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_2bmKQ

P +QM+2BiQ /2 }Hi`Qb /2 7Q+�HBx�Ï½Q û mK� MQp� �#Q`/�;2K T�`� � KB;`�Ï½Q /2 KőMBKQb
[m�/`�/Qb- i2Mi�M/Q Q#i2` `2bmHi�/Qb b2K2H?�Mi2b- K�b +QK �T2M�b mK� Bi2`�Ï½Q- b2K `2@
+Q``2` � KûiQ/Qb Bi2`�iBpQb +QKTmi�+BQM�HK2Mi2 +�`QbX LQb ȹHiBKQb �MQb- p�`BQb 2bim/Qb
T`QTmb2`�K /B72`2Mi2b bQHmÏǤ2b T�`� 2bb2 T`Q#H2K�- +QKQ Q mbQ /2 i`�Mb7Q`K�ÏǤ2b #�b2�/�b
2K 6Qm`B2` 2 `2/2b M2m`�BbX LQ }M�H- iQ/Qb i2Mi�K �H+�MÏ�` �H;mK iBTQ /2 `2T�`�K2i`B@
x�Ï½Q 2 7Q+�HBx�Ï½Q /� BK�;2K mb�M/Q 2bb2b MQpQb T�`�K2i`Qb- �T`QtBK�M/Q@b2 /� BMp2`b�
/� >2bbB�M�X 1bb� iû+MB+� M½Q û MQp�- b2M/Q 2KT`2;�/� 2K +�K2`�b /B;Bi�Bb T�`� }Hi`�` Q
#Q``�/Q BM2`2Mi2 �Q 2[mBT�K2MiQ- mb�M/Q mK +QM+2BiQ bBKBH�`X L2bi2 i`�#�H?Q 2bim/�KQb Q
mbQ /� iQTQHQ;B� /2 `2/2 M2m`�H l@L2i- �THB+�/� i�MiQ MQ /QKőMBQ /2 i`�Mb7Q`K�/� /2 +m`@
p2H2i [m�MiQ T�`� D�M2H�b MQ /QKőMBQ 2bT�+B�HX � l@L2i û mK iBTQ 2bT2+ő}+Q /2 `2/2 M2m`�H
+QMpQHm+BQM�H U*LLV [m2 TQbbmB #HQ+Qb /2 +Q/B}+�Ï½Q 2 /2+Q/B}+�Ï½Q- Q [m2 �mK2Mi� bm�
+�T�+B/�/2 /2 `2+QM?2+2` +�`�+i2`őbiB+�b 2K /B72`2Mi2b 2b+�H�bX �Q �THB+�@HQ �Q /QKőMBQ /�
i`�Mb7Q`K�/� +m`p2H2i- [m2 û b2T�`�/Q TQ` 2b+�H�- �M;mHQ 2 HQ+�HBx�Ï½Q- i2K � QTQ`imMB/�/2
/2 +QKT`22M/2` K2H?Q` �bT2+iQb /B72`2Mi2b /�b K2bK�b 72BÏǤ2b 2bT�+B�BbX � B/2B� û i`2BM�`
� `2/2 +QKQ mK }Hi`Q /2 +Q``2bTQM/āM+B� 2Mi`2 Q T�` /2 BK�;2Mb `2KB;`�/�b 2 KB;`�/�b
2- 2K b2;mB/�- �THB+�@HQ ¨ BK�;2K KB;`�/�X LQbbQb 2bim/Qb KQbi`�K [m2 Q i`2BM�K2MiQ /Q
KQ/2HQ /2 �T`2M/Bx�;2K T`Q7mM/� U/22T H2�`MBM;V l@L2i MQ /QKőMBQ +m`p2H2i TQ/2 K2H?Q`�`
�b `2;BǤ2b K�Bb T`Q7mM/�b /� b2Ï½Q bőbKB+� KB;`�/�X 1bi2 û mK /Qb TQm+Qb 2bim/Qb `2+2Mi2b
i2Mi�M/Q mb�` `2/2b M2m`�Bb MQ /QKőMBQ /� i`�Mb7Q`K�/� /2 +m`p2H2i- 2 KmBi� T2b[mBb� �BM/�
û M2+2bb�`B� T�`� +QKT`22M/2` TH2M�K2Mi2 [m�Bb b½Q �b TQbbB#BHB/�/2b /2 mb�` i�H iû+MB+�X P
}Hi`Q #�b2�/Q M� `2/2 l@L2i 7QB i2bi�/Q 2K /QBb +QMDmMiQb /2 /�/Qb bBMiûiB+Qb UJ�`KQmbB
2 aB;b#22V- �T`2b2Mi�/Qb `2bmHi�/Qb 2M+Q`�D�/Q`2b- KQbi`�M/Q [m2 � �THB+�Ï½Q /� `2/2 �TƦb
Q T`Q+2bbQ /2 i`2BM�K2MiQ T`Q/mxBm mK� BK�;2K bőbKB+� +QK K2H?Q` `2bQHmÏ½Q /Q [m2 Q
`2bmHi�/Q /� b2Ï½Q KB;`�/� +QMp2M+BQM�HK2Mi2X
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�#bi`�+i

h?2 +QM+2Ti Q7 /2#Hm``BM; }Hi2`b Bb � MQp2H �TT`Q�+? iQ i?2 H2�bi@b[m�`2b KB;`�iBQM- i`vBM;
iQ �+?B2p2 bBKBH�` `2bmHib #mi rBi? QMHv QM2 Bi2`�iBQM- rBi?Qmi `2bQ`iBM; iQ +QKTmi�iBQM�HHv
2tT2MbBp2 Bi2`�iBp2 K2i?Q/bX h?2`2 ?�p2 #22M b2p2`�H bim/B2b T`QTQbBM; /Bz2`2Mi bQHmiBQMb
iQ i?Bb T`Q#H2K- bm+? �b mbBM; 6Qm`B2`@#�b2/ i`�Mb7Q`Kb �M/ M2m`�H M2irQ`FbX AM i?2 2M/- �HH
Q7 i?2K i`v iQ �+?B2p2 bQK2 bQ`i Q7 `2T�`�K2i`Bx�iBQM �M/ /2#Hm``BM; Q7 i?2 BK�;2 #v mbBM;
i?Qb2 M2r T�`�K2i2`b- iQ �TT`QtBK�i2 i?2 BMp2`b2 Q7 i?2 >2bbB�MX h?Bb i2+?MB[m2 Bb MQi
M2r- #2BM; 2KTHQv2/ BM /B;Bi�H +�K2`�b iQ }Hi2` i?2 #Hm` BM?2`2Mi iQ i?2 2[mBTK2Mi #v mbBM;
� bBKBH�` +QM+2TiX h?Bb /Bbb2`i�iBQM bim/B2b i?2 mb2 Q7 i?2 l@L2i M2m`�H M2irQ`F iQTQHQ;v-
�TTHB2/ iQ i?2 +m`p2H2i i`�Mb7Q`K /QK�BM �M/ iQ T�i+?2b BM i?2 bT�iB�H /QK�BMX h?2 l@L2i
Bb � bT2+B}+ ivT2 Q7 +QMpQHmiBQM�H M2m`�H M2irQ`F U*LLV i?�i ?�b 2M+Q/BM; �M/ /2+Q/BM;
#HQ+Fb- r?B+? 2M?�M+2b Bib �#BHBiv iQ `2+Q;MBx2 72�im`2b �i /Bz2`2Mi b+�H2bX "v �TTHvBM; Bi iQ
i?2 +m`p2H2i /QK�BM- r?B+? Bb b2T�`�i2/ #v b+�H2- �M;H2- �M/ HQ+�iBQM- Bi ?�b i?2 QTTQ`imMBiv
iQ #2ii2` ;`�bT /Bz2`2Mi �bT2+ib Q7 i?2 b�K2 72�im`2bX h?2 B/2� Bb iQ i`�BM i?2 M2irQ`F iQ
K�i+? i?2 T�B` Q7 `2KB;`�i2/ �M/ KB;`�i2/ BK�;2b- �M/ i?2M �TTHv Bi iQ i?2 KB;`�i2/ BK�;2X
Pm` `2b2�`+? b?Qrb i?�i i`�BMBM; i?2 l@L2i /22T H2�`MBM; KQ/2H BM i?2 +m`p2H2i /QK�BM +�M
BKT`Qp2 `2bQHmiBQM �i i?2 /22T `2;BQMb Q7 i?2 KB;`�i2/ b2BbKB+ b2+iBQMXh?Bb Bb QM2 Q7 i?2 p2`v
72r `2+2Mi bim/B2b �ii2KTiBM; iQ mb2 M2m`�H M2irQ`Fb BM i?2 +m`p2H2i i`�Mb7Q`K /QK�BM- �M/ �
HQi Q7 `2b2�`+? Bb biBHH M22/2/ iQ 7mHHv ;`�bT r?�i �`2 i?2 TQbbB#BHBiB2b Q7 mbBM; bm+? � i2+?MB[m2X
h?2 }Hi2` #�b2/ BM i?2 l@L2i M2irQ`F r�b i2bi2/ QM irQ bvMi?2iB+ /�i� b2ib UJ�`KQmbB �M/
aB;b#22V- T`2b2MiBM; 2M+Qm`�;BM; `2bmHib- QM iQT Q7 b?QrBM; i?�i i?2 M2irQ`F �TTHB+�iBQM
�7i2` i?2 i`�BMBM; T`Q+2bb T`Q/m+2/ � b2BbKB+ BK�;2 rBi? #2ii2` `2bQHmiBQM +QKT�`2/ iQ i?2
+QMp2MiBQM�HHv KB;`�i2/ b2+iBQMX
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ŐM/B+2

_2bmKQ 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 X X X 9

�#bi`�+i 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 X X 8

ŐM/B+2 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 X X X X e

ŐM/B+2 /2 h�#2H�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 3

ŐM/B+2 /2 6B;m`�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 N

AMi`Q/mÏ½Q 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 X Rk

R h2Q`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 X X X R8
RXR JB;`�Ï½Q 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 R8
RXk P KûiQ/Q /2 JB;`�Ï½Q _2p2`b� MQ h2KTQ U_hJV X X X X X X X X X X X X X X X Re

RXkXR *�bQ TƦb@2KTBH?�K2MiQ 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 Re
RXkXk *�bQ T`û@2KTBH?�K2MiQ 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

RXj JQ/2H�;2K "Q`M 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 RN
RX9 � i`�Mb7Q`K�/� +m`p2H2i 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

RX9XR h`�Mb7Q`K�/� +m`p2H2i .Bb+`2i� _�TB/� X X X X X X X X X X X X X X X X X kk
RX8 _2/2b L2m`�Bb �`iB}+B�Bb 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 k8

RX8XR S2bQb 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 ke
RX8Xk 6mMÏ½Q /2 �iBp�Ï½Q 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 kd
RX8Xj P pBûb 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 k3
RX8X9 6mMÏ½Q +mbiQ 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 kN

RXe _2/2b L2m`�Bb *QMpQHm+BQM�Bb 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 jy
RXeXR �`[mBi2im`� l@L2i 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 jR

k J2iQ/QHQ;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 j9
kXR �#Q`/�;2K #�b2�/� M� `2/2 l@L2i U�pBH� 2i �HX- kykRV X X X X X X X X X X X X j8
kXk .QKőMBQ +m`p2H2i l@L2i 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 j3

e



ŐM/B+2 d

j _2bmHi�/Qb 2 /Bb+mbb½Q 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 99
jXR J�`KQmbB k. 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 99
jXk aB;b#22k" 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 98

9 *QM+HmbǤ2b 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 8e

�;`�/2+BK2MiQb 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 8N

8 _272`āM+B�b "B#HBQ;`�}+�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 eR



ŐM/B+2 /2 h�#2H�b

kXR .2b+`BÏ½Q /� iQTQHQ;B� l@L2i miBHBx�/�- #�b2�/� MQ i`�#�H?Q /2 �pBH� 2i
�HX UkykRVX 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 jd
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ŐM/B+2 /2 6B;m`�b

RXR 1bi� 6B;m`� BHmbi`� +QKQ Q /QKőMBQ /� 7`2[māM+B� û /BpB/B/Q 2K D�M2H�b i`�@
T2xQB/�BbX S2`+2#� [m2 �b D�M2H�b i2K b2m +QKT`BK2MiQ 2 H�`;m`� Q#2/2+2M/Q
Q 2b+�HQM�K2MiQ T�`�#ƦHB+QX � T�`i2 bQK#`2�/� `2T`2b2Mi� mK� D�M2H� /2
+Bb�H?�K2MiQ U*�M/ĕb 2i �HX- kyyeVX X X X X X X X X X X X X X X X X X X X X X X X kj

RXk AHmbi`�Ï½Q /Q KûiQ/Q q`�TTBM;- [m2 ǳ2K#`mH?�Ǵ mK� 7Q`K� /2Mi`Q /2 mK
T�`�H2HQ;`�KQ �Q �bbmKB` T2`BQ/B+B/�/2 U*�M/ĕb 2i �HX- kyyeVX X X X X X X X X k9

RXj 1b[m2K� `2T`2b2Mi�iBpQ /2 mK M2m`ƦMBQ iőTB+QX U�V .2M/`BiQ U#V aQK� U+V
Lȹ+H2Q U/V �tƬMBQ U2V "�BM?� /2 KB2HBM� U7V *ûHmH� /2 a+?r�MM U;V LƦ/mHQ
/2 _�MpB2` U?V �tƬMBQ i2`KBM�H UJQ`2B`�- kyRjVX X X X X X X X X X X X X X X X X k8

RX9 lK� `2/2 M2m`�H bBKTH2b 2 Q K�T2�K2MiQ /� T`BK2B`� +�K�/� Q+mHi� MmK�
K�i`Bt 9tj Uu�bQm#B- >QD�#` 2 JQ/�``2bbB- kyRdVX X X X X X X X X X X X X X X X ke

RX8 1t2KTHQ /�b QT2`�ÏǤ2b K�i2K�iB+�b [m2 Q+Q``2K /2Mi`Q /2 mK M2m`ƬMBQX xi

b½Q �b 2Mi`�/�b- ωi b½Q Qb T2bQb- n � [m�MiB/�/2 /2 T2bQb 2 p�HQ`2b /2 2Mi`�/�-
b û Q pő2b- 2 f û � 7mMÏ½Q /2 �iBp�Ï½Q Ua?�`K�- kyRdVX X X X X X X X X X X X X X kd

RXe .B72`2Mi2b iBTQb /2 7mMÏ½Q /2 �iBp�Ï½Q 2 b2mb `2bT2+iBpQb ;`�}+Qb UC�/QM- kyR3VX k3
RXd *QKT�`�Ï½Q /2 +QKQ 7mM+BQM� mK� `2/2 M2m`�H +QK /QBb M2m`ƬMBQb +QK 2

b2K #B�bX 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 kN
RX3 LmK� *LL MQ 7Q`K�iQ +Q/B}+�Ï½Q@/2+Q/B}+�Ï½Q- Qb K�T�b /2 72BÏǤ2b b½Q

2bT�+B�HK2Mi2 +QKT`BKB/Qb TQ` TQ` mK� `2/2 /2 +Q/B}+�Ï½Q- 2 2Mi½Q i2K b2m
i�K�M?Q BM+`2K2Mi�/Q /2 pQHi� T�`� Q i�K�M?Q /� BK�;2K /2 b�ő/� UGm+�b
2i �HX- kyR3VX 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 jk

kXR � �`[mBi2im`� l@L2i miBHBx�/� +QKQ }Hi`Q /2 +Q``2bTQM/āM+B�X Pb K�T�b /2
+�`�+i2`őbB+� +QMp2M+BQM�Bb `2bmHi�Mi2b /�b QT2`�ÏǤ2b /2 +QMpQHmÏ½Q 2 Km@
/�MÏ� /2 2b+�H� b½Q `2T`2b2Mi�/Qb T2H� +Q` p2`/2X Pb /2 +Q` `Qb� `2T`2b2Mi�K
�[m2H2b [m2 7Q`�K +QTB�/Qb � T�`iB` /Qb K�T�b /2 +�`�+i2`őbiB+�b /2 K2bK�
2b+�H�- K�b M� 7�b2 /2 +Q/B}+�Ï½QX 1bi2b b½Q +QM+�i2M�/Qb +QK �[m2H2b T`2@
b2Mi2b M� 7�b2 /2 /2+Q/B}+�Ï½QX 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 j3

N



ŐM/B+2 /2 6B;m`�b Ry

kXk _2T`2b2Mi�Ï½Q /2 /QKőMBQ +m`p2H2i /2 mK� BK�;2K /2 mK +ő`+mHQ 2K k 2b+�H�b
+QK 3 7�iB�b �M;mH�`2b M� T`BK2B`� 2b+�H� 7Q`� /Q F2`M2HX Pb bőK#QHQb s

2 w `2T`2b2Mi�K Qb MȹK2`Qb /2 2b+�H� 2 7�iB�b- `2bT2+iBp�K2Mi2X P#b2`p2
+QKQ �b /B72`2Mi2b 7�iB�b +�Ti�K /B72`2Mi2b �M;mHQb /Q +ő`+mHQX �b �KTHBim/2b
b½Q Q p�HQ` �#bQHmiQ /Qb +Q2}+B2Mi2b +QKTH2tQb- 2 Q `2bmHi�/Q 7QB 2H2p�/Q �Q
[m�/`�/Q 2 +QMpQHpB/Q +QK mK }Hi`Q ;�mbbB�MQ T�`� ;�`�MiB` � H2;B#BHB/�/2X X jN

kXj _2T`2b2Mi�Ï½Q /� BK�;2K KB;`�/� � T�`iB` /Q KQ/2HQ aB;b#22k" MQ /QKőMBQ
+m`p2H2i- +QK k 2b+�H�b 2 3 7�iB�b �M;mH�`2b M� T`BK2B`� 2b+�H� 7Q`� /Q F2`M2HX
P#b2`p2 +QKQ /B72`2Mi2b 7�iB�b +�Ti�K `2~2iQ`2b /2 BM+HBM�ÏǤ2b p�`B�/�bX �b
�KTHBim/2b b½Q Q p�HQ` �#bQHmiQ /Qb +Q2}+B2Mi2b +QKTH2tQb- 2 Q `2bmHi�/Q 7QB
+QMpQHpB/Q +QK mK }Hi`Q ;�mbbB�MQ 2 i`�MbTQbiQ T�`� ;�`�MiB` � H2;B#BHB/�/2X 9y

jXR *�KTQ /2 p2HQ+B/�/2 /Q KQ/2HQ J�`KQmbB- miBHBx�/Q T�`� � KQ/2H�;2K 2
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jXk U�V _2T`2b2Mi� � BK�;2K KB;`�/� _hJ � T�`iB` /Q /�/Q Q#b2`p�/Q MQ KQ/2HQ
J�`KQmbBX U#V _2bmi�/Q /� �THB+�Ï½Q /� `2/2 M2m`�H l@L2i D� i`2BM�/� ¨
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jXj U�V C�M2H� [m�/`�/� 2ti`�ő/� � T�`iB` /� BK�;2K Q`B;BM�H- 2K T`Q7mM/B/�/2-
KB;`�/� � T�`iB` /Q /�/Q Q#b2`p�/Q MQ KQ/2HQ J�`KQmbBX U#V C�M2H� [m�@
/`�/� 2ti`�ő/� � T�`iB` /� BK�;2K }Hi`�/� +QK � `2/2 l@L2i M� K2bK� TQ@
bBÏ½QX U+V C�M2H� [m�/`�/� 2ti`�ő/� � T�`iB` /� BK�;2K Q`B;BM�H- 2K K2BQ �b
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M� K2bK� TQbBÏ½QX 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 8y

jXe *�KTQ /2 p2HQ+B/�/2 /Q KQ/2HQ aB;b#22 k"- miBHBx�/Q T�`� � KQ/2H�;2K 2
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aB;b#22 k"X U#V _2bmi�/Q /� �THB+�Ï½Q /� `2/2 M2m`�H l@L2i MQ /QKőMBQ
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jXRy U�V C�M2H� [m�/`�/� 2ti`�ő/� � T�`iB` /� BK�;2K KB;`�/� _hJ � T�`iB` /Q
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AMi`Q/mÏ½Q

*QK �HpQb /2 2tTHQ`�Ï½Q bőbKB+� +�/� p2x K�Bb T`Q7mM/Qb- Q BK�;2�K2MiQ /2bb2b `2~2iQ`2b
2K ;`�M/2b T`Q7mM/B/�/2b i2K b2 iQ`M�/Q mK ;`�M/2 /2b�}Q T�`� Q BK�;2�K2MiQ bőbKB+QX �
bQHmÏ½Q Ʀ#pB� û b2` +`B�iBpQ M� 7�b2 /2 �[mBbBÏ½Q T�`� i2` �7�bi�K2MiQb HQM;Q- `2+2TiQ`2b j*-
;2QK2i`B�b j. 2 �bbBK TQ` /B�Mi2c MQ 2Mi�MiQ- BbbQ �T2M�b �mK2Mi� Q +mbiQX SQ` 2bb2 KQiBpQ-
û KmBiQ K�Bb #�`�iQ �T`BKQ`�` �b iû+MB+�b /2 BK�;2�K2MiQ [m2 D� 2bi½Q b2M/Q 2KT`2;�/�bX
�bbBK- b2` +�T�x /2 `2bQHp2` `2~2iQ`2b K�Bb T`Q7mM/Qb /Q [m2 MQ`K�HK2Mi2 b2`B� TQbbőp2H-
�Q �T`BKQ`�` Qb `2bmHi�/Qb /Qb KûiQ/Qb /2 KB;`�Ï½Q D� +QMbQHB/�/Qb- +QKQ _hJR- b2K mK
+mbiQ +QKTmi�+BQM�H �/B+BQM�H 2H2p�/Q- iQ`M�M/Q@b2- 2Mi½Q- KmBiQ K�Bb �i`�2Mi2bX

� KB;`�Ï½Q `2p2`b� MQ i2KTQ KőMBKQb [m�/`�/Qb UGa_hJkV û mK� iû+MB+� /2 BMp2`b½Q
+QKmK2Mi2 2KT`2;�/�- mK� p2x [m2 `2bQHp2 �H;mMb /Qb T`Q#H2K�b /Qb KûiQ/Qb i`�/B+BQM�Bb
/2 KB;`�Ï½Q b2K i2` [m2 `2+Q``2` � KûiQ/Qb K�Bb bQ}biB+�/Qb- 2K#Q`� +�`Qb- +QKQ 6qAj

KmHiBT�`�K2i`Q- T�`� BMp2`b½Q /Q KQ/2HQ /� bm#bmT2`7ő+B2X P `2bmHi�/Q /BbbQ- [m�M/Q +QK@
T�`�/Q ¨ BK�;2K KB;`�/� +QMp2M+BQM�HK2Mi2- û mK� BK�;2K +QK BHmKBM�Ï½Q K�Bb #�H�M@
+2�/� 2K `2H�Ï½Q ¨ `2;BǤ2b K�Bb T`Q7mM/�b- `2~2iQ`2b K�Bb +QM+BbQb 2 K2MQb /2b7Q+�/QbX LQ
2Mi�MiQ- � K�M2B`� i`�/B+BQM�H /2 7�x2` � KB;`�Ï½Q KőMBKQb [m�/`�/Qb UGaJ9V i2K bB/Q mb�`
KûiQ/Qb Bi2`�iBpQb +QKQ bi22T2bi /2b+2Mi 2 +QMDm;�/Q /Q ;`�/B2Mi2- H2p�M/Q p�`B�b Bi2`�ÏǤ2b
T�`� �iBM;B` Q Q#D2iBpQ }M�HX AbbQ �mK2Mi� b2m +mbiQ +QMbB/2`�p2HK2Mi2 [m�M/Q +QKT�`�/Q
�Q +mbiQ /� KB;`�Ï½Q T`û@2KTBH?�K2MiQ +QMp2M+BQM�HX *QKQ +QMb2[māM+B�- bm`;B`�K /m�b
HBM?�b T`BM+BT�Bb /2 T2b[mBb� T�`� �HBpB�` 2bb2 +mbiQX � T`BK2B`� +QMbBbi2 2K 2M+QMi`�` T`û@
+QM/B+BQM�/Q`2b T�`� ;�`�MiB` mK� +QMp2`;āM+B� `�TB/� U2X;X .mii� 2i �HX- kyR8c .mii� 2i �HX-
kyRec .mii� 2i �HX- kyRdc JX GBm 2i �HX- kyRdc amM- 6QK2H 2 w?m- kyR8VX � b2;mM/�- M� [m�H
2bb2 i`�#�H?Q b2 2M[m�/`�- û 2M+QMi`�` }Hi`Qb /2 7Q+�HBx�Ï½Q [m2 +QH?2K �H;mMb /Qb #2M27ő@
+BQb /Q GaJ- 2K#Q`� b2D�K �THB+�/Qb �Qb /�/Qb 2K mK� ȹMB+� Bi2`�Ï½Q- /2TQBb /2 b2`2K
T`2pB�K2Mi2 +�H+mH�/QbX

o�`B�b T2b[mBb�b iāK T`QTQbiQ /B72`2Mi2b 7Q`K�b /2 b2 +?2;�` � 2bb2 }Hi`QX � B/2B� ;2`�H
RX aB;H� 2K BM;Hāb T�`� `2p2`b2 iBK2 KB;`�iBQMX
kX aB;H� 2K BM;Hāb T�`� H2�bi@b[m�`2b `2p2`b2 iBK2 KB;`�iBQMX
jX aB;H� 2K BM;Hāb T�`� 7mHH r�p27Q`K BMp2`bBQMX
9X aB;H� 2K BM;Hāb T�`� H2�bi@b[m�`2b KB;`�iBQMX

Rk



AMi`Q/mÏ½Q Rj

T`QTQbi� TQ` :mBiiQM Ukyy9V- 2 i�K#ûK bm;2`B/� TQ` *H�2`#Qmi URNNkV- û �T`QtBK�` � BMp2`b�
/� >2bbB�M� UH−1V +�H+mH�M/Q mK }Hi`Q /2 +Q``2bTQM/āM+B� 2Mi`2 � BK�;2K `2KB;`�/�8

2 � BK�;2K KB;`�/�- T�`� �THB+�@H� M� BK�;2K KB;`�/� TQbi2`BQ`K2Mi2X >m- a+?mbi2` 2
o�H�b2F UkyyRV T`QTmb2`�K #�bB+�K2Mi2 � K2bK� K2iQ/QHQ;B�- K�b �bbmKB`�K mK KQ/2HQ
/2 p2HQ+B/�/2 ?Q`BxQMi�HK2Mi2 BMp�`B�Mi2X �QFB 2 a+?mbi2` UkyyNV bm;2`B`�K Q mbQ /2 KQ/2HQb
/2 `272`āM+B� T�`� +�H+mH�` Q }Hi`QX q�M; 2i �HX UkyReV +�H+mH�`�K Q }Hi`Q MQ /QKőMBQ +m`p2H2iX
>� mK i`�#�H?Q `2+2Mi2 2K T�`iB+mH�` /2 a�M�pB- JQ;?�//�K 2 >2``K�MM UkykRV [m2 mb� Q
KûiQ/Q /2 QiBKBx�Ï½Q "6:a /2 K2KƦ`B� HBKBi�/�e ULQ+2/�H 2 q`B;?i- kyyeV +QKQ Q KûiQ/Q
/2 QiBKBx�Ï½Q /2 2b+QH?� T�`� +�H+mH�` mK }Hi`Q b2K2H?�Mi2- MQ 2Mi�MiQ- � 7mMÏ½Q /2 +mbiQ û
+�H+mH�/� MQ /QKőMBQ 2bT�+B�H �THB+�M/Q � i`�Mb7Q`K�/� /2 +m`p2H2i BMp2`b� �Mi2b /2 b2 7�x2`
Q +�H+mHQ /� MQ`K�X GBm 2 S2i2` UkyR3V mb�`�K mK }Hi`Q /2 /2+QMpQHmÏ½Q /2 qB2M2` bBKTH2b
T�`� �THB+�` �Qb /�/Qb Q#b2`p�/Qb- 2KT`2;�M/Q � i`�Mb7Q`K�/� /2 6Qm`B2` T�`� +�H+mH�` 2
�THB+�@HQ i`�ÏQ � i`�ÏQX LQ �MQ b2;mBMi2- ZX GBm 2i �HX UkyRNV mb�`�K � /2+QMpQHmÏ½Q :�#Q`
T�`� Q#i2` mK }Hi`Q b2K2H?�Mi2- K�b �;Q`� M½Q 2bi�+BQM�`BQX J�Bb `2+2Mi2K2Mi2- �pBH� 2i
�HX UkykRV T`QD2i�`�K mK� `2/2 M2m`�H l@L2i T�`� �im�` +QKQ mK }Hi`Q /2 +Q``2bTQM/āM+B�X
l@L2i û mK iBTQ /2 `2/2 M2m`�H +QMpQHm+BQM�H U*LLdV +QK +Q/B}+�Ï½Q 2 /2+Q/B}+�Ï½Q +QK
+QM2tǤ2b /2 b�HiQ BMi2;`�/�bX ú MQi�p2H [m2 � K�BQ`B� /Qb i`�#�H?Qb 2KT`2;�/Qb- K�Bb
`2+2Mi2K2Mi2- miBHBx�`�K mK� i`�Mb7Q`K�Ï½Q /� 7�KőHB� 6Qm`B2` Qm mK� `2/2 M2m`�HX

hQ/Qb Qb KûiQ/Qb K2M+BQM�/Qb b½Q KmBiQ b2K2H?�Mi2b �Qb �THB+�/Qb 2K Qmi`Qb T`Q#H2K�b
/2 BK�;2K- +QKQ `2bi�m`�Ï½Q /2 BK�;2K- `2bi�m`�Ï½Q /2 TBMim`�- �i2Mm�Ï½Q /2 `mő/Q- 2
b2;K2Mi�Ï½Q /2 BK�;2KX � B/2B� ;2`�H û b2KT`2 KQ/2H�` mK bBM�H y +QKQ � b�ő/� /2 mK
bBbi2K� T- 2K [m2 � 2Mi`�/� û /2MQi�/� TQ` x UGm+�b 2i �HX- kyR3VX � /B72`2MÏ� û [m2 Q
+�H+mHQ /� BMp2`b� /� >2bbB�M� UH−1V 7QB bm#biBimő/Q TQ` mK }Hi`Q [m2 b2 BM72`2 /� b�ő/� y

UBK�;2K `2KB;`�/�V 2 /� 2Mi`�/� x UBK�;2K KB;`�/�VX SQ` Qmi`Q H�/Q- � �#Q`/�;2K l@L2i
i2K KmBiQb T�`�K2i`Qb /2Mi`Q /2 bm�b +�K�/�b Q+mHi�b- 2 bm� M�im`2x� /2 +Q/B}+�Ï½Q 2
/2+Q/B}+�Ï½Q /2p2 bB;MB}+�` [m2 i2K mK Mőp2H b2K2H?�Mi2 /2 `2bQHmÏ½Q HQ+�HX LQ 2Mi�MiQ-
�BM/� ?� KmBiQ [m2 M½Q b�#2KQb bQ#`2 `2/2b M2m`�Bb- TQ` BbbQ û /B7ő+BH T`QD2i�` mK KQ/2HQ
K�i2K�iB+Q 7Q`K�H T�`� 2tT`2bb�` Q [m2 � *LL i`2BM�/� 7�xX SQ`i�MiQ- KmBiQb i`�#�H?Qb
iāK Q Q#D2iBpQ /2 2Mi2M/2` K2H?Q` Q [m2 2H�b 7�x2K- +QKQ S�Tv�M- _QK�MQ 2 1H�/ UkyReVX

L2bi2 i`�#�H?Q- T`Q+m`�KQb 2tT�M/B` � �#Q`/�;2K mb�/� TQ` �pBH� 2i �HX UkykRV- BKTH2@
K2Mi�M/Q mK }Hi`Q /2 +Q``2bTQM/āM+B� MQ /QKőMBQ +m`p2H2iX � B/2B� û mb�` mK� `2/2 M2m`�H
l@L2i b2K2H?�Mi2 +QKQ }Hi`Q- K�b �THB+�/� MQb +Q2}+B2Mi2b /Q /QKőMBQ +m`p2H2i /� BK�;2K

