?2 iQi�H `�i2/ TQr2`
Q7 i?2 /2pB+2bV K�FBM; � iQi�H Q7 Re9 r�i2` ?2�i2`b- 2�+? Q7 `�i2/ TQr2` 9X8 FqX lM/2`
i?2b2 bBKTHB}2/ +QM/BiBQMb- 6B;X keUG27iV b?Qrb i?2 `2bmHib Q7 � j@KBM bBKmH�iBQM iQ
BHHmbi`�i2 i?2 2z2+iBp2M2bb Q7 BMi2`@H�v2` 722/#�+F +QMi`QH BM `2D2+iBM; /Bbim`#�M+2b r?BH2
i`�+FBM; i?2 :JG 2+QMQKB+ `272`2M+2 Ub?QrM �b � v2HHQr /�b?2/ HBM2VX q2 b?Qr+�b2
i?`22 2t�KTH2b Q7 /Bbim`#�M+2 +H�bb2b i?�i +�M #2 KBiB;�i2/ mbBM; i?2 BMi`�@722/2` �M/
BMi2`@722/2` +QMi`QHH2`bX 6B`bi- �i �`QmM/ 3 b- � bi2T /Bbim`#�M+2 U2X;X- /m2 iQ T2`bBbi2Mi
+HQm/ +Qp2`V Bb �//2/ iQ bQK2 MQ/2b Q7 #Qi? i?2 722/2`bX aBM+2 i?2 +?�M;2 BM iQi�H ?2�/
MQ/2 TQr2` Bb H2bb i?�M i?2 /2�/@xQM2 HBKBi Q7 i?2 BMi2`@722/2` +QMi`QHH2` U�bbmK2/ iQ #2
dkXd Fq- r?B+? Bb RyW Q7 i?2 iQi�H #�b2 /2K�M/ BM QM2 722/2`V- QMHv i?2 BMi`�@722/2`
+QMi`QHH2` `2K�BMb �+iBp2X h?2 BMi`�@722/2` +QMi`QHH2`- +QK#BM2/ rBi? i?2 QTiBKBx�iBQM@
#�b2/ /2pB+2@H2p2H /BbT�i+?- mT/�i2b QM+2 2p2`v b2+QM/ �M/ BKT`Qp2b i?2 i`�+FBM; Q7 i?2
2+QMQKB+ `272`2M+2 +QKT�`2/ iQ i?2 +�b2 r?2`2 i?2`2 Bb MQ `2�H@iBK2 +QMi`QH UTm`TH2 /�b?@
/Qii2/ HBM2VX a2+QM/- �i �`QmM/ j8 b- `�M/QK MQBb2 Bb �//2/ U2X;X- /m2 iQ BMi2`KBii2Mi
+HQm/ +Qp2`VX Ai +�M #2 b22M i?�i rBi? `2�H@iBK2 +QMi`QH- i?2 p�`B�M+2 Q7 i?2 iQi�H ?2�/
MQ/2 TQr2` Bb `2/m+2/X 6BM�HHv- �i �`QmM/ 33 b- k b2ib Q7 .1_b BM i?2 b2+QM/ 722/2` �`2
�bbmK2/ iQ #2 mM2tT2+i2/Hv b2i iQ ǵx2`QǶ TQr2` T2`?�Tb pB� K�HB+BQmb +v#2` BMi`mbBQMX
aBM+2 i?Bb Bb � K�DQ` +QMiBM;2M+v- �M/ i?2 TQr2` +?�M;2 Bb KQ`2 i?�M dkXd Fq- i?2 BMi2`@
722/2` +QMi`QHH2` #2+QK2b �+iBp2X �+iBM; rBi? � HQQT /2H�v Q7 8 b2+QM/b- Bi #`BM;b i?2
iQi�H ?2�/ MQ/2 TQr2` +HQb2 iQ i?2 /2bB`2/ p�Hm2 mbBM; `2K�BMBM; �+iBp2 /2pB+2b 7`QK #Qi?
722/2`b mbBM; i?2 QTiBKBx�iBQM@#�b2/ /BbT�i+?X h?mb- i?2 `2�H@iBK2 +QMi`QH K2+?�MBbK
Bb /2KQMbi`�i2/ �b 2z2+iBp2 BM KBiB;�iBM; p�`BQmb +H�bb2b Q7 /Bbim`#�M+2bX JQ`2Qp2`- i?2
+QKTmi�iBQM Q7 i?2 `2�H@iBK2 +QMi`QH �+iBQM- BM+Hm/BM; i?2 QTiBKBx�iBQM@#�b2/ /2pB+2@H2p2H
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6B;m`2 ke, UG27iV aBKmH�iBQM Q7 BMi`�@ �M/ BMi2`@722/2` +QMi`QHH2`b +Q``2+iBM; bi�iB+ b2i@TQBMib iQ BKT`Qp2
i`�+FBM;X U_B;?iV a+�H�#BHBiv Q7 `2�H@iBK2 +QMi`QH �M/ ahG .BbT�i+?X

/BbT�i+?- iQQF � K�tBKmK Q7 kj Kb T2` +QMi`QH �+iBQM BM i?2 bBKmH�iBQMX *QKTmi�iBQM�H
/2H�vb b22K iQ #2 bB;MB}+�MiHv b?Q`i2` i?�M i?2 2tT2+i2/ +QMi`QH �+iBQM 2p2`v R b Q` 8 bX
�HbQ- 6B;X keU_B;?iV b?Qrb i?2 iBK2 `2[mB`2/ 7Q` +QMi`QH �M/ /BbT�i+? Q7 ahG 2H2K2Mib
r?2M i?2 MmK#2` Q7 .1_bfahG 2H2K2Mib BM+`2�b2bX Ai +�M #2 b22M i?�i 2p2M 7Q` jyy
/2pB+2b- i?2 `2�H@iBK2 ahG +QMi`QH �M/ /BbT�i+? i�F2b H2bb i?�M 8y KbX q2 2tT2+i i?�i
i?2 T`QTQb2/ +QMi`QHH2` Bb `2�H@iBK2 72�bB#H2 �i b+�H2X

JBH2biQM2b /2HBp2`2/
Ç J Uah@9XRX9V ai�iBbiB+�HHv 2[mBp�H2Mi M2irQ`F `2/m+iBQM, MQ/�Hf#`�M+?@`2/m+iBQM BM M2irQ`Fb 7`QK

/�i� rBHH +�mb2 bK�HH pQHi�;2f+m``2Mi /2pB�iBQMb rBi? `2bT2+i iQ 7mHH i?`22@T?�b2 M2irQ`F bBKmH�iBQMb
7Q` �HH iBK2@bi2Tb 7Q` � KQMi? BM bmKK2` �M/ � KQMi? BM rBMi2`X

Ç J Uah@9XkXRV .2KQMbi`�i2 b�iBb7�+iBQM Q7 �HH `2H2p�Mi i2+?MB+�H i�`;2ib #v /2i2`KBMBbiB+ bBKmH�iBQM
Q7 +QmTH2/ .aa1Y6PGY:JG 7`QK i?2 bK�HH@b+�H2 bvbi2K /2p2HQT2/ �M/ +`2�i2/ BM am#@i�bF 9XRX9
U=8y MQ/2b T2` 6PG 2H2K2Mic =Ry 6PG 2H2K2Mib BM i?2 :JG 7Q` KQ`2 i?�M =Ryyy .1_b KQ/2H2/
�b pB`im�H #�ii2`B2bVX

Ç J Uah@9XkXkV .2KQMbi`�i2 b�iBb7�+iBQM Q7 �HH `2H2p�Mi i2+?MB+�H i�`;2ib #v /2i2`KBMBbiB+ >BG bBKmH�iBQM
Q7 +QmTH2/ .aa1Y6PGY:JG 7`QK i?2 bK�HH@b+�H2 bvbi2K /2p2HQT2/ �M/ +`2�i2/ BM am#@i�bF 9XRX9
U=8y MQ/2b T2` 6PG 2H2K2Mic =Ry 6PG 2H2K2Mib BM i?2 :JG 7Q` KQ`2 i?�M =Ryyy .1_b KQ/2H2/
�b pB`im�H #�ii2`B2b (o")VX �i H2�bi QM2 o" Bb #�b2/ QM �i H2�bi Ry@ky T?vbB+�H ?�`/r�`2 /2pB+2b i?�i
2KmH�i2 BM/BpB/m�H .1_bX a2T�`�i2Hv- i?2 `2�H@iBK2 ahG 2H2K2Mi +QMi`QHH2` `2bTQMb2 Q7 � bBM;H2 o"
Bb p�HB/�i2/ rBi? >AG bBKmH�iBQMbX

