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S`Q#H2K .2b+`BTiBQM
AM Q`/2` 7Q` `Q#Qib iQ QT2`�i2 b�72Hv �M/ 2z2+iBp2Hv- i?2v Kmbi #2 �r�`2 Q7 i?2B` bm``QmM/BM;bX
h?Bb BM+Hm/2b FMQrH2/;2 Q7 i?2 j. ;2QK2i`v �M/ TQbBiBQM Q7 Q#D2+ib BM i?2 b+2M2X h?2 Tm`TQb2
Q7 i?Bb i?2bBb Bb iQ /2p2HQT � TBT2HBM2 r?B+? T`Q+2bb2b � bBM;H2 _:"@. BK�;2 BM `2�H iBK2- �M/
QmiTmib � KQ`2 +QKTH2i2 `2M/BiBQM Q7 i?2 b+2M2 �`QmM/ i?2 `Q#QiX h?Bb T`Q#H2K Bb +QM+2`M2/
rBi? URV /2i2+iBQM �M/ b2;K2Mi�iBQM Q7 Q#D2+ib- UkV TQBMi +HQm/ `2;Bbi`�iBQM- �M/ UjV b?�T2
+QKTH2iBQM Q7 i?2 Q#D2+ib Q7 BMi2`2biX h?2 Q#D2+ib +�M #2 #Qi? /27Q`K�#H2 �M/ +QKTHB�Mi-
�M/ +QmH/ TQi2MiB�HHv #2 /Bz2`2Mi BM p�`BQmb b+2M�`BQb- r?B+? +�HHb 7Q` � /�i�@/`Bp2M �TT`Q�+?
i?�i +�M mb2 T`BQ` BM7Q`K�iBQM iQ BM72` KQ`2 /2i�BHb i?�M r?�i Bb /B`2+iHv ;Bp2M BM �M BK�;2X �
b2`B2b Q7 /22T H2�`MBM; M2irQ`Fb +QK#BM2/ BMiQ �M Qp2`�HH b?�T2 +QKTH2iBQM TBT2HBM2 Bb i?2`27Q`2
T`QTQb2/ BM i?Bb Ja+ i?2bBbX



�#bi`�+i
aBM;H2@pB2r b?�T2 +QKTH2iBQM 2Mi�BHb i?2 T`Q#H2K Q7 2biBK�iBM; i?2 +QKTH2i2 ;2QK2i`v Q7
Q#D2+ib 7`QK � bBM;H2 T�`iB�H Q#b2`p�iBQM- �M/ Bb �i i?2 +Q`2 Q7 K�Mv pBbBQM �M/ `Q#QiB+b
�TTHB+�iBQMbX h?Bb i�bF +QmH/ #2 +QMbB/2`2/ �M mTb�KTHBM; T`Q+2bb- �b i?2 ;Q�H Bb iQ BMi`Q/m+2
M2r /�i� i?�i +�MMQi #2 /B`2+iHv BM72``2/ 7`QK i?2 ;Bp2M /�i�- #mi r?B+? +�M #2 BKTHB2/ #v
+QKT�`BM; i?2 T�`iB�H b+�M iQ bBKBH�` ;2QK2i`B2b BM � T`BQ` /�i�b2iX 1tBbiBM; b?�T2 +QKTH2iBQM
K2i?Q/b mb2 bi`m+im`�H �bbmKTiBQMb �#Qmi i?2 mM/2`HvBM; b?�T2- #mi i?Bb HBKBib i?2 TQi2MiB�H
mb�;2 �M/ i?2 ;2M2`�HBx�iBQM Q7 i?2 `2bmHiBM; T2`+2TiBQM bvbi2KX

AM `2+2Mi v2�`b- /22T H2�`MBM; ?�b bB;MB}+�MiHv BKT`Qp2/ i?2 T2`7Q`K�M+2 Q7 K�Mv
�TTHB+�iBQMb BM +QKTmi2` pBbBQM- BM+Hm/BM; j. K�+?BM2 H2�`MBM; T`Q#H2Kb bm+? �b b?�T2
+QKTH2iBQMX 1p2M i?Qm;? Bib TQTmH�`Biv ?�b 2b+�H�i2/- Bi Bb MQi �Hr�vb 2�bv iQ �TTHv /22T
H2�`MBM; iQ `2�H@rQ`H/ T`Q#H2KbX 1bT2+B�HHv BM i?2 `2H�i2/ rQ`F 7Q` /22T H2�`MBM; QM b?�T2
+QKTH2iBQM i?2`2 ?�b bQ 7�` QMHv #22M HBKBi2/ `2bmHib BM bm++2bb7mHHv i`�Mb72``BM; i?2 }M�H
�;2Mib 7`QK BM72``BM; +QKTH2i2 b?�T2b Q7 i?2 Q#D2+ib mb2/ BM i?2 i`�BMBM; /�i�b2i iQ i?Qb2
7QmM/ BM /2Ti? b+�Mb Q7 i?2 `2�H rQ`H/X 1Bi?2` i?2 `2bmHiBM; ;2QK2i`B2b �`2 p2`v +Q�`b2 UBX2X
+QMbB/2`�#Hv HQr `2bQHmiBQMV Q` i?2v /Q MQi 7mHHv K�i+? i?2 ;Bp2M T�`iB�H Q#b2`p�iBQMbX

AM i?Bb i?2bBb- A BMp2biB;�i2 r?2i?2` bTHBiiBM; i?2 b?�T2 +QKTH2iBQM �;2Mi BMiQ KmHiBTH2 /22T
H2�`MBM; �`+?Bi2+im`2b KB;?i #2 ?2HT7mH BM �/�TiBM; i?2 H2�`MBM;@#�b2/ K2i?Q/b iQ i?2 `2�H@
rQ`H/ /QK�BMX "v /2}MBM; i?2 T`Q#H2K �b � b2`B2b Q7 +QKTQM2Mib BM+Hm/BM; b2K�MiB+ BMbi�M+2
b2;K2Mi�iBQM- TQBMi +HQm/ `2;Bbi`�iBQM- �M/ b?�T2 +QKTH2iBQM BM BbQH�iBQM- A �K �#H2 iQ 7mHHv
miBHBx2 i?2 H�i2bi �/p�M+2b BM i?2 bi�i2@Q7@i?2 �`i Q7 i?2 `2bT2+iBp2 }2H/bX *QMb2[m2MiHv- i?2
BMTmi �M/ QmiTmi 7`QK 2�+? +QKTQM2Mi Bb K�/2 KQ`2 bBKBH�` iQ i?2 /�i� mb2/ /m`BM; i`�BMBM;
Ur?B+? Bb +mbiQKBx2/ 7Q` 2�+? +QKTQM2MiV �M/ i?mb M�``Qrb i?2 ;�T #2ir22M i?2 i`�BMBM;
2MpB`QMK2Mi �M/ `2�H@rQ`H/ �TTHB+�iBQMbX h?Bb �TT`Q�+? �HbQ +QMbiBimi2b � 7`�K2rQ`F r?B+?
+�M #2 7m`i?2` #mBHi mTQMX AM T�`iB+mH�`- 2�+? +QKTQM2Mi BM i?2 T2`+2TiBQM bvbi2K +�M #2
2t+?�M;2/ 7Q` 7mim`2 BKT`Qp2/ K2i?Q/b BM i?2 HBi2`�im`2X

h?2 T`QTQb2/ T2`+2TiBQM bvbi2K T`2/B+ib i?2 j. b?�T2 Q7 i?2 Q#D2+ib Q7 BMi2`2bi BM � b+2M2X
aBM+2 T`2/B+iBQMb �`2 BM72``2/ /B`2+iHv 7`QK M2m`�H M2irQ`Fb �M/ MQ QTiBKBx�iBQM K2i?Q/b �`2
mb2/- b?�T2 +QKTH2iBQM Bb /QM2 BM i?2 Q`/2` Q7 �#Qmi � b2+QM/- r?B+? K2�Mb i?�i i?2 bvbi2K
+�M #2 mb2/ 7Q` QMHBM2 T`Q+2bbBM; �TTHB+�iBQMbX 6m`i?2`KQ`2- i`�BMBM; Q7 i?2 KQ/2Hb +�M #2
/QM2 mbBM; � bBKmH�iBQM 2MpB`QMK2Mi- r?B+? bBKTHB}2b i?2 ;2M2`�iBQM Q7 /�i� �M/ `2/m+2b +Qbi
Q7 �/�TiBM; i?2 bvbi2K iQ M2r �TTHB+�iBQMbX h?2b2 �/p�Mi�;2b �`2 BM?2`2Mi iQ i?2 T`2b2Mi2/
�TT`Q�+?- �M/ i?mb bi`QM;Hv KQiBp�i2b 7mim`2 `2b2�`+? QM i?2 T`QTQb2/ 7`�K2rQ`FX

E2vrQ`/b, j. `2+QMbi`m+iBQM- bBM;H2@pB2r b?�T2 +QKTH2iBQM- `Q#Qi pBbBQM- b2K�MiB+
BMbi�M+2 b2;K2Mi�iBQM- TQBMi +HQm/ `2;Bbi`�iBQM- _:"@. BK�;BM;



a�KK2M/`�;
1MF2Hi@pBb 7Q`K7mHH7Ǡ`BM; QK?�M/H2` T`Q#H2K2i ?pQ` K´H2i 2` ´ 2biBK2`2 /2M FQKTH2ii2
;2QK2i`B2M 7`� /2HpBb2 Q#b2`p�bDQM2` �p Q#D2Fi2`- MQ2 bQK 2` 2bb2MbB2Hi B K�M;2 �TTHBF�bDQM2`
BMM2M /�i�bvM Q; `Q#QiBFFX .2MM2 QTT;�p2M F�M �Mb2b bQK 2M T`Qb2bb bQK QTTDmbi2`2`
QTTHǠbMBM;2M iBH /2M ;Bii2 /�i�2MX aB/2M /2M K�M;H2M/2 /�i�2M BFF2 F�M }MM2b /B`2Fi2
K´ /2M Bbi2/2i }MM2b BKTHBbBii p2/ ´ b�KK2MHB;M2 /2M /2HpBb2 Q#b2`p�bDQM2M K2/ HB;M2M/2
;2QK2i`B2` B 2i /�i�b2iiX L´p¤`2M/2 7Q`K7mHH7Ǡ`BM;bK2iQ/2` #`mF2` bi`mFim`2HH2 �Mi�F2Hb2`
QK /2M mM/2`HB;;2M/2 7Q`K2M- K2M /2ii2 #2;`2Mb2` /2 TQi2MbB2HH2 #`mFbQK`´/2M2 Q;
;2M2`�HBb2`#�`?2i2M iBH /2i `2bmHi2`2M/2 T2`b2TbDQMbbvbi2K2iX

A /2 b2M2`2 ´` ?�` /vT H¤`BM; 7Q`#2/`2i vi2Hb2M #2iv/2HB; �p K�M;2 �TTHBF�bDQM2` BMM2M
/�i�bvM- BMFHm/2`i j. K�bFBMH¤`BM; �Mp2M/i T´ 7Q`K7mHH7Ǡ`BM;X a2Hp QK TQTmH�`Bi2i2M iBH /vT
H¤`BM; ?�` ǠFi K�`F�Mi- b´ 2` /2i BFF2 �HHiB/ H2ii ´ �Mp2M/2 /Bbb2 K2iQ/2M2 iBH �TTHBF�bDQM2`
B /2M pB`F2HB;2 p2`/2MX _2H�i2`i �`#2B/ BMM2M /vT H¤`BM; 7Q` 7Q`K7mHH7Ǡ`BM; ?�` 7Q`2HǠTB; ;Bii
b¤`/2H2b #2;`2Mb2/2 `2bmHi�i2` 7Q` Qp2`7Ǡ`BM; �p /2 H¤`i2 K2iQ/2M2 iBH /2M pB`F2HB;2 p2`/2MX
1Mi2M 2` /2M `2bmHi2`2M/2 ;2QK2i`B2M ;�MbF2 ;`Qp U/pbX bp¤`i H�p QTTHǠbMBM;V 2HH2` b´ T�bb2`
/2M BFF2 ?2Hi K2/ /2M ;Bii2 /2HpBb2 Q#b2`p�bDQM2MX

A /2MM2 �p?�M/HBM;2M mM/2`bǠF2` D2; QK /2i ´ /2H2 QTT 7Q`K7mHH7Ǡ`BM;b@QTT;�p2M iBH ~2`2
/vT2 H¤`BM;b�`FBi2Fim`2` F�M p¤`2 ;mMbiB; 7Q` ´ iBHT�bb2 /2 H¤`BM;b#�b2`i2 K2iQ/2M2 iBH
/2M pB`F2HB;2 p2`/2MX o2/ ´ /2}M2`2 T`Q#H2K2i bQK 2M b2`B2 K2/ FQKTQM2Mi2` Ub2K�MiBbF
7Q`2FQKbib2;K2Mi2`BM;- TmMFibFv`2;Bbi`2`BM; Q; BbQH2`i 7Q`K7mHH7Ǡ`BM;V F�M D2; 7mHHi miMvii2 /2
bBbi2 7`2KbF`Bii2M2 BMM2M ?p2`i 72HiX .2`K2/ pBH BMM;�M;b@ Q; mi;�M;b/�i�2M 7Q` ?p2` FQKTQM2Mi
p¤`2 K2` HBF /2M /�i�2M bQK 2` #`mFi mM/2` i`2MBM;2M- Q; bQK 2` iBHT�bb2i ?p2` FQKTQM2Mi-
Q; /2`K2/ KBMF2 ;�T2i K2HHQK i`2MBM;bKBHDǠ2i Q; pB`F2HB;2 �Mp2M/2Hb2`X .2MM2 iBHM¤`KBM;2M
/�MM2` Q;b´ 2i ;`mMMH�; 7Q` 2i `�KK2p2`F bQK F�M T´#v;;2b pB/2`2X >p2` FQKTQM2Mi B /2i
`2bmHi2`2M/2 T2`b2TbDQMbbvbi2K2i F�M #vii2b mi K2/ 7`�KiB/B;2 mi#2/`2/2 K2iQ/2`X

.2i 7Q`2bH´ii2 T2`b2TbDQMbbvbi2K2i F�M 7Q`mibB j.@7Q`K2M iBH /2 mip�H;i2 Q#D2Fi2M2 B
2M b+2M2X aB/2M T`2/BFbDQM2M2 FQKK2` /B`2Fi2 7`� M2p`�H2 M2iip2`F mi2M #`mF �p MQ2M
QTiBK2`BM;bK2iQ/2`- b´ F�M ?2H2 7Q`K7mHH7Ǡ`BM;2M ;DǠ`2b T´ QKi`2Mi 2ii b2FmM/- MQ2 bQK #2iv`
�i bvbi2K2i F�M #`mF2b B b�MMiB/b�TTHBF�bDQM2`X oB/2`2 F�M i`2MBM;2M �p KQ/2HH2M2 ;DǠ`2b
B 2i bBKmH2`BM;bKBHDǠ- bHBF �i /�i�;2M2`2`BM; 7Q`2MFH2b Q; FQbiM�/2` p2/`Ǡ`2M/2 iBHT�bbBM; �p
bvbi2K2i iBH Mv2 �Mp2M/2Hb2` `2/mb2`2bX .Bbb2 7Q`/2H2M2 2` B#Q2M/2 iBH /2M M2pMi2 K2iQ/2M- Q;
KQiBp2`2` /2`7Q` bi2`Fi 7`�KiB/B; 7Q`bFMBM; T´ /2i 7Q`2bH´ii2 T2`b2TbDQMbbvbi2K2iX

LǠFF2HQ`/, j.@`2FQMbi`mFbDQM- 7Q`K7mHH7Ǡ`BM;- `Q#Qi pBbBQM- b2K�MiBbF 7Q`2FQKbib2;@
K2Mi2`BM;- TmMFibFv`2;Bbi`2`BM;- _:"@. #BH/2#2?�M/HBM;



S`27�+2
h?Bb Ja+ i?2bBb +QM+Hm/2b Kv J�bi2` Q7 a+B2M+2 BM *v#2`M2iB+b �M/ _Q#QiB+b �i i?2 LQ`r2;B�M
lMBp2`bBiv Q7 a+B2M+2 �M/ h2+?MQHQ;v- �i i?2 .2T�`iK2Mi Q7 1M;BM22`BM; *v#2`M2iB+bX h?2
i?2bBb Bb � +QMiBMm�iBQM Q7 Kv bT2+B�HBx�iBQM T`QD2+i +QKTH2i2/ /m`BM; i?2 7�HH Q7 kyR3X

h?2 �bbB;MK2Mi Bb 7Q`KmH�i2/ BM +QHH�#Q`�iBQM rBi? aALh16 P+2�M BM i?2 T`QD2+i
+�HH2/ BS`Q+2bb UrrrXBT`Q+2bbT`QD2+iX+QKV r?2`2 aALh16 P+2�M Bb rQ`FBM; rBi? `Q#QiB+
K�MBTmH�iBQM Q7 +QKTHB�Mi 7QQ/ Q#D2+ib #�b2/ QM pBbm�H BM7Q`K�iBQM 7`QK �M _:"@. +�K2`� BM
�M 2v2@BM@?�M/ +QM};m`�iBQM QM � d@.P6 K�MBTmH�iQ`X _Q#Qi ;`�bTBM; M2+2bbBi�i2b � /2i�BH2/
mM/2`bi�M/BM; Q7 i?2 b+2M2- BM+Hm/BM; i?2 +QKTH2i2 j. ;2QK2i`v Q7 i?2 Q#D2+ib Q7 BMi2`2bi- �M/
i?mb KQiBp�i2b i?2 B/2� 7Q` i?Bb i?2bBbX

A rQmH/ HBF2 iQ i?�MF Kv bmT2`pBbQ`b �MM2ii2 ai�?H �M/ 1F`2K JBbBKB 7Q` i?2B` bmTTQ`i-
;mB/�M+2- �M/ 722/#�+F /m`BM; i?2 +QKTH2iBQM Q7 i?Bb T`QD2+iX h?2v ?�p2 bi22`2/ K2 BM i?2
`B;?i /B`2+iBQM- �M/ ?2HT2/ K2 7Q+mb QM i?2 KQbi BKTQ`i�Mi T`Q#H2Kb �i ?�M/X A rQmH/ �HbQ
HBF2 iQ i?�MF S?. +�M/B/�i2 CQM�i�M .v`bi�/ 7Q` +QMp2`b�iBQMb QM j. KQ/2HHBM; �M/ 7Q`
`2+QKK2M/BM; i?2 SvhQ`+? 7`�K2rQ`F- �M/ S?. +�M/B/�i2 aBK2M >�m;Q 7Q` /Bb+mbbBQMb QM
bB;M2/ /Bbi�M+2 7mM+iBQMbX �//BiBQM�HHv- A }M/ aALh16 P+2�M iQ #2 p2`v ;2M2`Qmb BM �HHQrBM;
K2 iQ mb2 i?2 iQQHb �M/ rQ`Fbi�iBQMb BM i?2B` `Q#Qi H�# J�_PX

h?Bb rQ`F r�b +QKTH2i2/ QM � rQ`Fbi�iBQM rBi? � LpB/B� :26Q`+2 :hs Ry3y ;`�T?B+b +�`/
�M/ �M AMi2H _2�Ha2Mb2 .9j8 _:"@. +�K2`�X � p�`B2iv Q7 bQ7ir�`2 r�b mb2/ 7Q` j. KQ/2HHBM;
�M/ 2/BiBM;c BM+Hm/BM; J2b?H�#- J2b?`QQK- *HQm/*QKT�`2- "H2M/2`- �M/ lM`2�H_PsX Svi?QM
Bb mb2/ �b i?2 T`Q;`�KKBM; H�M;m�;2 Q7 +?QB+2- rBi? i?2 7QHHQrBM; +Q`2 7`�K2rQ`Fb �M/ HB#`�`B2b,
SvhQ`+?- PT2Mj.- a+BFBi@G2�`M- �M/ h`BK2b?X �HH i?2 K2MiBQM2/ bQ7ir�`2 �`2 QT2M@bQm`+2X

h`QM/?2BK- CmM2 Rd- kyRN

aQM/`2 "Ǡ EQM;b;´`/

www.iprocessproject.com


*QMi2Mib
S`Q#H2K .2b+`BTiBQM B

�#bi`�+i BB

a�KK2M/`�; BBB

S`27�+2 Bp

*QMi2Mib p

R AMi`Q/m+iBQM j
RXR JQiBp�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j
RXk "�+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 X X X X X X X X X X 9
RXj S`Q#H2K 6Q`KmH�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9
RX9 _2b2�`+? Zm2biBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e
RX8 *QMi`B#miBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d
RXe h?2bBb PmiHBM2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3

k h?2Q`2iB+�H "�+F;`QmM/ N
kXR j. a?�T2 _2+QMbi`m+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X N

kXRXR *�Tim`BM; .2Ti? X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X N
kXRXk j. _2T`2b2Mi�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8
kXRXj J2i`B+b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rd

kXk .22T G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ky
kXkXR L2m`�H L2irQ`Fb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kR
kXkXk *QMpQHmiBQM�H L2m`�H L2irQ`Fb X X X X X X X X X X X X X X X X X X X X X X X kd
kXkXj _2T`2b2Mi�iBQM G2�`MBM; h2+?MB[m2b X X X X X X X X X X X X X X X X X X X X jy

j _2H�i2/ qQ`F j3
jXR .2Ti? AK�;2 .2MQBbBM; �M/ 1M?�M+2K2Mi X X X X X X X X X X X X X X X X X X X X X j3
jXk a2K�MiB+ a2;K2Mi�iBQM �M/ P#D2+i .2i2+iBQM X X X X X X X X X X X X X X X X X X X jN
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RXR JQiBp�iBQM
AM �Mv BMi2`�+iBQMb rBi? i?2 T?vbB+�H rQ`H/- j. ;2QK2i`v �M/ T?vbB+b BM7Q`K�iBQM Bb K�M/�iQ`vX
6Q` � `Q#Qi iQ TH�M Q#D2+i K�MBTmH�iBQM- Bi M22/b � `2T`2b2Mi�iBQM Q7 i?2 j. b+2M2X 6BM/BM;
� ;QQ/ bm+? `2T`2b2Mi�iBQM Bb � /B{+mHi T`Q#H2K- �M/ i?2 `2[mB`2K2Mib +QmH/ �HbQ #2 �z2+i2/
#v i?2 i�bF �i ?�M/X 6Q` BMbi�M+2- ?Qr [mB+FHv i?2 `Q#Qi M22/b iQ QT2`�i2 +�M /2T2M/ QM i?2
bm``QmM/BM; rQ`Fbi�iBQMX *QMb2[m2MiHv- i?2`2 �`2 p�`BQmb H2p2Hb Q7 �++m`�+v �M/ T2`7Q`K�M+2
`2[mB`2K2Mib Q7 i?2 T2`+2TiBQM bvbi2K i?�i rBHH T`Q+2bb i?2 pBbm�H BM7Q`K�iBQM ;�BM2/ 7`QK i?2
`Q#QiǶb b2MbQ`bX

aALh16 P+2�M i?`Qm;? T`QD2+ib BS`Q+2bb UrrrXBT`Q+2bbT`QD2+iX+QKV- J�`BM2_Q#QiB+b
�M/ �+iBp2oBbBQM ?�b /2p2HQT2/ �M �+iBp2 pBbBQM K2i?Q/QHQ;v 7Q` �M 2v2@BM@?�M/ `Q#Qi
+QM};m`�iBQM #�b2/ QM �M _:"@. +�K2`�- `B+? TQBMi +HQm/b �M/ pBbm�H b2`pQBM; (NN)X h?2
�TT`Q�+? /2p2HQT2/ #v .`X 1F`2K JBbBKB Bb p�HB/�i2/ 7Q` /Bz2`2Mi Q#D2+ib �M/ Bb +m``2MiHv
mM/2` T`2T�`�iBQM 7Q` Tm#HB+�iBQMX h?2 �TT`Q�+? BMpQHp2b #Qi? bBKmH�iBQM �M/ `2�H@rQ`H/
BKTH2K2Mi�iBQM �M/ p�HB/�iBQMX h?2 bBKmH�iBQM Bb /QM2 #v BKTQ`iBM; `B+? TQBMi +HQm/b Q7
Q#D2+ib b+�MM2/ rBi? i?2 _:"@. +�K2`� iQ � bBKmH�iBQM 2MpB`QMK2Mi- BKTH2K2MiBM; +H�bbB+�H
K�+?BM2 H2�`MBM; K2i?Q/b 7Q` �+iBp2 pBbBQMX h?2 `2�H@rQ`H/ b2imT Bb /2p2HQT2/ iQ b+�M Q#D2+ib
BM `2�H iBK2 rBi? i?2 _:"@. +�K2`�- T`Q+2bb i?2 TQBMi +HQm/b BM `2�H@iBK2- �M/ #v `Q#Qi
+QMi`QH #v K2�Mb Q7 pBbm�H b2`pQBM;- �+iBp2 pBbBQM Bb �+?B2p2/ BM �M �miQK�iB+ K�MM2`X

q?BH2 ;BpBM; � /2i�BH2/ �M/ ?B;?@`2bQHmiBQM j. KQ/2H Q7 i?2 b+2M2- i?2 �7Q`2K2MiBQM2/
K2i?Q/ ?�b bQK2 HBKBi�iBQMbX h?2 `Q#Qi Bb Q7i2M mM�#H2 iQ ;�i?2` �HH M2+2bb�`v pB2rb BM Q`/2`
iQ ;2M2`�i2 i?2 7mHH j. KQ/2Hb Q7 i?2 Q#D2+ib BM i?2 b+2M2X h?Bb HBKBi�iBQM +QmH/ #2 /m2 iQ
Q#bi`m+iBQMb BM i?2 rQ`FBM; bT�+2- bm+? �b Qp2`H�TTBM; Q#D2+ib Q` r?2M i?2 Q#D2+ib �`2 TH�+2/
bm+? i?�i i?2 `Q#Qi +�MMQi KQp2 iQ b+�M i?2K 7`QK �HH pB2rb- 2X;X r?2M i?2v �`2 iQQ 7�` �r�v
Q` BM i?2 +Q`M2` Q7 � #QtX �//BiBQM�HHv- b+�MMBM; i?2 Q#D2+ib BM � b+2M2 7`QK �HH pB2rb Bb iBK2
+QMbmKBM;X h?2 �+iBp2 pBbBQM K2i?Q/ #v JBbBKB 2i �HX 2biBK�i2b �M BM72`2M+2 iBK2 Q7 mT iQ Ry
b2+QM/b T2` Q#D2+iX 6Q` �TTHB+�iBQMb bm+? �b ?�M/HBM; Q#D2+ib QM � +QMp2vQ` #2Hi- i?Bb Bb iQQ
bHQrX

_2+2Mi bim/B2b BM/B+�i2 i?�i bBM;H2@pB2r j. `2+QMbi`m+iBQM Bb TQbbB#H2- r?B+? rQmH/ �//`2bb
�HH i?2 T`Q#H2Kb BM?2`2Mi BM �+iBp2 pBbBQM UBX2X KmHiB@pB2rV K2i?Q/bX 1p2M i?Qm;? bBM;H2@pB2r
j. `2+QMbi`m+iBQM Bb ?2�pBHv mM/2`@+QMbi`�BM2/- i?2 KQbi HBF2Hv +QKTH2iBQM Q7 i?2 j. ;2QK2i`B2b
BM � b+2M2 +�M #2 BM72``2/ 7`QK T`BQ`b 2M+Q/2/ BM � KQ/2HX "v `2T`2b2MiBM; i?2 b+2M2 �b �
+QHH2+iBQM Q7 j. Q#D2+ib rBi? `B+? �ii`B#mi2b- i?2 T`Q#H2K Q7 `2+QMbi`m+iBM; i?2 r?QH2 b+2M2
+�M #2 bTHBi BMiQ bK�HH2` bm#@T`Q#H2Kb r?2`2 i?2 i�bF Bb iQ BM72` i?2 b?�T2 +QKTH2iBQM Q7 2�+?
BM/BpB/m�H Q#D2+iX h?Bb rQmH/ MQi QMHv �HHQrBM; 7Q` i?2 +QKTH2iBQM Q7 �`#Bi`�`v b+2M2b- #mi �HbQ
TQi2MiB�HHv ;Bp2 � /B`2+iBQM QM ?Qr iQ +`2�i2 �M �`iB}+B�H bvbi2K rBi? `B+? +QKTQbBiBQM�H pBbm�H
BMi2HHB;2M+2X JQ`2Qp2`- i?2 BM72`2M+2 iBK2 rQmH/ #2 `2/m+2/ iQ H2bb i?�M � b2+QM/- �HHQrBM; 7Q`
?B;?@T�+2/ `2�H@iBK2 �TTHB+�iBQMbX
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RXk "�+F;`QmM/
*QKTmi2` pBbBQM ?�b 2pQHp2/ i`2K2M/QmbHv BM i?2 T�bi b2p2`�H v2�`bX 6`QK bBKTH2 BK�;2
T`Q+2bbBM; i2+?MB[m2b- i?2 }2H/ MQr ?�b K2`Bi BM bm#@/QK�BMb bm+? �b b+2M2 `2+QMbi`m+iBQM-
Q#D2+i `2+Q;MBiBQM- �M/ j. TQb2 2biBK�iBQMX AM bQK2 +�b2b- BK�;2 +H�bbB}+�iBQM ?�b
#22M b?QrM iQ QmiT2`7Q`K ?mK�Mb (89- Rj9)- BM/B+�iBM; �M 2MQ`KQmb TQi2MiB�H 7Q` 7mim`2
2M/2�pQm`bX _2+2Mi i2+?MQHQ;B+�H �/p�M+2b bm+? �b ?B;?@`2bQHmiBQM BK�;BM; b2MbQ`b �M/
TQr2`7mH T`Q;`�KK�#H2 :Sl ?�`/r�`2 Qz2` M2r TQbbB#BHBiB2b 7Q` `2b2�`+?2`bX q?2`2�b
i`�/BiBQM�HHv i?2 }2H/ ?�b `2[mB`2/ `B;Q`Qmb K�i?2K�iB+�H KQ/2Hb- i?2 �/p2Mi Q7 H�`;2@b+�H2
BK�;2 /�i�b2ib �M/ /22T +QMpQHmiBQM�H M2m`�H M2irQ`Fb KQp2/ i?2 }2H/ BMiQ #2BM; KQ`2 /�i�@
/`Bp2M- r?2`2 H�#2H2/ /�i� +�M bmT2`pBb2 i?2 H2�`MBM; Q7 �M QTiBK�H BM72`2M+2 bvbi2KX

BS`Q+2bb- � aALh16 P+2�M `2b2�`+? T`QD2+i- ?�b � K�BM Q#D2+iBp2 Q7 /2p2HQTBM; MQp2H
+QM+2Tib �M/ K2i?Q/b 7Q` ~2tB#H2 �M/ bmbi�BM�#H2 7QQ/ T`Q+2bbBM;X PM2 Q7 i?2B` rQ`F
T�+F�;2b- 6H2tB#H2 S`Q+2bbBM; �miQK�iBQM- 7Q+mb2b QM `Q#Qib +�T�#H2 Q7 mbBM; +QKTmi2` pBbBQM
iQ `2+Q;MBx2 �M/ HQ+�HBx2 +QKTHB�Mi Q#D2+ib (ey- RRy- Ryy- eR)X aT2+B}+�HHv- ?�M/HBM; Q7 7QQ/
Q#D2+ib HBF2 K2�i �M/ }b? Bb Q7 bT2+B�H BMi2`2biX *m``2MiHv- i?2 7QQ/ T`Q+2bbBM; BM/mbi`v `2[mB`2b
K�Mm�H H�#Q` iQ i�bFb bm+? �b `2KQpBM; i?2 #`2�bi }HH2i 7`QK � +?B+F2MX BS`Q+2bb 2MpBbBQMb
�bbB;MBM; i?2 `2bTQMbB#BHBiv Q7 bm+? i�bFb iQ `Q#Qib- rBi? TQi2MiB�HHv ?B;?2` �++m`�+v i?�M
?mK�Mb bQ KQ`2 Q7 i?2 `�r K�i2`B�Hb +QmH/ #2 T`2b2`p2/X *QMb2[m2MiHv- 7QQ/ T`Q/m+iBQM rBHH
#2 KQ`2 bmbi�BM�#H2- #Qi? BM i2`Kb Q7 T`Q}i�#BHBiv �M/ `2/m+iBQM Q7 7QQ/ r�bi2X

AM Q`/2` iQ b2MbB#Hv BMi2`�+i rBi? i?2 j. T?vbB+�H 2MpB`QMK2Mi- i?2 `Q#Qi Kmbi TQbb2bb i?2
�#BHBiv iQ b2Mb2 �M/ mM/2`bi�M/ Bib bm``QmM/BM;bX AM i?Bb +QMi2ti- i?Bb K2�Mb i?�i Bi M22/b
iQ +�Tim`2 T?vbB+�H bB;M�Hb BM i?2 2MpB`QMK2Mi �M/ `2+Q`/ i?2K /B;Bi�HHvX �//BiBQM�HHv- i?Bb
BM7Q`K�iBQM Kmbi #2 T`Q+2bb2/ iQ BM72` `2T`2b2Mi�iBQMb Q7 i?2 2MpB`QMK2Mi- r?B+? +QmH/ i?2M
#2 mb2/ 7Q` /2+BbBQM K�FBM; bm+? �b ?Qr iQ KQp2 i?2 `Q#Qi bQ Bi +�M ;`�bT �M Q#D2+iX h?2`27Q`2-
`Q#Qib �`2 ivTB+�HHv 2[mBTT2/ rBi? � +�K2`� BM �M 2v2@BM@?�M/ +QM};m`�iBQM- BX2X i?2 +�K2`�
Bb TH�+2/ QM i?2 2M/ DQBMi Q7 i?2 `Q#QiX �i aALh16 P+2�M- i?2v 2KTHQv i?2 K�MBTmH�iQ`
U`Q#Qi �`KV 6`�MF� 1KBF� S�M/� rBi? i?2 _:"@. +�K2`� AMi2H _2�Ha2Mb2 .9j8X h?Bb +�K2`�
+�Tim`2b /2Ti? BK�;2b BM �//BiBQM iQ +QHQ` BK�;2b- �M/ i?mb 2M+Q/2b j. BM7Q`K�iBQM Q7 i?2
b+2M2X

RXj S`Q#H2K 6Q`KmH�iBQM
h?2 K�BM �BK Q7 i?Bb i?2bBb Bb iQ +QKTH2i2 i?2 j. ;2QK2i`B2b Q7 i?2 Q#D2+ib BM � b+2M2 ;Bp2M
� T�`iB�H Q#b2`p�iBQM- bm+? �b � bBM;H2 pB2r 7`QK �M _:"@. +�K2`�X h?2 `2bmHiBM; T2`+2TiBQM
bvbi2K b?QmH/ b2;K2Mi i?2 Q#D2+ib 7`QK i?2 `2bi Q7 i?2 b+2M2- BM72` i?2B` 7mHH j. b?�T2b 7`QK
i?2 T�`iB�H Q#b2`p�iBQM- �M/ `2M/2` � +QKTH2i2 j. `2T`2b2Mi�iBQM Q7 i?2 b+2M2 r?2`2 i?2 Q#D2+ib
Q7 BMi2`2bi ?�p2 � +QKTH2i2 ;2QK2i`vX h?2 `Q#Qi +�M i?2M /2i2`KBM2 ?Qr Bi b?QmH/ KQp2 iQ
TQbBiBQM Bib 2M/@2z2+iQ` UBX2X ;`BTT2`V �`QmM/ i?2 Q#D2+ib 7Q` ;`�bTBM;X

6Q` BMbi�M+2- i?2 b+2M2 +QmH/ #2 bQK2 Q#D2+ib H�vBM; QM iQT Q7 � i�#H2 �b BM 6B;m`2 RXRX
q?BH2 i?2 +QKTH2i2 ;2QK2i`v Q7 i?2 Q`�M;2 BM 6B;m`2 RXRU�V +QmH/ #2 `2T`2b2Mi2/ �b � TQBMi
+HQm/- �b BM 6B;m`2 RXkU�V- QMHv r?�i Bb T`2b2Mi2/ BM 6B;m`2 RXkU#V +�M #2 /B`2+iHv BM72``2/
7`QK � bBM;H2@pB2r T�`iB�H b+�M 7`QK �M _:"@. +�K2`�X h?Bb BHHmbi`�i2b i?2 M�im`�H Q++HmbBQM
BM?2`2Mi Q7 T?vbB+�H Q#D2+ib Ĝ Bi Bb MQi TQbbB#H2 iQ b22 i?2 #�+F Q7 �M Q#D2+iX >Qr2p2`- Qi?2`
T?vbB+�H Q++HmbBQMb �`2 Q7i2M T`2b2Mi BM � b+2M2 �b r2HHX P#D2+ib +QmH/ T�`iB�HHv +Qp2` 2�+?
Qi?2`- �b BM 6B;m`2 RXRU#VX Ai +QmH/ #2 /2bB`�#H2 iQ +QKTH2i2 i?2 ;2QK2i`v Q7 2�+? Q7 i?2b2
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U�V U#V U+V

6B;m`2 RXR, � bBKTH2 `2T`2b2Mi�iBQM Q7 Q#D2+ib BM � b+2M2 BHHmbi`�iBM; bQK2 2t�KTH2b b+2M�`BQb
QM ?Qr �M Q#D2+i +�M #2 Q++Hm/2/ 7`QK i?2 pB2r BM i?2 +�K2`� /B`2+iBQMX
6B;m`2 RXRU�V b?Qrb �M 2t�KTH2 Q7 M�im`�H Q++HmbBQM Ĝ i?2`2 Bb MQ r�v 7Q` i?2
+�K2`� iQ b22 i?2 #�+FbB/2 Q7 i?2 Q`�M;2 7`QK i?2 +m``2Mi pB2rX h?2 Q#D2+i +�M
�HbQ #2 T�`iB�HHv Q++Hm/2/ #v Qi?2` Q#D2+ib BM i?2 pB+BMBiv- bm+? �b BM 6B;m`2 RXRU#VX
JQ`2Qp2`- �M BMi2`2biBM; b+2M�`BQ r?2`2 bBM;H2 pB2r b?�T2 +QKTH2iBQM Bb p2`v
Km+? /2bB`2/ Bb r?2M i?2 Q#D2+i Bb BM i?2 +Q`M2` Q7 � #QtX >2`2- 2p2M B7 r2 rQmH/
+?Qb2 �+iBp2 pBbBQM Q` KmHiB@pB2r b?�T2 +QKTH2iBQM- i?2 T?vbB+�H #�``B2` Q7 i?2
#Qt K�F2b Bi BKTQbbB#H2 iQ b22 i?2 Q++Hm/2/ T�`i Q7 i?2 Q#D2+i �i i?2 +Q`M2` Q7 i?2
#QtX S?vbB+�H Q++HmbBQMb bm+? �b i?2 r�HHb Q7 � #Qt +QmH/ ?BM/2` i?2 +�K2`� iQ
b22 i?2 Q#D2+ib- �b BHHmbi`�i2/ BM 6B;m`2 RXRU+VX h?2 b�K2 2z2+i rQmH/ �HbQ Q++m`
B7 � ?�M/ Q` �M 2M/@2z2+iQ` TB+F2/ mT �M Q#D2+i- �b Bi rQmH/ KQbi HBF2Hv +Qp2`
bQK2 T�`i Q7 Bi iQ #2 �#H2 iQ ;`�bT BiX h?2 b+2M2b BM i?Bb BHHmbi`�iBQM +QMbBbi Q7
Q#D2+ib 7`QK � +mbiQK /�i�b2i +QKTBH2/ �b T�`i Q7 i?Bb i?2bBb- �M/ r2`2 `2M/2`2/
BM "H2M/2`X

U�V U#V

6B;m`2 RXk, G27i, � +QKTH2i2 TQBMi +HQm/ Q7 �M Q`�M;2X _B;?i, � T�`iB�H TQBMi +HQm/ Q7 �M
Q`�M;2- r?B+? rQmH/ #2 r?�i � +�K2`� bvbi2K rQmH/ b22 B7 Bi r�b pB2rBM; i?2
Q`�M;2 7`QK i?2 H27i bB/2 Q7 i?2 BK�;2X h?2 +QHQ` BM7Q`K�iBQM ?�b #22M `2KQp2/
�M/ `2TH�+2/ #v � ;`�vb+�H2 K�T iQ #2ii2` BHHmbi`�i2 i?2 /2Ti? �b b22M 7`QK i?2
+�K2`�X



RX9 _2b2�`+? Zm2biBQMb e

Q#D2+ib- r?B+? Bb bQK2i?BM; i?�i M22/b iQ #2 �//`2bb2/X h?2 Q#D2+ib Q7 BMi2`2bi +QmH/ �HbQ
#2 T�`iB�HHv +Qp2`2/ #v Qi?2` bi`m+im`2b bm+? �b r�HHb- �b BHHmbi`�i2/ BM 6B;m`2 RXRU+V- Q` i?2
2M/@2z2+iQ` Q7 i?2 `Q#QiX

AM i?Bb rQ`F- i?2 T`Q#H2K Bb +QMbB/2`2/ �b � +QMb2+miBp2 b2i Q7 p�`BQmb bm#T`Q#H2Kb-
BM+Hm/BM; b2;K2Mi�iBQM- �HB;MK2Mi- �M/ +QKTH2iBQMX .22T H2�`MBM; K2i?Q/b ?�p2 T`Qp2M iQ
;Bp2 Qp2`r?2HKBM;Hv #2ii2` `2bmHib i?�M i`�/BiBQM�H K2i?Q/b- �M/ �`2 i?2`27Q`2 Q7 BMi2`2bi iQ
`2b2�`+? 7m`i?2` BM i?2 +QMi2ti Q7 i?Bb rQ`FX h?2B` T2`7Q`K�M+2 rBHH #2 M2+2bb�`v BM Q`/2`
iQ }M/ b�iBb7�+iQ`v �TT`Q�+?2b iQ 2�+? Q7 i?2b2 T`Q#H2Kb- �b i?2v �`2 ?B;?Hv +QKTH2tX 6Q`
b2;K2Mi�iBQM- bi�i2@Q7@i?2 �`i �TT`Q�+?2b ?�p2 QMHv +QK2 iQ � H2p2H r?2`2 i?2v bQHp2 i?2
T`Q#H2Kb BM � b�iBb7�+iQ`v K�MM2`X PM i?2 Qi?2` ?�M/- bi�i2@Q7@i?2 �`i b?�T2 +QKTH2iBQM
�;2Mib �`2 biBHH iQ #2 +QMbB/2`2/ QMHv T`QQ7@Q7@+QM+2Tib- �b +m``2MiHv b+�Mb Q7 `2�H@rQ`H/ Q#D2+ib
�`2 MQi +QMbB/2`2/ 7Q` +QKTH2iBQMX 6m`i?2`- i?2v �`2 HBKBi2/ iQ +QKTH2iBM; QMHv T�`iB�H b+�Mb
r?B+? �`2 BM +�MQMB+�H TQb2 Ui?2 b+�H2- i`�MbH�iBQM- �M/ `Qi�iBQM Bb FMQrM T`BQ` iQ +QKTH2iBQMV
�M/ /Q2bMǶi i�F2 `2�H@rQ`H/ T�`iB�H b+�Mb BMiQ +QMbB/2`�iBQMX h?2`27Q`2- BM i?2 HB;?i Q7 i?2
bi�i2@Q7@i?2 �`i- Bi Bb +H2�` i?�i i?Bb Ja+ i?2bBb ?�b �M 2t+22/BM;Hv �K#BiBQmb ;Q�HX h?2 r�v
i?2 T`Q#H2K Bb /2}M2/ Tmib i?2 ;Q�H b2p2`�H bi2Tb �?2�/ Q7 i?2 +m``2Mi `2H�i2/ rQ`FX

hQ 2KT?�bBx2- i?2 rQ`F T`2b2Mi2/ BM i?Bb Ja+ i?2bBb Bb � `2TQ`i Qp2` `2b2�`+? BMp2biB;�iBQMb
+�``B2/ Qmi iQ BMp2MiBp2Hv BKT`Qp2 �M/ �/�Ti i?2 `2+2Mi �/p�M+2b BM /22T H2�`MBM; QM j. /�i�
iQ T2`7Q`K b?�T2 +QKTH2iBQM Q7 b+�Mb Q7 `2�H@rQ`H/ Q#D2+ibX h?2`27Q`2- i?2 T`2b2Mi2/ �TTHB+�@
iBQMb iQ b?�T2 +QKTH2iBQM �`2 MQp2H �M/ BMMQp�iBp2X

�BK Q7 i?2 aim/v

h?2 K�BM �BK Q7 i?Bb i?2bBb Bb iQ +QKTH2i2 i?2 j. ;2QK2i`B2b Q7 i?2 Q#D2+ib BM � b+2M2
;Bp2M � T�`iB�H Q#b2`p�iBQM- bm+? �b � bBM;H2 pB2r 7`QK �M _:"@. +�K2`�X

RX9 _2b2�`+? Zm2biBQMb
h?2`2 Bb �M BM+`2�bBM; MmK#2` Q7 Tm#HBb?2/ T�T2`b QM b?�T2 +QKTH2iBQM- r?2`2 i?2 ;Q�H Bb iQ
}M/ i?2 +QKTH2i2 j. ;2QK2i`v ;Bp2M � T�`iB�H Q#b2`p�iBQM Q7 �M Q#D2+iX h`�/BiBQM�HHv- i?2
�TT`Q�+?2b ?�p2 +QMbBbi2/ Q7 �HB;MBM; � /�i�b2i KQ/2H iQ }i i?2 T�`iB�H Q#b2`p�iBQMX >Qr2p2`-
`2+2Mi 2zQ`ib ?�p2 BMi`Q/m+2/ /22T H2�`MBM; �b � TH�mbB#H2 K2i?Q/X h?2b2 ?�p2 +m``2MiHv QMHv
#22M �TTHB2/ iQ +m`�i2/ i`�BMBM; /�i�b2ib- �M/ MQi `2�H /2Ti? b+�MbX h?mb- i?2 }`bi `2b2�`+?
[m2biBQM #2+QK2b,

U_RV, Ab b?�T2 +QKTH2iBQM Q7 `2�H@rQ`H/ Q#D2+ib #�b2/ QM � bBM;H2@pB2r T�`iB�H
b+�M 72�bB#H2\

hQ �//`2bb i?Bb [m2biBQM rBi? /�i�@/`Bp2M /22T H2�`MBM; KQ/2Hb- Bi Bb M2+2bb�`v iQ }M/ �
bmBi�#H2 K2i?Q/ Q7 i`�Mb7Q`KBM; i?2 T�`iB�H b+�M Q7 �M Q#D2+i bm+? i?�i Bi ?�b bBKBH�` T`QT2`iB2b
iQ i?Qb2 ;Bp2M BM i?2 /�i�b2i mb2/ iQ i`�BM i?2 KQ/2HX h?Bb H2�/b iQ i?2 b2+QM/ `2b2�`+? [m2biBQM,

U_kV, >Qr +�M i?2 T�`iB�H b+�M Q7 �M Q#D2+i #2 /B;Bi�HHv `2T`2b2Mi2/ BM �
bBKBH�` K�MM2` �b i?2 Q#D2+ib mb2/ BM i?2 T`BQ` /�i�b2i\
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_2�H@rQ`H/ b?�T2 +QKTH2iBQM im`Mb Qmi iQ +QMbBbi Q7 KmHiBTH2 bm#T`Q#H2Kb- bm+? �b b2K�M@
iB+ b2;K2Mi�iBQM �M/ TQBMi +HQm/ `2;Bbi`�iBQM- i?�i �`2 MQi +QMbB/2`2/ BM i?2 +m``2Mi K2i?Q/b
QM b?�T2 +QKTH2iBQMX h?2b2 bm#T`Q#H2Kb- ?Qr2p2`- ?�p2 #22M �//`2bb2/ BM BbQH�iBQM r?2`2
/22T H2�`MBM; Bb mb2/ BM i?2 bi�i2@Q7@i?2 �`i K2i?Q/bX a2p2`�H /22T H2�`MBM; KQ/2Hb- QM2 7Q`
2�+? bm#@T`Q#H2K- Kmbi i?2`27Q`2 #2 /2bB;M2/ �M/ BKTH2K2Mi2/X h?2v rBHH i?2M ?�p2 iQ #2
+QK#BM2/ BMiQ �M Qp2`�HH TBT2HBM2 iQ bQHp2 i?2 K�BM �BK- #mi i?Bb b2[m2M+BM; Q7 /22T H2�`M@
BM; KQ/2Hb Bb mM+QKKQM BM i?2 HBi2`�im`2X h?2 }M�H `2b2�`+? [m2biBQM Bb i?2`27Q`2 i?2 7QHHQrBM;,

U_jV, *�M KmHiBTH2 /22T H2�`MBM; K2i?Q/b #2 +QK#BM2/ BM � bm++22/BM; 7�b?@
BQM iQ +`2�i2 � `Q#mbi T2`+2TiBQM bvbi2K- Q` rBHH BK�;2 MQBb2 �M/ HBKBi2/
T`BQ` FMQrH2/;2 ?BM/2` i?Bb\

RX8 *QMi`B#miBQMb
h?2 K�BM `2b2�`+? BMi2`2bi BM i?Bb rQ`F Bb iQ /2p2HQT � T2`+2TiBQM bvbi2K r?B+? +�M �++m`�i2Hv
T`2/B+i i?2 +QKTH2i2 ;2QK2i`v Q7 Q#D2+ib BM � T�`iB�H b+�M Q7 � b+2M2X h?2 B/2� Bb iQ /Q i?Bb
#v BKT`QpBM;- �/�TiBM; �M/ +QK#BMBM; i?2 bi�i2@Q7@i?2 �`i j. /22T H2�`MBM; K2i?Q/bX hQ i?2
#2bi Q7 i?2 �mi?Q`Ƕb FMQrH2/;2- i?Bb rQ`F Bb i?2 }`bi 2zQ`i iQ T2`7Q`K `2�H@rQ`H/ bBM;H2@pB2r
b?�T2 +QKTH2iBQM mbBM; bm+? K2i?Q/bX

*QMi`B#miBQMb BMi`Q/m+2/ BM i?Bb i?2bBb �`2 /2b+`B#2/ #2HQr,

Ç a2K�MiB+ a2;K2Mi�iBQM L2irQ`F, � bi�i2@Q7@i?2 �`i _2bL2i@HBF2 �`+?Bi2+im`2 r�b
�/�Ti2/ iQ ?B;? `2bQHmiBQM +QHQ` �M/ /2Ti? BK�;2bX "v mbBM; irQ b2T�`�i2 #`�M+?2b BM
i?2 2M+Q/2`- #Qi? i?2 +QHQ` �M/ /2Ti? BM7Q`K�iBQM �`2 miBHBx2/ 7mHHv- r?B+? ?�b #22M �
+?�HH2M;2 BM T`2pBQmb M2irQ`F �`+?Bi2+im`2bX qBi? i?Bb M2irQ`F- �++m`�i2 K�bFb +�M #2
�+?B2p2/ Q7 �Mv b+2M2 r?B+? `2b2K#H2 i?2 BK�;2b mb2/ BM i?2 i`�BMBM; /�i�b2iX 6m`i?2`-
i?2 M2irQ`F ?�b b?QrM � ?B;? ;2M2`�HBx�#BHBiv BM �HHQrBM; i`�BMBM; mb2/ QM BK�;2b 7`QK
� bBKmH�iBQM 2MpB`QMK2Mi iQ �HbQ T`2/B+i K�bFb QM `2�H@rQ`H/ BK�;2bX

Ç a?�T2 *QKTH2iBQM L2irQ`F, � H2�`MBM;@#�b2/ b?�T2 +QKTH2iBQM K2i?Q/ i?�i
QT2`�i2b QM b�KTH2/ H2p2H b2ib- �M/ r?B+? +�M i�F2 T�`iB�H Q#b2`p�iBQMb Q7 Q#D2+ib BM
i?2 7Q`K Q7 TQBMi +HQm/b �b BMTmib iQ T`Q/m+2 bKQQi? +QKTH2i2 Q#D2+ib r�b /2bB;M2/ �b
T�`i Q7 i?Bb rQ`FX "v `2T`2b2MiBM; i?2 QmiTmi �b � +QMiBMmQmb 7mM+iBQM- i?2 T`Q#H2K Q7
b?�T2 +QKTH2iBQM Bb `2bi�i2/ �b � #QmM/�`v /2+BbBQM T`Q#H2KX h?mb- i?2 bm`7�+2 +�M #2
`2T`2b2Mi2/ BKTHB+BiHv- �M/ i?Bb Bb 2�bB2` 7Q` � M2m`�H M2irQ`F iQ H2�`MX h?2 `2bmHib b?Qr
i?�i i?2 b?�T2 +QKTH2iBQMb mbBM; i?2 M2irQ`F +HQb2Hv 7QHHQr i?2 ;Bp2M T�`iB�H Q#b2`p�iBQMb
QM i2bi /�i� Q7 i?2 +H�bb2b mb2/ /m`BM; i`�BMBM;X

Ç SQBMi *HQm/ _2;Bbi`�iBQM L2irQ`F, PM2 Q7 i?2 ?�`/2bi T`Q#H2Kb BM i?Bb i?2bBb r�b
iQ }M/ � `Q#mbi r�v iQ �HB;M i?2 b2;K2Mi2/ TQBMi +HQm/b Q7 Q#D2+ib 7`QK rQ`H/ +QQ`/BM�i2b
BMiQ � `2T`2b2Mi�iBQM r?2`2 i?2v �`2 �tBb@�HB;M2/ �M/ mMBi@b+�H2/- �M/ i?mb bBKBH�` iQ i?2
Q#D2+ib BM i?2 T`BQ` /�i�b2i i?2 b?�T2 +QKTH2iBQM �;2Mi ?�/ i`�BM2/ QMX h?2 `2�bQM 7Q`
i?2 +QKTH2tBiv Bb i?�i i?2 Q#D2+ib +�M #2 Q7 /Bz2`2Mi b+�H2- `Qi�iBQM- �M/ i`�MbH�iBQMX
�//BiBQM�HHv- QMHv T�`iB�H b+�Mb Q7 i?2 Q#D2+ib �`2 ;Bp2M- �M/ �M 2t�+i K�i+? KB;?i MQi
2tBbi BM i?2 /�i�b2i Q7 r?B+? i?2v b?QmH/ #2 �HB;M2/ iQX AM i?2 HBi2`�im`2- i?Bb T`Q#H2K
Bb `272``2/ iQ �b TQBMi +HQm/ `2;Bbi`�iBQM- �M/ +m``2Mi K2i?Q/b �`2 QMHv �#H2 iQ T2`7Q`K
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HQ+�H QTiBKBx�iBQMb r?2M QMHv `Qi�iBQM �M/ i`�MbH�iBQM �`2 +QMbB/2`2/X AM i?Bb rQ`F- A
�/�Ti � bi�i2@Q7@i?2 �`i M2m`�H M2irQ`F iQ H2�`M K�TTBM;b #2ir22M TQBMi +HQm/bX h?Bb
M2irQ`F Bb �#H2 iQ �pQB/ +QMp2`;BM; i?2 �HB;MK2Mi iQ HQ+�H QTiBK�b- �M/ BMbi2�/ �HB;M i?2
TQBMi +HQm/b `2;�`/H2bb Q7 i?2B` BMBiB�H Q`B2Mi�iBQMX � ?2m`BbiB+ �bbmKTiBQM Bb �//2/ iQ
�++QmMi 7Q` i?2 b+�HBM; 7�+iQ`X

Ç j. oBbBQM SBT2HBM2, � j. pBbBQM TBT2HBM2 r?B+? +QK#BM2b i?2 K2i?Q/b K2MiBQM2/
�#Qp2 BMiQ � +Q?2`2Mi T2`+2TiBQM bvbi2KX Ai i�F2b �M _:"@. BK�;2 Q7 � b+2M2 �b BMTmi-
7Q` i?2M iQ b2;K2Mi �M/ +QKTH2i2 Q#D2+ib Q7 BMi2`2bi BM i?2 b+2M2X h?Bb +QMbiBimi2b �
MQp2H 7`�K2rQ`F r?B+? �/�Tib /22T H2�`MBM; M2irQ`Fb BMiQ � bvbi2K i?�i +�M #2 mb2/ QM
`2�H@rQ`H/ �TTHB+�iBQMb bm+? �b `Q#QiB+ pBbBQMX

�//BiBQM�HHv- � /�i�b2i T`2T�`�iBQM �M/ T`2T`Q+2bbBM; �TT`Q�+? ?�b #22M /2p2HQT2/- r?B+?
+�M ;2M2`�i2 �HB;M2/ �M/ mMBi@bT?2`2 b+�H2/ KQ/2Hb �b TQBMi +HQm/b Q` bB;M2/ /Bbi�M+2 }2H/b 7`QK
�`#Bi`�`v +QKTBH�iBQMb Q7 *�. Q` K2b? KQ/2HbX h?Bb r�b mb2/ BM i?Bb rQ`F iQ +`2�i2 � /�i�b2i
+QMbBbiBM; Q7 7QQ/ Q#D2+ib- r?B+? +�M #2 mb2/ BM +QMDmM+iBQM rBi? i?2 TQTmH�` a?�T2L2i (Rj)
Q` JQ/2HL2i (Rey) /�i�b2ibX
h?2 i2`KBMQHQ;v �M/ +QM+2Tib mb2/ �#Qp2 �`2 /2b+`B#2/ BM /2i�BH BM *?�Ti2` kX

RXe h?2bBb PmiHBM2
h?2 `2K�BM/2` Q7 i?2 i?2bBb Bb Q`;�MBx2/ BMiQ i?2 7QHHQrBM; +?�Ti2`bX

*?�Ti2` k- h?2Q`2iB+�H "�+F;`QmM/- 2tTH�BMb i?2 M2+2bb�`v i?2Q`2iB+�H 7QmM/�iBQM iQ
#mBH/ mTQMX Ai T`2b2Mib i?2 `2H2p�Mi HBi2`�im`2 7`QK +QKTmi2` pBbBQM �M/ /22T H2�`MBM;X

*?�Ti2` j- _2H�i2/ qQ`F- T`2b2Mib � i?Q`Qm;? bim/v Q7 `2H�i2/ rQ`FX a2p2`�H }2H/b
�`2 +Qp2`2/- �M/ 2�+? b2+iBQM BM+Hm/2b � /Bb+mbbBQM QM i?2 }2H/bǶ `2H2p�M+2 �M/ mb2 7Q` i?2
T`Q#H2K BM i?Bb rQ`FX h?2 KQbi `2+2MiHv Tm#HBb?2/ T�T2`b �`2 ?B;?HB;?i2/- �b i?2b2 }2H/b ?�p2
/2p2HQT2/ `�TB/Hv BM i?2 H�bi v2�`b- �M/ i?2 KQbi `2+2Mi T�T2`b T`2b2Mi i?2 B/2�b i?�i rBHH
#2 #mBHi mTQM BM i?Bb rQ`FX �//BiBQM�HHv- 2ti`� �ii2MiBQM Bb ;Bp2M iQ `2H�i2/ rQ`F QM b?�T2
+QKTH2iBQM- �b i?�i Bb i?2 KQbi BKTQ`i�Mi bm#T`Q#H2K BM i?Bb i?2bBbX

*?�Ti2` 9- J2i?Q/QHQ;v- AKTH2K2Mi�iBQM �M/ _2bmHib- T`2b2Mib i?2 /2i�BHb �M/
T2`7Q`K�M+2 Q7 i?2 BKTH2K2Mi2/ KQ/2HbX Ai +Qp2`b ?Qr #Qi? b+2M2 �M/ KQ/2H /�i�b2ib r2`2
T`2T�`2/ �M/ +QMp2`i2/ BMiQ i?2 `2[mB`2/ 7Q`K�i 7Q` i?2 +?Qb2M M2irQ`F �;2MibX 6m`i?2`KQ`2-
Bi T`2b2Mib /2i�BHb QM ?Qr i?2 /22T H2�`MBM; M2irQ`Fb 7Q` b2K�MiB+ b2;K2Mi�iBQM- b?�T2
+QKTH2iBQM- �M/ TQBMi +HQm/ `2;Bbi`�iBQM r2`2 BKTH2K2Mi2/X Ai �HbQ ;Bp2b � `2~2+iBQM QM ?Qr
i?2 T`QTQb2/ j. pBbBQM TBT2HBM2 �TT`Q�+? +�M #2 mb2/ BM � `2�H@rQ`H/ b2iiBM;X

*?�Ti2` 8- *QM+HmbBQM- T`QpB/2b � b?Q`i bmKK�`v �M/ b2`p2b �b i?2 +QM+HmbBQM Q7 i?Bb
i?2bBbX



*>�Sh1_ k
h?2Q`2iB+�H "�+F;`QmM/

h?Bb +?�Ti2` T`2b2Mib i?2 i?2Q`2iB+�H #�+F;`QmM/ Q7 j. `2+QMbi`m+iBQM �M/ /22T H2�`MBM; BM
+QMM2+iBQM iQ i?2 rQ`F +QKTH2i2/ �b T�`i Q7 i?Bb i?2bBbX h?2 M2ti +?�Ti2` #mBH/b mTQM i?Bb
i?2Q`v iQ T`2b2Mi i?2 `2H�i2/ rQ`F

j. b?�T2 `2+QMbi`m+iBQM `272`b iQ BM72``BM; j. BM7Q`K�iBQM 7`QK _:"@ �M/fQ` /2Ti?@
BK�;2bX .2Ti? BK�;2b +�M #2 �+[mB`2/ 7`QK � `�M;2 Q7 p�`BQmb /2Ti? b2MbBM; i2+?MB[m2b- �M/
i?Bb Bb 2tTH�BM2/ BM a2+iBQM kXRXRX 6m`i?2`- j. BM7Q`K�iBQM +�M #2 biQ`2/ BM KmHiBTH2 7Q`K�ib
bm+? �b K2b?2b- pQt2Hb- TQBMi +HQm/b- �M/ KQ`2X �M Qp2`pB2r Q7 i?2b2 j. `2T`2b2Mi�iBQMb Bb
;Bp2M BM a2+iBQM kXRXkX 6BM�HHv- i?2 [m�HBiv Q7 i?2 j. `2+QMbi`m+iBQM +�M #2 [m�MiBi�iBp2Hv
K2�bm`2/ #v mbBM; � K2i`B+ iQ /2i2`KBM2 i?2 bBKBH�`Biv #2ir22M i?2 `2+QMbi`m+iBQM �M/ �
;`QmM/ i`mi?- r?B+? Bb /2b+`B#2/ BM a2+iBQM kXRXjX

.22T@H2�`MBM; K2i?Q/b �`2 /�i�@/`Bp2M �TT`Q�+?2b i?�i ?�p2 i?2 T`QT2`iv Q7 #2BM; mMBp2`b�H
7mM+iBQM �TT`QtBK�iQ`b- r?B+? rBHH BM i?Bb rQ`F #2 mb2/ 7Q` }M/BM; � K�TTBM; 7`QK � T�`iB�H
b+�M Q7 �M Q#D2+i iQ Bib +QKTH2i2 ;2QK2i`vX Ai rBHH �HbQ #2 mb2/ 7Q` b2;K2Mi�iBQM Q7 _:"@.
BK�;2bX AM i?Bb +?�Ti2`- �M BM@/2Ti? T`2b2Mi�iBQM Q7 /22T H2�`MBM; rBHH #2 ;Bp2M- BM+Hm/BM; 722/@
7Q`r�`/ M2irQ`Fb- +QMpQHmiBQM�H M2m`�H M2irQ`Fb- �M/ ;2M2`�iBp2 KQ/2HbX � HBi2`�im`2 `2pB2r
QM i?2 bi�i2@Q7@i?2 �`i �TT`Q�+?2b QM b2;K2Mi�iBQM �M/ b?�T2 +QKTH2iBQM rBHH #2 T`2b2Mi2/ BM
i?2 M2ti +?�Ti2`X

kXR j. a?�T2 _2+QMbi`m+iBQM
kXRXR *�Tim`BM; .2Ti?
.2Ti? Bb BKTQ`i�Mi BM +QKTmi2` pBbBQM 7Q` K�Mv �TTHB+�iBQMbX qBi? /2Ti? K�Tb- � b+2M2 +�M
2�bBHv #2 b2;K2Mi2/ BMiQ 7Q`2;`QmM/ �M/ #�+F;`QmM/ �M/ i`�+F Q#D2+ibX h?2`2 �`2 K�Mv r�vb
iQ +�Tim`2 /2Ti? 7`QK � b+2M2- #mi i?2v +�M #2 `Qm;?Hv +�i2;Q`Bx2/ BMiQ irQ K�BM +H�bb2b,
1Bi?2` i?2 /2Ti? Bb /B`2+iHv BM72``2/ 7`QK i?2 b+2M2 i?`Qm;? � /2Ti? +�K2`� bvbi2K UrBi? �
7mHH Qp2`pB2r ;Bp2M BM h�#H2 kXRV- Q` i?2 /2Ti? BM7Q`K�iBQM Bb `2+QMbi`m+i2/ 7`QK QM2 Q` KQ`2
BK�;2bX >2`2- i?2 KQbi 7`2[m2MiHv mb2/ i2+?MB[m2b 7`QK 2�+? +H�bb �`2 T`2b2Mi2/, bi`m+im`2/
HB;?iBM; �M/ bi2`2Q pBbBQMX h?2 i?2Q`v 7Q` i?2b2 K2i?Q/b �`2 KQbiHv 2ti`�+i2/ 7`QK i?2 #QQF
*QM+Bb2 *QKTmi2` pBbBQM (dj)- �M/ rBi? bQK2 /2i�BHb 7`QK *QKTmi2` oBbBQM J2i`B+b, am`p2v-
h�tQMQKv �M/ �M�HvbBb (dN) �M/ *QKTmi2` oBbBQM, �H;Q`Bi?Kb �M/ �TTHB+�iBQMb (R98)X

ai`m+im`2/ HB;?iBM;, �M 2t�KTH2 Q7 � /2Ti? +�K2`� bvbi2K- r?2`2 j. BM7Q`K�iBQM Bb
BM72``2/ #v i?2 T`QD2+iBQM Q7 � HB;?i T�ii2`M mM/2` +�HB#`�i2/ ;2QK2i`B+ +QM/BiBQMb QMiQ �M
Q#D2+iX hvTB+�HHv- QM2 +�K2`� �M/ QM2 HB;?i bQm`+2 �`2 mb2/X *�HB#`�iBQM BM+Hm/2b /2i2`KBMBM;
i?2 TQb2 Q7 i?2 HB;?i bQm`+2 rBi? `2bT2+i iQ i?2 +�K2`�X _272` iQ 6B;m`2 kXR- r?2`2 Bi Bb �bbmK2/



kXR j. a?�T2 _2+QMbi`m+iBQM Ry

.2Ti? a2MbBM;
h2+?MB[m2

O Q7
a2MbQ`b

AHHmKBM�iBQM J2i?Q/ *?�`�+i2`BbiB+b

S�`�HH�t �M/
>v#`B/
S�`�HH�t

kfRf�``�v S�bbBp2 Ĝ LQ`K�H
HB;?iBM;

SQbBiBQM�H b?B7i K2�bm`2K2Mi BM 6Qo
#2ir22M irQ +�K2`� TQbBiBQMb- bm+?
�b bi2`2Q- KmHiB@pB2r bi2`2Q- Q` �``�v
+�K2`�b

aBx2 J�TTBM; R S�bbBp2 Ĝ LQ`K�H
HB;?iBM;

liBHBx2b +QHQ` i�;b Q7 bT2+B}+ bBx2 iQ
/2i2`KBM2 `�M;2 �M/ TQbBiBQM

.2Ti? Q7
6Q+mb

R S�bbBp2 Ĝ LQ`K�H
HB;?iBM;

JmHiB@7`�K2 rBi? b+�MM2/ 7Q+mb

.Bz2`2MiB�H
J�;MB}+�iBQM

R S�bbBp2 Ĝ LQ`K�H
HB;?iBM;

hrQ@7`�K2 BK�;2 +�Tim`2 �i /B7@
72`2Mi K�;MB}+�iBQMb- +`2�iBM; �
/Bbi�M+2@#�b2/ Qzb2i

ai`m+im`2/
HB;?i

R �+iBp2 Ĝ S`QD2+i2/
HB;?iBM;

JmHiB@7`�K2 T�ii2`M T`QD2+iBQM

hBK2 Q7 6HB;?i R �+iBp2 Ĝ SmHb2/
HB;?iBM;

>B;?@bT22/ HB;?i TmHb2 rBi? bT2+B�H
TBt2Hb K2�bm`BM; `2im`M iBK2 Q7
`2~2+i2/ HB;?i

a?�/BM; b?B7i R �+iBp2 Ĝ �Hi2`M�iBM;
HB;?iBM;

hrQ@7`�K2 b?�/Qr /Bz2`2MiB�H K2�@
bm`2K2Mi #2ir22M irQ HB;?i bQm`+2b
�i /Bz2`2Mi TQbBiBQMb

S�ii2`M
bT`2�/BM;

R �+iBp2 Ĝ JmHiB@#2�K
HB;?iBM;

S`QD2+i2/ k. bTQi T�ii2`M 2t�T�M/@
BM; �i /Bz2`2Mi `�i2 7`QK +�K2`�
H2Mb }2H/ bT`2�/

"2�K i`�+FBM; R �+iBp2 Ĝ GB;?iBM; QM
Q#D2+iUbV

hrQ@TQBMi HB;?i bQm`+2b KQmMi2/ QM
Q#D2+i2b BM 6Qo iQ #2 i`�+F2/

aT2+i`�H 6Q+�H
ar22T

R S�bbBp2 Ĝ LQ`K�H
HB;?iBM;

6Q+�H H2M;i? p�`B2b 7Q` 2�+? +QHQ`
r�p2H2M;i?- rBi? 7Q+�H br22T iQ
7Q+mb QM 2�+? +QHQ` �M/ +QKTmi2
/2Ti?

