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ÆOÇ�È�ÉˆÊ†Ë`Ì¼Í¨ÎZÏ}Ð¢Ñ;ÉZÌ—Ï§Ò�Ì¼Í¨ÎZÊ†ÉˆÇ©Ó§ÇŒÔxÕ”Ì—ÉZÖ©Ï¾Í¨ÈxÊ€×šÕ©ÏØÎZÇ”Ç”Ó§ÇŒÔ�ÎZÇ”Ò�Ê—Ù—ÚŒÍ¨Ò”Û©Ï§Ó§ÇŒÔ"Õ©Ú”ÎZÊ†Í¨ÊFÎ	Ì¼ÍÜÏ¾É[ÉˆÊ†Í¨Ï¾Ý

Ù‰ÉˆÛŒÕ•Ï¾Í¨ÒßÞ¹àŒÉZÌ.Í‰ášÎZÈxÕ©Ï¾ÍZ×¹Ó§ÇâÕ”Ì¼É�ã†Í¨Ù‰Ë­Õ•Ï§ÎZÇ”Ç”Ó§Ç”ÔŒ×”Ë¼ÚŒÍ�Û”Ê†Í€Ì.Ù‰ÉˆÈ�Í¨Ê�ÛŒÕâÑ`Ó¾Ë¼ÚâÎ�Ë¼ÎZÊ†ä1ÏØÓ§Ê†ËFÎZÇ©Ò

Ê¼Ù¤ÚŒÍ¨Ò”Û”Ï§Í¨Ê;Ó§Ë@Ñ`Ó§Ë¼Ú6Î�Ê¼Ù¤ÚŒÍ¨Ò”Û”Ï§ÓØÇŒÔÜË†É[ÉˆÏ¹Ï§Ó¾äZÍ.å5Ó§Ù‰Ì—ÉˆÊ†ÉZæ½Ë�çUÌ¼É�ãOÍ¨Ù‰Ë€Þ•è.ÇŒÍ­Ù€ÎZÇ�éšÓ¾Í€Ñ$ÎZÛŒË†ÉˆÈxÎ	Ë†Í¨Ò

Õ©ÏØÎZÇ”Ç”Ó§ÇŒÔ�Ó§Ç�ÎxÊ¼ÓØÈxÓ§Ï§Î	Ì;Ñ;Î0ÝGÓ§Ç�Ñ`Ú”Ó§Ù¤Ú�Ë¼ÚŒÍ€Ì¼Í�Ó§Ê`ÎZÇ�ÎZÙ‰Ë¼Ó¾ÉˆÇ�Ê†Í¨Ï§Í¨Ù‰Ë¼Ó¾ÉˆÇGÕ©Ú”ÎZÊ¼Í.Ñ`ÚŒÍ€Ì¼Í.ÎZÙ‰Ë¼Ó¾ÉˆÇ”Ê

Î	Ì¼Í.Ê†Í¨Ï§Í¨Ù‰Ë†Í¨ÒGÎZÇ”Ò�ÉZÌ—ÒŒÍ€Ì¼Í¨Ò�Ë†É�Ì¼Í¨ÎZÙ—Ú�Ë¼Ú”Í]Ò”Í¨Ê¼Ó¾Ì¼Í¨Ò6ÔZÉˆÎZÏ§Ê€×ŒÎZÇ”Ò�Î"Ì¼Í¨Ê†ÉˆÛŒÌ¤Ù‰Í­ÎZÏ§Ï§É[Ù€Î	Ë¼Ó¾ÉˆÇ�Õ©Ú©ÎZÊ†Í

Ñ`Ú”Í€Ì¼Í@Í¨Ç”ÉˆÛŒÔˆÚ"Ì¼Í¨Ê†ÉˆÛŒÌ—Ù‰Í¨Ê�Î	Ì—Í4ÎZÊ—Ê¼Ó¾ÔˆÇŒÍ¨Ò"Ë†É]Í¨Ç”Ê¼ÛŒÌ—Í@Ë¼ÚŒÍ�Ê¼Û©Ù€Ù‰Í¨Ê¼Ê†æœÛ”ÏVÍ‰ášÍ¨Ù€ÛŒË¼Ó¾ÉˆÇ�ÉZæ©Ë¼ÚŒÍ�Ù—ÚŒÉˆÊ†Í¨Ç

ÎZÙ‰Ë¼Ó¾ÉˆÇ©Ê€ÞQè]ÇGË¼Ú”Í.ÉZË¼ÚŒÍ€ÌFÚ”ÎZÇ©Òß×”È�ÉˆÊ†Ë�Í‰áŒÓ§Ê†Ë¼ÓØÇŒÔ�ÎZÛŒË†ÉˆÈxÎ	Ë†Í¨Ò1Õ©Ï§ÎZÇ”ÇŒÍ€Ì¤Ê;Ê¼Ë¼Û”Ò”Ó¾Í¨ÒGÓ§ÇGêFÌ¼Ë¼Ó¾ë•Ù€Ó§ÎZÏ

ÆOÇVË†Í¨ÏØÏ§Ó¾ÔZÍ¨Ç”Ù‰Í4ÒŒÉ.ÇŒÉZË�Í‰ášÕ©Ï¾ÉˆÓ¾ËgË¼Ú”Ó§ÊgÏ¾É[ÉˆÊ†Í‰ÐLÙ‰ÉˆÛŒÕ©Ï§ÓØÇŒÔ­ÎZÇ©Ò(Õ¹Í€Ì¼æ{ÉZÌ—È<Ö¹ÉZË¼Ú�ÎZÙ‰Ë¼Ó¾ÉˆÇ�Ê†Í¨Ï¾Í¨Ù‰Ë¼Ó¾ÉˆÇ�ÎZÇ©Ò

Ì¼Í¨Ê¼ÉˆÛŒÌ—Ù‰Í•ÎZÊ¼Ê—Ó¾ÔˆÇ”È�Í¨ÇjË.Í¨È�Õ©Ï¾É)Ý[ÓØÇŒÔGË¼ÚŒÍ•Ê¼ÎZÈxÍ•ÎZÏ¾ÔZÉZÌ—Ó¾Ë¼Ú©ÈGÞíì�ÚŒÍxÙ€ÛŒÌ—Ì¼Í¨ÇVËÜÑ@ÉZÌ¼ä�Ê¼Ú”É0Ñ`Ê.Ë¼Ú©Î	Ë

Ë¼ÚŒÍ�Î	Ö¹É0éZÍ�Ê†Ë†Ì—Î	Ë†Í€ÔZÝîÊ†Í€éZÍ€Ì—Í¨Ï¾Ý�Ù€ÛŒÌ¼Ë¼ÎZÓ§Ï§ÊÜË¼ÚŒÍ•Ê¼Ù€ÎZÏ§Í‰ÐLÛŒÕîÕ¹ÉZË†Í¨ÇjË¼Ó§ÎZÏUÉZæ4Í‰áŒÓ§Ê†Ë¼Ó§Ç”Ô5Ê†Ë¼Î	Ë†Í�ÉZæ;Ë¼Ú”Í

Î	Ì¼Ë`Õ©Ï§ÎZÇ”ÇŒÍ€Ì¤Ê@ÑFÚ”Ó§Ù—ÚGÙ€ÎZÇ5Ö¹Í.É0éZÍ€Ì—Ù‰ÉˆÈ�Í(ÖjÝGÏ¾Í€éZÍ€Ì¤Î	ÔˆÓ§ÇŒÔ�Ë¼ÚŒÍÜÏ§ÉjÉˆÊ†Í�Ù‰ÉˆÛ”Õ©Ï§Ó§ÇŒÔŒÞ

ï

ÕQÍ¨Ù€Ó§ë©Ù€ÎZÏ§Ï¾ÝZ×ßÎ�ÇŒÉ)éZÍ¨Ï3Õ©ÏØÎZÇ”Ç”Ó§ÇŒÔ�æ{Ì—ÎZÈ�Í€Ñ;ÉZÌ¼ä�Ù€ÎZÏ§Ï¾Í¨Ò*ð”ñ[ò[óˆôŒó[ò�õ�Ó§Ê.ÒŒÍ€éZÍ¨Ï¾ÉZÕ¹Í¨ÒrÓØÇ�Ñ`Ú”Ó§Ù¤Ú

Ì¼Í¨Ê¼ÉˆÛŒÌ—Ù‰Í4ÎZÏ§Ï¾ÉšÙ€Î	Ë¼Ó¾ÉˆÇ(ÓØÊWÒŒÍ‰ÐLÙ‰ÉˆÛ”Õ©Ï¾Í¨Ò(æ½Ì¼ÉˆÈdÕ©Ï§ÎZÇ©Ç”Ó§ÇŒÔ�ÎZÇ”Ò"Ó§ÊgÚ”ÎZÇ”Ò”Ï§Í¨Ò�Ó§Ç"ÎFÊ†Í€Õ•Î	Ì—Î	Ë†Í�Ê¼Ù—ÚŒÍ¨Ò©Û”Ï}Ð

