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?;@BACEDFCHG+I J�KCELNMOC�PRQTSUMWVXMRCEP
CEYZVE[�P\VX]NPB^`_3DbacQTPRM\de]NC

f�g Q�hiCEYZj�MWVE[U^
k [mlnloQ g YHpqC g C�V @ C g V @ CrL+setUuTGUvwI LNQ�xeCED�a g CzyE{T{U|�I GT{�l}[mSUC~^

�F�
�X�����N�U�e� � lcQUPO_qLNQTDFM\[�P�[mPOSUQ g MRY @ D���[U^�SUMOxeCEL�a3_>Y @ CF[�]NY @ Q g ^�[�Lcp��;C g Lc[ g��
pqMRLnCEPRPOQ���Q g ^�_qL3Y @ C�^`MO�EMRLNSzlN] g C���CEMRS @ Y�C�p f C�Y g M0LNCEY�^�� g QTD��cLNMOYiC�PW[macCEPOC�pFY g [�Lc^`MOYiMOQUL
^`_n^`Y�CED=^X� ?;@ CFPRMODFMRY�[mY�MRQUL>Y�Q>lN] g CFLNCEY�^X��^`C g MRQT]c^�MOL�l g [UVXY�M\VXCFC���SN�=��Q g DFQ3pqC�PRPRMOLNS
��[�MRYiMOLNS�PRQeQTlc^ MOL�V�QUDFD�]NLNMOVE[�YiMRQTLbl g QUY�Q3VXQUPW^X�cD=[E_�acC g C�DFQ�xeC�p aq_¡[�DFMOLNQ g [UpN[�l �
Y¢[�YiMRQTL�Q���Y @ C+[mPOSUQ g MRY @ D>�q��Q g�£ MOLNS���Q g STCELNC g [mP f C�Y g M¤LnCEY¢^;� g C~pw^�C�de]NCEL3YiM\[�PRPO_e� ?;@ C
g ]NPOC�Q���^�C�de]NCEL3YiM\[�P;� g MOLNS g C�pq]cVXC~^b[�P\^`Q¥Y @ C>CE¦3l g C�^i^�MRx3MRY�_�Q�� f CEY g M LnCEY¢^�� ^�MRLcV�CwMOY
��Q g VXC�^;[zVXQUL}VX] gig CEL3Y�MRL3YiC g l g C�Y¢[mY�MRQTLbQTLFCExeC g _�pqMW[mDFQTLcp-� ?;@ M\^�PRMODFMRY�[mYiMOQULzD=[E_�[mPW^`Q
acC g C�DFQ�xeC�p�a3_FPOC�[ExqMOLNS�^�C�d§]nCELqY�M\[�P-Y g [mLc^�MRY�MRQUL¨^`_n^`Y�CED=^;[�LcpwPOM©��Y�MRLNS�Y @ Cz[mPRSTQ g MRY @ D
YiQ=^�YiCEl=Y g [mL}^`MRY�MRQTLª^`_n^`YiC�D=^X�3� @ M\V @ [mDFQT]NLqY�^;YiQFC�¦qY g [UV�Y�Y @ C�CX«0C�VXY�MRxeC�V�QUL3YiCEL3Y¢^�Qm�
Y @ C�VXQ g CX¬}C�VXYiMOQUL�acCEY���CECEL f CEY g M�^�YiCElY g [mLc^�MRY�MRQUL®^`_3YiCED=^z[mLcp�STCELNC g [mP f CEY g M;LNCEY�^
C�^`Y�[maNPOM\^ @ C�pba3_Fj�] £ ]NL}p-���;_bY @ C��"[~_��qY @ C�VE[mY�CESUQ g MWVE[mPBVXQ g�g C�^�loQTLcpqCEL}VXC�^;acCEY��;CEC�L
Y g [mLc^�MRYiMOQUL¯^`_n^`YiC�D=^�Q g ^�YiCElY g [mLc^�MRY�MRQUL¯^`_n^`Y�CED=^ [�Lcp°LnCEY¢^�[ g C g C � CE¦n[mDFMOLNC�pª[mLcp
