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Task Function

Redundant task

With Sensors

Without Sensors

Gradient

Others

Trajectory
 tracking

in SE3

in Joint Space

Others

Singularities

Obstacles

Joint limits

Vision

Force

(PRO)

Proximity

³ô�% \�*¤;�[BXx}G1�¡��¤ §O¤��6°�� ���ô�6°��!� ¢M§\�6�yT�§\�"��±�³*�*©�� �6�£�\©

��¦���¦9¥ �¯½��~ª¬°Z©~À�³¹¶KÊ � È-³$«��KÀ
�5�!�*����§O� ¢¡��� �²©z�6°��!©���·��!�6�u���6�¡�\©3�Z§��;� ¤��0� ©Z§O¢<¢¡�O§#$X��� © §O©X�z�����7°��
� ¢M§\�7�2°*�¡� ¤ §O¤;�6°*�¡���1�¡�!§ ���²©� \¢¡���\¶;U6��� �@�1�²�6°F�F�$�
��� ©��a�����~§O�6�6¤7� ¶*�a�;����xi�6°��5§O�6�7¤6� ¶a�*�;�u�ô¤;��¢v§O�6�,$X�1�;���6°��v*m�o�jlk o.e�m�e d �Fjlk g�rIdnh.r*vEk �Av*z+jlknm�o�§O©����6°���§O�6�7¤6� ¶a�*�;�u��§\�6�6�����v§O�;�u�
�1�²�6°z�6°��bjVrEgih.m �Qz+p.hQ�Qm*h�r��Ejlknr#d*&�N °���© �u�\©����¡�*��¤7� ©� �\©*¢,�F�6°��L8*¤����!�\©��������7°����\¶ U7��� �º�¡��¯�§O¤6�6¢,�F� ©i��� §O©��6�M§O�����	�3§O©��
�Ï§O¢ ¢¡����§L�M�*©�� �6�¡�\©�§O¢��\¶ U7��� �
� �T�:mXf D r*v7j²�#& N °i��© ¶Z�\�7° �F��¯3�u�$����§O�6�7¤6� ¶a�*�;�u�¦§O¤��º�u�\©����¡�*� ¤;�����G�6°��5� ©i��� §O©��6�M§O����� �\¶ U7��� �

D



�¡�$�Ï§O¢ ¢¡��� §��F���r�*¢¡��±VT�§\�:�0�\¶ U6�u� �º� [ � �:m�f D r*vEj²�E&	N �@� §#�0©��E� �*�18a©��1���g�
�,�0¯Z�\¤7� §O©���¤;� ¯*¤;�u�6� ©���§O�6�£�\©i������§
�5�\¶3�\�6±
T�§\�"� x
� � � r ¸ 5
¶K°Z©-±\µ�¶O³9� 9¹È-³7«�� m:u�z��amXf�m+j�� � z�d��k d�z�owm��#knrEo�jVr��&���Qz*h¤� ���1jld[oKm]�MrEd[z �*r�j�� r �T�"mXf D r*vEjld@k o.d1jVz�o�jlkVz�jVr��yuEm �
j�� r �9m�f�m+j�� � z�d����Az�oQ��kljld�r�� �4r#d�v*m ���QrEdnh.m�oQ�jVm?j�� rr #�k d1jVrEoKv*rLm:u{uEm �#g�z�p �Mz+jVz?j��*z�o.d uEr��#d�f�r7j !Ar*r#o��T�"mXf D r*vEjld��
� � � r5���Qz*h¤��m:uijlk g�r �"v*m�o.d1j��*z�kloKr���dnh�r*v#k �Av*z+jlknm�o�� ¿ÃÆ¯¨ 9¹È-³$«���� m:uiz��9mXf�m+j�� � z�d���k diz�o2m �#knr#o�jVr�� ���Qz*h¤� ���1jld@oKm �Mr#d
z �Qr-j�� r7[ � �"mXf D r*vEjldk o.d1jVz�o�jlkVz�jVr��[u7m��?j�� r��amXf�m+j�� � z�d�����z�oQ�qr*zMv3��m:uLkljld�r�� �Mr#d?v*m ���QrEdnh.m�oQ��d�jVmPj�� rJj��Qz�o.d u7r��?m:u�z
t�z �#knzXf1psrAu��Qm�g z7[\m]��e;psr � � z�d��jVmJz�oKm+j�� r��Lm�oSr��
T$°����M�*©i���6�¡�\©�§O¢S \¤ §O¯a° �£�m��¢¡���6���;���6°���� ¢M§\�6���£�Ï§O¢Z¤���¯*¤����6� ©�� §O�6�¡�\© �Ï§O¢ ¢¡�u� f1psm`v�� � ��knz ���*z�g � ©l§O�*�;��� §O�6�¡�2�u�\©��6¤;�\¢�& T$°��
T5¥1�< \¤ §O¯*°z§O¢²¢¡�E�5�$�7°��5�(�-� ���w�M§O�;�9$��¡����§O¢²�!_Ï§O�6�¡�\© ���<�7°��2���1�0¯3�\¤ §O¢�¯*¤;�\¯3� ¤6�6�¡���g§\�6�6��� �M§O�;�u� �����O§\�6°z�PT ¶�� ���,�x¯a¢(�
R � ¢ �¡�����²©� R � ©��;��§�¯3�\¤6�`&ô³ô�! \�*¤��!« ´  \�,$X���m§O© � ·*§��0¯*¢¡�1���3�6°��9T2¥1� \¤ §O¯*°��g§O�6�6¤6�²¶*�*�����7&�T$°i�9 \¤ §O¯*°����4�1°*�¡�6°?� §#��¶Z�
�Ï§\��� ¢,� ���r�²�;�u� ¶X� �6°i�2���7��¤g�6°*¤;�\�� \°��6°��[G�� �E�r¯*¤;�E$��¡�*���g�6°��5���6� ¤9�1�²�6°z§��u���0¯*¢£� �;�e§O©�� �"��©��6°�� �6�£�5¤;� ¯*¤;�u�6� ©���§O�6�£�\©
����§��5�\¶3�\�6±VT�§\�:�S&

