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"CTUSBDU
GB72HQM; TH�+2 `2+Q;MBiBQM Bb �M 2bb2MiB�H �M/ +?�HH2M;BM; i�bF BM +QKTmi2` pBbBQM rBi?
p�bi �TTHB+�iBQMb BM `Q#mbi HQ+�HBx�iBQM �M/ 2{+B2Mi H�`;2@b+�H2 j. `2+QMbi`m+iBQMX
S`Q;`2bb Bb +m``2MiHv ?BM/2`2/ #v � H�+F Q7 H�`;2- /Bp2`b2- Tm#HB+Hv �p�BH�#H2 /�i�b2ibX
q2 +QMi`B#mi2 rBi? J�TBHH�`v ai`22i@G2p2H a2[m2M+2b UaGaV- � H�`;2 /�i�b2i 7Q` m`#�M
�M/ bm#m`#�M TH�+2 `2+Q;MBiBQM 7`QK BK�;2 b2[m2M+2bX Ai +QMi�BMb KQ`2 i?�M RXe
KBHHBQM BK�;2b +m`�i2/ 7`QK i?2 J�TBHH�`vR +QHH�#Q`�iBp2 K�TTBM; TH�i7Q`KX h?2
/�i�b2i Bb Q`/2`b Q7 K�;MBim/2 H�`;2` i?�M +m``2Mi /�i� bQm`+2b- �M/ Bb /2bB;M2/ iQ
`2~2+i i?2 /Bp2`bBiB2b Q7 i`m2 HB72HQM; H2�`MBM;X Ai 72�im`2b BK�;2b 7`QK jy K�DQ`
+BiB2b �+`Qbb bBt +QMiBM2Mib- ?mM/`2/b Q7 /BbiBM+i +�K2`�b- �M/ bm#bi�MiB�HHv /Bz2`2Mi
pB2rTQBMib �M/ +�Tim`2 iBK2b- bT�MMBM; �HH b2�bQMb Qp2` � MBM2 v2�` T2`BQ/X �HH BK�;2b
�`2 ;2Q@HQ+�i2/ rBi? :Sa �M/ +QKT�bb- �M/ 72�im`2 ?B;?@H2p2H �ii`B#mi2b bm+? �b `Q�/
ivT2X
q2 T`QTQb2 � b2i Q7 #2M+?K�`F i�bFb /2bB;M2/ iQ Tmb? bi�i2@Q7@i?2@�`i T2`7Q`K�M+2
�M/ T`QpB/2 #�b2HBM2 bim/B2bX q2 b?Qr i?�i +m``2Mi bi�i2@Q7@i?2@�`i K2i?Q/b biBHH ?�p2
� HQM; r�v iQ ;Q- �M/ i?�i i?2 H�+F Q7 /Bp2`bBiv BM 2tBbiBM; /�i�b2ib ?�p2 T`2p2Mi2/
;2M2`�HBx�iBQM iQ M2r 2MpB`QMK2MibX q2 b?Qr i?�i i`�BMBM; QM i?2 /Bp2`b2 aGa /�i�b2i
+�M BKT`Qp2 mTQM bi�i2@Q7@i?2@�`i T2`7Q`K�M+2 �+`Qbb b2p2`�H /�i�b2ibX AM Q`/2` iQ
�+?B2p2 i?2b2 `2bmHib r2 T`2b2Mi � MQp2H bm#+�+?BM; K2i?Q/QHQ;v rBi? ?�`/ TQbBiBp2
�M/ M2;�iBp2 KBMBM;X 6m`i?2`KQ`2- r2 2ti2M/ b2p2`�H bBM;H2@pB2r TH�+2 `2+Q;MBiBQM
KQ/2Hb iQ KmHiB@pB2r KQ/2Hb i?�i �`2 �#H2 iQ BM+Q`TQ`�i2 i?2 i2KTQ`�H �M/ bT�iB�H
bi`m+im`2 7QmM/ BM BK�;2 b2[m2M+2b- �M/ b?Qr i?�i i?Bb +�M 7m`i?2` BKT`Qp2 KQ/2H
T2`7Q`K�M+2X G�biHv- r2 T`QTQb2 irQ M2r `2b2�`+? i�bFbc b2[m2M+2 iQ BK�;2 �M/ BK�;2
iQ b2[m2M+2 TH�+2 `2+Q;MBiBQM- �M/ T`2b2Mi i2+?MB[m2b iQ bQHp2 #Qi? i?2b2 i�bFbX
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3FTVNÆ
GBpbH�M; bi2/;2MF2M/2Hb2 2` 2M 2bb2MiB2H Q; m/7Q`/`2M/2 QT;�p2 B +QKTmi2` pBbBQM-
bQK ?�` K�M;2 �TTHBF�iBQM2` B `Q#mbi HQF�HBb2`BM; Q; 2{+B2Mi j. `2FQMbi`mFiBQM B biQ`
bF�H�X 6`2K;�M;2M 2` #2;`¤Mb2i �7 K�M;2H T´ biQ`2- /Bp2`b2- Qz2MiHB;i iBH;¤M;2HB;2
/�i�b¤iX oB #B/`�;2` K2/ J�TBHH�`v ai`22i@G2p2H a2[m2M+2b UaGaV- bQK 2` 2i biQ`i
/�i�b¤i 7Q` #v@ Q; 7Q`bi�/bbi2/;2MF2M/2Hb2X .�i�b¤ii2i BM/2?QH/2` K2`2 2M/ R-e
KBHHBQM2` #BHH2/2` 7`� /2M FQHH�#Q`�iBp2 FQ`iH¤;;2Hb2bTH�i7Q`K J�TBHH�`vX .�i�b¤ii2i
2` ~2`2 Q`/M2` biǠ``2 2M/ Mmp¤`2M/2 /�i�FBH/2` Q; 2` /2bB;M2i iBH �i `2~2Fi2`2 /2
K�M;2 /Bp2`bBi2i2` B HBpbH�M; bi2/;2MF2M/2Hb2X .2i BM/2?QH/2` #BHH2/2` 7`� jy biQ`2
#v2` 7Q`/2Hi Qp2` b2Fb FQMiBM2Mi2`- QTi�;2i K2/ ?mM/`2/pBb �7 7Q`bF2HHB;2 F�K2`�2` �7
b+2M2` K2/ biQ` 7Q`bF2H B T2`bT2FiBp Q; QTi�;2Hb2biB/bTmMFiX PTi�;2Hb2biB/bTmMFi2`M2
bT¤M/2` �HH2 b¤bQM2` Qp2` 2M MB@´`B; T2`BQ/2X �HH2 #BHH2/2` 2` ;2Q@HQF�HBb2`2i K2/ :Sa-
FQKT�bb Q; �#bi`�Fi2 #2bF`Bp2Hb2`- bQK p2DivT2X
oB 7Q`2bH´` ~2`2 #2M+?K�`F QT;�p2`- bQK 2` /2bB;M2i iBH �i m/pBFH2 KQ/2HH2`b v/22pM2-
Q; #B/`�;2` K2/ 2p�Hm2`BM; �7 ~2`2 KQ/2HH2`X oB pBb2`- �i /2 Mmp¤`2M/2 #2/bi2
K2iQ/2` bi�/B;i 2` H�M;i 7`� 7¤`/B;m/pBFH2/2 Q; �i /2M K�M;H2M/2 /Bp2`bBi2i B Mm@
p¤`2M/2 /�i�b2i ?�` 7Q`?BM/`2i KQ/2HH2`M2b 2pM2 iBH �i ;2M2`�HBb2`2 iBH Mv2 KBHDǠ2`X
oB pBb2`- �i i`¤MBM; T´ /2i /Bp2`b2 aGa /�i�b¤i F�M 7Q`#2/`2 /2 #2/bi2 KQ/2HH2`b
T`¤bi�iBQM2` Qp2` ~2`2 /�i�b¤iX 6Q` �i QTM´ /Bbb2 `2bmHi�i2`- T`¤b2Mi2`2` pB 2i Mv
bm#@+�+?BM; K2iQ/2- bQK p¤H;2` bp¤`2 TQbBiBp2 Q; M2;�iBp2 2Fb2KTH2`X .2`m/Qp2`-
m/#v;;2` pB ~2`2 2MF2Hi@#BHH2/2 bi2/;2MF2M/2Hb2bKQ/2HH2` iBH K�M;2@#BHH2/2` KQ/2HH2`-
bQK 2` B bi�M/ iBH �i BMFQ`TQ`2`2 /2M iB/b@ Q; bi2/b�7?¤M;BM; bi`mFim` 7mM/2i B #BHH2/@
b2Fp2Mb2`X oB pBb2`- �i /2ii2 F�M v/2`HB;2`2 7Q`#2/`2 KQ/2HH2`M2b v/22pM2X hBH bB/bi-
7Q`2bH´` pB iQ Mv2 7Q`bFMBM;bQT;�p2`c M2KHB; b2Fp2Mb iBH #BHH2/2 Q; #BHH2/2 iBH b2Fp2Mb
bi2/;2MF2M/2Hb2X oB m/pBFH2` ~2`2 K2iQ/2` iBH �i HǠb2 /Bbb2 QT;�p2` Q; `�TTQ`i2`2`
#2M+?K�`F`2bmHi�i2` 7Q` #2;;2 /Bbb2 QT;�p2`X
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1SFGBDF
h?Bb i?2bBb r�b T`2T�`2/ �i i?2 /2T�`iK2Mi Q7 �TTHB2/ J�i?2K�iB+b �M/ *QKTmi2`
a+B2M+2 �i i?2 h2+?MB+�H lMBp2`bBiv Q7 .2MK�`F BM 7mH}HHK2Mi Q7 i?2 `2[mB`2K2Mib 7Q`
�+[mB`BM; � JXa+X /2;`22 BM 1M;BM22`BM; UJ�i?2K�iB+�H JQ/2HHBM; �M/ *QKTmi�iBQMVX

A rQmH/ HBF2 iQ i?�MF Kv bmT2`pBbQ`- aǠ`2M >�m#2`;- 7Q` ?2HTBM; K2 i?`Qm;? Qmi i?2
2MiB`2 T`Q+2bb Q7 /2p2HQTBM; i?2 }M�H rQ`FX A rQmH/ �HbQ HBF2 iQ i?�MF C�pB2` *Bp2`� 7Q`
p�Hm�#H2 BMbB;?ib �M/ +QmMb2HBM;X G�biHv- A rQmH/ HBF2 iQ i?�MF J�TBHH�`v 7Q` �HHQrBM;
K2 �++2bb iQ i?2B` H�`;2 /�i� +Q`Tmb �M/ 2bT2+B�HHv i?�MFb iQ um#BM E�mM;- J�Mm2H
�Mi2[m2`� �M/ S�m :�`;�HHQ 7Q` �Hr�vb T`QpB/BM; 2t+2HH2Mi �M/ 7�bi �bbBbi�M+2 rBi?
i?2 2tT2`BK2Mi�H rQ`FX

EQM;2Mb GvM;#v- C�Mm�`v Re- kyky

6`2/2`BF q�`#m`; UbR8j39dV
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� �TT2M/Bt 8d
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*OUSPEVDUJPO

oBbm�H TH�+2 `2+Q;MBiBQM Bb 2bb2MiB�H 7Q` i?2 HQM;@i2`K QT2`�iBQM Q7 �m;K2Mi2/ `2�HBiv
�M/ `Q#QiB+ bvbi2Kb UGQr`v 2i �HX- kyReVX h?2 i�bF +QMbBbib Q7 `2i`B2pBM; BK�;2b
rBi?BM � /�i�#�b2 i?�i �`2 i�F2M 7`QK i?2 b�K2 ;2Q;`�T?B+�H HQ+�iBQM �b � [m2`v
BK�;2 UGQr`v 2i �HX- kyRec w�z�` 2i �HX- kyRNV r?2`2 ǳi?2 b�K2 ;2Q;`�T?B+�H HQ+�iBQMǴ
Bb ivTB+�HHv /2}M2/ �b BK�;2b rBi?BM � `�/Bmb Q7 25 K2i2`bX >Qr2p2`- /2bTBi2 Bib
`2H2p�M+2 �M/ p�bi `2b2�`+? 2zQ`ib- Bi `2K�BMb +?�HH2M;BM; BM T`�+iB+�H b2iiBM;b /m2 iQ
i?2 rB/2 �``�v Q7 �TT2�`�M+2 p�`B�iBQMb BM Qmi/QQ` b+2M2b- �b b22M QM i?2 2t�KTH2b
2ti`�+i2/ 7`QK i?2 /�i�b2i T`QTQb2 �b T�`i Q7 i?Bb i?2bBb BM 6B;m`2 RX8X
_2+2Mi `2b2�`+? QM TH�+2 `2+Q;MBiBQM ?�b b?QrM i?�i 72�im`2b H2�`M2/ #v /22T M2m`�H
M2irQ`Fb QmiT2`7Q`K i`�/BiBQM�H ?�M/@+`�7i2/ 72�im`2b- T�`iB+mH�`Hv 7Q` /`�biB+ �TT2�`@
�M+2 +?�M;2b UGQr`v 2i �HX- kyRec �`�M/D2HQpB+ 2i �HX- kyRec w�z�` 2i �HX- kyRNVX h?Bb
?�b KQiBp�i2/ i?2 `2H2�b2 Q7 b2p2`�H /�i�b2ib 7Q` i`�BMBM;- 2p�Hm�iBM; �M/ +QKT�`BM;
/22T H2�`MBM; KQ/2HbX >Qr2p2`- i?2b2 /�i�b2ib �`2 HBKBi2/- BM �i H2�bi i?`22 �bT2+ibX
6B`bi- MQM2 Q7 i?2K +Qp2`b i?2 K�Mv �TT2�`�M+2 p�`B�iBQMb 2M+QmMi2`2/ BM `2�H@rQ`H/
�TTHB+�iBQMbX a2+QM/- K�Mv Q7 i?2K ?�p2 BMbm{+B2Mi bBx2 7Q` i`�BMBM; H�`;2 M2irQ`FbX

*QT2M?�;2M >2HbBMFB E�KT�H� aiQ+F?QHK

6B;m`2 RX8, a?Qr 7Qm` b�KTH2b Q7 TH�+2b 7`QK *QT2M?�;2M- >2HbBMFB- E�KT�H� �M/
aiQ+F?QHK rBi? +?�HH2M;BM; �TT2�`�M+2 +?�M;2b /m2 iQ pB2rTQBMi- bi`m+im`�H- b2�@
bQM�H- /vM�KB+- �M/ BHHmKBM�iBQM /Bz2`2M+2bX



� � *OUSPEVDUJPO

6BM�HHv- KQbi /�i�b2ib �`2 +QHH2+i2/ BM bK�HH �`2�b- H�+FBM; i?2 ;2Q;`�T?B+�H /Bp2`bBiv
M22/2/ 7Q` ;2M2`�HBx�iBQMX
h?Bb i?2bBb +QMi`B#mi2b iQ i?2 T`Q;`2bb Q7 HB72HQM; TH�+2 `2+Q;MBiBQM #v +`2�iBM; �
/�i�b2i �//`2bbBM; �HH i?2 +?�HH2M;2b /2b+`B#2/ �#Qp2X q2 T`2b2Mi J�TBHH�`v ai`22i@
G2p2H a2[m2M+2b UaGaV- i?2 H�`;2bi /�i�b2i 7Q` TH�+2 `2+Q;MBiBQM iQ /�i2 �M/ i?2 QM2
i?�i +QMi�BMb i?2 rB/2bi p�`B2iv Q7 T2`+2Tim�H +?�M;2b �M/ i?2 #`Q�/2bi ;2Q;`�T?B+�H
bT`2�/XR J�TBHH�`v aGa +Qp2`b i?2 7QHHQrBM; +�mb2b Q7 �TT2�`�M+2 +?�M;2, /Bz2`2Mi
b2�bQMb- +?�M;BM; r2�i?2` +QM/BiBQMb- p�`vBM; BHHmKBM�iBQM �i /Bz2`2Mi iBK2b Q7 i?2
/�v- /vM�KB+ Q#D2+ib bm+? �b KQpBM; T2/2bi`B�Mb Q` +�`b- bi`m+im`�H KQ/B}+�iBQMb bm+?
�b `Q�/rQ`Fb Q` �`+?Bi2+im`�H rQ`F- +�K2`� BMi`BMbB+b �M/ pB2rTQBMibX Pm` /�i� bT�Mb
bBt +QMiBM2Mib- BM+Hm/BM; /Bp2`b2 +BiB2b HBF2 E�KT�H�- wm`B+?- �KK�M �M/ "�M;FQFX
AM �//BiBQM iQ i?2 /�i�b2i- r2 K�F2 b2p2`�H +QMi`B#miBQMb `2H�i2/ iQ Bib 2tT2`BK2Mi�H
p�HB/�iBQMX q2 7Q`KmH�i2 � MQp2H bm#b2i +�+?BM; K2i?Q/QHQ;v 7Q` ?�`/ i`BTH2i KBMBM;
i?�i /Q2b MQi b+�H2 BM iBK2 Q` K2KQ`v rBi? i?2 /�i�b2i bBx2c 2M�#HBM; i`�BMBM; Q7
TH�+2 `2+Q;MBiBQM KQ/2Hb QM p2`v H�`;2 /�i�b2ib U�b Qm`bVX q2 i�+FH2 � rB/2` b2i Q7
T`Q#H2Kb MQi HBKBi2/ iQ BK�;2@iQ@BK�;2 HQ+�HBx�iBQM #v T`QTQbBM; bBt p�`B�iBQMb Q7
JmHiBoB2rL2i U6�+BH 2i �HX- kyRNV iQ KQ/2H b2[m2M+2@iQ@b2[m2M+2 TH�+2 `2+Q;MBiBQMX
JQ`2Qp2`- r2 7Q`KmH�i2 irQ M2r `2b2�`+? i�bFb, b2[m2M+2@iQ@BK�;2 �M/ BK�;2@iQ@
b2[m2M+2 `2+Q;MBiBQM- �M/ T`QTQb2 b2p2`�H 72�im`2 /2b+`BTiQ`b i?�i 2ti2M/ T`2i`�BM2/
BK�;2@iQ@BK�;2 KQ/2Hb iQ i?2b2 irQ M2r i�bFbX 6BM�HHv- r2 b?Qr i?�i i`�BMBM; QM Qm`
/�i�b2i `2/m+2b KQ/2HbǶ ;2Q;`�T?B+�H #B�b �M/ BKT`Qp2b i?2B` ;2M2`�HBx�iBQM +�T�#BHB@
iB2bX

��� 0WFSWJFX
h?2 /2p2HQTK2Mi �M/ 2p�Hm�iBQM Q7 TH�+2 `2+Q;MBiBQM K2i?Q/b ?�b #22M HBKBi2/ #v
i?2 bBx2- /Bp2`bBiv �M/ ;2Q;`�T?B+�H +Qp2`�;2 Q7 �p�BH�#H2 /�i�b2ibX AM *?�Ti2` k- r2
bmKK�`Bx2 i?2 /2p2HQTK2Mi rBi?BM TH�+2 `2+Q;MBiBQM K2i?Q/bX q2 ?B;?HB;?i i?2 +?�`@
�+i2`BbiB+b Q7 2tBbiBM; /�i�b2ib �M/ T`QTQb2 � KQ`2 7�B` i2bifi`�BM /BpBbBQM 7Q` #Qi? i?2
SBiib#m`;?k8yF �M/ hQFvQk9fd /�i�b2ibX "�b2/ QM i?Bb HBi2`�im`2 `2pB2r �M/ �M�HvbBb
Q7 2tBbiBM; /�i�b2ib- r2 /Bb+Qp2`2/ � M22/ 7Q` � H�`;2- /Bp2`b2 �M/ b2[m2MiB�HHv bi`m+@
im`2/ /�i�b2i rBi? � H�`;2 ;2Q;`�T?B+�H +Qp2`�;2X *QMbi`m+iBM; bm+? � /�i�b2i rQmH/
`2[mB`2 ?mM/`2/b Q7 T2QTH2 iQ `2+Q`/ i?Qmb�M/b Q7 TH�+2b 7Q` K�Mv v2�`b �`QmM/ i?2
rQ`H/X 6Q`imM�i2Hv- i?Bb ?�b �H`2�/v #22M /QM2 i?`Qm;? i?2 +QHH�#Q`�iBp2 K�TTBM;
TH�i7Q`K- J�TBHH�`vX AM *?�Ti2` j r2 2tTH�BM ?Qr r2 +m`�i2/ � H�`;2 TH�+2 `2+Q;MB@
iBQM /�i�b2i 7`QK i?Bb +QHH�#Q`�iBp2 TH�i7Q`KX AM i?2 7QHHQrBM; +?�Ti2`- *?�Ti2` 9-
r2 2tTH�BM i?2 KQ/2Hb- 2tT2`BK2Mi�H b2imT �M/ KQ/2H i`�BMBM; mb2/ iQ p�HB/�i2 Qm`
T`QTQb2/ /�i�b2iX q2 BMi`Q/m+2 � MQp2H bm#@+�+?BM; K2i?Q/ rBi? ?�`/ TQbBiBp2 �M/
M2;�iBp2 KBMBM; �M/ bm;;2bi b2p2`�H p�`B�iBQMb Q7 JmHiBoB2rL2i U6�+BH 2i �HX- kyRNVX
6m`i?2`KQ`2- r2 T`QTQb2 irQ M2r KmHiB@pB2r TH�+2 `2+Q;MBiBQM �TTHB+�iBQMb �M/ i2+?@

Ra22 i?2 pB/2Q �++QKT�MvBM; i?2 i?2bBb 7Q` �M Qp2`pB2r �M/ b�KTH2 BK�;2bX
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MB[m2b iQ bQHp2 i?2KX q2 `2TQ`i �M/ /Bb+mbb i?2 `2bmHib BM *?�Ti2` 8- �M/ `QmM/ i?2
i?2bBb Q7 rBi? � +QM+HmbBQM BM *?�Ti2` eX
LQi2 i?�i bm#bi�MiB�H T�`ib Q7 i?2 i2ti Bb i�F2M 7`QK � *QKTmi2` oBbBQM �M/ S�ii2`M
_2+Q;MBiBQM U*oS_V T�T2` bm#KBbbBQM- r?B+? r�b +m`�i2/ r?BH2 r`BiBM; i?2 i?2bBbX
h?2 *oS_ bm#KBbbBQM Bb BM+Hm/2/ BM �TT2M/Bt �XRX
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oBbm�H TH�+2 `2+Q;MBiBQM +QMbBbib Q7 `2+Q;MBxBM; � ;2Q;`�T?B+�H HQ+�iBQM Q7 � TH�+2
#�b2/ QMHv QM BK�;2 /�i�X h?2 TH�+2 `2+Q;MBiBQM i�bF Bb Q7i2M +�bi �b � `2i`B2p�H
T`Q#H2KX :Bp2M � [m2`v BK�;2- r2 rBb? iQ }M/ i?2 BK�;2b 7`QK i?2 b�K2 ;2Q;`�T?B+�H
HQ+�iBQM �b i?2 [m2`v BK�;2X q2 rBHH `272` iQ i?2 BK�;2b 7`QK i?2 b�K2 HQ+�iBQM �b
TQbBiBp2b �M/ BK�;2b 7`QK Qi?2` HQ+�iBQMb �b M2;�iBp2bX LQi2 i?�i #Qi? i?2 TQbBiBp2
�M/ M2;�iBp2 BK�;2b �`2 BM i?2 /�i�#�b2X
h?2 `2i`B2p�H T`Q#H2K Bb bQHp2 #v #mBH/BM; � HQr /BK2MbBQM�H- TH�+2@/2b+`BTiQ` 7Q` #Qi?
[m2`v �M/ /�i�#�b2 BK�;2b �M/ 7Q` 2�+? [m2`v BK�;2 `2i`B2p2 i?2 +HQb2bi n /�i�#�b2
BK�;2b UGQr`v 2i �HX- kyRec w�z�` 2i �HX- kyRNVX h?2 ;Q�H Bb iQ #mBH/ � `Q#mbi TH�+2
/2b+`BTiQ` i?�i 2{+B2MiHv `2T`2b2Mib �M 2t�+i ;2Q;`�T?B+�H HQ+�iBQM #�b2/ QMHv QM
BK�;2 BM7Q`K�iBQMX

6B;m`2 kXR, a?Qrb � [m2`v BK�;2 i?�i ?�b 6 TQbBiBp2 BK�;2b 7`QK i?2 *QT2M?�;2M
/�i�#�b2X AM i?Bb 2t�KTH2b r2 mb2 25 K2i2` �b i?`2b?QH/ iQ /2}M2 TQbBiBp2 BK�;2bX
�HH BK�;2b �`2 2ti`�+i2/ 7`QK i?2 J�TBHH�`v aGa /�i�b2iX
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h`�/BiBQM�H pBbm�H TH�+2 /2b+`BTiQ`b �`2 #�b2/ QM �;;`2;�iBM; HQ+�H 72�im`2b mbBM;
#�;@Q7@rQ`/b UaBpB+ �M/ wBbb2`K�M- kyyjV- 6Bb+?2` p2+iQ`b US2``QMMBM 2i �HX- kyRyV
Q` oG�. UCû;Qm 2i �HX- kyRyVX h?2b2 72�im`2b 2bT2+B�HHv �`2 T`QM2 iQ pB2rTQBMi-
/vM�KB+ �M/ b2�bQM�H +?�M;2b #2ir22M i?2 [m2`v �M/ TQbBiBp2 BK�;2bX hQ +`2�i2
TH�+2@/2b+`BTiQ`b i?�i �`2 KQ`2 `Q#mbi iQr�`/b pB2rTQBMi �M/ /vM�KB+ +?�M;2b- Qi?2`
?�M/@+`�7i2/ �TT`Q�+?2b 2tTHQBi ;2QK2i`B+ �M/fQ` i2KTQ`�H +QMbBbi2M+B2b BM BK�;2
b2[m2M+2b U*mKKBMb �M/ L2rK�M- kyRRc :�Hp2x@GƦT2x �M/ h�`/Qb- kyRkc JBH7Q`/
�M/ qv2i?- kyRkVX �M 2t�KTH2b Bb .2Mb2oG�. UhQ`BB 2i �HX- kyR8V i?�i bvMi?2bBx2b
pB2rTQBMi +?�M;2b 7`QK T�MQ`�K� BK�;2b rBi? �bbQ+B�i2/ /2Ti?X h?2b2 bvMi?2iB+
BK�;2b K�F2 i?2 .2Mb2oG�. KQ`2 `Q#mbi iQ pB2rTQBMi +?�M;2bX
�b BM Qi?2` +QKTmi2` pBbBQM i�bFb- /22T 72�im`2b ?�p2 /2KQMbi`�i2/ #2ii2` T2`7Q`@
K�M+2 i?�M ?�M/@+`�7i2/ QM2b UGQr`v 2i �HX- kyRec w�z�` 2i �HX- kyRNVX AMBiB�HHv-
72�im`2b 7`QK 2tBbiBM; T`2@i`�BM2/ M2irQ`Fb r2`2 mb2/ 7Q` bBM;H2@pB2r TH�+2 `2+Q;MB@
iBQM UaɃM/2`?�m7 2i �HX- kyR8#-�c *?2M 2i �HX- kyR9c aɃM/2`?�m7 2i �HX- kyR8c u�M@
/2t �M/ G2KTBibFv- kyR8VX G�i2` rQ`Fb /2KQMbi`�i2/ i?�i i?2 T2`7Q`K�M+2 BK@
T`Qp2b B7 i?2 M2irQ`Fb �`2 i`�BM2/ 7Q` i?2 bT2+B}+ i�bF Q7 TH�+2 `2+Q;MBiBQM U�`�M/@
D2HQpB+ 2i �HX- kyRec GQT2x@�Mi2[m2`� 2i �HX- kyRdc :QK2x@PD2/� 2i �HX- kyR8VX h?2b2
M2irQ`Fb +QMbBbi Q7 � #�b2 �`+?Bi2+im`2 7QHHQr2/ #v � i`�BM�#H2 H�v2` i?�i �;;`2@
;�i2b i?2 72�im`2b Ub22 6B;m`2 kXkVX h?2 KQbi +QKKQMHv mb2/ #�b2 �`+?Bi2+im`2b �`2
�H2tL2i UE`Bx?2pbFv 2i �HX- kyRkV- o:: UaBKQMv�M �M/ wBbb2`K�M- kyR8V- _2bL2i U>2
2i �HX- kyR8V- .2Mb2L2i U>m�M; 2i �HX- kyReV T`2@i`�BM2/ QM i?2 AK�;2L2i *?�HH2M;2
UAGao_*V /�i�b2i U_mbb�FQpbFv 2i �HX- kyR8VX h?2 }`bi �;;`2;�iBQM H�v2`b T`QTQb2/
7Q` TH�+2 `2+Q;MBiBQM r2`2 /Bz2`2Mi TQQHBM; H�v2`b bm+? �b K�t@TQQHBM; U_�x�pB�M
2i �HX- kyR9V- �p2`�;2@TQQHBM; U"�#2MFQ �M/ G2KTBibFv- kyR8�V �M/ bmK@TQQHBM;
U"�#2MFQ �M/ G2KTBibFv- kyR8#V rBi? KQ`2 UhQHB�b 2i �HX- kyR8c E�H�MiB/Bb 2i �HX-
kyR8VX _�/2MQpB+ 2i �HX UkyRdV 2ti2M/2/ QM i?2b2 TQQHBM; H�v2`b #v T`QTQbBM; �
:2M2`�HBx2/@J2�M TQQHBM; H�v2`X h?Bb H�v2` Bb /Bz2`2MiB�#H2 �M/ ?�p2 � T�`�K2i2`
7Q` 2�+? 72�im`2 K�T @ 2M�#HBM; i?2 H�v2` iQ H2�`M i?2 QTiBK�H ivT2 Q7 TQQHBM; 7Q`
2�+? 72�im`2 K�T Ub22 b2+iBQM 9XRXk 7Q` KQ`2 /2i�BHbVX �MQi?2` `2+2Mi bm++2bb Bb i?2

6B;m`2 kXk, _2+2Mi TH�+2 `2+Q;MBiBQM M2irQ`Fb +QMbBbi Q7 � /22T *LL #�b2 �`+?Bi2+im`2
7QHHQr2/ #v H�v2` bT2+B�HBx2/ 7Q` TH�+2 `2+Q;MBiBQMX h?2 ;Q�H Bb iQ H2�`M �M 2K#2//BM;
r?2`2 BK�;2b i?�i �`2 ;2Q;`�T?B+�HHv +HQb2 rBHH �HbQ #2 +HQb2 BM i?2 H2�`Mi 2K#2//BM;
bT�+2X
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;2M2`�HBx2/ oG�. H�v2` UL2ioG�.V U�`�M/D2HQpB+ 2i �HX- kyRec w�z�` 2i �HX- kyRNVX
h?Bb H�v2` bQ7iHv �bbB;Mb `2bB/m�H 72�im`2b i?�i �`2 2ti`�+i2/ 7`QK i?2 72�im`2 K�Tb iQ
ǳpBbm�H rQ`/bǴ iQ 7Q`K � `Q#mbi TH�+2 /2b+`BTiQ` i?�i BKBi�i2b i?2 oG�. H�v2` Ub22
b2+iBQM 9XRXR 7Q` KQ`2 /2i�BHbVX Pi?2` rQ`F QT2`�i2b /B`2+iHv QM i?2 72�im`2 K�Tb-
i?mb F22TBM; i?2 bT�iB�H BM7Q`K�iBQM Q7 i?2 72�im`2bX h?2b2 BM+Hm/2b _@J�* UhQHB�b
2i �HX- kyReV �M/ rQ`F #v *?2M 2i �HX UkyRdV i?�i 2ti`�+i `2;BQMb 7`QK i?2 72�im`2
K�T bm``QmM/BM; ?B;? �+iBp�iBQM iQ 7Q`K TH�+2 /2b+`BTiQ`bX
_2+2Mi /22T H2�`MBM;@#�b2/ K2i?Q/b 2tTHQBi i?2 i2KTQ`�H- bT�iB�H- �M/ b2K�MiB+ BM@
7Q`K�iBQM BM BK�;2b Q` BK�;2 b2[m2M+2bX :�`; 2i �HX UkyRN�V mb2b bBM;H2@pB2r /2Ti?
T`2/B+iBQMb iQ `2+Q;MBx2 TH�+2b `2pBbBi2/ 7`QK QTTQbBi2 /B`2+iBQMbX �HbQ- �//`2bb@
BM; 2ti`2K2 pB2rTQBMi +?�M;2b- :�`; 2i �HX UkyRN#V bm;;2bib b2K�MiB+�HHv �;;`2;�i@
BM; b�HB2Mi pBbm�H BM7Q`K�iBQMX h?2 j. ;2QK2i`v Q7 � TH�+2 Bb �HbQ mb2/ #v SQBMi@
L2ioG�. U�M;2HBM� lv �M/ >22 G22- kyR3V i?�i +QK#BM2b SQBMiL2i �M/ L2ioG�.
iQ 7Q`K � ;HQ#�H TH�+2 /2b+`BTiQ` 7`QK GB.�_ /�i�X JmHiBoB2rL2i U6�+BH 2i �HX- kyRNV
BMp2biB;�i2b /Bz2`2Mi TQQHBM; bi`�i2;B2b- /2b+`BTiQ` 7mbBQM �M/ GahJb iQ KQ/2H i2K@
TQ`�H BM7Q`K�iBQM BM BK�;2 b2[m2M+2bX AM i?Bb i?2bBb- r2 2ti2M/ mTQM JmHiBoB2rL2i
#v BM+Q`TQ`�iBM; i?2 L2ioG�. �M/ :2J H�v2`b- r?B+? ?�p2 #Qi? #22M bm++2bb7mH 7Q`
bBM;H2@pB2r TH�+2 `2+Q;MBiBQMX
�HH i?2b2 KQ/2Hb ?�p2 BM +QKKQM i?�i i?2v bi`Bp2 iQ H2�`M `2T`2b2Mi�iBQMb Q7 TH�+2b
i?�i �`2 +HQb2 B7 i?2 TH�+2b �`2 ;2Q;`�T?B+�HHv +HQb2 Ub22 6B;m`2 kXkVX h?2 KQ/2Hb �`2
2p�Hm�i2/ #v i?2B` iQT@n `2+�HHX h?Bb Bb � ;HQ#�H 2p�Hm�iBQM K2i`B+ i?�i `2[mB`2b �
/2b+`BTiQ` 7Q` �HH i?2 BK�;2b BM i?2 /�i�#�b2- K�FBM; i?2 `2+�HH BKT`�+iB+�H iQ M�Bp2Hv
mb2 �b � HQbb 7mM+iBQM /m`BM; i`�BMBM;X h?2`27Q`2- b2p2`�H HQ+�H �TT`QtBK�iBQMb Q7 i?2
`2+�HH ?�p2 #22M T`QTQb2/ 7Q` i`�BMBM;X h?2b2 `�MFBM; HQbb2b +QMbB/2` 2Bi?2` BK�;2
T�B`b U_�/2MQpB+ 2i �HX- kyRdV- i`BTH2ib U:Q`/Q 2i �HX- kyReV- [m�/`mTH2ib U*?2M 2i �HX-
kyRd�V- Q` n@imTH2b UaQ?M- kyReV iQ QTiBKBx2 � bK�HH HQ+�H `2;BQM �`QmM/ � [m2`v
BK�;2 Ub22 b2+iBQM 9X9 7Q` KQ`2 /2i�BHbVX �b i?2b2 HQ+�H �TT`QtBK�iBQMb /Q2b MQi
M2+2bb�`v QTiBKBx2 i?2 `2+�HH- Bi `2[mB`2b bB;MB}+�Mi 2M;BM22`BM; 2zQ`ib iQ H2�`M �
`Q#mbi 2K#2//BM;X �`�M/D2HQpB+ 2i �HX UkyReV b?Qr i?�i T`2b2MiBM; i?2 KQ/2H 7Q`
TQbBiBp2 �M/ M2;�iBp2 2K#2//BM;b i?�i �`2 �H`2�/v +HQb2 iQ i?2 [m2`v 2K#2//BM;
bB;MB}+�MiHv BKT`Qp2b i?2 KQ/2H T2`7Q`K�M+2X h?Bb T`Q+2bb Bb mbm�HHv `272``2/ iQ �b
?�`/ TQbBiBp2 �M/ M2;�iBp2 KBMBM;X AM i?Bb i?2bBb- r2 7m`i?2` 2ti2Mi mTQM i?Bb B/2�
�M/ b?Qrb i?�i +�`27mHHv /2+B/BM; r?B+? HQ+�H `2;BQMb iQ QTiBKBx2 �HbQ bB;MB}+�MiHv
BKT`Qp2b i?2 T2`7Q`K�M+2 Ub22 b2+iBQM 9X9Xk 7Q` KQ`2 /2i�BHbVX Pi?2` �TT`Q�+?2b-
BM+Hm/2 2biBK�iBM; �M/ mbBM; i?2 j. `2+QMbi`m+i2/ b+2M2 iQ KBM2 ?�`/ TQbBiBp2 �M/
M2;�iBp2b U_�/2MQpB+ 2i �HX- kyRdVX >Qr2p2`- i?Bb ivTB+�HHv `2[mB`2b � H�`;2 �KQmMi
Q7 BK�;2b Q7 i?2 b�K2 TH�+2 iQ +`2�i2 �M �++m`�i2 j. `2+QMbi`m+iBQM- r?B+? Bb MQi
i?2 +�b2 BM Qm` T`QTQb2/ J�TBHH�`v aGa /�i�b2iX _2+2MiHv- _2p�m/ 2i �HX UkyRNV
T`QTQb2/ b2p2`�H +H2p2` i`B+Fb iQ /B`2+iHv mb2 i?2 `2+�HH �b i?2 HQbb 7mM+iBQM BM 2M/@iQ@
2M/ i`�BMBM;X h?Bb Bb 2M�#H2/ #v mbBM; � ?BbiQ;`�K #BMMBM; �TT`QtBK�iBQM iQ K�F2
i?2 `2+�HH /Bz2`2MiB�#H2 �M/ KmHiBbi�;2 #�+FT`QT�;�iBQM iQ }i i?2 QTiBKBx�iBQM Q7
/22T M2irQ`Fb QM H�`;2 BK�;2b BMiQ K2KQ`vX
h?2b2 K2i?Q/b �`2 HBKBi2/ #v i?2 �p�BH�#BHBiv Q7 � H�`;2 �M/ /Bp2`b2 /�i�b2i 7Q` i`�BMBM;
�M/ 2p�Hm�iBQM i?�i +�Tim`2b i?2 K�Mv �TT2�`�M+2b +?�M;2b Q7 � TH�+2X AM i?2 M2ti
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b2+iBQM- r2 rBHH ?B;?HB;?i +m``2MiHv �p�BH�#H2 /�i�b2ibX
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AM i?Bb b2+iBQM- r2 rBHH /2b+`B#2 i?2 +m``2MiHv �p�BH�#H2 TH�+2 `2+Q;MBiBQM /�i�b2ibX
h�#H2 kXR bmKK�`Bx2b � b2i Q7 `2H2p�Mi TH�+2 `2+Q;MBiBQM /�i�b2ibX "2HQr r2 ?B;?HB;?i
KQ`2 /2i�BHb �M/ +QKT�`2 Qm` +QMi`B#miBQMb �;�BMbi 2tBbiBM; /�i�b2ibX

hvT2 Q7 �TT2�`�M+2 +?�M;2b

L�K2 1MpB`QMK2Mi hQi�H H2M;i? :2Q;`�T?B+�H
+Qp2`�;2

h2KTQ`�H
+Qp2`�;2 6`�K2b

a2
�b

QM
�H

q
2�

i?
2`

o
B2

r
TQ

BM
i

.
vM

�K
B+

.
�v

fM
B;

