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F-GIHJ�KLJLMONQPSRJDTUJDVXWZY3J�[�TU\ZTU[ HJ]K�JDT
^�_a`Xb J�[dcfe7J]g�[ _ J

PdVXehe `i_ [�jZJ _ JDg G J _ g G JlknmBoXp@q@rsNQtdWhuiWvTU[
M]p@piq
NQoXw�evViuiJ]T

x3y.z�{]|?}v~X{i� F-Gh� T
evVie=J _n_ J�e `i_ [aT�VX� ` WZ[�[ G J�� `i_ KLVi��T�e=JDg ��� g�VX[ ��` k�Vikvj��iJ _���� g]V�[ ��` k ` ��V�� ` WhkvjhJ]j�P�J��
[ _ VXkvT�K � TaT ��` k ^�_a` [ ` g ` �������I�=��WvTUJDj��f\ ^�Gh� � � evT � k ` khJ ` � � [�T�e _a` jZWvg#[�T��
� JLT�[�V _ [�JDj�� � [ G [ G JLjZJ]Tag _a� eZ[ ��` kvT ` ��[ G J3���I��T�J _ � � g�J�� � � Ji�� ¡J�Yf[�J _ k=VX���=J G V?� ��` W _ �dVXkvjse _a` [ ` g ` ��� _�� [U[aJ�k
� k�[ G J�¢.£O�I¤��¥VXkhu@WvVXu@Jd�f\�¦ _a`B` [�J�VXkvj���VXkSjZJ ^.` �§�.t��¨[�J _ [ _ VXkvT���VX[ � khu
[ G J�K � k�[ G Jª©�«¡¬¡«�­d��VikhuiWvViuiJ@ @��J
e=J _ � `@_ KLJ]j��iJ _���� g]V�[ ��` k=T��f\3K ` jZJ]�®�¯g G J]g�° � khuLWvT � khu�[ G JL£d±³²³�´��£dµO­�±0�¡¶X·�¤@²�¸¹hº ±0�»±³¼I��[ `f` ��� ` Y»�
F-G J�K ` jZJ��¥T ` �7[ G J½©�«¡¬¡«�­-jZJDT�g _�� eZ[ ��` k=T���J _ J�uiJ�kvJ _ V�[�JDj�WvT � khuª[ G Jª£dµO­�±³�Sg ` KLe � ��J _ �¾�f\�ehWZ[U[ � kvun� ` WhkvjvT
` k�[ G J
jhVX[aVLj ` KLV � k=Ta�-Vikvj�g G J]g�°iJDj¿[ ` �=Jª� _ VXk=g Gh� kvu�JDÀ@W � ��VX��J�kB[�WvT � khu�[ G Jn·�¤@²�¸¹hº ±³�»±³¼�[ `f` �§�
t���[�J _ kvVX[�J���\i Z��J½� `i_ KnWh�¥V�[aJ]j � k�[ G Jn·nÁ=¬»¤n[aJ�KLe `@_ Vi�I� ` u � gOVLT�J�[ ` �.T�VX�¾J�[�\�Vikvj�� � �iJ]khJ]TaT�e _�` e=J _ [ � JDT�� `i_ [ G J
�½�I��e _a` [ ` g ` �IVikvj�g G J]g�°@J]j¿[ G J�K ` kS[ G J
g `i_a_ J]T�e ` kvj � khunK ` jZJ��³WvT � khu ` W _�Â ¬I¤�uiJ]khJ _a� gOK ` jZJ]�®�¯g G J]g�°@J _ �
Ã*Ä@Å»ÆaÇnÈ |?É�z@� Ê `i_ K¿VX�vKLJ�[ Gh` jhT]  Ê `i_ K¿VX�»jZJ]Tag _a� eZ[ ��` kL[aJ]g G k � ÀBWhJ]T] vË ` KLKnWvk � g]V�[ ��` k¿e _�` [ ` g ` ��T]  ^�_a` [ ` g ` �
J�khu � khJ]J _a� kvuv 7©�«¡¬¡«�­? 7Ì�J _a�®� g�V�[ ��` k¡ vÌ�Vi� � jhVX[ ��` k¡ »Í ` jZJ����¯g G J]g�° � khuv vÎ0VX�7J�����JDj F³_ VXk=T � [ ��` kscf\ZTU[�J]KLT] =� � T � KnWh�
��VX[ ��` k¡  F J�KLe `i_ VX�I� ` u � gX�
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Unité de recherche INRIA Rhône-Alpes
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	Ä z���
 	Ä � Ë�J _ VXehe `i_ [³e _ RJDTUJ]k@[aJ���VOTUe-RJ]g �®� g]V�[ ��` kO� `@_ KLJ]����J�J�[0�¥V���RJ _a��� g�VX[ ��` kªjZWne _�` [ ` g ` ��J����I�3��� ` WhkvjhJ]j
P�J�[ _ VikvTUK � T�T ��` k ^�_�` [ ` g ` �¥��WZ[ � � � ThRJ�evV _�^�Gh� � � evT�jhVikvT���� Wvk�jhJ�T�J]T-e _�` jZW � [aT]�
��` W=T¿k ` W=T3T ` KLK�JDT¿�vV@TZRJDTLTUW _ ��JDT3jZJ]Tag _a� eZ[ ��` kvT�jZW TUJ _ � � g�J�� g ` KLe `i_ [�J�KLJ]k@[3J�Yf[�J _ khJ?��J�[�jZW e _a` [ ` g ` ��J
�½�I� RJ]g _�� [�JDT
J]k ¢.£O�I¤sevV _ ¦ _�`f` [�J�J�[���Vik�jZJ ^.` �§�´tde _]HJ]T
��J]TLV?� `i��_ [ _ VijZW � [aJ]T�J�k�©�«¡¬¡«�­� �k ` WvT�V?� ` kvT
J��»J]g#[aW-RJ�jZJ]T½��RJ _a��� g�VX[ ��` kvT��=ViTZRJ�JDTdT�W _ ��J]TOK ` j HJ���J]T��������������! #"$�% #&('*),+Z� HV��-� V � jZJLjZJ��¥V3� `/. 0 [aJ HV ` WZ[ � �¥T
£d±³²0�
�¯£dµO­�±³�³¶i·�¤B²n¸¹hº ±³�»±³¼»���
��` W=TnV?� ` kvTªJ]khuiJ]kvj _ RJ¿��JDTnK ` j HJ]��JDT
g `@_�_ J]T�e ` kvjhVikB[ HV�g�JDT�jZJDT�g _�� eZ[ ��` kvT�©�«¡¬¡«�­ HV*��� V � jhJ�jZW g ` KLe � ��VX[�J]W _
£dµO­�±0��� J�k � K�e ` TaVXkB[�jZJDT�� `i_ khJ]T�ViWZY�j ` K¿V � khJ]T�jhJ]T�j ` khk-RJ�J]T�K¿VXk � ehWv��RJ]J]T���J�[�k ` WvT�V?� ` kvT.��RJ _���� RJ@  HV���� V � jZJ
jZJª�-� ` Wh[ � �0·�¤B²n¸¹vº ±³�»±0¼� vÀBWhJªg�J]T-K ` j HJ]��JDT�T ` kB[�RJ]ÀBW � �?Vi��J]kB[aT�K ` jhWh� ` �¥VL� � T � KnWh�¥V�[ ��` kSjhJ½� _ Vikvg G J�KLJ]k@[D�
^ V _ V � ����J�W _ T] �k ` WvT.V?� ` kvT0VXWvTaT � � `@_ K�Wh��RJ�J�k�� ` u � ÀBWhJ�[aJ�KLe `i_ J�����J�·nÁ=¬I¤�Whk�J�k=TUJ]Kn�h��J�jhJ�e _�` e _�� RJ�[hRJDT¡jZJ-T .W _ J�[hRJ