Ó§Ç”Ô"Õ•Ú”ÎZÊ†ÍZÞŒì�ÚŒÍ.Ê¼Ù¤ÚŒÍ¨Ò”Û”Ï§ÓØÇŒÔ(Õ©Ì¼ÉZÖ©Ï¾Í¨È'Ñ`Ó¾Ë¼ÚGÒ”ÓØÊ¼Ù‰Ì¼Í€Ë†Í]Ì¼Í¨Ê†ÉˆÛŒÌ¤Ù‰Í¨Ê�Ó§Ê4Ì¼Í€Õ”Ì¼Í¨Ê¼Í¨ÇVË†Í¨ÒGÎZÊ�Î•ö4ÉˆÇšÐ

Ê†Ë†Ì¤ÎZÓ§ÇVË

ï

Î	Ë¼ÓØÊ†æ{ÎZÙ‰Ë¼Ó§ÉˆÇ�ç3Ì¼ÉZÖ©Ï§Í¨Èo÷¢ö

ï

ç;øaÕ”Ì¼ÉZÖ•Ï¾Í¨ÈG×	ÎZÇ”Ò"Ë¼ÚŒÍ�Õ©Ï§ÎZÇ”Ç”Í€ÌgÎZÇ”Ò�Ê—Ù—ÚŒÍ¨Ò”Û©Ï¾Í€Ì�Ó§ÇVË†Í€Ì¤ÎZÙ‰Ë

Í¨Ó¾Ë¼Ú”Í€Ì(Ó§Ç�Î1ÈxÎZÊ†Ë†Í€Ì†ÐLÊ¼ÏØÎ¨éZÍ6È•ÎZÇ”ÇŒÍ€ÌÜÉZÌ"Ó§ÇrÎGÕ¹Í€Í€Ì†Ð¢Õ¹Í€Í€Ì�Ì—Í¨Ï§Î	Ë¼Ó¾ÉˆÇ”Ê¼Ú©Ó¾ÕíÞ¹ÆpÇrË¼ÚŒÍ•æ{ÉZÌ—È�Í€Ì¨×ßË¼Ú”Í

Ê¼Ù¤ÚŒÍ¨Ò”Û”Ï§Í€ÌUÊ¼Ó§È�Õ•Ï¾ÝÜË†Ì—Ó§Í¨Ê3Ë†É(ÎZÊ—Ê¼Ó¾ÔˆÇ�Ì¼Í¨Ê¼ÉˆÛŒÌ—Ù‰Í¨Ê3Ë†É"Ë¼ÚŒÍ`Î	Ö•Ê†Ë†Ì—ÎZÙ‰Ë@Ù€ÎZÛ©Ê¼ÎZÏ”Õ©ÏØÎZÇ�Õ©ÎZÊ¼Ê†Í¨Ò•Ë†É(Ó¾ËUÖjÝ

Ë¼ÚŒÍÜÕ©Ï§ÎZÇ”ÇŒÍ€ÌFÎZÇ”ÒGÌ¼Í€Ë¼ÛŒÌ¤Ç”Ê�Ê¼Û”Ù€Ù‰Í¨Ê—Ê€Þ©ÆOÇGË¼ÚŒÍÜÏØÎ	Ë†Ë†Í€Ì¨×•ÎxÈxÉZÌ¼Í(Ê†ÉZÕ•Ú”Ó§Ê†Ë¼Ó§Ù€Î	Ë†Í¨Òúù†È(Û”Ï§Ë¼Ó}ÐLÈ�ÉšÒ”Û”Ï¾Í

ÒŒÍ€Õ¹Í¨Ç”Ò”Í¨Ç”Ù‰Ý�Ò©Ó¾Ì¼Í¨Ù‰Ë†Í¨Ò�Ö•ÎZÙ¼ä[Ë†Ì—ÎZÙ¼äšÓ§ÇŒÔˆû�Î	Õ”Õ”Ì¼ÉˆÎZÙ¤Ú1ÓØÊ`Û”Ê†Í¨Ò�Ñ`ÚŒÍ€Ì¼Í�Ë¼Ú”ÍÜæœÎZÓ§Ï§ÛŒÌ¼Í.Í‰ášÕ©Ï§ÎZÇ©Î	Ë¼Ó¾ÉˆÇ

Ó§Ç5Ë¼ÚŒÍ(Ê—Ù—ÚŒÍ¨Ò”Û©Ï¾Í€ÌFÓ§Ê`Ë†Ì—ÎZÇ”Ê¼ÏØÎ	Ë†Í¨Ò5Ö©ÎZÙ—ä�Ë†É�Ë¼ÚŒÍÜÕ©ÏØÎZÇ”ÇŒÍ€ÌFÎZÇ©Ò5Ê†Í€Ì¼éZÍ¨Ê]ÎZÊ­Î5ŠQ‡¼£V‡¨‡0–âË†É�Ò”Ó§Ì¼Í¨Ù‰Ë

Õ©ÏØÎZÇ”ÇŒÍ€Ì�Ê†Í¨Î	Ì—Ù¤ÚßÞ

ð”ñšòjóˆôŒó[ò	õrÇ”ÉZË"ÉˆÇ©Ï¾ÝrÕ”Ì¼Í¨Ê¼Í€Ì¼éZÍ¨Ê�Ö¹ÉZË¼ÚîË¼ÚŒÍGÙ‰ÉZÌ¼Ì—Í¨Ù‰Ë¼ÇŒÍ¨Ê¼ÊxÎZÊ"Ñ;Í¨Ï§Ï4ÎZÊ�Ë¼ÚŒÍGüjÛ”ÎZÏØÓ¾ËLÝú÷œÈ�Í¨Î�Ð

Ê¼Û”Ì¼Í¨Ò(ÓØÇ(Ï¾Í¨Ç”ÔZË¼Ú•øßÉZæ©Ë¼ÚŒÍ@Õ•Ï§ÎZÇÜÖ•ÛŒËgÎZÏØÊ†É­ÓØÈ�Õ”Ì¼É)éZÍ¨ÊWÍ€ý6Ù€Ó¾Í¨Ç”Ù‰ÝZÞˆå�ÉZÌ—Í€É0éZÍ€Ì¨×ZË¼ÚŒÍ;æœÎZÓ§Ï§ÛŒÌ¼Í‰ÐLÒ”Ì—Ó¾éZÍ¨Ç

Ï¾Í¨Î	Ì¤Ç”Ó§ÇŒÔxÉZæ@Ù‰ÉˆÇ”Ê†Ë†Ì—ÎZÓ§ÇjË¼Ê]Ù€ÎZÇ*Ê†Í€Ì¼éZÍ�ÎZÊ]ÎZÇ5Í¨Ï¾Í€ÔˆÎZÇjË.ÎZÇ”Ò1Í‰þQÍ¨Ù‰Ë¼Ó¾éZÍxÎ	Õ©Õ”Ì¼ÉˆÎZÙ—Úâæ{ÉZÌ.Ó§ÇVË†Í€ÔZÌ¤Î	ËOÐ

Ó§Ç”Ô�Õ©Ï§ÎZÇ”Ç”ÓØÇŒÔ"ÎZÇ©Ò5Ê¼Ù¤ÚŒÍ¨Ò”Û”Ï§ÓØÇŒÔ�Ê†Ý[Ê¼Ë†Í¨ÈxÊ€Þ©ÿ;Í€ÝZÉˆÇ”Ò1Ë¼ÚŒÍÜÙ‰ÉˆÇjË†Í‰á[Ë­ÉZæ Õ©Ï§ÎZÇ”Ç”Í€Ì�Í€ý•Ù€Ó¾Í¨Ç”Ù‰ÝZ×”Ë¼Ú”Í

Ù€ÛŒÌ—Ì¼Í¨ÇVË.Ñ;ÉZÌ¼ä�Ù€ÎZÇrÖ¹Í�éšÓ¾Í€Ñ;Í¨ÒrÎZÊÜÎZÇrÓØÈ�Õ¹ÉZÌ¼Ë¼ÎZÇVË�Ê¼Ë†Í€ÕîË†É0Ñ4Î	Ì—Ò”Ê(È�Í€Ì¼ÔˆÓ§Ç”ÔGÕ©Ï§ÎZÇ”Ç”ÓØÇŒÔ6ÑFÓ¾Ë¼Ú

Ì¼Í¨ÎZÏWÑ;ÉZÌ—Ï§Ò�Õ©Ì¼ÉZÖ©Ï¾Í¨È Ê†ÉˆÏ¾éšÓ§ÇŒÔxÑ`Ú”Í€Ì¼ÍÜÕ©ÏØÎZÇ�æœÎZÓ§Ï§ÛŒÌ¼Í(Ò”ÛŒÌ—Ó§Ç”Ô�Í‰á[Í¨Ù€ÛŒË¼Ó§ÉˆÇâÙ€ÎZÇâÖ¹Í�Ì¼Í¨Ê¼ÉˆÏ¾éZÍ¨ÒâÖjÝ

Û”Ç©ÒŒÍ€Ì¼Ë¼Î	äšÓ§ÇŒÔ�ÉˆÇ”Ï¾Ý�ÇŒÍ¨Ù‰Í¨Ê¼Ê¼Î	Ì¼Ý�Ì¼Í¨Ê¼ÉˆÛŒÌ—Ù‰Í�Ì¼Í‰ÐLÎZÏØÏ¾É[Ù€Î	Ë¼Ó§ÉˆÇ�ÎZÇ”ÒGÇŒÉZË`Ù‰ÉˆÈxÕ©Ï¾Í€Ë†Í�Ì¼Í‰Ð¢Õ•Ï§ÎZÇ”Ç”Ó§Ç”ÔŒÞ
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FHGJI5K�K�L&K�MNL&OQP$R5S3T�U"L&O"V$WXRZY[P\I5]�O^I5G_U�V$I5O�R5K�L&K�M`I5K�WaU�V$O"Rb]�U"P$VcU"V\I5O"RbK�LdK�M�egfhL!ibV%KjI

