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wdN�v60<N�P,cLw��`RDw *:�,R>n/,Iv1*:P,���`a�n�P:Q.H�N=w+QSn�P�w�nq�,R>m,v+R�cLn�P!w��`R>�,N3QSa.n/,t�,n�a�wdv9N=a�Rt(=QS·�RbP��E*Lw��`R´c:R�viQ.(�P`Rba.n/,
w��`RL{�r " r��:QFvqN3T�TSn x>v�w�n�a�Rbm,v+R�w��`RLX7r�v>N�vDn���I+R��Uwdv.QSPCc�Q��tRba�RbP:w´{�r v����`Rb¸LR�v x.QSw��`n�m`wOP`RbR�c�QSP�(7N=PE*
¸Ln`c�Q43?�bN=w+QSn�Ppn5,�w��`RUQSaDQSP�w�Rba�P,N3T�c`N=wdN�v+w�a�m,�Uw�m`a�R "

7C� ���a� ` ¡�>>b�`�¡g t��>�> �@� ��� � � >�� � 
 � �3� ����� � �� � �
W�P (�RbP`RbadN3TS���`m`a��n�v+RL�Un�¸L�`m`w�Rbadv�N=P,c P`Rbw x.n�aw0 v.v1*`v+w�Rb¸!v¬^,�Un�¸L¸�m`P:Q��bN=w+QSn�Pf�`a�n�w�n`�Un=T�v�Rb¸µ�`�,N�viQ.HbR�¸LR�v+�
v�N/(�R#n�aUc:Rba+QSP�(!N=P,c<TFN�a=(�R>�,N��=0�Rbwdv)n/,�c`N=wdN�QSP:w�R<(�a+QSw1*�^:m,viQSP�(�T�N=a=(�RO�`m��tRbadv.N=P,cµa�R��Un=·�Rba=*L�`a�n �UR�c:m`a�R�v�w�n
N3·�n=Q�cµTSn�v�v.n5, c`N=wUN "

Z�P7w��`R��Un�P�w�adN=a=*�^�QSPCN���TSn�v+R�c:� TSn�n��J�Un�P:w�a�n�T v1*`v+w�Rb¸ xD�`Rba�R�¸Ln�v+wOn/,9w��`RLwdN�v10`v>N=a�R��,Rba+QSn`c�Q��=^/w��`R
c`N=wdN �,RbRUQSP�((RU�����,N=P�(�R�c8�E*(w��`Rp�Un�P�w�a�n=T�wdN�v10`vLc:R�v��Ua Q �R7w��`R�v+wUN=w�R�n/,Ow��`R�v6* v+w�Rb¸g2�w��:m,vb^�x1R�¸�N*
�Un�P,viQ�c:RbaOw��,N�w�w��`RO�,R�v w´c`N=wUN�w�nL�R'a�R�N�c , n�a#�Un�P:w�a�n=Tt�`m`a��n�v+RqQ�v�w��`R>T�N�v w#�`a�n`c:m,�UR�c " Xfn�a�Rbn=·�Rba�^�QSwDQFv
n/,�w�RbP�¸Ln�a�R'R�� ��QSRbP:w#w�nµn �b�bN�vYQ n�P,N3T�T *fTSn:n�v+R�c`N�wdNLN=P,c w�n-x�N3QSw#Njx��:Q�T R',�n�a�w��`RqP`RU� wDn�P`R�^,n�a�w�nLa�Rbm,v R
w��`R�T�N�v+wLN3·lNlQ T�N=�:TSR7c`N=wdN`^/w��,N=P(w�n7m,v+RpN TSn�P�( a�R��Un=·�Rba=*[�`a�n �UR�v�v+R " Z��:·�QSn�m,vYT *�^�v n�¸LR�¸LR�v�v�N/(�R�vqT�Q 0�R
RU�,�URb�`w+QSn�P�viQ.(�P,NlTFvD¸�m,v+w��R�v+RbP:w�m,viQSP�(�v�N�,�RO�`a�n�w�n`�Un=T�v "

