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ad`pn1]SacT;^ hj`_l�°1�SVU��^_l��St?aj¯

�%acl�VU�·^_]�l�VUefg?^_ac]H9�¤�QSVUt?V0ac]SV;ad�ug�QSV;µchdt$^ hdo1`_VUl�^_lJI , �K�K��� ^_]·g�QSV0eUarVfÀ�ef^_VU]�g�°�Vf`_�J¸Jg�Q�kSl
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VUVU]�acoSl�VUt$µ�VU�Lg�a�o%V2hd]³^_T0�%act$g8hd]�g�hd�1µdhd]�g8hdbcV2^_]��St�hdefg?^_eUVc¦ONx]Lg�QSV2adg�QSVUt�Q�hd]S�J¸�^pg
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acl8l?^_o1`_V��%ad`pn1]SacT;^ hj`_l4¤<^pg�Q·g�QSV;bd^pµ�VU]�l�kS�S�%act$g(465 �7�9�;<; � ) 5 �8¸,¤�QSVUt?V%$ 5 ^_lxg�QSV"]�kST�o
VUt�ad�u]Sac]S»UVUt?a¶g�VUt?T0l�¦�{ gx^_l4]�hjg�kSt�hj`�g�a�^_�SVU]�g?^p�Øn¬l8eihj` hdt
T�k1`pg?^_�1`_VUli¸cl�a�g�QSVul���hdeUV¥ad��hj`p`rl�kSeNQ��%ad`pnB]SacT;^ hj`_l.eUac]�g�t�hdefg�l.g�a4g�QSVu�St?ajv?VUefg?^pµ�V¥l8��hdeUV'& #�C - �(actU¸Sl�^_T0�1`pn�¸)& #�C - � ¦�P<QSVU]³g�QSV�^_]S�Sk1g�l?n1l?g�VUT 2 W�3Heihd]Lo%V�g�QSackSbcQ�gxad�|hdl4h0�
ad^_]�g

R � � R ���� � � !� R ="! � �#"�&
# � - �+* ����� * & # �-, � - �  

 Vfg�.�� � .����s4 ���� � � *� 4 ="! � ��o%V�g�QSV¶l�Vfg"ad��hj`p`H�%ad^_]�g�l R l�kSeNQ¹g�Q�hjg"g�QSV¶l?n1l?g�VUT Q�hdl�hl8ad`_k1g?^_ac]�^_]������ �(=�hd]S�·`_Vfg�. � .��s4 � �� � � !� 4 ="! � ���SVU]Sadg�V;g�QSV0/,hdt$^_l8©�^�ef`_acl�kSt?V0ad�1. � ^_]g�QSV¬�St?ar�SkSefg�ad���St?ajv$VUefg?^pµ�V·l���hdeUVUli¦ {~g�^_l²�St?a�µ�VU]Á^_] 3 sHw1�c��5�g�Q�hjg�. ^_l�hd]¿^_t?t?VU�SkSef^_o1`_V
µchdt$^_Vfg n�¦
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X¶ÃZY\[^] � ]ØÇ�[`_.a�� d I � l���hdt?l�V�t?VUl8k1`pg8hd]�g�� � �G�s4 � �� � � *� 4 = ! � � �gf �����-&.� �����	� , �M	M� ���
�
������� , 	�� , � $�+ R / � � f � ��� , � � .�� � � & I ��� �G�s4 ���� � � *� 4 ="! � � , � & I � �K��
 � , � � , �����/��% �", �-� �
� ��������� � , 	�� �gf?& I � I �!� ��� ��% �cf"	 � � . � � f � ��� , � � .��
� � & I ��� �G�s4 ���� � � �� 4 = ! � � � � �
 Vfg�������� C ���SVU]Sadg�V4g�QSV4�SVUbct?VUVxad�ðg�QSV4t?VUl�k1`pg8hd]�g��3^_]�g�QSV�eUaBVfÀ�ef^_VU]�g�l<ad�ð�%ad`pn1]SacT;^ hj`) 5�hd]S�¶`_Vfg

