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HJILKMON P�Q5R MTS�U�V I MWQ5U�XZY�[]\*P�Q5^_MW`bacVedCP Q5`�fhg2fei
j1k�lmon�mTp�qsrutmov3mowyx{z_m}|,v3~*v3| lmon�mov

�e���W� m}|�� �*� mo�

r�wZ�:� �y� | � m � mo� k m � � k m������*po�y��qs��w � vFpo�y����q p��!�JwZ�ymov

�<���}���W�:�y���$� m � � �:v�¡ � m � | k m¢m}£Zwy�¤x:wZ|�¡ � � �y¥ | k mC¦ ��§ �{m}| §��y��¨$� mo�¤¡¤wZ©J¡¤�ª¡«|¬~­�Jw � wyn�m}|3m �o®­¯ mo�}wyxJv3mu| k m¢m°z{wy�°|
m}£Zwy�¤x:wZ|�¡ � � �y¥ | k ¡¤v>�Lw � wyn�m}|3m � k wyvem°z*� � �{mo��|�¡¤wy�{|�¡¤n�m�� � n��J�«m°z{¡«|±~y²�v�¡¤n�x:�¤wZ|�¡ � �Cn�m}| k �*� vew � m�x:v3m � | ��� m � ¡«£ym,wy�
mov3|�¡ªnCwZ|3m ®>³ �C| k ¡¤v)�JwZ� m � ² § m,x:v3m
| k m,v3|�wZ|3m�v��Jwy�°m � mo� � n�� � v�¡¤|�¡ � ��n�m}| k �*�{� � � �y~ �y¥�´�� xJ�¤�¤¡«m}µ
wy� �¢¶ wyn � x:�¤�¤m ¥·�y�
� � �:v�| � x:�°|�¡¤�{�TwT�{m § v�¡¤n�x:�¤wZ|�¡ � ��n�m}| k �*�_§ k ¡ª� k � � n�©J¡¤�:mov1| k m�¡¤n�� �y� |�wy�:�°mFwy� � | k m�v3| � wZ|�¡¹¸Jm � � � ��|3m¢ºcw � � �
� � ¡¤�:�}¡«�J�¤mov ® � m�v k ��§ | k wZ|1| k m � mo�¤wZ|3m � mov3|�¡ªnCwZ| �y� © mo� � �{��vc| � | k m»£Zw � ¡¤wy�:�°m°¼ � m � x:�°|�¡ � � ¥ wynC¡¤�«~ ®D¯ ~u��xJn�m � ¡¤�}wy�
� � n��Lw � ¡¤v � �:vo² § m&¡¤�ª�¤x:v3| � wZ|3m>| k m&¡¤��|3m � mov3| �y¥5� x � n�m}| k �5�F§ k mo�F� � nC�Jw � m � | � | k m&� � m}£*¡ � x:v�v�¡ªn�x:�ªwZ|�¡ � �»n�m}| k �*� v
©Jwyv�m � � � | k mFv�wyn�m � mo� � n�� � v�¡¤|�¡ � � ®
½­¾À¿ Á�Â!Ã �WÄÅ��� Æ � �O§ �{m}| §��y��¨ ²)n¢wWz*¡¤n�x:nÈÇoÉ±¼Ê¦ ��§ ²)� � ��|3m ºcw � � � v�¡ªn�x:�ªwZ|�¡ � ��²�£Zw � ¡¤wy�:�°m°¼ � m � x:�°|�¡ � ��²>¡¤nC� �y� ¼
|�wy�:�°m�wy� � v3| � wZ|�¡«¸Jm � v�wyn��L�¤¡¤�{�
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�¾ ����� �¾ ��� � x:vF� � �:v�¡ � tm ��� �:v»�¤mC� ��� ©J� lmonCm � mC���±tm}£Wwy�ªx:wZ|�¡ � � � m¢�¤w<¸LwZ©J¡ª�¤¡«|�tm � �ßx:� � tmov3mowyx � m�| � wy�Jv3� �y� |»v3| � ¼
� k wyv3|�¡��5x{m ®�� m ¥ wy¡«|��5x{mF��� tm}£Zwy�¤x:wZ|�¡ � ��m°z*wy�°|3m � mF�°m��Jw � wyn lm}| � m�v � ¡«| � m�� � n��J�«m°z{¡«|�tm»|3mon�� �y� mo�¤�¤mAm°z5� � �{mo��|�¡«mo�¤�«my²
� � � � x:¡«| lw�x:|�¡¤�¤¡¤v3m �»� movFv�¡¤n�x:�¤wZ|�¡ � �:v � m¢� � �À|3m_ºcw � � � � � x � ���åmov3|�¡ªn�m �o®u´ wy�JvF�°m<�JwZ�J¡«m � ²Å� � x:v»m°z*�J� � ¡¤| � �:v»�¤w
� ��� �Ltm � x � m � m � tmo� � nC� � v�¡«|�¡ � � � mT���åmov��Jwy�°m � � tm}|�wZ|�v � m ´�� x:�¤�¤¡«m}µ�m}| ¶ wyn � x:�¤�«m�� � x � � � �:v3| � x:¡ � m¢x:�{mT� � x{£ymo�¤�«m
nbtm}| k �*� m � m!v�¡¤n�x:�¤wZ|�¡ � ��²L©Jwyv5tm}m�v�x � ���±tmo� k wy��|�¡¤�¤� � �:�JwZ�ym�v3| � wZ|�¡¹¸ctm!m}| ���±tmo� k wy��|�¡¤�¤� � �:�JwZ�ym�� � tm ¥ tm � mo��|�¡«mo� ® � � x:v � tm°¼
n � ��| ��� �:v����ßwZ�:�Jw � |3mo�:wy�J�°m � m �°m}|3|3m�n tm}| k �*� m lw �¤w ¥ wyn¢¡¤�¤�«m � mov�nbtm}| k �*� mov � m � tm � xJ�°|�¡ � � � m �¤w�£Zw � ¡¤wy�:�°mum}|
� � xJvF�¤w­� � n��Jw ��� �:v lw­xJ�{mC� � tmo�Ltm � mo��|3m n tm}| k �5� mT©Jwyv5tm}m v�x � �¤w�n��monCmT� ��� �Ltm � x � m � m � tmo� � nC� � v�¡«|�¡ � � ® � � x:v
¡¤�ª�¤x:v3| ��� �Jv
�Jw � x:��m°z*mon��J�¤m����ß¡ª�À|5tm � �m}| � m!� � | � m!n tm}| k �*� m!�Jw � � wZ�:� �y� | lw<x:�{m�� � tmo�Ltm � mo��|3m¢nbtm}| k �*� m�©Jwyv�tm}mCv�x �
�¤w�n��monCm � tmo� � n�� � v�¡«|�¡ � � ®
� Ã �O� Á � � �¾ � rutmov3mowyx � mc| � wy�:v3� �y� |}²ÀÇ�É±¼Ê¦ � |>nCwWz*¡ªnCwy�Ê²�v�¡¤n�x:�¤wZ|�¡ � � � m
� � �À|3m ºcw � � � ² � m � x:�°|�¡ � � � m
�¤w�£Zw � ¡¤wy�:�°my²
tmo� k wy�À|�¡¤�ª� � �:�:wZ�ym»� � tm ¥ tm � mo��|�¡«mo�Åm}|,v3| � wZ|�¡¹¸
tm ®