J�[
jZJL� � ��Vig � [hRJLjZW�e _�` [ ` g ` ��J¿���I��J�[
k ` WvT½��J]TªV?� ` kvTO��RJ _a�®� RJ�JDTdT�W _ ��JLK ` j HJ]��JLg `@_�_ J]T�e ` kvjhVik@[ HV���� V � jZJ¿jZJ
k ` [ _ J�RJ]�?Vi��W=V�[�J]W _ u�RJ]k-RJ _�� ÀBWhJ Â ¬»¤v�
1 È {Dz Æ ~�2 	Ä � Í:RJ�[ Gh` jZJ]T�� `@_ KLJ]����J]T]  F J]g G k � ÀBWhJDTnjZJ�jZJ]Tag _a� eh[ ��` k´� `i_ KLJ�����J@  ^�_�` [ ` g ` ��JDTªjZJ�g ` KLKnWhk � g�VX�
[ ��` k¡ 43¯khu�RJ�k � J _�� J�jZJDT½e _�` [ ` g ` ��JDT� ¡©�«¡¬¡«�­? ¡Ì*RJ _a�®� g�V�[ ��` k¡ »Ì�VX� � jvV�[ ��` k³ ³cf\ZT�[ HJ�KLJ]T½jZJ�[ _ VXkvT � [ ��` kvTsRJ�[ � À@WvJ�[hRJ�J]T] 
� � T � K�Wh��VX[ ��` k¡ hÎ ` u � ÀBWhJO[�J]K�e `i_ J�����Ji�
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F-G J
khJDg�J]TaT � [�\ ` �.� `i_ K¿VX�¡�@J _a�®� g]V�[ ��` k � k�[ G J�jZJ]T � u@k � khu ` ��j � T�[ _�� �hWZ[aJ]j*T�\ZT�[aJ�K¿T�VXk=j*g ` KLK�Whk � g�V�[ ��` k�e _�` �
[ ` g ` ��T � Tdk ` �;� � jZJ]��\ _ JDg ` uik �'& JDjI�)(O�@J _ [ G J
�¥ViTU[d\iJDV _ T� =V¿� � jhJ _ VikhuiJ ` �.� `i_ KLVi� � T�KLTdVXkvj�KLJ�[ Gh` j ` � ` u � JDT
jZJ]Vi� � khu�� � [ G [ G J3jZJDT�g _�� eZ[ ��` k ` �-g ` kvg�W _a_ J�kB[�Vieheh� � g]V�[ ��` kvT�VXkvjs[ G J3T�e7J]g ��� g]V�[ ��` k ` ��[ G J ��_ J�YZe=JDg#[�JDj´e _�` �
e=J _ [ � JDT G V?�iJ½�7J�J�k*jZJ � khJDjI�
F-G J _ J�V _ J�JDT�T�J�kB[ � VX����\ [�� ` VXehe _�` Vig G JDT3[ ` � `@_ K¿Vi�½�@J _a�®� g�V�[ ��` k¡ ½kvVXKLJ���\*� " �%���#��� �'
�� ��+�'*) + Vikvj � ���������
 #"$�# %&('*),+i��� ` [ G¿G V?�@J��=J]J�k¿J�YB[aJ�kvT � �iJ���\�TU[�W=j � JDjI ZVXkvj���V _a��` WvT�Vi��u `i_a� [ G K¿T�VXk=j�[ `f` �¥T G V?�@J��=J]J�k3jZJ]�iJ�� ` e7J]j¡�
F-G J `@_ J]K��Õe _a` � � khu�VX��� ` ��T�[ ` jZJDVX�h� � [ G¿� k � k � [aJ��¯T�[�V�[�JOTU\ZTU[�J�K¿T] i�hWh[ � [�g�VXkvk ` [��7J��¾Wh����\LVXWh[ ` K¿VX[�J]j¡�,(OkL[ G J