Zo,�w�RbPt^¬QSP�NDadN=w��`RbaI�Un�¸L�:TSRU��v+w�a�m,�Uw�m`a�R�T Q.0�R�N�{�rO^�x.R/¸!N�*t,�n�m`P,c'v Rb·�RbadN3T��,N�w��,v�,�a�n�¸ ¸LR�N�v+m`a�Rb¸LRbP:w
QSP`�`m`wdvDw�n!�Un�P:w�a�n=Ttn�m`w��`m`wdv<2/w��`R�v R>T n:n��,vD¸!N�*!a�m`PpN=w#c�Q��tRba�RbP�w>v�N=¸L�:T�QSP�(��,Rba+QSn`c`v " �`n�a�RU�,N=¸L�:TSR�^w��`R
c`N=wdN�a�RUT�N=w�R�cµw�n'w��`Rt,�RbR�c:�,N��w0L�,N=a�w)n/,Iw��`R#�Un�P�w�a�n=T,T�N�x�¸�m,v+w)�,ROm`�?c`N�w�R�c�,�N�v+w�Rba9w��,N=P�w��`R>n�P`R�v/n5,Iw��`R
,�RbR�c), n�awx�N�adcq�,N=a�wdv " Wiw/�,N�v/�RbRbP v+�`n/x�PLN3T�v+nqw��,N=w/w��`RD�,Rba1,�n�a�¸!N�P,�UR�v/n/,tw��`R��Un�P:w�a�n=T?N�a�R.QSP�
,m`RbP,�UR�c��E*
w��`R�¸µn�a�R.n�a T R�v�v9w Q (���w+T.*��Un�m`�:T�Q P�(�n/,�w��`R#�Un:n��,RbaUN=w+QS·�R�wdN�v10 v¬^lN��b�Un�adc�QSP�('w�nOw��`RUQSa)a�R�v+�,R��Uw Q ·�R´c:m`adN�w+QSn�P,v
� � ~ ^ | � "

� RLw��`Rba�Rf,�n�a�R��`a�n=·�QFc:R�w��`R!{�r�c:R�viQ.(�P`Rba�x.QSw��CNfv+RbwOn/,#¶p�Un�¸µ¸�m`P:Q��bN=w Q n�PJN=P,c[v1*�P,���`a�n�P:Q.H�N=w Q n�P
¸LR����,N=P:Q�v+¸!vµw�n��,Rpa�m`P�� *(w��`Rp�,N3QSadvµn/,�X7r��n�a�wdvb^)�`a�n=·�QFc�QSP�((w��`R , n�T TSn/x.QSP�(�v+Rba�·�Q��UR�v y g4¸µR�N=P,v
�`a�n`c:m,�URba´N�P,cfo�¸LR�N=P,v>o)n�P,v+m`¸LRbabzf2

� g.�lN�v6*�P`�+o��=N�v1*:P�2Ie9N�����wdN�v10<QFv)a�m`P`P:QSP�(j, a�RbRUT *�^N=P,cLa�R�N�c`v)n�aox�a+QSw�R�v)n�P�w��`R#�n�a�wdv�x��`RbP�P`R��UR�v �
v�N=a=* " W�w�QFvDP`Rb·�Rba��:TSn`�=0�R�cp� *�w��`R'�Un�¸L¸�m`P:Q��bN=w+QSn�Pt^w��:m,v.RbP , n�ad��QSP�(!N�¸!N3�:QS¸�m`¸@�,N=adN3T�TSRUT�Q�v+¸ "

� g.�lv1*:P`�+o��lv6*�P�2�W�wDQ�v�w��`R'��TFN�v�viQ��bN3T �=a�RbP,c:R<Hb��·�n�m,v ��,�n�a.w+Q.(��:w+T.*p�Un�m`�:TSR�cpwUN�v10`v " r.�`R%3,adv w�wdN�v10µw�n
a�R�N�����w��`ROa�RbP,c:R<Hb��·�n�m,v�Q�v��:TSn`�=0�R�c�m`P:w+Q�TIw��`R'v+R��Un�P,c n�P`R>Q�v�a�R�N�c * "

� g.�lN�v6*�P`�+o��=v1*�P�2qr.�`R!�`a�n c:m,�URbaqQ�vOa�m`P`P:QSP�(L,�a�RbRUT.* " r.�`R��Un�P,v+m`¸LRbaqQ�vq�:T n`�w0�R�c m`P:w+Q�T1w��`R!P`RU�`w
c`N=wdNq�`a�n`c:m,�Uw+QSn�PpRU�,�URb�`wnxD�`RbP�N�P`R<x c`N�wdN��,N�v.�RbRbPp�`a�n`c:m,�UR�cpvYQ P,�UR�w��`R>T�N�v w#�Un�P,v+m`¸L�`w Q n�P "

