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cMd`ef!g@fihkj l9mng*oqpsr>tumwv<x@ftyv<zqtumng�mw{|r>t|mnv<x} fi{u~9{ut efg�f�{y��v<g�zqpwf���f�{��� v>��ft���l c\��� �
� r>zqz�v � t } f � f�� d f � � d f�x*�����<�<��j l�f!zqt�f!gk�Of ��� �9�`�Q������j h��kz�r<�<f�{

�%�/��¡ b¢q£<��¤ ¥ f
r>x�rbpn~9{|f�t d f�¦qxqmnt|f�§�v<p¨oqg�f � f!©ªv � gko5psr>tumwv<x«v>©�t d f�t � msr>x¬�>oqpsr �
g�m�5f } ¦qxqm¨t�f�f!pwfg�fxatyr>z5z � v¡�9mng@r>t|mnv<x@©ªv � t d f$z�v � v>o¬{M®¬vQ¯Sf°�o�r>t|mnv<x`�5r<{\z � v>zOv�{uf }
mnx²±³�¡´bµG± �>µZ¶ ¥ f�{ d vQ¯·t d rbt`t d f�¦qxqm¨t�f�§�v>pnoqg�f�{¸r � f�v>�qt¹r>m¨x¬f } �a~ºr<��� � f���r>t|mnv<xiv<©9¦qxqmnt|f
fpwf!g@f!xat�{�»¼oq{uo�r>p¨pn~^v<x¬f>�`{|v<g�ftumng�f�{(t½¯Vv^v � g@v � fQ¾��Ot d r>t$t d fkg@r>t � m¨�^v<©�t d fk¦qxqmnt|f
§�v<p¨oqg@f¿f°�o�r>t|mnv<x¬{�mw{ � f��<o5psr � ���qoqt���fxqf � rbpnpn~ºx¬v<t�{�~9g�g�ft � mw��r>pÀ��rbx } t d r>t�t d f¿¦qxqmnt|f
§�v<p¨oqg@f)©ªv � gkoqpsrbt|mwv>xÁmw{�r>pw��f!� � rbmw�¡rbpnpn~Âf�°�oqm¨§<rbpwfxat�t�v
t d f"g�m�5f } r>z5z � v¡�9mng@r>t|mnv<x`¶cMd fA¦qxqm¨t�f"§�v<p¨oqg@f)g@r>t � m¨�Ã��f���v>g@f{%{u~ag�g@f!t � mn�¡r>pIm¨xÄt d f�{ut�r>t|mnv<x�r � ~Ã�¡r<{uf<��r>x }
zOv�{�mntumn§�f } f¦qxqm¨t�f$¯ d f!x^t d f$t � mwr>x¬�<o5psr>tumwv<x²{|r>t|mn{u¦¬f{¿t d fºÅ�fpwr>oqx�r¡~@��v<x } mnt|mnv<x`¶
ÆAÇ�ÈOÉuÊkË  bÌU�<¤ g�m¨��f } ¦5xqmnt|f$fpwf!g@f!xat�{��q¦5xqmnt|f�§�v<p¨oqg@f{��q®¬vQ¯�mnx)zOv � v<o¬{\g�f } msr
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	Ç ���� 	Ç ¤�� v<o¬{(r>x�r>p¨~�{uv<x¬{ } r>x¬{���f�t � r¡§>r>mnp7pwr � f©ªv � gkoqpsrbt|mwv>x"z¬r � §<v<pno5g@f{�¦qxqmn{} f(p��ür>zqz � v¡�9mng@r>t|mnv<x�g�m��t|f�{�o � } f{Mt � msr>xq�<pwf{�z�v<o � p����f�°�o�r>tumwv<x } f�{��f��v<oqpnfg�fxat�{Vfx
g�m¨pnmwf!o5�^zOv � fo5���7mnxat � v } oqmnt|fkz�r � ±³�¡´bµ$± �ðµZ¶ � v<oq{ºg�v<xat � v<x¬{i°�o¬f�pnf�{$§�v>pnoqg�f�{$¦qxqmn{
{|v<xat�v<�qt�f!xao¬{�f!xÁr<� � �f��<f¡r>xatºoqxÂv>oÂzqp¨o¬{umnfo � {��f!p��f!g@f!x9t|{º¦5xqmw{�¸°�o¬f�psr%g@r>t � mw��f } f�{
�f�°�o�r>tumwv<x¬{ } fk§�v<p¨oqg@f�¦qxqm�f{ut � �f�<oqp¨m ef � f<�Og@r>mn{(���f!x��f � r>pwf!g@f!x9t$xqv<x {u~ag��ft � mw°�o¬f>�¸f!t
°aoqf��ftut�f ©ªv � g*oqpsr>tumwv<x^§�v<p¨oqg�f*¦qxqm�f{ut�r>pn���f� � mw°�o¬f!g@f!x9t��f°�oqmn§>r>pnfxat�f er@pwr@©ªv � gko��
psr>tumwv<xÃg�m¨�9t�f>¶�Å$rbx¬{�pnf^��r<{@{�t¹r>tumwv<xqx¬r>m � f<�Vpwr g@r>t � mw�f^f!x §�v>pnoqg�f�{�¦qxqmn{ } f!§9mnfxat
{u~ag��f!t � mw°�o¬f�{�/f!t } �f!¦qxqmnf�z�v�{�mnt|m¨§�f pwv � {|°�o¬f�psr%t � msrbx¬�<oqpwr>t|mnv<x�{�rbt|mw{�©¼r>mnt$pnf�� � m¨t ef � f } f
Å�fpsrboqx�r¡~�¶
� Ë �ð� É £�� 	Ç ¤ �f!p��fg�fxat|{�¦qxqmw{�g�m��t|f�{�O§�v<p¨oqg�f�{�¦qxqmn{����f��v<o5pwfg�fxatif!x
g�mnp¨mwf!o5�)zOv �� fo��O¶
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¥ fi��v>x¬{um } f � mnx²t d mw{¿z�rbzOf � t d f$xaoqg�f � mn�¡r>p � f�{uv<pno5t|mwv>x^v>©Ut d fifpnp¨mnzqtumw��f�°�o�r>tumwv<x76

