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JIaRUcTRn'JHa�S'N0N�d�J��cDjN�JIk9��iZDFEHi£E a�N�k�U\d � �!�­�
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qstart

qgoal

GeometricObstacle

Physical Obstacle
(SlipperyArea)

qcurrent

Collision Detection

UnreachableSub−goal

GeneratedSub−goals

Γ1 Γ2

Γi

Γj

NextSub−goal

Physical
Failures

GeneratedSub−goals

�6U\GIXZDjN�r��'��nZN1GIN0d�N0DKJ���aFlKnZN0LMN/E]�¤TjnZN1iZ�WJ�dZdZU\dZG<J]iZi�DFEYJHlon �

hRT�J�GIUc_YN�dÃa�TjN0iÃE]�/TFn�N�J��cGHEIDFU\TFnZL [ TjnZNMi'EITjN0d`TFUWJ��/a�X'l�lzN�aFabEID�a�E]�/TFn�N�lAXZDFDjN0d9T
lzEId`¸'GIXZD�J]TjUcEId ��J�DFN/N0Æ9i��cEIDjN�k.U\d�EID�k9N0D¤TFE^_YN�DFU ���1TjnZN/aFJ0��N0Tb��lzEHd'a�TjDKJ]U\d9T�a6E]� TFnZNRT�JIab¥
V�NY� GZ�0dZEH�µlAEI�c�\UWabUcEId1�RU\TFn1TFnZN¤GHN0EILMN�TFDFU�l EHS'a�T�JIlz�\N�a Z �IhR��TFN0Dj�RJ]D�kZaz[�J�L�EITFU\EId TWV+� Y �0/1��2_6 Z
UWa�lzEILMi�XZTFN�k�TjE�LME�_YN / ��DFEIL �MTFE��RJ�DKkZa1UcT�a S'N�abT�ajJm��NMdZN�UcGIn`S'EID �3/1��2_6b����nZN�abEI�
�cXZTjUcEHd�T U�a�Ucd�lzDFN0L�N0d9T�J]�¼�c��S�XZUc�\T�XZd`TFU\�6DjN�JIlKnZU\dZG�TjnZN�GIE J]�¤lAEId9¸'GHXZDKJ�TFU\EId � <>=;8@?W� ��EHD
Ucd'abTKJ�d'lzNY[¤TFnZN�LMEHTFU\EId·a�EH�cXZTjUcEId T TFE�S£N�iZDFE`lAN�aFabN�k¶Ucd%¸'GHXZDFN�r�UWa�GIU\_YN0dÃS9�%TjnZN
iZDFN�_9U\EIX'ab�c�<lzEHLMiZXZTjN�k�LMEITjUcEHd T���S£N�T���N0N0d � 4 6 8,:;6¢J]d'k �9[`J]d'k<TFnZNylzEId�l0J]TjN0d'J]TjUcEHdME]�
TFnZN/abXZSZ��LMEITjUcEHd'adTWV+� Y �0/1��2_6 Z J]d�k TWV �3/4�&2_6 Y � <>=;8�? Z �RnZU�lon�n'J0_YN¤TFE1S'N�iZDjE`lzN�aFabN�kÏ� ���'TjnZN
TWV � Y �3/4�&2_6 Z l0J]dZd�EITRS'N1lzEHLMiZXZTjN�k�S'N�l�J]X'abN^E]� a��\UWk9U\dZG1EID/a�¥`UWk�k9UcdZG�E]�a/,EHd�ab�cU\iZi'N0DF�
J]DjN�JIaQV­a�X'lKn�JIaR�RnZN0d�lzEHLMiZXZTjUcdZG T���J]d'kJT�� Z [9TFn�N�J]�\GIEHDFUcTjnZL S'JHlo¥`TFD�JIlK¥Za�U\d�EIDKk`N0D
TFE�a�N��cN�lzT J]d�EITFn�N0D^i'EITjN0d9TjUWJ���Ucd`TFN0DjLMN�k9U�J]TjN�lAEId9¸'GHXZDKJ�TFU\EId�TFE�DFN�JHlon�J�d'k�TFE�GIXZU�k9N
TFnZN a�N�J�DKlKnÃXZd9TjUc� � <>=;8@?c�¤��n�N�iZn`�ZabUWl0J���LME`k`N0�cU\dZG�E��1TFnZN�T�JIa�¥·J�d'kÁTjnZN�GIN0EHLMN0TFDjUWl
J]d'k�iZn`�ZabUWl0J����cN�_YN0�Wa�E��RTFn�N�iZ�WJ�dZdZUcd�G�J��cGHEIDFU\TFnZL J]DjN�iZDjN�a�N�d9TjN�kÅU\d��0s`[	�KO�J]d�k
���`[
DFN�abi'N�lzTFU\_YN0�c� �

� � �� 
� � �Å)�+.��	����

����� $C �� �����-�1+�� ' ��"�+������f'�� 	  �" � '*)Q'�	��
�µd%EID�k9N0D�TjE�SZX�Uc�Wk�TFn�NMk9�`d'J�LMUWl�LME`k`N0�¤E]�/TFn�N�DjEIS'EIT�[6��N�n'J0_YNMlzEHd'a�U�k9N0DjN�kL/ JIa
J�dZN0Tb��EIDF¥�E]��Ucd`TFN0D�JIlzTjUcdZG�DjUcGHUWkMEISZebN�lATKa����6EHS£N��9U\dZGMTFn�N��WJ0�/aRE]�¤i�n9��a�U�l0a�E���a�EH�cU�kZa
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lzEId�dZN�lzTjN�kMS9�M_`UWajlzEI��N0��JIa�TjUWl^lAEIdZdZNmlzTFEHDKa � �!�­�Z��nZU�a�N0d'J�SZ�cN�a�TjEMlAEIXZiZ�\N�k9UcDjN�lzTF�\��N�JIlKn
N0�cN�LMN0d`T�E���TjnZN1DFEHS£EHT^TFE<TFn�EYa�N1EHTFnZN0D�a�Tjn'J]TyJ]DjN1Ucd�lzEId`TKJHlzTR�RUcTjn�UcT0� �µTRU�aRk9U Ð¢N0DjN0d9T
��DFEHL TFn�N�k9�`d'J]L�UWl�LME`k`N0�¡S'JIabN�k�EId�J^ebEIU\d9Tya�i�JIlzN1��EIDFL<XZ��J]TFU\EId��RnZN0DjN�N0_YN�DF�M�\UcdZ¥
UWa�DjN0�WJ�TFN�k¶TjEÃTFnZN�EHdZN�UcLML�N�k9U\J]TjN0�c��S'Nz��EIDjN�UcT0[ÂJ]d'k»N0_YN0Dj�ÁL�EITFU\EId·UWaMabN0d'a�Nmk¶Ucd
DFN0��J]TjUc_YN�J�d'k�DFN�VYXZUcDjN�abX'l0lzN�aja�U\_YN�TFD�J]d'aµ��EIDjL�J]TjUcEId�a�iZDFE`lAN�aFabUcdZG��RnZU�lon�l0J�dÄS'N�TjUcLMN
lzEId�a�XZLMU\dZGZ�

�ÏN0T�� �XV�� Z J�d'k����,V�� Z S'NY['DFN�abi'N�lzTFU\_YN0�c� [uTjnZN�i'E a�UcTjUcEHd�J]d'k�TjnZN�EHDFUcN�d9T�J]TFU\EId�i'J]D�J]�
LMN0TjN0DKa^J�T�TjUcLMN��^E��yJÅGHUc_YN0d ����E�� /M�6��n�N�LMEHTFU\EId'a^E]� ���ÂJ]DjN�a�i'N�lzU¼¸'N�k�S9��TjnZN
��XZ�cN0DmR���N��RTFEId�N�VYX'J]TjUcEHd'ak�
		����
 ���� �XV�� Z J]d'k������ �� �XV�� Z ������������;V�� Z [Ï�RnZN�DFN�		�
J]d'k�� �¤J]DjN�DjN�a�i'N�lzTjUc_YN0�\��TjnZN�abXZL�aRE]�¤��EID�lzN�a/J]d'k�TjEID�VuXZNma^J]iZi��cUcNmkÅEId ���­[�� �XV�� Z U�a
TFnZN�J]d�GIXZ��J]D�LMEHLMN0d`TFXZL#J�S'EIXZT�TFnZN�lzN0d`TFN0D1E��RL�JHaFa! �����[�J]d�k"������UWa^TjnZN�U\dZN0DjTFUWJ
TFN0d�a�EID�E�� ���/J]S'EIX�T�TjnZN���DKJ�LMN<J]Æ`N�aA� �� �,V�� Z UWa�J]�WabE�DFN0��J]TjN�kÄTFE�#¤EIDjUcEI�\UWa�J]d'kÃlzN0d��
TFDjU ��XZG J]��TFN0DjL�a�VµabN0N"� � � Z [ZSZX�T���N.�RU\�c�¡L�J�¥YN^TFn�N�JIaja�XZL�iZTFU\EId�TFn'J�T1a�X�lon�TFN�DFL�aRJ�DFN
dZN0GH�cUcGHUcSZ�\NY�¤��nZN0d [$		�^J�d'k%���yl0J�d¶S'N�lzEHLMiZXZTjN�k%X'a�U\dZG%TjnZN'&Â¾Yºc¨A¬ �åa�iZDFU\d'lzUci��cN�E]�
a�XZi'N0Dji'EYa�U\TFU\EIdH�(		�)�*	,+ �.-0/ = :���� � 		�21 �<J�d'k3���)� \
� �4-�/ =�:���� � V5 �����6��21 �879		�21 � Z �
���21 :�J]DjN�TFn�N�TFEID�VuX�N�a�JHlzTFU\dZGMEHd ���µ[;6��21 � J]DFN�TFnZN�i'EHUcd`TKa��RnZN�DFN�TjnZN.��EHDKlzNma<		�21 �yJ�DFN
J]iZi��cUcNmkÏ[= �����6 �21 �wUWa�TjnZNM_YN�lzTjEID1��DFEIL  �����TFE�6��21 �m[�J]d�k>7 UWa�TjnZNMEIX�TFN0D�iZDjE`k9X'lzT��
��nZNMTjN0DFL?	,+�U\d'lz�\X'k9N�a^TFn�N�GHDKJ0_9U\Tb����EIDKlAN�a�J�d'k%JIk�k9UcTjUcEId�J]��_`UWajlzEIX�ay��EHDKlzNma.E]�/TjnZN
N0d`_9U\DFEId�LMN0d`T0�'��nZN�a�N0T1E�����EID�lzN�a)		�21 �yDFNma�XZ�\TKa���DFEHL(TFnZN�TjnZN�i�n9��a�U�l0J]��U\d9TjN0DKJHlzTFU\EId'a
E]� �����RU\TFn�TjnZN�EITjnZN0D�lzEIL�i£EHdZN0d`TKaRE]�#/ P TFnZDjEIXZGHnÄTjnZN^ebEIU\d9T�a^E]�A/.P J]d�k��RU\TFn
TFnZN�Ucd`_YEI�c_YNmk�lzEHLMi'EIdZN0d`TKa^E��RTFn�NMTFN0DjDKJ�Ucd�P»TFn�DFEIX�GIn%TjnZN��Rn�N0N0��R�GIDjEIXZd'k�lzEId`TKJHlzT
Ucd`TFN0D�JIlzTjUcEHd'az�Z�»nZN�d � � UWa/J��RnZN�N0�µ[ \ � lzEIDjDFN�abi£EHd'kZa�TjEMTFn�N�TFEHDKVYXZN�aRGIN0d�N0DKJ�TFN�kMS`�
TFnZNwlzEId`TFDjEI��LMN�lKn'J]d�UWa�L¦a#V�Uµ� NY�9TjnZN�@jiZn9��a�U�l0J]��NzÐ¢N�lzTjEIDBA Z J]iZiZ�\UcN�k�EId � � ['EITFn�N0DF�RU�a�N
TFnZU�a�TFN0DjL _HJ]dZU�a�nZNmaz�

�6UcGHXZDFN�s��'Î�E`k9N0�cU\dZG<J<s ! DFN0_YEH�cXZTjN�ebEIU\d9TRL�N�lon�J]dZU�a�L��
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�¤JIlKn�J�DFTjUWlzXZ��J]TjN�k.LMNmlon'J�dZUWabLpJHaFabE`lzUWJ�TFN�k��RU\TFn�TjnZN�ebEIU\d9T���:�E]�O/ U�a DjN0iZDjN�a�N0d`TFNmk
S9�wJ^dZN0Tb��EHDF¥���V���: Z lzEIL<SZU\dZUcdZG/J1abN0T�E]� lzEId�dZN�lzTjEIDKa�� :�J]d�k�J.abN0T�E���a�i'N�lAU ¸¢l�i'EIU\d9T�a
a�N0�\N�lzTjN�k�EId�TFnZN�DFU\GIUWk^S'E`k9U\N�a	����lzEHDFDFNma�i'EId'k`UcdZG/TFE/TFnZN�ebEIU\d9T���:�����nZN�lzEHdZdZN�lzTjEID�a6J�DFN
k9Nz¸'d�N�k.U\d�TFN�DFL�aÏE��'_9U�aFlzEH��N��WJIabTFU�l ��J0�/a�V�U­�ðNY��lzEIL<SZUcd�J]TFU\EId1E]�£a�iZDjUcdZG a�J]d'k�k�J]LMi'N0D�a Z �
�ZEID�Ucd�a�TKJ�d'lzNY[���NMn'J0_YNMDjN0iZDFNma�N0d`TFN�k�s !�DFEHTFE � ��k�ebEHUcd`T�LMN�lKn'J�dZUWabL�a�S`�%Tb��E�DjUcGHUWk
S'E`k9UcN�a�lzEIdZd�N�lzTFNmkÄTFnZDjEIXZGHn»Tb��E�i'J�UcDKa�E]� i£EHUcd`TKa�DFN�abi'N�lzTFU\_YN0�c��abN0�cNmlzTFN�k�EId¶TjnZN0L
J]d'k�S£N��cEId�GIUcd�G�TFE�TFnZN�DjEIT�J]TFU\EIdÃJ�Æ9U�a`V­a�N0N��6U\GIXZDjNMs Z ��fYX'lKn�JÅDFN�iZDFN�abN0d`TKJ]TjUcEHd�n'JIa
S'N0N0d�U\dZUcTjUWJ��c�c��i�DFEIi'E a�N�k�U\d��¼{0v��¡TFE�LME`k9N���J�DFEIS'EHT^N0d`TFUcDjN0�c�<k`N�aFlzDjUcS'N�kMUcd�TjN0DFL�a¤E]�
N0�cN�LMN0d`TKJ]Dj��i'J]DjTFU�lz�cN�a�J]d'k�_9U�aFlzEH��N��WJIabTFU�l^lzEId�dZN�lzTjEIDKaA�

