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OQPSRT�UVT�W�XZY\[]U!^`_badce[gf<hGT�cif.jkce[gUV[blma8cm[]f.h
n T�lpoklpc RT�U;T6lQq�f.UVj`_]T�rkT6l

s#t f8uvT�ciwx_]a n []h
y a8j`j(f t c n T t T�q P T t q P Tzh!{}|`~��8��X�wx� t []_�~��.�\��X��<��j�a8�<T�l

����,�6��� �������� T�rkj`_gf<[�c�adce[gf<h n TVlma8cmT�_]_][�ceT�l�T�h�f tm� [gcmT�[gUVj`_][b�<^�T�^`h�T��T���a._g^>adcm[]f.h$j t �T6q�[blpT!T�c�� t �T6�,^`T�h,cmT n T!_]T�^ t j(f<lm[�ce[gf<h��
s f<^ t q�a._]q�^`_gT t _]a;c t a8uvT�q%cef.[ t T n ^$leadcmT�_g_][gcmT. �[g_S�Ca.^kc t �T�lmf.^ n t T�^`h$lpoklpc RT�UVT n � �T6�<^>adcm[]f.h>l n [�¡x�T t T�h,ce[gT�_g_]T�l n ^$lmT�q�f.h n f t n t T.�
¢ T t a.j`j>f t c£�T�ce^ n []T�^`h`T�U¤�T�c P f n T n T t �T�lmf._]^kcm[]f.hVj�a t a._g_ RT�_gT�a8¥�h n T t �T n ^`[ t Ti_]T�ceT�UVj�l n T�q�a8_bq�^�_0� � T�j�a t a8_]_��T�_][]lmUVT t T�j>f,lpT
lm^ t ^`h`T j>a t cm[gcm[]f.h n T3_ � []h<ceT t �da8_]_gT n T�ceT�UVj�lGT�c n T�lGq�a._]q�^`_]lGlm[gU�^`_�c�a8hQ�T�l n a8h�lLq P a.�,^`T¦lpf<^�lv§¨[]h<ceT t �da8_]_gT<��©xT6lªT6lmlea8[bl
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­¯®>° ��±e²<³ ��3�¦´ �,^�adce[gf<h�l n ^LUVf.^��.T�UVT�h<c6 ��T��,^�a8cm[]f.h�l n [�¡��T t T�h<ce[gT�_g_]T�l� \lmq P �T�U}a n T ¢ fdµ¬T�_]_0 ,U¤�T�c P f n T n T�¶xT�µQcmf<h� kj�a t a._�§
_��T�_][blma8cm[]f.h¤· Ra�c t a��.T t l
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Téléphone : (33) 02 99 84 71 00 – Télécopie : (33) 02 99 84 71 71
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	 ² ° � OQP T!q�f<h<c t f<_�f8�#leadceT�_]_g[gcmT6l�h`T�T n l�a.q�q�^ t adcmT�a.h n � t T��,^`T�h,cxT��da8_]^�adce[gf<h�lif8��c P T�[ t j(f<lm[�ce[gf<h��xYka8cmT�_]_][�ceT�c t aduvT6q%§
cef t [gT6l�a t TVq�f.UVj`^kceT n � o3lmf._]�,[]h`� a$lpoklpcmT�U f8� n [�¡ÊT t T�h,ce[]a._#T��,^�a8cm[]f.h�l f.�¬lmT�q�f<h n f t n T t ���Çh c P []l t T�j>f t c6 *µ¬TVlpcm^ n o3a
j�a t a._g_]T�_\UVT�c P f n []h;f t n T t cmf t T n ^�q�T¬q�f.UVj`^kc�adcm[]f.h>a8_,cm[]UVT.� OQP TQj�a t a8_]_gT�_g[blmU [bl � a<lpT n f.h;axj>a t cm[gcm[]f.h!f.��c P T
[]h,cmT�� t adcm[]f.h
ce[gUVT!a.h n f<h$lp[]U!^`_gcea.h`T�f<^�liq�f<UVj`^kcea8cm[]f.h�lQ[]h T�a<q P []h,cmT t �da8_E�#¶�^`UVT t [bq�a._ t T6lp^�_�c�lil P fdµ�_g[]UV[�c�adce[gf<h�l�a8h n j(f8ceT�h,cm[ba8_][�ce[gT6l
f.�Bc P T�UVT�c P f n �

 ���Ê±�� ®��
� �.��� fd�.T�UVT�h,c$T��,^�adce[gf<h�l�  n [g¡ÊT t T�h,cm[ba8_�T6�<^>adcm[]f.h>l�  ¢ fdµ
T�_g_ � l$lmq P T�UVT.  ¶�T�µQcef.h � l$UVT�c P f n   j�a t a8_]_]T�_][]lmU
·ea.q t f<lel�c P T�lpcmT�j�¸`�
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� T�q�a8_bq�^`_ n � ^`h`T�c t aduvT�q�cmf<[ t T n T lma8cmT�_g_][�ceT�T�hªf tm� [gcmT�lpT t a8U RT�h�T Ra�_ � []h,c`�T�� t adce[gf<h n � ^`h lmo\lpc RT�UVT n � �T��,^�a8cm[]f.h�l n [g¡x�T t T�hk§
ce[gT�_g_]T�l n ^£lpT6q�f.h n f t n t Tilp^ t ^`h}_gf<h`� [gh,ceT t ��a._g_]T n TQcmT�UVj�l�� � T � ^`c n Tih`f8c t TG�T�cm^ n TQT�lpc n � �T�cea � _][ t ^`h�TiU¤�T�c P f n T¬j>a t a8_]_ RT�_gT
�,^`[�j(T t UVT�cmcmT n � adcmcmT�[]h n t T Ra;_]a��Âf<[]lQ�\[gcmT�lelmT�T�cij t �T�q�[]lm[gf<hLlm^ t n T6liU}a.q P []h`T�l¬j�a t a._g_ RT�_gT6l n T�UVfdo<T�h`h`T j`^�[]lelma.h�q�T<�
¶xf.^�l*T�rkj`_][]�,^`T t f<h�l�  n a8h�l*^`h�j t T�UV[]T t ceT�UVj�l� �_baiUV[blpT#T�h3�T��,^�a8cm[]f.h n ^�j t f � _ RT�UVT�T�cBh�f8cea.UVU;T�h,c*_gT
q�a8_bq�^�_ n ^!lmT�q�f.h n

UVT�U �`t T n T!_ � �T��,^�a8cm[]f.h n [g¡x�T t T�h,cm[]T�_]_gT��,^`[�q�f tet T�lmj>f<h n a8^krG�Âf t q�T6l�a8�<[]lelma.h,cxlp^ t _gT�lma8cmT�_]_][�ceT.� s ^`[bl�h`f<^�l �T�cm^ n [gT t f<h�li^`h
leq P �T�UVa n � [gh,c`�T�� t a8cm[]f.h n ^�lmoklvc RT�UVT n [�¡x�T t T�h,ce[gT�_ � a.lk�TVlp^ t _baGU¤�T�c P f n T n T ¢ fdµ¬T�_]_$#Cq��&% ��')(% *�,^`[�^`cm[]_g[blpT}^�h¦leq P �T�UVa n ^
cvo\j(TLj t �T n []q�cmT�^ t §Çq�f tmt T�q�cmT�^ t a n a.jkc`�T Ra�q�Tªcvo,j(T n TLj t f � _ RT�UVT.� ´ hk¥�h� �h`f.^>l!j t f.j(f<lmT t f.h>l�^`h`TLU¤�T�c P f n T£j�a t a8_]_ RT�_]T n T
q�a8_bq�^`_ n T�c t a8uvT�q�cmf.[ t T�l n T�leadcmT�_g_][gcmT�lQT�h f te� [�ceT.�
� a�j>a t a8_]_��T�_g[bleadcm[]f.h n T�cmT�_bl�q�a8_bq�^`_blQj>T�^kcxl � T�¡(T6q%cm^�T t n T c t f<[]l¬U}a8h�[ RT t T6l n [�¡��T t T�h<ceT�l� \f.h j>T�^kc+*
~.�Qj�a t a8_]_��T�_][]lmT t�Ra�c t a��.T t l
_gT�j t f � _ RT�UVT. 
�k�Qj�a t a8_]_��T�_][]lmT t�Ra�c t a��.T t l
_gT�leq P �T�U}a` 
|`�Qj�a t a8_]_��T�_][]lmT t�Ra�c t a��.T t l
_ � []h<ceT t �da8_]_gT n � [gh,c`�T�� t a8cm[]f.h��

� a}cmT6q P h`[b�,^`T n T�j�a t a8_]_��T�_][]leadce[gf<h$a8j`j(T�_��T�T · Ra}c t a��<T t li_gT�j t f � _ RT�UVT6¸Vj�a t-, T�a t #.% W�')(�q�f.h�lm[blvceT Ra t �T�j>a t cm[ t _gT6l�q�f.UVj(f8§
lea8h,cmT6l n ^3lmT�q�f.h n U;T�U �`t T n ^¦lmoklvc RT�UVT!lm^ t _gT6l n [�¡��T t T�h<c�lxj t fkq�T6lmlmT�^ t l��>©�a8h�l�h`f.c t T�j t f � _ RT�UVT. >_gT}q�a._]q�^`_ n ^¦lmT�q�f.h n
UVT�U �`t T n ^Glmoklvc RT�UVT n � �T��,^�adce[gf<h�l n [�¡��T t T�h<ce[gT�_g_]T�l Ra t �T�lmf.^ n t T�T6lvci[]h,c t [gh�l RT6�<^�T�UVT�h,cilk�T6�,^`T�h,cm[]T�_ÊT�cQ_ba;j�a t a8_]_��T�_][]leadce[gf<h n T
q�T!lpT6q�f<h n UVT�U ��t T�h�T n f.h�h`T�j�a<l n T!�,a8[]h [gUVj(f t cea8h,c6�/#0%g~�W�'�(�� � a n T�^krk[ RT�UVT�j(f<lelm[ � []_][�c`�T�T�lpc n T t T�UVj`_ba.q�T t _]T!leq P �T�UVa
n � []h<c`�T�� t a8cm[]f.h3j�a t ^`h�leq P �T�UVaªj�a t a8_]_ RT�_]T.� �Ç_#T�r\[blpcmTVj`_]^�lp[]T�^ t l U«�T�c P f n T6l j�a t a8_]_ RT�_]T�l�j>f<^ t�t �T�lmf.^ n t T�_gT6l �T��,^�a8cm[]f.h�l n [g�Å§
���T t T�h,cm[]T�_]_gT6lQh`f8c�a8UVUVT�h,c�_gT6l�U«�T�c P f n T6li© � � Y � � #�1>� ¢ � 2¬^kceq P T t %g~��3'*T�c�%g~.~4')(% >T�c�_]T�liU«�T�c P f n T6l � §Çlvc�a � _]T�l5# s � ¢ P a t cm[]T t
% �3')(%� �#� f.^`� t a8�.T n T�6V� 2¬^ tet a.�.T7#0%g~6��'�(Qj t �T6lpT�h,cmT�a8^�lelm[�^`h$_ba t �.T¦�T���a.h,cea8[]_ n T6l�U¤�T�c P f n T�l�j�a t a8_]_ RT�_]T�l¬j>f<^ t _]T�l �T��,^�a8cm[]f.h�l
n [g¡x�T t T�h,cm[]T�_]_]T�l��
s f<^ t h`f.c t T��T�cm^ n T. Êh`f.^>lx�,a t n f.h�lx_gTVleq P �T�U}a n � []h,c`�T�� t adcm[]f.h�l`�T6�<^�T�h,cm[]T�_ n T ¢ fdµ¬T�_]_�T�c h`f.^�l�h`f<^�l�[gh,c`�T t T�lelpf<h�l RaL_]a

c t f<[]lm[ RT�UVT!j(f<lelp[ � []_g[gc`�T.� � T6l�U«�T�c P f n T6l n TVq�T�cmcmT}q�_ba.lelpT n �T6q�f.UVj(f<lmT�h,c�_ � [gh,cmT t �da._g_]T n � []h,c`�T�� t adcm[]f.h$T�h3^�h`T�_][blvceT n T;lmf.^�lp§
[]h,cmT t �da8_]_gT6lQlp^ t _]T�le�,^`T�_bl¬f.hGj>T�^kciU;T�h`T t n T6lQ[gh,c`�T�� t a8cm[]f.h�l�[gh n �T�j(T�h n a8h,cmT6l��98�hGj t fkqÊ�T n �T�[gc`�T t a8cm[g� n T�q�f tmt T�q�cm[]f.h£f � cm[]T�h,c
_ba�lmf._]^kcm[]f.hV�._]f � a8_]T Ra _ba�q�f.h\�.T t �<T�h�q�T.� �Ç_�o;a n f.h>q n T�^krVj�a t ce[gT6l�[gh n �T�j(T�h n a8h,cmT6l n a8h>l�q�T�cpceT�U¤�T�c P f n T:*._ba�q�f<h�lvc t ^>q%cm[]f.h
n � ^`h`T�T�lpcm[]U}adcm[]f.h$[]h`[gcm[ba8_]T n T�_ba}lmf._]^kcm[]f.h$T�cx_]a n �T�¥>h`[�ce[gf<h n T!_ba}q�f tmt T�q�cm[]f.h [�c`�T t adce[g�<T.� s f<^ t _]a£j t T�UV[ RT t T j�a t ce[gT< �h`f<^�l
a��<f.h�l�^kce[g_][]l`�T n T6l U;f n RT�_]T�l a8h�a._go,ce[]�,^`T6l�q�_ba.lelp[b�,^`T�l7#��T��,^�adce[gf<h n T;6 T�j`_gT t T�c�UVf n RT�_gT n T<6 f>=6a@? A n f<h`hQ�T6l�j>a t T�rkT�UVj`_]T
n a.h�lB%g~���'�(����Ç_*T�rk[]lpcmT n � a.^kc t T�liU«�T�c P f n T6l�a8h>a8_]o<ce[]�,^`T6l n T!q�a8_bq�^`_bl n � f te� [gcmT6l��,^`[Blmf.h,c � a<lk�T�T�lilm^ t n T6lic t a.h�lv�Âf t U}a8cm[]f.h�l
n T � []T<#0%g~@C3'¨ D% |�'¨ +% �3'¨ +%g~@E�'¨ +%g~��@')(%� s f.^ t _ba n T�^`r\[ RT�U;T�j>a t cm[]T. `h`f<^�lia��.f<h�lQ^kce[g_][]l`�T _baVU¤�T�c P f n T n �T��<T�_]f.j`jQ�T�T�j�a t w!� 2¬T�_g_]T�h
T�c � ��FÊT�h`h�a t fG#0%g~ ')(Qa8[]h�lm[*�,^`T n T�l¬c t a��da.^kr n T s � ¢ P a t cm[]T t #�% E�'�T�cB%g~6�H')(%�
� a n T t h`[ RT t T�j�a t ce[gT!lmT t a}q�f<h�lea.q t �T�T Raª_]a}UV[blpT!T�hJI�^`� t T n T�_ba}U«�T�c P f n T!lm^ t ^`h`T!U}a<q P [gh�T�j�a t a8_]_ RT�_]T n T!UVfdo.T�h`h`T

j`^�[]lelma.h�q�T<�8¶�f<^�l��T�ce^ n []T t f.h�lB_gTiq�f.UVj>f t ceT�UVT�h,c n TQ_baxU«�T�c P f n T n a.h�l�_gTiq�a<l n ^;q�a8_bq�^`_ n T¬_ � f te� [�ceT n � ^`h}leadceT�_]_g[gcmT¬T�c#h`f<^�l
q�f.UVj�a t T t f.h>lQh`f8c t T�U«�T�c P f n T Ra}_]a£U¤�T�c P f n T!lk�T��,^`T�h,ce[gT�_g_]T n � [gh,c`�T�� t adce[gf<h n T�l �T��,^�a8cm[]f.h�l n [�¡x�T t T�h,ce[gT�_g_]T�lij>a t _]T!leq P �T�UVa
n T ¢ fdµ¬T�_]_E�

K L �NM ����"$�PO�.Q �

� T�q�a._]q�^`_ n T�_ba}c t a8uvT�q�cmf.[ t T n � ^�h3leadcmT�_g_][gcmT;T�h�f tm� [gcmT;q�f<h�lp[blpcmT Ra t �T6lpf<^ n t T�^`h`T��T��,^�a8cm[]f.h n [g¡x�T t T�h,cm[]T�_]_]T n ^3lmT�q�f.h n
f t n t T;#0%g~��3')(%� ´ hGT�¡ÊT�cx_ � �T��,^�adce[gf<h n ^ UVf.^��.T�UVT�h<c n � ^`h$leadcmT�_g_][gcmT T�h f te� [gcmT T�lpc n f<h`hQ�T�T�j�a t

R S TVUXW R S ?Y
a��<T�qZ*W *`_]a;U}a.lelmT n ^ leadceT�_]_g[gcmT< 
R S Y *�_gT t a�o.f<h£�.T6q%cmT�^ t #Cq�T�h,c t T n T�_ba;cmT tmt T�§ÇleadcmT�_g_][gcmTH(� R S ?Y *�_ � a.q�qÊ�T�_��T t a8cm[]f.h n ^ �<T�q%ceT�^ t R S Y  R S T *�_]a t �T�lm^`_gcea8h,ceT n T6lQ�Âf t q�T6lQa8j`j`_][b�<^Q�T�T6l¬a.^$lma8cmT�_]_][�ceT.�

wx^G�<f.[blp[]h�a.�.T n T�_]a�ceT tet T ^`h f � uvT�c�h � T�lpcxlpf<^`UV[]li�,^ � Ra;^`h`T�lmT�^`_]T��Âf t q�T< `_ � adcmc t a.q�cm[]f.h£ceT tet T6lvc t T�lm^`j`j(f<lk�T�T q�T�h,c t a8_]T. 
�,^`[*l � �T�q t [gc[*