` [ G J _dG VXkvjI =K ` jhJ����Õg G JDg�° � khuL[aJ]g G k � ÀBWhJDT� »VX��[ Gh` Whu G�_ J]TU[ _a� g�[�JDjS[ `¿� k � [aJ��¯T�[�V�[�J�TU\ZTU[�J�K¿T] =e _�` � � jZJ
V3T � KLeh��J
VXkvj�J�-3g � J�kB[�VXeve _�` Vig G  BJ]T�e7J]g � VX����\¿WvTUJ��¾Wh� � k�[ G J�J]V _ ��\3T�[aJ�evT ` �³[ G J�jhJ]T � u@k�e _a` g�JDT�T] f� G J _ Jd[ G J�J _a_�`@_ T�V _ J
� � °iJ]��\¿[ `¿` g�g�W _ K `@_ JO� _ J]ÀBWhJ�kB[a��\@�
F-Gh� T�evVXe7J _ jZJ]Vi��T¿� � [ G [ G J*� `@_ K¿VX�OjZJ]Tag _a� eh[ ��` k VXkvj �@J _a�®� g]V�[ ��` k��f\ K ` jZJ]�®�¯g G J]g�° � khu ` �½[ G Js� ` WhkvjhJ]j
P�J�[ _ VikvTUK � T�T ��` k ^�_�` [ ` g ` �������I�v��WvT�J]j��f\ ^�Gh� � � evT � k ` khJ ` � � [�T-e _�` jZW=g#[aT]�
F-Gh� T-e _�` [ ` g ` � G ViT�VX� _ J]Vijh\¿�=J]J�k*T�[aWvj � J]jSWvT � kvuLj � �»J _ J�kB[�VXehe _�` Vig G JDT���¦ _�`f` [�J�VXkvj���VXk�jZJ ^.` �,. ¦½�fj ^ p/#�0
WvTUJDj�[ G J�¢.£O�I¤ªT�e7J]g ��� g]V�[ ��` kL�¥VXkhu@WvVXu@J1. ¦ ^ p3240v[ ` jhJ]Tag _a� �7J-[ G J _ J]T�e7J]g#[ � �@J-�=J G V?� ��` W _ T ` �v[ G JO���I��TUJ _ � � g�J
� � � J@�� �J�YB[aJ _ kvVX�@�=J G V?� ��` W _ �IVXkvj�e _�` [ ` g ` �� De _a` �iJ]jO[ G V�[0[ G J]\�V _ J�� _ Vikvg Gh� khu�JDÀ@W � ��VX��J�kB[D ?Vikvj½[ G J�k�g ` KLehWZ[aJ _ �
g G J]g�°@J]j�[ G Jne _�`f` ��WvT � khu¿[ G J¿£½«65�TU\ZTU[�J]K7. 8 Ê:9<; p/#�0Õ� 9 J]��K � kh°» 7cfJ]��� � kv°SVikvj�Ì�ViVikvj _ VXuiJ _ . 9 cfÌOp/=�00K ` �
jZJ���J]j�[ G J*���I��e _a` [ ` g ` ��VXk=j�T�J _ � � g�J � k�[ G J�� _ VXKLJ�� `i_ ° ` � 3�¶/( ViWZ[ ` K¿V�[aVs[ G J `i_ \>. Î F wip�0Õ �e _�` �@J]j � [�T
g `i_a_ J]g#[akhJ]TaT�VXk=j´� evV _ [ � VX����\Z�-g ` KLehWZ[aJ _ �Õg G J]g�°iJDj3[ G J
e _a`f` �.WvT � khuL[ G J¿£½«?5 T�\fTU[�J]K�� 9 V?�iJ���Whkvj�Vikvj*c G VXkh�
°?V _ . 9 cZp@q�0ZVX�vTU[ _ Vig�[�JDjªV � k � [�J��ÕTU[aVX[�J��iJ _ T ��` k ` �Z[ G J-���I��e _a` [ ` g ` �@WvT � khud[ G J"@BA�­�[ G J `i_ J�K e _a` �iJ _ .C(½PdcZp@o�0