Ç J Uah@9XjXkV *QmTH2/ .aa1YahGY6PGY:JG rBi? :`B/G�#@. Q` PT2M@.aa 7Q` H�`;2@b+�H2 _2�HBb@
iB+ P_l bvbi2K /2p2HQT2/ BM am#i�bF 9XjXR Qp2` `2T`2b2Mi�iBp2 /�vb 7Q` � QM2@v2�` T2`BQ/ BM i?2 v2�`
kyjy BM i?2 LQ`i?2�bi2`M lMBi2/ ai�i2b

Ç J Uah@9XjXjV h?2 > 100 `2�H@iBK2- +v#2`@2M�#H2/- 2KmH�i2/ .1_b �`2 bTHBi BMiQ � +QmTH2 ahG 2H2K2Mib
URy@ky .1_bf2H2K2MiV rBi?BM R@k 6PG 2H2K2Mib- r?B+? Bb i?2M bm#D2+i iQ pB`im�H ahG �M/ 6PG
2MiBiB2bX

aB;MB}+�Mi �++QKTHBb?K2Mib �M/ *QM+HmbBQMb
h?2 T`Q;`�K r�b ?B;?Hv bm++2bb7mH BM �HH `2;�`/b �M/ bm++2bb7mHHv �+?B2p2/ �HH K�DQ` KBH2@
biQM2b- }M�H /2HBp2`�#H2b- �M/ i2+?MB+�H Q#D2+iBp2b Qp2` i?2 +Qm`b2 Q7 i?2 T`QD2+iX
� #`B27 /2b+`BTiBQM Q7 T�`iB+mH�`Hv MQi2rQ`i?v �++QKTHBb?K2Mib �`2 T`2b2Mi2/,
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6B;m`2 kd, h?2 2pQHmiBQM Q7 i?2 BMi2`�+iBp2 /Bbi`B#miBQM ;`B/ �M�HviB+b UB.:�V iQQH 7`QK T`2@T`QD2+i Bb BM RV
iQ 2M/ Q7 T`QD2+iǶb u2�` k BM kV iQ HB+2Mb22 S�+F2iBx2/ 1M2`;v jV r?Q ?�p2 �/p�M+2/ i?2 iQQH iQ BMi2;`�i2
�JA- M2irQ`F- ;2Q;`�T?B+�H /�i�- �M/ a*�.� /�i� BM 9VX

Ç h?2 :JG ?�b #22M /2p2HQT2/ iQ 2z2+iBp2Hv �M/ `2HB�#Hv BM+Q`TQ`�i2 QTiBKBx�iBQM Q7 i2K@
TQ`�HHv +QmTH2/ 2M2`;v `2bQm`+2b �+`Qbb K2b?2/ bm#i`�MbKBbbBQM bvbi2Kb �M/ r?QH2b�H2
2M2`;v K�`F2i b2`pB+2b �+`Qbb KmHiBTH2 iBK2b+�H2bX

Ç h?2 6PGǶb biQ+?�biB+- KmHiB@T2`BQ/- �* PS6 7Q`KmH�iBQM ?�M/H2b /Bz2`2Mi ;`B/ �bb2ib-
BMi2;`�i2b .a11 �M/ M2irQ`F `2/m+iBQM i2+?MB[m2b �M/ `2T`2b2Mib �M 2t+2HH2Mi +QMi`B#m@
iBQM iQ i?2 TQr2` bvbi2Kb +QKKmMBivX AM �//BiBQM- Bi ?�b TQi2MiB�HHv � HQi Q7 p�Hm2- B7 r2
+�M ;2i i?2 B/2� �/QTi2/ BM i?2 M2�` i2`KX

Ç h?2 ~2tB#BHBiv Q7 � ;`QmT Q7 ?2i2`Q;2M2Qmb .1_b ?�b #22M +?�`�+i2`Bx2/ rBi? � MQp2H
�/p�M+2/ K2i?Q/QHQ;v #�b2/ QM JG �M/ i?2 ahG .1_ +QMi`QH K2i?Q/ Bb ?B;?Hv b+�H�#H2X
h?Bb Bb � ?m;2 �+?B2p2K2MiX

Ç loJǶb BS:� ?�b #22M HB+2Mb2/ �M/ Bb BM mb2 #v miBHBiB2b BM i?2 laX SH2�b2 +QMbB/2` i?2
2pQHmiBQM Q7 BS:� BM 6B;X kdX aT2+B}+�HHv- r2 �/�Ti2/ BS:� 7Q` P_lǶb M2irQ`F �M/
a*�.� /�i�- r?B+? r2`2 BM 1..Ƕb .1q 7Q`K�iX AM i?Bb T`QD2+i- r2 i?2M �//2/ i?2
�#BHBiv Q7 BS:� iQ bQHp2 �M/ pBbm�HBx2 KBMmi2Hv HQ�/ ~Qrb Q7 P_lǶb M2irQ`F iQ �HHQr
� mb2` iQ b2H2+i i?2 iBK2 Q7 BMi2`2bi �M/ b?Qr M2irQ`F TQr2` ~Qrb �HQM; rBi? j@T?�b2
pQHi�;2 �M/ +m``2Mi p�Hm2bX S�+F2iBx2/ 1M2`;v ?�b bBM+2 HB+2Mb2/ i?2 bQ7ir�`2 �M/ �//2/
� :Aa 2M;BM2 �M/ 7`QMi@2M/ i?�i BMi2;`�i2b �JA �M/ a*�.� /�i�- BM+Hm/BM; M2irQ`F
brBi+?2b �M/ bm#bi�iBQMb- iQ T`QpB/2 � KQ`2 mb2`@7`B2M/Hv :`B/aQHp2` iQQH 7Q` /Bbi`B#miBQM
bvbi2K TH�MMBM; �M/ QT2`�iBQMb 2M;BM22`bX

Ç h?2 AMi`�@722/2` �M/ AMi2`@722/2` +QMi`QHH2`b `2T`2b2Mi � +H2�`- `2HB�#H2 �M/ T`�+iB+�HHv
BKTH2K2Mi�#H2 �TT`Q�+? iQ BMi2;`�i2 +QMi`QH rBi?BM � .aPX

Ç h?2 i2�K ?�b bm#KBii2/ Qp2` jy T�T2`b �M/ ;Bp2M MmK2`Qmb i�HFb �i mMBp2`bBiB2b �M/
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BM/mbi`v rBi? QM2 Tm#HB+�iBQM 7`QK i?2 2MiB`2 i2�K �M/ bmKK�`BxBM; F2v T`QD2+i Qmi+QK2b
Ub22 (je)VX

h?2 T`QD2+i Qmi+QK2 Bb � MQp2H ?B2`�`+?B+�H .1_ +QQ`/BM�iBQM b+?2K2 i?�i i?`Qm;? H�`;2@
b+�H2 bBKmH�iBQMb �M/ `2�H@iBK2 p�HB/�iBQM Bb b?QrM iQ #2 i2+?MB+�HHv b+�H�#H2- `2HB�#H2 �M/
T`�+iB+�HHv BKTH2K2Mi�#H2 rBi?BM � miBHBiv b2iiBM;X aT2+B}+�HHv- bBKmH�iBQM `2bmHib BHHmbi`�i2
?Qr +QQ`/BM�iBQM Q7 .1_b BKT`Qp2b #Qi? bvbi2K `2HB�#BHBiv �M/ 2+QMQKB+b �M/ 2M�#H2b �
;`2�i2` T2M2i`�iBQM Q7 bQH�` So BM /Bbi`B#miBQM 722/2`bX

AMp2MiBQMb- S�i2Mib- Sm#HB+�iBQMb- �M/ Pi?2` _2bmHib
�r�`/b
RX 1M`B[m2 J�HH�/�- JAL.a _2b2�`+? �r�`/- C>l P{+2 P7 oS Q7 _2b2�`+? kyRN
kX 1M`B[m2 J�HH�/�- La6 *�_11_ �r�`/- L�iBQM�H a+B2M+2 6QmM/�iBQM U1**aV J�`+?- kyR3
jX .2MMB+2 :�vK2- aBKQMb 62HHQrb?BT- Ab��+ L2riQM AMbiX 6Q` J�i?2K�iB+�H a+B2M+2b ZR- kyRN
9X 1M`B[m2 J�HH�/�- .2MMB+2 :�vK2- .Bb+Qp2`v �r�`/ C>l- �T`BH- kyRN
8X J�/b �HK�bb�HF?B >�HH Q7 6�K2 �r�`/- loJ AMMQp�iBQMb- �T`BH- kyRN

S�i2MibfS�i2Mi �TTHB+�iBQMb
RX SX _�+?2`H�- SX >BM2b- �M/ JX �HK�bb�HF?B- AMi2`�+iBp2 SQr2` :`B/ �M�HviB+b UBS:�V- kykyX

