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ÕÆÙ'ã6Ü�× g æ_Ö6â O æ¸Ú�Ö6×-ï#â�äzØ6Ü�×#Ú�×�ãLÙ�æ_Þ�ï�ò�ò!Õ¼Ø6Ü³Ù'Ý6Ýw×�á O Þ¹Ú�Ö
Þ�Ú�æ�æ£Ú_â8ïRÖwÙ�æ´Ú�Þ�ïoç8×�ï#Þ³æ£Þ�â�ÝÄãL×�Ú O ×�×�Ý2Ú_Ö6×�æ_×�Ù�á�ïRÖ2â�Ø8Ú�Þ�â�Ýwæ_^
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äzÞ�Ý6Þ�ä+ÞNM�Þ�Ý6ßzÚ�Ö6×-â�ã;8´×�ïxÚ�Þ�ì�×�ëZêwÝwïxÚ�Þ�â�Ý t)q³�xjuv's
pRk é

� O Þ�Ú_Ö§Øwá_â�ãwÙ'ã6Þ�Ü�Þ¹Ú´ñ gAh baéOÞ�Ú2ç8âE×�æ¶áRÙ'ÝLç8â�ä ×�P8Ø6Ü�â�Û
áRÙQÚ�Þ�â�Ý2ãEñ�ß�×�Ý6×�á�Ù'Ú_Þ�Ý6ßzÙ ¿hvQsb¦�e'f)n
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ÕOÖ6×�ëZê6ÝwïxÚ�Þ�â�Ý�£ kRv'm_kx�xj êwæ£×�æOÚ_Öw×�ç8Þ³æ´ÚRÙ'Ýwï�×-ëZê6Ýwï#Ú_Þ�â�Ý�Þ�ä+Û
Ø6Ü�×�äz×�Ý�Ú�×�ç)ëZâ�áÆÚ_Öw×cç8â�ä¶Ù'Þ�Ý�Ú_â�ðwÝwç)Ú_Öw×®Ý6×�Ù'á�×�æ£ÚÆØ
â�Þ�ÝµÚÆÞ�Ý
Ú�Ö6×)Ú�á_×�×�Ú�â2æ_â�äz×�ÚRÙ'á�ß�×#Ú�ØLâ�Þ�ÝµÚ�â�ê8Ú�æ_Þ³ç8×)â�ë¥Þ¹Ú�í da�we�eQ�#k�·
²LvQm�{µk�j ïRÖ6âEâ�æ_×�æ�Ú_Öw×�ß�â�Ù�ÜEØwÙ'á_Ú¸â'ë
Ú_Ö6×cÚ_Þ�äz×�Ù�æ¸Ùoç8Þ�á_×�ïxÚ�×�ç
æ_×�Ù�á�ïRÖ?é�Ù'Ýwç�â'Ú�Ö6×�á O Þ³æ£× ïRÖ6âEâ�æ_×�æ�ÙBÚ�Ù�á_ß�×#ÚÄÚ�Ù
S�×�Ý�ê6Ý6Þ�Û
ëZâ�á_äzÜ�ñ2ëZá�â�ä/Ú�Ö6×�ç8â�ä¶Ù'Þ�Ý}Ù�æ�Ù'Ý­×�P8Ø6Ü�â�á�Ù'Ú_Þ�â�Ý�æ£Ú_×�ØaíK[ÆÞ�Û
ÝwÙ�Ü�Ü�ñ�é
Ú�Ö6×�ä¶Ù�Þ�Ý­ØwÜ�Ù�Ý6Ý6Þ�Ý6ß¯Ø6á�â8ï#×�ç8ê6á�×)êwæ_×�æhÚ_Ö6×�æ£×)ëZê6Ýwï#Û
Ú�Þ�â�Ýwæ®Ú_â)Þ�Ú_×�á�Ù'Ú_Þ�ì�×�Ü�ñ+Ø6Þ³ï�SzÙ�æ´Ú�â8ïRÖwÙ�æ£Ú_Þ³ï�ÚRÙ'á�ß�×#ÚOÙ'Ýwç�ß�á�â O
