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amKK�`v
h?2`2 �`2 ;2M2`�HHv 7Qm` +�i2;Q`B2b Q7 i`�D2+iQ`v /�i�, KQ#BHBiv Q7 T2QTH2- KQ#BHBiv Q7 i`�Mb@
TQ`i�iBQM p2?B+H2b- KQ#BHBiv Q7 �MBK�Hb- �M/ KQ#BHBiv Q7 M�im`�H T?2MQK2M� Uw?2M;- kyR8VX
h?2 2t�KTH2b BM i?Bb T�T2` 7Q+mb QM �MBK�H KQiBQM- ?Qr2p2` Bi Bb mb27mH 7Q` Qi?2` /QK�BMbX
�MBK�H i`�+FBM; Bb BKTQ`i�Mi 7Q` }2H/b �b /Bp2`b2 �b 2i?QHQ;v- QTiBK�H 7Q`�;BM; i?2Q`v- �M/
M2m`Qb+B2M+2X AM `2+2Mi v2�`b- �/p�M+2b BM K�+?BM2H2�`MBM; ?�p2 H2/ iQ #`2�Fi?`Qm;?b BM
T�ii2`M `2+Q;MBiBQM �M/ /�i� KQ/2HBM; U�`�+ 2i �HX- kyRNVX � iQQH i?�i bmTTQ`ib KQ/2HBM;
BM i?2 H�M;m�;2 Q7 bi�i2@Q7@i?2@�`i T`2/B+iBp2 KQ/2Hb U�KB`B�M 2i �HX- kyRNc *?�M/`� 2i �HX-
kyRNc GB�M; 2i �HX- kyRNV- �M/ r?B+? T`QpB/2b `2b2�`+?2`b rBi? � ?B;?@H2p2H �SA 7Q` 72�im`2
2ti`�+iBQM- KQ/2HBM; �M/ pBbm�HBx�iBQM Bb M22/2/X
h`�D� Bb � Svi?QM T�+F�;2 7Q` bi�iBbiB+�H �M�HvbBb �M/ +QKTmi�iBQM�H KQ/2HHBM; Q7 i`�D2+iQ`B2bX
h`�D� 2ti2M/b i?2 7�KBHB�` T�M/�b UJ+EBMM2v- kyRyc i2�K- kykyV K2i?Q/b #v T`QpB/BM; �
T�M/�b �++2bbQ` iQ i?2 /7Xi`�D� M�K2bT�+2 mTQM BKTQ`iX h?2 �SA 7Q` h`�D� r�b /2bB;M2/
iQ T`QpB/2 �M Q#D2+i@Q`B2Mi2/ �M/ mb2`@7`B2M/Hv BMi2`7�+2 iQ +QKKQM K2i?Q/b BM �M�HvbBb �M/
pBbm�HBx�iBQM Q7 �MBK�H i`�D2+iQ`B2bX h`�D� �HbQ BMi2`7�+2b r2HH rBi? `2H2p�Mi bT�iB�H �M�HvbBb
T�+F�;2b BM _ U2X;X- i`�D` UJ+G2�M � oQHTQMB- kyR3#V- �/2?�#Bi�i U*�H2M;2- kyyeVV- a?�T2Hv
U:BHHB2b � Qi?2`b- kyydĜV- �M/ JQpBM;S�M/�b U:`�b2`- kyRNV �HHQrBM; `�TB/ T`QiQivTBM; �M/
+QKT�`BbQM Q7 `2H2p�Mi K2i?Q/b BM Svi?QMX
h?2 HB#`�`v +�M #2 BMbi�HH2/ iQ i?2 HQ+�H Svi?QM 2MpB`QMK2Mi #v mb2 Q7 i?2 T`QpB/2/ b2imTiQQHb
b+`BTi Ub2imTXTvVX Ai +�M �HbQ #2 /QrMHQ�/2/ 7`QK i?2 Svi?QM S�+F�;2 AM/2t #v mb2 Q7 i?2
T�+F�;2 K�M�;2` TBT,
TBT BMbi�HH i`�D�

Q` rBi? i?2 +QM/� T�+F�;2 K�M�;2` mbBM; i?2 +QM/�@7Q`;2 +?�MM2H,
+QM/� BMbi�HH @+ +QM/�@7Q`;2 i`�D�

� +QKT`2?2MbBp2 bQm`+2 Q7 /Q+mK2Mi�iBQM Bb T`QpB/2/ QM i?2 ?QK2 T�;2 U?iiT,ffi`�D�X`2�/i?2/Q+bXBQVX

ai�i2K2Mi Q7 L22/
h?2 /�i� mb2/ BM i?Bb T`QD2+i BM+Hm/2b �MBK�H i`�D2+iQ`v /�i� T`QpB/2/ #v h2+MBTH�bi aXTX�XR-
K�Mm7�+im`2` Q7 H�#Q`�iQ`v �MBK�H 2[mBTK2Mi #�b2/ BM o�`2b2- Ai�Hv- �M/ _�/#Qm/ lMBp2`@
bBiv- LBDK2;2M- L2i?2`H�M/bX h2+MBTH�bi T`QpB/2/ i?2 KQmb2 HQ+QKQiBQM /�i� +QHH2+i2/ rBi?
i?2B` .B;Bi�H o2MiBH�i2/ *�;2b U.o*VX h?2 2ti`�+i2/ +QQ`/BM�i2b Q7 i?2 KB+2 `2[mB`2b 7m`i?2`
�M�HvbBb rBi? 2ti2`M�H iQQHbX .m2 iQ H�+F Q7 �++2bb iQ 2[mBTK2Mi- KQmb2 ?QK2 +�;2 /�i�
Bb `�i?2` /B{+mHi iQ +QHH2+i �M/ �M�Hvx2- i?mb 72r bim/B2b ?�p2 #22M /QM2 QM?QK2+�;2 /�i�X
6m`i?2`KQ`2- `2b2�`+?2`b r?Q �`2 BMi2`2bi2/ BM /2p2HQTBM; MQp2H �H;Q`Bi?Kb Kmbi BKTH2K2Mi
7`QK b+`�i+? Km+? Q7 i?2 +QKTmi�iBQM�H �M/ �H;Q`Bi?KB+ BM7`�bi`m+im`2 7Q` �M�HvbBb �M/ pB@
bm�HBx�iBQMX "v T�+F�;BM; � HB#`�`v i?�i Bb T�`iB+mH�`Hv mb27mH 7Q` �MBK�H HQ+QKQiBQM �M�HvbBb-
7mim`2 `2b2�`+?2`b +�M #2M2}i 7`QK �++2bb iQ � ?B;?@H2p2H BMi2`7�+2 �M/ +H2�`Hv /Q+mK2Mi2/
K2i?Q/b 7Q` i?2B` rQ`FX
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.2bB;M S`BM+BTH2b
h`�D� i�`;2ib Svi?QM #2+�mb2 Q7 Bib TQTmH�`Biv rBi? /�i� b+B2MiBbibXh?2 HB#`�`v H2p2`�;2b i?2
TQr2`7mH T�M/�b HB#`�`v- r?BH2 �//BM; K2i?Q/b bT2+B}+�HHv 7Q` i`�D2+iQ`v �M�HvbBbX
q?2M BKTQ`iBM; i`�D�- i?2 i`�D� M�K2bT�+2 `2;Bbi2`b Bib2H7 rBi?BM i?2 T�M/�b /�i�7`�K2b
M�K2bT�+2 pB� /7Xi`�D�X
h?Bb H2ib i`�D� rQ`F /B`2+iHv rBi? T�M/�Ƕb BMi2`M�H Q#D2+ib,
=== /7 4 T/X.�i�6`�K2U&^t^,(y-R-k)- ^v^,(k-j-9)'V
=== /7Xi`�D�X+2Mi2`
URXy- jXyV
=== /7Xi`�D�XTHQiUV

.�i�- 2X;X- t �M/ v +QQ`/BM�i2b- �`2 biQ`2/ �b QM2@/BK2MbBQM�H H�#2HH2/ �``�vb �b BMbi�M+2b Q7
i?2 T�M/�b M�iBp2 a2`B2b +H�bbX 6m`i?2`- bm#+H�bbBM; i?2 T�M/�b .�i�6`�K2 �HHQrb +`2�iBM;
�M �SA i?�i KB``Q`b i?2 T�M/�b �SA r?B+? Bb 7�KBHB�` iQ KQbi /�i� b+B2MiBbib- i?mb `2/m+BM;
i?2 #�``B2` 7Q` 2Mi`v r?BH2 T`QpB/BM; K2i?Q/b �M/ T`QT2`iB2b bT2+B}+ iQ i`�D2+iQ`B2b 7Q` `�TB/
T`QiQivTBM;X

JQmb2 GQ+QKQiBQM .�i�
h?2 /�i� b�KTH2b T`2b2Mi2/ i?`Qm;?Qmi i?Bb T�T2`k �`2 BM `2+i�M;mH�` Ut- vV *�`i2bB�M +Q@
Q`/BM�i2b- `2~2+iBM; i?2 KQmb2 ?QK2@+�;2 Uk8tRkX8 +KV /BK2MbBQMbX �M�HviB+�H K2i?Q/b
`2H2p�Mi iQ k. `2+iBHBM2�` �M�HvbBb Q7 ?B;?Hv +QMbi`�BM2/ bT�iB�H +QQ`/BM�i2b �`2 i?mb T`BK�`BHv
+QMbB/2`2/X

6B;m`2 R, h`�D� T�+F�;2 /B�;`�K

>B;? pQHmK2 /�i� HBF2 �MBK�H i`�D2+iQ`B2b ?�b �M BM+`2�b2/ i2M/2M+v iQ #2 KBbbBM; /�i� /m2 iQ
/�i� +QHH2+iBQM Bbbm2b Q` MQBb2X 6BHHBM; BM i?2 KBbbBM; /�i� p�Hm2b- `272``2/ iQ �b /�i� BKTmi�iBQM-
Bb �+?B2p2/ rBi? � rB/2 p�`B2iv Q7 bi�iBbiB+�H Q` H2�`MBM;@#�b2/ K2i?Q/bX �b T`2pBQmbHv Q#b2`p2/-
/�i� b+B2M+2 T`QD2+ib ivTB+�HHv `2[mB`2 �i H2�bi N8W Q7 i?2 iBK2 iQ #2 bT2Mi QM +H2�MBM;- T`2@
T`Q+2bbBM; �M/ K�M�;BM; i?2 /�i� U"Qb+? 2i �HX- kykRVX h?2`27Q`2- b2p2`�H K2i?Q/b `2H2p�Mi
iQ T`2T`Q+2bbBM; �MBK�H /�i� �`2 /2KQMbi`�i2/ i?`Qm?;?Qmi i?2 7QHHQrBM; b2+iBQMbX

kh?Bb /�i�b2i ?�b #22M +QHH2+i2/ 7Q` Qi?2` bim/B2b Q7 Qm` H�#Q`�iQ`v Ua?2MF 2i �HX- kykyVX
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Pp2`pB2r Q7 i?2 GB#`�`v
h?2 bQ7ir�`2 Bb bi`m+im`2/ BMiQ b2p2`�H KQ/mH2bX h?Bb b2+iBQM bm`p2vb i?2 bi`m+im`2 Q7 i?2
+Q/2#�b2 �M/ 2H�#Q`�i2b QM BKTH2K2Mi�iBQM bi`�i2;B2b- #mi /Q2b MQi +QMbiBimi2 � 7mHH /Q+m@
K2Mi�iBQMX 6Q` � /2i�BH2/ �SA `272`2M+2- i?2 `2�/2` Bb `272``2/ iQ i?2 >hJG /Q+mK2Mi�iBQMjX
h?2 BKTQ`i +H�bb2b �`2 i?2 h`�D�.�i�6`�K2 +H�bb HQ+�i2/ BM 7`�K2XTv �M/ h`�D��++2bbQ`
HQ+�i2/ BM �++2bbQ`XTvX h?2 `QQi T�+F�;2 /B�;`�K Bb b?QrM BM 6B;m`2 RX
� ?B;?@H2p2H �++2bbQ` Uh`�D��++2bbQ`V T`QpB/2b �++2bb iQ /�i� biQ`2/ rBi?BM i?2 T�M/�b
/�i�7`�K2- �b r2HH �b K2i?Q/b rBi?BM i`�D2+iQ`v �M/ THQiiBM; KQ/mH2b,
BKTQ`i T�M/�b �b T/
XXX
!T/X�TBX2ti2MbBQMbX`2;Bbi2`n/�i�7`�K2n�++2bbQ`U]i`�D�]V
+H�bb h`�D��++2bbQ`UQ#D2+iV,