��� - 5 � ��� � j ���� � � �� j 5 - ��� j 5 ! ���� � � �� j ="! � � �´act � � � �� � � *� 0�z �  
y eUac]Sl�VUqBkSVU]SeUVYad� BHVUt?]Sl�g�Vf^_]J½¾l�g�QSVUact?VUT ^_l
��� ÃrÇ � Ã � _.a�� 3 s¥w1�c��5 d I �F�.� 	�� ���@�/�!��% �'&(	��)& , �E��� � 	���	�&.�-�
� I � �@������� ����%K� , � & I � � �S���,�
�", ����&*� R 5 ��f���	 � I ) 5 	���� , &*�$�K�=����� � , � & I �!��� � � ��� �-, ���)&*�E� � % 	�� �?& I ��� , hK��� � ����% �M�E�gfA& I �
��& I ��� 0 � � � &(��� � ���
��&(��� �!� , �*� � ������� C � � �%� - 5 �
ª9hd]S]�n³hd]S�³«�T;^_t$^_lE3ìªH«u�c�S¸1«¥ª9��4�5JQ�hUµ�V��St?ac�%acl�VU�¶g�QSVx°�t?l?g<g ¤Ha�VfÀ�ef^_VU]�g4hj`_bcact$^pg�QST0l

�´act|eUac]Sl?g�t?kSefg?^_]Sb �.� 	�� ���O�/�!��% �'&(	��)& ¸�act � � � &(��� �@	�& � ,�� �!� i1^±¦¾Vc¦p¸cT�hjg�t$^_eUVUl�^_]�g�QSV9eUaBVfÀ�ef^_VU]�g�l
¤�QSacl8Vu�SVfg�VUt?T;^_]�hd]�g.^_l'h�]Sac]�g�t$^pµB^ hj`BT�k1`pg?^_�1`_V¥ad�1g�QSV¥l���hdt?l�V�t?VUl�k1`pg8hd]�gi¦|P<QSV�°�t?l?g'hj`_bcact$^pg�QST
t?Vf`p^_VUlHac]²h2T;^¼�1VU��l�kSo
�1^pµB^_l?^_ac]�ad�,g�QSV 7L^_]S©ca�¤�l�©�^JwBkST³¸�¤�Q1^p`_V�g�QSV�l�VUeUac]S��eUac]Sl?g�t?kSefg�l¥g�QSV
T�hjg�t$^¼�L^_]·hd]L^_]SeUt?VUT0VU]�g8hj`.�Óhdl�Q1^_ac]J¦9z�act�g�QSacl�V2eihdl�VUl4¤�QSVUt?VY^pg4^_l��St?a�µdhdo1`pn��%acl�l?^_o1`_Vc¸�g�QSV
^_]SeUt?VUT0VU]�g8hj`9hj`_bcact$^pg�QST*nB^_Vf`_�Sl2ac�1g?^_T�hj`9T�hjg�t$^_eUVUli¸'l8a³g�Q�hjg2g�QSV��SVfg�VUt?T;^_]�hd]�g;VUqrk�hj`_l2g�QSV
t?VUl8k1`pg8hd]�gi¦�z�act0bcVU]SVUt�hj`�l�nBl?g�VUT0l�¸�^pg0g n1�1^_eihj`p`pn¢�St?aB�SkSeUVUl�T�hjg�t$^_eUVUl²g�Q�hjg²hdt?VLhjg�T0acl?g²�
g?^_T0VUl�` hdt?bcVUt�g�Q�hd]³ac�1g?^_T�hj`±¦  Vfg

j � j � z ����� z j ="! � F,u =
o%V<g�QSV�7�^_]S©cai¤�l8©�^%l�kST ad�ðhj`p`�£xVf¤<g�ac]²�%ad`pnrg�ac�%VUli¦  Vfgug�QSV�t?VUl8k1`pg8hd]�g9T�hjg�t$^¼�0o%V � ¦|P<QSV
l8kSo
�1^pµB^_l?^_ac]B¯ o�hdl�VU�Lhj`_bcact$^pg�QST `_Vfg�l

