
Draft version; to appear in IJCV. Please do not distribute.
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D!EGFHEJIAK5L�M NOEQPSR%PUT VUWUL�M XZY\[^]_WUL`VUEJRCEJL�PSXaM RCV�IcbCYCEJLAMdKJPUT�[�WUI�PUMdK5I7]_LcW+[

PeK5W+TdT E0K5XaM WURfW+]�Md[�PSVUEJIgPUKJh>i1M LcE0F�]jLcW+[kPeK5W+[l[�WURmWUbCXaMdKJPUT�K5EJRnXZEJLAo�p#Y+E
PUT VUWUL�M XZY\[%XaPSqUEJIrPSI�M RCbCiCX�PSR7PSLsN\M XZL�PSLct�Rui\[�NOEJLvW+]wb1PSLcXaMdPUTdT t�WaxUEJLATdPSbCb\M RCV
Md[�PSVUEJI�yOPSRzPUFH{|PUK5EJR1K5te[�PSb;LcE0TdPSXaM RCV}XZYCE�Md[lPSVUEJI�y~M R\M XaMdPUTnEJIcXaMd[�PSXZEJI�W+]wXZY+E
LcWUXaPSXaM WURCI�LcE0TdPSXaM RCV;E0PUK�YfMd[�PSVUE�XZW7P�IcbOE0KJM �CE0F�N1PSIcE;Md[�PSVUE0y#PSR\FePSbCbCLcW��OM �
[�PSXZE�M RuXZEJLcR\PUTCKJPUTdM NCLAPSXaM WUR7M R\]jWUL�[�PSXaM WUR-]_WUL�XZY+E�KJPU[�EJL�PUo�p#Y+ErPUT VUWUL�M XZY\[�� I
WUiCXZbCiCX�M I�P�LcWUXaPSXaM WUR�LcE0TdPSXaM R+V�E0PUK�YeMd[�PSVUE�XZW�XZY+E�N1PSIcErMd[�PSVUE0yCPSR\F�LsEJxOM IcE0F
EJIcXaMd[�PSXZEJI�W+]CXZYCE;KJPU[�EJL�PU� I�M RuXZEJLcR\PUT�b\PSL�PU[�EJXZEJLcIAo

� iCL�PUT VUWULAM XZY\[�M I�RCWaxUE0T\M RgXZYCE;]_W+TdT W���M RCV;LcEJIcbOE0K5XZI�o��#M LcIsXay�M X�LcE0hai\M LcEJI
RCW�iCIcEJL�M R+bCiCXao�� � iCL�Md[�PSVUE�KJPSbCXZiCLcE`M R+IcXZLci\[�EJRuXaPSXaM WURgb+LcWax~MdFHEJI�NOWUXZY�PSR
PUFH{|PUK5EJR1K5t`[�PSb�]_WUL1XZYCE�[�WUI�PUMdKJyCPSR1F�PSR�M R\M XaMdPUT�LcWUXaPSXaM WUR�EJIcXaMd[lPSXZE�]jWUL#E0PUK�Y
Md[�PSVUE0od�7�HE0K5WUR\FCy1M X�WUb+XaMd[�M �JEJI�PSR-WUN�{�E0K5XaM xUEg]jiCR\K5XaM WUR-N\PSIcE0FlWURmPrV+T WUN\PUT
K5WULcLcE0TdPSXaM WUR�W+]wW�xUEJL�TdPSbCb\M R+V�Md[lPSVUE�LcEJV+M WURCI�o�p#Y1M L�FCy0WUiCLvLsEJbCLcEJIcEJRuXaPSXaM WUR�W+]
LcWUXaPSXaM WURCI�I�M VUR\M �\KJPSRuXaT tQM R\K5LcE0PSIcEJI�XZYCE`PUKJK5i+L�PUK5t�W+]�XZYCE�WUbCXaMd[�M �0PSXaM WUR1o��1M �
R\PUTdT t0ynWUiCLvLsEJbCLcEJIcEJRuXaPSXaM WURQPSR\FriCIcE�W+]�PUFH{ZPUK5EJR\K5teM R\]jWUL�[�PSXaM WUR�VUi\PSL�PSRuXZEJEJI
V+T WUN\PUTdT tQK5WURCI�M IcXZEJRuX�LcWUXaPSXaM WUR-EJIcXaMd[�PSXZEJIAo

p#YCEePUT VUWULAM XZY\[�Y1PSIrbCLcW�xUE0F�EJ��E0K5XaM xUE�WUR�PeK5W+TdT E0K5XaM WUR�W+]�R+E0PSL�T tf]_WUiCL
XZYCWUiCI�PSR\F;Md[�PSVUEJIrPUKJhai\M LcE0F�]jLcW+[�[�WULcE�XZY1PSR;E0M VUYuX t7FCM IcXaM R\K5X¡WUbCXaMdKJPUTOK5EJRC�
XZEJLcI�o�p¢YCE�EJ�nbOEJL�Md[�EJRnXaPUTCLcEJIci\T XZI�FUE0[�WURCIcXZL�PSXZErXZY\PSX�XZYCE;FHEJI�K5L�M NOE0F�V+T WUN\PUT
WUbCXaMd[�M �0PSXaM WUR�IcXZL�PSXZEJVUt£M I`IciCbOEJL�M WUL�XZW�RCWURC��V+T WUN\PUT�PSVUVULcEJV+PSXaM WUR¤W+]�b\PUM Ls�
��M IcE�K5WULcLcE0TdPSXaM WUReXZEJL�[�I�yOPSR\F�XZY\PSXrM X�Isi\KJK5EJIcI�]ji\TdT tlVUEJR+EJL�PSXZEJI�Y\M VUYC�shai\PUTdM X¥t
[�WUI�PUMdK5I�FUEJIcb\M XZE�I�M VUR1M �\KJPSRnX�EJLcLcWUL�M R�M R1M XaMdPUT�LcWUXaPSXaM WUReEJIcXaMd[�PSXZEJI�o

¦



§ ¨ª©-«v¬� ®r«�¯U°²±�³�´-µ�¶�¯U°�®`·£¸ ¬G¹�®;¯U°r¯Uº-»

