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S1TVUPWAX!Y�Z\[^]P_a`bX�cbdfeR`bgD`bXDc
XDh,gjikcbgPlacnm�oaW�p*dRcq`br5lVX
s�t�dkuvXDh,wniR_VxVX

yziR{V{�dftvh�xVX�t�XPg;TVXPt�g�TVX|_~}f}��f�AZ���iRt�m��L�f�f�!Z����J{GiRefXPm

���-�j�j�9�V�f�f� � cq`bgD`b_Ve+iR_Gikcqoam�XPm�TGij��X?p�XPXP_�{Vt�df{*dfm�XPx��=dftzxa`q�0XPt�XP_�h�{Vt�dfeft�iRWAWJ`b_Ve�c�iR_VeflGiRefXPmj�Jy,ikh�TVXPtzh�TGiR_
xVXD�G_a`b_Ve?i!_VXD��iR_Gikcqoam�`bm��7t�dfW�m�gPt�ikh�g;T �7dft(XjiRg�T¡{Vt�dfeft�iRWAWJ`b_Ve?c�iR_VeflGiRefXf¢V�£X^��dflacbx cq`b¤fX,h�dJm�{*XPgD`q�7o¥m�lVg�T�iR_
iR_Gikcqoam�`bmzdf_VgPX��=dft,ikcqc¦¢G`b_§iAc�iR_VeflGiRefX©¨¦`b_VxVXP{*XP_VxVXP_�h��(iPo�¢ªiR_Vx�h�TVXP_§m�{*XPgD`�ikcq`bm�X�`qh��=dft�xa`q�0XPt�XP_�h^{Vt�dfeft�iRWAWJ`b_Ve
c�iR_VeflGiRefXPmj�¬«­_�dft�xVXPt-h�d,iRg;Ta`bXD��X£h�Ta`bm¬efd�ikc¦¢k�£X�{Vt�df{*dfm�X£i,_VdRh�`bdf_�dR�G_Gikh�lVt�ikcam�XPW?iR_Kh�`bgPm-�=dft�W?ikh�iR_Vx!i�xaoC_GiRWJ`bg
m�cq`bgD`b_Ve iR_Gikcqoam�`bm��=dft�W?ikhj��S1TVX�_Gikh�lVt�ikc¬m�XPW?iR_Kh�`bgPm,�=dft�W?ikh��=dft�W?ikcq`bm�XPm^i?gDc�iRm�mzdR��_Gikh�lVt�ikc�m�XPW?iR_�h�`bgPm�iR_Vx+h�TVX
iR_Gikcqoam�`bmA�=dft�W?ikhA`bm?i�efXP_VXPtv`bgf¢®c�iR_VeflGiRefX©¨¦`b_VxVXP{*XP_VxVXP_�hj¢1m�cq`bgD`b_Ve¯iR_GikcqoCm�`bmL�°S1TVX¡gPdft�t�XPgDh�_VXPm�m�dR��h�TVX¡efXP_VXPtv`bg
iR_Gikcqoam�`bm1`bm1XPm�h�iRpacq`bm�TVXPx�iRm�i!t�XDc�ikh�`bdf_�p�XDh±�£XPXP_¡h�TVX�xVXPtv`q�fikh�`bdf_¡h�t�XPXPm�dR�-h�TVX�dftv`beR`b_Gikcn{Vt�dfeft�iRW²iR_Vx h�TVX�m�cq`bgPXf�
S1Ta`bm1efXP_VXPtv`bg�iR_Gikcqoam�`bm(`bm(h�TVXP_O`b_Vm�h�iR_�h�`�ikh�XPx�h�d!m�XD��XPt�ikc0{Vt�dfeft�iRWAWJ`b_Ve?c�iR_VeflGiRefXPm�gPdf_a�7dft�WJ`b_Ve?h�TVXzm�XPW?iR_�h�`bgPm
�=dft�W?ikh�³¦iR_ `bWA{*XPt�ikh�`q��X�c�iR_VeflGiRefXf¢"i!cbdfeR`bg�{Vt�dfeft�iRWAWJ`b_Ve?c�iR_VeflGiRefX�iR_Vx�i!�7lV_VgDh�`bdf_Gikc~c�iR_VeflGiRefXL´©¢Go5`bXDcbxa`b_Ve¥i
xaoa_GiRWJ`bg�m�cq`bgD`b_Ve¥iR_Gikcqoam�XPt1�=dft1XjiRg�T+dR�-h�TVXPm�X�c�iR_VeflGiRefXPmj�
µ¡¶K·0¸�¹�º �9»��f� xaoa_GiRWJ`bg^m�cq`bgD`b_Ve!iR_Gikcqoam�`bmj¢C_Gikh�lVt�ikcªm�XPW?iR_�h�`bgPmL¢C{Vt�dCdR�ªh�t�XPXf¢agPdft�t�XPgDh�_VXPm�mj¢am�oam�h�XPW?ikh�`bgzxVXPtv`q�Ri9¨
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Unit é de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 RENNES Cedex (France)
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T él écopie : 02 99 84 71 71 - International : +33 2 99 84 71 71