Sm#HB+�iBQMb U#v T2`7Q`K�M+2 i2�KV
RX Uam#KBii2/V aX "`�?K�- �M/ >X Pbb�`2?- �M�HvbBb Q7 �++m`�+v �M/ LmK2`B+�H S`QT2`iB2b Q7 aiQ+?�biB+

GBM2�`Bx�iBQM- aA�J CQm`M�H QM LmK2`B+�H �M�HvbBb- kykyX
kX Uam#KBii2/V uX CB�M;- 1X *Q?M- SX oQ`Q#2p- �M/ 1X J�HH�/�- aiQ`�;2@#�b2/ 7`2[m2M+v b?�TBM; +QMi`QH-

A111 h`�Mb�+iBQMb QM SQr2` avbi2Kb- kykyX
jX Uam#KBii2/V LX L�xB` �M/ JX �HK�bb�HF?B- :`B/@�r�`2 �;;`2;�iBQM �M/ `2�HiBK2 /Bb�;;`2;�iBQM Q7 /Bb@

i`B#mi2/ 2M2`;v `2bQm`+2b BM `�/B�H M2irQ`Fb- A111 h`�MbX QM SQr2` avbi2Kb- kykyX
9X UlM/2` `2pB2rc _2pyRV GX aX SX G�r`2M+2- CX qX aBKTbQM@SQ`+Q- �M/ 1X J�HH�/�- h?2 QTiBK�H bi2�/v@bi�i2

+QMi`QH T`Q#H2K- A111 h`�MbX QM �miQK�iB+ *QMi`QHX
8X UlM/2` `2pB2rc _2pyRV uX CB�M; �M/ _X S�i2b �M/ 1X J�HH�/�- .vM�KB+ .`QQT *QMi`QH BM GQr@BM2`iB�

SQr2` avbi2Kb A111 h`�MbX QM �miQK�iB+ *QMi`QHX
eX UlM/2` `2pB2rc _2pykV LX L�xB`- �M/ JX �HK�bb�HF?B- oQHi�;2 TQbBiBQMBM; mbBM; +Q@QTiBKBx�iBQM Q7 +QM@

i`QHH�#H2 ;`B/ �bb2ib BM `�/B�H M2irQ`Fb- A111 h`�MbX QM SQr2` avbi2KbX
dX JX �HK�bb�HF?B- aX "`�?K�- LX L�xB`- >X Pbb�`2?- SX _�+?2`H�- aX EmM/m- aX SX L�M/�MQQ`B- hX _�@

K�+?�M/`�K- �X aBM;?�H- .X :�vK2- *X CB- 1X J�HH�/�- uX a?2M- SX uQm- �M/ .X �M�M/- >B2`�`+?B+�H-
:`B/@�r�`2- �M/ 1+QMQKB+�HHv PTiBK�H *QQ`/BM�iBQM Q7 .Bbi`B#mi2/ 1M2`;v _2bQm`+2b BM _2�HBbiB+ .Bb@
i`B#miBQM avbi2Kb- 1M2`;B2b bT2+B�H Bbbm2 QM "mBH/BM;@iQ@:`B/ AMi2;`�iBQM i?`Qm;? AMi2HHB;2Mi PTiBKBx�iBQM
�M/ *QMi`QH- U�++2Ti2/V kykyX

3X aX "`�?K�- LX L�xB`- >X Pbb�`2?- �M/ JX �HK�bb�HF?B- PTiBK�H �M/ `2bBHB2Mi +QQ`/BM�iBQM Q7 pB`im�H
#�ii2`B2b BM /Bbi`B#miBQM 722/2`b- A111 h`�MbX QM SQr2` avbi2Kb- U�++2Ti2/V kykyX

NX LX L�xB`- SX _�+?2`H�- �M/ JX �HK�bb�HF?B- PTiBK�H KmHiB@T2`BQ/ /BbT�i+? Q7 /Bbi`B#mi2/ 2M2`;v `2bQm`+2b
BM mM#�H�M+2/ /Bbi`B#miBQM 722/2`b- A111 h`�MbX QM SQr2` avbi2Kb- kykyX

RyX 6X S�;�MBMB �M/ 1X J�HH�/�- :HQ#�H �M�HvbBb Q7 bvM+?`QMBx�iBQM T2`7Q`K�M+2 7Q` TQr2` bvbi2Kb, "`B/;BM;
i?2 i?2Q`v@T`�+iB+2 ;�T- A111 h`�MbX QM �miQK�iB+ *QMi`QH- kykyX
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RRX �X "�?`�K- JX >X >�DB2bK�BHB- wX G22- LX *`2bTB- �M/ 1X J�HH�/�- PMHBM2 1o a+?2/mHBM; �H;Q`Bi?Kb 7Q`
�/�TiBp2 *?�`;BM; L2irQ`Fb rBi? :HQ#�H S2�F *QMbi`�BMib- A111 h`�Mb�+iBQMb QM ambi�BM�#H2 *QKTmi@
BM;- kykyX

RkX 1X q2Bi2M#2`;- uX CB�M;- *X w?�Q- 1X J�HH�/�- *X .2 S2`bBb- �M/ 6X .Q`~2` _Q#mbi /2+2Mi`�HBx2/ b2+QM/�`v
7`2[m2M+v +QMi`QH BM TQr2` bvbi2Kb, J2`Bib �M/ i`�/2@Qzb A111 h`�Mb�+iBQMb QM �miQK�iB+ *QMi`QH- kyRNX

RjX _X S�i2b �M/ 1X J�HH�/�- _Q#mbi b+�H2 7`22 bvMi?2bBb 7Q` 7`2[m2M+v `2;mH�iBQM BM TQr2` bvbi2Kb- A111
h`�Mb- QM *QMi`QH Q7 L2irQ`F avbi2Kb- kyR3X

R9X LX L�xB` �M/ JX �HK�bb�HF?B- _2+2/BM;@?Q`BxQM QTiBKBx�iBQM Q7 mM#�H�M+2/ /Bbi`B#miBQM bvbi2Kb rBi?
iBK2@b+�H2 b2T�`�iBQM 7Q` /Bb+`2i2 �M/ +QMiBMmQmb +QMi`QH /2pB+2b- SQr2` avbi2K *QKTmi�iBQM *QM72`2M+2-
.m#HBM- A`2H�M/ CmM2- kyR3X

R8X aX "`�?K�- JX �HK�bb�HF?B- >X Pbb�`2?- � aiQ+?�biB+ GBM2�`Bx�iBQM �TT`Q�+? iQ PTiBK�H S`BK�`v *QM@
i`QH Q7 SQr2` avbi2Kb rBi? :2M2`�iQ` a�im`�iBQM- A111 *QM72`2M+2 QM *QMi`QH h2+?MQHQ;v �M/ �TTHB+�@
iBQMb- *QT2M?�;2M- .2MK�`F �m;mbi- kyR3X

ReX AX *?�F`�#Q`iv- aX L�M/�MQQ`B- �M/ aX EmM/m- oB`im�H "�ii2`v S�`�K2i2` A/2MiB}+�iBQM mbBM; h`�Mb72`
G2�`MBM; #�b2/ ai�+F2/ �miQ2M+Q/2`- A111 AMi2`M�iBQM�H *QM72`2M+2 QM J�+?BM2 G2�`MBM; �M/ �TTHB+�@
iBQMb- P`H�M/Q- 6G .2+2K#2`- kyR3X ULQKBM�i2/ 7Q` #2bi T�T2` �r�`/VX

RdX aX L�M/�MQQ`B- AX *?�F`�#Q`iv- hX _�K�+?�M/`�M- �M/ aX EmM/m A/2MiB}+�iBQM �M/ o�HB/�iBQM Q7 oB`im�H
"�ii2`v JQ/2H 7Q` >2i2`Q;2M2Qmb .2pB+2b- A111 S1a :2M2`�H J22iBM; kyRN- �iH�Mi�- :�- �m;mbi- kyR3X

R3X hX _�K�+?�M/`�M- �X _2BK�M- JX _B+2 �M/ aX EmM/m- .Bbi`B#miBQM avbi2K ai�i2 1biBK�iBQM BM i?2
T`2b2M+2 Q7 ?B;? So T2M2i`�iBQM- �K2`B+�M *QMi`QH *QM72`2M+2- S?BH�/2HT?B�- S�- kyRNX

