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�=�����	�g�L��S9�cXtZ\S�diX9Z\r9sJ��[oUV�th�Znb�UVd;r�X�W
�
h�[][cb�rJTp�=S9[]U^S]sgu�vwS�UpT1x����gyw�������n���c�/�i��|V�}��{^���p�H�o���o�?�}�n���
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_a[¦dim]U^b�§oS9§ch)Z)s©¨7hªS�Z\q9f]h"dimoS�d�Ued�U^b�S9«g��S�[¬dnS�q9h)X9fob­diX

WYXtZiv"f]TpS�dih�vªX9diUpX9[®§]T^S�[o[]UV[oq¯S9b"S°��S�Z\UpS�diUpX9[oS9T�§]Z\X9�]Tph�v�±
_a[ªd\m]UpbA¨zS=r9s9S�fo[]Ue²ch)«ªWYZnS�vªh�¨7X9Z\³�WYXtZAS9«o«gZihHbibiUp[]q�ZihH«gf][g´
«]S9[ol�rts­l�Xt[ob�diZnS�Up[tdnb�sµS�[o«LXt§gdiUpvwS�TpUed;r U^bEX9�gdnS�Up[]h)«¶±·��[
h�¸wl�UVh)[¬dz[Jf]vªh)ZiU^l�S9T?vªh�dim]Xg«¹Upbz§]Z\X9§?Xtbih)«wWYX9Z�biX9Tp�¬Up[]q`dim]h
vªX�d\UVXt[ª§]TpS9[][]Up[]q�§]Z\X9�]Tph�vºUV[�d\m]h���S�Z\UpS�diUpX9[oS9TJWYX9Z\v�±3jzm]h
S9§]§]Z\XtS9lnm"Upb�UVTpTVfcb;d\Z\S�dih)«"X9[�d\m]h�§]Z\X9�]Tph�vºX�W»v�X9diUpX9[�§]T^S�[g´
[]Up[]q¼WYX9Z�b�rgb�dih�vwb½dimoS�dElnmoS9[]q9h¦«grJ[oS�vªU^l°h)¾¬foS�diUpX9[obES�d
«gU^b\l�Z\h�dih½diUpvªh¹Up[ob�d\S�[¬dnb�Stb�d\m]h�r¿vªX��th9±À�Ád\h)lnm][]U^¾¬f]hEUpb
«ghHbil�ZiUp�?h)«¦WYX9Z`l�X9vª§]fgd\UV[oq°S�v�X9diUpX9[À§]T^S�[À¨�m]h)[Àdim]h�bih�´
¾¬f]h)[ol�h�X�W3«grJ[oS�vªU^lµhH¾¬foS�d\UVXt[obz«gh)b\l�Z\UV�oUV[]q"dimoh	vªX9diUpX9[EUpb
³J[]X�¨�[©±�Â3Up[oS�TpTpr9skS�vªX9diUpX9[Ã§]TpS9[ÃWYX9Z�S�biUVvª§]Tphwq9ZnS9bi§]Up[]q
dnS9bi³?s»Sªd;rJ§]U^l�S9T�Z\h�§]Z\h)bih�[¬d\S�diUp�9h�X9W�dim]U^bµl�TpStbib­X�W�birJb�dih)vwb�s
U^b�l�Xtv�§ofgdihH«¶±
Ä ÅtÆ ¢g£]Ç�È­Éµ¥?¢gÊ�Ç Æ
_a[�vªX¬b;d
X�W]d\m]h7TVUVdih)Z\S�dif]Z\h9s=vªX�d\UVXt[�§]T^S�[][]Up[]q	Upb3«gh�²o[]h)«

Stb�²o[o«]UV[]q�S�bif]UednS��]Tph­§cS�dimw�?h�d;¨7h�h)[wd;¨7X�§cXtUV[¬dnbËUp[½bi§oS9l�h
ÌVÍ�Î ±-ÏÃh°§]Z\X9§?Xtbih�S¿�]Z\XtSt«gh�Zw�JUph�¨�UV[L¨�m]U^lnmÐSÀvªX�d\UVXt[
§]T^S�[�l�Xt[obiUpb�d\b7X�W3h��th�Z\rªStb�§?h)l�d�X�WkvªX9diUpX9[¹dimoS�dzU^bz[]h)h)«ghH«
d\Xw§ch)Z�WYXtZivÑdim]h�d\S9bi³»±AÂ3Upq9f]Z\h Í b�moX�¨�b�l�Xtv�§?X9[oh�[¬d\b�X9W
S
vªX�d\UVXt[¹§oTpS9[EStb7dim]h�birJb�dih)vÒS�[c«�d\m]h�d\Stb�³w�?h)l�X9vªh�vªX9Z\h
l�X9vª§]Tph�Ó¶±

Moving
an object

Mobile
platform

Mobile
manipulator

Cooperative
manipulators

Robot
grasping

Kinematic
trajectory

Trajectory
that satisfies
the constraints

Distribution of motion
between the base and
the manipulator

Distribution
of forces

Sequence of
finger moves

ÂkUpq9foZih Í xARAXtvª§cXt[]h�[¬d\bzX9W3S�vªX�d\UVXt[E§oTpS9[©±

ÏÃh­S�Z\q9fohzdimoS�dËdimoh­vªX�d\UVXt[w§]TpS9[][]Up[]q�§]Z\X9�oTVh)vºU^b�d;rJ§g´
U^l�S9TVTpr¹fo[o«gh�Zn«gh�dih�Z\vªUV[oh)«�S�[c«EdiX½Z\h)biX9Tp�9h	d\m]UpbµUp[o«gh�d\h�Z\vªUe´
[oStl�r	UedkvªS9³9hHb©b�h)[obih�diX­«]h�²o[]h7S�vªh)Stb�f]Z\h�X�Wg§?h�ZiWYX9Z\vwS�[ol�h
S9[o«¦²o[o«ÀS�§]T^S�[À¨�Ued\mÃdim]h��?h)b�d�§?h�ZiWYX9Z\vªS9[ol�ht±w_a[Àdif]Z\[©s
¨7hwWYX9Z\v`foTpS�dihwvªX�d\UVXt[¿§]TpS9[][]Up[]q¯Stb�S���S�Z\UpS�diUpX9[oS9T�§]Z\X9�g´
Tph�vÔd\m]h�Z\h��Jr®Xt�gd\S9UV[oUV[]qÀSÃf][]UV²oh)«OWYZnS�vªh�¨7X9Z\³ÃdimoS�dwmoS9b
bih��th�ZnS�T�St«g��S�[¬d\S9q9h)b­X��9h)Z�X�d\m]h�Z	vªX�diUpX9[¯§]TpS9[][]Up[]q½vªh�dimg´
Xg«]b)xµÕ/StÖzÏÃh`l�S9[�S9l�l�X9f][¬d�WYXtZ�dim]h�«grJ[oS�vªU^l�b�X9W
dim]h`birgb;´

dih�v�×cv�X¬b;dµX�dimoh�Z�vªh�d\m]Xg«]b�Xt[]TVr¹§]Z\X��¬U^«gh�³JUV[oh�vwS�d\Upl�d\Z\S�´
Ø h)lÙd\X9Z\UVhHb�±·ÕY�?Ö�Ú�Up[]h�vwS�d\Upl¯S�[o«LStlÙdifcS�diXtZ�Z\h)«gf][c«]S�[ol�UVhHb
l�S�[¹�ch�Z\h)biX9Tp�9hH«�b�Upv`foTednS�[]h)X9fobiTVr»×JX�d\m]h�Z�S9§]§]Z\XtS9lnmoh)b�h)v�´
§]TVX�rw«gUVÛ»h�Z\h�[¬d7b�diZnS�d\h�q9Uph)b7S�dz«gUVÛ?h)Zih)[tdzTph��9h)Tpb)±zÕÜl)ÖËÏÃh	l)S�[
«gh)S9T3¨�UVdim¦h)¾¬foS9TVUVd;r�S�[o«¯UV[]hH¾¬foS�TpUed;r�l�X9[ob�diZnS�Up[¬d\b)s?Up[ol�TVfo«g´
UV[]qw[oX9[]m]XtTVXt[]X9vªU^lµl�X9[ob�diZnS�Up[¬d\b)±�ÕÜ«oÖ�jzmoh�v�h�dim]Xg«ErJUVh)Tp«ob
SzWYh)Stb�Up�]TphAS�[c«�q9TpX9�oS9TVTpr­Xt§gdiUpvwS�TJb�XtTVfgd\UVXt[©×�³JUV[oh�vwS�d\Upl�vªX9´
diUpX9[À§]T^S�[][]Up[]q°vªh�dim]Xg«]b�S9[o«ÀTpXJl)S�T�vªh�dim]Xg«]b�WYXtZ�Z\h)«gf][]´
«]S�[ol�r"Z\h)biX9Tpfgd\UVXt[�vªUpq9m¬dA§oZiXg«gfol�h­biX9TpfgdiUpX9[ob�dimoS�dAS�Z\h�[]X9d
b�f]UVd\S9�]TphµWYXtZ�Upv�§oTVh)v�h)[¬d\S�d\UVXt[©±
Ý §gdiUpvwS�T»l�X9[¬d\ZiXtTcS�[c«���S�Z\UpS�diUpX9[oS9Tcl)S�T^l�f]TpfobAmoS=�9h��?h�h)[

h�ÓJdih)[ob�Up�9h)TVrÃfobih)«ÀWYXtZ`vªX�d\UVXt[¿§]T^S�[][]Up[]q¦UV[¿d\m]h½Z\X9�?X�d\Upl)b
TVUVdih)Z\S�dif]Z\h�ÕYh9± qo±ps Ì Þ=Î ´ Ì ß)Î ÖÙ±Eà�Xtb�d�X�W7dim]hHb�hw¨7X9Z\³gb�l�Xt[ol�h)[g´
diZnS�dih�X9[ÀS¹§oS�ZidiU^l�f]T^S�Z�S9bi§?h)lÙd�X9WAvªX�d\UVXt[©s©b�fclnmÃStb­d\UVvªh�´
X9§gd\UVvwS�TpUVd;r­X9Z�ZihHb�XtTVfgd\UVXt[�X�WJZihH«gf][o«]S9[ol�rts�d\m]h�r�«gX�[]X9d�fobih
�=S9ZiU^S�d\UVXt[oS�T]l)S�T^l�f]Tpfob�Stb�S	q9h�[oh�ZnS�TJWYZnS�vªh�¨7X9Z\³�WYX9Z�vªX9diUpX9[
§]TpS9[][]Up[]qo±
jzm]h���S�Z\UpS�diUpX9[oS9TJWYX9Z\v`f]T^S�d\UVXt[wX�W»dimoh�vªX�diUpX9[w§oTpS9[][]Up[]q

