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La Cohérence Dans les Applications

Multimédia Interactives :
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THÈSE

présentée et soutenue publiquement le 14 novembre 2006

pour l’obtention du

Doctorat du Conservatoire National des Arts et Métiers
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GXJIN K��!��1�OA ������!� J�J.J�J�J.J�J.JqJ.J�J�J.J�J.J�J.JqJ�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J F ��G
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J;J F ^_�G��+��;#X �1������!� J.J�J�J.J�J.JqJ.J�J�J.J�J.J�J.JqJ�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J F�F M
J;JIH z�Y�&�VZ�" "�E�! "���AOu#"��<"+��!���!��c;<j&)I���<*�! "+BOk$'&) �#X���!�G "/0N�+���n] ���JqJ.J�J.J�J�J.J�J.JqJ.J�J F�F M

J;JIHXJ F ��+��A��1��A<*�6�R#"�.LM�!��1������!�"����/0���]�5���B�A�]����+8Lp&!16� J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J F�F M
J;JIHXJIH v�$'&)+�1Hh"�A���61��� "+��rO��!IT��1�����OAO���#"�>z�YZ&�V JqJ�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J F�F N
J;JIHXJIK vP�6�5&)<"<"OA��1@&)�����!����z�YZ&�V J�J.J�J.J�J.JqJ�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J F�F G

J;JIK ^_�G��+��;#X �1������!�Z,r���]&)/ J�J.JqJ.J�J�J.J�J.J�J.JqJ�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J F�F J
J;JIKXJ F v�$FN616�! "���q/q "�� ���OAO��d���G��+���/d �����1�������� J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J F�F J
J;JIKXJIH ^_�G��N�IT+H&)�����!�Z#X E<"+��!���]16�!O��q#"��16�!h�N�+�����16�.<*��+�16��<"���A?���J.J�J.J�J�J.J�J.JqJ.J�J F�F L

J;J M ~B#�&)<"�H&)�����!�Z#X U#"N�OQ&)�PO��;1@&)Ou&) E+�c;��h"/0�.#X E/0�!+�16�@&) |J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J F H��
J;JIN vu�./0N���+��!���!/0��+�N�<j&)+���� J.JqJ.J�J�J.J�J.J�J.JqJ�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J F H�K
J;JIG K��!��1�OA ������!� J�J.J�J�J.J�J.JqJ.J�J�J.J�J.J�J.JqJ�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J F H&M

V
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�XJ F ^��]��+��]#X �1������!� J�J.J�J.JqJ�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F H�G
�XJIH �������
	��	��������������GD� "���E<*��+8LM�!+�/C&)��16�g/q �����1@&)O��Z�A�]����+H&!1����A?��g+�N�<j&)+�������#X "+H&)�]��O��6�

<	�!+����6�3�! "?���+����6�5#"�SOk$F^:iBK�~5Y J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F H�G
�XJIHXJ F vb$ �A�����H&)OAOQ&)�����!�Z#"�6�3/q �����1���������JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F H�J
�XJIHXJIH v�& <"+���/w��[�+���+�N�<*N����A�����!� J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F H�L
�XJIHXJIK K��!��1�OA ������!�g�� "+BOk$F�WVX<	N�+�������16� JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F K��

�XJIK �`��� %&� !&�����&� # � !&� %�� �0� �'� !&� �)�=�	#"N�/0�!������+H&)�����!��&) �K�x�~5Y #X "+H&)�G�.OQ&0LMm����d#"�qOQ&
��1�������16� H�����N J�J.J�J.JqJ�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F K��
�XJIKXJ F aS�6��1�+��A<"�����!�Z#"�SOk$F�WV;<*N�+�������16�q���3#"N�<"O��!����/0���]�5#"�SOk$'&)<"<"OA��1@&)�����!� JqJ.J�J�J.J F K F
�XJIKXJIH vu�6�3+�N�<*N����A�����!���R���BOQ&w#"N�/0�!������+H&)�����!�ZJ�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F K�K
�XJIKXJIK K��!��1�OA ������!�g�� "+BOk$F�WVX<	N�+�������16� JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F K&M

