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:<;>=?A@"?�B�C D6E?AFHGI?�JLKNMNGLO�GL?�J
?QPROTS�JLOQUHJWVYXZ@�[7KNJ\GL]^U9?
_	` KNab?�PdceGLOASNV

f SNg9g7K ` Pih9? ` ?AO ; ? ` O ; ?jF�kmlHnoBNpqC @rS ` V�nTstsmu�C B8v"gwSNMt?QV

x�y{zQ|T}�~9�N|m� � ?�GLFmP ` KZh9U9OA?0S�V�U9[7OQJLSNVYV�KN����S8JI����VdVY?QJ\����@"KZhHGI��X^GIF9M�F9?�P�VA� :<; ?0OAKNF*�
VYGIh9? ` ?Ah�FH?QP�V�SNgHg�?AS ` SNV	VYP�S8P�G\�w?Qh�V�UH@rV�KN��K ` hHGLF9S ` X�FH?QP�V�SNFHh"P ; ?QX�S ` GIV�?RSNV�S�OAKtUHF*�
P�? ` gwS ` P{P�K�OTSNVYOTSNh9?4g ` KZh9U9O�P�V�KN�7S8UHP�Kt@rS8P�SR�^GLS�P ; ?<hHUwS8J\GIP�X�[�?�P��4?Q?AFrSNUHP�Kt@rS8P�S�SNF9h
F9?QP�V�[wSNVY?Ah�KNF ` ?QMNGLKNF9V�GIF�SNU*P�Kt@rS8P�SH�e��?�P�V�GIF�P ; GLV�OQJLSNV�VQ��OTS�JIJI?Ah�V�P ` S�P�G\�w?Ah�FH?QP�VQ�
OTSNF9FHKNP�?�� ; GI[HGIP�OQG ` OQUHJLS ` hH?Ag7?AF9h9?QF9OA?QV�[7?QP�� ?A?QF�gHJLSNOA?QVA¡�GIF9VYO ` GIgHPYGLKtF�KtF
¢wKo�jS ` OAV
S8P�P�SNO ; ?AhqP�KeSeM8GI�N?AF
gHJLSNOA?8�WhH?Ag7?AF9h S8P�@"KtV�P£KtFqP ; ?�OQKtFmP�?QF^P�V£KN��gHJ�S8OA?AV�GIFqJLKo� ? `
J�STXt? ` VQ� :<; ? ` ?Q�¤K ` ?N��P ; ?�V�XZF^P ; ?AV�GLV�g ` Kt[*JL?Q@ ; SNViVYGI@�GIJLS ` h9?AM ` ?A?QV�KN�{OAKt@"gHJI?��ZG\P�Xe�¤K `
¥ K ` hHGLF9S ` Xw¦ F9?QP�VRSNF9he�¤K ` VYP ` S8PYGI�w?Qh§FH?QP�VQ� ; ?AF9OQ?�G\P¨GIViP ` SNO�P�SN[*JL?8�
©§ªm«$¬Y­0® }�¯°zN� ± ?QJ\�¤@"K*h*GI��X^GIF9M _ ?�P ` G0��?�P�VA��²<SNVYOTSNhH? _�` K*hHU9OQPA���R?QP ± XZF^P ; ?AV�GLV
_�` Kt[HJI?A@e�
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���ª z���� �ª � ��KtUHV<GLFmP ` K*hHUHGLVYKtF9ViU9F9?�O�J�S8V�V�?�VYg E?AO�GI�9]ZUH?�h9? ` E?AVY?TSNU*��h9? _ ?�P ` GWSNUHP�K��
@rKZhHG\��SNFmP�ViKt[*P�?AF^U9ViOQKt@"@r?£VYKt@"@r?£?QF OASNV�OASNh9?QV�h9? ` E?AVY?TSNU*� hH? _ ?QP ` GÙK ` hHGIFwS8G ` ?AVQ�
OAK `Y` ?AVYg�KNF9hwSNFmPegwS ` h9UwS8J\G\P*E? =S�h9?QV�g ` K*h9U*GIP�V�?AF OTS8V�OTS8h9?AVeSNU VY?AF9V�hH?�� ` K ; F ?�P
fR; KZh9?QVA� =� J�S h*G��RE? ` ?AF9OQ?�h9?AV ` E?AV�?ASNU*��SNUHP�Kt@"K*hHG\��SNFmP�V0h E?Q�9FHGLV�g9S ` ��S8JI����JL?QV ` E?â�
V�?TS8U*��h9? OQ?QPYP�?rOQJLSNV�VY?�F'�×KtFmP�g9SNV�hH? h E?Qg�?QF9h9?QF9OA?�O�G ` OAUHJLS8G ` ?QV�?AFmP ` ?rgHJ�S8OA?AV�OA?r]^UHG
SNUHP�K ` GIV�?�hH?AV0S�JLMtK ` G\P ; @"?AV�h9?rVYXZFmP ;'=?QV�?�h9? OA?AV ` E?QV�?TS8U*��hH?�OAKN@rg*JL?â�*G\P*E?�h9U�@��?A@"?
K ` h ` ?�]^U9?�g7KtU ` JI?AV ` E?QV�?ASNU*� V�KNU9V��La�SNOA?QF^P�VA�
 ® |Ãz ¬ �"! �ª � f E?QV�?ASNU*�
h9? _ ?QP ` G�S8UHP�Kt@"KZhHG\��SNFmP�VQ�'OAKt@"g7KtVYG\P�GIKtF
?AFqOASNV�OASNh9?8�>VYXZF*�
P ;'=?QV�?�h9? ` E?AVY?TSNUZ�$�
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:<; ?�OTSNVYOTSNhH? g ` KZh9U9OQP0KN��SNUHP�KN@ S�P�SH�	OQ?QJI?A[ ` S8P�?Qh GIF�P ; ?eS�JLMt?Q[ ` S�GLO�P ; ?AK ` X�KN�RS8U*�
P�Kt@rS8P�S0[^X�P ; ? � ` K ; F*� fi; KZh9?AV¨h9?QOAKt@"g7KtVYG\P�GIKtFeP ; ?QK ` ?Q@ �¤K ` S8UHP�Kt@rS8P�S"SNF9heV�?Q@"Gµ�
M ` KtUHg9V��ãnos*�°nol��1�'@rSTX [7?0OTS `�` GI?Ah6P�K�P ; ?�P ; ?QK ` X KN� _ ?�P ` G�F9?�PdP ;9` KtU9M ; P ; ? ` ?AMNGIKtF
[wSNV�?Qhqh9UwS8J\G\P�X [7?QP�� ?A?QF�S8UHP�Kt@rS8P�S�SNFHh6F9?QP�VA�'g9S ` SN@"?�P ` GIO�KNF P ; ?�P�X*g7?0KN��F9?QP�V�� v�� � ± P ` S8P�G\�w?AheVYU9@"V�KN�°F9?�P�VRS ` ?£h9U9S8J'P�K"OASNV�OASNh9?�g ` KZh9U9O�P�ViKN�{SNUHP�KN@ S�P�SH�HSNF9heP ; ?�X
g ` KZh9U9OQ? � ` Kt@ S ` [*GIP ` S ` X�P�X*g7?AV OQJLSNV�VY?AV�K8�dF9?�P�V GIFmP�? ` @"?AhHGLS8P�?6[�?�P��4?Q?AF�K ` hHGIFwS ` X
F9?QP�V ¥ �¨G\P ; V�P�S8PYGLO�¢wKo� S ` OAVâ¦RSNF9h V�?QJ\����@"KZhHG\��XZGIF9M�F9?�P�V ¥ �¨GIP ; @rS ` �mGIF9M�h9?Qg�?QF9h9?AFmP
¢wKo�.S ` OAV�¦��
± ?QJ\����@"K*h*GI��X^GIF9M0F9?�P�V4GIFmP ` KZh9U9OQ?Ahe[mX ��S�JL�!� BtuZ�9BNp��$S ` ?�Mt?AFH? ` S�JIG#"TS8PYGLKNF9V<KN� _ ?QP ` G