]]]�++2bbQ` 7Q` T�M/�b .�i�6`�K2 rBi? i`�D2+iQ`v@bT2+B7B+ MmK2`B+�H �M/ �M�HviB+�H 7mM+iBQMbX
�++2bb rBi? </7Xi`�D�<X
]]]
/27 nnBMBinnUb2H7- T�M/�bnQ#DV,

b2H7Xnp�HB/�i2UT�M/�bnQ#DV
b2H7XnQ#D 4 T�M/�bnQ#D

XXX

�//BiBQM�HHv h`�D�.�i�6`�K2 Bb � bm#+H�bb Q7 i?2 T�M/�b .�i�6`�K2- �HHQrBM; BMbi�MiB�iBQM
Q7 � h`�D�.�i�6`�K2 /B`2+iHv 7`QK �M �``�v Q7 t-v +QQ`/BM�i2b,
BKTQ`i MmKTv �b MT
tv 4 MTX�``�vU((y-R-k)-(R-k-j))V
/7 4 i`�D�Xh`�D�.�i�6`�K2X7`QKntvUtvV

h?2 i`�D2+iQ`v KQ/mH2
h?2 i`�D2+iQ`v KQ/mH2 +QMi�BMb i?2 K2i?Q/b `2H2p�Mi iQ T`2T`Q+2bbBM;- �M�HvbBb �M/ KQ/@
2HHBM; i`�D2+iQ`B2bX � +QKTH2i2 i�#H2 Q7 K2i?Q/b BM+Hm/2/ �b Q7 r`BiBM; �`2 /2b+`B#2/ BM h�#H2
RX
h�#H2 R i`�D�Xi`�D2+iQ`v 7mM+iBQM�HBiB2b

L�K2 6mM+iBQM
�M;H2b _2im`Mb �M;H2b rX`XiX t@�tBb
+�H+n/2`Bp�iBp2b *QKTmi2b i?2 bi2T /BbTH�+2K2Mi ds

dt �M/ /BbTH�+2K2Mi iBK2
+�H+n/BbTH�+2K2Mi *QKTmi2b i?2 /BbTH�+2K2Mi ds

dt #2ir22M +QMb2+miBp2 BM/B+2b
+�H+n?2�/BM; *QKTmi2b i?2 /B`2+iBQM Q7 i`�p2H 7Q` 2�+? bi2T
+�H+nH�i2`�HBiv *QKTmi2 MmK#2` Q7 `B;?i �M/ H27i im`Mb
+�H+nim`Mn�M;H2 *QKTmi2b i?2 im`M �M;H2 i?2i� #2ir22M iBK2 bi2Tb
+�H+n~Qrn�M;H2b *QKTmi2b i?2 �p2`�;2 ~Qr #2ir22M ;`B/ BM/B+2b
+�`i2bB�MniQnTQH�` *QMp2`ib t-v +QQ`/BM�i2b iQ TQH�` +QQ`/BM�i2b γ �M/ θ
+QQ`/bniQn~Qr *QKTmi2b i?2 �p2`�;2 ~Qr #2ir22M ;`B/ BM/B+2b
/Bbi�M+2n#2ir22M *QKTmi2b /Bbi�M+2 #2ir22M i`�D2+iQ`B2b rBi? >�mb/Q`z Q`

/vM�KB+ iBK2 r�`TBM; K2i?Q/b
/Bbi�M+2 *QKTmi2b i?2 /Bbi�M+2 7`QK bi�`i iQ 2M/ Q7 i`�D2+iQ`v- �HbQ

+�HH2/ M2i /Bbi�M+2- /BbTH�+2K2Mi- Q` #22@HBM2 7`QK bi�`i iQ
}MBb?

;2M2`�i2 :2M2`�i2 `�M/QK r�HF rBi? MQ`K�HHv /Bbi`B#mi2/ bi2T H2M;i?b
�M/ im`M �M;H2b

;2in/2`Bp�iBp2b *QKTmi2b i?2 }`bi �M/ b2+QM/@Q`/2` /2`Bp�iBp2b Q7 TQbBiBQM
j?iiTb,ffi`�D�X`2�/i?2/Q+bXBQ
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L�K2 6mM+iBQM
;`B/n+QQ`/BM�i2b "BM i`�D2+iQ`v BMiQ ;`B/ +QQ`/BM�i2b
H2M;i? *QKTmi2b i?2 +mKmH�iBp2 H2M;i? Q7 i`�D2+iQ`v
TQH�`niQnx *QMp2`ib TQH�` +QQ`/BM�i2b γ �M/ θ iQ +QKTH2t MmK#2` Z
`2/Bb+`2iBx2nTQBMib *QKTmi2b `2/Bb+`2iBx2/ TQBMib rBi? ;Bp2M bi2T H2M;i?
`2b�KTH2niBK2 _2b�KTH2b iBK2 #v ;Bp2M bi2TniBK2
`Qi�i2 _Qi�i2 i`�D2+iQ`v �M;H2 /2;`22b BM `�/B�Mb �#Qmi Q`B;BM
bKQQi?nb; aKQQi? i`�D2+iQ`v rBi? a�pBixFv@:QH�v }Hi2`BM;
bT22/nBMi2`p�Hb *QKTmi2b BMi2`p�Hb r?2`2 bT22/ Bb 7�bi2` Q` bHQr i?�M ;Bp2M

T�`�K2i2`b
bi2TnH2M;i?b *�H+mH�i2 bi2T H2M;i?
iQnb?�T2Hv *QMp2`i iQ a?�T2Hv Q#D2+i
i`�MbBiBQMnK�i`Bt *QKTmi2b i?2 i`�MbBiBQM K�i`Bt 7`QK #BMM2/ i`�D2+iQ`v
i`�MbBiBQMb *QKTmi2b i?2 }`bi@Q`/2` J�`FQp KQ/2H 7Q` i`�MbBiBQMb #2ir22M

;`B/ +2HHb

h?2 THQiiBM; KQ/mH2
h?2 THQiiBM; KQ/mH2 +QMi�BMb �HH K2i?Q/b `2H2p�Mi iQ pBbm�HBx�iBQM Q7 i`�D2+iQ`B2b- 72�im`2b
�M/ KQ/2HbX � +QKTH2i2 i�#H2 Q7 K2i?Q/b BM+Hm/2/ �b Q7 r`BiBM; �`2 /2b+`B#2/ BM h�#H2
h�#H2 k i`�D�XTHQiiBM; 7mM+iBQM�HBiB2b

L�K2 6mM+iBQM
�MBK�i2 �MBK�i2 i`�D2+iQ`v
#�`nTHQi *`2�i2 #�` THQi
+QHQ`n/�`F *QHQ` /�`F T2`BQ/b UMB;?iiBK2V
}HHn+B 6BHH +QM}/2M+2 BMi2`p�Hb
}M/n`mMb 6BM/ `mMb Q7 +QMb2+miBp2 iBK2b BM �M �``�v
THQi :2M2`B+ THQiiBM; K2i?Q/
THQinj/ SHQi j.
THQin�+iQ;`�K SHQi �+iQ;`�K b?QrBM; �+iBpBiv �b bTBF2b
THQin�miQ+Q``2H�iBQM SHQi �miQ+Q``2H�iBQM Q7 +QQ`/BM�i2 U6B;m`2 dV
THQin+QHH2+iBQM SHQi KmHBiTH2 i`�D2+iQ`B2b
THQin+QMiQm` SHQi +QMiQm` K�T
THQin+Hmbi2`K�T SHQi +Hmbi2``2/ �+iQ;`�Kb mbBM; ?B2`�`+?B+�H �;;HQK2`�iBp2

+Hmbi2`BM;
THQin&~Qr-[mBp2`-bi`2�K-bm`7�+2' SHQi ~Qr #2ir22M ;`B/ +QQ`/BM�i2b
THQinT2`BQ/Q;`�K SHQi TQr2` bT2+i`mK U6B;m`2 3V
THQini`�MbBiBQMn;`�T? SHQi i`�MbBiBQM ;`�T? #2ir22M ;`B/ +QQ`/BM�i2b
THQini`�MbBiBQMnK�i`Bt SHQi i`�MbBiBQM K�i`Bt UT�`�;`�T? kXRXRRV
TQH�`n#�` SHQi TQH�` #�` +?�`i rBi? bi2T H2M;i?b �M/ im`M �M;H2b
THQinT`2/B+iBQM SHQi �M/ pBbm�HBx2 M2m`�H M2irQ`F T`2/B+iBQM Q7 i`�D2+iQ`v

Ubm#bm#b2+iBQM kXRXRRV
i`BTn;`B/ SHQi i`BT ;`B/ �b ?2�iK�T U6B;m`2 jV

h?2 `miBHb KQ/mH2
h?2 `miBHb KQ/mH29 +QMi�BMb �HH K2i?Q/b `2H2p�Mi iQ BMi2`7�+BM; _ T�+F�;2bX Ai BM+Hm/2b
BMi2`7�+2b 7Q`, @ KQp2>JJ @ �/2?�#Bi�i @ i`�D` �b r2HH �b `2bT2+iBp2 THQiiBM; K2i?Q/bX
h�#H2 j _ T�+F�;2b rBi? BMi2`7�+2b BM h`�D�

9`miBHb �p�BH�#H2 BM p2`bBQM yXk @ yXkXj �M/ Bb `2KQp2/ BM p2`bBQM yXkX9

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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_ S�+F�;2 .2b+`BTiBQM
�/2?�#Bi�i � +QHH2+iBQM Q7 iQQHb 7Q` i?2 �M�HvbBb Q7 ?�#Bi�i b2H2+iBQM #v �MBK�HbX
KQp2>JJ �M _ T�+F�;2 7Q` i?2 �M�HvbBb Q7 �MBK�H KQp2K2Mi /�i�
i`�D` � iQQHFBi 7Q` i?2 MmK2`B+�H +?�`�+i2`Bb�iBQM �M/ �M�HvbBb Q7 i?2

i`�D2+iQ`B2b Q7 KQpBM; �MBK�Hb

.Q+mK2Mi�iBQM
h?2 2MiB`2 +Q/2#�b2 Bb HB#2`�HHv /Q+mK2Mi2/ mbBM; i?2 aT?BMt /Q+mK2Mi�iBQM T`Q+2bbQ`(�8)X
h?2 /Q+mK2Mi�iBQM +QMi�BMb 7m`i?2` /Q+mK2Mi�iBQM rBi? � /2i�BH2/ mb2` ;mB/2 �M/ BMbi�HH�iBQM
BMbi`m+iBQMbX �i i?2 iBK2 Q7 r`BiBM;- i?2 >hJG /Q+mK2Mi�iBQM �M/ �SA `272`2M+2 Bb ?Qbi2/
�i ?iiTb,ffi`�D�X`2�/i?2/Q+bXBQX (�8), ?iiT,ffrrrXbT?BMt@/Q+XQ`;

aT�iB�H h`�D2+iQ`v
� bT�iB�H i`�D2+iQ`v Bb � i`�+2 ;2M2`�i2/ #v � KQpBM; Q#D2+i BM ;2Q;`�T?B+�H bT�+2X h`�D2+iQ`B2b
�`2 i`�/BiBQM�HHv KQ/2HH2/ �b � b2[m2M+2 Q7 bT�iB�H TQBMib HBF2,

Tk = {Pk1, Pk2, ...}

r?2`2 Pki(i ≥ 1) Bb � TQBMi BM i?2 i`�D2+iQ`vX
:2M2`�iBM; bT�iB�H i`�D2+iQ`v /�i� pB� � `�M/QK r�HF Bb TQbbB#H2 #v b�KTHBM; 7`QK � /Bbi`B#miBQM
Q7 �M;H2b �M/ bi2T bBx2b J+G2�M � oQHTQMB UkyR3�VX � +Q``2H�i2/ `�M/QK r�HF U6B;m`2 9V Bb
;2M2`�i2/ rBi?,
7`QK i`�D� BKTQ`i ;2M2`�i2
;2M2`�i2UM4RyyyV ORyyy bi2Tb

aT�iB�H h`�Mb7Q`K�iBQMb
h`�Mb7Q`K�iBQM Q7 i`�D2+iQ`B2b +�M #2 mb27mH 7Q` +QKT�`BM; i`�D2+iQ`B2b 7`QK p�`BQmb ;2QbT�iB�H
+QQ`/BM�i2b- /�i� +QKT`2bbBQM- Q` bBKTHv 7Q` pBbm�HBx�iBQM Tm`TQb2bX
_Qi�iBQM _Qi�iBQM Q7 � k. `2+iBHBM2�` i`�D2+iQ`v Bb � +QQ`/BM�i2 i`�Mb7Q`K�iBQM Q7 Q`i?QMQ`K�H
#�b2b t �M/ v �i �M;H2 θ UBM `�/B�MbV �`QmM/ i?2 Q`B;BM /2}M2/ #v

[
x′//y′

]
=

[
cosθ isinθ
sinθ cosθ

] [
x
y

]

h?Bb Bb �+?B2p2/ rBi? � +HQ+FrBb2 �M;H2 Q7 ky /2;`22b- 7Q` 2t�KTH2- #v
/7Xi`�D�X`Qi�i2U�M;H24@kyV

�M/ �M;H2 θ r?2`2 θ ∈ R : θ ∈ [−180, 180]X

h`BT :`B/
PM2 bi`�i2;v 7Q` +QKT`2bbBM; i?2 `2T`2b2Mi�iBQM Q7 i`�D2+iQ`B2b Bb #BMMBM; i?2 +QQ`/BM�i2b iQ
T`Q/m+2 �M BK�;2 �b b?QrM BM 6B;m`2 (};,i`BT;`B/)X

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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6B;m`2 k, h`BT ;`B/ BK�;2 ;2M2`�iBQM 7`QK KQmb2 i`�D2+iQ`vX

(};,i`BT;`B/n;2M)
�HHQrBM; +QKTmi�iBQM QM /Bb+`2i2 p�`B�#H2b `�i?2` i?�M +QMiBMmQmb QM2b ?�b b2p2`�H �/p�M@
i�;2b bi2KKBM; 7`QK i?2 �#BHBiv iQ biQ`2 i`�D2+iQ`B2b BM � KQ`2 K2KQ`v 2{+B2Mi 7Q`KX8 h?2
�/p�Mi�;2 Bb i?�i +QKTmi�iBQM Bb ;2M2`�HHv 7�bi2`- KQ`2 /�i� +�M }i BM K2KQ`v BM i?2 +�b2 Q7
+QKTH2t KQ/2Hb- �M/ Bi2K MQBb2 +�M #2 `2/m+2/X
*`2�iBQM Q7 �M M ∗N ;`B/ �HHQrb K�TTBM; i`�D2+iQ`v Tk QMiQ mMB7Q`K ;`B/ +2HHbX :2M2`�HBxBM;
i?2 MQK2M+H�im`2 Q7 Uq�M;- kyRdV iQ `2+i�M;mH�` ;`B/b- Cmn(1 ≤ m ≤ M ; 1 ≤ n ≤ N)
/2MQi2b i?2 +2HH BM `Qr m �M/ +QHmKM n Q7 i?2 ;`B/X 1�+? TQBMi Pki Bb �bbB;M2/ iQ � +2HH
C(m,n)X h?2 `2bmHi Bb � irQ@/BK2MbBQM�H BK�;2 M ∗ N BK�;2 Ik- r?2`2 i?2 p�Hm2 Q7 TBt2H
Ik(m,n)(1 ≤ m,n ≤ M) BM/B+�i2b i?2 `2H�iBp2 MmK#2` Q7 TQBMib �bbB;M2/ iQ +2HH CmnX
S�`iBQMBMBM; Q7 bT�iB�H TQbBiBQM BMiQ b2T�`�i2 ;`B/ +2HHb Bb ivTB+�HHv T`2+2/2/ #v ;2M2`�iBQM Q7
?B//2M J�`FQp KQ/2Hb UC2mM; 2i �HX- kyydV Ub22 #2HQrVX

8AM i?Bb 2tT2`BK2Mi- 7Q` 2t�KTH2- /�i� +�M #2 `2/m+2/ 7`QK bBM;H2@T`2+BbBQM ~Q�iBM; TQBMi Ujk #BibV iQ
#vi2BMi U3 #BibV 7Q`K�iX

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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6B;m`2 j, oBbm�HBx�iBQM Q7 ?2�i K�T 7`QK #BMb ;2M2`�i2/ rBi? /7Xi`BTn;`B/X LQi2 `2;mH�`Hv bT�+2/
�`iB7�+ib U#`B;?i v2HHQrV BM i?Bb b�KTH2 /m2 iQ � #B�b BM i?2 b2MbQ` /�i� BMi2`TQH�iBQMX h?Bb ivT2 Q7 MQBb2
+�M #2 KBMBKBx2/ #v i?`2b?QH/BM; Q` mbBM; � HQ;�`Bi?KB+ b+�H2 Ui`�D�Xi`BTn;`B/Ui`D- HQ;4h`m2V-
�b b?QrM �#Qp2X

62�im`2 a+�HBM;
62�im`2 b+�HBM; Bb +QKKQM T`�+iB+2 7Q` T`2T`Q+2bbBM; /�i� 7Q` K�+?BM2 H2�`MBM; U:`mb- kyR8V
�M/ Bb 2bb2MiB�H 7Q` 2p2M �TTHB+�iBQM Q7 K2i?Q/b iQ �ii`B#mi2bX 6Q` 2t�KTH2- � ?B;? /BK2MbBQM�H
72�im`2 p2+iQ` x ∈ Rn r?2`2 bQK2 �ii`B#mi2b �`2 BM (0, 100) �M/ Qi?2`b �`2 BM (−1, 1) rQmH/
H2�/ iQ #B�b2b BM i?2 i`2�iK2Mi Q7 +2`i�BM �ii`B#mi2bX hQ HBKBi i?2 /vM�KB+ `�M;2 7Q` KmHiBTH2
/�i� BMbi�M+2b bBKmHi�M2QmbHv- b+�HBM; Bb �TTHB2/ iQ � 72�im`2 K�i`Bt X = {x1,x2, ...,xN} ∈
Rn×N - r?2`2 n Bb i?2 MmK#2` Q7 BMbi�M+2bX

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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6B;m`2 9, :2M2`�iBQM Q7 � `�M/QK r�HF

JBM@J�t a+�HBM;
hQ ;m�`�Mi22 i?�i i?2 �H;Q`Bi?K �TTHB2b 2[m�HHv iQ �HH �ii`B#mi2b- i?2 MQ`K�HBx2/ 72�im`2 K�i`Bt
X̂ Bb `2b+�H2/ BMiQ `�M;2 (0, 1) bm+? i?�i
X̂ = X−Xmin

Xmax−Xmin

ai�M/�`/Bx�iBQM
h?2 `2bmHi Q7 bi�M/�`/Bx�iBQM UQ` w@b+Q`2 MQ`K�HBx�iBQMV Bb i?�i i?2 72�im`2b rBHH #2 `2b+�H2/
iQ ?�p2 i?2 T`QT2`iv Q7 � bi�M/�`/ MQ`K�H /Bbi`B#miBQM rBi? µ = 0 �M/ σ = 1 r?2`2 µ Bb i?2
K2�M U�p2`�;2V Q7 i?2 /�i� �M/ σ Bb i?2 bi�M/�`/ /2pB�iBQM 7`QK i?2 K2�MX ai�M/�`/ b+Q`2b
U�HbQ FMQrM �b x@b+Q`2b �`2 +�H+mH�i2/ �b 7QHHQrb,
z = x−µ

σ

a+�H2
a+�HBM; � i`�D2+iQ`v Bb T2`7Q`K2/ rBi?
/7Xi`�D�Xb+�H2U7�+iQ`V

7Q` 7�+iQ` 7 r?2`2 f ∈ R : f ∈ (−∞,+∞)X

aKQQi?BM;
aKQQi?BM; +�M �HbQ #2 �+?B2p2/ rBi? i`�D� mbBM; a�pBixFv@:QH�v }Hi2`BM; rBi? bKQQi?nb;
Ua�pBixFv � :QH�v- RNe9VX

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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h2KTQ`�H h`�Mb7Q`K�iBQMb
_2b�KTHBM;
h`�D2+iQ`B2b +�M #2 `2b�KTH2/ #v iBK2 Q` #v bi2T H2M;i?X h?Bb +�M #2 mb27mH 7Q` �HB;MBM;
i`�D2+iQ`B2b 7`QK p�`BQmb /�i� bQm`+2b �M/ b�KTHBM; `�i2b Q` `2/m+BM; i?2 MmK#2` Q7 /�i�
TQBMib iQ BKT`Qp2 +QKTmi�iBQM�H 2{+B2M+vX *�`2 Kmbi #2 i�F2M iQ b2H2+i � iBK2 BMi2`p�H
r?B+? K�BMi�BMb BM7Q`K�iBQM QM i?2 bB;MB}+�Mi #2?�pBQ`X A7 i?2 KBMBK�H iBK2 BMi2`p�H Q#b2`p2/
Bb b2H2+i2/ 7Q` i?2 TQBMib- +�H+mH�iBQMb rBHH #2 +QKTmi�iBQM�HHv BMi`�+i�#H2 7Q` bQK2 bvbi2KbX
A7 iQQ H�`;2 Q7 �M BMi2`p�H Bb b2H2+i2/- r2 rBHH 7�BH iQ +�Tim`2 +?�M;2b `2H2p�Mi iQ i?2 i�`;2i
#2?�pBQ` BM i?2 /�i�X
_2b�KTHBM; #v iBK2 Bb T2`7Q`K2/ rBi? `2b�KTH2niBK2X _2/Bb+`2iBxBM; #v bi2T H2M;i? Bb
T2`7Q`K2/ rBi? `2/Bb+`2iBx2 U6B;m`2 (};,bi2T)VX