8X � BK�;2K `2KB;`�/� û Q `2bmHi�/Q /2 KB;`�` mK +QMDmMiQb /2 iB`Qb ;2`�/Qb � T�`iB` /� /2KB;`�Ï½Q /�
BK�;2K KB;`�/� Q`B;BM�HX

eX h�K#ûK +?�K�/Q /2 G@"6:a- �H;Q`BiKQ /2 QiBKBx�Ï½Q [m2 �T`QtBK� Q �H;Q`BiKQ "`Qv/2MĜ6H2i+?2`Ĝ
:QH/7�`#Ĝa?�MMQ U"6:aV miBHBx�M/Q mK� [m�MiB/�/2 HBKBi�/� /2 K2KƦ`B� _�JX

dX aB;H� 2K BM;Hāb T�`� +QMpQHmiBQM�H M2m`�H M2irQ`FbX



AMi`Q/mÏ½Q R9

`2KB;`�/� 2 KB;`�/�X P `2bmHi�/Q b2`B� mK� K2b+H� /Qb KûiQ/Qb /2 q�M; 2i �HX UkyReV 2
�pBH� 2i �HX UkykRVc �T`QtBK�M/Q@b2 /Q HBKBi2 /Q [m2 Q Ga_hJ #�b2�/Q 2K }Hi`Q /2 7Q+�@
HBx�Ï½Q TQ/2 7Q`M2+2`X AbbQ Q+Q``2 TQ`[m2 � i`�Mb7Q`K�/� +m`p2H2i 2tT`2bb� Qb /�/Qb +QK
#�b2 M� 2b+�H�- /B`2Ï½Q 2 HQ+�HBx�Ï½Q /2 b2mb `2+m`bQb- b2M/Q mK� iû+MB+� /2 i`�Mb7Q`K�Ï½Q
/2 /�/Qb �im�H /2 KmBi� miBHB/�/2 T�`� B/2MiB}+�` T�/`Ǥ2b /2 /B72`2Mi2b 2b+�H�b 2 �M;mHQX
1bb� KmHiBT�`�K2i`Bx�Ï½Q T2`KBiB`B� [m2 � `2/2 M2m`�H +Q``2bTQM/2bb2 �Qb K2bKQb �bT2+iQb
/�b K2bK�b 72BÏǤ2b pBbm�BbX LQ 2Mi�MiQ- T�`2+2 [m2 ?� mK HBKBi2 T�`� Q [m�MiQ pQ+ā TQ/2
�H+�MÏ�` 7�x2M/Q mbQ /2 i`�Mb7Q`K�ÏǤ2b K�i2K�iB+�b +QKQ T`û@T`Q+2bb�/Q`2bX L2bi2 i`�#�@
H?Q- i2bi�KQb 2bb2 HBKBi2 +QKT�`�M/Q 2bi2 MQpQ }Hi`Q /2 `2/2 M2m`�H /2 /QKőMBQ +m`p2H2i +QK
Q T`QTQbiQ TQ` �pBH� 2i �HX UkykRVX

� B/2B� /2 i`2BM�` mK� `2/2 M2m`�H 2K mK /QKőMBQ /B72`2Mi2 M½Q û MQp�- 2K#Q`� M½Q
b2D� i½Q +QKmKX LQ i`�#�H?Q /2 S`�ii 2i �HX UkyRdV [m2 7QB T`QTQbiQ i`2BM�` *LLb +QK
/�/Qb /2 2Mi`�/� MQ /QKőMBQ /2 6Qm`B2` T�`� /BKBMmB` � +�`;� +QKTmi�+BQM�H /�b QT2`�@
ÏǤ2b /2 +QMpQHmÏ½Q `2�HBx�M/Q@�b MQ /QKőMBQ /� 7`2[māM+B�X LQ 2Mi�MiQ- T�`� [m2 Q }Hi`Q
/2 +Q``2bTQM/āM+B� 7mM+BQM2- 2H2 /2p2 T�`�K2i`Bx�` � BK�;2K /2 7Q`K� 2}+�xX a2 Q }Hi`Q
mb�` �T2M�b mK� i`�Mb7Q`K�/� /2 6Qm`B2` k. bBKTH2b- �b p�`B�ÏǤ2b HQ+�Bb M� 7`2[māM+B� M½Q
b2`½Q H2p�/�b 2K +QMbB/2`�Ï½Q- Q [m2 `2bmHi�`� M� +Q``2bTQM/āM+B� /2 +Q2}+B2Mi2b /� K2bK�
7`2[māM+B�- 2K#Q`� TQbb�K b2` /2 T�`i2b /B72`2Mi2b /� BK�;2KX L½Q �T2M�b BbbQ- K�b i�K@
#ûK Qb +Q2}+B2Mi2b M½Q b½Q b2T�`�/Qb TQ` �M;mHQX � i`�Mb7Q`K�/� +m`p2H2i `2bQHp2 iQ/Qb
2bb2b T`Q#H2K�b- 2K#Q`� �BM/� i2M?� mK KQ/2HQ K�i2K�iB+Q 2tTHő+BiQX LQ 2Mi�MiQ- 2tBbi2K
TQm+Qb i`�#�H?Qb bQ#`2 Q mbQ /2 `2/2b M2m`�Bb MQ /QKőMBQ +m`p2H2i- 2M[m�MiQ M2M?mK 2bi�
`2H�+BQM�/Q ¨ T2b[mBb� /2 T`Q+2bb�K2MiQ bőbKB+QX a�t2M�- a?�`K� 2 *?�m`�bBv� UkyR8V mb�K
� i`�Mb7Q`K�/� +m`p2H2i T�`� 2ti`�B` `2+m`bQb /2 /�/Qb /2 BKT`2bb½Q /B;Bi�H 2 Qb mb� +QKQ
2Mi`�/� T�`� mK +H�bbB}+�/Q` /2 `2/2 722/@7Q`r�`/ bBKTH2bX :mTi� 2 hBr�`B UkyR9V mb�K
mK� �#Q`/�;2K b2K2H?�Mi2- 2K#Q`� T�`� /2i2+i�` BK�;2Mb /2 iQKQ;`�}� +QKTmi�/Q`Bx�/�
/2 +�M+2` /2 TmHK½QX P Q#D2iBpQ /2bi2 i`�#�H?Q û mb�` mK� B/2B� T�`2+B/�- K�b T�`� mK
T`Q#H2K� /2 `2;`2bb½Q- Q Ga_hJ /2 2biBK�iBp� /2 }Hi`Q /2 7Q+�HBx�Ï½QX

*QK2Ï�KQb /2b+`2p2M/Q T`BK2B`Q � i2Q`B� #�bB+� M2+2bb�`B� T�`� +QKT`22Mb½Q KőMBK� /�
iû+MB+�b 2KT`2;�/�b MQ +�TőimHQ RX .2 TQbb2 /2bi2 +QM?2+BK2MiQ- � K2iQ/QHQ;B� 2KT`2;�/�
b2`� 2tTHB+�/� MQ +�TőimHQ kX �Q �THB+�` � K2iQ/QHQ;B� �Qb KQ/2HQb J�`KQmbB 2 aB;b#22
k"- Qb `2bmHi�/Qb Q#iB/Qb b½Q 2tB#B/Qb 2 /Bb+miB/Qb MQ +�TőimHQ jX LQ }M�H- � +QM+Hmb½Q b2
2M+QMi`� MQ +�TőimHQ 9- b2;mB/� /�b `272`āM+B�b #B#HBQ;`�}+�bX
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h2Q`B�

RXR JB;`�Ï½Q

� KB;`�Ï½Q bőbKB+� û mK T`Q+2bbQ TQ` [m�H mK +�KTQ /2 QM/�b bőbKB+�b- +QMi2M/Q QM/�b
2bT�H?�/�b 2 /B7`�i�/�b K2/B/�b +QKQ 7mMÏ½Q /Q i2KTQ- û 2Mi½Q +QMp2`iB/� 2K mK� BK�;2K
7Q+�/� /� +Q``2bTQM/2Mi2 /Bbi`B#mBÏ½Q 2bT�+B�H /Qb 2bT�H?�/Q`2b 2 /B7`�iQ`2b U:2Q`;2 �X
J+J2+?�M- RN3NVX Pb 2bT�H?�K2MiQb 2 /B7`�ÏǤ2b b½Q pBbőp2Bb MQ +�KTQ /2 QM/�b bőbKB+�b
/2pB/Q �Q �7�bi�K2MiQ 7QMi2@`2+2TiQ`X .2pB/Q � 2bb� /Bbi�M+B�- Q TQMiQ /Q `2~2iQ` b2M/Q
BK�;2�/Q 2bi� M� TQbBÏ½Q K�Bb T`Q7mM/� /� T`BK2B`� xQM� /2 6`2bM2H �bbQ+B�/� � mK T�`
7QMi2@`2+2TiQ`- TQ`ûK M� b2Ï½Q 2KTBH?�/� 2bb2 TQMiQ û 2tB#B/Q M� TQbBÏ½Q /Q `2+2TiQ`X 1bb�
/B72`2MÏ� 2Mi`2 TQbBÏ½Q `2�H 2 /Q `2+2TiQ` /2p2 b2` +Q``B;B/� T�`� [m2 Qb `2~2iQ`2b b2D�K
2tB#B/Qb M� TQbBÏ½Q +Q``2i�X P T`Q+2bb�K2MiQ *JSR +QMp2M+BQM�H i2Mi� �T`QtBK�` � TQbBÏ½Q
/Q TQMiQ `2~2iQ` T�`� � K2i�/2 /� /Bbi�M+B� 2Mi`2 7QMi2 2 `2+2TiQ`X � KB;`�Ï½Q- TQ` bm�
p2x- miBHBx� T`BM+őTBQb 7őbB+Qb +QKQ � 2[m�Ï½Q /� QM/� T�`� +Q``B;B` � TQbBÏ½Q /Qb `2~2iQ`2bX

1tBbi2K /Bp2`b�b �#Q`/�;2Mb T�`� ǳKB;`�`Ǵ mK� b2Ï½Q 2K i2KTQ- 2bi�b TQ`ûK TQ/2K b2`
b2T�`�/�b TQ` [m�H 2i�T� /Q ~mtQ /2 T`Q+2bb�K2MiQ [m2 �im�K Qm T2H� 7Q`K� [m2 `2bQHp2K
� 2[m�Ï½Q /� QM/� 2 [m�H � 2[m�Ï½Q 2bT2+ő}+� [m2 2bi� b2M/Q `2bQHpB/�X aQ# � T`BK2B`�
+H�bbB}+�Ï½Q- mK KûiQ/Q /2 KB;`�Ï½Q TQ/2 b2` �THB+�/Q �Qb bBbKQ;`�K�b �Mi2b /2 b2`2K
2KTBH?�/Qb U+?�K�/Qb /2 T`û@2KTBH?�K2MiQV- Qm MQ /�/Q D� 2KTBH?�/Q U+?�K�/Qb /2 TƦb@
2KTBH?�K2MiQVX aQ# � b2;mM/�- mK KûiQ/Q TQ/2 b2` +H�bbB}+�/Q T2H� 2[m�Ï½Q � b2` `2bQHpB/�,
2[m�Ï½Q /� QM/� MQ /QKőMBQ /� 7`2[māM+B� U2[m�Ï½Q /2 >2HK?QHixV- 2[m�Ï½Q 2b+�H�` �+ȹbiB+�
/� QM/�- Qm �iû K2bKQ 2[m�Ï½Q 2H�biB+� /� QM/�- 2Mi`2 Qmi`QbX

RX *QKKQM JB//H2 SQBMiX

R8



h2Q`B� Re

RXk P KûiQ/Q /2 JB;`�Ï½Q _2p2`b� MQ h2KTQ U_hJV

lKKûiQ/Q /2 BKTH2K2Mi�Ï½Q /Q T`Q+2bbQ /2 KB;`�Ï½Q û T2H� 2ti`�TQH�Ï½Q `2p2`b� /Q +�KTQ
/2 QM/� K2/B/Q- miBHBx�M/Q Q /�/Q +QKQ +QM/BÏ½Q /2 +QMiQ`MQ M� bQHmÏ½Q TQ` /B72`2MÏ�b
}MBi�b /� 2[m�Ï½Q 2b+�H�` /� QM/�- DmMiQ ¨ �THB+�Ï½Q /2 mK� +QM/BÏ½Q /2 BK�;2K T�`� 2ti`�B`
�b �KTHBim/2b `272`2Mi2b �Qb `2~2iQ`2b 2K +�/� T�bbQ i2KTQ`�H U:2Q`;2 �X J+J2+?�M- RN3NVX

h�H KûiQ/Q 7QB /2b2MpQHpB/Q 2K K2�/Qb /Q �MQ RN3jc T`BK2B`�K2Mi2 TQ` q?BiKQ`2
URN3jV 2 /2TQBb TQ` :X �X J+J2+?�M URN3k- RN3jV- #2K +QKQ TQ` "�vb�H- EQbHQz 2 a?2`rQQ/
URN3jVX lK� �#Q`/�;2K T�`2+B/� i�K#ûK +?�K�/� T2HQ K2bKQ MQK2 7QB /2b2MpQHpB/� TQ`
GQ2r2Mi?�H 2 Jm7iB URN3jVX LQ 2Mi�MiQ- � +QM+2TÏ½Q /2 mK� +QM/BÏ½Q /2 BK�;2K �/2[m�/�
T�`� �THB+�Ï½Q /Q _hJ 2K /�/Qb T`û@2KTBH?�K2MiQ p2BQ � iQM� bQK2Mi2 2K K2�/Qb /2
RN3e +QK Qb i`�#�H?Qb /2 *?�M; 2 J+J2+?�M URN3eV 2 amM 2 J+J2+?�M URN3eVc MQ [m�H MQ
T`BK2B`Q T`QTmb2`�K mK� +QM/BÏ½Q /2 BK�;2K 2K [m2 b2 +QKT�`�p� � KQ/2H�;2K /B`2i�
/Q /�/Q �Q /�/Q `2p2`bQ MQ i2KTQ 2K +�/� T�bbQ i2KTQ`�H /Q �H;Q`BiKQ /2 /B72`2MÏ�b
}MBi�b /2 b2;mM/� Q`/2K- `2iB`�M/Q@b2 �b �KTHBim/2b M�b TQbBÏǤ2b BK�;2�/�b M�[m2H2 T�bbQ
i2KTQ`�H- �#Q`/�;2K 2bb� KmBiQ T�`2+B/� +QK � [m2 b2`� /2i�H?�/� M2bb2 T`QD2iQc D� MQ
b2;mM/Q T`QTmb2`�K mK� +QM/BÏ½Q /2 BK�;2K T�`2+B/�- TQ`ûK `2bQHp2M/Q � 2[m�Ï½Q 2H�biB+�
/� QM/�X .2b/2 2Mi½Q- �b K2H?Q`�b �Q KûiQ/Q /2 KB;`�Ï½Q _hJ Q`#Bi�`�K 2K iQ`MQ /2
K2H?Q`�` � +QM/BÏ½Q /2 BK�;2K- K2H?Q`�` � BHmKBM�Ï½Q /� BK�;2K /2 7Q`K� ;2`�H- Qm /2 mK�
;2M2`�HBx�Ï½Q Qm QiBKBx�Ï½Q i�MiQ /� 2[m�Ï½Q /� QM/�- #2K +QKQ M� 7Q`K� /2 `2bQHpā@H�X

RXkXR *�bQ TƦb@2KTBH?�K2MiQ

a2;mM/Q G2pBM URN39V- � B/2B� +?�p2 /� KB;`�Ï½Q `2p2`b� MQ i2KTQ TƦb@2KTBH?�K2MiQ û [m2
Q /�/Q bőbKB+Q TQ/2 b2` �Hi2`M�iBp�K2Mi2 T2Mb�/Q +QKQ mK� 7mMÏ½Q /2 7QMi2X �bbBK- Q /�/Q
�;2 +QKQ mK� +QM/BÏ½Q /2 +QMiQ`MQ 2K +�/� T�bbQ i2KTQ`�H- i`�Mb7Q`K�M/Q +�/� `2+2TiQ`
2K mK� 7QMi2- 2KBiBM/Q � 2M2`;B� ;`�p�/� /2 pQHi� T�`� � bm#bmT2`7ő+B2X � 2[m�Ï½Q }M�H
[m2 p�B b2` miBHBx�/� MQ �H;Q`BiKQ û Q#iB/� � T�`iB` /� 2[m�Ï½Q /� QM/�,

∂2P

∂t2
− c2∇2P = c2f(t)δ(z − zs)δ(x− xs), URXRV

M� [m�H P (z, x, t) û Q +�KTQ /2 T`2bb½Q MmK i2KTQ 2bT2+ő}+Q- c(z, x) Q +�KTQ /2 p2HQ+B/�/2-
2 f(t)δ(x − xs)δ(z − zs) û � 7QMi2k BMD2i�/� MQ i2KTQ t- 2 M� TQbBÏ½Q (zs, xs)X 1bi� û 2Mi½Q
/Bb+`2iBx�/�- miBHBx�M/Q /B72`2MÏ�b }MBi�b Ub2M/Q Q 2t2KTHQ mK� �T`QtBK�Ï½Q /2 b2;mM/�

kX P bőK#QHQ δ(z − zs) M� 2[m�Ï½Q `2T`2b2Mi� mK� /Bbi`B#mBÏ½Q +?�K�/� /2Hi� /2 .B`�+ [m2 û x2`Q 2K
iQ/Qb Qb TQMiQb /Q /QKőMBQ 2t+2iQ MQ TQMiQ zs- BM/B+�M/Q [m2 � 7QMi2 f(t) û BMD2i�/� M2bi2 TQMiQX



h2Q`B� Rd

QM/2KV T�`� `2bQHp2` � /2`Bp�/� /2 b2;mM/� Q`/2K MQ i2KTQ- /� b2;mBMi2 7Q`K�,

P n+1 + P n−1 − 2P n

∆t2
− c2∇2P n = c2fnδ(z − zs)δ(x− xs), URXkV

T�`� 2Mi½Q b2 BbQH�` Q P n−1- /2 7Q`K� � b2 Q#i2` Q +�KTQ /2 T`2bb½Q T�bb�/Q � T�`iB` /Q
T`2b2Mi2 2 /Q 7mim`Q- 2 2Mi½Q `2;`2/B` MQ i2KTQ,

P n−1 = ∆t2 c2∇2P n − P n+1 + 2P n +∆t2 c2fnδ(z − zs)δ(x− xs). URXjV

LQ 2Mi�MiQ- M� _hJ- Q /�/Q T`2bi� Q T�T2H /2 7QMi2 M� 2[m�Ï½Q /� QM/�- HQ;Q Q i2`KQ
f(t)δ(z − zs)δ(x− xs) i2K /2 b2` bm#biBimő/Q T2HQ /�/Q /� b2;mBMi2 7Q`K�,

P n−1 = ∆t2 c2∇2P n − P n+1 + 2P n +∆t2 c2dnQ#b(x)δ(z − zs), URX9V

QM/2 dnQ#b(x) +QMbBbi2 MmK +Q`i2 /Q /�/Q bőbKB+Q x2`Q@Qzb2i MQ i2KTQ /2 `2bT2+iBp� Bi2`�Ï½Q
nX P H�TH�+B�MQ TQ/2 b2` +�H+mH�/Q i�K#ûK TQ` /B72`2MÏ�b }MBi�b- Qm �iû K2bKQ TQ` i`�Mb@
7Q`K�/� /2 6Qm`B2`jX SQ` }K- � 2[m�Ï½Q URX9V û 2Mi½Q `2bQHpB/� +QK Q őM/B+2 n p�`B�M/Q
/2 Nt UMȹK2`Q /2 �KQbi`�b MQ i2KTQ /Q /�/QV �iû n = 1- T�`� 2Mi½Q b2` Q#iB/Q Q P 0 [m2
`2T`2b2Mi� � BK�;2K MQ i2KTQ x2`QX

� DmbiB}+�iBp� i2Ʀ`B+� T�`� Q KûiQ/Q- �bbBK +QKQ T�`� iQ/Qb Qb KûiQ/Qb /2 KB;`�Ï½Q
+QMp2M+BQM�Bb T�`� /�/Qb 2KTBH?�/Qb- û #�b2�/� BKTHB+Bi�K2Mi2 MQ KQ/2HQ /Q `2~2iQ` 2t@
THQbBpQ UGQ2r2Mi?�H 2i �HX- RNdeVX h�H KQ/2HQ �bbmK2 [m2 iQ/� � 2M2`;B� T`2b2Mi2 MmK
/2i2`KBM�/Q i2KTQ t MQ /�/Q 2KTBH?�/Q û +QMb2[māM+B� /2 mK� `2~2t½Q MQ i2KTQ 1

2t- �bbBK
� �KTHBim/2 /Q +Q2}+B2Mi2 /2 `2~2t½Q TQ/2 b2` /2i2`KBM�/� TQ` T`QT�;�` � 2M2`;B� /2 pQHi�
¨ bm#bmT2`7ő+B2 �iû K2i�/2 /Q b2m i2KTQ /2 +?2;�/�- Qm /2 7Q`K� 2[mBp�H2Mi2- T`QT�;�M/Q �
2M2`;B� /2 pQHi� T�`� Q i2KTQ x2`Q- +QK K2i�/2 /� p2HQ+B/�/2 UG2pBM- RN39VX a2M/Q �bbBK-
� +QM/BÏ½Q /2 BK�;2K /Q KûiQ/Q _hJ TƦb@2KTBH?�K2MiQ b2 #�b2B� M2bi2 KQ/2HQ- Qm b2D�-
[m�M/Q Q /�/Q û `2i`QT`QT�;�/Q �iû Q i2KTQ x2`QX

RXkXk *�bQ T`û@2KTBH?�K2MiQ

LQ +�bQ /� KB;`�Ï½Q _hJ T`û@2KTBH?�K2MiQ- Q /�/Q û `2i`QT`QT�;�/Q 2 � +�/� T�bbQ
i2KTQ`�H Q +�KTQ /2 T`2bb½Q û +Q``2H�+BQM�/Q +QK Q T�bbQ i2KTQ`�H `2bT2+iBpQ /� KQ/2H�;2K
/B`2i�X

� bBKTHB+B/�/2 2H2;�Mi2 /� +QM/BÏ½Q /2 BK�;2K /2 i2KTQ x2`Q i`�b +2`i�b HBKBi�ÏǤ2b
BKTHő+Bi�b- b2M/Q � K�Bb bû`B� /2H�b Q 7�iQ /2 [m2 û bQK2Mi2 p�HB/� T�`� /�/Qb /2 �7�bi�@
K2MiQ MmHQ Ux2`Q@Qzb2iVX hQ/�pB�- û TQbbőp2H ;2M2`�HBx�` i�H +QM/BÏ½Q /2 BK�;2K T�`� [m2

jX 1bi2 KûiQ/Q /2 `2bQHmÏ½Q /2 /2`Bp�/�b p2K /� i2Q`B� /� i`�Mb7Q`K�/� /2 6Qm`B2`X �T2b�` /2 M½Q b2`
i`�i�/Q M2bi2 i`�#�H?Q- û mK �bbmMiQ �KTH�K2Mi2 �#Q`/�/Q 2K HBp`Qb /2 +�H+mHQ �p�MÏ�/QX



h2Q`B� R3

TQbb� b2` �THB+�/� T�`� [m�H[m2` ;2QK2i`B� 7QMi2@`2+2TiQ`- �BM/� miBHBx�M/Q Q KQ/2HQ `2~2@
iQ` 2tTHQbBpQX � B/2B� +?�p2 TQ` i`�b /2bb� +QM/BÏ½Q /2 BK�;2K û [m2 `2;Bbi`Q /2 7QMi2 2
/2 `2+2TiQ`2b TQ/2K b2` 2ti`�TQH�/Qb 2 [m2 Q `2~2iQ` 2tBbi2 QM/2 Q �K#Qb +�KTQb /2 QM/�
2bi½Q 2K 7�b2X SQ` mK H�/Q- MQ +�bQ /2 �7�bi�K2MiQ MmHQ Ux2`Q@Qzb2iV �K#Qb 7QMi2b 2 `2+2T@
iQ`2b b½Q 2ti`�TQH�/Qb TQ`[m2 �K#Qb Q+mT�K � K2bK� TQbBÏ½Q- HQ;Q �b QM/�b T`QT�;�/�b
T2`+Q``2K � K2bK� i`�D2iƦ`B�X SQ` Qmi`Q H�/Q- MQ +�bQ �7�bi�K2MiQ M½Q MmHQ U}MBi2@Qzb2iV �
2ti`�TQH�Ï½Q /� 7QMi2 2 /Q `2+2TiQ` b½Q 2t2+mi�/�b b2T�`�/�K2Mi2- 2 +�/� T�bbQ i2KTQ`�H û
+Q``2H�+BQM�/QX 1bi� +QM/BÏ½Q /2 BK�;2K û +QKmK2Mi2 +?�K�/� /2 2t+Bi�iBQM@iBK2 BK�;BM;
+QM/BiBQM U*?�M; 2 J+J2+?�M- RN3eVX

P �H;Q`BiKQ +QMp2M+BQM�H 2Mi½Q +QMbBbi2 /2 i`āb 2i�T�b T`BM+BT�BbX *QK2Ï�M/Q +QK �
2i�T� /2 `2bQHmÏ½Q /Q T`Q#H2K� /B`2iQ- miBHBx�M/Q �H;mK KûiQ/Q /2 2ti`�TQH�Ï½Q MQ i2KTQ
+QKQ /B72`2MÏ�b }MBi�b 2t2KTHB}+�/Q M� 2[m�Ï½Q URXjV- BMD2i�M/Q@b2 mK� r�p2H2i U[m2 2K
;2`�H `2T`2b2Mi� � `2bTQbi� BKTmHbBp� /� 7QMi2V MQ K2BQ 2 2Mi½Q ;m�`/�` iQ/Qb Qb +�KTQb
/2 T`2bb½Q /2 +�/� T�bbQ i2KTQ`�HX � b2;mM/� 2i�T� +QMbBbi2 M� 2ti`�TQH�Ï½Q /Q /�/Q M�
TQbBÏ½Q /Qb `2+2TiQ`2b +QKQ bQHmÏ½Q /� 2[m�Ï½Q /� QM/� TQ` /B72`2MÏ�b }MBi�bX � i2`+2B`�
û 2t2+mi�/� 2K +�/� T�bbQ i2KTQ`�H /Q �H;Q`BiKQ /2 /B72`2MÏ�b }MBi�b /� b2;mM/� 2i�T�- 2
72Bi� �Q b2 +Q``2H�+BQM�` Q +�KTQ /2 T`2bb½Q `2i`QTQT�;�/Q +QK Q +�KTQ KQ/2H�/Q M�[m2H2
K2bKQ T�bbQ i2KTQ`�H `2bT2+iBpQX P �H;Q`BiKQ û 2Mi½Q `2T2iB/Q T�`� +�`� iB`Q- 2 �b BK�;2Mb
`2bmHi�Mi2b T�`� +�/� mK b½Q 2Mi½Q bQK�/�bX

� KB;`�Ï½Q _hJ T`û@2KTBH?�K2MiQ i`�b +QMbB;Q /2bp�Mi�;2K /2 mK �mK2MiQ +QMbB/2@
`�p2H /2 +mbiQ +QKTmi�+BQM�H- TQ`ûK �HB�/Q � mK� bû`B2 /2 p�Mi�;2MbX P �mK2MiQ /Q +mbiQ
+QKTmi�+BQM�H `2bmHi� /Q 7�iQ /2 [m2 T�`� +�/� iB`Q b½Q M2+2bb�`B�b /m�b KQ/2H�;2Mb- mK�
/B`2i� 2 mK� `2p2`b�- T�`� ;2`�` � BK�;2KX LQ 2Mi�MiQ- � T`BM+BT�H p�Mi�;2K /2 b2 miBHBx�`
2bb� +QM/BÏ½Q /2 BK�;2K û � K2H?Q`� /� `�x½Q bBM�H@`mő/Q +QM7Q`K2 b2 bQK� TQMiQ � TQMiQ �b
BK�;2Mb `2bmHi�Mi2b /� KB;`�Ï½Q _hJ /2 /B72`2Mi2b iB`QbX AbbQ i�K#ûK i`�b mK� BHmKBM�Ï½Q
/Q KQ/2HQ K�Bb �#`�M;2Mi2- pBbiQ [m2 Q +�KTQb /2 QM/�b /2 +�/� iB`Q i2K /Bbi`B#mBÏǤ2b /2
2M2`;B� /B72`2Mi2b /2T2M/2M/Q /�b bm�b TQbBÏǤ2b- 2 � bQK� /� BK�;2K `2bmHi�Mi2 /2 +�/�
mK T`QKQp2 mK� BMi2`72`āM+B� +QMbi`miBp� M�b TQbBÏǤ2b /2 K�BQ` 2M2`;B�- Qm b2D�- MQb `2@
~2iQ`2bX Pmi`� p�Mi�;2K BKTHő+Bi� �/pûK /Q 7�iQ /2 [m2 /B`2i�K2Mi2 /Q /�/Q MQ /QKőMBQ
/Q iB`Q b2 Q#iûK � BK�;2K ǳ2KTBH?�/� 2 KB;`�/�Ǵ 2[mBp�H2Mi2X SQ`ûK- Q `2bmHi�/Q û �BM/�
K2H?Q`- TQBb Qb KûiQ/Qb /2 2KTBH?�K2MiQ *JS 2[mBp�H2Mi2b +QKQ +Q``2Ï½Q LJP 9 2 .JP
8- �T2b�` /2 b2`2K 272iBpQb- T2`/2K i�H 2}+�+B� [m�M/Q Qb `2~2iQ`2b 2bi½Q 2t+2bbBp�K2Mi2

9X *Q``2Ï½Q LQ`K�H JQp2@Pmi [m2 i2K +QKQ Q#D2iBpQ ?Q`BxQMi�HBx�` � ?BTû`#QH2 /2 `2~2t½Q pBbőp2H MQ
/�/Q MQ /QKőMBQ /Q *JS- T�`� [m2 b2D� TQbbőp2H bQK�` �b +QMi`B#mBÏǤ2b /2 /B72`2Mi2b �7�bi�K2MiQb [m2
`2T`2b2Mi�K � K2bK� `2~2t½QX

8X *Q``2Ï½Q .BT JQp2@Pmi [m2 i2K +QKQ Q#D2iBpQ +Q``B;B` � Q /�/Q `2bmHi�Mi2 /� +Q``2Ï½Q LJP- T�`�
[m2 H2p2 2K +QMi� � BM+HBM�Ï½Q /Qb `2~2iQ`2bX
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BM+HBM�/Qb- +QKQ û Q +�bQ /2 /QKQb /2 b�H- bBbi2K�b /2 7�H?�b p2`iB+�Bb- 2bi`mim`�b ;2QHƦ;B+�b
`Qi�+BQM�/�b- 2Mi`2 Qmi`QbX

Pb +QM+2BiQb #�bB+Qb bQ#`2 KB;`�Ï½Q _hJ �T`2b2Mi�/Qb M� T`2b2Mi2 b2Ï½Q b2`p2K bQ@
K2Mi2 T�`� T2`KBiB` Q 2Mi2M/BK2MiQ /� /Bbb2`i�Ï½QX 1tBbi2K p�`B�b +QMbB/2`�ÏǤ2b +QKTmi�@
+BQM�Bb �/B+BQM�Bb � b2`2K 72Bi�b [m2 7Q;2K �Q 2b+QTQ /Q T`2b2Mi2 i`�#�H?Q- +QKQ M2+2bb2+B@
/�/2 /2 b2 �i2Mm�` #Q`/�b T�`� bBKmH�` K2BQb BM}MBiQb- QiBKBx�ÏǤ2b T�`� [m2 b2 /BKBMm� �
[m�MiB/�/2 /2 �`K�x2M�K2MiQ M2+2bb�`BQ T�`� ;m�`/�` Qb T�bbQb i2KTQ`�Bb /Q �H;Q`BiKQ /2
/B72`2MÏ�b }MBi�b- +QKQ 2pBi�` /BbT2`b½Q MmKû`B+�- 2Mi`2 Qmi`QbX

