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:2Q;`�T?B+�H TQBMi +HQm/ KQ/2HHBM;
rBi? i?2 j. K2/B�H �tBb i`�Mb7Q`K

.Bbb2`i�iBQM

7Q` i?2 Tm`TQb2 Q7 Q#i�BMBM; i?2 /2;`22 Q7 /Q+iQ`
�i .2H7i lMBp2`bBiv Q7 h2+?MQHQ;v

#v i?2 �mi?Q`Biv Q7 i?2 _2+iQ` J�;MB}+mb T`Q7X /`X B`X hX >X CX CX p�M /2` >�;2M
+?�B` Q7 i?2 "Q�`/ Q7 .Q+iQ`�i2b

iQ #2 /272M/2/ Tm#HB+Hv QM
q2/M2b/�v R9 J�`+? kyR3 �i RyXyy QǶ+HQ+F

#v

_�pB uH�M S1h1_a

J�bi2` Q7 a+B2M+2 BM :2QK�iB+b- .2H7i lMBp2`bBiv Q7 h2+?MQHQ;v- i?2 L2i?2`H�M/b
#Q`M BM _Qii2`/�K- i?2 L2i?2`H�M/bX



h?Bb /Bbb2`i�iBQM ?�b #22M �TT`Qp2/ #v i?2 T`QKQiQ` �M/ i?2 +QT`QKQiQ`X

*QKTQbBiBQM Q7 i?2 /Q+iQ`�H +QKKBii22,

_2+iQ` J�;MB}+mb +?�B`T2`bQM
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.`X EX�X >BH/2#`�M/i .2H7i lMBp2`bBiv Q7 h2+?MQHQ;v
.`X _X*X GBM/2M#2`;? .2H7i lMBp2`bBiv Q7 h2+?MQHQ;v
S`Q7X /`X B`X �X p�M hBKK2`2M .2H7i lMBp2`bBiv Q7 h2+?MQHQ;v- `2b2`p2 K2K#2`
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�+FMQrH2/;K2Mib

6B`bi �M/ 7Q`2KQbi- A rQmH/ HBF2 iQ 2tT`2bb Kv ;`�iBim/2 iQ Kv bmT2`pBbQ`b >m;Q
G2/Qmt �M/ C�MiB2M aiQi2`X A �Hr�vb 2MDQv2/ rQ`FBM; rBi? vQm �M/ A �K p2`v
TH2�b2/ i?�i A +�M +QMiBMm2 iQ /Q bQ BM i?2 7Q`2b22�#H2 7mim`2X h?�MF vQm 7Q`
+`2�iBM; bm+? � rQM/2`7mH rQ`FBM; 2MpB`QMK2MiX
A rQmH/ HBF2 iQ i?�MF i?2 L2i?2`H�M/b P`;�MBb�iBQM 7Q` a+B2MiB}+ _2b2�`+? ULqPV
7Q` 7mM/BM; Kv S?. T`QD2+i- i?2 LqP T`Q;`�K /B`2+iQ` J�`;`B2i C�Mbx- �M/
i?2 K2K#2`b Q7 i?2 LqP mb2` +QKKBii22 7Q` i?2B` T�`iB+BT�iBQM �M/ p�Hm2/
BMTmi, "2MiH2v avbi2Kb- *Biv Q7 _Qii2`/�K- JBMBbi`v Q7 AM7`�bi`m+im`2 �M/ q�@
i2` J�M�;2K2Mi- a�72 aQ7ir�`2- ar2+Q- �M/ h?2 q�i2`b+?�Tb?mBbX � bT2+B�H
K2MiBQM ;Q2b Qmi iQ E2pBM qB2#2 �M/ C2z *QmF2HH 7`QK a�72 aQ7ir�`2 7Q` BM@
i2;`�iBM; Kv TQBMi +HQm/ bBKTHB}+�iBQM �H;Q`Bi?K BMiQ i?2B` 6J1 bQ7ir�`2- �M/
7Q` +QMi`B#miBM; i?2B` BKT`Qp2K2Mib QM Kv +Q/2 #�+F iQ K2X
A �K ;`�i27mH iQ 6�#BQ _2KQM/BMQ �M/ i?2 K2K#2`b Q7 ?Bb j. PTBiB+�H J2i`QHQ;v
;`QmT �i i?2 6QM/�xBQM2 "`mMQ E2bbH2` 7Q` ?QbiBM; K2 �M/ H2iiBM; K2 2tT2`BK2Mi
rBi? i?2B` T?QiQ;`�KK2i`B+ TQBMi +HQm/bX
A i?�MF _Q;2` /2 *`QQF Q7 >QQ;?22K`��/b+?�T /2 aiB+?ib2 _BDMH�M/2M- 7Q` T`Q@
pB/BM; i?2 r�i2`+Qm`b2 /2i2+iBQM mb2 +�b2 Ub22 a2+iBQM dXRVX
A �HbQ i?�MF i?2 T2QTH2 �i i?2 :Aa h2+?MQHQ;v ;`QmT- r?2`2 A bi�`i2/ Kv S?.,
1H7`B2/2 62M/2H- hD2m G2KK2Mb- J�`iBDM J2BD2`b- S2i2` p�M PQbi2`QK- qBHFQ
Zm�F- _�/�M ȑm#�- h?2Q hBDbb2M- 1/r�`/ o2`#`22- �M/ J�`B�M /2 o`B2bX
aT2+B�H i?�MFb iQ 2p2`vQM2 r?Q Bb Q` mb2/ iQ #2 T�`i Q7 i?2 j. ;2QBM7Q`K�@
iBQM ;`QmT, �#/QmH�v2 .B�FBiû- �MM� G�#2ibFB Ub?2 2/Bi2/ i?2 BMi`Q/m+iBQM
Q7 i?Bb i?2bBbV- "�H�xb .mF�B- 6BHBT "BHD2+FB CBMDBM u�M- E�pBb?�- E2M �``QvQ
P?Q`B- GB�M;HB�M; L�M- GBm GBm- a�M;KBM EBK- ai2HBQb oBi�HBb- hQK *QKK�M@
/2m`- q2BtB�Q :�Q- �M/ w?BvQM; q�M;X A ?�/ bQ Km+? UQ`;�MBb2/V 7mM �M/ A
i?Q`Qm;?Hv 2MDQv #2BM; #2 T�`i Q7 i?2 ;`QmTX
A �K �HbQ ;`�i27mH iQ J�`;Q p�M /2` >2HK �M/ .�MBďHH2 E�`�Fmx� 7Q` i?2B`
�/KBMBbi`�iBp2 �M/ Q`;�MBb�iBQM�H bmTTQ`iX
G�bi #mi MQi H2�bi- A rQmH/ HBF2 iQ 2tT`2bb Kv ;`�iBim/2 iQ Kv T�`2Mib G2pBiv
�M/ a�bFB�- Kv #`Qi?2`b- Kv ;`�M/7�i?2` �M/ i?2 `2bi Q7 Kv 7�KBHv 7Q` i?2B`
+QMiBMm2/ HQp2 �M/ bmTTQ`i /m`BM; Kv S?. `2b2�`+?X

_�pB S2i2`b wQ2i2`K22`- 62#`m�`v kyR3

Bt





R AMi`Q/m+iBQM

SQBMi +HQm/b bT2�F iQ i?2 BK�;BM�iBQMX hQ/�v QM2 +�M +�Tim`2 TQBMi +HQm/b Q7
p�bi ;2Q;`�T?B+ `2;BQMb rBi? `2H�iBp2 2�b2X Ai Bb � 7mHHv i?`22@/BK2MbBQM�H- Q7i2M
+QHQm`2/- �M/ ?B;? `2bQHmiBQM `2T`2b2Mi�iBQM Q7 i?2 M�im`�H �M/ #mBHi 2MpB`QM@
K2Mi- r?2`2 2p2M bK�HH /2i�BHb bm+? �b #2M+?2b �M/ H�KT TQbib �`2 pBbB#H2 Ub22
6B;m`2 RXRVX h?2 #2�miB7mH i?BM; �#Qmi bm+? TQBMi +HQm/b Bb i?�iěT`QpB/2/ �
+�T�#H2 �M/ r2HH 2t2+mi2/ BKK2`bBp2 pBbm�HBb�iBQM bvbi2KRěi?2v 2M�#H2 mb iQ
2tTHQ`2 �Mv pB2rTQBMi BK�;BM�#H2 �M/ bim/v � j. b+2M2X h?2`2 �`2 MQ T?vbB@
+�H `2bi`B+iBQMb QM ?Qr vQm +�M KQp2 �`QmM/ MQ` BM i?2 `2H�iBp2 b+�H2 Q7 vQm`
bm``QmM/BM;b iQ vQm`b2H7X h?Bb 7`22/QK 7�+BHBi�i2b i?2 �#BHBiv iQ Q#b2`p2 i?BM;b
BM r�vb i?�i �`2 MQ`K�HHv BM�++2bbB#H2 iQ mb- i?2`2#v 2M�#HBM; mb iQ H2�`M M2r
i?BM;b �#Qmi i?2 2MpB`QMK2Mi rBi? BM+`2�b2/ 2�b2 �M/ 2{+B2M+vX

:2Q;`�T?B+�H TQBMi +HQm/b- BX2X TQBMi +HQm/b Q7 ;2Q;`�T?B+ `2;BQMb ivTB+�HHv �+@
[mB`2/ i?Qm;? �2`B�H K2�bm`2K2Mib mbBM; �2`B�H GB.�_ bvbi2Kb (J�HH2i �M/ "`2@
i�`- kyyN)- ?�p2 MmK2`Qmb �TTHB+�iBQMb BM �bb2i K�M�;2K2Mi- +`BbBb K�M�;2K2Mi-
+Biv �M/ H�M/b+�T2 TH�MMBM;- �M/ 2MpB`QMK2Mi�H bBKmH�iBQMb (�t2HbbQM- RNNNc
aMv/2`- kyRj)X q?BH2 i?2b2 �TTHB+�iBQMb +Qp2` � #`Q�/ `�M;2 Q7 /Bz2`2Mi 2tT2`@
iBb2b- i?2v Q7i2M `2[mB`2 bQK2 Q7 i?2 b�K2 #�bB+ 2H2K2Mib 7`QK � TQBMi +HQm/X PM2
bm+? 2H2K2Mi Bb i?2 �#BHBiv iQ /BbiBM;mBb? #2ir22M TQBMib i?�i `2T`2b2Mi r�i2`-
i2``�BM- p2;2i�iBQM- `Q�/b Q` BM/BpB/m�H #mBH/BM;bX AM Qi?2` rQ`/b, i?2v `2[mB`2
b2K�MiB+bX AM 7�+i- MQr�/�vb TQBMi +HQm/b �`2 Q7i2M mb2/ iQ +QMbi`m+i � j. +Biv
KQ/2H- � b2K�MiB+�HHv `B+? +QHH2+iBQM Q7 bm`7�+2 KQ/2Hb Q7 Q#D2+ib BM m`#�M �`2�b-
BX2X r?2`2 2�+? m`#�M Q#D2+i U2X;X � #mBH/BM; Q` � i`22V Bb `2T`2b2Mi2/ �b � b2T�@
`�i2 2MiBiv rBi? � r2HH /2}M2/ K2�MBM; (:`ƺ;2` �M/ SHɃK2`- kyRk)X AM T`�+iB+2
i?2`2 Bb Q7i2M � T`272`2M+2 iQ miBHBb2 � j. +Biv KQ/2H- `�i?2` i?�M � TQBMi +HQm/
/B`2+iHvX h?Bb b?QmH/ MQi +QK2 �b � bm`T`Bb2- ;Bp2M i?�i BM7Q`K�iBQM BM � j. +Biv
KQ/2H Bb r2HH@bi`m+im`2/- +QKT�+i- �M/ 2tTHB+BiHv H�#2HH2/X q2 +�M MQi b�v i?2
b�K2 Q7 TQBMi +HQm/b �M/ +2`i�BMHv MQi Q7 `�r �M/ mMT`Q+2bb2/ TQBMi +HQm/bX

h?Bb #`BM;b mb iQ i?2 [m2biBQM, >Qr /Q r2 Q#i�BM � b2K�MiB+�HHv `B+? j. +Biv
KQ/2H 7`QK � `�r TQBMi +HQm/\ P`- KQ`2 bT2+B}+�HHv- ?Qr /Q r2 K�F2 � +QKTmi2`
/Q i?�i\ A7 r2ě?mK�MběHQQF �i � TQBMi +HQm/- r2 +�M mM/2`bi�M/ r?�i r2 b22X
q2 `2+Q;MBb2 K�M@K�/2 �M/ M�im`�H bi`m+im`2b BM i?2 i2``�BM- bm+? �b #mBH/BM;b

Rh?2`2 �`2 bT2+B�HBb2/ bvbi2Kb +�T�#H2 Q7 ~m2MiHv `2M/2`BM; K�bbBp2 U#BHHBQMb Q7 TQBMibV TQBMi
+HQm/ /�i�b2ib BM � pB`im�H Q` �m;K2Mi2/ `2�HBiv 2MpB`QMK2Mi Ub22 7Q` 2t�KTH2 E`2vHQb 2i �HX
(kyy3)VX

R



R AMi`Q/m+iBQM

6B;m`2 RXR, �M �2`B�H GB.�_ TQBMi +HQm/ U>QQ;i2#2bi�M/ _Qii2`/�K kyRkVX

�M/ KQmMi�BMb- 2p2M i?Qm;? i?2 ;`QmTb Q7 TQBMib i?�i +QMbiBimi2 i?2b2 bi`m+im`2b
�`2 MQi 2tTHB+BiHv Q` 2p2M BKTHB+BiHv H�#2HH2/ �b bm+? BM i?2 /�i� bi`m+im`2 BM Qm`
+QKTmi2`X h?Bb Bb #2+�mb2 r2 ?�p2 � pBbm�H +Q`i2tc i?2 T�`i Q7 Qm` #`�BM i?`Qm;?
r?B+? r2 K�F2 b2Mb2 Q7 pBbm�H BM7Q`K�iBQMX >Qr2p2`- iQ � +QKTmi2`- � TQBMi
+HQm/ Bb MQi?BM; KQ`2 i?�M � HBbi Q7 TQBMib 2K#2//2/ BM j. bT�+2- rBi?Qmi �Mv
7Q`K Q7 Q`;�MBb�iBQM Q` b2K�MiB+b (a+?M�#2H 2i �HX- kyy3)X aQ ?Qr +�M r2 K�F2
i?2 +QKTmi2` `2+Q;MBb2 bQK2 Q7 i?2 b�K2 bi`m+im`2b i?�i r2 b22 r?2M r2 HQQF
�i � TQBMi +HQm/\ qBi? i?Bb i?2bBb A ?QT2 iQ +QMi`B#mi2 iQ �M �Mbr2` iQ i?Bb
[m2biBQM- #v /2p2HQTBM; � K2i?Q/ iQ �miQK�iB+�HHv +`2�i2 � bQ@+�HH2/ b2K�MiB+
TQBMi +HQm/ (oB`i�M2M 2i �HX- kyRd)X

A T`QTQb2 � M2r �TT`Q�+? iQ TQBMi +HQm/ KQ/2HHBM; #�b2/ QM i?2 j. J2/B�H
�tBb h`�Mb7Q`K UJ�hV ("HmK- RNed)- �M �Hi2`M�iBp2 r�v iQ /2b+`B#2 b?�T2 Ua22
6B;m`2 RXkVX h?Bb �TT`Q�+? Bb 7mHHv j.- BM +QMi`�bi iQ KQbi 2tBbiBM; K2i?Q/b 7Q`
;2Q;`�T?B+�H TQBMi +HQm/ KQ/2HHBM; i?�i rQ`F BM kX8.X h�;HB�b�++?B 2i �HX (kyRe)
b�v i?2 J�h iQ #2 /m�H iQ i?2 +QMp2MiBQM�H #QmM/�`v U2X;X � bm`7�+2 TQBMi
+HQm/ Q` K2b?V �M/ pQHmK2i`B+ U2X;X pQt2HV `2T`2b2Mi�iBQM- #2+�mb2 i?2 J�h
+QMi�BMb i?2 b�K2 BM7Q`K�iBQM- #mi KQ/2Hb F2v T`QT2`iB2b Q7 � b?�T2 BM � KQ`2
BMimBiBp2 �M/ 2tTHB+Bi r�vX h?2 F2v #2M2}i Q7 i?2 J�h ?2`2 Bb Bib bF2H2iQM@HBF2
`2T`2b2Mi�iBQM i?�i 2tTHB+BiHv 2M+Q/2b i?2 bi`m+im`2 Q7 � b?�T2 i?`Qm;? � b2i Q7
+QMM2+i2/ K2/B�H b?22ibX �i i?2 b�K2 iBK2 Bi �HbQ 2M+Q/2b i?2 7mHH ;2QK2i`v Q7
� b?�T2 �b i?2 mMBQM Q7 Bib K2/B�H #�HHb i?�i 2z2+iBp2Hv /2b+`B#2b i?2 pQHmK2 Q7
i?2 b?�T2X

k



U�V h?2 J�h 7Q` �
`2+i�M;mH�` b?�T2
+QMbBbib Q7 K2/B�H
#�HHb U#Hm2V �M/ i?2
K2/B�H �tBb U`2/VX

U#V j. K2/B�H #�HHb 7Q` � #Qt
b?�T2X

U+V j. K2/B�H �tBb Q7 � #Qt
b?�T2X

6B;m`2 RXk, h?2 J�h BM k. �M/ BM j.X

h?Bb +QK#BM�iBQM K�F2b Bi � TQr2`7mH b?�T2 /2b+`BTiQ`- 2bT2+B�HHv 7Q` TQBMi
+HQm/b i?�i H�+F �Mv 7Q`K Q7 Q`;�MBb�iBQMX 6Q` 2t�KTH2- BM i?Bb i?2bBb A /2KQM@
bi`�i2 i?�i � TQBMi +HQm/ +�M #2 /2+QKTQb2/ BM K2�MBM;7mH T�`ib bm+? �b b2T�`�i2
#mBH/BM;b- #v mbBM; � /2+QKTQbBiBQM Q7 i?2 J�h U*?�Ti2` jVX h?2 J�h #`BM;b
mb � M2r T2`bT2+iBp2 BM TQBMi +HQm/ KQ/2HHBM; �M/ i?2 mM/2`HvBM; ?vTQi?2bBb
Q7 i?Bb i?2bBb Bb i?�i +2`i�BM QT2`�iBQMb QM TQBMi +HQm/b +�M #2 �+?B2p2/ KQ`2
2z2+iBp2Hv #v mbBM; Bib J�h- `�i?2` i?�M Bib bm`7�+2 TQBMib /B`2+iHvX

h?2 MQp2Hiv Q7 i?Bb i?2bBb HB2b BM i?2 �TTHB+�iBQM Q7 i?2 j. J�h iQ ;2Q;`�T?@
B+�H TQBMi +HQm/b- r?B+? iQ Kv FMQrH2/;2 ?�b MQi #22M /QM2 #27Q`2X Jv +Q`2
+QMi`B#miBQM Bb i?`22@7QH/X 6B`bi- ;2Q;`�T?B+�H TQBMi +HQm/b �`2 MQBbv �M/ i?2
J�h Bb MQiQ`BQmb 7Q` #2BM; 2ti`2K2Hv b2MbBiBp2 iQ MQBb2- `2M/2`BM; i?2 `2bmHiBM;
J�hěr?2M +QMbi`m+i2/ rBi? +QMp2MiBQM�H K2i?Q/běBb T`�+iB+�HHv mb2H2bbX AM
*?�Ti2` j ?Qr2p2`- A /2KQMbi`�i2 ?Qr iQ �/�Ti i?2 #�HH@b?`BMFBM; �H;Q`Bi?K
7`QK J� 2i �HX (kyRk) iQ #2 `Q#mbi iQ MQBb2X h?Bb 2M�#H2b mb iQ �TT`QtBK�i2
i?2 ;2QK2i`B+ T�`i Q7 i?2 J�h 7Q` ;2Q;`�T?B+�H TQBMi +HQm/b BM � r�v i?�i Bb
b+�H�#H2 iQ p2`v H�`;2 TQBMi +HQm/ /�i�b2ib �b /2b+`B#2/ BM *?�Ti2` 8X a2+QM/-
BM *?�Ti2` 9 A b?Qr ?Qr iQ Q`;�MBb2 i?2 J�h BMiQ � +QMM2+i2/ b2i Q7 K2/B�H
b?22ib i?�i 7Q`K bQ@+�HH2/ K2/B�H +Hmbi2`b i?�i ;Bp2b mb � M�im`�H /2+QKTQbBiBQM
Q7 i?2 TQBMi +HQm/ BMiQ Q#D2+ibX h?B`/- A b?Qr ?Qr i?2 J�h +�M #2 �TTHB2/ 7Q`
Q#D2+i /2i2+iBQM �M/ +H�bbB}+�iBQM- TQBMi +HQm/ bBKTHB}+�iBQM �M/ pBbm�HBb�iBQM-
�M/ pBbB#BHBiv �M�HvbBb BM ;2Q;`�T?B+�H TQBMi +HQm/b U*?�Ti2`b e �M/ dVX 6m`i?2`@
KQ`2- /2bTBi2 Kv 7Q+mb QM ;2Q;`�T?B+�H TQBMi +HQm/b BM i?Bb i?2bBb- bQK2 Q7 Kv
`2bmHib- bm+? �b i?2 b2;K2Mi�iBQM �TT`Q�+? T`2b2Mi2/ BM a2+iBQM 9Xk- b?QmH/ �HbQ
#2 �TTHB+�#H2 BM � KQ`2 ;2M2`�H +QMi2tiX

AM i?Bb i?2bBb A +QM+Hm/2 i?�i i?2 J�h Qz2`b � MQp2H T2`bT2+iBp2 iQ ;2Q;`�T?B+�H

j



R AMi`Q/m+iBQM

U�V J2�bm`2K2Mi
MQBb2

U#V lM2p2M TQBMi
/Bbi`B#miBQM U+V JBbbBM; bm`7�+2b U/V �#bQ`#�M+2

�M/ `2~2+i�M+2

6B;m`2 RXj, AM+`2�bBM; TQBMi +HQm/ /2MbBiv Qp2` i?2 v2�`b BM /Bz2`2Mi p2`bBQMb Q7 i?2
M�iBQM�H .mi+? 2H2p�iBQM /�i�b2i U�>LV �M/ i?2 TQBMi +HQm/ /�i�b2i
K�BMi�BM2/ #v i?2 *Biv Q7 _Qii2`/�KX

TQBMi +HQm/ KQ/2HHBM;X AM T�`iB+mH�`- i?2 J�h ;Bp2b mb RV �M 2H2;�Mi r�v iQ
bi`m+im`2 �M/ /2+QKTQb2 � TQBMi +HQm/ BMiQ K2�MBM;7mH Q#D2+ib bm+? �b #mBH/BM;b
�M/ r�i2`+Qm`b2b BM � ;2Q;`�T?B+�H b+2M2- kV �M 2tTHB+Bi b2T�`�iBQM BMiQ BMi2`BQ`
�M/ 2ti2`BQ` pQHmK2b BM i?2 TQBMi +HQm/- �M/ jV i?2 HQ+�H K2/B�H ;2QK2i`v, �
b2i Q7 K2�bm`2b iQ +?�`�+i2`Bb2 b?�T2bX *QMb2[m2MiHv- A #2HB2p2 i?�i �TTHB+�iBQMb
bm+? �b Q#D2+i /2i2+iBQM +�M ;`2�iHv #2M2}i 7`QK i?2b2 mMB[m2 T`QT2`iB2b Q7 i?2
J�hX h?2`2#v #`BM;BM; i?2 +QKTmi2` i?�i Km+? +HQb2` iQ mM/2`bi�M/BM; bQK2
Q7 i?2 b�K2 i?BM;b i?�i r2 /Q r?2M r2 HQQF �i � ;2Q;`�T?B+�H TQBMi +HQm/X

RXR _2H�i2/ rQ`F BM ;2Q;`�T?B+�H TQBMi +HQm/ KQ/2HHBM;

h?2 ;2Q;`�T?B+�H TQBMi +HQm/b i?�i A +QMbB/2` BM i?Bb i?2bBb �`2 �+[mB`2/ mbBM;
�B`#Q`M2 GB.�_@#�b2/ bvbi2Kb (a?�M �M/ hQi?- kyy3)X .m2 iQ T`�+iB+�H �M/
T?vbB+�H +QMbi`�BMib bm+? TQBMi +HQm/b bmz2` 7`QK � MmK#2` Q7 ~�rb i?�i ;2M2`@
�HHv K�F2b Bi /B{+mHi iQ T`Q+2bb i?2KX AM 6B;m`2 RXj A ?�p2 BHHmbi`�i2/ i?2 K�BM
T`Q#H2Kb r?2M rQ`FBM; rBi? ;2Q;`�T?B+�H TQBMi +HQm/bX 6B`bi- i?2`2 Bb K2�bm`2@
K2Mi mM+2`i�BMiv U� +QK#BM�iBQM Q7 TQbBiBQMBM; �M/ `�M;BM; 2``Q`bVc TQBMib rBHH
MQi H�v 2t�+iHv QM i?2 b�KTH2/ bm`7�+2 U6B;m`2 RXj�VX a2+QM/- MQi �HH T�`ib Q7 i?2
bm`7�+2 ;2i 2[m�H 2tTQbm`2 /m`BM; �+[mBbBiBQMX �b � `2bmHi i?2 TQBMi /Bbi`B#miBQM
rBHH p�`v bB;MB}+�MiHv U6B;m`2 RXj#VX AM i?2 2ti`2K2 +�b2 � T�`i Q7 i?2 bm`7�+2 Bb
MQi b22M �i �HH /m`BM; �+[mBbBiBQM �M/ rBHH #2 +QKTH2i2Hv KBbbBM; BM i?2 `2bmHiBM;
.aJ U6B;m`2 RXj+VX �M/ 2p2M B7 � bm`7�+2 ;2ib �/2[m�i2 2tTQbm`2- i?2 T?vbB+�H
T`QT2`iB2b Q7 i?2 bm`7�+2 K�i2`B�H +�M K�F2 Bi BMpBbB#H2 iQ i?2 �+[mBbBiBQM i2+?@
MB[m2- 2X;X 7Q` r�i2` Q` ;H�bb bm`7�+2b U6B;m`2 RXj/VX h?2b2 +?�`�+i2`BbiB+b b2i
;2Q;`�T?B+�H TQBMi +HQm/b �T�`i 7`QK i?2 ivTB+�HHv Km+? /2Mb2` �M/ ?B;?2` [m�H@
Biv TQBMi +HQm/b i?�i �`2 mb2/ BM i?2 KQ`2 ;2M2`�H }2H/ Q7 ;2QK2i`B+ KQ/2HHBM;-
2X;X 7Q` j. bm`7�+2 `2+QMbi`m+iBQM �b BM �K2Mi� 2i �HX (kyyR)- �H2t� 2i �HX (kyyR)-
EQHHm`B 2i �HX (kyy9)- .2v �M/ :Qbr�KB (kyyj) Q` E�x?/�M 2i �HX (kyye)X
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RXR _2H�i2/ rQ`F BM ;2Q;`�T?B+�H TQBMi +HQm/ KQ/2HHBM;

U�V �>LR URNNe@kyyjV U#V �>Lk Ukyy3V

U+V �>Lj UkyR9V U/V *Biv Q7 _Qii2`/�K UkyReV

6B;m`2 RX9, AM+`2�bBM; TQBMi +HQm/ /2MbBiv Qp2` i?2 v2�`b BM /Bz2`2Mi p2`bBQMb Q7 i?2
M�iBQM�H .mi+? 2H2p�iBQM /�i�b2i U�>LV �M/ i?2 TQBMi +HQm/ /�i�b2i
K�BMi�BM2/ #v i?2 *Biv Q7 _Qii2`/�KX

A mb2 i?2 i2`K ;2Q;`�T?B+�H TQBMi +HQm/ KQ/2HHBM; iQ /2b+`B#2 �HH K2i?Q/b i?�i
�`2 /2bB;M2/ iQ b2K�MiB+�HHv Q` bi`m+im`�HHv 2M`B+? ;2Q;`�T?B+�H TQBMi +HQm/b iQ
7�+BHBi�i2 i?2 2ti`�+iBQM Q7 mb27mH BM7Q`K�iBQMX 6Q` BMbi�M+2- i?2 �miQK�iB+ /2@
i2+iBQM- `2+Q;MBiBQM �M/ `2+QMbi`m+iBQM Q7 m`#�M Q#D2+ib bm+? �b #mBH/BM;b- 7Q`
i?2 Tm`TQb2 Q7 +`2�iBM; j. +Biv KQ/2Hb- ?�p2 T`Qp2M iQ #2 TQTmH�` iQTB+b �KQM;
`2b2�`+?2`b 7Q` i?2 H�bi irQ /2+�/2b Ub22 2X;X >��H� �M/ E�/� (kyRy)c JmbB�HbFB
2i �HX (kyRj)c _Qii2Mbi2BM2` 2i �HX (kyR9)VX "mBH/BM; `2+QMbi`m+iBQM K2i?Q/b �`2
T�`iB+mH�`Hv BMi2`2biBM;- MQi QMHv #2+�mb2 i?2`2 �`2 K�Mv �TTHB+�iBQMb i?�i M22/
i?2K ("BHD2+FB 2i �HX- kyR8)- #mi �HbQ #2+�mb2 i?2v �`2 [mBi2 /2K�M/BM; BM i?2
b2Mb2 i?�i i?2v `2[mB`2 �M 2ti2MbBp2 `�M;2 Q7 TQBMi +HQm/ KQ/2HHBM; i2+?MB[m2b
iQ #2 �#H2 iQ `2+QMbi`m+i i?2 `2[mB`2/ bi`m+im`2/ ;2QK2i`v 7`QK � ;2Q;`�T?B+�H
TQBMi +HQm/X >Qr2p2`- /2bTBi2 i?2 H�`;2 #Q/v Q7 `2b2�`+? BM #mBH/BM; KQ/2HHBM;
�M/ i?2 BM+`2�bBM; TQBMi /2MbBiv Q7 ;2Q;`�T?B+�H TQBMi +HQm/b Ub22 6B;m`2 RX9/V-
Bi `2K�BMb +?�HH2M;BM; iQ b2i mT � 7mHHv �miQK�i2/ rQ`F~Qr iQ /2`Bp2 �++m`�i2
�M/ ;2QK2i`B+�HHv p�HB/ #mBH/BM; KQ/2Hb 7`QK ;2Q;`�T?B+�H TQBMi +HQm/b (_Qii2M@
bi2BM2` 2i �HX- kyR9)X

6QHHQrBM; Bb � /Bb+mbbBQM Q7 `2H2p�Mi HBi2`�im`2 BM T�`ib- r?2`2 2�+? T�`i +Q``2@
bTQM/b iQ � T`Q+2bbBM; T?�b2 BMi2M/2/ iQ ;`�/m�HHv BM+`2�b2 i?2 H2p2H Q7 b2K�MiB+b
�M/ bi`m+im`2 BM � ;2Q;`�T?B+�H TQBMi +HQm/X
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R AMi`Q/m+iBQM

SQBMi +H�bbB}+�iBQM

PM2 Q7 i?2 KQbi 2H2K2Mi�`v 7Q`Kb Q7 b2K�MiB+b BM TQBMi +HQm/ Bb � TQBMi +H�b@
bB}+�iBQM- BX2X �bbB;MBM; � 2�+? TQBMi � H�#2H i?�i bB;MB}2b i?2 ivT2 Q7 Q#D2+i Bi
#2HQM;b iQX h?2 2�`HB2bi /2p2HQT2/ K2i?Q/b +H�bbB7v TQBMib BMiQ � ;`QmM/ �M/
� MQM@;`QmM/ +H�bb 7Q` i?2 ;2M2`�iBQM Q7 .hJb- 2X;X mbBM; KQ`T?QHQ;B+�H }Hi2`b
(EBHB�M 2i �HX- RNNec oQbb2HK�M- kyyyc w?�M; 2i �HX- kyyj)- T`Q;`2bbBp2 hAL /2MbB@
}+�iBQM (�t2HbbQM- RNNN)- Q` #v }iiBM; BMi2`TQH�iBQM bm`7�+2b (E`�mb �M/ S72B72`-
RNN3- kyyR)X Pi?2` +H�bbB}+�iBQM K2i?Q/b �HbQ /2i2+i 2X;X #mBH/BM;b- p2;2i�iBQM
�M/ +Hmii2` +H�bb2b #�b2/ QM TQBMi �ii`B#mi2b- `2im`M +QmMi- Q` +?�`�+i2`BbiB+b Q7
i?2 M2B;?#Qm`?QQ/ Q7 � TQBMi- bm+? �b TH�M�`Biv- bHQT2- 2H2p�iBQM- HQ+�H ?2B;?i /B7@
72`2M+2- �M/ +m`p�im`2X h?2b2 K2i?Q/b �`2 mbBM; i2+?MB[m2b bm+? �b ;`B/@#�b2/
`2;BQM ;`QrBM; U2X;X 6Q`H�MB 2i �HX (kyye)V- �M/ ;`�T?@+mi #�b2/ QTiBKBb�iBQM U2X;X
:QHQpBMbFBv �M/ 6mMF?Qmb2` (kyyN)c G�7�`;2 �M/ J�HH2i (kyRk)VX � TQBMi +HQm/
+H�bbB}+�iBQM BM Bib2H7 /Q2b MQi /BbiBM;mBb? #2ir22M /Bz2`2Mi Q#D2+ib Q7 i?2 b�K2
ivT2- ?Qr2p2` Bi +�M #2 mb2/ iQ [mB+FHv /Bb+�`/ TQBMib i?�i �`2 MQi `2H2p�Mi iQ �
T�`iB+mH�` �TTHB+�iBQM Ub22 2X;X �r`�M;D2# �M/ 6`�b2` (kyR9)c G�7�`;2 �M/ J�HH2i
(kyRk)c sBQM; 2i �HX (kyR9)VX

P#D2+i /2i2+iBQM

q?2M BM/BpB/m�H Q#D2+ib- 2X;X bBM;H2 #mBH/BM; bi`m+im`2b- M22/ iQ #2 /2i2+i2/ BM
� TQBMi +HQm/ � p�`B2iv Q7 i2+?MB[m2b +�M #2 �TTHB2/X 6Q` BMbi�M+2- QM2 +�M }Hi2`
Qmi ;`QmM/ TQBMib �M/ mb2 1m+HB/2�M +Hmbi2`BM; (amM �M/ a�Hp�;;BQ- kyRj) Q`
;`B/@#�b2/ +Hmbi2`BM; (�r`�M;D2# �M/ 6`�b2`- kyR9)X �MQi?2` �TT`Q�+? Bb iQ mb2
Q#D2+i 7QQiT`BMib 7`QK 2ti2`M�H bQm`+2- 2X;X 7`QK � +�/�bi`�H `2;Bbi`v U2X;X "`2M@
M2` (kyyy)c >��H� �M/ "`2MM2` (RNNd)c >2MM 2i �HX (kyRj)c sBQM; 2i �HX (kyRe)V-
Q` /2`Bp2/ 7`QK �2`B�H BK�;2`v mbBM; +QKTmi2` pBbBQM i2+?MB[m2b U2X;X aQ?M �M/
.QrK�M (kyyd)VX q?BH2 �//BiBQM�H /�i� bQm`+2b +�M- B7 �p�BH�#H2- +QKT2Mb�i2 7Q`
~�rb BM i?2 TQBMi +HQm/ �M/ bBKTHB7v i?2 /2p2HQTK2Mi Q7 �M �TT`Q�+?- �//BM;
Qi?2` /�i� bQm`+2b K�v +�mb2 T`Q#H2Kb /m2 iQ /Bz2`2Mi /�i� �++m`�+B2b- �+[mB@
bBiBQM /�i2b- Q` Qi?2` ivT2b Q7 2``Q`b BM i?2 �//BiBQM�H /�i� bQm`+2X

:2QK2i`v 2ti`�+iBQM

AM #mBH/BM; KQ/2HHBM;- Q#D2+i /2i2+iBQM Bb Q7i2M 7QHHQr2/ #v Q#D2+i `2+QMbi`m+@
iBQM- BX2X i?2 +QKTmi�iBQM Q7 v?2/`�H KQ/2H rBi? /2i�BH2/ `QQ7 bi`m+im`2b �M/
bBKTHB}2/ 7�+�/2b bBKBH�` iQ i?2 GQ.k #mBH/BM; bT2+B}+�iBQM Q7 i?2 *Biv:JG
bi�M/�`/ (PT2M :2QbT�iB�H *QMbQ`iBmK- kyRk)VX .�i�@/`Bp2M Q#D2+i `2+QMbi`m+@
iBQM K2i?Q/b Q7i2M T2`7Q`K � kX8. i`B�M;mH�iBQM Q7 i?2 Q`B;BM�H /�i� TQBMib Q`
� bBKTHB}+�iBQM i?2`2Q7 Ub22 2X;X *QMbi�MiBM 2i �HX (kyRy)c q�?H 2i �HX (kyy3)c
w?Qm �M/ L2mK�MM (kyRy)V- Q` i?2 #mBH/BM; ;2QK2i`v Bb /2`Bp2/ /B`2+iHv 7`QK �

e



RXk _2b2�`+? [m2biBQMb �M/ b+QT2

b2i Q7 #2bi@}iiBM; TH�M2b #v +�`27mHHv BMi2`b2+iBM; i?2K (.Q`MBM;2` �M/ LQi?2;@
;2`- kyydc .Q`MBM;2` �M/ S72B72`- kyy3)X Pi?2` `2b2�`+?2`b 2KTHQv KQ/2H@/`Bp2M
`2+QMbi`m+iBQM K2i?Q/b- 2Bi?2` #v /B`2+iHv }iiBM; T�`�K2i`Bb2/ KQ/2Hb (>2MM
2i �HX- kyRj) Q` #v }`bi T2`7Q`KBM; � b2;K2Mi�iBQM Q` T`BKBiBp2 }iiBM; bi2T 7Q` �
/2+QKTQbBiBQM BMiQ bBKTH2 ;2QK2i`B+ 2MiBiB2b bm+? �b TH�M2b �M/ bKQQi? bm`7�+2
T�i+?2b U2X;X o2`K� 2i �HX (kyye)V Q` bHB;?iHv ?B;?2` H2p2H ;2QK2i`B+ T`BKBiBp2b
bm+? �b +vHBM/2`b- bT?2`2b �M/ +m#2b U2X;X G�7�`;2 �M/ J�HH2i (kyRk)c a+?M�#2H
2i �HX (kyy3)VX h?Bb /2+QKTQbBiBQM T?�b2 Bb Q7i2M �TTHB2/ BM #mBH/BM; KQ/2HHBM;
�M/ Bb #�b2/ QM i2+?MB[m2b bm+? �b i?2 _�M/QK a�KTHBM; *QMb2Mbmb U_�La�*-
6Bb+?H2` �M/ "QHH2b (RN3R)V- b22 2X;X (�K2`B �M/ 6`Bib+?- kyyyc "`2MM2`- kyyyc
h�`b?�@Em`/B 2i �HX- kyy3)- i?2 >Qm;? i`�Mb7Q`K U>Qm;? (RNek)V- b22 2X;X Pp2`#v
2i �HX (kyy9)c oQbb2HK�M 2i �HX (kyyR)- �M/ `2;BQM@;`QrBM; b2;K2Mi�iBQM- b22 2X;X
_Qii2Mbi2BM2` (kyye)c o2`K� 2i �HX (kyye)X h?2 mM/2`HvBM; �bbmKTiBQM Bb Q7i2M
i?�i i?2 `2bmHiBM; ;`QmTb Q7 TQBMib- 2X;X TH�M�` b2;K2Mib Q` b?�T2 T`BKBiBp2b- �`2
T�`i Q7 b2T�`�i2 #mBH/BM; Q#D2+ibX

1ti`�+iBM; iQTQHQ;B+�H bi`m+im`2b

6BM�HHv- � pBi�H- v2i +?�HH2M;BM;- bi2T BM KQ/2H@#�b2/ #mBH/BM; `2+QMbi`m+iBQM Bb
iQ Q`;�MBb2 �M/ bi`m+im`2 i?2 �p�BH�#H2 b2;K2Mib Q` T`BKBiBp2b BM bm+? � r�v i?�i
� `2;mH�`Bb2/- r�i2`iB;?i �M/ ;2QK2i`B+�HHv p�HB/ TQHv?2/`QM +�M #2 /2`Bp2/X
PM2 �TT`Q�+? Bb iQ }M/ �M/ +H�bbB7v iQTQHQ;B+�H `2H�iBQMb #2ir22M M2B;?#Qm`BM;
bm`7�+2 b2;K2MibX h?2 `2bmHiBM; iQTQHQ;v Bb +�Tim`2/ BM � `QQ7 iQTQHQ;v ;`�T?-
BX2X �M �#bi`�+i ;`�T? r?2`2 2�+? MQ/2 `2T`2b2Mib � TH�M�` b2;K2Mi �M/ 2�+? 2/;2
`2T`2b2Mi �M �/D�+2M+v #2ir22M M2B;?#Qm`BM; b2;K2Mib Ub22 2X;X o2`K� 2i �HX
(kyye) Q` 1H#2`BMF �M/ oQbb2HK�M (kyyN)c 6Q`H�MB 2i �HX (kyye)c a+?M�#2H 2i �HX
(kyy3)c sBQM; 2i �HX (kyR9)VX h?2 +QMbi`m+i2/ `QQ7 iQTQHQ;v ;`�T? Bb i?2M K�i+?2/
�;�BMbi � HB#`�`v Q7 T�`�K2i`Bb2/ #mBH/BM; KQ/2Hb �M/ i?2 #2bi }iiBM; KQ/2H Bb
}ii2/ iQ i?2 GB.�_ TQBMibX Pi?2` �TT`Q�+?2b iQ BM/m+2 i?2 `2[mB`2/ bi`m+im`2
7Q` #mBH/BM; `2+QMbi`m+iBQM �`2 #�b2/ QM 2X;X 7QQiT`BMi /2+QKTQbBiBQM Ub22 2X;X
E�/� �M/ J+EBMH2v (kyyN)c sBQM; 2i �HX (kyRe)V Q` #v T`QD2+iBM; +H�bb H�#2Hb
iQ � k. ;`B/ �M/ mbBM; �/p�M+2/ BK�;2@#�b2/ b2;K2Mi�iBQM �M/ QTiBKBb�iBQM
i2+?MB[m2b (G�7�`;2 �M/ J�HH2i- kyRk)X u2i- i?2 7mHHv �miQK�iB+ `2+QMbi`m+iBQM
Q7 GP.k #mBH/BM;b `2K�BMb +?�HH2M;BM; (sBQM; 2i �HX- kyRe)- 2bT2+B�HHv 7Q` i?2
+QMbi`m+iBQM Q7 ;2QK2i`B+�HHv p�HB/ KQ/2Hb (_Qii2Mbi2BM2` 2i �HX- kyR9)X

RXk _2b2�`+? [m2biBQMb �M/ b+QT2

�miQK�iB+ #mBH/BM; /2i2+iBQM �M/ `2+QMbi`m+iBQM- �M �/p�M+2/ iQTB+ BM ;2Q;`�T?@
B+�H TQBMi +HQm/ KQ/2HHBM;- BMpQHp2b i?2 Q`;�MBb�iBQM Q7 TQBMib BMiQ ?B;?2` H2p2H ;2@
QK2i`B+�H 2MiBiB2b- 2X;X TH�M�` 7�+2ib Q` Qi?2` ivT2b Q7 bBKTH2 bm`7�+2b �M/ b?�T2b-

d



R AMi`Q/m+iBQM

U�V � j. b+2M2X U#V _2/m+iBQM iQ kX8.X

6B;m`2 RX8, AM7Q`K�iBQM Bb HQbi r?2M � j. KQ/2H Bb `2/m+2/ iQ kX8. KQ/2HX

�M/ }M/BM; bi`m+im`�H `2H�iBQMb #2ir22M i?Qb2 2MiBiB2bX h?�i bQ@+�HH2/ bi`m+im`�@
iBQM Q7 � ;2Q;`�T?B+�H TQBMi +HQm/běQ7i2M rBi? � TQQ` TQBMi /Bbi`B#miBQMěBb
MQi 2�bv- Bb BHHmbi`�i2/ #v i?2 TH2i?Q`� Q7 K2i?Q/b i?�i r2`2 /2p2HQT2/ /m`BM;
i?2 H�bi irQ /2+�/2bX oB`im�HHv �HH i?2b2 K2i?Q/b �`2 #�b2/ QM i?2 #QmM/�`v
`2T`2b2Mi�iBQM- �M/ iQ bBKTHB7v i?2 bi`m+im`�iBQM T`Q#H2K- K�Mv K2i?Q/b `2@
/m+2 i?2 /BK2MbBQM�HBiv Q7 i?2 TQBMi +HQm/- 2X;X mbBM; }2H/@#�b2/ `2T`2b2Mi�iBQMb
HBF2 � `�bi2`Bb�iBQM Q` � k. i`B�M;mH�iBQM (EmKH2`- RNN9c GB 2i �HX- kyy8)X h?Bb
+QMbB/2`�#Hv bBKTHB}2b `2+QMbi`m+iBQM- #2+�mb2 Bi Bb RV � bBKTH2 r�v iQ +H2�`Hv
b2T�`�i2 #2ir22M i?2 BMi2`BQ` �M/ 2ti2`BQ` T�`i Q7 �M Q#D2+i- �M/ kV Bi bBKTHB}2b
M2B;?#Qm`?QQ/ `2H�iBQMX >Qr2p2`- Bi �HbQ ?�b � 7mM/�K2Mi�H HBKBi�iBQM- #2+�mb2
bi�i2@Q7@i?2@�`i ;2Q;`�T?B+�H TQBMi +HQm/b- rBi? 2p2` BM+`2�bBM; TQBMi /2MbBiB2b
(oB`i�M2M 2i �HX- kyRd)- +�M +QMi�BM +QKTH2t j. Q#D2+ib i?�i +�M MQi �Hr�vb #2
`2/m+2/ iQ kX8. QM2b rBi?Qmi � bB;MB}+�Mi HQbb Q7 BM7Q`K�iBQM (�t2HbbQM- RNNNc
6BHBM �M/ S72B72`- kyy8)- 2X;X � #mBH/BM; rBi? �M Qp2`?�M;BM; bi`m+im`2 bm+? �b �
#�H+QMv �b BHHmbi`�i2/ BM 6B;m`2 RX8X

AM i?Bb i?2bBb A 2tTHQ`2 � MQp2H �TT`Q�+? iQ TQBMi +HQm/ KQ/2HHBM; #�b2/ QM i?2
j. J2/B�H �tBb h`�Mb7Q`K h?2 K�BM #2M2}ib Q7 i?2 J�h �`2 i?�i

RX Bi Bb � i`mHv j. bi`m+im`2 rBi? � r2HH /2}M2/ BMi2`BQ` �M/ 2ti2`BQ`- �M/

kX Bi ;Bp2b � M�im`�H /2+QKTQbBiBQM Q7 � ;2Q;`�T?B+�H b+2M2 BMiQ K2�MBM;7mH
Q#D2+ib bm+? �b #mBH/BM;b �M/ r�i2`+Qm`b2bX

�b bm+? A #2HB2p2 i?�i i?2 j. J�h rQmH/ #2 � TQr2`7mH �M/ +QKTH2K2Mi�`v
�//BiBQM iQ i?2 2tBbiBM; K2i?Q/b BM ;2Q;`�T?B+ TQBMi +HQm/ KQ/2HHBM; i?�i �`2
#�b2/ QM i?2 #QmM/�`v `2T`2b2Mi�iBQMX

Jv K�BM `2b2�`+? Q#D2+iBp2 Bb i?2 7QHHQrBM;,

1tTHQ`BM; iQ r?�i 2ti2M/ +�M i?2 J�h #2 �TTHB2/ iQ 2z2+iBp2Hv �M�H@
vb2 ;2Q;`�T?B+�H TQBMi +HQm/bX

�b 7�` �b A FMQr- i?2 �TTHB+�iBQM Q7 i?2 j. J�h iQ ;2Q;`�T?B+�H TQBMi +HQm/b
Bb +QKTH2i2Hv MQp2HX *QMb2[m2MiHv- i?Bb i?2bBb Bb Q7 �M 2tTHQ`�iBp2 M�im`2X h?2
K�BM ;Q�Hb �`2 iQ

3



RXj h?2bBb QmiHBM2

RX BMp2biB;�i2 ?Qr i?2 J�h +�M #2 K�/2 iQ rQ`F 7Q` ;2Q;`�T?B+�H TQBMi
+HQm/b-

kX iQ }M/ r?�i +?�`�+i2`BbiB+b �M/ T`QT2`iB2b Q7 i?2 J�h �`2 `2H2p�Mi iQ
;2Q;`�T?B+�H TQBMi +HQm/ KQ/2HHBM;- �M/

jX iQ /2KQMbi`�i2 ?Qr i?2b2 +�M #2 mb2/ mbBM; `2�H@rQ`H/ /�i�b2ib �M/ �TTHB@
+�iBQMbX

h?Bb H2�/b iQ i?2 7QHHQrBM; K�BM `2b2�`+? [m2biBQMb,

RX *�M i?2 J�h #2 `Q#mbiHv +QKTmi2/ Q` �TT`QtBK�i2/ 7Q` ;2Q;`�T?B+�H
TQBMi +HQm/b\

�V >Qr iQ 2z2+iBp2Hv /2�H rBi? MQBbv �M/ BM+QKTH2i2 TQBMi +HQm/ BMTmib
/m`BM; J�h �TT`QtBK�iBQM\ UBX2X i?2 mMbi`m+im`2/ J�hV

#V >Qr iQ 2z2+iBp2Hv bi`m+im`2 i?2 J�h\ UBX2X i?2 bi`m+im`2/ J�hV

kX q?�i �TTHB+�iBQMb #2M2}i KQbi 7`QK J�h@#�b2/ ;2Q;`�T?B+�H TQBMi +HQm/
KQ/2HHBM;\

a+QT2

RX A 7Q+mb K�BMHv QM ;2Q;`�T?B+�H TQBMi +HQm/b i?�i �`2 Q#i�BM2/ mbBM; �2`B�H
H�b2` b+�MMBM;X

kX h?2 �BK Q7 i?Bb i?2bBb Bb iQ 2tTHQ`2 i?2 72�bB#BHBiv Q7 i?2 J�h 7Q` ;2Q;`�T?@
B+�H TQBMi +HQm/ KQ/2HHBM; �M/ iQ B/2MiB7v T`QKBbBM; �TTHB+�iBQMbX 6m`i?2`-
KQ`2 BM@/2Ti? /2p2HQTK2Mib Q7 T�`iB+mH�` �TTHB+�iBQMb �`2 H27i 7Q` 7mim`2
`2b2�`+?X

RXj h?2bBb QmiHBM2

h?Bb i?2bBb +QMbBbib Q7 N +?�Ti2`bX 6QHHQrBM; Bb � #`B27 Qp2`pB2r Q7 i?2 bi`m+im`2
Q7 i?Bb i?2bBb

Ç *?�Ti2` k BMi`Q/m+2b i?2 `2�/2` iQ i?2 J2/B�H �tBb h`�Mb7Q`K �M/ /2@
b+`B#2b �HH `2H2p�Mi 7QmM/�iBQM�H +QM+2Tib 7Q` i?2 7QHHQrBM; +?�Ti2`bX

Ç AM *?�Ti2` j A BMi`Q/m+2 � K2i?Q/ iQ `Q#mbiHv +QKTmi2 i?2 ;2QK2i`B+�H
T�`i Q7 i?2 J�h 7Q` ;2Q;`�T?B+�H TQBMi +HQm/b- BX2X i?2 mMbi`m+im`2/ J�hX

Ç AM *?�Ti2` 9 A 7m`i?2` /2p2HQT i?2 J�h 7Q` ;2Q;`�T?B+�H TQBMi +HQm/b- #v
T`QTQbBM; K2i?Q/b 7Q` /2+QKTQbBM; i?2 J�h BMiQ Bib +QMbiBim2Mi T�`ib
�M/ `2+QMbi`m+iBM; i?2 iQTQHQ;v Q7 i?Qb2 T�`ib- BX2X i?2 bi`m+im`2/ J�hX

N



R AMi`Q/m+iBQM

Ç AM *?�Ti2` 8 A ;Bp2 T`�+iB+�H /2i�BHb QM ?Qr iQ BKTH2K2Mi i?2 J�hX
Ç *?�Ti2` e /2b+`B#2b �TTHB+�iBQMb Q7 i?2 mMbi`m+im`2/ J�h- bm+? �b TQBMi

+HQm/ bBKTHB}+�iBQM �M/ pBbB#BHBiv �M�HvbBbX
Ç *?�Ti2` d /2b+`B#2b �TTHB+�iBQMb Q7 i?2 bi`m+im`2/ J�h- BX2X Q#D2+i /2i2+@

iBQMX
Ç AM *?�Ti2` 3 A T`2b2Mi Kv +QM+HmbBQMb 7Q` i?Bb i?2bBb �b � r?QH2 �M/ A ;Bp2

`2+QKK2M/�iBQMb 7Q` 7mim`2 rQ`FX

6BM�HHv- �TT2M/Bt � T`QpB/2b �M Qp2`pB2r Q7 ;2M2`�H +?�`�+i2`BbiB+b Q7 /�i�b2ib
i?�i ?�p2 #22M mb2/ 7Q` i?2 p�`BQmb 2tT2`BK2Mib BM i?Bb i?2bBbX

Ry



k "�+F;`QmM/ Q7 i?2 J2/B�H �tBb
h`�Mb7Q`K

h?2 J2/B�H �tBb h`�Mb7Q`K UJ�hVR r�b BMi`Q/m+2/ #v >�``v "HmK BM RNed
("HmK- RNed)X "HmK r�b � #BQHQ;Bbi �M/ pBbm�H b+B2MiBbi +QM+2`M2/ rBi? i?2
T2`+2TiBQM �M/ �M�HvbBb Q7 #BQHQ;B+�H b?�T2b mbBM; � K�i?2K�iB+�H �TT`Q�+?X >2
r�b /Bbb�iBb}2/ rBi? +QMp2MiBQM�H 1m+HB/2�M ;2QK2i`v- r?B+? ?2 /2b+`B#2b �b
#2BM; ǳ`QQi2/ BM i?2 T`BKBiBp2 �+i Q7 bm`p2vBM;Ǵ ("HmK- RNd9)X

.2b+`B#BM; � b?�T2 K2`2Hv #v Bib #QmM/�`v ?2 +QMbB/2`2/ iQQ HBKBiBM;- �b Bi
/B/ MQi �HHQr QM2 iQ 2�bBHv ǵi2�b2 Qmi bQK2 Q7 i?2 2bb2MiB�H T`QT2`iB2b Q7 b?�T2ǶX
6Q` 2t�KTH2- "HmK rQM/2`2/ ?Qr iQ M�im`�HHv /2+QKTQb2 � b?�T2 BMiQ T�`ib-
� /2+QKTQbBiBQM i?�i rQmH/ `2K�BM bi�#H2 2p2M �7i2` /BbiQ`iBM; i?�i b?�T2 BM
p�`BQmb r�vb U2X;X b22 6B;m`2 kXR#VX

qBi? i?2 J�h- "HmK BMi`Q/m+2/ � M2r FBM/ Q7 ;2QK2i`v i?�i r�b ǵ� TH2� iQ
`2@�TT`Q�+? i?2 T`Q#H2K Q7 b?�T2 rBi? 7`2b? �M/ M�śp2 2v2bǶX �M/ BM/22/- `2@
b2�`+?2`b iQ/�v +QMbB/2` i?2 J�h � `2T`2b2Mi�iBQM Q7 b?�T2 i?�i Bb /m�H iQ i?2
+QMp2MiBQM�H #QmM/�`v Q7 pQHmK2i`B+ b?�T2 `2T`2b2Mi�iBQMb- #2+�mb2 i?2 J�h
+�Tim`2b �HH i?2 b�K2 b?�T2 �bT2+ib- BX2X Bi Bb 7mHHv 2[mBp�H2Mi BM i?2 K�i?2K�i@
B+�H b2Mb2X u2i- �i i?2 b�K2 iBK2 i?2 J�h �HHQrb 7Q` � bBKTH2`- KQ`2 BMimBiBp2
�M/ +QKTmi�iBQM�HHv 2z2+iBp2 r�v iQ �M�Hvb2 Q` +?�M;2 T`QT2`iB2b Q7 b?�T2 r?2M
+QKT�`2/ iQ i?2 Qi?2` b?�T2 /2b+`BTiQ`b (h�;HB�b�++?B 2i �HX- kyRe)X

h?2 F2v T`Q#H2Kb i?�i "HmK +QMbB/2`2/ i?2 J�h mb27mH iQ �`2 RV b2;K2Mi�iBQM
Q7 i?2 }2H/ BMiQ Q#D2+ib Ub22 6B;m`2 kXR�V- kV /2}MBM; HQ+�iBQMb �M/ jV i?2 `2+Q;MB@
iBQM �M/ KQ`T?QHQ;v Q7 b?�T2bX lMbm`T`BbBM;Hv- i?2b2 �`2 �HbQ +Q`2 �TTHB+�iBQMb
Q7 i?2 J�h BM i?Bb i?2bBbX h?2 /Bz2`2M+2 Bb i?�i A bim/v MQi #BQHQ;v- #mi �2`B�H
TQBMi +HQm/b- �+[mB`2/ mbBM; i?�i T`BKBiBp2 �+i Q7 bm`p2vBM;X

S�`iHv i?�MFb iQ i?2 �/p�M+2 Q7 +QKTmi2`b- i?2 J�hě�M/ T�`iB+mH�`Hv Bib j.
p�`B�MiěBb biBHH �M �+iBp2 }2H/ Q7 `2b2�`+? iQ/�vX AM i?Bb +?�Ti2` A rBHH 7Q`K�HHv
/2}M2 i?2 J�h �M/ 2H�#Q`�i2 QM Bib T`QT2`iB2b �M/ �TTHB+�iBQMb BM HB;?i Q7 i?2
H�i2bi +QMi`B#miBQMb iQ i?2 }2H/X

RaQK2iBK2b i?2 J�h Bb `272``2/ iQ �b K2/B�H �tBb 7mM+iBQM- biB+F };m`2- bvKK2i`v �tBb-
bF2H2iQM Q` bm`7�+2 bF2H2iQMX "HmK ?BKb2H7 b2iiH2/ QM bvKK2i`v �tBb- �b ?2 +QMbB/2`2/
bvKK2i`v iQ #2 i?2 +`m+B�H `QH2 Q7 i?2 J�h ("HmK- RNdj)X

RR



k "�+F;`QmM/ Q7 i?2 J2/B�H �tBb h`�Mb7Q`K

U�V a2;K2Mi�iBQM, 2�+? QT2M bT�+2
i`�MbH�i2b iQ � +QMM2+i2/ K2/B�H
�tBbX

U#V AMp�`B�M+2 iQ /BbiQ`iBQM, i?2 iQTQHQ;v Q7
J�h #`�M+?2b `2K�BMb i?2 b�K2 /2bTBi2
� /27Q`K�iBQM Q7 i?2 #QmM/�`vX

6B;m`2 kXR, aQK2 F2v 72�im`2b Q7 i?2 J�h ("HmK- RNdj)X

kXR h?2 ;2QK2i`v Q7 b?�T2 �M/ ;2Q;`�T?B+�H /�i� KQ/2Hb

q2 mb2 ;2Q;`�T?B+�H /�i� KQ/2Hb iQ `2T`2b2Mi BM � +QKTmi2`- r?�i :QQ/+?BH/
(RNNk) +�HHb ;2Q;`�T?B+�H `2�HBiv, 2KTB`B+�HHv p2`B}�#H2 7�+i �#Qmi i?2 `2�H rQ`H/X
h?2b2 /�i� KQ/2Hb �`2 HBKBi2/ `2T`2b2Mi�iBQMb Q7 `2�HBiv �M/ +QMbi`�BM2/ #v i?2
}MBi2- /Bb+`2i2 M�im`2 Q7 +QKTmi2`bX h?`Qm;? i?2 mb2 Q7 bm+? /�i� KQ/2Hb r2
�`2 �#H2 iQ U�miQK�iB+�HHvV �M�Hvb2 �M/ BMi2`T`2i ;2Q;`�T?B+�H BM7Q`K�iBQM �#Qmi
M�im`�H �M/ �`iB}+B�H 72�im`2b BM i?2 i2``�BM (w?Qm �M/ w?m- kyRj)X
h?2 ;2QK2i`v Q7 � ;2Q;`�T?B+�H /�i� KQ/2H Bb BKTHB2/ #v Bib b?�T2 /2b+`BTiQ`X
JQbi +QKKQM Bb i?2 #QmM/�`v `2T`2b2Mi�iBQM- BX2X � /2b+`BTiBQM Q7 � b?�T2 Q`
Q#D2+i #v K2�Mb Q7 Bib #QmM/�`vX
.2}MBiBQM kXRX �M Q#D2+i Q` b?�T2 Bb � +QKT�+i bT�iB�H bm#b2i O ⊂ Rn rBi? �
k@K�MB7QH/ #QmM/�`v S = δOX

�b b?QrM BM 6B;m`2 kXk i?2 2�`i? �b � r?QH2 +�M #2 b22M �b �M Q#D2+i i?�i b�iBb}2b
i?Bb /2}MBiBQM- r?2`2 i?2 bT�+2 Q++mTB2/ #v O- BX2X i?2 2�`i? Bib2H7- Bb +�HH2/ i?2
BMi2`BQ` Q7 O �M/ Bib +QKTH2K2Mi- BX2X Rn \ O Q` i?2 bFv- i?2 2ti2`BQ`X
lbm�HHv � bim/v �`2� Bb QMHv � p2`v bK�HH T�`i QM i?2 bm`7�+2 Q7 i?2 2�`i? rBi?
� #QmM/�`v i?�i Bb MQi +HQb2/X >Qr2p2`- #2+�mb2 r2 FMQr i?�i i?2 bim/v �`2�
Bb � bm#b2i Q7 i?2 Q#D2+i i?�i `2T`2b2Mib i?2 2MiB`2 2�`i?- r2 +�M BK�;BM2 i?2
#QmM/�`v iQ 2ti2M/ �i i?2 2/;2b Q7 i?2 bim/v �`2� iQ 7Q`K � +HQb2/ Q#D2+i Ub22
6B;m`2 kXkVX *QMb2[m2MiHv- i?2 +QM+2Tib Q7 BMi2`BQ` �M/ 2ti2`BQ` �`2 +QM+2Tim�HHv
biBHH p�HB/X
h?Bb `2�bQMBM; +�M #2 i�F2M 2p2M 7m`i?2`- BX2X r2 +�M +QMbB/2` i?2 2MiB`2 bim/v
�`2� iQ #2 � bBM;H2 Q#D2+i Q` � +QKTQbBiBQM Q7 K�Mv Q#D2+ib- BX2X � b+2M2- r?2`2
2�+? Q#D2+i K�v +Q``2bTQM/ iQ � bi`m+im`2 Q7 BMi2`2bi QM i?2 bm`7�+2X

Rk



kXk .2}MBM; i?2 J2/B�H �tBb h`�Mb7Q`K

exterio
r

interio
r

exterior

interior

6B;m`2 kXk, h?2 2�`i? +�M #2 +QMbB/2`2/ � bBM;H2 Q#D2+i O rBi? � K�MB7QH/ bm`7�+2 SX

h?2b2 /2}MBiBQMb �M/ +QM+2Tib �`2 BKTQ`i�Mi MQi QMHv 7Q` i?2 +QMi2Mi Q7 i?Bb
+?�Ti2`- #mi �HbQ 7Q` mM/2`bi�M/BM; i?2 K2�MBM; Q7 i?2 J�h- i?�i Bb /2b+`B#2/
BM /2i�BH BM i?2 M2ti +?�Ti2`- 7Q` � ;2Q;`�T?B+�H /�i� KQ/2HX

kXk .2}MBM; i?2 J2/B�H �tBb h`�Mb7Q`K

h?2 J�h Q7 �M Q#D2+i O +QMbBbib Q7 BMi2`BQ` �M/ 2ti2`BQ` K2/B�H #�HHbc � b2i Q7
#�HHb `2bB/BM; BM i?2 BMi2`BQ` Q` i?2 2ti2`BQ` Q7 O `2bT2+iBp2HvX J2/B�H #�HHb +�M
#2 +?�`�+i2`Bb2/ #v i?2B` K�tBK�HBiv T`QT2`iv r?B+? bi�i2b i?�i � K2/B�H #�HH
+�M M2p2` #2 +QMi�BM2/ #v �MQi?2` K2/B�H #�HHX
.2}MBiBQM kXkX � #�HH B Bb �M BMi2`BQ` K2/B�H #�HH Q7 �M Q#D2+i O B7 Bi Bb K�tBK�H
BM O- BX2X B7 B Bb � bm#b2i Q7 O �M/ �Mv #�HH i?�i +QMi�BMb B Bb MQi +QMi�BM2/ BM
OX

a22 6B;m`2 kXj 7Q` �M 2t�KTH2 Q7 �M BMi2`BQ` K2/B�H #�HHX h?2 2ti2`BQ` K2/B�H
#�HH +�M #2 /2}M2/ �M�HQ;QmbHvX
.2}MBiBQM kXjX � #�HH B Bb �M 2ti2`BQ` K2/B�H #�HH Q7 �M Q#D2+i O B7 Bi Bb K�tBK�H
BM Rn \ O- BX2X B7 B Bb � bm#b2i Q7 Rn \ O �M/ �Mv #�HH i?�i +QMi�BMb B Bb MQi
+QMi�BM2/ BM Rn \ OX

� K2/B�H #�HH Bb ;m�`�Mi22/ iQ #2 2KTiv- BX2X Bi /Q2b MQi +QMi�BM �Mv T�`i Q7 SX
>Qr2p2`- Bi /Q2b #v /2}MBiBQM iQm+? S �i irQ Q` KQ`2 TQBMibX �M/- BM +�b2 Q7 �
bKQQi?ěBX2X C2@+QMiBMmQmbě#QmM/�`v- � K2/B�H #�HH Bb i�M;2Mi �i i?Qb2 TQBMib
r?2`2 Bi iQm+?2b S (J� 2i �HX- kyRk)X
h?2 b2i Q7 �HH K2/B�H #�HHb Q7 O Bb +�HH2/ i?2 J2/B�H �tBb h`�Mb7Q`K- /2MQi2/
M(O)X

Rj



k "�+F;`QmM/ Q7 i?2 J2/B�H �tBb h`�Mb7Q`K

6B;m`2 kXj, � K�tBK�H #�HH U/Bb+ BM k.V iQm+?2b i?2 #QmM/�`v BM �i H2�bi irQ TQBMib
�M/ /Q2b MQi BMi2`b2+i rBi? Bi ("HmK- RNd9)X

U�V � Q#D2+i Q` b?�T2 OX U#V h?2 +Q``2bTQM/BM; K2/B�H �tBb
�M/ bQK2 Q7 Bib K2/B�H #�HHbX

6B;m`2 kX9, h?2 J2/B�H �tBb h`�Mb7Q`K Q7 � irQ@/BK2MbBQM�H b?�T2X

.2}MBiBQM kX9X h?2 J2/B�H �tBb h`�Mb7Q`K M(O) Q7 �M Q#D2+i O Bb i?2 b2i Q7
+2Mi`2b C �M/ +Q``2bTQM/BM; `�/BB R Q7 �HH K2/B�H #�HHb BM O- BX2X M(O) = ⟨C,R⟩X

6B;m`2 kX9# BHHmbi`�i2b i?BbX C- BM Bib2H7 bQK2iBK2b �HbQ `272``2/ iQ �b i?2 J2/B�H
�tBb UJ�V- `2T`2b2Mib � bF2H2iQM@HBF2 bi`m+im`2 i?�i Bb K2/B�H iQ OX R `2H�i2b C
iQ i?2 bm`7�+2 SX

o�`BQmb Qi?2` 2[mBp�H2Mi /2}MBiBQMb Q7 i?2 J�h 2tBbi Ub22 2X;X h�;HB�b�++?B 2i �HX
(kyRe)V- ?Qr2p2` i?2 QM2 bi�i2/ ?2`2 Bb KQbi �TT`QT`B�i2 7Q` i?Bb i?2bBbX

AM Q`/2` iQ #2 �#H2 iQ bim/v HQ+�H T`QT2`iB2b Q7 i?2 J�h- A rBHH MQr /2}M2 i?2
K2/B�H �iQKX h?2 J�h +�M #2 b22M �b � +QHH2+iBQM Q7 K2/B�H �iQKb- 2�+? �iQK
`2T`2b2MiBM; � +Q``2bTQM/BM; imTH2 Q7 � +2Mi`2 �M/ � `�/BmbX

R9



kXk .2}MBM; i?2 J2/B�H �tBb h`�Mb7Q`K

U�V 1�`Hv BHHmbi`�iBQM Q7 i?2 k. J�h
U+QMbBbiBM; Q7 2/;2b �M/ TQBMibV Q7
irQ ǵ�Mi?`QTQKQ`T?bǶ ("HmK- RNed)X

U#V h?2 j. J�h U`B;?iV Q7 � bm`7�+2
KQ/2H Q7 � ?�M/ UH27iV +QMbBbib Q7
7�+2b- 2/;2b �M/ TQBMib (�K2Mi� �M/
EQHHm`B- kyyR)X

6B;m`2 kX8, h?2 J�h

.2}MBiBQM kX8X � K2/B�H �iQK a Bb � imTH2 Q7 � +2Mi`2 c ∈ C �M/ `�/Bmb r ∈ R
i?�i +Q``2bTQM/ iQ i?2 b�K2 K2/B�H #�HH- BX2X a = ⟨c, r⟩X

AM i?Bb i?2bBb A rBHH Q7i2M bBKTHv mb2 i?2 i2`K �iQK iQ `272` iQ � K2/B�H �iQKX

h?2 J�h +�M #2 /BpB/2/ BMiQ �M BMi2`BQ` T�`i �M/ �M 2ti2`BQ` T�`iX h?2 BMi2`BQ`
J�h +QMbBbib Q7 Bib BMi2`BQ` �iQKb- �M/ i?2 2ti2`BQ` J�h +QMbBbib Q7 Bib 2ti2`BQ`
�iQKbX � bBM;H2 Q#D2+i +�M QMHv ?�p2 �M 2ti2`BQ` J�h B7 i?�i Q#D2+i Bb MQM@
+QMp2t- bBM+2 7Q` +QMp2t Q#D2+i Bi Bb MQi TQbbB#H2 iQ }M/ 2ti2`BQ` K2/B�H #�HHbX AM
+�b2 Q7 � +QKTQbBiBQM Q7 KmHiBTH2 Q#D2+ib- i?2 BMi2`�+iBQM #2ir22M i?2b2 Q#D2+i
+�M �HbQ H2�/ iQ �M 2ti2`BQ` J�h- 2p2M B7 �HH Q#D2+ib �`2 +QMp2tX

6BM�HHv- � `2K�`F QM i?2 /BK2MbBQM�HBiv Q7 i?2 J�hX AM/22/- "HmK- r?BH2 ?2
?BKb2H7 KQbiHv r`Qi2 �#Qmi i?2 k. J�h Ub22 6B;m`2 kX8�V- �H`2�/v b�B/ i?2
J�h /2b2`p2b iQ #2 2ti2M/2/ iQ i?`22 �M/ TQbbB#Hv ?B;?2` /BK2MbBQMb ("HmK-
RNd9)X aBM+2 A bim/v j. TQBMi +HQm/b- BM i?Bb i?2bBb A �K 7Q+mbbBM; QM i?2 i?`22@
/BK2MbBQM�H J�h- BX2X Bib 2K#2//BM; BM R3 Ub22 6B;m`2 kX8#VX 6Q` `2�bQMb Q7
bBKTHB+Biv �M/ +H�`Biv A /Q mb2 i?2 k. J�h BM K�Mv BHHmbi`�iBQMb- #2+�mb2 i?2
J�h ivTB+�HHv #2?�p2b i?2 b�K2 BM R2 �b Bi /Q2b BM R3X �M BMimBiBp2 r�v iQ
i?BMF �#Qmi i?Bb- Bb iQ +QMbB/2` i?2 k. J�h iQ #2 � TH�M�` +`Qbb b2+iBQM Q7 i?2
j. J�hX

kXkXR h?2 HQ+�H ;2QK2i`v Q7 � K2/B�H �iQK

h?2 K2/B�H �iQK Bb 2H2K2Mi�`v iQ i?2 J�h- bBM+2 mHiBK�i2Hv �HH T�`ib Q7 i?2 J�h
�`2 K2`2Hv �;;`2;�i2b Q7 K2/B�H �iQKbX h?2`27Q`2 �HbQ i?2 BMi`BMbB+ T`QT2`iB2b
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k "�+F;`QmM/ Q7 i?2 J2/B�H �tBb h`�Mb7Q`K

U�V h?2 HQ+�H ;2QK2i`v Q7 � K2/B�H �iQKX

junctioncurve

medial
sheets

U#V h?2 bi`m+im`2 Q7 K2/B�H b?22ib �M/
DmM+iBQM +m`p2b BM i?2 j. J�hX

6B;m`2 kXe, *?�`�+i2`BbiB+b Q7 i?2 J�hX

Q7 i?2 K2/B�H �iQK �`2 7mM/�K2Mi�H iQ mM/2`bi�M/BM; i?2 J�hX A `272` iQ i?2b2
T`QT2`iB2b �b i?2 HQ+�H ;2QK2i`v Q7 � K2/B�H �iQKX

*QMbB/2`BM; � K2/B�H �iQK a = ⟨c, r⟩- b22 6B;m`2 kXe#- A mb2 i?2 7QHHQrBM; i2`KB@
MQHQ;v iQ /2b+`B#2 Bib HQ+�H ;2QK2i`vX

K2/B�H TQBMi , i?2 TQBMi c

`�/Bmb , i?2 b+�H�` r

K2/B�H #�HH , i?2 K2/B�H #�HH +Q``2bTQM/BM; iQ a rBi? +2Mi2` c �M/ `�/Bmb r-
BX2X B(c, r)

72�im`2 TQBMi , � bm`7�+2 TQBMi r?2`2 i?2 K2/B�H #�HH Q7 a iQm+?2b SX LQiB+2 i?�i
�HH 72�im`2 TQBMib �`2 T2` /2}MBiBQM 2[mB/Bbi�Mi rBi? � /Bbi�M+2 r 7`QK cX A
+QMbB/2` 2�+? K2/B�H �iQK iQ ?�p2 irQ 72�im`2 TQBMib p �M/ q- `2bT2+iBp2Hv
i?2 T`BK�`v 72�im`2 TQBMi �M/ i?2 b2+QM/�`v 72�im`2 TQBMif7QQiMQi2AM bT2@
+B�H +�b2b i?2`2 +�M #2 KQ`2 i?�M irQ 72�im`2 TQBMib- ?Qr2p2` i?2b2 �`2 MQi
BKTQ`i�Mi BM i?2 +QMi2ti Q7 i?Bb i?2bBb bBM+2 i?2 #�HH@b?`BMFBM; �H;Q`Bi?K
Ua2+iBQM jXRV i?�i A mb2 iQ �TT`QtBK�i2 i?2 J�h +�M QMHv +QKTmi2 K2/B�H
�iQKb rBi? 2t�+iHv irQ 72�im`2 TQBMibXX

bTQF2fbTQF2 p2+iQ` , i?2 p2+iQ` 7`QK c iQ � 72�im`2 TQBMiX h?2 T`BK�`v bTQF2-
iQ p- Bb /2MQi2/ s̃p �M/ i?2 b2+QM/�`v bTQF2- iQ q- Bb /2MQi2/ s⃗qX

K2/B�H #Bb2+iQ` , � p2+iQ` Q7 mMBi H2M;i? i?�i #Bb2+ib i?2 bTQF2 p2+iQ`b s̃p �M/
s̃q- /2MQi2/ b̃X

b2T�`�iBQM �M;H2fQ#D2+i �M;H2 , i?2 �M;H2 θ #2ir22M i?2 bTQF2 p2+iQ`b s̃p �M/
s̃qX

Re



kXk .2}MBM; i?2 J2/B�H �tBb h`�Mb7Q`K

p

f(p)

✏f(p)

S

M[S]

6B;m`2 kXd, h?2 HQ+�H 72�im`2 bBx2 f(p)- BX2X i?2 b?Q`i2bi /Bbi�M+2 7`QK p iQ i?2 TQBMi
�TT`QtBK�iBQM Q7 M[S]- �M/ i?2 ϵ@b�KTH2

