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WY^EghZcbc^�_Vd;W�giUVb\W>WYXVZvdiXVj�wyZ
^�z6W�XVZ�^|Sl�hZcb\Ws^|_9mn[�zRgi^|r¡SVg;eoklXqWY_VZcdid�eu_lzR^�ghr@j�Wieu^�_�}�¢{]9klZ�ef_lzR^|girsj�Whef^|_
efd#ZY�Vw�Zcb\WYZc]%W�^ESyZ�gh^�SVUVd;W�j�kqj�eu_VdhW�WYXVZ>mneoklX9W4bc^|_V]9enWieu^�_�j|_V]�efd,UVdiZYzRU9m�W�^
diw�Zcb\e�z�[£W�XVZ�Sy^|gi]VZcg;¤�moef_VZcd
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giZ\moefj|S9enmoenWt[�^�_©Zc]9klZvZY��WYghj�b\Whef^|_�Z\p�Zc_�e¨z#ghZt�hZcb\Wieu^�_©^�z.WYXVZ�zRj�mudiZ�Zc]9klZcd�efd�WYXVZc^�ghZ\Wieubcj�momn[¥w�^|did;efS9muZ�Sl[
WYghj�b\��ef_9k�WYXVZ6WYghj�_Vd;enWhef^|_E^�z{^�z!W�XVZ�SVgtenkqXlWY_VZcdidOef_lzR^|girsj�Whef^|_
j|_V]
j|_Vj�mo[�ªceu_�k�W�ZY��W�UVgiZ6WYXVgh^�U9kqXV^�U9W(W�XVZ
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e¨zOWYXVZ
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bc^�_lW�^�UVg\}¥�0X9eud@r@Zcj|_Vd�WYXVj�W@W�XVZ
^|S9�hZcb\W�bc^�_lW�^�UVg>diXVj�wyZ
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bc^�_lW�^�UVgBbcj|_V_V^�W4S�Z�^�S9WYj�ef_VZc]�]VUVZ�WY^�WYXVZsbc^�mf^|g#ghZcdiZcr@S9mfZc_VZcdid.S�Z\Wt�0ZcZc_�WYXVZsX9UVrsj�_£ST^l]9[%j�_V]EW�XVZ
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�(XVZcgiZYz�^�ghZ�Qq�BZcj���wyZcgidiwyZcb\Wienp9Z(wVgh^��;Zcb\Wief^|_>eud�j�didiUVrsZc]�j�d�bcj|r@Zcghj4r@^9]VZ\m�j�_V]�WYXVZB^|S9�hZcb\W'bc^|_9WY^�UVg
^�z�WYXVZ0wVgi^��hZcb\Wieu^�_@giZ\k|ef^�_�efdCU�diZc]@j�d�j|_sefrsj�kqZOzRZcj�WYUVgiZ�ef_sW�X9efd�ghZcdiZcj�ghb\X�}C�0X9eud�^�S9�;Zcb\W'bc^�_9WY^|UVgCdiXVj�wyZ
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j�ghgij|_9klZcd�W�XVZ�j|g;WhefbcU9muj�W�Zc]¦r@^l]VZ\m(�BX9efb\X©XVj�d�X9eoklX���ZY��efS9eomneoW;[�eu_¥W�XVgiZcZ
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³ ZcdiZcj|gibcXVZcd.W�XVj�W�j|]V^�w9W4WYXVghZcZs]9efrsZc_Vdheu^�_Vj�m�j|g;WhefbcU9muj�W�Z�]�rs^l]VZ\m'XVj�p�Z>S�ZcZc_�wVgh^�wy^�diZc]¦H�I�´�L.Haµ�¶�LRQ
SVU9W(WYXV^|diZ,j|giZ4ef_9W�Zc_V]VZc]�WY^�Zcd;Wieur@j�WYZ�^�_9mo[�Wt�(^>]9eur@Zc_Vd;ef^|_Vj�m2rs^�p�Zcr@Zc_qWO�0eoWYX�ef_VwVU9WBeur@j�klZcd�}(®9^|r@Z
^�W�XVZcgOghZcd�Zcj|gibcXVZcd#Haµ�·cLOHaµlI�L�Haµ�µ�LOH¸µ�K|L�HaµlM�L�H¸µ|N�LOHaµ G L�H¸µ|P�LOHaµ�´�L=j�bcX9euZ\p�Zc]�W�^sZcd;Wieur@j�WYZ�wT^|diZ,j|_V]Ers^�Whef^|_
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�(XVZ�giZcd;W�^�z0WYX9eud�W�XVZcd;efd#efd�j�d#zR^�mnmu^��Bd�¹ � _��OXVj�w9W�Zcg�IlQ2WYXVZsSVj|dheub�w�^|d�ZsZcd;Whefrsj�Wieu^�_�rsZ\WYXV^l]%zR^|g
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r@^|]VZ\m{j|giZ�j�mfdi^v]9efdibcUVdidiZc]Eeu_EWYXVZ>bcXVj|w9WYZcg\} � _��OXVj�w9W�Zcg6µ�Q�j�ghZ\k�eu^�_£SVj�diZc]%Zcd;Wieur@j�Wieu^�_%rsZ\WYXV^l]£^�_
]VZ\WYZcghr�eu_9ef_9kvWYXVZswy^�diZs^�z�WYXVZsrs^9]VZ\m{eud�wVgh^�wy^�diZc]�} � r@wVgh^�p�Zc]EW�gij�p�Zcghdheu_9k�giU9muZcd�j|giZsj�mfdi^�d�XV^��._Eeu_
WYX9eud#b\XVj�w9W�Zcg�} � _§��XVj�w9W�Zcg#KVQº�BZ,eu_9WYZ\kqgij�WYZ�S�^�W�X%ghZ\k�eu^�_�j�_V]�Zc]9kqZ�eur@j�kqZ�zRZcj�WYUVgiZcd(zR^�g4Zcd;Wiefrsj�Whef_9k
WYXVZBw�^�diZ6^�zAWYXVZ4X9UVrsj�_�S�^l]9[�} � _���XVj|w9WYZcg�M�Q�W�XVZ6wVgi^|w�^�diZc]vwy^�diZ4Zcd;Wieur@j�Wieu^�_vrsZ\WYXV^l]vefdOZY��wVj|_V]VZc]
WY^4j|wVw9mn[sr@^�Whef^|_sZcd;Whefrsj�Whef^�_�zR^�g'd;enmuXV^�UVZ\WhWYZ�efr@j�klZ�diZc­�UVZc_VbcZcd�S9[,ef_9W�gi^|]VUVb\ef_9k�ef_VZcgtWieuj�^�z W�XVZBX9UVrsj�_
SV^9]9[�eu_lW�^>WYXVZ�r@^9]VZ\m�} � _%�OXVj�w9W�ZcgBN�Q�enWBeud.diXV^��._�WYXVj�W6r@^�Wieu^�_xZcd;Wiefrsj�Whef^|_Ebcj|_ES�Z,ZY�VZcbcU�W�Zc]
�(enW�X
mfZcdid(bc^�rsw�U9W�j�Whef^|_Ebc^|d;W6S9[�UVd;eu_9kvr@^|giZ�wVgiZcb\efdiZ�r@^�Wieu^�_xgiZ\k�eu^�_�ef_lz�^�ghr@j�Whef^|_
�BX9efbcXvefdBZY��WYghj�b\W�Zc]ESq[
]V^�UVS9muZ\¤»]9e¨¼ ZcgiZc_VbcZBeur@j�kqZ�wVgh^lbcZcdid;ef_9kV}��(X9efdBwVj�wyZcgOefdBdiUVr@r@j|g;eoª�Zc]vef_x��XVj|w9WYZcg G }
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Root node