� g.�lv1*:P`�+o��lN�v1*�P�2 h v1*�¸µ¸LRbw�a+Q��.�`a�n�w�n �Un�T@2�w��`RD�`a�n c:m,�URba Q�v9�:TSn`�=0�R�cLm`P:w+Q�T N>P`R<x a�R�N�c�QSP�(�QT,�w��`Rba�R
x�N�v9P`nµ�,RbP,c�QSP�(pc:Rb¸!N=P,c�^`w��`R��Un�P,v+m`¸µRba.Q�v�a�m`P`P:QSP�(j, a�RbRUT * "

� g.�lN�v6*�P`�+o��=v1*�P,�o2�r.�`RL�`a�n c:m,�URba�QFv�a�m`P`P:QSP�( , a�RbRUT.*�^�w��`R!�Un�P,v+m`¸LRbaOQ�vqN3T.x�N�*`v>�,RbP,c�QSP�(7m`P�w Q T�N
P`R<x c`N=wdN��`a�n c:m,�Uw+QSn�P "

� g.�lv1*:P,���+o��lN�v1*�P�2�r.�`RO�`a�n`c:m,�URba�Q�v�v6*�P,���`a�n�P:Q.HbR�cOx�Q w��pN�P`R<x c:Rb¸!N=P,c xD�:Q TSRqw��`R'�Un�P,v+m`¸LRba�QFv
a�m`P`P:QSP�(-,�a�RbRUT.* "

� g.�lN�v6*�P`�+o��=v1*�P,M�2`r.�`RO�`a�n c:m,�URbaDQ�v�a�Ry�m`R�v+w�R�c�w�n!v+RbP,cpc`N�wdNq�E*�w��`R��Un�P,v+m`¸LRba "

� g.�lN�v6*�P`�+o��=v1*�P,MO�o2r.�`RL�`a�n`c:m,�URba�v+RbP,c`v´QSwdv>P`RU� wO�`a�n c:m,�Uw�R�c[c`N=wdN�m`�,n�P a�Ry�m`R�v+wOn/,1w��`R<�Un�P`�
v+m`¸LRba "

� ~



\Dn�w�Rqw��,N=w�^C, a�n�¸ N�, m`P,�Uw Q n�P,N3T9�,n=QSP:wOn/,9·�Q R<xq^tc`N=wdNµw�adN=P,v�,�Rbadv.�Rbw1x1RbRbP X7r�v>N=a�Rqm`P:QFc�QSa�R��Uw Q n�P,N3T�^
,�a�n�¸ �`a�n`c:m,�URbap�n�a�wdv w�n/x�N�adc`v!�Un�P,v+m`¸LRbap�n�a�wdv " \�Rb·�Rba�w��`RUTSR�v�vb^Ow��`R[�`a�n�w�n`�Un=T�v�m,v+R�c�w�n�N��Uw�m,N3T�T.*
�,Rba6, n�a�¸@w��`R'�Un�¸L¸�m`P:Q��bN=w+QSn�P,vDP`RbR�c��:Q�c�QSa�R��Uw+QSn�P,NlT1���,N=P`P`RUT�v "

r��`R�v+R#�`a�n�w�n`�Un=T�v.�,N3·�R#�RbRbPpc:R�viQ.(�P`R�c�m,vYQ P�(�c�Q�v+w�a+QS�`m`w+QSP�(��`a+QS·lN=w�RORb·�RbP�wUv1N�P,c�RbP,�Un c:R�c�m,viQSP�(�w��`R
v1*:P,���`a�n�P`n�m,v�TFN�P�(�m,N/(�R������������
	 � Ò ���i^�x��:Q����fQ�vD�`a�R�v+RbP:w�R�c�QSP v+R��Uw+QSn�P Ò�" ~�" ~�" r.�`R<*�m,v R'w��`R�v+Rba�·�QF�UR�v
n/,|i�kal m<���C� y v+RbR�v+R��Uw+QSn�P � z�c:m`a Q P�(�w��`R 3,adv w<vYQ ¸�m:T�N=w+QSn�P �`�,N�v+R�n/,ON=P ���C�h����� c:R�viQ.(�P �`a�n �UR�v�v "
�`n�a#w��`R<TFN�v+w>QS¸L�:TSRb¸LRbP�wUN=w+QSn�PCv+w�Rb�,v>n/,1w��`RL{�r�vb^ w��`R<*pm,v+R�w��`R�v+Rba�·�QF�UR�v�n/,9w��`RLa�R�N3T�w Q ¸µRLn��,RbaUN=w+QSP�(
v1*`v+w�Rb¸ "