Ú�Ö6×�Ý6×�Ù'á�×�æ£ÚUØwÙ'á_ÚUâ'ëbÚ_Öw×�Ú_á�×�×OÚ�â O Ù�á�ç6æÆÚ�ÖwÙQÚ¸ÚRÙ'á�ß�×�Ú�í!ÕOÖ6×
Ù�Ü�ß�â�á�Þ¹Ú�Ö6ä Ú_×�á�äzÞ�ÝLÙQÚ_×�æ O Ö6×�ÝªÙ­Ú�Ö6á�×�æ_Ö6â�Ü³ç¡ç8Þ³æ´ÚRÙ'Ýwï�×¯Ú�â
Ú�Ö6×�ß�â�Ù�ÜLÖwÙ�æ¥ã
×�×�Ý¯á�×�Ù�ïRÖ6×�çGé�Ú_Öwâ�ê6ß�Ö�Þ¹Ú�Þ³æ®Ù�Ü�æ_â�ï�â�äzäzâ�Ý
Ú�â­Ü�Þ�äzÞ¹Ú�Ú_Ö6×¯Ú_â�Ú�Ù'Ü¥Ýµêwä)ã
×�á)â�ë�Ý6â8ç8×�æ�Ú_ÖwÙ'Ú+ï�Ù�Ý ãL×2×�PEÛ
ØwÙ�Ýwç8×�ç¯Ú�âzãLâ�ê6ÝwçÄ×�P8×�ï�ê8Ú_Þ�â�ÝÄÚ�Þ�äz×�í

¤i¥ Î&¦bÍ¥Ñ�¦
Ñ ��� �¨§ ���aÐ�ÏµÔ�ÎA©�ª¬« ¤ ��� �

îEâ�äz×câ�Ø8Ú_Þ�äzÞXM�ÙQÚ�Þ�â�Ýwæ!âQì�×�áaÚ�Ö6×�ãwÙ�æ_Þ³ï®ç8×�æ_ï�á_Þ�ã
×�ç�Þ�Ýz×�P8Þ³æ´Ú_Û
Þ�Ý6ß O â�á'S2Ù�á_×-ã6Þ³ç8Þ�á_×�ïxÚ�Þ�â�ÝwÙ'ÜÆæ£×�Ù'áRïRÖ¯Ú�â¯æ£Ø
×�×�ç�Ø6Ü³Ù'Ý6Ý6Þ�Ý6ßLé

Ù'ÝLç2×�Ýwï#â8ç8Þ�Ý6ßzÚ�Ö6×-Ú_á�×�×A­ æ�ØLâ�Þ�ÝµÚ�æ�Þ�Ý­Ù�ÝÄ×�Y�ï#Þ�×�ÝµÚ�æ_ØwÙQÚ�Þ�Ù�Ü
ç6Ù'Ú�Ù+æ´Ú�á_êwï#Ú_ê6á�×zô ®Qöyí¸÷lÝ2Ú_Ö6Þ³æ O â�á'S
éEÙi¯ ��ÛyÚ_á�×�× O Ù�æcêwæ£×�ç
Ú_â­æ_Ø
×�×�çÂÝ6×�Ù'á�×�æ£ÚoÝw×�Þ�ß�ÖEãLâ�á-Ü�âEâ SµêwØ?é?ã6ê8Ú�ã6Þ�ç6Þ�á�×�ï#Ú_Þ�â�ÝwÙ�Ü
æ_×�Ù'áRïRÖ O Ù�æ�Ý6â'Úoêwæ_×�ç­ã
×�ï�Ù'êwæ_×)Þ�Ú-ç8×�ï�á_×�Ù�æ_×�æ�Ú�Ö6×+ß�×�Ýw×�á_Û
Ù'Ü�Þ�Ú´ñ2â�ëÆÚ�Ö6×)ß�â�Ù�Üaæ´ÚRÙQÚ�×)æ£Ø
×�ï�Þ¹ð
ï�ÙQÚ�Þ�â�Ý TZÞ�Ú�ä�êwæ´Ú�Ú_Ö6×�Ý­ã
×
Ù­æ_ØL×�ï#Þ�ðLï¯æ£Ú�Ù'Ú_×�é!Ù�Ýwç Ý6â�Ú+Ù�á�×�ß�Þ�â�Ý,â�ë�æ´ÚRÙQÚ_×�æ'V#í ] çwç8Þ¹Û
Ú_Þ�â�ÝLÙ'Ü?Ø
