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�l�C�<�1���}�j�j� x���k�_7{���y]hvs*hv����_<��� fg^�¡jmg[}_I|$tj^¢�}��~]h�mq��t9~Ytj£¤{}h�m*h���hj~]{Ymqh9fz¥:��y]hvs*hv����_1����fg^¦¡v��f§h-yLt�¨§_<sz£©i}�
¨h�o�tv£��~]|$sq_<h9fz��~}�!mg[}_�fq|1hj��hj�}������mpoStv£_1~:mg��sq_�|1��h9fgfg_<fbtj£�y]hjsqhj����_1�5hjy}y}����|<h�mg��tj~Pf1ª¬«5kOy}��tj��mg��~}���Ltvmq[
mpo�yL_<fbtv£§y]hvs*hv����_<��� fg^fg��^¢i}��mqhv~]_1tjiPfz��o¦^�hj¥j_7fn��mbyLt9fqfg���}��_¢mgt¦{O_1y}��t�o�mg[}_7fz_�hvy]y}��� |1hvmg��tj~]fItj~@y}��hvmz�
£©t9sg^¬f§|$tj^�y}sq� fz��~}��^¢i}�®mq��y]��_b|$tj^�y}i}mg_I|1��iPfpmq_1s*f1¡:¨�[}� |*[�[]h��j_n�P_7|$tj^�_I��~]|1sg_7hjfg��~]�j��o�yLtjy}i}� hvs§��~lmg[}_
� hjfzm�{O_<|<hj{O_9ª�¯nt�¨§_<�j_<s<¡�[}���j[!yP_<sz£©t9sg^¬hv~P|$_°hvy}y}��� |1h�mq��t9~l_1k�_7|$iOmq��t9~]f�hvsq_btj~}��o¬yPt:fgfg���}��_°��£�_1±L_7|²mg���j_
fq|*[}_7{Oi}����~}�¢fpmqsqhvmg_1�9��_7f5hvsq_nh���hv����hj�}��_jª¤³´[]����_n^¢i}�®mq�®�µ|$��i]fzmg_<s¶y}� h�mg£©tjsq^�f§hvsq_wy}sq_<{Ot9^���~]hj~:mg��o�[}_1mg_1sqtv�
�9_1~}_<tji]f<¡}y}sq_1����tji]f¨�tjsq¥lt9~¦^Y��kO_<{���y]hjsqhj����_1�¤hjy}y}����|<h�mq��t9~¦fq|*[}_7{Oi}����~}��m*hvsq�j_1mqftj~]��o�[}tj^�t9�j_1~]_1tjiPf
y]��hvmz£©tjsq^¬f1ª¶·µ~!mq[}� fwy]hjyP_<sw¨§_-{O_<�j_<��t9y¦h�^�_1mg[}tO{!£©tjsw_1k�mg_1~P{O��~]�¬_$kO��fzmg��~}��fq|*[}_<{}i}����~}�¬hv���jt9sg��mg[]^�f
£©t9sYmqhjfg¥:�>yPhvs*hv����_<��hjy}y}����|<h�mg��tj~Pf¢t9~¸[]_$mg_<sgt9�j_<~}_1t9i]f�y]��hvmz£©tjsq^¬f¢mgt¹mg[}_¦^���k�_7{���y]hvs*hv����_<��|<hjfg_jª2º�£»�
mq_1s°{O_$m*hv������~}�lmg[}_�£©tji}~]{]h�mg��tj~Pfntj£Wtji}sb^�_$mg[]t�{@hv~]{@tji}sbhjfqfzi}^�yOmq��t9~]f<¡P¨�_�y}sq_<fg_1~:m°h�|1h9fz_Yfpmqi]{Oo
��~@¨�[]��|*[¼¨§_Y�j_<~}_1s*h�mq_¢h�^���kO_<{���y]hvs*hv����_1�C�j_1s*fg��t9~Stv£Wmq[}_YyPt9y}i}� hvs-¯w«¶½�Z¾fg|*[}_7{Oi}����~]�!hv���jt9sg��mg[]^�¡
¨�[]��|*[�¨§_°_<��hj��iPh�mg_-¨���mg[�hj~!_1k:mq_1~]fg���j_-fz_1m�tv£5fz��^�i}� h�mq��t9~!_1kOyP_<sg��^�_1~:mqf<ª
¿�À:ÁÃÂqÄ�Å ��ÆC�j� xS�®kO_<{�r5hvs*hv����_1����fg^¦¡:[]_$mg_<sgt9�j_<~}_1t9i]f§mqhjfg¥lfq|*[}_<{}i}����~}�Pª
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655, avenue de l’Europe, 38330 MONTBONNOT ST MARTIN (France)
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�� ���� � ��� _°y]hjsqhj����e1����fg^�_I^���k�mg_j¡��9i]��_<fzm���h�|$t9^��}��~]hj��fgtj~�{O_<f�yPhvs*hv����e<��� fz^�_7f�{}_Im��j|*[}_7f_$mn{O_
{}tj~}~}e<_<f<¡j_7fpm¶i]~�^�t�oj_1~�y}i]��fqfghj~:m¶{�� hji}�j^�_<~9mq_1sW��� _$k�mg_<~]fz���}������mgeb{O_n|1��h9fgfg_<f5_<~:mg��\1sq_<fW{�� hvy]y}��� |1hvmg��tj~]f
yPhvs*hv����\<��_7f1ª � � _$kOy}��tj��mqh�mq��t9~�fz��^�i]�®m*hv~}e<_n{O_<f§{O_1i}k¢mpo�yL_<f�{O_wy]hjsqhj����e1����fg^�_<f5yL_1sq^�_$m{O_I{Oe<y}��t�oj_1sW|1_<f
hjy}y}����|<h�mq��t9~]fIfgi}s-{O_7f°�js*hvy}yL_<fb{O_��js*hvy}yL_<f<ª��§_<yP_<~]{}hv~:m7¡�{O_<f°_1k�e7|$iOmq��t9~]fbyP_<sz£©t9sg^¬hj~9mq_<fI~}_¬fzt9~:m
fg_1i]��_<^Y_<~:m§yLt9fqfz���}��_<f��9i]_bfg�Ê{O_<f�fpmqsqhvmge<�j��_<fW_���|1hj|1_<f�{�� tjs*{Otj~}~Phv~]|1_1^�_1~:m�fgtj~:m{O��fgyLtj~}���}��_<f<ª�ºn��t9sqf
�:i}_-��_<fw�js*hvy}yL_<f{O_-�9sqhjy}yP_7f�fzt9~:mw��_-y}��i]fwfgtji]�j_1~:m�[}e1mge1sqtj�9\1~}_7f1¡O��_<f�mqsqh���hjiOkly}sqe<|1e<{O_<~9m*f�{}hv~Pf���_
{}tj^¬hv��~}_¬{O_¬��� t9sq{Ot9~}~]hj~]|$_<^Y_<~:m°_<~�y]hvs*hv����e<��� fg^Y_�^���k:mq_�|$���}��_1~:m�i}~}���:i}_1^�_1~:m¢{}_<f°y}� h�mq_<fz�Q£©t9sg^�_<f
[]tj^�tj�9\1~}_7f1ª �ntji]f�h��9tj~]fY{Oe1�9_1��tjy}yLe�i}~}_¦^�e$mg[]t�{}_�yLtji]sYe1mg_<~]{Osq_¦{}_<f¬hv���jt9sg��mg[]^Y_7f�_1kO��fzmqhj~9m*f1¡
yL_1sq^�_$mgmqhv~:m�{�� t9sq{}tj~}~]hj~]|$_<s�{O_7f�hjy}y}����|<h�mq��t9~]f�_1k�[]���]hj~:mC{Oi¢y]hvs*hv����e<��� fg^Y_§{O_Wm��j|*[}_7f�fgi}s�{}_<fCy}� h�mg_7fp�
£©t9sg^�_7f�[}e$mqe1sqtj�9\1~}_7f1¡]h �]~S{�� iOmg������fg_1sI��_¢y]hvs*hv����e<��� fg^Y_-^���k�mg_jªwºny}sq\<fwh��9tj��sw{Oe$m*hv������e���_<fw£©tj~]{}hvmg��tj~]f
_1mn��_<f�[�o�yPtjmg[}\7fz_7fw{O_-~}tjmgsq_°mgs*h���hv���Q¡}~]tji]fwh��9tj~]fy]sge7fz_<~9mqe°i}~}_�e1mgi]{O_¢{O_�|1h9f�{}hv~Pf���h!�:i}_1����_-~]tji]f
�9e1~}e<sgt9~]f�i]~}_§�9_1s*fz��tj~#"�^Y��k�mg_%$�{O_��&� hv���jt9sg��mg[]^Y_§{�� t9sq{}tj~}~]hj~]|$_<^�_1~:mC¯n«¶½�Z°ª��ntji]fCe<��hj��i]tj~]fC|$_1mzmg_
e1mgi]{}_-y]hvs�i}~�_1~Pfz_<^��}��_�|$t9^Yy]��_1m�{}_�fz��^�i}� h�mq��t9~]f<ª
' Å �7� Â ��( � � r5hjsqhj����e1����fg^�_I^���k�mg_j¡]tjs*{Otj~}~Phv~]|1_1^�_1~:m�{O_°m)�9|*[}_<f�fgi}s�y}� h�mq_<fz�Q£©t9sg^�_<f�[}e1mge<sgt9�j\1~]_<f<ª
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Z�¨�t¬¥:��~]{}fntv£�y]hvs*hv����_1����fg^ |<hv~¦�P_¢_$kOy}��tj��mg_7{!��~�^�t9fzmntv£Wfq|$��_1~:mg� �P|�hjy}y}����|<h�mq��t9~,+¶{}hvmqh���hv~]{�m*hjfg¥9�
yPhvs*hv����_<��� fz^¦ª0Z[}_¦£©t9sg^�_<s�|$tj~Pfz� fpm*f���~0hjy}y}��o���~}�¹mq[}_@fqhv^�_¦tjyL_1s*h�mg��tj~ ��~ yPhvs*hv����_<��tj~´{O��±L_<sg_<~9m
_<��_<^�_1~:mqf§tv£�h¢{}h�m*h�fg_$m7¡:¨�[]����_nmq[}_n� h�mgmg_<s|1tjsqsg_7fzyLtj~P{}f�mgt�|$t9~]|$i]sgsq_1~:m§|1tj^�y}iOm*h�mg��tj~Pf¶t9~l{O��±L_<sg_<~9m
{]h�mqh¸fz_1mqf<ª.-I~}_¼¨h�o¸mgt ^�hvkO��^���/1_Smq[}_�{O_1�9sg_<_@tv£¢y]hvs*hv����_<��� fg^ tj£¢h �9���9_1~ hjy}y}����|<h�mg��tj~ ��f!mgt
|1tj^¢�}��~]_W�Ptjmg[¢¥:��~]{}f�tv£}yPhvs*hv����_<��� fz^¦ª¤Z[]��fChvy}y]sgt:hj|*[°��fC|1hj����_<{102������	�	3��45�6��&7	849���
:�;<���
�����=�>�?�@�A0 tjs
0B������	���;<���
�����=�����@��0YªW·µ~�^���kO_<{���y]hvs*hv����_1�]hjy}y}����|<h�mg��tj~Pf1¡:fz_<�j_1s*hv�P{}h�m*h���y]hvs*hv����_<�]|$t9^�y}iOmqhvmg��tj~]f§|1hj~��P_
_1kO_<|$i}mg_<{�|1tj~]|1i}sqsg_<~9mq��ol��~@hYm*hjfg¥:�>y]hjsqhj����_1�Ê¨h�ojªZ[}� fw��~]|$sq_<h9fz_7fwfq|1hv� hv�]�����®mpo�hjf�^�t9sg_-y]hjsqhj����_1��� fz^
|<hv~¸�P_�_1k�y]��t9�®mq_<{ ¨�[]_1~¸mg[}_¦^¬h�kO��^�hj�whv^�tji]~9m�tv£b_1��mg[}_<s�{}h�m*h��-tjsYm*hjfg¥9��y]hjsqhj����_1����fg^	[]hjf��L_1_<~
h9|*[}��_1�j_7{Êª

Z[}� f¬|1hjy]hv�]�����®mpo ��f¬h¹¥j_<o hj{O��hj~9m*hv�9_l£©t9s¢mqtO{}h�o � f�y]hjsqhj����_1��|1tj^�y}iOmq��~}��y}� h�mg£©tjsq^¬f1ª ·µ~]{O_<_<{Ê¡
mqt�£âhj|1_°mg[}_���~]|1sg_7hjfg��~}��|$t9^�y}iOmqhvmg��tj~�hv~P{!^�_<^Yt9sgo�{O_1^¬hj~]{}f�tj£Cy]hjsqhj����_1��fq|$��_1~:mq� �P|-hjy}y}����|<h�mq��t9~]f1¡
hlsg_7|$_<~9m°hvy}y]sgt:hj|*[¦[]hjfI�L_1_1~@mgt¦hv�9�jsq_1�9hvmg_°^�i]�®mq��y}��_�|$tj^�y}i}mg_�|$��i]fpmq_1s*fn_<�®mq[}_1sb¨���mg[}��~@t9sbh9|$sqt9fqf
��~]fzmg��mgiOmq��t9~]f<ªCZ[}_7fz_whj�j�9sg_<�9h�mq_¶y}� h�mg£©tjsq^¬f�[]h��j_�L_1_1~Ymq_1sq^Y_7{DCE�A�F	���G×��HPhv~]{JIbsq��{¢^���{]{O��_<¨�hjsg_KG L�H
y]sgt���� {O_<fLmq[}_W~}_7|$_<fqfqhvsqonfztj£»mp¨�hjsg_���~O£©s*hjfzmgsqi]|²mqi}sg_�£©t9s¤hvy]y}��� |1hvmg��tj~�{O_<y}��t�o:^�_<~9m7ª¤Z§o:y]��|<hv����o9¡7|1��i]fzmg_<sqf
tj£-��hjsg��tjiPflfg�=/<_<flhjsg_@i]fz_7{Ê¡whv~P{0{O��±L_<sg_<~9m�|$��i]fpmq_1s*fl|1tj~:mqhj��~´~}tO{O_7fl¨���mg[ {O�®±Ã_1sq_1~:m¦|1hvyPhv�}������mg��_<f
{}_1yL_1~]{O��~}��tj~@mg[}_Ymg_7|*[}~}t9��t9�jo�h���hv����hj�}��_¢h�m°mg[}_¢mg��^�_�_<hj|*[¼|$��i]fpmq_1s°¨hjfbhjfqfz_<^��}��_<{Êª�Z[]_1sq_$£©tjsq_j¡
mq[}_�|$tj^�y}i}mg��~}�!_<~��:��sqtj~}^�_1~:mn� f°h�mbmg[}_�fqhv^�_�mq��^�_¬h�mgmgs*hj|²mq���9_��L_<|1hji]fg_¢tj£Wmg[}_Y� hvsq�j_�|1tj^�y}iOmq��~}�
yLt�¨�_1s7¡�hj~]{¦|*[]hv����_1~}�9��~}�Y�L_<|1hji]fg_b��mw� f[}_$mq_1sqtj�j_<~}_1t9i]f<ª