������������������#��������
	��^)���� )������,�������^
������������*		��)��|�!��

���

*)�� )�� . $ �*� �(' #!��
���� ����'�		��)��|���1'*)��*�������

��
 ����� 
 � «±cCX��a`bm�h�X�lV_�gPXPtvh�ik`b_J_VdfW�pVt�X1x�� iR_GikcqoCm�XPm¬x�� ]Dc�iRe�iRefX({*dflVt-xa`q�0]Pt�XP_�h�m¬c�iR_Ve�iRefXPm�xVX�{Vt�dfeft�iRWAW?ikh�`bdf_ª�
� l cq`bXPlHxVX�xV]D�G_a`bt�lV_VX�_Vdfla��XDcqcbX�iR_Gikcqoam�X?{*dflVt�g�TGiRgPlV_ xVXPm�c�iR_Ve�iRefXPmL¢-_VdflVmJik`bWAXPtv`bdf_Vm�m�{�]PgD`q�GXPt�c�� iR_GikcqoCm�X
x�� ]Dc�iRe�iRefX,`b_VxV]P{�XP_VxGiRWAWAXP_Kh1xVl?c�iR_Ve�iRefXzgPdf_Vm�`bxV]Pt�]f¢5{Vla`bm£c�� `b_Vm�h�iR_VgD`bXPt���{acblVm�`bXPlVt�m£c�iR_Ve�iRefXPmj��s�dflVt£ikh�h�XD`b_VxVt�X
gPXDh®dfpCu�XPgDh�`q�v¢�_VdflVm�{Vt�df{*dfm�df_Vm®lV_J�=dft�W?ikh®xVX1m�]PW?iR_Kh�`br5lVX�_Gikh�lVt�XDcqcbX,r5la`V�=dft�W?ikcq`bm�X1lV_VX�gDc�iRm�m�X1xVX1m�]PW?iR_�h�`brClVXPm
_Gikh�lVt�XDcqcbXPm�XDh^_VdflVm�xV]D�G_a`bm�m�df_Vm�lV_��7dft�W?ikh�x�� iR_Gikcqoam�XAxaoa_GiRWJ`br5lVXAx�� ]Dc�iRe�iRefXArCla`�XPm�h�ef]P_V]Ptv`br5lVX¥iRl�m�XP_Vm�d��
`qc�XPm�h�`b_VxV]P{*XP_VxGiR_�h�xVl¡c�iR_Ve�iRefXf���zdflVm�]Dh�iRpacq`bm�m�df_VmzXP_Vm�la`qh�X�c�i?gPdft�t�XPgDh�`bdf_§xVX�c�� iR_GikcqoCm�X�ef]P_V]Ptv`brClVX�x�� ]Dc�iRe�iRefX
m�dflVm^�=dft�WAXJxVXJt�XDc�ikh�`bdf_ XP_�h�t�XAcbXPm�iRt�pVt�XPm�xVXJxV]Ptv`q�fikh�`bdf_ xVl§{Vt�dfeft�iRWAWAX?`b_a`qh�`�ikc�XDh^xVl��! #"%$�&J³=cbXJ{Vt�dfeft�iRWAWAX
h�t�iR_Vm��=dft�WA]L´©��w'� iR_Gikcqoam�Xzef]P_V]Ptv`br5lVX^x�� ]Dc�iRe�iRefX�XPm�h(ikcbdft�m�`b_Vm�h�iR_VgD`b]PX(��{acblVm�`bXPlVt�m(c�iR_Ve�iRefXPm(xVXz{Vt�dfeft�iRWAW?ikh�`bdf_
³ÇlV_ c�iR_Ve�iRefXz`bWA{*]Pt�ikh�`q�­¢VlV_Oc�iR_Ve�iRefX�xVX^{Vt�dfeft�iRWAW?ikh�`bdf_¡cbdfeR`brClVX�XDh(lV_Oc�iR_Ve�iRefX^�=df_VgDh�`bdf_V_VXDc ´�XP_ gPdf_a�7dft�WJ`qh�]
ij��XPg,cbX,�=dft�W?ikh�xVXzm�]PW?iR_�h�`brClVXf�'�zdflVm£dfpah�XP_Vdf_Vm1{GiRt£c�i�m�la`qh�X,lV_ iR_Gikcqoam�XPlVt£xaoa_GiRWJ`brClVX,{*dflVt£g;TGiRgPlV_ xVX,gPXPm
c�iR_Ve�iRefXPmj�
) º �j� ¸ �+* 