â�æ�æ£Þ�ã6Ü�×-â�Ø8Ú�Þ�äzÞNM�Ù'Ú_Þ�â�ÝwæOÞ�Ýwï#Ü�êwç8×�Ùzä+â�á_×oß�×�Ý6×�á�Ù�Ü
ã6Þ³Ù�æ_×�ç2ç8Þ�æ£Ú_á�Þ�ã6ê8Ú_Þ�â�Ýaé O Ö6Þ�ïRÖ O Ù�æc×�P8Ø6Ü�â�á�×�ç¶Þ�Ý2Ú_Ö6Þ³æ O â�á�S
Þ�Ý�Ú_Öw×�ëZâ�á�ä�â'ëaÙ O Ù@ñEØ
â�Þ�Ý�Úcï�Ù�ïRÖw×�íÆ÷uë�Ù-Ø6Ü³Ù'Ý O Ù�æ¥ëZâ�êwÝwç
Þ�ÝBÙ�Ø6á�×�ìEÞ�â�êwæ)Þ¹Ú�×�áRÙQÚ�Þ�â�Ý?é¸Þ¹Ú+Þ�æ+Ü�ÞXS�×�Ü�ñ}Ú�â}ñEÞ�×�Ü³ç©Þ�ÝLæ£Þ�ß�ÖµÚ�æ
Þ�Ý�Ú�â)Ö6â O Ù-ØwÜ�Ù�Ý�äzÞ�ß�Ö�Ú®ãL×hëZâ�ê6Ýwç¯ÙQÚcÙ�Ü�Ù'Ú_×�á¥Ú_Þ�äz× O Ö6×�Ý
Ø6Ü³Ù'Ý6ÝwÞ�Ý6ß�Ù'ßµÙ'Þ�Ýs°?ÕOÖ6× O â�á_Ü³ç­ÖLÙ�æ�ïRÖwÙ'Ý6ß�×�ç}ã6ê8Úoêwæ£êLÙ'Ü�Ü�ñ
Ý6â�ÚcãEñ�ä�êwïRÖ?é8æ£â�Ú_Öw×�Ö6Þ³æ£Ú_â�á�ñzëZá�â�ä�Ø6á�×�ìEÞ�â�êwæ®Ø6Ü³Ù'ÝwæOï�Ù�Ý
ã
×�ÙÂß�êwÞ�ç8×�íWÕOÖ6× O Ù@ñEØ
â�Þ�ÝµÚ+ï�Ù�ïRÖ6× O Ù�æ)Þ�äzØ6Ü�×�äz×�ÝµÚ_×�ç
ãEñ S�×�×�ØwÞ�Ý6ß�Ù-ï�â�Ýwæ£Ú�Ù�ÝµÚ¥æ£ÞNM�×�Ù�á_áRÙ@ñ-â'ë?æ£Ú�ÙQÚ�×�æ�é�Ù�Ýwç O Ö6×�Ý8Û
×�ì�×�á¥Ù�Ø6Ü�Ù�Ý O Ù�æ!ëZâ�êwÝwçGéEÙ'Ü�Ü6Ú_Öw×hæ´ÚRÙQÚ�×�æUÞ�ÝzÚ_Öw×hØ6Ü³Ù'Ý O ×�á�×
Ø6Ü³Ù�ï�×�çoÞ�Ý�Ú�âOÚ_Ö6×cï�Ù�ïRÖ6× O Þ¹Ú�Ö�á�Ù�Ýwç8â�äÉá�×�Ø6Ü³Ù�ï�×�äz×�ÝµÚ�í�ÕOÖ6Þ�æ
æ£Ú_â�á�×�æUÚ_Ö6× SEÝ6â O Ü�×�ç8ß�×hâ'ë O Ö6×�á_×hÙ)Ø6Ü³Ù'Ý�äzÞ�ß�ÖµÚcÙ�ß�Ù'Þ�Ý¶ã
×
ëZâ�êwÝwç­Þ�Ý�Ú_Öw×�Ý6×�Ù'á�ëZê8Ú_êwá_×�í�Õ�â�ÚRÙ
S�×+Ù�ç8ìQÙ�Ý�ÚRÙ'ß�×-â'ëUÚ�Ö6Þ�æ
ëZâ�áOØ6Ü³Ù'ÝwÝ6Þ�Ýwßwé6ÕÆÙ'ã6Ü�×±®�æ_Ö6â O æ®Ú_Ö6×oäzâ8ç8Þ¹ð
ï�ÙQÚ�Þ�â�Ýwæ®Ú_â+Ú_Öw×
ëZê6Ýwï#Ú_Þ�â�Ý da�6e�e@��kE²wv'm�{�k�j í