³´[}����_Y^�t:fpm°^��®kO_<{O�>y]hjsqhj����_1��� fz^sg_7fz_7hvs*|*[�[]hjfI�L_1_1~�{Ot9~}_¢��~Smq[}_�hvsq_<h�tj£¶y}sqtj�9sqhj^Y^���~}��� hv~O�
�9i]hv�9_<f2Mâfg_1_NG×��H�£©t9sbhl�}sgt:hj{Sfgi}sq�j_<o%O$¡Lh�£©i}~]{}hj^�_1~:mqhj� �:i}_7fpmq��t9~S��~Smg[Ph�m°tv£§hjy}y}����|<h�mg��tj~P�� �"#��	�$%�?�
��&�'vªwº ~:i]^��L_1sntj£WhviOmq[}tjs*f�[]h��9_-_$kOy}��tjsq_<{!mg[}� f �:i}_7fpmq��t9~���~¦mq[}_�|1tj~:mg_1k:mItv£5[}tj^�t9�j_1~]_1tjiPfy}��hvmz�
£©t9sg^¬fQG�`<�}¡�`���¡C`SRO¡�`��SH�ªI¯nt�¨§_<�j_1s7¡]h9fw_$kOy}� hv��~}_7{�hv�Lt��j_j¡P[}_$mq_1sqtj�9_1~}_<tji]f�y]��hvmz£©tjsq^¬fw[]h��9_-�P_7|$t9^Y_
y]sg_<��hj��_<~:m°hj~]{¼hjsg_Y_$k�mqsg_<^Y_<��oShvmzmqsqh9|²mg���j_¢£©tjs�{}_1y}��t�o���~}��hvy}y]��� |1hvmg��tj~]f°h�m-i}~]y}sg_7|$_7{O_1~:mg_7{¼fq|1hj��_7f1ª
�§t9~]fg_�:i}_1~:mq��o9¡jmq[}_1sq_w� f§h�~}_1_7{�£©tjsfg|*[]_<{Oi}����~}�-mg_7|*[}~}���:i}_<f¶£©tjs§^Y��kO_<{���y]hjsqhj����_1�Lhvy}y}��� |1h�mq��t9~¬��~lmg[}_
[]_$mg_<sgt9�j_<~}_1t9i]fw|1h9fz_9ªw·µ~�mq[}��fIy]hjyP_<sI¨�_��}i]��� {�tj~@_$kO��fzmg��~}�lfq|*[}_7{Oi}����~}��hv���jt9sg��mg[}^¬f£©t9sI[]_$mg_<sgt9�j_1�
~]_1tjiPf5y}� h�mz£©t9sg^¬f�G×��¡P`<�O¡P`j`v¡P`SLO¡��O`AH�MT�FU��SU=V�hj���9tjsq�®mq[}^¬fWfzyL_<|1� �L|1hv����o¢{O_7fz���j~}_7{¢£©tjs5m*hjfg¥9��y]hjsqhj����_1����fg^1O
mqt¬{O_1�9_1��tjy¦fg|*[}_7{Oi}����~]��hj���9tjsq�®mq[}^¬f§£©tjs�^��®kO_7{��>yPhvs*hv����_<��� fz^ t9~![]_$mg_<sgt9�j_<~}_1t9i]f�y}��hvmz£©t9sg^¬f<ª
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y]sg_7fz_<~9m*flt9i}sl_<��hv��i]h�mq��t9~ sq_<fgi}�®m*f1ªZW�_7|²mg��tj~�� |1tj~]|1��i]{}_<flmg[}_¹y]hvyL_1s¦¨���mg[ h fgi}^�^�hjsgo2tj£�tji}s
|1tj~:mgsq���}iOmg��tj~Pf�hj~]{¦h�{O��fq|$iPfgfg��t9~!tj£¤£©iOmqi}sq_-¨§t9sg¥Ãª
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t9~�¨�[}��|*[�mq[}_w_1k�_7|$iOmq��t9~Ymg��^Y_ntv£Êh°mqh9fz¥¢��f5^���~}��^�hj�Qª5Z[}_Ifz_7|$tj~P{¢fzmg_<y�{O_$mq_1sq^Y��~}_7f¶hB�> �"<��	�$%�=�w£©tjs
mq[}_�hv����tO|1hvmg_7{¦mqh9fz¥Of<¡]mq[]h�m°��fImq[}_¢t9sq{}_1sq��~}�ltv£5mqh9fz¥Ofnmg[]hvmb^���~}��^Y��/1_7fImg[}_¢mgtjmqhv��|$t9^�y}��_1mg��tj~�mq��^�_
tj£Êmg[}_-hjy}y}����|<h�mg��tj~¤ªCº |$� hjfqfz� |1hj�]^�_$mq[}tO{�i]fg_<{l��~lmg[}_°hv����t�|<h�mq��t9~lfpmq_1y!��f¶mg[}_b^���~]��^���/<h�mq��t9~ltj£�mg[}_
 >�A��4 �F �����;#��4�" G�`7��H5+¤mq[}_n��tj~]�j_<fzm¶y]hvmg[���~¬mq[}_Ihjy}y}����|<h�mg��tj~�m*hjfg¥¢�9sqhjy}[�¡��FU��SU=VÊmq[}_ny]hvmg[�t9~¬¨�[}� |*[¬mg[}_
fgi}^,tj£§mq[}_�_<{O�9_¬hv~]{¼~}tO{O_¬¨�_1���j[:mqfb� f°^�hvkO��^¬hv�>ª¬ºw~}tjmg[}_<s-yPt:fgfg���}������mpoS��fbmq[}_¬^���~]��^���/<h�mq��t9~¼tj£
mq[}_ �����>�
�S'�� ���
����¡Ã¨�[}� |*[S^�_<h9fzi]sg_7f�mg[]_¢y}sqtO|$_7fgfgtjsg�Qmq��^�_�hjsg_7h¬sg_ �:i}��sq_<{¦��o�mg[]_¢hvy]y}��� |1hvmg��tj~PG�`1��H>ª
Z�tS�L_�hj�}��_¬mgt¼_<fzmg��^�hvmg_lmg[}_!_1�jt9��i}mg��tj~ tv£�mq[}_l_1kO_<|$i}mg��tj~ mq��^�_ltj£nhS�9���9_1~�mqh9fz¥�{O_<yP_<~]{O��~}�@t9~
mq[}_�~�i}^¢�P_<sntj£Wy}sgtO|1_<fqfzt9sqf�hj����tO|1h�mq_<{!mgt!�®m7¡]mq[}_<fg_¢hj���9tjsq�®mq[}^¬f�i]fg_�_1��mg[]_1sb^YtO{O_<����~}��t9sny}sqt �P����~}�]ª
xSt�{}_1� fnhvsq_°y}sq��~]|1��yPhv����o��]hjfg_<{�t9~Sºw^¬{}hv[]�&� fw� h�¨ G�`�H�ª�½}t9sn|$t9^Y^¢i}~}� |1hvmg��tj~]f<¡Omg[]_�^�t9fzmI|$t9^�^Yt9~
^�tO{O_<�W��f�mgtS{O������{}_¬mg[}_�mqtvm*hv�¶hj^Yt9i}~:m�tv£w{}hvmqh�mgt¦mqsqhj~]fz£©_1s-��o@mq[}_¬�]hj~]{O¨�� {�mg[ tj£�mq[}_¬~}_1mp¨§t9sg¥
hj~]{�hj{}{�� h�mg_<~]|$��_<f�{}_1yL_1~]{O��~}�¬t9~�fgtji}s*|$_°hv~P{!{O_7fpmq��~Ph�mg��tj~�{}hvmqh�{O� fpmqsg���}iOmq��t9~]f<ª

·µ~ G ��H�¡O¨§_-y}sqtjyLt9fg_<{!hv~¦hv���jt9sg��mg[}^ mg[]hvmy]sgtO|$_<_<{}f��~¦tj~}��o�t9~}_-fpmq_1y�ªWZ[}_�hj����tO|1hvmg��tj~ly]sgtO|$_7fgf
� fWfgi}�]fzmg��mgiOmq_<{¬��o�mg[}_nh9fgfgtO|$� h�mq��t9~¢tj£Ãh°����fzm¶tj£Ã|1tj~ �]�9i}s*h�mg��tj~PfCmgt°mqh9fz¥Of<¡j¨�[}� |*[���f§hv� fzt°i]fg_<{���~�mg[]��f
¨�tjsq¥�hj~]{�{O_$m*hv����_7{¢��~1W�_<|$mg��tj~¬�}ª�¯wt�¨�_1�9_1s7¡�mg[}_Ihv���jtjsq��mg[}^ ¨�_�y}sq_<fg_1~:m5��~�mq[}� f5y]hvyL_1s7¡ji]~}����¥j_mq[]h�m
��~ G ��H�¡5_$kOy}����|1�®mq��o h9|1|$t9i}~:mqf�£©tjsYy}��hvmz£©t9sg^ [}_1mg_1sqtj�9_1~}_<�®mpo9¡5hv~]{ � f�mg[�i]fYhvy}y}��� |1hv�]��_¬mqt@sq_<hj�®��¨§t9sg� {
^¢i}��mg����|1��i]fzmg_<s�y}� h�mz£©t9sg^¬f<ª

]�^�] `bg�x%g,�#a�efg�hig�a�j�k {2v}k(~ ���<�ig�s�j��
nTh�e
Z[]_Wy}sqtj�}��_1^ tv£]fq|*[}_<{}i}����~}�nh�mqhjfg¥b�js*hvy}[°tj~:mqtnh�[}_1mg_1sqtj�9_1~}_<tji]fÃy]��hvmz£©tjsq^ ��f�hjf�£©tj����t�¨wf<ª��§tj~Pfz� {O_1s
h��I��sq_<|$mg_7{Yº�|1oO|$����|�Ibs*hvy}[�M��nºiI�O

G = (N , E)
¡vmq[]h�mW^�tO{O_1� fWhby]hjsqhj����_1�}hjy}y}����|<h�mg��tj~¤¡v¨�[}_1sq_

N =
{Ni : i = 1, · · · , N}

��fChnfg_$mCtv£
N
~]t�{}_<fEM©tjs�mqh9fz¥Of�O�hj~]{

E = Ei,j

��fChnfg_$m�tv£}_7{O�j_7f1ª�«¶hj|*[�mqhjfg¥°[]hjf
h�|1tj^�y}iOm*h�mg��tj~�|$t:fpm7¡��SU '(U=V�hY~�i}^��L_1s�tj£C½C��t9y]f<¡O¨�[}��|*[���_<hj{]f�mgt¬{O��±L_<sg_<~9mw|1tj^�y}iOm*h�mg��tj~!mg��^�_<ft9~
{}�®±Ã_1sq_1~:m�y}sgtO|1_<fqfzt9sqf<ª¤ºw~Y_<{}�j_���~¢mg[}_��wºiI |$t9sgsq_<fgyPt9~]{}f¤mgt°hwm*hjfg¥�{O_<yP_<~]{O_1~P|$oNMQ|$tj^�^¢i}~}� |1h�mq��t9~
t9sy}sg_7|$_7{O_1~]|1_b|1tj~]fzmgs*hv��~:m<ª O�Z�t�_<h9|*[l_<{}�j_

Ei,j

� f�hjfqfztO|1��hvmg_<{
Dij

¡�mq[}_�hv^�tji]~9mtv£�{}h�m*hY��~���o9mq_<f
mq[]h�m�m*hjfg¥

Ni

fg_1~]{]fCmgtbmqh9fz¥
Nj

ª�«§hj|*[�fzi]|*[¢mgs*hv~Pfp£©_<s5��~]|1i}s*f5hb|1tj^�^�i]~}��|<h�mq��t9~¢|$t:fpm�mq[]h�m¶{O_<yP_<~]{}f
t9~�~}_$mp¨�tjsq¥l|<hvy]hj�}������mg��_<f<ª�·�mI��fIhjfqfzi}^�_7{lmq[]h�mb�®£�mp¨�t�mqh9fz¥Ofnhjsg_�h9fgfg���j~}_7{�mqt¬mg[}_Yfghj^�_-y}sgtO|1_<fqfzt9s
mq[}_1sq_S� f�~}t¸|$tj^�^¢i}~}� |1h�mq��t9~´|$t9fzm<ª�ºn��fgt]¡�¨�_@hjfqfgi}^�_¦mg[]hvm�fg_1�j_<sqhj�w|$t9^Y^¢i}~}� |1hvmg��tj~]f¬^¬h�o �P_
yL_1sg£©tjsq^�_<{�h�mmg[]_�fghj^Y_bmq��^�_j¡]yPt:fgfg���]��o���_<h9{O��~}�Ymgt�|$t9~:mg_1~:mq��t9~ltj~�mq[}_-~}_$mp¨�tjsq¥Ãª

º m*hjfg¥�¨��®mq[}tji}mIhv~�o¬��~}y}iOmn_7{O�j_°� fw|1hj����_<{�hv~ �>&<4 ����mqhjfg¥�¨�[}����_�hYmqhjfg¥�¨���mg[¦~}t�tji}mgy}iOmw_7{O�j_
� f�|1hj����_<{ hv~ �
����4�m*hjfg¥Ãª¸º mqh9fz¥ � f�fghj��{b�
���3	��¹¨�[]_1~2hv�����®m*f¢y]sg_7{O_<|1_<fqfzt9sqf¢[]h��j_#�]~}� fz[]_<{ mg[}_<��s
_1kO_<|$i}mg��tj~�ª

Pred(Ni)
{O_1~}tjmg_7f5mg[]_nfz_1mWtv£Ãmg[]_w��^�^�_<{}��hvmg_wy}sq_<{}_<|$_7fgfgtjs*fCtv£Ãmqh9fz¥

Ni

hj~]{
Succ(Ni)� f�mg[]_�fz_1mwtv£¤mq[}_-��^Y^�_7{O��hvmg_�fgi]|1|1_<fqfzt9sqf§tv£Cmg[]��fwfqhv^�_bmqh9fz¥Ãª

Z[}_ m*hvsq�j_$m hvs*|*[}��mg_7|²mgi]sg_ ��f¹�9_1~}_<sqhj����o h fg_$m tj£![}_1mg_1sqtj�9_1~}_<tji]f¼y}sqtO|$_<fqfgtjs*f
P = {Pk :

k = 1, · · · , p}
|$tj~]~}_<|$mg_<{���� hSh¦£©i}����o�|1tj~}~]_<|²mq_<{ ~]_$mp¨�tjsq¥Smgt9yPt9��t9�jo9¡��FU���U=Vnhjf¢fzt�tj~ h9f�h�m*hjfg¥

Ni

[]h9fw|$t9^Yy]��_1mg_<{�¡
Di,j

��o:mg_7fwhvsq_�fg_1~:mwmgt�hj�����®m*fnfgi]|1|1_<fqfzt9sqf�fg��^�i}��mqhj~}_1t9i]fz��ojª§³¼_Yhjfqfzi]^Y_°mq[]h�m
|1tj^�y}iOm*h�mq��t9~�|<hv~��P_-t��9_1sq��hjy}yP_7{�¨���mg[�|$t9^�^�i}~}� |1hvmg��tj~�ª

³¹_¬{O_1~}tjmg_Y��o
wi,j

mq[}_¢_1kO_<|$i}mg��tj~Smq��^�_�tv£¶mqhjfg¥
Ni

tj~¼y}sgtO|1_<fqfzt9s
Pj

¡Ê¨�[}��|*[¼¨§_�hjfqfgi}^�_�mgt
�L_-¥�~}t�¨�~!£©tjs�_<h9|*[�m*hjfg¥9��y}sqtO|$_<fqfgtjs�y]hv��s<ª