RXj JQ/2H�;2K "Q`M

L� i2Q`B� /2 BMp2`b½Q /Q 2bT�H?�K2MiQ /2 QM/�b Uh�`�MiQH�- RN39V- � bQHmÏ½Q /� 2[m�Ï½Q /�
QM/� U2[m�Ï½Q RXRV b2 �bbmK2 b2` M� 7Q`K� /2 mK� bû`B2 /2 2bT�H?�K2MiQ /2bb2 KQ/Q,

P =
∞∑

k=0

Pkε
k = P0 + εP1 + ε2P2 +O(ε3) (ε→ 0), URX8V

QM/2 P0 û Q +�KTQ /2 QM/� /2 7mM/Q- P1 û Q +�KTQ 2bT�H?�/Q /2 T`BK2B`� Q`/2K 2 Pk b½Q
+�KTQb 2bT�H?�/Qb /2 Q`/2K bmT2`BQ`2b T�`� k > 1- 2 ε û mK T�`�K2i`Q �/BK2MbBQM�H UJQb2`-
kyRkVX 1bi� i2Q`B� 2Mi½Q �bbmK2 [m2 Q KQ/2HQ /2 p2HQ+B/�/2 TQ/2 b2` /2+QKTQbiQ 2K mK
KQ/2HQ /2 7mM/Q +QK p�`B�ÏǤ2b #`�M/�b c0(r)- b2M/Q r = (x, z)- 2 mK KQ/2HQ /2 p�`B�ÏǤ2b
�#`mTi�b [m2 �im� +QKQ 2bT�H?�/Q` /�b QM/�b BM+B/2Mi2b c1(r)X 1K i2`KQb K�i2K�iB+Qb-
BbbQ b2 2Mi2M/2 +QKQ,

c(r) = c0(r) + εc1(r). URXeV

lK 2t2KTHQ /2 2bT�H?�/Q`2b b½Q BMi2`b2ÏǤ2b 2Mi`2 +�K�/�b ;2QHƦ;B+�b- /QKQb /2 b�H- 7�H?�b-
2 2i+X 1bi2b 7Q`K�K bmT2`7ő+B2b `2~2iQ`�b [m2 2bT�H?�K � QM/�X �Q b2 bm#biBimB` c = c0 + δc

2 P = P0 + δP M� 2[m�Ï½Q RXR- �bbmKBM/Q ε = 1- i2KQb,
(

1

[(c0 + δc(r)]2
∂2

∂t2
−∇2

)
(P0 + δP ) = f(t)δ(r− rs), URXdV

b2M/Q δc(r) = c1(r)- 2 δP = P1- b2M/Q [m2 P0 b�iBb7�x � 2[m�Ï½Q RXR T�`� c = c0X P bőK#QHQ δ

M2bi� Q+�bB½Q `2T`2b2Mi� � /B72`2MÏ� 2Mi`2 Q +�KTQ iQi�H- b2D� Q /2 T`2bb½Q Qm /2 p2HQ+B/�/2- 2
Q +�KTQ /2 7mM/QX P#b2`p2 [m2 Qb +�KTQ /2 QM/�b Pk Uk >= 1V `2T`2b2Mi�K 2bT�H?�K2MiQb
/2 /B72`2Mi2b Q`/2Mb [m2 i2K +QKQ +QMi`B#mBÏ½Q Q +�KTQ /2 7mM/Q c1(r)- TQ`ûK � KQ/2H�;2K
"Q`M i2K +QKQ �HpQ bQK2Mi2 P1X lb�M/Q /� b2;mBMi2 2[m�Ï½Q,

1

[(c0 + δc(r)]2
=

1

c20
− 2δc

c30
+O(δc2), URX3V
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M� 2[m�Ï½Q RXd i2KQb, (
1

c20

∂2

∂t2
−∇2

)
δP = ∆s, URXNV

QM/2
∆s(r, t; rs) =

2δc

c30

∂2(P0 + δP )

∂t2
(r, t; rs) +O(δc, δP)2. URXRyV

P +�KTQ 2bT�H?�/Q δP TQ/2 b2` BMi2`T`2i�/Q +QKQ mK +�KTQ b2+mM/�`BQ [m2 b2 2bT�H?� MmK
K2BQ M½Q T2`im`#�/Q U2[m�Ï½Q RXNV- bm#K2iB/Q � 7QMi2b b2+mM/�`B�b 2tT`2bb�b M� 2[m�Ï½Q
RXRy Uh�`�MiQH�- RN39VX *QKQ δc û +QMbB/2`�/Q T2[m2MQ- #2K +QKQ b2 �bbmK2 P0 $ δP -
Q i2`KQ O(δc, δP)2 TQ/2 b2` /2bT`2x�/Q 2 P0 + δP ≈ P0 TQ/2 b2` mb�/Q- b2M/Q [m2 2bb�
�T`QtBK�Ï½Q b2 +?�K� �T`QtBK�Ï½Q /2 "Q`MX AbbQ bB;MB}+� [m2 272BiQb /2 KȹHiBTH�b `2~2tǤ2b
b½Q /2bT`2x�/Qb 2 BbbQ i�K#ûK û Q KQiBpQ /2 bQK2Mi2 Q +�KTQ 2bT�H?�/Q /2 T`BK2B`� Q`/2K
b2` miBHBx�/Q M� 2[m�Ï½Q RXdX

L2bi2 i`�#�H?Q- � KQ/2H�;2K "Q`M 7QB miBHBx�/� T�`� /2KB;`�Ï½QX .2KB;`�Ï½Q i2K +QKQ
Q#D2iBpQ Q#i2` mK +QMDmMiQ /2 iB`Qb �bbQ+B�/Qb � mK KQ/2HQ /2 `2~2iBpB/�/2- [m2 M2bi2
+�bQ b2`B� � BK�;2K KB;`�/�X LQ 2Mi�MiQ � K2bK� iû+MB+� TQ/2 b2` miBHBx�/� +QK mK�
`2~2iBpB/�/2 /2 mK KQ/2HQ T�`� ;2`�` Q /�/Q 2bT�H?�/Q �bbQ+B�/Q � 2H2X S�`� 2KT`2;�@
H�- �b �b 2[m�ÏǤ2b RXd 2 RXR b½Q `2bQHpB/�b MmK bBbi2K� /2 2[m�ÏǤ2b QM/2 Q i2`KQ 2δc

c30

∂2P0
∂t2

û �T`QtBK�/Q T2HQ T`Q/miQ /� `2~2iBpB/�/2 mref 2 mK i2`KQ 2K 7mMÏ½Q /2 P0- Qm b2D�
2δc
c30

∂2P0
∂t2 ≈ mreff(P0)X � �T`QtBK�Ï½Q T�`� � `2~2iBpB/�/2 miBHBx�/� 7QB mref ≈ 2δc

c0
- Q [m2

BKTHB+� 2K f(P0) =
1
c20

∂2P0
∂t2 X SQ`ûK- M2bi2 i`�#�H?Q miBHBx2B /2 K�Bb mK� �T`QtBK�Ï½Q- [m2

miBHBx� /� `2H�Ï½Q /� 2[m�Ï½Q /� �+ȹbiB+� /� QM/�- /2 KQ/Q [m2 f(P0) = 1
c20

∂2P0
∂t2 ≈ ∇

2P0X
Pmi`Qb i`�#�H?Qb- 2K bm� K�BQ`B�- p½Q �HûK 2 �bbmK2K f(P0) = P0 /B`2i�K2Mi2- Qm miBHBx�K
mref ≈ 2δc

c30
X .2 mK KQ/Q ;2`�H- Q BKTQ`i�Mi2 û [m2 b2 i2M?� mK� +Q``2H�Ï½Q /Q +�KTQ /B`2iQ

2 � `2~2iBpB/�/2X

ú BKTQ`i�Mi2 b�HB2Mi�` [m2 KmBiQ 2b7Q`ÏQ 7QB /2TQbBi�/Q 2K BKTH2K2Mi�` i�MiQ Q �H;Q@
`BiKQ T�`� KQ/2H�;2K "Q`M- [m�MiQ Q T�`� KB;`�Ï½Q _hJ- �K#Qb T�`� TH�+�b /2 pő/2Q
LpB/B� miBHBx�M/Q *m/� *YYX P +Ʀ/B;Q T�`� �K#Qb TQ/2 b2` 2M+QMi`�/Q MQ `2bTQbBiƦ`BQ /Q
;Bi?m#, ?iiTb,ff;Bi?m#X+QKf�iBH�a�`�Bp�fGa_hJ@:Sl@1tT2`BK2MibX

RX9 � i`�Mb7Q`K�/� +m`p2H2i

� i`�Mb7Q`K�/� +m`p2H2i û mK� i`�Mb7Q`K�Ï½Q /B`2+BQM�H KmHiB2b+�H�` [m2 û +�T�x /2 7�x2`
`2T`2b2Mi�ÏǤ2b 2bT�`b�b 2}+B2Mi2b /2 Q#D2iQb +QK �`2bi�bX ú mb�/Q 2K p�`BQb +�KTQb- +QKQ
T`Q+2bb�K2MiQ /2 BK�;2K- 2HBKBM�Ï½Q /2 `mő/Q- bBKmH�Ï½Q /2 2[m�ÏǤ2b /B72`2M+B�Bb T�`+B�Bb-
b2MbQ`B�K2MiQ +QKT`BKB/Q 2 }Hi`�;2K UJ� 2 SHQMF�- kyRyVX 1bi� b2Ï½Q i2K +QKQ Q#D2iBpQ
2tTHB+�` #`2p2K2Mi2 � i`�Mb7Q`K�/� +m`p2H2i /2 b2;mM/� ;2`�Ï½Q 2 bm�b p�`B�Mi2b /Bb+`2i�bX
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Zm�M/Q +QKT�`�/� +QK b2mb T`2/2+2bbQ`2b- �+`2/Bi�@b2 [m2 � i`�Mb7Q`K�/� +m`p2H2i p2K
/2 mK� HQM;� HBM?� /2 K2H?Q`B�b M� i`�Mb7Q`K�/� /2 6Qm`B2` Q`B;BM�H T�`� +2`i�b �THB+�ÏǤ2bX
1bi� ȹHiBK� 7�H?� 2K `2bQHp2` /Bbiȹ`#BQb /2 7`2[māM+B� 2K T2[m2M� 2b+�H� H2pQm ¨ i`�Mb@
7Q`K�/� /2 6Qm`B2` /2 +m`iQ i2KTQ Ua?Q`i@iBK2 6Qm`B2` i`�Mb7Q`KVX 1bb� iû+MB+� mb� mK�
D�M2H� `2i�M;mH�` /2 7Q`K� }t� MQ /QKőMBQ /� 7`2[māM+B�- [m2 û 2Mi½Q �THB+�/� ¨ 7mMÏ½Q 2K
iQ/Q Q b2m /QKőMBQX AbbQ bQHm+BQMQm Q T`Q#H2K� /2 7�Hi� /2 `2bQHmÏ½Q 2K T2[m2M� 2b+�H�-
K�b 2bb� �#Q`/�;2K +�`2+B� /2 `2bQHmÏ½Q KmHiB2b+�H�- Q [m2 H2pQm ¨ i`�Mb7Q`K�/� r�p2H2i
+QMp2M+BQM�H [m2 mb�p� mK� D�M2H� /2 7Q`K� Kmi�p2HX LQ 2Mi�MiQ- T�`� [m2 mK� i`�Mb@
7Q`K�Ï½Q �iBMD� mK� `2T`2b2Mi�Ï½Q 2bT�`b� ƦiBK� /�b +m`p�b /� BK�;2K- � 7`2[māM+B� TQ`
bB bƦ M½Q û bm}+B2Mi2- TQBb � /B`2Ï½Q /� +m`p� i�K#ûK û BKTQ`i�Mi2X AbbQ H2pQm ¨ +`B�Ï½Q
/2 p�`B�b r�p2H2ib /B`2+BQM�Bb- +QKQ +QMiQm`H2ib- b?2�`H2ib- #2�KH2ib 2 `B/;2H2ibX .2Mi`2 2H�b
mK� /�b K�Bb TQTmH�`2b û � i`�Mb7Q`K�/� +m`p2H2iX � i`�Mb7Q`K�/� +m`p2H2i /2 T`BK2B`�
;2`�Ï½Q- T`QTQbi� TQ` *�M/2b 2 .QMQ?Q UkyyyV- û #�b2�/� M� i`�Mb7Q`K�/� `B/;2H2i- [m2
7QB �THB+�/� � /B72`2Mi2b 2b+�H�b /� i`�Mb7Q`K�/� r�p2H2i k.X lK� i`�Mb7Q`K�/� +m`p2H2i
/2 b2;mM/� ;2`�Ï½Q KmBiQ K�Bb bBKTH2b 7QB T`QTQbi� T2HQb K2bKQb �miQ`2b Up2` *�M/ĕb 2
.QMQ?Q- kyy8�- kyy8#V- [m2 b2`� 2tTHB+�/� MQ `2bi�Mi2 /� b2Ï½QX

� i`�Mb7Q`K�/� +m`p2H2i +QMiőMm� U**hV û +�H+mH�/� T2HQ T`Q/miQ BMi2`MQ /2 +m`p2H2ib
2 � 7mMÏ½Q �HpQ f ∈ L2(R2)X AbbQ TQ/2 b2` `2T`2b2Mi�/Q TQ`

c(j, l, k) := 〈f,ϕj,l,k〉 =
∫

R2

f(x)ϕj,l,k(x) dx, URXRRV

2K [m2 ϕj,l,k(x) û mK� +m`p�im`� /2 2b+�H� j- 7�iB� �M;mH�` l 2 HQ+�HBx�Ï½Q k ∈ R2X .2
�+Q`/Q +QK *�M/ĕb 2i �HX UkyyeV- Q **h b�iBb7�x � T`QT`B2/�/2 [m2 +?�K�`2KQb /2 ǳKQH/m`�
�T2`i�/�Ǵ UiB;?i 7`�K2VX AbbQ bB;MB}+� [m2 � 7mMÏ½Q �HpQ TQ/2 b2` `2T`2b2Mi�/� TQ` mK� bû`B2
/2 +m`p2H2ib +QKQ

f =
∑

j,l,k

〈f,ϕj,l,k〉ϕj,l,k, URXRkV

�HûK /2 i2` mK� `2H�Ï½Q /2 S�b2`p�H
∑

j,l,k

|〈f,ϕj,l,k〉|2 = ‖f‖2L2(R2), ∀f ∈ L2(R2), URXRjV

bBKBH�` ¨ i`�Mb7Q`K�/� /2 6Qm`B2`X

� 7�KőHB� /2 +m`p2H2ib ϕj,l,k(x) û +�H+mH�/� TQ` `Qi�Ï½Q 2 i`�MbH�Ï½Q /� +m`p2H2i K½2- Qm
2H2K2MiQ #�bB+Q- ϕjX 1bi� QT2`�Ï½Q TQ/2 b2` 2tT`2bb� +QKQ

ϕj,l,k(x) = ϕj

[
Rθl(x− x(j,l)

k )
]
, URXR9V

/�/Q [m2 x(j,l)
k = R−1

θl
(k1 · 2−j, k2 · 2−j/2)- QM/2 Rθ 2 R−1

θ b½Q `2bT2+iBp�K2Mi2 Q QT2`�/Q` /2
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`Qi�Ï½Q T2HQ �M;mHQ θ 2 b2m BMp2`bQ f i`�MbTQbiQ-

Rθ :=

(
cos θ sin θ
− sin θ cos θ

)
. URXR8V

� +m`p� K½2 û +�H+mH�/� mb�M/Q mK� iû+MB+� /2 T�`iBÏ½Q /2 7`2[māM+B�X AbbQ bB;MB}+� b2++B@
QM�` mK� 7�iB� MQ /QKőMBQ /� 7`2[māM+B� /2}MB/� TQ` /m�b 7mMÏǤ2b /2 D�M2H� T�`�#ƦHB+� /2
+QKT`BK2MiQ ≈ 2j 2 H�`;m`� ≈ 2j/2X � T`BK2B`� û mK� D�M2H� `�/B�H W (r) +QK r ∈ [1/2, 2]

[m2 /2}MB`� mK� `2;B½Q /Q �M2H [m2 +QMiûK � 7�iB�X � b2;mM/� û mK� D�M2H� �M;mH�` V (t)

+QK t ∈ [−1, 1] [m2 /2}M2 Q BMi2`p�HQ �M;mH�` 2[mB/Bbi�Mi2 T�`� � +mM?�X .2 TQbb2 /2bb2b
/QBb- Q 2H2K2MiQ #�bB+Q TQ/2 b2` 2M+QMi`�/Q TQ`,

ϕ̂j(r, θ) = 2
−3j
4 W (2−jr)V

(
2#j/2$

θ

2π

)
, URXReV

QM/2 Q /2HBKBi�/Q` +·, `2T`2b2Mi� � QT2`�Ï½Q /2 �T`QtBK�Ï½Q T�`� #�BtQ /2 mK p�HQ` `2�H
T�`� mK p�HQ` BMi2B`QX

1tBbi2K KmBi�b T`QT`B2/�/2b- +QM/BÏǤ2b 2 Qmi`�b +QMbB/2`�ÏǤ2b � b2`2K 72Bi�b T�`� 2t@
THB+�` +QKTH2i�K2Mi2 Q **h- K�b BbbQ 7Q;2 Q 2b+QTQ /2bi� /Bbb2`i�Ï½QX P [m2 7QB 2tTQbiQ
�+BK� b2`p2 �Q T`QTƦbBiQ /2 KQbi`�` mK� pBb½Q �KTH� bQ#`2 Q �bbmMiQX lK� 2tTHB+�Ï½Q K�Bb
�T`Q7mM/�/� TQ/2 b2` 2M+QMi`�/� 2K *�M/ĕb 2 .QMQ?Q Ukyy8�- kyy8#V- *�M/ĕb 2i �HX UkyyeV
2 J� 2 SHQMF� UkyRyVX

RX9XR h`�Mb7Q`K�/� +m`p2H2i .Bb+`2i� _�TB/�

S�`� BKTH2K2Mi�` � i`�Mb7Q`K�/� +m`p2H2i 2K mK /QKőMBQ /Bb+`2iQ- �H;mK�b bBKTHB}+�ÏǤ2b
/2p2K b2` 72Bi�bX P /QKőMBQ /Bb+`2iBx�/Q û +QKmK2Mi2 `2T`2b2Mi�/Q TQ` mK� K�i`Bx +�`i2@
bB�M�- iQ`M�M/Q � `2T`2b2Mi�Ï½Q /2 7�iB�b �M;mH�`2b TQ` `2i�M;mHQb BKT`�iB+�p2HX SQ`i�MiQ-
2bi2b b½Q bm#biBimő/Qb TQ` i`�TûxBQb +QKQ BHmbi`�/Q M� 6B;m`� RXRX J2bKQ �bbBK- mK� 2[m�@
Ï½Q b2K2H?�Mi2 ¨ 2[m�Ï½Q RXRe û p�HB/�- K�b �b D�M2H�b `�/B�Bb 2 �M;mH�`2b /2p2K �;Q`� b2`
KQ/B}+�/�b T�`� � MQp� 7Q`K�- 2 Q QT2`�/Q` /2 `Qi�Ï½Q i2`� [m2 b2` bm#biBimő/Q TQ` mK /2
+Bb�H?�K2MiQX

1bi� D�M2H� /2 +Bb�H?�K2MiQ TQ/2 b2` /2b+`Bi� TQ`,

Ũ(ωx,ωy) := W̃j(ωx,ωy)Vj(ωx,ωy), URXRdV

1K [m2 � D�M2H� `�/B�H �;Q`� û /2}MB/� 2K [m�/`�/Qb +QM+āMi`B+Qb /2}MB/Qb +QKQ,

W̃j :=
√

Φ2
j+1(ω)− Φ2

j(ω), j ! 0, URXR3V



h2Q`B� kj

6B;m`� RXR, 1bi� 6B;m`� BHmbi`� +QKQ Q /QKőMBQ /� 7`2[māM+B� û /BpB/B/Q 2K D�M2H�b i`�T2@
xQB/�BbX S2`+2#� [m2 �b D�M2H�b i2K b2m +QKT`BK2MiQ 2 H�`;m`� Q#2/2+2M/Q Q 2b+�HQM�K2MiQ
T�`�#ƦHB+QX � T�`i2 bQK#`2�/� `2T`2b2Mi� mK� D�M2H� /2 +Bb�H?�K2MiQ U*�M/ĕb 2i �HX- kyyeVX

2K [m2 Φ +QMbBbi2 MQ T`Q/miQ /2 D�M2H�b mMB/BK2MbBQM�Bb T�bb�@#�BtQ /�/�b TQ` Φ =

φ(2−jωx)φ(2−jωy)X � 7mMÏ½Q φ 2bi� +QM}M�/� 2Mi`2 y 2 R U0 " φ " 1VX � D�M2H� �M;m@
H�` V û /2}MB/� T�`� +�/� j ! 0 û /2}MB/� +QKQ

Vj(ωx,ωy) := V

(
2#j/2$

ωx

ωy

)
. URXRNV

1K bmK�- � D�M2H� /2 +Bb�H?�K2MiQ M� 2[m�Ï½Q RXRd BbQH� 7`2[māM+B�b T2`iQ /� +mM?�
{
(ωx,ωy) : 2j " ωx " 2j+1- −2−j/2 " ωy/ωx

" 2−j/2
}
X 1bi� û � +QMi`�T�`i2 +�`i2bB�M� /�

D�M2H� TQH�` mb�/� M� i`�Mb7Q`K�Ï½Q +QMiőMm�X *QKQ i�H- Q QT2`�/Q` /2}MB/Q M� 2[m�Ï½Q
RXR8 /2p2 b2` bm#biBimő/Q TQ` mK 2[mBp�H2Mi2 /2 +Bb�H?�K2MiQ,

Sθ :=

(
1 0

− tan θ 1

)
, URXkyV

2 Qb �M;mHQb 2[mB/Bbi�Mi2b TQ` /2+HBp2b 2[mB/Bbi�Mi2b tan θl := l·2−#j/2$- l = −2−#j/2$, . . . , 2−#j/2$−
1 U*�M/ĕb 2i �HX- kyyeVX *QKQ `2bmHi�/Q- � 7�KőHB� /2 D�M2H� /2 +Bb�H?�K2MiQ iQ`M�@b2,

Ũj,l(ω) := W̃j(ω)Vj(Sθlω), URXkRV

[m2- +QKT�`�/Q +QK Q **h û 2[mBp�H2Mi2 ¨ 7�KőHB� /2 +m`p2H2ib M� 2[m�Ï½Q RXR9X L� K2bK�
HBM?� /2 T2Mb�K2MiQ- � 2[m�Ï½Q RXRd û 2[mBp�H2Mi2 �Q 2H2K2MiQ #�bB+Q /2}MB/Q M� 2[m�Ï½Q
RXReX

1tBbi2K /m�b BKTH2K2Mi�ÏǤ2b T`BM+BT�Bb /� i`�Mb7Q`K�/� `�TB/� +m`p2H2i /Bb+`2i� U6.*h
/Q BM;Hāb 6�bi /Bb+`2i2 +m`p2H2i i`�Mb7Q`KV, la66h 2 q`�TTBM;X LQ la66h- � BM+HBM�Ï½Q
/� ;`�/2 /2 i`�MbH�Ï½Q 2bi� �HBM?�/� +QK � Q`B2Mi�Ï½Q /� +m`p�- b2M/Q mK� `2T`2b2Mi�Ï½Q



h2Q`B� k9

6B;m`� RXk, AHmbi`�Ï½Q /Q KûiQ/Q q`�TTBM;- [m2 ǳ2K#`mH?�Ǵ mK� 7Q`K� /2Mi`Q /2 mK
T�`�H2HQ;`�KQ �Q �bbmKB` T2`BQ/B+B/�/2 U*�M/ĕb 2i �HX- kyyeVX

K�Bb T`2+Bb� /� i`�Mb7Q`K�/� /� +m`p� 2K ;2`�H- 2K#Q`� mK TQm+Q K�Bb H2Mi� 2 +QKTH2t�X
lK� �#Q`/�;2K K�Bb T`�iB+� û � p2`b½Q q`�TTBM;- M� [m�H � ;`�/2 /� 7mMÏ½Q i`�Mb7Q`K�/�
/2 6Qm`B2` û KmHiBTHB+�/� � +�/� j 2 l +QK � D�M2H� /� 2[m�Ï½Q RXkRX P `2bmHi�/Q 2K D�M2H�
û +QMbB/2`�/Q T2`BƦ/B+Q- 2MpQHp2M/Q � Q`B;2K- +QKQ BHmbi`�/Q M� 6B;m`� RXk U*�M/ĕb 2i �HX-
kyyeVX � i`�Mb7Q`K�/� BMp2`b� /2 6Qm`B2` û �THB+�/� ¨ 7mMÏ½Q 2MpQHpB/� 2K +�/� �M;mHQ
2 2b+�H�- 2Mi½Q Qb +Q2}+B2Mi2b /� +m`p2H2i T�`� �[m2H� D�M2H� b½Q Q#iB/Qb TQ` i`�MbH�Ï½Q MQ
/QKőMBQ /Q 2bT�ÏQX �K#�b �b BKTH2K2Mi�ÏǤ2b T�`� * YY 2 J�hG�" TQ/2K b2` 2M+QM@
i`�/�b M� #B#HBQi2+� *m`p2H�#- /BbTQMőp2H 2K ?iiT,ff+m`p2H2iXQ`;- b2M/Q /2b2MpQHpB/� T2HQb
+`B�/Q`2b /� i`�Mb7Q`K�/� +m`p2H2iX � BKTH2K2Mi�Ï½Q mb�/� 7QB Q r`�TT2` Tvi?QM +?�K�/Q
+m`p2HQTb U*Qbi�- kykyVX

�bbBK- Q T`Q+2/BK2MiQ #�bB+Q /� 6.*h TQ/2 b2` `2bmKB/Q �H;mMb TQm+Qb T�bbQbX *QKQ
M2bi2 i`�#�H?Q � p2`b½Q q`�TTBM; 7QB miBHBx�/�- b2;m2 Q �H;Q`BiKQ #�bB+Q /2bi2 KûiQ/Q,

Ç �THB+�` � i`�Mb7Q`K�/� `�TB/� /2 6Qm`B2` k. Uk. 66hV �Q /�/Q Q`B;BM�H- Q#i2M/Q Qb
+Q2}+B2Mi2b MQ /QKőMBQ /Q MȹK2`Q /2 QM/�-

Ç S�`� +�/� 2b+�H� 2 �M;mHQ- KmHiBTHB+�` TQMiQ � TQMiQ � D�M2H� /2 +Bb�H?�K2MiQ U6B@
;m`� RXRV +QK Q /�/Q MQ /QKőMBQ /2 6Qm`B2`-

Ç ǳ1K#`mH?�`Ǵ Ur`�TV Q `2bmHi�/Q /2bi� KmHiBTHB+�Ï½Q 2K pQHi� /� Q`B;2K-

Ç �THB+�` � i`�Mb7Q`K�/� `�TB/� /2 6Qm`B2` BMp2`b� �Q `2bmHi�/Q- Q#i2M/Q Qb +Q2}+B2Mi2b
/� i`�Mb7Q`K�/� +m`p2H2i T�`� 2bi� 2b+�H� 2 �M;mHQX



h2Q`B� k8

RX8 _2/2b L2m`�Bb �`iB}+B�Bb

�b `2/2b M2m`�Bb �`iB}+B�Bb i2Mi�K 2KmH�` � 7Q`K� +QKQ Q +û`2#`Q ?mK�MQ 7mM+BQM�- 2MbB@
M�M/Q Q +QKTmi�/Q` � `2bQHp2` T`Q#H2K�b [m2 `2[m2`2K mK +2`iQ Mőp2H /2 +Q;MBÏ½QX 1bb2b
T`Q#H2K�b b½Q KmBiQ p�`B�/Qb- BM/Q /2b/2 B/2MiB}+�Ï½Q /2 T�/`Ǥ2b- BMi2`T`2i�Ï½Q /2 i2tiQ-
+`B�Ï½Q �`iőbiB+�- �iû K2bKQ T`2/BÏ½Q /2 /�/Qb ?BbiƦ`B+QbX h�Bb 72BiQb b½Q T`�iB+�K2Mi2 BK@
TQbbőp2Bb /2 b2 KQ/2H�` � T�`iB` /2 mK� 2[m�Ï½Q /B72`2M+B�H- Qm /2 b2`2K T`Q;`�K�/Qb 2K
mK� HƦ;B+� /B`2i�K2Mi2X � +QM+2TÏ½Q /� B/2B� /� `2/2 M2m`�H �/pûK /� #BQ7őbB+� K�i2K�iB+�
2 /� M2m`Q}bBQHQ;B�- /2Mi`2 �b KmBi�b i2Mi�iBp�b /2 b2 2Mi2M/2` 2 KQ/2H�` K�i2K�iB+�K2Mi2
� 7Q`K� +QKQ mK M2m`ƬMBQ 7mM+BQM� M� 2bT2`�MÏ� /2 2Mi2M/2` Q +û`2#`Q +QKQ mK iQ/QX lK
/Qb i`�#�H?Qb T2`+mbbQ`2b /2bb� HBM?� /2 T2b[mBb� 7QB Q /2 _�b?2pbFv URNj3VX

P M2m`ƬMBQ ?mK�MQ- BHmbi`�/Q M� 6B;m`� RXj- QT2`� `2+2#2M/Q bBM�Bb 2Hûi`B+Qb /2 M2m`Ƭ@
MBQb pBxBM?Qb �i`�pûb /Qb /2M/`BiQbX .2 7Q`K� bBKTHB}+�/�- Q M2m`ƬMBQ `2+2#2 mK bQK�iƦ`BQ
/2 bBM�Bb 2Hûi`B+Qb /2 Qmi`Qb M2m`ƬMBQb HB;�/Qb �Qb /2M/`BiQb- +�/� mK +QK �KTHBim/2b /B72@
`2Mi2b /2T2M/2M/Q /� bm� +QM2t½Q bBM�TiB+�- 2 Q bBM�H `2bmHi�Mi2 û �p�HB�/Q, b2 7Q` K�BQ` [m2
mK +2`iQ p�HQ` /2 +Q`i2 Q BKTmHbQ û i`�MbKBiB/Q T�`� Q M2m`ƬMBQ HB;�/Q �Q �tƬMBQ i2`KBM�H-
+�bQ +QMi`�`BQ M�/� �+QMi2+2X 1Mi½Q Q `2bmHi�/Q û /2 7�iQ #BM�`BQ- Qm � bBM�Tb2 �+QMi2+2 Qm
M½Q- 2 b2KT`2 +QK � K2bK� �KTHBim/2 /2 b�ő/�X

P#b2`p2 2Mi½Q [m2 2tBbi2K [m2 �H;mMb T�`�K2i`Qb [m2 `2;2K � bBM�Tb2 MQ M2m`ƬMBQ,
� �KTHBim/2 /2 +Q`i2 /Q bBM�H `2bmHi�Mi2 #2K +QKQ � 7Q`Ï� /� +QM2t½Q bBM�TiB+� 2Mi`2 Qb
/2M/`BiQb +QK M2m`ƬMBQb HB;�/Qb 2H2bX Pb M2m`ƬMBQb- �Q b2 HB;�`2K +QK Qmi`Qb- 7Q`K�K �bbBK
mK� 2bTû+B2 /2 i2B� Qm `2/2 [m2 7Q`K�K MQbbQ +û`2#`Q- Q [m2 DmbiB}+� Q MQK2 ǳ`2/2 M2m`�HǴX

