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move-all-fingers fix-object

fix-some-fingers

Search for a manipulation-mode

computed at finer discretization dt
Instantaneous solution

Path and reached grasp
or no solutionSub-goal at higher discretization

+ nominal motion of O

GLOBAL LEVEL

LOCAL LEVEL

New grasp
or no solution

INSTANTANEOUS LEVEL
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jÊ��¸%p9y{p���}�w{p8y�z�w{p	w l p��{zOq�p9�{| l p8q�p9}�u�w l p�u�p8}�� l �&~Oy l ~°~���~�¬½pUz�| l �{}�u��x¯�ª�z�ym�xy{zO�{�oº kml p9}���p8zG�\p8}�u��w{~ z��\�Qz y{zOu���p0~�¬mq�~OwY}�~Ou l zh²°}�u���w l p¿�{zOq�p��{w{y�¯�|�w{¯�y{p z�� � � z�w<pUz�| l ~xyY}�p8uxw{z�wY}�~OuQ|�ª�~O�{p0wY~ z�{}�u��O¯�ª�z�y{}�w±µ�º,�'~OwY}�|�p0w l z�w<w l p��/65� �<~¥²Op8y{ª�zO�Hz�u\��w l z�w<w l p�}�y	¯�u�}�~xu�}��(Ê3�

�;�
jÊ¾º kml p8y{p�¬­~xyYpO�Åw l p|�~�ª�ª�pU|�w{}�~xu ~�¬4|�~xy{y{p8���&~Ou���}�u�� 8 6	z�ª��Y~�|�~¥²Op8y,8���´¾Çx¶Aºkml p(|�~xu��Yw�y{¯\|�wY}�~Ou�~�¬Åw l p'y�z�u���p8� � 6 }�u�w l p«r�� Ú |�z��{p3}��>��y{~�|�pU�{�{p8���{}�q�}�ª�zOyYª�µ�º�- p8w + � � + 2 �°z�u\�
+ � �&p<w l p	u°¯�q��\pUy�~�¬4p8���Op8�%~�¬�w l p(¬ËzO|�p8��}�u�|�~xuOw�z�|�w»¸m}�w l w l p�¹�³�p8�4% ' � �8��y{p8���\pU|�wY}�²�p8ª�µOº>�xw{zOyYw{}�u��¬Ëy{~Oq � H,I'JLK*IA�&w l p9y{p8��¯�ª�wY}�u���y�z�u��Op � � |�zOu¿�&p9| l zOy{zO|�w{p8y{}��8p8� �xµ + � �5+ 2 �5+ � }�u�p8®°¯�z�ª�}�wY}�p8�8�\p8zO| l~�¬1w l p8q ��p�¹&u�}�u���w l p	|�~xu��Yw�y{z�}�uxw%w l z�w3z�|�~Ouxw�z�|�w��&~�}�uOw3q�¯��{w%ª�}�p<~OuG~Ou�p<�{}���p�~�¬�zOu pU����pOº � ��¸»p|�~Ou��{}���p8y�~xu�ª�µ�|�~Oux²Op�³��&~�ª�µ l p8��y�z�� � � }���}�u���pUu�p8y�z�ª�z<y{p��x¯�ª�zOy��Yp8w �hº kml p3�&~O¯\u���z�y{µ	~�¬Ïw l p3|�ª�~O��¯�y{p�{p�w%~�¬�� � zOyYp«~Oy{}�pUuxw{z�w{}�~xu��>|�~Oy�yYpU�{�&~Ou\��}�u��	wY~¿´W�{}�u��O¯�ª�z�y·¶��xy{zO�{���»¸ l pUyYp(z�w%ª�pUz��{w%z9¹&u��Op8y{wY}��0}��%~xuzOu pU����p(~Oymz�²�pUyYw{p�³ ~�¬ ��º � ��}�u¿w l p<Ç¥� Ú |8z��{p���w l p<��z��{}�|(}���p8z�|�~Ou��{}��{w{�%}�uGzO����ª�µ°}�u���w l p	z��&~¥²�p����p8��|�y{}��&p8����| l p8q�p<w{~�w l p9�0¹&u��Op8y{wY}�����º kml }��'y{p8��¯�ª�w{�m}�u�}�wYp8y�z�w{}�²Op�ª�µGzO����}�u��\�Ïz�w3pUz�| l ~Oy{}�pUuxw{z�w{}�~xuª�~�|�z�wYp8��|�ª�~x�Yp9wY~ w l p��&~O¯\u���z�y{µ¿~�¬ � � �jz�y�z�u��Op	~�¬½q�~�w{}�~xu l zh²°}�u��0w l p��{zOq�p��{w{y�¯�|�w�¯�yYp � � z�u\�|�p8uxwYpUyYpU�Gz�w�w l z�wm~Oy{}�pUuOw�z�w{}�~xuoº
� p8|8z�¯��{p�w l p���p8~Oq�p�w�yYµ�~�¬ � � q�zhµH�\p�u�~Ou°��w{y{}�²°}�z�ª¾�j¸»p�}�ª�ª�¯��{w{y�z�wYp�~O¯\y(|�~Ou��{w{y�¯�|�wY}�~Ou ��| l pUq�p¯\�Y}�u���z«�{}�q���ª�pm�{� l p8y{}�|8z�ª��{w{y�¯�|�w�¯�yYpOº kml p�}���p8z«}���wY~�|�~Ou\�Y}���p8y1¬­~xy4�\¯�}�ª���}�u���w l p-�/65� ��z«|�~¥²�pUyY}�u��'�xµ��� l pUyYpU��º kml p�w{~O�Gª�p�¬­w%~�¬1Î�}��\º\È���p8��}�|�w{��w l p��\yY~��vp8|�w{}�~xu�~�¬4z�u¿z�y���}�w{y�z�y{µ0y{zOu���p'� � ~OuGw l p<��ª�z�u�p´��+;��°¶Aº -1p�w�� �&p�w l p�ª�zOyY�Op8y<��� l pUyYp0}�u���|�y{}��&p8�Q}�u � � ´Ëw{~O� y{}�� l w<~�¬mw l p�¹\�x¯�y{ph¶Aº � ¯�}�ª���}�u��(� 2|�~Ou��{}��Yw���}�u��xyY~¥¸m}�u�� � � �xµGz0��}��{w{z�u\|�p<p8®°¯�z�ªÅwY~ w l p	y�z���}�¯��m~�¬�� ´WwY~x��yY}�� l wA¶·º kml p	�&~�w{wY~xq ª�p�¬­w~�¬ÅÎ�}��&º�È9� l ~¥¸3�>w l p(�\yY~��vp8|�w{}�~xu�~Ou ´�����;����h¶�~�¬ w l p�y{p8��¯�ª�w{}�u����&~O¯�u��\z�y{µ�~�¬�� 2 º kml p��&~O¯�u��\z�y{µ�~�¬