�XJ M 2�V;<*N�+��A/0���G�H&)�����!��#"�.���G&)/ <j&)+R#"�6�B "���AOA���H&)���� "+��SJ�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F K�N
�XJ M�J F aS�6��1�+��A<"�����!�Z#"�SOk$FN��� �#"�q#%$F�!<"�A�"���!�U#"�6�R "���AOA���H&)���� "+���,r<"+��!<*�T�3#"�.���]&)/ J.J F K�J
�XJ M�JIH i�N6�� "OA�H&)���3#X E<"+���/w����+5��16N��j&)+���� J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F K��
�XJ M�JIK i�N6�� "OA�H&)���3#X U�H�616�!��#E��16N��j&)+���� J.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F M��
�XJ M�J M i�N6�� "OA�H&)���3#X E��+��!������[�/0����16N��j&)+����{J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F M F
�XJ M�JIN K��!��1�OA ������!�g#"�.Ok$F�WVX<	N�+��A/0���]�H&)�����!�U<j&)+R#"�6�3 "���AOA���H&)���� "+�� J�J.J�J.JqJ.J�J�J.J F M K

�XJIN K��!��1�OA ������!� J�J�J.J�J.JqJ�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F M N
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LXJ F ^��]��+��]#X �1������!� J�J.J�J.JqJ�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F N��
LXJIH  "���'%0� !&� �)���q�;���!�}�X "�E<"+��!("O�[�/0�q#"�.<	��+8Lp�!+�/C&)��16�6�R#X -+�N6�H�@&) J�J.J�J.JqJ.J�J�J.J F N F

LXJIHXJ F v�&w16�!�X��IT "+H&)�����!�Z#X -+�N6�H�@&) JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F N F
LXJIHXJIH vu�6�3+�N�<*N����A�����!����J�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F N�K
LXJIHXJIK vu�6�3/0�6�� "+��6�3#X "+H&)�]�ROQ&w#"N�/0�!������+H&)�����!� J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F N&M

LXJIK vu& �@�'�
�1���q� ! �'�'� ��� ���CH�����N-�X "�E<"+��!("O�[�/0�./C&)��N�+�����ORJ.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F N�N
LXJIKXJ F ^_�G��+��;#X �1������!�Z&) U<"+��!("O�[�/0�q#"�.#"N�+��A?���#%$ h��!+�O��!I�� J.J�J.J�J�J.J�J.JqJ.J�J�J.J F N�N
LXJIKXJIH vu�6�3���!OA "�����!���3�WVX�����H&)�G���6��&) -<"+��!("O�[�/0��#"�.#"N�+��A?��.#"�6�>h��!+�O��!I��6�R#"�6�B1@&)+����6�

�H�!����J�J�J.J�J.JqJ�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F N��
LXJIKXJIK vb$F�!+�#"�!�"�j&)��16��/0���G��#X E��cX����[�/0� J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F N�L

LXJ M K��!��1�OA ������!� J�J�J.J�J.JqJ�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F N�L

VX�
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F �XJ F ���AOQ&)�U���B<"+��A��1��A<j&) XVE+�N6�� "OA�H&)���3�!("�����G �� J.JqJ�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J F G&M
F �XJIH ����+���<*�61����A?��6� J.J�J�J.J�J.JqJ.J�J�J.J�J.J�J.JqJ�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J F G�G
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F J F � ! ��� ! �)��� � � !0��� %&� ������� #$#�� � � !0��� %&� �
	 �]� ���.- ���0��! ��� �
��� !�� �����&��� # !&�
/�
��� �
� ���
� %&��� �'�,!!���
����� * �����l��� !$� � %&��� - ����� � %!��� !�� %&� !$����� � � �.�'��� !!�/* ��� �.��%&� - ��������� J�J�J.J�J.JqJ.J�J�J.J �

F JIH � ���1������� � ��� �'%&�'��� ������� !���� �/������%&� �.�'!0��� %&� �'�b� ��� ���W� !&�.� J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J F �
HXJ F � %&� � ��� %&� � ��- ����� �� � �!	 �!�@� J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J H�K
HXJIH � ����# ��%0� %	� %T� ��������� %&��� !#"��$	 �]� ��� � ! ��� J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J H&M
HXJIK � � � %&��� !#"������#/� %	�'������� # ��%	�������$!0� � ��! ������� J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J H�G
HXJ M � %0- # !&� !0� � %&� ���� �'%!� ������%&� �%	 �]� �����)! ��� J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J H��
HXJIN � ������� ��!&-��.�&" �.�'% ������%&�/� J.JqJ�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J H�L
HXJIG � ������� ��!&-��.�&" ���� !'� %&� +gJ.JqJ�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J K��
HXJ J � � �� �'� %&���)('� � ����/%&��- !!� �.�'!0��� %&� ��  S� � �e�*� ��*��%� J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J K F
HXJ � � � �'��+ ���'�
�  S� � J�J�J.J�J.JqJ�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J K�K
HXJIL � � �'%&��- !0� �,� �(� �	��� ���'����� #�%&�'�  S� � � J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J K�N
HXJ F � � � �'%&��- !0� �,� �(� � ���)�'��� �'�1� �
#�%0�����$!&� �  S� � � J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J K�G
HXJ F�F-� �1� !!� �'�]� �&� ����� !&� !!� � ��� � �'� %&�(� �  5�B��� !.� � �� 5� � � J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J K�J
HXJ F H vu�6�3�A�G����+H&!1������!���51�OA�����G������+�?��� "+R#�&)���Ri��R9;� J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J K��
HXJ F K v�&w16�!���� "OA�H&)�����!�g#"�SOk$'&)�"�] j&)�A+�� 9;~5� J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J K�L
HXJ F M � ���������
����!$� ��� %&� �/���� J�J.JqJ�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J M��
HXJ F N � ��#�!&�'� !#"������q� ! ��!0� ���"#�! ���'!&� �
�1�'�������=� � � �'�  S� � J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J M H
HXJ F G  � 	 �  "���������&���0+ �&����� �'� � !1�$�'�����2	 �]� �����)! ���3� J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J M�M
HXJ F J � ���5� * �4� � %&��5 !&���1*�����%&� � %&��� ��� ��� %&� �6� JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J M N
KXJ F � �1� %&� �)�'��� � �
#�!&�'���7�l�*� !&���������
��� ���(��� �'%&�/� ����%0� �/�W��� � J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J M L
KXJIH � ! ����!&� ��-�� ����� %&� -������ �W��� ����� -1����)('� � J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J N�N
KXJIK � � !0-��'�8"&�&9��
� �
�'- # %&����� � �d� � � �1!&�0+ ���W� !&�.� J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J N�N
M�J F � !

∆
� �)"$!!� ���
� J.J�J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J�J.J�J.JqJ�J.J J K

M�JIH � !����.-��;� � !0�/�����
� J�J�J.J�J.JqJ�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J J N
NXJ F : �/�1��� ! �)��� � �)!0����%0� ������-�% ���W� �������1� % ���'�����/�)��� #�%&�(��� ���%�%	���� J.J�J�J.J�J.JqJ.J�J�J.J ���

NXJIH  �����(- ������� �'�����
��� ���1����)% ����� ��� �)� ���1���(!;( � ��- %	����� � J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J � F
NXJIK : � �� �'� %&���)('� � � � � %&����� �����rJ�J.J�J.J�J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J �&M
NXJ M � ����� %&�=< �������'�b� ! � % ����� ��� ����� !&���&�>� � J.J�JqJ.J�J.J�J.J�J�J.JqJ.J�J.J�J�J.J�J.JqJ.J�J�J.J ��G
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Applications multimédia 
distribuées

Applications multimédia 
"1 à machine "ou "machine à 1"

(mécanismes pessimistes)

Délais fixes Délais calculés

Non synchronisés

Médias enregistrés

(mécanismes optimistes)
Actions locales retardées

Synchronisés Non synchronisés

Applications multimédia n à m

Médias produits en direct (Live)

Synchronisés

Actions locales instantanées

Résolution de conflits Réconciliation
à postériorià la volée
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Bernard