F9?QP�V"GIF � ; GLO ; P ; ?�¢wKo� ` ?QJLS8PYGLKtF [7?QP�� ?A?QF SqgHJ�S8OA? SNF9h SqP ` S8F9VYG\P�GIKtF�GLVrS6J\GLF9?AS `
�¤U9F9OQPYGLKNF�KN�ÙP ; ?d@rS ` �mGLF9MH� : ?AO ; FHGL]^U9?QV�K8�WJ\GIF9?TS ` S8JLMN?A[ ` S0U9V�?QheGIF�P ; ?�VYP�UHhHX�KN�>P ; ?
VYP ` U9OQP�U ` S�JÙg ` Ktg7? ` P�GI?AViKN� _ ?�P ` GWF9?�PiOTSNF [7?�S8hwSNgHP�?AheGLF�P ; GLVi?��ZP�?AF9h9?Qh � ` S8@r?��4K ` ���
GLF�gwS ` PYGLOQUHJLS ` ?ASNO ; P ` SNF9V�GIPYGLKtF�@rSoX�[7?<SNVYV�KZOQGLS8P�?Qh��¨G\P ; SR@rS8P ` G\��SNF9h�P ; ? @"K*hHG\�wOAS��
P�GIKtF�KN�>P ; ?�@rS ` �mGIF9M�h9U9?�P�K�S�VY?A]^U9?AFHOA?�KN�>� ` S8[HJL?�P ` S8F9VYG\P�GIKtF9V¨OASNF�[7?d?AF9OQK*hH?Ahe[mX
P ; ?£OAK `�` ?QV�g7KtF9hHGIF9M g ` KZh9U9O�P�KN�{@rS8P ` GLOQ?AVA� ± P ` S8P�G\�w?Qh F9?�P�V�S ` ?£V�?�JI���Ý@"K*hHG\��X^GLFHM�F9?�P�V
�¤K ` � ; GLO ; S8F�K ` hH? ` GIF9M�KtF�gHJLSNOQ?AV<@rSTXr[�?RO ; KtVY?AF�V�K�P ; S8P�P ; ?�@rS8P ` GIOA?AV<SNV�VYK*O�G�S8P�?Ah
�¨GIP ; P ` SNF9V�GIPYGLKNF9VRS ` ?�P ` G�S8F9MtUHJLS ` �*� ; GLO ; SN@"KtU9FmP�V¨P�K V�SoX�P ; S8P¨P ; ? ` ?�S ` ?£F9K"OQG ` OQU*�
J�S ` h9?Ag7?AFHh9?AF9O�GL?QV"[�?�P��4?Q?AF gHJLSNOA?QV0GLF P ; ?�VYg�?QOQG\�wOTS8PYGLKNF K8�¨¢wKo� S ` O GIF9VYO ` GIgHPYGLKtFHVA¡
gHJ�S8OA?AV¨@rSTX�[7?�gwS ` P�GIKtF9F9?Qh�GLFmP�K%$ ��&'���(� V�K�P ; S�P<GLFHV�O ` GLg*P�GIKtFeKtF�¢wKo� S ` OAViS�P�P�S8O ; ?Ah
P�KrS�MNGI�N?AF§gHJ�S8OA?N�whH?Ag7?AF9h S8Pi@"KtVYPRKtFeP ; ?£OQKtFmP�?AFmP�V�KN�°gHJLSNOA?QVRGIFeJLKo� ? ` J�STXt? ` VQ�
:<; ?dg9U ` g�KtVY?dKN�>P ; GLV4gwSNg7? ` GIV4P�K�GLFmP ` KZh9U9OA?�P ; ?d@"KZh9?QJ$KN�ÙVYP ` S8PYGI�9?Ah _ ?�P ` G'F9?�P�V