.Bz`�+iBQM
:`�iBM;b

R S�bbBp2 Ĝ LQ`K�H
HB;?iBM;

GB;?i T�bbBM; i?`Qm;? b2ib Q7 ;`�i@
BM;b Q` HB;?i ;mB/2b T`QpB/2b /2Ti?
BM7Q`K�iBQM

*QMB+�H _�/B�H
JB``Q`

R S�bbBp2 Ĝ LQ`K�H
HB;?iBM;

GB;?i 7`QK � +QMB+�H KB``Q` Bb
BK�;2/ �i /Bz2`2Mi /2Ti?b �b �
iQ`QB/ b?�T2- /2Ti? Bb 2ti`�+i2/
7`QK i?2 iQ`QB/

h�#H2 kXR, aQK2 K2i?Q/b 7Q` +�Tim`BM; /2Ti? BM7Q`K�iBQMX �/�Ti2/ 7`QK *QKTmi2` oBbBQM
J2i`B+b (dN)X



kXR j. a?�T2 _2+QMbi`m+iBQM RR

i?�i i?2 #�b2 /Bbi�M+2 b Bb ;Bp2M #v HB;?i bQm`+2 +�HB#`�iBQM �M/ i?�i i?2 �M;H2 α #v +QMi`QHH2/
HB;?i TH�M2 br22TBM;X

6B;m`2 kXR, ai`m+im`2/ HB;?iBM; bvbi2KX h?2 T`QD2+iBQM +2Mi`2 Bb HQ+�i2/ �i i?2 Q`B;BM Os BM
� H27i@?�M/ XsYsXs +QQ`/BM�i2 bvbi2KX h?2 BK�;2 TH�M2 Bb T�`�HH2H iQ i?2 XsYs

TH�M2 �i 7Q+�H /Bbi�M+2 f X 6Q` bBKTHB}+�iBQM- Bi Bb �bbmK2/ i?�i i?2 HB;?i bQm`+2
Bb QM i?2 Xs �tBbX *Qm`i2bv Q7 *QM+Bb2 *QKTmi2` oBbBQM (dj)X

6B;m`2 kXk, h?2 +2Mi`�H T`QD2+iBQM Q7 � TQBMi P = (Xs, Ys, Zs) BMiQ � TBt2H HQ+�iBQM p =
(xu, yu)X h?2 +Q``2bTQM/BM; bB/2b Q7 i?2 ?B;?HB;?i2/ i`B�M;H2b �`2 �HH BM i?2 b�K2
T`QTQ`iBQMX *Qm`i2bv Q7 *QM+Bb2 *QKTmi2` oBbBQM (dj)X

h?2 +�K2`� Bb TQbBiBQM2/ BM � j. bT�+2- rBi? � H27i@?�M/ XsYsZs +�K2`� +QQ`/BM�i2 bvbi2KX
Os Bb i?2 T`QD2+iBQM +2Mi`2- �M/ i?2 QTiB+�H �tBb Q7 i?2 +�K2`� +QBM+B/2b rBi? i?2 Zs@�tBbX h?2
BK�;2 TH�M2 Bb T�`�HH2H iQ i?2 XsYS TH�M2- �i 7Q+�H /Bbi�M+2 Zs = f X h?2 `�v i?2Q`2K Q7
2H2K2Mi�`v ;2QK2i`v b�vb i?�i f iQ Zs Bb i?2 b�K2 �b xu iQ Xs- �M/ rBi? �M�HQ;Qmb `�iBQb BM
i?2 YsZs TH�M2 U6B;m`2 kXkV- `2bmHiBM; BM i?2 2[m�iBQMb

xu = fXs

Zs

yu = fYs

Zs

UkXRV



kXR j. a?�T2 _2+QMbi`m+iBQM Rk

6m`i?2`- 7`QK i?2 i`B;QMQK2i`v Q7 `B;?i i`B�M;H2b i?2 7QHHQrBM; Bb i`m2

tanα = Zs

b − Xs
UkXkV

Ai i?2M 7QHHQrb i?�i

Z = X

x
· f = tanα · (b − X)

X ·
(

f

x
+ tanα

)

= tanα · b
UkXjV

r?B+? ;Bp2b i?2 bQHmiBQM

X = x · tanα · b

f + x · tanα

Y = y · tanα · b

f + x · tanα

Z = f · tanα · b

f + x · tanα

UkX9V

ai2`2Q oBbBQM, � #BM�`v pBbBQM K2i?Q/ bBKBH�` iQ i?2 ?mK�M pBbm�H bvbi2KX G27i �M/ `B;?i
pB2rb Q7 � b+2M2 �`2 +�Tim`2/- �M/ i?2 /2Ti? Q` /Bbi�M+2 iQ i?2 pBbm�H TQBMib �`2 +�H+mH�i2/
#v }`bi /2i2`KBMBM; i?2 +Q``2bTQM/BM; TQBMib BM 2�+? pB2rX AM 6B;m`2 kXj irQ +�K2`�b �`2
+QMbB/2`2/ iQ 7QHHQr i?2 TBM?QH2@+�K2`� KQ/2H �M/ TQbBiBQM2/ BM ;2M2`�H TQb2b BM T`QD2+iBQM
+2Mi`2b O1 �M/ O2X � j. TQBMi P BM XwYwZw rQ`H/ +QQ`/BM�i2b Bb T`QD2+i2/ BMiQ � TQBMi p1
BM BK�;2 R �M/ QMiQ � +Q``2bTQM/BM; TQBMi BM p2X h?2 i�bF Bb i?2M iQ HQ+�i2 i?2 TQBMi p2 #v
bi�`iBM; �i TQBMi p1 BM i?2 }`bi BK�;2X "v HQQFBM; �i 6B;m`2 kXj- QM2 +�M b22 i?�i i?2 TQBMib
O1- O2- �M/ i?2 TQBMi P /2}M2b � TH�M2 r?B+? Bb +�HH2/ i?2 2TBTQH�` TH�M2X h?2 b�K2 TH�M2
Bb /2}M2/ #v O1- O2- �M/ p1 BM BK�;2 R- �M/ Bb �HbQ BMi2`b2+i2/ #v i?2 BK�;2 TH�M2 Q7 BK�;2
R iQ 7Q`K i?2 2TBTQH�` HBM2X Ai Bb 2pB/2Mi i?�i p2 +�M QMHv #2 7QmM/ QM i?Bb HBM2 BM BK�;2 k-
r?B+? K2�Mb i?�i b2�`+?BM; 7Q` p2 Bb `2/m+2/ iQ � bBKTH2` T`Q#H2K Q7 }M/BM; � +Q``2bTQM/BM;
T`Q#H2K QM � HBM2- `�i?2` i?�M i?2 2MiB`2 BK�;2 TH�M2X

6B;m`2 kXj, 1TBTQH�` ;2QK2i`v 7Q` irQ +�K2`�b BM ;2M2`�H TQb2bX *Qm`i2bv Q7 *QM+Bb2
*QKTmi2` oBbBQM (dj)X



kXR j. a?�T2 _2+QMbi`m+iBQM Rj

�bbmK2 i?�i i?2 irQ +�K2`�b �`2 pB`im�HHv B/2MiB+�H- �M/ Q`B2Mi2/ i?2 b�K2 r�v �T�`i 7`QK
QM2 +�K2`� b?B7i2/ #v i?2 /Bbi�M+2 b �HQM; i?2 Xs@�tBb Q7 i?2 XsYsZs +�K2`� +QQ`/BM�i2 bvbi2K
Q7 i?2 H27i +�K2`�X h?Bb b2imT Bb `272``2/ iQ �b +�MQMB+�H bi2`2Q ;2QK2i`v- �M/ `2bmHib BM irQ
+QTH�M�` BK�;2b Q7 B/2MiB+�H bBx2 Ncols × Nrows- rBi? T�`�HH2H QTiB+ �t2b- B/2MiB+�H 2z2+iBp2 7Q+�H
H2M;i? f - �M/ +QHHBM2�` BK�;2 `QrbX "v miBHBxBM; i?2 2[m�iBQMb UkXRV- i?2 TQBMi P = (Xs, Ys, Zs)
Bb K�TT2/ iQ i?2 mM/BbiQ`i2/ BK�;2 TQBMib

puL = (xuL, yuL) =
(

f · Xs

Zs
,
f · Ys

Zs

)

UkX8�V

puR = (xuR, yuR) =
(

f · (Xs − b)
Zs

,
f · Ys

Zs

)

UkX8#V

6Q` mM/BbiQ`i2/ +QQ`/BM�i2b- � TBt2H pL = (xL, y) �M/ Bib +Q``2bTQM/BM; TBt2H pR = (xR, y) ?�p2
t@p�Hm2b r?2`2 xR ≤ xLX qBi? i?2 #�b2 /Bbi�M+2 /2MQi2/ �b b > 0 �M/ f i?2 7Q+�H H2M;i?- Zs

+�M #2 2HBKBM�i2/ 7`QK UkX8�V �M/ UkX8#V #v

Zs = f · Xs

xuL
= f · (Xs − b)

xuR
UkXeV

h?Bb 2[m�iBQM +�M 7m`i?2` #2 bQHp2/ 7Q` Xs iQ vB2H/

Xs = b · XuL

xuL − xuR
UkXdV

r?B+? +�M #2 BMb2`i2/ #�+F BMiQ UkXeV iQ ;2i

Zs = b · f

xuL − xuR
UkX3V

h?2 }M�H +QQ`/BM�i2- Ys- +�M #2 Q#i�BM2/ #v mbBM; i?Bb p�Hm2 Q7 Zs BM UkX8�V �M/ UkX8#V,

Ys = b · yu

xuL − xuR
UkXNV

>2`2- yu = yuL = yuRX
Ai Bb ;2M2`�HHv /2bB`�#H2- ?Qr2p2`- iQ iBHi i?2 +�K2`�b bHB;?iHv iQr�`/b 2�+? Qi?2`- bm+?

i?�i i?2 bT�+2 Q7 Q#D2+ib #2BM; pBbB#H2 BM #Qi? +�K2`�b Bb K�tBKBx2/X h?Bb Bb `272``2/ iQ �b �
+QMp2`;2Mi b2imT- BHHmbi`�i2/ BM 6B;m`2 kX9X
h?2 *�`i2bB�M +QQ`/BM�i2 bvbi2K XY Z +�M #2 i`�Mb7Q`K2/ BMiQ i?2 XLYLZL bvbi2K #v �
`Qi�iBQM −θ �#Qmi i?2 Y @�tBb 7QHHQr2/ #v � i`�MbH�iBQM b/2 iQ i?2 H27i QM i?2 X − axis

⎡

⎢⎢⎢⎣

XL

YL

ZL

⎤

⎥⎥⎥⎦ =

⎡

⎢⎢⎢⎣

cos(θ) 0 sin(θ)
0 1 0

− sin(θ) 0 cos(θ)

⎤

⎥⎥⎥⎦

⎡

⎢⎢⎢⎣

X − b
2

Y

Z

⎤

⎥⎥⎥⎦ UkXRyV

XRYRZR +�M #2 �+[mB`2/ BM i?2 b�K2 K�MM2`-
⎡

⎢⎢⎢⎣

XR

YR

ZR

⎤

⎥⎥⎥⎦ =

⎡

⎢⎢⎢⎣

cos(θ) 0 − sin(θ)
0 1 0

sin(θ) 0 cos(θ)

⎤

⎥⎥⎥⎦

⎡

⎢⎢⎢⎣

X + b
2

Y

Z

⎤

⎥⎥⎥⎦ UkXRRV



kXR j. a?�T2 _2+QMbi`m+iBQM R9

6B;m`2 kX9, *QMp2`;2Mi +�K2`� bvbi2KX h?2 H27i �M/ `B;?i +�K2`�b �`2 bvKK2i`B+ iQ i?2
Z@�tBb- #mi iBHi2/ iQr�`/b 2�+? Qi?2` bm+? i?�i i?2 QTiB+�H �t2b BMi2`b2+i �i i?2
TQBMi Q7 +QMp2`;2M+2 C QM i?2 Z@�tBbX *Qm`i2bv Q7 *QM+Bb2 *QKTmi2` oBbBQM (dj)X

� TQBMi P = (X, Y, Z) T`QD2+i2/ BMiQ i?2 H27i xuLyu �M/ i?2 `B;?i xuRyu +QQ`/BM�i2 bvbi2Kb
+�M i?2M #2 `2T`2b2Mi2/ BM i?2 +2Mi`2/ XY Z@+QQ`/BM�i2 bvbi2K #�b2/ QM i?2 +2Mi`�H T`QD2+iBQM
2[m�iBQMb,

xuL = f · XL

ZL
= f

cos(θ)(X − b
2) + sin(θ) · Z

− sin(θ)(X − b
2) + cos(θ) · Z

UkXRk�V

xuR = f · XR

ZR
= f

cos(θ)(X + b
2) − sin(θ) · Z

sin(θ)(X + b
2) + cos(θ) · Z

UkXRk#V

yu = f · YL

ZL
= f · YR

ZR
= f

Y

− sin(θ)(X − b
2) + cos(θ) · Z

UkXRk+V

h?2 7QHHQrBM; bvbi2K Q7 2[m�iBQMb 7QHHQrb,

[−xuL · sin θ − f · (θ)]X + [xuL · cos(θ) − f · sin(θ)]Z = −[ b

2xuL · sin(θ) + b

2f ] UkXRj�V

[xuR · sin(θ) − f · cos(θ)]X + [xuR · cos(θ) + f · sin(θ)]Z = −[ b

2xuR sin(θ) − b

2f ] UkXRj#V

[−yu · sin(θ)]X + [−f ]Y + [yu · cos(θ)]Z = [ b

2yu · sin(θ)] UkXRj+V

r?B+? +�M 2�bBHv #2 bQHp2/ 7Q` X- Y - �M/ ZX h?mb- +QMp2`;2Mi bi2`2Q 2M/b mT #2BM; MQ KQ`2
+QKTH2t i?�M +�MQMB+�H bi2`2Q BM i2`Kb Q7 +�H+mH�iBM; i?2 rQ`H/ +QQ`/BM�i2b Q7 � TQBMiX

�b �M �bB/2- /BbT�`Biv Bb BM i?2 ;2M2`�H +�b2 /2}M2/ �b i?2 pB`im�H b?B7ib Q7 � TQBMi
P = (X, Y, Z) T`QD2+i2/ BMiQ � TQBMi pi BM QM2 BK�;2 i iQ i?2 TQBMi pj BM �MQi?2` BK�;2
j-

dij = pi − pj

dji = pj − pi
UkXR9V

r?2`2 i?2 /BbT�`Biv p�Hm2 dij Bb /2}M2/ �b i?2 K�;MBim/2 ||dij ||2X 6Q` i?2 bT2+B�H +�b2 Q7
+�MQMB+�H bi2`2Q ;2QK2i`v- i?2 /BbT�`Biv p�Hm2 Bb xL − xR /m2 iQ i?2 `2bi`B+iBQM i?�i xR ≤ xLX
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kXRXk j. _2T`2b2Mi�iBQMb
.2T2M/BM; QM i?2 BMi2M/2/ mb2- b?�T2b +�M #2 `2T`2b2Mi2/ BM � p�`B2iv Q7 +QMp2`iB#H2 7Q`K�ibX
aQK2 Q7 i?2 KQbi BKTQ`i�Mi j. `2T`2b2Mi�iBQMb �`2 BHHmbi`�i2/ BM 6B;m`2 kX8X

J2b? oQt2HBx�iBQM SQBMi *HQm/ aB;M2/ .Bbi�M+2

6B;m`2 kX8, j. `2T`2b2Mi�iBQMb Q7 i?2 ai�M7Q`/ #mMMvX J2b?2b �`2 bT�`b2 r�i2`@iB;?i
`2T`2b2Mi�iBQMb r?B+? �`2 bHB;?iHv +QKTHB+�i2/ #v +QMbBbiBM; Q7 /Bz2`2Mi
+QKTQM2Mib Up2`iB+2b- 2/;2b- 7�+2bVX oQt2H `2T`2b2Mi�iBQMb �`2 `2;mH�` bi`m+im`2b-
#mi r?B+? ?�p2 � ?B;? K2KQ`v +Qbi- �`2 +QKTmi�iBQM�HHv BM2{+B2Mi iQ T2`7Q`K
QT2`�iBQMb QM- �M/ ;2M2`�HHv �`2 MQi �#H2 iQ `2T`2b2Mi /2i�BH2/ ;2QK2i`B+
BM7Q`K�iBQMX SQBMi +HQm/b �`2 bBKTH2 bT�`b2 `2T`2b2Mi�iBQMb r?B+? /Q MQi 2M+Q/2
�Mv BM7Q`K�iBQM �#Qmi i?2 bm`7�+2 Q7 Q#D2+ibX aB;M2/ /Bbi�M+2 7mM+iBQMb BKTHB+BiHv
/2}M2 i?2 bm`7�+2 Q7 �M Q#D2+i rBi? � +QMiBMmQmb 7mM+iBQM- r?B+? i?2Q`2iB+�HHv
K2�Mb i?�i i?2v �`2 `2T`2b2Mi�iBQMb rBi? BM}MBi2 `2bQHmiBQMX

SQHv;QM K2b?2b biQ`2 j. BM7Q`K�iBQM BM � +QHH2+iBQM Q7 +QMM2+i2/ p2`iB+2b- 2/;2b- �M/
7�+2bX 1�+? p2`i2t Bb �bbQ+B�i2/ rBi? M2B;?#Q`BM; p2`iB+2b BM � bi�M/�`/ T�ii2`M bm+? �b �
i`B�M;H2 /2b+`B#BM; i?2 bm`7�+2- 2�+? ?�pBM; � bm`7�+2 MQ`K�H- j. +QQ`/BM�i2b Ux, y, zV- +QHQ`-
�M/ i2tim`2X

J2b?2b +�M �HbQ #2 biQ`2/ BM i?2 ��"" i`22 /�i� bi`m+im`2- r?B+? Bb mb27mH 7Q` T2`7Q`KBM;
2{+B2Mi BMi2`b2+iBQM �M/ /Bbi�M+2 [m2`B2b �;�BMbi b2ib Q7 }MBi2 j. ;2QK2i`B+ Q#D2+ibX h?2 /�i�
bi`m+im`2 Bb +`2�i2/ #v +QMp2`iBM; � K2b? BMiQ T`BKBiBp2b- Q7 r?B+? � ?B2`�`+?v Q7 �tBb@�HB;M2/
#QmM/BM; #Qt2b U��""bV Bb +QMbi`m+i2/X

� pQt2H pQHmK2 Bb � j. pQHmK2i`B+ /�i� bi`m+im`2 +QKTQb2/ Q7 � j. �``�v Q7 pQt2Hb- r?B+?
�`2 pQHmK2i`B+ 2H2K2Mib HBF2 TBt2Hb �`2 TB+im`2 2H2K2MibX aBM+2 i?2 pQt2Hb �`2 `2;mH�`Hv bT�+2/
BM i?2 j. �``�v- i?2B` /2Ti? +QQ`/BM�i2b �`2 MQi 2tTHB+BiHv 2M+Q/2/X 1�+? pQt2H K�v +QMi�BM
+QHQ` �M/ MQ`K�H BM7Q`K�iBQMX

�M 2ti2MbBQM iQ i?2 pQt2H `2T`2b2Mi�iBQM Bb i?2 Q+i`22- r?B+? ?�b �M �/�TiBp2 ;`B/ bBx2X h?Bb
�HHQrb 7Q` HQbbH2bb `2/m+iBQM Q7 K2KQ`v +QMbmKTiBQM +QKT�`2/ iQ � `2;mH�` pQt2H ;`B/X

SQBMi +HQm/b �`2 bT�`b2 `2T`2b2Mi�iBQMb Q7 ;2QK2i`B+ b?�T2b- r?2`2 i?2 bm`7�+2 Bb ;Bp2M #v �
b2i Q7 j. TQBMibX 1�+? TQBMi BM i?2 +HQm/ K�v +QMi�BM BM7Q`K�iBQM �#Qmi j. HQ+�iBQM Ux, y, zV-
+QHQ`- �M/ MQ`K�HX

SQBMi +HQm/b +�M �HbQ #2 `2T`2b2Mi2/ �b k@/BK2MbBQM�H i`22b Q` F@/ i`22b Ĝ #BM�`v b2�`+?
i`22b i?�i �`2 p2`v mb27mH 7Q` `�M;2 �M/ M2�`2bi M2B;?#Q` b2�`+?2bX AM i?Bb +�b2- k rBHH �Hr�vb
#2 jX 1�+? H2p2H Q7 � k@/ i`22 bTHBib �HH +?BH/`2M �HQM; � bT2+B}+ /BK2MbBQM- mbBM; � ?vT2`TH�M2
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i?�i Bb T2`T2M/B+mH�` iQ i?2 +Q``2bTQM/BM; �tBbX �i i?2 `QQi Q7 i?2 i`22 �HH +?BH/`2M rBHH #2
bTHBi #�b2/ QM i?2 }`bi /BK2MbBQMX 1�+? H2p2H /QrM BM i?2 i`22 /BpB/2b QM i?2 M2ti /BK2MbBQM-
`2im`MBM; iQ i?2 }`bi /BK2MbBQM QM+2 �HH Qi?2`b ?�p2 #22M 2t?�mbi2/X

� bB;M2/ /Bbi�M+2 7mM+iBQM Ua.6V Bb � +QMiBMmQmb 7mM+iBQM i?�i- 7Q` � ;Bp2M bT�iB�H TQBMi-
QmiTmib i?2 TQBMiǶb /Bbi�M+2 iQ i?2 +HQb2bi bm`7�+2- r?Qb2 bB;M 2M+Q/2b r?2i?2` i?2 TQBMi Bb
BMbB/2 UM2;�iBp2V Q` QmibB/2 UTQbBiBp2V Q7 i?2 r�i2`iB;?i bm`7�+2,

SDF(x) = s : x ∈ R3, s ∈ R UkXR8V

h?2 mM/2`HvBM; bm`7�+2 Bb BKTHB+BiHv `2T`2b2Mi2/ #v i?2 BbQbm`7�+2 Q7 SDF(·) = 0X
�//BiBQM�HHv- � /2Ti? K�T BK�;2 +�M `2T`2b2Mi i?2 j. BM7Q`K�iBQMX 1�+? TQBMi BM � k.

TBt2H �``�v K�v +QMi�BM +QHQ` �M/ /2Ti? BM7Q`K�iBQMX h?Bb Bb ivTB+�HHv i?2 7Q`K�i Q7 i?2 `�r
/2Ti? /�i� 7`QK _:"@. +�K2`�bX

kXRXkXR *QMp2`bBQM #2ir22M j. _2T`2b2Mi�iBQMb
Ai +�M Q7i2M #2 Q7 mb2 iQ +QMp2`i QM2 j. `2T`2b2Mi�iBQM iQ �MQi?2`- �b /2T2M/BM; QM i?2
�TTHB+�iBQM � r�i2`@iB;?i `2T`2b2Mi�iBQM bm+? �b K2b?2b- � `2;mH�` `2T`2b2Mi�iBQM bm+? �b pQt2Hb-
� bT�`b2 `2T`2b2Mi�iBQMb bm+? �b TQBMi +HQm/b- Q` � +QMiBMmQmb `2T`2b2Mi�iBQMb bm+? �b a.6b
KB;?i #2 /2bB`�#H2X h?2 +QMp2`bBQMb �`2 mM7Q`imM�i2Hv MQi bi`�B;?i@7Q`r�`/ �M/ KQbi Q7i2M MQi
HQbbH2bbX AM i?2 7QHHQrBM; irQ T�`�;`�T?b- i?2 KQbi +QKKQM K2i?Q/b iQ +QMp2`i 7`QK K2b?2b
iQ TQBMi +HQm/b �M/ 7`QK a.6b iQ K2b?2b �`2 T`2b2Mi2/- �b i?2v �`2 mb2/ BM i?2 K2i?Q/QHQ;v
BM i?Bb rQ`FX

J2b? iQ SQBMi *HQm/, � K2b? +QmH/ BMimBiBp2Hv #2 +QMp2`i2/ iQ � TQBMi +HQm/ bBKTHv #v
b2H2+iBM; i?2 p2`iB+2b Q7 i?2 K2b?X q?BH2 i?Bb Bb � 72�bB#H2 bi`�i2;v- Bi ?�b b2p2`�H HBKBi�iBQMbX
6B`bi- i?Bb QMHv �HHQrb 7Q` � T`2/2}M2/ MmK#2` Q7 TQBMib BM i?2 TQBMi +HQm/X a2+QM/- KQ`2 TQBMib
rBHH #2 �;;`2;�i2/ BM �`2�b Q7 i?2 K2b? rBi? � ?B;?2` 7�+2 /2MbBiv- `2bmHiBM; BM �M mM2p2M �M/
TQQ` `2T`2b2Mi�iBQM Q7 i?2 Q#D2+iX

AMbi2�/- TQBMib +QmH/ #2 mMB7Q`KHv b�KTH2/ QM i?2 K2b? 7�+2bX h?2 T`Q+2bb +QMbBbib Q7
bBKTHv +?QQbBM; � `�M/QK i`B�M;H2- �M/ i?2M ;2M2`�i2 � TQBMi rBi?BM Bib #QmM/b mMiBH � /2bB`2/
MmK#2` Q7 b�KTH2b Bb `2�+?2/X h?Bb b�KTHBM; T`Q+2bb biBHH ?�b i?2 b2+QM/ Bbbm2 K2MiBQM2/
�#Qp2- BX2X Bi Bb KQ`2 HBF2Hv iQ `�M/QKHv b2H2+i � 7�+2 BM i?2 ?B;?2` /2MbBiv �`2�b Q7 i?2 K2b?X

PM2 Q7 i?2 KQbi +QKKQM K2i?Q/b iQ b�KTH2 TQBMib 7`QK � K2b? Bb +�HH2/ SQBbbQM
/BbF b�KTHBM;- r?B+? ;m�`�Mi22b i?2 KBMBKmK /Bbi�M+2 #2ir22M 2�+? b�KTH2 iQ #2 2r (k9)X
h?2`27Q`2- � /BbF Q7 `�/Bmb r +2Mi2`2/ QM 2�+? b�KTH2 /Q2b MQi Qp2`H�T �Mv Qi?2` /BbF-
r?B+? BKTHB+BiHv K2�Mb i?�i #B�b2/ /Bbi`B#miBQMb Q7 TQBMib �`2 �pQB/2/X aBM+2 i?Bb K2i?Q/
Bb BKTH2K2Mi2/ �M/ mb2/ BM i?Bb rQ`F- i?2 Tb2m/Q@+Q/2 Q7 i?2 �H;Q`Bi?K Bb bmKK�`Bx2/ BM
�H;Q`Bi?K RX

SQBMi +HQm/b K�v �HbQ biQ`2 i?2 MQ`K�H Q7 i?2 K2b? 7�+2 i?2 TQBMi Bb b�KTH2/ 7`QKX h?Bb
+�M 2�bBHv #2 �//2/ #v B/2MiB7vBM; i?2 7�+2 i?2 TQBMi Bb b�KTH2/ 7`QK- �M/ +�H+mH�i2 i?2 MQ`K�H
7`QK i?2 p2+iQ` T`Q/m+i Q7 irQ Q7 Bib 2/;2bX aQK2 K2b? }H2 7Q`K�ib bm+? �b XQz �HbQ 2tTHB+BiHv
biQ`2b i?2 MQ`K�H 7Q` 2�+? K2b?- r?B+? T`QpB/2b �M �Hi2`M�iBp2 r�v Q7 ?Qr i?2 MQ`K�H +�M
#2 �+[mB`2/X h?2 `2bmHiBM; TQBMi +HQm/ /�i�bi`m+im`2 Bb � HBbi Q7 (t@+QQ`/BM�i2- v@+QQ`/BM�i2-
x@+QQ`/BM�i2- t@MQ`K�H- v@MQ`K�H- x@MQ`K�H) 7Q` 2�+? TQBMiX

aB;M2/ .Bbi�M+2 6mM+iBQM iQ J2b?, J�`+?BM; +m#2b Bb i?2 `272`2M+2 �H;Q`Bi?K 7Q`
+QMp2`iBM; � b+�H�` }2H/ bm+? �b a.6b iQ � k. bm`7�+2 K2b? (NR)X Ai `2[mB`2b � /�i� pQHmK2
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�H;Q`Bi?K R SQBbbQM.BbFa�KTHBM;
R, :Bp2M, MmK#2` Q7 TQBMib L
k, a�KTH2SQQH SQQH 4 :2M2`�i2a�KTH2SQQHULV ◃ S`2@;2M2`�i2 b�KTH2b QM i?2 K2b?
j, aT�iB�H>�b?h�#H2 *2HHb 4 6BHHaT�iB�H>�b?h�#H2USQQHV ◃ 6BHH � bT�iB�H BM/2t 7Q` 7�bi

�++2bb iQ b�KTH2b
9, _�M/QKa?m|2U*2HHbV
8, a�KTH2b a�KTH2b ◃ _�M/QK b?m|2 Q7 i?2 +2HHb
e, r?BH2 *2HHbXAbLQi1KTivUV /Q ◃ J�BM HQQT
d, *2HH *2HH 4 1ti`�+i*2HHU*2HHbV ◃ *?QQb2 � +2HH rBi? � T`Q#�#BHBiv T`QTQ`iBQM�H iQ i?2

MmK#2` Q7 b�KTH2b +QMi�BM2/ BM Bi
3, a�KTH2 S 4 1ti`�+i6`QKa�KTH2SQQHU*2HH- SQQHV ◃ :2M2`�i2 � p�HB/ b�KTH2 BMbB/2

i?2 +m``2Mi +2HH #v 2ti`�+iBM; Bi 7`QK i?2 T`2@+QKTmi2/ b�KTH2 TQQH
N, a�KTH2bX�//USV

Ry, B7 Abo�HB/USV i?2M ◃ am#/BpB/2 +2HH B7 M2+2bb�`v �M/ mT/�i2 �+iBp2 +2HHb
RR, _2KQp2*2HHU*2HH- *2HHbV
Rk, 2Hb2
Rj, am#/BpB/2*2HHU*2HH- *2HHbV
R9, 2M/ B7
R8, 2M/ r?BH2
Re, `2im`M a�KTH2b

U� +m#2`BHH2 ;`B/- 2[mBp�H2Mi iQ � pQt2H pQHmK2V �M/ �M BbQbm`7�+2 p�Hm2X h?2 p2`iB+2b QM 2�+?
+m#2 BM i?2 pQHmK2 �`2 +H�bbB}2/ �b �b TQbBiBp2 Q` M2;�iBp2- �++Q`/BM; iQ i?2B` +QKT�`BbQM rBi?
� ;Bp2M BbQp�Hm2- r?B+? BM i?2 +�b2 Q7 a.6b Bb r?2`2 SDF(x = 0)X h?2M Bi mb2b � HQQFmT i�#H2
iQ iBH2 i?2 bm`7�+2 BMbB/2 i?2 +m#2X >Qr2p2`- i?Bb bBKTH2 �H;Q`Bi?K +�M H2�/ iQ +`�+Fb BM i?2
`2bmHiBM; K2b?X h?2`27Q`2- � p�`B�Mi +�HH2/ G2rBM2` K�`+?BM; +m#2b (3k) Bb �Hr�vb mb2/X Ai
2Mbm`2b � iQTQHQ;B+�HHv +Q``2+i `2bmHi- BX2X � K�MB7QH/ K2b? 7Q` �Mv BMTmi /�i�X

�b �M �Hi2`M�iBp2 iQ K�`+?BM; +m#2b- `�v+�biBM; +QmH/ #2 mb2/ 7Q` pBbm�HBxBM; a.6b BM �
/B`2+i K�MM2`X h?Bb K2i?Q/ /Q2b MQi T`Q/m+2 �Mv +QMp2`bBQM HQbb 2t+2Ti 7Q` i?2 HBKBiBM;
7�+iQ` Q7 i?2 MmK#2` Q7 TBt2Hb BM i?2 `2bmHiBM; BK�;2- #mi Bi Bb ;2M2`�HHv Km+? bHQr2` i?�M i?2
K�`+?BM; +m#2b �H;Q`Bi?K �M/ /Q2b MQi QmiTmi � K2b?X AM `�v+�biBM;- QM2 `�v 7Q` 2�+? Q7 i?2
TBt2Hb BM i?2 `2bmHiBM; BK�;2 Bb i`�+2/ 7`QK � pB`im�H +�K2`�- �M/ i?2 BMi2`b2+iBQM Q7 i?2 +HQb2b
Q#D2+i #HQ+FBM; i?2 T�i? Q7 i?�i `�v Bb 7QmM/- /2i2`KBMBM; i?2 `2bmHiBM; p�Hm2 7Q` 2�+? TBt2HX

kXRXj J2i`B+b
� K2i`B+ Bb � K2�bm`2 Q7 � /Bbi�M+2 #2ir22M irQ b2ibX :2M2`�HHv- K2i`B+b b?QmH/ b�iBb7v i?2
7QHHQrBM; �tBQKb,

d(f, g) ≥ 0 UMQM@M2;�iBpBivV UkXRe�V
f = g Bz d(f, g) = 0 UB/2MiBiv Q7 BM/Bb+2`MB#H2bV UkXRe#V

d(f, g) = d(g, f) UbvKK2i`vV UkXRe+V
d(f, g) ≤ d(f, h) + d(h, g) Ui`B�M;H2 BM2[m�HBivV UkXRe/V

>2`2- d Bb i?2 /Bbi�M+2 #2ir22M irQ `2�H@p�Hm2/ 7mM+iBQMb f, g /2}M2/ QM i?2 b�K2 /Bb+`2i2
/QK�BM- �M/ h Bb � i?B`/ `2�H@p�Hm2/ 7mM+iBQMX >Qr2p2`- � T`QTQb2/ K2i`B+ /Q2b MQi M2+2bb�`BHv
?�p2 iQ 7mH}HH �HH i?2b2 T`QT2`iB2bX A7 bQ- Bi Bb bQK2iBK2b +�HH2/ � b2KBK2i`B+X
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h?2 irQ 7QmM/�iBQM�H /Bbi�M+2 7mM+iBQMb �`2 i?2 L1 �M/ L2 MQ`Kb- r?B+? �`2 /2}M2/ �b

L1 = d1(f, g) = 1
T

T∑

x=1

∣∣f(x) − g(x)
∣∣ UkXRd�V

L2 = d2(f, g) = 1
T

√√√√
T∑

x=1

(
f(x) − g(x)

)2 UkXRd#V

QM i?2 b�K2 /Bb+`2i2 /QK�BM 1, 2, . . . , T �M/ b�iBb7v �HH i?2 T`QT2`iB2b BM UkXReVX

J2i`B+b #�b2/ QM TQBMi@rBb2 /Bbi�M+2b h?2`2 �`2 irQ T2`Kmi�iBQM@BMp�`B�Mi K2i`B+ 7Q`
+QKT�`BM; mMQ`/2`2/ b2ib i?�i ?�p2 #22M T`QTQb2/ BM i?2 HBi2`�im`2 (jk)X

h?2 *?�K72` Tb2m/Q@/Bbi�M+2 U*.V K2i`B+ +�H+mH�i2b i?2 b[m�`2/ /Bbi�M+2 #2ir22M 2�+?
2H2K2Mi BM QM2 b2i S1 ⊆ R3 iQ i?2 M2�`2bi M2B;?#Q` BM i?2 Qi?2` b2i S2 ⊆ R3,

dCD(S1, S2) =
∑

x∈S1

min
y∈S2

||x − y||22 +
∑

y∈S2

min
x∈S1

||x − y||22 UkXR3V

h?2 i`B�M;H2@BM2[m�HBiv /Q2b MQi ?QH/ 7Q` dCD- #mi Bi Bb � MQM@M2;�iBp2 7mM+iBQM i?�i Bb
+QMiBMmQmb �M/ TB2+2rBb2 bKQQi?X 6Q` 2�+? 2H2K2Mi- dCD ;Bp2b i?2 M2�`2bi M2B;?#Q` BM i?2
Qi?2` b2i �M/ bmKb mT i?2 b[m�`2/ /Bbi�M+2bX h?2 b2�`+? 7Q` 2�+? 2H2K2Mi Bb BM/2T2M/2Mi-
�M/ i?2`27Q`2 i?Bb +�H+mH�iBQM Bb 2�bBHv T�`�HH2HBx�#H2X 1p2M #2ii2` �++2H2`�iBQM Q7 i?2 M2�`2bi
M2B;?#Q` b2�`+? +�M #2 mb2/ #v mbBM; k@/BK2MbBQM�H i`22b U#BM�`v b2�`+? i`22bV iQ `2T`2b2Mi
i?2 b2ib- `2bmHiBM; BM � O(n log n) +QKTH2tBivX

h?2 Qi?2` K2i`B+ Bb M�K2/ 1�`i? JQp2`Ƕb .Bbi�M+2 U1J.V Ĝ �HbQ +�HH2/ q�bb2`bi2BM
/Bbi�M+2 BM i?2 }2H/ Q7 K�i?2K�iB+b Ĝ �7i2` Bi r�b Q`B;BM�HHv /Bb+Qp2`2/ �b � K2�bm`2 QM ?Qr
iQ i`�MbTQ`i bQBH 7`QK QM2 TH�+2 iQ �MQi?2` rBi? KBMBK�H 2zQ`iX Ai `2[mB`2b i?2 irQ b2ib
S1, S2 ⊆ R3 iQ #2 Q7 2[m�H bBx2 s = |S1| = |S2|- �M/ Bb /2}M2/ �b

dEMD(S1, S2) = min
φ:S1→S2

∑

x∈S1

||x − φ(x)||2 UkXRNV

r?2`2 φ : S1 → S2 Bb � #BD2+iBQM U� K�TTBM; i?�i Bb #Qi? QM2@iQ@QM2 �M/ QMiQV r?B+? KBMBKBx2b
i?2 �p2`�;2 /Bbi�M+2 #2ir22M i?2 +Q``2bTQM/BM; TQBMibX 1p2M rBi? KQ/2`M ;`�T?B+b ?�`/r�`2-
}M/BM; i?2 2t�+i +QKTmi�iBQM Q7 1�`i? JQp2`Ƕb /Bbi�M+2 Bb iQQ 2tT2MbBp2X h?2`27Q`2- �M (1+ϵ)
�TT`QtBK�iBQM b+?2K2 ;Bp2M #v "2`ib2F�b 2i �HX (3) Bb ivTB+�HHv mb2/ 7Q` }M/BM; i?2 QTiBK�H
φX h?Bb �H;Q`Bi?K ;Bp2b �M �TT`QtBK�iBQM 2``Q` �`QmM/ RW 7Q` KQbi ivTB+�H BMTmib- �M/ Bb
2�bBHv T�`�HH2HBx�#H2X >Qr2p2`- i?2 +QKTH2tBiv Q7 +�H+mH�iBM; dEMD Bb biBHH �b ?B;? �b O(n2)-
K�FBM; Bi iQQ 2tT2MbBp2 iQ mb2 r?2M n Bb H�`;2X *QKT�`2/ iQ *?�K72` .Bbi�M+2- 1�`i? JQp2`Ƕb
/Bbi�M+2 7�pQ`b /Bbi`B#miBQMb Q7 TQBMib i?�i �`2 bBKBH�`Hv 2p2MHv /Bbi`B#mi2/ �b i?2 ;`QmM/ i`mi?
/Bbi`B#miBQMX � HQr *?�K72` /Bbi�M+2 K�v #2 �?+B2p2/ #v �bbB;MBM; Dmbi QM2 2H2K2Mi BM S2 iQ
� +Hmbi2` Q7 TQBMib BM S1X PM i?2 Qi?2` ?�M/- iQ �+?B2p2 � HQr 1�`i? JQp2`Ƕb /Bbi�M+2- 2�+?
+Hmbi2` Q7 2H2K2Mib BM S1 `2[mB`2b � +QKT�`�#Hv bBx2/ +Hmbi2` Q7 2H2K2Mib BM S2X

�MQi?2` 2p�Hm�iBp2 K2i`B+ Bb i?2 C2Mb2M@a?�MMQM .Bp2`;2M+2 UCa.V #2ir22M K�`;BM�H
/Bbi`B#miBQMb /2}M2/ BM i?2 1m+HB/2�M j. bT�+2- r?B+? +�M #2 mb2/ 7Q` +QKT�`BM; irQ TQBMi
+HQm/bX "v ?�pBM; TQBMi@+HQm/ /�i� i?�i �`2 �tBb �HB;M2/- QM2 +�M �bbmK2 � +�MQMB+�H pQt2H
;`B/ BM i?2 �K#B2Mi bT�+2 �M/ +QmMi i?2 MmK#2` Q7 TQBMi HvBM; rBi?BM 2�+? pQt2H (R)X Ca. Bb
i?2M � K2�bm`2 Q7 i?2 /Bbi�M+2 #2ir22M i?2 irQ 2KTB`B+�H /Bbi`B#miBQMb P �M/ Q-

JSD(P ||Q) = 1
2DKL(P ||M) + 1

2DKL(Q||M) UkXkyV



kXR j. a?�T2 _2+QMbi`m+iBQM RN

r?2`2 M = 1
2(P +Q) �M/ DKL(·||·) Bb i?2 EmHH#�+F@G2B#H2` /Bp2`;2M+2- r?B+? +�H+mH�i2b 2t�+iHv

?Qr Km+? BM7Q`K�iBQM Bb HQbi r?2M QM2 /Bbi`B#miBQM P Bb �TT`QtBK�i2/ #v �MQi?2` /Bbi`B#miBQM
Q- �M/ Bb /2}M2/ �b

DKL(P ||Q) =
∑

x∈X

P (x) log
(

P (x)
Q(x)

)

UkXkRV

h?2 K2i`B+b K2b? �++m`�+v �M/ K2b? +QKTH2iBQM +QKT�`2 i?2 TQBMi@rBb2 /Bbi�M+2b #2ir22M
;2M2`�i2/ TQBMib �M/ i?2 ;`QmM/ i`mi? K2b? (Rj8)X aT2+B}+�HHv- K2b? �++m`�+v Bb i?2 KBMBKmK
/Bbi�M+2 d bm+? i?�i NyW Q7 ;2M2`�i2/ TQBMib �`2 rBi?BM d Q7 i?2 ;`QmM/ i`mi? K2b?X J2b?
+QKTH2iBQM- QM i?2 Qi?2` ?�M/- Bb i?2 7`�+iBQM Q7 TQBMib b�KTH2/ 7`QK i?2 ;`QmM/ i`mi? K2b?
i?�i �`2 rBi?BM bQK2 /Bbi�M+2 T�`�K2i2` ∆- 2X;X ∆ = 0.01 iQ i?2 ;2M2`�i2/ K2b?X >B;?2`
p�Hm2b �`2 #2ii2` 7Q` #Qi? Q7 i?2b2 K2i`B+bX aBM+2 � ;QQ/ K2b? �++m`�+v +�M #2 �+?B2p2/ #v
;2M2`�iBM; QM2 bK�HH TQ`iBQM Q7 i?2 ;`QmM/ i`mi? �M/ B;MQ`BM; i?2 `2bi- K2b? �++m`�+v /Q2b
MQi K2�bm`2 ?Qr +QKTH2i2 i?2 ;2M2`�i2/ K2b? BbX h?2`27Q`2- i?2 irQ K2i`B+b b?QmH/ #2 T�B`2/
iQ;2i?2`X

J2i`B+b #�b2/ QM ;2QK2i`B+ �HB;MK2Mi a2p2`�H K2i`B+b #�b2/ QM ;2QK2i`B+ �HB;MK2Mi
�`2 �p�BH�#H2- BM+Hm/BM; AMi2`b2+iBQM Qp2` lMBQM- +`Qbb 2Mi`QTv- �M/ K2�M b[m�`2/ 2``Q`X

AMi2`b2+iBQM Qp2` lMBQM UAQlV- �HbQ FMQrM �b i?2 C�++�`/ BM/2t- Bb /2}M2/ �b i?2 bBx2 Q7
i?2 BMi2`b2+iBQM #2ir22M irQ b2ib S1 �M/ S2 /BpB/2/ #v i?2 bBx2 Q7 i?2 mMBQM Q7 i?2 b2ib,

IoU(S1, S2) = |S1 ∩ S2|
|S1 ∪ S2| = |S1| + |S2| − |S1 ∩ S2|

|S1 ∩ S2| UkXkkV

aT2+B}+�HHv- 7Q` pQt2Hb i?2 AQl #2ir22M � T`2/B+i2/ j. pQt2H ;`B/ �M/ Bib i`m2 pQt2H ;`B/ Bb

IoU =
∑

ijk

[
I(y′

ijk > p) ∗ I(yijk)
]

∑
ijk

[
I
(
I(y′

ijk > p) + I(yijk)
)] UkXkjV

r?2`2 y′
ijk Bb i?2 T`2/B+i2/ p�Hm2 �i i?2 (i, j, k) pQt2H- yijk Bb i?2 ;`QmM/ i`mi? p�Hm2 �i i?2

(i, j, k) pQt2H- �M/ p Bb i?2 i?`2b?QH/ 7Q` pQt2HBx�iBQM UivTB+�HHv b2i iQ p = 0.5V- �M/ I(·) Bb �M
BM/B+�iQ` 7mM+iBQMX h?2 BM/B+�iQ` 7mM+iBQM Q7 � bm#b2i A Q7 � b2i X Bb /2}M2/ �b

I(x) =

⎧
⎨

⎩
1 if x ∈ A

0 if x /∈ A
UkXk9V

h?2 AQl p�Hm2 `�M;2b #2ir22M y �M/ R- rBi? bK�HH p�Hm2b BM/B+�iBM; HQr bBKBH�`Biv �M/ H�`;2
p�Hm2b BM/B+�iBM; ?B;? /2;`22b Q7 bBKBH�`BivX

*`Qbb@2Mi`QTv Bb /2}M2/ �b

CE = 1
IJK

∑

ijk

[
yijk log(y′

ijk) + (1 − yijk) log(1 − y′
ijk)

]
UkXk8V

� HQr +`Qbb@2Mi`QTv K2�Mb i?�i i?2 T`2/B+i2/ p�Hm2 Bb +HQb2 iQ i?2 ;`QmM/@i`mi? p�Hm2X
J2�M b[m�`2/ 2``Q` UJa1V Bb /2}M2/ �b

MSE = 1
IJK

∑

ijk

(
yijk − y′

ijk

)2
UkXkeV

r?B+? Bb �Hr�vb MQM@M2;�iBp2- rBi? � T2`72+i p�Hm2 #2BM; y- BX2X Ja1 p�Hm2b +HQb2 iQ x2`Q
BM/B+�i2 i?�i i?2 T`2/B+iBQM Bb +HQb2 iQ i?2 ;`QmM/@i`mi?X



kXk .22T G2�`MBM; ky

J2i`B+b #�b2/ QM pBbm�H bBKBH�`Biv h?2 HB;?i }2H/ /2b+`BTiQ` Bb BMbTB`2/ #v i?2 ?mK�M
pBbBQM bvbi2KX Ai +QMbB/2`b � b2i Q7 `2M/2`2/ pB2rb Q7 � j. b?�T2 7`QK p�`BQmb +�K2`�
�M;H2b (R9)X h?2 /BbbBKBH�`Biv DA #2ir22M irQ j. KQ/2Hb Bb /2}M2/ �b

DA = min
i

10∑

k=1
d(I1k, I2k), i = 1, 2, . . . , 60 UkXkdV

r?2`2 i /2MQi2b /Bz2`2Mi `Qi�iBQMb #2ir22M +�K2`� TQbBiBQMb Q7 irQ j. KQ/2HbX h?2 +�K2`�
Bb TQbBiBQM2/ QM i?2 p2`iB+2b Q7 � /Q/2+�?2/`QM bm``QmM/BM; 2�+? KQ/2HX � /Q/2+�?2/`QM ?�b
ky p2`iB+2b- 2�+? +QMM2+i2/ #v j 2/;2b- r?B+? `2bmHib BM � iQi�H Q7 ey /Bz2`2Mi `Qi�iBQMb 7Q`
2�+? +�K2`� bvbi2KX I1k �M/ I2k �`2 +Q``2bTQM/BM; BK�;2b mM/2` i?2 i@i? `Qi�iBQMX 6BM�HHv- d
/2MQi2b i?2 /BbbBKBH�`Biv #2ir22M irQ BK�;2b-

d(I1, I2) =
∑

i

∣∣C1i − C2i

∣∣ UkXk3V

h?Bb Bb i?2 L1 /Bbi�M+2 #2ir22M i?2 +Q2{+B2Mib C1 �M/ C2 Q7 irQ BK�;2b- r?B+? �`2 i?2
+QK#BM2/ +Q2{+B2Mib Q7 i?2 w2`MBF2 KQK2Mi /2b+`BTiQ`b �M/ 6Qm`B2` /2b+`BTiQ`b Q7 i?2 BK�;2bX
h?2`2 �`2 j8 +Q2{+B2Mib 7Q` i?2 w2`MBF2 KQK2Mi /2b+`BTiQ` �M/ Ry +Q2{+B2Mib 7Q` i?2 6Qm`B2`
/2b+`BTiQ`- iQi�HBM; 98 +Q2{+B2Mib 7Q` 2�+? BK�;2X i /2MQi2b i?2 BM/2t Q7 i?2B` +Q2{+B2MibX

kXk .22T G2�`MBM;
.22T H2�`MBM; Bb �M �TT`Q�+? iQ bQHpBM; T`Q#H2Kb i?`Qm;? �HHQrBM; +QKTmi2`b iQ H2�`M 7`QK
2tT2`B2M+2- �M/ mM/2`bi�M/ i?2B` 2MpB`QMK2Mi i?`Qm;? � ?B2`�`+?v Q7 +QM+2TibX "v �+[mB`BM;
FMQrH2/;2 7`QK 2tT2`B2M+2- i?2 +QKTmi2`b +�M K�F2 /2+BbBQMb rBi?Qmi ?mK�Mb 7Q`K�HHv
bT2+B7vBM; i?2 2t�+i `mH2b M22/2/X h?2 ?B2`�`+?v Bb Q`;�MBx2/ bm+? i?�i bBKTH2 +QM+2Tib �`2
+QK#BM2/ iQ #mBH/ BM+`2�bBM;Hv +QKTH2t `2T`2b2Mi�iBQMbX � ;`�T? +�M #2 /`�rM b?QrBM; ?Qr
i?2b2 +QM+2Tib `2H�i2 iQ QM2 �MQi?2`X Ai rQmH/ #2 � /22T ;`�T? rBi? K�Mv H�v2`b- r?B+?
2tTH�BMb i?2 i2`K Ƕ/22T H2�`MBM;ǶX

AM ;2M2`�H- /22T H2�`MBM; Bb � bT2+B}+ �TT`Q�+? BM i?2 }2H/ Q7 �`iB}+B�H BMi2HHB;2M+2 U�AV (9j)X
PM2 Q7 i?2 K�BM /2bB`2b �KQM; +QKTmi2` b+B2MiBbib ?�p2 #22M iQ +`2�i2 K�+?BM2b i?�i �`2
BMi2HHB;2MiX a2p2`�H 2zQ`ib ?�p2 #22M K�/2 iQ ?�`/@+Q/2 FMQrH2/;2 BM � 7Q`K�H H�M;m�;2- #mi
i?2v ?�p2 /22K2/ mMbm++2bb7mHX AMbi2�/- K�+?BM2b b22K iQ `2[mB`2 � H2�`MBM; #�b2/ �TT`Q�+?-
#v 2ti`�+iBM; T�ii2`Mb 7`QK /�i�X h?Bb �TT`Q�+? Bb +�HH2/ K�+?BM2 H2�`MBM;X � b2i Q7 72�im`2b
Bb 72/ BMiQ � K�+?BM2 H2�`MBM; �;2Mi- r?B+? i?2M H2�`Mb ?Qr i?2 72�im`2b +Q``2H�i2 rBi? p�`BQmb
Qmi+QK2bX 6B;m`2 kXe ;Bp2b � M�Bp2 b+?2K�iB+ QM i?Bb /BbiBM+i /Bz2`2M+2 #2ir22M i?2 irQ
T`Q;`�KKBM; /Q;K�bX _2T`2b2Mi�iBQM H2�`MBM; 7m`i?2` #mBH/b mTQM i?Bb #v mbBM; � K�+?BM2
H2�`MBM; �TT`Q�+? 7Q` #Qi? K�TTBM; � `2T`2b2Mi�iBQM iQ �M QmiTmi �M/ i?2 `2T`2b2Mi�iBQM
Bib2H7X >Qr2p2`- K�Mv 7�+iQ`b BM~m2M+2 i?2 /�i� i?�i +�M #2 Q#b2`p2/- r?BH2 MQi �z2+iBM;
i?2 Qmi+QK2X h?2`27Q`2- ?B;?@H2p2H 72�im`2b �`2 /2bB`2/X .22T H2�`MBM; bQHp2b i?Bb T`Q#H2K #v
#mBH/BM; mT � ?B2`�`+?v Q7 `2T`2b2Mi�iBQMb- ;`�/m�HHv �#bi`�+iBM; i?2 HQr2`@H2p2H +QM+2TibX h?2
`2H�iBQMb?BT #2ir22M i?2 �A /Bb+BTHBM2b Bb BHHmbi`�i2/ BM 6B;m`2 kXdX

_2+2MiHv- /22T H2�`MBM; ?�b b22M �M BKK2Mb2 bm++2bb /m2 iQ b2p2`�H 7�+iQ`b bm+? �b /�i�b2i
bBx2b- KQ/2H bBx2b- �M/ `2�H@rQ`H/ �TTHB+�iBQMbX aBM+2 +QKTmi2`b ?�p2 #2+QK2 BM+`2�bBM;Hv
BMi2`+QMM2+i2/- /�i� Bb `2�/BHv �p�BH�#H2 7`QK QMHBM2 bQm`+2bX .�i�b2ib Q7 bB;MB}+�Mi bBx2b- bm+?
�b AK�;2L2i (jy)- r2`2 }`bi `2H2�b2/ BM i?2 H�i2 kyyyb- r?B+? ?�p2 2M�#H2/ /22T H2�`MBM; iQ



kXk .22T G2�`MBM; kR

*H�bbB+�H
S`Q;`�KKBM;

_mH2b

.�i�
�Mbr2`b J�+?BM2

G2�`MBM;
�Mbr2`b

.�i�
_mH2b

6B;m`2 kXe, h?2 /Bz2`2Mi T`Q;`�KKBM; T�`�/B;Kb Q7 K�+?BM2 H2�`MBM; �M/ i`�/BiBQM�H
T`Q;`�KKBM;X qBi? K�+?BM2 H2�`MBM;- /�i� �b r2HH �b i?2 �Mbr2`b 2tT2+i2/
7`QK i?2 /�i� �`2 ;Bp2M �b i?2 BMTmi- �M/ i?2 QmiTmi 7`QK i?2 T`Q;`�K �`2 i?2
`mH2bX h?2b2 `mH2b +�M i?2M #2 �TTHB2/ iQ M2r /�i� iQ T`Q/m+2 Q`B;BM�H �Mbr2`bX

.22T
G2�`MBM;

_2T`2b2Mi�iBQM
G2�`MBM;

J�+?BM2
G2�`MBM;

�`iB}+B�H
AMi2HHB;2M+2

6B;m`2 kXd, � o2MM /B�;`�K BHHmbi`�iBM; i?2 `2H�iBQM #2ir22M �`iB}+B�H BMi2HHB;2M+2- K�+?BM2
H2�`MBM;- `2T`2b2Mi�iBQM H2�`MBM;- �M/ /22T H2�`MBM;X

bQHp2 T`Q#H2Kb i?�i r2`2 BM72�bB#H2 2�`HB2`X JQ`2Qp2`- 7�bi2` *Slb �M/ :Slb- BM �//BiBQM iQ
#2ii2` bQ7ir�`2 BM7`�bi`m+im`2 ?�p2 �HHQr2/ 7Q` i?2 /22T H2�`MBM; KQ/2Hb iQ ;`Qr BM bBx2X �
#`2�Fi?`Qm;? +�K2 BM kyRk r?2M � /22T H2�`MBM; �TT`Q�+? rQM i?2 �MMm�H AK�;2L2i G�`;2
a+�H2 oBbm�H _2+Q;MBiBQM *?�HH2M;2 UAGao_*V- i?2 H�`;2bi +QMi2bi BM Q#D2+i `2+Q;MBiBQM (Rj9)-
�M/ BM �HH +QMb2+miBp2 v2�`b /22T H2�`MBM; �TT`Q�+?2b ?�b rQM i?2 +QKT2iBiBQMX aBKBH�` `2bmHib
?�p2 #22M T`2b2Mi2/ BM Qi?2` }2H/b- `2M/2`BM; /22T H2�`MBM; QM2 Q7 i?2 KQbi T`QKBbBM; iQQHb
BM MmK2`Qmb }2H/bX

kXkXR L2m`�H L2irQ`Fb
h?2 rQ`/ M2m`QM Bb mb2/ iQ /2b+`B#2 i?2 +QKTmi�iBQMb

z =
n∑

k=1
xkwk + b = w⊤x + b UkXkN�V

y = φ (z) UkXkN#V
r?B+? �`2 �HbQ BHHmbi`�i2/ BM 6B;m`2 kX3X

1[m�iBQM UkXkN�V Bb � r2B;?i2/ bmK Q7 Bib BMTmib x- BX2X i?2 BMTmib x �`2 KmHiBTHB2/ #v
p�`B�#H2b w +�HH2/ r2B;?ibX h?2 r2B;?ib bB;MB7v bi`2M;i?b #2ir22M i?2 BMTmi �M/ QmiTmiX 6Q`
2t�KTH2- x1 BM~m2M+2b i?2 QmiTmi KQ`2 i?�M x2 B7 w1 ?�b � ?B;?2` p�Hm2 i?�M w2X h?2 p�Hm2 b
Bb i?2 #B�b- r?B+? Bb MQi KmHiBTHB2/ #v � r2B;?iX qBi? i?Bb i2`K- i?2 7mM+iBQM Bb MQi +QMbi`�BM2/
iQ i?2 Q`B;BMX h?2 r2B;?i2/ bmK �M/ i?2 #B�b �`2 i?2 HBM2�` T�`i Q7 i?2 M2m`QMX z Bb i?2M T�bb2/
i?`Qm;? � MQMHBM2�` �+iBp�iBQM 7mM+iBQM φ iQ ;2i i?2 QmiTmi y BM UkXkN#VX h?Bb Bb M2+2bb�`v 7Q`
i?2 M2m`QM iQ #2 �#H2 iQ KQ/2H � MQM@HBM2�` T`Q#H2KX 1t�KTH2 �+iBp�iBQM 7mM+iBQMb �`2 ;Bp2M
BM 6B;m`2 kXNX
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x1 w1
AMTmi

x2 w2

x3 w3

XXX XXX

xn wn

amK

"B�b UbV

�+iBp�iBQM
7mM+iBQM

φ(·)

y
PmiTmi

6B;m`2 kX3, L2m`QM bi`m+im`2X h?2 QmiTmi y Bb /2}M2/ �b i?2 bmK Q7 � #B�b b �M/ i?2 r2B;?i2/
bmK Q7 Bi BMTmib ∑n

k=1 xkwk T�bb2/ i?`Qm;? �M �+iBp�iBQM 7mM+iBQM φX

�b �M 2t�KTH2- +QMbB/2` � #BM�`v +H�bbB}+�iBQM T`Q#H2K r?2`2 y Bb /2}M2/ �b i?2 i`m2 H�#2H
Uy = 0 Q` y = 1V �M/ ŷ Bb i?2 T`2/B+i2/ QmiTmiX Smi �MQi?2` r�v- ŷ Bb i?2 T`Q#�#BHBiv i?�i
y = 1 ;Bp2M BMTmib w �M/ x- r?B+? ;Bp2 i?2 2[m�iBQMb

P (y = 1|w,x) = ŷ UkXjy�V

P (y = 0|w,x) = 1 − ŷ UkXjy#V
h?Bb +�M #2 r`Bii2M KQ`2 +QKT�+iHv �b

p(y|w,x) = ŷy(1 − ŷ)1−y UkXjRV

6m`i?2`- #v i�FBM; i?2 HQ;�`Bi?K � HQbb 7mM+iBQM +�M #2 /2}M2/ �b

L(y, ŷ) = −(y log ŷ) + (1 − y) log(1 − ŷ)) UkXjkV

h?2 ;Q�H Q7 i?2 HQbb 7mM+iBQM Bb iQ KBMBKBx2 i?2 2``Q` #2ir22M i?2 T`2/B+i2/ �M/ /2bB`2/ QmiTmi
�M/ i?mb �``Bp2 �i �M QTiBK�H bQHmiBQM 7Q` QM2 i`�BMBM; b�KTH2X h?2 HQ;�`Bi?K QT2`�iBQM
r�b �//2/ iQ K�F2 i?2 7QHHQrBM; /2`Bp�iBQMb bBKTH2`- �M/ Bi +QmH/ #2 /QM2 bBM+2 i?2 ;Q�H
Bb iQ KBMBKBx2 UkXjRV r?B+? Bb 2[mBp�H2Mi iQ KBMBKBxBM; �Mv bi`B+iHv BM+`2�bBM; 7mM+iBQM Q7
UkXjRVX >Qr2p2`- iQ ;2i mb27mH `2bmHib i?2 �p2`�;2 Q7 i?2 HQbb Qp2` � i`�BMBM; b2i i?�i +QMi�BMb
m BM/2T2M/2MiHv ;2M2`�i2/ i`�BMBM; b�KTH2b Bb M22/2/X h?Bb Bb /2}M2/ �b i?2 +Qbi 7mM+iBQM
J(w, b)- r?2`2 i?2 ;Q�H Bb iQ }M/ w �M/ b i?�i KBMBKBx2 Bi,

J(w, b) = 1
m

m∑

i=1
L (ŷi, yi)

= − 1
m

m∑

i=1

[
yi log ŷi + (1 − yi) log(1 − ŷi)

]
UkXjjV
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6B;m`2 kXN, aQK2 �Hi2`M�iBp2b r?B+? +�M #2 mb2/ �b �+iBp�iBQM 7mM+iBQMbX JQbi HBi2`�im`2
`2+QKK2M/ mbBM; _2Gl UQ` Bib p�`B�iBQMb HBF2 H2�Fv _2GlV 7Q` �HH H�v2`b 2t+2Ti
i?2 QmiTmi H�v2`- r?2`2 � bB;KQB/ Q` i�M? �`2 KQ`2 bmBi�#H2 #2+�mb2 Q7 i?2B`
bvKK2i`B+ T`QT2`ivX

J(w, b) Bb i?2 #BM�`v +`Qbb 2Mi`QTv #2ir22M i?2 i�`;2i �M/ i?2 QmiTmi- �M/ Bb � +QMp2t 7mM+iBQM
rBi? � bBM;H2 ;HQ#�H QTiBKmKX h?2`27Q`2- #v KQpBM; BM i?2 /B`2+iBQM Q7 i?2 bi22T2bi bHQT2
7`QK �Mv TQBMi QM i?2 7mM+iBQM rBHH Bi2`�iBp2Hv ;Bp2 � p�Hm2 i?�i Bb +HQb2` iQ i?2 KBMBK�X h?Bb
K2i?Q/ Bb +�HH2/ ;`�/B2Mi /2b+2MiX AM i?Bb +�b2- i?2 7Q`KmH�b �`2

w = w − α
∂J(w, b)
∂w

UkXj9�V

b = b − α
∂J(w, b)

∂b
UkXj9#V

h?2 i2`K α Bb +�HH2/ i?2 H2�`MBM; `�i2- �M/ Bb � K2�bm`2 QM i?2 bi2T bBx2 BM 2�+? Bi2`�iBQMX
h?Bb Bb �M BKTQ`i�Mi T�`�K2i2` iQ imM2- �b B7 Bi Bb iQQ bK�HH i?2 KQ/2H rBHH i�F2 MmK2`Qmb
bi2Tb #27Q`2 }M/BM; i?2 KBMBK�X PM i?2 Qi?2` ?�M/- B7 Bi Bb iQQ H�`;2 i?2 KQ/2H rBHH bBKTHv
Qp2`b?QQi i?2 KBMBK� �M/ 7�BH iQ +QMp2`;2X

h?2 i`�BMBM; T`Q+2bb Bb irQ7QH/, 7Q`r�`/ T`QT�;�iBQM �M/ #�+Fr�`/ T`QT�;�iBQMX 6B`bi i?2
BMTmi Bb T`QT�;�i2/ i?`Qm;? i?2 KQ/2H �b ;Bp2M BM UkXkNV iQ ;2i �M QmiTmi ŷX "�+FT`QT�;�iBQM-
?Qr2p2`- Bb i?2 T`Q+2bb Q7 +�H+mH�iBM; i?2 T�`iB�H /2`Bp�iBp2b 7`QK i?2 HQbb 7mM+iBQM #�+F iQ i?2
BMTmib- �M/ i?2`2#v mT/�iBM; i?2 p�Hm2b Q7 w �M/ b,

∂L(y, ŷ)
∂w

= ∂L(y, ŷ)
∂ŷ

∂ŷ

∂z

∂z

∂w
UkXj8�V
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∂L(y, ŷ)
∂b

= ∂L(y, ŷ)
∂ŷ

∂ŷ

∂z

∂z

∂b
UkXj8#V

PM2 2TQ+? Q7 H2�`MBM; ?�b #22M +QKTH2i2/ B7 i?2 T`Q+2/m`2 �#Qp2 ?�b #22M T2`7Q`K2/ 7Q` i?2
2MiB`2 /�i�b2iX

:2M2`�HHv- � M2m`�H M2irQ`F +QK#BM2b b2p2`�H M2m`QMb iQ;2i?2`- �M/ i?2 b�K2 +QKTQM2Mib
�b �#Qp2 Ĝ � KQ/2H- � +Qbi 7mM+iBQM- �M QTiBKBx2`- �M/ � /�i�b2i Ĝ �TTHv iQ �HH M2irQ`FbX h?2b2
+QKTQM2Mib +�M #2 `2TH�+2/ �HKQbi BM/2T2M/2MiHv 7`QK i?2 Qi?2`bX

JQ/2Hb 622/7Q`r�`/ M2m`�H M2irQ`Fb �`2 i?2 KQbi BKTQ`i�Mi /22T H2�`MBM; KQ/2HbX h?2b2
KQ/2Hb �`2 +�HH2/ 722/7Q`r�`/ #2+�mb2 BM7Q`K�iBQM ~Qrb i?`Qm;? bQK2 7mM+iBQM f 2p�Hm�i2/
7`QK x �b /2}M2/ BM UkXkNV- �M/ iQ i?2 QmiTmi yX 6Q` BMbi�M+2- i?2`2 KB;?i #2 7Qm` 7mM+iBQMb
f (1)- f (2)- f (3)- �M/ f (4) +QMM2+i2/ BM � +?�BM f(x) = f (4)(f (3)(f (2)(f (1)(x))))X h?Bb ;Bp2b �
M2irQ`F bi`m+im`2 i?�i +�M #2 BHHmbi`�i2/ �b ;Bp2M BM 6B;m`2 kXRyX AM i?Bb +�b2- f (1) Bb +�HH2/
i?2 BMTmi H�v2`- f (2) �M/ f (3) �`2 +�HH2/ ?B//2M H�v2`b- �M/ f (4) Bb i?2 QmiTmi H�v2`X

>B//2M
H�v2` R

>B//2M
H�v2` k

AMTmi
H�v2`

PmiTmi
H�v2`

6B;m`2 kXRy, 622/7Q`r�`/ M2m`�H M2irQ`F rBi? k ?B//2M H�v2`bX h?2 MQ/2b BM i?Bb ;`�T? �`2
bBKTHB}2/ `2T`2b2Mi�iBQMb Q7 i?2 M2m`QM bi`m+im`2 �b ;Bp2M BM 6B;m`2 kX3X

1�+? 7mM+iBQM f (i)- r?2`2 i /2MQi2b i?2 H�v2`- Bb � +QK#BM�iBQM Q7 M2m`QMb ;Bp2M �b

f (i) = φ(Wixi + bi) = yi UkXjeV

r?B+? Bb i?2 ;2M2`�HBx2/ p2`bBQM Q7 UkXkNVX qBi? � iQi�H Q7 m r2B;?ib �M/ n M2m`QMb- i?2 r2B;?i
K�i`Bt Wi

Wi =

⎡

⎢⎢⎢⎢⎢⎢⎢⎣

wi1,1 wi1,2 · · · wi1,n

wi2,1 wi2,2 · · · wi2,n

XXX XXX X X X XXX
wim,1 wim,2 · · · wim,n

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

UkXjdV

yi Bb i?2 QmiTmib 7Q` H�v2` i- xi Bb 2Bi?2` i?2 BMTmi iQ i?2 KQ/2H Q` i?2 QmiTmib 7`QK H�v2` i − 1-
�M/ bi Bb i?2 #B�b2b,

yi =

⎡

⎢⎢⎢⎢⎢⎢⎢⎣

yi1

yi2
XXX

yin

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

xi =

⎡

⎢⎢⎢⎢⎢⎢⎢⎣

xi1

xi2
XXX

xin

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

bi =

⎡

⎢⎢⎢⎢⎢⎢⎢⎣

bi1

bi2
XXX

bin

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

UkXj3V
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Pi?2` M2irQ`Fb- BM+Hm/BM; +QMpQHmiBQM�H M2m`�H M2irQ`Fb �M/ �miQ2M+Q/2`b- rBHH #2
T`2b2Mi2/ BM a2+iBQM kXkXk �M/ a2+iBQM kXkXjX

*Qbi 7mM+iBQMb � +Qbi 7mM+iBQM Bb M22/2/ iQ ;Bp2 � [m�MiBi�iBp2 K2�bm`2K2Mi QM i?2 KQ/2HǶb
T`2/B+iBQMb- �M/ i?2 +?QB+2 Q7 +Qbi 7mM+iBQM Bb �M BKTQ`i�Mi T�`i Q7 M2irQ`F /2bB;MX qBi? UkXjjV
BM i?2 2t�KTH2 �#Qp2- i?2 +`Qbb@2Mi`QTv #2ir22M i?2 i`�BMBM; /�i� �M/ i?2 KQ/2HǶb T`2/B+iBQMb
Bb mb2/X �Hi2`M�iBp2Hv- bQK2 bi�iBbiB+ Q7 i?2 QmiTmi +�M #2 T`2/B+i2/ #�b2/ QM i?2 BMTmiX

hrQ `2[mB`2K2Mib Kmbi #2 b�iBb}2/ #v � +Qbi 7mM+iBQM (Ryd)X 6B`bi- i?2 +Qbi 7mM+iBQM J
Kmbi #2 �#H2 iQ #2 r`Bii2M �b �M �p2`�;2

J = 1
m

m∑

i=1
Ci UkXjNV

h?Bb `2[mB`2K2Mi �HHQrb i?2 ;`�/B2Mi iQ #2 +QKTmi2/ 7Q` � bBM;H2 i`�BMBM; 2t�KTH2X a2+QM/-
i?2 +Qbi 7mM+iBQM Kmbi MQi #2 /2T2M/2Mi QM �Mv QmiTmib 2t+2Ti 7Q` i?2 H�bi H�v2`X Pi?2`rBb2-
#�+FT`QT�;�iBQM rQmH/ MQi #2 TQbbB#H2X

h?2 +Qbi 7mM+iBQM K�v �HbQ BM+Hm/2 �//BiBQM�H `2;mH�`Bx�iBQM i2`KbX q2B;?i /2+�v Bb QM2 Q7
i?2 KQbi +QKKQM `2;mH�`Bx�iBQM i2`Kb- �b Bi �//b � +`Bi2`BQM iQ KBMBKBx2 i?2 r2B;?ib iQ ?�p2
� bK�HH2` MQ`KX 6Q` L2 `2;mH�`Bx�iBQM- i?2 +Qbi 7mM+iBQM Bb

Ĵ(w, b) = J(w, b) + λw⊤w UkX9yV

r?2`2 λ /2i2`KBM2b i?2 bi`2M;i? Q7 T`272`2M+2 7Q` bK�HH r2B;?ibX

PTiBKBx2`b h?2 QTiBKBx2` mT/�i2b i?2 KQ/2H BM `2bTQMb2 iQ i?2 QmiTmi Q7 i?2 +Qbi 7mM+iBQM-
bm+? i?�i i?2 T`2/B+iBQMb �`2 �b +Q``2+i �b TQbbB#H2X :`�/B2Mi /2b+2Mi- �b T`2b2Mi2/ T`2pBQmbHv-
Bb i?2 KQbi bi`�B;?i7Q`r�`/ QTiBKBx2`X Ai +QKTmi2b i?2 ;`�/B2Mi Q7 i?2 +Qbi 7mM+iBQM rBi?
`2bT2+i iQ i?2 T�`�K2i2`b θ UBM+Hm/2b #Qi? i?2 r2B;?ib w �M/ i?2 #B�b2b bV 7Q` i?2 2MiB`2
/�i�b2i- �M/ Bb i?2`27Q`2 �HbQ +�HH2/ #�i+? ;`�/B2Mi /2b+2Mi,

θ = θ − α · ∇θJ(θ) UkX9RV

6Q` +QMp2t bm`7�+2b- #�i+? ;`�/B2Mi /2b+2Mi Bb ;m�`�Mi22/ iQ +QMp2`;2 iQ i?2 ;HQ#�H KBMBK�-
r?BH2 7Q` MQM@+QMp2t bm`7�+2b Bi rBHH +QMp2`;2 iQ � HQ+�H KBMBKmKX �b i?2 ;`�/B2Mib 7Q` i?2
2MiB`2 /�i�b2i Bb M22/2/ iQ T2`7Q`K � bBM;H2 mT/�i2- #�i+? ;`�/B2Mi /2b+2Mi +�M #2 p2`v bHQrX
�//BiBQM�HHv- � /�i�b2i Q7 bm#bi�MiB�H bBx2 rBHH MQi }i BM K2KQ`v �i QM+2- K�FBM; #�i+? ;`�/B2Mi
/2b+2Mi BM72�bB#H2X

hQ �HH2pB�i2 i?2b2 +?�HH2M;2b- biQ+?�biB+ ;`�/B2Mi /2b+2Mi Ua:.V +�M #2 mb2/ BMbi2�/X Ai
T2`7Q`Kb � T�`�K2i2` mT/�i2 7Q` 2�+? i`�BMBM; b�KTH2 x(i) �M/ H�#2H y(i),

θ = θ − α · ∇θJ(θ, x(i), y(i)) UkX9kV

�b QMHv QM2 mT/�i2 Bb /QM2 �i � iBK2- i?Bb �H;Q`Bi?K Bb Km+? 7�bi2` i?�M ;`�/B2Mi /2b+2MiX
>Qr2p2`- i?�i T`QT2`iv �HbQ +�mb2b a:. iQ ?�p2 � ?B;? p�`B�M+2- bm+? i?�i i?2 +Qbi 7mM+iBQM
+�M ~m+im�i2 ?2�pBHvX PM i?2 QM2 ?�M/- i?Bb ;Bp2b a:. i?2 QTTQ`imMBiv Q7 DmKTBM; iQ �MQi?2`
�M/ TQi2MiB�HHv #2ii2` HQ+�H KBMBK� 7Q` MQM@+QMp2t T`Q#H2KbX PM i?2 Qi?2` ?�M/- a:. rBHH
F22T Qp2`b?QQiBM; i?2 KBMBK� B7 i?2 H2�`MBM; `�i2 Bb MQi b2i HQr 2MQm;?X
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� i?B`/ p2`bBQM Q7 � ;`�/B2Mi /2b+2Mi QTiBKBx2` Bb KBMB@#�i+? ;`�/B2Mi /2b+2Mi- r?B+?
+QK#BM2b i?2 #2bi T`QT2`iB2b Q7 i?2 irQ �7Q`2K2MiBQM2/ QTiBKBx2`b,