� " � � � ' � '�������'�� �9���5� � �+� �+.4������'��-�/)�g��� ' .4����g�+�%'*) � '�� � ���+'��
r.�`ROn�� IYR��Uw���n�a+QSRbP�w�R�cfN=�`�`a�n�N����Ox�N�v.v+RUTSR��Uw�R�c w�nL¸Ln`c:RUT�{.n��n�w���r�N�v10`v�,�n�a�w��`R ,�n=T�TSn x�Q P�(�a�R�N�v n�P,v<2

� w��`R'v+Rbw>n/, NlT T/�,n:v�viQS�:TSR<���`n=Q��UR�v>n/,/¸Ln`c:RUTFvON�P,c�w��`R�v+Rbw>n/,9N3T�T�wUN�v10j, m`P,�Uw+QSn�P,vDw�nL�R�a�R�N�v+n�P,N��:T *
�`a�n��,n:v+R�cµTSR�N�c�w�n�N'3,P:QSw�R'�`m`w.T�N=aw(�ROP�m`¸��Rba#n/,/�,n:v�viQS�:Q�T QSw+QSR�v 


� w��`R c:R�vYQ (�P(n/,´Np�Un�P�w�a�n=T9T�N�xF, n�aLN (=QS·�RbP�N=�`�:T�Q��bN=w+QSn�P(Q�v�P`n�w�Nfw�a+QS·�QFNlT�n��,RbadN=w Q n�P " r.�`R c`N�wdN
v+w�a�m,�Uw�m`a�R!v+�`n�m:T�c[m,v+R!w��`RLR�N�viQSR�v+wLc:R�viQ.(�P�¸LRbw��`n`c:n=TSn+(+* " r��:QFv�Q�v�c:n�P`R�w��`a�n�m�(��[w��`RLm,v+R�n/,#N
c:R�c�QF�bN�w�R�c RDm`¸!N=P`��X7N����:QSP`ROW�P:w�Rba1,�N��UR y R>XfW�zd^/xD�:QF����w��`Rba�Rf,�n�a�R�P`RbR�c`v)w�n�Q P,v m`a�R#w��`R´�Un��`Rba�RbP,�UR
�,Rbw1x.RbRbP��,n�w��pN�v+�,R��Uwdv 


� �,R��bN=m,v+ROn5,Iw��`R'�Un�¸L�:TSRU�:QSw *�n5,Iw��`R (�RbP`RbadN3TI�Un�P:w�a�n=TIv����`Rb¸LR�^`N=P *!¸µn c�Q43?�bN=w+QSn�Ppv �`n�m:T�c��,R'c:n�P`R
x.QSw��`n�m`w#c�Q�v+w�m`a��:Q P�(�w��`R��Un��`Rba�RbP,�UR'n5,�w��`ROn=·�RbaUN3T�T v����`Rb¸LR�


� ¸Ln�v+w ,�m`P,�Uw+QSn�P,N3T��Un�¸L�,n�P`RbP�wdv�n/,�w��`R!v1*`v+w�Rb¸ ¸!N�*p�R!R�N�vYQ T.*Cc:R�v��Ua+QS�,R�c�� *�w�a�RbRL¸Ln`c:RUT�v&x�Q w��
P,N=w�m`adN3T�QSP`�`Rba+QSwdN=P,�UR��`a�n��,Rba�w+QSR�v "

7C�.7 �a� ��� ¡r�|ZF��>>b¡�>
r.�`R-�����h���	� v1*`v+w�Rb¸ �`a�R�v+RbP:w+T.*��,N=P,c�TSR�v�w��`RP, n�T TSn/x.QSP�(���TFN�v�v+R�v<2

� , n�m`a>��TFN�v�v+R�vDa�RUT�N=w�R�c�w�n�w��`R��Un�P:w�a�n=TIv����`Rb¸LR y � z�QSwdv+RUT4,62.wUN�v10�,�m`P,�Uw+QSn�P,vb^w�adN5IYR��Uw�n�a=*-(�RbP`RbadN�w+QSn�Pt^
¸Ln c:RUT�vb^�Un�P�w�a�n=T�v 


� w x.n ��T�N�v�v+R�vµa�RUT�N=w�R�c w�n[w��`Rp�`� * vYQF�bNlT´RbP:w+QSw+QSR�v�QSP:·�n=TS·�R�c � *(w��`Rpv1*`v+w�Rb¸g2f�`�E*`viQ��bN3TOa�R�v+n�m`aU�UR�vb^
�Un�¸L�,n�P`RbP�wdv y Q " R " w�n:n=T�v�N=P,c��,N=a�wdvUz�


� w x.n!��T�N�v�v+R�vOa�RUT�N=w�R�cpw�n!w��`RqTSn+(=Q��bN3T y Rb·�RbP�w����,N�v+R�cz��,Rb�,N3·�QSn�aOn/,1w��`R<{�n��,n�w���rIN�v60�2Dn��,v+Rba�·�RbaUv�n/,
w��`RORUTSRb¸LRbP�wUN=a=*�v+Rba�·�n=QSP�(�wdN�v10`vb^`N=m`w�n�¸!N=w�n�Pµn/,�w��`ROa�n��,n�w�wdN�v10 "

hOv/N=PLRU�,N=¸L�:TSR�^)3�(�m`a�R | �`a�R�v+RbP:wdv/w��`R>��TFN�v�v/�:QSRbadN=aU��� *�n/,?w��`R>��TFN�v�v �=wUN�v10:� , m`P,�Uw+QSn�P � " h>�`�,RbP,c�Q�� �
(=QS·�R�v)w��`RON�v�v+n`��Q�N=w�R�c�RU�`�`a�R�v�viQSn�P,v�n/,I�Un�P,viQ�c:Rba�R�c�wUN�v10:� , m`P,�Uw+QSn�P,v " r.�`R>n��,v+Rba�·�RbaUv1N�P,cLw��`RON=m`w�n�¸!N=w�n�P
x.Q�T�T��R�c:R�v��Ua Q �R�c TFN�w�Rba " hDT�TIn�w��`Rba#��T�N�v�v+R�v#N�a�RO�`a�R�v+RbP:w�R�cµQSP � |�Ò � "

7C�.7 � � � :��¬¡C
 � >�� � � ������ � >
hOv1c:RbwUN3Q�T R�c QSPpw��`R>P`RU� w>v+R��Uw+QSn�Pt^`Nqw�Rba�¸�QSP,N3TtTSR�N3·�RDQSPpN=PE*�n/,Iw��`R´��T�N�v�v��:Q RbaUN=ad���:Q R�v�Q�v.NLviQSP�(=TSROn���I+R��Uw
x.QSw��(w1x.ng0�QSP,c`vLn/,ON=w�w�a+QS�`m`w�R�v 2!w��`RpN=w�w�a+QS�`m`w�R�vqa�RUT�N=w Q ·�Rpw�n7w��`R �d¤�³,¦�§ ³,©:¤�©�²��Y¦�§ ®�ªf² �`ª��3§ � �d¯�¦�§ ¤�³7N=P,c
w��`R�N=w�w�a Q �`m`w�R�v�N�v�v+n`��QFN�w�R�c9x�Q w��Cw��`R7¦�ª�®��`¤��+¯�� � �+¤�� ª��d¦�§ ªb² " � �`RbP��Un�P,viQ�c:Rba+QSP�( n�P:T.*�w��`Rj3,adv+w'n�P`R�vb^
w��`ROn�� IYR��Uw.Q�v.�,N�a�w+T.*�QSP,v+wdN=P:w+Q�N=w�R�c�^,N�P,c��bN3T�T R�c7N',�m`P,�Uw+QSn�P,N3T�n���I+R��Uw y � �Y¤�¥ 2 ª���¦ z " � �`RbPp�n�w���w1*:�,R�v.n/,
N=w�w�a+QS�`m`w�R�vON=a�R!�Un�P,viQ�c:Rba�R�c�^�w��`R�QSP,v+wdN=P:w+Q�N=w�R�c n���I+R��Uw>QFvq�bN3T�TSR�c(N�Xpn`c:m:TSRb��rIN�v107n���I+R��Uw y � � �Y¤�¥ 2 ª���¦ z "
� RO¸!N�*�P`n/x c:Rf3,P`R�w1x.nqQ ¸µ�,n�a�wUN=P�w.a�Rb�`a�R�v+RbP�wUN=w+QSn�P,vDn/,�NL{.n��,n�w���r�N�v10h2

� �



(TF)

(GRA)

(NS)

(OT)

(TT)

(SE3)

(JS)

(OT)

(JL)

(OBS)

(SING)

(RT)

(WS)

(FO)

(VI)

Task Function

Redundant task

With Sensors

Without Sensors

Gradient

Others

Trajectory
 tracking

in SE3

in Joint Space

Others

Singularities

Obstacles
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