SNF9h�P�K0g ` KZh9U9OQ?�S�g7KNJ\X*FHKt@�G�S8J'S8JIMtK ` G\P ; @ �¤K ` P ; ?QG ` VYXZFmP ; ?AVYGIVA� :<; ?dV�X*FmP ; ?AV�GLVig ` K8�
[HJL?Q@ OAKtF9V�GLV�P�V�GIF hH?AOQGIhHGIF9M � ; ?�P ; ? ` S�M8GI�N?AF�M ` SNg ; GLVrGLVYKt@"K ` g ; GLO P�K�P ; ? VYP�S�P�?
M ` SNg ; K8�'V�KN@r?RF9?�PT�ZSNF9h"P ; ?QF OQKtF9V�P ` UHOQP�GIF9M�P ; ?RF9?QPA� :<; GIV g ` Kt[HJI?A@ �4SNV�K ` GIMNGIFwS8J\JIX
V�KNJ\�t?Qh��¤K ` ?QJI?A@"?QF^P�S ` X F9?�P V�XZVYP�?Q@"V<U9VYGIF9M�P ; ?RF9KNPYGLKtFrKN� �)�+*��+,�- �ãn/.��1� :<; ?RV�KNJIUHP�GIKtF
�<SNV¨P ; ?AF ?��ZP�?QF9h9?Qh P�K _ ?�P ` G°FH?QP�V0� u*��BtB1�ÙU9VYGIF9M"P ; ? ` ?�J�S�P�?Ah F9KNPYGLKNF K8� *2��-3����� $ �54���

�)�+*��+,�- ��D�?AFH? ` S�JIG#"A?Qh ` ?QMNGIKtF9V¨�¤K ` g9U ` ? _ ?QP ` GÙF9?�P�VROAK `Y` ?AVYg�KNF9h§?â�HSNOQPYJIXeP�K�P ; ? ��&�-76
8)9 �),�-7� 8 
��:���;��- 8 �)� � ; GLO ; � ? ` ?¨GIFmP ` KZh9U9OQ?Ah"[mX"²�� � � _ ?QP ` G�S8V	S�P�KZKNJZP�K�@"?TSNVYU ` ?<P ; ?
` ?QJLS8PYGI�N? h9?QM ` ?Q? K8�4� ` ?Q?Ah9KN@ [�?�P��4?Q?AF�VY?QP�V�KN�4?Q�t?QFmP�V�GIF�S OQKtF9OAU `�` ?QFmP0VYXZV�P�?A@ � u��1�
± U9O ; S Mt?QF9? ` S8J\G:"Q?Ah ` ?AMNGIKtFqGIV�O ; S ` SNO�P�? ` G#"A?Ah$�{U9g
P�K SNF�SNh9hHG\P�G\�t?"OQKtF9VYP�SNFmPT�°SNV�SNF
GLFmP�?QM ` S�JÙg�KtFHh9? ` S8P�GIKtF KtF�P ; ?�S8JIg ; SN[7?QPRKN�{SNO�P�GIKtF9Vi� ; KtV�?�S8JIMt?A[ ` S8GIO£V�U9@ �8SNF*GLV ; ?AV
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?@?+ëBA�C�D�E�F



v ����� �'
2,���� $�� � 9 �
	 ���),�- 
2�����

S8JLKNF9M£SNFmX0O�JLKtVY?Ah"gwS8P ; KN��P ; ?4P ` SNFHVYG\P�GIKtF"VYXZVYP�?A@e� :<; ?¨VYXZFmP ; ?QVYGIV g ` Kt[HJI?A@ �¤K ` g9U ` ?
_ ?QP ` G�F9?�P�V�OTSNF
P ; ?QF [7?"V�KNJ\�t?Qh GLF g7KNJIXZF9KN@"GLS8J	PYGL@"?rU9VYGIF9M6S�JLMtK ` G\P ; @"V£[�K `�` Ko� ?Ah
� ` Kt@ P ; ? J\G\P�P�? ` S8P�U ` ?rKtF JIGIF9?TS ` S8JIMt?Q[ ` S KÃ�N? ` P ; ? ` S8PYGLKNFwS8JIV � B��1� :<; GIV0S8JIMtK ` GIP ; @e�
P ; S8P��4SNV�JLS8P�P�? ` ?â�ZP�?AFHh9?Ah��¤K ` Mt?AFH? ` S�J _ ?QP ` G¨�R?QP�V �
�����{GIV0S8hwSNgHP�?Ah GIF P ; GLV0g9SNg�? `
�¤K ` P ; ?dOQJLSNVYV¨KN�ÙVYP ` S8PYGI�w?Qh _ ?QP ` G>FH?QP�VQ���>?QP¨U9V ` ?AOAS8JIJ�P ; S�P<GLF�OQKtFmP ` SNVYP<P ; GIV<@"?QP ; K*h
OTSNF9FHKNP{[7?<S8hwSNgHP�?Ah��¤K ` ?�JL?Q@r?QFmP�S ` X�F9?�P�V°VYXZVYP�?A@"V��¤K ` � ; GIO ; P ; ? VYXZFmP ; ?QVYGIV	g ` Kt[*JL?Q@
�<SNV<GIF9h9?Q?Ah g ` Ko�N?Ah�P�K�[7?£� _ ��OQKt@"gHJI?QP�? � l��1����Ko� ?Q�t? ` VYKt@"?�[�KZKNJI?TSNF�OQKtU9FmP�? ` gwS ` P
KN�dP ; ? F9KNPYGLKNF KN��MN?AF9? ` S8J\G:"Q?Ah ` ?AMNGIKtF9V MNGI�N?AV ` GIV�? P�K�P ; ?§VYK8��OAS8JIJI?Ah�� ��� 6 � ,�� -3��� �
� ; GLO ; S ` ?dS�VYJ\GLM ; P<?��ZP�?QF9VYGIKtFeKN�>?�JL?Q@r?QFmP�S ` X�F9?�P�V P ; S8P<SNh9@�GIP�V<S�g7KNJ\XZF9Kt@�G�S�J�PYGL@"?
VYXZFmP ; ?QVYGIV � B��1�1� ± GI@"G\JLS ` J\Xt�>KtFH?�@"GIM ; P�h9?��wF9?�P ; ?0OQJLSNV�V�K8� V�P ` S8P�G\�w?Ahq¢9GIg*��¢wKtgqF9?�P�V
SNF9heg ` Ko�N?£P ; S8P¨GIF�P ; S8P<OTSNVY?�S�JLVYK9�9[7?AOTS8U9V�?£KN�WP ; ?£S8[9V�?QF9OA?�KN�WOQG ` OQUHJ�S ` hH?Ag7?AF9h9?QF*�
OQGI?AV�[7?QP�� ?A?AF
gHJLSNOQ?AVA�'P ; ?0V�X*FmP ; ?AV�GLV�KN��VYP ` S8PYGI�9?Ahq¢9GIg*�Ý¢wKNg6F9?QP�V ; SNV�S g�KNJ\XZF9Kt@�GLS8J
P�GI@r?£VYKNJLU*P�GIKtF'�
± P ` S�P�G\�w?Ah F9?QP�V ¥ SNVr� ?QJ\J�SNV"P ; ?e@"K ` ? Mt?QF9? ` S8JRV�?QJ\����@"KZhHG\��XZGIF9M F9?QP�V�¦0@ STX [7?

