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After 100 iterations of joint point/line detection
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ê ûUû(íAòBëOåZæ+æ?ðfëOç�ï æ�ñiäeï ëOå[ï ðWë3å5æ�ö"æ ê ñ3ôZç3æJö"æ�ð<ëpö ê ëOç�ï ý ê ç3æ+þ<ðZí�ä�ð ú ëOåZæ+ëOç ê ð5ñ�û ê ë�ï í�ð­ö ê ëOç�ï ý)ÿ
Ç ì\í:ç3çOæ�ñ3õMí�ð[î5ï ð ÷ ëOí�ëOåZæ Ú Ö��OØ Ç�Ú?É æ<û æ<öoæ�ð<ë3ñ�äXï ëOå[ï ð�ë3å5æqæ?ýfõ ê ð[îaæ<î�ö ê ëOç�ï ý É ö ê���� æqç3æJö"í���æ<î ���
ñ3ô � ëOç ê ìKë�ï ð ÷ ëOåZæ�ìKæ?ðfëOç3æ ítòAö ê ñ3ñ^íAò�ëOåZæeò;æ ê ëOôZç3æ?ñ^äXï ë3å%ï ð7æ ê ìkåbò;ç ê ö"æ<ø�ù(å5æeö"æ ê ñ3ô5ç3æ<ö"æ?ðfë�ö ê ëOç�ï ý	 äXïUûUûMëOåZæ?ð�å ê ��æ ê ç ê ðZþpítòGëOåZç3æ?æ<øsù(åZæqñ�ì ê û æ<îsí:ç3ëOåZí ÷ ç ê õZå%ïnì ê ñ3ñ3ô[öoõZë�ï í�ð
ïnö"õ%ûnï æ?ñ�ëOå ê ë�ëOåZæ
ì ê öoæ�ç ê ö ê ëOç�ï ý à å ê �:æ+ï ëOñ�ç3íaä ñ�
 Õ Ö?Ö ÇÏÚ/ÉOéKÕ Ö?Ø Ç�Ú/ÉZË?Ë�ËGé\Õ Ö?Ù Ç�Ú?É
��ê ð[î�
 Õ Ø`Ö ÇÏÚ/ÉOéKÕ Ø`Ø Ç�Ú/ÉZË?Ë�ËGé\Õ Ø`Ù Ç�Ú?É
��� æ
í�ç3ëOåZí ÷ í�ð ê û ê ð%î7íAòtæ���ô ê ûGû æ?ð ÷ ë3å�ò;í:ç�æ ê ì�å�òuç ê ö"æ Ú ø
� ð�õZç ê ìKë�ïUìKæ ú ë3å5æ�ö"æ ê ñ3ôZç3æJö"æ?ðfëqö ê ë3ç�ï ý+äXïUûUûtðZí�ë � æ�þfð5íaä ðDæ?ý ê ìKë�û �Jú îaôZæ�ëOí�ö"æ ê ñ3ôZç3æJö"æ�ð<ë

æ?ç3ç3í�ç�ø � ðZñ3ëOæ ê î úwê ð�æ�ñ3ë�ïnö ê ëOæ��	 ï ñ ê � ê ïnû ê�� û æ ú òuçOíAö­ä å[ïUìkå�ëOåZæLì ê ö"æ�ç ê7ê ð[îXñ3ë3ç3ô%ìKëOôZçOæiö ê ë3ç�ïnì\æ�ñ
ö�ôZñ3ë � æ�îaæ�ëOæ�ç�öLï ðZæ<î5ø�ù(åZæ�ö ê ëOç�ï ý�ì ê ð � æ�ä�ç�ï ëOë3æ?ð ê ñ ê�� ï ð ÷ ô%û ê ç�� ê û ô5æ���æJìKítö"õMí�ñ�ï ë�ï í:ð Ç�� ��� É
�	 Ä�� �"! # ä�å5æ�çOæ%$ ê ð[î�& ê ç3æcí�ç3ëOåZí ÷ í:ð ê û:ö ê ë3ç�ïUì\æ�ñ ê ð[î�'­ï ñ ê îZï ê,÷ í:ð ê û:ö ê ë3ç�ï ýoíAò�ñ�ï ð ÷ ô[û ê ç
� ê û ôZæ?ñ�ø)(oñ3ñ3ô[öLï ð ÷ ëOåZæ7æ�ñ3ë�ïnö ê ëOæ<îDö ê ëOç�ï ý)ï ñiì?û í�ñ3æqëOí�ë3å5æ ê ìKëOô ê û^ö"æ ê ñ3ô5ç3æJö"æ�ð<ëiö ê ëOç�ï ý ú ë3å5æ�ð
í�ð[û � ëOåZæ+*5ç3ñ3ërëOåZç3æ?æXñ�ï ð ÷ ô%û ê ç,� ê û ôZæ�ñräXïUûUû � æeíAò ê ð � ñ�ï ÷ ð%ï *%ì ê ð[ì\æ<ø�-fæ�ç3ítï ð ÷ í�ôZërëOåZæXçOæ<ö ê ï ð%ï ð ÷
� ê û ôZæ?ñcëOí ÷ ï �:æ �/. ÷ ï �:æ�ñ^ë3å5æ ç ê ð5þ 0�ö ê ëOç�ï ýXä�å%ïnì�åbï ñ�ì�û í:ñ3æ?ñ3ë^ë3í�ëOåZæ æ�ñ3ë�ïUö ê ëOæ<îqö ê ë3ç�ï ý�ï ð ê û æ ê ñ3ë
ñ1��ô ê ç3æ?ñeñ3æ?ðZñ3æJø�ù(å5æpì ê ö"æ?ç ê+ê ð[î�ñ3ëOç3ô%ìKëOôZç3æbö ê ëOç�ïUìKæ?ñ�äXïUûnûMëOåZæ?ð�ìKí�ç3ç3æ?ñ3õMí�ð[î�ë3í à Ä2� �43 Æ � Ê
ê ð[î á+Ä�� 3 Æ � Ê ! # ø