§]ZiXt�]Tph�vÒb�difo«]UVhH«¹Up[Edim]U^b�§oS9§ch)Z�Upb)x
á�â=ãcä
åÜæJçéè?êÜè®ë;ìíãcî)ï/ãcð�ñ
åÜò]ð3ð3ïÜð3ó»ôÐõ {}ö=���¼�Y�]�E�����»��÷
y"{Ü���nø��o���/{Ü~��]�`~;ù��Y�]�`�i~t�\~��ûú
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0 þ21 Õ ý Õ � Q Ö ��� Q Ö�354 % *%'&76 Õ ý Õ � Ö ��� Õ � Ö ��� Ö78 �9� Õ+:tÖ
find (a piecewise smooth) state vector ý�; Õ � Ö and (a piece-
wise continuous, bounded) input vector ��; Õ � Ö that satisfy
equations (1)-(4) and minimize the cost functional (5).
�Ò[]X��th�TA[¬fov�h)ZiU^l�S9TAvªh�dim]Xg«¿WYXtZ�biX9Tp�JUV[oq¦bifolnm®��S�Z\UpS�´

diUpX9[oS9T9§]Z\X9�]Tph�vwb)s)¨�moUplnm�l�X9v`�oUV[]hHb©S�«gU^bil�Zih�diU=<)S�diUpX9[�X�WJdimoh
l�X9[¬d\UV[Jf]Xtfob�§]Z\X9�oTVh)v v�X9diUp��S�dihH«L�Jr dim]h¯²o[]UVdih�´1h)TVh)v�h)[¬d
v�h�dim]Xg«]bË¨�Ued\mªdim]h�dih)lnmo[]Up¾¬f]hHb
WYZ\X9v![]X9[]TpUp[]h)S9Z�§]ZiXtq9ZnS�v�´
v�Up[]qcs�UpbË«gh)b\l�Z\UV�?h)«"Up["d\m]hz²oZnb;d�§oS9Z�d�X9Wodimoh�§oS�§?h�ZH±k_a["dimoh
b�hHl�X9[c«¿§oS�Zid"X9W�dimoh¹§oS9§ch)Z)sË¨AhEb�m]X�¨·d\moS�d�dimoh¹vªh�d\m]Xg«



l)S�[��?h­fobih)«wdiX"²o[o«�S`v�X9diUpX9[�§oTpS9[wWYX9ZAd\Stb�³gb�TpUp³9h­qtZ\Stb�§]´
Up[]q`S9[o«w¨zS�Tp³¬Up[]qcs9¨�m]h)Zih�d\m]hµ«]r¬[cS�vªUpl�h)¾¬foS�d\UVXt[obËlnmcS�[]qth
S�d`«gUpb\l�Z\h�d\hª§cXtUV[¬d\b�UV[ÃdiUpvªh�S9b�d\m]h�birJb�dih)v%vªX��9hHb�±�jzm]h
b�d\S�dih�b�§cS9l�hEWYXtZ½b�fclnm¼dnS9bi³Jbªqth�dnbª§oS�ZidiUVdiUpX9[]hH«¼Up[L«gUVÛ?h)Z�´
h)[tdµZih)q9UpX9[ob)s]h)Stlnm�X�W
dimoh�v lnmoS�ZnS9l�dih)ZiU=<�hH«½�Jr�S�«gUVÛ?h)Zih)[td
bih�d�X�Wz«grJ[oS�vªU^l�h)¾¬foS�d\UVXt[ob)±"ÏLm]UpTphwUed�U^b�«gUe¸�l�f]Ted�d\X�X9�g´
dnS�Up[¯d\m]hªX9§gd\UVvwS�T�bih)¾¬f]h)[ol�h�X�W7Zih)q9UpX9[ob­dimcS�d�dim]hwbirgb;d\h�v
bim]X9foTp«�d\Z\S=�th�Znb�hts�¨Ahµ§]Z\h)bih�[¬dAS�d\h)lnm][]U^¾¬f]h�WYXtZAl�X9vª§]fgd\UV[]q
d\m]h�vªX�diUpX9[E§]T^S�[�X9[cl�h	dim]U^b�bih)¾¬f]h)[ol�h�U^b�b�h)TVhHlÙdihH«¶±� � É����©£oÊ�¥»¤����	�©¢�
­Ç�È
RAXt[ob�U^«gh)ZLdim]h��7X9T=<)S·WYXtZiv Ì 
�Î X9WÀdim]hº�=S9ZiU^S�d\UVXt[oS�T

§]Z\X9�oTVh)v Q x
vªUp[� 4 %+*% &76 Õ ý�� üý Ö 8 �9�

bif]� Ø hHlÙd�diX � Õ ý�� üý Ö þ��-� � Õ ý Ö þ��-� Õ��tÖ
ÂoX9Z�[]X�¨-¨Ah�S9b\bif]vªhµd\moS�d�Xt[]Tpr�h)¾¬foS9TVUVd;r½l�Xt[ob�diZnS�Up[tdnbzS�Z\h
§]Z\h)bih�[¬dH±�_a[oh)¾¬foS�TpUVd;r¼l�Xt[ob;d\Z\S9UV[¬dnb�l)S�[��ch�d\ZihHS�d\h)«�b�UpvªUe´
T^S�Z\TVr½fob�Up[]qwbiTpStln³w�=S9ZiU^S��oTVhHb Ì �=Î ±
jkX�²o[o«¼S�[Jf]vªh�Z\Upl)S�TAbiX9Tpfgd\UVXt[©sk¨7h¹S9§]§]Z\X=ÓgUVvwS�d\h�dim]h

f][o³¬[oX�¨�[ ÕÜ�9h)l�diXtZnÖ`WYf][ol�diUpX9[ ¨�UVdimLSÀb�h�d�X�W��oS9biUpb�WYfo[olÙ´
d\UVXt[ob�x

ý � Õ � Ö������������ � ��� � Õ � Ö � Õ ß Ö

jzm]hES�§]§oZiX=ÓgUpvªS�diUpX9[ÀX�W�d\m]h¹WYf][olÙd\UVXt[®U^b`Z\h)¾¬f]UpZihH«ÃdiX¦�ch
h�ÓgStlÙd�X9[¹dimoh�lnm]Xtbih�[�b�h�d�X�W3q9Z\Up«¹§cXtUV[¬dnb�x

ý � Õ! � Ö þ ������� � � � � � Õ! � Ö � Õ 
 Ö
ÂoX9Z�biUVvª§]TpUpl�Ued;rtsk¨7h�S9b\bif]vªh"d\moS�d" �$#  ��% Q þ �

WYX9Z�S9TVT& þ Í ����������' ±jzm]h)Zih�S9Zih½vªS9[Jr¯§?Xtb\b�Up�]Tph½lnm]X9U^l�hHb�WYX9Z`dim]h�WYf][olÙd\UVXt[ob� � s��]fgd½dim]h°l�X9vª§]fgdnS�diUpX9[LX9Wµd\m]h°qtZ\St«gUVh)[¬dª[oh�h)«]h)«OWYX9ZvªUp[]UVvªU=<)S�diUpX9[�U^b­biUVvª§]TpUe²ch)«�UVW3d\m]h`bimoS�§?h�WYf][clÙdiUpX9[cb�moS=�th
TpXgl�S�TpU=<�h)«¦b�fo§]§cXtZ�dn��±`ÂoX9Z�X9foZ�l�X9vª§]fgdnS�d\UVXt[ob�s¶¨7hªlnm]XJXtbih
d\m]h�diZ\UpS9[]q9foTpS9ZzbimoS9§ch	WYf][ol�diUpX9[ob)x

�)( Õ � Ö þ�*+ ,
% %)-/.10 *2 UVW3 ( % Q$4 � �5 ( �-�.�6 * % %2 UVW3 ( 4 � �5 (87kQ �� X9dim]h)Zi¨�U^b�ht±

Õ � Ö
_a["dim]U^b�¨zS=r9s=d\m]hzWYf][ol�diUpX9[ ý Upb�S9§]§]Z\X=ÓgUVvwS�d\h)«��Jr`S	§]Uph)l�h�´¨�U^b�h�TpUV[oh)S�ZzWYfo[olÙd\UVXt[©±
jzm]h�T^S9b�d�h)¾¬foS�diUpX9[EUVvª§]TpUph)b�d\moS�d�Up[�uË¾?±­Õ ß ÖÙs � � � þÐý � � s¨�m]h)Zih ý � � Upb�dim]h¹�=S9TVfohwX�Wzdim]h½f][]³J[]X�¨�[ ý � S�d�d\m]h�q9Z\U^«§?X9Up[¬d9 � ±���h�d;:ý «gh�[oX�dihOdimoh S9§]§]Z\X=ÓgUVvwS�d\UVXt[íX�W½dim]h

WYf][clÙdiUpX9[ ý sËS9[o«¿Tph�d=<ý �?h¹dim]h�l�XtTVTph)l�diUpX9[®X9W�dim]hE��S�Tpf]h)bX9W ý S�d¹dim]h¦q9Z\Up« §?X9Up[¬d\b)±	>µUpb\l�Z\h�d\U <HS�d\UVXt[LUV[ Õ ß Ö�TVhHS9«]b
d\X�dim]h�WYX9TpTVX�¨�Up[]q�²o[]UVdih�´û«]UVvªh�[cb�UpX9[oS9T][]Xt[]TVUp[]hHS�Z�§]Z\X9qtZ\S9v�´?A@CBEDGFIHJD!KMLNHPOQHSRUTWVMKMXAK DGV Y[ZUXAXA\W]G^_K D)Xa`1bdceHfDG`1g8HabdD!Z�chHi`1bd`1jWjWK kDGKMZ8bW`1Vl^!DG`mDGH�n1`1]GKo`1cWVMH�^!ZpD!Fq`mDJD!FWHr^!YU^!D!HAL5chHAXAZ8LNHa^P`1\ID!Z8bWZ8LNZ8\W^ast8u \WTWThZ8]!DrZ1Bf`NBv\WbWXSDGKMZ8b"KM^iD!FWHw^!HAD u \WTWTex"y9z�Vo{�|Q} xl~v|e�w�y9�/�/�� FWHA]GH�z)V�^�D�`1bWjI^PBvZ8]fXaVMZ8^!\W]GH8s

v�Up[]qw§]Z\X9�oTVh)vEx
vªUp[�� 4 % *%'&76�� :ý�� ü:ý�� 8 � Õ Í � Ö

b�f]� Ø h)lÙd�d\X4 -8�- � 0 * � ÕI:ý�� ü:ý Ö-8 �9þ � � ÕI:ý Õ! � ÖiÖ þ � & þ Í ������� ��' �
jzm]h�ZihHb�f]TVdiUp[]qÀl�Xt[ob;d\Z\S9UV[oh)«®[oX9[]TpUV[oh)S�Zª§]Z\X9qtZ\S9vªv�Up[]q

§]ZiXt�]Tph�v l�S9[Ò�?h biX9Tp�9hH« fobiUV[]q!S�[Jr·X�W°d\m]h v�h�dim]Xg«]b
S=�=S9UVT^S��oTVh�Up[Od\m]h�TpUed\h�ZnS�difoZiht±Ð_a[�dim]U^bw¨7X9Z\³®¨Ah�fcb�hEdimoh
v�h�dim]Xg«OX�W�S�f]qtv�h)[¬dih)«O��S9q9ZnS�[]qtUpS9[ Ì ��Î diXÀl�X9[J�th�Zid`dimoh
l�X9[cb;d\Z\S9UV[]hH«�§]ZiXt�]Tph�v UV[¬diXOS�[Lf][ol�X9[ob�diZnS�Up[]hH« X9[]h¯S9[o«� h�¨zd\X9[f� bªvªUV[oUVvªU=<)S�d\UVXt[Ovªh�dim]Xg«¼diXÀb�XtTV�th½d\m]h�h�[obif]Up[]q
f][ol�Xt[ob�diZnS�Up[]h)«Dv�Up[]UpvªU <HS�diUpX9[ §]Z\X9�]Tph�v�±ÁÏÃhÀZih�WYh�ZEdimoh
ZihHS9«gh)ZAd\X ÌeÍ � Î WYX9Z�«]h�d\S9UVT^b)±� � Ç�¢gÊ�Ç Æ � �;¤ Æ­Æ Ê Æ���� Ç�£ ¡E��¡t¢��P�·¡��OÊa¢Q


ÈµÊ�¡J¥»£Q�¶¢�� ¤ Æ È ¥»Ç Æ ¢]Ê Æ É�ÇËÉµ¡®¡t¢g¤k¢��
à�Xtb�d�vªX�d\UVXt[�§]T^S�[][]Up[]qµv�h�dim]Xg«]b
Stbibif]vªh�dimcS�d3dim]h7«gr¬´

