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\=Y-o-ewf l `¡mg�M]7f�bkTzYU��ec`^`^eN²�]7fz�2b|ac£W`7Yc�?bkTzY��cac`^_zY-juew�AbkTzY�jdhRY�o�bktnac`Ætka l ]7_Wj8o�egtntdY-jdhRegf= 
l ]7fW�3bke l ]¡ºRY-tnY�f?b�fM_zX3£AY-tdj�ec� l ]7jdo-tdY�bn]^¢Qa bn]^egfKhRec]7f?bkj�actnYy�c]^�wY-fK��egtUa�°WqrY l �cac`^_zY®ew�

b 1 B�� � awf l \ 1�B�� � !
3 Z � �N� ~w� �r¬ ~cZg�wZ �W¬ª�W�
?�? �W¬ª�?~w�w� �W¬ª�g�W�N�

S%aw£W`^Y3~�!8\rhRY�o�bntkac`
tna l ]^_zj l Y-hAY-f l ]7fz�+egfKbkTzY2fM_zX�£RY�tpew��hAew]7f?bnj� b>1 B�� � �S\ 1 B�� � ��³Yueg£zjdY-t��gYubkT�acb
bnTzYujnhAY-o�bntkac`Mtna l ]^_zj
tkawhr] l `¡m2tnY-awo|TzY�j�a�`^]^Xi]^b
�cac`^_zY8awj63 ]7fzo�tnY-awjnY�j-¬
SUT=_Wj-�U]^f�bnTzY�tdY-X1ac]^fW]^fz� ew�pbkTW]^j+jdY-o'bn]^egf"��²�Y�egfr`^m¸o�egfzjd] l Y�t+bkTWY 	¹`^]^Xi]^b1jnhAY-o'bktnac`
tka l ]^_zj � �<awj�3�� � � ²�TW]^o|T�]^jUo-ac`7o�_W`7acbkY l ]^f�»phzhRY�f l ]GqK»�¬ ~r¬��®]¡�gY-f b awf l \r�rbnTzY
X+a«qr]^X3_WX Y�]^�gY�fM�cac`^_zY�X�e l _W`^_zj�]^f�bkTzY®jd_z£zjdY�b�ew�
Y']7�gY�f?�wa `7_zY�jU��egt�²�Tr]7o|T \�� \9�á]^j
�w]^�wY-fÇ£?m�!

 � 4
bWA \ 9N1 a 4 � a \ 9 4 B�a \ 9L+�=Xb + � : b 4�= b a � 4 � a \ 9 4 B�a \ 9U94 � a \ 9 ^awf l bkTWYiX+a«qr]^X3_WX Y�]^�gY-f?�cac`^_zY�X�e l _r`7_zj®]^f�bkTzYijd_z£zjdY�b�ew�8Y�]^�gY-f?�cac`^_zY-j���egtp²�TW]7o|T
\ 	 \9� ]7j�]^fzjdbnYQa l !

 ^ 4
bWA \ 9N1
� :

4`B�a \ 9 ^ +�=XbI4
b + \ aHBQ9 �,4 � a \ 9 ]^� b + \ aHB � 24 B�a \ 9 �,4 � a \ 9 ]^� b + \ aHB 
 2�®��o-ew_ztnjdYw��bkTzY���`^]^Xi]^b���jnhAY-o�bntkac`%tna l ]^_zj  4
bWA \ 9 ]^j�bkTzY���ew`¡`^e«²�]^fz�1X1a q=]7X�_zX !
 4
bWA \ 9N1 �����	�  � 4Kb�A \ 9 A  ^ 4
bWA \ 9�
 �d�-Z �

� fÇhzawtdbd]7o�_W`�act-�z��egt�\ 1O2 ��awj�Y'qrhAY-o�bnY l �ÆegfWY��wY�bkj  4Kb�AM2:9N1 B�� � ¬uS%ei]¡`^`^_zj�bktka bkY�bkTW]^j
tnY-jd_W`¡bQ�©bkTWY+�cawtd]7acbd]7egf³ew��bkTzY+jnhAY-o'bktka `Utka l ]7_Wj  ²�]^bnT \Ç]^j3hW`^ewbdbkY l ewf���]^�z¬¶����egt

b 1 B�� � awf l b 1 B�� � ¬���� � � � "�� +.- � � %����.' � " � "��*'	%��
��_Wt®ac]^X ]7j�bkeµ] l Y-f?bd]^� mw�Á��egtpaµ�w]¡�gY-f b �AbkTzY�£RY�jdb�hztdY-o�egf l ]¡bn]^egfzY�t