���������
	���
�����������������
���������� ���"!#�$��%'&(	)��%#���+*-,.	/�0��
21/�3�4����5�6879
��0�:
;���<��� �

= 8:�������»?C�!=��������

> ©Jwyv�¡¤�
n¢¡¤v�v�¡ � � �y¥ w ¦ �O§ �{m}| §&�y��¨ ¡¤v)| k m1mov3|�wZ©J�¤¡ªv k n�mo��| �y¥ w�¦ ��§ © m}| § m}mo�TwAv � x � �°m,� �5� m1Ç�wy� � w»v�¡¤� ¨ � �5� m
É>| k wZ|cn�m}m}|�v �y� m°z*�°m}m � vcw»¸:z5m �<� monCwy� �@?:®>³ �C| k m�v3| � � k wyv3|�¡¤���}wyv3my²*| k m��{m}| §&�y��¨ � � n�� � �{mo��|�v k w�£ym � wy� �{� n
�}wZ�Jwy�}¡¤|�¡«mov�wy� � | k m v�x:�}�°mov�v �y¥ | k ¡¤v!nC¡¤v�v�¡ � �]¡¤v!w � wy� �:� nGm}£ymo��| ®BA ~5v3|3mon¢v�| k wZ|C�}wy� ©�m � m}��w ��� m � wyv�¦ ��§
�{m}| §&�y��¨ v w � m�mo�«mo�°| � ¡¤�ð¼Ñ� �O§ m � | � wy�:v�nC¡¤v�v�¡ � ��² � ¡¤v�| � ¡«©Jx{|�¡ � �<v�~5v3|3mon¢v}² | � wy�:v3� �y� |�wZ|�¡ � �­�{m}| §��y��¨ v wy� � � � nC�Jx{|3m �
�{m}| §&�y��¨ v ® j,k m,� ��� ©JwZ©J¡¤�¤¡¤|¬~ �y¥ v�x:�}�°mov�v ¥ x:�Jn¢¡¤v�v�¡ � �¢¡¤vewF��m ��¥h�y� n¢wy�:�°m�n�mowyv�x � my² �y¥ |3mo�u�}wy�¤�«m � | k m#C ��%D�E	)��%#���+*
�F	/�0��
21/�3�4����5��@	G
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A m}£ym � wy���JwZ� m � v k w�£ym!©�m}mo� � m}£ � |3m � | � ¡«|�v�m}£Wwy�ªx:wZ|�¡ � � § k mo��� �5� mov �{� � � | �¤¡¤nC¡¤|c¦ ��§ | � wy�:v�nC¡¤v�v�¡ � ��wy� �
§ k mo��w � �}vD�}wZ�Jwy�}¡«|�¡«movew � m � ¡¤v�� � m}|3my²�n�x:�¤|�¡¹¼Ñ£Wwy�ªx{m � wy� � v3|�wZ|�¡¤v3|�¡ª�}wy�¤�«~F¡¤� � m}� mo� � mo��| � wy� �:� n £Ww � ¡ªwZ©J�«mov8Iß�5²{p J{²:p/K:²
p)L9M ®>³ �T| k ¡¤v��}wyv3my² � �{m �y¥ | k m�nCm}| k �5� ve| � � � n��Jx{|3m�m°z{wy�°|��«~¢| k m��Jw � wynCm}|3m � xJ� � m � � � �Jv�¡ � m � wZ|�¡ � �T¡¤v&©Jwyv3m �T� �
| k m»v�|�wZ|3m�v3�Jwy�°m � mo� � n�� � v�¡«|�¡ � � n�m}| k �5�{� � � �y~ �y¥)´�� x:�¤�¤¡«m}µAwy� �­¶ wyn � x:�ª�«mNIß�OM ®D³ |1v�|�w � |�v1©5~ � mo� � n�� � v�¡¤�{�!| k m
v3|�wZ|3mCv��Jwy�°m�¡ª�À| � � � �*¼ � £ym � �¤wZ�:�L¡¤�{� � � m � wZ|�¡ª�{�<v�m}|}² ¥ wy¡¤�«m � v3m}|}²�wy� � x:� � m}|3m � nC¡¤�:m � v3m}|�v ®QP wy� k x:� � m}|3m � nC¡¤�{m �
v3m}|!¡¤v�x:v3m � wyv�¡ª�{�Jx{| �y¥ v�x{©Jv3m �5x{mo��|�v�¡ªnC¡¤�¤w �F� mo� � n�� � v�¡«|�¡ � � ® j1k m � mo�}x � v�¡«£ymT� ��� �°mov�v�|3m � nC¡¤�:wZ|3mov § k mo�bwy�¤�
�ymo�{m � wZ|3m � v3m}|�v1w � m»�}�¤wyv�v3m � � � m � wZ|�¡ª�{� �y�1¥ wy¡ª�«m ��® j1k m � ��� ©LwZ©J¡¤�¤¡«|±~C| k wZ|
| k m � wy� �{� n £ymo�°| �y� v�|�wZ|3m»© mo� � �{��vc| �
wy��~��ymo�{m � wZ|3m ��� ��m � wZ|�¡¤�{�uv3m}|»¡¤v�mowyv3~�| � � � n��Lx{|3m�wy� � | k m�¦ ��§ �{m}| §&�y��¨­� mo�¤¡¤wZ©L¡¤�¤¡«|±~<�Lw � wyn�m}|3m � ¡¤v�| k m�v�x:n
�y¥ | k mov3mA� ��� ©JwZ©J¡¤�ª¡«|�¡«mov ®

