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xy�°\7iMrp�Z£���rpa8�±�Za�mo£�tMrp¥lhd�Ztl�la8h�j�h�j7iM����nYrpa`��n�tV�°i¡�`a`�PmDr�iv����²`a8�³hDa`rp�Ma`r�iM�7�³j7h�aQi��ln<�7iM_*���*\ZtPhom
�`tM�l¬��MjZr�i�mp��tV��~Zrptvmpt<�`tM�@«l����¥Ma�´dwd{µq·¶ ¸C¹º«lmDtQiV�`»PjZ��rDa�iM��xyq¼iV�Z�lrpa8hph`¯�½<j���\�i hDtM��jlmp��tV���8iv�Z�ZtMm2��a
�Za`~Z��t�nMaW�����Y}� F¢2z�[�hd�ljZa�mpt mD\7a�jZ�7iC��iM���­iv�Z�����¾mon�tv¨siv�<n���a8�VmprpiM����²`aW��´Fw
{µqJhDa`rp�Ma`rW¯]¿ZtMrdh�_ iM���
hp�`iM��a�}� F¢2z�[�h8«P��ms_ iCn��/a2~/tVhph����Z��a]mDt�iv����t<�8i�mpa]¨©rDa8a�xyqÀiM�Z�lrpa8hphDa8h�_ iv�<j7iv����nM¯#w2t�£�a`�Ma8r8«Cmp\Za2~Zrptvª
�`a8�lj7rDad��aW��tV_UaWh]��_*~Zr�iM��mD�­�`iM��¨©tVr�i4�­ivrp�Ma`ªºhp�`iM��aItMr]tM~/a`�¡hDn<h�mDa8_�£�\Za`rpa
_*tM�Z����a
�Ztl�laWh]ivrpaI¨©rpa`admDt
uotV���¡iM�7����aWiC�MaM¯s}�tVh�m2tv¨�mD\Za�iMjlmDtl�`tM�l¬7�VjZr�i�mD��tM��iv���MtVrD��mD\Z_ h]~ZrptM~/tVhDa8��¨©tMrFiM��\Ztl���Za�mo£�tMrp¥lh]ivrpa
���7�la8~�a8�7�la8�Vm
tv¨Nmp\ZaUrDtVjlmD���Z�Q~Zrptvmptl��tM�­hIiM�7��mp\Za`rpa�¨©tVrDaV«��Va`�Za8rpivmDa�i�hD���M�Z��¬��`iM�PmFt��Ma8rD\7a8iM�Á¯2ÂIhD���Z�
mp\Zad�Ma`�<jZ���ZaFtM~lmp��_*��²8i�mp��tV�Qtv¨¤mD\ZadjZ�7�la8rD��n<���7��rptMjlmp���Z��~ZrDtMmDtl��tV�/�8iv��hD���M�Z��¬��`iM�PmD��n4rpa8�lj���aFmD\Za
ivjlª
mptl��tM�Z¬7�MjZr�i�mp��tV��t��Va`rp\Za8iV�Ã¯�|F�Za]tv¨�mD\Za2}Y I¢2zµ[(~7rDtMmDtl��tV��h�£�\Z�­��\4\�iC�Ma���a8a`�*rDaW��a8�Vmp��n�~ZrDtV_*tvmDaW�
mpt�e2¿�{À�­h#mD\Za�ÄsÅ#Æ<ÇÈrptMjZmD���Z��~ZrptvmDtl�`tM�Ã¶�b8ÉC¹º«MtV�U£�\7����\UmD\7��hµivrDmD�­����aµ¨©tl�`j7h�aWh`¯N[]\Z�­hsiMr�mp���`��a�iv��_ hsi�m
�`tM_*~Z��a`_*a`�Pmp���Z�Ump\Za¡Ä�Å�Æ<Ç·rDtVjlmD���Z�*~Zrptvmpt<�`tM�ÃhD~�aW����¬��`ivmD��tM�7h]mpt*\7iv�7�Z��a�iMjlmDtl��tV�l¬7�VjZrpivmD��tM�Á¯N[]\Za