Z[}_¦|$t9^�^�i}~}� |1hvmg��tj~ |1t9fzm¢tj£n_<{O�9_
Ei,k

¡5mq[]h�m�� f�mq[}_!mg��^Y_!mgt¼mgs*hv~Pfp£©_<s
Di,k

��o9mq_<fYtv£n{]h�mqh
�L_$mp¨�_1_<~-mqh9fz¥

Ni

MQfg|*[}_7{Oi}��_<{-t9~
Pm

O�mgtnmqh9fz¥
Nk

Mâfq|*[}_<{Oi]��_7{�tj~
Pn

O¤��fC{O_��]~}_<{���o
ci,k = βm,n+

Di,k × τm,n

¡�¨�[}_<sg_
βm,n

hv~]{
τm,n

hvsq_�mg[}_b|$t9^Y^¢i}~}� |1hvmg��tj~lfzmqhjszmqi}y�|$t:fpmhv~]{�mq[}_I{]h�mqh�mgs*hv~]fz£©_1s
s*h�mq_b£©tjsmg[]_�|$tj^�^¢i}~}� |1h�mq��t9~l����~]¥!|$t9~}~}_7|²mg��~}��y}sqtO|$_<fqfgtjs*f

Pm

hv~P{
Pn

ª

é� ��é��
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º �}sqt9h9{S|$� hjfqfntj£¶[}_<i}sg� fzmg� |1fI£©tjs-fgtj���:��~}�lmg[}_�fg|*[]_<{Oi}����~}�!y]sgt9�}��_<^ ��fY�?�@�A4 �5�> �"<��	�$%�?��&('jª�·µ~¼mg[}_
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ºn���¶mg[}_7fz_¬[]_1i}sq��fzmg� |1f�hvsq_Y�Phjfg_<{¹tj~¹mg[]_�fghj^Y_�mp¨�tS|$t9^�yPt9~}_1~:mqfS+�h ;7�A�F���A��4 �¼£©i}~]|$mg��tj~�¡C¨�[}� |*[���f
iPfz_7{�mgt�t9sq{O_<snhv���¤~]t�{}_<fw��~¦mg[]_�mqh9fz¥��js*hvy][¦hvmI|$t9^�y}����_-mq��^�_��Êhj~]{�hv~�t9�Oup_<|$mg���j_°£©i}~]|$mg��tj~�¡

Fobj

¡
¨�[]��|*[�^�i]fzmw�L_-^Y��~}��^��=/<_<{ÊªWº �9_1~}_<sg� |b��� fpmg��fq|*[}_7{Oi}����~}�¬hj���9tjsq�®mq[}^ |1hj~lmq[:iPf��P_-¨�sq��mzmg_<~�h9f>+
�§t9^�y}iOmg_bmq[}_8;7�A�F���A��4 �l£©tjs�_<h9|*[!~]t�{}_b��~�mg[}_ �nºiI
�l���3	 �������
:���� «W~:mgsqo!ZChjfg¥Of
³´[]����_�����3	����<���
:��-� f�~}tvm�_<^Yy}mpo

rW� |*¥�mq[}_-~}tO{O_
Ni

mq[]h�m�^¬h�kO��^��=/<_<f�mg[]_
priority

£©i}~P|²mg��tj~
ºnfqfg���9~

Ni

tj~!mg[}_-y]sgtO|$_7fgfgtjs
Pj

mq[]h�mw^���~}��^���/1_7f
Fobj(Ni, Pj)�wyÃ{}hvmg_��l����	 �������
:��

� � ���������"$#����°
�#$��� 
�� � ��
C��C�������!������� '(#*)��� .0�-����"$"$��"
�������� !��"$#$���

³´[]����_¬mg[]_l����fzmz�µfg|*[]_<{Oi}����~}�Shv���jt9sg��mg[}^¬f-{O_7fg|1sg���L_<{���~ W�_<|$mg��tj~ �Oª×��tjyL_1s*h�mq_¬tj~ h�£©i}����o¹[]_$mg_<sgt9�j_1�
~]_1tjiPfny}� h�mg£©tjsq^oMâ|1tj^�y}iOmq_¢sq_<fgtji}s*|$_7fnhj~]{S~}_1mp¨§t9sg¥�����~}¥Of�O²¡Ê��~@t9i}s �Psqfzm°hvmzmq_1^�yOm�h�mbi]fz��~}�!mg[}_7fz_
[]_1i}sq��fzmg� |1f�£©t9s�^��®kO_<{O�>y]hjsqhj����_1��� fz^ ¨�_-��^�yLt9fg_°mg[}sq_1_°sq_<fzmgsq��|$mg��tj~]ft9~lmq[}_-y}� h�mg£©tjsq^ hv~P{l��mqf�iPfghj�j_3+
Mâ�@O¶mq[}_°y}��hvmz£©t9sg^ |1tj~]fg��fzmqf§tv£�h�[]_$mg_<sgt9�j_<~}_1t9i]f¶|1tj����_7|²mg��tj~!tv£¤[]tj^�tj�9_1~}_<tji]f�|$��i]fzmg_1s*f��!Mâ����O¶mg[}_°~}_1mz�
¨�tjsq¥���~:mg_<sq|1tj~}~]_<|²mq��~]��mg[]_<fg_�|1��iPfpmq_1s*fn� fI£©i}����oS|$t9~}~}_7|²mg_7{@hj~]{S[}t9^�tj�j_<~}_1t9i]f��XMâ������OI{]h�mqhv�>yPhvs*hv����_<�
m*hjfg¥OfWhvsq_nhv��¨h�o�f�^¬hjy}yP_7{�mgt¢sg_7fzt9i}s*|$_<f�¨���mg[]��~lh�fz��~}�j��_n|1��i]fzmg_<s<ª�Z[}_7fz_Isg_7fpmqsg� |²mq��t9~]fWhvsq_�upi]fzmg� �]_<{
h9f°£©tj����t�¨wf1ª�c�_<fzmgsq��|$mg��tj~ Mâ�@O-|1��_7hvsq��o¼^¬hv¥j_7f°mg[]_�y}sqtj�}��_1^ ^Yt9sg_�mqsqh9|²m*hv�}��_¬�}iOm�� f���~�£âhj|$m�[}���j[}��o
sq_1y]sg_7fz_<~9m*h�mq���9_btj£�|1i}sqsg_<~9mq��o�h���hv����hj�}��_QIbsq� {!y]��hvmz£©tjsq^¬f1ª�·µ~]{O_<_<{Ê¡Pmg[]_<fg_-y}��hvmz£©t9sg^¬f�mpo�y}� |1hj����o!|1tj~O�
fg� fpmWtj£Ã|1��i]fzmg_<sqf���tO|1hvmg_<{�hvm¶{O�®±Ã_1sq_1~:m¶��~]fzmg��mgiOmq��t9~]f<¡9hv~P{¢��~]fzmg��mgiOmq��t9~]f5mpo�y}� |1hj����o��}i]��� {�[}tj^�t9�j_1~]_1tjiPf
|1��iPfpmq_1s*f1ª�c�_<fzmgsq� |²mg��tj~ M©���@O§� f¶^�tjsq_ �:i}_7fpmq��t9~]hv�]��_nh9f¶_<~]{��>mgtj�>_<~]{¬~}_1mp¨§t9sg¥Yy]h�mq[]f�tj~¬mq[}_b¨���{O_1��hjsg_7h
hjsg_�¥�~}t�¨�~�mqt��L_n[}���j[]��oY[}_$mq_1sqtj�9_1~}_<tji]f<ª�¯nt�¨§_<�j_1s7¡jt9~}_w¥9_1oY��fqfzi]_�£©tjs�fg|*[}_7{Oi}����~]��^��®kO_<{O�>y]hjsqhj����_1�
hjy}y}����|<h�mq��t9~Y� f�mq[]h�m¶tj£�	3��49�Q�
��	��@�A4��A�	�>$%4 �F��&y+�mq[}_wy}sqtO|$_7fgf5tj£Pmqsqhj~]fz£©_1sqsg��~}�-hv~]{Ysq_1^¬hvy]y}��~]��hvy}y}��� |1h��
mq��t9~S{}h�m*hY£©sgt9^ t9~}_�fgi}�]fg_$mntj£Cmq[}_�|1tj^�y}iOmq_�sg_7fzt9i}s*|$_<f�mqtlhv~]tvmg[]_1snfgi}�]fg_$m7ª �bh�m*h¬sq_<{O� fpmqsg���}iOmq��t9~
t9~�[}_1mg_<sgt9�j_1~]_1tjiPf¤~}_1mp¨§t9sg¥Of���f�hb|$t9^Yy]��_1mg_1��o�t9yP_<~�y}sqtj�}��_1^¦¡�¨�[}� |*[Y��fC¥�~}t�¨�~�mqt°�P_��wrW��|1tj^�y}��_$mg_
��~�mq[}_b[}tj^�tj�9_1~}_<tji]f§|1h9fz_BG R�H>ªW¯nt�¨§_<�j_1s7¡j��~�mq[}_°[}tj^�t9�j_1~]_1tjiPf¶|1h9fz_bh�~�i}^¢�P_<s�tj£�hv���jt9sg��mg[]^�fW£©tjs
sq_<{}��fzmgsq���]iOmg��tj~¼[]h��j_Y�P_<_1~ {O_<�j_1��tjyL_<{ G R]¡5`7��¡¶`<�O¡¤�9��¡¤�v��H�ª#�§tj~]fg_�:i}_<~:mg��oj¡¤h9fgfgi}^���~]��h�[}t9^Yt9�j_1�
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_<^�y}��t�o9_<{¹��~¼mq[}_l^���kO_<{���y]hvs*hv����_1����fg^,���®mq_1s*h�mgi]sg_�G�`v¡¤�3H>ª �§tj~P|$_1����hv�}��oj¡¤mg[}� f�sq_<fzmgsq� |²mg��tj~ |1tji}� {��P_
sq_1^�t��9_<{���£�^YtO{O_<��f�£©t9s�y]hvs*hv����_1��hvy]y}��� |1hvmg��tj~!tj~¦[}_$mq_1sqtj�9_1~}_<tji]f§y}� h�mz£©t9sg^¬f¨�_1sq_-h���hj��� hv�]��_9ª

·µ~0fgi}^�^¬hvsqoj¡tji}s�|1tj^�y}iOmq��~]� y}� h�mz£©t9sg^ |$t9~]fz� fzmqf¬tj£
M

|$��i]fzmg_<sqf<¡§¨�[]_1sq_�_<hj|*[´|1��i]fzmg_<s
Kj

¡
£©t9s

j = 1, . . . , M
¡�|1tj~:mqhj��~Pf

Pj

� {O_1~:mg� |1hj�¶y}sqtO|$_7fgfgtjs*f1ª¦Z[}_�|$��i]fpmq_1s*f�hjsg_¬��~:mg_1s*|$t9~}~}_7|²mg_7{�����hSh
[]tj^�tj�9_1~}_<tji]f�~}_$mp¨�tjsq¥Ãª¤ºnf���~JW�_<|$mg��tj~Y�}ª �}¡�¨§_�{O_<~}tvmq_§��o

βm,n

hv~]{¢��o
τm,n

mq[}_�|$tj^�^¢i}~}� |1h�mq��t9~
fzmqhjszmqi}y@|1t9fzm°hj~]{�mq[}_Y{]h�mqhlmgs*hv~Pfp£©_<sIs*h�mq_�£©tjs-|1tj^�^�i}~]��|<h�mg��tj~@�P_1mp¨§_<_1~@y]sgtO|$_7fgfgtjsbfz_1mqf

Sm

hv~P{
Sn

¡}¨�[}_1sq_°_<h9|*[!fg_$mw� f�h¬fzi}�Pfz_1mtj£�h�fg��~]�j��_°|1��iPfpmq_1s7ª
Z�tliOmq������/1_Y��� fpmg��fq|*[}_7{Oi}����~}��hv���jt9sg��mg[}^¬f£©t9snmq[}_Yy}i}sqyPt:fz_¢tv£¶fq|*[}_<{Oi]����~}�l^���kO_<{���y]hvs*hv����_1�¤hjy}y}���®�

|<h�mq��t9~�¡P¨�_���~:mgsqtO{Oi]|$_�mg[}_�|$t9~]|$_<yOmItj£¶h  ���&���'3$%�
��4 �F��&Pªbº |$t9~ �]�9i}sqhvmg��tj~¦� fb{}_ �]~}_7{Shjfbhlfgi}�]fg_$m
tj£�mg[}_�fg_$mItv£�mg[}_�y}sgtO|1_<fqfzt9sqf�h���hv��� hv�}��_°¨��®mq[}��~¼h�|$��i]fzmg_1s7ª �Ihvmqh���y]hjsqhj����_1�Ãm*hjfg¥�fIhvsq_�fg|*[]_<{Oi}��_<{�t9~
|1tj~ �P�ji}s*h�mq��t9~]f1ª�³´[}����_°��~lm*hjfg¥�fg|*[}_7{Oi}����~]��mq[}_-fz^¬hv����_<fzm|1tj^�y}iOm*h�mg��tj~Phv�Ã_1��_1^�_1~:m��f�h¢y}sqtO|$_<fqfgtjs7¡
��~�t9i}sC¨§t9sg¥bmg[]_fg^¬hv����_7fpmC_1��_1^�_1~:m���f�hb|$t9~ �]�ji]sqhvmg��tj~�ª�³¹_��^�yLt9fg_�hwmg_7|*[}~}� |1hv��sq_<fzmgsq��|$mg��tj~���o-����^Y�
��mg��~}��|1tj~ �]�9i}s*h�mg��tj~Pf¶mqt�|$t9~9m*hv��~¦~:i]^��L_1s*ftv£�y}sgtO|1_<fqfzt9sqf§mg[Ph�mIhjsg_°yLt�¨§_<sqf�tv£

2
ª¶Z[}� f�sg_7fpmqsg� |²mq��t9~

� f-|$t9~��j_1~]��_<~9mJM©�L_<|<hvi]fg_��®m-sq_<{OiP|$_<fbmq[}_�~�i}^��L_1s-tj£§yLt9fqfz���}��_�|1tj~ �P�ji}s*h�mq��t9~]f�Onhv~]{¼� fbmpo:y]��|<hv�C£©tjs
^�t:fpm5{}h�m*h���y]hvs*hv����_1��hvy}y}��� |1h�mq��t9~]f<ª�ºw� fgt]¡�£©t9s�mq[}_�fghj¥j_�tv£Pfg��^Yy]��� |$��mpoj¡v¨�_tj~}��o�|$t9~]fg��{O_<s�sg_7|²mqhj~}�ji]��hjs
|1tj~ �P�ji}s*h�mq��t9~]f�mg[]hvmbfgy]hv~S|1tj~:mg���ji]tji]f�y]sgtO|$_7fgfgtjs*f<ª�Z[}� fw� f�mq[}_�mpo�y}� |1hj�¤i]fg_�tj£Wy]hvs*hv����_<�¤|$t9^�y}iOmg_
sq_<fgtji]sq|1_<f<ªW½���~]hj����oj¡]£©tjswh��j���j_<~�|$tj~ �]�ji}s*h�mq��t9~�fg��/1_j¡]¨§_-t9~}��o�|$t9~]fz� {O_<sw|$tj~ �]�ji}s*h�mq��t9~]f�mg[Ph�m�£©tjsq^
h�~}tj~}�>t��9_1sq��hjy}y}��~}�°mg������~}�Ytv£�mq[}_°|$��i]fpmq_1s�M
��U '(U=VÊ£©tjs�h�|1��i]fzmg_<s¨��®mq[ L¢y}sgtO|1_<fqfzt9sqf5¨�_btj~}��o¬|$tj~Pfz� {O_1s
mp¨�t