� k mo��wy�¤�,w � �}v k w�£ym � �:�«~ | §�� � � v�v�¡«©J�«m_�}wZ�Jwy�}¡¤|�¡«mov�p �y� J wy� � | k m � monCwy� � ¡¤v ?SR pZ²
| k m�� ��� ©J�«mon
© mo� � n�mov!| k m v � x � �°m°¼Ñ|3m � nC¡¤�Jwy� � mo�¤¡¤wZ©J¡¤�ª¡«|¬~�� ��� ©L�«monTIUL�MÑ²VIUW9MÑ²VIå�9M § k ¡¤� k ¡¤v � � ¼ k w ��� Iå�XM ® º � �:v3m �5x{mo��|��«~y²D| k m
�ymo�{m � wy���}wyv�mu� � �Jv�¡ � m � m � k m � mu¡¤v�wy�¤v � wy� � � ¼ k w ��� � ��� ©J�«mon ® j1k ¡ªvF¡¤n��L�¤¡«mov»| k wZ|�| k m � � n��Lx{|�wZ|�¡ � �:wy�&|�¡¤n�m
§ ¡ª�¤��©�m�� ��� k ¡«©J¡¤|�¡«£ym § k mo� | k mC�{m}| §&�y��¨ v�¡«µ}mC¡¤v»�ªw � �ymYIUZXM ® j,k mo� � � ��|3m_ºcw � � � wZ�:� ��� wy� k mov�w � m¢wy�«|3m � �:wZ|�¡«£ymov
wy�¤� ��§ ¡¤�:�{²*¡ª� w � mowyv � �:wZ©L�«mA|�¡¤n�my²:| k mAm}£Wwy�¤xJwZ|�¡ � � �y¥ �¤w � �ym»�{m}| §&�y��¨ v ®