6B;m`� RXj, 1b[m2K� `2T`2b2Mi�iBpQ /2 mK M2m`ƦMBQ iőTB+QX U�V .2M/`BiQ U#V aQK� U+V Lȹ+H2Q
U/V �tƬMBQ U2V "�BM?� /2 KB2HBM� U7V *ûHmH� /2 a+?r�MM U;V LƦ/mHQ /2 _�MpB2` U?V �tƬMBQ
i2`KBM�H UJQ`2B`�- kyRjVX



h2Q`B� ke

6B;m`� RX9, lK� `2/2 M2m`�H bBKTH2b 2 Q K�T2�K2MiQ /� T`BK2B`� +�K�/� Q+mHi� MmK�
K�i`Bt 9tj Uu�bQm#B- >QD�#` 2 JQ/�``2bbB- kyRdVX

Pb M2m`ƬMBQb b½Q /2 7�iQ KmBiQ bBKTH2b 2K bm� 2bi`mim`�- K�b +�/� mK /Qb T�`�K2@
i`Qb [m2 2H2b +QMi`QH�K TQ/2K b2` KQ/2H�/Qb K�i2K�iB+�K2Mi2 +QK �H;mK�b `2bb�Hp�bX P
`2bi�Mi2 /� b2Ï½Q B`� 7Q+�` 2K 2tTHB+�` �b /B72`2Mi2b 2i�T�b T2`i2M+2Mi2b ¨ 2t2+mÏ½Q /2bb2
KQ/2HQX

RX8XR S2bQb

P T2bQ û mK /Qb T�`�K2i`Qb /Q M2m`ƬMBQ [m2 BM/B+� Q Mőp2H /2 BKTQ`i�M+B� /Q bBM�H `2+2#B/Q
T2HQ b2m M2m`ƬMBQ 2KBbbQ`X � 6B;m`� RX9 KQbi`� mK� `2/2 bBKTH2b +QK mK� +�K�/� /2
2Mi`�/� +QK j M2m`ƬMBQb- 2 � +�K�/� b2;mBMi2 U+�K�/� Q+mHi�V +QK 9 M2m`ƬMBQbX *�/�
M2m`ƬMBQ /� +�K�/� Q+mHi� `2+2#2 bBM�H /2 iQ/Qb Qb M2m`ƬMBQb /2 2Mi`�/�- TQbbmBM/Q mK T2bQ
�bbQ+B�/Q � +�/� mK /2H2b UbBKBH�` � +QM2t½Q bBM�TiB+�V- BM/B+�M/Q Q Mőp2H /2 BKTQ`i�M+B� �
b2` /�/Q TQ` +�/� mKX � K�i`Bx M� 6B;m`� RX9- [m2 +?�K�`2KQb /2 W1- /2KQMbi`� +QKQ
2bb2b T2bQb b½Q �THB+�/Qb �Qb p�HQ`2b /2 2Mi`�/�X P#b2`p2 [m2 Qb T2bQb /2 +�/� M2m`ƬMBQ /�
+�K�/� Q+mHi� 2bi½Q /BbTQbiQb M�b +QHmM�b /2 W1- 2 Qb p�HQ`2b /� 2Mi`�/� MQ p2iQ` b2M/Q
KmHiBTHB+�/Q TQ` W1X .2 mK KQ/Q ;2`�H 2Mi½Q i2KQb �iû 2Mi½Q

W1x = y1, URXkkV

b2M/Q x Q p2iQ` /2 2Mi`�/�- 2 y Q /2 b�ő/� /� +�K�/� Q+mHi�X 1bb� QT2`�Ï½Q- T�`� +�/�
M2m`ƬMBQ M�/� K�Bb û /Q [m2 mK� +QK#BM�Ï½Q HBM2�` 2Mi`2 T2bQb 2 Qb p�HQ`2b /2 2Mi`�/�X a2
iBpûbb2KQb Qmi`� +�K�/� Q+mHi�- i2`ő�KQb Qmi`� K�i`Bx W2 2 �bbBK TQ` /B�Mi2- �iû [m2 b2
+?2;�bb2 M� +�K�/� /2 b�ő/�X



h2Q`B� kd

RX8Xk 6mMÏ½Q /2 �iBp�Ï½Q

aQK2Mi2 � �THB+�Ï½Q /Qb T2bQb M½Q û Q bm}+B2Mi2- TQBb Q `2bmHi�/Q i2K [m2 b2` �p�HB�/Q T�`�
[m2 Q M2m`ƬMBQ /2+B/� b2 2KBi2 Q BKTmHbQ T�`� Q M2m`ƬMBQ pBxBM?Q Qm M½QX *QKQ 2tTHB+�/Q
�Mi2`BQ`K2Mi2 Q bBM�H 2KBiB/Q û #BM�`BQ- 2 bQK2Mi2 û i`�MbKBiB/Q b2 Q p�HQ` `2bmHi�Mi2 /�b
�THB+�ÏǤ2b /Qb T2bQb 2t+2/� mK +2`iQ p�HQ` /2 +Q`i2X 1bb2 +QKTQ`i�K2MiQ û Q /2 mK� 7mMÏ½Q
/2;`�m /Q iBTQ

H(x− α) =






0 : x < α,
1
2 : x = α,
1 : x > α,

URXkjV

QM/2 α b2`B� Q p�HQ` /2 +Q`i2X 1bb� 7mMÏ½Q mb� +QKQ �`;mK2MiQ Q `2bmHi�/Q /� �THB+�Ï½Q /Qb
T2bQb- +QKQ BHmbi`�/Q M� 6B;m`� RX8X

P#b2`p2 TQ`ûK [m2 � 7mMÏ½Q /� 2[m�Ï½Q RXkj M½Q û +QMiőMm�- Q [m2 iQ`M� 2H� K�i2K�@
iB+�K2Mi2 BM/2b2D�p2H- K2bKQ [m2 b2D� K�Bb +Q2`2Mi2 +QK � M�im`2x�X � bQHmÏ½Q 2M+QMi`�/�
û b2 miBHBx�` Qmi`� 7mMÏ½Q [m2 i2M?� +QKTQ`i�K2MiQ T�`2+B/Q 2 b2D� +QMiőMm�- 2 mK� /�b
T`BK2B`�b b2`2K 2KT`2;�/�b 7QB � 7mMÏ½Q bB;KQB/2

f(x) =
1

1 + e−x
, URXk9V

[m2 i2K +QKTQ`i�K2MiQ T�`2+B/Q,

f(x) =






0 : x→ −∞,
1
2 : x = 0,
1 : x→ +∞.

URXk8V

�im�HK2Mi2 2tBbi2K p�`B�b 7mMÏǤ2b /2 �iBp�Ï½Q- 2 +�#2 �Q `2bTQMb�p2H TQ` T`QD2i�` � `2/2
2b+QH?2` [m�H û � K�Bb �/2[m�/�X P 2t2KTHQb K�Bb +QKmMb TQ/2K b2` Q#b2`p�/Qb M� 6B@

6B;m`� RX8, 1t2KTHQ /�b QT2`�ÏǤ2b K�i2K�iB+�b [m2 Q+Q``2K /2Mi`Q /2 mK M2m`ƬMBQX xi b½Q
�b 2Mi`�/�b- ωi b½Q Qb T2bQb- n � [m�MiB/�/2 /2 T2bQb 2 p�HQ`2b /2 2Mi`�/�- b û Q pő2b- 2 f û
� 7mMÏ½Q /2 �iBp�Ï½Q Ua?�`K�- kyRdVX



h2Q`B� k3

;m`� RXeX .2 mK KQ/Q ;2`�H- � 7mMÏ½Q /2 �iBp�Ï½Q b2`p2 T�`� iQ`M�` � 7mMÏ½Q [m2 � `2/2
�T`QtBK� M½Q HBM2�`- Q [m2 2pBi� MQÏǤ2b T`2+QM+2#B/�b bQ#`2 Q KQ/2HQX

6B;m`� RXe, .B72`2Mi2b iBTQb /2 7mMÏ½Q /2 �iBp�Ï½Q 2 b2mb `2bT2+iBpQb ;`�}+Qb UC�/QM- kyR3VX

RX8Xj P pBûb

P pBûb- /2 7Q`K� bBKTHB}+�/�- û mK T2bQ �/B+BQM�H bQK�/Q ¨ +QK#BM�Ï½Q HBM2�` /Qb T2bQb 2
p�HQ`2b /2 2Mi`�/�- /2 7Q`K� � `2iB`�` Q ǳpBûbǴ /� 7mMÏ½Q /2 �iBp�Ï½QX AbbQ b2 i`�/mx 2K /m�b
BKTHB+�ÏǤ2b i2Ʀ`B+�bX

� T`BK2B`� +QMbBbi2 M� B/2B� [m2 Q pBûb 7mM+BQM� +QKQ Q p�HQ` /2 +Q`i2 /Q M2m`ƬMBQ-
i`�MbH�/�M/Q � 7mMÏ½Q /2 �iBp�Ï½Q /2 �+Q`/Q +QK � 2Mi`�/�X P#b2`p2 [m2 M� bm#b2Ï½Q
�Mi2`BQ` Q bB;KQB/2- �T`2b2Mi�/Q M�b 2[m�ÏǤ2b RXk9 2 RXk8- #2K +QKQ iQ/�b �b 7mMÏǤ2b /2
�iBp�Ï½Q M� 6B;m`� RXe- M½Q TQbbm2K Q p�HQ` /2 +Q`i2X AbbQ û T`QTQbBi�H pBbiQ [m2 2H2 /2Bt�
/2 b2` M2+2bb�`BQ [m�M/Q b2 mb� Q pBûbX �bbBK +QKQ f(x−α) û � i`�MbH�Ï½Q /2 f(x) TQ` α- Q
pBûb b i`�MbH�/� σ (

∑n
i=0 wixi + b)- QM/2 σ û � 7mMÏ½Q /2 �iBp�Ï½QX AbbQ T2`KBi2 �mK2Mi�` Q

p�HQ` /Q pBûb /2 M2m`ƬMBQb 2bT2+ő}+Qb [m2 i2M?�K +QKQ b�ő/� p�HQ`2b KmBiQ �HiQb- K�b [m2
BM~m2M+B�K M2;�iBp�K2Mi2 M� �+m`�+B� /� `2/2- b2`pBM/Q /2 7�iQ +QKQ mK 2[mBp�H2Mi2 /2
mK p�HQ` /2 +Q`i2 bm�pBx�/QX

� b2;mM/� û [m2 Q pBûb T2`KBi2 b2 �mK2Mi�` Q ;`�m /2 HB#2`/�/2 /� `2/2X *QKQ 2t2KTHQ
BHmbi`�iBpQ +QMbB/2`2 Q +�bQ /2 mK� `2/2 +QK bQK2Mi2 /QBb M2m`ƬMBQb 2tB#B/Q M� 6B;m`� RXdX
L2bb2 +�bQ- b2K Q pBûb � b�ő/� /� `2/2 û y = ω0x U/2b+QMbB/2`�M/Q � 7mMÏ½Q /2 �iBp�Ï½QV-
`2bmHi�M/Q 2K mK� `2/2 [m2 +QMb2;m2 �T`QtBK�` iQ/� 2 [m�H[m2` 7mMÏ½Q HBM2�`- b2 2H� T�bb�`
T2H� Q`B;2KX hQ/�pB�- �Q b2 �/B+BQM�` Q pBûb � b�ő/� /� `2/2 T�bb� � b2` y = ω0x+ b- b2M/Q
+�T�x /2 �T`QtBK�` [m�H[m2` 7mMÏ½Q HBM2�` MQ 2bT�ÏQ R2X P pBûb TQ/2 2Mi½Q i�K#ûK b2`
+QMbB/2`�/Q +QKQ mK T2bQ �/B+BQM�H [m2 �mK2Mi� � �/�Ti�#BHB/�/2 /� `2/2 T�`� �HûK /Q
2bT�ÏQ /� +QK#BM�Ï½Q HBM2�` /Qb T2bQb 2 p�HQ`2b /2 2Mi`�/�X



h2Q`B� kN

6B;m`� RXd, *QKT�`�Ï½Q /2 +QKQ 7mM+BQM� mK� `2/2 M2m`�H +QK /QBb M2m`ƬMBQb +QK 2 b2K
#B�bX

P pBûb 2 � 7mMÏ½Q /2 �iBp�Ï½Q �im�K 2K +QMDmMiQ T�`� �mK2Mi�` Q ;`�m /2 HB#2`/�/2 2
�/�Ti�#BHB/�/2 /� `2/2X � 7mMÏ½Q /2 �iBp�Ï½Q iQ`M� � `2/2 M½Q HBM2�`- 2 Q pBûb �mK2Mi� Q
b2m ;`�m /2 HB#2`/�/2 2 i�K#ûK �im� +QKQ mK p�HQ` /2 +Q`i2X

RX8X9 6mMÏ½Q +mbiQ

*QK � �THB+�Ï½Q /Qb T2bQb 2 /� 7mMÏ½Q /2 �iBp�Ï½Q T�`� iQ/�b �b +�K�/�b- � b�ő/� û Q
`2bmHi�/Q /� `2/2X SQ`ûK- T�`� [m2 2bi2 `2bmHi�/Q b2 iQ`M2 K�Bb T`ƦtBKQ /Q p�HQ` 2bT2`�/Q-
Qb T2bQb 2 Qb #B�b i2K [m2 b2` KQ/B}+�/Qb /2 i�H 7Q`K� � b2 +mKT`B` 2bb2 Q#D2iBpQX � 7mMÏ½Q
+mbiQ i2K +QKQ T`BM+őTBQ �p�HB�` Q [m½Q HQM;2 � `2/2 �im�H 2bi� /� /2b2D�/�- T�`� [m2 b2D�
TQbbőp2H +�H+mH�` [m�Bb /2p2K b2` Qb BM+`2K2MiQb �Qb T2bQb �im�BbX 1K ;2`�H BbbQ û 72BiQ
�i`�pûb /2 mK� MQ`K�- b2M/Q � MQ`K� L2 � K�Bb +QKmKX 1Mi½Q � 7mMÏ½Q +mbiQ TQ/2 b2`
2tT`2bb� �i`�pûb /2

E(f) = ‖f(x)− y‖22. URXkeV

� +QMi`B#mBÏ½Q T�`� mK� T`ƦtBK� Bi2`�Ï½Q b2`� +�H+mH�/� 2Mi½Q +QK Q +�H+mHQ /Q ;`�@
/B2Mi2 /Q 2``Q +QK `2H�Ï½Q �Qb T�`�K2i`Qb- /� K2bK� 7Q`K� [m2 Q KûiQ/Q /Q ;`�/B2Mi2
Qm bi22T2bi /2b+2Mi û mb�/Q T�`� `2bQHp2` T`Q#H2K�b /2 KBMBKBx�Ï½QX P KQiBpQ T2HQ [m�H
� 7mMÏ½Q /2 �iBp�Ï½Q i2K [m2 b2` +QMiőMm� û Dmbi�K2Mi2 T�`� [m2 2H� TQbb� b2` /2`Bp�/�
T�`+B�HK2Mi2 +QK `2H�Ï½Q � +�/� T�`�K2i`Q /2Mi`Q /Q T`Q+2bbQ /2 QiBKBx�Ï½QX

�Q b2 �T`2b2Mi�` � `2/2 p�`BQb T�`2b /2 /�/Qb /2 2Mi`�/� 2 b�ő/�- � K2bK� i2M/2 �
2b+QH?2` T2bQb ƦiBKQb T�`� [m2 b2 i2M?� � 7mMÏ½Q +mbiQ KőMBK� T�`� iQ/Q Q 2bT�ÏQ �KQbi`�HX
1bb2 T`Q+2bbQ /2 QiBKBx�Ï½Q b2 +?�K� /2 i`2BM�K2MiQX �Q b2 Q#i2` Qb T2bQb /� `2/2 i`2BM�/�-
2H� TQ/2 b2` 2Mi½Q �THB+�/� � /�/Qb /2b+QM?2+B/Qb- 2 2bb� 2i�T� b2 +?�K� /2 BM72`āM+B�X P
Q#D2iBpQ }M�H /Q i`2BM�K2MiQ û b2 Q#i2` mK� �+m`�+B� ƦiBK� M� 7�b2 /2 BM72`āM+B�X

1tBbi2K p�`B�b T�`iB+mH�`B/�/2b T�`� K�tBKBx�` � �+m`�+B�X lK� /2H�b û iQK�` K2/B/�b



h2Q`B� jy

T�`� [m2 2``Q /� 7mMÏ½Q +mbiQ M½Q b2 iQ`M2 2t+2bbBp�K2Mi2 #�BtQ- TQBb iQ`M� Q KQ/2HQ TQm+Q
�/�Ti�p2H ¨ �KQbi`�b 7mim`�bX P MQK2 /2bb2 72MƬK2MQ û bQ#`2�Dmbi2 U2K BM;Hāb- Qp2`}iVX
G2p�M/Q BbbQ 2K +QMbB/2`�Ï½Q- ;2`�HK2Mi2 b2 b2T�`� T�`i2 /�b �KQbi`�b T�`� p�HB/�Ï½Q /�
�+m`�+B� /� `2/2X 1tBbi2K KmBi�b Qmi`�b iû+MB+�b +QKmK2Mi2 2KT`2;�/�b- K�b 7�H�` bQ#`2
iQ/�b 2H�b 7Q;2 �Q 2b+QTQ /2bb� b2Ï½QX

RXe _2/2b L2m`�Bb *QMpQHm+BQM�Bb

� `2/2 M2m`�H +QMpQHm+BQM�H U*LLV pBb� �M�HBb�` /�/Qb 2bT�+B�Bb /2 7Q`K� K�Bb 2}+B2Mi2X
AbbQ û 2bT2+B�HK2Mi2 ȹiBH [m�M/Q Qb /�/Qb /2 2Mi`�/� /Q T`Q#H2K� b½Q mK� BK�;2K Qm
K�i`Bx KmHiB/BK2MbBQM�H- TQBb T2`KBi2 [m2 �b +�K�/�b /� `2/2 B/2MiB}[m2K 72BÏǤ2b 2bT�@
+B�Bb M� BK�;2K- 2K KmBi�b 2b+�H�b 2 HQ+�HBx�ÏǤ2b /B72`2Mi2bX L� `2/2 M2m`�H i`�/B+BQM�H
iQi�HK2Mi2 +QM2+i�/�- � BK�;2K /2 2Mi`�/� /2p2 b2` mK p2iQ` mMB/BK2MbBQM�H- +QKT`QK2M@
i2M/Q � +QKT`22Mb½Q /2 BM7Q`K�Ï½Q 2bT�+B�H- mK� p2x [m2 � BK�;2K i2`� /2 b2` �+?�i�/�
2K mK� /BK2Mb½QX �HûK /BbbQ- � *LL 2bi� +QM2+i�/� �T2M�b HQ+�HK2Mi2- M� [m�H mK
T2[m2MQ }Hi`Q /2 T2bQb /B72`2Mi2b û +QMpQHpB/Q +QK � BK�;2K /2 2Mi`�/�- `2bmHi�M/Q MQ
p�HQ` /2 mK M2m`ƬMBQ M� +�K�/� b2;mBMi2 U+QK � 7mMÏ½Q /2 �iBp�Ï½Q /2pB/�K2Mi2 �THB+�/�VX
*QMb2[m2Mi2K2Mi2- mK M2m`ƬMBQ û +QM2+i�/Q �T2M�b � mK� T2[m2M� TQ`Ï½Q /2 M2m`ƬMBQb
/� 2Mi`�/�- `2/mxBM/Q Q MȹK2`Q /2 T�`�K2i`Qb M2+2bb�`BQb bB;MB}+�iBp�K2Mi2 U:QQ/72HHQr-
"2M;BQ 2 *Qm`pBHH2- kyReVX 1K#Q`� b2D� TQbbőp2H bBKTH2bK2Mi2 mb�` mK� `2/2 M2m`�H T`Q@
7mM/� iQi�HK2Mi2 +QM2+i�/� T�`� `2bQHp2` T`Q#H2K�b /2 BK�;2K- Q [m2 û +QM?2+B/Q � T�`iB`
/Q i2Q`2K� /� �T`QtBK�Ï½Q mMBp2`b�H U>Q`MBF- aiBM+?+QK#2 2 q?Bi2- RNNyV- BbbQ i`�b +QMbB;Q
mK �HiQ T`2ÏQ i�MiQ 2K /2b2KT2M?Q [m�MiQ 2K 2}+�+B�X

P mbQ K�Bb T`Q2KBM2Mi2 /� *LL 2bi� MQ +�KTQ /� pBb½Q +QKTmi�+BQM�H- Dmbi�K2Mi2
TQ`[m2 T2`KBi2 [m2 � K�[mBM� B/2MiB}[m2 72BÏǤ2b M�b BK�;2Mb- [m2 TQ/2K b2` /2b/2 MȹK2`Qb-
7Q`K�b- 7�+2b- �`2bi�b- Q#D2iQb- #2K +QKQ HBbi� +QMiBMm�X � T`BK2B`� �THB+�Ï½Q +QM?2+B/�
/2bi� �`[mBi2im`� 7QB 72Bi� TQ` *mM 2i �HX URN3NV- +QK Q Q#D2iBpQ /2 T`QD2i�` mK� `2/2 T�`�
B/2MiB}+�` /ő;BiQb K�Mmb+`BiQbX AbbQ bƦ û TQbbőp2H TQ`[m2 2bb2 iBTQ /2 `2/2 T2`KBi2 [m2 Qb
}Hi`Qb 2ti`�B�K 72BÏǤ2b /Qb /�/Qb /2 2Mi`�/� BM/2T2M/2Mi2K2Mi2 /2 bm� TQbBÏ½Q- Qm b2D�- TQ`
+�mb� /� BMp�`B�M+B� i`�MbH�+BQM�HX

1K +�/� +�K�/� /� *LL- mK� BM}MB/�/2 /2 }Hi`Qb +QK T2bQb /B72`2Mi2b û ;2`�/�- 2
+�/� }Hi`Q û +QMpQHpB/Q +QK � BK�;2K /2 2Mi`�/� 2 �/B+BQM�/Q � mK pBûbX Pb `2bmHi�/Qb
/2 i�H +QMpQHmÏ½Q b½Q +?�K�/Qb /2 K�T�b /2 72BÏǤ2bX �bbBK- mK� +QH2Ï½Q /2 K�T�b /2
`2+m`bQb �bbQ+B�/Qb � /B72`2Mi2b }Hi`Qb û +�H+mH�/�X lK� 7mMÏ½Q /2 �iBp�Ï½Q û 2Mi½Q �THB+�/�
� 2H2b T�`� ;�`�MiB` � M½Q HBM2�`B/�/2- [m2 TQ/2 b2` bB;KƦB/2- i�M;2Mi2 ?BT2`#ƦHB+�- _2Gl



h2Q`B� jR

Qm Qmi`QbX 1bi� QT2`�Ï½Q TQ/2 b2` 2tT`2bb� TQ`

Yi = σ(Wi ∗X + bi) i ∈ N : 0 < i < Nfiltros, URXkdV

2K [m2 Yi û Q K�T� /2 72BÏǤ2b /2 b�ő/� �bbQ+B�/Q �Q }Hi`Q Wi 2 Q #B�b bi- 2 σ û � 7mMÏ½Q
/2 �iBp�Ï½QX Pb T�`�K2i`Qb b½Q �Dmbi�/Qb mb�M/Q Q KûiQ/Q bi22T2bi /2b+2Mi T�`� KBMBKBx�`
� 7mMÏ½Q /2 T2`/� mb�/� 2K mK +QMDmMiQ /2 /�/QbX lK� *LL /2 �T`2M/Bx�/Q T`Q7mM/Q
û #�bB+�K2Mi2 mK� +QK#BM�Ï½Q /2 +�K�/�b +QMpQHm+BQM�BbX 1tBbi2K p�`B�b �`[mBi2im`�b /2
`2/2 M2m`�H [m2 mb�K mK� KBbim`� /2 +�K�/�b +QMpQHm+BQM�Bb +QK Qmi`Qb iBTQb T�`� Q#i2`
mK `2bmHi�/Q K2H?Q` 2K �H;mMb +�KTQb UTQ` 2t2KTHQ- l@L2iVX

P T`QD2iQ /�b �`[mBi2im`�b /2 *LL û 7Q`i2K2Mi2 #�b2�/Q 2K 2pB/āM+B�b 2KTő`B+�b /Q
[m2 7mM+BQM� MQ +�KTQ /� pBb½Q +QKTmi�+BQM�H 2 2K Qmi`Qb +�KTQb BKTQ`i�Mi2bX P T`QD2iQ
+QMbBbi2 MQ MȹK2`Q /2 +�K�/�b +QMpQHm+BQM�Bb- MȹK2`Q /2 }Hi`Qb TQ` +�K�/�- i�K�M?Q /Q
}Hi`Q- iBTQ /2 7mMÏ½Q /2 �iBp�Ï½Q- b2 � +�K�/� �im�`� +QKQ mK +Q/B}+�/Q` Qm /2+Q/B}+�@
/Q`- Qm b2 ?�p2`� Qmi`Qb iBTQb /2 +�K�/�b MQ BMi2`p�HQ 2Mi`2 +�K�/�b +QMpQHm+BQM�Bb UGBm-
*?2M 2 a+?mbi2`- kykyVX lK� +QKT�`�Ï½Q 2Mi`2 *LLb 2 +Q/B}+�Ï½Q 2bT�`b� +QMpQHm+BQM�H
KmHiB+�K�/�b 7QB `2+2Mi2K2Mi2 2bim/�/� TQ` S�Tv�M- _QK�MQ 2 1H�/ UkyReV- /�M/Q mK
7Q`K�HBbKQ K�i2K�iB+Q � 2bb2 iBTQ /2 `2/2 M2m`�HX �BM/� �bbBK- /2T2M/2M/Q /Q T`Q#H2K�
2K [m2bi½Q- �H;mK Mőp2H /2 2tT2`BK2Mi�Ï½Q ?2m`őbiB+� b2`� M2+2bb�`BQX *QKQ +QMb2[māM+B�-
Qb T�`�K2i`Qb b2H2+BQM�/Qb i�Hp2x 7mM+BQM2K T�`� mK +QMDmMiQ /2 /�/Qb- K�b KmBiQ K2MQb
T�`� Qmi`QbX

RXeXR �`[mBi2im`� l@L2i

1M[m�MiQ �b +�K�/�b *LL K�MiāK �b /BK2MbǤ2b /Qb K�T�b /2 72BÏǤ2b }t�b +QKQ �b K2b@
K�b /� BK�;2K /2 2Mi`�/� 2 b�ő/�- TQ/2@b2 i�K#ûK `2/mxB` � `2bQHmÏ½Q �iû � +�K�/� /2
;�`;�HQ 2- 2K b2;mB/�- �mK2Mi�` � `2bQHmÏ½Q /2 pQHi� ¨ /BK2Mb½Q Q`B;BM�H UGm+�b 2i �HX- kyR3VX
1bb� �#Q`/�;2K b2 iQ`MQm TQTmH�` +QK T`Q#H2K�b /2 b2;K2Mi�Ï½QX lK 2b[m2K� pBbm�H /2
+QKQ `2/2b +QMpQHm+BQM�Hb M2bi2 7Q`K�iQ /2 +Q/B}+�Ï½Q@/2+Q/B}+�Ï½Q TQ/2 b2` Q#b2`p�/Q M�
6B;m`� RX3X � T�`i2 /2 `2/mÏ½Q /� `2bQHmÏ½Q +QbimK� b2` +?�K�/� /2 +�KBM?Q /2 +Q/B}@
+�Ï½Q 2 û `2bTQMb�p2H TQ` �T`2M/2` +QM+2BiQb �#bi`�iQb bQ#`2 � BK�;2Kc 2M[m�MiQ � T�`i2
�mK2MiQ /� `2bQHmÏ½Q û +?�K�/� /2 +�KBM?Q /2 /2+Q/B}+�Ï½Q 2 mb� � �#bi`�Ï½Q /Q +�KBM?Q
/2 +Q/B}+�Ï½Q 2 T`Q/mx � BK�;2K /2 b�ő/�X 1bb� �#Q`/�;2K û +?�K�/� /2 *LL +Q/B}+�/Q`@
/2+Q/B}+�/Q`X LQ 2Mi�MiQ- � T�`i2 /Q +Q/B}+�/Q` +QKT`BK2 �b BM7Q`K�ÏǤ2b 2bT�+B�Bb- Q [m2
TQ/2 `2bmHi�` 2K mK� T2`/� bB;MB}+�iBp� /2 /2i�H?2b UGm+�b 2i �HX- kyR3VX lK� bQHmÏ½Q
T`QTQbi� TQ` _QMM2#2`;2`- 6Bb+?2` 2 "`Qt UkyR8�- kyR8#V û BMi`Q/mxB` +QM2tǤ2b /2 b�HiQ MQ
+�KBM?Q /2 /2+Q/B}+�Ï½Q- [m2 b2 `2bmK2 � +QM+�i2M�` K�T�b /2 72BÏǤ2b /�b +�K�/�b +QMpQ@



h2Q`B� jk

6B;m`� RX3, LmK� *LL MQ 7Q`K�iQ +Q/B}+�Ï½Q@/2+Q/B}+�Ï½Q- Qb K�T�b /2 72BÏǤ2b b½Q 2b@
T�+B�HK2Mi2 +QKT`BKB/Qb TQ` TQ` mK� `2/2 /2 +Q/B}+�Ï½Q- 2 2Mi½Q i2K b2m i�K�M?Q BM+`2@
K2Mi�/Q /2 pQHi� T�`� Q i�K�M?Q /� BK�;2K /2 b�ő/� UGm+�b 2i �HX- kyR3VX

Hm+BQM�Bb /Q +�KBM?Q /2 +Q/B}+�Ï½Q 2 /2+Q/B}+�Ï½Q +QK �b K2bK�b /BK2MbǤ2b- T`2b2`p�M/Q
Qb /2i�H?2b /� BK�;2KX 1bb� �`[mBi2im`� û +?�K�/� /2 l@L2iX

LQ 2Mi�MiQ- � iQTQHQ;B� l@L2i û Q`B;BM�HK2Mi2 �Dmbi�/� T�`� Q T`QTƦbBiQ /2 b2;K2Mi�Ï½Q
/2 BK�;2K- Q [m2 `2[m2` �H;mK�b Km/�MÏ�b T�`� [m2 TQbb� b2` mb�/Q T�`� Q T`Q#H2K� /2
`2;`2bb½Q 2M[m�MiQ �BM/� +QH?2M/Q /Qb #2M27ő+BQb /2 bm� �#Q`/�;2K KmHiB@2b+�H�X P T`BK2B`Q
T`Q#H2K� û [m2 � 7mMÏ½Q /2 �iBp�Ï½Q Q`B;BM�H mb�/� 7QB _2Gle- � [m�H x2`� [m�H[m2` MȹK2`Q
M2;�iBpQ- Q [m2 û BM/2b2D�p2H T�`� � `2;`2bb½Q- mK� p2x [m2 Qb `2bmHi�/Qb b½Q MȹK2`Qb
`2�Bb +QK � �KTHBim/2 /� BK�;2KX � 7mMÏ½Q /2 �iBp�Ï½Q K�Bb T`QKBbbQ`� û- M� p2`/�/2- �
i�M;2Mi2 ?BT2`#ƦHB+�- [m2 T2`KBi2 MȹK2`Qb TQbBiBpQb 2 M2;�iBpQb- K�b M½Q iQ/Q Q 2BtQ `2�HX
�BM/� �bbBK- mb�` �T2M�b i�M;2Mi2 ?BT2`#ƦHB+� 7�`� +QK [m2 �b �KTHBim/2b /2 b�ő/� b2D�K
KmBiQ /B72`2Mi2b /�b /2 2Mi`�/�- mK� p2x [m2 Q`#Bi�`½Q 2K iQ`MQ /2 x2`Q- �T`2b2Mi�M/Q mK
`2bmHi�/Q /2 7mMÏ½Q /2 �HiQ +mbiQX � bQHmÏ½Q û mb�` mK� 7mMÏ½Q /2 �iBp�Ï½Q HBM2�` M� ȹHiBK�
+�K�/� +QMpQHm+BQM�H- T�`� 7�x2` Qb `2bmHi�/Qb /2 b�ő/� b2 2bT�H?�`2K TQ` iQ/Q Q 2BtQ `2�HX
P b2;mM/Q T`Q#H2K� û- mK� p2x [m2 �T2M�b mK T�` /2 BK�;2Mb b2`� mb�/Q- K2bKQ +QK
D�M2H�K2MiQ 2bT�+B�H- Q MȹK2`Q Q`B;BM�H /2 #HQ+Qb 2 T�`�K2i`Qb M� l@L2i Q`B;BM�H û KmBiQ
;`�M/2- 7�x2M/Q +QK [m2 Q T`Q+2bbQ /2 i`2BM�K2MiQ /2KQ`2 KmBiQ 2 2tBD� mK� [m�MiB/�/2
2MQ`K2 /2 ûTQ+�b T�`� +QM+HmB`X S�`� `2bQHp2` BbbQ- mK MȹK2`Q K2MQ` /2 Mȹ+H2Qb û mb�/Q 2K
+�/� +�K�/� +QMpQHm+BQM�HX �Q 7�x2` 2bb�b �/�Ti�ÏǤ2b- � `2/2 l@L2i TQ/2 b2` mb�/� +QKQ
mK� �`[mBi2im`� /2 `2/2 M2m`�H /2 `2;`2bb½QX 1bi2 û Q `�+BQ+őMBQ TQ` i`�b /Q }Hi`Q mb�/Q TQ`
�pBH� 2i �HX UkykRV- +QM7Q`K2 b2`� 2tTHB+�/Q MQ +�TőimHQ kX

