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M ONP4 3#��3 ±'4���7�� �,/d��� >=/ �j�*/�� ���
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M ONP4 3#��3 ±'4���7�� � 1
�=/.T*�����?/�T� 4�� 1
�=/.T*�����?/�	��� 0 � � �P,c/� � 0 � ��,p/M�r�d���e/57/�.-
��4x42�@R��;�s/�
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1 � ±'2Â± ��3#��3 ±'4��F795 >,���z/5�/.-j1
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N_M ��� � �ERTc���� � �£V]@BD>M��gD W%jOjOQ_\ V]@BDsN_MBk�YBU>V]NPRTM¢@a\0j�RTV]@BDlZ�NPZX� � V]@BD>c]��NPZ�D*�¥N�� ��� � ��@~WTZV]@BD���RTc]C i�� ��� � o�W%MBk V]@BD�c�Dlk�YBU>ViNPZ 
 � �� :�� 
 � � & � ��� � �  i 
 � �� :�� � 
 � � & � �,oMi 
 � � & � � ��o � � � �g\V]@BDGkOD6�BMON_V]NPRTM	R%� � $ & � � � �OV]@BDGjOc�R�R%� � �NPZ�N_M � � � � � �g\£N_MBk�YBU>V]NPRTM @a\0jRTV]@BDlZ]NPZ�V]@BD�jOc�R�R%�i 
 � ��� :�� � 
 � � & � �,oMi 
 � � & � � �?o � � NPZ'N_M � � � � � « V'Q�WTZ]VX�~N��¥V]@BDGc�Dlk�YBU>V]NPRTM�c]YOQPD�NPZLW%M�D6��V�D>MBkODlkRTMBD*�BV]@BD>MsV]@BDLjOc�R�R%�ªc�Dlk�YBUlDlZ�V�R ��� � �'V]@~W%V�NPZ�N_M � � � � ��iD>MBUlD*�OV]@BDLjOc�R0R%� ��� ��NPZ�W%M D>QPD>CED>M�ViR%� � � � � � K

 ± � ± � �#�O� ® �F7956<�57/�.- 1
������� ����� � 4 �6� � � � � ���3� ,p/M�
<x/ 4�������?RN� -j�
����w�N������� >M�@/

� '�� � ��X �d^`!GZ.XPa \p!~+.- # � [.\�#�%D!~+

fgRTMBZ�V]c]YBU>V]N_MOS V]@BD}jOc�D6�¹CER�kOD>Qª��RTc�WxS*N_v5D>M:V]@BDlRTc]\5��NPZLV]@BD}j~W%c]VLR%�gV]@BD�UlRTMBZ]NPZ]V�D>MBU>\8jOc�R�R%�
V]@~W%Vg^DXW%c�Z¥V]@BD'QPRTS*NPUXW%Q©UlRTC�jOQPD6��N_V�\)C�N¹� D*�ªN_V¥NPZgV]@BDij~W%c]V�R%��V]@BD'jOc�R0R%�[V]@~W%V�UXW%MOMBRTVg^D'kORTMBD
N_M V]@BDEV]@BDlRTc]\�N_V�ZmD>Q���� ?�@BD£UlRTMBZ]V]c]YBU>V]NPRTM ��RTc�@ON_S*@BD>c���RTc�kOD>c
QPRTS*NPUx��RTQ_QPRX��Z}DlZ�Z�D>M�V]N�W%Q_Q_\:V]@BD
RTc]N_S*N_M~W%QOjOc�R0R%��R%�ILN_cmW%c�k©��?�@BDgV·�¥R�RTV]@BD>cdRTMBDlZª�¥DgjOc�DlZ�D>M�V¨W%c�D¥CERTc�DgV·\�jONPUXW%QBR%��kODlk�YBU>V]NPRTM
CER0k�YOQPRO�

��7��+795 � 3�� 
  � ¯m± �%²  � � ± �)3#�
1 � ±'2Â± ��3#��3 ±'4��F7 ��� ��R ,c/��T������ /� �@�=R��'< ,��74K� 1
�=/.T*����� /M� �D,p/�3<x/�1
�������24 �3���2����� ���I/ �6�
,?��R ,c/��T������ /� �@�=R��'<�I
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�l���I���	I � D'UlRTMBZ]V]c]YBU>V�W�jOc�D6�¹CER�kOD>Q�WTZ¨��RTQ_QPR¤��ZX�d?�@BD'DlZ�Z�D>MaV]N�W%QjRTN_MaVgNPZ¨V]@~W%Vg�¥DLW%MaV]NPU6�
N_j~W%V�D�V]@BD��¹WTU>V'V]@~W%ViRT^�e]DlU>V�Z'R%�¨ZmRTc]V��xWTU>V]Y~W%Q_Q_\sc�D>jOc�DlZmD>MaVLjOc�RTj�R*Z�N_V]NPRTMBZX�~^�\ N_MaV�D>c]jOc�D>V]N_MOS
V]@BD>C WTZLc�Dlk�YBU>N_^ON_Q_N_V·\:UXW%MBk�NPkBW%V�DlZX�}?�@aYBZ�`�Y~W%MaV]N��~UXW%V]NPRTM3R¤v5D>c8��^�DlUlRTCEDlZ�N_C�jOc�Dlk�NPUXW%V]N_v5D
N_M V]@BD�CER�kOD>Q¹�

��  � ��
��  �

 #��8'   ���'

�"  k	�� i'm
�� i�q��� k)i�q�oMi'm7i�q�o�o�o�o
�1  k	�� i'm
�� kco

�: i�k � mMo  k)i'mMo

�� i�kpo  k

� 4" i�k � mMo  � � � � 	 � � �  : �F� " # �+� � k'��
 �+� � :�� ��� � m��
� 4� i�k � mMo  � � � � 	 � � � i ��� � � �Io " �F� � k � � � � m��
� 4� i�k � mMo  � � � � 	 � i � � � i �F�o " �F� � kco � i � � � i ��Io " �� � mMo�

� 4!  �
	
� 4# # i�kpo  � � � � 	 � � �  & � � " # �!� �� # � �  # ��
 � � & � � � � k)i ��o�
� 4$ # i�kpo  � � � � 	 � � � i ��� � � �Io " �F� �  # � # � �  # � � � � k)i ��o�

� DGkOR}MBRTV�kOD>VmW%N_Q�V]@BD�jOc�R0R%��V]@~W%V�N����Y0 � V]@BD>M � � � �  � � � � � K
F�MGZmDlU>V]NPRTM�rB�ÅF��%�¥D¥Z]V]YBk�\�U>YOV D>Q_N_C�N_M~W%V]NPRTM
��RTc U>Q�WTZ�Z�NPUXW%Q�Z�Dl`�YBD>MaV�UXW%QPU>YOQ_YBZX�ª?�@ONPZ[NPZ kORTMBD

YBZ�N_MOSGW��aZ�R%��UXW%Q_QPDlk©����� �¹V]cmW%MBZ]Q�W%V]NPRTM��ª?[RGV]@ONPZdCxW%V]V�D>cX�5�gD�MBDlDlk�V]@BD���RTQ_QPRX��N_MOS�jOc�RTj�R*Z�N_V]NPRTM��

1 � ±'2Â± ��3#��3 ±'4��F7�� 	B,p/ 5 ����'���P�~����, ��RQ,p/�.T ����� /� ���=RN��< �G����, ��,p/|�d���Q�@���G�6�?R �=/��G��6�*/ 4.- 4M�*/�
,p�74 � 13��/.T ����� /�

: i : i : i " � & o ��� o ��� o � : i : i &B��� o � : i �)��� o�o
: i : i 1 � & o ��� o � &

� i : i : i 4" � & o ��� o�o � ��� � i & o+"���� � i � o
� i : i : i 4�L� & o ��� o�o � ��� � i & o � ��� � i � o
� i : i : i 4�L� & o ��� o�o � ��� � i & o � ��� � i � o

� i 4! o3� !
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� i : i 4#P� & o�o � #�� ��� � i : i & ��� o�o
� i : i 4$ � & o�o � $ � ��� � i : i & ��� o�o

�P,c/��/ � �"� 4	�j�
�N�D�N���'��� �d����� " ! I
�l���I���	I � D�VmW%¦5D�V]@BD�ZÙW%CED�jOc�D6�¹CER�kOD>QgWTZGW%^�R¤v5D*��^OYOV���RTc�V]@BD}N_MaV�D>c]jOc�D>VmW%V]NPRTM�R%��V]@BD