� 2 }��»|�~xq��&~O�{p8��~�¬ z	�{p�w½~�¬ �Y}�u��O¯�ª�zOy�~Oy{}�pUuxw{z�w{}�~xu���w l z�w%z�y{p3��yY~�|�p8���YpU�0z��>zO�\~¥²Op<´WzOu��0z�w»¸ l }�| l z��� l pUyYp�� |8z�u��&p'��ª�z�|�pU�&¶Aº � ����}�u��	w l p'�{� l p8y{p8����� �»z�ª�~Ou��<w l p'�&~O¯�u��\z�y{µ9~�¬ � 2 µ°}�p�ª����½pUu�ª�z�y{��}�u��w l pmy{zOu���p%~�¬Ï~Oy{}�pUuxw{z�w{}�~xu��4~�¬ �Ñ´¾z�u���~O��w{z�}�u�}�u�� � � ¶·º1tvu�w l p%�Op8u�pUy{z�ª�|�z��{p���~Ou�p�|�zOu��{w{zOyYw��Oy{~¥¸m}�u��w l p0r¥� Ú �Yw�y{¯\|�w{¯\yYp�~�¬,� � �xµHw l p���� l pUyYpU����¯\uOw{}�ª>w l p�¬Ë¯�ª�ª½~Oy{}�p8uxw{z�wY}�~Ou ����zO|�p�}��<|�~¥²�pUyYpU�oº kml p�&~O¯\u���z�y{}�p8�(~�¬%w l p0y{p8��¯�ª�w{}�u��+�/65� ��ª�~x~x¼�ª�}�¼�p�¸�zh²�pU�«��¯�y�yY~x¯�u���}�u��+� � z�w<zG��}��{w{zOu�|�p�´�� �*�h¶ �! (�¸ l p8y{p �! �}��>w l p3y�z���}�¯��½~�¬"��º1�'~�w{}�|�pmw l z�w½w l p'|�~¥²Op8y{}�u���|�zOu��\p'q�zO��p�¹&u�}�wYp'�xµ�ª�~¥¸%p8yY���&~O¯\u���}�u��w l p	��}��Yw�z�u�|�p<�\p8w±¸»p8p8u¿w±¸»~�z��¥�Yz�|�pUuxw3�{� l p8y{p8��¯��{p8�G¬­~Oym��¯�}�ª���}�u���z���}�²�p8u¿y�z�u��Op'�/6�º
# � êAö¾óüÿvò<ö¾ñhõ�ö!$ # �3õvø 
�ò<ùUóüþ¾ÿvê·úhúhòvÿ±ö¾òvù,) ñhòvú¿öWñhò	ê·ë¾óüòvú�ö¾õ�öWóüê·úhþ(êAí&% õAë¾ò<ÿv÷üê·þWò	öWê�öWñhò�
�ê·ûUúhù¥õAëWøGêAí½ö¾ñUòø�õU)('�ôhó öWÿ�ñ�'�ë¾ê·÷ü÷xô¥õAë�õ
�mò±öWòYëWó*)Yõ�ö¾óüê·ú(õAúhý·÷üòvþ{ï
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kml p¿}���p8z�~�¬«¯\�Y}�u��Qw l p���� l p8y{p8� � ¬­~xy�}�u�|8yYpUq�p8uxw{z�ª�ª�µ |�~¥²�pUyY}�u��Hw l p¿~Oy{}�pUuOw�z�w{}�~xuc�{�\z�|�p¿|�zOu�&p�z�����ª�}�p8� w{~�� l ~¥¸ w l z�w�pUz�| l ~x�°�vp8|�w�~xyY}�p8uxw{z�wY}�~Ou |8z�uc�&p¿y{p8zO| l p8�Q¬Ëy{~Oq�w l pG}�u�}�wY}�z�ª��Oy�z����©}�uz�¹&u�}�wYp�wY}�q�p�º -1p�w!� �c
 R�S J�T �&p�zOuOµHzOy{��}�w�y{zOyYµ¿~Oy{}�pUuxw{z�w{}�~xuo�jz�u�� ª�p8w � �&p�w l p��{w{y�z�}�� l wv��ª�}�u�p���z�w l|�~Ou�u�p8|�w{}�u�� � �c
 H	I'JLK(I�wY~ � �Q
 RLS JLT�}�u�w l p9~Oy{}�p8uxw{z�wY}�~Ou��{�\z�|�p ´W�{p�p	Î�}��\º&É°¶Aº � |8z�u��&p�q�z���p	¬­p8z��{}���ª�p�xµ�|�~¥²Op8y{}�u���}�w��xµ�z �{p�w(~�¬>��� l p8y{p8�!� zO�«� l ~¥¸3u�}�uHÎ�}��\ºjÉ�º �»zO| l � |�~Oy�yYpU�{�&~Ou���w{~¿zG��} (ÏpUyYpUuOwy�z�u���p�� 6 ºQt�¬'w l pGª�p8u��Ow l ~�¬ � }��U���3�½z�q�z¥³�}�q�¯�q�~�¬�� �������  �� �Ñ�G��� l p8y{p8��z�y{pGu�p8p8��pU�cz�u\�y{p���~Oy{}�p8uxwY}�u�� � |8z�u��&p9z�| l }�p�²Op8�¿�xµ w l p9��y{p�²°}�~x¯��my{p���ª�~�|�z�wY}�~Ou¿�{| l p8q�p�~�¬�w l p	¹�³�p8�G¹&u��Op8y{wY}����m}�uª�p8����~�¬	�'���
� �  �� �*��wY}�q�p8�8º � pU|�zO¯��Yp<y{p���ª�~�|8z�wY}�u���w l p(¹�³�pU� ¹Ïu���pUyYw{}�����w�z�¼�p8�mz�u¿¯����&p8yY�±�\~x¯�u���pU�w{}�q�pO��w l p<¸ l ~�ª�p(p�³�p8|�¯�wY}�~OuG~�¬ � }���¹&u�}�wYpOº

θ z,O,start

Boundary of range R1
(projection)

DSphere 

θ y,O,start

Boundary of range R3

Boundary of range R3

Growing the range boundary
by the radius of the sphere D

Growing the range boundary
by the radius of the sphere D

RBoundary of range 2

Î�}��O¯�y{pGÈ23 � r¥� Ú |�zO�YpOº k ~x�©ª�p�¬­w430w l pG��y{~��vpU|�wY}�~OuQ~�¬�w l pGy�z�u���p�� � ~xu w l p z¥³�p8�9~�¬3y{~�w{z�wY}�~Ou��z�ª�~xu�� ��zOu�� �jº3}�u�}�wY}�z�ª4�Oy�z����G~�¬>z��&~�ª�µx�O~Ouoº k ~O� yY}�� l w43%w l p�q�z¥³�}�q9¯�q���� l p8y{p��#zOu����Oy{~¥¸m}�u��
� � �xµ�w l p	y�z���}�¯���~�¬ ��º � ~�w{wY~xq 3�w l p	yYpU�{¯�ª�w{}�u��0y�z�u��Op8�,� 2 ´Ëª�p�¬­w·¶�z�u\� � � ´¾yY}�� l w·¶Aº
���! �(��� � ��� ���+��	�
���� � ��� ���G< ��?�� ��� �
tvuÒw l p�¬­~�ª�ª�~¥¸m}�u��&�3¸%pQ��pUyY}�²�pQz�u*zOu�z�ª�µ��Y}��Gp8u�zO��ª�}�u�� wY~ � l ~¥¸+z |�~xuh�vp8|�w{¯�y{p�w l z�w�¯�u���p8y��Y~xq�p|�~Ou���}�w{}�~xu���´W��y{p8�{p8uxw{p8�Qª�z�wYpUyA¶·� w l p � ������zO|�p C 8 � ´
�°¶ ; � 6 Ç�;{r�;o~�¬�z�|�~Oux²�p�³ �{q�~°~�w l ~O�°�vpU|�w<}�u
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θ y,O,start

θ z,O,start

Boundary of range R1
(projection)