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»�â O é�Ú_Ö6×�á_×�Ù'á�×®Ú�Ö6á�×�×�Ø6á�â�ãLÙ'ã6Þ�Ü�Þ�Ú_Þ�×�æUÞ�ÝzÚ�Ö6×hç8Þ³æ´Ú�á_Þ�ã6ê8Ú�Þ�â�Ý
â'ëwÚ�Ù'á�ß�×�ÚÆæ£Ú�Ù'Ú_×�æ�í#a§Þ¹Ú�Ö�Ø6á�â�ãLÙ'ã6Þ�Ü�Þ�Ú´ñ-¼¶ô c�½/¾F¿]öué@Ú_Ö6×cß�âµÙ'ÜµÞ�æ
ïRÖ6âµæ£×�ÝÄÙ�æ¥Ú�Ö6×oÚ�Ù�á_ß�×#Ú	° a§Þ¹Ú�ÖÄØwá_â�ãwÙ'ã6Þ�Ü�Þ¹Ú´ñ�¼¶ô À�¾,Á7b¢½xÂ5Ã�Äuöyé
Ù¶áRÙ'Ýwç6â�ä O Ù@ñEØ
â�Þ�Ý�Ú�Þ³æhïRÖwâ�æ_×�Ý?ébÙ'Ýwç O Þ�Ú_Ö­Ú_Ö6×�á_×�äzÙ�Þ�Ý6Û
Þ�Ý6ß�Ø6á�â�ãwÙ�ã6Þ�Ü�Þ�Ú´ñÂÙ�ê6Ý6Þ�ëZâ�á�ä æ£Ú�Ù'Ú_×¶Þ³æ)ïRÖ6âµæ£×�Ý,Ù�æ-ã
×#ëZâ�á�×�í
ÕOÖ6× O Ù@ñÄÚ�Ö6×�×�PEÚ_×�ÝLç8×�çÂÙ'Ü�ß�â�á�Þ�Ú_Ö6ä Ø6á�â�ß�á_×�æ_æ_×�æ�Þ³æ�Þ�Ü�Ü�êwæ´Û
Ú_áRÙQÚ�×�çÄÞ�Ý [�Þ�ß�êwá_× g í®Õ®ñµØwÞ�ï�Ù'ÜGìQÙ'Ü�ê6×�æ�êwæ£×�ç�Þ�Ý�Ú�Ö6Þ³æ O â�á�S
O ×�á�×±¼¶ô c�½/¾,¿Zö�Å �nÆNg Ù�Ýwçy¼¶ô À�¾,Á7b¢½xÂ5Ã�Äuö�Å �nÆ k6í ] Ý6â'Ú�Ö6×�á
×�PEÚ�×�Ýwæ_Þ�â�Ý O Ù�æOÙ�ç6Ù'Ø8Ú�Þ�ì�×�ã
×#ÚRÙzæ£×�Ù'áRïRÖ?é O Ö6×�á�×�Ú_Ö6×oØ6Ü³Ù'Ý8Û
Ý6×�á�Ù�ç6Ù�Ø8Ú_Þ�ì�×�Ü�ñ�äzâ8ç8Þ�ðw×�ç,ÙÄØwÙ'áRÙ'äz×#Ú�×�á�Ú_â�Ö6×�Ü�Ø,Þ¹ÚoðwÝLç
æ_Ö6â�á_Ú_×�ç­ØwÙ'Ú_Öwæ�í ] æ_Þ�ä+ØwÜ�×¶ò�ò!Õ Ø6Ü³Ù'ÝwÝ6×�áoÞ³æ�ãwê6Þ�Ü³ç8Þ�Ý6ß�Ù
ß�á�×�×�ç8ñ�Ù'Ø6Ø6á�â7P8Þ�ä¶Ù'Ú_Þ�â�Ý�Ú_âÄÙ�äzÞ�Ý6Þ�ä�ê6äèæ_ØwÙ'Ý6ÝwÞ�Ý6ß�Ú_á�×�×�é
Ù'ÝLç,ç6âµ×�æoÝ6â'Ú)ï�Ù'á�×+Ù�ãLâ�ê8Ú-Ú_Öw×¶ØwÙQÚ�Ö,Ü�×�Ýwß'Ú_ÖLæ�ëZá_â�äèÚ_Öw×
Þ�Ý6Þ¹Ú�Þ�Ù�Ü�æ£Ú�Ù'Ú_× T]Ú�Ö6×}á�âEâ'Ú�Ý6â8ç8×�Þ�ÝªÚ_Öw×�Ú_á�×�×7Vxí ÕOÖ6×­ç8Þ³æ´Û