�b aB//B[B �M/ SBx2` (kyy3) 2tTH�BM BM /2i�BH- �M �iQKǶb HQ+�H ;2QK2i`v Bb mb27mH
7Q` � MmK#2` Q7 `2�bQMb, RV Bi 2�bBHv [m�MiB}2b HQ+�H +?�`�+i2`BbiB+b Q7 � b?�T2
bm+? �b i?B+FM2bb �M/ +m`p�im`2c kV Bi K�F2b i?2 BMi2`�+iBQM #2ir22M i?2 �iQK
�M/ Bib +Q``2bTQM/BM; bm`7�+2 TQBMib- BX2X 72�im`2 TQBMib- 2tTHB+Bic �M/ jV Bi +�M
#2 mb2/ iQ /2}M2 � HQ+�H +QQ`/BM�i2 bvbi2KX

kXkXk h?2 HQ+�H 72�im`2 bBx2 �M/ i?2 ϵ@b�KTH2

h?2 HQ+�H 72�im`2 bBx2 Bb � T`QT2`iv Q7 bm`7�+2 TQBMib i?�i Bb +QKTmi2/ mbBM; i?2
J�hX Ai Bb /2MQi2/ f(p)- �M/ /2}M2/ �b i?2 >�mb/Q`z /Bbi�M+2 7`QK � TQBMi p
QM i?2 #QmM/�`v Q7 �M Q#D2+i O iQ M(O) Ub22 6B;m`2 kXdVX h?2 HQ+�H 72�im`2
bBx2 +�Tim`2b i?2 +m`p�im`2 �i p �M/ i?2 T`QtBKBiv Q7 Qi?2` T�`ib Q7 S- bBM+2 BM
#Qi? i?2b2 +�b2b i?2 K2/B�H �tBb Bb +HQb2 iQ SX

h?2 ϵ@b�KTH2- T`QTQb2/ #v �K2Mi� 2i �HX (RNN3#)- �ii2KTib iQ /2}M2 � KBMBKmK
b�KTH2 Q7 Q#D2+i i?�i i�F2b BMiQ �++QmMi i?2 /Bz2`2M+2b BM i?2 H2p2H Q7 /2i�BH BM
/Bz2`2Mi T�`ib Q7 i?2 b�K2 b?�T2X � TQBMi +HQm/ P Q7 i?2 #QmM/�`v Q7 O Bb �M
ϵ@b�KTH2 B7 /Bbi�M+2 7`QK �Mv TQBMi QM i?2 #QmM/�`v Q7 O iQ i?2 M2�`2bi TQBMi
p ∈ P Bb �i KQbi ϵf(p)X

J�Mv J�h �TT`QtBK�iBQM K2i?Q/b (�K2Mi� �M/ EQHHm`B- kyyRc .2v �M/ w?�Q-
kyy9c J� 2i �HX- kyRk) �bbmK2 i?2 BMTmi iQ #2 �M ϵ@b�KTH2- #2+�mb2 Bi 2Mbm`2b
i?�i }M2 /2i�BHb �`2 bm{+B2MiHv b�KTH2/ �M/ Bi Bb Q7i2M mb2/ iQ K�i?2K�iB+�HHv
T`Qp2 i?�i bQK2 �TT`QtBK�iBQM K2i?Q/ +QMp2`;2b iQ i?2 i`m2 J�h r?2M ϵ→ 0X

Rd



k "�+F;`QmM/ Q7 i?2 J2/B�H �tBb h`�Mb7Q`K

U�V am`7�+2 `2+QMbi`m+i2/
7`QK Qp2`b�KTH2/ TQBMi
b�KTH2 URkddk TQBMibV

U#V am`7�+2 `2+QMbi`m+i2/
7`QK ϵ@b�KTH2 rBi?
ϵ = 0.4 U9kdk TQBMibV

6B;m`2 kX3, .2+BK�iBQM Q7 � TQBMi b�KTH2 mbBM; HQ+�H 72�im`2 bBx2 T`2b2`p2b TQBMib
r2`2 M22/2/X (.2v 2i �HX- kyyR)

�M ϵ@b�KTH2 +�M #2 Q#i�BM2/ 7`QK � /2Mb2Hv b�KTH2/ TQBMi +HQm/ Q7 �M Q#D2+i
#v mbBM; i?2 rQ`F Q7 .2v 2i �HX (kyyR) Q`- �M/ rBi? KQ`2 2{+B2M+v- i?2 rQ`F
Q7 J� 2i �HX (kyRk)X Ai Bb �HbQ �M 2z2+iBp2 K2i?Q/ iQ T2`7Q`K 72�im`2 �r�`2
TQBMi /2+BK�iBQM #�b2/ QM i?2 J�h- rBi? i?2 �/p�Mi�;2 i?�i i?2 ϵ@T�`�K2i2`
Bb b+�H2@BM/2T2M/2MiX a22 6B;m`2 kX3 7Q` �M 2t�KTH2X

kXkXj J�h bi`m+im`2

h?2 K2/B�H �iQKb Q7 i?2 J�h �`2 Q`;�MBb2/ BM � #`�M+?BM; iQTQHQ;v- BX2X �
?B2`�`+?B+�H bF2H2iQM@HBF2 bi`m+im`2 (aB//B[B �M/ SBx2`- kyy3)X AM R2 i?Bb K2�Mb �
bm#/BpBbBQM BMiQ K2/B�H +m`p2b i?�i BMi2`b2+i �i TQBMibX AM R3 Bi ivTB+�HHv K2�Mb
� bm#/BpBbBQM BMiQ K�MB7QH/ bm`7�+2b rBi? #QmM/�`B2b- +�HH2/ K2/B�H b?22ib- i?�i
BMi2`b2+i �i u@BMi2`b2+iBQM +m`p2b- +�HH2/ DmM+iBQMb b22 6B;m`2 kXe#X

JQ`2 7Q`K�HHv- i?2 J�h +�M #2 `272``2/ iQ �b � q?BiM2v bi`�iBb}2/ b2i- BX2X �
bT�+2 7Q`K2/ 7`QK � +QHH2+iBQM Q7 BMi2`+QMM2+i2/ bKQQi? K�MB7QH/b Q7 p�`vBM;
/BK2MbBQMb Ub22 2X;X (.�KQM- kyyjc J�i?2`- RN3j)VX � 7Q`K�H /2+QKTQbBiBQM +�M
#2 K�/2 BMiQ

bm`7�+2 +QKTQM2MibfK2/B�H b?22ib bKQQi? k@K�MB7QH/ bm`7�+2b rBi? #QmM/�`B2b-

+m`p2 +QKTQM2Mib +m`p2b i?�i �`2 MQi BM+B/2Mi iQ K2/B�H b?22ib- BX2X BM i?2 +�b2
Q7 im#mH�` b?�T2b- �M/

TQBMi +QKTQM2Mib TQBMib rBi?Qmi �Mv BM+B/2Mi +QKTQM2Mib- BX2X i?2 +�b2 r?2`2
S Bb � bT?2`2X
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kXk .2}MBM; i?2 J2/B�H �tBb h`�Mb7Q`K

PM2 +�M 7m`i?2` /2+QKTQb2 i?2 J�h �M/ +H�bbB7v 2�+? TQBMi Q` +m`p2 #QmM/�`v
Q7 i?2b2 +QKTQM2Mib �++Q`/BM; iQ i?2B` HQ+�H iQTQHQ;v (:B#HBM �M/ EBKB�- kyyjc
aB//B[B �M/ SBx2`- kyy3c h�;HB�b�++?B 2i �HX- kyRe)X PM2 2t�KTH2 Bb i?2 2�`HB2`
K2MiBQM2/ DmM+iBQM +m`p2 Q` u@BMi2`b2+iBQM +m`p2 i?�i 7Q`Kb i?2 BMi2`b2+iBQM
#2ir22M j Q` KQ`2 b?22ibX >Qr2p2`- 7Q` i?Bb i?2bBb Bi Bb bm{+B2Mi iQ pB2r i?2
J�h �b i?2 +QKTQbBiBQM Q7 K2/B�H b?22ib �M/ DmM+iBQMbX

kXkX9 LQi�#H2 T`QT2`iB2b Q7 i?2 J�h

h?2 J�h ?�b � MmK#2` Q7 p�Hm�#H2 T`QT2`iB2b- 2X;X 7Q` b?�T2 �M�HvbBbX h?2b2
�`2 HBbi2/ ?2`2,

*QKTH2i2 h?2 J�h +QKTH2i2Hv /2b+`B#2b i?2 b?�T2 Q7 �M Q#D2+iX �b � `2bmHi-
r2 +�M MQi QMHv +QKTmi2 i?2 J�h 7`QK S- #mi r2 +�M �HbQ `2+QMbi`m+i
i?�i #QmM/�`v mbBM; bQH2Hv i?2 BM7Q`K�iBQM i?�i Bb T`2b2Mi BM i?2 J�h
("HmK- RNed- RNdj)X

hQTQHQ;v T`2b2`pBM; h?Bb K2�Mb i?�i O �M/ M(O) ?�p2 i?2 b�K2 ?QKQiQTv-
BX2X i?2 b�K2 MmK#2` Q7 +QMM2+i2/ +QKTQM2Mib- pQB/b �M/ imMM2HbX h?Bb Bb
BMi2`2biBM; 7Q` 2X;X i?2 b2;K2Mi�iBQM Q7 � b+2M2 BMiQ /BbiBM+i Q#D2+ib (aB//B[B
�M/ SBx2`- kyy3c h�;HB�b�++?B 2i �HX- kyRe)X

*QKT�+i J�h +QKTQM2Mib �`2 Q7 KQbi Q7 /BK2MbBQM�HBiv d − 1- ?2M+2 QM2 /B@
K2MbBQM HQr2` i?�M O Bib2H7- �M/ i?2 bT�+2 BM r?B+? Bi Bb 2K#2//2/X AM
;2M2`�H- bi`m+im`2 Q7 � HQr2` /BK2MbBQM�HBiv �`2 2�bB2` iQ �M�Hvb2 �M/ T`Q@
+2bb (aB//B[B �M/ SBx2`- kyy3)X

>B2`�`+?B+�H +QKTQbBiBQM h?2 bi`m+im`2 Q7 i?2 J�h 2M�#H2b �M ?B2`�`+?B+�H i`�p2`@
b�H Q7 i?2 /Bz2`2Mi T�`ib U2�+? T�`i +Q``2bTQM/b iQ � K2/B�H b?22iV i?�i
/2}M2 �M Q#D2+iX ("HmK- RNed- RNdj)X

avKK2i`vfTQbBiBQM h?2 J�h Bb +2Mi`2/ 2t�+iHv BM i?2 KB//H2 Q7 � b?�T2 ("HmK-
RNed- RNdj)X

AMbi�#BHBiv aK�HH T2`im`#�iBQMb BM i?2 Q#D2+i #QmM/�`v K�v +�mb2 H�`;2 T2`im`#�@
iBQMb BM i?2 J2/B�H �tBb Q7 i?�i Q#D2+iX h?Bb K2�Mb i?2 J�h Bb 2ti`2K2Hv
b2MbBiBp2 iQ MQBb2 (�ii�HB 2i �HX- kyyNc *?QB 2i �HX- RNNdc E�ix �M/ SBx2`-
kyyj)X

aKQQi?M2bb i?2 J�h +QKTQM2Mib �`2 FMQrM iQ #2 �i H2�bi TB2+2rBb2 C2 +QM@
iBMmQmb (SBx2` 2i �HX- kyyjc aB//B[B �M/ SBx2`- kyy3)X

RN



k "�+F;`QmM/ Q7 i?2 J2/B�H �tBb h`�Mb7Q`K

kXj �H;Q`Bi?Kb �M/ K2i?Q/b 7Q` i?2 J�h BM T`�+iB+2

h?2 J�h ?�b �TT2�HBM; i?2Q`2iB+�H T`QT2`iB2b- �M/ 7Q` i?2 H�bi irQ /2+�/2b `2@
b2�`+?2`b ?�p2 #22M bim/vBM; ?Qr iQ #`BM; i?2 i?2Q`2iB+�H #2M2}ib BMiQ T`�+iB+2kX
h?2 T`Q+2bb Q7 Q#i�BMBM; � mb27mH J�h `2T`2b2Mi�iBQM +�M #2 /2b+`B#2/ BM irQ
K�BM bi2Tb,
�TT`QtBK�iBQM +QKTmiBM; � /Bb+`2iBb2/ J�h 7Q` � ;Bp2M Q#D2+iX
_2;mH�`Bb�iBQM �M/ T`mMBM; }Hi2`BM; T�`ib Q7 i?2 J�h BM Q`/2` iQ bmTT`2bb bTm@

`BQmb K2/B�H �iQKb i?�i `2bmHi 7`QK i?2 BMbi�#BHBiv Q7 i?2 J�h �M/ Bb
bQK2iBK2b rQ`b2M2/ #v i?2 +?Qb2M /Bb+`2iBb�iBQMX

q?BH2 i?2 �TT`QtBK�iBQM �M/ `2;mH�`Bb�iBQM bi2Tb �`2 M22/2/ BM T`�+iB+2 7Q`
`Q#mbiM2bb �M/ 2{+B2M+v- i?2b2 T`Q+2bb2b K�v BMi`Q/m+2 bB;MB}+�Mi /BbiQ`iBQMb
iQ i?2 Q#i�BM2/ J�h �TT`QtBK�iBQM Ub22 �HbQ i?2 2t+2HH2Mi Qp2`pB2r T�T2` #v
h�;HB�b�++?B 2i �HX (kyRe)VX �b � `2bmHi bQK2 Q7 i?2 J�h T`QT2`iB2b i?�i �`2
;m�`�Mi22/ BM i?2Q`v K�v MQi #2 K2i BM T`�+iB+2X h?2 +QKTH2i2M2bb T`QT2`iv
K�v #2 pBQH�i2/- #2+�mb2 i?2 J�h Bb QMHv �M �TT`QtBK�iBQM Q7 �M �H`2�/v /Bb@
+`2iBb2/ Q#D2+i #QmM/�`vX h?Bb K�F2b Bi 7Q` 2t�KTH2 KQ`2 /B{+mHi iQ T2`7Q`K
i?2 BMp2`b2 J�h- BX2X � T`Q+2bb +�HH2/ ;�`#BM;, `2+QMbi`m+iBM; � #QmM/�`v `2T`2@
b2Mi�iBQM 7`QK �M �TT`QtBK�i2/ J�h Ub22 2X;X �K2Mi� 2i �HX (kyyR)VX �HbQ- i?2
?QKQiQTv T`QT2`iv K�v #2 #`QF2M /m`BM; `2;mH�`Bb�iBQM- `2bmHiBM; BM /Bz2`2Mi
MmK#2` Q7 +QMM2+i2/ +QKTQM2MibX AM b?Q`i- i?2`2 �`2 K�Mv +QKT`QKBb2b iQ #2
K�/2- �M/ K�FBM; i?2 `B;?i +?QB+2b �HbQ /2T2M/b QM i?2 M�im`2 Q7 i?2 BMTmi /�i�
�M/ i?2 BMi2M/2/ �TTHB+�iBQMX

kXjXR �TT`QtBK�iBQM

1t�+i +QKTmi�iBQM Q7 i?2 J�h Bb /B{+mHi �M/ +QKTmi�iBQM�HHv 2tT2MbBp2- 2p2M
7Q` b?�T2b #QmM/2/ #v bBKTH2 +m`p2b BM k. (�ii�HB 2i �HX- kyyNc "B�bQiiB 2i �HX-
kyy3)X 6Q`imM�i2Hv- QM2 +�M �HbQ �TT`QtBK�i2 i?2 J�hX h?Bb Bb mbm�HHv Km+?
H2bb 2tT2MbBp2 BM +QKTmi�iBQM�H i2`Kb �M/ ;Bp2b �/2[m�i2 `2bmHib BM T`�+iB+2X hQ
�TT`QtBK�i2 i?2 J�h 2bb2MiB�HHv K2�Mb i?�i � /Bb+`2iBb2/ 7Q`K Q7 i?2 J�h Bb
+QKTmi2/X h?Bb K2�Mb i?2 J�h Bb `2T`2b2Mi2/ mbBM; � i`B�M;mH�iBQM- � TQBMi
+HQm/ Q` � b2i Q7 pQt2Hb- `�i?2` i?�M �M �H;2#`�B+�HHv /2}M2/ b2i Q7 bm`7�+2bX h?2
7Q`K Q7 /Bb+`2iBb�iBQM M�im`�HHv /2T2M/b QM i?2 2KTHQv2/ �TT`QtBK�iBQM K2i?Q/X
AM T�`iB+mH�`-

RX oQ`QMQB /B�;`�K �M/ #Bb2+iQ` #�b2/ K2i?Q/b vB2H/ � i`B�M;mH�i2/ J�h-
kX /Bbi�M+2 i`�Mb7Q`K �M/ i?BMMBM; #�b2/ K2i?Q/b `2T`2b2Mi i?2 J�h �b �

b2i Q7 +QMM2+i2/ pQt2Hb- �M/
ka?22?v 2i �HX (RNN8) r�bě�b 7�` �b A FMQrěi?2 2�`HB2bi �ii2KTi mbBM; � +QKTmi2` #mi Bi

QMHv i�`;2i2/ � HBKBi2/ b2i Q7 TQHv?2/`�H b?�T2bX

ky



kXj �H;Q`Bi?Kb �M/ K2i?Q/b 7Q` i?2 J�h BM T`�+iB+2

6B;m`2 kXN, h?2 o. +�M #2 mb2/ iQ �TT`QtBK�i2 i?2 J�h, i?2 [m�HBiv Q7 i?2
�TT`QtBK�iBQM U#QiiQK `QrV BM+`2�b2b rBi? �M BM+`2�bBM; /2MbBiv Q7 i?2
#QmM/�`v b�KTH2 UiQT `QrVX a�KTHBM; /2MbBiv BM+`2�b2b 7`QK H27i iQ
`B;?iX (�ii�HB �M/ JQMi�Mp2`i- RNNe)

jX #�HH@b?`BMFBM; K2i?Q/b vB2H/ i?2 J�h �b � TQBMi +HQm/X

"2HQr- A rBHH /Bb+mbb i?2b2 i?`22 ;`QmTb Q7 K2i?Q/b iQ �TT`QtBK�i2 i?2 J�hX

oQ`QMQB �M/ #Bb2+iQ` #�b2/ K2i?Q/b

:Bp2M � bm{+B2MiHv /2Mb2 TQBMi b�KTH2 S Q7 i?2 #QmM/�`v Q7 � b?�T2 O- Bi +�M #2
Q#b2`p2/ i?�i � bm#b2i Q7 i?2 oQ`QMQB .B�;`�K Uo.V Q7 S �TT`QtBK�i2b M(O)X
"`�M/i �M/ �H;�xB (RNNk) ;�p2 � T`QQ7 7Q` i?2 irQ@/BK2MbBQM�H +�b2X P#b2`p2
7`QK 6B;m`2 kXN i?�i i?Qb2 o. 2/;2b i?�i /Q MQi BMi2`b2+i i?2 #QmM/�`v Q7 O
+QMi`B#mi2 iQ M(O)X 6m`i?2`KQ`2- 7QHHQrBM; i?2 /m�HBiv #2ir22M i?2 o. �M/
i?2 .2H�mM�v h`B�M;mH�iBQM- B7 r2 i�F2 i?2 /m�H Q7 i?2 `2K�BMBM; U#QmM/�`v@
BMi2`b2+iBM;V o. 2/;2b- r2 2M/ mT rBi? �M �TT`QtBK�iBQM Q7 i?2 #QmM/�`v i?�i
Bb b�KTH2/ #v SX �ii�HB �M/ JQMi�Mp2`i (RNNd)- �K2Mi� 2i �HX (RNN3�) �M/ :QH/
�M/ aMQ2vBMF (kyyR) ?�p2 mb2/ i?Bb /m�HBiv iQ /2bB;M �H;Q`Bi?Kb i?�i +QKTmi2
#Qi? i?Bb �TT`QtBK�iBQM Q7 i?2 #QmM/�`v Q7 O- �M/ �M �TT`QtBK�iBQM Q7 M(O)X
h?2 �TT`Q�+? #v :QH/ �M/ aMQ2vBMF (kyyR) mb2b � bBKTH2 HQ+�H i2bi iQ +QMbi`m+i
i?2b2X

>Qr2p2`- i?2b2 `2bmHib +�MMQi #2 2�bBHv 2ti2M/2/ iQ i?2 i?`22@/BK2MbBQM�H +�b2X
�b 2tTH�BM2/ #v �K2Mi� �M/ *?QB (kyy3)- i?2 K�BM /B{+mHiv Bb i?2 T`2b2M+2 Q7
bHBp2`b BM i?2 j. .hX h?2b2 �`2 �HKQbi ~�i .2H�mM�v i2i`�?2/`� i?�i �TT2�`

kR



k "�+F;`QmM/ Q7 i?2 J2/B�H �tBb h`�Mb7Q`K

6B;m`2 kXRy, _2+QMbi`m+iBQM Q7 i?2 #QmM/�`v Q7 �M Q#D2+i 7`QK Dmbi Bib J�hX G27i,
mbBM; � mMBQM Q7 � }MBi2 MmK#2` Q7 K2/B�H #�HHbX _B;?i, mbBM; i?2 TQr2`
+`mbi K2i?Q/X 6B;m`2 7`QK (�K2Mi� �M/ EQHHm`B- kyyR)X

r?2M 7Qm` Q` KQ`2 b�KTH2 TQBMib QM i?2 #QmM/�`v Q7 O �`2 U�HKQbiV +Q@+B`+mH�`-
r?B+? Bb [mBi2 +QKKQM BM T`�+iB+2X lMHBF2 i?2 irQ@/BK2MbBQM�H +�b2- i?2 oQ`QMQB
p2`iB+2b +Q``2bTQM/BM; iQ i?2b2 bHBp2`b HB2 7�` 7`QK M(O)X h?2b2 bHBp2`b �`2 mM@
`2H�i2/ iQ i?2 T`2b2M+2 Q7 MQBb2 BM i?2 #QmM/�`v b�KTH2 SX AM 7�+i �M �`#Bi`�`BHv
/2Mb2 b�KTHBM; rBHH `2bmHi BM oQ`QMQB p2`iB+2b i?�i �`2 �`#Bi`�`BHv 7�` 7`QK M(O)X
�b � `2bmHi- i?2 T�`i Q7 i?2 o. i?�i +Q``2bTQM/b iQ i?2b2 bHBp2`b M22/b iQ #2 }H@
i2`2/ Qmi #27Q`2 i?2 J�h Q7 � j. b?�T2 +�M #2 �TT`QtBK�i2/ mbBM; i?2 o.X

�TT`QtBK�iBM; i?2 j. J�h #�b2/ QM i?2 o. +�M #2 �+?B2p2/ BM i?`22 r�vbX
PM2 Bb #v Bi2`�iBp2Hv T22HBM; �r�v oQ`QMQB +2HHb bi�`iBM; 7`QK i?2 #QmM/�`v Q7 �M
Q#D2+iX AM i?2 K2i?Q/ Q7 �ii�HB �M/ JQMi�Mp2`i (RNNd)- � +2HH Bb QMHv `2KQp2/ B7
i?�i /Q2b MQi +?�M;2 i?2 iQTQHQ;v Q7 i?2 J�hX 6m`i?2`KQ`2- i?2v BKTH2K2Mi �
i?`2b?QH/ 7Q` }Hi2`BM; bHBp2`bX � b2+QM/ �TT`Q�+? Bb #�b2/ 2t+HmbBp2Hv QM }Hi2`BM;
i?2 2H2K2Mib Q7 i?2 o.X hQ �+?B2p2 i?Bb- .2v �M/ w?�Q (kyy9) mb2 irQ /Bz2`2Mi
HQ+�H +`Bi2`B� i?�i �`2 BM/2T2M/2Mi Q7 b+�H2 �M/ b�KTHBM; /2MbBivX h?Bb `2bmHib BM
�M �TT`QtBK�i2/ J�h i?�i BMb2MbBiBp2 iQ MQBb2 iQ bQK2 2ti2MiX lM7Q`imM�i2Hv
i?2 QmiTmii2/ J�h K�v ?�p2 ?QH2b- r?B+? Bb iQTQHQ;B+�HHv BM+Q``2+iX h?2 i?B`/
�TT`Q�+? r�b T`2b2Mi2/ #v �K2Mi� �M/ EQHHm`B (kyyR), i?2 TQr2` b?�T2X AMbi2�/
Q7 mbBM; i?2 o. /B`2+iHv iQ +QMbi`m+i i?2 J�h- i?2v mb2 Bi QMHv iQ }M/ TQH2b,
i?2 7�`i?2` p2`iB+2b Q7 i?2 oQ`QMQB +2HH Q7 � b�KTH2 TQBMi QM i?2 #QmM/�`v Q7
OX �K2Mi� 2i �HX (kyyR) b?Qr 7Q`K�HHv i?�i i?2b2 TQH2b +QMp2`;2 iQr�`/b i?2
2t�+i J�h- �b i?2 TQBMi /2MbBiv Q7 S BM+`2�b2bX � r2B;?i2/ o.- BX2X i?2 TQr2`
/B�;`�K- Q7 TQH2b Ur2B;?i2/ rBi? i?2 `�/Bmb /2}M2/ #v i?2B` oQ`QMQB #�HHbV Bb +QM@
bi`m+i2/- �M/ i?2 /m�H Q7 i?Bb /B�;`�K- i?2 `2;mH�` i`B�M;mH�iBQM- �TT`QtBK�i2b
i?2 J�h Q7 OX LQiB+2 i?�i i?2 TQr2` /B�;`�K +�M �HbQ #2 mb2/ 7Q` ;�`#BM;-
BX2X iQ `2+QMbi`m+i i?2 bm`7�+2 Q7 O 7`QK i?2 J�h Ua22 6B;m`2 kXRyVX � /`�r@
#�+F 7`QK i?2 TQr2` b?�T2 K2i?Q/ Bb i?�i Bi `2[mB`2b irB+2 i?2 +�H+mH�iBQM Q7
� oQ`QMQB@HBF2 /B�;`�K- r?2`2�b Qi?2` oQ`QMQB@#�b2/ K2i?Q/b QMHv `2[mB`2 QM2
bm+? +�H+mH�iBQMX 6m`i?2`KQ`2- i?2 QmiTmi BM+Hm/2b i2i`�?2/`�- r?B+? K�v #2

kk



kXj �H;Q`Bi?Kb �M/ K2i?Q/b 7Q` i?2 J�h BM T`�+iB+2

U�V AMTmi KQ/2H
U#V oQHmK2

`2M/2`BM; Q7
i?2 /Bbi�M+2
i`�Mb7Q`KX

U+V λ = 11 pQt2Hb U/V λ = 15 pQt2Hb

6B;m`2 kXRR, J�h 2ti`�+iBQM mbBM; i?2 /Bb+`2i2 λ@J�h K2i?Q/ Q7 *?�mbb�`/ 2i �HX
(kyRR)X 6Q` 6B;X kXRR#, "Hm2@;`22M@v2HHQr@`2/ BM Q`/2` Q7 BM+`2�bBM;
/Bbi�M+2X

T`Q#H2K�iB+ 7Q` 7m`i?2` T`Q+2bbBM;X h�K �M/ >2B/`B+? (kyyj) i?2`27Q`2 +?QQb2 iQ
2ti2M/ �M/ BKT`Qp2 �M 2�`HB2` p�`B�Mi Q7 i?2 TQr2` b?�T2 �H;Q`Bi?K- r?B+? Qmi@
Tmib K�Mv /mTHB+�i2 ;2QK2i`B2b #mi /Q2b MQi 2t?B#Bi i?2 bHBp2` T`Q#H2K (�K2Mi�
�M/ EQHHm`B- kyyR)X JBFHQb 2i �HX (kyRy) 7m`i?2` BKT`Qp2/ i?2 `Q#mbiM2bb Q7 i?2
�H;Q`Bi?K �M/ bBKTHB}2/ T�`ib Q7 Bi #v �bbmKBM; i?2 BMTmi iQ #2 � bm`7�+2 K2b?
`�i?2` i?�M � TQBMi +HQm/X

C�H#� 2i �HX (kyRk) �`2 2�;2` iQ TQBMi i?�i oQ`QMQB K2i?Q/b- bm+? �b i?2 QM2 Q7
JBFHQb 2i �HX (kyRy)- r?B+? Bb bmTTQb2/Hv QM2 Q7 i?2 #2bi +QMiBMmQmb oQ`QMQB@
#�b2/ J�h �TT`QtBK�iBQM �H;Q`Bi?Kb- K�v bmz2`b 7`QK MmK2`B+�H /2;2M2`�+B2b
i?�i �z2+i i?2 [m�HBiv Q7 i?2 QmiTmiX AM i?2Q`v i?Bb +�M #2 }t2/ #v mbBM; `Q#mbi
T`2/B+�i2bX >Qr2p2`- `Q#mbi T`2/B+�i2b �`2 +QbiHv �M/ mbBM; i?2K rQmH/ �// iQ
i?2 +QKTH2tBiv Q7 i?2 BKTH2K2Mi�iBQMX

"Bb2+iQ` #�b2/ K2i?Q/b �`2 +QM+2Tim�HHv bBKBH�` iQ i?2 oQ`QMQB #�b2/ K2i?Q/b-
�Hi?Qm;? i?2v /Q MQi 2tTHB+BiHv +QKTmi2 i?2 o.X AMbi2�/- #Bb2+iQ` TH�M2b #2@
ir22M bm`7�+2 TQBMibě�M�HQ;Qmb iQ i?2 7�+2b Q7 � o.ě�`2 +�H+mH�i2/ BM � #`mi2
7Q`+2 K�MM2` r?B+? Bb +QKTmi�iBQM�HHv p2`v 2tT2MbBp2 ("�`2[m2i 2i �HX- kyy3c
*mHp2` 2i �HX- kyy9c G22- RN3k)X h?2 K2/B�H b+�zQH/ Q7 G2vK�`B2 �M/ EBKB�
(kyyd) �+?B2p2b � ?B;?2` 2{+B2M+v #v QMHv +QKTmiBM; i?2 #Bb2+iQ` TH�M2b i?�i
�`2 `2H2p�Mi iQ i?2 J�hX h?Bb Bb �+?B2p2/ #v }M/BM; T�`iB+mH�` ivT2b Q7 K2/B�H
TQBMib T`BQ` iQ i?2 #Bb2+iQ` +QKTmi�iBQMX _2bmHib �`2 bBKBH�` iQ oQ`QMQB #�b2/
K2i?Q/b �M/ ?�p2 i?2 �//2/ #2M2}i Q7 i?2 K2/B�H TQBMi +H�bbB}+�iBQMX >Qr2p2`-
i?2 K2/B�H b+�zQH/ Bb biBHH KQ`2 2tT2MbBp2 iQ +QKTmi2 i?�M oQ`QMQB K2i?Q/b
(h�;HB�b�++?B 2i �HX- kyRe)X

kj



k "�+F;`QmM/ Q7 i?2 J2/B�H �tBb h`�Mb7Q`K

U�V J�h rBi?Qmi T`mMBM; Uλ = 0V U#V _2+QMbi`m+i2/ bm`7�+2 rBi?Qmi
T`mMBM;X

U+V J�h rBi? K2/BmK T`mMBM;
Uλ = 6V

U/V _2+QMbi`m+i2/ bm`7�+2 rBi?
K2/BmK T`mMBM;X .2bTBi2 i?2
bBKTHB}2/ J�h- i?2
+Q``2bTQM/BM; #QmM/�`v bm`7�+2
`2K�BMb �HKQbi mM+?�M;2/X

U2V J�h rBi? bi`QM; T`mMBM;
Uλ = 10VX

U7V _2+QMbi`m+i2/ bm`7�+2 rBi?
bi`QM; T`mMBM;X LQiB+2 ?Qr i?2
i`22 Bb b2T�`�i2/ 7`QK i?2 i?2
;`QmM/ �M/ i?�i 2/;2b ?�p2
#2+QK2 `QmM/2`X

6B;m`2 kXRk, h?2 2z2+i Q7 /Bz2`2Mi H2p2Hb Q7 T`mMBM; QM i?2 k. J�hX PrM
BKTH2K2Mi�iBQM #�b2/ QM � p�`B�Mi Q7 i?2 λ@J�h /2b+`B#2/ #v
>2bb2HBMF 2i �HX (kyy8)X

k9



kXj �H;Q`Bi?Kb �M/ K2i?Q/b 7Q` i?2 J�h BM T`�+iB+2

oQt2H #�b2/ K2i?Q/b

h?Bb +�i2;Q`v Q7 �TT`QtBK�iBQM K2i?Q/b Q#i�BMb i?2 J�h �b � pQt2H BK�;2X
h?BMMBM; K2i?Q/b i�F2 � pQt2H BK�;2 �b BMTmi- �M/ Bi2`�iBp2Hv T22H �r�v H�v2`b
Q7 pQt2HbX � j. 2t�KTH2 Bb /2b+`B#2/ #v "Q`;27Q`b 2i �HX (kyy3)X � T`BK2 72�im`2
Q7 i?BMMBM; Bb i?2 T`2b2`p�iBQM Q7 iQTQHQ;vX >Qr2p2`- i?2 b?�T2 Q7 i?2 `2bmHiBM;
bF2H2iQM Q7i2M /2T2M/b QM i?2 Q`/2` BM r?B+? pQt2Hb �`2 i?BMM2/X

Pi?2` pQt2H@#�b2/ �TT`QtBK�iBQM K2i?Q/b �`2 #�b2/ QM i?2 /Bbi�M+2 i`�Mb7Q`K,
�M BK�;2 r?2`2 2�+? 2H2K2Mi Bb H�#2HH2/ rBi? i?2 b?Q`i2bi /Bbi�M+2 iQ i?2 #QmM/@
�`v Q7 �M Q#D2+i O (*?�mbb�`/ 2i �HX- kyRRc *?�x�H �M/ GB2miB2`- kyy8c >2bb2HBMF
2i �HX- kyy8c am/ 2i �HX- kyy9)X .Bz2`2Mi K2�bm`2b 7Q` /Bbi�M+2 +�M #2 mb2/ �M/
rBHH `2bmHi BM /Bz2`2Mi bF2H2iQMbX 6`QK i?2 /Bbi�M+2 i`�Mb7Q`K i?2 J�h +�M #2
BMimBiBp2Hv `2+Q;MBb2/ �b � b2i Q7 ǵ`B/;2bǶ, HBM2b i?�i BM/B+�i2 HQ+�H /B`2+iBQM�H
K�tBK�X oQt2Hb i?�i +QMi`B#mi2 iQ i?2 J�h@�TT`QtBK�iBQM +�M #2 B/2MiB}2/
BM � MmK#2` Q7 r�vbX 6QbF2v 2i �HX (kyyj) i�F2 i?2 ;`�/B2Mi }2H/- � /2`Bp�iBp2
Q7 i?2 /Bbi�M+2 i`�Mb7Q`K- r?2`2 2p2`v 2H2K2Mi +QMbBbib Q7 � mMBi p2+iQ` BM i?2
/B`2+iBQM Q7 Bib +HQb2bi #QmM/�`v TQBMiX 6Q` 2p2`v T�B` Q7 �/D�+2Mi p2+iQ`b- i?2
�M;H2 #2ir22M i?2K Bb +QKTmi2/ �M/ B7 i?Bb �M;H2 Bb H�`;2` i?�M � i?`2b?QH/ θ �
7�+2i #2ir22M i?2K Bb �//2/ iQ i?2B` J�h@�TT`QtBK�iBQMc i?2 θ@aJ�X

oQt2H #�b2/ K2i?Q/b �`2 Q7i2M `Qi�iBQM BMp�`B�Mi- BX2X i?2v bmz2` 7`QK bTm`BQmb
#`�M+?2b BM i?2 J�h r?2M i?2 Q#D2+i Bb MQi �tBb@�HB;M2/ ("Q`;27Q`b 2i �HX- kyy3)
U6B;m`2 kXRk� BHHmbi`�i2b i?BbV �M/ bm#@QTiBK�HHv +2Mi`2/- BX2X i?2 �tBb Bb MQi T`2@
+Bb2Hv K2/B�H UrBi? i?2 MQi�#H2 2t+2TiBQM Q7 am/ 2i �HX (kyyd)VX h?Bb Bb /m2 iQ i?2
MQM@+QMiBMmQmb �M/ ;`B//2/ +QQ`/BM�i2b i?2 QmiTmi Bb MQi `Qi�iBQM BMp�`B�MiX

q?BH2 T�`�HH2HBb2/ +QKTmi�iBQM Bb TQbbB#H2 #Qi? 7Q` i?2 +QKTmi�iBQM Q7 i?2 /Bb@
i�M+2 i`�Mb7Q`K (*�Q 2i �HX- kyRy) �M/ i?2 i?BMMBM; K2i?Q/b (a�?� 2i �HX- kyRe)-
i?Bb /Q2b MQi K2�M i?�i b+�H�#BHBiv Q7 Bb 72�bB#H2X oQt2H@#�b2/ K2i?Q/b �`2 `2H�@
iBp2Hv 7�bi 7Q` bK�HH BMTmib- #mi 7Q` BMTmib i?�i ?�p2 � `2bQHmiBQM Q7 10003 pQt2Hb
Q` KQ`2- i?2 �H;Q`Bi?Kb #2+QK2 bB;MB}+�MiHv bHQr2` �M/ KQ`2 K2KQ`v /2K�M/@
BM; bBM+2 i?2b2 �H;Q`Bi?Kb mbm�HHv b+�H2 HBM2�`Hv rBi? i?2 MmK#2` Q7 BMTmi pQt2Hb
(aQ#B2+FB 2i �HX- kyRj)X

a?`BMFBM; #�HH K2i?Q/b

J� 2i �HX (kyRk) BMi`Q/m+2/ i?2 b?`BMFBM; #�HH �H;Q`Bi?KX GBF2 i?2 oQ`QMQB@#�b2/
K2i?Q/b �M/ mMHBF2 i?2 pQt2H@#�b2/ K2i?Q/b- Bi QmiTmib +QMiBMmQmb +QQ`/BM�i2b-
#mi Bi Bb #�b2/ QM � Km+? bBKTH2` B/2�X Ai i�F2b �M Q`B2Mi2/ TQBMi +HQm/ �b BMTmi-
BX2X QM2 i?�i BM+Hm/2b TQBMi MQ`K�Hb- �M/ QmiTmib � b2i Q7 TQBMib �b i?2 J�h
�TT`QtBK�iBQMX A7 MQ`K�Hb �`2 MQi �p�BH�#H2- i?2v +�M #2 2biBK�i2/ #27Q`2?�M/
mbBM; HQ+�H TH�M2 }iiBM;X h?2 b?`BMFBM; #�HH �H;Q`Bi?K Bb #�b2/ QM i?2 �bbmKTiBQM
i?�i i?2 +2Mi`2 Q7 i?2 K2/B�H #�HH +Q``2bTQM/BM; iQ � b�KTH2 TQBMi s Kmbi #2

k8
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6B;m`2 kXRj, hrQ /Bz2`2Mi �TT`Q�+?2b iQ `2+QMbi`m+i � bm`7�+2 J�h BM i?2 K2i?Q/
Q7 C�H#� 2i �HX (kyRk)X G27i, .2H�mM�v `2+QMbi`m+iBQM- `B;?i,
`2+QMbi`m+iBQM #�b2/ QM +Hmbi2`BM; Q7 b?22ib U`2M/2`2/ BM /Bz2`2Mi
+QHQm`bVX

TQbBiBQM2/ bQK2r?2`2 �HQM; HBM2 i?`Qm;? i?2 MQ`K�H Q7 sX ai�`iBM; rBi? � H�`;2
#�HH B- B Bb Bi2`�iBp2Hv b?`mMF mMiBH Bi M2Bi?2` iQm+?2b MQ` +QMi�BMb �Mv Qi?2`
TQBMib i?�M s �M/ QMHv QM2 KQ`2 b�KTH2 TQBMiX .m`BM; i?Bb T`Q+2bb � E.@i`22 Bb
mb2/ �b �M 2{+B2Mi bT�iB�H BM/2tX � KQ`2 /2i�BH2/ /2b+`BTiBQM Q7 i?2 �H;Q`Bi?K
Bb ;Bp2M BM a2+iBQM jXRX

h?2 bBKTHB+Biv Q7 i?2 �H;Q`Bi?K K�F2b Bi p2`v 2{+B2Mi �M/ b+�H�#H2X �++Q`/BM;
iQ h�;HB�b�++?B 2i �HX (kyRe) i?2 b?`BMFBM;@#�HH �H;Q`Bi?K Bb i?2 7�bi2bi J�h �T@
T`QtBK�iBQM K2i?Q/ +m``2MiHv �p�BH�#H2X *QKT�`2/ iQ i?2 TQr2` b?�T2 K2i?Q/
Q7 �K2Mi� �M/ EQHHm`B (kyyR)- Bi Bb #2ir22M k �M/ R8 iBK2b 7�bi2`- �M/ �M �//B@
iBQM�H bT22/ mT Q7 8 iQ Ry iBK2b Bb ;�BM2/ r?2M mbBM; � :Sl BKTH2K2Mi�iBQM (J�
2i �HX- kyRk)X (C�H#� 2i �HX- kyRk) ;�BM2/ �MQi?2` Q`/2` Q7 K�;MBim/2 BM +QKTmi�@
iBQM iBK2 #v b�+`B}+BM; bQK2 /2;`22 Q7 [m�HBiv #v mbBM; �M �TT`QtBK�i2 E.@i`22
`�i?2` i?�M �M 2t�+i QM2X

ai`m+im`�iBQM h?2 K�BM HBKBi�iBQM Q7 i?2 #�HH@b?`BMFBM; �H;Q`Bi?K Bb i?�i Bi
QmiTmib QMHv �M mMbi`m+im`2/ b2i Q7 K2/B�H �iQKb- BX2X i?2 K2/B�H b?22i bm`7�+2b
�`2 MQi 2tTHB+BiHv `2+QMbi`m+i2/X ai`m+im`�iBQM Bb i?2 T`Q+2bb Q7 Qp2`+QKBM; i?Bb
HBKBi�iBQM #v +QMbi`m+iBM; i?2 b?22i bm`7�+2b- 2X;X �b � i`B�M;mH�` K2b?- 7`QK
r?B+? 2tTHB+Bi bi`m+im`�H BM7Q`K�iBQM �#Qmi i?2 ?B2`�`+?v Q7 i?2 J�h +�M #2
Q#i�BM2/ (.2H�K2 2i �HX- kyRe)X

A7 i?2 BMTmi b?�T2 Bb �p�BH�#H2 �b � K2b?- bi`m+im`�iBQM +�M #2 �+?B2p2/ #v +QH@
H�TbBM; i?2 bm`7�+2 K2b? iQ i?2 K2/B�H �iQKb �HQM; i?2 bTQF2 p2+iQ`b (C�H#�
2i �HX- kyRk)X >Qr2p2`- i?Bb `2bmHib BM � TQHv;QMb bQmT Q7 i`B�M;H2b- r?B+? +�MMQi
#2 /B`2+iHv mb2/ 7Q` �M�HvbBb Q` T`Q+2bbBM; QT2`�iBQMb #2bB/2b pBbm�HBb�iBQM (.2@
H�K2 2i �HX- kyRe)X Pi?2` K2i?Q/b /Q MQi `2[mB`2 � bm`7�+2 K2b?- �M/ rQ`F bQH2Hv
rBi? i?2 K2/B�H �iQKbX h?2b2 �`2 ivTB+�HHv ;2M2`B+ TQBMi +HQm/ `2+QMbi`m+iBQM
�H;Q`Bi?Kb- bm+? �b i?2 #�HH TBpQiBM; �H;Q`Bi?K ("2`M�`/BMB 2i �HX- RNNN) �b mb2/

ke
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#v (C�H#� 2i �HX- kyRk)X >Qr2p2`- �HbQ rBi? bm+? K2i?Q/b i?2`2 Bb MQ ;m�`�M@
i22 i?�i � iQTQHQ;B+�HHv �++m`�i2 K2/B�H K2b? Bb Q#i�BM2/ (.2H�K2 2i �HX- kyRe)X
Embi`� 2i �HX (kyR9) ?�p2 T`QTQb2/ � bm`7�+2 `2+QMbi`m+iBQM K2i?Q/ i?�i Bb /2@
bB;M2/ bT2+B}+�HHv 7Q` 2ti`�+iBM; +QKTH2t K�MB7QH/b rBi? BMi2`b2+iBM; bm`7�+2bX
h?2v b?Qr Bi rQ`Fb r2HH QM p2`v /2Mb2 J�h �TT`QtBK�iBQMb +QKTmi2/ #v i?2
#�HH@b?`BMFBM; �H;Q`Bi?KX

*QKT�`BbQM Q7 j. J�h �TT`QtBK�iBQM K2i?Q/b

hQ bmKK�`Bb2- A rBHH MQr HBbi i?2 K�BM +?�`�+i2`BbiB+b Q7 i?2 i?`22 +�i2;Q`B2b Q7
J�h �TT`QtBK�iBQM K2i?Q/bX

6Q` oQ`QMQB@#�b2/ K2i?Q/b,

Ç �TT`QtBK�i2b �HbQ i?2 bi`m+im`2 Q7 i?2 J�hc

Ç S`Qp2M iQ +QMp2`;2M+2 iQ i?2 i?2Q`2iB+�H J�hc

Ç *QKTmi�iBQM Q7 i?2 o. K�v bmz2` 7`QK MmK2`B+�H /2;2M2`�+B2bc

Ç S`2b2M+2 Q7 bHBp2`bc

Ç JQbi +QKTH2t BKTH2K2Mi�iBQM �M/ /B{+mHi iQ T�`�HH2HBb2 UMQ FMQrM T�`@
�HH2HBb2/ p�`B�MibVX

6Q` i?2 pQt2H@#�b2/ K2i?Q/b,

Ç >B;?Hv T�`�HH2HBb2/ +QKTmi�iBQM TQbbB#H2c

Ç :`B//2/ +QQ`/BM�i2b H2�/ iQ �M QmiTmi i?�i Bb MQi `Qi�iBQM BMp�`B�Mi �M/
?�b bm#@QTiBK�H +2Mi`2/M2bbc

Ç aHQr +QKTmi�iBQM 7Q` H�`;2 BMTmib- r?2M +QKT�`2/ iQ i?2 Qi?2` �TT`Q�+?2bc

Ç o2`v ?B;? K2KQ`v `2[mB`2K2Mib 7Q` H�`;2 BMTmibX

6Q` i?2 #�HH@b?`BMFBM; K2i?Q/b,

Ç 6�bi2bi �M/ ?B;?Hv T�`�HH2HBb�#H2 +QKTmi�iBQMc

Ç aBKTH2 �H;Q`Bi?K �M/ i?mb bBKTH2 iQ BKTH2K2Mic

Ç GQr2` K2KQ`v `2[mB`2K2Mib i?�M oQ`QMQB K2i?Q/b (J� 2i �HX- kyRk)c

Ç ai`m+im`2 Q7 i?2 J�h Bb MQi +QKTmi2/c

Ç _2[mB`2b BM �/p�M+2 i?2 �TT`QtBK�iBQM Q7 TQBMi MQ`K�HbX
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kXjXk _2;mH�`Bb�iBQM �M/ T`mMBM;

h�;HB�b�++?B 2i �HX (kyRe) `2K�`F i?�i pB`im�HHv �HH J�h T�T2`b K2MiBQM i?2
J�hǶb BMbi�#BHBiv- BX2X Bib b2MbBiBpBiv iQ bK�HH b?�T2 +?�M;2b- �b i?2 F2v +?�HH2M;2
BM +QKTmiBM; � mb�#H2 J�hX J2�bm`2b iQ T`2p2Mi i?2 Q++m``2M+2 Q7 mMbi�#H2
K2/B�H �iQKb +�M #2 i�F2M #27Q`2- /m`BM; Q` �7i2` i?2 J�h �TT`QtBK�iBQMX
6Q` BMbi�M+2- bQK2 `2b2�`+?2` bKQQi?2M Q` bBKTHB7v i?2 BMTmi bm`7�+2 T`BQ` iQ
J�h �TT`QtBK�iBQM Ub22 2X;X .2v �M/ w?�Q (kyy9)VX >Qr2p2`- #v 7�` KQbi
K2i?Q/b �BK iQ `2KQp2 mMbi�#H2 K2/B�H �iQKb �7i2` i?2 J�h �TT`QtBK�iBQMX
h?2b2 bQ@+�HH2/ `2;mH�`Bb�iBQM Q` T`mMBM; K2i?Q/b mbm�HHv rQ`F #v +QKTmiBM;
�M BKTQ`i�M+2 K2�bm`2 7Q` 2�+? K2/B�H �iQK- 7QHHQr2/ #v � i?`2b?QH/BM; bi2T
BM r?B+? mMbi�#H2 T�`ib Q7 i?2 J�h �`2 }Hi2`2/ Qmi Q` bBKTHB}2/X LQiB+2 i?�i-
r?BH2 i?2 T`BK�`v Q#D2+iBp2 Bb Q7i2M iQ `2KQp2 bTm`BQmb Q` MQBbv T�`ib Q7 i?2
J�h i?�i Qp2`Hv +QKTHB+�i2 Bib bi`m+im`2- T`mMBM; K2i?Q/b +�M Q7i2M �HbQ #2
mb2/ iQ bBKTHB7v i?2 J�h 2p2M 7m`i?2` rBi? i?2 ;Q�H Q7 ;2M2`�HBbBM; i?2 BMTmi
b?�T2 Ub22 6B;m`2 kXR9VX

6B;m`2 kXR9, aBKTHB7vBM; i?2 J�h U};m`2 7`QK h�K �M/ >2B/`B+? (kyyj)VX

6QHHQrBM; Bb �M Qp2`pB2r Q7 T`QKBM2Mi j. T`mMBM; K2i?Q/bX

�iQK #�b2/ T`mMBM; K2i?Q/b �`2 i?2 KQbi +QKKQMX h?2v mbm�HHv /2}M2 �M
BKTQ`i�M+2 K2�bm`2 7Q` 2�+? K2/B�H �iQK BM i?2 J�h �M/ }Hi2` K2/B�H
�iQKb #v i?`2b?QH/BM; i?2 BKTQ`i�M+2 K2�bm`2X h?2 `2bmHiBM; UT`mM2/V
J�h Bb mbm�HHv � bm#b2i Q7 i?2 Q`B;BM�H J�hX aQK2 K2i?Q/b T`2b2`p2
iQTQHQ;v- Qi?2`b /Q MQi Q` QMHv mT iQ � +2`i�BM H2p2HX h?2 K�BM +?�HH2M;2
Bb Q7i2M b2H2+iBM; i?2 QTiBK�H i?`2b?QH/ p�Hm2- r?B+? Q7i2M im`Mb Qmi iQ #2
� K�Mm�H T`Q+2bbX

Ç λ@J�h- r?2`2 λ Bb i?2 b?Q`i2bi /Bbi�M+2 #2ir22M i?2 b2i Q7 #QmM/�`v
TQBMib i?�i +Q``2bTQM/ iQ i?2 b�K2 TQBMi QM i?2 J�h (*?�x�H �M/
GB2miB2`- kyy8) Ub22 6B;m`2 kXR8�VX �HH TQBMib QM i?2 J�h 7Q` r?B+?
i?Bb /Bbi�M+2 Bb ?B;?2` i?�M λ +QMi`B#mi2 iQ i?2 λ@J�hX hQTQHQ;v Bb
T`2b2`p2/ mMiBH i?2 bQ@+�HH2/ r2�F2bi 72�im`2 bBx2 Bb `2�+?2/, i?2 H�`;2bi
λ 7Q` r?B+? i?2 UBMM2`V J�h 7Q` � bBM;H2 Q#D2+i Bb biBHH +QKTH2i2Hv
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p1

p2

m

�

U�V λ@J�hX

✓

p1

p2

m

U#V θ@J�h

p1

p2

m

�

U+V "QmM/�`v TQi2MiB�HX

6B;m`2 kXR8, *QKKQM T`mMBM; K2�bm`2b 7`QK HBi2`�im`2X h?2v �HH /2}M2 � K2i`B+
#�b2/ QM i?2 irQ #QmM/�`v TQBMib p1 �M/ p2 i?�i +Q``2bTQM/ iQ i?2
b�K2 K2/B�H �tBb TQBMi mX

+QMM2+i2/ U+QKT�`2 6B;m`2b kXRk+ �M/ kXRk2VX h?2 λ@J�h ?�b T`Qp2M
T�`iB+mH�`Hv TQTmH�` BM �TT`QtBK�iBQM K2i?Q/b i?�i �`2 #�b2/ QM i?2
+QMiBMmQmb /Bbi�M+2 i`�Mb7Q`K (*?�mbb�`/ 2i �HX- kyRRc >2bb2HBMF 2i �HX-
kyy8)X

Ç θ@J�h- r?2`2 θ- Q` i?2 b2T�`�iBQM �M;H2- Bb i?2 �M;H2 #2ir22M irQ
#QmM/�`v TQBMib i?�i +Q``2bTQM/ iQ i?2 b�K2 TQBMi QM i?2 J�h Ub22
6B;m`2 kXR8#VX AM +�b2 Q7 KQ`2 i?�M irQ +Q``2bTQM/BM; #QmM/�`v
TQBMib- i?2 QM2b i?�i `2bmHi BM i?2 H�`;2bi �M;H2 �`2 +?Qb2MX h?2 H�`;2`
i?2 b2T�`�iBQM �M;H2 Q7 � ;Bp2M TQBMi QM i?2 J�h- i?2 KQ`2 bi�#H2 i?�i
TQBMi Bb +QMbB/2`2/ iQ #2X Ai Bb ;2M2`�HHv MQi +QMbB/2`2/ iQ #2 iQTQH@
Q;v T`2b2`pBM;X "mi Bi ?�b #22M mb2/ #v K�Mv `2b2�`+?2`b (�K2Mi�
�M/ EQHHm`B- kyyRc �ii�HB �M/ G�+?�m/- kyyRc �ii�HB �M/ JQMi�Mp2`i-
RNNec 6QbF2v 2i �HX- kyyj)X aQK2iBK2b Bi Bb mb2/ iQ;2i?2` rBi? Qi?2`
+`Bi2`B� (.2v �M/ w?�Q- kyy9)- Q` 2p2M BM +QK#BM�iBQM rBi? iQTQHQ;v@
T`2b2`pBM; +QMbi`�BMib (am/ 2i �HX- kyyd)X

Ç h?2 b+�H2 �tBb i`�Mb7Q`K r�b BMi`Q/m+2/ #v :B2b2M 2i �HX (kyyN)- �M/
i?2M BKTH2K2Mi2/ #v (JBFHQb 2i �HX- kyRy)X Ai Bb /Bz2`2Mi 7`QK Qi?2`
+QMiBMmQmb T`mMBM; K2i?Q/b #2+�mb2 Bi +�M `2bmHi BM � bmT2`b2i Q7 i?2
Q`B;BM�H J�h- r?2`2 i?2 Qi?2` K2i?Q/b �Hr�vb `2bmHi BM � bm#b2iX
h?2 B/2� Bb iQ RV b+�H2 i?2 `�/BB Q7 i?2 K2/B�H #�HHb Q7 �M BMBiB�H J�h
rBi? � 7�+iQ` s > 1- kV `2+QKTmi2 i?2 J�h Q7 i?2 mMBQM Q7 b+�H2/
K2/B�H #�HHb- �M/ jV `2@b+�H2 i?2 M2r K2/B�H #�HHb rBi? � 7�+iQ` Q7 1/sX
h?2 `2bmHiBM; J�h ?�b � bBKTHB}2/ b?�T2- #2+�mb2 K�Mv `2H�iBp2Hv
bK�HH K2/B�H #�HHb rBHH ?�p2 /Bb�TT2�`2/ BM i?2 b2+QM/ bi2TX q?2M
+QKT�`BM; i?Bb K2i?Q/ iQ i?2 θ@J�h- JBFHQb 2i �HX (kyRy) �`;m2 i?�i
Bi rQ`Fb BM � KQ`2 ;HQ#�H 7�b?BQM U#2+�mb2 K2/B�H #�HHb +�M /Bb�TT2�`
/m2 iQ � K2`;BM; rBi? `2H�iBp2Hv 7�` #mi bB;MB}+�MiHv H�`;2 #�HHbV �M/
Bb i?2`27Q`2 Q7 � ?B;?2` [m�HBivX hQTQHQ;v Bb T`2b2`p2/ mT iQ � +2`i�BM
p�Hm2 Q7 s- r?2`2 �7i2` i?2 iQTQHQ;v KB;?i +?�M;2 /m2 iQ i?2 +HQbBM; Q7
?QH2bX h?2 `2bmHiBM; Q#D2+i K�v i?mb ?�p2 � /Bz2`2Mi ;2MmbX >Qr2p2`-
i?Bb T`Q#H2K Bb }t2/ BM i?2 rQ`F #v 6�`�D 2i �HX (kyRj)- r?B+? BKT`Qp2b

kN



k "�+F;`QmM/ Q7 i?2 J2/B�H �tBb h`�Mb7Q`K

U�V "27Q`2 T`mMBM; U#V �7i2` T`mMBM;X

6B;m`2 kXRe, lbBM; i?2 T�`i@#�b2/ T`mMBM; K2i?Q/ Q7 h�K �M/ >2B/`B+? (kyyj)-
72�im`2b +�M #2 b2H2+iBp2Hv `2KQp2/ 7`QK � KQ/2HX

�M/ 2ti2M/b i?2 b+�H2 �tBb i`�Mb7Q`KX h?2v mb2 � T`Q;`2bbBp2 }Hi`�iBQM
i2+?MB[m2 iQ +QKTmi2 i?2 bBKTHB}2/ J�h 7Q` �HH b+�H2b �i QM+2 r?B+?
2M�#H2b `2�H@iBK2 2tTHQ`BM; 7Q` i?2 2z2+ib Q7 /Bz2`2Mi b+�H2@i?`2b?QH/X

Ç h?2 #QmM/�`v TQi2MiB�H Q7 � TQBMi QM M(O) Bb /2}M2/ �b i?2 b?Q`i2bi
/Bbi�M+2 #2ir22M irQ +Q``2bTQM/BM; #QmM/�`v TQBMib Qp2` i?2 bm`7�+2
Q7 O Ub22 6B;m`2 kXR8+VX Ai r�b Q`B;BM�HHv BMi`Q/m+2/ BM i?2 k. +�b2
#v P;MB2rB+x �M/ AH; (RNNk) �M/ � bBKBH�` +QM+2Ti r�b mb2/ #v J�imF
2i �HX (kyye)X .2v �M/ amM (kyye#) /2}M2 2bb2MiB�HHv i?2 b�K2 i?BM;-
#mi +�HH Bi i?2 K2/B�H ;2Q/2bB+ 7mM+iBQM- �M/ mb2b Bi iQ +QKTmi2 i?2
+m`p2 bF2H2iQM, � iQTQHQ;v 2[mBp�H2Mi bm#b2i Q7 i?2 J�h i?�i ?�b
MQ �`2�X C�H#� 2i �HX (kyRk) T`QpB/2 �M 2{+B2Mi BKTH2K2Mi�iBQM �M/
�`;m2 i?�i Bi Bb � ;QQ/ K2�bm`2 #2+�mb2 Bi i�F2b BMiQ �++QmMi i?2 ;HQ#�H
b?�T2 Q7 �M Q#D2+iX

a?22i #�b2/ T`mMBM; K2�Mb i?�i i?2 J�h Bb `2/m+2/ #�b2/ QM i?2 b2H2+iBp2
`2KQp�H Q7 2MiB`2 J�h@b?22ib- mbm�HHv r?BH2 T`2b2`pBM; iQTQHQ;vX

Ç h�K �M/ >2B/`B+? (kyyj) BMi`Q/m+2 � i?`22@bi2T �TT`Q�+?, RV /2+QK@
TQbBM; i?2 J�h BMiQ T�`ib Ui?2 J�h b?22ib �`2 +mi r?2`2 i?2v K22iV-
kV �bbB;MBM; � bB;MB}+�M+2 p�Hm2 iQ i?2 T�`ib #�b2/ QM �V i?2 MmK#2`
Q7 i`B�M;H2b BM i?2 T�`i- Q` #V i?2 pQHmK2 i?�i rQmH/ #2 `2KQp2/ 7`QK
i?2 BMTmi Q#D2+i �b � `2bmHi Q7 T`mMBM; i?2 T�`i- �M/ jV T2`7Q`KBM;
�M Q`/2`2/ T`mMBM; T`Q+2bb i?�i `2KQp2b �HH T�`ib rBi? bB;MB}+�M+2
p�Hm2b rBi?BM � bT2+B}2/ `�M;2 i?�i /Q MQi �Hi2` i?2 iQTQHQ;v Q7 i?2
J�hX h?2 Q`/2` Bb bm+? i?�i Qmi2` T�`ib �`2 `2KQp2/ }`biX h?2 MmK@
#2` Q7 Bi2`�iBQMb /2T2M/b QM i?2 `2[mB`2/ H2p2H Q7 bBKTHB}+�iBQMX h�K
�M/ >2B/`B+? (kyyj) bT2+B}+�HHv K2MiBQM i?�i i?2B` �BK Bb iQ T2`7Q`K

jy



kXj �H;Q`Bi?Kb �M/ K2i?Q/b 7Q` i?2 J�h BM T`�+iB+2

72�im`2@#�b2/ T`mMBM;- BX2X iQ `2KQp2 bT2+B}+ T�`ib Q7 � KQ/2H �b
/2KQMbi`�i2/ BM 6B;m`2 kXReX

Ç am/ 2i �HX (kyyd) bBKBH�`Hv /2+QKTQb2 i?2 J�h BMiQ T�`ib �M/ Bi2`@
�iBp2Hv `2KQp2 b?22ib Ubi�`iBM; rBi? i?2 Qmi2` QM2bV- #mi BM +QMi`�bi
iQ h�K �M/ >2B/`B+? (kyyj)- i?2v �bbB;M � bB;MB}+�M+2 p�Hm2 #�b2/
QM i?2 ?B;?2bi b2T�`�iBQM �M;H2 U�b /2}M2/ 2�`HB2`V BM � b?22iX h?2B`
T`BK�`v `2�bQM iQ mb2 T�`i@#�b2/ T`mMBM; Bb i?�i Bi T`2b2`p2b iQTQHQ;v
�M/ i?2B` Q#D2+iBp2 Bb iQ B/2MiB7v � bi�#H2 J�hX

1/;2@+QHH�Tb2 #�b2/ T`mMBM; K2i?Q/b bBKTHB7v i?2 J�h bi`m+im`2 #v +QHH�TbBM;
2/;2bX 1pB/2MiHv � bi`m+im`2/ J�h Bb `2[mB`2/ 7Q` i?2b2 K2i?Q/b- 2X;X �b
Q#i�BM2/ #v oQ`QMQB #�b2/ �TT`QtBK�iBQM K2i?Q/bX

Ç amM 2i �HX (kyRj) BMi`Q/m+2 � J�h@#�b2/ pQHmK2 `2T`2b2Mi�iBQM +�HH2/
i?2 K2/B�H K2b?X �M Q#D2+i +�M #2 `2+QMbi`m+i2/ 7`QK i?2 K2/B�H
K2b? #v #mz2`BM; Bib 7�+2b �M/ 2/;2b r?BH2 +QMbB/2`BM; i?2 K2/B�H
#�HH `�/BB �i i?2 K2/B�H p2`iB+2b BM i?2 K2/B�H K2b?X �M BMBiB�H K2b?
Bb +QKTmi2/ mbBM; � oQ`QMQB@#�b2/ J�h �TT`QtBK�iBQM K2i?Q/b �M/
i?2M bBKTHB}2/ #v +QHH�TbBM; 2/;2bX h?2 2/;2 +QHH�Tb2b �`2 /`Bp2M
#v � ;HQ#�H 2``Q` #2ir22M i?2 Q`B;BM�H BMTmi bm`7�+2 K2b? �M/ i?2
`2+QMbi`m+iBQM Q7 i?2 bBKTHB}2/ K2/B�H K2b?X h?2 2``Q` K2i`B+ Q7
amM 2i �HX (kyRj) Bb #�b2/ QM i?2 QM2@bB/2/ >�mb/Q`z /Bbi�M+2 �M/
2/;2b �`2 +QHH�Tb2 BM Q`/2` Q7 BM+`2�bBM; 2``Q` mMiBH �M �++2Ti2/ H2p2H
Q7 bBKTHB}+�iBQM Bb `2�+?2/X GB 2i �HX (kyR8) T`QTQb2 � p2`v bBKBH�`
�TT`Q�+?- #mi i?2v mb2 i?2 [m�/`B+ 2``Q` K2i`B+ěQ`B;BM�HHv BMi`Q/m+2/
#v :�`H�M/ �M/ >2+F#2`i (RNNd) 7Q` K2b? bBKTHB}+�iBQMě2ti2M/2/
rBi? � i2`K i?�i [m�MiB}2b i?2 HBF2HB?QQ/ i?�i �M 2/;2 Bb bTm`BQmb BM
i?2 J�hX h?2 �/p�Mi�;2 Qp2` amM 2i �HX (kyRj) Bb i?�i i?Bb �HHQrb 7Q`
QTiBK�H p2`i2t TH�+2K2Mi �7i2` +QHH�TbBM; �M 2/;2X

�M BMi2`2biBM; QmiHB2` iQ ?Qr KQbi J�h@`2H�i2/ MQBb2 ?�M/HBM; K2i?Q/b rQ`F Bb
i?2 rQ`F Q7 "2`;2` �M/ aBHp� (kyRk)X h?2v BMi`Q/m+2 i?2 bQ@+�HH2/ K2/B�H F2`M2H
7Q` bm`7�+2 TQBMib- � bBKBH�`Biv K2�bm`2 /2}M2/ �b i?2 HBF2HB?QQ/ i?�i irQ bm`7�+2
TQBMi #2HQM; iQ � +QKKQM K2/B�H #�HHX q?BH2 i?2B` K2i?Q/ /Q2b MQi 2tTHB+BiHv
+QKTmi2 i?2 J�h Bib2H7- Bi Bb /2bB;M2/ bT2+B}+�HHv 7Q` MQBbv �M/ BM+QKTH2i2
TQBMi +HQm/bX h?2 K�BM /Bz2`2M+2 rBi? +H�bbB+�H T`mMBM; K2i?Q/b Bb i?�i i?2v
+�`27mHHv +QMbB/2` i?2 /272+ib BM i?2 bm`7�+2 TQBMi +HQm/ /m`BM; i?2 ;2M2`�iBQM Q7
K2/B�H #�HHb- r?2`2�b T`mMBM; K2i?Q/b �`2 �TTHB2/ QMHv �7i2` J�h ;2M2`�iBQMX
AM i?2B` K2i?Q/ i?2v ;2M2`�i2 � +�M/B/�i2 #�HH 7Q` 2�+? T�B` Q7 bm`7�+2 TQBMib
�M/ [m�MiB7v i?2 HBF2HB?QQ/ Bi Bb � K2/B�H #�HH #�b2/ QM i?2 2KTiBM2bb Q7 i?2
+�M/B/�i2 #�HH �M/ Bib i�M;2MiB�HBivěBX2X ?Qr r2HH T`2@+QKTmi2/ bm`7�+2 TQBMi
MQ`K�Hb �HB;M rBi? i?2 HQ+�H K2/B�H ;2QK2i`vX lM7Q`imM�i2Hv- i?Bb K2i?Q/ ?�b
[m�/`�iB+ iBK2 +QKTH2tBivX
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k "�+F;`QmM/ Q7 i?2 J2/B�H �tBb h`�Mb7Q`K

hQ +QM+Hm/2- i?2 /2b+`B#2/ T`mMBM; K2i?Q/b �`2 KQbiHv �TTHB2/ iQ � J�h i?�i
r�b /2`Bp2/ 7`QK 7�B`Hv /2Mb2 �M/ ?B;? [m�HBiv bm`7�+2 K2b?2b Q` TQBMi +HQm/bě
r?2M +QKT�`2/ iQ ivTB+�H ;2Q;`�T?B+�H TQBMi +HQm/bX 6Q` i?2b2 BMTmib- 2tBbiBM;
T`mMBM; K2i?Q/b +�M #2 +QMbB/2`2/ iQ #2 2z2+iBp2 rBi? i?2 K�BM +�p2�i i?�i
T`mMBM; Bb Q7i2M � i`�/2@Qz #2ir22M `Q#mbiM2bb iQ MQBb2 �M/ i?2 iQTQHQ;B+�H
�M/ ;2QK2i`B+ }/2HBiv Q7 i?2 T`mM2/ J�h r?2M +QKT�`2/ iQ i?2 Q`B;BM�H BMTmi
b?�T2X

kX9 amKK�`v

h?Bb +?�Ti2` BMi`Q/m+2/ i?2 J�h �M/ `2pB2r2/ K2i?Q/ �M/ �H;Q`Bi?Kb 7`QK
HBi2`�im`2X A 2tTH�BM2/ ?Qr i?2 J�h Bb /2}M2/ BM `2H�iBQM iQ i?2 +QMp2MiBQM�H
#QmM/�`v `2T`2b2Mi�iBQM- i?�i Bi Bb � MQM@K�MB7QH/ bi`m+im`2 K�/2 Qmi Q7 bQ@
+�HH2/ K2/B�H b?22ib i?�i �`2 BM im`M K�/2 Qmi Q7 K2/B�H �iQKb i?�i +�M #2
/2b+`B#2/ #v i?2B` HQ+�H K2/B�H ;2QK2i`vX h?2M A `2pB2r2/ 2tBbiBM; �H;Q`Bi?Kb
iQ +QKTmi2 iQ �TT`QtBK�i2 i?2 J�h- ;Bp2M � #QmM/�`v bm`7�+2 Q` TQBMi +HQm/-
�M/ p�`BQmb r�vb iQ T`mM2 i?2 J�hX A B/2MiB}2/ i?2 #�HH@b?`BMFBM; �H;Q`Bi?K #v
J� 2i �HX (kyRk) �b i?2 KQbi T`QKBbBM; 7Q` ;2Q;`�T?B+�H TQBMi +HQm/bX
AM i?2 M2ti +?�Ti2` A 2tTH�BM ?Qr A ?�p2 KQ/B}2/ i?2 #�HH@b?`BMFBM; �H;Q`Bi?K
iQ #2 `Q#mbi iQ i?2 FBM/ Q7 MQBb2 i?�i Bb ivTB+�H 7Q` ;2Q;`�T?B+�H TQBMi +HQm/bX

jk



j h?2 mMbi`m+im`2/ J�h

AM �M B/2�H rQ`H/ r2 rQmH/ ?�p2 +QKTH2i2 �++2bb iQ i?2 J�h Q7 � ;2Q;`�T?B+�H
/�i� KQ/2H BM+Hm/BM; �HH Q7 Bib T`QT2`iB2b �b /2b+`B#2/ BM *?�Ti2` kX "mi- Qm`
rQ`H/ Bb MQi �M B/2�H QM2X h?2 +Q`2 +QMi`B#miBQM Q7 i?Bb i?2bBb Bb i?�i A b?Qr
i?�i i?2 J�h +�M #2 +QKTmi2/ `Q#mbiHv 7Q` �2`B�H TQBMi +HQm/b BM � 7Q`K i?�i
Bb T`�+iB+�HHv mb27mH 2p2M BM Qm` MQM@B/2�H `2�HBivX AM i?2 +QKBM; irQ +?�Ti2`b
A 2tTH�BM i?2 +?�HH2M;2b BM +QKTmiBM; i?2 J�h 7Q` `2�H@rQ`H/ /�i�b2ib- ?Qr iQ
K22i i?2K- �M/ r?�i �`2 i?2 `2bmHiBM; BKTHB+�iBQMb QM i?2 mb27mHM2bb Q7 i?2
`2bmHiBM; J�h `2T`2b2Mi�iBQMX

h?2 }`bi +?�HH2M;2 i?�i r2 2M+QmMi2` Bb i?�iě2p2M �bbmKBM; � T2`72+i `2T`2@
b2Mi�iBQM Q7 i?2 bm`7�+2ěi?2`2 �`2 MQ �H;Q`Bi?Kb iQ +QKTmi2 i?2 J�h 2t�+iHv
7Q` �HH b?�T2b (�ii�HB 2i �HX- kyyN)X �M/ �Hi?Qm;? i?2`2 Bb � bm#b2i Q7 b?�T2b 7Q`
r?B+? r2 +�M +QKTmi2 Bi 2t�+iHv- i?2 +QKTmi�iBQM�H +Qbi Q7 i?2b2 �H;Q`Bi?Kb
Bb bQ ?B;? i?�i i?2v �`2 MQi T`�+iB+�H (�ii�HB 2i �HX- kyyNc "B�bQiiB 2i �HX- kyy3)X
�b � `2bmHi r2 Kmbi rQ`F rBi? �H;Q`Bi?Kb i?�i K2`2Hv �TT`QtBK�i2 i?2 J�h-
r?B+? Q7 +Qm`b2 BKTHB2b i?�i r2 +QKT`QKBb2 � #Bi QM i?2 /Bz2`2Mi J�h +?�`�+@
i2`BbiB+b UKQbi MQi�#Hv 7mHH T`2b2`p�iBQM Q7 BM7Q`K�iBQM BM +QKT�`BbQM iQ bm`7�+2
`2T`2b2Mi�iBQMV i?�i K�/2 i?2 J�h bQ +QKT2HHBM; BM i?2 }`bi TH�+2X

a2+QM/Hv- �b /2b+`B#2/ BM a2+iBQM RXR- �M �2`B�H TQBMi +HQm/ Bb �Hr�vb BM+QKTH2i2
�M/ BM�++m`�i2 iQ bQK2 /2;`22 �M/ 2p2M B7 r2 ?�/ �M �H;Q`Bi?K i?�i +QKTmi2b
i?2 J�h 2t�+iHv 7Q` �HH b?�T2b BM 72�bB#H2 iBK2- i?2 `2bmHi rQmH/ biBHH #2 /BbiQ`i2/
r?2M +QKT�`2/ iQ `2�HBivX

h?2 +QKTmi�iBQM Q7 i?2 J�h Q7 � ;2Q;`�T?B+�H /�i� KQ/2H i?mb `2[mB`2b �M
�TT`QtBK�iBQM �H;Q`Bi?K i?�i QM i?2 QM2 ?�M/ /Q2b MQi �bbmK2 � +QMiBMmQmb
�M/ r2HH b�KTH2/ bm`7�+2- �M/ QM i?2 Qi?2` ?�M/ Bb `Q#mbi iQ K2�bm`2K2Mi MQBb2-
bBM+2 i?2 J�h Bb MQi�#Hv mMbi�#H2 7Q` bK�HH /BbiQ`iBQMb BM i?2 bm`7�+2 ;2QK2i`v
U�b 2tTH�BM2/ BM *?�Ti2` kVX h?Bb Bb i?2 +Q`2 iQTB+ Q7 i?Bb +?�Ti2`X

6BM�HHv- 7Q` i?2 M2ti 72r +?�Ti2`b i?2 `2�/2` b?QmH/ #2 �r�`2 i?�i A #`2�F /QrM
i?2 J�h BMiQ �M mMbi`m+im`2/ T�`i Ui?Bb +?�Ti2`V �M/ � bi`m+im`2/ T�`i UM2ti
+?�Ti2`VX h?2 mMbi`m+im`2/ J�h U6B;m`2 jXRV +QM+2`Mb Bib ;2QK2i`v- BX2X i?2
+QKTH2i2 b2i Q7 K2/B�H �iQKb- r?2`2�b i?2 bi`m+im`2/ J�h +QM+2`Mb i?2 bm#@
/BpBbBQM Q7 i?2 J�h BMiQ K2/B�H b?22ib �M/ i?2 +QMM2+iBpBiv Q7 i?Qb2 b?22ibX
6m`i?2` /2i�BHb �M/ +QMbB/2`�iBQMb QM i?2 BKTH2K2Mi�iBQM Q7 i?2 J�h- bm+? �b
/�i� bi`m+im`2b �M/ b+�H�#BHBiv- �`2 ;Bp2M BM *?�Ti2` 8X

jj



j h?2 mMbi`m+im`2/ J�h

1. Surface
point cloud

2. Normal
approximation

3. MAT approximation
for both normal
orientations

4.Unstructured
MAT

6B;m`2 jXR, h?2 K�BM bi2Tb BM +QKTmiBM; i?2 mMbi`m+im`2/ J�h 7`QK � TQBMi +HQm/

jXR h?2 #�HH@b?`BMFBM; �H;Q`Bi?K

Pmi Q7 �HH i?2 FMQrM J�h �TT`QtBK�iBQM �H;Q`Bi?Kb i?�i A ?�p2 /2b+`B#2/
BM *?�Ti2` k- A #2HB2p2 i?2 #�HH@b?`BMFBM; �H;Q`Bi?K 7`QK J� 2i �HX (kyRk) Bb
KQbi bmBi�#H2 7Q` i?2 ;2Q;`�T?B+�H +�b2 #2+�mb2 Bi Bb URV TQBMi@#�b2/- UkV bBKTH2-
UjV 7�bi- �M/ U9V b+�H�#H2X aBM+2 KQ/2`M ;2Q;`�T?B+�H /�i� KQ/2Hb �`2 ivTB+�HHv
�+[mB`2/ �b TQBMi +HQm/b Bi Bb T`272``2/ iQ ?�p2 K2i?Q/b i?�i rQ`F /B`2+iHv rBi?
TQBMibX h?Bb �pQB/b +QbiHv +QMp2`bBQMb iQ HBKBiBM; HQr2`@/BK2MbBQM�H Q` bBKTHv
H2bb �++m`�i2 `2T`2b2Mi�iBQMbX PM2 KB;?i 2p2M b�v Bi Bb i?2 QMHv r�v i?�i i�F2b
7mHH �/p�Mi�;2 Q7 i?2 r2�Hi? Q7 BM7Q`K�iBQM i?�i Bb +QMi�BM2/ BM � TQBMi +HQm/X
�T�`i 7`QK TQBMi@#�b2/- i?2 #�HH@b?`BMFBM; �H;Q`Bi?K Bb �HbQ +QM+2Tim�HHv bBKTH2X
qBi? i?Bb A MQi QMHv K2�M i?�i Bi Bb BMimBiBp2 �M/ 2�bv iQ mM/2`bi�M/ �M/ i?�i Bi
+�M #2 BKTH2K2Mi2/ BM � /Qx2M HBM2b Q7 +Q/2- Bi �HbQ K2�Mb Bi /Q2b MQi bmz2` 7`QK
MmK2`B+�H `Q#mbiM2bb Bbbm2b �b i`B�M;mH�iBQM �H;Q`Bi?Kb /QX 6m`i?2`KQ`2 #2+�mb2
Q7 Bib bBKTHB+Biv Bi Bb �HbQ 2�bv iQ 2ti2M/ �M/ �/�Ti i?2 K2i?Q/X A /2KQMbi`�i2
i?�i BM a2+iBQM jXjX

h?2 #�HH@b?`BMFBM; �H;Q`Bi?K r�b /2bB;M2/ QM i?2 #�bBb Q7 i?`22 BKTQ`i�Mi Q#@
b2`p�iBQMb �#Qmi i?2 J�h,