ÕoÖD×¨Ø5ÙÛÚ Ó�Ü´Ý�Þ�ß=àGá�âªã�ä§å Ú å5æ�ç5èêéRâ"è Ú�ë

ì�Ú�í æªîïæ7äÛä Ú ç"ä Ö â�ç�ä§â}ä§å Ú�×?Ú â�é Ú ä Ù�Ö�ð�ñ å5æ íòÚ âªã�ä§å Ú ãóâ Ù�Ú æ Ù é í æ Ù ä
Üõôóä ÖNñnÙÛÚ
í5Ù�Ú
ñÛÚ ç"ä Ú è,ö?î�æ�ç
Ú�ëDë�ÖNí ä ÖNð æ ë9ð î ëDÖ ç5è Ú
Ù Üø÷ ñêÖ ä ÖNñùë â ð æ7ä Ú è Ö çúä®å Ú#û æªî Ö ä ñ æªü ÖNñ æ�çTèúä®å Ú�ð æ�é Ú
Ù æ,è Ö�ÙÛÚ
ð ä Ö â�ç�ö Ú
ð â�é Ú
â Ù ä®å5â × â�ç5æ ëóý æ í æ Ö�Ù âªã ë�Ö ç Ú
ñCý ä§å5æJä�æ Ù�Ú$ë â ð æ7ä Ú è�â�ç�ä®å Ú�ñÛØ5Ù ãóæ ð
Ú âªã�ä§å Ú�Ú�ëDëDÖ�í ä Ö�ð æ ë�ð î ë�Ö ç5è Ú
Ù ä®â û å ÖNð å
ä®å Ú�ëDÖ ç Ú ã Ù â�éþä®å Ú�ð æ�é ÚIÙ æ ð
Ú ç"ä Ú
Ù ä®â�ä§å Ú â�ö"ÿ Ú
ð ä ä®æ�ç ×¨Ú ç"ä ñCýJð â ÙÛÙ�Ú
ñÛí â�çTè^ä®âGæ í æ Ö�Ù â ã ñ ä Ù æ Ö�× å"ä ñ§Ú�× é Ú ç"ä
í æ Ö�Ù1Ö ç�ä§å Ú�ñ�ÖDë å5â Ø5Ú ä�ä Ú�ð â�ç?ä§â Ø5Ù æ�ç5èRæ Ù�Ú�í æ Ù æ ë�ëNÚ�ëTû�Ö ä®å�ä§å Ú ãóâ ÙÛÚ æ Ù é æ ü ÖNñ Ü�á�å Ú
Ù�Ú ãóâ Ù�Ú ä§å Ú é Ö è5è ëNÚ	ë�Ö ç Ú
ö Ú ä û	Ú
Ú ç�ä û â ñ ä Ù æ ÖD× å"ä ñÛÚ�× é Ú ç"ä ñ�û å ÖNð å ñ ä®æ Ù äVã Ù â�é ä§å Ú ö â Ø ç5è5æ Ù îmâªã�ä§å Ú$Ö é�æ ×?Ú ã Ù æ�é Ú�ñ å5â Ø"ë è#ö Ú
ä®å Ú&í5Ù âJÿ Ú
ð ä Ú è ë�Ö ç Ú âªã;ä®å Ú ãhâ Ù�Ú æ Ù é æ ü Ö�ñ � ÕoÖD×¨Ø5ÙÛÚ Ó?Ü���� Ü

