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� ;)B)-T+UL)rR7{1�+.uy=w�&/�10=�D21$+U/�=w+�10m<=�-£u8+.L)+.u�B<uKE�LMB)>�>¢C�-£uJ7S�M+��
u�B)uK2�~'X�XYC�-0;!+.L)r�>�p�7J/�1b7S10=w�@1�+.uy=vm,7�/�10m<-�=�=vL<=Y+Ur�mMN:C�B<-0/P7�L<;
7S>�>
10m)=�/�1b7S10=Y�_1�+.uy=3/V10m,7S1���X�7�Lv-�=37�X0m£sk-�C�uÍ7PrS+U9�=�Lv/�1b7S10=w�@1�+.uy=
>�+.=nC�L�7K-�=�r�B)>U7�-�r�-T+U;z=�u�N:=3;<;!=3;x+.L3+�- ¥ W¡+.r)2 6�¦Y2�l�m)+U/�r�-T+U;
+U/�10m<=�L�/T=�7�-0X0m<=3;$+.LtC�-0;)=�-�10CK�<L,;z7�/TC�>.B)1�+.C�LV2R~PX�XwC�-0;M+.L<r�>�p
10-07Qo�=3XY10C�-Tp�D!>U7�L<L!+.L<r�+U/�-�=3;)B<Xw=3;J10C8r�-07SD<mR/T=37S-0XbmV2
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W¡+Ur�B<-�=86 æ 10m<='r�-T+U;�=�u�N:=3;<;!=3;J+.L=+�-82

k 
��_
�� � ó Ê 	¦ó ö?> ð Ê ò5ð¯ð ö Êrq ð nOÌ�Ê qRÉ
��=w1�B</'XwC�L,/�+U;)=�-�7JD<7S10m!��X0m,7SL<rS+UL)rJuyC�1�+.C�Lx7�/P;)=�D!+UXY10=3;K+.L

W¡+.r)2 4�7M2 ~�1J1�+.uy=MU Ô EP� /Tm)+�s\1b/{/TuyC
C�10m!>.p�sk-�C�u +�1b/�XwB)-�-�=�L
1
D,7Q10m ��QJ10CK7SL�7�;SoT7�Xw=�L
1vD,7S10m���Q�@ Ô 2J� skCS>�>UC | /�7�L<C�u8+UL<7S>10-07Qo�=3XY10C�-Tp�A�7SL,;�-�=37�Xbm)=3/�� Q�@ Ô 7Q1'7�Xw=�-T1b7S+.L�1�+.uy=FU � 2

B
= �

=
� YfZC[

= �

Y 	 [
=
�

7DC!E
�7DC7 C!E Ô�

W¡+Ur�B<-�=�4 æ D,7Q10m)�&X0m,7�L)r�+.L<r!2
�¢-�C�D:=�-T1�+.=3/F� í 7SL,;G��FxCSs ì ø!2�Ê�2 í =�L</TB<-�=n10m,7S13E | m<=wL��uyCQ9�=3/�7S>.C�L)r=A'E�+�1�7Q> | 7�p)/�-�=�uJ7S+.L,/�+.L,XY>.B,;!=3;�+.Lx10m)=�;!C�uJ7Q+UL

S ¥ ��QS¦"H`S ¥ ��Q�@ Ô ¦Y2��iC�L,/T=3Ó
B)=�L
1�>.p
E�=�9�7S>.B,7Q1�+.L<r | m)=w10m<=�-IAÍ+U/XwCS>.>�+U/�+.C�L!�_s\-�=�=�X�7�L{N:=£;)C�L)=�9�=�-Tp{/�+.uyD)>�pJN
p{Xbm)=3X0}M+.L)r�C�B!1�D:C��
10=�L
1�+U7S>!XwCS>�>.+U/�+.C�L�+UL�N:C�10m£D,7Q10m,/�� Q 7SL,;K� Q�@ Ô ;!B<-T+.L<r�10m<=¢1�+.uy=+.L
10=�-�9�7Q>¡Ì UKJ " U � Ï@2§È'CS10=�10m<7S13E�+.L810m!+\/¢X�7�/T=�E
10m<=�C�N</�1b7�XY>.=3/¢C�L�� Q

