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Unité de recherche INRIA Rennes

IRISA, Campus universitaire de Beaulieu, 35042 RENNES Cedex (France)
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ehbiY�X�SA§%YpX�Ypw%e�§%YA`PeTSERpq�rigde�VAl¢jCSV)X�YAVsjtgdRTY-SA��cfeWj -%gJVAlfcfeCz%q�ehbdY % �<'%��� �L����� �?&®�bdY)u�c¢jteTSERTehcfSsw
VEjTjtS�`Pc|V�eTYAu-�*cmehb�YAVE`ab�SA�=ehbdY�eC��Sv§%YA`PeTSERaj��*cmlfl�r¡Y�Yp§sVAlfgJVAehYAuLqiV�wJu�ehbdY�§%YA`3ehSER}VEjTjtS�`Pc|V�ehY{u-�*cfeTb
ehbiY¯lmYAjhjCYpR*S��ÝehbiY¯eC�&S�u?c¢jCehSERTehcmSEwJj*�*cflmlLrJY0RTYpeaVAcfwdYAu�

®�bdc¢j5YpyiV�X�kilfY�VAlflfSA�_j5gJj5ehS.u?Y6X�SEwJjCehRWV�ehY�eTbdY�Ypl|V�rJSERWV�eTcfSEwðSA�vV)X�gdlmehcm¥N`PSsX�kJSEwdY6w?evjtgird¥
jtzijteTYpX��*cmehb�RhYpl|V�eTcf§%Yplmz�`PSEX�kilfYpy5eTcfX�cmwdU5`PSswJjteTRaVAcfw�eajPJ�Nw:VEuiu?cfeTcfSEw¹q¡eTbdYvjtYplmYA`PehcmSEw�SA�&V5X�SEeTcfSEw
§%YA`PeTSER1r�VEjtY{u�SEweTbdYZu?c¢jCehSERTehcmSEw 8 V�w�u�YAu?UsY�`PSsw?eTRhSsl¢jL9�RhYpkiRhYAjCYpw?eWj1V�w SEkJYpRaVAehcmSEwSA�_X�S�u?YpRWV�ehY
`PSsX�kdlfY6y?cmetz��*bdc¢`ab5c¢j¬wiSEe*Vp§sV�cml¢VArdlfY_Vsj$Vv`PSEXZX�YpRa`ac¢VAl�`PcfRW`Pgdcmepp�¨Y]�*cmlflJu?Y6§%YplfSsk5ehbdc|j�jtkJYA`Pc|V�lmcf²pYAu
`PSsX�kJSEwdYpw�e�cmw�´�·�ª1µ�q%gJjtcmwdU0eTS%SEl¢j���RhSsXHSEgdR&lfcfriRaV�RTz%q%VAwJu�ehbiYpw�jCz?w�ehbiYAjtcm²pY*cfe=gJjCcfwdU�©%z?wiSEkJjCzdj3

��Y!V�kdkilfz�eC�&S�R�SsehcfSsw�0=jteTcfX�VAehcmSEw�kiRhS�`PYAjTjtSsRajPq�ehbdYvSEwdY0��SsR]Yp§sVAlfgJVAehcfwiU�ehbdYv§%YA`PeTSERaj*�*cfeTb
V-wiYpU%VAehcf§%YZu?c|jtkdl|VE`PYpXZYpw?e 8 > & * �v[p��6p-��[�,�9Wq¬VAwJu�eTbdY�SEeTbdYpR1��SERvYp§sV�lmgJV�eTcfwdU:§%YA`PehSsRaj1�*cfeTb
V�kJS%jCcfeTcf§%Yvu?c¢jCkdl¢Vs`PYpX�Y6w?e 8 > & * ��pp6[4`;,�9W	®�bdYvet�&S�RhY{jtgdlmehcfwiU�u?c|jteTSERheTcfSswJj4�*cmlfl�rJY5`PSsX�kJV�RTYAuLq
V�w�u�eTbdY]§%Y{`PehSsR=VEjTjtS�`Pc|V�ehY{u��*cfeTb5ehbdY_lfYAjTjtSsR$SA�	eTbdY]eC�&S�u?c¢jCehSsRhehcmSEwJj=�*cflml?rJY�jtYplmYA`PehY{uLE®�biY]rdlmS�`L@
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«¬cfUsgdRhYv�&=10$jCehcmX�V�eTcfSEw"jtgdrJjCzdjCehYpX �*cfehb�eC��S�R 0*dkdRhS�`PY{jhjtSsRaj

jtcm²pY��*cmlfl*rJY¨[p��y�[p��q ��SsR�VAw÷cmX�V�UsY�`PS�u?YAucmw ��SsRhX�VAe )#)&�C�4¥o�E��[���= �[=Ö� C `PD�p���Y��*cmlfl*gJjCY-Sswdlfz
lfgiX�cfwJVAwJ`PY_cfw?��SsRhX�VAehcmSEw���SsR]eTbdY�X�SEeTcfSEwZYAjteTcfX�VAehcfSsw	