[oS�vªU^lªh)¾¬foS�d\UVXt[ob	X�W7dim]h�birgb;d\h�v «gX�[]X�d`lnmoS9[]q9hª«gf]Z\Up[]q
dim]hwdnS9bi³»±¹_a[¿vwS�[Jr¦ZiXt�cX9diU^l�S�§]§oTVU^l�S�diUpX9[ob	d\m]Upb�S9b\bif]vª§g´
diUpX9[¯«gXJhHb�[]X9dµm]XtTp«¶±µÂ]X9Zµh�Ó]S�vª§]Tph9scWYX9Z	Swv`foTed\Ue´1²o[]qth�Z\h)«
moS�[o«�moX9T^«gUV[oq­S�[�Xt� Ø h)l�d)s�S�[JrµdiUpv�h7S�[]h)¨¦²c[]q9h)Z�U^b©§]T^S9l�h)«
X9[�dim]h­X9� Ø hHlÙdËXtZ�X9[]h�X9Wcd\m]h�²o[oq9h�Znb�l�f]ZiZ\h�[¬d\TVr"UV[wl�Xt[¬d\S9l�d
¨�Ued\m°dimoh`X9� Ø h)lÙd	Upbµ¨�UVdimo«gZnS=¨�[©scdim]hª«grJ[oS9v�U^l�hH¾¬foS�d\UVXt[ob
S�[o«®dim]h�S�Tpq9h)�]Z\S9Upl½l�X9[cb;d\Z\S9UV[¬d\b�«ghHbil�ZiUp�]Up[]q°d\m]hEb�d\S�dihEX�W
dim]h½birgb;d\h�v lnmoS�[]qth9±Ejzm]h�b;dnS�d\h½b�§cS9l�hwX9Wzbifolnm¿birJb�dih)vwb
l�S�[��?h�§oS�ZidiUVdiUpX9[]hH«�UV[¬d\X½Z\h�q9UpX9[cb�b�X�dimoS�dµUp[¯h)Stlnm�X�W
dimoh
Zih)q9UpX9[ob�dim]hÀb�rgb�dih)v U^b�«gh)b\l�Z\Up�chH«L¨�Ued\m-SO«gUeÛ»h�Z\h�[¬d�b�h�d
X�W
h)¾¬foS�d\UVXt[ob)±Ëjzm]h)bih�Zih)q9UpX9[ob�l)S�[��?h��¬Uph�¨7h)«�Stb�«gUpb\l�Z\h�d\h
b;dnS�dihHb�×�¨�UVdimoUV["h)S9lnm"«gUpb\l�Z\h�d\hËb�d\S�d\h9s=d\m]h7«]UeÛ»h�Z\h�[¬diU^S�T¬h)¾¬foS�´
diUpX9[obª«ghHbil�ZiUp�chEd\m]h�h��9XtTVf]diUpX9[¼X9W�dimoh�l�X9[¬diUp[Jf]X9fcb�b�d\S�diht±
�Jrgb;d\h�vwb©¨�UVdim�«gU^b\l�Z\h�dih�S9[o«�l�Xt[td\UV[Jf]Xtfob©b�d\S�dih
WYX9Z\v S�b�f]�]´
b�h�d�X�W�d\m]h�l�T^S9b\bzX�W
b�Xwl)S�TpTVhH«½mJrJ�]Z\Up«�birJb�dih)vwb ÌeÍtÍ s ÍHÞ=Î ±���S� �����E p¡)¢£����¤!¥¦�P§�¨�©Pªl¢¬«p§G����¤!©i­
�©h�d�d\m]h�l�Xt[¬diUp[¬foX9fob�b�d\S�dih�bi§oS9l�h¯®ÑX9Wkd\m]h�«grJ[oS�vªU^l�S9T

b�rgb�dih�vÒ¨�Ued\m±°Àb�d\S�d\h)bz�?h�q9Up�9h)[¹�Jr»x® þ³²´��� Q�µ � � Õ Í9Í Ö

¨�m]h�Z\h µ � S�Z\hw§oS�UpZi¨�U^bih�«gUpb Ø X9Up[¬d)s�l�X9[][]hHlÙd\h)«¿bif]�obih�d\b`X�W¶ ·)¸ ± Ý [�h)Stlnm�bif]�obih�d µ � sgd\m]h`birgb;d\h�vÒU^b�«ghHbil�ZiUp�?h)«E¨�Ued\m
b�rgb�dih�vÒh)¾¬foS�d\UVXt[ob)x

üýEþº¹ � Õ ý���� Ö � Õ ÍHÞ Ö
S�[o«ES�Tpq9h)�]Z\S9Upl	l�Xt[ob�diZnS�Up[tdnb�x» � Õ ý���� Ö þ��-� ¼ � Õ ý���� Ö � �-� Õ Í �¬Ö
jzm]h��9hHlÙd\X9Z ý¾½ ®�¿ ¶ ·_¸ U^b¶d\m]hµÕ/l�Xt[td\UV[Jf]XtfobnÖ¶b;dnS�d\h�X�WJdimoh
b�rgb�dih�v�s �=½ ¶ ·)À U^b�dimoh`Up[]§]fgdHs ¹ � UpbµS°ÕÜbivªXJX�dim?Öz�9hHlÙdiXtZ²oh�T^« S�[o« » � S�[o« ¼ � S9Zih�biv�XJX9dim ÕY�9hHlÙd\X9ZÙÖ�WYfo[olÙd\UVXt[ob�±jzm]hÃbih�dnb µ � S�Z\h¦l�S9TVTph)«-«gU^bil�Zih�dihÀb;dnS�dihHb�± ÏÃhÀZihH¾¬f]UVZ\h
dimoS�d�d\m]h�l�Xt[td\UV[Jf]Xtfobªb;dnS�d\hElnmoS9[]q9hHb"l�X9[¬diUp[Jf]X9fcb�TprÐÕY�]f]d
[]X�d­bivªX¬X9dim]Tpr]ÖA�ch�d;¨Ah)h�[Edim]h�Z\h�qtUVXt[ob)±
�JUV[cl�hwd\m]hEbih�dnb µ � S�Z\h½«gU^b Ø XtUV[¬dHs�q9Up�9h�[®S¯l�X9[¬d\UV[Jf]Xtfob



b�d\S�dih ý s=dim]h)ZihËUpb3S�f][]U^¾¬f]hAbih�d µ ��� ��� bifolnm�d\moS�d ý¾½ µ ��� ��� ±uA¾tfcS�diUpX9[cb	Õ ÍHÞ Öû´ÙÕ Í �¬Ö7l�S�[E�?h�dim]h)Zih�WYX9Z\h	Z\h�¨�Z\UVd�dih)[EStb�x
üýEþDÿ Õ ý���� Ö Õ Í .¬Ö

S9[o« � Õ ý���� Ö þ��-� �
Õ ý���� Ö�� �-� Õ Í :9Ö

¨�m]h)Zih ÿ Õ ý���� Ö þ£¹ ��� ��� Õ ý���� ÖÙs � Õ ý���� Ö þ » ��� ��� Õ ý���� Ö�soS�[c«�
Õ ý���� Ö þº¼ ��� ��� Õ ý���� ÖÙ±
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Â3Upq9f]Z\h Þ xµ� diZnS Ø h)l�diXtZirEX�WASEbirJb�dih)v ¨�Ued\m¦«gU^b\l�Z\h�dihªS�[c«
l�X9[¬diUp[Jf]X9fob�b�d\S�diht±
RAXt[ob�U^«gh)ZAd\m]h�vªX�d\UVXt[E§oTpS9[][]Up[]qª§]ZiXt�]Tph�v WYXtZ�dim]h�birgb;´

d\h�v Õ Í .¬ÖÙ± Ý f]ZA§]Zih)vªUpbih�U^b�dimcS�dËd\m]h�dnS9bi³"§oZiX��JU^«gh)b�S�¨7S=r
d\Xwh���S�TpfoS�d\h�dim]h�§?h�ZiWYX9Z\vwS�[ol�h�X�W�«gUVÛ?h)Zih)[td�vªX9diUpX9[�§]T^S�[ob
biX�dimcS�dzv�X9diUpX9[w§]T^S�[o[]UV[oq"l�S9[��?h�WYX9Z\v`foTpS�dih)«wStbAS��=S9ZiU^S�´
d\UVXt[oS�Tg§]Z\X9�oTVh)v b;dnS�d\h)«�UV[��JhHlÙd\UVXt[ Í ±3��h�d���Õ ý�������� Ök�ch�S9[Xt§gdiUpvwS�T3diZnS Ø hHlÙdiXtZir�X9W	Õ Í .¬Ö�dimoS�d�l�X9[o[]h)l�d\b	dimohªb�d\S�dih ý �¨�UVdim ý Q Õ/ÂkUpq9foZih Þ ÖÙ±�jzm]h�diZnS Ø h)l�diXtZir"Upb7lnmoS�ZnS9l�dih)ZiU=<�hH«`�JrS¹b�hH¾tfoh�[ol�h�X�W�§?X9Up[¬d\b�� � þ � � 4 � Q 4 ����� 4 � � 7kQ þ � QS9[o«°S½bih)¾¬f]h)[ol�h`X�W�Up[o«gU^l�h)b & � ��������� & � b�fclnm�dimoS�d	Xt[�dim]h
Up[¬dih�Z\��S�T Ì � ����� � 7kQ Î stdim]hµdiZnS Ø hHlÙd\X9Z\r`�?h�TpX9[]q¬b�d\X�dimohµbih�d µ �
	S9[o«ªS�d�dimoh�diUpvªh � � 73Q Ued7b�¨�UVd\lnm]hHb3WYZiXtvíd\m]h�Z\h�q9UpX9[ µ � 	 diXµ � 	 6 * ±	jzmoUpbµUVvª§]TpUph)bµdimoS�d	S¹b�XtTVfgd\UVXt[°X�WËdim]h"�=S9ZiU^S�d\UVXt[oS�T§]Z\X9�oTVh)vÑl�Xt[obiUpb�d\bzX9WkWYXtf]Z­l�Xtvª§cXt[]h�[¬d\b)x­Õ/StÖAdimoh�[Jf]v`�?h�Z
X9W�b�¨�UVd\lnm]hHb�s ' ×»ÕY�cÖ�dimohµbih)¾¬f]h�[cl�h9s�� µ �
	�
 �� ��� sJX�W©«gU^b\l�Z\h�dihb�d\S�dih)b)×µÕ/l)Ö�dim]h�bih)¾¬f]h�[cl�h9s�� � � 
 �� � Q s�X�Wµbi¨�UVd\lnm]Up[]q�d\UVvªh)b)×Õ/«oÖAdim]h�l�X9[¬diUp[Jf]X9fcb7diZnS Ø h)l�diXtZiUph)b)±
_ûd�U^b�«gUV¸wl�f]TVd�diXª²o[o«�S9TVT»WYXtf]Z�l�Xtv�§?X9[oh�[¬d\bzX9W�dimoh�X9§g´

d\UVvwS�T�biX9Tpfgd\UVXt[OÕÜbih�hwS9TpbiX ÌVÍ �]s Í . Î ÖÙ± Ý []hªX�W�d\m]hwZ\h)S9biX9[cb
U^bAdimoS�d7Up[½qth�[]h)Z\S9T]dimohµXt§gdiUpvwS�T¶b�XtTVf]diUpX9[½«gh)§ch)[o«]b7X9[�dim]h
bih)¾¬f]h)[ol�h¹X�Wµ«gU^b\l�Z\h�dih�b�d\S�d\h)b"UV[��9h)ZirÀl�Xtvª§]TVU^l�S�dihH«®¨zS=r?x
h)�9h�[ªUVW»d;¨AX�bih)¾¬f]h�[cl�h)bËS�Z\hzS9TVvªX¬b;d�U^«gh�[¬d\Upl)S�T1s�diZnS Ø hHlÙd\X9Z\UVhHb
X9Wkd\m]h�l�Xt[td\UV[Jf]Xtfobzb;dnS�d\h�l�S�[E�?h��9h�Z\r�«gUVÛ?h)Zih)[¬d)±�r��� ��¡¦�E p©�� ¨�©Pª ¥Q©i¢��w«��E¤�­�� ���=¤��E¥� [¤�­���E¤�¢£¡��
_a["d\Stb�³gb
b�fclnm�Stb
q9ZnS9bi§]UV[oqµS�[c«`¨zS�Tp³JUV[]qcs�dimohzbih)¾¬f]h)[ol�h

