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=�>@?A�B�A�CEDGF<HIB�J-KMLONPHIQSR+ATN�QVUWNPHIB�HIXYLONPHIQVRZ A[XP\<X]N ?A�B^A�X�_�QVB^U-KIA�`<A�Xacb Q;deATN�fPF-g

h LSU-UiQ b N Z A b A�_ > A b _ > AjR[k�lnmVgVopDrq�QSsnA�B�t b A+u;onoVvwDxlVvEU:LSynA�X

z|{}�~T��� {}���qwQVJ-X�R-QnJ-X�H�R<N-�A b A�X]XPQnR-X%H�_TH ?L
K�� A�XPN]HIB�LSN]HIQVR Z A%U:L b LSB ?ATN b ATX Z LSR-X Z A�X�B�Q Z ?A�KIA�X�KIH��
R��A/LSH b A�X^y��A�R��A b LOK�HIX-�A�X%B�HI`<NPA�X%���[��gV�
�T����HIKIB�QVJ b;��� R Z A b XPQVR�A�N h LSA%A�R�u/oV�V��QVR<N�U b QVUiQVX-�A
J-R-A
B|�A�N > Q Z A Z � A�X]NPHIB�LONPHIQVR Z LOR-X�J-R�B�Q Z ?A�KIA%L/sVA�_%KIHIA�R�U b QVt-HIN�U:QnJ b Z A�X Z QVRWR��A�A�X^t-HIR-QVB^H�LOKIA�X;� �cR
u/oVoVl �6¡ QVJWK�KIA�\8A�N�f�B¢QnR<N+L Z LOU-N-�A%KML%B|�A�N > Q Z A%� �ph LSJ�_/LSX Z A Z QnR-R��A�A�X�UiQVHIX]XPQVRWH�ATR-R-A�X/� a QVJ b
_�ATX Z A�J-`%B^Q Z �A�KIH�XeLSN]H�QnR-X � RWQVJ-X�U b QVUiQVXPQnR-X�JWR-A+RWQVJ-snA�KIK�AEK�AT_�NPJ b A Z A+KML�B|�ATN > Q Z A[ATR£KIA�sVLOR2N�K�� > \n�
UiQVN >@?A�XPA Z � > QVB^QVy��A�R��A�HIN-�A Z A�X�sVL b HMLOR-_�A�X Z A�X[sVL b HMLSt-KIA�X�XPQnJ-X��¤d�LO_�A�R<NPA�X/�6�cR-XPJ-HIN]A � RWQVJ-X[U b �A�X]A�R<NPQVRWX
J-RWA�L Z LOU-NYLONPHIQVR ?L Z ATX Z QVRWR��A�A�X�A�`<U:QnR-A�R<NPHIA�KIKIA�X[ATN Z QVRWR-QVR-X � UiQVJ bw¥ R-H b/� J-R-AE¦�Q b B�LOK�HIXeLSNPHIQnR�§<J-H
UiA b B^A�N Z � A�R<s<HIXYLSynA b KIA�_;LSX Z A Z QVR-R��A�A�X�tWH�RWQVB�HMLOK�ATX Z LSR-X�J-R%B^Q Z ?A�KIApL/sVAT_pKIHIA�R%KIQVynH�N/�
¨�©iª ~¬«¬­O® {}�����¯@ATNPXpLOK;�A;LSN]QVH b A�X � _�QVB^U:QnXYLOR2N]A�X Z A�K�L°sVL b HMLOR-_�A � B^Q Z ?A�KIA�K�HIR��A/LSH b Awy��A�R��A b LSKIHIX-�A�B^H�`<N]A �
¦�QnR-_�N]H�QnR Z A�K�HIA�R � B�Q Z ?A�KIA�B%L b yVHIR:LSK � B|�ATN > Q Z A[� ��h �
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��� ~ ª���� ­ ª ��f�R�N > HIX