Alice

je m’appelle

Bonjour, je m’appelle Alice

Bonjour, Alice
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+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

header |V=2|P| RC | PT=SR=200 | length |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

| SSRC of sender |

+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+

sender | NTP timestamp, most significant word |

info +-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

| NTP timestamp, least significant word |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

| RTP timestamp |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

| sender’s packet count |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

| sender’s octet count |

+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+

report | SSRC_1 (SSRC of first source) |

block +-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

1 | fraction lost | cumulative number of packets lost |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+
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+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

| interarrival jitter |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+
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+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

| delay since last SR (DLSR) |

+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+

report | SSRC_2 (SSRC of second source) |

block +-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

2 : ... :

+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+

| profile-specific extensions |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+
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0 1 2 3
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+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

header |V=2|P| RC | PT=RR=201 | length |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

| SSRC of packet sender |

+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+

report | SSRC_1 (SSRC of first source) |

block +-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

1 | fraction lost | cumulative number of packets lost |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

| extended highest sequence number received |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

| interarrival jitter |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

| last SR (LSR) |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

| delay since last SR (DLSR) |

+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+

report | SSRC_2 (SSRC of second source) |

block +-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

2 : ... :

+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+=+

| profile-specific extensions |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+
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NTP timestamp := tc

Sender Report

tc

DLSR

LSR

Receiver Report

DLSR

LSR := NTP timestamp

treception
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1 Cohabitation d’un flux FTP (TCP) avec un flux RTP
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Increase : wt+RTT ← wt + α/wt
k;α > 0

D : wt+δt ← wt − βwt
l; 0 < β < 1
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cf`�V7Q3cph[XYw�^7` Æ  a�w�V7wYa�e�VjrqswSQYaSqsQSe|h[cfQ|qsw�mk`Ue�jrV7w;Z[Q�_
`�^7eSQFº  {�Q�c«h[VjrmrjkR�adcpV0h[c�R�`�c«Z[Q3�[j~adcf`d»���� m~a
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aSqsQSe�R�Q�h[mkQ�XYQ�cpV*Z[QSR cf`�V7QSRMQ�V Z[QSR�V^�adcfRjrVjk`�cfR¬{feS`�X;XYQ�mC�¤ad^Vjke�h[m~adVjk`�czZ[QSR�XY`�V7R �,ad^ h[cfQ�v.`�hfe � Q"�

��jkQ�c��phfQumkQ0gznot�nyR7`�jrV�e�^jrVjk��h,adv[mkQ0R7`�hfR¨v.QladhfeS`�h[��Z��¤a�R�6QSe�V7R�xÂ_Cadjrv[mkQ0��h,admrjrV7w0Z�h£eS`UZfad}sQ0Q�V a�RTUc�´
e � ^7`�c[jkRXYQ;Z�h«�[^7`�V7`UeS`�mkQ¬��{.jrmya?`�h[qsQ�^V0h[c�e � adX;� Z��¤ad�[�[mrjkeladVjk`�cfR0jrX;�.`�^V�adcpV%Q�V�V^7WSR�h[VjrmkQ;©?m~a?eS`�X|´X%h[c,adh[V7w�Z[QSR�X%hfRjke�jkQ�cfR*eS`�X;XYQ�mC�¤a�eS��h[jkRjrVjk`�ciZ[Q��,ad^VjrVjk`�c4{,mkQ�eS`�cpV^7¶�mkQ�Z[Q�V�adv[mkQ�Z[Q0X;j²�fad}sQ"{fQ�V7e"�

��������� 	 "�
���
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q"admkQ�h[^7R��6`"R�Rjrv[mkQSRl���*cbZ�jrV admk`�^7R �phfQ¨mC��`�cbh[VjrmrjkR7Q�h[cfQ ��h,adcpVj²±,eladVjk`�c�Rh[^M¹��

v[jrV7R%x
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Æ t|�

��� ¼M¼ �¾½3¿UÀr�s���7� ¼*¼ �l������¿"Ã �pQ�cY_�`�cfe�Vjk`�c£Z[QMmC� h[VjrmrjkR�adV7Q�h[^¨e�jrv[mkw"{�mkQMRT�RV7W�XYQMZ[`�jrV��.`�h[qs`�jr^�aB�`�h[V7Q�^�Z[QSR
R7jrX%h[m~a�e�^7QSR R�.wSe�j²±,��hfQSR�©%mC�¤ad�[�[mrjkeladVjk`�c��p�,ad^�Q��[Q�X;�[mkQMh[c£XYw�V^7`�cf`�XYQuqUjr^VhfQ�m.R�Q*eS`�c�±f}"h[^�adc�V Q�c?v[�[X
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¦ c�adh[V^7Q��[^7`�v[mkW�XYQ"{��ph[jDQSRVu}sw�cfw�^�admadh��zad�[�[mrjkeladVjk`�cfR�X%h[mrVjrXYwSZ�j~a£jrc�V7Q�^�a�e�VjrqsQSRl{�QSRVum~aYX;jkR�Q3Q�c^7Q�m~adVjk`�c Z�� h[cª}"^7`�h[�.Q�Z�� jrcfZ�jrqUjkZ�hfRl{�m~a eS`�cfR7VjrVh[Vjk`�c Z�� h[cfQ�eS`�X;X�h[c,adh[V7w"� Py�¤ad�[�[mrjkeladVjk`�c Z[`�jrV£�6`�h[^
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�.`"R7Q�^yZ[Q¨XYwSeladc[jkRXYQSR �dR7`�mrh[Vjk`�cfRy�.`�h[^�^7Q�V^7`�h[qsQ�^ymkQSRyeS`�^^7QSR�.`�cfZfadcpV7Rux
`�hYQ�cYZ[wSeS`�h[q�^jr^ Z[Q¨cf`�h[qsQladh��f���

�*`�hfR;alqs`�cfR;q�h¡ZfadcfR;eSQ£e � ad�[jrV^7Qi�phfQ�m~a��[^jrcfe�jr�,admkQ£mrjrX;jrV�adVjk`�c§©�m~ai_�adjkR�adv[jrmrjrV7w£Z[QSR;\ygzn�tÅQSRV
m~aim~adV7Q�cfeSQ?jrcpV^7`UZ�h[jrV7Qb�,ad^�mkQbRT�RV7W�XYQbQ�V�m~a�eS`�X;X�h[c[jkeladVjk`�c4����c¢Q���Q�Vl{�eSQ�VV7Q?m~adV7Q�cfeSQ?jrcpV^7`UZ�h[jrV3Z[QSR
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`�^V7Q�XYQ�c�V3eS`�h[�[mkwSQ£Q�c�V^7QbmkQSR�h[VjrmrjkR�adV7Q�h[^7Rl�]\�mrhfR
}sw�cfw�^�admkQ�XYQ�c�VuZfadcfR¨mkQSRMRTUR7V7W�XYQSR�Z�jkR7V^jrv[hfwSRl{[m~a3eS` � w�^7Q�cfeSQ�Z[QSR Z[`�c[cfwSQSR QSR7V�h[c�Z[`�XbadjrcfQ%ZfadcfR¨mkQS�phfQ�mmkQ�R7TURV7W�XYQ£Z[Q£eS`�X;X%h[c[jkeladVjk`�cªQSR7R�adjkQ£Z[Q£Xba�R7��hfQ�^|mkQSR;Q��.Q�V7R;Z[QSR;Z[w�m~adjkR;Rh[^|mkQSR;ZfadV7QSRYZ[Q��[^jkR7Q�Q�c
eS`�X;�[V7Q�Z[QSR�XYQSR7R�ad}sQSR �d`��.w�^�adVjk`�cfRl�]P4QY�[^7`�v[mkW�XYQ�Z��¤adX%v[jr}"h���V7w�V7Q�X;�.`�^7Q�mrmkQ?QSRV�Q�c�_CadjrV%V!TU�[jk��hfQ�XYQ�cpV
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�6`�h[^uh[c�eS`�h[�[mkQ;Z[Q%XYwSZ�j~a�R¬{.admk`�^7R�V7`�hfR
mkQSRMadh[V^7QSR��[^7`UeSQSR7RhfR�^7QSR7�6QSe�V7Q�^7`�c�V