Z�\�C�^�RTQPZ 4" � 4� � 4� � 4! � 4# W%MBk 4$©� � DL�Bc�Z]V�kOD6�BMBD�V]@BDL��RTQ_QPRX��N_MOSE�!YOMBU>V]NPRTMBZX�
�" i�k � mdo  � � � � 	 � ���  : �F� " # � � � k'��
 � ��� :�� ��� � m��
�� i�k � mdo  � � � � 	 � ���`i ��� � � ��o+" ��� � k � � � � m��
�� i�k � mdo  � � � � 	 � i � � � i �F�o+" ��� � kpo � i � � � i ��Io+" � � � mMo�

�!  �
	
�# # i�kpo  � � � � 	 � ���  & ��� " # ������ # � �  # ��
 � � & � �F� � k)i ��o�
�$ # i�kpo  � � � � 	 � ���`i ��� � � ��o+" ��� �  # � # � �  # � � � � k)i ��o�
�� i�kpo  �" i�k � �! o

?�@BD>M �¥D�VmW%¦5D
� 4" i�k � mdo  �" i �� i �� i�kco�o � �� i �� i'mMo�o�o� 4� i�k � mdo  �� i �� i �� i�kco�o � �� i �� i'mMo�o�o� 4� i�k � mdo  �� i �� i �� i�kco�o � �� i �� i'mMo�o�o� 4!  �!� 4# # i�kpo  �# i & �� �� i �� i�k)i & o�o�o�o� 4$ # i�kpo  �$$i & �� �� i �� i�k)i & o�o�o�oK

��7��+7 � � � � 4 ��3 N� ���·� � � 5° �Q3#�  � ® �l�  ��
F·M:V]@BD�UXWTZ�DER%��@ON_S*@BD>c���RTc�kOD>cGQPRTS*NPU*�[N_V�NPZ�V]@BD}jOc�DlZ�D>MBUlDxR%�gV]@BDE`�Y~W%MaV]N��~D>c # RTM�V]@BD�c]N_S*@�V@~W%MBk�j~W%c]V�R%�©RTMBD'R%��V]@BDic�D>��c]N_V�DiZ�Um@BD>CEDlZgV]@~W%V¥NPZ¥c�DlZ]jRTMBZ]N_^OQPD���RTc¨V]@BDiN_C�jOc�Dlk�NPUXW%V]N_v�N_V·\�R%�
V]@BD�c�DlZ]YOQ_V]N_MOSGQPRTS*NPU*� � DiUXW%MxS*N_v5DLWLS5D>MBD>c]NPUijOc�R�R%��R%�[U>YOV¥D>Q_N_C�N_M~W%V]NPRTM���RTc¨V]@BD�jOc�Dlk�NPUXW%V]N_v5D
UXWTZmDNB

1 � ±'2Â± ��3#��3 ±'4��F7�� � �M�p�N�P��� !�/� �2�=/=/ <=��� Sl�c/M�P� �*/�� �Q�
�����Q�?Rw��/��G����*/ 4�-74M�*/��4,��74 � 1
�=/.T
�����?/� � ,p/�
<x/ 13�������x4 �
�������� �@� /	�6�y�����N�?�@�s42�c<.,����=/��G��6�*/	4.- 4M�*/� I
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�l���I���	I f~RTc£W%Ma\�jOc�RTjR*Z]N_V]NPRTM�� 8!c�DlZ]j�� RT^�e�DlU>V ��:6�gQPD>V ��� 8!c�DlZ]j�� ����:EZ]VmW%MBk���RTc
N_V�Z'MBRTc]CxW%Q���RTc]Cs�i? R£DXWTUm@�MBRTc]CxW%QªU>QPR*ZmDlk8jOc�RTjR*Z]N_V]NPRTM������gD}WTZmZ�R�U>N�W%V�D}W�Z�D>V'R%�ÂjOc�R0R%��Z
��i �To6�

��i �To  �
	 N�� � NPZ�W%V�RTC�NPU
�wi � " �wo  � � � �
	 � � �  : � �F� " # �+� � �wi � o���
 �+� � :�� �F� � �wi ��o�
�wi � � �wo  � � � �
	 � � �`i ��� � � �Io+" ��� � �wi � o � � � � ��i �wo�
�wi � � �wo  � � � �
	 � � � � i � � o " � � � �wi � o � � � � i � � o " � � � �wi ��o�

�wi ! o  �
	
�wi #'& �To  � � � �
	 � � �  &)( �F� " # �!�O�O��
 � � & � �F� � �wi�i 
 � � & � � o���o�
�wi $ & �To  � � � �
	 � � �`i�� � �F�o " �F� � �wi 
 � � & � ����o�

?�@ONPZikOD6�BMON_V]NPRTM	NPZ��gD>Q_Q�����RTc]CEDlk	^a\ N_MBk�YBU>V]NPRTM�RTM V]@BDGj~W%N_c�i���i �To � � � i �To�o���@BD>c�DZ��i � oNPZ�V]@BDLMaYOCG^D>ciR%�d`�Y~W%MaV]N��~D>c�ZiN_M � W%MBk����'i �TogV]@BD�MaYOCG^D>c�Z'R%�ªUlRTMOMBDlU>V�RTc�ZX�
?�@BD>Ms�¥D�kOD6�BMBD�W}jOc�D6�¹CER�kOD>Q�WTZ���RTQ_QPR¤��Z�B
J D>V  # ^�DLV]@BDGZ�D>V�R%��MBRTc]CxW%Q U>QPR*Z�Dlk V�D>c]CEZ�R%�dZ�RTc]V����

�� i���� � �	�	� � ���;o  �Gi���� � �	�	� � ���co��
�hji�� � � �	�	� � � � o  �wi�i�hsi�� � � �	�	� � � � o�o���o��

« SaW%N_M��O�gD�QPDXWlv5DGRTYOV�V]@BD�jOc�R0R%��V]@~W%V�N�� �  � V]@BD>M � � � �  � � � � � K
� /����� ����F�M8V]@ONPZ�MBRTc]CxW%Q_N_§¤W%V]NPRTM�jOc�R0R%�Â�¥D�YBZmD�V]@BD��¹WTU>V�V]@~W%V'Z�RTCEDGZmD>V�ZiW%c�D�c�Dlk�YBU>N_^ON_Q_N_V·\
UXW%MBk�NPkBW%V�DlZ¤�©^OYOVL�¥D}MBD>v5D>c�`�Y~W%MaV]N���\8RTM�W%Q_Qªc�Dlk�YBU>N_^ON_Q_N_V�\:UXW%MBk�NPkBW%V�DlZX�©c�D6�~DlU>V]N_MOS V]@BD
�¹WTU>V
V]@~W%V��¥D�@BD>c�D�kODXW%Q©��N_V]@ jOc�Dlk�NPUXW%V]N_v5DGZ]\�Z]V�D>CEZX�

��7��+7 � 1i± ��3#��3��  � 5° �Q3#�  � ® �X�  ��
f�N_M~W%Q_Q_\5����RTc'Z�RTCED
Z]\�Z]V�D>CEZX��jOc�D>CER�kOD>QPZ�UXW%M	^D�UlRTMBZ]V]c]YBU>V�Dlk	^�\8W��O�ODlk8j�RTN_M�VLUlRTMBZ�V]c]YBU6�
V]NPRTM��

M ONP4 3#��3 ±'4���7�� � �=/��G��6�*/ 4�-74M�*/� � 4 4M���'�w�D�j>x/�jR*Z]N_V]N_v5Dw� � ��� ��/ �G�2���*/24	�N�D��� ��<�1
���21p�74� T
���'���c4 �D�	1
���21p�74�6���'���c4 <=���
�D���Q�P�Q�?R9���;�G-T1p��42�����Q57/���<x<M�?��=/�
<x/24s��� ���D��� ��< 1
���21p�74�6���'���c4 I