RNX qX >m�M;- aX "`�?K�- �M/ >X Pbb�`2?- Zm�bBHBM2�` +QMi`QH Q7 bvbi2Kb rBi? iBK2@/2H�vb �M/ MQMHBM2�`
�+im�iQ`b �M/ b2MbQ`b- �K2`B+�M *QMi`QH *QM72`2M+2 S?BH�/2HT?B�- S�- kyRNX

kyX *X CB- JX >X- .X 6X :�vK2 �M/ 1X J�HH�/�- *QQ`/BM�iBM; .Bbi`B#miBQM avbi2K _2bQm`+2b 7Q` *Q@QTiBKBx2/
S�`iB+BT�iBQM BM 1M2`;v �M/ �M+BHH�`v a2`pB+2 h`�MbKBbbBQM avbi2K J�`F2ib- �K2`B+�M *QMi`QH *QM72`@
2M+2- S?BH�/2HT?B�- S�- kyRNX

kRX *X �p`��K- CX _BM2b- �X a�`F2`- 6X S�;�MBMB- �M/ 1X J�HH�/�- oQHi�;2 *QHH�Tb2 ai�#BHBx�iBQM BM ai�` .*
L2irQ`Fb- �K2`B+�M *QMi`QH *QM72`2M+2 S?BH�/2H?B�- S�- kyRNX

kkX aX "`�?K� �M/ >X Pbb�`2?- Zm�bBHBM2�` +QMi`QH Q7 722/#�+F bvbi2Kb rBi? KmHiBp�`B�i2 MQMHBM2�`BiB2b- A111
*QM72`2M+2 QM .2+BbBQM �M/ *QMi`QH- LB+2- 6`�M+2- kyRNX

kjX SX uQm- .X 6X :�vK2- �M/ 1X J�HH�/�- h?2 _QH2 Q7 ai`�i2;B+ GQ�/ S�`iB+BT�Mib BM hrQ@ai�;2 a2iiH2K2Mi
1H2+i`B+Biv J�`F2ib- A111 *QM72`2M+2 QM .2+BbBQM �M/ *QMi`QH- LB+2- 6`�M+2- kyRNX

k9X >X JBM �M/ 1X J�HH�/�- .vM�KB+b *QM+2Mi`�iBQM Q7 G�`;2@a+�H2 hB;?iHv@*QMM2+i2/ L2irQ`Fb- A111
*QM72`2M+2 QM .2+BbBQM �M/ *QMi`QH- LB+2- 6`�M+2- kyRNX

k8X LX L�xB` �M/ JX �HK�bb�HF?B- *QMp2t BMM2` �TT`QtBK�iBQM Q7 i?2 722/2` ?QbiBM; +�T�+Biv HBKBib QM
/BbT�i+?�#H2 /2K�M/ A111 *QM72`2M+2 QM .2+BbBQM �M/ *QMi`QH LB+2- 6`�M+2- kykyX

keX LX L�xB` �M/ JX �HK�bb�HF?B- aiQ+?�biB+ KmHiB@T2`BQ/ QTiBK�H /BbT�i+? Q7 2M2`;v biQ`�;2 BM mM#�H�M+2/
/Bbi`B#miBQM 722/2`b- SQr2` avbi2Kb *QKTmi�iBQM *QM72`2M+2- SQ`iQ- SQ`im;�H- kykyX

kdX *X a?�TB`Q- *X CB- �M/ .X 6X :�vK2- _2�H@iBK2 1M2`;v J�`F2i �`#Bi`�;2 pB� �2`Q/vM�KB+ 1M2`;v aiQ`�;2
BM qBM/ 6�`Kb- �K2`B+�M *QMi`QH *QM72`2M+2- kykyX

k3X CX :mi?`B2 �M/ 1X J�HH�/�- JBMBKmK@hBK2 *?�`;BM; Q7 1M2`;v aiQ`�;2 BM JB+`Q;`B/b pB� �TT`QtBK�i2
*QMB+ _2H�t�iBQM- A111 1m`QT2�M *QMi`QH *QM72`2M+2- kykyX

kNX uX a?2M- JX "B+?m+?- �M/ 1X J�HH�/�- PM i?2 o�Hm2 Q7 1M2`;v aiQ`�;2 BM :2M2`�iBQM *Qbi _2/m+iBQM-
A111 1m`QT2�M *QMi`QH *QM72`2M+2- kykyX

jyX *X a?�TB`Q- *X CB- �M/ .X 6X :�vK2- _2�H@iBK2 1M2`;v J�`F2i �`#Bi`�;2 pB� �2`Q/vM�KB+ 1M2`;v aiQ`�;2
BM qBM/ 6�`Kb- �K2`B+�M *QMi`QH *QM72`2M+2- .2Mp2`- *P- kykyX
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Pi?2` _2bmHib
RX h?2 6mim`2 Q7 1M2`;v qQ`Fb?QT �i loJ- Nfkd@k3fkyR3X
kX LAah qQ`Fb?QT QM aK�`i :`B/ h2bi@#2/b � *QHH�#Q`�iBQMb �i loJ- 9fkjfkyRNX
jX .`X .2MMB+2 :�vK2 r�b 72�im`2/ BM A111 *QMi`QH avbi2K aQ+B2ivǶb *QMi`QH J�;�xBM2X

S�i? 6Q`r�`/
h?2 _�. Qmi+QK2b Q7 i?Bb T`QD2+i /B`2+iHv bmTTQ`ib � bQ@+�HH2/ ǳJ�`F2i .aPǴ �TT`Q�+? iQ
.1_ +QQ`/BM�iBQM- r?2`2 i?2 .aP Bb i?2 bQH2 b+?2/mHBM; +QQ`/BM�iQ` Q7 .1_b �M/ �;;`2;�i2b
`2bQm`+2b iQ 7Q`K � bBKTH2 BMi2`7�+2 rBi? i?2 haPX h?Bb BKTQ`i�MiHv BM7Q`Kb i?2 haP Q7
2tT2+i2/ �;;`2;�i2 /Bbi`B#miBQM bvbi2K .1_ �+iBQMb �+`Qbb i?2 bvbi2K �M/ �HbQ ?2HTb i?2
.aP K22i +?�M;BM; ;`B/ �M/ K�`F2i +QM/BiBQMbX >Qr2p2`- bm+? � .aP@+2Mi`B+ �TT`Q�+?
BM/B`2+iHv T`2+Hm/2b T�`iB+BT�iBQM 7`QK BM/BpB/m�H .1_ QrM2`b �M/ �;;`2;�iQ`bX hQ Qp2`+QK2
i?Bb- i?2`2 2tBbib QTTQ`imMBiB2b ;QBM; 7Q`r�`/ iQ 2ti2M/ i?2 _�. Qmi+QK2b 7`QK i?Bb T`QD2+i
iQ +QMbB/2` KmHiBTH2 ;2M2`�HBx2/ .1_ �;;`2;�iQ`b �+iBM; rBi?BM i?2 HBKBib Q7 i?2 M2irQ`FX
"2HQr r2 HBbi bQK2 F2v /B`2+iBQMb �M/ �p2Mm2b 7Q` p�Hm�#H2 7mim`2 +QMi`B#miBQMb,

Ç aQ7ir�`2 iQQHb 7Q` .aP, h?2 6PG H�v2` `2T`2b2Mib � bQT?BbiB+�i2/ +QK#BM�iBQM Q7 ;`B/
�M�HviB+b U2X;X- M2irQ`F `2/m+iBQM- b+2M�`BQ ;2M2`�iBQMV �M/ bi�i2@Q7@i?2@�`i `2bQm`+2 QTiB@
KBx�iBQM �H;Q`Bi?Kb bmBi�#H2 7Q` `2�HBbiB+ /Bbi`B#miBQM 722/2`bX aT2+B}+�HHv- i?2b2 iQQHb +�M
#2 2ti2M/2/ iQ b2`p2 .aPb BM i?2 7Q`K Q7 BMi2`�+iBp2 TQr2` ;`B/ �M�HviB+b UBS:�V TH�i@
7Q`K Ub22 6B;X kdVV- r?B+? Bb +�T�#H2 Q7 pBbm�HBxBM; �M/ `2@TH�vBM; ?BbiQ`B+�H ;`B/ +QM/BiBQMb
7`QK /�i�X *QK#BM2/ rBi? QTiBKBx�iBQM �M/fQ` M2irQ`F `2/m+iBQM- i?2 iQQHb +�M T2`7Q`K
r?�i@B7 b+2M�`BQb �`QmM/ ?QbiBM; +�T�+Biv 7Q` .1_b �M/ bQH�` SoX AM i?Bb /B`2+iBQM- i?2
i2�K ?�b /Bb+HQb2/ i?2 bQ7ir�`2 iQQHb �b BMp2MiBQMb- HB+2Mb2/ i?2K iQ +H2�M
i2+? bi�`imT +QKT�Mv S�+F2iBx2/ 1M2`;v- r?Q Bb �/p�M+BM; i?2 +QM+2Tib rBi?
i?2B` +QKK2`+B�H T`Q/m+i :`B/aQHp2` i?�i Bb +m``2MiHv BM mb2 #v miBHBiB2b BM i?2
lXaX iQ BKT`Qp2 pBbm�HBx�iBQM �M/ /2+BbBQM bmTTQ`i 7Q` miBHBiv 2M;BM22`bX AM �//BiBQM- i?2
i2�K ?�/ #22M �bF2/ #v AM/mbi`v T�`iM2` P_l iQ mb2 i?2b2 iQQHb iQ +QM/m+i 2M;BM22`BM;
�M�HvbBb �`QmM/ bQH�` So T2M2i`�iBQMb- +�T�+BiQ` #�MFb- �M/ T`Qi2+iBQM bvbi2KX h?mb-
bQ7ir�`2 iQQHb `2T`2b2Mi � T`QKBbBM; �p2Mm2 ;QBM; 7Q`r�`/ 7Q` i?2 6PG K2i?Q/bX