6B;m`2 8, _2b�KTHBM; t �M/ v p�Hm2b Qp2` iBK2 #v bi2T H2M;i? Bb T2`7Q`K2/ rBi? `2/Bb+`2iBx2UVX

6Q` 2t�KTH2- 6Q`i�bvM /�i�b2i Ua?2MF 2i �HX- kykyV r?B+? Bb /2KQMbi`�i2/ BM i?Bb T�T2` r�b
b�KTH2/ �i 9 >x �M/ +QMp2`i2/ iQ bBM;H2@T`2+BbBQM ~Q�iBM; TQBMi /�i�X S�M/�b /�i�7`�K2b
biQ`2 i?Bb /�i� BM 9 #vi2b- i?mb i?2`2 �`2 �TT`QtBK�i2Hv 9-R9d-kyye #vi2b `2[mB`2/ iQ biQ`2 /�i�
7Q` t �M/ v /BK2MbBQMb THmb �M BM/2t `272`2M+2 7Q` � bBM;H2 /�vX AM i?2 +�b2 Q7 Ua?2MF 2i �HX-
kykyV r2`2 k9 KB+2 Q#b2`p2/ Qp2` j8 /�vbX h?Bb i`�MbH�i2b iQ jX9 :" U109V iQ kN h" U1012V
Q7 biQ`�;2 +�T�+Biv `2bT2+iBp2Hv- 7Q` i?2 mM+QKT`2bb2/ /�i�b2ib T`BQ` iQ 72�im`2 2M;BM22`BM;X
h?mb `2b�KTHBM; +�M #2 � mb27mH r�v iQ `2/m+2 i?2 K2KQ`v 7QQiT`BMi 7Q` K2KQ`v +QMbi`�BM2/
T`Q+2bb2b i?�i ?�p2 iQ }i BMiQ � bi�M/�`/ H�TiQT rBi? 3 :" K2KQ`v bT�+2X � /2KQMbi`�iBQM Q7
?Qr `2b�KTHBM; +�M `2/m+2 T`2+BbBQM #mi biBHH #2 mb27mH 7Q` i`�D2+iQ`v /�i� �M�HvbBb Bb T`QpB/2/
BM 6B;m`2 8- �TTHB2/ iQ � b�KTH2 7`QK i?2 6Q`i�bvM 2tT2`BK2Mi Ua?2MF 2i �HX- kykyVX 6Q`
B/2MiB7vBM; #`Q�/ 2z2+ib bm+? �b +�;2 +`QbbBM;b- 7Q` 2t�KTH2- /�i� +�M #2 /QrMb�KTH2/ iQ �
HQr2` 7`2[m2M+v bm+? �b yXR >x- `2/m+BM; i?2 K2KQ`v 7QQiT`BMi #v � 7�+iQ` Q7 9y U9 >xfyXR
>xV �M/ T`QpB/BM; bB;MB}+�Mi bT22/mTb 7Q` T`Q+2bbBM;X

e9 t 9 >x t ey b2+QM/b t ey KBMmi2b t k9 ?Qm`b t j 72�im`2b Ut-v- �M/ iBK2V

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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JQp2K2Mi �M�HvbBb
.Bbi�M+2 i`�p2H2/
.Bbi�M+2 i`�p2H2/ Bb � +QKKQM K2i`B+ BM �MBK�H bim/B2b @ Bi �++QmMib 7Q` i?2 iQi�H /Bbi�M+2
+Qp2`2/ #v i?2 �MBK�H rBi?BM � ;Bp2M iBK2 BMi2`p�HX h?2 /Bbi�M+2 i`�p2H2/ Bb ivTB+�HHv [m�MiB}2/
#v bmKKBM; i?2 b[m�`2 bi`�B;?i@HBM2 /BbTH�+2K2Mi #2ir22M /Bb+`2i2Hv b�KTH2/ i`�D2+iQ`B2b aQHH�
2i �HX URNNNVX �Hi2`M�iBp2 /Bbi�M+2 K2i`B+b 7Q` i?2 +�b2 Q7 �MBK�H i`�+FBM; �`2 /Bb+mbb2/ BM
ULQQM�M 2i �HX- kyRNVX
G2i p(t) = [px(t), py(t)] #2 � 2 × 1 p2+iQ` Q7 +QQ`/BM�i2b QM i?2 ;`QmM/ `2T`2b2MiBM; i?2
TQbBiBQM Q7 i?2 �MBK�H �i iBK2 iX h?2M- i?2 /Bbi�M+2 i`�p2H2/ rBi?BM i?2 iBK2 BMi2`p�H t1 �M/
t2 +�M #2 +QKTmi2/ �b � bmK Q7 bi2T@rBb2 1m+HB/2�M /Bbi�M+2b

p(t1, t2) = Σt2
t=t1+1d(t),

r?2`2
d(t) =

√
(px(t)− px(t− 1))2 + (py(t)− py(t− 1))2

Bb i?2 1m+HB/2�M /Bbi�M+2 #2ir22M irQ TQbBiBQMb BM �/D�+2Mi iBK2 b�KTH2bX

6B;m`2 e, o2HQ+Biv ?BbiQ;`�K 7`QK QM2 /�v Q7 KQmb2 �+iBpBivX

aT22/
aT22/ Q` p2HQ+Biv Bb i?2 }`bi /2`Bp�iBp2 Q7 +2Mi`QB/b rBi? `2bT2+i iQ iBK2X S2�F p2HQ+Biv BM �
?QK2 +�;2 2MpB`QMK2Mi Bb T2`?�Tb H2bb BMi2`2biBM; i?�M � /Bbi`B#miBQM Q7 p2HQ+Biv Q#b2`p�iBQMb-
�b BM 6B;m`2 eX �//BiBQM�HHv- MQBb2 +�M #2 2HBKBM�i2/ 7`QK p2HQ+Biv +�H+mH�iBQMb #v mbBM; �
KBMBK�H /Bbi�M+2 KQp2/ i?`2b?QH/- �b /2KQMbi`�i2/ BM Ua?2MF 2i �HX- kykyVX h?Bb �HHQrb
B/2MiB7vBM; #`Q�/@b+�H2 #2?�pBQ`b bm+? �b +�;2 +`QbbBM;bX

hm`M �M;H2b
hm`M �M;H2b �`2 i?2 �M;H2 #2ir22M i?2 KQp2K2Mi p2+iQ`b Q7 irQ +QMb2+miBp2 b�KTH2bX h?2v
+�M #2 +�H+mH�i2/ rBi? +�H+nim`Mn�M;H2bX

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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G�i2`�HBiv
G�i2`�HBiv Bb i?2 T`272`2M+2 7Q` H27i Q` `B;?i im`MBM; �M/ � H�i2`�HBiv BM/2t Bb /2}M2/ �b,

LI =
RT

LT +RT

r?2`2 _h Bb i?2 MmK#2` Q7 `B;?i im`Mb Q#b2`p2/ �M/ Gh Bb i?2 MmK#2` Q7 H27i im`Mb Q#b2`p2/X
hm`Mb �`2 +QmMi2/ rBi?BM � H27i im`M �M;H2 ∈ Uθ- NyV �M/ `B;?i im`M �M;H2 ∈ (−θ,−90)X � im`M
Bb +QMbB/2`2/ iQ ?�p2 � KBMBK�H bi2T H2M;i?X AM h`�D� Bi Bb +QKTmi2/ rBi?
+�H+nH�i2`�HBivUi`D- /Bbini?`2b?- �M;H2ni?`2b?V

�M/ `2im`Mb � k@imTH2 Q7 i?2 MmK#2` Q7 `B;?i �M/ H27i im`MbX

�/p�M+2/ h2+?MB[m2b
S2`BQ/B+ �M�HvbBb
S2`BQ/B+ #2?�pBQ`b �`2 � +QMb2[m2M+2 Q7 i?2 +B`+�/B�M `?vi?K �br2HH �b Q#b2`pBM; 2tT`2bbBQM
Q7 mM/2`HvBM; +Q;MBiBp2 i`�BibX aQK2 #�bB+ BKTH2K2Mi�iBQMb Q7 T2`BQ/B+ �M�HvbBb Q7 KQmb2 +�;2
/�i� �`2 T`2b2Mi2/X

�miQ+Q``2H�iBQM
�miQ+Q``2H�iBQM Bb i?2 +Q``2H�iBQM Q7 � bB;M�H rBi? � /2H�v2/ +QTv Q7 Bib2H7 �b � 7mM+iBQM Q7 i?2
/2+�vX "�bB+�HHv- Bi Bb bBKBH�`Biv Q7 Q#b2`p�iBQMb �b � 7mM+iBQM Q7 i?2 iBK2 H�; #2ir22M i?2KX Ai
Bb +QKTmi2/ rBi? �miQ+Q``2H�iBQM �M/ THQii2/ rBi? THQin�miQ+Q``2H�iBQM- �b BM 6B;m`2 dX

6B;m`2 d, �miQ+Q``2H�iBQM Q7 i?2 v@/BK2MbBQM `2p2�Hb /�BHv UR99y KBMmi2bV T2`BQ/B+ #2?�pBQ`

SQr2` aT2+i`mK
SQr2` bT2+i`mK Q7 � iBK2@b2`B2b bB;M�H +�M #2 2biBK�i2/ rBi? THQinT2`BQ/Q;`�K U6B;m`2 3VX
h?Bb Bb mb27mH 7Q` �M�HvxBM; bB;M�Hb- 7Q` 2t�KTH2- i?2 BM~m2M+2 Q7 M2m`QKQiQ` MQBb2 QM /2H�vb
BM ?�M/ KQp2K2Mi Uo�M :�H2M 2i �HX- RNNyVX

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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6B;m`2 3, SQr2` aT2+i`�H .2MbBivX PM2 /�v Q7 �+iBpBiv `2p2�Hb 7�B`Hv bKQQi? TQr2` bT2+i`�H /2MbBivX

�H;Q`Bi?Kb �M/ ai�iBbiB+�H JQ/2Hb
J�+?BM2 G2�`MBM; 7Q` hBK2 a2`B2b .�i�
J�+?BM2 H2�`MBM; K2i?Q/b 2M�#H2 `2b2�`+?2`b iQ bQHp2 i�bFb +QKTmi�iBQM�HHv rBi?Qmi 2tTHB+Bi
BMbi`m+iBQMb #v /2i2+iBM; T�ii2`Mb Q` `2HvBM; QM BM72`2M+2X h?mb i?2v �`2 T�`iB+mH�`Hv `2H2p�Mi
7Q` /�i� 2tTHQ`�iBQM Q7 ?B;? pQHmK2 /�i�b2ib bm+? �b bT�iB�H i`�D2+iQ`B2b �M/ Qi?2` KmHiBp�`B�i2
iBK2 b2`B2bX