¼�½O¾À¿;Á�ÂwÁ\Ã�Ä`Åu¾_ÆOÃA¿�ÂwÇ8ÂwÈÀÅwÉwÄS¾ËÊU½�ÌÎÍ�ÉwÄ`ÄÏÉwÐOÑO¿ÒÊ!Ã�¿ ÊU¾ÀÌ�Â�ÊU¾ÀÉwÇ�ÉuÍ�ÊU½�Ã-ÄSÉaÊUÂ�ÊH¾�ÉwÇ�¿`ÄÏÃAÈÀÂ�ÊSÓ
¾ÀÇOÅz¾�Ì�ÂwÅuÃA¿�ÊUÂuÔuÃAÇ.Í�ÄSÉuÌ^ÂzÕAÉuÌgÌ�ÉwÇfÉwÁ0ÊU¾ÀÕAÂwÈ¡Õ�ÃAÇHÊUÃ�ÄJÖØ×lÙ%Ã�ÕAÂuÈ�È\ÊH½O¾À¿lÂ%ÚZ¿SÁO½OÃ�ÄS¾ÀÕAÂwÈ
Ì�Éw¿ÏÂw¾�Õ�¾�Ç�ÅwÛ-ÂwÈÀÅwÉwÄÏ¾_ÊH½OÌÜÐ�ÃAÕAÂuÑO¿SÃ`¾_Ê;ÂwÈÀÈ�ÉØÝl¿�ÂuÇUÞ.ÇCÑOÌ`Ð\Ã�Ä�ÉwÍ�¾�Ì�ÂwÅwÃ�¿�ÊHÉ-Ð�Ã`Ì�Ã�ÄSÅwÃ�ß
¾ÀÇHÊUÉ�Â}¿Ï¾�ÇOÅuÈ�Ã�¿ÏÃAÂwÌ�ÈÀÃA¿S¿#Æ\¾ÀÃsÝlà�¿S¾ÀÌ;ÑOÈÀÂ�ÊH¾�ÇOÅ�ÊH½OÃ�¾ÀÌgÂuÅwÃvÊU½�Â�Ê�Ý�ÉwÑOÈÀß�Ð\Ã�ÂuÕAáCÑO¾ÀÄSÃAß�ÐHÞ!Â
Õ�ÂwÌ�ÃAÄSÂ�Ýl¾ËÊU½�Â�¿SÁ�½OÃAÄÏ¾�Õ�ÂwÈOâOÃ�È�ß�ÉwÍwÆ\¾�ÃcÝl×�ã�ÑOÄ¡ßOÂ�ÊHÂ�ÄSÃ�ÁOÄSÃ�¿SÃAÇHÊH¿�Â�âOÃ�È�ß�ÉwÍwÆ\¾ÀÃsÝ%ÊH½OÂ�Ê
¾À¿�¿ÏÉwÌ�ÃsÝl½OÂ�Ê�ÌgÉuÄSÃ�ÊU½OÂwÇ-Â;½OÃ�Ìg¾À¿SÁ�½OÃAÄÏÃAà¢ÐOÑnÊ�ÉwÑOÄ�ÊUÃ�ÕJ½OÇO¾Àá+Ñ�Ã�ÃsäCÊUÃ�ÇOßO¿�¿ÒÊUÄSÂu¾�Åw½HÊHÍ�ÉwÄ Ó
Ý�ÂwÄSß�È_ÞmÊHÉzÍ�ÑOÈ�È�¿SÁO½OÃ�ÄS¾ÀÕAÂwÈ�ÂwÄÏÄSÂwÇ�ÅwÃAÌ�ÃAÇHÊH¿`ÉwÍ�¾ÀÌ�ÂwÅwÃA¿Ï×z¼�½OÃ�ÄSÃA¿ÏÑOÈËÊU¾ÀÇOÅ�Ì�Éw¿ÏÂw¾ÀÕA¿lÂwÄSÃ
ÑO¿ÏÃAÍ�ÑOÈ�Âw¿7Úcâ�ÄS¿ ÊÏÓJÕ�È�Âw¿Ï¿SÛgßOÂ�ÊHÂgÉuÐ�åsÃAÕcÊU¿�Í�ÉuÄ�æ�ÓJç�ÄSÃ�ÕAÉwÇ�¿ ÊUÄÏÑOÕsÊH¾�ÉuÇOàvÂuÇOß�Âu¿�ÂeÕ�ÉwÌ�ÁOÂwÕsÊ
Ì�ÃAÂuÇO¿�Í�ÉwÄ�Æ\¾�¿ÏÑOÂwÈÀ¾�è�¾�ÇOÅ-¿SÁOÂ�ÊH¾�ÂuÈ�ÈËÞfÃsäCÊHÃAÇOßOÃ�ßm¾ÀÌgÂuÅwÃ�ßOÂ�ÊHÂw¿SÃcÊU¿S×

¼�½O¾À¿lÝ�ÉwÄSÔé¾À¿-Ì�É�ÊH¾_Æ�Â�ÊHÃAß%ÐHÞ�Â�¿ÒÞ\¿ ÊUÃ�Ì Ñ�ÇOßOÃAÄgßOÃcÆ~ÃAÈÀÉwÁOÌ�Ã�ÇUÊ.Í�ÉuÄeÂwÑ0ÊUÉwÌ�Â�ÊH¾�Õ
ÄÏÃAÕAÉuÇO¿ ÊHÄSÑOÕcÊU¾ÀÉwÇ-ÉwÍ�ÊUÃcäCÊUÑOÄÏÃAß-æuçëê�ì�çíÌ�É+ßOÃAÈÀ¿�ÄSÃAÁ�ÄSÃA¿ÏÃAÇHÊU¾ÀÇOÅ�Ñ�ÄSÐOÂwÇgÃAÇHÆ\¾ÀÄSÉwÇOÌ�Ã�ÇUÊH¿
î ¼vÃ�È�ïuðwà#ê�ñm¼�ïwò�à¢ê�¼�ïuïwó�×�¼�½�Ã`¿ÒÞ1¿ÒÊUÃ�ÌÜÄSÃAáCÑO¾ÀÄSÃ�¿�ÂuÕAáCÑO¾À¿S¾ËÊU¾ÀÉwÇ�ÂuÇOß�Á�ÄSÉ+ÕAÃA¿Ï¿S¾ÀÇOÅgÉwÍvÂ
¿ÏÑO¾_ÊHÂwÐOÈÀÃ�ßOÂ�ÊHÂw¿SÃcÊUà¡¾ÀÇ7ÊU½O¾À¿}ÕAÂu¿SÃ�Â!ÈÀÂwÄSÅwÃ;Ç+Ñ�Ì;Ð�ÃAÄ�ÉwÍ�ßO¾ÀÅw¾ËÊUÂwÈv¾�Ì�ÂwÅwÃ�¿}ÉwÍ#ÊU½�Ã�ÄSÃAÅu¾�ÉwÇ
ÉwÍ�¾ÀÇHÊUÃAÄÏÃA¿ÒÊU×ôã�ÑOÄ!¾�Ç�¿ ÊUÄÏÑOÌ�ÃAÇHÊUÂaÊU¾ÀÉwÇíÂwÇ�ÇOÉ�ÊUÂaÊUÃA¿zÃ�ÂwÕJ½�ÂuÕAáCÑO¾ÀÄSÃAßë¾ÀÌgÂuÅwÃ7Ýl¾_ÊH½�ÂwÇ
Ã�¿ ÊU¾ÀÌ�Â�ÊUÃ;ÉwÍ�ÂwÐO¿ÏÉwÈ�Ñ0ÊUÃ�õ�ÓØç�ã�ö.÷1øAù0ú�ûÒÂwÈ�¿ÏÉ!ÕAÂwÈÀÈÀÃAß�ÃsäCÊHÃAÄS¾ÀÉwÄ}ÉuÄS¾ÀÃAÇHÊUÂ�ÊH¾�ÉuÇOü�ýfæ7ç�ã�ö
ÉwÍ�Á\Éw¿Ï¾_ÊH¾�ÉuÇOà�ÂwÇ�ß�æGç�ã�öíÉuÍ�ÉwÄS¾ÀÃAÇHÊHÂ�ÊU¾ÀÉwÇ�Í�ÉwÄ�ÊU½�Ã-ÂwÕ�á+Ñ�¾�ÄÏ¾�ÇOÅGÕAÂwÌ�ÃAÄÏÂw×.¼�½+Ñ�¿�ÉwÑOÄ
ÂwÕ�áCÑO¾�¿Ï¾_ÊH¾�ÉuÇe¿ÒÞ1¿ÒÊUÃ�ÌþÁOÄSÉØÆ\¾�ß�ÃA¿�Ð\É�ÊH½�ÂwÇ�ÂwßnåsÂwÕ�ÃAÇOÕcÞzÌ�ÂwÁeÍ�ÉuÄ¡¾�Ì�ÂwÅuÃA¿�¾�Ç}ÊH½OÃ�ÌgÉu¿SÂw¾ÀÕAà
ÂwÇ�ßQÂuÇ�¾ÀÇO¾ËÊU¾ÀÂwÈ¢ÃA¿ÒÊU¾ÀÌgÂaÊUÃlÉwÍ�ÊH½OÃ�ÄSÉ�ÊHÂ�ÊU¾ÀÉwÇO¿�ÄÏÃAÈÀÂ�ÊU¾ÀÇOÅgÃAÂwÕJ½Q¾ÀÌgÂuÅwÃ�ÊUÉ�¾_ÊH¿�ÇOÃA¾ÀÅw½CÐ\ÉuÄS¿S×