1 × 4
|$tj~ �]�ji}s*h�mq��t9~]f<¡9mp¨�t

4 × 1
|1tj~ �P�ji}s*h�mq��t9~]fhv~]{lmp¨§t

2 × 2
|$t9~ �]�9i}sqhvmg��tj~]f�O²ªC«W~O£©t9sq|1��~]�

~]tj~O��t��j_<sg� hvy}y]��~}��|1tj~ �P�ji}s*h�mq��t9~]fn_<~]fgi}sg_7fwmq[]h�m�hj���5|$t9~ �]�9i}sqhvmg��tj~]fntv£Wmq[}_¬fghj^�_Yfg�=/<_Y|<hv~¼�P_�iOmq�®�
����/1_<{¢|$t9~]|$i}sqsq_1~:mg��o°�:o¢hny]hjsqhj����_1��hvy]y}��� |1hvmg��tj~�ªCºw~Y_$k}hv^�y}��_�tv£Phj����mq[}_�|1tj~ �P�ji}s*h�mq��t9~]f¤¨�_|$tj~Pfz� {O_1s
£©t9s�hv~ L���y}sqt�|1_<fqfzt9sI|1��i]fzmg_<s-��f°�9���9_1~¼��~ ZChv�}��_¦`jª¬ºw����mg[}_7fz_¬sq_<fzmgsq� |²mg��tj~Pfbhjsg_¢£©tjs�fg��^Yy]��� |$��mpo@hv~P{
|1tj~��j_<~}��_1~]|1_Yhj~]{�|1hv~��L_¬_<h9fz����o@sg_<^Yt��9_<{Êª�¯nt�¨§_<�j_<s<¡Êsq_1^�t�����~]�!mq[}_¬sq_<fzmgsq��|$mg��tj~¹tv£sg_7|²mqhj~}�ji]��hjs
hj~]{�|$tj~:mq���9i}tji]f|1tj~ �]�9i}s*h�mg��tj~Pf¶^¬h�o�^¬hv~P{}h�mq_°fgtjy][}��fzmg� |1hvmg_7{lhvy]y}��� |1hvmg��tj~�yP_<sz£©t9sg^¬hj~]|$_b^�t�{}_1� f1ª
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Z�hj�}��_Y`�+ � � fpm�tj£�|1tj~]fg��{}_1sq_<{l|1tj~ �P�ji}s*h�mq��t9~]f§£©tjswhv~�L���y}sqtO|$_<fqfgtjs|$��i]fpmq_1s7ª

·µ~@fgi}^�^¬hvsqoj¡P£©tjsnmg[}_¢y}i}sqyPt:fz_�tj£¶fg|*[]_<{Oi}����~}�]¡]mg[}_�mqhvsq�j_1mIhvs*|*[}��mg_7|²mgi]sg_�� fnhj�]fzmgs*hj|²mq_<{�h9fn|$t9�®�
��_<|$mg��tj~]f�tj£

c
|1tj~ �]�9i}s*h�mg��tj~Pf

C = {Ck : k = 1, · · · , c}
fzi}�}up_<|²m�mgt¢mg[]_bsq_<fzmgsq� |²mg��tj~Pf¶����fzmg_7{lhj�Pt��9_jª

ºn~¦i}y}yL_1sw�Ltji}~P{lt9~!mq[}_-~�i}^��L_1s�tj£C|1tj~ �]�9i}s*h�mg��tj~Pf§� fS+

M
∑

i=1

blog2(Pi)c
∑

j=0

(j + 1)

⌊

Pi

2j

⌋

.
Mp`�O

W���^���� hvsq��oSmgtSmg[}_l{}_ �]~}��mg��tj~ tj£hSy]hvs*hv����_<�5y}sqtj�js*hv^ �j���j_1~¹��~ W�_<|$mg��tj~ �Oª×�O¡Ch¦^��®kO_<{O�>y]hjsqhj����_1�
y]sgt9�js*hv^���fw^YtO{O_<��_7{��:o!h �wºiI

G = (N ∗, E)
¡]¨�[}_1sq_

N ∗ = {N∗
i : i = 1 · · ·N∗}

��f�h¬fg_$m�tv£
N∗{]h�mqhv�>yPhvs*hv����_<��mqhjfg¥Of�hv~P{

E = Ei,j

� f�h�fg_$mYtv£�_<{O�9_<f-sq_1y]sg_7fz_<~9mq��~]�S{O_1yL_1~]{}_1~]|1��_7f�hv^�t9~}�¦mg[}_7fz_
m*hjfg¥Of1ª�³´[}_1sq_<h9f-��~ mg[}_ly}i}sq_1��o@m*hjfg¥9��y]hjsqhj����_1�5|1h9fz_¬_7hj|*[�m*hjfg¥

Ni

��~�mq[}_ �wºiI¨hjf�hjfqfz���j~}_7{¼h
|1tj^�y}iOmq_-|$t9fzm<¡�[}_<sg_°¨�_-hjfqfz���j~lh� ����A4 ���� >45���-mgt�_<h9|*[ly]hjsqhj����_1�Lm*hjfg¥Lª5Z[}_-|1t9fzm�9_<|$mgtjs�sq_1y}sq_<fg_1~:mqf
mq[}_�|$t9^Yy]iOmg_�|$t:fpm�tv£Img[}_�m*hjfg¥ ¨�[}_1~ ^¬hvy}yL_<{ mgt�_7hj|*[¸|1tj~ �P�ji}s*h�mq��t9~

Ck

¡
k = 1, . . . , c
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{}_1~}tjmg_Img[}_°|$t9^Yy]iOmg_°|$t:fpm�tv£�m*hjfg¥
N∗

i

t9~!|1tj~ �]�9i}s*h�mg��tj~
Ck

�:o
w∗

i,k

ª5Z[}� f�|1t9fzm|<hv~��L_°fz_1m§mqt
∞��£§h�{}h�m*h���y]hvs*hv����_1��m*hjfg¥S|1hj~}~}tvm°^¬hv¥9_�i]fg_¢tj£§h!y]hvsgmg� |$i}� hvs°|$t9~ �]�9i}sqhvmg��tj~PM��SU '(U=V§{Oi}_Ymqt!^�_1^�t9sgo

|1tj~]fzmgs*hv��~:mqf�O²ª
Z�t¬^�t�{}_1�

ri,s,j,d

¡}mq[}_-mg��^�_�~}_<_<{O_7{�mgt¬sq_<{O� fpmqsg���}iOmq_°mg[}_¢hv^�tji}~:mwtj£5{]h�mqh
Di,j

�L_$mp¨�_1_<~¦mqh9fz¥
N∗

i

Mâfq|*[}_<{Oi]��_7{!t9~lmq[}_�fgtji}s*|$_-|$t9~ �]�9i}sqhvmg��tj~
Cs

Ohj~]{!mqh9fz¥
N∗

j

Mâfq|*[}_<{Oi]��_7{!t9~�{}_<fzmg��~]h�mq��t9~¦|1tj~O�
�P�ji}s*h�mq��t9~

Cd

O²¡¨�_�[]h��j_�mgt |1tj~]fg� {O_1s�mp¨�t |1hjfg_<f<ª´·�£
Cs

hj~]{
Cd

hvsq_�{O� f©upt9��~:mlfg_$mqf<¡�mg[}_<~2mg[}_
sq_<{}��fzmgsq���]iOmg��tj~¦|$t:fpmw|1hj~lmq[}_1~¦�L_-¨�sg��mzmq_1~�hjfS+

ri,s,j,d =
Di,j

|Cs|
τs,d + max

(

|Cd|

|Cs|
,
|Cs|

|Cd|

)

βs,d.
MQ�3O

Z[]_ �]sqfzm-mg_<sg^ |$tjsqsq_<fgyPt9~]{}fImgt¦mq[}_��]hj~]{O¨�� {�mg[ |$t9~]fgi}^�yOmg��tj~ hv~P{@¨�_�hjfqfzi]^Y_Ymq[]h�m¢hj���Wfgtji]sq|1_
y]sgtO|$_7fgfgtjs*f§yP_<sz£©t9sg^ |1tj^�^�i}~]��|<h�mg��tj~Pf§��~¦y]hvs*hv����_1�>ª}-nmq[}_1sw|1tj^�^�i}~]��|<h�mg��tj~!^�t�{}_1� f�|1hv~��L_-_<hjfg����o
y]��i}�9�j_7{ ��~¸[}_1sq_l¨���mg[]tjiOm���~���hv��� {}h�mq��~}�¼tji}s�hvy]y}sgt:hj|*[�ª¹Z[}_¦fz_7|$tj~P{�mg_<sg^ |$t9sgsq_<fgyLtj~]{}f�mgt¼mg[}_
� h�mq_1~]|1��_7f1ª@·�m¢� f��]h9fz_7{ tj~�mq[}_l^¬h�kO��^�i}^ ~�i}^¢�P_<s�tv£w^�_7fgfqhv�9_<f°mqt@�L_l_$k}|*[]hj~}�j_7{¹��~ mq[}_!{]h�mqh
sq_<{}��fzmgsq���]iOmg��tj~�¡Ã¨�[}� |*[¼{}_1yL_1~]{}f°t9~Smq[}_¢sq_1� h�mq���9_�~�i}^¢�P_<sbtj£§fgtji}s*|$_Yhv~]{¼{O_<fzmg��~]h�mq��t9~Sy}sqtO|$_<fqfgtjs*f
hj~]{¼��f-�9���9_1~¹��oSmg[]_

max
|$� hvi]fg_jª¬·�£

Cs

hv~]{
Cd

fg[]hjsg_�y}sqtO|$_<fqfgtjs*f1¡Êfgtj^�_�{}h�m*h�¨������W�L_�|$tjy]��_7{
t9~2mg[}_¹|$t9^Y^�t9~´y}sgtO|1_<fqfzt9sqf¬hj~]{2mg[]_<fg_@|$t9y}��_7fl|<hv~´�L_¼^¬hj{}_S��~ y]hvs*hv����_<�Q¡¨�[}� |*[ fqh��j_7f�fzt9^�_
�Phv~]{O¨�� {�mq[¦hj~]{!tj~}_°� h�mg_<~]|$o�|$t:fpm�+

ri,s,j,d = max

(

Di,j

|Cs|
−

Di,j

|Cd|
,
Di,j

|Cd|
−

Di,j

|Cs|

)

τs,d +

(

max

(

|Cd|

|Cs|
,
|Cs|

|Cd|

)

− 1

)

βs,d.
Mâ��O
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:���� «W~:mgsqo!ZChjfg¥Of
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rW� |*¥�mq[}_-~}tO{O_
N∗

i

mq[]h�mw^¬h�kO��^��=/<_<f�mg[]_J02������	8;!�A�F���A��4 �¬£©i}~]|$mg��tj~
ºnfqfg���9~

N∗
i

tj~!mg[}_�|1tj~ �]�9i}s*h�mg��tj~
Cj

mq[]h�mw^���~}��^���/1_7f
Fobj(N

∗
i , Cj)�wyÃ{}hvmg_��l����	 �������
:��

� � ���¤� �Y
��! ��������0� �

Z�tb������iPfpmqsqhvmg_tji}s5hjy}y}sqt9hj|*[�¨§_|*[}t9fg_§mgt°_$k�mg_<~]{�mg[}_�mqh9fz¥:��y]hvs*hv����_1��fg|*[}_7{Oi}����~]�I[}_<i}sq��fzmg� |�y}sgt9yPt:fz_7{
��o Z�i}yL|1i}tj�9��i ��46����U���~bG �}`AH�¡W¯w_$mq_1sqtj�9_1~}_<tji]f�«¶hvsq����_<fzmY½C��~}� fz[ Z��^�_DMQ¯w«¶½�ZiO$¡�mqt@mq[}_l^���kO_<{��
yPhvs*hv����_<��|1h9fz_9ª°·�mb� fn��^�yPt9szm*hv~:mbmgtl~]tvmg_¢mg[Ph�m°tji}s°hvy}y]sgt:hj|*[¦��fb�9_1~}_<sqhj��hv~P{@hvy]y}��� |1hj�}��_�mgt�tvmq[}_1s
m*hjfg¥:�>y]hjsqhj����_1��fq|*[}_7{Oi}����~}�l[}_1i}sq� fpmq��|<f1ª³¹_¢|*[}t:fz_�¯n«¶½�Z��P_7|1hji]fz_��®mn� fbfz��^�y}��_9¡PyLtjy]i}��hjs<¡Lhv~]{¦¨hjf
fg[}t�¨�~�mqt¼�L_!|1tj^�yP_1mg��mg���j_���~bG �}`AH�ª¼·µ~ mg[}� f¢fg_<|$mg��tj~ ¨�_lsq_<|<hv���¶mq[}_l�Phjfg��|<f�tj£n¯w«¶½�Z hj~]{ fg[}t�¨
[]t�¨�mg[}_�y}sq��tjsq�®mpoShj~]{St9�Oup_<|$mg���j_Y£©i}~]|$mg��tj~]f-hjsg_�hj{}hjyOmg_7{�£©t9sb^���kO_<{���y]hvs*hv����_1����fg^ mgt�{O_<�j_1��tjy@mg[}_
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Z[]_�y}sq��t9sg��mpo�£©i]~]|²mq��t9~Si]fg_<{���o¦¯w«¶½�Z�� fn�Phjfg_<{¦tj~��pi}y�¨hvs*{�sqhj~}¥���~}���*ª�Z[}_¢i}y�¨�hjsq{¦s*hv~]¥!tj£5h
m*hjfg¥

Ni

� f�{O_��]~}_<{�sq_<|1i}sqfg���j_1��o¬��o!+

ranku(Ni) = wi + max
Nj∈Succ(Ni)

(ci,j + ranku (Nj)) ,
M©�(O

¨�[]_1sq_
wi =

∑p

j=1 wi,j/p
��f�mq[}_�h��9_1s*hv�9_5_$kO_<|1iOmg��tj~Y|$t9fzm�tj£}mqh9fz¥

Ni

t��j_1sChv���Oh���hj��� hv�]��_Wy]sgtO|$_7fgfgtjs*f<ª
Z[]_�h��9_1s*hv�9_�|$t9^Y^¢i}~}� |1hvmg��tj~¼|1t9fzm

ci,j

tv£�hj~@_7{O�j_
Ei,j

� f-{O_ �P~}_<{¹hjf
ci,j = β + Di,jτ

¡¤¨�[]_1sq_
τ
� fYmg[}_�h��j_<sqhj�j_¬mqsqhj~]fz£©_1s¬s*h�mg_¦hv^�t9~}�@mq[}_�y}sqtO|$_<fqfgtjs*f���~¸mq[}_�{Otj^¬hj��~2hv~]{

β
��fYmq[}_Sh��j_<sqhj�j_

|1tj^�^�i]~}��|<h�mq��t9~!fzmqhvsgmgi]y�ª
Z[}_bsq_<hj{}o�m*hjfg¥�f§hvsq_nfgtjsgmg_<{�¨���mg[!sg_<�9hjsq{¢mgt�mg[}_°{O_7|$sq_<hjfg��~}�-tjs*{O_1s§tv£Êmq[}_

ranku

��hj��i}_7f1ª5Z[}_
m*hjfg¥�¨���mg[¬mq[}_w[}���j[]_<fzm¶y}sq��t9sg��mpo�� f¶fg_1��_<|$mg_<{�ªC·�£Ãmp¨�t�|1hj~]{O� {}h�mq_w~}tO{O_<f¶[]h��j_mq[}_nfqhv^�_wy}sq��tjsq�®mpo9¡vtj~}_
tj£¤mq[}_1^ ��fwfg_1��_<|$mg_7{ls*hv~]{}tj^���o9ª