?i

AM
i`

BM
bB+

b

ai
`m

+i
m`

�H

LQ`/H�M/ 9Rc 9k L�im`�H Y m`#�M 728 FK 182 FK 1 v2�` ∼ 115E ! " " " " " "
aS1. Rk l`#�M @ @ 1 v2�` ∼ 2.5J ! ! " ! ! " "
EAhhA ky l`#�M Y bm#m`#�M 39.2 FK 1.7 FK 3 /�vb ∼ 13E " " ! ! " " "
1vMb?�K R9 l`#�M Y bm#m`#�M 70 FK 35 FK 1 /�v ∼ 10E " " " ! " " "
aiX Gm+B� kR am#m`#�M 47.5 FK 9.5 FK 1 /�v ∼ 33E " " " ! " " "
L*Gh N *�KTmb 148.5 FK 5.5 FK 15 KQMX ∼ 300E ! " ! ! " " "
Pt7Q`/ _Q#Qi*�` jd l`#�M Y bm#m`#�M 1.000 FK 10 FK 1 v2�` ∼ 27E ! ! ! ! ! " !
oG@*Jl d l`#�M Y bm#m`#�M 128 FK 8 FK 1 v2�` ∼ 1.4E " " ! ! " " "
6�a jN l`#�M Y bm#m`#�M 120 FK 70 FK 3 v2�`b ∼ 43E ! ! ! ! " " !
:�`/2M SQBMi 9e l`#�M Y +�KTmb < 12 FK 4 FK R r22F ∼ 600 " " ! " ! " "
auLh>A� 8R l`#�M 6 FK 1.5 FK @ ∼ 200E ! ! ! ! ! " "
:ao e3 l`#�M @ @ @ ∼ 60E " " " " " " "
SBiib#m`;? k8yF ek l`#�M @ @ @ ∼ 254E " " ! ! " " "
hQFvQhJfk9d eR l`#�M @ @ @ ∼ 174E ! " ! ! ! " !
h"@TH�+2b jk :�`/2Mb < 100K < 100K R v2�` ∼ 60E " " ! ! " " "
J�TBHH�`v aGa UPm`bV l`#�M Y bm#m`#�M 11, 560 FK 4, 228 FK 7 v2�`b ∼ 1.68J ! ! ! ! ! ! !

h�#H2 kXR, amKK�`v Q7 TH�+2 `2+Q;MBiBQM /�i�b2ibX :2Q;`�T?B+�H +Qp2`�;2 Bb
i?2 H2M;i? Q7 mMB[m2 i`�p2`b2/ `Qmi2bX hQi�H H2M;i? Bb i?2 ;2Q;`�T?B+�H +Qp2`�;2
KmHiBTHB2/ #v i?2 MmK#2` Q7 iBK2b 2�+? `Qmi2 r�b i`�p2`b2/X h2KTQ`�H +Qp2`�;2 Bb
i?2 iBK2 bT�M 7`QK i?2 }`bi `2+Q`/BM; Q7 � `Qmi2 iQ i?2 H�bi `2+Q`/BM;X ǳ@Ǵ bi�M/b 7Q`
ǳMQi �TTHB+�#H2ǴX

LQ`/H�M/ UL_E- kyRjc PHB/ 2i �HX- kyR3V +QMi�BMb 4 b2[m2M+2b Q7 � 182FK@HQM; i`�BM
DQm`M2v- i`�p2`b2/ QM+2 T2` b2�bQMX Ai +�Tim`2b b2�bQM�H +?�M;2b #mi +QMi�BMb bK�HH
p�`B�iBQMb BM pB2rTQBMi- +�K2`� BMi`BMbB+b- iBK2 Q7 /�v Q` bi`m+im`�H +?�M;2bX
aS1. U*?2M 2i �HX- kyRd#V r�b +m`�i2/ 7`QK BK�;2b i�F2M #v 2.5E bi�iB+ bm`p2BHH�M+2
+�K2`�b Qp2` 1 v2�`X Ai +QMi�BMb /vM�KB+- BHHmKBM�iBQM- r2�i?2` �M/ b2�bQM�H +?�M;2bX
>Qr2p2`- Bi /Q2b MQi BM+Hm/2 pB2rTQBMi +?�M;2b MQ` 2;Q@KQiBQMX
EAhhA U:2B;2` 2i �HX- kyRjV- 1vMb?�K U*mKKBMb- kyyNV �M/ aiX Gm+B� U:HQp2`
2i �HX- kyRyV r2`2 �HH `2+Q`/2/ #v +�`@KQmMi2/ +�K2`�bX AM �HH i?`22 +�b2b i?2 +�`b
/`Qp2 BM m`#�M 2MpB`QMK2Mib rBi?BM � 72r@/�vb- +�Tim`BM; /vM�KB+ 2H2K2Mib �M/
bHB;?i pB2rTQBMi �M/ r2�i?2` +?�M;2b- #mi MQ HQM;@i2`K p�`B�iBQMbX h?2`2 �`2 b2p2`�H
Qi?2` /�i�b2ib Q`B2Mi2/ iQ �miQMQKQmb /`BpBM; +QHH2+i2/ Qp2` HQM;2` T2`BQ/b, L*Gh
U*�`H2p�`Bb@"B�M+Q 2i �HX- kyR8V U`2+Q`/2/ Qp2` � T2`BQ/ Q7 15 KQMi?b BM � +�KTmb 2MpB@
`QMK2MiV- Pt7Q`/ _Q#Qi*�` UJ�//2`M 2i �HX- kyRdV U`2+Q`/2/ 7`QK � +�` i`�p2`bBM;
i?2 b�K2 10 FK `Qmi2 irB+2 2p2`v r22F 7Q` � v2�`V- oG@*Jl U"�/BMQ 2i �HX- kyRRV
U+QKTQb2/ #v 16 × 8 FK bi`22i@pB2r pB/2Qb +�Tim`2/ Qp2` QM2 v2�`V �M/ 6`2B#m`;
�+`Qbb a2�bQMb U6�aV UL�b22` 2i �HX- kyR3V U+QKTQb2/ Q7 2 × 60 FK bmKK2`
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pB/2Qb �M/ 1 × 10 FK rBMi2` pB/2Q Qp2` � T2`BQ/ Q7 i?`22 v2�`bVX LQM2 Q7 i?2K ?�b
;2Q;`�T?B+�H /Bp2`bBiv MQ` p�`B�iBQMb BM i?2 +�K2`� BMi`BMbB+b- �M/ i?2B` pB2rTQBMi-
bi`m+im`�H �M/ r2�i?2` +?�M;2b �`2 KBMQ`X
:�`/2Mb SQBMi UZm22MbH�M/ lMBp2`bBiv Q7 h2+?MQHQ;v- kyR9V r�b `2+Q`/2/ rBi?
� ?�M/@?2H/ BS?QM2X Ai +QMi�BMb /�vfMB;?i �M/ bB;MB}+�Mi pB2rTQBMi +?�M;2b- #mi
� bK�HH `2T`2b2Mi�iBQM Q7 Qi?2` �TT2�`�M+2 +?�M;2b �M/ ?�b � bK�HH bBx2X auL@
h>A� U_Qb 2i �HX- kyReV +QMi�BMb 4 bvMi?2iB+ BK�;2 b2[m2M+2b �HQM; i?2 b�K2 `Qmi2X
Ai BM+Hm/2b p�`vBM; pB2rTQBMib- b2�bQM�H- r2�i?2`- /vM�KB+ �M/ /�vfMB;?i +?�M;2bX
:ao Uw�KB` �M/ a?�?- kyR9V +QKTBH2/ � bi`22i@H2p2H BK�;2 /�i�b2i 7`QK :QQ;H2
ai`22i oB2rX >Qr2p2`- Bi Bb `2H�iBp2Hv bK�HH �i 60, 000 BK�;2bX Ai Bb HBKBi2/ iQ �
72r la +BiB2b rBi? MQ i2KTQ`�H +?�M;2b �M/ Bi Bb +QKTQb2/ Q7 biBHH BK�;2b BMbi2�/
Q7 b2[m2M+2bX SBiib#m`;?k8yF UhQ`BB 2i �HX- kyR8V r�b �HbQ 2ti`�+i2/ 7`QK :QQ;H2
ai`22i oB2r T�MQ`�K�b BM SBiib#m`;? U10, 586 Q7 i?2K bT2+B}+�HHv- mbBM; irQ v�r
/B`2+iBQMb �M/ Rk TBi+? /B`2+iBQMbVX h?2 HBKBi2/ ;2Q;`�T?B+�H bT�M Q7 i?2b2 /�i�b2ib
`2bmHib BM � HQr MmK#2` Q7 mMB[m2 TH�+2b +QKT�`2/ iQ Qm`bX
hQFvQ UhQ`BB 2i �HX- kyR8V +QK2b BM irQ p2`bBQMb, h?2 hQFvQ hBK2 J�+?BM2 /�i�b2i U∼
98E BK�;2bV �M/ hQFvQ k9fd U∼ 75E BK�;2bVX hQFvQ k9fd ?�b bB;MB}+�Mi /�vfMB;?i
+?�M;2bX >Qr2p2`- �`�M/D2HQpB+ 2i �HX UkyReV +QKK2Mib i?�i i?2 i`�BM2/ KQ/2H rBi?
i?2 hQFvQ /�i�b2ib b?Qrb bB;Mb Q7 Qp2`}iiBM;- T`Q#�#Hv +�mb2/ #v i?2B` HBKBi2/ ;2Q@
;`�T?B+�H +Qp2`�;2 �M/ bBx2X
LQiB+2 i?�i :ao- SBiib#m`;?k8yF �M/ hQFvQ ?�p2 bB;MB}+�Mi pB2rTQBMi p�`B�iBQM
#mi /Q MQi BM+Hm/2 BM7Q`K�iBQM Q7 pB2rBM; /B`2+iBQM 7Q` i?2 BK�;2b- �M/ ?2M+2 TQbBiBp2
KBMBM; Q7 BK�;2b rBi? Qp2`H�Tb BM pB2r TQBMi Bb MQi bi`�B;?i7Q`r�`/X AM Qm` J�TBHH�`v
aGa- r2 BM+Hm/2 pB2rBM; /B`2+iBQM BM7Q`K�iBQM 7Q` 2�+? BK�;2X Ub22 /2i�BHb BM *?�Ti2`
jVX
AK�;2 `2i`B2p�H Bb � bBKBH�` i�bF iQ TH�+2 `2+Q;MBiBQM- �BKBM; iQ }M/ �M BK�;2 BM �
/�i�#�b2 i?�i Bb i?2 KQbi bBKBH�` QM2 iQ � [m2`v BK�;2X h?2`2 2tBbi b2p2`�H BK�;2
`2i`B2p�H /�i�b2ib UivTB+�HHv +`2�i2/ 7`QK 6HB+F` BK�;2bV �M/ 2bi�#HBb?2/ #2M+?K�`Fb-
2X;X- >QHB/�vb UC2;Qm 2i �HX- kyy3V- Pt7Q`/8F- S�`BbeF US?BH#BM 2i �HX- kyydV- _2pBbBi2/
Pt7Q`/8F �M/ S�`BbeF U_�/2MQpB+ 2i �HX- kyR3V- �M/ :QQ;H2 G�M/K�`Fb ULQ? 2i �HX-
kyRec Px�FB �M/ uQFQQ- kyRNVX h?2v mbm�HHv 7Q+mb QM bBM;H2@BK�;2 `2i`B2p�H �M/
?�p2 � p2`v H�`;2 b2i Q7 BK�;2b 7`QK i?2 b�K2 H�M/K�`F Q` Q#D2+i- r?B+? HBKBib i?2B`
�TTHB+�iBQM BM #2M+?K�`FBM; HB72HQM; TH�+2 `2+Q;MBiBQMX
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h?2 irQ H�`;2bi �M/ KQbi /Bp2`b2 /�i�b2i +m``2MiHv �p�BH�#H2 7Q` TH�+2 `2+Q;MBiBQM �`2
i?2 SBiib#m`;?k8yF UhQ`BB 2i �HX- kyR8V �M/ i?2 hQFvQ UhQ`BB 2i �HX- kyR8V /�i�b2ibX
h?2b2 /�i�b2ib �`2 +QHH2+i2/ rBi? i?2 b�K2 T`Q+2/m`2 7`QK :QQ;H2 ai`22i oB2r T�MQ`�K�
BK�;2bX AM i?Bb b2+iBQM- r2 ?B;?HB;?i i?2 mM/2bB`�#H2 pBbm�H Qp2`H�T #2ir22M i?2 i`�BMf@
p�HB/�iBQM �M/ i2bi b2i 7Q` #Qi? Q7 i?2b2 /�i�b2iX q2 T`QTQb2 iQ b2T�`�i2 i?2 i`�BMf@
p�HB/�iBQM �M/ i2bi b2i #v Ryy K2i2`b iQ 2Mbm`2 � KQ`2 7�B` 2p�Hm�iBQM QM i?2 i2bi
b2iX
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AM 6B;m`2 kXN- r2 b?Qr i?2 i`�BMfp�HB/�iBQMfi2bi /BpBbBQM Q7 i?2 SBiib#m`;?k8yF �M/
hQFvQ /�i�b2ibX q2 b22 i?�i #Qi? i?2 SBiib#m`;?k8yF �M/ i?2 hQFvQ i2bi b2i b?�`2
#Q`/2`b rBi? i?2B` `2bT2+iBp2 i`�BMBM; �M/ p�HB/�iBQM b2ibX Ai Bb +QKKQM T`�+iB+2
iQ i`�BM QM #Qi? i?2 i`�BMBM; �M/ i?2 p�HB/�iBQM b2i QM+2 i?2 ?vT2`@T�`�K2i2`b �`2
+?Qb2MX h?2`27Q`2- iQ Q#i�BM � 7�B` 2p�Hm�iBQM QM i?2 i2bi b2ib- r2 /Q MQi rBb? i?�i
i?2 i2bi b2ib b?�`2 pBbm�H +QMi2Mi rBi? M2Bi?2` i?2 i`�BMBM; MQ` i?2 p�HB/�iBQM b2iX

SBiibk8yF Uh`�BMV SBiibk8yF Uo�HV SBiibk8yF Uh2biV

hQFvQhJ Uh`�BMV hQFvQhJ Uo�HV hQFvQk9d Uh2biV

6B;m`2 kXN, a?Qrb i?2 i`�BMfp�HB/�iBQMfi2bi /BpBbBQM Q7 i?2 SBiib#m`;?k8yE �M/ hQFvQ
/�i�b2ibX LQi2 i?�i #Qi? i?2 i`�BMBM; �M/ p�HB/�iBQM b2i b?�`2 ;2Q;`�T?B+�H #Q`/2`b
rBi? i?2 i2bi b2i 7Q` #Qi? /�i�b2ibX

AM 6B;m`2 kXRy- r2 b?Qr i?2 Q`B;BM�H /BpBbBQM Q7 i?2 SBiib#m`;?k8yF i2bi �M/ i`�BMfp�H@
B/�iBQM b2iX q2 ?B;?HB;?i 2t�KTH2b �HQM; i?2 #Q`/2` Q7 i?2 i2bi �M/ i`�BMfp�HB/�iBQM
b2i i?�i b?�`2 bm#bi�MiB�H pBbm�H BM7Q`K�iBQMX q2 7QmM/ i?2 +HQb2bi TQBMib iQ #2 H2bb
i?�M 1 K2i2` �T�`iX LQi2 i?�i i?2 SBiib#m`;?jyE /�i�b2i Bb � bm#b2i Q7 i?2 SBiib@
#m`;?k8yE /�i�b2i- bQ i?2 }M/BM;b �HbQ �TTHv 7Q` i?Bb /�i�b2i /BpBbBQMX "�b2/ QM i?2b2
}M/BM;b- r2 T`QTQb2 iQ /Bb+�`/ �HH i?2 BK�;2b BM i?2 i2bi b2i i?�i �`2 +HQb2` i?�M 100 K
iQ i?2 #Q`/2`X h?Bb T`QTQb2/ i`�BMfp�HB/�iBQMfi2bi /BpBbBQM Bb b?Qr2/ BM 6B;m`2 kXRR
7Q` i?2 SBiib#m`;? /�i�b2iX LQi2 i?�i i?2 BK�;2b �i i?2 #Q`/2` /Q MQi b?�`2 pBbm�H
BM7Q`K�iBQM rBi? i?2 T`QTQb2/ /�i� /BpBbBQMX 6Q` 7�B` pBbm�HBx�iBQMb- i?2b2 BK�;2b �`2
+?Qb2M �b i?2 +HQb2bi BK�;2b i?�i ?�p2 i?2 b�K2 pB2r@/B`2+iBQM bBKBH�` iQ BM 6B;m`2
kXRyX "v /Bb+�`/BM; BK�;2b +HQb2 iQ i?2 #Q`/2`- r2 `2/m+2 i?2 SBiib#m`;?k8yF i2bi
b2i #v 6.792 U7.4%V BK�;2b �M/ i?2 SBiib#m`;?jyF i2bi b2i #v 2.760 U16.4%V BK�;2b-
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?Qr2p2`- r2 2Mbm`2 � 7�B` 2p�Hm�iBQM Q7 KQ/2Hb i`�BM2/ QM i?2 SBiib#m`;? /�i�b2iX

6B;m`2 kXRy, a?Qrb � +H2�` pBbm�H Qp2`H�T #2ir22M SBiib#m`;? i2bi �M/ i`�BMfp�HB/�iBQM
/�i�b2iX h?2 irQ xQQKb ?B;?HB;?i i?�i i?2`2 Bb MQi � ;2Q;`�T?B+�H Qp2`H�T- #mi � +H2�`
pBbm�H Qp2`H�T #2ir22M i?2 i2bi �M/ i`�BMfp�HB/�iBQM b2ibX

6B;m`2 kXRR, a?Qrb i?2 `2pBbBi2/ SBiib#m`;? /�i�b2iX h?2 v2HHQr TQBMib �`2 i?2 Q`B;B@
M�H i`�BMfp�HB/�iBQM b2i- i?2 `2/ TQBMib �`2 i?2 BK�;2b /Bb+�`/2/ 7`QK i?2 i2bi b2i- �M/
i?2 ;`22M TQBMib �`2 i?2 `2K�BMBM; BK�;2b BM i?2 i2bi b2iX h?2 irQ xQQKb ?B;?HB;?i
i?�i i?2`2 Bb MQi � pBbm�H Qp2`H�T #2ir22M i?2 `2pBbBi2/ i2bi �M/ i`�BMfp�HB/�iBQM b2ibX
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q2 BKTH2K2Mi2/ i?2 b�K2 T`Q+2/m`2 7Q` i?2 hQFvQ /�i�b2iX 6B;m`2 kXRk ?B;?HB;?ib
i?2 M2r i`�BMfp�HB/�iBQMfi2bi /BpBbBQM 7Q` i?Bb /�i�b2i �b r2HH �b BK�;2b 7Q` #27Q`2 i?2
T`QTQb2/ bTHBiX h?2 `2pBbBi2/ hQFvQk9d i2bi Bb `2/m+2/ #v 9.342 U12.2%V BK�;2bX

6B;m`2 kXRk, a?Qrb i?2 T`QTQb2/ i`�BMfp�HB/�iBQM i2bi /BpBbBQM Q7 i?2 hQFvQ /�i�b2i
�M/ i?`22 BK�;2 T�B`b i?�i b?Qrb i?2 bB;MB}+�Mi pBbm�H Qp2`H�T #2ir22M i?2 i`�BMf@
p�HB/�iBQM b2i UhQFvQhJV �M/ i?2 i2bi b2i UhQFvQk9dV BM i?2 Q`B;BM�H hQFvQ /�i�b2iX
LQi2 i?�i i?2 ?B;?HB;?i2/ TH�+2b �`2 �HH H2bb i?�M 6 K2i2`b �T�`i �M/ i?�i i?2 b�K2
TH�+2 Bb mbm�HHv /2}M2/ rBi?BM � 25 K2i2`b `�/BmbX h?mb- i?2 b�K2 TH�+2b �`2 T�`i Q7
#Qi? i`�BMfp�HB/�iBQM �M/ i2bi b2iX

h?2 T`QTQb2/ b2T�`�iBQM #2ir22M i?2 i2bi �M/ i`�BMfp�HB/�iBQM b2ib `2bmHi BM � KQ`2
7�B` 2p�Hm�iBQM QM i?2 i2bi b2iX >Qr2p2`- �b i?2b2 /�i�b2ib �`2 +QHH2+i2/ 7`QK � `�i?2`
bK�HH ;2Q;`�T?B+�H `2;BQM Bi Bb biBHH mMbm`2 ?Qr KQ/2Hb ;2M2`�HBx2 iQ Qi?2` `2;BQMb-
+BiB2b- bm#m`#�M 2MpB`QMK2Mib Q` KQ`2 `m`�H �`2�bX 6m`i?2`KQ`2- i?2b2 /�i�b2ib �`2
+m`�i2/ rBi? BK�;2@iQ@BK�;2 K2i?Q/b BM KBM/- K�FBM; Bi /B{+mHi iQ 2tTHQBi i?2
i2KTQ`�H BM7Q`K�iBQM BM BK�;2 b2[m2M+2bX
h?Bb KQiBp�i2 mb iQ +`2�i2 � M2r /�i�b2i rBi? � p2`v H�`;2 ;2Q;`�T?B+�H +Qp2`�;2- bm+?
i?�i r2 +�M 2p�Hm�i2 ?Qr KQ/2Hb ;2M2`�HBx2 iQ M2r +BiB2b- m`#�M 2MpB`QMK2Mib �M/
`m`�H �`2�bX 6m`i?2`KQ`2- r2 r�Mi iQ K�F2 � /�i�b2i i?�i Bb +m`�i2/ 7Q` b2[m2MiB�H
K2i?Q/b- bm+? i?�i r2 +�M 2M�#H2 i?2 /2p2HQTK2Mi Q7 M2r TH�+2 `2+Q;MBiBQM K2i?@
Q/b i?�i 2tTHQBi i?2 i2KTQ`�H BM7Q`K�iBQMX AM i?2 M2ti +?�Ti2`- r2 2tTH�BM ?Qr r2
�+?B2p2 #Qi? i?2b2 `2[mB`2K2Mib i?`Qm;? � +HQb2 +QHH�#Q`�iBQM rBi? K�TTBM; +QKT�Mv-
J�TBHH�`vXR

RrrrXK�TBHH�`vX+QK

www.mapillary.com
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hQ Tmb? i?2 bi�i2@Q7@i?2@�`i BM HB72HQM; TH�+2 `2+Q;MBiBQM- i?2`2 Bb � M22/ 7Q` � H�`;2`
�M/ KQ`2 /Bp2`b2 /�i�b2i i?�i Bb +m`�i2/ 7Q` b2[m2MiB�H K2i?Q/bX q2 ?�p2- rBi?
i?Bb BM KBM/- +`2�i2/ � M2r /�i�b2i +QKT`Bb2/ Q7 1.6 KBHHBQM BK�;2b 7`QK J�TBHH�`vRX
J�TBHH�`v Bb � +QHH�#Q`�iBp2 TH�i7Q`K i?�i +`Qr/bQm`+2b BK�;2`v 7`QK mb2`b r?Q i�F2
bi`22i@H2p2H TB+im`2b rBi? i?2B` bK�`iT?QM2bX h?2 BK�;2b �`2 ?Qbi2/ QM � r2#bBi2
bBKBH�` iQ :QQ;H2 ai`22i oB2rX J�TBHH�`vǶb BM7`�bi`m+im`2 #mBH/b QM iQT Q7 �MQi?2`
+QHH�#Q`�iBp2 TH�i7Q`K- PT2Mai`22iJ�Tk- r?B+? 2M�#H2b mb2`b iQ 2/Bi � b?�`2/ K�T
Q7 i?2 rQ`H/X
AM i?Bb +?�Ti2`- r2 T`2b2Mi ?Qr r2 +QHH2+i2/ /�i� 7`QK #Qi? i?2b2 +QHH�#Q`�iBp2 TH�i@
7Q`Kb iQ +`2�i2 � p2`v H�`;2 /�i�b2i 7Q` TH�+2 `2+Q;MBiBQM rBi? /2i�BH2/ K2i� /�i�
�#Qmi i?2 +m`�i2/ BK�;2`vX q2 b?Qr BKTQ`i�Mi +?�`�+i2`BbiB+b �M/ bi�iBbiB+b Q7 i?2
/�i�b2iX qBi? i?2 �p�BH�#H2 b2[m2MiB�H BM7Q`K�iBQM Q7 i?2 /�i�b2i- r2 �//BiBQM�HHv
T`QTQb2 irQ M2r `2b2�`+? #2M+?K�`F i�bFbX
aBKBH�` iQ T`2pBQmb rQ`Fb- r2 +�bi TH�+2 `2+Q;MBiBQM �b �M BK�;2 `2i`B2p�H T`Q#H2K �M/
mb2 i?2 iQT@5 `2+�HH �b 2p�Hm�iBQM K2i`B+X Pm` /�i�b2i Bb �TTHB+�#H2 7Q` #Qi? bBM;H2@pB2r
�M/ KmHiB@pB2r KQ/2HbX h?2`27Q`2- r2 rBHH BM i?2 7QHHQrBM; mb2 i?2 [m2`vf/�i�#�b2
2t�KTH2 iQ /2b+`B#2 2Bi?2` � [m2`vf/�i�#�b2 BK�;2 Q` � [m2`vf/�i�#�b2 b2[m2M+2X

6B;m`2 jXR, J�TBHH�`v aGa +QMi�BMb BK�;2`v 7`QK jy K�DQ` +BiB2b �`QmM/ i?2 rQ`H/c `2/
bi�M/b 7Q` i`�BMBM; +BiB2b �M/ #Hm2 7Q` i2bi +BiB2bX a22 irQ b�KTH2b 7`QK a�M 6`�M+Bb+Q
�M/ hQFvQ rBi? +?�HH2M;BM; �TT2�`�M+2 +?�M;2b /m2 iQ /vM�KB+ �M/ BHHmKBM�iBQM
/Bz2`2M+2bX

RrrrXK�TBHH�`vX+QK
krrrXQT2Mbi`22iK�TXQ`;
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www.openstreetmap.org


�� � .BQJMMBSZ 4-4 EBUBTFU

��� %BUB $VSBUJPO
Pm` ;Q�H Bb iQ +`2�i2 � /�i�b2i 7Q` TH�+2 `2+Q;MBiBQM rBi? BK�;2b i?�i URV ?�b rB/2 ;2Q@
;`�T?B+�H `2�+?- `2/m+BM; #B�b iQr�`/b ?B;?Hv TQTmH�i2/ +BiB2b BM /2p2HQT2/ +QmMi`B2b
UkV Bb pBbm�HHv /Bp2`b2- +�Tim`BM; b+2M�`BQb mM/2` p�`vBM; r2�i?2`- HB;?iBM;- �M/ iBK2
UjV i�;;2/ rBi? `2HB�#H2 ;2QK2i`B+ �M/ b2[m2MiB�H BM7Q`K�iBQM- 2M�#HBM; M2r `2b2�`+?
�M/ T`�+iB+�H �TTHB+�iBQMbX
�+[mB`BM; bm+? � /�i�b2i rQmH/ `2[mB`2 ?mM/`2/b Q7 T2QTH2 �M/ b2p2`�H v2�`b Q7 `2+Q`/@
BM;X 6Q`imM�i2Hv- J�TBHH�`v ?�p2 �H`2�/v +QHH2+i2/ BK�;2`v 7`QK � H�`;2 T�`i Q7 i?2
rQ`H/ Qp2` i?2 H�bi /2+�/2X q2 rBHH BM i?2 7QHHQrBM;- 2tTH�BM ?Qr r2 ?�p2 `2+QHH2+i2/
/�i� 7`QK i?2B` TH�i7Q`K iQ +`2�i2 � H�`;2- pBbm�H /Bp2`b2- b2[m2MiB�HHv bi`m+im`2/
/�i�b2i 7Q` TH�+2 `2+Q;MBiBQMX

����� *NBHF 4FMFDUJPO

6B;m`2 jXk, J�TBHH�`v aGa T�B`b b?QrBM; /�vfMB;?i- r2�i?2`- b2�bQM�H- bi`m+im`�H-
pB2rTQBMi �M/ /QK�BM +?�M;2bX 1�+? +QHmKM b?Qrb BK�;2b 7`QK i?2 b�K2 TH�+2 i?�i
�`2 `2+Q`/2/ �i /Bz2`2Mi /�i2bX