ö¡¾�ÅuÑOÄSÃ ¦�ÿ ¼�½OÃ�ÄÏÉwÑOÅw½OÈËÞf½OÃ�Ì�¾�¿ÏÁO½OÃAÄÏ¾�Õ�ÂwÈ~ÊU¾ÀÈ�¾ÀÇOÅgÍ�ÉwÄ�Â�ÇOÉ�ß�ÃlÉuÍ�ÊH½OÃ�ßOÂ�ÊUÂu¿SÃsÊH×

ã�ÑOÄ�ß�Â�ÊUÂw¿ÏÃsÊ�ÕAÉwÇO¿Ï¾�¿ÒÊU¿�ÉwÍ�ÁO½OÉ�ÊHÉwÅwÄSÂuÁO½O¿�ÂuÕAáCÑO¾ÀÄSÃAß�ÐHÞ-Â���É+ßOÂwÔ�ç�ê���������ßO¾ÀÅw¾_ÊHÂwÈ
Õ�ÂwÌ�ÃAÄSÂ�Ì�ÉwÑ�ÇUÊHÃAß�Ýl¾ËÊU½zânä\ÃAßzÉwÁnÊH¾�Õ�ÂwÈ1Õ�ÃAÇHÊUÃ�Ä�ÉwÇ!ÂwÇ!¾ÀÇOßOÃsä\Ã�ßQÁ�ÂwÇnÓ5ÊH¾�ÈËÊ�½OÃ�ÂwßOà#¾ËÊU¿ÏÃAÈÀÍ
Â�ÊÏÊUÂwÕJ½�ÃAß�ÊUÉlÂ�ÊHÄS¾ÀÁ\É+ß�ÐOÂw¿SÃ�×�¼�½OÃ�ÊUÄS¾ÀÁ�É�ß}Ý�Âw¿�Ì�ÂwÇCÑOÂuÈ�ÈËÞQÁ\Éu¿S¾ËÊU¾ÀÉwÇOÃAßeÂ�ÊrÃA¾ÀÅw½HÊZÞCÓJÉwÇ�Ã
ÈÀÉ�Õ�Â�ÊU¾ÀÉwÇO¿;ÂwÌ�ÉwÇOÅ7ÊU½OÃ-ÐOÑO¾ÀÈ�ßO¾ÀÇOÅw¿�ÉwÍ�ÂwÇ¤É
	gÕ�ÃzÕAÉwÌ�ÁOÈÀÃsä\×%ì�ÊQÃ�ÂwÕJ½éÁ\Éu¿S¾ËÊU¾ÀÉwÇOà¡ÊU½OÃ
Õ�ÂwÌ�ÃAÄSÂ;Ý�Âw¿}ÄÏÉ�ÊUÂaÊUÃAßgÊU½OÄÏÉwÑOÅw½�Â7Á�ÄSÃAß�ÃsÊUÃ�ÄSÌ�¾ÀÇOÃAß Ú ÊU¾ÀÈÀ¾�ÇOÅuÛ7ÉwÍ�����ÓØð��-ÉuÄS¾ÀÃAÇHÊUÂ�ÊH¾�ÉuÇO¿Sà
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Þ\¾ÀÃAÈÀßO¾�Ç�ÅgÂ;ÄSÉwÑOÅu½OÈ_ÞG½OÃ�Ìg¾À¿SÁ�½OÃAÄÏ¾�Õ�ÂwÈ¢âOÃAÈÀß!ÉwÍ�Æ\¾ÀÃsÝÜû ö¡¾ÀÅwÑOÄÏÃ ¦ üS×�Ù Ã}Õ�ÂwÈÀÈ1ÃAÂuÕJ½Q¿ÏÃsÊ�ÉuÍ
¾ÀÌ�ÂwÅwÃA¿rÉwÐnÊHÂw¾ÀÇOÃAß�Í�ÄSÉwÌ ÂgÕAÉuÌgÌ�ÉwÇ�ÉwÁnÊH¾�Õ�ÂwÈ¢ÕAÃ�ÇUÊHÃAÄ�ÂéÚcÇ�É�ßOÃ�Ûw×r¼�½OÃ�ÊH¾�ÈÀ¾ÀÇOÅ-ßOÃ�âOÇOÃ�¿
ÂwÇ!ÂußnåsÂwÕAÃ�ÇOÕsÞ�ÌgÂuÁ!ÉJÆOÃAÄ¡ÊU½�Ã�¾�Ì�ÂwÅwÃ�¿Sà#¾ÀÇ�Ýl½O¾ÀÕJ½�ÊZÝ�É�¾�Ì�ÂwÅwÃ�¿�ÂwÄSÃ�ÂwßnåsÂwÕ�ÃAÇHÊl¾�Í~ÊU½�ÃsÞ
½OÂØÆOÃ`¿Ï¾�ÅwÇ�¾�âOÕ�ÂwÇHÊ�ÉØÆOÃAÄSÈÀÂwÁQÂwÈÀÉwÇOÅ�Âe¿Ï½OÂwÄÏÃAß�Æ~ÃAÄÒÊU¾ÀÕAÂwÈ�ÉwÄ�½�ÉwÄS¾ÀèAÉwÇHÊHÂwÈ¢ÃAßOÅuÃA×

H ½HÞ1¿Ï¾�Õ�ÂwÈ�¾�Ç�¿ ÊUÄÏÑOÌ�ÃAÇHÊUÂaÊU¾ÀÉwÇíÂwÈÀÉwÇOÃ�ß�É�Ã�¿QÇ�É�Ê.ÁOÄSÉ+ßOÑOÕ�ÃfÁ\Éw¿ÏÃ�ÃA¿ÒÊU¾ÀÌgÂaÊUÃA¿Q¿SÑ'	�Ó
Õ�¾�Ã�ÇUÊHÈ_Þ.ÂuÕAÕAÑ�ÄSÂ�ÊHÃlÍ�ÉuÄ�ßO¾�ÄÏÃAÕcÊ�¾ÀÇOÕAÉuÄSÁ�ÉwÄSÂ�ÊH¾�ÉuÇQ¾ÀÇHÊUÉgæ�ÓJç�ÄÏÃAÕAÉuÇO¿ ÊHÄSÑOÕcÊU¾ÀÉwÇGÂwÈÀÅwÉwÄÏ¾_ÊH½OÌ�¿S×
ö�ÉwÄ�Ãsä\ÂwÌ�ÁOÈÀÃAà�ÉwÑOÄ�ÂwÕsÊHÑOÂ�ÊHÃAß;Á�ÂwÇJI�ÊH¾�ÈËÊ�½�ÃAÂwß`ÁOÄSÉ+ßOÑOÕ�ÃA¿�ÉwÄS¾ÀÃAÇHÊUÂaÊU¾ÀÉwÇ;Ã�¿ ÊU¾ÀÌ�Â�ÊUÃ�¿�ÂwÕ�ÕAÑnÓ
ÄÏÂ�ÊUÃ¢ÊUÉ�ÂwÐ\ÉuÑnÊ�ÉuÇOÃ�ßOÃ�ÅwÄSÃ�ÃA×�¼�½�¾�¿v¾�¿vÉwÇOÃ�ÊHÉ�ÊZÝ�É}ÉwÄÏßOÃAÄÏ¿�ÉwÍOÌ�ÂwÅuÇO¾_ÊHÑOßOÃ�È�Ã�¿S¿¡ÂwÕ�ÕAÑOÄÏÂ�ÊUÃ
ÊH½OÂwÇ�ÊH½OÃ�ÁO¾Ëä\ÃAÈ�ÉwÄv¿ÏÑOÐnÓØÁO¾_ä\Ã�ÈOÂwÈÀ¾�ÅwÇ�ÌgÃ�ÇHÊ�ÄSÃ�á+Ñ�¾�ÄÏÃAß�Í�ÉwÄ~ÊZÞ\ÁO¾�Õ�ÂwÈ�ÄÏÃAÕ�ÉwÇO¿ ÊHÄSÑOÕcÊU¾ÀÉwÇ�ÂwÈÀÅwÉ�Ó
ÄÏ¾_ÊH½OÌ�¿S×LK Ê�¾À¿1ÊU½CÑO¿�Ç�ÃAÕAÃ�¿S¿ÏÂwÄ Þ�ÊHÉ�ßOÃA¿Ï¾�ÅuÇ�÷1øAù0úNM�ú)O�P�úRQQúRP�S+ÂwÈÀÅwÉwÄÏ¾_ÊH½OÌ�¿\ÊU½OÂaÊ�ÄSÃ�ÕAÉØÆ~Ã�Ä
ÂwÕ�ÕAÑOÄÏÂ�ÊUÃ�Õ�ÂwÌ�ÃAÄSÂgÁ�Éw¿SÃ�Í�ÄSÉuÌÎû ÂuÁOÁOÄSÉØä\¾ÀÌgÂaÊUÃAür¾ÀÇO¾_ÊH¾�ÂuÈ¢ÃA¿ ÊH¾�Ì�Â�ÊHÃA¿Ï×