¡



+.L,XY>.B<;)=JN:C�10mt10m)=Js\C�-�N!+\;);)=�L�+.L
10=�-�9�7S>U/Kd ¥ � Q ¦�7SL,;z10m<=JD)-�C��
o�=�XY1�+.C�L,/vC�s�10m<=yuyCQ9
+.L<rKC�N,/�1b7�XY>.=3/��¢-�C�o ¥ 8�GH ¥ U�¦bE � Q ¦ g /TB<Xbm
D<-�CSo�=�XY1�+.C�L,/�N:=w+.L<r�1�+Uuy=Y��;!=�D:=�L<;)=�L
132
~'XwXwC�-0;M+UL)r�>�pK+�1'+U/'D:C�/�/�+.N)>.=�10CnuyCM;)=w>�D,7Q10m)�&Xbm<7�L)r�+.L<rn7�/'7

/�+.u�B!>.1b7SL<=�C�B,/iuyCS1�+.C�LK7Q>.C�L<rc� Q 7�L,; � Q @ Ô ;)B<-T+.L)r�Ì U Ô " U � Ï@E!C�-=3Ó
B,7Q>�>.p
EV7�/�7y10m<-�=�=w�&/�10=�DRD)-�CMXw=3/�/w� ¥ 7�¦P7Q1�1�+.uy=�U Ô E��¨+.L,/�1b7SL)�
1b7�L)=�C�B</�>�px/Tm)+�s\1b/Ps\-�C�u � Q 10C�78�,XY1�+�1�+UC�B,/P+.L
10=�-�uy=3;M+U7S10=vD,7S10m
� Q @ �� E ¥ N,¦���uyCQ9�=3/�7Q>UC�L<r�� Q�@ �� ;)B)-T+UL)rRÌ U Ô " U � Ï ¥ 10m<=�C�N</�1b7S�XY>.=3/�C�s N:CS10mX� Q 7SL,;'� Q�@ Ô 7�-�=v7�/�/TB)uy=3;{10C8N:=�D)-�C�o&=3XY10=3;KC�L� Q @ �� 7�L<; ¥ X3¦87Q1y1�+Uuy=%U � E��ò+.L,/�1b7SLM1b7SL<=�C�B,/�>�p�/Tm)+�s\1b/ysk-�C�u
� Q @ �� 10C � Q @ Ô ¥ W¡+.r)2 4SN:¦Y2Í~'X�XwC�-0;!+.L<rS>�p�10m!+\/yuyCM;!=w>�>.+.L)rt-�=w�;)B<Xw=3/�D,7Q10m)�&Xbm<7�L)r�+.L<r810CJ78C�L<=w�&;!+.uy=�L</�+.C�L,7Q>¡uyCS1�+UC�L�7S>.C�L)rn7
�:Xb1�+.1�+.C�B,/�D,7Q10m�2
ë�Ln10m)+U/isk-07Suy= | C�-�}:2i7�/�1b7S10=w�@1�+.uy=�C�s§��+U/�7�ø��@10B<D!>.= ¥ �5E �¢E

$,EmU�¦ | m<=�-�= + +U/£10m)=�+.L,;)=Y�$CSs�10m<=JXYB<-�-�=�L
1£D,7Q10mzCSs��J2���=w1B,/PXbm)C
C�/T=�7J1�+.uy=w�&/�10=�D01x7�L<;�7�/�/TB<uy=£10m,7Q1'10m)=�7�X�Xw=w>.=�-07Q1�+.C�L
7�D)D)>�+.=3;{10Cy��+U/�=w+�10m)=�-�u8+UL!+.u�B<uKE�L!B!>�>�C�-PuJ7Q�!+.u�B<uK29hP+.9�=�L
7{uy=Y10m<CM; | m)+UXbmz;)=w10=w-�u8+UL)=3/'10m<=�D,7S10m!�&Xbm<7�L<rS+.L<rJ10-07So&=3XY10C�-TpA���E§+�1�+U/£D:C�/�/�+.N)>.=J10C�;)=w10=w-�u8+UL)=810m<=J/�1b7Q10=w�@1�+Uuy=J-�=37�Xbm)=3;zN
p
� 7S1�10m)=�=�L<;xCSs�7{D<7S10m!��X0m,7SL<rS+UL)r)2�~örS+.9�=�L$/�1b7S10=w�@1�+.uy=�m<7�/
L<C | �<9�=�L)=w+.r�mMN:C�B)-0/w�'10m<-�=w=8C�L�10m<=y/�7Suy=�D<7S10m$7�L,;R1 | C�C�L=37�Xbm�7�;�oT7�Xw=�L
1�D<7S10m</w2�~�>�>�10m)=�/�1b7Q10=w�@1�+.uy=3/�-�=�7�X0m,7�N!>.=vs\-�C�u 7
r�+.9�=wL{/�1b7Q10=w�@1�+.uy='/�1�+�>�>:>�+U=PC�Ln7�-�=�r�B!>U7�-�r�-T+\;J=�u�N:=3;<;!=3;�+.L,+.-
7�L<;n+�1�+U/�/�1�+.>�>�D:C�/�/�+.N)>.=�10C�/T=37�-0X0m�10m)+U/�r�-T+\;J+.L�C�-0;!=�-�10C��<L,;n7
/TC�>.B!1�+UC�L ¥ W¡+.r)2 Î�¦Y2
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72C!E
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7DC