	 Q b�� 	 A�¦�Q<_�JWX QVR�U:L b LOB�A�N]A b A�X]NPHIB�LONPHIQVR�HIR[ynA�R-A b LSKIH�
�A Z KIHIR-A;L b B�HI`<A Z B^Q Z A�KIX
�5�[� gn�
���i��HIK�B^QVJ b/�V� R Z A b XPQnR£LSR Z h LSA�U b QVUiQVX]A Z HIR�u;on�V��LSR%A�X]NPHIB�LONPHIQVR^B�A�N > Q Z �5� �ph � HIR L
U b QVt-HIN�KIHIR � B^Q Z A�KS¦�Q b t-HIR-QnB�HMLSK Z LONYL-��f�R�u/oVoVl �S¡ QnJ-KIK�AT\pLSR Z f�B�L Z LSU-N]A Z N > HIX6B^A�N > Q Z NPQ a QnH�X]XPQnRZ LONYLW��f�R�N > A�X]A[N�	 Q�_;LOXPA�X�	 AwU b A�X]A�R<N�N > A[� ��h � X B^A�N > Q Z �Vb A�KMLS`<HIR-y+N > A > \2UiQVN > A�X]H�X�QO¦6sVL b HMLSR-_TA
> QnB�QnyVA�R-ATH�N�\%QO¦ J-R Z A b KI\<H�RWy�sVL b HMLStWK�ATX;����AEN > A�R�U b QVUiQVX]A�LSR�L Z LOU-NYLONPHIQVR�NPQ%A�`<U:QnR-A�R<NPHMLOK Z LSNYL
LOR Z A�snA�R<NPJ:LOK�KI\ � 	 A
ynHIsVA
L8¦�Q b B%LSK Z A�XP_ b HIU-NPHIQnR�	 > HI_ > A�RiLSt-KIA�X^J-X�N]Q�U b QVUiQVXPA�L8B�ATN > Q Z ¦�Q b
t-HIR-QnB�HMLSK Z LSNeL�H�R%L�B�Q Z A�K�	�HIN > KIQVynH�N$K�HIR � �
� }��i«�� ©���� ~S� h LSR Z QVB Ae¯�A�_�N]X � sVL b HMLSR-_TA+_�QnB�UiQVR-ATR2N]X � ynA�R-A b LSKIH�
�A Z KIHIR-A;L b B�HI`<A Z B^Q Z A�K � K�HIR �
¦�JWR-_�NPHIQnR � B%L b ynHIR:LSK-B^Q Z A�K � � ��h � X B^A�N > Q Z �
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2 �A�snA�KIQVU-U��A�A�U:L b ��HIKIB�QnJ b;�/� R Z A b XPQVR�A�N h LSA43Iu/m65 � _TA�NPN]A[B|�A�N > Q Z A�� Z �ATXPHIyVR��ATA[U:L b � �ph Z LSR-X
N]QVJ-N]A�K�L XPJ-HIN]A;��L
�ATN-�A�_�QnR87_�J-A�UiQVJ b UiA b B^A�NPN b A�K�� A�XPN]HIB�LSN]HIQVR Z A�X�Ae¯�A�NPX ¥ `<A�X Z LOR-X�J-R+B^Q Z ?A�KIA�B�HI`<NPA
L Z LSU-N-�A ?L Z A�X Z QnR-R��A�A�X�t-HIR-QnB�HMLSKIA�X/�-��R%¦ LOHIN � ATK�KIA b A�R Z LSJ-X]XPH�UiQVXPX]HIt-KIA+J-RWA+U b �A Z HI_�N]H�QnR Z A�X�Ae¯�A�N]X
LOK;�A/LSNPQnH b A�X�LOH�RWXPH�§<J � J-R-A�A�X]NPHIB�LONPHIQVR Z AEK�ATJ b sVL b H�LOR-_�AV�

� A�X Z QnR-R��A�A�Xwt-HIR-QVB^HMLSKIA�X � U:QnJ b KIA�XP§<J-A�KIKIA�XwK�LEB|�ATN > Q Z A[L��A�N-�A[HIR-HIN]H�LOKIA�B�A�R<N�B^HIXPA�A�R
UWK�LO_�A �<b �Ae�
X]J-KINPA�R<N Z � JWR-A�_�KMLSXPX]H ¥ _;LSN]HIQVR�ATR Z A�J-`^_;LSN-�A�yVQ b HIA�X/�:9 A�N]NPA[_�KMLOXPXPH ¥ _/LSNPHIQnR�X]J-U-UiQVX]A[K�� AT`2HIX]NPA�R-_TA[XPQnJ-X��
d�LO_�A�R<NPA Z � J-R-A�sVL b HMLSt-KIA�LSK;�A;LSN]QVH b A Z AEK�QnH R-Q b B%LSKIA Z QVR<NwQVR%R-A[UiA�J-NwQVt-X]A b snA b LSJ-_�JWR-A b �A/LSKIHIXYLSN]HIQVR
B%LSHIX�UiQVJ b K�LO§<J-A�KIKIA�QVR^XYLOH�N Z H b A�XPH JWR�X]A�J-HIK6L �A�N-�A+LSN]NPA�HIR<N;�
a QVJ b _�AwN�\<U:A Z A Z QVRWR��A�A�X Z HIXP_ b�?A�NPATX � QnJ�U:QnJ b KIA�J b A�`<NPA�R-X]HIQVR ?L Z A�X Z QVR-R��A�A�X U:QnK�\<N]QVB�HI§<J-A�X b �A�X]J-K��
NeLSR<N Z � J-RWA[_�KMLSX]XPH ¥ _;LONPHIQVR
ATR
U-KIJ-XPHIA�J b X�_;LSN-�A�yVQ b HIA�X�Q b Z QVRWR��A�A�X � �°H�LOR-QVKML'3 �65c_TQVR-X]NYLSN]A+K�� HIR:L Z LSU-NeL/�
N]H�QnR Z A�XEB|�A�N > Q Z A�X Z � LOR:LSKI\<XPA Z �A�sVATK�QnU-U��A�ATX[U:QnJ b Z A�X Z QnR-R��A�A�X�_�QnR<NPHIR<J-A�X Z HIXPN b HIt-J��A�ATX[XPA�KIQnR
J-R-A
KIQVH�RWQ b B%LSKIAV�

a QnJ b U:LSKIKIHIA b _�ATK�L � Z HIsVA b X+LOJ-NPA�J b X��5��HMLSR-QnK�L'; ¡ QVJ-KIKIA�\<3 o65 �>= L b s<H�KIKIA4; �%A�A?3Iu;g65 � F<N]H b LSN]A�KIK�H
A�N�LOK��:3Iu;v65�� Z �A�snA�KIQVU-UiA�R<N Z A�X�B|�A�N > Q Z ATX Z � A�X]NPHIB�LONPHIQVR Z LOR-X Z A�X�B^Q Z ?A�KIA�X L Z LSU-N-�A�X ?L[_TA�X Z QVRWR��A�A�X/�
9 A�XEB|�A�N > Q Z A�X�JWNPHIKIH�X]A�R<N Z ATX°L b ynJ-B�A�R<N]X Z H�¯p�A b A�R<N]X��Mt:L/\ �A�X]HIA�R-X�R-QVNeLSB^B�A�R<NY�$B�LOHIX�XPQVR<NwA�R ¥ R:L/�
KIHIN-�A|�A�§<J-HIsVLSKIA�R<NPA�X/��� L%B|�A�N > Q Z A�� ��h[� §2JiLSR<N ?L�A�KIK�A � LSU-U:L b L�@A�NE_�QVB^B�A�Q b HIynH�RiLSKIAV� ��KIKIA�X]A�t:LOXPA
X]J b K � J-N]HIK�HIXeLSNPHIQnR Z A+KMLE¦�QnR-_�N]H�QnR Z A+§<J:LOXPH���s b LSHIXPATB�t-KMLSR-_�AwB�L b yVHIR:LOKIA Z LOR-X�KIA[_;L Z b A Z A�X�B^Q Z ?A�KIA�X
KIHIR��A;LOH b A�X�y��A�R��A b LOK�HIX-�A�X��5�[� ���[��� _#9 J-KIKMLSy > ; qwA�K Z A b 3Iu;l65��T� ��� L b NPHI_�KIA�¦�QnR Z LONPA�J b ¦�A b L^K�� QVtVdeATN Z AZ HIsnA b X]A�X b A�KIA�_�N]J b A�X�B ¡ QnJ-KIK�AT\ � ��HMLSRWQVKML�;jf�BC3 C�5 ��¡ QVJ-KIKIA�\?; �
LSR<¦ b A Z HD3 vE5P�:FwR-A�A�`<NPATR-XPHIQVR�LOJ-`Z QnR-R��A�ATX�B�J-KINPHI_;LSN-�A�yVQ b HIA�X�A�R�X]A b L8U b QVUiQVX-�A�A�U:L b KIA�X�LSJ-N]A�J b X�A�J-`n��B�@A�B^A�XGB6�°H�KIB^QVJ b/�-� R Z A b X]QVR
; h LSA�3IuVuH5µ� 2 A[U-KIJ-X �i¡ QnJ-KIKIA�\I; f�BJ3 �65�A�R£X]J-yVy ?A b ATR2N�J-RWA+L Z LOU-NYLONPHIQVR Z LOR-X�KIA[_;LSX Z A Z QVR-R��A�A�X
UiQVHIXPX]QVR-RWH�ATR-R-A�X/�

qwQVJ-X�LSKIKIQVR-XwHI_�H � Z LOR-X�J-R8U b A�B�HIA b NPA�B^U-X � U b �A�X]A�R<NPA b J-R-A b ATK�AT_�NPJ b A Z A�_�A�NPN]A�B|�A�N > Q Z A[UiQVJ bZ ATX Z QVR-R��A�A�X�t-HIR-QnB�HMLSKIA�XwA�R b A�KK@LS_ > LOR<N[K�� > \<UiQVN >�?A�XPA Z � Q b HIynH�RWA�XPA�KIQVR	KMLS§<J-A�KIKIA�KIA�X+sVL b HMLSRW_�A�X Z A�X
sVL b HMLSt-KIA�X�X]QVJ-Xµ� dTLS_�A�R<N]A�X�X]QVR<N > QVB^QVy ?A�R-A�X/�
��L Z A�J-`<H ?A�B^A X]A�_�NPHIQnR�B�QnR<N b A _�QnB�B�ATR2N�J-R-A Z �ATB�L b _ > A�XPHIB�HIKMLSH b AcL°U-JL@A�N b ApL Z QVU-N-�A�A�UiQVJ b N b LOH�N]A b
KIA�_;LSX Z A Z QVRWR��A�A�XwU:QnH�X]XPQnR-R-HIA�R-R-ATX;�
a JWH�X � R-QnJ-X�U b QVUiQVXPQnR-X�J-R-A[L Z LSU-NeLSN]H�QnR�UiQVJ b Z A�X Z QnR-R��A�ATX�A�`<UiQVR-A�R<N]H�ATK�KIA�X Z LSR-X�J-R%B^Q Z ?A�KIApL/sVAT_
KIHIA�R%KIQVy2L b HIN > B�HI§<J-Ap� KIH�ATR�RWQVR�_/LSR-QnR-HI§2JWAp_¬¦M3Iu/l65 �T�
9 A�XwN b QVHIX�_;LSX�L/\<LSR<N��A�N-�A8�A�N]J Z H;�A�X � R-QVJWX�U b QnU:QnXPQVRWX�J-R-Aw¦�Q b B%LSKIHIXYLSN]HIQSR+UiA b B^A�NPNeLSR<N Z A�KIA�X�J-R-H ¥ A b �
��R^Ae¯�A�N � y b @LO_�A ?LEJ-R-AwB�@A�B^A��AT_ b HINPJ b A � HIKiX;� L/s ?A b AwU:QnXPXPHIt-KIA Z A�U b A�R Z b A�A�R^_�QVB^U-NPA Z ATX�L b ynJ-B�ATR2N]XZ � LOU-U b QS`<HIB�LONPHIQVR Z H�¯p�A b A�R<N]X�UiQVJ b _ > LO_�J-R Z ATX�N b QnHIX�_;LSX/�
9 A�_TH6UiA b B�A�N Z � A�R<s<HIXYLOyVA b Z � LOJ-N b A�X�_;LOX�A�N�RWQVNYLOB�B^A�R<N6_TA�KIJ-H � N b�?A�X�JWXPHIN-�A � Z A Z QnR-R��A�ATX�t-HIR-QnB�HMLSKIA�XZ LOR-X�J-R�B�Q Z ?ATK�A L/sVA�_ KIH�ATR�� _;LSR-QnR-HI§<J-A;��KIQVynHIXPNPHI§<J-A	B/_V� A�XPN�_TA�§2JWH-A�XPNc¦ LSHIN Z LSR-X�KML Z A b RWH ?A b A�X]A�_�N]H�QnR �

N�NPO�QSR�T#UWV



C � �&��$%�������%�����K�&� � �����

� ��'�( �	� ���%� "�w����
%�/���� ���[���w���������°��
'-���
%�e�

����� ������������ �!�"�$#%���'&)(*�+#-, #/.!�0(*&
1 J�K�A�N�\<UiA Z A Z QVRWR��A�A�X�LSJ-§<J-ATK:QnR�X;� HIR<N-�A b A�XPX]A��M_e¦ HIR<N b Q Z J-_�NPHIQnR:��ATN��A�NeLSR<N Z QnR-R��A�AwKML Z HIXPN b HIt-J<�

N]H�QnR%R-Q b B�LSKIA�X]QVJ-Xµ� d�LO_�A�R<NPA � KIA�B�Q Z ?A�KIApL Z QVUWN-�A�A�XPNwJ-R�B^Q Z ?A�KIA�B^H�`<N]A�t-HIR-QnB�HMLSK-L/sVAT_pKIHIA�R%U b QVt-HIN;�
h LSU-UiA�KIQVR-X�§<J-A Z LSRWX�KIA�X[�[� � � KML ¦�QVR-_TNPHIQVR Z A�KIH�ATR£_;LOR-QVRWH�§<J-A�LSXPX]Q<_�H;�A�A ?L�KML�KIQnH t-HIR-QnB�HMLSKIA�ATXPN
KMLE¦�QnR-_�NPHIQnR Z A�KIHIA�R%K�QnyVHIN;��9 A�R � A�XPN Z QVR-_�U:LOX�_�A[_;LOX�§<J-H�A�X]N�A�R<s<HIXYLSy��A�H�_TH �

2 R%R-QnNPA43�KIA�sVA�_TNPA�J b �6587�u;� Z A�XwQVt-X]A b sVLONPHIQVR-X �-b �A;LSKIHIXYLONPHIQVR Z J%sVA�_�N]A�J b LSK;�A;LSN]QVH b A:9��
9 QnR Z HINPHIQVRWR-A�KIKIA�B�A�R<N[LSJ�snA�_�N]A�J b Z � Ae¯�A�NPX�LOK;�A;LSN]QVH b A�X�B<;�� sVA�_�N]A�J b LOK;�A/LSNPQnH b A�R-QnR�QVtWXPA b sVLSt-KIA Z AZ HIB^A�R-XPHIQnR>=S� � QnR%XPJ-U-UiQVX]A[§<J-A�KIA�X�_�QVB^U:QnXYLOR2N]A�X�9�?�XPQnR2N�HIR Z �A�U:ATR Z LSR<N]A�X�A�Nw§<J-A�B