:2Q;`�T?B+�H .Bp2`bBivX hQ 2Mbm`2 ;2Q;`�T?B+�H /Bp2`bBiv- r2 bi�`i rBi? � b2i Q7
+�M/B/�i2 +BiB2b 7Q` BK�;2 b2H2+iBQMX 6Q` 2�+? +�M/B/�i2 +Biv- r2 +`2�i2 � `2;mH�` ;`B/ Q7
500K2 +2HH bBx2 �M/ T`Q+2bb 2�+? Q7 i?2 +2HHb BM/2T2M/2MiHvX 6Q` 2�+? +2HH r2 2ti`�+i
� b2`B2b Q7 BK�;2 b2[m2M+2b `2+Q`/2/ rBi?BM i?Bb +2HHX 1�+? b2[m2M+2 +QMi�BMb i?2
BK�;2 F2vb �M/ i?2B` �bbQ+B�i2/ :Sa +QQ`/BM�i2b �M/ `�r +QKT�bb �M;H2b UBM/B+�iBM;
pB2rBM; /B`2+iBQMVX
J�TBHH�`v aGa +QMi�BMb /�i� 7`QK 30 +BiB2b bT`2�/ Qp2` 6 +QMiBM2MibX a22 6B;m`2 jXR
�M/ h�#H2 jXR 7Q` /2i�BHbX Ai +Qp2`b /Bp2`b2 m`#�M �M/ bm#m`#�M 2MpB`QMK2Mib �b BM/B@
+�i2/ #v i?2 /Bbi`B#miBQM Q7 +Q``2bTQM/BM; PT2Mai`22iJ�T UPaJVj `Q�/ �ii`B#mi2b
U6B;m`2 jXjVX

jrrrXQT2Mbi`22iK�TXQ`;

www.openstreetmap.org
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*QMiBM2Mi O 6`�K2b O LB;?i 6`�K2b :2QX *Qp2`�;2 (FK) hQi�H *Qp2`�;2 (FK) O*Hmbi2`b
1m`QT2 8Re E R-yN3 R-y8k k-N38 3-e89
�bB� 9e3 E N-3ky Ne8 k-dkN 8-93j
LQ`i? �K2`B+� 9jR E j-Ne3 RdR 9-eRe e-8y9
aQmi? �K2`B+� eR E R-Rdd kR9 8NN R-ye8
�mbi`�HB� kyy E y k8N 8e3 R-9Nj
�7`B+� 8 E y k3 ej Ry3
hQi�H R-e3R E Re-yej 9-kk3 RR-8ey kj-jyd

h�#H2 jXR, *QMiBM2Mi�H +Qp2`�;2 BM J�TBHH�`v aGaX

lMB[m2 lb2` �M/ *�Tim`2 hBK2X hQ 2Mbm`2 p�`B�iBQM BM i?2 b+2M2 bi`m+im`2- iBK2
Q7 /�v- +�K2`� BMi`BMbB+b �M/ pB2r TQBMib rBi?BM 2�+? ;2Q;`�T?B+�H +2HH- r2 QMHv F22T
QM2 b2[m2M+2 T2` T?QiQ;`�T?2` �M/ TB+F b2[m2M+2b 7`QK /Bz2`2Mi /�vbX
*QMbBbi2Mi oB2rBM; .B`2+iBQMX hQ 2Mbm`2 i?�i pB2rBM; /B`2+iBQM K2�bm`2K2Mi Bb
`2HB�#H2 7Q` b2H2+iBM; K�i+?BM; BK�;2b- r2 2M7Q`+2 +QMbBbi2M+v #2ir22M `�r +QKT�bb
�M;H2b UK2�bm`2/ #v i?2 +�Tim`BM; /2pB+2V �M/ i?2 2biBK�i2/ pB2rBM; /B`2+iBQM +QK@
Tmi2/ rBi? ai`m+im`2 7`QK JQiBQM Ua7JV9X q2 b2H2+i QMHv b2[m2M+2b BM r?B+? �i H2�bi
80% Q7 i?2 BK�;2bǶ +QKTmi2/ �M;H2b �;`22 U≤ 30◦ /Bz2`2M+2V rBi? i?2 `�r +QKT�bb
�M;H2X

����� 4FRVFODF $MVTUFSJOH
:Bp2M i?Bb BMBiB�H b2i Q7 b2[m2M+2b 7`QK i?2 BK�;2 b2H2+iBQM T`Q+2bb- r2 ;2M2`�i2 +Hmb@
i2`b Q7 b2[m2M+2b i?�i �`2 +�M/B/�i2b 7Q` TH�+2 `2+Q;MBiBQMX hQ �pQB/ b2[m2M+2b r?2`2
i?2 /Bbi�M+2 #2ir22M +QMb2+miBp2 BK�;2b Bb H�`;2- r2 }`bi bTHBi 2�+? `�r b2[m2M+2 BMiQ
bm#b2[m2M+2b B7 i?2`2 �`2 KQ`2 i?�M 30 K #2ir22M irQ +QMb2+miBp2 7`�K2bX h?2M-
r2 T�B`rBb2@K�i+? i?2b2 bm#@b2[m2M+2b #�b2/ QM i?2B` /Bbi�M+2- pB2rBM; /B`2+iBQM-
�M/ KQiBQM /B`2+iBQMX8 h?Bb Bb /QM2 #v b2�`+?BM; �KQM; �HH i?2 bm#@b2[m2M+2b �M/
7Q`KBM; +�M/B/�i2 +Hmbi2`b Ubm#@b2[m2M+2 T�B`bV #�b2/ QM i?2B` /Bbi�M+2b iQ �HH Qi?2`
M2B;?#Q`BM; bm#@b2[m2M+2bX
hQ 7Q`K � +�M/B/�i2 +Hmbi2` r2 mb2 i?2 7QHHQrBM; +`Bi2`B�, 6`�K2b 7`QK bm#@b2[m2M+2b
A �M/ B �`2 +Hmbi2`2/ iQ;2i?2` B7, RV h?2B` /Bbi�M+2 Bb H2bb i?�M 30 KX kV h?2 /B7@
72`2M+2 #2ir22M i?2B` pB2rBM; /B`2+iBQMb Bb H2bb i?�M 40◦X jV h?2 /Bz2`2M+2 #2ir22M
i?2B` KQpBM; /B`2+iBQMb Bb H2bb i?�M 40◦X AM T`�+iB+2- r2 mb2 � F@/ i`22 iQ 2{+B2MiHv
/Bb+Qp2` i?2b2 T�B`rBb2 +Q``2bTQM/2M+2bX h?2 �#Qp2 +`Bi2`B� bQK2iBK2b bFBTb BMi2`@
K2/B�i2 BK�;2b BM � b2[m2M+2- 2X;X- � bm#b2[m2M+2 KB;?i ?�p2 i?2 BK�;2b {1, 2, 4, 5}-
i?mb KBbbBM; BK�;2 3X hQ �pQB/ i?Bb 2z2+i- r2 �//2/ �HH bm+? bFBTT2/ BK�;2b #�+F
BMiQ i?2 b2[m2M+2X

9h?2 2biBK�i2/ pB2rBM; /B`2+iBQMb r2`2 +QKTmi2/ #�b2/ QM i?2 `2H�iBp2 +�K2`� TQb2b 2biBK�i2/
mbBM; i?2 /27�mHi PT2Ma7J UPT2V TBT2HBM2 rBi? i?2 +�K2`� TQbBiBQMb �HB;M2/ rBi? i?2 :Sa K2�bm`2@
K2Mib

8h?2 KQiBQM /B`2+iBQM 7Q` 2�+? BK�;2 Bb +�H+mH�i2/ mbBM; i?2 :Sa K2�bm`2K2Mi �M/ i?2 +�Tim`2
iBK2b Q7 +QMb2+miBp2 BK�;2b BM � b2[m2M+2X
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�7i2` K�i+?BM; bm#@b2[m2M+2 T�B`b BMiQ TQi2MiB�H +Hmbi2`b- r2 T`mM2 i?2K iQ Q#i�BM
i?2 7`�K2b r?2`2 #Qi? bm#b2[m2M+2b Qp2`H�T �M/ ?2M+2 +�M #2 mb2/ 7Q` b2[m2M+2@iQ@
b2[m2M+2 TH�+2 `2+Q;MBiBQMX aBM+2 i?2`2 KB;?i #2 KQ`2 b2[m2M+2b K�i+?BM;- r2 K2`;2
�HH T�B`rBb2 +Hmbi2`b U2X;X- r2 K2`;2 +Hmbi2`b �- " �M/ * B7 i?2`2 �`2 BK�;2b i?�i
#2HQM; iQ +Hmbi2`b �"- �* �M/ "*XV
q2 2M/ mT rBi? +Hmbi2`b Q7 b2[m2M+2b i?�i ?�p2 i?2 b�K2 ;2Q;`�T?B+�H +Qp2`�;2 �M/
i?2 b�K2 KQpBM;@ �M/ pB2rBM;@/B`2+iBQMX h?2 b2[m2M+2b BM i?2 +Hmbi2`b �`2 `2H�iBp2Hv
b?Q`i U8@jyy 7`�K2bV T`QpB/BM; � p2`v /Bp2`b2 b2i Q7 b2[m2MiB�H 2t�KTH2b 7Q` i`�BMBM;
�M/ /2p2HQTK2Mi Q7 KmHiB@pB2r TH�+2 /2b+`BTiQ`bX
6BM�HHv- r2 }Hi2` i?2 `2bmHiBM; +Hmbi2`b 2M7Q`+BM;, RV i?�i 2�+? bm#b2[m2M+2 ?�b 5 Q`
KQ`2 7`�K2b 7Q` T`QT2` 2p�Hm�iBQM Q7 KmHiB@pB2r TH�+2 `2+Q;MBiBQM KQ/2Hbc �M/ kV i?�i
2�+? +Hmbi2` ?�b �i H2�bi irQ bm#b2[m2M+2b- BM Q`/2` iQ ?�p2 � bm{+B2Mi MmK#2` Q7
TQbBiBp2 i`�BMBM; �M/ i2bi b�KTH2b Ua22 �TT2M/Bt �X8 7Q` KQ`2 /2i�BHb QM i?2 +m`�iBQM
Q7 i?2 JaGa /�i�b2iVX

6B;m`2 jXj, .Bbi`B#miBQM Q7 PaJ `Q�/ �ii`B#mi2b 7Q` J�TBHH�`v aGaX

��� *NBHF "UUSJCVUFT
6Q` 2�+? BK�;2- r2 �//BiBQM�HHv T`QpB/2 b2p2`�H BK�;2 �ii`B#mi2b i?�i �`2 `2H2p�Mi 7Q`
7m`i?2` `2b2�`+?X
.�v �M/ LB;?iX q2 T`QpB/2 �M �ii`B#mi2 BM/B+�iBM; B7 � b2[m2M+2 Bb +�Tim`2/
/m`BM; /�v Q` MB;?i iBK2X q2 p2`B}2/ i?�i i?2 /�vfMB;?i �ii`B#mi2 +QmH/ MQi #2
`Q#mbiHv 2biBK�i2/ 7`QK i?2 +�Tim`2 iBK2 Q7 i?2 BK�;2bX h?2`27Q`2- r2 BKTH2K2Mi2/
� /�vfMB;?i +H�bbB}2` #�b2/ QM i?2 ?m2 /Bbi`B#miBQM Q7 i?2 2MiB`2 BK�;2 �M/ Q7 i?2 bFv
`2;BQM B/2MiB}2/ mbBM; b2K�MiB+ b2;K2Mi�iBQMX :Bp2M i?2 T`2/B+iBQM Q7 2�+? BK�;2-
r2 i?2M T2`7Q`K2/ � K�DQ`Biv pQiBM; �+`Qbb i?2 2MiB`2 b2[m2M+2 iQ T`QpB/2 +QMbBbi2Mi
/�vfMB;?i i�;bX hQ Q#i�BM i?2 bFv `2;BQM- r2 mb2 � b2K�MiB+ b2;K2Mi�iBQM K�bF
T`QpB/2/ #v J�TBHH�`vǶb �SAX "v K�Mm�H BMbT2+iBQM- r2 7QmM/ i?�i bm+? � +H�bbB}2`
Bb bm{+B2MiX



��� %BUB 0WFSWJFX ��

6�+BM; .B`2+iBQMX q2 �//BiBQM�HHv BM+Hm/2 i?2 7�+BM; /B`2+iBQM Q7 i?2 +�K2`�, 7Q`@
r�`/- #�+Fr�`/ Q` bB/2r�vb- r?B+? Bb +�H+mH�i2/ mbBM; i?2 2biBK�i2/ KQpBM; /B`2+iBQM
�M/ pB2rBM; /B`2+iBQM 7Q` 2�+? BK�;2X
_Q�/ �ii`B#mi2bX "�b2/ QM i?2 :Sa HQ+�iBQMb Q7 i?2 BK�;2b- r2 ?�p2 �HbQ i�;;2/
2�+? b2[m2M+2 rBi? `Q�/ �ii`B#mi2b U2X;X- `2bB/2MiB�H- KQiQ`r�v- T�i? Q` Qi?2`bV- r?B+?
�`2 Q#i�BM2/ 7`QK PT2Mai`22iJ�Te UPaJVX

��� %BUB 0WFSWJFX
AM i?Bb b2+iBQM- r2 T`QpB/2 �M Qp2`pB2r Q7 i?2 J�TBHH�`v aGa /�i�b2i BM i2`Kb Q7 Bib
/Bp2`bBivX AM 6B;m`2b jXRy U�V �M/ U#V- r2 b?Qr i?�i i?2 /�i�b2i +Qp2`b �HH iBK2b Q7 i?2
/�v �M/ KQMi?b Q7 i?2 v2�`X 6B;m`2b jXRy U+V �M/ U/V b?Qr i?�i Bi bT�Mb MBM2 v2�`b
�M/ i?�i i?2 b�K2 TH�+2b ?�p2 #22M `2pBbBi2/ rBi? mT iQ b2p2M v2�`b iBK2 /Bz2`2M+2-
K�FBM; J�TBHH�`v aGa i?2 /�i�b2i rBi? H�`;2bi iBK2 bT�M 7Q` HB72HQM; TH�+2 `2+Q;MBiBQMX
6B;m`2b jXRy U2V �M/ U7V b?Qr i?2 H�`;2 p�`B2iv BM b2[m2M+2 H2M;i? �M/ i?2 MmK#2` Q7
`2+Q`/BM;b 7Q` i?2 b�K2 TH�+2bX

U�V >Qm`Hv /Bbi`B#miBQM U#V JQMi?Hv /Bbi`B#miBQM U+V u2�`Hv /Bbi`B#miBQM

U/V hBK2 /Bz (KQMi?b) U2V OQ7 7`�K2bfb2[m2M+2 U7V O Q7 b2[m2M+2bf+Hmbi2`

6B;m`2 jXRy, .Bbi`B#miBQM Q7 BK�;2 b2[m2M+2b BM J�TBHH�`v aGa QM � /�BHv- KQMi?Hv-
v2�`Hv b+�H2- iBK2 p�`B�iBQM- �M/ b2[m2M+2@`2H�i2/ +?�`�+i2`BbiB+bX

hQ ?B;?HB;?i i?2 #`Q�/ p�`B2iv �M/ +?�HH2M;2- r2 b?Qr BM 6B;m`2 jXk BK�;2 b�KTH2b
7`QK Qm` /�i�b2i- r?2`2 2�+? +QHmKM +QMi�BMb � [m2`v �M/ � /�i�#�b2 BK�;2 �i �

e?iiTb,ffrBFBXQT2Mbi`22iK�TXQ`;

https://wiki.openstreetmap.org
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M2�`#v HQ+�iBQMX AM i?2 }`bi +QHmKM- i?2 [m2`v BK�;2b �`2 i�F2M /m`BM; i?2 /�v
r?2`2�b i?2 /�i�#�b2 BK�;2 Bb i�F2M �i MB;?iX h?2 b2+QM/ +QHmKM b?Qrb �M 2t�KTH2
Q7 /`�biB+ r2�i?2` +?�M;2b �b r2HH �b � M2r `Q�/rQ`F i`�{+ bB;MX h?2 i?B`/ +QHmKM
b?Qrb BK�;2b 7`QK E�KT�H�c � /`�biB+ +?�M;2 BM 2MpB`QMK2Mi +QKT�`2/ iQ i?2 BK�;2b
BM i?2 }`bi irQ +QHmKMb 7`QK *QT2M?�;2M �M/ a�M 6`�M+Bb+QX a2�bQM�H �M/ bi`m+im`�H
+?�M;2b �`2 pBbB#H2 BM i?2 irQ H�bi +QHmKM- �b i?2 bFv b+`�T2` QM i?2 H27i bB/2 Q7 i?2
`Q�/ Bb mM/2` +QMbi`m+iBQM BM i?2 #QiiQK BK�;2 �M/ bi�M/b }MBb?2/ BM i?2 iQT QM2X
JQ`2 pBbm�H 2t�KTH2b Q7 p�bi p�`B2iv Q7 +?�M;2b #2ir22M [m2`v �M/ /�i�#�b2 BK�;2b
�`2 �p�BH�#H2 BM �TT2M/Bt �XkX

��� %BUB 1BSUJUJPO BOE &WBMVBUJPO
q2 /BpB/2 i?2 /�i�b2i BMiQ � i`�BMBM; b2i U`Qm;?Hv 90%V �M/ � i2bi b2i Ui?2 `2K�BMBM;
10%V +QMi�BMBM; /BbDQBMi b2ib Q7 +BiB2bX aT2+B}+�HHv- i?2 i2bi b2i +QMbBbib Q7 BK�;2b
+QHH2+i2/ 7`QK JB�KB- �i?2Mb- "m2MQb �B`2b- aiQ+F?QHK- "2M;�Hm`m �M/ E�KT�H�X
q2 T?`�b2 7Qm` TH�+2 `2+Q;MBiBQM i�bFb +QK#BMBM; bBM;H2 BK�;2b �M/ b2[m2M+2b BM
i?2 [m2`v �M/ /�i�#�b2- i?�i rBHH #2 `272``2/ 7`QK ?2`2 QM �b BK@k@BK- b2[@k@b2[-
BK@k@b2[- �M/ b2[@k@BK Ut@k@v bi�M/b 7Q` [m2`v t �M/ /�i�#�b2 vV- `2bT2+iBp2HvX
aBKBH�` iQ T`2pBQmb rQ`Fb- r2 +�bi TH�+2 `2+Q;MBiBQM �b �M BK�;2 `2i`B2p�H T`Q#H2K
�M/ mb2 i?2 iQT@5 `2+�HH �b 2p�Hm�iBQM K2i`B+X 6Q` 2�+? +Hmbi2`- r2 `�M/QKHv +?QQb2
QM2 [m2`v b2[m2M+2 �M/ �// i?2 `2bi Q7 i?2 b2[m2M+2b iQ i?2 /�i�#�b2X h?2 [m2`v
2t�KTH2b �`2 i?2M +?Qb2M �b i?2 +2Mi2` 7`�K2UbV BM i?2 +?Qb2M [m2`v b2[m2M+2X PMHv
QM2 [m2`v 2t�KTH2 Bb +?Qb2M T2` [m2`v b2[m2M+2- 2Mbm`BM; �M 2[m�H r2B;?i Q7 2p2`v
TH�+2 BM i?2 2p�Hm�iBQM BM/2T2M/2MiHv Q7 Bib MmK#2` Q7 7`�K2bX q2 /2}M2 i?2 ;`QmM/
i`mi? K�i+?2b �b BK�;2b rBi?BM � `�/Bmb Q7 25 K Q7 i?2 [m2`v BK�;2 i?�i ?�p2 �
pB2rBM; �M;H2 /Bz2`2M+2 bK�HH2` i?�M 9y◦X
AM �//BiBQM iQ 2p�Hm�iBM; QM i?2 r?QH2 i2bi b2i- r2 bm;;2bi i?2 7QHHQrBM; i?`22 `2b2�`+?
+?�HH2M;2b �M/ T`QpB/2 � b2T�`�i2 2p�Hm�iBQM 7Q` 2�+?, .�vfLB;?i U?Qr r2HH i?2
KQ/2H `2+Q;MBx2b TH�+2b 7`QK /�v �M/ MB;?i �M/ pB+2 p2`b�V- a2�bQM�H U?Qr r2HH i?2
KQ/2H `2+Q;MBx2b TH�+2b #2ir22M b2�bQMb- amKK2`fqBMi2` �M/ pB+2 p2`b� #2BM; i?2
KQbi +?�HH2M;BM;V �M/ L2rfPH/ U?Qr r2HH /Q2b i?2 KQ/2H `2+Q;MBx2b TH�+2b �7i2`
b2p2`�H v2�`bVX
q2 ?�p2 BM i?Bb +?�Ti2` /2b+`B#2/ i?2 +m`�iBQM Q7 i?2 p2`v H�`;2 J�TBHH�`v aGa TH�+2
`2+Q;MBiBQM /�i�b2iX q2 rBHH BM i?2 M2ti +?�Ti2` 2tTH�BM i?2 K2i?Q/b- 2tT2`BK2Mi�H
b2imT �M/ i`�BMBM; T`Q+2/m`2 mb2/ iQ p�HB/�i2b Bib +QMi`B#miBQMX
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q2 rBb? iQ p�HB/�i2 i?2 +QMi`B#miBQM Q7 i?2 J�TBHH�`v aGa /�i�b2iX q2 2tT2+i i?�i i?2
H�`;2` bBx2- ;2Q;`�T?B+�H +Qp2`�;2 �M/ BM+`2�b2/ /Bp2`bBiv Q7 i?2 /�i�b2i BKT`Qp2 i?2
T2`7Q`K�M+2 Q7 /22T KQ/2HbX AM i?Bb +?�Ti2`- r2 /2b+`B#2 i?2 K2i?Q/b- 2tT2`BK2Mi�H
b2imT �M/ i`�BMBM; T`Q+2/m`2 mb2/ iQ p�HB/�i2 i?2 /�i�b2iX 6B`bi- r2 /2b+`B#2 i?2
bBM;H2@pB2r K2i?Q/b 7Q` BK@k@BK 2p�Hm�iBQM- i?2M i?2 b2[m2M+2 #�b2/ KQ/2Hb mb2/ 7Q`
b2[@k@b2[- BK@k@b2[ �M/ b2[@k@BK 2p�Hm�iBQM- �M/ `QmM/ i?2 +?�Ti2` Q7 #v /2b+`B#BM;
i?2 +QM/m+i2/ i`�BMBM; T`Q+2/m`2X

��� 4JOHMF�7JFX .FUIPET
JQbi `2b2�`+? QM TH�+2 `2+Q;MBiBQM 7Q+mb2b QM BK�;2 iQ BK�;2 `2i`B2p�HX hrQ Q7 i?2
KQbi bm++2bb7mH KQ/2Hb �`2 L2ioG�. U�`�M/D2HQpB+ 2i �HX- kyReV �M/ :2J U_�/2MQpB+
2i �HX- kyRdVX "Qi? i?2b2 KQ/2Hb +QMbBbib Q7 � /22T +QMpQHmiBQM�H M2m`�H M2irQ`F
U*LLV �b #�b2 M2irQ`F- 2X;X o:: UaBKQMv�M �M/ wBbb2`K�M- kyR8V- _2bL2i U>2
2i �HX- kyR8V Q` �H2tL2i UE`Bx?2pbFv 2i �HX- kyRkV-R 7QHHQr2/ #v 2Bi?2` i?2 L2ioG�.
H�v2` Q` i?2 :2M2`�HBx2/ J2�M U:2JV TQQHBM; H�v2`X h?2b2 bT2+B�HHv /2bB;M2/ H�v2`b
�;;`2;�i2b i?2 HQ+�H 72�im`2b 2ti`�+i2/ 7`QK i?2 #�b2 M2irQ`F iQ 7Q`K � D /BK2MbBQM�H
TH�+2 /2b+`BTiQ`X q2 rBHH BM i?2 7QHHQrBM; /2b+`B#2 i?2 L2ioG�. �M/ :2J H�v2`b BM
KQ`2 /2i�BHX

����� /FU7-"%
h?2 L2ioG�. H�v2` Bb � /Bz2`2MiB�H ;2M2`�HBx�iBQM Q7 i?2 o2+iQ` Q7 GQ+�HHv �;;`2;�i2/
.2b+`BTiQ`b UoG�.V @ �HHQrBM; 7Q` 2M/@iQ@2M/ i`�BMBM; �M/ H2�`M�#H2 ǴpBbm�H rQ`/bǴ
U+Hmbi2` +2Mi`2bVX oG�. ?�b i`�/BiBQM�HHv #22M � TQTmH�` /2b+`BTiQ` 7Q` #Qi? BMbi�M+2@
H2p2H `2i`B2p�H �M/ BK�;2 +H�bbB}+�iBQM �b Bi +�Tim`2b BM7Q`K�iBQM �#Qmi i?2 bi�iBbiB+b
Q7 HQ+�H /2b+`BTiQ`b �;;`2;�i2/ Qp2` i?2 BK�;2X oG�. biQ`2b i?2 bmK Q7 `2bB/m�Hb

Rh?2b2 KQ/2Hb �`2 /2bB;M2/ 7Q` BK�;2 +H�bbB}+�iBQMX h?2`27Q`2- i?2 H�bi 7mHHv +QMM2+i2/ +H�bbB}@
+�iBQM H�v2`b �`2 `2KQp2/ r?2M i?2 #�b2 �`+?Bi2+im`2b �`2 mb2/ �b 2M+Q/2`b 7Q` TH�+2 `2+Q;MBiBQMX



�� � 5IFPSZ BOE &YQFSJNFOUBM 4FUVQ

Ui?2 /Bz2`2M+2 p2+iQ` #2ir22M i?2 /2b+`BTiQ` �M/ Bib +Q``2bTQM/BM; +Hmbi2` +2Mi`2V 7Q`
2�+? pBbm�H rQ`/X
JQ`2 7Q`K�HHv- ;Bp2M N .@/BK2MbBQM�H HQ+�H /2b+`BTiQ`b {xi} �b BMTmi- �M/ K +Hmbi2`
+2Mi`2b {ck}- i?2 QmiTmi TH�+2 /2b+`BTiQ` V Bb � K × D K�i`BtX h?2 /Bz2`2MiB�#BHBiv
Bb �+?B2p2/ #v `2TH�+BM; i?2 ?�`/ +Hmbi2` �bbB;MK2Mi- r?B+? Bb mb2/ BM oG�.- #v �
bQ7i �bbB;MK2Mi aX

V (j, k) = N

∑
i=1

ak(xi)(xi(j) − ck(j)) U9XRV

r?2`2

ak(xi) = ewT
k xi+bk

∑k′ ewT
k′xi+bk′

U9XkV

r?2`2 {ck}- {wk} �M/ {bk} �`2 i`�BM�#H2 T�`�K2i2`b �M/ ak(xi) /2+B/2b ?Qr HBF2Hv �
HQ+�H /2b+`BTiQ` {xi} Bb iQ #2HQM; iQ +Hmbi2` kX LQi2 i?�i i?2 bQ7i@�bbB;MK2Mi- ak(x)-
+�M 2{+B2MiHv #2 +�H+mH�i2/ rBi? � bi�M/�`/ +QMpQHmiBQM 7QHHQr2/ #v � bQ7iK�t QT2`@
�iBQMbX h?2 bQ7i@�bbB;MK2Mi �HHQrb 2M/@iQ@2M/ i`�BMBM;X
h?2 +QHmKMb BM i?2 K�i`Bt V �`2 i?2M MQ`K�HBx2/ BM/BpB/m�HHv- bi�+F2/ �M/ MQ`K�H@
Bx2/ �;�BM iQ 7Q`K � K ⋅ D TH�+2 /2b+`BTiQ`X

����� (FOFSBMJ[FE .FBO
"Qi? ;HQ#�H K�t �M/ �p2`�;2 TQQHBM; �+`Qbb i?2 72�im`2 K�T ?�p2 #22M mb2/ bm++2bb@
7mHHv 7Q` TH�+2 `2+Q;MBiBQM U_�x�pB�M 2i �HX- kyR9c "�#2MFQ �M/ G2KTBibFv- kyR8�VX
_�/2MQpB+ 2i �HX UkyRdV bm;;2bi � i`�BM�#H2 :2M2`�HBx2/@J2�M U:2JV TQQHBM; H�v2`
r?B+? Bb � ;2M2`�HBx�iBQM Q7 K�t �M/ �p2`�;2 TQQHBM;X :Bp2M D (H, W )@/BK2MbBQM�H
72�im`2 K�Tb {χk} �b BMTmi- :2J TQQHBM; rBHH QmiTmi � D@/BK2MbBQM�H TH�+2 /2b+`BT@
iQ` V X

V (k) = ( 1∣χk∣ ∑
x∈χk

x
pk)

1
pk

U9XjV

r?2`2 i?2 TQQHBM; QT2`�iBQM `2/m+2b 2�+? 72�im`2 K�T {χk} iQ Dmbi QM2 2H2K2Mi BM i?2
TH�+2 /2b+`BTiQ` V X h?2 :2J H�v2` ?�b D i`�BM�#H2 T�`�K2i2`b {pk} @ QM2 7Q` 2�+?
72�im`2 K�TX LQi2 i?�i pk → ∞ Bb K�t@TQQHBM; �M/ pk = 1 Bb �p2`�;2 TQQHBM;X
h?2 :2J 72�im`2 `2T`2b2Mi�iBQM Bb � p2`v +QKT�+i TH�+2 /2b+`BTiQ`X Aib TH�+2 /2b+`BT@
iQ` Bb 1/K iBK2b i?2 bBx2 Q7 L2ioG�.X h?Bb K2�Mb i?�i i?2 L2ioG�. /2b+`BTiQ` ?�b
TQi2MiB�H 7Q` � KQ`2 }M2 ;`�BM2/ KQ/2HHBM; Q7 � TH�+2- #mi Bi rBHH #2 bHQr2` iQ }M/ i?2
M2�`2bi TH�+2 BM i?2 /�i�#�b2X PM i?2 Qi?2` ?�M/- :2J ?�b D i`�BM�#H2 T�`�K2i2`b
+QKT�`2/ iQ L2ioG�. i?�i ?�b 3KXk 6Q` K�Mv TQTmH�` #�b2 M2irQ`Fb i?2 /BK2M@

kL2ioG�. ?�b 1 i`�BM�#H2 T�`�K2i2` 7Q` 2�+? K +Hmbi2` +2Mi`2 {ck} �M/ ((1 ⋅ 1) + 1) ⋅ K = 2K
+QMpQHmiBQM�H T�`�K2i2`b �b i?2 F2`M2H bBx2 Bb (1, 1) �M/ i?2 QmiTmi /BK2MbBQM Bb KX



��� .VMUJ�7JFX .FUIPET ��

bBQM Q7 i?2 H�bi 72�im`2 K�T Bb 256 U�H2tL2i UE`Bx?2pbFv 2i �HX- kyRkVV- 512 Uo::
UaBKQMv�M �M/ wBbb2`K�M- kyR8VV- 2048 U_2bL2i U>2 2i �HX- kyR8VVj �M/ ivTB+�HHv K Bb
b2i iQ 64 U�`�M/D2HQpB+ 2i �HX- kyReVX h?mb- L2ioG�. ?�b bB;MB}+�MiHv H2bb i`�BM�#H2
T�`�K2i2`bX h?Bb K2�Mb i?�i i?2 L2ioG�. H�v2` Bb H2bb T`QM2 iQ Qp2`}iiBM; �M/
`2[mB`2b H2bb /�i� 7Q` i`�BMBM;X "�b2/ QM i?2b2 +QMbB/2`�iBQMb- �M/ Bib HQM;2` ?BbiQ`v
rBi?BM TH�+2 `2+Q;MBiBQM- �M/ 2bi�#HBb?2/ #2M+?K�`Fb- r2 ?�p2 +?Qb2M iQ T`BK�`BHv
7Q+mb QM i?2 L2ioG�. H�v2` BM Qm` p�HB/�iBQM Q7 i?2 J�TBHH�`v aGa /�i�b2iX

��� .VMUJ�7JFX .FUIPET
G2bb rQ`F ?�p2 7Q+mb2/ QM miBHBxBM; KmHiBTH2 pB2rb 7Q` TH�+2 `2+Q;MBiBQMX q2 T`QTQb2
b2p2`�H p�`B�Mib Q7 JmHiBoB2rL2i U6�+BH 2i �HX- kyRNV i?�i �HHQrb mb iQ bQHp2 #Qi?
b2[m2M+2 iQ b2[m2M+2 Ub2[@k@b2[V- b2[m2M+2 iQ BK�;2 Ub2[@k@BKV �M/ BK�;2 iQ b2[m2M+2
UBK@k@b2[V `2i`B2p�HX hQ i?2 #2bi Q7 Qm` FMQrH2/;2- r2 �`2 i?2 }`bi iQ T`QTQb2 K2i?Q/b
7Q` i?2 irQ H�ii2` `2b2�`+? i�bFbX q2 rBHH BM i?2 7QHHQrBM; /2b+`B#2 Qm` bm;;2bi2/ KmHiB@
pB2r K2i?Q/QHQ;vX

����� 4FR���4FR .FUIPET
q2 T`QTQb2 bBt p�`B�iBQMb Q7 � JmiBoB2rL2i U6�+BH 2i �HX- kyRNV- bT2+B}+�HHv- i?`22
TQQHBM; i2+?MB[m2b 7Q` L2ioG�. �M/ i?`22 7Q` :2JX h?2 KQiBp�iBQM Bb iQ �/�Ti
2K#2//BM;b i?�i �`2 FMQrM iQ rQ`F r2HH 7Q` bBM;H2@pB2r TH�+2 `2+Q;MBiBQMX h?2 }`bi
i2+?MB[m2b- L2ioG�.f:2J@J�sf�o:- T2`7Q`Kb K�t Q` �p2`�;2 TQQHBM; �+`Qbb i?2
2K#2//BM;b Q7 2�+? BK�;2 BM i?2 b2[m2M+2X �M/ i?2 i?B`/ p�`B�iBQM- L2ioG�.f:2J@
*�h +QM+�i2M�i2b i?2 2K#2//BM;b- #mBH/BM; � 2K#2//BM; i?�i ?�b /BK2MbBQM (n +
1) ⋅ D- r?2`2 D Bb i?2 /BK2MbBQM Q7 i?2 bBM;H2@7`�K2 /2b+`BTiQ`b �M/ (n + 1) Bb i?2
MmK#2` Q7 7`�K2b BM i?2 b2[m2M+2X

����� 4FR���*N BOE *N���4FR .FUIPET
AM i?2 b2[m2M+2 iQ BK�;2 +�b2- r2 T`QTQb2 iQ K�F2 � K�DQ`Biv pQiBM; �+`Qbb i?2
b2[m2M+2- BX2X b2H2+i i?2 BK�;2 BM i?2 /�i�#�b2 i?�i KQbi BK�;2b �`2 M2�`2bi iQ BM
i?2 [m2`v b2[m2M+2X :Bp2M � [m2`v b2[m2M+2 Q7 N 7`�K2b- r2 +�H+mH�i2 i?2 /Bbi�M+2
7`QK 2�+? 7`�K2 iQ 2�+? /�i�#�b2 BK�;2X q2 i?2M HQQF �i i?2 +HQb2bi k /Bbi�M+2b
7Q` 2�+? Q7 Qm` N 7`�K2b BM Qm` [m2`v b2[m2M+2X h?Bb ;Bp2b � iQi�H Q7 k × N +HQb2bi
/�i�#�b2 BK�;2bX q2 i?2M b2H2+i i?2 KQbi 7`2[m2MiHv Q++m``BM;X h?2 BMimBiBQM Bb
i?�i B7 �HH i?2 7`�K2b BM � b2[m2M+2 �`2 +HQb2 iQ � /�i�#�b2 BK�;2- i?2M r2 �`2 KQ`2
+QM}/2Mi i?�i i?Bb /�i�#�b2 BK�;2 Bb BM/22/ +HQb2 iQ i?2 [m2`v b2[m2M+2X q2 �HbQ
i2bi i?2 b2H2+iBQM Q7 i?2 +HQb2bi BK�;2 BM i?2 /�i�#�b2 �KQM; �HH i?2 BK�;2b BM i?2
[m2`v b2[m2M+2X �;�BM- r2 i2bi i?2b2 K2i?Q/b mbBM; #Qi? i?2 o::Re Y :2J �M/
o::Re Y L2ioG�. 2K#2//BM;b

jLQi2 i?�i i?2 bK�HH2bi _2bL2i U_2bL2iR3V ?�b � 512 /BK2MbBQM�H 2M+Q/BM;X
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J�s �o: *�h