; < =

W¡+.r�B)-�=RÎ æ 10m)=8r�-T+U;z=wu�N:=3;);)=3;R+.L$10m<=�=w�M10=�L,;!=3;2+�-82	� 1$+U/
10m<=P1�+Uuy='L<=3Xw=�/�/�7�-Tpn10C8D:=�-TskC�-�u 10m<=�D<7S10m)�&X0m,7SL<r�+.L)r)2


 � �7z|MOJqZ[` MOX×P?K-VÏ}�MOdi·YV�PRd

l�m<=87S>.r�C�-T+.10m)uòD<-�=3/T=�L
10=3;$7�N:CQ9�=ym<7�/�N:=�=�L$+UuyD!>.=�uy=�L
10=3;
+.L � C�L�7qOMB<L�O!D,7S-0XtëY2�êt=�m<7Q9�=z10=3/�10=3;æ10m)=�7S>.r�C�-T+�10m<u
| +�10mRB<Dn10C8skC�B)-'7�;�o�7�Xw=�L
1PD,7Q10m,/w2�ë&L{10m)=3/T=£=w�!D:=�-T+.uy=�L
1b/wE)10m)=uyCQ9
+UL)r8C�N</�1b7�XY>.=3/P7�-�=£r�=wL<=�-07Q10=3;R7S1P-07�L<;)C�u | +�10m<C�B)1'X�7�-T+.L)r
�
� 
�� � � ' �,�����*�$	�� �������#"�	 à �#�.	����

�
��� % ��"�� �#��"&â ��	����
"��3à ���#0

| m<=Y10m<=�-�10m)=wp£XwCS>�>.+U;!= | +�10m�=37�XbmvC�10m)=�-�2§l | C�=w�)7�uyD!>U=�/�C�s)10-07S�o�=�XY10C�-Tp�D)>U7�L)L)+.L<r�+.LM9�CS>U9
+.L<rP1 | C�D<7S10m</¢7S-�=�;)=�D!+\Xb10=3;�+.L8W¡+.r�/5G7�L<;�ËM2§ë�L£=37�Xbm�X�7�/T=�E
7PD<7S10m£+U/§7�/�/TCMXY+U7S10=�; | +.10mv1 | C | +.L,;!C | /w�7�10-07�Xw= | +.L<;)C | /Tm<C | +.L<r�10m<=¢D,7�-T1¡C�s<10m)=ir�-T+\; | m)+UX0m�m<7�/�N:=�=wL=w�!D)>.C�-�=3;z7SL,;t7K-�=3/TB!>�1 | +.L<;)C | ;M+U/TD)>U7�p!+.L)r�10m<=8�<L,7S>¢10-07Qo�=3XY�
10C�-Tp
2�O!B<XbmR7 | +.L<;)C | -�=wD<-�=3/T=�L
1b/�10m<=�÷ 1�+.uy= + D:C�/�+�1�+.C�LV?:/TD,7�Xw=C�s 10m)=�D,7S10m ¥ 10m)=£D:C�/�+�1�+.C�Lx7S�M+U/�+U/�m<C�-T+.Ò�C�L
1b7S> | m)+�>.=£10m<=�1�+.uy=7S�M+U/�+\/£9�=�-T1�+UX�7Q>��510m)=Js\-07�uy=JC�-T+.rS+UL�+U/�7Q1�10m)=yB<D)D:=�-T�@>U=Ys\1�XwC�-T�
L<=w-b¦Y2¢l�m<=�10m)+UX0}yN)>U7�X0}{/T=�r�uy=�L
1b/�-�=�D)-�=3/T=�L
1�10m<='10-07Q+�>\/�>.=ws\1�N
p
10m<=vuyCQ9
+UL)rJC�N,/�1b7�XY>.=3/£7�L<;�10m)=v>�+�1�1�>.=y;)CS1b/�7�-�=�D:CS+.LM1b/PC�si10m)=
B<L<;)=�-T>�pM+.L<r£r�-T+U;�2 È'C�10=�10m,7Q1�10m<=�9�=�-T1�+UX�7Q>V/TD,7�XY+.L<r�CSs�10m)=�;!C�1b/
XwC�-�-�=3/TD:C�L<;</�10C�10m<=P1�+Uuy=Y��/�10=wD=1�2

t

p

Obstacles Part of the grid explored

TrajectoryPath-changings

W¡+.r�B)-�=ÉG æ 7�L�=Y�<7SuyD)>.=tCSs810-07So&=3XY10C�-Tp�D)>U7SL<L)+.L)r | +�10mÍ1 | CD,7Q10m,/w�§10m)=�/TC�>.B)1�+.C�LRm,7�/�s\C�B<-�D<7S10m)�&X0m,7SL<r�+.L)r�/w2