 � iR_Gikcqoam�X�xaoa_GiRWJ`brClVX§x�� ]Dc�iRe�iRefXf¢,m�]PW?iR_�h�`brClVX _Gikh�lVt�XDcqcbXf¢^iRt�pVt�X�xVX�xV]Ptv`q�fikh�`bdf_ª¢�gPdft�t�XPgDh�`bdf_ª¢
xV]Ptv`q�fikh�`bdf_+m�oam�h�]PW?ikh�`brClVXf�
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) _VX¡WAdRh�`q�fikh�`bdf_ �=dftJh�Ta`bmJ�£dft�¤ m�h�XPWAmA�=t�dfW h�TVX¡dfpVm�XPtv�Rikh�`bdf_ h�TGikh?m�cq`bgD`b_Ve¯iR_GikcqoCm�XPmATGij��X�p*XPXP_ {Vt�df{�dfm�XPx
�=dft�xa`q�*XPt�XP_Kh�{Vt�dfeft�iRWAWJ`b_Ve�c�iR_VeflGiRefXPmj� ) h�TVXPt�X��GiRWA{acbXPm�dR�1iR_Gikcqoam�XPm�dR�(efXP_VXPt�ikc�`b_�h�XPt�XPm�h�`b_VgDcblVxVX?m�TGiRtv`b_Ve
iR_Gikcqoam�XPmj¢fxGikh�i+*Gdj� iR_Gikcqoam�XPm(�P�P� � dfWAX1dR�"h�TVXPm�X1iR_GikcqoCm�XPm�iRt�X(m�h�ikh�`bg^³=hÁoa{a`bgjikcqcqo!�7dft�gPdfWA{a`qcbXPt�df{ah�`bWJ`bm�ikh�`bdf_"´©¢
dRh�TVXPt�m1gjiR_Op�XzXD`qh�TVXPt�m�h�ikh�`bg,dft�xaoa_GiRWJ`bg!³=�=dft�X��ViRWA{acbXz`b_ iR{V{acq`bgjikh�`bdf_Vm(h�d�xVXPpVlVefeR`b_VeK´©�-,^XP{*XP_Vxa`b_VeJdf_¥h�TVXD`bt
_Gikh�lVt�XA³Çm�h�ikh�`bg^dft(xaoa_GiRWJ`bgL´(iR_Vx�h�TVX^{Vt�dfeft�iRWAWJ`b_VeAc�iR_VeflGiRefX^h�TVXDo iR{V{acqo¥h�dV¢Ch�TVXPm�X�iR_Gikcqoam�XPm1iRt�XzxVXPm�gPtv`bp�XPx
`b_ xa`q�0XPt�XP_�hA��ijoCm?iR_Vx �1`qh�T i��RiRtv`�iRpacbX gPdf_VgPXPt�_ �=dft��=dft�W?ikcq`bm�ikh�`bdf_ª� � mAi�gPdf_Vm�XPr5lVXP_VgPXf¢®`qhJ`bm!xa`/.?gPlacqhAh�d
�ÇiRgDh�dftv`bm�XAXD�0dftvh�m^`b_�h�TVXJxVXD�G_a`qh�`bdf_ dR�(iR_GikcqoCm�XPm�iR_Vx�df_VXJ`bm^dR�7h�XP_�cbXPx�h�dO`b_K��XP_�h�_VXD� iR_Gikcqoam�XPm^��Ta`bg�T gPdflacbx
`b_+�=iRgDhzp�X�xVXPm�gPtv`bp�XPx§iRm��fiRtv`�ikh�`bdf_Vm,dftziRxGiR{ah�ikh�`bdf_VmzdR��X��a`bm�h�`b_Ve¥df_VXPmL�10/TGikh���X���dflacbx�t�ikh�TVXPt�cq`b¤fX�`bm�h�d�p�X
iRpacbX¥h�d�m�{*XPgD`q� o�m�lVg�T°efXP_VXPt�ikc£{VlVt�{*dfm�X¥iR_Gikcqoam�XPm�df_VgPX?�7dft�ikcqc¦¢-`b_Hi c�iR_VeflGiRefX©¨¦`b_VxVXP{*XP_VxVXP_�hA�(iPo�¢�iR_Vx h�TVXP_
m�{*XPgD`�ikcq`bm�X�h�TVXPW �7dft1xa`q�0XPt�XP_�h�{Vt�dfeft�iRWAWJ`b_Ve�c�iR_VeflGiRefXPmj�
S(��dHW?ik`b_�{Vt�dfpacbXPWAmOTGiP��X�h�d¯p�X¡m�dRcq��XPx `b_�dft�xVXPtAh�d¯p*X�iRpacbX¡h�d¯xVXD�G_VX�iR_ iR_GikcqoCm�`bmA`b_ i§c�iR_VeflGiRefX©¨

