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Unité de recherche INRIA Sophia-Antipolis

2004 route des Lucioles, BP 93, 06902 SOPHIA-ANTIPOLIS Cedex (France)
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k,GKXh[HU][>VMP��L FHP,IgLOFHY:P,F|_¬L k,GKXhkxP,XJVMFML<VHU]GJX@Y:P�_¬L\_]GOUuk,GJX:YcU�VHU]GJX:X:Pl_�_]P�[MZ:F|ZhX@´KGOU][HUfX^LOIKP�LOFH�cU�VMFML�UfFHP
Y:Pd_�L�jsGJ[HUWVHUfGJX k,GJZ:FMLOXKVMP   U]XhkxGJX:X�Z:P�¢�_]GJFH[Me�Z:P�_]PdVMP,N!jh[!k,FHG�� �V(´JPxFH[�_�� U]XcqbXcUa§��%LnXh[(k,PlV�LnFtVHUfkl_]P
X:GJZ:[uk,GJX:[HUfY!�P,FHGKXh[uZ:X:P�ki_¬LO[M[MP%FHP,Y:ZcU�VMP|Y:P�[H�c[HV"�P,N!P,[x`h[wLOX:[¥�:FHZcU�Vp[MZhF._��#�P,e�Z^L<VHU]GJX¸Y$�#�PlVwL<Vx`sPlV¡[MGJZ:[
k,P,FtVwL�UfX:P,[¡vJ�cjsGnVMv$�P,[MP,[�[MZ:jhjc_%�P,N�P,XJVwL�UfFHP,[¡X:GJZ:["N�GKXJVMFHGJX:[�Y:P,[¡F&�P,[MZc_�VwL<VM[pk,GJX:k,P,FHX^LnXJV¥_�L�k,GJX:k,P,Xc�
VMFML<VHU]GJX'Y:P�_¬L�_]GOU®kxGJX:YcU�VHUfGKX:XhPi_�_fPJ`hPlVpLOZ:[M[>U±P,X'e�Z:GOUDP,[HVHU]N�P,F	_��#�PlVwL<Vuk,GKZhFMLnXJVuYcU���PxFHP�Y'� P,[HVHUfN�P,F	_�L
k,GKXhYcUWVHUfGJX�U]XgUWVHU¬L�_fPn§ À GJ[3vJ�cj£GOVMv$�P,[MP,[3jsP,Zc´KP,XJV([MP,N��c_]P,F|LO[M[MP)(�FHP,[HVMFtU]klVHU�´KP,[x`�k,P,j£P,X:Y^LOXJV|Pl_W_fP,[3[MP
FMLOj:j£GJFtVMP,XJVuZ:XcUfe�Z:P,N!P,XJV*�L�_+� ¶JGK�:[ªPxFt´nLO�cU�_WU�V,�P,¶|Y:Z�[H�c[HV)�P,N�PJ`g[wLOX:[.LOZ:k,Z:X:P�F-�Pl�.�PxFHP,X:k,P%LOZ-/dX:GnVHUfGJX:[
Y:P3k,GJN�j^LnklU�V��P%GKZ�Y'� PxFHIJGcYcUfklUWV,�P%k,GJN!N�P3YbLnX:[¤_]P,[¤VMFML,´nLnZ&/ j:F&�P,k0�P,Y:P,XKVM[,§
1 ¾h�<�l¼M�324�º«�65 U�_�VMFMLnIJP¡XhGKXc��_WUfX!�P2L<U]FHPn`cLO[H�cN�jcVMGOVHU]e�Z:P�P,X�VMP,N�j:[	_fGKX:I:`�k,GJX:k,P,XKVMFML<VHUfGKX�Y:P�N�P,[MZ:FHP



���������
	��������������������	
������� �!������#" ���$����	
�%�'&$�(� 	��)*���+�,�$���.-/&0	��(����21�1�1 �

3 �����-�3�d�¤�

4 576 �2��¾®¿ ���n�98¬¾ 6 :

; < �l�98 �/�g�=8¬¾ 6 :

> ? » 6 � �@8¬�K��2 6 ¾.8¬�,ºBA¦��º�ºDC 2f�2º��E8 6�F � F º 6 º�����2.�J�:�,º 4G;