��_$£©t9sg_���~9mqsgtO{OiP|$��~}�@mq[}_¦tj�Oup_7|²mq���9_l£©i}~P|²mg��tj~ tv£°¯w«¶½�Z°¡Wfgtj^�_�~}tvm*h�mg��tj~PfYhjsg_�~}_<_<{O_7{Êª¸Z[}_
«§hvsq����_<fzmrW:m*hvsgmZ��^�_BM

EST
O¶hv~]{�mq[}_°«¶hvsq����_7fpm½���~}� fz[�Z��^�_YM

EFT
O5tv£¤mqhjfg¥

Ni

t9~�y}sqt�|1_<fqfzt9s
Pjhjsg_°{O_��]~}_<{¦h9f�£©tj����t�¨wfS+

EST (Ni, Pj) = max

(

Avail(Pj), max
Nk∈Pred(Ni)

(AFT (Nk) + ck,i)

)

,
MQ�3O

EFT (Ni, Pj) = wi,j + EST (Ni, Pj),
MFR�O

¨�[]_1sq_
Avail(Pj)

� fwmq[}_Y_<hvsq����_7fpm�mq��^�_�h�mI¨�[]��|*[Sy]sgtO|$_7fgfgtjs
Pj

� fwsq_<h9{Ool£©t9snmq[}_�m*hjfg¥!_1kO_<|$i}mg��tj~�ª
Z[]_¢��~}~}_<s

max
�}��tO|*¥¦��~@mg[}_

EST
_ �9iPh�mg��tj~@sg_<y}sg_7fz_<~:mqf�mq[}_��
���3	�� 4 ��0Y�¢£©t9sbmqhjfg¥

Ni

¡}�FU���U=VWmg[}_
mq��^�_w¨�[]_1~¬hv���}~}_<_<{O_7{¬{}h�m*h°[]hjf5hjsgsq���9_<{¢tj~�y}sqtO|$_<fqfgtjs

Pj

ª
AFT (Nk)

{O_1~]tvmg_7f�mg[]_
	� >4 $<��� ����&<�@�
"
����0J�!tv£�mqhjfg¥

Nk

¡E�FU��SU=Vmg[]��f�mqhjfg¥@[Phjf-�L_1_<~ fg|*[}_7{Oi}��_<{¹tj~ h¦y]sgtO|$_7fgfgtjs7¡¤hj~]{¹�®m*f �]~}� fg[�mg��^Y_l��f
¥�~}t�¨�~¤ª

¯n«¶½�Z i]fg_<f
EFT

hjfbmq[}_�tj�Oup_7|²mg���j_Y£©i}~P|²mg��tj~¼£©tjs�fg_1��_<|$mg��~}��mg[}_��L_<fzm�y}sqt�|1_<fqfzt9sn£©t9s-h!~]t�{}_jª
Z[]_¬sqhvmg��tj~]hj��_�� f°mg[]hvm-mg[}_�fq|*[}_7{Oi}��_¬��_<~}�vmq[¹� f°mq[}_�_<hjsg����_<fzm �P~}��fg[¹mg��^�_�tv£�mg[}_¬_1kO�®m�~}tO{O_9ª!Z[}_
~]t�{}_

Ni

��f¶mg[�i]f�hjfqfg���9~}_<{¢mgt�mg[}_Iy}sqt�|1_<fqfzt9s
Pj

mg[]hvm§^���~]��^���/1_<f
EFT (Ni, Pj)

ªWZ[}_
EST

��hj��i]_<f
£©t9s�_<h9|*[!tj£¤mg[]_-sg_<^�hj��~]��~}��~}tO{O_-hj~]{!mg[}_�fg_$m�tv£�sq_<hj{}o�mqhjfg¥Of�hvsq_nmq[}_1~¦i}yÃ{}hvmg_<{�ª

��^�] m���`���J{
·µ~�mq[}� f§fg_<|$mg��tj~¬¨�_wy}sq_<fg_1~:m¶^�tO{O� �L|1h�mq��t9~]f5mqt-mg[]_ny}sq��t9sg��mpo¢hj~]{�tj�}up_<|²mq���9_�£©i}~]|$mg��tj~]f§tv£Ãmq[}_I¯n«¶½�Z
hj���9tjsq�®mq[}^ mqtl{O_1sq���j_-h�^��®kO_<{O�>y]hjsqhj����_1�¤y]hvs*hv����_<�Ê�j_<sqfg��t9~�¡}x¦�µ¯w«¶½�Z-ª�³¹_ �]s*fpmnh9{}hvyOm�mq[}_�|1tj^�y}iO�
m*h�mq��t9~�tv£

ranku

¡:mq[}_-¯w«¶½�Z´y}sq��tjsq�®mpoY£©i}~]|$mg��tj~�ª5³¹_b��~:mgsqtO{Oi]|1_wmg[]_I^���k�_7{���y]hvs*hv����_<�]i}y�¨hvs*{¬s*hv~}¥
tj£¤m*hjfg¥

N∗
i

{O_��]~}_7{!sq_<|1i}s*fz���j_<��o¬hjfS+

rank∗
u(N∗

i ) = w∗
i + max

N∗

j
∈Succ(N∗

i
)

(

ri,j + ranku

(

N∗
j

))

,
M>��O

¨�[]_1sq_
w∗

i

� f�mq[}_�h��9_1s*hv�9_Y^���kO_<{���y]hvs*hv����_1�¶_1kO_<|$i}mg��tj~ |1t9fzm¢tv£�m*hjfg¥
N∗

i

hj~]{
ri,j

� f�mg[}_¦h��j_<sqhj�j_
sq_<{}��fzmgsq���]iOmg��tj~¦|$t:fpmwtj£�hj~�_7{O�j_

Ei,j

ªrW�_1�9_1s*hv�Êtjy}mg��tj~]f�hjsg_°yLt9fqfz���}��_°£©tjsn{O_��]~}��~}��mg[]_<fg_�h��j_1s*hv�9_<f<ª
·µ~�mq[}��fyPhvyL_1s�¨�_�|$tj~Pfz� {O_1s�mq[}_��¢yPt:fgfg���]��_-{O_��]~}��mg��tj~]f£©t9s

w∗
i

+
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� ��� ½}t9����t�¨���~]��_$k}hj|$mg��o@mq[}_!fqhv^�_�hvy]y}sgt:hj|*[ hjf�¯w«¶½�Z°¡5|$t9^Yy]iOmg_
w∗

i

h9f°mg[]_!fgi}^ tv£mg[}_�|$t9^¢�
y}iOmq_�mq��^�_<fw£©tjs

N∗
i

t��9_1snhj����`$��y}sqtO|$_<fqfgtjs�|$t9~ �]�ji]sqhvmg��tj~]f<¡P{O������{}_<{���o!mg[}_¢~:i]^��L_1sbtv£WfziP|*[
|$t9~ �]�ji]sqhvmg��tj~]fKMq�FU���U=V¤mq[}_-~�i}^��L_1s�tj£Cy]sgtO|$_7fgfgtjs*f§��~�mg[]_-y}��hvmz£©t9sg^1O²ª

� ��� º�{}hjyOmg��~}�w¯n«¶½�Z {O��sq_<|$mg��owmqt�mg[}_¶^Y��kO_<{���y]hjsqhj����_1�j|<hjfg_j¡<tj~}_¶|<hv~-|$t9^�y}iOmg_
w∗

i

h9f ∑c

j=1 w∗
i,j/c

¡
¨�[}_1sq_

c
� fÊmg[]_W~�i}^��L_1s�tj£}|$tj~ �]�ji}s*h�mq��t9~]f<ª��§i}m¤��~°mq[}� f¤|1h9fz_Wfg_1�9_1s*hv��� {O_1~:mg� |1hj�9|1tj~ �]�9i}s*h�mg��tj~Pf

hvsq_¬hj|1|1tji}~:mq_<{�£©t9s-��~�_7hj|*[�|$��i]fpmq_1s7¡�¨�[}� |*[¼^¬h�oSsq_<fgi}��m-��~ h��}� hjfg��~}�¦tj£¶mg[]_�h��j_1s*hv�9_jªY½}tjs
��~Pfpm*hv~]|1_j¡���~!hv~NLv�>y}sqtO|$_7fgfgtjs¶|1��iPfpmq_1s7¡jmq[}_bhj�Pt��9_�£©tjsq^�i]��h°£©t9s

w∗
i

¨������P��~]|$t9sgyLtjs*h�mq_n|$t9^�y}iOmg_
|$t:fpm*fb£©tjs6L���{}_1~:mg� |1hj��`$��y}sgtO|1_<fqfzt9sb|1tj~ �]�9i}s*h�mg��tj~Pf1ªYZ¤t�h��jt9��{Smg[}_¬�]��h9fz��~}�¦tv£§mg[}_�h��9_1s*hv�j_9¡
¨§_¬_<~O£©tjs*|$_�mq[]h�m7¡¤£©t9s�h¦�j���j_<~¹|1tj~ �P�ji}s*h�mq��t9~¹fg�=/<_j¡�tj~}��o@t9~}_�|$t9~ �]�ji]sqhvmg��tj~¹�P_¬m*hv¥9_1~¹��~:mgt
hj|<|$tji]~9m£©t9s�_<hj|*[¦|$��i]fzmg_<s<ª

WO��^�����hjsg��oj¡O¨�_°i]fz_°mq[}_b£©tj����t�¨���~}���Y{O_ �P~}�®mq��t9~]f£©t9s
ri,j

+

� ��� ºnf§��~l¯w«¶½�Z°¡Ohjfqfgi}^�_nfz_<sg� hv�P|$tj^�^¢i}~}� |1h�mq��t9~]f¶hj~]{�|1tj^�y}iOmq_
ri,j

hjfWmg[}_bfzi]^ tj£Êmg[}_bh��j_<sqhj�j_
~}_$mp¨�tjsq¥b��hvmg_1~P|$o-hv~]{�tv£Omg[]_§{}hvmqhnfg��/1_¶{O������{}_<{���oImg[}_h��j_<sqhj�j_�~}_1mp¨§t9sg¥b�]hv~P{O¨���{Omg[�ª�·µ~�mg[]��f
y]hvyL_1s¨�_nt9~}��o¬|1tj~]fg��{}_1s�[}tj^�tj�9_1~}_<tji]fW~}_$mp¨�tjsq¥Of1¡�fzt�mg[}_°h��j_<sqhj�j_�� h�mq_1~]|1o�hj~]{��Phv~]{O¨�� {�mq[
hvsq_°_�:i]hv�ÃmqtYmg[}_-� h�mq_1~]|1o!hv~P{l�]hj~]{O¨�� {�mg[¦tj£Chv~�o�~]_$mp¨�tjsq¥¬����~}¥Ãª

� Æ�� º�{}hjyOmg��~}�	¯w«¶½�Z {O��sq_<|²mq��o	mqt,mg[]_ ^��®kO_7{��>yPhvs*hv����_<�¸|1h9fz_9¡0tj~]_ |1hj~ |$t9^Yy]iOmg_
ri,j

hjf
∑c

s,d=1 ri,s,j,d/c2 ªC¯w_<sg_�hv�9hj��~¤¡�fg_1�9_1s*hv�v� {O_<~9mq��|<hv�:sg_7{O� fpmqsg���}iOmq��t9~]f¤hjsg_�hj|1|1tji}~:mq_<{b£©tjs7¡�¨�[}� |*[^¬h�o�sg_7fzi]�®m5��~Yhb�}� hjfg��~]�btj£]mq[}_wh��j_<sqhj�j_jªÊ³¹__1~O£©t9sq|1_�mg[]hvm5£©tjs5hb�j���j_1~�fgtji}s*|$_|$t9~ �]�ji]sqhvmg��tj~
fz��/1_�hv~P{¼h!�j���j_<~@{O_<fzmg��~]hvmg��tj~¼|1tj~ �P�ji}s*h�mq��t9~@fz��/1_9¡Êtj~}��o�tj~]_¢sq_<{O� fzmgsq���}i}mg��tj~@�L_¢mqhv¥9_1~¼��~:mgt
hj|<|$tji]~9m7ª

·µ~¸mg[]��f¬yPhvyL_1s¬¨�_¦|1tj~]fg� {O_1s�mq[}_�£©tj����t�¨���~}�¹mp¨§t�|$t9^��}��~]hvmg��tj~]f�tj£nmg[]_Shv�Lt��j_¦{O_ �]~]�®mq��t9~]f¬tv£
w∗

ihj~]{
ri,j

£©t9s°mg[}_�x¦�µ¯w«§½CZ¾y}sq��t9sg��mpo¦£©i}~]|$mg��tj~,+1MQh�O�� MQ|SO°hj~]{ Mâ��O�� MQ{<O²¡C¨�[}� |*[¼¨�_¬{O_1~]tvmg_���o
x���¯n«¶½�Z°`�hv~]{�x¦�µ¯w«¶½�Zw�Oª

Z�t�|1tj^�y}��_$mq_¢t9i}s-{O_<fq|$sq��y}mg��tj~@tj£§x¦�µ¯w«¶½�Z-¡Ê¨�_Y~}_1_7{�mgt¦{O_��]~}_��®m*fbtj�Oup_7|²mg���j_¢£©i}~]|$mg��tj~�ª¢³¼_
iPfz_Ymg[]_�fqhv^�_¬hvy]y}sgt:hj|*[@h9f-¯w«¶½�Z°¡��]iOm�^�t�{}�®£©o�mq[}_�|$t9^�y}iOmqhvmg��tj~¹tv£§mg[}_

EST
hv~]{@mg[}_

EFT��hj��i}_7f-mqt@fzi]y}yPt9szm�h�^��®kO_7{��>yPhvs*hv����_<�W_$kO_<|1iOmg��tj~¤ªS³¼_!��~:mqsgtO{Oi]|1_
EST ∗ hv~]{ EFT ∗ {}_ �]~}_7{ hjf£©t9����t�¨wfS+

EST ∗(N∗
i , Cj) = max

(

Avail(Cj), max
N∗

k
∈Pred(N∗

i
)
(AFT (N∗

k , Cl) + rk,l,i,j)

)

,
MFL�O

EFT ∗(N∗
i , Cj) = w∗

i,j + EST ∗(N∗
i , Cj),

Mâ��O
¨�[]_1sq_

Avail(Cj)
��f�mg[}_-_7hvsq����_<fzmmg��^Y_¢h�mw¨�[}� |*[�hv���Êmg[}_-y]sgtO|$_7fgfgtjs*f�tv£Cmg[}_�|1tj~ �P�ji}s*h�mq��t9~