RX 2p2`v K2/B�H #�HH iQm+?2b i?2 bm`7�+2 BM �i H2�bi irQ 72�im`2 TQBMib-

kX r?2`2p2` � K2/B�H #�HH iQm+?2b i?2 bm`7�+2 Bi Bb i�M;2Mi iQ Bi- �M/

jX 2p2`v K2/B�H #�HH Bb 2KTiv- BX2X i?2`2 �`2 MQ bm`7�+2 TQBMib QM Bib BMi2`BQ`X

6`QK i?2 b2+QM/ Q#b2`p�iBQM Bi BKK2/B�i2Hv 7QHHQrb i?�i i?2 MQ`K�H p2+iQ` n⃗ Q7
� 72�im`2 TQBMi p Kmbi #2 �HB;M2/ rBi? i?2 +2Mi`2 Q7 i?2 K2/B�H #�HH cX AM Qi?2`
rQ`/b- BM �//BiBQM iQ p- �HbQ c Kmbi HB2 QM i?2 HBM2 L i?`Qm;? n⃗X

q2 i?2M QMHv M22/ QM2 �//BiBQM�H TQBMi q �M/ r2 +�M +QMbi`m+i � #�HH i?�i
iQm+?2b p �M/ q �M/ Bb +2Mi`2/ QM LX A7 r2 MQr +QMbB/2` i?�i #Qi? p �M/ q

j9



jXR h?2 #�HH@b?`BMFBM; �H;Q`Bi?K

�H;Q`Bi?K R, h?2 2ti2M/2/ b?`BMF"�HH �H;Q`Bi?KX >B;?HB;?i2/ BM
v2HHQr �`2 i?2 /2MQBbBM; ?2m`BbiB+bX

AMTmi , � E.@i`22 Q7 i?2 bm`7�+2 TQBMi +HQm/ T -
� bm`7�+2 TQBMi p- �M/
BiǶb MQ`K�H p2+iQ` n⃗- �M/
7Q` /2MQBbBM; i?2 T�`�K2i2`b θ0 �M/ θ1

PmiTmi, i?2 K2/B�H #�HH +2Mi`2 c-
i?2 K2/B�H #�HH `�/Bmb r

R i← 0
k r ← rinit

j c← +QKTmi2*2Mi`2Up, n⃗, rV
9 `2T2�i
8 qnext ← M2�`2biL2B;?#Qm`UT, cV
e rnext ← +QKTmi2_�/BmbUp, n⃗,qnextV
d cnext ← +QKTmi2*2Mi`2Up, n⃗, rnextV
3 B7 rnext > r − ϵconv i?2M
N #`2�F

Ry 2Hb2 B7 i = 0 �M/ θ0 > ∠pcnextqnext i?2M
RR #`2�F
Rk 2Hb2 B7 i > 0 �M/ θ1 > ∠pcnextqnext i?2M
Rj #`2�F
R9 c← cnext

R8 r ← rnext

Re mMiBH � #`2�F bi�i2K2Mi Bb 2t2+mi2/

�`2 bm`7�+2 TQBMib- i?2M r2 QMHv M22/ iQ +?2+F B7 i?2 #�HH Bb 2KTiv BM Q`/2` iQ
/2i2`KBM2 B7 Bi Bb K2/B�HX A7 i?Bb Bb i?2 +�b2 i?2M r2 ?�p2 7QmM/ Qm`b2Hp2b � K2/B�H
#�HH rBi? i?2 72�im`2 TQBMib p �M/ qX

q2 �`2 i?mb i`vBM; iQ }M/ � K2/B�H #�HH 7`QK � ;Bp2M imTH2 p, n⃗X h?2 [m2biBQM
i?2`27Q`2 Bb, ?Qr /Q r2 b2H2+i �M �TT`QT`B�i2 q bQ i?�i i?2 i`BTH2i p, n⃗,q /2}M2b
� K2/B�H #�HH\ h?2 #�HH@b?`BMFBM; �H;Q`Bi?K Ub22 �H;Q`Bi?K RV /Q2b i?Bb mbBM;
� T`Q+2bb Q7 Bi2`�iBp2 #�HH b?`BMFBM;X �i 2�+? Bi2`�iBQM � M2r +�M/B/�i2 #�HH Bb
+QMbi`m+i2/ i?�i Bb bK�HH2` i?�M i?2 T`2pBQmb QM2 �M/ +HQb2` iQ i?2 }M�H K2/B�H
#�HHX 1p2`v #�HH Bb +QMbi`m+i2/ bQ i?�i Bi iQm+?2b p �M/ Bb +2Mi`2/ QM L- QMHv q
+?�M;2bX � M2r q- /2MQi2/ qnext- Bb 7QmM/ #v b2H2+iBM; i?2 +HQb2bi TQBMi 7`QK
i?2 +2Mi`2 c Q7 i?2 +m``2Mi #�HHX lbBM; p, n⃗,qnext r2 +�M +QKTmi2 i?2 +2Mi`2
Q7 i?2 M2ti #�HH cnext- �i r?B+? TQBMi r2 KQp2 QM iQ i?2 M2ti Bi2`�iBQMX h?2
�H;Q`Bi?K i2`KBM�i2b r?2M �M 2KTiv #�HH Bb 7QmM/X

h?2 #�HH@b?`BMFBM; �H;Q`Bi?K �Hr�vb +QMp2`;2b #2+�mb2 �i 2�+? Bi2`�iBQM qnext
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j h?2 mMbi`m+im`2/ J�h

�H;Q`Bi?K k, h?2 b?`BMF"�HHb �H;Q`Bi?K
AMTmi , �M Q`B2Mi2/ TQBMi +HQm/ Po

PmiTmi, �M BMi2`BQ` �M/ �M 2ti2`BQ` K2/B�H #�HH 7Q` 2�+? T ∈ Po

R T ← +QKTmi2E.h`22UPV
k 7Q`2�+? T, n⃗ ∈ Po /Q
j b?`BMF"�HHUT,p, n⃗V
9 b?`BMF"�HHUT,p,−n⃗V

rBHH #2 +HQb2` iQ c i?�M q- r?B+? K2�Mb i?2 M2r #�HH rBHH �Hr�vb }i BMbB/2 i?2
+m``2Mi QM2X AM Qi?2` rQ`/b, b?`BMF�;2 Bb ;m�`�Mi22/X 6BM�HHv �M 2KTiv #�HH
Kmbi Q++m` #2+�mb2 r2 QMHv ?�p2 � }MBi2 MmK#2` Q7 bm`7�+2 TQBMibX �++Q`/BM; iQ
J� 2i �HX (kyRk) �M/ Kv QrM i2bib- Bi ivTB+�HHv i�F2b H2bb i?�M Ry #�HHb #27Q`2 �M
2KTiv QM2 Bb 7QmM/- �M/ i?Bb 2KTiv #�HH Kmbi #2 K2/B�H #2+�mb2 Bi �HbQ iQm+?2b
i?2 bm`7�+2 �i irQ TQBMibX 6B;m`2 \\ b?Qrb �M 2t�KTH2 Q7 � b2`B2b Q7 #�HHb i?�i
Bb +QKTmi2/ 7Q` QM2 bm`7�+2 TQBMiX

LQiB+2 i?�i �H;Q`Bi?K R HBbib Kv QrM p�`B�Mi Q7 i?2 +Q`2 #�HH@b?`BMFBM; �H;Q`Bi?KX
h?2 K�BM /Bz2`2M+2 7`QK i?2 Q`B;BM�H Tb2m/Q +Q/2 #v J� 2i �HX (kyRk) Bb i?2
�//BiBQM Q7 /2MQBbBM; ?2m`BbiB+b UHBM2b Ry@RjVX A rBHH 7m`i?2` 2tTH�BM i?2b2 BM
a2+iBQM jXj- #mi MQiB+2 i?�i r?2M i?2b2 HBM2b �`2 QKBii2/ i?2 #2?�pBQm` Q7 i?2
Q`B;BM�H �H;Q`Bi?K Bb Q#i�BM2/X AM �//BiBQM- i?2 b?`BMF"�HH �H;Q`Bi?K rQmH/
ivTB+�HHv #2 `mM BMbB/2 � HQQT i?�i Bi2`�i2b Qp2` 2p2`v TQBMi Q7 �M Q`B2Mi2/ BMTmi
bm`7�+2 TQBMi +HQm/X AM 2�+? Bi2`�iBQM Q7 i?�i HQQT- i?2 #�HH@b?`BMFBM; �H;Q`Bi?K
Bb `�M irB+2, QM+2 rBi? p, n⃗ �M/ QM+2 rBi? p,−n⃗X AM i?Bb r�v r2 +QKTmi2 #Qi?
i?2 BMi2`BQ` �M/ i?2 2ti2`BQ` K2/B�H #�HH 7Q` pX �H;Q`Bi?K k b?Qrb i?BbX

AMTmib �M/ QmiTmib

1pB/2MiHv i?2 #�HH@b?`BMFBM; �H;Q`Bi?K i�F2b � bm`7�+2 TQBMi +HQm/ �b BMTmi �M/
BM �//BiBQM iQ i?2 TQBMi +QQ`/BM�i2b Bi �HbQ `2[mB`2b � MQ`K�H p2+iQ` 7Q` 2�+?
TQBMiX am+? � TQBMi +HQm/- r?2`2 2�+? TQBMi ?�b �M �bbQ+B�i2/ MQ`K�H p2+iQ`-
Bb +�HH2/ �M Q`B2Mi2/ TQBMi +HQm/X AM a2+iBQM jXk A ;Bp2 7m`i?2` +QMbB/2`�iBQMb
QM ?Qr iQ Q#i�BM i?2 MQ`K�H p2+iQ`bX PM i?2 QmiTmi bB/2 Q7 i?2 �H;Q`Bi?K r2
#�bB+�HHv Q#i�BM i?2 #�HH +2Mi`2b �M/ `�/BBX "2+�mb2 r2 Q#i�BM #Qi? i?2 BMi2`BQ`
�M/ 2ti2`BQ` K2/B�H #�HHb- r2 rBHH +QKTmi2 irQ K2/B�H #�HHb 7Q` 2�+? bm`7�+2
TQBMiX h?2 bT�+2 +QKTH2tBiv Q7 i?2 QmiTmi Bb i?2`27Q`2 2n- i?mb HBM2�` rBi? i?2
BMTmi bBx2X

je



jXR h?2 #�HH@b?`BMFBM; �H;Q`Bi?K

U�V AMBiB�H #�HH U#V a2+QM/ Bi2`�iBQMX

U+V h?B`/ Bi2`�iBQMX U/V 6Qm`i? Bi2`�iBQM vB2H/b �M 2KTiv #�HHX

6B;m`2 jXk, "�HH b?`BMFBM; Bi2`�iBQMb rBi? i?2 #�HH@b?`BMFBM; �H;Q`Bi?KX � H2;2M/ Bb
;Bp2M BM #X

jd



j h?2 mMbi`m+im`2/ J�h

U�V +QKTmi2*2Mi`2Up, n⃗V U#V +QKTmi2_�/BmbUp, n⃗,qV

6B;m`2 jXj, :2QK2i`v 7mM+iBQMb mb2/ BM i?2 b?`BMF"�HH �H;Q`Bi?KX

amTTQ`iBM; 7mM+iBQMb

�H;Q`Bi?K R +�HHb i?`22 /Bz2`2Mi 7mM+iBQMb QM HBM2b 8@d,
RX h?2 7mM+iBQM M2�`2biL2B;?#Qm`UT, qV bBKTHv `2im`Mb i?2 TQBMi 7`QK TQBMi

+HQm/ P i?�i Bb +HQb2bi iQ i?2 [m2`v TQBMi qX h?Bb 7mM+iBQM +�M #2 BKTH2@
K2Mi2/ 2{+B2MiHv mbBM; � E.@i`22 ("2MiH2v- RNd8) �M/ ?�b � iBK2 +QKTH2t@
Biv Q7 O(log n)X LQiB+2 i?�i i?2 E.@i`22 Q7 P Kmbi #2 +QMbi`m+i2/ T`BQ`
iQ `mMMBM; i?2 M2�`2bi M2B;?#Qm` [m2`B2b- i?Bb ?�b � iBK2 +QKTH2tBiv Q7
O(n log n) (/2 "2`; 2i �HX- kyyy)X

kX h?2 7mM+iBQM +QKTmi2_�/BmbUp, n⃗,qV +QKTmi2b i?2 M2r #�HH `�/Bmb BM +QM@
bi�Mi iBK2 UO(1)VX

jX h?2 7mM+iBQM +QKTmi2*2Mi`2Up, n⃗, rV +QKTmi2b i?2 M2r #�HH +2Mi`2 BM +QM@
bi�Mi iBK2 UO(1)VX

.B�;`�Kb 7Q` i?2 H�ii2` irQ 7mM+iBQMb �`2 ;Bp2M BM 6B;m`2 jXjX

hBK2 +QKTH2tBiv

h?2 iBK2 +QKTH2tBiv Q7 i?2 2MiB`2 #�HH@b?`BMFBM; �H;Q`Bi?K Bb O(n log n)X h?Bb
7QHHQrb 7`QK irQ Q#b2`p�iBQMbX

RX h?2 b?`BMF"�HH �H;Q`Bi?K Bb +�HH2/ 2n iBK2bX
kX 1�+? +�HH iQ i?2 b?`BMF"�HH �H;Q`Bi?K i�F2b O(log n) iBK2- #2+�mb2 i?2

�p2`�;2 MmK#2` Q7 Bi2`�iBQMb +�M #2 +QMbB/2`2/ iQ #2 +QMbi�Mi QM �p2`�;2
UJ� 2i �HX (kyRk) �`QmM/ e dV �M/ i?2 QMHv MQM +QMbi�Mi iBK2 QT2`�iBQM Bb
i?2 M2�`2biL2B;?#Qm` +�HH QM HBM2 8- r?B+? i�F2b O(log n) iBK2X

j3



jXk LQ`K�H 2biBK�iBQM

q2 +�M i?2`27Q`2 +QM+Hm/2 i?�i i?2 2tT2+i2/ iBK2 +QKTH2tBiv Q7 i?2 b?`BMF"�HHb
�H;Q`Bi?K Bb O(n log n)- r?B+? BM+Hm/2b i?2 O(n log n) +QMbi`m+iBQM Q7 i?2 E.@
i`22X �b MQi2/ #v J� 2i �HX (kyRk) i?2 rQ`bi@+�b2 iBK2 +QKTH2tBiv Bb �+im�HHv
O(n2)- BX2X i?2 +�b2 r?2`2 �HH bm`7�+2 TQBMib �`2 pBbBi2/ 7Q` i?2 �TT`QtBK�iBQM Q7
2�+? K2/B�H #�HH U2X;X Bi +QmH/ ?�TT2M B7 i?2 BMTmi bm`7�+2 Bb � bT?2`2VX >Qr2p2`-
i?Bb Bb 2ti`2K2Hv mMHBF2Hv BM T`�+iB+2 �M/ i?2 `2�H@rQ`H/ T2`7Q`K�M+2 Bb /2b+`B#2/
�b ǵM2�`@HBM2�`ǶX A b?QmH/ TQBMi Qmi ?2`2 i?�i i?2 �p2`�;2 MmK#2` Q7 Bi2`�iBQMb
/Q2b /2T2M/ QM i?2 +QKTH2tBiv Q7 i?2 b?�T2b BM i?2 bm`7�+2 TQBMi +HQm/X 6Q`
BMbi�M+2- Bi rBHH #2 ?B;?2` 7Q` � bm`7�+2 TQBMi +HQm/ rBi? � H�`;2 MmK#2` Q7
+m`p2/ bm`7�+2bX

jXk LQ`K�H 2biBK�iBQM

h?2 #�HH@b?`BMFBM; �H;Q`Bi?K `2[mB`2b �M Q`B2Mi2/ TQBMi +HQm/ �b BMTmi- BX2X 2�+?
TQBMib b?QmH/ +QK2 rBi? � �bbQ+B�i2/ MQ`K�H p2+iQ`X 1�`HB2` rQ`Fb rBi? i?2
b?`BMFBM;@#�HH �H;Q`Bi?K (C�H#� 2i �HX- kyRkc J� 2i �HX- kyRk) �Hr�vb Q#i�BM2/
i?2b2 7`QK � ?B;? [m�HBiv K2b? BM r?B+? +�b2 i?2 MQ`K�H Bb r2HH@/2}M2/ �M/ 2�bBHv
Q#i�BM2/ 2p2`vr?2`2X AM i?2 ;2Q;`�T?B+�H +�b2 QM i?2 Qi?2` ?�M/- r2 mbm�HHv
/2�H rBi? mMQ`B2Mi2/ TQBMi +HQm/b rBi? � p2`v ?2i2`Q;2M2Qmb TQBMi /Bbi`B#miBQMX
"2+�mb2 �M �2`B�H TQBMi +HQm/ /Q2b MQi mbm�HHv +QK2 rBi? MQ`K�Hb- r2 M22/ iQ
2biBK�i2 i?2b2 #27Q`2 r2 +�M `mM i?2 #�HH@b?`BMFBM; �H;Q`Bi?KX P7 +Qm`b2 r2
b?QmH/ #2 �r�`2 Q7 i?2 2z2+ib Q7 �HH i?Bb QM i?2 [m�HBiv Q7 i?2 2biBK�i2/ MQ`K�Hb
�M/ i?2 BKTHB+�iBQMb 7Q` i?2 J�h �TT`QtBK�iBQM i?�i r2 }M�HHv Q#i�BMX

LQ`K�H 2biBK�iBQM #v HQ+�H TH�M2 }iiBM;

h?2 KQbi TQTmH�` K2i?Q/ iQ 2biBK�i2 MQ`K�Hb 7Q` TQBMi +HQm/b Bb iQ HQ+�HHv }i
i�M;2Mi TH�M2bX A7 r2 r�Mi iQ 2biBK�i2 i?2 MQ`K�H 7Q` � TQBMi p- r2 i�F2 � b2i
Q7 TQBMib N +HQb2 iQ p Umbm�HHv 7QmM/ mbBM; � E.@i`22V- �M/ }i � TH�M2 i?`Qm;?
i?2KX h?2 mM/2`HvBM; �bbmKTiBQM Bb i?�i i?2b2 TQBMib �`2 RV �HH T�`i Q7 i?2
b�K2 bm`7�+2 �b p �M/ kV HQ+�HHv TH�M�`X h?2 MQ`K�H p2+iQ` b?QmH/ i?2M #2 i�F2M
Q`i?Q;QM�H iQ i?2 }ii2/ TH�M2X *QKTmiBM; i?2 #2bi }iiBM; TH�M2 +�M #2 b22M �b
� H2�bi@b[m�`2b T`Q#H2K i?�i Bb Q7i2M bQHp2/ mbBM; � S*� /2+QKTQbBiBQM Ub22 7Q`
BMbi�M+2 :`Qbb �M/ S}bi2` (kyRR)V �M/ 2p2`vi?BM; Bb +QKTmi2/ HQ+�HHvX

h?2 irQ K�BM �/p�Mi�;2b Q7 i?Bb K2i?Q/ �`2 i?�i Bi Bb RV bBKTH2 iQ BKTH2K2Mi
�M/ kV 7�bi iQ 2t2+mi2X h?2 K�BM /Bb�/p�Mi�;2 Bb i?�i i?2 MQ`K�Hb �`2 ivTB@
+�HHv /BbiQ`i2/ �`QmM/ b?�`T 2/;2bX 6m`i?2`KQ`2- i?Bb /BbiQ`iBQM 2z2+i K�v #2
bi`2M;i?2M2/ #v i?2 ?2i2`Q;2M2Qmb TQBMi /Bbi`B#miBQM Q7 �2`B�H TQBMi +HQm/bX 6B;@
m`2 jX9 BHHmbi`�i2b i?BbX h?2 T`Q#H2K ?2`2 Bb i?�i � F@M2B;?#Qm`?QQ/ Q7 � TQBMi Bb
MQi �Hr�vb � ;QQ/ �TT`QtBK�iBQM Q7 i?2 �+im�H bm`7�+2- #2+�mb2 i?2 M2B;?#Qm`BM;
TQBMib K�v #2 T�`i Q7 b2p2`�H /Bz2`2Mi TH�M2bX

jN



j h?2 mMbi`m+im`2/ J�h

6B;m`2 jX9, .BbiQ`iBQM Q7 MQ`K�H 2biBK�iBQM �`QmM/ 2/;2b /m2 iQ MQM@TH�M�` �`2�b
�M/ ?2i2`Q;2M2Qmb TQBMi /Bbi`B#miBQMX

�MQi?2` +QMbB/2`�iBQM Bb i?�i 2p2M i?Qm;? �M Q`B2Mi2/ TQBMi +HQm/ Q7i2M �TT`Qt@
BK�i2b � K�MB7QH/ bm`7�+2- i?2`2 Bb MQ +H2�` /BbiBM+iBQM #2ir22M i?2 BMbB/2 �M/
i?2 QmibB/2 Q7 i?2 bm`7�+2X �b � `2bmHi Bi Bb `�i?2` /B{+mHi iQ Q#i�BM +QMbBb@
i2Mi MQ`K�H Q`B2Mi�iBQM i?`Qm;?Qmi i?2 /�i�b2i Q` 2p2M rBi?BM i?2 b�K2 Q#D2+iX
6Q` i?2 +QKTmi�iBQM Q7 i?2 J�h mbBM; i?2 #�HH@b?`BMFBM; �H;Q`Bi?K i?Bb K2�Mb
i?�i r2 +�MMQi bBKTHv 2tT2+i irQ r2HH /BbiBM;mBb?2/ b2ib Q7 BMi2`BQ` �M/ 2ti2`BQ`
TQBMib K2`2Hv #v ~BTTBM; i?2 TQBMi MQ`K�Hb U�b /QM2 BM HBM2b j@9 Q7 �H;Q`Bi?K kVX
u2i rBi? � +QMbBbi2MiHv Q`B2Mi2/ TQBMi +HQm/ěBX2X QM2 Q#i�BM2/ 7`QK � K2b?ěBi
rQmH/ #2 �b bBKTH2 �b i?�iX h?Bb T`Q#H2K Bb �//`2bb2/ BM *?�Ti2` 9

Pi?2` K2i?Q/b

h?2`2 �`2 KQ`2 bQT?BbiB+�i2/ MQ`K�H 2biBK�iBQM K2i?Q/b i?�i bT2+B}+�HHv /2�H
rBi? i?2 2/;2 T`Q#H2K U2X;X "QmH+? �M/ J�`H2i (kyRk)c >m�M; 2i �HX (kyRj)c GB
2i �HX (kyRy)VX>Qr2p2`- r?BH2 i?2b2 K�v /2HBp2` #2ii2` MQ`K�Hb �`QmM/ 2/;2b- i?2v
�`2 bB;MB}+�MiHv bHQr2` U2X;X "QmH+? �M/ J�`H2i (kyRk) b�vb �M Q`/2` Q7 K�;MBim/2
bHQr2`V �M/ K�v BMi`Q/m+2 M2r T`Q#H2Kb U2X;X >m�M; 2i �HX (kyRj) MQiB+2 i?2`2
K2i?Q/ 7�BHb �`QmM/ QT2M #QmM/�`B2bVX Ai Bb i?2`27Q`2 [m2biBQM�#H2 B7 i?2`2 Bb �
M2i #2M2}i Q7 2KTHQvBM; i?2b2 K2i?Q/bX AM i?Bb i?2bBb A ?�p2 i?2`27Q`2 /2+B/2/
iQ mb2 i?2 bBKTH2 �M/ 7�bi S*� MQ`K�H 2biBK�iBQMX AM a2+iBQM jX8 A 2H�#Q`�i2
QM i?2 BKTHB+�iBQM QM i?2 �TT`QtBK�i2/ J�h �M/ b?Qr i?�i � mb�#H2 J�h +�M
BM 7�+i biBHH #2 Q#i�BM2/X �b � H�bi `2K�`F A b?QmH/ TQBMi Qmi i?�i i?2`2 Bb bQK2
rQ`F i?�i BM/B+�i2b i?�i i?2 J�h Bib2H7 +�M #2 mb2/ iQ Q#i�BM ?B;?2` [m�HBiv
MQ`K�Hb (.2v �M/ amM- kyye�)c BX2X bi�`i rBi? [mB+FHv �TT`QtBK�i2/ MQ`K�Hb-
+QKTmi2 i?2 J�h �M/ `2}M2 i?2K #v mbBM; i?2 T`QT2`iB2b Q7 i?2 J�hX
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jXj J�FBM; i?2 #�HH@b?`BMFBM; �H;Q`Bi?K `Q#mbi

central MAT sheet

protruding sheets

bumps in surface

U�V LQBbv bm`7�+2 TQBMib +�mb2 T`Qi`m/BM;
b?22ibX

p
q

qnoise

pnoise

U#V a+�ii2`BM; Q7 K2/B�H #�HH /m2 iQ p�`vBM;
/2;`22b Q7 MQBb2 BM T`BK�`v 72�im`2 TQBMiX

6B;m`2 jX8, 1z2+ib Q7 MQBb2 BM bm`7�+2 TQBMib QM J�hX

jXj J�FBM; i?2 #�HH@b?`BMFBM; �H;Q`Bi?K `Q#mbi

h?2 Q`B;BM�H #�HH@b?`BMFBM; �H;Q`Bi?K Q7 J� 2i �HX (kyRk) r�b /2bB;M2/ iQ ?�M/H2
r2HH@b�KTH2/ TQBMi +HQm/b rBi? p2`v HBiiH2 MQBb2X >Qr2p2`- �2`B�H TQBMi +HQm/b
+QMi�BM bB;MB}+�Mi MQBb2- �M/ě�b 2tTH�BM2/ BM *?�Ti2` kěi?2 J�h Bb #v /27@
BMBiBQM ?B;?Hv b2MbBiBp2 iQ BiX h?2 +Q`2 Bbbm2 Bb i?�i bK�HH T2`im`#�iBQMb BM i?2
bm`7�+2 TQBMib +�M H2�/ iQ H�`;2 T2`im`#�iBQMb BM i?2 J�hX 6Q` ;2Q;`�T?B+�H
TQBMi +HQm/b i?Bb Bb � `2�H T`Q#H2K #2+�mb2 i?2 J�h +�M ;2i b+�ii2`2/ iQ bm+? �
/2;`22 i?�i Bib �+im�H 7Q`K Bb MQ HQM;2` T2`+2Bp�#H2 Ub22 7Q` 2t�KTH2 6B;m`2 jXRkVX
AM i?Bb b2+iBQM A }`bi /2b+`B#2 BM /2i�BH ?Qr i?2 J�h /27Q`Kb BM i?2 T`2b2M+2
Q7 MQBb2X h?2M A T`2b2Mi � MQp2H 2ti2MbBQM iQ i?2 #�HH@b?`BMFBM; �H;Q`Bi?K i?�i
K�F2b Bi `Q#mbi iQ MQBb2- 2z2+iBp2Hv 2M?�M+BM; i?2 T`�+iB+�H mb27mHM2bb Q7 i?2
J�h Q7 �M �2`B�H TQBMi +HQm/X

jXjXR h?2 T`Q#H2K Q7 MQBb2

h?2 +�mb2 Q7 i?2 J�hǶb b2MbBiBpBiv iQ MQBb2 Bb i?�i 2p2`v #mKT BM i?2 bm`7�+2
b?QmH/ #v /2}MBiBQM ?�p2 � K2/B�H b?22i T`Qi`m/BM; BMiQ BiX LQBbv TQBMib +�mb2
K�Mv bK�HH #mKTb BM i?2 bm`7�+2 �M/ 2�+? Q7 i?2K +�M i?mb #2 }ii2/ rBi? QM2
Q` KQ`2 K2/B�H #�HHb i?�i +QMi`B#mi2 iQ i?2 K2/B�H b?22ib i?�i T`Qi`m/2b BMiQ
i?2 #mKTbX h?2b2 K2/B�H #�HHb �`2 +2Mi`2/ +HQb2 iQ i?2 bm`7�+2 �M/ �r�v 7`QK
i?2 KQ`2 +2Mi`�HBb2/ J�h b?22ibX h?Bb Bb BHHmbi`�i2/ BM 6B;m`2 jX8�X

G2i mb MQr +QMbB/2` � TQBMi p �M/ Bib T`BK�`v K2/B�H #�HHX >Qr /Q i?2v +?�M;2
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j h?2 mMbi`m+im`2/ J�h

B7 p Bb b?B7i2/ /m2 iQ MQBb2\ a22 6B;m`2 jX8#X �b vQm +�M b22- i?2 MQBbv p2`bBQM
Q7 p- /2MQi2/ pnoise ?�b QMHv KQp2/ #v � bK�HH �KQmMiX h?2 #�HH QM i?2 Qi?2`
?�M/ ?�b b?B7i2/ #v � Km+? H�`;2` �KQmMiX PM2 r�v iQ 2tTH�BM i?Bb Bb iQ b�v
i?�i /m2 iQ i?2 MQBb2- i?2 b2+QM/�`v 72�im`2 TQBMi Q7 i?2 #�HH- /2MQi2/ qnoise ?�b
�+im�HHv KQp2/ iQ i?2 bm`7�+2 QM i?2 QTTQbBi2 bB/2X h?2`27Q`2- qnoise Bb Km+?
+HQb2` iQ p i?�M q- �M/ �b � `2bmHi i?2 #�HH ?�b #2+QK2 Km+? bK�HH2` �M/ Bb MQr
�HbQ +2Mi`2/ Km+? +HQb2` iQ pX h?mb- 2p2M i?Qm;? p r�b QMHv b?B7i2/ #v � bK�HH
�KQmMi /m2 iQ MQBb2- Bib T`BK�`v #�HH +?�M;2/ BM 7Qm` r�vb, RV Bi r�b b?B7i2/ #v
� `2H�iBp2Hv � H�`;2 �KQmMi- kV Bib `�/Bmb #2+�K2 Km+? bK�HH2`- jV Bi MQ HQM;2`
+QMi`B#mi2b iQ i?2 +2Mi`�H b?22i- �M/ 9V Bib b2+QM/�`v 72�im`2 TQBMi q b?B7i2/ iQ
i?2 QTTQbBM; bm`7�+2X
>Qr 2t�+iHv � K2/B�H #�HH +?�M;2b /2T2M/b QM i?2 MQ`K�H �i p �M/ i?2 K�;MBim/2
Q7 i?2 MQBb2X AM 6B;m`2 jX8# A b?Qr � `�M;2 Q7 /Bz2`2Mi TQbbB#BHBiB2b mM/2` i?2
�bbmKTiBQM i?�i i?2 MQ`K�H Q7 p /Q2b MQi +?�M;2 /m2 iQ MQBb2X �b i?2 };m`2
b?Qrb- i?Bb K2�Mb i?�i B 2M/b mT #2BM; +2Mi`2/ �Mvr?2`2 BM #2ir22M Bib Q`B;BM�H
TQbBiBQM �M/ pX PM2 +QmH/ b�v Bi Bb 2z2+iBp2Hv b+�ii2`2/ �r�v 7`QK Bib Q`B;BM�H
TH�+2 BM i?2 +2Mi`�H b?22iX AM +�b2 Q7 bB;MB}+�Mi MQBb2 BM i?2 bm`7�+2 TQBMibě2X;X
i?2 ;2Q;`�T?B+�H +�b2ěi?Bb K2�Mb i?�i i?2 2MiB`2 J�h rBHH #2 b+�ii2`2/ mT iQ
i?2 TQBMi Bi Bb ?�`/Hv /BbiBM;mBb?�#H2X
AM HBi2`�im`2- i?2 BMbi�#BHBiv Q7 i?2 J�h BM T`2b2M+2 Q7 MQBb2 Bb � r2HH@/Bb+mbb2/
iQTB+X lMbm`T`BbBM;Hv- K�Mv bQHmiBQMb ?�p2 #22M T`QTQb2/ Ub22 �HbQ a2+iBQM kXjXkVX
J� 2i �HX (kyRk) 7Q` BMbi�M+2 MQi2 i?�i i?2 K2/B�H #�HH `�/BB Q7 M2�`#v b�KTH2
TQBMib b?QmH/ #2 bBKBH�`X LQBbv K2/B�H #�HHb ivTB+�HHv �`2 �M 2t+2TiBQM iQ i?Bb
`mH2- �M/ +�M i?2`27Q`2 #2 /2i2+i2/ #v +QKT�`BM; K2/B�H #�HH `�/BB Q7 M2�`#v
bm`7�+2 TQBMibX A7 i?2 #�HH `�/Bmb Bb bB;MB}+�MiHv bK�HH2`- i?2 #�HH Bb `2KQp2/X
S`mMBM; K2i?Q/b- 2X;X #�b2/ QM #�HH K2i`B+b bm+? �b i?2 b2T�`�iBQM /Bbi�M+2 Q`
b2T�`�iBQM �M;H2 Ub22 6B;m`2 kV- +�M �HbQ #2 2z2+iBp2 7Q` /2i2+iBM; �M/ `2KQpBM;
MQBbv b�KTH2bX >Qr2p2`- � +QKKQM +?�`�+i2`BbiB+ Q7 i?2 FMQrM MQBb2 }Hi2`BM;
K2i?Q/b- Bb BM 7�+i i?�i i?2v }Hi2`- BX2X i?2v +QKTH2i2Hv `2KQp2 i?2 MQBbv K2/B�H
#�HHbX q?BH2 i?�i K�v #2 bm{+B2Mi r?2M i?2 bm`7�+2 TQBMi +HQm/ ?�b QMHv p2`v
72r MQBbv TQBMib- Bi Bb � T`Q#H2K 7Q` �2`B�H TQBMi +HQm/b bBM+2 i?2 J�h TQBMi
+HQm/ K�v #2 i?BMM2/ +QMbB/2`�#Hv X �M/- iQ K�F2 Bi rQ`b2- i?2 TQBMi /2MbBiv BM
�2`B�H TQBMi +HQm/b Bb �H`2�/v `2H�iBp2HvHQr r?2M +QKT�`2/ iQ TQBMi +HQm/b Q#@
i�BM2/ 7`QK +HQb2 `�M;2 H�b2` b+�MMBM; Q` K2b? b�KTHBM;X AM Qi?2` rQ`/b- B7 QM2
`2KQp2b �HH MQBbv K2/B�H #�HHb BM � ;2Q;`�T?B+�H J�h- i?2`2 rBHH #2 ?�`/Hv �Mv
K2/B�H #�HHb H27iX LQBb2 }Hi2`BM; K2i?Q/b �`2 i?2`27Q`2 MQi �/2[m�i2 7Q` �2`B�H
TQBMi +HQm/bX

jXjXk � MQp2H /2MQBbBM; ?2m`BbiB+

Jv bQHmiBQM iQ /2�H rBi? MQBbv bm`7�+2 TQBMib bi�M/b Qmi T`BK�`BHv BM i?2 7�+i
i?�i Bi Bb MQi � }Hi2`BM; K2i?Q/X AMbi2�/ Q7 `2KQpBM; MQBbv K2/B�H #�HHb- A �BK iQ
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jXj J�FBM; i?2 #�HH@b?`BMFBM; �H;Q`Bi?K `Q#mbi

1 2

34

U�V LQBb2@7`22 +�b2X

1
2

345

U#V LQBbv +�b2X

6B;m`2 jXe, *QKT�`BbQM Q7 #�HH@b?`BMFBM; Bi2`�iBQMb rBi? �M/ rBi?Qmi MQBbv bm`7�+2
TQBMibX

/2MQBb2- BX2X K�BMi�BM � p2`bBQM Q7 i?Qb2 K2/B�H #�HHb i?�i Bb `Q#mbi iQ i?2 2z2+ib
Q7 MQBb2 BM i?2 bm`7�+2X A �+?B2p2 i?Bb #v 2ti2M/BM; i?2 #�HH@b?`BMFBM; �H;Q`Bi?KX
_2+�HH i?�i i?2 �H;Q`Bi?K +QKTmi2b � +QMp2`;BM; b2`B2b Q7 b?`BMFBM; #�HHb 7Q` 2�+?
bm`7�+2 TQBMiX h?2 F2v Q#b2`p�iBQM i?�i A K�F2- Bb i?�i 2p2M BM +�b2 Q7 � MQBbv
bm`7�+2 TQBMi- � ǵ;QQ/Ƕ K2/B�H #�HH Bb Q7i2M +QKTmi2/ #27Q`2 Bi b?`BMFb 7m`i?2` iQ
#2+QK2 � MQBbv K2/B�H #�HHX 6B;m`2 jXe BHHmbi`�i2b i?BbX A7 r2 +QKT�`2 i?2 MQBbv
+�b2 U6B;m`2 jXe#V iQ i?2 MQBb2@7`22 +�b2 U6B;m`2 jXe�V r2 b22 i?�i �M �//BiBQM�H
#�HH Bb +QKTmi2/- BX2X i?2`2 Bb �M �//BiBQM�H 5th Bi2`�iBQMX u2i- i?2 #�HH Q7 i?2
4th Bi2`�iBQMěi?2 }M�H �M/ K2/B�H #�HH 7Q` i?2 MQBb2@7`22 +�b2ěBb p2`v bBKBH�`
BM #Qi? +�b2bX aQ 2p2M BM i?2 MQBbv +�b2 � ;QQ/ K2/B�H #�HH Bb +QKTmi2/X h?Bb
Q#b2`p�iBQM HB2b �i i?2 +Q`2 Q7 i?2 /2MQBbBM; ?2m`BbiB+b i?�i A T`QTQb2X

AM i?2 +�b2 Q7 6B;m`2 jXe# r2 i?mb T`272` i?2 #�HH �i i?2 4th Bi2`�iBQM Qp2` i?2 QM2
�i i?2 5th Bi2`�iBQM- #2+�mb2 Bi Bb Km+? +HQb2`ě�HKQbi B/2MiB+�HěiQ i?2 K2/B�H
#�HH i?�i r2 }M/ BM i?2 MQBb2@7`22 +�b2X >Qr /Q r2 FMQr r?B+? #�HH iQ TB+F
B7 r2 /Q MQi r�Mi i?2 }M�H #�HH\ AM �;`22K2Mi rBi? r?�i A 2tTH�BM2/ 2�`HB2`-
r2 +�M b22 i?�i i?2 b2+QM/�`v 72�im`2 TQBMi q b?B7ib iQ i?2 QTTQbBi2 bB/2 Q7 i?2
#�HHX JQ`2Qp2`- r?2M i?2 b2+QM/�`v 72�im`2 TQBMi q ~BTb bB/2- i?2 b2T�`�iBQM
�M;H2 θ bm//2MHv #2+QK2b Km+? bK�HH2` U6B;m`2 jXd#VX h?Bb b?B7i +�M i?2`27Q`2
#2 /2i2+i2/ #v KQMBiQ`BM; i?2 b2T�`�iBQM �M;H2 �b � 7mM+iBQM Q7 i?2 Bi2`�iBQM
+QmMi2`X h?Bb Bb BHHmbi`�i2/ BM 6B;m`2 jXd�X h?2 bBKTH2bi r�v iQ /2i2+i � MQBbv
#�HH Bb i?mb iQ b2i � i?`2b?QH/ QM i?2 b2T�`�iBQM �M;H2X h?2 H�bi #�HH i?�i ?�b
� b2T�`�iBQM �M;H2 ?B;?2` i?�M i?Bb i?`2b?QH/ b?QmH/ #2 � ;QQ/ `2T`2b2Mi�iBp2
K2/B�H #�HHX h?2 2ti2M/2/ #�HH@b?`BMFBM; �H;Q`Bi?K U�H;Q`Bi?K RV BKTH2K2Mib
irQ bm+? i?`2b?QH/b QM i?2 b2T�`�iBQM �M;H2- M�K2Hv θ0 �M/ θ1 QM HBM2b Ry@RjX A7
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j h?2 mMbi`m+im`2/ J�h

Separation angle threshold

last stable ball

noisy balls

U�V a2T�`�iBQM �M;H2 �b � 7mM+iBQM Q7 Bi2`�iBQM +QmMi 7Q` i?2 MQBbv +�b2X

np

p ci+1

qi

ci

qi+1
✓i+1

✓i

U#V hrQ #�HH Bi2`�iBQMb 7Q` pX h?2 MQBb2@/BbiQ`i2/ #�HH +�M #2 /2i2+i2/ #v
i?2 bK�HH b2T�`�iBQM �M;H2 θi+1X

6B;m`2 jXd, *QKT�`BbQM Q7 #�HH@b?`BMFBM; Bi2`�iBQMb rBi? �M/ rBi?Qmi MQBbv bm`7�+2
TQBMibX
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jXj J�FBM; i?2 #�HH@b?`BMFBM; �H;Q`Bi?K `Q#mbi

i?2 Bi2`�iBQM +QmMi2` i 2[m�Hb 0- θ0 Bb mb2/- �M/ 2Hb2 θ1 Bb mb2/X AM T`�+iB+2- i?Bb
�HHQrb mb iQ #2ii2` }M2@imM2 i?2 �H;Q`Bi?KX 1bT2+B�HHv 7Q` i?2 +�b2 i?�i i?2 }`bi
#�HH 2M+QmMi2`2/ Bb �H`2�/v � MQBbv #�HH r?B+? MQ`K�HHv QMHv ?�TT2Mb 7Q` 2ti2`BQ`
#�HHb QM H�`;2 TH�M�` �`2�bX �M/ BM i?2 H�ii2` +�b2- r?B+? ivTB+�HHv ?�TT2Mb 7Q`
BMi2`BQ` #�HHb- i?2 i?`2b?QH/ +�M #2 b2i HQr2` iQ �+?B2p2 � #2ii2` #�H�M+2 #2ir22M
`Q#mbiM2bb �M/ b2MbBiBpBiv iQ bK�HH 72�im`2b BM i?2 bm`7�+2bX

E2v #2M2}ib Q7 i?2 /2MQBbBM; ?2m`BbiB+

h?2 K�BM T`QT2`iv Q7 i?2 /2MQBbBM; ?2m`BbiB+ Q7 i?2 2ti2M/2/ #�HH@b?`BMFBM; �H@
;Q`Bi?K Bb i?�i Bb F22Tb K2/B�H #�HHb QM i?2 +2Mi`2 b?22ibX �b � `2bmHi r2 Q#i�BM
H2bb MQBbv #�HHb �M/ � /2Mb2` J�h �TT`QtBK�iBQMX h?2 B/2� Q7 mbBM; i?2 b2T@
�`�iBQM �M;H2 7Q` MQBb2 /2i2+iBQM BM Bib2H7 Bb MQi M2rX h?2 MQp2Hiv HB2b BM ?Qr
Bi Bb BMi2;`�i2/ BM i?2 #�HH@b?`BMFBM; �H;Q`Bi?K BM bm+? � r�v i?�i MQBbv TQBMib
�`2 MQi `2KQp2/ #mi /2MQBb2/ BMbi2�/X q?BH2 Bi Bb � bBKTH2 2ti2MbBQM iQ i?2
#�HH@b?`BMFBM; �H;Q`Bi?K- Bi T`Qp2b iQ #2 p2`v 2z2+iBp2 BM T`�+iB+2- �b A rBHH b?Qr
BM i?2 M2ti b2+iBQMX

�M �//BiBQM�H #2M2}i Q7 i?2 bBKTHB+Biv Q7 i?2 /2MQBbBM; ?2m`BbiB+ Bb i?�i Bi /Q2b MQi
BM+`2�b2 i?2 iBK2 +QKTH2tBiv Q7 i?2 #�HH@b?`BMFBM; �H;Q`Bi?K- MQ` /Q2b Bi `2[mB`2
�M 2ti`� T�bb i?`Qm;? i?2 J�h TQBMibX AM 7�+i- A 7QmM/ i?�i i?2 2ti2M/2/ #�HH@
b?`BMFBM; �H;Q`Bi?K `mMb 7�bi2`- bBM+2 i?2 �p2`�;2 MmK#2` Q7 #�HH Bi2`�iBQMb T2`
TQBMi Bb HQr2` �b � `2bmHi Q7 i?2 /2MQBbBM; ?2m`BbiB+X

jXjXj _2bmHib

AM i?Bb b2+iBQM A /2KQMbi`�i2 i?2 2z2+iBp2M2bb Q7 i?2 MQp2H /2MQBbBM; ?2m`BbiB+
i?�i A BMi`Q/m+2/ �#Qp2X A T`2b2Mi 2tT2`BK2Mib #Qi? rBi? �`iB}+B�H /�i�b2ib 7Q`
r?B+? � MQBb2@7`22 ;`QmM/ i`mi? Bb FMQrM �M/ rBi? �2`B�H GB.�_ /�i�b2ib 7`QK
T`�+iB+2X

6B;m`2 jX3 b?Qrb i?2 /�i�b2ib mb2/ BM i?Bb b2+iBQMX 6m`i?2` /2i�BHb QM i?2 /B7@
72`2Mi /�i�b2ib mb2/ ?2`2 �M/ i?`Qm;?Qmi i?2 `2bi Q7 i?Bb i?2bBb �`2 ;Bp2M BM
�TT2M/Bt �X

1tT2`BK2Mib QM �`iB}+B�H /�i�

� MQBb2@7`22 ;`QmM/ i`mi? Bb BKTQ`i�Mi BM i?2 2p�Hm�iBQM Q7 i?2 2z2+iBp2M2bb Q7
i?2 J�h �TT`QtBK�iBQM mbBM; Kv MQp2H /2MQBbBM; ?2m`BbiB+X PMHv rBi? bm+?
� ;`QmM/ i`mi?- r2 +�M FMQr r?�i i?2 MQBb2@7`22 J�h rQmH/ HQQF HBF2- �M/
[m�MiB7v �M/ /2i2`KBM2 r?2i?2` i?2 /2MQBbBM; Q7 i?2 J�h �+im�HHv #`BM;b Bi
+HQb2` iQ i?2 MQBb2@7`22 J�hX
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j h?2 mMbi`m+im`2/ J�h

U�V .�i�b2i N
U#V .�i�b2i RR

U+V .�i�b2i 8 U/V .�i�b2i R

6B;m`2 jX3, .�i�b2ib mb2/ 7Q` 2tT2`BK2Mib

9e



jXj J�FBM; i?2 #�HH@b?`BMFBM; �H;Q`Bi?K `Q#mbi

h?2 ;Q�Hb Q7 i?2 2tT2`BK2Mib BM i?Bb b2+iBQM �`2

RX iQ bim/v i?2 2z2+i Q7 bm`7�+2 MQBb2 QM i?2 �TT`QtBK�i2/ J�h-

kX iQ bim/v i?2 2z2+i Q7 Kv MQp2H /2MQBbBM; ?2m`BbiB+ QM i?2 �TT`QtBK�i2/
J�h #Qi? BM i?2 �#b2M+2 �M/ i?2 T`2b2M+2 Q7 MQBb2- �M/

jX iQ +QKT�`2 rBi? � +QMp2MiBQM�H MQBb2 }Hi2`BM; K2i?Q/X

AM T�`iB+mH�` A rBHH HQQF �i RV i?2 /Bbi�M+2 #2ir22M i?2 /2MQBb2/ J�h �M/ i?2
MQBb2@7`22 J�h �M/ kV i?2 TQBMi /2MbBiv Q7 i?2 /2MQBb2/ J�h �TT`QtBK�iBQMX

1tT2`BK2Mi R 6Q` i?2 }`bi 2tT2`BK2Mi irQ p�`B�Mib Q7 .�i�b2i N �`2 mb2/- QM2
p�`B�Mi rBi? �`iB}+B�HHv �//2/ MQBb2- `272``2/ iQ �b Pn- �M/ QM2 p�`B�Mi rBi?Qmi
�`iB}+B�HHv �//2/ MQBb2- `272``2/ iQ �b P X h?2 �`iB}+B�H MQBb2 r�b �//2/ mbBM;
� :�mbbB�M 7mM+iBQM rBi? � bi�M/�`/ /2pB�iBQM Q7 yXyRW Q7 i?2 #QmM/BM; #Qt
/B�;QM�H Q7 i?2 /�i�b2iX

h?2M- i?2 J�h Q7 Pn Bb �TT`QtBK�i2/ mbBM; i?`22 /Bz2`2Mi �TT`Q�+?2b- M�K2Hv

RX i?2 mMKQ/B}2/ #�HH@b?`BMFBM; �H;Q`Bi?K /2MQi2/ M(Pn) (J� 2i �HX- kyRk)-

kX i?2 mMKQ/B}2/ #�HH@b?`BMFBM; �H;Q`Bi?K 7QHHQr2/ #v � `2KQp�H Q7 �HH K2/B�H
�iQKb i?�i ?�p2 � b2T�`�iBQM �M;H2 θ < 30◦ /2MQi2/ MF(Pn)- �M/

jX i?2 2ti2M/2/ #�HH@b?`BMFBM; �H;Q`Bi?K �b /2p2HQT2/ BM i?Bb +?�Ti2`- /2@
MQi2/ MD(Pn) rBi? T�`�K2i2`b θ0 = 30◦ �M/ θ1 = 60◦X h?Bb �TT`Q�+?
Bb BM+Hm/2/ iQ b2`p2 �b � `272`2M+2 iQ r?�i Bb +QKKQMHv /QM2 #v Qi?2` `2@
b2�`+?2`b iQ }Hi2` MQBbv K2/B�H �iQKb Ub22 2X;X �K2Mi� �M/ EQHHm`B (kyyR)c
�ii�HB �M/ G�+?�m/ (kyyR)c �ii�HB �M/ JQMi�Mp2`i (RNNe)c 6QbF2v 2i �HX
(kyyj)VX

6BM�HHv- i?2 J�h Q7 2�+? �TT`Q�+? Bb +QKT�`2/ iQ M(P )- BX2X i?2 J�h Q7 i?2
MQBb2@7`22 TQBMi +HQm/ �TT`QtBK�i2/ mbBM; i?2 mMKQ/B}2/ #�HH@b?`BMFBM; �H;Q@
`Bi?KX _2+�HH i?�i i?2 J�h �TT`QtBK�iBQM i?�i r2 +QKTmi2 mbBM; i?2 #�HH@
b?`BMFBM; �H;Q`Bi?K +�M #2 +QMbB/2`2/ � TQBMi +HQm/X :Bp2M irQ TQBMi +HQm/b A
�M/ B- r2 +�M +QKTmi2 7Q` 2�+? TQBMi BM A i?2 /Bbi�M+2 iQ i?2 +HQb2bi TQBMi BM BX
h?2 `2bmHi2/ b2i Q7 /Bbi�M+2b Bb /2MQi2/ A→ BX "v bim/vBM; #Qi? A→ B �M/
B → A QM2 Q#i�BMb � ;QQ/ BKT`2bbBQM Q7 i?2 bBKBH�`Biv BM i?2 bT�iB�H /Bbi`B#miBQM
Q7 TQBMib #2ir22M TQBMi +HQm/b A �M/ BX

AM 6B;m`2 jXN A T`2b2Mi i?2 /Bbi�M+2 +QKTmi�iBQMb 7Q` i?2 i?`22 �TT`Q�+?2b iQ
�TT`QtBK�i2 i?2 J�hX 1�+? +QHmKM BM i?Bb };m`2 +Q``2bTQM/b iQ QM2 �TT`Q�+?
iQ �TT`QtBK�i2 i?2 J�hX h?2 mTT2` `Qr b?Qrb pBbm�HBb�iBQMb Q7 i?2 /Bbi�M+2b
7`QK i?2 MQBb2@7`22 J�h M(P )- BX2X i?2 ;`QmM/ i`mi?- iQ i?2 J�h Q#i�BM2/ mbBM;
QM2 `2bT2+iBp2 �TT`Q�+?- �M/ i?2 #QiiQK `Qr ;Bp2b i?2 QTTQbBi2 /Bbi�M+2bX
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j h?2 mMbi`m+im`2/ J�h

U�V M(P ) → M(Pn) U#V M(P ) → MF(Pn) U+V M(P ) → MD(Pn)

U/V M(Pn) → M(P ) U2V MF(Pn) → M(P ) U7V MD(Pn) → M(P )

6B;m`2 jXN, 1tT2`BK2Mi R, h?`22 �TT`Q�+?2b iQ �TT`QtBK�i2 i?2 J�h �M/ i?2
+QHQm` +Q/2/ /Bbi�M+2b #2ir22M �TT`QtBK�iBQMb rBi? �M/ rBi?Qmi �//2/
MQBb2 7Q` .�i�b2i NX G�`;2 /Bbi�M+2b BM `2/- bK�HH /Bbi�M+2b BM #Hm2X 1�+?
BK�;2 mb2b i?2 b�K2 +QHQm`K�TX
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jXj J�FBM; i?2 #�HH@b?`BMFBM; �H;Q`Bi?K `Q#mbi

6B;m`2b jXN� �M/ jXN/ b?Qr i?2 +�b2 rBi?Qmi /2MQBbBM; ?2m`BbiB+X 6`QK 6B;@
m`2 jXN� Bi Bb 2pB/2Mi i?�i i?2 BMM2` T�`ib Q7 i?2 J�h �`2 #�/Hv �TT`QtBK�i2/
bBM+2 i?2 /Bbi�M+2b M(P )→M(Pn) �`2 H�`;2- BM/B+�iBM; � H�+F Q7 b�KTH2b i?2`2X
J�Mv TQBMib BM M(Pn) �`2 /Bbi`B#mi2/ �`QmM/ i?2 bm`7�+2 TQBMib �M/ 7�` �r�v
7`QK M(P ) Ub22 6B;m`2 jXN/VX h?Bb BM/B+�i2b K�Mv mMbi�#H2 #�HHbX h?2 Qmi2`
b?22ib i?�i �`2 +H2�`Hv pBbB#H2 BM 6B;m`2 jXN�- �`2 �HKQbi +QKTH2i2Hv KBbbBM; BM
jXN/X

6B;m`2b jXN# �M/ jXN2 b?Qr i?2 2z2+i Q7 bBKTH2 }Hi2`BM; mbBM; i?2 b2T�`�iBQM
�M;H2X q?BH2 i?Bb �TT`QtBK�iBQM ?�b Km+? H2bb TQBMib 7�` �r�v 7`QK M(P ) Ub22
6B;m`2 jXN2V- Bi /Q2b MQi bQHp2 i?2 T`Q#H2K Q7 � H�+F Q7 b�KTH2b QM i?2 BMM2` T�`ib
Q7 i?2 J�h- �b b22M 7`QK 6B;m`2 jXN#X

h?Bb H�+F Q7 b�KTH2b Bb MQ HQM;2` �TT�`2Mi r?2M Kv /2MQBbBM; ?2m`BbiB+ Bb mb2/
U6B;m`2b jXN+- jXN7VX 6`QK i?2 bK�HH /Bbi�M+2b BM i?2b2 };m`2b- Bi +�M #2 +QM+Hm/2/
i?�i KQbi Q7 M(P ) Bb /2Mb2Hv �TT`QtBK�i2/ #v MD(Pn)- BM+Hm/BM; i?2 BMi2`BQ`
T�`ib Q7 i?2 J�hX h?2 `2K�BMBM; TQBMib BM MD(Pn) i?�i �`2 7�` 7`QK M(P ) �`2
/Bbi`B#mi2/ +HQb2 iQ i?2 bm`7�+2 TQBMib �M/ +Q``2bTQM/ iQ `2H�iBp2Hv bK�HH K2/B�H
#�HHb bBKBH�` iQ i?2 `2K�BMBM; #Hm2 TQBMib BM 6B;m`2 jXN2X

6`QK i?Bb 2tT2`BK2Mi Bi +�M i?mb #2 +QM+Hm/2/ i?�i MD(Pn) Bb RV bB;MB}+�MiHv
+HQb2` iQ M(P ) i?�M MF(Pn) �M/ kV � Km+? /2Mb2` �TT`QtBK�iBQM Q7 M(P )
i?�M MF(P )X

1tT2`BK2Mi k h?2 �BK Q7 i?Bb 2tT2`BK2Mi Bb iQ bim/v BM KQ`2 /2i�BH ?Qr i?2
�TT`QtBK�i2/ J�h Q7 �M �2`B�H GB.�_ TQBMi +HQm/ Bb +?�M;2/- BX2X ?Qr K2/B�H
�iQKb �`2 KQp2/ iQr�`/b i?2 J�h Q7 i?2 ;`QmM/ i`mi?- �b � `2bmHi Q7 i?2 /2@
MQBbBM; ?2m`BbiB+X AM �//BiBQM i?2 �TT`QtBK�iBQM 2``Q` Q7 MD(Pn) rBi? `2bT2+i
iQ � ;`QmM/ i`mi? Bb [m�MiB}2/ �b � 7mM+iBQM Q7 i?2 /2MQBbBM; T�`�K2i2` θ1X

aBM+2 � ;`QmM/ i`mi? Bb `2[mB`2/ �M �+im�H �2`B�H GB.�_ TQBMi +HQm/ Bb MQi bm7@
}+B2MiX h?2`27Q`2 A mb2 .�i�b2i RR, � TQBMi +HQm/ i?�i A Q#i�BM2/ #v bBKmH�iBM;
�M �2`B�H GB.�_ b+�M Q7 � bBKTH2 #mBH/BM; K2b?R Ub22 6B;m`2 jXRy�VX

"2+�mb2 i?Bb /�i�b2i Bb /2`Bp2/ 7`QK � K2b? KQ/2H- Bi Bb TQbbB#H2 iQ ;2M2`�i2
� MQBb2@7`22 �M/ p2`v /2Mb2 J�h �TT`QtBK�iBQMX h?Bb A +QMbB/2` i?2 `272`2M+2
J�h U2X;X i?2 ;`QmM/ i`mi?V Q7 i?2 2tT2`BK2Mi- /2MQi2/ M(S)X

6Q` i?Bb 2tT2`BK2Mi irQ bBKmH�i2/ TQBMi +HQm/b �`2 +QMbB/2`2/- M�K2Hv � bBKm@
H�i2/ TQBMi +HQm/ rBi? �//2/ MQBb2 UPnV �M/ QM2 rBi?Qmi �//2/ MQBb2 U/2MQi2/
P VX h?2 MQBb2 Bb bBKmH�i2/ #v �//BM; � MQ`K�HHv /Bbi`B#mi2/ MQBb2 +QKTQM2Mi
rBi? � bi�M/�`/ /2pB�iBQM Q7 k +K �HQM; i?2 b+�MMBM; /B`2+iBQM �M/ �M �//BiBQM�H
k +K BM i?2 TQbBiBQM Q7 i?2 b+�MM2`X

RlbBM; BM/mbi`v@bi�M/�`/ ~B;?i T�`�K2i2`b i?�i r2`2 mb2/ 7Q` i?2 �+[mBbBiBQM Q7 i?2 M�iBQM�H
�>Lj /�i�b2i U~B;?i ?2B;?i 9yy K- ~B;?i HBM2 bT�+BM;, 9yyKV �M/ i?2 "H2MaQ` bQ7ir�`2
(:b+?r�M/iM2` 2i �HX- kyRR)
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j h?2 mMbi`m+im`2/ J�h

U�V .�i�b2i RR, � bBKmH�i2/ �2`B�H GB.�_
TQBMi +HQm/ Q7 � #mBH/BM; K2b?
U/BK2MbBQMb, 10 × 20 × 15 K- Rd8R
TQBMibVX

U#V *`Qbb b2+iBQM Q7 bBKmH�i2/ TQBMi +HQm/
rBi? MQBb2 UPnV- `272`2M+2 J�h UM(S)V-
�M/ MD(Pn)X _2/ HBM2b BM/B+�i2 ?Qr
TQBMib J�h �`2 KQp2/ �b � `2bmHi Q7 Kv
/2MQBbBM; ?2m`BbiB+ Uθ0 = 30◦ �M/
θ1 = 30◦V

6B;m`2 jXRy, 1tT2`BK2Mi kc /�i�b2i �M/ +`Qbb@b2+iBQMb

8y



jXj J�FBM; i?2 #�HH@b?`BMFBM; �H;Q`Bi?K `Q#mbi
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6B;m`2 jXRR, 1tT2`BK2Mi k, Qp2`�HH 2``Q` BM J�h �TT`QtBK�iBQM rBi? `2bT2+i iQ
`272`2M+2 J�h rBi? �M/ rBi?Qmi Qm` /2MQBbBM; ?2m`BbiB+bX

6Q` #Qi? bBKmH�i2/ TQBMi +HQm/b i?2 J�h Bb �TT`QtBK�i2/ mbBM; QM+2 M() �M/
MD() 7Q` � `�M;2 Q7 p�Hm2b 7Q` θ1X h?2 +�b2 7Q` θ1 = 32◦ Bb pBbm�HBb2/ BM
6B;m`2 jXRy#X AM i?Bb };m`2 HBM2b �`2 /`�rM #2ir22M i?2 K2/B�H �iQKb Q7 M(Pn)
�M/ MD(Pn) i?�i +Q``2bTQM/ iQ i?2 b�K2 bm`7�+2 TQBMibX PM2 +�M i?mb b22 ?Qr
K2/B�H �iQKb �`2 2z2+iBp2Hv KQp2/ iQr�`/b M(S] �b � `2bmHi Q7 Kv /2MQBbBM;
?2m`BbiB+X

hQ [m�MiB7v i?2 [m�HBiv Q7 i?2 /2MQBb2/ J�h �TT`QtBK�iBQM i?2 /Bbi�M+2b iQ i?2
`272`2M+2 J�h �`2 K2�bm`2/ 7Q` 2�+? K2/B�H �iQK- bBKBH�` iQ 1tT2`BK2Mi RX h?2
THQi BM 6B;m`2 jXRR b?Qr ?Qr i?2 bi�M/�`/ /2pB�iBQM Q7 /Bbi�M+2b Q7 MD(Pn)
;`�/m�HHv /2+`2�b2b rBi? BM+`2�bBM; p�Hm2b Q7 θ1X 6Q` BMbi�M+2- �M Qp2`�HH /2+`2�b2
Q7 jRW +�M #2 Q#b2`p2/ BM i?2 bi�M/�`/ /2pB�iBQM Q7 MD(Pn) �b � `2bmHi Q7 i?2
/2MQBbBM; ?2m`BbiB+ UBX2X � /`QT 7`QK 0.33 iQ 0.22 �i � +QMb2`p�iBp2 θ0 = 20◦V-
r?BH2 BM i?Bb +�b2 QMHv RRW Q7 i?2 K2/B�H �iQKb �`2 �z2+i2/ #v i?2 /2MQBbBM;
?2m`BbiB+X

6m`i?2`KQ`2- 7`QK i?2 THQi Q7 MD(P )- r2 b22 i?�i Kv /2MQBbBM; ?2m`BbiB+ ?�b �
M2;HB;B#H2 2z2+i QM i?2 �TT`QtBK�iBQM Q7 i?2 J�h Q7 i?2 MQBb2@7`22 TQBMi +HQm/
P X AM Qi?2` rQ`/b- Bi ?�b p2`v HBiiH2 2z2+i QM K2/B�H �iQKb i?�i �`2 MQi �z2+i2/
#v MQBb2X
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j h?2 mMbi`m+im`2/ J�h

1tT2`BK2Mib QM `2�H@rQ`H/ /�i�

6`QK i?2 2tT2`BK2Mib QM �`iB}+B�H /�i�b2ib r2 +�M BM/22/ +QM+Hm/2 i?�i r2 +�M
Q#i�BM � `Q#mbi �M/ /2Mb2 J�h �TT`QtBK�iBQM 7`QK MQBbv bm`7�+2 TQBMi +HQm/b
#v mbBM; #�HH@b?`BMFBM; �H;Q`Bi?K rBi? Kv MQp2H /2MQBbBM; ?2m`BbiB+X 1tT2`B@
K2Mib QM `2�H /�i� +QM}`K i?Bb- �b BHHmbi`�i2/ BM 2X;X 6B;m`2 jXRkX �b ?B;?HB;?i2/
BM i?Bb };m`2- r2 +�M Q#b2`p2 irQ /BbiBM+i 2z2+ib QM i?2 �TT`QtBK�i2/ J�h
/m2 iQ i?2 /2MQBbBM; ?2m`BbiB+X 6B`bi- i?2 �TT`QtBK�iBQM Q7 i?2 BMi2`BQ` J�h Bb
Km+? /2Mb2`- BX2X i?2 bB;M�H Q7 i?2 K2/B�H b?22ib Bb bB;MB}+�MiHv bi`QM;2` �b i?2v
�`2 Km+? 2�bB2` iQ /BbiBM;mBb?X LQiB+2 i?�i i?2b2 K2/B�H �iQKb �`2 KQbiHv �7@
72+i2/ #v i?2 θ1 T�`�K2i2`X a2+QM/- i?2 pBbB#H2 b+�ii2` Q7 K2/B�H �iQKb 2ti2`BQ`
iQ i?2 Q#D2+i Bb bB;MB}+�MiHv H2bbX h?2b2 �iQKb �`2 KQbiHv �z2+i2/ #v i?2 θ0
T�`�K2i2`X

h?2 b�K2 #2?�pBQm` +�M #2 Q#b2`p2/ 7`QK .�i�b2i e Ub22 6B;m`2 jXR9VX JQ`2@
Qp2`- 6B;m`2 jXRj Q7 i?2 b�K2 /�i�b2i BHHmbi`�i2b p2`v +H2�`Hv i?2 bF2H2iQM@HBF2
M�im`2 Q7 i?2 J�h Q7 KQmMi�BM `�M;2- r?2`2 i?2 `B/;2b �M/ p�HH2vb Q7 i?2
KQmMi�BM `�M;2 �`2 i`�MbH�i2/ iQ #`�M+?2b Q7 i?2 BMi2`BQ` �M/ 2ti2`BQ` J�h
`2bT2+iBp2HvX >Qr2p2`- 7`QK 6B;m`2 jXR9 Bi +�M �HbQ #2 Q#b2`p2/ i?�i bQK2 Q7 i?2
KBMQ` K2/B�H b?22ib /Bb�TT2�` Q` b?`BMF BM i?2 /2MQBb2/ J�hX

6BM�HHv- 7Q` .�i�b2i R i?2 2z2+i Q7 i?2 /2MQBbBM; ?2m`BbiB+ QM i?2 2biBK�i2/ HQ+�H
72�im`2 bBx2 UG6a- �b /2b+`B#2/ BM a2+iBQM kXkXkV Bb 2p�Hm�i2/ Ub22 6B;m`2 jXR8VX
AM i?Bb };m`2 i?2 G6a Bb 2biBK�i2/ mbBM; RV � J�h �TT`QtBK�i2/ mbBM; i?2 mM@
KQ/B}2/ #�HH@b?`BMFBM; �H;Q`Bi?K U6B;m`2 jXR8�V- kV i?2 b�K2 J�h- #mi rBi?
bBKTH2 }Hi2`BM; #�b2/ QM i?2 b2T�`�iBQM �M;H2 �M/ b2T�`�iBQM /Bbi�M+2 Ub22 6B;@
m`2 jXR8#V- �M/ jV �M/ /2MQBb2/ J�h Q#i�BM2/ mbBM; Kv /2MQBbBM; ?2m`BbiB+ Ub22
6B;m`2 jXR8+VX

6`QK 6B;m`2b jXR8� �M/ jXR8# Bi Bb 2pB/2Mi i?�i rBi?Qmi i?2 /2MQBbBM; ?2m`BbiB+-
+QKTmiBM; i?2 G6a Bb MQi 72�bB#H2 bBM+2 Bi i?2 /Bbi�M+2b 7`QK i?2 bm`7�+2 TQBMib
iQ i?2 J�h �`2 bQ ?2�pBHv /BbiQ`i2/ #v MQBbv K2/B�H �iQKbX >Qr2p2`- rBi? i?2
/2Mb2` �M/ +H2�M2` /2MQBb2/ J�h �TT`QtBK�iBQM- +QKTmi�iBQM Q7 i?2 G6a Bb 72�@
bB#H2X h?Bb 2M�#H2b �TTHB+�iBQMb bm+? �b 72�im`2@�r�`2 TQBMi +HQm/ bBKTHB}+�iBQM
�b /2b+`B#2/ BM *?�Ti2` eX

6`QK i?2b2 2tT2`BK2Mib Bi +�M #2 +QM+Hm/2/ i?�i RV BM +�b2 Q7 ;2Q;`�T?B+�H
TQBMi +HQm/b � Km+? KQ`2 /BbiBM+iBp2 �M/ KQ`2 mb27mH J�h �TT`QtBK�iBQM +�M
#2 Q#i�BM2/ #v mbBM; Kv MQp2H /2MQBbBM; ?2m`BbiB+ �M/ kV i?2`2 Bb � i`�/2@Qz
#2ir22M i?2 �KQmMi Q7 /2i�BH +�Tim`2/ #v i?2 /2MQBb2/ J�h �M/ Bib `Q#mbiM2bb
iQ i?2 MQBb2 T`2b2Mi BM i?2 bm`7�+2 TQBMi +HQm/X

8k



jXj J�FBM; i?2 #�HH@b?`BMFBM; �H;Q`Bi?K `Q#mbi

6B;m`2 jXRk, J�h �TT`QtBK�iBQM 7Q` .�i�b2i j rBi?Qmi /2MQBbBM; UH27iV �M/ rBi?
/2MQBbBM; U`B;?iV 7Q` θ0 = 20◦ �M/ θ1 = 32◦X a?QrM �`2 iQT pB2rb UiQTV
�M/ bB/2 pB2rb U#QiiQKVX AMi2`BQ` TQBMib BM `2/- 1ti2`BQ` TQBMib BM
Tm`TH2X

8j



j h?2 mMbi`m+im`2/ J�h

U�V _�r TQBMi +HQm/X U#V AMi2`BQ` �M/ 2ti2`BQ` J�h

U+V AMi2`BQ` J�h U/V 1ti2`BQ` J�h

6B;m`2 jXRj, h?2 /2MQBb2/ J�h 7Q` i?2 .�i�b2i eX *QHQm`b BM/B+�i2 2H2p�iBQMX

Without denoising

Fr
on
t-v
ie
w

To
p-
vi
ew

With denoising

6B;m`2 jXR9, .�i�b2i ec 2ti2`BQ` J�h �TT`QtBK�iBQM rBi? �M/ rBi?Qmi MQp2H
/2MQBbBM; ?2m`BbiB+X θ0 = 20◦ �M/ θ1 = 32◦
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jX9 AKT�+i QM +QKTmi�iBQM�H T2`7Q`K�M+2

U�V qBi?Qmi /2MQBbBM;X
U#V aBKTH2 }Hi2`BM; Q7

�iQKb rBi? θ < 20◦

�M/ λ < 0.05K

U+V qBi? Kv /2MQBbBM;
?2m`BbiB+c θ0 = 20◦-
θ1 = 32◦ �M/ #�HH
}Hi2`BM; λ < 0.05K

6B;m`2 jXR8, GQ+�H 72�im`2 bBx2 �TT`QtBK�iBQMb 7Q` i?2 m`#�M /�i�b2i rBi? /Bz2`2Mi
�TT`Q�+?2b iQ /2MQBb2X _2/ BM/B+�i2b HQr HQ+�H 72�im`2 bBx2- #Hm2 ?B;?
HQ+�H 72�im`2 bBx2X

jX9 AKT�+i QM +QKTmi�iBQM�H T2`7Q`K�M+2

h?2`2 �`2 K�BMHv irQ r�vb iQ BKT`Qp2 i?2 T2`7Q`K�M+2 Q7 i?2 b?`BMFBM;@#�HH
�H;Q`Bi?K- BX2X

RX #v /2+`2�bBM; i?2 MmK#2` Q7 `2[mB`2/ #�HH Bi2`�iBQMb T2` bm`7�+2 TQBMi- �M/

kX #v T�`�HH2HBbBM; i?2 #�HH@b?`BMFBM; Bi2`�iBQMb 2Bi?2` QM � *Sl Q` QM � :SlX

h?2 TQi2MiB�H bT22/@mTb �`2 Qp2` �M Q`/2` Q7 K�;MBim/2 (C�H#� 2i �HX- kyRkc J�
2i �HX- kyRk) BM i?2 2t2+miBQM iBK2 Q7 i?2 #�HH@b?`BMFBM; �H;Q`Bi?K- �M/ �`2 bB;MB7@
B+�Mi BM T`�+iB+2 2bT2+B�HHv 7Q` K�bbBp2 U;2Q;`�T?B+�HV TQBMi +HQm/bX h?Bb H2�/b
mb iQ i?2 [m2biBQM, ?Qr /Q2b i?2 /2MQBbBM; ?2m`BbiB+ BKT�+i i?2 +QKTmi�iBQM�H
T2`7Q`K�M+2 Q7 i?2 #�HH@b?`BMFBM; �H;Q`Bi?K\

� bBKTH2 �M/ 2z2+iBp2 r�v iQ BKT`Qp2 T2`7Q`K�M+2 Bb iQ +?QQb2 � bK�HH2` BMBiB�H
#�HH `�/Bmb rinit- BX2X QM2 i?�i Bb +HQb2 iQ i?2 }M�H K2/B�H #�HH `�/BmbX h?Bb
2z2+iBp2Hv `2/m+2b i?2 iQi�H MmK#2` Q7 `2[mB`2/ #�HH@b?`BMFBM; Bi2`�iBQMb 7Q` 2�+?
bm`7�+2 TQBMiX J� 2i �HX (kyRk) /Q i?Bb #v T`Q+2bbBM; i?2 bm`7�+2 TQBMi +HQm/ BM �
bT�iB�HHv +Q?2`2Mi Q`/2` �M/ b2iiBM; rinit iQ i?2 H�bi 7QmM/ K2/B�H #�HH `�/Bmb Q7 �
M2�`#v TQBMiX h?Bb �TT`Q�+? `2[mB`2b � b2[m2MiB�H T`Q+2bbBM; Q7 i?2 bm`7�+2 TQBMi
+HQm/ �M/ Bb i?2`27Q`2 MQi bmBi�#H2 7Q` T�`�HH2H +QKTmi�iBQMX C�H#� 2i �HX (kyRk)
T`QTQb2 � *Sl T�`�HH2HBb�iBQM b+?2K2 r?2`2 2�+? i?`2�/ T`Q+2bb2b � +?mMF Q7
bm`7�+2 TQBMib �M/ � :Sl T�`�HH2HBb�iBQM b+?2K2 r?2`2 2�+? i?`2�/ T`Q+2bb2b
QM2 bm`7�+2 TQBMibX q?2M2p2` � M2r K2/B�H #�HH `�/Bmb Bb 7QmM/ BM �Mv Q7 i?2
i?`2�/b- i?2v mT/�i2 � ;HQ#�H rinit iQ #2 � KQpBM; �p2`�;2 Q7 �HH K2/B�H #�HH `�/BB
7QmM/ bQ 7�`X

lM7Q`imM�i2Hv- r?BH2 +?QQbBM; � bK�HH rinit K�v BKT`Qp2 T2`7Q`K�M+2- Bi �HbQ
BMi2`72`2b rBi? Kv /2MQBbBM; ?2m`BbiB+X h?2 T`Q#H2K Bb i?�i i?2 #�HH@b?`BMFBM;
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j h?2 mMbi`m+im`2/ J�h

T`Q+2bb Bb MQi `2p2`bB#H2- BX2X r2 +�M 2�bBHv }M/ i?2 M2tiěbK�HH2`ě#�HH 7`QK i?2
+m``2Mi QM2- #mi MQi i?2 T`2pBQmběH�`;2`ěQM2X h?Bb Bb � T`Q#H2K #2+�mb2- rBi?
i?2 /2MQBbBM; ?2m`BbiB+- QM+2 � MQBbv #�HH Bb /2i2+i2/- i?2 T`2pBQmb #�HH b?QmH/
#2 QmiTmii2/X >Qr2p2`- B7 i?2 T`2pBQmb #�HH Bb MQi FMQrM #2+�mb2 Bi r�b M2p2`
+QKTmi2/- Bi Bb MQi TQbbB#H2 iQ QmiTmi BiX h?2`27Q`2- T2`7Q`K�M+2 2M?�M+2K2Mib
#�b2/ QM +?QQbBM; � bK�HH2` rinit b?QmH/ #2 �pQB/2/ BM +�b2 i?2 /2MQBbBM; ?2m`BbiB+
Bb mb2/X