®�bdY�jCYAV�RW`�b�jCkJVE`3Y]��SER&ehbdY1kiRhS�`PYAjTjtSsR*�*bdc¢`ab�Y6§EVAlfgJVAehYAj=ehbdY�wdYpU%VAehcm§%Y1u?c|jtkdl|VE`PY6X�Ypw�e¬§%YA`3ehSERWjPq
�*cflml¬rJY�Vsu?§sV�wJ`PY{u r�zkN�`3SElfgiX�wJj*�*cfehb)RTYAjtkJYA`3e1ehS�eTbdY5RhY3��YpRhYpw�`PY0rdlmS�`L@��µLc @%Yp�*c|jtY%qdeTbdY�jtYAVARa`ab
�*cfw�u?SA� ��SER�eTbdY)kJS%jtcmehcm§%Y)kdRhS�`PY{jhjtSsR��*cflfl�r¡Y¨RhY6eaV�RWu?YAu÷r�ziN.`PSslfgdX�w�j��*cmehb³RhYAjCk¡Y{`Pe�ehS.eTbdY
RhY3��YpRhYpw�`PY1rdlmS�`L@�d��YvkdRhY{jtYpw�e*ehbdYv§?cmYp�³S��=eTbdY0R�SsehcfSsw�0=jteTcfX�VAehcmSEw�kdRhS�`3YAjhjCSER1cmw-eTbdYV�2#h� ,��	���G#
u?cmRhYA`PeTcfSsw�cfw 8 «�cfUEgiRhYm`b9W

��Yv`pVAw�RTYpkdRhY{jtYpw�e�eTbdc¢j*jCgdrJjtzijteTYpX�gJjCcfwdUZV�w¨©�ª1«UERWV�kdb¹qLVsj]jCbdSA�*w�cfw 8 «¬cmUEgdRTY0� 9a

��(� � � �7078���0F+7698���. �	� 69�����������	�	�	
*8L. � �����
®�bdY	��W!(�!#"$"&%1kJYpRC��SERhX"jLYpy?b�V�gJjCehcf§%Y6¥NjCYAV�RW`�b1XZSEehcmSEw1Y{jtehcmX�V�eTcfSsw	qPcmw¯eTbdc¢j	`6VEjtY&cfwvV_`PSEw?��UEgdRWV�ehcmSEw
��SER6R)Q�0M_v J_wdlmz0eTbdY]lmgdX�cmwJV�wJ`3Y�cfw���SERhX"V�ehcmSEw5�*cmlfl�r¡Y_gJjCYAu?p%cfe�c|j�cfw�rdlfS�`�@dj�S��&[p�1r�z�[p�1kdcmy?Ypl|jPq
cN Y%d�I`E�5kdcfy�Ypl|j 8 SsR1�I`E��`Pzi`PlfYAj=S��ÝehbdYv`PlmS�`L@29=kJYpR*X�Vs`PRhSs¥ÏrdlmS�`L@�

®�bdY&jtkJYA`Pc���`pVAehcfSswJjLS��iehbiY ��W,(�!#"'"&%FCþ�s�PD%RTY2-¶gicfRhY V�w�cfwdcmehc|V�lfcm²AV�eTcfSsw]kdb�VEjtY&S��¹[P�s�1`Pzi`PlmYAj¡SA�deTbdY
kdcmy?Ypl�`PlmS�`L@ 8 Y2-%gdcf§sV�lmYpw�e$eTS5�5`PSslfgdXZwJj�S��Ýkdcfy�Ypl¢j�9aqErJYP��SsRhY�ehbiY]�JRajCe�kdcmy?Y6l¡SA��eTbdY�jCYAV�RW`�b��*cmwJu?SA�
V�RTRhcm§%YAjPi®�bdYpw	q9
v`PSslfgdXZwJj$SA��eTbdYvjtYAVARa`ab-�*cmwJu?SA�GX�gJjte&VARhRhcm§%Y1rJYP��SERTY0eTbdY1�JRajCe_`PSElmgdX�w�SA��eTbdY
RhY3��YpRhYpw�`PY�rdlfS�`�@L¹®�bdY5ehSseaV�lÝcfwdcmehc¢VAlfcm²AV�eTcfSEw:ehcmX�Y�c¢j]eTbdYpRhY3��SERhY!��`s�-`3zd`PlmYAjP�®�bdY�`abdRhSswdSEUsRaVAX�X�Y
cfw:ehbdY�uiV�eaVsjtbdY6Ype�jtkJYA`3c¦�JYAj_V�l|V�ehY6wJ`Pz�S��}�E�s��`Pzd`3lfYAj�rJYpeC��Y6Ypw�eTbdY5VARhRhcm§sV�l�SA��eTbdY¯��Rajte�kdcfy�Ypl	S��
ehbiY¯RTYP��YpRTYpwJ`PY1rilfS�`�@LqiV�wJu�ehbdY�SEgiehkdgde_S��ÝehbiY¯XZSEehcmSEw�§%Y{`PehSsRp
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®�bdY1Ssgdehkigde�SA��ehbdY ��W!(�!#"$"&%�V�kdkJYAVARaj*Vsj�V0jCY2-%gdYpwJ`PY_S���§sVAlfgdYAj�Ssw�V¯SswdYp¥�r?z�ehYp¥��*c¢u�Y]rdg�j�wdSEeTYAu
(hX���J®�bdY % �<'%��� �L����� ��c|j*V�§sV�lmgdY��*bdc¢`ab�RTY2-¶gicfRhY{j][p��rdcfeWjPqJV�w�u)jtS�cfe_c¢j*kdRhYAjCYpw�ehYAu�cfw�eC��SZjteTYpkJj3q
X�S jte�jCcfUEwic¦��`pVAw?e�r�z?eTY 8 �.�p�)9���SElmlfSA��Y{u r�z�lmYAVEjCe0jCcfUswdc¦��`6V�w�e¯r�z�ehY 8 6��p�)9a	®�biY�ehbdRTYpY5r�z?eTYAj]S��
SEgiehkdgde 8 §%YA`PeTSERpqÝu?c¢jCehSsRhehcmSEw	 �.�p�$q�u?c|jteTSERheTcfSsw	 6��p�)9�V�kik¡Y{V�RZu?gdRhcmwdU¨`Pzi`PlfY{j�[EqÝ�?q=VAwJu��)SA�1eTbdY
SEgiehkdgde!jtY2-%gdYpw�`PY p	u?giRhcfwiU�ehbiY�jtYA`3SEwJu�Ssgdehkigde5`Pzi`PlmY%qLwdS:cfw?��SsRhX�VAehcfSsw�c|j1kdRhYAjCYpw�e¯Ssw (hX���¬®	S
jtcmX�kdlmc¦��z)ehbiY�`3SEw�ehRhSslNq���Y:VEjTjtgdX�Y:V¨u?gdX�X�z�§sVAlfgdY:u?gdRTcfwdU¨ehbiY�jCYA`PSswJu.`Pzd`3lfY%q	�*bdc|`�b.c¢j0wiSEe
gJjCYAuL�®�bdc¢j1VAlflmS��_j*gJj]eTS�Ypy�kdRhY{jhj*ehbdY!jtz�wJ`�biRhSEwicf²AVAehcfSsw�Ssw�(hX���Vsj1V�jCY2-¶giYpwJ`PY�S��=��SsgdR1Yp§%Ypw�eaj3q
�*cfeTbdSEgie]cmw?eTYpRh§%YpwicfwdUV>hbiSElfY{j�A?J®�biY0´0©�ª�« Y6y?kdRTYAjhjCcfSswJj$��SER*eTbdY���W!(�!#"$" %"V�RTY¯eTb?g�j =
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�¨Y*RhYA`pVAlfl�ehbJVAe=ehbdY*X�SsehcmSEw0Y{jtehcmX�V�eTcfSsw0kdRTS�`PYAjhjCSER	��W!(�!#"$"&%�RhY2-%gdcmRhYAj�V1ehcfXZY 8 ��`s��� * A�� 9�rJYP��SERTY
ehbiY±��Rajte_RhY3��YpRhYpw�`PY]rilfS�`�@�V�RTRhcf§%Y{j$ehSZ`PSsX�kdlfY6ehY_cfeaj�cmwdcfeTc¢VAlfcf²{V�ehcmSEw	
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®�bdY5X�SsehcmSEw�§%Y{`PehSsR�jtYplmYA`PeTSER_c¢j]eTS�SEgdR @�wdSA�*lfYAu�UEY�V�`PSsX�kJSEwdY6w?e_�*bdc¢`ab)c¢j_wdSEe�`3SEX�X�Y6Ra`Pc|V�l�lfz
Vp§sV�cfl|V�rdlmY%p�¨Y*�*cflfl%eTbdYpRTYP��SERTY*jtkJYA`3c¦��z�cfeWjëSsk¡Y6RaV�eTcfSsw�V�wJu0cmeaj�jCz?wJ`abdRTSEwdcm²AV�eTcfSEw¹qAV�wJu5ehbdY6w5u?Yp§%Y6lfSEk
ehbiY�`PSEXZk¡SswdYpw�e�gJjCcfwdUv´�·1ª1µ����Y�RhYA`pVAlfl�ehbJVAe*ehbdc|j�`PSsX�kJSEwdYpw�e&jtbdSsgdl¢u�jCYplfYA`3e$eTbdYV>hrJYpeTehYpR A¯S��
eC��SvX�SEeTcfSEw5§%Y{`PehSsRajPq%rJVsjtYAu�SEw�Vv`PRhcmehYpRTcfgdX S���X�cmwdcfX5gdX u?c|jteTSERheTcfSsw	q�V�wJu�eaVG@?cmwdU�cfw�ehS!VE`p`PSsgdw�e
ehbiY�bdSERTcf²pSsw?eWV�l=YAu?UsY�`PSsw?eTRhSEl|jP��NevjtbdSsgdl¢u�eTbdYpwkiRhSA§?c|u?Y�ehbdY�jCYplfY{`PehYAu�XZSEehcmSEw¨§%YA`PeTSERpq¹VEudu?cmwdU
ehbiY0VAkdkdRTSEkdRTc¢V�eTYvu?c¢jCkdl¢Vs`PYpX�Ypw�e 8 k¡S jtcmehcf§%Y�SER_wdYpU%VAehcm§%Y�9=u?Y6k¡Y6wJu?cfwiU5SEw�ehbdY�RTYpl¢VAehcf§%Y_kJS%jCcfehcmSEw�S��
ehbiY0jCYAV�RW`�b��*cmwJu?SA� SA�=ehbiYKR�SsehcmSEw 0=jtehcmX�V�eTcfSsw-kiRhS�`PYAjTjtSsRpJ®�bdYvRhY2-%gdcfRTYpX�Ypw%eWj=V�RhY =
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[E*eTbdY&`PSEX�kJSswdYpw�e	X�gJjCe	Vs`p`PYpkde	Ssw5cfwdkigde	rJSEehb5eTbdY=X�SA§%YpX�Ypw?ei§%YA`PehSsRaj	VAwJu0ehbdY6cfRLRTYAjtkJYA`3ehcf§%Y
u?c|jteTSERheTcfSswJj p