W�RbS3I5L&KlklI.O"V%mhR5YgI5P�m^LdRbK�O,m�RnP0opI5K�M5VqO"m0Irm^V$O[LdKsm^o�VtW�RbS3I5L&K�k<I5KuLdK�Ldm�LJI5G@O
m0IZm�VQI5K�W

m^o�VQW�V%O�LdU�V$WvMbRbI5GwO"m^IZm^VZk�m^o�VqT�GJI5K�K�L&K�MnT�U"Rbx�GdV$SyLdO�m^RnzpK�WNInO�V%{�]�V$K�P%V.R5Y|I5P�m^L&R5K�O

}

I5GdO�RQ~�K�R�•_KuI5O€IQT�GJI5Kp•|O�]�P0ocm�opIZm_•_o�V%KcLdm_LdO_V�‚)V$P%]�m^V%WcY�U�RbSƒm^o�V�L&K�L!m^L&I5G<O
m0IZm�V5kEI

MbR„I5G…O"m0Irm^VQP\I5KNxEV�U"V\I5P0o�V$W�eC†‡I5]�O�I5GHU�V$I5O�R5K�L&K�MˆV%K�O�]�U"V$O�m^opIZm[Y�R5U[V%ibV%U"‰ŠI5P�m^L&R5KuL&K

m^o�V�T�G&I5K�k�L!m^OhT�U�V%P$RbK�W�Ldm�L&RbK�O[P$I5K`xEVQO^IZm�L&O
zpV$WvY�U�RbS‹m^o�V�V%Œ<V$P�mtR5Y|I5K�RZm^o�V%UtI5P�m^LdRbK

T�U�V%P$V%W�L&K�M`Ldm�•_Ldm^o�L&K•m^o�VsT�GJI5K�eg†‡I5]�O^I5G€U�V%GJIZm�L&RbK�O"o�L&T�OQY�R5U�P$VŽO�]�•�P%L&V$K„mnR5U�W�V%U�L&K�MbO

I5S�RbK�M•IZP%m^LdRbK�O�m^R‘I5P0o�L&V%i5Vcm^o�VsMbR„I5GdO.IZK�WXY�]�U
m^o�V%U�S�RbU�VZk|W�V�m^V$U"S3LdK�Vˆm^o�VsV’‚“m^V$K„m

R5Y_P$R5K�P$]�U"U�V%K�P%‰_”‘TERbO�O"L&x�GdV3LdK•IcT�GJI5K�e�•_V$O"Rb]�U�P%V–U�V$I5O�R5K�L&K�McV$K�O"]�U�V%O—m^opIZmtI5GdG'm�o�V

U�V%O�Rb]�U"P$V%O–K�V$V%W�V$WaY�RbU�m�o�V˜V�‚)V$P%]�m^LdRbKXR5Y[I5KjI5P�m^LdRbKXIZU�V˜I\i5IZL&GJIZx�G&V–Y�RbU�I5GdG&R“P\IZm�L&RbK

•_Ldm�o�Rb]�mQIZK�‰`U�V%O�Rb]�U"P$VˆP$R5K�™pL&P�m^O%e…š›U�V%O�Rb]�U�P$VnP%RbK�™pLdP%mQR“P$P%]�U�O—•_o�V%K‘m�•|RNI5P�m^L&R5K�O

P\I5K�K�R5mœx<V.I5O�O"L&MbK�V%WŠm�o�V3O�I5S�V3U"V$O�R5]�U�P%V5k…V%Ldm�o�V$U�W�]�VQm^RŽU�V$O"Rb]�U"P$V.P0o�I5U^I5P�m^V%U�L&O
m^LdP$O

}

K�R5K)•�O"opI5U^IZx�G&VœU�V$O"Rb]�U"P$V$O^•žRbU�W�]�Vtm^R–W�RbS.IZL&KcP0o�I5U^I5P�m^V%U�L&O
m^LdP$O

}

I5P%m�L&RbK�O,L&K„m^V%U"Y�V%U�V�•’e

Ÿ�Y�U�V$O"Rb]�U"P$V$O,I5U"V�O�P$I5U�P%V5k�m^o�V[U�V$O"Rb]�U"P$V�I5G&GdR)P$IZm^LdRbK�S.I\‰3L&K„ibRbG!ibV�Y�U"V$V$LdK�MQI5K�WnU"V\I5GdG&RZ•

P\IZm�L&K�M—m�o�V�GdL&S�Ldm^V%W.U"V$O�R5]�U�P%Vh•_o�L&P0onP\IZKŽIZW�WˆS3RbU"VžRbU"W�V$U"L&K�MqU"V$G&IZm^LdRbK�O�o�L&T�O|I5S3R5K�M

I5P%m�L&RbK�O_I5K�W˜V%Œ<V$P%m�Ldi5V$Gd‰–O�V$U"LJI5GdL& %Vžm^o�VhT�G&I5K�e

šžŸqFHG&I5K�K�LdK�M

}

L¡e¢V5e!kHT�GJIZK�K�L&K�MŠIZO3O
m^]�W�LdV$WaL&K£šžU"m�LdzpP%LJI5G¤Ÿ�K„m�V$G&GdL&MbV%K�P$V\•—P\I5KaopI5K�W�GdV

O�S3I5G&GZT�GJIZK�O(P$RbS�TpI5U"V$W[m^R_•_opIZm�o�]�S3I5K�O�I5G&U"V\I5W)‰�opI5K�W�G&V'L&K[m�o�V'U�V\IZG5•|R5U�G&Wle�Ÿ�KœU"V\I5G�•
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Performance of Graphplan and Blackbox (satz)
in the 6-block Shuffle Problem in Blocks World
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Performance of Graphplan in Shuffle Problem
with varying number of blocks and robots
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‰Š•_L!m^o‘IsK�V�• P$I5]�O�I5G|T�G&I5K

}

L&K

æ�ç“è)érêpébè5ëlk5ê�êE•�e½Ÿ�Ywm�o�VtU"V$O"Rb]�U�P%V—I5GdG&R“P\IZm�L&RbKnO"]�P$P%V$V%W�O[I5K�WcK�V%•ÔY�U"V$VœI5K�WcU"V\I5GdG&R“P\Ir•

m^LdRbKQI5P%m�L&RbK�Ow•|V%U�V,I5W�W�V%W3x„‰—m�o�V_O�P0o�V%W�]�G&V%U$k„m^o�V€O"P0o�V$W�]�G&V%W.T�G&I5KqL&OHTERbO"m
•�T�U"R)P%V$O"O�V$W

Y�RbU¤K�V%P$V$O"O^I5U
‰˜W�RbS3I5L&K–m�U^I5K�O"GJIZm�L&RbK–Y�R5U¤V�‚)V$P%]�m0I5x�L&G&L!m�‰be
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¾`VgY�]�U"m�o�V$UwW�L&O�P%]�O�Owm�o�V‡U�I5S3L!zpP\Irm^L&R5K�O(R5Y½U�V%O�Rb]�U"P$V¤U"V\I5O"RbK�L&K�Mž•_Ldm�o�L&K—T�GJI5K�K�L&K�MžI5K�W

o�R�• Ldm²S3I�‰QxEV€G&V%i5V$U�I5MbV$W3Y�RbU'V%•�P$LdV$K�P�‰be�š,OgO"R)R5K–I5O‡fhU�I5T�o�T�G&I5KQMbV$K�V$U^Irm^V$O‡I�T�G&I5K

MbU^IZT�o`]�TŠm^RŽm�o�V�G&V%i5V$G'm^opIrmtRbK�V.O�R5G&]�m�L&RbKNP\I5KŠx<V3V�‚“m^U�I5P%m�V$W�k�LdmœopI5OœIŽO
m^U"]�P%m�]�U�V

m^opIrm¤P$RbK„m^I5L&K�O‡I5G&GES3LdK�L&S3I5GpO"RbG&]�m�L&RbK�Ogm^Rœm^o�V[T�U"Rbx�GdV$S˜e"Œ[V$V%T�L&K�MqW�L&O¶´"]�K�P%m�Ldi5V�T�GJIZK�O

I5U�R5]�K�WXGdV\I5W�O�m�RŠm^o�VŽV’‚�T�G&RbO"L&RbKaR5Y�m^o�VŽO"L& $VŽR5Y�T�GJI5KaMbU^I5T�oaW�]�VŽm^RNm^o�VŽU�V%P$RbU"W)•

L&K�MqRZYCLdK„m^V$U�I5P%m�L&RbK�O¤I5S�RbK�M—W�R5S.I5LdK–Rbx“´"V%P%m�O$e

°

LdK�P$Vžm�o�V[]�O"V$U_W�R“V$O¤K�R5m‡P\I5U"VhI5x<R5]�m

m^o�VQO"T<V%P$Ldz�P$O�R5Y‡U"V$O�R5]�U�P%V$O$k�U�V%P$RbU"W�L&K�M˜LdK„m^V$U�I5P%m�L&RbK�OhI5S3R5K�MˆS—]�Gdm�L&T�GdVtU"V$O�R5]�U�P%V$OtLdO