AM T`BM+BTH2- i?2 T�`�HH2HBb�iBQM b+?2K2b Q7 C�H#� 2i �HX (kyRk) �`2 biBHH TQbbB#H2
rBi?Qmi i?2B` BMBiB�H `�/Bmb ?2m`BbiB+X h?2 *Sl@:Sl T�`�HH2HBb�iBQM b+?2K2 Q7
J� 2i �HX (kyRk) /Q2b MQi mb2 bm+? �M BMBiB�H `�/Bmb ?2m`BbiB+ �M/ Bb i?2`27Q`2
�HbQ bmBi�#H2 iQ mb2 rBi? Kv /2MQBbBM; ?2m`BbiB+X AM 7�+i i?Bb �TT`Q�+? K�v #2
T`272``2/- #2+�mb2 i?2 H�+F Q7 BMBiB�H `�/Bmb ?2m`BbiB+ H2�/b iQ � H�`;2 p�`B�M+2
BM i?2 MmK#2` Q7 `2[mB`2/ #�HH@b?`BMFBM; Bi2`�iBQMb 7Q` 2�+? K2/B�H �iQK r?B+?
H2�/b iQ mM#�H�M+2/ i?`2�/bX h?�i Bb � T`Q#H2K BM :Sl +QKTmiBM;- �M/ J�
2i �HX (kyRk) i�F2 bT2+B�H +�`2 iQ #�H�M+2 i?2b2 i?`2�/b #v +QKKmMB+�iBM; rBi?
i?2 *Sl �7i2` 2�+? Bi2`�iBQMX

AM Kv QrM BKTH2K2Mi�iBQM Q7 i?2 #�HH@b?`BMFBM; �H;Q`Bi?K A +?QQb2 iQ mb2 �
bBKTH2 *Sl T�`�HH2HBb�iBQM #�b2/ QM PT2MJS- r?2`2 2�+? i?`2�/ +QKTmi2b QM2
K2/B�H �iQKX

LQi2 i?�i Kv /2MQBbBM; ?2m`BbiB+ #v Bib2H7 �HbQ /2+`2�b2b i?2 MmK#2` Q7 `2[mB`2/
#�HH@b?`BMFBM; Bi2`�iBQMb- #2+�mb2 Bi Bb 2bb2MiB�HHv �M 2�`Hv #`2�F 7`QK i?2 #�HH@
b?`BMFBM; HQQTX

jX8 .Bb+mbbBQM

qBi? i?2 #�HH@b?`BMFBM; �H;Q`Bi?K QM2 +�M p2`v 2{+B2MiHv �TT`QtBK�i2 i?2 J�h
Q7 � TQBMi +HQm/- �M/ rBi? Kv /2MQBbBM; ?2m`BbiB+ i?Bb +�M #2 /QM2 `Q#mbiHv 7Q`
;2Q;`�T?B+ TQBMi +HQm/bX u2i- p2`v 72r i?BM;b +QK2 7Q` 7`22- �M/ �HbQ BM i?Bb
+�b2 i?2`2 Bb � bK�HH T`B+2 i?�i M22/b iQ #2 T�B/ 7Q` i?2b2 #2M2}ibX AM i?Bb
b2+iBQM A 2H�#Q`�i2 QM HBKBi�iBQMb Q7 i?2 mMbi`m+im`2/ J�h- �b Q#i�BM2/ mbBM;
i?2 K2i?Q/b /2b+`B#2/ BM i?Bb +?�Ti2`X LQM2 Q7 i?2b2 HBKBi�iBQMb �`2 K�DQ`
#QiiH2M2+Fb- #mi FMQrBM; 2t�+iHv Bib HBKBi�iBQMb +�M ?2HT iQ QTiBK�HHv K�F2 mb2
Q7 i?2 mMbi`m+im`2/ J�hX

jX8XR GBKBi�iBQMb Q7 i?2 #�HH@b?`BMFBM; �H;Q`Bi?K 7Q` ;2Q;`�T?B+�H
TQBMi +HQm/b

.m2 iQ i?2 r�v i?2 #�HH@b?`BMFBM; �H;Q`Bi?K rQ`Fb i?2`2 �`2 MmK#2` Q7 HBKBi�@
iBQMb BM i?2 r�v Bi �TT`QtBK�i2b i?2 J�hX

8e



jX8 .Bb+mbbBQM

U�V GQr +m`p�im`2-
MQ`K�H J�h
/2MbBivX

U#V J2/BmK
+m`p�@
im`2- HQr
J�h
/2MbBivX

U+V >B;?
+m`p�im`2-
p2`v HQr J�h
/2MbBiv

U/V �TT`QtBK�i2/ J�h
+�M #2 bTHBi BM +�b2 Q7
?B;? +m`p�im`2 /m2 iQ
� H�+F Q7 K2/B�H �iQKbX

6B;m`2 jXRe, h?2 2z2+i Q7 bm`7�+2 +m`p�im`2 QM i?2 /2MbBiv Q7 �TT`QtBK�i2/ J�h
b?22ibX :`2v HBM2b BM/B+�i2 bTQF2 p2+iQ`bX

RX h?2 /2MbBiv Q7 �iQKb BM � K2/B�H b?22i Bb T`QTQ`iBQM�H rBi? i?2 +m`p�im`2 Q7
i?2 bm`7�+2 TQBMi /2MbBiv (aB//B[B �M/ SBx2`- kyy3)X �`2�b rBi? ?B;? bm`7�+2
+m`p�im`2 H2�/ iQ � HQr /2MbBiv Q7 i?2 J�h �b BHHmbi`�i2/ BM 6B;m`2b jXRe�Ĝ+X
AM bQK2 +�b2b i?Bb +�M 2p2M H2�/ iQ � b2T�`�iBQM Q7 b?22ib �b BHHmbi`�i2/ 2X;X
BM 6B;m`2 jXRe/X h?2 KBbbBM; T�`i Q7 i?2 J�h i?�i +?�M;2b i?2 +QMM2+iBpBiv
Q7 K2/B�H b?22ib Bb `272``2/ iQ �b � HB;�im`2 BM i?2 HBi2`�im`2 (aB//B[B �M/
SBx2`- kyy3)X LQi2 i?�i i?2 Q++m``2M+2 Q7 HB;�im`2b Bb MQi mMB[m2 iQ i?2
#�HH@b?`BMFBM; �H;Q`Bi?K Ub22 2X;X 6QbF2v 2i �HX (kyyj)VX

kX h?2 mMbi`m+im`2/ J�h /Q2b MQi +�Tim`2 i?2 k. bm`7�+2b Q7 i?2 J�h- QMHv
� /Bb+`2iBb2/ TQBMi �TT`QtBK�iBQM Bb Q#i�BM2/X �HbQ i?2 iQTQHQ;v #2ir22M
K2/B�H b?22ib Bb MQi +�Tim`2/ 2tTHB+BiHvX h?2 H�ii2` Bb �//`2bb2/ rBi? i?2
bi`m+im`2/ J�h i?�i A BMi`Q/m+2 BM i?2 M2ti +?�Ti2`X

jX8Xk GBKBi�iBQMb Q7 i?2 /2MQBbBM; ?2m`BbiB+

h?2 /2MQBbBM; ?2m`BbiB+ i?�i A ?�p2 BMi`Q/m+2/ +QK2b rBi? QM2 MQi�#H2 +QKT`Q@
KBb2X

RX �b MQi2/ BM a2+iBQM jXjXj i?2`2 Bb i`�/2@Qz #2ir22M `Q#mbiM2bb iQ MQBb2 �M/
i?2 b2MbBiBpBiv iQ bK�HH 72�im`2b BM i?2 bm`7�+2- �b Bb i?2 +�b2 rBi? T`mMBM;
K2i?Q/b 7Q` i?2 J�h BM ;2M2`�H Ub22 a2+iBQM kXjXkVX h?Bb K2�Mb bK�HH
72�im`2b �`2 bQK2iBK2b /2i2+i2/ �b MQBb2X

8d



j h?2 mMbi`m+im`2/ J�h

6B;m`2 jXRd, .BbiQ`i2/ bm`7�+2 MQ`K�Hb �`QmM/ 2/;2b �z2+i i?2 TQbBiBQM �M/
b2T�`�iBQM �M;H2 Q7 K2/B�H �iQKbX

jX8Xj 1z2+ib Q7 i?2 [m�HBiv Q7 i?2 bm`7�+2 TQBMi +HQm/

6BM�HHv- i?2 [m�HBiv Q7 i?2 mMbi`m+im`2/ J�h Bb �z2+i2/ #v b2p2`�H �bT2+ib Q7
i?2 BMTmi bm`7�+2 TQBMi +HQm/X "2+�mb2 Q7 i?2B` mMT`2/B+i�#BHBiv �M/ p�`B�#BHBiv
2p2M rBi?BM i?2 b�K2 TQBMi +HQm/- A ;2M2`�HHv }M/ i?2b2 KQ`2 bB;MB}+�Mi i?�M
i?2 HBKBi�iBQMb HBbi2/ 2�`HB2` BM i?Bb b2+iBQMX h?2 [m�HBiv �bT2+ib Q7 i?2 BMTmi
TQBMi +HQm/ i?�i �z2+i i?2 [m�HBiv Q7 i?2 mMbi`m+im`2/ J�h �`2,

RX SQQ` TQBMi /2MbBiv BM i?2 bm`7�+2 i`�MbH�i2b iQ TQQ` TQBMi /2MbBiv BM i?2
J�hX

kX JBbbBM; bm`7�+2 T�i+?2b /m2 iQ b?�/QrBM; 2z2+ib +�M +�mb2 2``QM2Qmb K2@
/B�H b?22ib Ub22 2X;X 6B;m`2 dXRy#VX

jX �b b?QrM BM 6B;m`2 jXRd i?2 MQ`K�Hb �`QmM/ �M 2/;2 �`2 ivTB+�HHv 2biBK�i2/
BM � ǳbKQQi?2M2/ r�vǴX �b � `2bmHi i?2 +Q``2bTQM/BM; K2/B�H �iQKb �`2
/BbiQ`i2/ BM i2`Kb Q7 TQbBiBQM �M/ i?2B` K2/B�H ;2QK2i`vX AM +QK#BM�iBQM
rBi? � `2H�iBp2Hv HQr TQBMi /2MbBiv- i?Bb H2�/b iQ TQQ`Hv 2biBK�i2/ K2/B�H
�iQKb iQr�`/b i?2 2/;2b Q7 � bm`7�+2X

9X AM +�b2 Q7 r`QM; MQ`K�H Q`B2Mi�iBQM U2X;X � MQ`K�H i?�i TQBMi BMr�`/ BMbi2�/
Q7 Qmir�`/V- i?2 b2T�`�iBQM #2ir22M BMi2`BQ` �M/ 2ti2`BQ` K2/B�H �iQKb rBHH
�HbQ #2 r`QM;X >Qr2p2`- i?Bb Bb Bbbm2 Bb bQHp2/ BM i?2 bi`m+im`2/ J�h i?�i
Bb T`2b2Mi2/ BM i?2 M2ti +?�Ti2`X

jXe amKK�`v

AM i?Bb +?�Ti2` A 2tTH�BM BM /2i�BH ?Qr iQ �TT`QtBK�i2 i?2 J�h 7Q` ;2Q;`�T?B+�H
TQBMi +HQm/bX AM T�`iB+mH�`- A BMi`Q/m+2/ � K2i?Q/ iQ `Q#mbiHv �TT`QtBK�i2 i?2
J�h 7Q` ;2Q;`�T?B+�H TQBMi +HQm/bX A +�HH Bi i?2 mMbi`m+im`2/ J�h- #2+�mb2 Bi Bb
Tm`2Hv � /2b+`BTiBQM Q7 i?2 ;2QK2i`v Q7 i?2 J�h- rBi?Qmi bi`m+im`�H BM7Q`K�iBQMX
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jXe amKK�`v

AM i?2 M2ti +?�Ti2` A rBHH 2tTH�BM ?Qr iQ /2`Bp2 i?2 bi`m+im`2 Q7 i?2 J�h- BX2X Bib
/2+QKTQbBiBQM BMiQ K2/B�H b?22ib- i?2 iQTQHQ;v Q7 i?2 J�h- �M/ Bib b2T�`�iBQM
BMiQ �M BMi2`BQ` �M/ �M 2ti2`BQ` T�`iX

8N





9 h?2 bi`m+im`2/ J�h

AM *?�Ti2` j A 2tTH�BM2/ ?Qr iQ `Q#mbiHv Q#i�BM i?2 mMbi`m+im`2/ J�h 7`QK �
.aJ TQBMi +HQm/ mbBM; i?2 2ti2M/2/ #�HH@b?`BMFBM; �H;Q`Bi?KX h?2 mMbi`m+im`2/
J�h Bb � +QHH2+iBQM Q7 K2/B�H #�HHb- 2�+? `2T`2b2Mi2/ #v � TQBMi �M/ �ii`B#mi2/
rBi? � `�/Bmb �M/ irQ +Q``2bTQM/BM; 72�im`2 TQBMib Ui?2 TQBMib r?2`2 i?2 K2/B�H
#�HH iQm+?2b i?2 bm`7�+2VX h?Bb �H`2�/v 2M�#H2b � 72r mb27mH �TTHB+�iBQMb Q7 i?2
J�h bm+? �b TQBMi +HQm/ bBKTHB}+�iBQM �M/ pBbm�HBb�iBQM Ub22 *?�Ti2` eVX Ai Bb
?Qr2p2` � Tm`2Hv ;2QK2i`B+ /2b+`BTiBQM i?�i H�+Fb �M 2tTHB+Bi bm#/BpBbBQM BMiQ
2X;X K2/B�H b?22ib �M/ �M 2tTHB+Bi `2T`2b2Mi�iBQM Q7 i?2 +QMM2+iBpBiv Q7 K2/B�H
b?22ib i?`Qm;? 2X;X � ;`�T?X JQ`2 �/p�M+2/ �TTHB+�iBQMb Q7 i?2 J�h `2[mB`2 �
`B+?2` J�h BM r?B+? i?2 b2T�`�i2 K2/B�H b?22ib �`2 H�#2HH2/- i?2 +QMM2+iBpBiv Q7
i?Qb2 b?22ib Bb FMQrM- �M/ i?2 /BbiBM+iBQM #2ir22M i?2 BMi2`BQ` �M/ i?2 2ti2`BQ`
b?22ib Bb FMQrMX h?Bb Bb r?�i A +�HH i?2 bi`m+im`2/ J�h U6B;m`2 9XRV- �M/ BM i?Bb
+?�Ti2` A 2tTH�BM r?�i Bi Bb �M/ ?Qr iQ Q#i�BM Bi 7`QK i?2 mMbi`m+im`2/ J�hX

h?2 +Q`2 b+B2MiB}+ +QMi`B#miBQMb Q7 i?Bb +?�Ti2` �`2

RX A 2tTH�BM i?2 #2?�pBQm` Q7 i?2 J�h bT2+B}+ iQ i?2 ;2Q;`�T?B+�H +�b2-

kX A BMi`Q/m+2 i?2 B/2� Q7 mbBM; `2;BQM@;`QrBM; b2;K2Mi�iBQM #�b2/ QM HQ+�H
K2/B�H ;2QK2i`v iQ b2;K2Mi i?2 mMbi`m+im`2/ J�h BMiQ K2/B�H b?22ib �M/
bQ@+�HH2/ K2/B�H +Hmbi2`b-

jX A 2tTH�BM ?Qr iQ Q#i�BM � ;`�T? iQ 2tTHB+BiHv 2tT`2bb i?2 +QMM2+iBpBiv Q7
K2/B�H b?22ib- �M/

9X A bQHp2 i?2 T`Q#H2K Q7 i?2 BM+QMbBbi2Mi b2T�`�iBQM #2ir22M i?2 BMi2`BQ` �M/
2ti2`BQ` J�hX

interior

interior

exterior

1. Unstructured
MAT

2. Cluster
segmentation

3. in/ex-terior
classification

4. Sheet
segmentation

4. Adjacency
graph

6B;m`2 9XR, h?2 K�BM bi2Tb BM +QKTmiBM; i?2 mMbi`m+im`2/ J�hX

eR



9 h?2 bi`m+im`2/ J�h

watercourse

buildingshill

6B;m`2 9Xk, 6Q` � i2``�BM i?2 J�h Bb ivTB+�HHv bm#/BpB/2/ BM QT2M +Hmbi2`b i?�i +�M
+Q``2bTQM/ iQ /BbiBM+i 72�im`2b Q7 i?2 i2``�BMX 1ti2`BQ` J�h BM HB;?i
#Hm2- BMi2`BQ` J�h BM /�`F #Hm2X

9XR h?2 bi`m+im`2/ J�h �b � ;2Q;`�T?B+ /�i� KQ/2H

aQ 7�`- `2b2�`+? QM i?2 J�h ?�b #22M �HKQbi 2t+HmbBp2Hv 7Q+mb2/ QM b?�T2b
i?�i �`2 +HQb2/ K�MB7QH/b (h�;HB�b�++?B 2i �HX- kyRe)X Jv 7Q+mb- ?Qr2p2`- Bb QM
i?2 ;2Q;`�T?B+�H +QMi2tiX "2+�mb2 i?Bb Bb `�i?2` /Bz2`2Mi 7`QK ?Qr b?�T2b �`2
ivTB+�HHv +QMbB/2`2/ BM K�BMbi`2�K J�h `2b2�`+?- A rBHH MQr 2H�#Q`�i2 QM ?Qr
i?Bb �z2+ib i?2 bi`m+im`2 Q7 i?2 J�hX

hQ bi�`i rBi?- i?2 ;2Q;`�T?B+�H J�h Bb /Bz2`2Mi #2+�mb2ě2p2M i?Qm;? r2 �`2
i�HFBM; �#Qmi � bBM;H2 K�MB7QH/ bm`7�+2ěBi /Q2b MQi ;m�`�Mi22 i?�i i?2 J�h Bb
+QMM2+i2/X h?Bb Bb i`m2 7Q` #Qi? i?2 BMi2`BQ` �M/ i?2 2ti2`BQ` J�hX 6Q` 2t�KTH2-
�b +�M #2 b22M 7`QK i?2 BMi2`BQ` J�h BM 6B;m`2 9Xk- i?2 ;2QK2i`v Q7 i?2 i2``�BM
BM/m+2b � b2T�`�iBQM Q7 i?2 BMi2`BQ` J�h BMiQ b2T�`�i2- Q` M2�`Hv b2T�`�i2- T�`ibX
A +�HH i?2b2 T�`ib K2/B�H +Hmbi2`bX �b b?QrM BM *?�Ti2` d- K2/B�H +Hmbi2`b Q7 �
i2``�BM �`2 p2`v ?2HT7mH BM /2i2+iBM; m`#�M 72�im`2b- bm+? �b #mBH/BM;b- Q` +2`i�BM
T`QMQmM+2/ 72�im`2b Q7 i?2 M�im`�H i2``�BM- bm+? �b ?BHHb Q` r�i2`+Qm`b2bX

a2+QM/- 7Q` i?2 ;2Q;`�T?B+�H J�h i?2`2 Bb � +H2�` �//2/ p�Hm2 BM K�BMi�BMBM;
#Qi? i?2 BMi2`BQ` �M/ 2ti2`BQ` J�hX AM +QMi`�bi- K�BMbi`2�K J�h `2b2�`+? Q7i2M
2t+HmbBp2Hv +QMbB/2`b i?2 BMi2`BQ` J�h Ub22 2X;X C�H#� 2i �HX (kyRk)c J� 2i �HX
(kyRk)VX h?Bb Bb mM/2`bi�M/�#H2- bBM+2 i?2 2ti2`BQ` J�h Bb `2/mM/�MiX PM2 +�M
BM i?2Q`v +QKTH2i2Hv /2b+`B#2 � b?�T2 mbBM; bQH2Hv Bib BMi2`BQ` J�hX >Qr2p2`-
i?2 ;2Q;`�T?B+ +�b2 Bb /Bz2`2Mi 7Q` K�BMHv irQ `2�bQMbX 6B`bi- bQK2 72�im`2b
HBF2 i?2 r�i2` +Qm`b2 BM 6B;m`2 9Xk +�MƘ#2 +�Tim`2/ KQ`2 2H2;�MiHv BM � bBM;H2
2ti2`BQ` K2/B�H +Hmbi2`- `�i?2` i?�M irQ b2T�`�i2 BMi2`BQ` +Hmbi2`bX �M/ b2+QM/-
+QMbB/2`BM; i?2 `2H�iBp2Hv TQQ` [m�HBiv Q7 �M �2`B�H TQBMi +HQm/ Ub22 a2+iBQM RXRV-
A rQmH/ �`;m2 i?�i i?2 `2/mM/�M+v +�M �+im�HHv #2 ?2HT7mHX h?Bb Bb 2bT2+B�HHv
i?2 +�b2 7Q` bm`7�+2b rBi? � HQr TQBMi /2MbBiv- r?2`2 b?�`T 2/;2b K�v #2 KQ`2
�++m`�i2Hv `2T`2b2Mi2/ #v i?2 2ti2`BQ` J�hX

ek



9Xk a2;K2MiBM; i?2 mMbi`m+im`2/ J�h

G�bi- A T`QTQb2 � MQp2H r�v iQ Q`;�MBb2 i?2 J�h +�HH2/ i?2 bi`m+im`2/ J�hX
AM HBi2`�im`2- Q#i�BMBM; i?2 2tTHB+Bi +QMM2+iBpBiv Q7 i?2 J�h �7i2` +QMbi`m+iBQM
Bb +QKKQMHv `272``2/ iQ �b bi`m+im`�iBQM U�HbQ b22 *?�Ti2` kVX .2H�K2 2i �HX
(kyRe) /2}M2b bi`m+im`�iBQM �b i?2 T`Q+2bb Q7 Q#i�BMBM; 7`QK i?2 K2/B�H �iQKb
i?2 2tTHB+Bi bm`7�+2b �M/ +m`p2b Q7 i?2 J�h- BX2X �b Ui`B�M;mH�`V K2b?2b �M/
TQHvHBM2bX h?2B` `2b2�`+? b?Qrb i?�i bi`m+im`�iBQM Bb [mBi2 +?�HH2M;BM;- 2p2M 7Q`
�M J�h �TT`QtBK�i2/ 7`QK � ?B;? [m�HBiv K2b?X h?2 �p�BH�#H2 bi`m+im`�iBQM
K2i?Q/b bi`m;;H2 iQ K�BMi�BM F2v bi`m+im`�H T`QT2`iB2b Q7 i?2 J�h- bm+? �b
i?�i b?22ib �`2 K�MB7QH/ �M/ i?�i i?2v T`QT2`Hv BMi2`b2+i �i i?2 DmM+iBQM +m`p2bX
A i?2`27Q`2 QTi MQi iQ 2tTHB+BiHv `2+QMbi`m+i i?2 +m`p2b �M/ bm`7�+2b 7`QK i?2
K2/B�H �iQKb Q7 mMbi`m+im`2/ J�hX AMbi2�/- A +?QQb2 iQ K�BMi�BM i?2 TQBMi
+HQm/ `2T`2b2Mi�iBQM BM i?2 bi`m+im`2/ J�h- `2T`2b2MiBM; K2/B�H b?22ib bBKTHv
�b b2ib Q7 TQBMibX h?2 +QMM2+iBpBiv Q7 i?2 bi`m+im`2/ J�h Bb `2T`2b2Mi2/ �b �M
�#bi`�+i ;`�T?X Ai Bb i?2 /m�H ;`�T? Q7 i?2 J�h- r?2`2 2�+? MQ/2 `2T`2b2Mi �
K2/B�H b?22i- �M/ i?2 K2/B�H +m`p2b �`2 BKTHB2/ #v 2/;2b i?�i bB;MB7v �/D�+2M+B2b
#2ir22M b?22ibX h?Bb MQp2H r�v iQ Q`;�MBb2 i?2 J�h- BX2X i?2 bi`m+im`2/ J�h- Bb
2�bB2` �M/ KQ`2 `Q#mbi iQ +QKTmi2- rBi?Qmi HQQbBM; Bib mb27mHM2bb 7Q` �/p�M+2/
J�h �TTHB+�iBQMb bm+? �b Q#D2+i /2i2+iBQM �M/ +H�bbB}+�iBQM Ub22 *?�Ti2` dVX
AM bmKK�`v- �M/ �b BHHmbi`�i2/ BM 6B;m`2 9XR- i?2 K�BM 72�im`2b Q7 i?2 bi`m+im`2/
J�h �`2

RX b2;K2Mi�iBQM Q7 i?2 J�h BMiQ K2/B�H +Hmbi2`b-
kX b2;K2Mi�iBQM Q7 i?2 J�h BMiQ K2/B�H b?22ib-
jX 2tTHB+Bi +QMM2+iBpBiv Q7 K2/B�H b?22ib i?`Qm;? � ;`�T?- �M/
9X /BbiBM+iBQM #2ir22M BMi2`BQ` �M/ 2ti2`BQ` T�`ib Q7 i?2 J�hX

AM i?2 7QHHQrBM; b2+iBQMb A BMi`Q/m+2 i?2 �H;Q`Bi?Kb iQ +QKTmi2 i?2 bi`m+im`2/
J�hX L�im`�HHv A ?�p2 BKTH2K2Mi2/ i?2b2 �H;Q`Bi?Kb Ub22 *?�Ti2` 8 7Q` KQ`2
/2i�BHbV- �M/ i?`Qm;?Qmi i?Bb +?�Ti2` A b?Qr i?2 `2bmHib Q7 i?2 �H;Q`Bi?Kb QM
.�i�b2i RyX 6B;m`2 9Xj b?Qrb i?2 bm`7�+2 TQBMib �M/ i?2 K2/B�H TQBMib Q7 i?2
mMbi`m+im`2/ J�h 7Q` i?Bb /�i�b2iX

9Xk a2;K2MiBM; i?2 mMbi`m+im`2/ J�h

�M BKTQ`i�Mi 72�im`2 Q7 i?2 bi`m+im`2/ J�h Bb Bib Q`;�MBb�iBQM BMiQ Bib +QM@
biBim2Mi 2H2K2Mib- 2X;X K2/B�H +Hmbi2`b �M/ K2/B�H b?22ibX AM i?Bb b2+iBQM A /2@
b+`B#2 � MQp2H �TT`Q�+? iQ B/2MiB7v K2/B�H +Hmbi2`b �M/ b?22ib BM i?2 mMbi`m+im`2/
J�h mbBM; � b2;K2Mi�iBQM �H;Q`Bi?KX
6Q` i?2 b2;K2Mi�iBQM Q7 i?2 mMbi`m+im`2/ J�h A mb2 i?2 ;`Qr_2;BQM �H;Q`Bi?K
Ub22 �H;Q`Bi?K jV i?�i Bb +QM+2Tim�HHv bBKBH�` iQ i?2 QM2 /2b+`B#2/ #v _�#@
#�MB 2i �HX (kyye)X >Qr2p2`- A ?�p2 #�b2/ i?2 b2;K2Mi�iBQM QM i?2 HQ+�H K2/B�H

ej



9 h?2 bi`m+im`2/ J�h

U�V am`7�+2 TQBMibX U#V J2/B�H TQBMib +QHQm`2/ #v K2/B�H
`�/Bmb mbBM; � `2T2�iBM; +QHQm`K�TX

6B;m`2 9Xj, .�i�b2i Ry

�iQK ;2QK2i`v- BMbi2�/ Q7 HQ+�H bm`7�+2 ;2QK2i`v UBX2X _�##�MB 2i �HX (kyye)
mb2 i?2 /Bz2`2M+2 BM MQ`K�H p2+iQ`b Q7 bm`7�+2 TQBMibVX AM i?2 �H;Q`Bi?K- 2�+?
`2;BQM UQ` b2;K2Mi Q` b?22iV Bb bi�`i2/ 7`QK �M �`#Bi`�`v b22/ �iQK �M/ ;`�/@
m�HHv ;`Qrb #v +QMbB/2`BM; M2B;?#Qm`BM; �iQKbX h?2 M2B;?#Qm`b �`2 i2bi2/ mb@
BM; p�HB/*�M/B/�i2 �M/ i?2 `2;BQM Bb +QKTH2i2 r?2M �HH Q7 Bib M2B;?#Qm`b �`2
i2bi2/X

9XkXR a2;K2Mi�iBQM BMiQ K2/B�H +Hmbi2`b

h?2 ;Q�H Q7 b2;K2Mi�iBQM BMiQ K2/B�H +Hmbi2`b Bb iQ /2+QKTQb2 i?2 mMbi`m+im`2/
J�h BMiQ /BbDQBMi T�`ibX h?Bb K2�Mb i?�i i?2 K2/B�H #�HHb Q7 /Bz2`2Mi K2/B�H
+Hmbi2`b /Q MQi BMi2`b2+i Ub22 6B;m`2 9X9�VX h?2 mMBQM Q7 �HH K2/B�H #�HHb rBi?BM
QM2 +Hmbi2`- ?Qr2p2`- b?QmH/ #2 � +QMM2+i2/ bT�+2X h?Bb H2�/b iQ i?2 7QHHQrBM;
H2KK�X

G2KK� 9XRX h?2 K2/B�H #�HHb Q7 M2�`#v �iQKb BM i?2 b�K2 K2/B�H +Hmbi2`
BMi2`b2+iX

h?Bb H2KK� 7Q`Kb i?2 #�bBb Q7 i?2 `2;BQM ;`QrBM; +QM/BiBQM i?�i A mb2 7Q` +Hmbi2`
b2;K2Mi�iBQMX

hQ [m�MiB7v i?2 BMi2`b2+iBQM #2ir22M irQ K2/B�H #�HHb A mb2 � bBKTH2 7`�+iBQM �b
BHHmbi`�i2/ BM 6B;m`2 9X9# �M/ ;Bp2M #2HQrX

o =
r1 + r2

d

h?2 /Bbi�M+2 #2ir22M i?2 irQ K2/B�H �iQKb Bb /2MQi2/ d- �M/ i?2 `�/BB Q7 i?2
irQ `2bT2+iBp2 K2/B�H #�HHb �`2 /2MQi2/ r1 �M/ r2X A7 �M/ QMHv B7 o > 1 i?2`2 Bb

e9



9Xk a2;K2MiBM; i?2 mMbi`m+im`2/ J�h

�H;Q`Bi?K j, h?2 ;`Qr_2;BQM �H;Q`Bi?KX
AMTmi , Sc � b2i Q7 K2/B�H �iQKb- BX2X i?2 bi`m+im`2/ J�h

p�HB/*�M/B/�i2Ua, bVc � 7mM+iBQM i?�i i2bib r?2i?2` K2/B�H
�iQKb � �M/ # b?QmH/ #2 BM i?2 b�K2 K2/B�H b?22i
PmiTmi, 1�+? K2/B�H �iQK Bb 2M`B+?2/ rBi? � b2;K2Mi H�#2H

R i← 0
k r?BH2 S ̸= ∅ /Q
j b2;K2MiUSV← 0
9 s← TQTUSV
8 C ← � bi�+F BMBiB�HBb2/ rBi? s
e b2;K2MiUbV ← i
d r?BH2 C ̸= ∅ /Q
3 c← TQTUCV
N 7Q`2�+? n BM M2�`2biL2B;?#Qm`bU+V /Q

Ry B7 p�HB/*�M/B/�i2Uc, nV i?2M
RR Tmb? n iQ C
Rk b2;K2MiUMV ← i
Rj S ← S − n

R9 i← i+ 1

�M BMi2`b2+iBQM #2ir22M i?2 K2/B�H #�HHb BM i?2Q`v- r?B+? i?2M BKTHB2b i?�i i?2v
#2HQM; iQ i?2 b�K2 +Hmbi2`X
AM T`�+iB+2 Bi T`Qp2b iQ #2 mb27mH iQ i2bi 7Q` o > toverlap BM i?2 p�HB/*�M/B/�i2
7mM+iBQM Q7 �H;Q`Bi?K j- r?2`2 toverlap > 1 Bb � mb2`@/2}M2/ T�`�K2i2`X h?2
?B;?2` i?2 p�Hm2 Q7 toverlap i?2 #B;;2` i?2 `2[mB`2/ BMi2`b2+iBQM- i?mb i?2 KQ`2
`Q#mbi i?2 `2bmHiBM; b2;K2Mi�iBQM Bb iQ TQi2MiB�HHv MQBbv K2/B�H �iQKbX
6B;m`2 9X8 b?Qrb i?2 +Hmbi2` b2;K2Mi�iBQM 7Q` .�i�b2i RyX �HH 2ti2`BQ` b?22ib
�`2 �HH �bbB;M2/ iQ QM2 #B; +Hmbi2` �M/ �HH #mBH/BM; bi`m+im`2b ?�p2 +H2�`Hv #22M
�bbB;M2/ i?2B` QrM K2/B�H +Hmbi2`bX AM a2+iBQM dXk A T`2b2Mi KQ`2 `2bmHib QM
/Bz2`2Mi `2�H@rQ`H/ /�i�b2ibX

9XkXk a2;K2Mi�iBQM BMiQ K2/B�H b?22ib

h?Bb b2+iBQM /2b+`B#2b � MQp2H K2i?Q/ iQ /2+QKTQb2 i?2 mMbi`m+im`2/ J�h
BMiQ b2T�`�i2 K2/B�H b?22ib #�b2/ QM i?2 HQ+�H K2/B�H ;2QK2i`v Q7 i?2 K2/B�H
�iQKbX LQiB+2 i?�i Embi`� 2i �HX (kyR9) �M/ Embi`� 2i �HX (kyRe) �HbQ T2`7Q`K
b?22i b2;K2Mi�iBQM #�b2/ QM � K2/B�H TQBMi +HQm/- `2bT2+iBp2Hv mbBM; T�i+?@#�b2/
bm`7�+2 `2+QMbi`m+iBQM �M/ i?2 K2/B�H ;2Q/2bB+ 7mM+iBQM UbBKBH�` iQ i?2 #QmM/�`v
TQi2MiB�H i?�i Bb /2b+`B#2/ BM a2+iBQM kXjXkVX lM7Q`imM�i2Hv i?2b2 K2i?Q/b �`2

e8



9 h?2 bi`m+im`2/ J�h

U�V AMi2`BQ` �M/ 2ti2`BQ` T�`ib Q7 i?2 J�h ?�p2
MQ BMi2`b2+iBM; K2/B�H #�HHbX

U#V BMi2`b2+iBQM 2tT`2bb2/ �b i?2
`�iBQ Q7 i?2 bmKK2/ #�HH `�/BB
Qp2` i?2 /Bbi�M+2 #2ir22M i?2
#�HHbX

6B;m`2 9X9, h?2 BMi2`b2+iBQM #2ir22M K2/B�H #�HHb �b � `2;BQM ;`QrBM; +QM/BiBQMX

6B;m`2 9X8, J2/B�H +Hmbi2` b2;K2Mi�iBQM rBi? toverlap = 4X

ee



9Xk a2;K2MiBM; i?2 mMbi`m+im`2/ J�h

locally
similar
bisector
direction

divergent
bisector
direction

U�V "Bb2+iQ`b BM/m+2
b2;K2Mi�iBQM BMiQ
K2/B�H b?22ibX

in case of
extrema in
radius the
sheet is into
'sub-sheets'

U#V "Bb2+iQ`b BM/m+2
7m`i?2` b2;K2Mi�iBQM
BMiQ bm#@b?22ib

U+V AM i?2 T�`�HH2H TH�M2
+�b2 i?2 #Bb2+iQ` Bb
mMbi�#H2X

6B;m`2 9Xe, "2?�pBQm` Q7 i?2 K2/B�H #Bb2+iQ` BM /Bz2`2Mi +�b2bX

MQi bmBi�#H2 7Q` i?2 ;2Q;`�T?B+ +�b2- #2+�mb2 Embi`� 2i �HX (kyR9) `2[mB`2b � p2`v
/2Mb2 bm`7�+2 TQBMi +HQm/- �M/ Embi`� 2i �HX (kyRe) 2p2M `2[mB`2b � bm`7�+2 K2b?
�M/ Bb +QKTmi�iBQM�HHv ?B;?Hv 2tT2MbBp2 2bT2+B�HHv 7Q` H�`;2 BMTmibX

A rBHH MQr 2tTH�BM r?�i T`QT2`iB2b Q7 i?2 HQ+�H �iQK ;2QK2i`v �`2 #2bi bmBi2/ 7Q`
i?2 b?22i b2;K2Mi�iBQM- �M/ ?Qr iQ 2KTHQv i?Qb2 BM � `2;BQM@#�b2/ b2;K2Mi�iBQM
�H;Q`Bi?KX h?2 K2/B�H #Bb2+iQ` T`Qp2b iQ #2 2z2+iBp2 7Q` b?22i b2;K2Mi�iBQMX Ai
Bb #�b2/ QM i?2 7QHHQrBM; H2KK�- i?�i Bb i`m2 rBi? i?2 MQi�#H2 2t+2TiBQM Q7 irQ
bT2+B�H +�b2b i?�i A rBHH i`2�i H�i2`X

G2KK� 9XkX L2�`#v K2/B�H �iQKb BM K2/B�H b?22i ?�p2 bBKBH�` K2/B�H #Bb2+iQ`bX

_2+�HH 7`QK *?�Ti2` k i?�i 2�+? K2/B�H #�HH Bb +?�`�+i2`Bb2/ #v � K2/B�H #Bb2+iQ`c
i?2 p2+iQ` i?�i #Bb2+ib i?2 bTQF2 p2+iQ`b �M/ Bb �Hr�vb i�M;2Mi iQ i?2 K2/B�H
b?22iX 6B;m`2 9Xe� BHHmbi`�i2b i?2 irQ K�BM `2�bQMb r?v i?2 K2/B�H #Bb2+iQ` Bb
2z2+iBp2 7Q` b?22i b2;K2Mi�iBQMX 6B`bi- i?2 K2/B�H #Bb2+iQ` 7Q` M2�`#v �iQKb QM
i?2 b�K2 K2/B�H b?22i Bb ivTB+�HHv bBKBH�`X h?Bb Bb i`m2 #2+�mb2 i?2 i?2 K2/B�H
#Bb2+iQ` TQBMib BM i?2 /B`2+iBQM Q7 /2+`2�bBM; #�HH `�/Bmb �HQM; � K2/B�H b?22iX
a2+QM/- i?2 K2/B�H #Bb2+iQ` Bb /Bz2`2Mi 7Q` �iQKb Q7 /Bz2`2Mi b?22ib �`QmM/ �
DmM+iBQM +m`p2X h?Bb Bb i`m2 #2+�mb2 i?2 /Bz2`2Mi b?22ib i?�i K22i �i � DmM+iBQM
+m`p2 �`2 MQi Qp2`H�TTBM; �M/ i?2 #Bb2+iQ` Bb �Hr�vb i�M;2Mi iQ Bib K2/B�H b?22iX
h?mb- i?2 K2/B�H #Bb2+iQ` Bb 2z2+iBp2 7Q` b?22i b2;K2Mi�iBQM #2+�mb2 r2 +�M mb2 Bi
iQ RV B/2MiB7v K2/B�H �iQKb i?�i �`2 T�`i Q7 i?2 b�K2 b?22i- �M/ kV iQ /BbiBM;mBb?
#2ir22M /Bz2`2Mi b?22ib �i i?2 DmM+iBQM +m`p2bX h?2 H�ii2` Bb 2bT2+B�HHv BKTQ`i�Mi
#2+�mb2 Bi K2�Mb i?�i �i i?2 +m`p2b r?2`2 /Bz2`2Mi b?22ib K22i r2 �`2 �#H2 iQ
�+?B2p2 � +H2�` b2T�`�iBQM �M/ r2 T`2p2Mi mM/2`@b2;K2Mi�iBQMX

6Q` b?22i b2;K2Mi�iBQM p�HB/*�M/B/�i2Ua, bV b?QmH/ BMBiB�HHv #2 � +QKT�`BbQM
#2ir22M i?2 K2/B�H #Bb2+iQ`b Q7 �iQKb a �M/ bX h?2 i2bi bm++22/b B7 i?2 �M;H2
#2ir22M i?2 K2/B�H #Bb2+iQ`b Bb #2HQr � mb2` /2}M2/ i?`2b?QH/ tbisecX q?�i Bb

ed



9 h?2 bi`m+im`2/ J�h

� ;QQ/ p�Hm2 7Q` tbisec /2T2M/b QM i?2 �iQK /2MbBiv �M/ i?2 �KQmMi Q7 MQBb2 BM
i?2 K2/B�H b?22iX

aT2+B�H +�b2b

LQiB+2 i?�i i?2 ;2QK2i`v Q7 i?2 bm`7�+2 K�v #2 bm+? i?�i i?2 #Bb2+iQ`b �`2 MQi HQ@
+�HHv bBKBH�`ěQ` +QMiBMmQmběrBi?BM QM2 b?22iX h?Bb Bb BHHmbi`�i2/ BM 6B;m`2 9Xe#X
Ai Q++m`b r?2M i?2`2 Bb � HQ+�H 2ti`2K� BM i?2 `�/Bmb }2H/ Q7 i?2 b?22iX AM i?2
};m`2 i?2`2 �`2 KBMBK� BM i?2 `�/Bmb }2H/ QM i?2 b?22ib �M/ i?2 K2/B�H #Bb2+iQ`b
TQBMi iQr�`/b i?Bb KBMBK� 7`QK #Qi? bB/2b- BMi`Q/m+BM; � HQ+�H bBM;mH�`Biv BM i?2
`�/Bmb }2H/X h?2 2z2+i QM i?2 b2;K2Mi�iBQM Bb i?�i i?Qb2 b?22ib K�v #2 bTHBi �i
i?2 bBM;mH�`BivX qBi? i?2 j. J�h i?�i QMHv ?�TT2Mb r?2M i?2`2 Bb MQ T�i? Q7
HQ+�HHv bBKBH�` `�/BB �`QmM/ i?2 bBM;mH�`Biv- BX2X r?2M Bi bi`2i+?2b 7`QK QM2 b?22i
#QmM/�`v iQ �MQi?2`X AM Kv 2tT2`B2M+2 i?Bb Bb MQi � T`Q#H2K BM T`�+iB+2- BM 7�+i
QM2 +QmH/ +QMbB/2` i?2b2 b2T�`�i2 b?22ib bTHBi #v � k@DmM+iBQM +m`p2- bBKBH�` iQ
i?2 j@DmM+iBQM UQ` u@BMi2`b2+iBQMV +m`p2b /2b+`B#2/ BM a2+iBQM kXkXjX

h?2`2 Bb QM2 Qi?2` MQi�#H2 +�b2 r?2`2 i?2 K2/B�H #Bb2+iQ` Bb MQi 2z2+iBp2 7Q`
b?22i b2;K2Mi�iBQMX h?Bb Bb /2TB+i2/ BM 6B;m`2 9Xe+X >2`2 i?2 bm`7�+2 +QKT`Bb2b
Q7 irQ T�`�HH2H TH�M2b- r?B+? Q7i2M ?�TT2Mb BM #mBH/BM; bi`m+im`2bX h?2M- i?2
K2/B�H #�HH `�/Bmb Bb 2[m�H �M/ i?2 b2T�`�iBQMb �M;H2 Bb 180◦ i?`Qm;?Qmi i?2
b?22iX AM i?Bb +�b2 i?2 K2/B�H #Bb2+iQ` Bb mMbi�#H2 #2+�mb2 i?2`2 Bb MQ /B`2+iBQM
Q7 /2+`2�bBM; `�/BmbX h?2 #Bb2+iQ` /B`2+iBQM- �H#2Bi biBHH i�M;2Mi iQ i?2 b?22i- Bb
i?2`27Q`2 �`#Bi`�`v �M/ MQi `2HB�#H2 7Q` b?22i b2;K2Mi�iBQMX a22 2X;X i?2 #Bb2+iQ`b
7Q` i?2 +2Mi`�H b?22i BM 6B;m`2 9Xd�X

6Q`imM�i2Hv- i?2 T�`�HH2H TH�M2 +�b2 Bb MQi � T`Q#H2K BM T`�+iB+2X Ai +�M #2 2�bBHv
/2i2+i2/ #v HQQFBM; �i i?2 b2T�`�iBQM �M;H2- #2+�mb2 BM i?Bb +�b2 Bi Kmbi #2 2[m�H
iQ 180◦ #v /2}MBiBQM- b22 2X;X 6B;m`2 9Xd#X AM �//BiBQM- #2+�mb2 Q7 i?2 �`#Bi`�`v
#Bb2+iQ` /B`2+iBQMb- i?2 #Bb2+iQ`@#�b2/ ;`Qr_2;BQM �H;Q`Bi?K rBHH MQi }M/ �Mv
bB;MB}+�Mi `2;BQMb i?2`2X � bB;MB}+�Mi `2;BQM BM i?Bb +�b2 K2�Mb � `2;BQM i?�i
+QMi�BMb KQ`2 i?�M � 72r- 2X;X 1 − 5- �iQKbX �b � `2bmHi- i?2 K2/B�H �iQKb QM
i?2b2 b?22ib +�M 2�bBHv #2 /2i2+i2/ �M/ #2 ;Bp2M i?2 ǵmMb2;K2Mi2/Ƕ H�#2HX �7i2`
i?�i- i?2v +�M #2 b2;K2Mi2/ BM � b2+QM/ `mM Q7 i?2 ;`Qr_2;BQM �H;Q`Bi?K rBi?
� i2bi #�b2/ QM i?2 b2T�`�iBQM �M;H2X 6B;m`2 9Xd+ b?Qrb i?2 }M�H `2bmHiX

h?2 7mHH b?22i b2;K2Mi�iBQM �H;Q`Bi?K i?mb BM+Hm/2b irQ `mMb Q7 i?2 ;`Qr_2;BQM
�H;Q`Bi?K Bb ;Bp2M BM �H;Q`Bi?K 9X �b +�M #2 b22M QM HBM2b R �M/ 8- i?2
p�HB/*�M/B/�i2 7mM+iBQM Bb /2}M2/ /Bz2`2MiHv 7Q` 2�+? `mMX 6B`bi Bi Bb #�b2/
QM i?2 �M;mH�` /Bz2`2M+2 BM K2/B�H #Bb2+iQ` �M/ i?2M Bi Bb /2}M2/ #�b2/ QM i?2
b2T�`�iBQM �M;H2X 6m`i?2`KQ`2- i?2 b2+QM/ +�HH Q7 ;`Qr_2;BQM QMHv `mMb QM i?2
b2i Q7 K2/B�H �iQKb i?�i �`2 mMb2;K2Mi2/ �M/ ?�p2 � b2T�`�iBQM �M;H2 i?�i Bb
�TT`QtBK�i2Hv bi`�B;?iX AM i?Bb r�v- Bi �H`2�/v b2;K2Mi2/ �iQKb �M/ Qi?2`rBb2
B``2H2p�Mi �iQKb �`2 MQi �z2+i2/X

e3



9Xj 6BM/BM; i?2 +QMM2+iBpBiv Q7 i?2 K2/B�H b?22ib

U�V J2/B�H #Bb2+iQ`b QMHvX U#V J2/B�H TQBMib +QHQm`2/
#v b2T�`�iBQM �M;H2X
h?2 `2/ +QHQm`
BM/B+�i2b � p�Hm2 +HQb2
iQ 180◦X

U+V J2/B�H b?22ib �M/
K2/B�H #Bb2+iQ`bX

6B;m`2 9Xd, J2/B�H b?22i b2;K2Mi�iBQM #�b2/ QM K2/B�H #Bb2+iQ` �M/ b2T�`�iBQM
�M;H2X

6B;m`2 9X3� b?Qrb i?2 `2bmHi 7Q` .�i�b2i RyX 6`QK i?Bb };m`2 �M/ 2bT2+B�HHv
6B;m`2 9Xd+ Bi +�M #2 Q#b2`p2/ i?�i i?2 b2T�`�iBQM Q7 K2/B�H b?22ib Bb p2`v ;QQ/
r?2`2 /Bz2`2Mi K2/B�H b?22ib K22iX

9Xj 6BM/BM; i?2 +QMM2+iBpBiv Q7 i?2 K2/B�H b?22ib

�7i2` b?22i b2;K2Mi�iBQM i?2 M2ti bi2T iQr�`/b i?2 bi`m+im`2/ J�h Bb iQ +�Tim`2
i?2 +QMM2+iBpBiv Q7 i?2 b?22ib BM � ;`�T?X h?2 +QMM2+iBpBiv Q7 K2/B�H b?22ib Bb �M
BKTQ`i�Mi 72�im`2 Q7 i?2 J�hX �M/ ?�pBM; i?Bb +QMM2+iBpBiv 2tTHB+Bi BM � ;`�T?
/�i�@bi`m+im`2 Bb 2bb2MiB�H- #2+�mb2 Bi �HHQrb mb iQ �M�Hvb2 �M/ K�MBTmH�i2 i?2
bi`m+im`2/ J�h mbBM; +QKKQM ;`�T? �H;Q`Bi?KbX �b rBHH #2 /2b+`B#2/ BM *?�T@
i2` d- i?Bb 2M�#H2b F2v �TTHB+�iBQMb bm+? �b Q#D2+i /2i2+iBQM �M/ `2+QMbi`m+iBQMX
h?2`2 �`2 irQ ;`�T?b i?�i A +QMbi`m+i ?2`2,

�/D�+2M+v ;`�T? AM i?Bb ;`�T? i?2 MQ/2b �`2 b?22ib- �M/ i?2 2/;2b `2T`2b2Mi
�/D�+2M+B2b #2ir22M b?22ibX

6HBT ;`�T? AM i?Bb ;`�T? i?2 MQ/2b �`2 b?22ib- �M/ 2�+? 2/;2 `2H�i2b �M BMi2`BQ`
b?22i iQ �M 2ti2`BQ` b?22i B7 i?2v ?�p2 72�im`2 TQBMib QM i?2 bm`7�+2 BM
+QKKQMX

h?2v �`2 BHHmbi`�i2/ BM 6B;m`2 9XNX lbBM; i?2b2 irQ ;`�T?b QM2 +�M 2�bBHv RV
M�pB;�i2 BMbB/2 BMi2`BQ` Q` 2ti2`BQ` T�`ib Q7 i?2 J�h �M/ kV M�pB;�i2 7`QK �M
BMi2`BQ` b?22i iQ � +Q``2bTQM/BM; 2ti2`BQ` b?22iX

eN
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U�V J2/B�H b?22i b2;K2Mi�iBQM rBi? tbisec = 8◦X

U#V � +QMM2+i2/ +QKTQM2Mi �M�HvbBb Q7 i?2 b?22i �/D�+2M+v ;`�T?X

6B;m`2 9X3, J2/B�H b?22i b2;K2Mi�iBQM �M/ +Q``2bTQM/BM; b?22i �/D�+2M+v ;`�T?bX

dy



9Xj 6BM/BM; i?2 +QMM2+iBpBiv Q7 i?2 K2/B�H b?22ib

�H;Q`Bi?K 9, h?2 b2;K2Mia?22i �H;Q`Bi?KX
AMTmi , Sc � b2i +QMi�BMBM; �HH K2/B�H �iQKb i?�i M22/ iQ #2 b2;K2Mi2/

tmincountc � i?`2b?QH/ BM/B+�iBM; KBMBKmK �iQK +QmMi 7Q` �
`2;BQM

tstraightc � iQH2`�M+2 7Q` bi`�B;?i �M;H2b
tbisecc � i?`2b?QH/ 7Q` i?2 �M;mH�` /Bz2`2M+2 BM K2/B�H #Bb2+iQ`b
tθc � i?`2b?QH/ 7Q` b2T�`�iBQM �M;H2 /Bz2`2M+2

PmiTmi, � b2;K2Mi�iBQM Q7 S
R p�HB/*�M/B/�i2Ua, bV ← ∠ #Bb2+iQ`UaV #Bb2+iQ`UbV < tbisec
k ;`Qr_2;BQMUS- p�HB/*�M/B/�i2V
j `2KQp2 �HH b2;K2Mib i?�i +QMi�BM 72r2` i?�M tmincount �iQKb
9 M ← �HH mMb2;K2Mi2/ �iQKb a 7`QK S rBi? � bi`�B;?i b2T�`�iBQM �M;H2-

BX2X b2T�`�iBQMUaV > tstraight
8 p�HB/*�M/B/�i2Ua, bV ← | b2T�`�iBQMUaV−b2T�`�iBQMUbV | < tθ
e ;`Qr_2;BQMUM - p�HB/*�M/B/�i2V

6BM/BM; i?2 �/D�+2M+v ;`�T?

�H;Q`Bi?K 8 HBbib i?2 �/D�+2M+v �H;Q`Bi?K i?�i A /2p2HQT2/ iQ }M/ r?�i b?22ib
�`2 �/D�+2MiX h?2 �/D�+2M+v ;`�T? Bb +QKT�`�#H2 iQ i?2 iQTQHQ;v ;`�T?b #2@
ir22M TH�M�` b2;K2Mib BM i?2 bm`7�+2 TQBMi +HQm/ +QKTmi2/ #v 2X;X a+?M�#2H 2i �HX
(kyy3)- 1H#2`BMF �M/ oQbb2HK�M (kyyN) �M/ o2`K� 2i �HX (kyye) �b �HH T`2pBQmb �H@
;Q`Bi?Kb i?�i A T`2b2Mi2/- i?2 �/D�+2M+v �H;Q`Bi?K `2HB2b QM F@M2B;?#Qm`?QQ/bX
h?2 QmiTmi Q7 i?2 �H;Q`Bi?K Bb �M �/D�+2M+v HBbi Q7 b?22i@T�B`b rBi? �M �bbQ+B�i2/
p�Hm2 i?�i BM/B+�i2b i?2 bi`2M;i? Q7 i?2 �/D�+2M+v #2ir22M i?Qb2 b?22ibX h?Bb
QmiTmi Bb +QKTmi2/ #v +QmMiBM; 7Q` 2�+? �iQK i?2 MmK#2`b Q7 M2B;?#Qm`b i?�i
#2HQM; iQ �MQi?2` b?22i Ub22 6B;m`2 9XRy�VX h?2b2 +QmMib �`2 �;;`2;�i2/ 7Q` 2�+?
mMB[m2 b?22i T�B`X :2M2`�HHv bT2�FBM;- � ?B;?2` +QmMi +Q``2bTQM/b iQ � ?B;?2`
HBF2HB?QQ/ i?�i � T�B` Q7 b?22ib Bb BM/22/ �/D�+2MiX

6B;m`2 9XRR� b?Qrb i?2 �/D�+2M+v ;`�T? 7Q` � bBM;H2 K2/B�H +Hmbi2` �b +QKTmi2/
#v i?2 �/D�+2M+v �H;Q`Bi?KX 6m`i?2`KQ`2- K2/B�H +Hmbi2`b +�M �HbQ #2 Q#i�BM2/
7`QK i?2 �/D�+2M+v ;`�T? #v K2�Mb Q7 � +QMM2+i2/ +QKTQM2Mi �M�HvbBb U2X;X �b
/2b+`B#2/ #v >QT+`Q7i �M/ h�`D�M (RNdj)VX h?Bb ;Bp2b � b2i Q7 bm#@;`�T?b r?Qb2
MQ/2b �`2 +QMM2+i2/ iQ �Mv Qi?2` MQ/2b BM i?2 �/D�+2M+v ;`�T?- Q` BM i2`Kb Q7 i?2
J�h, Bi ;Bp2b ;`QmTb Q7 K2/B�H b?22ib i?�i �`2 MQi �/D�+2Mi iQ �Mv Qi?2` b?22ib
BM i?2 J�hc BX2X i?2 K2/B�H +Hmbi2`bX 6B;m`2 9X3# BHHmbi`�i2b i?Bb "mi- MQi2 i?�i
i?Bb Bb � +QKTmi�iBQM�HHv KQ`2 2tT2MbBp2 r�v iQ Q#i�BM K2/B�H +Hmbi2`b r?2M
+QKT�`2/ iQ i?2 +Hmbi2` b2;K2Mi�iBQM /2b+`B#2/ BM a2+iBQM 9XkXRX

dR
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adjacency graph
flip graph

6B;m`2 9XN, �/D�+2M+v �M/ ~BT ;`�T?b

U�V �/D�+2M+v #2ir22M b?22ib �`2 7QmM/
#v +QmMiBM; �iQK M2B;?#Qm`bX

Common
feature points

interior
MAT

exterior MAT

surface

U#V h?2 ~BT ;`�T? Bb 7QmM/ #v +QmMiBM;
+QKKQM 72�im`2 TQBMib #2ir22M
/Bz2`2Mi b?22ibX

6B;m`2 9XRy, 1z2+ib Q7 MQBb2 BM bm`7�+2 TQBMib QM J�hX

dk



9Xj 6BM/BM; i?2 +QMM2+iBpBiv Q7 i?2 K2/B�H b?22ib

�H;Q`Bi?K 8, h?2 �/D�+2M+v �H;Q`Bi?KX
AMTmi , Sc i?2 HBbi Q7 K2/B�H �iQKb
PmiTmi, Ac �M �bbQ+B�iBp2 �``�v rBi? �b F2vb imTH2b Q7 irQ b?22i �M/ �b

p�Hm2b i?2 MmK#2` Q7 +QMM2+iBM; M2B;?#Qm`b
R A← �M 2KTiv �bbQ+B�iBp2 �``�v
k 7Q`2�+? �iQK a BM S /Q
j 7Q`2�+? �iQK M BM M2�`2biL2B;?#Qm`bU�V /Q
9 B7 b2;K2MiUaV ̸= b2;K2MiUnV i?2M
8 B7 b2;K2MiUaV < b2;K2MiUnV i?2M
e l← ⟨a, n⟩
d 2Hb2
3 l← ⟨n, a⟩

N B7 l[0] = 0 i?2M
Ry ;Q iQ M2ti Bi2`�iBQM
RR B7 l Bb MQi � F2v Q7 � i?2M
Rk A[l]← 1

Rj 2Hb2
R9 BM+`2K2Mi A[l] rBi? R

6BM/BM; i?2 ~BT ;`�T?

h?2 ~BT ;`�T? U`2+�HH 6B;m`2 9XNV Bb +QKTmi2/ #v +QmMiBM; +QKKQM 72�im`2
TQBMib #2ir22M K2/B�H b?22ibX h?2 7HBT �H;Q`Bi?K Ub22 �H;Q`Bi?K eV +QKTmi2b
i?2 ~BT ;`�T? �b �M �bbQ+B�iBp2 �``�v #v Bi2`�iBM; Qp2` i?2 K2/B�H �iQK T�B`b
Q7 i?2 bm`7�+2 TQBMibX �b BHHmbi`�i2/ BM 6B;m`2 9XRy#- i?2b2 T�B`b +QMbBbi Q7 i?2
irQ �iQKb i?�i r2`2 ;2M2`�i2/ 7`QK i?2 b�K2 bm`7�+2 TQBMi UBX2X #v ~BTTBM; i?2
MQ`K�H p2+iQ`- �b /2b+`B#2/ BM a2+iBQM jXRVX 6B;m`2 9XRR# b?Qrb i?2 ~BT ;`�T?
�b +QKTmi2/ #v i?2 7HBT �H;Q`Bi?KX

hBK2 +QKTH2tBiv

h?2 �/D�+2M+v �M/ 7HBT �H;Q`Bi?Kb �`2 #Qi? BKTH2K2Mi2/ mbBM; �M �bbQ+B�iBp2
�``�v U�HbQ +�HH2/ /B+iBQM�`v Q` U?�b?V K�TV i?�i- T`QpB/2/ i?2 `B;?i BKTH2K2M@
i�iBQM- ?�b +QMbi�Mi@iBK2 HQQFmTX h?Bb #`BM;b i?2 2tT2+i2/ `mMMBM; iBK2 Q7 #Qi?
�H;Q`Bi?Kb iQ O(n)- r?2`2 n Bb i?2 MmK#2` Q7 �iQKb BM i?2 J�h- �bbmKBM; i?�i
i?2 M2�`2bi M2B;?#Qm`b 7Q` 2�+? K2/B�H �iQK �`2 T`2+QKTmi2/ U7Q` i?2 �/D�+2M+v
�H;Q`Bi?KVX

dj



9 h?2 bi`m+im`2/ J�h

U�V �/D�+2M+v ;`�T?
7Q` � bBM;H2 K2/B�H
+Hmbi2`X

U#V 6HBT ;`�T?X

6B;m`2 9XRR, *QMM2+iBpBiv Q7 K2/B�H b?22ib BM .�i�b2i RyX :`�T? MQ/2b �`2 /`�rM
QM i?2 �p2`�;2 +QQ`/BM�i2b Q7 2�+? K2/B�H b?22iX

6B;m`2 9XRk, h?2 z@+QKTQM2Mib Q7 K2/B�H #Bb2+iQ`b +�M #2 mb2/ iQ /2i2`KBM2 r?2i?2`
� K2/B�H +Hmbi2` Bb BMi2`BQ` U/B`2+iBQM mTV Q` 2ti2`BQ`U/B`2+iBQM /QrMVX

d9



9X9 AMi2`BQ` �M/ 2ti2`BQ` +H�bbB}+�iBQM Q7 J�h +Hmbi2`b

�H;Q`Bi?K e, h?2 7HBT �H;Q`Bi?KX
AMTmi , Sc i?2 HBbi Q7 K2/B�H �iQKb
PmiTmi, Ac �M �bbQ+B�iBp2 �``�v rBi? �b F2vb imTH2b Q7 irQ b?22i �M/ �b

p�Hm2b i?2 MmK#2` Q7 +QKKQM 72�im`2 TQBMib
R A← �M 2KTiv �bbQ+B�iBp2 �``�v
k 7Q`2�+? T�B` Q7 �iQKb a, b BM S i?�i +Q``2bTQM/ iQ i?2 b�K2 bm`7�+2

TQBMi /Q
j B7 b2;K2MiUaV ̸= b2;K2MiUbV i?2M
9 B7 b2;K2MiUaV < b2;K2MiUbV i?2M
8 l← ⟨a, b⟩
e 2Hb2
d l← ⟨b, a⟩

3 B7 l[0] = 0 i?2M
N ;Q iQ M2ti Bi2`�iBQM

Ry B7 l Bb MQi � F2v Q7 � i?2M
RR A[l]← 1

Rk 2Hb2
Rj BM+`2K2Mi A[l] rBi? R

9X9 AMi2`BQ` �M/ 2ti2`BQ` +H�bbB}+�iBQM Q7 J�h +Hmbi2`b

Ai Bb p2`v ?2HT7mH iQ FMQr r?2i?2` � K2/B�H +Hmbi2` Bb T�`i Q7 i?2 BMi2`BQ` Q` i?2
2ti2`BQ` J�hX �b 2tTH�BM2/ BM a2+iBQM 9XR Bi +�M ?2HT BM }M/BM; +2`i�BM ivT2b Q7
72�im`2b BM i?2 i2``�BM- 2X;X r�i2`+Qm`b2 �`2 2�bB2` iQ }M/ rBi? 2ti2`BQ` +Hmbi2`b
�b b?QrM BM *?�Ti2` d- r?BH2 #mBH/BM;b �`2 KQ`2 +QMp2MB2MiHv /2b+`B#2/ #v i?2B`
BMi2`BQ` +Hmbi2`X

.m2 iQ i?2 T`Q#H2K Q7 BM+QMbBbi2Mi MQ`K�Hb Ub22 a2+iBQM jXkV- r2 +�M MQi ;2i
i?2 /BbiBM+iBQM #2ir22M BMi2`BQ` �M/ 2ti2`BQ` K2/B�H �iQKb /B`2+iHv 7`QK i?2
mMbi`m+im`2/ J�hX >Qr2p2`- mM/2` i?2 �bbmKTiBQM i?�i i?2 #QmM/�`v bm`7�+2
Bb K�MB7QH/- r2 FMQr i?�i �M 2MiB`2 K2/B�H +Hmbi2` b?QmH/ #2 2Bi?2` BMi2`BQ` Q`
2ti2`BQ`X h?Bb `�Bb2b i?2 7QHHQrBM; [m2biBQM, +�M r2 /2i2`KBM2 r?2i?2` � K2/B�H
+Hmbi2` Bb BMi2`BQ` Q` 2ti2`BQ` #�b2/ QM i?2 T`QT2`iB2b Q7 Bib K2/B�H �iQKb\

�b b?QrM #v 6B;m`2 9XRk- BM +�b2 Q7 � i2``�BM i?2 b?22ib Q7 i?2 J�h ;`Qr BMiQ i?2
72�im`2b Q7 i?2 bm`7�+2 2Bi?2` 7`QK �#Qp2- Q` 7`QK #2HQrX PM2 +QmH/ b�v i?�i i?2
2ti2`BQ` J�h +QK2b 7`QK i?2 bFv �#Qp2- r?2`2�b i?2 BMi2`BQ` J�h +QK2b 7`QK
i?2 2�`i? #2HQr- bBKTHv #2+�mb2 i?2 K�MB7QH/ bm`7�+2 `2T`2b2MiBM; i?2 i2``�BM
?�b �M �#Qp2 �M/ �M mM/2`M2�i?X q2 +�M BM 7�+i [m�MiB7v i?Bb #v HQQFBM;ěQM+2
�;�BMě�i i?2 K2/B�H #Bb2+iQ`b Q7 i?2 K2/B�H �iQKb BM 2�+? +Hmbi2`X AM +�b2 Q7

d8



9 h?2 bi`m+im`2/ J�h

�M 2ti2`BQ` +Hmbi2`- i?2 K2/B�H #Bb2+iQ` b?QmH/ T`2/QKBM�i2Hv TQBMi /QrMr�`/b-
�M/ pB+2 p2`b� 7Q` �M BMi2`BQ` +Hmbi2`X
h?2`27Q`2- B7 r2 �M�Hvb2 i?2 K2/B�H #Bb2+iQ`b Q7 � +Hmbi2`- BX2X #v HQQFBM; �i i?2
�p2`�;2 z@+QKTQM2Mi Q7 �HH #Bb2+iQ` BM i?2 +Hmbi2` /2MQi2/ �b Bz- r2 +�M b�v
r?2i?2` Bi Bb T`Q#�#Hv BMi2`BQ` Q` T`Q#�#Hv 2ti2`BQ`X h?mb- B7 Bz > 0 � +Hmbi2`
Bb BMi2`M�H �M/ B7 Bz < 0 � +Hmbi2` Bb 2ti2`M�HX 6B;m`2 9XRj b?Qrb i?2 `2bmHiBM;
BMi2`BQ` +Hmbi2`b 7Q` .�i�b2i Ry- �b r2HH �b i?2 +Q``2bTQM/BM; bm`7�+2 TQBMibX AM
a2+iBQM dXk A T`2b2Mi KQ`2 `2bmHib QM /Bz2`2Mi `2�H@rQ`H/ /�i�b2ibX

9X8 amKK�`v

AM i?Bb +?�Ti2` A ?�p2 T`QTQb2/ K2i?Q/b iQ 2M`B+? i?2 mMbi`m+i2`2/ J�h rBi?
bi`m+im`�H �M/ iQTQHQ;B+�H BM7Q`K�iBQMX AM i?2 `2bmHiBM; bi`m+im`2/ J�h i?2 /2@
+QKTQbBiBQM BMiQ BM/BpB/m�H K2/B�H b?22ib Bb FMQrMX AM �//BiBQM i?2`2 Bb 2tTHB+Bi
BM7Q`K�iBQM QM i?2B` +QMM2+iBpBiv �M/ i?2B` Q`;�MBb�iBQM BMiQ bQ@+�HH2/ K2/B�H
+Hmbi2`bX �HbQ i?2 b2T�`�iBQM Q7 i?2 J�h BMiQ �M 2ti2`BQ` �M/ BMi2`BQ` T�`i Bb
K�/2 2tTHB+Bi- bQK2i?BM; i?�i r�b MQi /B`2+iHv �TT�`2Mi 7`QK i?2 mMbi`m+im`2/
J�h /m2 iQ BM+QMbBbi2Mi TQBMi MQ`K�H Q`B2Mi�iBQMbX
h?2 7QHHQrBM; +?�Ti2` Qz2`b /2i�BHb QM ?Qr iQ T`�+iB+�HHv BKTH2K2Mi i?2 K2i?Q/b
T`QTQb2/ BM i?Bb +?�Ti2` �M/ i?2 T`2pBQmb QM2X

de



9X8 amKK�`v

U�V AMi2`BQ` K2/B�H +Hmbi2`bX

U#V am`7�+2 TQBMib +Q``2bTQM/BM; iQ BMi2`BQ` K2/B�H +Hmbi2`bX

6B;m`2 9XRj, AMi2`BQ` J�h T�`i BM .�i�b2i RyX

dd





8 AKTH2K2Mi�iBQM �M/ /�i�@bi`m+im`2b

AM i?2 H�bi irQ +?�Ti2`b A 2tTH�BM2/ ?Qr iQ K�F2 i?2 J�h mb27mH 7Q` ;2Q;`�T?B+�H
TQBMi +HQm/ KQ/2HHBM; #v +QKTmiBM; i?2 mMbi`m+im`2/ �M/ i?2 bi`m+im`2/ J�hX
AM i?Bb +?�Ti2` A 2H�#Q`�i2 QM i?2 T`�+iB+�H �bT2+ib Q7 i?2 BKTH2K2Mi�iBQM Q7 i?2b2
K2i?Q/bX AM T�`iB+mH�` A rBHH HQQF �i RV i?2 T`QiQivT2 bQ7ir�`2 i?�i A /2p2HQT2/
7Q` i?Bb i?2bBb- kV i?2 /�i�@bi`m+im`2b A mb2/ �M/ /2p2HQT2/ iQ `2T`2b2Mi #Qi? i?2
bi`m+im`2/ �M/ i?2 mMbi`m+im`2/ J�h- �M/ jV ?Qr iQ b+�H2 i?2 +QKTmi�iBQM Q7
i?2 mMbi`m+im`2/ J�h 7Q` bm`7�+2 TQBMi +HQm/b i?�i �`2 iQQ #B; iQ biQ`2 BM �
+QKTmi2`Ƕb K�BM K2KQ`vX

8XR S`QiQivT2 BKTH2K2Mi�iBQM

Pp2` i?2 +Qm`b2 Q7 i?Bb S?. `2b2�`+?- A ?�p2 /2p2HQT2/ � MmK#2` Q7 bQ7ir�`2
T�+F�;2b iQ T`QiQivT2 Kv J�h@#�b2/ �H;Q`Bi?KbX h?2 KQbi MQi�#H2 QM2b �`2,
K�b#+TT Bb � b2i Q7 +QKK�M/ HBM2 miBHBiB2b T`Q;`�KK2/ BM *YY iQ +QKTmi2 i?2

mMbi`m+im`2/ J�hRX Ai ?�b bmTTQ`i 7Q` T�`�HH2H +QKTmiBM; rBi? PT2MJSk

�M/ BM+Hm/2b,
Ç � iQQH 7Q` MQ`K�H 2biBK�iBQM #�b2/ QM HQ+�H TH�M2 }iiBM; U�M Q#HB;�iQ`v

T`2@T`Q+2bbBM; bi2T 7Q` i?2 #�HH@b?`BMFBM; �H;Q`Bi?KV-
Ç �M BKTH2K2Mi�iBQM Q7 i?2 #�HH@b?`BMFBM; �H;Q`Bi?K Q7 J� 2i �HX (kyRk)

rBi? Kv MQp2H /2MQBbBM; ?2m`BbiB+ iQ +QKTmi2 i?2 mMbi`m+im`2/ J�h
�b /2b+`B#2/ BM *?�Ti2` j- �M/

Ç � iQQH iQ T2`7Q`K J�h@#�b2/ TQBMi +HQm/ bBKTHB}+�iBQM #�b2/ QM i?2
K2i?Q/ /2b+`B#2/ BM a2+iBQM eXRXkX

h?2 +QKT�Mv a�72 aQ7ir�`2 +QMi`B#mi2/ iQ i?2 /2p2HQTK2Mi Q7 K�b#+TT
�M/ BM+Hm/2/ Bi BM i?2B` 6J1 kyRdXRj bQ7ir�`2 �b i?2 SQBMi*HQm/aBKTHB7B2`
i`�Mb7Q`K2`X 6J1 Bb rB/2Hv mb2/ T`Q;`�K 7Q` ;2Q;`�T?B+�H /�i� BMi2;`�@
iBQMX

bF2Hj/ Bb � Svi?QM HB#`�`v 7Q` rQ`FBM; rBi? i?2 mMbi`m+im`2/ J�h9- 2X;X iQ
R?iiTb,ff;Bi?m#X+QKfim/2H7ij/fK�b#+TT
k?iiT,ffrrrXQT2MKTXQ`;
j?iiTb,ffrrrXb�72X+QKf7K2f7K2@/2bFiQTf
9?iiTb,ff;Bi?m#X+QKfuH�MMHfbF2Hj/

dN

https://github.com/tudelft3d/masbcpp
http://www.openmp.org
https://www.safe.com/fme/fme-desktop/
https://github.com/Ylannl/skel3d


8 AKTH2K2Mi�iBQM �M/ /�i�@bi`m+im`2b

U�V 6HQr+?�`i �M/ THQi rBM/QrbX � b+�ii2` THQi Q7 K2/B�H `�/Bmb
p2`bmb b2T�`�iBQM �M;H2 Bb b?QrM 7Q` i?2 K2/B�H +Hmbi2` pBbm�HBb2/
BM U#VX

U#V j. pB2r2` rBM/QrX J2/B�H TQBMib �M/ bTQF2 p2+iQ`b �`2
pBbm�HBb2/ �b r2HH �b i?2 bm`7�+2 TQBMib �M/ i?2B` MQ`K�H p2+iQ`bX

6B;m`2 8XR, a+`22M b?Qib Q7 TvpBc i?2 BMi2`�+iBp2 ~Qr+?�`i �M/ j. pB2r2` bQ7ir�`2 A
/2p2HQT2/X

3y



8Xk .�i�@bi`m+im`2 7Q` i?2 mMbi`m+im`2/ J�h

+�H+mH�i2 T`QT2`iB2b Q7 i?2 K2/B�H ;2QK2i`v- �M/ K2i?Q/b iQ +QKTmi2 i?2
bi`m+im`2/ J�h- 2X;X i?2 b2;K2Mi�iBQM �M/ ;`�T? K2i?Q/b- �b BMi`Q/m+2/
BM *?�Ti2` 9X

TvpB Bb �M BMi2`�+iBp2 ~Qr+?�`i �M/ pBbm�HBb�iBQM iQQH8X lbBM; i?2 ~Qr+?�`i �Mv
TQbbB#H2 T`Q+2bbBM; TBT2HBM2 +�M #2 [mB+FHv b2i mT- /2#m;;2/- 2p�Hm�i2/ �M/
b�p2/ 7Q` H�i2` mb2X Ai Bb BKTH2K2Mi2/ mbBM; Svi?QM �M/ PT2M:GeX

h?2b2 i?`22 T�+F�;2b �`2 QT2M bQm`+2 �M/ /2T2M/BM; QM QT2M bQm`+2 HB#`�`B2bX
h?2B` bQm`+2 +Q/2 +�M #2 7QmM/ i?`Qm;? i?2 HBMFb BM i?2 7QQiMQi2bX

h?2 ;2M2`�H rQ`F~Qr 7Q` mbBM; i?2 J�h 7Q` ;2Q;`�T?B+�H TQBMi +HQm/ KQ/2HHBM;
Bb iQ }`bi Q#i�BM i?2 mMbi`m+im`2/ J�h mbBM; i?2 K�b#+TT iQQH- i?2M TQbbB#Hv /Q
7m`i?2` T`Q+2bbBM; bm+? �b b2;K2Mi�iBQM Q7 i?2 J�h mbBM; bF2Hj/- 7QHHQr2/ #v �
pBbm�HBb�iBQM mbBM; i?2 TvpB iQQHX 6B;m`2 8XR b?Qr+�b2b i?2 mb2` BMi2`7�+2 Q7 TvpBX
qBi? i?2 BMi2`�+iBp2 ~Qr+?�`i b?QrM BM 6B;m`2 8XR� A +�M [mB+FHv i2bi /Bz2`2Mi
T`Q+2bbBM; TBT2HBM2bX �7i2` � +?�M;2 BM i?2 T�`�K2i2`b Q7 � T`Q+2bbBM; MQ/2 Q` i?2
+QMM2+iBQMb #2ir22M i?2 T`Q+2bbBM; MQ/2b i?2 `2bi Q7 i?2 T`Q+2bbBM; TBT2HBM2 �M/
i?2 `2bmHiBM; pBbm�HBb�iBQMb �`2 BKK2/B�i2Hv mT/�i2/X J�Mv T`Q+2bbBM; MQ/2b
/B`2+iHv mb2 7mM+iBQMb Q7 bF2Hj/X h?Bb �HHQrb 7Q` Km+? KQ`2 +QMp2MB2Mi �M/
bT2+B�HBb2/ /2p2HQTK2Mi i?�M TQbbB#H2 rBi? Qi?2` pBbm�HBb�iBQM bQ7ir�`2X

8Xk .�i�@bi`m+im`2 7Q` i?2 mMbi`m+im`2/ J�h

J� 2i �HX (kyRk) �M/ C�H#� 2i �HX (kyRk) /Q MQi 2tTHB+BiHv /2b+`B#2 �Mv /�i�@
bi`m+im`2 7Q` 2{+B2MiHv biQ`BM; i?2 mMbi`m+im`2/ J�hX h?2`27Q`2- A /2b+`B#2 �
bBKTH2 �M/ 2{+B2Mi /�i�@bi`m+im`2 iQ biQ`2 i?2 mMbi`m+im`2/ J�h �b +QKTmi2/
#v i?2 #�HH@b?`BMFBM; �H;Q`Bi?K /2b+`B#2/ BM *?�Ti2` jX +i i?�i ;2Q;`�T?B+�H
TQBMi +HQm/b �`2 ivTB+�HHv p2`v H�`;2 BM biQ`�;2 �M/ i?�i i?2 mMbi`m+im`2/ J�h
?�b irB+2 �b K�Mv K2/B�H �iQKb �b BMTmi TQBMib- i?2 ;Q�H Bb iQ mb2 �b HBiiH2 biQ`�;2
bT�+2 �b TQbbB#H2 rBi?Qmi K�FBM; � b�+`B}+2 BM i?2 7mM+iBQM�HBiv Q7 i?2 K2/B�H
�iQKbX h?Bb K2�Mb i?�i 7Q` 2�+? K2/B�H �iQK r2 b?QmH/ #2 �#H2 iQ `2i`B2p2 BM
+QMbi�Mi iBK2