¼�½O¾À¿�ÁOÂwÁ�ÃAÄ�ßOÃA¿ÏÕAÄS¾ÀÐ�ÃA¿�ÉwÑOÄ�ÌgÃcÊU½OÉ+ß�Í�ÉwÄ�ÄSÃAâ�ÇO¾�Ç�ÅQÃ�¿ ÊH¾�Ì�Â�ÊHÃA¿�ÉwÍ�Õ�ÂwÌ�ÃAÄSÂ!ÉuÄS¾ÀÃAÇnÓ
ÊHÂ�ÊU¾ÀÉwÇ.Í�ÉwÄ�¾�Ì�ÂwÅwÃ�¿rÊHÂwÔuÃ�Ç�ÂwÄÏÉwÑOÇOß8Â�¿Ï¾�ÇOÅuÈ�ÃeÉwÁnÊU¾ÀÕAÂuÈ�Õ�ÃAÇHÊUÃ�ÄS×UTrÃAÕ�ÉJÆOÃAÄÏ¾�ÇOÅGÄSÃAÈÀÂ�ÊH¾_ÆOÃ
ÊHÄSÂwÇO¿ÏÈ�ÂaÊU¾ÀÉwÇO¿�ÂwÇ�ß�ÉwÄS¾ÀÃAÇHÊHÂ�ÊU¾ÀÉwÇO¿�Ð�ÃsÊZÝ�ÃAÃ�Ç£Ì�Éw¿ÏÂw¾ÀÕA¿�ÂwÕ�áCÑO¾�ÄÏÃAßéÂ�Ê7ßO¾WV�ÃAÄÏÃAÇHÊzÉwÁ0ÊU¾ÀÕAÂwÈ
Õ�ÃAÇHÊUÃ�ÄS¿r¾�¿�ÂwßOß�ÄSÃA¿Ï¿SÃ�ßmÃAÈÀ¿SÃcÝl½OÃAÄÏÃ î ê�É�Éwïuòuà¢ì�¼�ÂwÄSà#ì�¼�ÉwÇ~óÀ×

XZY,[�\�]^Y,_a` bdcfe
ã�Í�Í�ÑOÇOß�ÂwÌ�ÃAÇHÊUÂwÈv¾�ÇHÊHÃAÄSÃ�¿ Êg¾ÀÇmÌ�Éw¿SÂu¾�Õ�Õ�ÉwÌ�ÁOÑnÊHÂ�ÊU¾ÀÉwÇO¿�¾À¿�ÊU½�ÃrÝ�ÂwÄSÁ�ÄÏÃAÈÀÂ�ÊU¾ÀÇOÅ!Â7ÁOÂu¾�Ä
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c=[cx, cy]Y

p=[px, py, pz]

R

s=[x, y, z] (world)

s’=[x’,y’]