X9W�«]Upb\l�Z\h�d\h½b;dnS�d\h)b�U^b�fcb�foS9TVTprÃ³¬[oX�¨�[D�ª�»�Ù{Ü~��Ù{}±ÀÂ]X9Z�dim]h
qtZ\Stb�§]Up[]q�d\Stb�³¹Ued	l�S�[��?h�X9�]d\S�Up[]hH«��¬r¹UV[J�th)b�diUpqtS�d\UV[oq"WYhHS�´
biUV�oTVhwqtZ\Stb�§ÃqtS9Uednb ÌeÍ : Î ±¹_a[À¨7S9TV³JUp[]qos�dim]h�q¬S�UVd�Upb�fcb�foS9TVTpr
l�X9vª§]fgd\h)«ªUp[½S9«g��S9[ol�hzd\X`S=�9XtUp«�Z\h�q9UpX9[cb3dimoS�dAS�Z\h�f][obif]UVd�´
S9�]TVh	WYXtZzWYX¬X9d�§]T^S9l�h)vªh�[¬d ÌeÍ �gs Í=ßHÎ ±
ÏLm]h)[Ãdim]hwbih)¾¬f]h�[cl�hªX�W�«gU^bil�Zih�dihªb;dnS�dihHb�Upb�q9Up�9h�[�s»dim]h

vªX�d\UVXt[�§]T^S�[][]Up[]qw§]Z\X9�oTVh)vÑZ\h)«gfcl�h)b�diXw²o[c«gUV[oqwdim]h`X9§gd\Ue´
vwS�T7b�¨�UVd\lnmoUV[]q°diUpv�hHb"S9[o«Ãdimoh½X9§]diUpvªS9T�d\Z\S Ø h)lÙd\X9Z\UVhHb	WYX9Z
d\m]h�l�X9[¬diUp[Jf]X9fcb­b�d\S�d\h9±�jzm]U^b­§]Z\X9�oTVh)v l)S�[°�?h"biUpv�§oTVUV²oh)«

�¬rÃvwS�³JUp[]q°d\m]h½f][o³¬[oX�¨�[®b�¨�UVd\lnm]Up[]q�d\UVvªhHb`§oS9Z�d�X�Wzdimoh
b;dnS�dih7S�[o«`UV[¬d\ZiXg«gfol�UV[oqµS�[oh�¨®Up[o«gh)§ch)[o«gh�[¬d���S�Z\UpS9�]Tph�¨�Ued\m
ZihHb�§?h)l�dkd\Xµ¨�m]U^lnm"dim]hzb�¨�UVd\lnmoUV[]qµdiUpvªh)b�S9ZihË²]Ógh)«¶±
jzm]hzZih�´
b�f]TVdiUp[]q���S�Z\U^S�diUpX9[cS�T�§]Z\X9�]Tph�v l�S9[¦d\m]h�[¿�?h½biX9Tp�9hH«¯fobiUp[]q
l�X9[J�th�[¬diUpX9[oS9T»v�h�dim]Xg«]b)±
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ÂkUpq9foZih �]x�� []h�¨-UV[c«gh�§?h�[o«]h�[¬d���S�Z\UpS9�]TVh	moStbA³J[]X�¨�[¹��S�TV´
f]h)b�S�d�dim]h�bi¨�Uednlnm]Up[]q�diUpv�hHb � � ±
�­b\b�f]vªhËdimoS�d�dimohA[Jf]v"�ch)Z ' S9[o«�d\m]h7bih)¾¬f]h)[ol�hAX�Wo«gU^b�´

l�Z\h�dihªb�d\S�d\h)b�� µ � 	�
 �� ��� S�Z\h`³J[]X�¨�[©±�Â]XtZ�biUpv�§oTVU^l�UVd;r9s�S9TpbiXS9b\b�f]vªh½dimoS�d�� � þ � � þ � S�[o«�� Q þ � � 73Q þ Í ±ÀÏÃh
UV[¬diZ\Xg«gfol�h�[]h�¨ b�d\S�d\h°��S�Z\UpS9�]Tph)b ý ¸ 7kQ ����������ý ¸ 7 � l�X9Z\Z\h�´
b�§?X9[o«]UV[]q�d\Xªdim]h�bi¨�Uednlnm]Up[]q�diUpv�hHb � � ¨�UVdim©x

ý ¸ 7 � þ,� � � üý ¸ 7 � þ,�-� Õ Í �¬Ö
�Jf]�obih)¾¬f]h)[td\TVrtskSE[]h)¨ºUp[o«gh)§ch)[o«gh�[¬d`��S9ZiU^S��]Tph �wU^b�«gh�´

²o[]h)«©±�jzm]h`Z\h�T^S�d\UVXt[E�?h�d;¨7h�h)[!��S�[o« � U^b�TpUV[]hHS�ZHso�]f]d­dimohb�TpX9§?h�X�W	dim]h°l�f]Zi�th�lnmoS�[]qth)bªXt[OhHS9lnm�UV[¬dih)Zi��S9T Ì � ����� � 7kQ ÎÕÜÂ3UVqtf]Z\h �¬ÖÙ±¿�7d�h)�9h)Zir¿lnm]X¬b�h)[¿²]Ógh)«¼§cXtUV[¬d � � s � hH¾¬foS�T^b� � ±�Â]XtZ�l�Xt[¬�th�[]Uph�[cl�h9s¬¨7h�bih�d"� � þ(�$# Õ ' 3 Í Ö7biX`d\moS�dzdimoh
WYX9TpTVX�¨�Up[]qªh�Óg§]Z\h)b\b�UpX9[¹UpbzXt�gd\S9UV[oh)«¶x

��þ
*%%%%%%%%+
%%%%%%%%
,

Õ ' 3 Í Ö ý ¸ 7kQ � � � �&� � Q� 73Q'�'('Õ ' 3 Í Ö�Õ ý ¸ 7 � 7kQ # ý ¸ 7 � Ö)�3�Õ � 3 Í Ö ý ¸ 7 � # �ûý ¸ 7 � 7kQ � �� 7kQ 4 � � � 7kQ� 7kQ'�'('Õ ' 3 Í Ö�Õ Í # ý ¸ 7 � Ö)�3�Õ ' 3 Í Ö ý ¸ 7 � # ' � �� 7kQ 4 � � Í �ÏLUed\mÀdim]hw[]h)¨ºUp[o«gh)§ch)[o«gh)[td"�=S9ZiU^S��oTVhts©dimoh�h��tX9TpfgdiUpX9[
h)¾¬foS�d\UVXt[¹Xt[½d\m]h�Up[td\h�Z\��S�T Ì � ����� � 7kQ Î �?h)l�Xtvªh)b)x

ý�*»þ Õ ' 3 Í Ö�Õ ý ¸ 7 � 7kQ # ý ¸ 7 � Ö ¹ �
	 Õ ý���� Ö �¨�m]h�Z\h"Õ � Ö * «gh�[]X9dihHb�d\m]h	«]h�Z\UV��S�d\UV�th­X9WAÕ � Ö�¨�UVdim¹ZihHb�§?h)l�dAd\Xdim]h�[]h�¨ºUV[c«gh�§?h�[o«]h�[¬d��=S9ZiU^S��oTVh+�9±�_ûW :ý U^bµdim]hªh�Ó¬d\h�[o«]h)«b;dnS�dih��th)lÙd\X9ZHx:ýEþ Ì ý Q ���������iý ¸ �iý ¸ 7kQ ����������ý ¸ 7 � Î-, �S�[]h�¨ WYfo[olÙd\UVXt[½l�S9[��ch	«gh�²c[]h)«wXt[wh)StlnmwUV[¬dih)Zi��S9T �� 7kQ 4� � � 7kQ� 73Q x:6 ÕI:ý���� Ö þ Õ ' 3 Í Ö�Õ ý ¸ 7 � 73Q # ý ¸ 7 � Ö 6 Õ ý���� Ö �



Â3Up[oS�TpTVrtsgdimoh�l�Xtb�dzWYf][ol�diUpX9[oS9T©l�S�[��?h�Zih)¨�ZiUVd�d\h�[�S9b)x
0 þ 4 Q� :6 ÕI:ý���� Ö 8 �

S9[o«Ãdim]h½d\Stb�³ÃUpb`diX¯v�Up[]UpvªU <)h 0 UV[®dim]h¹h�ÓJdih)[o«gh)«¼b;dnS�dih
bi§oS9l�h9±
�
X9Up[¬d\b � � S�dz¨�m]U^lnmwdimoh	birgb;d\h�vÁ«ghHbil�ZiUp�chH«w�Jr�dim]h
WYf][clÙdiUpX9[ :¹ b�¨�UVd\lnm]hHbw�?h�d;¨7h�h�[Ðdim]hÃ«gUpb\l�Z\h�d\h¯b�d\S�d\h)b¹S�Z\h
³J[]X�¨�[©±`_a[°dimoh�Xt§gdiUpvwS�T�biX9TpfgdiUpX9[©s�:ý ; s»dim]hªT^S9b�d ' l�X9v�´
§?X9[]h)[¬d\b3¨�UVTpTJ�ch7d\m]hAXt§gdiUpvwS�Tgbi¨�Uednlnm]UV[oq­d\UVvªh)b � � � 
 �� � Q WYX9Zd\m]h�X9Z\UVqtUV[cS�T»§]Z\X9�]Tph�v�±
� ��� ¤�� � �a�
ÏÃh�b;d\fo«gr¼S9[¼h�Ó]S9v�§oTVhEX�Wµd;¨AX¦²o[]qth�Znb"¨�UVdim�TpUVvªUVdih)«

¨7X9Z\³gb�§oStl�hAZiX9d\S�d\UV[oq	S�l�UpZnl�f]T^S�Z
X9� Ø h)lÙd�S9�cXtfgd�S­²oÓJhH«ªS�ÓgUpb
Up[ÐS¿m]XtZiU=<�Xt[tdnS�T�§]T^S�[oh9± _a[ ÌeÍ : Î s�S¿biUpv�UpT^S�Z½h�Ó]S�vª§]Tph�Upb
fobih)«�diX½b�difo«]rEqtZ\Stb�§�q¬S�UVd\b)±�jzm]h�§?XtbiUed\UVXt[°X�W
dimoh`X9� Ø h)lÙd
U^bzq9Up�9h)[¹�Jr�UVd\bzd\f]Z\[]UV[oqªS9[]q9Tph � Õ/ÂkUpq9foZih .¬Ö�±�jzm]h�l�h)[td\h�ZX9W�dim]h�X9� Ø hHlÙd	Upb	S�d	dim]h"X9Z\UVqtUV[¯X�W�dimoh"qtTVXt�oS�T3l�XJX9Zn«gUp[oS�d\h
birgb;d\h�v&S�[c« dim]hÀZnS9«gUpfob¹X�W�d\m]hÃX9� Ø hHlÙd�UpbEh)¾¬foS9T­d\X���±
�
X¬b�UVdiUpX9[obËX�W©d\m]h	d;¨AX`²o[]qth�ZnbËUp[�d\m]hµ§oTpS9[]h	S9Zihµh�Óg§]Z\h)b\b�hH«
Up[�§cXtTpS9Z�l�XJX9Zn«gUp[oS�d\h)bzS�[o«ES�Z\hwÕ�� Q �
	 Q ÖzS�[o«ÃÕ�� � �
	 � ÖÙ±