S`BM+BT�H *QKTQM2Mi �M�HvbBb
h?2 �#BHBiv iQ B/2MiB7v T�ii2`Mb #2ir22M ;`QmTb �M/ Qp2` iBK2 Bb Q7i2M +QMbi`�BM2/ #v +QKTmi�@
iBQM�H `2bQm`+2bX 6BM/BM; `2T`2b2Mi�iBQMb Q7 i?2 /�i� r?B+? �HHQr `2/m+BM; i?2 /BK2MbBQM�HBiv
Q7 i?2 /�i� Bb i?mb � p�Hm�#H2 T`2T`Q+2bbBM; bi2T BM 2tTHQ`�iQ`v /�i� �M�HvbBb �b r2H �b K�+?BM2
H2�`MBM; �TTHB+�iBQMbX � +QKKQM K2i?Q/ Q7 `2/m+BM; i?2 /BK2MbBQM�HBiv Q7 ?B;? /BK2MbBQM�H
/�i� Bb iQ B/2MiB7v i?2 /B`2+iBQMb r?B+? 2tTH�BM KQbi Q7 i?2 p�`B�M+2 pB� 2B;2Mp2+iQ` /2+QKTQ@
bBiBQM Q7 i?2 +Qp�`B�M+2 K�i`Bt 1X

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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6B;m`2 N, S*� Q7 6Q`i�bvM i`�D2+iQ`v /�i�X .�BHv i`�D2+iQ`B2b U/�v �M/ MB;?iV r2`2 #BMM2/ BMiQ 3t3
;`B/b #27Q`2 �TTHvBM; S*�X

S`BM+BT�H *QKTQM2Mi �M�HvbBb T`QD2+ib i?2 /�i� BMiQ � HBM2�` bm#bT�+2 rBi? � KBMBKmK HQbb
Q7 BM7Q`K�iBQM #v KmHiBTHvBM; i?2 /�i� #v i?2 2B;2Mp2+iQ`b Q7 i?2 +Qp�`B�M+2 K�i`BtX
h?Bb `2[mB`2b +QMp2`iBM; i?2 i`�D2+iQ`v iQ � i`BT ;`B/ Ub22 6B;m`2 jV �M/ T2`7Q`KBM; S*� QM
i?2 ;`B/ BM k. U6B;m`2 NV Q` j. U6B;m`2 RyVX ai`m+im`2 BM i?2 /�i� Bb pBbB#H2 B7 HB;?i �M/ /�`F
iBK2 T2`BQ/b �`2 +QKT�`2/X

GBM2�` .Bb+`BKBM�Mi �M�HvbBb
GBM2�` .Bb+`BKBM�Mi �M�HvbBb UG.�V Bb � K2i?Q/ 7Q` B/2MiB7vBM; � K�MB7QH/ b2T�`�iBM; irQ Q`
KQ`2 H�#2HH2/ ;`QmTbX Ai b2�`+?2b 7Q` � HBM2�` i`�Mb7Q`K�iBQM Q7 i?2 /�i� #v K�tBKBbBM; i?2
#2ir22M@+H�bb p�`B�M+2 �M/ KBMBKBbBM; i?2 rBi?BM@+H�bb p�`B�M+2X Ai ?�b #22M mb2/ iQ B/2MiB7v
bvKK2i`v Q7 ?2�pv Q#D2+i HB7iBM; i`�D2+iQ`B2b UC2QM; 2i �HX- kyReVX G.� �bbmK2b MQ`K�H
/Bbi`B#miBQM Q7 �ii`B#mi2b- �M/ B/2MiB2b i?2 T`Q#�#BHBiv i?�i � M2r b2i Q7 BMTmib #2HQM; iQ �
;Bp2M +H�bbX aBM+2 G.� i�F2b BMiQ �++QmMi +H�bb H�#2Hb- �M/ i?2`2 �`2 QMHv #BM�`v H�#2Hb BM
i?2 T`2b2Mi /�i�b2i- Bi T`QpB/2b �M B/2MiB+�H pB2r iQ S*� �b b?QrM BM 6B;m`2 RRX q?2M i?2
t- v �ii`B#mi2b �`2 MQi MQ`K�HHv /Bbi`B#mi2/- r?B+? Bb Q7i2M i?2 +�b2- K2i?Q/b bm+? �b HQ;BbiB+
`2;`2bbBQM �`2 T`272``2/- bBM+2 Bi ?�b 72r2` �bbmKTiBQMb �M/ `2bi`B+iBQMb U>�biB2 2i �HX- kyyRVX

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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6B;m`2 Ry, j. S*� Q7 6Q`i�bvM i`�D2+iQ`v /�i�X .�BHv i`�D2+iQ`B2b U/�v �M/ MB;?iV r2`2 #BMM2/ BMiQ
3t3 ;`B/b #27Q`2 �TTHvBM; S*�X

6B;m`2 RR, G.� Q7 6Q`i�bvM i`�D2+iQ`v /�i�X

*Hmbi2`BM;
*Hmbi2`BM; Q7 i`�D2+iQ`B2b Bb �M 2ti2MbBp2 iQTB+ rBi? �TTHB+�iBQMb BM ;2QbT�iB�H /�i�- p2?B+H2 �M/
T2/2bi`B�M +H�bbB}+�iBQM- �b r2HH �b KQH2+mH�` B/2MiB}+�iBQMX E@J2�Mb +Hmbi2`BM; Bb �M Bi2`�iBp2
mMbmT2`pBb2/ H2�`MBM; K2i?Q/ i?�i �bbB;Mb � H�#2H iQ /�i� TQBMib #�b2/ QM � /Bbi�M+2 7mM+iBQM
U"Bb?QT- kyyeVX *Hmbi2`BM; Q7 i`�D2+iQ`B2b Bb �+?B2p2/ rBi? #v }`bi 2ti`�+iBM; /BbTH�+2K2Mib
rBi?
i`�D�X+�H+n/BbTH�+2K2MibUV

�M/ r`�TTBM; b2�#Q`MǶb +Hmbi2`K�Td Q#D2+i,
d?iiTb,ffb2�#Q`MXTv/�i�XQ`;f;2M2`�i2/fb2�#Q`MX+Hmbi2`K�TX?iKH

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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6B;m`2 Rk, E@J2�Mb +Hmbi2`BM; QM i?2 `2bmHib Q7 i?2 S*� b?QrM �#Qp2 `2p2�Hb � ?B;? �++m`�+v Q7
+H�bbB}+�iBQM- rBi? � 72r 2``Q`bX *Hmbi2` H�#2Hb �`2 ;2M2`�i2/ #v i?2 KQ/2HX

THQin+Hmbi2`K�TU/BbTH�+2K2Mib- XXXV

>B2`�`+?B+�H �;;HQK2`�iBp2 *Hmbi2`BM;
*Hmbi2`BM; bT�iB�H i`�D2+iQ`B2b ?�b #`Q�/ �TTHB+�iBQMbX 6Q` KB+2- ?B2`�`+?B+�H �;;HQK2`�iBp2
+Hmbi2`BM; +�M #2 mb2/ iQ B/2MiB7v bBKBH�`BiB2b #2ir22M ;`QmTb- 7Q` 2t�KTH2 T2`BQ/B+ �+iBpBiv
�M/ HQ+�iBQM pBbBi 7`2[m2M+vX *Hmbi2`BM; �+iQ;`�Kb Bb TQbbB#H2 rBi? /7Xi`�D�XTHQin+Hmbi2`X

:�mbbB�M S`Q+2bb2b
:�mbbB�M S`Q+2bb2b Bb � MQM@T�`�K2i`B+ K2i?Q/ r?B+? +�M #2 mb2/ iQ KQ/2H bT�iB�H i`�D2+iQ`B2bX
h?Bb K2i?Q/ Bb MQi +m``2MiHv BKTH2K2Mi2/ BM h`�D� �M/ Bb i?mb QmibB/2 i?2 b+QT2 Q7 i?2 +m``2Mi
T�T2`- ?Qr2p2` i?2 BMi2`2bi2/ `2�/2` Bb /B`2+i2/ iQ i?2 2t+2HH2Mi i2ti QM :�mbbB�M T`Q+2bb2b #v
_�bKmbb2M �M/ qBHHB�Kb UU_�bKmbb2M � qBHHB�Kb- kyyeVV 7Q` � +QKTH2i2 `272`2M+2 �M/ U*Qt
2i �HX- kyRkV 7Q` �M �TTHB+�iBQM iQ bT�iB�H i`�D2+iQ`B2bX

Pi?2` J2i?Q/b
:`�T? JQ/2H
� ;`�T? Bb � T�B` G = (V,E) +QKT`BbBM; � b2i Q7 p2`iB+2b �M/ � b2i Q7 +QMM2+iBM; 2/;2bX �
T`Q#�#BHBbiB+ ;`�T?B+�H KQ/2H Q7 � bT�iB�H Q++mT�M+v ;`B/ +�M #2 mb2/ iQ B/2MiB7v T`Q#�#BHBiB2b
Q7 bi�i2 i`�MbBiBQMb #2ir22M MQ/2bX � #�bB+ 2t�KTH2 Bb ;Bp2M rBi? ?B//2M J�`FQp KQ/2Hb
#2HQrX

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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6B;m`2 Rj, h`�MbBiBQM K�i`BtX _Qrb �M/ +QHmKMb �`2 ~�ii2M2/ ?BbiQ;`�K Q7 � ;`B/ ky +2HHb ?B;? �M/
Ry +2HHb rB/2X aT�iB�HHv �/D�+2Mi ;`B/ +2HHb �`2 pBbB#H2 �i � bT�+BM; Q7 @RR- @Ry- @N- R- Ry- �M/ RR +2HHb
7`QK i?2 /B�;QM�HX h?2 BMi2MbBiv Q7 TBt2Hb BM i?2 /B�;QM�H `2T`2b2Mib `2H�iBp2 HBF2HB?QQ/ iQ bi�v BM i?2
b�K2 TQbBiBQMX