^`MODFlNPRM±�cC�p�YiQ=JH[mPRQTM\^�VXQTLNLNC�V�YiMRQTLc^�MRLFY @ C�]c^`]c[�P�^�CEYiY�MRLNS�Q���Q g pqC g C�p=^`CEY�^X�
²�³e´¤µi¶z·c��¸¹�U� º _3LqY @ C�^�M\^ f�g QUaNPOCED»��Q gF¼ C�Y¢^X��½ MOS @ C g���¾ MRDFCEL}^`MRQTLc[mP � ]NY�QUD=[�Y¢[q�
f QUPO_qLnQUDFMW[mP � PRSUQ g MOY @ D>�NJH[mPOQUMW^ ¿�QULNLNC~VXYiMOQUL
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�������E� �
	����������
� ����� ������
�����
	 ��� ��� �!�;���������������
	

���³3�������³���� C�^F[m]nYiCE] g ^FQUL3Y�p3QULNL"KC¥[ExeC�V � ]}VE[�;C g Lc[ g pqMOLNCEPOPRQ�]NL7[�PRSTQ g MOY @ D C
lcQUPR_3LNQTDFM\[�P�loQT] g PW[�^`_3LqY @¤AC�^�C�p3C g KC~^`C�[�]N¦�pqC f C�Y g M�ln] g ^ A[>lc[ g YiM g pqC¨^`_n^`Y AC�DFC�^
pqC�Y g [mLc^�MRY�MRQUL}^X� � [ g C�^�Y g MWVXYiMOQUL¨[m]N¦ g KC~^`C�[�]N¦�lN] g ^Z^��Ñ[Ex AC g CzY g C�^ V�QUL3Y g [�MRSTLc[mL3YiCzlc[ g
CE¦3CEDFlNPOC POQ g ^�d§]nC�P�� QUL=xeCE]NY�DFQ3p;KCEPOM\^`C g pqC�^;acQT]cVXPRC~^�p��Ñ[�YiYiC�LqY�C�pN[mL}^ pqC~^;l g QTYiQ3VXQTPRC�^
pqC=VXQTDFD�]NLNM\V�[mYiMOQUL¤�=¿�CEYiY�CbPOMRDFMOY¢[�YiMRQTL>lcCE]NY
�C�Y g C�PRC�x�KCEC�lc[ g ]NLNC¡[UpN[�lNY¢[�YiMRQTLDFM �
LNCE] g C�pqC P��Ñ[�PRSUQ g MOY @ DFC��N]NYiMOPRM\^�[maNPOC�loQT] g pqC�^ g KC�^`C~[m]N¦¨pqC f C�Y g M
S!KC�L�KC g [�]N¦�C�¦�KC�V�]NYnKC�^
pqC�D=[mLNM AC g C+^3KC�de]NCEL3YiMOCEPRPOCe� � [ g�ACESTPRC�pqC�Y�M g [mSUC ^3KC~d§]NC�LqY�MRCEPOPRC�C�^�Y�CEPRPOC � D��CEDbCHPRMRD MRY¢[ �
YiMOxeC�ln]NM\^�d§]�� CEPRPOC�MRL3YiC g l g KCEYiCzVXQTDFDFCZMRLcp�KC�loC�LcpqCEL3YiC�^�CEL�]NL KCEY�[mYZYiQT]NYiC�^ZPRC�^Z[UVXY�MRQTLc^
d§]nM�_7^�QUL3Y�CE¦�KC�VX]nY¢[manPRC�^Fpn[mLc^=]NL Q g p g C¥[ g aNMRY g [�M g C�� ¿�CEY�YiC¥^`C�VXQTLcpqCªPRMODFMRY�[mYiMOQUL
lcCE]NY�[m]c^�^`M��CEY g C�PRCEx�KCEC;C�L�[UpN[�lNY¢[�LqY�P��Ñ[�PRSTQ g MOY @ D C;[�]N¦�^`_n^`Y ACEDFC�^