Spheres D

θ O,goal

Î�}��O¯�y{p<É23 k y{zOu��Y¬­~Oy�q�}�u���z���z�w l }�uxwY~0z�¬­p8zO�Y}���ª�p�q�~OwY}�~Ou�¯��{}�u��0��� l pUyY}�|�z�ªÅ|�~¥²�pUyY}�u��&º
|�~Ouxw{zO|�w3¸m}�w l w l y{p�p9¹�³�p8�H��� l pUyY}�|�z�ªÅ¹&u���p8y{wY}����«}��(z�ª��{~���ª�~O��z�ª�ª�µ���}*(jp�~xq�~Oy�� l }�|	wY~+8���´	��¶Aº�Î&~Oy'z|�~Oux²�p�³(��q�~x~Ow l ~x�°�vp8|�w��5C 8 � ´	��¶o}��1z«�{¯\���Yp8w ~�¬�8;:0´	��¶ ��p�¹&u�p8�	�xµ a 3�6Ñ´98 � ; � � ¶ > 8;:0´
�°¶ ��� � >
8 ��´	��¶ ��
�) Ã �2��Â �,��� � � Ã ��� . ��
 Ã � .�Ã � Ã � � . � � � Ã ��� �:D ��� ) D 
 � ��Â·Ã � ��� d º��x}�u�|�p��Û}��1��q�~x~Ow l � ) � }��1zw±¸%~'��}�q�p8u��{}�~Ou�z�ªOq�z�u�}�¬­~�ª��<��p�¹&u�p8�9�Oµ�z3��q�~x~Ow l ¬Ë¯\u�|�w{}�~xu � º � }��1~�¬�w l p½¬­~Oy�q � ´ 4
;�� ; ��; 8 � ; � � ¶�6��z�u\� ��pU�\pUu����%~Ou w l p<|�¯\y{y{p8uxw»|�~Ou°¹&�O¯�y�z�w{}�~xu�3 � ��~�¬���º � ��}�u �{�&º��O�x¸%p'pUu�ª�z�y{��p �7�xµ0w l p<y�z���}�}W�
� ' �\~�¬�w l p&% ' � �mz��m��p8��}�|�w{p8�¿}�u¿w l p9Çh� Ú |�zO�Yp�}�uGÎ�}��\º&��º

Î�}��x¯�yYp9� 3 � Ç¥� Ú |�z��{p(3�zOu p8ª�ª�}��\�Yp<}�uG|�~Ouxw{zO|�w�¸m}�w l w±¸»~�¹&u���p8y{wY}����8º
-1p�w �<6Òr�z�u��Gª�p8w � )o�\p<w l p�¬Ë¯�u�|�wY}�~Ou���z�y�z�q�p8wYp8y{} ��}�u��9w l p	�{¯\yv¬ËzO|�p<yYpU�{¯�ª�w{}�u���¬Ëy{~Oq pUu�ª�z�y{��}�u��

��º3�x}�u�|�p �7}��'��q�~°~�w l � � ) }��3�{q�~°~�w l º kml p	|�~xu���}�wY}�~Ou��'w l z�wmw l p9�&~O�{}�wY}�~Ou���8 � � ~�¬�w l p�¹�³�p8� % ' � �zOyYp(~Ou¿w l }��'�{¯�yY¬Ëz�|�p(zOyYp�¸3y{}�w{wYpUu�´{À>Á�Â�Á�Ã�Á /�A½¶
� ) ´ 4 � � ;�� � � ;�� � � ; 8 � ; � � ;�� ' ¶�6Ò��; ��6 ��!"!#!Yr ´¾ÇO¶

Î&~Oy1z3��}�²�pUu<~Oy{}�p8uxw{z�wY}�~Ou�� � z�u\�	z3�O}�²Op8u<�{p�w ~�¬\�\~x�Y}�wY}�~Ou\�
8 �0� ��´�ÇO¶ ��p�¹&u�p8�4z'�{µ°�{wYpUq_~�¬\r'u�~Ou�ª�}�u�p8z�ypU®°¯�z�w{}�~xu��>¸ l p8y{p«w l p(¯\u�¼°u�~¥¸3u���|�~xy{y{p8���\~xu��0w{~�w l p(|�~Oq��&~Ou�pUuOw��%~�¬
8 � º kml }��m�Yµ��{wYp8q q�zhµ l zh²Opu�~Qy{~°~�w{��~xy��{p�²Op8y�z�ª%~Ou�pU��º tvu zO����}�wY}�~Ouo�½}�w l zO��u�~QzOu�z�ª�µ°wY}�|G�{~�ª�¯�wY}�~Ou�}�u ��pUu�p8y�z�ª¾�>zOu��c~xu�ª�µczu°¯�q�pUyY}�|�z�ª'�Y~Oª�¯�wY}�~OuÛ|�zOuÛ�\pQ|�~xq��\¯�wYpU�Û¯��Y}�u���zOuÛ}�wYp8y�z�w{}�²OpHq�p�w l ~°�Åº ¨ l p8u*w l p |�~Oux²�pUyY�Op8u�|�p|�~Ou���}�w{}�~xu0}��%��z�wY}��Y¹\p8��}�u z�u�p�}�� l �&~Oy l ~°~°���Ñ~�¬ z�yY~°~�w'´Ëp�º �\º��°w l p �OzO|�~x��}�zOu�~�¬½´�ÇO¶�}��%u�~Ou��{}�u��O¯�ª�z�y~xy<}�w{�	���\pU|�w�y{z�ª>y{zO��}�¯��<}��9�{w{y{}�|�wYª�µ }�u°¬­p8y{}�~xy<wY~ �QÆ Ç(1�� r�É¥Ê­¶·�4w l z�w�yY~°~�w	|8z�u©�&p yYpUz�| l pU�H¬Ëy{~Oq�z�uxµ}�u�}�wY}�z�ªÅpU�Yw{}�q�z�wY}�~OuGª�µ°}�u���}�u��0ºÎ&~Oy'|�~Oux²�p�³G~x�°�vp8|�w{�8� l pUu�|�p�|�~xuO²Op�³G¬Ë¯�u�|�w{}�~xu�� � )W�Ïw l p�yY~°~�w��3~�¬�´�ÇO¶m¸ l p8u�w l p�µ�p�³°}��{w'z�y{p	w±¸%~��}��Ë�v~�}�uxw��&~�}�uxw{�%´Ëw l }���¸m}�ª�ª��\p�p�³���ª�z�}�u�pU�9ª�z�w{p8y·¶o~xy�z«�{}�u���ª�p%�&~�}�uxw�º kml }���q�pUz�u��4w l z�w�~Ou�p�|�zOu���p�¹&u�pz¿u�p8}�� l �&~Oy l ~°~���� |�~xuOw�z�}�u�}�u��G~xu�ª�µHz¿�{}�u���ª�p�y{~°~�w�z�u���|�~xuO²Op8y{��p�wY~¥¸�z�y���}�w<¯��{}�u��¿z�u°¯�q�p8y{}�|�z�ª
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q�p8w l ~��oº �'~OwY}�|�p0w l z�w	¸%p�z�y{p0~Ou�ª�µ }�uxwYpUyYpU�Yw{p8�Q}�u©w l p�p�³°}��{wYp8u\|�p0~�¬�w l p yY~°~Ow{�<~�¬(´�ÇO¶�zOu��Qw l p8}�y|�~Oux²�pUyY�Op8u�|�p3u�p�}�� l �&~Oy l ~°~�����º%´�Í(¯\y>�O~Oz�ªÏ}��»u�~Ow»w{~�| l z�y�z�|�w{p8y{}��8pmw l pUq u°¯�q�p8y{}�|8z�ª�ª�µ\¶·º � p8|8z�¯��{p'~�¬w l p3�&~O���Y}���ª�pmp�³�}��{wYpUu�|�p�~�¬jq�¯�ª�w{}���ª�p'�{~�ª�¯�w{}�~xu�����~Ou�pm|�zOu�u�~Ow½��p�¹&u�p3z(��} �vpU|�wY}�²�p3q�zO��zO��}�u����\º��%¸m}�w l
8 � �\p8}�u��HÃ ���m�{~�ª�¯�wY}�~Ou¿~�¬�´¾Çx¶Aº �'~¥¸%p�²�pUy����{w{zOyYw{}�u���¬ËyY~xq z�|�¯�y�y{p8uxwm}�u�}�w{}�z�ªo¬­p8zO�Y}���ª�p	�Oy�z����N���O��~Ou�p|8z�u�|�~xu��Y}���pUy�~Ou�ª�µ9w l p3|�ª�~O�{p8�{w�yY~°~�w�´W}Ü¬o}�w�p�³�}��{w{�·¶1wY~ 8.�� º4Î\~xy�z�uxµ9~xyY}�p8uxw{z�wY}�~Ou�� � ´¾��z�y�z�q�p�w{p8y{}��8}�u��
� � ¶m}�u�z�u�p�}�� l �&~Oy l ~°~�� �+~�¬�� �� �j}Ü¬3´�ÇO¶ l z��«z�w'ª�p8zO�Yw(z��{~�ª�¯�wY}�~Ou 8 � z�u\��}Ü¬28 � }��«| l ~O�{p8u�wY~¿�\pw l p |�ª�~x�YpU�Yw y{~°~�w0w{~ 8.�� �3¸»pH|8z�uÛ��p�¹&u�pQzc��} �vp8|�w{}�~xu��*�&p�w±¸%p�pUu �@z�u�� ��� � _ ��º �x}�u\|�p � )}��0��} (ÏpUyYpUuxwY}�z���ª�p���� }��0z�ª��{~©��}*(jp8y{p8uxw{}�zO��ª�p�zOu���~�¬'¬Ë¯�ª�ª	´¾|�~�ª�¯�q�u&¶�y�z�u�¼Ïº � ����ª�µ°}�u�� w l p�}�ux²�p8y��{p¬Ë¯\u�|�w{}�~xuHw l p�~Oy{p8q ´WzO�'}�u ���\º��h¶·�&}�w(|8z�u��&p�� l ~¥¸3u�w l z�w��H}��(z�ª�~°|8z�ª���} (Ïp8~Oq�~Oy�� l }��{q ¬Ëy{~Oq � wY~
��� �`_ �Hºtvu w l p¿¬­~Oª�ª�~¥¸m}�u��\�>¸%p¿}�ª�ª�¯\�Yw�y{z�wYp¿~O¯�y���p8²�p�ª�~O�\q�pUuxw�}�u w l p�|�zO�Yp¿~�¬(z�u p�ª�ª�}����{~�}��oº$-1p�w(� �Q
 � �
� �c
 � ��z�u\� � �Q
 � �&p�w l pGy�z���}�}½~�¬ ��z�ª�~xu���w l pN4 � �j�4zOu�� �Hz�³�p8�8�1y{p8���\pU|�wY}�²�p8ª�µOº kml p �{µ°�{wYpUq ~�¬|�~Ou��{w{y�z�}�uxw{�(´¾Çx¶%yYpU��¯�|�p8��wY~�w l p�¬­~Oy�q 3