P$GdV\I5U"Gd‰ˆ•‡IZO"m^V�Y�]�G¡el¯¤o�L&O[IZG&O�RnW�V$MbU�I5W�V$O�m�o�VqxpI5P0~„•|I5U�WNO�V$I5U�P0ole(Ë�K�VqP\I5Ksm�U"‰Žm^RnU�V’•

W�]�P%V˜xER5m�oaMbU�I5T�o•V�‚)TpIZK�O�LdRbKXIZK�W•O�V\IZU�P0oXx„‰•IZx�O"m�U^I5P�m^L&K�MNU"V$O"Rb]�U�P%V$O

}

LÏeÐVZedkwxEV$LdK�M

G&V$I5O"m'P%RbS3S�Ldm"m^V%W—m^RhU�V%O�Rb]�U"P$V%O0•HK�V$V%W�V$W–x„‰QIZP%m^LdRbK�OHW�]�U�L&K�M�T�GJI5K�K�L&K�MhI5K�W.I\ibR5L&W�LdK�M

P0o�V$P0~�LdK�McIZG&G�L&K„m^V%U^I5P�m^L&R5K�OžxEV%m�•gV$V%KNm�o�V$S˜el¯¤o�V�I5O"O�]�S�T�m�L&RbKsLdOžm^o�IZm�m^o�VqI5x�O
m^U^IZP%m

I5P%m�L&RbK�O�L&Kcm�o�VqT�G&I5Ks•|R5]�G&WuxEVqI5GdG&R“P\IZm�V$WsU"V$O�R5]�U�P%V$O

}

Y�RbGdG&R�•_L&K�M3T�G&I5KuO�V$I5U�P0op•žL&KvI

O�]�x�O�V${�]�V%K„m[O�P0o�V%W�]�GdL&K�MQT�opIZO�V5e

³
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±pRbU‡Êž†‡FgË[F�kpP$RbK�O"L&W�V%U�LdK�M—U�V%O�Rb]�U�P$V%O_W�]�U�LdK�MqT�G&I5K�K�LdK�MtP%RbU�U"V$O�TERbK�W�O_m�RQI5W�W�L!m^LdRbKpI5G

P$GdRbx�xEV$U�LdK�M•TERbO�O"L&x�LdG&L!m^L&V%Oq•_o�L&P0oìP$I5K W�V$MbU�I5W�Vcm�o�VuT�G&I5K�K�V%U.TEV$U"Y�R5U�S3I5K�P$VcLdYhP$R5K)•

™pL&P�m²U�V$O"RbG&])m^L&R5K3LdO²V%KpI5x�GdV$W�e“¯¤o�V€O�V%TpI5U^Irm^L&R5K.R5YlU�V$O"Rb]�U"P$VžU"V\I5O"RbK�LdK�MœY�U"RbSíT�G&I5K�K�LdK�M

P\I5]�O�V$O(TERbO"m�T<R5K�V$S�V$K„m(R5Y)U�V%O�Rb]�U"P$V'P$R5S3S�Ldm�S3V%K�m�OlW�]�U�L&K�M¤P$RbK�™�L&P%m(U"V$O"RbG&]�m�L&RbK,•_o�L&P0o

U�V%W�]�P$V%O‡m^o�V,O�V$I5U�P0onO"TpI5P$VZe�¼€V$K�P%V[I5x�O
m^U^IZP%m^LdRbK.RZY(U�V$O"Rb]�U"P$V$O|L&O‡IZK.V${�]pIZG&Gd‰QT�U�RbS�L&OÅ•

L&K�M£I5T�T�U�R„IZP0o Y�RbU˜Ê�†‡F²Ë[FCe

°

LdK�P$V`f[U^I5T�o�T�GJI5K“•�xpI5O"V$W T�G&I5K�K�V%U�OŽI5U�Vum^o�VNY�I5O
m^V%O"m

x�U�V%V$WuR5YwT�GJI5K�K�V$U"O�I\iZI5L&G&I5x�G&V�m�R)W�I�‰T•(kE•gVt•_LdG&G�Y�R“P$]�O,RbKcm^o�V$S›Y�RbU_m^o�V—U"V$O
m�R5Ywm�o�V

TpI5TEV$U_x�]�m_m�o�V[m^V$P0o�K�L&{�]�V%OžI5U"VhO"m^LdG&GlI5T�TEV\I5GdL&K�M—Y�RbU¤RZm^o�V%U‡Y�RbU�S�O¤R5YCšžŸ|T�GJI5K�K�L&K�M�e

¾ o�V$KˆU"V$O�R5]�U�P%V$O€I5U�V�I5x�O"m�U^I5P�m^V%W˜LdKˆf[U^I5T�o�T�GJI5Klk�I5O¤LdK.æ�ç�è�érêpébèZë@k)m�o�V[T�G&I5K–MbU�I5T�o

O�Ld $V¤L&OHU"V$W�]�P$V$W3I5K�W�I[S3Ir‚)L&S3I5G&G!‰[P$RbK�P$]�U"U�V$K„mgT�GJIZKqL&OwRbx)m0I5LdK�V$W�e5šìO�]�P%P$V$O"O"Y�]�G½T�G&I5K

V$K�O"]�U�V%O²m�opIZm²I5GdG)Y�I5P�m^Owm�opIZm'W�RhK�R5m'K�V$V$W�U�V%O�Rb]�U�P$V%O²I5U�V¤P%RbU�U"V$P%m�Gd‰QIZP0o�L&V�ibV$W�x„‰—m^o�IZm

T�GJIZK�elšíO
m^U�I5L&Mbo„m"Y�RbU"•|I5U�WuS�V%m�o�R“WsY�RbU�U�V%O�Rb]�U�P$V�I5GdG&R“P\IZm�L&RbK˜L&O,m^RˆI5O"O�L&M5KvIˆK�V%•îRbU

Y�U�V%V$W–U"V$O�R5]�U�P%Vžm^RtI5K„‰3O
m^V%T–m^opIZmgL&O²L&K„i5RbGdi5V$W–LdK–IœU"V$O"Rb]�U�P%V�P$R5K�™pL&P�m\e

°

]�T�T<RbO"Vžm^o�IZm

m^o�LdO@S3V�m^o�R“W�K�V$V%W�O;�£U�V%O�Rb]�U"P$V%O$en#,R�•`Y�RbU(IZG&GbT�U"Rbx�GdV$S�O�•_Ldm^ohLdK�Ldm�LJI5GrU�V%O�Rb]�U"P$V%O~Ž••

�—k�m�o�V–O�I5S3V3S3V�m^o�R“W`P$I5K‘xEV–I5T�T�G&L&V%W�e(šžOtm�o�V.K�]�Stx<V%U—R5Y¤U"V$O�R5]�U�P%V$OqW�V%P$U�V$I5O�V%O$k

m^o�V˜O�P0o�V$W�]�GdV$U3opI5O3m�RŠO"V$U"LJI5GdL& $V–m�o�V˜T�GJI5K£L&K£G&LdK�Vn•_Ldm�o£m�o�VŽU"V$O"Rb]�U�P%VcGdL&S�Ldm0Irm^L&R5K�e

°

V$U"LJI5GdL& $IZm^LdRbKcS3I\‰sL&K„i5RbGdi5VqS3R�i“L&K�M–m�o�VQTpI5U�I5G&GdV$G�O"m^V%T�Ohm^RnG&V%O�OÅ•�P$R5K�O"m�U^I5LdK�V$WNG&V�ibV$GdO

I5K�WˆL&K„m�U�R“W�]�P$LdK�M—O
m^V$T�O_m�RQU�V$GdV\I5O"V[]�K�K�V%P$V%O�O^IZU"‰˜I5GdG&R“P\IZm�L&RbK�OgI5K�WˆU"V�•ÅIZG&G&R“P\Irm^V_m^o�V%S

•_o�V$U"VžK�V%V$W�V%W�e)±…L&Mb]�U�Vh³b³€MbLdi5V$OgI�x�U"R„I5W�G&R“Rb~qIZm'm�o�V€m�‰“TEVžR5YlT�GJIZK�O'Rbx�m0IZL&K�V%W�•_L!m^o

W�LdŒ<V$U"V$K„mœK“]�S—x<V%U�OœR5Y¤U�V%O�Rb]�U�P$V%O$e…¼,V$U"V5k@m^o�V.O^IZS3V�P\I5]�O^I5G'T�G&I5KŠLdOœxEV$LdK�MŽI5WpI5T�m�V$W

m^R‘O�IZm^LdO"Y¶‰•m^o�VuU"V$O"Rb]�U�P%VvI\i5IZL&GJIZx�L&GdLdm�‰•P%RbK�O
m^U^IZL&K„m^O%e|Ÿ�Kjm^o�VsTpIZm�o�RbG&R5MbL&P$I5G_P\I5O"V$OnR5Y

m^o�V3S3R5O"m—U"V$O"Rb]�U�P%V–P$R5K�O"m�U^I5LdK�V$W•T�U�Rbx�GdV$S�O

}

K�RbU"S.I5GdGd‰‘³3U�V%O�Rb]�U"P$V\•�kwRbK�V.MbV�m^Oœm�o�V

S.I7‚�LdS.IZG&Gd‰QO"V$U"LJI5G

}

L¡e¢V5e!k�O�V%U�L&I5G&Ld $V$Wp•|T�GJI5Kle

šžK�RZm^o�V%U.xEV$K�V�z�mnR5Y�m�o�VcT�U�RbTERbO�V%W I5T�T�U"R„I5P0ojRZY[T<R5O"m^TERbK�LdK�M`O"P0o�V$W�]�G&LdK�M•R“P$P$]�U�O

