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Image Shape

Deformabl e
Model

Image Forces
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1) Extract image fe atures

2) Hypothesize 
corr espondence

3) Solve for object  pose

4) Verify hypothesi s
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initial frame: acti ve
contour initialized  to
object boundary

previous contour pl aced in next 
frame is attra cted to new object 
position

active contour sett les on 
new object bound ary

object need not be rigid
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model pose is known
in initial frame

as object moves, mo del 
features are searched for 
at loc ations predicted 
from  previous frame

error between actua l 
and predicted fea ture 
locations is u sed to 
update model  position

NPO�QLR5S�T�Æ U ��e4�}T ��Z[V S(O�\�T,]_¿F�4�6T�d Y �PS W d��zO�]5Q

Ó ÔÎm¸v�q�Õwv�i�Õ kºÖ�× ØÙ×XÚtmp×�Û?×�ilknÜ�kpv�owi�ÜcÝ�ÞßÜ�Ú

x(] Y `}O�{F{+T�d Y O�eL]�~ � T3§�S�{ Y �}T�{�d�S+O���T W S6T a S6T�{(T�] Y�W-Y O�e�] � `}O�d�`Kyle4�}T � { W ]KeL�4�6T�d Y,� {/­ Z[V {+` W-a TXO�] Y T�S�y�{pe-� W
{+T Y e-�¸¤�R W�� O Y�W�Y O�\�T � f Z �}T&§�]5T��t\�e � R5ylT Y S(O�d a�W S Y {��¹� `}O�{XS6T a S�T�{+T,] Y�W-Y O�e�]�~�d�e�yc�}O�]}O�]5QK�¢e Y `te��4�6T�d Y6Z d�T�] Y T,S6T��
W ]���\�O�T � T,S Z d�T�] Y T�S�T��_yle4�}T � {�~ � O �.� ]He Y e�] � f��1eLS6y Y `5Tt� W d��4�¢e�]5T�e���eLR5SK¤�R W�� O Y�W-Y O�\�Tà{+` W�a TtS6T�d�e�\�T�S�f
W ]�� Y S W d��zO�]5Q a�W S W �zO�QLy�{�~j�HR Y�� O �.� ��TwR�{+T�� Y eKQLe�\�T�S�]teLR5S�¤�R W ] Y O Y�W-Y O�\�T�{+` W�a TwS�T�d�e�\�T�S6f W ]�� Y S W d���O�]5Q
a�W S W �zO�Q�y�{&�ºá�T Y `5T�S�T��1eLS�TXO�]�d � R��}T�O�] Y `}O�{F{+T�d Y O�eL] W �}T�{�d�S+O a5Y O�eL]�e��peLRHSF¤zR W ] Y O Y�W-Y O�\�Tc{+` W-a T�yle4�}T � �

â L�ã äæå��pçRO{������O{FGH EFè��pé.H � V3ê:HjçROTIFë
� `5TF`}f4�5S+O��wS�T a S�T�{+T�] Y�W�Y O�eL] � TFR�{(T Y e¦�}T�{6d&S+O���T3e��4�6T�d Y {p�}S W�� {ºeL] Y+� e a S�T�\ W�� T�] Y S6T a S�T�{+T,] Y�W-Y O�e�]K{6d�`5e�e � {
O�] Y `5TKd�e�y a R Y T�S�\�O�{	O�eL]ìd�eLylycR5]}O Y f��t� `5Tl§�S�{ Y {6d�`5e�e � O�{cd W��7� T��|e��4�6T�d Y6Z d�T�] Y T,S6T��tywe4�4T � O�]HQ5~ � `5T�S6T,�}f
Y `5S�T�T Z �zO�ywT,]�{	O�eL] W�� eL�4�6T�d Y �}T�{�d�S+O a5Y O�e�]�{ W S6T<O�]}\ W S(O W ] YºY e�d�` W ]5QLT�{nO�] Y `5T&O�S a e�{$O Y O�eL] W ]���e�S+O�T�] Y�W-Y O�eL] � O Y `
S6T�{ a T�d Y�Y e Y `5T�\zO�T � T�S���� `5T�{+T�d�eL]��à{6d�`5e�e � O�{ld W��.� T��|\zO�T � T�S Z d�T�] Y T,S6T��tywe4�4T � O�]HQ5~ � `5T,S6T��4f W ] eL�4�6T�d Y
�}T�{�d�S+O a5Y O�e�] d�e�]�{	O�{ Y {�e�� Y `HT�{(T Y e-� W��.�<a e�{�{	O�� � TK\zO�T � {Xe-� W ]|e��4�6T�d Y ~"e-� Y T�] � O�]5��T�� Y eLQ�T Y `HT�S Y e��1eLS�y W ]
W { a T�d Y Q�S W-a `��£¿F�4�6T�d Y6Z d�T�] Y T�S�T���ywe4�4T � { W S6T¥d�eLy a�W d Y ~}�HR Y<Y `5T&O�S/S6T�d&eLQL]4O Y O�eL]r�1S�eLyÎ© Z[V O�y W Q�T�{<S6T�¤�R}O�S6T�{
y W �zO�]5QÃ­ Z[V O�]}�1T�S�T�]�d�T�{£�1S6e�yÙ© Z[V �1T W-Y R5S6T�{&�Xí3O�T � T,S Z d�T�] Y T�S�T���ywe4�}T � {&~�eL] Y `5Tce Y `5T�S¹` W ]���~PS�T��}R�d&T Y `HT
S6T�d&eLQL]4O Y O�eL] a S�eL� � T�yî�1S6e�y Y `5S�T�T¹�zO�ywT�]�{	O�eL]�{<�4e � ] Y e Y(� e5~��5R Y O�]�d&R5S Y `5TXd&e�{ Y e��?` W \zO�]5Q Y ec{ Y e�S6TFy W ]}f
�zO.¡�T�S6T�] Y \�O�T � {¸�1e�S<T W d�`KeL�4�6T�d Y �

x+]�eLS��}T�S Y e�ylT�T Y?Y `HT<QLe W�� {ºe-�Ä¤�R W�� O Y�W�Y O�\�TFeL�4�6T�d Y ywe4�}T � O�]5Q W ]���y W-Y d�`4O�]HQ5~ � Tp§�S�{ Y ywe4�4T � eL�4�6T�d Y { W {
eL�4�6T�d Y6Z d�T�] Y T�S�T��cd�eL]�{ Y S�R�d Y O�e�]�{<e-�¼¤zR W�� O Y�W-Y O�\�T � f Z �}T�§�]5T��r\�e � R5ylT Y S+O�d a�W S Y {<d�`5e�{(T�]��1S6eLyÎ{+e�ywT W S6�}O Y S W S�f�~
§�]}O Y Tà{+T Y|±.M Æ�µ$�Ð� `5T a�W S Y d ��W {�{+T�{ W S�T|¤�R W�� O Y�W�Y O�\�T|O�] Y `5T|{(T�]�{(T Y ` W-Y�Y `5T�f W S�TÊO�]4\ W S+O W ] YtY e¾�}T,QLS6T,T
e-�¥d�R5S�\ W�Y R5S�T�~�S6T �DW�Y O�\�Tt��O�ylT�]�{$O�eL]�{&~<�}T�Q�S6T�T�e�� Y�W�a T�S+O�]5QH~ T Y d��|� `5T�O�Sld�`5e-O�d�T �¸W {�O�]�{ a O�S�T��É�4f W {(T Y e-�

´



\�e � R5ylT Y S(O�d3{(` W-a T�{F¨$d W��7� T���Q�T�eL]�{ «�a S�e a e�{(T����}f Y `5T a {+fHd�`He � eLQ�OD{ Y ~�ÈºO�T��}T,S6y W ]�~ W { W {(T Y e-�n{+` W-a T�{ � `4ODd�`
Y `5T�`}RHy W ]t\zO�{+R W�� {+fH{ Y T�yÙd�e�R � �_¤�R}O�d�� � fKS6T�d&e-\�T,S£�1S�eLy W © Z[V O�y W QLT�~ W ]�� � `}O�d�` � T�S6T�S+O�d�`tT,]5eLR5Q�` Y e
�}T�{�d�S+O���T W¥��W S6QLT�]4R5yc��T�Spe-�nT�\�T�S�f5� W f�eL�4�6T�d Y { ± ©-µ$�nï3] � O���T�ÈºO�T��}T�S�y W ]�~�`5e � T�\�T,S�~ � T¹�}ec]5e Y S6T�{ Y S(O�d Y e�R5S
S6T a S6T�{(T�] Y�W-Y O�e�] Y e�QLT�e�]�{�ð � TF�¢e�S6S�e � e�] � f Y `5TF]5e Y O�eL]�e�� W §�]}O Y T¹{+T Y e��?¤�R W�� O Y�W�Y O�\�T � f Z �}T�§�]5T���\�e � R5ylT Y S(O�d
a�W S Y { R�{(T�� Y ec�5R}O � ��eL�4�6T�d Y {��

x Y O�{ W�Y3Y `5T�\�e � R5ylT Y S(ODd a�W S Y yle4�}T � O�]5Q � T�\�T � ~ Y ` W-Y<� T¥O�]4\�eL��T Y `5T�d�eL]�d�T a5Y e���\�O�T � T�S Z d&T�] Y T�S6T��wywe4� Z
T � O�]5Q5�<��S W �zO Y O�eL] W��/W { a T�d Y QLS W-a `�S6T a S�T�{+T,] Y�W-Y O�e�]�{£e��/­ Z[V eL�4�6T�d Y { yle4�}T �nW ]�T�] Y O�S6T�e��4�6T�d Y<� O Y ` W {(T Y e-�
W { a T�d Y {l¨¶eLS�\zO�T � { « ~?T W d�`|�4T�§�]}O�]5Q WKY e a e � e�Q-O�d W���� f��zO�{ Y O�]�d Y \zO�T � e�� W ]|e��4�6T�d Y O�] Y T�S6y�{Xe-�<O Y {�\zO�{$O�� � T
{+R5S(� W d�T�{ ± ©�©-µ[�_¿FR5S W�a5a S6e W d�`¾�zO.¡"T,S�{�O�] Y ` W�Y�� T�R�{+T W { a T�d Y { Y etS�T a S6T�{+T�] Y�W ¨ Y f a ODd W��.� f {+y W��.�1« {+T Y e-�
\�e � R5ylT Y S(O�d a�W S Y { �1S6e�y � `}O�d�`Ke��4�6T�d Y { W�a5a T W S(O�]5QwO�]KeLR5S<O�y W QLT�� W-Y�W � W {+T W S6T�d�eL]�{ Y S�R�d Y T��"~}S W-Y `5T�S Y ` W ]
S6T a S6T�{(T�] Y O�]5Q Y `5T�T�] Y O�S6T�eL�4�6T�d Y ��O�S�T�d Y(� f��3ñpeL]�{(T�¤�R5T�] Y+� f�~�eLR5SFQLe W�� O�{ Y ewR�{(T W { a T�d Y { Y e�S6T�d&e-\�T,S Y `HTc­ Z[V
\�e � R5ylT Y S(O�d a�W S Y { Y ` W�Y y W ��TcR a_Y `5TceL�4�6T�d Y O�]|eLS��}T�S Y e�d W S�S6fteLR Y�W S�T�d�eLQ�]}O Y O�eL] Z �4f Z1a�W S Y { a S6e4d�T��4R5S6T�~
S W�Y `5T�S Y ` W ] W-Y�Y T�y a5Y O�]5Q Y elR�{+T W { a T�d Y { Y elS6T�d�eLQ�]}O�Â�T�T�] Y O�S�T�e��4�6T�d Y {��/� `5T W �}\ W ] Y�W Q�T�e�� Y `}O�{ W�a5a S�e W d�`
O�{ Y ` W-Y {	O�]�d�T Y `HT<]}R5yc��T�Spe��?¤�R W�� O Y�W�Y O�\�T � f���O7¡�T�S�T�] Y \�e � R5ywT�{nO�{pQLT�]5T,S W��.� f�{+y W��.� ~ Y `HT3]4R5yc��T�S�e�� a e�{�{	O�� � T
W { a T�d Y { O�{ � O�ycO Y T�� W ]���~¢yleLS�T�O�y a e�S Y�W ] Y ~jòDó�ô}õ$ö�õ�ó�ô}õ�ó5÷�e�� Y `HT�]4R5yc��T�S<e-�pe��4�6T�d Y {ºO�] Y `5T�� W-Y�W � W {+T��FÈ f
` W \zO�]5Q W {+R}ÌÃd�O�T�] Y+� f �DW S6Q�T�{+T Y e���\�e � R5ylT Y S(O�d a�W S Y �5R}O � �zO�]5Q � � e4d��H{�~ W ]��É�4f W {�{+R5ycO�]5Q Y ` W�Y e��4�6T�d Y {
W-a5a T W S+O�]5Q�O�] Y `HT£O�y W QLT¹� W�Y�W � W {+T¥d W ]l��TXd�e�y a e�{+T����1S6e�y Y `}O�{p{+T Y ~�eLR5S Y S W O�]}O�]5Q a ` W {+T � `}O�d�`�d�e�y a R Y T�{
Y `5T a�W S Y \�O�T � {¸O�{ O�]��}T a T�]��4T�] Y e�� Y `HT�d&eL] Y T�] Y { e�� Y `5TXO�y W Q�Tc� W�Y�W � W {(T��

� `5T���OD{ W �}\ W ] Y�W QLTKe��<eLRHS�`4f}�5S(O��ÊS�T a S6T�{+T�] Y�W�Y O�eL]_O�{ Y ` W�Y O.� W \�e � R5ylT Y S(ODd a�W S Y O�{�e4d�d � R��4T��Ê�1S6e�y W
Q-O�\�T�]à­ Z[V \�O�T �<a e�O�] Y ~jO Y { a S6e��6T�d Y T�� W { a T�d Y O�] Y `HT�O�y W QLT � O �.�FW�� {(et��T�e4d�d � R��}T��"��á_TlycR�{ Y�Y `5T�S�T��1eLS�T
W d�d&eLylywe4� W�Y T Y `HT�y W-Y d�`4O�]HQwe���e4d�d � R��}T�� W { a T�d Y {�~ � `}O�d�` � T W d�d�e�y a}� O�{+`t�4flR�{+T�e-� W `}O�T�S W S�d�`}O�d W�� S6T aHZ
S6T�{(T�] Y�W-Y O�eL] � T�d W��7�?Y `5T�ø-ù(ö�õ�ú�÷�û4ò$õ�ü�øLü�ú�û4ýL�n� `5T W { a T�d Y `}O�T�S W S�d�`4f�d&eL]�{$OD{ Y {3e�� Y `5S6T,T � T�\�T � {&~�d�eL]�{	O�{ Y O�]HQ�e-�
Y `5Tl{(T Y e-��ø-ù(ö¢õ�ú&÷¬ù Y ` W�Y yle4�}T �/Y `5Tld�`He�{+T,]_\�e � RHywT�{&~ Y `5T�{+T Y e-�Fd&eLy a e�]5T�] Y<þ ø�ú�õ6ùXe�� Y `5T W { a T�d Y {�~ W ]��
Y `5T¥{+T Y e��Fÿ����4ó�ô�øLü&ý��Lü�����ö5ù S�T a S�T�{+T�] Y O�]5Q W��.� {+R5��{(T Y { e��pd&eL] Y eLRHS�{<�¢e�R5]��zO�]5Q Y `5T3� W d�T�{&�p� `5T W yc�}O�QLRHeLR�{
y W�a5a O�]5Q�{��¢T Y+� T�T�] Y `5T � T�\�T � {�e-� Y `HT W { a T�d Y `}O�T�S W S�d�`}f W S�TKd W�a5Y R5S�T��ÊO�] W {+T Y e-�¹R a4�<W S�� W ]��É�4e � ] Z
�<W S��Kd�eL]��zO Y O�eL] W��pa S�eL� W �}O � O Y O�T�{�~"y W-a5a O�]HQw��eLRH]�� W S�f�Q�S6eLR a { Y e�� W d�T�{�~}� W d&T�{ Y e W { a T�d Y {�~ W ]�� W { a T�d Y { Y e
\�e � R5ylT�{ ± Ò�µ$�K� `5T a S6eL� W �}O � O Y O�T�{ W S6T�T�{ Y O�y W-Y T��ª�1S�eLy W �1S6T�¤zR5T,]�d�f W ] W�� fH{	O�{ce-�<�1T W�Y R5S�T�{�\�O�T � T��te�\�T�S W
{ W y a}� T���\�O�T � O�]5QK{ a `5T�S6T�d�T,] Y T�S6T��leL]KT W d�`Ke-� Y `5T�\�e � R5ylT Y S(O�d�d �DW {6{(T�{��

�Pe��}T,ywe�]�{ Y S W-Y TKeLR5S Y T�d�`H]}O�¤zR5T�{¥�1eLSl{(` W-a T�S6T�d�e�\�T�S�f�~�eL�4�6T�d Y S6T�d�e�QL]}O Y O�e�]�~ W ]�� Y S W d���O�]5Q5~ � T�` W \�T
{+T � T�d Y T�� W ]�e��4�6T�d Y S�T a S�T�{+T�] Y�W�Y O�eL]ì{	O�ycO ��W S Y e Y ` W-Y R�{(T��É�4fàÈºO�T��}T�S6y W ] ± ©-µ$~jO�] � `}O�d�` Y `HTÊñ W S Y T�{	O W ]
a S6e4�4R�d Y e��nd�eL] Y S W { Y O�\�TX{(` W-a T a S6e a T�S Y O�T�{ Q�O�\�T�{ºS+O�{(T Y e W {+T Y e��?\�e � R5ylT Y S(O�d a S(O�y�O Y O�\�T�{/d W��.� T���QLT,eL]�{&�pN�e�S
eLR5S�O�]}\�T�{ Y O�Q W�Y O�eL]Ä~ � T�` W \�T�d�`5e�{+T�] Y `5S�T�T a S�e a T�S Y O�T�{¥O�]�d � R��zO�]5Q|d&S6e�{�{ Z {+T�d Y O�eL]ì{+` W�a T�~ W �4OD{c{(` W-a T�~ W ]��
d�S6e�{6{ Z {(T�d Y O�e�]�{$O�Â�TX\ W S(O W�Y O�eL] ±7M ÆLµ$�p� `HT3\ W�� R5T�{ e-� Y `HT�{+T a S6e a T�S Y O�T�{ Q�O�\�TFS+O�{(T Y e W {+T Y e-� Y T,] a S+O�ycO Y O�\�T�{3¨ W
{+R5��{+T Y e��¸ÈºO�T��}T�S6y W ] � {3Q�T�eL]�{ « ~�yle4�}T � T���R�{$O�]HQtÑjT�] Y+��W ]�� � {�^�R a T�S�^���T Y d�`t­ Z$V ywe4�4T � O�]HQ Y e�e �¥± ­ M µ$~ W ]��
O �7� R�{ Y S W-Y T�� O�]¾NPO�QLR5S�T�´4�|NPO�Q�R5S6T�²rO �.� R�{ Y S W-Y T�{ Wra e�S Y O�e�]�e-� Y `5TKd&eLS6S�T�{ a e�]��zO�]5Q W { a T�d Y `}O�T�S W S�d�`}f�����e
d�eL]�{ Y S�R�d Y eL�4�6T�d Y {�~ Y `HT a S+O�ycO Y O�\�T�{ W S�T W-Y�Y�W d�`5T�� Y e�eL]5T W ]He Y `HT�S � O Y ` Y `5TXS6T�{ Y S(O�d Y O�eL] Y ` W-YFW ]}f¹�6R5]�d Y O�eL]
e-� Y(� e a S(O�ycO Y O�\�T�{ O�]}\�e � \�T�{ T�� W d Y+� f�e�]5Tc��OD{ Y O�]�d Y {+RHS+� W d&T¥�1S�eLyÁT W d�` a S+O�y�O Y O�\�T��

â L â äæå��GI���O{������O�F�H E3è �ºéMH � V3ê�H?çROTIFë
� `5T�¤zR W�� O Y�W-Y O�\�T�eL�4�6T�d Y yle4�}T � {F�}T�{6d&S+O���T��ÃO�] Y `5T a S�T�\�O�e�R�{F{+T�d Y O�eL] � O �7�na}��W f W d�S+O Y O�d W�� S�e � TXO�]���e Y ` Y `HT
S6T�d&e-\�T,S6fFe-�Ä¤zR W ] Y O Y�W�Y O�\�TF­ Z[V {(` W-a T<yle4�}T � {j�1S6e�y W ]�O�y W Q�T W ]�� Y `5TF¤zR W ] Y O Y�W�Y O�\�T Y S W d��zO�]5QXe��Ä­ Z[V {(` W-a T
ywe4�4T � {¹O�] W ]_O�y W Q�T�{(T�¤zRHT�]�d�T����FT�eLylT Y S+O�d W��.� f�~ Y `5T�{(Tl¤zR W ] Y O Y�W�Y O�\�T�{(` W-a T�yle4�}T � { W S�T�d � e�{+T���{+RHS+� W d&T�{
O�]�{ a�W d&T � `5e�{+TXO�] Y S+O�]�{	O�d�¨1y W�Y T�S(O W��1« d�e�e�S��zO�] W�Y T�{ W S6T�R	�Ï¨�

��� « ~H�}T�§�]HT���eL] W �4eLy W O�]�� ± ­L´4~ M ©Lµ$�n� `5T
a e�{	O Y O�e�]�{3e�� a e-O�] Y {<eL] Y `5TXyle4�}T � S�T ��W-Y O�\�T Y e W ]�O�]5T�S Y O W�� �1S W ywT�e���S�T��1T�S6T,]�d�T��ÉO�]�{ a�W d�T W S�T�Q�O�\�T�]K�}f W

²



1. Block 2. Tapered
    block

3. Pyramid 4. Bent
    Block

5. Cylinder

6. Tapered
    Cylinder

7. Cone 8. Barrel 9. Ellipsoid 10. Bent
      Cylinder
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Boundary 
Groups

Faces

Aspects

Primitives

Upward links indicate possible 
parent faces of boundary groups, 
while downward links indicate possible 
component boundary groups in faces.

Upward links indicate possible 
parent primitives of aspects, while 
downward links indicate possible 
aspects of primitives

Upward links indicate possible 
parent aspects of faces, while 
downward links indicate possible
component faces in aspects.

Aspect 
Hierarchy
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Map short−range for ces 
to 3−D forces that update 
model shape and pos e
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