θ = θ − α∇θJ(θ, x(i:i+m), y(i:i+m)) UkX9jV

"v T2`7Q`KBM; �M mT/�i2 7Q` 2p2`v KBMB@#�i+? Q7 m i`�BMBM; b�KTH2b- i?2 p�`B�M+2 Q7 i?2
T�`�K2i2` mT/�i2b Bb `2/m+2/- r?B+? +�M H2�/ iQ � KQ`2 bi�#H2 +QMp2`;2M+2X JBMB@#�i+?
;`�/B2Mi /2b+2Mi Bb �HKQbi �Hr�vb mb2/ BMbi2�/ Q7 #�i+? ;`�/B2Mi /2b+2Mi �M/ a:.- �M/ i?2
i2`K a:. Bb mbm�HHv 2KTHQv2/ �HbQ r?2M KBMB@#�i+?2b �`2 mb2/X h?2`27Q`2- i?Bb i?2bBb rBHH mb2
i?2 i2`K a:. 7Q` KBMB@#�i+? ;`�/B2Mi /2b+2Mi- �M/ bT2+B7v i?2 #�i+? bBx2 r?2`2 �TTHB+�#H2X
6m`i?2`- i?2 T�`�K2i2`b x(i:i+m) �M/ y(i:i+m) �`2 H27i Qmi Q7 i?2 KQ/B}+�iBQMb Q7 a:. 7Q`
bBKTHB+BivX

a:. T2`7Q`Kb TQQ`Hv r?2M i?2 bm`7�+2 Q7 QM2 /BK2MbBQM Bb Km+? bi22T2` i?�M �MQi?2`-
r?B+? H2/ iQ i?2 BMi`Q/m+iBQM Q7 KQK2MimK �b � K2i?Q/ iQ �++2H2`�i2 i?2 ;`�/B2Mi /2b+2Mi
BM i?2 `2H2p�Mi /B`2+iBQMX JQK2MimK /Q2b i?Bb #v �//BM; � 7`�+iBQM γ- mbm�HHv b2i iQ �`QmM/
γ = 0.9- Q7 i?2 mT/�i2 p2+iQ` Q7 i?2 T�bi iBK2 bi2T iQ i?2 +m``2Mi mT/�i2 p2+iQ`,

vt = γvt−1 + α∇θJ(θ) UkX99�V

θ = θ − vt UkX99#V
h?2 KQK2MimK i2`K vt BM+`2�b2b 7Q` /BK2MbBQMb r?Qb2 ;`�/B2Mib TQBMi BM i?2 b�K2 /B`2+iBQMb
�M/ `2/m+2b mT/�i2b 7Q` /BK2MbBQMb r?Qb2 ;`�/B2Mib +?�M;2 /B`2+iBQMbX h?Bb `2bmHib BM 7�bi2`
+QMp2`;2M+2 �M/ `2/m+2/ Qb+BHH�iBQMbX

aiBHH- 7m`i?2` BKT`Qp2K2Mib +�M #2 K�/2- bm+? �b ;BpBM; i?2 QTiBKBx2` � MQiBQM Q7 i?2 bHQT2
�?2�/X L2bi2`Qp �++2H2`�i2/ ;`�/B2Mi UL�:V +QKTmi2b θ−γvt−1- r?B+? ;Bp2b �M �TT`QtBK�iBQM
QM r?2`2 i?2 T�`�K2i2`b rBHH #2 7Q` i?2 M2ti iBK2 bi2TX h?2 ;`�/B2Mi Bb i?2M +QKTmi2/ MQi
rBi? `2bT2+i iQ i?2 +m``2Mi T�`�K2i2`b- #mi rBi? `2bT2+i iQ �TT`QtBK�i2 7mim`2 HQ+�iBQM Q7 i?2
T�`�K2i2`b,

vt = γvt−1α∇θJ(θ − γvt−1) UkX98�V
θ = θ − vt UkX98#V

�/�;`�/ Bb �M QTiBKBx2` i?�i �//BiBQM�HHv �/�Tib i?2 H2�`MBM; `�i2 iQ i?2 T�`�K2i2`bX Ai
T2`7Q`Kb bK�HH2` mT/�i2b 7Q` T�`�K2i2`b �bbQ+B�i2/ rBi? 7`2[m2MiHv Q++m``BM; 72�im`2b- �M/
H�`;2` mT/�i2b 7Q` T�`�K2i2`b �bbQ+B�i2/ rBi? BM7`2[m2Mi 72�im`2bX h?Bb K�F2b �/�;`�/ r2HH
bmBi2/ 7Q` bT�`b2 /�i�X aBM+2 i?2`2 Bb � /Bz2`2Mi H2�`MBM; `�i2 7Q` 2�+? T�`�K2i2` θi- i?2 MQi�iBQM
#2+QK2b bHB;?iHv KQ`2 +QKTH2t i?�M 7Q` i?2 T`2pBQmbHv K2MiBQM2/ QTiBKBx2`bX gt Bb mb2/ iQ
/2MQi2 i?2 ;`�/B2Mi �i iBK2 bi2T t- �M/ gt,i Bb i?2M

gt,i = ∇θJ(θt,i) UkX9eV

AM i?2 mT/�i2 `mH2 7Q` �/�;`�/- i?2 H2�`MBM; `�i2 α Bb mT/�i2/ 7Q` 2p2`v T�`�K2i2` θi #�b2/
QM i?2 T�bi ;`�/B2Mib i?�i ?�p2 #22M +QKTmi2/ 7Q` θi,

θt+1,i = θt,i − α
√

Gt,ii + ϵ
· gt,i UkX9dV

>2`2- Gt ∈ Rd×d Bb � /B�;QM�H K�i`Bt r?2`2 2�+? /B�;QM�H 2H2K2Mi i, i Bb i?2 bmK Q7 i?2 b[m�`2b
rBi? `2bT2+i iQ θi mT iQ iBK2 bi2T tX hQ �pQB/ /BpBbBQM #v x2`Q- ϵ Bb �//2/ �b � bKQQi?BM;
i2`K �M/ Bb ivTB+�HHv �`QmM/ ϵ = 10−8X PM2 Q7 i?2 K�BM #2M2}ib rBi? i?Bb �H;Q`Bi?K Bb i?�i
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K�Mm�H imMBM; Q7 i?2 H2�`MBM; `�i2 Bb MQi M22/2/X PM i?2 Qi?2` ?�M/- i?2 �++mKmH�i2/ bmK Q7
i?2 ;`�/B2Mib BM i?2 /2MQKBM�iQ` F22Tb ;`QrBM; /m`BM; i`�BMBM; bBM+2 2p2`v i2`K Bb TQbBiBp2X
*QMb2[m2MiHv- i?2 H2�`MBM; `�i2 rBHH 2p2Mim�HHv b?`BMF iQ #2+QK2 iQQ bK�HH iQ 7m`i?2` mT/�i2
i?2 TQbBiBQM Q7 i?2 T�`�K2i2`bX

�/�K Bb �M QTiBKBx2` i?�i b22Fb iQ `2bQHp2 i?Bb ~�r rBi? �/�;`�/X Ai biQ`2b �M 2tTQM2MiB�HHv
/2+�vBM; �p2`�;2 Q7 T�bi ;`�/B2Mib mt �M/ vt,

mt = β1mt−1 + (1 − β1)gt UkX93�V

vt = β2vt−1 + (1 − β2)g2
t UkX93#V

"Qi? mt �M/ vt �`2 BMBiB�HBx2/ �b p2+iQ`b Q7 yǶb- �M/ i?2`27Q`2 ?�p2 � #B�b iQr�`/b x2`QX hQ
+QmMi2`�+i i?2b2 #B�b2b- i?2 #B�b@+Q``2+i2/ 2biBK�i2b �`2 }`bi +�H+mH�i2/ �b

m̂t = mt

1 − βt
1

UkX9N�V

v̂t = vt

1 − βt
2

UkX9N#V

r?B+? �`2 i?2M mb2/ BM i?2 �/�K mT/�i2 `mH2-

θt+1 = θt − α√
v̂t + ϵ

+ m̂t UkX8yV

:2M2`�HHv- i?2 bm;;2bi2/ p�Hm2b 7Q` i?2 +QMbi�Mib �`2 β1 = 0.9- β2 = 0.999- �M/ ϵ = 10−8X
a2p2`�H Qi?2` QTiBKBx2`b 2tBbi- #mi i?2v ?�p2 HBKBi2/ Q` MQ BKT`Qp2/ T2`7Q`K�M+2 Qp2` i?2

�/�K QTiBKBx2`X

kXkXk *QMpQHmiBQM�H L2m`�H L2irQ`Fb
*QMpQHmiBQM�H M2m`�H M2irQ`Fb U*LLV Bb � FBM/ Q7 M2irQ`F i?�i Bb bT2+B}+�HHv �/�Ti2/ iQ
/�i� i?�i ?�b � FMQrM ;`B/@HBF2 iQTQHQ;vX h?2v ?�p2 #22M BKK2Mb2Hv bm++2bb7mH BM T`�+iB+�H
�TTHB+�iBQM- �M/ 2bT2+B�HHv BM �TTHB+�iBQMb r?2`2 BK�;2 /�i� Bb mb2/X AM TH�+2 Q7 ;2M2`�H K�i`Bt
KmHiBTHB+�iBQM- +QMpQHmiBQM Bb mb2/ BM bQK2 Q` �HH H�v2`b Q7 i?2 M2irQ`FX h?2b2 +QMpQHmiBQM
H�v2`b +�M #2 #`QF2M /QrM BMiQ i?`22 bi�;2b, i?2 +QMpQHmiBQM bi�;2- i?2 /2i2+iQ` bi�;2- �M/ i?2
TQQHBM; bi�;2 �b BHHmbi`�i2/ BM 6B;m`2 kXRRX h?2 +QMpQHmiBQM bi�;2 T2`7Q`Kb b2p2`�H +QMpQHmiBQMb
BM T�`�HH2H iQ +`2�i2 � b2i Q7 HBM2�` �+iBp�iBQMbX AM i?2 7QHHQrBM; /2i2+iQ` bi�;2- 2�+? HBM2�`
�+iBp�iBQM Bb T�bb2/ i?`Qm;? � b2i Q7 MQMHBM2�` �+iBp�iBQM 7mM+iBQMb- bm+? �b i?2 QM2b T`2pBQmbHv
T`2b2Mi2/ BM 6B;m`2 kXNX 6BM�HHv- i?2 QmiTmi Bb 7m`i?2` KQ/B}2/ BM i?2 TQQHBM; bi�;2 #27Q`2 Bi Bb
T�bb2/ QM iQ i?2 M2ti H�v2`X q?�i i?2 +QMpQHmiBQM �M/ TQQHBM; bi�;2b bT2+B}+�HHv 2Mi�BHb rBHH
#2 T`2b2Mi2/ BM KQ`2 /2i�BH BM i?2 7QHHQrBM; T�`�;`�T?bX

h?2 +QMpQHmiBQM QT2`�iQ` Bb /2}M2/ �b

s(t) =
∫

x(a)w(t − a)da UkX8RV

r?2`2 x(t) Bb i?2 BMTmi �M/ w(t) Bb i?2 F2`M2H- B7 i?2 i2`KBMQHQ;v 7Q` +QMpQHmiBQM�H M2m`�H
M2irQ`Fb Bb mb2/X s(t) Bb i?2M +�HH2/ � 72�im`2 K�TX hvTB+�HHv- i?2 +QMpQHmiBQM QT2`�iQ` Bb
/2MQi2/ �b

s(t) = (x ∗ w)(t) UkX8kV
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S`2pBQmb
H�v2`

*QMpQHmiBQM
bi�;2

.2i2+iQ`
bi�;2

SQQHBM;
bi�;2

L2ti
H�v2`

*QMpQHmiBQM�H H�v2`

6B;m`2 kXRR, h?2 bi�;2b Q7 � +QMpQHmiBQM�H H�v2` BM � M2m`�H M2irQ`FX 6`22Hv �/�Ti2/ 7`QK
i?2 #QQF .22T G2�`MBM; (9j)X

AM i?2 /Bb+`2i2 /QK�BM- i?2 BMi2;`�H `2/m+2b iQ � bmK-

s(t) = (x ∗ w)(t) =
∞∑

a=−∞
x(a)w(t − a) UkX8jV

r?B+? 7Q` M /BK2MbBQMb Bb

s(n1, n2, . . . , nM ) =
∞∑

k1=−∞

∞∑

k2=−∞
· · ·

∞∑

kM =−∞
x(k1, k2, . . . , kM )w(n1 − k1, n2 − k2, . . . , nM − kM )

UkX89V
6Q` � irQ@/BK2MbBQM�H BK�;2 UBX2X � ;`�vb+�H2 BK�;2V- i?2 +QMpQHmiBQM QT2`�iQ` b?QmH/ #2
�TTHB2/ Qp2` irQ �t2b �i � iBK2X lbBM; � irQ@/BK2MbBQM�H F2`M2H K QM �M BK�;2 I- i?2
+QMpQHmiBQM QT2`�iQ` #2+QK2b

S(i, j) = (I ∗ K)(i, j) =
∑

m

∑

n

I(m, n)K(i − m, j − n) UkX88V

= (K ∗ I)(i, j) =
∑

m

∑

n

I(i − m, j − n)K(i, j) UkX8eV

r?2`2 i?2 i?B`/ 2[m�HBiv 7QHHQrb 7`QK +QMpQHmiBQM #2BM; � +QKKmi�iBp2 QT2`�iQ`X
h?2 F2`M2H Bb ivTB+�HHv � 3 × 3- 5 × 5 Q` 7 × 7 K�i`Bt- r?B+? Bb HBF2Hv Km+? bK�HH2` i?�M i?2

BK�;2X h?2 irQ@/BK2MbBQM�H +QMpQHmiBQM rBi? � 2 × 2 F2`M2H Bb BHHmbi`�i2/ BM 6B;m`2 kXRkX h?Bb
F2`M2H Bb bHB/2/ Qp2` i?2 BMTmi BK�;2- T`Q/m+BM; i?2 72�im`2 K�TX >Qr 7�` i?2 F2`M2H KQp2b
r?2M i`�p2`bBM; i?2 BK�;2 Bb +�HH2/ i?2 bi`B/2X h?2 /27�mHi 7Q` i?Bb p�Hm2 Bb mbm�HHv R- #mi �
bi`B/2 Q7 k +QmH/ #2 mb2/ B7 7Q` BMbi�M+2 /QrMb�KTHBM; Q7 i?2 BMTmi Bb /2bB`�#H2X qBi?Qmi �Mv
T�//BM;- r?B+? /2}M2b ?Qr i?2 #Q`/2` Q7 i?2 b�KTH2 Bb ?�M/H2/- i?2 72�im`2 K�T rBHH #2 k − 1
TBt2Hb bK�HH2` i?�M i?2 BMTmi B7 � k × k F2`M2H Bb mb2/X AMbi2�/- B7 i?2 /BK2MbBQM�HBiv Q7 i?2
BMTmi b?QmH/ #2 K�BMi�BM2/ BM i?2 QmiTmi- i?2 BMTmi +�M #2 bm``QmM/2/ UQ` T�//2/V rBi? 2X;X
x2`Qb rBi? � bBx2 Q7 (k − 1)/2 B7 � bi`B/2 Q7 R Bb +?Qb2MX AM ;2M2`�H- i?2 7Q`KmH� 7Q` +�H+mH�iBM;
i?2 QmiTmb bBx2 7Q` �Mv +QMpQHmiBQM H�v2` Bb

o = w − k + 2p

s
+ 1 UkX8dV

r?2`2 o Bb i?2 QmiTmi ?2B;?ifH2M;i?- w Bb i?2 BMTmi ?2B;?ifH2M;i?- k Bb i?2 F2`M2H bBx2- p Bb
i?2 T�//BM;- �M/ s Bb i?2 bi`B/2X LQi2 i?�i i?2 BMTmi bBx2 ?�b iQ #2 +QMbB/2`2/ r?2M b2H2+iBM;
i?2 bi`B/2 �M/ T�//BM;- �b i?2 +QMpQHmiBQM QT2`�iQ` Bb MQi /2}M2/ B7 i?2 F2`M2H /Q2b MQi +Qp2`
BMTmi mMBib 7Q` �HH Q7 Bib 2H2K2MibX
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6B;m`2 kXRk, � b+?2K�iB+ BHHmbi`�iBQM Q7 k. +QMpQHmiBQM rBi? � 2 × 2 F2`M2H QM � 3 × 4 BK�;2
;`B/X AM i?Bb };m`2 i?2 bi`B/2 Bb 1 �M/ i?2 QmiTmi Bb `2bi`B+i2/ iQ TQbBiBQMb r?2`2
i?2 F2`M2H HB2b 2MiB`2Hv rBi?BM i?2 BK�;2X *Qm`i2bv Q7 .22T G2�`MBM; (9j)X

AM KQbi M2irQ`Fb- i?2 BK�;2b mb2/ �`2 �+im�HHv i?`22@/BK2MbBQM�H- �M/ i?mb i?2b2
+QMpQHmiBQMb �`2 T2`7Q`K2/ BM j.X h?Bb Bb #2+�mb2 �M BK�;2 Bb `2T`2b2Mi2/ �b � j. i2MbQ` UBX2X
KmHiB/BK2MbBQM�H �``�vV rBi? /BK2MbBQMb Q7 ?2B;?i- rB/i? �M/ /2Ti?- r?2`2 /2Ti? +Q``2bTQM/b
iQ i?2 +QHQ` +?�MM2Hb _:"X � F2`M2H- #v /2bB;M- +Qp2`b i?2 2MiB`2 /2Ti? Q7 Bib BMTmi �M/ b?QmH/
i?2`27Q`2 #2 i?`22@/BK2MbBQM�HX >Qr2p2`- KmHiBTH2 F2`M2Hb +�M #2 mb2/ BM QM2 H�v2` r?B+? rQmH/
QmiTmi Dmbi �b K�Mv /BbDQBMi 72�im`2 K�Tb bi�+F2/ �HQM; i?2 /2Ti? /BK2MbBQM- �b BHHmbi`�i2/
BM 6B;m`2 kXRjX AM i?2 M2ti H�v2` i?2 F2`M2H /2Ti? /BK2MbBQM Kmbi i?2M K�i+? i?2 MmK#2` Q7
F2`M2Hb mb2/ BM i?2 T`2pBQmb H�v2`X

6B;m`2 kXRj, AHHmbi`�iBQM Q7 ?Qr irQ 72�im`2 K�Tb +�M #2 bi�+F2/ �HQM; i?2 /2Ti? /BK2MbBQMX

AM i?2 TQQHBM; bi�;2- � TQQHBM; QT2`�iQ` `2TH�+2b i?2 QmiTmi Q7 i?2 M2i �i � +2`i�BM HQ+�iBQM
rBi? � bmKK�`v bi�iBbiB+ Q7 i?2 M2�`#v QmiTmibX h?Bb H2�/b iQ � `2/m+iBQM BM i?2 MmK#2` Q7
T�`�K2i2`b- r?B+? +QmH/ #2 M2+2bb�`v B7 i?2 BK�;2b �`2 H�`;2X Ai rBHH i?2`27Q`2 �HbQ `2/m+2 i?2
i`�BMBM; iBK2- �M/ +QmMi2`�+i Qp2`}iiBM; Q7 i?2 M2irQ`FX JQ`2 BKTQ`i�MiHv- TQQHBM; ?2HTb K�F2
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i?2 `2T`2b2Mi�iBQM M2�`Hv BMp�`B�Mi iQ bK�HH i`�MbH�iBQMb Q7 i?2 BMTmiX A7 Bi Bb KQ`2 BKTQ`i�Mi
iQ FMQr r?2i?2` � 72�im`2 2tBbib BM �M BK�;2- `�i?2` i?�M i?2 HQ+�iBQM Q7 i?�i 72�im`2- i?2
BMp�`B�M+2 T`QT2`iv +QmH/ #2 mb27mHX *QKKQM TQQHBM; 7mM+iBQMb BM+Hm/2 K�t TQQHBM;- �p2`�;2
TQQHBM;- �M/ bmK TQQHBM;X J�t TQQHBM; Bb BHHmbi`�i2/ BM 6B;m`2 kXR9X

9 N j R
d 3 k k
e d R j
8 8 9 9

N j
d 9

6B;m`2 kXR9, J�t TQQHBM; QmiTmib i?2 K�tBKmK p�Hm2 rBi?BM � `2+i�M;mH�` M2B;?#Q`?QQ/X
h?Bb 2t�KTH2 mb2b K�t TQQHBM; rBi? � 2 × 2 }Hi2` rBi? � bi`B/2 Q7 kX

AM i?2 bi�;2b T`2b2Mi2/ �#Qp2- i?2 *LL miBHBx2b i?`22 B/2�b, bT�`b2 BMi2`�+iBQMb- T�`�K2i2`
b?�`BM;- �M/ 2[mBp�`B�Mi `2T`2b2Mi�iBQMbX

aT�`b2 BMi2`�+iBQMb `272` iQ � T`QT2`iv Q7 *LLbc i?2v biQ`2 72r2` T�`�K2i2`b i?�M i?2B`
7mHHv +QMM2+i2/ 722/@7Q`r�`/ M2irQ`F +QmMi2`T�`ibX Ai Bb �++QKTHBb?2/ #v K�FBM; i?2 F2`M2H
bK�HH2` i?�M i?2 BMTmiX A7 i?2`2 �`2 m BMTmib �M/ n QmiTmib- 7Q`r�`/ T`QT�;�iBQM mbBM; � 7mHHv@
+QMM2+i2/ H�v2` rBHH ?�p2 O(m × n) `mMiBK2X PM i?2 Qi?2` ?�M/- B7 i?2 MmK#2` Q7 +QMM2+iBQMb
2�+? QmiTmi K�v ?�p2 Bb HBKBi2/ iQ k- i?2 MmK#2` Q7 T�`�K2i2`b Bb `2/m+2/ iQ k × n r?B+?
`2bmHib BM � `mMiBK2 Q7 O(k × n)X :QQ/ T2`7Q`K�M+2 +�M BM K�Mv �TTHB+�iBQMb biBHH #2 Q#i�BM2/
rBi? k b2p2`�H Q`/2`b Q7 K�;MBim/2 bK�HH2` i?�M mX

a2+QM/- mbBM; i?2 b�K2 T�`�K2i2` 7Q` KQ`2 i?�M QM2 7mM+iBQM BM � KQ/2H Bb `272``2/ iQ
�b T�`�K2i2` b?�`BM;X aT2+B}+�HHv- i?2 +QMpQHmiBQM QT2`�iQ` mb2b T�`�K2i2` b?�`BM; iQ H2�`M
QMHv QM2 b2i Q7 T�`�K2i2`b- BMbi2�/ Q7 b2T�`�i2 b2i 7Q` 2p2`v HQ+�iBQMX h?Bb ?�b MQ BKT�+i QM
i?2 `mMiBK2 Q7 7Q`r�`/ T`QT�;�iBQM- #mi Bi `2/m+2b i?2 K2KQ`v `2[mB`2K2Mib Q7 i?2 H�v2` iQ k
T�`�K2i2`bX

h?B`/- 2[mBp�`B�M+2 `272`b iQ � T`QT2`iv 7Q` � 7mM+iBQM r?2`2 i?2 QmiTmi +?�M;2b i?2 b�K2
r�v �b i?2 BMTmiX AM K�i?2K�iB+�H i2`Kb- irQ 7mM+iBQMb f(x) �M/ g(x) �`2 2[mBp�`B�Mi B7
f(g(x)) = g(f(x))X 6Q` � +QMpQHmiBQM�H H�v2`- i?2 T�`�K2i2` b?�`BM; +�mb2b i?2 H�v2` iQ ?�p2
i?2 �//BiBQM�H T`QT2`iv Q7 #2BM; 2[mBp�`B�Mi iQ i`�MbH�iBQMX �b �M 2t�KTH2- +QMbB/2` � 7mM+iBQM
f r?B+? K�Tb QM2 BK�;2 7mM+iBQM I /2b+`B#BM; � ;`�vb+�H2 BK�;2 iQ �MQi?2` BK�;2 7mM+iBQM I ′-
bm+? i?�i I ′(x, y) = I(x−1, y)X h?Bb QT2`�iBQM b?B7ib 2p2`v TBt2H Q7 I QM2 mMBi iQ i?2 `B;?iX h?2
b�K2 `2bmHi rBHH #2 Q#i�BM2/ B``2bT2+iBp2Hv Q7 i?2 Q`/2` Q7 +QMpQHmiBQM �M/ i?Bb i`�Mb7Q`K�iBQM
iQ I Bb �TTHB2/X >Qr2p2`- +QMpQHmiBQM�H H�v2`b �`2 MQi BM?2`2MiHv BMp�`B�Mi iQ +?�M;2b bm+? �b
b+�HBM; Q` `Qi�iBQMX

kXkXj _2T`2b2Mi�iBQM G2�`MBM; h2+?MB[m2b
h?2 ;Q�H Q7 `2T`2b2Mi�iBQM H2�`MBM;- Q` 72�im`2 H2�`MBM;- Bb iQ �miQK�iB+�HHv /Bb+Qp2` � b2i Q7
72�im`2b Q7 i?2 /�i� i?�i K�F2 Bi 2�bB2` iQ 2ti`�+i mb27mH BM7Q`K�iBQM r?2M #mBH/BM; +H�bbB}2`b Q`
Qi?2` T`2/B+iQ`b (d)X � ;QQ/ `2T`2b2Mi�iBQM Bb #Qi? QM2 i?�i +�Tim`2b i?2 TQbi2`BQ` /Bbi`B#miBQM
Q7 i?2 mM/2`HvBM; 2tTH�M�iQ`v 7�+iQ`b 7Q` i?2 Q#b2`p2/ BMTmi- �M/ QM2 i?�i Bb mb27mH �b BMTmi
iQ � bmT2`pBb2/ T`2/B+iQ`X AM /22T H2�`MBM;- i?2 `2T`2b2Mi�iBQMb �`2 7Q`K2/ #v +QKTQbBiBQM Q7
KmHiBTH2 MQM@HBM2�` i`�Mb7Q`K�iBQMb Q7 i?2 BMTmi /�i�X PM2 b?QmH/ MQi2 i?�i `2T`2b2Mi�iBQM
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H2�`MBM; Bb ?2`2 `272``BM; iQ i?2 +?�`�+i2`BbiB+b Q7 i?2 i`�Mb7Q`K2/ BMTmi- �M/ MQi i?2 KQ/2H
i?�i Bb +�mb�H iQ BiX

h?2 `2T`2b2Mi�iBQM Q7 i?2 /�i� ?�b � pBi�H `QH2 BM 2z2+iBp2 /22T H2�`MBM;- �M/ `2T`2b2Mi�iBQM
H2�`MBM; T`QpB/2b � /�i�@/`Bp2M �TT`Q�+? 7Q` �+?B2pBM; i?2 #2bi /�i� i`�Mb7Q`K�iBQMbX
:2M2`�HHv- i?2 T2`7Q`K�M+2 Q7 � KQ/2H Bb +`BiB+�HHv /2T2M/2Mi QM i?2 `2T`2b2Mi�iBQMb Bi H2�`Mb
iQ QmiTmi- r?B+? BM im`M Bb /2T2M/2Mi QM i?2 KQ/2H �M/ QM r?�i Bb 72/ �b BMTmiX AM i?2 +QMi2ti
Q7 /22T H2�`MBM;- i?Bb ?2HTb 2tTH�BM i?2 `2�bQMBM; 7Q` bi�+FBM; � HBM2�` H�v2` QM iQT Q7 QM2 Q`
KQ`2 +QKTH2t #HQ+Fb rBi? K�Mv MQM@HBM2�` H�v2`b Q7 /Bz2`2Mi FBM/bX h?2b2 +QKTH2t #HQ+Fb
i`�Mb7Q`K i?2 BMTmi iQ � `B+? `2T`2b2Mi�iBQM r?B+? i?2M QMHv `2[mB`2 � bBKTH2 HBM2�` H�v2` iQ
/Q i?2 /2bB`2/ i�bFX qBi?Qmi i?2 i`�Mb7Q`K�iBQM T2`7Q`K2/ #v i?2 +QKTH2t #HQ+Fb Bi rQmH/
MQi #2 TQbbB#H2 iQ 2ti`�+i F2v �#bi`�+i 72�im`2bX

h?2`2 �`2 b2p2`�H T`BQ`b i?�i +�M BKT�+i i?2 �++m`�+v Q7 � `2T`2b2Mi�iBQM- �M/ "2M;BQ 2i
�HX (d) +Qp2` i?2b2 +QKT`2?2MbBp2HvX AM i?2 7QHHQrBM; f /2MQi2b � 7mM+iBQM i?�i K�Tb BMTmi x iQ
QmiTmi `2T`2b2Mi�iBQM yX JQ/2Hb K�v BKTH2K2Mi QM2 Q` KQ`2 Q7 i?2b2 T`BQ`b iQ H2�`M QmiTmi
`2T`2b2Mi�iBQMb bmBi2/ iQ � bT2+B}+ i�bFX

Ç aKQQi?M2bb, Ai Bb �bbmK2/ i?�i bK�HH +?�M;2b BM x H2�/b iQ bK�HH +?�M;2b BM y, x1 ≈ x2
BKTHB2b f(x1) ≈ f(x2)X aQK2 KQ/2Hb `2[mB`2 i`�BMBM; 2t�KTH2b iQ K�T Qmi �HH i?2 r`BMFH2b
BM i?2 i`�BMBM; 7mM+iBQM- Q` Qi?2`rBb2 i?Qb2 72�im`2b rBHH MQi #2 `2T`2b2Mi2/ #v i?2 KQ/2H
�b Bi Bb BMi2`TQH�iBM; #2ir22M M2B;?#Q`BM; b�KTH2b 7Q` ;2M2`�HBx�iBQMX

Ç JmHiBTH2 2tTH�M�iQ`v 72�im`2b, � KQ/2H +QmH/ TQi2MiB�HHv ;2M2`�HBx2 rBi?Qmi `2[mB`BM; �b
K�Mv 2t�KTH2b �b i?2`2 �`2 p�`B�iBQMb BM i?2 mM/2`HvBM; 7mM+iBQM f X h?Bb +QKT�+iM2bb
+�M QMHv #2 �+?B2p2/ B7 i?2 72�im`2b �`2 `2mb2/ �+`Qbb 2t�KTH2b i?�i �`2 MQi M2+2bb�`BHv
BM � HQ+�H M2B;?#Q`?QQ/- r?B+? Bb mMHBF2 i?2 bKQQi?M2bb T`BQ` K2MiBQM2/ �#Qp2X .22T
H2�`MBM; KQ/2Hb +�M H2�`M /Bbi`B#mi2/ `2T`2b2Mi�iBQMb Q7 bBx2 O(N) iQ /BbiBM;mBb? O(2k)
BMTmi `2;BQMb r?2`2 k = N BM � /2Mb2Hv /Bbi`B#mi2/ `2T`2b2Mi�iBQM �M/ k < N BM �
bT�`b2Hv /Bbi`B#mi2/ `2T`2b2Mi�iBQMX AM /Bbi`B#mi2/ `2T`2b2Mi�iBQMb- k 72�im`2b �`2 mb2/ iQ
`2T`2b2Mi � +QM+2TiX JQ`2Qp2`- 2�+? 72�im`2 T�`iB+BT�i2b BM i?2 `2T`2b2Mi�iBQM Q7 KmHiBTH2
+QM+2TibX aT�`b2 /Bbi`B#mi2/ `2T`2b2Mi�iBQMb- bT2+B}+�HHv- �// � `2bi`B+iBQM r?2`2 QMHv
k < N 72�im`2b +�M #2 +?�M;2/ �i �Mv iBK2X .Bbi`B#mi2/ `2T`2b2Mi�iBQMb �HHQrb 7Q`
2tTQM2MiB�H +QK#BM�iBQMb iQ `2T`2b2Mi i?2 BMTmiX

Ç .2Ti? @ � ?B2`�`+?B+�H Q`;�MBx�iBQM Q7 2tTH�M�iQ`v 7�+iQ`b, h?Bb ?B2`�`+?v Bb #2M2}+B�H
7Q` K�BMHv irQ `2�bQMbX 6B`bi- /22T H2�`MBM; KQ/2Hb �// BM+`2�bBM; H2p2Hb Q7 �#bi`�+iBQM
�b i?2v H2�`M 7mM+iBQMb i?�i i`�Mb7Q`K BMTmi iQ QmiTmi mbBM; � +QKTQbBiBQM Q7 MQM@HBM2�`
7mM+iBQMb bi�+F2/ BM H�v2`bX a2+QM/- i?2 /2Ti? �HHQr 7Q` 72�im`2 `2mb2 �+`Qbb H�v2`b- r?B+?
�//b MmK2`Qmb T�i?b BM i?2 +QKTmi�iBQM�H ;`�T? rBi?BM i?2 M2irQ`FX

Ç a2KB@bmT2`pBb2/ H2�`MBM;, _2T`2b2Mi�iBQMb i?�i �`2 mb27mH 7Q` P (X) i2M/ iQ #2 mb27mH
r?2M H2�`MBM; P (Y |X) Ur?2`2 X Bb i?2 BMTmi �M/ Y Bb i?2 i�`;2i iQ T`2/B+iV- bBM+2 �
bm#b2i Q7 i?2 7�+iQ`b 2tTH�BMBM; XǶb /Bbi`B#miBQM 2tTH�BM Km+? Q7 Y - ;Bp2M XX

Ç a?�`2/ 72�im`2b �+`Qbb i�bFbX h?Bb `272`b iQ b?�`BM; Q7 H2�`M2/ `2T`2b2Mi�iBQM �+`Qbb i�bFb-
r?2`2 P (Y |X, task) �`2 2tTH�BM2/ #v 7�+Q`b i?�i �`2 b?�`2/ rBi? Qi?2` i�bFbX

Ç J�MB7QH/ `2T`2b2Mi�iBQMb, S`Q#�#BHBiv K�bb +QM+2Mi`�i2b M2�` `2;BQMb i?�i ?�p2 � Km+?
bK�HH2` /BK2MbBQM�HBiv i?�M i?2 Q`B;BM�H bT�+2 r?2`2 i?2 /�i� `2bB/2bX �miQ2M+Q/2`b
2tTHB+BiHv 2tTHQBi i?Bb ?vTQi?2bBb iQ H2�`M HQr2` /BK2MbBQM�H `2T`2b2Mi�iBQMb Q7 ?B;?
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/BK2MbBQM�H /�i�X 6Q` 2t�KTH2- � 28 × 28 #H�+F �M/ r?Bi2 BK�;2 Ubm+? �b i?2 BK�;2b BM
JLAah (3y)- QM2 Q7 i?2 bBKTH2bi /�i�b2ib BM K�+?BM2 H2�`MBM;V ?�b 784 /2;`22b Q7 7`22/QK
r?B+? vB2H/ 2784 TQbbB#H2 BK�;2b- #mi KQbi Q7 i?2K rQmH/ MQi #2 M�im`�HHv Q++m``BM;
BK�;2bX h?2 ?vTQi?2bBb Bb i?�i bK�HH p�`B�iBQMb BM i?2 M�im`�HHv Q++m``BM; BK�;2b- bm+?
�b `Qi�iBQMb- �`2 K�TT2/ iQ +Q``2bTQM/BM; +?�M;2b BM i?2 H2�`M2/ `2T`2b2Mi�iBQMX

Ç L�im`�H +Hmbi2`BM;, .Bz2`2Mi p�Hm2b Q7 +�i2;Q`B+�H p�`B�#H2b bm+? �b Q#D2+i +H�bb2b i2M/
iQ #2 �bbQ+B�i2/ rBi? b2T�`�i2 K�MB7QH/b- r?2`2 2�+? K�MB7QH/ Bb +QKTQb2/ Q7 H2�`M2/
`2T`2b2Mi�iBQM Q7 �M Q#D2+i +H�bbX h?�i Bb- P (X|Y = i) 7Q` /Bz2`2Mi i /Q MQi ?�p2 Km+?
Qp2`H�TX

Ç h2KTQ`�H �M/ bT�iB�H +Q?2`2M+2, *QMb2+miBp2 Q` bT�iB�HHv M2�`#v Q#b2`p�iBQMb i2M/ iQ
#2 �bbQ+B�i2/ rBi? i?2 b�K2 p�Hm2 Q7 `2H2p�Mi +�i2;Q`B+�H +QM+2Tib- Q` `2bmHi BM � bK�HH
KQp2 QM i?2 bm`7�+2 Q7 i?2 ?B;?@/2MbBiv K�MB7QH/X 1p2M i?Qm;? /Bz2`2Mi 72�im`2b +?�M;2
�i /Bz2`2Mi bT�iB�H �M/ i2KTQ`�H b+�H2b- i?2 p�Hm2b Q7 i?2 +�i2;Q`B+�H p�`B�#H2b Q7 BMi2`2bi
i2M/ iQ +?�M;2 bHQrHvX *QMb2[m2MiHv- i?Bb T`BQ` +�M #2 mb2/ �b � K2+?�MBbK iQ 7Q`+2 i?2
`2T`2b2Mi�iBQbM iQ +?�M;2 bHQrHvX

Ç aT�`bBiv, 6Q` �Mv ;Bp2M Q#b2`p�iBQM x- QMHv � bK�HH 7`�+iBQM Q7 i?2 TQbbB#H2 72�im`2b �`2
`2H2p�MiX AM i2`Kb Q7 `2T`2b2Mi�iBQM- i?Bb +QmH/ #2 `2T`2b2Mi2/ #v 72�im`2b i?�i �`2 Q7i2M
x2`Q Q` #v i?2 7�+i i?�i 2ti`�+i2/ 72�im`2b �`2 BMb2MbBiBp2 iQ p�`B�iBQMb Q7 xX

Ç aBKTHB+Biv Q7 7�+iQ` /2T2M/2M+B2b, qBi? � ?B;?@H2p2H `2T`2b2Mi�iBQM- i?2 72�im`2b i?�i
K�v `2H�i2 iQ 2�+? Qi?2` i?`Qm;? bBKTH2- ivTB+�HHv HBM2�` /2T2M/2M+B2bX h?Bb +�M #2 b22M
b2p2`�H H�rb Q7 T?vbB+bX 6Q` /22T H2�`MBM; KQ/2Hb- i?Bb 2tTH�BMb r?v b2p2`�H bi�i2@Q7@i?2
�`i M2irQ`F �`+?Bi2+im`2b r?B+? ?�p2 QM2 Q` KQ`2 HBM2�` H�v2`b M2�` i?2 QmiTmi T2`7Q`K
r2HHX

h?2 �TT`Q�+?2b i?�i �`2 mb2/ 7Q` i?2 Tm`TQb2 Q7 H2�`MBM; /�i� /Bbi`B#miBQMb Q7 i?2
i`�BMBM; b2i iQ ;2M2`�i2 M2r /�i� TQBMib �`2 �HbQ +�HH2/ ;2M2`�iBp2 KQ/2HbX AM #`B27- bQK2
Q7 i?2 KQbi BKTQ`i�Mi ;2M2`�iBp2 KQ/2Hb �`2 i?2 7QHHQrBM;, :2M2`�iBp2 �/p2`b�`B�H L2irQ`Fb
U:�LbV �BK iQ �+?B2p2 �M 2[mBHB#`BmK #2ir22M � ;2M2`�iQ` �M/ � /Bb+`BKBM�iQ`- o�`B�iBQM�H
�miQ2M+Q/2`b Uo�1bV 7Q+mb QM K�tBKBxBM; � p�`B�iBQM�H HQr2` #QmM/ Q7 i?2 /�i� HQ;@HBF2HB?QQ/-
�M/ o�`B�iBQM�H �miQ/2+Q/2`b Uo�.bV r?B+? �`2 bBKBH�` iQ o�1b #mi �HHQr 7Q` BM72`2M+2 iQ #2
T2`7Q`K2/ rBi? ;`�/B2Mi /2b+2MiX

PM2 i?BM; i?2b2 KQ/2Hb ?�p2 BM +QKKQM Bb i?�i i?2v �`2 QTiBKBxBM; � H�i2Mi p2+iQ`-
r?B+? Bb � b2i Q7 p�`B�#H2b i?�i �`2 MQi /B`2+iHv Q#b2`p2/ #mi `�i?2` BM72``2/ i?`Qm;? �
K�i?2K�iB+�H KQ/2HX h?2 M2m`�H M2irQ`F K�Tb i?2 BMTmi iQ i?Bb ivTB+�HHv HQr@/BK2MbBQM�H
H�i2Mi `2T`2b2Mi�iBQMX >Qr2p2`- i?2 2t�+i r�v i?2 H�i2Mi p2+iQ` Bb ;2M2`�i2/ Bb mMB[m2 iQ 2�+?
M2irQ`F �`+?Bi2+im`2X

:2M2`�iBp2 KQ/2H H2�`MBM; +�M `Qm;?Hv #2 ;`QmT2/ BMiQ 7Qm` +H�bb2b (RRR), p�`B�iBQM�H
H2�`MBM;- r�F2@bH22T H2�`MBM;- DQBMi@biQ+?�biB+@�TT`QtBK�iBQM H2�`MBM;- �M/ �/p2`b�`B�H
H2�`MBM;X PMHv p�`B�iBQM�H H2�`MBM; UQ7 r?B+? o�1b �M/ o�.b #2HQM;V �M/ �/p2`b�`B�H H2�`MBM;
UQ7 r?B+? :�Lb #2HQM;V rBHH #2 T`2b2Mi2/ ?2`2X

kXkXjXR o�`B�iBQM�H G2�`MBM;
o�`B�iBQM�H H2�`MBM; Bb K�BMHv �TTHB2/ iQ T`2b+`B#2/ KQ/2Hb- r?B+? �`2 KQ/2Hb i?�i T`QpB/2 �M
2tTHB+Bi T�`�K2i`B+ bT2+B}+�iBQM Q7 i?2 /Bbi`B#miBQM Q7 i?2 Q#b2`p2/ `�M/QK p�`B�#H2 x- �M/
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r?2`2 i?2 HBF2HB?QQ/ 7mM+iBQM Q` i�`;2i KQ/2H /2MbBiv pθ(x) Bb bT2+B}2/ rBi? i?2 T�`�K2i2` θX
6m`i?2`- i?2 �mtBHB�`v /2MbBiv BMi`Q/m+2/ BM i`�BMBM; Bb /2MQi2/ #v qφ(·) rBi? T�`�K2i2` φX

aT2+B}+�HHv- p�`B�iBQM�H H2�`MBM; mb2b i?2 p�`B�iBQM�H HQr2` #QmM/ Q7 i?2 K�`;BM�H HQ;@
HBF2HB?QQ/ �b i?2 bBM;H2 Q#D2+iBp2 7mM+iBQM iQ QTiBKBx2 i?2 i�`;2i KQ/2Hb �M/ �mtBHB�`v
KQ/2H (RRR)X

o�`B�iBQM�H �miQ2M+Q/2`b Uo�1bV h?2 KQbi BKTQ`i�Mi +H�bb Q7 KQ/2Hb BM p�`B�iBQM�H
H2�`MBM; Bb o�1b- r?B+? �BKb iQ H2�`M i?2 K�`;BM�H HBF2HB?QQ/ Q7 i?2 /�i� BM � ;2M2`�iBp2
T`Q+2bb (dR)X h?Bb b2+iBQM 2tTH�BMb i?2 +QM+2Tib #2?BM/ o�1bX

� T`2b+`B#2/ H�i2Mi p�`B�#H2 KQ/2H +QmH/ #2 ;2M2`�HHv /2}M2/ �b

pθ(x, h) := pθ(h)pθ(x|h) UkX83V

r?2`2 h �`2 ?B//2M p�`B�#H2b- r?B+? �`2 �HbQ +�HH2/ i?2 H�i2Mi +Q/2X Ai Bb /B{+mHi iQ /B`2+iHv
2p�Hm�i2 �M/ K�tBKBx2 i?2 K�`;BM�H HQ;@HBF2HB?QQ/ log pθ(x)X �M �mtBHB�`v BM72`2M+2 KQ/2H
qφ(h|x) rBi? T�`�K2i2`b φ Bb BMi`Q/m+2/ BM i?2 p�`B�iBQM�H BM72`2M+2 �TT`Q�+?- iQ #2 �M
�TT`QtBK�iBQM iQ i?2 2t�+i TQbi2`BQ` pθ(h|x)X Ai Bb Q7i2M +�HH2/ p�`B�iBQM�H /Bbi`B#miBQM BM
i?2 +QMi2ti Q7 p�`B�iBQM�H BM72`2M+2 (Rd9)X h2+?MB+�HHv- i?2 BKTH2K2Mi�iBQM Q7 qφ(h|x) Bb bBKBH�`
iQ BKTH2K2MiBM; pθ(x|h) �b � T`2b+`B#2/ KQ/2HX

log pθ(x) = Eqθ(h|x) log
(

pθ(x, h)
qθ(h|x)

)

+ DKL(qθ(h|x)||pθ(h|x))

≥ Eqθ(h|x) log
(

pθ(x, h)
qθ(h|x)

)

=: L(x; θ,φ)
UkX8NV

r?2`2 DKL(·||·) Bb i?2 EmHH#�+F@G2B#H2` /Bp2`;2M+2 BMi`Q/m+2/ BM UkXkRVX L(x; θ,φ) Bb +�HH2/ i?2
p�`B�iBQM�H HQr2` #QmM/- r?B+? +QmH/ #2 `2r`Bii2M �b

L(x; θ,φ) = Eqφ(h|x)[log pθ(x, h)] − DKL(qθ(h|x)||pθ(h|x)) UkXey�V
= Eqφ(h,x)[log pθ(x, h)] + H(qφ(h|x)) UkXey#V

h?2 irQ i2`Kb BM UkXey�V �`2 i?2 2tT2+i2/ M2;�iBp2 `2+QMbi`m+iBQM 2``Q` �M/ i?2 EG /Bp2`;2M+2
#2ir22M i?2 �TT`QtBK�i2 TQbi2`BQ` �M/ i?2 T`BQ` r?B+? Bb � `2;mH�`Bx2`- `2bT2+iBp2HvX S`2b2Mi2/
i?Bb r�v- Bi #2+QK2b +H2�` r?v pθ(x|h) �M/ qφ(h|x) �`2 `272``2/ iQ �b 2M+Q/2` �M/ /2+Q/2`X
6m`i?2`- i?2 +QK#BM�iBQM Q7 i?2 irQ i2`Kb BM UkXey�V ?BMib �i T2`7Q`KBM; �miQ2M+Q/BM;- BX2X
�miQK�iB+�HHv }M/BM; 2M+Q/BM;b 7Q` BMTmi xX

o�`B�iBQM�H H2�`MBM; �BKb iQ K�tBKBx2 UkXeyV Qp2` i?2 2MiB`2 i`�BMBM; /�i�,

max
θ,φ

L(θ,φ) = max
θ,φ

Ep̃(x)qφ(h|x) log
(

pθ(x, h)
qθ(h|x)

)

UkXeRV

AM rQ`/b- i?2 Q#D2+iBp2 Bib2H7 Bb �BK2/ iQ #2 K�tBKBx2/ #v K�tBKBxBM; � HQr2` #QmM/ iQ i?2 i`m2
K�tBKmK@HBF2HB?QQ/ Q#D2+iBp2 BM K�tBKmK HBF2HB?QQ/ H2�`MBM;- r?B+? Bb /2}M2/ #v K�tBKBxBM;
i?2 /�i� HQ;@HBF2HB?QQ/,

max
θ

=
n∑

k=1
log pθ(xk) UkXekV
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h?2 �#Qp2 QTiBKBx�iBQM T`Q#H2K BM UkXeRV +�M #2 bQHp2/ #v }M/BM; i?2 `QQi Q7 i?2 7QHHQrBM;
bvbi2K B7 i?2 x2`Qb Q7 i?2 ;`�/B2Mib Q7 i?2 Q#D2+iBp2 rBi? `2bT2+i iQ (θ,φ) �`2 b2i iQ x2`Q,

⎧
⎪⎪⎨

⎪⎪⎩

Ep̃(x)qθ(h|x)[∇θ log pθ(x, h)] = 0

Ep̃(x)qθ(h|x)

[

log
(

pθ(x,h)
qφ(h|x)

)
× ∇φ log qφ(h|x)

]

= 0
UkXejV

� bBKTH2 b+?2K�iB+ BHHmbi`�iBM; i?2 2M+Q/2`@/2+Q/2` �`+?Bi2+im`2 �#Qp2 Bb ;Bp2M BM
6B;m`2 kXR8X

x E h D x̂

6B;m`2 kXR8, �miQ2M+Q/2`X � M2m`�H M2irQ`F E U2M+Q/2`V H2�`Mb � K�TTBM; 7`QK i?2 BMTmi
/�i� x iQ Bib H�i2Mi `2T`2b2Mi�iBQM hX D U/2+Q/2`V +�M i?2M `2T`Q/m+2 �
`2+QMbi`m+iBQM x̂ #�b2/ QM hX

o�`B�iBQM�H �miQ/2+Q/2`b Uo�.bV AM +QMi`�bi iQ o�1b- � o�. /Q2b MQi mb2 �Mv 2M+Q/2`
/m`BM; i?2 H2�`MBM; T`Q+2bb (RdR)- �b BHHmbi`�i2/ BM 6B;m`2 kXReX AM #`B27- Bi Bb BM i?2 BM72`2M+2
bi2T i?�i i?2 K�DQ` /BbiBM+iBQM #2ir22M o�1b �M/ o�.b #2+QK2 i?2 KQbi �TT�`2MiX

h D x̂

#�+FT`QT�;�i2

6B;m`2 kXRe, �miQ/2+Q/2`X � M2m`�H M2irQ`F D U/2+Q/2`V /B`2+iHv �++2Tib � H�i2Mi p2+iQ` �b
�M BMTmi- r?B+? Bb QTiBKBx2/ i?`Qm;? #�+FT`QT�;�iBQMX

o�.b T2`7Q`K BM72`2M+2 #v � KmHiB@bi2T T`Q+2/m`2X h?2 BMTmi xi ∈ X Bb ;Bp2M iQ �
T`Q#�#BHBbiB+ /2+Q/2` F(h; θ) rBi? T�`�K2i2`b θ∗ iQ ;Bp2 i?2 TQbi2`BQ` /Bbi`B#miBQM-

p(h|xi,Λi) = N (F(z; θ∗); xi,Λi) UkXe9V

r?2`2 Λi Bb i?2 +Qp�`B�M+2 /2}M2/ �b � /B�;QM�H TQbBiBp2 b2KB@/2}MBi2 K�i`Bt rBi? `�M/QK
p�`B�#H2b αi QM Bib K�BM /B�;QM�H r?2M2p2` αi ≠ 0X :Bp2M i?2 b�KTH2 ht ;Bp2M �i iBK2 t- i?2
TQbbB#H2 bi2Tb �i iBK2 bi2T t + 1 �`2 +?Qb2M iQ 7QHHQr � MQ`K�H /Bbi`B#miBQM +2Mi2`2/ �`QmM/ ztX
h?Bb H2�/b iQ � ?B;?2` +?�M+2 Q7 pBbBiBM; TQBMib +HQb2` iQ zt M2ti- r?B+? K�F2b i?2 b�KTHBM;
b22K HBF2 � `�M/QK r�HF r?2M i?2v �`2 i�F2M 7`QK i?2 TQbi2`BQ` p(h|xi,Λi)X h?2 7QHHQrBM;
�++2Ti�M+2 +`Bi2`B� Bb mb2/ iQ /2i2`KBM2 r?B+? b�KTH2b �`2 +?Qb2M,

c = min
(

p(zt+1|xi,Λi)
p(zt|xi,Λi)

, 1
)

UkXe8V



kXk .22T G2�`MBM; j8

r?2`2 c Bb i?2 T`Q#�#BHBiv Q7 R 7`QK � "2`MQmHHB /Bbi`B#miBQMX A7 i?2 `2bmHi Q7 i?2 i2bi Bb R-
i?2 bi2T Bb �++2Ti2/X Pi?2`rBb2- B7 i?2 `2bmHi Bb y- i?2 bi2T Bb `2D2+i2/ �M/ zt+1 = ztX AM i?2
2M/- � b2i Q7 TQBMib H = h1, . . . , hT Bb T`Q/m+2/- r?2`2 T Bb i?2 MmK#2` Q7 b�KTH2b /`�rM
7`QK � TQbi2`BQ` p(h|xi,Λi)X LQi2 i?�i i?Bb T`Q+2/m`2 iQ ;2M2`�i2 i?2 H�i2Mi `2T`2b2Mi�iBQM Bb
Km+? bHQr2` i?�M mbBM; �M 2M+Q/2` �b BM o�1b- #mi TQi2MiB�HHv ;Bp2 � bmT2`BQ` T2`7Q`K�M+2 BM
/2�HBM; rBi? T�`iB�H /�i�X

6Q` �M �TT`QtBK�i2 TQbi2`BQ` q(h|xi) 7`QK � b2i Q7 FMQrM bBKTH2` /Bbi`B#miBQMb r?2`2
b�KTHBM; +�M #2 /QM2 KQ`2 2�bBHv- i?2 7QHHQrBM; p�`B�iBQM�H HQr2` #QmM/ Bb K�tBKBx2/,

arg max
φ

Eqφ(z|xi)[log pθ∗(h, xi) − log qφ(h|xi)] UkXeeV

h?Bb 2[m�iBQM +�M #2 K�tBKBx2/ mbBM; i?2 2tT2+i�iBQM K�tBKBx�iBQM �H;Q`Bi?K iQ H2�`M φ
BM bm+? � r�v i?�i b�KTH2b 7`QK p(h|xi,Λi) �`2 `2�bQM�#Hv ;2M2`�i2/ #v i?2 �TT`QtBK�i2
TQbi2`BQ`X h?2 BM72`2M+2 QmiTmi Bb qφ(h|xi)X

h?2 i`�BMBM; T`Q+2/m`2 Q7 o�. KQ/2Hb +�M #2 bmKK�`Bx2/ BM irQ bi2Tb i?�i �`2 Bi2`�iBp2Hv
i�F2M mMiBH MQ 7m`i?2` BKT`Qp2K2Mi BM i?2 p�`B�iBQM�H HQr2` #QmM/ BM UkXeyV Bb �+?B2p2/X AM
i?2 }`bi bi2T- BM72`2M+2 �b /2}M2/ BM i?2 T`2pBQmb T�`�;`�T? Bb T2`7Q`K2/X h?Bb K�tBKBx2b i?2
HQr2` #QmM/ rBi? `2bT2+i iQ φX h?2M- BM i?2 M2ti bi2T- i?2 HQr2` #QmM/ Bb K�tBKBx2/ rBi?
`2bT2+i iQ θX AM i?2 2M/- � i`�BM2/ /2+Q/2` F(h; θ∗) rBi? T�`�K2i2`b θ∗ Bb Q#i�BM2/X

kXkXjXk �/p2`b�`B�H H2�`MBM;
�/p2`b�`B�H H2�`MBM; mb2b � i2+?MB[m2 r?2`2 �M �mtBHB�`v KQ/2H Bb BMi`Q/m+2/ iQ �+i HBF2 �
/Bb+`BKBM�iQ` �M/ QTiBKBx2/ bBKmHi�M2QmbHv �b �M BKTHB+Bi KQ/2H Bb H2�`M2/X h?2 BKTHB+Bi
KQ/2H mb2b � H�i2Mi p�`B�#H2 ϵ- �M/ i`�Mb7Q`K Bi mbBM; � /2i2`KBMBbiB+ 7mM+iBQM Gθ(ϵ) iQ /2}M2

⎧
⎨

⎩
x = Gθ(ϵ)
ϵ ∼ p(ϵ)

UkXedV

ZmBi2 Q7i2M- � 722/@7Q`r�`/ M2irQ`F Bb mb2/ iQ `2T`2b2Mi Gθ(ϵ)- r?B+? Bb +�HH2/ � ;2M2`�iQ` BM
i?Bb +QMi2tiX ϵ Bb �HbQ `272``2/ iQ �b �M BMTmi MQBb2 p�`B�#H2- �M/ �bbmK2/ iQ Q#2v � bBKTH2
T`BQ`B p(ϵ) bm+? �b i?2 bi�M/�`/ MQ`K�H N [0, 1] Q` i?2 mMB7Q`K /Bbi`B#miBQMX � /Bbi`B#miBQM
pθ(x) Bb i?mb BKTHB+BiHv /2}M2/ #v i?2 i`�Mb7Q`K�iBQMX

AM i?2 7QHHQrBM;- i?2 �/p2`b�`B�H H2�`MBM; K2i?Q/b :2M2`�iBp2 �/p2`b�`B�H L2irQ`Fb �M/
o�`B�iBQM�H .Bp2`;2M+2 JBMBKBx�iBQM H2�`MBM; �`2 T`2b2Mi2/X

:2M2`�iBp2 �/p2`b�`B�H L2irQ`Fb U:�LbV, :�L i`�BMBM; Bb 7Q`KmH�i2/ �b TH�vBM;
� irQ@TH�v2` KBMBK�t ;�K2 r?2`2 i?2 ;Q�H Bb iQ }M/ pθ(x) i?�i #2bi /2b+`B#2b i?2 i`m2
/Bbi`B#miBQM ;Bp2M � b2i Q7 BM/2T2M/2Mi �M/ B/2MiB+�HHv /Bbi`B#mi2/ b�KTH2b D = {x1, . . . , xn}
7`QK �M mMFMQrM /Bbi`B#miBQM p0(x) (9k),

min
θ

max
ψ

FGAN(θ,ψ) := Ex∼p0(x)[log Dψ(x)] + Eϵ∼p(ϵ)[log(1 − Dψ(Gθ(ϵ)))] UkXe3V

>2`2- Dφ(x) `2T`2b2Mib i?2 /Bb+`BKBM�iQ`- r?B+? +�H+mH�i2b i?2 T`Q#�#BHBiv i?�i x +QK2b 7`QK
i?2 /�i� p0(x) `�i?2` i?�M pθ(x)X Dφ(x) Bb i`�BM2/ iQ K�tBKBx2 i?2 T`Q#�#BHBiv Q7 �bbB;MBM; i?2
+Q``2+i H�#2Hb iQ #Qi? i`�BMBM; 2t�KTH2b �M/ ;2M2`�i2/ 2t�KTH2b- r?BH2 Gθ(ϵ) Bb bBKmHi�M2QmbHv
i`�BM2/ iQ KBMBKBx2 i?2 T`Q#�#BHBiv Q7 i?2 +Q``2+i H�#2HBM; Q7 ;2M2`�i2/ b�KTH2bX AM Qi?2` rQ`/b-
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Gθ(ϵ) i`B2b iQ i`B+F i?2 /Bb+`BKBM�iQ` BMiQ #2HB2pBM; i?�i pθ(x) �+im�HHv +QK2b 7`QK i?2 i`m2
/Bbi`B#miBQM p0(x)X 6Q` �Mv }t2/ ;2M2`�iQ` Gθ(ϵ) i?2 QTiBK�H /Bb+`BKBM�iQ` Bb

Dψ∗(x) = p0(x)
p0(x) + pθ(x) UkXeNV

q?2M i?2 /Bb+`BKBM�iQ` Bb QTiBK�H- i?2 Q#D2+iBp2 BM UkXe3V #2+QK2b

FGAN(θ,ψ∗) = Ex∼p0(x)

⎡

⎣log
(

p0(x)
p0(x) + pθ(x)

)⎤

⎦+ Eϵ∼p(ϵ)

⎡

⎣log
(

pθ(x)
p0(x) + pθ(x)

)⎤

⎦

= − log(4) + 2 · JSD(p0(x)||pθ(x))
UkXdyV

r?2`2 JSD(·) Bb i?2 C2Mb2M@a?�MMQM /Bp2`;2M+2 /2}M2/ BM UkXkyVX
�7i2` i?2 i`�BMBM; Bb }MBb?2/- ?QT27mHHv � b�//H2@TQBMi Upθ(x) = p0(x)V Q7 UkXe3V Bb 7QmM/X

� b+?2K�iB+ Q7 � :�L Bb ;Bp2M BM 6B;m`2 kXRdX

ϵ G x̂

.�h� x

D

6B;m`2 kXRd, :2M2`�iBp2 �/p2`b�`B�H L2irQ`FX � M2m`�H M2irQ`F G U;2M2`�iQ`V bvMi?2bBx2b
b�KTH2b i?�i HQQF BM/BbiBM;mBb?�#H2 7`QK `2�H /�i� #�b2/ QM � /Bbi`B#miBQM ϵX
D U/Bb+`BKBM�iQ`V i`B2b iQ /BbiBM;mBb? i?2 `2�H b�KTH2b x 7`QK i?2 bvMi?2bBx2/
b�KTH2b x̂X

o�`B�iBQM�H .Bp2`;2M+2 JBMBKBx�iBQM LQrQxBM 2i �HX (RyN) b?Qr2/ i?�i i?2 H2�`MBM;
Q#D2+iBp2 Q7 :�Lb �`2 �+im�HHv p�`B�iBQM�H #QmM/b QM � /Bp2`;2M+2 #2ir22M irQ /Bbi`B#miBQMbX
h?Bb 2M�#H2b 2ti2M/BM; i?2 :�L Q#D2+iBp2 iQ ;2M2`�H 7@/Bp2`;2M+2b- r?B+? Bb /2}M2/ �b 7QHHQrb,

Df (p0||pθ) :=
∫

X
pθ(x)f

(
p0(x)
pθ(x)

)

dx UkXdRV

f Bb � ;2M2`�iQ` 7mM+iBQM f : R+ → R r?B+? Bb +QMp2t- HQr2`@b2KB+QMiBMmQmb �M/ b�iBb7vBM;
f(1) = 0- r?B+? H2�/b iQ Df (p0||p0) = 0 7Q` �HH /Bbi`B#miBQMb p0X o�`BQmb +?QB+2b Q7 f �`2
�p�BH�#H2- BM+Hm/BM; i?2 EmHH#�+F@G2B#H2` /Bp2`;2M+2X h?Bb ;2M2`�HBx�iBQM Q7 :�Lb Bb +�HH2/
p�`B�iBQM�H /Bp2`;2M+2 KBMBKBx�iBQMX

hQ b22 ?Qr QM2 +�M H2�`M #v p�`B�iBQM�H /Bp2`;2M+2 KBMBKBx�iBQM- i?2 HQr2` #QmM/ 7Q`
i?2 f @/Bp2`;2M+2 ?�b iQ #2 /2`Bp2/X 6B`bi- Bi Bb BKTQ`i�Mi iQ MQi2 i?�i 2p2`v +QMp2t- HQr2`@
b2KB+QMiBMmQmb 7mM+iBQM f ?�b � +QMp2t +QMDm;�i2 7mM+iBQM f †X f †† = f - r?B+? K2�Mb i?�i i?2
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T�B` (f, f †) Bb /m�HX 6m`i?2`KQ`2-
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

f †(t) = sup
u∈domf

{ut − f(u)}

f(u) = sup
t∈dom

f†

{tu − f †(t)} UkXdkV

� HQr2` #QmM/ QM i?2 f @/Bp2`;2M+2 +�M #2 Q#i�BM2/ #v mbBM; i?2 p�`B�iBQM�H `2T`2b2Mi�iBQM Q7
f ,

Df (p0||pθ) =
∫

X
pθ(x) sup

t∈dom
f†

{

t
p0(x)
pθ(x) − f †(t)

}

dx

≥ sup
T ∈T

(∫

X
p0(x)T (x)dx −

∫

X
pθ(x)f †(T (x))dx

)

= sup
T ∈T

(Ep0(x)[T (x)] − Epθ(x)[f †(T (x))])

UkXdjV

r?2`2 T Bb �M �`#Bi`�`v +H�bb Q7 7mM+iBQMb T : X → domf† X hrQ `2�bQMb +�M #2 bi�i2/ 7Q`
r?v i?2 �#Qp2 /2`Bp�iBQM vB2H/b � HQr2` #QmM/X 6B`bi- #2+�mb2 Q7 C2Mb2MǶb BM2[m�HBiv Ur?B+?
bi�i2b i?�i B7 � 7mM+iBQM f Bb +QMp2t �M/ x Bb � `�M/QK p�`B�#H2 i?2M E[f(x)] ≥ f(E[x])V r?2M
br�TTBM; i?2 BMi2;`�iBQM �M/ bmT`2KmK QT2`�iBQMbX a2+QM/- i?2 +H�bb Q7 7mM+iBQMb T K�v
+QMi�BM QMHv � bm#b2i Q7 �HH TQbbB#H2 7mM+iBQMbX h?2 #QmM/ Bb iB;?i 7Q`

T ∗(x) = f ′
(

p0(x)
pθ(x)

)

UkXd9V

r?2M i�FBM; i?2 p�`B�iBQM Q7 i?2 HQr2` #QmM/ Q7 UkXdjV rBi? `2bT2+i iQ T >2`2- f ′ /2MQi2b i?2
}`bi@Q`/2` /2`Bp�iBp2 Q7 f X

h?2 p�`B�iBQM�H HQr2` #QmM/ BM UkXdjV +�M #2 mb2/ QM i?2 f @/Bp2`;2M+2 Df (p0||pθ) iQ
2biBK�i2 i?2 BKTHB+Bi ;2M2`�iBp2 KQ/2H pθ(x) ;Bp2M i?2 i`m2 /Bbi`B#miBQM p0(x),

min
θ

max
ψ

Ff (θ,ψ) := Ep0(x)[Tψ(x)] − Epθ(x)[f †(Tψ(x))] UkXd8V

>2`2- Tψ(x) Bb � T�`�K2i`Bx2/ p2+iQ` Q7 i?2 p�`B�iBQM�H 7mM+iBQM T X hQ }M/ i?2 b�//H2 TQBMib
Q7 F(θ,ψ)- Bi Bb M2+2bb�`v iQ b2i i?2 ;`�/B2Mib Q7 Bi iQ x2`Q rBi? `2bT2+i iQ (θ,ψ) �M/ i?2M }M/
i?2 `QQi Q7 i?2 `2bmHiBM; bvbi2KX



*>�Sh1_ j
_2H�i2/ qQ`F

�b i?2 ;Q�H Q7 i?Bb rQ`F Bb iQ +`2�i2 � j. pBbBQM TBT2HBM2 r?B+? }HHb BM i?2 Q++Hm/2/ T�`ib Q7 i?2
Q#D2+ib Q7 BMi2`2bi BM � b+2M2 Q` � rQ`FbT�+2- B/2�b 7`QK b2p2`�H }2H/b rBHH ?�p2 iQ #2 +QK#BM2/X
h?2`27Q`2- 7Q` � ?QHBbiB+ mM/2`bi�M/BM;- i?Bb +?�Ti2` BM+Hm/2b � HBi2`�im`2 `2pB2r QM �b K�Mv
�b 7Qm` }2H/b `2H�i2/ iQ _:"@. BK�;BM; �M/ j. pBbBQMc /2MQBbBM; �M/ }Hi2`BM; Ua2+iBQM jXRV-
b2;K2Mi�iBQM �M/ Q#D2+i /2i2+iBQM Ua2+iBQM jXkV- TQBMi +HQm/ `2;Bbi`�iBQM Ua2+iBQM jXjV- �M/
b?�T2 +QKTH2iBQM Ua2+iBQM jX9VX1ti`� �ii2MiBQM Bb ;Bp2M iQ i?2 +m``2Mi bi�i2@Q7@i?2 �`i- BM
�//BiBQM iQ bQK2 K2i?Q/b r?B+? +QmH/ TQi2MiB�HHv #2 mb2/ BM � MQp2H r�vX

�//BiBQM�HHv- � b2+iBQM QM �p�BH�#H2 j. /�i�b2ib Bb BM+Hm/2/ Ua2+iBQM jX8VX *QKTBHBM; �M/
�MMQi�iBM; /�i�b2ib Bb �M BMi2MbBp2 T`Q+2bb r?B+? `2[mB`2b MmK2`Qmb K�M@?Qm`bX aBM+2 /22T
H2�`MBM; KQ/2Hb BM T�`iB+mH�` `2[mB`2 i?Qmb�M/b Q7 Q#D2+ib BM i?2 /�i�b2ib mb2/ 7Q` i`�BMBM;-
i?2 /2bB;M Q7 bm+? KQ/2Hb �`2 2M�#H2/ #v i?2 �p�BH�#BHBiv Q7 Tm#HB+ /�i�b2ibX

jXR .2Ti? AK�;2 .2MQBbBM; �M/ 1M?�M+2K2Mi
_:"@. +�K2`�b �M/ `2H�i2/ b2MbQ` i2+?MQHQ;v ?�p2 `2+2MiHv #2+QK2 KQ`2 rB/2Hv �p�BH�#H2
�M/ �zQ`/�#H2- �M/ i?mb 2M�#H2/ M2r �TTHB+�iBQMb BM +QKTmi2` pBbBQM BM i?2 j. /QK�BMX
lM7Q`imM�i2Hv- 7Q` KQbi K2i?Q/b Q7 /2Ti? �+[mBbBiBQM- i?2 `2bQHmiBQM �M/ [m�HBiv Q7 i?2 /2Ti?
+QKTQM2Mi �`2 bB;MB}+�MiHv HQr2` i?�M i?�i Q7 i?2 _:" +QKTQM2MiX �//BiBQM�HHv- i?2 /2Ti?
+�K2`�b biBHH bmz2` 7`QK ?2�pv b2MbQ` MQBb2bX h?Bb `2bmHib BM i?2 M22/ 7Q` TQbi@T`Q+2bbBM; /2Ti?
BK�;2b �+[mB`2/ 7`QK _:"@. +�K2`�b- #v mbBM; K2i?Q/b BM /2MQBbBM; �M/ mTb�KTHBM;- �M/
Qi?2` 2M?�M+2K2MibX

AM i?2 +QHQ` BK�;2 /QK�BM- i?2 KQbi rB/2Hv �++2Ti2/ 7`�K2rQ`F 2KTHQvb i?2 +QK#BM�iBQM
Q7 i`�Mb7Q`K /QK�BM i2+?MB[m2b �M/ MQMHQ+�H bBKBH�`Biv +?�`�+i2`BbiB+b Q7 M�im`�H BK�;2b (de)X
"�b2/ QM i?Bb 7`�K2rQ`F- K�Mv +QKT2iBiBp2 K2i?Q/b KQ/2H i?2 +Q``2H�iBQM Q7 _:" +?�MM2Hb
rBi? T`2@/2}M2/ Q` �/�TiBp2Hv H2�`M2/ i`�Mb7Q`KbX AM i?2 /2Ti? BK�;2 /QK�BM- ?Qr2p2`-
/Bz2`2Mi �TT`Q�+?2b �`2 M22/2/X

aBM+2 i?2 _:"@. +�K2`� +�Tim`2b BK�;2b i?�i �`2 Q7 ?B;?2` `2bQHmiBQM �M/ HQr2` MQBb2 i?�M
i?2 /2Ti? b2MbQ`b- Bi Bb � `2�bQM�#H2 �TT`Q�+? iQ mb2 i?2 +QHQ` BM7Q`K�iBQM iQ BKT`Qp2 i?2 /2Ti?
/�i�X aQK2 Q7 i?2b2 K2i?Q/b mb2 � ?2m`BbiB+ �bbmKTiBQM #2ir22M +QHQ` �M/ /2Ti? (jR- d3- Ny-
RRk- Red- R3y)- #mi ivTB+�HHv T`Q/m+2 /2Ti? K�Tb rBi? �`iB7�+ib �M/ r?B+? �`2 MQi K2i`B+�HHv
�++m`�i2X _:" BK�;2b +�M �HbQ #2 mb2/ iQ BKT`Qp2 /2Ti? [m�HBiv #v BMp2biB;�iBM; i?2 /2Ti?
i`�MbTQ`i T`Q+2bb (e- 9N- ReN- Rd8)X 6Q` BMbi�M+2- b?�T2@7`QK@b?�/BM; i2+?MB[m2b +�M #2 mb2/
iQ `2}M2 i?2 ;2QK2i`v Q7 i?2 bi`m+im`2b BM i?2 /2Ti? K�T pB� BMp2`b2 `2M/2`BM; QTiBKBx�iBQMX
>Qr2p2`- bm+? QTiBKBx�iBQM Bb BKK2Mb2Hv +?�HH2M;BM; rBi? i`�/BiBQM�H QTiBKBx�iBQM K2i?Q/bX
�//BiBQM�HHv- �`iB7�+ib K�v �TT2�` B7 i?2 ;2QK2i`v Bb MQi T`2+Bb2Hv 2biBK�i2/X

�MQi?2` �TT`Q�+? Bb iQ mb2 KmHiBTH2 /2Ti? 7`�K2b �b BMTmi- �M/ 7mb2 i?2K iQ;2i?2` iQ
BKT`Qp2 i?2 /2Ti? [m�HBivX 6mbBQM K2i?Q/b +QK#BM2 72�im`2 2ti`�+iBQM �M/ K�i+?BM; 7Q`
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bm++22/BM; _:"@. b+�Mb Q7 � b+2M2 (ke- 93- Ry8)- r?B+? BM �//BiBQM iQ `2/m+BM; MQBb2 �HbQ
T2`7Q`Kb j. `2+QMbi`m+iBQM Q7 i?2 b+2M2X "v BMi2;`�iBM; bB;M2/ /Bbi�M+2 7mM+iBQMb- bQK2
K2i?Q/b �`2 �#H2 iQ 2z2+iBp2Hv `2/m+2 MQBb2 (R8- Ry3)X h?2 HBKBi�iBQM rBi? i?2b2 �TT`Q�+?2b Bb
i?�i i?2v `2[mB`2 KmHiBTH2 7`�K2b iQ BKT`Qp2 i?2 �++m`�+v Q7 i?2 Q`B;BM�H /2Ti? K�TX