W�]�U"L&K�M�T�GJIZK˜V’‚)V$P$])m^L&R5K�kp•_o�V$K˜m^o�V�]�O�V%U,P$I5K˜V\I5O"L&Gd‰–O�TEV$P$L!Y¶‰–m^o�VœP0opIZK�MbV$WŽU�V%O�Rb]�U"P$V

V$K„i“L&U"RbK�S�V$K„m—IZK�W`Rbx)m0I5LdKNK�V%• T�G&I5K�O%e�Ÿ�K`Iˆm�U^I5W�Ldm^LdRbKpI5GCT�GJIZK�K�V$U[•_o�LdP0o`TEV$U
Y�RbU�S�O

L&K„m^V%MbU^Irm^V$W‘T�GJI5K�K�L&K�McI5K�W‘O�P0o�V$W�]�GdL&K�M�k…LdY_O"RbS�V–I5GdG&R“P\IZm�V$W`U"V$O"Rb]�U�P%Vˆx<V%P$RbS�V$O—]�K)•

I\i5IZL&GJIZx�G&V€W�]�U"L&K�MqT�G&I5KnV�‚)V%P$]�m�L&RbK�k)m^o�V�•_o�R5G&V�T�G&I5KnopI5O‡m�Rqx<V[U"V�•�W�RbK�V[RbU‡I5G&G<R5m^o�V%U

T�GJIZK�O'opI\ibV_m^R�x<V€V$K�]�S�V$U�IZm^V%W.]�K„m^LdG�m^o�V_P%RbU�U"V$P%mgT�G&I5KqY�RbUHm^o�V€K�V%•jV$K„i“L&U�R5K�S3V%K„mgLdO

Y�Rb]�K�Wle½±½R5U‡æ�ç�è)érêpé„èZë(kpR5K�Gd‰.K�V$P%V$O�O�I5U"‰˜U"V$O�R5]�U�P%VtU�V’•ÅI5GdG&R“P\IZm�L&RbK3L&O_K�V%V$W�V%WcxEV$P\IZ]�O�V

I5G&G@m�o�V—W�L!ŒlV%U�V$K„mžT�GJI5K�O,Y�RbU_m^o�VtT�U�Rbx�G&V$S W�L!ŒlV%U,R5K�Gd‰˜L&KŽo�R�• m^o�V�‰sI5GdG&R“P\IZm�VhRbUžW�V’•

I5G&GdR)P$IZm^V¤U"V$O"Rb]�U�P%V$O%e�¯�RtO�V%V�I5K3V�‚�I5S�T�G&VZk�T�G&V$I5O�V€U�V�Y�V$U'm^Rtš,T�TEV$K�W�L�‚�š •_o�V%U�V,O�RbS�V

R5YEm^o�V_T�G&I5K�OwY�RbU…m�o�V�§��“¬,� ¨…T�U�Rbx�G&V$S I5U�V_GdL&O"m�V$W�eZ¯¤o�V%‰q•gV$U"V,W�V%m^V%U�S�L&K�V%WQx�‰—S3R“W�L!•

Y¶‰“L&K�M[m^o�V¤O�V\IZU�P0o.T�opI5O�V_R5Y�f[U^I5T�o�T�GJI5K—m�R[T�U�LdK„m²I5G&G“m^o�V_T�G&I5K�O$e.#,R5m�V‡m^opIZmHm�o�V_T�GJIZK�O

W�LdŒ<V$U[R5K�Gd‰cL&Kvo�R�• I5K�WN•_o�V%KŠU"V$O"Rb]�U�P%V$OtI5U�VQI5GdG&R“P\IZm�V$WvI5K�WNW�V�•ÅIZG&G&R“P\Irm^V$WlelŸ�YgRbK�V

O�P0o�V%W�]�GdVtY�RbU€U�V$O"Rb]�U"P$VtS3I5KpIZMbV$S�V$K„m€Y�I5L&GdO¤W�]�U�LdK�M.T�GJI5K˜V�‚)V$P%]�m^LdRbK�k<I5KsIZGdm^V%U�KpIrm^Ldi5V

O�P0o�V%W�]�GdVœP$I5KŽO
m^LdG&GlS3I5~ZVhm�o�VhO^I5S�V[P\IZ]�O^I5G@T�GJI5Kn•gRbU�~½e

•
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Plan with 1 resource

Plan with 2 resource
.....

.....

Level 1

Level 2

Level 3

Level K

Level K-1

.

.

.

Maximally parallel plan

Maximally serial plan

Plan with R-1 resource
Plan with R resource

Plan with N >= R resource
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¼,V%U�V.LdO—I5KŠRb]�m�G&L&K�V�RZY¤m^o�V3TpI5TEV$U$e@¾ŠV.O
m0I5U
mt•_Ldm�o•IcW�L&O�P%]�O�O"L&RbK•I5x<R5]�mtU"V$O"Rb]�U�P%V$O

I5K�W.m�o�V$LdU|U"RbG&V€L&K–T�GJI5K�K�L&K�MœL&K

°

V$P%m�L&RbK

Ç

e"#€V�‚“m\k�ItK�V�• T�GJI5K�K�L&K�M�Y�RbU�S3I5G&LdO�SíLdO|W�V’•
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Planning Problem

Executable Plan
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m�opIZm_V${�]�L!iZI5G&V%K�mlÑcU�V%O�Rb]�U�P$V%OžopI\i5V�m�o�VhO^I5S�V[W�]�S�St‰.iZI5Gd]�V5e

Ð

Ÿ�K„m^V%U"Y�V%U�V$K�P$V.U"V$G&IZm^LdRbK�O�o�L&T�O

}

S—]�m^V’‚)V$OtLdKum^o�V�P\I5O"V3RZY_f[U^I5T�o�T�GJI5Kp•žx<V�m�•|V%V$K‘U�V’•

O"Rb]�U�P%V.V%{“]�LdiZI5G&V%K„m—RbTEV$U�IZm^RbU"OtIZU�V.LdMbK�RbU"V$W�eCË�TEV$U^Irm^RbU"OœS3I\‰ŠO
m^LdG&GHL&K„m�V$U"Y�V%U�V3W�]�V

m�R�RZm^o�V%U€T�U�V$P%RbK�W�L!m^LdRbK�O0ÒtV�ŒlV%P%m�O$e

Ÿ�Ygm�o�VqT�U"Rbx�G&V%SyLdO�]�K�O"RbGdiZI5x�GdVqIZm[m�o�L&O�O
m0I5M5V5k�•gV�~�K�R�•îm^opIZm�U�V$O"Rb]�U"P$VQO�P0o�V%W�]�GdL&K�M

L&OnK�RZmŽM5RbL&K�M•m�R•S.I5~ZVvLdmˆO�R5GdiZI5x�GdV5e¤Ëžm�o�V$U
•_L&O�Vum�o�VvU�V$O"]�Gdm^I5K„m˜T�GJI5K LdOnMbLdi5V$K m^R

m^o�V.O�P0o�V%W�]�G&V%UqY�RbUtU"V$O�R5]�U�P%VˆI5G&GdR)P$IZm^LdRbK�e@šžK‘V’‚�I5S3T�G&V–R5Y¤m�o�V–T�G&I5K•MbV%K�V$U�IZm^V%W‘Y�RbU

m^o�V�§��“¬,� ¨€T�U�R5x�G&V%SŽkEx„‰cW�LdO�U"V$M„I5U"W�L&K�M.L&K„m�V$U
•�U�V%O�Rb]�U"P$V—P%RbK�™pLdP%m�O�W�]�U"L&K�M–T�GJI5K�K�L&K�M�k

L&OqO"o�R�•_KaLdKa±CL&Mb]�U"Vs³7Ì)e…¯¤o�VˆT�GJI5K•P%RbK�O�LdO"m�O�RZYt³�ºcm�L&S�V–O"m�V$T�O

}

GdV%i5V$G&O^•œ•_Ldm�o•m�o�V

K�]�S—xEV$U�R5Y[U�V%O�Rb]�U�P$V%O.GdV%Y¶m3I5G&GdR)P$IZm^V%W£IZm�V\I5P0ojGdV%i5V$G_O�o�R�•_KìLdK£m�o�VŽU"L&Mbo„m�P$R5G&]�S�K

Ñ

ÆOÇxÙ‰ÉˆÈ�Õ•Ï¾Í‰áxÒŒÉˆÈxÎZÓ§Ç”Ê�ÏØÓ¾äZÍ�Ï¾ÉZÔˆÓ§Ê†Ë¼ÓØÙ€Ê€×ˆÎZÏ§ÏŒÉZÖšã†Í¨Ù‰Ë¼Ê@ÉZæ¹Î�Ì¼Í¨Ê†ÉˆÛŒÌ—Ù‰Í`ËLÝ[ÕQÍFÎ	Ì¼Í`ÇŒÉZË3Í¨ü[Û”Ó¾é	ÎZÏ¾Í¨ÇjË
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Level Actions by level # Robots