�`tMrp�Za`rdhomptM�ZaUtv¨�mD\Z�­h�ivjlmptl��tM�Z¬7�MjZr�i�mp��tV�¡~ZrptvmDtl�`tM����h
iv�±iM�l��iv����a8�±�ljZ~Z���­�`i�mpaUiV�Z�lrpa8hphF�Za�mDaW�Êmp��tV�
iM���VtMrp�¾mp\Z_�¯ Â2�7�la8r�£�a`�����la�¬��Za8�°iMhphDjZ_*~lmD��tM�7h8«Á£�a ~Zrpt��Ma4mD\ZaQ�`tMrprDaW�ÊmD�7a8hphFtM¨µmp\Za*mD\7a ~ZrDtV~�tPh�aW�
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Unité de recherche INRIA Rocquencourt
Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)
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� � � ÔÁaWh�rDgWh�aWivjlk�_UtV�Z����aWhIiM��\Ztl��hDtM�PmI�laWh2rpg8hDa8ivjZk�hDiM�7h]���l¨©rpiVhomprDj��ÊmDj7rDa�a`mI\7ivjZmDa`_*a8�Vm
�ZnP��iv_*��»PjZaWh`¯�´FiM�7hI�`a8h�rpg8hDa8iMjlkÃ«Z���Áa8h�m2mDrp^8hI�l�¾®Q�`����a��la�~7rDg8�MtM��r�jZ�Za4iM�l_*���Z��h�mDr�i�mp��tV���`a`�PmDr�iv���­h�g8a
tVj���� jlmp�����­h�a8r2jZ�Za��`tM�l¬7�VjZr�i�mD��tM��_ iv�<jZa`����a��lj�rDgWh�aWivjÁ¯NÔÁaWh��Zt<a`j��Zh2�laWh]rDgWh�aWivjlkQ¬���iM��rpa8h]jlmp�����­h�a8�Vm
j7��hDa`rp�Ma8jZr��`a`�PmDr�iv���­h�gFa�m���ad~Zrptvmpt<�`tM��ad´dwd{µq ~/tMjZr2iV�`»PjZg`rp��rµjZ�7adiV�lrDaWhDhDaIxyq#¯7ÂI�ZadmDa8����a�h�tV��jlmp��tV�
�7a ~�a8jlm���mprDa jZmD�����­h�g8a��ZiM�7h���a8h�rpg8hDa8iMjlkY_*tM�Z����a8h�iV�±\7t<� �8ivr�������� a�kl�­hompaQivj7�`jZ� h�a8rD�Va`jZr�´�{�w2q
�`a`�PmDr�iv���­h�gV¯¡q�tVjZr*�la�~/a�mp�¾m�h4rpg8hDa8iMjlkÃ«�����rDaWhompa�~/tVhph����Z��a���� iv����tVjZa`r4��aWh4iV�lrDaWhDhDa8h��l��hD~/tM�Z���Z��a8h��¡��i
_ iM���Á¯�{µa`~/a`�7�ZiM�Pm�jZ�Za*mDa8����a ~Zrptl��g8�ZjZrDa �la8�<��a8�Vm���_*~�tPhDhD���Z��a ~/tMj7r��la �Mr�iv���ZhdrDgWh�aWivjlkYtVj³�7iv�7h
�Za8hFrDgWh�aWivjlk��la4_UtV�Z����aWhFtVjZ�Ma8r�m�h2t��Y��a8hF_UtV�Z����aWhF~/a`j7�Ma`�PmdrDa�uotM���7�lrpa�tMj³»PjZ�¾mDmDa8rF��a4rpg8hDa8iMj������Zrpa�ª