6B;m`2 9X9, a?Qrb i?2 T`QTQb2/ p�`B�Mi Q7 JmHiBoB2rL2i U6�+BH 2i �HX- kyRNVX 6`�K2
ti . . . ti+n BM i?2 b2[m2M+2 �`2 7Q`r�`/2/ i?`Qm;? +QTB2b Q7 � *LL iQ 7Q`K n + 1
/2b+`BTiQ`bX h?2b2 /2b+`BTiQ`b �`2 2Bi?2` TQQH2/ UJ�sf�o:V Q` +QM+�i2M�i2/ U*�hV
BMiQ QM2 /2b+`BTiQ`X q2 T`QTQb2 iQ mb2 L2ioG�.f:2J �b i?2 7`�K2@2M+Q/2` U*LLVX

a2[@k@AK AK@k@a2[

6B;m`2 9Xd, a?Qrb i?2 T`QTQb2/ b2[m2M+2 iQ BK�;2 Ua2[@k@AKV �M/ BK�;2 iQ b2[m2M+2
UAK@k@a2[V K2i?Q/bX h?2 +2Mi`�H B/2� Bb iQ i`2�i 2�+? 7`�K2 BM i?2 b2[m2M+2 BM/2T2M@
/2MiHv BM i?2 KQ/2H �M/ 2tTHQBi i?2 b2[m2MiB�H bi`m+im`2 r?2M `2i`B2pBM; i?2 +HQb2bi
TH�+2bX AM i?2 a2[@k@AK i�bF- 7Q` 2�+? [m2`v b2[m2M+2- /Bbi�M+2b �`2 di . . . di+n �`2
+�H+mH�i2/ 7Q` 2�+? bBM;H2 BK�;2 BM i?2 /�i�#�b2X q2 BMp2biB;�i2 #Qi? `2i`B2pBM; i?2
BK�;2 7`QK i?2 /�i�#�b2 rBi? i?2 KBMBK�H /Bbi�M+2 Q` i?2 b?Q`i2bi /Bbi�M+2 iQ KQbi
7`�K2b BM i?2 b2[m2M+2X AM i?2 AK@k@a2[ i�bF- r2 2ti`�+i i?2 b2[m2M+2 i?�i +QMi�BMb
i?2 BK�;2 rBi? i?2 b?Q`i2bi /Bbi�M+2 iQ i?2 [m2`v BK�;2X

AM i?2 BK�;2 iQ b2[m2M+2 +�b2- r2 b2H2+i i?2 b2[m2M+2 i?�i +QMi�BM i?2 7`�K2 i?�i Bb
+HQb2bi iQ [m2`v BK�;2X AM T`�+iB+2- r2 +�H+mH�i2 i?2 /Bbi�M+2b 7`QK i?2 [m2`v BK�;2
iQ �HH i?2 7`�K2b BM i?2 /�i�#�b2 b2[m2M+2b- �M/ b2H2+i i?2 b2[m2M+2 i?�i +QMi�BMb i?2
M2�`2bi 7`�K2X h?Bb Bb pBbm�HBx2/ BM 6B;m`2 9XdX
AM i?Bb b2+iBQM- r2 2tTH�BM2/ irQ `2+2Mi TH�+2 `2+Q;MBiBQM M2irQ`Fbc L2ioG�. �M/
:2JX q2 BMi`Q/m+2/ b2p2`�H p�`B�iBQMb Q7 i?2 JmHiBoB2rL2i- r?B+? ?�p2 TQi2MiB�H iQ



��� &WBMVBUJPO ��

bQHp2 i?2 b2[@k@b2[ TH�+2 `2+Q;MBiBQM i�bFX q2 7m`i?2` T`QTQb2/ i2+?MB[m2b iQ 2p�Hm�i2
b2[@k@BK �M/ BK@k@b2[ i�bFb mbBM; T`2i`�BM2/ bBM;H2@pB2r KQ/2HbX AM i?2 7QHHQrBM;- r2
rBHH 2tTH�BM i?2 2p�Hm�iBQM �M/ i`�BMBM; T`Q+2/m`2X

��� &WBMVBUJPO
h?2 TH�+2 `2+Q;MBiBQM T`Q#H2K Bb Q7i2M +�bi �b � `2i`B2p�H T`Q#H2K- r?2`2 KQ/2Hb �`2
2p�Hm�i2/ #v i?2B` iQT@n `2+�HHX AM TH�+2 `2+Q;MBiBQM- i?2 iQT@n `2+�HH Bb /2}M2/ �b
i?2 T`QTQ`iBQM Q7 +Q``2+iHv `2i`B2p2/ TH�+2bX � +Q``2+i `2i`B2p2/ TH�+2 K2�Mb i?�i �i
H2�bi QM2 Q7 i?2 n +HQb2bi T`2/B+iBQMb Kmbi K�i+? QM2 Q7 i?2 [m2`v TH�+2Ƕb TQbBiBp2b-
r?2`2 i?2b2 TQbBiBp2b �`2 ivTB+�HHv /2}M2/ �b �HH i?2 BK�;2b rBi?BM � 25 K `�/Bmb Q7
i?2 [m2`v BK�;2X AM i?2 `2bi Q7 i?2bBb- r2 rBHH �bbmK2 n = 5 �M/ � 25 K `�/Bmb B7 MQi
Qi?2`rBb2 bi�i2/X

��� 5SBJOJOH
h`�BMBM; TH�+2 /2b+`BTiQ`b Bb MQi � i`BpB�H i�bF �b i?2`2 Bb � p2`v H�`;2 MmK#2` Q7
/Bz2`2Mi TH�+2b �M/ QMHv r2�FHv H�#2HH2/ /�i� �p�BH�#H2X9 AM i?Bb i?2bBb- r2 mb2/ i?2
i`BTH2i HQbb iQ i`�BM Qm` KQ/2HbX >Qr2p2`- i?Bb HQbb 7mM+iBQM �M/ i?2 r2�F bmT2`pBbBQM
`2[mB`2b bm#bi�MiB�H 2M;BM22`BM; 2zQ`i BM Q`/2` iQ rQ`F r2HHX AM i?2 7QHHQrBM;- r2
2tTH�BM i?2 +QM/m+i2/ i`�BMBM; T`Q+2/m`2X

����� 5SJQMFU -PTT

6B;m`2 9X3, AHHmbi`�i2b i?2 i`BTH2i HQbbX � KQ/2H Bb 72/ � i`BTH2i i?�i +QMbBbib Q7 [m2`v-
TQbBiBp2 �M/ M2;�iBp2 BK�;2bX h?2 i`BTH2i HQbb 7Q`+2b i?2 /Bbi�M+2 #2ir22M i?2 [m2`v
�M/ i?2 M2;�iBp2 2K#2//BM; iQ #2 H�`;2` i?�M i?2 /Bbi�M+2 #2ir22M i?2 [m2`v �M/
i?2 TQbBiBp2 2K#2//BM; THmb � K�`;BMX

9lbm�HHv QMHv :Sa +QQ`/BM�i2b �`2 �p�BH�#H2X :Sa +QQ`/BM�i2b �`2 mbm�HHv �bbQ+B�i2/ rBi? �`QmM/
10 K 2``Q`X
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�b Qm` /�i� Bb QMHv r2�FHv H�#2HH2/ �M/ bBM+2 r2 ?�p2 � p2`v ?B;? MmK#2` Q7 mMB[m2
TH�+2b U+H�bb2bV r2 �TTHv i?2 i`BTH2i HQbb Uo�bbBH2BQb "�HMi�b �M/ JBFQH�D+xvF- kyReV iQ
i`�BM Qm` M2irQ`FbX h?2 BMimBiBQM #2?BM/ i?2 i`BTH2i HQbb Bb i?�i BK�;2b Q7 TH�+2b 7`QK
i?2 b�K2 HQ+�iBQM �`2 7Q`+2/ iQ;2i?2` BM /2b+`BTiQ` bT�+2 �M/ BK�;2b 7`QK /Bz2`2Mi
TH�+2b �`2 Tmb?2/ �r�v 7`QK 2�+? Qi?2` BM i?2 /2b+`BTiQ` bT�+2X JQ`2 7Q`K�HHv- i?2
HQbb 7mM+iBQM Bb ;Bp2M �b

L(q, p, n, margin) = max(0, ∣∣q − p∣∣2 − ∣∣q − n∣∣2 + margin) U9X9V

r?2`2 q Bb i?2 2K#2//BM; 7`QK i?2 [m2`v- p Bb i?2 TQbBiBp2 2K#2//BM; �M/ n Bb i?2
M2;�iBp2 2K#2//BM; Ub22 6B;m`2 9X3VX h?2 K�`;BM Bb � ?vT2`@T�`�K2i2` i?�i bi�i2b
?Qr 7�` 7`QK 2�+? Qi?2` i?2 /2b+`BTiQ`b Q7 /Bz2`2Mi TH�+2b b?�HH #2X h?Bb Bb Q7i2M }t2/
iQ 0.1X AM �HH Qm` 2tT2`BK2Mib r2 mb2 ∣∣ ⋅ ∣∣2 = ∣∣ ⋅ ∣∣22- ?Qr2p2` Qi?2` /Bbi�M+2 7mM+iBQMb
+QmH/ #2 mb2/X
1[m�iBQM 9X9 b?Qrb i?�i B7 i?2 /Bbi�M+2 #2ir22M i?2 [m2`v �M/ i?2 M2;�iBp2 /2b+`BTiQ`
Bb +HQb2` i?�M i?2 /Bbi�M+2 #2ir22M i?2 [m2`v �M/ TQbBiBp2 /2b+`BTiQ` UTHmb � K�`;BMV-
i?2M i?2 HQbb rBHH #2 x2`Q- BX2X

∣∣q − n∣∣ < ∣∣q − p∣∣ + margin ⇒ L(q, p, n, margin) = 0 U9X8V

q2 rBHH `272` iQ �b � i`BpB�H 2t�KTH2X �b i?2 M2irQ`Fb BKT`Qp2b i?Bb +QMbi`�BMi #2+QK2b
?�`/2` iQ pBQH�i2- r?B+? K2�Mb i?�i i?2 M2irQ`F /Q2b MQi BKT`Qp2X h?2b2 i`BpB�H
2t�KTH2b �`2 i?2 KQiBp�iBQM 7Q` ?�`/ TQbBiBp2 �M/ M2;�iBp2 KBMBM;X

����� 1PTJUJWF BOE /FHBUJWF .JOJOH
h?2`2 Bb �M 2ti2M/2/ HBi2`�im`2 QM TQbBiBp2 �M/ M2;�iBp2 KBMBM; U�`�M/D2HQpB+ 2i �HX-
kyRec _�/2MQpB+ 2i �HX- kyRdc GB 2i �HX- kyRNVX AM i?2 7QHHQrBM;- i?2 K2i?Q/QHQ;v
�/�Ti2/ 7`QK �`�M/D2HQpB+ 2i �HX UkyReV Bb 2tTH�BM2/X
AM i?Bb T`Q+2/m`2- i?2 /2b+`BTiQ`b Q7 i?2 2MiB`2 /�i�b2i �`2 b�p2/ BM � +�+?2- r?B+? Bb
mT/�i2/ `2;mH�`Hv i?`Qm;?Qmi i?2 i`�BMBM;X 6Q` 2�+? [m2`v BK�;2- Bib +�+?2/ /2b+`BT@
iQ` Bb `2i`B2p2/ 7`QK i?2 +�+?2 �b r2HH �b i?2 /2b+`BTiQ`b Q7 �HH i?2 Tmi�iBp2 TQbBiBp2
BK�;2b UBK�;2b i?�i �`2 < 10 K 7`QK i?2 [m2`v BK�;2VX �b i?2 BK�;2b 7`QK i?2 b�K2
TH�+2 +�M ?�p2 BKT`2+Bb2 pB2r /B`2+iBQM �M/ :Sa +QQ`/BM�i2b- r2 �`2 MQi ;m�`�Mi22/
i?�i i?2 [m2`v BK�;2 ?�p2 � pBbm�H Qp2`H�T rBi? �HH i?2 BK�;2b 7`QK i?2 b�K2 TH�+2X
h?2`27Q`2- i?2 /Bbi�M+2b #2ir22M i?2 +�+?2/ [m2`v /2b+`BTiQ` �M/ i?2 +�+?2/ Tmi�@
iBp2 TQbBiBp2 /2b+`BTiQ` �`2 +�H+mH�i2/X AM Q`/2` iQ }M/ � i`m2 TQbBiBp2 /2b+`BTiQ`- i?2
+�+?2/ Tmi�iBp2 TQbBiBp2 rBi? i?2 KBMBKmK /Bbi�M+2 iQ i?2 +�+?2/ [m2`v /2b+`BTiQ`
Bb +?Qb2M �b i?2 TQbBiBp2 2t�KTH2X

p
q
i∗ = argminp

q
i
∣∣q − p

q
i ∣∣ U9XeV

r?2`2 p
q
i∗ Bb i?2 +HQb2bi TQbBiBp2 �M/ ∣∣q − p

q
i ∣∣ Bb i?2 /Bbi�M+2 #2ir22M i?2 [m2`v �M/

i?2 2K#2//BM; Q7 i?2 ii? Tmi�iBp2 TQbBiBp2 i?�i #2HQM;b iQ i?2 [m2`v 2t�KTH2X
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h?2 ;Q�H Bb iQ b2H2+i M2;�iBp2 BK�;2b r?2`2 i?2B` /2b+`BTiQ`b rBHH pBQH�i2 i?2 i`BTH2i
+QMbi`�BMi U1[m�iBQM 9X9VX �`�M/D2HQpB+ 2i �HX UkyReV bm;;2bi iQ b2H2+i 1000 `�M/QK
BM/B+2b BM i?2 +�+?2 i?�i /Q MQi #2HQM; iQ �Mv Tmi�iBp2 BK�;2b Ur2 2Mbm`2 i?Bb #v
b2H2+iBM; BK�;2b i?�i �`2 KQ`2 i?�M 25 K 7`QK i?2 [m2`v BK�;2VX q2 i?2M BMb2`i BM
i?2 i`BTH2i +QMbi`�BMi U1[m�iBQM 9X9V �M/ +�H+mH�i2 ?Qr Km+? 2�+? M2;�iBp2 /2b+`BTiQ`
pBQH�i2b i?2 +QMbi`�BMiX q2 b2H2+i i?2 k M2;�iBp2 BM/B+2b- r?B+? /2b+`BTiQ`b pBQH�i2
i?2 +QMbi`�BMi i?2 KQbi �M/ mb2 i?2b2 �b Qm` ?�`/ M2;�iBp2bX h?Bb 2Mbm`2b i?�i i?2
M2irQ`F F22Tb H2�`MBM;X 6m`i?2`KQ`2- �`�M/D2HQpB+ 2i �HX UkyReV bi�i2 i?�i BM+Hm/BM;
i?2 ?�`/2bi M2;�iBp2b 7`QK i?2 T`2pBQmb 2TQ+? bi�#BHBx2b i?2 +QMp2`;2M+2X
Ai Bb BKTQ`i�Mi iQ MQi2 i?�i i?2 +�+?2 rBHH +QMbBbi Q7 /2b+`BTiQ`b 7`QK �M Qmi/�i2/
M2irQ`FX q2 +�M 2tT`2bb i?Bb �b

d = ft−T (I) U9XdV

r?2`2 d Bb i?2 +�+?2/ /2b+`BTiQ` Q7 BK�;2 I +�H+mH�i2/ #v i?2 M2irQ`F- f - �i iBK2
t−T - r?2`2 t Bb i?2 +m``2Mi iBK2 �M/ T Bb i?2 iBK2 r?2M i?2 +�+?2 r�b H�bi mT/�i2/X
A7 i?2 iBK2 bBM+2 i?2 /2b+`BTiQ` r�b H�bi mT/�i2/ t − T #2+QK2b iQQ H�`;2- i?2 KQ/2H
rBHH #2;BM Qp2`}iiBM; iQ i?2 +�+?2X h?2b2 Qmi/�i2/ 72�im`2b rBHH `2bmHi BM � i`BpB�H
HQbb �M/ i?2 KQ/2H rBHH 7�BH iQ BKT`Qp2X h?2`27Q`2- Bi Bb `2[mB`2/ iQ mT/�i2 i?2 +�+?2
`2;mH�`Hv i?`Qm;?Qmi i?2 i`�BMBM;X
A/2�HHv- r2 rQmH/ T`272` iQ mT/�i2 i?2 +�+?2 QMHv QM+2 T2` 2TQ+? bm+? i?�i r2 +QmH/
bBKTHv +�+?2 i?2 /2b+`BTiQ`b +�H+mH�i2/ BM i?2 7Q`r�`/ T�bb2b BM i`�BMBM;X h?Bb r�v i?2
+�+?2 rQmH/ QMHv `2bmHi BM � K2KQ`v Qp2`?2�/X >Qr2p2`- BM T`�+iB+2- mbBM; QM2 2TQ+?
QH/ /2b+`BTiQ`b +�mb2b i?2 KQ/2H iQ Qp2`}i iQ i?2 +�+?2 �M/ T`QpB/2b � i`BpB�H HQbbX
h?2`27Q`2- �`�M/D2HQpB+ 2i �HX UkyReV bm;;2bi iQ mT/�i2 i?2 +�+?2 `2;mH�`Hv 2p2`v 1000
Bi2`�iBQMX lT/�iBM; i?2 +�+?2 `2;mH�`Hv- �M/ BM/2T2M/2MiHv Q7 i?2 i`�BMBM;- Q#pBQmbHv
+`2�i2b � bm#bi�MiB�H Qp2`?2�/ BM i`�BMBM; iBK2X AM T`�+iB+2- i?Bb K2�Mb i?�i i?2 iBK2
bT2Mi QM mT/�iBM; i?2 +�+?2 b+�H2b HBM2�`Hv rBi? i?2 bBx2 Q7 i?2 /�i�b2i- K�FBM; Bi
BM72�bB#H2 iQ i`�BM TH�+2 `2+Q;MBiBQM KQ/2Hb QM p2`v H�`;2 /�i�b2ib- bm+? �b J�TBHH�`v
aGaX h?2`27Q`2- r2 T`QTQb2 � MQp2H bm#@+�+?BM; K2i?Q/X

����� 4VC�$BDIJOH .FUIPE
q2 T`QTQb2 � bBKTH2- v2i 2z2+iBp2 bm#@+�+?BM; K2i?Q/ rBi? +QMbi�Mi iBK2 �M/ bT�+2
mb2X q2 T`QTQb2 iQ /BpB/2 i?2 2MiB`2 /�i�b2i BMiQ 2[m�HHv bBx2/ �M/ `�M/QKHv b�KTH2/
bm#b2ibX 6Q` 2�+? [m2`v BK�;2 BM � bm#b2i- r2 �// �HH Bib TQbBiBp2 BK�;2b iQ i?2 ;Bp2M
bm#b2iX q2 i?2M mT/�i2 i?2 +�+?2 7Q` i?Bb bm#b2i- K�FBM; i?2 +�+?2@iBK2 b+�H2 rBi?
`2bT2+i iQ i?2 bm#b2i bBx2 `�i?2` i?�M i?2 bBx2 Q7 i?2 2MiB`2 /�i�b2iX "Qi? i?2 [m2`v �M/
TQbBiBp2 BK�;2b +�M #2 b�KTH2/ 7`QK i?2 +�+?2 �b r2HH �b M2;�iBp2bX Ai Bb BKTQ`i�Mi iQ
F22T i?2 bm#b2i bBx2 H�`;2 2MQm;? iQ }M/ �/2[m�i2Hv ?�`/ i`BTH2ibX AM Qm` 2tT2`BK2Mib-
r2 mb2 10, 000 [m2`v BK�;2b �M/ `27`2b? i?2 +�+?2 2p2`v 1, 000 Bi2`�iBQMbX q2 mb2 5
M2;�iBp2 2t�KTH2b T2` i`BTH2i BMbi2�/ Q7 10 U�`�M/D2HQpB+ 2i �HX- kyReV �b i?Bb �HHQr
mb iQ }i � #�i+? bBx2 Q7 4 BMiQ K2KQ`v QM � bBM;H2 :SlX
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6m`i?2`KQ`2- Bi Bb BKTQ`i�Mi iQ mT/�i2 �HH `2;BQMb Q7 i?2 2K#2//BM; bT�+2X �b i?2
i`BTH2i HQbb Bb � HQ+�H �TT`QtBK�iBQM Q7 i?2 `2+�HH- r2 �`2 MQi ;m�`�Mi22/ iQ mT/�i2
i?2 2K#2//BM; bT�+2 2p2`vr?2`2X q2 7QmM/ i?�i BM i?2 JaGa /�i�b2i- i?2 BK�;2b
i�F2M �i MB;?i �M/ BK�;2b i?�i �`2 bB/2r�vb 7�+BM; �`2 mM/2``2T`2b2Mi2/ +QKT�`2/ iQ
7Q`r�`/ HQQFBM; BK�;2b i�F2M /m`BM; /�viBK2X h?Bb K2�Mi i?�i Qm` KQ/2H T2`7Q`K2/
TQQ`Hv QM i?2b2 mM/2``2T`2b2Mi2/ BK�;2 +H�bb2bX h?`Qm;? 2KTB`B+�H bim/B2b- r2 7QmM/
i?�i mbBM; � r2B;?i2/ b�KTHBM; Q7 mM/2``2T`2b2Mi2/ +H�bb2b /m`BM; i`�BMBM; bB;MB}@
+�MiHv BKT`Qp2b i?2 +QMp2`;2M+2 bT22/ �M/ ;2M2`�HBx�iBQM +�T�#BHBiB2b �+`Qbb /Bz2`2Mi
/�i�b2ibX q2 mb2 i?2 +m`�i2/ BK�;2 i�;b iQ r2B;?i i?2b2 mM/2``2T`2b2Mi2/ +H�bb2b
#v i?2 BMp2`b2 Q7 i?2B` Q++m``2M+2 r?2M b�KTHBM; 2t�KTH2b iQ i?2 bm#@+�+?2X h?Bb
`2bmHib BM � bm#@+�+?2 rBi? 2[m�HHv �KQmMi Q7 bB/2r�vbf7`QMi@7�+BM; �M/ /�vfMB;?i
BK�;2bX
AM i?Bb +?�Ti2`- r2 ?�p2 T`2b2Mi2/ i?2 K2i?Q/b- 2tT2`BK2Mi�H b2imT �M/ i`�BMBM;
T`Q+2/m`2 mb2 iQ p�HB/�i2 �M/ #2M+?K�`F i?2 J�TBHH�`v aGa /�i�b2iX AM i?2 M2ti
+?�Ti2`- r2 `2TQ`i �M/ /Bb+mbb `2bmHib Q7 i?2b2 K2i?Q/bX



$)"15&3 �
3FTVMUT BOE %JTDVTTJPOT
AM i?Bb +?�Ti2`- r2 b?Qr [m�MiBi�iBp2Hv �M/ [m�HBi�iBp2Hv i?�i i`�BMBM; KQ/2Hb QM i?2
J�TBHH�`v aGa /�i�b2i BKT`Qp2b i?2B` ;2M2`�HBx�iBQM +�T�#BHBiB2b �M/ `2/m+2b i?2B` ;2@
Q;`�T?B+�H #B�bX q2 b?Qr i?�i 2tTHQBiBM; b2[m2MiB�H BM7Q`K�iBQM +�M 7m`i?2` BKT`Qp2
i?2 KQ/2H T2`7Q`K�M+2X G�biHv- r2 +QM/m+i � [m�HBi�iBp2 2p�Hm�iBQM Q7 Qm` i`�BM2/
KQ/2HbX q2 pBbm�HBx2 i?2 i`BTH2ib KBM2/ /m`BM; i`�BMBM;- BMp2biB;�i2 7�BHm`2 +�b2b- 2t@
THQ`2 i?2 M2irQ`F �ii2MiBQM �M/ i?2 H2�`M2/ 2K#2//BM; bT�+2X h?2 +?�Ti2` Bb /BpB/2/
BMiQ irQ b2+iBQMbc }`bi [m�MiBi�iBp2 `2bmHib 7QHHQr2/ #v [m�HBi�iBp2 `2bmHibX

��� 2VBOUJUBUJWF 3FTVMUT
JQ/2H h`�BMBM; b2i "�b2 AMTmi aBx2 .BK amfqB qBfam .�fLB LBf.� PHfL2 L2fPH �HH U!Rf8fRyV

BK
@k

@BK

�KQb aS1. *�z2L2i kkdtkkd k89j yXRd yXyN yXky yXyN yXRd yXR9 yXyefyXRRfyXR9
>v#`B/ aS1. *�z2L2i kkdtkkd k89j yXRj yXRR yXR9 yXRR yXR3 yXRd yXy3fyXRjfyXR8
L2ioG�. SBiibk8yF o::Re e9yt93y jkde3 yX9j yX99 yXjd yXyN yX9N yX8y yXk3fyXj8fyXjN
:2J a7J@RkyF o::Re e9yt93y ky93 yX8R yX93 yXjd yXky yX88 yX8e yXjyfyX9yfyX99
L2ioG�. aGa o::Re e9yt93y jkde3 yXde yXd9 yX9N yXkj yXdR yXd8 yX93fyX83fyXe9

b2
[@

k@
b2

[

L2ioG�. Y J�s SBiibk8yF o::Re e9yt93y jkde3 yX9y yX8R yXjd yXyN yX88 yX8d yXkjfyXjkfyXje
L2ioG�. Y �o: SBiibk8yF o::Re e9yt93y jkde3 yX9R yXjN yXjd yXyN yX89 yX89 yXkyfyXjRfyXj9
L2ioG�. Y *�h SBiibk8yF o::Re e9yt93y N3jy9 yX99 yX9d yXjd yXR9 yX8d yX8e yXkjfyXjjfyXjd
:2J Y J�s a7J@RkyF o::Re e9yt93y ky93 yX8j yX89 yX9j yXke yXed yX8d yXkNfyX9jfyX93
:2J Y �o: a7J@RkyF o::Re e9yt93y ky93 yXey yX8k yX9y yXR9 yXee yX8d yXkNfyX9kfyX9e
:2J Y *�h a7J@RkyF o::Re e9yt93y eR99 yX88 yX9e yX9e yXke yXe8 yX8j yXk3fyX9kfyX9e
L2ioG�. Y J�s aGa o::Re e9yt93y jkde3 yXd8 yXdN yX8R yXR9 yX3y yXde yX9kfyX83fyXej
L2ioG�. Y �o: aGa o::Re e9yt93y jkde3 yXd8 yXd3 yX8R yXye yXd3 yXdj yXjdfyX8efyXey
L2ioG�. Y *�h aGa o::Re e9yt93y N3jy9 yX39 yXde yX8d yXky yX3y yXdk yX9RfyXeyfyXe8

b2
[@

k@
BK

L2ioG�. Y JAL SBiibk8yF o::Re e9yt93y jkde3 yX8j yX8j yXjd yXyj yXey yXek yXjyfyXjdfyX9y
L2ioG�. Y JP.1 SBiibk8yF o::Re e9yt93y jkde3 yX8j yX8R yX9e yXye yXeR yX8N yXk3fyXjdfyX9R
:2J Y JAL a7J@RkyF o::Re e9yt93y ky93 yXek yXek yXjd yXkj yXdR yXed yXj3fyX9dfyX8y
:2J Y JP.1 a7J@RkyF o::Re e9yt93y ky93 yX8N yX8k yX9e yXke yXed yXee yXjkfyX98fyX8R
L2ioG�. Y JAL aGa o::Re e9yt93y jkde3 yX3e yX3e yX89 yXky yX3j yX3R yX8efyXe3fyXdR
L2ioG�. Y JP.1 aGa o::Re e9yt93y jkde3 yX8j yX8R yX9e yXye yXeR yX8N yXk3fyXjdfyX9R

BK
@k

@b2
[ L2ioG�. Y JAL SBiibk8yF o::Re e9yt93y jkde3 yXky yXjy yXkN yXR9 yXjj yXk3 yXRkfyXkyfyXke

:2J Y JAL a7J@RkyF o::Re e9yt93y ky93 yXk9 yXkk yXke yXjR yXjd yXkN yXRjfyXkkfyXjR
L2ioG�. Y JAL aGa o::Re e9yt93y jkde3 yX98 yXjN yXjR yXkj yX93 yXjd yXkjfyXj9fyX93

h�#H2 8XR, 1p�Hm�iBQM Q7 BK@k@BK- b2[@k@b2[- b2[@k@BK �M/ BK@k@b2[ KQ/2Hb QM J�TBH@
H�`v aGa i2bi b2iX q2 `2TQ`i i?2 KQ/2Hb `2+�HH!8 QM b2p2`�H +?�HH2M;BM; `2+Q;MBiBQM
+�b2b �b r2HH �b i?2B` Qp2`�HH `2+�HH!Rf8fRyX 6Q` � 7�B` +QKT�`BbQM- r2 +QKT�`2 KQ/2Hb
rBi? bBKBH�` #�+F#QM2 �`+?Bi2+im`2X

h�#H2 8XR b?Qrb � +QKT�`BbQM Q7 KQ/2Hb 2p�Hm�i2/ QM i?2 aGa /�i�b2iX 6Q` � 7�B`
+QKT�`BbQM- r2 T`2b2Mi KQ/2Hb rBi? � bBKBH�` #�b2 M2irQ`FX q2 b?Qr #Qi? bBM;H2@
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pB2r �M/ KmHiB@pB2r KQ/2Hb BM i?2 b�K2 i�#H2 7Q` 2�bB2` +QKT�`BbQMX S�`iB+mH�`Hv-
r2 #2M+?K�`F KQ/2Hb 7Q` BK@k@BK- b2[@k@b2[- BK@k@b2[ �M/ b2[@k@BK `2+Q;MBiBQM- `2@
TQ`iBM; i?2B` iQT@8 `2+�HH QM b2p2`�H +?�HH2M;BM; `2+Q;MBiBQM +�b2b �b r2HH �b i?2B`
iQT@Rf8fRy `2+�HH QM i?2 2MiB`2 i2bi b2iX h?2b2 +?�HH2M;BM; +�b2b BM+Hm/2 bmKK2` iQ
rBMi2` UamfqBV- /�v iQ MB;?i U.�fLBV- QH/ iQ M2r UPHfL2V �M/ pB+2 p2`b�X q2 /2@
}M2 QH/ BK�;2b �b i?Qb2 i�F2M #2ir22M kyRRĜkyRe �M/ M2r BK�;2b �b i?Qb2 i�F2M
bBM+2 kyR3X h?2 ;Q�H Bb iQ b2T�`�i2Hv 2p�Hm�i2 i?2 T2`7Q`K�M+2 Q7 2�+? K2i?Q/ r?2M
2tTQb2/ iQ b2�bQM�H- /�vfMB;?i �M/ bi`m+im`�H +?�M;2bX
aBM;H2@oB2r SH�+2 _2+Q;MBiBQM, h�#H2 8XR b?Qrb i?�i i?2 L2ioG�. �M/ :2J
KQ/2Hb bB;MB}+�MiHv QmiT2`7Q`K �KQbL2i �M/ >v#`B/L2iX Ai Bb rQ`i? MQiBM; i?�i
�KQbL2i �M/ >v#`B/L2i QT2`�i2b QM bK�HH2` BMTmi BK�;2b �M/ `2HB2b QM � bK�HH2` #�b2
�`+?Bi2+im`2X q2 b22 i?�i i?2 T`2@i`�BM2/ :2J KQ/2H Ui`�BM2/ QM a7J@RkyFV T2`7Q`Kb
bHB;?iHv #2ii2` i?�M i?2 T`2@i`�BM2/ L2ioG�. KQ/2H Ui`�BM2/ QM SBiib#m`;?k8yFVX
h?2 :2J KQ/2H b22Kb iQ #2ii2` +�Tim`2 i?2 /�vfMB;?i p�`B�iBQMb- r?B+? KB;?i #2
+�mb2/ #v � #2ii2` 2K#2//BM; Q7 ;2QK2i`B+ BM7Q`K�iBQM bi2KKBM; 7`QK i?2 i`�BMBM;
QM j. `2+QMbi`m+iBQMbX 6m`i?2`KQ`2- r2 b22 i?�i i`�BMBM; i?2 L2ioG�. KQ/2H QM i?2
/Bp2`b2 aGa BKT`Qp2b i?2 Qp2`�HH T2`7Q`K�M+2 UL2ioG�. iQT@8 `2+�HH BKT`Qp2b 13%
QM Qm` i2bi /�i�b2iV- K�FBM; Bi i?2 #2bi T2`7Q`KBM; bBM;H2@pB2r KQ/2H QM Qm` i2bi b2iX
h?2 T2`7Q`K�M+2 #QQbi Bb K�BMHv +�mb2/ #v BKT`Qp2/ +�T�#BHBiB2b iQ `2+Q;MBx2 TH�+2b
i?�i ?�p2 mM/2`;QM2 b2�bQM�H �M/ i2KTQ`�H +?�M;2bX q2 b22 i?�i �HH i?2 KQ/2Hb
�`2 2bT2+B�HHv +?�HH2M;2/ #v i?2 MB;?i iQ /�v +?�M;2b- r?B+? BMimBiBp2Hv K�F2b b2Mb2
�b i?2`2 �`2 p2`v H�`;2 pBbm�H +?�M;2b #2ir22M MB;?i �M/ /�v �b ?B;?HB;?i2/ rBi?
2t�KTH2b BM �TT2M/Bt �XkX
JmHiB@oB2r SH�+2 _2+Q;MBiBQM, h�#H2 8XR �HbQ b?Qrb i?�i bBKTH2 TQQHBM; bi`�i2@
;B2b bm+? �b K�t �M/ �p2`�;2 TQQHBM; /Q MQi BKT`Qp2 T2`7Q`K�M+2 +QKT�`2/ iQ bBM;H2@
pB2r KQ/2HbX q2 b22 i?�i +QM+�i2M�iBQM QMHv BKT`Qp2b i?2 KQ/2H T2`7Q`K�M+2 bHB;?iHvX
h?2 `2�bQM Bb i?�i aGa b2[m2M+2b �`2 +�Tim`2/ �i /Bz2`2Mi 7`�K2@`�i2b �M/ mb2` p2@
HQ+BiB2b- `2[mB`BM; i?2 KQ/2H iQ H2�`M � iBK2@BM/2T2M/2Mi `2H�iBQM #2ir22M i?2 7`�K2bX
h?Bb +QKTH2t `2H�iBQMb +�MMQi #2 +�Tim`2/ #v bBKTH2 TQQHBM; bi`�i2;B2bX q2 b22 i?�i
mbBM; � bi`QM; bBM;H2@pB2r KQ/2H #27Q`2 TQQHBM; i?2 H�bi H�v2` BKT`Qp2b i?2 T2`7Q`@
K�M+2X h?Bb KQiBp�i2b i?2 /2p2HQTK2Mi �M/ 7m`i?2` `2b2�`+? BM KmHiB@pB2r K2i?Q/b-
r?B+? Bb �++QKKQ/�i2/ #v `2H2�b2 Q7 i?2 J�TBHH�`v aGaX
AM h�#H2 8XR- r2 7m`i?2` #2M+?K�`F i?2 T2`7Q`K�M+2 Q7 i?2 T`QTQb2 bQHmiBQM iQ #Qi?
b2[@k@BK �M/ BK@k@b2[ +?�HH2M;2bX 6Q` b2[@k@BK- r2 7QmM/ i?�i K�i+?BM; #�b2/ QM i?2
KBMBKmK /Bbi�M+2 #2ir22M 7`�K2b BM i?2 ;Bp2M b2[m2M+2 ;�p2 bmT2`BQ` T2`7Q`K�M+2
iQ HQQFBM; �i i?2 KQ/2X q2 7QmM/ i?Bb K2i?Q/ iQ #2 2ti`2K2Hv 2z2+iBp2- #2�iBM;
i?2 #2bi T2`7Q`KBM; BK@k@BK �M/ b2[@k@b2[ KQ/2HbX h?Bb K2i?Q/ 2M+�TbmH�i2b KQ`2
BM7Q`K�iBQM Q7 � b+2M2 i?�M BK@k@BK K2i?Q/b- �b Bi Bb ;Bp2M � b2[m2M+2- �M/ QT2`�i2b
QM 7`�K2@H2p2H- bm+? i?�i Bi /Q2b MQi i`v iQ KQ/2H i?2 MQM@HBM2�`Biv #2ir22M i?2 7`�K2b
BM � b2[m2M+2- r?B+? K�F2b i?Bb KQ/2H T2`7Q`K bm`T`BbBM;Hv r2HHX
G�biHv- h�#H2 8XR b?Qrb i?2 T2`7Q`K�M+2 Q7 BK@k@b2[ KQ/2HbX h?Bb T`Q#H2K b22Kb
iQ #2 KQ`2 +?�HH2M;BM; iQ KQ/2HX >Qr2p2`- r2 b22 i?�i mbBM; � ;QQ/ T2`7Q`KBM;
bBM;H2@pB2r KQ/2H �b #�b2 BKT`Qp2b i?2 T2`7Q`K�M+2X
.2i�BH2/ *QKT�`BbQM, AM h�#H2 8XR- r2 }t2/ i?2 /Bbi�M+2 i?`2b?QH/ 7Q` TQbBiBp2b
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iQ 25 K �M/ HQQF2/ �i i?2 iQT@Rf8fRy `2+�HHX AM 6B;m`2 8XR- r2 BMp2biB;�i2 i?2 T2`7Q`@
K�M+2 Q7 i?2 bBM;H2@pB2r KQ/2Hb r?2M p�`vBM; i?2b2 i?`2b?QH/bX h?2 };m`2 b?Qrb �
/2i�BH2/ +QKT�`BbQM Q7 i?2 #2bi T2`7Q`KBM; BK@k@BK KQ/2Hb rBi? p�`vBM; /Bbi�M+2 �M/
MmK#2` Q7 BK�;2 +�M/B/�i2bX �;�BM- r2 b22 i?�i i`�BMBM; L2ioG�. QM Qm` /�i�b2i
BKT`Qp2b i?2 KQ/2H T2`7Q`K�M+2X 6m`i?2`KQ`2- r2 b22 i?�i i?2 Q`/2`BM; Q7 i?2 KQ/@
2Hb Bb i?2 b�K2 7Q` �HH /Bbi�M+2 i?`2b?QH/b �M/ i?�i �7i2` i?2 25 K i?`2b?QH/- i?2
+m`p2b �`2 �TT`QtBK�i2Hv T�`�HH2HX h?2b2 Q#b2`p�iBQMb DmbiB7v i?2 +?QB+2 Q7 � /Bbi�M+2
i?`2b?QH/ Q7 25 K 7Q` b2H2+iBM; TQbBiBp2 K�i+?2bX