RX i?2 +QQ`/BM�i2b Q7 i?2 K2/B�H TQBMi-

kX i?2 `�/Bmb Q7 i?2 K2/B�H #�HH-

jX i?2 +QQ`/BM�i2b Q7 i?2 irQ +Q``2bTQM/BM; 72�im`2 TQBMib BM i?2 bm`7�+2 TQBMi
+HQm/-

9X i?2 K2/B�H #Bb2+iQ` �M/ i?2 b2T�`�iBQM �M;H2X
8?iiTb,ff;Bi?m#X+QKfuH�MMHfTvpB
e?iiTb,ffrrrXQT2M;HXQ`;

3R

https://github.com/Ylannl/pyvi
https://www.opengl.org


8 AKTH2K2Mi�iBQM �M/ /�i�@bi`m+im`2b
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6B;m`2 8Xk, *QKT�+i `2T`2b2Mi�iBQM Q7 i?2 mMbi`m+im`2/ J�h #v 2ti2M/BM; i?2
bm`7�+2 TQBMi +HQm/ �``�vX 1�+? `2+Q`/ +QMi�BMb �M Q`B2Mi2/ bm`7�+2 TQBMi
U�M/ T`BK�`v 72�im`2 TQBMiV �M/ BM/B+2b iQ irQ b2+QM/�`v 72�im`2 TQBMib-
QM2 7Q` 2�+? MQ`K�H Q`B2Mi�iBQMX qBi? i?Bb BM7Q`K�iBQM i?2 +QKTH2i2
HQ+�H K2/B�H ;2QK2i`v +�M #2 `2+QMbi`m+i2/ BM +QMbi�Mi iBK2X

aQK2 Q7 i?2b2 T`QT2`iB2b �`2 `2/mM/�Mi- 2X;X QM2 +�M +QKTmi2 i?2 K2/B�H `�/Bmb
7`QK i?2 K2/B�H TQBMi �M/ � 72�im`2 TQBMi- Q` i?2 K2/B�H TQBMi +�M #2 +QKTmi2/
7`QK i?2 T`BK�`v 72�im`2 TQBMi- Bib MQ`K�H p2+iQ` �M/ i?2 K2/B�H `�/BmbX >2`2 A
�BK iQ ?�p2 KBMBK�H `2/mM/�M+v rBi?Qmi b�+`B}+BM; �Mv 7mM+iBQM�HBivX

h?2 mMbi`m+im`2/ J�h Bb � +QHH2+iBQM Q7 K2/B�H �iQKb �M/ 2�+? �iQK +�M #2
+QMbB/2`2/ � UK2/B�HV TQBMi rBi? � MmK#2` Q7 �ii`B#mi2bX h?2 mMbi`m+im`2/
J�h +�M i?mb #2 b22M �b � b2T�`�i2 TQBMi +HQm/X >Qr2p2`- BM +�b2 Q7 i?2 #�HH@
b?`BMFBM; �H;Q`Bi?K 2�+? bm`7�+2 TQBMi ;2M2`�i2b 2t�+iHv irQ K2/B�H �iQKbc QM2
BM i?2 TQbBiBp2 MQ`K�H /B`2+iBQM �M/ QM2 BM i?2 M2;�iBp2 MQ`K�H /B`2+iBQMX �b �
`2bmHi 2�+? K2/B�H �iQK Bb mMB[m2Hv `2H�i2/ iQ � bm`7�+2 TQBMi- BX2X Bib T`BK�`v
72�im`2 TQBMi- BM i?2 bm`7�+2 TQBMi +HQm/X �M/- BMp2`b2Hv- 2�+? bm`7�+2 TQBMi Bb
i?2 T`BK�`v 72�im`2 TQBMi Q7 irQ K2/B�H �iQKb �b A rBHH 2tTH�BM BM i?2 7QHHQrBM;-
i?Bb K2�Mb i?�i i?2 +QQ`/BM�i2b Q7 i?2 K2/B�H TQBMib /Q MQi M22/ iQ #2 biQ`2/
2tTHB+BiHv- �M/ Bi Bb BM 7�+i TQbbB#H2 iQ biQ`2 i?2 2MiB`2 mMbi`m+im`2/ J�h #v
�//BM; Dmbi irQ �ii`B#mi2b iQ i?2 bm`7�+2 TQBMib +HQm/X

� TQBMi +HQm/ Bb ivTB+�HHv biQ`2/ �b �M �``�v Q7 `2+Q`/b- r?2`2 2�+? TQBMi +Q`@
`2bTQM/b iQ QM2 `2+Q`/ Ub22 2X;X G�a (kyRj)VX 1�+? `2+Q`/ Bb � +QHH2+iBQM Q7 �
}t2/ MmK#2` Q7 }2H/b BM � T�`iB+mH�` Q`/2`X AM i?2 +�b2 Q7 �M Q`B2Mi2/ TQBMi
+HQm/ i?2 }2H/b Q7 i?2 `2+Q`/ �`2 i?2 i?`22 +QQ`/BM�i2b Q7 i?2 TQBMi �M/ i?2 i?`22
+QKTQM2Mib Q7 i?2 +Q``2bTQM/BM; MQ`K�H p2+iQ`X �//BiBQM�H TQBMi �ii`B#mi2b +�M
#2 �//2/ #v �//BM; �//BiBQM�H }2H/b iQ i?2 `2+Q`/X

6B;m`2 8Xk BHHmbi`�i2b ?Qr i?2 �``�v Q7 i?2 Q`B2Mi2/ bm`7�+2 TQBMi +HQm/ +�M #2
2ti2M/2/ iQ BM+Q`TQ`�i2 i?2 K2/B�H �iQKb i?�i 7Q`K i?2 mMbi`m+im`2/ J�hX hrQ
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8Xj *QKTmi�iBQM Q7 i?2 mMbi`m+im`2/ J�h 7Q` p2`v H�`;2 /�i�b2ib

}2H/b �`2 �//2/ i?�i �`2 BM/B+2b i?�i TQBMi iQ Qi?2` bm`7�+2 TQBMib BM i?2 �``�vX
1�+? Q7 i?2b2 BM/B+2b BKTHB2b QM2 K2/B�H �iQKX "Qi? K2/B�H �iQKb ?�p2 i?2
bm`7�+2 TQBMi Q7 i?�i `2+Q`/ �b i?2 T`BK�`v 72�im`2 TQBMiX h?2 b2+QM/�`v 72�im`2
TQBMi Bb `272`2M+2/ #v i?2 irQ `2bT2+iBp2 BM/B+2b i+ �M/ i−X AM +QK#BM�iBQM rBi?
i?2 TQBMi MQ`K�H BM i?2 `2+Q`/- Bi Bb MQr TQbbB#H2 iQ /2`Bp2 i?2 +QKTH2i2 HQ+�H
�iQK ;2QK2i`v- KQbi MQi�#Hv i?2 K2/B�H `�/Bmb r �M/ i?2 K2/B�H TQBMi c #v
mbBM; i?2 +QMbi�Mi iBK2 +QKTmi2_�/Bmb �M/ +QKTmi2*2Mi`2 7mM+iBQMb �b ;Bp2M
BM 6B;m`2 jXjX

8Xj *QKTmi�iBQM Q7 i?2 mMbi`m+im`2/ J�h 7Q` p2`v H�`;2
/�i�b2ib

:2Q;`�T?B+�H TQBMi +HQm/b +�M #2 K�bbBp2 U2X;X +QMi�BM #BHHBQMb Q7 TQBMibV �M/
MQi }i � +QKTmi2`Ƕb K�BM K2KQ`v- +QMb2[m2MiHv BM@+Q`2 +QKTmi�iBQM Q7 i?2 mM@
bi`m+im`2/ J�h +�M #2 T`Q#H2K�iB+X aBM+2 i?Bb ?�b MQi #22M `2b2�`+?2/ #27Q`2-
G�K (kyRe) BMp2biB;�i2/ � MmK#2` Q7 �TT`Q�+?2b iQ +B`+mKp2Mi i?Bb T`Q#H2K
#v MQi HQ�/BM; �HH bm`7�+2 TQBMib �i QM+2 BMiQ K�BM K2KQ`v UQmi@Q7@+Q`2VX >Bb
T`2HBKBM�`v +QM+HmbBQM Bb i?�i � bBKTH2 iBHBM; b+?2K2 Bb KQbi 2z2+iBp2X

>2`2 A T`QTQb2 �M Qmi@Q7@+Q`2 iBHBM; b+?2K2 7Q` i?2 #�HH@b?`BMFBM; �H;Q`Bi?K i?�i
T`Q+2bb2b i?2 bm`7�+2 TQBMi +HQm/ b2[m2MiB�HHv BM bK�HH +?mMFb i?�i 2�+? }i K�BM
K2KQ`vX h?Bb Bb TQbbB#H2 #2+�mb2 i?2 QMHv ;HQ#�H QT2`�iBQM T2`7Q`K2/ #v i?2
#�HH@b?`BMFBM;- BX2X i?2 M2�`2bi M2B;?#Qm` [m2`v- Bb �+im�HHv #QmM/2/ #v i?2 BMBiB�H
#�HH `�/Bmb rinit r?B+? Bb � mb2`@/2}M2/ T�`�K2i2`X PMHv K2/B�H #�HHb rBi? �
`�/Bmb mT iQ rinit �`2 +QMbi`m+i2/- �M/ i?2 `�/Bmb Q7 i?2 H�`;2bi K2/B�H #�HH Q7
�M Q#D2+i ivTB+�HHv /2T2M/b QM i?2 �TT`QtBK�i2 bBx2 Q7 i?�i Q#D2+iX � b2MbB#H2
+?QB+2 7Q` i?2 p�Hm2 Q7 rinit Bb i?2`27Q`2 �M �TT`QtBK�i2 bBx2 Q7 i?2 H�`;2bi Q#D2+i
BM i?2 BMTmiX 6Q` 2t�KTH2- 7Q` m`#�M /�i�b2ib rBi? bi`m+im`2b i?�i �`2 mT iQ
kyy K BM bBx2- � p�Hm2 7Q` rinit Q7 �TT`QtBK�i2Hv Ryy K b?QmH/ bm{+2X h?Bb
/Q2b K2�M i?�i K2/B�H �iQKb rBi? � `�/Bmb H�`;2` i?�M Ryy K +�M MQ HQM;2`
#2 +QMbi`m+i2/- #mi mbBM; i?Bb �TT`Q�+? Bi Bb TQbbB#H2 iQ bT�iB�HHv bm#/BpB/2 �M/
T`Q+2bb � K�bbBp2 /�i�b2i rBi? � HBKBi2/ �KQmMi Q7 K�BM K2KQ`vX

hQ T�`iBiBQM- A bm#/BpB/2 i?2 /�i�b2i BMiQ b[m�`2 iBH2b Q7 }t2/ /BK2MbBQMbX h?2
iBH2@bBx2 Bb +?Qb2M bm+? i?�i i?2 +QMi�BM2/ TQBMib 2�bBHv }i BM K�BM K2KQ`vX
�//BiBQM�HHv- 2p2`v iBH2 Bb #mz2`2/ rBi? i?2 p�Hm2 Q7 rinit Ub22 6B;m`2 8XjVX h?2M-
i?2 iBH2b �`2 T`Q+2bb2/ QM2 #v QM2X 6B`bi A +QKTmi2 � F/@i`22 7Q` i?2 +QKTH2i2 iBH2
UBM+Hm/BM; i?2 #mz2`V iQ bT22/ mT M2�`2bi M2B;?#Qm` [m2`B2bX h?2M A �TT`QtBK�i2
i?2 TQBMi MQ`K�Hb �M/ i?2 J�h Bib2H7 7Q` i?2 TQBMib i?�i �`2 BMbB/2 i?2 iBH2 #mi MQi
BM i?2 #mz2` `2;BQMX qBi? i?Bb bBKTH2 Qmi@Q7@+Q`2 b+?2K2 A +�M Q#i�BM B/2MiB+�H
QmiTmib +QKT�`2/ iQ i?2 `2;mH�` BM@+Q`2 �TT`Q�+?X

3j



8 AKTH2K2Mi�iBQM �M/ /�i�@bi`m+im`2b

rinit

6B;m`2 8Xj, aBKTH2 iBHBM; b+?2K2X 1�+? iBH2 Bb #mz2`2/ rBi? i?2 BMBiB�H #�HH `�/Bmb
rinitX

6B;m`2 8X9 b?Qrb i?2 K2KQ`v mb�;2 Q7 Kv bBKTH2 T�`iBiBQMBM; b+?2K2 /m`BM;
i?2 J�h +QKTmi�iBQM Q7 � RXj #BHHBQM TQBMi /�i�b2i U�T�`i 7`QK i?2 TQBMi+QmMi
bBKBH�` iQ .�i�b2i RVX A Kmbi MQi2 i?�i i?Bb 2tT2`BK2Mi r�b T2`7Q`K2/ mb@
BM; �M 2�`Hv BKTH2K2Mi�iBQM Q7 i?2 2ti2M/2/ #�HH@b?`BMFBM; �H;Q`Bi?K i?�i ?�b
BM2{+B2Mi K2KQ`v K�M�;2K2Mi- r?B+? Bb BM?2`2Mi iQ i?2 mb2/ T`Q;`�KKBM;
H�M;m�;2 USvi?QMVX h?2 K2KQ`v K2�bm`2K2Mib BM 6B;m`2 8X9 �`2 i?2`27Q`2 2t@
?B#BiBM; � bHB;?iHv BM+`2�bBM; i`2M/ Qp2` iBK2 UBX2X �b i?2 MmK#2` Q7 T`Q+2bb2/
TQBMib BM+`2�b2bV i?�i Bb MQi `2H�i2/ iQ i?2 i?2Q`2iB+�H K2KQ`v `2[mB`2K2Mib Q7
i?2 �H;Q`Bi?KX LQM2i?2H2bb- A K�F2 i?2 F2v Q#b2`p�iBQM i?�i i?2 �KQmMi Q7 `2@
[mB`2/ K2KQ`v Bb bm++2bb7mHHv `2/m+2/X h?2 �KQmMi Q7 `2[mB`2/ K2KQ`v Bb MQr
#QmM/2/ #v i?2 H�`;2bi MmK#2` Q7 TQBMib BMbB/2 � iBH2 `�i?2` i?�M i?2 iQi�H TQBMi
+QmMi Q7 i?2 /�i�b2iX �b � `2bmHi A �K �#H2 iQ T`Q+2bb K�bbBp2 bm`7�+2 TQBMi
+HQm/bX
h?2 bBKTH2 T�`iBiBQMBM; b+?2K2 i?�i A ?�p2 BKTH2K2Mi2/ 2z2+iBp2Hv HBKBib i?2
�KQmMi Q7 K2KQ`v `2[mB`2/ iQ +QKTH2i2 i?2 +QKTmi�iBQM Q7 K�bbBp2 /�i�b2ibX
h?2 K�BM HBKBi�iBQM Q7 i?Bb �TT`Q�+? Bb i?�i i?2 MmK#2` Q7 TQBMib BM � iBH2 Bb biBHH
#QmM/2/ #v i?2 �KQmMi Q7 �p�BH�#H2 K2KQ`vX �HbQ- i?2 bBx2 Q7 � iBH2 b?QmH/ #2
�i H2�bi �b H�`;2 �b i?2 #mz2` `�/BmbX h?mb 7Q` 2ti`2K2Hv /2Mb2 /�i�b2ib Bi K�v
MQ HQM;2` #2 72�bB#H2 iQ T`Q+2bb `2�bQM�#Hv bBx2/ iBH2bX >Qr2p2` 7Q` i?2 i2bi2/
/�i�b2i- rBi? TQBMi /2MbBiB2b mT iQ Qp2` Ryy TQBMib T2` b[m�`2 K2i2`- i?Bb r�b
MQi � T`Q#H2KX
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8Xj *QKTmi�iBQM Q7 i?2 mMbi`m+im`2/ J�h 7Q` p2`v H�`;2 /�i�b2ib

6B;m`2 8X9, J2KQ`v +QMbmKTiBQM �b � 7mM+iBQM Q7 i?2 MmK#2` Q7 T`Q+2bb2/ TQBMib 7Q`
i?2 J�h �TT`QtBK�iBQM Q7 i?2 RXj #BHHBQM TQBMi m`#�M /�i�b2iX
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e �TTHB+�iBQMb Q7 i?2 mMbi`m+im`2/ J�h

AM *?�Ti2`b j iQ 8 A H�B/ Qmi i?2 ;`QmM/rQ`F 7Q` ;2Q;`�T?B+�H TQBMi +HQm/ KQ/@
2HHBM; rBi? i?2 J�hX AM i?Bb +?�Ti2` A T`2b2Mi � i?`22 �TTHB+�iBQMb #�b2/ QM
mMbi`m+im`2/ J�h U*?�Ti2` jVX h?2 MQp2Hiv Q7 i?2 i?2b2 K2i?Q/b HB2b BM i?2
�TTHB+�iBQM Q7 i?2 mMbi`m+im`2/ J�h iQ �2`B�H TQBMi +HQm/bX

A T`2b2Mi irQ �TTHB+�iBQMb Q7 i?2 J�h i?�i #Qi? �BK iQ /2�H rBi? i?2 TQi2MiB�HHv
K�bbBp2 bBx2 Q7 �2`B�H TQBMi +HQm/ /�i�b2ibX 6B`bi- BM a2+iBQM eXR A T`2b2Mi �
K2i?Q/ 7Q` 72�im`2@�r�`2 TQBMi +HQm/ bBKTHB}+�iBQM- BX2X `2/m+BM; i?2 MmK#2`
Q7 TQBMib BM � TQBMi +HQm/ BM � r�v i?�i `2H�iBp2Hv T`2b2`p2b �`2�b rBi? � bK�HH
72�im`2 bBx2 U2X;X ?�pBM; � ?B;? +m`p�im`2VX a2+QM/- BM a2+iBQM eXk- A T`2b2Mi �
K2i?Q/ 7Q` 72�im`2@�r�`2 TQBMi bTH�iiBM; 7Q` pBbm�HBb�iBQM Tm`TQb2b i?�i #2 b22M
�b �M 2ti2MbBQM Q7 i?2 72�im`2@�r�`2 TQBMi +HQm/ bBKTHB}+�iBQM K2i?Q/X h?Bb
b2+iBQM Bb #�b2/ QM i?2 T�T2`,

_Q#mbi �TT`QtBK�iBQM Q7 i?2 J2/B�H �tBb h`�Mb7Q`K Q7 GB.�_
TQBMi +HQm/b �b � iQQH 7Q` pBbm�HBb�iBQMX _�pB S2i2`b �M/ >m;Q
G2/QmtX *QKTmi2`b � :2Qb+B2M+2b NyU�V- J�`+? kyRe- TTX RkjĜRjj-
/QB, RyXRyRefDX+�;2QXkyReXykXyRN

"Qi? b2+iBQMb �`2 #�b2/ QM i?2 b�K2 i?2Q`2iB+�H 7QmM/�iBQM, i?2 +QM+2Tib Q7 GQ+�H
62�im`2 aBx2 UG6aV �M/ i?2 epsilon@b�KTH2 U�b /2b+`B#2/ BM a2+iBQM kXkXkVX

a2+iBQM eXj T`2b2Mib � i?B`/ �TTHB+�iBQM 7Q` TQBMi +HQm/@#�b2/ pBbB#BHBiv �M�HvbBbX
h?Bb b2+iBQM Bb #�b2/ QM i?2 T�T2`,

oBbB#BHBiv �M�HvbBb BM � SQBMi *HQm/ "�b2/ QM i?2 J2/B�H �tBb
h`�Mb7Q`KX _�pB S2i2`b- >m;Q G2/Qmt �M/ 6BHBT "BHD2+FBX 1m`Q;`�T?B+b
qQ`Fb?QT QM l`#�M .�i� JQ/2HHBM; �M/ oBbm�HBb�iBQM kyR8- LQp2K#2`
kyR8- TTX dĜRk- /QB, RyXkjRkfm/KpXkyR8Rj9k

eXR aBKTHB}+�iBQM

qBi? `2+2Mi �/p�M+2b BM `2KQi2 b2MbBM; i2+?MQHQ;B2b bm+? �b �2`B�H GB.�_ �M/
T?QiQ;`�KK2i`v r2 �`2 �#H2 iQ �+[mB`2 b�KTH2b Q7 i?2 1�`i? BM mMT`2+2/2Mi2/
[m�MiBiB2b �M/ rBi? p2`v ?B;? �++m`�+vX
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e �TTHB+�iBQMb Q7 i?2 mMbi`m+im`2/ J�h

h?2 2H2p�iBQM TQBMib +QHH2+i2/ �`2 b�KTH2b Q7 � /B;Bi�H bm`7�+2 KQ/2H U.aJV
r?2`2 2p2`v Q#D2+ib- M�im`�H U2X;X KQmMi�BMb �M/ p�HH2vbV �M/ K�M@K�/2 U2X;X
#mBH/BM;b- /BF2b �M/ #`B/;2bV- �`2 `2T`2b2Mi2/X � T`BK2 2t�KTH2 Bb i?2 .mi+?
M�iBQM�H 2H2p�iBQM i?2 m`#�M /�i�b2i �>LkR r?B+? ?�b � iQi�H Q7 Qp2` eyy #BHHBQM
TQBMibX

q?BH2 bm+? TQBMi +HQm/b ?�p2 � #`Q�/ `�M;2 Q7 �TTHB+�iBQMb Ubm+? �b ~QQ/ KQ/@
2HHBM;- /BF2 KQMBiQ`BM;- +`BbBb K�M�;2K2Mi �M/ +Biv KQ/2HHBM; (aMv/2`- kyRj)V-
T`�+iBiBQM2`b ?�p2 T`Q#H2Kb /2�HBM; rBi? i?2K #2+�mb2 Q7 i?2B` K�bbBp2 bBx2X
h?2v /Q MQi }i � +QKTmi2`Ƕb K�BM K2KQ`v- �M/- �b � `2bmHi- bi�M/�`/ bQ7ir�`2
Ubm+? �b :Aa Q` 2MpB`QMK2Mi�H KQ/2HHBM;V +�M bBKTHv MQi #2 mb2/X

h?Bb T`Q#H2K +�M #2 �HH2pB�i2/ #v /2bB;MBM; �H;Q`Bi?Kb bQ i?�i i?2 HBKBi�iBQMb
Q7 i?2 +QKTmi2`Ƕb K�BM K2KQ`v �`2 M2p2` 2t+22/2/- 2X;X #v mbBM; i?2 ;2QK@
2i`v bi`2�KBM; T�`�/B;K (Ab2M#m`; 2i �HX- kyye) Q` /2bB;MBM; 2ti2`M�H K2KQ`v
�H;Q`Bi?Kb (�;;�`r�H �M/ oBii2`- RN33)X >Qr2p2`- i?2 7Q`K2` Bb QMHv mb27mH 7Q`
+2`i�BM HQ+�H T`Q#H2Kb U2X;X BMi2`TQH�iBQM �M/ +`2�iBQM Q7 ;`B/bV- ;HQ#�H T`Q#@
H2Kb bm+? �b pBbB#BHBiv Q` ~Qr KQ/2HHBM; �`2 MQi bmBi�#H2X h?2 H�ii2` `2[mB`2b
+�`27mH /2bB;M Q7 �H;Q`Bi?Kb 7Q` /Bz2`2Mi T`Q#H2Kb U2X;X 7Q` 2ti`�+iBM; +QMiQm`
HBM2b (�;�`r�H 2i �HX- kyy3) Q` r�i2`b?2/b (�`;2 2i �HX- kyye)- r?B+? HBKBib Bib mb2X
>2M+2- BM bQK2 +�b2b Bi Bb T`272``2/ Q` 2p2M M2+2bb�`v iQ `2/m+2 i?2 bBx2 Q7 i?2
TQBMi +HQm/ T`BQ` iQ T`Q+2bbBM;X

J�bbBp2 TQBMi +HQm/b Q7i2M +QMi�BM � HQi Q7 `2/mM/�Mi BM7Q`K�iBQMX � ?B;? b�K@
THBM; /2MbBiv Bb Q7i2M T`272``2/ #2+�mb2 i?Bb H2�/b iQ � +H2�`2` /2}MBiBQM Q7 i?2
b�KTH2/ bm`7�+2- 2bT2+B�HHv 7Q` bK�HH 72�im`2b i?�i K�v Qi?2`rBb2 #2 mM/2`b�K@
TH2/X u2i- �i i?2 b�K2 iBK2 K�Mv H�`;2 U�M/ `2H�iBp2Hv TH�M�`V 72�im`2b K�v #2
�/2[m�i2Hv `2T`2b2Mi2/ mbBM; � H2bb /2Mb2 b�KTHBM;- BX2X i?2v +QmH/ #2 `2T`2b2Mi2/
rBi? QMHv � bm#b2i Q7 i?2B` Q`B;BM�H b�KTH2bX

SQBMi +HQm/ bBKTHB}+�iBQM �BKb �i HQr2`BM; i?2 Qp2`�HH TQBMi +QmMi- r?BH2 K�BM@
i�BMBM; � bm{+B2MiHv /2Mb2 b�KTHBM; Q7 #Qi? H�`;2 �M/ bK�HH 72�im`2bX �b � `2bmHi-
i?2 b�K2 Qp2`�HH bm`7�+2 b?�T2 +�M #2 �/2[m�i2Hv /2b+`B#2/ rBi? 72r2` b�KTH2b-
�M/ H2bb +QKTmi�iBQM�H `2bQm`+2b �`2 M22/2/ 7Q` �Mv bm#b2[m2Mi T`Q+2bbBM;X CQ�Q
(RNN3) 2p2M bi�i2b i?�i p�`BQmb bT�iB�H �M�HvbBb K2i?Q/b +�M #2 T2`7Q`K2/ KQ`2
�++m`�i2Hv rBi? � bBKTHB}2/ i2``�BM i?�M rBi? i?2 Q`B;BM�H QM2X aBKTHB}+�iBQM
�HbQ BKTHB2b i?�i T`�+iBiBQM2`b +�M +QMiBMm2 mbBM; i?2B` +m``2Mi iQQHb- �M/ MQ M2r
�H;Q`Bi?Kb Q` iQQHb ?�p2 iQ #2 /2p2HQT2/ iQ #2 �#H2 iQ /2�H rBi? K�bbBp2 TQBMi
+HQm/bX

*m``2Mi bBKTHB}+�iBQM K2i?Q/b 2Bi?2` `2[mB`2 i?2 FMQrH2/;2 Q7 i?2 bm`7�+2 BK@
THB2/ #v i?2 TQBMib Ur?B+? Bb MQi � T`BQ`B FMQrM- �M/ Bb +?�HH2M;BM; iQ +QKTmi2
BM T`�+iB+2V- Q` `�M/QKHv b2H2+i � bm#b2i Q7 i?2 TQBMib Ur?B+? B;MQ`2b i?2 72�im`2b

R?iiT,ffrrrX�?MXMH
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eXR aBKTHB}+�iBQM

Q7 i?2 bm`7�+2VX A T`QTQb2 iQ mb2 � bBKTHB}+�iBQM K2i?Q/ #�b2/ QM i?2 mMbi`m+@
im`2/ J�h i?�i Bb 72�im`2@�r�`2 �M/ /Q2b MQi `2[mB`2 2tTHB+Bi FMQrH2/;2 Q7 i?2
bm`7�+2X
h?2 F2v J�h@#�b2/ +QM+2Ti i?�i A 2KTHQv BM i?Bb +?�Ti2` Bb i?2 HQ+�H 72�im`2
bBx2 (�K2Mi� 2i �HX- RNN3#)- BX2X i?2 b?Q`i2bi /Bbi�M+2 #2ir22M � bm`7�+2 TQBMi iQ
i?2 J�hX Ai 2z2+iBp2Hv T2`KBib mb iQ B/2MiB7v i?2 TQBMib r?2`2 i?2 +m`p�im`2
Bb ?B;? Q` r?2`2 i?2 #QmM/�`v Q7 � b?�T2 Bb +HQb2 iQ Bib2H7- i?mb ;BpBM; � mb27mH
/2}MBiBQM Q7 i?2 ;2QK2i`B+ bB;MB}+�M+2 Q7 � TQBMiX A mb2 i?Bb +QM+2Ti iQ T`2b2`p2
72�im`2b BM � .aJ- 2X;X `QQ7 iQTb- `B/;2b- p�HH2vb- 72M+2bX

eXRXR _2H�i2/ rQ`F BM j. TQBMi +HQm/ bBKTHB}+�iBQM

6QHHQrBM; Bb � /Bb+mbbBQM Q7 TQBMi +HQm/ #�b2/ bBKTHB}+�iBQM K2i?Q/bX A /Q MQi
2H�#Q`�i2 QM KQ`2 i`�/BiBQM�H kX8. �TT`Q�+?2b Q7 bBKTHB}+�iBQM �M/ pBbm�HBb�iBQM
i?�i �`2 #�b2/ QM `�bi2` ;`B/b Q` hALb Ub22 7Q` 2t�KTH2 :�`H�M/ �M/ >2+F#2`i
(RNN8)c :QH/ �M/ 1/r�`/b (RNNk)c >2HH2` (RNNy)c E`�mb �M/ S72B72` (RNN3)c G22
(RN3N)c oQbb2HK�M (kyyy)VX
hQQHb 7`QK :Aa T`�+iB+2 Q7i2M Qz2` bBKTHBbiB+ bBKTHB}+�iBQM �H;Q`Bi?Kb 7Q` TQBMi
+HQm/b, � bm#b2i Bb +QMbi`m+i2/ mbBM; ;`B//BM; Q` `�M/QK Q` nth TQBMi b2H2+iBQMX
6`QK � b+B2MiB}+ TQBMi@Q7@pB2r- S�mHv 2i �HX (kyyk) BKTH2K2Mi �M/ `2pB2r i?`22
+QKKQM �TT`Q�+?2b 7Q` TQBMi +HQm/ bBKTHB}+�iBQM Q7 /2Mb2Hv@b�KTH2/ bKQQi?
b?�T2bX q?BH2 �2`B�H TQBMi +HQm/b �`2 MQi M2+2bb�`BHv bKQQi? �M/ i?2 b�KTHBM;
/2MbBiv p�`B2b ;`2�iHv- A /Bb+mbb i?2b2 i?`22 �TT`Q�+?2b �M/ �bb2bb i?2K 7Q` �2`B�H
TQBMi +HQm/bX

RX *Hmbi2`BM; bm#/BpB/2b i?2 TQBMi +HQm/ BMiQ +Hmbi2`b i?�i �`2 2�+? `2TH�+2/ #v
QM2 `2T`2b2Mi�iBp2 b�KTH2X h?2 +Hmbi2` K�v #2 /2}M2/ #v i?2 MQM@2KTiv
+2HHb Q7 � `2;mH�` ;`B/ i?�i Bb bmT2`BKTQb2/ QM i?2 BMTmi TQBMi +HQm/- BM
r?B+? +�b2 i?2 +Hmbi2`b �`2 `2TH�+2/ #v i?2 +2Mi`2 TQBMib Q7 i?2b2 +2HHbX
"2+�mb2 Q7 i?2 }t2/ +2HH bBx2 i?2 `2bmHiBM; TQBMib �`2 mMB7Q`KHv /Bbi`B#mi2/-
r?B+? K�F2b Bi BKTQbbB#H2 iQ �+?B2p2 � b�KTHBM; /2MbBiv i?�i /2T2M/b QM
HQ+�H +m`p�im`2 Q` 72�im`2 bBx2X �Hi2`M�iBp2Hv- +Hmbi2` K�v #2 KQ`2 HQQb2Hv
/2}M2/ �b ;`QmTb Q7 M2B;?#Qm`BM; b�KTH2b i?�i �`2 �TT`QtBK�i2Hv TH�M�`X
1�+? +Hmbi2` Bb i?2M `2TH�+2/ #v i?2 +2Mi`QB/ Q7 i?2 +Hmbi2`Ƕb TQBMibX

kX Ai2`�iBp2 bBKTHB}+�iBQM- r?B+? +�M #2 +QMbB/2`2/ � ;2M2`�HBx�iBQM Q7 G22
(RN3N)- `2/m+2b i?2 MmK#2` Q7 TQBMib #�b2/ QM �M 2``Q` K2i`B+ i?�i [m�MiB@
}2b i?2 2``Q` i?�i `2bmHib 7`QK i?2 `2KQp�H Q7 � TQBMiX SQBMib �`2 `2KQp2/
BM Q`/2` Q7 BM+`2�bBM; 2``Q`- �M/ 2p2`v TQBMi `2KQp�H �z2+ib i?2 2``Q` Q7
bm``QmM/BM; TQBMibX S�mHv 2i �HX (kyyk) +?QQb2 i?2 [m�/`B+ 2``Q` K2i`B+
i?�i r�b BMi`Q/m+2/ #v :�`H�M/ �M/ >2+F#2`i (RNNd) 7Q` K2b? bBKTHB}@
+�iBQM �M/ �/�Ti Bi 7Q` TQBMi +HQm/b mbBM; 2biBK�i2/ TQBMi MQ`K�Hb �M/
k@M2B;?#Qm`?QQ/bX
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e �TTHB+�iBQMb Q7 i?2 mMbi`m+im`2/ J�h

jX S�`iB+H2 bBKmH�iBQM, i?2 B/2� Bb iQ mb2 � TQBMi `2TmHbBQM �H;Q`Bi?K iQ `2/Bb@
i`B#mi2 � mb2` /2}M2/ MmK#2` Q7 T�`iB+H2b i?�i �`2 `�M/QKHv TH�+2/ QM i?2
b�KTH2/ bm`7�+2X h?2 TQBMib BM i?2 BMTmi TQBMi +HQm/ 2t2`i � 7Q`+2 QM i?2
bBKmH�i2/ T�`iB+H2b mMiBH �M 2[mBHB#`BmK Bb `2�+?2/X h?Bb �TT`Q�+? /2T2M/b
QM HQ+�H bm`7�+2 �TT`QtBK�iBQMb i?�i T`2p2Mi T�`iB+H2b 7`QK /`B7iBM; �r�v
7`QK i?2 b�KTH2/ bm`7�+2X hQ Tmb? KQ`2 T�`iB+H2b iQ `2;BQMb Q7 ?B;? +m`@
p�im`2 S�mHv 2i �HX (kyyk) r2B;? i?2 `2TmHbBQM 7Q`+2b BMp2`b2Hv rBi? bm`7�+2
p�`B�iBQM- � K2i`B+ i?�i Bb bBKBH�` iQ +m`p�im`2X

�HH Q7 i?2 i?`22 /2b+`B#2/ �TT`Q�+?2b /2T2M/ QM �TT`QtBK�i2 TQBMi MQ`K�HbX
h?2b2 �`2 +QKTmi2/ 7Q` 2�+? TQBMi #v T2`7Q`KBM; � T`BM+BT�H +QKTQM2Mi �M�H@
vbBb Q7 Bib k@M2�`2bi M2B;?#Qm`bX h?2 bm`7�+2 p�`B�iBQM /2}M2/ #v S�mHv 2i �HX
(kyyk) [m�MiB}2b i?2 p�`B�iBQM �HQM; i?2 �TT`QtBK�i2/ MQ`K�H rBi? `2bT2+i iQ
i?2 i�M;2Mi TH�M2X h?2v b?Qr i?�i bm`7�+2 p�`B�iBQM +HQb2Hv `2b2K#H2b +m`p�im`2-
#mi �`;m2 i?�i bm`7�+2 p�`B�iBQM Bb � KQ`2 K2�MBM;7mH K2i`B+ 7Q` TQBMi +HQm/ bBK@
THB}+�iBQMX "2+�mb2- r?2M irQ bm`7�+2b +QK2 +HQb2 iQ;2i?2`- BX2X +HQb2` i?�M i?2
bK�HH2bi 2M+HQbBM; bT?2`2 Q7 i?2 k@M2B;?#Qm`?QQ/ Q7 i?2 TQBMi BM [m2biBQM- i?Bb
Bb �HbQ H2�/b iQ � ?B;?2` bm`7�+2 p�`B�iBQMX h?Bb Bb BMi2`2biBM; #2+�mb2 i?2 HQ+�H
72�im`2 bBx2 K2i`B+- i?�i A mb2 BM i?Bb b2+iBQM- �HbQ [m�MiB}2b i?Bb- 2p2M rBi?Qmi
/2T2M/BM; QM k@M2B;?#Qm`?QQ/bX

eXRXk J2i?Q/

A mb2 i?2 J�h@/2`Bp2/ HQ+�H 72�im`2 bBx2 UG6aV Ub22 a2+iBQM kXkXkV BM Q`/2` iQ
T2`7Q`K 72�im`2@�r�`2 TQBMi +HQm/ bBKTHB}+�iBQMX lbBM; i?2 G6a- QM2 +�M +QK@
Tmi2 �M ϵ@b�KTH2- BX2X � b�KTHBM; Q7 i?2 bm`7�+2 S i?�i `2H�i2b TQBMi /2MbBiv iQ
i?2 G6aX
�M ϵ@b�KTH2 +�M #2 �TT`QtBK�i2/ 7`QK i?2 7mHH bm`7�+2 TQBMi +HQm/ #v Bi2`�iBp2Hv
`2KQpBM; TQBMib i?�i /Q MQi #`2�F i?2 ϵ@b�KTHBM; +`Bi2`BQMX J� 2i �HX (kyRk)
+QKTmi2 �M �TT`QtBK�i2 ϵ@b�KTH2 7`QK �M Qp2`b�KTH2/ BMTmi TQBMi +HQm/ P #v
i2biBM; 7Q` 2�+? T ∈ P r?2i?2` i?2 #�HH B(T, ϵf(T)) +QMi�BMb �Mv TQBMi 7`QK P
Qi?2` i?�M T Bib2H7X A7 Bi /Q2b- T Bb `2KQp2/ 7`QK P X
J� 2i �HX (kyRk) BKTH2K2Mi i?2 �TT`Q�+? mbBM; � E.@i`22 h?Bb Bb BM2{+B2Mi BM
T`�+iB+2- #2+�mb2 Bi `2[mB`2b K�Mv M2�`2bi M2B;?#Qm` [m2`B2b QM � +?�M;BM; E.@
i`22- �M/ /vM�KB+�HHv `2KQpBM; TQBMib 7`QK � E.@i`22 K�F2b Bi mM#�H�M+2/ �M/
?�KT2`b Bib T2`7Q`K�M+2X
Jv �TT`Q�+? Bb MQp2H BM i?2 b2Mb2 i?�i A /Q MQi mb2 � E.@i`22 7Q` i?2 bBKTHB}+�@
iBQMX AMbi2�/ A Qp2`H�v � i?`22@/BK2MbBQM�H `2;mH�` ;`B/ QM i?2 BMTmi TQBMi +HQm/
�M/ mb2 � bBKTH2 +�H+mH�iBQM iQ �TT`QtBK�i2 i?2 i?BMMBM; 7�+iQ` 7Q` 2�+? ;`B/
+2HH- r?B+? Bb i?2M `�M/QKHv i?BMM2/ �++Q`/BM;HvX h?Bb �H;Q`Bi?K Bb bBKTH2 iQ
BKTH2K2Mi �M/ `mMb BM HBM2�` iBK2X h?2`27Q`2 Bi Bb Km+? 7�bi2` i?�M i?2 �TT`Q�+?
Q7 J� 2i �HX (kyRk)X
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eXR aBKTHB}+�iBQM

h?2 i?BMMBM; 7�+iQ` 7Q` 2�+? ;`B/ +2HH c BM i?`22 bi2TbX *2HHbBx2 d- i?2 KBMBKmK
�M/ K�tBKmK TQBMi+QmMib T2` +2HH nmin �M/ nmax- �M/ ϵ �`2 mb2` T�`�K2i2`bX

RX *QKTmi2 i?2 �p2`�;2 G6a favg Q7 �HH TQBMib BM c-

kX *QKTmi2 i?2 2tT2+i2/ MmK#2` Q7 TQBMib ntarget = d
ϵfavg

jX 1Mbm`2 i?�i nmin < ntarget < nmax- +H�KT Qi?2`rBb2X

9X _�M/QKHv i?BM i?2 TQBMib BM c mbBM; � 7�+iQ` x =
ntarget

n - r?2`2 n Bb i?2
MmK#2` Q7 TQBMib BM cX

A i?mb Q#i�BM � 7�bi ;2QK2i`v /2T2M/2Mi bBKTHB}+�iBQM Q7 i?2 TQBMi +HQm/ r?2`2
�`2�b rBi? � H�`;2 G6a �`2 `2T`2b2Mi2/ rBi? `2H�iBp2Hv 72r2` TQBMib i?�M �`2�b
rBi? � bK�HH G6aX

eXRXj _2bmHib

AM 6B;m`2 eXR i?2 bBKTHB}+�iBQM `2bmHib 7Q` i?2 m`#�M /�i�b2i �`2 b?QrM 7Q` /B7@
72`2Mi p�Hm2b Q7 ϵX

A ?�p2 2tT2`BK2Mi2/ �HbQ rBi? � p�`B�Mi Q7 ϵ@b�KTHBM;- r?2`2 i?2 TQBMi /2MbBiv
/2T2M/b [m�/`�iB+�HHv Uϵf2(p)V `�i?2` i?�M HBM2�`Hv Uϵf(p)V QM i?2 HQ+�H 72�im`2
bBx2X "v [m�/`�iB+�HHv KQ/2HHBM; i?Bb `2H�iBQM A BM+`2�b2 i?2 /Bz2`2M+2 BM b�KTHBM;
/2MbBiv #2ir22M TQBMib rBi? `2H�iBp2Hv HQr HQ+�H 72�im`2 bBx2 �M/ TQBMib rBi?
`2H�iBp2Hv ?B;? HQ+�H 72�im`2 bBx2X

6Q` +QKT�`BbQM A ?�p2 �HbQ bBKTHB}2/ i?2 TQBMi +HQm/ mbBM; `�M/QK i?BMMBM; �M/
;`B/ +Hmbi2`BM;X

A 2p�Hm�i2 i?2b2 `2bmHib pBbm�HHv- #2+�mb2 i?2`2 Bb MQ i`BpB�H K2i?Q/ iQ K2�bm`2
� [m�MiBi�iBp2 �TT`QtBK�iBQM 2``Q` 7Q` bBKTHB}2/ TQBMi +HQm/b Ui?Bb Bb �HbQ MQi2/
#v S�mHv 2i �HX (kyyk)VX

h?2 7QHHQrBM; Q#b2`p�iBQMb +�M #2 K�/2X 6Q` i?2 ϵ@b�KTH2b- TQBMib �`2 +H2�`Hv
KQ`2 +QM+2Mi`�i2/ �`QmM/ bK�HH 72�im`2b BM i2``�BM �M/ K�M@K�/2 bi`m+im`2bX
h?2 2/;2b BM i?2 #HQ+F@HBF2 bi`m+im`2b �`2 `2H�iBp2Hv /2Mb2Hv b�KTH2/ 7Q` �HH ϵ-
2p2M KQ`2 bQ BM +�b2 Q7 i?2 b[m�`2/ ϵ@b�KTH2bX SH�M�` 72�im`2b bm+? �b i?2
;`QmM/ �M/ i?2 bB/2b Q7 i?2 #HQ+Fb ?�p2 HQr2` b�KTHBM; /2MbBiB2bX �M/ /2bTBi2
i?2 HQr2` b�KTHBM; /2MbBiv QM p2`iB+�H r�HHb r?2M +QKT�`2/ iQ i?2 `QQ7b- i?2 ϵ@
b�KTH2b ?�p2 +QKT�`�#H2 /2MbBiB2b QM #Qi? bm`7�+2b UmMHBF2 i?2 `�M/QK i?BMMBM;
`2bmHiVX h?Bb Bb 2tT2+i2/ #2+�mb2 �M ϵ@b�KTH2 b?QmH/ MQi #2 �z2+i2/ #v i?2 BMTmi
b�KTHBM; /2MbBiv- �b HQM; �b i?2 J�h +�M #2 `2+QMbi`m+i2/ �/2[m�i2HvX

NR



e �TTHB+�iBQMb Q7 i?2 mMbi`m+im`2/ J�h

U�V ϵ = 0.2- 211373 TQBMib U#V ϵ = 0.2- [m�/`�iB+- 167848 TQBMib

U+V ϵ = 0.4- 88835 TQBMib U/V ϵ = 0.4- [m�/`�iB+- 86973 TQBMib

U2V ϵ = 0.6- 53359 TQBMib U7V ϵ = 0.6- [m�/`�iB+- 54385 TQBMib

U;V _�M/QK i?BMMBM; iQ 10%- 74746
TQBMib

U?V :`B/ +Hmbi2`BM;- rBi? +2HH bBx2 0.8m-
68896 TQBMib

6B;m`2 eXR, aBKTHB}+�iBQM `2bmHib 7Q` i?2 m`#�M /�i�b2i �M/ +Q``2bTQM/BM; TQBMi
+QmMib
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eXk 62�im`2@�r�`2 TQBMi bTH�iiBM; #�b2/ QM i?2 J�h

eXRX9 GBKBi�iBQMb Q7 G6a@#�b2/ bBKTHB}+�iBQM

A rBHH /Bb+mbb irQ HBKBiBM; �bT2+ib Q7 i?2 �TT`Q�+? A BMi`Q/m+2 BM i?Bb b2+iBQMX

6B`bi- i?2 HQ+�H 72�im`2 bBx2 #�b2/ bBKTHB}+�iBQM �M/ bTH�iiBM; #Qi? /2T2M/ QM i?2
2biBK�i2/ HQ+�H 72�im`2 bBx2 �M/ i?mb QM i?2 [m�HBiv Q7 i?2 �TT`QtBK�i2/ J�hX
.BbiQ`iBQMb BM i?2 �TT`QtBK�i2/ J�h �`2 i?2`27Q`2 pBbB#H2 BM i?2 bBKTHB}+�iBQM
`2bmHibX q?BH2 i?2 /2MQBbBM; ?2m`BbiB+ �b /2b+`B#2/ BM *?�Ti2` j K�F2b i?2
J�h `Q#mbi iQ bK�HH b+�H2 MQBb2 BM i?2 BMTmi TQBMi +HQm/- bB;MB}+�Mi QmiHB2`b
BM i?2 BMTmi TQBMi +HQm/ +�M biBHH +�mb2 /BbiQ`iBQMb i?�i �z2+i i?2 bBKTHB}+�iBQMX
6m`i?2`KQ`2- i?2 /2MQBbBM; ?2m`BbiB+ +�mb2b � `2/m+2/ b2MbBiBpBiv 7Q` �`2�b rBi? �
bK�HH HQ+�H 72�im`2 bBx2- r?B+? H2�/b iQ � bHB;?i Qp2`2biBK�iBQM Q7 i?2 HQ+�H 72�im`2
bBx2 �M/ bQK2r?�i �z2+ib i?2 2z2+iBp2M2bb Q7 i?2 bBKTHB}+�iBQM BM i?Qb2 �`2�bX

a2+QM/- i?2`2 �`2 � MmK#2` Q7 T�`�K2i2`b 7Q` i?2 bBKTHB}+�iBQM �H;Q`Bi?K i?�i
A BMi`Q/m+2 bm+? �b i?2 +2HHbBx2 i?�i M22/ iQ #2 b2i #v i?2 mb2`X q?BH2 i?Bb ;Bp2b
i?2 mb2` KQ`2 +QMi`QH Q7 i?2 QmiTmi- �M �miQK�i2/ T�`�K2i2`b b2iiBM; K�v #2
T`272``2/ 7Q` +QMp2MB2M+2X

eXRX8 *QM+HmbBQMb

AM i?Bb b2+iBQM A ?�p2 K�/2 irQ K�BM +QMi`B#miBQMbX 6B`bi- A ?�p2 �TTHB2/ i?2
mMbi`m+im`2/ J�h- �b /2b+`B#2/ BM *?�Ti2` j- iQ �2`B�H TQBMi +HQm/bX a2+QM/ A
T`2b2Mi � MQp2H K2i?Q/ iQ [mB+FHv �TT`QtBK�i2 �M epsilon@b�KTH2X

�b � `2bmHi A �K �#H2 iQ 2z2+iBp2Hv T2`7Q`K 72�im`2@�r�`2 TQBMi +HQm/ bBKTHB}@
+�iBQMX

eXk 62�im`2@�r�`2 TQBMi bTH�iiBM; #�b2/ QM i?2 J�h

h?2 2z2+iBp2 pBbm�HBb�iBQM Q7 K�bbBp2 TQBMi +HQm/b Bb T2`?�Tb i?2 KQbi 2bb2MiB�H
BMbi`mK2Mi � b+B2MiBbi ?�b iQ �M�Hvb2 �M/ mM/2`bi�M/ � TQBMi +HQm/X �b �`;m2/ #v
.vF2b 2i �HX (kyy8)- pBbm�HBb�iBQM +�M �M/ b?QmH/ bmTTQ`i i?2 2MiB`2 ;2Qb+B2MiB}+
T`Q+2bb 7`QK i?2 BMiBiB�H /�i� 2tTHQ`�iBQM iQ bvMi?2bBb- �M�HvbBb- 2p�Hm�iBQM �M/
T`2b2Mi�iBQMX >Qr2p2`- i?2 pBbm�HBb�iBQM Q7 TQBMi +HQm/b Bb +m``2MiHv ?�KT2`2/ #v
irQ K�BM T`Q#H2Kb, URV /m2 iQ i?2B` K�bbBp2 bBx2 i?2v }i M2Bi?2` � +QKTmi2`Ƕb
K�BM K2KQ`v MQ` � +QKTmi2`Ƕb ;`�T?B+b K2KQ`vc �M/ UkV ?Qr iQ �+?B2p2 �
pBbm�HHv TH2�bBM; `2M/2`BM; i?�i bi`2M;i?2Mb i?2 pB2r2`Ƕb T2`+2TiBQM Q7 /2Ti? �M/
?2` b2Mb2 Q7 bi`m+im`2 r?2M QMHv bT�`b2 �M/ mMbi`m+im`2/ TQBMib �`2 `2M/2`2/X �b
A 7m`i?2` /2b+`B#2 BM a2+iBQM eXRXR- Bi Bb BM/22/ TQbbB#H2 iQ pBbm�HBb2 TQBMi +HQm/b
i?�i 2t+22/ i?2 +�T�+Biv Q7 � +QKTmi2`Ƕb BMi2`M�H K2KQ`v i?`Qm;? i?2 mb2 Q7 Qmi@
Q7@+Q`2 bT�iB�H BM/2tBM; b+?2K2b �M/ #v �TTHvBM; K2i?Q/b bm+? �b pB2r@7`mbimK
+mHHBM; �M/ KmHiB@`2bQHmiBQM ?B2`�`+?B2b iQ b2H2+i � bm#b2i Q7 i?2 TQBMib (E`2vHQb
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6B;m`2 eXk, SQBMi +HQm/ `2M/2`2/ rBi? b?�/2/ }t2/@bBx2/ TQBMibX q?2M xQQK2/ BM Bi
Bb ?�`/ iQ T2`+2Bp2 bi`m+im`2 �M/ /2Ti?- /m2 iQ i?2 H�`;2 b+`22M /Bbi�M+2b
#2ir22M TQBMibX
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2i �HX- kyy3c _B+?i2` �M/ .ƺHHM2`- kyRyc qBKK2` �M/ a+?2B#H�m2`- kyye)X h?mb
� ?B;? 7`�K2@`�i2 +�M #2 �+?B2p2/ #v HBKBiBM; i?2 MmK#2` Q7 TQBMib i?�i Bb b2Mi
iQ i?2 ;`�T?B+b +�`/ Q7 � +QKTmi2`X A �`;m2 i?�i i?2 pBbm�H [m�HBiv Bb HBMF2/ iQ
i?2 bT�iB�H /Bbi`B#miBQM Q7 TQBMib QM i?2 b+`22M �M/ i?2 �TTHB2/ TQBMi `2M/2`BM;
i2+?MB[m2X >Qr2p2`- +m``2Mi TQBMi +HQm/ pBbm�HBb�iBQM K2i?Q/b Q7i2M mb2 i?2
KQbi #�bB+ TQBMi `2M/2`BM; i2+?MB[m2b �M/ �Hr�vb �TTHv � `2;mH�` ;`B/@#�b2/
TQBMi bBKTHB}+�iBQM b+?2K2 i?�i 7�BHb iQ i�F2 BMiQ �++QmMi i?2 ;2QK2i`v Q7 i?2
b�KTH2/ bm`7�+2X a22 7Q` BMbi�M+2 6B;m`2 eXk i?�i BHHmbi`�i2b ?Qr i?2 pB2r2`Ƕb
b2Mb2 Q7 /2Ti? �M/ bi`m+im`2 Bb /BbiQ`i2/ �i +HQb2` pB2rBM; /Bbi�M+2b #2+�mb2 Q7
i?2 H�`;2 ;�Tb #2ir22M TQBMibX

6m`i?2`KQ`2- #2+�mb2 i?2 ;2QK2i`v Q7 i?2 b�KTH2/ bm`7�+2 Bb MQi i�F2M BMiQ �+@
+QmMi /m`BM; `2;mH�` ;`B/@#�b2/ bBKTHB}+�iBQM- }M2 /2i�BHb +�M MQi #2 �/2[m�i2Hv
`2T`2b2Mi2/X

eXkXR oBbm�HBb�iBQM Q7 K�bbBp2 TQBMi +HQm/b

E`2vHQb 2i �HX (kyy3) ?�p2 BKTH2K2Mi2/ � KmHiB@`2bQHmiBQM Qmi@Q7@+Q`2 Q+i`22@
#�b2/ `2M/2`2`X h?2B` Q+i`22@#�b2/ /QrMb�KTHBM; b+?2K2 Bb +QMbi`m+i2/ BM �
T`2@T`Q+2bbBM; T?�b2 �M/ /2bB;M2/ iQ �+?B2p2 � mMB7Q`K TQBMi /Bbi`B#miBQM �i
2p2`v H2p2H Q7 /2i�BH- bQ Bi /Q2b MQi +QMbB/2` i?2 ;2QK2i`v Q7 i?2 b�KTH2/ Q#D2+ib
BM �Mv r�vX �i �Mv iBK2 � bm#b2i Q7 i?2 BMTmi TQBMi +HQm/ Bb /BbTH�v2/ �M/ TQBMib
�`2 `2M/2`2/ �b bBKTH2 }t2/@bBx2/ b[m�`2b rBi? QTiBQM�H b?�/BM;X q?BH2 7�bi �M/
bBKTH2 iQ BKTH2K2Mi- i?Bb `2bmHib BM � /BbiQ`i2/ b2Mb2 Q7 /2Ti? �M/ bi`m+im`2 �i
+HQb2` pB2rBM; /Bbi�M+2b Ub22 6B;m`2 eXkVX h?Bb Bb /m2 iQ i?2 T`2b2M+2 Q7 ?QH2b BM
i?2 bm`7�+2 r?2M i?2 /Bbi�M+2b #2ir22M TQBMib #2+QK2 iQQ H�`;2 QM i?2 b+`22MX
Ai Bb 2bT2+B�HHv � T`Q#H2K 7Q` bT�`b2Hv b�KTH2/ �`2�b bm+? �b p2`iB+�H bm`7�+2b
Ur�HHbV BM �2`B�H TQBMi +HQm/bX q�M/ 2i �HX (kyy3)- a+?2B#H�m2` (kyR9)c qBKK2`
�M/ a+?2B#H�m2` (kyye)- _B+?i2` �M/ .ƺHHM2` (kyRy- kyR9) �M/ 1Hb2#2`; 2i �HX
(kyRj) �HH b?Qr+�b2 +QKT�`�#H2 Qmi@Q7 +Q`2 Q+i`22@#�b2/ pBbm�HBb�iBQM 7`�K2rQ`Fb
7Q` H�`;2 TQBMi +HQm/b rBi? mMB7Q`K TQBMi /QrMb�KTHBM;X 1Hb2#2`; 2i �HX (kyRj)
pBbm�HBb2 +Q�`b2` H2p2H Q7 /2i�BHb T`2bmK�#Hv #v `2M/2`BM; b2ib Q7 Q+i`22 +2HHb �b
TQBMib HQ+�i2/ BM i?2 +2HHbǶ +2Mi`2 `�i?2` i?�M mbBM; � bm#b2i Q7 i?2 Q`B;BM�H TQBMi
+HQm/X

�b BHHmbi`�i2/ #v 6B;m`2 eXj- bTH�iiBM; Bb � TQBMi `2M/2`BM; i2+?MB[m2 r?2`2 TQBMib
�`2 `2M/2`2/ �b bm`7�+2 �HB;M2/ /BbFb i?�i �`2 T�`�K2i`Bb2/ #v bQK2 `�/Bmb r
Ub22 �HbQ :`Qbb �M/ S}bi2` (kyRR)VX lbm�HHv r Bb +?Qb2M bm+? i?�i i?2 bTH�ib �`2
Qp2`H�TTBM; 2�+? Qi?2` bQ i?�i ?QH2b �`2 �#b2Mi �M/ i?2 TQBMi +HQm/ �TT2�`b iQ
#2 � +HQb2/ bm`7�+2 QM i?2 b+`22M `2;�`/H2bb Q7 i?2 pB2rBM; /Bbi�M+2- #2+�mb2 r Bb
/2}M2/ BM Q#D2+i bT�+2 UBX2X BM i?2 +QQ`/BM�i2 bvbi2K Q7 i?2 TQBMi +HQm/VX

q�M/ 2i �HX (kyy3) #`B2~v /Bb+mbb2b i?2 TQbbB#BHBiv Q7 mbBM; `2+i�M;mH�` TQBMi
bTH�ib i?�i �`2 �HB;M2/ �++Q`/BM; iQ i?2 irQ ;`2�i2bi T`BM+BT�H +QKTQM2Mib Q7
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r

6B;m`2 eXj, � bTH�i Bb /2}M2/ 7Q` 2�+? TQBMi �b � MQ`K�H@Q`B2Mi2/ /BbF rBi? � `�/Bmb
rX lbm�HHv r Bb +?Qb2M bm+? i?�i i?2`2 �`2 MQ ?QH2bX

� F@M2B;?#Qm`?QQ/X a+?2B#H�m2` (kyR9) �M/ _B+?i2` �M/ .ƺHHM2` (kyR9) #Qi?
BKTH2K2Mi � 7Q`K Q7 TQBMi bTH�iiBM;X h?2 �TT`Q�+? Q7 a+?2B#H�m2` (kyR9) /Bz2`b
#2+�mb2 ?2 /Q2b MQi mb2 TQBMi MQ`K�Hb- �M/ i?2 bBx2 Q7 ?Bb bTH�ib /2T2M/b QM i?2
`2M/2`2/ H2p2H Q7 /2i�BH Q` QM � HQ+�H TQBMi /2MbBiv 2biBK�i2X

EQp�Í �M/ ʇ�HBF (kyRy) T`QTQb2 iQ mb2 � T`2+QKTmi2/ [m�/i`22 BM/2t i?�i 7�+BHB@
i�i2b QM@i?2@~v TQBMi HQ�/BM; �M/ MQ`K�H +QKTmi�iBQM- #mi �bbmK2b ;QQ/ bT�iB�H
+Q?2`2M+2 �M/ Bb /2bB;M2/ iQ rQ`F QMHv 7Q` kX8. bm`7�+2bX SQBMib �`2 `2M/2`2/
�b Q`B2Mi2/ bTH�ib mbBM; i?2 �TT`Q�+? Q7 "Qib+? �M/ EQ##2Hi (kyyj)X h?2v �TTHv
`�M/QK bm#b�KTHBM; �M/ }t2/ bTH�i `�/BB- r?B+? /Q2b MQi M2+2bb�`BHv `2bmHi BM �
?QH2@7`22 pBbm�HBb�iBQM Q7 i?2 b+2M2X �b i?2 �mi?Q`b i?2Kb2Hp2b MQi2- i?2 ?QH2b �`2
T�`iHv +�mb2/ #v BM�/2[m�i2 b�KTHBM; /2MbBiB2b BM bQK2 T�`ib Q7 i?2 TQBMi +HQm/X
AM/22/- p2`iB+�H �M/ i`�MbT�`2Mi bm`7�+2b �`2 Q7i2M `2H�iBp2Hv bT�`b2Hv b�KTH2/
BM �B`#Q`M2 GB.�_ TQBMi +HQm/bX

Ai +�M #2 +QM+Hm/2/ i?�i K�Mv Q7 i?2 /2b+`B#2/ �TT`Q�+?2b ?�p2 bQHp2/ i?2 Bbbm2
Q7 K�M�;BM; ?m;2 TQBMi +HQm/b mbBM; Qmi@Q7@+Q`2 bT�iB�H BM/2t2b- �M/ i?�i bQK2 Q7
i?2 �TT`Q�+?2b �TTHv bTH�iiBM;- #mi MQM2 Q7 i?2K i�F2b i?2 ;2QK2i`v Q7 b�KTH2/
Q#D2+ib BM +QMbB/2`�iBQMX

eXkXk J2i?Q/ Q7 72�im`2@�r�`2 TQBMi bTH�iiBM;

A K�F2 i?2 bTH�i `�/Bmb �/�TiBp2 iQ i?2 G6a #v `2M/2`BM; 2�+? TQBMi �b � bTH�i
rBi? � `�/Bmb b2i iQ ϵf(T) Ub22 6B;m`2 eX9VX SQBMib BM �`2�b rBi? � HQr2` TQBMi
/2MbBiv BM i?2 ϵ@b�KTH2 �`2 i?2`27Q`2 /`�rM rBi? H�`;2` bTH�ibX JQ`2Qp2`- #2+�mb2

Ne
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p
f(p)

✏f(p)

S M[S ]
6B;m`2 eX9, h?2 HQ+�H TQBMi /2MbBiv �M/ i?2 `�/Bmb Q7 i?2 bTH�i 7Q` pX 6Q` i?Bb };m`2

ϵ ≈ 0.5X

#Qi? i?2 bTH�i `�/BB �M/ i?2 ϵ@b�KTH2 �`2 #Qi? #�b2/ QM i?2 /Bbi�M+2 ϵf(T)- i?2
`2bmHiBM; pBbm�HBb�iBQM Bb bm+? i?�i � bm`7�+2@HBF2 BKT`2bbBQM Bb Q#i�BM2/ r?2`2
?QH2b �`2 KBMBKBb2/ /2bTBi2 i?2 MQM@?QKQ;2M2Qmb ;2QK2i`v@�r�`2 TQBMi bBKTHB@
}+�iBQMX

_2bmHib Q7 72�im`2@�r�`2 bTH�iiBM;

6B;m`2b eX8 �M/ eXe /2KQMbi`�i2 i?2 2z2+i Q7 i?2 J�h@#�b2/ bBKTHB}+�iBQM �M/
bTH�ib rBi? i?2B` `�/BB �/�Ti2/ iQ i?2 G6aX

AM #Qi? +�b2b i?2 bBKTHB}+�iBQM `2KQp2/ NyW Q7 i?2 Q`B;BM�H TQBMib Uϵ = 0.4V- v2i
r?2M `2M/2`2/ rBi? G6a@bBx2/ bTH�ib i?2 `2bmHiBM; pBbm�HBb�iBQM Bb bBKBH�` iQ i?2
Q`B;BM�H bTH�ii2/ TQBMi +HQm/ rBi? }t2/ bTH�i@`�/BBX q?BH2 i?2 bBKTHB}2/ G6a@
bTH�ii2/ `2M/2`BM; Bb MQi �#bQHmi2Hv 7`22 7`QK ?QH2b 7Q` i?2 m`#�M /�i�b2i Ub22
K�`F k BM 6B;m`2 eXeV- QM2 +�M �HbQ Q#b2`p2 i?�i- /2bTBi2 i?2 `2/m+iBQM BM TQBMib-
i?2 bT�`b2Hv b�KTH2/ p2`iB+�H bm`7�+2b Ur�HHbV MQr �TT2�` �b bQHB/ bm`7�+2b Ub22
K�`F R BM 6B;m`2 eXe/VX h?Bb Bb � MQi�#H2 BKT`Qp2K2Mi Qp2` }t2/@bBx2/ bTH�ib-
#2+�mb2 i?Bb �KTHB}2/ i?2 pB2r2`Ƕb b2Mb2 Q7 bi`m+im`2 �M/ /2Ti? �i �HH pB2rBM;
/Bbi�M+2bX

6B;m`2 eXd BHHmbi`�i2b 7m`i?2` ?Qr i?2 /Bbi`B#miBQM Q7 TQBMib BM i?2 bBKTHB}2/
TQBMi +HQm/ `2bT2+ib i?2 ;2QK2i`v Q7 i?2 b�KTH2/ bm`7�+2X aTH�ib �`2 /`�rM
i?2`2 rBi? � /2+`2�b2/ `�/Bmb bQ i?�i Bi Bb +H2�`Hv pBbB#H2 i?�i RV KQ`2 TQBMib
�`2 /`�rM BM �`2�b rBi? � `2H�iBp2Hv ?B;? +m`p�im`2 bm+? �b i?2 +`2�b2b BM i?2
p�HH2vb �M/ kV i?2 +Q``2bTQM/BM; bTH�ib ?�p2 � bK�HH2` `�/Bmb r?2M +QKT�`2/
iQ i?2 TH�M�` �`2�b rBi? 72r2` �M/ H�`;2` bTH�ib U�HbQ �TT�`2Mi BM 6B;m`2 eXe/VX
6BM�HHv- BM 6B;m`2 eX3� A +QKT�`2 }t2/@bBx2/ bTH�ib rBi? G6a@bBx2/ bTH�ib 7Q`
i?2 bBKTHB}2/ KQmMi�BM /�i�b2iX h?2 ~�i `2;BQM ?�b 72r2` b�KTH2b /m2 iQ i?2
`2H�iBp2Hv ?B;? G6aX "mi- BM i?2 +�b2 Q7 G6a@bBx2/ bTH�ib- i?2 H�`;2` bTH�i `�/BB

Nd
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U�V 6mHH TQBMi +HQm/ rBi? bBKTH2 TQBMib U#V 6mHH TQBMi +HQm/ rBi? }t2/@`�/Bmb
bTH�ib

U+V aBKTHB}2/ TQBMi UNyW Q7 TQBMib
`2KQp2/V +HQm/ rBi? bBKTH2 TQBMib

U/V aBKTHB}2/ TQBMi UNyW Q7 TQBMib
`2KQp2/V +HQm/ rBi? H7b@`�/Bmb bTH�ib

6B;m`2 eX8, oBbm�HBb�iBQM `2bmHib 7Q` i?2 JQmMi�BM /�i�b2i Uϵ = 0.4VX

U�V 6mHH TQBMi +HQm/ rBi? bBKTH2 TQBMib U#V 6mHH TQBMi +HQm/ rBi? }t2/@`�/Bmb
bTH�ib

U+V aBKTHB}2/ TQBMi UNyW Q7 TQBMib
`2KQp2/V +HQm/ rBi? bBKTH2 TQBMib

U/V aBKTHB}2/ TQBMi UNyW Q7 TQBMib
`2KQp2/V +HQm/ rBi? H7b@`�/Bmb bTH�ib

6B;m`2 eXe, oBbm�HBb�iBQM `2bmHib 7Q` i?2 l`#�M /�i�b2i Uϵ = 0.4VX LQi2 i?2 /Bz2`2Mi
TQBMi@/2MbBiB2b QM p2`iB+�H �M/ ?Q`BxQMi�H bm`7�+2b UK�`F2/ R �M/ kVX
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6B;m`2 eXd, J�h@#�b2/ bBKTHB}+�iBQM �M/ bTH�i@`�/BBX h?2 bTH�i `�/BB BM i?Bb BK�;2
�`2 `2/m+2/ 7Q` BHHmbi`�iBp2 Tm`TQb2bX

U�V }t2/@bBx2/ bTH�ib U#V H7b@bBx2/ bTH�ib

6B;m`2 eX3, aBKTHB}2/ TQBMi +HQm/ Uϵ = 0.4V Q7 KQmMi�BM /�i�b2iX
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2z2+iBp2Hv +QKT2Mb�i2 7Q` i?2 +Q�`b2` TQBMi /Bbi`B#miBQM- H2�/BM; iQ � pB`im�HHv
?QH2@7`22 pBbm�HBb�iBQMX

eXkXj *QM+HmbBQMb

AM i?Bb b2+iBQM A ?�p2 K�/2 irQ K�BM +QMi`B#miBQMbX 6B`bi- A ?�p2 �TTHB2/ i?2
mMbi`m+im`2/ J�h- �b /2b+`B#2/ BM *?�Ti2` j- �2`B�H TQBMi +HQm/bX a2+QM/-
A BMi`Q/m+2 i?2 B/2� iQ mb2 i?2 HQ+�H 72�im`2 bBx2 7Q` /2i2`KBMBM; TQBMi bTH�i
`�/BBX

�b � `2bmHi A �K �#H2 iQ 2z2+iBp2Hv T2`7Q`K pBbm�HBb�iBQM BM r?B+? Bi Bb 2�bB2` iQ
T2`+2Bp2 /2Ti? �M/ bi`m+im`2 BM i?2 `2M/2`2/ �2`B�H TQBMi +HQm/- r?BH2 `2M/2`BM;
QMHv � 7`�+iBQM Q7 i?2 7mHH TQBMi +HQm/X

eXj J�h@#�b2/ oBbB#BHBiv �M�HvbBb BM TQBMi +HQm/b

oBbB#BHBiv �M�HvbBb Bb � T`QKBM2Mi mb2 +�b2 Q7 j. :Aa /�i�- bBM+2 i?Bb T`QpB/2b
BM7Q`K�iBQM �#Qmi bT�iB�H `2H�iBQMb �M/ TQi2MiB�H Q#bi�+H2b BM i?2 HBM2 Q7 bB;?i
#2ir22M irQ TQBMib BM bT�+2X 6Q` BMbi�M+2- bm+? �M�Hvb2b ?�p2 #22M /QM2 BM
2biBK�iBM; i?2 pBbB#BHBiv Q7 � H�M/K�`F "�`iB2 2i �HX (kyRy)- �M/ BM }M/BM; i?2
QTiBK�H HQ+�iBQM iQ TH�+2 � bm`p2BHH�M+2 +�K2`� u��;Qm#B 2i �HX (kyR8)X �M BK@
TQ`i�Mi p�`B�Mi Q7 i?2 pBbB#BHBiv �M�HvbBb Bb i?2 2biBK�iBQM Q7 b?�/Qrb- bBM+2 i?2
TQbBiBQM Q7 i?2 bmM Bb p�`B�#H2 �M/ Bi Bb HQ+�i2/ �i � T`�+iB+�HHv BM}MBi2 /Bb@
i�M+2 "BHD2+FB 2i �HX (kyRe)X a?�/Qr �M�HvbBb ?�b ;�BM2/ BKTQ`i�M+2 BM b2p2`�H
/Bb+BTHBM2bX 6Q` BMbi�M+2- b?�/Qrb �`2 BKTQ`i�Mi iQ �++QmMi 7Q` i?2 HQbb Q7 i?2
T?QiQpQHi�B+ TQi2MiB�H 1B+F2` 2i �HX (kyR8)c L;mv2M �M/ S2�`+2 (kyRk)- 7Q` /2i2`@
KBMBM; bQH�` 2Mp2HQT2b EMQrH2b (kyyj)- 7Q` �bb2bbBM; i?2 p�Hm2 Q7 `2�H 2bi�i2 >2H@
#B+? 2i �HX (kyRj)- 7Q` 2biBK�iBM; i?2 i?2`K�H +QK7Q`i >r�M; 2i �HX (kyRR)c u2xBQ`Q
�M/ a?�pBp (RNN9)- �M/ 7Q` ;2QpBbm�HBb�iBQM GQp2ii (kyyj)X

oBbB#BHBiv �M�HvbBb Bb mbm�HHv T2`7Q`K2/ QM � j. +Biv KQ/2H- BX2X � #QmM/�`v
`2T`2b2Mi�iBQM KQ/2H i?�i Bb `2+QMbi`m+i2/ 7`QK 2H2p�iBQM BM7Q`K�iBQM- 2X;X �M
�B`#Q`M2 GB.�_ TQBMi +HQm/- �M/ bQK2iBK2b +QK#BM2/ rBi? k. /�i�b2ib U2X;X
#mBH/BM; 7QQiT`BMib 7`QK � iQTQ;`�T?B+ K�TVX h?2 pBbB#BHBiv �M�HvbBb BMpQHp2b
i2biBM; B7 � HBM2 Q7 bB;?i U`�vV BMi2`b2+ib � 7�+2 BM i?2 /�i�b2i- mbm�HHv rBi? �H;Q@
`Bi?Kb /2p2HQT2/ BM i?2 +QKTmi2` ;`�T?B+b /QK�BM- 2X;X JƺHH2` �M/ h`mK#Q`2
(RNNd)X >Qr2p2`- i?2 +`2�iBQM �M/ K�BMi2M�M+2 Q7 j. +Biv KQ/2Hb Q7i2M BMpQHp2b
K�Mm�H H�#Qm` �M/ ivTB+�HHv `2bmHib BM � ;2M2`�HBb2/ p2`bBQM Q7 i?2 +Biv i?�i QMHv
+QMi�BMb i?2 i2``�BM �M/ i?2 #mBH/BM;b �H2t�M/2` 2i �HX (kyyN)c "BHD2+FB 2i �HX
(kyR9)c _Qii2Mbi2BM2` (kyyj)- �M/ BM QMHv BM bQK2 +�b2b Qi?2` K�M@K�/2 Q#D2+ib
bm+? �b `Q�/b- Qp2`T�bb2b- �M/ i`22b Pm/2 1H#2`BMF (kyRy)X .2bTBi2 i?2 7�+i i?�i
K�Mv j. +Biv KQ/2Hb �`2 `2+QMbi`m+i2/ 7`QK p2`v /2Mb2 TQBMib +HQm/b- r?B+?