Unstack_R_blkF_blkE 11

5

6

6

7

8

9

Unstack_R_blkE_blkD

Unstack_R_blkD_blkC

Unstack_R_blkB_blkA

Stack_R_blkF_blkC

Pickup_R_blkA

Stack_R_blkB_blkF

Stack_R_blkE_blkB

Stack_R_blkA_blkE

Stack_R_blkD_blkA

5 Putdown_R_blkC

Unstack_R_blkC_blkB4

3

2
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3

4

5

5

4

3

2

1

2
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Í¨ü[Û”ÎZÏ§Ê�Ë¼Ú”Í�ÇjÛ”È(Ö¹Í€Ì�ÉZæ�Ê†Õ©ÎZÇ”Ê�Ù‰Ì¼ÉˆÊ—Ê¼Ó§ÇŒÔ�Ë¼Ú”Î	ËFÏ¾Í€éZÍ¨Ï½ø4Ó§Ê�ÎZÏØÊ†ÉxÊ¼ÚŒÉ)Ñ`ÇßÞ

A^1_6 A_8 A_9 A_10A_7A^1_5A_4A_3A_2A_1

A^2_5 A^2_6

Viewing actions as tasks of unit time

à Ó¾ÔŒÞlÈ’â[Þ�X]Ó¾Í€Ñ ÉZæ�Ë¼ÚŒÍ(Ì¼Í¨Ê†ÉˆÛŒÌ¤Ù‰Í‰ÐLÎ	Ö©Ê†Ë†Ì—ÎZÙ‰Ë†Í¨Ò1Õ©Ï§ÎZÇ1Ó§Ç�à Ó¾ÔˆÛŒÌ¼ÍœÈ��xÎZÊ­ÎxË¼ÎZÊ†ä�ÇŒÍ€Ë™Ñ@ÉZÌ—äGË†É•Ö¹Í

Ê¼Ù¤ÚŒÍ¨Ò”Û”Ï§Í¨ÒßÞUö4ÛŒÌ¼éZÍ¨Ò�Ï§Ó§Ç”Í¨Ê"Ê—ÚŒÉ0Ñ Ì—Í¨Ê†ÉˆÛŒÌ—Ù‰ÍGÊ†Õ©ÎZÇ©Ê�Ñ`Ú”Ó§Ï¾Í�Ò”ÎZÊ¼Ú”Í¨ÒtÏØÓ§ÇŒÍ¨Ê"Ì¼Í€Õ”Ì¼Í¨Ê¼Í¨ÇVË�Õ©Î	Ì—Ë¼Ó§ÎZÏ

ÉZÌ—Ò”Í€Ì—Ó§ÇŒÔ�Ù‰ÉˆÇ”Ê†Ë†Ì¤ÎZÓ§ÇVË¼Ê`Ö¹Í€ËLÑ;Í€Í¨Ç�Ë¼ÎZÊ†äšÊÜ÷œÎZÙ‰Ë¼Ó¾ÉˆÇ”Ê’ø¤Þ

}

S3I5U�~ZV$WÒ��Óq•€RbxER5m�OP��•’er¯¤o�V‡I5x�O
m^U�I5P%mCT�GJIZKœLdOCO"V$V$K—I5OwI¤m0I5O"~hK�V%m�•gRbU�~�L&Kœ±…LdMb]�U�V_³�Í)e

¯¤o�V–IZL&S R5Y|U�V%O�Rb]�U"P$V3O�P0o�V%W�]�G&LdK�M

}Ï°

m^V%T•¸�•�L&O[m�RsI5O"O�L&M5K`I5P�m^]pIZG²U"V$O"Rb]�U�P%V$Otm�R˜m�o�V

W�]�S�St‰uU"V$O�R5]�U�P%V3iZI5U�L&I5x�GdV$O$k<•_Ldm^o�Rb]�m�]�K�W�R5L&K�MŽI5K„‰vP\I5]�O^I5G'U�V%GJIZm�L&RbK�O[V$O"m^I5x�GdL&O�o�V$W

W�]�U"L&K�M�T�GJI5K�K�L&K�M�e7¾ŠV‡]�O�V_I,W�V$P%GJI5U�IZm^L!ibV|S�V%m�o�R“W—m^R[I5W�W�U�V%O�OHO�P0o�V$W�]�GdL&K�M�•_o�V$U�V‡m�o�V

U�V%O�Rb]�U"P$VtI5G&GdR)P$IZm^LdRbK–T�U"Rbx�G&V%SÄL&O_TERbO�V%WuI5O€I.Éh†

°

F,·¹¸�³$»(T�U�Rbx�GdV$S I5K�WŽO"RbGdi5V$Wcx„‰ŽI

O"m^I5K�WpI5U"WŽx�I5P0~$´"]�S3T�L&K�M�†

°

FaO�RbG!ibV$U

}

O�V$V

°

V%P%m�L&RbKˆ¸�•’epÓ@V%m_]�O_P$R5K�O�LdW�V$U¤m^o�V[KpIZm^]�U�V

R5YCO�P0o�V%W�]�G&LdK�M�e

š O
m^U^IZL&Mbo„m�Y�R5U"•|I5U�W•S�V%m�o�R“WŠY�RbUœU�V$O"Rb]�U"P$VnI5GdG&R“P\IZm�L&RbKvLdOœm^RcI5O�O"L&MbK•IcK�V%• RbUœT�U�V’•
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i“L&Rb]�O"Gd‰‘Y�U"V$V$WaU�V%O�Rb]�U"P$V˜m^R•IZK�‰aI5P�m^LdRbK£m�opIZm3L&OQL&K„i5RbGdi5V$WjLdKXIvU�V%O�Rb]�U"P$VsP%RbK�™pLdP%m$e

°

]�T�TERbO"V�m�opIZm_m^o�LdO_S3V�m^o�R“Wˆ]�O�V%O�IQS.Ir‚)LdS—]�S R5Y �ßU�V$O"Rb]�U"P$V$O%eR#€R�• Y�RbU_I5GdG�T�U�R5x)•

G&V%S3O¤•_Ldm�ocU"V$O�R5]�U�P%V$OÌŽÁ•Ô�—kpm^o�VœL&K�z�K�Ldm�V�U"V$O"Rb]�U�P%V—I5O"O�]�S�T�m�L&RbKŽo�RbG&W�O$k½I5K�WŽm^o�]�O

U�V%O�Rb]�U"P$VnIZG&G&R“P\Irm^L&R5KNLdOt{�]�L!m^V3m�U�L!i)L&I5G¡elŸ�Y¤m^o�LdOtS�V%m^o�R)W`Y�IZL&G&O%k�m^o�V.I5G&GdR)P$IZm^LdRbKvT�U�R5x)•

G&V%S L&O²O�RbG!ibV$W�m^o�U"Rb]�Mbo3S3R5U�V€V$GJIZx<RbU�IZm^V_U"V$O�R5]�U�P%VžS3I5KpI5MbV%S3V%K„mgm�opIZmgI5G&O"RtS�R)W�LdzpV%O

m^o�V�I5x�O"m^U�I5P%m�T�G&I5K�e�¯¤o�V�T�GJI5K�K�L&K�MnT�o�I5O�V�P\I5KNO�]�MbMbV$O
m�L&K„m^V%K�m�R5YgW�V%O�L&U�I5x�GdVqS3R“W�L!•

zpP\Irm^L&R5K�Ožm^R–m�o�V—O"P0o�V$W�]�G&L&K�M˜T�opI5O�VqLdKcm^o�V—Y�RbU�S R5YHY�RbGdG&R�•_L&K�M3U�V%O�Rb]�U"P$VQI5GdG&R“P\IZm�L&RbK

T<R5G&L&P%L&V%O4‚

}

³7•ˆµŽ]�O"m€S3I5L&K„m^I5L&KnP%RbK�P$]�U�U�V%K�P%‰ˆRZYCm�o�VhT�GJI5Kle

}

Ç

•–šžG&GdR�•ƒO"V$U"LJI5GdL& \Irm^L&R5K`R5Y€m^o�VˆP%RbK�P$]�U�U�V%K„m.T�G&I5K‘x„‰‘S�R7i“LdK�MvI5P%m�L&RbK�O—Y�U�RbS RbK�V

O"m^V%T

}

G&V�ibV$GJ•|m^R�I5K�R5m�o�V$U¤GdV$O"O
•�P%RbK�O
m^U^IZL&K�V%WŽO
m^V$Tle

}
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Classes of Resource Allocation Scheduling
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Viewing actions as tasks of unit time (5 or more robots)
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Viewing actions as tasks of unit time (3-4 robots)
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Viewing actions as tasks of unit time (2 robots)
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Planner’s CSP:

 Variables: “goals”

  Values: “actions”
 


Scheduler’s CSP:

 Variables: “Actions”

  Values: “Resources”
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  1                   PICK_GRIPPER_ball3_roomA             1                  PICK_GRIPPER_ball3_roomA  (left)                   