� � � j z�������$ =
o%V4g�QSVxl8VfgHg�Q�hjg9^_]S�SV��SVUl9g�QSV�t?ai¤�l�hd]S�¶eUad`_kST0]Sl<ad� � ^_]³h"o1^ v?VUefg?^pµ�V4¤9hUn�¸S¤�QSVUt?V��6"! =
^_l�hd] hdt?o1^pg�t�hdt$^p`pnÁl8T�hj`p`xhd]S� �!%-� �-, �-�)& ��������� ��� ,�� µ�VUefg�actU¦ ª¥`_Vihdt$`pn�¸ � Q�hdl��1^_T0VU]Sl�^_ac]~ � ~î¦�P<QSV�^_]SeUt?VUT0VU]�g8hj`�hj`_bcact$^pg�QST hj`_l8a;^_]S�SV��1VUl�g�QSV�t?ai¤�l4hd]S��eUad`_kST0]Sl�¤<^pg�QLT0ac]SacT;^ hj`_li¸
act;VUqBk1^pµdhj`_VU]�g?`pn�¸u` hjg?g?^_eUV³�%ad^_]�g�l�¤�Q1^_e8Q¹`p^_V¶^_] � ¦ºP<Q1^_l�hj`_bcact$^pg�QST³¸¥g�QSackSbcQJ¸¥^_l"�1^��,VUt?VU]�g
hd]S�¢�St?aB�SkSeUVUl0l?^_bc]1^p°�eihd]�g?`pn¹l�T�hj`p`_VUt;T�hjg�t$^_eUVUl0oSk1g�¤HV¶Q�hUµ�V³]Sa¬�Øact?T�hj`<t?VUl�k1`pg0ac]¡g�QSVf^_t
�1^_T0VU]Sl�^_ac] o%VUl?^_�SVUl�g�QSVL�Óhdefg²g�Q�hjg�g�QSV�T�hjg�t$^¼� �1^_T0VU]Sl?^_ac] ^_l�o
ackS]S�SVU��o�n�g�Q�hjg¶ad��g�QSV
l8kSo
�1^pµB^_l?^_ac]B¯ o�hdl�VU�·eUac]Sl?g�t?kSefg?^_ac]J¦�{~t?t?VUl8�
VUefg?^pµ�V"ad��g�QSV"hj`_bcact$^pg�QST hd�S�1`p^_VU�J¸%g�QSV"t?VUl�k1`pg8hd]�g
T�hjg�t$^¼� � Q�hdl<g�QSV��´ad`p`_ai¤<^_]Sb��St?ac�%VUt$g?^_VUli¦
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 � ��� i � � % 	��/� i�K��� ��� ,s� 	�� �
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PmaYo%V9T0act?V��St?VUef^_l�Vc¸�g�QSV<t?a�¤�l�ad� � hdt?V9^_]S�SV��SVU��o�n0h���hj^_t�eUacT0�%acl�VU��ad�%h�T0ac]SacT;^ hj`
hd]S�¡hd]�^_]S�Sk1g2�%ad`pnB]SacT;^ hj`±¦�P<QSV�VU]�g�t$^_VUl�ad�¥g�QSV�t?VUl8�
VUefg?^pµ�V�t?a�¤�hdt?V�eUaBVfÀ�ef^_VU]�g�l"ad�Hg�Q1^_l
�%ad`pn1]SacT;^ hj`±¦.P<QSV9�SVUbct?VUV<ad������� � ^_]"g�QSV9eUarVfÀ�ef^_VU]�g�l�ad� ) 5
�Øact � � � �� � � !� 0tz �9^_l�bct?Vihjg�VUtact<VUqBk�hj`ðg�a ��� - 5 ¦Pma0l�ad`pµ�V�l?n1l?g�VUT 2 �!3¥¤¥V2�SVf°�]SVYhd]³aiµ�VUt?eUac]Sl?g�t�hj^_]SVU�¬l?nBl�g�VUT o�n�ac]SV2ad�mg�QSV�g ¤Ha0¤HhinBlo%Vf`_ai¤Y¦x§¨V;hd�S�1`pn�g�QSV"t?VUl�k1`pg8hd]�g�T�hjg�t$^¼��eUac]Sl?g�t?kSefg?^_ac]�ac]¬g�QSV"]SVf¤:l?nBl�g�VUT®hd]S�·kSl�V�g�QSV
�´ad`p`_ai¤<^_]Sb��St?ac�
VUt$g?^_VUl�¦  Vfg�� � ��� ) � �� � � *� ) = �'o%V9g�QSV�^_�SVihj`�bcVU]SVUt�hjg�VU��o�n0�%ad`pnB]SacT;^ hj`_l 2 �!3hd]S� � � � � ) ���� � � �� ) = ��" � ; � � = g�QSVf^_t.µchdt$^_Vfg n�¸c¤�QSVUt?V ; ^_l.g�QSV9hj`_bcVUoSt�hj^_e<ef`_acl8kSt?VHad��°�Vf`_�;¹¦�§¨V0hdt?V"^_]�g�VUt?VUl�g�VU��^_]·g�QSV"eihdl8V�g�Q�hjg � Q�hdl � , �M��� � , ��� �S�-�
� ¦�P<QSVU]J¸J^pg�l�eUaBact?�1^_]�hjg�V
t$^_]SbM;,+ � � � - � /�� ��^_l�hd] $�¯ �1^_T0VU]Sl?^_ac]�hj`ðµ�VUefg�act4l���hdeUV�aiµ�VUt�; o�n¶g�QSVUact?VUT WB¦ 9S¸S¤�QSVUt?V