p�� @ _3lcC g Y g [mL}^`MRY�MRQTLc^
 "!$#&%�'(#�)+*-,.!0/1#�/32-,4!056!$#&%$78!:9 �3VXCHde]NM g CEx3MRCEL3Y A[�CE¦qY g [�M g CZPRCHVXQTLqY�CELq]�[�PRSTQ g MOY @ D M\de]NCZpqC
P\[=VXQ g CX¬cC~VXYiMOQUL KCEY¢[�aNPRMOC�lc[ g j�] £ ]NLcp>CEL3Y g C�POC�^ g KC�^�C�[m]n¦>pqC f CEY g M�CEY�POC�^�^`_n^`Y AC�DFC�^
p�� @ _3loC g Y g [mLc^�MRY�MRQUL}^�pqC f CEY g M'� ¼ QU]c^�MRL}pqM\de]NQUL}^�KCESe[�PRCEDFC�LqYzVXQTDFDFCEL3Y�PRC~^�VXQ g�g C�^ �
lcQULcpN[�LcVXC�^�VE[�YnKCESTQ g M\de]NC�^�CELqY g C g KC~^`C�[�]N¦=CEY�[�]NYiQTD=[mY�C�^�loC�]NxeCEL3YZ^`C l g KC�^�CELqY�C g lNPO]c^
^`MODFlNPRC�DFCXL3Y�CEL=Y�C g DFC pqCzVXQULNLnCE¦qMOQULc^;S�[mPOQUM\^�MRCELnLNC�^X�
;�·}�~�Xµ¢�-<=�³ � º _3L3Y @BAC�^�CFp3C g KC�^�C�[m]n¦-�
[m]nYiQUD¡[mYiC¡pqCFp3MRDFCEL}^`MRQTLª^`]Nl"KC g MOCE] g C��¹[�PRSTQ �
g MOYiDFC�^�lcQUPR_3LNQTDFM\[�]N¦-�nVXQULnLNCE¦3MRQUL=S�[mPRQTM\^�MRCELNLnC
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� QUPRPOQ���MRLNS�� @Ng CELq��CE]}V @ Y=[mL}p k QU�EC�LqacC g S �Ñ^ ^`CEDFMOLc[mPZ�;Q gi£ QUL ) %��-/32-,.! MOL f [ g YiM\[�P
G ��º Y g ]cVXY�] g C�^���� k {UuU[��9�exU[ g MOQU]c^�VXQ gig C~^`lcQULcp3CELcVXC�^�acCEY��;CECEL�[�]NYiQTD=[mY�[ [�Lcp�LnCEY�^`_n^ �
YiCED¡^X�eac[U^�C�pFQUL g CESUMOQULc^;MOL=[m]nYiQUD¡[mY¢[3� @ [ExeCZacCECELFC�^�Y¢[�aNPRMW^ @ C�p [mLcp=[mL}[mPR_n^`C~p-� ?;@ C
g CX��C g CELcV�C�lc[mlcC g ^ ��Q g Y @ C a}[U^`MWV�VXQ g�g C�^�loQTLcpqCEL}VXC�^Z[ g C���� k {Uuma��¤Q g � ¼�k�? {TG��¤MOLwY @ C
� g [�DFC Q�� ¿���� � LNC�Y¢^�Q g CEPOCEDFCEL3Y¢[ g _�LNCEY¢^��¤[mL}p���j�]c{TG���MOL>Y @ C�� g [mD C Qm� f � ?� LNCEY�^X�
� [ g MW[mL3YFV�Q gig C�^`lcQTLcpqCELcV�C�^ @ [~xeC�acCECEL ^�Yi]cp3MRC�p g C�^�loC~VXYiMOxeCEPR_>MOL�� ¼�� {� ��!��� ¾ {UvU["�
[mLcp>MRL#� ¾�º {Tt���� ¾�º {U|��9� � VEVXQ g pqMOLNSFY�QFY @ C�]nLNM©�cC~p�l g C�^�CEL3Y¢[mY�MRQTL>Qm� g CESTMRQTLc^�SUMRxeC�L