Æ �y� w�¸:z*m � v�wyn��J�¤m v�¡«µ}m\[b²{| k mAmov3|�¡¤nCwZ|�¡ � � �y¥ | k m ¦ ��§ �{m}| §&�y��¨<� mo�¤¡¤wZ©J¡¤�ª¡«|¬~��Jw � wyn�m}|3m � ©5~T| k m»v�|�wy� � w ���
mov3|�¡ªnCwZ| �y� ¡¤v1| k m ¥·� m ��x:mo�:�°~ �y¥)� � m � wZ|�¡¤�:�¢�}wZ�Jwy�}¡«|±~ £ymo�°| �y� v�¡ª� | k mFv3m}| �y¥ [ ¡¤� � m}� mo� � mo��|�| � ¡¤wy�¤v �{� w § � ¥·��� n
| k m § k � �¤m�v3|�wZ|3m�v3�Lwy�°m �y¥ | k m � wy� �{� n �}wZ�Jwy�}¡«|±~�£ymo�°| �y�o®A³ � �y��� m � | �<� ©J|�wy¡¤��n �y� m�m/]T�}¡«mo��|�mov�|�¡¤nCwZ| �y� § ¡«| k
| k muv�wyn�m v�wynC�J�«mTv�¡«µ}m^[b²D¡¤�SI¹po�9MÑ² Æ ¡¤v k nCwy� wy� �BA k w § v3| � � | k m<m°z*wy�°|Cwy�«� �y� ¡«| k n`_ x:v�¡¤�{� � mo�}x � v�¡«£ymo�«~ | k m
� mo� � nC� � v�¡«|�¡ � � � ��� �°m � x � m �y¥*´�� x:�ª�¤¡«m}µ>wy� ��¶ wyn � x:�¤�¤mXaJw ¥ |3m � w
� � m°¼Ê¸:z*m � �5x:n�©�m ���y¥ �}wy�¤�ªv�| � | k m � mo� � n�� � v�¡«|�¡ � �
� ��� �°m � x � m�wy� � m°z*�J� � ¡«|�v � n�m � mov�xJ�«|�¡¤�{�<¡¤� ¥·�y� nCwZ|�¡ � �:v�¡¤�­| k m�v�¡¤n�x:�¤wZ|�¡ � �­� � �À|3m°z*| b | k m��ymo�:m � wZ|3m ��� � m � wZ|�¡¤�{�
wy� �u¥ wy¡¤�«m � v�m}|�v1w � m»x:v3m � | �T� m � x:�°mAwC� �O§ m � © � xJ� � wy� � wy�_x{�:� m � © � x:� �T� � | k m � mo�ª¡¤wZ©J¡¤�¤¡¤|¬~��Jw � wynCm}|3m � ²:| k m
v�wynC�J�¤¡¤�{�»¡ªv � m � x:�°m � | � | k m�x:�:¡ � � �y¥ | k m � mov�x:�«|�¡¤�:�Fx:� � m}|3m � nC¡¤�{m � v�x{©Jv3m}|�v&wy� � | k m"[	| � ¡¤wy�¤vew � m � ¡ªv3| � ¡«©Jx:|3m �
� �<| k mov3mAv3m}|�v ®dc mo�:�°my²{mowy� k x:� � m}|3m � nC¡¤�{m � v3m}|�� � �Jv3|�¡«|�x{|3mov
w�v3| � wZ|�x:n wy� � | k m n�m}| k �*� ¡¤v��}wy�¤�«m � w�v�| � wZ|�¡¹¸Jm �
v�wynC�J�¤¡¤�{��|3mo� k �:¡��5x{m ®

³ ��| k ¡¤vÅ|3mo� k �:¡ ��x{my²Z| k m�| � ¡¤wy�ªv § ¡«| k ¡¤�Amowy� k v�| � wZ|�x:n ¡¤v�wy�}� � n��J�¤¡¤v k m � ©5~»| k m�v3|�wy� � w ��� v�wyn��L�¤¡¤�{�1|3mo� k �:¡��5x{m ®
j1k m�wy¡¤n �y¥:� x ��§��y��¨ ¡¤vÕ| � v k ��§ | k wZ|>¡ ¥{§ m
x:v3m
¡¤��mowy� k v3| � wZ|�xJn | k m�¡ªn�� �y� |�wy�:�°mcv�wyn��J�¤¡ª�{�,n�m}| k �*� � ��� � � v3m �
¡¤�eI K�MÑ² § m � ©:|�wy¡¤�¢n �y� m,wy�}�}x � wZ|3m,mov3|�¡¤n¢wZ| �y�o® j1k m1x:v�m � ¡¤n�� �y� |�wy�:�°m1v�wyn��J�¤¡¤�:��|3mo� k �:¡��5x{m1wy�¤� ��§ v>| � | � wy�:v ¥·�y� n
| k muv�wyn��L�¤¡¤�{��¡ª�]mowy� k v3| � wZ|�x:n ¡¤��| � | k muv�wyn��J�¤¡¤�:��¡¤�bw­v�n¢wy�¤�«m � v3m}|}²ewy� � | k ¡¤v � mo�}x � v�¡«£ymo�«~y²Dx:��|�¡¤�e¡¤|�¡¤v�� � |
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Unit é de recherche INRIA Lorraine, Technopôle de Nancy-Brabois, Campus scientifique,
615 rue du Jardin Botanique, BP 101, 54600 VILLERS LÈS NANCY
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