.�i�@/`Bp2M K2i?Q/b K�v #2 mb2/ iQ BKT`Qp2 i?2 bQHmiBQMb Q7 i?2 T`2pBQmbHv K2MiBQM2/
�TT`Q�+?2bX 6Q` BMbi�M+2- "�``QM 2i �HX (8) mb2 � bi�iBbiB+�H K2i?Q/ r?2`2 T`BQ`b /2`Bp2/ 7`QK
BK�;2b �`2 mb2/ iQ }M/ `2~2+i�M+2- b?�T2 �M/ BHHmKBM�iBQM BM i?2 BMp2`b2 `2M/2`BM; T`Q#H2KX
J2i?Q/b HBF2 i?2b2 /Q MQi `2[mB`2 �Mv H2�`MBM;- #mi i?2v ivTB+�HHv `2[mB`2 b2;K2Mi�iBQM Q7
7Q`2;`QmM/ Q#D2+ib �M/ /2T2M/ ?2�pBHv QM i?2 [m�HBiv Q7 bm+? b2;K2Mi�iBQMX PM i?2 Qi?2`
?�M/- M2m`�H M2irQ`Fb bm+? �b *LLb (ReR- Rek- 38) �`2 �#H2 iQ T`Q/m+2 BKT`2bbBp2 `2bmHib i?�i
�`2 ;2M2`�HBx�#H2 iQ � rB/2 `�M;2 Q7 b+2M�`BQbX h?2b2 K2i?Q/b �HbQ mTb�KTH2 i?2 `2bQHmiBQM Q7
i?2 /2Ti? BK�;2b iQ +QKT�`�#H2 bBx2b iQ i?Qb2 Q7 i?2 _:" BK�;2bX >v#`B/ K2i?Q/b (Rk3- R9R)
?�p2 �HbQ #22M T`QTQb2/- r?2`2 bm#b2[m2Mi QTiBKBx�iBQM bi�;2b �`2 �TTHB2/ iQ i?2 *LL QmiTmi
iQ T`Q/m+2 b?�`T2` `2bmHibX oQBMQp 2i �HX (R8j) /2KQMbi`�i2 i?�i mbBM; � pBbm�H �TT2�`�M+2@
#�b2/ HQbb- mb2/ rBi? 2X;X � *LL- vB2H/b bB;MB}+�MiHv BKT`Qp2/ j. bi`m+im`2b rBi? H2bb �`iB7�+ib
i?�M i?2 T`2pBQmbHv K2MiBQM2/ K2i?Q/bX

�MQi?2` QTiBQM Bb iQ /2MQBb2 i?2 `2bmHiBM; TQBMi +HQm/b �7i2` +QMp2`bBQM 7`QK i?2 /2Ti?
K�TbX AM i?Bb /QK�BM- /22T H2�`MBM; KQ/2Hb �`2 #v 7�` T`Q/m+BM; i?2 #2bi `2bmHib (99- 8d- 3R-
Rk9)X h?2`2 /Q2b MQi b22K- ?Qr2p2`- iQ #2 �Mv �/p�Mi�;2 Q7 /2MQBbBM; i?2 TQBMi +HQm/b `�i?2`
i?�M i?2 /2Ti? K�TbX

jXk a2K�MiB+ a2;K2Mi�iBQM �M/ P#D2+i .2i2+iBQM
S2`?�Tb i?2 KQbi BKTQ`i�Mi i�bF r?2M rQ`FBM; rBi? BK�;2b Bb iQ B/2MiB7v r?�i i?2 BK�;2
`2T`2b2MibX hQ ;�BM � +QKTH2i2 BK�;2 mM/2`bi�M/BM;- 2zQ`i b?QmH/ MQi QMHv #2 Tmi QM +H�bbB7vBM;
BK�;2b- #mi �HbQ iQ 2biBK�i2 r?B+? Q#D2+ib �`2 `2T`2b2Mi2/ �M/ i?2B` HQ+�iBQMb BM i?2 BK�;2X
h?2b2 i�bFb ?�p2 /Bz2`2Mi M�K2b /2T2M/BM; QM i?2 2t�+i 7Q`KmH�iBQM Q7 i?2 T`Q#H2KX P#D2+i
/2i2+iBQM `272`b iQ i?2 i�bF Q7 /2i2+iBM; �HH Q#D2+ib BM �M BK�;2 �M/ HQ+�HBx2 i?2K rBi? �
#QmM/BM; #QtX h?2 #QmM/BM; #Qt +QmH/ �HbQ #2 H�#2H2/ iQ �// BM7Q`K�iBQM QM i?2 Q#D2+i
BMbB/2X a2;K2Mi�iBQM- ?Qr2p2`- `272`b iQ � T�`iBiBQM Q7 �M BK�;2 BMiQ b2p2`�H +Q?2`2Mi T�`ibX
aT2+B}+�HHv- b2K�MiB+ b2;K2Mi�iBQM #Qi? T�`iBiBQMb i?2 BK�;2 �M/ +H�bbB7v 2�+? T�`i BMiQ QM2
b2i Q7 T`2/2}M2/ +H�bb2b- r?B+? BM T`�+iB+2 K2�Mb i?�i i?2 ;Q�H Bb iQ +H�bbB7v 2�+? TBt2H BM i?2
BK�;2X AMbi�M+2 b2;K2Mi�iBQM Bb �M 2p2M KQ`2 �K#BiBQmb i�bF- r?2`2 2�+? BMbi�M+2 Q7 Q#D2+ib
#2HQM;BM; iQ i?2 b�K2 +H�bb b?QmH/ #2 B/2MiB}2/X h?2 /Bz2`2M+2 #2ir22M �HH i?2b2 i�bFb Bb
BHHmbi`�i2/ BM 6B;m`2 jXRX Ai b?QmH/ #2 MQi2/ i?�i i?2b2 i�bFb +�M �HbQ #2 �TTHB2/ iQ Qi?2` /�i�
i?�M BK�;2bX 6Q` BMbi�M+2- #QmM/BM; #Qt2b +�M #2 /`�rM �`QmM/ i?`22@/BK2MbBQM�H /�i� r?B+?
+QmH/ �HbQ #2 b2;K2Mi2/ BMiQ Bib +QMbiBim2Mi T�`ibX

_2+2Mi bm`p2vb �M/ `2pB2rb (j3- R93- Rd3) +QM+Hm/2 i?�i /22T H2�`MBM; K2i?Q/b Bb i?2 +m``2Mi
bi�i2@Q7@i?2 �`i- �M/ i?�i i?2v ?�p2 K�Mv T`QKBbBM; /B`2+iBQMb 7Q` 7mim`2 rQ`FX h?2b2 K2i?Q/b
�`2 �#H2 iQ 2ti`�+i ?B;?@H2p2H 72�im`2b �M/ �`2 i?mb �#H2 iQ �//`2bb i?2 Bbbm2b 2tBbiBM; rBi?
+H�bbB+�H K2i?Q/bX JQbi MQi�#Hv- TQTmH�` +H�bbB+�H K2i?Q/b bm+? �b ;`�v H2p2H b2;K2Mi�iBQM-
r?B+? ?�`/@+Q/2b `mH2b U;`�v H2p2H BMi2MbBiB2bV � `2;BQM Kmbi b�iBb7v 7Q` Bi iQ #2 �bbB;M2/ �
T�`iB+mH�` H�#2HX Ai KB;?i rQ`F bQK2r?�i r2HH 7Q` /2Ti? BK�;2b- r?2`2 Q#D2+ib BM i?2 7Q`2;`QmM/
KB;?i ?�p2 /BbiBM+iHv /Bz2`2Mi /2Ti? i?�M i?2B` bm``QmM/BM;bX >Qr2p2`- Bi rBHH 7�BH 7Q` +�b2b
bm+? �b � i�#H2iQT r?B+? +�M bT�M � `2H�iBp2Hv ?B;? H2M;i? BM i?2 /2Ti? /BK2MbBQM- �M/ i?mb
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U�V *H�bbB}+�iBQM U#V P#D2+i .2i2+iBQM

U+V a2K�MiB+ a2;K2Mi�iBQM U/V AMbi�M+2 a2;K2Mi�iBQM

6B;m`2 jXR, h?2 /Bz2`2M+2 #2ir22M +H�bbB}+�iBQM UB/2MiB7v r?B+? Q#D2+i Bb BM i?2 b+2M2V- Q#D2+i
/2i2+iBQM U}M/ iB;?i #QmM/BM; #Qt2b �`QmM/ 2�+? BMbi�M+2 Q7 �M Q#D2+i BM � b+2M2V-
b2K�MiB+ b2;K2Mi�iBQM UB/2MiB7v i?2 TBt2H HQ+�iBQMb Q7 2�+? Q#D2+i +H�bb BM � b+2M2V-
�M/ BMbi�M+2 b2;K2Mi�iBQM UB/2MiB7v i?2 TBt2H HQ+�iBQMb Q7 2�+? BMbi�M+2 Q7 2�+?
+H�bb BM � b+2M2VX

#2 7�Hb2Hv #2 b2;K2Mi2/ BMiQ KmHiBTH2 T�`iBiBQMbX .22T H2�`MBM; K2i?Q/b- QM i?2 Qi?2` ?�M/-
�`2 T`Q/m+BM; `2bmHib Q7 BKT`2bbBp2 [m�HBiv BM +�b2b HBF2 i?2b2X

AM i?Bb rQ`F- _:"@. BK�;2b rBHH #2 i?2 `�r /�i� r?B+? b?QmH/ #2 b2;K2Mi2/ BM Q`/2`
iQ 2ti`�+i i?2 Q#D2+ib Q7 BMi2`2biX aBM+2 2�+? Q#D2+i ?�b iQ #2 BM/BpB/m�HHv B/2MiB}2/- BMbi�M+2
b2;K2Mi�iBQM K2i?Q/b BM T�`iB+mH�` rBHH #2 Q7 bT2+B�H BMi2`2biX h?2 �//BiBQM�H /�i� BM i?2 /2Ti?
BK�;2 b?QmH/ BMimBiBp2Hv ;Bp2 � p�biHv BKT`Qp2/ BM7Q`K�iBQM 7QmM/�iBQM +QKT�`2/ iQ BK�;2b
rBi? QMHv +QHQ` /�i�X >Qr2p2`- i?2 bi�i2@Q7@i?2 �`i �TT`Q�+?2b r?B+? mb2 QMHv +QHQ` BK�;2b
�b i?2 i`�BMBM; /�i� +QmH/ TQbbB#Hv #2 i`�Mb72``2/ iQ +Q``2bTQM/BM; �TT`Q�+?2b r?2`2 _:"@.
/�i� Bb mb2/ BMbi2�/- �b i?2 QMHv /Bz2`2M+2 Bb �M �//2/ +?�MM2H iQ i?2 M2m`�H M2irQ`F BMTmi
UBX2X i?2 /2Ti?VX

*m``2Mi BMbi�M+2 b2;K2Mi�iBQM K2i?Q/b +�M #2 `Qm;?Hv +�i2;Q`Bx2/ BMiQ irQ +H�bb2bc
/2i2+iBQM #�b2/ K2i?Q/b �M/ b2;K2Mi�iBQM #�b2/ K2i?Q/bX .2i2+iBQM@#�b2/ K2i?Q/b (Re-
kd- 88- 3e- RRN) mb2 /2i2+iQ`b 7`QK Q#D2+i@/2i2+iBQM M2irQ`Fb bm+? �b 6�bi2` _@*LL (Rke) Q`
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_@6*L (k3) iQ ;2i i?2 `2;BQM Q7 2�+? BMbi�M+2- �M/ i?2M T`2/B+i i?2 K�bF 7Q` 2�+? `2;BQMX
� +QKKQM HBKBi�iBQM rBi? i?2b2 K2i?Q/b Bb i?�i K�bF [m�HBiv Bb QMHv K2�bm`2/ #v i?2
+H�bbB}+�iBQM b+Q`2b- r?B+? QMHv /BbiBM;mBb?2b i?2 b2K�MiB+ +�i2;Q`B2b Q7 T`QTQb�Hb- �M/ /Q
MQi +QMi`QH i?2 [m�HBiv Q7 i?2 BMbi�M+2 K�bFX >B;? +H�bbB}+�iBQM b+Q`2b +�M #2 �+?B2p2/ 7Q` i?2
HQ+�HBx2/ #QmM/BM; #Qt2b- #mi i?2 +Q``2bTQM/BM; K�bFb K�v #2 BM�++m`�i2X h?2 Qi?2` +H�bb-
b2;K2Mi�iBQM #�b2/ K2i?Q/b (Rk- j9- 8R- e9- dk- 3d- Rye)- T`2/B+i i?2 +�i2;Q`v H�#2Hb Q7 2�+?
TBt2H }`bi �M/ i?2M ;`QmT i?2K iQ;2i?2` iQ 7Q`K i?2 `2;BQM K�bFbX >Qr2p2`- � /`�r#�+F rBi?
#Qi? Q7 i?2 �7Q`2K2MiBQM2/ +H�bb2b Bb i?�i i?2v /Q MQi +QMbB/2` i?2 �HB;MK2Mi #2ir22M K�bF
b+Q`2 �M/ K�bF [m�HBivX � K�bF ?vTQi?2bBb +QmH/ #2 `�MF2/ rBi? HQr T`BQ`Biv B7 Bi ?�b � HQr
K�bF b+Q`2- 2p2M i?Qm;? Bib AQl �;�BMbi ;`QmM/ i`mi? Bb ?B;?X

>m�M; 2i �HX (8N) �//`2bb2/ i?2b2 Bbbm2b #v BMi`Q/m+BM; � /2i2+iBQM b+Q`2 +Q``2+iBQM iQ
i?2 /2i2+iBQM@#�b2/ K2i?Q/ J�bF _@*LL (88)- r?B+? `2bmHi2/ BM � M2irQ`F i?�i Bb i?2 +m``2Mi
bi�i2@Q7@i?2 �`iX *QM+2Tim�HHv- �b b?QrM BM 6B;m`2 jXk i?2 M2irQ`F Bb +QKTQb2/ Q7 J�bF _@*LL
rBi? � J�bFAQl ?2�/- r?B+? T`2/B+ib i?2 BMi2`b2+iBQM Qp2` mMBQM #2ir22M i?2 BMTmi K�bF Ui?2
BMbi�M+2 72�im`2 �M/ i?2 T`2/B+i2/ K�bFV �M/ i?2 ;`QmM/ i`mi? K�bFX J�bF _@*LL 7m`i?2`
+QMbBbib Q7 irQ bi�;2bX h?2 }`bi bi�;2 Bb +�HH2/ i?2 _2;BQM S`QTQb�H L2irQ`F U_SLV- r?B+?
`2;�`/H2bb Q7 Q#D2+i +�i2;Q`B2b T`QTQb2 +�M/B/�i2 Q#D2+i #QmM/BM; #Qt2bX h?2 b2+QM/ bi�;2 Bb
`272``2/ iQ �b i?2 _@*LL bi�;2- r?B+? 7Q` 2�+? T`QTQb�H 2ti`�+ib 72�im`2b mbBM; _QA�HB;M �b
KQ`2 T`2+Bb2Hv 2tTH�BM2/ BM 6B;m`2 jXjX Ai �HbQ T2`7Q`Kb +H�bbB}+�iBQM- #QmM/BM; #Qt `2;`2bbBQM
�M/ K�bF T`2/B+iBQMX

6B;m`2 jXk, J�bF a+Q`BM; _@*LL �`+?Bi2+im`2X � #�+F#QM2 M2irQ`F Bb mbBM; _SL �M/
_QA�HB;M QM i?2 BMTmi BK�;2 iQ ;2M2`�i2 _QA 72�im`2bX "Qi? i?2 _*LL >2�/ �M/
J�bF >2�/ �`2 +QKTQM2Mib 2ti`�+i2/ 7`QK J�bF _@*LLX h?2 J�bFAQl >2�/ Bb
mb2/ iQ T`2/B+i i?2 J�bFAQlX h?2 H�v2`b rBi? MmK#2`b k×k×d �`2 +QMpQHmiBQM�H
H�v2`b- r?BH2 i?2 H�v2`b rBi? QMHv QM2 MmK#2` �`2 7mHHv +QMM2+i2/X *Qm`i2bv Q7
>m�M; 2i �HX (8N)X
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6B;m`2 jXj, _QA�HB;M +QKTmi2b i?2 p�Hm2 Q7 2�+? b�KTHBM; TQBMi #v #BHBM2�` BMi2`TQH�iBQM
7`QK i?2 M2�`#v ;`B/ TQBMib QM i?2 72�im`2 K�TX AM i?2 };m`2- i?2 /�b?2/ ;`B/
Bb `2T`2b2Mi2/ �b � 72�im`2 K�T- r?BH2 _QA Bb ?2`2 `2T`2b2Mi2/ #v bQHB/ HBM2b rBi?
2 × 2 #BMb- �M/ i?2 /Qib �`2 i?2 7Qm` b�KTHBM; TQBMib BM 2�+? #BMX *Qm`i2bv Q7 >2
2i �HX (88)X

h?2 b+Q`BM; Q7 T`2/B+i2/ K�bF Bb /2}M2/ �b smask = scls · siou- r?2`2 scls Bb i?2 b+Q`2 Q7 i?2
+H�bbB}+�iBQM T`QTQb�H �M/ siou Bb i?2 b+Q`2 7Q` `2;`2bbBM; i?2 J�bFAQlX h?Bb /2+QKTQbBiBQM Q7
smask /B`2+iHv 7QHHQrb 7`QK irQ +`Bi2`B�, Ai b?QmH/ #2 2[m�H iQ i?2 TBt2H@H2p2H AQl #2ir22M i?2
T`2/B+i2/ K�bF �M/ Bib K�i+?2/ ;`QmM/ i`mi? K�bFX aBM+2 � K�bF QMHv #2HQM;b iQ QM2 +H�bb-
Bi b?QmH/ �HbQ #2 TQbBiBp2 7Q` ;`QmM/ i`mi? +�i2;Q`v- �M/ x2`Q 7Q` Qi?2` +H�bb2bX

S`2pBQmb rQ`F BM _:"@. BK�;2 b2;K2Mi�iBQM +QK#BM2/ irQ M2irQ`Fb 7Q` _:" �M/ /�i�X �
+QKKQM �TT`Q�+? rBi? i?2b2 K2i?Q/b Bb iQ T`2i`�BM � KQ/2H QM � H�`;2 _:" /�i�b2i �M/ i?2M
}M2 imM2 Bi QM i?2 i�`;2i _:" �M/ /2Ti? /�i�b2iX h?Bb ?�b #22M � M2+2bb�`v �TT`Q�+? �b mMiBH
`2+2MiHv _:"@. /�i�b2ib ?�p2 #22M HBKBi2/ BM i2`Kb Q7 bBx2 Ub22 h�#H2 jXk BM a2+iBQM 9XRXkVX
>Qr2p2`- i?2 �TT`Q�+? ?�b b2p2`�H HBKBi�iBQMbX h?2 HQr@H2p2H }Hi2`b H2�`M2/ 7`QK i?2 _:" /�i�
�`2 MQi mb2/ 7Q` i?2 /2Ti? /�i�- �M/ i?mb i?2 M2irQ`F +�MMQi T`QT2`Hv 2tTHQBi /2Ti?@bT2+B}+
T�ii2`MbX 6m`i?2`- _:" �M/ /2Ti? 72�im`2b �`2 QMHv +QK#BM2/ � ?B;? H2p2Hb UBX2X i?2 H�bi
H�v2`bVX

� b2+QM/ QTiBQM QM BM+Hm/BM; /2Ti? /�i� BM b2;K2Mi�iBQM M2irQ`Fb Bb iQ 2M+Q/2 i?2K �b
_:" /�i�- bm+? �b mbBM; i?2 >>� �TT`Q�+? #v :mTi� 2i �HX (9e)X qBi? i?Bb 2M+Q/BM;- i?2 /2Ti?
BK�;2 Bb `2T`2b2Mi2/ rBi? i?`22 +?�MM2Hb �i 2�+? TBt2H, ?Q`BxQMi�H /BbT�`Biv- ?2B;?i �#Qp2 i?2
;`QmM/- �M/ i?2 �M;H2 i?2 TBt2HǶb HQ+�H bm`7�+2 MQ`K�H K�F2b rBi? i?2 BM72``2/ ;`�pBiv /B`2+iBQMX
>�xB`#�b 2i �HX (8k) b?Qr2/ i?�i _:"@>>� QmiT2`7Q`Kb Qi?2` BMTmi 7Q`Kb bm+? �b _:"@.-
r?B+? ?�p2 bBKBH�` �++m`�+v �b QMHv _:" BMTmiX >Qr2p2`- i?2v �HbQ b?Qr2/ i?�i i?2 >>�
2M+Q/BM; /Q2b MQi ?QH/ KQ`2 BM7Q`K�iBQM i?�M i?2 /2Ti? BK�;2- #mi ?BMi2/ i?�i bTHBiiBM; mT
i?2 _:"@. /�i� BMiQ _:" �M/ /2Ti? BK�;2b rQmH/ 7mHHv miBHBx2 i?2 /2Ti? BM7Q`K�iBQMX

JQ`2 `2+2Mi _:"@. BK�;2 b2;K2Mi�iBQM M2irQ`Fb ?�p2 bm++2bb7mHHv i`�BM2/ 2M+Q/2`@
/2+Q/2`@HBF2 M2irQ`Fb QM +QK#BM2/ _:" �M/ /2Ti? /�i� (8k- ej- Rje)X h?2 2M+Q/2` BM i?2b2
M2irQ`Fb +QMbBbib Q7 KmHiBTH2 #`�M+?2b i?�i bBKmHi�M2QmbHv 2ti`�+i 72�im`2b 7`QK _:" �M/
/2Ti? BK�;2bX h?2b2 72�im`2b �`2 i?2M 7mb2/ iQ;2i?2` �7i2` 2�+? H�v2`X h?2 M2irQ`F _2/L2i
#v CB�M; 2i �HX (ej) BM T�`iB+mH�` �+?B2p2 bi�i2@Q7@i?2 �`i QM i?2 alL _:"@. #2M+?K�`F /�i�b2i
#v �HbQ �TTHvBM; /2Ti? 7mbBQM bi`m+im`2 QM i?2 /QrMb�KTH2 T�`i Q7 i?2 M2irQ`F- �M/ �TTHv
bFBT@+QMM2+iBQMb iQ #vT�bb i?2 7mb2/ BM7Q`K�iBQM iQ i?2 /2+Q/2` 7Q` 7mHH@`2bQHmiBQM b2K�MiB+
T`2/B+iBQMX � K�BM HBKBi�iBQM rBi? _2/L2i Bb i?�i Bi M22/b iQ #2 KQ/B}2/ iQ /Q BMbi�M+2
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b2;K2Mi�iBQM- r?B+? Bb � MQM@i`BpB�H i�bFX
AM i?2 j. /QK�BM- b2;K2Mi�iBQM �M/ Q#D2+i /2i2+iBQM QM TQBMi +HQm/b ?�b b?QrM T`QKBbBM;

`2bmHib (RR3- RkR- RjN- Rej)X �b TQBMi +HQm/b +QmH/ #2 /B`2+iHv BM72``2/ 7`QK /2Ti? BK�;2b-
bm+? K2i?Q/b +QmH/ TQi2MiB�HHv #2 Q7 BMi2`2bi BM i?Bb rQ`FX >Qr2p2`- i?2v /Bb+�`/ �Mv +QHQ`
BM7Q`K�iBQM BM i?2 /�i� �M/ �`2 i?mb KQ`2 `2H2p�Mi 7Q` GB.�_ b+�Mb BM i2`Kb Q7 `2�H@rQ`H/
�TTHB+�iBQMbX

jXj SQBMi *HQm/ _2;Bbi`�iBQM
SQBMi +HQm/ `2;Bbi`�iBQM Bb � F2v T`Q#H2K BM +QKTmi2` pBbBQM r?B+? BMpQHp2b }M/BM; � `B;B/
i`�Mb7Q`K�iBQM 7`QK QM2 TQBMi +HQm/ iQ �MQi?2` bQ i?�i i?2v �HB;MX lb2 +�b2b BM+Hm/2 b+�MMBM;
� b+2M2- r?2`2 Bi Bb BKTQ`i�Mi iQ i`�Mb7Q`K i?2 TQBMi +HQm/b iQ i?2 b�K2 `272`2M+2 +QQ`/BM�i2b-
Q` �HB;MBM; � T�`iB�H b+�M Q7 �M Q#D2+i iQ i?�i Q7 � `272`2M+2 TQBMi +HQm/ �+[mB`2/ 7`QK � /�i�b2i-
r?B+? Bb QM2 Q7 i?2 +Q`2 i�bFb BM i?Bb rQ`FX

Ai2`�iBp2 *HQb2bi SQBMi UA*SV (N) Bb i?2 KQbi TQTmH�` `2;Bbi`�iBQM �H;Q`Bi?KX h?Bb �H;Q`Bi?K
Bi2`�iBp2Hv 2biBK�i2b i?2 TQBMi +Q``2bTQM+2M+2 BM i?2 7QHHQrBM; K�MM2`, 6Q` 2�+? TQBMi BM i?2
}`bi TQBMi +HQm/- i?2 +HQb2bi TQBMi BM i?2 b2+QM/ TQBMi +HQm/b Bb b2�`+?2/ 7Q`X h?2M- bQHp2 7Q` �M
�{M2 i`�Mb7Q`K�iBQM r?B+? KBMBKBx2b i?2 /Bbi�M+2 #2ir22M i?2b2 TQBMi T�B`bX h?2 }`bi TQBMi
+HQm/ Bb i?2M mT/�i2/ rBi? i?Bb �{M2 i`�Mb7Q`K- �M/ i?2 T`Q+2bb Bb `2T2�i2/ mMiBH i?2 +?�M;2
BM K2�M@b[m�`2 2``Q` 7�HHb #2HQr � T`2b2i i?`2b?QH/X h?2 �`2 KmHiBTH2 p�`B�iBQMb Q7 A*S (Rjj)-
r?B+? ?�M/H2b i?2b2 bi2Tb bHB;?iHv /Bz2`2MiHv iQ �//`2bb Bbbm2b `2;�`/BM; 2X;X QmiHB2`b BM i?2
TQBMi +HQm/bX 6Q` BMbi�M+2- i?2 b2�`+? 7Q` +HQb2bi TQBMib +QmH/ #2 /QM2 mbBM; k@/ i`22 M2�`2bi@
M2B;?#Q` b2�`+?- �M/ i?2 i`�Mb7Q`Kb +QmH/ #2 bQHp2/ mbBM; bBM;mH�` p�Hm2 /2+QKTQbBiBQM Uao.VX
>Qr2p2`- �HH p�`B�iBQMb Q7 A*S K2i?Q/b ?�p2 bQK2 2bb2MiB�H /`�r#�+Fb, h?2v �`2 b2MbBiBp2 iQ
BMBiB�HBx�iBQM- BM i?�i i?2v �`2 T`QM2 iQ � HQ+�H KBMBK� /m2 iQ MQM@+QMp2tBivX 6m`i?2`- i?2 +HQb2bi
TQBMi +Q``2bTQM/2M+2b �`2 2tTHB+BiHv 2biBK�i2/- r?B+? +�mb2b i?2 +QKTH2tBiv MQi iQ b+�H2 r2HH
rBi? BM+`2�bBM; TQBMi +HQm/ bBx2bX Ai rQmH/ �HbQ #2 mb27mH iQ BM+Q`TQ`�i2 i?2b2 K2i?Q/b BMiQ �
/22T H2�`MBM; +QMi2ti- #mi i?Bb Bb MQMi`BpB�H /m2 iQ Bbbm2b rBi? /Bz2`2MiB�#BHBivX

q?2M � ;HQ#�H bQHmiBQM Bb /2bB`2/- BX2X r?2M i?2 TQBMi +HQm/b �`2 MQi `Qm;?Hv �HB;M2/ T`BQ`
iQ `2;Bbi`�iBQM- :Q@A*S (Ree) +QmH/ #2 mb2/X Ai Bb � #`�M+? �M/ #QmM/@#�b2/ QTiBKBx�iBQM
�TT`Q�+? iQ b2�`+? i?2 KQiBQM bT�+2 SE(3) iQ Q#i�BM � ;HQ#�HHv QTiBK�H TQb2X Pi?2`
K2i?Q/b r?B+? �ii2KTi iQ }M/ i?2 ;HQ#�HHv QTiBK�H 2biBK�i2b �`2 #�b2/ QM _B2K�MMB�M
QTiBKBx�iBQM (Rjk)- b2KB@/2}MBi2 T`Q;`�KKBM; (83- Nk)- �M/ KBt2/ BMi2;2` T`Q;`�KKBM; (ek)X
�HH i?2b2 K2i?Q/b �`2 b2p2`2Hv HBKBi2/ BM i2`Kb Q7 `2�H@iBK2 mb27mHM2bb /m2 iQ i?2B` H�`;2
+QKTmi�iBQM iBK2X

aQK2 �TT`Q�+?2b 2biBK�i2 BMi2`2bi TQBMib iQ ?2HT rBi? `2;Bbi`�iBQM (9y- 9R)X h?2b2 K2i?Q/b
KB;?i BM+`2�b2 i?2 +QKTmi�iBQM�H bT22/- #mi �`2 MQi ;2M2`�HBx�#H2 iQ �HH �TTHB+�iBQMbX

_2+2Mi 2zQ`ib ?�p2 �TTHB2/ ;`�T? M2m`�H M2irQ`Fb iQ �//`2bb /B{+mHiB2b BM i?2 +H�bbB+�H
A*S TBT2HBM2X 6Q` BMbi�M+2- �QFB 2i �HX (k) mb2 � SQBMiL2i@�`+?Bi2+im`2 iQ H2�`M TQBMi +HQm/
`2T`2b2Mi�iBQMb (Rkj)- r?BH2 q�M; 2i �H (R88) mb2 .:*LL (R8e) 7Q` i?Bb Tm`TQb2X h?2 H�ii2`
K2i?Q/- M�K2/ .22T *HQb2bi SQBMi U.*SV- +QMbiBimi2b i?2 +m``2Mi bi�i2@Q7@i?2 �`i QM TQBMi
+HQm/ `2;Bbi`�iBQM �M/ rBHH 7Q`K i?2 #�bBb 7Q` i?2 `2;Bbi`�iBQM T�`i Q7 i?Bb rQ`FX A7 2ti`�
�++m`�+v Bb /2bB`2/- A*S +�M #2 mb2/ iQ i?2 QmiTmi 7`QK .*S iQ `2}M2 i?2 `2bmHiX

� K�DQ` /`�r#�+F rBi? �HH i?2 �7Q`2K2MiBQM2/ �TT`Q�+?2b Bb i?�i i?2v QMHv �HB;M TQBMi
+HQm/b i?�i �`2 Q7 i?2 b�K2 bBx2X h?�i Bb- i?2v �`2 �#H2 iQ +Q``2+iHv `Qi�i2 �M/ i`�MbH�i2 i?2
TQBMi +HQm/b iQ K�i+?- #mi MQi b+�H2 i?2K �TT`QT`B�i2HvX JQbi �TTHB+�iBQMb BM+Hm/2 TQBMi +HQm/b
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Q7 /Bz2`2Mi b+�H2b- r?B+? K2�Mb i?�i i?Bb Bb � p2`v BKTQ`i�Mi Bbbm2X >Qr2p2`- i?Bb `2b2�`+? BM
i?Bb �`2� biBHH b22Kb iQ #2 BM i?2 2�`Hv bi�;2bX aQK2 `2+2Mi rQ`F (Rd- R3- 3N) T`2b2Mib � 72r
�TT`Q�+?2b iQ i?2 Bbbm2- #mi i?2v ;Bp2 � HBKBi2/ �++m`�+v QM TQBMi +HQm/b r?B+? �`2 Q7 rB/2Hv
/Bz2`2Mi b+�H2b- Q` r?2M i?2v /Bz2` BM i2`Kb Q7 +QKTH2i2M2bbX

jX9 j. a?�T2 *QKTH2iBQM
j. b?�T2 +QKTH2iBQM Bb � bm#@}2H/ BM +QKTmi2` pBbBQM �M/ +QKTmi2` ;`�T?B+b r?B+? Bb +QM+2`M2/
rBi? i?2 T`Q#H2K Q7 2biBK�iBM; � +QKTH2i2 j. bi`m+im`2 Q7 �M Q#D2+i ;Bp2M bT�`b2 Q` T�`iB�H
BMTmi Q#b2`p�iBQMb Q7 �M Q#D2+iX am+? T�`iB�H Q#b2`p�iBQMb +QmH/ #2 /2Ti? BK�;2b 7`QK
QM2 pB2rBM; �M;H2 Q` TQBMi +HQm/b 7`QK GB.�_ b+�MbX h?Bb T`Q#H2K +Q``2bTQM/b iQ BK�;2@
BMT�BMiBM; BM k. +QKTmi2` pBbBQMX AM i?`22 /BK2MbBQMb- i?2 T`Q#H2K Bb 2p2M KQ`2 /�mMiBM; �b
BM i?2Q`v �M BM}MBi2 MmK#2` Q7 j. KQ/2Hb +�M #2 �bbQ+B�i2/ rBi? � T�`iB�H Q#b2`p�iBQMX 6Q`
`272`2M+2- � `2H�i2/ T`Q#H2K Bb j. `2+QMbi`m+iBQM- r?B+? Bb i?2 T`Q#H2K Q7 `2+Qp2`BM; Q#D2+i
b?�T2 7`QK 2Bi?2` � bBM;H2 BK�;2 Q` KmHiBTH2 BK�;2bX wQHH?ƺ72` 2i �HX (R3R) `2+2MiHv Tm#HBb?2/
� `2pB2r QM bi�i2 Q7 i?2 �`i QM j. `2+QMbi`m+iBQM rBi? _:"@. +�K2`�b- #mi i?2B` K�BM 7Q+mb
Bb QM `2+QMbi`m+iBM; +QKTH2i2 b+2M2b- �M/ MQi BM/BpB/m�H Q#D2+ibX h?2`27Q`2- i?2 KQbi `2H2p�Mi
T�T2`b iQ j. b?�T2 +QKTH2iBQM �`2 KBbbBM; BM i?�i `2pB2rX

AM ;2M2`�H- 2tBbiBM; K2i?Q/b 7Q` j. b?�T2 +QKTH2iBQM +�M `Qm;?Hv #2 +�i2;Q`Bx2/ BMiQ
;2QK2i`v@#�b2/- �HB;MK2Mi@#�b2/ �M/ H2�`MBM;@#�b2/ �TT`Q�+?2bX h?2b2 �TT`Q�+?2b rBHH #2
/Bb+mbb2/ BM /2i�BH BM i?2 7QHHQrBM; b2+iBQMb- rBi? � 7Q+mb QM i?2 H2�`MBM;@#�b2/ �TT`Q�+?2b �b
i?2 KQbi `2+2Mi HBi2`�im`2 �M/ bi�i2@Q7@i?2 �`i #2HQM; iQ i?Bb +�i2;Q`vX

jX9XR :2QK2i`v@#�b2/ b?�T2 +QKTH2iBQM
:2QK2i`v@#�b2/ b?�T2 +QKTH2iBQM mb2 ;2QK2i`B+ T`QT2`iB2b 7`QK i?2 T�`iB�H BMTmi rBi?Qmi �Mv
2ti2`M�H /�i� iQ QmiTmi � +QKTH2i2 b?�T2X

AM ;2QK2i`v T`Q+2bbBM;- b?�T2 +QKTH2iBQM ?�b #22M � HQM;@bim/B2/ T`Q#H2K r?2`2 ?QH2
BM}HHBM; BM T�`iB+mH�` ?�b #22M QM2 Q7 i?2 K�BM �`2�b Q7 7Q+mbX a2p2`�H i`�/BiBQM�H �H;Q`Bi?Kb
�BK iQ }i BM HQ+�H bm`7�+2 T`BKBiBp2b bm+? �b TH�M2b Q` [m�/`B+bX 6Q` BMbi�M+2- KBMBKmK �`2�
i`B�M;mH�iBQM (9) }M/b i?2 i`B�M;mH�iBQM Q7 � K2b? i?�i ?�b i?2 bK�HH2bi K2�bm`2 BM i2`Kb Q7
K2i`B+b bm+? �b �`2� Q` 2/;2 H2M;i?X GB2T�Ƕb ?QH2@}HHBM; �H;Q`Bi?K (33) BMbi2�/ HQQFb 7Q` �
i`B�M;mH�iBQM rBi? i?2 bK�HH2bi /B?2/`�H �M;H2 Ui?2 �M;H2 #2ir22M irQ BMi2`b2+iBM; TH�M2bVX �
pQHmK2i`B+ �TT`Q�+? Bb BMi`Q/m+2/ BM i?2 `Q#mbi `2T�B` (e8) �H;Q`Bi?K- r?B+? /2i2`KBM2b ;`B/
2/;2b Q7 � `2;mH�` pQt2H ;`B/ i?�i BMi2`b2+i i?2 K2b?- �M/ i?2M mb2b K�`+?BM; +m#2b (NR) iQ
`2+QMbi`m+i � +QKTH2i2 TQHv;QM bm`7�+2X h?2b2 �H;Q`Bi?Kb }MBb? BM mT iQ O(n3) iBK2- K�FBM;
i?2K iQQ bHQr 7Q` `2�H@iBK2 �TTHB+�iBQMbX

�Hi2`M�iBp2Hv- � +QMiBMmQmb 2M2`;v KBMBKBx�iBQM �TT`Q�+? bm+? �b G�TH�+B�M bKQQi?@
BM; (Ry9- R9k- Rdd) +QmH/ #2 �TTHB2/X h?Bb Bb 2[mBp�H2Mi iQ 7Q`KmH�iBM; i?2 T`Q#H2K �b �M
QTiBKBx�iBQM T`Q#H2KX h?2b2 K2i?Q/b `2T`2b2Mi � K2b? �b � ;`�T? G = (V ,E)- rBi? p2`iB+2b
V �M/ 2/;2b E- r?2`2 V = [v⊤

1 ,v⊤
2 , . . . ,v⊤

n ]⊤- vi = [vix, viy, viz]⊤ ∈ R3 Bb i?2 Q`B;BM�H ;2QK@
2i`v- �M/ V ′ Bb i?2 /BbTH�+2/ ;2QK2i`vX 6m`i?2`KQ`2- δi Bb i?2 G�TH�+B�M Q7 vi- i?2 `2bmHi Q7
�TTHvBM; i?2 /Bb+`2i2 G�TH�+2 QT2`�iQ` iQ vi- BX2X

δi =
∑

{i,j}∈E

wij(vj − vi) =

⎡

⎢⎣
∑

{i,j}∈E

wijvj

⎤

⎥⎦− vi UjXRV
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r?2`2 ∑{i,j}∈E wij = 1- �M/ r2B;?ib

wij = ωij∑
{i,j}∈E ωij

UjXkV

r?2`2 ωij +�M #2 +?Qb2M iQ #2 2X;X ωij = 1X h?2 G�TH�+B�M 7Q` i?2 2MiB`2 K2b? Bb Q#i�BM2/ #v
mbBM; i?2 n × n G�TH�+B�M K�i`Bt L rBi? 2H2K2Mib

Lij =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

−1 i = j

wij (i, j) ∈ E

0 otherwise

UjXjV

h?Bb G�TH�+B�M K�i`Bt Bb mb2/ BM i?2 �H;Q`Bi?K H2�bi b[m�`2 K2b?2b #v aQ`FBM2 2i �HX (R9k)-
r?Q /2KQMbi`�i2 ?Qr � K2b? +�M #2 `2+QMbi`m+i2/ 7`QK QMHv +QMM2+iBpBiv BM7Q`K�iBQMX h?2
TQbBiBQMb x- y �M/ z �`2 bQHp2/ 7Q` b2T�`�i2Hv #v KBMBKBxBM; i?2 [m�/`�iB+ 2M2`;v

∥∥∥LuV
′

d

∥∥∥
2

+
∑

s∈C

w2
s

∣∣∣v′
sd − vsd

∣∣∣
2

UjX9V

>2`2- C ⊂ V Q7 m ;2QK2i`B+�HHv +QMbi`�BM2/ p2`iB+2b U�M+?Q`bV �M/ V ′
d =

[v′
1d, v′

2d, . . . , v′
nd]⊤, d ∈ {x, y, z}X h?2 b+�H�`b vsd �`2 i?2 biQ`2/ �M+?Q` TQbBiBQMb �M/ w2

s �`2
r2B;?iBM; 7�+iQ`bX h?2 Qp2`/2i2`KBM2/ HBM2�` bvbi2K

[
Lu

Im×m|0

]

︸ ︷︷ ︸
A

V ′
d =

[
0

V(1...m)d

]

︸ ︷︷ ︸
b

UjX8V

r?2`2 Im×m Bb i?2 B/2MiBiv K�i`Bt �M/ 0 Bb i?2 x2`Q@p2+iQ` Bb i?2M bQHp2/ rBi? H2�bi b[m�`2b
�b V ′

d = (A⊤A)−1A⊤bX
G�TH�+B�M K2b? bKQQi?BM; (Ry9) ;2M2`�HBx2b i?2 T`2pBQmb K2i?Q/ #v KQ/B7vBM; Bi iQ BM+Hm/2

�HH p2`iB+2b �b #Qi? G�TH�+B�M �M/ TQbBiBQM�H +QMbi`�BMibX
� i?B`/ QTiBQM Bb SQBbbQM bm`7�+2 `2+QMbi`m+iBQM (e3- eN)- r?B+? Bb � i2+?MB[m2 7Q` +`2�iBM;

r�i2`iB;?i bm`7�+2b 7`QK Q`B2Mi2/ TQBMi b�KTH2b- bm+? �b TQBMi +HQm/b �+[mB`2/ 7`QK j. `�M;2
b+�MM2`bX h?2 r�i2`iB;?i K2b? +�M #2 Q#i�BM2/ #v i`�Mb7Q`KBM; i?2 Q`B2Mi2/ TQBMi b�KTH2b
BMiQ � +QMiBMmQmb p2+iQ` }2H/ BM j.- 7Q` i?2M iQ }M/ � b+�H�` 7mM+iBQM r?Qb2 ;`�/B2Mib #2bi
K�i+? i?2 p2+iQ` }2H/- �M/ }M�HHv 2ti`�+i i?2 �TT`QT`B�i2 BbQbm`7�+2- r?B+? Bb � bm`7�+2 i?�i
`2T`2b2Mib TQBMib Q7 � +QMbi�Mi p�Hm2X AM i?Bb +QMi2ti- i?2 BbQbm`7�+2 BKTHB2b i?2 bm`7�+2 Q7 �
j. Q#D2+iX

h?2 Q`B;BM�H SQBbbQM bm`7�+2 `2+QMbi`m+iBQM �TT`Q�+? `2+QMbi`m+i i?2 bm`7�+2 Q7 i?2 KQ/2H
M #v bQHpBM; 7Q` �M BM/B+�iQ` 7mM+iBQM χ Q7 i?2 b?�T2,

χM =

⎧
⎨

⎩
1 if p ∈ M

0 if p /∈ M
UjXeV

h?Bb BM/B+�iQ` 7mM+iBQM Bb /2}M2/ �b R BMbB/2 i?2 KQ/2H- �M/ y QmibB/2X h?2 T`Q#H2K Bb i?2M
`2T?`�b2/ BMiQ ?Qr i?2 BM/B+�iQ` 7mM+iBQM +�M #2 +QMbi`m+i2/X :Bp2M � TQBMi +HQm/ rBi?
Q`B2Mi2/ TQBMib- i?2`2 Bb � `2H�iBQMb?BT #2ir22M i?2 MQ`K�H Q7 i?2 }2H/ �M/ i?2 ;`�/B2Mi Q7
i?2 BM/B+�iQ` 7mM+iBQM ∇χM X "v `2T`2b2MiBM; i?2 TQBMib #v � p2+iQ` }2H/ −→

V - �M/ }M/BM; i?2
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7mM+iBQM χ r?Qb2 ;`�/B2Mi #2bi �TT`QtBK�i2b −→
V - i?2 T`Q#H2K `2/m+2b iQ BMp2`iBM; i?2 ;`�/B2Mi

QT2`�iQ`- BX2X minχ
∥∥∥∇χ− −→

V
∥∥∥X A7 i?2 /Bp2`;2M+2 QT2`�iQ` Bb �TTHB2/- i?Bb T`Q#H2K +�M 7m`i?2`

#2 i`�Mb7Q`K2/ BMiQ � SQBbbQM T`Q#H2K,

∇ · (∇χ) = ∇ · −→
V ⇔ ∇χ = ∇ · −→

V UjXdV

h?2 2MiB`2 T`Q+2/m`2 Bb BHHmbi`�i2/ BM 6B;m`2 jX9

6B;m`2 jX9, AHHmbi`�iBQM Q7 SQBbbQM `2+QMbi`m+iBQM BM k.X *Qm`i2bv Q7 E�x?/�M 2i �HX (e3)X

avKK2i`v@/`Bp2M K2i?Q/b (RyR- Ryk- RR8- Rky- R9y- R99- R9N) +QMbiBimi2 �MQi?2`
bm#+�i2;Q`v Q7 ;2QK2i`v@#�b2/ b?�T2 +QKTH2iBQM- r?2`2 i?2 �TT`Q�+? Bb iQ B/2MiB7v bvKK2i`v
�t2b �M/ `2T2�iBM; `2;mH�` bi`m+im`2b BM i?2 T�`iB�H BMTmi BM Q`/2` iQ +QTv T�`ib 7`QK Q#b2`p2/
`2;BQMb iQ mMQ#b2`p2/ `2;BQMbX 6Q` BMbi�M+2- w�#`Q/bFv 2i �HX (8e) �M/ SQ/QH�F 2i �HX (Rky)
T`QTQb2 i?2 TH�M�` `2~2+iBp2 bvKK2i`v i`�Mb7Q`K US_ahV iQ 2M+Q/2 � +QMiBMmQmb MQiBQM Q7
bvKK2i`v Q7 �M Q#D2+i �#Qmi �Mv �Mv `2~2+iBp2 TH�M2 BM j.X :Bp2M � `2~2+iBp2 TH�M2 γ- i?2
S_ah 7Q` � 7mM+iBQM f Bb /2}M2/ �b,

PRST2(f, γ) := 1 − d(f, γ(f))2

∥f∥2 UjX3V

r?2`2 i?2 7mM+iBQM d(f, γ(f)) Bb /2}M2/ �b

d(f, γ(f)) := min
g

∥f − g∥2 UjXNV

r?B+? Bb i?2 /Bbi�M+2 Q7 i?2 7mM+iBQM f iQ i?2 +HQb2bi 7mM+iBQM g i?�i Bb bvKK2i`B+ rBi? `2bT2+i
iQ i?2 i`�Mb7Q`K /2}M2/ #v γX >2M+2- γ(g) = gX 1[m�iBQM UjXNV +�M #2 bBKTHB}2/ iQ

d(f, γ(f)) =
∥∥f − (f + γ(f))/2

∥∥ UjXRyV

=
∥∥f − γ(f)

∥∥

2 UjXRRV

bBM+2 i?2 +HQb2bi 7mM+iBQM Bb i?2 �p2`�;2 Q7 f �M/ Bib `2~2+iBQM γf - �M/ i?mb i?2 2[m�iBQM 7Q`
S_ah `2/m+2b iQ

PRST2(f, γ) = 1 + f · γ(f)
2 UjXRkV

r?2`2 f Bb �bbmK2/ iQ #2 MQ`K�HBx2/- BX2X ∥f∥ = 1X
S_ah Bb � ;2M2`�H@Tm`TQb2 i`�Mb7Q`K rBi? b2p2`�H TQi2MiB�H �TTHB+�iBQMb bm+? �b �HB;MK2Mi-

K�i+?BM;- b2;K2Mi�iBQM- �M/ pB2rTQBMi b2H2+iBQMX AM i?2 +QMi2ti Q7 b?�T2 +QKTH2iBQM-
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�HB;MK2Mi mbBM; S_ah Bb i?2 KQbi `2H2p�MiX h?`22 T`BM+BT�H bvKK2i`v �t2b USa�V- r?B+? i?2
MQ`K�Hb Q7 i?2 Q`i?Q;QM�H b2i Q7 TH�M2b rBi? K�tBK�H bvKK2i`v- �`2 7QmM/ BM � b2[m2MiB�H
K�MM2`X h?2 }`bi T`BM+BT�H bvKK2i`v �tBb Bb 7QmM/ #v }M/BM; i?2 TH�M2 rBi? K�tBK�H
bvKK2i`v- �M/ i?2 b2+QM/ �tBb Bb 7QmM/ #v b2�`+?BM; 7Q` K�tBK�H bvKK2i`v QM i?2 TH�M2b
i?�i �`2 T2`T2M/B+mH�` iQ i?2 }`biX h?2 }M�H �tBb Bb 7QmM/ BM i?2 b�K2 r�vX qBi? i?2b2 �t2b-
i?2 +2Mi2` Q7 bvKK2i`v U*PaV Bb �HbQ /2}M2/ �b i?2 BMi2`b2+iBQM Q7 i?Qb2 i?`22 TH�M2bX qBi?
KmHiBTH2 T�`iB�H b+�Mb Q7 �M Q#D2+i- 2�+? T�`iB�H b+�M +�M #2 �HB;M2/ #�b2/ QM Bib Sa� �M/
*Pa- T`QpB/BM; � mMB}2/ KQ/2HX >Qr2p2`- 7Q` BM/BpB/m�H b+�Mb- S_ah T`QpB/2b �M �miQK�iB+
�HB;MK2Mi Q7 i?2 Q#D2+i BMiQ � +�MQMB+�H +QQ`/BM�i2 7`�K2- r?B+? +QmH/ #2 Q7 mb2 7Q` Qi?2` b?�T2
+QKTH2iBQM K2i?Q/bX �//BiBQM�HHv- i?2 b�K2 �TT`Q�+? +QmH/ #2 Q7 mb2 BM i?2 T`2T�`�iBQM Q7
�HB;M2/ j. KQ/2H /�i�b2ibX

hQ bmKK�`Bx2- KmHiBTH2 +�p2�ib �TTHv iQ i?2 K2i?Q/b T`2b2Mi2/ BM i?Bb b2+iBQMX h?2v
K�BMHv QMHv }HH BM bK�HH2` ?QH2b- �M/ i?mb `2[mB`2 bm``QmM/BM; ;2QK2i`v �`QmM/ i?2 T�`i i?�i Bb
iQ #2 `2+QMbi`m+i2/X h?2`27Q`2- i?2v �`2 KQ`2 �TTHB+�#H2 iQ +QKTH2iBM; ?mK�M@/2bB;M2/ K2b?2b
i?�i �`2 MQi r�i2`iB;?i Q` +QMi�BM mM/2bB`2/ BMi2`M�H bi`m+im`2b i?�M T�`iB�H Q#b2`p�iBQMb Q`
BM+QKTH2i2 /�i� 7`QK i?2 `2�H rQ`H/- �b i?2v �`2 ;2M2`�HHv iQQ bT�`b2 7Q` bm+? �TT`Q�+?2b iQ
;Bp2 �Mv b�iBb7vBM; +QKTH2iBQMbX

jX9Xk �HB;MK2Mi@#�b2/ b?�T2 +QKTH2iBQM
�HB;MK2Mi@#�b2/ �TT`Q�+?2b +QKTH2i2 b?�T2b #v K�i+?BM; i?2 BMTmi rBi? i2KTH�i2 KQ/2Hb
7`QK � H�`;2 /�i�#�b2X

�M B/2� Bb iQ }i KQ/2Hb 7`QK � b?�T2 /�i�#�b2 iQ i?2 T�`iB�H Q#b2`p�iBQM 7`QK � `�M;2 b+�MX
h?2 K�i+?2/ KQ/2Hb +QmH/ 2Bi?2` #2 +QKTH2i2 Q#D2+ib (9d- 39- Ryj- RRe- Rjd)- Q` Q#D2+i T�`ib
i?�i �`2 i?2M �bb2K#H2/ iQ Q#i�BM i?2 +QKTH2i2 b?�T2 (ee- dy- N9- Rj3- R99)X

6Q` #2ii2` ;2M2`�HBx�#BHBiv- KQ/2Hb BM i?2 /�i�b2i +QmH/ #2 /27Q`K2/ iQ K�i+? i?2 T�`iB�H
Q#b2`p�iBQM (RR- jd- 98- 3j- Rjy- RjR)X S�`iB+mH�`Hv 7Q` KQ/2Hb bm+? �b ?mK�Mb �M/ �MBK�Hb-
�TT`Q�+?2b HBF2 i?2b2 rQmH/ #2 #2M2}+B�HX am+? KQ/2Hb KB;?i TQb2 BM MmK2`Qmb r�vb- #mi i?2
+Q`2 ;2QK2i`v +QMbiBimiBM; i?2 KQ/2Hb �`2 biBHH i?2 b�K2X h?2`27Q`2- `2T`2b2MiBM; 2X;X ?mK�Mb
rBi? � bBM;H2 KQ/2H- i?2 +QKTH2iBQM Q7 � T�`iB�H Q#b2`p�iBQM �KQmMib iQ B/2MiB7vBM; i?2 DQBMi
�M;H2b UBX2X 2H#Qrb- FM22b- 2i+XV �M/ +?�`�+i2`BbiB+b bm+? �b ?2B;?i iQ /27Q`K i?2 #�b2 KQ/2H
�TT`QT`B�i2HvX

�Hi2`M�iBp2Hv- ;2QK2i`B+ T`BKBiBp2b bm+? �b TH�M2b �M/ [m�/`B+b U2HHBTbQB/b- T�`�#QHQB/b-
?vT2`#QHQB/b- 2i+XV +QmH/ #2 mb2/ BM TH�+2 Q7 � b?�T2 /�i�#�b2X

A7 �M 2t�+i K�i+? Q7 i?2 Q#D2+i Bb BM i?2 /�i�#�b2- �HB;MK2Mi@#�b2/ �TT`Q�+?2b KB;?i
;Bp2 i?2 #2bi +QKTH2iBQM- #mi Qi?2`rBb2 i?2b2 K2i?Q/b 7�HH b?Q`iX h?2`27Q`2- BM �M BM/mbi`B�H
�TTHB+�iBQM bm+? �b �M �bb2K#Hv HBM2 r?2`2 i?2 ;2QK2i`v Q7 Q#D2+ib �`2 FMQrM �i KBHHBK2i2`
T`2+BbBQM- b?�T2 +QKTH2iBQM rBi? �M �HB;MK2Mi@#�b2/ �TT`Q�+? +QmH/ #2 i?2 K2i?Q/ Q7 +?QB+2X
PM i?2 Qi?2` ?�M/- bBM+2 i?2b2 K2i?Q/b /Q MQi 2�bBHv ;2M2`�HBx2 iQ T`2pBQmbHv mMb22M b?�T2b-
i?2v �`2 Q7 HBKBi2/ mb2 BM QT2M 2MpB`QMK2MibX �//BiBQM�HHv- 7Q` i?2 K2i?Q/b i?�i /27Q`K Q`
�bb2K#H2 T�`ib Q7 Q#D2+ib- i?2 +QKTH2iBQM T`Q+2/m`2 `2[mB`2b 2tT2MbBp2 QTiBKBx�iBQMX h?Bb
rQmH/ BM im`M K�F2 i?2K iQQ bHQr 7Q` QMHBM2- BX2X `2�H@iBK2- �TTHB+�iBQMbX 6BM�HHv- i?2 K2i?Q/b
�`2 b2MbBiBp2 iQ MQBb2X h?Bb +QmH/ #2 �//`2bb2/ #v }Hi2`BM; i?2 T�`iB�H Q#b2`p�iBQM }`bi- #mi
i?Bb �//b 2ti`� +QKTH2tBivX
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jX9Xj G2�`MBM;@#�b2/ b?�T2 +QKTH2iBQM
G2�`MBM;@#�b2/ �TT`Q�+?2b +QKTH2i2 b?�T2b rBi? � T�`�K2i2`Bx2/ KQ/2H- bm+? �b � /22T
H2�`MBM; M2irQ`F- r?B+? /B`2+iHv K�Tb i?2 T�`iB�H BMTmi iQ � +QKTH2i2 b?�T2X h?Bb T`QT2`iv Q7
i?2b2 �TT`Q�+?2b +QMb2[m2MiHv 2M�#H2 7�bi BM72`2M+2 �M/ #2ii2` ;2M2`�HBx�iBQMX AM i?2 HBi2`�im`2-
KQbi �TT`Q�+?2b �/�Ti �M �miQ2M+Q/2` �TT`Q�+? bm+? �b p�`B�iBQM�H �miQ2M+Q/2`bX AM i?2
7QHHQrBM;- i?2 HBi2`�im`2 `2pB2r Bb i?2`27Q`2 Q`;�MBx2/ �++Q`/BM; iQ i?2 /�i� `2T`2b2Mi�iBQM Q7
j. KQ/2Hb- �b i?�i b22Kb iQ #2 i?2 K�BM +QM+2Ti iQ /Bz2`2MiB�i2 #2ir22M i?2 p�`BQmb K2i?Q/bX
aiBHH- i?2`2 �`2 bQK2 p�`B�iBQMb BM i?2 �`+?Bi2+im`2b 7Q` 2�+? /�i� `2T`2b2Mi�iBQM- �M/ i?2 K�BM
MQp2H B/2�b rBHH #2 ?B;?HB;?i2/X

oQt2H _2T`2b2Mi�iBQMb, 1�`Hv rQ`Fb BMi`Q/m+2/ H2�`MBM;@#�b2/ KQ/2Hb iQ j. b?�T2
+QKTH2iBQM mbBM; pQt2Hb �b i?2 +?Qb2M /�i� `2T`2b2Mi�iBQMX qm 2i �HX (Rey) T`QTQb2/ � *LL
r?B+? +QKTH2i2 KQ/2Hb 7`QK /2Ti? BK�;2b- r?2`2 i?2v ;2M2`�HBx2/ i?2 +QMpQHmiBQM QT2`�iQ`
iQ i?`22 /BK2MbBQMb BM Q`/2` iQ +QMpQHp2 pQHmK2bX 6m`i?2`- Bi r�b b?QrM i?�i M2irQ`Fb bm+? �b
:�Lb �HbQ +�M #2 miBHBx2/ BM i?2 j. /QK�BM (R83)- �Hi?Qm;? i?2 i`�BMBM; Bb ?2�pBHv mMbi�#H2X
� i?B`/ T�T2` 7Q`KmH�i2/ � `2+m``2Mi M2m`�H M2irQ`F �TT`Q�+? iQ i?2 T`Q#H2K (ky)- #mi i?Bb
�TT`Q�+? b22Kb iQ #2 KQ`2 `�`2 BM i?2 HBi2`�im`2X

>Qr2p2`- i?2b2 �TT`Q�+?2b r2`2 HBKBi2/ iQ p2`v bK�HH ;`B/ bBx2b- bm+? �b 323X h?Bb +`2�i2b �
p2`v #HQ+Fv KQ/2H- r?B+? +�M QMHv +QKTH2i2 bBKTH2 K�M@K�/2 Q#D2+ib bm+? �b i�#H2b �M/ +?�B`b
bQK2r?�i �++m`�i2HvX h?2 `2�bQM #2?BM/ i?Bb HBKBi�iBQM Bb 2tTH�BM2/ #v i?2 +m#B+ BM+`2�b2 BM
i?2 pQt2H ;`B/- +�mbBM; i?2 K2KQ`v `2[mB`2K2Mib iQ #2 p2`v ?B;?X JQ`2 `2+2Mi T�T2`b i`v iQ
�//`2bb i?2b2 +�p2�ib #v /2bB;MBM; KQ`2 +QKTH2t �`+?Bi2+im`2b (R8N- R8d- Re9- Re8- Rde)X u�M;
2i �HX (Re8)- 7Q` BMbi�M+2- �//b HBM2�` mTb�KTHBM; �i i?2 QmiTmi 7`QK i?2 /Bb+`BKBM�iQ` BM i?2B`
:�L@�`+?Bi2+im`2X �Hi?Qm;? i?2b2 M2irQ`Fb bmTTQ`i `2bQHmiBQMb mT iQ 2563- Bi Bb QMHv K�/2
TQbbB#H2 #v ?�pBM; b?�HHQr �`+?Bi2+im`2b Q` bK�HH #�i+? bBx2b- r?B+? H2�/b iQ 2Bi?2` TQQ` b?�T2
+QKTH2iBQMb Q` bHQr i`�BMBM;X

�Hi2`M�iBp2Hv- i?2 ;`B/b +QmH/ #2 `2T`2b2Mi2/ BM i`22@bi`m+im`2b bm+? �b Q+i`22b (8y- Rkd-
R9e)X h?Bb �HH2pB�i2b i?2 +QKTmi2 �M/ K2KQ`v HBKBi�iBQMb Q7 `2;mH�` pQt2H K2i?Q/b- �M/ +�M
bmTTQ`i `2bQHmiBQMb mT iQ 5123 (R9e)X lM7Q`imM�i2Hv- i?2b2 K2i?Q/b �`2 /B{+mHi iQ BKTH2K2Mi-
�M/ i?2v `2[mB`2 KmHiBTH2 T�bb2b Qp2` i?2 BMTmi iQ ;2M2`�i2 i?2 }M�H j. KQ/2HX h?2`27Q`2- i?2v
+QmH/ �HbQ #2+QK2 [mBi2 bHQr 7Q` BM72`2M+2- `2M/2`BM; i?2K mMmb�#H2 7Q` QMHBM2 �TTHB+�iBQMbX
AM i?2 2M/- Q+i`22b QMHv �HHQr 7Q` bHB;?iHv #2ii2` `2bQHmiBQM +QKT�`2/ iQ pQt2Hb- �M/ i?2`27Q`2
QMHv T�`iHv bQHp2b i?2 K2KQ`v Bbbm2bX

q?BH2 biBHH F22TBM; pQt2H ;`B/b �b i?2 /�i� `2T`2b2Mi�iBQM- bm#@pQt2H T`2+BbBQM +QmH/ #2
BMi`Q/m+2/ #v T`2/B+iBM; i`mM+�i2/ bB;M2/ /Bbi�M+2 }2H/b Uha.6V (k8- RkN- R9j- Rdj) r?2`2
2�+? TQBMi BM � j. ;`B/ biQ`2b i?2 i`mM+�i2/ bB;M2/ /Bbi�M+2 iQ i?2 +HQb2bi j. bm`7�+2 TQBMiX
aBM+2 i?2b2 K2i?Q/b biQ`2 /Bbi�M+2 7mM+iBQMb BM �//BiBQM iQ i?2 pQt2H ;`B/b- M2irQ`Fb i?�i rQ`F
rBi? i?Bb FBM/ Q7 /�i� `2T`2b2Mi�iBQM ?�p2 iQ H2�`M �//BiBQM�H T�`�K2i2`b K�FBM; i?2 H2�`MBM;
T`Q+2bb ?�`/2`X h?2 ha.6b �`2 �HbQ +QM}M2/ iQ � pQt2H ;`B/- �M/ i?mb i?2 `2bQHmiBQM Bb biBHH
HBKBi2/ #v i?2 mM/2`HvBM; ;`B/ bi`m+im`2- r?BH2 i?2 K2KQ`v mb�;2 Bb 2p2M ?B;?2` i?�M `2;mH�`
pQt2HbX

_2+2Mi `2b2�`+? BM/B+�i2 i?�i i?2b2 HBKBi�iBQMb rBi? pQt2H@#�b2/ �TT`Q�+?2b +�M MQi #2
bQHp2/ #v /2bB;MBM; #2ii2` M2irQ`F �`+?Bi2+im`2b- �b i?2 j. /QK�BM BMi`Q/m+2 +?�HH2M;2b
i?�i �`2 MQi T`2b2Mi BM i?2 irQ /BK2MbBQM�H /QK�BM Q7 BK�;2b QM r?B+? i?2b2 K2i?Q/b /`�r
BMbTB`�iBQMX h?2 K�BM T`Q#H2K rBi? pQt2Hb Bb i?�i 7Q` ?B;? `2bQHmiBQMb- � bm#bi�MiB�H 7`�+iBQM
Q7 i?2 /�i� bi`m+im`2 /Q2b MQi `2T`2b2Mi �Mv T�`i Q7 i?2 j. Q#D2+i- �b Bi Bb BMbB/2 i?2 KQ/2HX
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6Q` KQbi �TTHB+�iBQMb- QMHv i?2 bm`7�+2 Q7 i?2 KQ/2H Bb Q7 BMi2`2biX �b i?2 K2KQ`v HBKBi�iBQMb
Q7 i?2 pQt2H ;`B/b ?BM/2`b i?2 `2bQHmiBQM iQ #2 b2i ?B;?- }M2` /2i�BHb +�M MQi #2 T`2b2`p2/X h?2
QMHv �/p�Mi�;2 rBi? � pQt2H@#�b2/ H2�`MBM; K2i?Q/ b22Kb iQ #2 i?�i Bi +�M #2 mb2/ iQ 7�B`Hv
/B`2+iHv �/�Ti MQp2H K2i?Q/b T`2b2Mi2/ BM k. +QKTmi2` pBbBQM iQ i?2 j. /QK�BMX

J2b? _2T`2b2Mi�iBQMb, J2b?2b ?�p2 #22M +QMbB/2`2/ �b i?2 /�i� `2T`2b2Mi�iBQM- #mi
bmz2` 7`QK #2BM; Qp2`Hv +QKTH2t BM � /22T H2�`MBM; T2`bT2+iBp2X AM i?2 +QKTmi2` ;`�T?B+b
+QKKmMBiv- ?Qr2p2`- K2b?2b ?�p2 �Hr�vb #22M i?2 K�BM `2T`2b2Mi�iBQMX h?2`2 �`2 � 72r
F2v /Bz2`2M+2b #2ir22M i?2 irQ }2H/b i?�i 2tTH�BMb i?Bb /Bb+`2T�M+vX 6Q` +QKTmi2` ;`�T?B+b-
/2b+`B#BM; ;2QK2i`v rBi? p2`iB+2b- 2/;2b- �M/ 7�+2b �HHQr 7Q` bBKTH2 /2b+`BTiBQMb Q7 Q#D2+ibX �
~�i bm`7�+2 bm+? �b � r�HH +�M #2 +Q/2/ �b � bBM;H2 i`B�M;H2- r?BH2 Q#D2+ib i?�i �`2 BM 7Q+mb +�M
#2 /2pQi2/ KQ`2 i`B�M;H2bX PM i?2 Qi?2` ?�M/- � M2m`�H M2irQ`F rBHH ?�p2 � ?B;?2` /B{+mHiv
BM mM/2`bi�M/BM; bm+? QTiBK�H 2M+Q/BM;b Q7 Q#D2+ibX h?Bb BMbB;?i ?2HTb 2tTH�BM r?v 2tBbiBM;
K2b?@#�b2/ /22T H2�`MBM; 2zQ`ib �`2 QMHv �#H2 iQ ;2M2`�i2 b?�T2b rBi? bBKTH2 iQTQHQ;v (R89)-
`2[mB`2 � `272`2M+2 i2KTH�i2 7`QK i?2 b�K2 Q#D2+i +H�bb (ed- d8- Rk8)- Q` +�MMQi ;m�`�Mi22
+HQb2/ bm`7�+2b (R8y)X h?2v �`2 �HbQ T`QM2 iQ ;2M2`�iBM; b2H7@BMi2`b2+iBM; K2b?2b- r?B+? rQmH/
`2[mB`2 �/p�M+2/ TQbi@T`Q+2bbBM; iQ #2 Q7 mb2X

Pi?2` rQ`Fb BMi`Q/m+2 MQp2H +QMpQHmiBQM �M/ TQQHBM; QT2`�iBQMb 7Q` K2b?2b (R8k)- Q7 r?B+?
i?2 `2+2MiHv `2H2�b2/ rQ`F #v 62M; 2i �HX (j8) Bb Q7 bT2+B�H BMi2`2biX h?2v +H�BK iQ bQHp2 i?2
+QKTH2tBiv �M/ B``2;mH�`Biv T`Q#H2K Q7 K2b?2b- #v BMi`Q/m+BM; M2r /2b+`BTiQ`b 7Q` K2b?2b �M/
� MQp2H K2b? +QMpQHmiBQM QT2`�iQ`X *m``2MiHv- i?2B` T`2b2Mi2/ M2irQ`F J2b?L2i QMHv bQHp2b
i�bFb bm+? �b +H�bbB}+�iBQMX Ai rBHH #2 BMi2`2biBM; iQ b22 i?2B` K2b? +QMpQHmiBQM i�bF �TTHB2/ iQ
i?2 i�bF Q7 b?�T2 +QKTH2iBQM- �M/ ?Qr Bi +QKT�`2b iQ i?2 bi�i2@Q7@i?2 �`i BM i?�i �`2�X

SQBMi _2T`2b2Mi�iBQMb, G2�`MBM; QM TQBMi +HQm/b r�b TBQM22`2/ #v i?2 SQBMiL2i
�`+?Bi2+im`2 (Rkj- Rkk)- r?B+? r�b }`bi �TTHB2/ iQ i?2 j. `2+QMbi`m+iBQM T`Q#H2K #v �+?HBQTi�b
2i �HX (R) h?2 K�BM +QM+2Ti i?2v BMi`Q/m+2/ r�b �+?B2pBM; T2`Kmi�iBQM BMp�`B�M+2 #v �TTHvBM;
RtR +QMpQHmiBQM 7QHHQr2/ #v � ;HQ#�H TQQHBM; QT2`�iBQM- r?B+? KB;?i bQmM/ bQK2r?�i T2+mHB�`X
AMimBiBp2Hv- +QMpQHmiBQM +�MMQi ?�TT2M QM � bBM;H2 RtR +2HHX 6Q` H�v2`b rBi? QMHv QM2 +?�MM2H-
RtR +QMpQHmiBQM rQmH/ bBKTHv #2 KmHiBTHB+�iBQMX >Qr2p2`- B7 i?2`2 �`2 KmHiBTH2 +?�MM2Hb- irQ
2z2+ib +�M #2 �TTHB2/ rBi? i?Bb QT2`�iBQMX LQM@HBM2�`BiB2b �`2 BMi`Q/m+2/ iQ i?2 M2irQ`F /m2
iQ i?2 �+iBp�iBQM 7mM+iBQMb BM+Hm/2/ BM i?2 +QMpQHmiBQMX �//BiBQM�HHv- i?2 /2Ti? Q7 i?2 BMTmi
pQHmK2 +�M #2 2Bi?2` BM+`2�b2/ Q` /2+`2�b2/ #v +?QQbBM; i?2 �TT`QT`B�i2 MmK#2` Q7 }Hi2`b BM
i?2 RtR +QMpQHmiBQMX Ai im`Mb Qmi i?�i i?Bb Bb 2MQm;? 7Q` � M2irQ`F iQ H2�`M j. `2T`2b2Mi�iBQMb-
�b Qi?2`rBb2 7�B`Hv bi�M/�`/ �miQ2M+Q/2` �`+?Bi2+im`2b �`2 mb2/X

a2p2`�H KQ`2 `2+2Mi �TT`Q�+?2b #mBH/ mTQM i?2 SQBMiL2i �`+?Bi2+im`2 7Q` b?�T2
+QKTH2iBQM (jj- Re3- Rdk)- #mi i?2 SQBMi *QKTH2iBQM L2irQ`F #v um�M 2i �HX (Rdy) b22Kb
iQ #2 i?2 +m``2Mi bi�i2@Q7@i?2 �`i Q7 i?2 TQBMi@#�b2/ �TT`Q�+?2bX Ai +QK#BM2b irQ M2irQ`Fb
BMiQ QM2, �M �miQ2M+Q/2` i?�i ;2M2`�i2b � +Q�`b2 QmiTmi rBi? � `2bQHmiBQM Q7 Ryk9 TQBMib- �M/
� 7QH/BM; M2irQ`F r?B+? H2�`Mb ?Qr iQ /27Q`K 9t9 TQBMi T�i+?2b �`QmM/ i?2 TQBMib 7`QK i?2
+Q�`b2 QmiTmi- 2z2+iBp2Hv mTb�KTHBM; i?2 TQBMi +HQm/ Re iBK2b iQ � }M2@/2i�BH2/ QmiTmiX h?2
7QH/BM; M2irQ`F Bb bBKTHv � 722/ 7Q`r�`/ M2irQ`F i?�i /27Q`Kb i?2 9t9 T�i+?2b BMiQ � bKQQi?
k. K�MB7QH/ BM j. bT�+2X h?2 B/2� iQ +QK#BM2 b2p2`�H M2irQ`Fb ?�p2 #22M mb2/ BM b2p2`�H
Qi?2` �TT`Q�+?2b- BM+Hm/BM; i?2 pQt2H@#�b2/ M2irQ`F T`QTQb2/ #v u�M; 2i �HX (Re8) K2MiBQM2/
2�`HB2`X Ai b22Kb HBF2 i?Bb Bb �M 2z2+iBp2 r�v Q7 ;mB/BM; Q` ?2HTBM; i?2 M2irQ`F iQ H2�`M KQ`2
2�bBHv BM i?2 i`�BMBM; T?�b2X � +QKKQM T`Q#H2K BM /22T M2irQ`Fb rBi? K�Mv H�v2`b- r?B+? Bb
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� M2+2bbBiv iQ #2 �#H2 iQ `2T`2b2Mi +QKTH2t 7mM+iBQMb- Bb i?2 p�MBb?BM; ;`�/B2Mi T`Q#H2KX 6Q`
2�+? H�v2`- i?2 ;`�/B2Mi /m`BM; #�+FT`QT�;�iBQM #2+QK2b bK�HH2` 7Q` i?2 }`bi H�v2`b- r?B+?
K�F2b Bi KQ`2 /B{+mHi 7Q` i?2B` r2B;?ib iQ mT/�i2 /m`BM; i`�BMBM;X h?2`27Q`2- #v BMi`Q/m+BM;
+?2+FTQBMib bm+? �b +QKT�`BM; i?2 }`bi M2irQ`F iQ � bBKTH2` ;`QmM/@i`mi? �M/ i?2 b2+QM/ iQ
i?2 +QKTH2i2 b?�T2- 2�+? M2irQ`F +�M #2 /2bB;M2/ iQ #2 bK�HH2`X S?`�b2/ i?Bb r�v- i?2 B/2�
+�M #2 T2`+2Bp2/ bBKBH�` iQ i?2 +QM+2Ti Q7 bFBT@+QMM2+iBQMb (8j)- r?2`2 M2m`QMb 7`QK bQK2 Q7
i?2 }`bi H�v2`b BM � M2irQ`F �`2 /B`2+iHv +QMM2+i2/ iQ bQK2 Q7 i?2 H�v2`b +HQb2` iQ i?2 QmiTmiX

aBM+2 TQBMi +HQm/b �b � j. `2T`2b2Mi�iBQM Bb bT�`b2 �M/ HB;?ir2B;?i- �M/ K�i+? i?2 QmiTmi
7`QK ivTB+�H b2MbQ`b bm+? �b GB.�_ Q` /2Ti? +�K2`�b- Bi rQmH/ b22K iQ #2 i?2 B/2�H /�i�
`2T`2b2Mi�iBQM 7Q` �TTHvBM; H2�`MBM;@#�b2/ K2i?Q/bX >Qr2p2`- TQBMi +HQm/b /Q MQi /2b+`B#2
iQTQHQ;v- BX2X i?2v /Q MQi 2tTHB+BiHv 2M+Q/2 i?2 BMbB/2 �M/ QmibB/2 Q7 Q#D2+ibX *QMp2`iBM; i?2K
iQ Qi?2` /�i� `2T`2b2Mi�iBQMb bm+? �b K2b?2b `2[mB`2b MQM@i`BpB�H TQbi@T`Q+2bbBM; bi2Tb- r?B+?
rQmH/ �HbQ �// iQ i?2 iQi�H BM72`2M+2 iBK2X

am`7�+2 _2T`2b2Mi�iBQMb, AMi2`2biBM;Hv- 7Qm` T�T2`b r2`2 BM/2T2M/2MiHv Tm#HBb?2/ BM
/2+2K#2` kyR3 Q` D�Mm�`v kyRN- r?B+? �HH �`;m2/ 7Q` mbBM; bB;M2/ /Bbi�M+2 7mM+iBQMb �b i?2
/�i� `2T`2b2Mi�iBQM 7Q` j. b?�T2 +QKTH2iBQM (RN- Ne- N3- RRj)X S`BQ` iQ i?2b2 T�T2`b- i?2`2
r2`2 MQ 2tBbiBM; HBi2`�im`2 QM mbBM; i?Bb /�i� `2T`2b2Mi�iBQM 7Q` H2�`MBM;@#�b2/ �TT`Q�+?2bX
�Hi?Qm;? i?2b2 K2i?Q/b ?�p2 `2b2K#H�M+2 iQ i?2 ha.6 K2i?Q/b K2MiBQM2/ �b T�`i Q7 i?2
pQt2H@#�b2/ `2T`2b2Mi�iBQMb- i?2 /Bbi�M+2 7mM+iBQMb �`2 MQi `2bi`B+i2/ iQ � ;`B/X h?2`27Q`2- i?2
K2KQ`v mb�;2 Q7 i?2b2 K2i?Q/b Bb [mBi2 HQrX AM 7�+i- S�`F 2i �HX 2tTH�BMb i?�i i?2B` KQ/2Hb
QMHv mb2 dX9 J" Q7 K2KQ`v iQ `2T`2b2Mi 2MiB`2 +H�bb2b Q7 b?�T2b (RRj)- r?B+? Bb H2bb i?�M ?�H7
Q7 � bBM;H2 5123 pQt2H KQ/2HX