MRL$� � ¾ {Uv�a%�'��[ g CESTMRQUL�MRL¯[)�c¦3C�p [�]NYiQTD=[mY�QUL ��� g ��Y���[>�c¦qC~p°Y�_qlcC�Qm�zLNCEY�^�MW^F[
DFQ g l @ MW^`D�� g QUD�Y @ CF]NLcpqC g PR_3MRLnS�Y g [mLc^�MRY�MRQUL�^�_N^�YiCED�YiQ>Y @ CFD=[ gi£ MRLNS=S g [ml @ Qm� [
QULNC � lNPW[UVXC LNCEY Q��ZY @ [�Y�Y�_qlcCe�
��MRY @ QULNCFC�xeCELqY g CEl g C�^`C�LqY�[mYiMOxeC�Qm�HC�[UV @ Y`_3lNMWVE[mP g C �
P\[�YiMRQTLc^ @ MRl acCEY���CECELlNP\[TVXC�^�[mLcp C�xeCELqY�^X� k C�SUMRQTLc^�D=[E_�acC>^`C�CEL [T^�lNPW[UVXC~^���MOY @
[mY�Y¢[UV @ C�p�¬cQ���[ g VE^X�¤Y @ ]c^�LNC�Y¢^�D=[E_�acC [U^i^�CED�aNPRC�pF� g QTD�^`]Nac^�CEY¢^�Q�� g CESTMRQUL}^X� � L
[m]NY�QUD=[�YiQTL�SUMOxeC�^ g M\^�CbMOL�Y @ M\^��"[~_ªYiQ�[�L�Q g pqC g C~p)�9[mDFMOPR_=Qm�H^�]NaNLNC�Y¢^�Q��Z[=D=[m¦3M �
D=[mP!LNCEY�� @ Q�^`C ^`CEY�Q��;lnP\[UV�C�^�M\^�hi]c^�Y�Y @ C�^�CEY�Qm� g CESTMRQTLc^�Qm��Y @ C�[m]nYiQUD¡[mYiQTL¤� ?;@ C
lcQUMRL3Y�M\^;Y�Q�pqC�VXMWpqCZ� @ CEY @ C g Y @ M\^;D=[�¦qMOD=[mP3LNCEY�Q g ^`QTDFC Q���MOY¢^�^�]NaNLNCEY�^ g CEl g Q3pq]cV�C�^
MRLªYi] g L�Y @ C�Q g MOSUMOLc[mP�[m]nYiQUD¡[mYiQTL  ]NlªYiQ�MW^`QTDFQ g l @ M\^�D 9 [U^�Y @ C [U^�^`Q3VXMW[mY�C�p�S g [ml @
Qm� g C~[UV @ [maNPOC D=[ gi£ MRLNS�^X� ?;@ C�C�^i^�CELqY�M\[�P
VXQUL3Y g MRaN]NY�MRQTL�Qm�&�'� k {Uu�a%�![mLcp�� ¼�k�? {UG"�¹MW^
Y @ C�MW^`QTP\[mY�MRQTL�Qm�¤Y���Q�V @ [ g [TVXYiC g M\^�YiMWV[�¦qMOQUD=^-��Q g [�]NYiQTD=[mY�[ M\^�QUDFQ g l @ MWVY�Q�S g [ml @ ^�Qm�
g C�[TV @ [maNPOC;D=[ gi£ MRLNS�^X� ?;@ C�^�CZ[m¦3MRQUD¡^ g C�d§]nM g C�� g QUD Y @ CEM g DFQ3pqCEPW^ CELnQU]NS @bg CESUMOQULc^¹Y�Q
^`CEl}[ g [�YiC�[�PRPBpqM©«0C g CELqY�^`Y¢[�YiC�^�MRL=[�L=[m]nYiQUD¡[mYiQTL=[mL}pbYiQ g ]NPOC QT]NY�[�PRPcDFM\^�^`MOLNS�CExeCEL3Y¢^
[mY�C�[TV @ ^`Y¢[�YiCe�z��[U^�C�p�QUL>Y @ C�^`C�lc[ g [mYiMOQUL¥[m¦3MRQTD=^X�cxT[ g MOQU]c^HVXQ g CX¬cC�VXY�MRQTLc^ acCEY��;CEC�L