R S T\U R�]
W

^ R S Y ^4_ R S Y #p~H(
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Pression solaire

Attraction du soleil

Attraction de la Lune

Irregularites de la forme de la Terre

Frottements

Aplatissement de la Terre

Attraction terrestre

( altitudes de 150 a 1000 km)

110E-210E-4

10E-110E-310E-5

10E-6

10E-7

10E-8
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MODELE DES TEMPS D’EXECUTION DE NEWTON EN SEQUENTIEL: 8 intervalles de temps
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 Y �A��
 � � & , " � N C ?��>� � #�� R &�( #v~6� (

_]T�li�da t [ba � _]T�l¬f<h<ci_baVUUjT�UVT lp[]�.h`[g¥>q�adcm[]f.h �,^ � a8^Gj�a t a8� t a.j P Txj t �T6qÊ�T n T�h,cQT�c+*R 
 Y �A� T6lvci_]T�h`f.U �`t T n T�j t fkq�T6lmlmT�^ t l� 
% >�'�T�lpcQ_]T�q�T�[g_]_][gh`� n T r #Cq � T�lpc Ra n [ t T�_ � T�h,cm[]T t lm^`jQ�T t []T�^ t _]T j`_g^>lij t f\q P T��<T t lI�
��(� 
� T�l�q�f.h�lpcea.h<ceT�l¬f.h,ci_baVUUjT�UVT��da._gT�^ t �;�h£�
�T t [g¥�Ti_]TxUVf n RT�_gT�T�hVc t a<=q�a8h,c�_]T�l�cmT�UVj�l�c P �T�f t [b�,^`T�l�# n f.h`hQ�T�l�j�a t #v~��P(0(#T�c
T�rkj¬�T t []U;T�h,cea8^`r!T�h}�Âf<h�q%ce[gf<h n ^£h�f.U ��t T
n TVj t fkq�T6lmlmT�^ t l� >f<h3f � cm[]T�h,c� Sj>a t T�rkT�UVj`_]TVj>f<^ t ^`h`T;c t a8uvT�q%cef.[ t T�T�h

� � lm^ t f R fa� U C�uvf.^ t l�  � U E<�LlmT�q�f.h n T6l�T�c� U C�_ba�¥��.^ t T5E`�;�h�f � cm[]T�h,cª^�h�UVf n RT�_]T t T�_badcm[]�.T�UVT�h,cªj t �T�q�[]lª�<^�[�h`f<^�l£j(T t UVT�c n T3q�f.h�lpcea8cmT t �<^�T n a.h�l£_]T3q�a.l£f R^ _ � f.h j t T�h n C
j t fkq�T6lmlmT�^ t l� ,h�f.^�lia��<f.h�l¬^`h$lmj>T�T n §¨^`j$q�f<U;j t [bl¬T�h,c t T W}T�c���j>f<^ t R<G S6� Y U ~ @ % % @���T�c n f<h�q�^`h`T�T�2£q�a.q�[gc`�T n T!�.�����
� � 	� 
 � �%������
 � � Q 	� �#�3R � � 

©�a8h�l¬cef.^�l�_gT6liq�a8_bq�^�_]lQ_ � �T�j P �T�U¤�T t [ n T�lmT t a n �T�¥�h�[gT j�a t *
k � T6l n f.h`hQ�T�T6l�f � T�c5#�] � @e]D_� ( �n adceT;#gfa�H( *S~6�.�.�xuvf.^ t l� 
n T�UV[�� t a.h n a8rkT7#0a ( *>�d|<�.� B\UG 
[gh>q�_][gh�a.[]lmf.h #Â[�( *`�>C n T��� 
a t �.^`UVT�h<c n ^ jQ�T t []���T�T�#�H ( *S~�� n T��� 
a.leq�T�h<ce[gf<h n t f.[gcmT;#XJ�( *kW,� n T��� 
a8h`f<U}a8_][gT�UVfdo.T�h�h`T;# K ( *S~6�.| n T��>�
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MODELE DES TEMPS D’EXECUTION DE NEWTON EN PARALLELE: 8 jours, 8 intervalles de temps

niter= 1

niter= 2

niter= 3

niter= 4

niter= 5

modèle théorique

temps expérimentaux

����� � E k
k � T�q P f<[�r n ^GUVf n RT�_gTn T�� t �T n T6lQcmT6lmlmT t a8^kr *��` 
f t n t T n T6l¬cmT6lmlmT t a8^kr *��`�

k � T�leq P �T�U}a�h\^`U¤�T t []�,^`T
j�a.l n � []h,c`�T�� t adcm[]f.h # P ( *�E.�VlpT6q8�

� T�lQj�a t a.U RT�c t T�l¬�,^`[��da t []T t f.h,cQlmf.h,c�*
T *`_ � T�r`q�T�h,c t []q�[�c`�T. 
n U f R f � *`_]a n ^ t �T�T n T�_ � �T�j P �T�U«�T t [ n T�T�h;uvf.^ t l� 
h�= * n T�� t �TxU}adrk[]UVa._ n T�l$=�f.h>a8^krS 
h`[gcmT t *`_gT h`f<U �`t T n � [�c`�T t adce[gf<h�l n T�¶�T�µQcef.h� 
¶ *`_gT h`f<U �`t T n T n �T6q�f<^`j�a8�<T�l n T _ � []h<ceT t �da8_]_gT n T ceT�UVj�l� 
T�c�_]aVj t [blpT T�h q�f<UVjkcmT�f<^Lh`f<h n ^G� t f.cpcmT�UVT�h,c�adcmUVf,lpj P �T t []�,^`T<  n T�_]a;j t T�lelm[gf<h n T t a n [badce[gf<hGlmf._ba8[ t T�T�c n T�lQj(f8ceT�h,cm[]T�_bl
_]^`h`[g§¨lmf._ba8[ t T.�

�vq�[a#g] � @e]D_� ( � T6lvc n f<h`hQ�T T�h q�f\f t n f<h`hQ�T�T�l�B��T�j`_��T t []T�h`h�T/*+#�] � @i]D_� ( U #TC @E� @�G)@6HI@EJ�@)K (%�

�,+�- � 	Z���7:5 1�56/87��IZi9^Zd_�_hZ\eI_h9
� T�lic t a8uvT�q�cmf.[ t T�l�q�a8_bq�^`_��T�T6lij�a t _ba}U¤�T�c P f n T n T;¶�T�µQcef.h$�<f.h,c[jT�c t T�q�f.UVj�a t �T�T�l RaLq�T�_g_]T�l�q�a8_bq�^�_��T�T�lij>a t _ba£U«�T�c P f n T

q�_]a<lmlm[]�,^`T n T ¢ fdµ
T�_g_E� s f.^ t q�T�_ba` �f.h$q�a._]q�^`_gT!_gT6lL�T�q�a t cel t a n [ba8_E `h`f t U}a8_ST�c�cea.h`�.T�h,cm[]T�_�j(f.^ t q P a.�,^`T j(f.[]h,c�q�a._]q�^`_��T�_]f t l
n T�_ � [gh,c`�T�� t adce[gf<h��
Y\f<[�c:] , _ba!lmf._]^kce[gf<h£f � ceT�h\^`T�j�a t _]a!U¤�T�c P f n T n T ¢ fdµ¬T�_]_>q�_]a<lmlm[b�<^�Txa8^}ceT�UVj�l�f , #0q � T�lpc
_ba!lmf._]^kcm[]f.h n T t �T����T t T�h�q�T3(�T�c]D_, _gTi�<T�q%ceT�^ t �\[gcmT6lmlmTQ_g^`[(q�f tmt T�lmj>f<h n a.h<c6�
;�hVa<lmlmfkq�[]T Ra7] , c t f.[bl��.T6q%cmT�^ t l�a��<T�q¬_]T��,^`T�_�[g_k�Âf t UVT t a�^`h t T�j RT t T<� � Tij t T�UV[]T t