J D>V*U ^D�W}UlRTM��BYBD>MaV�W%MBk�MBRTc]CxW%Q_N_§lN_MOS£c�D>��c]N_V�D�Z]\�Z]V�D>Cs�

M ONP4 3#��3 ±'4���7�� � 1
�=/.T*����� /M�~�Q4 4d���'�s�D� >=/iZ]\0MaVmWTU>V]NPUXW%Q�� �
A  # >=/ ��,p/	4�/M�l��� �
����w�N�,<M����4d/��9�*/���4 ���T4M���M� � �
A %Q��� � 4 � ��?�
<��������r4.-7�s>��N� � ��L�Q4 ��,p/]��?�
<��������e��,����]���21
4*��� � �	�	� � ��� �D�9��,p/ �
�N�2�����
�M�N�2� ����Gi���� � �	�	� � ���co	I
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« Z�\�M�VmWTU>V]NPUXW%Q[jOc�D6�¹CER0kOD>Q NPZ�kOD6�BMBDlk	Z�RTQPD>Q_\�^a\�V]@BDGN_MaV�D>c]jOc�D>VmW%V]NPRTM:R%�djOc�Dlk�NPUXW%V�DGv*W%c]N��
W%^OQPDlZ¤�

M ONP4 3#��3 ±'4���7�� �,/d�  ���
�  � >=/z�4�.�y4�-��P�D� <d����<x���)1
�=/����� /��4	I 	w/ �G�2���*/ �h �d������,p/
�?/�
�N�D�N���'���e��� h �Q�� ���
� h �M�N�	��,p/�� /�
�N�D���������e��� h �Q�� �
	 /T4M�Q-���,����  �  � � � ���
�s�N�;� - � �~�d���	��� - 1
�=/����'<=�N�*/	4.-7�s>��N�ph ���
�j<M����4d/��j�*/�� 4

��� � �	�	� � �����]/ ,p��57/ �hsi���� � �	�	� � ���co�� hsi���� � �	�	� � ���po
?�@BD�Z�D>V�R%�dZ]\�M�VmWTU>V]NPUXW%Q�jOc�D>CER0kOD>QPZ�NPZ�W�UlRTC�jOQPD>V�D�Q�W%V]V]NPUlDL��RTc�V]@BD�RTc�kOD>c��G�

M ONP4 3#��3 ±'4���795�� 	B,c/T��?�
<��������3����� ���21P494�-��P�D��<�����<=�N�t1
��/M�w�I� /��4��D�n4.-7�
�D��<d���'<=��� 1
�=/.T
�����?/� 4 I �,/M�  >=/��s42�c<.,y� 1
��/M�w�I� /� � �]/�� /2! �)/ ��,c/�13��/�����?/���yi  o > -

�yi  oMi�h oMi���� � �	�	� � ���po  � hsi���� � �	�	� � ���co�� � � % �
1 � ±'2Â± ��3#��3 ±'4��F7�� %Q�l��,p/l�=/��G�2���*/]4.- 4M�*/�_� 4$1c�742�����Q5�/���,p/����,p/)�2���
<d���'���
����� � 4 �����
���D���3/ I
1 � ±'2Â± ��3#��3 ±'4��F7�� %Q� ��,p/ �=/��G�2���*/ 4�-74M�*/�6U � 4l42�c<.,���,��N�~��,p/,�2���
<d���'���
�N��� �Q4l�����
���D���3/ �
��,c/����� ,p�74 �T13��/.T ����� /� � ,p/M�
<x/ 1
�������24	�
������������I/	�����������s4�p<.,y�j�=/��G�2���*/	4�-74�*/M� I
%� �Q4T�6�w1c������'<M�����N� ��,p/�<=�74�/�����1p�74�6���657/	4�-74M�*/��4	I
�l���I���	I « Z�Z]YOCED}V]@BD}��YOMBU>V]NPRTM~W%Q	� NPZ�CERTMBRTV�RTMBD*�zS�N_MBUlD�V]@BDEZ�D>V�R%��Z]\0MaVmWTU>V]NPUXW%Q¨jOc�D6�

CER0kOD>QPZªNPZÂWLUlRTC�jOQPD>V�D�Q�W%V]V]NPUlD*�*V]@BDg��YOMBU>V]NPRTM
� @~WTZÂWi�O�0jRTN_MaVX�ª?�@ONPZª�O��jRTN_MaVdNPZdUXW%MEDXWTZ]N_Q_\
jOc�R¤v5DlksV�R}^D�W
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Unit é de recherche INRIA Rocquencourt, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex
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