V �
¬y{�Y'��Y-t�]7fz�+bke

»yhzhAY-f l ]¡qÇ»�¬Þ�W�rbkTzY2eghWbd]7X1ac`F\:bnT�acb�Xi]7fr]7Xi]^¢-Y-j�bkTzY�jdhRY�o�bntkac`%tka l ]7_Wj�ec� � ]^j !
\�� 4Kb 9W1 � a � BI+<; b�
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��]7�w_ztnY�Z,!"�®hWbd]7X1ac`F\(��\�����awf l eghrbn]^X+a `
jnhAY-o�bntkac`
tna l ]^_zj �  ��� l Y�hRY�f l ]^fz�µewf b
awf l bkTzY2o�egtntdY-jnhAegf l ]7fz�+jnhAY-o'bktka `
tka l ]^_zj�]^j !

 � 4KbJ9N1  4
bWA \ � 4
bJ9U9N1
� BI+<;<b a B� BI+<; b + B

��f(�%]7�z¬ ZW�rbkTWY�eghWbn]^X1ac` \ �$\ � ��awf l jnhAY-o'bktnac`Ètka l ]7_Wj �  � �8]^j�hW`^ewbnbnY l �gY�tnjd_zj b ¬ � Y
eg£zjnY�td�wYµbkT�a b���egt bO1 2 ��bnTzYµ£AY-j�b:hztdY-o�egf l ]¡bn]^egfzY�t3]7j�eg£Wbkac]7fWY l ��egt \ 1 B ¬�SUTW]^j
]7j®fWewb�jn_Wtnhzt�]7j�]7fz�W�%j�]7fWo-Y:bkTWYihztnY�jnY-f?b2��egtdX3_W`7acbn]^egf�hAY-tdX�]¡bkj®bnTzY:o�Y-f?bktnac` l ]¡ºÁY�tnY�fzo-Y
eghRY�tkacbnegt�bke�£RY1hztnY�o-egf l ]^bd]7ewfzY l £?mH]¡bkjnY'`^��acf l bnTW]7j2]^j�bkt�]^�M]7ac`¡`^m¦eghWbd]7X1ac`��  1 2 ��¬�Æewt b 1 B �8bkTzY�eghrbn]^X+a `�hztnY�o-egf l ]^bd]7egfWY-t+]^j�eg£Wbkac]7fWY l ��egt \ 1 2 �8²�Tr]7o|T X�Y-awfzj
bkT�acbpbkTzY3jnY-o�egf lr± egt l Y-t®_zh?²�]^f lHl ]¡ºÁY�tnY-fWo-YieghAY-tnacbkegt�]^j®eghWbd]7X1ac`¡`^m�hztdY-o-ewf l ]¡bn]^egfzY l
£Mm�bnTzY�°�tdjdb ± egt l Y-t�_zh?²�]7f l�l ]^ºRY-tdY-fzo�Y:eghAY-tnacbkegt���²�TW]7o|T¶]^jp`^Y-jdjp]^f?bk_W]¡bn]¡�gYc¬7��egt b 1B�� � A B�� � A � � � bkTzY���ew`¡`^e«²�]^fz��eghWbd]7X1ac`È�cac`^_zY�j�TzaN�wY�£AY-Y�f���eg_Wf l !
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�%]7�g_WtnY ?S!8\rhAY-o'bktd_zX ew� � ��egt b 1�B�� � awf l \ 1 \ �

b � � � � � ~ ~ � �
\ � �W¬ ?cZM~�? �W¬ª�g�W�N� �W¬Þ~cZz�
> � �W¬ª�W�N�w� �W¬ª�g�W�N� �W¬ Z?�W�N�

S%aw£W`^Y���!��®hWbn]^X1ac` \�awf l eghWbd]7X1ac`ÈjdhRY�o�bntkac`%tka l ]7_Wj l Y-hAY-f l ]^fz�1egf b� fHbnTzY�X�egjdb�]^f?bkY-tdY-j�bn]^fz��o-awjnY b.1 B�� � �"bnTzYijnhAY-o'bktka `utka l ]^_zj l Y�o-tnY-awjnY�j���tdegXè� � ~�<eg£Wbkac]^fzY l ²�]¡bkT \ 1 2 ��bkeK�W¬ª�W�N�w�+²�TzY-f¶bnTzY:eghrbn]^X+a `©hztdY-o-ewf l ]¡bn]^egfzY-t®]^j®_zjdY l ¬ � f
bkTzY�oQacjnY bH1 B�� � �"]¡b l Y-o�tnY-awjnY�j���tnewXè� � ~µbne��r¬Þ�g�r�N�W¬�SUTzY�tnY���ewtnYw�
]^f £AewbkTHo-awjnY�j-�
bkTzY�o�egf?�gY�tn�gY�fzo-YÇew��bkTWYKac`^�gegtd]¡bkTWX.]^jijnegX�Y'²�T�acb1awo�o-Y�`^Y-tnacbkY l £Mm bkTzYµ_zjnYKew��bnTzY
eghWbn]^X1ac`ÈhztdY-o�egf l ]¡bn]^egfzY�t-¬

SUTWYÇjdhRY�o�bntn_zX ew� ��o�egtntdY-jdhRegf l ]7fW�¦bne b 1 B� � awf l \ 1 \ � ]^jihW`^ewbnbnY l egf��]7�W¬ ?r¬��pewbnY+bkTzacb�]^f³�wY-fzY�tkac` �Ü��egt�awf?m b �'��]¡��\ 1 \ � 4Kb 9 ��bnTzYµfzewfz¢-Y�tne¶Y']7�gY�f?�wa« 
`7_zY�j�ew� � actnY®j�]^bn_�acbkY l ]7f�bnTzY�o-egX�hW`^Y'q�hW`7awfzY�egfµbnTzY�o�]^tno'`7Y�ec�
o-Y-f?bnY-t���� 1 a�b�+=Xb ^ � � B�+ =Xb + � B�+ ; b � awf l tka l ]7_Wj���� 1 b � � a � BI+ ; b � �"� B�+�=Xb + � B�+ ; b � ¬
��ewbkY�bkTzacb2bkTzY1h�awtnawX�Y�bkY�tnj \�acf l  o�egf?�gY�tn�gY+tkawhW] l `¡m�bke�bkTzY']7t2`¡]7Xi]¡bkj:acj2bnTzY

f=_WX3£AY-t®ew� l ]7jdo-tnY'bn]^¢Qacbd]7ewf�hRew]^f?bkj 3.]7fzo�tnY-awjnY�j-�ÈawjyjnTzeN²�f�egf �%]7�gj�¬®��acf l >1��egt�\
awf l  tnY�jnhAY-o'bn]¡�gY�`¡mg¬���egt�Y'qWawX�hW`^Yw�g��egt 3 1 � � bnTzYUtnY'`�a bn]¡�gY l ]¡ºÁY�tnY�fzo-Y�£AY�bC²�Y-Y�f�bnTzY
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��]^�g_ztnY���!"�®hWbd]7X1ac` \ l Y-hAY-f l ]^fz�+egfKbkTzY2fM_zX3£AY-t�ew��hRec]7f?bkj�´ b�1 B� �eghWbn]^X1ac`Á�cac`^_zY®��egt�°�fW]¡bkY 3�awf l bnTzY®`^]^Xi]^b \ � ]7j�fzY-awt
=(B 2 ��� acf l o-egtdtnY�jnhAegf l ]^fz�w`¡m