ϕ

(r1,θ1)

(r2,θ2)

θ1r1

θ2
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R

y

x

Â3Upq9f]Z\h .ox�jz¨7X¹²c[]q9h)Z\b	Z\X�d\S�diUp[]q�S�l�UpZ\l�f]TpS9Z�X9� Ø hHlÙd�Up[ÀS
§]T^S�[oh9±

jzm]h�«grJ[oS9vªUpl)bzX�W3dim]h�Xt� Ø h)l�dzU^b�qtUV�th�[E�¬r»x
�
�� þ # ¹ Q � �¯biUp[ 	 Q 3 ¹ Q�� �Ãl�X¬b 	 Q# ¹ � � �Ãb�Up[ 	 � 3 ¹ �
� �Ãl�X¬b 	 � � Õ Í=ß Ö

¨�m]h)Zih � UpbAd\m]hµvªXtv�h)[¬d7X9W�UV[oh�ZidiU^S`X9W©dim]h	X9� Ø h)lÙd�S�Z\X9fo[o«
d\m]h­S�ÓgU^b�X�W»Z\X�d\S�diUpX9[ª¨�m]UpTVh ¹ Q S9[o« ¹ � S�Z\hzdim]h�WYXtZ\l�h)b)s�h�ÓJ´§]Z\h)b\bih)«�Up[�dimohAqtTVXt�oS�T¬l�XJX9Zn«gUp[oS�d\h�WYZ\S9vªh9sHdimoS�dkd\m]hA²o[]q9h)Z\b
Í S�[c« Þ h�ÓJh)Z�d�Xt[½d\m]h�X9� Ø hHlÙdH±
jzm]h�«grJ[oS9v�U^l¹h)¾¬foS�d\UVXt[ob�X�W�d\m]hEd;¨AX¦²o[]qth�Znb"l)S�[O�ch

h�ÓJ§oZihHbibih)«ªUp[ER7S�ZidihHb�U^S�[�l�XJX9Zn«gUV[cS�dihHb�±
Â]XtZAbiUVvª§]TpU^l�UVd;r9sJ¨Ah
Stbibif]vªh�d\moS�d	dim]h"²o[]qth�Znb­�?h�mcS=�9h`TpUp³9h`§?X9Up[¬d	vwStbibih)b�ÕYTpX�´
l)S�dihH«�S�d�d\m]h�²o[oq9h�Z­diUp§cÖÙ±�jzmoh`«grJ[oS�vªU^l�b�X9W
dim]h`²o[]q9h)Z �U^b7dimJfob�qtUV�th�[E�Jr?x# ¹�� � 3 � � � þ � � Õ �� � l�Xtb 	 � # Þ ü� � ü	 � biUV[ 	 �# � � ü	 �� l�Xtb 	 � # � � �	 � biUV[ 	 � Ö# ¹ � � 3 � � � þ � � Õ �� � biUV[ 	 � 3 Þ ü� � ü	 � l�Xtb 	 �# � � ü	 �� biUp[ 	
� 3�� � �	 � l�Xtb 	 � Ö � Õ ÍU
 Ö

¨�m]h�Z\h � � Upbµdimoh�h�Û?hHlÙd\UV�th"vwS9b\bµX�W�d\m]h�²o[]q9h)Z � s©S9[o« � �Upb�dim]h Þ��OÍ �th)l�diX9Z`X�W­«gZ\UV�JUp[]q�WYXtZ\l�h)b�WYXtZ`²o[oq9h�Z � ± �Ar«gh�²o[oUV[]q�Sªb�d\S�dih��9hHlÙdiXtZ)x
ý¹þ Ì ��� ü� � � Q �
	 Q � ü� Q � ü	 Q � � � �
	 � � ü� � � ü	 � Î , Õ ÍU� Ö

dim]hª«grJ[oS�vªU^l�hH¾tfcS�diUpX9[cb�X�W�d\m]h�X9� Ø hHlÙd	S9[o«�d\m]h�d;¨7X�²o[]´
q9h�Znbzl�S9[E�?h�diZnS�[cb;WYXtZivªh)«½UV[¬d\X"d\m]h�b�d\S�d\h�´ab�§cS9l�h	WYXtZiv�±
jzm]h�¨AXtZi³gbi§oS9l�hµX9Wkh)Stlnm½²c[]q9h)Z�Upb�Sªl�X9[]h�X�W�S�[oq9Tph Þ #l�h�[¬d\h�Z\h)«�S�dkdim]hAX9Z\UVqtUV[�±kjzm]h7S�ÓgUpb�X�Wgd\m]hAl�X9[]h�WYXtZ�d\m]h�²cZ\b�d

²o[]q9h)ZËl�XtZiZ\h)bi§?X9[o«]b3d\X�dim]hµmoS�TVW}´ûTVUp[]h 	"þ,� ¨�m]UVTphzdimohµS�ÓgU^bX�W¶dimohµl�Xt[]h�WYXtZËd\m]hµbih)l�X9[o«w²o[]q9h)ZËU^b�d\m]h­mcS�TVW}´1TpUV[oh 	"þ�� ±jzm]h"l�X9[]hHb�� Q S�[o«�� � Z\h�§oZihHb�h)[td\UV[oqwdim]h"¨AXtZi³gbi§oS9l�h�X�Wdim]h�²o[oq9h�Znb Í S�[o« Þ sgZ\h)bi§?h)lÙd\UV�th�Tpr9s]S9Zih	dimJfob�q9Up�9h�[¹�Jr?x
� Q þ � 	 $ # # � 	 � # 

� � þ � 	 $ # # 3 � � 	 � # 3 � 
 � Õ Þ � Ö

jzm]hEb�d\S�dih�b�§cS9l�h¹X�W�d\m]h�b�rgb�dih�v l)S�[O�chE§oS�ZidiUVdiUpX9[oh)«
UV[¬diX�d\m]Zih)h�Zih)q9UpX9[ob)x

µ Q þ � ý $ 	 Q ½ � Q �
	 � ½ � � � � Q�� � � � � þ � 


µ � þ � ý $ 	 Q ½ � Q �
	 � ½ � � � � Q þ � � � ��� � 


µ � þ � ý $ 	 Q ½ � Q �
	 � ½ � � � � Q þ � � � � þ � 
 �
��h�qtUVXt[ µ Q l�X9Z\ZihHb�§?X9[o«ob�diX¹dimoh�l)S9bih�¨�m]h�[¯dim]hªbih)l�Xt[o«²o[]q9h)Z�U^b©Up[`l�Xt[¬d\S9l�d�¨�UVdim�d\m]hËXt� Ø h)l�d�¨�m]UpTVhËdim]hË²oZnb;dk²o[]q9h)Z
«gXJh)b�[oX�d`d\X9folnm®dim]h¹X9� Ø hHlÙd)±¦��h�qtUVXt[ µ � «gh)b\l�Z\Up�chHb�dimohX9§]§?XtbiUed\h�b�UVdifcS�diUpX9[�±¹_a[¿Z\h�qtUVXt[ µ � �?X�d\m¿²o[]qth�Znb�S�Z\hwX9[dim]hªX9� Ø h)lÙdH±�ÂoX9Z�Xtf]Z	d\S9bi³°¨7h"Z\h)¾¬f]UpZ\h`d\moS�d�h�ÓgStlÙd\TVr�Xt[]h
²o[]q9h)Z�Upb�X9[¹dim]h�Xt� Ø h)l�d�«gf]Z\UV[]qwS9[¬r½²o[]UVdih�d\UVvªh�Up[td\h�Z\��S�T1±
jzm]Upb
�cS9biUpl)S�TpTVr�Z\h)«gfol�h)b3d\m]h�b;dnS�dihzbi§oS9l�hËd\X µ Q�� µ � s�¨�Ued\mdim]h�bi¨�Uednlnm¹�?h�d;¨7h�h)[Edim]h�d;¨7Xwl�X9Z\Z\h)bi§cXt[o«gUp[]q�d\X µ � ±jzm]h�«grJ[oS�vªU^l�h)¾¬foS�d\UVXt[obªS�Z\hEdim]h°b\S�vªh�UV[LS9TVTzd\m]Zih)h
Zih)q9UpX9[ob)±`jzm]h)Zih�WYX9Z\h9s ÿ®þ·ÿ Q þ·ÿ � s©¨�moh�Z\h ÿ Upb	d\m]h�b�rgb�´dih�v WYf][clÙdiUpX9[DX9�gdnS�Up[]h)« ¨�m]h)[Ldimoh¦«grJ[oS9v�U^l°hH¾¬foS�d\UVXt[ob
S�Z\h"Z\h�¨�Z\Uedidih)[¦Up[¯d\m]h�b�d\S�d\hwb�§oStl�ht±��­X�¨Ah)�9h�ZHs¶Up[¯d\m]hwZih�´
q9UpX9[ µ Q s=d\m]hzl�X9[cb;d\Z\S9UV[¬d � Q þ Í WYX9Znl�h)b ü� Q þ�� ±
�JUpv�UpT^S�Z\TVrtsdim]h�Z\h)¾¬f]UpZih)v�h)[¬d�� � � � UVvª§]TpUph)b ¹ � þ � ±¼��[oS9TVXtq9Xtfobh)¾¬foS�d\UVXt[obzm]XtTp«½WYX9Z µ � ±ÂkUp[oS9TVTpr9s�¨7h½moS=�thwdiXÃlnm]XJXtbihwdimoh¹l�X¬b;d"WYf][ol�diUpX9[oS9TËWYXtZ
dim]h�Xt§gdiUpvwS�T�l�Xt[¬diZ\X9Tz§]Z\X9�]Tph�v�± _a[OZ\X9�?X�d\Upl¹dnS9bi³Jb)sËUVd�U^b
X�W}dih)[®Z\h)¾¬f]UpZihH«ÃdimoS�d`dimoh½§?XtbiUed\UVXt[ob`S9[o«¿�9h)TVXgl�Ued\UVhHb½ÕÜS9[o«
UV[DbiX9vªhÃS�§]§]TpU^l�S�d\UVXt[ob)s­S9l)l�h�Tph�ZnS�d\UVXt[ob�S9[o« WYX9Znl�hHb\Ö���S�Z\r
! biv�XJX9dim]Tpr#"]±!_a[ÐdimoUpbE¨7X9Z\³?s­¨AhÃlnm]Xtbih°d\XOvªUp[]UVvªU=<�hÀS
v�hHS9bif]Z\h�X�W
dim]h`h�[]h)Ziqtr½[]hHl�h)b\b\S�Z\rwdiX�vªX��th�dim]h`d;¨AXª²o[]´
q9h�Znb)x
0 þ 4 Q� 6 8 �
þ Í

Þ 4 Q� Õ � � Q � 3 � � Q�� 3 � �� � 3 � ��
� Ö�8 �9� Õ ÞgÍ Ö
jzm]Upb�l�Xtb�d�WYf][olÙd\UVXt[oS�T�qtfoS�ZnS�[¬d\h�h)b	l�Xt[¬diUp[¬foUed;r°X9WËd\m]hª§cX9´
b�UVdiUpX9[obµS�[o«��th�TpXgl�UVdiUph)b)±�RAXt[td\UV[Jf]XtfobzWYXtZ\l�h�§]Z\X�²oTph)b�l�X9f]T^«
�ch7X9�gdnS�Up[]h)«��¬r�vªUp[]Upv�U=<�Up[]qµdim]h7ZnS�dihAX�WclnmcS�[]qth�X�W]WYXtZ\l�h)b)±
�7d ��þ(� sJdimoh�UV[]UVdiU^S�Tkl�X9[c«gUed\UVXt[ob�S�Z\h9x�¿þ,�-�$	 Q þ��-�$	 � þ%� � � Q þ � � � � þ � �
ü�¿þ,�-� ü	 Q þ��-� ü	 � þ��-� ü� Q þ,� � ü� � þ��-�

S�[o« ¨7h°S9b\b�fov�h�d\moS�d½dim]h¯birgb;d\h�v UVvªvªh)«]UpS�dih�Tpr�§oS9b\b�hHb
UV[¬diX�dim]hAZih)q9UpX9[ µ Q ±kÏÃh�Z\h)¾¬f]UpZih
d\m]hËXt� Ø h)l�d©diX­�chAZiX9d\S�d\h)«dim]Z\X9f]qtm � ��& ± �7X9dim®²c[]q9h)Z\b�S�Z\h½Z\h)¾¬f]UpZihH«ÀdiXÃh�[c«¿dimoh�UpZ



vªX�d\UVXt["Xt[`d\m]hzX9� Ø hHlÙdHs��]fgd�¨7h7S9Zihz[]X9d�UV[¬dih)ZihHb;d\h)«`¨�m]h�Z\h9±
jzm]h�²c[oS�T©l�X9[o«gUVdiUpX9[cb�S�Z\hµd\m]h�Z\h�WYXtZihtx�Àþ�� � � � Q þ � � � � þ � �

ü�Ãþ��-� ü� Q þ(� � ü� � þ(� � ü	 Q þ,� � ü	 � þ(� �
_a[ºX9Zn«gh�Z¦diX fobih¼d\m]h�v�h�dim]Xg« WYZiXtv$�Jh)l�diUpX9[ �]± Þ s"dim]h
[Jf]v"�ch)ZµX9W�diZnS�[obiUed\UVXt[ob��?h�d;¨7h�h)[�dimoh�d;¨7X½Z\h�q9UpX9[cb�UV[°dim]h
b�d\S�dih"bi§oStl�h�v"fob;d��?h`³J[]X�¨�[©±	�­b\b�f]vªh`dimoS�dµd\m]h"birgb;d\h�v
bi¨�Uednlnm]h)b�X9[]Tpr"Xt[ol�htx©d\m]h­Xt� Ø h)l�d�Upb�²oZ\b�dËZ\X�dnS�dihH«�¨�Ued\mªdim]h
bih)l�X9[o«"²o[]qth�Z7S�[o«"dimoh­Z\X�d\S�diUpX9[ªX�W»d\m]h�X9� Ø h)lÙdËdim]h)[�l�X9v�´
§]Tph�d\h)«¦¨�Ued\m¯d\m]h�²oZnb;d�²o[]qth�ZH±`�©h�d � Q �?h�dim]h�d\UVvªhw¨�m]h)[d\m]h�b�rgb�dih)vÑbi¨�Uednlnm]h)bzWYZ\X9v µ Q diX µ � ±Ëjzmoh�b;dnS�dih��th)l�diX9Zý U^bzh�ÓJdih)[o«gh)«¹¨�UVdim � Q d\moS�d�b\S�d\Upb�²oh)bAd\m]h	WYX9TpTVX�¨�Up[]qªb;dnS�dihhH¾tfcS�diUpX9[�x

ü� Q þ��-�� h�ÓJd)soS�[]h)¨-Up[o«gh)§ch)[o«gh)[td���S9ZiU^S��]Tph ��U^b�«gh�²c[]h)«¶x
��þ � Þ � Q � � � 4 � � � � :Þ Õ Í # � Q Ö � 3 Þ � Q # Í � �-� : 4 � � Í � � � Õ Þ9Þ Ö

jzm]h�l�Xtb�dzWYf][olÙd\UVXt[ 6 WYZ\X9vÑuË¾¬foS�d\UVXt[ÃÕ ÞgÍ ÖË�?h)l�X9vªh)b)x:6 ÕU:ý���� Ö þ � Þ � Q 6 � � 4 � � �-� :Þ Õ Í # � Q Ö 6 � �-� : 4 � � Í � �-� Õ Þ �tÖ
�JUpvªUVT^S�Z\Tpr9s�UVW ÿ-þ%ÿ Q þ%ÿ � Upb"d\m]hEbirgb;d\h�v WYf][clÙdiUpX9[¼WYX9Z
d\m]h`Up[o«gh)§ch)[o«gh�[¬d���S�Z\UpS9�]TVh � scd\m]h�[]h�¨íbirgb;d\h�vÑWYf][olÙd\UVXt[ob
�?h)l�X9vªh9x :ÿ Q þ Þ � Q ÿ:ÿ � þ Þ Õ Í # � Q Ö ÿ � Õ Þ .¬Ö
_a[Àh)StlnmÀZih)q9UpX9[©s©UVd`U^b�S�T^biXE[oh)l�hHbib\S�Z\r�d\X°biS�diU^b;WYr�d\m]hwWYXtTe´
TpX�¨�UV[oqªl�X9[ob�diZnS�Up[¬d\b)x

µ Q x � Q � � � � þ � ü�Ãþ ü	 � ¹ Q þ,�
µ � x � Q þ � � � � � ü�Ãþ ü	 Q ¹ � þ,� Õ Þ :9Ö

�­[oS�TpX9qtX9fob�h�ÓJ§oZihHbibiUVXt[ob�l)S�[À�ch½X9�gdnS�Up[]h)«ÀUVWzdim]h½²o[]q9h)Z\b
lnmoS9[]q9hµdimoh�UpZ�ZiXtTVhHb7v�XtZih	d\moS�[�X9[cl�h9±
jzm]hªvªh�d\m]Xg«¦WYZiXtv �Jh)l�diUpX9[ Þ l�S�[¦[]X�¨ �?hwh�vª§]TpX�r9hH«

d\X¦biX9Tp�9hwd\m]h½Z\h)bif]TVdiUp[]q°X9§]diUpvªS9T7l�X9[¬diZ\X9TA§]Z\X9�]Tph�v�± Ý []h
X9W7d\m]h¹St«g��S�[¬d\S9q9hHb�X�WzdimoUpb"vªh�dimoXJ«®Upb�dimoS�d`dimoh¹S9« Ø X9Up[td
��S�Z\U^S��]Tph)b�S9[o«"dim]h�v"f]Ted\UV§oTVUph�Znb�S�Z\hz[]X�d�d\m]h�f][o³¬[oX�¨�[ob3WYX9Z
d\m]h�X9§gd\UVvwS�T�l�X9[¬diZ\X9T7§]Z\X9�]Tph�v�s�d\m]h�rOS�Z\h½X9[oTVr¿f]§»«]S�dih)«
S�W}dih�Zµdimoh�biX9TpfgdiUpX9[¦X�W�d\m]h"Xt§gdiUpvwS�T�l�Xt[¬diZ\X9T�§oZiXt�]TVh)v moS9b
�?h�h)[�WYX9f][c«¶±z_a[ol�Tpfo«gUp[]q¹b�d\S�dihtsoUp[]§]fgdnb�s»S9« Ø XtUV[¬d­��S9ZiU^S��]Tph)b
S9[o«Àdimoh¹��S9q9ZnS�[]qthªv`f]TVdiUp§]TpUVh)Z\b)s3dim]h)ZihES�Z\h � 
 f][o³¬[oX�¨�[
WYf][clÙdiUpX9[cb�Õ}WYXtZ­Sªb�Up[]q9Tph�bi¨�UednlnmcÖÙ±Ëjzmoh�f][]³J[]X�¨�[ob7WYXtZzdim]h
��S�Z\U^S�diUpX9[cS�T?§]ZiXt�]Tph�vÁS�Z\h	X9[]Tprªdim]h�b�d\S�dih�S�[o«½UV[o§]fgd���S�Z\Ue´
S9�]TVhHbz¨�m]U^lnm�S9vªX9f][¬d\bAd\X ÍU� f][]³J[]X�¨�[¹WYf][ol�diUpX9[ob)±
����� ��¤�¢¬«[§G���E¤G©J­;ªE¡��e«[§�� �
jzm]hE��S�Tpf]h)b�X9Wµ§oS9Z\S9v�h�dih)Z\b`WYX9Z�dimoh�biUpv`f]T^S�d\UVXt[¼¨7h�Z\h

� þ Í � S�[c« � Q þ � � þ Í � � ±�jzmohwd\Stb�³¦¨7Stb�diX°Z\X�´dnS�dih�d\m]h�Xt� Ø h)l�d�WYX9Z�� � & l�Xtf][¬dih)Z\l�TVXgln³J¨�Upbih9±�_a[°Â3Upq9f]Z\h :gsd\m]hªZihHb�f]TVd\b�S9Zih�b�moX�¨�[°WYX9Z�d\m]hª¨AXtZi³gbi§oS9l�h #Lþ Í : & ±�_a[d\m]Upbªl)S9bih9s
dimoh¹Z\X�dnS�diUpX9[¼X�W�d\m]h¹Xt� Ø h)l�d`WYXtZ � � & l�S�[O[]X�d�?h�S9lnm]Uph��th)«¿¨�UVdim�S¦biUV[oq9TphEbi¨�Uednlnm©×Adim]hE²o[]qth�Znb"lnmcS�[]qth
d\m]h�UpZ"Z\X9Tph)b�d;¨�Upl�h9±Ãjzm]h½��S�Tpf]h¹X�W � U^b`bif]�gd\Z\StlÙdihH«ÀWYZ\X9v
	 � d\X-l�X9vª§oS�Z\h®UVd¦¨�UVdim dim]hOX�dimoh�Z¦d;¨AXDS9[]q9Tph)b)± jzm]h

[]h�¨ Up[o«gh)§ch)[o«gh�[¬d���S�Z\UpS9�]TVh��`U^b	b�m]X�¨�[�Xt[�dimoh"S��cbil�Upb\biSo±
jzm]h¦bi¨�Uednlnm]h)b½�ch�d;¨Ah)h�[Ld\m]h¦d;¨AX®Z\h�qtUVXt[obªd\m]h�Z\h�WYXtZih°Xgl�´
l�f]Z�S�d � Q þ � � � �½S�[c« � � þ �-� � ß s»¨�m]UplnmÀl�XtZiZ\h)bi§?X9[o«�d\X� Q þ � � Þ9Þ �½S�[o« � � þ ß � � Í ��Õ/l�Xtv�§ofgdihH«®S9b`§oS�Zid�X�Wzdimohv�X9diUpX9[ §]T^S�[cÖ�±Djzm]h�²oqtf]Z\h�bim]X�¨�b�d\moS�d�¨�m]UpTph�X9[]h�²o[]´
q9h�Z7Z\X�d\S�dihHb�d\m]h�X9� Ø hHlÙd)s¬d\m]h�X�dimoh�ZA²o[]q9h)Zzv�X��th)bËdiX�¨zS�Zn«]b
dim]h�TpX�¨Ah)Zzh)«gqth	X9WkUVd\b�¨7X9Z\³gb�§cS9l�h­diXwmoS=�th	S�¨�U^«gh�Z�ZnS�[oq9h
X�W�vªX�diUpX9[�Xt[ol�h�UVdµl�Xtvªh)b�Up[¬diX½l�X9[¬d\StlÙd�¨�UVdim�dimoh�X9� Ø hHlÙdH±>­f]Z\Up[]q	dim]h7²oZnb;d
d\m]UVZn«"X�Wod\m]h�vwS�[]h)f]�9h)Z)s=²c[]q9h)Z Þ Z\X�dnS�dihHb
dim]h	X9� Ø hHlÙdzS�Tpv�X¬b;dAWYX9ZAdim]h	h�[¬d\UVZ\h­ZnS�[]qth�X�W�dim]h�S�TpTVX�¨zS��oTVh
¨AXtZi³gbi§oS9l�h�X9W Í : & ±°à�h)S9[J¨�m]UVTph9sk²o[]qth�Z Í vªX��9h)b	d\X�dimohTVX�¨7h�Z"h)«gqth½X�W�d\m]hE¨AXtZi³gbi§oS9l�h½S�[o«¼b�f]�cb�hH¾tfoh�[¬diTprÀUedªZiX9´
d\S�d\h)b�dim]h"X9� Ø hHlÙd�WYXtZµS�TpvªXtb�d � ��& Up[�dim]h�b�hHl�Xt[o«Edim]UpZn«�X�Wdim]h�dnS9bi³?±�ÏLm]UpTVhE²o[oq9h�Z Í U^bªZiX9d\S�diUp[]q¯d\m]h�X9� Ø hHlÙdHsË²o[]´
q9h�Z Þ vªX��th)b��cS9ln³EdiX�¨zS�Zn«]bzd\m]h"vªU^«]«gTph"X9WËUVd\b�S�TpTVX�¨zS��oTVh
¨AXtZi³gbi§oS9l�h	biXªdimoS�d�Ued	l�S�[�l�X9vª§]Tph�dih�d\m]h�Z\X�dnS�diUpX9[EX�W3dimoh
X9� Ø hHlÙd�UV[Ãd\m]hªdim]UpZn«Ãb�d\S9q9ht±"_a[Ãdimohªdim]UpZ\«Àb�d\S9q9h"²o[]q9h)Z Í
b;dnS=rJbzS�d�dim]h�f]§o§ch)Z�h)«gqth�X�WkUVd\b�¨AXtZi³gbi§oS9l�h9±

