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KMLONIP�QBRTSVU�WIXYQIZ\[O]!Q�^_XY`aXb^cN6P�QIX
dfecg\hbQ6^�U�ikj>lnm_oTj

U_Z\pOp?gqeY^�^YQHrsLOtOuwv0[xQyt?z|{0}q~q~�S�}q�_hb[xu�����Q6^�RI�0�q��S�RH}�pxZ\�0QIX

���4�H�����!�9� �ymT�nU��kjA�0Z8��ZTQIX�^f[Ot�Q6t>�>u�ecgqtOtxQ6P�Q6t4^f�aQ��aWI�qQ6��gqpxp�QIPBQIt4^n�aQ�P�g>�ON6��QIXf�aQ��.� u�ta��g0eYP�Z\^Yu�gqt��aQ��qQHXb^cu�g0t��qjaZ
�0g>rIZ�^cu�g0tBQHXb^n�OQ���gq[OectOu�e2[Ot�Q6t�X�QIP��O��Q���� gq[a^cu��wXfQ6^n��� u�t4^YQIe���Z0r�QIXfu�t4^YWI�qecW6QHXGp�g0[Oef�.� QItxX�QIP��O��Q_�aQHX2�wZ\tO�4Z\�qQHXG�aQ_�aQHXYr6eYu�pa^Yu�gqt
�aQHX�P�ga�aN6��QIX��aQ|�.� u�ta��g0eYP�Z\^Yu�gqt�[a^Yu���uwXYWIXMQ6t �0QIX�^Yu�gqt �aQ¡eYWHX�QHZ\[a]AQ6^_�aQ�X�QIeY�>uwr�QHX6�
¢ Q�ecZqpOp�g0e�^TpOeYWHX�QIt4^YQ��.� [xt£�aQIXyr�g0P�p�g4XYZqt0^sX��aQ��+� Q6t>�>u�ecgqtxtOQ6P�Q6t4^T¤�XYZ8�0gqu�e��.� ZqtxZ\��`aX�QI[Oe_XYW6P�Z\t4^Yuwv4[OQ��aQHXTXYp?WIr�u�¥�rIZ�¦

^cu�g0txX|� �y§©¨��£Z\txZq�qQI�ª�T�ahbQIr�^�§OgqecP�Z�^
«
��� �y§¬QIX�^|��Q��wZ\tO�4Z\�0Q��aQ��aQIXcr�ecu�pa^Yu�gqt��� u�t4^YQIe���Z0r�QIX¡�aQ��0QIX�^Yu�gqt£[O^Yu���uwX�W��OZqtxX
�.� ZqpOpOecgarsLOQ ¢k® �V¨ ¢ g0P�PBg0t ® tO��gqecP�Z\^Yu�gqt�)ga�aQ6�¯«¡�a[ªmT�°K�§±¨�mTu�X�^Yecu��O[a^YQH�ª�°Z\txZq�qQIPBQIt4^¡K�ZqXY²°§Og0ecr6QH«