s=[xC, yC, zC] (camera)
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� ¨ �Ìº ��¼ ¸�ÊUÂuÇ�û�X ¼ ²vü��Ìº ��¼ ¸ ÊUÂwÇ�X ¼ ÊHÂwÇ�²
¦ ².ÊHÂwÇ�X\ÊUÂwÇ�²
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ÂwÄÏÃ;ÈÀÂwÄSÅuÃrÊUÃcäCÊUÑOÄÏÃAÈÀÃA¿S¿�ÄÏÃAÅw¾ÀÉwÇO¿Ï× g ¾�Åw½0ÓJÁOÂw¿Ï¿}âOÈËÊUÃ�ÄS¾ÀÇOÅ7ÂwÈÀÉwÇOÃ`¾�ÇHÊUÄÏÉ�ß�ÑOÕAÃ�¿}Ì�ÂwÇHÞ�ßO¾À¿ Ó
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¿ÏÌgÉ+É�ÊH½OÇOÃA¿Ï¿S×�Ù Ã�ÅwÃ�ÇOÃAÄÏÂ�ÊUÃ¤ÚcÐOÂwÇ�ßnÓJÁOÂu¿S¿SÛQÈÀÑOÌ�¾�ÇOÂuÇOÕAÃ�Æ�ÂwÈ�Ñ�ÃA¿lÐUÞ Õ�ÉwÇHÆ~ÉwÈËÆ\¾�Ç�Åm¾�Ì}Ó
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¿Ï¾�Ì`ÑOÈ_ÊHÂwÇOÃ�ÉwÑO¿SÈËÞ�à~Ýl¾ËÊU½GÂgâOÈËÊUÃ�ÄrÄÏÂwßO¾ÀÑO¿�ÁOÄSÉuÁ\ÉwÄÒÊU¾ÀÉwÇOÂwÈ�ÊHÉ}ÊU½OÃlÕAÉwÄÏÄSÃ�¿SÁ�ÉwÇOßO¾ÀÇOÅg¾�Ì�ÂwÅwÃ
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Ã�¿ ÊU¾ÀÌ�Â�ÊUÃ�¿�ÉwÍ~ÄSÉ�ÊHÂ�ÊU¾ÀÉwÇOà0Ýl½O¾�ÕJ½gÂwÄÏÃ�ÑO¿SÃ�ßeÂu¿¡¾�Ç�¾_ÊH¾�ÂwÈ�ÃA¿ ÊH¾�Ì�Â�ÊHÃA¿�Í�ÉwÄ�ÊU½OÃ�¿ÏÃAÕAÉuÇOß�¿ ÊUÂuÅwÃAà
Ì�ÂwÔC¾ÀÇOÅ¤¾_Ê�ÕAÉwÇHÆ~Ã�ÄSÅwÃ�ÄÏÃAÈÀ¾�ÂuÐOÈ_Þw× µ É�ÊHÃeÊU½OÂaÊ-ÊU½�Ãm¿SÃ�ÕAÉwÇOß ÁO½�Âw¿SÃ�¾À¿7ÇOÃ�ÕAÃA¿Ï¿SÂwÄÒÞ�Í�ÉwÄ
ÊZÝ�ÉmÄSÃ�Âw¿SÉuÇO¿S×fö¡¾ÀÄS¿ÒÊUà�¿Ï¾�Ç�ÕAÃ`ÊH½OÃeâ�È_ÊHÃAÄSÃ�ß�Æ�ÂwÈÀÑOÃA¿�ÂuÄSÃgÇOÉ�Ê-¾�ÇHÆ�ÂwÄS¾ÀÂwÇHÊ!Ñ�ÇOßOÃAÄ`ÁOÈÀÂwÇOÂwÄ
ÁOÄÏÉnåsÃAÕcÊU¾ËÆ~Ã�ÊUÄÏÂwÇO¿SÍ�ÉuÄSÌ�Â�ÊU¾ÀÉwÇOà+ÊU½OÃ�¿SÃ�ÕAÉwÇ�ß�ÉwÁ0ÊU¾ÀÌg¾ÀèAÂaÊU¾ÀÉwÇ�Á�½OÂw¿SÃ�Ì`ÑO¿ Ê;ÑO¿SÃ�ÊH½OÃ�ÉwÄS¾ÀÅ�Ó
¾ÀÇOÂwÈ�¾ÀÌ�ÂwÅwÃ;Æ�ÂwÈÀÑOÃA¿}ÊHÉ�ÂJÆOÉw¾Àß£ÅwÃ�ÉwÌ�ÃsÊHÄS¾ÀÕQÐ�¾�Âw¿�Ýl½�ÃAÇ ÕAÉwÌ�ÁOÑnÊH¾�Ç�ÅzÊH½OÃ!ÕAÉwÄÏÄSÃ�È�Â�ÊH¾�ÉuÇ
¿ÏÕAÉwÄÏÃA¿S×n�OÃ�ÕAÉwÇOß�à�ÊH½OÃG¿ÏÃAÕ�ÉwÇOß ÁO½OÂu¿SÃG¾ÀÇOÕ�ÉwÄSÁ�ÉwÄSÂaÊUÃA¿eÂ�ÕAÉuÄSÄSÃ�È�ÂaÊU¾ÀÉwÇ.ÊHÃAÄSÌ�à�ÂwÄÏ¾�¿Ï¾�Ç�Å
Í�ÄÏÉwÌ�Ì�Â�ÊHÕJ½O¾�Ç�Å�ÉwÍ¢ÊU½�Ã�ÊUÃsäCÊHÑOÄSÃ�È�Ã�¿S¿;ÄÏÃAÅw¾ÀÉwÇO¿Ïà#Ýl½O¾�ÕJ½zÝ}Âu¿l¿ÏÑOÁOÁOÄÏÃA¿Ï¿SÃAß�¾�Ç7ÊU½�Ãgâ�ÄS¿ Ê
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¼ Þ¢å�áZ½¯ß0Þ\;�Þ �s� 9 ? âJã Þ �
�OÃcÆ~Ã�ÄSÂwÈ�¾�Ì�ÂwÅuÃA¿;¾ÀÇ�ÉuÑOÄ`ß�Â�ÊUÂ�È�ÂwÕJÔf¿ÏÑJ	�ÕA¾ÀÃAÇHÊ�ÊUÃcäCÊUÑOÄÏÃ`ÊUÉQßOÃsÊHÃAÄÏÌg¾ÀÇOÃ`ÊH½OÃA¾ÀÄ;ÉuÄS¾ÀÃAÇnÓ
ÊHÂ�ÊU¾ÀÉwÇmÂwÕ�ÕAÑOÄÏÂ�ÊUÃ�È_Þ û Ã�×�Åu×�à\ÊH½OÉw¿ÏÃ�ÕAÉwÄÏÄSÃ�¿SÁ�ÉwÇOßO¾ÀÇOÅ;ÊUÉ-ÕAÂwÌ�ÃAÄÏÂw¿}ÉwÄÏ¾�Ã�ÇHÊUÃAß-ÊHÉØÝ}ÂwÄÏß-ÊU½OÃ
¿ÏÔUÞ\üÏ×-ì�¿�ÊU½OÃ�ÉwÁ0ÊU¾ÀÌg¾ÀèAÂaÊU¾ÀÉwÇf¾�¿}ÅuÈ�ÉwÐ�ÂwÈ�à�¿SÑOÕJ½!ÊUÃcä+ÊHÑOÄSÃ�È�Ã�¿S¿l¾�Ì�ÂwÅuÃA¿�Ì�ÂØÞ ÚcÕ�ÉwÄSÄÏÑOÁnÊUÛ
ÊH½OÃ}ÉwÄÏ¾�Ã�ÇUÊHÂ�ÊU¾ÀÉwÇzÃA¿ÒÊU¾ÀÌ�Â�ÊUÃ�¿�ÉwÍ�É�ÊU½OÃ�Ä�¾ÀÌgÂuÅwÃA¿Ï×�Ù%Ã}ÂØÆ~Éu¾�ß�ÊU½�¾�¿�ÁOÄÏÉwÐOÈÀÃAÌ ÐUÞGÃsä\Õ�È�ÑOß0Ó
¾ÀÇOÅ�Í�ÄÏÉwÌ�ÊU½OÃGÉwÁnÊU¾ÀÌ�¾�è�Â�ÊU¾ÀÉwÇ ÂuÇUÞí¾ÀÌgÂuÅwÃA¿�Ýl¾_ÊH½ È�Ã�¿S¿`ÊH½OÂwÇ Â�ÊH½OÄSÃ�¿S½OÉuÈ�ß Í�ÄÏÂwÕsÊH¾�ÉwÇ
ûÒò�� ¥ üeÉuÍ�ÊUÃcäCÊUÑOÄÏÃAß ÁO¾Ëä\ÃAÈÀ¿S×�ö�ÉuÄ�ÊH½OÃA¿ÏÃm¾ÀÌgÂuÅwÃA¿Ïà�ÊU½OÃ�¾�Ç�¾_ÊH¾�ÂwÈ�ÄÏÉ�ÊUÂ�ÊH¾�ÉuÇ%ÃA¿ÒÊU¾ÀÌ�Â�ÊUÃ�¿
¿ÏÑJ	�ÕAÃlÍ�ÉwÄ�¾�Ç�ÕAÉwÄÏÁ\ÉwÄÏÂ�ÊU¾ÀÉwÇz¾ÀÇUÊHÉe¿ÏÑOÐO¿ÏÃAáCÑOÃAÇHÊ�Á�ÄSÉ+ÕAÃA¿Ï¿S¾ÀÇOÅw×
R ä ß0ß*Þ\;�âJá1Ü ä àÀâJà¸·æÛlÞÎß0Ü ë â'á1Ü ë Þ ¼ Þ¢ß�? �
¼�½OÃ�ßOÉwÌ�¾�Ç�ÂwÇHÊ�ÕAÉwÌ�ÁOÑ0ÊUÂ�ÊH¾�ÉwÇ�ÂwÈ1Õ�Éw¿ ÊH¿�¾�Ç7ÉuÑOÄ�ÉwÁnÊH¾�Ì�¾ÀèAÂ�ÊH¾�ÉuÇ!ÂwÄS¾À¿SÃ}Í�ÄÏÉwÌ ÊUÄÏÂJÆOÃAÄÏ¿S¾ÀÇOÅ
ûÒÂwÇOß ÌgÂuÁOÁO¾ÀÇOÅwügÁO¾_ä\Ã�È�¿e¾�Ç ÃAÂwÕJ½£¾�Ì�ÂwÅuÃAà}ÂwÇ�ß£ÂwÕ�ÕAÑOÌ`ÑOÈÀÂ�ÊU¾ÀÇOÅ�ÅwÈÀÉwÐOÂuÈ�ßOÃAÄÏ¾_Æ�Â�ÊH¾_ÆOÃA¿Ï×
ã�ÑOÄ�¾ÀÌgÁ�È�Ã�ÌgÃ�ÇHÊUÂ�ÊH¾�ÉwÇ;Ìg¾ËÊU¾ÀÅwÂ�ÊHÃA¿~ÊU½OÃ�¿SÃ�ÕAÉw¿ÒÊU¿�Ýl¾_ÊH½;¿SÃcÆ~Ã�ÄSÂwÈUÊUÃ�ÕJ½OÇO¾Àá+Ñ�ÃA¿S×�ö�¾�ÄÏ¿ ÊUà+ÉwÇOÈËÞ
ÁO¾Ëä\ÃAÈÀ¿vÊU½�Â�Ê}ÂuÕsÊUÑ�ÂwÈ�ÈËÞGÌgÂuÁlÊUÉ`Â�Æ�ÂwÈÀ¾�ßeÁO¾_ä\Ã�È1¾ÀÇ`ÊU½OÃ�ÂwßnåsÂwÕ�ÃAÇHÊ�¾ÀÌ�ÂwÅwÃ�ÂwÄSÃ�ÊUÄSÂØÆOÃAÄS¿ÏÃAßO×
¼�½O¾À¿;¾À¿lÂwÕJ½O¾ÀÃsÆ~Ã�ß�ÐHÞ£ÕAÉwÌ�ÁOÑnÊH¾�Ç�ÅGÂGÐ�ÉwÑOÇ�ßOÂwÄ Þ Í�ÉuÄ�ÊH½OÃgÉJÆOÃAÄÏÈ�ÂwÁ8ÄSÃ�Åw¾�ÉuÇ�Í�ÄSÉuÌ ÊU½OÃ
Ý�ÂwÄSÁ�à1ÂwÇOßlÊUÄSÂØÆOÃAÄS¿Ï¾�Ç�Å�ÁO¾_ä\Ã�È�¿�ÉwÇ�È_Þ�¾ÀÇO¿S¾ÀßOÃ�ÊU½�Ã�Ð�ÉwÑOÇOßOÂuÄ Þ�×���ÃAÕAÉuÇOßOà�Ý�ÂwÄSÁ�ÃAß-¾�Ì�ÂwÅwÃ
Õ�É�ÉwÄÏßO¾ÀÇOÂ�ÊUÃ�¿�ÂwÇOß�ÊU½OÃ�¾�ÄrßOÃAÄÏ¾_Æ�Â�ÊH¾_ÆOÃA¿�ÂwÄSÃ�ÕAÉuÌgÁ�ÑnÊUÃ�ßG¾ÀÇOÕAÄÏÃAÌ�ÃAÇHÊUÂuÈ�ÈËÞ8Âw¿�ÃAÂwÕJ½�¾�Ì�ÂwÅwÃ
¾À¿¡ÊUÄSÂØÆOÃAÄS¿ÏÃAßO×