S�`F 2i �HX �HbQ BMi`Q/m+2b i?2 +QM+2Ti Q7 �miQ@/2+Q/2`b iQ i?2 j. /QK�BM- � K2i?Q/
r?B+? b22Kb iQ ?�p2 b2p2`�H �/p�Mi�;2b +QKT�`2/ iQ Qi?2` `2T`2b2Mi�iBQM H2�`MBM; i2+?MB[m2b
bm+? �b :�Lb Q` o�1bX q?BH2 o�1b T2`im`# i?2 #QiiH2M2+F 72�im`2b rBi? :�mbbB�M MQBb2 iQ
�+?B2p2 bKQQi? �M/ +QKTH2i2 H�i2Mi bT�+2b- �miQ@/2+Q/2`b /Q MQi mb2 �Mv 2M+Q/2`X AMbi2�/ i?2v
QTiBKBx2 i?2 H�i2Mi +Q/2b �M/ i?2 /2+Q/2` r2B;?ib bBKmHi�M2QmbHv i?`Qm;? #�+F@T`QT�;�iBQM
/m`BM; i`�BMBM;X h?2 /2+Q/2` r2B;?ib �`2 i?2M }t2/ 7Q` BM72`2M+2- r?BH2 i?2 QTiBK�H H�i2Mi
p2+iQ` Bb b2�`+?2/ 7Q` iQ K�i+? i?2 T�`iB�H Q#b2`p�iBQMX h?2 +QKTH2i2 K2i?Q/ +�M #2 2tTH�BM2/
�b 7QHHQrbX

� b2i Q7 K TQBMi b�KTH2b xj �M/ i?2B` bB;M2/ /Bbi�M+2 p�Hm2b sj �`2 T`2T�`2/ 7`QK � /�i�b2i
Q7 N b?�T2b `2T`2b2Mi2/ rBi? bB;M2/ /Bbi�M+2 7mM+iBQM SDFiN

i=1,

Xi = {(xj , sj) : sj = SDFi(xj)} UjXRjV

1�+? H�i2Mi +Q/2 zi Bb T�B`2/ rBi? i`�BMBM; b?�T2 Xi- r?B+? ;Bp2b i?2 TQbi2`BQ` T`Q#�#BHBiv

pθ(zi|Xi) = p(zi)
∏

(xj ,sj)∈Xi

pθ(sj |zi;xj) UjXR9V

r?2`2 i?2 T`BQ` /Bbi`B#miBQM Qp2` +Q/2b p(zi) Bb �bbmK2/ iQ #2 � x2`Q@K2�M KmHiBp�`B�i2@
:�mbbB�M rBi? � bT2?2`B+�H +Qp�`B�M+2 Q7 σ2I- �M/ θ T�`�K2i2`Bx2b i?2 a.6 HBF2HB?QQ/ 2tT`2bb2/
#v � /22T 722/@7Q`r�`/ M2irQ`F fθ(zi,xj)- r?B+? Bb �bbmK2/ iQ i�F2 i?2 7Q`K

pθ(sj |zi;xj) = exp(−L(fθ(zi,xj), sj)) UjXR8V

L(fθ(zi,xj), sj) Bb � HQbb 7mM+iBQM r?B+? +QmH/ #2 +?Qb2M iQ #2 7Q` BMbi�M+2 i?2 L1 Q` L2 MQ`KX
.m`BM; i`�BMBM;- i?2 DQBMi HQ; TQbi2`BQ` Qp2` �HH i`�BMBM; b?�T2b �`2 K�tBKBKBx2/ rBi? `2bT2+i
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iQ i?2 BM/BpB/B�H b?�T2 +Q/2b {zi}N
i=1 �M/ i?2 M2irQ`F T�`�K2i2`b θ,

arg min
θ,{z}N

i=1

N∑

i=1

⎛

⎝
K∑

j=1
L(fθ(zi,xj), sj) + 1

σ2 ∥zi∥2
2

⎞

⎠ UjXReV

6BM�HHv- 7Q` BM72`2M+2 � b?�T2 +Q/2 zi 7Q` b?�T2 Xi +�M #2 2biBK�i2/ pB� J�tBKmK@�@SQbi2`BQ`
UJ�SV 2biBK�iBQM �b

ẑ = arg min
x

∑

(xj ,sj)∈X

L(fθ(zi,xj), sj) + 1
σ2 ∥z∥2

2 UjXRdV

AM i?Bb rQ`F- �M �TT`Q�+? #�b2/ QM bB;M2/ /Bbi�M+2 7mM+iBQMb Bb +?Qb2M /m2 iQ Bib �TT�`2Mi
�/p�Mi�;2bX L2irQ`Fb r?2`2 bB;M2/ /Bbi�M+2 7mM+iBQMb �`2 i?2 +?Qb2M /�i� `2T`2b2Mi�iBQM b22K
iQ #2 �#H2 iQ `2T`2b2Mi }M2 /2i�BHb BM i?2 j. KQ/2Hb- mMHBF2 �Mv Q7 i?2 Qi?2` pQt2H@- K2b?@-
Q` TQBMi@#�b2/ M2irQ`FbX h?2 bB;M2/ /Bbi�M+2 7mM+iBQMbǶ +QMiBMmQmb �M/ BKTHB+Bi /2b+`BTiBQM
Q7 i?2 bm`7�+2 Q7 �M Q#D2+i rBi? i?2 MQiBQM Q7 BMbB/2 Q` QmibB/2 Bb B/2�H 7Q` M2m`�H M2irQ`Fb-
�b i?2v 2z2+iBp2Hv /2}M2 /2+BbBQM #QmM/�`B2b- BX2X i?2 BbQbm`7�+2bX AM 7�+i- mbBM; i?Bb /�i�
`2T`2b2Mi�iBQM- i?2 T`Q#H2K Q7 `2T`2b2MiBM; b?�T2b `2b2K#H2b i?�i Q7 `2;`2bbBQM T`Q#H2KbX 6Q`
BMbi�M+2- i?2 i`�BMBM; /�i� +QmH/ #2 BM i?2 7Q`K Q7 TQBMib [x, y, z, d] b�KTH2/ 7`QK K2b?2b-
r?2`2 x- y- �M/ z /2MQi2 i?2 TQbBiBQM �M/ d /2MQi2b i?2 /Bbi�M+2 iQ i?2 +HQb2bi T�`i Q7 i?2
K2b? UM2;�iBp2 B7 BMbB/2- TQbBiBp2 Qi?2`rBb2VX "v b�KTHBM; TQBMib +HQb2Hv �`QmM/ i?2 bm`7�+2 Q7
i?2 K2b?- i?2 }M2 /2i�BHb Q7 i?2 Q#D2+i rBHH i?2M #2 T`2b2`p2/X PM i?2 /QrMbB/2- i?2 BbQbm`7�+2
2M+Q/2/ #v i?2 bB;M2/ /Bbi�M+2 7mM+iBQM ?�b iQ #2 �+[mB`2/ i?`Qm;? 2Bi?2` `�v@+�biBM; Q`
�TT`QtBK�i2/ rBi? i?2 K�`+?BM; +m#2b �H;Q`Bi?KX h?Bb Bb M2+2bb�`v iQ BM+Hm/2 i?2 +QKTH2i2/
b?�T2 BM i?2 �+[mB`2/ T�`iB�H Q#b2`p�iBQM Q7 � b+2M2X >Qr2p2`- BbQbm`7�+2 2ti`�+iBQM b?QmH/ biBHH
#2 7�bi 2MQm;? iQ �HHQr 7Q` QMHBM2 �TTHB+�iBQMb Q7 K2i?Q/b r?2`2 bB;M2/ /Bbi�M+2 7mM+iBQMb �`2
mb2/X

�//BiBQM�HHv- i?2 `2+2MiHv BMi`Q/m+2/ �miQ@/2+Q/2` rBHH T`QpB/2 i?2 bi�`iBM; TQBMi QM ?Qr
i?2 b?�T2 +QKTH2iBQM M2irQ`F rBHH #2 /2bB;M2/- �b Bi ?�b bQK2 #2M2}ib i?�i �`2 T�`iB+mH�`Hv
mb27mH BM i?Bb /QK�BMX h?2 �miQ@/2+Q/2` +�M ?�M/H2 �Mv 7Q`K Q7 T�`iB�H Q#b2`p�iBQMb- bBM+2 i?2
H�i2Mi +Q/2 +�M #2 7QmM/ pB� � J�S 2biBK�iBQMX h?Bb `2KQp2b i?2 M22/ iQ T`2T�`2 i`�BMBM;
/�i� Q7 T�`iB�H b?�T2b- r?B+? Bb M2+2bb�`v 7Q` �HH �miQ2M+Q/2` �`+?Bi2+im`2bX �//BiBQM�HHv- i?2
i`�BMBM; iBK2 Bb `2/m+2/ +QKT�`2/ iQ o�1b- bBM+2 QMHv � /2+Q/2` Bb mb2/X >Qr2p2`- �b i?2
;Q�H Bb iQ +`2�i2 �M QMHBM2 �TTHB+�iBQM- i?2 /m`�iBQM Q7 i?2 BM72`2M+2 bi�;2 Bb /2bB`2/ iQ #2 �b
HQr �b TQbbB#H2X h?2`27Q`2- i?2 iBK2 iQ b2�`+? 7Q` � H�i2Mi +Q/2 i?�i #2bi K�i+?2b � T�`iB�H
Q#b2`p�iBQM ?�b iQ #2 QTiBKBx2/X *QMbB/2`�iBQM ?�b iQ #2 ;Bp2M iQ i?2b2 TQi2MiB�H Bbbm2b BM
Q`/2` iQ F22T i?2 BM72`2M+2 iBK2 HQr 7Q` i?Bb K2i?Q/X

jX8 .�i�b2ib
j. /�i�b2ib Bb � M2+2bbBiv BM #`BM;BM; i?2 2tT2`BK2Mi�iBQM Q7 `2�H@rQ`H/ �TTHB+�iBQMb iQ �
bBKmH�i2/ 2MpB`QMK2MiX _2+2Mi �/p�M+2b BM `Q#QiB+b �M/ +QKTmi2` pBbBQM `2[mB`2/ ?m;2
/�i�b2ib- �M/ i?2 i`2M/ b22Kb iQ #2 i?�i `2b2�`+? BM i?2b2 }2H/b i2M/ iQ #2 BM+`2�bBM;Hv /�i�@
/`Bp2MX >Qr2p2`- +QKTBHBM; bm+? /�i�b2ib Bb � H�#Q`@BMi2MbBp2 T`Q+2bbX _2b2�`+?2`b ?�p2 mb2/
b2p2`�H i2+?MB[m2b bm+? �b bvMi?2bBbBM; j. KQ/2Hb mbBM; j. /2bB;M bQ7ir�`2 Q` b+�MMBM; `2�H
rQ`H/ j. Q#D2+ib 7`QK KmHiBTH2 pB2rb rBi? _:"@. +�K2`�bX aQK2 Q7 i?2b2 +m`�i2/ /�i�b2ib
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?�p2 #22M `2H2�b2/ Tm#HB+Hv iQ bBKTHB7v �M/ HQr2` i?2 i?`2b?QH/ 7Q` Qi?2` `2b2�`+?2`b iQ rQ`F
rBi? j. /�i�X � MQM@2ti2MbBp2 Qp2`pB2r Q7 bvMi?2iB+ �M/ `2�H@rQ`H/ /�i�b2ib Bb T`2b2Mi2/ BM
h�#H2 jXR �M/ h�#H2 jXkX

.�i�b2i h?Qmb�M/b
Q7 P#D2+ib

u2�` *QKK2Mib

avMi?2iB+ .�i�b2ib
AE1� yXk kyRj
S�a*�Gj.Y je kyR9
JQ/2HL2i Rk3 kyR8
a?�T2L2i jyyy kyRe PMHv � bm#b2i- a?�T2L2i*Q`2 UrBi? 8R yyy

Q#D2+ibV- Bb Tm#HB+Hv �p�BH�#H2
P#D2+iL2ij. 99 kyRe
h?BM;BRyE Ry kyRe
S�`iL2i jyyy kyR3
�"* Ryyy kyRN

_2�H qQ`H/ .�i�b2ib
"B;"B`/ yXR kyR9
u*" yXe kyR8 S?vbB+�H Q#D2+ib BM i?2 /�i�b2i +�M #2 `2[m2bi2/
j. a+�M Ry kyRe
h@G1aa yXyj kyRd
_"P yXyk kyR3 >�b �`iB+mH�iBQM i?�i �HHQrb Bi iQ #2 �MBK�i2/

FBM2K�iB+�HHv BM T?vbB+b 2M;BM2b

h�#H2 jXR, avMi?2iB+ �M/ `2�H rQ`H/ /�i�b2ib Q7 j. KQ/2HbX

h?2 i�#H2b jXR �M/ jXk b?Qr i?�i i?2`2 �`2 bB;MB}+�Mi /Bz2`2M+2b BM i?2 bBx2b #2ir22M i?2
/�i�b2ibX _2�H rQ`H/ /�i�b2ib- BM T�`iB+mH�`- �`2 b2p2`�H Q`/2`b Q7 K�;MBim/2 bK�HH2` i?�M i?2
bvMi?2iB+ /�i�b2ibX >Qr2p2`- i?2`2 �`2 �HbQ b2p2`�H bBKBH�`BiB2bX >Qmb2?QH/ Q#D2+ib �M/ b+2M2b
+QMi�BMBM; bm+? Q#D2+ib �`2 i?2 K�BM +H�bb2b BM i?2 K�DQ`Biv Q7 i?2 /�i�b2ibX h?2b2 /�i�b2ib
�HbQ ?�p2 ?m;2 +H�bb BK#�H�M+2b- r?2`2 Q#D2+ib bm+? �b +?�B`b �M/ i�#H2b ?�p2 � `2H�iBp2Hv ?B;?2`
MmK#2` Q7 BMbi�M+2bX

J�Mv +?�HH2M;2b �`2 T`2b2Mi BM i?2 +m`�iBQM Q7 � bvMi?2iB+ /�i�b2iX 1p2M B7 i?2 Q#D2+ib �`2
Tm#HB+Hv �p�BH�#H2 7`QK �M QMHBM2 `2TQbBiQ`v- i?2`2 �`2 +?�HH2M;2b i?�i ?�p2 iQ #2 �//`2bb2/X
P#D2+ib 7`QK bm+? bQm`+2b Q7i2M `2[mB`2 K�Mm�H }Hi2`BM;- BM+Hm/BM; `2KQpBM; /mTHB+�i2 p2`iB+2b
�M/ MQ`K�HbX aQK2 KQ/2Hb KB;?i ?�p2 KBbbBM; i2tim`2b- Q` i?2 r`�TTBM; Q7 i?2 i2tim`2b Bb MQi
�b 2tT2+i2/X JQ`2Qp2`- � bB;MB}+�Mi T2`+2Mi�;2 Q7 i?2 KQ/2Hb �`2 mM}MBb?2/- �M/ Bi Bb ?�`/
iQ B/2MiB7v i?2K mbBM; �M �miQK�iB+ T`Q+2bbX h?2 +`2�iQ`b Q7 i?2 j. Q#D2+ib +QmH/ �HbQ ?�p2
7Q`;Qii2M iQ T`QpB/2 BM7Q`K�iBQM �#Qmi b+�H2 Q` TQbBiBQM i?2 KQ/2H BM � +�MQMB+�H `272`2M+2
7`�K2X �//BiBQM�HHv- 7Q` Q#D2+ib iQ #2 mb2/ BM � T?vbB+b 2M;BM2- � +QHHBbBQM b?�T2 Bb `2[mB`2/X
G�biHv- bF2H2iQMBx�iBQM Bb `2[mB`2/ 7Q` K2b?2b i?�i ?�p2 /2Mb2 TQBMi +HQm/bX
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.�i�b2i h?Qmb�M/b
Q7 6`�K2b

h?Qmb�M/b
Q7 G�vQmib

u2�` *QKK2Mib

avMi?2iB+ .�i�b2ib
S"_ S`BM+2iQM 8yy 98 kyRe
alL*: Rjy 98 kyRd
6�+2#QQF >Qmb2j. @ 98 kyRd aQm`+2/ 7`QK i?2 alL*: /�i�b2i
>QJ1 @ 98 kyRd
a+2M2L2i 8yyy yXy8d kyRd
h?2 _Q#Qi`Bs 3yyy yXyRe kyR3 :2M2`�i2/ mbBM; lM`2�H_Ps

_2�H qQ`H/ .�i�b2ib
Lul .2Ti? .�i�b2i RX8 yX9e9 kyRk
alL _:"@. Ry @ kyRd
a+�ML2i k8yy RX8 kyRd
J�ii2`TQ`ij. kyy yXyN kyRd AM+Hm/2b Ry-3yy T�MQ`�KB+ pB2rb

h�#H2 jXk, avMi?2iB+ �M/ `2�H rQ`H/ /�i�b2ib Q7 j. b+2M2bX

h?2 +m`�iBQM Q7 `2�H rQ`H/ /�i�b2ib ?�b #22M K�/2 TQbbB#H2 #v i?2 `2+2Mi �/p�M+2b BM
KmHiB@pB2r bi2`2Q K2i?Q/b �M/ QMHBM2 `2�H@iBK2 j. `2+QMbi`m+iBQMb- �M/ ?�p2 i?2`27Q`2 #22M
BMi`Q/m+2/ iQ i?2 +QKKmMBiv KQ`2 `2+2MiHvX qQ`FBM; rBi? `2�H rQ`H/ Q#D2+ib Bb 2p2M KQ`2
H�#Qm` BMi2MbBp2 i?�M bvMi?2iB+ Q#D2+ib- r?B+? T`QpB/2b �//BiBQM�H HBKBi�iBQMb QM b+�H�#BHBivX
�b i?2 /�i� ;�i?2`BM; Bb +QKTH2i2/ #v b+�MMBM; i?2 Q#D2+ib- Bi +�M #2 /B{+mHi iQ ;2i r�i2`iB;?i
j. KQ/2Hb rBi? +`BbT i2tim`2bX a2p2`�H i`B2b Q` +mK#2`bQK2 K2i?Q/b KB;?i #2 M2+2bb�`v iQ F22T
i?2 i2tim`2b 7`QK #2+QKBM; #Hm``vX _2�H rQ`H/ b+�MMBM; Bb �HbQ � [m2biBQM �#Qmi T`�+iB+�HBiB2b-
�b b+�MMBM; `B;b `2[mB`2 KmHiBTH2 +�K2`�b Q` KQpBM; � bBM;H2 +�K2`� BM � T`2@/2i2`KBM2/ T�i?-
r?2`2 QMHv bHB;?i T2`im`#�iBQMb +QmH/ `2bmHi BM �M mMbm++2bb7mH b+�MX

h?2 B/2�H Q#D2+i /�i�b2i Bb � bvMi?2iB+ /�i�b2i rBi? � H�`;2 p�`B2iv BM i?2 ivT2b Q7 Q#D2+ib
BM+Hm/2/X Ai b?QmH/ #2 � mMB7Q`K /Bbi`B#miBQM #2ir22M �HH FBM/b Q7 +H�bb2b iQ �pQB/ �Mv #B�b
iQr�`/b � T�`iB+mH�` b2i- �b BM i?2 �"* /�i�b2i(d9)X .m2 iQ i?2 2ti`� +?�HH2M;2b BM �+[mB`BM; `2�H
rQ`H/ /�i�b2ib- rBi?Qmi i?2 ;�BM Q7 �Mv �/p�Mi�;2b- r`BiBM; 2{+B2Mi bvMi?2iB+ /�i�@T`Q+2bbBM;
i2+?MB[m2b rBHH T`QpB/2 ?B;?2`@[m�HBiv `2bmHibX AM i2`Kb Q7 /�i� 7Q`K�ib 7Q` j. KQ/2Hb- *�.
Bb T`272``2/ (Rj- d9)X h?Bb /�i� 7Q`K�i �HHQrb 7Q` b�KTHBM; �i �M �`#Bi`�`v `2bQHmiBQM rBi?Qmi
�Mv HQbb Q7 /�i�- �M/ Bi T`QpB/2b i?2 QTiBQM Q7 mbBM; j. T`BMiBM; iQ ?�p2 �M 2t�+i `2�H rQ`H/
`2THB+� Q7 i?2 KQ/2HX �b � #QMmb- T?vbB+�H T�`�K2i2`b +QmH/ #2 �ii�+?2/ iQ 2�+? Q#D2+i- bQ
i?�i Bi +QmH/ #2 `2�HBbiB+�HHv K�MBTmH�i2/ BM � T?vbB+b 2M;BM2X
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J2i?Q/QHQ;v-

AKTH2K2Mi�iBQM �M/
_2bmHib

h?Bb +?�Ti2` T`2b2Mib �TT`Q�+?2b �M/ +QM+2Tib BM i?2 BKTH2K2Mi�iBQM Q7 i?2 T2`+2TiBQM bvbi2K
/2p2HQT2/ �b T�`i Q7 i?Bb rQ`FX h?2 Qp2`�HH bvbi2K- +�HH2/ i?2 j. pBbBQM TBT2HBM2- Bb ;Bp2M BM
a2+iBQM 9X8 �M/ T`2b2Mib ?Qr _:"@. BK�;BM;- b2K�MiB+ b2;K2Mi�iBQM- TQBMi +HQm/ `2;Bbi`�iBQM-
�M/ b?�T2 +QKTH2iBQM �`2 +QK#BM2/ iQ BM72` i?2 +QKTH2i2 ;2QK2i`v Q7 `2�H@rQ`H/ Q#D2+ibX

a2+iBQMb 9Xk iQ 9X9 +Qp2` i?2 /22T H2�`MBM; K2i?Q/b mb2/ BM i?2 j. pBbBQM TBT2HBM2 �M/
T`2b2Mi i?2 T2`+2TiBQM bvbi2K +QKTQM2Mib BM KQ`2 /2i�BHX h?2b2 b2+iBQMb �`2 Q`;�MBx2/ �b
7QHHQrb, 6B`bi- i?2 M2irQ`F �`+?Bi2+im`2 Bb T`2b2Mi2/- bm+? i?�i i?2 /2bB;M BMi2MiBQMb �M/
/2+BbBQMb �`2 +H2�`Hv bi�i2/X a2+QM/- i?2 BKTH2K2Mi�iBQM /2i�BHb �`2 ;Bp2M- r?B+? BM+Hm/2b HQbb
7mM+iBQM- QTiBKBx2`- i`�BMBM; T�`�K2i2`b- 2i+X- M2+2bb�`v 7Q` `2T`Q/m+BM; i?2 `2bmHibX 6BM�HHv- A
;Bp2 �M 2p�Hm�iBQM QM i?2 M2irQ`FǶb [m�MiBi�iBp2 �M/ [m�HBi�iBp2 T2`7Q`K�M+2- rBi? i?2 H�ii2`
#2BM; i?2 KQbi BKTQ`i�Mi 7�+iQ` BM /2i2`KBMBM; i?2 pBbm�H �TT2�H �M/ T`�+iB+�H mb�;2 Q7 i?2
K2i?Q/X

� +`m+B�H bi2T BM i?2 /2p2HQTK2Mi Q7 i?2b2 /22T H2�`MBM; K2i?Q/b Bb i?2 +QKTBH�iBQM �M/
+m`�iBQM Q7 /�i�b2ibX h?2`27Q`2- � /Bb+mbbBQM QM ?Qr i?2 /�i�b2i T`2T�`�iBQM r�b /QM2 BM i?Bb
rQ`F r�b T`2b2Mi2/ BM a2+iBQM jX8- r?B+? �HbQ ;Bp2b � `2�bQMBM; #2?BM/ i?2 +?Qb2M i`�BMBM;
/�i� 7Q` i?2 KQ/2HbX

9XR S`2T�`�iBQM Q7 .�i�b2ib
�b � H2�`MBM;@#�b2/ /�i�@/`Bp2M �TT`Q�+? Bb +?Qb2M 7Q` i?2 irQ +Q`2 T�`ib Ĝ b2K�MiB+ BMbi�M+2
b2;K2Mi�iBQM �M/ b?�T2 +QKTH2iBQM Ĝ Q7 i?2 j. pBbBQM TBT2HBM2- /�i�b2ib 7Q` #Qi? Q#D2+ib �M/
b+2M2b �`2 M22/2/X h?2 /�i�b2ib �`2 T`2b2Mi2/ BM i?2 irQ 7QHHQrBM; b2+iBQMb- rBi? BM7Q`K�iBQM
�#Qmi �+[mB`BM;- +QKTBHBM;- �M/ +QMp2`iBM; i?2 /�i�b2ib bQ i?�i i?2v ?�p2 � bmBi�#H2 bBx2 �M/
7Q`K�i 7Q` i?2 +?Qb2M M2irQ`F �`+?Bi2+im`2b i?2v rBHH #2 mb2/ 7Q`X

9XRXR j. JQ/2H .�i�b2i
:2M2`�HHv- i?2 `2b2�`+? QM b?�T2 +QKTH2iBQM mb2b T`2@K�/2 /�i�b2ib i�BHQ`2/ 7Q` H2�`MBM;@#�b2/
K2i?Q/bX �M Qp2`pB2r Q7 i?2 KQbi MQi�#H2 /�i�b2ib r�b T`2b2Mi2/ BM h�#H2 jXR- rBi? JQ/2HL2i
�M/ a?�T2L2i TQbbB#Hv #2BM; i?2 KQbi 7`2[m2MiHv mb2/X h?2b2 /�i�b2ib +QMi�BM KQbiHv K�M@
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K�/2 Q#D2+ib- bm+? �b +�`b- �B`TH�M2b- +?�B`b- +Qm+?2b- 2i+X- BM K2b? 7Q`K�ibX aBM+2 i?2v �`2
mb2/ bQ 7`2[m2MiHv- i?2v �HbQ K�F2 � ;QQ/ #�b2HBM2 QM r?B+? iQ +QKT�`2 /22T H2�`MBM; K2i?Q/bX

AM i?Bb rQ`F- ?Qr2p2`- Bi Bb /2bB`�#H2 iQ ?�p2 � +mbiQK /�i�b2i bT2+B}+�HHv +QMi�BMBM; j.
KQ/2Hb Q7 7QQ/ Q#D2+ib bm+? �b 7`mBi �M/ p2;2i�#H2b- }b? �M/ K2�i- 2i+X h?2b2 �`2 Q#D2+ib i?2
`Q#Qi K�MBTmH�iQ` BM � 7QQ/ T`Q+2bbBM; TH�Mi rQmH/ ?�M/H2- �M/ Bi Bb i?2`27Q`2 Q7 BMi2`2bi iQ b22
r?2i?2` +QKTH2iBQM +�M #2 /QM2 7Q` i?2b2 Q#D2+ib �b r2HHX AM +QMi`�bi iQ K�M@K�/2 Q#D2+ib-
i?2 b�K2 +H�bb Q7 �M Q`;�MB+ Q#D2+i +�M ?�p2 rB/2Hv /Bz2`2Mi bBx2b �M/ 72�im`2b- #mi biBHH #2
B/2MiB}�#H2 �b � bT2+B}+ +H�bbX h?Bb rBHH BM?2`2MiHv BM+`2�b2 i?2 /B{+mHiv Q7 b?�T2 +QKTH2iBQMX

1zQ`i r�b K�/2 iQ T`Q/m+2 � /�i�b2i #�b2/ QM `2�H@rQ`H/ b+�Mb- #mi i?Bb mM7Q`imM�i2Hv
/22K2/ mMb�iBb7�+iQ`v `2bmHibX h?2 �TT`Q�+? i�F2M r�b iQ mb2 � KQ#BH2 +�K2`� iQ i�F2 ky@jy
BK�;2b Q7 � biBHH@HB72 Q#D2+i U7Q` BMbi�M+2 � bi`�r#2``v �ii�+?2/ iQ � i?BM bi`�rV 7`QK p�`BQmb
pB2rb- �M/ biBi+? i?2K iQ;2i?2` BM i?2 bQ7ir�`2 J2b?`QQK (Nd)- r?B+? BM72`b i?2 ;2QK2i`v
Q7 � b+2M2 7`QK � b2i Q7 mMQ`/2`2/ T?QiQ;`�T?b Q` pB/2QbX AM KQbi +�b2b- 2p2M 7Q` b+�Mb Q7
r?QH2 b+2M2b- i?Bb bQ7ir�`2 Bb �#H2 iQ T`2/B+i i?2 j. BM7Q`K�iBQM rBi? 2``Q`b BM i?2 Q`/2` Q7
+2MiBK2i2`b Q` 2p2M KBHHBK2i2`bX Ai im`Mb Qmi- ?Qr2p2`- i?�i i?Bb Bb biBHH iQQ #B; 7Q` +`2�iBM;
`2�HBbiB+ j. Q#D2+ib 7`QK b+�Mb Q7 bK�HH2` Q#D2+ib bm+? �b 7`mBi �M/ p2;2i�#H2bX �Hi?Qm;? i?2
j. `2+QMbi`m+iBQMb /Q MQi ?�p2 iQ #2 �M 2t�+i K�i+? rBi? i?2 `2�H@rQ`H/ Q#D2+i mb2/ 7Q` i?2
b+�M BM +`2�iBM; � /�i�b2i- Bi b?QmH/ biBHH ?�p2 � bBKBH�` iQTQHQ;vX

h?2`27Q`2- KQ/2Hb Q7 7`mBib �M/ p2;2i�#H2b- #`2�/ p�`B2iB2b- �M/ bQK2 T`Q+2bb2/ 7QQ/ r2`2
bQm`+2/ 7`QK QMHBM2 T`QpB/2`b Q7 j. KQ/2HbX h?2b2 KQ/2Hb �`2 ?B;?Hv `2�HBbiB+ �M/ �++m`�i2
`2T`2b2Mi�iBQMb Q7 i?2B` `2�H@rQ`H/ +QmMi2`T�`ib- �b +�M #2 b22M BM i?2 +QHH�;2 6B;m`2 9XR rBi?
bQK2 Q#D2+ib 2ti`�+i2/ 7`QK i?2 +QKTBH2/ /�i�b2iX AM 7�+i- 2�+? KQ/2H +QMi�BM mT iQ �b K�Mv
�b j KBHHBQM 7�+2bX h?Bb Bb �M 2ti`2K2Hv ?B;? MmK#2` Q7 7�+2b- Km+? ?B;?2` i?�M �Mv M2m`�H
M2irQ`F ?�b � +�T�+Biv iQ `2T`2b2MiX Ai rQmH/ �HbQ i�F2 iQQ HQM; iQ T`Q+2bb bm+? Q#D2+ib
/m`BM; i`�BMBM;X am#b�KTHBM; Bb i?2`27Q`2 M22/2/ BM Q`/2` iQ `2/m+2 i?2 +QKTH2tBiv- r?B+? r�b
/QM2 mbBM; [m�/`B+ 2/;2 +QHH�Tb2 /2+BK�iBQM BM � bQ7ir�`2 +�HH2/ J2b?H�#(kR)X h?Bb �H;Q`Bi?K
Bi2`�iBp2Hv TB+Fb � K2b? `2;BQM �M/ �TTHB2b � /2+BK�iBQM QT2`�iQ`X .2+BK�iBQM BMpQHp2b b2H2+iBM;
� p2`i2t BM i?2 K2b? `2;BQM- i?2M b2H2+iBM; �M/ `2KQpBM; �HH i?2 7�+2b b?�`BM; i?�i p2`i2t- 7Q`
i?2M iQ }HH BM i?2 `2bmHiBM; ?QH2 rBi? M2r 7�+2bX 6m`i?2`- i?2 �H;Q`Bi?K i?2M �//b i?2 [m�HBiv
Q7 i?2 K2b? `2;BQM �7i2` /2+BK�iBQM iQ � [m2m2- �M/ ;2ib i?2 #2bi K2b? `2;BQM 7`QK i?�i [m2m2
#�b2/ QM �M 2``Q` K2i`B+ Q7 i?2 /Bz2`2M+2 #2ir22M i?2 bBKTHB}2/ �M/ Q`B;BM�H K2b? `2;BQM mMiBH
MQ 7m`i?2` `2/m+iBQM BM i?2 MmK#2` Q7 7�+2b Bb TQbbB#H2X

h?2 `2bmHiBM; K2b? r�b /2+B/2/ iQ +QMbBbi Q7 �#Qmi Ryy yyy 7�+2b- r?B+? #�b2/ QM
2tT2`BK2Mi�iBQM im`M2/ Qmi iQ ;Bp2 � b�iBb7�+iQ`v `2T`2b2Mi�iBQM Q7 i?2 Q#D2+i r?BH2 biBHH MQi
i�FBM; iQQ HQM; iQ T`Q+2bb 7Q` 7m`i?2` mb2X AM i?Bb T`Q+2bb- Bi r�b �HbQ p2`B}2/ i?�i i?2 K2b?2b
�`2 r�i2`@iB;?i- BX2X i?�i MQ ?QH2b Q` /Qm#H2@bB/2/ 7�+2b �`2 T`2b2Mi BM i?2 j. KQ/2HbX h?2v
r2`2 �HbQ +QMp2`i2/ �M/ b�p2/ �b XQz@}H2b- r?B+? Bb i?2 }H2ivT2 mb2/ BM i?2 JQ/2HL2i /�i�b2iX

q?BH2 i?Bb `2bmHib BM � /�i�b2i i?�i ?�b j. KQ/2Hb BM i?2 b�K2 7Q`K�i �b JQ/2HL2i- bQK2
7m`i?2` T`Q+2bbBM; r�b /QM2 iQ �/�Ti i?2 /�i�b2i iQ M2m`�H M2irQ`F �`+?Bi2+im`2b i?�i /Q MQi
M2+2bb�`BHv i�F2 K2b?2b �b BMTmi- #mi `�i?2` `2T`2b2Mi�iBQMb bm+? �b TQBMi +HQm/bX h?2`27Q`2-
i?2 �TT`Q�+? /2b+`B#2/ BM a2+iBQM kXRXk r�b BKTH2K2Mi2/ BM *YY iQ +QMp2`i K2b?2b BMiQ �
TQBMi +HQm/ rBi? � T`2@/2}M2/ MmK#2` Q7 TQBMibX aBM+2 Bi Bb bi`�B;?i@7Q`r�`/ iQ bm#b�KTH2
TQBMib H�i2`- �b K�Mv �b 250000 TQBMib r2`2 b�KTH2/ 7Q` 2�+? K2b?X h?2 *YY T`Q;`�K }`bi
mMB7Q`KHv b�KTH2b TQBMib QM i?2 bm`7�+2 Q7 � ;Bp2M K2b?- 7Q` i?2M iQ `2/Bbi`B#mi2 i?2 TQBMib
mbBM; i?2 SQBbbQM /BbF b�KTHBM; K2i?Q/- r?B+? ;Bp2b � ;QQ/ /Bbi`B#miBQM Q7 TQBMib QM i?2
bm`7�+2 Q7 i?2 j. KQ/2HX JQ`2Qp2`- i?2 MQ`K�H Q7 i?2 7�+2 r?2`2 i?2 TQBMi Bb b�KTH2/ 7`QK Bb
�HbQ biQ`2/X h?2 MQ`K�H Bb +�H+mH�i2/ #v i�FBM; i?2 p2+iQ` T`Q/m+i Q7 irQ Q7 i?2 2/;2b Q7 i?2
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6B;m`2 9XR, h?2 p2;2i�#H2b BM i?2 +mbiQK@K�/2 /�i�b2i +QKTBH2/ 7`QK ?B;?Hv `2�HBbiB+ j.
KQ/2Hb- BM+Hm/BM; p2;2i�#H2b bm+? �b �pQ+�/Q- H2KQM- Q`�M;2- T2�`- TQi�iQ- 2i+X

7�+2X G�biHv- i?2 TQBMi +HQm/b r2`2 b+�H2/ iQ }i rBi?BM i?2 mMBi bT?2`2- BX2X i?2 K�tBKmK p�Hm2
�HQM; �Mv /BK2MbBQM Bb RX h?Bb Bb BKTQ`i�Mi- �b M2m`�H M2irQ`Fb `2[mB`2 b+�H2/ /�i� �b BMTmiX
h?2`2 rBHH �HbQ #2 H2bb p�`B�iBQM #2ir22M i?2 /Bz2`2Mi Q#D2+ib r?B+? #2HQM; iQ i?2 b�K2 +H�bbX

JQ`2Qp2`- � i?B`/ p�`B�iBQM Q7 i?2 /�i�b2i r�b K�/2 BM Q`/2` iQ #2 �#H2 iQ i`�BM � M2irQ`F
r?B+? rQmH/ BKTHB+BiHv /2}M2 i?2 bm`7�+2 Q7 �M Q#D2+iX h?2 B/2� r�b i?�i mbBM; a.6 b�KTH2b
7Q` � b2i Q7 K2b?2b- � M2irQ`F rQmH/ #2 �#H2 iQ H2�`M � +QMiBMmQmb a.6 Q7 i?2 bm`7�+2X hQ ;2i
i?2b2 b�KTH2b- #Qi? i?2 TQBMi +HQm/ �M/ i?2 K2b? `2T`2b2Mi�iBQMb Q7 i?2 /�i�b2i r2`2 mb2/X
h?2 TQBMib BM i?2 TQBMi +HQm/ /�i�b2i r�b }`bi /mTHB+�i2/ r?2`2 2�+? ?�H7 r�b T2`im`#2/ �HQM;
�HH tvx �t2b rBi? K2�M@x2`Q :�mbbB�M MQBb2 rBi? � p�`B�M+2 Q7 2Bi?2` 0.0025 Q` 0.00025X h?Bb
`2bmHi2/ BM 500000 b�KTH2/ M2�` i?2 bm`7�+2 Q7 i?2 K2b?X Ai Bb BKTQ`i�Mi i?�i b�KTHBM; Bb /QM2
iQ bm+? � ?B;? MmK#2` 7Q` TQBMib M2�` i?2 bm`7�+2- bBM+2 i?Bb TQi2MiB�HHv �HHQrb 7Q` � KQ/2H iQ
�++m`�i2Hv T`2/B+i i?2 x2`Q@+`QbbBM;bX >Qr2p2`- 25000 TQBMib r2`2 mMB7Q`KHv b�KTH2/ rBi?BM
i?2 mMBi bT?2`2 iQ �HbQ KQ`2 ;HQ#�HHv BM/B+�i2 i?2 i`m2 a.6X 6Q` 2�+? Q7 i?2b2 TQBMib- i?2
/Bbi�M+2 iQ i?2 +HQb2bi 7�+2 QM i?2 K2b? Bb biQ`2/X

� +HQb2 2biBK�i2 Q7 i?2 /Bbi�M+2 +QmH/ #2 +�H+mH�i2/ #v +QMbi`m+iBM; � E.@i`22 Q7 i?2
TQBMib �M/ }M/ i?2 +HQb2bi TQBMi BM i?2 Q`B;BM�H TQBMi +HQm/ rBi? i?2 Gk@MQ`KX h?2 bB;M Q7
i?2 /Bbi�M+2- BX2X r?2i?2` i?2 TQBMi Bb BMbB/2 Q` QmibB/2 i?2 Q`B;BM�H TQBMi +HQm/- +QmH/ #2
+�H+mH�i2/ #v +�H+mH�iBM; i?2 /Qi T`Q/m+i #2ir22M i?2 MQ`K�H Q7 i?2 TQBMi �M/ i?2 p2+iQ`
/Bz2`2M+2 #2ir22M i?2 TQBMi �M/ i?2 +HQb2bi TQBMi 7`QK i?2 TQBMi +HQm/X h?2 /Qi T`Q/m+i
rQmH/ #2 TQbBiBp2 B7 i?2 TQBMi Bb QmibB/2 i?2 Q`B;BM�H TQBMi +HQm/- �M/ M2;�iBp2 Qi?2`rBb2X
>Qr2p2`- r?BH2 #2BM; � 7�bi �TT`Q�+? BM i2`Kb Q7 `mMiBK2 �b T`Q+2bbBM; 2�+? j. KQ/2H Bb /QM2
QM i?2 Q`/2` Q7 � +QmTH2 b2+QM/b- i?Bb �TT`Q�+? 7�BHb 7Q` Q#D2+ib i?�i ?�p2 `2H�iBp2Hv b?�`T Q`
i?BM bi`m+im`2bX 6B;m`2 9Xk BHHmbi`�i2b i?Bb T`Q#H2KX �b � +QMb2[m2M+2- /2+B/BM; i?2 bB;M Q7
i?2 /Bbi�M+2 Bb KQ`2 +QKTHB+�i2/ i?�M r?�i QM2 rQmH/ BMimBiBp2Hv i?BMFX PM2 bQHmiBQM +QmH/
T2`?�Tb #2 iQ mb2 i?2 MmK2`B+�HHv ;`2�i2bi /Qi T`Q/m+i #�b2/ QM i?2 p2+iQ` /Bz2`2M+2 7`QK
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i?2 TQBMi iQ � b2i Q7 TQBMib BM i?2 Q`B;BM�H TQBMi +HQm/- #mi i?Bb �HbQ 7�BHb BM bQK2 bT2+B�H +�b2bX
"¤`2Mix2M 2i �HX (j) #mBH/b 7m`i?2` mTQM i?Bb B/2� #v BMi`Q/m+BM; � Tb2m/QMQ`K�H r?B+? i?2v
+�HH i?2 �M;H2 r2B;?i2/ MQ`K�H- �M/ T`Qp2 i?�i i?Bb �Hr�vb /2i2`KBM2b i?2 +Q``2+i bB;MX

p2

ppcd

p1

n2

n1

6B;m`2 9Xk, *QMbB/2` i?2 HBM2b BM i?Bb BHHmbi`�iBQM iQ #2 7�+2b Q7 � K2b?- �M/ n1 �M/ n2 iQ
#2 i?2B` MQ`K�HbX h?2 b+?2K�iB+ i?2M b?Qrb i?�i Bi Bb TQbbB#H2 iQ ?�p2 i?2 b�K2
/Bbi�M+2 7`QK � TQBMi ppcd iQ irQ TQBMib p1 �M/ p2- r?BH2 i?2 bB;M Q7 i?2 /Qi
T`Q/m+i Q7 i?2 /B`2+iBQM p2+iQ` Bb MQi i?2 b�K2 7Q` i?2 irQ MQ`K�HbX

AM i?Bb rQ`F ?Qr2p2`- A miBHBx2 i?2 7�+i i?�i A ?�p2 #Qi? � TQBMi +HQm/ �M/ � K2b?
`2T`2b2MiBM; i?2 b�K2 Q#D2+i- �M/ i?mb i?2 bB;M +�M #2 +Q``2+iHv +�H+mH�i2/ #v i?2 /Qi T`Q/m+i
Q7 i?2 TQBMi MQ`K�H �M/ i?2 MQ`K�H Q7 i?2 +HQb2bi 7�+2 BM i?2 K2b?X AM/2T2M/2MiHv Q7 ?Qr
i?2 TQBMib �`2 b�KTH2/- i?Bb K2i?Q/ rBHH �Hr�vb ;Bp2 i?2 +Q``2+i bB;MX >Qr2p2`- � M�Bp2
BKTH2K2Mi�iBQM Q7 i?Bb K2i?Q/ r?2`2 �HH i?2 7�+2b �`2 Bi2`�i2/ i?`Qm;? iQ }M/ i?2 +HQb2bi 7�+2
`2bmHib BM � p2`v HQM; `mMiBK2X 6Q` BMbi�M+2- +�H+mH�iBM; i?2 bB;M 7Q` 250000 TQBMib b�KTH2/
�`QmM/ � K2b? i?�i Bb `2T`2b2Mi2/ rBi? 100000 7�+2b i�F2b �#Qmi k /�vbX 6Q`imM�i2Hv- bBKBH�`Hv
iQ ?Qr E.@i`22b 2{+B2MiHv +�M #2 mb2/ iQ +�H+mH�i2 /Bbi�M+2b 7Q` TQBMi +HQm/b- ��"" i`22b
+�M #2 mb2/ iQ T2`7Q`K /Bbi�M+2 [m2`B2b QM K2b?2bX "v mbBM; i?Bb bi`m+im`2 iQ }M/ i?2 M2�`2bi
K2b? 7�+2 iQ � TQBMi rBi? i?2 Svi?QM HB#`�`v i`BK2b? (kN)- i?2 `mMiBK2 Bb `2/m+2/ iQ �#Qmi 5
KBMmi2bX h?Bb Bb biBHH � 7�B`Hv HQM; iBK2- #mi HQr 2MQm;? iQ +QMp2`i �HH i?2 KQ/2Hb 7Q` QM2 +H�bb
BM � `2�bQM�#H2 iBK2@7`�K2X 6m`i?2` BKT`Qp2K2Mib +QmH/ #2 /QM2 #v T�`�HH2HBxBM; i?2 T`Q+2bb-
7Q` BMbi�M+2 #v mbBM; KmHiBTH2 i?`2�/b Q` #v KQpBM; i?2 T`Q+2bb iQ i?2 :SlX

Ai Bb /B{+mHi iQ ;Bp2 � ;QQ/ BHHmbi`�iBQM Q7 i?2 `2bmHiBM; /�i� bi`m+im`2- bBM+2 i?2 TQBMib �`2
b+�ii2`2/ mMB7Q`KHv �`QmM/ BM � mMBi bT?2`2X �M �ii2KTi Bb K�/2 BM 6B;m`2 9XjU+V- r?2`2 � bHB+2
�HQM; QM2 /BK2MbBQM Bb ~�ii2M2/ iQ ;Bp2 � irQ@/BK2MbBQM�H b+�ii2` THQi rBi? i?2 TQBMi +QHQ`b
BM/B+�iBM; i?2B` a.6 p�Hm2bX h?2 bm`7�+2 Q7 i?2 Q#D2+i +�M #2 b22M #v i?2 ?B;? MmK#2` Q7 TQBMib
BM i?�i �`2�X h?2`2 �`2 �HbQ QMHv TQBMib rBi? TQbBiBp2 a.6 p�Hm2b QmibB/2 i?2 bm`7�+2 U�M/ pB+2
p2`b�V- BM/B+�iBM; i?�i i?2 K2i?Q/ mb2/ iQ ;2M2`�i2 i?Bb /�i� `2T`2b2Mi�iBQM Bb bm++2bb7mHX
6B;m`2 9Xj �HbQ BHHmbi`�i2b Bib +Q``2bTQM/BM; K2b? �M/ TQBMi +HQm/ `2T`2b2Mi�iBQMbX
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U�V J2b? U#V SQBMi *HQm/ U+V aB;M2/ .Bbi�M+2 a�KTH2b

6B;m`2 9Xj, 1t�KTH2 Q#D2+i BM i?2 +mbiQK@K�/2 j. Q#D2+i b2i +QMbBbiBM; Q7 7`mBi �M/
p2;2i�#H2b- T`Q+2bb2/ 7QQ/- �M/ �M �bbQ`iK2Mi Q7 #`2�/X G27i, � bm#b�KTH2/
K2b? rBi? i?2 +QHQ` BM7Q`K�iBQM `2KQp2/X JB//H2, � TQBMi +HQm/ ;2M2`�i2/
7`QK i?2 K2b? mbBM; SQBbbQM /BbF b�KTHBM;X _B;?i, aB;M2/ /Bbi�M+2 b�KTH2b
;2M2`�i2/ #v T2`im`#BM; i?2 TQBMi +HQm/ rBi? :�mbbB�M MQBb2- +�H+mH�iBM; i?2
/Bbi�M+2 iQ i?2 mMT2`im`#2/ TQBMib- �M/ }M�HHv }M/BM; i?2 bB;M Q7 i?2 /Bbi�M+2
#v `2;Bbi2`BM; r?2i?2` i?2 T2`im`#2/ TQBMib �`2 BMbB/2 Q` QmibB/2 i?2 K2b?X

9XRXk j. a+2M2 .�i�b2i
� j. b+2M2 /�i�b2i +QMbBbiBM; Q7 +QHQ` �M/ /2Ti? BK�;2b rBi? ;`QmM/i`mi? K�bFb Bb � M2+2bbBiv
BM i?Bb rQ`FX Ai +QMbiBimi2b i?2 7QmM/�iBQM � M2m`�H M2irQ`F mb2b iQ H2�`M � ;QQ/ b2;K2Mi�iBQM
Q7 Q#D2+ib BM � b+2M2X 6Q` i?�i `2�bQM- Bi b?QmH/ BM+Hm/2 BK�;2b i?�i �`2 bBKBH�` iQ i?2 ;Bp2M
mb2 +�b2 Ĝ #Qi? BM i2`Kb Q7 i?2 b+2M2 b2imT Ubi`m+im`2b- HB;?iBM;- 2i+XV �M/ BM i2`Kb Q7 i?2
`2bQHmiBQM �M/ [m�HBiv Q7 i?2 BK�;2bX JQbi b2;K2Mi�iBQM M2irQ`Fb /Q MQi +QMbB/2` �Mv /2Ti?
+QKTQM2Mi- �M/ i?2`27Q`2 mb2 /�i�b2ib rBi? QMHv +QHQ` BK�;2bX AM i?2 `2+2Mi HBi2`�im`2 QM _:"@
. b2;K2Mi�iBQM- ?Qr2p2`- Bi b22Kb i?�i i?2 alL _:"@. /�i�b2i () Bb KQbi 7`2[m2MiHv mb2/X
h?2 b2;K2Mi�iBQM M2irQ`F Bb i?2`27Q`2 �HbQ i`�BM2/ QM i?Bb /�i�b2i 7Q` +QKT�`BbQM Tm`TQb2b
rBi? Qi?2` K2i?Q/bX

q?BH2 � `2�H@rQ`H/ j. b+2M2 /�i�b2i KB;?i #2 i?2 KQbi `2�HBbiB+ QTiBQM iQ +?QQb2- bBKmH�i2/
/�i�b2ib ?�p2 T`QT2`iB2b i?�i MQr Qmir2B;? i?�i 7�+iQ`X �//BiBQM�HHv- rBi? i?2 lM`2�H_Ps (Nj)
2M;BM2 Bi Bb 7�B`Hv 2�bv iQ +`2�i2 � ?B;?Hv `2�HBbiB+ `2M/BiBQM Q7 �Mv b+2M2X *QKT�`2/ iQ i?2
`2�H@rQ`H/ /�i�b2ib- /�i�b2ib K�/2 rBi? i?Bb 2M;BM2 ?�p2 i?2 7QHHQrBM; �/p�Mi�;2b, URV h?2
bBKmH�iQ` �miQK�iB+�HHv ;2M2`�i2b ;`QmM/@i`mi? K�bFb- r?B+? ;`2�iHv bBKTHB}2b i?2 ;2M2`�iBQM
T`Q+2bbX 6Q` `2�H@rQ`H/ /�i�b2ib- `2b2�`+?2`b ?�p2 QmibQm`+2/ i?2 K�bF ;2M2`�iBQM iQ ?mM/`2/b
Q7 rQ`F2`b mbBM; +QKT�MB2b bm+? �b �K�xQM J2+?�MB+�H hm`FX h?2b2 rQ`F2`b /`�r i?2 K�bF #v
7`22?�M/- r?B+? Bb � K2i?Q/ i?�i Bb T`QM2 iQ 2``Q`b �M/ +Q�`b2 K�bFbX am+? � T`Q+2bb Bb +H2�`Hv
i2/BQmb �M/ 2tT2MbBp2X UkV �Mv b+2M2 +�M #2 BK�;2/X 1bT2+B�HHv 7Q` b+2M2b +QMi�BMBM; 7QQ/
Bi2Kb r?B+? /2+�v Qp2` iBK2- i?Bb +�M #2 p2`v ?2HT7mHX AM K�Mv +�b2b- Bi KB;?i #2 BKTQbbB#H2 iQ
;�i?2` `2�H@rQ`H/ BK�;2bX UjV �M mMHBKBi2/ MmK#2` Q7 pB`im�H +�K2`�b +�M #2 mb2/ iQ +�Tim`2
� T`Q+2bb 7`QK KmHiBTH2 pB2rbX

AM i?Bb rQ`F- A mb2 i?2 _Q#Qi`Bs (jN) bim/BQ �T�`iK2Mi /�i�b2i K�/2 rBi? i?2 lM`2�H_Ps
2M;BM2X h?Bb /�i�b2i r�b ;2M2`�i2/ #v � T2`bQM r2�`BM; � o_@?2�/b2i r?B+? r�b K�MBTmH�iBM;
Q#D2+ib bm+? �b �M �TTH2 �M/ �M Q`�M;2 BM � bBKmH�i2/ FBi+?2M 2MpB`QMK2MiX �M 2t�KTH2 b+2M2
Bb ;Bp2M BM 6B;m`2 9X9X aBM+2 i?Bb b+2M2 Bb 7�B`Hv bBKBH�` iQ i?2 /2bB;M�i2/ mb2 +�b2 Q7 i?Bb rQ`F-
�M/ i?2 _Q#Qi`Bs /�i�b2i +QMi�BMb i?Qmb�M/b Q7 BK�;2b 7`QK p�`BQmb pB2rb- Bi Bb �M B/2�H +?QB+2
7Q` i?2 }M�H /�i�b2i iQ #2 mb2/ rBi? i?2 b2;K2Mi�iBQM M2irQ`F T`2b2Mi2/ BM a2+iBQM 9XkX

h?2`2 �`2- ?Qr2p2`- bQK2 +?�HH2M;2b �bbQ+B�i2/ rBi? mbBM; i?Bb /�i�b2iX :2M2`�HHv- bvMi?2iB+



9Xk _:"@. a2K�MiB+ a2;K2Mi�iBQM 8N

U�V _:" U#V .2Ti? U+V J�bF

6B;m`2 9X9, 1t�KTH2 b+2M2 +�HH2/ Ƕaim/BQ �T�`iK2MiǶ 7`QK i?2 _Q#Qi`Bs /�i�b2i (jN)-
r?2`2 i?2 ;`QmM/ i`mi? K�bF Bb �miQK�iB+�HHv ;2M2`�i2/ 7Q` 2�+? 7`�K2 #v i?2
lM`2�H_Ps bBKmH�iQ` (Nj)X

/�i�b2ib 72�im`2 MmK2`Qmb /Bb+`2T�M+B2b #2ir22M i?2K �M/ `2�H@rQ`H/ /�i�b2ibX h?Bb Bb FMQrM
�b i?2 `2�HBiv ;�TX q?BH2 _Q#Qi`Bt /�i�b2i Bb `2�HBbiB+ BM i2`Kb Q7 i?2 `2M/BiBQM Q7 i?2 b+2M2b- i?2
BK�;2 +�Tim`BM; T`Q+2bb Bb iQQ T2`72+i +QKT�`2/ iQ T�`iB+mH�`Hv i?2 `2�H@rQ`H/ /2Ti? b2MbQ`b-
r?B+? ?�b MmK2`Qmb 7�mHib bm+? �b ?QH2b Q++m`BM; BM i?2 `2bmHiBM; /2Ti? BK�;2b i�F2M Q7
� b+2M2X 6mim`2 rQ`F QM i?2 lM`2�H_Ps 2M;BM2 +QmH/ i?2`27Q`2 BM+Hm/2 �//BM; bBKmH�i2/
T?vbB+�H #2?�pBQ` Q7 `2�H _:"@. +�K2`�bX

9Xk _:"@. a2K�MiB+ a2;K2Mi�iBQM
h?2 `2H�i2/ rQ`F QM b2K�MiB+ b2;K2Mi�iBQM +H2�`Hv b?Qrb i?�i /22T H2�`MBM; �`+?Bi2+im`2b
�`2 #v 7�` i?2 K2i?Q/b rBi? i?2 ?B;?2bi �++m`�+vX q?BH2 i?2 J�bF@b+Q`BM; _@*LL �TT`Q�+?
b22Kb iQ #2 i?2 bi�i2@Q7@i?2 �`i �TT`Q�+? QM +QHQ` BK�;2b- i?Bb M2irQ`F /Q2b MQi i�F2 /2Ti?
BMiQ +QMbB/2`�iBQMX q?BH2 /2Ti? +QmH/ #2 �//2/ �b �MQi?2` +?�MM2H iQ i?2 BK�;2b T`QT�;�i2/
iQ bm+? � M2irQ`F- i?Bb rQmH/ MQi 7mHHv miBHBx2 i?2 /2Ti? BM7Q`K�iBQMX h?2`27Q`2- AǶp2 +?Qb2M
iQ #mBH/ Kv b2;K2Mi�iBQM M2irQ`F mTQM _2/L2i (ej)- �b i?Bb M2irQ`F b22Kb iQ ?�p2 7QmM/ �
;QQ/ r�v iQ BM+Q`TQ`�i2 /2Ti? BMiQ i?2 M2irQ`F �`+?Bi2+im`2X �Hi?Qm;? Bi /Q2b MQi T2`7Q`K
BMbi�M+2 b2;K2Mi�iBQM- i?Bb Bb Q7 H2bb2` BKTQ`i�M+2 �b KQbi b+2M2b iQ #2 b2;K2Mi2/ BM i?Bb rQ`F
QMHv +QMi�BM mMB[m2 Q#D2+ibX h?2 QmiTmi 7`QK � b2K�MiB+ b2;K2Mi�iBQM M2irQ`F b?QmH/ i?2M
#2 i?2 b�K2 �b i?�i 7`QK � b2K�MiB+ BMbi�M+2 b2;K2Mi�iBQM M2irQ`FX

9XkXR L2irQ`F �`+?Bi2+im`2
�M Qp2`pB2r Q7 i?2 M2irQ`F �`+?Bi2+im`2 7Q` i?2 b2;K2Mi�iBQM M2irQ`F Bb ;Bp2M BM 6B;m`2 9X8X
h?Bb Bb �M 2M+Q/2`@/2+Q/2` M2irQ`F- r?B+? }`bi �//b b2p2`�H /QrMb�KTH2 QT2`�iBQMb iQ i?2
BMTmi BM i?2 2M+Q/2`- 7Q` i?2M iQ mTb�KTH2 i?2 `2bmHiBM; H�i2Mi `2T`2b2Mi�iBQMX Ai Bb bi`QM;Hv
BMbTB`2/ #v i?2 ;2M2`�H _2bL2i (8j) �`+?Bi2+im`2- #mi ?�b #22M 2ti2M/2/ iQ irQ #`�M+?2b BM i?2
2M+Q/2` T�`i Q7 i?2 M2irQ`F Ui?2 mTT2` ?�H7 Q7 i?2 ~Qr+?�`iVc i?2 +QHQ` #`�M+? �M/ i?2 /2Ti?
#`�M+?X h?2b2 irQ #`�M+?2b ?�p2 i?2 b�K2 +QM};m`�iBQM 2t+2Ti 7Q` i?2 p2`v }`bi +QMpQHmiBQM
H�v2`- r?B+? ?�b j +?�MM2Hb 7Q` i?2 +QHQ` BK�;2 BMTmi- �M/ QMHv R +?�MM2H 7Q` i?2 /2Ti? BK�;2
BMTmiX h?2 HQr2` ?�H7 Q7 i?2 ~Qr+?�`i BHHmbi`�i2b i?2 /2+Q/2`X a2p2`�H bFBT@+QMM2+iBQMb- BX2X
/B`2+i +QMM2+iBQMb 7`QK 2�`Hv H�v2`b iQ H�i2` H�v2`b- �`2 �//2/ UBHHmbi`�i2/ #v i?2 *QMpk. H�v2`b
BM i?2 H27i ?�H7 Q7 i?2 ~Qr+?�`iV iQ �B/ rBi? #�+F@T`QT�;�iBQM �M/ �pQB/ i?2 p�MBb?BM;@;`�/B2Mi
T`Q#H2K Q7i2M T`2b2Mi BM M2irQ`Fb Q7 i?Bb /2Ti?X h?2b2 k. +QMpQHmiBQM�H H�v2`b ?�p2 F2`M2H
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bBx2b 1×1 �M/ bi`B/2b 2[m�H iQ RX LQi2 i?�i #�i+? MQ`K�HBx�iBQM �M/ _2Gl �+iBp�iBQM 7mM+iBQMb
�`2 �TTHB2/ �7i2` 2�+? +QMpQHmiBQM QT2`�iBQM- #mi i?�i i?2v �`2 QKBii2/ 7`QK i?2 };m`2 iQ �pQB/
iQQ Km+? +Hmii2`BM;X

h?2 2M+Q/2` +QMbBbib Q7 � +QMpQHmiBQM H�v2` 7QHHQr2/ #v � b2`B2b Q7 7Qm` `2bB/m�H H�v2`b-
2�+? rBi? � /Bz2`2Mi MmK#2` Q7 `2bB/m�H mMBib- �b BHHmbi`�i2/ BM 6B;m`2 9XeX h?2 +QMpQHmiBQM
H�v2` 2M+Q/2b i?2 /2Ti? BK�;2- �M/ BM+`2�b2b i?2 72�im`2 +?�MM2H 7`QK j UQ` R 7Q` i?2 /2Ti?
H�v2`V iQ e9X h?2 H�v2`b QM2 i?`Qm;? 7Qm` ?�p2 j- 9- e- �M/ j `2bB/m�H mMBib- `2bT2+iBp2HvX �b
BHHmbi`�i2/ BM 6B;m`2 9XdU�V- i?2 `2bB/m�H mMBi +QMbBbi Q7 irQ #`�M+?2b Q7 r?B+? i?2 QmiTmib �`2
�//2/ iQ;2i?2` #27Q`2 #2BM; T`QT�;�i2/ iQ i?2 M2ti H�v2`X >Qr2p2`- QMHv i?2 }`bi mMBi BM 2�+?
`2bB/m�H H�v2` ?�b i?2 `B;?i #`�M+? rBi? i?2 bBM;H2 +QMpQHmiBQM�H H�v2`X h?2 H27i #`�M+? +QMbBbib
Q7 � 1 × 1 +QMpQHmiBQM rBi? bi`B/2 R- � 3 × 3 +QMpQHmiBQM rBi? bi`B/2 k- �M/ � 1 × 1 +QMpQHmiBQM
rBi? bi`B/2 RX AM i?2 `B;?i #`�M+?- i?2 BMTmi Bb T`QT�;�i2/ i?`Qm;? QMHv QM2 +QMpQHmiBQM�H
H�v2` UrBi? F2`M2H bBx2 1 × 1 �M/ bi`B/2 kVX

h?2 /2+Q/2` KB``Q`b iQ � H�`;2 /2;`22 i?2 2M+Q/2` #v �HbQ +QMbBbiBM; Q7 � b2`B2b Q7 `2bB/m�H
H�v2`bX h?2b2 H�v2`b- ?Qr2p2`- ?�p2 mTb�KTH2 `2bB/m�H mMBib �b BHHmbi`�i2/ BM 6B;m`2 9XdU#VX
Ǵ*QMph`�MbTQb2k.Ǵ BM i?Bb };m`2 `272`b iQ i?2 i`�MbTQb2/ +QMpQHmiBQM QT2`�iQ`- r?B+? Bb �M
mTb�KTHBM; QT2`�iQ`X Ai +�M #2 b22M �b i?2 ;`�/B2Mi Q7 k. +QMpQHmiBQM UǴ*QMpk/ǴV rBi? `2bT2+i
iQ Bib BMTmiX h?2 H27i #`�M+? +QMbBbib Q7 3 × 3 +QMpQHmiBQM rBi? bi`B/2 R- �M/ 3 × 3 i`�MbTQb2/
+QMpQHmiBQM rBi? bi`B/2 k- r?BH2 i?2 `B;?i #`�M+? +QMbBbib Q7 � bBM;H2 2×2 i`�MbTQb2/ +QMpQHmiBQM
rBi? bi`B/2 kX aBKBH�`Hv iQ i?2 `2bB/m�H H�v2`b 7Q` i?2 2M+Q/2`- i?2 `B;?i #`�M+? Bb QMHv BM+Hm/2/
BM QM2 `2bB/m�H mMBi- #mi BM i?Bb +�b2 Bi Bb 7Q` i?2 }M�H mMBi BM i?2 H�v2`X h?2 `2bB/m�H mTb�KTHBM;
H�v2`b QM2 i?`Qm;? }p2 ?�p2 e- 9- j- j- �M/ j mMBib- `2bT2+iBp2HvX

9XkXk AKTH2K2Mi�iBQM .2i�BHb
h?2 M2irQ`F Bb BKTH2K2Mi2/ BM SvhQ`+?- rBi? i?2 2M+Q/2` T`2i`�BM2/ QM i?2 AK�;2L2i /�i�b2i
Ui?2 M2irQ`F r2B;?ib �`2 �p�BH�#H2 i?`Qm;? i?2 SvhQ`+? BMi2`7�+2VX 6Q` i?2 QTiBKBx2`- a:. Bb
+?Qb2M rBi? KQK2MimK γ = 0.9 �M/ � r2B;?i /2+�v UL2 `2;mH�`Bx�iBQMV Q7 10−4X h?2 BMBiB�H
H2�`MBM; `�i2 Bb b2i iQ α = 2 · 10−2- �M/ /2+�v2/ rBi? � 7�+iQ` Q7 0.8 2p2`v 80 2TQ+?b iQ bHQr
/QrM i`�BMBM; �M/ �pQB/ Qp2`b?QQiBM; �b i?2 ;HQ#�H QTiBKmK Bb +HQb2/ BM QMX

h?2 HQbb 7mM+iBQM mb2/ i�F2b BMiQ +QMbB/2`�iBQM �HH i?2 BMi2`K2/B�i2 QmiTmib b?QrM BM
6B;m`2 9X8,

L(s, g) = 1
N

∑

i

− log
(

exp(si[gi])∑
k exp(si[k])

)

U9XRV

h?Bb Bb i?2 bmKK�iBQM Q7 }p2 k. +`Qbb 2Mi`QTv HQbb2b #2ir22M i?2 QmiTmi �M/ i?2 ;`QmM/i`mi?
r?2`2 gi ∈ R /2MQi2 i?2 +H�bb BM/2t Q7 i?2 ;`QmM/i`mi? K�bF QM HQ+�iBQM i U�+[mB`2/
#v /QrMb�KTHBM; i?2 7mHH `2bQHmiBQM ;`QmM/i`mi? mbBM; M2�`2bi@M2B;?#Q` BMi2`TQH�iBQMV �M/
si ∈ RNc /2MQi2 i?2 b+Q`2 p2+iQ` Q7 i?2 M2irQ`F QmiTmi QM HQ+�iBQM i rBi? Nc #2BM; i?2
MmK#2` Q7 +H�bb2b BM i?2 /�i�b2iX h?2 `2�bQMBM; #2?BM/ mbBM; i?Bb HQbb 7mM+iBQM Bb iQ �//`2bb
i?2 ;`�/B2Mi p�MBb?BM; T`Q#H2K- r?B+? KB;?i Q++m` 7Q` M2irQ`Fb Q7 i?Bb /2Ti?X AM 7�+i- i?2
/QrMb�KTH2/ +`Qbb 2Mi`QTB2b �`2 ;Bp2M KQ`2 r2B;?i BM U9XRV iQ b?Q`i2M i?2 #�+FT`QT�;�iBQM
/Bbi�M+2- �M/ BM+2MiBpBx2 i?2 HQr2` H�v2`b BM i?2 /2+Q/2` T�`i Q7 i?2 M2irQ`F iQ H2�`M i?2 ;HQ#�H
72�im`2b- r?BH2 i?2 ?B;?2` H�v2`b QMHv `2}M2 �M/ mTb�KTH2 i?2 QmiTmiX
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*QHQ`

*QMpk/

.2Ti?