`b_VxVXP{*XP_VxVXP_�hz��ijo�2
���30¯X�W�lVm�h��G_Vx�iR_+iR{V{Vt�df{Vtv`�ikh�X�pGiRm�`bm��=dft1xVXD�G_a`b_Ve?h�TVX�m�XPW?iR_�h�`bgPm,dR�¬h�TVX�{Vt�dfeft�iRWAWJ`b_Ve¥c�iR_VeflGiRefXf�54�o
iR{V{Vt�df{Vtv`�ikh�Xf¢��£X WAXjiR_ efXP_VXPt�ikc1XP_VdflVefT h�d�XP_VgPdfWA{GiRm�mAi+�1`bxVXO�RiRtv`bXDh±oHdR��{Vt�dfeft�iRWAWJ`b_Ve�c�iR_VeflGiRefXPm
iR_Vx¡{Vt�XPgD`bm�X�XP_VdflVefT+h�dAm�lV{V{�dftvh,lVm�XD�7lacniR_Gikcqoam�XPmj�

YC�30¯X,W�lVm�h1{Vt�dj�C`bxVX�i��(iPo�h�d!xVXD�G_VX^efXP_VXPtv`bg�iR_Gikcqoam�XPm1iR_VxOm�h�ikh�X,h�TVXD`bt(gPdft�t�XPgDh�_VXPm�m(�1`qh�T t�XPm�{*XPgDh�h�d�h�TVX
m�XPW?iR_�h�`bgPm,dR�-h�TVX�{Vt�dfeft�iRWAWJ`b_Ve?c�iR_VeflGiRefXf�
«­_§dft�xVXPt,h�d¡iRg;Ta`bXD��X�h�TVX!�Gt�m�h^efd�ikc¦¢0�£XJ{Vt�df{*dfm�XJi¥_VdRh�`bdf_�dR�®_Gikh�lVt�ikc�m�XPW?iR_Kh�`bgPm��7dft�W?ikhj� � m�iRt�eflVXPx�`b_