Cj

hvsq_
sq_<h9{Oo�£©t9s�mg[]_-mqh9fz¥�_$kO_<|1iOmg��tj~¤ª��ntvmg_�mg[}_�iPfz_�tj£�mg[}_�sq_<{}��fzmgsq���]iOmg��tj~S|1t9fzm

rk,l,i,j

¡P¨�[}��|*[�sq_1y]��h9|$_<f
mq[}_�|$tj^�^¢i}~}� |1h�mq��t9~ |$t:fpm

ck,i

��~ mg[}_¼mqh9fz¥:��y]hvs*hv����_1�I¯n«¶½�Z°ª�ºnf���~ mg[}_¼mqh9fz¥:��y]hvs*hv����_1�w�9_1s*fz��tj~�¡
AFT (N∗

k , Cl)
{O_<~}tvmq_<fImg[}_ 	l �4 $<��� ����&<�@�
" ����0J��tv£Wm*hjfg¥

N∗
k

¡}�FU���U=VWmq[}��fIm*hjfg¥�[]hjfbhv��sg_7hj{Oo¦�L_1_<~
fq|*[}_7{Oi}��_<{!tj~¦hY|1tj~ �P�ji}s*h�mq��t9~

Cl

¡]hj~]{l��mqf �]~}� fz[�mg��^�_-��f¥�~}t�¨�~¤ª
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|1tj~ �P�ji}s*h�mq��t9~]f1ª´³¹_Si]fg_¦mg[]_������
	����� mgt�tj��¥��®m G �}¡I`<��HIh9f�mg[]_�£©tji}~P{}h�mq��t9~ tj£-tji}s�fg��^¢i}� h�mgt9s<ª
�����
	�����ly}sqt��:� {O_7f¤�]h9fz_�hj�]fpmqsqh9|²mq��t9~]f�£©t9sCmg[}_�{O� fg|1sg_1mg_1�>_<�j_1~:m�fz��^�i}� h�mq��t9~¢tj£]y]hjsqhj����_1�Ohvy]y}��� |1hvmg��tj~]f
��~ {O� fpmqsg���}iOmq_<{¹_1~�����sqtj~]^Y_<~:mqf°hv~]{¹¨hjf-fgyP_7|$� �P|1hj����o@{O_7fz���j~]_<{@£©tjs-mq[}_¬_1��hv��i]hvmg��tj~¹tv£�fg|*[}_7{Oi}����~]�
hj���9tjsq�®mq[}^¬f1ªC³¹_b{O_1mqhj���L�P_<��t�¨0mg[}_by}� h�mz£©t9sg^¬f<¡:hjy}y}����|<h�mq��t9~]f1¡�hv~P{lfq|*[}_<{Oi]����~}�¢hj���9tjsq�®mq[}^¬f5mq[]h�m¨§_
iPfz_°��~�t9i}swfg��^¢i}��hvmg��tj~]f<ª

��^T_ �D�qvyx���af�<c k
³¹_-|$t9~]fz� {O_<s�y]��hvmz£©tjsq^¬f�mg[]hvmw|$tj~Pfz� fpm�tj£§`j¡]�}¡O�]¡Ot9srL�|1��i]fzmg_<sqf<ª�«¶hj|*[¦|$��i]fzmg_<sw|$tj~:m*hv��~]fh¢s*hv~P{Otj^
~�i}^¢�P_<s¬tv£by}sgtO|1_<fqfzt9sqf¢�P_1mp¨§_<_1~2� hv~]{ Rv�P¡¶~}tjm¬����^��®mq_<{¸mgt yLt�¨§_<sqfYtj£°�Oª2rWsqtO|$_7fgfgtjs¬fgyP_<_<{¸��f
[]tj^�tj�9_1~}_<tji]fl¨��®mq[}��~ _<h9|*[ |1��i]fzmg_<s��¢|$��i]fpmq_1s¦y}sqtO|$_<fqfgtjs!fgyL_1_<{]f�hjsg_�fqhv^�y}��_<{´£©sqtj^ h¸i}~}��£©tjsq^
y]sgt9�]hv�}�����®mpoY{O��fzmgsq���}iOmg��tj~¤¡j£©t9s¶��hvsq��t9i]fW^�_7hv~]f§hv~]{�s*hv~}�9_<f<¡j¨���mg[¬mq[}_ns*hv~]�j_��L_1��~}��y}sqtjyLtjsgmg��tj~]hj�Omgt
mq[}_-^�_<hj~�ª5³¼_�{}_ �]~}_-y]sgtO|$_7fgfgtjsfgyP_<_<{¦hjf�mq[}_-~�i}^��L_1swtj£��}��������tj~��]t:h�mg��~}��yLtj��~9mwt9yP_<sqhvmg��tj~]f�yL_1s
fg_<|1tj~]{ M�I°½C��tjy��vfz_7|SO²ª�½}t9sWhv����_$kOyP_<sg��^�_1~:mqf�¨�_�hjfqfzi]^Y_§mg[Ph�m5mg[]_�~]_$mp¨�tjsq¥-[]hjf5h°�I^�f�� h�mq_1~]|1o�hv~P{
h�`<�QI�����m���fg_<|w�]hv~]{}¨���{�mq[�ª5³¹_n¥j_<_1y�mq[}_n~}_1mp¨§t9sg¥Y|*[]hvs*hj|$mg_<sg� fpmq��|<f �}kO_<{lhv~]{���hvsqo¢mg[}_Iy}sgtO|1_<fqfzt9s
fgyL_1_<{]f¶mqt¢_1kOyP_<sg��^�_1~:m�¨���mg[�h�s*hv~]�j_ntj£¤y}� h�mg£©tjsq^�|1tj^�^�i]~}��|<h�mq��t9~���|1tj^�y}iOm*h�mg��tj~lsqhvmg��t9f<ªCZChv�}��_b�
��� fpm*fÃmg[}_¶��hj��i]_<f�¨�_5i]fg_<{I£©tjs¤mg[}_7fz_5yPhvs*hv^�_$mq_1s*f1¡1mg[}_¶|1tj^¢�}��~Ph�mg��tj~°tj£:¨�[}� |*[-�j_<~}_1s*h�mq_<f��3Lj�{O��±L_<sg_<~9m
y]��hvmz£©tjsq^ |1tj~ �]�9i}s*h�mg��tj~Pf1ª´�wtjmg_¦mq[]h�ml_7hj|*[ ��~Pfpm*hv~:mg� h�mq��t9~¸[]h9f¬s*hv~]{Ot9^ _1��_1^�_<~9m*f1¡�~]hj^Y_<��o mg[}_
~�i}^¢�P_<s�tv£�y}sqt�|1_<fqfzt9sqf�yL_1sn|1��iPfpmq_1s7¡]hv~]{!_<h9|*[¦y}sgtO|1_<fqfzt9s�fgyP_<_<{Êª�Z[}_1sq_$£©t9sg_9¡�¨§_-�9_1~}_<sqhvmg_-fz_<�j_<sqhj�
fqhv^�y}��_<f�£©t9s�_<h9|*[ly}� h�mg£©tjsq^ |$t9~ �]�9i}sqhvmg��tj~�ª

~:i]^��L_1s�tv£�|$��i]fzmg_1s*f `j¡]�O¡]�]¡#L
^Y_7hv~�y}sqt�|1_<fqfzt9s�fgyL_1_<{ M I°½���tjy���fg_<|SO `j¡]�O¡¤`<�}¡}�j�}¡Ê`<�9�}¡}�v�9�}¡Ã`<�9�j�
y}sgtO|1_<fqfzt9s�fgyP_<_<{�s*hv~}�9_ �}¡

0.2 × mean
¡Êª<ª1ª1¡

1.8 × mean~}_$mp¨�tjsq¥¬��hvmg_<~]|$o Mâ^¬f�O �
~}_$mp¨�tjsq¥¬�]hv~P{O¨���{Omg[ M�I�����m���fg_<|�O `<�

ZChv�}��_��%+�r5hvs*hv^�_1mg_1s*f§£©tjswfg��^¢i}� h�mg_7{ly]��hvmz£©tjsq^¬f1ª

��^�] �����l�
nT�!vyx#nqa�hlk
³¹_¦|$tj~Pfz� {O_1s¢mp¨�t¼|$� hjfqfg_<f�tj£Ihvy]y}��� |1hvmg��tj~ �nºiI°f1¡¶{}_1y}� |²mq_<{ ��~¸½C���ji}sq_¹`j¡Whv~P{ ¨�[}� |*[ ¨�_!{O_1mqhj���
�L_1��t�¨-ª

���1���}�7� À�� � ·µ~@`7�3R9�}¡%W:mgs*hjfqfz_<~�y}sqtjyLt9fg_<{�hj~lhv���jt9sg��mg[]^¾mqtY|1tj^�y}iOmq_nmq[}_by}sgtO{OiP|²mtv£�mp¨�t
2× 2^¬hvmgsq��|1_<f�mg[Ph�mw~}_<_<{}fn�¢^¢i}�®mq��y]��� |1hvmg��tj~]f��~]fzmg_<h9{�tv£yL�G×�v��H>ªWZ[}_-_<���9[:m^¢i}��mg��y}��� |1hvmg��tj~¦� f�sg_<y}� hj|$_7{

��oYh-fz_1mWtv£Ê_1���j[:mg_<_1~¬hj{]{O�®mq��t9~]f5tj£L��t�¨§_<sW|$t9^Yy]��_1k���mpojª�Z[}� fWhv���jt9sg��mg[]^¾|1hj~��P_nhjy}y}����_7{Ysg_7|$i}s*fz���j_<��o
mqt

2 × 2
�}��t�|*¥�^¬hvmgsq��|1_<fbmgt¦hj|*[]��_<�j_�hv~�hjfgo:^�yOmqtvmq��|Y|$t9^Yy]��_1k���mpo�tv£

O(nlog(7))
¡�¨�[}_1sq_

n
� fbmg[}_

é� ��é��
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+ + + + + + + + + +

* * * * * **

+ + + + + +

+ +W:mqsqh9fgfg_1~ ½]tjsq¥9���9tj��~
½����ji]sg_�`3+5ºny}y}����|<h�mg��tj~ �wºiI°f<ª

{}��^�_1~Pfz��tj~´tj£bmq[}_@^¬hvmgsq��|1_<f<ª Z[]_@��_$£»m!yPhvsgm�tv£�½C���9i}sq_ `@fz[]t�¨wf�mg[}_ �wºiI |$t9sgsq_<fgyLtj~]{O��~}�¹mgt
mq[}_��]s*fpm°��_<�j_<�Ctj£�{O_7|$t9^YyLt9fg��mg��tj~@tj£Wmg[]_JW�mgs*hjfqfz_<~¼hv���jt9sg��mg[]^�¡Ã¨�[}_<sg_Y~}tO{O_7f°^�hjsg¥9_<{�¨���mg[�h ��� �
sq_1y]sg_7fz_<~9m°^¬h�mqsg��k¹h9{}{O��mg��tj~]f<¡¤hv~P{@mq[}t9fg_�^¬hvsq¥j_<{¼¨���mg[ h ��� �Êsg_<y}sq_<fg_1~:m-^�hvmgsq�®k¼^�i}��mg��y}����|<h�mg��tj~Pf1ª
³¹_���~]fzmqhv~:mq��hvmg_�R¬fziP|*[ �nºiI°f1¡P¨�[}��|*[¦¨�_�|1hj����W�mgs*hjfqfz_<~O�

d
£»t9s

d = 2, ..7
¡Pfzi]|*[�mq[]h�mw_7hj|*[�mqh9fz¥!��~

W�mgs*hjfqfz_<~O�
d
t9yP_<sqhvmg_<ft9~�h

(1000× 2d) × (1000× 2d)
^¬h�mqsg��kÊª

��Å ��� Â	�ÊÅ�
 ��� ³¹_bhj��fgt�_1k�yL_1sq��^Y_<~:m§¨���mg[¦fz��^�y}��_n£©tjsq¥:��upt9��~ �nºiI°f�fgt�mq[]h�m¨�_I|1hj~l_<��hj��iPh�mg_Itji}s
hj���9tjsq�®mq[}^¬f°£©tjs¢�js*hv[]f�¨��®mq[ [}���j[ {O_<�jsq_1_¬tv£�m*hjfg¥:�>y]hjsqhj����_1��� fz^¦ª�·µ~ y]hvsgmg� |$i}� hvs7¡�mg[}_lmqhjfg¥:�>yPhvs*hv����_<�
¯n«¶½�Z´[}_<i}sg� fzmg� |wfz[]tji}� {¬�L_n_$±Ã_<|$mg���j_�£©t9s�fgi]|*[¬�9sqhjy}[]f<ª�³¹_n��~]fzmqhv~:mq��hvmg_�£©t9sg¥:��uptj��~ �wºiI°f¶¨���mg[@`<�}¡
�j�}¡Chv~]{2`7�j�!mqh9fz¥Of<ª!«¶h9|*[¹mqhjfg¥¹��f-_<�®mq[}_1sYh¦^¬h�mgsq��k¹hj{]{O�®mq��t9~ tjs�^¬hvmgsq�®k¹^�i}��mg��y}����|<h�mg��tj~ Mâ¨�[}� |*[
^¬hj¥j_<f��®mYyPt:fgfg���}��_lmgt¼sg_<i]fz_!tjsY{}h�m*h���y]hvs*hv����_<�¶hvy]y}��� |1hvmg��tj~ yL_1sg£©tjsq^	^YtO{O_<��f�O²ª¹³¹_�hj��fgt@hjfqfgi}^�_
mq[]h�mYmg[]_l_1~:mqsgo¹mqh9fz¥ fg_1~]{ mp¨§t@^�hvmgsq��|1_<f�mgt¼_<hj|*[ ��~}~]_1s¢mqhjfg¥Ã¡Whv~]{ mg[]hvmY_7hj|*[ ��~}~}_<s�m*hjfg¥�fg_1~P{
mq[}_�sq_<fgi}��m�tv£mg[}_l^�hvmgsq�®k�tjyL_1s*h�mq��t9~�¡��FU���U=V�tj~}_¬^¬hvmgsq�®kÊ¡�mgt�mq[}_�_1~P{¹mqhjfg¥Ãª!³¹_��9_1~}_<sqhvmg_ �wºiI°f
¨���mg[��j���¡¤�j��l¡Êhv~]{��v�� tv£¶^¢i}�®mq��y]��� |1hvmg��tj~Sm*hjfg¥Of1ª-³¹_�[]h��j_�mg[�i]f°�lyLt9fqfg���}��_¢£©tjsq¥9��uptj��~S�9sqhjy}[
|1tj~ �P�ji}s*h�mq��t9~]f1ªC½}t9s¶_<h9|*[¬mqh9fz¥Y¨�_ny}� |*¥Ymg[}_I^�hvmgsq�®k�fg�=/<_w��~!h�fg��^Y��� hvsW£âh9fz[]��t9~�hjf¶£©tjsWmq[}_�W:mgs*hjfqfz_<~
�nºiI�W!{}_<fq|$sq���L_<{�hv�Lt��j_9ª