Ç PMHBM2- `2�HiBK2 /Bb�;;`2;�iBQM Q7 `2bQm`+2b, h?2 i2�K Bb H2�/BM; � T�M2H �i AL@
6P_Ja kyky �MMm�H K22iBM; QM i?Bb iQTB+X 6Q` H�`;2 UBX2X- `2�HBbiB+V M2irQ`Fb �M/ 7�bi
K�`F2i bB;M�Hb U2X;X- 7`2[m2M+v `2;mH�iBQMV- `2+2/BM;@?Q`BxQM BKTH2K2Mi�iBQMb Q7 PS6
UBX2X- 6PGV ?�b +2`i�BM HBKBi�iBQMb �b KmHiB@T2`BQ/ QTiBKBx�iBQM T`Q#H2Kb i�F2 iBK2 iQ
bQHp2 �i b+�H2X aBM+2 i?2 6PG 2z2+iBp2Hv T2`7Q`Kb /Bb�;;`2;�iBQM Q7 i?2 �;;`2;�i2 ?2�/@
MQ/2 bB;M�H �+`Qbb i?2 M2irQ`FǶb `2bQm`+2b- i?2 i2�K ?�b 2ti2M/2/ i?2 6PG iQ QMHBM2
+QKTmi�iBQM 7Q` bBKTH2 `�/B�H �M/ #�H�M+2/ M2irQ`Fb- r?B+? T2`KBib `2�H@iBK2
/Bb�;;`2;�iBQM i?�i bmTTQ`ib 7`2[m2M+v `2;mH�iBQMX h?2 B/2�b H2p2`�;2 i2�K /Bb@
+mbbBQMb 7`QK u2�` R BM i?2 T`QD2+i iQ 2M�#H2 i?2 .aP iQ +QKTmi2 ǳ/vM�KB+ ?QbiBM;
+�T�+BivǴ HBKBib �i 2�+? MQ/2 Q7 Bib M2irQ`F �M/ rBi?BM r?B+? �Mv ~2tB#H2 .1_b �M/ So
BMp2`i2`b +�M #2 2KTHQv2/ rBi? �@T`BQ`B ;m�`�Mi22/ b�iBb7�+iBQM Q7 M2irQ`F +QMbi`�BMibX
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h?Bb 7mim`2 �p2Mm2 Q7 rQ`F rBHH 2M�#H2 `2�H@iBK2- QMHBM2- ;`B/@�r�`2 +QMi`QH Q7 o"b iQ
�HHQr .1_ QrM2`b �M/ �;;`2;�iQ`b iQ bm#b+`B#2 iQ TQ`iBQMb Q7 i?2b2 MQ/�H .1_ ?QbiBM;
+�T�+BiB2b 7`QK i?2 .aP �M/ 7`22Hv /BbT�i+? .1_b rBi?BM i?2B` bm#b+`B#2/ HBKBib iQr�`/b
�Mv K�`F2i b2`pB+2 UBX2X- �`#Bi`�`v iBK2b+�H2bVX �b r2 KQp2 iQ `2�H@iBK2 +QMi`QH Q7 o"b
i?2B` TQr2` /vM�KB+b #2+QK2 `2H2p�Mi �M/ +QMi`QH i?2Q`v M22/ iQ �/p�M+2 iQ �++QmMi 7Q`
i?2 +QKTH2tBiB2b Q7 o" /vM�KB+b- MQM@HBM2�`BiB2b- �M/ iBK2b+�H2bX h?2 BMi`�@722/2` rQ`F
Bb � +H2�` �p2Mm2 iQ �/p�M+2 i?2 +QMi`QH i?2Q`v �M/ �TTHB+�iBQM iQ bQH�` So BMp2`i2`bX

Ç AKT`Qp2 7mM/�K2Mi�H mM/2`bi�M/BM; Q7 i?2 HBKBib Q7 M2irQ`F �;;`2;�iBQMb, �*
M2irQ`Fb +QKTHB+�i2 �;;`2;�i2/ `2T`2b2Mi�iBQMb Q7 MQ/�H ~2tB#BHBivX h?2 ahG T2`7Q`Kb
�/p�M+2/ .1_ b2`pB+2b `2H�i2/ iQ +?�`�+i2`BxBM; ;`QmTb Q7 .1_b �b o"b �M/ i?2M +QMi`QH@
HBM; .1_b iQ b�iBb7v +2`i�BM TQr2` b2i@TQBMibX h?2 +?�`�+i2`Bx�iBQM Q7 i?2 2M2`;vfTQr2`
~2tB#BHBiv 7`QK ?2i2`Q;2M2Qmb ;`QmTb Q7 .1_b rBHH `2[mB`2 7mim`2 �/p�M+2b BM /�i�@
/`Bp2M �M/ H2�`MBM;@#�b2/ K2i?Q/QHQ;B2b �M/ `2T`2b2Mib � b�HB2Mi /B`2+iBQM 7Q`
_�. @ �M/ Bb #2BM; Tm`bm2/ #v #Qi? loJ �M/ SLLG i2�KbX AM T�`iB+mH�`- i?2 iQTB+ Q7
�;;`2;�iBQM Q7 ~2tB#BHBiv Qp2` � M2irQ`F rBHH #2 +`BiB+�H iQ Tm`bm2X h?Bb Bb `2H�i2/ iQ i?2
/vM�KB+ ?QbiBM; +�T�+Biv K2MiBQM2/ �#Qp2 �M/ �M �`2� r2 �`2 BMi2`2bi2/ iQ Tm`bm2X

Ç PTiBK�H `BbF@�r�`2 KmHiB@K�`F2i T�`iB+BT�iBQM, �b .1_b �`2 �;;`2;�i2/ 7Q` K�`@
F2i T�`iB+BT�iBQM �M/ 2M�#H2 `2HB�#H2 bQH�` So BMi2;`�iBQM- Bi rBHH #2+QK2 BKTQ`i�Mi iQ
K�tBKBx2 `2p2Mm2 TQi2MiB�H Q7 ~2tB#H2 /2K�M/X >Qr2p2`- ~2tB#H2 /2K�M/ Bb �M BM?2`@
2MiHv biQ+?�biB+ `2bQm`+2 U;Bp2M mM+2`i�BM T�`�K2i2`b �M/ 2M/@mb�;2 T�ii2`MbV- bQ #Qi?
�;;`2;�iQ`b �M/ haPb r�Mi iQ K�M�;2 `BbFb �bbQ+B�i2/ rBi? MQi K22iBM; Q#HB;�iBQMbX
6Q` i?�i- r2 b22 2ti2MbBQMb Q7 i?2 :JG iQr�`/b `BbF@#�b2/ /BbT�i+?2b �M/ ?�p2
bi�`i2/ i?Bb rQ`F BM i?2 T`QD2+i �H`2�/v rBi? i?2 biQ+?�biB+ 7Q`KmH�iBQM Q7 i?2
:JG- r?B+? +QMbB/2`b #Qi? mM+2`i�BMiv BM `2bQm`+2b �M/ K�`F2i bB;M�HbX AM �//BiBQM-
r2 M22/ iQ �++QmMi 7Q` KmHiBTH2 +QM+m``2Mi K�`F2i QTTQ`imMBiB2b �M/ mM/2`bi�M/ r?B+?
7Q`Kb Q7 ~2tB#H2 /2K�M/ �`2 KQbi p�Hm�#H2 7Q` 2�+? ivT2 Q7 K�`F2i b2`pB+2- bQ i?�i ~22ib
+QKTQbBiBQM +�M #2 QTiBKBx2/ �M/ iQ BM7Q`K `2;mH�iQ`bX