Ú�Ù�Ýwï#×hä+×�Ú_á�Þ�ï�ï�Ù�Ý¶ãL×�ä+â8ç8Þ�ðw×�çzÚ_â�Þ�Ýwï�Ü�êLç8×hÝ6â�Ú¥â�ÝwÜ�ñ+Ú_Öw×
ç8Þ³æ´ÚRÙ'Ýwï�×hëZá�â�ä�Ú�Ö6×�Ú_á�×�×�Ú_âzÙ-Ú�Ù�á_ß�×#Ú�æ´ÚRÙQÚ�×�éEã6ê8Ú�Ù'Ü³æ_â�Ú_Öw×
ç8Þ³æ´ÚRÙ'Ýwï�×UëZá�â�ä�Ú_Ö6×cá�âµâ�Úaâ'ë8Ú�Ö6×UÚ�á_×�×�é@ä)êwÜ¹Ú�Þ�Ø6Ü�Þ�×�ç�ãEñ-æ_â�äz×
ß�Ù�Þ�Ý}ì@Ù�Ü�êw×�í ] Ö6Þ�ß�Ö6×�á�ìQÙ�Ü�ê6×�â'ëUÚ�Ö6Þ³æhßµÙ'Þ�Ý­ìQÙ'Ü�ê6×UTrãL×�Ú�Ù V
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Extend towards a random point
with probability 1−p−rwith probability r

Extend towards a waypoint
with probability p

Extend towards the goal
cached waypoints
Current tree with

�������! �� �¡ È¸¾�jlk#sb¦�kR¦)¿�¿�² « q]jZ�­v « v'��g6e'q]swj�pRv�pR�6kc¢#eQm+kr»ªp#qrk�swjcm_klg
~�v'swsLq]sµ{µ±

á�×�æ_ê6Ü�Ú�æ�Þ�Ý,æ£Ö6â�á£Ú�×�á�ØwÙQÚ�Öwæ�ëZá�â�ä/Ú�Ö6×�á�âEâ'Ú�Ú_â�Ú�Ö6×+Ü�×�Ù@ì�×�æ�é
ã6ê6Ú-Ù�Ü�æ_â¯ç8×�ï#á�×�Ù�æ£×�æ�Ú_Öw×+Ù�ä+â�ê6ÝµÚ�â�ë¥×�P8Ø6Ü�â�áRÙQÚ�Þ�â�Ý�â'ëUÚ�Ö6×
æ£Ú�Ù'Ú_×¯æ_ØwÙ�ï�×�éÆã6Þ³Ù�æ_Þ�Ý6ß�Þ�Ú)Ú�â­Ý6×�Ù'á-Ú�Ö6×�Þ�Ý6Þ¹Ú�Þ�Ù�Ü®æ£Ú�Ù'Ú_×�Þ�ÝWÙ
4_ã6êwæ_Öµñ;6¯Ú_á�×�×�í ] ìQÙ'Ü�ê6×zâ'ë g ëZâ�á-ã
×#Ú�Ù O Þ�Ü�ÜUÙ�Ü O Ù@ñ8æ�×�PEÛ
Ú�×�Ýwç¯ëZá_â�ä�Ú_Ö6×�á�âµâ�ÚcÝwâEç6×hëZâ�áOÙ�ÝEñ�d¥êwï#Ü�Þ³ç8×�Ù�Ý¯äz×#Ú�á_Þ³ïhÞ�Ý
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