ì�Ö ä®å�ä§å Ú8ë â ð æJä Ö â�ç#â ã=ä®å Ú é Ö è5è ë�Ú9ë�Ö ç Ú8Ö ç�ä§å Ú8Ö é�æ ×¨Ú$í"ë æ�ç ÚJý ä®å Ú$ñ î ñ ä Ú é ð æ�ç ð æ ëNð
Ø"ë æJä Ú ä®å Ú Ô¨à
ë â ð æJä Ö â�ç�âªã;ä®å Ú ãóâ Ù�Ú æ Ù é æ ü Ö�ñ æ ð
ð â Ù è Ö ç × ä§â�ä®å Ú�ð æ�é Ú
Ù æ í æ Ù æ�é Ú ä Ú
ÙÛñ Ü

á	å Ú ç�ä®å Ú�ñ î ñ ä Ú éþç Ú
Ú è ñ ä§â ñÛí Ú
ð�Ö ã î9ä®å Ú�Ù âJä§æJä Ö â�ç4æ�ç ×�ëNÚ æ Ù â Ø ç5è^ä®å Ú ãóâ ÙÛÚ æ Ù é æªü ÖNñ Ü�� Ú ä�æ�ç Ú�ë�ëDÖ�í ä Ö�ð
ð î ëDÖ ç5è Ú
Ù ö Ú	í5Ù â7ÿ Ú
ð ä Ú è�â�ç4æ ÙÛÚ�×�Ö â�ç û å5â ñ§Ú�û�Ö è"ä®å ÖNñ �
	�Ö ç�ä§å Ú	Ö é�æ ×¨Ú	í"ë æ�ç Ú � Õ Ö�×?Ø5Ù�Ú Ó?Ü��
�������®Ü1á�å Ú
Ö é�æ ×¨Ú9í"ë æ�ç Ú�ÖNñ�ÙÛÚ
í5ÙÛÚ
ñÛÚ ç"ä Ú è�ö¨îêä§å Ú9ë�Ö ç Ú â�çêä®å Ú8Ù<ÖD× å?ä ñ�Ö è Ú Ü�á�å Ú
ÙÛÚ æ Ù�Ú ä§å ÙÛÚ
Ú âJä§å Ú
Ù�í â ñ§ñ�Ö ö ëNÚ�í â ñÛÚ
ñ
û å Ö�ð å ñ å5æ ÙÛÚ
ñ ä®å Ú�ñ æ�é Ú^ð î ëDÖ ç5è Ú
Ù æ ü Ö�ñ � è Ú çTâ7ä Ú èmæ ñ æ�ö ë æ ð�� è5â7ä��®Ü�á�å Ú éRâ"è Ú�ëNñ	Ö çêä®å5â ñ§Ú^í â ñÛÚ
ñ æ Ù�Ú
í5Ù âªÿ Ú
ð ä Ú è Ö ç�ä§å Ú9û	Ö è"ä§å �
	 � ÕoÖD×¨Ø5ÙÛÚ Ó�Ü������������������������ � Ü"! Ö ç ð
Ú ä§å Ú8ñ î ñ ä Ú é ð æ�ç�ç5âJä&è ÖNñ ä Ö ç ×¨Ø"ÖNñ å
ä®å Ú
ñÛÚ ãóâ Ø5Ù�ð æ ñÛÚ
ñCý ä®å Ú�ñ î ñ ä Ú é ä§æ ��Ú
ñ æ ëDë â ã;ä®å Ú é æ ñ ä§å Ú�Ù â"âJä í â ñ§Ú�ð æ�ç5è Ö è5æ7ä Ú
ñ Ü