ù(å5æ�õ ê ç ê ö"æ�ëOæ�çOñ ã ä�æ?ç3æeòuí�ôZð%î"ôZñ�ï ð ÷ ëOå5æXìKæ?ðfëOç3æ íAòAö ê ñ3ñcíAò:ë3å5æXì\í:ç3ð5æ�ç^õMíAï ð<ë3ñ útê ð[î à ê ð[î
á ä�å[ïUìkå � æ�ñ3ëeñ ê ë�ï ñ�ò � æ���ô ê ë�ï í�ð ÇOÈ:É å ê ��æ � æ?æ�ð}æ�ñ3ë�ïnö ê ë3æJî+ô5ñ�ï ð ÷ ë3å5æ � ����øBù(åZæ?ñ3æsñ3ítû ô5ë�ï í:ð5ñ ú
å5íaä�æ5��æ�ç ú1ê ç3æ�ðZí:ë ôZð%ï6��ôZæ�ñ�ï ð[ì\æ

	 Ä
à�áLâ}ãzÄ
à/798;:,7 Ç áLâ=< É â}ã?>}à@<

ò;í�ç ê ð � ï ðA�:æ?ç3ë�ï � û æ�ö ê ëOç�ï ý 7 ê ð[î+ë3ç ê ðZñ�û ê ë�ï í:ð ö ê ë3ç�ï ý < ø � ð ê îZî5ï ë�ï í:ðTëOí�ë3å%ï ñ ú ë3å5æ�ç3íaä ñ7ítò
ëOå5æ�ì ê öoæ�ç ê ö ê ë3ç�ï ý à îdí+ð5í:ë�ñ ê ë�ï ñ�ò � ëOåZæLí�ç3ëOåZí ÷ í:ð ê ûUï ë � ç3æ���ô%ï çOæ<ö"æ?ðfëOñ�ø+ù(åZæpö ê ëOç�ï ý 7 ì ê ð
� æTì�åZí�ñ3æ�ð
ëOí}ñ ê ë�ï ñ�ò � ë3å%ï ñDì\í:ð5ñ3ë3ç ê ï ðfë úB� ô5ëiëOåZæ?ç3æbñ3ë�ïUûnû(ç3æJö ê ï ð ê ö � ï ÷ ô%ï ë�ï æ�ñ�ï ð
ë3å5æbñ3ítû ô5ë�ï í:ð ú
ï ð%ì�û ô[î5ï ð ÷
ê ð ê ç � ï ëOç ê ç � ç3í�ë ê ë�ï í�ð ú ñ�ì ê ûUï ð ÷Aú�C ï õZõ%ï ð ÷
ê ð[îpë3ç ê ðZñ�û ê ë�ï í:ð)íAò^ë3å5ævì ê öoæ�ç êDê ð%îD0E�
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Comparison of trajectories of point 684

 

 
Ground truth
Tomasi and Kanade
Steepest descent
Iterative Least Squares
Shums method (160 iterations)
Shums method (2000 iterations)
Jacobs method
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Comparison of trajectories of point 684 with outlier removal

 

 
Ground truth
Tomasi and Kanade
Steepest descent
Iterative Least Squares
Shums method (80 iterations)
Shums method (800 iterations)
Robust Shums
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Using robust or non−robust stages for refining/initialising
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Using the first camera matrix solution
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Using the second camera matrix solution
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Using the point factorisation camera matrix solution

50 100 150 200 250 300 350 400 450 500 550

50

100

150

200

250

300

350

400

����������������� �"!$#&%�')(+*-,�.�'/%�0-!�.2130 4�5�16,�(879%-:;!$0<(879=&.2(879%&5-,�0<%-:?>�,�*�164�')(80<,�16(84�7


�@



ACBED�F�G�D�H	G�I�J�K�L

M NPORQ9S&TUS�VXWYN�ZPVXW\[ ]_^ NPWa`	b�M cE]edUSgfYhEikjlQeSgMm^ naWEdUO�o)N�O ORQ�M N9cpORWpN9WEORSg`qdUWa^rORQ9SsTUSgZ9MtoucYdvoE^ TkM T
ORQ_ouOwOUQeSkWYdvM SsN�O�o)OvM WENeTxWa`�OUQeSkdRS�nedUW9y+S�V/ORS�Zz[mM N9SsTxTUS�S�^|{�]_M OUS}oEVsVX]edvouORS�~��9]eOxORQ9S�OUd�ouN9Tv[to)OvM WEN�M T
� o<�kWY��i�j�Q�M TwM N_Z9MtV�o)OUSsTCORQ�o)O�ORQ9S��edUTUO�n_oudUO�Wa`�OUQeS�oE[ cYWEdvM ORQ�^�M T � WEdU��M Nec�ouTwM N�ORS�N_Z�S�Z9~��9]eO�ORQ9S
dRS�TU]_[ O�M N9c�VsoE^ Ssdvok^ko)OUdvMtV/S�T�oudRS�M N_VXW\^ n�o)OvM ��[ S � M ORQgOUQeSxWE�eTUS�dU�YS�Zg[tM N9SxORdvo)N9Tv[touO�M WYN9Tvi