6B;m`2 8XR, _2+�HH Q7 #2bi T2`7Q`KBM; BK@k@BK K2i?Q/b QM J�TBHH�`v aGa �b � 7mM+iBQM
Q7 MmK#2` Q7 M2�`2bi M2B;?#Q`b UH27iV �M/ /Bbi�M+2 i?`2b?QH/ U`B;?iVX

AM i?Bb bm#b2+iBQM- r2 ?�p2 b?QrM i?�i /�vfMB;?i +?�M;2b �`2 2bT2+B�HHv +?�HH2M;BM;
�b i?2 b+2M2 mM/2`;Q2b bB;MB}+�Mi pBbm�H +?�M;2bX q2 7QmM/ i?�i i`�BMBM; QM i?2 aGa
/�i�b2i +�M BKT`Qp2 KQ/2H T2`7Q`K�M+2 �M/ i?�i miBHBxBM; b2[m2MiB�H BM7Q`K�iBQM
+�M 7m`i?2` #QQbi KQ/2H T2`7Q`K�M+2X q2 b�r i?�i bBKTH2 TQQHBM; i2+?MB[m2b /Q MQi
+�Tim`2 i?2 MQM@HBM2�` /2T2M/2M+B2b #2ir22M i?2 7`�K2b BM � b2[m2M+2- #mi +QM+�i2@
M�iBM; i?2 2K#2//BM; 2Mbm`2 KQ`2 `Q#mbiM2bbX 6BM�HHv- r2 7QmM/ i?�i Qm` T`QTQb2/
b2[@k@BK KBMBKBx�iBQM K2i?Q/ iQ rQ`F bm`T`BbBM;Hv r2HHX h?Bb K2i?Q/ /B/ MQi b22F
iQ KQ/2H i?2 BMi2`@7`�K2 bi`m+im`2b- #mi 2tTHQBi2/ i?2 i2KTQ`�H BM7Q`K�iBQM 7`QK i?2
b2[m2M+2 /�i� iQ `2i`B2p2 TH�+2 rBi? ?B;? � `2+�HHX L2ti- r2 b?Qr i?�i i`�BMBM; QM i?2
KQ`2 /Bp2`b2 JaGa /�i�b2i BKT`Qp2b KQ/2Hb ;2M2`�HBx�iBQM +�T�#BHBiB2bX �b 2tBbiBM;
/�i�b2i �`2 +m`�i2/ 7Q` bBM;H2@pB2r KQ/2Hb- r2 rBHH T2`7Q`K i?Bb +QKT�`BbQM QMHv 7Q`
bBM;H2@pB2r KQ/2HbX

����� *NQSPWFE (FOFSBMJ[BUJPO $BQBCJMJUJFT
q2 b?Qr i?�i i?2 BM+`2�b2/ bBx2 �M/ /Bp2`bBiv Q7 Qm` /�i�b2i +�M BKT`Qp2 KQ/2HbǶ
;2M2`�HBx�iBQM +�T�#BHBiB2bX q2 +QKT�`2 7Qm` L2ioG�. KQ/2Hb, � p2`bBQM i`�BM2/ QM
i?2 SBiib#m`;?k8yF /�i�b2i UL2ioG�. USBiibk8yFVV �M/ � p2`bBQM i`�BM2/ QM i?2 aGa
/�i�b2i UL2ioG�. UaGaVVX h?2b2 �`2 i`�BM2/ rBi? i?2 b�K2 i`�BMBM; T`Q+2/m`2X q2
7m`i?2` BM+Hm/2 `2bmHib 7`QK � KQ/2H i`�BM2/ QM aGa rBi? Qm` T`QTQb2/ TQbBiBp2 KBMBM;
bi`�i2;v UL2ioG�.Þ UaGaVV- �M/ H�biHv � KQ/2H i`�BM2/ QM aGa rBi? Qm` KBMBM;
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bi`�i2;v 7QHHQr2/ #v }M2@imMBM; QM SBiib#m`;?k8yF UL2ioG�.Þ UaGa Y SBiibk8yFVVX
q2 DmbiB7v i?2 BKT`Qp2/ ;2M2`�HBx�iBQM #v 2p�Hm�iBM; QM b2p2`�H TQTmH�` /�i�b2ib Ub22
h�#H2 8XkVX P#b2`p2 i?2 bKQQi?2` +`Qbb@/�i�b2i T2`7Q`K�M+2 Q7 i?2 KQ/2Hb i`�BM2/
QM J�TBHH�`v aGaX
6`QK h�#H2 8Xk- r2 b22 i?�i i?2 KQ/2H i`�BM2/ QM SBiib#m`;? b22Kb iQ Qp2`}i iQ
i?2 SBiib#m`;? 2MpB`QMK2Mi �b Bi �+?B2p2b � ?B;? `2+�HH 7Q` i?2 SBiib#m`;? /�i�b2ib
#mi `2H�iBp2Hv HQr `2+�HH 7Q` i?2 aGa- _Q#Qi*�` �M/ hQFvQk9fd /�i�b2ibX �b b?QrM
BM a2+iBQM kXj- i?2`2 Bb � pBbm�H Qp2`H�T #2ir22M i?2 i`�BMBM; �M/ i2bi b2i Q7 i?2
SBiib#m`;? �M/ hQFvQ /�i�b2ibX q2 T`2b2Mi2/ i?2 _2pBbBi2/@SBiib#m`;?k8yF i2bi b2i-
r?2`2 i?2 BK�;2b rBi? pBbm�H Qp2`H�T BM i?2 i2bi b2i �`2 2t+Hm/2/- ?Qr2p2`- 2p�Hm�iBQM
QM i?2b2 `2pBbBi2/ /�i�b2ib `2bmHi BM i?2 b�K2 Q`/2`BM; Q7 i?2 KQ/2HbX h?Bb KB;?i
bm;;2bi i?�i i?2 KQ/2H Qp2`}i iQ i?2 BK�;2 +QHH2+iBQM T`Q+2/m`2- BK�;2 �`iB7�+ib Q`
p2`v bT2+B}+ 72�im`2b 7`QK i?2 SBiib#m`;? 2MpB`QMK2Mi `�i?2` i?�M i?2 bT2+B}+ TH�+2b
M2�` i?2 #Q`/2` Q7 i?2 Q`B;BM�H i2bi b2iX
h�#H2 8Xk �HbQ b?Qrb i?�i �HH i?2 KQ/2Hb i`�BM2/ QM i?2 aGa /�i�b2i T2`7Q`K #2i@
i2` QM i?2 aGa- hQFvQk9fd �M/ _Q#Qi*�` /�i�b2ib i?�M i?2 KQ/2H i`�BM2/ QM SBiib@
#m`;?k8yFX 6`QK h�#H2 8Xk- r2 b?Qr i?�i }M2@imMBM; i?2 KQ/2H QM i?2 SBiib#m`;?k8yF
/�i�b2i �7i2` i`�BMBM; QM i?2 aGa /�i�b2i `2bmHib BM i?2 KQbi ;2M2`�H 72�im`2bX h?Bb
KQ/2H ?�b i?2 ?B;?2bi Q` b2+QM/ ?B;?2bi `2+�HH �+`Qbb �HH /�i�b2ibX h?Bb b?Qrb i?�i
i?2 BM+`2�b2/ bBx2 �M/ /Bp2`bBiv Q7 i?2 J�TBHH�`v aGa /�i�b2i ?2HTb i?2 KQ/2H H2�`M
� #2ii2` 72�im`2 `2T`2b2Mi�iBQM 7Q` TH�+2 `2+Q;MBiBQM �M/ BKT`Qp2 Bib ;2M2`�HBx�iBQM
+�T�#BHBiB2bX q2 MQi2 i?�i Qm` T`QTQb2/ TQbBiBp2 KBMBM; bi`�i2;v b22Kb iQ BKT`Qp2
KQ/2H T2`7Q`K�M+2 bHB;?iHv �+`Qbb �HH /�i�b2ibX q2 7QmM/ 2tT2`BK2Mi�HHv i?�i i?2
TQbBiBp2 KBMBM; bi`�i2;v r�b BKTQ`i�Mi 7Q` ;QQ/ }M2@imMBM; T2`7Q`K�M+2X
G�biHv- MQi2 i?�i iQT@5 `2+�HH Bb bB;MB}+�MiHv HQr2` QM i?2 aGa i2bi b2i- r?B+? Bb �
K2�bm`2K2Mi Q7 Bib ?B;?2` /2;`22 Q7 /B{+mHivX h?Bb b?Qrb i?�i +m``2Mi bi�i2@Q7@i?2@
�`i TH�+2 `2+Q;MBiBQM KQ/2Hb biBHH ?�p2 � HQM; r�v iQ ;Q- �M/ i?�i i?2 /Bp2`bBiv �M/
+?�HH2M;2 Q7 2tBbiBM; /�i�b2ib /Q2b MQi bm{+B2MiHv `2~2+i `2�H@rQ`H/ mb2@+�b2bX

L2ioG�. USBiibk8yFV L2ioG�. UaGaV L2ioG�.Þ UaGaV L2ioG�.Þ UaGa Y SBiibk8yFV
hQFvQhJ yXN3 yXN3 yXN3 yXN3
hQFvQk9fd yXdk yXd8 yXde yX3R
SBiibk8yF yXNR yX3d yX3d yXNy
SBiibjyF yXNR yX3N yXNy yXNR
_@hQFvQk9fd yXdR yXd9 yXd8 yX3R
_@SBiibk8yF yXNR yX3d yX33 yXNy
_@SBiibjyF yXNj yXNR yXNk yXNj
_Q#Qi*�` yXd9 yX3R yX3R yX3R
aGa yXj8 yX99 yX9d yX9d

h�#H2 8Xk, 1p�Hm�iBQM QM i2bi b2ib Q7 TQTmH�` /�i�b2ibX q2 +QKT�`2 i?2 iQT@8 `2+�HH
Q7 L2ioG�. i`�BM2/ QM SBiib#m`;?k8yF- L2ioG�. i`�BM2/ QM aGa- �M/ L2ioG�.
i`�BM2/ QM aGa �M/ }M2@imM2/ QM SBiib#m`;?k8yFX Þ BM/B+�i2b i?�i r2 �TTHv Qm`
T`QTQb2/ TQbBiBp2 KBMBM; bi`�i2;v /m`BM; i`�BMBM; iQ b�KTH2 KQ`2 /�vfMB;?i �M/
bB/2r�vb@7�+BM; i`BTH2ibX
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q2 �+?B2p2/ bi�i2@Q7@i?2@�`i T2`7Q`K�M+2 #v i`�BMBM; Qm` KQ/2H QM i?2 aGa /�i�b2i
rBi? Qm` T`QTQb2/ TQbBiBp2 KBMBM; bi`�i2;v �M/ }M2@imMBM; QM i?2 SBiib#m`;? /�i�b2iX
q2 7QmM/ i?�i i?Bb KQ/2H ?�/ i?2 #2bi T2`7Q`K�M+2 �+`Qbb b2p2`�H TQTmH�` /�i�b2ib 7Q`
TH�+2 `2+Q;MBiBQMX LQi2 i?�i �HH T`2b2Mi2/ KQ/2Hb bQ 7�` ?�p2 `2HB2/ QM i?2 o::Re #�b2
�`+?Bi2+im`2X AM i?2 M2ti bm#b2+iBQM- r2 BMp2biB;�i2 r?2i?2` �M �Hi2`M�iBp2 #�+F#QM2
�`+?Bi2+im`2 +�M 7m`i?2` BKT`Qp2 i?2 KQ/2HX

����� $PNQBSJTPO PG #BTF /FUXPSL
q2 +QKT�`2 i?2 L2ioG�. H�v2` rBi? /Bz2`2Mi #�b2 M2irQ`FbX q2 i`�BM �HH KQ/2Hb
rBi? i?2 b�K2 i`�BMBM; T`Q+2/m`2 mbBM; Qm` T`QTQb2/ TQbBiBp2 KBMBM; K2i?Q/X JQ/2Hb
�`2 i`�BM2/ rBi? 2�`Hv biQTTBM;X .2T2M/BM; QM i?2 #�b2 �`+?Bi2+im`2 i`�BMBM; iQQF
#2ir22M QM2 �M/ i?`22 /�vbX q2 2p�Hm�i2 i?2 KQ/2Hb QM _2pBbBi2/ hQFvQ- _2pBbi2/
SBiib#m`;?- _Q#Qi*�` �M/ aGa iQ mM/2`bi�M/ i?2 +`Qbb /�i�b2i T2`7Q`K�M+2X
Ai Bb BKTQ`i�Mi iQ MQi2 i?�i i?2 }M�H 72�im`2 K�T bBx2 Q7 _2bL2is Bb ?�H7 i?2 bBx2 Q7 i?2
QM2 Q7 �H2tL2i �M/ o::ReX q2 7QmM/ 2tT2`BK2Mi�HHv i?�i i`�BMBM; � _2bL2is #�b2
7QHHQr2/ #v L2ioG�. H�v2` QM 640t480 BMTmi BK�;2b /B/ MQi BKT`Qp2 T2`7Q`K�M+2
/m`BM; i`�BMBM;X h?2 `2�bQM Bb i?�i i?2 H�bi 72�im`2 K�T bBx2 Q7 i?2 _2bL2is r�b
iQQ bK�HH iQ #2 � ;QQ/ 72�im`2 iQ /2b+`B#2 i?2 �TT2�`�M+2 Q7 � TH�+2X h?2`27Q`2-
r2 mTb�KTH2/ i?2 BMTmi BK�;2b Q7 i?2 _2bL2is #27Q`2 722/BM; i?2 BK�;2b iQ i?2
M2irQ`F �b i?Bb rQmH/ �HbQ /Qm#H2 i?2 }M�H 72�im`2 K�T bBx2X >Qr2p2`- 7Q` � KQ`2
7�B` +QKT�`BbQM- r2 /2+B/2/ MQi iQ i`�BM QM ?B;?2` `2bQHmiBQM BK�;2X h?Bb BM+`2�b2/
72�im`2 K�T bBx2 K2�Mi � H�`;2` bT�iB�H +Qp2`�;2 Q7 i?2 BK�;2- r?B+? b22K iQ #2 p2`v
BKTQ`i�Mi 7Q` i?2 L2ioG�. H�v2` iQ H2�`M � ;QQ/ 2K#2//BM; 7Q` TH�+2 `2+Q;MBiBQMX

"�b2 .BK _@SBiibjyF _@SBiib#k8yF hQFvQhJ _@hQFvQk9d aGa _Q#Qi+�`
�H2tL2i k8e yXeN yX8d yXN9 yX9d yXjk yXdR
o::Re 8Rk yX3e yX3R yXNd yXe8 yX9k yXd3
_2bL2iR3 ky93 yX3N yX38 yXN8 yXek yX8j yXd3
_2bL2i8y ky93 yX33 yX39 yXNd yXe3 yX83 yX3R
_2bL2iRyR ky93 yX3j yXd3 yXN9 yXe9 yX89 yXdd

h�#H2 8Xj, 1p�Hm�iBQM QM /Bz2`2Mi #�b2 �`+?Bi2+im`2bX q2 +QKT�`2 i?2 iQT@8 `2+�HHX
.BK `272`b iQ i?2 MmK#2` Q7 +?�MM2Hb 72/ iQ i?2 L2ioG�. H�v2`X h?2 }M�H QmiTmi
/BK2MbBQM Bb i?2 MmK#2` Q7 +?�MM2Hb iBK2b 64- r?B+? Bb i?2 MmK#2` Q7 +Hmbi2`b BM i?2
L2ioG�. H�v2`X

6`QK h�#H2 8Xj- r2 b22 i?�i �H2tL2i ?�b i?2 rQ`bi T2`7Q`K�M+2X h?Bb Bb i?2 bK�HH2bi
�M/ 7�bi2bi M2irQ`F- bQ Bi Bb MQi bm`T`BbBM; i?�i i?Bb #�b2 �`+?Bi2+im`2 Bb � TQQ` +?QB+2-
r?2M Qm` 2p�Hm�iBQM +`Bi2`BQM Bb `2+�HHX AM �TTHB+�iBQMb r?2`2 K2KQ`v 7QQiT`BMi Q`
bT22/ Bb �M `2[mB`2K2Mi- i?Bb #�b2 �`+?Bi2+im`2 KB;?i #2 KQ`2 `2H2p�MiX q2 7QmM/
i?�i _2bL2i8y Bb i?2 #2bi T2`7Q`KBM; KQ/2H �+`Qbb KQbi /�i�b2ibX h?Bb Bb bm`T`BbBM;
�b r2 rQmH/ 2tT2+i i?2 /22T2` _2bL2iRyR iQ 2M+�TbmH�i2 KQ`2 BM7Q`K�iBQM �#Qmi �
TH�+2X q2 b22 i?�i BM ;2M2`�H- i?2 _2bL2i #�b2 �`+?Bi2+im`2 Bb #2ii2` i?�M i?2 o::ReX
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h?Bb +Q``2bTQM/ iQ r?�i Bb mbm�HHv Q#b2`p2/ 7Q` BK�;2 +H�bbB}+�iBQM U*�MxB�MB 2i �HX-
kyReVX
AM i?Bb b2+iBQM- r2 [m�MiBi�iBp2Hv 2p�Hm�i2/ b2p2`�H /22T KQ/2Hb 7Q` TH�+2 `2+Q;MBiBQMX
q2 #2�i bi�i2@Q7@i?2@�`i T2`7Q`K�M+2 QM b2p2`�H /�i�b2ib #v i`�BMBM; QM i?2 H�`;2`
�M/ KQ`2 /Bp2`b2 JaGa /�i�b2iX 6m`i?2`KQ`2- r2 b?Qr2/ i?�i miBHBxBM; b2[m2MiB�H
BM7Q`K�iBQM +�M 7m`i?2` BKT`Qp2 KQ/2H T2`7Q`K�M+2X G�biHv- r2 7QmM/ i?�i mbBM; �
_2bL2i #�b2 �`+?Bi2+im`2 +�M �HbQ 7m`i?2` BKT`Qp2 KQ/2H T2`7Q`K�M+2X q2 rBHH BM i?2
M2ti b2+iBQM [m�HBi�iBp2Hv �M�Hvb2 i?2 i`�BMBM; T`Q+2/m`2 �M/ BMp2biB;�i2 i?2 i`�BM2/
KQ/2HbX
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��� 2VBMJUBUJWF 3FTVMUT
AM i?Bb b2+iBQM- iQ #2ii2` mM/2`bi�M/ i?2 bi`2M;i? �M/ i?2 /Bp2`bBiv Q7 i?2 aGa /�i�b2i
�M/ ;�BM � /22T2` BMbB;?i BMiQ i?2 T2`7Q`K�M+2 Q7 Qm` i`�BM2/ M2irQ`Fb- r2 T`2b2Mi �
[m�HBi�iBp2 �M�HvbBb Q7 i?2 `2+Q;MBiBQM KQ/2HbX

Zm2`v SQbBiBp2 L2;�iBp2 R L2;�iBp2 k L2;�iBp2 j

6B;m`2 8Xk, h`BTH2ib rBi? KmHiBTH2 M2;�iBp2bX >�`/@M2;�iBp2b �`2 KBM2/ /m`BM; i`�BM@
BM; mbBM; Qm` T`QTQb2/ bm#@+�+?BM; K2i?Q/QHQ;vX 6Q` 2�+? [m2`v@TQbBiBp2 T�B`- i?2
M2;�iBp2b i?�i pBQH�i2 i?2 i`BTH2i +QMbi`�BMi KQbi- ∣∣q − p∣∣22 +m < ∣∣q −n∣∣22- �`2 +?Q@
b2MX >2`2 q- p- n `272` iQ i?2 +�+?2/ 2K#2//BM;b 7Q` i?2 [m2`v- TQbBiBp2 �M/ M2;�iBp2
BK�;2bX m Bb i?2 K�`;BMX

����� 5SJQMFUT
h?2 KQ/2Hb �`2 i`�BM2/ mbBM; i?2 i`BTH2i HQbb +QK#BM2/ rBi? ?�`/ M2;�iBp2 �M/ TQbBiBp2
KBMBM;X h?2 i`BTH2i +QMbi`�BMi ?�b iQ #2 pBQH�i2/ iQ ;2i � MQM@i`BpB�H HQbbX h?2`27Q`2-
Bi Bb BKTQ`i�Mi iQ KBM2 M2;�iBp2b i?�i �`2 +HQb2` iQ i?2 [m2`v BK�;2 i?�M Bib TQbBiBp2bX
AM Qi?2` rQ`/b- i?2 i`BTH2i HQbb Bb � HQ+�H �TT`QtBK�iBQM Q7 i?2 `2+�HHX h?2`27Q`2- r2
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rBb? iQ KBM2 M2;�iBp2 BK�;2b i?�i �TT2�` p2`v bBKBH�` iQ i?2 [m2`v BK�;2X AM 6B;m`2
8Xk r2 b?Qr i`BTH2ib i?�i pBQH�i2b i?2 i`BTH2i +QMbi`�BMi /m`BM; i`�BMBM;X LQi2 i?�i
i?2 M2;�iBp2 BK�;2b �`2 p2`v bBKBH�` iQ i?2 [m2`v BK�;2 �M/ i?�i i?2 TQbBiBp2 BK�;2b-
BM i2`Kb Q7 b2�bQM�H- r2�i?2` �M/ BHHmKBM�iBQM- �`2 MQi M2+2bb�`v bBKBH�` iQ i?2 [m2`v
BK�;2X 6Q` 2t�KTH2 r2 b22 i?�i B7 i?2 [m2`v BK�;2 Bb +�Tim`2/ �i MB;?i- i?2M Bib ?�`/
M2;�iBp2b �`2 Q7i2M �HbQ +�Tim`2/ �i MB;?iX
AM 6B;m`2 8Xj r2 b?Qr �M 2t�KTH2b Q7 i`BTH2ib KBM2/ 7Q` b2[m2M+2 iQ b2[m2M+2 i`�BMBM;X
h?2b2 i`BTH2ib �`2 7QmM/ rBi? i?2 b�K2 T`Q+2/m`2 �b 7Q` bBM;H2@pB2rX �HbQ- 7Q` i?2
b2[m2M+2 i`BTH2ib- r2 b22 i?�i +?�HH2M;BM; i`BTH2ib �`2 KBM2/ /m`BM; i`�BMBM;X a22
�TT2M/Bt �Xj 7Q` KQ`2 i`BTH2i b2[m2M+2 2t�KTH2bX

Zm2`v SQbBiBp2 L2;�iBp2 R L2;�iBp2 k L2;�iBp2 j

6B;m`2 8Xj, a2[m2M+2 i`BTH2ib rBi? KmHiBTH2 M2;�iBp2b KBM2/ rBi? i?2 b�K2 i`�BMBM;
T`Q+2/m`2 �b i?2 BM i?2 BK�;2 iQ BK�;2 +�b2X LQi2 i?2 /`�biB+ b2�bQM�H �M/ r2�i?2`
+?�M;2b #2ir22M i?2 [m2`v �M/ TQbBiBp2 BK�;2bX
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6B;m`2 8X9, h?2 `2/ +m`p2 b?Qrb i?2 MmK#2` Q7 MQM@i`BpB�H M2;�iBp2b 7QmM/ /m`BM;
i`�BMBM;X q2 mb2 � #�i+? bBx2 Q7 7Qm` i`BTH2ib �M/ }p2 M2;�iBp2b T2` [m2`v BK�;2X
h?mb- i?2 K�tBKmK MmK#2` Q7 MQM@i`BpB�H M2;�iBp2b Bb 20X h?2 p2`iB+�H #H�+F HBM2b
BM/B+�i2 r?2M i?2 +�+?2 r�b mT/�i2/X LQi2 i?�i i?Bb };m`2 QMHv b?Qrb i?2 }`bi 20k
Bi2`�iBQMb iQ ?B;?HB;?i i?2 7mM+iBQMǶb Qb+BHH�iBM; #2?�pBQ`X

6B;m`2 8X8, h?2 `2/ +m`p2 b?Qrb i?2 i`BTH2i HQbb /m`BM; i`�BMBM;X h?2 #Hm2 HBM2 Bb �
KQpBM; �p2`�;2 Q7 i?2 HQbb- �M/ i?2 p2`iB+�H #H�+F HBM2b BM/B+�i2 r?2M i?2 +�+?2 r�b
mT/�i2/X

Ai Bb BKTQ`i�Mi iQ mT/�i2 i?2 +�+?2 7`2[m2MiHvX AM 6B;m`2 8X9- r2 b?Qr i?2 MmK#2`
Q7 MQM@i`BpB�H M2;�iBp2b U1[m�iBQM 9X8V 7QmM/ /m`BM; i`�BMBM;X AM i?Bb 2tT2`BK2Mi- r2
mb2/ � #�i+? bBx2 Q7 7Qm` i`BTH2ib �M/ }p2 M2;�iBp2b T2` [m2`v 2t�KTH2X h?mb- i?2
K�tBKmK MmK#2` Q7 MQM@i`BpB�H M2;�iBp2b r�b 20X 6`QK i?2 };m`2- r2 b22 i?�i i?2
MmK#2` Q7 MQM@i`BpB�H M2;�iBp2 Qb+BHH�i2bX 1�+? iBK2 i?2 +�+?2 Bb mT/�i2/ UBM/B+�i2/
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#v i?2 #H�+F p2`iB+�H HBM2bV- i?2 MmK#2` Q7 MQM@i`BpB�H M2;�iBp2b BM+`2�b2bX �b i?2
+�+?2 ;2ib Qmi/�i2/- i?2 KQ/2H #2;BMb iQ Qp2`}i iQ i?2 +�+?2- �M/ i?2 MmK#2` Q7 MQM@
i`BpB�H M2;�iBp2b /2+`2�b2bX q2 7QmM/ i?�i mT/�iBM; i?2 +�+?2 2p2`v 1000 Bi2`�iBQM
r�b � ;QQ/ +QKT`QKBb2 #2ir22M }M/BM; � H�`;2 MmK#2` Q7 MQM@i`BpB�H M2;�iBp2b �M/
`2/m+BM; i?2 Qp2`?2�/ Q7 mT/�iBM; i?2 +�+?2X
6B;m`2 8X8 b?Qrb i?2 i`BTH2i HQbb /m`BM; i`�BMBM;X q2 MQi2 i?2 b�K2 Qb+BHH�iBQM #2@
?�pBQ` �b BM 6B;m`2 8Xk #2+�mb2 i?2 KQ/2H #2;BMb iQ Qp2`}i bHB;?iHv iQ i?2 +�+?2X
6m`i?2`KQ`2- r2 b22 i?�i i?2 /2+`2�b2 BM �p2`�;2 i`BTH2i HQbb U#Hm2 HBM2V Bb `�i?2` HQr
+QKT�`2/ iQ r?�i Bb mbm�HHv Q#b2`p2/ 7Q` ;HQ#�H HQbb 7mM+iBQMb �M/ bi�M/�`/ i`�BMBM;
T`Q+2/m`2bX h?2 `2�bQM Bb i?�i i?2 /B{+mHiv Q7 i?2 +�+?2/ 2t�KTH2b rBHH BM+`2�b2
BM Q`/2` iQ pBQH�i2 i?2 i`BTH2i +QMbi`�BMi �b i?2 KQ/2H BKT`Qp2bX h?Bb H2�/b iQ �M
BM+`2�bBM;Hv /B{+mHi QTiBKBx�iBQM H�M/b+�T2- r?B+? Bb r?v i?2 �p2`�;2 HQbb /2+`2�b2b
p2`v bHQrHvX
�7i2` i?Bb [m�HBi�iBp2 �M�HvbBb Q7 i?2 +QM/m+i2/ i`�BMBM; T`Q+2/m`2- r2 rBHH BM i?2
M2ti bm#b2+iBQM pBbm�HHv BMbT2+i i?2 KQ/2HbǶ �#BHBiv iQ `2i`B2p2 BK�;2`v 7`QK i?2 b�K2
;2Q;`�T?B+�H HQ+�iBQMX

����� .PEFM $PNQBSJTPO
AM h�#H2 8XR- r2 b?Qr2/ [m�MiBi�iBp2Hv i?�i L2ioG�. i`�BM2/ QM i?2 aGa /�i�b2i
#2�i bi�i2@Q7@i?2@�`i QM i?2 aGa /�i�b2iX AM i?Bb bm#b2+iBQM- r2 pBbm�HHv BMbT2+i i?2
T`2/B+iBQMb Q7 �HH i?2 bBM;H2@pB2r KQ/2Hb 7`QK i?Bb i�#H2X AM 6B;m`2 8Xe- r2 [m�HB@
i�iBp2Hv 2p�Hm�i2 �KQbL2i- >v#`B/L2i- :2J �M/ L2ioG�. i`�BM2/ QM `2bT2+iBp2Hv
SBiib#m`;?k8yF �M/ J�TBHH�`v aGaX 6`QK i?Bb };m`2- r2 b22 i?�i #Qi? �KQbL2i �M/
>v#`B/L2i ?�p2 K�Mv 2``QM2Qmb T`2/B+iBQMb U?B;?HB;?i2/ #v i?2 `2/ #QmM/BM; #QtVX
q2 b22 i?�i #Qi? i?2b2 KQ/2HbǶ T`2/B+iBQMb ?�p2 `�i?2` bBKBH�` r2�i?2` +QM/BiBQMb iQ
i?2 [m2`v BK�;2bX h?Bb bm;;2bib i?�i M2Bi?2` Q7 i?2 KQ/2Hb ?�p2 H2�`M2/ iQ #2 BMp�`B@
�Mi iQr�`/b r2�i?2` +?�M;2b- r?B+? Bb p2`v BKTQ`i�Mi 7Q` `2+Q;MBxBM; TH�+2bX h?Bb
�HbQ b22Kb iQ #2 +?�HH2M;BM; b+2M�`BQb 7Q` L2ioG�. KQ/2H i`�BM2/ QM SBiib#m`;?k8yFX
AM +QMi`�bi- #Qi? :2J Ui`�BM2/ QM a7J@RkyFV �M/ L2ioG�. Ui`�BM2/ QM aGaV �`2
KQ`2 BMp�`B�Mi iQr�`/b r2�i?2` +?�M;2b- 2X;X BM `Qr 3 − 5 BM 6B;m`2 8Xe- L2ioG�.
Ui`�BM2/ QM aGaV `2i`B2p2b i?2 +Q``2+i TH�+2 2p2M i?Qm;? i?2`2 �`2 bB;MB}+�Mi r2�i?2`
+?�M;2bX 6m`i?2`KQ`2- r2 MQiB+2 ?Qr i?2 /Bp2`bBiv Q7 i?2 J�TBHH�`v aGa /�i� K�F2b
L2ioG�. KQ`2 `Q#mbi iQ pB2rTQBMi +?�M;2b �M/ 2tQiB+ p2;2i�iBQM- bm+? �b i?2 T�HK
i`22b- +QKT�`2/ iQ KQ/2Hb i?�i �`2 i`�BM2/ QM Qi?2` /�i�b2ib i?�i /Q MQi 2M+�TbmH�i2
�b Km+? /Bp2`bBiv �b Qm` /�i�b2iX
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Zm2`v �KQbL2i >v#`B/L2i :2J L2ioG�.
USBiik8yFV