, 2'´ � �c
 � �5� ' ¶ 2 �
� 2'´	� �Q
 � �5� ' ¶ 2 �

� 2'´	� �Q
 � �5� ' ¶ 2 �;�=6Û� ; ��6 ��!"!#!Yr ´Wrx¶
¸ l p8y{p�, ' � � ' �4z�u�� � ' zOyYp�w l p�|�~Oq��&~Ou�pUuxw{��~�¬�w l p0²�p8|�wY~xy �.- �� 8 � � � � - �� 8 � ��� ' }��<w l p�y�z���}�¯��~�¬1% ' ��z�u�� � �c
 I ; \ 6 4
;��+;���}��	w l p y�z���}�¯��9~�¬ ��z�ª�~Ou���w l p \ �±z¥³�}���º �»zO| l u�~Ou�ª�}�u�p8zOy	p8®°¯�z�wY}�~Ou �}�u�´Wr°¶�|�~xu��{w{y�z�}�u���8 � wY~	ª�}�p'}�u0z	y�z�u���pm��p�¹Ïu�p8���xµ�z�u�p�ª�ª�}����{~�}�� : ' l zh²°}�u��<w l p'��z�q�p3� l z��&p'z��>w l ppUu�ª�z�y{��p8�9~O�°�vpU|�w�z�u\��|�p8uxwYpUyYpU��z�w�% ' º1Î�}��\º�1���p8��}�|�w{��w l p3y{zOu���pU� : ' ¬­~Oy�w l yYp8p»¹\³°pU�<% ' º �«~�wYpmw l z�wz�ª�ªÏw l p : ' � � l zh²�p'w l p<�{zOq�p'~Oy{}�p8uxw{z�wY}�~Ou � � º�´Wr°¶ l zO��z9�{~�ª�¯�wY}�~Ou }Ü¬ w l p6: ' � �%}�uxw{p8y��YpU|�w�z�w�z�w>ª�p8zO�Ywz9�\~O}�uxw 8 � º�tvu�zO����}�wY}�~Ouo�x¸ l pUuH´Wr°¶�}��»�{~�ª�²¥z���ª�p��°z�w%q�~O�{w%Ç<�{~�ª�¯�wY}�~Ou\�»q�zhµ�p�³�}��{w»zO�½}�ª�ª�¯��{w{y�z�w{p8���xµÎ�}��\º��\º�tvuGw l p�¬­~�ª�ª�~¥¸m}�u��&�°¸»p<��}��{|8¯�����w l p<w±¸%~0|�z��{p8�A3
��º ¨ l p8u ´¾rx¶ l z��<w±¸%~���}��Ë�v~�}�uxw9y{~x~Ow{�8�
8 �Q
 � z�u\� 8 �c
 2��4zO�<}�u©Î4}��\º1��� }�w	}��	�&~O���Y}���ª�p0wY~�¹&u\�Qzu�p�}�� l �&~Oy l ~°~��(� ~�¬ � � z�u���z |�~Oy�yYpU�{�&~Ou���}�u��Gy{zOu���p � }�u ��� ��|�~Ouxw{z�}�u�}�u��Gp�}�w l pUy�8 �c
 � ~Oy8 �Q
 2 ��¯�| l w l z�w<¬­~Oy9p8z�| l ~xyY}�p8uxw{z�wY}�~Ou�}�u �H��´¾rx¶(}��	¸%p�ª�ªÜ�±��p�¹&u�p8�©zOu�� �Y~Oª�²¥zO��ª�p�zOu��Q}�w l z��~Ou�ª�µ�~xu�p	�Y~Oª�¯�wY}�~Ou 8 � }�u���º � |�~Oy�yYpU�{�&~Ou\��wY~�w l p	u�p�}�� l �&~Oy l ~°~���~�¬�~Ou�p(~�¬1w l p<w±¸»~0y{~°~�w{�� l ~¥¸3u �xµ0w l p�}�uxwYp8y��{p8|�w{}�~xu�~�¬ w l p<|�ª�~x�YpU� |�¯\yY²Op�: � ! : 2 zOu��Gw l p��{¯\yv¬ËzO|�p : � ´W�{p�p�Î�}��&º°�°¶Aºkml }��«|�~Ouh�vpU|�w{¯\yYp�µx}�p�ª����(��¯�}�ª���}�u��¿z���} �vp8|�wY}�²�p�q�zO���H¸ l }�| l }��(z���} (Ïp8~Oq�~Oy�� l }��{q��&p�w±¸%p�pUu
��zOu���� _ �Hº