¾ ¸ ¬�¹¡®`¯U°�¯Uº-» ¿kµ�¹¡©�·S«�¹

¼�½O¾À¿l¿SÃAÕcÊU¾ÀÉwÇ.ÁOÄSÃ�¿SÃAÇHÊH¿;Ð�É�ÊU½fáCÑOÂwÇHÊU¾ËÊUÂaÊU¾ËÆ~Ã-ÂuÇOß8áCÑOÂuÈ�¾ËÊUÂ�ÊH¾_ÆOÃeÄÏÃA¿ÏÑOÈ_ÊH¿`ÉuÐnÊUÂw¾ÀÇOÃ�ß8ÉwÇ
ÊH½OÃ}ßOÂ�ÊHÂw¿SÃcÊ�ÑO¿Ï¾�Ç�Å�ÊU½OÃ}¿ÏÁO½OÃ�ÄS¾ÀÕAÂwÈ#ÉuÁnÊU¾ÀÌ�¾�è�Â�ÊU¾ÀÉwÇ;ÊUÃ�ÕJ½OÇO¾ÀáCÑOÃA×$�OÃAÕcÊU¾ÀÉwÇ!õw× ¦ Ãsä\ÁOÈÀÉwÄÏÃA¿Sà
ÑO¿Ï¾�Ç�Å�ÁOÂw¾ÀÄS¿�ÉwÍ�¾�Ì�ÂwÅuÃA¿Sà)ÊU½OÃ�¿SÃ�ÇO¿S¾ËÊU¾ËÆ\¾_ÊZÞ-ÉwÍ)ÊU½OÃ¢ÊUÃ�ÕJ½OÇO¾Àá+Ñ�Ã�ÊUÉr¾ÀÇO¾_ÊH¾�ÂuÈUÆ�ÂwÈÀÑOÃ�¿v¿ÏÑOÁOÁOÈÀ¾�Ã�ß
ÊHÉlÊU½�Ã�ÉwÁnÊH¾�Ì�¾ÀèAÂ�ÊH¾�ÉwÇGÁOÄSÉ+ÕAÃ�ßOÑOÄSÃ�×��OÃ�ÕsÊH¾�ÉwÇ�õu×W�eÁOÄSÃ�¿SÃAÇHÊH¿�ÄSÃA¿ÏÑOÈËÊU¿�Í�ÉwÄrÍ�ÑOÈÀÈvÇOÉ+ßOÃ�¿�¾ÀÇ
ÊH½OÃ�Í�ÉwÄSÌ ÉwÍv¿ÏÁO½OÃ�ÄS¾ÀÕAÂwÈ�Ì�Éw¿SÂu¾�Õ�¿�ÁOÄÏÉ�ß�ÑOÕAÃ�ß�ÐHÞ!ÊU½�ÃlÂuÈ�ÅwÉuÄS¾ËÊU½OÌ�×

À�v�u NC��\Q��YÁO�\ y cfÊ
KZÇGÊH½OÃA¿ÏÃQÃcä\Á\Ã�ÄS¾ÀÌgÃ�ÇHÊU¿Sà�ÉwÁnÊH¾�Ì�ÂwÈ�ÕAÂwÈÀ¾�Ð�ÄSÂ�ÊH¾�ÉwÇ¤Á�ÂwÄSÂwÌ�ÃcÊUÃAÄÏ¿�ÂwÇOßmÊU½�Ã7ÄSÉ�ÊHÂ�ÊU¾ÀÉwÇ¤Ð�ÃsÓ
ÊZÝ�ÃAÃ�ÇéÊZÝ�Éé¾�Ì�ÂwÅwÃ�¿;Ý}Ã�ÄSÃ�ÉwÐ0ÊUÂw¾ÀÇOÃAß ÐHÞ ÉuÁnÊU¾ÀÌ�¾�è�¾�ÇOÅé¾ÀÇO¾ËÊU¾ÀÂwÈ�Æ�ÂwÈÀÑOÃA¿!ÁOÄÏÉØÆ1¾ÀßOÃ�ß�ÐHÞ
Õ�ÂwÌ�ÃAÄSÂfÕ�ÂwÈ�¾ÀÐOÄÏÂ�ÊU¾ÀÉwÇéÂwÇOß¤ÁO½HÞ\¿S¾ÀÕAÂuÈr¾ÀÇO¿ÒÊUÄSÑ�ÌgÃ�ÇHÊUÂ�ÊH¾�ÉwÇ�× ¼�½OÃAÇ�à�Ã�ÂwÕJ½éÉwÍ¡ÊU½OÃ�¿SÃzÁOÂ�Ó
ÄÏÂwÌ�ÃsÊUÃ�ÄS¿�Ý�Âw¿�Á\Ã�Ä ÊHÑOÄSÐ�ÃAßéÐHÞ ¿ÏÉwÌ�ÃQÂuÌgÉuÑOÇHÊQÂwÇOßGÊU½�Ã!ÉwÁnÊU¾ÀÌ�¾�è�Â�ÊU¾ÀÉwÇmÝ�Âw¿�ÄSÃAÄÏÑOÇO×

� ¦



¼�½OÃ!Ì�ÃcÊUÄS¾ÀÕ7ÑO¿ÏÃAßmÊUÉ�Ì�Ã�Âw¿SÑOÄÏÃ;ÊU½OÃ-¿SÃAÇ�¿S¾ËÊU¾ËÆ1¾ËÊZÞë¾À¿�ÊU½OÃ7ÇCÑOÌ`Ð\Ã�Ä�ÉwÍ�¾ËÊUÃAÄÏÂ�ÊU¾ÀÉwÇO¿�ÄÏÃsÓ
áCÑO¾ÀÄSÃ�ß�ÊHÉ�ÕAÉwÇHÆ~Ã�ÄSÅwÃ�ÊUÉ�ÊH½OÃ�ÉwÁnÊH¾�Ì�ÂwÈ�û ÑOÇOÁ�ÃAÄÒÊUÑOÄÏÐ\Ã�ßOü¡Æ�ÂwÈ�Ñ�ÃA¿S×�ã�ÁnÊH¾�Ì�¾ÀèAÂ�ÊH¾�ÉwÇ�¿�ÊH½OÂ�Ê
Õ�ÉwÇHÆ~ÃAÄÏÅwÃAß}ÊHÉ}Â}ßO¾kV\Ã�ÄSÃ�ÇUÊrÌ�¾ÀÇO¾ÀÌ;ÑOÌ Ý}Ã�ÄSÃ�ÇOÉ�Ê�ÕAÉwÇ�¿S¾ÀßOÃAÄÏÃAßO×�¼�½OÃ�ÄSÃA¿ÏÑOÈËÊU¿1ÊUÂuÐOÑOÈÀÂ�ÊUÃ�ß
Ð�ÃAÈÀÉØÝÜÂwÄÏÃgÍ�ÉuÄ�ßOÂ�ÊUÂQÉwÐnÊHÂw¾ÀÇOÃAß.Í�ÄSÉwÌ ÊZÝ}É�ßO¾kV\Ã�ÄSÃAÇHÊeÂwßnåsÂuÕAÃAÇHÊ-¾�Ì�ÂwÅuÃgÁ�Âw¾�ÄÏ¿�¾�Ç.ÉwÑOÄ
ßOÂaÊUÂw¿ÏÃsÊU×
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Image pair B
Image pair B (bandpass)