L2ioG�.
UaGaV

6B;m`2 8Xe, Zm�HBi�iBp2 +QKT�`BbQM Q7 /Bz2`2Mi T`2@i`�BM2/ M2irQ`Fb �b r2HH �b Qm`
L2ioG�. KQ/2H i`�BM2/ QM SBiib#m`;?k8yF �M/ J�TBHH�`v aGaX h`�BMBM; QM aGa
BKT`Qp2b `Q#mbiM2bb iQr�`/b r2�i?2` +?�M;2b �M/ /Bp2`b2 p2;2i�iBQM bm+? �b T�HK
i`22bX :`22M, i`m2 TQbBiBp2c _2/, 7�Hb2 TQbBiBp2X
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����� /FUXPSL "UUFOUJPO
hQ ;�BM � #2ii2` mM/2`bi�M/BM; Q7 r?�i i?2 M2irQ`Fb ?�p2 H2�`M2/- r2 pBbm�HBx2 i?2
H�v2` �+iBp�iBQMb �i /Bz2`2Mi /2Ti? Q7 i?2 L2ioG�. KQ/2H rBi? o::Re #�b2X q2
pBbm�HBx2 i?2 �+iBp�iBQM �+`Qbb /Bz2`2Mi BMTmi BK�;2b iQ 2tTH�BM i?2 M2irQ`FbǶ �ii2M@
iBQMX q2 2tT2+i i?2 KQ/2H iQ ?�p2 ?B;?2` �+iBp�iBQM �`QmM/ bi�iBQM�`v Q#D2+ib BM i?2
b+2M2 bm+? �b #mBH/BM;b �M/ HQr2` �+iBp�iBQM �`QmM/ +?�M;BM; Q#D2+ib bm+? �b p2?B+H2b-
p2;2i�iBQM �M/ `Q�/rQ`FX AM 6B;m`2 8Xd- r2 b?Qr i?2 �+iBp�iBQM 7Q` b2p2`�H }Hi2`b �i
/Bz2`2Mi /2Ti?b BM i?2 KQ/2HX

6B;m`2 8Xd, h?2 iQT `Qr b?Qrb i?2 BMTmi BK�;2bX h?2 `2K�BMBM; `Qrb b?Qrb i?2 72�@
im`2 �+iBp�iBQM 7Q` }Hi2`b 7`QK +QMpQHmiBQM�H H�v2`b 10- 19- 26 �M/ i?2 L2ioG�. H�v2`X
h?2b2 �`2 pBbm�HBx2/ �b ?2�iK�Tb Qp2`H�B/ QM iQT Q7 i?2 BMTmi BK�;2 Ub22 �TT2M/Bt
�X9 7Q` Q`B;BM�H 72�im`2 K�TbVX "Hm2 BM/B+�i2b HQr �+iBp�iBQM �M/ `2/ BM/B+�i2b ?B;?
72�im`2 �+iBp�iBQMX

6`QK 6B;m`2 8Xd r2 b22 i?�i i?2 }Hi2` 7`QK +QMpQHmiBQM�H H�v2` 10 }`2b �i HQM;2`
/B�;QM�H HBM2b- bm+? �b i?Qb2 7QmM/ �i i?2 TQr2` +�#H2b BM (c, d, f)- i?2 #mBH/BM; 7�+�/2b
BM (a, b) �M/ QM i?2 `Q�/ T�BMi BM (a, b, e, f)X h?2b2 HBM2 72�im`2b �`2 bBKTH2- HQr@H2p2H
72�im`2b- r?B+? +QBM+B/2b rBi? i?2 7�+i i?�i HQr H2p2H 72�im`2b �`2 ivTB+�HHv 7QmM/ BM
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i?2 2�`Hv +QMpQHmiBQM�H H�v2`b Uw2BH2` �M/ 62`;mb- kyRjVX q2 b22 i?�i i?2 }Hi2` 7`QK
+QMpQHmiBQM�H H�v2` 19 }`2b �`QmM/ i?2 ?Q`BxQMi�H +QMiQm` Q7 i?2 #mBH/BM;bX h?Bb KQ`2
;2M2`�H 72�im`2 Bb BKTQ`i�Mi 7Q` TH�+2 `2+Q;MBiBQM �b i?2 +QMiQm` Q7 i?2 #mBH/BM; Bb
ivTB+�HHv � MQM@+?�M;BM; 72�im`2 �+`Qbb b2�bQMb �M/ r2�i?2`X LQi2 i?�i r?2M i?2`2
�`2 bK�HH pB2rTQBMi +?�M;2b bm+? �b #2ir22M (e) �M/ (f) i?Bb 72�im`2 Bb 2z2+iBp2
7Q` `2+Q;MBxBM; � TH�+2X 1p2M KQ`2 ;2M2`�H 72�im`2b �`2 7QmM/ BM +QMpQHmiBQM�H H�v2`
26X h?Bb }Hi2` �+iBp�iBQM }`2b QM #mBH/BM;bX LQiB+2 i?�i i?Bb �+iBp�iBQM b22K iQ #2
BMp�`B�Mi iQ pB2rTQBMi �M/ b+�H2 +?�M;2b �b Bi }`2b BM i?2 b�K2 BK�;2 `2;BQMb 7Q`
2�+? Q7 i?2 BK�;2 T�B`bX 1t�KTH2b �`2 i?2 +?m`+? iQr2` BM (c, d) �M/ i?2 #mBH/BM;
7�+�/2b BM (a, b) �M/ (e, f)X am`T`BbBM;Hv- i?Bb }Hi2` �HbQ }`2b �i i?2 b+QQi2` /`Bp2`Ƕb
?2�/ BM (c)X h?Bb Bb � mM/2bB`�#H2 72�im`2 �b r2 rQmH/ 2tT2+i i?2 KQ/2H iQ B;MQ`2
/vM�KB+ Q#D2+ibX h?Bb KB;?i �HbQ bm;;2bi i?�i mbBM; � b2;K2Mi�iBQM KQ/2H iQ }Hi2`
Qmi /vM�KB+ Q#D2+i KB;?i BKT`Qp2 T2`7Q`K�M+2X 6BM�HHv- r2 }M/ i?2 KQbi ;2M2`�H
72�im`2 �+iBp�iBQM BM i?2 L2ioG�. H�v2`X h?Bb H�v2` �HbQ }`2b QM #mBH/BM;b �M/ ?�b
HQr2` �+iBp�iBQM �`QmM/ b2�bQM�H Q#D2+ib Ubm+? �b i`22bV �M/ /vM�KB+ Q#D2+ib Ubm+? �b
b+QQi2`b- +�`b �M/ #mb2bV- r?B+? Bb BMHBM2 rBi? i?2 #2?�pBQ` i?�i r2 2tT2+i i?2 KQ/2H
iQ ?�p2 H2�`M2/X
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6B;m`2 8X3, oBbm�HBx�iBQM Q7 i?2 H2�`M2/ 2K#2//BM; bT�+2X 5000 BK�;2b 7`QK i?2 i2bi
b2i �`2 T`QD2+i2/ BMiQ � k@. bT�+2 mbBM; h@aL1X 8 `�M/QKHv b2H2+i2/ [m2`v BK�;2b
�`2 ?B;?HB;?i2/ rBi? � bi�` �M/ i?2B` TQbBiBp2b �`2 +QHQ`2/ BM i?2 b�K2 +QHQ` �b i?2KX
q2 ?B;?HB;?i 11 BK�;2 2t�KTH2b A . . . K 7`QK i?2 2K#2//BM; bT�+2X

q2 BMp2biB;�i2 i?2 H2�`M2/ 2K#2//BM; bT�+2 iQ ;2i � #2ii2` mM/2`bi�M/BM; Q7 r?�i i?2
KQ/2H ?�b H2�`M2/X q2 `�M/QKHv b2H2+i 5000 BK�;2b 7`QK i?2 i2bi b2i- +�H+mH�i2 i?2B`
TQbBiBQM BM i?2 32.768 /BK2MbBQM�H 2K#2//BM; bT�+2- �M/ i?2M mb2 h@aL1 iQ T`QD2+i
i?2b2 TQBMib BMiQ � irQ /BK2MbBQM�H TH�M2X AM 6B;m`2 8X3 r2 b?Qr i?�i i?2 KQ/2H ?�b
H2�`M2/ i?�i i?2 [m2`v 2t�KTH2b �`2 +HQb2 iQ i?2B` TQbBiBp2bX h?2 QMHv 2t+2TiBQM Bb
i?2 ;`22M +Hmbi2` @ ?B;?HB;?i2/ rBi? i?2 irQ BK�;2b B �M/ CX q2 b22 i?�i i?Bb b+2M2
?�b bB;MB}+�Mi b2�bQM�H- pB2rTQBMi �M/ r2�i?2` +?�M;2b @ K�FBM; Bi � +?�HH2M;BM;
b+2M�`BQX 6m`i?2`KQ`2- i?2 `2~2+iBQM BM i?2 7`QMi rBM/Qr K�F2b i?2 2t�KTH2 2p2M
KQ`2 +?�HH2M;BM;X "2HQr i?2b2 BK�;2b- r2 ?B;?HB;?i irQ [m2`v BK�;2b- D �M/ E-
+�Tim`2/ BMbB/2 � imMM2HX h?2b2 [m2`v BK�;2b �`2 +HQb2 iQ i?2B` `2bT2+iBp2 TQbBiBp2b-
#mi �HbQ +HQb2 iQ 2�+? Qi?2` BM i?2 2K#2//BM; bT�+2X h?Bb BMimBiBp2Hv K�F2b b2Mb2 �b
r2 ?QT2 i?�i BK�;2b i?�i �TT2�` bBKBH�` �`2 +HQb2 BM i?2 2K#2//BM; bT�+2X AK�;2b G-
H �M/ J �`2 +�Tim`2/ 7`QK "2M;�Hm`m �M/ E�KT�H�X Ai b22Kb i?�i i?2 KQ/2H +Hmbi2`
i?2b2 +BiB2b BM i?2 HQr2` H27i +Q`M2`X h?Bb Bb 7m`i?2` +QM}`K2/ BM 6B;m`2 8XNX q2 b22
i?�i BK�;2 I- r?B+? Bb i�F2M BM aiQ+F?QHK- Bb �HbQ 7QmM/ BM i?2 HQr2` H27i +Q`M2` Q7 i?2
2K#2//BM; bT�+2X h?Bb BK�;2 Bb p2`v #Hm``v @ bm;;2biBM; i?�i i?2 KQ/2H KB;?i ?�p2
TB+F2/ mT i?2 �`iB7�+i i?�i i?2 BK�;2`v 7`QK "2M;�Hm`m �M/ E�KT�H� �`2 KQ`2 Q7i2M
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BM HQr2` `2bQHmiBQM �M/ KQ`2 #Hm``v i?�M i?2 BK�;2`v 7`QK KQ`2 /2p2HQT2/ +BiB2bX
�HbQ- i?Bb BK�;2 +QMi�BMb K�Mv #B+v+H2b BM i?2 KB//H2 Q7 i?2 `Q�/- r?B+? i?2 KQ/2H
KB;?i +QM7mb2 rBi? i?2 K�Mv b+QQi2`b Q7i2M bTQii2/ BM "2M;�Hm`m �M/ E�KT�H�X

6B;m`2 8XN, oBbm�HBx�iBQM Q7 i?2 H2�`M2/ 2K#2//BM; bT�+2 +QHQ`@+Q/2/ #v +BivX q2 b22
i?�i i?2 +BiB2b i2M/ iQ +Hmbi2` iQ;2i?2` �M/ +BiB2b r2 rQmH/ 2tT2+i iQ #2 KQ`2 bBKBH�`-
bm+? �b E�KT�H� �M/ "2M;�Hm`m- �`2 �HbQ +HQb2 BM i?2 2K#2//BM; bT�+2X

AM 6B;m`2 8XN- r2 ?B;?HB;?i i?2 KQ/2Hb �#BHBiv iQ +Hmbi2` +BiB2bX h?2 };m`2 b?Qrb i?2
b�K2 2K#2//BM; bT�+2 �b pBbm�HBx2/ BM 6B;m`2 8X3- #mi +QHQ`@+Q/2/ #v +BivX q2 b22
i?�i +BiB2b r2 rQmH/ 2tT2+i iQ #2 KQ`2 bBKBH�`- bm+? �b E�KT�H� �M/ "2M;�Hm`m- �`2
�HbQ +HQb2` BM i?2 2K#2//BM; bT�+2X h?Bb +Hmbi2`BM; #v +BiB2b ?BMib i?�i � ?B2`�`+?B+�H
�TT`Q�+?- r?2`2 � +H�bbB}2` Bb i`�BM2/ iQ +H�bbB7v +Biv Q` `2;BQM 7QHHQr2/ #v � TH�+2
/2b+`BTiQ` KB;?i 2M�#H2 � #2ii2` TH�+2 /2b+`BTiQ` �M/ � `2/m+iBQM Q7 i?2 MmK#2` Q7
KQ/2H T�`�K2i2`bX q2 rBHH BM i?2 7QHHQrBM; bm#b2+iBQM- 7m`i?2` BMp2biB;�i2 i?2 KQ/2H
T2`7Q`K�M+2 �+`Qbb /Bz2`2Mi T�`ib Q7 i?2 rQ`H/ iQ K�T Qmi i?2 KQ/2HbǶ ;2Q;`�T?B+�H
#B�b2bX
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����� 3FEVDF (FPHSBQIJDBM #JBT

6B;m`2 8XRy, :2Q;`�T?B+�H #B�b BM 7Qm` TH�+2 `2+Q;MBiBQM KQ/2HbX v@�tBb b?Qrb i?2
iQT@8 `2+�HHX *BiB2b �`2 +QHQ`2/ /2T2M/BM; QM i?2B` HQ+�iBQM, �7`B+� UQ`�M;2V- �bB�
U`2/V- aQmi? �K2`B+� UTBMFV- LQ`i? �K2`B+� UTm`TH2V- 1m`QT2 Uim`[mQBb2VX

ai�i2@Q7@i?2@�`i TH�+2 `2+Q;MBiBQM M2irQ`Fb �`2 i`�BM2/ QM BK�;2b 7`QK /2p2HQT2/
+QmMi`B2bX h?Bb K2�Mb i?�i i?2`2 Bb �M Q#pBQmb ;2Q;`�T?B+�H #B�b BM?2`2Mi BM i?2 /�i�X
h?2 #B�b BM i?2 /�i� H2�/b iQ � #B�b BM i?2 KQ/2Hb i`�BM2/ QM i?2 /�i�X � bBKTH2
K2i?Q/ iQ +?2+F 7Q` i?Bb #B�b Bb iQ 2p�Hm�i2 i?2 KQ/2H QM /Bz2`2Mi bm#b2ib Q7 i?2
/�i�b2iX h?mb- BM Q`/2` iQ BMp2biB;�i2 ;2Q;`�T?B+�H #B�b- r2 +�M 2p�Hm�i2 i?2 KQ/2H
QM BM/BpB/m�H +BiB2bX "v i?Bb K2�bm`2- �M mM#B�b2/ KQ/2H rQmH/ T2`7Q`K 2[m�HHv r2HH
�+`Qbb /Bz2`2Mi +BiB2b �M/ +QMiBM2MibX 6B;m`2 8XRy b?Qrb i?2 T2`7Q`K�M+2 Q7 b2p2`�H
KQ/2Hb 2p�Hm�i2/ QM BM/BpB/m�H +BiB2b 7`QK J�TBHH�`v aGaX 6`QK i?2 };m`2- r2 b22 �
+H2�` ;2Q;`�T?B+�H #B�b �b i?2 KQ/2Hb T2`7Q`K bB;MB}+�MiHv #2ii2` QM 1m`QT2�M �M/
LQ`i? �K2`B+�M +BiB2b +QKT�`2/ iQ �bB�M- aQmi? �K2`B+�M �M/ �7`B+�M +BiB2bX h?2
QMHv 2t+2TiBQM Bb hQFvQ- ?Qr2p2`- hQFvQ Bb � /2p2HQT +Biv- bBKBH�` iQ K�Mv �K2`B+�M
+BiB2bX 6m`i?2` MQiB+2 i?�i i?2 :2J KQ/2H ?�b bHB;?iHv H2bb ;2Q;`�T?B+�H #B�b- bBM+2
i?2 T2`7Q`K�M+2 /`QT QM �bB�M +BiB2b Bb `2H�iBp2Hv HQrX h?Bb +QmH/ #2 `2H�i2/ iQ i?2
7�+i i?�i i?Bb KQ/2H Bb i`�BM2/ QM 6HB+F` BK�;2b- r?B+? �`2 KQ`2 /Bp2`b2- BM i2`Kb Q7
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;2Q;`�T?B+�H +Qp2`�;2- i?�M Qi?2` /�i�b2ibX

�KQbL2i∗ �KQbL2iÞ L2ioG�.∗ L2ioG�.Þ

6B;m`2 8XR8, "B�b `2/m+iBQM 7Q` #Qi? �KQbL2i �M/ L2ioG�. r?2M i`�BM2/ QM aGa
�M/ 2p�Hm�i2/ QM i?2 aGa i2bi b2iX ∗fÞ BM/B+�i2b T`2i`�BM2/fi`�BM2/ KQ/2Hb- `2bT2+@
iBp2HvX

SH�+2 _2+Q;MBiBQM KQ/2Hb rBi? ;2Q;`�T?B+�H #B�b +�M ?�p2 +�i�bi`QT?B+ +QMb2[m2M+2b
BM `2�H rQ`H/ �TTHB+�iBQMb- 2X;X 7Q` � ;HQ#�H ~22i Q7 �miQMQKQmb p2?B+H2b- r2 Kmbi
2Mbm`2 i?�i i?2 bQ7ir�`2 rQ`Fb 2[m�HHv r?2M �+`Qbb +QmMi`B2b �M/ +QMiBM2MibX AM 6B;@
m`2 8XR8- r2 b?Qr i?�i i?2 ;2Q;`�T?B+�H #B�b BM #Qi? �KQbL2i �M/ L2ioG�. +�M #2
`2/m+2/ #v i`�BMBM; QM i?2 aGa /�i�b2iX q2 b?Qr i?�i i?2 H�`;2 ;2Q;`�T?B+�H +Qp2`@
�;2 Q7 i?2 J�TBHH�`v aGa /�i�b2i 2M�#H2b 2p�Hm�iBQM Q7 KQ/2H #B�b2bX >Qr2p2`- i?2
J�TBHH�`v aGa /�i�b2i Bb biBHH H�`;2Hv Qp2`@`2T`2b2MiBM; 1m`QT2�M �M/ LQ`i? �K2`@
B+�M +BiB2b Ub22 h�#H2 jXRV- i?mb BM Q`/2` iQ KBiB;�i2 ;2Q;`�T?B+�H #B�b +QKTH2i2Hv
T`�+iBiBQM2`b �M/ `2b2�`+?2`b Kmbi #2 +QMbB/2`�i2- 2X; r2 b22 7`QK 6B;m`2 8XR8 i?�i
i?2 KQ/2Hb biBHH ?�p2 � H�`;2 ;2Q;`�T?B+�H #B�bX h?2b2 KQ/2Hb �`2 i`�BM2/ QM i?2
2MiB`2 aGa /�i�b2i rBi? mMB7Q`K b�KTHBM; �+`Qbb +BiB2b �M/ +QMiBM2MibX q2 2tT2+i
i?�i r2B;?iBM; �7`B+�M- aQmi? �K2`B+�M �M/ �bB�M +BiB2b ?B;?2`- mbBM; Qm` T`QTQb2/
TQbBiBp2 KBMBM; K2i?Q/QHQ;v- +QmH/ 7m`i?2` `2/m+2 i?2 KQ/2H #B�bX

AM i?Bb b2+iBQM- r2 BMp2biB;�i2/ i?2 i`�BM2/ KQ/2Hb [m�HBi�iBp2HvX q2 �M�Hvx2/ i?2
i`�BMBM; T`Q+2/m`2 #v pBbm�HHv BMbT2+i2/ i?2 KBM2/ i`BTH2ib �M/ ?B;?HB;?i2/ i?2 BK@
TQ`i�M+2 Q7 mT/�iBM; i?2 +�+?2 7`2[m2MiHv iQ �pQB/ Qp2`}iiBM; iQ i?2 +�+?2X q2 7QmM/
i?�i mT/�iBM; i?2 +�+?2 2p2`v 1000 Bi2`�iBQM iQ #2 � ;QQ/ +QKT`QKBb2 #2ir22M ?�pBM;
K�Mv MQM@i`BpB�H M2;�iBp2b �M/ � HQr +QKTmi�iBQM�H Qp2`?2�/X q2 K�/2 � [m�HBi�@
iBp2Hv KQ/2H +QKT�`BbQM Q7 b2p2`�H bBM;H2@pB2r KQ/2Hb �M/ 7QmM/ i?�i i`�BMBM; QM i?2
aGa /�i�b2i BKT`Qp2/ KQ/2HbǶ BMp�`B�M+2 iQr�`/b pB2rTQBMi �M/ r2�i?2` +?�M;2b �b
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r2HH �b BKT`QpBM; i?2B` �#BHBiB2b iQ `2+Q;MBx2 TH�+2b #�b2/ QM 2tQiB+ p2;2i�iBQM bm+? �b
T�HK i`22bX "v pBbm�HBxBM; � i`�BM2/ KQ/2HǶb 72�im`2 K�Tb- r2 7QmM/ i?�i Bi 7Q+mb2b
QM bi�iBQM�`v Q#D2+ib BM i?2 b+2M2- +QM}`KBM; Qm` 2tT2+i�iBQM Q7 r?�i BKTQ`i�Mi Q#@
D2+ib 7Q` TH�+2 `2+Q;MBiBQM rQmH/ HQQF HBF2X oB� � h@aL1 T`QD2+iBQM- r2 r2`2 �#H2 iQ
pBbm�HBx2 i?2 H2�`M2/ 2K#2//BM; bT�+2 BM k.X q2 7QmM/ i?�i BK�;2`v 7`QK i?2 b�K2
TH�+2b �TT2�` +HQb2 BM i?2 2K#2//BM; bT�+2- �M/ i?�i TH�+2b i?�i b?�`2 pBbm�H +QM@
i2Mi Ubm+? �b imMM2HbV �HbQ �TT2�` +HQb2 BM i?2 H2�`M2/ 2K#2//BM; bT�+2X q2 7m`i?2`
7QmM/ i?�i i?2 +BiB2b r2`2 +Hmbi2`2/ iQ;2i?2` BM i?2 2K#2//BM; bT�+2X G�biHv- r2 ?�p2
b?QrM i?�i 2tBbiBM; TH�+2 `2+Q;MBiBQM KQ/2Hb BM?2`Bib i?2 ;2Q;`�T?B+�H #B�b 7`QK i?2B`
i`�BMBM; /�i�X q2 T`QTQb2 � bBKTH2- [m�HBi�iBp2 K2i?Q/ iQ 2p�Hm�i2 i?2 KQ/2H #B�b
�M/ b?Qr2/ i?�i i`�BMBM; QM � KQ`2 /Bp2`b2 /�i�b2i rBi? H�`;2` ;2Q;`�T?B+�H +Qp2`�;2
+�M `2/m+2 i?2 KQ/2H #B�bX
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h?`Qm;? � +QKT`2?2MbBp2 HBi2`�im`2 `2pB2r �M/ �M�HvbBb Q7 2tBbiBM; /�i�b2ib- r2 /Bb@
+Qp2`2/ i?�i +m``2Mi /�i�b2ib 7Q` TH�+2 `2+Q;MBiBQM �`2 HBKBi2/ BM i2`Kb Q7 bBx2- ;2Q@
;`�T?B+�H +Qp2`�;2 �M/ /Bp2`bBivX J�Mv Q7 i?2b2 /�i�b2ib �`2 +m`�i2/ 7Q` bBM;H2@pB2r
KQ/2Hb- K�FBM; Bi /B{+mHi iQ i`�BM KmHiB@pB2r KQ/2HbX 6m`i?2`KQ`2- r2 7QmM/ i?�i
i?2 H�`;2bi �M/ KQbi /Bp2`b2 Q7 i?2b2 /�i�b2ib- i?2 hQFvQhJfk9d �M/ SBiib#m`;?k8yF-
?�p2 � bm#bi�MiB�H pBbm�H Qp2`H�T #2ir22M i?2B` i`�BMBM; �M/ i2bi b2i- K�FBM; i?2 2p�H@
m�iBQM QM i?2b2 /�i�b2i mM`2HB�#H2 7Q` KQ/2Hb i`�BM2/ QM i?2KX q2 T`QTQb2/ � M2r
/BpBbBQM rBi? _2pBbBi2/@hQFvQk9fd �M/ _2pBbBi2/@SBiib#m`;?jyFfk8yF- #mi �HbQ B/2M@
iB}2/ � M22/ 7Q` � H�`;2`- KQ`2 /Bp2`b2 �M/ b2[m2MiB�H bi`m+im`2/ /�i�b2i 7Q` TH�+2
`2+Q;MBiBQM rBi? � rQ`H/@rB/2 ;2Q;`�T?B+�H bT�MX
q2 ?�p2 T`2b2Mi2/ J�TBHH�`v aGa- � H�`;2 +QHH2+iBQM Q7 BK�;2 b2[m2M+2b 7Q` i`�BMBM;
�M/ 2p�Hm�iBM; TH�+2 `2+Q;MBiBQM �H;Q`Bi?KbX h?2 /�i� ?�b #22M +QHH2+i2/ 7`QK J�T@
BHH�`v �M/ +QMi�BMb Qp2` 1.6 KBHHBQM 7`�K2b 7`QK 30 /Bz2`2Mi +BiB2b Qp2` bBt +QMiBM2MibX
h?2 ;�i?2`2/ b2[m2M+2b bT�M � T2`BQ/ Q7 b2p2M v2�`b �M/ TH�+2b 2tT2`B2M+2 H�`;2
T2`+2Tim�H +?�M;2b /m2 iQ b2�bQMb- +QMbi`m+iBQMb- /vM�KB+ Q#D2+ib- +�K2`�b- r2�i?2`
�M/ HB;?iBM;X
J�TBHH�`v aGa +QMi�BMb i?2 H�`;2bi ;2Q;`�T?B+�H �M/ i2KTQ`�H +Qp2`�;2 Q7 �HH Tm#HB+Hv
�p�BH�#H2 /�i�b2ibc �M/ Bi Bb �KQM; i?2 QM2b rBi? i?2 rB/2bi `�M;2 Q7 �TT2�`�M+2
p�`B�iBQMb �M/ i?2 H�`;2bi MmK#2` Q7 BK�;2bX �HH i?2b2 72�im`2b K�F2b Qm` /�i�b2i �
p�Hm�#H2 �//BiBQM iQ i?2 �p�BH�#H2 /�i� +Q`Tmb 7Q` i`�BMBM; TH�+2 `2+Q;MBiBQM �H;Q`Bi?KbX
h?2 K�Mv p�`B�iBQM KQ/2b �M/ i?2 +QMbB/2`�#H2 bBx2 Q7 `2�HBbiB+ m`#�M /�i� K�F2 Bi
T�`iB+mH�`Hv �TT2�HBM; 7Q` /22T H2�`MBM; �TT`Q�+?2b �M/ �miQMQKQmb +�` �TTHB+�iBQMbX
q2 ?�p2 `mM 2ti2MbBp2 #2M+?K�`Fb QM Qm` /�i�b2i rBi? 2tBbiBM; bi�i2@Q7@i?2@�`i K2i?@
Q/b iQ BHHmbi`�i2 i?2 /B{+mHiv �M/ +QMi`B#miBQM Q7 Qm` /�i�b2iX "v i`�BMBM; QM i?2 p2`v
/Bp2`b2 JaGa /�i�b2i- r2 BKT`Qp2 bi�i2@Q7@i?2@�`i KQ/2Hb �+`Qbb MmK2`Qmb 2tBbiBM;
/�i�b2ib BM+Hm/BM; _Q#Qi*�` �M/ hQFvQk9d r?2`2 Qm` #2bi T2`7Q`KBM; KQ/2H T2`@
7Q`K2/ `2bT2+iBp2Hv 9% �M/ 13% #2ii2` rBi? � +QKT�`�#H2 KQ/2H �`+?Bi2+im`2X h?2b2
`2bmHib r2`2 �+?B2p2/ i?`Qm;? � bBKTH2- v2i 2z2+iBp2 bm#@+�+?BM; K2i?Q/ i?�i 2M�#H2
i`�BMBM; QM i?2 p2`v H�`;2 JaGa /�i�b2iX 6m`i?2`KQ`2- r2 T`QTQb2/ � ?�`/ TQbBiBp2
KBMBM; b+?2K2 i?�i b�KTH2/ bB/2r�vb 7�+BM; �M/ MB;?i BK�;2b KQ`2 7`2[m2MiHv- `2@
bmHiBM; BM 7�bi2` +`Qbb /�i�b2i ;2M2`�HBx�iBQMX h?2 `2�bQM Bb i?�i i?2 JaGa /�i�b2i
?�p2 � `�i?2` HQr T2`+2Mi�;2 Q7 MB;?i �M/ bB/2r�vb 7�+BM; BK�;2b UbiBHH � p2`v H�`;2
�KQmMiV bQ �M mMB7Q`KHv b�KTHBM; rQmH/ `�`2Hv T`2b2Mi i?2 KQ/2H 7Q` i`BTH2ib +QM@
i�BMBM; 2Bi?2` bB/2r�vb 7�+BM; MQ` MB;?i BK�;2`vX q2 7QmM/ i?Bb b�KTHBM; K2i?Q/ iQ
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#2 2z2+iBp2 �M/ #2HB2p2 Bi iQ #2 2�bBHv 2ti2M/�#H2 iQ BM+Hm/2 Qi?2` K2i� /�i� bm+? �b
`Q�/ ivT2- +Biv Q` +QmMi`vX
q2 2tT2`BK2Mi2/ rBi? mbBM; /Bz2`2Mi #�b2 �`+?Bi2+im`2b- �M/ 7QmM/ 2KTB`B+�H i?�i
i?2 _2bL2i �`+?Bi2+im`2 ;�p2 #2ii2` T2`7Q`K�M+2 i?�M #Qi? i?2 o::Re �M/ �H2tL2iX
S�`iB+mH�`Hv- r2 7QmM/ i?2 _2bL2i8y iQ T2`7Q`K r2HH �+`Qbb KmHiBTH2 /�i�b2ibX
AM i?Bb i?2bBb- r2 �HbQ T`2b2Mi2/ b2p2`�H p�`B�iBQMb Q7 JmHiBoB2rL2i �M/ b?Qr2/ i?�i
2tTHQBiBM; i?2 b2[m2MiB�H BM7Q`K�iBQM #2ir22M 7`�K2b +�M BKT`Qp2 TH�+2 `2i`B2p�HX q2
7QmM/ i?�i bBKTH2 TQQHBM; bi`�i2;B2b- bm+? �b K�t �M/ �p2`�;2 TQQHBM;- /B/ MQi 2M+�T@
bmH�i2 i?2 MQM@HBM2�`Biv #2ir22M i?2 7`�K2b- �M/ +QmH/ �+im�HHv ?m`i i?2 T2`7Q`K�M+2X
Pm` T`2b2Mi2/ +QM+�i2M�iBQM K2i?Q/ #2ii2` KQ/2Hb i?2 b2[m2M+2- ?Qr2p2`- `2bmHib BM
� p2`v H�`;2 TH�+2 /2b+`BTiQ`X h?2 JaGa /�i�b2i Bb /2bB;M2/ 7Q` b2[m2MiB�H /�i�b2i-
?Qr2p2` KQ`2 �/p�M+2/ KQ/2HHBM; Q7 i?2 BMi2`@b2[m2MiB�H `2H�iBQMb Bb M22/2/ iQ T`QT@
2`Hv 2tTHQBi i?Bb i2KTQ`�H BM7Q`K�iBQM #2ir22M i?2 7`�K2bX h?Bb +QmH/ #2 �+?B2p2/ #v
mbBM; � 7mHHv +QMM2+i2/ H�v2` iQ 7mb2 i?2 BM/BpB/m�H 7`�K2@/2b+`BTiQ`b iQ;2i?2`X >Qr@
2p2`- BM Q`/2` iQ �pQB/ � p2`v H�`;2 MmK#2` Q7 i`�BM�#H2 T�`�K2i2`b- i?2 /BK2MbBQM�HBiv
Q7 i?2 7`�K2 /2b+`BTiQ`b Kmbi #2 `2/m+2/ bm#bi�MiB�HHv �b r2HH �b i?2 /BK2MbBQM�HBiv
Q7 i?2 }M�H b2[m2M+2 /2b+`BTiQ`X q2 �HbQ #2HB2p2 i?�i � KQ`2 2tTHB+Bi KQ/2HHBM; Q7
i?2 i2KTQ`�H BM7Q`K�iBQM KB;?i v2i vB2H/ #2ii2` `2bmHibX h?Bb +QmH/ #2 �+?B2p2/ #v
BMb2`iBM; � GQM; a?Q`i@h2`K J2KQ`v UGahJV M2irQ`F Q` � :�i2/ _2+m``2Mi lMBi
U:_lV M2irQ`F iQ `2TH�+2 i?2 TQQHBM;f7mbBQM KQ/2HbX >Qr2p2`- i?2b2 K2i?Q/b �HbQ
`2[mB`2 � `2/m+iBQM Q7 i?2 /BK2MbBQM�HBiv Q7 i?2 TH�+2 /2b+`BTiQ`bX
q2 BMi`Q/m+2/ irQ M2r i�bFb, b2[@k@BK �M/ BK@k@b2[ �M/ +QKT�`2/ b2p2`�H M2r
i2+?MB[m2b iQ bQHp2 i?2b2 i�bFb mbBM; KQ/2Hb i`�BM2/ 7Q` BK@k@BK TH�+2 `2+Q;MBiBQMX q2
7QmM/ i?�i BM i?2 b2[@k@BK +�b2- mbBM; i?2 KBMBKmK /Bbi�M+2 #2ir22M i?2 [m2`v 7`�K2
�M/ /�i�#�b2 7`�K2 �+`Qbb i?2 b2[m2M+2 iQ #2 ?B;?Hv 2z2+iBp2 �M/ QmiT2`7Q`KBM; �HH
BK@k@BK �M/ b2[@k@b2[ KQ/2HbX h?2 `2�bQM i?�i Qm` T`QTQb2/ KBMBK�x�iBQM i2+?MB[m2
T2`7Q`Kb r2HH Bb i?�i Bi 2tTHQBib i?2 b2[m2MiB�H BM7Q`K�iBQM BM i?2 BMTmi b2[m2M+2b-
?Qr2p2` /Q2b MQi `2Hv QM � iQQ bBKTH2 KQ/2HHBM; Q7 i?2 `2H�iBQM #2ir22M i?2 7`�K2b
BM i?2 b2[m2M+2X
q2 r2`2 i?2 }`bi iQ b?Qr i?�i +m``2Mi bi�i2@Q7@i?2@�`i TH�+2 `2+Q;MBiBQM KQ/2Hb �`2
?2�pBHv #B�b2/ iQr�`/b /2p2HQT2/ +BiB2b BM 1m`QT2 �M/ LQ`i? �K2`B+�X h?Bb #B�b bi2Kb
7`QK i?2B` i`�BMBM; /�i�- r?B+? /Q2b MQi BM+Hm/2 BK�;2`v 7`QK mM/2p2HQT2/ +BiB2b �M/
+QmMi`B2bX q2 b?Qr2/ i?�i JaGa +�M #2 mb27mH 7Q` 2p�Hm�iBM; KQ/2H #B�b- #2+�mb2 Q7
Bib H�`;2 ;2Q;`�T?B+�H +Qp2`�;2X 6m`i?2`KQ`2- r2 b?Qr2/ i?�i i`�BMBM; QM i?2 JaGa
/�i�b2i +�M `2/m+2 KQ/2HbǶ ;2Q;`�T?B+�H #B�b- ?Qr2p2`- r2 2tT2+i i?�i 2ti2M/BM; Q7
Qm` T`QTQb2/ TQbBiBp2 KBMBM; bi`�i2;v iQ BM+Hm/2 � KQ`2 7`2[m2Mi b�KTHBM; Q7 BK�;2`v
7`QK �bB�M- aQmi? �K2`B+�M �M/ �7`B+�M +BiB2b- +QmH/ 7m`i?2` `2/m+2 i?2 ;2Q;`�T?B+�H
#B�b 7Q` TH�+2 `2+Q;MBiBQM KQ/2HbX
q2 �//BiBQM�HHv +QM/m+i2/ � [m�HBi�iBp2Hv 2t�KBM�iBQM Q7 i?2 KQ/2Hb i`�BM2/ QM Qm`
/�i�b2iX �b r2 2tT2+i2/- i?2 KQ/2HǶb 72�im`2 K�Tb ?�/ ?B;? �+iBp�iBQM �i bi�iBQM�`v
Q#D2+ib bm+? �b #mBH/BM;b �M/ HQr2` �+iBp�iBQM �`QmM/ /vM�KB+ Q#D2+ib bm+? �b +�`-
#BF2b �M/ p2;2i�iBQMX h?Bb 7m`i?2` bmTTQ`ib i?�i Qm` i`�BM2/ KQ/2H ?�b TB+F mT
BMimBiBp2Hv BKTQ`i�Mi T�`ib Q7 � b+2M2 7Q` TH�+2 `2+Q;MBiBQMX
�M�HvbBM; i?2 H2�`M2/ 2K#2//BM; bT�+2- r2 7QmM/ i?�i ;2Q;`�T?B+�H bBKBH�` TH�+2b
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r2`2 HQ+�i2/ +HQb2 BM i?2 2K#2//BM; bT�+2X 6m`i?2`KQ`2- TH�+2b i?�i b?�`2/ pBbm�H
+QMi2Mi bm+? �b imMM2Hb r2`2 �HbQ +HQb2 BM i?2 2K#2//BM; bT�+2X 1p2M KQ`2 ;2M2`�H
�ii`B#mi2b- bm+? �b BM r?B+? +Biv �M BK�;2 r�b +�Tim`2/- r2`2 2�bBHv pBbB#H2 7`QK � HQr
/BK2MbBQM�H pBbm�HBx�iBQM Q7 i?2 2K#2//BM; bT�+2X h?2b2 [m�HBi�iBp2 `2bmHib H2�/ iQ �
#2ii2` BMimBiBQM �M/ 2tTH�BM�#BHBiv QM i?2 BMM2` K2+?�MBbKb Q7 i?2 KQ/2HX q2 #2HB2p2
i?�i � ?B2`�`+?B+�H �TT`Q�+?- r?2`2 � +H�bbB}2` Bb i`�BM2/ iQ T`2/B+i +Biv Q` +QMiBM2Mi
7QHHQr2/ #v � TH�+2 /2b+`BTiQ` T2` BM/BpB/m�H +Biv- KB;?i vB2H/ #2ii2` `2bmHib- `2/m+iBQM
BM i?2 MmK#2` Q7 `2[mB`2/ KQ/2H T�`�K2i2`b �M/ 2M�#H2 � HQr2` /BK2MbBQM�H TH�+2
/2b+`BTiQ`X
�Hi?Qm;?- i?2 7Q+mb Q7 i?Bb i?2bBb Bb TH�+2 `2+Q;MBiBQM- J�TBHH�`v aGa Bb �HbQ mb27mH 7Q`
Qi?2` +QKTmi2` pBbBQM i�bFb bm+? �b TQb2 `2;`2bbBQM E2M/�HH 2i �HX UkyR8Vc q�H+? 2i �HX
UkyRdV- BK�;2 bvMi?2bBb U2X;X- MB;?i@iQ@/�v i`�MbH�iBQM �MQQb?2? 2i �HX UkyRNVV- BK�;2@
iQ@;Tb oQ 2i �HX UkyRdVc w2K2M2 2i �HX UkyR3VV- +?�M;2 /2i2+iBQM- 72�im`2 H2�`MBM;-
b+2M2 +H�bbB}+�iBQM mbBM; i?2 PaJ `Q�/ i�;b �M/ mMbmT2`pBb2/ /2Ti? H2�`MBM; GB �M/
aM�p2Hv UkyR3Vc :Q`/QM 2i �HX UkyRNVX