j\WxOUSsTUO � Q9S�ORQeS�d�ORQ9S�`+o)]�[ O � M ORQ�ORQ9S�����j?�e����V/W�Z�S � ouT�OUQeS�oY[ cYWEdvM ORQ�^�M OUTUS�[t`8~YOUQeS�VsoE^ Ssdvo
^�ouORdvMtVXSsT � S�dUS�dUS�V/Wa^ ne]9ORS�Z�]eTvM N9c�o}naWaM N�O;�_ouTUS�Z `+oEV/OUWYdvM TvouO�M WYN¡^ S�ORQ9W�Z9irjlQ9SsTUS¢SsTUOvMt^kouORS�T
� S�dRSgOUQeS�N£]9TUS�Z�M N£OUQeSgTUS�V/WEN_ZPn�o)dUOkW\`�ORQeS¤oE[ cEWYdvM OUQ_^¥OUW�Z�S�ORSsdv^kM N9SgORQ9S�[mM N9S�OUd�ouNeTv[mo)OvM WENeTvi
j�Q9S¦dUS�nedUW9y+S�VXO�M WYN9T"Wa`aORQ9S�dRS�TU]�[ O�M NecP[tM NeS�T&`qdUW\^§OUQeS�n�SsN�O�oucYWEN¨o)dUS¦T<QeW � N¨M N}OUQeSp[touTUO�Z9MtoucYdvoE^
M NzOUQeSkTUS�VXWYN�Z�V/Wa[ ]�^�N�W\`�blM cE]edUS�fYhEipjlQ�M TxdUSsn9dUWey+S�V/OvM WEN�M T�^?]�V3Q©^ WEdRS�oYV�V/]9dvo)OUS�i�ªeM N_VXS�ORQ9S
M N_Z9M ��MtZ�]_oE[�V/Wa^ naWEN9SsN�ORT�W\`\ORQ9S�[mM NeSx��ouTUS�Zg`8oYVXORWEd�M Tvo)OvM WYN«o)n9naS�o)d�ORWk��Sx��SsQ�oU��M N9c�o)T�S�¬�n�S�VXORS�Ze~
M OCTUS�S�^ T¦o)T�OUQeWE]ecEQ�M OxM T�ORQ9SkVXW\^���M N9S�Z�oY[ cYWEd�M ORQ�^ � Q�MtV3Q�M T¦ouOx`+ou]_[ O�i�­/NpTU]�^k^ko)dU��~�[tM N9S ��o)TUS�Z
`+oYVXORWEdvM Tvo)OvM WEN£o)n9n�S�oudRT ORW;��S�Ss¬�ORdUS�^�S�[ �gTUS�NeTvM O�M �ES�ORWz^ S�o)TU]9dUS�^ SsN�O�SsdUdUWYdv~lZ�S�TUn_M ORS�ORQ9S�dUSsTU]�[ OUT
dRS�naWEdUORS�Z&���z®C]�o)N¤ouN�Zg¯xo)N�oYZ�S�i�­�O�M T�NeWEO?dRS�VXW\^k^ SsN�Z�S�Z&OUQ_ouO�[tM N9S�oud�`qS�o)OU]edUS�T?��Sx]eTUS�ZgoE[ WYN9S
o)T?n�oudRO?Wa`�ouN��z`8oYVXORWEd�M Tvo)OvM WEN¤^ SsORQ9W�Zei

° ±³²¤´�µ�¶	·¨¸l²©¹�º�´�´C»Y¼�½

jlQeS�TUOUdU]_VXOR]9dRSk`qdUW\^¾^ WYOvM WEN;TUO�oucYS dRS�TU]�[ ORTxM N�o�TUSsO�Wa`�V�oY^ Ssdvo�n�WETUSsTx`qWEd�S�oYV¿Q;Wa`$ORQ9S�Mt^koucYS
`qdvoY^ S�Tv~�o)N�Z�o¢TUSsO�Wa`�n�W\M N�OUT�M N�ÀYÁ i�Â Q9SsN�^ W�Z�S�[t[mM N9cÃo¢�9]�Mt[tZ9M N9c\~�OUQeS�TUSznaWaM N�ORT¤o)N�Z�o)N��
V/WENeN9S�VXO�M N9c�[tM NeS�Tv~�oudRS�OUQeS�WYdUS�O�MtV�oY[m[ �ÄoE[t[�ORQ_ouO � WY]�[tZ¢��S�NeS�V/S�TUTvo)dU�¤ORWzn9dUW�Z�]_VXS�o � M dUSsÅ-`qdvoY^ S
^�W�Z�S�[�Wa`�ORQ9SPT�V/S�NeS�i¡­�N�nedvoEV/OvMtV/S�~?Q9W � S��YS�d�~�NeWEO�oE[t[�Wa`�ORQ9S�Mm^ naWEdUO�o)N�Op�ESsdUOvMtV/S�T � Mt[t[�Q�oU�ES
�aS�SsN«Z�S�ORS�V/OUS�Z}o)N�Z�ORdvoYV¿�YS�Ze~eTU]en�S�dRÆ9]9WY]9T�naWaM N�ORT � Mt[m[$��SxOUd�oEV3�ES�Z9~_o)N�ZgM N_Z9M ��MtZ�]_oE[$n�W\M N�ORT&^�o<�
Q_o<�YS�[toudRcES�S�dUdRWEdUT�M N¢ORQ9S�M d�S�TUO�Mm^�ouORS�Zkn�WETvM O�M WYN9Tvi�jlQ_M T TUS�VXO�M WEN£Z�S�TvV/dvM ��SsT�O � Wz^ SsOUQeW�Z�T � Q_MtV¿Q
o)OROUS�^ n9O�ORWÄZ�S�oY[ � M ORQ©OUQeS�TUS�nedUWE�_[ S�^ Tvi¡ª�]9�eTUS�V/OvM WYN©Çaitf¤ouORORS�^ neOUT�OUW�dUS�Z�]�V/S�OUQeS�Ss��S�V/O�W\`
M N_oEVsVX]9d�ouORS"naWaM N�ORT����&n�SsdUOR]9dU�_M Nec�ORQ9S�n�WaM N�OUT Vs[ WYTUS�d�OUW;o�^ W�Z�S�[ � M ORQ�n_[mo)N�o)d `+oEV/S�ORTvi�bYW\[m[ W � M N9c
ORQ_M Tv~Cª�]e�9TUS�VXO�M WYN«Ç\imÈkORdvM S�T�ORW£Z�S�oY[ � M OUQ¤OUQeS;nedUWE�_[ S�^ÉW\`lTU]en�SsdUÆ9]eWE]eT�n�W\M N�OUT�����TUSsca^ SsN�O�M N9c
cYdUWY]9neT�W\`\ÀYÁ�n�WaM N�OUT?M N�ORW n�[to)N�oud�dUS�c\M WEN9Tvi�Ê	S�M OUQeS�d?^�S�ORQ9W�Z�n�Ssdv`qWEdv^ S�Z � S�[t[m~eo)N�Z�oudUSwZ�SsTvVXdvM ��S�Z
^�WETUO�[ �;`ËWYd�VXW\^ n�[ SsOUSsN9SsTUTvi��©�aS�OROUSsd�o)n9n9dRWaoYV¿Q�TUSsS�^ T�ORW�M N��YWa[ �ESxZ�SsN9TUSx^kouO�V¿Q_M Neca~ � Q9SsdUS¦Z�S�neOUQ
SsTUO�Mm^ko)OUSsT�oudRS�V/Wa^ ne]9ORS�Z¢o)O�Ss�ESsdU��n�M ¬�S�[ � M ORQ�M N¢ORQ9SpMm^�oucYS�i�Á�SsN9TUS�^�ouO�V¿Q_M NeczM T�Z�SsTvVXdvM ��S�Z¢M N
^�WEdUS�Z�S�O�oEMt[�M N¤ª�S�V/OvM WEN¤ÌYi

