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Unité de recherche INRIA Rocquencourt
Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)
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�),��(*� u � 5 �U¨÷p ` c���sHux��c]wAp�sR�
�Tc]uxc � oqn|k65]c } �÷s ­ z#�¿s � klux��s:d�w � cezrzrk|¢xntc�w<c � �¿c]��p �<mAk } z�k|z5k|u:p � s } mx��c } mxzrk|uA�
o ¡�o � kloqprkts:uxuxoqn;�¿s � d mAnloqprkts:u ¢<c�p ­ c�ceu p ­ s¤w � cezr� � klwApyc } zyp{oqpycez�¥Ñ¦�uék|d�w<s � proHuHpª��n|oHzrzªs��(p ` s:zyc
�Hc]uAc � oTntk�5�c } �÷s ­ z���s:uxzrk|zrprz klu�d�mAntprk|w ` oTzrk|� �÷s ­ z]¥�i:klux��c p ` c �8mAk } klz�k|ux��sHd�w � c]z{zykl¢An|cT¨�p ` c z{mxdÝsR�
p ` c } c]uxzrktprktcez5klu�p ` c } k" ßc � c]u:p�w ` oTzrc]z�z ` s:mAn } ¢÷c���s:uxzyp{oTu:p�¥ � c�zyc]c p ` c]u�p ` oqp ­ c � � c uAsHp�zrs �ýo �� � sHd s:m � w � sH¢An|c]dv¥ � u } c]c } ¨Akluªp ` c sHuAc�� } kld�c]uxzrk|sHuxuxoTnb��oTzrcT¨�p ` c�s � } c � s��§p ` c �<mAk } w÷o � pykl��mAn|c]z klu
ceoT� ` w ` oTzrc�k|z�w � cezyc � ¡Hc } ¨qzrs p ` oTp)proT¬:kluA�(o �<uxoqn<zyp{oqpyc�o } oTwAprc } pys(p ` c��<uxoTn } c]uxzrk|pä~�c��xw<c]��prc } ¨ ­ c
s:¢AproTk|u�p ` c��TceuAc � oqn|k�5�c } �÷s ­ d�k|uxk|d�k�5�kluA�_I��)K?¥ � c«�]oTuOp ` c]u1mxzrc�p ` c�n|oT� � oTuA�Hk|oHu } k|z{� � c�prk|z{oqprkts:u
d�c]p ` s } k|u:p � s } mx��c } k|u�� U�f���pys«��s:d�w÷mApyc�zrsTnlmApyk|sHu÷z�s��0w � s:¢AntcedAI��x¨ ��¨ �x¨ �)K$¥|¥|¥
� s�cezr� ` � z�oTnt�Hs � ktp ` d ��sHuxzrp � mx��p{z�oªzrc���mAc]nCs��Iw<c � d mAp{oqpyk|sHu���sHk|uxk|uA��oTuvk|uxktprk|oTn0zrproTpyc Iýp{oT¬Tc]u'pys

¢<c�p ` c�k } c]u:pyk|pä~ K�prsvo �<uxoTn
zyp{oqpyc � c]w � c]zrc]u:pyc } ¢:~�o�w<c � d mAp{oqprkts:ub¥ � p � zgp ` ceu w<sHz{zykl¢An|c�prs[�¿sHntn|s ­
ceoT� ` wxo � pykl��n|c � z p � o���ce��pys � ~H¥�i:s«oqn|n ­ c ` oS¡Hc�prs } s«k|z�prs } c��8uAc(p ` c nloTzrp�w÷c � d�mAproTpyk|sHub¥
_ s } s�p ` oqp]¨O�¿s � c]oT� ` wxo � pykl��n|c5kluªp ` c � � zrp�zrproTpycH¨ ­ cg� ` s�sHzrc5k|prz�w ` oHzyc zys�p ` oTp�p ` c 
 } klzr� � c]pyc �

} c]uxzrktprktcez�o � c�oTz���n|sHzrc�oHz�w<sHz{zrk|¢An|cvpys1p ` c'w � c]� � kl¢÷c } sHuAcez�¥ � c } s�c��AoH��prnt~ p ` cvz{oTd�c[�¿s � p ` c