��³�QBesZ\pxp�g0e�^
r6gqP�p�g0e�^cQ�[OtOQA�aQHXYr6eYu�pa^cu�g0tª�OW�^cZqu�����W6QA�aQHX|�qWIeYu�¥�r6Z\^Yu�gqtxX¡XYW6P�Z\t4^cu�v4[OQHX|¤ Q6t4^YecQ6pOecQ6t��aeYQ�XY[Oe�r�Q�^b`>p?Q!�aQAXYp�WHr�u�¥�r6Z\^Yu�gqtxXI�
® ��r6gqP�p?gqeY^YQ¡W6�4Z\��Q6P�Q6t4^M[OtOQ|pOecWIXYQ6t4^cZ\^Yu�gqt��aQ|�+� u�PBpx��WIPBQIt4^cZ�^cu�g0t���� [Ot P�ga�a[O��Q��aQ¡�qWIeYu�¥�r6Z\^Yu�gqt��xZqXYW|X�[Oe�r6QIX�r6gqt4^Yec´q��QIX
�OZqtxXM�.� QIt4�>u�eYg0tOtOQIPBQIt4^���ym_�nU��kj �0Z8��Zx�
µ·¶�¸I�6¹cº0»��ª�¼��y§k½O�4Z8��ZO½O� �ymT�nU��¾j9½ ¢k® �¿½aÀEÁ¾�n�
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�� �I¸����Oºq¸q��� �ymT�nU��kj��4Z8��ZTuwX2Z|XYg\�¯^��MZ\ecQkQIt4�>u�eYg0tOP�Q6t4^���gqe2^cLOQ��aQ6�0Q6��gqpOP�QIt0^2gq�?P�Z\t�Z\�qQIP�Q6t4^�u�ta��g0eYP�Z�^cu�g0t�P�ga�aQI��XI�
® ^kZqu�P�X�^cg|pOeYg��>uw�aQ�Z|X�Q6^fg\�9u�t4^cQ6�qesZ�^cQI��^Yg>gq�wXfZqtx�Bu�t4^YQIe���Z0r�QHX���gqefZ\���Ou�ta��gqecP�Z�^cu�g0t�P�ga�aQ6��tOg\^sZ�^cu�g0txXG[xXYQI�Bu�tB^cLOQ_�ag0P�Zqu�t
gq��P�Z\tx�qQ6P�QIt0^�u�ta��gqecP�Z�^cu�g0t�P�ga�aQ6��u�tO�x�
KMLOuwX�ecQ6p?gqeY^�pOecQIXYQ6t4^cX�g0tOQfr�g0P�p�g0tOQ6t4^�gq�4^cLOQfQIt4�>u�eYg0tOP�Q6t4^I½Iu+� Qq��^YLOQkX�QIP�Zqt4^Yuwr6X�rsLOQHrs²qQIe9��gqe�� �y§¨��£Z\txZq�qQI�|�T�ahbQHr
^