Ryy



eXj J�h@#�b2/ oBbB#BHBiv �M�HvbBb BM TQBMi +HQm/b

T`�+iB+�HHv +QMi�BM �HH m`#�M 72�im`2b- K�Mv Q7 i?2b2 /2i�BHb �`2 HQbi BM i?2 }M�H
+Biv KQ/2HX PM2 +�mb2 Bb i?�i K�Mv- 2bT2+B�HHv �miQK�iB+�HHv ;2M2`�i2/ +Biv
KQ/2Hb- �`2 BM 7�+i kX8.- r?B+? K2�Mb Bi Bb MQi TQbbB#H2 iQ KQ/2H i`mHv j. 72�@
im`2b bm+? �b #�H+QMB2b �M/ i`22bX �M/ 2p2M i?Qm;? � MmK#2` Q7 �H;Q`Bi?Kb
7Q` j. bm`7�+2 `2+QMbi`m+iBQM ?�p2 #22M T`QTQb2/ �M/ BKTH2K2Mi2/ Ub22 7Q` BM@
bi�M+2 �K2Mi� 2i �HX (kyyR)- EQHHm`B 2i �HX (kyy9) �M/ .2v �M/ amM (kyye�)V-
i?2b2 ?�p2 b2p2`�H �bbmKTiBQMb QM i?2 BMTmi TQBMi +HQm/- r?B+? mbm�HHv +QK2
7`QK +HQb2 `�M;2 H�b2`@b+�MM2`b �M/ �`2 i?2`27Q`2 MQi bmBi�#H2 7Q` 2X;X �B`#Q`M2
GB.�_ TQBMi +HQm/b i?�i �`2 b�KTH2/ bT�`b2Hv- ?�p2 B``2;mH�` b�KTHBM; /2MbBiv
�M/ Q7i2M +QMi�BM bB;MB}+�Mi MQBb2 �M/ ?QH2bX >2M+2- /2bTBi2 i?2 �p�BH�#BHBiv Q7
?B;?Hv /2i�BH2/ �B`#Q`M2 TQBMi +HQm/b- pBbB#BHBiv �M�HvbBb QM � /2`Bp2/ +Biv KQ/2H
ivTB+�HHv /2pB�i2b bB;MB}+�MiHv 7`QK `2�HBivX

>2`2 A �ii2KTi iQ #vT�bb i?2 ;2M2`�iBQM Q7 � j. +Biv KQ/2H- �M/ +QM/m+i b?�/Qr
�M�HvbBb /B`2+iHv QM i?2 ;2QK2i`v Q7 i?2 TQBMi +HQm/ #v mbBM; i?2 j. J�hX
�T�`i 7`QK MQi ?�pBM; iQ }`bi ;2M2`�i2 �M/ biQ`2 � +Biv KQ/2H- Bi vB2H/b � KQ`2
`2�HBbiB+ pBbB#BHBiv �M�HvbBb #2+�mb2 Bi BM+Hm/2b b+�MM2/ Q#D2+ib BM i?2B` i`m2 j.
�TT2�`�M+2X

6B;m`2 eXN BHHmbi`�i2/ Kv �TT`Q�+? iQ pBbB#BHBiv �M�HvbBb mbBM; i?2 J�hX J2/B�H
#�HHb �`2 Q#i�BM2/ mbBM; i?2 #�HH b?`BMFBM; �H;Q`Bi?K rBi? /2MQBb2 ?2m`BbiB+ �b BM@
i`Q/m+2/ BM *?�Ti2` j- �M/ mb2/ iQ +QMbi`m+i � pB2r@/2T2M/2Mi /2Ti?K�T- r?B+?
Bb i?2M mb2/ iQ T2`7Q`K 7�bi TQBMi pBbB#BHBiv [m2`B2bX hQ BMp2biB;�i2 i?2 pB�#BHBiv
Q7 i?Bb �TT`Q�+? A T`2b2Mi 2tT2`BK2Mib QM �`iB}+B�H �M/ `2�H@rQ`H/ /�i�b2ib mbBM;
� T`QiQivT2 BKTH2K2Mi�iBQMX

eXjXR _2H�i2/ rQ`F

E�ix 2i �HX (kyyd) BMi`Q/m+2/ i?2 ?B//2M TQBMi `2KQp�H QT2`�iQ` iQ /2i2`KBM2
i?2 pBbB#H2 TQBMib BM � TQBMi +HQm/ �b pB2r2/ 7`QK � ;Bp2M pB2rTQBMi #v }`bi
T2`7Q`KBM; � bT?2`B+�H ~BTTBM; QM i?2 TQBMi +HQm/ �M/ i?2M � +QMp2t ?mHH +QK@
Tmi�iBQMX h?2 �H;Q`Bi?K /Q2b MQi `2[mB`2 TQBMi MQ`K�Hb- �M/ Bb b?QrM iQ #2
mb27mH 7Q` b?�/Qr K�TTBM; �M/ pB2r@/2T2M/2Mi bm`7�+2 `2+QMbi`m+iBQMX J2?`�
2i �HX (kyRy) 2ti2M/ i?2 �H;Q`Bi?K 7`QK E�ix 2i �HX (kyyd) 7Q` ?�M/HBM; MQBbv TQBMi
+HQm/bX >Qr2p2`- mMHBF2 i?2 �H;Q`Bi?K i?�i A T`2b2Mi BM i?Bb +?�Ti2`- i?2 ?B//2M
TQBMi `2KQp�H QT2`�iQ` +�M QMHv /2i2`KBM2 i?2 pBbB#BHBiv Q7 TQBMib i?�i �`2 T�`i
Q7 i?2 TQBMi +HQm/ Bib2H7- r?B+? HBKBib Bib TQi2MiB�H �TTHB+�iBQMbX

S}bi2` 2i �HX (kyyy)- a�BMx �M/ S�D�`QH� (kyy9) �M/ EQ##2Hi �M/ "Qib+? (kyy9)
+QKTmi2 pBbB#BHBiv 7Q` r2HH@b�KTH2/ �M/ Q`B2Mi2/ TQBMi +HQm/b �b T�`i Q7 � TQBMi@
#�b2/ `2M/2`BM; TBT2HBM2X h?2v `2M/2` TQBMib �b bTH�ibc /BbFb i?�i �`2 �HB;M2/
rBi? i?2 TQBMi MQ`K�HbX qBi? i?2b2 bTH�ib � /2Ti?K�T Bb +QKTmi2/ 7Q` i?2
pB2rTQ`i iQ /2i2`KBM2 TQBMi pBbB#BHBivX >Qr2p2`- r?2M i?2 b�KTHBM; /2MbBiv Q7
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e �TTHB+�iBQMb Q7 i?2 mMbi`m+im`2/ J�h

U�V am`7�+2 TQBMi +HQm/ U#V �TT`QtBK�i2/ mMbi`m+im`2/ J�h

U+V *QMbi`m+iBQM Q7 /2Ti?K�T U/V SQBMi pBbB#BHBiv [m2`vBM;

6B;m`2 eXN, oBbB#BHBiv �M�HvbBb mbBM; i?2 J�hX
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eXj J�h@#�b2/ oBbB#BHBiv �M�HvbBb BM TQBMi +HQm/b

i?2 TQBMi +HQm/ Bb HQr �M/ MQM@mMB7Q`K Bi #2+QK2b MQM@i`BpB�H iQ +?QQb2 QTiB@
K�H bTH�i `�/BBX Jv K2i?Q/ /Q2b MQi ?�p2 i?Bb T`Q#H2KX �MQi?2` bB;MB}+�Mi
/Bz2`2M+2 rBi? i?2 �TT`Q�+? A T`2b2Mi BM i?Bb b2+iBQM Bb i?�i A +QKTmi2 � pQHm@
K2i`B+ `2T`2b2Mi�iBQM Q7 i?2 b�KTH2/ bm`7�+2- r?2`2�b � bTH�iiBM; �TT`Q�+? +�M
`2T`2b2Mi QMHv i?2 #QmM/�`v Q7 i?2 b�KTH2/ bm`7�+2X >QH2b �`2 i?2`27Q`2 ?�M/H2/
[mBi2 /Bz2`2MiHv Ub22 �HbQ 6B;m`2 eXR9VX

q�H/ �M/ a2B/2H (kyy8) T2`7Q`K `�v@i`�+BM; BM � TQBMi +HQm/ #�b2/ QM �M BK@
THB+Bi bm`7�+2 `2T`2b2Mi�iBQMX Ai rQ`Fb r2HH 7Q` ?B;? [m�HBiv TQBMi +HQm/b i?�i �`2
/2Mb2Hv b�KTH2/X

6BM�HHv- C�H#� 2i �HX (kyRk) BKTH2K2Mi � `2M/2`BM; TBT2HBM2 i?�i T2`7Q`Kb QM@
b+`22M bm`7�+2 `2+QMbi`m+iBQM #v /B`2+iHv `2M/2`BM; BMi2`BQ` K2/B�H #�HHbX h?Bb Bb
bQK2r?�i +QKT�`�#H2 iQ Kv �TT`Q�+?- ?Qr2p2` i?2v QMHv BKTH2K2Mi2/ i?�i 7Q`
pBbm�HBbBM; i?2 J�h Q7 bK�HH TQBMi +HQm/b �M/ MQi 7Q` i?2 Tm`TQb2 Q7 pBbB#BHBiv
�M�HvbBbX

eXjXk J�h@#�b2/ pBbB#BHBiv +QKTmi�iBQM

h?2 F2v B/2� Q7 J�h@#�b2/ pBbB#BHBiv �M�HvbBb Bb iQ mb2 BMi2`BQ` K2/B�H #�HHb
iQ pQHmK2i`B+�HHv `2T`2b2Mi Q#D2+ib �M/ ǵ#HQ+FǶ HBM2b@Q7@bB;?i 7`QK � mb2`@/2}M2/
pB2rTQ`i iQ � ;Bp2M b2i Q7 [m2`v TQBMib �b BHHmbi`�i2/ BM 6B;m`2 eXNX h?Bb B/2� ?�b
MQi #22M �TTHB2/ 2�`HB2` iQ T2`7Q`K ;2M2`B+ pBbB#BHBiv �M�HvbBb QM TQBMi +HQm/bX
>2`2 A T`2b2Mi QM2 TQbbB#H2 BKTH2K2Mi�iBQM iQ i?Bb �TT`Q�+?- #mi MQi2 i?�i
Qi?2` BKTH2K2Mi�iBQMb- 2X;X #�b2/ QM `�v@i`�+BM; mbBM; � E.@i`22- �`2 TQbbB#H2XX
Jv BKTH2K2Mi�iBQM ?2`2 Bb #�b2/ QM i?2 +QKTmi�iBQM Q7 � /2Ti?K�T- BX2X #v
`�bi2`BbBM; �HH pBbB#H2 K2/B�H #�HHb iQ � mb2`@/2}M2/ pB2rTQ`iX q?2i?2` i?2 HBM2@
Q7@bB;?i iQ � [m2`v TQBMi Bb #HQ+F2/ Q` MQi Bb i?2M /2i2`KBM2/ #v i?2 mb2 Q7 �
/2Ti?K�T i?�i 2M+Q/2b i?2 /Bbi�M+2b 7`QK i?2 pB2rTQ`i iQ �HH pBbB#H2 K2/B�H
#�HHbX

6Q` i?2 b�F2 Q7 bBKTHB+Biv �M Q`i?Q;`�T?B+ T`QD2+iBQM Bb �bbmK2/ �M/ QMHv TQBMi
pBbB#BHBiv [m2`B2b �`2 +QMbB/2`2/X h?Bb Bb bm{+B2Mi iQ #2 �#H2 iQ �bb2b i?2 ;2M2`�H
pB�#BHBiv Q7 i?2 B/2� Q7 J�h@#�b2/ pBbB#BHBiv �M�HvbBbX 6mim`2 KQ`2 +QKT`2?2MbBp2
BKTH2K2Mi�iBQMb +�M �//`2bb i?Bb HBKBi�iBQM- �b A 2tTH�BM BM a2+iBQM eXjXeX

eXjXj .2Ti?K�T +QKTmi�iBQM

S`BQ` iQ T2`7Q`KBM; i?2 pBbB#BHBiv [m2`B2b A ;2M2`�i2 � /2Ti?K�T Q7 i?2 BMi2`BQ`
K2/B�H #�HHbX h?2 /2Ti?K�T Bb +QKTmi2/ 7Q` � pB2rTQ`i i?�i Bb /2b+`B#2/ #v �
TQBMi p0 iQ }t Bib TQbBiBQM- irQ p2+iQ`b v⃗x �M/ v⃗y iQ }t Bib Q`B2Mi�iBQM �M/ bBx2
BM KQ/2H bT�+2 �M/ � b+�H�` s i?�i b+�H2b KQ/2H mMBib iQ i?2 TBt2Hb QM i?2 b+`22M
Ub22 6B;m`2 eXRyVX

Ryj



e �TTHB+�iBQMb Q7 i?2 mMbi`m+im`2/ J�h

p0

~vy
~vx

s|~vx|

s|~vy|

6B;m`2 eXRy, S�`�K2i2`b i?�i /2}M2 i?2 pB2rTQ`i

�H;Q`Bi?K d, h?2 T`QDSQBMi �H;Q`Bi?KX
AMTmi , � TQBMi BM KQ/2H +QQ`/BM�i2b pm �M/ i?2 pB2rTQ`i T�`�K2i2`b

p0, v⃗x, v⃗y, s
PmiTmi, pm BM b+`22M +QQ`/BM�i2b /2MQi2/ �b ps

R v⃗ ← p0 − pm

k lv⃗x ← v⃗·v⃗x
|v⃗x| v⃗x

j lv⃗y ←
v⃗·v⃗y
|v⃗y| v⃗y

9 ps.x← (lv⃗x + |v⃗x|) s
|v⃗x|

8 ps.y ← (lv⃗y + |v⃗y|) s
|v⃗y|

e n⃗← (v⃗y × v⃗x)

d ps.z ← v⃗·n⃗
|n|

*QKTmiBM; i?2 /2Ti?K�T Bb � 7�B`Hv bi`�B;?i7Q`r�`/ T`Q+2bb i?�i BMpQHp2b }`bi
T`QD2+iBM; 2�+? K2/B�H #�HH +2Mi`2- `�bi2`BbBM; i?2 #�HH iQ i?2 pB2rTQ`i �M/ }M�HHv
T2`7Q`KBM; � /2Ti? i2bi 7Q` 2�+? TBt2H Q7 i?2 `�bi2`Bb2/ #�HHX 6B;m`2 eXN# BHHmb@
i`�i2b i?Bb T`Q+2bbX �H;Q`Bi?K d Bb mb2/ iQ T`QD2+i � TQBMiǶb KQ/2H +QQ`/BM�i2b
iQ i?2 pB2rTQ`i �M/ iQ +QKTmi2 Bib /2Ti? UBX2X Bib /Bbi�M+2 T2`T2M/B+mH�` iQ i?2
pB2rTQ`iVX

�H;Q`Bi?K 3- r?B+? mT/�i2b i?2 /2Ti?K�T 7Q` QM2 K2/B�H #�HH- }`bi T`QD2+ib i?2
#�HH +2Mi`2 iQ i?2 pB2rTQ`iX h?2M 7Q` 2�+? TBt2H BM i?2 #�HHǶb T`QD2+i2/ BK�;2 Bi
+QKTmi2b i?2 /2Ti?- �M/ T2`7Q`Kb � /2Ti?i2biX q?2M � /2Ti? i2bi bm++22/b UBX2X
i?2 /2Ti? Q7 i?2 #�HH Bb bK�HH2` i?�M i?2 +m``2Mi TBt2H /2Ti?V- i?2 TBt2H BM i?2
/2Ti?K�T Bb mT/�i2/X

S`BQ` iQ +�HHBM; r`Bi2"�HH 7Q` 2�+? K2/B�H #�HH- i?2 /2Ti?K�T Bb BMBiB�HBb2/ rBi?
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eXj J�h@#�b2/ oBbB#BHBiv �M�HvbBb BM TQBMi +HQm/b

�H;Q`Bi?K 3, h?2 r`Bi2"�HH �H;Q`Bi?K
AMTmi , � #�HH rBi? +2Mi`2 c �M/ `�/Bmb r-i?2 pB2rTQ`i T�`�K2i2` s �M/

/2Ti?K�T D
PmiTmi, D Bb mT/�i2/ rBi? i?2 /2Ti?b Q7 #�HH (c, r)

R cs ← T`QDSQBMi UcV
k 7Q` BMi2;2` x BM `�M;2 −rs iQ +rs /Q
j 7Q` BMi2;2` y BM `�M;2 −rs iQ +rs /Q
9 h←

√
x2 + y2

8 B7 h bK�HH2` i?�M rs i?2M
e d′ ← cs.z − (rs− h)
d d← D[cs.x+ x, cs.y + y]
3 B7 d′ bK�HH2` i?�M d i?2M
N D[cs.x+ x, cs.y + y]← d′

�H;Q`Bi?K N, h?2 [m2`vSQBMi �H;Q`Bi?K
AMTmi , � [m2`vTQBMi qm BM KQ/2H +QQ`/BM�i2b- /2Ti?K�T D
PmiTmi, r?2i?2` qm Bb pBbB#H2 Q` MQi

R qs ← T`QDSQBMi UqmV
k d← D[qs.x,qs.y]
j B7 qs.z bK�HH2` i?�M d i?2M
9 qm Bb pBbB#H2
8 2Hb2
e qm Bb MQi pBbB#H2

�M BM}MBi2 /2Ti? 7Q` 2�+? TBt2HX

eXjX9 SQBMi pBbB#BHBiv [m2`B2b

�7i2` i?2 /2Ti?K�T ?�b #22M +QKTmi2/- �H;Q`Bi?K N Bb mb2/ iQ T2`7Q`K i?2 TQBMi
pBbB#BHBiv [m2`B2bX Zm2`v TQBMib �`2 T`QD2+i2/ QMiQ i?2 pB2rTQ`i- �M/ i?2B` /2Ti?
Bb +QKT�`2/ rBi? i?2 /2Ti?K�T UbBKBH�` iQ qBHHB�Kb (RNd3)VX �b BHHmbi`�i2/ BM
6B;m`2 eXN+ i?2 [m2`v TQBMi Bb pBbB#H2 QMHv B7 Bib /2Ti? i2bi bm++22/bX h?2 /2Ti?
i2bi rBHH 7�BH 7Q` [m2`v TQBMib i?�i �`2 #2?BM/ �Mv K2/B�H #�HH �b b22M 7`QK i?2
pB2rTQ`iX
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e �TTHB+�iBQMb Q7 i?2 mMbi`m+im`2/ J�h

eXjX8 AKTH2K2Mi�iBQM �M/ `2bmHib

A ?�p2 BKTH2K2Mi2/ i?2 K2i?Q/ /2b+`B#2/ �#Qp2 mbBM; Svi?QMX PT2M*G k Bb
mb2/ 7Q` T�`�HH2H 2t2+miBQM Q7 i?2 �H;Q`Bi?Kb HBbi2/ BM a2+iBQM eXjXj �M/ eXjX9X

A `�M 2tT2`BK2Mib QM irQ /�i�b2ib,

RX .�i�b2i 3, � bBKTH2 �`iB}+B�HHv ;2M2`�i2/ TQBMi +HQm/ rBi? Bib TQBMib �M/
MQ`K�Hb /2`Bp2/ 7`QK � i`B�M;mH�` K2b? Uk eNy TQBMibV- �M/

kX .�i�b2i d, �M �B`#Q`M2 GB.�_ /�i�b2i Q7 � ?QmbBM; #HQ+F BM w�;`2#- *`Q�@
iB� Uk9 e9d TQBMibVX

6Q` i?2 H�ii2` /�i�b2i i?2 MQ`K�Hb r2`2 �TT`QtBK�i2/ mbBM; T`BM+BT�H +QKTQM2Mi
�M�HvbBb Q7 i?2 e M2�`2bi M2B;?#Qm`b Q7 2�+? TQBMiX 6Q` � ;QQ/ b2T�`�iBQM Q7 i?2
BMi2`BQ` �M/ 2ti2`BQ` J�h Bi Bb BKTQ`i�Mi i?�i i?2 MQ`K�Hb �`2 T`QT2`Hv Q`B@
2Mi2/X h?Bb +�M #2 �+?B2p2/ #v ~BTTBM; i?2 MQ`K�Hb rBi? `2bT2+i iQ i?2 b+�MM2`
TQbBiBQM �i i?2 iBK2 � TQBMi Bb �+[mB`2/X >Qr2p2`- #2+�mb2 i?Bb BM7Q`K�iBQM Bb
MQi T`2b2Mi BM i?2 GB.�_ /�i�b2i � +Biv KQ/2H r�b mb2/ iQ T`QT2`Hv Q`B2Mi i?2
TQBMi MQ`K�HbX

6Q` i?2 pBbB#BHBiv [m2`B2b A `�M/QKHv ;2M2`�i2/ R KBHHBQM [m2`v TQBMib i?�i �`2
mMB7Q`KHv /Bbi`B#mi2/ BMbB/2 i?2 #QmM/BM; #Qt Q7 i?2 `2bT2+iBp2 /�i�b2iX h?2
iBK2 +QKTH2tBiv 7Q` i?2 +QKTmi�iBQM Q7 i?2 /2Ti?K�T Bb O((rs)2N)- rBi? N i?2
MmK#2` Q7 K2/B�H #�HHb- r i?2 #�HH `�/Bmb �M/ s i?2 MmK#2` Q7 TBt2Hb T2` KQ/2H
mMBiX h?Bb Bb i?2 KQbi 2tT2MbBp2 �H;Q`Bi?K Q7 Kv �TT`Q�+?- �M/ Bi M22/b iQ #2
`2+�H+mH�i2/ 7Q` 2p2`v M2r pB2rTQ`iX >Qr2p2`- QM+2 i?2 /2Ti?K�T Bb +QKTmi2/
TQBMi pBbB#BHBiv [m2`B2b �`2 2ti`2K2Hv 7�bi- bBM+2 i?2v `mM BM +QMbi�Mi iBK2 Ui?mb
BM/2T2M/2Mi Q7 /2Ti?K�T `2bQHmiBQM Q` bBx2 Q7 i?2 /�i�b2iVX

6B;m`2 eXRR b?Qrb i?2 `2bmHib 7Q` i?2 �`iB}+B�H /�i�b2iX 6`QK i?2 /2Ti?K�T
UeXRR�V Bi Bb +H2�` i?�i i?`22@/BK2MbBQM�H 72�im`2b BM i?2 TQBMi +HQm/ UeXRR#V �`2
�++m`�i2Hv KQ/2HH2/ #v i?2 K2/B�H #�HHb- ;Bp2M � bm{+B2MiHv /2Mb2 �M/ +QKTH2i2
b�KTHBM;X h?2 BMpBbB#H2 Q` ǵb?�/Qr2/Ƕ TQBMib UBMbB/2 i?2 #QmM/BM; #Qt Q7 i?2
TQBMi +HQm/V �b b22M 7`QK i?2 pB2rTQ`i UeXRR�V �`2 /2TB+i2/ BM 6B;m`2 eXRR+X

6B;m`2b eXRk- eXRj �M/ eXR9 BHHmbi`�i2 i?2 `2bmHib 7Q` i?2 GB.�_ /�i�b2iX h?2
7QHHQrBM; Q#b2`p�iBQMb +�M #2 K�/2X

RX .2bTBi2 i?2 HQr MmK#2` Q7 b�KTH2b QM i?2 p2`iB+�H b2;K2Mib- i?2 #mBH/BM;
7�+�/2b �`2 biBHH KQ/2HH2/ rBi?Qmi ?QH2b UeXRk/-2VX

kX aT�`b2Hv b�KTH2/ /2i�BHb QM i?2 #mBH/BM;b bm+? �b /Q`K2`b �M/ +?BKM2vb
�`2 `2T`2b2Mi2/ rBi? QMHv � bK�HH MmK#2` Q7 K2/B�H #�HHb UeXRk# �M/ eXRjVX

k?iiTb,ffrrrXF?`QMQbXQ`;fQT2M+Hf

Rye
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eXj J�h@#�b2/ oBbB#BHBiv �M�HvbBb BM TQBMi +HQm/b
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depth
a)

b) c)

6B;m`2 eXRR, �`iB}+B�HHv ;2M2`�i2/ /�i�b2iX U�V .2Ti?K�T 7Q` pB2rTQ`i- U#V
iQT@/QrM pB2r Q7 TQBMi +HQm/ �M/ U+V TQBMi pBbB#BHBiv 7`QK pB2rTQ`i
rBi? K2/B�H #�HHb

a)

b)

c)

d)

e)

6B;m`2 eXRk, �2`B�H GB.�_ TQBMi +HQm/ /�i�b2iX hQT@/QrM pB2r Q7 TQBMi +HQm/ U�V
�M/ TQBMi pBbB#BHBiv rBi? K2/B�H #�HHb U#VX oB2rTQ`i pB2r rBi? TQBMi
+HQm/ U+V- K2/B�H #�HHb U/V �M/ /2Ti?K�T U2VX

Ryd



e �TTHB+�iBQMb Q7 i?2 mMbi`m+im`2/ J�h

6B;m`2 eXRj, oBbB#H2 UiQTV �M/ BMpBbB#H2 U#QiiQKV TQBMib 7Q` pB2rTQ`i �M/ GB.�_
/�i�b2i Q7 6B;m`2 eXRk

jX AM +�b2 Q7 � +QKTH2i2 H�+F Q7 b�KTH2b 7Q` bm`7�+2b bm+? �b i?2 `B;?i bB/2
Q7 i?2 `QQ7b BM 6B;m`2 eXR9 �M Q#D2+i K�v #2 r`QM;Hv `2T`2b2Mi2/ /m2 iQ
T`Qi`m/BM; K2/B�H #�HHbX

9X AM i?2 +�b2 Q7 i`22b i?2 Q`B2Mi�iBQM Q7 TQBMi MQ`K�Hb #2+QK2b `�i?2` �K@
#B;mQmb- r?B+? H2�/b iQ � 7mxxv /2}MBiBQM Q7 r?�i Bb �M BMi2`BQ` Q` �M
2ti2`BQ` K2/B�H #�HH- r?B+? +�M H2�/ iQ K2/B�H #�HHb i?�i T`Qi`m/2 i?2 i`22
+�MQTv Ub22 6B;m`2 eXR9VX

eXjXe *QM+HmbBQMb

A T`QTQb2 � M2r �TT`Q�+? iQ pBbB#BHBiv �M�HvbBb BM m`#�M b+2M2b /B`2+iHv 7`QK �
TQBMi +HQm/- i?mb rBi?Qmi i?2 M22/ Q7 �M Qp2`Hv bBKTHB}2/ BMi2`K2/B�i2 j. +Biv
KQ/2HX 1tT2`BK2Mi�H `2bmHib mbBM; � T`QiQivT2 BKTH2K2Mi�iBQM b?Qr i?�i i?2
#�bB+ B/2� Q7 i?2 �TT`Q�+? Bb p�HB/ �M/ rQ`Fb QM `2�H rQ`H/ /�i�X

h?2`2 �`2 � MmK#2` Q7 HBKBi�iBQMb BM i?2 +m``2Mi BKTH2K2Mi�iBQM Q7 i?2 �T@
T`Q�+?,

RX h?2 +QKTmi�iBQM Q7 i?2 /2Ti?K�T- r?B+? M22/b iQ ?�TT2M QM+2 7Q` 2p2`v
pB2rTQ`i- Bb +QKTmi�iBQM�HHv 2tT2MbBp2X

kX PMHv i?2 Q`i?Q;QM�H T`QD2+iBQM Bb bmTTQ`i2/X

Ry3



eXj J�h@#�b2/ oBbB#BHBiv �M�HvbBb BM TQBMi +HQm/b

Tree

Missing surface

6B;m`2 eXR9, .2i�BH pB2r Q7 GB.�_ /�i�b2i 7Q` TQBMi +HQm/ UiQTV �M/ K2/B�H #�HHb
U#QiiQKV

RyN



e �TTHB+�iBQMb Q7 i?2 mMbi`m+im`2/ J�h

jX � ;QQ/ b2T�`�iBQM #2ir22M i?2 BMi2`BQ` �M/ 2ti2`BQ` J�h Bb `2[mB`2/X h?Bb
`2[mB`2b +QMbBbi2MiHv Q`B2Mi2/ MQ`K�Hb i?�i �`2 MQi ivTB+�HHv �p�BH�#H2 7Q`
;2Q;`�T?B+�H TQBMi +HQm/bX

AM a2+iBQM 3Xk A ;Bp2 bQK2 B/2�b QM ?Qr iQ Qp2`+QK2 i?2b2 HBKBi�iBQMbX

RRy



d �TTHB+�iBQMb Q7 i?2 bi`m+im`2/ J�h

AM *?�Ti2` 9- A BMi`Q/m+2/ i?2 bi`m+im`2/ J�h- � `Q#mbi Q`;�MBb�iBQM Q7 i?2
K2/B�H �iQKb Q7 i?2 mMbi`m+im`2/ J�h BMiQ � b2i Q7 +QMM2+i2/ K2/B�H b?22ibX
AM i?Bb +?�Ti2` A /2KQMbi`�i2 �M/ 2tTHQ`2 ?Qr iQ K�F2 mb2 Q7 i?2 mMbi`m+im`2/
J�h K�BMHv 7Q` Q#D2+i /2i2+iBQMX

a2+iBQM dXR Bb �#Qmi i?2 /2i2+iBQM Q7 r�i2`+Qm`b2b BM i?2 .mi+? H�M/b+�T2X h?Bb
+�b2 bim/v mb2b i?2 K2/B�H b?22i b2;K2Mi�iBQM i?�i A BMi`Q/m+2/ BM a2+iBQM 9XkXkX
aBM;H2 K2/B�H b?22ib �`2 mb2/ iQ /2i2+i r�i2`+Qm`b2b �M/ iQ `2+QMbi`m+i � k.
+2Mi`2HBM2 7Q` i?2KX h?Bb rQ`F Bb #�b2/ QM i?2 T�T2`,

�miQK�iB+ B/2MiB}+�iBQM Q7 r�i2`+Qm`b2b BM ~�i �M/ 2M;BM22`2/
H�M/b+�T2b #v +QKTmiBM; i?2 bF2H2iQM Q7 � GB.�_ TQBMi +HQm/ X
hQK "`Q2`b2M- _�pB S2i2`b �M/ >m;Q G2/QmtX *QKTmi2`b � :2Qb+B2M+2b
Rye- a2Ti2K#2` kyRd- TTX RdRĜR3y- /QB, RyXRyRefDX+�;2QXkyRdXyeXyyj

a2+iBQM dXk 7Q+mb2b QM i?2 /2i2+iBQM Q7 #mBH/BM;@HBF2 bi`m+im`2b mbBM; K2/B�H +Hmb@
i2`b- BX2X +QMM2+i2/ b2ib Q7 K2/B�H b?22ib- �b 2tTH�BM2/ BM a2+iBQM 9XkXRX

dXR q�i2`+Qm`b2 /2i2+iBQM

a2p2`�H �`2�b �`QmM/ i?2 rQ`H/- bm+? �b i?2 L2i?2`H�M/b- �`2 +?�`�+i2`Bb2/ #v
HQr HvBM;- ~�i- �M/ 2M;BM22`2/ �;`B+mHim`�H H�M/bX h?2 /`�BM�;2 M2irQ`F Q7 i?2b2
�`2�běr?B+? Bb �`iB}+B�Hě+QMbBbib Q7 +QMM2+i2/ HBM2�` 72�im`2b bm+? �b +?�MM2Hb-
+mHp2`ib- �M/ `2b?�T2/ ;mHHB2b ("�BHHv 2i �HX- kyRR)c r2 `272` iQ i?2b2 ?2`2�7i2`
�b ǳr�i2`+Qm`b2bǴX h?2b2 7Q`K � M2irQ`F i?�i i`�MbBib r�i2` 7`QK i?2 }2H/b
BMiQ H�`;2` +�M�Hb ("QmH/BM 2i �HX- kyy9)X hvTB+�HHv- i?2b2 �`2�b ?�p2 p2`v HBiiH2
p�`B�iBQM BM 2H2p�iBQM- b22 BM 6B;m`2 dXd# ?Qr i?2 2H2p�iBQM p�`B2b QMHv #v �#Qmi
RK Qp2` �M �`2� Q7 KQ`2 i?�M k FK2X "2+�mb2 2M;BM22`2/ H�M/b �`2 b2MbBiBp2 iQ
~QQ/BM; (S�``v 2i �HX- kyyd)- Bi Bb Q7 i?2 miKQbi BKTQ`i�M+2 iQ ?�p2 �M mT@iQ@/�i2
�M/ �++m`�i2 KQ/2H Q7 i?2 r�i2`+Qm`b2b (*�p�HHB 2i �HX- kyRj)X am+? � KQ/2H rBHH
+QMbBbi Q7 i?2 TH�MBK2i`B+ ;2QK2i`v Q7 i?2 r�i2`+Qm`b2b Ui?2B` +2Mi`2HBM2V- i?2B`
+QMM2+iBpBiv- #mi �HbQ Q7 Qi?2` +?�`�+i2`BbiB+b bm+? �b i?2 rB/i? �M/ i?2 b?�T2 Q7
i?2 #�MFb Ur?B+? Bb mb27mH iQ +�H+mH�i2 i?2 biQ`�;2 +�T�+BivVX h?Bb BM7Q`K�iBQM
+�M ?2HT mb /2bB;M K2�bm`2b iQ �pQB/ ~QQ/b (*�xQ`xB 2i �HX- kyRj)- �M/ +�M TH�v

RRR
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d �TTHB+�iBQMb Q7 i?2 bi`m+im`2/ J�h

�M BKTQ`i�Mi `QH2 BM /2bB;MBM; /`�BM�;2 +?�MM2Hb �M/ TmKTBM; bi�iBQMb (J�H�MQ
�M/ >Q7r2;2M- RNNN)X

h?Bb �TTHB+�iBQM Bb �#Qmi i?2 �miQK�iB+ /2i2+iBQM Q7 i?2 M2irQ`F Q7 r�i2`+Qm`b2b
BM ~�i �M/ 2M;BM22`2/ H�M/b+�T2bX *m``2MiHv- bm+? M2irQ`Fb �`2 ivTB+�HHv B/2M@
iB}2/ rBi? � b2KB@�miQK�iB+ K2i?Q/QHQ;v mbBM; GB.�_ TQBMi +HQm/b- �2`B�H BK@
�;2`v �M/ }2H/ bm`p2vbX h?Bb Bb H�#Qm`@BMi2MbBp2- �M/ bm#D2+iBp2 (:�M/QH} �M/
"Bb+?2iiB- RNNd)X h?2 p�bi K�DQ`Biv Q7 K2i?Q/b �M/ �H;Q`Bi?Kb /2p2HQT2/ BM
BMi2`/Bb+BTHBM�`v bim/B2b ?�p2 MQi #22M /2bB;M2/ 7Q` Qm` +�b2- #mi 7Q` M�im`�H
H�M/b+�T2bX h?2b2 mbm�HHv �bbmK2 i?�i i?2 bHQT2 �HQM; � r�i2`+Qm`b2 Bb �Hr�vb
TQbBiBp2 (*Qbi�@*�#`�H �M/ "m`;2b- RNN9c GQ?�MB �M/ J�bQM- kyyR)- Q` i?�i i?2
+m`p�im`2 Q7 i?2 i2``�BM Bb ?B;?2` i?�M � +2`i�BM i?`2b?QH/ ("`x�MF 2i �HX- kyy8c
J2Bb2Hb 2i �HX- RNN8c S�bb�H�+[m� 2i �HX- kyRy)- r?B+? K�v MQi #2 i`m2 7Q` ~�i H�M/@
b+�T2bX �MQi?2` T`Q#H2K rBi? 2tBbiBM; K2i?Q/b Bb i?�i- r?2M GB.�_ /�i�b2ib
�`2 mb2/- mbm�HHv � /2`Bp2/ T`Q/m+i Q7 i?2 Q`B;BM�H /�i�b2i Bb mb2/ �b BMTmi- 2X;X
� 8Ks8K ;`B//2/ /B;Bi�H 2H2p�iBQM KQ/2H U.1JV b22Kb bi�M/�`/X h?Bb Bb �
T`Q#H2K bBM+2 i?2v +QMi�BM KBbbBM; /�i� r?2`2 i?2 r�i2` Bb HQ+�i2/ U/m2 iQ i?2
�#bQ`TiBQM Q7 GB.�_ bB;M�Hb #v r�i2`V- �M/ #2+�mb2 i?2 +QMp2`bBQM iQ ;`B/b BM@
2pBi�#Hv BKTHB2b � +2`i�BM /2+`2�b2 Q7 �++m`�+v- /m2 iQ i?2 BMi2`TQH�iBQM T`Q+2bb
�M/ i?2 `2b�KTHBM; ("`x�MF 2i �HX- kyy3c 6Bb?2`- RNNdc :QH/ �M/ 1/r�`/b- RNNk)X
6m`i?2`KQ`2- � 8 K `2bQHmiBQM .1J Bb BMbm{+B2Mi 7Q` Qm` +�b2 #2+�mb2 r�i2`@
+Qm`b2b +�M #2 H2bb i?�M R K rB/2- �M/ b2p2`�H QM2b +�M #2 +HQb2` i?�M 8K iQ
2�+? Qi?2`X

AM a2+iBQM dXRXk irQ bF2H2iQM@#�b2/ �TT`Q�+?2b �`2 BMi`Q/m+2/ 7Q` i?2 �miQK�iB+
/2i2+iBQM Q7 r�i2` +Qm`b2 BM ~�i �M/ 2M;BM22`2/ H�M/b+�T2bX "Qi? �TT`Q�+?2b-
`2bT2+iBp2Hv +�HH2/ i?2 k.@bF2H2iQM K2i?Q/ �M/ i?2 j.@bF2H2iQM K2i?Q/- rQ`F
QM i?2 #�bBb Q7 � ?B;? `2bQHmiBQM GB.�_ TQBMi +HQm/X h?2 }`bi Bb #�b2/ QM
+QMp2MiBQM�H k. :Aa QT2`�iBQMb- �M/ i?2 b2+QM/ Bb #�b2/ QM i?2 j. J�hX "Qi?
�TT`Q�+?2b �`2 i2bi2/ QM i?`22 bim/v �`2�b BM i?2 L2i?2`H�M/b Q7 bQBH ivT2běi?Bb
�z2+ib i?2 b?�T2 Q7 i?2 r�i2`+Qm`b2 T`Q}H2ě�M/ mb2 i?2 M�iBQM�H �>Lj TQBMi
+HQm/ /�i�b2iX

dXRXR _2H�i2/ rQ`F

"�BHHv 2i �HX (kyy3) B/2MiB}2b r�i2`+Qm`b2b BM �;`B+mHim`�H �`2�b mbBM; GB.�_ #v
�M�HvbBM; i?2 T`Q}H2 �i /2}M2/ HQ+�iBQMb T2`T2M/B+mH�` iQ }2H/ #QmM/�`B2b- �M/
+?QQbBM; � i?`2b?QH/ 7Q` i?2 +m`p�im`2b Ui?Qb2 �#Qp2 i?2 i?`2b?QH/ �`2 /Bi+?2bVX
h?2v �+?B2p2/ /Bi+? QKBbbBQMb Q7 �`QmM/ 8yW- �M/ /Bi+? +QKKBbbBQMb Q7 �`QmM/
R8WX h?2v �ii`B#mi2 i?2 TQQ` T2`7Q`K�M+2 iQ BMbm{+B2Mi /2MbBiv Q7 GB.�_
TQBMib Ur?BH2 i?2v ?�p2 Ry TQBMibfK2V- �M/ iQ p2;2i�iBQM +Qp2`�;2 �HQM; i?2
/Bi+?2bX h?2B` K2i?Q/ QMHv rQ`Fb B7 i?2 #QmM/�`B2b Q7 }2H/b �`2 ;Bp2M �b BMTmi-
�M/ K�v MQi T2`7Q`K r2HH 7Q` r�i2`+Qm`b2b r?B+? �`2 H�`;2Hv }HH2/ rBi? r�i2`X

RRk



dXR q�i2`+Qm`b2 /2i2+iBQM

0 100 200 m

Identified water courses

Missed water courses

U�V 1``Q` Q7 QKBbbBQM

0 100 200 m

Reference water courses
Erroneously identified water courses

U#V 1``Q` Q7 +QKKBbbBQM

6B;m`2 dXR, A/2MiB}+�iBQM Q7 r�i2`+Qm`b2b #v S�bb�H�+[m� 2i �HX (kyRk) UrBi? :2QL2i
bQ7ir�`2V 7Q` �M �`2� rBi? T2�i bQBH M2�` li`2+?i BM i?2 L2i?2`H�M/bX h?2
/�i�b2i Bb +QKT�`2/ iQ � `272`2M+2 /�i�b2i T`QpB/2/ #v i?2 >.a_
U#�+F;`QmM/ �2`B�H T?QiQ +Qm`i2bv Q7 rrrXT/QFXMHVX

S�bb�H�+[m� 2i �HX (kyRk) �`;m2 i?�i r�i2`+Qm`b2b +�M ivTB+�HHv #2 +?�`�+i2`Bb2/
#v TQbBiBp2 +m`p�im`2- �M/ #v ?B;? p�Hm2b Q7 ~Qr �++mKmH�iBQMX h?2B` K2i?Q/
r�b /2bB;M2/ bT2+B}+�HHv 7Q` ~�i �M/ 2M;BM22`2/ H�M/b+�T2bX h?2v bm++2bb7mHHv
2ti`�+i2/ i?2 M2irQ`F mbBM; � jK .1J 7Q` i?2 HQr@`2HB27 ?mK�M@BKT�+i2/ H�M/@
b+�T2 Q7 �M �`2� �HQM; � #�bBM BM i?2 la�X >Qr2p2`- i?2B` bim/v �`2� ?�b 2H@
2p�iBQM /Bz2`2M+2b Q7 mT iQ ey K- �M/ i?2`27Q`2 b22Kb iQ #2 H2bb ~�i i?�M i?2
bim/v �`2�b mb2/ BM i?Bb bim/v Ub22 6B;m`2 dXd �M/ a2+iBQM dXRXjVX h?2B` K2i?Q/
Bb 7`22Hv �p�BH�#H2 BM i?2 T�+F�;2 :2QL2i (a�M;B`2//v 2i �HX- kyRe)X 6B;m`2 dXR
b?Qrb i?�i Bi T2`7Q`Kb TQQ`Hv 7Q` i?2 T2�i bim/v �`2� mb2/ BM i?Bb bim/v UK�Mv
2``Q`b Q7 QKBbbBQM �M/ +QKKBbbBQMV- �Hi?Qm;? Bi T2`7Q`K2/ bHB;?iHv #2ii2` 7Q` i?2
+H�v �`2�X Ai bi`m;;H2b BM TH�+2b rBi? p2`v HQr `2HB27 bBM+2 i?2`2 Bb HBiiH2 bm`7�+2
+m`p�im`2- �M/ i?mb TB+Fb i?2 bHB;?i2bi +?�M;2X

*�xQ`xB 2i �HX (kyRj) 2ti`�+ib HQ+�H HQr@`2HB27 72�im`2b 7`QK � R K .1J- �M/
2ti`�+i i?2 M2irQ`F #v H�#2HHBM; T2�F p�Hm2b #�b2/ QM � i?`2b?QH/ p�Hm2 i?�i
Bb i�F2M �b i?2 bi�M/�`/ /2pB�iBQM Q7 i?2 HQ+�H `2HB27X h?2B` `2bmHib T`Qp2/ iQ
#2 KQ`2 `2HB�#H2 i?�M i?2B` Qmi/�i2/ +�`iQ;`�T?v@#�b2/ `272`2M+2 /�i�- �M/ �
K2/B�M /Bbi�M+2 Q7 `272`2M+2 TQBMib iQ i?2 2ti`�+i2/ r�i2`+Qm`b2 M2irQ`F r�b
`2;Bbi2`2/ iQ #2 �#Qmi R KX h?2 mb�;2 Q7 � i?`2b?QH/ QM i?2 HQ+�H `2HB27 +�M ?�p2
BKTHB+�iBQMb QM i?2 �#BHBiv Q7 i?2 K2i?Q/ iQ B/2MiB7v r�i2`+Qm`b2b Q7 /Bz2`2Mi
7Q`Kb- �M/ �b bi�i2/ �#Qp2- Bb H2bb bmBi�#H2 7Q` HQr@`2HB27 r�i2`+Qm`b2bX
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d �TTHB+�iBQMb Q7 i?2 bi`m+im`2/ J�h

6B;m`2 dXk, qQ`F~Qr iQ Q#i�BM r�i2`+Qm`b2b 7`QK i?2 k. bF2H2iQMX

HQ+�H KBMBK� �M/ K�tBK� BM 2H2p�iBQM p�Hm2b 7`QK � RK .1J- #mi +QKK2Mi
i?�i i?2 K2i?Q/ `2[mB`2b bB;MB}+�Mi i`�BMBM; �M/ +QKTmi�iBQMX

SQbb2H 2i �HX (kyRy) i`v iQ /2i2+i p2`v rB/2 URyy KV #m`B2/ +?�MM2Hb BM �M �`2�
BM i?2 L2i?2`H�M/b 7`QK � k K .1J rBi? � K�tBKmK HBF2HB?QQ/ +H�bbB}2` #�b2/
QM bHQT2- +m`p�im`2 �M/ `2H�iBp2 2H2p�iBQMX

>ƺ~2 2i �HX (kyyN) 2ti`�+i i?2 2/;2b Q7 � r�i2` #Q/v #v KQ/2HHBM; i?2 HQ+�iBQMb Q7
H�b2` b?Qi /`QT@Qmib �HQM; rBi? i?2 bm`7�+2 `Qm;?M2bb- �7i2` r?B+? TQi2MiB�H r�i2`
`2;BQMb �`2 /2i2+i2/ #v mbBM; � `2;BQM ;`QrBM; �H;Q`Bi?KX hQb+�MQ 2i �HX (kyR9)
T`QTQb2b � bBKBH�` K2i?Q/ i?�i `2[mB`2b H2bb T`2@T`Q+2bbBM;- #mi i?2 K2i?Q/ mb2b
� .1JX h?2 Q`B;BM�H GB.�_ b�KTH2b �`2 +QMp2`i2/ UTBt2Hb ?�pBM; MQ GB.�_
bB;M�H ;2i � HQr p�Hm2V �M/ i?2M �M �M�HvbBb Q7 i?2 ?2B;?i ?BbiQ;`�K �HHQrb i?2K
iQ B/2MiB7v HQr �`2� Ur?B+? b?QmH/ #2 r�i2`VX >BbiQ;`�K �M�HvbBb K�v MQi bm{+2
7Q` bK�HH r�i2` #Q/B2b 7QmM/ BM i?2 L2i?2`H�M/b- bBM+2 i?2b2 /Q T`Q#�#Hv MQi
;2M2`�i2 ?B;? 2MQm;? T2�Fb BM i?2 2H2p�iBQM /�i�X "Qi? >ƺ~2 2i �HX (kyyN) �M/
hQb+�MQ 2i �HX (kyR9) �`2 mM�#H2 iQ +H�bbB7v /`v r�i2`+Qm`b2b Q` i?Qb2 +QKTH2i2/
+Qp2`2/ #v +�MQTvX

dXRXk J2i?Q/b

hrQ bF2H2iQM@#�b2/ �TT`Q�+?2b iQ �miQK�iB+�HHv /2i2+i r�i2`+Qm`b2b 7`QK � +H�b@
bB}2/ �2`B�H GB.�_ TQBMi +HQm/ �`2 BMi`Q/m+2/ ?2`2X h?2 }`bi QM2 Ub22 6B;m`2 dXkV
mb2b i?2 �HT?�@b?�T2 U�HbQ +QKKQMHv +�HH2/ ǳ+QM+�p2 ?mHHǴV Q7 ;`QmM/ �M/ p2;2@
i�iBQM TQBMib iQ +QKTmi2 r�i2` TQHv;QMb 7`QK r?B+? i?2 +2Mi`2HBM2b �`2 /2`Bp2/
mbBM; � k. bF2H2iQMX h?2 b2+QM/ QM2 Ub22 6B;m`2 dXjV +QKTmi2b +2Mi`2HBM2b �b
i?2 HQr2` 2Mp2HQT2 Q7 i?2 j. bF2H2iQM Umb2/ ?2`2 �b � bvMQMvK 7Q` i?2 j. J�hV
Q7 ;`QmM/ TQBMib �M/ �BKb �i /2i2+iBM; +QM+�p2 T`Q}H2b- r?B+? K2�Mb Bi +�M �HbQ
/2i2+i /`v r�i2`+Qm`b2b �M/ r�i2`+Qm`b2b +Qp2`2/ T�`iHv #v +�MQTvX

LQi2 i?�i #Qi? K2i?Q/b �bbmK2 i?2 BMTmi TQBMi +HQm/ iQ #2 +H�bbB}2/X h?2 k.
bF2H2iQM mb2b i?2 ;`QmM/ �M/ p2;2i�iBQM +H�bb2b- r?2`2�b i?2 j. bF2H2iQM mb2b
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dXR q�i2`+Qm`b2 /2i2+iBQM

1. Ground points. 2. 3D skeleton of the
ground points.

3. Segmentation of 3D
skeleton in sheets.

4. Triangulate exterior
sheets and select lower
envelope to find the
centrelines.

exterior
sheet

centreline

6B;m`2 dXj, qQ`F~Qr iQ Q#i�BM r�i2`+Qm`b2b 7`QK i?2 j. bF2H2iQMX

bQH2Hv i?2 ;`QmM/ +H�bbX

k. bF2H2iQM@#�b2/ r�i2`+Qm`b2 /2i2+iBQM

h?2 k. bF2H2iQM@#�b2/ �TT`Q�+? i�F2b �/p�Mi�;2 Q7 � F2v T`QT2`iv Q7 `2/ H�b2`@
#�b2/ GB.�_ /�i�b2ib �#Qp2 QT2M r�i2` #Q/B2b, Bi Bb �HKQbi +QKTH2i2Hv �#@
bQ`#2/- QMHv GB.�_ bB;M�Hb 2KBii2/ �i Q` M2�` M�/B` �`2 `2~2+i2/ bi`QM; 2MQm;?
iQ #2 /2i2+i2/ #v i?2 b2MbQ`X h?2 72r GB.�_ K2�bm`2K2Mib r?B+? /B/ `2~2+i
QM i?2 r�i2` #Q/B2b +�M #2 }Hi2`2/ Qmi (>ƺ~2 2i �HX- kyyN)X

�b BMTmi 7Q` i?Bb K2i?Q/ r2 mb2 irQ b2ib Q7 TQBMib, RV ;`QmM/ TQBMib Ur?B+?
BM+Hm/2b i?2 #mBH/BM; TQBMib iQ }HH i?2 pQB/b BM i?2 ;`QmM/ +H�bb r?2`2 #mBH/BM;b
�`2V- kV p2;2i�iBQM TQBMibX q?�i `2K�BMb Bb � /�i�b2i rBi? b2T�`�i2 /Bb+QMM2+i2/
;`QmTb Q7 ;`QmM/ TQBMib- rBi? pQB/b BM #2ir22M i?2b2 ;`QmTb `2T`2b2MiBM; i?2
r�i2`#Q/B2bX

�b BHHmbi`�i2/ BM 6B;m`2 dXk i?2 k. bF2H2iQM@#�b2/ +QKT`Bb2b Q7 8 bi2Tb,

RX S`QD2+iBM; i?2 TQBMib iQ i?2 ;`QmM/ TH�M2- BX2X z = 0X

kX a2T2`�i2Hv +QMp2`iBM; i?2 ;`QmM/ TQBMib �M/ p2;2i�iBQM TQBMib BMiQ KmHiB@
TH2 /Bb+QMM2+i2/ ;`QmM/ �M/ p2;2i�iBQM TQHv;QMb mbBM; �HT?�@b?�T2b Ub22
1/2Hb#`mMM2` 2i �HX (RN3j)VX h?2M mb2 i?2 p2;2i�iBQM TQHv;QMb iQ }HH ?QH2b
BM i?2 ;`QmM/ TQHv;QMbX

jX *QMbi`m+iBM; r�i2` TQHv;QMb 7`QK i?2 pQB/b BM #2ir22M i?2 }HH2/ ;`QmM/
TQHv;QMbX

9X *QKTmi2 i?2 oQ`QMQB /B�;`�K 7`QK i?2 /2MbB}2/ #QmM/�`B2b Q7 i?2 r�i2`
TQHv;QMbX

8X *QMbi`m+i i?2 k. bF2H2iQM 7`QK i?2 oQ`QMQB 2/;2b i?�i �`2 +QKTH2i2Hv
+QMi�BM2/ #v i?2 r�i2` TQHv;QMbX S`mM2 �M/ bBKTHB7vX h?2 `2K�BMBM;
2/;2b �`2 i?2 +2Mi`2HBM2b 7QmM/ #v i?Bb �TT`Q�+?X
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d �TTHB+�iBQMb Q7 i?2 bi`m+im`2/ J�h

Exterior skeleton
Interior skeleton
Ground Surface

U�V *`Qbb b2+iBQM Q7 � r�i2`+Qm`b2X h?2
j. bF2H2iQM Bb Q#i�BM2/ #v
`2+QMbi`m+iBM; K2/B�H #�HHb i?�i
iQm+? i?2 ;`QmM/ bm`7�+2 BM irQ
TQBMibX

Skeleton points
Ground points

U#V S2`bT2+iBp2 pB2r Q7 i?2 j. bF2H2iQM
Q7 bBKTH2 r�i2`+Qm`b2bX

6B;m`2 dX9, S`Q}H2 pB2r Q7 j. bF2H2iQM Q7 i?2 i2``�BM

a22 "`Q2`b2M 2i �HX (kyRe) 7Q` KQ`2 /2i�BHb QM i?2 +QMbi`m+iBQM Q7 i?2 k. bF2H2iQM@
#�b2/Ƙ�TT`Q�+? i?�i Bb mb2/ ?2`2X

j. bF2H2iQM@#�b2/ r�i2`+Qm`b2 /2i2+iBQM

h?2 j. bF2H2iQM- BX2X i?2 j. J�h- Bb mb2/ iQ /2i2+i r�i2`+Qm`b2b #�b2/ QM i?2
i?`22@/BK2MbBQM�H KQ`T?QHQ;v Q7 i?2 H�M/b+�T2X h?2 j. bF2H2iQM@#�b2/ K2i?Q/-
BHHmbi`�i2/ BM 6B;m`2 dXj- +QKTmi2b +2Mi`2HBM2b �b i?2 HQr2` 2Mp2HQT2 Q7 i?2 j.
bF2H2iQM Q7 ;`QmM/ TQBMib �M/ �BKb �i B/2MiB7vBM; +QM+�p2 T`Q}H2b- r?B+? K2�Mb Bi
+�M �HbQ B/2MiB7v /`v r�i2`+Qm`b2b �M/ r�i2`+Qm`b2b +Qp2`2/ T�`iHv #v +�MQTvX

�b /2TB+i2/ BM 6B;m`2 dX9#- i?2 j. bF2H2iQM Q7 � ivTB+�H r�i2`+Qm`b2 `2bmHib
BM i?`22 K2/B�H b?22ib, QM2 2ti2`BQ` U�#Qp2 ;`QmM/V- �M/ irQ BMi2`BQ` U#2HQr
;`QmM/VX h?2 2ti2`BQ` K2/B�H b?22i Q7 � r�i2`+Qm`b2 i?mb 7Q`Kb � ǵ+2Mi`2 TH�M2Ƕ
i?�i +QMi�BMb i?2 +2Mi`2HBM2 Q7 i?2 r�i2`+Qm`b2X h?2 +2Mi`2HBM2 Q7 � r�i2`+Qm`b2
Bb /2}M2/ �b i?2 T`QD2+iBQM iQ i?2 xy@TH�M2 Q7 i?2 HQr2` 2Mp2HQT2 Q7 Bib 2ti2`BQ`
K2/B�H b?22i Ub22 �HbQ 6B;m`2 dXjVX

6Q` i?2 +QKTmi�iBQM Q7 i?2 j. bF2H2iQM i?2 2ti2M/2/ b?`BMFBM; #�HH �H;Q`Bi?K
i?�i Bb ;Bp2M BM *?�Ti2` j Bb mb2/X h?2 j. bF2H2iQM Bb +QKTmi2/ 7Q` �HH bm`7�+2
TQBMib i?�i �`2 +H�bbB}2/ �b ;`QmM/X h?2 `2bmHi Bb � TQBMi �TT`QtBK�iBQM UBX2X
� TQBMi +HQm/V Q7 i?2 j. bF2H2iQMX L2ti- � b2;K2Mi�iBQM Q7 i?2 TQBMi +HQm/
BMiQ /BbiBM+i K2/B�H b?22ib Bb T2`7Q`K2/ mbBM; � `2;BQM@;`QrBM; b2;K2Mi�iBQM
�H;Q`Bi?K #�b2/ QM i?2 K2/B�H #Bb2+iQ` �b /2b+`B#2/ BM a2+iBQM 9XkXkX �M �//2/
#2M2}i Q7 i?Bb �TT`Q�+? Bb i?�i QmiHB2`b BM i?2 j. bF2H2iQM TQBMi +HQm/ +�M #2
QKBii2/- bBM+2 i?2v �`2 MQi T�`i Q7 �Mv K2/B�H b?22ib �M/ �`2 i?2`27Q`2 MQi
�bbB;M2/ iQ � b2;K2MiX 6B;m`2 dX8 b?Qrb i?2 b2;K2Mi�iBQM `2bmHi 7Q` � GB.�_
/�i�b2i Q7 r�i2`+Qm`b2bX P#b2`p2 i?�i 2�+? r�i2`+Qm`b2 Bb /2HBM2�i2/ #v � K2/B�H
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dXR q�i2`+Qm`b2 /2i2+iBQM

U�V S2`bT2+iBp2 pB2r Q7 bF2H2iQM �M/ ;`QmM/
TQBMibX

U#V SH�M pB2r Q7 2ti2`BQ` bF2H2iQM
b?22ibX

6B;m`2 dX8, a2;K2Mi�iBQM Q7 j. bF2H2iQM b?22ibX 1�+? /BbiBM+i b?22i r�b �bbB;M2/ �
`�M/QK +QHQm`X h?2 bm`7�+2 TQBMib �`2 +QHQm`2/ #v 2H2p�iBQM Uv2HHQr 4
HQrc #Hm2 4 ?B;?VX

b?22iX

S`BQ` iQ /2`BpBM; i?2 k. +2Mi`2HBM2 `2T`2b2Mi�iBQM Q7 2�+? b?22i- i?2 K2/B�H b?22ib
�`2 i`B�M;mH�i2/ mbBM; i?2 #�HH TBpQiBM; �H;Q`Bi?K 7`QK "2`M�`/BMB 2i �HX (RNNN)X
� +2Mi`2HBM2 Q7 i?2 r�i2` bm`7�+2 +�M i?2M #2 /2`Bp2/ #v b2H2+iBM; i?2 HQr2`
2/;2b QM i?2 #QmM/�`v Q7 i?2 i`B�M;mH�i2/ b?22i Ub22 �HbQ bi2T 9 BM 6B;m`2 dXjVX
h?2b2 HQr2` 2/;2b �`2 7QmM/ #v r�HFBM; �`QmM/ i?2 #QmM/�`v 2/;2b Q7 i?2 i`B@
�M;mH�iBQM UBX2X i?Qb2 2/;2b i?�i �`2 QMHv BM+B/2Mi iQ QM2 i`B�M;H2V- �M/ i?2M
b2H2+iBM; i?2 2/;2b r?Qb2 irQ 2M/TQBMib �`2 #2HQr UBX2X ?�pBM; � HQr2` x +QQ`/B@
M�i2V i?2 QTTQbBi2 p2`i2t BM i?2 i`B�M;H2 iQ r?B+? i?�i 2/;2 #2HQM;bX 6BM�HHv- �
k. `2T`2b2Mi�iBQM Q7 i?2 `2bmHiBM; TQHvHBM2 Bb Q#i�BM2/ bBKTHv #v QKBiiBM; i?2
x@+QQ`/BM�i2bX

dXRXj 1tT2`BK2Mib � `2bmHib

AM i?2 7QHHQrBM; 2tT2`BK2Mib r2 +QKT�`2 i?2 j. bF2H2iQM K2i?Q/ rBi? � k.
bF2H2iQM K2i?Q/X h?2 k. bF2H2iQM K2i?Q/ r�b BKTH2K2Mi2/ mbBM; T`BK�`BHv
Z:AaR �M/ G�aiQQHbkX a22 *?�Ti2` 8 7Q` /2i�BHb QM i?2 BKTH2K2Mi�iBQM Q7 i?2
j. bF2H2iQM K2i?Q/X PMHv 7Q` i?2 #�HH TBpQiBM; �H;Q`Bi?K- J2b?H�#j r�b mb2/X

RZ:Aa, ?iiT,ffrrrX[;BbXQ`;X
kG�aiQQHb, ?iiTb,ff`�TB/H�bbQX+QKfH�biQQHbfX
jJ2b?G�#, ?iiT,ffK2b?H�#XbQm`+27Q`;2XM2iX
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d �TTHB+�iBQMb Q7 i?2 bi`m+im`2/ J�h

Peat

Clay

0 m 200 m

0 m 200 m 0 m 200 m

Sand

6B;m`2 dXe, h?2 i?`22 bim/v �`2�bX

aim/v �`2� � 2tT2`BK2Mib

h?2 bim/v �`2�b 7Q` i?2b2 2tT2`BK2Mib �`2 �HH jtj FK �M/ �`2 bBim�i2/ �`QmM/
i?2 +Biv Q7 li`2+?i- i?2 L2i?2`H�M/b Ub22 6B;m`2 dXeVX h?Bb �`2� +QMbBbib 7Q`
i?2 KQbi T�`i Q7 ~�i U2H2p�iBQM ivTB+�HHv `�M;2b #2ir22M @k K iQ Ye KV �M/
2M;BM22`2/ H�M/b+�T2b Ub22 6B;m`2 dXdVX q2 ?�p2 b2H2+i2/ i?`22 /Bz2`2Mi ivT2b
Q7 2MpB`QMK2Mib rBi? /Bz2`2Mi +?�`�+i2`BbiB+b i?�i +�M #2 +H�bbB}2/ �++Q`/BM; iQ
i?2B` bm#bQBHbc +H�v- T2�i- �M/ b�M/,

*H�v, HBiiH2 p2;2i�iBQM �M/ 7�B`Hv rB/2 r�i2`+Qm`b2b rBi? � p2`v +H2�` +QM+�p2
T`Q}H2X

S2�i, HBiiH2 p2;2i�iBQM �M/ p2`v rB/2 r�i2`+Qm`b2b rBi? � H2bb +H2�` +QM+�p2 T`Q@
}H2X

a�M/, � HQi Q7 p2;2i�iBQM �M/ M�``Qr r�i2`+Qm`b2b rBi? � +H2�` +QM+�p2 T`Q}H2X

JQ`2 /2i�BH2/ BM7Q`K�iBQM QM i?2 bim/v �`2�b +�M #2 7QmM/ BM h�#H2 dXRX

h?2 Tm#HB+Hv �p�BH�#H2 �>Lj9 �2`B�H GB.�_ TQBMi +HQm/ /�i� r�b mb2/- r?B+?
Bb i?2 KQbi +m``2Mi p2`bBQM Q7 i?2 M�iBQM�H 2H2p�iBQM /�i�b2i Q7 i?2 L2i?2`H�M/b-
Bi ?�b � TQBMi /2MbBiv Q7 �`QmM/ Ry TQBMib T2` b[m�`2 K2i2`X 6Q` p�HB/�iBQM Tm`@
TQb2b- �M 2tBbiBM; +2Mi`2HBM2 /�i�b2i r�b mb2/- r?B+? r�b Q#i�BM2/ rBi? � b2KB@
�miQK�iB+ K2i?Q/- 7`QK >.a_ U>QQ;?22K`��/b+?�T .2 aiB+?ib2 _BDMH�M/2M-
BX2X i?2 r�i2` #Q�`/ `2bTQMbB#H2 7Q` r�i2` K�M�;2K2Mi BM i?2 bim/v �`2�bVX

9rrrX�?MXMH
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dXR q�i2`+Qm`b2 /2i2+iBQM

U�V *H�v �`2� U#V S2�i �`2�

U+V a�M/ �`2�

6B;m`2 dXd, h2``�BM 2H2p�iBQM Q7 i?2 bim/v �`2�bX AMi2`TQH�i2/ 7`QK ;`QmM/ TQBMibX
LQ /�i� TBt2Hb �`2 r?Bi2X
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d �TTHB+�iBQMb Q7 i?2 bi`m+im`2/ J�h

h�#H2 dXR, .2i�BHb QM bim/v �`2�bX h?2 bT2+B}2/ HQ+�iBQM BM 1Sa:,k3NNk Bb i?2 HQr2`
H27i +QQ`/BM�i2 Q7 i?2 �`2� Ui?2v �`2 �HH jtj FK BM bBx2VX h?2 T2`+2Mi�;2 Q7
p2;2i�iBQM +Qp2`�;2 Bb #�b2/ QM i?2 `2H�iBp2 MmK#2` Q7 p2;2i�iBQM TQBMib
BM i?2 TQBMi +HQm/X h?2 T2`+2Mi�;2 Q7 r�i2` +Qp2`�;2 Bb +QKTmi2/ #v
i�FBM; i?2 iQi�H bm`7�+2 �`2� Q7 �HH r�i2` TQHv;QMb BM i?2 >.a_ `272`2M+2
/�i�b2i �M/ /BpB/BM; Bi #v i?2 iQi�H bm`7�+2 �`2� Q7 i?2 bim/v �`2�X

�`2�
*?�`�+i2`BbiB+ *H�v S2�i a�M/
GQ+�iBQM U1Sa:,k3NNkV URkykdN URRed38 UR9d8e8

- 99yde3V - 98djNRV - 99eR3yV
GQ+�iBQM U+Biv f pBHH�;2V *�#�mr w2;p2H/ G�M;#`Q2F
o2;2i�iBQM +Qp2`�;2 UWV 8 3 9d
q�i2` +Qp2`�;2 UWV N R9 8
1H2p�iBQM `�M;2 U+KV @k8yfYjyy @k8yfYR8y YR8yfYeyy

6Q` i?2 2tT2`BK2Mib- }`bi i?2 irQ bF2H2iQM@#�b2/ �TT`Q�+?2b r2`2 i2bi2/ b2T�@
`�i2Hv QM �HH i?`22 bim/v �`2�bX AM �//BiBQM � +QK#BM2/ �TT`Q�+? Bb i2bi2/- r?2`2
i?2 +2Mi`2HBM2b Q7 #Qi? bF2H2iQM@#�b2/ �TT`�Q+?2b �`2 K2`;2/ #v +QKTmiBM; i?2
k. bF2H2iQM Q7 i?2 mMBQM Q7 i?2 #mz2`b Q7 #Qi? �TT`Q�+?2bX

h?2 `2bmHiBM; b2ib Q7 +2Mi`2HBM2b r2`2 +QKT�`2/ iQ i?2 >.a_ /�i�b2i Q7 r�@
i2`+Qm`b2b- BX2X Qm` `272`2M+2 /�i�b2iX h?2 7QHHQrBM; 2``Q` K2i`B+b �`2 mb2/ Ub22
GBHH2b�M/ 2i �HX (kyy3)V,

Ç SQbBiBQM�H �++m`�+v, _272`b iQ i?2 2ti2Mi iQ r?B+? i?2 �+im�H TQbBiBQM Q7
i?2 r�i2`+Qm`b2b Bb +Q``2+iHv BM/B+�i2/X Ai +�M #2 2biBK�i2/ #v +�H+mH�iBM;
i?2 �p2`�;2 TQbBiBQM�H /2pB�iBQM 7Q` KmHiBTH2 r�i2`+Qm`b2b BM i?2 ;2M2`�i2/
/�i�b2i rBi? `2bT2+i iQ i?2 `272`2M+2 /�i�b2iX

Ç 1``Q` Q7 QKBbbBQM, h?2 T2`+2Mi�;2 Q7 r�i2`+Qm`b2b BM i?2 `272`2M+2 /�i�b2i
i?�i �`2 MQi BM i?2 ;2M2`�i2/ /�i�b2iX

Ç 1``Q` Q7 +QKKBbbBQM, h?2 T2`+2Mi�;2 Q7 r�i2`+Qm`b2b BM i?2 ;2M2`�i2/
/�i�b2i i?�i �`2 MQi BM i?2 `272`2M+2 /�i�b2iX

hQ +QKTmi2 i?2 2``Q` K2i`B+b i?2 +2Mi`2HBM2b �`2 mMB7Q`KHv /Bb+`2iBb2/ BMiQ
TQBMib- �M/ 7Q` i?2b2 TQBMib i?2 b?Q`i2bi 1m+HB/2�M /Bbi�M+2 iQ i?2 +2Mi`2HBM2
BM i?2 `272`2M+2 /�i�b2i Bb 7QmM/X "v �;;`2;�iBM; �M/ �p2`�;BM; i?2b2 TQBMi
/Bbi�M+2b T2` +2Mi`2HBM2- �M 2biBK�i2 Bb Q#i�BM2/ Q7 i?2 ;2M2`�i2/ /�i�b2iǶb TQbB@
iBQM�H �++m`�+vX hQ Q#i�BM i?2 K�TTBM; �++m`�+B2b r2 mb2 i?`2b?QH/ /Bbi�M+2b-
2X;X B7 � i?`2b?QH/ /Bbi�M+2 Q7 k K Bb b2i- �M/ i?2 /Bbi�M+2 #2ir22M � TQBMi QM
i?2 ;2M2`�i2/ +2Mi`2HBM2 �M/ i?2 `272`2M+2 +2Mi`2HBM2 Bb H�`;2` i?�M i?Bb /Bbi�M+2-
i?2M i?Bb TQBMi +QmMib �b �M 2``Q` Q7 +QKKBbbBQMX aBKBH�`Hv- TQBMib +�M #2 b2@
H2+i2/ QM i?2 ;2M2`�i2/ +2Mi`2HBM2 iQ }M/ i?2 2``Q` Q7 QKBbbBQMX h?2 K2i`B+b �`2

Rky



dXR q�i2`+Qm`b2 /2i2+iBQM

h�#H2 dXk, h?Bb i�#H2 HBbib i?2 K2i`B+b r?B+? r2`2 +QKTmi2/ 7Q` i?2 +2Mi`2HBM2b
;2M2`�i2/ #v i?2 k. bF2H2iQM- i?2 j. bF2H2iQM- �M/ i?2 +QK#BM2/
�TT`Q�+?- 7Q` +H�v- T2�i �M/ b�M/ �`2�bX

/�i�b2i
1``Q` K2i`B+ *H�v S2�i a�M/
SQbBiBQM�H �++m`�+v UKV k. bF2H2iQM yX8 yXd yXe

j. bF2H2iQM yXe yX3 yX3
*QK#BM2/ yXe yXd yXN

1``Q` Q7 QKBbbBQM UWV k. bF2H2iQM 8 8 83
j. bF2H2iQM 9 R8 ke
*QK#BM2/ k j k9

1``Q` Q7 +QKKBbbBQM UWV k. bF2H2iQM R k 9
j. bF2H2iQM 3 3 Rd
*QK#BM2/ 3 3 Rd

+QKTmi2/ #v i�FBM; i?2 MmK#2` Q7 TQBMib QKBii2/ Q` +QKKBii2/- `2H�iBp2 iQ i?2
iQi�H MmK#2` Q7 TQBMibX

LQiB+2 i?�i i?Bb 2p�Hm�iBQM K2i?Q/ Bb +QKT�`�#H2 iQ i?2 QM2 T`QTQb2/ #v >2BTF2
2i �HX (RNNd)X h?2 K�BM /Bz2`2M+2 Bb i?�i >2BTF2 2i �HX (RNNd) mb2 � #mz2` iQ K�i+?
HBM2 72�im`2b #2ir22M i?2 `272`2M+2 �M/ i?2 ;2M2`�i2/ /�i� BMbi2�/ Q7 i?2 b?Q`i2bi
/Bbi�M+2 #2ir22M i?2 TQBMib QM i?2 HBM2 72�im`2bX � #2M2}i Q7 i?2 �TT`Q�+? mb2/
?2`2 Bb i?�i Bi +�M /Q T�`iB�H K�i+?BM;- BX2X � T�`ib Q7 i?2 b�K2 HBM2 72�im`2 �`2
K�i+?2/ b2T�`�i2Hv- r?2`2�b >2BTF2 2i �HX (RNNd) K�i+? QMHv i?2 +QKTH2i2 HBM2
72�im`2bX h?Bb Bb �M �/p�Mi�;2 2bT2+B�HHv BM i?2 +�b2 r?2`2 i?2 iQTQHQ;v Q7 i?2
M2irQ`Fb Q7 i?2 `272`2M+2 �M/ i?2 ;2M2`�i2/ /�i�b2ib �`2 /Bz2`2Mi- r?B+? Bb p2`v
HBF2Hv bBM+2 i?2v �`2 ;2M2`�i2/ mbBM; /Bz2`2Mi K2i?Q/bX

dXRX9 _2bmHib

h?2 Qmi+QK2 Q7 i?2 2tT2`BK2Mib- 7Q` �HH +QK#BM�iBQMb Q7 K2i?Q/b �M/ bim/v
�`2�b- �`2 b?QrM BM h�#H2 dXk �M/ bmKK�`Bb2/ #2HQrX

"Qi? bF2H2iQM@#�b2/ K2i?Q/b T2`7Q`K p2`v r2HH 7Q` i?2 +H�v �`2� rBi? QMHv 8W
Q7 r�i2`+Qm`b2b KBbbBM; U2``Q` Q7 QKBbbBQMV �M/ � HQr 2``Q` Q7 +QKKBbbBQMX h?2
k. bF2H2iQM K2i?Q/ rQ`Fb #�b2/ QM i?2 �bbmKTiBQM i?�i r�i2` bm`7�+2b +�M #2
/2i2+i2/ 7`QK i?2 TQBMi +HQm/ #2+�mb2 r�i2` ivTB+�HHv Bb i?2 QMHv bm`7�+2 ivT2
i?�i /Q2b MQi `2~2+i `2/ H�b2`X h?2 j. bF2H2iQM K2i?Q/ QM i?2 Qi?2` ?�M/ rQ`Fb
#�b2/ QM i?2 �bbmKTiBQM Q7 +QM+�pBiv- BX2X r�i2`+Qm`b2b Q7i2M ?�p2 bB;MB}+�Mi
bm`7�+2 +m`p�im`2 �i i?2 r�i2` #�MFbX Ai Bb i?2`27Q`2 MQi bm`T`BbBM; i?�i #Qi?
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d �TTHB+�iBQMb Q7 i?2 bi`m+im`2/ J�h

K2i?Q/b T2`7Q`K r2HH QM i?2 +H�v �`2� i?�i ?�b bB;MB}+�Mi +QM+�pBiv �M/ rB/2
r�i2`+Qm`b2 bm`7�+2b rBi? HBiiH2 p2;2i�iBQM +Qp2`BM; BiX
6Q` i?2 T2�i �`2�- i?2 k. bF2H2iQM T2`7Q`K2/ M2�`Hv 2[m�HHv r2HH- bBM+2 r�i2`
bm`7�+2b �`2 2p2M rB/2` �M/ �;�BM i?2`2 Bb HBiiH2 p2;2i�iBQM +Qp2`BM; i?2b2 bm`7�+2bX
>Qr2p2`- i?2 r�i2`+Qm`b2b b?Qr H2bb +H2�` +QM+�p2 T`Q}H2b- bBM+2 `2H�iBp2 r�i2`
H2p2Hb �`2 ?B;?2` ?2`2 Ui?mb K�Mv r�i2`+Qm`b2b ?�p2 QMHv p2`v bK�HH #�MFbV-
r?B+? BKT2/2b i?2 2z2+iBp2M2bb Q7 i?2 j. bF2H2iQMX �Hi?Qm;? i?2 j. bF2H2iQM
T2`7Q`Kb H2bb 7Q` i?Bb �`2�- Bi biBHH K�M�;2b iQ B/2MiB7v bQK2 Q7 i?2 r�i2`+Qm`b2b
r?B+? r2`2 MQi B/2MiB}2/ #v i?2 k. bF2H2iQM K2i?Q/X h?Bb Bb BM/B+�i2/ #v i?2
7�+i i?�i i?2 +QK#BM2/ K2i?Q/ B/2MiB}2b `Qm;?Hv NdW Q7 i?2 r�i2`+Qm`b2b- r?B+?
Bb KQ`2 i?�M i?2 k. bF2H2iQM K2i?Q/ B/2MiB}2/ #v Bib2H7X
h?2 b�M/ �`2� +H2�`Hv bi�M/b Qmi BM h�#H2 dXk bBM+2 i?2 2``Q`b 7Q` #Qi? K2i?Q/b
�`2 bB;MB}+�MiHv rQ`b2 i?�M 7Q` i?2 irQ Qi?2` �`2�bX 1bT2+B�HHv i?2 k. bF2H2iQM
K2i?Q/ /Q2b � TQQ` DQ# �i B/2MiB7vBM; i?2 r�i2`+Qm`b2b rBi? � 83W 2``Q` Q7
QKBbbBQMX h?2 K�BM T`Q#H2Kb ?2`2 �`2, URV i?2 7�+i i?�i r�i2` Bb MQi r2HH pBbB#H2
BM i?Bb H�M/b+�T2- UkV r�i2` bm`7�+2b �`2 Q7i2M M�``Qr2` i?�M RK- �M/ UjV K�Mv
T�i+?2b Q7 7Q`2bi �`2 T`2b2MiX h?2 j. bF2H2iQM Bb Km+? KQ`2 2z2+iBp2 rBi? QMHv
keW 2``Q` Q7 QKBbbBQM- #mi Bi �HbQ bi`m;;H2b rBi? i?2 /2i2+iBQM Q7 i?2 M�``Qr2`
r�i2`+Qm`b2b i?�i �`2 M�im`�HHv �HbQ `2T`2b2Mi2/ rBi? `2H�iBp2Hv 72r TQBMib BM
i?2 TQBMi +HQm/X h?2 +QK#BM2/ K2i?Q/ 7Q` i?2 b�M/ �`2� `�Bb2b i?2 +QKKBbbBQM
2``Q` QMHv K�`;BM�HHv iQ k9W- BM/B+�iBM; i?�i i?2 j. bF2H2iQM K2i?Q/ B/2MiB}2/
�HKQbi �HH Q7 i?2 r�i2`+Qm`b2b B/2MiB}2/ #v i?2 k. bF2H2iQM- �M/ Bb +H2�`Hv i?2
#2ii2` T2`7Q`KBM; K2i?Q/ 7Q` i?Bb �`2�X

dXRX8 .Bb+mbbBQM

h?2 k.@ �M/ j.@bF2H2iQM K2i?Q/b BMi`Q/m+2/ ?2`2 #Qi? ?�p2 /Bz2`2Mi bi`2M;i?b
�M/ HBKBi�iBQMbX amKK�`BbBM;- Bi +�M #2 b�B/ i?�i i?2 k. bF2H2iQM K2i?Q/ Bb
T�`iB+mH�`Hv 2{+B2Mi rBi? QT2M r�i2` r�i2`+Qm`b2b Q7 bm{+B2Mi rB/i?X h?2 UH�+F
Q7V bm`7�+2 +m`p�im`2 /Q2b MQi �z2+i Bib 2z2+iBp2M2bbX �M/ Bi Bb +?�`�+i2`Bb2/
#v � HQr 2``Q` Q7 +QKKBbbBQMX Aib HBKBi�iBQMb �`2 r�i2`+Qm`b2b rBi? � rB/i? Q7
H2bb i?�M R K UBX2X /2T2M/BM; QM i?2 T�`�K2i2`b mb2/ r?BH2 +`2�iBM; i?2 �HT?�@
b?�T2b- r?B+? Bib2H7 /2T2M/b QM i?2 /2MbBiv Q7 i?2 GB.�_ TQBMi +HQm/c 7Q` �
/2Mb2` TQBMi +HQm/- i?Bb T�`�K2i2` +QmH/ #2 HQr2`2/ bB;MB}+�MiHvV- i?2 T`2b2M+2
Q7 H�`;2 T�i+?2b Q7 p2;2i�iBQM i?�i +Qp2` r�i2` #Q/B2b U/m2 iQ i?2 +H2�MBM; K2i?Q/
Q7 p2;2i�iBQM �`i27�+ibV- �M/ pQB/b BM i?2 GB.�_ TQBMi +HQm/ i?�i �`2 MQi i?2
`2bmHi Q7 r�i2`#Q/B2bX h?2 7Q`K2` �HbQ K2�Mb i?�i i?2 k. bF2H2iQM K2i?Q/ Bb
BM2z2+iBp2 BM +�b2 Q7 HQr r�i2` H2p2Hb �i iBK2 Q7 GB.�_ K2�bm`2K2MibX h?mb-
i?2 k. bF2H2iQM K2i?Q/ Bb T�`iB+mH�`Hv bmBi2/ 7Q` mb2 BM �`2�b r?2`2 r�i2` H2p2Hb
�`2 ?B;? �M/ r�i2` Bb � T`2/QKBM�Mi 72�im`2 Q7 i?2 H�M/b+�T2X h?2 j. bF2H2iQM
QM i?2 Qi?2` ?�M/ /Q2b MQi /2T2M/ QM i?2 T`2b2M+2 Q7 r�i2` Q` pQB/b BM ;2M2`�H-
�M/ Bb 2z2+iBp2 �b HQM; �b i?2 +�MQTv Bb MQi iQQ /2Mb2 �M/ �HHQrb i?2 GB.�_
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dXk "mBH/BM; /2i2+iBQM /2i2+iBQM #�b2/ QM i?2 bi`m+im`2/ J�h

