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Unité de recherche INRIA Rocquencourt

Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)
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n%a°£(�)\)w.o)ayi§z<^�[¸[g^�z)z<\.[ri��^ o)l)a {�tx^�pUpra�]��aml��ak[g^2t�a&n%a¦`-a�pro)[�a�pyuIami&n%\�l)l)\�l<p§w.o)amtxw.o)a¨p
[��a�pro)tji_^2i_p+z)[��amtshs`-hsl<^2h�[�a�p¤pro)[�tsa�p@prz�a�{_ig[�a�p�o<p�o)amt|p����l z<^2[�iUhx{yo7t�hsam[ku�l)\.o<p¤`-\�l9ig[�\.l<p�uRpr\�o<p
n%a�pE�9�%z�\�iU���a�p�a¨p(^�pUpra���tx^2[U]�a�pyu){�\�`-`-aml9i¤{�\.l¡p�iU[Uo)hs[Ua�o)l)aPpro)hjiUa@n%a@{m^2z<^�{�hsi��a�p(n%aJ£¾�)\7w.o)ayi
n%\�l9iEtsaPprz�a�{_iU[UaPn%a�²-³\�txn%am[ a�p�iIz)[Ua�pU{�[�hji�
� ¼ ��� º � � 	· � {m^�z<^�{�hji!�a�p¾n%a@£¾�)\7w.o)ayi�u)n%hs`-aml<p�hs\.l¬n%a�²�^2o<p�n%\�[�¿©u)p�z�a�{�iU[Ua�pK`Jo7tsiUhj��[_^�{_i�^2txpy
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8&o)tjiUhs��[g^�{�i_^2tf^2l<^�tj�)p�h|p ¥ ^.pE )[_p±i�hsl9ig[�\)n�o<{ya�n���\�[¤ig�)aWp�iUo<n��&\���iUo)[Uµ)o)tsaml<{�aPhsl:9ç�2uR��u�;%u
�7u©b9uf��uf�=<
R®±i ¥ ^�p¤iU�)aklB`Jo<{U� n%a?>.amts\�z�a�n�hsl ^�` ^�iU�)ak`v^�ighx{m^�t"��[g^2`-a ¥ \�[-@¸��\.[�hsl<p�i_^�l<{�a
hslA9 B%uR�%u ����u ���2u �¨�9u��C;�u �m�7u �¨b9u ����u����9u��DBC< ¥ �7ak[�a-]�aml)am[_^2t�[�a�pro)tji_p ¥ ak[�av\.µ%i�^2hsl)a¨n¬��\.[
n%ayigam[�`-hsl)h|p±ighx{ \�[W[_^2l<n%\�`FEG	-�=���H!�	��U'I¤iU�)am[ ^2o7ig�)\�[_pPa#J�igaml<n%a�n°iU�)hxp-^2l<^2ts�)p�hxp�iU\LKM�=N7OP"
Q �HO2�?"RNS�=OT�GU�9à�¨�%u����D<WV�u�\�µ7i�^2hsl)hsl)]�w.o)hjiga¸{�\�`-z)tsayiga¸n%a¨p�{�[Uhsz7ighs\�l<p�"®±l iU�)h|p ¥ \.[X@�u�^�`Jo)tjiUhsª
��[_^�{_i�^2t<^2l<^2ts�)p�hxp©hxp�n�am ¡l)a�n���\.[Y�?	-�#�P	�O2��	��(\��'Z�[\�C�#�P	�"�����K\� ��N]"RN^	�� ¥ hjig�v[�a¨p�z�a�{_i¾iU\W^@]�h_>�akl
!�	 Q 	�!�	�O2��	`EG	-�=���H!�	�u�^2l<n¬p�\�`-a�z)[Uamtshs`-hsl<^2[��v[�a�pro)tji_pE^�[�a�]�ha>�amlN
dE�7a@`�\�iUh_>�^�iUh�\�l-��\�[(iU�)a¨p�a�]�akl7ak[g^2t�h ��^�ighs\�l<p ^�[�a�a�p�praml9ighx^2tsts� z)[g^�{�iUhx{k^2tcb