Ç�º ¨ l p8u ´Wr°¶ l z���z �{}�u���ª�p�y{~°~�w«z�w � � �o}�w�q�zhµ l z����&p8u w l z�w��j¬­~xy(��q�z�ª�ª���}�����ª�z�|�p8q�p8uxw{�«~�¬��´ l pUu�|�p ~�¬�w l p : ' � �A¶«}�u©�Y~xq�p���}�y{p8|�wY}�~Ou��8�Åw l p yY~°~Ow(²¥zOu�}�� l pU��ºGÍ(¯�y9|�~Ou¥�vp8|�w�¯�y{p�}��<w l z�w	u�~u�p�}�� l �&~Oy l ~°~��<|�z�u<�&p½¬­~x¯�u��	zOyY~x¯�u��!� � }�u�¸ l }�| l ´Wr°¶j}�� �{~�ª�²hzO��ª�p>z�w z�ª�ªx~Oy{}�p8uxw{z�wY}�~Ou��8º ¨ l p8u´Wr°¶�}��«u�~Ow'�{~�ª�²hzO��ª�p��Ïw l }��«q�pUz�u��'w l z�w«z�|�~Ouxw{zO|�w3}��«�\yY~x¼�p8u�z�w'~Ou�p	~�¬½w l p	¹�³�pU�¿¹&u���pUyYw{}��\��ºkml p8y{p�¬­~xyYpO��w l p9q�z�����|8z�u�u�~Ow'�&p9��p�¹Ïu�p8��zOu��¿w l p�ª�~�|�z�ª ��} (Ïp8~Oq�~Oy�� l }���q ��~°p8�'u�~�w3p�³�}��{w�ºkml p<�Oy�z�������|�~xy{y{p8���&~Ou���}�u���wY~���¯�| l �{}�w{¯�z�wY}�~Ou��mzOyYp<|�~xu��{}���pUyYpU� w{~0�\p	�{}�u��O¯�ª�z�y8º
� �½¬­~xy>w l p«|8z��{p3~�¬ �&~�ª�µ l p8��y�z�ª&~O�°�vpU|�w����°zh²�~O}���}�u��	�{}�u��O¯�ª�z�y>�Oy�z�������}��>w�z�|·¼xª�pU���xµ�zO����ª�µ°}�u���w l p��| l pUq�p���p�¹&u�p8�©��y{p�²°}�~O¯��{ª�µ ´Ë}¾º pOº��o¹\³°}�u�� � z�u����Yp8ª�pU|�wY}�u���q�~¥²°}�u��¿w l p�¹�³�p8� ¹&u���pUyYw{}��\�«w{~�w l p8}�y}�u�}�wY}�z�ª½|�~Ouxw{zO|�w«�&~O�{}�wY}�~Ou��(~Ou �	¶Aº kml p���~xz�ª4}���w{~G~x��w{z�}�u�z �xy{zO�{�H��p8y{}�²°}�u��Gw l p0�{zOq�p�|�~Ou��{w{y�z�}�u�{µ��Yw{p8q z���w l pm}�u�}�wY}�z�ª&�Oy�z����oº kml }��½�&p8y�q�}�w���p8u�ª�zOyY�O}�u��(w l p'�Yp8w�~�¬j~Oy{}�pUuxw{z�w{}�~xu���yYpUz�| l zO��ª�p»¬Ëy{~Oq7w l p
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Fixed fingertips

Object O

Enlarged object

F

F

F1

2

E1:

3

2

1

Range of r   when O is

F

1

3

Palm frame

F

Palm frame O
in contact with only F

E2

E3

F

Î�}��O¯�y{p�123 � z�u��Op8�4~�¬oq�~�w{}�~xu9~�¬Ïw l p3|�pUuOw{p8y�~�¬Ïz�u�p�ª�ª�}����{~�}���¸ l p8u�}�w�}���}�u�|�~xuOw�z�|�w4¸m}�w l r���� l p8y{}�|�z�ª¹Ïu���pUyYw{}����8º �»zO| l y�z�u��Op(|�~Oy�yYpU�{�&~Ou\��wY~�w l p<p8u�ª�z�y{��pU��p8ª�ª�}��\�Y~O}���|�pUuxwYp8y{p8�¿z�wmz�¹&u��Op8y{wY}��oº
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Possible solutions for rO

Range E3

Intersection of E   and E

Range E Range E1 2

1 2

Î�}��O¯�y{pG��3 k ¸%~��&~O���Y}���ª�p¿�{~�ª�¯�w{}�~xu��	¬­~xy�8 � º kml p¿|�ª�~x�YpU��|�¯\yY²Op }���w l p¿}�uxwYpUy{�{p8|�wY}�~Ou ~�¬�: � z�u\�
: 29z�u\�H|�~xy{y{p8���\~xu��¿wY~�w l p�y�z�u���p<~�¬28 � ¸ l pUyYp9w l p�~O�°�vpU|�w3}��'}�uH|�~Ouxw{zO|�w3¸m}�w l ~xu�ª�µ4% � zOu�� %�2�ºtvuxw{p8y��YpU|�wY}�u��<w l }��%|�¯\yY²Op3¸m}�w l : � ´Ë}¾º pOº��°z�����}�u��9w l p(r�y��0|�~Ou\�Yw�y{z�}�uxw�~�¬Å|�~Ouxw{zO|�w½¸m}�w l % � ¶4��}�²�pU�½w±¸%~}�uxwYpUy{�{p8|�wY}�~Ou��\~O}�uxw{�A3 w l p3y{~x~Ow{��~�¬1´Wr°¶Aº1�'~OwY}�|�p�w l z�w�¬­~Oy��{~Oq�p�~Oy{}�p8uxw{z�wY}�~Ouo��w l }���}�uxw{p8y��YpU|�wY}�~Ou�wYpUu����w{~0�\p	z��{}�u��Oª�p	�&~�}�uxw�º

�{}�u��O¯�ª�z�y»�Oy�z������%�xµ0w l p<��z�q�p(y�z�u���p ��´W¯��{p8� ¬­~Oy%w l p«}�u�}�wY}�z�ªo�xy{zO�{�&¶·º *«�{}�u���w l p���z�q�p��YpU®°¯�p8uxwY}�z�ª|�~Ou��{w{y�¯�|�wY}�~Ou¿~�¬�w l p�|�~¥²�pUyY}�u��0y�z�u��Op8�m�&p8yY¬­~Oy�q�pU�G¬­~Oy3w l p9�&~�ª�µ l p8��y{~Ou�|8z��{p���}�w'|�zOu��\p�� l ~¥¸K}�u�z�{}�q�}�ª�z�y�¸�zhµ0w l z�w�8���´Wr°¶»}����Oª�~x��z�ª�ª�µG��}*(jp�~xq�~Oy�� l }�|«w{~-C 8 � ´¾rx¶Aº
� - ���«���G���m? �9�Û��B�� �����	
�
��'�
¨ p�u�~¥¸���yYpU�YpUuxw�z���y{}�p�¬�~¥²�p8y{²°}�p8¸Ñ~�¬�~O¯\y(��ª�zOu�u�}�u��Hz�ª���~xyY}�w l q¿º kml p l }�� l ª�p�²�p8ª½~O�&p8y�z�w{p8��z��<zl p8¯�y{}��{wY}�|H´���� w±µ��\p¥¶<�xy{zO� l �{p8z�y�| l ~Oucz���}��{|8yYp8wY} ��p8��yYpU��yYpU�YpUuxw{z�w{}�~xu©~�¬'z���z�y�z�q�p�w{p8y{}��Uz�w{}�~xu�~�¬
8 ��´Wrx¶'´¾�Y}�u�|�p C 8 � }��m��} (Ïp8~Oq�~Oy�� l }�|«wY~ 8���´Wr°¶Y¶·º%�xw{zOyYw{}�u���¬Ëy{~Oq w l p�}�u�}�w{}�z�ªÅ�Oy�z����o�x}�wm}�wYpUy{z�wY}�²�p8ª�µp�³���z�u��\�3z�w{y{p�pO���»�\~�¬���¯��°����~xz�ª���´Ë~xyY}�p8uxw{z�wY}�~Ou¿|�p8ª�ª��A¶·º kml p	p�³���zOu��Y}�~Ou¿~�¬�� �Yw�z�y{w{��¬Ëy{~Oq � �c
 H	I'JLK(IzOu��Q}�uxw{p8y{ª�pUzh²�p8�<�{p8®°¯�pUuxwY}�z�ª�ª�µHw l p0¬­~Oª�ª�~¥¸m}�u��H�Yw{p8���A3�´Y�¥¶�z��{p�w	~�¬���¯��°����~xz�ª¾��� �Q
 R �1}��9|�~Oq���¯�w{p8�oºt±w(|�~xy{y{p8���\~xu����'wY~ w l p�¬Ëz�|�w«w l z�w � |�z�u��&p�q�~¥²Op8��z�ª�~xu�� z u�~Oq�}�u\z�ª���z�w l ´W|�~Oy�yYpU�{�&~Ou\��}�u��0wY~Gz�\¯�yYp�y{~�w{z�wY}�~Ou0¸m}�w l z�u p�³�w{y{p8q�p(²�p�ª�~�|�}�w±µ	� �c
 R ¬­~xy%z��\pUyY}�~���~�¬ wY}�q�p�

�(¶·º kml p8�{p(u�p�¸Ò��¯��°����~xz�ª��zOyYp�|�~Ou\�Y}���p8y{p8��zO�'u�p8¸Ñu�~���p8�«}�u��»º9´¾Çx¶'�xw�z�y{wY}�u���¬Ëy{~Oq w l p�|8¯�y{y{p8uxw3�xy{zO�{�Å�[� H �jz�ª�~�|�z�ª4��ª�zOu�u�p8y}���z�����ª�}�p8�GwY~�¹&u��¿zG´W��}�p8|�p���¸m}��{ph¶»��q�~°~Ow l ¬­pUz��{}���ª�p�ª�~°|8z�ªjw{y�z¥�vpU|�w{~Oy{µ��{p��xq�p8uxw%��z�w{}��Y¬­µ°}�u���w l p�w{z���¼|�~Ou��{w{y�z�}�uxw{��w l z�w'q�~¥²Op8�mw l p<¬Ë¯�ª�ª4q�zOu�}��\¯�ª�z�wY}�~Ou��{µ��Yw{p8q w{~ z��Oy�z����8� R l ~�ª���}�u�����z�w«z��{¯\�°�¾�O~Oz�ª
� �c
 R ´Ë~xy3z�w3zOu�~Oy{}�pUuOw�z�w{}�~xu ¸m}�w l }�u�w l p9�{zOq�p	|�p�ª�ª­¶Aº(´Wrx¶�t�¬���¯�| l z�w{y�z¥�vpU|�w{~Oy{µ �Yp8�Oq�p8uxwm}��m¬­~x¯�u��o�u�p�¸ �{¯����¾�O~Oz�ª���z�y{p���p8u�p8y�z�wYpU��¬Ëy{~Oq w l p9y{p8zO| l p8� ~Oy{}�pUuxw{z�w{}�~xu }�u�¯�ux²°}��{}�w{p8��z��¥�Yz�|�pUuxw3u�~���p8�m~�¬��»�~Ow l pUyY¸m}��{p�z�ª�~�|�z�ª�¬Ëz�}�ª�¯\yYpm}��>y{p8�&~Oy{wYpU��zOu�� � �Q
 R }��½|�~xu��{}���pUyYpU��wY~	�&p'u�~Ou���y{p8zO| l z���ª�p�º kml p8�{pmw l y{p�p�{wYpU���(z�y{p	}�uxw{p8y{ª�pUzh²�p8��¯�uxw{}�ª�z0�xy{zO�{� l ~Oª���}�u�� � z�w«}�w��«�O~Oz�ªÅ~Oy{}�pUuxw{z�w{}�~xuo�
� �Q
 RLS JLT±�Ï}��«y{p8zO| l p8���xµw l p3ª�~�|�z�ª&��ª�zOu�u�pUym´W��¯�|�|�p8���A¶·�O~xy½u�~	��¯��°����~xz�ª�|�zOu0�\p«yYpUz�| l pU��ª�~�|�z�ª�ª�µ���¯\yY}�u��<w l p'�YpUz�y�| l ´­¬Ëz�}�ª�¯�yYp¥¶Aº
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tvu��{wYp8�¿´�ÇO¶A� � �Q
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8 ��´	��¶ ; � 6 Ç�;{r ;Å}��	��ª�~O�\z�ª�ª�µQ��}*(jp�~xq�~Oy�� l }�|�wY~*C 8 � ´	��¶Y¶·º �»z�| l y{p8zO| l z���}�ª�}�w±µ y{p��O}�~xu�� �0� ~�¬mz¹Ïu���pUyYw{}���}��'q�~���p�ª�p8� �Oµ�z���� l pUyYp<~�¬>y{zO��}�¯\�mp8®°¯�z�ª wY~G��º���´Wq�¶Aº'tvu�w l p9¬­~�ª�ª�~¥¸m}�u��0p�³�zOq���ª�pU���Ïw l p|�~Ou��{}���p8y{p8�Gq�zO�{��~�¬��7}��<� <<��zOu��Gw l p�¬Ëy{}�|�wY}�~Ou¿|�~°p�7�|�}�pUuOw3z�w�p8z�| l |�~xuxw{z�|�w�}�� & ' 6Ò�G! �°ºtvu�p8zO| l ~�¬Ïw l p%¬­~�ª�ª�~¥¸m}�u��(¹\�O¯\yYpU���¥w l pmwY~x�9ª�p�¬­w½zOu��9w l pmwY~x��q�}�����ª�p3�{u\z���� l ~�w���� l ~¥¸cw l pm}�u�}�wY}�z�ª�xy{zO�{�Gz�u��¿w l p9��pU�Y}�yYpU� �O~Oz�ªW��y{p8���\pU|�w{}�²Op�ª�µ�º kml p<w{~O��y{}�� l wm� l ~¥¸3��w l p<¹&u�z�ªo�Oy�z���� ´W}�u�|�ª�¯\��}�u���w l p~x�°�vp8|�w ~xyY}�p8uxw{z�wY}�~Ou&¶oz�| l }�p�²Op8���xµ(w l p���ª�zOu�u�pUyÅ¸ l pUyYp»w l p%��z�y�¼'ª�}�u�p8�4z�y{p½w l p»w�y{zO|�p8�Å~�¬�w l p%|�~Ouxw{zO|�w{�~xu ��º kml p�q�}�����ª�p�~�¬>pUz�| l ¹\�x¯�y{p�� l ~¥¸3�(zG�{p8®°¯�pUu�|�p�~�¬>}�uxwYpUy{q�p8��}�z�wYp��Oy�z������'zO| l }�p8²�pU� �xµ�w l p��ª�zOu�u�p8y�´W}Wº p�º���p�ª�p8q�p8uxw��0~�¬ X ¶·º kml pH�&~�w{wY~Oq ��p8��}�|�w{�0w l pH~Oy{}�p8uxw{z�wY}�~Ou��\z�w l ~�¬�����¯�y{}�u�� w l pp�³�p8|�¯�wY}�~Ou;~�¬ X º kml pH��z�w l }���y{p8��y{p8�{p8uxw{p8� }�u w l pH�{�\z�|�p�~�¬�y{~�w�z�wY}�~Ou;z�ª�~Ou��Qw l p 41�&�j�mz�u\� �z�³�p8�m~�¬�w l p<¹�³�pU����z�ª�q ¬Ëy�z�q�p /�A%º kml p ��z¥³�}��3}��«�\~O}�uxwY}�u�� ¯\�O¸�z�y����mzOu���w l p���ª�zOu�p�´¾� l ~¥¸3u��xµw l p�y{p8|�w�z�u��Oª�p¥¶m}���w l p���ª�zOu�p�´'4 ;��\¶Aº kml p��{w{zOyYw<zOu�� pUu��Q~Oy{}�pUuxw{z�w{}�~xu���´ËpUu��°�±�\~O}�uxw{��~�¬%~�¬ X ¶(z�y{p� l ~¥¸3u�~xu w l p�yY}�� l w�z�u�� ~OuHª�p�¬­w<�{}���p�~�¬>w l p�¹&�O¯�y{p8�8�oyYpU�{�&p8|�wY}�²�p�ª�µ�º9Î\~Oy��&p�w{wYp8y(}�ª�ª�¯��{w{y�z�w{}�~xuo�o¸»pz�ª��{~���y{~��vp8|�w�w l p�~xyY}�p8uxw�z�wY}�~OuQ��z�w l ~OuQw l p ��ª�z�u�p�´ 4
;��\¶·ºGtvuQp8zO| l ��p8��}�|�w{p8�©�Oy�z����o�Åw l p q�~¥²°}�u��¹Ïu���pUyYw{}��o� % � �o}��(� l ~¥¸3uH}�u��Y~Oª�}��H��ª�z�|·¼¿|�~Oª�~xy��jz�u�� w l p9¹�³�p8��yY~Oª�ª�}�u��0¹&u��Op8y{wY}��o� %�I·�j}��«}�u���}�|�z�wYpU�}�u¿�Oy{p�µOºk z���ª�p8�3Ç�zOu��¿r��O}�²Op�w l p	��}���|�y{p�wY} �8z�wY}�~OuG¯��YpU�G¬­~Oym��y{~�|�p8���{}�u���w l p	��yYpU�YpUuxwYp8�Gp�³�zOq���ª�pU��º