VE[mY�CESUQ g MOC�^Q��
[m]nYiQUD¡[mY¢[�[�LcpbLNCEY�^ @ [ExeC acCECEL�C�^�Y¢[manPRM\^ @ C�p�MRL�Y @ CZPRMOYiC g [mY�] g Ce� ?;@ C~^`C
VXQ g CX¬cC�V�YiMRQTLc^D¡[~_�[�P\^�Q�aoC�QTaNY¢[�MRLNC�pFMOL=[�^`_n^`Y�CED=[mY�M\V;�"[~_¡[U^;MRL}pq]cVXC�p g C�^�Y g MWVXYiMOQULc^
Qm�![ STCELNC g [mP0[UpEhi]nLcVXYiMOQULFacCEY���CECEL [m]NY�QUD=[�Y¢[ [�LcpbLNC�Y�^`_n^`Y�CED=^��Ulc[ g [mDFC�Y g MWV;QULFY @ C
Y�_qlcC�Qm��LnCEY¢^�� g C~^`Y g M\VXY�C�pFQUL=DFQ3pqC�P\^Q���Y @ C ^�CElc[ g [mY�MRQTL>[m¦3MRQTD=^(� � ¾ {Uv�a%�'�

?;@ C=CX«0C�V�YiMRxeC Q g [mPRSTQ g MRY @ DFM\VFV�QUL3YiCEL3Y¢^ Q���Y @ C�[�aoQ�xeC¨VXQ g�g C�^�loQTLcpqCEL}VXC�^ @ [ExeC
acCECEL>[�Lc[mPO_N^�C�p�MRL¨[ @ [mLcp§��]nP¹Q��;l}[mlcC g ^�� � V g ]cVXM\[�P-�9[UVXYZ��[T^ QUa}^`C g xeC�pwMOL)� ¾�k {U|��+*
[mL3_^`C�Y�Qm� g CESTMRQUL}^ P\[ g SUC=CELNQT]NS @ YiQ>��MOYiLNC�^�^���Q g ^�[mYiMW^ �9[TVXYiMOQULQm��Y @ C=^�CElc[ g [mY�MRQUL
[m¦3MRQTD=^X�Z[mL}p Y @ C g CX��Q g Cª^i[�M\p [Up3DFM\^�^`MRanPRCe��M\^bY @ Cª^`C�YFQm�zlNPW[UVXC�^�Qm�+[�LNCEY ^`_n^`YiC�D
� @ M\V @=g CEl g Q3pq]cV�C�^;Y @ CHSUMRxeC�L=[m]NY�QUD=[�YiQTL>[U^�[ S g [�l @ Q�� g C�[TV @ [maNPOC�D=[ g�£ MOLNSe^��,��¦ �
@ MRanMRYiMOLNS Y @ C�LNCEY"^`_n^`YiC�D�� @ C�LwMOY;CE¦3M\^�Y¢^;MW^ £ LNQ���L�[T^;Y @ C !05 , #�� % !0/ ! ' )+2.-/� %$7 � ?;@ C
^`_3LqY @ C�^�M\^ l g QUaNPOCED ��Q g CEPRCED CELqY�[ g _FLNCEY�^X�¤CE¦n[mDFMOLNC�pb��] g Y @ C g MOL�Y @ C�VE[T^`C�Qm�;�}LNMRY�C
[m]NY�QUD=[�Y¢[�MOL0���;C g {Ut1��[�Lcp0��½ MW{� 2�'��[�Lcp�l g Q�xeC�p ¼�f¹� VXQTDFlNPOCEYiC�MOL0����� ¾ {TvU["�'�¹�"[U^
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SUMOxeCEL>[�Lª[mlNl g Q�¦qMOD=[mY�C ^�QUPO]NYiMOQUL>MRL¨[mPOSUQ g MRY @ DFM\V���Q g D MRL � ¿� ��� {Uv��9� ?;@ Czl g C~VXM\^�C
l g QTaNPRC�D�pqC�V�M\pqC�p�]nloQTL�a3_�Y @ C�[mPRSTQ g MRY @ D�M\^ � @ C�Y @ C g Y @ C�SUMOxeCEL>[�]NYiQTD=[mY�QUL @ [U^