d ®�lB` ^2l9�¢^2z)z)tshx{k^�iUh�\�l<p�u7iU�)a-[Uamtsa?>�^2l9i�w.o<^�l9iUhjighsa�pE��\�[�iU�)avn%a�p�{y[�hsz7ighs\�l¢\��E^�]�h_>�akl
z)�)aml)\�`-aml)\�l {m^�l)l)\�iPµ�a�a�^�prhstj�B`-\7n%amt�a�n µ9�B`-a�^�pro)[�a¨p�u#µ�a�{m^2o<pravig�)ay� ^2[�a�l)\�i
^�n)n%hjigh_>�a��eRami¾o<p ]�h_>�aKi ¥ \Ja#J)^2`-z)tsa�py.®�l§iU�)aI ¡amtxnv\��Rhs` ^2]�a+^2l<^2tj�)prhxpYU�9 �%��<�u�9 ���C<7V_u
a�n%]�a@n%ayiga�{_iUh�\�l¸hxpE^PiU\.z7h|{m^2t�z)[�\.µ)tsam`¬)df\-^W]�h_>�akl [Uam]�hs\.l�hsl§iU�)a�hs` ^2].a�u ¥ a�`v^��
^�pUp�\7{�h|^�iUa¾ig�)aIp�o)` \��¡ig�)aE]�[Uay�Wtsa?>�aktxpf\��¡ig�)aEz)hfJ%amtxpftj�%h�l)]Ihsl<prhxn%a(iU�)hxp©[�am].hs\�lN�d¾�)h|p
p�ami���o)l<{_ighs\�l¬hxp¤^�n)n%hjiUha>�a@^2l<n¬hji+hxp¤^-`-a�^.p�o)[Ua� � tjigam[�l<^2iUh_>�aktj�.u ¥ a@` ^k��p�z)tshsiKiU�)a
[�ak]�hs\�l§hsl9ig\Jpro)µ<p�ayi�p(\��Rz)hfJ%amtxp#�<^C>�h�l)]�ig�7a�pU^2`-a�].[�ay�vtsa?>.amt�u�^�l<n ^�pUpr\7{�hx^�igaIiU\PiU�)a
[�ak]�hs\�l¸iU�)a@{m^2[_n%hsl<^2t�\��"iU�)a@p�o)µ<prayi+{�\.l9i_^�hsl)hsl)]PiU�)a�tx^2[U]�a�p�iKl�o)`Jµ<ak[E\��"amt�am`-aml9i_py
d¾�)hxp�p�ayiv�
o7l<{�iUhs\.l h|pJl)\�iv^�n)n%hjigh_>�a�uNig��o<pJhsi�hxpWl)\�iv^�`-a�^�pro)[�a�#²+\ ¥ a?>�am[ku"hsi�hxp
hsl<{�[Ua�^�prhsl)] ^2l<n¸[�am].o7t|^2[2b¡hji¤hxpK^ £¾�)\7w.o)ayi¤{m^2z<^.{�hji��gU�^vprhs`-hstx^2[Ea?J)^2`-z)tsa�h|p(ig\vµ<a
��\�o)l<n hsl¬pra�{_ighs\�lqb�s�DV�Th�\�`-a�{�\.`�z)o7i�^�ighs\�l<p�p��)\ ¥ iU�<^2i(ig�)a�pra�{�\�l<n¬p�ayiE��o)l<{�iUhs\.l
hxp#^�`-\�[Ua(z�\ ¥ am[���o)t7^2l<nP`-\�[UaE[�\.µ)o<p±i©ig\�\�t9��\�[ n%ayiUa�{�iUhsl)]+a¨n%]�a�p"h�l-^2lWh�`v^�]�a ig�<^2l
iU�)a� ¡[_p±i�p�ami"��o)l<{�iUhs\.l��dE�)a pra�{�\.l¡n@a?J)^2`-z)tsa�n%a�^2t|p ¥ hsiU��ig�)a¾p±igo<n���\��7[U\9^�n�iU[_^=i§{�u
¥ �)am[Ua ^2l¢hs`�z�\�[�i_^�l9i�w.o<^2l9ighji±�¸h|pIig�)a�j¡\ ¥ �®0i�hxpIo<pro<^2tstj�qa#J%z)[Ua�p�pra�n¢h�l�l�o)`Jµ�am[
\���>�am�)hx{�tsa¨p�z�am[J�)\�o)[ku©^2l<nB`-a�^�pro)[�a�pPiU�)a§l�o)`Pµ�am[J\��Y>�am�)hx{�tsa¨p�iU�<^�iJ�<^C>�a µ<amakl
z<^�pUp�hsl)]Jµ9�§^�iE^J]�h_>�aklvz<\.hsl9i¾n%o)[�hsl)]W^@]�h_>�akl z�am[Uhs\7n�\��NiUh�`�a�7df\�^�iUh�`�a¤hsl9igam[->�^2t