��¦���¦�� �¯©.©~ÈS±\½�5�©Éª�ÀÃ³¤¶KÊ48�ª © �Oµ�Ê
À
T$°����\¶;U6�u���;�b� © §��5�\¶3�\�6±VT�§\�"�0�²©���¢²���*��§O¢²¢�� ©��ê�\¤�� §O�6�¡�\© ©��u�u���6��§O¤��0�;���6°��@ �� ©�� ¤ §O�6�¡�\© ���ô�6°i�9�M�*©�� �6�¡�\©�§O¢3§O©��JT2¥1�
 \¤ §O¯*°i�7& T$°i��¤;�#�ê�\¤;�4�����g���6� �;�1����§O�7�6¤6�²¶*�*�;�u�$§O¤��º�*�#8*©��u���Ì�\¤1�#$X��¤�� �\¶;U6��� �`�r¶*¤6�¡�1O��Sx

�v���6°i�y�v�*©�� �6�£�\©Z§O¢��6���e�M©�§�� �!§O©�� �u�\©�����§O©��g©��\©*±ê�;�#�0¯Z�\¤�§O¢�¯�§O¤ §�� ������¤;�b���ô�6°i�º�PT �x©Z§�� �u�$���~�6°��!�PT1�¦�;�e¶Z�
�u�\©*©��u���;�u���b§O©��

�²�M�<�7°��6T5¥m���6���5�v¯Z� ¤6�¡���x§O©��0�r�*¤ §O�6�¡�\©������6°��m�PT �å�u���-���*©*�¡�O§O�7�£�\©��¡�6���i���ô¶3� ���g��� © �PT1�7�\�V& �+&<¯3�\¤6���6°�§O¤ §\� �;� ¤6±
�¡���6�¡�����M©�§�� �4�G����¯3�+���"��©��6°*¤��\©*�!_Ï§O�6�¡�\©3�å©�§�� ��§O©��0�F��¯3�5���ô� ·w�6°�§O©� ��u�?$X§O¤7�M§O¶*¢¡�u�7�������+&,&(&ß���G¢¡���Ï§O¢²�!_Ï§O�6�¡�\© ���~§\�6�6�����v§O�;�u�
�u���*�u�
�M�²©*�²�6�v§O¢ �%_O§O�7�£�\©3�X�����0¯*�*��§O�6�£�\©Z�¦§O©�� ©�§�� �º���ô�7°����*���w�£�Ï§O�;�u� ¯*¤;���u���6�7�\¤`& �
³ô�²©�§O¢ ¢,��� �7°*¤;�u�ô�6� �;�<���X� ���6°i���*���\¯3� ¤ §O�;���\©
�7°����7��§O�6�6¤6�²¶*�*�;�u�7x*�;�����<���w���\°i��¤;� ©��u�ô¶3���F�$�u� ©2¯Z§O¤ §�� ���;� ¤;��� �ê�\¤ò��·a§��0¯*¢¡�+�
�r�,�z���O�����r�,�z���\���²© �E)X��§O�6�¡�\©&� � �6�#�Z§O�a�;��� §O�6�£�� ���©i��¤ §O�7�£�\© ���b�6°����PT>� ��¥	�
� �����*��§O©��\ �� ©���¤�§O�6�£�\©z���b�6°��?��§O� §
¤;�7)G�a� ¤;�u� ¶X� �6°������,���*¢v§O�6�£�\©��"�w���;�#�P&