H I 8 6 º��:� ? » 6 � �J8¬�J� ;GK
~b§W� L£U]X:P2LOF.j:FHGJ�c_fPxN 1,1!1M1,1!1!1M1,1!1!1M1,1!1!1N1!1!1!1N1!1!1!1N1!1!1N1!1!1!1N1!1!1 }'O
~b§Ë} L£U]X:P2LOF.Yc�cX^LON�U]k,[¥�uU�VMv¸X:GJXc��_WUfX:P2LnF¤GK�:[ªPxFt´nL<VHUfGKX:[ 1!1N1!1!1!1N1!1!1N1!1!1!1N1!1!1 }O~

: P ¾ 6 �32 �·��8¬¾ 6 H�4

QRQTSVU9W�X)X�Y



~ � ���9"����%	
������� ���

	�
 Q�	�



���������
	��������������������	
������� �!������#" ���$����	
�%�'&$�(� 	��)*���+�,�$���.-/&0	��(����21�1�1 Q

� � �d�-�	�������u�	�2���

SuvhP(GJjcVHUfNdL<_Tqh_WVMP,FtUfX:I'GO��XhGKX _�U]XhP<LOF�[H�c[HVMP,N�[x`bUfX�j^LnFtVHUfk,Zc_¬LnF"UfX VMv:P��¯FMLnN�Pl�.GKFH�\GO��[HVMGckyv^LO[HVHU]k
YcU�±P,FHP,XJVHU�L<_£P,e�Z^L<VHU]GJX:[7Gn�s¨aV��G%V¦�cjsPn`JUf[�XhG2��L"�.Pl_W_^[>VMZ:YcUfPxY�jhFHGK�c_fP,N��OVMv:P"kxGJX:YcU�VHUfGKX^L<_c_¬L,��Gn�bVMv:P
k,Z:FHFHP,XJVu[HVwL<VMPJ`KInU�´KP,X�VMv:P�j^LO[HV	GJ�:[MP,Ft´nL�VHUfGJX:[x`JUf[	[MGO_]ZgVHU]GJX�Gn�®VMv:P��%Zh[Mv:X:P,F��	�JVMFML�VMGJX:G2´�U�VMkwv�P,e�Z^L<�
VHUfGKX±§ 5 GJF�X�Z:N�P,FtUfk<L<_£jhZ:FHj£GJ[MPn`OVMv:P�
®LO��L�U^P,e�Z^L<VHU]GJX±`n�¡vcUfkwv�IOUW´JPx[.LOX�Z:X:X:GJFHN�L�_�U (xP,Y�k,GKXhYcUWVHUfGJX^L�_
_¬L,��`<Uf[�N�GJFHPu[MZgUWVwLO�c_fP���P,P	�¯GJF·UfX:[HVwLOX:k,P� �J���c�¯GKF7L�FHPi´�UfPl��GKX�X:GJX|_�U]XhP<LOF�q:_WVMP,FtUfX:I:§ À Pi´JP,FtVMv:Pl_]P,[M[x`
L�k,FHZ:klU�L<_^e�Z:P,[HVHUfGKX�Uf[�[HVHU�_�_^GKjsP,X±`Ok,GKXhkxP,FHXcUfX:I�VMv:P�µwLOk,k,Z:FMLnkl�c¶�Gn�bVMv:P.qh_WVMP,FtUfX:I	��VMv^L�V7Uf[x`<�¡v^L<V	LnFHP
VMv:P�k,GKXhYcUWVHUfGJX:[-VMG(�sP��£P¥UfN!jsGJ[MP,Y�VMG3VMv:P%[>�h[>VMPxN UfX�GKFHYhPxF-VMG�N�Ln�OP"VMv:P"q:_WVMP,FtUfX:I�PxFHFHGJF.IJGcP,[�VMG
(,P,FHG!LO[-VMv:P�VHUfN!P%IJFHG2�"[-VMG|UfXcq^XcU�Va��§��KGKN�P�FHP,[MZc_�VM[.v^L,´JPp�sP,P,X'j:FHG2´JP,Y�UfX�� Q��DLnX:Y�� ���±�J���%ZhXcUWVwL
�¡vhPxX@VMvhP'[HVwL<VMP¸jhFHGckxP,[M[�Uf[!P,FHIJGcYcUfkJ§��pUfPl�uUfX:I�VMvcUf[�j:FHGJ�c_fPxN Ln[�k,GJX:k,PxFHXgU]X:I�VMv:P�LO[H�cN�jcVMGOVHU]k
[HVwLO�cU�_WU�V¦��GO�DVMv:P�%Zh[Mv:X:P,F��	�JVMFML�VMGJX:G2´�U�VMkwv�P,e�Z^L<VHU]GJX   �"vcUfkwv'k2LOX��sPpk,GJX:[HUfY:P,FHP,Y'Ln[¥L|[HVMGckyv^LO[HVHU]k
Yc�cX^LON�U]k2L<_·[H�c[HVMP,N³GJX'VMv:P�U]Xgq^XcU�VMP(YcUfN�P,X:[HUfGKX^L<_·[Mj^LOk,P3GO��j:FHGJ�^LO�cUW_�U�V¦�\N!P2LO[MZ:FHP,["GKX�VMv:P|[>VwL�VMP
[Mj^LOk,P�¢M`JU�V¤�sP,k,GKN�P,[-ki_fP2LnF7VMv^L<V-UWV	Uf[-kl_]GJ[MPl_W��FHPl_�L<VMP,Y�VMG3VMv:P"[MP,X:[HU�VHU�´gU�Va�dGO�®VMv:P¥q:_WVMP,F-VMG�VMv:P¡jhFtU]GJF
YcUf[HVMFtUf�:ZcVHUfGKX±§�S¥v^L<V3U][,`·IOU�´KP,X LOX©P,FHFHGJX:P,GKZh[%U]XgUWVHU¬L�_.YgU][HVMFtUf�:ZcVHUfGJX±`�Y:GcP,[%VMv:P�qh_WVMP,F3IOUW´JP�FHP,[MZc_�VM[
kl_]GJ[MP	VMGpVMv:P¡GJX:P,[7GK�cVwL<UfX:P,Y(�¥UWVMv�VMvhP¡FtUfIKvJV7U]XgUWVHU¬L�_�U (<L<VHUfGKX±`KLn[7VMv:P¥VHU]N�P¥IKGcP,[�VMG%U]Xgq^XcU�V¦��� � [HU]XhI
LOIgL<U]X�P,FHIJGcYcU]klU�V¦��LOFHIKZhN!P,XJVM[x`h²�k,GKX:P�LOX:Y�ETLOFHY:GJZ-/�� �9O��®[Mv:G2�.P,Y�[MGJN�P¡FHP,[MZg_WVM[	k,GJX:k,PxFHXgU]X:I�VMvcUf[
VMGJjcU]kn§