9 kml=nXk-op<�u ¥ a¤` ^k�§^�pUp�\7{yhx^�igaKig�)a+hsl9igam]�[_^2t<\���ig�)a�j¡\ ¥ \.µ<p�am[->�a�nvµ�ayi ¥ amamlqkrlI^2l<nsk-omu
\�[�ig�)a¤`v^)J%hs`Jo)`tj¡\ ¥ \�µ<pram[X>.a�n�µ�ayi ¥ amaklGkrlE^�l<n`kXok�u1�)hstsaKiU�)aI��\�[U`-am[#��o)l<{�iUhs\.l
hxp#^.n)n%hjiUh_>.a ^�l<n�h|p©^¤`-a�^�pro)[�a�u�ig�)a(t|^�i�igam[#^2]9^2h�lPh|pRl)\�i#^�n)n%hjigh_>�a(^2l<nJhxp©^�{k^2z<^�{�hji��9
~¡o)[�iU�)am[U`-\�[�a�u9hsi�hxp#a�^.p±�-iU\Wp�ama+iU�<^�i�ig�)a+{k^2z<^�{�hji��Jhxp�`-\�[�a�^2z)z)[U\�z)[Uhx^�iga ig�<^2l-iU�)a
`-a�^�pro)[�a+hj� ¥ a+^�[�a¤hsl9igam[�a¨p±iga�n hslvz)[Ua�n%hx{_ighsl)]�ig�)aIµ�am].hsl)l)hsl)]�\��R^J{�\.l)]�a�p�iUhs\.lv9 �w;D<

d¾�)a�pra�i ¥ \�p�hs`-z)tsa¤a#J)^�`�z)tsa¨p(pr�)\ ¥ iU�<^2iE^�n)n%hjigh_>�hji��Phxp�ig\�\-p±ig[�\.l)]�^P[�a¨w.o)hs[�ak`�aml�i
iU\ hs`-z<\�p�a&\.l p�ayi���o)l<{_ighs\�l<pWig\ µ�a&o<pra�n hsl z)[_^�{_ighx{m^�t¤^2z)z)tshx{k^�iUh�\�l<p� £¾�)\7w.o)ayi
{m^2z<^.{�hjiUh�a�p�^2[�aKiU�)a�p�h�`�z)tsa¨p±i ]�aml)am[_^2tsh ��^�ighs\�lJ\���`-a�^.p�o)[Ua�p�[�aktx^=J%hsl)]�iU�)a�^�n)n%hsiUh_>�hji��
{�\�l<p�iU[_^2hsl9i�u�^2l<n¸ig�)hxpIhxp ¥ �9�¬hji�h|pEh�l9iUam[Ua�p�iUhsl)] iU\¸n%ay ¡l)a�^ `Jo)tjiUhj��[_^�{_i�^2tN^�l<^2tj�)prhxp
��\�[IiU�)ak`¸¡~©hsl<^�tstj�9u9l)\�iUa�ig�<^�i+^§p�hs].l)hj �{m^2l9iEz<^2[�iI\��©ig�)ayxg{ytx^�pUp�hx{m^�tWzP`Jo)tjighj��[g^.{_i_^�t
^2l<^2ts�)p�hxpyu7^�p(��\.[(hsl<p�i_^�l<{�a�z)[Ua�praml9iUa¨n�hsl{9ç�m�)<�u¡n%\�a�pEl)\�iKhsl<n%ama�n [Uamtj��`Jo<{U�¸\.l�iU�)a
��^�{_iPiU�<^2i�iU�)a§p�iUo<n%hsa�nB\.µ%}ra�{�i_pP^2[�a `�a�^.p�o)[Ua�p�u#^2l<n¢\�l)ts�B^���a ¥ n�ami_^2h�txp��<^C>.aWig\
µ�a+`-\7n%hj ¡a�n�hsl§\�[_n%am[�iU\�n%a�^�t ¥ hsiU�§{m^�z<^�{�hjighsa�py�®±l<n%ama¨n�u ¥ a�{�ts\9pramtj�W��\.tsts\ ¥ 9ç�m�)<�hsl
p�a¨{_iUhs\.l<pI��s�� � ^2l<nq;%|;%
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d d¾�)am[UaB^2[�a�`v^�l9� [Ua�^�pr\�l<pv��\�[vz�am[���\�[U`�h�l)] ^°`Jo)tjiUhj��[_^�{_i�^2tI^2l<^�tj�)prhxp ¥  [m ikK^2l9�
z)[�\.µ<^2µ)hstshji��v`�a¨^�p�o)[Ua
	 [g^2iU�)am[KiU�<^2lq[Ua�p±ig[�h|{_iUhsl)]viU\-ig�)a eRamµ�a�p�].o)a@`-a�^�pro)[�a��~¡\.[