6 ��7¦¢a_Gikh�lVt�ikcnm�XPW?iR_�h�`bgPm 6 }a¢98:7~iRt�X�i!efd5dCx m�h�iRtvh�`b_Ve?{*dR`b_�h1�=dft�h�TVX�xVXD�G_a`qh�`bdf_¡dR�-m�h�ikh�`bg�iR_Gikcqoam�XPm1p*XPgjiRlVm�X^h�TVXDo
iRt�X?p*dRh�T m�h�t�lVgDh�lVt�ikc�³ÇgPdfWA{*dfm�`qh�`bdf_Gikc ´�iR_Vx `b_�h�XP_Vm�`bdf_Gikc¦�¥S1TVXDo�iRt�X?m�h�t�lVgDh�lVt�ikc®p�XPgjiRlVm�XJh�TVX?m�XPW?iR_�h�`bgPm�dR�(i
{VTVt�iRm�X^`b_Oh�TVX^{Vt�dfeft�iRWAWJ`b_VeAc�iR_VeflGiRefX�`bm(xVXPtv`q��XPx �=t�dfW|h�TVX�m�XPW?iR_�h�`bgPm1dR��m�lVpV{VTVt�iRm�XPm<;ah�TVXDo iRt�X,`b_Kh�XP_Vm�`bdf_Gikc
p*XPgjiRlVm�X!h�TVXAxVXPtv`q�Rikh�`bdf_�h�t�XPX!h�TGikh�`bm�iRm�m�d5gD`�ikh�XPx§h�d¡iO{VTVt�iRm�X!`b_�h�TVXA{Vt�dfeft�iRWAWJ`b_Ve�c�iR_VeflGiRefXAgPdf_�h�ik`b_Vm�h�TVX
`b_Kh�XPt�WAXPxa`�ikh�X�t�XPm�lacqh�m ³=h�TVX�m�XPW?iR_�h�`bgPmAdR��m�lVpV{VTVt�iRm�XPm©´©�§S1TVXPm�X�rClGikcq`qh�`bXPmAiRt�X�m�`bef_a`q�GgjiR_KhA`b_Hh�TVXOgPdf_�h�X��ahAdR�
{Vt�dfeft�iRW iR_Gikcqoam�`bm£p*XPgjiRlVm�XzgPdfWA{�dfm�`qh�`bdf_Gikcq`qhÁo¥cbXjiRxVm�h�d!WAdft�X�h�t�iRgDh�iRpacbX^{Vt�dCdR�ªh�XPg�TV_a`brClVXPm�iR_Vx¥`b_Kh�XP_Vm�`bdf_Gikcq`qhÁo
W?iR¤fXPmJ`qhAXjiRm�`bXPt!h�d�XPm�h�iRpacq`bm�T h�TVX gPdf_V_VXPgDh�`bdf_�p*XDhÁ�£XPXP_ h�TVX t�XPm�lacqhAdR��h�TVX¡iR_Gikcqoam�`bm?iR_Vx `qh�m!`b_�h�XP_VxVXPx�lVm�Xf�
) lVt(_Gikh�lVt�ikc~m�XPW?iR_Kh�`bgPm(�7dft�W?ikh(`bm�h�TVXz�7dft�W?ikcq`bm�ikh�`bdf_¡dR��i�gDc�iRm�m1dR�-_Gikh�lVt�ikc0m�XPW?iR_�h�`bgPmj��S1Ta`bm1gDc�iRm�m£`bm(efXP_VXPt�ikc
XP_VdflVefT+h�dJ`b_VgDcblVxVX�h�TVX�W?i9u�dft�m�XPrClVXP_�h�`�ikcn{Vt�dfeft�iRWAWJ`b_VeOm�hÁoCcbXPm�³=`bWA{*XPt�ikh�`q��Xf¢GcbdfeR`bg�iR_Vx �=lV_VgDh�`bdf_Gikc ´©�

� m��=iRt(iRm�h�TVX^m�XPgPdf_Vx efd�ikc*`bm(gPdf_VgPXPt�_VXPxª¢a��X�p�XDcq`bXD��X,h�TGikh(h�TVXzWAdfm�h(_Gikh�lVt�ikc0�(iPoOh�d�m�{*XPgD`q�7o�iR_OiR_Gikcqoam�`bm
`bm(h�dJg�TGiRt�iRgDh�XPtv`bm�X�`qh(�1`qh�T¡t�XPm�{*XPgDh�h�d!h�TVX^`b_Kh�XP_VxVXPx�lVm�X^dR�n`qh�m(t�XPm�lacqhj� � _Gikcqoam�XPm1iRt�X�efXP_VXPt�ikcqcqoO{*XPtv�7dft�WAXPx h�d
g;TVXPg�¤�iRm�m�lVWA{ah�`bdf_VmziRp�dflah�h�TVX�p�XPTGij�5`bdflVt�dR�-h�TVX�{Vt�dfeft�iRW ikh�m�{*XPgD`q�Gg�{�dR`b_Kh�m�dR��`qh�m�X��VXPgPlah�`bdf_+dft(h�d?XP_GiRpacbX
{Vt�dfeft�iRW%df{ah�`bWJ`bm;ikh�`bdf_Vmj��«­_ p*dRh�T gjiRm�XPmAh�TVX `b_Kh�XP_�h�`bdf_ dR�,h�TVX�iR_Gikcqoam�`bm?gjiR_ p*X X��a{Vt�XPm�m�XPx `b_ h�XPt�WAm?dR�^i
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h�d 6 ��7¬`bm^h�TVXJ�ÇiRgDh�h�TGikh�dflVt�m�h�iRtvh�`b_Ve�{*dR`b_�h�`bm�h�TVXA_Gikh�lVt�ikc�m�XPW?iR_�h�`bgPm�dR�£h�TVXJc�iR_VeflGiRefXf¢n��Ta`bg;Tª¢~��XAp�XDcq`bXD��Xf¢
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