Í�Î-Ï Ð�Ñ	Ò�ÓaÔÖÕØ×xÙ�Ú-Û&Ü�Ý�ÓaÚ-×"Þ

jlQeS�WY]9ORn9]eO�Wa`�OUQeSw`+oEV/OUWYdvM TvouO�M WEN�^ SsOUQeW�Z?��M S�[tZ�T�TUSsOUT�W\`�naWaM N�ORT � M ORQ�NeWaM TU��Z�S�neOUQ�SsTUOvMt^ko)OUSsTvi
ª�Wa^ S�Wa`�ORQ�M T NeWaM TUS�VsouN���S�dUS�Z�]�V/S�Z����g]eTvM NeczoYZ9Z9M O�M WYN�oY[\��N9W � [ S�Z�cYS�W\`�ORQ9S�TUOUdR]�VXOR]9dRS�T���S�M N9c
Mt^ko)cES�Z9~�M N¢ORQ�M T�V�o)TUS��9]_Mm[tZ9M N9cYTvi���WETUO��e]�Mt[tZ9M N9cYTk^koU�g��S�dRS�n9dRS�TUSsN�ORS�Z����¤o;VXWYN9NeS�V/OUS�Z�TUS�O�W\`
n_[touN�o)dp`8oYVXSsOUTv~Co)N�ZgTUW¨Mt`�WENeSPVXWY]�[tZ«^�M N_Mm^kM TUS�ORQ9S�S�dRdUWEd��aS�O � SsS�N¤OUQeS�S�¬�M TUO�M N9c�TUS�O�W\`�n�W\M N�ORT
o)N�Z¨ORQ�M T¤MmZ�S�oY[x^ W�Z�S�[t~"OUQeS©Z�Ssn9ORQÃS�TUO�Mm^�ouORS�T¤VXWY]�[tZ¨��S©Mt^ n9dRW��YS�Zei|ßCN9S�TU]_V¿Qr^ SsOUQeW�ZÃ`qWEd
oYV�V/Wa^ n_[tM TUQ_M NeckOUQ_M T�M T�Z�S�TvV/dvM ��S�Z&Q9SsdUS�i

jlQeS¦�9dUTUO�TUORS�n«M N}OUQeS�nedUWYn�WETUS�Z�TvV¿QeS�^ S;M T"ORW¢Z�S�TvV/dvM ��S;o�^ SsOUdvMtV¦`qWEd�VXW\^ n�o)dvM N9c�ORQ9S¦n�W\M N�O
^�W�Z�S�[ � M ORQzORQ9S�TUSsOwWa`�n�[tou]eTvM �_[ S��9]_Mm[tZ9M Nec�^ W�Z�S�[ Tvi;ª�W�OUQ_ouOk[mM �ESgM T�V/Wa^ n�o)dUS�Z � M OUQ�[tM �ES�~�ORQ9S
naWaM N�O�^�W�Z�S�[�M T�V/WEN��ESsdUOUS�ZzM N�ORW¤o�TU]edv`+oEV/S}^ W�Z�S�[�]9TvM Nec¤o�ÈYÁ¾Á�S�[tou]eN�oU�¢ORdvMtouNecE]_[mo)OvM WYN�W\`�ORQ9S
naWaM N�ORTgo)T&ORQ9Ss�©ounen�S�o)dUS�Z¨M N«WENeS;Wa`lORQ9SzMt^koucYS�T�àáTvoU��~�ORQ9S;�9dRTUO�Mm^�oucES;W\`lORQ9S;TUS�{�]9SsN�V/S�âRi�­�O
M TxORQ9SsNzN9WEORS�ZpORQ�o)O�Mt`�ORQ9S�n�W\M N�OUT � S�dRSkORW�[mM S�WEN�ouN�MtZ�S�oE[�^ W�Z�S�[�ORQ�o)OwOUQeS�M N�OUSsdvM WEd�ouN9c\[ S�TxW\`

I�I



ã�ä�å�æ�ç�å�è	ç�é�ê�ë�ì

i

i
i

=2 edge

í�î�ï�ð�ñ�ò�ó�ó�ô õ�ö�÷2ø�ù6ú8ûEüPý<ö�ù3þ�ö-ö�ü¢ú8ü9ù6ö�ÿ)ú8û�ÿxøEü���÷2ö�����û�ÿxù���ö���ø
	-ö�ù��&û�
�ö�÷

������������������� ��� �!�#"
$���%'&����(�!)
�*� �+�-,."
����� �!�����/� 01�!23�4�5�6�
,7�98:"�� �/��;5<=�(� �>� �5�!�#"�05�+� �+?@� �
$��!�*A
A
0 �#�B�!�'� �C� ���/�4���D� 2E�!�B���*�!�����GFH"I�C�58:"�� �J��"I�K���#�'� �/�!�B��� "
��"�FL�>FM�I,N�B��O�����%KFP"
��8�"�� �J����"
�Q�4�K�/%R�
�6O
�����E�!$�ST"�FU�����V� �J������� "I�-���#��� ���1"�FL�!���E������������� �B�1�!�#"I$(��%W&��YX�Z[;*<=�(� �*� �C�#"I�-,N"
���!�/,.�-FP"
�C�!��$#�
,."
���#�B�!�\&�$#��O�� �]�����!���\"
�]���#�_^@������`��/��%]%#�4���'0>� ���+���#�_ab���!��� �K,N"I�!�#�B�K%c�����6,N��"
��O[� �K� ����)d�D%R���/�
�������eSC"
�!�*"�F��!���V�!���I,7f
�/%gFP�/�4�!$��!�B�Q�����_��"
�*���!$��h,."
���#������;i<@�������/FP"
�!�6O��!"+8#��"L%R$(,N�j�+SC"I�!�
�I,�,.$#�������eFM�
,.���W��� f
�eSC"d%c�6�DOU"
���e,."
$(��%+SC"d%#��FH2Q���#�_%c�B8#���+�!"j� "L,B�
��� 2kS-� �(��S-� �!�-�!���eFH"���� "�0>� �#�
����$���� �!����,�,."
�!�>FP$#��,N��� "
�

lnm
o p

q o7r p[s X�Z
t!u
v w XIx

0 �#�B�!� q o7r p � �y�����K� �/�!�B��� "
�>�4�#��� ��"�F����#��z����V������������� ��0>� ���{�C)
�B�!�!�B|3��� 8:"�� �/�5}4OU�4�(%'~�� �y�!"�SC�
8�"
��� ��� )I�3� �J���B�
�B��;{��F ,."
$��!�!�/O(�!���K��� "
&��
��S-� �(��Sy$(S���"e���(� �9,."
�!�>0>���D�U"L,B,N$���0 �#�����
���U"�F=���#�
8�"�� �J���\��� �C"
�]�G������8(�������/O/&#$��\� "L,B�
�/�!�6����,7�9���/,7�#���D��$#�B� 0>���D�/������%���"E�B�(%�$�8+� �+� "d,��
�dS-� ���DS-�IO
0 �(��,��Q�������
� �k��� ���/�4�C�/%R�
�B�*�4�(%K8��D�4�(�4�-F��I,N�B�!��O�05�(��� �YSC"
�!��� 2V�!�6%c$(,B� �#���!8�� fI���-���G�!���'��|/8:�����!�
"�F��!"I$#��%#� �#�-�!"�SC�K,N"I�!�����!��;

<@���{��&:"�)
�{FP$#�(,.��� "I��,B���k&:�{S-� �(��S-� �!�/%Q$#��� �#�]�
���
%�� �B�J�_%c�B��,N�B�J�-"
�_,."
�#�M$��������Y�
���I%#� ���/�
SG�����#"d%c��;Y�="I�!�]"�F����#���!�-���/� 2e"
�]`��(%#� �#�Y���#�-�I���
%�� ���/��"�F����#�_FP$#��,N��� "I�]0>� �!�]�!�B�!8:�6,N����"Y���#�
%R��8�����%c�B�J��)��4������&(� � w úM�8ö�� �!���g%R��8��!�������/�I,���8:"�� �/��x!;�<@�(� �+,B����&:�k,��I�D,.$(�������/%{$#��� �#�h���#�
��"
������� "
�Q"�F[?@� �I$#�!�YA
XI;����-,��4�3&��E�!�B���Q�!�����C05�#�B�3"I�#�'"�FL���#�Y,N"
���#�B�!�*� �1�!�(��FP�!�6%W&/2h�>�RSE�
���
�ISC"I$#�J��O��!�B8#�����!�B�J���/%'&/2W�!����)
�6,N��"
�>�R�[O����#�B�

,."
� w q t � � q t x m w�� � �R��x!�P�� � � �R� �D� � �
� w�w7� � �R��x!�P�#x � � �

w � � � t � �R��� � x � � �
� � � �� � �

A
� � � t s

�R�#� �� � � � w7� � w � � �R��x!x

� ,N"I� q t s � �P�� � ��� � �
�R�#� �� � � t �

�R���H�
� � �D� � �

é��



���
�y (¡��£¢�¡�¤�¥�¦�§

2

3

1

c

dz

a

b

¨5©�ªJ«�¬6­]®/¯£°-±=²6³'³µ´C³·¶�¸º¹�»'¶�²6¼6½#¾�¿�½#¾'À6³�Á:¸�²�¹6½e¸�²6³'¿�½#¸�³�Â4¿�¹6Â�¼
½�¾�ÃÄ³�Å1¹�»'¼�¸�Â4¿M¼6½#¾�ÆJÃÄ¼6Â�Å·³Ç¾�È'³�½#¸

É'Ê Ë!Ì�Í

Î ÌIË�Ï!Ð·Ñ5ÒkÓ/Ð·ÑIÔÖÕ Î Ì
Ë(Ð·Ñ5×QË�Ø Ù>Ð·ÑIÓ/Ð·Ñ

ÚPÛ Ì�Ü�Ý5Þ�Ø Î Þ(Í�Ó/Ð Ñ
ß Ó/à ÎBá ÙVâ:ã Î�á Ê Î.ä Ê á�å ã/æEÝ5Þ�ã�ÙhÓ�çéèëê ì
íBì
íBÓ/àBî�Í#Ý Þ#ã Û ã å Þ#ãWàBï Î ÌJÌ Û æ#Ø Ù á4å ã Î Ì Û!Û ãBïË!ð�Ì
Ù�æcË å Ì å Þ#ãKæRã�ð å Þ+Ø Ù å Þ�ã�ñ Û Ë å Ø�Ü á�ò ã ÚPÛ á ÜCã/ó ô@Þ#ã Ú Ì Û Ü ä Ê á Ú Ì Û Ó/Ð·õ ß Ó/à Î�á ÙYâ:ã1Ì
â å�á Ø Ù�ã/æ�âJöË ä â#Ë å Ø å!ä�å Ø Ù ò9÷ Ú Ì Û�ø Ø Ù å Þ#ã á â:Ì�ù
ã á Û ò
ä ÜCã�Ù å ó�ÉEÊ Ë!Ì�Í#â�ã Î�á4ä Ë!ãWÐcú@ÒûÐ Ñ ÒgÐ õ èûü Û ã ò�á Û æ#Ê ãBË!ËGÌ Ú
å Þ�ã�ð:Ì�Ø Ù å æcãBð å Þ#Ë�Í å Þ#ãBÙ