ë&L�N:C�10m�=w�)7�uyD)>.=3/wE�� /�1b7S-T1b/ys\-�C�u 10m<={�,-0/�1J>U7�L<= ¥����������� ¦YE¡7S1vD:C�/�+�1�+.C�L�H ¥ B<D<D:=w-T�_>.=wsU1�XwC�-�L)=�-b¦�7�L,; | +�10m�7�LMB)>�>59�=w�>.CMXY+�1�p
2 ë_1�u�B,/�1�-�=37�X0m{10m)='�,-0/�1�D,7Q10mK7Q1�D:C�/�+�1�+.C�L,� � (21 ¥ -T+.r�m
1
N:C�-0;!=�-b¦ | +.10mx7yLMB)>�>§9�=Y>UCMXb+.1&p
2�� X�7�L�CQ9�=�-T1b7S}�=vNMp{B,/�+.L)rJ10m)=
/T=3XwC�L,;�D<7S10m ¥�������� �! ¦Y2 ë�L�C�-0;)=�- 10C£/�+.u�B!>\7Q10=�10m<=�N:=�m<739M+.C�B<-
C�s¡78X�7S-�C�L{10m)=�-�C�7�; | 73p
E | =�m,739�=�X0m<C�/T=�L{10m)='skCS>�>UC | +.L<ry9�7S>��B<=�/iskC�-�10m<='9�7S-T+UC�B,/�9�7�-T+U7�N!>U=�/�CSs§10m<=�D)-�C�N!>U=wuK�

"#$ #%
� � (41 � 6�H�H�u
),+ � ø�u
$ � (21 � Î í }Mu �Sm
& � (41 � Ê�u �S/ �

ë_1�+U/i10m<=�X0m<CS+UXw=�C�s(1n10m<7S1�;!=w10=�-�u8+.L<=�/¢10m<='/�+.Ò�=�C�s�10m<='r�-T+U;
=�u�N:=3;<;!=3;�+UL +.-8E
7SL,;�10mMB</�10m<=�739�=�-07Sr�=�-�B<L)L)+.L<r�1�+.uy=�C�s,10m)=
7S>.r�C�-T+�10m<uK2�W,C�-�7K9�7Q>.B<=yC�s 1�/T=Y1�10C�6S/w2�E | =Jm,739�=yC�N!1b7S+.L<=�;-�B<L)L)+.L<r�1�+.uy=3/�-07SL<r�+.L)rzsk-�C�u >.=3/�/810m,7�L�7z/T=3XYC�L,;�10Ct7�sk= |/T=3XwC�L,;)/w2

 



W¡+.r�B)-�=qË æ 7�L�=Y�<7SuyD)>.=tCSsy10-07So&=3XY10C�-TpæD)>U7SL<L)+.L)r | +�10mÍ1 | CD,7Q10m,/w�§10m)=£/TC�>.B)1�+.C�L{10-07So&=3XY10C�-Tp�m,7�/�1 | C8D<7S10m!��X0m,7SL<rS+UL)r�/w2