  1                   PICK_GRIPPER_ball1_roomA             1                  PICK_GRIPPER_ball1_roomA  (right)                   

  1                   PICK_GRIPPER_ball4_roomA             2                  PICK_GRIPPER_ball3_roomA  (free)                   

  1                   PICK_GRIPPER_ball2_roomA             2                  PICK_GRIPPER_ball1_roomA  (free)                   

  2                   MOVE_roomA_roomB                          3                  PICK_GRIPPER_ball4_roomA  (left)                   

  3                   DROP_GRIPPER_ball4_roomB            3                  PICK_GRIPPER_ball2_roomA  (right)                   

  3                   DROP_GRIPPER_ball2_roomB            4                  MOVE_roomA_roomB                   

  3                   DROP_GRIPPER_ball3_roomB            5                  DROP_GRIPPER_ball4_roomB  (left)                   

  3                   DROP_GRIPPER_ball1_roomB            5                  DROP_GRIPPER_ball2_roomA  (right)                   
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 4            MOVE_roomB_roomA 

 5            PICK_GRIPPER_ball3_roomA (left)

 5            PICK_GRIPPER_ball1_roomA (right)

 6            MOVE_roomA_roomB

 7            DROP_GRIPPER_ball3_roomB  (left)

 7            DROP_GRIPPER_ball1_roomB  (right)

Level                 Domain translated plan                     Level                Post-processed (minimal) plan
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ÎZÙ‰Ë¼Ó¾ÉˆÇ©Ê(÷{ÉˆÇGÌ—Ó§ÔˆÚVË¤ø¤Þ

¯¤o�VcGdV%Y¶mQP%RbG&]�S�K£L&Ka±…L&Mb]�U�V

Ç

ÍvO�o�R�•_OnIvP\IZ]�O^I5G_T�G&I5K•Y�RbUQS3R�i“L&K�Mv¸ŠxpI5G&GdO—Y�U�RbS

U�R“RbS�š m�R•U�R“RbS3¿žeH¯¤o�VuIZx�O"m�U^I5P�m–T�G&I5KXLdO3O"P0o�V$W�]�G&V$W

}

L&KaU�L&M5o�m3P$R5G&]�S�KaRZY�±…L&MZ•

]�U�V

Ç

Í„•¤x„‰ŽLdK�O�V%U"m�L&K�M.I5P%m�L&RbK�O_m^o�IZm�IZO�O�]�S3Vtm�opIZm€m^o�VœMbU�LdT�TEV$U€P$Rb]�GdWcxEV�Y�U"V$V%WvI5K�W

U�V$I5G&GdR)P$IZm^V%WuIZm[W�L!ŒlV%U�V%K�mhGdV%i5V$G&O,•_o�V$U"V�K�V$V$W�V$W�e@¯¤o�VQU"V$O�]�Gdm0IZK�m�T�GJI5KuLdOžm^U�I5K�O"GJIZm�V$W

xpI5O"V$WˆRbK–m^o�V�U�V%O�Rb]�U"P$V[O"T<V%P$Ldz�P\IZm�L&RbKnR5Y(M5U�L&T�T<V%U|L&Kˆ±CL&Mb]�U"V

Ç

Ìœm^RqT�U"R)W�]�P$Vžm�o�V[G&V�Y¶m

T�GJIZK�LdKQ±…L&M5]�U�V

Ç5Î

eb¯¤o�LdO²T�GJI5KqLdOHK�RbK)•�S3LdK�L&S3I5G“I5K�WQP\IZK3xEV¤Y�]�U"m�o�V$UHTERbO"m
•�T�U"R)P%V$O"O�V$W

•_Ldm�oc~�K�R�•_K3´"]�O"m�LdzpP$IZm^LdRbKŽm�V$P0o�K�L&{�]�V$Oq·�³7Ì7»�m�R–U�V%S3R�i5VtU�V%W�]�K�W�I5K„mhI5P%m�L&RbK�O$e½š ´"]�OÅ•

m^L!zpV$W•T�GJI5K•LdOtRbK�V3m^o�IZm—W�R“V$OtK�R5m—P%RbK„m0I5LdK‘I5P�m^L&R5K�Oœ•_o�LdP0o•I5U�V3K�R5mtK�V$P%V$O�O�I5U"‰`Y�RbU

I5P0o�LdV%i“L&K�M–I.MbR„I5GÏelF�RbO"m
•�T�U"R)P%V$O"O�L&K�MˆI5G&O"R.V$K�O�]�U"V$O[m^opIrmžm^o�Vtm^U�I5K�O�G&IZm^V%WsT�G&I5KsL&O,V�‚�•

V$P%]�m0I5x�G&V5e@¯¤o�L&O�P0o�V$P0~vL&OhK�V%V$W�V%W`xEV$P$I5]�O�V�m^o�R5]�Mbovm^o�VQT�G&I5K�K�V%U�O"]�MbMbV%O"m�V$W`m�Rˆm�o�V

O�P0o�V%W�]�GdV$Uqm^opIrmQU�V$O"Rb]�U"P$VnY�U�V%V$L&K�MvI5K�W•U�V$I5G&GdR)P$IZm^LdK�McIZP%m^LdRbK�OqIZU�VˆI\iZI5L&G&I5x�G&V�L&K•m�o�V

W�RbS3I5L&Klk�L&K�O"V$U
m^L&K�M�m�o�RbO�VœI5P�m^L&R5K�O,S3I\‰nL&K„m�V$U"Y�V%U�Vh•_Ldm�ocI5P�m^LdRbK�O,I5G&U"V\I5W�‰–T�U�V%O�V$K„mžL&K

m^o�VhT�G&I5K�e

Ÿ�K.MbV%K�V$U�I5G¡k“I5W�W�L&K�MœI5P�m^L&R5K�OHm^R—IhT�G&I5K3LdOgU"L&O"~�‰QxEV$P$I5]�O"V,m^o�L&O²P\I5K3P0opI5K�MbV,Ldm�O²P$I5]�O�I5G

O"m�U�]�P�m^]�U"V3IZK�WvG&V\IZWsm^RnopI5U"S�Y�]�G…L&K„m�V$U^IZP%m^LdRbK�O%e�¿|]�mhx„‰c]�O�LdK�MˆW�RbS3I5L&Kcm�U^I5K�O�GJIrm^L&R5K

L&KÀI•T�U�LdK�P$LdT�G&V%WìS.I5K�K�V$U%k¤T�GJI5K�K�L&K�M‘P$I5K m^U�]�Gd‰jm^I5TÀm�o�Vvx<V%K�V%z�m^O˜R5YtW�V$P$R5]�T�G&LdK�M

U�V%O�Rb]�U"P$VNU�V$I5O�RbK�L&K�M‘Y�U�R5S Ldm�OnP\I5]�O^I5G[U"V\I5O"RbK�L&K�M£T�opI5O�VZe_É�RbS3I5L&KXm�U^I5K�O�GJIrm^L&R5KìI5O

•|V%G&GžI5O–T�G&I5KN´"]�O
m^Ldz�P\IZm�L&RbK

}
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S—]�G!m^L&T�G&V�L&S�T�G&V%S3V%K�m^IZm^LdRbK˜P0o�RbL&P%V$O�LdKux<RZm^ouO�R5Gdi“L&K�M3m^o�VqIZx�O"m�U^I5P�mhT�GJI5K�K�L&K�M3T�U�R5x)•
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PROCEDURAL DECLARAT-
IVE

SAT

(BLACKBOX)

SAT

...

...

MANY CHOICE OF TECHNIQUES FOR SOLVING RESOURCE SCHEDULING PROBLEM

MANY CHOICE OF TECHNIQUES FOR SOLVING ABSTRACT PLANNING PROBLEM

PROBLEM

PLAN
à Ó¾ÔŒÞ'àH/[ÞFö4ÚŒÉˆÓØÙ‰Í¨Ê�æ½ÉZÌ�Ù€ÎZÛ”Ê—ÎZÏ.ÎZÇ”Ò Ì¼Í¨Ê†ÉˆÛŒÌ—Ù‰Í*Ì¼Í¨ÎZÊ¼ÉˆÇ”Ó§ÇŒÔŒÞ�ÿ;É¨ášÍ¨Ê�Ñ`Ó§Ë¼Ú Ê†ÉˆÏØÓ§Ò$Ï§Ó§ÇŒÍ¨Ê�Ê¼ÚŒÉ)Ñ

Ù¤ÚŒÉˆÓ§Ù‰Í¨Ê�Ë¼Ú©Î	Ë`Ú”Î¨éZÍ(Ö¹Í€Í¨ÇGÓ§ÇVéZÍ¨Ê¼Ë¼Ó¾ÔˆÎ	Ë†Í¨ÒßÞ

m^LdRbK�e„¾`VžP$RbK�O"L&W�V%Ugæ�ç�è)éZêpébèZëlk&mlo�•_o�V$U�V,•|V�LdK„ibV$O
m^LdM„IZm^V�fhU�I5T�o�T�GJI5K3T�GJI5K�K�L&K�M�Y�RbG!•

G&R�•gV$Wvx„‰sW�L!ŒlV%U�V$K„m�Y�R5U�S�OžR5Y²U�V%O�Rb]�U�P$VQO"P0o�V$W�]�G&L&K�M

}

T�U"R)P%V$W�]�U�I5GwIZO[L&K

°

V%P%m�L&RbKu¸�e

Ç

RbU€W�V$P%GJI5U�IZm^L!ibV�I5O€L&K

°

V$P�m^L&R5Kc¸�e!³7•¤I5K�WŽO�o�R�•Ôm^o�IZm,æ�ç�è)érê½ébèZëlknm�onM„I5LdK�O_L&K˜T<V%U"Y�RbUÅ•