*QMpk/

Y

J�tTQQH J�tTQQH

_2bG�v2` rf/QrMb�KTH2 _2bG�v2` rf/QrMb�KTH2

Y

_2bG�v2` rf/QrMb�KTH2 _2bG�v2` rf/QrMb�KTH2

Y

_2bG�v2` rf/QrMb�KTH2 _2bG�v2` rf/QrMb�KTH2

Y

_2bG�v2` rf/QrMb�KTH2 _2bG�v2` rf/QrMb�KTH2

Y

*QMpk/

_2bG�v2` rfmTb�KTH2

Y

_2bG�v2` rfmTb�KTH2

Y

_2bG�v2` rfmTb�KTH2

Y

_2bG�v2` rfmTb�KTH2

Y

_2bG�v2`

*QMph`�MbTQb2k/

PmiTmi

*QMpk/

*QMpk/

*QMpk/

*QMpk/

*QMpk/ PmiR

*QMpk/ Pmik

*QMpk/ Pmij

*QMpk/ Pmi9

6B;m`2 9X8, Pp2`pB2r Q7 i?2 b2K�MiB+ b2;K2Mi�iBQM M2irQ`F �`+?Bi2+im`2X
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_2bB/m�H lMBi R

[· · · ]

_2bB/m�H lMBi N

6B;m`2 9Xe, _2bB/m�H mMBi b2[m2M+2X

*QMpk/

*QMpk/

*QMpk/ *QMpk/

Y

U�V .QrMb�KTH2 `2bB/m�H mMBi

*QMpk/

*QMph`�MbTQb2k/ *QMph`�MbTQb2k/

Y

U#V lTb�KTH2 `2bB/m�H mMBi

6B;m`2 9Xd, _2bB/m�H mMBibX

9XkXj 1p�Hm�iBQM
"v mbBM; i?2 b2K�MiB+ b2;K2Mi�iBQM M2irQ`F QM i?2 alL _:"@. /�i�b2i A ;2i b2;K2Mi�iBQM
K�bFb �b b?QrM BM 6B;m`2 9X3X h?2 M2irQ`F Bb +H2�`Hv �#H2 iQ }M/ ;QQ/ K�bFb +Q``2bTQM/BM;
iQ r?�i � ?mK�M �MMQi�iQ` rQmH/ �bbB;M iQ i?2 BK�;2bX Ai �+?B2p2b � K2�M AQl Q7 yȳX98 QM
i?2 i2bi T�`iBiBQM Q7 i?2 /�i�b2i- r?B+? Bb #2ii2` Q` QM T�` rBi? Qi?2` b2K�MiB+ b2;K2Mi�iBQM
M2irQ`Fb QM _:"@. /�i�X h?Bb BM/B+�i2b i?�i ?�pBM; � b2T�`�i2 #`�M+? 7Q` +QHQ` �M/ /2Ti?
/�i� rQ`Fb �b BMi2M/2/- �b Bi b22Kb iQ 2z2+iBp2Hv 2tTHQBi _:"@. BM7Q`K�iBQM r?2`2 i?2 72�im`2
/Bbi`B#miBQMb Q7 _:" �M/ /2Ti? BK�;2b p�`v bB;MB}+�MiHv BM /Bz2`2Mi b+2M2bX � [m�HBi�iBp2
2p�Hm�iBQM Bb M22/2/ iQ #2ii2` mM/2`bi�M/ i?2 MmK2`B+�H p�Hm2 �+?B2p2/ 7Q` i?2 K2�M AQl- �M/
i?Bb rBHH #2 /Bb+mbb2/ BM i?2 7QHHQrBM; T�`�;`�T?bX

LQi2 i?�i i?2 M2irQ`F QmiTmi K�bF /Q2b MQi ?�p2 �Mv #H�+F TBt2HbX AM i?2 +QHQ` +?�`i mb2/
iQ pBbm�HBx2 i?2 BK�;2b- A mb2/ #H�+F iQ /2MQi2 i?2 H�#2H ǴmMFMQrMǴ- BX2X TBt2Hb r?B+? ?�p2 MQi
#22M �MMQi�i2/ BM i?2 ;`QmM/i`mi? K�bFbX h?2 /2bB;M2/ M2irQ`F �`+?Bi2+im`2- ?Qr2p2`- /Q2b
QMHv ?�p2 � `2T`2b2Mi�iBQM Q7 i?2 +H�bb H�#2Hb- �M/ i?2`27Q`2 H2�`Mb � K�TTBM; r?B+? }HHb BM i?2
;�Tb b?QrM BM 6B;m`2 9X3U#VX

AM bQK2 +�b2b- i?2 M2irQ`F b22Kb iQ ?�p2 H2�`M2/ � #2ii2` K�TTBM; i?�M r?�i Bb ;Bp2M BM i?2
;`QmM/ i`mi? 7`QK i?2 alL _:"@. /�i�b2iX PM2 bm+? BMbi�M+2 Bb T`2b2Mi2/ BM 6B;m`2b 9X3U/V
iQ 9X3U7VX >2`2- i?2 i�#H2 BM i?2 mTT2` H27i +Q`M2` Bb �MMQi�i2/ �b � #Qt BM i?2 ;`QmM/ i`mi?
K�bFX �Hi?Qm;? Bi KB;?i #2 ?�`/ iQ b22 BM 6B;m`2 9X3U/V- i?Bb �MMQi�iBQM Bb MQi �++m`�i2- �b
i?2 �`2� mM/2` i?2 i�#H2iQT Bb �+im�HHv i?2 ~QQ` /�`F2M2/ #v � b?�/Qr 7`QK i?2 i�#H2X h?2
M2irQ`F- ?Qr2p2`- +Q``2+iHv �bbB;Mb i?2 K�bF iQ i?2 i�#H2iQT �M/ Bib H2;bX h?Bb Bb �HbQ � ;QQ/
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U�V *QHQ` AK�;2 U#V :`QmM/ h`mi? J�bF U+V S`2/B+i2/ J�bF

U/V *QHQ` AK�;2 U2V :`QmM/ h`mi? J�bF U7V S`2/B+i2/ J�bF

6B;m`2 9X3, 1t�KTH2 QmiTmib 7`QK i?2 b2K�MiB+ b2;K2Mi�iBQM M2irQ`F r?2M i`�BM2/ QM i?2
alL _:"@. /�i�b2i rBi? BK�;2 `2bQHmiBQM Q7 640 × 480X AM i?2 BHHmbi`�iBQM- irQ
�M/ irQ BK�;2b �`2 ;`QmT2/ iQ;2i?2`X h?2 /2Ti? BK�;2 Bb QKBii2/ 7`QK i?Bb
};m`2- #mi biBHH mb2/ BM i?2 M2irQ`FX

2t�KTH2 Q7 BHHmbi`�iBM; i?2 ;2M2`�HBx�#BHBiv Q7 i?Bb M2irQ`FX JQ`2Qp2`- i?Bb �//b �MQi?2` `2�bQM
7Q` mbBM; �miQ@;2M2`�i2/ /�i�b2ib Ĝ r?B+? +�M QMHv #2 K�/2 BM � bBKmH�iBQM 2MpB`QMK2Mi Ĝ
BMbi2�/ Q7 ?mK�M �MMQi�i2/ /�i�b2ibX

AM BK�;2b rBi? K�Mv Q#D2+ib- bm+? �b i?2 #�+F;`QmM/ T�`i Q7 i?2 BK�;2 ;Bp2M BM
6B;m`2 9X3U�V- i?2 M2irQ`F QmiTmi #2+QK2b MQBbvX h?2 ;`QmM/i`mi? K�bF 7Q` i?2b2 �`2�b
�`2 2Bi?2` KBbbBM; UBX2X �bbB;M2/ i?2 ǴmMFMQrMǴ H�#2HV- Q` QMHv +Q�`b2Hv 7QHHQr i?2 QmiHBM2b
Q7 Q#D2+ib BM i?2 b+2M2X Ai b?QmH/ �HbQ #2 K2MiBQM2/ i?�i i?2 MmK#2` Q7 +H�bb2b Bb `2bi`B+i2/
iQ 37 7Q` i?Bb /�i�b2i- r?B+? +QKTHB+�i2b i?2 �MMQi�iBQM r?2M Q#D2+ib QmibB/2 Q7 i?Bb HBbi �`2
T`2b2Mi Ubm+? �b i?2 r?Bi2#Q�`/ 2`�b2` QM i?2 i�#H2 BM i?Bb 2t�KTH2VX >Qr2p2`- i?2 M2irQ`F
QmiTmi 7Q` BK�;2b rBi? bm+? �`2�b /Q MQi b22K iQ #2 Qp2`�HH �z2+i2/ #v i?2 KBbK�i+?2/ K�bFb
Q7 i?Qb2 HQ+�iBQMbX h?�i Bb- �b BM 6B;m`2 9X3U+V- i?2 i�#H2 �M/ +?�B` K�bFb �`2 MB+2Hv �HB;M2/
iQ i?2 ;`QmM/i`mi? 2p2M i?Qm;? i?2 mTT2` H27i T�`i Q7 i?2 K�bF Bb MQBbvX h?Bb BM/B+�i2b i?�i
i?2 M2irQ`FǶb +H�bb H�#2H T`Q#�#BHBiB2b 7Q` i?2 MQBbv HQ+�iBQMb �`2 �TT`QtBK�i2Hv 2[m�HX >mK�M
�MMQi�iQ`b rQmH/ �HbQ ?�p2 i`Qm#H2 ;BpBM; � +Q``2+i K�bF 7Q` i?2b2 Q++m`2M+2b- �M/ i?2 M2irQ`F
?�b MQ QTTQ`imMBiv iQ H2�`M i?2 ;`QmM/i`mi? K�bFb �b BM i?Bb /�i�b2i i?2v �`2 2Bi?2` iQQ +Q�`b2
Q` MQi T`2b2Mi UBX2X i?2 �`2�b �`2 �bbB;M2/ i?2 ǴmMFMQrMǴ H�#2HVX �b � +QMb2[m2M+2 Q7 i?Bb
Q#b2`p�iBQM- 7m`i?2` 2ti2MbBQMb b?QmH/ #2 �//2/ iQ i?2 M2irQ`F bm+? i?�i i?2 M2irQ`F Bb MQi
7Q`+2/ iQ QmiTmi � H�#2H 7Q` 2p2`v TBt2H BM i?2 BK�;2X h?Bb rBHH- ?Qr2p2`- TQbbB#Hv #2 � K�DQ`
+?�M;2 �b Bi KB;?i `2[mB`2 i?2 +QM+2Ti Q7 "�v2bB�M M2m`�H M2irQ`Fb iQ #2 �//2/ iQ i?2 M2irQ`F
�`+?Bi2+im`2X

9Xj a?�T2 *QKTH2iBQM
a?�T2 +QKTH2iBQM Bb �i i?2 +Q`2 Q7 i?Bb rQ`F- �b i?2 K2i?Q/b BM i?Bb }2H/ T2`7Q`K i?2 +QKTH2iBQM
Q7 j. ;2QK2i`B2bX AMBiB�HHv- i?2 �BK r�b iQ �/�Ti i?2 `2H2p�Mi �TT`Q�+?2b T`2b2Mi2/ BM i?2
HBi2`�im`2 iQ #2 �TTHB+�#H2 iQ `2�H@rQ`H/ b?�T2 +QKTH2iBQM- #mi i?Bb im`M2/ Qmi iQ #2 BM72�bB#H2X
h?2 `�M;2 Q7 TQbbB#H2 +QKTH2iBQMb Bb iQQ H�`;2 B7 i?2`2 �`2 MQ `2bi`B+iBQMb QM i?2 HQ+�iBQMb-
/BK2MbBQMb �M/ i`�Mb7Q`Kb Q7 i?2 Q#D2+ib BM i?2 b+2M2- �M/ i?2 b+2M2 �b � r?QH2X h?Bb Bb r?v
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i?2 T`2+2/BM; b2K�MiB+ b2;K2Mi�iBQM M2irQ`F �M/ i?2 7QHHQrBM; TQBMi `2;Bbi`�iBQM M2irQ`F r2`2
BMi`Q/m+2/X qBi? i?2b2 irQ M2irQ`Fb T`Q+2bbBM; i?2 _:"@. b+�M Q7 � b+2M2- QMHv T�`iB�H b+�Mb
Q7 Q#D2+ib Q7 BMi2`2bi BM � +�MQMB+�H TQb2 �`2 b2H2+i2/ �b i?2 BMTmi iQ i?2 b?�T2 +QKTH2iBQM
�;2MiX h?2`27Q`2- i?2 b?�T2 +QKTH2iBQM �;2Mi b?QmH/ #2 /2bB;M2/ iQ K�tBKBx2 i?2 �++m`�+v
�M/ `2bQHmiBQM Q7 i?2 `2bmHiBM; ;2QK2i`v ;Bp2M bm+? �M BMTmiX

h?2 }2H/ Q7 b?�T2 +QKTH2iBQM Bb biBHH BM Bib 2�`Hv bi�;2b- rBi? K�Mv M2r K2i?Q/b 2K2`;BM;
`2+2MiHvX h?2`27Q`2- i?2 /2bB;M �M/ /2p2HQTK2Mi Q7 b?�T2 +QKTH2iBQM �;2Mib BM i?Bb rQ`F ?�b
#22M �M Bi2`�iBp2 T`Q+2bbX ai�`iBM; 7`QK pQt2H@#�b2/ KQ/2Hb- r?B+? r2`2 bi�i2@Q7@i?2 �`i �
v2�` �;Q- i?2 +m``2Mi KQ/2Hb QmiTmi � +QMiBMmQmb `2T`2b2Mi�iBQM Q7 i?2 `2bmHiBM; ;2QK2i`v-
r?B+? BKK2Mb2Hv BM+`2�b2b ;2M2`�HBx�#BHBiv �M/ `2bQHmiBQMX AM a2+iBQM 9XjXR- i?Bb /2bB;M T`Q+2bb
Bb T`2b2Mi2/X h?2 }M�H b2H2+i2/ M2irQ`F �`+?Bi2+im`2 Bb i?2 H�bi QM2 ;Bp2MX h?Bb M2irQ`F
`2T`2b2Mib i?2 QmiTmi rBi? � +QMiBMmQmb 7mM+iBQM i?`Qm;? Q++mT�M+v 7mM+iBQMb bm+? i?�i ?B;?@
`2bQHmiBQM j. ;2QK2i`B2b +�M #2 �+?B2p2/X

9XjXR L2irQ`F �`+?Bi2+im`2b
a2p2`�H M2irQ`F �`+?Bi2+im`2b ?�p2 #22M /2p2HQT2/ �M/ i2bi2/ �b T�`i Q7 i?Bb rQ`FX >Qr2p2`-
KQbi Q7 i?2K /B/ MQi ;Bp2 b�iBb7�+iQ`v `2bmHibX �Hi?Qm;? i?2b2 �`+?Bi2+im`2b r2`2 mM}i iQ
#2 mb2/ 7Q` `2�H@rQ`H/ b?�T2 +QKTH2iBQM- i?2`2 Bb biBHH BMi2`2biBM; BMbB;?i iQ #2 ;�i?2`2/ 7`QK
i?Qb2 �`+?Bi2+im`2b- bm+? �b i?2 `2�bQMBM; #2?BM/ i?2B` /2bB;MX h?2`27Q`2 � b?Q`i T`2b2Mi�iBQM
Q7 i?2K �`2 ;Bp2M BM i?Bb b2+iBQM- #mi bT2+B}+ BKTH2K2Mi�iBQM /2i�BHb rBHH MQi #2 �//`2bb2/
2t+2Ti 7Q` i?2 }M�H b2H2+i2/ b?�T2 +QKTH2iBQM M2irQ`FX

:�L #�b2/ QM pQt2Hb h?2 }`bi M2irQ`F /2p2HQT2/ �b T�`i Q7 i?Bb rQ`F r�b BKTH2K2Mi2/
/m`BM; Kv bT2+B�HBx�iBQM T`QD2+i (dd)X Ai Bb � ;2M2`�iBp2 �/p2`b�`B�H M2irQ`F r?B+? Bb �#H2
iQ ;2M2`�i2 pQt2HBx2/ +?�B`b rBi? � `2bQHmiBQM Q7 323 #�b2/ QM � H�i2Mi p2+iQ`X � b+?2K�iB+
Q7 i?2 �`+?Bi2+im`2 Bb ;Bp2M BM 6B;m`2 9XNX h?2 /Bb+`BKBM�iQ` +QMbBbib Q7 }p2 +QMb2+miBp2 j.
4×4 +QMpQHmiBQM H�v2`b rBi? bi`B/2 k- r?2`2 j. #�i+? MQ`K�HBx�iBQM �M/ H2�Fv _2Gl �+iBp�iBQM
7mM+iBQMb �`2 �TTHB2/ iQ 2�+? H�v2` 2t+2Ti i?2 QmiTmi H�v2`- r?2`2 � bB;KQB/ �+iBp�iBQM 7mM+iBQM
Bb mb2/ BMbi2�/X h?2 ;2M2`�iQ` Bb �HKQbi � KB``Q`2/ p2`bBQM Q7 i?2 /Bb+`BKBM�iQ`X Ai +QMbBbib
Q7 }p2 +QMb2+miBp2 i`�MbTQb2 Q7 j. 4 × 4 +QMpQHmiBQM H�v2`b rBi? bi`B/2 k- r?B+? 7mM+iBQM �b
mTb�KTHBM; QT2`�iQ`bX AM +QMi`�bi iQ i?2 /Bb+`BKBM�iQ`- _2Gl �+iBp�iBQM 7mM+iBQMb �`2 mb2/
BMbi2�/ Q7 i?2 H2�Fv p�`B�MibX

�Hi?Qm;? i?Bb �`+?Bi2+im`2 /Q2b MQi 2M+Q/2 � H�i2Mi p2+iQ` #�b2/ QM � T�`iB�H Q#b2`p�iBQM-
Bi Bb �#H2 iQ ;2M2`�i2 Q#D2+ib i?�i HQQF bBKBH�` iQ i?2 QM2b ;Bp2M BM i?2 /�i�b2i- �b BHHmbi`�i2/
BM 6B;m`2 9XRyX h2+?MB+�HHv- Bi +QmH/ #2 2ti2M/2/ rBi? �M 2M+Q/2`- `2bmHiBM; BM �M �`+?Bi2+im`2
�b BM i?2 bBKTHB}2/ BHHmbi`�iBQM ;Bp2M BM 6B;m`2 9XRRX >Qr2p2`- i?2 QmiTmi `2bQHmiBQM rBi? �
KQ/2H #�b2/ QM pQt2Hb Bb iQQ HQr iQ #2 Q7 �Mv T`�+iB+�H mb2- �M/ i?2`27Q`2 A /B/ MQi HQQF 7m`i?2`
BMiQ i?Bb �Hi2`M�iBp2X

1M+Q/2`@/2+Q/2` �`+?Bi2+im`2 #�b2/ QM TQBMi +HQm/b aBM+2 i?2 T�`iB�H Q#b2`p�iBQM Q7
� b+2M2 Bb � T�`iB�H b+�M `2T`2b2Mi2/ �b � TQBMi +HQm/ U�Hi2`M�iBp2Hv � /2Ti? K�T- r?B+? +�M
#2 /B`2+iHv +QMp2`i2/ iQ � TQBMi +HQm/V- Bi +QmH/ #2 �`;m2/ i?�i TQBMi +HQm/b b?QmH/ #2 i?2 j.
`2T`2b2Mi�iBQM Q7 +?QB+2 i?`Qm;?Qmi i?2 M2irQ`F- �b �HH Qi?2` `2T`2b2Mi�iBQMb rBHH �Hi2`M�iBp2Hv
#2 /2`Bp2/ 7`QK TQBMi +HQm/bX h?Bb `2�bQMBM; r�b i?2 7QmM/�iBQM #2?BM/ `2b2�`+?BM; �M
BKT`Qp2/ M2irQ`F �`+?Bi2+im`2 +QKT�`2/ iQ i?2 pQt2H@#�b2/ M2irQ`F K2MiBQM2/ T`2pBQmbHvX
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G�i2Mi p2+iQ`

*QMph`�MbTQb2j/ G�v2` R

*QMph`�MbTQb2j/ G�v2` k

*QMph`�MbTQb2j/ G�v2` j

*QMph`�MbTQb2j/ G�v2` 9

*QMph`�MbTQb2j/ G�v2` 8

PmiTmi

oQt2Hb

*QMpj/ G�v2` R

*QMpj/ G�v2` k

*QMpj/ G�v2` j

*QMpj/ G�v2` 9

*QMpj/ G�v2` 8

G�#2Hb

6B;m`2 9XN, j.@:�L ;2M2`�iQ` �M/ /Bb+`BKBM�iQ` M2irQ`F �`+?Bi2+im`2X

6B;m`2 9XRy, � +?�B` ;2M2`�i2/ #v i?2 j.@:�L BKTH2K2Mi2/ �b T�`i Q7 i?2 bT2+B�HBx�iBQM
T`QD2+i (dd)X h?Bb M2irQ`F �`+?Bi2+im`2 �++2Tib � `�M/QKHv ;2M2`�i2/ H�i2Mi
p2+iQ` �b BMTmi- �M/ Bb �#H2 iQ ;2M2`�i2 p�`BQmb Q#D2+ib #�b2/ QM B/2MiB7vBM;
bK�HH 72�im`2b BM i?2 p2+iQ` i?�i Bi ?�b H2�`M2/ iQ K�T iQ bQK2 bT2+B}+ Q#D2+i
/m`BM; i`�BMBM;X AM i?Bb +�b2 j.@:�L r�b i`�BM2/ QM � bm#b2i Q7 a?�T2L2i-
rBi? Ryee3 +?�B`bX

_2H�i2/ rQ`F #v �+?HBQTi�b 2i �HX (R) �M/ um�M 2i �HX (Rdy) b22K2/ iQ ;2i T`QKBbBM; `2bmHib
rBi? TQBMi +HQm/ #�b2/ M2irQ`F �`+?Bi2+im`2bX

h?2`27Q`2- A i2bi2/ i?2 M2irQ`F ;Bp2M BM 6B;m`2 9XRkX h?Bb M2irQ`F Bb #�b2/ QM �M 2M+Q/2`@
/2+Q/2` �`+?Bi2+im`2- r?2`2 i?2 2M+Q/2` +QMbBbib Q7 � b2`B2b Q7 +QMpQHmiBQM H�v2`b- �M/ i?2
/2+Q/2` Bb � b2`B2b Q7 7mHHv +QMM2+i2/ H�v2`bX h?2 K�BM Bbbm2 rBi? TQBMi +HQm/b BM � /22T
H2�`MBM; b2iiBM;- Bb i?�i i?2 /�i� Bb #Qi? bT�`b2 �M/ mMQ`/2`2/- BX2X i?2 Q`/2` Q7 i?2 TQBMib
/Q MQi ?�p2 �Mv BM?2`2Mi K2�MBM;X �b � `2bmHi- mbBM; i?2 bi�M/�`/ +QMpQHmiBQM QT2`�iQ` QM
TQBMi +HQm/ /�i� Bb MQi TQbbB#H2 7Q` F2`M2H bBx2b H�`;2` i?�M RX >Qr2p2`- �b ZB 2i �HX (Rkj)
b?Qr2/- BM7Q`K�iBQM BM TQBMi +HQm/b +�M BM 7�+i #2 2M+Q/2/ rBi? +QMpQHmiBQM rBi? F2`M2H bBx2
RX AM i?2 mb2/ 2M+Q/2`- A ?�p2 7Qm` +QMb2+miBp2 R. +QMpQHmiBQM H�v2`b- rBi? Rk3- 8Rk- Ryk9-
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xpartial E h G x̂

.�h� x

D

6B;m`2 9XRR, �M 2ti2M/2/ p2`bBQM Q7 � :�L- r?2`2 i?2 H�i2Mi p2+iQ` 72/ iQ i?2 ;2M2`�iQ`
Bb K�/2 #v �M 2M+Q/2`X aBM+2 i?2 2M+Q/2`@;2M2`�iQ` T�B` `2b2K#H2b i?�i Q7 �M
2M+Q/2`@/2+Q/2` T�B` BM � o�1 U�M/ +QmH/ #2 /2bB;M2/ BM i?2 b�K2 K�MM2`V-
i?Bb �`+?Bi2+im`2 Bb `272``2/ iQ �b o�1@:�LX

�M/ Ryk9 QmiTmi +?�MM2Hb- `2bT2+iBp2HvX _2Gl �+iBp�iBQM Bb mb2/ BM 2�+? +QMpQHmiBQM H�v2`X
A �HbQ �// � TQBMi@rBb2 K�tTQQH #`�M+? r?B+? }M/b � ;HQ#�H 72�im`2 Q7 i?2 QmiTmi 7`QK i?2
b2+QM/ H�v2`- �M/ `2T2�i i?Bb iQ K�i+? i?2 p2+iQ` /BK2MbBQM Q7 i?2 QmiTmi bm+? i?�i i?2v +�M
#2 +QM+�i2M�i2/ #27Q`2 #2BM; T�bb2/ iQ i?2 M2ti H�v2`X h?2 BMi2Mi #2?BM/ i?Bb #`�M+? Bb iQ
BM+`2�b2 i?2 M2irQ`FǶb BMp�`B�M+2 iQ T2`Kmi�iBQM �M/ iQH2`�M+2 iQ MQBb2X h?2 /2+Q/2`- QM i?2
Qi?2` ?�M/- +QMbBbib Q7 irQ 7mHHv +QMM2+i2/ H�v2`b 2�+? rBi? Ryk9 QmiTmi 72�im`2b �M/ � }M�H
7mHHv +QMM2+i2/ H�v2` rBi? j iBK2b i?2 /2bB`2/ MmK#2` Q7 TQBMib BM i?2 `2bmHiBM; TQBMi +HQm/X
G2�Fv _2Gl �+iBp�iBQM Bb mb2/ 7Q` 2�+? H�v2`- 2t+2Ti 7Q` i?2 }M�H H�v2` r?B+? mb2b � bB;KQB/
H�v2` iQ �pQB/ �Mv #B�b BM i?2 QmiTmiX

AMTmi

*QMpR/ G�v2` R

*QMpR/ G�v2` k

J�tTQQH

_2T2�i

Y

*QMpR/ G�v2` j

*QMpR/ G�v2` 9

J�tTQQH

6mHHv *QMM2+i2/ G�v2` R

6mHHv *QMM2+i2/ G�v2` k

6mHHv *QMM2+i2/ G�v2` j

PmiTmi

6B;m`2 9XRk, L2irQ`F �`+?Bi2+im`2 7Q` i?2 2M+Q/2`@/2+Q/2` �`+?Bi2+im`2 #�b2/ QM TQBMi
+HQm/bX

"v mbBM; i?2 �/�K QTiBKBx2` �M/ *?�K72` /Bbi�M+2 UT`2b2Mi2/ BM a2+iBQM kXRXjV �b i?2
HQbb 7mM+iBQM- A ;2i b?�T2 +QKTH2iBQMb �b b?QrM BM 6B;m`2 9XRjX >2`2- i?2 M2irQ`F ?�b #22M
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i`�BM2/ QM � bm#b2i Q7 i?2 a?�T2L2i /�i�b2i r?B+? +QMbBbib Q7 � p�`B2iv Q7 +�`bX �b b22M BM
i?2 };m`2- i?2 +QKTH2i2/ TQBMi +HQm/ /Q2b MQi `2b2K#H2 2Bi?2` i?2 BMTmi Q` i?2 ;`QmM/ i`mi?X
h?2 +QKTH2i2/ TQBMi +HQm/- BM BbQH�iBQM- Bb � ;QQ/ TQBMi +HQm/ `2T`2b2Mi�iBQM Q7 � b2/�M Q` �
+QmT2X Ai im`Mb Qmi i?�i i?2b2 irQ ivT2b Q7 +�` ?�p2 #v 7�` i?2 KQbi BMbi�M+2b Q7 j. KQ/2Hb
BM i?2 /�i�b2iX h?2`27Q`2- Bi b22Kb HBF2 i?2 M2irQ`F ?�b QMHv #22M �#H2 iQ H2�`M � ;2M2`�H
`2T`2b2Mi�iBQM Q7 i?2 /�i�b2i- �M/ QmiTmib p�`B�iBQMb Q7 i?Bb 7Q` 2�+? b?�T2 +QKTH2iBQMX h?Bb Bb
� TQbbB#H2 BM/B+�iBQM Q7 i?2 2M+Q/2` MQi #2BM; �#H2 iQ T`Q/m+2 � 7mHHv /2i�BH2/ `2T`2b2Mi�iBQMX
�Hi2`M�iBp2Hv- QMHv i?2 /2+Q/2` T�`i Q7 i?2 Qp2`�HH M2irQ`F r�b i`�BM2/- TQbbB#Hv +�mb2/ #v �
p�MBb?BM; ;`�/B2Mi T`Q#H2KX >Qr2p2`- BMbT2+iBQM Q7 i?2 r2B;?ib /m`BM; i`�BMBM; BM/B+�i2/ i?�i
i?2v r2`2 +?�M;BM; 7Q` �HH H�v2`bX h?2b2 +?�HH2M;2b ?�p2 #22M 2M+QmMi2`2/ #v Qi?2` `2b2�`+?2`b
iQQ- �M/ r�b `2+2MiHv 2ti2MbBp2Hv bim/B2/ #v h�i�`+?2MFQ 2i �HX (R9d)X h?2v +H�BK i?�i b2p2`�H
bi�i2@Q7@i?2 �`i bBM;H2@pB2r `2+QMbi`m+iBQM �M/ +QKTH2iBQM M2irQ`Fb /Q2b MQi �+im�HHv T2`7Q`K
`2+QMbi`m+iBQM- #mi BK�;2 +H�bbB}+�iBQMX

U�V AMTmi U#V :`QmM/ h`mi? U+V *QKTH2iBQM

6B;m`2 9XRj, a?�T2 +QKTH2iBQM mbBM; i?2 2M+Q/2`@/2+Q/2` �`+?Bi2+im`2 #�b2/ QM TQBMi +HQm/bX
h?2 M2irQ`F r�b BM i?Bb +�b2 i`�BM2/ QM � /�i�b2i +QMbBbiBM; Q7 +�`b r?B+? r2`2
KQbiHv Q7 i?2 ivT2 b2/�M �M/ +QmT2X G27i, � T�`iB�H Q#b2`p�iBQM Q7 � i`QHH2vX
JB//H2, h?2 +QKTH2i2/ ;`QmM/ i`mi? TQBMi +HQm/ Q7 i?2 T�`iB�H Q#b2`p�iBQMX
_B;?i, � b2/�M Bb QmiTmii2/ 7`QK i?2 M2irQ`F- r?B+? /Q2b MQi K�i+? i?2
Q#b2`p�iBQMX

�miQ/2+Q/2` #�b2/ QM bB;M2/ /Bbi�M+2 7mM+iBQMb 1�`Hv i?Bb v2�`- �b /Bb+mbb2/ BM
a2+iBQM jX9Xj- KmHiBTH2 T�T2`b r2`2 Tm#HBb?2/ r?B+? �`;m2/ 7Q` H2�`MBM; � +QMiBMmQmb 7mM+iBQM �b
i?2 QmiTmi 7`QK i?2 M2irQ`FX AM i?Bb r�v- i?2 T`Q#H2K Bb bBKTHB}2/ BMiQ � #BM�`v +H�bbB}+�iBQM
T`Q#H2K r?2`2 i?2 bm`7�+2 Q7 �M Q#D2+i Bb `2T`2b2Mi2/ BKTHB+BiHv #v � /2+BbBQM bm`7�+2X PM2
Q7 i?2b2 M2irQ`F �`+?Bi2+im`2b- .22Ta.6 (RRj)- Bb #�b2/ QM i?2 B/2� iQ mb2 i?2 M2irQ`F iQ
K�T a.6 b�KTH2b U;2M2`�i2/ #v i?2 /�i�b2i T`2T`Q+2bbBM; /2b+`B#2/ BM a2+iBQM 9XRXRV iQ �
+QMiBMmQmb a.6X "v T`QT�;�iBM; b�KTH2b 7`QK p�`BQmb Q#D2+ib- BM+Hm/BM; p�`B�iBQMb rBi?BM i?2
b�K2 Q#D2+i- � M2m`�H M2irQ`F b?QmH/ BM i?2Q`v #2 �#H2 iQ 2biBK�i2 � bKQQi? 7mM+iBQM i?�i
#�bB+�HHv 7mM+iBQMb �b � #BM�`v /2+BbBQM bm`7�+2- b2T�`�iBM; i?2 BMbB/2 Q7 i?2 Q#D2+ib 7`QK i?2
QmibB/2X

AM Kv 2tT2`BK2Mi�iBQM- A i`B2/ iQ `2THB+�i2 i?2B` `2bmHib #v BKBi�iBM; i?2B` T`QTQb2/ M2irQ`F
�`+?Bi2+im`2X Ai Bb � b2`B2b Q7 7mHHv@+QMM2+i2/ H�v2`b- 2�+? rBi? 8Rk QmiTmi +?�MM2Hb- �b BHHmbi`�i2/
BM 6B;m`2 9XR9X �//BiBQM�HHv- � bFBT@+QMM2+iBQM Bb �//2/ r?2`2 i?2 H�i2Mi p2+iQ` Bb +QM+�i2M�i2/
iQ i?2 QmiTmi 7`QK i?2 7Qm`i? 7mHHv +QMM2+i2/ H�v2` #27Q`2 #2BM; T�bb2/ BMiQ i?2 }7i? H�v2`X
h?Bb Bb /QM2 iQ BKT`Qp2 i?2 ;`�/B2Mi ~Qr BM i?2 M2irQ`F- r?B+? Bb [mBi2 /22T /m2 iQ Bib 2B;?i
H�v2`bX

lM7Q`imM�i2Hv- A +QmH/ MQi ;2i i?2 HQbb iQ /2+`2�b2 /m`BM; i?2 i`�BMBM; Q7 i?Bb M2irQ`FX h?2
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G�i2Mi p2+iQ`

6mHHv *QMM2+i2/ G�v2` R

6mHHv *QMM2+i2/ G�v2` k

6mHHv *QMM2+i2/ G�v2` j

6mHHv *QMM2+i2/ G�v2` 9

Y

6mHHv *QMM2+i2/ G�v2` 8

6mHHv *QMM2+i2/ G�v2` e

6mHHv *QMM2+i2/ G�v2` d

6mHHv *QMM2+i2/ G�v2` 3

PmiTmi

6B;m`2 9XR9, � 722/@7Q`r�`/ �miQ/2+Q/2` M2irQ`FX

�mi?Q`b Q7 .22Ta.6 /B/ BM/B+�i2 i?�i i`�BMBM; +QmH/ #2+QK2 mMbi�#H2 �M/ i?�i i?2v ?�/ iQ
imM2 i?2 i`�BMBM; T�`�K2i2`b- #mi i?2v /B/ MQi /Bb+HQb2 �HH i?2B` p�Hm2bX A +QmH/ MQi }M/ �Mv
BM/B+�iBQM Q7 � #2ii2` HQbb +m`p2 `2;�`/H2bb Q7 Kv +?QB+2b Q7 i`�BMBM; T�`�K2i2`b- �M/ i?2`27Q`2
KQp2/ QM 7`QK i?Bb M2irQ`F �`+?Bi2+im`2X Ai b?QmH/ �HbQ #2 MQi2/ i?�i � 7mHHv +QMM2+i2/
M2irQ`F ?�b i?2 �TT�`2Mi /Bb�/p�Mi�;2b Q7 MQi mbBM; �Mv bT�iB�H BM7Q`K�iBQM r?B+? +QmH/ #2
T`2b2Mi BM i?2 /�i�- r?B+? �HbQ KQiBp�i2b � KQ`2 +QKTH2t M2irQ`F �`+?Bi2+im`2X

�miQ2M+Q/2` #�b2/ QM Q++mT�M+v 7mM+iBQMb h?2 Qp2`�HH M2irQ`F �`+?Bi2+im`2 Q7 i?2
Q++mT�M+v 7mM+iBQM M2irQ`F Bb T`2b2Mi2/ BM 6B;m`2 9XR8X Ai Bb i?2 M2irQ`F +QMbB/2`2/ 7Q` i?2
`2K�BM/2` Q7 i?Bb b2+iBQM QM b?�T2 +QKTH2iBQMX �b b22M BM i?2 Qp2`pB2r- i?2 M2irQ`F �++2Tib
i?`22 +QKTQM2Mib �b i?2 BMTmi- �M/ T�bb2b i?2K i?`Qm;? i?`22 bm#M2irQ`Fb iQ T`Q/m+2 �M
QmiTmiX h?2 BMTmib BM+Hm/2 i?2 ;`QmM/@i`mi? TQBMib UBX2X i?2 7mHH@`2bQHmiBQM TQBMi +HQm/V- i?2
T�`iB�H BMTmi U� bm#b2i Q7 i?2 ;`QmM/@i`mi? TQBMib- �Hi2`M�iBp2Hv � /Bz2`2Mi b2i Q7 TQBMib b�KTH2/
7`QK i?2 K2b?V- �M/ i?2 Q++mT�M+B2b r?B+? bi�i2 r?2i?2` i?2 ;`QmM/@i`mi? TQBMib �`2 BMbB/2
Q` QmibB/2 i?2 bm`7�+2 Q7 i?2 +Q``2bTQM/BM; K2b?X

h?2 2M+Q/2` Bb #�b2/ QM � SQBMiL2i �`+?Bi2+im`2 rBi? _2bL2i #HQ+Fb- �b BHHmbi`�i2/ BM
6B;m`2 9XReU�VX h?Bb Bb � 7mHHv@+QMM2+i2/ M2irQ`F- �b Bi QMHv +QMbBbib Q7 7mHHv@+QMM2+i2/ H�v2`bX
AM iQi�H- i?2`2 �`2 8 _2bL2i mMBib- r?2`2 i?2 QmiTmi 7`QK 2�+? mMBi Bb +QM+�i2M�i2/ rBi?
i?2 K�tTQQH2/ QmiTmi #27Q`2 #2BM; T�bb2/ BMiQ i?2 M2ti mMBiX 1�+? _2bL2i mMBi b?QrM BM
6B;m`2 9XRdU�V +QMbBbib Q7 irQ #`�M+?2b Q7 7mHHv@+QMM2+i2/ H�v2`b- r?2`2 i?2 QmiTmi Bb i?2 bmK
Q7 i?2 BMTmi T�bb2/ i?`Qm;? 2Bi?2` irQ Q` QM2 7mHHv@+QMM2+i2/ H�v2`bX _2Gl Bb mb2/ �b i?2
�+iBp�iBQM 7mM+iBQM 7Q` �HH H�v2`bX

h?2 /2+Q/2`- QM i?2 Qi?2` ?�M/- Bb � b2`B2b Q7 R. +QMpQHmiBQM�H H�v2`b Q7 r?B+? bQK2 �`2
Q`;�MBx2/ �b _2bL2i lMBib- �b BHHmbi`�i2/ BM 6B;m`2 9XReU#VX �HH +QMpQHmiBQM�H H�v2`b mb2 � F2`M2H



9Xj a?�T2 *QKTH2iBQM eN

:`QmM/@i`mi? SQBMib P++mT�M+B2b AMTmi

AM72` z 1M+Q/2`

.2+Q/2`

PmiTmi

6B;m`2 9XR8, a?�T2 +QKTH2iBQM M2irQ`F �`+?Bi2+im`2X h?`22 BMTmib �`2 ;Bp2M iQ i?2 M2irQ`F
r?B+? +QMbBbib Q7 i?`22 bm#+QKTQM2MibX h?2 AM72` + +QKTQM2Mi Bb Dmbi � LQ`K�H
/Bbi`B#miBQM i?�i Bb i`�BM2/ rBi? i?2 `2bi Q7 i?2 M2irQ`FX

bBx2 Q7 R- �M/ �`2 7QHHQr2/ #v _2Gl �+iBp�iBQMX h?2 _2bL2i mMBib b?QrM BM 6B;m`2 9XRdU#V ?�p2
i?2 b�K2 �`+?Bi2+im`2 �b i?2 _2bL2i mMBib mb2/ BM i?2 2M+Q/2`- 2t+2Ti i?�i +QMpQHmiBQM�H H�v2`b
�`2 mb2/ BMbi2�/ Q7 7mHHv@+QMM2+i2/ H�v2`bX

6mHHv *QMM2+i2/

_2bL2i lMBi J�tTQQH

Y

_2bL2i lMBi J�tTQQH

Y

_2bL2i lMBi J�tTQQH

Y

_2bL2i lMBi J�tTQQH

Y

_2bL2i lMBi

6mHHv *QMM2+i2/

U�V 1M+Q/2`

*QMpR/

_2bL2i lMBi

_2bL2i lMBi

_2bL2i lMBi

_2bL2i lMBi

_2bL2i lMBi

*QMpR/

U#V .2+Q/2`

6B;m`2 9XRe, a?�T2 +QKTH2iBQM 2M+Q/2` �M/ /2+Q/2` �`+?Bi2+im`2X



9Xj a?�T2 *QKTH2iBQM dy

6mHHv *QMM2+i2/

6mHHv *QMM2+i2/ 6mHHv *QMM2+i2/

Y

U�V _2bB/m�H mMBi rBi? 7mHHv +QMM2+i2/
H�v2`b mb2/ BM i?2 SQBMiL2i 2M+Q/2` 7Q` i?2
b?�T2 +QKTH2iBQM M2irQ`F

*QMpR/

*QMpR/ *QMpR/

Y

U#V _2bB/m�H mMBi rBi? +QMpQHmiBQM�H
H�v2`b mb2/ BM i?2 /2+Q/2`

6B;m`2 9XRd, _2bB/m�H mMBib mb2/ BM i?2 2M+Q/2`b �M/ /2+Q/2`b Q7 i?2 b?�T2 +QKTH2iBQM
M2irQ`FX

9XjXk AKTH2K2Mi�iBQM .2i�BHb
h?2 BKTH2K2Mi2/ SvhQ`+? KQ/2H 7QHHQrb i?2 }M�H M2irQ`F �`+?Bi2+im`2 /Bb+mbb2/ BM
a2+iBQM 9XjXRc r?2`2 i?2 �BK Bb iQ KQ/2H i?2 j. Q#D2+ib �b Q++mT�M+v 7mM+iBQMbX h?2 �/�K
QTiBKBx2` rBi? �M BMBiB�H H2�`MBM; `�i2 Q7 10−4 Bb +?Qb2M 7Q` mT/�iBM; i?2 M2irQ`F T�`�K2i2`bX
�//BiBQM�HHv- � KmHiBbi2T H2�`MBM; /2+�v Bb �//2/ iQ bHQr /QrM i?2 H2�`MBM; `�i2 rBi? � 7�+iQ`
Q7 Ry �7i2` d8- R8y- �M/ kk8 2TQ+?bX

h?2 +?Qb2M HQbb 7mM+iBQM mb2/ iQ H2�`M i?2 T�`�K2i2`b Q7 i?2 M2m`�H M2irQ`F fθ(p, x) Bb �
+`Qbb@2Mi`QTv +H�bbB}+�iBQM HQbb �p2`�;2/ Qp2` i?2 #�i+? B,

L(θ) = 1
|B|

B|∑

i=1

K∑

j=1
L(fθ(pij , xi), o(pij)) U9XkV

>2`2- xi Bb i?2 iǶi? Q#b2`p�iBQM Q7 i?2 #�i+?- pij ∈ R, j = 1, . . . , K �`2 TQBMib b�KTH2/ 7`QK
i?2 iǶi? Q#b2`p�iBQM- �M/ o(pij) /2MQi2b i?2 i`m2 Q++mT�M+v �i TQBMi pij X

6Q` BM72`2M+2- i?2 bm`7�+2 Q7 i?2 Q++mT�M+v 7mM+iBQM M22/b iQ #2 2ti`�+i2/X h?Bb +QmH/ #2
/QM2 rBi? K�`+?BM; +m#2b- #mi ?2`2 A mb2 �M 2ti2MbBQM iQ i?Bb K2i?Q/ T`2b2Mi2/ #v J2b+?2/2`
2i �HX (Ne)X h?Bb K2i?Q/ Bb +�HH2/ KmHiB`2bQHmiBQM BbQbm`7�+2 2ti`�+iBQM UJAa1V- �M/ Bb �#H2 iQ
2{+B2MiHv T`Q/m+2 ?B;? `2bQHmiBQM K2b?2b 7`QK i?2 Q++mT�M+v M2irQ`FX h?2 pQHmK2i`B+ bT�+2
Bb }`bi /Bb+`2iBx2/ �i �M BMBiB�H `2bQHmiBQM Q7 2X;X 323- �M/ i?2M i?2 Q++mT�M+v M2irQ`F fθ(p, x)
Bb 2p�Hm�i2/ 7Q` �HH TQBMib p QM i?Bb ;`B/X h?2 TQBMib p 7Q` r?B+? fθ(p, x) Bb ;`2�i2` i?�M bQK2
i?`2b?QH/ τ �`2 K�`F2/ �b Q++mTB2/X h?2M i?2 pQt2Hb 7Q` r?B+? irQ �/D�+2Mi ;`B/ TQBMib ?�p2
/Bz2`BM; Q++mT�M+v T`2/B+iBQMb �`2 K�`F2/ �b �+iBp2 pQt2Hb- BX2X i?2b2 rBHH #2 bm#/BpB/2/ BMiQ
2B;?i bm#pQt2Hb 7Q` r?B+? M2r ;`B/ TQBMib �`2 BMi`Q/m+2/ iQ BKT`Qp2 i?2 `2bQHmiBQMX h?2b2 bi2Tb
�`2 i?2M `2T2�i2/ mMiBH i?2 }M�H /2bB`2/ `2bQHmiBQM Bb `2�+?2/- 7Q` r?B+? i?2 Q`B;BM�H K�`+?BM;
+m#2b �H;Q`Bi?K Bb �TTHB2/,

{p ∈ R3 | fθ(p, x) = τ} U9XjV
AM iQi�H- i?Bb BM72`2M+2 bi�;2 i�F2b k@j b2+QM/b- r?B+? +�M #2 iQQ HQM; 7Q` bQK2 �TTHB+�iBQMbX
h?Bb �H;Q`Bi?K +QmH/- ?Qr2p2`- #2 T�`�HH2HBx�#H2 QM i?2 :SlX �Hi2`M�iBp2Hv- i?2 }M�H `2bQHmiBQM
+QmH/ #2 �/Dmbi2/ iQ `2M/2` � +Q�`b2` QmiTmiX



9Xj a?�T2 *QKTH2iBQM dR

9XjXj 1p�Hm�iBQM
"v i`�BMBM; i?2 b?�T2 +QKTH2iBQM M2irQ`F QM � bm#b2i Q7 i?2 a?�T2L2i /�i�b2i A ;2i �++m`�i2
T`2/B+iBQMb Q7 i?2 +QKTH2i2 ;2QK2i`v Q7 i?2 i2bi Q#D2+ibX h�#H2 9XR ;Bp2b � [m�MiBi�iBp2
2p�Hm�iBQM Q7 i?2 M2irQ`F- �HQM; rBi? 2[mBp�H2Mi K2i`B+b `2TQ`i2/ 7Q` irQ 7Q`K2` bi�i2@Q7@
i?2 �`i M2irQ`FbX h?2b2 M2irQ`Fb �`2 i`�BM2/ QM i?2 b�K2 bm#b2i �b i?2 M2irQ`F BKTH2K2Mi2/
�b T�`i Q7 i?Bb rQ`F- �M/ +�M i?mb #2 +QKT�`2/ /B`2+iHvX h?2 b?�T2 +QKTH2iBQM M2irQ`F i?�i
A BKTH2K2Mi2/ ;�BMb � 72r T2`+2Mi�;2 TQBMib BKT`Qp2K2Mi +QKT�`2/ iQ i?2 Qi?2` M2irQ`FbX
h?2 T�T2`b QM b?�T2 +QKTH2iBQM /Bb+mbb2/ BM a2+iBQM jX9Xj ?�p2 MQi `2TQ`i2/ i?2 b�K2 K2i`B+b
Q` mb2/ i?2 b�K2 /�i�b2i- �M/ �`2 i?2`27Q`2 QKBii2/ 7`QK i?Bb Qp2`pB2rX

JQ/2H AQl AQl UpQt2HBx2/V

h?Bb M2irQ`F yXek yXeN
j.@_kLk @ yX8d
.J* @ yXe8

h�#H2 9XR, h2bi K2i`B+b QM mMb22M T�`iB�H BMTmi 7Q` i?Bb M2irQ`F �M/ irQ Qi?2` 7Q`K2` bi�i2@
Q7@i?2@�`i M2irQ`FbX A K2�bm`2 i?2 BMi2`b2+iBQM Qp2` mMBQM UAQlV �M/ i?2 AQl
rBi? � pQt2HBx2/ `2T`2b2Mi�iBQMX �HH M2irQ`Fb �`2 i`�BM2/ QM i?2 b�K2 bm#b2i Q7
a?�T2L2i- bm+? i?�i i?2B` K2i`B+b +�M #2 +QKT�`2/ /B`2+iHvX

� [m�HBi�iBp2 2p�Hm�iBQM +�M #2 /QM2 #�b2/ QM 2t�KTH2 QmiTmib 7`QK i?2 M2irQ`F- bm+? �b
i?2 QM2b ;Bp2M BM 6B;m`2 9XR3X AM i?Bb };m`2- i?2 +QKTH2i2/ b?�T2b �`2 +QMp2`i2/ iQ K2b?2b
mbBM; i?2 JAa1 �TT`Q�+? /2b+`B#2/ BM i?2 T`2pBQmb b2+iBQMX h?2 K2b?2b +QmH/ #2 7m`i?2`
+QMp2`i2/ iQ TQBMi +HQm/b- B7 /2bB`�#H2X 6Q` i?2 BMTmi iQ i?2 M2irQ`F- � TQBMi +HQm/ rBi? �b
72r �b jyy TQBMib Bb mb2/X Ai im`Mb Qmi i?�i i?Bb Bb 2MQm;? TQBMib iQ mMB[m2Hv `2T`2b2Mi KQbi
Q#D2+ibX � `2bmHiBM; �/p�Mi�;2 Q7 i?Bb Q#b2`p�iBQM- Bb i?�i BM72`2M+2 +�M #2 /QM2 BM � b?Q`i
�KQmMi Q7 iBK2- �b QMHv � 72r TQBMib �`2 T`QT�;�i2/ i?`Qm;? i?2 M2irQ`FX h?2 K�BM #QiiH2M2+F
/m`BM; BM72`2M+2 Bb BM 7�+i i?2 +QMp2`bBQM bi2T 7`QK i?2 Q++mT�M+v 7mM+iBQM iQ i?2 K2b?X PM
i?2 Qi?2` ?�M/- r?BH2 i?2 M2irQ`F �++2Tib �Mv MmK#2` Q7 TQBMib �b BMTmi- Bi /Q2b MQi b22K HBF2
i?2 +QKTH2i2/ Q#D2+i ?�b � MQiB+2�#H2 BKT`Qp2/ ;2QK2i`v B7 KQ`2 TQBMib �`2 mb2/ BM i?2 TQBMi
+HQm/ mb2/ �b i?2 T�`iB�H Q#b2`p�iBQMX

"�b2/ QM i?2 K2b?2b- �M/ i?2 T�`iB�H Q#b2`p�iBQM UTQBMi +HQm/bV- Bi Bb +H2�` i?�i 7Q` �HH
+H�bb2b i?2 +QKTH2iBQM Bb /2i�BH2/ �M/ �++m`�i2X h?2 M2irQ`F Bb �#H2 iQ +�Tim`2 bK�HH /2i�BHb-
bm+? �b i?2 bB/2 KB``Q`b Q7 i?2 +�` BM 6B;m`2 9XR3U�VX h?Bb K2�Mb i?�i B7 i?2 bB/2 KB``Q`b �`2 MQi
pBbB#H2 7`QK � +2`i�BM pB2r- i?2 b?�T2 Q7 i?2 `2K�BM/2` Q7 i?2 +�` BM/B+�i2b i?�i i?2v b?QmH/
#2 T`2b2Mi- �M/ i?2 M2irQ`F ?�b H2�`M2/ i?Bb +QMM2+iBQMX �//BiBQM�HHv- ?QH2b bm+? �b i?2 QM2b
mM/2`M2�i i?2 �`K`2bib BM 6B;m`2 9XR3U/V- �`2 +Q``2+iHv T`2b2`p2/ BM i?2 +QKTH2i2/ ;2QK2i`vX
h?2 M2irQ`F �HbQ ?�b i?2 +�T�+Biv iQ bBKmH�i2M2QmbHv `2T`2b2Mi �HH +H�bb2b URk BM iQi�HV BM i?2
i`�BMBM; /�i�b2i- BM/B+�iBM; Bib 2ti2MbB#BHBiv iQ H2�`M `2T`2b2Mi�iBQMb 7Q` � rB/2 `�M;2 Q7 Q#D2+ibX

Ai b?QmH/ �HbQ #2 MQi2/ i?�i �HH `2bmHiBM; K2b?2b �`2 r�i2`@iB;?iX h?Bb Bb �M BM?2`2Mi `2bmHi
BM7Q`+2/ #v ?�pBM; i?2 M2irQ`F �`+?Bi2+im`2 QmiTmi Q++mT�M+v 7mM+iBQMbX



9X9 SQBMi *HQm/ _2;Bbi`�iBQM dk

U�V *�` U#V �B`TH�M2 U+V o2bb2H

U/V "2M+? U2V *�#BM2i

6B;m`2 9XR3, a?�T2 +QKTH2iBQM Q7 mMb22M Q#D2+ib 7`QK i?2 a?�T2L2i /�i�b2i- #mi Q7 i?2 b�K2
+�i2;Q`B2b �b mb2/ 7Q` i`�BMBM;X AM i?Bb BHHmbi`�iBQM- i?2 BMTmi T�`iB�H Q#b2`p�iBQM
Bb Qp2`H�B/ �b v2HHQr TQBMib QM i?2 `2bmHiBM; K2b?X h?2 rB`27`�K2b Q7 i?2 K2b?2b
�`2 �HbQ pBbB#H2- iQ b?Qr+�b2 i?2 ?B;? `2bQHmiBQM UBX2X MmK#2` Q7 7�+2bVX

9X9 SQBMi *HQm/ _2;Bbi`�iBQM
SQBMi +HQm/ `2;Bbi`�iBQM Bb � +`m+B�H +QKTQM2Mi BM �/�TiBM; b?�T2 +QKTH2iBQM M2m`�H M2irQ`Fb
iQ #2 mb�#H2 7Q` `2�H@rQ`H/ T`Q#H2Kb- �b i?2b2 M2irQ`Fb `2[mB`2 i?2 T�`iB�H Q#b2`p�iBQM iQ #2
�TT`QtBK�i2Hv BM � +�MQMB+�H TQb2 U/2}M2/ #v i?2 Q#D2+ib mb2/ BM i?2 T`BQ` /�i�b2iVX >Qr2p2`-
�+?B2pBM; i?Bb TQb2 Bb � bi`B+iHv MQM@i`BpB�H i�bF- �b i?2 �HB;MK2Mi Q7 i?2 T�`iB�H b+�M `2[mB`2b
}M/BM; � i`�Mb7Q`K�iBQM i?�i BM+Hm/2b b+�HBM;- `Qi�iBQM- �M/ i`�MbH�iBQM Ĝ `2bmHiBM; BM d /2;`22b
Q7 7`22/QKX A/2�HHv- i?Bb �HB;MK2Mi Q7 � T�`iB�H b+�M b?QmH/ #2 /QM2 +QKT�`2/ iQ � mMBi b+�H2
�tBbX >Qr2p2`- i?Bb b22Kb iQ #2 �M mMbQHp�#H2 T`Q#H2K �b Bi Bb ?B;?Hv mM/2`@+QMbi`�BM2/- �M/
i?2 QTiBK�H �HB;MK2Mi Bb MQi mMB[m2Hv /2}M2/X JQ`2Qp2`- QMHv T�`i Q7 i?2 Q#D2+i Bb ;Bp2M-
r?B+? K2�Mb i?�i b2p2`�H bi�M/�`/ �H;Q`Bi?Kb 7�BHX

PM i?2 Qi?2` ?�M/- B7 � +QKTH2i2 TQBMi +HQm/ Q7 i?2 Q#D2+i r�b ;Bp2M- i?2 QTiBK�H
i`�MbH�iBQM �M/ `Qi�iBQM #2ir22M irQ TQBMi +HQm/b X = {x1, . . . ,xi, . . . ,xN } UBMTmi Q#D2+iV
�M/ Y = {y1, . . . ,yi, . . . ,yN } U+Q``2bTQM/BM; Q#D2+i BM i?2 /�i�b2iV Q7 i?2 b�K2 Q#D2+i +QmH/
#2 7QmM/ BM i?2 7QHHQrBM; K�MM2`X 6B`bi- i?2 +2Mi`QB/ Q7 #Qi? +HQm/b �`2 7QmM/ #v �p2`�;BM;



9X9 SQBMi *HQm/ _2;Bbi`�iBQM dj

i?2B` TQBMib,

centroidX = 1
N

N∑

i=1
xi

centroidY = 1
N

N∑

i=1
yi

U9X9V

h?2M i?2 irQ K�i`B+2b �`2 KmHiBTHB2/ iQ;2i?2` iQ 7Q`K �M BMi2`K2/B�`v K�i`Bt-

H =
N∑

i=1
(xi − centroidX )(yi − centroidY)⊤ U9X8V

"v i�FBM; i?2 bBM;mH�` p�Hm2 /2+QKTQbBiBQM Q7 i?Bb K�i`Bt-

[U ,S,V ] = SVD(H) U9XeV

i?2 `Qi�iBQM #2ir22M i?2 irQ +HQm/b Bb ;Bp2M �b

RX Y = V U⊤ U9XdV

�M/ i?2 i`�MbH�iBQM �b
tX Y = −RX Y × centroidX + centroidY U9X3V

h?Bb K2i?Q/ �bbmK2b i?�i #Qi? TQBMi +HQm/b ?�p2 i?2 +Q``2bTQM/BM; TQBMib BM i?2 b�K2 Q`/2`
UBX2X i?�i xi �M/ yi �`2 T�B`2/V- �`2 Q7 i?2 b�K2 b+�H2- �M/ rBi? HBKBi2/ MQBb2X A7 i?2`2 �`2 KQ`2
i?�M i?`22 TQBMib BM i?2 TQBMi +HQm/- i?Bb K2i?Q/ KBMBKBx2b i?2 K2�M@b[m�`2/ 2``Q`

E(RX Y , tX Y) = 1
N

N∑

i

||RX Yxi + tX Y − yi||2 U9XNV

aBM+2 i?Bb K2i?Q/ Q#pBQmbHv 7�BHb BM i?2 ;2M2`�H +�b2- � KQ`2 bQT?BbiB+�i2/ �TT`Q�+? Bb
M22/2/X A*S Bb ;2M2`�HHv i?2 K2i?Q/ Q7 +?QB+2- #mi Bi 7�BHb BM i?Bb +�b2 �b Bi Bb QMHv �#H2
iQ +QMp2`;2 iQ � HQ+�H QTiBKBx�iBQM- r?B+? rQmH/ `2[mB`2 i?2 irQ TQBMi +HQm/b iQ #2 `Qm;?Hv
�HB;M2/ BMBiB�HHvX :Q@A*S- r?B+? i`B2b iQ }M/ � ;HQ#�H QTiBKmK- Q7i2M 7�BHb #v +QMp2`;BM; iQ
�MiB@bvKK2i`B2b BM i?2 TQBMi +HQm/bX am`T`BbBM;Hv- Bi im`Mb Qmi i?�i i?2 QMHv 72�bB#H2 K2i?Q/ Bb
� /22T H2�`MBM; M2irQ`F r?B+? +�M }M/ ;HQ#�H K�TTBM;b #2ir22M TQBMi +HQm/ �HB;MK2MibX A*S
+QmH/ QTiBQM�HHv #2 mb2/ rBi? i?2 M2irQ`FǶb QmiTmi iQ `2}M2 i?2 �HB;MK2MiX

h?2 M2irQ`F BKTH2K2Mi2/ �b T�`i Q7 i?Bb rQ`F Bb #�b2/ QM .22T *HQb2bi SQBMi (R88)-
r?B+? T2`7Q`Kb �++m`�i2 �HB;MK2Mi Q7 TQBMi +HQm/bX qBi? i?Bb �TT`Q�+?- i?2 ;Q�H Bb iQ H2�`M
2K#2//BM;b r?B+? `2+Qp2` � K�i+?BM; m(·)-

m(xi, Y) = arg min
j

||RX ,Yxi + tX ,Y − yj || U9XRyV

r?B+? }M/b i?2 +Q``2bTQM/BM; ym(xi) iQ 2�+? xiX h?2 Q#D2+iBp2 7mM+iBQM U9XNV Bb i?2M bHB;?iHv
KQ/B}2/ iQ �++QmMi 7Q` K�i+?BM;,

E(RX Y , tX Y) = 1
N

N∑

i

||RX ,Yxi + tX Y − ym(xi)||
2 U9XRRV
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>Qr2p2`- i?Bb M2irQ`F �bbmK2b i?2 TQBMi +HQm/b iQ #2 Q7 i?2 b�K2 b+�H2- BX2X Bi QMHv T2`7Q`Kb
� `B;B/ i`�Mb7Q`K�iBQM rBi? `2bT2+i iQ `Qi�iBQM �M/ i`�MbH�iBQMX h?2`27Q`2- A �// � ?2m`BbiB+
�bbmKTiBQM QM b+�HBM; r?2`2 i?2 TQBMi +HQm/b �`2 b+�H2/ iQ i?2 mMBi bT?2`2- r?B+? K�F2b i?2K
`Qm;?Hv i?2 b�K2 bBx2X 6m`i?2`- A �HbQ +?�M;2 QM2 Q7 Q7 i?2 BMTmi TQBMi +HQm/b /m`BM; i`�BMBM;
iQ QMHv +QMi�BM � bm#b2i Q7 i?2 TQBMib- r?B+? Bb /QM2 iQ 2KmH�i2 T�`iB�H b+�MbX h?2 Qi?2` TQBMi
+HQm/ iQ �HB;M i?2 T�`iB�H b+�M iQ Bb /2i2`KBM2/ #�b2/ QM � +Q``2bTQM/BM; Q#D2+i 7`QK i?2 +H�bb
/2i2`KBM2/ #v i?2 b2;K2Mi�iBQM M2irQ`FX

9X9XR L2irQ`F �`+?Bi2+im`2
h?2 Qp2`�HH M2irQ`F �`+?Bi2+im`2 Q7 i?2 TQBMi `2;Bbi`�iBQM M2irQ`F Bb T`2b2Mi2/ BM 6B;m`2 9XRNX
AM b?Q`i- i?2 M2irQ`F +QMbBbib Q7 irQ #`�M+?2b Ĝ QM2 7Q` i?2 bQm`+2 TQBMi +HQm/ �M/ QM2 7Q`
i?2 i�`;2i TQBMi +HQm/ r?B+? i?2 bQm`+2 TQBMi +HQm/ b?QmH/ #2 i`�Mb7Q`K2/ iQ #v `Qi�iBQM
�M/ i`�MbH�iBQMX 1�+? #`�M+? ?�b �M 2K#2//BM; M2irQ`F- r?B+? H2�`Mb � ?B;?@/BK2MbBQM�H
`2T`2b2Mi�iBQM Q7 i?2 TQBMi +HQm/b- �M/ � i`�Mb7Q`K2`- r?B+? 2M+Q/2b +QMi2tim�H BM7Q`K�iBQMX
h?2 #`�M+?2b �`2 BMi2`irBM2/- �b b22M BM i?2 };m`2- �M/ }M�HHv DQBM2/ iQ;2i?2` BM i?2 ao.
H�v2`- r?B+? 2biBK�i2b i?2 �HB;MK2Mi #2ir22M i?2 TQBMi +HQm/bX h?2b2 i?`22 ivT2b Q7 H�v2`b �`2
T`2b2Mi2/ BM i?2 7QHHQrBM; T�`�;`�T?bX

aQm`+2

1K#2//BM; L2irQ`F

h`�Mb7Q`K2`

Y

h�`;2i

1K#2//BM; L2irQ`F

h`�Mb7Q`K2`

Y

ao. G�v2`

_Qi�iBQM
UbQm`+2 → i�`;2iV

h`�MbH�iBQM
UbQm`+2 → i�`;2iV

6B;m`2 9XRN, Pp2`pB2r Q7 i?2 TQBMi +HQm/ `2;Bbi`�iBQM M2irQ`F �`+?Bi2+im`2X

h?2 2K#2//BM; M2irQ`F- r?B+? Bb #�b2/ QM � KQ/mH2 +�HH2/ .:*LL (R8e)- b22Fb iQ }M/
� 72�im`2 T2` TQBMi BM i?2 bQm`+2 �M/ i�`;2i TQBMi +HQm/bX .:*LL ?�b T`Qp2M iQ T`Q/m+2
� ;QQ/ `2T`2b2Mi�iBQM #v 2tTHB+BiHv BM+Q`TQ`�iBM; HQ+�H ;2QK2i`vX Ai +QMbi`m+ib � M2�`2bi
M2B;?#Q` ;`�T? G- i?�i Bb mb2/ �b i?2 BMTmi iQ i?2 M2irQ`F- �b BHHmbi`�i2/ BM 6B;m`2 9XkyX
h?2 +QMpQHmiBQM�H H�v2`b �HH ?�p2 F2`M2H bBx2 2[m�H iQ R �M/ bi`B/2 R- r?B+? K2�Mb i?�i i?2v
QMHv �TTHv � MQMHBM2�`Biv iQ i?2 BMTmiX h?2 b2`B2b Q7 QT2`�iBQMb +�M #2 bmKK�`Bx2/ rBi? i?2
7QHHQrBM; 2[m�iBQM,

xl
i = f({hl

θ(xl−1
i ,xl−1

j ) ∀j ∈ Ni}) U9XRkV
r?2`2 Ni /2MQi2b i?2 M2B;?#Q`b Q7 p2`i2t i BM ;`�T? GX SQBMiL2i (Rkj) +QmH/ TQi2MiB�HHv �HbQ #2
mb2/ �b i?2 2K#2//BM; M2irQ`F- #mi .:*LL Bb �#H2 iQ }M/ HQ+�H M2B;?#Q`?QQ/ BM7Q`K�iBQM
r?B+? Bb 7�pQ`�#H2 7Q` H�i2` bi2Tb BM i?2 Qp2`�HH TQBMi +HQm/ `2;Bbi`�iBQM M2irQ`FX

� i`�Mb7Q`K2` Bb � M2irQ`F �`+?Bi2+im`2 #�b2/ QM � b2H7@�ii2MiBQM K2+?�MBbK i?�i 2bT2+B�HHv
BM i?2 M�im`�H H�M;m�;2 T`Q+2bbBM; /QK�BM QmiT2`7Q`Kb #Qi? `2+m``2Mi �M/ +QMpQHmiBQM�H
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AMTmi

*QMpk/ G�v2` R

*QMpk/ G�v2` k

*QMpk/ G�v2` j

*QMpk/ G�v2` 9

J�tTQQH

J�tTQQH

J�tTQQH

J�tTQQH

Y *QMpk/ G�v2` 8 PmiTmi

6B;m`2 9Xky, .:*LL 2K#2//BM; M2irQ`FX

KQ/2Hb (R8R)X h?2 M2irQ`F �`+?Bi2+im`2 Bb ;Bp2M BM 6B;m`2 9XkRX �b i?Bb };m`2 b?Qrb-
i?2 �`+?Bi2+im`2 BM+Hm/2b irQ bm#+QKTQM2Mibc bBKTH2 722/@7Q`r�`/ M2irQ`Fb �M/ KmHiB@?2�/
�ii2MiBQM H�v2`bX

aQm`+2

JmHiB@?2�/ �ii2MiBQM

Y

622/@7Q`r�`/ L2irQ`F

Y

h�`;2i

JmHiB@?2�/ �ii2MiBQM

Y

JmHiB@?2�/ �ii2MiBQM

Y

622/@7Q`r�`/ L2irQ`F

Y

Y

PmiTmi

6B;m`2 9XkR, h`�Mb7Q`K2` M2irQ`F �`+?Bi2+im`2X

AM 6B;m`2 9XRN i?2 i`�Mb7Q`K2` Bb mb2/ iQ H2�`M � 7mM+iBQM φ : RN×P × RN×P 4→ RN×P -
r?2`2 P Bb i?2 2K#2//BM; /BK2MbBQM- r?B+? T`QpB/2b M2r 2K#2//BM;b 7Q` i?2 TQBMib +HQm/b-

ΦX = FX + φ(FX , FY)
ΦY = FY + φ(FY , FX )

U9XRjV

>2`2- FX �M/ FY �`2 i?2 2K#2//BM;b T`Q/m+2/ #v i?2 T`2pBQmb H�v2`X h?2 BMi2Mi Bb iQ KQ/B7v
i?2 Q`B;BM�H 2K#2//BM;b #v �//BM; i?2 `2bB/m�H i2`K φ r?B+? ?�b 2M+Q/2/ i?2 bi`m+im`2 Q7 i?2
Qi?2` TQBMi +HQm/X h?2 mT/�i2/ 2K#2//BM;b �`2 mb2/ iQ }M/ � T`Q#�#BHBiv p2+iQ` r?B+? K�Tb
QM2 TQBMi +HQm/ iQ i?2 Qi?2`- BX2X 2�+? xi ∈ X Bb �bbB;M2/ � T`Q#�#BHBiv p2+iQ` Qp2` 2H2K2Mib Q7
Y ;Bp2M #v

m(xi, Y) = softmax(ΦYΦ
⊤
xi

) U9XR9V
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h?2 ao. H�v2` 2ti`�+ib i?2 K�i+?2/ TQBMib BM i?2 TQBMi +HQm/ Y 7Q` 2�+? TQBMi BM X 7`QK
U9XR9V,

ŷi = Y ⊤m(xi, Y) ∈ R3 U9XR8V
>2`2- Y ∈ RN×3 Bb /2}M2/ iQ #2 � K�i`Bt +QMi�BMBM; i?2 TQBMib BM YX h?2 `Qi�iBQM RX Y �M/
i`�MbH�iBQM tX Y �`2 i?2M 7QmM/ rBi? U9XdV �M/ U9X3V #�b2/ QM i?2 T�B`BM; xi 4→ ŷi∀iX

9X9Xk AKTH2K2Mi�iBQM .2i�BHb
GBF2 i?2 Qi?2` M2irQ`Fb T`2pBQmbHv /Bb+mbb2/- i?2 TQBMi +HQm/ `2;Bbi`�iBQM M2irQ`F Bb �HbQ
BKTH2K2Mi2/ BM SvhQ`+?X h?2 �/�K �H;Q`Bi?K rBi? r2B;?i /2+�v 10−4 Bb +?Qb2M iQ QTiBKBx2
i?2 M2irQ`F T�`�K2i2`bX h?2 H2�`MBM; `�i2 Bb BMBiB�HHv b2i iQ α = 10−3- �M/ /BpB/2/ #v 10 2p2`v
75 2TQ+?bX

h?2 +?Qb2M HQbb 7mM+iBQM K2�bm`2b i?2 /2pB�iBQM Q7 i?2 `Qi�iBQM �M/ i`�MbH�iBQM Q7 � T�B`
Q7 TQBMi +HQm/b 7`QK i?2 ;`QmM/ i`mi? mbBM; K2�M b[m�`2/ 2``Q`,

L(RX Y , tX Y) = ||R⊤
X YR

g
X Y − I||2 + ||tX Y − tg

X Y ||2 U9XReV

AM i?Bb 2[m�iBQM- X �M/ Y �`2 � T�B` Q7 TQBMi +HQm/b r?B+? �`2 K�TT2/ rBi? � `B;B/ KQiBQM
[RX Y , tX Y ] U`Qi�iBQM- i`�MbH�iBQMV i?�i �HB;Mb i?2K iQ;2i?2`X h?2 ;`QmM/@i`mi? Bb /2MQi2/ #v
i?2 bmT2`b+`BTi gX

.m`BM; i`�BMBM;- Ryk9 TQBMib �`2 b�KTH2/ 7`QK Q#D2+ib BM i?2 JQ/2HL2i9y /�i�b2i �M/ i?2
+mbiQK j. /�i�b2i- �M/ i?2M +2Mi2`2/ �M/ b+�H2/ iQ }i BM i?2 mMBi bT?2`2X h?Bb bQm`+2 TQBMi
+HQm/ X Bb i?2M �TTHB2/ � `�M/QK `B;B/ i`�Mb7Q`K�iBQM BM+Hm/BM; � `Qi�iBQM #2ir22M y �M/ 98
/2;`22b- �M/ � i`�MbH�iBQM #2ir22M @yX8 �M/ yX8X h?2 i`�Mb7Q`K2/ TQBMi +HQm/ Bb mb2/ �b i?2
i�`;2iX

9X9Xj 1p�Hm�iBQM
h?2 TQBMi +HQm/ `2;Bbi`�iBQM M2irQ`F �b T`2b2Mi2/ QmiT2`7Q`Kb i?2 Qi?2` �Hi2`M�iBp2 K2i?Q/b
QM TQBMi +HQm/ `2;Bbi`�iBQMX � [m�MiBi�iBp2 bmKK�`v Q7 i?2 i2bi K2i`B+b 7Q` i?2 M2irQ`F Bb
;Bp2M BM h�#H2 9Xk- �HQM; rBi? +Q``2bTQM/BM; K2i`B+b 7Q` A*S �M/ :Q@A*SX Ai b?QmH/ �HbQ #2
MQi2/ i?�i i?2 BM72`2M+2 iBK2 7Q` i?2 M2irQ`F QM � TQBMi +HQm/ rBi? Ryyy TQBMib Bb H2bb i?�M yXR
b2+QM/b- r?B+? Bb 7�bi2` i?�M #Qi? Q7 i?2 Qi?2` K2i?Q/b UA*S Bb bHB;?iHv bHQr2`- r?BH2 :Q@A*SǶb
BM72`2M+2 iBK2 Bb QM i?2 Q`/2` Q7 �#Qmi R8 b2+QM/bVX

JQ/2H Ja1 U`Qi�iBQMV J�1 U`Qi�iBQMV Ja1 Ui`�MbH�iBQMV J�1 Ui`�MbH�iBQMV

h?Bb M2irQ`F jXj RXk yXyyyyR yXyyk
A*S 3N8 k8 yXy3 yXk8
:Q@A*S R9y kX8 yXyyyd yXyyd

h�#H2 9Xk, h2bi K2i`B+b QM mMb22M TQBMi +HQm/b 7Q` i?Bb M2irQ`F- A*S- �M/ :Q@A*SX A K2�bm`2
i?2 K2�M b[m�`2/ 2``Q` UJa1V �M/ K2�M �#bQHmi2 2``Q` UJ�1VX

PM2 Q7 i?2 +Q`2 /2bB;M `2[mB`2K2Mib Q7 i?2 M2irQ`F Bb i?�i Bi b?QmH/ #2 ~2tB#H2 BM i2`Kb
Q7 ?Qr K�Mv TQBMib �`2 T�bb2/ �b i?2 BMTmiX h?2 M2irQ`F b�iBb}2b i?Bb `2[mB`2K2Mi- �M/
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i?2 MmK#2` Q7 TQBMib BM i?2 bQm`+2 �M/ i�`;2i TQBMi +HQm/b /QMǶi 2p2M ?�p2 iQ #2 i?2 b�K2X
h?2`2 Bb � T`�+iB+�H HBKBi�iBQM- ?Qr2p2`- /m2 iQ i?2 :Sl K2KQ`v HBKBi�iBQMb U3 :" 7Q` i?2
LpB/B� :26Q`+2 :hs Ry3yV r?B+? `2bi`�BMb i?2 K�tBKmK TQBMib BM 2Bi?2` +HQm/ iQ #2 H2bb
i?�M 9yyy TQBMibX 6Q` i?Bb M2irQ`F iQ #2 mb2/ BM � T`Q/m+iBQM 2MpB`QMK2Mi- Bi KB;?i i?2`27Q`2
#2 M2+2bb�`v iQ mb2 � KQ/2`M ?B;?@2M/ :Sl- Q` mb2 �M �``�v Q7 :Slb HBMF2/ iQ;2i?2`X aBM+2
i?2 +Q`2 Pa 7mM+iBQMb Q7 i?2 ?Qbi +QKTmi2` mb2 �#Qmi j :" K2KQ`v- bHB;?iHv BM+`2�bBM; i?2
:Sl K2KQ`v rBHH TQi2MiB�HHv /Qm#H2 i?2 MmK#2` Q7 TQBMib i?�i +QmH/ #2 T�bb2/ i?`Qm;? i?2
M2irQ`FX