T6lvciq�f<_g[]hQ�T6a8[ t T Ra ]D_, #0q � T�lpc¬_]Tx�<T�q%ceT�^ t cea.h`�.T�h,cm[]T�_�(% ,_gT�lpT6q�f.h n T�lpc
f t c P f.�<f.h�a._ Ra ]D_, T�c¬T�lpc n a8h�l
_gT�j`_ba8h n T�_ � T�_g_][gj>lpT�#Cq � T�lpc
_]T��.T6q%cmT�^ tQt a n [ba8_�(% k_]T�c t f<[]lm[ RT�UVTxT6lvc�f t c P f.�<f.h�a._(a.^kr n T�^krªj t �T6qÊ�T n T�h,cel #Cq � T6lvc�_]T �.T�q�cmT�^ t h`f t U}a8_�(%� � T�leq P �T�UVa #�O�[]�ª��(
n �T�q t [gciq�T�l¬c t f<[]lQ�<T�q%ceT�^ t l��
Y\f<[�c j] , _]a3lpf<_g^kce[gf<h�f � cmT�h\^`TLj�a t _]a U¤�T�c P f n T n TLh`T�µQcef.h¤a.^�cmT�UVj�lLf ,  �a._gf t l�lpT6l�q�f\f t n f.h`hQ�T�T6l n a8h�l�_]T t T�j RT t Tn �T�¥�h`[Bj t �T�qÊ�T n T�UVU;T�h,c n �T�¥�h�[]lelpT�h,c�_gT6liT tet T�^ t l t T�_]a8cm[]�.T6l¬cea8h��.T�h,ce[gT�_g_]T.  t a n []a._gT�T�cxh`f t U}a8_]T n T�_ba}U«�T�c P f n T n T�¶�T�µQcef.h

j�a t!t a8j`j(f t c Ra$q�T�_g_]T n T ¢ fdµ
T�_g_
q�_ba.lelp[b�,^`T.�4;�h�q�f.UVj�a t T t aG_]T�l�U}adrk[]U!^`U n TGq�T�l�T tet T�^ t l!�<^�[
lmf.h,c n f.h�h¬�T�T6l�j�a t _gT6l
�Âf t U�^`_gT6l5#0�.� (%�

�T6q�a t c¬cea.h`�.T�h<ce[gT�_�* �[# j] , R ] , ( ��� "����	� " �� �	��

�T�q�a t c¬h�f t UVa._�* �[#�# j] , R ] , ( ��� " ��	� " � �	� ! "����	� " �� �	� 

�T6q�a t c t a n []a._�* � #�# j] , R ] , ( ��� � " ��	� " � �	� ! "����	� " �� �	� � ! "����	� " �� �	��
 #0�.� (

a��<T�q] , T6lvc�_baVlpf<_g^`cm[]f.h n T t �T����T t T�h�q�T�#�q�a8_bq�^�_��T�T�a��<T�q ¢ fdµ
T�_g_Sq�_]a<lmlm[]�,^`T3(¬a8^GcmT�U;j>l,S ,  
ñÂ×Bì*ñÅò
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r : vecteur radial
t : vecteur tangentiel

n : vecteur normal

point de ref

����� � � k
j] , T6lvc�_baVlpf<_g^`cm[]f.h q�a8_bq�^�_��T�T�j>a t ¶�T�µQcmf<h a.^ªceT�UVj�lPS ,  ]D_, T6lvc�_]T��.T6q%ceT�^ t �\[�ceT�lelpT�q�f tet T6lpj(f.h n a8h,c RaL] ,  j]D_, T6lvc�_]T��.T6q%ceT�^ t �\[�ceT�lelpT�q�f tet T6lpj(f.h n a8h,c Ra^j] ,  
� % � % �iT�lpcQ_]T�j t f n ^`[gcxlmq�a8_ba8[ t T ´ ^�q�_g[ n []T�h� % ! %kT6lvc�_]T�j t f n ^`[gcQ�<T�q�cmf t []T�_E�
�,+X* � /87 �8Zd_ ��Zi7f`aZ��Wef2 �I_�241�5��,eIZ
� T-1,a.q�f � []T�h �T�cea8h,ciq�f<h`h\^� `h`f<^�lia��.f<h�l¬j`^ ���T t [�¥�T t _baVq�f<h,�<T t �.T�h�q�T n T _]aVU«�T�c P f n T n T�¶xT�µQcmf<h n a8h�lQ_]T�q�a<l n � ^`h`T

c t a8uvT�q%cef.[ t TOB
�T�j`_��T t [gT�h`h`T<� s f<^ t q�T�_]a� *f<h¦[]h,c RT�� t TVh`f.h�j`_]^�l�a��.T�qL] � � �� UVa.[]l�a��.T6qLA � � �� U ] � � �� � M f R^ M T�lpc!^`h`T£j(T�ce[�ceT
j(T t cm^ te� a8cm[]f.h��8;�h«a.j`j`_][]�,^`TL_ � a8_]�.f t [gc P U;T #v~3(% #lmf.[]T�h,c ] � ?��� _ba lmf._]^kcm[]f.h a8^�ceT�UVj�l f � U f f � cmT�h\^`T Ra j�a t cm[ t n T _]a
q�f.h n [gcm[]f.hª[gh`[gcm[ba8_]T ] � � �� T�c:A � ? �� _ba!lmf._]^kce[gf<h£a8^}ceT�UVj�l�f � U f�q�a._]q�^`_��T�T Ra�j�a t cm[ t n T�_]a�q�f<h n [gcm[]f.h£[]h`[gcm[ba8_]T4A � � �� ��;�h£j(f<lmT:*

� � � � U � � ] � � �� R A � � �� � � U M
OQP �T�f t [b�<^�T�UVT�h,c� \_ba;U¤�T�c P f n T n T�¶�T�µQcef.h q�f<h,�<T t �.T�_gfkq�a._gT�UVT�h,c Ra�^�h`T��\[�ceT�lelpT��,^�a n t a8cm[b�<^�T.�`©�f.h�q�_ � T tmt T�^ t � � ?�� a.j t�RT�l
^`h�T�[�c`�T t adce[gf<hªT�lpc� >a�j t []f t [0 ,ceT�_]_gT��,^`Ta*

� � ?�� U � � ] � ?��� R A � ? �� � ��� )7#T� � � � ( � � ) M �
f R^�)zT�lpci^`h`T�q�f.h�lpcea.h<ceT.�
¢ � T�lpcxq�T��,^`T�h`f<^�lQ���T t [�¥>f.h�lQlm^ t _gT � t a.j P [b�<^�T7#Â¥��;C (��
¶�f.^>l�h�f.^�lVlmf.UVUVT�l;j`_ba.qÊ�T�l n a8h�l;_]TGq�a.l n � ^`h`T��T�j P �T�U¤�T t [ n T n � ^`h n ^ t �T�T n T ~��£uvf.^ t lVa��.T6q£^`h j�a t cm[]f.h�h`T�UVT�h,cVT�h
~6�ªlmf.^�l�[gh,ceT t ��a._g_]T�l7#0�<^�[�lmf.h,c n f.h�q n � ^`h`T n ^ t �T�T n TG~�uvf.^ t q P a.q�^�h (%� � T;� t a8j P T #Å¥>� CP( t T�j t �T�lmT�h,ceT�_ � T tmt T�^ t � � ?�� T�h
�Âf<h�q%ce[gf<h n T�_]a;j(T t cm^ te� adce[gf<h M T�c RaV_ � a.[ n T n � ^`h�T3�T�q P T�_g_]T�_gf<�<a t [gc P UV[b�<^�T.�;�h f � cm[]T�h,c£^`h`T n t f<[�ceT n T$j>T�h,cmT n � T�h\�\[ t f<h � q�T��,^`[xq�f<hk¥ t UVT$_]a�q�f.h\�.T t �<T�h�q�TG�,^�a n t a8cm[b�,^`T n T�_ba U¤�T�c P f n T.�
¢ T�j>T�h n a8h,c6 >h`f<^�lxa��<f.h�lQ^�h`T�q�f.h�lpcea.h<ceT!a.lelmT�=¦�T�_gT����T�T��,^`[*[]h n [b�,^`T��,^`T�_ba£q�f.h\�.T t �<T�h�q�T �,^�a n t adcm[b�,^`T�T6lvc � f.h�h`T n a.h�l
_]T�q�a<lQf R^G_ � f.h j t T�h nGn T6liq�f.h n [�ce[gf<h�li[]h`[gcm[ba8_]T�lQ�.f<[]lm[]h`T�l n T�_baVlpf<_g^kce[gf<hLT�r`a.q%ceT.�

�,+ � 1 b:bf_�/ �I5 � 241�56/87 bf2 _�� Zdb 
6Zd_
	�5$7���eIZi7f`aZ��IZ\9�])/�_h`aZ\9
s f<^ t _]T$q�a._]q�^`_ n � ^`h`TGc t aduvT6q%cmf<[ t TGf R^¤_]T j>f.cmT�h<ce[gT�_�j t []l;T�h q�f.UVjkcmT T6lvc t T�lpc t T�[]h<c}a8^«cmT t UVT t a n [ba8_E Bh�f.^�l}a��<f.h�l