�?*eTbdY_u?c¢jCehSsRhehcmSEw5§sV�lmgdYAj¬eTS�r¡Y_`3SEX�kJVARhYAu��*cflmldVARhRhcm§%Y�cmw5et�&S�`Pzi`PlfY{j 8 ���6�Z��SslflmS��&YAu¯r�z 6Ï�6� 9 p
�?*YAu�UEYv`PSEw�ehRTSEl�jCbdSEgdl|u-rJYvjtgdkik¡SsRheTYAu-cmw�V5�*Vpz�eTbJV�e*c|j]`3SEX�kJVAehcmrdlfY_�*cfeTb-eTbdY���W!(�!#"$"&%L

^]wJVAlfz�²pcfwiUehbdY¨X�SA§%YpX�Ypw�e5§%YA`PehSsRaj�RTY2-%gdcfRTYAj�ehb�V�e�ehbdY u?c|jtkdl|VE`PYpXZYpw?eWj0rJY.jteTSERhY{u,�*bdcmlfY)eTbdY
u?c|jtehSsRheTcfSEw�j�V�RTY�`PSsX�kJV�RTYAuL��Nw�Vsudu?cmehcfSsw	q?eTbdY1bdSsRhcm²pSEw�eaVAlL`3SEX�kJSEwiYpw?e=SA��eTbdY]XZS�§%Y6X�YPw�e�§%YA`PehSsRpq
�*bdc|`�b¨VAkdkJYAV�RWj¯SEw¨rdcmeaj�(hX����������	�Cq¡X�gJjCe]rJYZVEu�~CgJjCehYAu)ehS:`PSsRhRTYAjtkJSEw�u�ehS�ehbiY�u?c¢jCkdl¢Vs`PYpX�Ypw�e*S��
ehbiY_jtYAVARa`ab��*cmwJu?SA� =E¥�N���SsR=ehbdY_wdYpU V�ehcm§%Y_u?c¢jCkdl¢Vs`PYpX�Y6w?e6qpV�w�u �HN]��SER=ehbiY]kJS%jCcfeTcf§%Y*u�c¢jtkil¢VE`3YpX�Ypw�e
8 eTbdc¢j*VAl¢jCS�cmwJ`PRhY{VEjtY{j�ehbdY�w�gdX�rJYpR=SA�=rdcfeWj�cfw�ehbiY¯XZS�§%Y6X�Ypw�e�§%YA`3ehSER&r?zZSEwdY%q?��RTSEX N5ehS�� 9