ô¾ç�ä§å Ú�ñÛÚ
ð â�ç5è ñ ä Ú
í ý ä®å Ú�ñ î ñ ä Ú é Ú ü Ú
ð
Ø ä Ú
ñ ä§å Ú é�â?è Ú�ë é�æJä ð å Ö ç × æ ë�× â Ù�Ö ä®å5é Ö ç?ä Ù â?è Ø5ð
Ú è Ö ç
! Ú
ð ä Ö â�ç
Ó�Ü Ô�Ü Ônãóâ Ù8Ú�#?ÚIÙ î Ù â?âJä í â ñ§Ú�ð æ�ç5è Ö è5æ7ä Ú Ü�ô¾ç�ä®å Ú%$ ç5æ ë�ñ ä Ú
í ý ä®å Ú�ñ î ñ ä Ú é ä®æ ��Ú
ñ â�ç Ú âªã�ä®å Ú�ÙÛÚ
ñÛØ"ë ä®æ�ç"ä
í â ñÛÚ
ñ âªã û å Ö�ð å'& ÖNñ ä®å Ú é Ö ç Ö é Ø é æ�éRâ�ç × ä®å Ú éùÜ
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Straight segment
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Boundary of the image
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g�hHi�gBg�hHjlk�m�npo2qKrHi�s�g5tvu�wHqHjNsyxNm�wHk�ozqHjNs�i3g{o2m�w|ozw?k�g�jNr e m!}^g�hHj�~9����i�np�Gm�s�opg�hH��ozk�n2m�xNi3g�jNq/wHjNi�sBg�hHjd�Hi�k{j
m
}�g�hHjlk�g�ozx��GozwJ����m�uJg5s�j1��o2m�w'�5��w/�?i�w���xNi�k{jNkb�Vg�hHj�k���k�g�jN��k{j1g�k�oXgyozwHwHjNs5rHi�s�g)m!}^g�hHj�k�opn2hHm�uHj1g�g�j�s�j1��o2m�w'�
��}Hg�hHjSk���k�g�jN��k{j1gBg�hHjSwHm�qHjSt�g�m�xNm3��jNs'g�hHjSk�g{o2xN�GozwJ����m�uJg`s{j1��ozm�w��3g�hHjNs{jS��op��hGgB��j)iOr�m�k{k�o2�JopnXopg��9m!}��?m�s{j
m�sBn2jNk�kyozwHxNs{jNi�k�ozwJ�����`���� � �������� j1�VjNw|o�}`oXg�k rHs�m�¡�jNx1g�jNq/s�j1��o2m�w�¢£g�k�¤Oj1nXn�¤loXg�h�g�hHj�k�g{o2x1�Go2wJ����m�uJg5s{j1��o2m�w'�
�HjNxNi�uHk{j¥g�hHjNs{j¥o2k9k�g{oXnpnyi/npoXg{g{n2j�qJo§¦vjNs�jNwHxNj��'j1g�¤djNjNw-g�¤dm/s{j1��ozm�w�kb�¨~9w©g�hHj|m3g�hHjNs9hHi�wHq'��o2w©g�hHj�k{i��?j
k�opg�uHi3g{o2m�wªg�hHj+~<«9�¬i�np�Gm�s�opg�hH�­xNi�w®xNm
��jNs9g�hHj+k�g�ozx1��ozwJ����m�uJg�s�j1��ozm�wª¤Oj1nXn)m�wJnX�¯o�}Og�hHj/i�xNxNu��KuJnzi�g�jNq
s{j1��ozm�w'��¤�hHjNs{j/g�hHjK}�uHwHx1g{o2m�w±°Ps�j1g�uHs�wHk?i©�Gi�nzuHj©²��5hHi�k?i�nzs�jNi�qJ�¬xNm3��jNs�jNq³�?m�k�gKm
}Og�hHj�k�oXnzhHm�uHj1g{g�j
s{j1��ozm�w'�5��ozwHxNjdg�hHj�i�xNxNuH�?uJn2i3g�jNq/s�jb��ozm�wKo2k´xNm�wHk�ozqHjNs�jNq/g�m��£j�j1nXoz��ozwHi3g�jNqK}�s�m���g�hHj�k�opn2hHm�uHj1g�g�j�s�j1��o2m�w
ozw�g�hHjK~<«9�©i�np�Gm�s�opg�hH�+��g�hHj�r�m�k{j�xNm!�VjNs�ozwJ�/g�hHj�k�g{o2xN�GozwJ����m�uJg�s�j1��ozm�wµ�Ki��VjNk�� �B�I�� � � ������ k{�?i�npnzjNs1�
¶ ��jNw+o§}5g�hHjNs{j|j�·�ozk�g�kOwHm3g�i/nXopg{g�nzj=��i�r©��j1g�¤ljNjNw¸opg�k9rHs{m!¡�jNx1g�jNqµi�s{jNi/i�wHq©g�hHj¨k�g�ozx��GozwJ����m�uJg�s�j1��o2m�w'��oXg
qHm�jNk9wHm�g�rHs{j1��jNw�gdg�hHj|~<«=��i3nX��m�s�oXg�hH�¹}�s�m��ºxNm��GjNs�ozwJ��g�hHj�k�g�ozx1�Go2wJ����m�uJg�s�j1��ozm�w'��»lhVuHkO~<«9�+¤�m�s��Vk
��uHx�h¸�'j1g�g�jNs)g�hHi�w¼~9���½o2w+g�hHj¥xNi�k{j<m!}�g�hHj¨r�m�k{j=j�k�g�oz�Ki3g�ozm�w©m!}�g�hHj=hHuH�?i�w¸�'m�qJ�V�

»�i��Jnzj¨¾��À¿HÁ Âl�VjNs{i���jNkdm
} ÃÄ}�m�sdg�hHj=�'m�qJ�
~9��� ~<«9�

Ã½ÅÀÆKÆ�Ç�È É�Ê f�Ë ² Ì f ¿ Ë ÊÍÎ ��ÏEÐ�����ÑÒ���pÑ Ó �§¾�É Ë Ó �§¾ e�eÂ�s{jNi�i3��jNs{i���j�m!}5g�hHj=k�oXnzhHm�uHj1g{g�jNkOÔ e ¾!¿ f Ó e ÅÕÆ?Æ Ç È��

Ö oX��j=m
}Sg�hHj�j�·�r£jNs�oz�?jNwJg�i3nBs�jNk{uJnpg�kOi�s�j�i�nzk{m¸k�hHm�¤Ow¸ozw Ö oX��uHs�jNk<¾V�X² Ë �v¾��p²�É��^¾V��¾ Ó �^¾V��¾V²�i�wHqª¾��§¾�¾V�Â�npn5m
})g�hHjNk{j�¢£��uHs�j�k¥i�s{j/s{j1��jNs{k{i3n×�+��o2��oXnzi�s<g�m¼�JjNx1g{o2m�w®¾V�Õ¿��X²�� Ø�i�Ù=k�hHm�¤OkOg�hHj½m�s�oX��o2wHi3n5��s{i!�¯k{xNi�nzjNq
oz�Ki3�Gj�i�wHqµØ��£Ù o2k´g�hHj=xNm�w���jNs�g�jNq¸k�oXnzhHm�uHj1g{g�j�oz�?i���j�}�s�m��ºØ�iGÙ��5»lhHj=s�jNk�uJnXg�i�wJgdr£m�k{jNkdm
}�g�hHj¥~9���¸i�wHq
~<«=�ªi3nX��m�s�oXg�hH�Úi�s{j¸k{h�m!¤�wÛo2wÜØ�x!Ù¥i�wHq±Ø�j!Ù�� s�jNk{r�jNx1g�op��j1nX���©ÝÞj/i�nzk{mµk{hHm
¤�g�hHj½o2�?i���jNk¥¤OhJo2x1hßi�s{j
g�i��GjNw¸}�s{m��àg�hHjKm�rHr£m�k�oXg�j|k�o2qHjKm
} g�hHj�s�jNk{uJnpg�i�wJg�r�m�k{jNkb�vk{uHx1h�g�hHi�g?Ø�q£Ù�xNm�s{s�jNk�r�m�wHqHkOg�m©Ø�x!Ù9i�wHq¬Øá}bÙ
g�m/Ø�j!Ù��

��w/g�hHjNk�j�j�·Hr�jNs�oz�KjNwJg�i�n�s�jNk{uJnpg�kN��g�hHj�i�qJ�Gi�w�g�i3�Gj�m!}`g�hHj=~<«9�/��jNxNm��?jNk)�Km�s{j�m��J�Vo2m�uHk�o2w/g�hHj�xNi�k{j
m
}vqHjNi3nXozwJ�|¤lopg�h¸i½âNã�Æ|ä£å×æ!ç�æ=ã�âNâ�å�èJé�æNé¨ä�ê�ë�ç^ozw¸xNm��?rHi�s�o2k�m�w¸¤loXg�h/g�hHm�k{j�m
}`g�hHj�hHi�wHq'�S~9w/g�hHi�gdxNi�k{j��
g�hHj¨~9���-i�np�Gm�s�oXg�hH�ìg�jNwHqHk´g�m/xNm3��jNs)g�hHj¥k�opn2hHm�uHj1g�g�j¨s{j1��ozm�w©i�k���u�x�h-i�klr�m�k{k�o2�Jnzj<¤dopg�h-oXg�kdrHs{m�¡�jNx1g�jNq
s{j1��ozm�w'��Â�k¨g�hHjKk{m3nXozqªrHi�s�g�k<i�s{jKk�o2��opn2i�s�g�m�x1�VnXozwHqHjNs{kb�vg�hHj/~9���Ûi�np�Gm�s�opg�hH�í�Ki
�©i3n2k�m�k{i3o2qÛg�m-hHi!��j
i¯g�jNwHqHjNwHx1�Þg�mßnzi!�îqHm!¤Ow³g�hHj¬âNã!Æ¥ä£å�æ!ç�æ©ãGâNâ�å�èJéHæNéßä�ê3ëNç<o2wZg�hHj-oz�Ki3�GjµrJnzi�wHj3�ðï�m�¤)j1�VjNs1�di�k?g�hHj
k�opn2hHm�uHj1g{g�j/s{j1��ozm�wßozk���jNwHjNs{i�npnX�Ûnzm�wJ�ªi�wHqZwHi�s{s{m!¤ño2wZm�uHs�j�·Hr�jNs�oz�KjNwJg�kb�Bg�h�jò~9���ßi3nX��m�s�oXg�hH�Úm!}�g�jNw
}�i3oXnzkOo2wßhHi
��ozwJ��g�hHjKqHjNk{xNjNwHqHi�wJg=rHi�s�g¥k�g{o2xN�3jNqªm�uJg�}�s{m��íg�hHjKk�oXnzhHm�uHjbg�g�jKs�j1��o2m�w'� Ö m�s<j�·�i��?rJn2j3�Bk{jNj
Ö oX��uHs�j�¾��p² Ë �=»lhHjK~9���©rJn2i�xNjNkOg�hHj¥nzj�}Òg<uHrHr£jNs�i�s��ào2w©g�hHj¨¤OiN�+opg�k9j1nz��m
¤�xNm��?jNk9��jNhJozwHq©g�hHj�hHjNi�q
i�wHq/i�k)i¥s�jNk{uJnpgN�Vg�hHj�qHj�k{xNjNwHqHjNwJgy}�m�s{jNi�s���i�wHq¸hHi�w�q¸rHi�s�g�k)i�s�j���o2k�rJn2i�xNjNq/xNm��?rJn2j1g�j1nX�V�G¤�hHjNs{jNi�k g�hHj
~<«=�/i�np�Gm�s�opg�hH�ºi
��m3o2qHkSg�hHi3gN�

ó�ôbõ ö ÷
ø�ù<ú¼ø�ø�÷�û-ü
��w½g�hHj�k{jNx1g{o2m�wò¾V�Õ¿���¤�j�k{hHm3¤)jNq/g�hHj=j�·Hr�jNs�oz�KjNwJg�i�n�s�jNk�uJnXg�k)m!}�¤OhJo2xNhKg�hHj=�?i�g�xNhJo2wJ��o2wHqJozxNi�g�m�sdÃý¤�i�k
k{�?i�npn��HuJgSwHm3g5s�jNqHuHxNjNq�g�m Ó �5»lhHj e «±�KmJqHj1n��Hi�k{jNq���ozk�ozm�w/k���k�g�jN�þuHk�o2wJ�¥m�wJnp��m�wHj�k�opn2hHm�uHj1g{g�j)o2�?i���j
hHi�k g�hHs�jNj<o2k{k{u�jNkds�jbn2i3g�jNq�m�wHj¨i�wHm3g�hHjNsb�
²��d��k�g�hHjNs{j�i�wJ�|}�i�x1g�m�s�g�hHi3gSoz�KrHs{m��GjNk�g�hHj��?i�g�x1hJo2wJ�|i3nX��m�s�opg�hH�ño2w¸m�s�qHjNs g�m¥jNk�g�oz�Ki3g�j�g�hHj��£j1g{g�jNs
r£m�k{j<ozw�m�uHs)}�s{i��?j1¤dm�s��½ÿ
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MODIH�MOD"9<W��dce=fDIRSMO?�NODI=fDIHLG:g

h D@GaR�idDj?�T/GFB�DkB�?�=fRSH/B4RSH�K/R�MlGaB�DjGnm7TLYZAIRVPoRSN GpY`AI?LPZRVGaDIK29S_LqpDIACGrR�H�K/KLYZMaAI?�MOM,GFB�DIMODjYZMOMa?�DIM,Y`HsR
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  H�GaBLY`M,MODIACGOYZ9�H¡Uu;�D@;
RSH�G"GF9�KLYZMOACP`9SMaDrGaB�DjRS_LY¢PQY¢Gpm�9<W:GaB�D�£   z&R�H�Ks£�c�z�R�P¢vJ9�NnY¢GaB�=fM,T�NO9STb9SMODIK�YZH
zLDIACGOYZ9�H!{�6¤�76¤�76't:B�DINpD�RSNOD"GO;o9,W¥R�ACGa9�NOMoGaB4R�G3R�NpD,H�9�G	NpD#PZRVGaDIK�;�Y¢GaB�GaB�D�DIMOMODIH�AID,9XW�GFB�9SMaD"R�P¢vJ9�N YQGFB�=rM
R�H�K�MO9@W¦RSNo;
D3MOB�9S?LP`K\NODI=r9V§�D3Y`H�GFB�D"DFE4TxDIN YZ=fDIHdGI6

£�H�Dr9XW1GaB�DrNODIR�MO9SH�M�;
BLm!GaB�DrNODIMO?LPQGFM�9<WoGFB�DrDFE4T�DIN YZ=fDIHLG"MOB�9<;	H�YZH|GFB�DrMODIACGOYZ9�H/{d6©¨!AI9�?LPZK&H49�G
NODIK�?�AID3GFB�DCYZN�[ªY`HLGF9«^jYZM
AI9SH�MpYZK�DINODIK\GF9�_�D,K�DINnY¢§7DIKkW¦Np9�=¬GFB�D"vdDI9S=fDCGaN YZAIRVPuY`H�AI9SH�MpYZM GFDIH�ACm�_�DCGO;�DIDIH
GFB�D3NpDIRVPuB�RSH4K\RSH�K�GaB�D,B�RSH�K�=r9dK�DCP�Y`H�GaB�D�M m7M GaDI=\6

­ M«;�D�B�RX§�D�=fDIHdGpY`9SH�DIK®YZH�zLDIACGOYZ9�H¯{�6°¨46Q��U'D±RSAIB29XW
GFB�D�MO9�P¢YZK²T�R�NnGFM«DFE�AIDITLG«W¥9�N@GFB�D�T�RVPZ=�RSNOD
NODIT�NpDIMaDIHJGFDIK³_Lm,R�H«DCP¢PQY`TLGpY`A'ACm�PQY`H�K�DINyR�GOGFRSAIB�DIKl_dm�GO;o93B�DI=@Y`MOT�B�DINpDIM�9�H«_b9�GFB«DIH�K�M#6   HlGFBLYZM�=r9dK�DCP¢YZHLv
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GF9l=f9LKLYµW¸m�9�?�N	R�P¢vJ9�NnY¢GaB4=rMoGF9kAI9�T�D";:YQGFB�GFB�D³K�DFW¦9�Np=fRS_LP`D"T�R�NnGFMo;
BLYZAIB�RSNOD"AI9SHLGFNp9VP¢PZDIK�_LmfGaB�D�¹Iº#»`¼�½
¾.¿VÀa¿VÁ�Â ½ ÂaÀOÃ 6
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t�B�DINOD1Y`M�RSH�9VGaB�D±NyYZMOMa?�D	GaB�RVG'=fRSiJDIM�[Å;�9�NpMODV6   G'AI9S=fDIM�W¦Np9�=ªGFB�D:DINONp9�N�9<W.P`9LAIR�GOYZHLv,GaB�DoW¦9SNODIRSNO=
T�R�NnG	GFB�R�G�AI9SNONpDIMaTx9�H�K�M
Ga9kGFB�D@Np9L9VG"H�9dK�DV6   G3Y`M�KLYµ´�AI?LPQG
W¥9�N3GFB�D@M m7M GaDI=ÆGa9�NODIAI9V§�DIN�GaB�D,Y`HdÇx?�DIH�AID
m�Y`DCPZK�DIK\_Lm!_dm�GaB�D,DINpNO9SN�9SH�GaB�D@NO9J9VG"H�9dK�DV6"zdY`H�AID�;	D"R�NpD,Y`HJGFDINODIM GaDIK�YZH�9SHLP¢m�GFB�D,RS_LY¢PQY¢GpY`DIM�9XW:£   z
R�H�K/£�c�z�;	BLY`ACB/RSNODrGFB�D�MaDIAI9SH�K/MpGaDIT29XW
9�?�N,Tx9�MODkDIM GOYZ=fR�GOYZ9�H2R�P¢vJ9�NnY¢GaB�=\Uu;	DrMaB�9S?LP`KsNODnq DIA#G³GFB�D
NO9S9VG3H�9dK�D³DIM GOYZ=fRVGpY`9SH\T�NO9dAIDIMOM
R�G�GaB�D
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GFB�DI=�UJ;�D1?�MaD1GFB�D	AI9S=fT�?LGaDIN�vdDIH�DINpRVGaDIKrY`=rRVvJD	RSM�R�HrYZH�T�?LG�YZ=fR�vdD:R�H�K@w�ErGFB�D	PZ9dAIRVGpY`9SHk9<W.GFB�D	MO9�P¢YZK
T�R�NnG�AI9SNONpDIMaTx9�H�KLYZHLvrGF9lGFB�D³NO9d9�G3H�9dK�D3Y`H�GaB�D"DFE4T�DIN YZ=fDIHLG±6
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Y`M�GaB�D,B�R�H�K\=r9dK�DCPuK�DIMaAINnY`_�DIK\Y`H�GFB�D"MODIACGOYZ9�HÈ{�6°¨46Q��6