^`h¦UVf n RT�_]T�a.h�a8_]o,cm[b�,^`T!T�rka<q%c n �T�¥>h`[�j�a t _ � �T6�<^>adcm[]f.h #0| (���©�a.h�l�q�T;q�a.l� >h�f.^�l�j(f.^`�<f.h�l$�T�ce^ n []T t _ � []h�
�^`T�h�q�T n T�l��Âf t q�T�l
j(T t cm^ te� a8c t []q�T�l#�,^`[`h�Txlpf<h,c#j�a.l n � f t []�.[]h`T¬cmT tmt T�lpc t T. .lm^ t _ba�q�f<h\�.T t �.T�h�q�T n Ti_ba U¤�T�c P f n TiT�c
lm^ t lea �\[�ceT�lelpT<�F;�h}lpTxj`_]a<q�T
n a.h�li_]T�q�a.lilm^`[]�da8h,c+*
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Etude de la convergence de la méthode de Newton

cst = 2.39E+03

conv d’ordre = 1.984

Perturbation sur la première donnée initiale
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n T�� t �T�UVa8rk[gU}a8_ n T&=�f.h�a.^kr *`h = U �` 
a.^kc t T�l¬�Âf t q�T�l *��;f<^3~< 
T�rkq�T�h,c t [bq�[gc`�T *`T U �`� �.�<�<�k 
n ^ t �T�T n � []h,c`�T�� t adcm[]f.h *If R f � U ~��xuvf.^ t l� 
j�a<l n � [gh,c`�T�� t adce[gf<h * P U E.�;lpT6q�f.h n T�l� 
n �T�q�f<^`j�a.�.T n T�_ � [gh,ceT t ��a._g_]T n T cmT�UVj�l *�¶ U ~����
s _g^�lm[]T�^ t lQq�a.l5#Ch`f8c`�T�lia � q n (¬j(T�^`�<T�h,c�jT�c t T T�h\�\[blma.���T6l�lm^`[g�da.h<c�_]T�l¬�Âf t q�T�l[*
_]T � t f.cpceT�UVT�h,cxadceUVf<lmj P �T t [b�,^`TV*>�` ]~�#0a (% 
� a�j t T6lmlm[gf<hGlmf._ba8[ t T *>�` ]~�# � (% 
_]T�j>f.cmT�h<ce[gT�_ n T _baV_g^`h�T *>�` ]~�#0q@(% 
� T�j>f.cmT�h,ce[gT�_ n ^ lpf<_gT�[g_ *>�` ]~�# n (%�
� TVcea � _gT6a8^�q�[g§ n T�lelpf<^�l t T�j t �T�lmT�h,cmT;_gT6l�T tet T�^ t l n T}_]a U«�T�c P f n T n T£¶�T�µQcef.h T�h¦�Âf<h�q%ce[gf<h n ^�h`f.U �`t T n � [gc`�T t a8cm[]f.h�l

T�c n T6l n [�¡x�T t T�h,ceT�l�j(T t cm^ tm� a8cm[]f.h�l�� ¢ T�l�T tet T�^ t l�lpf<h,cxf � ceT�h\^`T6lxT�h3q�f<UVj�a t a8h,cx_]T�l�lpf<_g^`cm[]f.h�l n T ¢ fdµ¬T�_]_ RaLq�T�_g_]T�l n T;_]a
U«�T�c P f n T n T}¶�T�µQcmf.h*� � T�l�T tet T�^ t l�lmf.h,c�cmf<^duvf.^ t l n T�l T tmt T�^ t l t T�_badce[g�<T�l�� � T;1<a<q�f � [gT�h�T�c�_baLlmf._]^kcm[]f.h3[gh�[�ce[]a._gTL] � � �� n T
_ � [gc`�T t adcm[]f.h #v~6| (Qlmf.h,c n �T�¥>h`[]l¬j�a t _gT�UVf n RT�_gT n T56 T�j`_gT t #v~�WP(%�

T tet T�^ t cea8h�� T tet T�^ tit a n T tet T�^ t h`f t U
~��V�;�

�;[�ceT t ¶ �k� �.� E.©x§¨�<| E`� E.�,�8©x§¨� E ~.� W�~<~�©x§¨�\�
~ [�ceT t ¶ W�� |>E C.©x§¨�\� ~.�]~6�.�.©x§¨�<� ~.�Ñ�dW\�8©x§e~<~
��[�ceT t ¶ W��Ñ�k~d�d©x§e~<~ |`�Ñ�8�,�8©x§e~6| ~.�Ñ�8�<�.©x§e~�W

�G~��;�
�;[�ceT t ¶ ~.�ß�d�\�d©x§¨�.W �\�ß��W<W<©x§¨�,� �k� �.| E.©x§¨� E
~ [�ceT t ¶ ~.� �<�<�8©x§¨�,� W�� W C<�.©x§¨� E W��Ñ�8|.W<©x§e~6�
��[�ceT t ¶ �k� �<�.�.©x§¨�\� ~.� W.Wk�d©x§¨�\� �`� C>E\�d©x§e~��
|;[�ceT t ¶ �\� C>C,�8©x§¨�<� |`� E.|<�.©x§¨�<� W�� �.| E.©x§e~6|
WV[�ceT t ¶ ~.� �<�`~�©x§e~6� W�� C.�\�d©x§e~<~ �\� �`~6|.©x§e~��
��[�ceT t ¶ �k�ß�d� C.©x§e~�� �k�Ñ�dWPC.©x§e~6| ~.� �>C,�8©x§e~�W
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�V�G~ �
��[gcmT t ¶ �`� �<�>E<©�§Ç�<� E`� W,�.�.©x§¨�\� �`� |,�k~6©�§Ç�<�
~�[gcmT t ¶ W>�g~d��W,©�§Ç�.� �k� �>C<�.©x§e~6� |��g~6|`~6©�§�~��
�![gcmT t ¶ E�� |<|<�.©�§�~6� ~.�]~@C<�.©x§e~6| �k� Wk��E<©�§�~6�

�V�V�L~
��[gcmT t ¶ C��g~6|,�8©�§Ç�<� �k�ß�d| C.©x§¨�\� �`�g~6�,�8©�§Ç�>E
~�[gcmT t ¶ �`� �.|.�<©�§Ç�.� E`� E.| C.©x§e~<~ �k� �.�8W,©�§�~�|
�![gcmT t ¶ ~<� E<|`~6©�§�~.~ �k� �.�,�8©x§e~�W C�� �8W E<©�§�~6�

~V~V~;~
��[gcmT t ¶ �`� �<|>E<©�§Ç�.| C`�]~@E<|.©x§¨�,� �`� �.|`~6©�§Ç�<�
~�[gcmT t ¶ ~<� � E>E<©�§Ç�<� W��Ñ�8�.W<©x§¨� E �`� C<�.�<©�§�~��
�![gcmT t ¶ |�� |<�,�8©�§Ç�,� ~.� W<|.W<©x§¨�\� ~<� �,�8�<©�§�~.~
|�[gcmT t ¶ �k� E<�>C<©�§Ç�.� |`� E.� C.©x§¨�<� W>� �,�dW,©�§�~�|
W;[gcmT t ¶ ~<� �<�.�.©�§�~�� W��ß�8�8W<©x§e~<~ ��� � E<�.©�§�~6�
�![gcmT t ¶ �`� �.W<|<©�§�~.~ �k�ß��E,�8©x§e~6| ��� |,�.�.©�§�~6�

;�h t T�U}a t �,^`T}�<^�T}_]a q�f<h\�.T t �.T�h�q�T n T}_ba U¤�T�c P f n TVT�lpc�_]a j`_]^�l�_]T�h,ceT}_gf t le�,^`TV_ � f.h¦�Ca8[gc�[]h<ceT t �.T�h`[ t _baL�Âf t q�T n ^�T Ra _]a
j t T�lelm[gf<h n T t a n [badce[gf<hGlmf._ba8[ t T.� ¢ T�_ba;T�lpcilea8h>l n f.^kceT n j^ a8^G�Ca8[gc��<^�T�_]a;j t T�lelp[]f.hGlpf<_]a.[ t T�h � T6lvc�j>a.lQ^`h`T �Âf t q�T�q�f.h,ce[gh\^`T
#CT�_]_gTi�da8^`c�~Q�,^�a.h n _gT�leadceT�_]_g[gcmTQT�lpc�a8^Vlmf._]T�[]_kT�c�� �,^�a8h n []_kT�lpc Ra�_ � f.U �`t T3(%� ¢ T�cpcmTQ�Âf t q�TQT�lpc�a.j`j t fkq P �T�T¬j�a t ^�h`TQ�Âf.h�q�cm[]f.h
q�f.h,cm[]h\^`T. kU}a8[bl�q�T�_ba�h�T lm^`j`j t []UVT�j�a.lQ_]T�l¬�Âf t ceT�lQ�da t []a8cm[]f.h�l��

�,+�� 1 b:bf_�/ �I5 � 241�56/87 Z\7��,* 	 �,eI2 
$561�	Z!�IZ�
$2 9F/ 
$eI135$/87 5$7f561�562 
6Z
s f<^ t ^`hVj t f � _ RT�UVT¬f R^;_gTij(f8ceT�h,cm[]T�_kceT tet T6lvc t T¬j t []l#T�hVq�f.UVjkceTiT�lpc t T6lvc t T�[gh,c�a8^;cmT t UVTQT�h

� �  8_ba�lpf<_g^kce[gf<h�[]h`[gcm[ba8_]T^] � � �,n T!_ � a8_]�.f t [gc P UVT;#v~3(QlpT t aVq�T�_]_gT�q�a8_bq�^`_��T�T�j�a t _gT�UVf n RT�_gT;#p~@E (�� s f.^ t a��<f.[ t ^`h`T�[ n �T�T n T�_]a}�,^�a._g[gc`�T n T�_ � a8j`j t f�rk[gU}a8cm[]f.h� 
h`f<^�l¬q�a8_bq�^�_gf<h�l�_]T�l
T tet T�^ t l�q�f.UVUV[blpT6l#j�a t _]TxUVf n RT�_]T�a8j�j t fkq P �T # n �T�¥�h`[>T�h�~HE (%� � a c t a8uvT�q�cmf.[ t T n T t �T����T t T�h�q�TQlmT t a�q�T�_g_]T
q�a8_bq�^`_��T�T�j�a t _]a;U¤�T�c P f n T n T ¢ fdµ¬T�_]_�q�_ba.lelp[b�,^`T n a8h�lQ_]T�q�a<lilp^`[]�da8h,c�*
T U �`� �.�<�<�k 
h�= U �k ;�h f � cm[]T�h,ci_gT�� t a.j P T�¥��£�`�
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;�h t T�U}a t �<^�T��,^`T _gT UVf n RT�_gT a8j`j t fkq P �T�h � T�lpcQj>a.l¬c t6RT6l�j t �T6q�[bl
j>a tQt a.j`j(f t c Ra�_ � []h<c`�T�� t a8cm[]f.h n T ¢ ;$j ´��B� j�^`[]le�,^`T
h`f<^�l�a��.f.h>lS^`h`T
T tet T�^ t cea.h`�.T�h,cm[]T�_]_gT n T�_ � f t n t T n T E ��~6�DC _ j>f<^ t ^�h`T n ^ t �T�T n � �T�j P �T�U«�T t [ n T n T¬�`� C�uvf.^ t � � axq�f.h\�.T t �<T�h�q�T
t []le�,^`T. ka._gf t l�  n T h`T j`_g^>l�jT�c t T��<^>a n t adce[]�,^`T< ,j�^`[]le�,^`T _]a�U¤�T�c P f n T T�lpc�lpT�h�lp[ � _]T Ra;_ba!j t �T6q�[blp[]f.h n T _]a;q�f<h n [gcm[]f.hG[gh`[gcm[ba8_]T
j�a tit a.j`j(f t c Ra;_baVlpf<_g^kce[gf<hLT�r`a.q%ceT.��#C�.f.[ t �k�Ñ�>(
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�,+ � 1 b:bf_�/ �I5 � 241�56/87 Z\7��,* 	c`a/ � bf2 _�2
5�9 /�7��fZ\9 �W2
`a/�g:5$Z\7f9
;�h}j(T�^kc
���T t [�¥�T t _]a!�<^>a8_][�c`�T n ^ 1,a.q�f � []T�h;T�h£_]T�q�f<U;j>a t a8h,c�  n � ^`h�T�j�a t c�  Ra�q�T�_g^`[ n T.6 T�j`_gT t T�c n � a8^kc t Tij�a t c6  Ra�q�T�_]^`[

q�a8_bq�^`_��T�h,^�U¤�T t []�,^`T�U;T�h,c Ra;j�a t ce[ t n � []h,c`�T�� t adcm[]f.h>l n T ¢ ;$j ´��B� �h;�h lpT�j`_ba.q�T n a8h�lQ_]T�q�a<l[*
T U ��� �<�.�<�
n U ~¬uvf.^ t
h�= U �;�h f � cm[]T�h,ci_gT6liU}adc t [bq�T�lilm^`[]�da8h,cmT6l[*

1<a<q�f � [gT�h 1\�;a8j`j t fkq P �T
���g~6�.�.� ´ ����~ �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
��� �<�.�.� ´ ���<� �`�]~��<�.� ´ ���`~ �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
��� �<�.�.� ´ ���<� �`� �.�<�.� ´ ���.� �`�]~��<�.� ´ ���`~ �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
�`�Ñ�8|.W\� ´ §¨�.W §�� �\�d�,� ´ §Ç�8W �`�ß��W\�k~ ´ §¨��~ �`�]~��<�.� ´ ���`~ �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
§��Ñ�.�8|,� ´ §Ç�<� �`� |.��~@C ´ §¨�.W �`�]~��\��W ´ ���.� �`� �.�<�.� ´ ���.� �`�]~��.�<� ´ ���`~ �`� �.�.�<� ´ ���.�
§��g~d�d�,� ´ §Ç�`~ §��Ñ��E<�.� ´ §Ç�8W �`� W.W C<| ´ §¨��~ �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`�]~��.�<� ´ ���`~

1<a<q�f � [gT�h n T 6 T�j`_gT t
���g~6�.�.� ´ ����~ �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
��� �<�.�.� ´ ���<� �`�]~��<�.� ´ ���`~ �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
��� �<�.�.� ´ ���<� �`� �.�<�.� ´ ���.� �`�]~��<�.� ´ ���`~ �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
��� �<�.�.� ´ ���<� �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`�]~��<�.� ´ ���`~ �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
��� �<�.�.� ´ ���<� �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`�]~��.�<� ´ ���`~ �`� �.�.�<� ´ ���.�
§��g~d�d�\� ´ §Ç�`~ �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`�]~��.�<� ´ ���`~

´ tet T�^ t w � lmf._]^`T 1,�d§ 6 T�j`_]T t
��� �<�.�.� ´ ���<� �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
��� �<�.�.� ´ ���<� �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
��� �<�.�.� ´ ���<� �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
�`�Ñ�8|.W\� ´ §¨�.W �`� �,�8�<� ´ §¨�.W �`�ß��W\�k~ ´ §¨��~ �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
�`�ß�8�.|<� ´ §¨�,� �`� |.��~@C ´ §¨�.W �`�]~��\��W ´ ���.� �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�
�`�Ñ�dW<W C ´ §¨�.W �`�ß��E,�8� ´ §¨�.W �`� W.W C<| ´ §¨��~ �`� �.�<�.� ´ ���.� �`� �.�.�<� ´ ���.� �`� �.�.�<� ´ ���.�

1,a.q�f � []T�hG1,�!h\^`U¤�T t [b�<^�T�j>a t ¢ ;^j ´
�*�
��� ��~��8� ´ ���<� §��Ñ�.��E<� ´ ���<� �`�Ñ��C<�,� ´ ���`~ §��g~<~6�`~ ´ ���,� �`� �.�.�<� ´ ���.� §��g~<~�W<� ´ ���,�
�`�]~�W,�`~ ´ §¨�.W §�� �.�>E<| ´ §Ç�`~ §�� �.�>E8W ´ §Ç�.| ��� C�~�W,� ´ §Ç�.| ���g~d��C,� ´ §Ç�>C ���g~6|`~.~ ´ §Ç�<�
�`�ß��C\��E ´ §¨� E �`�]~�|<�.� ´ §¨�<| �`�]~��<�`~ ´ ���`~ ���g~<~.~�� ´ §Ç�.| �`� �.�.�<� ´ ���.� ���g~<~.~�� ´ §Ç�.|
§�� |<|`~HE ´ §Ç�`~ �`� C`~6|>C ´ ���.| �`� W\�k~�� ´ ���.� �`� |`~6|<� ´ ���`~ §e� E.�<|.| ´ §Ç�<� �`� |`~6�>E ´ ���`~
§��g~6�<�.� ´ §Ç�8W �`� C.�,�<� ´ §¨�<| �`�]~�� E>C ´ ���.� ��� |,�.�<� ´ §Ç�.| �`�]~��.�<� ´ ���`~ ��� |,�.�.� ´ §Ç�.|
�`�]~6�<�<� ´ §¨��~ §�� C`~�|,� ´ ���.| §�� |8W<��~ ´ ���.� §��g~HC`~HE ´ ����~ ���Ñ�.�.�<� ´ §Ç�<� §��g~HC8W�~ ´ ����~