& =�� ��� @��� @!BK�´,3)TE�#�@7���P@¹� E��9J�� C
�Ë©&§F�6��©i�6�+��§F�5�\¶Z�\�7±VT�§\�"�z�£�0§O�����x�¡�-�ê�\¤��6°��qz*hMhSpCknv*z+jlknm�o �*�u���! \©i��¤`&qG5�E�g�1$X� ¤�� �|�ê�\¢ ¢¡�E�2�0§O©_� ©��;� ¤6©�§O¢b�6�7)G�i��©�� ±
�²©� J�1°*�¡�6° �7°����*�u���! \©i��¤!°�§\�
©��\�e�;� �6�u��� © ©��\¤�� §O¢5� ��§O�²¢²�*¤;� ± �M¤;�u�O�5� � ¤;� �.� ��� §O©i���u�7&x�5�#$X��¤7�6°�� ¢£�u�6���6°��0�{T�°�§\�!�;�
� ·r�6°�§O©K �� �²©.�ê�\¤�� §O�6�¡�\©/�1�²�6° �\�6°i��¤��{Tm�7�~�²©&�\¤;�*� ¤��;� �"��©i�6°*¤;�\©*�%_�� §O©����\�\¤0�u�\©��r�²�6�¡�\©_�6°�� �²¤0§\���7�($X§O�7�£�\©3&l�Ë©_�6°��
�'�! " )#%$ �M¤ §�� �#�$�\¤Q���6°��u�6�1���g��§\��¯3�u�����$§O¤;���u�\©����¡�*� ¤;�����²© §���� ©� \¢¡�9�m§1��&}T$°������7°��5�{T1�b�O§O© ¶Z��§O¢¡�6���u�\©����¡�*� ¤;�u�
§\� �Qr*zMv7jlk t�r3�"�w���;�#� �g��= ��´�> �ô§O©��e�6°��b�1$X� ©���¯a¤;���u�u�6���²©� 1�Ï§O©�¶Z��¯*¤;�+ \¤�§��?� �u�º����� ©� 5�6°i���:��©��6°a¤;�\©��x§\�6���.�0¯*�7�£�\© ��= N > �#x
���% \©�§O¢¡�º§O¤����1�0�²�6�;�u�J�M¤;���C§O©��F�;� §O© §O�*����� §O���\©2�m°*�£�6°z��¯Z�u� �(8��u�1�6°��?�5�\¶Z�\�7±VT�§\�"� ¶3� °�§1$��¡�\¤`&�T$°*�¡�!§O�*�;��� §O�;�\©3�
�Ï§O¢ ¢¡�����{Tô�����£�1� ©��u���a��� �����²©� ��6°����"��©��6°*¤;�\©i�\���¦¢v§O©� \��§� �� ����8	�D�	��� ��= DE> �E&

��¦��*¦�§ ���¹ªp¶$© � ªp¶Kª¬È-³�©´±\µ�¶
���% \©�§O¢¡�0§O¤;� �#�0� �6����� ¶X�_�\¶;U6�u�����L�M¤;�����6°�� R �\¶��6� ¤�$X��¤�� R ��¢v§\�6�7& ³��\¤�� §O¢ ¢,�M�b§O©&�\¶��6� ¤�$X��¤��¡�7x�z�dcz�o�T�"mXf D r*vEj ��z�o
mXf D r*v7j�f�rEpsm�oM��k oM�bjVmPj��Xr?d*k oM�+psr�v7psz�d*d�z�p%psm�!Ar��2jVmPv*m�gge o�knv*z+jVr !{k j��2j��Xr�� � � v7psz�d*d�§O©��0z�d-z�o [ � �:mXf D r*v7j �yz�oDR
[wm ��e.psr�� � z�d��ihQ�Qm�t�k �4r�� !{klj��Pz+j}psr*z�d1jam�oKrm�e;j hKe;jSh.m �Ej�� z�o"� pCk oM�Jz�o���r#t+r#o�j��Fj�RQh.r��9t+z��#knzXf#psr��

�5�\�;�e�6°�§O�`���r���
�;���6°a�£�5�*�#8*©*�²�6�¡�\©3�a�7��� �e�\¶ U7��� �;�9� §1�z§O¢¡�6�0¶3���u��� �
�\¶��6� ¤�$X� ¤;���M��& �4&g¶3� ¢£�\©K x�;�0�F�$� �r�,'���¤;� ©��
� ¢M§\�6�7���!¶��\���*¢²�6�²±ê� ©���� §O©��7�M§O�6�¡�\©��1¶X� §\�a�r� ©K �6°�� §\�*�7)G�Z§O�;��¯Z�\¤7�`& �<� �
���L \�,$X� �6��� �x� ·a§��x¯a¢£�u�
���g�6°��0�\¶��6� ¤�$X� ¤;�
�*�#8*©��u��� © �6°��m��¢v§\�6��°*�£� ¤ §O¤;�6°a�£�u�7x<�\©��9� §1�� �\©*�²�;�\¤��6°��$��§\�"��M�*©�� �6�¡�\©3�Ï�²© �\¤;�*� ¤�����$X� ¤6�(�l���6°�§O���6°��m��¤6¤��\¤¦¤;�#� §O� ©i�
�"� §O¢²¢V�*�6°��
���u���*¤7¤;��©i���!�������²©� \�*¢v§O¤6� �7�£�u�
�M�²© �6°��!� §\�"��±sU;§\�u�\¶*�M§O©z�\¤5�¡�6���i���b�M¤����-�7°������ ©i�1� §O�6�¡�����#���7°��
§O¯a¯*¤;�X§\�6° ���
§LU6�\�²©��e�\¤0§\� �6��§O�;�\¤e¢ �,�0� �����7°����1$X�\¢²�*�6�¡�\©_���2�6��� �x�7��¢¡��� �;�u�2$�§O¤6�M§O¶a¢£�u�7�Z�6°��0�\�*�6¯a�*�
���2§O© � ·��;� ¤6©�§O¢��7��©��7�\¤ �M¯�§O¤7�
¯*¤;�u�6� ©��u�+���\¶���� §\� ¢£�m�*������� �6�¡�\©3�å¨!¥ � �\���\¤��E$X� ¤6°��Ï§O�6� ©K ;&(&,& �E�G�����+&ô�1¢ ¢��7°��6 �� ©�� ¤ §O�;�u�x� ·w��� ¯*�6�¡�\©���§O¤;�$°Z§O©��r¢¡����¶X���6°��
�{Tô��&

��¦��*¦9¥ ¨O±=9�¶K³9����³¹¶KÊ���±�¶59
�Ë© �'�! Q !#%${��z+p!pw���% \©�§O¢£�m§O©��F§\�6�7��� �M§O����� ¯a¤;���u�u�6���²©� ��������$¶3��¢¡�\©� 
���L�$� ¢ ¢²±��*�#8*©��u� �Ï§O�;�7 ��\¤6�£�u�7&

¨K±=9�¶K³%�\À-¦ N �e�r�£���6� ©K \�*�£��°3x
� j�� r6hQ�Qr��:v*m�oQ��kljlknm�o.d*&�T$°�� � ¤m���u� �*¤6¤;� ©��u�1�£�$¤��E)X�*�²¤;���<�ê�\¤5����§O¤6�6�²©� 
�6°����6� ¤�$X�\�²©� �� §\�"� &}T$°i�1�-� §1� ¶Z�4x