 � � \ ����´Ëª�p8u��Ow l |�p8ª�ª­¶Ç�º ��� ��º��<� Ç�º �O�OÉ���p8�\º
k z���ª�p	Ç 3 k }�q�p�zOu���|�~xu°¹\�O¯\y{z�wY}�~Ou ��}���|�y{p�w{}��Uz�wY}�~OuÅº

� �c
 � 6 � �c
 � 6 � �c
 � . � '���� � J �K �
� '���� � J �K��º �Or���p8�\º Ì¥� È�q�q�Ì¥� Ç�º 1OÉ���p��\º Ì¥�

k z���ª�p<r23���p8ª�~�|�}�w±µ ��}���|�y{p�wY} �8z�wY}�~Ouoº
	 ��� �(��� � ��� ���+��	�
���� � ��� � <1���1����	
¨ p l zh²�p�|�~xu��{}���pUyYpU� �{p�²Op8y�z�ª���}*(jp8y{p8uxw<|�~xux²�p�³H�&~�ª�µ l p8��y�z�º�tvu w l p�¬­~�ª�ª�~¥¸m}�u��&�o¸»p���y{p8�{p8uxw<�Y~xq�py{p���~Oy{}�p8uxw{z�wY}�~Ou�p�³�z�q���ª�p8��~�¬½z0��}�z�q�~xu��°��ª�}�¼�p<�&~�ª�µ l p8��y{~Ouoº kml p<ª�pUu���w l ~�¬�w l p���}�zOq�~Ou��¿}��3z��&~O¯�w�\º rxÈ�q z�u\�cw l pG¸m}���w l }���zO�\~x¯�w���ºüÇ�È�q¿º kml p�|�~xu��Y}���pUyYpU� }�u�}�w{}�z�ª�zOu�� ¹Ïu�z�ª�~Oy{}�p8uxw{z�wY}�~Ou���z�y{p´¾��ºüÈ��°��º �\�°��º �°¶½z�u���´Ë���\º È����±��ºüÈ��°��º ��¶�´Wy�z���}�z�u&¶·��yYpU�{�&p8|�wY}�²�p�ª�µ�º4Î�}��&º&�U�	w{~ ���9}�ª�ª�¯\�Yw�y{z�wYp'w l p���ª�zOu�u�pU�w�y{z��vp8|�wY~Oy{}�p8��¬­~xy»y{p���~Oy{}�pUuxwY}�u��<w l p(��}�z�q�~Ou�� |�~Ou\�Y}���p8y{}�u��<¬­~O¯\y»��} (jp8y{p8uxw»��|�pUu�z�y{}�~&º kml p«|�~xu��{}���pUyYpU���|�pUu�z�y{}�~�zOyYp(w l p�¬­~Oª�ª�~¥¸m}�u���3

� �°|�pUu�z�y{}�~ Ú ����´ËÎ�}��&ºj�8�x¶C3 � w%p8zO| l }�u��Yw�z�uxw���zOuOµ�¹&u���p8y{wY}���|8z�u��&p(�{p�ª�p8|�wYpU��wY~��\p<q�~¥²�pU�oº4tvuz�����}�w{}�~xuo�\z�uxµ0¹\³°pU�G¹&u���pUyYw{}��¿|�zOu��\p	| l ~x�YpUu w{~��\p	y{~�ª�ª�}�u���~Ou ��º�% � }��3z�ª�ª�~¥¸»pU��wY~�q�~¥²Op�\p8w±¸»p8p8u�z�uxµ zO�h�Yz�|�p8uxw%¬Ëz�|�p8�8º
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� �°|�pUu�z�y{}�~ Ú �vÇ0´WÎ�}��&º&�hÇO¶�3 kml p(�{zOq�p(z�� Ú �A�'¸m}�w l w l p«p�³�|�pU��wY}�~Ou0w l z�w %��Ò}��»u�~�w»z�ª�ª�~¥¸%p8��wY~q�~¥²�p<�\p8w±¸»p8p8u¿z��h�YzO|�pUuOw%¬ËzO|�p8�8º
� �°|�pUu�z�y{}�~ Ú ��r�´ËÎ�}��\º��8r°¶�3 kml p���ª�z�u\u�p8y�| l ~°~O�{p8�8�j~Ou�|�p�}�uHw l p0�\p8��}�u�u�}�u��\�
% I º % I }���q�z�}�u°�w{z�}�u�pU�0w l p(��z�q�p'��¯\yY}�u��	w l p(y{p���~Oy{}�p8uxw{z�wY}�~Ou�w{z���¼Ïº�%��K}��%�{p�ª�p8|�w{p8�o��z�w½p8zO| l }�u\�Yw�z�uxw��°z�q�~Ou��w l p<w l y{p�p	y{p8q�z�}�u�}�u��9¹Ïu���pUyYw{}����8�\zOu�� }��mz�ª�ª�~¥¸»pU� w{~�q�~¥²Op��&p�w±¸%p�pUuGzO�h�Yz�|�p8uxw%¬Ëz�|�p8�8º
� �°|�pUu�z�y{}�~ Ú ��� ´WÎ�}��&º&�8�°¶�3 kml p(�{zOq�p(z�� Ú �±r	¸m}�w l w l p«p�³�|�pU��wY}�~Ou0w l z�w %��Ò}��»u�~�w»z�ª�ª�~¥¸%p8��wY~q�~¥²�p<�\p8w±¸»p8p8u¿z��h�YzO|�pUuOw%¬ËzO|�p8�8º
k z���ª�p � ��}�²�pU��w l p�|��\¯°�¾w{}�q�pQz�u��Ûw l p©|�z�y���}�u�z�ª�}�w±µ�~�¬	w l p©�{¯����¾�O~Oz�ª��0p�³���ª�~xyYpU�Û��¯�y{}�u�� w l p|�~Oq���¯�w�z�w{}�~xu ~�¬4w l p<w{y�z¥�vpU|�wY~xyY}�p8� X º