P +�KBM?Q /2 +Q/B}+�Ï½Q û `2bTQMb�p2H TQ` �T`2M/2` � `2T`2b2Mi�Ï½Q �#bi`�i� /� BK�;2K
/2 2Mi`�/�- +QMi2M/Q i`āb #HQ+Qb /2 i`āb +�K�/�bX LQ BMő+BQ /2 +�/� #HQ+Q- 2tBbi2K /m�b
+�K�/�b +QMpQHm+BQM�Bb +QMp2M+BQM�Bb +QK 3 × 3 Mȹ+H2Qb /2 }Hi`QX 1bi2 T�` /2 +�K�/�b
+QMpQHm+BQM�Bb û `2bTQMb�p2H T2H� 2ti`�Ï½Q /2 72BÏǤ2b M� 2b+�H� �im�HX � T`ƦtBK� +�K�/�

eX _2Gl û 2bT2+B�HK2Mi2 #QK T�`� T`Q#H2K�b /2 b2;K2Mi�Ï½Q- mK� p2x [m2 bm� M�im`2x� /2 `2bTQM/2`
�T2M�b � MȹK2`Qb TQbBiBpQb û M� p2`/�/2 KmBiQ b2K2H?�Mi2 ¨ K�M2B`� +QKQ MQbbQ +û`2#`Q 7mM+BQM�X



h2Q`B� jj

/BpB/2 � `2bQHmÏ½Q 2bT�+B�H T2H� K2i�/2- mb�M/Q mK �H;Q`BiKQ /2 K�t TQQHBM; UL�;B 2i �HX-
kyRRV +QK mK� D�M2H� 2 × 2X 1bi� /BKBMmBÏ½Q M� `2bQHmÏ½Q T2`KBi2 mK� /BKBMmBÏ½Q MQ
MȹK2`Q /2 T�`�K2i`Qb 2 iQ`M� K�Bb ;`Qbb� � 2b+�H� 2K [m2 � +�K�/� +QMpQHm+BQM�H /Q
T`ƦtBKQ #HQ+Q B`� QT2`�` bQ#`2X �Q }M�H /2 +�/� #HQ+Q- 2tBbi2 mK� +�K�/� /2 /`QTQmi-
`2bTQMb�p2H TQ` /2b�iBp�` �H;mMb MƦb �H2�iQ`B�K2Mi2 /m`�Mi2 Q i`2BM�K2MiQ- +QKQ 7Q`K� /2
2pBi�` Q Qp2`}iiBM;dX *�/� T�bb�;2K /2 #HQ+Q i2K b2mb T�`�K2i`Qb +QM2+i�/Qb �Q T`ƦtBKQ
#HQ+Q +QK � K2bK� b2[māM+B� /2 +�K�/�bX � /B72`2MÏ� 2Mi`2 #HQ+Qb +QMb2+miBpQb û [m2- �
+�/� `2T2iBÏ½Q- Q MȹK2`Q /2 K�T�b /2 72BÏǤ2b M�b +�K�/�b +QMpQHm+BQM�Bb û /mTHB+�/Q- T�`�
K2H?Q`�` Q `2+QM?2+BK2MiQ /2 72BÏǤ2b K2bKQ +QK Q 2M;`Qbb�K2MiQ /� 2b+�H�X P MȹK2`Q /2
#HQ+Qb MQ +�KBM?Q /2 +Q/B}+�Ï½Q /Q �H;Q`BiKQ Q`B;BM�H û [m�i`QX

P +�KBM?Q /2 /2+Q/B}+�Ï½Q û `2bTQMb�p2H TQ` mMB}+�` BM7Q`K�ÏǤ2b /2 /B72`2Mi2b 2b+�H�b-
+QMi2M/Q [m�i`Q #HQ+Qb /2 [m�i`Q +�K�/�bX LQ BMő+BQ /2 +�/� #HQ+Q- Q+Q``2 mK� QT2`�Ï½Q
/2 +QMpQHmÏ½Q /2 �mK2MiQ /2 2b+�H�- [m2 +QMbBbi2 2K mK� +�K�/� [m2 /Q#`� � `2bQHmÏ½Q
/� 2Mi`�/� b2;mB/� TQ` mK� +�K�/� /2 +QMpQHmÏ½QX *QKQ +QMb2[māM+B�- � 2b+�H� [m2 2bi�
b2M/Q `2bQHpB/� }+� K�Bb ;`Qbb2B`�X SQbi2`BQ`K2Mi2- Qb K�T�b /2 72BÏǤ2b M� K2bK� 2b+�H� /Q
+�KBM?Q /2 +Q/B}+�Ï½Q b½Q +QM+�i2M�/Qb +QK � b�ő/� /� +QMpQHmÏ½Q /2 �mK2MiQ /2 2b+�H�-
[m2 û b2;mB/� TQ` /m�b +�K�/�b /2 +QMpQHmÏ½Q- i2`KBM�M/Q Q #HQ+QX *QKQ �Mi2b- Q MȹK2`Q
/2 K�T�b /2 72BÏǤ2b T�`� �b +�K�/�b /2 +QMpQHmÏ½Q 2K +�/� 2b+�H� Km/� +QK +�/� #HQ+Q-
2K#Q`� �;Q`� �Q +QMi`�`BQX 1H2 +QK2Ï� +QK Q K2bKQ MȹK2`Q /Q ȹHiBKQ #HQ+Q MQ +�KBM?Q
/2 +Q/B}+�Ï½Q 2 /BpB/2 b2m MȹK2`Q � +�/� #HQ+Q [m2 T�bb� �iû �iBM;B` Q MȹK2`Q /� 2b+�H�
K�Bb }M�X LQ ȹHiBKQ #HQ+Q- ?� mK T�` /2 +�K�/�b /2 +QMpQHmÏ½Q +QK jk K�T�b /2 72BÏǤ2b
2 Qmi`� +QK mK� 7mMÏ½Q /2 �iBp�Ï½Q HBM2�`- [m2 7Q`M2+2 � BK�;2K /2 b�ő/�X

S�`� `2bmKB`- � �`[mBi2im`� l@L2i 2KT`2;�/� M2bi2 i`�#�H?Q- 2tTHB+�/Q MQ +�TőimHQ k-
/B72`2 /� p2`b½Q Q`B;BM�H 2 /� T`QTQbi� TQ` �pBH� 2i �HX UkykRVX AbbQ KQbi`� [m2 � �`[mBi2@
im`� l@L2i M½Q û BKmi�p2H- �T2M�b /2b+`2p2M/Q mK KQ/2HQ +QMpQHm+BQM�H +QK +�KBM?Qb /2
+Q/B}+�Ï½Q@/2+Q/B}+�Ï½Q 2- ;2`�HK2Mi2- +QK +�K�/�b /2 +QM+�i2M�Ï½QX

dX 1K i2Q`B� /2 BMp2`b½Q- Qp2`}i û � bBim�Ï½Q QM/2 Q KQ/2HQ BMp2`iB/Q b2 �T`QtBK� /2K�Bb /Q `2�H- iQ`M�M/Q
Qb b2mb T�`�K2i`Qb T2`/2`2K ;2M2`�HB/�/2X Pm b2D�- Q Qb T�`�K2i`Qb bQK2Mi2 p½Q b2`pB` T�`� �[m2H2 KQ/2HQX



2
J2iQ/QHQ;B�

� B/2B� TQ` i`�b /Q Ga_hJ- mb�M/Q@b2 mK� HBM2�`Bx�Ï½Q /� KQ/2H�;2K- û [m2 Qb /�/Qb
TQ/2K b2` Q#iB/Qb � T�`iB` /� `2~2iBpB/�/2 TQ` K2BQ /2,

d = Lm, UkXRV

QM/2 d b½Q Qb /�/Qb-m û � `2~2iBpB/�/2 2 L û mK QT2`�/Q` /2 KQ/2H�;2K HBM2�`X *QMbB/2`�M/Q@
b2 [m2 (LTL) = I- Qm b2D�- LT = L−1- Q QT2`�/Q` /2 KB;`�Ï½Q û Q �/DmMiQ /� KQ/2H�;2K-
`2T`2b2Mi�/Q TQ` LTX LQ 2Mi�MiQ- QT2`�/Q` �/DmMiQ M½Q û Q K2bKQ [m2 Q /2 BMp2`b½Q UQm
Tb2m/Q@BMp2`b½Q M2bi2 +�bQV- �T2b�` /� bBKBH�`B/�/2 2K KmBiQb T`Q#H2K�b /2 T`QT�;�Ï½Q /2
QM/�bX 1K i2`KQb K�Bb bBKTH2b- LT 0= L−1X .2 �+Q`/Q +QK � i2Q`B� /Q KûiQ/Q /Qb KőMBKQb
[m�/`�/Qb- � Tb2m/Q@BMp2`b� b2`B� L−1 = (LTL)−1LT U*H�2`#Qmi- RNNkVX *QKQ +QMb2[māM+B�-
� KB;`�Ï½Q TQ/2 b2` 2tT`2bb� T2H�b b2;mBMi2b 2[m�ÏǤ2b,

mKB; = [LT
1L

T
2 · · ·LT

Ns
]





d1

d2
XXX

dNs




=

Ns∑

i=1

LT
i di, UkXkV

2K [m2 � BK�;2K KB;`�/� û Q `2bmHi�/Q /Q 2KTBH?�K2MiQ /2 KB;`�ÏǤ2b /2 iB`Qb BM/BpB/m�Bb-
b2M/Q Ns Q MȹK2`Q /2 iB`Qb U.�B 2 a+?mbi2`- kyRjVX SQ`i�MiQ- Q T`Q#H2K� /2 BMp2`b½Q b2`B�
KBMBKBx�` � b2;mBMi2 7mMÏ½Q /2 +mbiQ,

E(m) =
1

2

Ns∑

i=1

‖Lim− di‖2. UkXjV

6BM�HK2Mi2- � KB;`�Ï½Q /2 KőMBKQb [m�/`�/Qb TQ/2 b2` 2tT`2bb� +QKQ,

mMQ =
Ns∑

i=1

(LT
i Li)

−1LT
i di =

Ns∑

i=1

H−1
i mKB;,i, UkX9V

j9



J2iQ/QHQ;B� j8

MQ [m�H mKB;,i b½Q KB;`�ÏǤ2b /2 iB`Q BM/BpB/m�Bb- 2 Hi = LT
i Li û � >2bbB�M� /� i2Q`B�

/� BMp2`b½QX .� 2[m�Ï½Q kX9 TQ/2 b2` T2Mb�/Q [m2 � BMp2`b� /� >2bbB�M� UH−1V û mK
}Hi`Q /2 7Q+�HBx�Ï½Q /� BK�;2K KB;`�/�X � KB;`�Ï½Q /2 KőMBKQb [m�/`�/Qb pBb� �T`QtBK�`
� BMp2`b� /� >2bbB�M� mb�M/Q KûiQ/Qb /2 QiBKBx�Ï½QX � �#Q`/�;2K T�/`½Q +QMbBbi2 2K
KûiQ/Qb Bi2`�iBpQb- +QKQ +QMDm;�/Q /Q ;`�/B2Mi2 U*:V Qm bi22T2bi /2b+2Mi- mK� p2x [m2 M½Q
û pB�p2H 2M+QMi`�` iQ/Qb Qb +Q2}+B2Mi2b /� K�i`BxH−1- 2bi�M/Q KmBiQ �HûK /2 MQbbQb `2+m`bQb
+QKTmi�+BQM�Bb �im�BbX LQ 2Mi�MiQ- i2K i`�#�H?Qb [m2 KQbi`�K [m2 b½Q 9 KQ/2H�;2Mb 2
KB;`�ÏǤ2b TQ` Bi2`�Ï½Q- 2 [m�M/Q �THB+�/Qb � KûiQ/Qb +QKQ Q Ga_hJ /2 QM/� TH�M� i2K
+mbiQ +QKTmi�+BQM�H 2[mBp�H2Mi2 � Rk _hJb +QMp2M+BQM�Bb UGBm 2 S2i2`- kyR3VX

1bi2 i`�#�H?Q i2Mi� mb�` }Hi`Qb /2 +Q``2bTQM/āM+B� +QMpQHm+BQM�H T�`� �T`QtBK�` � BM@
p2`b� /� K�i`Bx >2bbB�M� UH−1VX �bbBK- mK iBTQ /2 }Hi`Q û �THB+�/Q /� b2;mBMi2 K�M2B`�,

mMQ = f ∗mKB;. UkX8V

P }Hi`Q f û 2Mi½Q 2M+QMi`�/Q � T�`iB` /� KBMBKBx�Ï½Q /� b2;mBMi2 7mMÏ½Q /2 +mbiQ

E(f) = ‖f ∗m2 −m1‖22, UkXeV

QM/2 m1 û � BK�;2K _hJ Um1 = LTdV- 2 m2 û Q `2bmHi�/Q /� BK�;2K /� KB;`�Ï½Q /Qb
/�/Qb KQ/2H�/Qb � T�`iB` /2 m1 Um2 = LTLm1V U:mBiiQM- kyy9VX 1bb2 iBTQ û +?�K�/Q /2
}Hi`Q MQ /QKőMBQ /2 BK�;2KX Pmi`Q iBTQ /2 }Hi`Q /2 Bi2`�Ï½Q ȹMB+� T`QTQbiQ TQ` GBm 2 S2i2`
UkyR3V b½Q }Hi`Qb MQ /QKőMBQ /Q /�/Q 2K [m2 � 7mMÏ½Q /2 +mbiQ û

E(f) = ‖f ∗ d1 − d‖22, UkXdV

MQ [m�H d1 û Q `2bmHi�/Q /� KQ/2H�;2K /� BK�;2K KB;`�/� Ud1 = L(LTd)VX

1bi2 i`�#�H?Q +QKT�`� /QBb /B72`2Mi2b }Hi`Qb +QMpQHm+BQM�Bb /Q iBTQ /QKőMBQ /� BK�;2K
U2[m�Ï½Q kX8VX � T`BK2B`� �#Q`/�;2K b2`� 2tTHB+�/� M� b2Ï½Q kXR 2 � b2;mM/� M� b2Ï½Q kXkX

P T`Q+2/BK2MiQ /2b+`BiQ 7QB �THB+�/Q 2K mK T�` /2 /QBb KQ/2HQb �+ȹbiB+Qb 7�KQbQb- Q
J�`KQmbB 2 Q aB;b#22k"X �K#Qb KQ/2HQb 7Q`�K mb�/Qb T�`� +`B�` �;`mT�K2MiQb /2 iB`Qb
bőbKB+Qb bBMiûiB+Qb +QK 3y 2 kyy iB`Qb- `2bT2+iBp�K2Mi2- miBHBx�M/Q � KQ/2H�;2K "Q`M- 2tTHB@
+�/� M� b2Ï½Q RXjX � T�`iB` /Qb iB`Qb bBMiûiB+Qb- 7Q`�K +`B�/Qb T�`2b /2 BK�;2Mb KB;`�/�b 2
`2KB;`�/�b- [m2 b2`pB`�K /2 2Mi`�/� T�`� Q#i2MÏ½Q /Qb }Hi`Qb � b2`2K /Bb+miB/Qb � b2;mB`X

kXR �#Q`/�;2K #�b2�/� M� `2/2 l@L2i U�pBH� 2i �HX-
kykRV

1bi� �#Q`/�;2K +QMbBbi2 bBKTH2bK2Mi2 2K mb�` mK� `2/2 M2m`�H +QMpQHm+BQM�H T�`� �im�`
+QKQ mK }Hi`Q /2 7Q+�HBx�Ï½Q 2Mi`2 � BK�;2K KB;`�/� 2 � BK�;2K `2KB;`�/�- �T`QtBK�M/Q@



J2iQ/QHQ;B� je

b2 H−1X 1K 2bbāM+B�- Qb T2bQb /� `2/2 M2m`�H UUnetV b½Q 2M+QMi`�/Qb TQ` `2;`2bb½Q /Q T�`

m1 = Unet(m2), UkX3V

� `2/2 M2m`�H û i`2BM�/� +QK mK #�M+Q /2 /�/Qb 7Q`K�/Q TQ` mK +QMDmMiQ /2 D�M2H�b
2ti`�B/�b �H2�iƦ`B�K2Mi2 /Q T�` m1 2 m2 /2 i�K�M?Q N × N - +QK N p�`B�M/Q T�`� Q
i�K�M?Q /� BK�;2K /2 2Mi`�/�X P KQ/2HQ i`2BM�/Q û 2Mi½Q �THB+�/Q ¨ BK�;2K KB;`�/�
+QK � D�M2H�

mMQ = Unet(m1) UkXNV

2 `2+QMbi`mő/Q T�`� 2M+QMi`�` mK� �T`QtBK�Ï½Q /� BK�;2K /2 KőMBKQb [m�/`�/QbX

P KQ/2HQ Q`B;BM�H TQ/2 b2` pBbm�HBx�/Q M� 6B;m`� kXRX LQ 2Mi�MiQ- �H;mK�b T2[m2M�b
KQ/B}+�ÏǤ2b Q+Q``2`�K,

Ç �H;mK�b +�K�/�b /2 /`QTQmi 7Q`�K BMb2`B/�b M� 7�b2 /2 +Q/B}+�Ï½Q- Q [m2 M½Q û
2tT`2bbQ M� 6B;m`� kXR-

Ç L� 7�b2 /2 T`û@T`Q+2bb�K2MiQ- Q �H;Q`BiKQ /2 MQ`K�HBx�Ï½Q 7QB �Hi2`�/Q /2 K�tBKQ
�#bQHmiQR T�`� mK 2b+�HQM�/Q` `Q#mbiQk-

Ç Pb i�K�M?Qb /�b D�M2H�b- Q MȹK2`Q /2H�b 2 Q �H;Q`BiKQ T�`� Q#iā@H�b b½Q T`Qp�p2HK2Mi2
/B72`2Mi2b-

Ç Pb �H;Q`BiKQb /2 KB;`�Ï½Q 2 /2KB;`�Ï½Q U2tTHB+�/Qb M�b b2ÏǤ2b RXR 2 RXj `2bT2+iB@
p�K2Mi2V 7Q`�K 2b+`BiQb T2HQ �miQ` /2bi2 i`�#�H?Q 2K bm� 7Q`K� #�bB+�- QiBKBx�/Qb
T�`� :Slj 2K *l.� *YYULoA.A�- oBM;2HK�MM 2 6Bix2F- kykyV- mb�M/Q � �SA
/2 J�/�;�b+�` U6QK2H 2i �HX- kyRjV- 2Mi½Q T`Qp�p2HK2Mi2 ?�p2`� mK� /B72`2MÏ� M�
BKTH2K2Mi�Ï½QX

Ç _2;mH�`Bx�/Q`2b /2 T2bQb /2 +�K�/�b9 7Q`�K mb�/Qb M�b ȹHiBK�b j +�K�/�b +QMpQHm@
+BQM�Bb- +QK mK 7�iQ` /2 `2;mH�`Bx�Ï½Q /2 10−4 2 MQ`K� GR- T�`� ;�`�MiB` mK +2`iQ
Mőp2H /2 2bT�`bB/�/2 MQb /�/Qb /2 b�ő/�X

P H�vQmi 2t�iQ /�b +�K�/�b TQ/2 b2` 2M+QMi`�/Q M� h�#2H� kXRX � `�x½Q T�`� �Hi2`�` Q
�H;Q`BiKQ /2 2b+�HQM�K2MiQ û bBKTH2bK2Mi2 TQ`[m2 Q 2b+�HQM�/Q` K�tBKQ �#bQHmiQ BMi`Q@
/mxBm KmBiQ `mő/Q M� b�ő/� /Q KQ/2HQX P Q#D2iBpQ /2 D�M2H�` � BK�;2K �Mi2b /2 �THB+�` �

RX 6QMi2 /Q a+BFBi@H2�`M, ?iiTb,ffb+BFBi@H2�`MXQ`;fbi�#H2fKQ/mH2bf;2M2`�i2/fbFH2�`MXT`2T`Q+2bbBM;X
J�t�#ba+�H2`X?iKHX

kX 6QMi2 /Q a+BFBi@H2�`M, ?iiTb,ffb+BFBi@H2�`MXQ`;fbi�#H2fKQ/mH2bf;2M2`�i2/fbFH2�`MXT`2T`Q+2bbBM;X
_Q#mbia+�H2`X?iKHX

jX lMB/�/2 /2 T`Q+2bb�K2MiQ ;`�}+QX
9X E2`�b �SA bQm`+2, ?iiTb,ffF2`�bXBQf�TBfH�v2`bf`2;mH�`Bx2`bf
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`2/2 M2m`�H û ;�`�MiB` �H;mK Mőp2H /2 HQ+�HB/�/2 T�`� Q }Hi`QX �HûK /BbbQ- �Dm/� � T`2p2MB`
Q Qp2`}i- 2K#Q`� 2bi2 b2D� BM2pBi�p2H +QK mK MȹK2`Q /2 ûTQ+�b f Bi2`�ÏǤ2b bm}+B2Mi2bX �b
+�K�/�b /2 /`QTQmi 7Q`�K BMb2`B/�b MQ KQ/2HQ � }K /2 `2bQHp2` 2bi2 T`Q#H2K�X

LQK2 /� +�K�/� hBTQ /2 +�K�/� 6X �iBp�Ï½Q E2`M2H i�K�M?Qfb�HiQ h�K�M?Q /Q QmiTmi
*QMpR� *QMpQHm+BQM�H i�M? 3× 3/1 N ×N × 32
*QMpR# *QMpQHm+BQM�H i�M? 3× 3/1 N ×N × 32
J�tTQQHR J�t TQQHBM; Ĝ 2× 2/2 N/2×N/2× 32
*QMpk� *QMpQHm+BQM�H i�M? 3× 3/1 N/2×N/2× 64
*QMpk# *QMpQHm+BQM�H i�M? 3× 3/1 N/2×N/2× 64
J�tTQQHk J�t TQQHBM; Ĝ 2× 2/2 N/4×N/4× 64
*QMpj� *QMpQHm+BQM�H i�M? 3× 3/1 N/4×N/4× 128
*QMpj# *QMpQHm+BQM�H i�M? 3× 3/1 N/4×N/4× 128
J�tTQQHj J�t TQQHBM; Ĝ 2× 2/2 N/8×N/8× 128
*QMp9� *QMpQHm+BQM�H i�M? 3× 3/1 N/8×N/8× 128
*QMp9# *QMpQHm+BQM�H i�M? 3× 3/1 N/8×N/8× 128
lT@+QMpR lTb�KTHBM; Y *QMp i�M? 2× 2/2 N/4×N/4× 128
.`QTR .`QTTmiUyX8V Ĝ Ĝ N/4×N/4× 128
*QM+�i2M�i2R *�i UlT@+QMpR-*QMpj#V Ĝ Ĝ N/4×N/4× 256
*QMp8� *QMpQHm+BQM�H i�M? 3× 3/1 N/4×N/4× 128
*QMp8# *QMpQHm+BQM�H i�M? 3× 3/1 N/4×N/4× 128
lT@+QMpk lTb�KTHBM; Y *QMp i�M? 2× 2/2 N/2×N/2× 64
.`QTk .`QTTmiUyX8V Ĝ Ĝ N/4×N/4× 64
*QM+�i2M�i2k *�i UlT@+QMpk-*QMpk#V Ĝ Ĝ N/2×N/2× 128
*QMpe� *QMpQHm+BQM�H i�M? 3× 3/1 N/2×N/2× 64
*QMpe# *QMpQHm+BQM�H i�M? 3× 3/1 N/2×N/2× 64
lT@+QMpj lTb�KTHBM; Y *QMp i�M? 2× 2/2 N ×N × 32
*QM+�i2M�i2j *�i UlT@+QMpj-*QMpR#V Ĝ Ĝ N ×N × 64
*QMpd� *QMpQHm+BQM�H i�M? 3× 3/1 N ×N × 32
*QMpd� *QMpQHm+BQM�H i�M? 3× 3/1 N ×N × 32
*QMp3 *QMpQHm+BQM�H HBM2�` 3× 3/1 N ×N × 1

h�#2H� kXR, .2b+`BÏ½Q /� iQTQHQ;B� l@L2i miBHBx�/�- #�b2�/� MQ i`�#�H?Q /2 �pBH� 2i
�HX UkykRVX

1K bmK�- Q T`Q+2/BK2MiQ +QMbBbiBm 2K,

RX 1Mi`�/� /2 m1 2 m2-

kX LQ`K�HBx�Ï½Q +QK Q �H;Q`BiKQ /2 2b+�HQM�K2MiQ `Q#mbiQ-

jX 1ti`�Ï½Q /�b D�M2H�b-

9X o�HB/�Ï½Q 2 /BpBb½Q /2 /�/Qb /2 i`2BM�K2MiQ-

8X h`2BM�K2MiQ-

eX AM72`āM+B� /� BK�;2K }Hi`�/� /Qb T�i+?2b /2 m1-

dX J2b+H�;2K /2 T�i+?2b `2bmHi�Mi2b M� BK�;2K-
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3X 1b+�HQM�K2MiQ BMp2`bQ M� BK�;2K }M�HX

h�MiQ Q i`2BM�K2MiQ [m�MiQ � 7�b2 /2 BM72`āM+B� 7Q`�K T`Q;`�K�/Qb 2K Svi?QM mb�M/Q �
�SA E2`�b U*?QHH2i 2i �HX- kyR8V 2 a+B@FBi H2�`M US2/`2;Qb� 2i �HX- kyRRV

lK� #`2p2 `2pBb½Q /� i2Q`B� TQ` i`�b /� �`[mBi2im`� l@L2i 2 /�b `2/2b M2m`�Bb +QMpQHm@
+BQM�Bb 2K ;2`�H TQ/2 b2` 2M+QMi`�/� M� b2Ï½Q RXeX

kXk .QKőMBQ +m`p2H2i l@L2i

P KûiQ/Q T`QTQbiQ +QMbBbi2 #�bB+�K2Mi2 2K 2t2+mi�` mK� p2`b½Q KQ/B}+�/� /� �`[mBi2im`�
l@L2i /� ȹHiBK� b2Ï½Q- K�b 2K p2x /2 mb�` D�M2H�K2MiQ T�`� ;�`�MiB` � HQ+�HB/�/2- mb�KQb
� i`�Mb7Q`K�/� +m`p2H2iX

P /QKőMBQ +m`p2H2i T2`KBi2 � b2;K2Mi�Ï½Q /Qb /�/Qb 2K /B72`2Mi2b 2b+�H�b 2 /B`2ÏǤ2b-
T2`KBiBM/Q- i2Q`B+�K2Mi2- mK� K2H?Q` T�`�K2i`Bx�Ï½Q /� `2/2 M2m`�H [m�M/Q +QKT�`�/Q �
bBKTH2bK2Mi2 /BpB/B` � BK�;2K 2K D�M2H�bX 1K#Q`� � i`�Mb7Q`K�/� +m`p2H2i M½Q b2D� mK
+QM+2BiQ 7�+BH /2 2Mi2M/2` K2bKQ +QK i2Q`B� [m2 7QB 2tTHB+�/� #`2p2K2Mi2 M� b2Ï½Q RX9- Q
/QKőMBQ +m`p2H2i M½Q û i½Q /B7ő+BH /2 2Mi2M/2`X 1H2 b2;K2Mi� Qb /�/Qb 2K /B72`2Mi2b 7�iB�b MQ
/QKőMBQ /2 6Qm`B2` k. 2 �THB+� � i`�Mb7Q`K�Ï½Q BMp2`b�- i`�x2M/Q@Qb /2 pQHi� � mK /QKőMBQ

6B;m`� kXR, � �`[mBi2im`� l@L2i miBHBx�/� +QKQ }Hi`Q /2 +Q``2bTQM/āM+B�X Pb K�T�b /2
+�`�+i2`őbB+� +QMp2M+BQM�Bb `2bmHi�Mi2b /�b QT2`�ÏǤ2b /2 +QMpQHmÏ½Q 2 Km/�MÏ� /2 2b+�H� b½Q
`2T`2b2Mi�/Qb T2H� +Q` p2`/2X Pb /2 +Q` `Qb� `2T`2b2Mi�K �[m2H2b [m2 7Q`�K +QTB�/Qb �
T�`iB` /Qb K�T�b /2 +�`�+i2`őbiB+�b /2 K2bK� 2b+�H�- K�b M� 7�b2 /2 +Q/B}+�Ï½QX 1bi2b b½Q
+QM+�i2M�/Qb +QK �[m2H2b T`2b2Mi2b M� 7�b2 /2 /2+Q/B}+�Ï½QX
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6B;m`� kXk, _2T`2b2Mi�Ï½Q /2 /QKőMBQ +m`p2H2i /2 mK� BK�;2K /2 mK +ő`+mHQ 2K k 2b+�H�b
+QK 3 7�iB�b �M;mH�`2b M� T`BK2B`� 2b+�H� 7Q`� /Q F2`M2HX Pb bőK#QHQb s 2 w `2T`2b2Mi�K
Qb MȹK2`Qb /2 2b+�H� 2 7�iB�b- `2bT2+iBp�K2Mi2X P#b2`p2 +QKQ �b /B72`2Mi2b 7�iB�b +�Ti�K
/B72`2Mi2b �M;mHQb /Q +ő`+mHQX �b �KTHBim/2b b½Q Q p�HQ` �#bQHmiQ /Qb +Q2}+B2Mi2b +QKTH2tQb-
2 Q `2bmHi�/Q 7QB 2H2p�/Q �Q [m�/`�/Q 2 +QMpQHpB/Q +QK mK }Hi`Q ;�mbbB�MQ T�`� ;�`�MiB` �
H2;B#BHB/�/2X

/2 2bT�ÏQ KQ/B}+�/Q +QMi2M/Q Qb +Q2}+B2Mi2b +m`p2H2iX hQK2 TQ` 2t2KTHQ � 6B;m`� kXk-
QM/2 mK� BK�;2K /2 mK +ő`+mHQ û `2T`2b2Mi�/� MQ /QKőMBQ +m`p2H2iX � 2b+�H� R 2 � 7�iB� R
iāK K�Bb Qm K2MQb Q K2bKQ �bT2+iQ /� BK�;2K Q`B;BM�H- K�b M� 2b+�H� R p2KQb [m2 � +�/�
�mK2MiQ /Q MȹK2`Q /� 7�iB�- mK� b2Ï½Q �M;mH�` /B72`2Mi2 û `2T`2b2Mi�/�X Pmi`Q 2t2KTHQ
TQ/2 b2` pBbiQ M� 6B;m`� kXj- QM/2 � BK�;2K KB;`�/� /Q KQ/2HQ aB;b#22k" û `2T`2b2Mi�/�
MQ /QKőMBQ +m`p2H2i- +QK `2~2iQ`2b /2 /B72`2Mi2b BM+HBM�ÏǤ2b b2M/Q KQbi`�/Qb 2K /B72`2Mi2b
72BÏǤ2b +m`p2H2iX a2 Q MȹK2`Q /2 2b+�H�b 7Q` BM+`2K2Mi�/Q- +QM7Q`K2 Q őM/2t /� 2b+�H�
�mK2Mi�- K�Bb T`2+Bb� b2 iQ`M� � `2bQHmÏ½Q /� 2b+�H�X