�	ZcV�U�V�[MP,P,N![dX^L�VMZhFML�_�VMv^L<V��uU�VMv:GJZcV¸LOXK��P,FHIJGcYcUfkiU�Va��`�GJXc_W��[ªGKN�P IKGcGcY«q:VHVHUfX:I@�sPiVa�.P,P,X
VMv:P�Yc�cX^LON�U]k,[|LOX:Y VMv:P�GJ�:[MP,Ft´nL�VHUfGJX:[%[Mv:GJZc_fY/�£P�[MZ,��klUfPxXJV   FHPl_¬L�VMP,Y�VMG\[MGJN!P�µªGK�:[ªPxFt´nLO�cU�_WU�Va�h¶
X:GOVHU]GJX£¢bVMG�N�Ln�OP7VMv:P-q:_�VMPxFtUfX:I�P,FHFHGKF·LO[H�cN�jcVMGOVHU]k2L<_W_�� (,PxFHG¥�¯GJF®_�LOFHIKP�VHUfN!Pn§<SuvbL�V·Uf[DVMv:P	L<U]N GO��VMv:P
j:FHP,[MP,XJV.j^LOj£P,Fi`JUfX�VMv:P�FHP,[HVMFtUfklVMPxY!�¯FMLnN�P"Gn�DX:GOU][ªP��K�¯FHP,PuYc�cX^LON�U]k,[x`nVMv^L<V	U][-�¥UWVMv�UfY:P,XJVHU]k2L<_W_�� (,PxFHG
YcU�±Zh[HU]GJX�k,GcP%��klUfPxXJV-GKX�VMv:P¥[HVwL<VMPuP,e�Z^L�VHUfGJX±§JSuvgU][7Uf[¤LpN|Z:kyv![>U]N�jc_fP,F��hZcV	X:GKX�VMFtU�´�U�L<_^j:FHGJ�c_fPxN'`
Z:[MP,Y��¥UWVMv1[MZ:k,k,P,[M[%UfX/[MGJN!P�LOj:jc_�U]k2L<VHU]GJX:[   [ªZ:kwv«Ln[%j^LO[M[HU�´KP�VwLOFHIKPlV3VMFMLOkw�JUfX:Ic¢M`TLOX:Y��¯GJF��¡vgU]kyv
�.Pl_W_.LOY^LOjcVMP,Y©X�Z:N�P,FtU]k2L<_uL�_fIKGJFtU�VMv:N�[|v^L,´JP��£P,P,X©YhPi´JPl_]GJj£P,Y   [MP,P�� ���	�¯GKF�Y:PlVwL�U�_][l¢M§D¨tX1�ÁLnklV3�.P
k2LnX\LnYhGKjcV¥v:P,FHP3L(YgU]FHP,klVpLOj:j:FHG�Lnkyv��hLn[¤�.P%k<LOX��"FtUWVMP�LnX�P�/hjc_�UfkiU�Vu�¯GJFHN|Zg_�L��¯GJF	VMv:P%k,GKXhYcUWVHUfGJX^L�_
Z:X:XhGKFHN�L<_WU (,PxY Y:P,X:[>UWVa�K`sZ:X:Y:P,F�[MGJN�P|Ln[ª[MZ:N�jcVHUfGKX:[¥UfX:[MZ:FtUfX:I'L�Z:XgUW�¯GJFHN³IJGcGcY µªGJ�:[MP,Ft´nLn�gUW_�UWVa�c¶b`
�.P�k<LOX�YcUfFHP,kiVH_��/P,[HVHUfNdL<VMP�VMv:P�_]GJX:I�VHUfN�P!�sP,v^L,´�UfGKZ:F�GO�-VMv:P�kxGJX:YcU�VHUfGKX^L<_T_¬L,�3§Do GJFHP|j:FHP,klU][ªPi_��
�.P¥�uU�_W_®[Mv:G2��VMvbL�V	�¯GJF	LnXJ���^L�_�_£k,P,XJVMP,FHPxY�L�V-VMv:P�k,Z:FHFHP,XJV.[HVwL�VMP   LOX:Y�L�_f[MG3N�G2´�UfX:I��uU�VMv�UWVi¢M`KVMv:P
UfXKVMP,IJFML�_-GO�	VMv:P�k,GKX:YgUWVHUfGKXbL�_-Y:P,X:[HU�V¦�/GJX�VMv:P��bL�_�_�k,GJXJ´KP,FHIKP,[%UfX©jhFHGK�^LO�cU�_WU�Va��VMG©��Ln[�VMvhP�VHU]N�P
IJGcPx[�VMG�U]XcqbXcUWVa�K§