-40

-20

0

20

40

60

0 0.33 0.66 0.99

A
ng

le

Time

(a)

Object  
Finger 1
Finger 2

-2

-1

0

1

2

3

0 0.33 0.66 0.99

V
el

oc
ity

Time

(a)

Object  
Finger 1
Finger 2

ÂkUpq9foZih :]x�ÕÜS¬Ö©��[oq9Tph)b � s 	 Q S9[o« 	 � # � ×9S9[o«wÕY�?Ö¶�9h)TVXgl�Ued\UVhHbü� s ü	 Q S9[o« ü	 � WYXtZzdim]h�¨7X9Z\³gb�§cS9l�h #¦þ Í : & ±
_a[ªdim]U^bËh�Ó]S�vª§]Tph9stdim]hµ�9h�TpXgl�UVdiUph)bËX�W»dim]h	l�Xt[tdnS9l�dË§cXtUV[¬dnb

X9[�dimohËX9� Ø h)lÙd
S�[o«�Xt[�dim]hË²o[]qth�ZkS�d�d\m]h�d\UVvªhËX9Wgh)b�d\S��oTVU^b�m]´
UV[]q`X9ZË�oZihHS�³JUV[oq�dim]h­l�X9[¬d\StlÙdAS9Zih�hH¾¬foS�T?b�X�[oX�UVvª§oStlÙdËXgl�´
l�f]Znb�± ��h)[ol�hts¬dim]h�l�Xt[td\UV[Jf]XtfobËb�d\S�dihµUpbzl�Xt[¬diUp[¬foX9fobAS9l�Z\Xtb\b
dim]hÀb�¨�UVd\lnmoh)b��?h�d;¨7h�h)[D«gU^bil�Zih�dihÃb;dnS�dihHb�±ºÏ¦hÀS�T^biX®[]X�d\h
dimoS�d	d\m]hª§cX¬b�UVdiUpX9[cb�X�WËd\m]h�²o[]qth�ZnbµXt[¯d\m]hªX9� Ø hHlÙd�S�d	dimoh
b�¨�UVd\lnm®S9Zih�l�X9vª§]fgd\h)«¿S9b`§oS�Zid�X�Wzd\m]h½vªX�d\UVXt[À§]TpS9[©±�_a[
X�dimoh�Z
¨AXtZ\«ob�sHdimohzbih)¾¬f]h)[ol�h7X�W»«gU^bil�Zih�dihzb;dnS�dihHb3Upb
S9b\bif]vªh)«



d\Xw�ch�³J[]X�¨�[©sg�ofgd�dimoh��=S9TVfoh�X�W�d\m]h�l�Xt[¬diUp[¬foX9fob�b�d\S�dih�S�d
d\m]h�b�¨�UVd\lnmoh)bzU^b�l�Xtv�§ofgdihH«½�Jr½Xt§gdiUpvªU <HS�d\UVXt[©±
� � Ç Æ ¥���É­¡JÊ�Ç Æ
ÏÃhµbim]X�¨7h)«"dimoS�d7��S9ZiU^S�d\UVXt[oS�Tol)S�T^l�f]TpfobAl�S�[w�?h	fob�hH«wS9b

S�f][oUe²ohH«ÃWYZ\S9vªh�¨7X9Z\³�WYX9Z�vªX�d\UVXt[À§]TpS9[][]Up[]qo±½_a[¦d\f]Z\[©s3S
[]X��th�T�[Jf]vªh�Z\U^l�S�T�vªh�dim]Xg«¦WYX9Z`biX9Tp�JUV[oq¹��S�Z\U^S�diUpX9[cS�T�§]Z\X9�g´
Tph�vwb3¨7Stb3§]ZihHb�h)[¬dih)«©±kjzm]h7vªh�dimoXJ«"fobih)b
«gU^bil�Zih�diU=<)S�diUpX9[`X9W
S�l�X9[¬diUp[Jf]X9fcb�§]Z\X9�]Tph�v!§]Z\X��JUp«ghH«ª�Jr`²o[oUed\h­h�Tph�vªh)[tdzS�[oS9Te´
rgbiUpb�S9[o«"dih)lnmo[]Up¾¬f]hHb
X�W»[]X9[oTVUp[]h)S9Z�§]Z\X9q9ZnS�vªvªUp[]q�d\X�b�XtTV�th
d\m]hªZihHb�f]TVdiUp[]qE²o[]UVdih�´û«]UVvªh�[cb�UpX9[oS9T
§]ZiXt�]Tph�v�±�ÂoX9Z�vªX�d\UVXt[
§]T^S�[o[]UV[oqO§]Z\X9�oTVh)vªb¹Up[-Z\X9�?X�d\Upl)b�s�UVd�UpbEUpvª§cXtZ�dnS�[¬d¹d\moS�d
d\m]h�[¬fov�h)ZiU^l�S9Tcvªh�dim]Xg«¹h�¸�l�Uph�[¬diTpr�moS9[o«gTph)b7h)¾¬foS9TVUVd;r�S�[c«
Up[]h)¾¬foS9TVUVd;r�l�Xt[ob�diZnS�Up[tdnb�±�Ï¦h�«gh)v�Xt[ob�diZnS�dihH«�d\moS�d3dim]hz§]Z\X�´
§?Xtbih)«¹[Jf]vªh�Z\Upl)S�T¶vªh�d\m]Xg«Eb\S�d\Upb�²ohHb7dim]U^b�Z\h)¾¬f]UpZih)v�h)[¬d)±
jzm]hA[Jf]vªh�Z\Upl)S�T9vªh�dim]Xg«�¨zS9b�fobih)«�d\Xµl�X9vª§]fgd\hËvªX�d\UVXt[

§]T^S�[cb�WYXtZ�b�rgb�dih)vªbkd\moS�d�lnmoS9[]q9hËdim]h)UVZ�«grJ[oS9vªUpl7h)¾¬foS�diUpX9[ob
S�dµ«gU^bil�Zih�dih�d\UVvªh`Up[ob�d\S9[tdnb­Stb�dimoh�r�vªX��9h9±��Jfclnm°b�rgb�dih�vwb
l)S�[��?hz�¬Uph�¨7h)«`S9bkmoS=�JUV[]q	S­«gU^b\l�Z\h�dih7S9bk¨Ah)TVTgStbkS	l�Xt[td\UV[Jfg´
Xtfobkb�d\S�diht±3jzm]h7h�ÓgU^b;d\UV[oqµS�§o§]ZiX¬S9lnm]hHb¶d\X­vªX�d\UVXt[`§]T^S�[][oUV[]q
WYXtZ
birgb;d\h�vwb
¨�UVdimª«gUpb\l�Z\h�d\h�S�[o«�l�Xt[td\UV[Jf]Xtfob
b;dnS�d\hzl�X9[ol�h�[g´
d\Z\S�dih7h�UVdim]h)Z�X9[`§oTpS9[][]Up[]q­d\m]h�b�hH¾¬f]h�[ol�hzX�Wc«gU^b\l�Z\h�dihzb�d\S�d\h)b
d\X¹S9lnmoUVh)�9h�dimoh`dnS9bi³¹XtZ­X9[¯§]TpS9[][]Up[]q½S9[o«°l�Xt[¬diZ\X9T�X9W
dim]h
birgb;d\h�v ¨�UVdim]Up[¹hHS9lnm¹X�W©d\m]h�«gUpb\l�Z\h�d\h	b�d\S�dihHb�±
_a[¹l�X9[¬diZnS9b�d)s
¨7h�S9«]«gZ\h)b\bih)«��?X�d\m"§oZiXt�]TVh)vwb�S�d
dim]h�b\S�vªhzTVh)�9h)T/±
j�Xµ²o[o«
S	b�XtTVf]diUpX9[©sHdimohzbih)¾¬f]h)[ol�hAX�Wc«]Upb\l�Z\h�d\h7b�d\S�dih)bk¨zS9b3S9b\b�f]vªhH«
d\X"�?hµ³J[]X�¨�[½UV[ES9«g��S�[cl�h9sJ�]f]d7Xtf]Z7S9§]§]Z\XtStlnmwq9foS9Z\S9[td\h�hHb
d\moS�dkdim]hzl�Xtv�§ofgdihH«�vªX�diUpX9[`§]TpS9[�U^bkl�X9vª§oS�d\UV�oTVhA¨�Ued\m�dim]U^b
bih)¾¬f]h)[ol�h�S�[c«½d\m]h�«grJ[oS�vªU^l�b�X9W�d\m]h�b�rgb�dih)vE±
ÏÃh�l�X9vª§]fgd\h)«¦S½vªX�d\UVXt[°§]T^S�[¯WYX9Z	d;¨AX½²o[]qth�Znb­Z\X�dnS�d�´

Up[]qwSªl�UpZ\l�f]TpS9ZAXt� Ø h)l�d�UV[�S"§]TpS9[]h9±�_a[¹dimoUpb�l)S9bihµd\m]hwÕÜl�X9[g´
d\UV[Jf]Xtfob\Öµb�d\S�d\h"bi§oS9l�h`X9W�dim]hªbirJb�dih)v Upb	§oS9Z�d\Ued\UVXt[]h)«°UV[¬diX
Z\h�qtUVXt[ob½Õ/«gUpb\l�Z\h�d\hEb�d\S�dihHb\Ö�dimoS�dªl�X9Z\ZihHb�§?X9[c«ÀdiXÀ«gUVÛ?h)Zih)[td
qtZ\Stb�§¼l�X9[g²cq9f]ZnS�d\UVXt[ob�±��Ar®lnmoX¬X¬b�Up[]q¦dim]h�l�Xtb�d"WYf][clÙdiUpX9[
S9§]§]Z\X9§]Z\UpS�dih)TVrts
«]h)biUVZ\h)«¿Tph��th�T7X�WµbivªXJX�dimo[]h)b\b`Up[®d\m]hE�9h�´
TpXgl�UVdiUph)b)s©S9l�l�h�Tph�ZnS�d\UVXt[ob�s»S�[c«�WYX9Znl�hHbµS�d	§?X9Up[¬d\b	¨�m]h)Zih`dim]h
birgb;d\h�vÁbi¨�Uednlnm]h)bA�ch�d;¨Ah)h�[E«gUpb\l�Z\h�d\hµb�d\S�dih)b7¨zS9b7S9lnm]Uph��th)«¶±
�L¥�� Æ ÇP�5�A��È � ��� Æ ¢