®�bdY5Vs`Pehg�V�lÝ`PSEX�k�V�Rhc|jtSsw�S��$u?c¢jCehSERTehcmSEwJj]S�`6`PgdRaj_u?gdRTcfwdUZet�&S�`Pzi`PlfYAj3q1�.�p� ��SElmlfSA��Y{u"r�z 6��p�=
®�bdY_kdRhcmSERTcfeCz0c|jPq%cfw�u?Y{jh`PYpw�u?cfwdU�SsRau?YpR6q%UEcf§%Y6w5ehS�ehbdY_YAu?UsY1`3SEw�ehRhSsl¢j3q¶eTbdY ���6�-S��¹ehbdY�u?c|jtehSsRheTcfSEw¹q
V�w�u �JwJVAlflmz�eTS�eTbdY 6Ï�p�=�®�biY-´v©�ª1«GX�S�u?Ypl&RhY2-%gdcmRhYAj�ehbJVAe5ehbdY�l¢VAehYpw�`PzS��±V)`PSsX�kJSEwdYpw�e5rJY
`PSswJjteWV�w�epJ®�bdYpRTYP��SERTY%qdehbiY1RhYAjCgdlfe*SA�=ehbiY0`3SEX�kJVARhc|jtSEwZ�*cflfl�wdSEe_rJYvV{§sVAcfl¢VArdlfY�gdw�ehcml	Vp��ehYpR*eTbdY 6Ï�p�
S�� ehbdYvu?c|jtehSsRheTcfSEw�bJVsj4rJYpY6w-Y6§EVAlfgJVAehYAu�qdYp§%Ypw�c���cme�c¢j�cmRhRTYplfYp§sVAw?e6

®�bdY1lmYP��e&V�wJu�RhcmUEb�e�YAu�UEY�`PSsw?eTRhSsl¢jMZ	
��0VAwJu�Z	
 !Z`pVAw�wdS0lmSEwdUsYpR�rJYvV�kdkilfcfY{u�u?cmRhYA`3ehlfz5eTS0eTbdY
��W!(�!#"$"&%, ÖjPq%rJYA`pVAgJjtY�ehbdYpzZVEjTjtgdXZY]eTbJV�e*eTbdY�jtY{V�Ra`ab��*cmwJu?SA�ðc¢j&`PYpw�ehYpRTYAu�VARhSsgdwJu�ehbdY�RhYP��YpRTYpwJ`PY
rdlmS�`L@ 8 ��Y�RhY{`pV�lml�ehbJVAe�ehbdYZjtYAVARa`ab��*cmwJu?SA� b�VEj1rJYpYpw u?c¢jCkdl¢Vs`PYAuLqLY6cfehbiYpR1ehS:ehbdY5lmYP��e1SsR0ehS�eTbdY
RhcmUEb�e 9Wd��YvX�gJjCe*ehbdY6RhYP��SsRhY5jCgdkdkdRTYAjhj*cfw�§sV�lmc¢u-§%Y{`PehSsRaj*u?gdRTcfwdUZehbdYvjtY6lfYA`PeTcfSsw	d��Y!`PSEw�jtc¢u�YpR]eC�&S
kJS%jTjtcfrilfYv`pVEjCYAj =

 Z	
�� E  f[  fqA�*bdc¢`ab5cfw�u?c¢`pVAehYAj	ehbiY�RhcmUEb�e�YAu?UsY*S���ehbiY*cfX�VAUEY%qAVAwJu0ehbdY6RhYP��SsRhY�eTbdY_jtgikdkdRhY{jhjtcmSEw
SA�_ehbdY�RTYAjtgilfe0SA�_ehbdYZkdRhS�`PY{jhjtSsR5�*bdc¢`abYp§sVAlfgJVAehYAj�ehbdY�kJS%jtcmehcm§%Y�u?c¢jCkdl¢Vs`PYpX�Y6w?e�##"I3 #	
2�m���
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 Z	
 ! E  f[  fq%�*bdc|`�b�cmwJu?c|`pV�eTYAj�ehbdY1lmYP��e�Y{u?UEY1SA��ehbdY�cfX�VAUEY%q�V�w�u"eTbdYpRTYP��SERTY]eTbdY�jtgikdkdRhY{jhjtcmSEw
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