� ¯*�*¤;�!�"��©��6°*¤;�\©*�%_Ï§O�6�£�\© ���% \©�§O¢¡�7x O�§� ��7�*���% \©�§O¢¡�5§\�6�6�����v§O�;�u���1�²�6° §e¤���©��a�E_ ± $X�\���7&
� ���% \©�§O¢£�b¤;� ¢M§O�;�u�0�;�
�6°��5� ©X$��²¤;�\©.� � ©�����§O¢¡�6���Ï§O¢ ¢¡�u�?� �Ï§\���*¤;�#� ��©���¯*¤;� ±����\©��w� �6�¡�\©��;�E&3�1©�� ©.�Ì�\¤�� §O�6�£�\©0�¡�6�����u�-�M¤;���
�6°���� ©�$��²¤;�\©.� ��©��$�¡�$°�� ¤;�5¤;�7)G�a� ¤;�u�	�������Z§O¢ ¢,�0�6°*¤;�\�� \° §��6��©i�6�\¤
�M¯Z§O¤6�$¯*¤����6� ©��u�+��¯*°X�w���£�Ï§O¢3¤;���7�\�*¤;�u�º§#$X§O�²¢M§O¶*�²¢²� �F�M&,&,& �#&
� j�� rr$#Mv*r�hSjlknm�o.d*& Tg°��1� §O¤;�e��·w� ¢ �����($X� ¢(� �#�0� �6�����0¶�� �\¶��6� ¤�$X� ¤;�$�²© �Ï§\�6�
��� ��§O� ¢²�*¤;���*� �;�u���7�£�\© �ê�6�u�º�7��� �6�¡�\© � & � �#&
� j�� r9h.m�d1j��:v*m�o"��k jlknm�o.d*&ò�3�(�X��¯*¤;� ±��u�\©��r�²�6�£�\©i���6°i�1��§O¤;�!���ô���g�L��� ©��a�7x
� ¢£�+ \�¡�O§O¢~�"��©��6°*¤;�\©*�%_Ï§O�6�£�\©����% \©�§O¢£�g�1�0�²�6�;�u� ¶X� �7°����{Tô� � ���6��¢,�<�²©F�Ï§\�6�!�������\¤7¤;��� �$����¤��0�²©�§O�6�¡�\©3& �
� ���! \©Z§O¢£�$¤���¢v§O�;�u� �;���6°i�º� ©�$��²¤;�\©.� ��©��`�G�¡�6�����u���v¤;��� §��6��©i�6�\¤`x3�Ì�\¤5��·a§��0¯*¢¡�+��8*©�§O¢~§\�6�6�#��¶*¢,�-�ê�\¤;�u�2¤���¯3�\¤6�6�²©� ;&

� È´µ�° ª¬ÀvÀÉ±�¶�9*¦ N �
�*��©i�\�5¯*¤;�u�6��©��$�7¤;�O§O�Q� � ©��;�1§\�6�7��� �M§O�����J�m� �6°�¯*¤;� ±b§O©�� ¯3�����6±��u�\©��r�²�6�¡�\©��$���²©��u�2�7°��1��§O¤;��)G�*�²�;�
���,�0¯*¢£�4&�T$°��!��·w��� ¯*�6�¡�\© ¯a¤;���u�u�6���²©� 
�¡�6� �\¤;�º��¯Z�u� �(8��5���Z���! " !#%$ §O©�� �¡�1���7¤6��� �6�*¤;�u� §\�9�ê�\¢ ¢¡�E�2�7x
� j�RQh.r��[hQ�Qm�v*rEd*d*k oM��x3�6°i�m¤��O§\� �6�¡�\© �;���6°���¤;�u��� �,$X��� ��·w��� ¯*�6�¡�\© ���! \©�§O¢ò�£�g¢ �,�0� �;�u�0�;���6°���� ���r�,8��Ï§O�6�¡�\© ���ô�6°i�y$�§O¢ ���
���~§O�¦¢¡�O§\���$�\©��1¯Z§O¤ §�� ���;� ¤�� ©��PT$±��\¶;U6��� �;�7&ô³��\¤g��·a§��0¯*¢£�4���1°i��© �����0�²©� º©i�O§O¤b�;��§�� §\�"��±sU;§\�u�\¶*�M§O© ���²©� \�*¢v§O¤6�²�����å�6°��
¤;�7 \�*¢v§O¤6�!_Ï§O�6�¡�\© ¯�§O¤�§�� � �;� ¤�� �ê�7���e§O¯*¯3��©i�r� ·�«\�¦�¡�$¯*¤��+ \¤;���7���($X� ¢,� �7���9�v¤;��� � �;� «M&
� j�RQh�r���hQ�Qm`v*r#d*d*k oM��xi�6°��5� ·r�u� ¯*�6�¡�\©x¤��E)X�*�²¤;�����6°i�5§\���7�($X§O�7�£�\© ���~§º©��#���5�\¶3�\�6±VT�§\�:�S&�T$°��1� �*¤6¤���©��b�\©��1�£���6°�� ¤;�#�ê�\¤;�
��� ¢²¢£�u�	&}N °�� © �6°��!��©i�r� ©K ��£�5�u�\¤6¤;�u�����X�7°��2©i���x�²©�§O¢3¯3�����6±��u�\©��r�²�6�£�\©i�1§O¤;�[�M�*¢,8*¢ ¢¡�u�	&A�5�6°�� ¤��1�¡�6�+�*§���¯3�u���,8������% \©�§O¢<�¡�
�#�x�²�6�;�u� ���E�m§O¤;�*�$�6°i�
§O¯*¯a¢ �¡�O§O�7�£�\©3���1°a�£�6° �`oKm�!{d��6°���¤;�u���7$X��¤6�²©� �¯*¤����u���7�$�;�0§\� �6�($�§O�;�+&�³��\¤5��·a§��0¯*¢¡�+�r�(�~�6°��5¤;�\¶3�\�
¤;�Ï§\�6°��u��§}U6�\�²©���¢ �,�0� �{�1°a� ¢¡���7¤ §\�����²©� ��6°��b�6¤ §EU7��� �;�\¤����G§5¤;�u���\©.8K \�*¤ §O�6�¡�\©��5�\¶3�\�6±VT�§\�"�e�£����� §O¤6�;�u�	�Ï�7°���©��7°��¦¯*¤��1$��£�\�i�
�\©��!�O§O©�¶Z�e§\� �6�($�§O�;����§� X§O� ©�&
� j�RQh.r	�bhQ�Qm`v*r#d*d*k o ��x �6°�� ��·w��� ¯*�6�¡�\© �¡�����\©����£�*� ¤;�u�&§\���§O� §O¢�& T$°�� ©3�¦�#$X��¤Q���6°a� ©� F�¡�����;�\¯*¯3�u�	& Tg°*�£�����u���*¤��L�ê�\¤
�²©���� §O©��u�@�1°�� © �6°i�º� ¤6¤;�\¤g©��\¤���
=��
5¶3���u��� ���a)G�a�£����¢(�0�;����¢v§O¤* ��+�r�²©.�ê� ¤6¤6�²©� �§O©z§\� �6��§O�;�\¤a��§O�²¢ �*¤��2�\¤!§��u�\¢²¢ �¡���¡�\©3&