0 50 100 m

U�V �`i27�+i +2Mi`2HBM2b BM
i?2 j. bF2H2iQM +�mb2/
#v HQ+�H `2HB27X

0 100 200 m

 Reference water courses
 Erroneously identified water courses

U#V 1``Q` Q7 +QKKBbbBQM Q7
i?2 b�M/ �`2� 7Q` i?2
j. bF2H2iQMX

6B;m`2 dX3, _2K�`F�#H2 +�b2b BM i?2 `2bmHib Q7 Qm` 2tT2`BK2MibX

bB;M�H iQ T�bb i?`Qm;?X h?2 HBKBi�iBQMb Q7 i?2 j. bF2H2iQM �`2 Bib /2T2M/2M+2
QM bm`7�+2 +m`p�im`2 U?B;? r�i2` H2p2Hb K�v Q#7mb+�i2 i?BbV �M Bib i2M/2M+v iQ
}M/ +QM+�pBiB2b BM i?2 H�M/b+�T2 r?2`2 QM2 rQmH/ MQi BKK2/B�i2Hv 2tT2+i �
r�i2`+Qm`b2- 2X;X H2p22b Q` TBH2b Q7 2�`i? Q` /B`i Ub22 6B;m`2 dX3�VX h?2 j.
bF2H2iQM K2i?Q/ Bb i?2`27Q`2 KQbiHv bmBi2/ 7Q` �`2�b rBi? r�i2`+Qm`b2b i?�i ?�p2
� HQr r�i2` H2p2H- +H2�`Hv +QM+�p2 T`Q}H2b �M/ K�v #2 +Qp2`2/ rBi? H�`;2 T�i+?2b
Q7 p2;2i�iBQMX

dXk "mBH/BM; /2i2+iBQM /2i2+iBQM #�b2/ QM i?2 bi`m+im`2/ J�h

h?2 bi`m+im`2/ J�h Bb p2`v T`QKBbBM; 7Q` �TTHB+�iBQMb HBF2 Q#D2+i /2i2+iBQM �M/
Q#D2+i +H�bbB}+�iBQMXX h?2`2 �`2 irQ K�BM `2�bQMb 7Q` i?BbX 6B`bi- i?2 bi`m+im`2 Q7
i?2 J�h- BX2X Bib Q`;�MBb�iBQM BMiQ K2/B�H +Hmbi2`b �M/ K2/B�H b?22ib- BKTHB2b �M
BMimBiBp2 /2+QKTQbBiBQM Q7 b?�T2b BMiQ K2�MBM;7mH T�`ibX �M/ b2+QM/- rBi? i?2
HQ+�H K2/B�H ;2QK2i`v Q7 K2/B�H �iQKb- r2 ?�p2 � TQr2`7mH r�v iQ /2b+`B#2 �M/
+?�`�+i2`Bb2 i?2 ;2QK2i`v Q7 i?Qb2 T�`ibX h?2b2 irQ T`QT2`iB2b iQ;2i?2` K�F2
i?2 J�h p2`v �TT2�HBM; 7Q` �TTHB+�iBQMb i?�i `2[mB`2 i?2 /2i2+iBQM �M/ 2z2+iBp2
+?�`�+i2`Bb�iBQM Q7 Q#D2+ib BM ;2Q;`�T?B+�H TQBMi +HQm/bX

h?Bb b2+iBQM /2b+`B#2b BMBiB�H �ii2KTib iQ mb2 i?2 bi`m+im`2/ J�h 7Q` #mBH/BM;
/2i2+iBQM- #�b2/ QM 2tT2`BK2Mib QM `2�H@rQ`H/ /�i�b2ibX "mBH/BM; /2i2+iBQM Bb
� 7Q`K Q7 Q#D2+i /2i2+iBQM- BX2X � r�v iQ /2+QKTQb2 � TQBMi +HQm/ BMiQ bm#b2ib
i?�i +Q``2bTQM/ iQ K2�MBM;7mH Q#D2+ibX Ai Bb �M BKTQ`i�Mi bi2T Ub22 2X;X amM �M/
a�Hp�;;BQ (kyRj)V iQr�`/ KQ`2 �/p�M+2/ �M/ �miQK�i2/ �TTHB+�iBQMb HBF2 Q#D2+i
+H�bbB}+�iBQM- Q#D2+i K�i+?BM; �M/ Q#D2+i `2+QMbi`m+iBQMX

AM i?2 T`2pBQmb b2+iBQM- BX2X i?2 /2i2+iBQM Q7 r�i2`+Qm`b2b- i?2 /2+QKTQbBiBQM
Q7 i?2 J�h BMiQ K2/B�H b?22ib r�b bm{+B2Mi- bBM+2 QM2 r�i2`+Qm`b2 ivTB+�HHv

Rkj



d �TTHB+�iBQMb Q7 i?2 bi`m+im`2/ J�h

U�V � b+2M2 Q7 +HQb2/ K�MB7QH/ Q#D2+ibX
1�+? BMi2`BQ` K2/B�H +Hmbi2` #v
/2}MBiBQM +Q``2bTQM/b iQ 2t�+iHv QM2
Q#D2+iX AM �//BiBQM i?2`2 Bb QM2
2ti2`BQ` +Hmbi2`X

buildings

terrain
buildings

U#V h?2 ;2Q;`�T?B+�H +�b2X PMHv i?2
bm`7�+2 i?�i Bb pBbB#Hv �#Qp2 i?2
;`QmM/ Bb `2T`2b2Mi2/X *QM+2TiB�HHv
i?2 2MiB`2 i2``�BM Bb QM2 Q#D2+i U�b
BM/B+�i2/ #v i?2 /�b?2/ HBM2bV �M/
b?QmH/ +Q``2bTQM/ iQ QM2 BMi2`BQ`
K2/B�H +Hmbi2`X >Qr2p2`- /m2 iQ i?2
BM+QKTH2i2 bm`7�+2 BM7Q`K�iBQM-
K2/B�H b?22ib /Q MQi +QMp2`;2 �M/
r2 Q#i�BM KmHiBTH2 BMi2`BQ` +Hmbi2`bX

6B;m`2 dXN, h?2 +Q``2bTQM/2M+2 #2ir22M K2/B�H +Hmbi2`b �M/ Q#D2+ib BM � b+2M2X

+Q``2bTQM/b iQ QM2 K2/B�H b?22iX >Qr2p2`- i?2 J�h Q7 � #mBH/BM; Bb HBF2Hv �
+QKTQbBiBQM Q7 KmHiBTH2 K2/B�H b?22ib- BX2X � K2/B�H +Hmbi2`- �b i?2 ;2QK2i`v Q7
� #mBH/BM; Bb KQ`2 +QKTH2tX AM *?�Ti2` 9 A 2tTH�BM2/ ?Qr iQ Q#i�BM K2/B�H
+Hmbi2`b 7`QK i?2 mMbi`m+im`2/ J�hX AM i?Bb a2+iBQM- A BMp2biB;�i2 ?Qr #mBH/BM;b
+�M #2 /2i2+i2/ mbBM; i?2b2 K2/B�H +Hmbi2`b BM irQ bi2TbX 6B`bi- A /Bb+mbb i?2
+Q``2bTQM/2M+2 #2ir22M K2/B�H +Hmbi2`b �M/ Q#D2+ib BM i?2 TQBMi +HQm/X h?2M- A
/Bb+mbb ?Qr iQ B/2MiB7v r?B+? K2/B�H +Hmbi2`b �`2 #mBH/BM;bX

dXkXR h?2 K2/B�H +Hmbi2` Q7 � #mBH/BM;

�b 2tTH�BM2/ BM a2+iBQM 9XR i?2 J�h Q7 � b+2M2- 2X;X �M m`#�M H�M/b+�T2- +�M
#2 /2+QKTQb2/ BMiQ K2/B�H +Hmbi2`bX h?2 +2Mi`�H B/2� Q7 mbBM; i?2 J�h 7Q`
#mBH/BM; /2i2+iBQM Bb i?�i 2�+? BMi2`BQ` K2/B�H +Hmbi2` +Q``2bTQM/b iQ � /BbiBM+i
Q#D2+i BM i?2 H�M/b+�T2X h?Bb Bb +2`i�BMHv i`m2 B7 r2 +QMbB/2` i?2 i?2Q`2iB+�H
+�b2 Q7 � +QHH2+iBQM Q7 r�i2`iB;?i K�MB7QH/ b?�T2b 2K#2//2/ BM R3 �b /2TB+i2/
BM 6B;m`2 dXN�X A7 QM2 rQmH/ +QKTmi2 i?2 J�h Q7 i?Bb b+2M2- BM/22/ 2�+? Q#D2+i
rQmH/ #v /2}MBiBQM `2bmHi BM QM2 b2T�`�i2 b2i Q7 +QMM2+i2/ K2/B�H b?22ib- BX2X �
K2/B�H +Hmbi2`X

h?2 ;2Q;`�T?B+�H +�b2 Bb /Bz2`2Mi #2+�mb2 Q#D2+ib �`2 MQi #2 +HQb2/ K�MB7QH/b BM
;2Q;`�T?B+�H b+2M2b- bBM+2ě�b /2TB+i2/ BM 6B;m`2 dXN#ěQMHv i?2 bm`7�+2 pBbB#H2
7`QK �#Qp2 i?2 ;`QmM/ Bb `2T`2b2Mi2/ BM i?2 TQBMi +HQm/ UA �HbQ /Bb+mbb i?Bb BM

Rk9



dXk "mBH/BM; /2i2+iBQM /2i2+iBQM #�b2/ QM i?2 bi`m+im`2/ J�h

a2+iBQM kXRVX AM i?2Q`v i?Bb b?QmH/ 2Mi�BH i?�i i?2 J�h Q7 �HH Q#D2+ib BM i?2
i2``�BM Bb +QMM2+i2/X AM T`�+iB+2- ?Qr2p2` i?Bb Bb MQi � T`Q#H2K 7Q` ~�i i2``�BMb-
bBM+2 BM i?�i +�b2 i?2 TQBMi r?2`2 i?2 +Hmbi2`b Q7 irQ M2�`#v #mBH/BM;b rQmH/
+QMM2+i Bb BM}MBi2Hv 7�` �r�v �M/ rBHH MQi #2 T`2b2Mi BM i?2 �TT`QtBK�iBQM Q7
i?2 J�h i?�i A +QKTmi2X "mBH/BM;b BM ?BHHv i2``�BM K�v #2 T�`i Q7 i?2 b�K2
+Hmbi2`X

PM i?2 Qi?2` ?�M/- /m2 iQ i?2 K�MM2` Q7 �+[mBbBiBQM Q7 � ;2Q;`�T?B+�H TQBMi +HQm/
�b /2b+`B#2/ BM a2+iBQM RXR- i?2 J�h i?�i r2 +QKTmi2 BM T`�+iB+2 Bb /27Q`K2/X
h?Bb K�v +�mb2

RX +QMM2+iBM; b?22ib #2ir22M i?2 BMi2`BQ` U2X;X BM i?2 2�`i?V �M/ i?2 2ti2@
`BQ` U2X;X BM i?2 2�`i?V T�`ib Q7 i?2 J�h Ub22 6B;m`2 dXRy�V- A +�HH i?Bb �
bmT2`+Hmbi2`- �M/

kX bBM;H2 #mBH/BM;b i?�i �`2 +QKTQb2/ Qmi Q7 KmHiBTH2 K2/B�H +Hmbi2`b Ub22
6B;m`2 dXRy#V- A +�HH i?Bb � 7`�;K2Mi2/ +Hmbi2`X

�b � `2bmHi i?2 QM2@iQ@QM2 +Q``2bTQM/2M+2 #2ir22M � K2/B�H +Hmbi2` �M/ Q#D2+i
BM i?2 m`#�M H�M/b+�T2 +�M MQi #2 i�F2M 7Q` ;`�Mi2/X

1tT2`BK2Mib rBi? bBKTH2 K2/B�H +Hmbi2`BM;

A ?�p2 T2`7Q`K2/ � MmK#2` Q7 2tT2`BK2Mib iQ `Qm;?Hv /2KQMbi`�i2 i?2 2z2+@
iBp2M2bb Q7 i?2 bi`m+im`2/ J�h 7Q` #mBH/BM; /2i2+iBQMX 6Q` 2�+? /�i�b2i A ?�p2
bBKTHv +QKTmi2/ i?2 BMi2`BQ` K2/B�H +Hmbi2`b 7Q`K i?2 bi`m+im`2/ J�h mbBM; i?2
K2i?Q/b /2b+`B#2/ BM a2+iBQMb 9XkXR �M/ 9X9X 6Q` pBbm�H Tm`TQb2b K2/B�H 2�+?
+Hmbi2` Bb � �bbB;M2/ � `�M/QK +QHQm` BM i?2 7QHHQrBM; };m`2bX

6B;m`2 dXRR b?Qrb i?2 BMi2`BQ` K2/B�H +Hmbi2`b 7Q` .�i�b2i kX h?2 i2``�BM Bb
~�i �M/ �HH #mBH/BM;b +Q``2bTQM/ iQ QM2 Q` KQ`2 K2/B�H +Hmbi2`b �M/ �`2 i?mb
2z2+iBp2Hv /2i2+i2/X aQK2 #mBH/BM; bi`m+im`2b �`2 7`�;K2Mi2/ +Hmbi2`bX AM T�`@
iB+mH�` #mBH/BM; T�`ib rBi? ~�i `QQ7b �`2 Q7i2M BM b2T�`�i2 +Hmbi2`b- p2`v bBKBH�`
iQ i?2 +�b2 BHHmbi`�i2/ BM 6B;m`2 dXRy#X a22 7Q` 2t�KTH2 6B;m`2 dXRR/c irQ Q7 i?2
/Q`K2`b QM i?2 ;�#H2/ `QQ7 �`2 b2T�`�i2 +Hmbi2`b- r?BH2 i?2 irQ /Q`K2`b QM i?2
Qi?2` bB/2 Q7 i?2 `QQ7 �`2 MQiX Pi?2` 2t�KTH2b Q7 7`�;K2Mi2/ +Hmbi2`b �`2 i?2 ~�i
`QQ72/ #mBH/BM;b BM i?2 #�+F Q7 i?2 b+2M2X

AM 6B;m`2 dXRk i?2 `2bmHib 7Q` .�i�b2i 8 �`2 b?QrMX � 72r Q#b2`p�iBQMb +�M
#2 K�/2X 6B`bi- i?2 K�DQ`Biv Q7 #mBH/BM;b Bb /2i2+i2/ rBi? i?2 BMi2`BQ` K2/B�H
+Hmbi2`b BM 6B;m`2 dXRk#- /2bTBi2 i?2 /�i�b2iǶb HQr TQBMi /2MbBiv �M/ i?2 H�+F
Q7 pB`im�HHv �HH p2`iB+�H bm`7�+2b U2X;X i?2 r�HHb Q7 i?2 #mBH/BM;bVX h?Bb +QM}`Kb
i?2 B/2� i?�i i?2 J�h +�M #2 2z2+iBp2 2p2M 7Q` BM+QKTH2i2Hv b�KTH2/ Q#D2+ibX
LQi�#H2 �`2 i?2 ~�i `QQ72/ #mBH/BM;b QM i?2 `B;?i bB/2 Q7 i?2 /�i�b2iX h?2 K2/B�H
b?22ib Q7 i?2b2 #mBH/BM;b �`2 MQi BM b2T�`�i2 +Hmbi2`bX h?2 +�b2 Q7 6B;m`2 dXRy�

Rk8



d �TTHB+�iBQMb Q7 i?2 bi`m+im`2/ J�h

U�V "mBH/BM; Q#D2+ib K�v +QMi�BM KmHiBTH2 BMi2`BQ` K2/B�H +Hmbi2`b Q` #2 T�`i Q7 � H�`;2`
2ti2`BQ` K2/B�H +Hmbi2`X

U#V .m2 iQ i?2 /Bb+`2i2 M�im`2 Q7 i?2 mMbi`m+im`2/ J�h- bQK2 +QMM2+iBM; K2/B�H b?22ib
UHB;�im`2bV rBHH MQi #2 `2+QMbi`m+i2/X �b � `2bmHi bQK2 #mBH/BM; bi`m+im`2b rBHH #2
`2T`2b2Mi2/ mbBM; KQ`2 i?�M QM2 K2/B�H +Hmbi2`X aTQF2 p2+iQ`b b?QrM rBi? ;`2v HBM2bX

6B;m`2 dXRy, .m2 iQ KBbbBM; p2`iB+�H bm`7�+2b U/�b?2/ HBM2bV i?2 BMi2`BQ` �M/ 2ti2`BQ`
T�`ib Q7 i?2 J�h K�v ;2i +QMM2+i2/X

Rke



dXk "mBH/BM; /2i2+iBQM /2i2+iBQM #�b2/ QM i?2 bi`m+im`2/ J�h

U�V 6mHH bm`7�+2 TQBMi +HQm/X U#V AMi2`BQ` J�h +Hmbi2`bX

U+V am`7�+2 TQBMib +Q``2bTQM/BM; iQ
BMi2`BQ` J�h +Hmbi2`bX 1�+? b2;K2Mi
?�b � `�M/QK +QHQm`X

U/V 6`�;K2Mi2/ #mBH/BM; +Hmbi2`X am`7�+2
TQBMib UH27iV �M/ J�h TQBMib U`B;?iV

6B;m`2 dXRR, "mBH/BM; /2i2+iBQM BM .�i�b2i kX

Rkd



d �TTHB+�iBQMb Q7 i?2 bi`m+im`2/ J�h

U�V 6mHH bm`7�+2 TQBMi +HQm/ rBi? 2H2p�iBQM +QHQm`K�TX

U#V am`7�+2 TQBMib +Q``2bTQM/BM; iQ BMi2`BQ` K2/B�H +Hmbi2`bX 1�+? +Hmbi2` ?�b � `�M/QK
+QHQm`X

U+V am`7�+2 TQBMib +Q``2bTQM/BM; iQ BMi2`BQ` J�h +Hmbi2`b rBi? �M �p2`�;2 b2T�`�iBQM �M;H2
Q7 �i H2�bi 70◦ �M/ �M �iQK +QmMi Q7 �i H2�bi 8yX

6B;m`2 dXRk, "mBH/BM; /2i2+iBQM BM .�i�b2i 8X aQK2 Q7 i?2 #B; #mBH/BM;b bi`m+im`2b
rBi? ~�i `QQ7b QM i?2 `B;?i bB/2 �`2 MQi /2i2+i2/X

Rk3



dXk "mBH/BM; /2i2+iBQM /2i2+iBQM #�b2/ QM i?2 bi`m+im`2/ J�h

U�V am`7�+2 TQBMibX U#V J2/B�H b?22ibX

U+V AMi2`BQ` K2/B�H +Hmbi2`bX U/V AMi2`BQ` +Hmbi2`b rBi? �M �p2`�;2
b2T�`�iBQM �M;H2 ;`2�i2` i?�M 8y◦X

6B;m`2 dXRj, "mBH/BM; /2i2+iBQM BM .�i�b2i 9X h?Bb TQBMi +HQm/ r�b +`2�i2/ mbBM;
/2Mb2 BK�;2 K�i+?BM; 7`QK Q#HB[m2 BK�;2`vX

�TTHB2b ?2`2X.m2 iQ i?2 KBbbBM; r�HH bm`7�+2b i?2 +Hmbi2`b Q7 i?2b2 #mBH/BM;b �`2
MQi r2HH b2T�`�i2/ 7`QK i?2 2ti2`BQ` +Hmbi2`bX

6BM�HHv- BM 6B;m`2 dXRj `2bmHib 7Q` � TQBMi +HQm/ Q#i�BM2/ 7`QK /2Mb2 BK�;2 K�i+?@
BM; �`2 b?QrMX

dXkXk 6BHi2`BM; mMr�Mi2/ BMi2`BQ` K2/B�H +Hmbi2`b

AM 6B;m`2b dXRR+ �M/ dXRk# KQbi BMi2`BQ` K2/B�H +Hmbi2`b +Q``2bTQM/ iQ #mBH/BM;
bi`m+im`2bX >Qr2p2`- bQK2 Q7 i?2 BMi2`BQ` +Hmbi2`b BM 6B;m`2 dXRk# +Q``2bTQM/ iQ
bHQT2/ Q` ?BHHv T�`ib BM i?2 i2``�BMX AM �//BiBQM i?2`2 �`2 K�Mv bK�HH +Hmbi2`b

RkN



d �TTHB+�iBQMb Q7 i?2 bi`m+im`2/ J�h

i?�i /Q MQi +Q``2bTQM/ iQ � #mBH/BM;X h?2b2 +Hmbi2`b +�M #2 }Hi2`2/ Qmi #�b2/
QM T`QT2`iB2b bm+? �b i?2 MmK#2` Q7 K2/B�H �iQKb BM � +Hmbi2`- i?2 KBMBKmK
Q` K�tBKmK K2/B�H #�HH `�/Bmb Q` i?2 �p2`�;2 b2T�`�iBQM �M;H2X 6B;m`2 dXRk+
/2KQMbi`�i2b i?�i bm+? bBKTH2 i?`2b?QH/b +�M #2 2z2+iBp2 BM 2HBKBM�iBM; K�Mv
Q7 i?2 mMr�Mi2/ K2/B�H +Hmbi2`bX
� `B+?2` r�v iQ +?�`�+i2`Bb2 � K2/B�H +Hmbi2` Bb #v 2t�KBMBM; BM KQ`2 /2i�BH Bib
K2/B�H b?22ibX 6B;m`2 dXR9 b?Qrb ?Qr i?Bb +�M #2 �+?B2p2/X >2`2- 2�+? K2/B�H
b?22i Bb +?�`�+i2`Bb2/ BM i2`Kb Q7 i?2 `2H�iBQM #2ir22M i?2 K2/B�H `�/BB �M/ i?2
b2T�`�iBQM �M;H2bX 1pB/2MiHv- i?Bb `2H�iBQM Bb +?�`�+i2`Bb2/ #v i?2 ivT2 Q7 b?22i-
BX2X Bi /2T2M/b QM i?2 bm`7�+2 ;2QK2i`v i?�i ;2M2`�i2/ i?2 b?22iX hrQ bBKTH2
2t�KTH2b �`2 ;Bp2M, RV i?2 +�b2 Q7 � b?22i #2ir22M iQ T�`�HH2H bm`7�+2 T�i+?2b
U6B;m`2 dXR9�V �M/ kV i?2 +�b2 Q7 � b?22i #2ir22M iQ +QMp2`;BM; HBM2�` bm`7�+2
T�i+?2b U6B;m`2 dXR9#VX h?Bb Bb � +QKT�+i r�v iQ /2b+`B#2 �M/ TQi2MiB�HHv +H�bbB7v
� K2/B�H b?22iX 6m`i?2`KQ`2- i?2 +QK#BM�iBQM Q7 b?22ib BM � K2/B�H +Hmbi2` K�v
;Bp2 � ;QQ/ BM/B+�iBQM Q7 i?2 ivT2 Q7 Q#D2+i `2T`2b2Mi2/ #v i?2 K2/B�H +Hmbi2`
U6B;m`2 dXR9+VX q?BH2 A ?�p2 MQi BKTH2K2Mi2/ i?Bb- A #2HB2p2 Bi +QmH/ #2 i?2 #�bBb
7Q` �M 2z2+iBp2 Q#D2+i +H�bbB}+�iBQM �TT`Q�+? #�b2/ QM i?2 bi`m+im`2/ J�hX

dXkXj *QM+HmbBQMb

"�b2/ QM i?2b2 BMBiB�H 2tT2`BK2Mib i?2 J�h Bb BM/22/ �TT`QT`B�i2 7Q` #mBH/BM;
/2i2+iBQM BM ;2Q;`�T?B+�H TQBMi +HQm/bX
6B`bi- i?2 b2;K2Mi�iBQM Q7 i?2 mMbi`m+im`2/ J�h BMiQ K2/B�H +Hmbi2`b Bb bi`�B;?i@
7Q`r�`/ �M/ Bi BKK2/B�i2Hv ;Bp2b mb i?2 �#BHBiv iQ /2i2+i 2MiB`2 Q#D2+ib �M/ QMHv
`2[mB`2b � `�r TQBMi +HQm/X >Qr2p2`- i?2 +Q``2bTQM/2M+2 #2ir22M � #mBH/BM; �M/
� K2/B�H +Hmbi2` Bb MQi �Hr�vb QM2@iQ@QM2- r?B+? K2�Mb i?2 /2+QKTQbBiBQM Bb MQi
�Hr�vb +QMbBbi2Mi �+`Qbb +QKT�`�#H2 #mBH/BM;bX
a2+QM/- A ?�p2 �TTHB2/ bBKTH2 i?`2b?QH/BM; iQ `2KQp2 K2/B�H +Hmbi2`b i?�i �`2 MQi
+Q``2bTQM/BM; iQ #mBH/BM;bX h?Bb K2i?Q/ +�M #2 2z2+iBp2- #mi `2[mB`2b K�Mm�H
}M2@imMBM; �M/ K�v BM�/p2`i2MiHv `2KQp2 #mBH/BM; +Hmbi2`b �b r2HHX
h?mb- 7Q` #Qi? i?2 +Hmbi2`BM; �M/ i?2 }Hi2`BM; T�`i- 7mim`2 `2b2�`+? b?QmH/ #2
7Q+mb2/ QM K�FBM; i?2 K2i?Q/ KQ`2 `Q#mbi �M/ �++m`�i2X A ;Bp2 bQK2 bm;;2biBQMb
7Q` 7mim`2 rQ`F BM *?�Ti2` 3X lHiBK�i2Hv- i?2 2tT2`BK2Mib ?�p2 b?QrM i?�i i?2
J�h +�M #2 mb2/ iQ /2i2+i #mBH/BM;@HBF2 Q#D2+ib BM ;2Q;`�T?B+�H TQBMib +HQm/b-
�M/ i?2`27Q`2 TQi2MiB�HHv Qi?2` ivT2b Q7 Q#D2+ib 7Q` r?B+? r2HH@/2}M2/ BMi2`BQ`
K2/B�H +Hmbi2`bX

Rjy



dXk "mBH/BM; /2i2+iBQM /2i2+iBQM #�b2/ QM i?2 bi`m+im`2/ J�h

U�V *QMbi�Mi θ �M/ +QMbi�Mi rX

U#V *QMbi�Mi θ �M/ BM+`2�bBM; rX

U+V � +QK#BM�iBQM Q7 b?22ibX

6B;m`2 dXR9, *?�`�+i2`Bb�iBQM Q7 � K2/B�H +Hmbi2` #v i?2 K2/B�H `�/BB UrV �M/
b2T�`�iBQM �M;H2b UθV Q7 Bib b?22ibX :Bp2M � K2/B�H b?22i- i?2 THQi Q7 i?2
K2/B�H `�/Bmb �;�BMbi i?2 b2T�`�iBQM �M;H2 Q7 Bib K2/B�H �iQKb 7Q`Kb �
+QKT�+i /2b+`BTiBQM Q7 Bib ;2QK2i`vX

RjR





3 *QM+HmbBQMb �M/ 7mim`2 rQ`F

qBi? i?Bb i?2bBb A ?�p2 BMp2biB;�i2/ i?2 j. J�h �b � M2r �TT`Q�+? 7Q` ;2Q@
;`�T?B+�H TQBMi +HQm/ KQ/2HHBM;X E2v #2M2}ib Q7 i?2 J�h 7Q` ;2Q;`�T?B+�H TQBMi
+HQm/ KQ/2HHBM; �`2 RV Bi Bb 7mHHv j.- kV Bi +�M #2 mb2/ iQ BMimBiBp2Hv bi`m+im`2
�M/ /2+QKTQb2 � TQBMi +HQm/ BMiQ Q#D2+ib- jV Bi +H2�`Hv b2T�`�i2b � TQBMi +HQm/
BMiQ BMi2`BQ` �M/ 2ti2`BQ` pQHmK2b- �M/ 9V Bi Bb �#H2 iQ +QKT�+iHv +?�`�+i2`Bb2
;2QK2i`B+�H T`QT2`iB2b Q7 � b?�T2 i?Qm;? Bib HQ+�H K2/B�H ;2QK2i`vX

S`BQ` iQ i?Bb i?2bBb i?2 j. J�h r�b M2p2` �TTHB2/ iQ ;2Q;`�T?B+�H TQBMi +HQm/b-
#2+�mb2 Q7 i?2B` `2H�iBp2Hv TQQ` [m�HBiv BM i2`Kb Q7 TQBMi /Bbi`B#miBQM �M/ �+[mB@
bBiBQM MQBb2 UiQ r?B+? i?2 J�h Bb T�`iB+mH�`Hv b2MbBiBp2VX S`2pBQmb K2i?Q/b BM
;2Q;`�T?B+ TQBMi +HQm/ KQ/2HHBM; Q7i2M `2HB2/ QM i?2 #QmM/�`v `2T`2b2Mi�iBQM Q7
b?�T2 �M/ Q7i2M mb2/ k. Q` kX8. i2+?MB[m2bX A ?�p2 b?QrM i?�i i?2 j. J�h Bb
� pB�#H2 �Hi2`M�iBp2 BM ;2Q;`�T?B+�H TQBMi +HQm/ KQ/2HHBM;X

Jv K�BM +QMi`B#miBQMb �`2,

RX A ?�p2 b?QrM i?�i i?2 j. J�h +�M #2 `Q#mbiHv +QKTmi2/ 2p2M 7Q` ivTB+�H
;2Q;`�T?B+�H TQBMi +HQm/b mbBM; i?2 b?`BMFBM; #�HH �H;Q`Bi?K (J� 2i �HX-
kyRk) rBi? Kv MQp2H /2MQBbBM; ?2m`BbiB+X h?2 `2bmHiBM; �TT`QtBK�iBQM Q7
i?2 J�h- BX2X i?2 mMbi`m+im`2/ J�h- BM Bib2H7 Bb � TQBMi +HQm/ rBi?Qmi �Mv
7Q`K Q7 Q`;�MBb�iBQMX

kX A ?�p2 T`QTQb2/ � MQp2H K2i?Q/ iQ /2+QKTQb2 i?Bb TQBMi +HQm/ BMiQ Bib +QM@
biBim2Mi K2/B�H b?22ib �M/ iQ 2tTHB+BiHv Q#i�BM i?2 iQTQHQ;v Q7 i?Qb2 K2/B�H
b?22ib- BX2X i?2 bi`m+im`2/ J�hX hQ;2i?2`- i?2b2 irQ +QMi`B#miBQMb 7Q`K i?2
7QmM/�iBQM Q7 � mb�#H2 ;2Q;`�T?B+�H TQBMi +HQm/ KQ/2HHBM; 7`�K2rQ`F #�b2/
QM i?2 j. J�hX

jX A /2KQMbi`�i2/ i?2 72�bB#BHBiv Q7 i?Bb J�h@#�b2/ ;2Q;`�T?B+�H TQBMi +HQm/
KQ/2HHBM; 7`�K2rQ`F- #v BKTH2K2MiBM; � MmK#2` Q7 �TTHB+�iBQMb- M�K2Hv
TQBMi +HQm/ bBKTHB}+�iBQM- pBbm�HBb�iBQM- pBbB#BHBiv �M�HvbBb �M/ Q#D2+i /2@
i2+iBQMX

h?2 j. J�h Qz2`b � M2r r�v iQ �M�Hvb2 �M/ b2K�MiB+�HHv 2M`B+? bm+? TQBMi
+HQm/b- bQ i?�i i?2v +�M #2 mb2/ BM }2H/b HBF2 �bb2i K�M�;2K2Mi- +`BbBb K�M�;2@
K2Mi- +Biv �M/ H�M/b+�T2 TH�MMBM;- �M/ 2MpB`QMK2Mi�H bBKmH�iBQMb (�t2HbbQM-
RNNNc aMv/2`- kyRj)X >Qr2p2`- A #2HB2p2 i?�i rBi? i?Bb `2b2�`+? A ?�p2 K2`2Hv
b+`�i+?2/ i?2 bm`7�+2 Q7 r?�i Bb TQbbB#H2 rBi? i?2 J�h 7Q` ;2Q;`�T?B+�H TQBMi
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3 *QM+HmbBQMb �M/ 7mim`2 rQ`F

+HQm/bX AM a2+iBQM 3Xk A ?�p2 i?2`27Q`2 HBbi2/ r?�i A i?BMF �`2 i?2 KQbi T`QKBbBM;
iQTB+b 7Q` 7mim`2 `2b2�`+?- KQbi Q7 r?B+? Bb 7Q+mb2/ QM i?2 7m`i?2` /2p2HQTK2Mi
Q7 i?2 bi`m+im`2/ J�hX "mi }`bi- A rBHH ;2i #�+F iQ i?2 `2b2�`+? [m2biBQMb i?�i
A T`2b2Mi2/ BM *?�Ti2` R BM a2+iBQM 3XRX

3XR _2b2�`+? [m2biBQMb

*�M i?2 J�h #2 `Q#mbiHv +QKTmi2/ Q` �TT`QtBK�i2/ 7Q` ;2Q;`�T?B+�H
TQBMi +HQm/b\

u2b- `Q#mbi �M/ 2{+B2Mi J�h �TT`QtBK�iBQM Q7 ;2Q;`�T?B+�H TQBMi +HQm/- BX2X
i?2 mMbi`m+im`2/ J�h- Bb TQbbB#H2 mbBM; i?2 #�HH b?`BMFBM; �H;Q`Bi?K 7`QK J�
2i �HX (kyRk) 2ti2M/2/ rBi? Kv MQp2H /2MQBbBM; ?2m`BbiB+X h?2 /2MQBbBM; ?2m`BbiB+
/Q2b +QK2 �i i?2 2tT2Mb2 Q7 � bHB;?i `2/m+iBQM BM b2MbBiBpBiv Q7 i?2 J�h 7Q` bK�HH
72�im`2b- �b Bb i?2 +�b2 7Q` �HH FMQrM MQBb2 ?�M/HBM; K2i?Q/b 7Q` i?2 J�hX

�7i2` �TT`QtBK�iBQM Q7 i?2 J�h mbBM; i?2 2ti2M/2/ #�HH@b?`BMFBM; �H;Q`Bi?K-
i?2 iQTQHQ;v Q7 K2/B�H b?22ib BM i?2 J�h- BX2X i?2 bi`m+im`2/ J�h- +�M #2
Q#i�BM2/ 2tTHB+BiHvX h?Bb +�M #2 �+?B2p2/ #v �TTHvBM; � `2;BQM@;`QrBM; b2;@
K2Mi�iBQM #�b2/ QM i?2 K2/B�H #Bb2+iQ` iQ /2+QKTQb2 i?2 J�h BMiQ Bib K2/B�H
b?22ib- 7QHHQr2/ #v i?2 +QMbi`m+iBQM Q7 � b?22i �/D�+2M+v ;`�T?X qBi? i?2 �/@
D�+2M+v ;`�T? � ;2Q;`�T?B+�H TQBMi +HQm/ +�M #2 /2+QKTQb2/ BMiQ +QMbiBim2Mi
Q#D2+ib i?`Qm;? ;`�T? QT2`�iBQMb HBF2 +QMM2+i2/ +QKTQM2Mi �M�HvbBb �M/ 7m`i?2`
+H�bbB}2/ U2X;X BMiQ i?2 BMi2`BQ` �M/ 2ti2`BQ` J�hV #v �M�HvbBM; i?2 �;;`2;�i2/
K2/B�H ;2QK2i`v Q7 i?2 `2bmHiBM; J�h +QKTQM2Mib- BX2X K2/B�H +Hmbi2`bX

�M BKTQ`i�Mi �bT2+i Q7 rQ`FBM; rBi? i?2 J�h 7Q` ;2Q;`�T?B+�H TQBMi +HQm/b
Bb i?2 #�H�M+2 #2ir22M 72�im`2 bBx2 �M/ i?2 HQ+�H MQBb2 H2p2Hb �M/ TQBMi /2MbBivX
h?Bb Bb 2bT2+B�HHv +`BiB+�H 7Q` T�`iB+mH�`Hv bK�HH Q` i?BM Q#D2+ib �M/ M2�` b?�`T
2/;2bX AM i?2b2 +�b2b i?2 K2/B�H �iQKb K�v ;2i /BbiQ`i2/ BM i?2B` TQbBiBQM �M/
b2T�`�iBQM �M;H2 /m2 iQ TQQ`Hv 2biBK�i2/ bm`7�+2 MQ`K�Hb �M/ K2/B�H #�HHb i?�i
T`Qi`m/2 i?`Qm;? i?2 #QmM/�`v bm`7�+2X 6Q` i?Bb `2�bQM i?2 2z2+iBp2 �TTHB+�iBQMb
Q7 i?2 J�h �`2 HBKBi2/ iQ +�b2b r?2`2 i?2 Q#D2+ib Q7 BMi2`2bi ?�p2 bm{+B2Mi
i?B+FM2bb �M/ ?�p2 bm{+B2Mi bm`7�+2 TQBMi /2MbBivX AM T`�+iB+2 i?2b2 �`2 Q#D2+ib
i?�i ?�p2 � +H2�`Hv /2}M2/ pQHmK2 BM i?2 TQBMi +HQm/ bm+? �b 7Q` 2t�KTH2 ?Qmb2b
�M/ H�M/b+�T2 72�im`2b #mi MQi i`22b �M/ i?BM bi`22i 7m`MBim`2X

q?�i �TTHB+�iBQMb #2M2}i KQbi 7`QK J�h@#�b2/ ;2Q;`�T?B+�H TQBMi
+HQm/ KQ/2HHBM;\

A b?Qr i?�i i?2 mMbi`m+im`2/ J�h- i?�i H�+Fb �M Q`;�MBb�iBQM BMiQ K2/B�H b?22ib-
#v Bib2H7 Bb �H`2�/v mb27mH 7Q` �TTHB+�iBQMb bm+? �b TQBMi +HQm/ bBKTHB}+�iBQMX >Qr@

Rj9



3Xk 6mim`2 rQ`F

2p2`- A #2HB2p2 KQbi p�Hm2 HB2b BM i?2 �TTHB+�iBQM Q7 i?2 bi`m+im`2/ J�hX AM i?Bb
i?2bBb A ?�p2 b?QrM i?�i mbBM; 7�B`Hv bBKTH2 K2i?Q/b- Bi Bb �H`2�/v TQbbB#H2 iQ
/2i2+i Q#D2+ib bm+? �b r�i2`+Qm`b2b �M/ #mBH/BM;b BM � ;2Q;`�T?B+�H TQBMi +HQm/X
*QMb2[m2MiHv- i?2 J�h T`Qp2b iQ #2 � TQr2`7mH iQQH 7Q` /2+QKTQbBM; � ;2Q@
;`�T?B+�H TQBMi +HQm/ BMiQ b2T�`�i2 Q#D2+ibX 6m`i?2`KQ`2- mbBM; i?2 HQ+�H K2/B�H
;2QK2i`v- K2/B�H +Hmbi2`b +�M #2 7m`i?2` +?�`�+i2`Bb2/X h?Bb QT2Mb i?2 /QQ` iQ
�TTHB+�iBQMb bm+? �b Q#D2+i +H�bbB}+�iBQM UA �H`2�/v +H�bbB7v BMi2`BQ` �M/ 2ti2`BQ`
+Hmbi2`bV �M/ b?�T2 K�i+?BM;X A 7m`i?2` 2H�#Q`�i2 QM i?2b2 BM a2+iBQM 3XkX

3Xk 6mim`2 rQ`F

3XkXR *Q`2 K2i?Q/QHQ;v

AKT`Qp2 `Q#mbiM2bb Q7 mMbi`m+im`2/ J�h AM i?Bb i?2bBb A ?�p2 b?QrM i?�i i?2
J�h +�M BM 7�+i #2 `Q#mbiHv �TT`QtBK�i2/ 7Q` ;2Q;`�T?B+�H TQBMi +HQm/bX
LQM2i?2H2bb- A #2HB2p2 i?�i 7m`i?2` BKT`Qp2K2Mib iQ i?2 `Q#mbiM2bb Q7 i?2
J�h �TT`QtBK�iBQM b?QmH/ #2 2tTHQ`2/X � p2`v BMi2`2biBM; `2b2�`+? /B@
`2+iBQM rQmH/ #2 iQ BKT`Qp2 i?2 TQBMi MQ`K�Hb i?�i �`2 mb2/ /m`BM; �T@
T`QtBK�iBQMX �b /Bb+mbb2/ BM a2+iBQM jX8XR- i?2 J�h �TT`QtBK�iBQM +�M
#2 /BbiQ`i2/ /m2 iQ TQBMi MQ`K�Hb i?�i �`2 2biBK�i2/ BM � ǵbKQQi?2M2/Ƕ
7�b?BQM �`QmM/ b?�`T 2/;2bX hQ BKT`Qp2- QM2 KB;?i 7Q` BMbi�M+2 +QMbB/2`
+?�M;BM; i?2 TQbBiBQM Q7 � K2/B�H �iQK �M/ i?2 `2H�i2/ TQBMi MQ`K�Hb BM
bm+? � r�v i?�i TQBMi MQ`K�Hb �`2 �HB;M2/ rBi? �HH iQm+?BM; K2/B�H #�HHbX
h?Bb KB;?i #2 �+?B2p2/ #v 2X;X +QMbB/2`BM; i?�i M2�`#v K2/B�H �iQKb BM i?2
b�K2 K2/B�H b?22i b?QmH/ ?�p2 bBKBH�` K2/B�H ;2QK2i`v �M/ +QmH/ #2 BK@
TH2K2Mi2/ �b � TQbi@T`Q+2bbBM; bi2T iQ i?2 +m``2Mi K2i?Q/ iQ �TT`QtBK�i2
i?2 mMbi`m+im`2/ J�hX LQi2 i?�i i?Bb rQmH/ MQi QMHv BKT`Qp2 i?2 [m�HBiv
Q7 i?2 J�h �TT`QtBK�iBQM- #mi �HbQ ;Bp2 mb � #2ii2` r�v iQ 2biBK�i2 TQBMi
+HQm/ MQ`K�Hb- r?B+? Bb � mb27mH `2bmHi #v Bib2H7X AM �//BiBQM- QM2 +QmH/ +QM@
bB/2` 2ti2M/BM; i?2 +m``2Mi /2MQBbBM; ?2m`BbiB+ #v mbBM; �//BiBQM�H +`Bi2`B�
iQ /2i2+i BMbi�#BHBiB2b bm+? �b � #�HH@2KTiBM2bb K2�bm`2 �b mb2/ #v "2`;2`
�M/ aBHp� (kyRk)X h?Bb b?QmH/ �HbQ BKT`Qp2 i?2 �++m`�+v Q7 i?2 mMbi`m+@
im`2/ J�h 2X;X #v #2ii2` T`2b2`pBM; bK�HH bm`7�+2 72�im`2b- i?�i K�v MQr
#2 KBbb2/ BM MQBbv TQBMi +HQm/b i?�i `2[mB`2 `2H�iBp2Hv �;;`2bbBp2 /2MQBbBM;
T�`�K2i2`bX

6m`i?2` /2p2HQTK2Mi Q7 bi`m+im`2/ J�h AM *?�Ti2` 9 A /2p2HQT2/ � K2i?Q/ iQ
/2+QKTQb2 i?2 J�h BMiQ K2/B�H +Hmbi2`b �M/ K2/B�H b?22ib mbBM; � `2;BQM@
;`QrBM; b2;K2Mi�iBQM �TT`Q�+?X h?Bb Bb � M2r `2bmHi BM J�h `2b2�`+? i?�i
+QmH/ ?2HT BM i?2 T`Q#H2K Q7 bi`m+im`�iBQM (.2H�K2 2i �HX- kyRe)c 2tTHB+Bi
`2+QMbi`m+iBQM Q7 i?2 K2/B�H bm`7�+2b �b 2X;X � i`B�M;mH�iBQMX *QMp2MiBQM�H
bi`m+im`�iBQM K2i?Q/b �`2 MQi �r�`2 Q7 bm+? � /2+QKTQbBiBQM BMiQ /Bz2`2Mi
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3 *QM+HmbBQMb �M/ 7mim`2 rQ`F

b?22ib Q7 � K2/B�H TQBMi +HQm/ �M/ Q7i2M T`Q/m+2 BMp�HB/ ;2QK2i`B2b 2p2M
7Q` MQM@;2Q;`�T?B+�H TQBMi +HQm/bX ai`m+im`�iBQM Bb ?�`/ #2+�mb2 QM2 M22/b
iQ /2�H rBi? /B{+mHi +�b2b bm+? �b i?2 BMi2`b2+iBQM Q7 KmHiBTH2 b?22i bm`@
7�+2b �i QM2 +m`p2X >Qr2p2`- r?2M i?2 b?22i /2+QKTQbBiBQM Bb FMQrM- i?2
bi`m+im`�iBQM +�M #2 T2`7Q`K2/ QM � b?22i #v b?22i #�bBb r?B+? Bb Km+?
2�bB2` bBM+2 b?22ib ivTB+�HHv /Q MQi BMi2`b2+i i?2Kb2Hp2bX AM �//BiBQM- QM2
+�M mb2 i?2 HQ+�H K2/B�H ;2QK2i`v BM i?2 b?22i iQ �B/ BM i?2 `2+QMbi`m+iBQM
Q7 i?2 b?22i bm`7�+2b- bQK2i?BM; i?�i ?�b MQi #22M /QM2 #27Q`2 �b 7�` �b A
FMQrX

3XkXk �TTHB+�iBQM Q7 i?2 J�h

P#D2+i /2i2+iBQM AM a2+iBQM dXk A /Bb+mbb i?2 mb2 Q7 i?2 J�h 7Q` #mBH/BM; /2@
i2+iBQM BM ;2Q;`�T?B+�H TQBMi +HQm/bX h?2 �TT`Q�+? Bb T`QKBbBM; #mi M22/b
7m`i?2` /2p2HQTK2MiX Ai ?�b /B{+mHiB2b rBi? KBbbBM; p2`iB+�H bm`7�+2b BM i?2
bm`7�+2 TQBMi +HQm/- #2+�mb2 BM i?�i +�b2 K2/B�H +Hmbi2`b �`2 MQi T`QT2`Hv
b2T�`�i2/ �M/ i?2 BMi2`BQ` �M/ 2ti2`BQ` T�`ib Q7 i?2 J�h K�v ;2i +QM@
M2+i2/X h?Bb K�v #2 BKT`Qp2/ 2X;X #v mbBM; � � ;`�T?@+mi b2;K2Mi�iBQM
Ub22 2X;X amM �M/ a�Hp�;;BQ (kyRj)V Q7 T`Q#H2K�iB+ b?22ib i?�i �BKb iQ QT@
iBKBb2 i?2 b2T�`�iBQM Q7 i?2 BMi2`BQ` �M/ 2ti2`BQ` J�h #�b2/ QM T`QT2`iB2b
Q7 i?2 K2/B�H ;2QK2i`vX

P#D2+i +H�bbB}+�iBQM �7i2` Q#D2+i /2i2+iBQM 7QHHQrb Q#D2+i +H�bbB}+�iBQM Q` b?�T2
K�i+?BM; #2ir22M Q#D2+ibX hQ i?Bb 2M/- Bi rQmH/ #2 BMi2`2biBM; iQ BMp2biB@
;�i2 r?2i?2` �M 2z2+iBp2 72�im`2 /2b+`BTiQ` +�M #2 /2bB;M2/ i?�i Bb #�b2/
QM i?2 K2/B�H b?22i /2+QKTQbBiBQM Q7 �M Q#D2+i �M/ Bib HQ+�H K2/B�H ;2QK@
2i`v- 2X;X #v +Q``2H�iBM; T`QT2`iB2b Q7 K2/B�H ;2QK2i`v 7Q` 2�+? b?22i Ub22
�HbQ a2+iBQM dXkXkVX A/2�HHv- i?Bb 72�im`2 /2b+`BTiQ` +QmH/ i?2M #2 mb2/ 7Q`
+QKTmiBM; � bBKBH�`Biv K2�bm`2 #2ir22M /Bz2`2Mi Q#D2+ib �M/ 7Q` Q#D2+i
+H�bbB}+�iBQMX

62�im`2 �r�`2 i2``�BM bm`7�+2 `2+QMbi`m+iBQM h?Bb rQmH/ #2 �M 2ti2MbBQM Q7 i?2
72�im`2 �r�`2 TQBMi +HQm/ bBKTHB}+�iBQM i?�i r�b /2b+`B#2/ BM a2+iBQM eXRX
_2b2�`+?2`b ?�p2 b?QrM #27Q`2 i?�i Bi Bb TQbbB#H2 iQ mb2 � J�h rBi? i`B@
�M;mH�i2/ K2/B�H bm`7�+2b 7Q` bm`7�+2 `2+QMbi`m+iBQM Q7 ?B;? [m�HBiv TQBMi
+HQm/b Ub22 2X;X (�K2Mi� 2i �HX- kyyR) Q` (amM 2i �HX- kyRj)VX A7 QM2 Bb �#H2
iQ Q#i�BM bm+? 2tTHB+Bi K2/B�H bm`7�+2b 7Q` i?2 J�h Q7 ;2Q;`�T?B+�H TQBMi
+HQm/b- � HQ;B+�H M2ti bi2T rQmH/ #2 iQ �ii2KTi bm`7�+2 `2+QMbi`m+iBQM Q7
2X;X i2``�BMb BM � 72�im`2 �r�`2 K�MM2` bQ i?�i /Bz2`2Mi H2p2Hb Q7 /2i�BH
+QmH/ #2 ;2M2`�i2/X

P#D2+i `2+QMbi`m+iBQM h?2 `2+QMbi`m+iBQM Q7 BM/BpB/m�H Q#D2+ib BM i?2 i2``�BM-
2X;X i?2 TQHv?2/`�H `2+QMbi`m+iBQM Q7 #mBH/BM;b- +�M �HbQ #2M2}i 7`QK i?2
J�hX AM T�`iB+mH�` i?2 J�hǶb �#BHBiv iQ b2T�`�i2 #2ir22M i?2 BMi2`BQ` �M/
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3Xk 6mim`2 rQ`F

6B;m`2 3XR, 6`QK TQBMi +HQm/ iQ TQHv?2/`QM mbBM; i?2 J�h iQTQHQ;v

2ti2`BQ` Q7 �M Q#D2+i Bb `2H2p�Mi ?2`2X 6Q` BMbi�M+2- i?2 �TT`Q�+? Q7 o2`/B2
2i �HX (kyR8) /2`Bp2b i?2 BMi2`BQ`f2ti2`BQ` b2T�`�iBQM 7`QK � T?QiQ;`�KK2i@
`B+ K2b? �M/ mb2 Bi iQ /`Bp2 � j. �``�M;2K2Mi Q7 TH�M2b BM �M QTiBKBb�iBQM
T`Q+2/m`2 7`QK r?B+? � r�i2`iB;?i TQHv?2/`�H K2b? Bb +QKTmi2/X qBi?
i?2 J�h- bm+? K2i?Q/ +QmH/ #2 �/�Ti2/ 7Q` i?2 +�b2 �M BMTmi bm`7�+2
K2b? Bb MQi �p�BH�#H2- BX2X r?2M QMHv � TQBMi +HQm/ Bb �p�BH�#H2- #v /2`Bp@
BM; i?2 BMi2`BQ`f2ti2`BQ` b2T�`�iBQM 7`QK i?2 J�h BMbi2�/ Q7 i?2 bm`7�+2
K2b?X �MQi?2` �TT`Q�+? +QmH/ #2 #�b2/ QM K�TTBM; i?2 iQTQHQ;v Q7 K2@
/B�H bm`7�+2b iQ i?2 #QmM/�`v 7�+2b Q7 �M Q#D2+iX A 2tTHQ`2/ i?Bb B/2� �M/
/2p2HQT2/ � T`QiQivT2 BKTH2K2Mi�iBQM Ub22 6B;m`2 3XRV i?�i rQ`Fb 7Q` +�`2@
7mHHv T`2T�`2/ �`iB}+B�H /�i�b2ibX h?2 K�BM +?�HH2M;2 BM K�FBM; bm+? �M
�TT`Q�+? rQ`F 7Q` `2�H@rQ`H/ ;2Q;`�T?B+�H TQBMi +HQm/b Bb iQ `Q#mbiHv }M/
i?2 iQTQHQ;v #2ir22M K2/B�H b?22ibX

"`2�FHBM2 /2i2+iBQM h?2 J�h ?�b #22M mb2/ #27Q`2 7Q` 2/;2 /2i2+iBQM BM TQHv@
?2/`�H K2b?2b (>Bb�/� 2i �HX- kyykc Embi`� 2i �HX- kyRe)X � bBKBH�` K2i?Q/-
BX2X #�b2/ QM /2i2+iBM; i?2 bm`7�+2 TQBMib i?�i +Q``2bTQM/ iQ i?2 Qmi2`
#QmM/�`B2b Q7 K2/B�H b?22ib- +QmH/ #2 �TTHB2/ 7Q` #`2�FHBM2 /2i2+iBQM BM i?2
+QMi2ti Q7 i2``�BM �M�HvbBbX AM a2+iBQM dXR A �H`2�/v 2tTH�BM2/ � K2i?Q/ 7Q`
i?2 /2i2+iBQM Q7 k. +2Mi`2HBM2b Q7 r�i2`+Qm`b2b mbBM; K2/B�H b?22ibX h?2
/2i2+iBQM Q7 j. #`2�FHBM2b Bb � M�im`�H 2ti2MbBQM Q7 i?Bb rQ`FX AM i?2 J�h
� #`2�FHBM2 b?QmH/ Q++m` r?2`2 i?2 K2/B�H �iQKb ?�p2 � x2`Q `�/BmbX lM@
7Q`imM�i2Hv- i?Qb2 �iQKb �`2 `�`2Hv +QMbi`m+i2/ BM T`�+iB+2 /m2 iQ bm`7�+2
MQBb2 �M/ i?2 �TTHB+�iBQM Q7 i?2 /2MQBbBM; ?2m`BbiB+X � TQbbB#H2 bQHmiBQM
iQ i?Bb T`Q#H2K rQmH/ #2 iQ 2ti`�TQH�i2 K2/B�H b?22ib BM i?2 /B`2+iBQM Q7
/2+`2�bBM; K2/B�H `�/Bmb- �7i2` r?B+? i?2 2tTHB+Bi j. HBM2�` ;2QK2i`v Q7
i?2 #`2�FHBM2 rQmH/ ?�p2 iQ #2 +QKTmi2/X h?2 T`Q#H2K rQmH/ #2 2�bB2` iQ
bQHp2 B7 i?2 K2/B�H b?22i bm`7�+2b �`2 �p�BH�#H2- 2X;X �b � i`B�M;mH�iBQMX

Rjd



3 *QM+HmbBQMb �M/ 7mim`2 rQ`F

q�i2`+Qm`b2 �M�HvbBb AM a2+iBQM dXR A b?Qr2/ ?Qr i?2 J�h +�M #2 mb2/ 7Q` i?2
/2i2+iBQM Q7 r�i2`+Qm`b2b �b k. +2Mi`2HBM2bX h?Bb rQ`F +�M #2 TQbbB#Hv
2ti2M/2/ BM � MmK#2` Q7 r�vbX 6Q` 2t�KTH2- QM2 +QmH/ BMp2biB;�i2 B7 i?2
J�h +�M #2 mb2/ 7Q` +QKTmiBM; +`Qbb@b2+iBQMb Q7 � r�i2`+Qm`b2- 7Q` `2+QM@
bi`m+iBM; i?2 2MiB`2 j. bm`7�+2 Q7 � r�i2`+Qm`b2- �M/ 7Q` i?2 2biBK�iBQM Q7
i?2 pQHmK2 Q7 � r�i2`+Qm`b2 UBX2X i?2 bQ@+�HH2/ biQ`�;2@+�T�+BivVX

oBbB#BHBiv �M�HvbBb AM a2+iBQM eXj A BMi`Q/m+2/ � K2i?Q/ 7Q` pBbB#BHBiv �M�HvbBb
#�b2/ QM i?2 J�hX aQK2 Q7 i?2 HBKBi�iBQMb Q7 i?�i �TT`Q�+?- BX2X i?2 ?B;?
+QKTmi�iBQM�H +Qbi �M/ i?�i QMHv i?2 Q`i?Q;QM�H T`QD2+iBQM +�M #2 mb2/-
K�v #2 �//`2bb2/ #v mbBM; � /Bz2`2Mi BKTH2K2Mi�iBQM #�b2/ QM `�v@i`�+BM;
� E.@i`22 Q7 K2/B�H #�HHb UbBKBH�` iQ 2X;X (q�H/ �M/ >�p`�M- kyye)VX am+?
�M BKTH2K2Mi�iBQM b?QmH/ vB2H/ 2t�+iHv i?2 b�K2 pBbB#BHBiv `2bmHib- #mi
BM � KQ`2 2{+B2Mi �M/ ~2tB#H2 r�vX AM �//BiBQM i?2 �TT`Q�+? b?QmH/ #2
2ti2M/2/ iQ K�F2 mb2 Q7 i?2 BMi2`BQ`f2ti2`BQ` b2T�`�iBQM Q7 i?2 J�h �b
/2b+`B#2/ BM a2+iBQM 9X9X

Rj3



� .�i�b2ib

h�#H2 �XR, Pp2`pB2r Q7 /�i�b2ib �M/ i?2B` /2i�BHb
O �+[mBbBbiBQM SQBMi +QmMi SQBMi /2MbBiv aQm`+2
R �Ga d9ej8R jy@Ryy K−2 >QQ;i2#2bi�M/

_Qii2`/�K kyRk
k �Ga dy39Re jy@Ryy K−2 >QQ;i2#2bi�M/

_Qii2`/�K kyRk
j �Ga Nj93j jy@Ryy K−2 >QQ;i2#2bi�M/

_Qii2`/�K kyRk
9 .AJ d39edj 8yY K−2 6"E- "2`;�KQfAi�Hv
8 �Ga jddeR3k 8 K−2 AaS_a "2M+?K�`F-

o�B?BM;2Mf:2`K�Mv
e �Ga Rejky9y k K−2 PT2MhQTQ;`�T?v-

.`�;QMb "�+F _B/;2
d �Ga k9e9d Ry K−2 T`Bp�i2
3 �> keNy Mf� Mf�
N �> eNej9 Mf� Mf�

Ry �> R3e8dd Mf� Mf�
RR �a Rd8R Mf� Mf�

�Ga 4 �2`B�H G�b2` a+�MMBM;
.AJ4 .2Mb2 AK�;2 J�i+?BM;
�> 4 �`iB}+B�HHv ;2M2`�i2/ rBi? ?QKQ;2M2Qmb b�KTHBM;
�a 4 �`iB}+B�HHv ;2M2`�i2/ rBi? �Ga bBKmH�i2/ b�KTHBM;

RjN





"B#HBQ;`�T?v

G�a aS1*A6A*�hAPL o1_aAPL RX9 Ĝ _RjX h?2 �K2`B+�M aQ+B2iv 7Q` S?Q@
iQ;`�KK2i`v � _2KQi2 a2MbBM;- kyRjX

SX EX �;�`r�H- GX �`;2- hX JǠH?�p2- �M/ "X a�/`BX AfP@2{+B2Mi �H;Q`Bi?Kb 7Q`
+QKTmiBM; +QMiQm`b QM � i2``�BMX AM S`Q+22/BM;b k9i? �MMm�H avKTQbBmK QM
*QKTmi�iBQM�H :2QK2i`v- T�;2b RkNĜRj3- *QHH2;2 S�`F- J.- la�- kyy3X �*J
S`2bbX

�X �;;�`r�H �M/ aX oBii2`- C2z`2vX h?2 BMTmifQmiTmi +QKTH2tBiv Q7 bQ`iBM; �M/
`2H�i2/ T`Q#H2KbX *QKKmMB+�iBQMb Q7 i?2 �*J- jRUNV- RN33X

JX �H2t�- CX "2?`- .X *Q?2M@P`- aX 6H2Bb?K�M- .X G2pBM- �M/ *X aBHp�X SQBMi
b2i bm`7�+2bX AM oBbm�HBx�iBQM- kyyRX oAa ǶyRX S`Q+22/BM;b- T�;2b kRĜkN- 8jd-
P+i kyyRX

*X �H2t�M/2`- aX aKBi?@oQvb2v- *X C�`pBb- �M/ EX h�Mb2vX AMi2;`�iBM; #mBH/BM;
7QQiT`BMib �M/ GB.�_ 2H2p�iBQM /�i� iQ +H�bbB7v `QQ7 bi`m+im`2b �M/ pBbm�HBb2
#mBH/BM;bX *QKTmi2`b- 1MpB`QMK2Mi �M/ l`#�M avbi2Kb- jjU9V,k38ĜkNk- kyyNX

LX �K2Mi� �M/ aX *?QBX oQ`QMQB K2i?Q/b 7Q` j. K2/B�H �tBb �TT`QtBK�iBQMX AM
J2/B�H _2T`2b2Mi�iBQMb- T�;2b kkjĜkjNX aT`BM;2`- kyy3X

LX �K2Mi� �M/ _X EX EQHHm`BX h?2 K2/B�H �tBb Q7 � mMBQM Q7 #�HHbX *QKTmi�iBQM�H
:2QK2i`v- kyUR@kV,k8 Ĝ jd- kyyRX

LX �K2Mi�- JX "2`M- �M/ .X 1TTbi2BMX h?2 +`mbi �M/ i?2 β@bF2H2iQM, *QK#B@
M�iQ`B�H +m`p2 `2+QMbi`m+iBQMX :`�T?B+�H JQ/2Hb �M/ AK�;2 S`Q+2bbBM;- eyUkV,
Rk8 Ĝ Rj8- RNN3�X

LX �K2Mi�- JX "2`M- �M/ JX E�Kpvbb2HBbX � M2r pQ`QMQB@#�b2/ bm`7�+2 `2+QM@
bi`m+iBQM �H;Q`Bi?KX AM S`Q+22/BM;b Q7 i?2 k8i? �MMm�H +QM72`2M+2 QM *QK@
Tmi2` ;`�T?B+b �M/ BMi2`�+iBp2 i2+?MB[m2b- aA::_�S> ǶN3- T�;2b 9R8Ĝ9kR-
L2r uQ`F- Lu- la�- RNN3#X �*JX

LX �K2Mi�- aX *?QB- �M/ _X EX EQHHm`BX h?2 TQr2` +`mbiX AM S`Q+22/BM;b Q7 i?2
bBti? �*J bvKTQbBmK QM aQHB/ KQ/2HBM; �M/ �TTHB+�iBQMb- aJ� ǶyR- T�;2b
k9NĜkee- L2r uQ`F- Lu- la�- kyyRX �*JX

R9R
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"X �K2`B �M/ .X 6`Bib+?X �miQK�iB+ j. #mBH/BM; `2+QMbi`m+iBQM mbBM; TH�M2@`QQ7
bi`m+im`2bX �aS_a- q�b?BM;iQM .*- kyyyX

GX �`;2- �X .�MM2`- >X >�p2`FQ`i- �M/ LX w2?X AfP@2{+B2Mi ?B2`�`+?B+�H r�@
i2`b?2/ /2+QKTQbBiBQM Q7 ;`B/ i2``�BM KQ/2HbX AM �X _2B/H- qX E�BMx- �M/
:X 1HK2b- 2/BiQ`b- S`Q;`2bb BM aT�iB�H .�i� >�M/HBM;ěRki? AMi2`M�iBQM�H avK@
TQbBmK QM aT�iB�H .�i� >�M/HBM;- T�;2b 3k8Ĝ399X aT`BM;2`@o2`H�;- kyyeX

.X �ii�HB �M/ CX@PX G�+?�m/X .2H�mM�v +QM7Q`KBM; BbQ@bm`7�+2- bF2H2iQM 2ti`�+@
iBQM �M/ MQBb2 `2KQp�HX *QKTmi�iBQM�H :2QK2i`v- RNUkĜjV,Rd8 Ĝ R3N- kyyRX

.X �ii�HB �M/ �X JQMi�Mp2`iX JQ/2HBM; MQBb2 7Q` � #2ii2` bBKTHB}+�iBQM Q7
bF2H2iQMbX AM AK�;2 S`Q+2bbBM;- RNNeX S`Q+22/BM;bX- AMi2`M�iBQM�H *QM72`2M+2
QM- pQHmK2 j- T�;2b RjĜReX A111- RNNeX

.X �ii�HB �M/ �X JQMi�Mp2`iX *QKTmiBM; �M/ bBKTHB7vBM; k. �M/ j. +QMiBMmQmb
bF2H2iQMbX *QKTmi2` oBbBQM �M/ AK�;2 lM/2`bi�M/BM;- edUjV,keR Ĝ kdj- RNNdX

.X �ii�HB- CX@.X "QBbbQMM�i- �M/ >X 1/2Hb#`mMM2`X ai�#BHBiv �M/ +QKTmi�iBQM Q7
K2/B�H �t2b@� bi�i2@Q7@i?2@�`i `2TQ`iX J�i?2K�iB+�H 7QmM/�iBQMb Q7 b+B2MiB}+
pBbm�HBx�iBQM- +QKTmi2` ;`�T?B+b- �M/ K�bbBp2 /�i� 2tTHQ`�iBQM- T�;2b RyNĜRk8-
kyyNX

JX �r`�M;D2# �M/ *X aX 6`�b2`X �miQK�iB+ b2;K2Mi�iBQM Q7 `�r HB/�` /�i� 7Q`
2ti`�+iBQM Q7 #mBH/BM; `QQ7bX _2KQi2 a2MbBM;- eU8V,jdReĜjd8R- kyR9X

SX �t2HbbQMX S`Q+2bbBM; Q7 H�b2` b+�MM2` /�i�ě�H;Q`Bi?Kb �M/ �TTHB+�iBQMbX
AaS_a CQm`M�H Q7 S?QiQ;`�KK2i`v �M/ _2KQi2 a2MbBM;- 89UkV,Rj3ĜR9d- RNNNX

CX aX "�BHHv- SX G�;�+?2`B2- *X JBHHB2`- *X Sm2+?- �M/ SX EQbmi?X �;`�`B�M H�M/@
b+�T2b HBM2�` 72�im`2b /2i2+iBQM 7`QK HB/�`, �TTHB+�iBQM iQ �`iB}+B�H /`�BM�;2
M2irQ`FbX AMi2`M�iBQM�H CQm`M�H Q7 _2KQi2 a2MbBM;- kNURkV,j93NĜj8y3- kyy3X

CX aX "�BHHv- 6X G2p�p�bb2m`- �M/ SX G�;�+?2`B2X � bT�iB�H biQ+?�biB+ �H;Q`Bi?K iQ
`2+QMbi`m+i �`iB}+B�H /`�BM�;2 M2irQ`Fb 7`QK BM+QKTH2i2 M2irQ`F /2HBM2�iBQMbX
AMi2`M�iBQM�H CQm`M�H Q7 �TTHB2/ 1�`i? P#b2`p�iBQM �M/ :2QBM7Q`K�iBQM- Rj
UeV,38jĜ3ek- kyRRX

:X "�`2[m2i- .X 1TTbi2BM- JX hX :QQ/`B+?- �M/ �X o�tK�MX ai`�B;?i bF2H2@
iQMb Q7 i?`22@/BK2MbBQM�H TQHv?2/`�X AM �H;Q`Bi?Kb@1a� kyy3- T�;2b R93ĜReyX
aT`BM;2`- kyy3X

SX "�`iB2- 6X _2BibK�- aX EBM;?�K- �M/ aX JBHHbX �/p�M+BM; pBbB#BHBiv KQ/2HHBM;
�H;Q`Bi?Kb 7Q` m`#�M 2MpB`QMK2MibX *QKTmi2`b- 1MpB`QMK2Mi �M/ l`#�M avb@
i2Kb- j9UeV,8R3Ĝ8jR- LQpX kyRyX

CX GX "2MiH2vX JmHiB/BK2MbBQM�H #BM�`v b2�`+? i`22b mb2/ 7Q` �bbQ+B�iBp2 b2�`+?BM;X
*QKKmMB+�iBQMb Q7 i?2 �*J- R3UNV,8yNĜ8Rd- RNd8X

R9k



"B#HBQ;`�T?v

JX "2`;2` �M/ *X hX aBHp�X J2/B�H F2`M2HbX *QKTmi2` :`�T?B+b 6Q`mK- jRUkTi9V,
dN8Ĝ3y9- kyRkX

6X "2`M�`/BMB- CX JBiiH2K�M- >X _mb?K2B2`- *X aBHp�- �M/ :X h�m#BMX h?2 #�HH@
TBpQiBM; �H;Q`Bi?K 7Q` bm`7�+2 `2+QMbi`m+iBQMX oBbm�HBx�iBQM �M/ *QKTmi2`
:`�T?B+b- A111 h`�Mb�+iBQMb QM- 8U9V,j9NĜj8N- P+i RNNNX

aX "B�bQiiB- .X �ii�HB- CX@.X "QBbbQMM�i- >X 1/2Hb#`mMM2`- :X 1H#2`- JX JQ`i�`�-
:X "�D�- JX aT�;MmQHQ- JX h�M�b2- �M/ _X o2HiF�KTX aF2H2i�H bi`m+im`2bX
AM GX 6HQ`B�MB �M/ JX aT�;MmQHQ- 2/BiQ`b- a?�T2 �M�HvbBb �M/ ai`m+im`BM;-
J�i?2K�iB+b �M/ oBbm�HBx�iBQM- T�;2b R98ĜR3jX aT`BM;2` "2`HBM >2B/2H#2`;-
kyy3X

6X "BHD2+FB- >X G2/Qmt- CX aiQi2`- �M/ CX w?�QX 6Q`K�HBb�iBQM Q7 i?2 H2p2H Q7 /2i�BH
BM j. +Biv KQ/2HHBM;X *QKTmi2`b- 1MpB`QMK2Mi �M/ l`#�M avbi2Kb- 93,RĜR8-
LQpX kyR9X

6X "BHD2+FB- CX aiQi2`- >X G2/Qmt- aX wH�i�MQp�- �M/ �X ÎƺHi2FBMX �TTHB+�iBQMb
Q7 j. *Biv JQ/2Hb, ai�i2 Q7 i?2 �`i _2pB2rX AaS_a AMi2`M�iBQM�H CQm`M�H Q7
:2Q@AM7Q`K�iBQM- 9U9V,k39kĜk33N- .2+X kyR8X

6X "BHD2+FB- >X G2/Qmt- �M/ CX aiQi2`X .Q2b � }M2` H2p2H Q7 /2i�BH Q7 � j. +Biv
KQ/2H #`BM; �M BKT`Qp2K2Mi 7Q` 2biBK�iBM; b?�/Qrb\ AM �/p�M+2b BM j.
:2QBM7Q`K�iBQM- T�;2b RĜR8X kyReX

>X "HmKX � i`�Mb7Q`K�iBQM 7Q` 2ti`�+iBM; M2r /2b+`BTiQ`b Q7 b?�T2X JQ/2Hb 7Q`
i?2 T2`+2TiBQM Q7 bT22+? �M/ pBbm�H 7Q`K- RNU8V,jekĜj3y- RNedX

>X "HmKX "BQHQ;B+�H b?�T2 �M/ pBbm�H b+B2M+2 UT�`i BVX CQm`M�H Q7 h?2Q`2iB+�H
"BQHQ;v- j3UkV,ky8 Ĝ k3d- RNdjX

>X "HmKX .Bb+mbbBQM T�T2`, � ;2QK2i`v 7Q` #BQHQ;vX �MM�Hb Q7 i?2 L2r uQ`F
�+�/2Kv Q7 a+B2M+2b- kjRURV,RNĜjy- RNd9X

:X "Q`;27Q`b- AX Lvbi`ƺK- �M/ :X aX /B "�D�X .Bb+`2i2 bF2H2iQMb 7`QK /Bbi�M+2
i`�Mb7Q`Kb BM k/ �M/ j/X AM J2/B�H _2T`2b2Mi�iBQMb- T�;2b R88ĜRNyX aT`BM;2`-
kyy3X

JX "Qib+? �M/ GX EQ##2HiX >B;?@[m�HBiv TQBMi@#�b2/ `2M/2`BM; QM KQ/2`M ;TmbX
AM *QKTmi2` :`�T?B+b �M/ �TTHB+�iBQMb- kyyjX S`Q+22/BM;bX RRi? S�+B}+ *QM@
72`2M+2 QM- T�;2b jj8Ĝj9jX A111- kyyjX

CX "QmH/BM- CX 6�``Bb- JX JQQ`2- �M/ *X *QQT2`X o2;2i�iBp2 �M/ bi`m+im`�H
+?�`�+i2`BbiB+b Q7 �;`B+mHim`�H /`�BM�;2b BM i?2 KBbbBbbBTTB /2Hi� H�M/b+�T2bX
1MpB`QMK2Mi�H SQHHmiBQM- RjkUjV,9yj Ĝ 9RR- kyy9X

�X "QmH+? �M/ _X J�`H2iX 6�bi �M/ `Q#mbi MQ`K�H 2biBK�iBQM 7Q` TQBMi +HQm/b
rBi? b?�`T 72�im`2bX *QKTmi2` :`�T?B+b 6Q`mK- jRU8V,Rde8ĜRdd9- kyRkX

R9j



"B#HBQ;`�T?v

CX qX "`�M/i �M/ oX _X �H;�xBX *QMiBMmQmb bF2H2iQM +QKTmi�iBQM #v pQ`QMQB
/B�;`�KX *o:AS, AK�;2 lM/2`bi�M/BM;- 88UjV,jkNĜjj3- RNNkX

*X "`2MM2`X hQr�`/b 7mHHv �miQK�iB+ ;2M2`�iBQM Q7 +Biv KQ/2HbX AMi2`M�iBQM�H
�`+?Bp2b Q7 S?QiQ;`�KK2i`v �M/ _2KQi2 a2MbBM;- jjU"jfRc S�_h jV,39ĜNk-
kyyyX

hX "`Q2`b2M- 6X qX 6B+?iM2`- 1X CX >22`2b- AX /2 GB27/2- PX "X SX JX _Q/2M@
#2`;- 1X o2`#`22- �M/ _X oQȿi2X S`QD2+i TQBMiH2bbX B/2MiB7vBM;- pBbm�HBbBM; �M/
T�i?}M/BM; i?`Qm;? 2KTiv bT�+2 BM BMi2`BQ` TQBMi +HQm/b mbBM; �M Q+i`22 �T@
T`Q�+?X AM �:AG1 kyRec RNi? �:AG1 *QM72`2M+2 QM :2Q;`�T?B+ AM7Q`K�iBQM
a+B2M+2- R9@Rd CmM2- kyRec �mi?Q`b p2`bBQM- kyReX

�X "`x�MF- CX :ƺT72`i- �M/ SX GQ?K�MMX �bT2+ib Q7 HB/�` T`Q+2bbBM; BM +Q�bi�H
�`2�bX AMi2`M�iBQM�H �`+?Bp2b Q7 S?QiQ;`�KK2i`v- _2KQi2 a2MbBM; �M/ aT�iB�H
AM7Q`K�iBQM a+B2M+2b- je US�`i RfqjV,e- kyy8X

�X "`x�MF- *X >2BTF2- CX :Q2T72`i- �M/ lX aQ2`;2HX �bT2+ib Q7 ;2M2`�iBM; T`2+Bb2
/B;Bi�H i2``�BM KQ/2Hb BM i?2 r�//2M b2� 7`QK HB/�`@r�i2` +H�bbB}+�iBQM �M/
bi`m+im`2 HBM2 2ti`�+iBQMX AaS_a CQm`M�H Q7 S?QiQ;`�KK2i`v �M/ _2KQi2
a2MbBM;- ejU8V,8RyĜ8k3- kyy3X

hX@hX *�Q- EX h�M;- �X JQ?�K2/- �M/ hX@aX h�MX S�`�HH2H #�M/BM; �H;Q`Bi?K
iQ +QKTmi2 2t�+i /Bbi�M+2 i`�Mb7Q`K rBi? i?2 ;TmX AM S`Q+22/BM;b Q7 i?2 kyRy
�*J aA::_�S> bvKTQbBmK QM AMi2`�+iBp2 j. :`�T?B+b �M/ :�K2b- T�;2b
3jĜNyX �*J- kyRyX