��



#JCMJPHSBQIZ
?iiTb,ff;Bi?m#X+QKfK�TBHH�`vfPT2Ma7JX R8

JX �M;2HBM� lv �M/ :X >22 G22X SQBMiL2ioG�., .22T TQBMi +HQm/ #�b2/ `2i`B2p�H 7Q`
H�`;2@b+�H2 TH�+2 `2+Q;MBiBQMX AM S`Q+22/BM;b Q7 i?2 A111 *QM72`2M+2 QM *QKTmi2`
oBbBQM �M/ S�ii2`M _2+Q;MBiBQM- T�;2b 99dyĜ99dN- kyR3X d

�X �MQQb?2?- hX a�iiH2`- _X hBKQ7i2- JX SQHH272vb- �M/ GX o�M :QQHX LB;?i@iQ@/�v
BK�;2 i`�MbH�iBQM 7Q` `2i`B2p�H@#�b2/ HQ+�HBx�iBQMX AM kyRN AMi2`M�iBQM�H *QM72`2M+2
QM _Q#QiB+b �M/ �miQK�iBQM UA*_�V- T�;2b 8N83Ĝ8Ne9X A111- kyRNX 9d

_X �`�M/D2HQpB+- SX :`QM�i- �X hQ`BB- hX S�D/H�- �M/ CX aBpB+X L2ioG�., *LL
�`+?Bi2+im`2 7Q` r2�FHv bmT2`pBb2/ TH�+2 `2+Q;MBiBQMX AM S`Q+22/BM;b Q7 i?2 A111
*QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM- T�;2b 8kNdĜ8jyd- kyReX
R- e- d- N- RN- kR- k9- k8

�X "�#2MFQ �M/ oX G2KTBibFvX �;;`2;�iBM; /22T +QMpQHmiBQM�H 72�im`2b 7Q` BK�;2
`2i`B2p�HX A**o- Ry kyR8�X e- ky

�X "�#2MFQ �M/ oX aX G2KTBibFvX �;;`2;�iBM; /22T +QMpQHmiBQM�H 72�im`2b 7Q` BK�;2
`2i`B2p�HX *Q__- �#bfR8RyXyd9Nj- kyR8#X l_G ?iiT,ff�`tBpXQ`;f�#bfR8RyXyd9NjX e

>X "�/BMQ- .X >m#2`- �M/ hX E�M�/2X oBbm�H iQTQK2i`B+ HQ+�HBx�iBQMX AM kyRR A111
AMi2HHB;2Mi o2?B+H2b avKTQbBmK UAoV- T�;2b dN9ĜdNN- CmM2 kyRRX /QB, RyXRRyNfAoaX
kyRRX8N9y8y9X 3

�X *�MxB�MB- �X S�bxF2- �M/ 1X *mHm`+B2HHQX �M �M�HvbBb Q7 /22T M2m`�H M2irQ`F
KQ/2Hb 7Q` T`�+iB+�H �TTHB+�iBQMbX *Q__- �#bfRey8Xyded3- kyReX l_G ?iiT,ff�`tBpX
Q`;f�#bfRey8Xyded3X jk

LX *�`H2p�`Bb@"B�M+Q- �X EX lb?�MB- �M/ _X JX 1mbiB+2X lMBp2`bBiv Q7 JB+?B;�M LQ`i?
*�KTmb HQM;@i2`K pBbBQM �M/ HB/�` /�i�b2iX AMi2`M�iBQM�H CQm`M�H Q7 _Q#QiB+b
_2b2�`+?- j8UNV,RykjĜRyj8- kyR8X 3

qX *?2M- sX *?2M- CX w?�M;- �M/ EX >m�M;X "2vQM/ i`BTH2i HQbb, � /22T [m�/`mTH2i
M2irQ`F 7Q` T2`bQM `2@B/2MiB}+�iBQMX *Q__- �#bfRdy9XyRdRN- kyRd�X l_G ?iiT,
ff�`tBpXQ`;f�#bfRdy9XyRdRNX d

https://github.com/mapillary/OpenSfM
http://arxiv.org/abs/1510.07493
http://arxiv.org/abs/1605.07678
http://arxiv.org/abs/1605.07678
http://arxiv.org/abs/1704.01719
http://arxiv.org/abs/1704.01719
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wX *?2M- PX G�K- �X C�+Q#bQM- �M/ JX JBH7Q`/X *QMpQHmiBQM�H M2m`�H M2irQ`F@#�b2/
TH�+2 `2+Q;MBiBQMX *Q__- �#bfR9RRXR8yN- kyR9X l_G ?iiT,ff�`tBpXQ`;f�#bfR9RRX
R8yNX e

wX *?2M- �X C�+Q#bQM- LX aɃM/2`?�m7- "X lT+`Q7i- GX GBm- *X a?2M- AX .X _2B/- �M/
JX JBH7Q`/X .22T H2�`MBM; 72�im`2b �i b+�H2 7Q` pBbm�H TH�+2 `2+Q;MBiBQMX *Q__-
�#bfRdyRXy8Ry8- kyRd#X l_G ?iiT,ff�`tBpXQ`;f�#bfRdyRXy8Ry8X 3

wX *?2M- 6X J�z`�- AX a�- �M/ JX *?HBX PMHv HQQF QM+2- KBMBM; /BbiBM+iBp2 H�M/@
K�`Fb 7`QK +QMpM2i 7Q` pBbm�H TH�+2 `2+Q;MBiBQMX AM kyRd A111f_aC AMi2`M�iBQM�H
*QM72`2M+2 QM AMi2HHB;2Mi _Q#Qib �M/ avbi2Kb UA_PaV- T�;2b NĜRe- a2TX kyRdX /QB,
RyXRRyNfA_PaXkyRdX3kykRjRX d

JX *mKKBMbX >B;?Hv b+�H�#H2 �TT2�`�M+2@QMHv aG�J @ 6�"@J�S kXyX S`Q+X _Q#QiB+b,
a+B2M+2b �M/ avbi2Kb U_aaV- kyyN- kyyNX 3

JX *mKKBMb �M/ SX L2rK�MX �TT2�`�M+2@QMHv bH�K �i H�`;2 b+�H2 rBi? 7�#@K�T kXyX
h?2 AMi2`M�iBQM�H CQm`M�H Q7 _Q#QiB+b _2b2�`+?- jyUNV,RRyyĜRRkj- kyRRX e

CX JX 6�+BH- .X PHB/- GX JQMi2b�MQ- �M/ CX *Bp2`�X *QM/BiBQM@BMp�`B�Mi KmHiB@pB2r
TH�+2 `2+Q;MBiBQMX *Q__- �#bfRNykXyN8Re- kyRNX l_G ?iiT,ff�`tBpXQ`;f�#bfRNykX
yN8ReX k- d- kR- kk

.X :�Hp2x@GƦT2x �M/ CX .X h�`/QbX "�;b Q7 #BM�`v rQ`/b 7Q` 7�bi TH�+2 `2+Q;MBiBQM BM
BK�;2 b2[m2M+2bX A111 h`�Mb�+iBQMb QM _Q#QiB+b- k3U8V,RR33ĜRRNd- kyRkX e

aX :�`;- oX JX "�#m- hX .?�`K�bB`B- aX >�mbH2`- LX aɃM/2`?�m7- aX EmK�`- hX .`mK@
KQM/- �M/ JX JBH7Q`/X GQQF MQ /22T2`, _2+Q;MBxBM; TH�+2b 7`QK QTTQbBM; pB2r@
TQBMib mM/2` p�`vBM; b+2M2 �TT2�`�M+2 mbBM; bBM;H2@pB2r /2Ti? 2biBK�iBQMX *Q__-
�#bfRNykXydj3R- kyRN�X l_G ?iiT,ff�`tBpXQ`;f�#bfRNykXydj3RX d

aX :�`;- LX aɃM/2`?�m7- �M/ JX JBH7Q`/X a2K�MiB+Ĝ;2QK2i`B+ pBbm�H TH�+2 `2+Q;@
MBiBQM, � M2r T2`bT2+iBp2 7Q` `2+QM+BHBM; QTTQbBM; pB2rbX h?2 AMi2`M�iBQM�H
CQm`M�H Q7 _Q#QiB+b _2b2�`+?- T�;2 ykd3je9NRN3jNde- y9 kyRN#X /QB, RyXRRddf
ykd3je9NRN3jNdeRX d

�X :2B;2`- SX G2Mx- *X aiBHH2`- �M/ _X l`i�bmMX oBbBQM K22ib `Q#QiB+b, h?2 FBiiB
/�i�b2iX AMi2`M�iBQM�H CQm`M�H Q7 _Q#QiB+b _2b2�`+? UAC__V- kyRjX 3

�X CX :HQp2`- qX SX J�//2`M- JX CX JBH7Q`/- �M/ :X 6X qv2i?X 6�"@J�SY _�iaG�J,
�TT2�`�M+2@#�b2/ aG�J 7Q` KmHiBTH2 iBK2b Q7 /�vX AM kyRy A111 BMi2`M�iBQM�H
+QM72`2M+2 QM `Q#QiB+b �M/ �miQK�iBQM- T�;2b j8ydĜj8RkX A111- kyRyX 3

_X :QK2x@PD2/�- JX GQT2x@�Mi2[m2`�- LX S2iFQp- �M/ CX :X CBKûM2xX h`�BMBM; �
+QMpQHmiBQM�H M2m`�H M2irQ`F 7Q` �TT2�`�M+2@BMp�`B�Mi TH�+2 `2+Q;MBiBQMX *Q__-
�#bfR8y8Xyd9k3- kyR8X l_G ?iiT,ff�`tBpXQ`;f�#bfR8y8Xyd9k3X e

http://arxiv.org/abs/1411.1509
http://arxiv.org/abs/1411.1509
http://arxiv.org/abs/1701.05105
http://arxiv.org/abs/1902.09516
http://arxiv.org/abs/1902.09516
http://arxiv.org/abs/1902.07381
http://arxiv.org/abs/1505.07428


#JCMJPHSBQIZ ��

�X :Q`/Q- CX �HK�x�M- CX _2p�m/- �M/ .X G�`HmbX 1M/@iQ@2M/ H2�`MBM; Q7 /22T pBbm�H
`2T`2b2Mi�iBQMb 7Q` BK�;2 `2i`B2p�HX *Q__- �#bfReRyXydN9y- kyReX l_G ?iiT,ff
�`tBpXQ`;f�#bfReRyXydN9yX d

�X :Q`/QM- >X GB- _X CQMb+?FQrbFB- �M/ �X �M;2HQp�X .2Ti? 7`QK pB/2Qb BM i?2 rBH/,
lMbmT2`pBb2/ KQMQ+mH�` /2Ti? H2�`MBM; 7`QK mMFMQrM +�K2`�bX AM S`Q+22/BM;b Q7
i?2 A111 AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmi2` oBbBQM- kyRNX 9d

EX >2- sX w?�M;- aX _2M- �M/ CX amMX .22T `2bB/m�H H2�`MBM; 7Q` BK�;2 `2+Q;MBiBQMX
*Q__- �#bfR8RkXyjj38- kyR8X l_G ?iiT,ff�`tBpXQ`;f�#bfR8RkXyjj38X e- RN- kR

:X >m�M;- wX GBm- �M/ EX ZX q2BM#2`;2`X .2Mb2Hv +QMM2+i2/ +QMpQHmiBQM�H M2irQ`FbX
*Q__- �#bfRey3XyeNNj- kyReX l_G ?iiT,ff�`tBpXQ`;f�#bfRey3XyeNNjX e

>X C2;Qm- JX .Qmx2- �M/ *X a+?KB/X >�KKBM; 2K#2//BM; �M/ r2�F ;2QK2i`B+ +QMbBb@
i2M+v 7Q` H�`;2 b+�H2 BK�;2 b2�`+?X AM S`Q+22/BM;b Q7 i?2 Ryi? 1m`QT2�M *QM72`2M+2
QM *QKTmi2` oBbBQM, S�`i A- 1**o Ƕy3- T�;2b jy9ĜjRd- "2`HBM- >2B/2H#2`;- kyy3X
aT`BM;2`@o2`H�;X Aa"L Nd3@j@89y@33e3R@8X /QB, RyXRyydfNd3@j@89y@33e3k@knk9X
l_G ?iiT,ff/tX/QBXQ`;fRyXRyydfNd3@j@89y@33e3k@knk9X N

>X Cû;Qm- JX .Qmx2- *X a+?KB/- �M/ SX Sû`2xX �;;`2;�iBM; HQ+�H /2b+`BTiQ`b BMiQ �
+QKT�+i BK�;2 `2T`2b2Mi�iBQMX AM *oS_ kyRy@kj`/ A111 *QM72`2M+2 QM *QKTmi2`
oBbBQM � S�ii2`M _2+Q;MBiBQM- T�;2b jjy9ĜjjRRX A111 *QKTmi2` aQ+B2iv- kyRyX e

uX E�H�MiB/Bb- *X J2HHBM�- �M/ aX PbBM/2`QX *`Qbb@/BK2MbBQM�H r2B;?iBM; 7Q` �;@
;`2;�i2/ /22T +QMpQHmiBQM�H 72�im`2bX *Q__- �#bfR8RkXy9ye8- kyR8X l_G ?iiT,
ff�`tBpXQ`;f�#bfR8RkXy9ye8X e

�X E2M/�HH- JX :`BK2b- �M/ _X *BTQHH�X SQb2L2i, � +QMpQHmiBQM�H M2irQ`F 7Q` `2�H@
iBK2 e@/Q7 +�K2`� `2HQ+�HBx�iBQMX AM S`Q+22/BM;b Q7 i?2 A111 BMi2`M�iBQM�H +QM72`@
2M+2 QM +QKTmi2` pBbBQM- T�;2b kNj3ĜkN9e- kyR8X 9d

�X E`Bx?2pbFv- AX amibF2p2`- �M/ :X 1X >BMiQMX AK�;2M2i +H�bbB}+�iBQM rBi? /22T
+QMpQHmiBQM�H M2m`�H M2irQ`FbX AM 6X S2`2B`�- *X CX *X "m`;2b- GX "QiiQm- �M/ EX ZX
q2BM#2`;2`- 2/BiQ`b- �/p�M+2b BM L2m`�H AM7Q`K�iBQM S`Q+2bbBM; avbi2Kb k8- T�;2b
RyNdĜRRy8X *m``�M �bbQ+B�i2b- AM+X- kyRkX l_G ?iiT,ffT�T2`bXMBTbX++fT�T2`f93k9@
BK�;2M2i@+H�bbB7B+�iBQM@rBi?@/22T@+QMpQHmiBQM�H@M2m`�H@M2irQ`FbXT/7X e- RN- kR

JX G2vp�@o�HHBM�- LX ai`Bb+Bm;HBQ- JX GX �Mi2[m2`�- _X hvH2+2F- JX "H�B+?- �M/
LX S2iFQpX h#@TH�+2b, � /�i� b2i 7Q` pBbm�H TH�+2 `2+Q;MBiBQM BM ;�`/2M 2MpB@
`QMK2MibX A111 �++2bb- d,8kkddĜ8kk3d- kyRNX 3

JX GB- GX qm- �X qBHB2K- EX w?�Q- hX w?�M;- �M/ "X *X GQp2HHX .22T BMbi�M+2@H2p2H
?�`/ M2;�iBp2 KBMBM; KQ/2H 7Q` ?BbiQT�i?QHQ;v BK�;2bX *Q__- �#bfRNyeXyNe3R-
kyRNX l_G ?iiT,ff�`tBpXQ`;f�#bfRNyeXyNe3RX k9

http://arxiv.org/abs/1610.07940
http://arxiv.org/abs/1610.07940
http://arxiv.org/abs/1512.03385
http://arxiv.org/abs/1608.06993
http://dx.doi.org/10.1007/978-3-540-88682-2_24
http://arxiv.org/abs/1512.04065
http://arxiv.org/abs/1512.04065
http://papers.nips.cc/paper/4824-imagenet-classification-with-deep-convolutional-neural-networks.pdf
http://papers.nips.cc/paper/4824-imagenet-classification-with-deep-convolutional-neural-networks.pdf
http://arxiv.org/abs/1906.09681
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wX GB �M/ LX aM�p2HvX J2;�/2Ti?, G2�`MBM; bBM;H2@pB2r /2Ti? T`2/B+iBQM 7`QK BMi2`M2i
T?QiQbX AM S`Q+22/BM;b Q7 i?2 A111 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M
_2+Q;MBiBQM- T�;2b ky9RĜky8y- kyR3X 9d

JX GQT2x@�Mi2[m2`�- _X :QK2x@PD2/�- LX S2iFQp- �M/ CX :QMx�H2x@CBK2M2xX
�TT2�`�M+2@BMp�`B�Mi TH�+2 `2+Q;MBiBQM #v /Bb+`BKBM�iBp2Hv i`�BMBM; � +QMpQHmiBQM�H
M2m`�H M2irQ`FX S�ii2`M _2+Q;MBiBQM G2ii2`b- Nk,3NĜN8- kyRdX e

aX GQr`v- LX aɃM/2`?�m7- SX L2rK�M- CX CX G2QM�`/- .X *Qt- SX *Q`F2- �M/ JX CX
JBH7Q`/X oBbm�H TH�+2 `2+Q;MBiBQM, � bm`p2vX A111 h`�Mb�+iBQMb QM _Q#QiB+b- jk
URV,RĜRN- kyReX R- 8- e

qX J�//2`M- :X S�b+Q2- *X GBM2;�`- �M/ SX L2rK�MX R u2�`- RyyyFK, h?2 Pt7Q`/
_Q#Qi*�` .�i�b2iX h?2 AMi2`M�iBQM�H CQm`M�H Q7 _Q#QiB+b _2b2�`+? UAC__V- je
URV,jĜR8- kyRdX /QB, RyXRRddfykd3je9NReedN9N3X l_G ?iiT,ff/tX/QBXQ`;fRyXRRddf
ykd3je9NReedN9N3X 3

JX CX JBH7Q`/ �M/ :X 6X qv2i?X a2[bH�K, oBbm�H `Qmi2@#�b2/ M�pB;�iBQM 7Q` bmMMv
bmKK2` /�vb �M/ biQ`Kv rBMi2` MB;?ibX AM kyRk A111 AMi2`M�iBQM�H *QM72`2M+2
QM _Q#QiB+b �M/ �miQK�iBQM- T�;2b Re9jĜRe9NX A111- kyRkX e

hX L�b22`- qX "m`;�`/- �M/ *X ai�+?MBbbX _Q#mbi pBbm�H HQ+�HBx�iBQM �+`Qbb b2�bQMbX
A111 h`�Mb�+iBQMb QM _Q#QiB+b- j9UkV,k3NĜjyk- �T`BH kyR3X AaaL R88k@jyN3X /QB,
RyXRRyNfh_PXkyRdXkd33y98X 3

>X LQ?- �X �`�mDQ- CX aBK- �M/ "X >�MX AK�;2 `2i`B2p�H rBi? /22T HQ+�H 72�im`2b �M/
�ii2MiBQM@#�b2/ F2vTQBMibX *Q__- �#bfReRkXyejkR- kyReX l_G ?iiT,ff�`tBpXQ`;f
�#bfReRkXyejkRX N

L_EX LQ`/H�M/b#�M2M, KBMmi2 #v KBMmi2- b2�bQM #v b2�bQM- kyRjX l_G ?iiTb,ff
M`F#2i�XMQfkyRjfyRfR8fMQ`/H�M/b#�M2M@KBMmi2@#v@KBMmi2@b2�bQM@#v@b2�bQMfX 3

.X PHB/- CX JX 6�+BH- �M/ CX *Bp2`�X aBM;H2@pB2r TH�+2 `2+Q;MBiBQM mM/2` b2�bQM�H
+?�M;2bX *Q__- �#bfR3y3Xye8Re- kyR3X l_G ?iiT,ff�`tBpXQ`;f�#bfR3y3Xye8ReX 3

EX Px�FB �M/ aX uQFQQX G�`;2@b+�H2 H�M/K�`F `2i`B2p�Hf`2+Q;MBiBQM mM/2` � MQBbv
�M/ /Bp2`b2 /�i�b2iX *Q__- �#bfRNyeXy9y3d- kyRNX l_G ?iiT,ff�`tBpXQ`;f�#bf
RNyeXy9y3dX N

6X S2``QMMBM- uX GBm- CX a�M+?2x- �M/ >X SQB`B2`X G�`;2@b+�H2 BK�;2 `2i`B2p�H
rBi? +QKT`2bb2/ 6Bb?2` p2+iQ`bX AM kyRy A111 *QKTmi2` aQ+B2iv *QM72`2M+2
QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM- T�;2b jj39ĜjjNR- CmM2 kyRyX /QB,
RyXRRyNf*oS_XkyRyX889yyyNX e

CX S?BH#BM- PX *?mK- JX Ab�`/- CX aBpB+- �M/ �X wBbb2`K�MX P#D2+i `2i`B2p�H rBi? H�`;2
pQ+�#mH�`B2b �M/ 7�bi bT�iB�H K�i+?BM;X AM kyyd A111 *QM72`2M+2 QM *QKTmi2`
oBbBQM �M/ S�ii2`M _2+Q;MBiBQM- T�;2b RĜ3- CmM2 kyydX /QB, RyXRRyNf*oS_XkyydX
j3jRdkX N

http://dx.doi.org/10.1177/0278364916679498
http://dx.doi.org/10.1177/0278364916679498
http://arxiv.org/abs/1612.06321
http://arxiv.org/abs/1612.06321
https://nrkbeta.no/2013/01/15/nordlandsbanen-minute-by-minute-season-by-season/
https://nrkbeta.no/2013/01/15/nordlandsbanen-minute-by-minute-season-by-season/
http://arxiv.org/abs/1808.06516
http://arxiv.org/abs/1906.04087
http://arxiv.org/abs/1906.04087
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�X Zm22MbH�M/ lMBp2`bBiv Q7 h2+?MQHQ;v- "`Bb#�M2X .�v �M/ MB;?i rBi? H�i2`�H TQb2
+?�M;2 /�i�b2ib- kyR9X l_G ?iiTb,ffrBFBX[miX2/mX�mf/BbTH�vf+vT?vf.�vY�M/Y
LB;?iYrBi?YG�i2`�HYSQb2Y*?�M;2Y.�i�b2ibX 3- N

6X _�/2MQpB+- :X hQHB�b- �M/ PX *?mKX 6BM2@imMBM; *LL BK�;2 `2i`B2p�H rBi? MQ
?mK�M �MMQi�iBQMX *Q__- �#bfRdRRXyk8Rk- kyRdX l_G ?iiT,ff�`tBpXQ`;f�#bfRdRRX
yk8RkX e- d- RN- ky- k9

6X _�/2MQpB+- �X Ab+2M- :X hQHB�b- uX �p`Bi?Bb- �M/ PX *?mKX _2pBbBiBM; Pt7Q`/ �M/
S�`Bb, G�`;2@a+�H2 AK�;2 _2i`B2p�H "2M+?K�`FBM;X *Q__- �#bfR3yjXRRk38- kyR3X
l_G ?iiT,ff�`tBpXQ`;f�#bfR3yjXRRk38X N

�X aX _�x�pB�M- CX amHHBp�M- �X J�FB- �M/ aX *�`HbbQMX oBbm�H BMbi�M+2 `2i`B2p�H rBi?
/22T +QMpQHmiBQM�H M2irQ`FbX *Q__- �#bfR9RkXe8d9- kyR9X e- ky

CX _2p�m/- CX �HK�x�M- _X aX /2 _2x2M/2- �M/ *X _X /2 aQmx�X G2�`MBM; rBi? �p2`�;2
T`2+BbBQM, h`�BMBM; BK�;2 `2i`B2p�H rBi? � HBbirBb2 HQbbX *Q__- �#bfRNyeXyd83N-
kyRNX l_G ?iiT,ff�`tBpXQ`;f�#bfRNyeXyd83NX d

:X _Qb- GX a2HH�`i- CX J�i2`xvMbF�- .X o�x[m2x- �M/ �X JX GQT2xX h?2 auLh>A�
.�i�b2i, � G�`;2 *QHH2+iBQM Q7 avMi?2iB+ AK�;2b 7Q` a2K�MiB+ a2;K2Mi�iBQM Q7 l`@
#�M a+2M2bX AM h?2 A111 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM
U*oS_V- CmM2 kyReX 3- N

PX _mbb�FQpbFv- CX .2M;- >X am- CX E`�mb2- aX a�i?22b?- aX J�- wX >m�M;- �X E�`T�i?v-
�X E?QbH�- JX "2`Mbi2BM- �X *X "2`;- �M/ GX 62B@62BX AK�;2L2i G�`;2 a+�H2 oBbm�H
_2+Q;MBiBQM *?�HH2M;2X AMi2`M�iBQM�H CQm`M�H Q7 *QKTmi2` oBbBQM UAC*oV- RR8UjV,
kRRĜk8k- kyR8X /QB, RyXRyydfbRRkej@yR8@y3Re@vX e

EX aBKQMv�M �M/ �X wBbb2`K�MX o2`v /22T +QMpQHmiBQM�H M2irQ`Fb 7Q` H�`;2@b+�H2
BK�;2 `2+Q;MBiBQMX AM AMi2`M�iBQM�H *QM72`2M+2 QM G2�`MBM; _2T`2b2Mi�iBQMb- kyR8X
e- RN- kR

CX aBpB+ �M/ �X wBbb2`K�MX oB/2Q ;QQ;H2, � i2ti `2i`B2p�H �TT`Q�+? iQ Q#D2+i K�i+?BM;
BM pB/2QbX AM MmHH- T�;2 R9dyX A111- kyyjX e

EX aQ?MX AKT`Qp2/ /22T K2i`B+ H2�`MBM; rBi? KmHiB@+H�bb M@T�B` HQbb Q#D2+iBp2X AM .X .X
G22- JX am;Bv�K�- lX oX Gmt#m`;- AX :mvQM- �M/ _X :�`M2ii- 2/BiQ`b- �/p�M+2b
BM L2m`�H AM7Q`K�iBQM S`Q+2bbBM; avbi2Kb kN- T�;2b R38dĜR3e8X *m``�M �bbQ+B�i2b-
AM+X- kyReX l_G ?iiT,ffT�T2`bXMBTbX++fT�T2`fekyy@BKT`Qp2/@/22T@K2i`B+@H2�`MBM;@
rBi?@KmHiB@+H�bb@M@T�B`@HQbb@Q#D2+iBp2XT/7X d

LX aɃM/2`?�m7- 6X .�vQm#- aX a?B`�xB- "X lT+`Q7i- �M/ JX JBH7Q`/X PM i?2 T2`7Q`@
K�M+2 Q7 +QMpM2i 72�im`2b 7Q` TH�+2 `2+Q;MBiBQMX *Q__- �#bfR8yRXy9R83- kyR8X l_G
?iiT,ff�`tBpXQ`;f�#bfR8yRXy9R83X e

https://wiki.qut.edu.au/display/cyphy/Day+and+Night+with+Lateral+Pose+Change+Datasets
https://wiki.qut.edu.au/display/cyphy/Day+and+Night+with+Lateral+Pose+Change+Datasets
http://arxiv.org/abs/1711.02512
http://arxiv.org/abs/1711.02512
http://arxiv.org/abs/1803.11285
http://arxiv.org/abs/1906.07589
http://papers.nips.cc/paper/6200-improved-deep-metric-learning-with-multi-class-n-pair-loss-objective.pdf
http://papers.nips.cc/paper/6200-improved-deep-metric-learning-with-multi-class-n-pair-loss-objective.pdf
http://arxiv.org/abs/1501.04158
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LX aɃM/2`?�m7- aX a?B`�xB- 6X .�vQm#- "X lT+`Q7i- �M/ JX JBH7Q`/X PM i?2 T2`7Q`@
K�M+2 Q7 +QMpM2i 72�im`2b 7Q` TH�+2 `2+Q;MBiBQMX AM kyR8 A111f_aC BMi2`M�iBQM�H
+QM72`2M+2 QM BMi2HHB;2Mi `Q#Qib �M/ bvbi2Kb UA_PaV- T�;2b 9kNdĜ9jy9X A111- kyR8�X
e

LX aɃM/2`?�m7- aX a?B`�xB- �X C�+Q#bQM- 6X .�vQm#- 1X S2TT2`2HH- "X lT+`Q7i-
�M/ JX JBH7Q`/X SH�+2 `2+Q;MBiBQM rBi? +QMpM2i H�M/K�`Fb, oB2rTQBMi@`Q#mbi-
+QM/BiBQM@`Q#mbi- i`�BMBM;@7`22X S`Q+22/BM;b Q7 _Q#QiB+b, a+B2M+2 �M/ avbi2Kb sAA-
kyR8#X e

:X hQHB�b- _X aB+`2- �M/ >X Cû;QmX S�`iB+mH�` Q#D2+i `2i`B2p�H rBi? BMi2;`�H K�t@TQQHBM;
Q7 +MM �+iBp�iBQMbX RR kyR8X e

:X hQHB�b- _X aB+`2- �M/ >X Cû;QmX S�`iB+mH�` Q#D2+i `2i`B2p�H rBi? BMi2;`�H K�t@TQQHBM;
Q7 +MM �+iBp�iBQMbX kyReX d

�X hQ`BB- _X �`�M/D2HQpB+- CX aBpB+- JX PFmiQKB- �M/ hX S�D/H�X k9fd TH�+2 `2+Q;MBiBQM
#v pB2r bvMi?2bBbX AM S`Q+22/BM;b Q7 i?2 A111 *QM72`2M+2 QM *QKTmi2` oBbBQM �M/
S�ii2`M _2+Q;MBiBQM- T�;2b R3y3ĜR3Rd- kyR8X e- 3- N

�X hQ`BB- CX aBpB+- JX PFmiQKB- �M/ hX S�D/H�X oBbm�H TH�+2 `2+Q;MBiBQM rBi? `2T2iBiBp2
bi`m+im`2bX A111 h`�Mb�+iBQMb QM S�ii2`M �M�HvbBb �M/ J�+?BM2 AMi2HHB;2M+2- jd
URRV,kj9eĜkj8N- LQp kyR8X /QB, RyXRRyNfhS�JAXkyR8Xk9yN3e3X 3- N

.X SX o�bbBH2BQb "�HMi�b- 1/;�` _B#� �M/ EX JBFQH�D+xvFX G2�`MBM; HQ+�H 72�im`2
/2b+`BTiQ`b rBi? i`BTH2ib �M/ b?�HHQr +QMpQHmiBQM�H M2m`�H M2irQ`FbX AM 1X _X >X
_B+?�`/ *X qBHbQM �M/ qX �X SX aKBi?- 2/BiQ`b- S`Q+22/BM;b Q7 i?2 "`BiBb? J�+?BM2
oBbBQM *QM72`2M+2 U"Jo*V- T�;2b RRNXRĜRRNXRRX "Jo� S`2bb- a2Ti2K#2` kyReX
Aa"L R@NyRdk8@8N@eX /QB, RyX8k99f*XjyXRRNX l_G ?iiTb,ff/tX/QBXQ`;fRyX8k99f*X
jyXRRNX k9

LX oQ- LX C�+Q#b- �M/ CX >�vbX _2pBbBiBM; BKk;Tb BM i?2 /22T H2�`MBM; 2`�X AM
S`Q+22/BM;b Q7 i?2 A111 AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmi2` oBbBQM- T�;2b kekRĜ
kejy- kyRdX 9d

6X q�H+?- *X >�xB`#�b- GX G2�H@h�Bt2- hX a�iiH2`- aX >BHb2M#2+F- �M/ .X *`2K2`bX
AK�;2@#�b2/ HQ+�HBx�iBQM mbBM; HbiKb 7Q` bi`m+im`2/ 72�im`2 +Q``2H�iBQMX AM S`Q+22/@
BM;b Q7 i?2 A111 AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmi2` oBbBQM- T�;2b ekdĜejd-
kyRdX 9d

�X "X u�M/2t �M/ oX G2KTBibFvX �;;`2;�iBM; HQ+�H /22T 72�im`2b 7Q` BK�;2 `2i`B2p�HX
AM kyR8 A111 AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmi2` oBbBQM UA**oV- T�;2b RkeNĜ
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Abstract

Lifelong place recognition is an essential and challenging

task in computer vision with vast applications in robust local-

ization and efficient large-scale 3D reconstruction. Progress is

currently hindered by a lack of large, diverse, publicly available

datasets. We contribute with Mapillary Street-Level Sequences

(SLS), a large dataset for urban and suburban place recognition

from image sequences. It contains more than 1.6 million images

curated from the Mapillary
1

collaborative mapping platform.