����� � ' ��"�+������ 	  �" �`"�&(&������
	

��nZN�TjN0DFD�J]U\d�0 UWaÏU\dZUcTjUWJ��c�c�/k`N�aFlzDjUcS'N�k^S`�^J/a�N0T¡E��'Ucd`TFN�DKlzEHdZdZN�lzTjN�kRi'J]T�lonZNmaÏSZXZUc�\TÏ��DFEHL
J]d�N0�\N0_HJ]TjUcEId�L�J]i¡[ZU­�ðNY��J�DjN0GIX��WJ]DRGHDFU�kLV�
 Y��(Z N0Æ`iZDFNmaFa�Nmk¦U\d�TFnZN1DFNA��N0DFN0d�lzN���DKJ�LMN1E]�
B � '�NmJ]�cU\dZG<�RUcTFn�DFEHS£EHTkR�TFN0DjDKJ]U\d�Ucd`TFN0D�JIlzTjUcEHd'a�DFN�VYXZU\DFN�a�TjEMSZXZU\�Wk�J�DFN�iZDFN�abN0d`TKJ]TjUcEHd
��V�0 Z E��'TFnZN�TFN0DjDKJ]U\d1�RnZUWlKn^UWa¡J�SZ�cN¤TjE/l0J]iZTjXZDFN¤S'EITjn�TjnZN¤GIN0EHLMN0TFDjUWl�J]d'k^TjnZN¤iZn9��a�U�l0J]�
iZDFEHi'N0DFTjUcN�a�E]� 0 J]d'k��RnZUWlKn�J��c�\E]�/a�TjnZN���EIDjL�XZ��J]TjUcEId�E]� a�X'lKn�Ucd`TFN0D�JIlzTjUcEHd'az� �ZEID¤TFn'J�T
iZXZDji£E a�NY[���N�n�Jm_YN�U\LMiZ�cN�LMNzd`TFNmkÄJÄL�E`k9N0�RUcd�a�iZU\DFN�k%S`�ÁTjnZN�lAEId'lzN�iZT�E��¦²Y´ ±�½0¬o¨K«b¨
²9¨ ��©Y¬Aª�°Y¯zºc¨1ª�©�²9¨Kº ± � {�s��µ[YUcd�UcTFU�J]�\�c�1iZDFEHi'EYa�Nmk���EHDRlzEHLMiZXZTjN0D�GHDKJ]i�nZUWl0a�J]iZi��cUWl�J]TFU\EId'aA�

h^l�lzEID�k9UcdZG<TFE�TFnZU�a^lzEId�lzN0iZT�[£TjnZN�TFN0DjDKJ�Ucd�UWa/DFN0iZDjN�a�N�d9TjN�kMS9� JMa�N0TyE]�RU\d9TjN0DKlAEIdZ�
dZN�lzTjN�k.i�J]DFTjUWlz�\N�a���V 6�� Z n'J0_`UcdZG/TFn�N���EI�c�\E��RUcdZG/iZDFEHi'N0DFTjUcN�a�� {�v���� {�s!�X� VF{ Z N�JIlKn�i'J�DFTjUWlz�\N
UWa1a�N�N0d�JIa1JMi'EIUcd`T1L�JIaja<
 ���RnZU�lon�EHS£N��Za ��N0�RTjEIdZU�J]d�k9�`d'J]LMU�l0a�P»GIU\_YN0d�S`��TjnZN
N�VYX'J]TjUcEId 	
� � � 
 �B���� ���Rn�N0DFN���� ��U�a�TFnZN�i£E a�U\TFUcEHdÃE]����V 6�� Z Ucd B P J�d'kÁ�Rn�UWlKn
UWa�a�X�DFDFEHXZd'k9Nmk S9� JÃabiZnZN0DjUWl0J��^dZEId���i'N0dZN�TFDKJ�TFU\EId*@FN0��JIabTFUWl A%J]DjN�J N Vµr Z TjnZN%abN0T�E]�
i'J]DjTFU�lz�cN�a1lzEHDFDjN�a�i'EId�kZa�TFE�TFnZN<UcdZN�DFTFU�J]��J]d�k%a�i'J�TFU�J]��E`l�lzXZi'J�d'lz��lKn'J]D�JIlzTjN0DFU�a�TFU�l0a^E]�
TFnZN�L�E`k9N0�cNmk�J]DjN�JME]�A0MNWV­s Z TFnZN�i�J]DFTjUWlz�\N�a/J]DFN<Ucd`TFN�DKlzEHdZdZN�lzTjN�kMX'a�U\dZG�Ucd`TFN0D�JIlzTjUcEHd
lzEIL�i£EHdZN0d`TKa�DjNz��N0DFDjN�kMTFE�JIaRTFnZN�@�lzEIdZd�N�lzTFEHDKa A9� ��JHlon�lzEHdZdZN�lATFEIDylzEHDFDFNma�i'EId'k�a�TFE�J
Tb�9i'N<E]�/Ucd`TFN�DKJIlATFUcEHd¡[¡J�d'kÄUWa^LME`k`N0�cN�k�X�a�Ucd�G�J]i�iZDFEHiZDFU�J]TFN�iZn9��a�U�l0J]�¤��Jm�/a1J��c�cE��RU\dZG
a�N0_YN�DKJ]�¢Tb�9i'N�a�E��¤S'N0n'J0_9U\EID�a�V�NY� GZ�9_`UWajlzEIX�a R0N��WJIabTFU�l EHDRN0�WJHa�TjUWl^lzEHnZN�abUcEId ['k9DF����DjUWlzTjUcEHd
Ucd`TFN0D�JIlzTjUcEHd'a Z �

��nZNyk9U�aFlzDjN0TFU #�J]TjUcEId<E]� TFnZNyTFN0DjDKJ]U\d�U\d�TjN0DFL¦a6E]��abX'lon�N0�cN0L�N0d9T�J]Dj�^iZn`�ZabUWl0J��ÏlAEILM�
i'EIdZN0d`TKa�JIl0lAEIXZd`TKa¤a�N�_YN0DKJ��ZlzDjUcTjN0DFU�J^a�X'lKn�JIa�TFnZNRTjN0DFD�J]U\dMabXZD��­JHlzN^abn'J]i'NY[YTjnZN/J0_YN0DKJ�GIN
k9UWabTFDjUcSZXZTjUcEHd¶E]��TjnZN�lzEHd9T�JIlzT<i'EIU\d9T�a�S'N0Tb��N0N0dÃTjnZN��RnZN�N0�Wa<J]d'kÃTFnZN�GIDjEIXZd'k¢[RJ]d'k
TFnZN lzEIL�iZ�cN0Æ`UcTb��E]����V 0 Z V�Uµ� NY�6TjnZN�d9X�L�S'N0D�E]�1TjnZN�iZDFE`lzNmaFa�NmkÁi'J�DFTFU�lz�cNma Z �a�µdÁTjnZN
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�cU\dZN�J]D<_YN0�\E`lzUcTb�%E�� /M[¤DFNma�i'N�lzTjUc_YN0�\�Y[¡��N�n�Jm_YN J]TMNmJIlKn¶TFU\LMN � � !#"$���a8 2 J]d'k
� �%!'&(���a8 2Y[¤�RnZN0DjN*) !$"�),+ {�J]d�k-) !'&�),+ {I����nZU�a�LMN�J�d'a�TFn'J�TMTFn�N�_YN0�\E`lzUcTb�.�
UWa�X�iZi'N0DF��S'EIXZd'k`N�k S`�/���a8 2�J�d'k TjnZN�TjXZDFd�UcdZG%D�JIk9U\X'a�0�"�E�� / U�a�J�T�N�JIlKn¶TjUcLMN
�cE���N�DF��S£EHXZd'k9NmkÅS`��0�"
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��nZN/abX'l0lzNmaFa�EHDKa�E]� � ��J]DFNRTjnZN0d�N�JHa�U\�c��lAEILMiZX�TFN�k1S9��Ucd'abTKJ]d`TFU�J]TjUcdZG ��V � ��� Z �RU\TFn
J^a�N�T�E]� k9U�aFlzDjN0TFN�J]d�k�TFUcL�N�lAEId'abTKJ]d`T�_HJ]�\XZN�a¡E]�aV5!#" Y !'& Z �RUcTFn�Ucd�TjnZNRUcd`TFN�DF_HJ]� � � { Y { ���A�
�µd�TjnZN^abUcL<XZ�WJ�TFU\EId�DjN�a�X��cTKa�iZDjN�a�N�d9TjN�k�Ucd<TFnZU�a�i'J]i'N0D�[�V !#" Y !(& Z UWa�abN0�cNmlzTFN�k�J�LMEId�G.TjnZN
a�N0T�� � { Y v Y {�� 7 � � { Y {!�Y[HJ]d�k � ����U�a�lKnZEYabN0d<a�E^Tjn'J]T¤TjnZN/k9UWabTKJ�d'lzN�S'N0Tb��N0N0d�� ��J]d'k
UcT�a�a�X'l�lzN�aFabEID�a6UWa¡E]�¢TFn�NRa�U #0N�E��O/ VµJHa6Ucd �6UcGHXZDFN � Z � ��nZUWa�J]�\�cE��/a6TFEyGIN0dZN�DKJ]TjNR}�Tb�`i'N�a
E]�/LMEHTFU\EIdH��s¦��EHDF�ÂJ]DKk�LME�_YN0L�N�d9T�aRaFJ]TjUWaµ���9U\dZG�TjnZNMdZEHdZ��n�EI�cEHdZEIL�UWl<lzEId'abTFD�J]Ucd`TKa1E]�
/ V��cNz��TRTjXZDFd ['a�TFD�J]U\GIn`T0['J]d�kÅDFU\GIn`T�TjXZDFd Z ['J]d'k�s�abUcLMU\�WJ�D�S�JIlK¥9�ÂJ]DKkMLME�_YN0L<N0d`TKaA�
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��nZN�lzE a�T1��XZd'lzTjUcEId�lzEHd'a�U�k9N0DFNmk�U\dÄTjnZUWa1i'J]i'N0D�N0Æ9i�DFN�aja�N�a^TFn�N��\N0dZGITjn%E]�/TjnZN<GIN0dZN��
DKJ�TFN�k%TFD�J]ebN�lzTjEIDjUcN�a^E]�5/M� �ZEHD�J�lzEHd9¸'GIX�DKJ]TjUcEHd ��TFn'J�T�n'J0_YN�S'N0N�d%N0Æ`i'J]d'k`N�k V�Uµ� NY�
_YN0DFU¼���9U\dZG1TFnZN aFJm��N�T��<J�d'kMN0Æ`N�lzXZTjUcEId�lzEHd'a�TjDKJ]U\d9T�a Z [9UcT�UWa¤GIUc_YN�d�S`��TjnZN^�\N0dZGITjnME]��TjnZN
a�N�VYXZN0d�lzN�E���TFnZN/�cE`l�J]�ÏL�EITFU\EId'a�iZDjN0_`UcEIX�a��c�wlzEIL�iZXZTFNmk�S`��TFnZN/iZn`�ZabUWl0J��'�cN0_YN0�`E]��TjnZN
J]�\GIEIDjUcTjnZL S'N0Tb��N�N0d � 47698,:;6�J�d'k.�9[¢J]d�k�J]d�n�N0XZDFU�a�TjUWl^TFN0DjL#N�a�TjUcL�J�TFUcd�G�TFnZN�_IJ��cXZN�E]�
TFnZN�DFN0L¦J]Ucd�UcdZGwk9UWabTKJ]d�lzN1TFE<DFN�JHlon � <>=;8�?c�'6^a�U\dZG<J<a�UcL�iZ�cNyJ]d'k�JHk9LMU�aFa�U\SZ�cN/nZN0X�DFUWabTFU�l
S'JIabN�kÄEHd%TFnZN���X'lz�\UWk9N�J�d�k9UWabTKJ�d'lzN<L�J0��dZEHT�Ucd�a�EHLMN<l0JHa�N�a^S'N�a�X�UcTKJ�SZ�cN���EID1dZEHdZ�
nZEI�\EIdZEHLMUWl1ab�ZabTFN0L�aA���Öd�EHDKk9N0D/TFE�L�UcTFU\GYJ�TFN^TjnZN1iZDFEHSZ�cN0L [u��N1n'J0_YN.U\LMiZ�\N0L�N�dYTFN�k<J
LMEIDjNRUcd9��EHDFLMNmk�J]d�kMa�U\LMiZ�cN¤nZN�XZDFU�a�TFU�l��RnZUWlKn�TKJ�¥YN�a�Ucd`TFE1JHl0lzEHXZd9T¤TjnZN^lAEId'abTFDKJ�Ucd`T�EId
TFnZN1LMU\dZUcL�X�L,TFX�DFdZU\dZG�DKJHk9UcX'a 0 " 1�254 E��1/M� �ÖTÂlzEId�a�UWabTKaRUcd�lAEILMiZX�TFUcd�G�TFn�N1a�nZEHDFTjN�a�T
i'J]TjnÃ�cN0dZGHTFn%S'N0Tb��N0N0d�TFnZN�abN0T�E��1§`¨j©]²9¨j±�´W½.i'J]Tjn'a�lzEHdZdZN�lzTjUcdZG���J�d'k-� <>=;8�? J�d'k%E]�
TFnZN���EHDFL � � ��� � [ � � �,) � � [ � � ) ��� � EID � � ) �,) � � � � � J]d'k � � k9N0d�EITFN�Tb��E�lzU\DKlzX��WJ]DJ]D�l0a�E]� DKJIk`UcX'a,0 "
13254 T�J]dZGHN0d9T/TFE ��J]d�k.� <>=;8@? DFN�abi£NmlzTFU\_YN0�c�Y[`J�d'k �%U�a�J<a�N0GHLMN0d`TRE]�
J�abTFD�J]UcGHn9T/�cU\dZN1TKJ�dZGIN0d`T/TFE � �^J�d'k � � VµabN0N �6UcGHXZDFN � Z �Ï��n�N�a��`L<S£EH�7) [ZU ��UcTRN0Æ`UWabTKaz[
Ucd'k`UWl0J�TFN�a^U �ÂTFnZN<DFEHS'EIT�lKn'J�dZGIN�a1UcT�a.k`UcDFNmlzTFU\EId�J]T�TFnZN<Ucd`TFN�DKa�NmlzTFU\dZG�i'EHUcd`T�S'N0Tb��N0N�d
EIdZN � J�d'k ���d�µd�a�EHLMNMl�JIa�Nmaz[¡EIdZN�EID�L�EIDFN<E]�/TjnZN�a��`L�S'EI��a � � Y � � J�d'k � L�J0�_HJ]dZU�a�n V�NY�ðG��6�RnZN�dÁTjnZN�abnZEIDjTFN�abT�i'J�TFnÃUWa�E��^Tb�`i'N � �RnZN�d ��J]d'k�� <>=;8@?�n'J0_YNMTjnZN
aFJ�LMN1lzN0d`TFN�D�E]��GI�`DKJ�TFU\EId¡[ZEHDRE]��T��`i'N �%�Rn�N0d ��J]d�k�� <>=;8�?£J�DFN�lzEH�c�cU\dZN�J�D Z �Y��N1n'J0_YN
X'a�Nmk�TjnZN�a�N<abUcLMi��cN.��EHDFL�aRE]�Âi'J]Tjn'a���EID1TFD�JIlzT�J]SZU\�cU\T�� �Ï��nZN�i�DFEIS��cN0L E]�RX�a�Ucd�G�lAEILM�
iZ�cN�TFN�L�N0TFDjUWl���EHD^dZEId���nZEH�cEHdZEILMU�l.DjEIS'EIT�a S�JIa�Nmk�EId�a�n�EIDFTjN�a�T §9¨j©�²9¨F±�´W½^lzXZDj_YN�aRa�X'lKn
JIa^QRN0N�k�a��bfYnZN0iZi�lzX�DF_YN�a �¼{��!�¡U�a�L�J]U\dZ�c��k9XZN1TjE�TjnZN�DjN�VuX�UcDFNmk�iZDFE`lAN�aFabUcdZG<TFU\LMNY�`h�d
Ucd`TFN0DjN�a�TjUcdZG�TjN�lon�dZUWVYXZN<n'JIa�S'N0N0d�iZDFN�abN0d`TFN�k�Ucd �¼{zO �ÂJ]�c�\E��RUcdZG�TFE�X�a�N�abX'lon�LMN0TFDjUWl
_9U�J�J]d�EIiZTjUcLMU #0N�k�TKJ]S��cN1SZXZU\�cT�E�Ð¢���\UcdZNY�
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��nZN^iZX�DFi'EYabN.E���TFnZU�a��\N0_YN0�ZU�a TjE�iZ�WJ�d�J.�\E`l0J]�¢N0Æ`N�lzXZT�J]SZ�\NRLMEITjUcEId
T � J��c�\E]�RU\dZG /,TjE
LME�_YN¤S£N�T���N0N0d�Tb��E a�X'l0lAN�aFabUc_YNRlAEId9¸'GHXZDKJ�TFU\EId'a � �21 � J�d'k � � �RnZN�d�TjnZNR¥9U\dZN0L�J�TFU�l�J]d'k
k9�`d'J]LMU�l�lzEHd'a�TjDKJ]U\d9T�a6E]��/ J�d'k�UcT�aÏiZn9��a�U�l0J]�YU\d9TjN0DKJHlzTFU\EId'aÏ�RU\TFnD0¹J]DjN�k`N�J]�\T6�RU\TFn¡�P�µd
EID�k9N0D¤TFE�TKJ]¥YNRU\d9TjE�JIl0lzEHXZd`T¤a�X'lKn���N�J]TjXZDFN�aA[I��N/DFNA��EIDFL<XZ��J]TFN�TFnZU�a6iZ��J]dZdZU\dZG�i�DFEIS��cN0L
Ucd�TFnZNwa�TKJ�TFN<abi'JIlzNDG�GHI·a�U\d'lzN1UcT/UWaRDFNmVuXZU\DFN�kMTjEMiZDFE`lAN�aFa/k9U Ð¢N0DjN0d`TFUWJ��¡N�VYX'J]TjUcEId�a�E]�
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LMEITjUcEHdÁE�� /M�1�µT�U�a�a�EI�\_YN�kÄS`�Ãa�NmJ]DKlKnZU\dZG�TFnZN�abN�VuX�N0d'lzN����RE]� S£EHXZd'k9Nmk¶lzEHd9TjDFEI��a
\DV�� Z�� J]�c�\E��RUcdZGD/pTFE�LME�_YN�lAEId`TFUcd`XZEHX'a��\��S£N�T���N0N0d�TjnZNRTb��E�a�T�J]TFNma 	 V � � 1 � Z J]d'k 	 V � � Z
lzEIDjDFN�abi'EId'k9U\dZG�DFN�abi£NmlzTFU\_YN0�c��TFE.� �21 ��J]d'k � �­�b\DV�� Z k9N0dZEHTFN�a�TjnZN�lzEHd9TjDFEI�\�cN�k�TFEHDKVYXZN
_YN�lzTjEIDyJ]iZiZ�\UcN�kMEHd�TFnZN�iZn9��a�U�l0J]�¡NAÐÏNmlzTFEHDKa V�TFn�N��RnZN0N��Wa Z E]�b/M�ÏfYUcd'lAN � �21 �yn'JHa�S'N0N0d
iZDFN�_9U\EIX'ab�c�MDjN�JIlKnZN�kMJ�d'kÅN�Æ9i'J�d'k9N�kMU\d��R[`TFnZN�a�T�J]TjN 	 V � � 1 � Z UWaRlAEILMiZ�\N0TFN��c��¥`dZE��Rd¡�

h^a�k`N�aFlzDjUcS'N�k U\d �zO��år`[^EIdZ�\�¹a�U\LMiZ�cN�dZEHdZ��n�EI�cEHdZEIL�UWl%i'J]TjnfV­lzUcD�lzXZ�WJ�D�J�DKlÁEHD
a�TjDKJ]U\GIn`T��cUcd�N Z k9N0d�EITFNmk S`������ J�d'k iZ�\EITjTFN�k¶EHdpTFnZN�n�EIDFU #0EId`TKJ��1iZ�WJ�dZN�UWa�lzEHd'a�U\�
k9N0DjN�kÄk`XZDFU\dZG�TFnZN<GIN0EHLMN0TjDFUWl1GIN0d�N0DKJ�TFUcEHd%E]� � �µ� ��E�DjN0�cU\Nz�¤E]�/TjnZN<TFN0DjDKJ]U\d�UWa^TKJ�¥YN0d
Ucd`TFE<JHl0lzEIX�d9T�� ��X�DFTFn�N0DFLMEHDFNY[YTjnZN1_YN0�cE`lzU\Tb�<J]d'k�TFnZN�J]d�GIXZ��J]D/GI�`DKJ]TjUcEHdÅE��*/ J]DFN�JHa��
a�XZL�N�k�TFE�S'N�lzEHd'a�T�J]d`T/J]�cEHdZG�TFn�UWa�i'J�TFn¡�'��nZU�a�L�J0�<S'NY[9U\d�a�EHLMN1l0JHa�N�aA[Zk9U (�lzX��cT�TjE
N0d'abXZDFNRP¶��EHD�Ucd�a�TKJ�d'lzN/�RnZN0d
/�n'JHa�TjE�lADFEYaja�J�a��cEHi'N��RU\TFn<S£EHXZd'k9NmkMlzEId`TFDjEI��a#\DV�� Z �
�µd'k9N0N�k¢['a�X'lKn�JIaFabXZLMiZTjUcEHd'a�DjN�VYXZUcDjN.Tjn'J]T / a�nZEHXZ�Wk�TFXZDjd�EIDylKn'J]dZGHN�k9U\DFN�lATFUcEHd�Ucd'ab�
TKJ�d9T�J]dZN0EHX'a��\���RnZU�lon�dZNmlzN�aFabUcT�J]TFNma�dZN�J]D/Ucd`¸'dZUcTjN�JIl0lzN��cN0D�J]TFU\EId'aRJ�T^TFn�N.TjXZDFd�UcdZG�J]d'k
L�J]d�N0XZ_YN0DjUcdZG1i'EIU\d9T�az[9EHDRTFn'J�TRUcTÂa�nZEHXZ�WkMabTFEHi¡['lon�J]dZGHN^UcT�aRa�TFN�N0DFU\dZG�J�dZGI�\N1J]d'kMTjnZN0d
LME�_YN��Rn�UWlKnMlzEHd'a�TjDKJ�Ucd�TFE�n'J0_YN1J���J]DjGIN^N0Æ`N�lzX�TFUcEHd�TjUcLMNyJ]d�k¦d�EId�a�LMEYEHTFnML�EITFU\EId¡�
h��c�RTjnZN�abN�JIaja�XZL�iZTFU\EId'a�L�J0�ÄS'N�EIS`_9U\EIX'ab�c�ÃDFN�abTFDjUWlzTjUc_YN<TFE%iZDjN�k9U�lzT�TFnZN�lzEHLMiZ�\N0TFN
a�T�J]TFN 	 V � � Z E]�./M�

�µd»EID�k9N0D�TFEÃN�abTFU\L�J]TjN 	 V � � Z J]d�k TFE·JIlKnZU\N0_YN�TFnZN�a�LMEYEHTFnZd�N�aFaME]�wTFnZN�GI�\EIS'J��
iZ�WJ�dZdZN�k%TjDKJ]ebN�lATFEIDj�CT»E]�5/M[6��NMn'J0_YN�k9NA¸'dZN�k%J�abN0T�E]� lzEHd'k9UcTjUcEHd'a�EIdÃTFn�NM�cE`l0J��
a�N�J�DKlKnZN�k�a�EH�cXZTjUcEHdFT���J]d'k�EId�TjnZN�i�J]DKJ�LMN0TjN0DKa¤E]� 	 V � � Z �'��n�N�a�N�lzEHd'k9UcTjUcEHd'a�k`N0i'N0d'k
EId<TFnZN��­JHlzT�Tjn'J]T � � lAEIDFDjN�a�i'EHd'kZa�TFE�J�L�J�dZN0XZ_YN�DFUcd�G�i'EIU\d9T�[IEID��cE`l0J�TFN�k�EHdMJ^TFX�DFdZU\dZG
EID1J<a�TjDKJ�UcGIn`T/i'J]Tjn	���ÏhRTRN�JHlon�TFU\LMN<�A[ /�U�aRlzEId'abTFD�J]Ucd�N�kÅTjEMn'J0_YN�J��\UcdZN�J�DR_YN0�cE`lAUcTb�
��V�� Z +	� �a8 2 �(���a/,N0Æ`N�lzXZTjN�a¤J�a�TFD�J]U\GIn`T�LMEHTFUcEHd¡[YUcT�a�J]d�GIXZ��J]DR_YN0�\E`lzUcTb�<J]T�N�JIlKnMTjUcLMN
��abnZEIXZ��kÁS'N�J]iZi�DFE�Æ9U\L�J]TjN0�c� #�N0DFE��6�»nZN0d�� � U�a�J�L�J]d�N0XZ_YN0DjUcdZG�i'EIU\d9T�[1/ n'JHa�TjE
lzEId`_YN0DjGIN�TFE��ÂJ]DKk�a TjnZN<dZN0UcGHn9S'EHDFnZEYE`kÄE��,� � �RU\TFn�J¦d`XZ�\�6�\UcdZN�J�D^_YN0�\E`lzUcTb�Y� �µd�EIDKk`N0D
TFEMN�d'a�XZDjN1TFnZNwa�LMEYEHTFnZdZNmaFaRE]�*T%J�d'kÅTjEMLMU\dZUcL<U$#AN�TjnZN�a�¥`UWkZk`UcdZG<E]�¤TjnZN1�RnZN0N0��az[ /
UWaRlzEHd9TjDFEH�c�cNmk�TjE�N0Æ9NmlzXZTFNRTjnZN^TjXZDFd'a��RU\TFn�J�_YN��cE`lzU\T���XZiZi'N0Dj��S'EIX�d'k9N�k�S9��J�i'EYa�U\TFU\_YN
TFN0DjL � 6�
_: /�a8 2 �¤��nZU�a�TFN0DjL�k`N0i'N0d'kZa�U\d%GIN0d�N0DKJ��REIdÃTFnZN�JHl0lzN0�\N0DKJ�TFUcEHd%E]�5/M[ ��DjUWlzTjUcEHd
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 V��\UcdZN<r � Z � h �­J�Uc�cX�DFN�UWa1k9N�TFN�lzTjN�k��RnZN0d / _`UcEH�WJ�TFN�a�TjnZN
N0Æ`N�lzXZTjUcEId·lzEHd'a�TjDKJ�Ucd`TKa�E]� K�E¹EID<�RnZN0d·UcT�LME�_YN�a�J0�RJ0�%��DFEIL TjnZN�dZEHLMUcd�J]��i�J]TFn
� :� �Z��nZN^¸'D�a�TÂl0JIabN^L�J0��E`l0lzXZD¤��EI�\�cE��RUcdZGwJ]d�UcL�i£EHDFT�J]d`T�ab�cU�k9UcdZG�EID/ab¥9U�kZk9Ucd�G�E]��TjnZN
�RnZN0N0��a�EIdU0�[ZTFn�N^_9U\EI��J]TFU\EId�E]��TFn�N�lAEId`TKJIlAT�DFN��WJ]TjUcEHd'a�nZU\i�S£N�T���N0N0dU/ J]d�k�0 P¶��EHD
Ucd'abTKJ�d'lzN/�RnZN0d�a�N0_YN0D�J]�Z�Rn�N0N0�Wa¤J�DFN/dZEIT�Ucd�lzEId`TKJHlzT��RUcTjn`0�P [YEID¤�RnZN0d
/�U�a �\E`lo¥YNmk
EIdF0�P �RnZN0d�/ k9EYNma�dZEITyLME�_YN^N0_YN0d�TFnZNwJ]dZGHXZ�WJ�D._YN��cE`lzU\TFUcNma 
 E]��U\TKaR�RnZN0N0��a�J�DFN
dZEId�d9X��c�µ�

fYU\d'lzN<TFnZN�GHN0dZN0D�J]TFU\EIdÃE]� � :� n'JIa�dZEIT<JHl0lzEHXZd9TjN�k%TFnZN¦k9�9d�J]LMU�l0a^E]�yTFnZN�TKJHa�¥¢[
TFnZNwlzEId`¸'GIXZD�J]TjUcEId��1�6
_: V�� � �� Z EHSZTKJ�UcdZNmk�Jm��TjN0DRn'J0_`UcdZG�J]iZi��cUcNmk ��abX'l0lzNmaFa�U\_YN1lzEHd9TjDFEI��a
\¹L�J0��S'N.�\E`l0J]TjN�k¦�­J�D���DFEHL � :� �'��nZUWa�U�aRlzEId�a�UWk`N0DFN�k�JIa��­J]Uc�\XZDFNyS9�MTjnZN1J��cGIEHDFU\TFnZL�[
J]d'k�UWa/k9N0TjN�lzTjN�kÅU¼�¤TFnZN�d�EILMU\d'J]��i'J]Tjn �,�6
_:1lzEHdZdZN�lzTjUcdZG �1�6
_:1J]d�k.� ��UWaR�cEHdZGIN�D1J]d'k
E]��k`U Ð¢N0DFN�d9T¤��EIDFL TFn'J�d � :� �
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h�T�NmJIlKnÁTjUcLMN<Ucd�lzDFN0L�N0d9T�� �z[�TFnZN�J��cGIEHDFU\TFnZL lKnZN�lK¥�a.U �5/(UWa��cE`l�J]TFNmk¶J]T�J�lzEHd9¸'�
GIXZD�J]TjUcEId � �21 :1Ucd�TFnZN�dZN0U\GIn`S'EIDFn�EYE`kÁE]� � �ÂJ]d'k%_YN0DjU ¸'N�a^TjnZN�¸'d'J��RlzEHd'k9U\TFUcEHd'a�k9Nz¸��
dZN�k�Ucd����`�c{H�d�µd�Tjn'J]T�l0JHa�N�TFn�N�LMEHTFU\EId�abEI�\XZTFU\EId�J]d'k�TFnZN<lAEIDFDjN�a�i'EHd'k9Ucd�G�lzEHd9TjDFEI��a
V;T�� Y ��� Y � ��� � Z J�DFN�k9N�k9X�lzN�k���DjEILpTjnZN¤�cUWabTÏE��ZTjnZN�lzEILMi�XZTFN�k/a�X�SZ�µabEI�\XZTFU\EId'a1V;T � � Y � �� Y � ��� � Z
E]� �$�»J]d�k�DFN0TjXZDFd�N�k�TjE1TFnZN/GIN0EHLMN0TjDFUWl¤�cN0_YN��µ�H��nZN�d�E`k9N *LV+� � Z UcdZU\TFU�J]�c�\��lzEIDjDFN�abi£EHdZ�
k9Ucd�GÅTjE.� ��UWa^TFnZN�dÄN0Æ`i'J�d'k9N�k�Ucd�TjnZNMabN�J]D�lon�GHDKJ�iZn �pabTKJ]DjTFU\dZGM��DFEIL(TjnZN<DFN�JHlonZNmk
lzEId`¸'GIXZD�J]TjUcEId � �21 :A� �­��TjnZN1�cU�a�T��$� U�a�N0LMiZTb�Y[ � �¡UWaRlzEHd'a�U�k9N0DjN�kMJIaRiZn`�ZabUWl0J��c�\��XZdZDFNmJ]�
lon�J]SZ�\N�J�d'kÅTjnZN�lzEIDjDFN�abi'EId'k9U\dZG<dZE`k9N *�V � � Z UWa�dZEHT�N�Æ9i'J�d'k9N�k¢�

�µdMEHDKk9N0DRTjE�DFN�k`X'lzN/TFnZN1iZDjE`lzN�aFabUcdZG�TjUcLMNRE���TjnZN1�cE`l0J��ÏiZn`��a�UWl�J]�Ïi��WJ]d�dZN0DRJ�d'kÅTjE
JIl0lAEIXZd`T^��EID^TjnZN<lzEId�a�UWk`N0DFN�k�GH�cEHS'J]��lzE a�T^��XZd'lzTjUcEHd V�TFn�N��cN0dZGHTFn�E���TWV �i47698�:X6 Y � <>=;8�? Z@Z [
EIdZ�\�Ãa�n�EIDFTjN�a�T�a�X�SZ��i�J]TFn�a.� :� n'J0_`UcdZG�J��\N0dZGITjn¶XZi�i£N�DF��S£EHXZd'k9NmkÁS`�ÃJ]d J]DFS�UcTFD�J]Dj�
_HJ]�cX�N��� � J�DFN1GIN�dZN0DKJ�TFN�k¢�Z��nZU�a�J]�\�cE��/a�TFE<J0_YEHUWk�TjnZN1l0JHa�N�a��RnZN�dU/,n'JIaRTFE�LME�_YN��­J�D
J0�RJ0����DFEHL � � S'Nz��EHDFN/TFDF�`Ucd�G.TjE�lzEHd9_YN�DFGINRTjE��RJ]D�kZa�U\T0�Y��n�N^TFN0DjL �� � k9N�i£N�d'kZa�EIdMTjnZN
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k9UWabTKJ�d'lzN/S£N�T���N0N0d�� � 1 �RJ�d'k�� �¢J]d'k�TFnZN/N0�\N0_HJ]TFU\EId�E��¡TFn�N�TjN0DFD�J]Ucd�S'N0Tb��N0N0d�TFn�N0L�� ��EHD
Ucd'abTKJ�d'lzNY[Z��N.n�Jm_YN lzEId'abUWk9N�DFN�k �� � T��RU�lzN^TjnZN1�cN0dZGHTFn�E]� � �� �

� � 	�� �����.�¤	���� &(+1 ����A�� 

�ÄN<n'J0_YN<a�n�E]�Rd�nZE�� JMTb��EI���cN�_YN0�6TjN�lKnZdZUWVYXZNwlzEIL<SZUcd�N�kM�RUcTFn�JMiZn`�ZabUWl0J��c�c��S'JHa�N�k
LME`k9N0�¢E]��TFnZN1T�JIa�¥�L�J0��nZN��ciMU\d¦¸�d'k9Ucd�G<aFJm��N�J�d'kÅN0Æ`N�lzX�TKJ]S��cN/LMEITjUcEId�a ��EIDyJ�DFE�_YN0D
LME�_9U\dZG�EHd»J�s !�TFN�DFDKJ�Ucd¡�¤��n�UWa�UWa�S�JIa�NmkÁEIdÃTjnZN�X'abN�E]�yTFnZN�iZn`�ZabUWl0J��RLME`k9N0��E]�
TFnZN<TKJHa�¥¢[�J]d'k%lAEIL<SZUcdZNma�J�lzEHd9TjUcd`XZEIX'a^LMEHTFU\EId�TFNmlonZd�UWVYXZN�J�d'k%J�k9UWajlzDFN�TFN<a�NmJ]DKlKn
a�TjDKJ]TjN0GI� Ucd»EHDKk9N�DÅTjE·k9N�J]�1�RU\TFn a�N�_YN0DKJ��^dZEId���TjDFUc_`UWJ�����N�J�TFXZDjN�a�a�X'lKnpJHa�lzEI�\�cUWabUcEHd
J0_YEIUWk�J]d'lzN [0¥9U\dZN0L�J�TFUWl�a£J�d'k�k`�9d'J�LMUWl�a£E]��TFn�N�_YN�nZUWlz�\NY[AJ]d'k1UcT�aÏiZn9��a�U�l0J]�YU\d9TjN0DKJHlzTFU\EId'a
�RUcTjnÅTjnZN1TFN0DjDKJ�Ucd¡�

��nZN�J�iZiZDFE JIlKn�n'JIa/S£N�N0d�U\LMiZ�cN�L�N0dYTjN�k�EId�J�fYXZdÄf i'J]D�l.��EHDF¥�a�T�J]TFU\EId¡�¡fYN0_YN�DKJ]�
N0Æ`i£N�DFUcL�N0d9T�aÂ��EHD�JMdZEHdZ��n�EI�cEHdZEIL�UWl<a�UcÆ`���RnZN0N0�\N�k�DFE�_YN0DD/ n�Jm_YN�S'N0N�d%abX'l0lzN�ajaÖ��XZ�\�c�
i'N0D���EHDFLMN�k�Ucd a�UcL<XZ��J]TFU\EId¡� h^a.��NMn'J0_YNMLMN0d`TFU\EIdZNmk�Ucd��Ar`[6TjnZN�JIk`_IJ�d9T�J]GHN�E]�/TjnZN
iZDFNma�N0d`TFN�k1iZ�WJ�dZdZN0D�UWa¡TFn�J]T�U\T�k9NmJ]�Wa¡�RUcTjn�k9�`d'J�LMUWl0a¡J�T�TFn�N�iZ��J]dZdZU\dZG^TjUcLMNY�AÎ�N0TjnZE`kZa
EIi'N0D�J]TFU\dZG�Ucd�T���E�abTFN0i'am��JÅ��XZ�\�¤GIN0EHLMN0TFDjUWl�i'J]Tjn%iZ��J]dZdZU\dZG�a�TjN0i V­JIa�Ucd �6UcGHXZDFN�t Z
��EI�\�cE���N�k�S`��J�k`�9d'J�LMUWl1TFD�J]ebN�lzTjEIDF��GHN0dZN0D�J]TjUcEId�a�TjN0i V��6U\GIXZDjN � Z DjN�VYXZUcDjN�TFE�abEI�\_YN
a�N0_YN�DKJ]�/iZDjEISZ�\N0L�a�DFN0��J]TFNmkÁTFEÃTjnZN�abTKJ]DjTFU\dZG·lzEId9¸�GIXZD�J]TFU\EId TFEÃlAEId'abUWk9N0D��RnZN0d»DFN��
iZ�WJ�dZdZU\dZGMJ0��TFN0D�n'J0_9U\dZG<k9N0TjN�lzTjN�kMJ.�­J]U\�cXZDjNY[ZJ�d'kMTFE�TjnZN1�cN0dZGHTFn�J�d'kÅTjnZN^EHiZTFU\L�J]�\UcTb�
E]��TFnZNyDFN�abXZ�cTjUcdZGwa�EI�\XZTFU\EId¡����nZN�abN^iZDFEHSZ�cN�L�a¤J]DFN1U\LMiZ�cU�lzU¼TF�\��k`N�J]�\T��RUcTjnMS`��TjnZN^Tb��EH�
�cN0_YN���iZ��J]dZdZU\dZG�iZDjE`lzN�aFa<k9N�ajlzDFU\S'N�k%UcdÃTFnZU�a�i'J]i'N0D����6UcGHXZDFN�|�a�nZE��/a�TFnZN�ajJm��N�J]d'k
N0Æ`N�lzXZT�J]SZ�\NÅL�EITFU\EIdÃabEI�\XZTFU\EId¶i�DFE�_9U�k9N�k%S`�%TFnZN�iZ�WJ�dZdZN0D��Rn�N0d»abEI�c_`Ucd�GÄTjnZN�aFJ]L�N
TKJHa�¥�JIa�Ucd"�6U\GIXZDjN.t �)��UcGIX�DFN�{0v�a�n�E]�/a�J�abEI�cX�TFUcEHdM�RnZN0d�TFnZN/S'N0n'J0_9U\EID�E]�¡TjnZN^DjEIS'EIT
UWa�dZEHT^abTFDjEIdZGH�c��JmÐ¢N�lzTjN�kMS9��TFnZN1�cE`l�J]��a�¥`UWk�k9UcdZG�E���a�EHLMN^E��¤UcT�a��RnZN0N0��az�(�µd��6U\GIXZDjN�a
{I{/J]d�kÅ{�r9[I��N/a�nZE��»J/LMEITjUcEId��RU\TFn�L�J�dZN0XZ_YN�DFUcd�GRi£EHUcd`TKa6i�DFE�_9U�k9N�k�S`�1TFnZNRiZ��J]dZd�N0D
J]d'k�TFnZN�lzEHDFDjN�a�i'EId�k9UcdZG<_YN0�\E`lzUcTb��lzXZDF_YN �

��nZNyiZDFE`lzNmaFa�U\dZG�TFU\LMNRE]��TjnZN^iZ��J]dZd�UcdZG<J��cGIEHDFU\TFnZL k9N0i'N0d'k�a�EId�abN0_YN0DKJ��¡lzDjUcTjN0DFU�J �
TFnZN�UcDjDFN0GHXZ�WJ�DFUcTjUcN�a¢J]d'k1iZn`�ZabUWl0J��YiZDFEHi£N�DFTFU\N�a¡E]�'TjnZN¤TFN0DjDKJ]U\d¡[0TFn�N�abTKJ�DFT¤J�d'k.GHEYJ]��lzEHd9¸'�
GIXZD�J]TjUcEId�a�E]��TjnZNRDFEHS'EIT0[`TFnZNylzEHd'a�U�k9N0DFNmk�TFUcL�N�Ucd�lzDFN0L�N0d9T�� �6TjE�a�EI�\_YNRTFnZN/N�VYX'J]TjUcEHd'a
E]�¤L�EITFU\EId'a¤E]�¤TjnZN1TKJHa�¥¢[ZTFnZN1k`UWaFlADFN0TjU$#�J�TFUcEHdMTFU\LMN � ����E]�¤TjnZN1GIN0EHLMN0TFDjUWlRiZ�WJ�dZdZU\dZG
�cN0_YN��µ[`J]d'k�TFnZN^�­J�Uc�cX�DFN�aRlKnZN�lK¥9U\dZGMV­a�X'lKn�JIa/J]�\�cE��RUcdZG�TjnZN�a��\UWk9U\dZG Rma�¥`UWkZk9U\dZG�E]��a�EIL�N
�RnZN0N0��a��RnZUc�\N�L�J�Ucd`TKJ�UcdZU\dZG^J�d�JIk`LMUWaja�UcS��cN�S'N0n�Jm_`UcEHD�E��¡TFn�N�DjEIS'EITREHD�dZEHT Z ���µd<GIN0dZN��
DKJ��µ['TFnZN�a�EH�cXZTjUcEHd'a�iZDjE]_`UWk`N�kMS9�MTjnZN1iZ�WJ�dZdZN0D/DFNmVuXZU\DFN1S'N0Tb��N0N�d�rIvMJ�d'k �Hv�LMU\d9XZTjN�a
k9N0i'N0d'k`UcdZG<EId�TFnZN�J]S'E�_YN0��LMN0d`TFU\EIdZN�k<lzDjUcTFN�DFUWJ`�
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Configurations Verifying
Static Stability

Safe Geometric Path

Slippery Irregular Area

��UcGIX�DFN�t ���/N0EHLMN0TFDjUWl/aFJ0��N�i'J�TFn¡�

Physical Simulation
of the Safe Path

Locking Configuration
of the Robot

Slippery Irregular Area

�6U\GIXZDjN � �'��nZN�lzEId`¸'GIXZD�J]TjUcEId�J�TR�RnZUWlKn�TFnZN1DjEIS'EIT/UWa�iZn`��a�UWl�J]�c�\���\E`lo¥YNmkÏ�
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Slippery Irregular Area

Full Safe and Executable
Motion

�6UcGHXZDFN�| �'��n�N�abEI�\XZTFU\EId�i�DFE�_9U�k9N�k�S`�MTjnZN1iZ�WJ�dZdZN0D��

Slippery Irregular Area

Safe and Executable Motion

Local Skidding of
the Right Wheels

�6U\GIXZDjN<{0v �Ïf EI�cX�TFUcEHd��RU\TFn��cE`l0J���a�¥`UWkZk`UcdZG�E���TjnZN1�RnZN0N0��az�

*,+�c-*/.
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��UcGIX�DFN<{I{ �ÏÎ�J�dZN0XZ_YN0DjUcdZG�EId�UcDFDjN0GIX��WJ]D/J�DFN�JHaz�

Backward Motion

Vmax

turnVmax

turn−Vmax

Forward Motion

ExecutionTime

Linear Velocity

�6U\GIXZDjN�{0r��Ï��nZN1_YN0�\E`lzUcTb�<lzX�DF_YN^E��¤TFnZN1DjEIS'EIT��
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�ÄN�n�Jm_YN<lAEId'abUWk9N0DjN�k�Ucd�TFnZN�i�DFN�abN0d9TjN�k�N0Æ�J]LMi��cN�aRJMTFN�DFDKJ�Ucd��RU\TFn�dZE�abXZD��­JHlzN<LMEI�
SZUc�\UcTb�Y�¡��n�UWa.U�a.EHdZ�c��X'a�NmkÄTFE�k9N�LMEId'abTFD�J]TFN<TFn�N�J]iZi�DFEYJHlon J]d'k%TFE��\UcLMU\T�TjnZNMTjEITKJ��
lzEIL�iZXZTKJ�TFU\EId�TjUcLMNyDFN�VYXZUcDjN�kMTFE�l�J]DFDj��EIXZT/TFnZNma�N�N�Æ9i'N0DjUcLMN0d`TKaA���Öd�TFnZNwl0JIabN�E]�¤TjnZN
J]�\TFN0D�J]TFU\EId�E]�¤TjnZN�abXZD��­JHlzN�E��¤TFnZN�TFN0DjDKJ�Ucd¡['abN0_YN0DKJ��¡Ucd'abTKJ�d9TjUWJ]TjUcEHd'a�E��¤TFn�N�iZDjN�a�N0d`TFNmk
iZn`�ZabUWl0J���L�E`k9N0�¤E]��0 n'J0_YN�TjE�S'NMX'abN�kÄUcd�EID�k9N0D�TFE�L�E`k9N0��lzEIL�i£EHdZN0d`TKa1a�X�lon�JIa
DFE`lK¥Za¤EID¤LME�_HJ]SZ�\N/J]DjN�JIa VµabN0N � {0v��Z��EID¤LMEIDjNRN0Æ`iZ�WJ�d'J]TjUcEId Z ���ZXZDFTjnZN0DFL�EIDFN []TjnZN^abN0T¤E]�
TFnZN<abTKJ�TFN�aRE]��TFn�N�k9U¼ÐÏN�DFN0d`T�i�J]DFTjUWlz�\N�a�X'abN�k�TFE<DFN0i�DFN�abN0d9Tya�X�lon lzEILMi'EHdZN0d`TKa�n'JHa TjE
S'NMajJm_YNmk�J]d�k�XZi¢kZJ�TFN�k�N�JHlon�TFUcL�N.TjnZN<J]�\GIEHDFUcTjnZL S�JIlK¥9TjDKJIlK¥�a�P»�RnZU�lon�L�J0�M�cNmJIk
TFE�L�X'lKn<lzEHLMiZXZT�J]TFU\EId'J��ZSZXZD�k9N0d¡����nZUWa�U�a�dZN�lAN�aFajJ]DF���Rn�N0d�k9U¼ÐÏN�DFN0d`T��cE`l�J]�ÏL�EITFU\EId'a
�cE`l0J�TFN�kÃUcdÃTFn�N�ajJ]LMN�DjN0GIU\EId»J�DFN�a�NmJ]DKlKnZN�kÃJ�TMk9U¼Ð¢N0DFN0d`T<a�TjN0i'a�E��1TFnZN�J��cGIEHDFU\TFnZL��
��N�a�U�k9N�aA[Z��N�JIaja�XZLMNyTFn'J�T�TjnZN�GHN0EILMN�TFDFU�l�EHS'a�T�JIlz�\N�a/J]DFN�E]��TFnZN�TKJ�Uc�¡E]��TFn�N�_YN0nZU�lz�cN �
��nZUWa/J]�\�cE��/aRTFE<L�J]¥YN^TjnZN�i�DFEIS��cN0L E��¤TFn�N�lzEH�c�cU�a�U\EId�J0_YEIU�kZJ]d�lzN1LMEIDjN.TjDKJHlzTKJ�SZ�cN1S`�
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