^`QTDFC�� � 2=#�/ % , # M\^�QUDFQ g l @ M\V�YiQ�Y @ C g C�[TV @ [maNPOC D=[ gi£ MRLNS�S g [ml @ Q���^�QUDFCZLNCEY"^`_n^`Y�CED>�
?;@ C ^`_3LqY @ C�^`MW^ l g QUaNPOCED ��Q g '�� ):% f CEY g M
LNCEY¢^��-CE¦n[mDFMOLNC�pF��] g Y @ C g MOL#��� ¾�f,� {T|��!MRL
Y @ C�� g [�DFC�Qm���}LNMRY�C�[m]NY�QUD=[�Y¢[q�
��[T^ ^`QTPRxeC�p�MOL � ��� ¾ {Uv�a%��MOL�Y�MRDFCzloQTPR_3LNQUD M\[mP!MRL
Y @ Cz^�MR�EC�Qm��[m]nYiQUD¡[mY¢[3�

?;@ C g C~^`]NPOYiMRLnS�[mPOSUQ g MRY @ D @ [T^;aoC�CELb]}^`C�pbMOLF[���C�� CE¦3lcC g MODFCEL3Y¢^X�TVE[ gig MOC�p�QU]NY�MRL
xqMOCE� Q��;Y @ C�[�]NYiQTD=[mY�C�p�p3M\^`Y g MOaN]NYiMOQUL�Qm��l g QTYiQ3VXQTP\^���� L�Y @ MW^ V�QUL3YiCE¦3YE�cY @ C g C�de]NM g C �
DFCEL3Y;Y�Q�l g CEl g Q3VXC�^�^ Y @ C�SUCEL3]NMOLNC�[m]nYiQUD¡[mYiQTL�� @ MWV @ g CEl g C�^`C�LqY�^�[ SUMRxeC�Lwl g QUY�Q3VXQUP9�
^`Qª[T^�YiQª^�lNPRMOY�MRY¢^�POQeQUlc^ MOLqY�Q>VX_nVXPRC~^X�¤��[T^ ��QU]nLcp�MRL}VXQUL3xeCELNMOCELqY����ZLNC�SUQ�[mP�Qm�ZY @ C
l g C~^`CEL3Y�lc[�loC g M\^ Y�QFPRM±��Y Y @ M\^ZMRDFl g [UVXY�M\VE[�P¤VXQTLc^`Y g [�MRL3Y1* ��C l g Q�xqMWpqC�[�L�[TpN[mlNY�[mY�MRQUL
Qm�ZY @ CF^�_qL3Y @ C�^`MW^�[mPOSUQ g MRY @ D��;Q gi£ MRLNS�MRL>lcQUPO_qLNQTDFM\[�P�YiMODFC���Q g � % , %$)+*�� f CEY g M�LNCEY�^
��MRY @ Y @ C¡^`C�de]NCEL3YiMW[mP�� g MOLNS g ]NPRC�� ?;@ C QUY @ C g STQe[mP�Q��ZY @ C lc[mlcC g MW^ Y�Qª^ @ Q���Y @ [�Y
Y @ C [mPRSTQ g MRY @ D�MW^ g QUaN]}^`YE�Na3_Zhi]NDFlnMRLNS�� g QTD�^`C�de]NCEL3YiMW[mPcY g [mLc^�MRY�MRQUL¡^`_n^`YiC�D=^¹YiQ !$#"%�'
#�) *-,.!0/1#�/32-, !056!$#&%$78! �c[U^ZpqCX�cLnC�pFaq_=j�] £ ]NL}p)��j�]}{UG�� *��;C�l g Qmx3M\p3C [�^`C~VXQULcp�[UpN[�l �
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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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