U�V �B`TH�M2 U#V "QiiH2 U+V *�` U/V *?�B` U2V SH�Mi

U7V �B`TH�M2 U;V "QiiH2 U?V *�` UBV *?�B` UDV SH�Mi

6B;m`2 9Xkk, SQBMi +HQm/ `2;Bbi`�iBQM Q7 Q#D2+ib 7`QK i?2 JQ/2HL2i9y /�i�b2iX hQT `Qr,
lM�HB;M2/ TQBMi +HQm/bX "QiiQK `Qr, �HB;M2/ TQBMi +HQm/bX

U�V �pQ+�/Q U#V G2KQM U+V Jmb?`QQK U/V P`�M;2 U2V S2�`

U7V �pQ+�/Q U;V G2KQM U?V Jmb?`QQK UBV P`�M;2 UDV S2�`

6B;m`2 9Xkj, SQBMi +HQm/ `2;Bbi`�iBQM Q7 Q#D2+ib 7`QK i?2 +mbiQK 7QQ/ Q#D2+i /�i�b2iX hQT
`Qr, lM�HB;M2/ TQBMi +HQm/bX "QiiQK `Qr, �HB;M2/ TQBMi +HQm/bX

"v 2p�Hm�iBM; i?2 b�KTH2 BM72`2M+2b ;Bp2M BM 6B;m`2 9Xkk �M/ 6B;m`2 9Xkj- Bi b22Kb HBF2 i?2
M2irQ`F Bb �#H2 iQ ;2M2`�HBx2 iQ mMb22M +�b2bX �HH i?2b2 TQBMi +HQm/b �`2 MQi BM i?2 i`�BMBM;
b2i- �M/ i?2`27Q`2 ?�p2 MQi #22M �z2+iBM; i?2 H2�`MBM; bi�;2 Q7 i?2 M2irQ`FX L2p2`i?2H2bb- 7Q`
i?2 Q#D2+ib BM i?2 JQ/2HL2i9y /�i�b2i UiQT `QrV i?2 �HB;MK2Mi Bb +HQb2 iQ T2`72+i- r?BH2 7Q`
i?2 +mbiQK /�i�b2i +QMbBbiBM; Q7 7QQ/ Q#D2+ib UKB//H2 `QrV i?2 �HB;MK2Mi Bb �M BKT`Qp2K2Mi
+QKT�`2/ iQ i?2 Q`B;BM�H mM�HB;M2/ +�b2b- #mi rBi? bQK2 Qzb2ibX h?2 `2�bQM #2?BM/ i?2 H2bb2`
�HB;MK2Mi Q7 i?2 7QQ/ Q#D2+ib +QmH/ T�`iB�HHv #2 2tTH�BM2/ #v i?2b2 Q#D2+ib #2BM; KQ`2 /Bz2`2Mi
7`QK KQbi Q7 i?2 Q#D2+ib BM i?2 i`�BMBM; /�i�b2i- �b i?2v +QMbiBimi2 � bK�HH2` MmK#2` Q7 i?2
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U�V �pQ+�/Q U#V G2KQM U+V Jmb?`QQK U/V P`�M;2 U2V S2�`

U7V �pQ+�/Q U;V G2KQM U?V Jmb?`QQK UBV P`�M;2 UDV S2�`

6B;m`2 9Xk9, SQBMi +HQm/ `2;Bbi`�iBQM Q7 Q#D2+ib 7`QK i?2 +mbiQK 7QQ/ Q#D2+i /�i�b2i- r?2`2
?�H7 Q7 i?2 TQBMib BM i?2 bQm`+2 TQBMi +HQm/ Bb `2KQp2/X hQT `Qr, lM�HB;M2/
TQBMi +HQm/bX "QiiQK `Qr, �HB;M2/ TQBMi +HQm/bX

i`�BMBM; b�KTH2bX �//BiBQM�HHv- Bi +QmH/ BM/B+�i2 i?�i i?2 BMi`�+H�bb p�`B�M+2 �KQM; i?2 7QQ/
Q#D2+ib �`2 #B;;2` i?�M i?2 +H�bb2b �M/ Q#D2+ib ;Bp2M BM i?2 JQ/2HL2i9y /�i�b2iX *QMbB/2`BM;
i?Bb +�p2�i- i?2 �HB;MK2Mi Bb T2`7Q`KBM; 7�B`Hv r2HHX h?2`27Q`2- 2zQ`i b?QmH/ #2 /QM2 iQ K�F2
� #B;;2` /�i�b2i r?B+? +Qp2`b KQbi p�`B�iBQMb Q7 7`mBi �M/ p2;2i�#H2b- �b i?Bb rQmH/ KQbi HBF2Hv
bQHp2 i?2b2 �HB;MK2Mib Bbbm2bX

6B;m`2 9Xk9 /2TB+ib i?2 b�K2 Q#D2+ib �b BM 6B;m`2 9Xkj- �M/ rBi? i?2 b�K2 BMBiB�H
i`�Mb7Q`K�iBQM �TTHB2/ iQ i?2 i�`;2i TQBMi +HQm/- #mi rBi? �#Qmi ?�H7 Q7 i?2 bQm`+2 TQBMib
KBbbBM;X qBi? i?2b2 +QM/BiBQMb- i?2 M2irQ`F QmiTmi Bb biBHH �#H2 iQ `Qi�i2 �M/ i`�MbH�i2 i?2 irQ
TQBMi +HQm/b BM i?2 `B;?i /B`2+iBQM- #mi i?2 bQm`+2 TQBMi +HQm/ U+Q``2bTQM/BM; iQ i?2 T�`iB�H
BMTmiV Bb +2Mi2`2/ BMbB/2 i?2 i�`;2i TQBMi +HQm/- BMbi2�/ Q7 #2BM; bHB;?iHv Qzb2i iQ K�i+? mT
rBi? i?2 i�`;2i TQBMibX h?2 `2�bQMBM; 7Q` i?Bb `2bmHi KB;?i #2 /m2 iQ i?2 M2irQ`F QTiBKBxBM;
i?2 K2�M /Bbi�M+2 #2ir22M �HH i?2 TQBMib BM #Qi? TQBMi +HQm/b- BMbi2�/ Q7 Dmbi i?2 TQBMib BM
i?2 TQBMi +HQm/ rBi? i?2 H2bb2` MmK#2` Q7 TQBMibX h?mb- i?2 M2�`2bi@M2B;?#Q` /Bbi�M+2 b?QmH/
#2 �BK2/ iQ #2 KBMBKBx2/- #mi QMHv 7Q` i?2 TQBMib BM i?2 bQm`+2 TQBMi +HQm/X h?Bb M2+2bbBi�i2b
� +?�M;2 BM i?2 M2irQ`F �`+?Bi2+im`2- i?�i rQmH/ BKTHv K�FBM; Bi H2bb bvKK2i`B+�H i?�M i?2
+m``2Mi bi`m+im`2X 6Q` �M BKT`Qp2K2Mi iQ #2 K�/2- i?2 ;Q�H b?QmH/ #2 iQ QMHv KBMBKBx2 i?2
/Bbi�M+2b #2ir22M i?2 TQBMib BM i?2 TQBMi +HQm/ rBi? i?2 H2�bi �KQmMi Q7 TQBMib iQ i?2 Qi?2`
TQBMi +HQm/- �M/ B;MQ`2 �Mv QTiBKBx�iBQM `2;�`/BM; i?2 H�ii2` TQBMi +HQm/X �Hi?Qm;? i?2b2 B/2�
KB;?i T`Qp2 � T`QKBbBM; /B`2+iBQM 7Q` 7mim`2 rQ`F- +m``2MiHv A*S b?QmH/ #2 mb2/ QM i?2 QmiTmi
Q7 i?2 M2irQ`F iQ T`Q/m+2 � #2ii2` �HB;MK2Mi- �b i?2 M2irQ`F K�F2b � ;HQ#�H QTiBKBx�iBQM i?�i
2M�#H2b A*S iQ T2`7Q`K Bib HQ+�H QTiBKBx�iBQMX

9X8 *QK#BMBM; i?2 "mBH/BM; "HQ+Fb iQ *`2�i2 � j. oBbBQM
SBT2HBM2

�HH i?2 T`2pBQmb K2i?Q/b �`2 BMi2`2biBM; QM i?2B` QrM- #mi i?2v ?�p2 iQ #2 +QK#BM2/ BM Q`/2`
iQ bQHp2 i?2 K�BM �BK Q7 i?Bb bim/vX 6B;m`2 9Xk8 ;Bp2b � b+?2K�iB+ Qp2`pB2r QM i?2 T`QTQb2/
T`Q;`�K ~Qr 7Q` ?Qr i?2 2MiB`2 T`Q+2bb 7`QK +�Tim`BM; �M _:"@. BK�;2 iQ BM72``BM; i?2
+QKTH2i2 ;2QK2i`v Q7 i?2 Q#D2+ib BM � b+2M2X .m`BM; i?Bb rQ`F Bi #2+�K2 �TT�`2Mi i?�i i?2
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M2+2bb�`v bm#T`Q#H2Kb 7Q` `2�H@rQ`H/ b?�T2 +QKTH2iBQM Bb M�im`�HHv � b2`B2b Q7 bm++22/BM; bi2Tb-
r?2`2 i?2 QmiTmi 7`QK QM2 bi2T Bb i?2 /2bB`2/ BMTmi Q7 i?2 M2tiX h?2 TBT2HBM2 Bb i?2`27Q`2 �M
2M/@iQ@2M/ 7`�K2rQ`F 7Q` +QKTH2iBM; j. ;2QK2i`v- r?B+? +QK#BM2b �M/ �miQK�i2b �HH i?2
M2+2bb�`v T`Q+2bb2b M22/2/ 7Q` QTiBK�H +QKTH2iBQMX

AM i?2 7QHHQrBM;- A /Bb+mbb i?2 `2bTQMbB#BHBiv Q7 i?2 bi2Tb �M/ ?Qr i?2v `2H�i2 iQ i?2 K2i?Q/b
T`2b2Mi2/ 2�`HB2` BM i?Bb +?�Ti2`X aQK2 Q7 i?2 bi2Tb �`2 KQ`2 bi`QM;Hv `2H�i2/- �M/ rBHH #2
/Bb+mbb2/ DQBMiHvX A rBHH �HbQ �// KQ`2 bT2+B}+ b+?2K�iB+b iQ bQK2 bi2Tb- iQ BHHmbi`�i2 KQ`2 BM
/2i�BH r?�i i?2 �#bi`�+i bi2Tb BM 6B;m`2 9Xk8 BMpQHp2X

_":@.
AK�;BM; 6BHi2`BM;

a2;K2Mi�iBQM*QMp2`bBQM

�HB;MK2Mi G�i2Mi aT�+2
_2T`2b2Mi�iBQM

*QKTH2iBQMSQb2
1biBK�iBQM

6B;m`2 9Xk8, j. `2+QMbi`m+iBQM 2M/@iQ@2M/ TBT2HBM2 7`QK � bBM;H2@pB2r `�r _:"@. BK�;2 iQ
� +QKTH2i2 j. KQ/2H rBi? � ;Bp2M TQb2X h?2 QmiTmi 7`QK QM2 #HQ+F Bb i?2 BMTmi
iQ i?2 M2ti #HQ+FX

AK�;BM; �M/ 6BHi2`BM;, AM 6B;m`2 9Xke- i?2 T`Q+2bb Q7 BK�;BM; �M/ }Hi2`BM; Bb BHHmbi`�i2/X
Ai TQ`i`�vb � `2�H@rQ`H/ b+2M2 Q7 bQK2 7`mBi QM � ~�i bm`7�+2X h?2 AMi2H _2�Ha2Mb2 .9j8 +�K2`�-
r?B+? Bb mb2/ BM i?Bb rQ`F- +�Tim`2b _:" BK�;2b rBi? `2bQHmiBQM 1920×1080 �M/ /2Ti? BK�;2b
rBi? `2bQHmiBQM 1280 × 720X Ai Bb +H2�` i?�i i?2 +QHQ` BK�;2 /Q2b MQi M22/ 7m`i?2` T`Q+2bbBM;
#27Q`2 #2BM; b2Mi iQ i?2 b2;K2Mi�iBQM M2irQ`FX PM i?2 Qi?2` ?�M/- i?2 /2Ti? BK�;2 +H2�`Hv
M22/b bQK2 TQbi@T`Q+2bbBM; iQ `2KQp2 MQBb2X AM �//BiBQM iQ #2BM; mb2/ 7Q` BKT`QpBM; i?2
�++m`�+v Q7 b2;K2Mi�iBQM- i?2 /2Ti? BM7Q`K�iBQM Bb mb2/ 7Q` i?2 +QKTH2iBQM M2irQ`FX � ;QQ/
+QKTH2iBQM �++m`�+v /2T2M/b QM i?2 [m�HBiv Q7 i?2 `�r /2Ti? /�i�X

h?2 TQbi@T`Q+2bbBM; mb2/ iQ ;2M2`�i2 i?2 `B;?i /2Ti? BK�;2 BM 6B;m`2 9Xke BM+Hm/2b �
i?`2b?QH/ }Hi2`- � bT�iB�H }Hi2`- �M/ � i2KTQ`�H }Hi2`X h?2 i?`2b?QH/ }Hi2` bT2+B}2b i?2 KBMBKmK
�M/ K�tBKmK /Bbi�M+2 7Q` /2Ti? BM7Q`K�iBQM iQ #2 BM+Hm/2/ BM i?2 /2Ti? BK�;2X AM b+2M2b HBF2
i?Bb QM2- i?2 Q#D2+ib Q7 BMi2`2bi +QmH/ #2 BM i?2 `�M;2 7`QK `B;?i M2ti iQ i?2 +�K2`� b2MbQ` �M/
mT iQ ivTB+�HHv H2bb i?�M RX8 K2i2`b �r�vX 6m`i?2`- i?2 bT�iB�H }Hi2` �TTHB2b 2/;2@T`2b2`pBM;
bKQQi?BM; Q7 i?2 /2Ti? /�i�X h?2 �KQmMi Q7 bKQQi?BM; Bb /2i2`KBM2/ #v i?2 QM2@/BK2MbBQM�H
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`;#

/2Ti? /2Ti?

TQbi@
T`Q+2bbBM;

6B;m`2 9Xke, _:" �M/ /2Ti? BK�;2b +�Tim`2/ rBi? AMi2H _2�Ha2Mb2 .9j8 �i Bib ?B;?2bi
/2MbBiv b2iiBM;X h?2 /2Ti? BK�;2 iQ i?2 H27i ?�b #22M TQbi@T`Q+2bb2/ iQ ;Bp2
i?2 `B;?i BK�;2- r?2`2 bQK2 MQBb2 ?�b #22M `2KQp2/X h?2 HQr [m�HBiv Q7 i?2
/2Ti? BK�;2 BHHmbi`�i2b � ?Bi?2`iQ mMK2MiBQM2/ �/p�Mi�;2 Q7 b?�T2 +QKTH2iBQMc
Bi Bb MQi QMHv mb27mH 7Q` }HHBM; BM i?2 T�`ib Q7 i?2 Q#D2+i i?�i +�MǶi #2 b22M-
#mi �HbQ 7Q` mTb�KTHBM; i?2 /2Ti? `�M;2 �M/ }HHBM; BM KBbbBM; /2i�BHb Q7 i?2
Q#b2`p2/ T�`ib Q7 i?2 Q#D2+iX h?2 �``Qrb r?B+? TQBMi `B;?i 7`QK i?2 BK�;2b BM
i?2 BHHmbi`�iBQM bB;MB7v i?�i i?2v �`2 T`QT�;�i2/ �b BMTmi iQ i?2 M2ti bi2T BM i?2
TBT2HBM2X

2tTQM2MiB�H KQpBM; �p2`�;2 U1J�V 2[m�iBQM- ;Bp2M �b

St =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Y1 t = 1
αYt (1 − α)St−1 t > 1 and∆ = |St − St−1| < δthresh
Yt t > 1 and∆ = |St − St−1| > δthresh

U9XRdV

r?2`2 St Bb i?2 p�Hm2 Q7 i?2 1J� �i �Mv iBK2 T2`BQ/ t- Yt Bb i?2 M2rHv `2+Q`/2/ BMbi�Mi�M2Qmb
p�Hm2 Q7 /BbT�`Biv Q` /2Ti?- �M/ α `2T`2b2Mib i?2 /2;`22 Q7 r2B;?iBM; /2+`2�b2 U+?Qb2M iQ #2
α = 0.5VX δthresh U+?Qb2M iQ #2 δthresh = 8/32 /BbT�`BiB2bVX G�biHv- i?2 i2KTQ`�H }Hi2` }Hi2`b
/2Ti? /�i� #v HQQFBM; BMiQ T`2pBQmb 7`�K2b- r?B+? Bb � 7Q`K Q7 iBK2 �p2`�;BM; Q7 i?2 /2Ti?
/�i�X 1J� Bb �HbQ mb2/ 7Q` +�H+mH�iBM; i?Bb }Hi2`- r?2`2 b2iiBM; α = 1 �KQmMib iQ MQ }Hi2`BM;-
r?BH2 `2/m+BM; α rBHH BM+`2�b2 �p2`�;BM; �M/ bKQQi?BM;X

>QH2b- T�i+?2b Q7 i?2 /2Ti? BK�;2 r?2`2 z = 0- �`2 biBHH T`2b2Mi #v /2bB;M BM i?2 TQbi@
T`Q+2bb2/ BK�;2X h?2b2 ?QH2b +QKKQMHv `2bmHi 7`QK QM2 Q` KQ`2 Q7 i?2 7QHHQrBM; 7Qm` `2�bQMb,

Ç P++HmbBQMb, a?�/QrBM; +�mb2b i?2 H27i �M/ i?2 `B;?i BK�;2b iQ MQi b22 i?2 b�K2 Q#D2+iX
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Ç G�+F Q7 i2tim`2, aBM+2 i?2 bi2`2Q K�i+?BM; `2HB2b QM K�i+?BM; 72�im`2 /2b+`BTiQ`b BM i?2
H27i �M/ `B;?i BK�;2b- /2Ti? 2biBK�iBQM 7Q` i2tim`2@H2bb bm`7�+2b rBHH #2 +?�HH2M;BM;X

Ç JmHiBTH2 K�i+?2b, h?Bb Bb � +�b2 r?2`2 72�im`2b BM QM2 BK�;2 +�M #2 K�i+?2/ rBi?
KmHiBTH2 72�im`2b BM i?2 Qi?2` BK�;2- r?B+? +QmH/ ?�TT2M B7 i?2 bm`7�+2 ?�b � mMB7Q`K
T2`BQ/B+ bi`m+im`2X

Ç LQ bB;M�H, A7 i?2 2tTQbm`2 Bb iQQ ?B;? Q` iQQ HQr- Q` i?2 Q#D2+i Bb iQQ 7�` �r�v i?2`2
KB;?i MQi #2 �Mv bB;M�H iQ +�H+mH�i2 /2Ti? 7`QKX Ai +QmH/ �HbQ Q++m` B7 i?2 Q#D2+i Bb +HQb2`
i?�M i?2 KBMBKmK b2�`+?@`�M;2 7Q` i?2 bi2`2Q pBbBQM �H;Q`Bi?KX

q?BH2 �M BK�;2 rBi? MQ ?QH2b Bb KQ`2 pBbm�HHv �TT2�HBM;- 7Q` i?2 �TTHB+�iBQM Q7 b?�T2 +QKTH2iBQM
Bi Bb #2ii2` iQ H2�p2 i?2 ?QH2b rBi?Qmi /QBM; �Mvi?BM; �b ?QH2 }Hi2`BM; KB;?i BMi`Q/m+2 2``QM2Qmb
/2Ti? BM7Q`K�iBQMX �Mv?Qr- i?2 b?�T2 +QKTH2iBQM M2irQ`F rBHH }HH BM i?2 KBbbBM; T�`ib Q7 i?2
Q#D2+ib Q7 BMi2`2bi Ĝ BM+Hm/BM; �Mv ?QH2b i?2v KB;?i ?�p2X h?Bb b?Qr+�b2b �MQi?2` mb2 7Q` b?�T2
+QKTH2iBQM- �b Bi +�M �HbQ BKT`Qp2 i?2 /2Ti? [m�HBiv Q7 i?2 T�`iB�H b+�MX

JQ`2 2zQ`i +QmH/ #2 /QM2 iQ �// KQ`2 �/p�M+2/ }Hi2`b- #mi i?2 K�BM Bbbm2 Bb i?2 [m�HBiv
Q7 i?2 +m``2Mi +QMbmK2`@;`�/2 /2Ti? +�K2`�b bm+? �b AMi2H _2�Ha2Mb2X h?2 `2�HBiv Bb i?�i i?2
+m``2Mi KQ/2Hb �`2 HBKBi2/ BM i?2B` �#BHBiv iQ +Q``2+iHv BM72` i?2 /2Ti? BM7Q`K�iBQM Q7 � b+2M2X
h?Bb Bb �HbQ QM2 Q7 i?2 `2�bQMb #2?BM/ mbBM; � bBKmH�i2/ 2MpB`QMK2Mi 7Q` 2p�Hm�iBM; i?2 Qp2`�HH
j. pBbBQM TBT2HBM2X >Qr2p2`- Bi Bb +H2�` i?�i i?2 /2p2HQTK2Mi Q7 #2ii2` +�K2`� ?�`/r�`2 Bb
2pQHpBM; �i � ?B;? T�+2X qBi? i?2 }2H/ Q7 /2p2HQTBM; _:"@. +�K2`� ?�`/r�`2 #2BM; ?B;?Hv
+QKT2iBiBp2- i?2 [m�HBiv Q7 i?2 /2Ti? +�K2`�b rBHH T`Q#�#Hv #2 Km+? #2ii2` BM i?2 M2�` 7mim`2X

a2;K2Mi�iBQM �M/ *QMp2`bBQM, � b+?2K�iB+ Q7 i?2 T`Q+2bb Q7 M2ti +QmTH2 Q7 bi2Tb BM i?2
TBT2HBM2- b2;K2Mi�iBQM �M/ +QMp2`bBQM- Bb ;Bp2M BM 6B;m`2 9XkdX Ai mb2b i?2 +QHQ` �M/ /2Ti?
BK�;2b iQ b2;K2Mi �M/ BbQH�i2 i?2 Q#D2+i Q7 BMi2`2bi- 7Q` i?2M iQ +QMp2`i Bi iQ � TQBMi +HQm/X

*QMp2`iBM; i?2 /2Ti? K�T iQ � TQBMi +HQm/ Bb /QM2 mbBM; PT2Mj/ (RdN)X Ai `2[mB`2b i?2
BMi`BMbB+ +�K2`� T�`�K2i2`b Q7 i?2 +�K2`� mb2/ iQ +Q``2+iHv +�H+mH�i2 i?2 /2Ti? b+�H2 Q7 i?2
`2bmHiBM; TQBMi +HQm/X qBi? i?2 lM`2�H_Ps 2M;BM2 mb2/ iQ ;2M2`�i2 i?2 _Q#Qi`Bs /�i�b2i
Ur?B+? A mb2/V- i?2 }2H/ Q7 pB2r U6PoV Bb bT2+B}2/ �b Nyê- �M/ i?2 T�`�K2i2`b +�M #2 +�H+mH�i2/
mbBM; i?2 7QHHQrBM; 2[m�iBQMb,

fx = fy = w

2
cx = w

2
cy = h

2

U9XR3V

r?2`2 w �M/ h �`2 i?2 BK�;2 rB/i? �M/ ?2B;?i- `2bT2+iBp2Hv- �M/ fx �M/ fy �`2 i?2 t@�tBb �M/
v@�tBb 7Q+�H H2M;i?X h?2 T`BM+BT�H TQBMi Qzb2i Ui?2 HQ+�iBQM Q7 i?2 T`BM+BT�H TQBMi `2H�iBp2 iQ
i?2 BK�;2 Q`B;BMV �`2 ;Bp2M #v i?2 TBt2H HQ+�iBQMb cx �M/ cyX 6Q` +QKTH2i2M2bb- BM ;2M2`�H i?2
7Q+�H H2M;i? b?QmH/ #2 +�H+mH�i2/ rBi?

fx = fy = w

2 tan
(

FOV
2

) U9XRNV

h?2 b2;K2Mi�iBQM M2irQ`F T`2b2Mi2/ BM a2+iBQM 9Xk Bb mb2/ iQ +`2�i2 i?2 b2;K2Mi�iBQM
K�bF BM 6B;m`2 9Xkd 7`QK i?2 +QHQ` �M/ /2Ti? BK�;2bX h?Bb K�bF Bb i?2M mb2/ iQ BbQH�i2 �
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`;# /2Ti?

K�bF TQBMi +HQm/

TQBMi +HQm/

TQBMi +HQm/

6B;m`2 9Xkd, � ~Qr+?�`i Q7 i?2 T`QTQb2/ b2;K2Mi�iBQM T`Q+2bbX "Qi? i?2 +QHQ` �M/ /2Ti?
BK�;2 �`2 mb2/ iQ }M/ � K�bF r?B+? #2bi b2;K2Mib i?2 Q#D2+ib mbBM; i?2
b2;K2Mi�iBQM M2irQ`FX h?2 /2Ti? BK�;2 Bb �HbQ +QMp2`i2/ BMiQ � TQBMi +HQm/-
r?B+? +QMbiBimi2b i?2 j. `2T`2b2Mi�iBQM Q7 i?2 b+2M2X 1�+? Q#D2+i Q7 BMi2`2bi
�`2 B/2MiB}2/ �M/ BbQH�i2/ #v 2ti`�+iBM; TQBMib #�b2/ QM � b2H2+i2/ +H�bb BM i?2
K�bFX h?2M 2�+? Q#D2+i �`2 T�bb2/ QM iQ i?2 TQBMi +HQm/ `2;Bbi`�iBQM M2irQ`F
7Q` �HB;MK2Mi rBi? Bib `272`2M+2 Q#D2+i BM i?2 T`BQ` Q#D2+i /�i�b2iX
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TQBMi +HQm/ Q7 i?2 b2;K2Mi2/ Q#D2+iX aT2+B}+�HHv- i?2 r?QH2 /2Ti? BK�;2 Bb +QMp2`i2/ iQ �
TQBMi +HQm/ r?2`2 i?2 K�bF Bb mb2/ �b i?2 +QHQ` p�Hm2 Q7 2�+? TQBMiX h?2M- 2�+? TQBMi Bb
+QKT�`2/ iQ �M �``�v rBi? �HH i?2 TQbbB#H2 K�bF +QHQ`b U2�+? +H�bb ?�b Bib QrM +QHQ`V #�b2/
QM Bib +QHQ` p�Hm2X "v 7QHHQrBM; i?Bb T`Q+2/m`2- � #QQH2�M �``�v Bb �+?B2p2/ r?2`2 i?2 i`mi?v
p�Hm2b BM/B+�i2 i?2 BM/2t2b Q7 i?2 TQBMib BM i?2 TQBMi +HQm/ r?B+? #2HQM; iQ i?2 b2;K2Mi2/
Q#D2+iX "�b2/ QM i?Bb �``�v- i?2 Q#D2+i TQBMi +HQm/ +�M #2 +`2�i2/X h?2 `mMiBK2 iQ +QKTH2i2
i?Bb bi2T Bb H2bb i?�M yXk b2+QM/b 7Q` BK�;2b rBi? � `2bQHmiBQM Q7 1920 × 1080X

�HB;MK2Mi, *QMiBMmBM; 7`QK i?2 BbQH�i2/ Q#D2+i TQBMi +HQm/ U7`QK MQr QM `272``2/ iQ �b
i?2 bQm`+2 TQBMi +HQm/V- Bi MQr M22/b iQ #2 �HB;M2/ iQ i?2 rQ`H/ +QQ`/BM�i2 bvbi2K BM i?2
b�K2 r�v �b i?2 Q#D2+ib BM i?2 /�i�b2i mb2/ iQ i`�BM i?2 b?�T2 +QKTH2iBQM M2irQ`FX h?Bb
T`Q+2bb Bb �HbQ +�HH2/ TQBMi +HQm/ `2;Bbi`�iBQMX h?2`2 �`2 b2p2`�H Bbbm2b i?�i �`Bb2 �b T�`i Q7
i?Bb +?�HH2M;2- r?B+? im`M2/ Qmi iQ #2 QM2 Q7 i?2 iQm;?2bi T`Q#H2Kb BM i?Bb rQ`FX �b +�M #2
b22M BM 6B;m`2 9Xk3- i?2 bQm`+2 TQBMi +HQm/ ?�b � /Bz2`2Mi b+�H2- `Qi�iBQM- �M/ i`�MbH�iBQM i?�M
QM2 Q7 Bib K�i+?2b BM i?2 /�i�b2i- r?B+? Bb /2}M2/ iQ #2 BM � +�MQMB+�H TQb2X q?BH2 i?2 Q#D2+i
TQBMi +HQm/ �+[mB`2/ 7`QK i?2 /�i�b2i U7`QK MQr QM `272``2/ iQ �b i?2 i�`;2i TQBMi +HQm/V Bb Q7
� FMQrM bBx2- BX2X Bi Bb +QMbi`�BM2/ iQ #2 rBi?BM i?2 mMBi bT?2`2- i?2 MmK#2` Q7 mMFMQrM TQb2b
BM+`2�b2b i?2 +QKTH2tBiv Q7 }M/BM; � ;QQ/ �HB;MK2Mi #2ir22M i?2 irQ TQBMi +HQm/b- 2bT2+B�HHv
+QMbB/2`BM; QMHv � T�`iB�H b+�M Bb ;Bp2M Q7 i?2 bQm`+2 TQBMi +HQm/X

�b � bK�HH /B;`2bbBQM- +QMbB/2` i?2 BMTmi TQBMi +HQm/ iQ #2 +QKTH2i2- BX2X Bi ?�b �HH i?2
KBbbBM; T�`ib �H`2�/v }HH2/ BMX h?Bb rQmH/ i`2K2M/QmbHv bBKTHB7v i?2 T`Q#H2K- �b i?2 b+�H2
Q7 i?2 TQBMi +HQm/ +�M i?2M #2 /2i2`KBM2/ BM � 72r bBKTH2 bi2Tbc }M/ i?2 K�tBKmK /Bbi�M+2
#2ir22M irQ TQBMib BM i?2 TQBMi +HQm/- �M/ ;HQ#�HHv b+�H2 i?2 TQBMi +HQm/ bm+? i?�i i?Bb /Bbi�M+2
rQmH/ #2 k UirB+2 i?2 mMBi H2M;i?VX "v bm#i`�+iBM; i?2 K2�M Q7 i?2 TQBMi +HQm/- Bi Bb MQr
+2Mi2`2/ rBi?BM i?2 mMBi bT?2`2X *QMb2[m2MiHv- i?2 b+�H2 Bb i?2 b�K2 �b i?2 i�`;2i TQBMi
+HQm/ �M/ i?2 �TT`Q�+? ;Bp2M BM a2+iBQM 9X9- r?B+? +Q``2+iHv B/2MiB}2b i?2 M22/2/ `Qi�iBQM �M/
i`�MbH�iBQM i`�Mb7Q`K�iBQM iQ �HB;M i?2 BMTmi TQBMi +HQm/ rBi? i?2 i�`;2i TQBMi +HQm/X >Qr2p2`-
i?Bb �TT`Q�+? iQ }M/ i?2 +Q``2+i b+�H2 rBHH 7�BH r?2M i?2 BMTmi TQBMi +HQm/ Bb � T�`iB�H b+�MX h?2
K�tBKmK /Bbi�M+2 #2ir22M irQ TQBMib BM � T�`iB�H b+�M rBHH #2 H2bb i?�M i?�i Q7 i?2 K�tBKmK
/Bbi�M+2 Q7 i?2 +QKTH2i2 Q#D2+i- `2bmHiBM; BM }M/BM; � b+�H2 7�+iQ` r?B+? Bb iQQ H�`;2X

h?2b2 /B{+mHiB2b �`2 �//`2bb2/ BM a2+iBQM 9X9- �M/ i?2 �TT`Q�+? K2MiBQM2/ BM i?�i b2+iBQM
Bb mb2/ BM i?Bb bi2T Q7 i?2 TBT2HBM2X h?2 2M/ `2bmHi 7`QK i?Bb bi2T Bb � b+�H2- `Qi�iBQM- �M/
i`�MbH�iBQM i`�Mb7Q`K�iBQM Q7 i?2 T�`iB�H TQBMi +HQm/X h?2 i`�Mb7Q`K Bb b�p2/ mMiBH i?2 b?�T2
+QKTH2iBQM Bb /QM2- �b i?2M i?2 BMp2`b2 i`�Mb7Q`K rBHH #2 �TTHB2/ iQ i?2 +QKTH2i2/ TQBMi +HQm/
iQ TH�+2 Bi BM i?2 +Q``2+i TQb2 BM i?2 b+2M2X

*QKTH2iBQM, qBi? i?2 T�`iB�H Q#D2+i b+�M �HB;M2/ iQ Bib +Q``2bTQM/BM; +�MQMB+�H Q#D2+i BM
i?2 /�i�b2i- i?2 b?�T2 +QKTH2iBQM M2irQ`F T`2b2Mi2/ BM a2+iBQM 9Xj +�M BM72` Bib 7mHH b?�T2X P7
+Qm`b2- Bi rQmH/ #2 TQbbB#H2 iQ bBKTHv mb2 i?2 +�MQMB+�H Q#D2+i 7Q` i?2 b?�T2 +QKTH2iBQM �b
r2HH- #mi i?2 M2irQ`F K�v #2 �#H2 iQ K�F2 i?2 `2bmHiBM; Q#D2+i ;2QK2i`v � #2ii2` }i #v mbBM;
i?2 Q#b2`p2/ /�i�X aBM+2 i?2 QmiTmi 7`QK i?2 +QKTH2iBQM M2irQ`F Bb �M BKTHB+Bi 7mM+iBQM- Bi
Bb }`bi +QMp2`i2/ iQ � K2b? rBi? K�`+?BM; +m#2b �M/ i?2M iQ � TQBMi +HQm/ mbBM; i?2 SQBbbQM
/BbF b�KTHBM; K2i?Q/X "v �TTHvBM; i?2 BMp2`b2 i`�Mb7Q`K Q7 i?2 T`2pBQmb �HB;MK2Mi Q7 i?2
T�`iB�H b+�M iQ i?2 +QKTH2i2 Q#D2+i TQBMi +HQm/- i?2 Q#D2+i Bb TH�+2/ #�+F BMiQ Bib +Q``2+i bBx2
�M/ TQb2 BM i?2 b+2M2X
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U�V lM�HB;M2/ S�`iB�H a+�M U#V �HB;M2/ :`QmM/@i`mi?

6B;m`2 9Xk3, G27i, a2;K2Mi2/ T�`iB�H TQBMi +HQm/ b+�M UbK�HH #H�+F /BbFV THQii2/ rBi? �M
�tBb +`Qbb rBi? �t2b 2[m�H iQ RX _B;?i, *QKTH2i2 TQBMi +HQm/ 7`QK i?2 /�i�b2i-
r?B+? Bb b+�H2/ iQ #2 rBi?BM i?2 mMBi bT?2`2X h?2 T�`iB�H TQBMi +HQm/ ?�b iQ
#2 �HB;M2/ iQ bQK2 T�`i Q7 i?2 +QKTH2i2 b+�M 7Q` i?2 +QKTH2iBQM M2irQ`F iQ #2
�#H2 iQ BM72` Bib 7mHH ;2QK2i`vX

�M 2ti2MbBQM iQ i?Bb T�`i Q7 i?2 TBT2HBM2 +QmH/ #2 iQ +�H+mH�i2 � r2B;?iBM; �p2`�;2 Q7 i?2
T`BQ` /�i�b2i Q#D2+i �M/ i?2 `2bmHiBM; Q#D2+i 7`QK i?2 b?�T2 +QKTH2iBQM M2irQ`FX "v +�H+mH�iBM;
i?2 /Bbi�M+2b #2ir22M i?2 T�`iB�H b+�Mb �M/ i?2 +QKTH2i2/ ;2QK2i`B2b mbBM; QM2 Q7 i?2 TQBMi
K2i`B+b /2b+`B#2/ BM a2+iBQM kXRXj- QM2 +QmH/ /2i2`KBM2 r?2i?2` i?2 QTiBK�H +QKTH2iBQM Bb i?2
QM2 7`QK i?2 b?�T2 +QKTH2iBQM M2irQ`F Q` i?2 +Q``2bTQM/BM; /�i�b2i Q#D2+i- Q` � +QK#BM�iBQM
Q7 i?2 irQX h?2 +QK#BM�iBQM Q7 KmHiBTH2 TQBMi +HQm/b BM i?Bb r�v Bb /QM2 #v bBKTHv �TT2M/BM;
i?2 TQBMib 7`QK QM2 +HQm/ iQ i?2 Qi?2`X

j. Q#D2+i TQb2, A/2MiB7vBM; i?2 TQb2 Q7 i?2 Q#D2+i Bb Qmi Q7 i?2 b+QT2 7Q` i?Bb rQ`F- #mi
Bi Bb �//2/ iQ i?2 TBT2HBM2 b+?2K�iB+ BM 6B;m`2 9Xk8 �b Bi Bb +QMbB/2`2/ i?2 }M�H bi2T 7Q` �
`Q#QiB+ pBbBQM bvbi2K iQ ?�p2 � +QKTH2i2 mM/2`bi�M/BM; Q7 i?2 b+2M2X �//BiBQM�HHv- rBi? i?2
7mHH ;2QK2i`v Q7 i?2 Q#D2+i- r?B+? Bb �HbQ b2;K2Mi2/ 7`QK i?2 `2bi Q7 i?2 b+2M2- i?Bb #2+QK2b
�HKQbi � i`BpB�H i�bF +QKT�`2/ iQ i?2 +m``2Mi �TT`Q�+?2b 7Q` TQb2 2biBK�iBQMX



*>�Sh1_ 8
*QM+HmbBQM

8XR amKK�`v
AM i?Bb +?�Ti2` i?2 2bb2MiB�H TQBMib Q7 i?Bb i?2bBb �`2 bmKK�`Bx2/X "�b2/ QM i?2 KQiBp�iBQM Ĝ iQ
+QKTH2i2 i?2 j. ;2QK2i`v Q7 Q#D2+ib BM � b+2M2 #�b2/ QM � T�`iB�H b+�M Ĝ i?2 K�BM �BK r�b iQ
2tTHQ`2 �M/ p�HB/�i2 i?2 72�bB#BHBiv Q7 mbBM; /22T H2�`MBM; K2i?Q/b iQ miBHBx2 T`BQ` FMQrH2/;2
7`QK � /�i�b2i iQ T2`7Q`K b?�T2 +QKTH2iBQMX � +mbiQK /�i�b2i �M/ i?`22 /22T@H2�`MBM; #�b2/
K2i?Q/b r2`2 BMi`Q/m+2/, QM2 7Q` b2K�MiB+ b2;K2Mi�iBQM Q7 _:"@. BK�;2b- QM2 7Q` b?�T2
+QKTH2iBQM Q7 TQBMi +HQm/b- �M/ QM2 7Q` TQBMi +HQm/ `2;Bbi`�iBQMX 6m`i?2`KQ`2- � j. pBbBQM
TBT2HBM2 �`+?Bi2+im`2 r�b T`QTQb2/ iQ +QMbQHB/�i2 i?2 p�`BQmb bm#i�bFb BMiQ � +Q?2`2Mi r?QH2X

h?2`2 �`2 i?`22 K�BM HBKBi�iBQMb rBi? +m``2Mi �+iBp2 pBbBQM �M/ KmHiB@pB2r K2i?Q/b r?B+?
+�M #2 Qp2`+QK2 #v 2KTHQvBM; � bBM;H2@pB2r �;2Mi- �M/ i?mb `2T`2b2Mi � KQiBp�iBQM 7Q` bm+?
�M �TT`Q�+?X 6B`bi- +m``2Mi KmHiB@pB2r �M/ �+iBp2 pBbBQM K2i?Q/b K�v i�F2 �b Km+? �b Ry
b2+QM/b iQ BM72` � +QKTH2i2 j. KQ/2H Q7 i?2 Q#D2+i Q7 BMi2`2bi 7Q` ;`�bTBM;X AM �M BM/mbi`B�H
b2iiBM;- i?Bb rQmH/ #2 � b2p2`2 #QiiH2M2+F BM i?2 Qp2`�HH T`Q+2bbX JQ`2Qp2`- 7Q` bQK2 BMbi�M+2b-
i?2 Q#D2+ib i?�i b?QmH/ #2 TB+F2/ #v i?2 `Q#Qi KB;?i #2 KQpBM; QM � +QMp2vQ` #2Hi �M/ T�bb
#v Bi BM i?�i iBK2@7`�K2X a2+QM/- KQbi Q#D2+ib �`2 T�`iB�HHv +Qp2`2/ BM bQK2 r�v 7`QK i?2
pB2r Q7 � +�K2`�X � bBM;H2 Q#D2+i rBHH �Hr�vb +Qp2` Qi?2` T�`ib Q7 i?2 b�K2 Q#D2+i- BM r?�i
Bb +�HH2/ M�im`�H Q++HmbBQMX 6m`i?2`KQ`2- T?vbB+�H Q++HmbBQMb bm+? �b Qi?2` Q#D2+ib Q` T?vbB+�H
Q#bi`m+iBQMb Q7i2M ?BM/2` i?2 7mHH Q#D2+i 7`QK #2BM; pBbB#H2X h?B`/- B7 i?2 Q#D2+i Q7 BMi2`2bi Bb
iQQ 7�` �r�v 7`QK i?2 `Q#Qi �;2Mi- i?2 `Q#Qi +�M QMHv KQp2 bm+? i?�i Bi b22b i?2 Q#D2+i 7`QK
�TT`QtBK�i2Hv i?2 b�K2 pB2rX >2M+2- Bi Bb MQi TQbbB#H2 iQ mb2 KmHiB@pB2r K2i?Q/b iQ BM72` i?2
;2QK2i`v Q7 i?2 Q#D2+iX
"�b2/ QM i?2b2 HBKBi�iBQMb- BM i?Bb Ja+ i?2bBb i?2 7Q+mb ?�b #22M iQ /2p2HQT �M/ BKTH2K2Mi �
TBT2HBM2 #�b2/ QM /22T H2�`MBM; �TT`Q�+?2b iQ �+?B2p2 � `Q#mbi �M/ �++m`�i2 T2`+2TiBQM bvbi2KX
h?Bb rQ`F BM+Hm/2b i?2 7QHHQrBM;,

Ç a2K�MiB+ a2;K2Mi�iBQM L2irQ`F, AM a2+iBQM 9Xk � /22T H2�`MBM; KQ/2H rBi? �
_2bL2i@HBF2 �`+?Bi2+im`2 r�b mb2/ iQ 2{+B2MiHv �M/ �++m`�i2Hv T`2/B+i �M QmiTmi 7Q` 2�+?
TBt2H BM i?2 _:"@. BK�;2 Q7 � b+2M2- `2bmHiBM; BM � K�bF rBi? b2K�MiB+ +H�bbB}+�iBQMX

Ç a?�T2 *QKTH2iBQM L2irQ`F, h?2 KQbi BKTQ`i�Mi K2i?Q/ r�b +Qp2`2/ BM a2+iBQM 9Xj-
r?2`2 � b?�T2 +QKTH2iBQM M2irQ`F r?B+? mb2b +QMiBMmQmb BKTHB+Bi 7mM+iBQMb iQ /2}M2 �
+QKTH2i2 b?�T2 7Q` � T�`iB�H Q#b2`p�iBQM r�b T`QTQb2/X

Ç SQBMi *HQm/ _2;Bbi`�iBQM L2irQ`F, a2+iBQM 9X9 T`2b2Mi2/ �M �TT`Q�+? iQ �HB;M i?2
`2bmHiBM; BbQH�i2/ Q#D2+ib 7`QK i?2 T�`iB�H b+�M BMiQ i?2B` +�MQMB+�H TQb2 +Q``2bTQM/BM;
iQ bBKBH�` Q#D2+ib BM i?2 T`BQ` /�i�b2iX

Ç j. oBbBQM SBT2HBM2, a2+iBQM 9X8 iB2b i?2 �7Q`2K2MiBQM2/ K2i?Q/b iQ;2i?2` BMiQ i?2
Qp2`�HH j. pBbBQM TBT2HBM2X



8Xk 6mim`2 qQ`F 3e

AM +QMM2+iBQM iQ i?2 QmiHBM2/ `2b2�`+? [m2biBQMb- �M/ #�b2/ QM i?2 `2b2�`+? BMp2biB;�iBQMb
+�``B2/ Qmi �M/ T`2b2Mi2/ BM i?Bb Ja+ i?2bBb Bi +�M �HbQ #2 +QM+Hm/2/ i?�i `2�H@rQ`H/ b?�T2
+QKTH2iBQM Bb 72�bB#H2 U_RVX h?2 T�`iB�H b+�M b?QmH/ #2 b2;K2Mi2/ rBi? i?2 Q#D2+i Q7 BMi2`2bi
+�`27mHHv BbQH�i2/ U_kV- bm+? i?�i QMHv i?2 `2H2p�Mi BM7Q`K�iBQM Bb mb2/ BM i?2 b?�T2 +QKTH2iBQM
bi�;2X aBM+2 TQBMi +HQm/b �`2 i?2 /�i� `2T`2b2Mi�iBQM i?�i KQbi +HQb2Hv 7QHHQrb i?�i Q7 i?2
QmiTmi 7`QK i?2 /2Ti? b2MbQ`b- Bi Bb `2�bQM�#H2 iQ mb2 i?Bb /�i� `2T`2b2Mi�iBQM r?2M +QKT�`BM;
j. Q#D2+ibX Ai �HbQ im`Mb Qmi i?�i /22T H2�`MBM; KQ/2Hb +�MMQi QMHv #2 TBT2HBM2/ U_jV- #mi i?�i
i?Bb �+im�HHv BKT`Qp2b `2bmHib �M/ `2/m+2b MQBb2 +QKT�`2/ iQ � QM2@7Q`@�HH �TT`Q�+?X �Hi?Qm;?
Bi Bb BM Bib 2�`Hv bi�;2b- i?2 rQ`F T`2b2Mi2/ ?2`2 T`QpB/2b � 7`�K2rQ`F iQ #2 #mBHi 7m`i?2` mTQM
BM 7mim`2 rQ`FX

h?2 F2v 72�im`2b Q7 i?2 `2bmHiBM; TBT2HBM2 BKTH2K2Mi2/ BM i?Bb Ja+ i?2bBb �`2 T`QpB/2/
#2HQr,

Ç �/�Ti�#BHBiv, h?2 T2`+2TiBQM bvbi2K Bb ?B;?Hv �/�Ti�#H2X Ai rBHH T`Q/m+2 `2�bQM�#H2
QmiTmib 7Q` �Mv b+2M2- �b HQM; �b i?2 Q#D2+ib iQ #2 +QKTH2i2/ �`2 BM i?2 T`BQ` /�i�b2i UQ`
bBKBH�` Q#D2+ibV mb2/ iQ i`�BM i?2 �;2MiX

Ç PMHBM2 S`Q+2bbBM;, h?2 TBT2HBM2 T2`7Q`Kb `2�H@iBK2 +QKTH2iBQM Q7 Q#D2+ib- �b i?2
BM72`2M+2 iBK2 Bb �#Qmi � b2+QM/X h?Bb `2KQp2b H�; �M/ Qi?2` /2H�vb BM i?2 `Q#Qi bvbi2K-
2z2+iBp2Hv �//`2bbBM; i?2 K�BM #QiiH2M2+F BM +m``2Mi T`Q+2bb2bX

Ç *QKTQbBiBQM�H oBbm�H AMi2HHB;2M+2, h?2 +H�bbB}+�iBQM- b2;K2Mi�iBQM �M/ +QKTH2iBQM
Q7 Q#D2+ib Bb BM?2`2MiHv i�bFb i?�i �// iQ i?2 ǴBMi2HHB;2M+2Ǵ Q7 i?2 `Q#QiX h?2b2 �`2 i�bFb
i?�i �`2 mbm�HHv i�;;2/ �b ?mK�M@QMHv- �M/ 2bT2+B�HHv i?2 +QK#BM�iBQM Q7 i?2K #`BM;b
i?2 `Q#QiǶb mM/2`bi�M/BM; Q7 � b+2M2 +HQb2` iQ i?�i Q7 ?mK�Mb Ĝ BM+`2�bBM; Bib TQbbB#BHBiB2b
iQ /Q ;2M2`�H i�bFb bm+? �b ;`�bTBM; �M/ K�MBTmH�iBQM Q7 Q#D2+ibX

Ç *QKTQM2Mi@#�b2/ avbi2K, h?2 +QKTQM2Mib BM i?2 j. pBbBQM TBT2HBM2 +�M #2
2t+?�M;2/ BM/2T2M/2MiHv Q7 QM2 �MQi?2`X 6Q` BMbi�M+2- i?2 b2;K2Mi�iBQM K2i?Q/ +QmH/
#2 2t+?�M;2/ rBi? � 7mim`2 BKT`Qp2/ p2`bBQM rBi?Qmi �z2+iBM; i?2 `2K�BM/2` Q7 i?2
TBT2HBM2X h?Bb 2M�#H2b +QMiBMmQmb BKT`Qp2K2Mi- �b 2�+? +QKTQM2Mi BM i?2 TBT2HBM2 +�M
#2 mT/�i2/ rBi? i?2 7mim`2 bi�i2@Q7@i?2 �`i 7Q` i?2 bT2+B}+ i�bF i?�i +QKTQM2Mi T2`7Q`KbX

Ç aBKmH�iBQM@#�b2/ G2�`MBM;, �HH i?2 /�i�- #Qi? 7Q` i?2 Q#D2+ib �M/ i?2 b+2M2b- �`2
�+[mB`2/ 7`QK /B;Bi�H KQ/2Hb �M/ bBKmH�iBQMbX h?2 H2�`MBM; /Q2b MQi b22K iQ #2 HBKBi2/
#v MQi mbBM; `2�H@rQ`H/ /�i�- r?B+? H2�/b iQ bQK2 QTTQ`imMBiB2b #v mbBM; bm+? � bBKmH�i2/@
iQ@`2�H �TT`Q�+?, 6B`bi- �+[mB`BM; � bBx2�#H2 /�i�b2i Bb bBKTHB}2/ �M/ i�F2b � 7`�+iBQM Q7
i?2 iBK2X a2+QM/- b+2M2b �M/ Q#D2+ib +�M #2 /B;Bi�HHv `2T`2b2Mi2/ 2p2M i?Qm;? i?2v �`2
MQi `2�/BHv �p�BH�#H2 BM i?2 `2�H rQ`H/- �M/ r?B+? rQmH/ Qi?2`rBb2 #2 /B{+mHi iQ BK�;2
�M/ +`2�i2 � /�i�b2i Q7X h?Bb �HbQ `2/m+2b i?2 2+QMQKB+�H +Qbi Q7 +QKTBHBM; /�i�b2ibX

8Xk 6mim`2 qQ`F
h?Bb b2+iBQM QmiHBM2b b2p2`�H B/2�b r?B+? r2`2 Qmi Q7 i?2 b+QT2 7Q` i?Bb i?2bBb- #mi r?B+? �`2
rQ`i? iQ #2 BMp2biB;�i2/ BM i?2 7mim`2 �M/ KB;?i BKT`Qp2 �M/ 2tT�M/ i?2 i2+?MB[m2b �M/
�TT`Q�+?2b mb2/ BM i?Bb rQ`FX



8Xk 6mim`2 qQ`F 3d

Ç S`2T�`2 7Q` S`Q/m+iBQM@_2�/BM2bb, 6Q` mbBM; i?Bb T2`+2TiBQM bvbi2K BM i?2 BM/mbi`v-
r?B+? Bb BKTQ`i�Mi 7Q` i?2 +QKK2`+B�HBx�iBQM Q7 i?2 K2i?Q/- QTiBKBx�iBQM Q7 i?2
T`Q/m+iBQM +Q/2 Bb Q7 pBi�H BKTQ`i�M+2X 6m`i?2` rQ`F b?QmH/ #2 Tmi QM B/2MiB7vBM; �M/
`2KQpBM; TQi2MiB�H #m;b �M/ 2``Q`b BM i?2 +Q/2X h?2 /22T H2�`MBM; KQ/2Hb +QmH/ K�F2
mb2 Q7 SvhQ`+?Ƕb Dmbi@BM@iBK2 UCAhV +QKTBH2`- iQ #2 mb�#H2 BM KQbi bQ7ir�`2 �M/ ?�`/r�`2
2MpB`QMK2Mib- BM+Hm/BM; i?Qb2 Q7 `Q#QiB+ 7�+BHBiB2bX � ;2M2`�H pBbBQM bvbi2K bm+? �b i?Bb
rQ`F T`2b2Mib Bb �M 2M�#HBM; 7�+iQ` BM i?2 7mim`2 KmHiB@#BHHBQM /QHH�` BM/mbi`v Q7 `Q#QiB+
�miQK�iBQMX AM i?�i `2;�`/- Bi +QmH/ #2 Q7 BMi2`2bi iQ HQQF BMiQ T�i2MiBM; i?2 �TT`Q�+?
T`2b2Mi2/ BM i?Bb i?2bBbX AM T`�+iB+2- ?Qr2p2`- Bi TQbbB#Hv #mBH/b iQQ Km+? mTQM `2H�i2/
QT2M@bQm`+2 rQ`F 7Q` i?Bb iQ #2 72�bB#H2X

Ç lb2 a2[m2M+2 Q7 AK�;2b, � `Q#Qi rBi? �M 2v2@BM@?�M/ +�K2`� +QM};m`�iBQM
T2`7Q`KBM; K�MBTmH�iBQM rQmH/ KQbiHv #2 KQpBM;- �M/ +�Tim`BM; � pB/2Q@bi`2�K �i �HH
iBK2bX h?Bb +�HHb 7Q` � K2`;2/ �TT`Q�+? #2ir22M KmHiB@pB2r �M/ bBM;H2@pB2r �TT`Q�+?2b-
r?2`2 i?2 b2[m2M+2 Q7 BK�;2b +QmH/ #2 biBi+?2/ iQ;2i?2` �M/ +QMiBMmQmbHv mT/�i2/ #v i?2
KmHiB@pB2r bvbi2K- r?BH2 i?2 bBM;H2@pB2r �;2Mi T2`7Q`Kb BM72`2M+2 �M/ b?�T2 +QKTH2iBQM
QM � KQ`2 /2i�BH2/ T�`iB�H b+�M Q7 i?2 b+2M2X �//BiBQM�HHv- �M BK�;2 b2[m2M+2 �HHQrb
7Q` KQ/2Hb bm+? �b `2+m``2Mi M2m`�H M2irQ`Fb Ur?B+? mb2 i?2B` BMi2`M�H bi�i2 iQ T`Q+2bb
b2[m2M+2b Q7 BMTmibV r?2`2 i?2 M2ti BM72`2M+2 +QmH/ �HbQ i�F2 BMiQ �++QmMi T`2pBQmb
BM72`2M+2bX .22T `2BM7Q`+2K2Mi H2�`MBM; +QmH/ �HbQ #2 �//2/ iQ i?2 TBT2HBM2 BM i?2 b�K2
7�b?BQMX

Ç aQHp2 i?2 L2ti@"2bi@oB2r S`Q#H2K, "�b2/ QM i?2 +m``2Mi Q#b2`p�iBQM Q7 � b+2M2-
BM7Q`K�iBQM +QmH/ #2 ;�BM2/ iQ /2i2`KBM2 i?2 M2ti QTiBK�H b2MbQ` TQb2 i?�i K�tBKBx2b
i?2 `2+QMbi`m+i2/ bm`7�+2 Q7 i?2 Q#D2+i Q7 BMi2`2biX AM i?2 HBi2`�im`2- i?Bb Bb `272``2/ iQ �b
i?2 M2ti@#2bi@pB2r T`Q#H2KX � `2+2Mi 2zQ`i #v J2M/Qx� 2i �HX (N8) BMi`Q/m+2/ bmT2`pBb2/
H2�`MBM; �b � K2�Mb iQ }M/ i?2 M2ti@#2bi@pB2r- #mi Bi biBHH `2K�BMb �M QT2M T`Q#H2KX

Ç _2/m+2 AM72`2M+2 hBK2, aQK2 T�`ib Q7 i?2 K2i?Q/b BM i?2 TBT2HBM2 +QmH/ #2 7m`i?2`
QTiBKBx2/ iQ 7m`i?2` `2/m+2 i?2 Qp2`�HH BM72`2M+2 iBK2X 6Q` 2t�KTH2- i?2`2 Bb � TQi2MiB�H
Q7 �//BM; KQ/B}+�iBQMb K�`+?BM; +m#2b �H;Q`Bi?K mb2/ iQ `2M/2` i?2 `2bmHi 7`QK i?2
+QKTH2iBQM M2irQ`FX

Ç o2`B7v i?2 AMM2` qQ`FBM;b Q7 i?2 a?�T2 *QKTH2iBQM L2irQ`F, h?2 M2m`�H
M2irQ`Fb mb2/ �b T�`i Q7 i?2 j. pBbBQM TBT2HBM2- �M/ T�`iB+mH�`Hv i?2 b?�T2 +QKTH2iBQM
M2irQ`F- b?QmH/ #2 7m`i?2` bim/B2/X .Q i?2v T2`7Q`K i?2 i�bF i?2v �`2 bmTTQb2/ iQ /Q-
Q` /Q i?2v QMHv b22K iQ /Q i?2 i�bF\ AMbB;?i +QmH/ #2 ;�BM2/ #v BMi2`TQH�iBQM BM i?2
H�i2Mi bT�+2- i2biBM; QM bT2+B}+ Q#D2+ib rBi? +2`i�BM ;2QK2i`B2b- �M/ +QKT�`BM; rBi?
Qi?2` M2m`�H M2irQ`Fb #�b2/ QM /Bz2`2Mi +QM+2Tib i?�M i?2 QM2b mb2/X

Ç AM+`2�b2 i?2 *QKTH2tBiv Q7 i?2 L2m`�H L2irQ`Fb, AM i?2 /2bB;M Q7 i?2 M2irQ`F
�`+?Bi2+im`2b mb2/ BM i?2 TBT2HBM2- T2`7Q`K�M+2 �M/ �++m`�+v BKT`Qp2K2Mib +QmH/ #2
;�BM2/ #v mbBM; KQ`2 BMi`B+�i2 +QMpQHmiBQM�H QT2`�iQ`b- bm+? �b i?2 QM2b BM+Hm/2/ BM
SvhQ`+? :2QK2i`B+ (je)X Ai ?�b +QKTBH2/ BKTH2K2Mi�iBQMb Q7 +QMpQHmiBQM�H QT2`�iQ`b
bT2+B}+�HHv /2bB;M2/ 7Q` ;`�T? `2T`2b2Mi�iBQMb bm+? �b K2b?2b �M/ TQBMi +HQm/bX
JQ`2Qp2`- Bi +QmH/ #2 Q7 BMi2`2bi iQ /2bB;M � "�v2bB�M M2m`�H M2irQ`F mbBM; � 7`�K2rQ`F
bm+? �b Sv`Q (Ry)X 1bT2+B�HHv 7Q` i?2 b?�T2 +QKTH2iBQM �;2Mi- i?Bb �HHQrb i?2 TBT2HBM2 iQ
?�p2 i?2 +QM+2Ti Q7 #2BM; mMbm`2 Q7 r?�i i?2 Q#D2+i iQ #2 +QKTH2i2/ BbX h?Bb +QmH/ Q++m`
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2Bi?2` BM +�b2b r?2`2 i?2 Q#D2+i r�b MQi BM i?2 T`BQ` /�i�b2i mb2/ 7Q` i`�BMBM; i?2 �;2Mi-
Q` BM +�b2b r?2`2 i?2 pB2r Bb 7`QK �M �M;H2 r?2`2 i?2 Q#D2+i +H�bb Bb �K#B;mQmbX

Ç AKT`Qp2 i?2 aBKmH�iBQM 1MpB`QMK2Mi, q?BH2 i?2 bBKmH�iBQM 2MpB`QMK2Mi T`QpB/2/
#v lM`2�H_Ps (Nj) `2M/2`b mHi`�@`2�HBbiB+ b+2M2b- Bi Bb HBKBi2/ #v i?2 /2bB;M Q7 i?2 KQ/2HbX
6m`i?2` rQ`F +QmH/ #2 /2pQi2/ iQ `2+`2�iBM; i?2 rQ`F 2MpB`QMK2Mi Q7 i?2 `Q#Qib �i
aALh16 2i+X BM i?Bb iQQH- r?B+? i?2M 2M/b mT #2BM; � /B;Bi�H irBMX AM i?Bb K�MM2`-
QM2 +�M K�F2 � p�bi /�i�b2i rBi? `2H�iBp2Hv 72r K�M@?Qm`bX JQ`2Qp2`- i?2 T?vbB+�H
T`QT2`iB2b Q7 i?2 `Q#Qi �M/ i?2 `2bi Q7 i?2 b+2M2 +QmH/ #2 `2T`2b2Mi2/- �HHQrBM; 7Q`
`2�HBbiB+ K�MBTmH�iBQM Q7 Q#D2+ib BM i?2 bBKmH�iBQM 2MpB`QMK2MiX hQ/�v- bQK2 T`Q#H2Kb
�`2 TQi2MiB�HHv QMHv bQHp�#H2 #v #B; i2+? +QKT�MB2b r?Q bQm`+2 /�i� 7`QK i?2B` mb2`bX
aBKmH�iBQM +QmH/- ?Qr2p2`- TQbbB#Hv K�F2 i?2 b�K2 `2b2�`+? TQbbB#H2 rBi? +QKT�`�iBp2Hv
HBKBi2/ +QKTmi�iBQM�H `2bQm`+2bX

Ç 1ti2M/ i?2 JQ/2H 6H2tB#BHBiv iQ �++QmMi 7Q` *QKTHB�Mi P#D2+ib JQbi Q`;�MB+
Q#D2+ib �`2 /27Q`K�#H2- �M/ � `Q#QiB+ K�MBTmH�iBQM �;2Mi r?B+? �bbmK2b i?�i Q#D2+ib �`2
`B;B/ KB;?i 7�BH iQ ;`�bT i?2b2X h?Bb M2+2bbBi�i2b � j. `2T`2b2Mi�iBQM r?B+? �//`2bb2b i?2
T`QT2`iB2b Q7 +QKTHB�Mi Q#D2+ib- �b i?2 /�i� `2T`2b2Mi�iBQMb T`2b2Mi2/ BM a2+iBQM kXRXk
+�MMQi ?�M/H2 bm+? +?�`�+i2`BbiB+bX AM i2`Kb Q7 i?2 b?�T2 +QKTH2iBQM �;2Mi- Bi +QmH/ �HbQ
T`2/B+i i?2 ǴbF2H2iQMǴ Q7 i?2 Q#D2+i BM �//BiBQM iQ Bib +QKTH2i2 ;2QK2i`vX JQ`2Qp2`- Bi
+QmH/ #2 mb27mH iQ BM72` r?2i?2` �M Q#D2+i Bb ?�`/fbQ7i- /`vfr2i- +Q�`b2fbiB+Fv- 2i+X- �b
i?2b2 T`QT2`iB2b �z2+i i?2 QTiBK�H ;`�bTBM; TQHB+vX



�SS1L.As �
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h?Bb �TT2M/Bt BM+Hm/2b �M Qp2`pB2r QM i?2 mb2/ ?�`/r�`2 �M/ bQ7ir�`2 2MpB`QMK2Mi �b T�`i
Q7 i?2 rQ`F BM i?Bb i?2bBbX

�XR >�`/r�`2 1MpB`QMK2Mi
Ç AMi2H _2�Hb2Mb2 .9j8 Bb �M _:"@. +�K2`� r?B+? mb2b bi2`2Q pBbBQM iQ +�H+mH�i2 /2Ti?X Ai

?�b �M BM7`�`2/ T`QD2+iQ` r?B+? T`QD2+ib � MQM@pBbB#H2 bi�iB+ BM7`�`2/ T�ii2`M iQ BKT`Qp2
/2Ti? �++m`�+v BM b+2M2b rBi? HQr i2tim`2X AM i?Bb rQ`F- i?Bb +�K2`� r�b mb2/ iQ +�Tim`2
`2�H@rQ`H/ +QHQ` �M/ /2Ti? BK�;2b Q7 � b+2M2X

Ç LpB/B� :27Q`+2 :hs Ry3y Bb � :Sl r?B+? +�M #2 mb2/ 7Q` 7�bi2` i`�BMBM; �M/ BM72`2M+BM;
Q7 M2m`�H M2irQ`Fb i?�M r?�i Bb TQbbB#H2 rBi? *SlbX AM i?Bb rQ`F- i?2 :Sl r�b mb2/ iQ
2M�#H2 T�`�HH2HBx�iBQM /m`BM; i`�BMBM; Q7 i?2 M2m`�H M2irQ`FbX

Ç 6`�MF� 1KBF� S�M/� d .P6 Bb � `Q#Qi K�MBTmH�iQ` i?�i +�M ?�p2 � T�vHQ�/ mT iQ j
F; rBi? � K�tBKmK `2�+? Q7 855mmX AM i?Bb rQ`F- i?Bb K�MBTmH�iQ` r�b QMHv mb2/ �b �
`272`2M+2 iQ b22 i?2 i�`;2i bvbi2K 7Q` i?2 /2p2HQT2/ T2`+2TiBQM 7`�K2rQ`FX

�Xk aQ7ir�`2 1MpB`QMK2Mi
�XkXR Svi?QM GB#`�`B2b

U�V SvhQ`+? U#V PT2Mj. U+V h`BK2b? U/V a+BFBi@H2�`M

6B;m`2 �XR, Svi?QM HB#`�`B2bX

Ç SvhQ`+? (RR9) Bb �M QT2M bQm`+2 /22T H2�`MBM; TH�i7Q`K i?�i T`Q+2b � b2�KH2bb T�i? 7`QK
`2b2�`+? T`QiQivTBM; iQ T`Q/m+iBQM /2THQvK2MiX Ai Bb � 6�+2#QQF@#�+F2/ Svi?QM@}`bi
HB#`�`v- rBi? � `B+? 2+Qbvbi2K Q7 iQQHb �M/ HB#`�`B2b r?B+? 2ti2M/ i?2 +Q`2 7mM+iBQM�HBivX Ai
Bb #mBHi mTQM i?2 Gm�@7`�K2rQ`F hQ`+?- #mi Bb MQr Svi?QM@}`bi �M/ #�+F2/ #v 6�+2#QQFX
AM i?Bb rQ`F- SvhQ`+? r�b mb2/ BM i?2 BKTH2K2Mi�iBQM Q7 �HH M2m`�H M2irQ`FbX q?BH2
K�Mv �Hi2`M�iBp2b 2tBbi- SvhQ`+? r�b +?Qb2M BM i?Bb rQ`F 7Q` Bib /vM�KB+ ;`�T?@#mBH/BM;-
bBKTH2 �SA- �M/ LmKSv@HBF2 bvMi�tX .vM�KB+ ;`�T?@#mBH/BM; �HHQrb i?2 T`Q;`�KK2` iQ



�Xk aQ7ir�`2 1MpB`QMK2Mi Ny

T`QiQivT2 � MQp2H M2irQ`F �b Bi Bb #2BM; #mBHi- r?B+? bBKTHB}2b /2#m;;BM;X 6m`i?2`KQ`2-
bBM+2 Bib bvMi�t Bb bBKBH�` iQ i?�i Q7 LmKSv- Bi Bb � HQr #�``B2` 7Q` Svi?QM@/2p2HQT2`b iQ
mb2 i?2 7`�K2rQ`F �M/ Bib 7mM+iBQM�HBiv +�M 2�bBHv #2 +QK#BM2/ rBi? Qi?2` HB#`�`B2bX

Ç PT2Mj. (RdN) Bb � j. /�i� K�MBTmH�iBQM HB#`�`v rBi? � #mBHi@BM pBbm�HBx�iBQM iQQHX Ai �HbQ
?�b bmTTQ`i 7Q` #�bB+ j. /�i� T`Q+2bbBM; �H;Q`Bi?KbX AM i?Bb rQ`F- PT2Mj. r�b mb2/ iQ
pBbm�HBx2 TQBMi +HQm/b BM i?2 /22T H2�`MBM; TBT2HBM2X Ai r�b �HbQ mb2/ iQ +QMp2`i _:"@.
BK�;2b BMiQ TQBMi +HQm/b- �M/ iQ LmKSv �``�vb 7Q` 7m`i?2` K�MBTmH�iBQMX .Bb+HQbm`2, A
�K � +QMi`B#miQ` iQ i?Bb HB#`�`vX

Ç h`BK2b? (kN) Bb � HB#`�`v 7Q` HQ�/BM; �M/ mbBM; i`B�M;mH�` K2b?2b- �M/ �HHQrb 7Q` 2�bv
K�MBTmH�iBQM �M/ �M�HvbBbX AM i?Bb rQ`F- h`BK2b? r�b mb2/ iQ +QMp2`i p2`iB+2b �M/ 7�+2b
BMiQ K2b?2bX

Ç a+BFBi@G2�`M (RRd) Bb � K�+?BM2 H2�`MBM; HB#`�`v /2bB;M2/ iQ BMi2`QT2`�i2 rBi? i?2 HB#`�`B2b
LmKSv �M/ a+BSvX AM i?Bb rQ`F- a+BFBi@G2�`M r�b mb2/ 7Q` �HH MQM@/22T K�+?BM2 H2�`MBM;
�H;Q`Bi?KbX

�XkXk j. *QKTmi2` :`�T?B+b aQ7ir�`2

U�V lM`2�H_Ps U#V J2b?H�# U+V *HQm/*QKT�`2 U/V J2b?`QQK U2V "H2M/2`

6B;m`2 �Xk, j. KQ/2HBM; �M/ T`Q+2bbBM; bQ7ir�`2X

Ç lM`2�H_Ps (Nj) Bb �M 2MpB`QMK2Mi #mBHi Qp2` lM`2�H 1M;BM2 9 r?B+? �BKb iQ `2/m+2 i?2
`2�HBiv ;�T #v H2p2`�;BM; ?vT2``2�HBbiB+ BM/QQ` b+2M2b i?�i �`2 2tTHQ`2/ #v `Q#Qi �;2Mib
r?B+? �HbQ BMi2`�+i rBi? Q#D2+ib BM � pBbm�HHv `2�HBbiB+ K�MM2` BM i?�i bBKmH�i2/ rQ`H/X
AM i?Bb rQ`F- i?2 _Q#Qi`Bs /�i�b2i (jN) r�b mb2/- r?B+? Bb �miQK�iB+�HHv ;2M2`�i2/ #v
lM`2�H_PsX

Ç J2b?H�# (kR) Bb � bQ7ir�`2 7Q` T`Q+2bbBM; �M/ 2/BiBM; j. i`B�M;mH�` K2b?2b- �M/ T`QpB/2b �
b2i Q7 iQQHb 7Q` 2/BiBM;- +H2�MBM;- ?2�HBM;- `2M/2`BM;- i2tim`BM; �M/ +QMp2`iBM; K2b?2bX AM
i?Bb rQ`F- J2b?H�# r�b mb2/ iQ /2+BK�i2fbm#b�KTH2 K2b?2b 7`QK i?2 +mbiQK +QKTBH2/
/�i�b2i- r?B+? mM2/Bi2/ ?�p2 mT iQ j KBHHBQM 7�+2b 2�+?X

Ç *HQm/*QKT�`2 (kk) Bb � j. TQBMi +HQm/ �M/ K2b? T`Q+2bbBM; bQ7ir�`2X AM i?Bb rQ`F-
*HQm/*QKT�`2 r�b mb2/ 7Q` rQ`FBM; rBi? j. KQ/2Hb rBi? i?2 XQz 7Q`K�i- �M/ r�b �HbQ
mb2/ 7Q` +QMp2`iBM; � K2b? iQ � TQBMi +HQm/ r?BH2 F22TBM; i?2 +QHQ` BM7Q`K�iBQM 7Q` 2�+?
TQBMiX



�Xk aQ7ir�`2 1MpB`QMK2Mi NR

Ç J2b?`QQK (Nd) Bb � T?QiQ;`�KK2i`v bQ7ir�`2- BX2X Bi +�M BM72` i?2 ;2QK2i`v Q7 � b+2M2
7`QK � b2i Q7 mMQ`/2`2/ T?QiQ;`�T?b Q` pB/2QbX AM i?Bb rQ`F- �M 2zQ`i r�b K�/2 iQ
mb2 J2b?`QQK iQ ;2M2`�i2 � /�i�b2i #�b2/ QM `2�H@rQ`H/ b+�Mb Q7 7QQ/ Q#D2+ibX q?BH2
J2b?`QQK +�M ;2M2`�HHv `2+QMbi`m+i j. ;2QK2i`v 7`QK KmHiBTH2 BK�;2b Ukȳy T2` b+�MV
rBi? � ?B;? �++m`�+v- Bi r�b MQi �#H2 iQ ;Bp2 � b�iBb7�+iQ`v `2bmHi 7Q` bK�HH Q#D2+ib bm+?
�b 7`mBi �M/ p2;2i�#H2bX