Ç *QKTmiBM; �i b+�H2 rBi? M2irQ`F `2/m+iBQM, �i i?2 +Q`2 Q7 K�+?BM2 H2�`MBM;- QT@
iBKBx�iBQM- �* HQ�/ ~Qrb �`2 MQ/2b- 2/;2b- �M/ HQib Q7 M2irQ`FbX h?mb- i?2 M2irQ`F
`2/m+iBQM i2+?MB[m2b /2p2HQT2/ �M/ i2bi2/ BM i?Bb T`QD2+i 7Q` PS6 Tm`TQb2b +QmH/ #2
;2M2`�HBx2/ �M/ bim/B2/ 7m`i?2` iQ Qi?2` M2irQ`Fb �M/ Qi?2` �TTHB+�iBQMbX aT2+B}+�HHv-
i?2 �#BHBiv iQ i�F2 H�`;2 M2irQ`F �M/ `2/m+2 i?2K rBi? M2;HB;B#H2 KQ/2H 2``Q` ;Bp2b `Bb2
iQ b+�H�#H2 +QKTmiBM; 7Q` #Qi? K�+?BM2 H2�`MBM; �M/ QTiBKBx�iBQMX AM i?2 6PG- r2
/2p2HQT2/ �M/ �TTHB2/ QTiBKBx�iBQM iQ `2/m+2/ M2irQ`Fb �M/ �M/ HB7i2/ i?2 QTiBK�H /Bb@
T�i+? bQHmiBQMb #�+F mT iQ i?2 7mHH M2irQ`F r?2`2 i?2 `2bQm`+2b r2`2 �+im�i2/X q?BH2
r2 ?�p2 MQi T`QpB/2/ ;m�`�Mi22b QM T2`7Q`K�M+2 UQTiBK�HBivV Q` [m�MiB}2/ KQ/2H KBb@
K�i+? U72�bB#BHBivV- r2 b?Qr2/ i?�i M2irQ`F `2/m+iBQM Qz2`b � p�Hm�#H2 T�i?b 7Q`
b+�H�#H2 +QKTmiBM;fQTiBKBx�iBQM �M/ �`2 BMi2`2bi2/ BM Tm`bmBM; M2irQ`F `2@
/m+iBQM i2+?MB[m2b QM ;2M2`�H M2irQ`F T`Q#H2Kb �M/ /2p2HQT K2i?Q/QHQ;B2b i?�i
+?�`�+i2`Bx2 HQbb Q7 QTiBK�HBiv �M/ 72�bB#BHBiv 7`QK +QKTmiBM; QM `2/m+2/ M2irQ`Fb �M/
i?2 BM2{+B2M+B2b �bbQ+B�i2/ rBi? HB7iBM; QTiBK�H bQHmiBQMb mT iQ i?2B` 7mHH M2irQ`FbX
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_272`2M+2b

(R) .Bbi`B#mi2/ 2M2`;v `2bQm`+2b, *QMM2+iBQM- JQ/2HBM; �M/ _2HB�#BHBiv *QMbB/2`�iBQMbX
h2+?X `2TX LQ`i? �K2`B+�M 1H2+i`B+ _2HB�#BHBiv *QmM+BH UL1_*V- LQpX kyReX

(k) L�r�7 L�xB` �M/ J�/b �HK�bb�HF?BX :`B/@�r�`2 �;;`2;�iBQM �M/ `2�HiBK2 /Bb�;;`2@
;�iBQM Q7 /Bbi`B#mi2/ 2M2`;v `2bQm`+2b BM `�/B�H M2irQ`FbX kyRNX �`sBp, RNydXyedyN
(K�i?XP*)X

(j) G�x�`/X G2p2HBx2/ *Qbi Q7 1M2`;v �M�HvbBb @ o2`bBQM RjXyX h2+?X `2TX G�x�`/- kyRNX
m`H, &?iiTb,ffrrrXH�x�`/X+QKfK2/B�f98Ry3efH�x�`/b@H2p2HBx2/@+Qbi@Q7@
2M2`;v@p2`bBQM@Rjy@p7XT/7'X

(9) lMBi2/ L�iBQMb 1MpB`QMK2Mi S`Q;`�KK2X 1KBbbBQMb :�T _2TQ`iX lL1S- L�B`Q#B-
kyRNX m`H, ?iiTb,ffrrrXmM2MpB`QMK2MiXQ`;f`2bQm`+2bf2KBbbBQMb@;�T@`2TQ`i@
kyRNX

(8) *�`� :QH/2M#2`;- J�`F .vbQM- �M/ >�``v J�bi2`bX .2K�M/ 6H2tB#BHBiv, h?2 E2v hQ
1M�#HBM; � GQr@+Qbi- GQr@+�`#QM :`B/X h2+?X `2TX _Q+Fv JQmMi�BM AMbiBimi2- kyR3X
m`H, ?iiTb,ff`KBXQ`;frT@+QMi2MifmTHQ�/bfkyR3fykfAMbB;?in"`B27n.2K�M/n
6H2tB#BHBivnkyR3XT/7X

(e) _v�M >H2/BF- �?K�/ 6�`m[mB- hQMv G22- �M/ CQ?M >B;?�KX h?2 L�iBQM�H SQi2MiB�H 7Q`
GQ�/ 6H2tB#BHBiv, o�Gl1 �L. J�_E1h SPh1LhA�G h>_Pl:> kyjyX h2+?X `2TX
"QbiQM- J�bb�+?mbb2iib, h?2 "`�iiH2 :`QmT- CmM2 kyRNX

(d) A1�X .B;Bi�HBb�iBQM �M/ 1M2`;vX h2+?X `2TX kyRdX m`H, ?iiTb , f f rrr X B2� X Q`; f
`2TQ`ibf/B;Bi�HBb�iBQM@�M/@2M2`;vX

(3) S�mH .2J�`iBMBX 6mim`2 Q7 lXaX 1H2+i`B+ .Bbi`B#miBQM, S�`i AAX h2+?X `2TX 1/BbQM 1H2+@
i`B+ AMbiBimi2- kyRkX m`H, &?iiTb,ff;`B/�`+?Bi2+im`2XTMMHX;QpfK2/B�fr?Bi2@
T�T2`bfkyRkWkyCmH@6mim`2WkyQ7Wky1H2+i`B+Wky.Bbi`B#miBQMXT/7'X

(N) 62HBt 6X qm- S`�pBM SX o�`�Bv�- �M/ _QM aXuX >mBX ǳaK�`i :`B/b rBi? AMi2HHB;2Mi S2@
`BT?2`v, �M �`+?Bi2+im`2 7Q` i?2 1M2`;v AMi2`M2iǴX AM, 1M;BM22`BM; RX9 UkyR8V- TTX 9je Ĝ
99eX m`H, ?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f�`iB+H2fTBBfakyN83yNNRejyyk93X

(Ry) C2z`2v . h�7iX �`+?Bi2+im`�H #�bBb 7Q` ?B;?Hv /Bbi`B#mi2/ i`�Mb�+iBp2 TQr2` ;`B/b, 6`�K2@
rQ`Fb- M2irQ`Fb- �M/ ;`B/ +Q/2bX h2+?X `2TX S�+B}+ LQ`i?r2bi L�iBQM�H G�#XUSLLGV-
_B+?H�M/- q� UlMBi2/ ai�i2bV- kyReX

(RR) C2z`2v . h�7iX :`B/ �`+?Bi2+im`2 kX h2+?X `2TX S�+B}+ LQ`i?r2bi L�iBQM�H G�#XUSLLGV-
_B+?H�M/- q� UlMBi2/ ai�i2bV- kyReX
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https://arxiv.org/abs/1907.06709
https://www.unenvironment.org/resources/emissions-gap-report-2019
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https://rmi.org/wp-content/uploads/2018/02/Insight_Brief_Demand_Flexibility_2018.pdf
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(Rk) S�mH .2 J�`iBMBX ǳPT2`�iBQM�H +QQ`/BM�iBQM �`+?Bi2+im`2, L2r KQ/2Hb �M/ �TT`Q�+?2bǴX
AM, A111 SQr2` �M/ 1M2`;v J�;�xBM2 RdX8 UkyRNV- TTX kNĜjNX

(Rj) S�mH .2 J�`iBMB- GQ`2MxQ E`BbiQp- �M/ GBb� a+?r�`ixX .Aah_A"lhAPL auah1Ja
AL � >A:> .Aah_A"lh1. 1L1_:u _1aPl_*1a 6lhl_1, SH�MMBM;- J�`F2i
.2bB;M- PT2`�iBQM �M/ Pp2`bB;?iX h2+?X `2TX G�r`2M+2 "2`F2H2v L�iBQM�H G�#Q`�iQ`v-
P+iX kyR8X

(R9) GQ`2MxQ E`BbiQp- S�mH .2 J�`iBMB- �M/ C2z`2v . h�7iX ǳ� i�H2 Q7 irQ pBbBQMb, .2bB;MBM;
� /2+2Mi`�HBx2/ i`�Mb�+iBp2 2H2+i`B+ bvbi2KǴX AM, A111 SQr2` �M/ 1M2`;v J�;�xBM2 R9Xj
UkyReV- TTX ejĜeNX

(R8) +QM1/BbQMX ǳ*QMbQHB/�i2/ 1/BbQM .Bbi`B#mi2/ avbi2K AKTH2K2Mi�iBQM SH�MǴX AM, *QM
1/BbQM .aAS }HBM;X kyR3- TTX RĜdX