Ó/ÐRú
Ó6à èý× Ó/Ð Ñ

Ó6à Ò
Ó/Ð õ
Ó/à þ

ô=Þ#ã ò Û á æ�Ø ãBÙ å Ì Ú å Þ#ã Î ÌIË å Ú ä Ù Î.å Ø Ì
Ù ÎBá Ù å Þ#ãBÙYâ:ã�Ý Û Ø å!å ã�Ù á Ë

ÿ��
ÿ:à�� è����

� 	
Ð ��
 	 ×���ü

Ñ�
�� ú

	
ÿ:Ð ��
 	ÿ:à�� í

Ý Þ(Ø Î ÞQÜ á ö-â:ãbãBù á Ê ä�á�å ã/æ�Ù ä ÜCã Û Ø ÎBá Ê�Ê ö ä Ë�Ø Ù ò�å Þ#ã á â�ÌRùIã Ú Ì Û Ü ä Ê á ã/ó���Ë�Ø Ù ò�å Þ#ã��@Ê ã å�Î Þ#ã Û ï���ãBã�ùIã�Ë
ä ð£æ á�å ã Ú Ì Û Ü ä Ê á Ú Ì Û å Þ#ã Î Ì
Ù�� ä�ò�á4å ã ò Û á æ�Ø ã�Ù å ÜCã å Þ#Ìdæ#Í å Þ�ã_Ë!ã á Û Î Þiæ�Ø Û ã Î.å Ø Ì
ÙiÓ � Ø Ù å Þ�ã�� å ÞØ å ã Û á�å Ø ÌIÙYÌ Ú å Þ�ã�Ù ä ÜCã Û Ø ÎBá Ê�ÌIð å Ø�Ü-Ø Ë á4å Ø Ì
ÙYÝ\ØDÊ�Ê�â�ã ò Ø ù
ãBÙYâJö

Ó���è����\Ï�à��/ÔUÒ����/Ó � � ú í ���>è ����Ï!à��/Ô
����Ï!à�� � ú Ô

Ñ
þ

! Ù#ã>Ý á ö å ÌKãBÙ#Ë ä Û ã Î ÌIÙJùIã Û ò ãBÙ Î ã�Ø Ë å Ì Î Þ#Ì/Ì
Ë!ã å Þ#ã\Ë å ãBð_Ë�Ø "Bã å ÌKË á4å Ø Ë Ú ö å Þ�ã$#]Ì�Ê Ú ã Î Ì
Ù�æ#Ø å Ø Ì
Ù�Ë�ÍÝ Þ(Ø Î ÞYË å�á�å ã å Þ á4å Ø Ú å Þ�ã�Ù#ãBÝýã�Ë å ØDÜ á4å ã�Ì Ú å Þ#ã�ÌIð å Ø�Ü ä Ü Ø Ë&%'�)( ú è*%'�GÒ�+��-,.�JÍ å Þ�ã�Ù

¤�/



021436587�3:9;7�<�=�>@?

ACB�D'E)FHGJILK�ACB�D'EMI
N E O�P GRQ S ATBVU E I Q W-XZY\[^] _@`Ma$b)_4[dcV_4e�fV_g[ih'`.bZ] a�] hR`

Q S ATBVU�E)FHGJI Q)j P�k Q S ATBVU�ElI Q mnXZcVope�aqXZcq_g[dhR`8bZ] a�] hR`

rts _TuZcVhv[d_^fVf ] `�w\b)_^f [dc ] x�_4bye�xzh-oR_M{p|$] a s~}���� {p|�eJf�eJuZu8��] _Mb�aqh\e�fV_^a�hz��uzhz] `laqf6| s hRf�_g�R�
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FHGJI�KML'ION�L'P'Q'RTS

UWV X�VYU�V Z\[#Z^]`_a[)[TXa[Tb`cJdfehg�bi]\_a[TZ\[�]	jkgmlYnpo�[�l Z2qsrC_@[#Z\[utsvmwxZ\jynpz@Z5n{b`[)]`_@[#X|b\[#z�[}np]\[�~|ehgJb�nJl�l
g�]`_@[Tb�z�nJV b\Z�g!eMlYnpo�[�l Z2��j�_MV���_�]`_@[)n{�a]\_agJb`Z�Z\_@g2j�jiVYl�l�[#�J[#X�]`�MnJl�l d�l [�nJ~,]`g�]`_@[yg�z@]'V�U�nJl�Z\g!l �a]2V gJX�q
rC_@[Wn�~���n{X�]'npcJ[�g�e�]\_a[TZ\[Wt,v�wuZ\jyn{zaZHg2�J[#bHZ\g!l ��V X@c�ehgJbyn�lYl�g!e�]`_@[Wl�n{o�[}l ZHZ2V�U���l ]'n{Xa[Tg��@Z2l ds�\npZ�V X
� g2dunpXM~��Cg���� ���{���HV ZH]`_Mn{]yn0U�gJb\[�cJ[#X@[#b2nJl�ehgJb2U�g�e�]\_a[�[#X@[#b\cJdse��aXM�	]2V g�XMnJl��TnpX�o�[�U�V XMV�U�V Z\[}~aq
rC_@[�~@V Z2n�~��anpX�]'n{c�[�V Z�cJ[#X@[#b2nJl�l d�Z2l g2j�[#b�Z\z�[T[�~@��[#Z\z�[��TV�nJl�l d�j�_@[#Xu]\_a[,X��MU�o�[Tb�g!e�lYnpo�[�l ZWV Z��J[#b\d
_�V cJ_M��n{Z^V Z�]`_@[��#n{Z\[�ehgJb^l�n{b`cJ[�~aV Z;z�l�nJ�	[}U�[#X�]�Z\]`[Tb`[Tg�zab\gJo�l [�U�Z2q