_*a8�VmW¯³Ô�i�~Z��jZ~7iMr�m*�la8h*iM���VtMrp�¾mp\Z_*a8h���� ivjZmDtl��tV�l¬7�Mj7rpivmD��tM� ~ZrptM~/tVhDg8h�~�tVjZrU�Za8h4rDgWh�aWivjlk iM� \7t<�
hDtM�Pm����7�lg8~�a8�7�ZiM�VmU�ljÀ~Zrptvmpt<�`tM��aQ�la�rptMjZmpiv�Va*jlmD�����­hDgMÓ����­h��Mg8�Z^`rpa`�Pm�iM���7hD��j7���ot��Va`rp\Za8iV���U��_*~�tVr�ª
m�iv�Pm8¯³Ô�� jlmD������hpi�mp��tV� �la8hUtV~lmD��_ iMhpi�mD��tM��h�~ZrptM~Zrpa8h4�lj ~Zrptvmptl��tM��aQ�la�rDtVjlmpiM�Ma ~/a`jlm*rpg8�ljZ��rpa�hD���V�Z�¾ª
¬/�`i�mp���Va`_*�Za`m��`a8h��la8rD�7��a8rph8¯UÂI� �la8h
~Zrptvmptl��tM��a8h
�la*rptMjlm�iv�VaU»PjZ�si�g�mpg*~ZrDtV_�j³rDgW��a8_U_*a8�Vm�e2¿#{
aWhom2��a�~Zrptvmpt<�`tM��a��la�rDtVjlmpiM�Ma�Ä�Å�ÆlÇ ¶�bWÉC¹�ivjZmDtMj7rI�lj7»PjZa8�¤��a`mIivrDmD�­����a�a8h�m8¯]{µa`mIivrDmD�­����a���\Za`r���\ZaWh��
�`tM_*~Z��g�mpa`r
��aWh�h�~/g8�`�¾¬/�`i�mp��tV�7h��lj°~Zrptvmpt<�`tM��a4~/tMj7rFmprpiM�¾mpa`r���� iMjlmDtl�`tM�l¬7�VjZr�i�mD��tM�¤¯4Ô¤i�~Z��a`rprpaUiM�Z�Mjlª
�­iv��rpa*�ZaQ��a*~ZrptvmDtl�`tM��a*��� iMjlmDtl��tV�l¬7�VjZrpivmD��tM�±a8h�m
j7� _UgW�`iM�Z��hD_*a*g`�MtV��j7g*�ZaQ�lg�mpa8�Êmp��tV� ��� iV�lrpa8hph�aWh
�ZjZ~Z����»PjZg8a8h8¯ ½<tMj7h��la8h�\Pn<~/tvmp\Z^8hDa8h��Z��a8� �lg�¬��Z��aWh��7tMj7h ~7rDtVjZ�MtV�7h ��a���tV�È¨©tM�7��mD��tM�Z�7a`_*a`�Pm��Zj
~7rDtMmDtl��tV��a
��� ivjlmpt<�`tM�l¬��MjZr�i�mp��tV��~ZrptM~/tVhDg`aV¯
� Ð �W� Î � � � � e�g8hDa8iMj�_*tV�Z����a�iM��\Ztl�v«Z IjlmDtl�`tM�l¬7�VjZr�i�mD��tM�¤«Z|dÔ�½le
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}Yiv�<n�¨©rpjZ��m�¨©jZ�Ãa�+/tVr�m�h�\�iC�Ma�¨©tl��j�h�aW� tM��rDtVjlmD���Z��~Zrptvmptl��tM�­hN¨©tVr-,/.-02143 ����rpa8�`a`�Pm�nVa8ivr�h8«P�laWiv�����7�
aWhDhDa`�Pmp��iM����nF£���mD\�mD\Za�rptMjlmp���Z�F��hphDjZa���mphDa`��¨o«Miv�����Ztvm#�ZaW��a8hphpivrp����nd�`tM�7hD�­�la`rp���7��mD\Za]ivjZmDtl��tV�l¬7�Mj7rpivmD��tM�
¨©j7�7�Êmp��tV�7iv���¾monV¯N[]\Za8hDad}Y I¢2zµ[ ~Zrptvmpt<�`tM�­hµ�8iv�Q�/a����­iMhph���¬7aW� ���Pmpt4~ZrptViV�Êmp���VaI~Zrptvmpt<�`tM�­h2¶�b8ÉC¹Á£�\7a`rpa
aWiM��\°�Ztl�laQ_ iM���PmpiM����h�iv� j7~lªBmptvªy�Zi�mpa �Ma8rphD��tV�°tv¨]mD\Za��Za�mo£�tMrp¥�mptM~/tM��tM�Vn��<n±~/a`rp��tl�l�­� a`kl��\�iv�Z�Va
tM¨I��tV�VmprDtV��_*a8hphpiv�MaWh�£���mD\(�Za`���M\<�/tMrp���Z�Y�Ztl�la8h8ÓµiM�7�Àrpa8iV�ÊmD���Ma�~ZrDtMmDtl��tV��h�¶�b8��¹]£�\Za`rpa�aWiM��\À�Ztl�la
�Z��hp��t��Va`r�hsmp\Za�rDtVjlmDadmpt*i �Za8h�mD���7i�mp��tV��tV���la8_ iv�7�Ã¯
e�aWh�aWivr���\�tM�³ivjlmptM_ i�mp���U��tV�l¬7�VjZrpivmD��tM��tM¨µxyqSiM�Z�ZrDaWhDhDa8hI¨©tMr�,/.506143S�­hdrDa8��ivmD���Ma`��n���aWhDhF¨©rpa�ª

»PjZa8�Pm8¯N[]\Za2xyqs�"7�iM�7�!8/z�e2|�{�|d¢F¿Y£�tMrp¥<���Z���VrDtVjZ~7h#tM¨ÃmD\Za2xyzµ[�¿³�Za8iv��£��¾mp\�ivjZmDtl��tV�l¬7�Mj7rpivmD��tM�
�­hph�jZaWh��7jlm�£���mD\�i�¨©tl�`j7h�tV��£���rDaW� �Za`mo£µtVrD¥lh8¯� IjlmDtV_*ivmD�­�FiV�Z�lrpa8hph�iM����tl�`i�mp��tV�Q�­h�_*tMrpaF�Z�¾®Q��j7�¾m����
i',/.5021�3 a`�<�<��rptM�7_Ua8�Pm2mD\7iM�Y����£���rDaW���Za`mo£µtVrD¥lh2�lj7a�mpt����7hom�iv�Z�����¾mon�tv¨µ�����Z¥lh`«-_*tM�7�����¾mon�tM¨smD\Za
�7t<�Za8h8«ÃmD\Za*tV~�a8�±�7ivmDjZrpa*tv¨µmD\Za*_*tM�Z����a*iV�Y\7t<�U�Za`mo£µtVrD¥lh8«Áiv�7�±�­iM��¥¡tv¨]��a8�VmprpiM�NiM�l_*���Z��h�mDr�i�mp��tV�
���Qmp\ZaI�Va`�Za8rpiM���8iMhDaM¯N[]\<j7h�~/a`rD¨©tMrp_*���7�4i�´I I´ ¦:´FjZ~Z�����8i�mpad ��Z�ZrDaWhDh�´Ia`mDaW�ÊmD��tM�/§s�Va`�Za8rpivmDa8h�_*tMrpa
�`tM_*~Z��a�kl��mon�iv����_UtVrDa�t��Va`rp\Za8iV�Q����iM��\Ztl���7a�mo£�tMrp¥<h�mp\7iv�¡���¡£���rDaW���7a�mo£�tMrp¥<h]£�\7a`rpa�~ZrDtMmDtl��tV��h
hDj7��\�iMh�´dwd{µq�¶ ¸C¹�iM�7��½Z I �¶ �8¹��8iv����a�j7hDa8�Á¯
xy� mD\Z�­h�rDaWh�aWivr���\ rpa`~/tMrDm�£�aY£������
�Za8hp��rp���/a±iM� ivjlmptl��tM�Z¬7�MjZr�i�mp��tV�¼h�tV��jlmp��tV�¼¨©tMr�mD\7aJÄ�Å�ÆlÇ