(Re) EX EQF �M/ aX qB/2`;`2MX ǳ� aQ+B2iv Q7 .2pB+2b, AMi2;`�iBM; AMi2HHB;2Mi .Bbi`B#mi2/
_2bQm`+2b rBi? h`�Mb�+iBp2 1M2`;vǴX AM, A111 SQr2` �M/ 1M2`;v J�;�xBM2 R9Xj UJ�v
kyReV- TTX j9Ĝ98X /QB, RyXRRyNfJS1XkyReXk8k9NekX

(Rd) J/ a�HK�M L�xB` �M/ A�M � >BbF2MbX ǳ� /vM�KB+�H bvbi2Kb �TT`Q�+? iQ KQ/2HBM; �M/
�M�HvbBb Q7 i`�Mb�+iBp2 2M2`;v +QQ`/BM�iBQMǴX AM, A111 h`�Mb�+iBQMb QM SQr2` avbi2Kb
UkyR3VX

(R3) GBM;r2M :�M �M/ ai2p2M > GQrX ǳ*QMp2t `2H�t�iBQMb �M/ HBM2�` �TT`QtBK�iBQM 7Q`
QTiBK�H TQr2` ~Qr BM KmHiBT?�b2 `�/B�H M2irQ`FbǴX AM, SQr2` avbi2Kb *QKTmi�iBQM
*QM72`2M+2 USa**V UkyR9V- TTX RĜNX

(RN) ai2p2M > GQrX ǳ*QMp2t `2H�t�iBQM Q7 QTiBK�H TQr2` ~QrěS�`i A, 6Q`KmH�iBQMb �M/
2[mBp�H2M+2ǴX AM, A111 h`�Mb�+iBQMb QM *QMi`QH Q7 L2irQ`F avbi2Kb RXR UkyR9V- TTX R8Ĝ
kdX

(ky) ai2p2M > GQrX ǳ*QMp2t `2H�t�iBQM Q7 QTiBK�H TQr2` ~QrěS�`i AA, 1t�+iM2bbǴX AM,
A111 h`�Mb�+iBQMb QM *QMi`QH Q7 L2irQ`F avbi2Kb RXk UkyR9V- TTX RddĜR3NX

(kR) a�p2`BQ "QHQ;M�MB �M/ a�M/`Q w�KTB2`BX ǳPM i?2 2tBbi2M+2 �M/ HBM2�` �TT`QtBK�iBQM
Q7 i?2 TQr2` ~Qr bQHmiBQM BM TQr2` /Bbi`B#miBQM M2irQ`FbǴX AM, A111 h`�Mb�+iBQMb QM
SQr2` avbi2Kb jRXR UkyReV- TTX RejĜRdkX

(kk) JB+?�2H . a�MFm`- _Q2H .Q##2- 1KK� ai2r�`i- .mM+�M a *�HH�r�v- �M/ .�MB2H "
�`MQH/X ǳ� GBM2�`Bx2/ SQr2` 6HQr JQ/2H 7Q` PTiBKBx�iBQM BM lM#�H�M+2/ .Bbi`B#miBQM
avbi2KbǴX AM, �`sBp T`2T`BMi �`sBp,ReyeXy99Nk UkyReVX

(kj) 1KBHB�MQ .�HHǶ�M2b2- ar�`QQT a :m;;BH�K- �M/`2� aBKQM2iiQ- um *?`BbiBM2 *?2M- �M/
a�B`�D o .?QTH2X ǳPTiBK�H `2;mH�iBQM Q7 pB`im�H TQr2` TH�MibǴX AM, A111 h`�Mb�+iBQMb
QM SQr2` avbi2Kb jjXk UkyR3V- TTX R3e3ĜR33RX

(k9) .�MB2H " �`MQH/- JB+?�2H . a�MFm`- J�iB�b L2;`2i2@SBM+2iB+- �M/ .mM+�M a *�HH�r�vX
ǳJQ/2H@6`22 PTiBK�H *QQ`/BM�iBQM Q7 .Bbi`B#mi2/ 1M2`;v _2bQm`+2b 7Q` S`QpBbBQMBM;
h`�MbKBbbBQM@G2p2H a2`pB+2bǴX AM, A111 h`�Mb�+iBQMb QM SQr2` avbi2Kb jjXR UkyR3V-
TTX 3RdĜ3k3X
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(k8) �HB "B/`�K �M/ �HB .�pQm/BX ǳ>B2`�`+?B+�H bi`m+im`2 Q7 KB+`Q;`B/b +QMi`QH bvbi2KǴX AM,
A111 h`�Mb�+iBQMb QM aK�`i :`B/ jX9 UkyRkV- TTX RNejĜRNdeX

(ke) EX "�F2`- �X "2`Mbi2BM- 1X .�HHǶ�M2b2- �M/ *X w?�QX ǳL2irQ`F@*Q;MBx�Mi oQHi�;2
.`QQT *QMi`QH 7Q` .Bbi`B#miBQM :`B/bǴX AM, A111 h`�Mb�+iBQMb QM SQr2` avbi2Kb jjXk
UkyR3V- TTX kyN3ĜkRy3X

(kd) 6X .ƺ`~2`- CX qX aBKTbQM@SQ`+Q- �M/ 6X "mHHQX ǳ"`2�FBM; i?2 >B2`�`+?v, .Bbi`B#mi2/
*QMi`QH �M/ 1+QMQKB+ PTiBK�HBiv BM JB+`Q;`B/bǴX AM, A111 h`�Mb�+iBQMb QM *QMi`QH
Q7 L2irQ`F avbi2Kb jXj UkyReV- TTX k9RĜk8jX

(k3) >2 >�Q- "Q`?�M J a�M�M/�DB- E�K2b?r�` SQQHH�- �M/ hv`QM2 G oBM+2MiX ǳ�;;`2@
;�i2 ~2tB#BHBiv Q7 i?2`KQbi�iB+�HHv +QMi`QHH2/ HQ�/bǴX AM, A111 h`�Mb�+iBQMb QM SQr2`
avbi2Kb jyXR UkyR9V- TTX R3NĜRN3X

(kN) CX hX >m;?2b- �X .X .QKőM;m2x@:�`+ő�- �M/ EX SQQHH�X ǳA/2MiB}+�iBQM Q7 oB`im�H "�i@
i2`v JQ/2Hb 7Q` 6H2tB#H2 GQ�/bǴX AM, A111 h`�Mb�+iBQMb QM SQr2` avbi2Kb jRXe ULQpX
kyReV- TTX 9eeyĜ9eeNX /QB, RyXRRyNfhSq_aXkyR8Xk8y8e98X

(jy) AM/`�bBb *?�F`�#Q`iv- a�B Smb?T�F L�M/�MQQ`B- �M/ aQmKv� EmM/mX ǳoB`im�H #�ii2`v
T�`�K2i2` B/2MiB}+�iBQM mbBM; i`�Mb72` H2�`MBM; #�b2/ bi�+F2/ �miQ2M+Q/2`ǴX AM, kyR3
Rdi? A111 AMi2`M�iBQM�H *QM72`2M+2 QM J�+?BM2 G2�`MBM; �M/ �TTHB+�iBQMb UA*JG�VX
A111X kyR3- TTX RkeNĜRkd9X

(jR) a�B Smb?T�F L�M/�MQQ`B- AM/`�bBb *?�F`�#Q`iv- h?B�;�`�D�M _�K�+?�M/`�M- �M/ aQmKv�
EmM/mX ǳA/2MiB}+�iBQM �M/ p�HB/�iBQM Q7 pB`im�H #�ii2`v KQ/2H 7Q` ?2i2`Q;2M2Qmb /2@
pB+2bǴX AM, kyRN A111 SQr2` � 1M2`;v aQ+B2iv :2M2`�H J22iBM; US1a:JVX A111X
kyRN- TTX RĜ8X

(jk) AX *?�F`�#Q`iv- aX SX L�M/�MQQ`B- aX EmM/m- �M/ EX E�HbBX ǳaiQ+?�biB+ oB`im�H "�ii2`v
JQ/2HBM; Q7 lM+2`i�BM 1H2+i`B+�H GQ�/b lbBM; o�`B�iBQM�H �miQ2M+Q/2` ǴX AM, kyky
�K2`B+�M *QMi`QH *QM72`2M+2 U�**VX kyky- TTX Rjy8ĜRjRyX

(jj) LX L�xB`- SX _�+?2`H�- �M/ JX �HK�bb�HF?BX ǳPTiBK�H KmHiB@T2`BQ/ /BbT�i+? Q7 /Bb@
i`B#mi2/ 2M2`;v `2bQm`+2b BM mM#�H�M+2/ /Bbi`B#miBQM 722/2`bǴX AM, A111 h`�Mb�+iBQMb
QM SQr2` avbi2Kb UkykyV- TTX RĜRX