$ � ��� � ) � �� � � !� ) = � � ��� � j � �� � � *� j = �  
$xl?^_]Sb²g�QSV2l�kSo%�1^pµr^_l�^_ac]B¯ o�hdl�VU�¬eUac]Sl�g�t?kSefg?^_ac]¬^pg4^_l4Vihdl�n�g�a�l�QSa�¤ 3 «�}x��9S¸�«�T;^ ��:�5'g�Q�hjgxbcV�¯
]SVUt$^_eihj`p`pnLh;T0ac]SacT;^ hj`.o�hdl?^_l�ad� ;,+ � � � - � /�� ��eihd]³o
V��´ackS]S��hdT0ac]Sb0g�QSV2T0ac]SacT;^ hj`_l�ad�

j � z ����� z j = F,u =  
7¬act?VUaiµ�VUtU¸�t?VUl�k1`pg8hd]�g¶T�hjg�t$^¼� � �St?ar�SkSeUVUl�g�QSV �J% �'& , ��� ,�� 	�& , ��� �@	-� �´act�hd]�n¿bd^pµ�VU] ) �d¦
P<Q1^_lY^_lYh¶T�hjg�t$^¼�,¸ðactYhd]�VU]S�SacT0act?�SQ1^_l8T³¸mg�Q�hjgYl�VUt$µ�VUlY^_]�eUacT0�Sk1g?^_]Sb³^_]�g�QSV�eUaBact?�1^_]�hjg�V
t$^_]Sb�hd]S�³VUl�l�VU]�g?^ hj`p`pnLhj`p`_a�¤�l4eUacT0�Sk1g8hjg?^_ac]¬ad�'g�QSVYeUacT0T0ac]�t?aradg�l�ad� ) � � ����� � ) = �HW ¦
� �:���;+8��� 	
	¨��� 	Y����) +�	��

P<QSV¥�St?aco1`_VUT­hd�S�St?VUl�l8VU�2QSVUt?V�^_l'g�a<°�]S�"hj`p`�^_l�ad` hjg�VU��t?aradg�l 	 " � ¤�QSVUt?V � F � ; � �(=4^_lmg�QSV
»UVUt?aj¯ �1^_T0VU]Sl�^_ac]�hj`'µchdt$^_Vfg nLad� 2 �!3�¸�¤<^pg�Q¬eihdt?�1^_]�hj`p^pg nLo%ackS]S�SVU��o�n�$ � ��� � j � �� � � �� j = �8¦{ ]¶hd�S�1^pg?^_ac]�g�a"»UVUt?aj¯ �1^_T0VU]Sl?^_ac]�hj`±¸Sg�QSVx^_�SVihj`�� � ��� ) ���� � � *� ) = �.^_l<hdl�l�kST0VU��g�a;o
V �
	K� ,s� 	�� ¸act0l8Vf`p� ¯ t�hd�1^_eihj`�^±¦¾Vc¦p¸�� ��
 ��¸¥¤�Q1^_e8Q¿^_l0VUqBk1^pµchj`_VU]�g²g�a�lNhUnB^_]Sb�g�Q�hjg�hj`p`�t?aBadg�l0^_] � hdt?V
�1^_l�g?^_]Sefgi¦�P<Q1^_l�t?VUqBk1^_t?VUT0VU]�gx^_l9¤¥Vihd©cVU]SVU�¬` hjg�VUtU¦
y4]�aiµ�VUt?eUac]Sl?g�t�hj^_]SVU�;l?n1l?g�VUT3^_l.aco1g8hj^_]SVU�"o�n2hd�S�1^_]SbxV��Bg�t�h4�
ad`pn1]SacT;^ hj` ) ��g�a�g�QSV¥bd^pµ�VU]

l�nBl?g�VUT³¦x§¨V;e8QSaBacl�V ) �Yg�a¶o%V2`p^_]SVihdt�¤<^pg�Q�eUaBVfÀ�ef^_VU]�g�l R � S�hd]S��eUac]Sl?g8hd]�g�g�VUt?T®VUqBk�hj`|g�a^_]S�SVfg�VUt?T;^_]�hjg�VFDm¦
) � � DGz R � � � � z ����� z R � = � = "�� ;1+ D / � + � � � - � /  

