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YZLOR­YZRAP#wJa2[]\e�JP#akY]`ba2W(P#axmxRA�+ae��YZLgR���\e�bP�\eW�¡g�bYZRQ[.hnYZLgR `iP�\kjeR.lM\k[]R l]\k`pm�YZa~��ae[]P \�YZRQPcd
w+ae[f\k�0lZRQjeP#RAW2Y.�;µ lMl«anaeW$\el
YZLOR YZ`i�bY�\eWOje�iR mOa;R.l¬WOakYM�JRALg\��eR­\el�wO[]RAmx`p^_Y]RAm°h;YZLgR­^Q�O[Z[]RQW;Y¬YZRAPcw+ae[f\k�
lZRQj2P#RQW;Yt`il lZ\e`im$Y]a��+R�^�a2Pcwg�bRQYZRAm�\eWgm$YZLgR&`bWJmxR��x`iWOj?\k�ijea2[Z`bYZLgP��M\k`bY]lM��a2[tYZLgR�lsYf\k[ZYtak��YZLgR�WORQ�;Y
lZRQj2P#RQW;YA�OµCwOwO�i`i^A\7YZR.m$YZa�[]RA\e�°�;`pmxRAa�l«R.®2�gRQWg^QRAl�lZLOa7��`bWgj#lZ`iPcwg�bR&a2�xrsRA^�Y]lM�i`b¯2R�LORA\2mndX\kWgmndXlZLOae�O�pmxRA[
l]^�RAWORAlAhJYZLOR#\k�ijea2[Z`bYZLOP�¡gWgmgl­^Qae[][ZR.^_Y]�b�(YZLOR~YZRAP#wJa2[]\e�:lZRQj2PcRAW;Y]ltae�>YZLgR~`iP�\kjeRcl«R.®;�ORQWg^QRAlC��` Y]LO`bW
Y]LOR�ae�OrsRA^_Y�P#a7�eR.l¬LOaeP#aej2RQWORAae�glZ�i�e�

J·LORA[ZR.\el�YZLgR R.lsY]`bP�\7Y]`ba2W(\e�bj2ae[]` Y]LOP ��a2[Z¯xl>�¬RQ�i�+��ae[M�n`imORQa#lZ^QRQWOR.l
��`bYZL�mx`#"+�glZR�\kP��g`bRAW2YM�i`bj2L2Y
\eWgm \�mxa2Pc`iWg\kYZ`iWOj�w+ae`iW;Y#�i`ijeL;Y#lZae�g[]^QReh�YZLOR�\k�ijea2[Z`bYZLOP ��`i�b�M�²\e`b�M`b�CY]LORQ[]R(`plcWOa�wO[ZR.mxaeP#`iWg\7Y]`bWgj
�i`ijeL;Ytl«a2�O[]^QR `iW$YZLOR&l]^�RAWORe�OKMLg`il�`plM�+RA^Q\e�glZR Y]LOR&\k�ijea2[Z`bYZLgP `ilM�J\elZRAm(aeWO�i��aeW(YZLgR�R��xwO�iae`bY]\7Y]`ba2W(ae�
wgLOakY]aeP#R�Y][Z`p^´R "0RA^�Y]lAhALgRQ[]R´YZRAPcw+ae[f\k�;^fLg\kWgjeRAluak�xae�OrsRA^_Y�l«LJ\emx`iWOjg�AUXW����xY]�O[ZR2hA`bY:lZLOa2�O�im&�JR
YZLORA[ZRQ��ae[]R
^QaeP~�O`bWgRAm£��`bYZL�\kW�\k�ijea2[Z`bYZLOP�RQ�nwg�ba2` Y]`bWOj$jeRAaeP#R�Y][Z`p^&R "+R.^_Yfl�\el­P#akYZ`iaeW§ak�>��R.\7Y]�O[ZR#w+ae`iW;Y]lA�0KMLg`il
[]RQw+ae[ZY P�\��£lZRQ[]�eR�\2l­PcaeYZ`i�7\7YZ`iaeW�YZa$P�\k¯eR~�glZR~ae�>YZLOR�¤­¶�v \eWgm£`bY]l­�glZR����O�´`iWx��a2[ZP�\7Y]`ba2W£aeW�Se¤
a2�xrsRA^�Ytl«Lg\ewJR�\eWgm$aeW�Se¤ya2�xrsRA^�YMP#aeYZ`iaeW��
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�Q�n�#� 
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3� �4�3�H% 8Q� ��( ���B��
1� �
���Q�'� ( h � \kP~�O[]`imxj2Reh!�.Dxµ&h�'ta7�2RQP��+RQ[
�1Ae{2{OhnwOw��$A&2;�7d5A;}x�e�

. ��0 � �&DOK �O�e�+*�,.-0/
µtWJ\k�i�nlZ`pl Â axmxRQ�EhxL;Y«YZwu¸º¹2¹�������� YZRQ�bYZR.^k� mO^��u� `iR�¹k^�a2l«Yf�O�e�
. S30�q��k³
`ilZRQ[ZYAh�I­���­`b[]axm°¸
	_UX�i�b�gPc`iWg\kYZ`iaeW~^QaeP#w+RQWgl]\7Y]RAm&P#aeYZ`iaeW�R.lsY]`bP�\kYZ`iaeW~��ae[´\kWg\e�b�xlZ`il:lZ�;W;Y]LORAlZ`il

^Qaxmx`bWgj�	7h2`bW4I ���­`i[Zaxm°h �&��'t`iRQP�\kWgW�h ��� dHq��5DnRQ`pmxRQ�E¸
	�Se¤ `bP�\ejeRC\eWg\k�i�xl«`pl
\eWgm�l«�nW;YZLgRAlZ`il � A2|�	7h
q
[Zax^�RARAmx`iWOj;lQh°�.{O� d]�1AO��'ta7�2RQP��+RQ[��1A&Ae|gh2³
[Z�p\kWOj2RQW�hxwgw��g|O�QdH|2|O�

. 2&0�µ�� Â � I¬[]�g^f¯xlsY]RQ`iW�h�v&� �J� �Cae�bYAh��~� ¤����2RA\eW�h�µ�� '�� 'CR�Y][]\��7\k�i`E¸�� � W�YZLOR��glZR£ak��lZLg\emOa7�tl�`iW
l«Y]\eWg^�R§[ZR.^�a7�2RQ[]���_h I¬RQ�i�­±�\k�glAh�±u�g^�RAW;Y$K�RA^fLOWOa2�ba2je`iRAlAh
K�RA^fLOW�� Â RAP$�ih I¬±��O�2�ASeS2{e�kd5An�n�.�2�e�.d
�&22K Â hO¤ RA^QRQP~�JRA[&�GA�A;�n�

. }�0�K�� D0� �t�g\eWOjgh>µ�� '���'tRQYZ[f\��7\k�i`à¸�� Â akY]`ba2W�\eWgm�lsY][Z�J^_YZ�g[ZR$��[]aeP ��R.\7Y]�O[ZR£^Qae[][ZR.l«w+aeWJmxRQWg^QRAlA¸:\
[]RQ�n`iRQ���_hxq>[]an^QRQR.mx`bWgj2lMak��YZLOR�UX³
³>³th �´a2�à�J{2�xh�'Cag�g�OhO¶ORQ�g[Z�g\e[Z���GA&A&2gh;wOw��J�2}e�7dX�e|e{O�

. |30��c� dHq�� �t�gWOjghk¤~� I­� � ana2wJRA[Ah�I­� � RQ[]Wn�glZ^fLg` dX¶O[]`i\2lQ¸�	�µ l«�nP#wxY]akYZ`p^ IM\��eRAlZ`p\kW�lZ�O[Z�²\e^�R¬RAl«YZ`iP�\7Y]`ba2W
�Jl«`iWOj�\kW�`bP�\ejeR�l«R.®;�ORQWg^QR�	kh+UXW;Y � �
�2ae�g[ZWg\e��ak� � a2P#wO�xYZRA[ �C`pl«`iaeWuh �´ae�E�u|Oh�'Cag�u�xh´�1A&Ag�eh0wOw��
�.�2}7d]�.S2�x�

.º�60�¶¬� ��\kwgwJRA`à¸�	 Â axmxRA�b�i`iRQ[]�OWOj��OWJm�v�RA¯eaeWJlsY][Z�O¯;Y]`ba2W��JRA��RAjkYZRA[ mx[]RQ`pmx`iP#RQWglZ`ba2Wg\k�iRQ[ � �xrsRQ¯;Y]R�`iW
RA`bWgRQ[C¶gRQ[]Wgl«RALn�O`b�pmn��a2�bj2R�	7hx¤ `il]lZRQ[ZY]\7Y]`ba2W�h �tWO`i�eRA[]lZ`bY��7Y � \kWOWOa7�2RQ[.�
�­RQ[]P#\eWn�eh°�GA2{&Ag�

. {30 Â � D0�7±�\kWOj2RQ[.hPD0� Jy���0�g^f¯eRA[A¸�	�DnLg\ewJR>��[Za2P4lZLg\2mx`bWgjtaeW�\ ^��iae�gmO�­mO\���	khA�2ae�O[]Wg\k�2ak�xY]LOR � wxY]`i^A\k�Dxan^e�Oak��µtP#RQ[]`p^Q\Oh �´a2�à�u�e�eh�'Cag�º�xhO¶gRQ�O[]�g\k[]���GA�A32Jh;wgw�� 22|n�.d«�7{g�
. A30 � � �&�2±�RQR2hkµ&�evta2lZRQWx��RA�im°¸�	�UXP#wO[Za7�2RAm�PcRQYZLOaxmOl�ae�+R.lsY]`bP�\kYZ`iWOj�l«Lg\ewJR¬��[]aeP lZLg\2mx`bWgj­�Jl«`iWOj­YZLOR

�i`ijeL;Yc^Qa;a2[]mO`bWg\kYZR?lZ�xlsY]RQP 	#`iW I­� �#� q�� �Cae[]W�h Â � �J� I¬[]anae¯xl 9�³�m°� ;�¸!	�DnLg\ewJR?��[Za2P lZLg\2mx`bWgj�	7h
Â UsK q>[]RAl]lAh � \kP��g[Z`pmxjeRc�GA2{&Agh;wgw��gS2�eS7dXS32x�n�

.i�A�30��J� Â � Â RQWJmxRQ�E¸�	�±uRAl]l«a2Wgl>`iW(R.lsY]`bP�\kYZ`iaeW�Y]LORQa2[Z�#��a2[�l«`ijeWg\e�0wO[Zax^QRAl]l«`iWOjghn^�a2P#P��OWO`p^Q\kYZ`iaeWgl¬\kWJm
^QaeW;YZ[]ae�"	7hnq>[]RQW;Y]`i^QR��C\k�i�Ehx³>WOje�iRQ�¬anaxm � �i` "°lAh�'tRA� �2RQ[fl«RA�eh0�GA�A2}O�

.i�e��0��#� Â RQ�n�JRA[ZjJh7q�� �>\e^fLORAWOLg\e�ORQ[.¸
	 �!#2LORQ[]R Â \7Y]LORQP�\7Y]`b¯�	kh �´ae�i�OP#R��eh=DnwO[]`iWOjeRA[«d �´RQ[]�i\ejgh1I�RA[Z�i`iW
�1A&A2SO�

.i�.��0 ��� 'C`i^Qae�p\elAh � �0±u\e�O` Y.¸$	 Â akY]`ba2W�\kWgm�`i�i�b�OP#`iWg\7Y]`ba2W£�7\k[]`i\kYZ`iaeW�RAl«YZ`iP�\7Y]`ba2W£�glZ`bWOj(\�LO`iRQ[f\k[f^fL;�
ae�¬P#axmxRA�ilA¸�µtwOwg�b`p^Q\kYZ`iaeW�YZa�`iP#\ejeR�lZRA®;�ORQWJ^�R�^�axmx`iWOj�	kh°�ea2�O[ZWJ\k��ak� �C`pl«�J\k� � aeP#P~�OWO`p^Q\7Y]`ba2W
\eWgm$UXP�\kjeR�v�RAwO[ZR.l«RAW;Y]\7Y]`ba2W�h �´ae�E�O|Oh�'tag�#2JhO¤CR.^�RAP��+RQ[&�1A&A2}OhnwOw��gS2�eS7dXSO�.|O�

.i�AS30��J� �­lsY]RQ[]P�\kWOW�¸�� � �xrsRA^�Y«dH�g\elZRAm�\eWg\k�i�xl«`plsdXlZ�;W;Y]LORAlZ`ilC^�axmx`iWOj 9�� I¬µ.D � ;C�g\elZRAm�aeW�Y]LORclZae�g[]^QR
P#axmxRA�>ak�MP#a7�;`iWOj$[Z`ije`pm�Se¤ ae�OrsRA^_Yfl"�_h6Dn`ijeWg\e�´q>[]an^QRAl]l«`iWOjJ¸+UXP�\ejeR � aeP#P��gWO`i^A\7Y]`ba2W�h �´ae�E��|Oh'Cag�J�Oh Â \��£�1A&A32JhnwOw����G22S7df�A|g�e�

.i��2&0�µ�� q��0q�RQW;YZ�p\kWJm°¸�	Q¶�`iWgmx`iWOj�Y]LOR�`i�i�b�OP#`iWg\7Y]`ba2W£mx`i[ZR.^_YZ`iaeW�	7hJ�2ae�g[ZWg\e�°ak�´Y]LOR � wxY]`i^A\k�"Dxan^Q`bRQYs�(ae�
µCP#RQ[]`i^A\Oh �´ae�E�i�+�k�Oh�'tag�#2JhOµtwO[]`i�>�GA2{2�xhnwOwu� 2&2;{7d52;}e}O�

.i�.}�0�µ�� q��Jq:RAW;YZ�p\kWgm°¸$	_q>LgakYZa2P#R�YZ[]`p^ Â akYZ`iaeW�	7hxUX³>³>³ Ku[f\kWglA�xaeW$q´\7YZYZRQ[]W�µtWg\e�b�xlZ`ilC\kWgm Â \2^fLO`bWgR
UXW;Y]RQ�i�b`ijeRAWg^�R2h �´ae�E�°�ASgh�'tag� Agh DnRAwxYZRAP��+RQ[��GA�AO�2h;wgw��g{;�3A7dX{&A2�O�

.i�A|30 D°��µ&� DnLg\k��RQ[.¸�	 DnLg\2mxa7�tlC\eWgm�lZ`b�iLOa2�OR�YZYZRAl­`iW§^QaeP#wO�xY]RQ[��n`ilZ`ba2W%	7h ���i�;�¬RQ[�µ�^Q\2mxRQP#`p^&q>�g�O�b`bd
lZLORA[]lAhO¤Ca2[]mO[ZR.^fL2Y.h�'tR�Y]LORQ[]�p\kWgmOlAh��1Ae{2}O�
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.i���60��J�;DnY]\k�JmxRQ[.h 	��2ae`iW;Y�RAl«YZ`iP#\kYZ`iaeW�ak��ae�OrsRA^_Y(PcaeYZ`iaeW·\kWJm¦w+ae`iW;Y?�i`bj2L2Y�`i�i�b�OP#`iWg\7Y]`ba2W���ae[?S2¤td
a2�xrsRA^�Y«dH�g\elZRAm#\eWg\k�i�xl«`plsdXlZ�;W;Y]LORAlZ`il�^QanmO`bWOj 	7hkUXW;Y � � J�ae[]¯xl«Lgaew#aeW � axmx`iWOj&KuR.^fLOWO`p®;�ORAl���a2[ �´RQ[]�
±ua7� I¬`bY«dH[]\kYZR �C`pmxRQaJh � ae�p^fLORAl«YZRA[Ahn³>Wgje�p\kWgm°h0�n� dH{g�OµtwO[]`b�´�1A&A&2ghnw�� 2J�b�2�

.i�A{30��J�
D;Y]\e�gmxRQ[.¸�	�³
l«YZ`iP#\kYZ`iaeW�ae��w+ae`iW;Y �i`bj2L;Y l«a2�O[f^�R&wg\e[]\eP#R�YZRA[]l¬��a2[Ca2�xrsRA^�Y«dH�g\elZRAm�^�axmx`iWOj 	7hCDx` d
j2Wg\k�°q
[Zax^�R.lZlZ`iWOjg¸xUXP�\kj2R � a2P#P��OWO`p^Q\kYZ`iaeW�h �´a2�à�0�nh�'taJ��'ta7�2RQP~�JRA[B2edH|gh0�GA&A;}xhnwOw��JS2}e}7dHSn��Ag�

.i�GA30��J�cD;Y]\e�gmxRA[A¸!	�µC�OjeP#RAW2Y]RAm¦v�RA\e�b`bYs�¨��` Y]L¦µC�xYZa2P#\kYZ`p^$UX�b�i�OP#`bWJ\7YZ`iaeW � aeW;YZ[]ae�¬UXWg^Qae[]wJa2[]\kYZ`iWOj
³
�b�i`bwJl«a2`imO\e� Â axmxRQ�pl 	7h0UX³>³>³yK�[]\eWglQ�+aeW Â �O�bYZ` Â RAmx`p\Oh �´ae�E�´�eh
'Cag���xh��2�OWOR$�GA�A&AOh+wOw��´�.Se|kd
�G22Sg�

.º�k�30��J� D;Y]\e�gmxRA[A¸
� � �xrsRA^�Y­[]akYf\7YZ`iaeW§\7�x`il ��[]aeP lZLg\emO`bWOj �fh+U � µ+DGDnq � A&AOh0q>Lga;RAWO`b�0h�µC[Z`@?Qa2Wg\Oh �+DOµ&h
��}x� d]�1AO� SO�i�GA�A&AOh �´ae�E�g|OhxwOwu�gS2�e{2}�dXS2�e{e{g�

.º�x��0��J�[D;Y]\e�gmxRA[Ah �&� 't`p^�a2�i\2lQ¸ � Â akY]`ba2WxdE�J\elZRAm �n`imORQa `iWgmxRQ�x`bWOj RQ�7\e�b�g\kYZ`iWOj a2�xrsRA^�Y�lZLg\emO`bWOj �fh
U � UXq � A�AOh � ae�+Rehx�;\kwg\eW�hg��2J� ds�k{g�b�.�O�i�GA&A�AO�

.º�e��0��J�5D;Y]\e�gmxRA[A¸ � � �xrsRA^�Y¬v�aeY]\7Y]`ba2W(µt�n`pl���[Za2P DnLg\2mx`bWgj��_h;lZ�O�OP#`bY«YZR.m�Y]a�Y]LOR­UX³>³>³·Ku[f\kWJlZ\2^_YZ`iaeWJl
a2W�q�\kY«Y]RQ[]W$µCWg\k�i�xl«`pl�\kWgm Â \2^fLO`bWgR­UXW;Y]RQ�i�b`ijeRAWg^�R2h �­^_Y]ae�+RQ[��GA�A&AO�

.º�kS30 Â �#J§a2�b�i�Ja2[ZWu¸ 	 � �xrsRA^�Y«dH�g\elZRAm�mx`plZwO�i\2^�RAPcRAW;Y¬R.lsY]`bP�\7Y]`ba2W(\eWgm�P#akY]`ba2W(^�a2P#wJRAWglZ\kYZR.m�wO[]RAmx`p^_d
Y]`ba2W$��ae[�Ln�n�O[Z`pm(�;`pmxRAa#^Qaxmx`bWgj�	7h �­± I � � A&Agh ���eaeYZaghx�;\kwg\eW�hO�3Ag� dXSe�g�b�.�O�i�GA&A�AO�

.º��2&0 �����+LJ\kWOjJ¸�	�¤ R�Y]RQ[]P#`bWO`iWOj�YZLOR$RQwO`iw+ae�p\k[�j2RQa2PcRQYZ[]�§\eWgm¨`bY]l~�OWg^�RA[«Yf\k`iW;Ys�
	khuUXW;Y�� �M�ea2�O[ZWJ\k�
ae�
� a2P#wO�xYZRA[��C`plZ`ba2W�h �´ae�E�J�2�xh�'tag�+�xh°�GA�Ae{gh;wgw����A|g��df�GA;}x�

.º�e}�0��J� �~���+LgRQWOjJh��~�e¶g�O¯7\kj;\��¬\gh '��2µC�JR2¸�	�S2¤�l«�g[«�²\2^�RMRAl«YZ`iP�\7YZ`iaeW#\kWJm~P#axmxRA�g^�a2WglsY][Z�J^_YZ`iaeW~��[]aeP
lZw+RA^��g�i\e[�PcaeYZ`iaeW�`bW�`iP#\ejeR#l«R.®;�ORQWg^QRAl 	7h0UX³>³>³ K�[f\kWglA�0aeW�q�\kY«Y]RQ[]W�µCWg\k�i�xl«`pl�\kWgm Â \2^fLO`bWgR
UXW;Y]RQ�i�b`ijeRAWg^�R2h �´ae�E�°�GAgh�'tag�g}Oh Â \����1A&A;�xhnwOw��J}O�AS7ds}e�e�O�

.º�k|30 � �$�+LORQWgjghuv�� � LORQ�p\kwgwg\O¸�	�³
l«YZ`iP#\kYZ`iaeW�ak�M`i�b�i�OP#`bWJ\kW;Y~mx`i[ZR.^_Y]`ba2W�hu\k�i�+RAmxaJhu\kWgm�lZLg\kw+R#��[]aeP
lZLg\2mx`bWgj�	7h0UX³>³
³ Ku[f\kWglA�0aeW�q´\7Y«Y]RQ[]W�µCWg\k�i�xl«`pl�\kWgm Â \2^fLO`bWgR~UXW;YZRA�b�i`ijeRQWJ^�Reh �´a2�à�´�.SOh
'taJ���nh
�2�O�i���1A&AO�2h2wgw��g|e{2�7d«�7�;�x�
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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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