>B//2M J�`FQp JQ/2Hb
h`�MbBiBQM T`Q#�#BHBiB2b �`2 KQbi +QKKQMHv KQ/2HH2/ rBi? >B//2M J�`FQp JQ/2Hb U>JJV
#2+�mb2 Q7 i?2B` �#BHBiv iQ +�Tim`2 bT�iB�H �M/ i2KTQ`�H /2T2M/2M+B2bX � `2+2Mi BMi`Q/m+iBQM
iQ i?2b2 K2i?Q/b Bb �p�BH�#H2 T`QpB/2/ #v US�ii2`bQM 2i �HX- kyRdVX >JJb ?�p2 bm++2bb7mHHv
#22M mb2/ iQ �M�Hvx2 KQp2K2Mi Q7 +�`B#Qm U6`�MF2 2i �HX- kyy9V- 7`mBi ~B2b U>QHxK�MM 2i �HX-
kyyeV- �M/ imM� US�ii2`bQM 2i �HX- kyR3V- �KQM; Qi?2`bX h`�D2+iQ`B2b �`2 ivTB+�HHv KQ/2HH2/
�b #Bp�`B�i2 iBK2 b2`B2b +QMbBbiBM; Q7 bi2T H2M;i? �M/ im`M �M;H2- `2;mH�`Hv bT�+2/ BM iBK2X
h`�D� BKTH2K2Mib i?2 `2+i�M;mH�` bT�iB�H ;`B/ p2`bBQM Q7>JJrBi? i`�MbBiBQMbX
h?2 T`Q#�#BHBiv Q7 i`�MbBiBQM 7`QK 2�+? +2HH iQ �MQi?2` +2HH Bb biQ`2/ �b � T`Q#�#BHBiv rBi?BM i?2
i`�MbBiBQM K�i`BtX h?Bb +�M 7m`i?2` #2 THQii2/ U2;- 6B;m`2 RjV rBi? THQini`�MbBiBQMnK�i`
BtX

*QMp2t >mHH
h?2 +QMp2t ?mHH Q7 � bm#i`�D2+iQ`v Bb i?2 b2i s Q7 TQBMib BM i?2 1m+HB/2�M TH�M2 i?�i Bb i?2
bK�HH2bi +QMp2t b2i iQ BM+Hm/2 sX 6Q` +QKTmi�iBQM�H 2{+B2M+v- � ;2QK2i`B+ F@bBKTH2t +�M
#2 THQii2/ +Qp2`BM; i?2 +QMp2t ?mHH #v +QMp2`iBM; iQ � a?�T2Hv Q#D2+i �M/ mbBM; a?�T2HvǶb
+QMp2tn?mHH K2i?Q/X THQin`QHHBM;n?mHH T2`7Q`Kb i?BbX SHQiiBM; i?2 +QMp2t ?mHH BM j.
�HHQrb b22BM; i?2 +?�M;2 Q7 i?2 `�M;2 Q7 KQiBQM Qp2` iBK2 pB� THQin`QHHBM;n?mHHnj/X

_2+m``2Mi L2m`�H L2irQ`Fb
AM `2+2Mi v2�`b- /22T H2�`MBM; ?�b i`�Mb7Q`K2/ i?2 }2H/ Q7 K�+?BM2 H2�`MBM;X 6Q` 2t�KTH2- i?2
+m``2Mi bi�i2 Q7 i?2 �`i KQ/2Hb 7Q` � rB/2 `�M;2 Q7 i�bFb- BM+Hm/BM; +QKTmi2` pBbBQM- bT22+?
iQ i2ti- �M/ T2/2bi`B�M i`�D2+iQ`v T`2/B+iBQM- �`2 �+?B2p2/ rBi? /22T M2m`�H M2irQ`FbX L2m`�H
M2irQ`Fb �`2 2bb2MiB�HHv b2[m2M+2b Q7 K�i`Bt QT2`�iBQMb �M/ 2H2K2MirBb2 7mM+iBQM �TTHB+�iBQM
#�b2/ QM � +QHH2+iBQM Q7 +QKTmiBM; mMBib FMQrM �b MQ/2b Q` M2m`QMb RXjX h?2b2 mMBib T2`@
7Q`K QT2`�iBQMb- bm+? �b K�i`Bt KmHiBTHB+�iBQM QM BMTmi 72�im`2b Q7 � /�i�b2i- 7QHHQr2/ #v
#�+FT`QT�;�iBQM Q7 2``Q`b- iQ B/2MiB7v T�`�K2i2`b mb27mH 7Q` �TT`QtBK�iBM; � 7mM+iBQMX

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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6B;m`2 R9, L2m`�H M2irQ`F �`+?Bi2+im`2b �p�BH�#H2 BM h`�D�

_2+m``2Mi L2m`�H L2irQ`Fb U_LLbV �`2 � bT2+B�H ivT2 Q7 L2m`�H L2irQ`Fb i?�i mb2 � bi�i2
S(‘ti−1‘) 7`QK i?2 T`2pBQmb iBK2bi2T ‘ti−1‘ �HQM;bB/2 sU0inB0V �b BMTmiX h?2v QmiTmi �
T`2/B+iBQM Y (‘ti‘) �M/ � M2r bi�i2 ‘S(ti)‘ �i 2p2`v bi2TX liBHBbBM; T`2pBQmb bi�i2b K�F2b _LLb
T�`iB+mH�`Hv ;QQ/ �i �M�HvxBM; iBK2 b2`B2b HBF2 i`�D2+iQ`B2b- bBM+2 i?2v +�M T`Q+2bb �`#Bi`�`BHv
HQM; BMTmibX h?2v `2K2K#2` BM7Q`K�iBQM 7`QK T`2pBQmb iBK2 bi2Tb X(‘ti−k‘), ..., X(‘ti−1‘)
r?2M T`Q+2bbBM; i?2 +m``2Mi iBK2 bi2T X(‘ti‘)X
h`�D2+iQ`v T`2/B+iBQM H2ib `2b2�`+?2`b 7Q`2+�bi i?2 HQ+�iBQM �M/ i`�D2+iQ`v Q7 �MBK�HbX q?2`2
i?Bb i2+?MB[m2 rQ`Fb r2HH- Bi Bb �HbQ � bB;M i?�i i?2 i`�D2+iQ`v Bb ?B;?Hv `2;mH�` �M/- 7mM/�@
K2Mi�HHv- 7QHHQrb +2`i�BM `mH2b �M/ T�ii2`MbX q?2M i`�+FBM; �M �MBK�H HBp2- Bi rQmH/ �HbQ H2i
`2b2�`+?2`b T`2/B+i r?2M Bi rBHH �``Bp2 �i � T�`iB+mH�` HQ+�iBQM- Q` r?2`2 Bi rBHH ;Q- H2iiBM; i?2K
`B; +�K2`�b �M/ Qi?2` 2[mBTK2Mi �?2�/ Q7 iBK2X
� T�`iB+mH�`Hv BMi2`2biBM; ivT2 Q7 _LL Bb i?2 GQM; a?Q`i h2`K J2KQ`v UGahJV �`+?Bi2+im`2X
h?2B` H�v2`b mb2 bi�+Fb Q7 mMBib- 2�+? rBi? irQ ?B//2M p�`B�#H2b @ QM2 i?�i [mB+FHv /Bb+�`/b
QH/ bi�i2b �M/ QM2 i?�i bHQrHv /Q2b bQ @ iQ +QMbB/2` `2H2p�Mi BM7Q`K�iBQM 7`QK T`2pBQmb iBK2
bi2TbX h?2v +�M i?mb HQQF �i � i`�D2+iQ`v �M/ /2i2`KBM2 � T`QT2`iv Q7 i?2 �MBK�H Ĝ r?2i?2`
Bi Bb bB+F Q` BMDm`2/- b�v Ĝ bQK2i?BM; i?�i Bb iBK2@+QMbmKBM; �M/ /B{+mHi iQ /Q #v ?�M/X h?2v
+�M �HbQ T`2/B+i 7mim`2 iBK2 bi2Tb #�b2/ QM T�bi QM2b- H2iiBM; `2b2�`+?2`b 2biBK�i2 r?2`2 i?2
�MBK�H rBHH ;Q M2tiX GahJb +�M �HbQ +H�bbB7v i`�D2+iQ`B2b- /2i2`KBMBM; r?2i?2` � i`�D2+iQ`v
+QK2b 7`QK �M �MBK�H #2HQM;BM; BM � bT2+B}+ +�i2;Q`vX h?Bb H2ib `2b2�`+?2`b /2i2`KBM2 ?Qr �
+QMi`QHH2/ Q` b2KB@+QMi`QHH2/ p�`B�#H2 U2X;X- T`2;M�M+vV +?�M;2b i?2 KQp2K2Mi T�ii2`M Q7 �M
�MBK�HX
h`�D� BKTH2K2Mib M2m`�H M2irQ`Fb #v 2ti2M/BM; i?2 rB/2Hv mb2/ QT2M bQm`+2 K�+?BM2 H2�`MBM;
HB#`�`v SvhQ`+?- T`BK�`BHv /2p2HQT2/ #v 6�+2#QQF �A _2b2�`+? :`QmTX h`�D� �HHQrb 7`�K2rQ`F@
�;MQbiB+ KQ/2HBM; i?`Qm;? /�i� HQ�/2`b /2bB;M2/ 7Q` iBK2 b2`B2bX AM �//BiBQM- i?2 h`�D� T�+F�;2
+QK2b rBi? b2p2`�H T`2/2}M2/ KQ/2H �`+?Bi2+im`2b r?B+? +�M #2 +QM};m`2/ �++Q`/BM; iQ i?2
mb2`Ƕb `2[mB`2K2MibX
"2+�mb2 _LLb rQ`F rBi? iBK2 b2`B2b- i?2 i`�D2+iQ`B2b `2[mB`2 bT2+B�H ?�M/HBM;X h?2 i`�D�X/
�i�b2iXJmHiBJQ/�H.�i�GQ�/2` 2{+B2MiHv ;`QmTb bm#b2[m2Mi b�KTH2b �M/ BMiQ b2`B2b �M/
bTHBib i?2b2 b2`B2b BMiQ i`�BMBM; �M/ i2bi /�i�X Ai `2T`2b2Mib � Svi?QM Bi2`�#H2 Qp2` i?2 /�i�b2i
�M/ 2ti2M/b i?2 SvhQ`+? .�i�GQ�/2` +H�bb- rBi? bmTTQ`i 7Q` Ç `�M/QK- r2B;?i2/ b�KTHBM;-
Ç /�i� b+�HBM;- Ç /�i� b?m|BM;- Ç i`�BMfp�HB/�iBQMfi2bi bTHBiX
JmHiBJQ/�H.�i�GQ�/2` �++2Tib b2p2`�H BKTQ`i�Mi +QM};m`�iBQM T�`�K2i2`b �M/ �HHQrb
#�i+?2/ b�KTHBM; Q7 i?2 /�i�X h?2 irQ +QMbi`m+iQ` �`;mK2Mib MnT�bi �M/ Mn7mim`2 bT2+B7v
i?2 MmK#2` Q7 b�KTH2b i?�i i?2 M2irQ`F rBHH #2 b?QrM �M/ i?2 MmK#2` i?�i i?2 M2irQ`F rBHH
?�p2 iQ ;m2bb- `2bT2+iBp2HvX #�i+?nbBx2 Bb ;2M2`�HHv BM i?2 /Qx2Mb �M/ Bb mb2/ iQ `2;mH�`Bb2
i?2 M2irQ`FX h?2 JmHiBJQ/�H.�i�GQ�/2` ?�b � bB;M�im`2,
JmHiBJQ/�H.�i�GQ�/2`U/7-

#�i+?nbBx24Ry- O MmK#2` Q7 b2[m2M+2b iQ i`�BM 2p2`v bi2T

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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MnT�bi4Ry- O MmK#2` Q7 iBK2 bi2Tb iQ H2�`M i?2 iBK2 b2`B2b
Mn7mim`248- O MmK#2` Q7 iBK2 bi2Tb iQ T`2/B+i
bTHBin#vnB/4h`m2V O r?2i?2` iQ bTHBi /�i� #v i`�D2+iQ`v B/ Q`