��^�� ���<��g�s�jl�TnTh�e �w�Tefaf�<nqx#��c k
½]tjs5hv����y}� h�mz£©t9sg^¾hv~]{Yhvy}y]��� |1hvmg��tj~¢|1tj~ �P�ji}s*h�mq��t9~]f¤{O_7fg|1sg���L_<{Yhv�Lt��j_¶¨�_�|$t9^YyPhvsq_Wmg[]_�_$±Ã_<|²mq���9_1~}_7fgf
tj£��¦fq|*[}_<{Oi]����~}�¦hv���jtjsq��mg[}^¬f<ªYZ[}_��]s*fzmbmp¨�t�hvsq_Y¯n«¶½�Z¾hj~]{¹x¦��¯n«¶½�Z�Mâtv£¨�[}� |*[¼¨�_�[]h��j_¢mg[}_
x���¯n«¶½�Z°`nhv~]{¬x���¯n«¶½�Zw�°��hvsq��hj~9m*f�O�mg[]hvm¶¨§_<sg_w{}_<fq|$sq���L_<{���~NW�_<|$mg��tj~]f¶�]ª�`nhv~P{¢�Pª �-sg_7fzyL_<|$mg���j_1��ojª
³¹_°hv� fzt���~:mgsqtO{Oi]|$_b[}_<sg_bh-mg[]��s*{lhj���9tjsq�®mq[}^¦¡:¯n«¶½�Z ? ¡�¨�[}� |*[�� fh�fg��^�y}��_b{]h�mqhv�>yPhvs*hv����_<�}_$k�mg_<~]fg��t9~tj£°¯n«¶½�Z hj~]{ ¨�[}� |*[ t9yP_<sqhvmg_7f¬hjfY£©tj����t�¨wf1ª0½]tjs¬_<h9|*[ |1��iPfpmq_1s���~ mg[}_�y}� h�mg£©tjsq^¦¡�¯n«¶½�Z

?
�]s*fpm

{}_$mg_<sg^���~}_<f�mq[}_~:i]^��L_1s5tv£Ly}sqt�|1_<fqfzt9sqf¤��~¢mg[]_�� hvsq�j_7fpmC£©_<h9fz���}��_�|1tj~ �P�ji}s*h�mq��t9~�¡�hv~]{�mg[}_<~Y|1tj^�y}iOmq_<f
mq[}_¬fz^¬hj����_<fzm�fzi]|*[¹~�i}^��L_1s-t��9_1s-hv���W|$��i]fzmg_<sqf<¡

p∗
ª¬Z[}_¬¯w«¶½�Z

?
hv���jtjsq��mg[}^ mq[}_1~�_$kO_7|$iOmq_<f°_<h9|*[

~]t�{}_¬��~�mq[}_lhvy]y}��� |1hvmg��tj~ �wºiI tj~ |1tj~ �]�9i}s*h�mg��tj~Pf°¨��®mq[
p∗
y]sgtO|$_7fgfgtjs*f<ª�Z[}_�s*h�mg��tj~Phv��_Y�L_1[]��~]{

¯n«¶½�Z
?
� fbmg[]hvm<¡�i}~]����¥j_¬¯w«§½CZ°¡Ê��m�|1hj~Sm*hv¥j_�hj{}��hj~:mqhv�9_¢tj£§{}hvmqh���y]hjsqhj����_1����fg^¦ª�Z[}_<sg_1£©tjsq_j¡Ê¨�[}����_

¯n«¶½�Z0� f¶����^Y��mg_7{�mqt¢iPfz��~}��t9~}��o�h9f�^�hj~�oYy]sgtO|$_7fgfgtjs*fWh9fWmq[}_°^�hvkO��^¢i}^�~:i]^��L_1stv£�|1tj~]|1i}sqsg_<~9mq��o
_1kO_<|$i}mqhv�]��_hvy}y]��� |1hvmg��tj~-m*hjfg¥�f<¡v¯w«§½CZ

?
|1hv~¢^¬hv¥j_§�P_1mzmq_1s5i]fg_�h���hj��� hv�}��_§|1tj^�y}iOmq_sg_7fzt9i}sq|1_<f�hv~]{���f

mq[�i]f�h�L_$mzmq_1sC|$tj^�y]hjsqhvmgt9sÃ£©tjs�_<��hj��iPh�mg��~}��x¦�µ¯w«¶½�Z-ªC¯wt�¨�_1�9_1s7¡$i}~}����¥9_¶x¦�µ¯w«¶½�Z°¡�¯w«§½CZ
?
|1hj~}~}tvm

���ê}�>���A�A�
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h9{}hvy}mImq[}_¬|$tj~ �]�ji}s*h�mq��t9~¼fg�=/<_¢tj£�{O��±Ã_1sq_1~:m�{}h�m*h���y]hvs*hv����_<�¤m*hjfg¥Ofnmqt�h9|*[}��_1�j_Y�L_$mzmq_1s-iOmq������/<h�mq��t9~¼tj£
|1tj^�y}iOmq_-hv~]{�~}_1mp¨§t9sg¥¬sq_<fgtji}s*|$_7f1ª

� ��#<� �!"1�°
�#$��������¤��"*
��

��^T_ �Ex%�#v}k(k(g�h

½]tjs@mg[}_ W:mgs*hjfqfz_<~ hvy}y]��� |1hvmg��tj~�¨�_ tj~}��o y}sq_<fg_1~:m@sq_<fgi}�®m*f�£©t9sSmg[]_ �]s*fpm¹��hvsq��hj~9mStj£lx¦�µ¯w«¶½�Z-¡
x���¯n«¶½�Z°`jª¦Z[}_ W:mqsqh9fgfg_1~ �wºiI []h9f�h¦��h�o9_1sq_<{¹fpmqsgiP|²mgi]sg_�hj~]{¹mg[}_

rank∗
u

��hj��i}_¬tj£mp¨§t¦m*hjfg¥�f
hvm�mg[}_¢fghj^Y_°� h�oj_<sw{O�®±Ã_1sIh�mw^�t9fzmw��o�mg[]_�|$t:fpmwtj£�hj~¦h9{}{O��mg��tj~�¡]¨�[}��|*[�� f��9_1~}_<sqhj����o���~]fz���j~]� �P|<hv~:m<ª
Z[]_1sq_$£©tjsq_j¡�mq[}_�{O��±Ã_1sq_1~:mw^�_$mg[]t�{]fwi]fg_<{!mgt�|1tj^�y}iOmq_

rank∗
u

��~Sx¦�µ¯w«§½CZ°`¢hv~]{¦x¦�µ¯w«¶½�Zw�Y��_<h9{
mqt��:��sgmgi]hj����o�� {O_1~:mg� |1hj�Ãmqh9fz¥�t9sq{}_1sq��~}�:f1ª

W���~]|1_�¨§_¦tj~]��o iPfz_�R �wºiI°fY£©tjs�mq[}_ W:mgs*hjfqfg_1~2hvy}y}��� |1h�mq��t9~�¡¶¨�_¦yP_<sz£©t9sg^ fg��^�i}� h�mq��t9~]f�t��j_<s
hS��hjsg�9_¬~:i]^��L_1s�tj£�y}��hvmz£©t9sg^¬f<ªS½}tjsYh��j���j_<~ ~�i}^��L_1s¢tv£n|$��i]fzmg_<sqf<¡

M
¡5ZChv�}��_!��fg[}t�¨wf�mg[]hvm�¨§_

|1tj~]fg� {O_1s
7× 10 = 70

{O�®±Ã_1sq_1~:m�y}� h�mg£©tjsq^ |$t9~ �]�ji]sqhvmg��tj~]f<ª�½]tjsmg[]_<fg_°fg��^�i}� h�mq��t9~]f¨§_b��~]fpm*hv~:mg� h�mq_
10× M

fqhv^�y}��_<f�£©t9s�_<h9|*[!tj£¤mg[]_<fg_-y}��hvmz£©t9sg^ |1tj~ �P�ji}s*h�mq��t9~]f1ª5Z[}_°s*h�mq��t9~]hv��_°��f�mq[]h�mw¨�_°¨���fg[�mgt
�9_1~}_<sqhvmg_b^�tjsq_°fqhv^�y}��_<f�£©tjs�y}� h�mg£©tjsq^�f¨���mg[¦� hvsq�j_<s�~�i}^¢�P_<sqfwtv£C|1��iPfpmq_1s*f1¡]h9f�hY��hjsg�9_1s~�i}^��L_1swtj£
|1��iPfpmq_1sw��^�y}����_<fIh¬� hvsq�j_1s�~�i}^¢�P_<swtv£5yLt9fqfz���}��_�y}� h�mg£©tjsq^ mgt9yPt9��t9�j��_<f<ª¶³¹_�mq[:iPf�yP_<sz£©t9sg^�_7{�hYmgtvm*hv�
tj£��}`j¡ �j�j�Yfg��^¢i}��hvmg��tj~!sgi}~Pf1ª

 1

 5

 9

 13

 17

 21

 25

 29

 4  8  16  32  64  128

R
el

at
iv

e 
M

ak
es

pa
n
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HEFT
HEFT-*

½C���ji}sq_ �%+0c�_<��hvmg���j_�^¬hv¥9_<fgy]hv~]f!£©t9sS¯w«¶½�Z
hj~]{�¯w«§½CZ

?
�9_1s*fzi]f�mg[}_¢^�hvmgsq�®kSfg�=/<_�i]fg_<{���~

mq[}_QW:mqsqh9fgfg_1~ �wºiI°f1ª
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Number of clusters

HEFT
HEFT-*

½C���ji}sq_ �#+0c�_<��hvmg���j_�^¬hv¥j_7fzyPhv~]f!£©tjsS¯n«¶½�Z
hj~]{¼¯n«¶½�Z

?
�9_1s*fzi]fImq[}_¬~�i}^��L_1s�tj£|1��iPfpmq_1s*f

��~lmq[}_-y}� h�mg£©tjsq^�ª

-I�9_1s-hv���Wtji]s�fz��^�i}� h�mq��t9~¼sq_<fgi}��mqf<¡Êmg[]_�h��j_1s*hv�9_�^¬hv¥9_<fgy]hv~PfItj£�¯n«¶½�Z hj~]{¹¯w«¶½�Z
?
¡¤sq_1� h�mq���9_

mqt mq[]h�m¦tv£�x¦�µ¯w«¶½�Z°¡°hvsq_¹�O`9ª R�� hj~]{ �]ª L:� sq_<fgyP_7|²mg���j_<��o9ª x¦�µ¯w«¶½�Z,t9iOmgyL_1sg£©tjsq^¬f!¯n«¶½�Z,��o
hj��^�t:fpm¶t9~}_nt9sq{}_1s¶tj£¤^¬hv�9~}�®mqi]{O_9¡9¨�[}� |*[�¨hjf§_$kOyL_<|²mq_<{�h9f§¯n«¶½�Z0|1hj~}~}tjm¶mqhj¥j_bhj{O��hv~:m*hv�j_�tj£�hv~�o
{]h�mqhv�>yPhvs*hv����_<��� fz^ hv~P{ mq[:iPf���fY[}���j[}��o ����^���mg_7{ ��~ mq[}_¦~�i}^��L_1s¬tj£Isq_<fgtji}s*|$_7f���m¬|<hv~ i]fg_jª¸xStjsq_
��~:mg_<sg_7fpmq��~}�9��o9¡mg[}_@£âhj|$mlmg[Ph�m�x���¯n«¶½�Z,|$��_<hjsg��o t9iOmgyL_1sg£©tjsq^¬fl¯w«§½CZ ? {O_<^�tj~]fzmgs*h�mq_<f¬mq[]h�m�tji}s

é� ��é��
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fq|*[}_<^Y_�£©tjs¢{}_$mg_<sg^���~}��~}�¼hjy}y}sqtjy}sq��hvmg_�|1tj~ �]�9i}s*h�mg��tj~ fg�=/<_<f�£©tjs�{}h�m*h���y]hvs*hv����_<��mqh9fz¥Of�� f¢_$±Ã_<|²mq���9_jª
³¹_-~}t�¨ hv~]hj��o�/1_btji]s�sg_7fzi}��mqf��~¦^�tjsq_b{O_1mqhj��� f1ª

½C���ji}sq_b�¢fz[]t�¨wfWsq_1� h�mg���j_I^¬hv¥j_7fzyPhv~]fW£©tjs¯w«¶½�Z hj~]{l¯n«¶½�Z
?
�j_<sqfgi]f5mq[}_b^�hvmgsq�®k�fg�=/<_IiPfz_7{���~

mq[}_8W�mgs*hjfqfz_<~ �nºiI°f�M»£©sqtj^
4, 000×4, 000

mqt
128, 000×128, 000

O²ªL³¹_I|1hj~�fz_<_�mg[Ph�mWmq[}_nsq_1� h�mq���9_
yL_1sg£©tjsq^¬hv~]|1_�tv£�¯n«¶½�Z �j_1s*fgi]f�mg[Ph�m!tj£�x¦�µ¯w«¶½�Z {O_7|$sq_<hjfg_<f¬£©sgt9^ ^¬h�mqsg��k´fz��/1_S�P¡ �9�j�¹mqt fz��/1_
L]¡ �9�j�]¡jhv~]{���~]|1sg_7hjfg_<f�mq[}_1sq_<hv£»mg_1s7ª�Z[}_nt9sg���j��~]hv�P{O_<|1sg_7hjfg_w|1hv~¬�L_n_1kOy}��hj��~]_<{¬hjf5£©tj����t�¨wf<ªCx���¯n«¶½�Z
^¬hjy]fn{}hvmqhv�>y]hjsqhj����_1�¤^�hvmgsq�®kSh9{}{O��mg��tj~]fwmgtl�9_1sqo!� hvsq�j_¢|$tj~ �]�ji}s*h�mq��t9~]fwh9f�mg[]_1o�|1hj~S�P_YyL_1sg£©tjsq^Y_7{
¨���mg[]tjiOm�|1tj^�^�i}~]��|<h�mg��tj~Pf1ª1-I~@mq[}_¬tvmq[}_1s-[Phv~]{Ê¡�{}h�m*h���y]hvs*hv����_<��^�hvmgsq�®kS^¢i}��mg��y}��� |1hvmg��tj~]f���~��jt9���9_
��~:mg_<sz��y}sqt�|1_<fqfzt9sC|1tj^�^�i]~}��|<h�mq��t9~]f�hv~]{�hvsq_�mg[�i]f5^¬hjy}yP_7{¢mgt�fg^�hj����_1s5|1tj~ �]�9i}s*h�mg��tj~Pf1ªCZ[}��fWsg_7fzi}��mqf
��~¹^�hj~�o@{}h�m*hlsq_<{}��fzmgsq���]iOmg��tj~]fImq[]h�m���~]|$i]s-yPtjmg_1~:mq��hj����oS� hvsq�j_�~]_$mp¨�tjsq¥���hvmg_1~P|$��_<f<ªY½]tjs°sg_<��hvmg���j_<��o
fg^¬hv����^¬h�mqsg� |$_7f1¡Omq[}_<fg_-� h�mg_<~]|$��_<fnhvsq_°mg[�i]f���_<fqfwhv^�t9szmq�=/<_<{!t��j_1smq[}_�|1tj^�y}iOm*h�mg��tj~¤ª§½}t9s�mg[]_�fghj^�_
sq_<h9fzt9~�¡Ph9fw^¬h�mqsg� |$_7fw�9_$mI� hvsq�j_9¡]sq_<{O� fzmgsq���}i}mg��tj~@|1t9fzmqfw��~]|1sg_7hjfg_�{Oi}_�mgtl�Phv~]{O¨�� {�mq[@|$t9~]fzi]^Yy}mg��tj~�ª
³¹_�tj�Pfz_<sg�9_�fg��^�����hjs¬mgsq_1~P{}fY£©tjsl¯n«¶½�Z

?
¡��]iOm��®m*f¬yL_1sg£©tjsq^�hj~]|$_¦� f¬^�tjsq_¦tj~2y]hvs¬¨���mg[2mq[]h�m�tj£

x���¯n«¶½�Z°ªY�n_1�j_<szmq[}_1��_<fqf<¡�x¦��¯n«¶½�Z � f-fpmq�����Whl£âhj|²mqtjs-�}ª L9�l�L_$mzmq_1s-t9~¼h��j_<sqhj�j_9ª�Z[}��f°� fb�P_7|1hji]fz_
¯n«¶½�Z