§xgqecP�Z\^s«¡XYp�QHr�u�¥�r6Z\^Yu�gqtxX�[xX�QH�u�t^YLxQ ¢k® ��¨ ¢ gqP�P�gqt ® ta��g0eYP�Z\^Yu�gqt¿�)ga�aQ6�¯«¡Z\pxpOeYg4ZqrsLªXb^sZ\tx�xZ\es�au��IQI� �>`°^YLxQAmT�°K�§
¨+m_uwXb^ceYu��O[a^cQI�ª�°ZqtxZ\�0Q6P�Q6t4^yK�ZqXY²°§Og0ecr6QH«���KMLOQ�ecQ6p?gqeY^yr�g0t4^cZ\u�txX¡Z��aQ�^sZ\u�����QI��aQIXcr�ecu�pa^Yu�gqt g\�kp?Q6eY��gqecP�QI�£�qQ6ecu�¥�r6Z\^Yu�gqtxX
Z0X��¾Q6���kZ0X�Z°r6gqP�pO��Q�^cQ!u�PBpx��QIPBQIt4^cZ�^cu�g0t¼Z\t��¿[xXcZ\�qQ!�q[Ouw�aQ���g0e�^cLOQ�XYQ6P�Z\t4^cu�rIX�rsLOQHrs²qQ6e�ZqX�u�P�pO��Q6P�Q6t4^cQI����u�^YLOu�t�^cLOQ
QIt4�>u�eYg0tOP�Q6t4^I�
�����9¹���¶��� ��q�¼��y§k½��0Z8��ZO½a� �ymT�nU��¾j9½ ¢k® �¿½xÀEÁk�k�
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� �ymT�nU��¾j£�4Z8��Z! ~�"� Ø}#"Ç½��aW6�0Q6��gqpOp?WB�xZ\txXT��QBpOecg\hbQ6^yU��kja�nm�oTj�½�p�QIeYP�Q�^¡�wZ�XcZ\uwX�u�Qq½?�.� ZqtxZ\��`aX�Q�Q6^y�wZ�P�ZqtOu�pO[O�wZ�^Yu�gqt
�aQHX�P�ga�aNI��QHX��aQ��.� u�ta��gqecP�Z�^cu�g0t��aQ��0QIX�^Yu�gqt�v4[OQI��v4[OQ�X�g0u ^B��Q���gqecP�Z\��u�XYP�Q!Xb^sZ\tx�xZ\es�ª[a^Yu���uwXYW�p?gq[Oe���QHX��aWIr6eYu�eYQ ¨+j%$T�)dG½
& my� �('�oyj%$���Rq½?� �y§¾½������Ø«
�?o��0QIr¡�wZ�P�gqt4^YWIQ|Q6t pO[OuwXYXcZ\t�r�Q��aQ��.� Z\pOpOecgarsLOQ¡ÀEÁ¾�n� ¨�ÀQ6�a¦ÏÁMZqXYQI���ft4^YQIeYpxeYuwX�Q��£Z\tO�0Q�¦
P�Q6t4^
«
½9u��GZ�W6^YWBeYWHr�Q6P�P�Q6t4^_W6^YQItx�a[°p?gq[Oeyp?Q6ecPBQ6^�^ceYQ���Z�P�ZqtOu�px[O��Z\^Yu�gqt£�O[°P�g>�ON6��Q��aQ��+� u�tO��gqecP�Z\^Yu�gqt ¢k® � ¨ ¢ gqP�P�gqt
® ta��g0eYP�Z\^Yu�gqtª�)ga�aQ6�¯«) �R*".½�u.� QB��Q�^YesZ\u�^YQIP�Q6t4^��aQIX|XYp�WHr�u�¥�r6Z\^Yu�gqtxX|��y§·¨��°ZqtxZ\�0QI�¿�T�ahbQIr�^�§OgqecP�Z�^
«TXYgq[�Xb¦�h�Zqr6Q6t4^YQHX+ ,�"Ç�
Kégq[a^��.� Q6t>�>u�ecgqtOtxQ6P�Q6t4^�QIX�^_�aWI�qQ6��gqpxp�W¡Q6t°�4Z8��ZO½>Q�^_��Zqr�u���u ^cQ|��Z�P�Z\txu�pO[x��Z\^Yu�gqt)�aQ|�.� u�ta��gqecP�Z�^cu�g0t��aQ|�0QIX�^Yu�gqt�½xQ6t g�-9ecZqt4^I½
g0[a^YecQ��aQHX_g0[a^Yu��wX_r�g0P�pO��Q6^cXI½�[xt£Q6t�X�QIP��O��Q���� u�t4^cQ6eY��Zqr�QHX_�aQ�pOecgq�qesZ\P�P�Z�^cu�g0t p�QIeYP�Q�^Y^cZqt0^¡Z\[a])[a^cu���uwXYZ\^YQ6[xecX_Q�^y�OW6�qQI��g0pa¦
p?Q6[OesX���� `Au�txXYW6ecQ6e���Q6[OesXMpOecgqpOecQIX¾gq[O^Yu���X��aQ|�0QIX�^Yu�gqt��
¢ QBecZqpOp?gqeY^TpOecWIXYQ6t4^YQ��+� Z\t�Z\��`>XYQ�XYW6P�Zqt0^cu�v4[OQ�eYWHZ\��u�XYW6Q�pxZ\ey�.� ZqtxZ\��`aX�QI[OeyXYW6P�Zqt0^cu�v4[OQB� �y§¬u�t0^cW6�0eYWB�OZ\txXy�.� QIt>�4u�ecgqta¦