�>³�z�q���ª�p Ú �A� Ú �±Ç Ú �±r Ú ���
�«~���p8��~�¬�� � 1x� Ç¥�&� �U��� Ç�����°¯��°����~xz�ª��%p�³���ª�~Oy{p8�Gª�~�|�z�ª�ª�µ �°Ç �8r\� ��� È¥��°¯��°����~xz�ª��@> X rxÈ �Or �&� �\�|���¯¿w{}�q�p0´W�·¶ È�r �8�°� 1O� 1OÇ

k z���ª�p���3»�x~Oª�¯�wY}�~Ou¿��z�y�z�q�p�w{p8y��43�|�zO�Yp�~�¬�z���}�z�q�~Ou\�°�¾ª�}�¼�p��\~Oª�µ l pU��yY~xu
�°|�p8u�zOyY}�~ Ú ���0´WÎ4}��\º �8�x¶%|�~Oy�yYpU�{�&~Ou\����wY~0w l p9q�~O�{wmp)(jp8|�wY}�²�p9q�z�u�}���¯�ª�z�wY}�~Ou��{| l p8q�p	�Y}�u�|�p	w l p��ª�zOu�u�p8y(|�zOuH�{p�ª�p8|�w�z�uxµ�|�~xq9��}�u�z�wY}�~Ou�~�¬½¹�³�p8�H¹&u���pUyYw{}��\�«zOu�� % � |�z�u q�~¥²Op��&p�w±¸%p�pUuHz��h�YzO|�pUuOw¬ËzO|�pU��º � �9¸%p l zh²Op��\~O}�uxw{p8� ~x¯�w �AÉ�º���ºüÇ���q�zOu�}���¯�ª�z�wY}�~Ou©}���²�p8y{µQ~�¬­wYpUuc�&p8yY¬­~Oy�q�pU�©w l y{~O¯�� l w±¸%~y{~�ª�ª�}�u���zOu��Qw±¸»~��{ª�}���}�u��H|�~xuOw�z�|�w{�8º kml p�z���}�ª�}�w±µ�wY~H| l zOu���p�w l p��Yp8w	~�¬%¹�³�p8��¹&u���p8y{wY}����	zOu��Qw l p�{p�w<~�¬%y{~�ª�ª�}�u���~Ou�p8��´Ë}¾º p�º��$%�� zOu��*% I ¶ l zO��}�w��<p)(jp8|�w	}�uQ}�u�|�y{p8zO�Y}�u��¿w l pG|�z��\z�|�}�w±µ�~�¬�w l p�y{zOu���~��q�} ��pU��}�u\�Yw�z�uxw{zOu�p�~x¯��'�{~�ª�¯�wY}�~Ou¿¬­~xy3w±¸%~Gy{p8zO�Y~xu��43«´Y�¥¶�}�w«}��3pUz��{}�pUy3wY~ ¹&u��HzG|�~xuOw�z�|�w'��}��Yw�yY}���¯�w{}�~xuw{~ ��z�ª�zOu�|�p	w l p	�xy{zh²°}�w±µ ¸3y{p8u�| l z�u\� ´¾Çx¶%w l p�y{zOu���p<~�¬½yYpUz�| l zO��ª�p<~xyY}�p8uxw�z�wY}�~Ou\�m}��'p8u�ª�z�y{��pU���Y}�u�|�p|�~Ou��{}���p8y{}�u��(��} (jp8y{p8uxw½|�~xq9��}�u�z�w{}�~xu9~�¬jq�~¥²°}�u��°Ìh¹�³�p8�9¹&u���pUyYw{}��\��|�~Ouxw�yY}���¯�w{p8��}�u�|�y{p8zO�Y}�u���w l p3u°¯�q���&p8y9~�¬3�&p8yY¬­~Oy�q�pU�Q�Oy�z������<z��9}�w	¸�z��9��z�y{wYª�µ�}�ª�ª�¯��{w{y�z�w{p8�Q}�u �{�&º��OºGtvu ���\º�����| l z�u��O}�u��¿w l p �xy{zO�{�\�zOu�� y{p���ª�~°|8z�w{}�u��9w l p % ' � �»~xu�� ¸%p8y{p«�&p8yY¬­~Oy�q�p8� }�u w l p<z��\�YpUu�|�p«~�¬ w l p(y{p8zO| l z���}�ª�}�w±µ�|�~xu��{w{y�z�}�uOw���º¨ l p8u���pUz�ª�}�u��9¸m}�w l y{p8zO| l z���}�ª�}�w±µ�|�~xu��Yw�y{z�}�uxw��½z�u��0¬­~Oy>|�p8y{w{z�}�u0~x�°�vp8|�w»q�~�w{}�~xu��8�O}�w»�&p8|�~Oq�p8�%q�~Oy{p��}'7�|�¯�ª�w%wY~�q�z�}�uxw�z�}�u0w l p�q�~¥²°}�u��	¹&u���pUyYw{}�� % � }�u0}�w���yYpUz�| l zO��ª�p'¸»~xy{¼°����z�|�p � � � ¸m}�w l ~x¯�w��Y¸m}�wv�| l }�u���}�w	�\p8w±¸»p8p8u�¬Ëz�|�p8�8º kml }��	}��<}�ª�ª�¯��{w{y�z�w{p8��}�uQÎ�}��\º½�O��¸ l p8y{p % � q�¯��Yw	q�zO¼�p0z�u�p�¸ |�~xuOw�z�|�w¸m}�w l z0u�p�¸K¬Ëz�|�p<}�u�~Oy���pUy�wY~��&p9z���ª�p<wY~���z¥¬­p8ª�µ¿�\pUyv¬­~xy{q w l p	|�ª�~�|·¼x¸m}��Yp	y{p���~Oy{}�pUuxw{z�w{}�~xu�~�¬���z�u\�w{~0�\pUyv¬­~xy{q z0¼x}�u�p8q�z�wY}�|�z�ª�ª�µ0¬­p8zO�Y}���ª�p�´¾z�u�����z¥¬­p¥¶>q�zOu�}��\¯�ª�z�wY}�~Ou¿q�~�wY}�~OuÅº¨ p l zh²�p3~x���YpUyY²Op8��w l z�w�z�����ª�µ°}�u��9�{|�p8u�zOyY}�~ Ú ���«~�¬­w{p8u0µ°}�p�ª����>~x�°�vp8|�w»q�~�w{}�~xu��»¸ l }�| l z�y{p3²�pUyYµ|�ª�~x�Yp�w{~Hw l p�� l ~xyYw{p8�{w	��z�w l º � pUq�p8q9�&p8y9w l z�w<¸»p l zh²�p0¯��{p8� z���}��Yw�z�u�|�p�´W|�¬vº �AÈx¶«¸ l }�| l }��9��}Ü¬ �¬­pUyYpUuxw3¬Ëy{~Oq.w l p�¯���¯�z�ª �»¯�|�ª�}���pUz�u���}��Yw�z�u�|�p��&p�w±¸%p�pUu�w l p�~Oy{}�p8uxw{z�wY}�~Ou���zOy{zOq�p8wYpUy{�8ºmt�¬>w l p9ª�z�wYw{p8y��}��{w{zOu�|�p�}��3¯��{p8�o��w l p	� l ~Oy{wYp8�{wm��z�w l |�~Oy�y{p8���\~xu����»wY~0w l p	�Yw�y{z�}�� l wY�¾ª�}�u�p(|�~Ou�u�p8|�w{}�u���w l p<w±¸%~�pUu��°�~xyY}�p8uxw�z�wY}�~Ou\��º4tvu�~x¯�y»|8z��{p��xw l p<� l ~Oy{wYpU�Yw%��z�w l }���z�q�~Oy{p'p8ª�zO�\~xy{z�wYp(|�¯�y{²�pOº � �%� l ~¥¸3u0}�u k zO��ª�p«�\��°ÇH��¯��°����~xz�ª��	¸%p8y{p p�³���ª�~Oy{p8�©ª�~�|�z�ª�ª�µ }�u �{|�p8u�zOyY}�~ Ú ���¿z�u�� X �O~°p8��w l y{~O¯�� l rOÈH~�¬'w l p8q¿º kml p
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Workspace of
the fingertip center

Part of the workspace 
unreachable by the moving fingertip
(right part) and pursuing the clockwise

rotation of the polygon

Right part of the workspace
becomes reachable after switching 

Before switching After switching

Moving fingertip

Object

Î�}��O¯�y{p9�O�(3 � Çh� Ú }�ª�ª�¯��{w{y�z�w{}�~xu�~�¬ p8u�ª�z�y{��}�u���w l p�y{zOu���p«~�¬Å¬­pUz��{}���ª�p��{z�¬­p(zOu�� y{p8zO| l z���ª�p«�Oy�z������>�xµ�{¸m}�w{| l }�u���w l p	q�~¥²°}�u��9¹Ïu���pUyYw{}��o� %����\�&p�w±¸%p�p8u�zO�h�Yz�|�p8uxw%¬Ëz�|�pU��º
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