(j9) L�r�7 L�xB` �M/ J�/b �HK�bb�HF?BX ǳ_2+2/BM;@>Q`BxQM PTiBKBx�iBQM Q7 lM#�H�M+2/
.Bbi`B#miBQM avbi2Kb rBi? hBK2@a+�H2 a2T�`�iBQM 7Q` .Bb+`2i2 �M/ *QMiBMmQmb *QM@
i`QH .2pB+2bǴX AM, kyR3 SQr2` avbi2Kb *QKTmi�iBQM *QM72`2M+2 USa**VX A111X kyR3-
TTX RĜdX

(j8) L�r�7 L�xB` �M/ J�/b �HK�bb�HF?BX ǳaiQ+?�biB+ KmHiB@T2`BQ/ QTiBK�H /BbT�i+? Q7 2M@
2`;v biQ`�;2 BM mM#�H�M+2/ /Bbi`B#miBQM 722/2`bǴX AM, kyky SQr2` avbi2Kb *QKTmi�iBQM
*QM72`2M+2 USa**VX kyky- TTX RĜdX

(je) J�/b �HK�bb�HF?B 2i �HX ǳ>B2`�`+?B+�H- :`B/@�r�`2- �M/ 1+QMQKB+�HHv PTiBK�H *QQ`/B@
M�iBQM Q7 .Bbi`B#mi2/ 1M2`;v _2bQm`+2b BM _2�HBbiB+ .Bbi`B#miBQM avbi2KbǴX AM, 1M2`;B2b
UU�++2Ti2/V kykyVX
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(jd) aX aX a�KB- JX *?2M;- CX qm- �M/ LX C2MFBMbX ǳ� pB`im�H 2M2`;v biQ`�;2 bvbi2K 7Q`
pQHi�;2 +QMi`QH Q7 /Bbi`B#miBQM M2irQ`FbǴX AM, *a11 CQm`M�H Q7 SQr2` �M/ 1M2`;v
avbi2Kb 9Xk UCmM2 kyR3V- TTX R9eĜR89X BbbM, kyNe@yy9kX /QB, RyXRddd8f*a11CS1aX
kyReXyRjjyX

(j3) "BDm L�/mp�i?mT�`�K#BH- J�ii?2r * o�H2MiB- �M/ �HB 62HB�+?BX ǳ*QKKmMB+�iBQM /2H�vb
BM rB/2 �`2� K2�bm`2K2Mi bvbi2KbǴX AM, S`Q+22/BM;b Q7 i?2 h?B`iv@6Qm`i? aQmi?2�bi2`M
avKTQbBmK QM avbi2K h?2Q`v U*�iX LQX yk1s89yVX A111X kyyk- TTX RR3ĜRkkX

(jN) J�?`�x �KBMB �M/ J�/b �HK�bb�HF?BX ǳAMp2biB;�iBM; /2H�vb BM 7`2[m2M+v@/2T2M/2Mi
HQ�/ +QMi`QHǴX AM, kyRe A111 AMMQp�iBp2 aK�`i :`B/ h2+?MQHQ;B2b@�bB� UAa:h@�bB�VX
A111X kyRe- TTX 993Ĝ98jX

(9y) a�B Smb?T�F L�M/�MQQ`B- aQmKv� EmM/m- .`�;mM� o`�#B2- E�`�M E�HbB- �M/ CB�M@
KBM; GB�MX ǳS`BQ`BiBx2/ i?`2b?QH/ �HHQ+�iBQM 7Q` /Bbi`B#mi2/ 7`2[m2M+v `2bTQMb2ǴX AM,
kyR3 A111 *QM72`2M+2 QM *QMi`QH h2+?MQHQ;v �M/ �TTHB+�iBQMb U**h�VX A111X kyR3-
TTX kjdĜk99X

(9R) * :QF+2F- S h E�#�K#�- �M/ a J J22`FQpX ǳ�M GZ_fGZ: h?2Q`v 7Q` avbi2Kb qBi?
a�im`�iBM; �+im�iQ`bǴX AM, A111 h`�Mb�+iBQMb QM �miQK�iB+ *QMi`QH 9eXRy UkyyRVX

(9k) _Q;2` 6H2i+?2`X S`�+iB+�H K2i?Q/b Q7 QTiBKBx�iBQMX CQ?M qBH2v � aQMb- kyRjX
(9j) S�mHB oB`i�M2M 2i �HX ǳa+BSv RXy, 6mM/�K2Mi�H �H;Q`Bi?Kb 7Q` a+B2MiB}+ *QKTmiBM;

BM Svi?QMǴX AM, L�im`2 J2i?Q/b Rd UkykyV- TTX keRĜkdkX /QB, RyXRyj3fb9R8Nk@yRN@
ye3e@kX

(99) .�pB/ C q�H2b �M/ CQM�i?�M SE .Qv2X ǳ:HQ#�H QTiBKBx�iBQM #v #�bBM@?QTTBM; �M/
i?2 HQr2bi 2M2`;v bi`m+im`2b Q7 G2MM�`/@CQM2b +Hmbi2`b +QMi�BMBM; mT iQ RRy �iQKbǴX
AM, h?2 CQm`M�H Q7 S?vbB+�H *?2KBbi`v � RyRXk3 URNNdV- TTX 8RRRĜ8RReX

(98) qBHHB�K > E2`biBM;X ǳ_�/B�H /Bbi`B#miBQM i2bi 722/2`bǴX AM, SQr2` 1M;BM22`BM; aQ+B2iv
qBMi2` J22iBM; k UkyyRV- TTX Ny3ĜNRkX

(9e) JX �KBMB �M/ JX �HK�bb�HF?BX ǳPTiBK�H *Q``2+iBp2 .BbT�i+? Q7 lM+2`i�BM oB`im�H
1M2`;v aiQ`�;2 avbi2KbǴX AM, A111 h`�Mb�+iBQMb QM aK�`i :`B/ RRX8 UkykyV- TTX 9R88Ĝ
9ReeX

(9d) EX *?`Bbi�FQm- CX G2"Qm/2+- JX S�QHQM2- �M/ .X hQKQx2BX ǳ1{+B2Mi *QKTmi�iBQM
Q7 a2MbBiBpBiv *Q2{+B2Mib Q7 LQ/2 oQHi�;2b �M/ GBM2 *m``2Mib BM lM#�H�M+2/ _�/B�H
1H2+i`B+�H .Bbi`B#miBQM L2irQ`FbǴX AM, A111 h`�Mb�+iBQMb QM aK�`i :`B/ 9Xk UCmM2
kyRjV- TTX d9RĜd8yX BbbM, RN9N@jy8jX /QB, RyXRRyNfha:XkyRkXkkkRd8RX

(93) *X CB- JX >�DB2bK�BHB- .X 6X :�vK2- �M/ 1X J�HH�/�X ǳ*QQ`/BM�iBM; .Bbi`B#miBQM avbi2K
_2bQm`+2b 7Q` *Q@QTiBKBx2/ S�`iB+BT�iBQM BM 1M2`;v �M/ �M+BHH�`v a2`pB+2 h`�MbKBb@
bBQM avbi2K J�`F2ibǴX AM, kyRN �K2`B+�M *QMi`QH *QM72`2M+2 U�**VX kyRN- TTX RjR8Ĝ
RjkkX /QB, RyXkjNRNf�**XkyRNX33R8k9kX

(9N) L2r uQ`F AaPX _2�H@hBK2 J�`F2i G"JS @ wQM�HX ?iiT,ffKBbXMvBbQX+QKfTm#HB+fS@
k9�HBbiX?iKX �++2bb2/ kykyX
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(8y) *�`H2iQM *Qz`BM- _mbb2HH "2Mi- E��`i?BF amM/�`- u22bB�M L;- �M/ JBH2b Gm#BMX ǳSQr@
2`JQ/2HbXDH, �M PT2M@aQm`+2 6`�K2rQ`F 7Q` 1tTHQ`BM; SQr2` 6HQr 6Q`KmH�iBQMbǴX AM,
kyR3 SQr2` avbi2Kb *QKTmi�iBQM *QM72`2M+2 USa**VX CmM2 kyR3- TTX RĜ3X

(8R) *X "`mMM2`X ǳA1* eR38y 7Q` TQr2` bvbi2K +QKKmMB+�iBQMǴX AM, kyy3 A111fS1a h`�Mb@
KBbbBQM �M/ .Bbi`B#miBQM *QM72`2M+2 �M/ 1tTQbBiBQMX kyy3- TTX RĜeX

(8k) _X 1X J�+FB2rB+xX ǳPp2`pB2r Q7 A1* eR38y �M/ #2M2}ibǴX AM, kyye A111 SQr2` 1M;B@
M22`BM; aQ+B2iv :2M2`�H J22iBM;X kyye- TTX RĜ3X
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