��¦��*¦�� �ÉÄÅ«��\ªpÄ·ªp¶$©É³�©´±\µ¹¶¼µ¹¸+©��Kª�»�µ¹½�µ7©�¿�³7À.Á$��5�©Éµ�ÄÅ³�©Éµ�¶
T$°���¢¡�+ \�£�Ï§O¢Z¶3� °�§1$��¡�\¤5���ô�6°����5�\¶3�\�6±VT�§\�:�S�r��¯3�u���,8��u� �²©�=CB D`> �r�£�g��©��u���*��� �����²©� ����8	�D�	���f��= � B > �#&

¿ �Oª 5KÀvª µ¹¸ ����8	�D�	��� ª ¤7�£�#O.��� ��� 8	�D��� �º�£�m§��*� �;��¤Q�x�²©*�¡���6�¡�1�u�\©����a¤6¤;� ©��b¢M§O©K \��§� ��º�a���r�¡�Ï§O�;���0�;�
�7°��5¯*¤;�+ \¤ §��0±
�0� ©K x����¤;�Ï§\� �6�($X�e¤;�O§O¢~�6�(� �e�"�r���;�1� �7&1�>�5�¡�5¶�§\�6�u�z�\© §� ���a��¢~���¦�:��©��6°a¤;�\©��\���1¯�§O¤�§O¢ ¢¡��¢²�¡�"� §O©i�F�����-���*©a�£�Ï§O�6�¡�\©
�1°*�¡�6°z§O¢²¢£�7�5�!§�°*�! \°F¢¡�#$X��¢3� ���r�*¢v§O¤$¯a¤;�+ \¤ §��-�0� ©� �������¢£�[�1°*�¡�6° �¡�5���(�0¯*¢¡� ¤5§O©��b� �\¤;�!¤6�! ��\¤��\���1�6°�§O© �²© §O© §\�"��©*±
�6°*¤;�\©i�\����§O¯*¯*¤;�X§\�6°�& ����8	�D�	���1°�§\��§O© �#H � �¡��©��ô�,�x¯a¢£�#� ��©�� §O�6�¡�\©
¶�§\�7�����\©-�g��¢²¢ ±��a�18*©i����� §O�6°i�1� §O�6�¡�O§O¢w�6�#� §O©��6�¡�u�
��= �\��> ��&���� 8��)�����0¯*¤;�+ \¤ §�� ��§O¤;���u���0¯*�²¢£�u� � ©��;� �E)X�*�,$X§O¢¡��©��5¢M§O¶3� ¢£�u�z�6�7)G��� ©��6�M§O¢�§O�*�;��� §O� §��*¯3�\©P�1°*�¡�6° §O©�§O¢(�w���¡�
§O©��0¯*¤;�����ê�b�O§O© ¶3�1¯Z� ¤��ê�\¤Q� �u�������²©� [$X��¤6�,8��Ï§O�6�¡�\© �"�w���;�#� �������6°�§\� 6�%8�� �Q= B �> �¦§O©i� 6�%8���� �Q#���� ��=CB ��> �#&~�w��� �
¶�§\���¡��ê�Ï§O�6�*¤;�u����� ����8	�D�	��� §O¤;��¶*¤6�¡�1O.�z� ·�¯*¢M§O�²©��u�F� © ��·a§��0¯*¢£�u��¯*¤;�E$��¡�*���z�²© �6�u� �6�£�\© � & � &CBF§O©�� § �u���0¯*¢£� �;���*� ±
�6� ¤6�²¯*�6�¡�\© ���ô�6°i�m¢v§O©� \��§� ����¡�9 \�($X� ©F�²©�= D�> &