�BM/� �bbBK- � K2bK� �`[mBi2im`� l@L2i M½Q TQ/2 b2` mb�/�- TQBb T`2+Bb� /2 mK�
2Mi`�/� +QK �K#Qb Qb 2BtQb b2M/Q MȹK2`Qb T�`2b /BpBbőp2Bb 2nm - b2M/Q nm Q MȹK2`Q /2
+�K�/�b /2 K�t@TQQHBM; mb�/�bX AbbQ TQ`[m2 2bi� +�K�/�- /� 7Q`K� +QKQ 7QB +QM};m`�/�-
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6B;m`� kXj, _2T`2b2Mi�Ï½Q /� BK�;2K KB;`�/� � T�`iB` /Q KQ/2HQ aB;b#22k" MQ /QKőMBQ
+m`p2H2i- +QK k 2b+�H�b 2 3 7�iB�b �M;mH�`2b M� T`BK2B`� 2b+�H� 7Q`� /Q F2`M2HX P#b2`p2 +QKQ
/B72`2Mi2b 7�iB�b +�Ti�K `2~2iQ`2b /2 BM+HBM�ÏǤ2b p�`B�/�bX �b �KTHBim/2b b½Q Q p�HQ` �#bQHmiQ
/Qb +Q2}+B2Mi2b +QKTH2tQb- 2 Q `2bmHi�/Q 7QB +QMpQHpB/Q +QK mK }Hi`Q ;�mbbB�MQ 2 i`�MbTQbiQ
T�`� ;�`�MiB` � H2;B#BHB/�/2X
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�bbmK2 Q p�HQ` K�tBKQ 2K mK� D�M2H� /2bHBx�Mi2 2× 2- 7�x2M/Q +QK [m2 � b�ő/� /� 7�b2 /2
+Q/B}+�Ï½Q i2M?� Q MQpQ i�K�M?Q /2 +�/� /BK2Mb½Q +QKQ mK� �T`QtBK�Ï½Q T�`� #�BtQ /�
`2H�Ï½Q /� /BK2Mb½Q /� 2Mi`�/� /BpB/B/Q T2HQ MȹK2`Q /2 +�K�/�b /2 K�t@TQQHBM;- Qm b2D�-
T�`� mK� 2Mi`�/� +QK /BK2MbǤ2b N1 ×N2 i2KQb

N ′
i =

⌊
Ni

nm

⌋
. UkXRyV

AbbQ bB;MB}+� [m2 b2 Q 7Q`K�iQ /� 2Mi`�/� 7Q` 9 × 9- �TƦb mK K�t@TQQHBM;- 2H2 b2 iQ`M�`�
4 × 4 2 2Mi½Q 2 × 2 �TƦb K�Bb mK- TQMiQ 2K [m2 b2 iQ`M�`� BM+�T�x /2 T`Qbb2;mB` +QK
Q �H;Q`BiKQX �HûK /BbbQ- M� 7�b2 /2 /2+Q/B}+�Ï½Q- Q �H;Q`BiKQ /2 �mK2MiQ /Q MȹK2`Q /2
�KQbi`�b UmTb�KTHBM;V mb�/Q bBKTH2bK2Mi2 `2T2i2 �b HBM?�b 2 +QHmM�b /� BK�;2K /2 2Mi`�/�-
Q [m2 ;2`�HK2Mi2 û b2;mB/Q TQ` mK� +�K�/� +QMpQHm+BQM�HX 1K Qmi`�b T�H�p`�b- b2 � +�K�/�
/2 2Mi`�/� /Q KQ/2HQ 7Q` 18×18- �TƦb i`āb +�K�/�b /2 K�t@TQQHBM; b2;mB/�b /2 mTb�KTHBM;- �
b�ő/� i2`� 16×16- Q [m2 iQ`M�`� 2bb�b /m�b +�K�/�b BM+QKT�iőp2Bb T�`� b2`2K +QM+�i2M�/�bX
AbbQ û T`Q#H2K�iB+Q- 2bT2+B�HK2Mi2 TQ`[m2 �b 7Q`K�b /�b 72BÏǤ2b +m`p2H2i M½Q iāK ;�`�MiB�
/2 Q#2/2+2` � 2bb�b +QM/BÏǤ2bX

S�`� `2bQHp2` BbbQ- �H;mK�b �/�Ti�ÏǤ2b 7Q`�K 72Bi�bX � T`BK2B`� û bm#biBimB` � +�K�/� /2
mTb�KTHBM; TQ` mK /2 �mK2MiQ /2 `2bQHmÏ½Q TQ` BMi2`TQH�Ï½Q8X 1bb� +�K�/� 7QB +QM};m`�/�
T�`� `2/BK2MbBQM�` � K�i`Bx T�`� � K2bK� 7Q`K� [m2 � b�ő/� /� +�K�/� +QMpQHm+BQM�H /�
7�b2 /2 +Q/B}+�Ï½Q mb�M/Q BMi2`TQH�Ï½Q #BHBM2�`X �Q 7�x2` BbbQ- � +�K�/� /2 +QM+�i2M�Ï½Q
i2K � ;�`�MiB� /2 i2` � K2bK� 7Q`K� T�`� QT2`�`X � b2;mM/� �/�Ti�Ï½Q +QMbBbi2 2K mb�`
mK MȹK2`Q p�`B�p2H /2 +�K�/�b /2 K�t@TQQHBM;b 2 mTb+�HBM;- `2/mxBM/Q � T`Q7mM/B/�/2 /�
7�b2 /2 +Q/B}+�Ï½QX .2bb� 7Q`K�- K2bKQ b2 mb�`KQb /2 KmBi�b 2b+�H�b M� i`�Mb7Q`K�/�
+m`p2H2i /2 KQ/Q [m2 Q �``�v /�b 72BÏǤ2b +m`p2H2i +QK2+2K � }+�` KmBiQ T2[m2MQb- Q KQ/2HQ
bƦ /BKBMmB`� � 2b+�H� b2 � b�ő/� `2bmHi�Mi2 `2bT2Bi�` mK +2`iQ HBKBi2X J�Bb T`2+Bb�K2Mi2-
b2 mK� +QMpQHmÏ½Q K�Bb mK K�t@TQQHBM; +QKTǤ2K mK #HQ+Q /2 +Q/B}+�Ï½Q- Q MȹK2`Q /2
#HQ+Qb û /�/Q TQ` min (+log2 minLen − 1,, 3)- 2M[m�MiQ minLen û Q K2MQ` +QKT`BK2MiQ
/Q 2BtQ M� ;2QK2i`B� /� BK�;2K /2 2Mi`�/�X a2 Q MȹK2`Q /2 #HQ+Qb 7Q` K2MQ` [m2 mK-
2bb2 `2+m`bQ M½Q û QiBKBx�/QX � i2`+2B`� �/�Ti�Ï½Q û i`2BM�` � `2/2 +QK Q p�HQ` �#bQHmiQ
/Qb +Q2}+B2Mi2b +m`p2H2i- mK� p2x [m2 b½Q MȹK2`Qb +QKTH2tQbX � 7�b2 û T`2b2`p�/� T�`�
`2+QMbi`mÏ½Q TQbi2`BQ`X � [m�`i� 2 ȹHiBK� �/�Ti�Ï½Q û [m2 +�/� 72BÏ½Q +m`p2H2i i2`� b2m
T`ƦT`BQ KQ/2HQ T�`� QiBKBx�`X P KQ/2HQ û /2b+`BiQ MQ �H;Q`BiKQ RX

P QiBKBx�/Q` �/�K UEBM;K� 2 "�- kyR9V K2M+BQM�/Q MQ �H;Q`BiKQ R û mK KûiQ/Q /2
;`�/B2Mi2 2biQ+�biB+QX P �/�K û Q /2b+2M/2Mi2 /2 mK� 7�KőHB� /2 �H;QiBiKQb /2 QiBKBx�Ï½Q
#�b2�/Qb MQ bi22T2bi /2b+2Mi Qm ;`�/B2Mi2X LQ KûiQ/Q /Q ;`�/B2Mi2 +QMp2M+BQM�H- � +QM@
p2`;āM+B� b2 /� +�H+mH�M/Q Q ;`�/B2Mi2 /� 7mMÏ½Q +mbiQ T�`� b2 /2i2`KBM�` � /B`2Ï½Q ƦiBK�-

8X 6QMi2 /Q h2MbQ`~Qr, ?iiTb,ffrrrXi2MbQ`7HQrXQ`;f�TBn/Q+bfTvi?QMfi7fBK�;2f`2bBx2
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�H;Q`Bi?K R JQ/2HQ l@L2i MQ /QKőMBQ +m`p2H2i
_2[mB`2, Ci ∈ C 72BÏǤ2b +m`p2H2i +QK 7Q`K� M ×N

7Q` Ci BM C /Q
minLen ← min(M,N)
unetBlocks ← min (+log2 minLen − 1,, 3)
f ← fo := 16 MȹK2`Q /Qb K�T�b /2 +�`�+i2`őbiB+�b BMB+B�Bb
p← Ci

B7 unetBlocks ! 1 i?2M
1M+Q/BM; HQQT
7Q` j := 1, unetBlocks /Q

cj ← Conv3×3×f (p,σ = tanh)
p← MaxPool2×2(cj)
f ← f ∗ 2

2M/ 7Q`
m← p
f ←

⌊
f
2

⌋

7Q` j := 1, unetBlocks /Q
c← Conv3×3×f (m,σ = tanh)
u← Upscale(c, shape = shape(c−j))
m← Concatenate(c−j, u)
f ←

⌊
f
2

⌋

2M/ 7Q`
c← Conv3×3×1(m,σ = linear, regularizer = L1(10−4))
QmiTmi yi ← c

2Hb2
QmiTmi yi ← Ci

2M/ B7
2M/ 7Q`

 c−j `2T`2b2Mi� � b�ő/� /� +�K�/� +QMpQHm+BQM�H +QMi�M/Q �Q +QMi`�`BQ � T�`iB` /� ȹHiBK�
Bi2`�Ï½Q /� 7�b2 /2 +Q/B}+�Ï½Q- 2K /B`2Ï½Q � T`BK2B`� Bi2`�Ï½Q- b2M/Q Q K2bKQ [m2 mb�`
BM/2t�Ï½Q `2p2`b� /2 mK� b2[m2M+B�-
 Conv3×3×f (p,σ = tanh) `2T`2b2Mi� mK� +�K�/� +QMpQHm+BQM�H +QK mK� +QH2Ï½Q /2 f
D�M2H�b /2 F2`M2H /2bHBx�Mi2b +QK 3× 3- �THB+�/Q �Q i2MbQ` p +QK 7mMÏ½Q /2 �iBp�Ï½Q tanh-
 MaxPool2×2 `2T`2b2Mi� mK� +�K�/� /2 K�t@TQQHBM; +QK mK� D�M2H� /2bHBx�M/2 +QK 2×2-
 Upscale(c, shape = shape(c−j)) `2T`2b2Mi� mK� +�K�/� /2 �mK2MiQ /2 `2bQHmÏ½Q [m2
BMi2`TQH� Q i2MbQ` c T�`� �b /BK2MbǤ2b /Q T�`�K2i`Q shape-
 Concatenate(c−j, u) `2T`2b2Mi� mK� +�K�/� /2 +QM+�i2M�Ï½Q [m2 2K2M/� Qb i2MbQ`2b c−j

2 u M� bm� i2`+2B`� /BK2Mb½Q-
 regularizer = L1(10−4) û mK T�`�K2i`Q /2 `2;mH�`Bx�Ï½Q +QM};m`�/Q T�`� b2` � MQ`K� L1

+QK mK 7�iQ` /2 10−4-
 1bb2 KQ/2HQ mb� Q QiBKBx�/Q` �/�KX
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TQ`ûK +QM7Q`K2 � 7mMÏ½Q +mbiQ �p�MÏ� 2K /B`2Ï½Q �Q KőMBKQ ;HQ#�H- Q `mő/Q /2 /2`Bp�/�b
+�H+mH�/�b MQ T�bb�/Q BMi2`72`2K MQ +�H+mHQ /� /B`2Ï½Q ƦiBK� M�b ȹHiBK�b Bi2`�ÏǤ2bX *QKQ
+QMb2[māM+B�- � +QMp2`;āM+B� T`ƦtBKQ �Q KőMBKQ ;HQ#�H û H2Mi�X lK� bQHmÏ½Q T�`� 2bb2
T`Q#H2K� û 2KT`2;�` Q +QM+2BiQ /2 KQK2MiQ- [m2 /2 7Q`K� bBKBH�` � mK� #QH� `QH�M/Q 2K
/B`2Ï½Q �Q TQMiQ K�Bb #�BtQ /2 mK p�H2- [m2 M� T�`i2 K�Bb BM+HBM�/� /2b+2 +QK �Hi� p2HQ+B@
/�/2 2 KQK2MiQ- K�b +QM7Q`K2 b2 i2K mK� /BKBMmBÏ½Q /� BM+HBM�Ï½Q � #QH� T2`/2 KQK2MiQ
�iû /2b+�Mb�` M� T�`i2 K�Bb T`Q7mM/�X 1K bmK�- KQK2MiQ T2`KBi2 mK T2bQ K�BQ` T�`� /2@
`Bp�/�b K�Bb `2+2Mi2b MQ KQK2MiQ /2 b2 +�H+mH�` � /B`2Ï½Q /2 +QMp2`;āM+B�X P KûiQ/Q �/�K
p�B �HûK 2 miBHBx� KQK2MiQb �/�Ti�iBpQb- +QK T�bbQb MQ 2bT�ÏQ /2 T�`�K2i`Qb HBKBi�/Qb TQ`
mK ?vT2` T�`�K2i`Q [m2 +QMi`QH� 2bb2b T�bbQbX .2 mK KQ/Q ;2`�H- û mK KûiQ/Q `Q#mbiQ-
+QK +mbiQ /2 K2KƦ`B� `2H�iBp�K2Mi2 K2MQ`- 7mM+BQM� #2K +QK ;`�/B2Mi2b 2bT�`bQb- 2 T`Qpā
mK� K2H?Q` p2HQ+B/�/2 /2 +QMp2`;āM+B�X

_2bmKBM/Q- Q T`Q+2/BK2MiQ +QMbBbi2 /Qb b2;mBMi2b T�bbQb,

RX 1Mi`�/�b /2 m1 2 m2-

kX h`�Mb7Q`K�/� +m`p2H2i /2 �K#Qb-

jX a2T�`�Ï½Q /Qb +Q2}+B2Mi2b +QKTH2tQb 2K �KTHBim/2 2 7�b2-

9X LQ`K�HBx�Ï½Q /�b �KTHBim/2b mb�M/Q 2b+�HQM�K2MiQ `Q#mbiQ-

8X h`2BM�K2MiQ +QK �b �KTHBim/2b-

eX AM72`āM+B� +QK �b �KTHBim/2b /� BK�;2K KB;`�/�-

dX _2+QMbi`mÏ½Q /2 +Q2}+B2Mi2b +QKTH2tQb mb�M/Q � b�ő/� /� ȹHiBK� 2i�T� 2 � 7�b2 Q`B;BM�H-

3X h`�Mb7Q`K�/� BMp2`b�-

NX 1b+�HQM�K2MiQ BMp2`bQ M� BK�;2K }M�HX



3
_2bmHi�/Qb 2 /Bb+mbb½Q

L2bi� b2Ï½Q- Qb `2bmHi�/Qb /� �THB+�Ï½Q /Qb KûiQ/Qb /Bb+miB/Qb �Qb KQ/2HQb k. J�`KQmbB 2
aB;b#22k" b½Q KQbi`�/Qb 2 /Bb+miB/QbX

jXR J�`KQmbB k.

P KQ/2HQ /2 J�`KQmbB M½Q û i½Q T`Q7mM/Q- i2M/Q �T2M�b 2K iQ`MQ /2 2.5km- TQ`ûK- TQbbmB
`2~2iQ`2b KmBiQ BM+HBM�/Qb- Q [m2 i2bi�`� � /B`2+BQM�HB/�/2 /Qb }Hi`QbX P /�/Q �bbQ+B�/Q
�Q KQ/2HQ miBHBx�/Q i2K 2bT�Ï�K2MiQb dx = 25 K 2 dz = 8 K- /BK2MbǤ2b /2 nx = 368 2
nz = 375X P +QMDmMiQ /2 iB`Qb miBHBx�/Qb T�`� � KB;`�Ï½Q _hJ 7Q`�K +`B�/Qb 2KT`2;�M/Q �
KQ/2H�;2K "Q`M � T�`iB` /� `2~2iBpB/�/2 /Q KQ/2HQX � +QM/BÏ½Q /2 BK�;2K 7QB � +QMp2M+BQ@
M�H 2tTHB+�/� M� b2Ï½Q RXkXkX 6Q`�K +`B�/Qb 3y iB`Qb- +QK 3y `2+2TiQ`2b 2K +�/� H�/Q /Q iB`Q-
MmK� ;2QK2i`B� /2 �[mBbBÏ½Q bTHBi@bT`2�/X 1bb2b iB`Qb 7Q`�K KB;`�/Qb 2 2Mi½Q `2KB;`�/Qb-
�THB+�/Qb Q }Hi`Q H�TH�+B�MQ- b2`pBM/Q 2Mi½Q /2 BMTmi T�`� Qb KûiQ/Qb /2 }Hi`�;2K /Bb+miB/Qb
T`ûpB�K2Mi2X

P 2tT2`BK2MiQ i2p2 Qb b2;mBMi2b T�`�K2i`QbX SQ` mK H�/Q- Q KQ/2HQ l@L2i MQ /QKőMBQ
/Q 2bT�ÏQ mbQm jyy D�M2H�b /2 i�K�M?Q 32× 32- +QK mK b�HiQ /2 Ry mMB/�/2b 2K �K#�b �b
/B`2ÏǤ2bX � p�HB/�Ï½Q TQ` /BpBb½Q /2 /�/Qb /2 i`2BM�K2MiQ 7QB /2 0, 2 2 � i�t� /2 �T`2M/Bx�;2K
7QB lr = 0, 0001X SQ` Qmi`Q H�/Q- Q KQ/2HQ l@L2i MQ /QKőMBQ +m`p2H2i mbQm mK� i�t� /2
�T`2M/Bx�;2K /2 lr = 0, 01- nbs = 7 2 nbangles = 4 2b+�H�b /2 i`�Mb7Q`K�/� +m`p2H2i 2
MȹK2`Q /2 7�iB�b M� 2b+�H� K�Bb ;`Qbb� �HûK /Q F2`M2H Us = 1V `2bT2+iBp�K2Mi2X

Pb /QBb }Hi`Qb �T`2b2Mi�`�K `2bmHi�/Qb /BbiBMiQb T�`� Q KQ/2HQ J�`KQmbB- +QKQ TQ/2
b2` Q#b2`p�/Q M�b 6B;m`�b jXk 2 jX9X

99
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SQ` mK H�/Q- � BK�;2K KB;`�/� }Hi`�/� +QK Q KQ/2HQ l@L2i MQ /QKőMBQ 2bT�+B�H �T`2@
b2Mi� mK� K2H?Q` `2bQHmÏ½Q /Qb `2~2iQ`2b 2 #�H�M+2Qm � BHmKBM�Ï½Q 2K T`Q7mM/B/�/2- +QKQ
TQ/2 b2` Q#b2`p�/Q M� 6B;m`� jXk#- [m�M/Q +QKT�`�/� +QK � 6B;m`� jXk�X LQ 2Mi�MiQ- Q
}Hi`Q M½Q 7QB +�T�x /2 K2H?Q`�` KmBiQ � `2bQHmÏ½Q /2 `2~2iQ`2b 7Q`� /� �`2� BHmKBM�/� T2H�
;2QK2i`B� /2 KQ/2H�;2KX ú TQbbőp2H Q#b2`p�` i�K#ûK [m2 �H;mK�b `2~2tǤ2b �Q K2BQ /Q
KQ/2HQ }+�`�K K�Bb `2�HÏ�/�bX L� 6B;m`� jXj Q#b2`p�@b2 mK H2p2 �mK2MiQ /2 �KTHBim/2 /Qb
`2~2iQ`2b 2K T`Q7mM/B/�/2- Q bm}+B2Mi2 T�`� b2` pBbőp2H b2K Q xQQKX P K2bKQ +QKTQ`i�@
K2MiQ TQ/2 b2` Q#b2`p�/Q i�MiQ 2K T`Q7mM/B/�/2 U6B;m`�b jXj� 2 jXj#V [m�MiQ K�Bb T`ƦtBKQ
/� bmT2`7ő+B2 U6B;m`�b jXj+ 2 jXj/VX

SQ` Qmi`Q- � BK�;2K KB;`�/� }Hi`�/� +QK Q KQ/2HQ l@L2i MQ /QKőMBQ +m`p2H2i �T`2b2Mi�
i�K#ûK mK� K2H?Q`� M� `2bQHmÏ½Q /Qb `2~2iQ`2b- TQ`ûK +QK mK �mK2MiQ /Q `mő/Q /�
BK�;2K- +QKQ TQ/2 b2` Q#b2`p�/Q M� 6B;m`� jX9#- ;2`�M/Q �`i27�iQb 2K iQ/� � BK�;2KX
1bb2 K2bKQ 272BiQ TQ/2 b2` Q#b2`p�/Q +QK xQQK M� 6B;m`� jX8- QM/2 � +QMiBMmB/�/2 /Qb
`2~2iQ`2b 7QB TQHmő/� +QK `mő/QbX Pmi`�b +QK#BM�ÏǤ2b /2 MȹK2`Q /2 �M;mHQb 2 2b+�H�b 7Q`�K
i2bi�/�b- �T2b�` /2 M½Q 2tB#B/�b M2bi2 i`�#�H?Q- 2 Q#b2`pQm@b2 [m2 �Q �mK2Mi�` Q MȹK2`Q
/2 �M;mHQb M� 2b+�H� s = 1- � [m�MiB/�/2 /2 `mő/Q bQK2Mi2 �mK2Mi�X hQ/�pB�- �Q �mK2Mi�`
Q MȹK2`Q /2 2b+�H�b- Q `mő/Q /BKBMmBm �iû mK +2`iQ HBKBi2- TQ`ûK �Q +mbiQ /2 mK �mK2MiQ
+QMbB/2`�p2H /2 +QMbmKQ /2 K2KƦ`B� _�J /Q +QKTmi�/Q`X .BiQ BbbQ- 2bi2 }Hi`Q 7QB +�T�x
/2 K2H?Q`�` T2HQ K2MQb mK TQm+Q � +QMiBMmB/�/2 /2 `2~2iQ`2b K�H BHmKBM�/QbX

.2 mK KQ/Q ;2`�H- Qb }Hi`Qb +mKT`B`�K Q T�T2H /2 K2H?Q`�` � BHmKBM�Ï½QX SQ`ûK- MQ
+�bQ /Q KQ/2HQ J�`KQmbB- Q KQ/2HQ l@L2i MQ /QKőMBQ +m`p2H2i M½Q 7QB +�T�x /2 /2b2KT2M?�`
¨ �Him`� /Q b2m +QM+Q``2Mi2 MQ /QKőMBQ /Q 2bT�ÏQ /2pB/Q � BMb2`Ï½Q BM/2b2D�/� /2 `mő/QX

jXk aB;b#22k"

P KQ/2HQ aB;b#22 `2T`2b2Mi� mK� /QKQ /2 b�H HQ+�HBx�/� MQ K�`X P Q#D2iBpQ û `2T`2b2Mi�`
K2H?Q` Qb `2~2iQ`2b /B`2i�K2Mi2 �#�BtQ /2H�- mK� p2x [m2 ?� TQm+� BHmKBM�Ï½Q M2bi� `2;B½QX
P /�/Q �bbQ+B�/Q �Q KQ/2HQ miBHBx�/Q i2K 2bT�Ï�K2MiQb dx = 25, 4 K 2 dz = 15, 24 K-
/BK2MbǤ2b /2 nx = 960 2 nz = 600X P +QMDmMiQ /2 iB`Qb miBHBx�/Qb T�`� � KB;`�Ï½Q _hJ
7Q`�K +`B�/Qb 2KT`2;�M/Q � KQ/2H�;2K "Q`M � T�`iB` /� `2~2iBpB/�/2 /Q KQ/2HQX 6Q`�K
+`B�/Qb kyy iB`Qb- +QK Rey `2+2TiQ`2b T�`� +�/� H�/Q /Q iB`Q MmK� ;2QK2i`B� /2 �[mBbBÏ½Q
bTHBi@bT`2�/X 1bb2b iB`Qb 7Q`�K KB;`�/Qb 2 2Mi½Q `2KB;`�/Qb- �THB+�/Qb Q }Hi`Q H�TH�+B�MQ-
b2`pBM/Q 2Mi½Q /2 BMTmi T�`� Qb KûiQ/Qb /2 }Hi`�;2K /Bb+miB/Qb T`ûpB�K2Mi2X

*QKQ M� ȹHiBK� bm#b2Ï½Q- b2;m2K Qb T�`�K2i`Qb /Q 2tT2`BK2MiQX S�`� Q KQ/2HQ l@L2i-
7QB mb�/Qb Ryyy T�i+?2b- +QK T�i+?2b /2 i�K�M?Q 64×64- +QK mK� T�bb�/� /2 ky 2K �K#�b
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6B;m`� jXR, *�KTQ /2 p2HQ+B/�/2 /Q KQ/2HQ J�`KQmbB- miBHBx�/Q T�`� � KQ/2H�;2K 2 KB@
;`�Ï½QX

�b /B`2ÏǤ2bX � p�HB/�Ï½Q TQ` /BpBb½Q /2 /�/Qb /2 i`2BM�K2MiQ i�K#ûK 7QB 0, 2- +QK � K2bK�
i�t� /2 �T`2M/Bx�/Q lr = 0, 0001X S�`� Q KQ/2HQ l@L2i /Q /QKőMBQ +m`p2H2i- � i�t� /2
�T`2M/Bx�;2K 7QB lr = 0, 01- Q MȹK2`Q /2 2b+�H�b /2 i`�Mb7Q`K�/� +m`p2H2i 7QB nbs = 4 2 Q
MȹK2`Q /2 7�iB�b �M;mH�`2b M� 2b+�H� K�Bb ;`Qbb2B`� 7QB nbangles = 4X � BK�;2K KB;`�/� 7QB
+`B�/� � T�`iB` /2 kyy iB`Qb B;m�HK2Mi2 2bT�Ï�/Qb- /Bbi`B#mő/Qb �Q HQM;Q /Q +2Mi`Q /Q KQ/2HQ
T�`� �iBM;B` � /QKQ /2 b�HX

1K +QMi`�bi2 +QK Q KQ/2HQ J�`KQmbB- Q aB;b#22 `2bTQM/2m K2H?Q` ¨ �K#Qb Qb }Hi`Qb-
+QKQ TQ/2 b2` pBbiQ M�b 6B;m`�b jXd 2 jXNX

P }Hi`Q #�b2�/Q MQ KQ/2HQ l@L2i MQ /QKőMBQ 2bT�+B�H- �bbBK +QKQ MQ +�bQ /Q KQ/2HQ
J�`KQmbB- �T`2b2Mi� mK� K2H?Q` `2bQHmÏ½Q [m�M/Q +QKT�`�/� � BK�;2K KB;`�/� i`�M/B@
+BQM�HK2Mi2X LQ 2Mi�MiQ- BbbQ bQK2Mi2 TQ/2 b2` Q#b2`p�/Q � QH?Q Mm MQb `2~2iQ`2b K�Bb
bmT2`}+B�Bb- +QKQ KQbi`�/Q M� 6B;m`� jXd#X �Q b2 /�` mK xQQK M� `2;B½Q HQ;Q �#�BtQ /Q
/QKQ /2 b�H U6B;m`� jX3#V- û TQbbőp2H Q#b2`p�` mK� K2H?Q`� M� �KTHBim/2 2 +QMiBMmB/�/2
/Qb `2~2iQ`2b- �Q +mbiQ /2 �`i27�iQb /� bQ#`2TQbBÏ½Q /Qb D�M2H�K2MiQb 2bT�+B�BbX 1bi2b D�@
M2H�K2MiQb 2bT�+B�Bb b½Q- MQ 2Mi�MiQ BKT2`+2Tiőp2Bb- /2pB/Q � `2;mH�`Bx�Ï½Q +QK MQ`K� GR
/�b ȹHiBK�b +�K�/�bX

C� Q }Hi`Q #�b2�/Q MQ KQ/2HQ l@L2i MQ /QKőMBQ +m`p2H2i- 2tB#B/Q M� 6B;m`� jXN#- �T`2@
b2Mi� mK `2bmHi�/Q KmBiQ K2H?Q` [m2 � BK�;2K KB;`�/� _hJ- 2K +QMi`�bi2 +QK bm� T2`7Q@
`�K�M+2 MQ KQ/2HQ J�`KQmbBX � BK�;2K �BM/� TQbbmB �H;mMb �`i27�iQb 2K TQMiQb /B7`�iQ`2b
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U�V

U#V

6B;m`� jXk, U�V _2T`2b2Mi� � BK�;2K KB;`�/� _hJ � T�`iB` /Q /�/Q Q#b2`p�/Q MQ KQ/2HQ
J�`KQmbBX U#V _2bmi�/Q /� �THB+�Ï½Q /� `2/2 M2m`�H l@L2i D� i`2BM�/� ¨ BK�;2K KB;`�/�X
�K#�b };m`�b b½Q THQi�/�b M� K2bK� 2b+�H� /2 �KTHBim/2 T�`� K2H?Q` +QKT�`�Ï½QX
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U�V U#V

U+V U/V

6B;m`� jXj, U�V C�M2H� [m�/`�/� 2ti`�ő/� � T�`iB` /� BK�;2K Q`B;BM�H- 2K T`Q7mM/B/�/2-
KB;`�/� � T�`iB` /Q /�/Q Q#b2`p�/Q MQ KQ/2HQ J�`KQmbBX U#V C�M2H� [m�/`�/� 2ti`�ő/� �
T�`iB` /� BK�;2K }Hi`�/� +QK � `2/2 l@L2i M� K2bK� TQbBÏ½QX U+V C�M2H� [m�/`�/� 2ti`�ő/�
� T�`iB` /� BK�;2K Q`B;BM�H- 2K K2BQ �b 7�H?�b MQ +2Mi`Q /Q KQ/2HQ- KB;`�/� � T�`iB` /Q
/�/Q Q#b2`p�/QX U/V C�M2H� [m�/`�/� 2ti`�ő/� � T�`iB` /� BK�;2K }Hi`�/� +QK � `2/2 l@L2i
M� K2bK� TQbBÏ½QX
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U�V

U#V

6B;m`� jX9, U�V _2T`2b2Mi� � BK�;2K KB;`�/� _hJ � T�`iB` /Q /�/Q Q#b2`p�/Q MQ KQ/2HQ
J�`KQmbBX U#V _2bmi�/Q /� �THB+�Ï½Q /� `2/2 M2m`�H l@L2i MQ /QKőMBQ +m`p2H2i D� i`2BM�/�
¨ BK�;2K KB;`�/�X �K#�b };m`�b b½Q THQi�/�b M� K2bK� 2b+�H� /2 �KTHBim/2 T�`� K2H?Q`
+QKT�`�Ï½QX
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U�V U#V