� X�n�l ]`[Tb`XMnp]2V �J[�]`g^]\_a[ � g2dsnpXM~���g2� nJl cJg�b2V ]\_�U¡V Z�Xag�j¢�£g�X@Z2V�~�[#b\[}~aq�rC_@[�cJ[#X@[#b2nJl�]\g�z�g�l g�cJd
g!e!]`_@[�c�b2npz@_¤V Z�]`_@[yZ�n�U�[���j^V ]\_�[�nJ�¥_¤�£g!l �MU�X¤�	gJb\b`[TZ\z�g�XM~aV Xac�]`gsn�zMV ��[�lYq�¦@V XM�	[�]\_a[�U�V XMV�U��MU
�	�@]§�£g�b\b\[#Z\z�g�XM~�Z�]`g¨�£�@]`Z�]`_@b\g��@c�_©l�V Xaª�Z�_@g2j�[#�J[#b2�iV ]§U�npªJ[#Z|U�gJb\[uZ\[TXaZ\[fehgJb5[}nJ�¥_«z�gJZ\Z2V oMl [
~aV Z\zMn{b'V ]�d�]`g��	gJb`b\[TZ\z�gJX�~�]`gun)l�V XaªBV X ]`_@[ic�b2n{za_M��V X@Z\]`[}n�~�g!e�nyX@g¬~�[�q � l Z\g!��V XaZ\]\[�nJ~Wg!e�ny­@�}[}~
UWV X�VYU��MU®n{X�~§U�np��V�U��MU®~aV Z\z�n{b2V ]�d¯ehgJby]`_@[0[TX}]2V b\[�VYU�npcJ[���~aV °�[Tb\[#X�]��an�l �a[TZ)U�n\dso�[0�@Z\[�~§ehgJb
[�nJ�¥_mzMV ��[�lYqmr�_�V Z,j^V�lYl�n�l�l g2j±]`_@[§V X�]`[#b\z�g!lYnp]2V gJXmzab\g��	[}~��@b\[5g!e�¦��ao@Z\[��£]'V g�X¨²Jq��)]\guo�[5�aZ\[}~mn{Z
zab2V gJb`Z2�Hn{XM~�b\[�~����£[�]`_@[�Z2V ³T[�g!eC]\_a[5c�b2npz@_¤]\gso�[5Z\g!l �J[�~@q � l ]`[Tb`XMn{]'V �J[�l d��HV ]^j�gJ��lY~¤nJl�l g�j´]`_@[
c�b2npz@_aµ:�	�@]`Zy]`g�o�[�n{zazMl�V [}~�_�V [Tb2npb2�¥_MV��Tn�lYl d}��j^V ]`_�]\_a[0Z\g!l �a]2V g�Xfn{]�]\_a[�l g�j�[#b�b\[#Z\g�l �@]'V gJX��aZ\[}~�]`g
l�V�U�V ]�]\_a[�o�g��@X�~�Z�gJX�]`_@[�~aV Z\z�n{b2V ]�d§n{]�]`_@[y_MV cJ_a[Tb�b\[#Z\g�l �@]'V gJX@Z2q

¶ gJb>]\_a[0l�V X@ª��£g�b\b\[#Z\z�gJX�~@V X@ci]\g5ni~@V Z\zMn{b'V ]�d�·0e�g�bk]`_@[,�¹¸:º£»��¼]\_)zMV ��[�lY�J]`_@[,�TnpzMn��TV ]�d V Z�~�[#­@Xa[}~
]`g�o�[k]`_a[��	gJb\b\[�l�n{]'V g�X^o�n{Z\[�~^U�np]2�¥_��	gJZ\]�½i�¼¸pº£»�º#·}���\V X^]`_a[kb\[�nJl�V�U�zMl [}U�[#X�]'n{]'V gJX���V ]�V ZHU���l ]2V zMl�V [}~
o}dm¾�¿J¿�npXM~)b\gJ�aXM~�[}~�]`g�]`_@[,X@[�n{b\[#Z\]�V X�]`[Tc�[Tb'��Z2V XM�	[0]`_@[�U�n{�¬VYU���U´À@g2jÁnJl cJg�b2V ]\_�U´gJX�l d��@Z\[TZ
V X}]\[#cJ[#b\Z2�`qHr�_MV Z�U�[}npX@Z�]\_�n{]�VYeJ]\_a[Tb\[�j�[Tb`[�X@g�o�[T]�j�[#[TXaµ:�	g�l �MU�Xsl�V X@ª}Z2��]\_a[^U�V XMV�U��MU©�	�@]�jkgJ�Ml�~
z�n{Z\ZH]`_@b`gJ�@c�_�]`_@[WlYV X@ª}ZH_Mn\��V X@c,]\_a[�o�[TZ\]yU�n{]'��_§e�g�bH[}n��¥_B�£g!l �MU�X�q�rC_@[�o�[T]�j�[#[TX§�£g!l ��U�XBl�V X@ª�Z
npb\[yb\[#Z\z�g�X@Z2V oMl [)ehgJb�]\_a[)�£g�X�]'V X}�MV ]�d5g!e@]`_@[yb\[#Z\�Ml ]2V X@c ~aV Z\z�n{b'V ]�d�U�n{z���n{X�~0jk[Tb\[)�¥_@g�Z\[TX�]`gW_Mn\�J[
n��TnpzMn��TV ]	dmÂ@��j�_MV���_f�TnpX§o�[W��n{b'V [�~§~�[#z�[#XM~aV Xac�gJX�]\_a[ l [#�J[�l�g!eÃZ2U�g}gJ]`_@Xa[TZ\Zyb\[�Ä'�MV b\[�~@q�¦�g!U�[
[#��z�[Tb2V�U�[#X�]'n{]'V gJXu_MnpZ�ehgJ�aXM~)]\_�n{]�j�_a[TXu]\_a[��£gJb`b\[}l�np]2V gJXuo�n{Z\[�~��	gJZ\]WV Z��aZ\[}~@�Cn^­a��[�~���nJl �@[,g!e
Â �#n{X z@b`g��¬VY~�[^b`gJoa�@Z\]�Z\g�l �@]'V g�X@Z0ehg�b0nyX���U�o�[#b�g�e�V�U�npcJ[#Z2q ¶ V XM~aV Xac�]`_a[�U�V XMV�U���UÅ�£�a]�g�e�]\_�V Z
c�b2npz@_¤V Z�]`_@[y[}Ä'��V �anJl [#X�]�g!eCU�V XMV�U�V Z2V Xac�]`_@[�[#X@[Tb`cJd5c!V ��[TX�o}d