S.IZK�P$V¤•_o�LdG&V_x<V%L&K�M�G&V%O�O'O�V%K�O�L!m^L!ibV,m�R�m�o�V€{“]�I5K„m^Ldm�‰QRZY�U�V%O�Rb]�U�P$V%O$e�¾`V,I5GdO�RhP$RbK�O�L&W�V$U

æ�ç“è)érêpébè5ëlk5ê�ê••_o�V$U"VcfhF…•
†

°

FßL&O—]�O�V$WaI5GdRbK�Mc•_L!m^o‘W�V%P$GJIZU^IZm�LdibVnO"P0o�V$W�]�G&LdK�MNI5K�W

O�o�R�•‹m^opIZmnæ�ç�è)érê½ébèZëlk5ê“êÀP$I5K MbI5L&KìLdKìT<V%U"Y�RbU"S.I5K�P$VuR�ibV%Uˆæ�ç�è)érê½ébèZëlknm�ojL!Y�m�o�V

T�GJIZK�K�V$UÅ•�O"P0o�V$W�]�G&V$U|L&K„m^V%U^I5P�m^L&R5K.L&O|I5T�T�U"RbT�U"LJIZm�V$Gd‰QP%RbK„m^U"RbG&GdV$W�e)±…L&K�I5G&G!‰bkb•gV�P$RbS�TpI5U"V

æ�ç“è)érêpébè5ë˜•_L!m^oˆo�V$]�U�L&O
m^LdP�•�x�I5O�V%WŽT�G&I5K�K�V%U�O%e
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¿g‰•O�V%TpI5U�IZm^LdK�MŠP$I5]�O�I5G€I5K�W£U�V$O"Rb]�U"P$VcU"V\I5O"RbK�LdK�M�kHS—]�G!m^LdT�G&V–P0o�RbL&P%V$O3I5U�V˜I\iZI5L&G&I5x�G&V

L&K m^o�VŠO�V%G&V$P�m^LdRbK RZY—S�V%m^o�R)W�OˆY�RbUŽI5x�O
m^U^IZP%mŽT�GJI5K�K�L&K�M£I5K�W U�V%O�Rb]�U�P$VŠO�P0o�V%W�]�GdL&K�M

•_o�L&P0o.I5U�V_O"]�S3S3I5U"L& $V%WQL&K�±…L&M5]�U�V

Ç

Ñ)ebš T�U�R5m�R5m�‰“T<V_L&S�T�GdV$S�V$K„m0IZm�L&RbKtR5Ylæ�ç�è)éZêpébèZë

opI5Oœx<V%V$K•P%RbS3T�G&V%m�V$WŠRbKŠm�RbT•R5Y€f[U^IZT�o�T�G&I5KN•_o�V$U�V3m^o�V3P\I5]�O�I5G²T�GJI5KNL&O�Rbx�m^I5L&K�V$W

x„‰ŠfhU�I5T�o�T�G&I5KNI5K�WNO�P0o�V%W�]�GdL&K�MŽL&O[opI5K�W�G&V%W`x„‰vV$L!m^o�V%U�T�U�R“P$V$W�]�U^I5GHR5U�W�V$P$G&I5U^Irm^Ldi5V

S3V�m^o�R“W�O%eEšßW�L!ŒlV%U�V$K„m€T�G&I5K�K�V%U,opIZOžI5GdO�R�x<V%V$KŽ]�O�V%W�k<K�I5S3V%Gd‰˜fhF…•
†

°

F,·ª³�ºZ»Ïk�•_o�L&P0o

P$RbK„i5V$U"m�O¤m^o�V�T�GJI5K–M5U^I5T�onRZYCfhU�I5T�o�T�G&I5K.LdK„m^RqIQ†

°

F£T�U�R5x�G&V%SƒIZK�WnV�‚“m^U�I5P%m�O¤T�GJIZK�O

Y�U�RbS L!m…•_Ldm�oqIžO
m0I5K�W�I5U�W�†

°

FvO�R5GdibV%U$krY�RbU…P$I5]�O^IZG�U�V$I5O�R5K�L&K�M�I5G&RbK�M,•_Ldm�o—m^o�VgW�V$P%GJI5UÅ•

IZm^L!ibV[O"P0o�V$W�]�G&V$U%e

°

L&K�P$V�m^o�V$U�V�I5U"V[S—]�G!m^L&T�G&V€P0o�RbL&P%V$O_L&KnV%Ldm�o�V$U¤R5Y�m^o�V�m�•|R�T�opI5O"V$O%k�m^o�VÂÁ$¬�ø5¥ªö¶úÏ©[RZY�m�o�V

P\I5]�O^I5G'T�G&I5KvRbx�m0IZL&K�V%WŠIrY¶m^V$U�I5x�O"m^U�I5P%m�T�G&I5K�K�LdK�M˜I5K�Wvm^o�VoÁ$¬�ø5¥ªö¶úÏ©qRZY|m^o�V�O"P0o�V$W�]�G&V

x<V%P$RbS�VžLdS3TERbU
m0I5K„mgL&K.S3I5~�L&K�Mœm^o�V�O�V%G&V$P�m^LdRbK�e�š T�G&I5K3•_o�R5O�VhI5P�m^L&R5K�O‡I5U"V€­p¨�÷()\¨0«�ú�¥ª©
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‰qI5P�m^LdRbK—I5K�WtL&O�S�RbU�V²W�V$O"L&U�I5x�G&V²T�G&I5Kœm�opI5K

I5K�R5m�o�V$U[T�GJI5Ku•_Ldm�ovU�V$W�]�K�WpI5K„mœI5P�m^L&R5K�O$e

°

L&S�L&GJIZU�Gd‰5k½InO�P0o�V%W�]�G&VQ•_o�LdP0oN]�O�V$O�G&V%O�O"V$U

U�V%O�Rb]�U"P$V%O,LdO€S�RbU"V�W�V$O"L&U�I5x�G&V�m�opI5KŽI5K�R5m�o�V$U_O"P0o�V$W�]�G&Vh•_o�L&P0o˜]�O�V%O,S�RbU"V5e
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•_Ldm�o�O
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•_o�V$U"V�m�o�V3K�]�Stx<V%U�RZY|U"Rbx<RZmœo�I5K�W�OhL&O[iZI5U"L&V$Wp•�I5K�Wvm^o�Vˆ¥&¦

�

ö&§�ú�ö¡«0§�W�R5S.I5LdK

}

•_o�V%U�V'm^o�V'K�]�S—xEV$U@RZY)m�U�]�P0~�OwIrm(W�LdŒ<V$U"V$K„m(P$L!m^L&V%O(I5U�VHiZI5U"L&V$Wp•lI5U�V']�O"V$W�e\¾ŠV'P$RbK�O�L&W�V$U

T�GJIZK�K�L&K�M•Y�R5G&G&R�•gV$WÀx„‰ W�LdŒ<V$U�V%K„mŽY�RbU"S3OˆR5YtU�V%O�Rb]�U"P$VŠO�P0o�V%W�]�G&LdK�M

}

T�U�R“P$V%W�]�U�I5GhRbU

W�V$P%GJI5U�IZm^L!ibV\•hIZK�WNæ�ç�è)érê½ébèZë`L&O[O�o�R7•_KŠm^R˜M„I5L&KvLdKNTEV$U
Y�RbU�S3I5K�P%Vq•_o�L&GdV�xEV$LdK�MˆG&V%O�O

O�]�O"P$V%T�m^Ldx�G&V[m^R—m�o�Vh{�]pI5K„m^L!m�‰–R5YCU�V%O�Rb]�U"P$V%O$eEÉ�V$P%GJI5U�IZm^L!ibV�S�V%m�o�R)W�O¤I5U�V[T�U�V%Y�V%U�U"V$W˜L&K

Y�]�U"m�o�V$U_V’‚�TEV$U"L&S�V$K„m0Irm^L&R5K�k�m^o�V$U�V$IZY¶m^V%U$e

#,V’‚)m$kžm^o�V`U�V%GJIZm�L&RbK�O�o�LdT xEV%m�•gV$V$K m^o�V•KpIZm�]�U�VŠR5YQU�V%O�Rb]�U"P$V%O

}

O�opIZU^I5x�GdVXû$§
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m^LdM„IZm^V%W�e‡¾ŠVvz�U�O"mˆP%RbK�O"L&W�V%Uˆm�o�V•÷^¦�«Uw„¨�ú

W�RbS3I5L&K�•_o�V$U"V[I—O�o�I5U^I5x�G&VžU"R)P0~ZV%m¤P$I5KnxEV�]�O�V%W–m^Rtm�U^I5K�O�TERbU"m|Ldm^V%S3Ogx<V�m�•|V%V$KˆG&R“P\I7•

m^LdRbK�O$e�¯CR�O"m�]�W�‰nm^o�V�LdK„m^V$U"T�GJI\‰.x<V�m�•|V%V$KŽm�o�V$O"V�m�‰“TEV$O€R5YCU�V$O"Rb]�U"P$V$O,L&K˜IqW�RbS3I5L&Klk�I
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Performance of Graphplan v/s Planning+Scheduling
in the Shuffle problem with varying number of blocks and robots
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Performance of Graphplan v/s Planning+Scheduling
in the 10-blocks huge fact and 9-block bw-large-a problems
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Performance of Graphplan v/s Planning+Scheduling
in the Shuffle Problems in Blocks World
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