tOQIP�Q6t4^I� ® ��pOeYWHX�QIt4^YQ|Z\[xXcXYu?�.� Z\esrsLOu ^cQIr�^Y[OecQ|�aQ�r�Q6^�ZqtxZ\��`aX�QI[Oe�Z\u�txXYu�v0[�� [Ot �0[Ou��OQ���� [O^Yu���uwXYZ\^Yu�gqt r�g0PBpx��Q6^I�
³�QyesZ\pxp�g0e�^�QIX�^�gqec�0ZqtOuwX�W¡r�g0PBP�Q|XY[Ou ^H�x³�Z�XYQIr�^Yu�gqt°}B�agqtOtxQ|[OtOQ�r6ZqecZ0r
^cW6ecu�XcZ�^cu�g0t!��� [OtOQ|Q6ececQ6[Oe�XYW6P�Z\t4^Yuwv4[OQ|� �y§¾�

³éZ�X�QHr
^Yu�gqt ~��aWIr6eYu�^��wZ�pxLxZqXYQ|�aQ|pOecW�¦ÏZ\txZq��`aXYQT�>uwXYZqt0^�¤��auwXb^cu�tx�q[OQIe���QHX�r��wZqXcX�QHXMX�u�P�pO��QHX��aQHX�ZqXcX�gar�uwZ�^cu�g0txXI�>³éZ�X�QHr
^Yu�gqt.,
QIt4[xPBNIeYQ�^Yg0[a^YQHX¡��QHX¡Q6eceYQI[OesXT�aW6^YQHr
^YWIQIXypxZqey�.� Z\txZq��`aXYQ6[Oe¡X�WIP�Z\t4^Yuwv4[OQq��³�Z XYQIr�^Yu�gqt0/��ag0tOtOQ�[Ot�q[Ouw�aQ���� [O^Yu���uwXYZ\^Yu�gqtª�aQ
�.� ZqtxZ\��`aX�QI[Oe�X�WIP�Z\t4^Yuwv4[OQ|Z\[)X�QIu�t �aQ|�.� QIt>�4u�ecgqtOtOQIP�Q6t4^M��ym_�nU��kj9�

1 2 ��&M�é�G��!�G� �é���������é��������3������� " $ %

myZ\txXGr6Q�^�^cQ�X�QHr
^Yu�gqt�tOgq[�X��OgqtOtOg0txX�[OtOQ¾�>[OQM�q��gq�xZq��Q¾X�[OeG��QIX�Q6ececQ6[OesXév4[OuaXYgqt4^2�aW�^cQIr
^cW6QHXép�Z\eG�+� Z\t�Z\��`>XYQ6[xe�XYW6P�Z\t4^cu�v4[OQ
� �y§��aQf�.� Q6t>�>u�ecgqtOtxQ6P�Q6t4^�� �ymT�nU��kj� ,�"Ç� ¢ QHX�Q6ececQ6[OesX9X�g0t0^��OW�^YQIeYP�u�tOW6QHX�p?gq[OeérsLxZqr6[Ot|�aQIX�WI��QIP�Q6t4^cXé�a[|P�W�^cZ\¦.P�ga�aNI��Q
�aW6¥xtOu��xZ\txXM��QIX�XYp?WIr�u�¥�rIZ�^Yu�gqt�X��aQ¡��Z��0Q6esX�u�gqt�}O� {��a[ P�ga�aN6��Q ¢k® �54

6 ��Q�v4[xZq��u�¥xQI[Oe¡½
6 ��Z�r6��Z0XYXYQ�½
6 ��ZBpOecgqpxeYu�W�^cWB½
6 ��ZBP�W�^cLOga�aQ�½
6 �+� ZqXcXYg>r6u�Z\^Yu�gqt ½
6 ��ZBecW���WIeYQItxr�Q�½
6 �+� u�tx�auwr6Z�^cu�g0t ½
6 �+� u�txXb^sZ\txr6Qq�
³n� ZqtxZ\��`aX�Q!XYW6P�Zqt0^cu�v4[OQ��aQ�r6QIX�W6��W6P�Q6t4^cX�Q*-9QIr�^Y[OWIQ��OZqtxXB� �ym_�kU��kj¿QHXb^BeYWHZ\��u�XYW6Q�X�[OeB�aQ6[O]ªtxu��0QIZ\[O]ª�au7-9W6ecQ6t4^cXI�

m�� [xtOQMpxZ\eY^é[OtxQ¾�0W6ecu ¥?r6Z�^cu�g0t��aQ¾�+� Q�]auwXb^sZ\txr6Q¾�aQk^Yg0[a^YQM�aW6¥xtOu�^Yu�gqt�ecW���WIeYQItxr�WIQk�OZqtxXé��ZyX�p?WIr6u ¥?r6Z�^cu�g0t���� [Ot�W6��W6P�Q6t4^I½8u.� QMv4[OQ
^cgq[a^cQ�eYW6��W6ecQ6txr6Q�¤¡[OtOQ_�aW6¥xtOu�^Yu�gqtAr6gqeceYQHX�p?gqtx��¤¡[Ot�W6��W6P�QIt0^¾rsLxZ\ec�qW¾pxZ\en�+� Z\txZq��`aXYQ6[OefXY`>t4^cZ�]auwv4[OQ�� �y§£�aQT� �ym_�kU��kj
QHXb^�Q6t4^YecQ6pOecuwX�Q0� ¢ gqP�P�Q°�wZ¼XYW6P�Z\t4^cu�v4[OQ£��� [Ot W6��W6P�Q6t4^��xZ\txX ¢k® � eYQIp�g4X�Q£QIXcX�QIt0^cu�QI����Q6P�QIt0^�X�[Oe���QIX!v4[xZq��u�¥xQI[OecX�v4[Ou
��[OuTXYgqt4^!Z\^�^Yecu��O[OWIX!�+� Z\t�Z\��`>XYQ6[xeAX�WIP�Zqt4^Yuwv0[xQ°� �y§ �aQ � �ym_�kU��kj¬QH�agqu�^!��� Z\[a^ceYQ°p�Z\eY^AQ*-9QIr
^c[OQ6e��aQIX!�qW6ecu�¥�r6Z\^Yu�gqtxX
XY[OpOp?W6P�Q6t4^sZ\u�eYQHX�X�[Oe���QIX�v4[xZq��u�¥xQI[OecXM[O^Yu���uwX�WHX��OZqtxXM��Q¡P�ga�aN6��Qq�
�ftªpO��[xX��OQ���Z �aW6^YQIr�^Yu�gqt¿��� Q6eceYQI[OesXyXY[Oe|��QIX¡ecW���QIeYQItxr�QHX6½��.� ZqtxZ\��`aX�QI[Oe|X�WIP�Z\t4^Yuwv4[OQ�p�QIeYP�Q�^��OQ�r6gqP�pO��W�^cQ6e|�.� ZqtxZ\��`aX�Q

XY`>t0^sZ�]auwv0[xQ¡��y§k½aQIt�Z0XYXYgar�uwZ\t4^�Z\[a]�XYp?WIr�u�¥�rIZ�^Yu�gqt�X¾��y§k½��aQIXMecW���WIeYQItxr�QHXk�0Q6esX¾��QHXMgq�ahbQ6^cX��4Z8�8ZBv4[Ou���QIXMecQ6pOecWIXYQ6t4^YQIt4^I�

8 9 �����é��� �f�é�6����������G �����é� �k�6�¡�é�������;:°���<�����¾�¡�é��������¾� �k����������

³�Q�r6gqP�pOu���Z\^YQ6[xe��OQ XYp?WIr�u�¥�rIZ�^Yu�gqt�X�� �y§ �aQ��.� Q6t>�>u�ecgqtOtxQ6P�Q6t4^�� �ym_�kU��kj9½ftxQ�p?Q6ecP�Q�^�pxZqX��aQ)�auwX�^Yu�tO�q[OQIe�[OtOQ
r6��Z0XYXYQ|X�u�P�pO��Q���� [OtxQ�r��wZqXcX�Q|Z0XYXYgar�uwZ�^Yu�gqt�½4txu���� [OtOQ�u�tx�auwr6Z\^Yu�gqt��O�nt�Q
-?Q6^I½?�OZ\txX���ZB�qQIecXYu�gqt)}a�Ø}��OQIX�XYp�WHr�u�¥�r6Z\^Yu�gqtxX���y§
 �R*"Ç½O[OtOQ|r6��Z0XYXYQ¡QIX�^_r�gqt�X�uw�aW6ecW6Q¡r�g0P�PBQ|Z0XYXYgar�uwZ�^Yu�gqt�X�u�QI����Q|�qWIeYu�¥xQ¡�.� [OtxQ¡�OQIX�r6gqtx�au�^Yu�gqt�X�X�[Ou���Z\t4^YQHX=4
Rq�M�f����Q|u�txX�^cZ\t�r�u�Qy��Q|P�W�^sZ�¦Ïv0[�Z\��u ¥xQI[Oe?>A@B@�C�D%E�F�G�E�C�HBZ8�0QIrT��Z���Z\��Q6[xe?IKJKLNM�O%PRQ
}a�M�f����Q�r6gqt4^Yu�Q6t4^�Z\[ P�gqu�txX��aQI[a]�Z�^Y^Yecu��x[a^cX�ecW���WIeYQItxr�QHX=Q
~O�M�f����Q|LOWIeYu�^YQ|��� [OtOQ�Z0XYXYgar�uwZ�^cu�g0t ¨��0W6ecu ¥?Z\t4^���QHX�r�gqt��au ^cu�g0txX¡R¡Q�^T}0«
�
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Éditeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)��������� �	��
�
�
�����	��� �� ���

ISSN 0249-6399