Ç "H2M/2` (kj) Bb � j. +`2�iBQM bmBi2 r?B+? bmTTQ`ib KQ/2HBM;- `B;;BM;- bBKmH�iBQM-
`2M/2`BM;- +QKTQbBiBM;- 2i+X AM i?Bb rQ`F- "H2M/2` r�b mb2/ iQ ;2M2`�i2 bT2+B}+ biBHH@
HB72 b+2M2b- bm+? �b 6B;m`2 RXRX



"B#HBQ;`�T?v
(R) S�MQb �+?HBQTi�b 2i �HX ǳG2�`MBM; _2T`2b2Mi�iBQMb �M/ :2M2`�iBp2 JQ/2Hb 7Q` j. SQBMi

*HQm/bǴX AM, �`sBp 2@T`BMib UCmHv kyRdV- �`sBp,RdydXykjNkX �`sBp, RdydXykjNk (+bX*o)
U+Bi2/ QM T�;2b R3- 9N- e8VX

(k) u�bm?B`Q �QFB 2i �HX ǳSQBMiL2iGE, _Q#mbi � 1{+B2Mi SQBMi *HQm/ _2;Bbi`�iBQM mbBM;
SQBMiL2iǴX AM, *Q__ �#bfRNyjXy UkyRNV U+Bi2/ QM T�;2 9jVX

(j) C�FQ# �M/`2�b "¤`2Mix2M �M/ >2M`BF ��M¤bX ǳ:2M2`�iBM; aB;M2/ .Bbi�M+2 6B2H/b 6`QK
h`B�M;H2 J2b?2bǴX AM, U+Bi2/ QM T�;2 8dVX

(9) :BHH "�`2[m2i �M/ JB+?� a?�`B`X ǳ6BHHBM; ;�Tb BM i?2 #QmM/�`v Q7 � TQHv?2/`QMǴX AM,
*QKTmi2` �B/2/ :2QK2i`B+ .2bB;M RkXk UJ�`+? RNN8V- T�;2b kydĜkkNX /QB, RyXRyRef
yRed@3jNeUN9VyyyRR@;X m`H, ?iiTb,ff/QBXQ`;fRyXRyRefyRed@3jNeUN9VyyyRR@;
U+Bi2/ QM T�;2 99VX

(8) CQM�i?�M h "�``QM �M/ CBi2M/`� J�HBFX ǳa?�T2- AHHmKBM�iBQM- �M/ _2~2+i�M+2 7`QK
a?�/BM; amTTH2K2Mi�`v J�i2`B�HǴX AM, kyRj U+Bi2/ QM T�;2 jNVX

(e) h?�#Q "22H2` 2i �HX ǳAKT`Qp2/ _2+QMbi`m+iBQM Q7 .27Q`KBM; am`7�+2b #v *�M+2HHBM;
�K#B2Mi P++HmbBQMǴX AM, 1**oX kyRk U+Bi2/ QM T�;2 j3VX

(d) uQb?m� "2M;BQ- ��`QM * *Qm`pBHH2- �M/ S�b+�H oBM+2MiX ǳ_2T`2b2Mi�iBQM G2�`MBM;, �
_2pB2r �M/ L2r S2`bT2+iBp2bǴX AM, A111 h`�Mb�+iBQMb QM S�ii2`M �M�HvbBb �M/ J�+?BM2
AMi2HHB;2M+2 j8 UkyRjV- T�;2b RdN3ĜR3k3 U+Bi2/ QM T�;2b jy- jRVX

(3) . S "2`ib2F�bX ǳ� /Bbi`B#mi2/ �bvM+?`QMQmb `2H�t�iBQM �H;Q`Bi?K 7Q` i?2 �bbB;MK2Mi
T`Q#H2KǴX AM, RN38 k9i? A111 *QM72`2M+2 QM .2+BbBQM �M/ *QMi`QHX .2+2K#2` RN38-
T�;2b RdyjĜRdy9X /QB, RyXRRyNf*.*XRN38Xke33ke U+Bi2/ QM T�;2 R3VX

(N) S�mH C "2bH �M/ L2BH . J+E�vX ǳ� J2i?Q/ 7Q` _2;Bbi`�iBQM Q7 j@. a?�T2bǴX AM, A111
h`�MbX S�ii2`M �M�HX J�+?X AMi2HHX R9 URNNkV- T�;2b kjNĜk8e U+Bi2/ QM T�;2 9jVX

(Ry) 1HB "BM;?�K 2i �HX ǳSv`Q, .22T lMBp2`b�H S`Q#�#BHBbiB+ S`Q;`�KKBM;ǴX AM, �`sBp
T`2T`BMi �`sBp,R3RyXyN8j3 UkyR3V U+Bi2/ QM T�;2 3dVX

(RR) oQHF2` "H�Mx �M/ h?QK�b o2ii2`X ǳ� KQ`T?�#H2 KQ/2H 7Q` i?2 bvMi?2bBb Q7 j. 7�+2bǴX
AM, S`Q+22/BM;b Q7 i?2 kei? �MMm�H +QM72`2M+2 QM *QKTmi2` ;`�T?B+b �M/ BMi2`�+iBp2
i2+?MB[m2b @ &aA::_�S>' &\i2ti[mQi2bBM;H2'NNX &�*J' S`2bb- RNNNX /QB, RyXRR98f
jRR8j8XjRR88eX m`H, ?iiTb,ff/QBXQ`;fRyXRR98fjRR8j8XjRR88e U+Bi2/ QM T�;2 9dVX

(Rk) "2`i .2 "`�#�M/2`2- .�pv L2p2M- �M/ Gm+ o�M :QQHX ǳa2K�MiB+ AMbi�M+2 a2;K2Mi�iBQM
rBi? � .Bb+`BKBM�iBp2 GQbb 6mM+iBQMǴX AM, *Q__ �#bfRdy3Xy UkyRdV U+Bi2/ QM T�;2 9RVX

(Rj) �M;2H sm�M *?�M; 2i �HX ǳa?�T2L2i, �M AM7Q`K�iBQM@_B+? j. JQ/2H _2TQbBiQ`vǴX AM,
*Q__ �#bfR8RkXy UkyR8V U+Bi2/ QM T�;2b 3- 8jVX
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(R9) .BM;@umM *?2M 2i �HX ǳPM oBbm�H aBKBH�`Biv "�b2/ j. JQ/2H _2i`B2p�HǴX AM, *QKTmi2`
:`�T?B+b 6Q`mK kkXj UkyyjV- T�;2b kkjĜkjkX /QB, RyXRRRRfR9ed@3e8NXyyeeNX m`H,
?iiTb,ffQMHBM2HB#`�`vXrBH2vX+QKf/QBf�#bfRyXRRRRfR9ed@3e8NXyyeeN U+Bi2/ QM
T�;2 kyVX

(R8) CB�r2M *?2M- .2MMBb "�mi2K#�+?- �M/ a?�?`�K Ax�/BX ǳa+�H�#H2 `2�H@iBK2 pQHmK2i`B+
bm`7�+2 `2+QMbi`m+iBQMǴX AM, �*J h`�MbX :`�T?X jk UkyRjV- RRj,RĜRRj,Re U+Bi2/ QM
T�;2 jNVX

(Re) GB�M;@*?B2? *?2M 2i �HX ǳJ�bFG�#, AMbi�M+2 a2;K2Mi�iBQM #v _2}MBM; P#D2+i
.2i2+iBQM rBi? a2K�MiB+ �M/ .B`2+iBQM 62�im`2bǴX AM, kyR3 A111f*o6 *QM72`2M+2 QM
*QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM UkyR3V- T�;2b 9yRjĜ9ykk U+Bi2/ QM T�;2 9yVX

(Rd) q2Mvm *?2M 2i �HX ǳSQHvMQKB�H +m`p2 `2;Bbi`�iBQM 7Q` K�i+?BM; TQBMi +HQm/b Q7 /Bz2`2Mi
b+�H2bǴX AM, kyRd A111 kM/ AMi2`M�iBQM�H *QM72`2M+2 QM aB;M�H �M/ AK�;2 S`Q+2bbBM;
UA*aASV UkyRdV- T�;2b RkkĜRke U+Bi2/ QM T�;2 99VX

(R3) q2Mvm *?2M 2i �HX ǳa+�H2 `2;Bbi`�iBQM #�b2/ QM /2b+`BTiQ` �M�HvbBb �M/ "@bTHBM2
K�i+?BM;ǴX AM, h1L*PL kyRd @ kyRd A111 _2;BQM Ry *QM72`2M+2 UkyRdV- T�;2b R98RĜ
R98e U+Bi2/ QM T�;2 99VX

(RN) w?B[BM *?2M �M/ >�Q w?�M;X ǳG2�`MBM; AKTHB+Bi 6B2H/b 7Q` :2M2`�iBp2 a?�T2 JQ/2HBM;ǴX
AM, *Q__ �#bfR3RkXy UkyR3V U+Bi2/ QM T�;2 8yVX

(ky) *?`BbiQT?2` "QM;bQQ *?Qv 2i �HX ǳj.@_kLk, � lMB}2/ �TT`Q�+? 7Q` aBM;H2 �M/ JmHiB@
pB2r j. P#D2+i _2+QMbi`m+iBQMǴX AM, 1**oX kyRe U+Bi2/ QM T�;2 93VX

(kR) S�QHQ *B;MQMB 2i �HX ǳJ2b?G�#, �M PT2M@aQm`+2 J2b? S`Q+2bbBM; hQQHǴX AM, 1m`Q;`�T?B+b
Ai�HB�M *?�Ti2` *QM72`2M+2X 1/Bi2/ #v oBiiQ`BQ a+�`�MQ- _Qb�`BQ .2 *?B�`�- �M/ l;Q
1``�X h?2 1m`Q;`�T?B+b �bbQ+B�iBQM- kyy3X Bb#M, Nd3@j@Ny8edj@e3@8X /QB, RyXkjRkf
GQ+�H*?�Ti2`1p2MibfAi�H*?�TfAi�HB�M*?�T*QM7kyy3fRkN@Rje U+Bi2/ QM T�;2b 88-
NyVX

(kk) ǳ*HQm/*QKT�`2 (*QKTmi2` bQ7ir�`2)ǴX AM, m`H, ?iiTb,ff;Bi?m#X+QKf+HQm/+QKT�`2f
+HQm/+QKT�`2 U+Bi2/ QM T�;2 NyVX

(kj) "H2M/2` PMHBM2 *QKKmMBivX "H2M/2` @ � j. KQ/2HHBM; �M/ `2M/2`BM; T�+F�;2X "H2M/2`
6QmM/�iBQMX aiB+?iBM; "H2M/2` 6QmM/�iBQM- �Kbi2`/�K- kyR3X m`H, ?iiT , f f rrr X
#H2M/2`XQ`; U+Bi2/ QM T�;2 NRVX

(k9) J�bbBKBHB�MQ *Q`bBMB- S�QHQ *B;MQMB- �M/ _Q#2`iQ a+QTB;MQX ǳ1{+B2Mi �M/ 6H2tB#H2
a�KTHBM; rBi? "Hm2 LQBb2 S`QT2`iB2b Q7 h`B�M;mH�` J2b?2bǴX AM, A111 h`�Mb�+iBQM QM
oBbm�HBx�iBQM �M/ *QKTmi2` :`�T?B+b R3Xe UkyRkV- T�;2b NR9ĜNk9X m`H, ?iiT,ffp+;X
BbiBX+M`XBifSm#HB+�iBQMbfkyRkf**aRk U+Bi2/ QM T�;2 ReVX

(k8) �M;2H� .�B- *?�`H2b _mBx?QM;i�B ZB- �M/ J�ii?B�b LB2ĽM2`X ǳa?�T2 *QKTH2iBQM lbBM;
j.@1M+Q/2`@S`2/B+iQ` *LLb �M/ a?�T2 avMi?2bBbǴX AM, kyRd A111 *QM72`2M+2 QM
*QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM U*oS_V UkyRdV- T�;2b e898Ĝe889 U+Bi2/ QM
T�;2 93VX

(ke) �M;2H� .�B 2i �HX ǳ"mM/H26mbBQM, _2�H@hBK2 :HQ#�HHv *QMbBbi2Mi j. _2+QMbi`m+iBQM
lbBM; PM@i?2@6Hv am`7�+2 _2BMi2;`�iBQMǴX AM, �*J h`�MbX :`�T?X je UkyRdV- k9,RĜk9,R3
U+Bi2/ QM T�;2 jNVX

(kd) CB72M; .�B 2i �HX ǳAMbi�M+2@b2MbBiBp2 6mHHv *QMpQHmiBQM�H L2irQ`FbǴX AM, 1**oX kyRe
U+Bi2/ QM T�;2 9yVX
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(k3) CB72M; .�B 2i �HX ǳ_@6*L, P#D2+i .2i2+iBQM pB� _2;BQM@#�b2/ 6mHHv *QMpQHmiBQM�H
L2irQ`FbǴX AM, LASaX kyRe U+Bi2/ QM T�;2 9RVX

(kN) JB+?�2H .�rbQM@>�;;2`ivX ǳh`BK2b? (*QKTmi2` bQ7ir�`2)ǴX AM, m`H, ?iiTb,ff;Bi?m#X
+QKfKBF2/?fi`BK2b? U+Bi2/ QM T�;2b 8d- NyVX

(jy) CB� .2M; 2i �HX ǳAK�;2L2i, � H�`;2@b+�H2 ?B2`�`+?B+�H BK�;2 /�i�#�b2ǴX AM, kyyN A111
*QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM UkyyNV- T�;2b k93Ĝk88 U+Bi2/
QM T�;2 kyVX

(jR) C�K2b .B2#2H �M/ a2#�biB�M h?`mMX ǳ�M �TTHB+�iBQM Q7 J�`FQp _�M/QK 6B2H/b iQ
_�M;2 a2MbBM;ǴX AM, LASaX kyy8 U+Bi2/ QM T�;2 j3VX

(jk) >�Q[B�M; 6�M- >�Q am- �M/ G2QMB/�b :mB#�bX ǳ� SQBMi a2i :2M2`�iBQM L2irQ`F 7Q`
j. P#D2+i _2+QMbi`m+iBQM 7`QK � aBM;H2 AK�;2ǴX AM, �`sBp 2@T`BMib U.2+2K#2` kyReV-
�`sBp,ReRkXyyeyjX �`sBp, ReRkXyyeyj (+bX*o) U+Bi2/ QM T�;2 R3VX

(jj) >�Q[B�M; 6�M- >�Q am- �M/ G2QMB/�b C :mB#�bX ǳ� SQBMi a2i :2M2`�iBQM L2irQ`F 7Q` j.
P#D2+i _2+QMbi`m+iBQM 7`QK � aBM;H2 AK�;2ǴX AM, kyRd A111 *QM72`2M+2 QM *QKTmi2`
oBbBQM �M/ S�ii2`M _2+Q;MBiBQM U*oS_V UkyRdV- T�;2b k9ejĜk9dR U+Bi2/ QM T�;2 9NVX

(j9) �HB`2x� 6�i?B 2i �HX ǳa2K�MiB+ AMbi�M+2 a2;K2Mi�iBQM pB� .22T J2i`B+ G2�`MBM;ǴX AM,
*Q__ �#bfRdyjXR UkyRdV U+Bi2/ QM T�;2 9RVX

(j8) umiQM; 62M; 2i �HX ǳJ2b?L2i, J2b? L2m`�H L2irQ`F 7Q` j. a?�T2 _2T`2b2Mi�iBQMǴX AM,
���A kyRN UkyR3V U+Bi2/ QM T�;2 9NVX

(je) J�ii?B�b 62v �M/ C�M 1 G2Mbb2MX ǳ6�bi :`�T? _2T`2b2Mi�iBQM G2�`MBM; rBi? &SvhQ`+?
:2QK2i`B+'ǴX AM, A*G_ qQ`Fb?QT QM _2T`2b2Mi�iBQM G2�`MBM; QM :`�T?b �M/ J�MB7QH/bX
kyRN U+Bi2/ QM T�;2 3dVX

(jd) .�pB/ � 6Q`bvi?X ǳP#D2+i .2i2+iBQM rBi? .Bb+`BKBM�iBp2Hv h`�BM2/ S�`i@"�b2/ JQ/2HbǴX
AM, A111 *QKTmi2` 9d UkyR9V- T�;2b eĜd U+Bi2/ QM T�;2 9dVX

(j3) �H#2`iQ :�`+B�@:�`+B� 2i �HX ǳ� _2pB2r QM .22T G2�`MBM; h2+?MB[m2b �TTHB2/ iQ
a2K�MiB+ a2;K2Mi�iBQMǴX AM, *Q__ �#bfRdy9Xy UkyRdV U+Bi2/ QM T�;2 jNVX

(jN) �H#2`iQ :�`+B�@:�`+B� 2i �HX ǳh?2 _Q#Qi`Bs, �M 1ti`2K2Hv S?QiQ`2�HBbiB+ �M/ o2`v@
G�`;2@a+�H2 AM/QQ` .�i�b2i Q7 a2[m2M+2b rBi? _Q#Qi h`�D2+iQ`B2b �M/ AMi2`�+iBQMbǴX AM,
kyR3 A111f_aC AMi2`M�iBQM�H *QM72`2M+2 QM AMi2HHB;2Mi _Q#Qib �M/ avbi2Kb UA_PaVX
A111X kyR3- T�;2b edNyĜedNd U+Bi2/ QM T�;2b 83- 8N- NyVX

(9y) L�i�b?� :2H7�M/ 2i �HX ǳ_Q#mbi :HQ#�H _2;Bbi`�iBQMǴX AM, avKTQbBmK QM :2QK2i`v
S`Q+2bbBM;X kyy8 U+Bi2/ QM T�;2 9jVX

(9R) C�`2/ :HQp2`- _�/m "Q;/�M _mbm- �M/ :�`v _ "`�/bFBX ǳJQMi2 *�`HQ SQb2 1biBK�iBQM
rBi? Zm�i2`MBQM E2`M2Hb �M/ i?2 "BM;?�K .Bbi`B#miBQMǴX AM, _Q#QiB+b, a+B2M+2 �M/
avbi2KbX kyRR U+Bi2/ QM T�;2 9jVX

(9k) A�M C :QQ/72HHQr 2i �HX ǳ:2M2`�iBp2 �/p2`b�`B�H L2ibǴX AM, LASaX kyR9 U+Bi2/ QM T�;2 j8VX
(9j) A�M :QQ/72HHQr- uQb?m� "2M;BQ- �M/ ��`QM *Qm`pBHH2X .22T G2�`MBM;X JAh S`2bb- kyRe

U+Bi2/ QM T�;2b ky- k3- kNVX
(99) S�mH :m2``2`Q 2i �HX ǳS*SL2i G2�`MBM; GQ+�H a?�T2 S`QT2`iB2b 7`QK _�r SQBMi

*HQm/bǴX AM, *QKTmiX :`�T?X 6Q`mK jd UkyR3V- T�;2b d8Ĝ38 U+Bi2/ QM T�;2 jNVX
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(98) a�m`�#? :mTi� 2i �HX ǳ�HB;MBM; j. KQ/2Hb iQ _:"@. BK�;2b Q7 +Hmii2`2/ b+2M2bǴX AM,
kyR8 A111 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM U*oS_V UkyR8V-
T�;2b 9djRĜ9d9y U+Bi2/ QM T�;2 9dVX

(9e) a�m`�#? :mTi� 2i �HX ǳG2�`MBM; _B+? 62�im`2b 7`QK _:"@. AK�;2b 7Q` P#D2+i .2i2+iBQM
�M/ a2;K2Mi�iBQMǴX AM, 1**oX kyR9 U+Bi2/ QM T�;2 9kVX

(9d) 62M; >�M �M/ aQM;@*?mM w?mX ǳ"QiiQK@lTfhQT@.QrM AK�;2 S�`bBM; rBi? �ii`B#mi2
:`�KK�`ǴX AM, A111 h`�Mb�+iBQMb QM S�ii2`M �M�HvbBb �M/ J�+?BM2 AMi2HHB;2M+2 jR
UkyyNV- T�;2b 8NĜdj U+Bi2/ QM T�;2 9dVX

(93) G2B >�M �M/ Gm 6�M;X ǳ6H�b?6mbBQM, _2�H@iBK2 :HQ#�HHv *QMbBbi2Mi .2Mb2 j.
_2+QMbi`m+iBQM mbBM; *Sl *QKTmiBM;ǴX AM, _Q#QiB+b, a+B2M+2 �M/ avbi2KbX kyR3 U+Bi2/
QM T�;2 jNVX

(9N) um/2Q; >�M- CQQM@uQmM; G22- �M/ AM@aQ Er2QMX ǳ>B;? Zm�HBiv a?�T2 7`QK � aBM;H2
_:"@. AK�;2 mM/2` lM+�HB#`�i2/ L�im`�H AHHmKBM�iBQMǴX AM, kyRj A111 AMi2`M�iBQM�H
*QM72`2M+2 QM *QKTmi2` oBbBQM UkyRjV- T�;2b ReRdĜRek9 U+Bi2/ QM T�;2 j3VX

(8y) *?`BbiB�M > M2- a?m#?�K hmHbB�MB- �M/ CBi2M/`� J�HBFX ǳ>B2`�`+?B+�H am`7�+2
S`2/B+iBQM 7Q` j. P#D2+i _2+QMbi`m+iBQMǴX AM, kyRd AMi2`M�iBQM�H *QM72`2M+2 QM j.
oBbBQM Uj.oV UkyRdV- T�;2b 9RkĜ9ky U+Bi2/ QM T�;2 93VX

(8R) �/�K q >�`H2v- EQMbi�MiBMQb : .2`T�MBb- �M/ A�bQM�b EQFFBMQbX ǳa2;K2Mi�iBQM@
�r�`2 *QMpQHmiBQM�H L2irQ`Fb lbBM; GQ+�H �ii2MiBQM J�bFbǴX AM, kyRd A111
AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmi2` oBbBQM UA**oV UkyRdV- T�;2b 8y93Ĝ8y8d U+Bi2/
QM T�;2 9RVX

(8k) *�M2` >�xB`#�b 2i �HX ǳ6mb2L2i, AM+Q`TQ`�iBM; .2Ti? BMiQ a2K�MiB+ a2;K2Mi�iBQM pB�
6mbBQM@"�b2/ *LL �`+?Bi2+im`2ǴX AM, �**oX kyRe U+Bi2/ QM T�;2 9kVX

(8j) E�BKBM; >2 2i �HX ǳ.22T _2bB/m�H G2�`MBM; 7Q` AK�;2 _2+Q;MBiBQMǴX AM, kyRe A111
*QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM U*oS_V UkyReV- T�;2b ddyĜ
dd3 U+Bi2/ QM T�;2b 8y- 8NVX

(89) E�BKBM; >2 2i �HX ǳ.2HpBM; .22T BMiQ _2+iB}2`b, am`T�bbBM; >mK�M@G2p2H S2`7Q`K�M+2
QM AK�;2L2i *H�bbB}+�iBQMǴX AM, kyR8 A111 AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmi2`
oBbBQM UA**oV UkyR8V- T�;2b RykeĜRyj9 U+Bi2/ QM T�;2 9VX

(88) E�BKBM; >2 2i �HX ǳJ�bF _@*LLXǴ AM, A111 i`�Mb�+iBQMb QM T�ii2`M �M�HvbBb �M/
K�+?BM2 BMi2HHB;2M+2 UkyR3V U+Bi2/ QM T�;2b 9yĜ9kVX

(8e) >�;Bi >2H@P`- a?Km2H S2H2;- �M/ .�pB/ �pMB`X ǳavKK2i`v �b � *QMiBMmQmb 62�im`2ǴX AM,
A111 h`�MbX S�ii2`M �M�HX J�+?X AMi2HHX Rd URNN8V- T�;2b RR89ĜRRee U+Bi2/ QM T�;2 9eVX

(8d) S2/`Q >2`KQbBHH�- hQ#B�b _Bib+?2H- �M/ hBKQ _QTBMbFBX ǳhQi�H .2MQBbBM;, lMbmT2`pBb2/
G2�`MBM; Q7 j. SQBMi *HQm/ *H2�MBM;ǴX AM, *Q__ �#bfRNy9Xy UkyRNV U+Bi2/ QM T�;2 jNVX

(83) J�i�Mv� " >Q`QrBix- LBFQH�B J�iMB- �M/ CQ2H q "m`/B+FX ǳ*QMp2t `2H�t�iBQMb Q7 a1UkV
�M/ a1UjV 7Q` pBbm�H TQb2 2biBK�iBQMǴX AM, kyR9 A111 AMi2`M�iBQM�H *QM72`2M+2 QM
_Q#QiB+b �M/ �miQK�iBQM UA*_�V UkyR9V- T�;2b RR93ĜRR89 U+Bi2/ QM T�;2 9jVX

(8N) w?�QDBM >m�M; 2i �HX ǳJ�bF a+Q`BM; _@*LLǴX AM, *Q__ �#bfRNyjXy UkyRNV U+Bi2/ QM
T�;2 9RVX

(ey) AS`Q+2bbX BS`Q+2bbS`QD2+i- qSjX kyR3 U+Bi2/ QM T�;2 9VX
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(eR) l C Ab�+?b2M- h h?2Q?�`Bb- �M/ 1 JBbBKBX ǳ:Sl �++2H2`�i2/ j. _2;Bbi`�iBQM @
1p�Hm�iBQM Q7 j. _2;Bbi`�iBQM �H;Q`Bi?Kb 7Q` _Q#QiB+ a+�MMBM; Q7 *QKTHB�Mi P#D2+ibǴX
AM, A*_� UkyR3V U+Bi2/ QM T�;2 9VX

(ek) :`2;Q`v Ax�ii �M/ _mbb h2/`�F2X ǳ:HQ#�HHv PTiBK�H P#D2+i SQb2 1biBK�iBQM BM SQBMi
*HQm/b rBi? JBt2/@AMi2;2` S`Q;`�KKBM;ǴX AM, kyRd U+Bi2/ QM T�;2 9jVX

(ej) CBM/QM; CB�M; 2i �HX ǳ_2/L2i, _2bB/m�H 1M+Q/2`@.2+Q/2` L2irQ`F 7Q` BM/QQ` _:"@.
a2K�MiB+ a2;K2Mi�iBQMǴX AM, *Q__ �#bfR3yeXy UkyR3V U+Bi2/ QM T�;2b 9k- 8NVX

(e9) GQM; CBM- w2vm *?2M- �M/ w?mQr2M hmX ǳP#D2+i .2i2+iBQM 6`22 AMbi�M+2 a2;K2Mi�iBQM
qBi? G�#2HBM; h`�Mb7Q`K�iBQMbǴX AM, *Q__ �#bfReRRXy UkyReV U+Bi2/ QM T�;2 9RVX

(e8) h�Q CmX ǳ_Q#mbi `2T�B` Q7 TQHv;QM�H KQ/2HbǴX AM, &�*J' &aA::_�S>' kyy9 S�T2`b
QM @ &aA::_�S>' &\i2ti[mQi2bBM;H2'y9X &�*J' S`2bb- kyy9X /QB, RyXRR98fRR3e8ekX
RyR83R8X m`H, ?iiTb,ff/QBXQ`;fRyXRR98fRR3e8ekXRyR83R8 U+Bi2/ QM T�;2 99VX

(ee) 1p�M;2HQb E�HQ;2`�FBb 2i �HX ǳ� T`Q#�#BHBbiB+ KQ/2H 7Q` +QKTQM2Mi@#�b2/ b?�T2
bvMi?2bBbǴX AM, �*J h`�MbX :`�T?X jR UkyRkV- 88,RĜ88,RR U+Bi2/ QM T�;2 9dVX

(ed) �M;DQQ E�M�x�r� 2i �HX ǳ1M/@iQ@1M/ _2+Qp2`v Q7 >mK�M a?�T2 �M/ SQb2ǴX AM,
kyR3 A111f*o6 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM UkyR3V-
T�;2b dRkkĜdRjR U+Bi2/ QM T�;2 9NVX

(e3) JB+?�2H E�x?/�M- J�ii?2r "QHBi?Q- �M/ >m;m2b >QTT2X SQBbbQM am`7�+2 _2+QMbi`m+@
iBQMX kyyeX /QB, RyXkjRkfb;Tfb;TyefyeR@ydyX m`H, ?iiT,ff/B;HB#X2;XQ`;f?�M/H2f
RyXkjRkfa:SXa:SyeXyeR@ydy U+Bi2/ QM T�;2b 98- 9eVX

(eN) JB+?�2H E�x?/�M �M/ >m;m2b >QTT2X ǳa+`22M2/ TQBbbQM bm`7�+2 `2+QMbi`m+iBQMǴX AM,
&�*J' h`�Mb�+iBQMb QM :`�T?B+b jkXj UCmM2 kyRjV- T�;2b RĜRjX /QB, Ry X RR98 f
k93dkk3Xk93dkjdX m`H, ?iiTb,ff/QBXQ`;fRyXRR98fk93dkk3Xk93dkjd U+Bi2/ QM
T�;2 98VX

(dy) oH�/BKB` : EBK 2i �HX ǳG2�`MBM; T�`i@#�b2/ i2KTH�i2b 7`QK H�`;2 +QHH2+iBQMb Q7 j.
b?�T2bǴX AM, �*J h`�MbX :`�T?X jk UkyRjV- dy,RĜdy,Rk U+Bi2/ QM T�;2 9dVX

(dR) .B2/2`BF S EBM;K� �M/ J�t q2HHBM;X ǳ�miQ@1M+Q/BM; o�`B�iBQM�H "�v2bǴX AM, *Q__
�#bfRjRkXe UkyR9V U+Bi2/ QM T�;2 jjVX

(dk) �H2t�M/2` EB`BHHQp 2i �HX ǳAMbi�M+2*mi, 6`QK 1/;2b iQ AMbi�M+2b rBi? JmHiB*miǴX AM,
kyRd A111 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM U*oS_V UkyRdV-
T�;2b djkkĜdjjR U+Bi2/ QM T�;2 9RVX

(dj) _2BM?�`/ EH2ii2X *QM+Bb2 *QKTmi2` oBbBQM @ �M AMi`Q/m+iBQM BMiQ h?2Q`v �M/
�H;Q`Bi?KbX kyR9X Bb#M, Nd3@R@99dR@ejRN@yX /QB, RyXRyydfNd3@R@99dR@ejky@e U+Bi2/
QM T�;2b N- RR- Rk- R9VX

(d9) a2#�biB�M EQ+? 2i �HX ǳ�"*, � "B; *�. JQ/2H .�i�b2i 6Q` :2QK2i`B+ .22T G2�`MBM;ǴX
AM, *Q__ �#bfR3RkXy UkyR3V U+Bi2/ QM T�;2 8jVX

(d8) *?2M EQM;- *?2M@>bm�M GBM- �M/ aBKQM Gm+2vX ǳlbBM; GQ+�HHv *Q``2bTQM/BM; *�.
JQ/2Hb 7Q` .2Mb2 j. _2+QMbi`m+iBQMb 7`QK � aBM;H2 AK�;2ǴX AM, kyRd A111 *QM72`2M+2
QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM U*oS_V UkyRdV- T�;2b 8eyjĜ8eRR U+Bi2/
QM T�;2 9NVX

(de) w?�QKBM; EQM; �M/ sB�Qr2B u�M;X ǳ� "`B27 _2pB2r Q7 _2�H@qQ`H/ *QHQ` AK�;2
.2MQBbBM;ǴX AM, *Q__ �#bfR3yNXy UkyR3V U+Bi2/ QM T�;2 j3VX
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(dd) aQM/`2 "Ǡ EQM;b;´`/X ǳG2�`MBM; G�i2Mi aT�+2 Q7 *QKTHB�Mi P#D2+ib rBi? .22T
G2�`MBM; 7Q` _Q#QiB+ :`�bTBM;ǴX AM, kyR3 U+Bi2/ QM T�;2b e9- e8VX

(d3) CQ?�MM2b EQT7 2i �HX ǳCQBMi #BH�i2`�H mTb�KTHBM;ǴX AM, �*J h`�MbX :`�T?X ke UkyydV-
T�;2 Ne U+Bi2/ QM T�;2 j3VX

(dN) a+Qii E`B;X *QKTmi2` oBbBQM J2i`B+b, am`p2v- h�tQMQKv- �M/ �M�HvbBbX Rbi 2/BiBQMX
�T`2bb- kyR9X Bb#M, Nd3@R@9jyk@8NkN@N-Nd3@R@9jyk@8Njy@8 U+Bi2/ QM T�;2b N- RyVX

(3y) u�MM G2*mMX ǳ:`�/B2Mi@#�b2/ H2�`MBM; �TTHB2/ iQ /Q+mK2Mi `2+Q;MBiBQMǴX AM, RNN3 U+Bi2/
QM T�;2 jkVX

(3R) C�M 1`B+ G2Mbb2M- *?`BbiB�M Pb2M/Q`72`- �M/ CQM�i?�M J�b+BX ǳ.Bz2`2MiB�#H2 Ai2`�iBp2
am`7�+2 LQ`K�H 1biBK�iBQMǴX AM, *Q__ �#bfRNy9Xy UkyRNV U+Bi2/ QM T�;2 jNVX

(3k) h?QK�b G2rBM2` 2i �HX ǳ1{+B2Mi AKTH2K2Mi�iBQM Q7 J�`+?BM; *m#2bǶ *�b2b rBi?
hQTQHQ;B+�H :m�`�Mi22bǴX AM, CX :`�T?B+b- :Sl- � :�K2 hQQHb 3 UkyyjV- T�;2b RĜR8
U+Bi2/ QM T�;2 RdVX

(3j) :mQ GB 2i �HX ǳ�M�HvbBb- `2+QMbi`m+iBQM �M/ K�MBTmH�iBQM mbBM; �`i2`B�H bM�F2bǴX AM,
�*J h`�MbX :`�T?X kN UkyRyV- R8k,RĜR8k,Ry U+Bi2/ QM T�;2 9dVX

(39) u�M;v�M GB 2i �HX ǳ.�i�#�b2@�bbBbi2/ P#D2+i _2i`B2p�H 7Q` _2�H@hBK2 j. _2+QMbi`m+@
iBQMǴX AM, *QKTmiX :`�T?X 6Q`mK j9 UkyR8V- T�;2b 9j8Ĝ99e U+Bi2/ QM T�;2 9dVX

(38) uBDmM GB 2i �HX ǳ.22T CQBMi AK�;2 6BHi2`BM;ǴX AM, 1m`QT2�M *QM72`2M+2 QM *QKTmi2`
oBbBQMX kyRe U+Bi2/ QM T�;2 jNVX

(3e) uB GB 2i �HX ǳ6mHHv *QMpQHmiBQM�H AMbi�M+2@�r�`2 a2K�MiB+ a2;K2Mi�iBQMǴX AM, kyRd
A111 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM U*oS_V UkyRdV-
T�;2b 99j3Ĝ999e U+Bi2/ QM T�;2 9yVX

(3d) sB�Q/�M GB�M; 2i �HX ǳS`QTQb�H@6`22 L2irQ`F 7Q` AMbi�M+2@G2p2H P#D2+i a2;K2Mi�iBQMǴX
AM, A111 h`�Mb�+iBQMb QM S�ii2`M �M�HvbBb �M/ J�+?BM2 AMi2HHB;2M+2 9y UkyRdV-
T�;2b kNd3ĜkNNR U+Bi2/ QM T�;2 9RVX

(33) S2i2` GB2T�X ǳ6BHHBM; >QH2b BM J2b?2bǴX AM, avKTQbBmK QM :2QK2i`v S`Q+2bbBM;X kyyj
U+Bi2/ QM T�;2 99VX

(3N) "�Qr2B GBM 2i �HX ǳa+�H2 `�iBQ A*S 7Q` j. TQBMi +HQm/b rBi? /Bz2`2Mi b+�H2bǴX AM, kyRj
A111 AMi2`M�iBQM�H *QM72`2M+2 QM AK�;2 S`Q+2bbBM; UkyRjV- T�;2b kkRdĜkkkR U+Bi2/ QM
T�;2 99VX

(Ny) J�`pBM GBM/M2`- �M/`2�b EQH#- �M/ EH�mb >�`iK�MMX ǳ.�i�@6mbBQM Q7 SJ.@
"�b2/ .Bbi�M+2@AM7Q`K�iBQM �M/ >B;?@_2bQHmiBQM _:"@AK�;2bǴX AM, kyyd AMi2`M�iBQM�H
avKTQbBmK QM aB;M�Hb- *B`+mBib �M/ avbi2Kb R UkyydV- T�;2b RĜ9 U+Bi2/ QM T�;2 j3VX

(NR) qBHHB�K 1 GQ`2Mb2M �M/ >�`p2v 1 *HBM2X ǳJ�`+?BM; +m#2b, � ?B;? `2bQHmiBQM j. bm`7�+2
+QMbi`m+iBQM �H;Q`Bi?KǴX AM, &�*J' &aA::_�S>' *QKTmi2` :`�T?B+b kRX9 U�m;mbi
RN3dV- T�;2b RejĜReNX /QB, RyXRR98fjd9ykXjd9kkX m`H, ?iiTb,ff/QBXQ`;fRyXRR98f
jd9ykXjd9kk U+Bi2/ QM T�;2b Re- 99VX

(Nk) >�;;�B J�`QM 2i �HX ǳSQBMi `2;Bbi`�iBQM pB� 2{+B2Mi +QMp2t `2H�t�iBQMǴX AM, �*J h`�MbX
:`�T?X j8 UkyReV- dj,RĜdj,Rk U+Bi2/ QM T�;2 9jVX

(Nj) S�#HQ J�`iBM2x@:QMx�H2x 2i �HX ǳ&lM`2�H_Ps', �M 2si`2K2Hv S?QiQ`2�HBbiB+ oB`im�H
_2�HBiv 1MpB`QMK2Mi 7Q` _Q#QiB+b aBKmH�iBQMb �M/ avMi?2iB+ .�i� :2M2`�iBQMǴX AM,
�`sBp 2@T`BMib UkyR3V U+Bi2/ QM T�;2b 83- 8N- 33- NyVX
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(N9) �M/2HQ J�`iBMQpB+ �M/ Gm+ o�M :QQHX ǳ"�v2bB�M :`�KK�` G2�`MBM; 7Q` AMp2`b2
S`Q+2/m`�H JQ/2HBM;ǴX AM, kyRj A111 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M
_2+Q;MBiBQM UkyRjV- T�;2b kyRĜky3 U+Bi2/ QM T�;2 9dVX

(N8) JB;m2H J2M/Qx� 2i �HX ǳamT2`pBb2/ G2�`MBM; Q7 i?2 L2ti@"2bi@oB2r 7Q` j. P#D2+i
_2+QMbi`m+iBQMǴX AM, �`sBp �#bfRNy8Xy UkyRNV U+Bi2/ QM T�;2 3dVX

(Ne) G�`b J J2b+?2/2` 2i �HX ǳP++mT�M+v L2irQ`Fb, G2�`MBM; j. _2+QMbi`m+iBQM BM 6mM+iBQM
aT�+2ǴX AM, *Q__ �#bfR3RkXy UkyR3V U+Bi2/ QM T�;2b 8y- dyVX

(Nd) ǳJ2b?`QQK (*QKTmi2` bQ7ir�`2)ǴX AM, m`H, ?iiTb , f f ;Bi?m# X +QK f �HB+2pBbBQM f
K2b?`QQK U+Bi2/ QM T�;2b 88- NRVX

(N3) J�i2mbx JB+?�HFB2rB+x 2i �HX ǳ.22T G2p2H a2ib, AKTHB+Bi am`7�+2 _2T`2b2Mi�iBQMb 7Q` j.
a?�T2 AM72`2M+2ǴX AM, *Q__ �#bfRNyRXy UkyRNV U+Bi2/ QM T�;2 8yVX

(NN) 1 JBbBKBX ǳ�+iBp2 oBbBQM 7`QK .2Mb2 SQBMi *HQm/b �M/ oBbm�H a2`pQBM;ǴX AM, UkyR3V
U+Bi2/ QM T�;2 jVX

(Ryy) 1 JBbBKB 2i �HX ǳ_Q#QiB+ >�M/HBM; Q7 *QKTHB�Mi 6QQ/ P#D2+ib #v _Q#mbi G2�`MBM; 7`QK
.2KQMbi`�iBQMǴX AM, A_Pa J�/`B/ UkyR3V U+Bi2/ QM T�;2 9VX

(RyR) LBHQv C JBi`�- G2QMB/�b C :mB#�b- �M/ J�`F S�mHvX ǳS�`iB�H �M/ �TT`QtBK�i2 bvKK2i`v
/2i2+iBQM 7Q` j. ;2QK2i`vǴX AM, &�*J' &aA::_�S>' kyye S�T2`b QM @ &aA::_�S>'
&\i2ti[mQi2bBM;H2'yeX &�*J' S`2bb- kyyeX /QB, Ry X RR98 f RRdNj8k X RR9RNk9X m`H,
?iiTb,ff/QBXQ`;fRyXRR98fRRdNj8kXRR9RNk9 U+Bi2/ QM T�;2 9eVX

(Ryk) LBHQv CvQiB JBi`� 2i �HX ǳavKK2i`v BM j. :2QK2i`v, 1ti`�+iBQM �M/ �TTHB+�iBQMbǴX AM,
1m`Q;`�T?B+bX kyRk U+Bi2/ QM T�;2 9eVX

(Ryj) GB�M;HB�M; L�M- E2 sB2- �M/ �M/`2B a?�`7X ǳ� b2�`+?@+H�bbB7v �TT`Q�+? 7Q` +Hmii2`2/
BM/QQ` b+2M2 mM/2`bi�M/BM;ǴX AM, �*J h`�MbX :`�T?X jR UkyRkV- Rjd,RĜRjd,Ry U+Bi2/ QM
T�;2 9dVX

(Ry9) �M/`2r L2�H2M 2i �HX ǳG�TH�+B�M K2b? QTiBKBx�iBQMǴX AM, S`Q+22/BM;b Q7 i?2 9i?
BMi2`M�iBQM�H +QM72`2M+2 QM *QKTmi2` ;`�T?B+b �M/ BMi2`�+iBp2 i2+?MB[m2b BM �mbi`�H�bB�
�M/ aQmi?2�bi �bB� @ &:_�S>Ah1' &\i2ti[mQi2bBM;H2'yeX &�*J' S`2bb- kyyeX /QB,
RyXRR98fRRd99kNXRRd99N9X m`H, ?iiTb,ff/QBXQ`;fRyXRR98fRRd99kNXRRd99N9
U+Bi2/ QM T�;2b 99- 98VX

(Ry8) _B+?�`/ � L2r+QK#2 2i �HX ǳEBM2+i6mbBQM, _2�H@iBK2 /2Mb2 bm`7�+2 K�TTBM; �M/
i`�+FBM;ǴX AM, kyRR Ryi? A111 AMi2`M�iBQM�H avKTQbBmK QM JBt2/ �M/ �m;K2Mi2/
_2�HBiv UkyRRV- T�;2b RkdĜRje U+Bi2/ QM T�;2 jNVX

(Rye) �H2D�M/`Q L2r2HH �M/ CB� .2M;X ǳ�bbQ+B�iBp2 1K#2//BM;, 1M/@iQ@1M/ G2�`MBM; 7Q`
CQBMi .2i2+iBQM �M/ :`QmTBM;ǴX AM, LASaX kyRd U+Bi2/ QM T�;2 9RVX

(Ryd) JB+?�2H � LB2Hb2MX L2m`�H L2irQ`Fb �M/ .22T G2�`MBM;X .2i2`KBM�iBQM S`2bb- kyR8
U+Bi2/ QM T�;2 k8VX

(Ry3) J�ii?B�b LB2ĽM2` 2i �HX ǳ_2�H@iBK2 j. `2+QMbi`m+iBQM �i b+�H2 mbBM; pQt2H ?�b?BM;ǴX AM,
�*J h`�MbX :`�T?X jk UkyRjV- ReN,RĜReN,RR U+Bi2/ QM T�;2 jNVX

(RyN) a2#�biB�M LQrQxBM- "QiQM/ *b2F2- �M/ _vQi� hQKBQF�X ǳ7@:�L, h`�BMBM; :2M2`�iBp2
L2m`�H a�KTH2`b mbBM; o�`B�iBQM�H .Bp2`;2M+2 JBMBKBx�iBQMǴX AM, LASaX kyRe U+Bi2/ QM
T�;2 jeVX
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(RRy) h PHb2M- " J Pii2#Ǡ- �M/ 1 JBbBKBX ǳaBK@iQ@_2�H i`�Mb72` H2�`MBM; #�b2/ QM .22T
_2BM7Q`+2K2Mi G2�`MBM; 7Q` ;`BTT2` p2+iQ` 2biBK�iBQM �M/ ;`�bTBM; Q7 b2KB@+QKTHB�Mi
Q#D2+ibǴX AM, A*_� UkyR3V U+Bi2/ QM T�;2 9VX

(RRR) w?BDB�M PmX ǳ� _2pB2r Q7 G2�`MBM; rBi? .22T :2M2`�iBp2 JQ/2Hb 7`QK T2`bT2+iBp2 Q7
;`�T?B+�H KQ/2HBM;ǴX AM, *Q__ �#bfR3y3Xy UkyR3V U+Bi2/ QM T�;2b jk- jjVX

(RRk) C�2bBF S�`F 2i �HX ǳ>B;? [m�HBiv /2Ti? K�T mTb�KTHBM; 7Q` j.@hP6 +�K2`�bǴX AM,
kyRR AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmi2` oBbBQM UkyRRV- T�;2b RekjĜRejy U+Bi2/ QM
T�;2 j3VX

(RRj) C2QM; CQQM S�`F 2i �HX ǳ.22Ta.6, G2�`MBM; *QMiBMmQmb aB;M2/ .Bbi�M+2 6mM+iBQMb 7Q`
a?�T2 _2T`2b2Mi�iBQMǴX AM, *Q__ �#bfRNyRXy UkyRNV U+Bi2/ QM T�;2b 8y- edVX

(RR9) �/�K S�bxF2 2i �HX ǳ�miQK�iB+ /Bz2`2MiB�iBQM BM SvhQ`+?ǴX AM, LASa@qX kyRd U+Bi2/
QM T�;2 3NVX

(RR8) J�`F S�mHv 2i �HX ǳ.Bb+Qp2`BM; bi`m+im`�H `2;mH�`Biv BM j. ;2QK2i`vǴX AM, �*J h`�MbX
:`�T?X kd Ukyy3V- 9j,RĜ9j,RR U+Bi2/ QM T�;2 9eVX

(RRe) J�`F S�mHv 2i �HX 1t�KTH2@"�b2/ j. a+�M *QKTH2iBQMX kyy8X /QB, RyXkjRkfb;Tf
b;Ty8fykj@yjkX m`H, ?iiT,ff/B;HB#X2;XQ`;f?�M/H2fRyXkjRkfa:SXa:Sy8Xykj@yjk
U+Bi2/ QM T�;2 9dVX

(RRd) 6 S2/`2;Qb� 2i �HX ǳa+BFBi@H2�`M, J�+?BM2 G2�`MBM; BM &S'vi?QMǴX AM, CQm`M�H Q7 J�+?BM2
G2�`MBM; _2b2�`+? Rk UkyRRV- T�;2b k3k8Ĝk3jy U+Bi2/ QM T�;2 NyVX

(RR3) Zm�M;@>B2m S?�K 2i �HX ǳCaAaj., CQBMi a2K�MiB+@AMbi�M+2 a2;K2Mi�iBQM Q7 j. SQBMi
*HQm/b rBi? JmHiB@h�bF SQBMirBb2 L2irQ`Fb �M/ JmHiB@o�Hm2 *QM/BiBQM�H _�M/QK
6B2H/bǴX AM, *Q__ �#bfRNy9Xy UkyRNV U+Bi2/ QM T�;2 9jVX

(RRN) S2/`Q > P SBM?2B`Q- _QM�M *QHHQ#2`i- �M/ SBQi` .QHH�`X ǳG2�`MBM; iQ a2;K2Mi P#D2+i
*�M/B/�i2bǴX AM, LASaX kyR8 U+Bi2/ QM T�;2 9yVX

(Rky) CQb?m� SQ/QH�F 2i �HX ǳ� TH�M�`@`2~2+iBp2 bvKK2i`v i`�Mb7Q`K 7Q` j. b?�T2bǴX AM,
&�*J' &aA::_�S>' kyye S�T2`b QM @ &aA::_�S>' &\i2ti[mQi2bBM;H2'yeX &�*J'
S`2bb- kyyeX /QB, RyXRR98fRRdNj8kXRR9RNkjX m`H, ?iiTb,ff/QBXQ`;fRyXRR98f
RRdNj8kXRR9RNkj U+Bi2/ QM T�;2 9eVX

(RkR) *?�`H2b _mBx?QM;i�B ZB 2i �HX ǳ6`mbimK SQBMiL2ib 7Q` j. P#D2+i .2i2+iBQM 7`QK _:"@
. .�i�ǴX AM, kyR3 A111f*o6 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM
UkyR3V- T�;2b NR3ĜNkd U+Bi2/ QM T�;2 9jVX

(Rkk) *?�`H2b _mBx?QM;i�B ZB 2i �HX ǳSQBMiL2iYY, .22T >B2`�`+?B+�H 62�im`2 G2�`MBM; QM
SQBMi a2ib BM � J2i`B+ aT�+2ǴX AM, LASaX kyRd U+Bi2/ QM T�;2 9NVX

(Rkj) *?�`H2b _mBx?QM;i�B ZB 2i �HX ǳSQBMiL2i, .22T G2�`MBM; QM SQBMi a2ib 7Q` j.
*H�bbB}+�iBQM �M/ a2;K2Mi�iBQMǴX AM, kyRd A111 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/
S�ii2`M _2+Q;MBiBQM U*oS_V UkyRdV- T�;2b ddĜ38 U+Bi2/ QM T�;2b 9j- 9N- e8- d9VX

(Rk9) J�`B2@CmHB2 _�FQiQb�QM� 2i �HX ǳSPALh*G1�LL1h, G2�`MBM; iQ .2MQBb2 �M/ _2KQp2
PmiHB2`b 7`QK .2Mb2 SQBMi *HQm/bǴX AM, *Q__ �#bfRNyRXy UkyRNV U+Bi2/ QM T�;2 jNVX

(Rk8) �Mm`�; _�MD�M 2i �HX ǳ:2M2`�iBM; j. 6�+2b lbBM; *QMpQHmiBQM�H J2b? �miQ2M+Q/2`bǴX
AM, *QKTmi2` oBbBQM &\i2ti2M/�b?' &1**o' kyR3X aT`BM;2` AMi2`M�iBQM�H Sm#HBb?BM;-
kyR3- T�;2b dk8Ĝd9RX /QB, RyXRyydfNd3@j@yjy@yRkRN@Nn9jX m`H, ?iiTb,ff/QBXQ`;f
RyXRyydfNd3@j@yjy@yRkRN@NWd"W8*nWd.9j U+Bi2/ QM T�;2 9NVX
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(Rke) a?�Q[BM; _2M 2i �HX ǳ6�bi2` _@*LL, hQr�`/b _2�H@hBK2 P#D2+i .2i2+iBQM rBi?
_2;BQM S`QTQb�H L2irQ`FbǴX AM, A111 h`�Mb�+iBQMb QM S�ii2`M �M�HvbBb �M/ J�+?BM2
AMi2HHB;2M+2 jN UkyR8V- T�;2b RRjdĜRR9N U+Bi2/ QM T�;2 9yVX

(Rkd) :2`MQi _B2;H2`- �HB P lHmbQv- �M/ �M/`2�b :2B;2`X ǳP+iL2i, G2�`MBM; .22T j.
_2T`2b2Mi�iBQMb �i >B;? _2bQHmiBQMbǴX AM, kyRd A111 *QM72`2M+2 QM *QKTmi2` oBbBQM
�M/ S�ii2`M _2+Q;MBiBQM U*oS_V UkyRdV- T�;2b eekyĜeekN U+Bi2/ QM T�;2 93VX

(Rk3) :2`MQi _B2;H2` 2i �HX ǳ� .22T S`BK�H@.m�H L2irQ`F 7Q` :mB/2/ .2Ti? amT2`@
_2bQHmiBQMǴX AM, *Q__ �#bfReydXy UkyReV U+Bi2/ QM T�;2 jNVX

(RkN) :2`MQi _B2;H2` 2i �HX ǳP+iL2i6mbBQM, G2�`MBM; .2Ti? 6mbBQM 7`QK .�i�ǴX AM, kyRd
AMi2`M�iBQM�H *QM72`2M+2 QM j. oBbBQM Uj.oV UkyRdV- T�;2b 8dĜee U+Bi2/ QM T�;2 93VX

(Rjy) C�bQM _Q+F 2i �HX ǳ*QKTH2iBM; j. Q#D2+i b?�T2 7`QK QM2 /2Ti? BK�;2ǴX AM, kyR8 A111
*QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM U*oS_V UkyR8V- T�;2b k939Ĝ
k9Nj U+Bi2/ QM T�;2 9dVX

(RjR) .B2;Q _Q/`B;m2x 2i �HX ǳh`�Mb72``BM; :`�bTBM; aFBHHb iQ LQp2H AMbi�M+2b #v G�i2Mi
aT�+2 LQM@_B;B/ _2;Bbi`�iBQMǴX AM, kyR3 A111 AMi2`M�iBQM�H *QM72`2M+2 QM _Q#QiB+b
�M/ �miQK�iBQM UA*_�V UkyR3V- T�;2b RĜ3 U+Bi2/ QM T�;2 9dVX

(Rjk) .�pB/ J _Qb2M 2i �HX ǳa1@avM+, � +2`iB}�#Hv +Q``2+i �H;Q`Bi?K 7Q` bvM+?`QMBx�iBQM Qp2`
i?2 bT2+B�H 1m+HB/2�M ;`QmTǴX AM, AX CX _Q#QiB+b _2bX j3 UkyRNV U+Bi2/ QM T�;2 9jVX

(Rjj) axvKQM _mbBMFB2rB+x �M/ J�`+ G2pQvX ǳ1{+B2Mi o�`B�Mib Q7 i?2 A*S �H;Q`Bi?KǴX AM,
j.AJX kyyR U+Bi2/ QM T�;2 9jVX

(Rj9) PH;� _mbb�FQpbFv 2i �HX ǳAK�;2L2i G�`;2 a+�H2 oBbm�H _2+Q;MBiBQM *?�HH2M;2ǴX AM,
AMi2`M�iBQM�H CQm`M�H Q7 *QKTmi2` oBbBQM RR8 UkyR8V- T�;2b kRRĜk8k U+Bi2/ QM T�;2b 9-
kRVX

(Rj8) ai2p2M J a2Bix 2i �HX ǳ� *QKT�`BbQM �M/ 1p�Hm�iBQM Q7 JmHiB@oB2r ai2`2Q
_2+QMbi`m+iBQM �H;Q`Bi?KbǴX AM, S`Q+22/BM;b Q7 i?2 kyye A111 *QKTmi2` aQ+B2iv
*QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM @ oQHmK2 RX *oS_ ǶyeX
q�b?BM;iQM- .*- la�, A111 *QKTmi2` aQ+B2iv- kyye- T�;2b 8RNĜ8k3X Bb#M, y@deN8@
k8Nd@yX /QB, RyXRRyNf*oS_XkyyeXRNX m`H, ?iiT,ff/tX/QBXQ`;fRyXRRyNf*oS_XkyyeX
RN U+Bi2/ QM T�;2 RNVX

(Rje) GBM a?�Q- u2 hB�M- �M/ C2�MM2ii2 "Q?;X ǳ*Hmbi2`L2i, j. AMbi�M+2 a2;K2Mi�iBQM BM
_:"@. AK�;2bǴX AM, kyR3 U+Bi2/ QM T�;2 9kVX

(Rjd) hB�MDB� a?�Q 2i �HX ǳ�M BMi2`�+iBp2 �TT`Q�+? iQ b2K�MiB+ KQ/2HBM; Q7 BM/QQ` b+2M2b rBi?
�M _:". +�K2`�ǴX AM, �*J h`�MbX :`�T?X jR UkyRkV- Rje,RĜRje,RR U+Bi2/ QM T�;2 9dVX

(Rj3) *?�Q@>mB a?2M 2i �HX ǳai`m+im`2 `2+Qp2`v #v T�`i �bb2K#HvǴX AM, �*J h`�MbX :`�T?X
jR UkyRkV- R3y,RĜR3y,RR U+Bi2/ QM T�;2 9dVX

(RjN) a?�Qb?m�B a?B- sB�Q;�M; q�M;- �M/ >QM;b?2M; GBX ǳSQBMi_*LL, j. P#D2+i S`QTQb�H
:2M2`�iBQM �M/ .2i2+iBQM 7`QK SQBMi *HQm/ǴX AM, *Q__ �#bfR3RkXy UkyR3V U+Bi2/ QM
T�;2 9jVX

(R9y) Ap�M aBTB`�M- _Q#2`i :`2;Q`- �M/ hQ#B�b a+?`2+FX ǳ�TT`QtBK�i2 avKK2i`v .2i2+iBQM
BM S�`iB�H j. J2b?2bǴX AM, *QKTmiX :`�T?X 6Q`mK jj UkyR9V- T�;2b RjRĜR9y U+Bi2/ QM
T�;2 9eVX
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(R9R) sB#BM aQM;- um+?�Q .�B- �M/ sm2vBM; ZBMX ǳ.22T .2Ti? amT2`@_2bQHmiBQM , G2�`MBM;
.2Ti? amT2`@_2bQHmiBQM mbBM; .22T *QMpQHmiBQM�H L2m`�H L2irQ`FǴX AM, �**oX kyRe
U+Bi2/ QM T�;2 jNVX

(R9k) P aQ`FBM2 �M/ . *Q?2M@P`X ǳG2�bi@b[m�`2b K2b?2bǴX AM, S`Q+22/BM;b a?�T2 JQ/2HBM;
�TTHB+�iBQMbX A111- kyy9X /QB, RyXRRyNfbKBXkyy9XRjR98yeX m`H, ?iiTb,ff/QBXQ`;f
RyXRRyNfbKBXkyy9XRjR98ye U+Bi2/ QM T�;2b 99- 98VX

(R9j) .�pB/ aimix �M/ �M/`2�b :2B;2`X ǳG2�`MBM; j. a?�T2 *QKTH2iBQM 7`QK G�b2` a+�M
.�i� rBi? q2�F amT2`pBbBQMǴX AM, kyR3 A111f*o6 *QM72`2M+2 QM *QKTmi2` oBbBQM
�M/ S�ii2`M _2+Q;MBiBQM UkyR3V- T�;2b RN88ĜRNe9 U+Bi2/ QM T�;2 93VX

(R99) JBM?vmF amM; 2i �HX ǳ.�i�@/`Bp2M bi`m+im`�H T`BQ`b 7Q` b?�T2 +QKTH2iBQMǴX AM, �*J
h`�MbX :`�T?X j9 UkyR8V- Rd8,RĜRd8,RR U+Bi2/ QM T�;2b 9e- 9dVX

(R98) _B+?�`/ ax2HBbFBX *QKTmi2` oBbBQM, �H;Q`Bi?Kb �M/ �TTHB+�iBQMbX GQM/QM L2r uQ`F,
aT`BM;2`- kyRRX Bb#M, Nd3@R@3933k@Nj9@j U+Bi2/ QM T�;2 NVX

(R9e) J�tBK h�i�`+?2MFQ- �H2t2v .QbQpBibFBv- �M/ h?QK�b "`QtX ǳP+i`22 :2M2`�iBM;
L2irQ`Fb, 1{+B2Mi *QMpQHmiBQM�H �`+?Bi2+im`2b 7Q` >B;?@`2bQHmiBQM j. PmiTmibǴX AM,
kyRd A111 AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmi2` oBbBQM UA**oV UkyRdV- T�;2b kRydĜ
kRR8 U+Bi2/ QM T�;2 93VX

(R9d) J�tBK h�i�`+?2MFQ 2i �HX ǳq?�i .Q aBM;H2@pB2r j. _2+QMbi`m+iBQM L2irQ`Fb G2�`M\Ǵ
AM, �`sBp �#bfRNy8Xy UkyRNV U+Bi2/ QM T�;2 edVX

(R93) J�`iBM h?QK�X ǳ� am`p2v Q7 a2K�MiB+ a2;K2Mi�iBQMǴX AM, *Q__ �#bfReykXy UkyReV
U+Bi2/ QM T�;2 jNVX

(R9N) a2#�biB�M h?`mM �M/ "2M q2;#`2BiX ǳa?�T2 7`QK bvKK2i`vǴX AM, h2Mi? A111
AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmi2` oBbBQM UA**oǶy8V oQHmK2 R k Ukyy8V- R3k9Ĝ
R3jR oQHX k U+Bi2/ QM T�;2 9eVX

(R8y) J o�F�HQTQmHQm 2i �HX ǳ&�iH�bL2i', JmHiB@�iH�b LQM@HBM2�` .22T L2irQ`Fb 7Q`
J2/B+�H AK�;2 a2;K2Mi�iBQMǴX AM, J2/B+�H AK�;2 *QKTmiBM; �M/ *QKTmi2` �bbBbi2/
AMi2`p2MiBQM &\i2ti2M/�b?' &JA**�A' kyR3X aT`BM;2` AMi2`M�iBQM�H Sm#HBb?BM;- kyR3-
T�;2b e83ĜeeeX /QB, RyXRyydfNd3@j@yjy@yyNjd@jnd8X m`H, ?iiTb,ff/QBXQ`;fRyX
RyydfNd3@j@yjy@yyNjd@jWd"W8*nWd.d8 U+Bi2/ QM T�;2 9NVX

(R8R) �b?Bb? o�br�MB 2i �HX ǳ�ii2MiBQM Ab �HH uQm L22/ǴX AM, LASaX kyRd U+Bi2/ QM T�;2 d8VX
(R8k) LBiBF� o2`K�- 1/KQM/ "Qv2`- �M/ C�FQ# C o2`#22FX ǳ62�aiL2i, 62�im`2@ai22`2/ :`�T?

*QMpQHmiBQMb 7Q` j. a?�T2 �M�HvbBbǴX AM, kyR3 A111f*o6 *QM72`2M+2 QM *QKTmi2`
oBbBQM �M/ S�ii2`M _2+Q;MBiBQM UkyR3V- T�;2b k8N3Ĝkeye U+Bi2/ QM T�;2 9NVX

(R8j) P oQBMQp 2i �HX ǳS2`+2Tim�H /22T /2Ti? bmT2`@`2bQHmiBQMXǴ AM, kyRN U+Bi2/ QM T�;2 jNVX
(R89) L�Mv�M; q�M; 2i �HX ǳSBt2HkJ2b?, :2M2`�iBM; j. J2b? JQ/2Hb 7`QK aBM;H2 &_:"'

AK�;2bǴX AM, *QKTmi2` oBbBQM &\i2ti2M/�b?' &1**o' kyR3X aT`BM;2` AMi2`M�iBQM�H
Sm#HBb?BM;- kyR3- T�;2b 88ĜdRX /QB, RyXRyydfNd3@j@yjy@yRk8k@en9X m`H, ?iiTb,
ff/QBXQ`;fRyXRyydfNd3@j@yjy@yRk8k@eWd"W8*nWd.9 U+Bi2/ QM T�;2 9NVX

(R88) um2 q�M; �M/ CmbiBM J aQHQKQMX ǳ.22T *HQb2bi SQBMi, G2�`MBM; _2T`2b2Mi�iBQMb 7Q`
SQBMi *HQm/ _2;Bbi`�iBQMǴX AM, kyRN U+Bi2/ QM T�;2b 9j- djVX

(R8e) um2 q�M; 2i �HX ǳ.vM�KB+ :`�T? *LL 7Q` G2�`MBM; QM SQBMi *HQm/bǴX AM, *Q__
�#bfR3yRXy UkyR3V U+Bi2/ QM T�;2b 9j- d9VX
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(R8d) CB�DmM qm 2i �HX ǳG2�`MBM; j. a?�T2 S`BQ`b 7Q` a?�T2 *QKTH2iBQM �M/ _2+QMbi`m+iBQMǴX
AM, 1m`QT2�M *QM72`2M+2 QM *QKTmi2` oBbBQM U1**oVX kyR3 U+Bi2/ QM T�;2 93VX

(R83) CB�DmM qm 2i �HX ǳG2�`MBM; � T`Q#�#BHBbiB+ H�i2Mi bT�+2 Q7 Q#D2+i b?�T2b pB� j/ ;2M2`�iBp2@
�/p2`b�`B�H KQ/2HBM;ǴX AM, �/p�M+2b BM L2m`�H AM7Q`K�iBQM S`Q+2bbBM; avbi2KbX kyRe-
T�;2b 3kĜNy U+Bi2/ QM T�;2 93VX

(R8N) CB�DmM qm 2i �HX ǳJ�``L2i, j. a?�T2 _2+QMbi`m+iBQM pB� kX8. aF2i+?2bǴX AM, LASaX
kyRd U+Bi2/ QM T�;2 93VX

(Rey) w?B`QM; qm 2i �HX ǳj. a?�T2L2ib, � /22T `2T`2b2Mi�iBQM 7Q` pQHmK2i`B+ b?�T2bǴX AM,
kyR8 A111 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM U*oS_V UkyR8V-
T�;2b RNRkĜRNky U+Bi2/ QM T�;2b 3- 93VX

(ReR) uB sB�Q 2i �HX ǳCQBMi +QMpQHmiBQM�H M2m`�H Tv`�KB/ 7Q` /2Ti? K�T bmT2`@`2bQHmiBQMǴX AM,
*Q__ �#bfR3yRXy UkyR3V U+Bi2/ QM T�;2 jNVX

(Rek) a?B u�M 2i �HX ǳ.._L2i, .2Ti? J�T .2MQBbBM; �M/ _2}M2K2Mi 7Q` *QMbmK2` .2Ti?
*�K2`�b lbBM; *�b+�/2/ *LLbǴX AM, 1**oX kyR3 U+Bi2/ QM T�;2 jNVX

(Rej) "BM u�M; 2i �HX ǳSAsP_, _2�H@iBK2 j. P#D2+i .2i2+iBQM 7`QK SQBMi *HQm/bǴX AM,
kyR3 A111f*o6 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM UkyR3V-
T�;2b de8kĜdeey U+Bi2/ QM T�;2 9jVX

(Re9) "Q u�M; 2i �HX ǳj. P#D2+i _2+QMbi`m+iBQM 7`QK � aBM;H2 .2Ti? oB2r rBi? �/p2`b�`B�H
G2�`MBM;ǴX AM, kyRd A111 AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmi2` oBbBQM qQ`Fb?QTb
UA**oqV UkyRdV- T�;2b edNĜe33 U+Bi2/ QM T�;2 93VX

(Re8) "Q u�M; 2i �HX ǳ.2Mb2 j. P#D2+i _2+QMbi`m+iBQM 7`QK � aBM;H2 .2Ti? oB2rXǴ AM, A111
i`�Mb�+iBQMb QM T�ii2`M �M�HvbBb �M/ K�+?BM2 BMi2HHB;2M+2 UkyR3V U+Bi2/ QM T�;2b 93-
9NVX

(Ree) CB�QHQM; u�M;- >QM;/QM; GB- �M/ umM/2 CB�X ǳ:Q@A*S, aQHpBM; j. _2;Bbi`�iBQM
1{+B2MiHv �M/ :HQ#�HHv PTiBK�HHvǴX AM, kyRj A111 AMi2`M�iBQM�H *QM72`2M+2 QM
*QKTmi2` oBbBQM UkyRjV- T�;2b R98dĜR9e9 U+Bi2/ QM T�;2 9jVX

(Red) ZBM;tBQM; u�M; 2i �HX ǳaT�iB�H@.2Ti? amT2` _2bQHmiBQM 7Q` _�M;2 AK�;2bǴX AM, kyyd
A111 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM UkyydV- T�;2b RĜ3 U+Bi2/
QM T�;2 j3VX

(Re3) u�Q[BM; u�M; 2i �HX ǳ6QH/BM;L2i, SQBMi *HQm/ �miQ@1M+Q/2` pB� .22T :`B/
.27Q`K�iBQMǴX AM, kyR3 A111f*o6 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M
_2+Q;MBiBQM UkyR3V- T�;2b kyeĜkR8 U+Bi2/ QM T�;2 9NVX

(ReN) G�T@6�B um 2i �HX ǳa?�/BM;@"�b2/ a?�T2 _2}M2K2Mi Q7 _:"@. AK�;2bǴX AM, kyRj A111
*QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM UkyRjV- T�;2b R9R8ĜR9kk U+Bi2/
QM T�;2 j3VX

(Rdy) q2Mi�Q um�M 2i �HX ǳS*L, SQBMi *QKTH2iBQM L2irQ`FǴX AM, kyR3 AMi2`M�iBQM�H
*QM72`2M+2 QM j. oBbBQM Uj.oV UkyR3V- T�;2b dk3Ĝdjd U+Bi2/ QM T�;2b 9N- e8VX

(RdR) �KB` w�/2? 2i �HX ǳo�`B�iBQM�H �miQ@.2+Q/2`ǴX AM, *Q__ �#bfRNyjXy UkyRNV U+Bi2/ QM
T�;2 j9VX

(Rdk) J�+B2D w�KQ`bFB 2i �HX ǳ�/p2`b�`B�H �miQ2M+Q/2`b 7Q` :2M2`�iBM; j. SQBMi *HQm/bǴX AM,
*Q__ �#bfR3RRXy UkyR3V U+Bi2/ QM T�;2 9NVX



"B#HBQ;`�T?v Ryj

(Rdj) �M/v w2M; 2i �HX ǳj.J�i+?, G2�`MBM; GQ+�H :2QK2i`B+ .2b+`BTiQ`b 7`QK _:"@
. _2+QMbi`m+iBQMbǴX AM, kyRd A111 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M
_2+Q;MBiBQM U*oS_V UkyRdV- T�;2b RNNĜky3 U+Bi2/ QM T�;2 93VX

(Rd9) *?2M; w?�M; 2i �HX ǳ�/p�M+2b BM o�`B�iBQM�H AM72`2M+2ǴX AM, A111 i`�Mb�+iBQMb QM
T�ii2`M �M�HvbBb �M/ K�+?BM2 BMi2HHB;2M+2 UkyR3V U+Bi2/ QM T�;2 jjVX

(Rd8) _mQ w?�M; 2i �HX ǳa?�T2 7`QK a?�/BM;, � am`p2vǴX AM, A111 h`�MbX S�ii2`M �M�HX J�+?X
AMi2HHX kR URNNNV- T�;2b eNyĜdye U+Bi2/ QM T�;2 j3VX

(Rde) sBmKBM; w?�M; 2i �HX ǳG2�`MBM; iQ _2+QMbi`m+i a?�T2b 7`QK lMb22M *H�bb2bǴX AM,
L2m`ASaX kyR3 U+Bi2/ QM T�;2 93VX

(Rdd) q2B w?�Q- a?mKBM; :�Q- �M/ >QM;r2B GBMX ǳ� _Q#mbi >QH2@6BHHBM; �H;Q`Bi?K 7Q`
h`B�M;mH�` J2b?ǴX AM, h?2 oBbm�H *QKTmi2`X oQHmK2 kjX kyyd- T�;2 kkX Bb#M, Nd3@R@
9k99@R8dN@jX /QB, RyXRRyNf*�.*:XkyydX99yd3je U+Bi2/ QM T�;2 99VX

(Rd3) w?QM;@ZBm w?�Q 2i �HX ǳP#D2+i .2i2+iBQM rBi? .22T G2�`MBM;, � _2pB2rǴX AM, A111
i`�Mb�+iBQMb QM M2m`�H M2irQ`Fb �M/ H2�`MBM; bvbi2Kb UkyR3V U+Bi2/ QM T�;2 jNVX

(RdN) ZB�M@uB w?Qm- C�2bBF S�`F- �M/ oH�/H2M EQHimMX ǳ&PT2Mj.', &�' JQ/2`M GB#`�`v 7Q`
&j.' .�i� S`Q+2bbBM;ǴX AM, �`sBp,R3yRXyN39d UkyR3V U+Bi2/ QM T�;2b 3R- NyVX

(R3y) CB2DB2 w?m 2i �HX ǳ6mbBQM Q7 iBK2@Q7@~B;?i /2Ti? �M/ bi2`2Q 7Q` ?B;? �++m`�+v /2Ti?
K�TbǴX AM, kyy3 A111 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM Ukyy3V-
T�;2b RĜ3 U+Bi2/ QM T�;2 j3VX

(R3R) J wQHH?ƺ72` 2i �HX ǳai�i2 Q7 i?2 �`i QM j. _2+QMbi`m+iBQM rBi? _:"@. *�K2`�bǴX AM,
*QKTmi2` :`�T?B+b 6Q`mK U1m`Q;`�T?B+b ai�i2 Q7 i?2 �`i _2TQ`ib kyR3V jdXk UkyR3V
U+Bi2/ QM T�;2 99VX
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