@BADCFE uHG�IJIJIJGK5FL�9 ?NM ;PO�Q�RTS AVU � U ? GVW/XZY ? �[G]\

QnJ�ATR-_�Q b A Z A�¦�L:7_�QnR|�A�§<J-HIsVLSKIA�R<N]A�BZ9^?DO`_bac
d]e \

9^? d Q ?JP9�? d M ;>O�Q	RfS A6U �]ugGVW XZY ?�� HIR Z �A�U:ATR Z LSR<N]A�X;�
2 R�X;� HIR<N-�A b A�XPX]ApLOJ[sVA�_TNPA�J b �65h7�u;� Z A�X�¦ b �A�§<J-A�R-_�ATX*i ? O 3�?

U ? A�N�QnR+R-QnNPA*j ? K�ATX�sVL b H�LOt-KIA�X6LOK;�A;LSN]QVH b A�XLOXPXPQ<_�H/�A�ATX � _�QVB^U:QnXYLOR2N]A�X Z J%sVAT_�NPA�J b jlknm4o \!p �

� A+U b �A Z HI_�N]A�J b KIHIR��A;LOH b A[HIR<NPA b sVA�RiLSR<N Z LSR-X�KIA�B�Q Z ?A�KIA[_�QnB�UiQ b NPA[J-RWA+U:L b N]H�A�Ae¯�A�N ¥ `<A�A�N�J-R-A
U:L b N]H�A^Ae¯�A�N�LOK;�A/LSNPQnH b A	B<qgrsO�t�uwv�x:; Q ?Jyt	knm4o{z p ATNPxFknm4oZ| p XPQVR<N Z A�X�B%LSN b HI_�A�X[_�QnR-R<J-A�X �u}k z-o \!p A�X]N+J-R8sVAT_�NPA�J b Z � Ae¯@ATNPX ¥ `<A�X�A�N};�O��~;*�\ G�IJIJI�G�;*�� �~��J-R8sVA�_�N]A�J b Z A}� Ae¯@ATNPX�LSK;�A;LSN]QVH b ATX;�
��L:����!�D� _�QnB�UiQVXYLOR<NPA4;��[A�X]N�KIA�snA�_�NPATJ b LOK;�A/LSNPQnH b A Z A Z H�B^A�R-X]H�QnRP=!��_TQ bPb A�XPUiQVR Z LSR<NpLOJ}������D� Ae¯�A�N
LOK;�A/LSNPQnH b AV� 2 R�XPJ-U-UiQVX]A Z A[UWK�JWX�§<J-A}; Z A Z H�B^A�R-X]H�QnR>=^��L/snA�_�=4Os� �� e \ = � � A�XPN Z HIXPN b HIt-J��A Z A[KML¦ L 7_�QVR�X]J-HIsVLSR<NPA	BD;�Rh� ��mbGK�E��Q ?J�� U b A�R Z b L%KML�¦�Q b B�A Z � JWR-A�B�LON b HI_�A Z HMLSyVQnR:LSKIA$�[UiL b t-KIQ<_�X.B
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�$� L Z LSUWNYLSN]HIQVR�LSJW` Z QVR-R��A�A�X�UiQVHIX]XPQVRWR-HIA�R-R-A�X^§<J � H�KIX[U b QVUiQVX]A�R<N �$b A�X]NPA ¥ Z ?A�KIA ?L�KML
B|�A�N > Q Z QVKIQVynH�A
� ��h[� Z LSRWX KML�B^A�XPJ b A�Q ?J�A�KIK�A b A�UiQVX]A�XPJ b K�� A�XPN]HIB�LSN]HIQVR[U:L b §<J:LOXPH���s b LSHIXPATB�t-KMLSR-_�A � KMLw¦5QVR-_�N]HIQVR Z A
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Éditeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)��������� �	��
�


�������������� ���

ISSN 0249-6399