� � Q5X]N�V�·]dRZ�Q5X K-X]c~w Z(dRN£·]dEd?Z(Q×X

l�m)+U/8D<7�D:=�-J7�;<;)-�=�/�/T=3;�10-07Qo�=3XY10C�-Tp�D!>U7�L<L!+.L<r$+.L�;!p!L,7Su8+\X
| C�-�}!/TD,7�XY=3/wE ]_c\^3c uyC�1�+.C�LÉD!>U7�L<L!+.L<rtskC�-K7�-�C�N:CS1R/TB)N)o&=3XY1n10C;!p!L<7�u8+UX'XwC�L,/�10-07Q+UL
1b/�7�L<;{uyCQ9
+UL)r�+.LR78;Mp!L,7�u8+UX | C�-�}!/TD<7�Xw=�2l�m<=vX�7�/T=�CSs57nXw7�-T�@>�+U}�=v-�C�N:C�1'� | +�10mRN:C�B)L,;)=�;K9�=w>.CMXY+�1�pK7�L,;7�XwXw=w>.=�-07S1�+.C�L�E�uyCQ9
+.L<r�+.Lv7�;!p!L,7Su8+\X | C�-�}!/TD,7�Xw=iõ � ë ����E | 7�/XwC�L,/�+U;)=�-�=�;V2§� 7Q10m)�_9�=w>.CMXY+�1�p�;)=�XwC�uyD:C�/�+.1�+.C�L8+\/¢7'D)-07�XY1�+UX�7Q> | 7�p10C�7�;);)-�=3/�/�10-07So&=3XY10C�-Tp£D!>U7�L<L!+.L<r�+.Lv;!p!L,7Su8+\X | C�-�}!/TD,7�Xw=3/¡/�+.L<Xw=+�1v;)=3XYC�uyD:C�/T=�/�10m)=8C�-T+.rS+UL<7S>iD<-�C�N!>.=�u +.L
10C{1 | CKuyC�-�=8/�+UuyD!>.=/TB<N!�_D<-�C�N!>.=�uJ/w2��'C | =w9�=�-P+�1PD<-�=3/T=wLM1b/P7J/T=�-T+.C�B,/';)-07 | N,7�Xb}:��+�1X�7SL<L<CS1'�<L,;R7J/TC�>.B)1�+.C�Lx+�si7JuyCQ9
+.L<rJC�N</�1b7�XY>.=�/�10C�D,/�-T+.r�m
1�C�L
10m<=�XYC�uyD<B!10=3;�D<7S10mV2�~ D:C�/�/�+.N)>.=x7�L,/ | =�-J10Ct10m)+U/yD<-�C�N!>.=�u+U/£10CKXwC�L</�+\;!=�-�7K/T=w1�C�s�X�7SL,;M+\;)7S10=JD,7Q10m,/w2{l�m<=n7SL,/ | =w-�D)-�C��D:C�/T=�;{+.L�10m)+U/�D,7SD:=�-�+\/�10m)=�L<CQ9�=w>�XwC�L,Xw=�D!1�C�s e�g�¤�e�fb^Yj<Z � e�Z\[
� �
10m)+U/�XYC�L,XY=�D)1 | 7�/i+.L
10-�CM;)B<Xw=3;n7�L,;yB</T=3; | +�10m!+UL�7vL)CQ9�=w>�D)>U7SL)�L)+.L)rR/�Xbm)=�uJ7{10m<7S1vC�D:=�-07Q10=3/v+.Lz1 | C�XwC�uyD)>.=�uy=�L
1b7S-Tpz/�1b7Sr�=3/w�
¥ 7�¦:� e�Z\[M� � ��e�j<j)]kjMÑ 7�L<; ¥ N:¦ Z�`�e�¤Q^�fwZ_��`ba � ��e�j)j<]kj
Ñ 2¡ë&L�10m<=¢D,7S10m</
D)>U7SL<L)+.L)r�/�1b7Sr�=�E)7v/T=w1�CSs¡7�;�oT7�Xw=�L
1�D<7S10m</ ¥ >�+U}�='7�;�oT7�Xw=�L
1�>U7�L)=3/
C�sV10m<=�-�C�7�; | 7�p,¦YEMC�L<=�C�s | m)+UX0mJ>.=37�;</¢�Í10Cv+�1b/¢r�C�7Q>@E<7S-�='XYC�u8�D<B!10=3;V2{l�m)=3/T=yD,7Q10m,/£7�-�=nXwCS>.>�+U/�+.C�L!�_s\-�=�= | +�10mz10m)=J/�1b7S1�+.C�L<7�-TpC�N</�1b7�XY>.=3/�7�L,;�-�=3/TD:=�XY1§�y? /�}
+.L<=�uJ7Q1�+\X¢XwC�L,/�10-07S+.L
1b/w2§ë&L�10m<= 10-07S�
o�=�XY10C�-TpxD)>U7SL<L)+.L)rK/�1b7�r�=�E�r�+.9�=�Lx10m,7S1��©+U/�7SN)>.=�10CK/Tm!+�s\1�sk-�C�u
C�L)=�D,7Q10m�10CJ7�LR7�;�o�7�Xw=�L
1PC�L)=�sk-�=�=w>�p
E)10m<=�uyC�1�+.C�LKC�s ��7S>.C�L)r
7�L<;RN:=w1 | =�=�LR10m<=3/T=vD,7Q10m,/�+U/�;)=w10=w-�u8+UL)=3;K/TC{7�/P10Cn739�CS+\;K10m)=uyCQ9
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