  H³vdDIH�DINpRVGpY`HLv3GaB�D'MpYQP`B�9S?�DCGOGaD�YZ=fR�vdDVUV;�Duw�E,GFB�D�PZ9LAIRVGOYZ9�Hl9XW�GFB�DyW¦9�NpDIR�Np=ÉRXE7Y`M�Y`Hl9SNOK�DIN�Ga9	NpDI=f9V§dD
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h D�vJDIH�DINOR�GFDIK®�±^�^S^�MaRS=fTLPZD,YZ=fRVvJDIM
;
B�9SMOD@T¡9SMODIM�R�NpD@K�DCGFDINp=«YZH�DIK|R�Np_LY¢GaNORSN mJ6 h D,RST�T7PQY`DIK!GFB�D
MODIAI9�H�K2M GaDIT29XW³9S?�NfR�P¢vJ9�NnY¢GaB�=fM«Ga9�GFB�DIMOD�YZ=fRVvJDIM#6¶t�B�Dj§�RVPZ?�DIM«9XW"GFB�D\=fR�GFACBLYZHLv|Y`H�KLYZAIRVGa9�Nk[�9<W
GFB�D³£   z�RSH�K|£�c�z�RVP¢vJ9�NnY¢GaB�=¬R�NpD,MOB�9X;
H�Y`H!Ê�Y¢vJ?�NODl{�6~{V�76   H�GaBLY`MovdNpR�T�B¡U4GaB�D,B�9�NnY¢ËX9SHdGaRVP�KLYZNODIACGpY`9SH
K�DIH�9VGaDIM:GFB�DlR�=r9�?�HdG39XW:[ÌR�H�K!GFB�D,§7DINnGOYZAIRVPuKLYZNODIACGpY`9SH|K�DIH�9VGaDIM
GFB�D@H�?�=«_�DIN39<W�GFB�DlMaRS=fTLPZDIM#6�t�B�D
R<§�DINpRVvJDIM.9<Wx[¯Y`H�_¡9�GFB³DFE4T�DIN YZ=fDIHLGaMxRSNOD�MOB�9V;	H3Y`H�t�R�_LPZD�{�6~}�6·t:B�D�R�§JDINpRVvJD�[�9XWx£�c�z	Y`Mu{��V¨�Í©¨J� ÁrÁkÎ U
;
BLYZACB³Y`M�MO=rRVPQP`DINyGFB�RSH@GaB�RVG'9<W�£   zb6�t�B�D�KLYµÏ�DINODIH�AID	9XW¡GaB�D�NpDIMO?LP¢GFM�_bDCGp;oDIDIHk£   z@RSH�K�£�c�z,Y`M�MaB�9X;	H
Y`H!Ê�Y¢vJ?4NpD@{d6µ{X¨46   H\GFBLYZM:vJNOR�T�B¡U4GaB�D�§LDIN GOYZAIRVP�KLY`NpDIACGOY`9SH�K�DIH�9�GFDIM�GFB�D,KLYµÏ�DINODIH�AID,9XWo[1Ð�ÑpÒ,Ó�[1Ð.ÔxÒ�R�G
DIR�ACB�MORS=fTLPZDV6�t�B�D,£�c�z�R�P¢vJ9�NnY¢GaB�=Ì;
9SNOidM1_�DCGpGFDIN�GaB4RSH�GFB�D³£   z�RVPQvd9SN YQGFB�=Õ9�H\���L�lMaRS=fTLPZDIM#6

zdYZH�AID3;:D3NpDI=f9�§JD	GaB�D	W¦R�ACGa9�NpM1GaB�RVG1R�NpD�H�9�G	NODCPZRVGaDIK�;:Y¢GaB�GFB�D3DIMOMODIH�AID�9XW�GFB�D³£   z�RSH�KkGFB�D³£�c�z
RVPQvd9SN YQGFB�=rMIUuGaB�DIMOD�NpD±MO?LPQGFM@NODC§�DIR�P�GaB�D�AIRST�R�_LY¢PQY¢Gnm�9XW3GaB�D�R�P¢vJ9�NnY¢GaB�=fM#6�t:BLYZM,DÖE�T¡DINnY`=rDIHdG,Y`H�KLYZAIRVGaDIM
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Difference between OIS and ODS
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4 Evaluation of JAC
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² «�³�­K¨�® ´4µ]¶�¨�­�³1¤v·M«�¢ ²
¸�¹SºQ»�¼V½,¾4¿  �À�Á,Â�Ã[ÄjÅ ½M¼�ÆMÇXÈ`½ Ã]É ¼@½MÇ�Ê;Ë1ÊS¹ É ½ Å »�Ì�Ç Â