Image pair A
Image pair A (bandpass)

ö¡¾�ÅuÑOÄSÃ�ï ÿ ê�ÉuÇUÆOÃAÄÏÅwÃAÇOÕ�Ã�Í�ÉwÄ�ßO¾kV�ÃAÄSÃ�ÇHÊ;ÄÏÉ�ÊUÂaÊU¾ÀÉwÇzÃAÄSÄÏÉwÄS¿Ï×
ö¡¾ÀÅwÑOÄÏÃ`ïg¿S½OÉØÝl¿�ÄSÃA¿ÏÑOÈËÊU¿�ÉuÐnÊUÂw¾ÀÇOÃ�ßGÐHÞ8Á\Ã�Ä ÊUÑ�ÄSÐO¾ÀÇOÅlÊH½OÃlÄSÉ�ÊHÂ�ÊU¾ÀÉwÇzÂwÇOÅwÈÀÃ-û ÂwÐ�ÉwÑnÊ

ÊH½OÃ-ÄÏÉ�ÊUÂ�ÊH¾�ÉuÇ�Â�ä\¾�¿Ïü�ÐHÞ ÂGÍ�ÃsÝ ßOÃ�ÅwÄSÃ�ÃA¿S× µ É�ÊUÃ�ÊU½OÂaÊ;ÊU½�Ã7ÉwÁnÊH¾�Ì�¾ÀèAÂ�ÊH¾�ÉwÇ�ÕAÉwÇHÆ~Ã�ÄSÅwÃ�¿
Ýl¾ËÊU½O¾ÀÇ�ÂQÍ�ÃsÝ ¾ËÊUÃ�ÄSÂ�ÊH¾�ÉwÇ�¿`¾ÀÍvÊU½�ÃeÁ�ÃAÄÒÊUÑOÄÏÐOÂ�ÊU¾ÀÉwÇ8¾�¿lÉwÇQÊH½OÃgÉwÄSßOÃ�Ä`ÉuÍ�Â�ß�ÃAÅwÄÏÃAÃ�û ÊU½OÃ
ÉwÁ0ÊU¾ÀÌg¾ÀèAÂaÊU¾ÀÉwÇGÍ�Âw¾ÀÈÀ¿�ÊUÉeÕAÉwÇHÆOÃAÄSÅuÃ;Í�ÉwÄrÈ�ÂuÄSÅwÃ�Ä�ÂwÇ�ÅwÈ�Ã�¿�Ýl¾ËÊU½m¾ÀÌ�ÂwÅwÃlÁOÂw¾ÀÄ3o�üS×,KZÇmÂwßOß�¾_Ó
ÊH¾�ÉwÇ�à�ÑO¿Ï¾�Ç�ÅmÐOÂwÇOß0ÓJÁOÂw¿Ï¿`¾ÀÌ�ÂwÅwÃ�¿;ÄSÃ�ßOÑOÕ�ÃA¿�ÊH½OÃeÇCÑOÌ`Ð\Ã�Ä;ÉwÍ�¾_ÊHÃAÄÏÂ�ÊU¾ÀÉwÇO¿`ÄSÃAáCÑO¾ÀÄSÃ�ß�Í�ÉwÄ
Õ�ÉwÇHÆ~ÃAÄÏÅwÃAÇ�ÕAÃA×

ö¡¾ÀÅwÑOÄÏÃ ¦ �8¿S½OÉØÝl¿eÄSÃA¿ÏÑOÈËÊU¿7ÉwÐ0ÊUÂw¾ÀÇOÃAß£ÐHÞíÁ�ÃAÄÒÊUÑOÄÏÐO¾ÀÇOÅQÊH½OÃGÍ�É+ÕAÂwÈ�ÈÀÃAÇ�Å�ÊU½O×�¼�½OÃ
Á�ÃAÄÒÊUÑOÄÏÐOÂ�ÊU¾ÀÉwÇQ¾�¿rÃsä\ÁOÄÏÃA¿Ï¿SÃAß�¾ÀÇ�ÊUÃAÄÏÌ�¿�ÉwÍ�ÊU½OÃlÍ�ÄSÂuÕsÊU¾ÀÉwÇQÉwÍ~ÊU½OÃlÕAÉwÄÏÄSÃ�ÕsÊrÆ�ÂuÈ�ÑOÃ�× µ É�ÊUÃ
ÊH½OÂ�Ê�ÊU½�Ã�ÂwÈ�ÅuÉwÄS¾ËÊU½OÌ ¾�¿�ÄÏÉwÐOÑO¿ÒÊ`ÑOÁ�ÊUÉ�Â�Í�ÃsÝ Á\Ã�ÄSÕAÃ�ÇHÊ;ÉuÍ�Ã�ÄSÄÏÉwÄ�¾�Ç�ÊH½OÃ�Í�É�Õ�ÂwÈ1ÈÀÃAÇOÅaÊU½O×
g ÉJÝ�ÃsÆOÃAÄÏà�¾ËÊ�Í�Âw¾ÀÈÀ¿vÊUÉ�Õ�ÉwÇHÆ~ÃAÄÏÅwÃ�Í�ÉwÄ�ÈÀÂwÄÏÅwÃAÄ�Ã�ÄSÄÏÉwÄS¿�¿#Í�Âw¾ÀÄSÈËÞ�ÅwÉ+É�ß-ÕAÂwÌ�ÃAÄÏÂ�ÕAÂwÈÀ¾ÀÐOÄSÂ�ÊH¾�ÉuÇ
¾À¿�ÊU½CÑO¿�ÄSÃ�á+Ñ�¾�ÄÏÃAßQÊHÉzÁOÄSÉØÆ\¾�ß�Ãe¾ÀÇO¾ËÊU¾ÀÂwÈ�Í�É�Õ�ÂwÈ¡ÈÀÃAÇOÅaÊU½fÃA¿ÒÊU¾ÀÌgÂaÊUÃA¿Ï× µ É�ÊUÃ}ÊH½OÂ�ÊgÂzÍ�É�Õ�ÂwÈ
ÈÀÃAÇOÅaÊU½�Ã�¿ ÊU¾ÀÌ�Â�ÊUÃ�Õ�ÂwÇ�ÂwÈÀ¿SÉ�Ð\Ã�ÁOÄSÉØÆ\¾�ß�ÃAß�ÐHÞ7Ã�ÇOÍ�ÉwÄSÕ�¾�Ç�Å�ÊU½OÃ³�sr�ÕAÉuÇO¿ ÊHÄSÂw¾ÀÇHÊ î ñGÕAñmïwðuó�×