hsl<p�i_^2l<{�a�u�iU�)hxp#]�aml)ak[g^2t�h ��^�ighs\�lgx�o)l<{�\=>.am[gp-z�p�\.`�a+n%am]�aml)ak[g^�iga¤{m^.p�a�p0b%p�a?>.am[g^�t¡`-a�^�ª
p�o)[Ua�p¾` ^�� µ<a�`-hfJ%a�nvig\�]�amiU�)am[ ¥ hjig�vig�)a�prhsl)]�o)tx^�[�hjighsa�p©\��f\�l)a+\��RiU�)am` x_n%\�`-hsl<^�ª
iUh�l)]�zJiU�)a�\�ig�)am[gp¤pr\-iU�<^2iK\�l)tj��hji_pIp�z�a�{_ig[�o)` hxp$xgpramaml
z ¥ �)akl ¥ a�o<p�aW^v{�tx^.p�prhx{m^2t
^2l<^2ts�)p�hxpy�£(�<^�l7].hsl)]�iU�)aW[Uay��am[Uaml<{�aW`-a�^.p�o)[UaW�)am[�a�^�tsts\ ¥ p(ig\�µ<avp�aml<prhjigh_>�a�ig\§iU�)a
\�ig�)am[©`�a¨^�p�o)[Ua�py � l)\�ig�)am[Rz�\�hsl�ifhxpRiU�<^�i�^I`Jo)tjighj��[g^�{�i_^2t.^�l<^2tj�)prhxp�` ^k�@µ�a(`-a�^�l7h�l7ª
]�tsa¨p�pN\.[Ra?>�amlJh�`�z�\9pUp�hsµ)t�a©iU\¤z�am[���\�[�` ¥  [m i�¨iU�)a eRakµ<a¨p�]�o)a `-a�^.p�o)[Ua U|��\�[fhsl<p±i�^2l<{�a�u
iU�)a�²v³\�txn%ak[ a#J%z�\�l)aml9i�p�` ^�� ��^2h�t¡ig\-a#J%hxp�i�V�u%µ)o7i¤{m^2l�µ�a���[�o)hsi���o)t ¥  [m iEig\v^�l)\�iU�)ak[
`-a�^�pro)[�a�%~©hsl<^�tstj�9u�^2l<n-iU�)h|p�hxp `-\9p±i(h�`�z�\�[�i_^�l9i hsl�z)[g^�{�iUhx{m^�t�^2z)z)tsh|{m^�ighs\�l<pyu�{U�<^2l7ª
]�hsl)]WiU�)a�[�ay��ak[�aml<{�a�`-a�^.p�o)[Ua�` ^k��tsa�^.nviU\W`Jo<{g����^�p�iUam[I{y\�lH>�am[U]�aml<{ya+[g^2iUa�p ¥ �)aml
a�p�iUhs` ^�ighs\�l<pK\���iU�)a-prz�a�{_iU[_^�^2[UaJ`v^.n%aP\.l&[�a¨^2t�n)^�i�^%Tu a�{m^�tstRig�)hxpKi��%z�a@\��¾^2l<^2ª
tj�)prhxp'E`�\"R�T���2E`��� "RN Q !-���#"m��� �=O2�����=��N7�gu<^2l<n ^���a ¥ p±igamz<p(^�[�a+` ^�n%a�hslvig�)hxp¾n�h�[�a�{�iUhs\.l
hsl p�a�{_ighs\�l{;% �%u"^2tjig�)\�o)]��&iU�)a§pro)µ%}ra�{�iPhxp�`-am[Uamtj�¢iU\�o<{g�)a�n¢o)z�\�l¦h�l¦ig�)avz)[�a�praml9i
z<^2z�am[k7~<o)[rig�7ak[EhslH>�a�p�iUh�]9^�ighs\�l<p ¥ hst�t�µ<a@z7[Ua�praml9iga�n§amtxpra ¥ �7ak[�a�

d ~©hsl<^2tsts�.umig�)a([Ua�^�pr\�lP��\�[ ¥ \.[X@�hsl)] ¥ hjig��p�a�w.o)akl<{�a�p"hxpNiU�<^2ifig�7a¾l)\�ighs\�lP\��¡[�a¨p�\�t�o7iUhs\.l
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+�-Lp +1.

+�3Np�z�a�{_ig[�o)`
~¡\.[I^J].h_>�aml�&#u ¥ a��<^C>�aT�*TU"� V)p �& - �& ts\�] � � U±� o 7 !�V *7Mo �AU � !l � � !o V *7Mo �
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