�8uxoqn0zyp{oqpycH¥ _�` ceu ` oS¡�k|ux� �¿s � c]oT� ` w÷o � pykl��n|c�ktp{z�w ` oTzrc u�mxd ¢<c � oTu } ktp{z�s � } c � klu�p ` klzgw ` oTzrcT¨ ­ c
� ` s:s:zyc5p ` c �<uxoqnbw<c � d mAp{oqprkts:u�pys � cezrw<c]��p�p ` sHzrc5w � sHw<c � pyk|c]z]¥)¦�zrz{mxd�kluA� p ` c���sHd�wxoqprk|¢xktn|ktpä~�sR�§p ` c
} oqpro÷¨�p ` klz z ` sHmAn } u � p w<sHzrcªoOw � sH¢An|c]dv¥ � cWp ` ceu¤mxzrc � s�c]z{� ` � z oqn|�Ts � k|p ` d oTz(k|prz s ­ u prs ` oS¡Hc
p ` c�w÷o � pykl��n|c � zIp � o���ce��prs � ~T¥)i�k|ux��c ­ c ­ oTu:pIpys���sHd�wxo � c5p ` c � cezrmAn|prz ­ ktp ` p ` sHzrc�sH¢Ap{oqkluAc }�­ k|p ` p ` c
d�oTpynloT¢ ��s } cH¨ ­ c ` oS¡Hc«pysO��s:d�wxmApycWp ` c } c]uxzrktprktcez�¥ _�` c } k|z{� � c�prk65eoqprkts:u��Hkt¡Hc]z�o } ceuxzrktpä~ ­ ` kl� `
­ c]oH¬:nt~¤��sHu:¡Tc � �Hc]z�pys p ` cOw � cezr��k|¢<c } sHuxcT¥ � u s � } c � pys c]¡�oqnlmxoqprc � s:cezr� ` � z«oTnt�Hs � ktp ` d sHu p ` k|z
w � s:¢Antcedv¨ ­ c(��s:d�wxmApyc(p ` c � c�nloqpyk|¡Tcgc �{� s � sHu�p ` c�¢<sHm÷u } o � ~T¥ � c(p ` ceu ` oS¡Tc �¿sTn|n|s ­ k|uA� � c]z{mAntp{z� 
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� ����v �� + � $ W I�$ � � Ií� SDJLK Z_$ & � I]JQKyK � MRJ$ W I�$ & � I]JQKDK � MRJ + UR^É� � 5 �_Ue� �8� S
� � ��
 � + ���� $ (& $ W I]$ 2 � I�vwSyJQK Z $ � � I�vwSyJQKDK � MRJhMRv$ (& $ W I]$ 2 � I�vwSyJQKDK � MRJhMRv + ��^ � 5 �	� U]� �ß� ^

� cW��oHu p ` klux¬ p ` oTp�p ` c } c]u÷zyk|pyk|c]z�w � s } m÷��c } ¢:~ � s�c]z{� ` � z oqn|�Ts � k|p ` d o � c�c]¡Tc � ~ ­ ` c � c�klu �
oTn|d�s:zyp�oHz(��n|sHzrc«pys�p ` c � k|� ` p�zrsTnlmApyk|sHu oHz p ` c]~1o � c�sHu1p ` cW¢<sHmxu } o � ~T¥ _�` mxz ­ cª�]oTu1c]zrpykld�oqpyc
p ` oqp�p ` c(c �{� s � ��s:d�w÷mApyc } ��sHd�cez�d�oTk|uxnt~[� � s:d½sHm � oqn|�Ts � k|p ` dv¥ � p � c]d�oqkluxz ` s ­ c�¡Hc � ��mAktprc�zrd�oTntn
oHu }'­ c�o � c uAsHp } klzroHwxw<sTkluHprc } ¢:~vktp]¥ � uOo }x} k|pyk|sHub¨ ­ c�¬�uAs ­ oT¢<sHmAp�p ` c�sHz{��k|ntnloqprs � ~�¢<c ` oS¡�k|s � sR�
s:m � zrsTnlmApyk|sHub¨ ­ ` kl� ` klz