6B;m`� jX8, U�V C�M2H� [m�/`�/� 2ti`�ő/� � T�`iB` /� BK�;2K KB;`�/� _hJ- 2K T`Q7mM@
/B/�/2- � T�`iB` /Q /�/Q Q#b2`p�/Q MQ KQ/2HQ J�`KQmbBX U#V C�M2H� [m�/`�/� 2ti`�ő/� �
T�`iB` /� BK�;2K }Hi`�/� +QK � `2/2 l@L2i MQ /QKőMBQ +m`p2H2i M� K2bK� TQbBÏ½QX

BbQH�/Qb- +QKQ Qb TQbB+BQM�/Qb � deyy K /2 T`Q7mM/B/�/2X LQ 2Mi�MiQ- Q `2bmHi�/Q /� }H@
i`�;2K ;2`Qm mK� BK�;2K [m2 +?2;� KmBiQ T`ƦtBKQ /� `2~2iBpB/�/2 Q`B;BM�H- Q#D2iBpQ /Q
KûiQ/QX �Q b2 Q#b2`p�` M� 6B;m`� jXRy# � `2;B½Q HQ;Q �#�BtQ /Q /QKQ MQp�K2Mi2- û MQi�p2H
Q `2�HÏ�K2MiQ /2 �KTHBim/2b b2K +mbiQ /2 �`i27�iQb- bQK�/Q � mK +QMbB/2`�p2H �mK2MiQ /2
+QMiBMmB/�/2 /Qb `2~2iQ`2b ¨ 2b[m2`/� [m2 b2[m2` b½Q pBbőp2Bb M� 6B;m`� jXRy�X

J2/B�Mi2 �Q 2tTQbiQ- �K#Qb Qb }Hi`Qb �T`2b2Mi�`�K #QMb `2bmHi�/Qb MQ KQ/2HQ aB;b@
#22k"X �Q +QMi`�`BQ /Q +�bQ /Q KQ/2HQ J�`KQmbB- Q }Hi`Q MQ /QKőMBQ +m`p2H2i Q72`2+2m
K2H?Q` #�H�M+2�K2MiQ /2 BHmKBM�Ï½Q- 2 b2K BMD2Ï½Q /2 `mő/Qb BM/2b2D�/QbX

Pb /�/Qb /2 2Mi`�/� UBK�;2K KB;`�/� 2 `2KB;`�/�V 7Q`�K ;2`�/Qb miBHBx�M/Q Q bmT2`@
+QKTmi�/Q` /Q *2Mi`Q /2 S2b[mBb� 2K :2Q7őbB+� 2 :2QHQ;B� U*S::V- K�Bb 2bT2+B}+�K2Mi2 �
K�[mBM� +?�K�/� J�``2+�X �b bm�b +QM};m`�ÏǤ2b /2 ?�`/r�`2 M� /�i� /2 2b+`Bi� +QMbBbi2K
2K �T`QtBK�/�K2Mi2 8yy :# /2 K2KƦ`B� _�J- mK T`Q+2bb�/Q` s2QM /2 k9 i?`2�/b- 2 mK�
TH�+� /2 pő/2Q /� LoA.A� KQ/2HQ h2bH� E9y /2 Rk :# /2 o_�JX P b2m bBbi2K� QT2`�+B@
QM�H û Q *2MiPa eX C� Q i`2BM�K2MiQ /� `2/2 [m�MiQ � �THB+�Ï½Q /2H�b 7QB 72BiQ M� KBM?�
K�[mBM� HQ+�H- T�`� miBHBx�` /2 mK bBbi2K� HBMmt K�Bb `2+2Mi2- 2 ;�`�MiB` +QKT�iB#BHB/�/2
+QK iQ/�b �b /2T2M/2M+B�b miBHBx�/�bX P bBbi2K� QT2`�+BQM�H miBHBx�/Q 7QB Q �`+? GBMmt- +QK
+QM};m`�ÏǤ2b /2 ?�`/r�`2 M� /�i� /2 2b+`Bi� +QMbBbiBM/Q /2 Re :# /2 K2KƦ`B� _�J- mK
T`Q+2bb�/Q` s2QM +QK ky i?`2�/b 2 TH�+� /2 pő/2Q /� �J. KQ/2HQ _s 83y +QK 3 :# /2
o_�JX
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6B;m`� jXe, *�KTQ /2 p2HQ+B/�/2 /Q KQ/2HQ aB;b#22 k"- miBHBx�/Q T�`� � KQ/2H�;2K 2
KB;`�Ï½QX
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U�V

U#V

6B;m`� jXd, U�V _2T`2b2Mi� � BK�;2K KB;`�/� _hJ � T�`iB` /Q /�/Q Q#b2`p�/Q MQ KQ/2HQ
aB;b#22 k"X U#V _2bmi�/Q /� �THB+�Ï½Q /� `2/2 M2m`�H l@L2i D� i`2BM�/� ¨ BK�;2K KB;`�/�X
�K#�b };m`�b b½Q THQi�/�b M� K2bK� 2b+�H� /2 �KTHBim/2 T�`� K2H?Q` +QKT�`�Ï½QX
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U�V

U#V

6B;m`� jX3, U�V C�M2H� [m�/`�/� 2ti`�ő/� � T�`iB` /� BK�;2K Q`B;BM�H- HQ;Q �#�BtQ /Q /QKQ
/2 b�H- KB;`�/� � T�`iB` /Q /�/Q Q#b2`p�/Q MQ KQ/2HQ aB;b#22 k"X U#V C�M2H� [m�/`�/�
2ti`�ő/� � T�`iB` /� BK�;2K }Hi`�/� +QK � `2/2 l@L2i M� K2bK� TQbBÏ½QX
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U�V

U#V

6B;m`� jXN, U�V _2T`2b2Mi� � BK�;2K KB;`�/� _hJ � T�`iB` /Q /�/Q Q#b2`p�/Q MQ KQ/2HQ
aB;b#22 k"X U#V _2bmi�/Q /� �THB+�Ï½Q /� `2/2 M2m`�H l@L2i MQ /QKőMBQ +m`p2H2i D� i`2BM�/�
¨ BK�;2K KB;`�/�X �K#�b };m`�b b½Q THQi�/�b M� K2bK� 2b+�H� /2 �KTHBim/2 T�`� K2H?Q`
+QKT�`�Ï½QX
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U�V C�M2H� [m�/`�/� 2ti`�ő/� � T�`iB` /� BK�;2K KB;`�/�

U#V C�M2H� [m�/`�/� 2ti`�ő/� � T�`iB` /� BK�;2K }Hi`�/�

6B;m`� jXRy, U�V C�M2H� [m�/`�/� 2ti`�ő/� � T�`iB` /� BK�;2K KB;`�/� _hJ � T�`iB` /Q /�/Q
Q#b2`p�/Q MQ KQ/2HQ aB;b#22- HQ;Q �#�BtQ /Q /QKQ /2 b�HX U#V C�M2H� [m�/`�/� 2ti`�ő/� �
T�`iB` /� BK�;2K }Hi`�/� +QK � `2/2 l@L2i MQ /QKőMBQ +m`p2H2i M� K2bK� TQbBÏ½QX
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1K `2bmKQ- �T`2b2Mi�KQb mK� +QKT�`�Ï½Q 2Mi`2 /QBb }Hi`Qb #�b2�/Qb 2K `2/2b M2m`�Bb [m2
pBb�K �H+�MÏ�` mK 272BiQ /2 7Q+�HBx�Ï½Q [m�M/Q �THB+�/Qb ¨ BK�;2K KB;`�/�- mK #�b2�/Q
MQ i`�#�H?Q /2 �pBH� 2i �HX UkykRV- 2 Q Qmi`Q T`QTQbiQ TQ` MƦb +QKQ mK� �/�Ti�Ï½Q /2bi2
ȹHiBKQ �Q mK +2M�`BQ /2 /QKőMBQ /2 i`�Mb7Q`K�/� +m`p2H2iX �K#Qb �T`2b2Mi�`�K `2bmHi�/Qb
BMi2`2bb�Mi2b- +H�`�K2Mi2 /2b2KT2M?�M/Q #2K MQ KQ/2HQ aB;b#22k"- 2 M½Q i½Q #2K MQ
KQ/2HQ J�`KQmbBX

SQ` mK H�/Q- Q }Hi`Q l@L2i MQ /QKőMBQ 2bT�+B�H Q72`2+2m mK� T2`7Q`K�M+2 K�Bb `Q@
#mbi�- /2KQMbi`�M/Q `2bmHi�/Qb bBKBH�`2b i�MiQ MQ KQ/2HQ J�`KQmbB [m�MiQ MQ aB;b#22k"X
LQ 2Mi�MiQ- Q K2bKQ M½Q 7QB KmBiQ +�T�x /2 K2H?Q`�` � +QMiBMmB/�/2 /2 `2~2iQ`2b +QK
TQm[mőbbBK� BHmKBM�Ï½Q- +QKQ Qb /� H�i2`�H 2b[m2`/� /� 6B;m`� jXk�- Qm Qb HQ;Q �#�BtQ /Q
/QKQ /2 b�H /Q KQ/2HQ aB;b#22k" M� T�`i2 ¨ 2b[m2`/� M� 6B;m`� jX3�X

SQ` Qmi`Q H�/Q- Q }Hi`Q MQ /QKőMBQ +m`p2H2i Q72`2+2m `2bmHi�/Qb �K#ő;mQb- b2M/Q KmBiQ
272iBpQ MQ KQ/2HQ aB;b#22k"- �Q +mbiQ /2 BMi`Q/mxB` `mő/Q MQ KQ/2HQ J�`KQmbBX �T2b�` /2
b2mb `2bmHi�/Qb M½Q b2`2K i½Q `Q#mbiQb [m�MiQ ¨ bm� +QMi`�T�`i2 MQ /QKőMBQ /Q 2bT�ÏQ- 2H2
/2KQMbi`Qm b2` +�T�x /2 �HûK /2 K2H?Q`�` � BHmKBM�Ï½Q /Qb `2~2iQ`2b 2K T`Q7mM/B/�/2- /2
i�K#ûK K2H?Q`�` � +QMiBMmB/�/2 /Qb K2bKQb 2K `2;BǤ2b /2 #�Bt� BHmKBM�Ï½Q- +QKQ TQ/2
b2` pBbiQ M� 6B;m`� jXRy#X

�K#Qb }Hi`Qb /2KQMbi`�`�K p�Mi�;2Mb 2 /2bp�Mi�;2Mb � b2 +QMbB/2`�`X lK� TQbbőp2H
`�x½Q T�`� � `Q#mbi2x /Q }Hi`Q MQ /QKőMBQ 2bT�+B�H b2 /� T2H� +�T�+B/�/2 /Q }Hi`Q /2 iQK�`
/2+BbǤ2b BM7Q`K�/�b bQ#`2 +QKQ /Bbi`B#mB` �b �KTHBim/2b � T�`iB` /2 mK� `2;B½Q K�+`Q /Q
i�K�M?Q /� D�M2H�X Pm b2D�- Q }Hi`Q i2K �+2bbQ /B`2iQ �b 72BÏǤ2b 2bT�+B�Bb /Q /�/Q- b2K
/2T2M/2` /2 +QKQ 2H�b b½Q #2K Qm K�H `2T`2b2Mi�/�b MmK Qmi`Q /QKőMBQ `2T�`�K2i`Bx�/Q

8e
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+QKQ Q +m`p2H2iX LQ 2Mi�MiQ- BbbQ i�K#ûK bB;MB}+� [m2 /2pB/Q �Q b2m Q#D2iBpQ /2 bQK2Mi2
`2/mxB` Q p�HQ` /� 7mMÏ½Q +mbiQ- i�Hp2x `2;BǤ2b [m2 M½Q BM~m2M+B�K i�MiQ M2bi2 p�HQ` i2M?�K
bm�b �KTHBim/2b BKmi�p2BbX 1bb� b2`B� mK� ?BTƦi2b2 [m2 DmbiB}+� � 7�Hi� /2 +QMiBMmB/�/2
/Qb `2~2iQ`2b +QK Q }Hi`Q MQ /QKőMBQ 2bT�+B�HX LQ 2Mi�MiQ- Q b2m }Hi`Q +QM+Q``2Mi2 QT2`�
MQ /QKőMBQ +m`p2H2i- Q [m�H i2K +Q2}+B2Mi2b �HiQb T�`� `2~2iQ`2b +QK mK +2`iQ Mőp2H /2
+QMiBMmB/�/2- BM/2T2M/2Mi2 /� �KTHBim/2 Qm BHmKBM�Ï½QX h�Hp2x 2bb� b2D� � `�x½Q T2H� [m�H
2bi2 }Hi`Q /2KQMbi`Qm #QMb `2bmHi�/Q M2bb2 TQMiQX P �mK2MiQ /2 `mő/Q MQ +�bQ /Q J�`KQmbB
TQ/2 b2` +�mb�/Q � mK� BMiQH2`�M+B� /Q }Hi`Q +QK `2H�Ï½Q � �`i27�iQb 2 `mő/Qb /2 7mM/Q-
pBbiQ [m2 Q KQ/2HQ aB;b#22k" �T`2b2MiQm mK� BK�;2K KB;`�/� HBKT� /2 `mő/Qb 2 TQ` bm�
p2x Q#i2p2 #QMb `2bmHi�/QbX .2 iQ/Q KQ/Q iQ/�b 2bi�b +QHQ+�ÏǤ2b b½Q bQK2Mi2 ?BTƦi2b2b
[m2 M2+2bbBi�K /2 2bim/Qb TQbi2`BQ`2b T�`� +QM}`K�@H�bX lK� /2bp�Mi�;2K +H�`� TQ`ûK /Q
}Hi`Q MQ /QKőMBQ +m`p2H2i û b2m +QMbmKQ 2t�;2`�/Q /2 K2KƦ`B� _�J- pBbiQ [m2 Q MȹK2`Q
/2 7�iB�b �M;mH�`2b [m�b2 [m2 /mTHB+� � +�/� 2b+�H�X

lK� TQbbőp2H `�x½Q T�`� i�H BMiQH2`�M+B� ¨ `mő/Q b2D� TQ`[m2 Q }Hi`Q MQ /QKőMBQ +m`p2H2i
i`2BM� `2/2b BM/BpB/m�Bb T�`� +�/� mK� /2 bm�b 72BÏǤ2b +m`p2H2i- iQ`M�M/Q@Q BM+�T�x /2 iQK�`
/2+BbǤ2b BM7Q`K�/�b +QK #�b2 M� i`�Mb7Q`K�/� BMp2`b� /� b�ő/�X AbbQ 7�x +QK [m2 /B72`2Mi2b
+mM?�b M� K2bK� 2b+�H� BMi`Q/mx�K �`i27�iQb /2 K�M2B`� +QMbi`miBp� MQ K2bKQ HQ+�H MQb
+�MiQb /2 `2~2iQ`2b HQ+�Bb- mK� p2x [m2 iāK +�`�+i2`őbiB+�b /2 KmBiQb �M;mHQb /B72`2Mi2bX
1bi� 7QB � T`BM+BT�H `�x½Q T2H� [m�H mb�KQb mK #�BtQ MȹK2`Q /2 �M;mHQb 2K �K#Qb Qb
KQ/2HQbX a2 ?Qmp2bb2 mK� BKTH2K2Mi�Ï½Q /� i`�Mb7Q`K�/� +QKT�iőp2H +QK � BKTH2K2Mi�Ï½Q
/Q ;`�/B2Mi2 h2MbQ`~Qr UQm 2K Qmi`�b TH�i�7Q`K�b /2 /22T H2�`MBM;V- b2`B� TQbbőp2H +�H+mH�`
� 7mMÏ½Q /2 +mbiQ MQ /QKőMBQ 2bT�+B�H �THB+�M/Q � i`�Mb7Q`K�/� +m`p2H2i BMp2`b� ¨ b�ő/�
/� `2/2- �BM/� b2M/Q +�T�x /2 `2�HBx�` /B72`2M+B�Ï½Q �miQK�iB+�X AM+HmbBp2- Q i`�#�H?Q /2
a�M�pB- JQ;?�//�K 2 >2``K�MM UkykRV- +QKQ K2M+BQM�/Q M� BMi`Q/mÏ½Q- i�K#ûK 2t2+mi�
mK }Hi`Q /2 /QKőMBQ +m`p2H2i- +QK mK� 7mMÏ½Q /2 +mbiQ MQ /QKőMBQ 2bT�+B�H- 2 2K p2x /2
mb�` mK� `2/2 M2m`�H- 2H2 mbQm mK �H;Q`BiKQ /2 QiBKBx�Ï½Q /� 7�KőHB� [m�bB@L2riQMX lK�
K�M2B`� [m2 2M+QMi`�KQb /2 +?2;�` � mK `2bmHi�/Q b2K2H?�Mi2 2 HB/�` +QK Q `mő/Q 7QB 7Q`Ï�`
� `2;mH�`Bx�Ï½Q L1- mK� p2x [m2 Q /QKőMBQ +m`p2H2i û 2ti`2K�K2Mi2 2bT�`bQ- Q [m2 TQ` bm�
p2x BKTHB+� [m2 � b�ő/� /� `2/2 M2m`�H i�K#ûK /2p2 b2` 2bT�`b�X 1bi� T2[m2M� Km/�MÏ�
`2/mxBm #�bi�Mi2 Q `mő/Q /Q `2bmHi�/Q }M�HX .2 iQ/Q KQ/Q- b2 miBHBx�/� mK� 7mMÏ½Q /2 +mbiQ
/2 /QKőMBQ 2bT�+B�H- `2bmHi�/Qb KmBiQ K2H?Q`2b TQ/2`�K b2` Q#iB/QbX J2bKQ �bbBK- i`2BM�`
2 �THB+�` Q KQ/2HQ l@L2i MQ /QKőMBQ +m`p2H2i +QMb2;mBm 2Mi`2;�` `2bmHi�/Qb BM+`őp2Bb MQ
KQ/2HQ aB;b#22- +QK �b /2pB/�b �/�Ti�ÏǤ2bX

o�`BQb T�`�K2i`Qb 2tT2`BK2Mi�Bb 7Q`�K i2bi�/Qb 2 Qb b2H2+BQM�/Qb 7Q`�K- TQ` i2Mi�iBp�
2 2``Q- Qb K2H?Q`2bX S�`� Q +�bQ /� `2/2 l@L2i MQ /QKőMBQ /Q 2bT�ÏQ- Q i�K�M?Q /�b D�M2H�b
2K T�`iB+mH�` M½Q BKTQ`iQm KmBiQ �Q �mK2Mi�@H�b �TƦb mK +2`iQ HBKBi2X C� T�`� Q +�bQ /�
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`2/2 l@L2i MQ /QKőMBQ +m`p2H2i- �mK2Mi�` Q MȹK2`Q /2 2b+�H�b � T�`iB` /2 mK +2`iQ TQMiQ
M½Q �T`2b2MiQm M2M?mK� K2H?Q`� bB;MB}+�iBp�- D� �mK2Mi�` Q MȹK2`Q /2 7�iB�b �M;mH�`2b
M� T`BK2B`� 2b+�H� BMi`Q/mx mK� [m�MiB/�/2 +QMbB/2`�p2H /2 `mő/Q /2 #�Bt� 7`2[māM+B� M�
BK�;2KX � K2iQ/QHQ;B� 2KT`2;�/� b2 +QM+2Mi`Qm 2K i2Mi�` i2bi�` Qb HBKBi2b /Qb }Hi`Qb /2
7Q+�HBx�Ï½Q- 2 M½Q i2p2 +QKQ Q#D2iBpQ 7�x2` mK� �M�HBb2 �T`Q7mM/�/� /Qb T�`�K2i`Qb ƦiBKQb
T�`� +�/� KûiQ/QX § K2/B/� [m2 K�Bb i`�#�H?Qb 2tTHQ`�K Q +QM+2BiQ /2 mbQ /2 mK /QKőMBQ
/B72`2Mi2 T�`� i`2BM�` `2/2b M2m`�Bb- mK� �p�HB�Ï½Q K�Bb 7Q+�/� /2bb2b T�`�K2i`Qb 7�`B� KmBiQ
K�Bb b2MiB/QX .2 iQ/Q KQ/Q- û BKTQ`i�Mi2 MQi�` [m2 � K2iQ/QHQ;B� 2KT`2;�/� M½Q 7QB
+QM+2Bim�/� T�`� ;�`�MiB` � �KTHBim/2 /2 `2~2iQ`2b p2`/�/2B`�X � BHmKBM�Ï½Q #�H�M+2�/� /�
�THB+�Ï½Q /Q }Hi`Q TQ/2 K2H?Q`�` pBbm�HK2Mi2 � BMi2`T`2i�Ï½Q /�b +�`�+i2`őbiB+�b ;2QHƦ;B+�b-
K�b K�Bb T2b[mBb� b2 7�x M2+2bb�`B� b2 �H;mûK /2b2D� �THB+�@H�b � mK 2bim/Q /2 �KTHBim/2
p2`bmb �7�bi�K2MiQ U�oPVX

1bi2 i`�#�H?Q i2K +QKQ Q#D2iBpQ BMB+B�` mK� /Bb+mbb½Q bQ#`2 Q mbQ /2 /B72`2Mi2b /QKőMBQb
T�`� � 2Mi`�/� /� `2/2 M2m`�H 2K BK�;2Mb bőbKB+�b 2 �`2�b +Q``2H�i�bX P T`Q;`2bbQ 72BiQ �[mB
û �T2M�b mK T�bbQ M� /B`2Ï½Q +2`i�X 1bb2b /QKőMBQb M½Q T`2+Bb�K M2+2bb�`B�K2Mi2 2bi�`
`2H�+BQM�/Qb �Qb /2b+2M/2Mi2b /� i`�Mb7Q`K�/� /2 6Qm`B2`- K�b TQ/2K b2` `2T`2b2Mi�/Qb
TQ` Qmi`� `2/2 M2m`�H 72Bi� T�`� `2T�`�K2i`Bx�Ï½QX _2bQHp2` Q T`Q#H2K� /2 +�H+mH�` � 7mMÏ½Q
/2 +mbiQ MQ /QKőMBQ 2bT�+B�H û Q K�Bb Ʀ#pBQ- K�b ?� KmBiQ K�Bb K2H?Q`B�b [m2 TQ/2K
b2` 72Bi�bX S`BK2B`Q- �Q i`�Mb7Q`K�` Qb /�/Qb 2K mK /QKőMBQ K�Bb 2bT�`bQ- � K2MQb [m2
?�D� mK� BKTH2K2Mi�Ï½Q /2 �``�v 2bT�`bQ T�`� 7�x2` Q #�+FmT- 2H2 +QMbmKB`� �T2M�b K�Bb
K2KƦ`B� _�JX lK� K2H?Q` BKTH2K2Mi�Ï½Q /� i`�Mb7Q`K�/� /2 +m`p2H2i [m2 H2p� BbbQ 2K
+QMi� /�/Q mK /2i2`KBM�/Q i?`2b?QH/ T�`� Qb +Q2}+B2Mi2b- K2H?Q`�`B� Q /2b2KT2M?Q /Q
i`2BM�K2MiQ 2K ;2`�HX 1K b2;mM/Q Hm;�`- i2bi�` �#Q`/�;2Mb b2K2H?�Mi2b +QK /�/Qb `2�Bb
H�MÏ�`B� mK� Hmx bQ#`2 [m�Bb iBTQb /2 +�`�+i2`őbiB+�b ;2QHƦ;B+�b b2`B�K K�Bb #2K BHmKBM�/�bX
1K i2`+2B`Q Hm;�`- mb�M/Q iû+MB+�b /2 KB;`�Ï½Q /2 ȹHiBK� ;2`�Ï½Q- +QK +QM/BÏǤ2b /2 BK�;2K
K�Bb bQ}biB+�/�b U2X; JQ`�/TQm`B 2i �HX- kyRdV 2 2ti`�TQH�Ï½Q /2 QM/� 2H�biB+�X 1K [m�`iQ-
BM+Q`TQ`�` �H;mK� `2/2 M2m`�H BM7Q`K�/� TQ` 7őbB+� U_�BbbB- S2`/BF�`Bb 2 E�`MB�/�FBb- kyRNV
T�`� iQ`M�` Q KQ/2HQ `Q#mbiQ T�`� KmBiQb /�/Qb /B72`2Mi2b- Q [m2 `2bQHp2`B� � HBKBi�Ï½Q
/2 i2` [m2 i`2BM�` MQp�K2Mi2 � `2/2 2K iQ/�b �b Q+�bBǤ2bX SQ` ȹHiBKQ- K�b M½Q K2MQb
BKTQ`i�Mi2- û /2 bmK� BKTQ`i�M+B� i2bi�` Qb }Hi`Qb /Bb+miB/Qb MmK 2b[m2K� /2 Ga_hJ
Bi2`�iBpQ i`�/B+BQM�H T�`� �i2bi�` bm� 272iBpB/�/2 2K /BKBMmB` Q MȹK2`Q /2 Bi2`�ÏǤ2b �iû �
+QMp2`;āM+B�X



�;`�/2+BK2MiQb

1bb2 i`�#�H?Q M½Q b2`B� TQbbőp2H bQxBM?Q- /2 7Q`K� �H;mK�X 1K p�`BQb KQK2MiQb 2m K2
pB +QKTH2i�K2Mi2 +2`+�/Q /2 Q#bi�+mHQb /Qb K�Bb /Bp2`bQb iBTQb- `2H�+BQM�/Qb /B`2i� Qm
BM/B`2i�K2Mi2 +QK Q K2bi`�/QX 1m M½Q +QMbB;Q K2 BK�;BM�` bmT2`�M/Q 2H2b b2K �Dm/� /�b
T2bbQ�b [m2 K2M+BQM�`2B �Q HQM;Q /2bb2 T2[m2MQ i2tiQX

S`BK2B`Q- � T2bbQ� [m2 K�Bb K2 �Dm/Qm b2K bQK#`� /2 /ȹpB/�b 7QB K2m Q`B2Mi�/Q` _2v@
M�K S2bi�M� TQ` �H;mMb KQiBpQb Ʀ#pBQb 2 Qmi`Qb M½Q i�MiQX 1m +?2;m2B � TƦb ;`�/m�Ï½Q
2K ;2Q7őbB+� Km/�M/Q /2 �`2�- b�BM/Q /� S2i`Q7őbB+� T�`� Q AK�;2�K2MiQ bőbKB+Q- TQ`[m2
2m bQM?�p� 2K i`�#�H?�` +QK +QKTmi�Ï½Q /2 �Hi� T2`7Q`K�M+2X SQ`ûK K2 7�Hi�p� KmBiQ /�
#�;�;2K M2+2bb�`B� T�`� �iBM;B` i�H Q#D2iBpQ- K�b _2vM�K K2 2MbBMQm Qm T2HQ K2MQb K2
/B`2+BQMQm bQ#`2 Qb /Bp2`bQb �bbmMiQb [m2 2m T`2+Bb�p� /QKBM�`X L½Q Q#bi�Mi2- 2H2 /2KQMb@
i`Qm T�+BāM+B� 2 bQ#`B2/�/2 2M[m�MiQ 2m HB/�p� +QK p�`BQb �+QMi2+BK2MiQb M� KBM?� pB/�
T2bbQ�H [m2 [m2`2M/Q Qm M½Q �+�#�`�K b2 iQ`M�M/Q Q#bi�+mHQbX SQ` 2bb2b KQiBpQb 2m bQm
2ti`2K�K2Mi2 ;`�iQX

L½Q K2MQb BKTQ`i�Mi2- 2m �;`�/2ÏQ 2MQ`K2K2Mi2 � KBM?� 7�KőHB� [m2 2bi2p2 �Q K2m
H�/Q 2K iQ/Qb Qb KQK2MiQbX J2m B`K½Q- CQ½Q 1/m�`/Q- K2m T�B- *H�B`iQM ZmBMi2H�- 2 KBM?�
K½2 o�Hû`B� J�`B� 2 K2mb ;�iQb .BMQ- h?QK�b 2 LBM�X AbbQ b2K K2M+BQM�` K2mb iBQb- iB�b
2 T`BKQbX hQ/Qb 2H2b 2biBp2`�K �Q K2m H�/Q MQb +?Q`Qb- bQ``BbQb- i`Bbi2x�b 2 �H2;`B�bX

h�K#ûK ;Qbi�`B� /2 �;`�/2+2` 2MQ`K2K2Mi2 �Qb K2m +QH2;�b 2 �KB;Qb /� SƦb@;`�/m�Ï½QX
.�MB2H _Bp2HQ- [m2 K2 2MbBMQm HBi2`�HK2Mi2 Q #�bB+Q /Q #�bB+Q /2 BK�;2�K2MiQ bőbKB+Q 2 b2
/BbTƬb � iB`�` iQ/�b �b KBM?�b /ȹpB/�b- b2K K2 DmH;�` TQ` [m½Q #Q#�b Qm `2T2iBiBp�b 2H�b
2`�KX �;`�/2ÏQ i�K#ûK "2iBM�- ZmûxB�- *`BbiB�M- J�`+2HQ a�Mi�M�- G2QM�`/Q Ǵ"�``BHǴ-
G�BH�- 1HB2M�`�- G�B�M- �/2pBHbQM 2 �M/2`bQM aBHp�- T2HQb KmBiQb KQK2MiQb /2 i`Q+� /2
B/2B�b- 2tTHB+�ÏǤ2b- +QMp2`b�b- 72bi�b- bQ``BbQb- #`BM+�/2B`�b 2 TB�/�bX

S`2+BbQ K2M+BQM�` i�K#ûK J�`+Qb *QM+2BÏ½Q- mK �KB;Q [m2`B/Q K2m [m2 i�K#ûK û
K2m Q`B2Mi�M/Q 2K b2m i`�#�H?Q /2 ;`�/m�Ï½QX 1m- J�`+Qb 2 _2vM�K 7Q`K�KQb mK KBMB
;`mTQ /2 T2b[mBb� /2 7Q`K� � i`Q+�` };m`BM?�b bQ#`2 Qb MQbbQb �p�MÏQb T2bbQ�BbX a2K �b
B/2B�b /2 J�`+Qb- 2m M½Q b2B +QKQ i2`B� i2`KBM�/Q 2bb2 K2bi`�/QX

8N
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6�H�M/Q 2K �KB;Qb- ;Qbi�`B� /2 2tT`2bb�` KBM?� ;`�iB/½Q � 62HBT2 .m�`i2 2 bm� M�KQ`�/�
�HH�M�- TQ` 2bi�`2K b2KT`2 T`2Q+mT�/Qb +QKB;Q- 2 K2 �TQB�M/Q /�b K�Bb /Bp2`b�b 7Q`K�b
/m`�Mi2 iQ/Q Q K2bi`�/QX 62HBT2 2K 2bT2+B�H û K2m �KB;Q /2b/2 Q 2MbBMQ 7mM/�K2Mi�H- 2 û
TBH�` 2bb2M+B�H /Q K2m +�`�i2` ?QD2X

:Qbi�`B� /2 �;`�/2+2` i�K#ûK �Qb K2mb �KB;Qb +QKT�M?2B`Qb /2 _l U`2bi�m`�Mi2 mMB@
p2`bBi�`BQV- [m2 K2 /2`�K bQ``BbQb /B�`BQb 2M[m�MiQ i`Q+�p�KQb B/2B�b �HKQÏ�M/Q DmMiQbX
a�#`BM� a�+`�K2MiQ [m2 b2 iQ`MQm KBM?� M�KQ`�/� 2 KmBiQ K2 �TQBQm /m`�Mi2 2bb� DQ`@
M�/�X CQb�7�i- [m2 b2K bm�b TB�/�b 2 ?BbiƦ`B�b- K2mb �HKQÏQb M½Q b2`B�K Qb K2bKQbX _�7�2H
S�mHQ- +QK b2m D2BiQ 2M;`�Ï�/Q /2 pBp2`X J�`B� :QMiBDQ [m2 û KBM?� �KB;� /2b/2 Q 2MbBMQ
7mM/�K2Mi�H- 2 û K2m TQMiQ /2 �TQBQ 2K iQ/Qb Qb KQK2MiQbX A�;Q SBMiQ 2 :�#`B2H� JvH2M�-
�KB;Qb [m2`B/Qb K2m /2b/2 Q 2MbBMQ Kû/BQ- +QKT�M?2B`Qb /2 KmBi�b 7�b2b /� KBM?� pB/�X
.�MB2H J�b+�`2M?�b T2H� +QKT�M?B� i�MiQ M� b�H� /� TƦb- MQb �HKQÏQb- M�b �mH�b- M�b /B+�b-
2 M�b i`Q+�b /2 B/2B�bX