T$°i�1�����*�5���3�6°��1�5�\¶3�\�6±VT�§\�"�0§O�*�;��� §O�;�\©0�¡�¦�w�£���7¤6� ¶a�*�;�u�
� ©-� ���r�*¢¡���7xô§\�g§
���,�0¯*¢£�g��·a§��0¯*¢¡�+�4�g�@ \�($X�1�²©-8� \�*¤;�
� §2�7°�� ����8	�D�	���������*�6�Ì�\¤$§@� ���w�*¢£�m§1�m§O� �7� ©� !�6°��I� �Ï§\���*¤��1� � ©���¯3�����6±��u�\©��r�²�6�¡�\©���� � 8���� � �1§O©���¯*¤;�\�;�u� �;����¶X�0§
�m§O�;�6°��*�+ !�6¤6�% + ���¤;�u�0¶����I#��38��.8�� � �S&�� � �\¤;�5�u���x¯a¢£� ·�� ·*§��0¯*¢¡�5������ 8	�D��� �º�u���*�1�¡��¯*¤;�E$��¡�*�����²© �7��� �6�¡�\© � & � & BX&

��5*©~µ�ÄÅ³�©´±\°�ÆÇµ*Ê
ª?� ª�¶Kª¬È-³�©´±\µ�¶ �>© �\¤;�*� ¤5�;�0¤;�#� §O�²©z�u�\©����¡���;� ©��@�1�²�6°F�6°i���1°��\¢¡� �'�! " )#%$�¯*°*�²¢£���6�\¯a°����w�²�
�¡�
� ¢£�Ï§O¤º�7°�§O�º�7°������\©��6¤;�\¢b�*�u���% \©�� ¤
��°i�\�*¢£�F©��\�e°�§1$X���;�c�1¤6�²�;�0§O©�� ��� 8��)����� �����*�4& �F�\¤;���7$X��¤�� ��� 8��)�����0�£�?§O©
�,�x¯3� ¤ §O�6�,$X�$¢v§O©� \��§� ��4���7��©���� �6�,$X�$�;�!¯*¤;�+ \¤ §��-�0�²©� 
���F��¢£�4�r§O©��0¤;�E)X�*�²¤;�u�¦§e��¯3��� �(8i�1��·�¯3��¤7�6�£�7�+&�T$°*�¡���£�^�1°X���6°��5�u���*�
�²©�$X�\¢,$X��� � © �7°����{Tô� �(�0¯*¢¡�#� � ©�� §O�6�¡�\© �¡�5§O�*�;��� §O�6�¡�Ï§O¢ ¢,�< ���©�� ¤ §O�;�u� �²© �6°i�'�'�! " !#($ �"�w���;�#�P&

T$°i��¤;�#�ê�\¤;�4�a�;� ��¯3��� �,� � �6°i���1$X� ©��6±ê¶�§\�6�u�F¶Z� °�§#$��¡�\¤!���¦�6°i���5�\¶3�\�6±VT�§\�"� �a�6°��e���6� ¤2°Z§\�º�\©*¢,�F�;�0� ©i��� §O©��6�M§O���º�6°��
�PT$±��\¶;U6��� � R �{Tô� R �����²©� 
�7°��@G�� �#&r³��\¤1� ·a§��x¯a¢£�4�4�1°�� © �a�18*©a� ©� ?§O© �²©*¯*�*��¯3�\¤6�`���6°i�9�1� ©i�*�E�¬����8� \�a¤;� � ¶J�������
¶3�@8*¢ ¢¡�u� �*¯3&