ö¡¾ÀÅwÑOÄÏÃ ¦w¦ ¿Ï½OÉØÝl¿�ÕAÉwÇHÆOÃAÄSÅuÃAÇOÕ�ÃrÐ�ÃA½�ÂJÆ\¾ÀÉwÄ¡ÑOÇ�ßOÃAÄ�Á�ÃAÄÒÊUÑOÄÏÐOÂ�ÊU¾ÀÉwÇ�ÉuÍuÊU½OÃ�Á�ÄS¾ÀÇOÕA¾ÀÁOÂwÈ
Á�Éw¾ÀÇUÊ-ûÒÉwÇOÈËÞfÄSÃ�¿SÑOÈËÊU¿�Í�ÉwÄqº � ÂwÄSÃ�¿Ï½OÉØÝlÇ�½�ÃAÄSÃ�üS×�¼�½OÃlÉwÁnÊH¾�Ì�¾ÀèAÂ�ÊH¾�ÉwÇz¾À¿�á+Ñ�¾_ÊHÃlÄÏÉwÐOÑO¿ÒÊUà
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Image pair B
Image pair B (bandpass)

Image pair A
Image pair A (bandpass)

ö¡¾ÀÅwÑOÄÏÃ ¦ � ÿ ê�ÉwÇHÆOÃAÄSÅuÃAÇOÕ�Ã;Í�ÉwÄ�ßO¾kV�ÃAÄSÃ�ÇHÊ�Í�É+ÕAÂwÈ1È�Ã�ÇOÅ�ÊU½QÃAÄÏÄSÉwÄÏ¿S×

Õ�ÉwÇHÆ~ÃAÄÏÅw¾ÀÇOÅ�ÊUÉ!ÊU½�Ã�ÉwÁ0ÊU¾ÀÌgÂuÈ�Æ�ÂwÈÀÑOÃ�¿eÃcÆ~ÃAÇ.Ýl¾_ÊH½%¾ÀÇO¾_ÊH¾�ÂuÈrÃ�ÄSÄÏÉwÄS¿gÉwÍ�ÊHÃAÇ£ÉwÄ}ÊZÝ}Ã�ÇUÊZÞ
Á�ÃAÄÏÕAÃAÇHÊH×�¼�½O¾�¿`ÕAÉwÇ�âOÄSÌ�¿rÊH½OÃ�Æ�ÂuÈ�¾ÀßO¾ËÊZÞ ÉwÍvÊU½�Ãe¿Ï¾�Ì�ÁOÈÀÃlÊH½OÃAÉwÄÏÃsÊH¾�Õ�ÂwÈ�ÌgÉ+ßOÃ�È�¾ÀÇ ��ÃAÕsÓ
ÊH¾�ÉwÇû�w×k�w× ¦ ×�ì�È�¿ÏÉwà�ÇOÉ�ÊHÃ�ÊH½OÂ�Ê�ÊU½OÃ�Õ�ÉwÇHÆ~ÃAÄÏÅwÃAÇ�ÕAÃ�Ð�ÃA½OÂØÆ\¾ÀÉwÄ�Ç�ÃAÃAßGÇOÉ�Ê`Ð\Ã�¿ÒÞ1Ì�Ì�ÃsÊHÄS¾ÀÕ
Ð�ÃsÊZÝ�ÃAÃ�Ç!Á\Éw¿Ï¾_ÊH¾_ÆOÃ}ÂwÇOß-ÇOÃAÅwÂaÊU¾ËÆ~Ã�Ã�ÄSÄÏÉwÄS¿ ÿ ¾�Ì�ÂwÅuÃA¿�ÂwÄÏÃ�Âu¿ Þ\Ì�ÌgÃcÊUÄÏ¾�Õ}¾ÀÇ7ÅwÃ�ÇOÃAÄÏÂwÈÀà\ÂwÇ�ß
¿Ï½O¾�Í ÊH¿-¾ÀÇ.ÊH½OÃgÊHÄSÂwÇO¿ÏÍ�ÉwÄSÌ�Â�ÊH¾�ÉuÇ£ÐHÞ�Â�Í�ÃcÝ ÁO¾_ä\Ã�È�¿`ÊHÉzÊH½OÃëÚZÄS¾ÀÅw½HÊUÛ�Õ�ÂwÇ.Þ\¾ÀÃAÈÀß8Æ~Ã�Ä Þ
ßO¾kV�ÃAÄSÃ�ÇHÊ�ÄÏÃA¿SÑ�È_ÊH¿�ÊH½OÂwÇz¿S½O¾ÀÍ ÊU¿�ÊUÉ}ÊH½OÃmÚcÈ�Ã�Í ÊUÛw×

À�v�È Ä bq_@Y w 	@] y � yvx \�] y bdÉ
ö¡¾ÀÅwÑOÄÏÃ ¦ �G¿S½OÉØÝl¿�ÕAÉuÇUÆOÃAÄÏÅwÃAÇOÕ�ÃzÄSÂ�ÊHÃA¿�Í�ÉwÄ`¾�Ì�ÂwÅuÃA¿�Í�ÄÏÉwÌ ÊZÝ}É�ÇOÉ+ßOÃ�¿S×�¼�½OÃ!ÅuÄSÂwÁO½
ÁOÈÀÉ�ÊH¿;ÊUÉ�ÊHÂwÈ�ÁO¾Ëä\ÃAÈ}ÈÀÑOÌ�¾ÀÇOÂwÇOÕ�Ã��'�Oç ÃAÄSÄÏÉwÄ!ÂwÕ�ÄSÉw¿Ï¿!ÂwÈ�È�¾�Ì�ÂwÅuÃA¿!¾ÀÇëÂ¤Ç�É�ßOÃ�Âu¿`ÊU½OÃ
ÉwÁ0ÊU¾ÀÌg¾ÀèAÂaÊU¾ÀÉwÇ�ÁOÄÏÉ�Õ�ÃAÃ�ßO¿S× µ ÉaÊUÃ�ÊU½OÂ�ÊlÊU½�ÃeÃ�ÄSÄSÉuÄ`ßOÃ�ÕAÄÏÃAÂw¿ÏÃA¿�Í�Âw¿ÒÊUÃ�Ä`ÂØÝ�ÂJÞ£Í�ÄÏÉwÌkÊU½OÃ
ÉwÁ0ÊU¾ÀÌ;ÑOÌ5¿�ÊU½�¾�¿�¾À¿�ÕAÉwÇO¿Ï¾�¿ÒÊUÃ�ÇUÊrÝl¾ËÊU½�ÊU½OÃ�uR�/ÿ úsM�ÿ Sª��}�ÕAÉwÇHÆOÃAÄSÅuÃAÇOÕ�Ã`ÄÏÂ�ÊUÃ�¿rÅuÑOÂwÄSÂuÇUÊHÃAÃ�ß
ÐHÞ´��ñ ÉwÁnÊH¾�Ì�¾ÀèAÂ�ÊH¾�ÉuÇQÇ�ÃAÂwÄ�ÊH½OÃ�Ì�¾�ÇO¾ÀÌ;Ñ�Ì î ��ÕAÂwò��uó�×�ì�È�¿ÏÉwà¢ßOÑOÃ�ÊHÉ�¿SÈÀ¾�Åw½HÊlÃ�ÄSÄSÉuÄS¿�¾ÀÇ
¾ÀÌ�ÂwÅwÃ�Í�ÉuÄSÌ�Â�ÊU¾ÀÉwÇ7ÂuÇOß!ÑO¿SÃ�ÉwÍ¢ßO¾À¿SÕAÄÏÃsÊHÃ�¿SÂwÌ�ÁOÈÀ¾�Ç�Å�ÊUÉ�Ã�¿ ÊU¾ÀÌ�Â�ÊUÃ�ÊH½OÃ}Ã�ÄSÄSÉuÄ�Í�ÑOÇOÕcÊU¾ÀÉwÇOà
ÊH½OÃ!ÉwÁnÊH¾�Ì�¾ÀèAÂ�ÊH¾�ÉwÇ ÕAÉuÇUÆOÃAÄÏÅwÃA¿�ÊUÉ�ÂfÇOÉwÇ0ÓJèAÃ�ÄSÉ7Æ�ÂwÈÀÑOÃA× ç�Ã�¿SÁO¾ËÊUÃ�ÊH½O¾�¿Ïà�ÊH½OÃ!Ì�Éw¿SÂu¾�Õ�¿
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