~7rDtMmDtl��tV�B¯Á[]\Z�­h¤hDtM��jlmp��tV�F�­hÁ�7iVh�aW�dtM��iv�
a�®Q�`��a8�Vm¤´FjZ~Z���­�`i�mpa� ��Z�lrpa8hphÁ´Fa�mpa8�Êmp��tV� ¦:´2 F´d§¤iv���MtMrp��mD\Z_
£�\7����\�mpiM¥Ma8h�iV�l��iv�PmpiM�Madtv¨�mD\Za��Va`�<jZ���Za
tM~lmp��_*��²8i�mp��tV��tM¨�mp\Za¡Ä�Å�ÆlÇS~ZrptvmDtl�`tM�@¯
[]\ZaµrDaWh�aWivr���\
rDa8~�tVr�m¤�­h¤h�mDrpj7��mDjZrpa8��iVhÃ¨©tV����t�£2h�9ÁhDa8��mD��tM���]�­h��la8�l�­�`ivmDaW�
mDt2rpa`�­i�mpa8�
£�tMrp¥-«8_*tVh�mD��n

�`tM�7�`a`rp�Z���Z�Y~Zrpa`�<��tMj7hD��n ~ZrDtV~�tPh�aW�ÀivjZmDtl��tV�l¬7�Mj7rpivmD��tM�À~Zrptvmptl��tM�­h4���ÈiM�(\Ztl���Za�mo£�tMrp¥lh`¯À[]\Za8� i
hDjZ_*_ ivrpn¡tv¨smp\Za°Ä�Å�Æ<ÇÒ~7rDtMmDtl��tV�B«Ã£���mD\³�¾m�h
_ iv���Y¨©aWi�mDj7rDaWh`«Ã�­h
�la8hp��rp���/a8�±���³hDa8��mD��tM�±É7¯U½<aW�Êmp��tV�
�±�la8hp��rp���/a8h�mD\Za��ljZ~Z���­�`i�mpa�iM�7�lrDaWhDh4�la�mpa8��mD��tM� _*a8��\7iM�Z�­h�_ £�\Z�­��\À��h�mD\Za���tVrDaQtM¨�tMjZr4~ZrDtV~�tPh�aW�
iMjlmDtl�`tM�l¬7�VjZr�i�mD��tM�(~ZrptvmDtl�`tM�@¯   ¨©tVrD_ iM��~ZrDt<tM¨
tM¨
�`tMrprDaW�Êmp�Za8hph*tv¨
mD\7��h��la�mpa8�Êmp��tV� iv���MtVrD��mD\Z_ ��h
�V���Va`�Á¯ ½la8�Êmp��tV� �Y~ZrptM~/tVhDa8hU�l��+-a`rpa`�Pm*£�iCnlh�mDt°iMhph����M�(iv� ���Z��mD�­iv�2iV�Z�lrpa8hph�mpt³i±�Za`£���nÀivrprp���<���Z�
�7t<�ZaUiM�7��mDt�rpa8hDtM���Ma�iV�Z�lrpa8hphI�ljZ~7���­�`ivmD��tM�Á¯�[]\Z�­h
h�aW�Êmp��tV�YiM��mDj7iM����n¡��tM_*~Z��a�mpa8hFmD\7a4~Zrpa`�<��tMj7hItM�Za
tV���lj7~Z���­�`ivmDa�iM�7�lrDaWhDh��la`mDa8��mD��tM�Á¯s[]\7a8hDaImo£�tUhDa8��mD��tM�7h]�`tM�7h�mD��mDjlmpadi*�`tM_*~Z��a�mDa
ivjZmDtl��tV�l¬7�Mj7rpivmD��tM�
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Unit é de recherche INRIA Lorraine, Technopôle de Nancy-Brabois, Campus scientifique,
615 rue du Jardin Botanique, BP 101, 54600 VILLERS LÈS NANCY
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