Tô� �*�#� �\©i���6¤ §O�;�!�6°����#H ���¡� ©��1� �����7°����"�w���;�#�2�i¢£� �����5� ©��w�£�Ï§O�;�
�6°Z§O�
§ ���,�x¯a¢£���{T~����¯3�u���,8��Ï§O�6�¡�\©F�����²©� �\©��
� �O§\���*¤;�#� � ©��2¯a¤;��±��u�\©��r�²�6�¡�\©3�Z�\©�� ��·w�u��¯*�7�£�\© ���$�F��¯3� ±�«M�<�\©��0��·w��� ¯*�6�¡�\© ���$�F��¯3� ± � §O©�� �\©i�|� �Ï§\���*¤;�#� ��©���¯3�����6±
�u�\©��r�²�6�£�\©�¢£�Ï§\�*�1�;� § � ��� §O�����5§O©i� «�B��6¤ §O©i��� �7�£�\©��m§O�*�;��� §O�;�\© � 8K \�*¤;� ´ �E&IN ¤6�²�6� ©K x�����6° §O© §O�*�;��� §O�;�\©F�r�²¤;�u���7¢(�
�g�\�*¢£����� ¤6� §O�²©*¢,�x°Z§1$X�º¶3�u��© ¢£�u�6�$¤���¢²�M§O¶a¢£�!§O©��J� �\¤;���;�u�r�¡�\���7&��F�\¤;�u�E$X� ¤`��§O©��<� ���w�(8��Ï§O�6�¡�\© �¡�$�,�?� �u�r�v§O�;��¢,��� §��X� ©
�²©��;�0§\�u�u�\�*©��m¶��c ���©i��¤ §O�7� ©� x§e©i�1�9§O�*�;��� §O�;�\©3&

! +#" �%$'& ��( :�)�. �
N � �m� ¢²¢�©��E� � ¢²¢²�����6¤ §O���<�6°�� �'�! " !#($ §O¯*¯*¤��X§\�6°
�6°*¤��\�� \°º�F�g�1��·a§��0¯*¢¡���7& Tg°��{8*¤;���ò�\©����*�Ï§O¢£�	�1�²�6°�T2¥1�2�a�����% \©?§O©��
���,���*¢v§O�6�¡�\©�§O©��
�7°��¦�7���u�\©��
�\©i�$��°��7�5�<°��7� ����8	�D�	���1�Ï§O©�¶3���i�6���e�;�1¯*¤;�+ \¤ §��)§O©���$X��¤6�,� �!�{T1��§O©i���1¯*¯*¢²�£�Ï§O�6�¡�\©��7&

« �



module POST−MES:
input
    POST−MES,
    TIME−GUARD;
output
    TIME−ELAPSED;
[    do
          await POST−MES;
     watching immediate TIME−GUARD
          timeout emit TIME−ELAPSED;
     end
] end module
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asyn−syn
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act= 1 ms
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exec= 100 us exec= 343 us

exec= 1 ms exec= 100 us
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TG.JS

PR.MANTF.TT.JS CO.JS
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q, q
asyn−asyn

e, e
asyn−asyn q, q

asyn−asyn

qd, qd
asyn−asyn

.
.

.

act= 1 ms

act= 1 ms

RTA

act= 2 msact= 2 ms

act= 2 ms

.

TG.JS: Trajectory Generation in Joint Space.
TF.TT.JS: Task Function, Trajectory Tracking in Joint Space.
CO.JS: Control in Joint Space.
PR.MAN: Physical Resources, Manipulator.
OBS.JL: Observer, Joint Limits.
RTA: Robot Task Automaton.
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act= 5 ms

act= 5 ms

act= 20 ms

act= 1 ms

act= 1 ms

MOD.DYN

RTA

.

MOD.DYN: Models, Dynamic Model.
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pid, act=5 ms for CO.JS

pid, act=2 ms for CO.JS

pid, act=8 ms for CO.JS

computed torque, act=10 ms for MOD.DYN

computed torque,
act=20 ms for MOD.DYN

pid, act=5 ms for CO.JS

and act=5 ms for CO.JS

and act=5 ms for CO.JS
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Computed torque control law

act=5 ms for MOD.DYN

act=20 ms for MOD.DYN

Time in ms
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Continuous time
Robots dynamics
Sensors models
Environment models
Numerical integration

Discrete time
Model of architecture
User’s programs
Event driven simulation

DAC ADC

CPUs
and
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load

U Y
q v

u s

"Logic analyzer"

"Oscilloscope"
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