VXkvj�[ G J]k*�iJ _���� J]j � [�T�g `@_�_ J]g�[�khJDT�T��f\3K ` jZJ����¯g G J]g�° � khu�� � [ G [ G JEDGF¡�IH TU[aV�[aJ�J�YZeh� `i_ V�[ ��` k�[ `f` �J. ÍK8 3�p@o�0§�
3¯k ` W _ Viehe _a` Vig G ��J�T�J���J]g�[�JDj�[ G JML#­D« �¥VXkhu@WvVXu@J�©�«³¬¡«0­N. 3UcO(½wiwi�P0�[ ` jhJ]Tag _a� �7J3[ G J����I� e _a` [ ` g ` ��Vikvj
TUJ _ � � g�Ji� � J�TU[aV _ [aJ]j½� _a` K;[ G J�¢.£O�I¤�jZJDT�g _�� eZ[ ��` k=TI� _�� [U[aJ�kª�f\ª¦ _�`f` [aJ�VXk=jO��Vik
jZJ ^.` �§ D� Gh� g G ��J�[ _ VikvTU�¥V�[aJ]j
� kB[ ` ©�«³¬¡«0­��
c � k=g�J�� ` [ G ¢.£O�I¤�Vikvj�©�«¡¬¡«�­ª�¥VXkhu@WvVXu@J]TOV _ Jn�vV@TUJDj ` k´VX�vTU[ _ Vig�[OjhV�[�V3[�\fe7J]T½VXkvjse _a` g�J]TaT
VX��uiJ�� _ V@T� B[ Gv� T-[ _ VikvT���VX[ ��` k��-ViT�ÀBW � [�JªTU[ _ V � u G [U� `@_ �-V _ jI�
P�J�uBV _ j � kvun�iJ _���� g]V�[ ��` k ` �³[ G Jªg `@_�_ J]g�[�khJDT�T] @��J½WvTUJDj3K ` jZJ����¯g G J]g�° � khu _ V�[ G J _ [ G VXk�[ G J `i_ J�K��§e _�` � � khuv� F-G J
�iJ _a��� g�VX[ ��` k´��V@T�e=J _ � `@_ KLJ]j´WvT � khu�[ G J�£d±0²³� �¯£dµ½­�±³�¡¶i·�¤B²n¸¹vº ±³�»±0¼I�½[ `f` ��� ` YQ. Ê ¦SR ; piq�0��B\�KLJ]VXk=T ` �
[�� ` j � �7J _ J]kB[�K�J�[ Gh` jhTUT�� � T � KnWv��VX[ ��` kvT�Vikvj3[aJ�KLe `i_ VX�I� ` u � g�T]�
F-G J�evVie=J _�� T `i_ u@Vik �V& J]j�ViT.� ` ��� ` ��T]�.cfJDg#[ ��` k¿oªe _ JDTUJ]kB[aT�� _a� J�Wv\n[ G JO©�«¡¬¡«�­��¥VXkhu@WvVXu@Ji��cZJ]g#[ ��` kX#ªjZJ]Tag _a� �=JDT
[ G J�£d±³²³��e _a` [ ` g ` �³J]khu � khJ]J _a� khu�[ `f` ��� ` Y»�ªcfJDg#[ ��` kN=�u � �iJDT�[ G J¿©�«³¬I«�­njZJ]Tag _a� eh[ ��` kvT ` ��[ G JL���I�sTUJ _ � � g�J
VXkvj e _a` [ ` g ` �§� cfJ]g�[ ��` k r e _ JDTUJ]k@[�TL[ G JsuiJ]khJ _ V�[ ��` k ` ��[ G J�K ` jhJ��¥T�g `@_�_ J]T�e ` kvj � khu´[ ` [ G Js[�� ` ©�«¡¬¡«�­
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Éditeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)

ISSN 0249-6399