#v iBK2 bi2Tb 7Q` 2�+? B/

� b�KTH2 BKTH2K2Mi�iBQM Q7 GahJ 7Q` i`�D2+iQ`v 7Q`2+�biBM; Bb �b 7QHHQrb,
7`QK i`�D�XKQ/2HbXT`2/B+iBp2nKQ/2HbXHbiK BKTQ`i GahJ

O KQ`2 GahJ H�v2`b H2�`M KQ`2 +QKTH2t T�ii2`Mb #mi `BbF Qp2`7BiiBM;
MmKnH�v2`b 4 k
O rB/2` H�v2`b H2�`M KQ`2 +QKTH2t T�ii2`Mb #mi `BbF Qp2`7BiiBM;
?B//2MnbBx2 4 jk
O B;MQ`2 bQK2 M2irQ`F +QMM2+iBQMb UBKT`Qp2b ;2M2`�HBx�iBQMV
/`QTQmi 4 yXR
KQ/2H 4 GahJUBMTminbBx24BMTminbBx2-

?B//2MnbBx24?B//2MnbBx2-
MmKnH�v2`b4MmKnH�v2`b-
QmiTminbBx24QmiTminbBx2-
/`QTQmi4/`QTQmi-
#�i+?nbBx24#�i+?nbBx2-

h?2 _LLb �HbQ M22/ iQ #2 i`�BM2/ @ i?Bb Bb /QM2 #v i?2 ?B;?@H2p2H h`�BM2` +H�bb #2HQrX Ai T2`@
7Q`Kb MQMHBM2�` QTiBKBb�iBQM rBi? � aiQ+?�biB+ :`�/B2Mi .2b+2Mi@HBF2 �H;Q`Bi?KX h?2 h`�BM2`
+H�bb #v /27�mHi BKTH2K2Mib i?2 >m#2` HQbb 7mM+iBQM U>m#2`- RNe9V- �HbQ FMQrM �b bKQQi? L1

HQbb- r?B+? Bb � HQbb 7mM+iBQM +QKKQMHv mb2/ BM `Q#mbi `2;`2bbBQM,

Lδ(a) =

{
1
2a

2 7Q` |a| ≤ δ,

δ(|a|− 1
2δ), Qi?2`rBb2X

AM +QKT�`BbQM iQ K2�M@b[m�`2/ 2``Q` HQbb- >m#2` HQbb Bb H2bb b2MbBiBp2 iQ QmiHB2`b BM /�i�,
Bi Bb [m�/`�iB+ 7Q` bK�HH p�Hm2b Q7 �- �M/ HBM2�` 7Q` H�`;2 p�Hm2bX Ai 2ti2M/b i?2 SvhQ`+?
aKQQi?GRGQbb +H�bb- r?2`2 i?2 / T�`�K2i2` Bb b2i iQ R(�N)X �+QKKQM QTiBKBx�iBQM �H;Q`Bi?K
Bb �.�J �M/ Bb h`�D�Ƕb /27�mHi- #mi b2p2`�H Qi?2`b �`2 T`QpB/2/ �b r2HHX �Hi?Qm;? i`�BMBM;
rBi? QMHv � *Sl Bb TQbbB#H2- � :Sl +�M T`QpB/2 � 40 − 100x bT22/mT U�`Ti2; 2i �HX- kyR3VX
(�N), ?iiTb,ffTviQ`+?XQ`;f/Q+bfbi�#H2f;2M2`�i2/fiQ`+?XMMXaKQQi?GRGQbbX?iKH

_2+m``2Mi �miQ2M+Q/2` L2irQ`Fb
h`�D� +�M �HbQ i`�BM �miQ2M+Q/2`b iQ 2Bi?2` T`2/B+i i?2 7mim`2 TQbBiBQM Q7 � i`�+F Q` +H�bbB7v i?2
i`�+F BMiQ � MmK#2` Q7 +�i2;Q`B2bX �miQ2M+Q/2`b 2K#2/ i?2 iBK2 b2`B2b BMiQ � iBK2@BMp�`B�Mi
H�i2Mi bT�+2- �HHQrBM; `2T`2b2Mi�iBQM Q7 2�+? i`�D2+iQ`v Q` bm#@i`�D2+iQ`v �b � p2+iQ` U6B;m`2
R8VX � +H�bb Q7 r2HH@b2T�`�i2/ i`�D2+iQ`B2b rQmH/ i?2M #2 `2bi`B+i2/

6B;m`2 R8, 1t�KTH2 Q7 ?Qr �miQ2M+Q/2`b +QKT`2bb /�i� bm+? �b �M BK�;2 iQ �M 2K#2//BM; p2+iQ`X
aQm`+2, �mi?Q`Ƕb hQr�`/b .�i� a+B2M+2 TQbi Ua?2MF- kykyVX

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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� b�KTH2 BKTH2K2Mi�iBQM Q7 ?B;?@H2p2H �SA 7Q` i`�BMBM; M2m`�H M2irQ`Fb 7Q` iBK2@b2`B2b /�i�-
BM+Hm/BM; �miQ2M+Q/2`b- p�`B�iBQM�H �miQ2M+Q/2`- �M/ GahJb Bb,
7`QK i`�D�XKQ/2HbXi`�BM BKTQ`i >v#`B/h`�BM2`
QTiBKBx2`nivT2 4 ^�/�K^ O LQMHBM2�` QTiBKBb2` rBi? KQK2MimK
HQbbnivT2 4 ^?m#2`^

O h`�BM2`
i`�BM2` 4 >v#`B/h`�BM2`UKQ/2H4KQ/2H-

QTiBKBx2`nivT24QTiBKBx2`nivT2-
HQbbnivT24HQbbnivT2V

O h`�BM i?2 KQ/2H iQ 7Q`2+�bi i?2 i`�D2+iQ`v
i`�BM2`X7BiU/�i�nHQ�/2`b-

KQ/2Hnb�p2nT�i?-
2TQ+?b4Ry-
i`�BMBM;nKQ/24^7Q`2+�biBM;^V

iQ � `2;BQM Q7 i?2 H�i2Mi bT�+2X h?2 i2+?MB[m2 Bb bBKBH�` iQ qQ`/kp2+ UJBFQHQp 2i �HX- kyRjV-
r?2`2 rQ`/b �`2 +QMp2`i2/ iQ � RyyY /BK2MbBQM�H p2+iQ`X AM i?Bb �TT`Q�+?- 7Q`2+�biBM; �M/
+H�bbB}+�iBQM �`2 #Qi? T`2+2/2/ #v i`�BMBM; i?2 /�i� BM �M �miQ2M+Q/2`- r?B+? H2�`Mb �M
2{+B2Mi `2T`2b2Mi�iBQM Q7 i?2 /�i� 7Q` 7m`i?2` +QKTmi�iBQM Q7 i?2 i�`;2i 7mM+iBQMX

6B;m`2 Re, GahJ BKTH2K2Mi�iBQM 7Q` i`�D2+iQ`v T`2/B+iBQM

h`�D� +�M i`�BM � +H�bbB}2` i?�i rQ`Fb /B`2+iHv QM i?2 H�i2Mi bT�+2 QmiTmic bBM+2 2�+? +H�bb Q7
i`�D2+iQ`B2b +QMp2`;2b iQ � /BbiBM+i `2;BQM BM i?2 H�i2Mi bT�+2- i?Bb i2+?MB[m2 Bb Q7i2M bmT2`BQ`
iQ +H�bbB7vBM; i?2 i`�D2+iQ`v Bib2H7X h`�D� i`�BMb +H�bbB}2`b 7Q` #Qi? �miQ2M+Q/2`bivH2 �M/ o�`B�@
iBQM�H �miQ2M+Q/2`@bivH2 _LLbX q?2M BMp2biB;�iBM; r?2i?2` �MBK�HbǶ #2?�pBQ`b ?�p2 +?�M;2/-
Q` r?2i?2` irQ 2tT2`BK2Mi�H +�i2;Q`B2b Q7 �MBK�Hb #2?�p2 /Bz2`2MiHv- i?Bb mMbi`m+im`2/ /�i�
KBMBM; +�M bm;;2bi 7`mBi7mH �p2Mm2b 7Q` BMp2biB;�iBQMX
� b�KTH2 mb�;2 Q7 KmHiBKQ/�H �miQ2M+Q/2` +QK#BMBM; i`�BMBM; 7Q` #Qi? 7Q`2+�biBM; �M/ +H�b@
bB}+�iBQM i�bFb 7QHHQrb,

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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7`QK i`�D�XKQ/2HbX;2M2`�iBp2nKQ/2HbX�2 BKTQ`i JmHiBJQ/2H�1
7`QK i`�D�XKQ/2HbXi`�BM BKTQ`i >v#`B/h`�BM2`

O "2+�mb2 r2 rBHH �HbQ i`�BM � +H�bbB7B2`-
O r2 M22/ iQ T`QpB/2 2ti`� T�`�K2i2`bX
MmKn+H�bbB7B2`nH�v2`b49-
+H�bbB7B2`n?B//2MnbBx24jk-
MmKn+H�bb2b4N

KQ/2H 4 JmHiBJQ/2H�1UBMTminbBx24k-
MmKnT�bi4MmKnT�bi-
#�i+?nbBx24#�i+?nbBx2-
MmKn7mim`24MmKn7mim`2-
HbiKn?B//2MnbBx24jk-
MmKnHbiKnH�v2`b4k-
QmiTminbBx24k-
H�i2MinbBx24Ry-
#�i+?n7B`bi4h`m2-
/`QTQmi4yXR-
`2b2inbi�i24h`m2-
#B/B`2+iBQM�H46�Hb2-
MmKn+H�bbB7B2`nH�v2`b4MmKn+H�bbB7B2`nH�v2`b-
+H�bbB7B2`n?B//2MnbBx24+H�bbB7B2`n?B//2MnbBx2-
MmKn+H�bb2b4MmKn+H�bb2bV

QTiBKBx2`nivT2 4 ^�/�K^ O LQMHBM2�` QTiBKBb2` rBi? KQK2MimK
HQbbnivT2 4 ^?m#2`^

O h`�BM2`
i`�BM2` 4 >v#`B/h`�BM2`UKQ/2H4KQ/2H-

QTiBKBx2`nivT24QTiBKBx2`nivT2-
HQbbnivT24HQbbnivT2V

O h`�BM i?2 KQ/2H iQ 7Q`2+�bi i?2 i`�D2+iQ`v- bQ r2 ?�p2 � p�HB/
O H�i2Mi bT�+2
i`�BM2`X7BiU/�i�nHQ�/2`b-

KQ/2Hnb�p2nT�i?-
2TQ+?b4Ry-
i`�BMBM;nKQ/24^7Q`2+�biBM;^V

O LQr QTiBKBb2 i?2 +H�bbB7B+�iBQM ?2�/
i`�BM2`X7BiU/�i�nHQ�/2`b-

KQ/2Hnb�p2nT�i?-
2TQ+?b4Ry-
i`�BMBM;nKQ/24^+H�bbB7B+�iBQM^V

_272`2M+2b
�KB`B�M- CX- >�v2i- CX@"X- � S2ii`2- CX UkyRNVX aQ+B�H q�vb, G2�`MBM; JmHiB@JQ/�H .Bbi`B#m@

iBQMb Q7 S2/2bi`B�M h`�D2+iQ`B2b rBi? :�LbX �`sBp,RNy9XyN8yd (*b)X ?iiT,ff�`tBpXQ`;f�#bf
RNy9XyN8yd