?
¡9i}~]����¥j_nx���¯n«¶½�Z-¡9� fW����^Y��mg_7{¬��~�mg[}_bfz��/1_wtj£Êy}sgtO|1_<fqfzt9sW|$tj~ �]�ji}s*h�mq��t9~Ymg[]hvm§|$t9i}��{��L_niPfz_7{

£©t9s�_$kOyL_1~]fg���9_-{}h�m*h���y]hvs*hv����_<�]m*hjfg¥Of�M
��U '�U=VC^�hvmgsq�®k!^�i}��mg��y}����|<h�mg��tj~Pf�O$ª
·µ~lfgi}^�^¬hvsqoj¡9¨�[}����_Ix���¯n«¶½�Z´|$��_<hvsq��o�tji}mgyL_1sg£©tjsq^�f¶�®m*f¶|1tj^�yP_1mg��mgt9sqf<¡9��mqf¶yP_<sz£©t9sg^¬hj~]|$_�� f¶~]_1�v�

hvmg���j_<��o���^YyPhj|²mq_<{!��o¬sg_7{O��fzmgsq���}iOmg��tj~�|$t:fpm*f1¡:¨�[}� |*[!��~]{O� |1hvmg_<f§mq[]h�m�mg[}_7fz_-|1t9fzmqf�hvsq_I~}tjmh9|1|1tji}~:mg_7{
£©t9sIh9{O_�:i]hvmg_1��ojªwZ[]��fnyPt9��~:mqfnmgt!hlfgi}�Omg��_�����^Y��mItj£5tji}sbhvy}y}sqt9h9|*[�ª�Z[}_��Psqfzmwmg_<sg^ ��~�mg[]_

EFT ?£©i]~]|²mq��t9~��j���j_<~Y��~�« �Lª��-��~]|$��i]{O_7fWtj~]��o�h�|$t9^�y}iOmqhvmg��tj~�|1t9fzm<¡9hj~]{¬~}t�sg_7{O��fzmgsq���}iOmg��tj~�|1t9fzm<ª�Z[}_1sq_$�
£©t9sg_9¡�mg[}_-^¬hjy}y}��~}��tv£¤mq[}_-_1~:mqsgo¬m*hjfg¥Oftv£¤mq[}_�hvy]y}��� |1hvmg��tj~��js*hvy}[Pf�hjsg_-|*[}t:fz_<~l¨���mg[}t9iOmn|$t9~]fg��{O_<sz�
hvmg��tj~¼tv£¶��~}��mg� hv�W{}hvmqh��µ{O� fpmqsg���}iOmq��t9~@|$t:fpm*f1ª¢Z[}��f°��~Smqi}sq~¼��_<h9{}fImgt!mg[}_7fz_¢mqh9fz¥Ofb�P_<��~]�¦{}��fzmgsq���]iOmg_7{
t9~ yLtvmg_<~:mg� hv����o��j_<sgo¹� hvsq�j_l|1tj~ �]�9i}s*h�mg��tj~Pf1M»mpo�y}� |1hj����o¹£©tjs�^¬hvmgsq�®k hj{]{O�®mq��t9~]f¢��~ mq[}_¦|1hjfg_�tj£wmg[}_
W�mgs*hjfqfz_<~¹hjy}y}����|<h�mg��tj~7O²¡�hv~]{¼mg[�i]f�mgt�_1k�yL_1~Pfz���j_�{}hvmqh¦sq_<{O� fzmgsq���}i}mg��tj~]fb£©t9s�fzi]�]fz_ �:i}_1~:mqf-mqhjfg¥Of-��~
mq[}_Shvy]y}��� |1hvmg��tj~ mqh9fz¥¸�js*hvy}[¤ª Z[}� f¬_$kOy}� hv��~]f¬¨�[�o¸x���¯n«¶½�Z ��_<h9{}fYmgt t��9_1sq��o _$kOyP_<~]fg���9_¦{]h�mqh
sq_<{}��fzmgsq���]iOmg��tj~]f���~ fgtj^�_l|<hjfg_<f<ª�·�m¢� f���^�yPt9szm*hv~:m�mqtS~}tvmq_�mq[]h�mYtji}s�h9{}hvy}mqh�mq��t9~ tv£n¯n«¶½�Z���~:mgt
x���¯n«¶½�Z¾� f�fgtj^�_<¨�[]h�m�~]h��Q�9_�hjf-t9i}s��9t9hv�¶��~�mq[}��f�y]hvyL_1s¢��f-mgtSy}sqt�����{}_�h¦�j_1~]_1sq��|�^�_$mq[}tO{¹£©tjs
h9{}hvy}mg��~}�¬mqh9fz¥:��y]hvs*hv����_1�Ê����fzmz�µfg|*[]_<{Oi}����~}��[}_<i}sg� fzmg� |1fnmgt¬mq[}_¢^���kO_<{���y]hvs*hv����_1�>ª�·�mI¨�tji}� {¦�P_¢yPt:fgfg���}��_
mqt¹£©i}szmq[}_1s¬��^�y}sqt��j_¦x¦��¯n«¶½�Z Mâhv~P{ yLt9fqfz���}��o tvmq[}_1s¬^���kO_<{���y]hvs*hv����_1���� fzmz�µfg|*[}_7{Oi}����~]�¼[}_<i}sq��fzmg� |1f
t9�Omqhj��~]_<{Y����h-t9i}sW^�_$mq[}tO{Otj��tj�9o#OC�:o¢��~P|$��i]{O��~}��sq_<{O� fpmqsg���}iOmq��t9~�|$t:fpm*f5_$kOy}����|1�®mq��oY��~9mqt°mg[}_Itj�Oup_7|²mq���9_
£©i]~]|²mq��t9~�ª

½C���ji}sq_-�¢fg[}t�¨wf�sg_<��hvmg���j_I^�hj¥j_7fzy]hj~]f§£©tjs�¯w«§½CZ hv~P{!¯n«¶½�Z
?
�j_<sqfgi]f¶mg[}_°~�i}^��L_1s�tj£C|1��i]fzmg_<sqf

��~¼mg[}_�y}� h�mg£©tjsq^�ªYºnf°_1k�yL_<|$mg_7{¼¯n«¶½�Z � f-sq_1� h�mq���9_�^¬hv¥9_<fgy]hv~@��~]|1sg_7hjfg_<f°fzmg_<h9{O����oSh9fnmq[}_�~�i}^��L_1s
tj£�|$��i]fzmg_<sqf§��~P|$sq_<hjfg_<f§�L_<|1hji]fg_j¡�¨�[}����_-x¦�µ¯w«¶½�Z0|<hv~!_$kOy}��tj��m�� hvsq�j_b|$tj^�y}i}mg��~}�¢y]��hvmz£©tjsq^¬f1¡O¯n«¶½�Z
� f�����^��®mq_<{!mgt�i]fg��~}�!`7��y]sgtO|$_7fgfgtjs*f5£©t9s�W:mgs*hjfqfg_1~ �nºiI°f8M©mg[}_-^¬hvk���^¬hv�Ã~�i}^��L_1s�tj£�mqh9fz¥Of§mg[Ph�mw|1hj~
�L_�_$kO_<|1iOmg_7{�|$tj~P|$i}sqsg_<~:mg��o%O$ª�³¹_�fz_<_�mq[]h�m�¯n«¶½�Z

?
� f°sq_1� h�mq���9_¢^¬hv¥9_<fgy]hv~¹hv� fzt���~]|$sq_<h9fz_7fbhv£»mg_<sb�

|1��iPfpmq_1s*f1ª�cw_<|1hj���Cmq[]h�m°mg[]_
p∗
��hv��i}_¢� f-|$t9^�y}iOmg_7{@h9fbh�^���~}��^¢i}^,t��9_1s°hv����|1��iPfpmq_1s*f1ª�Z[]_1sq_$£©tjsq_j¡

_<�j_<~�¨�[}_<~¢^¬hv~�o�|1��iPfpmq_1s*fChjsg_h���hv����hj�}��_§hv~P{¢fgtj^�_tv£}mq[}_<fg_�|$��i]fzmg_1s*f5hvsq_���hjsg�9_j¡�¯w«¶½�Z
?
� f�����^���mg_<{

mqt°i]fz��~}��|1tj~ �]�9i}s*h�mg��tj~PfC|1tj~:mqhj��~]��~}�-hvm�^�t:fpm5mq[}_�~�i}^��L_1sWtj£Ly]sgtO|$_7fgfgtjs*f�tv£Lmg[}_wfg^¬hv����_7fpmWh���hv����hj�}��_
|1��iPfpmq_1s7ª�Z[}� fw[]��~]{}_1s*f�yP_<sz£©t9sg^¬hj~]|$_°£©t9sw_$kOyL_1~]fg���9_�{}h�m*h���y]hvs*hv����_1�ÊtjyL_1s*h�mq��t9~]ftj~¦� hvsq�j_-^¬h�mqsg� |$_7f1ª
��o�|1tj~:mgs*hjfzm<¡�x¦�µ¯w«¶½�Z´[]h9f§mg[}_°hv�}�����®mpo�mqt¢i]fg_b��hjsg�9_wy}sqt�|1_<fqfzt9s§|1tj~ �]�9i}s*h�mg��tj~PfWtj~!��hjsg�9_I|1��i]fzmg_<sqf
£©t9smg[}_7fz_°� hvsq�j_°^¬h�mqsg� |$_7f1ª

���ê}�>���A�A�
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³¹_�yL_1sg£©tjsq^�_<{�fg��^¢i}��hvmg��tj~]f�£©tjs�`7�¬fghj^�y}��_7f�tv£5_7hj|*[�tv£�mq[}_��¬yLt9fqfz���}��_ �wºiI |$t9~ �]�9i}sqhvmg��tj~]f<ª�·µ~
mq_1sq^¬f5tv£Lmg[}_ny}��hvmz£©t9sg^¦¡j¨�_wfg��^¢i}��hvmg_7{!`7�-fghj^�y}��_7f�tv£Ê_<h9|*[¢tj£Ãmg[}_

4×70 = 280
yLt9fqfz���}��_�y}��hvmz£©t9sg^

|1tj~ �P�ji}s*h�mq��t9~]f§{}_<fq|$sq���L_<{���~�ZChv�}��_��O¡�£©t9swh¢mgtvm*hv�Êtj£5�}¡ L9�j�Yfz��^�i}� h�mq��t9~!sqi}~]f<ª
�n~}����¥j_ £©t9s�mg[}_ W:mqsqh9fgfg_1~ hvy}y}��� |1h�mq��t9~�¡�¨§_2|$t9^�y]hvsq_<{ mg[}_ mp¨�t ��hvsq� hv~:mqf�x¦�µ¯w«¶½�Z°`´hv~P{

x���¯n«¶½�Zw�Oª�³¹_�£©tji]~]{�mg[]hvmIt��9_1s*hv���Ãmg[}_¢_$kOyP_<sg��^�_1~:mqfnx¦��¯n«¶½�Z°`���_<{�mqtl�L_$mzmq_1sbfg|*[}_7{Oi}��_<fwmg[]hj~
x���¯n«¶½�Zw�l��~¼�9�� tj£¶mg[]_�|<hjfg_<f<¡Lmg[]hvm-x���¯n«¶½�Zw����_<{@mgt¦�L_$mzmq_1s-fq|*[}_<{Oi]��_7fnmq[]hv~�x¦�µ¯w«¶½�Z°`���~
�3R� tj£nmg[]_¦|<hjfg_<f<¡§hj~]{ mq[]h�m���~ mq[}_¦sg_<^¬hv��~}��~]�¼�P`�� mq[}_�mp¨§t¹��_7{ mqt¹mg[}_Sfqhv^�_�yP_<sz£©t9sg^¬hv~P|$_jª
½]i}sgmg[}_<sg^�tjsq_j¡�mg[}_lh��9_1s*hv�9_�yL_1sg£©tjsq^�hj~]|$_¬tj£x���¯n«¶½�Z°`¬sg_<��hvmg���j_YmgtSx¦�µ¯w«§½CZw����f

1.15
¡¤¨���mg[ h

^¬hvk���^�i]^ tv£
23.69

ªCZ[}_<fg_sg_7fzi]�®m*f5fz[}t�¨ mg[]hvm5mg[}_mp¨�t°��hjsg� hv~:m*f�_1kO[}���]�®mWsqtji}�9[}��o�fz��^���� hvs5_��¬|<hj|1ojª
WO��~]|1_wx¦�µ¯w«¶½�Zw�°[]h9f�mg[]_w[}���j[}_7fpm¶|1tj^�y}��_$kO�®mpo¢¨§_�t9~}��o�y}sq_<fg_1~:mWsq_<fgi}�®m*f�£©tjs§x¦��¯n«¶½�Z°`w[}_<sg_7h�£»mg_<s<ª

Z[}_¼h��j_1s*hv�9_!yL_1sg£©tjsq^¬hv~]|1_�tv£-¯w«¶½�Z sq_1� h�mq���9_¦mgt x¦�µ¯w«¶½�Z t��9_1s�hv���w_1k�yL_1sq��^Y_<~:mqf�� f¬�Pª×�v�
hj~]{ mq[]h�m¬tj£b¯w«§½CZ

?
��f�`7�}ª�`9`jª Z[}� f�� f���~2fz[Phvsqy |$t9~9mqsqh9fpm�¨���mg[¸mg[}_¦sq_<fgi}�®m*fY¨§_�tj�Om*hv��~}_<{ £©tjs

mq[}_8W�mgs*hjfqfz_<~�hvy}y}��� |1h�mq��t9~�ª�ºnf§^Y_<~:mg��tj~}_7{¬��~ W�_<|$mg��tj~!�}ª �}¡9fgtj^�_ntj£Ãt9i}s§£©tjsq¥9��uptj��~]f5�9sqhjy}[]f¶_$kO[}���}�®m
[]���9[¢��_1�9_1� f�tj£]m*hjfg¥9��y]hjsqhj����_1����fg^¦¡�¨�[}��|*[�|1hj~¢�L_�_$kOy}��tj��mg_7{���o�¯n«¶½�Z°ª�-I~¢mg[}_tvmq[}_1s5[Phv~]{Ê¡9¯w«¶½�Z

?iPfz_7fn{}hvmqh���y]hjsqhj����_1����fg^�£©tjsbhv����m*hjfg¥�fw¨��®mq[�mg[}_¢fghj^Y_¢|$tj~ �]�ji}s*h�mq��t9~�fg��/1_-£©t9sIhv����m*hjfg¥Of1ªZ[}� fn�Ltvmq[
��_<h9{}fmqtlfz^¬hj���¤mqhjfg¥Of��L_1��~}��_$kO_7|$iOmq_<{¦��~�y]hvs*hv����_<��¨���mg[�[}���j[�t��9_1sq[}_<h9{Ê¡}hv~]{�mqtlh¬����^���mg_7{�hv�}������mpo
mqt�_$kOy}��tj��mw[}���j[���_1�9_1� fwtv£�m*hjfg¥9��y]hjsqhj����_1����fg^¦ª¶x¦�µ¯w«¶½�Z�h9{}hvyOm*fn|1tj~ �]�9i}s*h�mg��tj~¦fg�=/<_<fmqtlh��jt9��{!mg[]��f
y]�®mg£âhv���Qª
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Unit é de recherche INRIA Sophia-Antipolis, 2004 route des Lucioles, BP 93, 06902 SOPHIA-ANTIPOLIS Cedex
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