JX *�p�HHB- aX h`2pBb�MB- "X :QH/BM- 1X JBQM- aX *`2K�- �M/ _X o�H2MiBMQiiBX
a2KB@�miQK�iB+ /2`Bp�iBQM Q7 +?�MM2H M2irQ`F 7`QK � ?B;?@`2bQHmiBQM /iK,
i?2 2t�KTH2 Q7 �M Bi�HB�M �HTBM2 `2;BQMX 1m`QT2�M CQm`M�H Q7 _2KQi2 a2MbBM;-
9e,R8kĜRd9- kyRjX

6X *�xQ`xB- :X .X 6QMi�M�- �X .2 Gm+�- :X aQ}�- �M/ SX h�`QHHBX .`�BM�;2
M2irQ`F /2i2+iBQM �M/ �bb2bbK2Mi Q7 M2irQ`F biQ`�;2 +�T�+Biv BM �;`�`B�M
H�M/b+�T2bX >v/`QHQ;B+�H S`Q+2bb2b- kd,89RĜ88j- kyRjX

CX *?�mbb�`/- JX *QmT`B2- �M/ >X h�H#QiX _Q#mbi bF2H2iQMBx�iBQM mbBM; i?2
/Bb+`2i2 λ@K2/B�H �tBbX S�ii2`M _2+Q;MBiBQM G2ii2`b- jkUNV,Rj39 Ĝ RjN9- kyRRX

6X *?�x�H �M/ �X GB2miB2`X h?2 H�K#/�@K2/B�H �tBbX :`�T?B+�H JQ/2Hb- edU9V,
jy9ĜjjR- kyy8X

>X *?Q- EX *X aH�iiQM- *X _X E`2F2H2`- �M/ aX *?2mM;X JQ`T?QHQ;v@#�b2/ �T@
T`Q�+?2b 7Q` /2i2+iBM; bi`2�K +?�MM2Hb 7`QK �HbK /�i�X AMi2`M�iBQM�H CQm`M�H
Q7 _2KQi2 a2MbBM;- jkUk9V,N8dRĜN8Nd- kyRRX
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>X AX *?QB- aX qX *?QB- �M/ >X SX JQQMX J�i?2K�iB+�H i?2Q`v Q7 K2/B�H �tBb
i`�Mb7Q`KX T�+B}+ DQm`M�H Q7 K�i?2K�iB+b- R3RURV,8dĜ33- RNNdX

*X *QMbi�MiBM- aX "`QrM- �M/ CX aMQ2vBMFX AKTH2K2MiBM; bi`2�KBM; bBKTHB}@
+�iBQM 7Q` H�`;2 H�#2H2/ K2b?2bX AM S`Q+22/BM;b �H;Q`Bi?K 1M;BM22`BM; �M/
1tT2`BK2Mib U�G1L1sRyV- T�;2b R9NĜR83- �mbiBM- h2t�b- la�- kyRyX

JX *X *Qbi�@*�#`�H �M/ aX CX "m`;2bX .B;Bi�H 2H2p�iBQM KQ/2H MM2irQ`F U/2KQMV,
� KQ/2H Q7 ~Qr Qp2` ?BHHbHQT2b 7Q` +QKTmi�iBQM Q7 +QMi`B#miBM; �M/ /BbT2`b�H
�`2�bX q�i2` _2bQm`+2b _2b2�`+?- jyUeV,Re3RĜReNk- RNN9X

hX *mHp2`- CX E2vb2`- �M/ .X J�MQ+?�X 1t�+i +QKTmi�iBQM Q7 i?2 K2/B�H �tBb
Q7 � TQHv?2/`QMX *QKTmi2` �B/2/ :2QK2i`B+ .2bB;M- kRURV,e8ĜN3- kyy9X

CX .�KQMX aKQQi?M2bb �M/ ;2QK2i`v Q7 #QmM/�`B2b �bbQ+B�i2/ iQ bF2H2i�H bi`m+@
im`2b B, bm{+B2Mi +QM/BiBQMb 7Q` bKQQi?M2bb UH� HBbbBiû 2i ;ûQKûi`B2 /2b #Q`/b
�bbQ+Bû2b �mt bi`m+im`2b b[m2H2ii2b B, +QM/BiBQMb bm{b�Mi2b TQm` H� HBbbBiûVX AM
�MM�H2b /2 HǶBMbiBimi 6Qm`B2`- pQHmK2 8j- T�;2b RN9RĜRN38- kyyjX

JX /2 "2`;- JX p�M E`2p2H/- JX Pp2`K�`b- �M/ PX a+?r�`xFQT7X *QKTmi�iBQM�H
:2QK2i`v, �H;Q`Bi?K �M/ �TTHB+�iBQMb- pQHmK2 h?B`/ 1/BiBQMX aT`BM;2`- kyyyX

hX .2H�K2- CX Embi`�- �M/ �X h2H2�X ai`m+im`BM; j. J2/B�H aF2H2iQMb, �
*QKT�`�iBp2 aim/vX AM avKTQbBmK QM oBbBQM- JQ/2HBM; �M/ oBbm�HBx�iBQM-
"�v`2mi?- :2`K�Mv- P+iX kyReX

hX .2v �M/ CX amMX LQ`K�H �M/ 72�im`2 �TT`QtBK�iBQMb 7`QK MQBbv TQBMi +HQm/bX
AM aX �`mM@EmK�` �M/ LX :�`;- 2/BiQ`b- 6ahh*a kyye, 6QmM/�iBQMb Q7 aQ7i@
r�`2 h2+?MQHQ;v �M/ h?2Q`2iB+�H *QKTmi2` a+B2M+2- pQHmK2 9jjd Q7 G2+im`2
LQi2b BM *QKTmi2` a+B2M+2- T�;2b kRĜjkX aT`BM;2` "2`HBM >2B/2H#2`;- kyye�X

hX EX .2v �M/ aX :Qbr�KBX hB;?i +Q+QM2, � r�i2`@iB;?i bm`7�+2 `2+QMbi`m+iQ`X AM
S`Q+22/BM;b Q7 i?2 2B;?i? �*J bvKTQbBmK QM aQHB/ KQ/2HBM; �M/ �TTHB+�iBQMb-
aJ Ƕyj- T�;2b RkdĜRj9- L2r uQ`F- Lu- la�- kyyjX �*JX

hX EX .2v �M/ CX amMX .2}MBM; �M/ +QKTmiBM; +m`p2@bF2H2iQMb rBi? K2/B�H
;2Q/2bB+ 7mM+iBQMX AM avKTQbBmK QM :2QK2i`v S`Q+2bbBM;- T�;2b R9jĜR8k-
kyye#X

hX EX .2v �M/ qX w?�QX �TT`QtBK�i2 K2/B�H �tBb �b � oQ`QMQB bm#+QKTH2tX
*QKTmi2`@�B/2/ .2bB;M- jeUkV,RN8Ĝkyk- kyy9X

hX EX .2v- CX :B2b2M- �M/ CX >m/bQMX .2+BK�iBM; b�KTH2b 7Q` K2b? bBKTHB}+�iBQMX
AM S`Q+X Rji? *�M�/B�M *QM7X *QKTmiX :2QK- T�;2b 38Ĝ33- kyyRX

SX .Q`MBM;2` �M/ *X LQi?2;;2`X j. b2;K2Mi�iBQM Q7 mMbi`m+im`2/ TQBMi +HQm/b
7Q` #mBH/BM; KQ/2HHBM;X AMi2`M�iBQM�H �`+?Bp2b Q7 i?2 S?QiQ;`�KK2i`v- _2KQi2
a2MbBM; �M/ aT�iB�H AM7Q`K�iBQM a+B2M+2b- j8Ujfq9N�V,RNRĜRNe- kyydX
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SX .Q`MBM;2` �M/ LX S72B72`X � +QKT`2?2MbBp2 �miQK�i2/ j. �TT`Q�+? 7Q` #mBH/@
BM; 2ti`�+iBQM- `2+QMbi`m+iBQM- �M/ `2;mH�`Bx�iBQM 7`QK �B`#Q`M2 H�b2` b+�MMBM;
TQBMi +HQm/bX a2MbQ`b- 3URRV,djkjĜdj9j- kyy3X

CX .vF2b- �X J�+1�+?`2M- �M/ JX E`��FX "2vQM/ iQQHb, oBbm�H bmTTQ`i 7Q` i?2
2MiB`2 T`Q+2bb Q7 ;Bb+B2M+2X 1tTHQ`BM; :2QpBbm�HBx�iBQM- T�;2 3j- kyy8X

>X 1/2Hb#`mMM2`- .X EB`FT�i`B+F- �M/ _X a2B/2HX PM i?2 b?�T2 Q7 � b2i Q7 TQBMib
BM i?2 TH�M2X AM7Q`K�iBQM h?2Q`v- A111 h`�Mb�+iBQMb QM- kNU9V,88RĜ88N- RN3jX

lX 1B+F2`- .X JQMB2M- 1X .mKBMBH- �M/ _X LQmp2HX 1M2`;v T2`7Q`K�M+2 �b@
b2bbK2Mi BM m`#�M TH�MMBM; +QKT2iBiBQMbX �TTHB2/ 1M2`;v- R88,jkjĜjjj- P+iX
kyR8X

aX PX 1H#2`BMF �M/ :X oQbb2HK�MX "mBH/BM; `2+QMbi`m+iBQM #v i�`;2i #�b2/ ;`�T?
K�i+?BM; QM BM+QKTH2i2 H�b2` /�i�, �M�HvbBb �M/ HBKBi�iBQMbX a2MbQ`b- NU3V,
eRyRĜeRR3- kyyNX

CX 1Hb2#2`;- .X "Q``K�MM- �M/ �X LɃ+?i2`X PM2 #BHHBQM TQBMib BM i?2 +HQm/ Ĝ �M
Q+i`22 7Q` 2{+B2Mi T`Q+2bbBM; Q7 j. H�b2` b+�MbX AaS_a CQm`M�H Q7 S?QiQ;`�K@
K2i`v �M/ _2KQi2 a2MbBM;- deUyV,de Ĝ 33- kyRjX h2``2bi`B�H j. KQ/2HHBM;X

LX 6�`�D- CX@JX h?B2`v- �M/ hX "Qm#2F2m`X S`Q;`2bbBp2 K2/B�H �tBb }Hi`�iBQMX
�*J aA::_�S> kyRj- h2+?MB+�H "`B27b- kyRjX

aX 6BHBM �M/ LX S72B72`X L2B;?#Q`?QQ/ bvbi2Kb 7Q` �B`#Q`M2 H�b2` /�i�X S?Q@
iQ;`�KK2i`B+ 1M;BM22`BM; � _2KQi2 a2MbBM;- dRUeV,d9jĜd88- kyy8X

JX �X 6Bb+?H2` �M/ _X *X "QHH2bX _�M/QK b�KTH2 +QMb2Mbmb, � T�`�/B;K 7Q`
KQ/2H }iiBM; rBi? �TTHB+�iBQMb iQ BK�;2 �M�HvbBb �M/ �miQK�i2/ +�`iQ;`�T?vX
*QKKmMX �*J- k9UeV,j3RĜjN8- CmM2 RN3RX

SX 6X 6Bb?2`X h?2 TBt2H, � bM�`2 �M/ � /2HmbBQMX AMi2`M�iBQM�H CQm`M�H Q7 _2KQi2
a2MbBM;- R3UjV,edNĜe38- RNNdX

:X 6Q`H�MB- *X L�`/BMQ++?B- JX a+�BQMB- �M/ SX wBM;�`2iiBX *QKTH2i2 +H�bbB}+�iBQM
Q7 `�r HB/�` /�i� �M/ j/ `2+QMbi`m+iBQM Q7 #mBH/BM;bX S�ii2`M �M�HvbBb �M/
�TTHB+�iBQMb- 3U9V,j8dĜjd9- 62# kyyeX

JX 6QbF2v- JX *X GBM- �M/ .X J�MQ+?�X 1{+B2Mi +QKTmi�iBQM Q7 � bBKTHB}2/
K2/B�H �tBbX AM S`Q+22/BM;b Q7 i?2 2B;?i? �*J bvKTQbBmK QM aQHB/ KQ/2HBM;
�M/ �TTHB+�iBQMb- aJ Ƕyj- T�;2b NeĜRyd- L2r uQ`F- Lu- la�- kyyjX �*JX

*X :�M/QH} �M/ :X "X "Bb+?2iiBX AM~m2M+2 Q7 i?2 /`�BM�;2 M2irQ`F B/2MiB}+�iBQM
K2i?Q/ QM ;2QKQ`T?QHQ;B+�H T`QT2`iB2b �M/ ?v/`QHQ;B+�H `2bTQMb2X >v/`QHQ;@
B+�H S`Q+2bb2b- RR,j8jĜjd8- RNNdX
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JX :�`H�M/ �M/ SX >2+F#2`iX am`7�+2 bBKTHB}+�iBQM mbBM; [m�/`B+ 2``Q` K2i`B+bX
AM S`Q+22/BM;b Q7 i?2 k9i? �MMm�H +QM72`2M+2 QM *QKTmi2` ;`�T?B+b �M/ BM@
i2`�+iBp2 i2+?MB[m2b- aA::_�S> ǶNd- T�;2b kyNĜkRe- L2r uQ`F- Lu- la�-
RNNdX �*J S`2bbf�//BbQM@q2bH2v Sm#HBb?BM; *QX

JX :�`H�M/ �M/ SX aX >2+F#2`iX 6�bi TQHv;QM�H �TT`QtBK�iBQM Q7 i2``�BM �M/
?2B;?i }2H/bX h2+?MB+�H _2TQ`i *Jl@*a@N8@R3R- a+?QQH Q7 *QKTmi2` a+B2M+2-
*�`M2;B2 J2HHQM lMBp2`bBiv- SBiib#m`;?- S�- la�- RNN8X

SX :B#HBM �M/ "X EBKB�X PM i?2 HQ+�H 7Q`K �M/ i`�MbBiBQMb Q7 bvKK2i`v b2ib-
K2/B�H �t2b- �M/ b?Q+FbX AMi2`M�iBQM�H CQm`M�H Q7 *QKTmi2` oBbBQM- 89UR@jV,
R9jĜR8d- kyyjX

CX :B2b2M- "X JBFHQb- JX S�mHv- �M/ *X qQ`Kb2`X h?2 b+�H2 �tBb i`�Mb7Q`KX AM
S`Q+22/BM;b Q7 i?2 k8i? �MMm�H bvKTQbBmK QM *QKTmi�iBQM�H ;2QK2i`v- T�;2b
RyeĜRR8X �*J- kyyNX

*X :QH/ �M/ CX aMQ2vBMFX � QM2@bi2T +`mbi �M/ bF2H2iQM 2ti`�+iBQM �H;Q`Bi?KX
�H;Q`Bi?KB+�- jyUkV,R99ĜRej- kyyRX

*X JX :QH/ �M/ :X 1/r�`/bX h?2 oQ`QMQB bT�iB�H KQ/2H, hrQ@ �M/ i?`22@
/BK2MbBQM�H �TTHB+�iBQMb BM BK�;2 �M�HvbBbX Ah* CQm`M�H- R,RRĜRN- RNNkX

�X :QHQpBMbFBv �M/ hX 6mMF?Qmb2`X JBM@+mi #�b2/ b2;K2Mi�iBQM Q7 TQBMi +HQm/bX
AM A111 qQ`Fb?QT QM a2�`+? BM j. �M/ oB/2Q Uaj.oV �i A**o- a2TiX kyyNX

JX 6X :QQ/+?BH/X :2Q;`�T?B+�H /�i� KQ/2HBM;X *QKTmi2`b � :2Qb+B2M+2b- R3
U9V,9yRĜ9y3- RNNkX

:X :`ƺ;2` �M/ GX SHɃK2`X *Biv:JGěBMi2`QT2`�#H2 b2K�MiB+ j. +Biv KQ/2HbX
AaS_a CQm`M�H Q7 S?QiQ;`�KK2i`v �M/ _2KQi2 a2MbBM;- dR,RkĜjj- kyRkX

JX :`Qbb �M/ >X S}bi2`X SQBMi@#�b2/ ;`�T?B+bX JQ`;�M E�m7K�MM- kyRRX

JX :b+?r�M/iM2`- _X ErBii- �X l?H- �M/ qX S`22X "H2MaQ`, "H2M/2` a2MbQ`
aBKmH�iBQM hQQH#Qt �/p�M+2b BM oBbm�H *QKTmiBM;X pQHmK2 eNjN Q7 G2+im`2
LQi2b BM *QKTmi2` a+B2M+2- +?�Ti2` ky- T�;2b RNNĜky3X aT`BM;2` "2`HBM f
>2B/2H#2`;- "2`HBM- >2B/2H#2`;- kyRRX

LX >��H� �M/ *X "`2MM2`X AMi2`T`2i�iBQM Q7 m`#�M bm`7�+2 KQ/2Hb mbBM; k/
#mBH/BM; BM7Q`K�iBQMX AM �miQK�iB+ 2ti`�+iBQM Q7 K�M@K�/2 Q#D2+ib 7`QK �2`B�H
�M/ bT�+2 BK�;2b UAAV- T�;2b kRjĜkkkX aT`BM;2`- RNNdX

LX >��H� �M/ JX E�/�X �M mT/�i2 QM �miQK�iB+ j. #mBH/BM; `2+QMbi`m+iBQMX
AaS_a CQm`M�H Q7 S?QiQ;`�KK2i`v �M/ _2KQi2 a2MbBM;- e8UeV,8dyĜ83y- kyRyX
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*X >2BTF2- >X J�v2`- *X qB2/2K�MM- �M/ PX C�K2iX 1p�Hm�iBQM Q7 �miQK�iB+
`Q�/ 2ti`�+iBQMX AMi2`M�iBQM�H �`+?Bp2b Q7 S?QiQ;`�KK2i`v �M/ _2KQi2 a2Mb@
BM;- jkUj a1*h 9qkV,R8RĜRey- RNNdX

JX >2H#B+?- �X CQ+?2K- qX JɃ+F2- �M/ "X >ƺ~2X "QQbiBM; i?2 T`2/B+iBp2 �+@
+m`�+v Q7 m`#�M ?2/QMB+ ?Qmb2 T`B+2 KQ/2Hb i?`Qm;? �B`#Q`M2 H�b2` b+�MMBM;X
*QKTmi2`b- 1MpB`QMK2Mi �M/ l`#�M avbi2Kb- jNU*V,3RĜNk- J�v kyRjX

JX >2HH2`X h`B�M;mH�iBQM �H;Q`Bi?Kb 7Q` �/�TiBp2 i2``�BM KQ/2HBM;X AM S`Q+22/BM;b
9i? AMi2`M�iBQM�H avKTQbBmK QM aT�iB�H .�i� >�M/HBM;- T�;2b RejĜRd9- wm`B+?-
arBix2`H�M/- RNNyX

�X >2MM- :X :`ƺ;2`- oX ai`Q?- �M/ GX SHɃK2`X JQ/2H /`Bp2M `2+QMbi`m+iBQM Q7
`QQ7b 7`QK bT�`b2 HB/�` TQBMi +HQm/bX AaS_a CQm`M�H Q7 T?QiQ;`�KK2i`v �M/
`2KQi2 b2MbBM;- de,RdĜkN- kyRjX

qX >2bb2HBMF- JX oBbb2`- �M/ CX _Q2`/BMFX 1m+HB/2�M bF2H2iQMb Q7 j. /�i� b2ib BM
HBM2�` iBK2 #v i?2 BMi2;2` K2/B�H �tBb i`�Mb7Q`KX AM *X _QMb2- GX L�DK�M- �M/
1X .2+2M+Bĕ`2- 2/BiQ`b- J�i?2K�iB+�H JQ`T?QHQ;v, 9y u2�`b PM- pQHmK2 jy
Q7 *QKTmi�iBQM�H AK�;BM; �M/ oBbBQM- T�;2b k8NĜke3X aT`BM;2` L2i?2`H�M/b-
kyy8X

JX >Bb�/�- �X :X "2Hv�2p- �M/ hX GX EmMBBX � bF2H2iQM@#�b2/ �TT`Q�+? 7Q`
/2i2+iBQM Q7 T2`+2Tim�HHv b�HB2Mi 72�im`2b QM TQHv;QM�H bm`7�+2bX *QKTmi2`
:`�T?B+b 6Q`mK- kRU9V,e3NĜdyy- kyykX

"X >ƺ~2- JX o2ii2`- LX S72B72`- :X J�M/H#m`;2`- �M/ CX aiƺii2`X q�i2` bm`7�+2
K�TTBM; 7`QK �B`#Q`M2 H�b2` b+�MMBM; mbBM; bB;M�H BMi2MbBiv �M/ 2H2p�iBQM /�i�X
1�`i? am`7�+2 S`Q+2bb2b �M/ G�M/7Q`Kb- j9,Rej8ĜRe9N- kyyNX

CX >QT+`Q7i �M/ _X h�`D�MX �H;Q`Bi?K 99d, 1{+B2Mi �H;Q`Bi?Kb 7Q` ;`�T? K�@
MBTmH�iBQMX *QKKmMX �*J- ReUeV,jdkĜjd3- CmM2 RNdjX

SX oX *X >Qm;?X J2i?Q/ �M/ K2�Mb 7Q` `2+Q;MBxBM; +QKTH2t T�ii2`Mb- .2+X R3
RNekX la S�i2Mi j-yeN-e89X

>X >m�M;- aX qm- JX :QM;- .X *Q?2M@P`- lX �b+?2`- �M/ >X _X w?�M;X 1/;2@
�r�`2 TQBMi b2i `2b�KTHBM;X �*J h`�MbX :`�T?X- jkURV,N,RĜN,Rk- 62#X kyRjX

_X@GX >r�M;- hX@SX GBM- �M/ �X J�ix�`�FBbX a2�bQM�H 2z2+ib Q7 m`#�M bi`22i
b?�/BM; QM HQM;@i2`K Qmi/QQ` i?2`K�H +QK7Q`iX "mBH/BM; �M/ 1MpB`QMK2Mi-
9eU9V,3ejĜ3dy- �T`X kyRRX

JX Ab2M#m`;- uX GBm- CX _X a?2r+?mF- �M/ CX aMQ2vBMFX ai`2�KBM; +QKTmi�iBQM
Q7 .2H�mM�v i`B�M;mH�iBQMbX �*J h`�Mb�+iBQMb QM :`�T?B+b- k8UjV,Ry9NĜRy8e-
kyyeX

R93



"B#HBQ;`�T?v

�X *X C�H#�- CX Embi`�- �M/ �X *X h2H2�X am`7�+2 �M/ +m`p2 bF2H2iQMBx�iBQM Q7
H�`;2 j/ KQ/2Hb QM i?2 ;TmX S�ii2`M �M�HvbBb �M/ J�+?BM2 AMi2HHB;2M+2- A111
h`�Mb�+iBQMb QM- j8UeV,R9N8ĜR8y3- CmM2 kyRkX

1X JX CQ�QX *�mb2b �M/ *QMb2[m2M+2b Q7 J�T :2M2`�HBx�iBQMX *_* S`2bb- RNN3X

JX E�/� �M/ GX J+EBMH2vX j. #mBH/BM; `2+QMbi`m+iBQM 7`QK HB/�` #�b2/ QM � +2HH
/2+QKTQbBiBQM �TT`Q�+?X AMi2`M�iBQM�H �`+?Bp2b Q7 S?QiQ;`�KK2i`v- _2KQi2
a2MbBM; �M/ aT�iB�H AM7Q`K�iBQM a+B2M+2b- j3US�`i jV,q9- kyyNX

_X �X E�ix �M/ aX JX SBx2`X lMi�M;HBM; i?2 "HmK K2/B�H �tBb i`�Mb7Q`KX AMi2`@
M�iBQM�H CQm`M�H Q7 *QKTmi2` oBbBQM- 88UkV,RjNĜR8j- kyyjX

aX E�ix- �X h�H- �M/ _X "�b`BX .B`2+i pBbB#BHBiv Q7 TQBMi b2ibX �*J h`�MbX :`�T?X-
keUjV- CmHv kyydX

JX E�x?/�M- JX "QHBi?Q- �M/ >X >QTT2X SQBbbQM bm`7�+2 `2+QMbi`m+iBQMX AM S`Q@
+22/BM;b Q7 i?2 6Qm`i? 1m`Q;`�T?B+b avKTQbBmK QM :2QK2i`v S`Q+2bbBM;- a:S
Ƕye- T�;2b eRĜdy- �B`2@H�@oBHH2- arBix2`H�M/- arBix2`H�M/- kyyeX 1m`Q;`�T?B+b
�bbQ+B�iBQMX

CX EBHB�M- LX >��H�- JX 1M;HB+?- 2i �HX *�Tim`2 �M/ 2p�Hm�iBQM Q7 �B`#Q`M2 H�b2`
b+�MM2` /�i�X AMi2`M�iBQM�H �`+?Bp2b Q7 S?QiQ;`�KK2i`v �M/ _2KQi2 a2MbBM;-
jR,j3jĜj33- RNNeX

_X GX EMQrH2bX h?2 bQH�` 2Mp2HQT2, Bib K2�MBM; 7Q` 2M2`;v �M/ #mBH/BM;bX 1M2`;v
�M/ "mBH/BM;b- j8URV,R8Ĝk8- C�MX kyyjX

GX EQ##2Hi �M/ JX "Qib+?X � bm`p2v Q7 TQBMi@#�b2/ i2+?MB[m2b BM +QKTmi2`
;`�T?B+bX *QKTmiX :`�T?X- k3UeV,3yRĜ3R9- .2+X kyy9X

_X EQHHm`B- CX _X a?2r+?mF- �M/ CX 6X PǶ"`B2MX aT2+i`�H bm`7�+2 `2+QMbi`m+iBQM
7`QK MQBbv TQBMi +HQm/bX AM S`Q+22/BM;b avKTQbBmK QM :2QK2i`v S`Q+2bbBM;-
T�;2b RRĜkR- LB+2- 6`�M+2- kyy9X

"X EQp�Í �M/ "X ʇ�HBFX oBbm�HBx�iBQM Q7 GA.�_ /�i�b2ib mbBM; TQBMi@#�b2/
`2M/2`BM; i2+?MB[m2X *QKTmi2`b � :2Qb+B2M+2b- jeURRV,R99j Ĝ R98y- kyRyX

EX E`�mb �M/ LX S72B72`X .2i2`KBM�iBQM Q7 i2``�BM KQ/2Hb BM rQQ/2/ �`2�b rBi?
�B`#Q`M2 H�b2` b+�MM2` /�i�X AaS_a CQm`M�H Q7 S?QiQ;`�KK2i`v �M/ _2KQi2
a2MbBM;- 8jU9V,RNjĜkyj- RNN3X

EX E`�mb �M/ LX S72B72`X �/p�M+2/ /iK ;2M2`�iBQM 7`QK HB/�` /�i�X AMi2`M�@
iBQM�H �`+?Bp2b P7 S?QiQ;`�KK2i`v _2KQi2 a2MbBM; �M/ aT�iB�H AM7Q`K�iBQM
a+B2M+2b- j9Ujfq9V,kjĜjy- kyyRX

PX E`2vHQb- :X "�r/2M- �M/ GX E2HHQ;;X AKK2`bBp2 pBbm�HBx�iBQM �M/ �M�HvbBb Q7
HB/�` /�i�X �/p�M+2b BM oBbm�H *QKTmiBM;- T�;2b 39eĜ388- kyy3X

R9N



"B#HBQ;`�T?v

JX SX EmKH2`X �M BMi2MbBp2 +QKT�`BbQM Q7 i`B�M;mH�i2/ B``2;mH�` M2irQ`Fb UhALbV
�M/ /B;Bi�H 2H2p�iBQM KQ/2Hb U.1JbVX *�`iQ;`�T?B+�- jRUkV- RNN9X

CX Embi`�- �X C�H#�- �M/ �X h2H2�X _Q#mbi b2;K2Mi�iBQM Q7 KmHiBTH2 BMi2`b2+iBM;
K�MB7QH/b 7`QK mMQ`B2Mi2/ MQBbv TQBMi +HQm/bX *QKTmi2` :`�T?B+b 6Q`mK- jj
URV,djĜ3d- kyR9X

CX Embi`�- �X C�H#�- �M/ �X h2H2�X *QKTmiBM; `2}M2/ bF2H2i�H 72�im`2b 7`QK
K2/B�H TQBMi +HQm/bX S�ii2`M _2+Q;MBiBQM G2ii2`b- de,Rj Ĝ kR- kyReX aT2+B�H
Abbm2 QM aF2H2iQMBx�iBQM �M/ Bib �TTHB+�iBQMX

6X G�7�`;2 �M/ *X J�HH2iX *`2�iBM; H�`;2@b+�H2 +Biv KQ/2Hb 7`QK j.@TQBMi +HQm/b,
� `Q#mbi �TT`Q�+? rBi? ?v#`B/ `2T`2b2Mi�iBQMX AMi2`M�iBQM�H DQm`M�H Q7 +QK@
Tmi2` pBbBQM- NNURV,eNĜ38- kyRkX

JX G�KX *`2�iBM; i?2 K2/B�H �tBb i`�Mb7Q`K 7Q` #BHHBQMb Q7 GB.�_ TQBMib mbBM;
� K2KQ`v 2{+B2Mi K2i?Q/X J�bi2`Ƕb i?2bBb- Ja+ i?2bBb BM :2QK�iB+b- .2H7i
lMBp2`bBiv Q7 h2+?MQHQ;v- kyReX

.X@hX G22X J2/B�H �tBb i`�Mb7Q`K�iBQM Q7 � TH�M�` b?�T2X A111 h`�Mb�+iBQMb QM
T�ii2`M �M�HvbBb �M/ K�+?BM2 BMi2HHB;2M+2- U9V,jejĜjeN- RN3kX

CX G22X � /`QT ?2m`BbiB+ +QMp2`bBQM K2i?Q/ 7Q` 2ti`�+iBM; B``2;mH�` M2irQ`F 7Q`
/B;Bi�H 2H2p�iBQM KQ/2HbX �aS_af�*aJ- RN3NX

6X G2vK�`B2 �M/ "X EBKB�X h?2 K2/B�H b+�zQH/ Q7 j. mMQ`;�MBx2/ TQBMi +HQm/bX
S�ii2`M �M�HvbBb �M/ J�+?BM2 AMi2HHB;2M+2- A111 h`�Mb�+iBQMb QM- kNUkV,jRjĜ
jjy- kyydX

"X GB- _X a+?M�#2H- _X EH2BM- wX *?2M;- :X .�M;- �M/ aX CBMX _Q#mbi MQ`K�H
2biBK�iBQM 7Q` TQBMi +HQm/b rBi? b?�`T 72�im`2bX *QKTmi2`b � :`�T?B+b- j9
UkV,N9 Ĝ Rye- kyRyX

SX GB- "X q�M;- 6X amM- sX :mQ- *X w?�M;- �M/ qX q�M;X Z@K�i, *QKTmiBM;
K2/B�H �tBb i`�Mb7Q`K #v [m�/`�iB+ 2``Q` KBMBKBx�iBQMX �*J h`�Mb�+iBQMb QM
:`�T?B+b UhP:V- j8URV,3- kyR8X

wX GB- ZX w?m- �M/ *X JX :QH/X .B;Bi�H h2``�BM JQ/2HBM;ěS`BM+BTH2b �M/ J2i?Q/@
QHQ;vX *_* S`2bb- kyy8X

hX GBHH2b�M/- _X EB272`- �M/ CX *?BTK�MX _2KQi2 a2MbBM; �M/ AK�;2 AMi2`T`2@
i�iBQMX CQ?M qBH2v � aQMb- Gi/- ei? 2/BiBQM 2/BiBQM- kyy3X

"X GQ?�MB �M/ .X *X J�bQMX �TTHB+�iBQM Q7 �B`#Q`M2 b+�MMBM; H�b2` �HiBK2i`v iQ
i?2 bim/v Q7 iB/�H +?�MM2H ;2QKQ`T?QHQ;vX AaS_a CQm`M�H Q7 S?QiQ;`�KK2i`v
�M/ _2KQi2 a2MbBM;- 8e,RyyĜRky- kyyRX

R8y



"B#HBQ;`�T?v

�X GQp2iiX :Aa@#�b2/ pBbm�HBb�iBQM Q7 `m`�H H�M/b+�T2b, /2}MBM; ǵbm{+B2MiǶ `2@
�HBbK 7Q` 2MpB`QMK2Mi�H /2+BbBQM@K�FBM;X G�M/b+�T2 �M/ l`#�M SH�MMBM;- e8
UjV,RRdĜRjR- P+iX kyyjX

CX J�- aX qX "�2- �M/ aX *?QBX j. K2/B�H �tBb TQBMi �TT`QtBK�iBQM mbBM; M2�`2bi
M2B;?#Q`b �M/ i?2 MQ`K�H }2H/X h?2 oBbm�H *QKTmi2`- k3URV,dĜRN- kyRkX

>X J�H�MQ �M/ SX oX >Q7r2;2MX J�M�;2K2Mi Q7 A``B;�iBQM �M/ .`�BM�;2 avbi2Kb,
� a2`pB+2 �TT`Q�+?X �X �X "�HF2K� Sm#HBb?2`b- _Qii2`/�K- L2i?2`H�M/b-
C�Mm�`v RNNNX

*X J�HH2i �M/ 6X "`2i�`X 6mHH@r�p27Q`K iQTQ;`�T?B+ HB/�`, ai�i2@Q7@i?2@�`iX
AaS_a CQm`M�H Q7 S?QiQ;`�KK2i`v �M/ _2KQi2 a2MbBM;- e9URV,RĜRe- kyyNX

CX LX J�i?2`X .Bbi�M+2 7`QK � bm#K�MB7QH/ BM 2m+HB/2�M@bT�+2X AM S`Q+22/BM;b
Q7 bvKTQbB� BM Tm`2 K�i?2K�iB+b- pQHmK2 9y- T�;2b RNNĜkRe- RN3jX

EX J�imF- *X :QH/- �M/ wX GBX aF2H2iQM #�b2/ +QMiQm` HBM2 ;2M2`�HBx�iBQMX
S`Q;`2bb BM aT�iB�H .�i� >�M/HBM;- T�;2b e9jĜe83- kyyeX

_X J2?`�- SX h`BT�i?B- �X a?2z2`- �M/ LX CX JBi`�X oBbB#BHBiv Q7 MQBbv TQBMi +HQm/
/�i�X *QKTmi2`b � :`�T?B+b- j9UjV,kRNĜkjy- kyRyX

�X J2Bb2Hb- aX _�BxK�M- �M/ �X E�`MB2HBX aF2H2iQMBxBM; � /2K BMiQ � /`�BM�;2
M2irQ`FX *QKTmi2`b � :2Qb+B2M+2b- kRURV,R3dĜRNe- RNN8X

"X JBFHQb- CX :B2b2M- �M/ JX S�mHvX .Bb+`2i2 b+�H2 �tBb `2T`2b2Mi�iBQMb 7Q` j/
;2QK2i`vX �*J h`�MbX :`�T?X- kN,RyR,RĜRyR,Ry- CmHv kyRyX

hX JƺHH2` �M/ "X h`mK#Q`2X 6�bi- KBMBKmK biQ`�;2 `�v@i`B�M;H2 BMi2`b2+iBQMX
CQm`M�H Q7 :`�T?B+b hQQHb- kURV,kRĜk3- RNNdX

SX JmbB�HbFB- SX qQMF�- .X :X �HB�;�- JX qBKK2`- GX p�M :QQH- �M/ qX Sm`@
;�i?Q72`X � bm`p2v Q7 m`#�M `2+QMbi`m+iBQMX *QKTmi2` :`�T?B+b 6Q`mK- jk
UeV,R9eĜRdd- kyRjX

>X hX L;mv2M �M/ CX JX S2�`+2X AM+Q`TQ`�iBM; b?�/BM; HQbb2b BM bQH�` T?QiQpQHi�B+
TQi2MiB�H �bb2bbK2Mi �i i?2 KmMB+BT�H b+�H2X aQH�` 1M2`;v- 3eU8V,Rk98ĜRkey-
J�v kyRkX

_X P;MB2rB+x �M/ JX AH;X oQ`QMQB bF2H2iQMb, h?2Q`v �M/ �TTHB+�iBQMbX AM *QK@
Tmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM- RNNkX S`Q+22/BM;b *oS_ǶNkX- RNNk
A111 *QKTmi2` aQ+B2iv *QM72`2M+2 QM- T�;2b ejĜeNX A111- RNNkX

PT2M :2QbT�iB�H *QMbQ`iBmKX *Biv :2Q;`�T?v J�`FmT G�M;m�;2 U*Biv:JGV
1M+Q/BM; ai�M/�`/- p2`bBQM, kXyXy- kyRkX

R8R



"B#HBQ;`�T?v

aX CX Pm/2 1H#2`BMFX �+[mBbBiBQM Q7 j. iQTQ;`�T?v, �miQK�i2/ j. `Q�/ �M/ #mBH/@
BM; `2+QMbi`m+iBQM mbBM; �B`#Q`M2 H�b2` b+�MM2` /�i� �M/ iQTQ;`�T?B+ K�TbX
lMBp2`bBiv Q7 hr2Mi2- kyRyX

CX Pp2`#v- GX "Q/mK- 1X ED2Kb- �M/ SX ABbQ2X �miQK�iB+ j. #mBH/BM; `2+QMbi`m+@
iBQM 7`QK �B`#Q`M2 H�b2` b+�MMBM; �M/ +�/�bi`�H /�i� mbBM; ?Qm;? i`�Mb7Q`KX
AMi2`M�iBQM�H �`+?Bp2b Q7 S?QiQ;`�KK2i`v- _2KQi2 a2MbBM; �M/ aT�iB�H AM7Q`@
K�iBQM a+B2M+2b- j9,kNeĜjyR- kyy9X

JX S�``v- PX *�MxB�MB- CX S�HmiBFQ7- SX p�M /2` GBM/2M- �M/ *X >�MbQMX *QMi`B@
#miBQM Q7 rQ`FBM; ;`QmT BB iQ i?2 7Qm`i? �bb2bbK2Mi `2TQ`i Q7 i?2 BMi2`;Qp2`M@
K2Mi�H T�M2H QM +HBK�i2 +?�M;2X AS** 6Qm`i? �bb2bbK2Mi _2TQ`i, *HBK�i2
*?�M;2 kyyd- kyydX

SX S�bb�H�+[m�- hX .Q h`mM;- 1X 6Qm7QmH�@:2Q`;BQm- :X a�TB`Q- �M/ qX 1X .B2i@
`B+?X � ;2QK2i`B+ 7`�K2rQ`F 7Q` +?�MM2H M2irQ`F 2ti`�+iBQM 7`QK HB/�`, LQM@
HBM2�` /BzmbBQM �M/ ;2Q/2bB+ T�i?bX CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, 1�`i?
am`7�+2- RR8U6RV- kyRyX 6yRyykX

SX S�bb�H�+[m�- SX "2HKQMi- �M/ 1X 6Qm7QmH�@:2Q`;BQmX �miQK�iB+ ;2QKQ`T?B+
72�im`2 2ti`�+iBQM 7`QK HB/�` BM ~�i �M/ 2M;BM22`2/ H�M/b+�T2bX q�i2` _2@
bQm`+2b _2b2�`+?- 93UjV- kyRkX

JX S�mHv- JX :`Qbb- �M/ GX EQ##2HiX 1{+B2Mi bBKTHB}+�iBQM Q7 TQBMi@b�KTH2/
bm`7�+2bX AM oBbm�HBx�iBQM- kyykX oAa kyykX A111- T�;2b RejĜRdyX A111- kyykX

>X S}bi2`- JX wrB+F2`- CX o�M "��`- �M/ JX :`QbbX am`72Hb, am`7�+2 2H2@
K2Mib �b `2M/2`BM; T`BKBiBp2bX AM S`Q+22/BM;b Q7 i?2 kdi? �MMm�H +QM72`@
2M+2 QM *QKTmi2` ;`�T?B+b �M/ BMi2`�+iBp2 i2+?MB[m2b- T�;2b jj8Ĝj9kX �*J
S`2bbf�//BbQM@q2bH2v Sm#HBb?BM; *QX- kyyyX

aX JX SBx2`- EX aB//B[B- :X axûF2Hv- CX LX .�KQM- �M/ aX qX wm+F2`X JmHiBb+�H2
K2/B�H HQ+B �M/ i?2B` T`QT2`iB2bX AMi2`M�iBQM�H CQm`M�H Q7 *QKTmi2` oBbBQM-
88Uk@jV,R88ĜRdN- kyyjX

"X JX SQbb2H- _X *X GBM/2M#2`;?- �M/ CX 1X aiQ`KbX �miQK�iB+ /2i2+iBQM Q7
#m`B2/ +?�MM2H /2TQbBib 7`QK /2Mb2 H�b2` �HiBK2i`v /�i�X AMi2`M�iBQM�H aQ+B2iv
Q7 S?QiQ;`�KK2i`v �M/ _2KQi2 a2MbBM; UAaS_aV- kyRyX

hX _�##�MB- 6X o�M .2M >2mp2H- �M/ :X oQbb2HK�MMX a2;K2Mi�iBQM Q7 TQBMi
+HQm/b mbBM; bKQQi?M2bb +QMbi`�BMiX AMi2`M�iBQM�H �`+?Bp2b Q7 S?QiQ;`�KK2@
i`v- _2KQi2 a2MbBM; �M/ aT�iB�H AM7Q`K�iBQM a+B2M+2b- jeU8V,k93Ĝk8j- kyyeX

_X _B+?i2` �M/ CX .ƺHHM2`X Pmi@Q7@+Q`2 `2�H@iBK2 pBbm�HBx�iBQM Q7 K�bbBp2 j/
TQBMi +HQm/bX AM S`Q+22/BM;b Q7 i?2 di? AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmi2`
:`�T?B+b- oB`im�H _2�HBiv- oBbm�HBb�iBQM �M/ AMi2`�+iBQM BM �7`B+�- T�;2b RkRĜ
Rk3X �*J- kyRyX

R8k



"B#HBQ;`�T?v

_X _B+?i2` �M/ CX .ƺHHM2`X *QM+2Tib �M/ i2+?MB[m2b 7Q` BMi2;`�iBQM- �M�HvbBb �M/
pBbm�HBx�iBQM Q7 K�bbBp2 j/ TQBMi +HQm/bX *QKTmi2`b- 1MpB`QMK2Mi �M/ l`#�M
avbi2Kb- 98,RR9ĜRk9- kyR9X

6X _Qii2Mbi2BM2`X �miQK�iB+ ;2M2`�iBQM Q7 ?B;?@[m�HBiv #mBH/BM; KQ/2Hb 7`QK
HB/�` /�i�X A111 *QKTmi2` :`�T?B+b �M/ �TTHB+�iBQMb- kjUeV,9kĜ8y- kyyjX

6X _Qii2Mbi2BM2`X *QMbBbi2Mi 2biBK�iBQM Q7 #mBH/BM; T�`�K2i2`b +QMbB/2`BM; ;2Q@
K2i`B+ `2;mH�`BiB2b #v bQ7i +QMbi`�BMibX AM AMi2`M�iBQM�H �`+?Bp2b Q7 S?QiQ;`�K@
K2i`v- _2KQi2 a2MbBM; �M/ aT�iB�H AM7Q`K�iBQM a+B2M+2b- kyyeX

6X _Qii2Mbi2BM2`- :X aQ?M- JX :2`F2- CX .X q2;M2`- lX "`2BiFQT7- �M/ CX CmM;X
_2bmHib Q7 i?2 AaS_a #2M+?K�`F QM m`#�M Q#D2+i /2i2+iBQM �M/ j/ #mBH/BM;
`2+QMbi`m+iBQMX AaS_a CQm`M�H Q7 S?QiQ;`�KK2i`v �M/ _2KQi2 a2MbBM;- Nj,
k8e Ĝ kdR- kyR9X

SX EX a�?�- :X "Q`;27Q`b- �M/ :X aX /B "�D�X � bm`p2v QM bF2H2iQMBx�iBQM �H;Q@
`Bi?Kb �M/ i?2B` �TTHB+�iBQMbX S�ii2`M _2+Q;MBiBQM G2ii2`b- de,jĜRk- kyReX

JX a�BMx �M/ _X S�D�`QH�X SQBMi@#�b2/ `2M/2`BM; i2+?MB[m2bX *QKTmi2`b �
:`�T?B+b- k3UeV,3eN Ĝ 3dN- kyy9X

>X a�M;B`2//v- *X SX ai�`F- �X EH�/xvF- �M/ SX S�bb�H�+[m�X :2QL2i, �M QT2M
bQm`+2 bQ7ir�`2 7Q` i?2 �miQK�iB+ �M/ Q#D2+iBp2 2ti`�+iBQM Q7 +?�MM2H ?2�/b-
+?�MM2H M2irQ`F- �M/ +?�MM2H KQ`T?QHQ;v 7`QK ?B;? `2bQHmiBQM iQTQ;`�T?v
/�i�X 1MpB`QMK2Mi�H JQ/2HHBM; � aQ7ir�`2- 3j,83Ĝdj- kyReX

*X a+?2B#H�m2`X AMi2`�+iBQMb rBi? :B;�MiB+ SQBMi *HQm/bX S?. i?2bBb- AMbiB@
imi2 Q7 *QKTmi2` :`�T?B+b �M/ �H;Q`Bi?Kb- oB2MM� lMBp2`bBiv Q7 h2+?MQHQ;v-
6�pQ`Bi2Mbi`�bb2 N@RRfR3e- �@Ry9y oB2MM�- �mbi`B�- kyR9X

_X a+?M�#2H- _X q2bb2H- _X q�?H- �M/ _X EH2BMX a?�T2 `2+Q;MBiBQM BM j. TQBMi@
+HQm/bX AM h?2 Re@i? AMi2`M�iBQM�H *QM72`2M+2 BM *2Mi`�H 1m`QT2 QM *QKTmi2`
:`�T?B+b- oBbm�HBx�iBQM �M/ *QKTmi2` oBbBQM- pQHmK2 3X *Bi2b22`- kyy3X

CX a?�M �M/ *X EX hQi?X hQTQ;`�T?B+ H�b2` `�M;BM; �M/ b+�MMBM;, T`BM+BTH2b �M/
T`Q+2bbBM;X *_* T`2bb- kyy3X

.X CX a?22?v- *X :X �`Kbi`QM;- �M/ .X CX _Q#BMbQMX *QKTmiBM; i?2 K2/B�H
bm`7�+2 Q7 � bQHB/ 7`QK � /QK�BM /2H�mM�v i`B�M;mH�iBQMX AM S`Q+22/BM;b Q7
i?2 i?B`/ �*J bvKTQbBmK QM aQHB/ KQ/2HBM; �M/ �TTHB+�iBQMb- T�;2b kyRĜkRkX
�*J- RNN8X

EX aB//B[B �M/ aX JX SBx2`X J2/B�H `2T`2b2Mi�iBQMb, K�i?2K�iB+b- �H;Q`Bi?Kb
�M/ �TTHB+�iBQMb- pQHmK2 jdX aT`BM;2`- kyy3X

:X AX aMv/2`X h?2 #2M2}ib Q7 BKT`Qp2/ M�iBQM�H 2H2p�iBQM /�i�X S?QiQ;`�KK2i`B+
1M;BM22`BM; �M/ _2KQi2 a2MbBM;- dNUkV- kyRjX
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"B#HBQ;`�T?v

�X aQ#B2+FB- >X *X u�b�M- �X *X C�H#�- �M/ �X *X h2H2�X Zm�HBi�iBp2 +QKT�`BbQM Q7
+QMi`�+iBQM@#�b2/ +m`p2 bF2H2iQMBx�iBQM K2i?Q/bX AM J�i?2K�iB+�H JQ`T?QHQ;v
�M/ Aib �TTHB+�iBQMb iQ aB;M�H �M/ AK�;2 S`Q+2bbBM;- T�;2b 9k8Ĝ9jNX aT`BM;2`-
kyRjX

:X aQ?M �M/ AX .QrK�MX .�i� 7mbBQM Q7 ?B;?@`2bQHmiBQM b�i2HHBi2 BK�;2`v �M/ HB@
/�` /�i� 7Q` �miQK�iB+ #mBH/BM; 2ti`�+iBQMX AaS_a CQm`M�H Q7 S?QiQ;`�KK2i`v
�M/ _2KQi2 a2MbBM;- ekURV,9j Ĝ ej- kyydX

�X am/- JX �X Pi�/mv- �M/ .X J�MQ+?�X .B6B, 6�bi j. /Bbi�M+2 }2H/ +QKTm@
i�iBQM mbBM; ;`�T?B+b ?�`/r�`2X *QKTmi2` :`�T?B+b 6Q`mK- kjUjV,88dĜ8ee-
kyy9X

�X am/- JX 6QbF2v- �M/ .X J�MQ+?�X >QKQiQTv@T`2b2`pBM; K2/B�H �tBb bBKTHB}@
+�iBQMX AMi2`M�iBQM�H CQm`M�H Q7 *QKTmi�iBQM�H :2QK2i`v � �TTHB+�iBQMb- Rd
Uy8V,9kjĜ98R- kyydX

6X amM- uX@EX *?QB- uX um- �M/ qX q�M;X J2/B�H K2b?2b 7Q` pQHmK2 �TT`QtB@
K�iBQMX �`sBp T`2T`BMi �`sBp,Rjy3XjNRd- kyRjX

aX amM �M/ *X a�Hp�;;BQX �2`B�H j. #mBH/BM; /2i2+iBQM �M/ KQ/2HBM; 7`QK �B`@
#Q`M2 HB/�` TQBMi +HQm/bX A111 CQm`M�H Q7 a2H2+i2/ hQTB+b BM �TTHB2/ 1�`i?
P#b2`p�iBQMb �M/ _2KQi2 a2MbBM;- eUjV,R99yĜR99N- CmM2 kyRjX

�X h�;HB�b�++?B- hX .2H�K2- JX aT�;MmQHQ- LX �K2Mi�- �M/ �X h2H2�X j. bF2H2@
iQMb, � bi�i2@Q7@i?2@�`i `2TQ`iX *QKTmi2` :`�T?B+b 6Q`mK- j8UkV,8djĜ8Nd-
kyReX

_X h�K �M/ qX >2B/`B+?X a?�T2 bBKTHB}+�iBQM #�b2/ QM i?2 K2/B�H �tBb i`�Mb@
7Q`KX AM oBbm�HBx�iBQM- kyyjX oAa kyyjX A111- T�;2b 93RĜ933X A111- kyyjX

6X h�`b?�@Em`/B- hX G�M/2b- �M/ SX :`mbb2MK2v2`X 1ti2M/2/ `�Mb�+ �H;Q`Bi?K
7Q` �miQK�iB+ /2i2+iBQM Q7 #mBH/BM; `QQ7 TH�M2b 7`QK HB/�` /�i�X h?2 T?Q@
iQ;`�KK2i`B+ DQm`M�H Q7 6BMH�M/- kRURV,NdĜRyN- kyy3X

:X hQb+�MQ- lX :QT�H�K- �M/ oX .2p�`�D�MX �miQ ?v/`Q #`2�F HBM2 ;2M2`�iBQM
mbBM; GB.�_ 2H2p�iBQM �M/ BMi2MbBiv /�i�X AM S`Q+22/BM;b �aS_a kyR9 �MMm�H
*QM72`2M+2- GQmBbpBHH2- E2Mim+Fv- la�- kyR9X

uX o2`/B2- 6X G�7�`;2- �M/ SX �HHB2xX GP. :2M2`�iBQM 7Q` l`#�M a+2M2bX �*J
h`�MbX QM :`�T?B+b- j9UjV- kyR8X

oX o2`K�- _X EmK�`- �M/ aX >bmX j. #mBH/BM; /2i2+iBQM �M/ KQ/2HBM; 7`QK
�2`B�H HB/�` /�i�X AM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM- kyye A111
*QKTmi2` aQ+B2iv *QM72`2M+2 QM- pQHmK2 k- T�;2b kkRjĜkkky- kyyeX
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"B#HBQ;`�T?v

CX@SX oB`i�M2M- �X EmFFQ- >X E��`iBM2M- �X C��FFQH�- hX hm`TT�- >X >vvTT -
�M/ CX >vvTT X L�iBQMrB/2 TQBMi +HQm/ěi?2 7mim`2 iQTQ;`�T?B+ +Q`2 /�i�X
AaS_a AMi2`M�iBQM�H CQm`M�H Q7 :2Q@AM7Q`K�iBQM- eU3V- kyRdX

:X oQbb2HK�MX aHQT2 #�b2/ }Hi2`BM; Q7 H�b2` �HiBK2i`v /�i�X AM S`Q+22/BM;b
A�S_a- oQHX sssAAA- �Kbi2`/�K- i?2 L2i?2`H�M/b- kyyyX

:X oQbb2HK�M- aX .BDFK�M- 2i �HX j. #mBH/BM; KQ/2H `2+QMbi`m+iBQM 7`QK TQBMi
+HQm/b �M/ ;`QmM/ TH�MbX AMi2`M�iBQM�H �`+?Bp2b Q7 T?QiQ;`�KK2i`v `2KQi2
b2MbBM; �M/ bT�iB�H BM7Q`K�iBQM b+B2M+2b- j9Ujfq9V,jdĜ99- kyyRX

_X q�?H- _X a+?M�#2H- �M/ _X EH2BMX 6`QK /2i�BH2/ /B;Bi�H bm`7�+2 KQ/2Hb iQ +Biv
KQ/2Hb mbBM; +QMbi`�BM2/ bBKTHB}+�iBQMX AM S?QiQ;`�KK2i`B2- 62`M2`FmM/mM;-
:2QBM7Q`K�iBQMX *Bi2b22`- kyy3X

AX q�H/ �M/ oX >�p`�MX PM #mBH/BM; 7�bi F/@i`22b 7Q` `�v i`�+BM;- �M/ QM /QBM;
i?�i BM Q UM HQ; MVX AM AMi2`�+iBp2 _�v h`�+BM; kyye- A111 avKTQbBmK QM-
T�;2b eRĜeNX A111- kyyeX

AX q�H/ �M/ >X@SX a2B/2HX AMi2`�+iBp2 `�v i`�+BM; Q7 TQBMi@#�b2/ KQ/2HbX AM
S`Q+22/BM;b Q7 i?2 a2+QM/ 1m`Q;`�T?B+b f A111 o:h* *QM72`2M+2 QM SQBMi@
"�b2/ :`�T?B+b- aS":Ƕy8- T�;2b NĜRe- �B`2@H�@oBHH2- arBix2`H�M/- arBix2`H�M/-
kyy8X 1m`Q;`�T?B+b �bbQ+B�iBQMX

JX q�M/- �X "2`M2`- JX "QF2HQ?- SX C2MF2- �X 6H2+F- JX >QzK�MM- "X J�B2`-
.X ai�M2F2`- �X a+?BHHBM;- �M/ >X@SX a2B/2HX S`Q+2bbBM; �M/ BMi2`�+iBp2 2/BiBM;
Q7 ?m;2 TQBMi +HQm/b 7`QK j. b+�MM2`bX *QKTmi2`b � :`�T?B+b- jkUkV,ky9 Ĝ
kky- kyy3X

GX qBHHB�KbX *�biBM; +m`p2/ b?�/Qrb QM +m`p2/ bm`7�+2bX AM S`Q+22/BM;b Q7 i?2
8i? �MMm�H *QM72`2M+2 QM *QKTmi2` :`�T?B+b �M/ AMi2`�+iBp2 h2+?MB[m2b-
aA::_�S> Ƕd3- T�;2b kdyĜkd9- L2r uQ`F- Lu- la�- RNd3X �*JX

JX qBKK2` �M/ *X a+?2B#H�m2`X AMbi�Mi TQBMib, 6�bi `2M/2`BM; Q7 mMT`Q+2bb2/
TQBMi +HQm/bX AM aS":- T�;2b RkNĜRjeX *Bi2b22`- kyyeX

"X sBQM;- aX PX 1H#2`BMF- �M/ :X oQbb2HK�MX � ;`�T? 2/Bi /B+iBQM�`v 7Q` +Q`@
`2+iBM; 2``Q`b BM `QQ7 iQTQHQ;v ;`�T?b `2+QMbi`m+i2/ 7`QK TQBMi +HQm/bX AaS_a
CQm`M�H Q7 S?QiQ;`�KK2i`v �M/ _2KQi2 a2MbBM;- Nj,kkd Ĝ k9k- kyR9X

"X sBQM;- aX PX 1H#2`BMF- �M/ :X oQbb2HK�MX 6QQiT`BMi K�T T�`iBiBQMBM; mb@
BM; �B`#Q`M2 H�b2` b+�MMBM; /�i�X AaS_a �MM�Hb Q7 S?QiQ;`�KK2i`v- _2KQi2
a2MbBM; � aT�iB�H AM7Q`K�iBQM a+B2M+2b- jUjV- kyReX

_X u��;Qm#B- JX u�`K�MB- �X E�K2H- �M/ qX E?2KB`BX >v#oP_, � oQ`QMQB@
"�b2/ j. :Aa �TT`Q�+? 7Q` *�K2`� am`p2BHH�M+2 L2irQ`F SH�+2K2MiX AaS_a
AMi2`M�iBQM�H CQm`M�H Q7 :2Q@AM7Q`K�iBQM- 9UkV,d89Ĝd3k- J�v kyR8X

R88



"B#HBQ;`�T?v

�X u2xBQ`Q �M/ 1X a?�pBpX a?�/BM;, � /2bB;M iQQH 7Q` �M�HvxBM; Kmim�H b?�/BM;
#2ir22M #mBH/BM;bX aQH�` 1M2`;v- 8kURV,kdĜjd- C�MX RNN9X

EX w?�M;- aX@*X *?2M- .X q?BiK�M- JX@GX a?vm- CX u�M- �M/ *X w?�M;X �
T`Q;`2bbBp2 KQ`T?QHQ;B+�H }Hi2` 7Q` `2KQpBM; MQM;`QmM/ K2�bm`2K2Mib 7`QK
�B`#Q`M2 HB/�` /�i�X A111 i`�Mb�+iBQMb QM ;2Qb+B2M+2 �M/ `2KQi2 b2MbBM;- 9R
U9V,3dkĜ33k- kyyjX

ZX w?Qm �M/ �X@sX w?mX h?2 `2+2Mi �/p�M+2K2Mi BM /B;Bi�H i2``�BM �M�HvbBb �M/
KQ/2HBM;X AMi2`M�iBQM�H CQm`M�H Q7 :2Q;`�T?B+�H AM7Q`K�iBQM a+B2M+2- kdUdV,
RkeNĜRkdR- kyRjX

ZX@uX w?Qm �M/ lX L2mK�MMX kX8. .m�H *QMiQm`BM;, � _Q#mbi �TT`Q�+? iQ
*`2�iBM; "mBH/BM; JQ/2Hb 7`QK �2`B�H GB.�_ SQBMi *HQm/b- T�;2b RR8ĜRk3X
aT`BM;2` "2`HBM >2B/2H#2`;- "2`HBM- >2B/2H#2`;- kyRyX

R8e



amKK�`v

� ;2Q;`�T?B+�H TQBMi +HQm/ Bb � /2i�BH2/ i?`22@/BK2MbBQM�H `2T`2b2Mi�iBQM Q7 i?2
;2QK2i`v Q7 Qm` ;2Q;`�T?B+ 2MpB`QMK2MiX lbBM; ;2Q;`�T?B+�H TQBMi +HQm/ KQ/@
2HHBM;- r2 �`2 �#H2 iQ 2ti`�+i p�Hm�#H2 BM7Q`K�iBQM 7`QK ;2Q;`�T?B+�H TQBMi +HQm/b
i?�i +�M #2 mb2/ 7Q` �TTHB+�iBQMb BM �bb2i K�M�;2K2Mi- +`BbBb K�M�;2K2Mi- +Biv
�M/ H�M/b+�T2 TH�MMBM;- �M/ 2MpB`QMK2Mi�H bBKmH�iBQMbX .m`BM; i?Bb T`Q+2bb i?2
TQBMi +HQm/ Bb b2K�MiB+�HHv 2M`B+?2/- 2X;X #v T2`7Q`KBM; +H�bbB}+�iBQM- �M/ bi`m+@
im`�HHv 2M`B+?2/- 2X;X #v T2`7Q`KBM; b2;K2Mi�iBQM Q` bm`7�+2 `2+QMbi`m+iBQMX
AM i?Bb i?2bBb A T`QTQb2 � M2r �TT`Q�+? iQ ;2Q;`�T?B+�H TQBMi +HQm/ KQ/2HHBM;
#�b2/ QM i?2 j. J2/B�H �tBb h`�Mb7Q`K UJ�hV- � bF2H2iQM@HBF2 `2T`2b2Mi�iBQM
Q7 b?�T2b i?�i 2tTHB+BiHv KQ/2Hb #Qi? i?2 iQTQHQ;v �M/ i?2 ;2QK2i`v Q7 b?�T2bX
q?BH2 i?2 j. J�h ?�b #22M mb2/ #27Q`2 BM Qi?2` }2H/b- Bib �TTHB+�iBQM iQ ;2@
Q;`�T?B+�H TQBMi +HQm/b Bb MQp2HX �/p�Mi�;2b Q7 i?2 J�h Qp2` 2tBbiBM; KQbiHv
kX8. �M/ #QmM/�`v `2T`2b2Mi�iBQM@#�b2/ K2i?Q/b BM+Hm/2 i?�i RV Bi Bb 7mHHv j.-
kV Bi +�M #2 mb2/ iQ BMimBiBp2Hv bi`m+im`2 �M/ /2+QKTQb2 � TQBMi +HQm/ BMiQ Q#@
D2+ib- jV Bi +H2�`Hv b2T�`�i2b � TQBMi +HQm/ BMiQ BMi2`BQ` �M/ 2ti2`BQ` pQHmK2b- �M/
9V Bi Bb �#H2 iQ +QKT�+iHv +?�`�+i2`Bb2 ;2QK2i`B+�H T`QT2`iB2b Q7 � b?�T2 i?Qm;?
Bib HQ+�H K2/B�H ;2QK2i`vX
A K�F2 i?`22 +Q`2 +QMi`B#miBQMbX 6B`bi- A 2tTH�BM ?Qr iQ `Q#mbiHv �TT`QtBK�i2
i?2 j. J�h 7Q` H�`;2 `2�H@rQ`H/ ;2Q;`�T?B+�H TQBMi +HQm/bX h?Bb Bb +`BiB+�H 7Q`
;2Q;`�T?B+�H TQBMi +HQm/b #2+�mb2 i?2v �`2 BM?2`2MiHv MQBbv /m2 iQ i?2 +?�HH2M;@
BM; �+[mBbBiBQM +QM/BiBQMb �M/ i?2 7�+i i?�i i?2 J�h BM Bib2H7 Bb ?B;?Hv b2MbBiBp2
iQ MQBb2X a2+QM/- A b?Qr ?Qr iQ bi`m+im`2 i?2 J�h BMiQ � +QMM2+i2/ b2i Q7 K2/B�H
b?22ib i?�i 7Q`K bQ@+�HH2/ K2/B�H +Hmbi2`b i?�i ;Bp2 mb � M�im`�H /2+QKTQbBiBQM Q7
i?2 TQBMi +HQm/ BMiQ Q#D2+ibX h?B`/- A /2KQMbi`�i2 ?Qr i?2 J�h +�M #2 �TTHB2/
7Q` 72�im`2 �r�`2 TQBMi +HQm/ bBKTHB}+�iBQM �M/ pBbm�HBb�iBQM- pBbB#BHBiv �M�HvbBb-
r�i2`+Qm`b2 /2i2+iBQM- �M/ #mBH/BM; /2i2+iBQMX
.m2 iQ MQBb2 �M/ HBKBi�iBQMb BM i?2 TQBMi /2MbBiv Q7 ;2Q;`�T?B+�H TQBMi +HQm/b-
i?2 J�h T2`7Q`Kb #2bi 7Q` Q#D2+ib i?�i ?�p2 � +H2�`Hv /2}M2/ pQHmK2 BM i?2
TQBMi +HQm/ bm+? �b 7Q` 2t�KTH2 ?Qmb2b �M/ H�M/b+�T2 72�im`2bX Ai Bb H2bb bmBi�#H2
7Q` Q#D2+i HBF2 i`22b �M/ i?BM bi`22i 7m`MBim`2X
h?2 +Q`2 `2bmHi Q7 i?Bb i?2bBb Bb i?�i A T`Qp2 i?�i i?2 j. J�h Bb � mb27mH �M/
T`�+iB+�HHv pB�#H2 iQQH 7Q` ;2Q;`�T?B+�H TQBMi +HQm/ KQ/2HHBM;X

R8d





a�K2Mp�iiBM;

12M ;2Q;`�}b+?2 TmMi2MrQHF Bb 22M ;2/2i�BHH22`/2 /`B2@/BK2MbBQM�H2 `2T`2b2Mi�@
iB2 p�M /2 ;2QK2i`B2 p�M QMx2 ;2Q;`�}b+?2 QK;2pBM;X lBi ;2Q;`�}b+?2 TmMi2M@
rQHF2M F�M r��`/2pQHH2 BM7Q`K�iB2 rQ`/2M p2`F`2;2M /B2 ;2#`mBFi F�M rQ`/2M
pQQ` iQ2T�bbBM;2M BM �bb2i K�M�;2K2Mi- +`BbBbK�M�;2K2Mi- ;2#B2/bQMirBFF2HBM;
2M bim/B2b Qp2` KBHB2m 2M M�imm`X .2x2 BM7Q`K�iB2 rQ`/i mBi /2 TmMi2MrQHF
p2`F`2;2M /QQ` ?2i BM#`2M;2M p�M b2K�MiB2F 2M bi`m+imm`- /QQ` KB//2H p�M #BD@
pQQ`#22H/ +H�bbB}+�iB2- b2;K2Mi�iB2 2M QTT2`pH�Fi2 `2+QMbi`m+iB2X

AF BMi`Q/m+22` 22M MB2mr2 ��MT�F pQQ` ?2i KQ/2HH2`2M p�M ;2Q;`�}b+?2 TmMi2M@
rQHF2M /B2 ;2#�b22`/ Bb QT /2 j. J2/B�H �tBb h`�Mb7Q`K UJ�hV- 22M bF2H2i@
�+?iB;2 `2T`2b2Mi�iB2 p�M pQ`K2M r��`BM xQr2H /2 iQTQHQ;B2 �Hb /2 ;2QK2i`B2
2tTHB+B2i rQ`/i ;2KQ/2HH22`/X �H?Q2r2H /2 j. J�h �H 22`/2` BM �M/2`2 p�F;2#B2@
/2M Bb ;2#`mBFi- Bb /2 iQ2T�bbBM; QT ;2Q;`�}b+?2 TmMi2MrQHF2M MB2mrX oQQ`/2H2M
p�M /2 J�h i2M QTxB+?i2 p�M #2bi��M/2 K2i?Q/2b /B2 p22H�H kX8. xBDM 2M QT /2
#QmM/�`v@`2T`2b2Mi�iB2 ;2#�b22`/ xBDM, RV ?2i Bb 22M pQHr��`/B;2 j. K2i?Q/2- kV
K2i #2?mHT p�M /2 J�h F�M 22M TmMi2MrQHF ;2bi`m+im`22`/ 2M QT;2/22H/ rQ`@
/2M BM HQbb2 Q#D2+i2M- jV 2` rQ`/i 22M /mB/2HBDF2 b+?2B/BM; ��M;2#`�+?i imbb2M
pQHmK2b ��M /2 #BMM2M@ 2M #mBi2MF�Mi p�M Q#D2+i2M- 2M 9V /2 J�h #2p�i �ii`B@
#mi2M U/2 x;MX HQ+�H K2/B�H ;2QK2i`vV r��`K22 /2 ;2QK2i`Bb+?2 2B;2Mb+?�TT2M
p�M 22M pQ`K QT +QKT�+i2 rBDx2 #2b+?`2p2M FmMM2M rQ`/2MX

AM /Bi T`Q27b+?`B7i K��F BF /`B2 #2H�M;`BDF2 #BD/`�;2bX h2M 22`bi H2; BF mBi ?Q2 /2
j. J�h QT `Q#mmbi2 rBDx2 #2`2F2M/ F�M rQ`/2M pQQ` ;`Qi2 ;2Q;`�}b+?2 TmM@
i2MrQHF2MX .Bi Bb 2`; #2H�M;`BDF ��M;2xB2M ;2Q;`�}b+?2 TmMi2MrQHF2M �HiBD/ 22M
bB;MB}+�Mi2 ?Q2p22H?2B/ `mBb #2p�ii2M /QQ` /2 mBi/�;2M/2 BMrBMMBM;b QKbi�M/B;@
?2/2MX "Qp2M/B2M rQ`/i /2 pQ`K p�M /2 J�h x2H7 BM ?Q;2 K�i2 #2śMpHQ2/ /QQ`
`mBbX h2M ir22/2 H��i BF xB2M ?Q2 /2 J�h ;2Q`;�MBb22`/ F�M rQ`/2M iQi 22M
p2`x�K2HBM; K2/B�H b?22ib /B2 xQ;2M��K/2 K2/B�H +Hmbi2`b pQ`K2M r��`K22 22M
TmMi2MrQHF QT M�imm`HBDF2 rBDx2 QT;2bTHBibi F�M rQ`/2M BM HQbb2 Q#D2+i2MX h2M
/2`/2 /2KQMbi`22` BF ?Q2 /2 J�h iQ2;2T�bi F�M rQ`/2M pQQ` bHBKK2 TmMi2MrQHF
bBKTHB}+�iB2 2M pBbm�HBb�iB2- xB+?i �M�Hvb2b- 2M ?2i /2i2+i2`2M p�M r�i2`;�M;2M
2M ;2#Qmr2MX

.QQ` `mBb 2M /2 #2T2`Fi2 TmMi /B+?i?2B/ BM ;2Q;`�}b+?2 TmMi2M rQHF2M- r2`Fi
/2 J�h ?2i #2bi2 pQQ` Q#D2+i2M K2i 22M ;Q2/ ;2/2}MB22`/ pQHmK2 BM /2 TmMi2M
rQHFX .Bi xBDM #BDpQQ`#22H/ ;2#Qmr2M 2M pQ`K2M BM ?2i H�Mb+?�T xQ�Hb /BDF2MX
P#D2+i2M xQ�Hb #QK2M 2M H�Mi��`MT�H2M xBDM KBM/2` ;2b+?BFiX

R8N



a�K2Mp�iiBM;

>2i #2H�M;`BDFbi2 `2bmHi��i mBi /Bi T`Q27b+?`B7i Bb /�i BF #2r2x2M ?2# /�i /2 j.
J�h 22M MmiiB;2 2M T`�FiBb+? iQ2T�b#�`2 K2i?Q/B2F Bb pQQ` ?2i KQ/2HH2`2M p�M
;2Q;`�}b+?2 TmMi2MrQHF2MX

Rey



*m``B+mHmK oBi�2

_�pB S2i2`b r�b #Q`M QM CmM2 e- RN3N BM _Qii2`/�KX
AM kyyd ?2 ;`�/m�i2/ 7`QK i?2 J�`MBt :vKM�bBmK Ub2+@
QM/�`v b+?QQHV rBi? i?2 bm#D2+i +Hmbi2`b a+B2M+2 � h2+?MQH@
Q;v UǵL�imm` 2M h2+?MB2FǶV �M/ a+B2M+2 � >2�Hi? UǵL�imm`
2M :2xQM/?2B/ǶVX

6`QK kyyd iQ kyRk- _�pB bim/B2/ �i i?2 .2H7i lMBp2`bBiv
Q7 h2+?MQHQ;vX h?2`2 ?2 Q#i�BM2/ ?Bb "�+?2HQ` Q7 a+B2M+2
/2;`22 BM 1H2+i`B+�H 1M;BM22`BM; �M/ ?Bb J�bi2` Q7 a+B2M+2
/2;`22 BM :2QK�iB+bX >Bb Ja+ i?2bBb iBiH2/ � oQ`QMQB@
�M/ bm`7�+2@#�b2/ �TT`Q�+? 7Qi i?2 �miQK�iB+ ;2M2`�iBQM
Q7 /2Ti?@+QMiQm`b 7Q` ?v/`Q;`�T?B+ +?�`ib r�b �r�`/2/ b2+QM/ "2bi ;`�/m�iBQM
i?2bBb #v i?2 >v/`Q;`�T?B+ aQ+B2iv "2M2Hmt �M/ H2/ iQ � Tm#HB+�iBQM BM i?2
J�`BM2 :2Q/2bv DQm`M�HX

6`QK kyRj iQ kyRd- _�pB +QM/m+i2/ ?Bb S?. `2b2�`+? QM :2Q;`�T?B+�H TQBMi
+HQm/ KQ/2HHBM; rBi? i?2 j. K2/B�H �tBb i`�Mb7Q`K- 7mM/2/ #v i?2 L2i?2`H�M/b
P`;�MBb�iBQM 7Q` a+B2MiB}+ _2b2�`+? ULqPV �M/ bmT2`pBb2/ #v >m;Q G2/Qmt
�M/ C�MiB2M aiQi2` �i hl .2H7iX

AM kyRd _�pB r�b ?B`2/ #v i?2 j. ;2QBM7Q`K�iBQM ;`QmT �i hl .2H7i iQ rQ`F
�b � ;2Q@/�i� b+B2MiBbi 7Q` i?2 �Kbi2`/�K AMbiBimi2 7Q` �/p�M+2/ J2i`QTQHBi�M
aQHmiBQMb U�JaVX

Sm#HB+�iBQMb

�miQK�iB+ B/2MiB}+�iBQM Q7 r�i2`+Qm`b2b BM ~�i �M/ 2M;BM22`2/
H�M/b+�T2b #v +QKTmiBM; i?2 bF2H2iQM Q7 � GB.�_ TQBMi +HQm/ X hQK
"`Q2`b2M- _�pB S2i2`b �M/ >m;Q G2/QmtX *QKTmi2`b � :2Qb+B2M+2b Rye- kyRd-
TTX RdRĜR3y- /QB, RyXRyRefDX+�;2QXkyRdXyeXyyj

_Q#mbi �TT`QtBK�iBQM Q7 i?2 J2/B�H �tBb h`�Mb7Q`K Q7 GB.�_ TQBMi
+HQm/b �b � iQQH 7Q` pBbm�HBb�iBQMX _�pB S2i2`b �M/ >m;Q G2/QmtX *QKTmi2`b
� :2Qb+B2M+2b NyU�V- kyRe- TTX RkjĜRjj- /QB, RyXRyRefDX+�;2QXkyReXykXyRN

ReR
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*m``B+mHmK oBi�2

SQTmH�iBQM 2biBK�iBQM mbBM; � j. +Biv KQ/2H, � KmHiB@b+�H2 +QmMi`v@
rB/2 bim/v BM i?2 L2i?2`H�M/bX 6BHBT "BHD2+FB- E2M �``QvQ P?Q`B- >m;Q
G2/Qmt- _�pB S2i2`b �M/ C�MiB2M aiQi2`X SGPa PL1 RRUeV- kyRe- TTX 2yR8e3y3-
/QB, RyXRjdRfDQm`M�HXTQM2XyR8e3y3

oBbB#BHBiv �M�HvbBb BM � SQBMi *HQm/ "�b2/ QM i?2 J2/B�H �tBb
h`�Mb7Q`KX _�pB S2i2`b- >m;Q G2/Qmt �M/ 6BHBT "BHD2+FBX 1m`Q;`�T?B+b
qQ`Fb?QT QM l`#�M .�i� JQ/2HHBM; �M/ oBbm�HBb�iBQM kyR8- kyR8- TTX dĜRk-
/QB, RyXkjRkfm/KpXkyR8Rj9k

�miQK�iB+ B/2MiB}+�iBQM Q7 r�i2`+Qm`b2b BM ~�i �M/ 2M;BM22`2/
H�M/b+�T2b #v +QKTmiBM; i?2 bF2H2iQM Q7 � GB.�_ TQBMi +HQm/ X hQK
"`Q2`b2M- _�pB S2i2`b �M/ >m;Q G2/QmtX *QKTmi2`b � :2Qb+B2M+2b Rye- kyRd-
TTX RdRĜR3y- /QB, RyXRyRefDX+�;2QXkyRdXyeXyyj

� oQ`QMQB@#�b2/ �TT`Q�+? iQ ;2M2`�iBM; /2Ti?@+QMiQm`b 7Q` ?v/`Q@
;`�T?B+ +?�`ibX _�pB S2i2`b- >m;Q G2/Qmt �M/ J�`iBDM J2BD2`bX J�`BM2
:2Q/2bv jdUkV- kyR9- TTX R98ĜRee- /QB, RyXRy3yfyR9Ny9RNXkyR9XNyk33k

J2/B�H �tBb@#�b2/ TQBMi +HQm/ bBKTHB}+�iBQM 7Q` .B;Bi�H am`7�+2
JQ/2HbX _�pB S2i2`bXqQ`Fb?QT QM S`Q+2bbBM; G�`;2 :2QbT�iB�H .�i�- *�`/Bz-
lE- kyR9X

:2M2`�iBQM �M/ ;2M2`�HBx�iBQM Q7 b�72 /2Ti?@+QMiQm`b 7Q` ?v/`Q@
;`�T?B+ +?�`ib mbBM; � bm`7�+2@#�b2/ �TT`Q�+?X _�pB S2i2`b- >m;Q
G2/Qmt �M/ J�`iBDM J2BD2`bX AM .X "m`;?�`/i U2/bXV- S`Q+22/BM;b Rei? A*�
:2M2`�HBb�iBQM qQ`Fb?QT- .`2b/2M- :2`K�Mv- kyRjX

Rek
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