1m i�K#ûK [m2`Q �;`�/2+2` � K2mb Qmi`Qb �KB;Qb /� ;2Q7őbB+� [m2 M½Q M2+2bb�`B�K2Mi2
B�K T�`� Q _l +QKB;Q- K�b b2KT`2 2bi�p�K �Q K2m H�/QX 1bi2b b2`B�K .�pB/ G2MQM- _�7�2H
AM�+BQ- �M� S�BK 2 CQ½Q 62HBT2X 1bi2b b½Q K2mb �KB;Qb [m2 pBp2K +QKB;Q /2b/2 � ;`�/m�Ï½Q
2 i2K K2 �TQB�/Q �iû ?QD2X .�pB/ G2MQM +QK b2m +QKT�M?2B`BbKQ- /�M/Q b2Mb�Ï½Q /2 [m2
im/Q p�B /�` +2`iQX _�7�2H AM�+BQ +QK bm� bBM+2`B/�/2 bmT2` 2M;`�Ï�/� 2 +QKT`22Mb½QX �M�
T2HQ b2m +�`BM?Q 2 T`2b2MÏ� M�b 7Q7Q+�X 1 CQ½Q 62HBT2 MQ +QKT�M?2B`BbKQ i�K#ûK- MQb
+QMb2H?Qb- 2MbBM�K2MiQb 2 TB�/�b- b2M/Q � pQx /� `�x½Q /m`�Mi2 iQ/� � KBM?� ;`�/m�Ï½Q 2
TƦbX �K�M+BQ 2 �/BHbQM T2H�b bm�b ?BbiƦ`B�b 2M;`�Ï�/�bX

:Qbi�`B� /2 �;`�/2+2` � #�M+�- �Qb T`Q72bbQ`2b- �Q *LS[- 2 iQ/Q Q *2Mi`Q /2 S2b[mBb�
2K :2Q7őbB+� 2 :2QHQ;B�X � #�M+� TQ` �p�HB�` K2m i`�#�H?Q 2 /BbTQ` Q i2KTQ HBp`2 /2H2b
T�`� i�H T`QTƦbBiQX P *LS[ T2H� #QHb� /2 T2b[mBb� [m2 ;�`�MiBm K2m bmbi2MiQ /m`�Mi2 Q b2m
T2`őQ/Q /2 pB;āM+B�X 1 Q *S:: TQ` /BbTQ` /�b bm�b /2T2M/āM+B�b- /Q b2m bmT2`+QKTmi�/Q`-
2 /2 iQ/� � bm� 2bi`mim`� T�`� K2 �mtBHB�` M2bb� DQ`M�/�X

SQ` ȹHiBKQ K�b M½Q K2MQb BKTQ`i�Mi2 ;Qbi�`B� /2 �;`�/2+2` �Qb K2mb ǳ+QMb2H?2B`Qb
2ti2`MQbǴ- [m2 K2 ;mB�`�K 2K �`2�b /2 +QM?2+BK2MiQ [m2 2m �+�#2B K2 2bT2+B�HBx�M/Q MQ
K2bi`�/QX P T`BK2B`Q b2`B� oB+iQ` EQ2?M2- [m2 7QB Q [m2 K�Bb K2 BM+2MiBpQm M� �`2� /2
+QKTmi�Ï½Q /2 �Hi� T2`7Q`K�M+2X P b2;mM/Q b2`B� �H2t *2`[m2B`�- [m2 K2 BM+2MiBpQm M�
�`2� /2 BMi2HB;āM+B� �`iB}+B�H 2 `2/2b M2m`�BbX
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�QFB- L�Qb?B- 2 :2`�`/ hX a+?mbi2`X kyyNX ǳ6�bi H2�bi@b[m�`2b KB;`�iBQM rBi? � /2#Hm``BM;
}Hi2`ǴX :2QT?vbB+b d9- MX e UMQp2K#`QV, q*�3jĜq*�NjX ?iiTb,ff/QBXQ`;fRyXRRNyfRX
jR88RekX

�pBH�- J�Mm2H _�KƦM o�`;�b- Gm�M� LQ#`2 PbQ`BQ- CȹHBQ /2 *�bi`Q o�`;�b 62`M�M/2b- �M/`û
"mH+½Q- "`mMQ S2`2B`�@.B�b- "`mMQ /2 aQmx� aBHp�- S�#HQ J�+?�/Q "�``Qb- GmBx G�M/�m
2 �H2t�M/`2 :X 1pbmFQzX kykRX ǳJB;`�iBQM .2+QMpQHmiBQM pB� .22T G2�`MBM;ǴX Sm`2 �M/
�TTHB2/ :2QT?vbB+b Rd3 U8V, ReddĜReN8X BbbM, R9ky@NRjeX ?iiTb ,ff/QB XQ`;fRy XRyydf
byyyk9@ykR@ykdyd@yX

"�vb�H- 1/BT- .�M .X EQbHQz 2 CQ?M qX *X a?2`rQQ/X RN3jX ǳ_2p2`b2 iBK2 KB;`�iBQMǴX
:2QT?vbB+b 93- MX RR UMQp2K#`QV, R8R9ĜR8k9X ?iiTb,ff/QBXQ`;fRyXRRNyfRXR99R9j9X

*�M/2b- 1KK�Mm2H C- 2 .�pB/ G .QMQ?QX kyyyX *m`p2H2ib, � bm`T`BbBM;Hv 2z2+iBp2 MQM�/�T@
iBp2 `2T`2b2Mi�iBQM 7Q` Q#D2+ib rBi? 2/;2bX _2H�iƦ`BQ iû+MB+QX ai�M7Q`/ lMBp *� .2Ti Q7
ai�iBbiB+bX

*�M/ĕb- 1KK�Mm2H- G�m`2Mi .2K�M2i- .�pB/ .QMQ?Q 2 G2tBM; uBM;X kyyeX ǳ6�bi .Bb+`2i2
*m`p2H2i h`�Mb7Q`KbǴX JmHiBb+�H2 JQ/2HBM; � aBKmH�iBQM 8- MX j UD�M2B`QV, 3eRĜ3NNX
?iiTb,ff/QBXQ`;fRyXRRjdfy8ye9R3ktX

*�M/ĕb- 1KK�Mm2H CX- 2 .�pB/ GX .QMQ?QX kyy8�X ǳ*QMiBMmQmb +m`p2H2i i`�Mb7Q`K, AX _2@
bQHmiBQM Q7 i?2 r�p27`QMi b2iǴX �TTHB2/ �M/ *QKTmi�iBQM�H >�`KQMB+ �M�HvbBb RN- MX k
Ub2i2K#`QV, RekĜRNdX ?iiTb,ff/QBXQ`;fRyXRyRefDX�+?�Xkyy8XykXyyjX

X kyy8#X ǳ*QMiBMmQmb +m`p2H2i i`�Mb7Q`K, AAX .Bb+`2iBx�iBQM �M/ 7`�K2bǴX �TTHB2/ �M/
*QKTmi�iBQM�H >�`KQMB+ �M�HvbBb RN- MX k Ub2i2K#`QV, RN3ĜkkkX ?iiTb,ff/QBXQ`;fRyX
RyRefDX�+?�Xkyy8XykXyy9X

*?�M;- q2M@6QM;- 2 :2Q`;2 �X J+J2+?�MX RN3eX ǳ_2p2`b2@iBK2 KB;`�iBQM Q7 Qzb2i p2`iB+�H
b2BbKB+ T`Q}HBM; /�i� mbBM; i?2 2t+Bi�iBQM@iBK2 BK�;BM; +QM/BiBQMǴX :2QT?vbB+b 8R- MX R
UD�M2B`QV, edĜ39X ?iiTb,ff/QBXQ`;fRyXRRNyfRXR99ky9RX

*?QHH2i- 6`�M+QBb- 2i �HX kyR8X ǳE2`�bǴX ?iiTb,ff;Bi?m#X+QKf7+?QHH2ifF2`�bX

eR
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*H�2`#Qmi- CQM 6X RNNkX 1�`i? bQmM/BM;b �M�HvbBb, S`Q+2bbBM; p2`bmb BMp2`bBQMX oQHX eX
"H�+Fr2HH a+B2MiB}+ Sm#HB+�iBQMb GQM/QMX

*Qbi�- *�`HQb /�X kykyX ǳ*m`p2HQTbǴX ?iiTb,ff;Bi?m#X+QKfSvGQTbf+m`p2HQTbX
*mM- uX G2- GX.X C�+F2H- "X "Qb2`- CXaX .2MF2`- >XSX :`�7- AX :mvQM- .X >2M/2`bQM- _X1X

>Qr�`/ 2 qX >m##�`/X RN3NX ǳ>�M/r`Bii2M /B;Bi `2+Q;MBiBQM, �TTHB+�iBQMb Q7 M2m`�H
M2irQ`F +?BTb �M/ �miQK�iB+ H2�`MBM;ǴX A111 *QKKmMB+�iBQMb J�;�xBM2 kd- MX RR UMQ@
p2K#`QV, 9RĜ9eX ?iiTb,ff/QBXQ`;fRyXRRyNfj8X9R9yyX

.�B- q2B- 2 :2`�`/ hX a+?mbi2`X kyRjX ǳSH�M2@r�p2 H2�bi@b[m�`2b `2p2`b2@iBK2 KB;`�iBQMǴX
:2QT?vbB+b d3- MX 9 UDmH?QV, aRe8ĜaRddX ?iiTb,ff/QBXQ`;fRyXRRNyf;2QkyRk@yjddXRX

.mii�- :�m`�p- *v`BH �;mi- J�ii2Q :B#QHB 2 S�mH qBHHB�KbQMX kyReX ǳG2�bi@b[m�`2b `2p2`b2
iBK2 KB;`�iBQM rBi? `�/QM T`2+QM/BiBQMBM;ǴX 1K a1: h2+?MB+�H S`Q;`�K 1tT�M/2/
�#bi`�+ib kyReX aQ+B2iv Q7 1tTHQ`�iBQM :2QT?vbB+Bbib- b2i2K#`QX ?iiTb,ff/QBXQ`;fRyX
RRNyfb2;�KkyRe@RjN9j8NjXRX

.mii�- :�m`�p- J�ii2Q :B#QHB- *v`BH �;mi- S�mH qBHHB�KbQM 2 :2`�`/ hX a+?mbi2`X kyRdX
ǳG2�bi@b[m�`2b `2p2`b2 iBK2 KB;`�iBQM rBi? HQ+�H _�/QM@#�b2/ T`2+QM/BiBQMBM;ǴX :1@
PS>uaA*a 3k- MX k UK�`ÏQV, ad8Ĝa39X ?iiTb,ff/QBXQ`;fRyXRRNyf;2QkyRe@yRRdXRX

.mii�- :�m`�p- J�ii2Q :B#QHB- S�mH qBHHB�KbQM 2 :2`�`/ hX a+?mbi2`X kyR8X ǳG2�bi@b[m�`2b
`2p2`b2 iBK2 KB;`�iBQM rBi? 7�+iQ`Bx�iBQM@7`22 T`BQ`+QM/BiBQMBM;ǴX 1K a1: h2+?MB+�H
S`Q;`�K 1tT�M/2/ �#bi`�+ib kyR8X aQ+B2iv Q7 1tTHQ`�iBQM :2QT?vbB+Bbib- �;QbiQX ?iiTb,
ff/QBXQ`;fRyXRRNyfb2;�KkyR8@8NRkRj3XRX

6QK2H- a2`;2v- S�mH a�p�- AQ�M oH�/- u�M; GBm 2 oH�/BKB` "�b?F�`/BMX kyRjX ǳJ�/�;�b+�`,
PT2M@bQm`+2 bQ7ir�`2 T`QD2+i 7Q` KmHiB/BK2MbBQM�H /�i� �M�HvbBb �M/ `2T`Q/m+B#H2 +QK@
Tmi�iBQM�H 2tT2`BK2MibǴX CQm`M�H Q7 PT2M _2b2�`+? aQ7ir�`2 R URVX ?iiTb,ff/QBXQ`;fRyX
8jj9fDQ`bX�;X

:QQ/72HHQr- A�M- uQb?m� "2M;BQ 2 ��`QM *Qm`pBHH2X kyReX .22T G2�`MBM;X >iiT ,ffrrrX
/22TH2�`MBM;#QQFXQ`;X JAh S`2bbX

:mBiiQM- �MiQBM2X kyy9X ǳ�KTHBim/2 �M/ FBM2K�iB+ +Q``2+iBQMb Q7 KB;`�i2/ BK�;2b 7Q` MQ@
MmMBi�`v BK�;BM; QT2`�iQ`bǴX :2QT?vbB+b eN- MX 9 UDmH?QV, RyRdĜRyk9X ?iiTb,ff/QBXQ`;f
RyXRRNyfRXRdd3k99X

:mTi�- "?�rM�- 2 a?�KBF hBr�`BX kyR9X ǳGmM; +�M+2` /2i2+iBQM mbBM; +m`p2H2i i`�Mb7Q`K
�M/ M2m`�H M2irQ`FǴX AMi2`M�iBQM�H CQm`M�H Q7 *QKTmi2` �TTHB+�iBQMb 3e URVX

>Q`MBF- Em`i- J�tr2HH aiBM+?+QK#2 2 >�H#2`i q?Bi2X RNNyX ǳlMBp2`b�H �TT`QtBK�iBQM Q7 �M
mMFMQrM K�TTBM; �M/ Bib /2`Bp�iBp2b mbBM; KmHiBH�v2` 722/7Q`r�`/ M2irQ`FbǴX L2m`�H
L2irQ`Fb j U8V, 88RĜ8eyX BbbM, y3Nj@ey3yX ?iiTb,ff/QBXQ`;fRyXRyRefy3Nj@ey3yUNyVNyyy8@
eX ?iiTb,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f�`iB+H2fTBBfy3Njey3yNyNyyy8eX

>m- CB�MtBM;- :2`�`/ hX a+?mbi2` 2 S�mH �X o�H�b2FX kyyRX ǳSQbibi�+F KB;`�iBQM /2+QMpQHm@
iBQMǴX :2QT?vbB+b ee- MX j UK�BQV, NjNĜN8kX ?iiTb,ff/QBXQ`;fRyXRRNyfRXR999N39X

C�/QM- a?`miBX kyR3X ǳAMi`Q/m+iBQM iQ /Bz2`2Mi �+iBp�iBQM 7mM+iBQMb 7Q` /22T H2�`MBM;ǴX J2@
/BmK- �m;K2MiBM; >mK�MBiv Re,R9yX
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EBM;K�- .B2/2`BF SX- 2 CBKKv "�X kyR9X �/�K, � J2i?Q/ 7Q` aiQ+?�biB+ PTiBKBx�iBQMX
?iiTb,ff/QBXQ`;fRyX9388yf�_sAoXR9RkXeN3yX

G2pBM- ai2r�`i �X RN39X ǳS`BM+BTH2 Q7 `2p2`b2@iBK2 KB;`�iBQMǴX :2QT?vbB+b 9N- MX 8 UK�BQV,
83RĜ83jX ?iiTb,ff/QBXQ`;fRyXRRNyfRXR99ReNjX

GBm- J2M;HB- CB�MTBM; >m�M;- w?2M+?mM GB- *?m�M; GB 2 uBM;DmM _2MX kyRdX ǳS`2+QM/BiBQM2/
G2�bi@b[m�`2b `2p2`b2@iBK2 KB;`�iBQM rBi? r2HH@+QMbi`�BM `2;mH�`Bx�iBQMǴX 1K AMi2`M�iB@
QM�H :2QT?vbB+�H *QM72`2M+2- ZBM;/�Q- *?BM�- Rd@ky �T`BH kyRdX aQ+B2iv Q7 1tTHQ`�iBQM
:2QT?vbB+Bbib f *?BM2b2 S2i`QH2mK aQ+B2iv- K�BQX ?iiTb,ff/QBXQ`;fRyXRRNyfB;+kyRd@kekX

GBm- ZB�M+?2M;- uQM;KBM; Gm- >mB amM 2 >�Q w?�M;X kyRNX ǳaBM;H2@ai2T .�i�@.QK�BM
G2�bi@a[m�`2b _2p2`b2@hBK2 JB;`�iBQM lbBM; :�#Q` .2+QMpQHmiBQM 7Q` am#b�Hi AK�@
;BM;ǴX A111 :2Qb+B2M+2 �M/ _2KQi2 a2MbBM; G2ii2`b- RĜ9X ?iiTb,ff/QBXQ`;fRyXRRyNf
H;`bXkyRNXkNRe39dX

GBm- ZB�M+?2M;- 2 .�MB2H S2i2`X kyR3X ǳPM2@bi2T /�i�@/QK�BM H2�bi@b[m�`2b `2p2`b2 iBK2
KB;`�iBQMǴX :2QT?vbB+b 3j- MX 9 UDmH?QV, _jeRĜ_je3X ?iiTb,ff/QBXQ`;fRyXRRNyf;2QkyRd@
yekkXRX

GBm- w?�QHmM- um[BM; *?2M 2 :2`�`/ a+?mbi2`X kykyX ǳ.22T +QMpQHmiBQM�H M2m`�H M2irQ`F
�M/ bT�`b2 H2�bi@b[m�`2b KB;`�iBQMǴX :1PS>uaA*a 38- MX 9 UDmM?QV, q�k9RĜq�k8jX
?iiTb,ff/QBXQ`;fRyXRRNyf;2QkyRN@y9RkXRX

GQ2r2Mi?�H- .X- GX Gm- _X _Q#2`bQM 2 CX a?2`rQQ/X RNdeX ǳh?2 q�p2 2[m�iBQM �TTHB2/ iQ
KB;`�iBQMǴX :2QT?vbB+�H S`QbT2+iBM; k9- MX k UDmM?QV, j3yĜjNNX ?iiTb,ff/QBXQ`;fRyXRRRRf
DXRje8@k9d3XRNdeXi#yyNj9XtX

GQ2r2Mi?�H- .�M- 2 A`b?�/ _X Jm7iBX RN3jX ǳ_2p2`b2/ iBK2 KB;`�iBQM BM bT�iB�H 7`2[m2M+v
/QK�BMǴX :2QT?vbB+b 93- MX 8 UK�BQV, ekdĜej8X ?iiTb,ff/QBXQ`;fRyXRRNyfRXR99R9NjX

Gm+�b- �HB+2- JB+?�2H AHB�/Bb- _�7�2H JQHBM� 2 �;;2HQb EX E�ib�;;2HQbX kyR3X ǳlbBM; .22T
L2m`�H L2irQ`Fb 7Q` AMp2`b2 S`Q#H2Kb BM AK�;BM;, "2vQM/ �M�HviB+�H J2i?Q/bǴX A111
aB;M�H S`Q+2bbBM; J�;�xBM2 j8- MX R UD�M2B`QV, kyĜjeX ?iiTb,ff/QBXQ`;fRyXRRyNfKbTX
kyRdXkdeyj83X

J�- CB�Mr2B- 2 :2`HBM/ SHQMF�X kyRyX ǳh?2 *m`p2H2i h`�Mb7Q`KǴX A111 aB;M�H S`Q+2bbBM;
J�;�xBM2 kd- MX k UK�`ÏQV, RR3ĜRjjX ?iiTb,ff/QBXQ`;fRyXRRyNfKbTXkyyNXNj898jX

J+J2+?�M- :X �X RN3kX ǳ.2i2`KBM�iBQM Q7 bQm`+2 T�`�K2i2`b #v r�p2}2H/ 2ti`�TQH�iBQMǴX
:2QT?vbB+�H CQm`M�H AMi2`M�iBQM�H dR- MX j U/2x2K#`QV, eRjĜek3X ?iiTb,ff/QBXQ`;fRyX
RRRRfDXRje8@k9etXRN3kXi#ykd33XtX

X RN3jX ǳJB;`�iBQM #v 2ti`�TQH�iBQM Q7 iBK2@/2T2M/2Mi #QmM/�`v p�Hm2bǴX :2QT?vbB+�H
S`QbT2+iBM; jR- MX j UDmM?QV, 9RjĜ9kyX ?iiTb,ff/QB XQ`;fRyXRRRRfD XRje8@ k9d3XRN3jX
i#yRyeyXtX

J+J2+?�M- :2Q`;2 �X RN3NX ǳ� `2pB2r Q7 b2BbKB+ �+QmbiB+ BK�;BM; #v `2p2`b2@iBK2 KB;`�@
iBQMǴX AMi2`M�iBQM�H CQm`M�H Q7 AK�;BM; avbi2Kb �M/ h2+?MQHQ;v R URV, R3ĜkRX ?iiTb,
ff/QBXQ`;fRyXRyykfBK�XR38yyRyRy9X
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JQ`�/TQm`B- 6�`x�/- �HB JQ`�/x�/2?- _2vM�K S2bi�M�- _2x� :?�2/`�?K�iB 2 J2?`/�/
aQH2BK�MB JQM7�`2/X kyRdX ǳ�M BKT`Qp2K2Mi BM r�p2}2H/ 2ti`�TQH�iBQM �M/ BK�;BM;
+QM/BiBQM iQ bmTT`2bb `2p2`b2 iBK2 KB;`�iBQM �`iB7�+ibǴX 3k- MX e UMQp2K#`QV, a9yjĜa9yNX
?iiTb,ff/QBXQ`;fRyXRRNyf;2QkyRe@y9d8XRX

JQ`2B`�- *�i�`BM�X kyRjX ǳL2m`ƦMBQǴX _2pBbi� /2 *BāM+B� 1H2K2Mi�` R URVX
JQb2`- hBDK2M C�MX kyRkX ǳ_2pB2r Q7 `�v@"Q`M 7Q`r�`/ KQ/2HBM; 7Q` KB;`�iBQM �M/ /Bz`�+@

iBQM �M�HvbBbǴX aim/B� :2QT?vbB+� 2i :2Q/�2iB+� 8e UkV, 9RRĜ9jkX
L�;B- C�r�/- 6`2/2`B+F .m+�i2HH2- :B�MMB �X .B *�`Q- .�M *B`2b�M- l2HB J2B2`- �H2bb�M/`Q

:BmbiB- 6�``mF? L�;B- Cm`;2M a+?KB/?m#2` 2 Gm+� J�`B� :�K#�`/2HH�X kyRRX ǳJ�t@
TQQHBM; +QMpQHmiBQM�H M2m`�H M2irQ`Fb 7Q` pBbBQM@#�b2/ ?�M/ ;2bim`2 `2+Q;MBiBQMǴX 1K
kyRR A111 AMi2`M�iBQM�H *QM72`2M+2 QM aB;M�H �M/ AK�;2 S`Q+2bbBM; �TTHB+�iBQMb UA*@
aAS�VX A111- MQp2K#`QX ?iiTb,ff/QBXQ`;fRyXRRyNfB+bBT�XkyRRXeR99Re9X

LQ+2/�H- CQ`;2- 2 ai2T?2Mq`B;?iX kyyeX LmK2`B+�H QTiBKBx�iBQMX aT`BM;2` a+B2M+2 � "mbBM2bb
J2/B�X

LoA.A�- Sûi2` oBM;2HK�MM 2 6`�MF >XSX 6Bix2FX kykyX *l.�- `2H2�b2, RyXkX3NX ?iiTb,ff
/2p2HQT2`XMpB/B�X+QKf+m/�@iQQHFBiX

S�Tv�M- o�`/�M- u�MBp _QK�MQ 2 JB+?�2H 1H�/X kyReX ǳ*QMpQHmiBQM�H L2m`�H L2irQ`Fb
�M�Hvx2/ pB� *QMpQHmiBQM�H aT�`b2 *Q/BM;Ǵ UDmH?QVX �`sBp, ReydXy3RN9 (bi�iXJG)X

S2/`2;Qb�- 6�#B�M- :�ďH o�`Q[m�mt- �H2t�M/`2 :`�K7Q`i- oBM+2Mi JB+?2H- "2`i`�M/ h?B`BQM-
PHBpB2` :`Bb2H- J�i?B2m "HQM/2H- S2i2` S`2ii2M?Q72`- _QM q2Bbb- oBM+2Mi .m#Qm`; 2i �HX
kyRRX ǳa+BFBi@H2�`M, J�+?BM2 H2�`MBM; BM Svi?QMǴX CQm`M�H Q7 K�+?BM2 H2�`MBM; `2b2�`+?
Rk UP+iV, k3k8Ĝk3jyX

S`�ii- >�``v- "`v�M qBHHB�Kb- 6`�Mb *Q2M2M 2 u�HBM w?2M;X kyRdX ǳ6+MM, 6Qm`B2` +QMpQ@
HmiBQM�H M2m`�H M2irQ`FbǴX 1K CQBMi 1m`QT2�M *QM72`2M+2 QM J�+?BM2 G2�`MBM; �M/
EMQrH2/;2 .Bb+Qp2`v BM .�i�#�b2b- d3eĜdN3X aT`BM;2`X

_�BbbB- JX- SX S2`/BF�`Bb 2 :X1X E�`MB�/�FBbX kyRNX ǳS?vbB+b@BM7Q`K2/ M2m`�H M2irQ`Fb, �
/22T H2�`MBM; 7`�K2rQ`F 7Q` bQHpBM; 7Q`r�`/ �M/ BMp2`b2 T`Q#H2Kb BMpQHpBM; MQMHBM2�`
T�`iB�H /Bz2`2MiB�H 2[m�iBQMbǴX jd3 U72p2`2B`QV, e3eĜdydX ?iiTb,ff/QBXQ`;fRyXRyRefDXD+TX
kyR3XRyXy98X

_�b?2pbFv- LX RNj3X ǳ*QMi`B#miBQM iQ i?2 K�i?2K�iB+�H #BQT?vbB+b Q7 pBbm�H T2`+2TiBQM rBi?
bT2+B�H `272`2M+2 iQ i?2 i?2Q`v Q7 �2bi?2iB+ p�Hm2b Q7 ;2QK2i`B+�H T�ii2`MbǴX Sbv+?QK2@
i`BF� j- MX 9 U/2x2K#`QV, k8jĜkdRX ?iiTb,ff/QBXQ`;fRyXRyydf#7ykk3dNjkX

_QMM2#2`;2`- PH�7- S?BHBTT 6Bb+?2` 2 h?QK�b "`QtX kyR8�X ǳ.2Mi�H s@`�v BK�;2 b2;K2Mi�@
iBQM mbBM; � l@b?�T2/ .22T *QMpQHmiBQM�H M2irQ`FǴX 1K AMi2`M�iBQM�H avKTQbBmK QM
"BQK2/B+�H AK�;BM;- RĜRjX

X kyR8#X ǳl@L2i, *QMpQHmiBQM�H L2irQ`Fb 7Q` "BQK2/B+�H AK�;2 a2;K2Mi�iBQMǴX 1K
G2+im`2 LQi2b BM *QKTmi2` a+B2M+2- kj9Ĝk9RX aT`BM;2` AMi2`M�iBQM�H Sm#HBb?BM;X ?iiTb,
ff/QBXQ`;fRyXRyydfNd3@j@jRN@k98d9@9nk3X

a�M�pB- >�KB/2?- S2vK�M SX JQ;?�//�K 2 62HBt CX >2``K�MMX kykRX ǳh`m2 �KTHBim/2 /2Ti?
KB;`�iBQM mbBM; +m`p2H2ibǴX 3e- MX 9 UDmH?QV, akNNĜajRyX ?iiTb , f f/QB X Q`;fRy X RRNyf
;2QkyRN@yjydXRX
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a�t2M�- �/Biv� E- a?r2i� a?�`K� 2 oBD�v E *?�m`�bBv�X kyR8X ǳL2m`�H M2irQ`F #�b2/
?mK�M �;2@;`QmT 2biBK�iBQM BM +m`p2H2i /QK�BMǴX S`Q+2/B� *QKTmi2` a+B2M+2 89,d3RĜ
d3NX ?iiTb,ff/QBXQ`;f?iiTb,ff/QBXQ`;fRyXRyRefDXT`Q+bXkyR8XyeXyNkX

a?�`K�- �/Biv�X kyRdX ǳlM/2`bi�M/BM; �+iBp�iBQM 7mM+iBQMb BM /22T H2�`MBM;ǴX G2�`M PT2M*o
q2#bBi2- ?iiTb,ffH2�`MQT2M+pX +QKfmM/2`bi�M/BM;@�+iBp�iBQM@7mM+iBQMb@BM@/22T@H2�`MBM;fU�++2bb2/
kR CmHv kykRVX

amM- CmMx?2- a2`;2v 6QK2H 2 hB2vm�M w?mX kyR8X ǳS`2+QM/BiBQMBM; H2�bi@b[m�`2b _hJ BM
pBb+Q�+QmbiB+ K2/B� #v IBi�HB+=ZIfBi�HB+=@+QKT2Mb�i2/ _hJǴ- jN8NĜjNe8X a1: h2@
+?MB+�H S`Q;`�K 1tT�M/2/ �#bi`�+ib yX aQ+B2iv Q7 1tTHQ`�iBQM :2QT?vbB+Bbib- �;QbiQX
?iiTb,ff/QBXQ`;fRyXRRNyfb2;�KkyR8@833yN99XRX ?iiTb,ff/QBXQ`;fRyXRRNyfb2;�KkyR8@
833yN99XRX

amM- _X- 2 :X�X J+J2+?�MX RN3eX ǳS`2@bi�+F `2p2`b2@iBK2 KB;`�iBQM 7Q` 2H�biB+ r�p2b rBi?
�TTHB+�iBQM iQ bvMi?2iB+ Qzb2i p2`iB+�H b2BbKB+ T`Q}H2bǴX S`Q+22/BM;b Q7 i?2 A111 d9 UjV,
98dĜ9e8X ?iiTb,ff/QBXQ`;fRyXRRyNfT`Q+XRN3eXRj93eX

h�`�MiQH�- �X RN39X ǳGBM2�`Bx2/ BMp2`bBQM Q7 b2BbKB+ `2~2+iBQM /�i�ǴX :2QT?vbB+�H S`QbT2+iBM;
jk- MX e U/2x2K#`QV, NN3ĜRyR8X ?iiTb,ff/QBXQ`;fRyXRRRRfDXRje8@k9d3XRN39Xi#yyd8RXtX

q�M;- SBM;- �/`B�MQ :QK2b- w?B;�M; w?�M; 2 JBM; q�M;X kyReX ǳG2�bi@b[m�`2b _hJ,
_2�HBiv �M/ TQbbB#BHBiB2b 7Q` bm#b�Hi BK�;BM;ǴX 1K a1: h2+?MB+�H S`Q;`�K 1tT�M/2/
�#bi`�+ib kyReX aQ+B2iv Q7 1tTHQ`�iBQM :2QT?vbB+Bbib- b2i2K#`QX ?iiTb,ff/QBXQ`;fRyX
RRNyfb2;�KkyRe@Rj3edNkeXRX

q?BiKQ`2- LX .X RN3jX ǳAi2`�iBp2 /2Ti? KB;`�iBQM #v #�+Fr�`/ iBK2 T`QT�;�iBQMǴX 1K a1:
h2+?MB+�H S`Q;`�K 1tT�M/2/ �#bi`�+ib RN3jX aQ+B2iv Q7 1tTHQ`�iBQM :2QT?vbB+Bbib- D�@
M2B`QX ?iiTb,ff/QBXQ`;fRyXRRNyfRXR3Nj3edX

u�bQm#B- �HB- _2x� >QD�#` 2 J2?/B JQ/�``2bbBX kyRdX ǳSQr2`@1{+B2Mi �++2H2`�iQ` .2bB;M
7Q` L2m`�H L2irQ`Fb lbBM; *QKTmi�iBQM _2mb2ǴX A111 *QKTmi2` �`+?Bi2+im`2 G2ii2`b
Re- MX R UD�M2B`QV, dkĜd8X ?iiTb,ff/QBXQ`;fRyXRRyNfH+�XkyReXk8kRe89X