´ tet T�^ t a � lpf<_g^`T51\�!a.j`j t fkq P �T�§ 1\��h\^`U¤�T t [b�<^�T
�`� C<�.�<� ´ §¨��~ � ���F� 
 � �����F� �`�Ñ��C.�\� ´ ���`~ ���g~<~6�`~ ´ ���,� ��� �<�.�.� ´ ���<� ���g~<~�W<� ´ ���,�
�`�]~�W<��~ ´ §¨�.W � ����� 
 � ������� ��� �.�>E8W ´ §Ç�.| ��� C�~�W<� ´ §Ç�.| �`�]~���C<� ´ §Ç�>C �`�]~�|�~.~ ´ §¨�,�
�`�ß��C,��E ´ §¨� E � ��� ����� � ± � � ��� �<��C.� ´ §Ç�.| ���g~<~.~6� ´ §Ç�.| ��� �<�.�.� ´ ���<� �`�]~.~<~�� ´ §¨�<|
�`� |.|`~HC ´ §¨��~ � � � � ��� ������� �`� |.�>E<| ´ ���.� ��� �`~�|,� ´ ����~ �`� E.�<|.| ´ §Ç�<� ��� |�~6��E ´ ����~
�`�Ñ�8�>E<| ´ §¨�,� � � ��� � � � ± � � ��� �<�8�8W ´ §Ç�<� ��� |,�.�.� ´ §Ç�.| �`�Ñ�.�.�<� ´ §Ç�,� �`� |<�<�.� ´ §¨�<|
�`� |.|<�<� ´ §¨��~ � � � � � � ������� �`� |.�.|<� ´ ���.� ���g~HC`~HE ´ ����~ �`�ß�8�<�.� ´ §Ç�<� ��� �>C8W�~ ´ ����~

¢ T6l t �T�lm^`_�c�adc�l�h`f.^�l#U;f<h,c t T�h,c��,^`Ti_gT�upa<q�f � [gT�h n ^}UVf n RT�_]T�a8j`j t fkq P �T¬T�h
� � T�lpc�j`_]^�l�j t fkq P T n ^�upa.q�f � []T�h n T.6 T�j`_]T t

�,^`T n T!q�T�_g^�[�q�a8_bq�^`_��T�h\^`U¤�T t [b�<^�T�UVT�h,c Ra}_ � a.[ n T n � [gh,c`�T�� t adce[gf<h�l n T ¢ ;$j ´��B� �<;�h�a}UUjT�UVT. >j>f<^ t q�T t cea.[gh`T6l n �T t []���T�T6l� 
h`f.cea.U;UVT�h<c q�T�_g_]T�l�j�a t�t a.j`j(f t c Ra£_ � T�r`q�T�h,c t [bq�[gc`�T<# n T�^`r\[ RT�U;T;q�f<_gf<h`h`TH(�  n T!c t�RT�lxU}a8^`�da8[blmT�lxa.j`j t f�rk[gU}adce[gf<h�l�� ¢ T�_ba}T�lpc
lea8h�l n f.^kceT n j^ a.^ �Ca.[�c!�,^`TV_ � T�r`q�T�h,c t [bq�[gc`�T �}T6lvc�j(T�ce[�ceTJ#ÂT U ��� �<�.�,�>(%�Ê¶�f<^�l�a��<f.h�l� (a._gf t l� (cmT6lvc`�TV_gT�upa.q�f � []T�h¦j(f.^ t n T6l
c t a8uvT�q%cef.[ t T6l n f.h,c�_ � T�rkq�T�h,c t [bq�[gc`�T�T�lpcij`_g^>lQ�Âf t cmT;#ÂT U �`� �<� (%�D;�hGf � ce[gT�h<c�_]T�lQT tmt T�^ t lQa � lpf<_g^`T6lQlp^`[]�da8h,cmT6l�*
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´ tet T�^ t a � lpf<_g^`T51\�!a.j`j t fkq P �T�§ 1\��h\^`U¤�T t [b�<^�T
���g~HC.�,� ´ ���<� �`�Ñ�8� C.� ´ ���`~ �`� |<�<�.� ´ ���`~ �`� W,�.|>E ´ ���`~ �`� �.�.�<� ´ ���.� �`�Ñ�.�8�<� ´ ���`~
�`� |8Wk�d| ´ §¨�.W �`�Ñ�<�<�d� ´ §¨�,� �`� |.|8W\� ´ §¨�<| ��� �.|8W<W ´ §Ç�<� ��� C<�`~�W ´ §Ç�>C ��� |,�k~�� ´ §Ç�<�
�`�]~�WPC,� ´ §¨�,� �`�Ñ�<�8�.| ´ §¨�.W �`�Ñ�.�8|<� ´ §¨�<| ��� E<�<�.� ´ §Ç�8W �`� �.�.�<� ´ ���.� ��� WPC>C.� ´ §Ç�8W
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�`�Ñ�.�.�>E ´ §¨�,� �`�ß�d� C,� ´ §¨�<| �`�Ñ�<�.�.� ´ §¨�<| ��� |.W,�8W ´ §Ç�.| ��� W,�<�.� ´ §�~.~ ��� |.W C.� ´ §Ç�.|
�`�Ñ��E C>E ´ §¨�<| �`� C.|,�dW ´ §¨�,� �`�]~��.|<� ´ §¨��~ �`�Ñ��C C.� ´ ���.� ��� �.|.|,� ´ §Ç�>E �`�Ñ�<��E.W ´ ���.�

;�h f � cm[]T�h,c n T6l t �T�lm^`_gceadc�l h`T�cmcmT�U;T�h,c!UVT�[]_g_]T�^ t l� Blm^ t cef.^kc�j(f.^ t _ba n T�^krk[ RT�UVT£q�f._]f.h`h`T n ^ upa.q�f � []T�h���¶�f.^>l�a8_]_gf<h�l
U}a8[]h,cmT�h�a8h,c��.f<[ t _ � []h�
�^�T�h�q�T n T�q�T¬upa.q�f � []T�h lm^ t _]a;U«�T�c P f n T n T�¶xT�µQcmf<h��

�,+�� 1 b:bf_�/ �I5 � 241�56/87 Z\7��,* 	c`a/87 �8Zd_ ��Z\7f`aZ Z\7 ])/87:` 135$/87 �IZ�
 �TZ��I`aZ\7�1'_D5$`<5 1 	Z
;�h a8j`j�_g[b�,^`T�U}a8[]h<ceT�h�a.h,cQ_ba;U¤�T�c P f n T n T�¶�T�µQcmf.h RaV^`h`T�c t a8uvT�q%cef.[ t T�lmf.^`UV[blpT a8^`rLj(T t cm^ te� adce[gf<h�l n ^`T6l�a8^LcmT t UVT

n ^ j>f.cmT�h,ce[gT�_�cmT tmt T�lpc t T�T�h
� � � � T�lxq�f.h n [�ce[gf<h�l�[]h`[gcm[ba8_]T�lxT�cx_]TB1,a.q�f � []T�h

� !
lmf.h,c�q�a8_bq�^`_��T6lQj�a t _gT�UVf n RT�_gT�a.j`j t fkq P �T

� �n �T�¥�h`[ST�h #v~@EP(%�;�h lpT�j�_]a<q�T n a8h>lQ_gT�q�a.lQlp^�[g�da8h,c+*n ^ t �T�T n � []h,c`�T�� t adcm[]f.h U �`� Cxuvf<^ t
h�= U �
h`f<U �`t T n T n �T6q�f<^`j�a8�<T�l U ~��
T�rkq�T�h,c t [bq�[gc`�T U �`� �.�.�,�;�h f � cm[]T�h,ci_gT6l t �T�lm^`_�c�adc�l¬lm^`[]�da8h,ciT�hG�Âf.h�q�cm[]f.h n ^ h`f.U �`t T n � [gc`�T t a8cm[]f.h�l n T�¶xT�µQcmf<h5*

h � [�ceT t T tet cea.h`� T tetit a n T tmt h`f t U
� �`�Ñ�8�>E.W<©x§¨�<| �k� W,�<�8�.©x§¨�<| ~.� �8W<�<�.©x§¨�.W
~ �k�]~.~�|<�.©x§¨�,� C`� W E.| C.©x§¨�<| �`�ß�8��E E.©x§¨� E
� C`� E`~��8�.©x§¨�<| W�� �`~@E.W<©x§¨�<| �k� E<�8�,�8©x§¨� E
| �k�]~��.|\�d©x§¨�<| �k�Ñ�8�.|.W<©x§¨�<| W��]~��.��E.©x§¨� E
W �`� |8W C.W<©x§¨�<| W>� WPE<�,��C.©x§Ç�.| �k� W,�.�>E.©x§¨� E
� E`�Ñ�<�\~6�.©x§¨�<| �k�Ñ�k~�W,�.©x§¨�<| |`� E>E<�.�.©x§¨� E
E �\�Ñ�8�`~��8©x§¨�<| |`�Ñ�8�<�,�d©x§¨�<| �k� |<��E.W<©x§¨� E
� �k� E.�>C�~�©x§¨�<| ~.� |8W.W,|.©x§¨�<| �k�]~@E>E,�8©x§¨� E
C E`� E,��Wk�d©x§¨�<| |`�Ñ�k~6�>E.©x§¨�<| �k�]~.~�W>~�©x§¨� E;�h t T�UVa t �,^`TV�,^`T;_ � f.h aª^�h`T n [gUV[]h\^kcm[]f.h n TV_ � T tet T�^ t uv^�le�<^ � Ra |L[�c`�T t adce[gf<h�l n TV¶xT�µQcef.h¦j`^`[bl _ � T tet T�^ t lpT�U � _]T;lmT