ªHaBVfÀ�ef^_VU]�g�l R � S ¸�� � � �� � � *� 0�¸Sl8QSack1`_�L�SVf°�]SV2hd] , ����� � & , ��� �´kS]Sefg?^_ac]) ��� ��� ;�� 	��� ) �D� 	 �  
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P<QSVUt?V"hdt?VYl?g8hd]S��hdt?�¬�SVfg�VUt?T;^_]1^_l?g?^_e2l?g�t�hjg�VUbd^_VUl4�´act�l�Vf`_VUefg?^_]Sb R � S l�a;g�Q�hjg�g�QSVfn³VU]Sl�kSt?VYg�QSV^_]jv?VUefg?^pµ�V��St?ac�
VUt$g~n�¦u{ ]��St�hdefg?^_eUVc¸�eUarVfÀ�ef^_VU]�g�l R � S�T�hUn�o
V�t�hd]S�SacT;`pn��1^_l�g�t$^_oSk1g�VU�³^_]¶l�acT0Vt�hd]SbcV�ad�9^_]�g�VUbcVUtYµchj`_kSVUl2ad�<l?^_»UV�� � ��¸|hd]S�¡h³o�hd�¡e8QSad^_eUV��´act R � ���� � � *� R � = ^_l2ac]SV�g�Q�hjg¤<^p`p`.t?VUl�k1`pgx^_]Lg�QSV2lNhdT0V2µchj`_kSV2ad� ) ��� D�hjg4g ¤Ha��1^_l�g?^_]Sefg4t?aBadg�l 	 hd]S� 	   ¦<yxl�l�kST0V2g�Q�hjg
	 hd]S� 	  ð�1^��,VUt�^_]³g�QSVf^_t � ¯±g�Q�eUaBact?�1^_]�hjg�VY�´act�l8acT0V � � W ¸�g�QSVU]�°1��hj`p`me8QSad^_eUVUl�ad� R � SY�´act�%U� � G1g�QSV2�St?aco�hdo1^p`p^pg nLad�.h�o�hd�³e8QSad^_eUVY�´act R �g5 ^_l � � �9¸�hd]S�Ll?^_]SeUV�g�QSVUt?V�hdt?V�� # ��� ��hj^_t?l�ad�t?aBadg�li¸1g�QSV�g�adg8hj`'�St?aco�hdo1^p`p^pg nLad�.�´hj^p`_kSt?V��´act<g�Q1^_l�l�eNQSVUT0V�^_l

s�t?acoQ+ �Óhj^p`_kSt?V / �
	 $ �
� � � � R � S " > � �� � � !� �tE � � � � �� � � *� 0  
{~g²l�k1À�eUVUl�¸9g�QSVUt?Vf�Øact?Vc¸9g�a¡�1^_e8© R � SL�´t?acT hºl�k1À�ef^_VU]�g?`pnÁ` hdt?bcV�t�hd]SbcVL^_] act?�SVUt�g�a¡T�hd©cVg�QSV²�St?aco�hdo1^p`p^pg n¨ad�9l�kSeUeUVUl�l�hdt?o1^pg�t�hdt$^p`pn�Q1^_bcQJ¦ 7�act?VUa�µ�VUtU¸'^pg�^_l�ef`_Vihdt�g�Q�hjg�hd]�n�eNQSad^_eUV²ad�
eUaBVfÀ�ef^_VU]�g�l4eihd]Lo%V�g�VUl?g�VU�L�SVfg�VUt?T;^_]1^_l?g?^_eihj`p`pn�hjg<g�QSVYVU]S��ad�'g�QSV2hj`_bcact$^pg�QST³¦
«�^pg�QSVUt�hj`_bcact$^pg�QST �Øact�g�QSV²t?VUl�k1`pg8hd]�g"T�hjg�t$^¼��T�hin¨o
V0kSl8VU��g�aLoSk1^p`_�¨T�hjg�t$^¼� � ¦�yxl

o%Vf�´act?Vc¸�g�QSV¥µchd]1^_l�Q1^_]Sb4ad� ����� � ^_l|h�]SVUeUVUl�lNhdt$nYeUac]S�1^pg?^_ac]��´act'g�QSV¥a�µ�VUt?eUac]Sl?g�t�hj^_]SVU�0l?n1l?g�VUT
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¤�Q1^_eNQ�hj`p`_a�¤�lHkSlug�aYt?VU�SkSeUV�g�QSV :�¯ �1^_T0VU]Sl?^_ac]�hj`,�St?aco1`_VUT g�a2h2l?n1l?g�VUT�ad�ð�Y�%ad`pnB]SacT;^ hj`_l¥^_]
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Unité de recherche INRIA Rennes, Irisa, Campus universitaire de Beaulieu, 35042 RENNES Cedex
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Éditeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)

ISSN 0249-6399