ced�w ` oTzrk65]c } ¢:~ p ` c5����uAs � dv¥ ��mxpIsHm � ��sHu:¡Tc � �Hc]ux��c � � k|pyc � klmxd zrc�ced�zIuAsTp
prsª¢÷c���sHu:¡Hc]uAk|c]u:p�klu'p ` klz5�]oTzrcT¥ � u } c�c } ¨8o«��nts:zyc � nts�s:¬Woqp5p ` c�¡�oTn|mAcez�s��
p ` c�nloq� � oTux�TkloTuWzrsTnlmAprkts:u
z ` s ­ z�p ` oTp�sHu¤p ` c�¢÷s:mxu } o � ~H¨Ik|p } k" ßc � z � � s:d p ` c'p ` c�s � c�prk|��¡�oqnlmAc]z�klu.p ` c�zroHd�c ­ oS~ oTz�p ` c
w÷o � pykl��mAnloqprc zrsTnlmAprkts:ub¥
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9)k|�Hm � c �� ./�ceuxzrktprktcez�o��¿prc � Ue�T��ktprc � oqpyk|sHu÷z
¡�oHuAk|z ` cez�¥.i:s ­ cv��oHu � p ` oS¡HcWp ` cv��sHu:¡Tc � �Hc]ux��cªw � s:w÷c � pä~ c��Awxn|oTk|uAc } klu.zrc]��pyk|sHu.�x¥ �÷¥ _�` cvwxo � �
prk|�]mAnloqpycvd�c�p ` s } �Tk|¡Tc]z�oTu¤m÷uxzrd�s�sTp ` �ýmxux��pyk|sHub¨I¢<c]�]oTmxzrcWp ` cWklu'�¿s � d�oqprkts:u �Tk|¡Tceu ��s:ux��c � uxz p ` c
n|sA��oTpyk|sHuvs��)p ` c�wxo � pykl��mAn|c]z5oTu }'­ c ` oS¡Tc(prs«�Tsª¢xoH�?¬ªprs«p ` c } c]uxzrktprktcez ­ k|p ` o«��sHmxu:pykluA�ªd�c�p ` s } ¥
� c p ` ceuvnts:zyc(w � c]��k|zrkts:uªkluWp ` c � c]��s:uxzrp � mx��prkts:uWw � sA��c]z{z]¥0¦�z�k|uvp ` c w � c]¡:k|sHm÷z�zrmx¢÷zyce��pyk|sHuC¨ ­ c ��oHu
��sHd�wxo � cgp ` c � c]z{mAn|prz� 
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� ��� v , � + ���� $ (& $ W $ , X ��� � , � X$ (& $ W $ , X �	��� , � X � + �?^ � 5 �_Ue� ��� S
� ��� v �� + � $ W I]$ � � Ií� SDJQK Z_$ & � I]JQKDK � MRJ$ W I�$ & � I�JLKDK � MOJ + ��^ � ��� U]� �ß� S
� � ��
 � + ���� $ (& $ W I�$ , � I]vwSDJLK Z_$ � � I]vwSDJLKDK � MOJ�MOv$ (& $ W I�$ , � I]vwSDJLKDK � MOJ�MOv + �?^ ��U � U]� �8� ^

� u�p ` klz��]oTzrc ­ ` c � c�p ` c�¢÷s:mxu } o � ~ } oTproWo � c } k|z{��s:u:pyklu:mxsHmxz]¨<p ` c�~�o � c ¢÷o } n|~�oTwxw � sHoH� ` c } ¢:~
p ` c�w÷o � pykl��mAnloqprc d�c�p ` s } ¨ ­ ` k|n|c p ` c���s:u:¡Tc � �Tceux��c(� � k|pyc � klmxd �¿s � p ` c nloq� � oHuA�TkloTuvd�c�p ` s } k|z5¡Tc � ~
z{d�oqn|ní¥ _�` c } k! 8c � ceux��cª¢<c�p ­ c�ceu ¢÷sHp ` d�c�p ` s } z�klz(p ` c]u s���p ` cWzroHd�c�s � } c � oTz�p ` cWw÷o � pykl��mAnloqprc
� � k|pyc � klmxdv¥ _�` mxz ­ c �]oTuvzrm÷wxw÷s:zyc p ` oqp�s:m � d�c�p ` s } �Hkt¡Hc]z��Ts�s } � c]z{mAn|prz]¥