ÍÏÎVÍ ÐhÑÓÒÕÔ,ÖX×ÕØ�Ù�ÑÓÒ

ÚÛ½�Ü�¼ Ã Ü Ã ÈV½MÝÞÇ Â ½"ßàÌ Ã Ý�½WÊSË�Ì�Ç Ä Æ Å ¹ Â º%Ì�½ Ä`Å�Ã Ý ÄjÃ ½MÈ Ä ¹^Ì�Ç Ä ½ Ä`Å ½�Ü Ã ÈV½ Ã]É Ç Â ÇU¼ Ä ¹^ÆM»eÊPÇ Ä ½MÝ ÃXáeâ ½MÆ Ä
É ¼ Ã Ì ÃXÂ ÊSã ÃXÂ ½BÈ�¹;Ê Å�Ã »�½ ÄVÄ ½B¹^Ì�Ç�ºQ½�¿rÚÛ½ Å Ç[ä�½,ÈV½MÜ�ÇU¼@Ç Ä ½MÝ ÄjÅ ½!Ì Ã Ý�½WÊ�Ç Â Ý Ä`Å ½!Ç�Ê;º Ã ¼�¹ ÄjÅ ÌhÆWÊ^½MÇU¼nÊSã�¿rå Å ½
Ì�Ç Ä Æ Å ¹ Â º+Ì+½ ÄjÅ�Ã Ýæ¼V½ É ½�¼@È Ä`Å ½çÆ ÃXÂ=ÄjÃ »�¼�¼V½WÊ^Ç Ä ¹ ÃXÂ È Å ¹PÜè¿�Úé½ Å Ç�äU½!È Å�Ã ßl½MÝ�¹ Ä È.Ç[ä�Ç�¹;ÊPÇ á ¹SÊ;¹ Ä ã Ä`Å ¼ Ã »eº Å�Ã » Ä
ÄjÅ ½+½jê4Üë½M¼�¹^Ì�½ Â=Ä,ÉmÃ ¼ìÆ Ã Ì�Ü�» Ä ½M¼BºQ½ Â ½M¼@Ç Ä ½MÝ%¹PÌ+Ç�º=½MÈ"¿ÓÚé½+Ç[ÊPÈ Ã ÇXÜ�ÜeÊS¹^½MÝ%¹ ÄçÉmÃ ¼çÇ�¼@½MÇ�Ê;Ë1ÊS¹ É ½ Å »�Ì+Ç Â%á ã
¹ Â=Ä ¼ Ã Ý�»�ÆW¹ Â º Ä`Å ½Bº Â ÇKß.½MÝN¹^Ì�Ç[º=½!Ç Â Ý Ü�¼V½MÈV½ Â=Ä ½MÝÓÈV½Wä=½M¼VÇ[Ê�½jê4Ü�½M¼�¹^Ì�½ ÂeÄ Ç[Ê7¼@½MÈV»eÊ Ä ÈM¿
í É
ÄjÅ ½ÓÌ+½ ÄjÅ�Ã ÝÞÆMÇ Â Æ ÃXÂeÄ ¼ Ã Ê Ä`Å ½ Ã ¼@Ý�½M¼ Ã]É!Ä`Å ½ÓÜ�ÇX¼ Ä È ÄjÃ%á ½ÓÜ�¼ Ã ÆM½MÈVÈV½MÝîß.¹ ÄjÅ È Ã Ì�½æ¼V½MÇUÈ ÃXÂ Ç á Ê^½

ÆM¼�¹ Ä ½M¼n¹PÇeï�¹ Ä ß�¹SÊ;Ê Â�Ã�Ä�ÃUÂ Ê;ãð¼V½MÝ�»�ÆM½ ÄjÅ ½ÏÆ Ã Ì+Ü�» Ä Ç Ä ¹ ÃUÂ Ç[ÊBÇUÌ Ã » ÂeÄNá » Ä Ç[ÊPÈ Ã ¼@½MÈ Ã ÊSäe½ ÄjÅ ½Ï» Â Æ Ã ä=½M¼V½MÝ
È�¹SÊ Å�Ã »�½ ÄVÄ ½,¼V½WºX¹ ÃXÂ Ü�¼ ÃUá Ê^½MÌæ¿�å Å ¹^È2¹^ÈVÈ`»�½,ß�¹SÊSÊ á ½ñÈ Ä »�Ýe¹P½MÝ�¹ ÂòÄ`Å ½ É » Ä »�¼V½�¿
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overlapping area
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Estimate the joint angles

Difference
 Images

Estimate the joint angles

Inertia of the part
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"head" body object’s joint

"pelvis" body object
(Root of the tree)

"uparml" body object’s joint
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A body object
under matching
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