lpcea � [g_][blpT t �.f.[ t T�a8^��.UVT�h,cmT t � ¢ T�cpcmT�lpcea � []_g[blma8cm[]f.hLT�lpc�j`_g^>lQh`T�cmcmT�lm[Sf.hL�Ca8[gcQ_]T�lQU jT�UVT q�a8_bq�^`_blQlp^ t ~��xuvf.^ t l� k_]T�lQT tmt T�^ t l
lmf.h,c t T�j t �T�lmT�h,c`�T�T�l
q�[g§¨a.j t�RT�l *

h � [�ceT t T tet cea.h`� T tetit a n T tet h`f t U
� ���g~6�>C<� �\� C.�8W<W<©x§¨�<| |�� �`~���C.©x§¨�.W
~ ��� ��~6��E �`�Ñ��C<|,� �`�Ñ�8|`~6�.©x§¨�.W
� ���g~�W,�8� ~.�Ñ�.�dWPE.©x§¨�,� ~<� �<|<�>E.©x§¨�.W
| ���g~<~��<� C`� C>E<�>E.©x§¨�<| �`� Wk�.�.�8©x§¨�,�
W �k� �<�.�>E.©x§¨�,� |`� �<�<�k~�©x§¨�<| E��Ñ��E<�<�8©x§¨� E
� ~.�ß�.�.�dW<©x§¨�,� |`�Ñ�dW\�<�d©x§¨�<| W>� W<W<�.W<©x§¨� E
E �k� |.�>E E.©x§¨�<| ~.�]~6�dW<W<©x§¨�<| �`� W,|>C<�.©x§¨� E
� E`�Ñ��C.|,�8©x§¨�<| �k�]~6��E�~�©x§¨�<| ~<� ��~@E,�8©x§¨� E

©�a8h�l;q�TLq�a.l!_ � T tet T�^ t c�a8h`�<T�h,cm[]T�_]_]TªT�lpc n TL_ � f t n t T n TG� �«~��IC _  BT�c;[g_QlpT�U � _]Tª�,^`TGq�T�cmcmTLT tet T�^ t lmTªlvc�a � []_][]lmT Ra�q�T�cmcmT
�da8_]T�^ t � ¢ T�cpceT�h`f<h£q�f.h\�<T t �.T�h>q�T¬j>T�^kc:jT�c t T n ^`T Ra�_ba�lmf._]^kcm[]f.h}[]h`[gcm[ba8_]Tx�,^`[`T�lpc#c t f<j«�T�_]f.[]�.hQ�T�T n Ti_]a!lpf<_g^kce[gf<hVT�r`a.q�cmT�U}a8[bl
T�_g_]T!j(T�^kc a8^�lelm[*j t fd�.T�h`[ t n T�_ba}U}a8^`�da8[blmT!a8j`j t f�rk[]UVa8cm[]f.h n TB1,a.q�f � []T�h*� s f.^ t �T�ce^ n []T t _ � [gh�
>^`T�h�q�T n ^ 1<a<q�f � [gT�h� �h`f<^�l
ìBì Ôa`xã6åpç%æ
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a._g_]f.h�l�q�a._]q�^`_gT t _]T�l�T tmt T�^ t l n a8h�lx_gT!q�a.lxf R^$_ � T�rkq�T�h,c t [bq�[gc`�T�T6lvcxUVf<[gh�l��Ca8[ � _]T�j`^`[blm�,^`T n a8h>lxq�T�q�a.l�_ � a8j`j t f�rk[]UVa8cm[]f.h n ^
1,a.q�f � []T�hGT�lpciU;T�[g_]_]T�^ t T.�;�h lpT�j�_]a<q�T n f.h>q n a8h�lQ_]T�q�a<lQf R^ � U �h% �,��T�c % U ��% C � f<hGaV_]T�l t �T�lm^`_gcea8celQlp^�[g�da8h,c�l[*

h � [�ceT t T tet cea.h`� T tetit a n T tet h`f t U
� ~.� E.�`~6|.©x§¨�,� ~.� C.�>E C.©x§¨�<| �`� |\�.�8�.©x§¨�.W
~ �k� �>C8W>~�©x§¨�<| �k� W.W\�<�d©x§¨�.W ~<�g~���C<|.©x§¨�,�
� ~.�]~6�<�dW<©x§¨�.W ~.� C<�8|\�d©x§¨�,� �k� �<��C�~�©x§¨�\�
| ~.� C,�\~��8©x§¨� E �k� �.|<�>C.©x§¨�\� ~<� C.W.WPC.©x§¨� C
W ~.� W,�.�`~�©x§¨� C W��]~�|>E<|.©x§¨�<� ~<� �,�.�8�.©x§e~6�
� |`� �`~��<|.©x§e~6� ~.�Ñ�8�`~��8©x§e~6� ~<� �,�8�,�8©x§e~��
E W�� C.�<�>E.©x§e~�� �k�Ñ��E.|�~�©x§e~�� ~<� E C.�<�.©x§e~�W

s f<^ t ^`h`T n ^ t �T�T n � �T�j P �T�U¤�T t [ n T n TV~���uvf.^ t lQf<hLf � cm[]T�h,c+*

h � [�ceT t T tet cea.h`� T tetit a n T tet h`f t U
� ���g~d��C<� ~.� C<�dW>~�©x§¨�,� |��g~�W C E.©x§¨�.W
~ ��� �,�<��C �`�ß�d|,��E E��g~<~�W<W<©x§¨�.W
� ���g~6|.�>E �`� �<�8�<�.©x§¨�<| ~<� |<�.�,�8©x§¨�.W
| ���g~�W\�8� ~.� �.�>E�~�©x§¨�,� |��g~6�.�,�8©x§¨�,�
W ~.� �`~���C.©x§¨�,� ~.� W E<�.�.©x§¨�.W ~<� WPE<�8W<©x§¨�,�
� �k� C`~�| E.©x§¨�<| �k� W�~@E E.©x§¨�,� ~<� C.W\�dW<©x§¨� E
E ~.� �.�<�,�d©x§¨�.W ~.�ß��W,�>C.©x§¨� E �`� �<|.�.W<©x§¨�\�
� ~.� �<��E C.©x§¨� E |`�Ñ�8�.�.W<©x§¨� C W>�g~��dW<W<©x§¨�<�
C |`� C.�.|�~�©x§¨� C |`�ß�.�8�<�8©x§e~6� |�� �<�dWk�d©x§e~<~;�hLf � lmT t �.T<  n a.h�l¬_gT�j t T�UV[gT t q�a.l¬_ba�q�f.h\�.T t �<T�h�q�T n T�_ba�U¤�T�c P f n T�¶xT�µQcmf<hLa.j t�RT�l#_ba�E�[ RT�UVT�[�c`�T t adce[gf<h � [gT�hL�,^`T�_gT6l

q�f.h n [gcm[]f.h>lQ[gh`[gcm[ba8_]T�lilmf.[]T�h,cia8^�lelm[x�T�_]f.[]�.hQ�T�T�l n T _]aVlmf._]^kcm[]f.h �,^`T n a8h�l¬_]T�q�a.l n T �Ca.[ � _gT T�r`q�T�h,c t []q�[�c`�T.�\©�a8h�lQ_]T n T�^krk[ RT�UVT
q�a.l� Bf<h�f � lmT t �.Tªa.^�lelp[
_]a3q�f.h\�<T t �.T�h>q�TVU}a8[bl n Tª�Ca<=q�f.h�UVf.[]h�l t a.j`[ n T.� �Ç_¬a.j`j�a t a j A�c6 �a8_]f t l� ��<^�Tª_]T 1,a.q�f � []T�h uvf.^�Tª^`h
t jf._]T n �T�cmT t UV[gh>a8h,c�j>f<^ t _ba$q�f<h,�<T t �.T�h�q�T n T£_ba U¤�T�c P f n T}T�c��,^`Tª_]a$lmf._]^kcm[]f.h []h`[gcm[ba8_]T£[gh 
�^`Tªlm^ t _ba t a8j`[ n [gc`�T n Tªq�T�cmcmT
q�f.h\�.T t �<T�h�q�T.�
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Éditeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)��������� �	��
�
�
�
����	��� ��
 ���

ISSN 0249-6399