��egtUbkTzY2jdhRY�o�bktnac`
tka l ]7_Wj�fWYQawt�� B 2 ��� ¬����� � �.'*)&%�� $&%(' � % +�� � %(- %�� +�� "��*'
=©qWawXi]^fW]^fz�3ac�?ac]^f���]7�W¬ ?r�g]¡b©]^j8tdY-X1awtU�cac£W`7YUbnT�acb©bnTzY�jn_z£WjnY�b8ew�ÆbnTzY�jnhAY-o'bktn_WX X1a l Y
ew�ÈbkTzYyfzegfz¢�Y-tneiY']7�wY-f?�cac`7_WY-j�ew�ÈbnTzY�awX�hW`¡]^°zoQacbd]7egfKX1acbntd]Gq �ì]^j��gY�tdmµ`^e=oQac`¡]7¢�Y l �zawf l
]7f�bkTzYÇfzY�]^�gTM£AegtnTze=e l ew�®a¦tdYQac`�fM_zX�£RY�t-¬ � f jd_zo|T�a¦oQawjdYw��ac� bnY-t1awhzhr`^]^oQacbd]7ewf ew�
bkTzYi£�acjd]^o�]¡bkY�tkacbd]7ewf¦bneKtnY-X�eN�gY�bkTWY1Y�tntdegt�o-egX�hAegfzY�fMbnj�ac`7ewfz�KbkTzY�Y�]^�gY�f l ]^tnY-o'bn]^egfzj
awjnjdero']�acbnY l bneµ¢-Y�tne�Y']7�wY-f?�cac`7_WY-j-�"bnTzY�]¡bkY�tkacbd]7ewf¶oQawf�YQawj�]^`¡m�£AYiawo�o-Y'`7Y�tkacbnY l £?m�eN�wY-t�<egt©_Wf l Y-tM��tnY'`�a«qza bn]^egfi²�TW]7o|T�o-awf�£RY��M]^Y�²�Y l awj a®h�awt�bn]^o-_W`7awt©o-awjnY�ec�ÁachzhW`¡]7o-acbn]^egfiew�
awf�Y']7�wY-fzX�e l Y3acfzfW]^TW]^`7acbd]7egf�bkY�o|TzfW]^¤M_zY �ÜjnY-Y2��egt�Y�qzacX1hr`7Y�¥ �c¨ �'¬ ��]¡bkTzew_Wb�o|T�awfz�w]^fz�
bkTzY�°WqrY l hAew]7f?b-�zbkTzY�]¡bkY-tnacbn]^egf�]7j�bnTzY-fÇtnY�hW`�aco-Y l £?m !

'����� 1 4 � a 	�
 9�'�� + 	 � �d�E?X�
]7f ²�Tr]7o|T�bkTWY¶X1acbkt�]¡q 
 ]^j l Y�°zfzY l awj 
 1 � a �1��acf l bkTzY�fM_zX3£AY-t 	 ]^j+bnTzY
tnY�`7a qWacbd]7egf h�awtkacX1Y'bkY�t>�<ewt+hzjdY-_ l e ± bd]7X�Y-j�bkY�h��'¬ù\M]7fzo�Yw��bkTWY�Y�]^�gY�fM�cac`^_zY�jKew� 
 awtdY
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��]7�w_ztnY�>�! �®hWbn]^X1ac`zjdhRY�o�bntkac`Ætna l ]^_zj l Y-hAY-f l ]7fW��egf:bnTzY�fM_zX3£AY-tuew�AhAew]^fMbnj-´ b 1 B� �jd]¡bk_�acbnY l ewfKa�o']7tdo�`^Y®ew�Èo�Y-f?bkY�t���� 1 BNa ��� 1 B + b�a =Xb ^ � � B�+ = b + � BI+<; b �awf l tna l ]^_zj ��� 1 � �c�Ü�w]¡�gY-f�aw£ReN�wY �'�=]¬ Yw¬ua�jnX1ac`¡`ÁfM_zX�£RY�t-�=]^b8]7j�f�acbn_ztkac`Æbne3hW]^o�� !
	 1 B�� ��� �d�Q�:�

²�TW]7o|TÇ]7j�aitnY-ac`
fM_zX3£AY-t�¬

»pj�a�tdY-jd_W`^b-��bkTzY2jnhAY-o'bktnac`
tka l ]7_zj�ew�%bkTWY�fWY�² ]¡bkY�tkacbd]7egfK]^j��w]^�wY-f�£Mm�!
� 4KbJ9N1 � � ���� � ������� 	 � � � B�a

� � � ��� � �d�E>X�
²�TzY-tdY � � � 


��
 1 BXA � � A 3 aHB �UactnY�bkTzY �MfzeN²�f�Y']7�wY-f?�cac`7_WY-j�ew� 
 ¬ �®fzY2T�acj !
� B�a � � � ��� � 1 � B a 4 ��� + �
� �� ? 46� + ] �
�

?0AFC
46� 9�� ��� � 1

�
�
���

1 bI4 � a � B�+ ; bJ9BI+ = b + � BI+<; bBI+eb a =Xb ^BI+ =Xb + � B�+ ; b
1 bI4 � a � B�+<; bJ9BI+ � b +34`B�+ bJ9 � BI+ ; b �
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SUT=_Wj
� 4
bJ9N1 bI4 � a � BI+ ; b 9B�+ � b +O4 BI+ebJ9 � BI+<;<b ���egt�Y�qzacX1hr`7Yc�U��egt b 1 B�� � �8bkTzYÇtnY l _zo�bd]7ewfá�Üawo'bkegt�]7j � 4`B�� � 9 � 2 � 2 � ¬�SUTW]^j

]7X�hW`¡]7Y�j�bkT�acb2ewfW`^m ?�]¡bkY�tkacbd]7ewfzj�awtnYijd_W¯1o�]^Y-f?b�bne�tnY l _zo-YibkTWY1Y�tntdegt�ew����ewt l Y�tnj�ew�
X+ac�gfW]¡bk_ l Yc¬

� ����-0��%����� ���á�%(K� �ì	%�����3� ���'�%�'�3�K�)�  ) �Ç-���U�'��� /10����
�%�'�3���

»p� bkY�t�eghWbd]7Xi]^¢�]^fz�öbkTzY��c`7eg£zac`y]¡bkY�tkacbd]7egf��Üegt�hzjdY-_ l e ± bnY-X�hRewtkac`®]^f?bkY��gtkacbd]7ewf��1bkTzacb
m=]^Y�` l j�bkTzY�jdY-¤M_zY-fWo-Y � ' � 
 �u²�YÇfzeN² bn_ztnföbkeHbkTWYK¤=_WY-jdbd]7ewf ew�pTzeN²*]^j�bnTzY�`¡]7fzY-awt
jdm=jdbnY-X jnec`^�wY l a byai�w]¡�gY�fÇ]¡bkY�tkacbd]7ewf"¬8SUTzY2jdm=jdbnY-X bke�£AY�jdew`¡�gY l ]7j !V �

� 1 �
²�TzY-tdY ! � 1O' ���� awf l � 1 4

V �
a Z�[ 9�' � ¬

�®fzYµhRegjdjd]^£W]¡`^]¡bCm ]^j:bke¶jdew`^�wY�£Mm a�X3_r`^bd]7�gt�] l bnY-o|TzfW]^¤M_zYÇawj3]^f ¥ >N¨U²�TW]^o|T¸]^j:Y'�� 
°�o�]^Y-f?b:£W_Wb3o�egX�hW`^Y'q ]7f³awhzhW`¡]7o-acbn]^egfzj�ewbkTWY-t2bkT�awf X�e l Y'`�hWtneg£W`^Y-X�j�¬Ç»�`^bnY-tdf�acbkY'`^mw�
²�Y�hztneghAegjdY�TzY�tnY�bkeµjdew`¡�gY�bnTzY�jdm=jdbnY-X £MmÇtdY�`7a qWacbn]^egf"�A_zjd]^fz�Kac�?ac]^f�£z_rby]^f¶a+X�egtdY
�gY-fzY�tkac`u��egtdX���a�jdbntkacbnY-�wm¦ew��Y�]^�gY-fzX�e l Y+awfzfW]^TW]¡`�acbd]7ewf"¬ Å Y�tnYw�%bkTzY1Y�]^�gY�fM�cac`^_zY�j3ew�V �

awtnY2j�]^bn_�acbkY l ewf�aijnY��gX�Y-f?b�]7f�bkTzY2o�egX�hW`7Y�qÇhW`7awfzY�!
� � 1 B a \ + � : \ 4 � a \ 9 ��� ? 46��<jnY�Y���]7�W¬��:�'¬ ��ew`¡`^e«²�]^fz� ¥ �c¨�ÈbC²�e�o�egX�hW`^Y'q¦o-ewfwvx_z�?acbnYihzjnY�_ l e ± bn]^X�Y-jdbnY-hzj 	 A 	 awtdY
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Unité de recherche INRIA Sophia-Antipolis, 2004 route des Lucioles, BP 93, 06902 SOPHIA-ANTIPOLIS Cedex
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