�����	��

������

�����	����������������� �"!#���$����
&%'�)(���(+*',-���	�/.0��1
2 � ��3'���"4#5#�7698&:�;�<
<96';9=->����':?6�;@:BA
C';�A
<�=D5FE���GIH95FJLKNM9M&:
898
C';�6'=�KLOLPQKSRL� ��3'�T.VU9U
U�;XW�:?6Y8&:?Z
:�;X<
W[C[=�.0K]\_^ 2 � ��3'�F5FO`R
6�;
;�U
W�;/��3a(DK`��bc,dRL� ��3'�eJVKLKLfVU
W
:?6
<�:�;�:?U9U
UYC[gh\i�	�kj	���B�
�
�����	

�`!#���l�
m���
n���	����

������(e*[,o�p���Xm�m�
&!_���������q��
9bh���	�rEs3��B����:
�������_�t
��#OL����������� �u�)3v5F
 2 3	�w����%Y�0���X���X3��X�0�&�F���	�`xV3���%Y�������w�s,y

�
Pz�X3	3��B,�m)%
�
3��)��g

{ � � �©£Q� Æ ¥)��¡
| ;�}pZ�g :B5Lgo~��&��
9by*��
=��#�Y���
�����
�����
�������
�	���t�'�
g 4I
9�B��
93��

� m)�[!F���LKL���
(��Xbp���lPT�	*�m)�����������X=�;X696';9g
| 8&}u>�gF�]�	�Y

*�� �&��
�%'� ��o��3a(S>�g � �w�������3	���'��=p�BK�bp�@���	
'(/�t

�


9������bu��m��B,�3[���	�����)��
���bu�
3����	�	m)�&���)

3���

*�

�T��� �&�s�X����
����)���X= �
�0�'�e ¢¡ �
£'¤ ���9�V�B¥v¦l§����
����¨ � §
©��?ª@��© « � ª���© £'¤�ª@�uª@�	��«
�
��¬�­]�
�	��¤B�9� =a%9
9m�g�;XU
W�=�;�6
MY8[g

| ® }pZ�g�4I
9*���
�!l=��Qg�J0�	*�
�!_���[,[=v�
3a(¯Z�g�RV�)*���
93�=°�B\i��bp��:

9������bu��m#�X
93[����
9m_
��0��
9*�
����)�ebu�
3	�����	m)����
����p�
m�
93 2 �����X��:

�wja�X(±�	�������X= �±² �	�?³ ¡ ³F�_�Y���
����¨e�_ª@©�ª��
¤�¨ ´'=i%Y
9m�gTW�=I3	
�g ® =
����g ®&µ ;&C'=�;�69M9A'g

| W
} � g9R�gY���	��3��
3	(�.�g&J�gY>e� � ��,[=���>e��3��)b��	b�:�����bp�I��
93[����
9m

��F��
9*�
������ybu�
3����	�	m)�&��

���V!_�w��� 2 �X

bp���������y�X

3	�B��� �
��3[���X= �
²  ] I ·¶ ¤B�
�	©@�Y¨��������	©���� � £'�¸�
�p�
����¨/­]���	��¤��
� =#%Y
9m�g]K`5I:
® U�=a3�
�g	<�=��	��gaA ® ; µ A�W�;9=�;X69MYA[g

| A&}n5Lg�G#g�4F�	� �'m)�@,[= ¶ ´	ªc� �Y��� ��¨��
�������k�B¥l¨��
�	�����	£'£'�¹�uª@��´���¬
©
�¸�k���
��´/�������	�	���'�
gºPT�	J·���	�X�����X=0�'� ��3��t
�� (dxV3	��%Y�@�������?,[=
�[� �
3���

� (Q=�5iKr=�;X69MYA[g

| <�}�»�g&.0�
�
�
b���� �_�
3	(cfcg&f0��3a�����	���'=z��^V������bu�
mY����(��	3a(��
3���,
�X

3[����
9ma
�����
9*�

�Fbu�
3��)���	m)����
����X= ��² ���?ª@¤@�a�
�����
�a�9� ¡ �
£'¤@�a�9�
�B¥L�#�Y���
����¨�©V�_ª@©�ª���¤�¨ ´'=�%9
9m�ga<'=�;X69M9C'g

| C&}n��ga�'��3 2 �v�
3	(o>�ga5Lg�~��X��=F�B^V������bu�
ma��� ���B�X�@��

��, 2 �X3���� ��:
����
93r�t
�����
9*�
����)�Fbu�
3	�����	m)����
����z�	����3 2 (�,�3	�
bp���I����
 2 � �
b�:
bp��3 2 = � �V���e ±¡ �
£'¤@�a�9���B¥]¦l§����
����¨ � §�©��?ª@�y©�« � ª���© £'¤�ª�¼
�pª@�	��«F�
��¬�­]�
�	��¤B�9� =�%Y
9m�g�;�U96'=z;�6
M96'g

| M�}nR�g`Krg_4Fm������X=c½zª�¨���£'¤�ª@©$�
�¾��´	ª¿¨��9��¨�£�� £'©��B¥kÀ��
¤@���
�����
��© g
5F���)�X� 2 
��zxL3	��%Y�������w�s,V

�	5F�	����� 2 
LPT�������X=�;��B�z���	
[�X3���ÁV��(�g�=
;X69<�;
g

| 6�}pJygLPzgV4F���������X�
�
�X=k­]�
��© ��¤B�
�t��ª�¬-�@�a�����y�)Â��
�������º�
��¬�½��9¼
�
¤B�
�'�[ª°�y£�� ��� ��� ��ª@¤��pª@��´���¬
©�gÃ.L��!Ä»F
������ÅK`���9(��Xbp���
P����X���X=�;X69M98'g

| ;XU�}n>�giÆÇ ���q� �
3�=i­]�
�	�����	£��
£'©l�uª@��´���¬�©F¥��
¤r�p�
�������n�a���
�	���t�'�
g
PT�	JÈ�����X�����X=rx�gL

�uPz��3	3	�B,�m�%
�
3	�)�'=cP]���)m)�
(��Xm��	���)��=�PQKc=
;X6969<'g

| ;
;�}pOrg�É"g�4I��
[�@�9������=r�sf`,�*����)(¿bp
'(��Xm��r�t

�ybp

����
93/��
93[����
9m
�B,��B���Xbp�X= �/��3   ©�©@�
§
©e�t�¾­]�
����¤��9�)ÊkË`ª@¤@©���ª�¨����tÀ
ª@©o���°��´	ª
¶ ´	ª��
¤ §±�
�a¬¿�t��© � �Y��� ��¨ �������
�	©vÌ�f�gI~TgF\����X3[���Xm�bu�
3��
3a(
Z�g�5Lg�É°�)m�m��Xbp�X=���(��Xg Í@=Q����g�8�6 µ A ® =�4F

�B��
93��V4F�w���'��Î���	������=
;X696 ® g

| ;�8&}pOrgz~Tg�RL��

����bu�
3�=]Kcg�.V����
'(��9=TKcg�Pzg�OL��%'3�=���3a($fcg�Org
Ì�G](��Xg Í@=#Ï0§9��¤@��¬�©�§
©��?ª@�y©�=#%9
9m�g]C ® <�
��l½zª�¨���£'¤�ªo�����?ª@©v�t�
¨��
�L�a£'�?ª@¤c©@¨��¸ª@�a¨ ª@gF.L��!D»F
����Q�T��������3 2 ����:¸�]����m)� 2 =�;�6
6 ® g

| ; ® }n>�g���g'4I� �
3����@�[,u��3a(n�Qg � g�>e�w��������=T�sKLm 2 
����w���	bp�F��

�#

��:
����bu�
m9�',�*����q(l�X

3[����
9m�= �0��3yËi¤���¨ ª�ª�¬
�t�[�
©`�B¥I��´	ª#Ð�Ñ���´r²  ] I 
­]�
�X¥�ª@¤�ª@�a¨ ªe�
�/¦�ª�¨��t©����
���
�a¬�­]�
����¤��9� =_Ì�.L��!¹^L��m�����3	�X=
~�K0Í@=��	��g�8�<9<�; µ 8�<9<9<'=�;�6
6YA'g

| ;�W
}�É"g � 
9�	3�=
Kcg�.L����
'(��9=
Z�g�4`g&OL�Xbpbp��m�=���3a(lÒ�g&RV�9=���>e�	mw:
�����	m��#� 2 �X3[���[,�*����)(l�X

3'����

m��z���&�����)�@�Tbu�
3	�w��
9m)(��T��3a(r�@�	����:
��������3 2 �
������
�Á���bu������
93��e��
S

������bu�
mr�X

3'����

m�= �-��3ÓËi¤��9¼
¨ ª�ª�¬
�t�'�
©¿�B¥���´	ª/ÐYÐ9¤B¬�²  I ]  ­]����¥�ª@¤�ª@��¨ ª����-¦�ª�¨��t©������
�
�a¬e­]�
�	��¤B�9� =�Ì�~����Y�V4I�	�X3	�c�L�)�B� �'=�1�~zÍ@='����g[WY898'; µ WY8989C[=
;X696
W�g

| ;�A&}n��g`~��X%Y�@��
93	�r��3a( � gL����m)����*�����,[=��?OL�X
������X3[���)3 2 

*��s�X�����
!_�w���Ó�S��

*�

���a�
3	(+�����)3 2d2 � ����� 2 �
�w���X= �Ó��3º² �	�?ª@¤ ���
¼
���������9� � §��V���
©��t£'�Ô�
���#�Y���
����¨�©��`ª@©�ª��
¤�¨ ´[=�Ì¸>e��3	��� ��=
RV����bu��3[,aÍ@=�����g�WY6 µ < ® =z;�6
6YA[g

| ;X<�}uZ�g :¸Jyg�4F
9������

3	3a�&��=I^�g�JV�X%'�)m�m������X=T��3a(/��gz~��
Õ��&� (�=l�B>e

:
����
93n�	m)��3	3	��3 2 
���m�� 2
2 ��(u��
9*�
����X= ����3 � � �Y�
¤ �t��´'����¨`Ö��
£'�a¼
¬Y�������
�	©y�B¥r�#�Y���
����¨�©cÌ � g�RV

m)(�*���� 2 =�J�gQf0�
m���������3�=�Z�g :B5Lg
~�����
9b�*��9='��3a(pOcg9Éd��m)m���

3�=���(��Xg Í@='����g[W96 µ <9C'=�É¿�Xm�m��X��m���,[=
>oKr�aK � Pz���������X=�~Q� (�g�=�;�6969A'g

| ;�C&}n5Lg
f�g95F�	��3��
3	(��cg � ��bu����=���>e
�����
93���mq��3	3��)3 2 

��!#��m)�[:
��3 2 ��

*�

���i��3u�X3'%'����

3	bp�X3[����!_�w���v��3	�X�@��� �
��3[�s,[= �r�)3vËi¤��9¼
¨ ª�ª�¬
�t�'�
©#�B¥_×9ØYØ[Ù`² ���?ª@¤@�a�
�����
�a�9��­]�
�X¥�ª@¤�ª@�a¨ ªL�
���#�Y���
����¨�©
�
�a¬ � £'�¸�
���
�����
��=zÌ¸>e��3	3����
��

m��)�X=Q>e.lÍ@=Q;�6
69<�g