�`�+- �X- w?�Q- SX- .Q#FBM- "X >X- *�`KB+?�2H- aX hX- � :QHb?�MB- SX UkyRNVX .22T"2?�pBQ`, �
/22T H2�`MBM; iQQH#Qt 7Q` �miQK�i2/ �M�HvbBb Q7 �MBK�H �M/ ?mK�M #2?�pBQ` BK�;BM; /�i�X
6`QMiB2`b BM avbi2Kb L2m`Qb+B2M+2- Rj- kyX ?iiTb,ff/QBXQ`;fRyXjj3Nf7MbvbXkyRNXyyyky

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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�`Ti2;- �X- "`BMM2- "X- *`MFQpB+@6`BBb- GX- � "Qb+?- CX UkyR3VX aQ7ir�`2 2M;BM22`BM; +?�HH2M;2b
Q7 /22T H2�`MBM;X kyR3 99i? 1m`QKB+`Q *QM72`2M+2 QM aQ7ir�`2 1M;BM22`BM; �M/ �/p�M+2/
�TTHB+�iBQMb Ua1��V- 8yĜ8NX

�`Ti2;- �X- "`BMM2- "X- *`MFQpB+@6`BBb- GX- � "Qb+?- CX UkyR3VX aQ7ir�`2 2M;BM22`BM; +?�HH2M;2b
Q7 /22T H2�`MBM;X kyR3 99i? 1m`QKB+`Q *QM72`2M+2 QM aQ7ir�`2 1M;BM22`BM; �M/ �/p�M+2/
�TTHB+�iBQMb Ua1��V- 8yĜ8NX

"Bb?QT- *X UkyyeVX S�ii2`M _2+Q;MBiBQM �M/ J�+?BM2 G2�`MBM;X aT`BM;2`@o2`H�;X Aa"L, Nd3@
y@j3d@jRydj@k

"Qb+?- CX- PHbbQM- >X >X- � *`MFQpB+- AX UkykRVX 1M;BM22`BM; �A avbi2Kb, � _2b2�`+? �;2M/�
(*?�Ti2`)X AM �`iB}+B�H AMi2HHB;2M+2 S�`�/B;Kb 7Q` aK�`i *v#2`@S?vbB+�H avbi2KbX ?iiTb,
ff/QBXQ`;fRyX9yR3fNd3@R@dNN3@8RyR@RX+?yyR

*�H2M;2- *X UkyyeVX h?2 T�+F�;2 �/2?�#Bi�i 7Q` i?2 ` bQ7ir�`2, hQQH 7Q` i?2 �M�HvbBb Q7 bT�+2
�M/ ?�#Bi�i mb2 #v �MBK�HbX 1+QHQ;B+�H JQ/2HHBM;- RNd- Ryj8X

*?�M/`�- _X- "?�ii�+?�`v�- lX- "2`�- �X- � J�MQ+?�- .X UkyRNVX h`�S>B+, h`�D2+iQ`v S`2/B+@
iBQM BM .2Mb2 �M/ >2i2`Q;2M2Qmb h`�{+ lbBM; q2B;?i2/ AMi2`�+iBQMbX �`sBp,R3RkXy9ded
(*b)X ?iiT,ff�`tBpXQ`;f�#bfR3RkXy9dedWky?iiTb,ff�`tBpXQ`;f�#bfR3RkXy9ded

*Qt- :X 1X- E�+?2`;Bb- :X- � a?Bz`BM- _X JX UkyRkVX :�mbbB�M S`Q+2bb _2;`2bbBQM 7Q` h`�D2+iQ`v
�M�HvbBbX eX

6`�MF2- �X- *�2HHB- hX- � >m/bQM- _X CX Ukyy9VX �M�HvbBb Q7 KQp2K2Mib �M/ #2?�pBQ` Q7 +�`B#Qm
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?iiTb,ff/QBXQ`;fRyXRyRefDX2+QHKQ/2HXkyyjXyeXyy9

:BHHB2b- aX- � Qi?2`bX UkyydĜVX a?�T2Hv, J�MBTmH�iBQM �M/ �M�HvbBb Q7 ;2QK2i`B+ Q#D2+ibX
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iQ#H2`BivXQ`;X ?iiTb,ff;Bi?m#X+QKfhQ#H2`Bivfa?�T2Hv

:`�b2`- �X UkyRNVX JQpBM;S�M/�b, 1{+B2Mi ai`m+im`2b 7Q` JQp2K2Mi .�i� BM Svi?QMX
:An6Q`mK kyRN- oQHmK2 d- 89Ĝe3X ?iiTb,ff/QBXQ`;fRyXR88jf;Bb+B2M+2kyRNnyRnb89

:`mb- CX UkyR8VX .�i� a+B2M+2 7`QK a+`�i+?, 6B`bi S`BM+BTH2b rBi? Svi?QMX PǶ_2BHHvX Aa"L, Nd3@
R@9NRN@yR9k@d

>�biB2- hX- hB#b?B`�MB- _X- � 6`B2/K�M- CX UkyyRVX h?2 2H2K2Mib Q7 bi�iBbiB+�H H2�`MBM;X
aT`BM;2` L2r uQ`F AM+X

>QHxK�MM- >X- JmMF- �X- ambi2`- JX- � wm++?BMB- qX UkyyeVX >B//2M J�`FQp KQ/2Hb 7Q`
+B`+mH�` �M/ HBM2�`@+B`+mH�` iBK2 b2`B2bX 1MpB`QMK2Mi�H �M/ 1+QHQ;B+�H ai�iBbiB+b- RjUjV-
jk8Ĝj9dX ?iiTb,ff/QBXQ`;fRyXRyydfbRye8R@yye@yyR8@d
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98djĜ98deX ?iiTb,ff/QBXQ`;fRyXRRyNf1J"*XkyReXd8NRd98

C2mM;- >X- a?2M- >X hX- � w?Qm- sX UkyydVX JBMBM; h`�D2+iQ`v S�ii2`Mb lbBM; >B//2M J�`FQp
JQ/2HbX AM AX uX aQM;- CX 1/2`- � hX JX L;mv2M U1/bXV- .�i� q�`2?QmbBM; �M/ EMQrH2/;2
.Bb+Qp2`v UoQHX 9e89- TTX 9dyĜ93yVX aT`BM;2` "2`HBM >2B/2H#2`;X Aa"L, Nd3@j@89y@d988k@
8 Nd3@j@89y@d988j@k

E�`2Bp�- SX JX- � a?B;2b�/�- LX URN3jVX �M�HvxBM; BMb2+i KQp2K2Mi �b � +Q``2H�i2/ `�M/QK
r�HFX P2+QHQ;B�- 8eUk@jV- kj9Ĝkj3X ?iiTb,ff/QBXQ`;fRyXRyydf"6yyjdNeN8

ǯ+Bi�iBQMn�mi?Q`\- UkykRVX h`�D�, � Svi?QM iQQH#Qt 7Q` �MBK�H i`�D2+iQ`v �M�HvbBbX CQm`M�H Q7 PT2M aQm`+2 aQ7ir�`2- ǯoPG\UǯAaal1\V-
ǯS�:1\X ?iiTb,ff/QBXQ`;f.PAmM�p�BH�#H2
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GB�M;- CX- CB�M;- GX- LB2#H2b- CX *X- >�mTiK�MM- �X- � 62B@62B- GX UkyRNVX S22FBM; BMiQ i?2
6mim`2, S`2/B+iBM; 6mim`2 S2`bQM �+iBpBiB2b �M/ GQ+�iBQMb BM oB/2QbX �`sBp,RNykXyjd93
(*b)X ?iiT,ff�`tBpXQ`;f�#bfRNykXyjd93

J+EBMM2v- q2bX UkyRyVX .�i� ai`m+im`2b 7Q` ai�iBbiB+�H *QKTmiBM; BM Svi?QMX AM aiû7�M p�M
/2` q�Hi � C�``Q/ JBHHK�M U1/bXV- S`Q+22/BM;b Q7 i?2 Ni? Svi?QM BM a+B2M+2 *QM72`2M+2
UTTX 8eĜeRVX ?iiTb,ff/QBXQ`;fRyXk8y3yfJ�DQ`�@Nk#7RNkk@yy�

J+G2�M- .X CX- � oQHTQMB- JX �X aX UkyR3�VX h`�D`, �M _ T�+F�;2 7Q` +?�`�+i2`Bb�iBQM Q7
�MBK�H i`�D2+iQ`B2bX 1i?QHQ;v- Rk9UeV- 99yĜ993X ?iiTb,ff/QBXQ`;fRyXRRRRf2i?XRkdjN

J+G2�M- .X CX- � oQHTQMB- JX �X aX UkyR3#VX h`�D`, �M ` T�+F�;2 7Q` +?�`�+i2`Bb�iBQM Q7
�MBK�H i`�D2+iQ`B2bX 1i?QHQ;v- Rk9UeVX ?iiTb,ff/QBXQ`;fRyXRRRRf2i?XRkdjN
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i2�K- hX T�M/�b /2p2HQTK2MiX UkykyVX S�M/�b@/2pfT�M/�b, T�M/�b UH�i2biV (*QKTmi2`
bQ7ir�`2)X w2MQ/QX ?iiTb,ff/QBXQ`;fRyX8k3Rfx2MQ/QXj8yNRj9

o�M :�H2M- :X SX- o�M .QQ`M- _X _X- � a+?QK�F2`- GX _X URNNyVX 1z2+ib Q7 KQiQ` T`Q@
;`�KKBM; QM i?2 TQr2` bT2+i`�H /2MbBiv 7mM+iBQM Q7 }M;2` �M/ r`Bbi KQp2K2MibX CQm`@
M�H Q7 1tT2`BK2Mi�H Sbv+?QHQ;v, >mK�M S2`+2TiBQM �M/ S2`7Q`K�M+2- ReU9V- d88Ĝde8X
?iiTb,ff/QBXQ`;fRyXRyjdfyyNe@R8kjXReX9Xd88

q�M;- sX UkyRdVX JQ/2HBM; h`�D2+iQ`v �b AK�;2, *QMpQHmiBQM�H L2m`�H L2irQ`Fb
7Q` JmHiB@b+�H2 h�tB h`�D2+iQ`v S`2/B+iBQMX ?iiTb,ffrrrX�+�/2KB�X2/mfj9dedkNjf
JQ/2HBM;nh`�D2+iQ`vn�bnAK�;2n*QMpQHmiBQM�HnL2m`�HnL2irQ`Fbn7Q`nJmHiB@b+�H2n
h�tBnh`�D2+iQ`vnS`2/B+iBQM

w?2M;- uX UkyR8VX h`�D2+iQ`v .�i� JBMBM;, �M Pp2`pB2rX �*J h`�Mb�+iBQM QM AMi2HHB@
;2Mi avbi2Kb �M/ h2+?MQHQ;vX ?iiTb,ffrrrXKB+`QbQ7iX+QKf2M@mbf`2b2�`+?fTm#HB+�iBQMf
i`�D2+iQ`v@/�i�@KBMBM;@�M@Qp2`pB2rf
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