�	Pl�¯GKFHP\[HVMZ:Yc��UfX:I1VMv:P'qh_WVMP,FtUfX:I+jhFHGK�c_fP,N �.P�jhFHPx[ªPxXJV'L�X:Pl��LOj:j:FHG�Lnkyv�Gn�3LOX�Px[>VHU]N�L<VHU]GJX
j:FHGJ�c_fPxN'`b�OPxP,jcUfX:I�UfX¸N�UfX:Y�VMv^L�V¥VMv:P3N�PlVMv:GcY'YhPi´JPl_]GJj£P,Y��uU�_W_·�sP%Z:[MPl�¯Zc_DUfX�VMv:P3[MP,e�Z:Pl_a§

� � ���	��
 ��¤�x���

�+P%k,GJX:[HUfY:P,F	VMv:P%�¯GO_�_]G2�¥U]XhI!P,[HVHUfN�L�VHUfGJX'j:FHGJ�c_fPxN��
�!  #" ¢%$'&  ("�)+*�, ¢ � "�- �/.10   ��¢

�¡vhPxFHP�& U][�L�N!P2LO[MZ:FMLO�c_fP��¯Z:X:klVHUfGKX �¯FHGKN ¨ r321¨ r54/UfXJVMG/¨ r762` *�,98;: < ¨ r54�U][�L�FMLnX:YhGKN
´KP,klVMGJF|LnXhY . Y:P,X:GnVMP,[3[>VwLnX:YbLnFHY1Yc�¦YcUfN�P,X:[HUfGKX^L<_=�	FHG2�¡XgU�LOX/N�GnVHUfGJX±§ 5 GJF3L�_�_ *98>: �.P�VwLO�nP
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VMv:P3XhGnVwL<VHU]GJX �  #"�)+* ¢=$ &  #" ) * ¢�� &  #" ) *�, ¢
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