The dataset is orders of magnitude larger than current data

sources, and is designed to reflect the diversities of true lifelong

learning. It features images from 30 major cities across six

continents, hundreds of distinct cameras, and substantially

different viewpoints and capture times, spanning all seasons

over a nine year period. All images are geo-located with GPS

and compass, and feature high-level attributes such as road type.

We propose a set of benchmark tasks designed to push

state-of-the-art performance and provide baseline studies. We

show that current state-of-the-art methods still have a long way

to go, and that the lack of diversity in existing datasets have

prevented generalization to new environments. The dataset and

benchmarks will be made available for academic research.

1. Introduction
Visual place recognition is essential for the long-term

operation of Augmented Reality and robotic systems [28].
However, despite its relevance and vast research efforts, it
remains challenging in practical settings due to the wide array
of appearance variations in outdoor scenes, as seen on the
examples extracted from our dataset in Figure 1.

Recent research on place recognition has shown that
features learned by deep neural networks outperform traditional
hand-crafted features, particularly for drastic appearance
changes [4, 28, 54]. This has motivated the release of several
datasets for training, evaluating and comparing deep learning
models. However, such datasets are limited, in at least three
aspects. First, none of them covers the many appearance

1
https://www.mapillary.com

Figure 1: Mapillary SLS contains imagery from 30 major cities
around the world; red stands for training cities and blue for
test cities. See four samples from San Francisco, Trondheim,
Kampala and Tokyo with challenging appearance changes due
to viewpoint, structural, seasonal, dynamic, and illumination.

variations encountered in real-world applications. Second,
many of them have insufficient size for training large networks.
Finally, most datasets are collected in small areas, lacking the
geographical diversity needed for generalization.

This paper contributes to the progress of lifelong place
recognition by creating a dataset addressing all the challenges
described above. We present Mapillary Street-Level Se-
quences (SLS), the largest dataset for place recognition to
date and the one that contains the widest variety of perceptual
changes and the broadest geographical spread2. Mapillary SLS
covers the following causes of appearance change: different
seasons, changing weather conditions, varying illumination
at different times of the day, dynamic objects such as moving
pedestrians or cars, structural modifications such as roadworks
or architectural work, camera intrinsics and viewpoints. Our
data spans six continents, including diverse cities like Kampala,
Zurich, Amman and Bangkok.

In addition to the dataset, we make several contributions
related to its experimental validation. We formulate a novel
subset caching methodology for hard triplet mining that does

2See the video accompanying the paper for an overview and sample images.
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Type of appearance changes

Name Environment Total length Geographical
coverage

Temporal
coverage Frames

Se
as

on
al

W
ea

th
er

V
ie

w
po

in
t

D
yn

am
ic

D
ay

/n
ig

ht

In
tri

ns
ic

s

St
ru

ct
ur

al

Nordland [33, 34] Natural + urban 728 km 182 km 1 year ⇠115K 3 7 7 7 7 7 7
SPED [8] Urban - - 1 year ⇠2.5M 3 3 7 3 3 7 7
KITTI [16] Urban + suburban 39.2 km 1.7 km 3 days ⇠13K 7 7 3 3 7 7 7
Eynsham [10] Urban + suburban 70 km 35 km 1 day ⇠10K 7 7 7 3 7 7 7
St. Lucia [17] Suburban 47.5 km 9.5 km 1 day ⇠33K 7 7 7 3 7 7 7
NCLT [6] Campus 148.5 km 5.5 km 15 mon. ⇠300K 3 7 3 3 7 7 7
Oxford RobotCar [29] Urban + suburban 1.000 km 10 km 1 year ⇠27K 3 3 3 3 3 7 3
VL-CMU [5] Urban + suburban 128 km 8 km 1 year ⇠1.4K 7 7 3 3 7 7 7
FAS [31] Urban + suburban 120 km 70 km 3 years ⇠43K 3 3 3 3 7 7 3
Garden Point [38] Urban + campus <12 km 4 km 1 week ⇠600 7 7 3 7 3 7 7
SYNTHIA [41] Urban 6 km 1.5 km - ⇠200K 3 3 3 3 3 7 7
GSV [55] Urban - - - ⇠60K 7 7 7 7 7 7 7
Pittsburgh 250k [49] Urban - - - ⇠254K 7 7 3 3 7 7 7
TokyoTM/247 [48] Urban - - - ⇠174K 3 7 3 3 3 7 3
TB-places [25] Gardens <100m <100m 1 year ⇠60K 7 7 3 3 7 7 7
Mapillary SLS (Ours) Urban + suburban 11,560 km 4,228 km 7 years ⇠1.68M 3 3 3 3 3 3 3

Table 1: Summary of place recognition datasets. Geographical coverage is the length of unique traversed routes. Total length
is the geographical coverage multiplied by the number of times each route was traversed. Temporal coverage is the time span from
the first recording of a route to the last recording. “-” stands for “not applicable”.

not scale in time or memory with the dataset size; enabling
training of place recognition models on very large datasets
(as ours). We tackle a wider set of problems not limited to
image-to-image localization by proposing six variations of
MultiViewNet [12] to model sequence-to-sequence place
recognition. Moreover, we formulate two new research tasks:
sequence-to-image and image-to-sequence recognition, and
propose several feature descriptors that extend pretrained
image-to-image models to these two new tasks.

2. Related Work
Place Recognition. Place recognition consists of finding
the most similar place of a query image within a database
of registered images [28, 54]. Traditional visual place
descriptors are based on aggregating local features using
bag-of-words [42], Fischer vectors [36] or VLAD [21]. Other
hand-crafted approaches exploit geometric and/or temporal
consistency [11, 13, 30] in image sequences. DenseVLAD [48]
synthesizes viewpoint changes from panorama images with as-
sociated depth. These synthetic images make the DenseVLAD
more robust to viewpoint and day/night changes.

As in other computer vision tasks, deep features have
demonstrated better performance than hand-crafted ones [54].
Initially, features from existing pre-trained networks were used
for single-view place recognition [7, 43–45, 53]. Later works
demonstrated that the performance improves if the networks
are trained for the specific task of place recogntion [4, 18, 27].
One of the recent successes is NetVLAD [4, 54], which use
a base network (e.g. VGG16) followed by a generalized VLAD
layer (NetVLAD) as an image descriptor. Other works, such

as R-MAC [47] and Chen et al. [9], extract regions surrounding
high feature map activations to form place descriptors.

Recent deep learning-based methods exploit the temporal,
spatial, and semantic information in images or image sequences.
Radenovic et al. [39] propose using the geometry of a 3D
reconstructed scene to mine hard positives and negatives
for training a Generalized Mean (GeM) layer. Garg et al.
[14], on the other hand, uses single-view depth predictions
to recognize places revisited from opposite directions. Also,
addressing extreme viewpoint changes, Garg et al. [15] suggests
semantically aggregating salient visual information. The 3D
geometry of a place is also used by PointNetVLAD [2] that
combines PointNet and NetVLAD to form a global place
descriptor from LiDAR data. MultiViewNet [12] investigates
different pooling strategies, descriptor fusion and LSTMs to
model temporal information in image sequences. This research
is, however, hindered by the lack of appropriate datasets.

Another line of research addresses compute- and storage-
efficient place recognition for mobile robotics. Region-VLAD
[23] extracts regions of interest from a lightweight CNN that are
propagated through a VLAD layer, resulting in a fast and mem-
ory efficient method. Other examples in this area are [24, 46].
Place Recognition Datasets. Table 1 summarizes a set of
relevant place recognition datasets. Below we highlight more
details and compare our contributions against existing datasets.

Nordland [33, 34] contains 4 sequences of a 182km-long
train journey, traversed once per season. It captures seasonal
changes but contains small variations in viewpoint, camera
intrinsics, time of day or structural changes.

SPED [8] was curated from images taken by 2.5K

2
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static surveillance cameras over 1 year. It contains dynamic,
illumination, weather and seasonal changes. However, it does
not include viewpoint changes nor ego-motion.

KITTI [16], Eynsham [10] and St. Lucia [17] were all
recorded by car-mounted cameras. In all three cases the cars
drove in urban environments within a few-days, capturing
dynamic elements and slight viewpoint and weather changes,
but no long-term variations. There are several other datasets
oriented to autonomous driving collected over longer periods:
NCLT [6] (recorded over a period of 15 months in a campus
environment), Oxford RobotCar [29] (recorded from a car
traversing the same 10 km route twice every week for a year),
VL-CMU [5] (composed by 16 ⇥ 8 km street-view videos cap-
tured over one year) and Freiburg Across Seasons (FAS) [31]
(composed of 2 ⇥ 60 km summer videos and 1 ⇥ 10 km
winter video over a period of three years). None of them has
geographical diversity nor variations in the camera intrinsics,
and their viewpoint, structural and weather changes are minor.

Gardens Point [38] was recorded with a hand-held iPhone.
It contains day/night and significant viewpoint changes, but
a small representation of other appearance changes and has
a small size. SYNTHIA [41] contains 4 synthetic image
sequences along the same route. It includes varying viewpoints,
seasonal, weather, dynamic and day/night changes.

GSV [55] compiled a street-level image dataset from Google
Street View. However, it is relatively small at 60,000 images. It
is limited to a few US cities with no temporal changes and it is
composed of still images instead of sequences. Pittsburgh250k
[49] was also extracted from Google Street View panoramas
in Pittsburgh (10, 586 of them specifically, using two yaw
directions and 12 pitch directions). The limited geographical
span of these datasets results in a low number of unique places
compared to ours.

Tokyo [48] comes in two versions: The Tokyo Time
Machine dataset (⇠ 98K images) and Tokyo 24/7 (⇠ 75K
images). Tokyo 24/7 has significant day/night changes.
However, [4] comments that the trained model with the Tokyo
datasets shows signs of overfitting, probably caused by their
limited geographical coverage and size.

Notice that GSV, Pittsburgh250k and Tokyo have signif-
icant viewpoint variation but do not include information of
viewing direction for the images, and hence positive mining
of images with overlaps in view point is not straightforward. In
our Mapillary SLS, we include viewing direction information
for each image. (see details in section 3).

Image retrieval is a similar task to place recognition, aiming
to find an image in a database that is the most similar one to
a query image. There exist several image retrieval datasets
(typically created from Flickr images) and established bench-
marks, e.g., Holidays [20], Oxford5k, Paris6k [37], Revisited
Oxford5k and Paris6k [40], and Google Landmarks [32, 35].
They usually focus on single-image retrieval and have a very
large set of images from the same place, which limits their

application in benchmarking lifelong place recognition.

3. The Mapillary SLS Dataset
To push the state-of-the-art in lifelong place recognition,

there is a need for a larger and more diverse dataset. We have,
with this in mind, created a new dataset comprised of 1.6million
images from Mapillary3. In this section, we present an overview
of the curation process, characteristics, and statistics of the
dataset. With the available sequential information of the dataset,
we additionally propose two new research benchmark tasks.

3.1. Data Curation
Our goal is to create a dataset for place recognition with im-

ages that (1) has wide geographical reach, reducing bias towards
highly populated cities in developed countries (2) is visually
diverse, capturing scenarios under varying weather, lighting,
and time (3) tagged with reliable geometric and sequential
information, enabling new research and practical applications.

3.1.1 Image Selection

Geographical Diversity. To ensure geographical diversity, we
start with a set of candidate cities for image selection. For each
candidate city, we create a regular grid of 500m2 cell size and
process each of the cells independently. For each cell we ex-
tract a series of image sequences recorded within this cell. Each
sequence contains the image keys and their associated GPS coor-
dinates and raw compass angles (indicating viewing direction).

Mapillary SLS contains data from 30 cities spread over
6 continents. See Figure 1 and Table 2 for details. It covers
diverse urban and suburban environments as indicated by the
distribution of corresponding OpenStreetMap (OSM)4 road
attributes (Figure 3).
Unique User and Capture Time. To ensure variation in the
scene structure, time of day, camera intrinsics and view points
within each geographical cell, we only keep one sequence per
photographer and pick sequences from different days.
Consistent Viewing Direction. To ensure that viewing
direction measurement is reliable for selecting matching images,
we enforce consistency between raw compass angles (measured
by the capturing device) and the estimated viewing direction
computed with Structure from Motion (SfM)5. We select only
sequences in which at least 80% of the images’ computed
angles agree (30� difference) with the raw compass angle.

3.1.2 Sequence Clustering

Given this initial set of sequences from the image selection
process, we generate clusters of sequences that are candidates

3
www.mapillary.com

4
www.openstreetmap.org

5The estimated viewing directions were computed based on the relative
camera poses estimated using the default OpenSfM [1] pipeline with the camera
positions aligned with the GPS measurements

3
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Figure 2: Mapillary SLS pairs showing day/night, weather, seasonal, structural, viewpoint and domain changes.

Continent # Frames # Night Frames Geo. Coverage [km] Total Coverage [km] #Clusters
Europe 516 K 1,098 1,052 2,985 8,654
Asia 468 K 9,820 965 2,729 5,483
North America 431 K 3,968 171 4,616 6,504
South America 61 K 1,177 214 599 1,065
Australia 200 K 0 259 568 1,493
Africa 5 K 0 28 63 108
Total 1,681 K 16,063 4,228 11,560 23,307

Table 2: Continental coverage in Mapillary SLS.

for place recognition. To avoid sequences where the distance
between consecutive images is large, we first split each raw
sequence into subsequences if there are more than 30m between
two consecutive frames. Then, we pairwise-match these
sub-sequences based on their distance, viewing direction, and
motion direction 6. This is done by searching among all the sub-
sequences and forming candidate clusters (sub-sequence pairs)
based on their distances to all other neighboring sub-sequences.

To form a candidate cluster we use the following criteria:
Frames from sub-sequences A and B are clustered together
if: 1) Their distance is less than 30 m. 2) The difference
between their viewing directions is less than 40�. 3) The
difference between their moving directions is less than 40�.
In practice, we use a k-d tree to efficiently discover these
pairwise correspondences. The above criteria sometimes skips
intermediate images in a sequence, e.g., a subsequence might
have the images {1,2,4,5}, thus missing image 3. To avoid this
effect, we added all such skipped images back into the sequence.

After matching sub-sequence pairs into potential clusters,
we prune them to obtain the frames where both subsequences
overlap and hence can be used for sequence-to-sequence place
recognition. Since there might be more sequences matching,
we merge all pairwise clusters (e.g., we merge clusters A, B and
C if there are images that belong to clusters AB, AC and BC.)

We end up with clusters of sequences that have the same geo-
graphical coverage and the same moving- and viewing-direction.
The sequences in the clusters are relatively short (5-300 frames)

6The motion direction for each image is calculated using the GPS
measurement and the capture times of consecutive images in a sequence.

providing a very diverse set of sequential examples for training
and development of multi-view place descriptors.

Finally, we filter the resulting clusters enforcing: 1) that each
subsequence has 5 or more frames for proper evaluation of
multi-view place recognition models; and 2) that each cluster
has at least two subsequences, in order to have a sufficient
number of positive training and test samples.

Figure 3: Distribution of OSM road attributes for Mapillary SLS.

3.2. Image Attributes

For each image, we additionally provide several image
attributes that are relevant for further research.
Day and Night. We provide an attribute indicating if a
sequence is captured during day or night time. We verified
that the day/night attribute could not be robustly estimated from
the capture time of the images. Therefore, we implemented a
day/night classifier based on the hue distribution of the entire

4



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

CVPR
#9217

CVPR
#9217

CVPR 2020 Submission #9217. CONFIDENTIAL REVIEW COPY. DO NOT DISTRIBUTE.

image and of the sky region identified using semantic segmenta-
tion. Given the prediction of each image, we then performed a
majority voting across the entire sequence to provide consistent
day/night tags. To obtain the sky region, we use a semantic
segmentation mask provided by Mapillary’s API. By manual
inspection, we found that such a classifier is sufficient.
Facing Direction. We additionally include the facing direction
of the camera: forward, backward or sideways, which is
calculated using the estimated moving direction and viewing
direction for each image.
Road Attributes. Based on the GPS locations of the images,
we have also tagged each sequence with road attributes (e.g.,

residential, motorway, path or others), which are obtained from
OpenStreetMap7 (OSM).

3.3. Data Overview
In this section, we provide an overview of the Mapillary SLS

dataset in terms of its diversity. In Figures 4a and 4b, we show
that the dataset covers all times of the day and months of the year.
Figures 4c and 4d show that it spans nine years and that the same
places have been revisited with up to seven years time difference,
making Mapillary SLS the dataset with largest time span for life-
long place recognition. Figures 4e and 4f show large variety in
sequence length and number of recordings for the same places.

To highlight the board variety and challenge, we show in Fig-
ure 2 image samples from our dataset, where each column con-
tains an query and a database images at a nearby location. In the
first column, the query images are taken during the day whereas
the database image is taken at night. The second column shows
an example of drastic weather changes as well as a new road-
work traffic sign. The third column shows images from Kam-
pala; a drastic change in environment compared to the images in
the first two columns from Copenhagen and San Francisco. Sea-
sonal and structural changes are visible in the two last column,
as the sky scraper on the left side of the road is under construc-
tion in the bottom image and stands finished in the top one.
More visual examples of vast variety of changes between query
and database images are available in the supplementary material.

3.4. Data Partition and Evaluation
We divide the dataset into a training set (roughly 90%)

and a test set (the remaining 10%) containing disjoint sets of
cities. Specifically, the test set consists of images collected
from Miami, Athens, Buenos Aires, Stockholm, Bengaluru and
Kampala. We phrase four place recognition tasks combining
single images and sequences in the query and database, that
will be referred from here on as im2im, seq2seq, im2seq, and
seq2im (x2y stands for query x and database y), respectively.

In addition to evaluating on the whole test set, we suggest
the following three research challenges and provide a separate
scoreboard for each: Day/Night (how well the model recognizes
places from day and night and vice versa), Seasonal (how well

7
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(a) Hourly distribution (b) Monthly distribution

(c) Yearly distribution (d) Time difference [months]

(e) # of frames per sequence (f) # of sequences per cluster

Figure 4: Distribution of image sequences in Mapillary
SLS on a daily, monthly, yearly scale, time variation, and
sequence-related characteristics.

the model recognizes places between seasons, Summer/Winter
and vice versa being the most challenging) and New/Old (how
well does the model recognizes places after several years).

Similar to previous works, we cast place recognition as an
image retrieval problem and use the top-5 recall as evaluation
metric. For each cluster, we choose one sequence to be the
query and the remaining ones to be the database. In the
following we will use the query example to describe either a
query image or a query sequence. The query example is chosen
as the center frame(s) in the chosen query sequence. Only
one query example is chosen per query sequence, ensuring an
equal weight of every place in the evaluation independently of
its number of frames. We define the ground truth matches as
those images within a radius of 25m of the query image with
a viewing angle difference to it smaller than 40�

4. Experiments
In this section, we present first our training procedure for the

baseline methods. We show experimental results on the Map-
illary SLS dataset in both single-view and multi-view settings.

4.1. Training
For the baseline method, we have used NetVLAD [4] and

followed a similar training procedure and hyper-parameter se-
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lection scheme. The model is trained with the triplet loss [50],
for which presenting hard triplets is critical to learn a good em-
bedding. The usual procedure to extract hard triplets is to cache
the entire dataset at regular intervals and look for examples that
violate the triplet constraint. In practice, this means that the time
spent on updating the cache scales linearly with the size of the
dataset, making it infeasible to train place recognition models on
very large datasets, such as Mapillary SLS. We propose a simple,
yet effective sub-caching method with constant time and space
use. We propose to divide the entire dataset into equally sized
and randomly sampled subsets. For each query image in a sub-
set, we add all its positive images to the given subset. We then
update the cache for this subset, making the cache-time scale
with respect to the subset size rather than the size of the entire
dataset. Both the query and positive images can be sampled from
the cache as well as negatives. It is important to keep the subset
size large enough to find adequately hard triplets. In our experi-
ments, we use 10,000 query images and refresh the cache every
1,000 iterations. We use 5 negative examples per triplet instead
of 10 [4] as this allow us to fit a batch size of 4 into memory.

4.2. Single-View Place Recognition

In Table 3, we benchmark the most common deep models
for im2im recognition, reporting their top-5 recall on several
challenging recognition cases as well as their top-1/5/10 recall
on the entire test set. These challenging cases include summer
to winter (Su/Wi), day to night (Da/Ni), old to new (Ol/Ne)
and vice versa. We define old images as those taken between
2011–2016 and new images as those taken since 2018. The
goal is to separately evaluate the performance of each method
when exposed to seasonal, day/night and structural changes.

We evaluate two early models: Amosnet and Hybrid-
net [8] and two more recent ones: NetVLAD [4] and GeM
(Generalized Mean) [39]. Amosnet and Hybridnet have a
Caffe-net backbone followed by two fully connected layers.
NetVLAD [4] consists of a VGG16 core with a trainable VLAD
layer, and is the state-of-the-art on several place recognition
datasets. We evaluated the variant of GeM with VGG16
backbone architecture that is trained on 3d reconstructions of
120k images from Flikr (SfM-120k).

Figure 3 shows that training on the diverse SLS improves
the overall performance. The performance boost is mainly
caused by improved capabilities to recognize places that have
undergone seasonal and temporal changes. All models are
especially challenged by the night to day changes. Observe also
that top-5 recall is in general lower on the SLS test set, which is
a measurement of its higher degree of difficulty. Figure 5 shows
a detailed comparison of models trained on other datasets to
the NetVLAD on our dataset with varying distance and number
of image candidates.

4.3. Multi-View Place Recognition
We propose to reformulate MutiViewNet [12] to address

seq2seq, seq2im, and seq2im place recognition. To the best of
our knowledge, no previous work has addressed these two last
cases. We propose two novel architectures based on NetVLAD
and show the results in Table 3.
seq2seq. We propose six variations of a MutiViewNet [12],
specifically, three pooling techniques for NetVLAD and
three for GeM. The motivation is to adapt embeddings that
are known to work well for single-view place recognition.
The first technique, NetVLAD/GeM-MAX, performs max
pooling across the embeddings of each image in the sequence.
The second variation, NetVLAD/GeM-AVG, does average
pooling. The last one, NetVLAD/GeM-CAT, concatenates the
embeddings. Results are reported in Table 3.
seq2im. In the sequence-to-image case, we propose to make a
majority voting across the sequence, ie select the image in the
database that most images are nearest to in the query sequence.
Given a query sequence of N frames, we calculate the distance
from each frame to each database image. We then look at the
closest k distances for each of our N frames in our query se-
quence. This gives a total of k⇥N closest database images. We
then select the most frequently occurring. The intuition is that if
all the frames in a sequence are close to a database image, then
we are more confident that this database image is indeed close to
the query sequence. We also test the selection of the closest im-
age in the database among all the images in the query sequence.
Again, we test these methods using both the VGG16 + GeM
and VGG + NetVLAD embeddings (See Table 3).
im2seq. In the image-to-sequence case, we test the selection
of the sequence containing the image with the nearest query. In
practice, we calculate the distances from the query image to all
the frames in the database sequences, and select the sequence
that contains the nearest frame.

Table 3 shows that these simple pooling strategies do not
improve model performance much compared to single-view
models. The reason is that SLS sequences are captured at differ-
ent frame-rates and user velocities, requiring the model to learn a
time-independent relation between the frames. This complex re-
lations cannot be captured by simple pooling strategies. This mo-
tivates the development and further research in multi-view meth-
ods, which is accommodated by release of the Mapillary SLS.

4.4. Further Analysis
In this section, to understand better the strength of the

diversity of the dataset, we present qualitative and geographical
analysis on the recognition results.

Qualitative Model Comparison: In Figure 7, we qual-
itatively evaluate AmosNet, HybridNet, VGG16-GeM and
NetVLAD trained on Pittsburgh250k and SfM120K, and
NetVLAD trained on Mapillary SLS. Notice how the diversity
of the Mapillary SLS data makes NetVLAD more robust to
viewpoint and weather changes, comparing to models that
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Model Training set Base Input Size Dim Su/Wi Wi/Su Da/Ni Ni/Da Ol/Ne Ne/Ol All (@1/5/10)

im
2i

m

Amos SPED CaffeNet 227x227 2543 0.17 0.09 0.20 0.09 0.17 0.14 0.06/0.11/0.14
Hybrid SPED CaffeNet 227x227 2543 0.13 0.11 0.14 0.11 0.18 0.17 0.08/0.13/0.15
NetVLAD Pitts250k VGG16 480x640 512 0.43 0.44 0.37 0.09 0.49 0.50 0.28/0.35/0.39
GeM SfM-120k VGG16 480x640 2048 0.51 0.48 0.37 0.20 0.55 0.56 0.30/0.40/0.44
NetVLAD SLS VGG16 480x640 512 0.76 0.74 0.49 0.23 0.71 0.75 0.48/0.58/0.64

se
q2

se
q

NetVLAD + MAX Pitts250k VGG16 480x640 512 0.40 0.51 0.37 0.09 0.55 0.57 0.23/0.32/0.36
NetVLAD + AVG Pitts250k VGG16 480x640 512 0.41 0.39 0.37 0.09 0.54 0.54 0.20/0.31/0.34
NetVLAD + CAT Pitts250k VGG16 480x640 512 0.44 0.47 0.37 0.14 0.57 0.56 0.23/0.33/0.37
GeM + MAX SfM-120k VGG16 480x640 2048 0.53 0.54 0.43 0.26 0.67 0.57 0.29/0.43/0.48
GeM + AVG SfM-120k VGG16 480x640 2048 0.60 0.52 0.40 0.14 0.66 0.57 0.29/0.42/0.46
GeM + CAT SfM-120k VGG16 480x640 2048 0.55 0.46 0.46 0.26 0.65 0.53 0.28/0.42/0.46
NetVLAD + MAX SLS VGG16 480x640 512 0.75 0.79 0.51 0.14 0.80 0.76 0.42/0.58/0.63
NetVLAD + AVG SLS VGG16 480x640 512 0.75 0.78 0.51 0.06 0.78 0.73 0.37/0.56/0.60
NetVLAD + CAT SLS VGG16 480x640 512 0.84 0.76 0.57 0.20 0.80 0.72 0.41/0.60/0.65

se
q2

im

NetVLAD + MIN Pitts250k VGG16 480x640 512 0.53 0.53 0.37 0.03 0.60 0.62 0.30/0.37/0.40
NetVLAD + MODE Pitts250k VGG16 480x640 512 0.53 0.51 0.46 0.06 0.61 0.59 0.28/0.37/0.41
GeM + MIN SfM-120k VGG16 480x640 2048 0.62 0.62 0.37 0.23 0.71 0.67 0.38/0.47/0.50
GeM + MODE SfM-120k VGG16 480x640 2048 0.59 0.52 0.46 0.26 0.67 0.66 0.32/0.45/0.51
NetVLAD + MIN SLS VGG16 480x640 512 0.86 0.86 0.54 0.20 0.83 0.81 0.56/0.68/0.71
NetVLAD + MODE SLS VGG16 480x640 512 0.53 0.51 0.46 0.06 0.61 0.59 0.28/0.37/0.41

im
2s

eq NetVLAD + MIN Pitts250k VGG16 480x640 512 0.20 0.30 0.29 0.14 0.33 0.28 0.12/0.20/0.26
GeM + MIN SfM-120k VGG16 480x640 2048 0.24 0.22 0.26 0.31 0.37 0.29 0.13/0.22/0.31
NetVLAD + MIN SLS VGG16 480x640 512 0.45 0.39 0.31 0.23 0.48 0.37 0.23/0.34/0.48

Table 3: Evaluation of different im2im, seq2seq, seq2im and im2seq models on Mapillary SLS test set. We report the models
recall@5 on several challenging recognition cases as well as their overall recall@1/5/10. For a fair comparison, we compare models
with similar backbone architecture.

Figure 5: Recall of different methods on Mapillary SLS as
a function of number of nearest neighbors (left) and distance
threshold (right).

trained on other datasets that do not encapsulate as much
diversity as our dataset.

Geographical Bias: State-of-the-art place recognition
networks are trained on images from developed countries.
Figure 8 shows the performance of several models on individual
cities from Mapillary SLS, confirming their geographical
bias. Notice that the GeM model has slightly less bias, the
performance drop on Asian cities being relatively low. This
could be related to the fact that this model is trained on Flickr
images, which are more diverse than other datasets. Figure 9
shows that this geographical bias is reduced by training on SLS
for both AmosNet and NetVLAD.

5. Conclusions and Future Work
We have presented Mapillary SLS, a large collection of

image sequences for training and evaluating place recognition
algorithms. The data has been collected from Mapillary and

Query Positive Negative 1 Negative 2 Negative 3

Figure 6: Triplets with multiple negatives. Hard-negatives
are mined during training using our proposed sub-caching
methodology. For each query-positive pair, the negatives that
most violate the triplet constraint, ||q�p||22+m< ||q�n||22, are
chosen. Here q, p, n refer to the cached embeddings for the
query, positive and negative images. m is the margin.

contains over 1.6 million frames from 30 different cities over six
continents. The gathered sequences span a period of seven years
and places experience large perceptual changes due to seasons,
constructions, dynamic objects, cameras, weather and lighting.

Mapillary SLS contains the largest geographical and
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Query AmosNet HybridNet GeM
NetVLAD
(Pitt250k)

NetVLAD
(SLS)

Figure 7: Qualitative comparison of different pre-trained
networks as well as our NetVLAD model trained on Pitts-
burgh250k and Mapillary SLS. Training on SLS improves
robustness towards weather changes and diverse vegetation
such as palm trees. Green: true positive; Red: false positive.

temporal coverage of all publicly available datasets; and it is
among the ones with the widest range of appearance variations
and the largest number of images. All these features makes
our dataset a valuable addition to the available data corpus
for training place recognition algorithms. The many variation
modes and the considerable size of realistic urban data make
it particularly appealing for deep learning approaches and
autonomous car applications.

We have also run extensive benchmarks on our dataset with
previous state of the art methods to illustrate the difficulty of

Figure 8: Geographical bias in 4 place recognition models.
y-axis shows the top-5 recall. Cities are colored depending
on their location: Africa (orange), Asia (red), South America
(pink), North America (purple), Europe (turquoise).

(a) AmosNet⇤ (b) AmosNet† (c) NetVLAD⇤ (d) NetVLAD†

Figure 9: Bias reduction for both AmosNet and NetVLAD
when trained on SLS and evaluated on the SLS test set. ⇤/†
indicates pretrained/trained models, respectively.

our dataset. We also introduce two new tasks: seq2im and
im2seq. We propose new techniques to solve these tasks using
models trained for im2im place recognition and evaluate several
pre-trained models as well as models trained on SLS.

Although, the focus of the present paper is place recognition,
Mapillary SLS is also useful for other computer vision
tasks such as pose regression [22, 52], image synthesis (e.g.,
night-to-day translation [3]), image-to-gps [51, 56]), change
detection, feature learning, scene classification using the OSM
road tags and unsupervised depth learning [19, 26].
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J. G. Jiménez. Training a convolutional neural network for
appearance-invariant place recognition. CoRR, abs/1505.07428,
2015. URL http://arxiv.org/abs/1505.07428. 2

[19] A. Gordon, H. Li, R. Jonschkowski, and A. Angelova. Depth
from videos in the wild: Unsupervised monocular depth
learning from unknown cameras. In Proceedings of the IEEE

International Conference on Computer Vision, 2019. 8
[20] H. Jegou, M. Douze, and C. Schmid. Hamming embed-

ding and weak geometric consistency for large scale image
search. In Proceedings of the 10th European Conference

on Computer Vision: Part I, ECCV ’08, pages 304–317,
Berlin, Heidelberg, 2008. Springer-Verlag. ISBN 978-3-
540-88681-5. doi: 10.1007/978-3-540-88682-2 24. URL
http://dx.doi.org/10.1007/978-3-540-88682-2 24. 3

[21] H. Jégou, M. Douze, C. Schmid, and P. Pérez. Aggregating
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