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�gm � d�c]p ` s } zyc]c]d�z�pys«¢<c�oT¢An|cgpysª��s:d�wxmApyc �Hc]uAc � oTntk�5�c } �÷s ­ zP�¿s � ­ ` k|� ` p ` c�u�mxd�¢÷c � s��)w ` oTzrc]z
klz �8uAktprcT¥ � uép ` c_� � oTd�c ­ s � ¬ s�� �8mAk } d�ce� ` oTuxk|�]z�¨8U�� } kld�c]uxzrk|sHuxuxoTn5prc]zrprzvo � c�uAsTpWs�� w � k|d�o � ~
kld�w÷s � p{oTux��cT¨:oTu }�­ c�o � c�d�s � c�klu:pyc � cezyprc } k|u�p ` c5zrprm } ~ s��§��� } kld�c]uxzrk|sHuxuxoTnAc��Ac]d�wAn|c]z]¥)�Os � c�s�¡Hc � ¨�¿sHntn|s ­ kluA�ªp ` c�oTw÷w � s:oT� ` sR��� �V�U¨Q$ � ��oHuO¢<c�zrc�c]u�oTzgo } klzyp{oTux��c sHuOp ` c�¡Tc � prk|�]oqn�oq�Ak|z]¥ _�` ceub¨ßsHm �
��� } k|d�c]u÷zyk|sHuxu÷oqnbd�s } c�nC��oHu�¢<c k|u:prc � w � c]pyc } oHz o�zrp � oqprk"�÷c } 5 � } k|d�c]u÷zyk|sHuxu÷oqnßc�¡HsTnlmApyk|sHu�d�s } c]nQ�¿s �
` c�k|� ` p���sHu÷zyp � oTk|uAc } klu:¡�k|z{��k } �<s ­ z�¥
� ��� � ,-' � � ��� � �#�
� c�w � cezyceuHp
klu«p ` k|z�zyce��prkts:u«u:m÷d�c � kl��oTn÷prc]zrprz]¥ _�` c5uAs � d�oqn|k65]c } z{wxoT��c��Upykld�c } sHd�oqklu�klz } klzr� � c]pyk�5�c }
m÷zykluA� o � c]�HmAnlo ��5 � � 5 �!� 535 nloqprpykl��cT¥ � uAk|pykloqn�oTu } �<uxoTn } c]u÷zyk|pyk|c]z«o � c � c]w � c]zrc]u:pyc } ¨�oHu } o � c
� ` s:s:zyceu�pys�oTwxw � sHoH� ` p ` cgsHuxc]z�m÷zyc } kluT� fR�E¥ � p k|z�p ` c]uWw<sHz{zrk|¢An|c5prs�zrc�c�p ` c ��mxoqn|ktp{oqprkt¡Hc } k! 8c � ceux��c
¢<c�p ­ c�ceuOp ` c�d�s:uAsHw ` oTzrk|��oTu } p ` c«d mAn|pyklw ` oHzykl��s:wApykld�oqn
d�oTz{z5p � oHuxz{w÷s � pgw � s:¢An|c]d�z�¥ _�` c � c ­ c
s:uAn|~ w � c]zrc]u:p�¢Aklw ` oHzykl� �÷s ­ z ­ k|p ` c �:m÷oqn ­ c�k|� ` p���s�c�©«��ktceu:prz8�¿s � ¢<sTp ` w ` oTzrc]z I � � + � � K$¨)oTu }­ k|p ` o'��s:uxzrproTu:p �Tn|sH¢÷oqn } c]u÷zyk|pä~�IyU + 
$ + $ � � $ � K$¥ _�` c } c]uxzrk|pyk|c]z(klu�p ` c � � zyp�w ` oTzrc«o � c�oTntn¢÷oTzrc } sHu " oTmxz{zykloTu÷z } c]uxzrk|pyk|c]z�s � } c`�¿s � d�oqprkts:uWsR���HoHmxz{zykloTuxz]¥
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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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