h9?Q�wFH?Ah0�¤K ` S ` [HG\P ` S ` X£P�XZg7?4KN��F9?�P�V�� ; Ko�4?��t? ` GIF�P ; GLV�g9SNg�? ` � ?<V ; S8JIJ ` ?QVYP ` GIOQP	KtU ` V�?�JI�
P�K�P ; ?£O�J�SNVYV�K8�{V�P ` S�P�G\�w?Ah ¥ g9U ` ?�¦ _ ?QP ` GWF9?QP�Vi� ; GLO ; S ` ?�GIF^P ` KZh9U9OQ?Ah§GIFeV�?QOQP�GIKtF ¥ B^¦��
� g7KNJ\X*FHKt@�G�S8JWVYKNJLU*P�GIKtF§�¤K ` P ; ?�V�X*FmP ; ?AV�GLVdK8�	VYP ` S8PYGI�w?Qh _ ?QP ` G{FH?QP�VRGLVRh9?QV�O ` GL[7?Ah6GIF
V�?AO�P�GIKtF ¥ lZ¦�� ± ?QOQPYGLKtF ¥ v*¦RM8GI�N?AV�V�Kt@"?rOAKtF9O�JLUHhHGLFHM ` ?Q@rS ` �^V�SNF9h ; GLFmP�V��¤K ` �¤U ` P ; ? `
` ?AVY?TS ` O ; �

� �������£�	�Q
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� ��� GIV�S ` GIF9M"�4?�JL?�P�� ��! " VYP�S8F9h§�¤K ` P ; ?�VY?QP�KN�$#&%(' @rS8P ` GIOA?AVR�¨GIP ; ?QF^P ` GI?AV�GIF���*) � GLVdP ; ?0GLhH?AFmP�G\P�Xq@rS8P ` G\�§GIF�� ��! �Z� . �+! " GLV�P ; ?�@rS8P ` Gµ�qKN�,� ��! ".S8J\J�KN��� ; KNV�??AFmP ` GL?QV�S ` ? .H�wS0�t?QOQP�K `.-0/ � ��GIV¨GLh9?QFmP�G\�w?Ah �¨G\P ; S�OAKNJIU9@"F @ S�P ` Gµ� -0/ � �+!  �
1eª32�465 | 5¤®7498;: �/� $ < 6>= , 
�� < &���-2* -3���0, < 
��?= ��- ���+,�- #A@CB ��� 9 ' � ������= ��� ���(�%�:� �
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Unit é de recherche INRIA Rhône-Alpes, 655, avenue de l’Europe, 38330 MONTBONNOT ST MARTIN
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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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