899999: 99999;

<>= »@? =BA ¾7CED AGFIH mnxKJ
ALFMAON v>xGPOJRQ
< ? P APTS FVU v<x�PTJRW

»��ð¾

¯ d f � fXJ mw{yrk�Ov<o5x } f } ��z�v<p¨~��<v<x�r>p`v>zOf!xA{uftyv<©ZY [>\�]^POJRQÄrbx } POJRW mw{Ir z�r � t|m¨t|mwv>x
v<©`t d fy�Ov>oqx } r � ~GPOJ«v<©_J«��v �|� f{uz�v<x } m¨x¬�*t|v Å(m � mw� d pnftVr>x } � foqg@r>xqx)�v<x } m¨t|mnv<x¬{��
r>x } S²mn{¿t d fiv<oqt|f � x¬v � g@r>pGt�vBPOJ�¶
cMd mw{k¯Vv �*` ¯\r<{�v � mw�<m¨x�r>p¨pn~�g�v<t|m¨§>r>t�f } �a~Áfba��mnfx¬�!~Ã��v<xq{um } f � rbt|mwv>xÁ©ªv � t d f"�v<g �
zqoqt¹rbt|mwv>x v<©$t � r>x¬{�mwf!x9t%r>x } {�t¹r>tumwv<x�r � ~Á®¬vQ¯ mnx z�v � v<o¬{�g�f } msr5¶ � ©iv<x¬fAoq{|f�{�©ªv �
f!�5r>g�zqpwfir>x)m¨g�zqp¨mw�!mnt�t|mng�f } mn{|� � ftumdc�r>t|mnv<x`��t d fi��v �u� f{uz�v<x } m¨x¬��f°�o�r>t|mnv<x¬{yr � f

899999999999: 99999999999;

e A�f><gA�fih�jkXl <m= »"? =BA�f ¾7CnD A�f�FoHTf mnxKJ>] p F �q] � ]�rsr!r!]
A�f�FMA�fN v>xGPOJRQ�] p F �q] � ]/rsr!rs]
< ? P A fPtS FVU f v>xGPOJRWm] p F �q] � ]�r!rsr!]
AOuvFVAOw v>xGJ

» � ¾

l�v ¯Mfº{|ffºt d r>t
x D F ´kmnx »u�ð¾M�v �|� f�{�zOv<x } {yt|v t d fi{ut�r>t|mnv<x�r � ~%v � {�t�f�r } ~){ut�r>t�fi��r<{|f e F ´�m¨x
» � ¾��

x Dzy«´kmnx »u�ð¾M�v �|� f�{�zOv<x } {yt|v t d f$t � r>x¬{�mwfxaty�¡r>{|f e y ´ mnx » � ¾$»D{uo5�¬{utumnt|o5t�f{D
�a~ ekXl r>x } H �a~ H C ekXl A f ¾��

þ¸þ ä
|%�¡ó	#b}



h � ����� �  ����������m���-.��t�����
	�^.���z������� ��� � .�����  ��T)�� �����������O���
���1���^���

r>x } © � v<g x¬vQ¯Sv<x)¯Vf�{ d r>pnpG��v<x¬{�m } f � v<xqpn~@f�°�o�r>tumwv<xÂ»u�Q¾!¶
� x
t d f���v<xat|f!�9tºv<©�®¬vQ¯ t d5� v<o¬� d z�v � v<o¬{�g�f } mwr5�Ot d fkx9o5g@f � mw��r>p � f�{|v>pnoqtumwv<x v<©�»��ð¾
�9~@g�m�5f } ¦qxqmnt|f$fpnfg�fxat�{ d r<{ � f���f!mn§<f } r � � vQ¯¿mnx¬��r>tut�fxatumwv<x)mnx²t d f$psr<{�t¿~�f�r � { ±��ðµ
± �bµ¿± h<µ 6Mt d f�{|f!z�r � rbt�fkrbzqz � v¡�9mng@r>tumwv<x^v<©�t d f�zqmnf/cv<g@f!t � mw� d f¡r } A r>x } t d fkÅ$r � �~
§�fpnv��!mnt½~ �! F < ? =BA m¨tyz � vQ§am } f{(r>p¨pwvQ¯I{\©ªv � r z � f�mw{uf } ft�f � g�mnx�rbt|mwv>x^v>©/®¬vQ¯Sp¨mnx¬f{
r>x } z � v>z�r<��r>tumwv<x)v>©/�v<xat¹r>g�mnx�rbx9t|{�¶
" oqtMt d f } f!§�f!pwv<zqg�fxat¿v>©`t d f(g�m¨��f } r>zqz � v�r<� d²d rQ§<f��Offx d rbg�z�f � f } �a~�t d f��v<g �
zqoqt¹rbt|mwv>x�r>p���v�{�t\mnxa§�v>pn§�f } ¶ ¥ d fx)pnvð¯Vf�{�t �Àv � } f �y� r¡§amsr � t � cMd v<g@r<{�fpwf!g@f!xat�{*± #>µ`r � f
o¬{|f } �ú¯ d mw� d mw{yr>png�v�{�tyr>pn¯Mr¡~�{It d fº��r<{|fºmnx)z � r<�tumw�¡rbp¸r>zqzqp¨mw�¡rbt|mwv>x¬{��9t d f � f{|v<p¨oqt|mnv<x
v<©i»u�Q¾ipwf�r } {ºt�v�r^{u~9{ut|fg ¯¿m¨t d v>x¬f@{u�¡r>pwr � oqx ` xqvð¯¿x%$ A'& z�f � f } ��f)( »¼t d f�xqv �
t¹r>tumwv<x�$ A*& {ut�r>x } {y©ªv �,+ t � r>��f*v>© A v<x-(/.%r>x } � f!z � f{|fxat|{(t d fºzqmwfbc�v<g�ft � mn� d f¡r }
v<x0(k¾�¶ cMd mw{(��r>x���f r�g@rb��v � } � rQ¯¿�¬r<� ` ©ªv � psr � ��fiz � v>�qpwf!g@{���v<g�z¬r � f } t�v�¦qxqmnt|f} m21�f � fx¬�f¿r>x } ¦5xqmnt|fV§�v>pnoqg�fM{u� d fg�f�{�¯ d mn� d pwf�r } t|v�v<x¬fMo5x ` x¬vQ¯¿x A'3 zOf � ��f!pnp54·¶
l�v
r>t|t|fg�zqt�{ t�v � f���v>x¬�m¨pwf%t d f)z � f��!mw{�mwv<x v<©yg�m��f } r>zqz � v¡��m¨g%rbt|mwv>x¬{ r>x } t d f"f!© �
¦¬�mnfx¬�!~«v<©i¦qxqm¨t�f } m61Of � f!x¬��f{^rbx } ¦qxqmnt|f�§�v<p¨oqg�f�{ d r¡§�f���f�f!x g@r } f��a~ §>r � mwv<oq{
r>oqt d v � {¶ cMd f�¦ � {ut � f�{�oqpnt|{V¯Vf � f�r>pnp���r<{uf } v>x%t d fyo¬{|f(v<©7r*°�o�r } � r>tuo � fy©ªv � gko5psr$t�v} msr<�<v<x�r>p¨mdc�f�t d fkf!pwfg�fxat�r>p7g%r>t � mn��f�{�v<©�t d f*g�m¨��f } r>zqz � vQ�9m¨g%r>tumwv<xG¶ cMd mw{�¯Vv � ` f }
xqmw�fpn~·v<x � f��t�r>x¬�<o5psr � g�f�{ d f�{��V¯ d f � f^xaoqg�f � mn�¡r>py°�o�r } � r>tuo � f)g%r } f²g�m�5f } rbz �
z � v¡�9mng@r>t|mnv<x f°ao5mn§>r>pwf!xat�t|v$¦qxqmnt|f } m21�f � fx¬�f�{�»D{|ffy©ªv � f!�5r>g�zqpwf*± � µw¾!¶ cMd f{|f � f{uoqp¨t�{
¯Mf � f¿f!�9t|fx } f } t|v�t d f\��r<{|f¿v>©út � m¨x¬�<oqpwr � g�f�{ d f�{�m¨xA±³�µG���qoqt/t d f } mwr<��v<x¬r>pnm-c¡r>tumwv<xºv<©
t d f¿f!pwfg�fxat�r>p5g@r>t � m¨�º�a~kxaoqg�f � mn�¡r>p5°�o�r } � r>t|o � fyr>zqz�f¡r � {�t�v���fIr(z � f�mw{ufyr>zqz � vQ�9m �
g%r>tumwv<x"v<x5pn~²¯ d f!x�t d fºt � mwr>x¬�<pnf d r<{yt dq� f�f*{ d r � z r>x¬�<pnf�{�Or>x } t d f*��v �|� f{uz�v<x } m¨x¬�
{|� d f!g@f{�¯¿m¨t d v<x¬f¿oqx ` x¬vQ¯¿x A'3 z�f � t � msr>xq�<pwf } vºx¬v>t�{|f�f!g t�v$�Of¿o¬{uf } mnx�z � r>�t|mn��f>¶
� f��fxatupn~��\r
zqo � fp¨~ r>pw��f!� � rbmw�%t � r>x¬{�©ªv � g@r>t|mnv<x v<©�t d f"g�m¨��f } r>z5z � v¡�9mng@r>t|mnv<x v<x
rºt � msr>xq�<oqpsr � g�f�{ d%d r<{��Offx²z � v<z�v�{|f } ��¯ d mn� d r>pnpnvQ¯I{�t|v � f!¯ � m¨t�f�t d f(f°�o�r>t|mnv<x¬{Mm¨x
t�f � g'v<©Uv<xqp¨~%v<x¬f$oqx ` xqvð¯87 3 z�f � t � msrbx¬�<pwf94·�q¯ d f � f�6