U�V XÆ2Ç�È.É ÊpË È Ê
½i�¹¸:º£»�º#·}�¼¸pº£»��`�ÃÌfÂ��2Í ·}�¼¸CÌf¾Jº	»��Ãvf·}�¼¸pº	»��2ÍpÌÎÍ ·}�¼¸pº	»yÌf¾��Ãvf·}�¼¸pº	»��2Í �@Ï

Ð ~�[�nJl�l d��>gJXa[ j�g��Ml�~xl�V ªJ[�]\gB_Mn\�J[¤n|U�g¬~@V ­@[�~§[#X@[Tb`cJdm]\[#b2UÑehgJb�Ò¼��U�z@Zu�	gJb\b`[TZ\z�g�XM~aV Xac|]`g
g�o@Z2�	�@b'n{]'V g�XMq � l ]`_@gJ�acJ_§ÓMg�d}ªJg2�)[#]ynJl�qYÔ Z�t0v�w�Z\j�n{z§e�g�b2U���lYnp]2V gJX5j�g��Ml�~5nJl�l g2j«]`_MV Z2��]\_a[�[#��]`b2n
�	g�U�z@�@]'n{]'V gJX�]'VYU�[)n{X�~ �	g�U�zMl [T�¬V ]�d§~�g�XagJ]�Ò9�aZ\]2V�ehd5]\_�V Z^n{zaz@b\g!nJ�¥_Mq

Õ �J[#X5�aZ2V Xac�ÓMg�d}ªJg2�snpXM~5Ö�g�l�U�gJc�gJb\g2��Ô Zy�	g�~�[�� ×{��]\g^­@X�~i]`_@[0U�V X�VYU��MU¡�	�@]�V X�n{X�X@µ.�J[#b\]`[T�
l µ;n{b'�0cJb2npz@_fZ\_agJ��lY~�]'npªJ[¤ØW�¼Ù>Ú�l g�c��¹Ù�ÛJÜ�Ú¹�`�s� ¾J×p��qmÝÞ_@[#Xf[}n���_ßV�U�n{c�[¤~aVYU�[#X@Z2V gJX�V ZsàÑzMV �}[}l Z2�
]`_a[u~@V Z\zMnpb2V ]	d�b'n{XacJ[)j^V�l�l�o�[uØW�`àu�inpXM~�Z\g�]\_a[Tb\[�j^VYl�l¬o�[uØW�`à�á�����[Tb`]2V��£[#Z5V XB]\_a[)cJb'n{z@_�q � Z
[�nJ�¥_¤��[Tb\]`[T�xV Z��£g�X@X@[��£]`[�~�gJX�l d§]`g¯V ]`Z^X@[�V c�_�o�gJ�ab\Z2�M]`_@[�X}�MU�o�[Tb^g�eHn{b2�	Z,jiVYl�lkn�l Z\g o�[�ØW�`à�á��
c!V ��V X@c5n�]\g�]'nJl!�£g!U�z@�@]'np]2V gJX�]'V�U�[�g!e�ØW�`à�âOl gJc��`àu�`�Ãj�_�VY�¥_�V Zkz@b`gJ_MV o�V ]'V ��[�[#�J[#X�ehgJb�e9n�V b2l dWZ2UWnJl�l
V�U�npcJ[#Z2q©r!g¤b`[}~��M�	[s]\_a[¯�£g!U�z@�a]2np]2V g�XMnJlOb\[}ÄT�MV b\[�U�[TX}]\Z�eh�@b\]`_@[#b2�yn�_�V [#b2n{b'��_�VY�#nJl�n{zaz@b\g!nJ�¥_¢V Z
]'npªJ[#XMq�ã>g�b\X}�@X@c�� ¾päJ�¬~�g}[TZC]`_MV ZCo�d�Z\g!l ��V X@c�]`_@[�eh�Ml�l'zab\gJo�l [}UÎn{]Hn>��[Tb\d)l g�jmb\[#Z\g�l �a]2V gJX��anpXM~�]\_a[TX
�aZ2V X@c5]`_MV Z�[#Z\]2V�U�np]\[,]`g5z@b`g��¬VY~�[,o�g��@X�~�Z�g�XuZ\�M�#�£[#Z\Z2V ��[}l d¤U�g�b\[�~�[T]'nJV�l [}~uV�U�n{c�[TZ�g�e�]\_a[,Z2�£[#X@[�q
Ð e�]`_@[^zMV ��[�lM�¼å�º	æ���V ZWehgJ�aXM~�]\g�_�n;��[�~aV Z\z�n{b'V ]�d|·�np]�]`_a[�l g2j�[TZ\]�b\[#Z\g�l �@]'V gJX��!]`_@[#XuÒ9�@Z\]0l�V�U�V ]'V X@c
]`_a[�~@V Z\zMnpb2V ]	d�g�e@]\_a[�zMV ��[�l��\�på�º#�{æ¬��V X�]`_@[)U�gJb\[)~�[#]2n�VYl [�~�VYUWn{c�[�]`g�]\_a[�b2npX@c�[�� �J·�vf¾�ºT��·�Ìf¾p�
c!V �J[#Z�z�g}gJb�b\[TZ\��l ]`Z � ×J�p��qirC_MV ZWV Z�o�[��Tnp�@Z\[^]\_a[�V XM�	b\[�n{Z\[�~)�aXM�	[Tb\]'nJV X}]	d�j^V ]\_�V Xs]\_a[�VYU�npcJ[^zMl�npX@[
np])]`_@[¤l g2j�[#b)b\[TZ\g!l �a]'V g�Xx_MnpZ)X@gJ]�o�[#[TXx]'n{ª�[TXßV X}]\gÞn��T�	gJ�aX�]'q Ð XaZ\]\[�nJ~§]`_@[�b2n{XacJ[ Z\_agJ��lY~�o�[
� ��·2ç Èéè vÞ¾JºT��·2çkê:ëiÌ«¾p�Oj�_a[Tb\[ ·'ç Èéè n{X�~§·2çkê:ëun{b`[W]\_a[sUWV X�VYU���UìnpXM~§U�np��V�U��MU®~@V Z\zMnpb2V ]2V [TZ
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Single step graph−cuts C
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