7 3nF :&<;�=>3@? 3BA & $ A*& »D��¾

»C7 3 mw{ } m61Of � f!x9t$© � v<g t d f g�m��f } fpnfg�fxat¹rbp�oqx ` x¬vQ¯¿x A'3 ¾!¶ cMd mn{�t � msr>x¬�>oqpsr>tumwv<x
¯\r<{Vmnxat � v } oq��f } ¦ � {�t\mnx
±³�Q´bµ�©ªv � {ut�r>t|mnv<x�r � ~ z � v<�5pwfg�{���r>x } f��9t�fx } f } t�v�t � rbx¬{umnfxat

ø ù¸þ ø �
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z � v<�5pwfg mnx ± �ðµZ¶ � t�¯\r>{�{ d vQ¯¿xÄmnxÃt d f�{uf"z�rbzOf � {�t d r>t t d f � f�{�oqpntumnx¬��{�~9{ut�f!g ©ªv �
t d f 7 3 oqx ` x¬vQ¯¿x)¯\r<{\xqv<x �½{�~ag�g�ft � mw��r>p�mnx%t d f(t � r>x¬{�mwf!x9tM�¡r<{uf<�¬rbx } {u~ag�g@f!t � mn�¡r>p
»¼z�v�{um¨t|mn§<f } f!¦qxqmnt|f\oqx } f � r }q} m¨t|mwv>x�r>p5r<{|{�oqg�z5t|mwv>x¬{¹¾¸m¨x t d fI{�t¹r>tumwv<x�r � ~��¡r<{uf<¶ � pnp5t d f
�¡r>pn�oqpwr>t|mnv<x¬{ d vQ¯Mf!§�f � ¯Vf � f ©ªv � g%rbpÀ��m¨x�t d f {ufx¬{uf t d r>t$©ªv � f!�5r>g�zqpwf�x¬v)r>t|t|fxat|mnv<x
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Unit é de recherche INRIA Rocquencourt, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex
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