τrel

�.`�h[^MeSQ0eS`�h[�[mkQ"�

	 ������� 	 " � �, M�#
 �1 #" � � �D�¥ �� � ������,"%��"	��


��� #�	&%"� # � �	�� � � ��� #��

P�abeladhfR�admrjrV7w%QSRVMm~a|^7Q�m~adVjk`�c�º � ad�[�.Q�c�v.Q�_
`�^7Q�»0jrc�V^7`�Z�h[jrV7Q��,ad^*P�adX;�.`�^V ��P�adXQº�Ç	���.`�h[^ mkQSR �[^7`�V7`d´eS`�mkQSR `�^jkQ�cpV7wSRMXYQSR7R�ad}sQSR*Q�VMad�[�[mrjk�phfwSQ%©3m~aYeS` � w�^7Q�cfeSQ��.`�h[^�mkQSR�XYw�XY`�jr^7QSR �,ad^V�ad}swSQSRM�,ad^M� � adXba�ZiQ�VadmC� ��� � � ��u � �!�[P�a;R�.wSe�j²±,eladVjk`�c�_ �[V�h[c[j²±,wSQ0�,ad^ (*alT�c,adm4Q�Vf� � jr�6Q�^ � (f�]u�����eS`�X;XYQ�Rh[jrV ��� �

� 	 � � ������"�� ¿U�6�3���[����"	
����� �C�����E��Àk�
c(x)v

�|� ¼ 	¨�7��¿ ¼ ��Àk��½b���,	�Àk�+s��Àk� ¼ �o�
� � � ∃w(x)v : w(x)v →H c(x)v

��	 � �¾� � 6 ∃op(x)u : (u 6= v) ∧ (w(x)v →H op(x)u→H c(x)v)

noX;�[mrjke�jrV7Q�XYQ�cpVl{�eSQ�VV7Q�Z[w�±fc[jrVjk`�cÄRh[�[�6`"R�Qb��hfQbmkQSR|Z[`�c[cfwSQSR|R7`�cpV|Xbadc[jr�[h[mkwSQSR|�,ad^|Z[QSR3�[^7`�eSQSR7R7hfR
�[^7`�}"^�adX;XYwSRl{DaSTpadcpV3h[cfQ;mk`�}"jk��hfQbR7wS��hfQ�cpVjkQ�mrmkQ"�]��c¢Z��¤adh[V^7QSR%V7Q�^XYQSRl{�mkQY�[^7`�}"^�adX;XYQ�h[^|Rh[�[�.`"R7QY��hfQ
C.� j5=$'(2;PMN5=.'(2&L0/?�I�1X;6*-Hj1 S 56IJH/&�;WCLB35=. 7mS H/*/&LBGCL$'&L0RI�;W&U$�.'0R5=IJH/&�;
CLB35=.r7'0j.�56CLB���*P;WCLB35=.`nc.'56CLH-0

c
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�� ��� ) � ¼ 8 ��½Y���¾�7� ¼ � �!�[����	
�C� ¼ � ����	C�%p�7� ¼ ��¿"Ã! �s��À ���7�"	
����� ¼ 8 ¿UÀ 	
�¾½b�P���������,	!����s�S	
���d� ¼ �S	 ) � ¼ 	
��� ��¿f�7� ¼

ad�[^7WSR;e � a��phfQ£jrcfR7V^hfe�Vjk`�c4{DmkQSR�q"ad^j~adv[mkQSR;`�cpVYw�V7w�X;jkR7QSR;©b�`�h[^l� � Q£��h[j�Q����[mrjk��hfQ�eSQ�VV7Q�Z[w�±fc[jrVjk`�c �h[cfQ�adcfe�jkQ�c[cfQbq"admkQ�h[^�cfQb�6Q�h[V%Q�c¢Q���a�eSQ�^%h[cfQY�[mrhfR�^7wSeSQ�c�V7Q?Q�V�V7`�h[V7QSR�mkQSR�Z[w��6Q�cfZfadcfeSQSR��6`�V7Q�c�VjkQ�mrmkQSR
Q�c�V^7QiZ[Q�h��Ä`��.w�^�adVjk`�cfRbRhfeSeSQSR7R7jrqsQSRYRh[^Yh[cfQ�XY��XYQiZ[`�c[cfwSQ�R7`�cpV?eS`�cfR7Q�^qswSQSRl��u`�hfR;�.`�h[qs`�cfR?admk`�^7R
eS`�cfR7jkZ[w�^7Q�^M�phfQum~a|eS`�c�V^�adjrcpV7Q%Z[Q�eladhfR�admrjrV7w%QSRV�eS`�h[^�adX;XYQ�cpVMh[VjrmrjkR�wSQ0ZfadcfR¨mkQSR�g (*\Äelad^�Q�mrmkQ0Q��U�[^jrXYQ
m~aYR7w�XbadcpVjk��hfQ0V7Q�X;�.`�^7Q�mrmkQ%Z���Q��[wSe�h[Vjk`�c�Z[QSR�XYw�XY`�jr^7QSRu©;a�eSeSWSR¨º!�[^7`�}"^�adX;XYwSRG»��

t0adcfR�mkQSRM�ug�n�t|{�mkQSRMZ[`�c[cfwSQSR3x¾jrcfRV�adcfeSQSR*Z[Q�XYwSZ�j~a[x
R����R7`�c�V XY`UZ�j²±,wSQSR*©|mC� jrc[jrVj~adVjrqsQ3Z[Q0mC� h[VjrmrjkR�aB´
V7Q�h[^��ph[jyw�qs`�mrhfQYZfadcfR%h[c�Q�cpqUjr^7`�c[cfQ�XYQ�cpV3c,adVh[^7Q�mrmkQ�XYQ�cpV3�,ad^�admrmkW�mkQ"���*h[V^7Q�XYQ�cpV3Z�jrVl{.mkQSR%a�e�Vjk`�cfR%Z[QSR
h[VjrmrjkR�adV7Q�h[^7RbcfQ�R�`�cpVY�,a�R|_�`�^7eSw�XYQ�cpV�Z[w��6Q�cfZfadc�V7QSR?Z[Q�m~a«Z[Q�^c[jkW�^7Qi`��.w�^�adVjk`�c§Q���QSe�VhfwSQ"{�XbadjkRbZ[Q�m~a
Z[Q�^c[jkW�^7Qbº!�.Q�^7¥�hfQ�»��D��c _CadjrVl{�eS`�X;XYQ�cf`�hfR|admrmk`�cfR3mkQbXY`�c�V^7Q�^;adh¢�,ad^�ad}"^�ad� � Q � � Æ � � mkQ?�.`�jrcpV�x¾jrjÂ��QSRVV^7`���_�`�^V%�.`�h[^%mkQSR3�*gznot|� � ��QSR7V��.`�h[^�eSQ�VV7Q?^�adjkR7`�c���hfQ�� � � ��P �� � ^7Q�m"��e � QbmkQ�e�^jrV7W�^7Q�Z[QbeladhfR�admrjrV7w�,ad^�mkQbe�^jrV7W�^7Q?Z[Q3ºoeladhfR�admrjrV7w�e�^jrVjk�phfQ�»�{��ph[jy�.`�h[^^�adjrV���V^7Q?eS`�X;�,ad^7w�adh�ºogihfRV � aSqsQ�»bZ[Q��X��� �� �!� � QSR^7Q�m~adVjk`�cfR*R7`�cpV Z[QSR¨^7Q�m~adVjk`�cfRMQ��U�[^jrXbadc�V h[cfQ0Z[w��6Q�cfZfadcfeSQ0R�w�XbadcpVjk��hfQ"{fZ[`�cpV�cf`�hfR�cfQu�[^7wSR7Q�c�V7`�cfR �,a�R
Z[Q0_
`�^XbadmrjkRXYQ�jke�jC�

� �&� � �"� � ���� �& #�� ������� � � � � �����������

gzadmr}"^7wYmkQ3_�adjrV%��hfQ|m~a�eladhfR�admrjrV7w?adh R7Q�cfR�Z[QYP�adX;�6`�^V�cfQ;R7`�jrV��,a�R0h[c e�^jrV7W�^7Q?Z���`�^7Z�^7Q;�.Q�^VjrcfQ�cpV
�.`�h[^�mkQSRy�ug�n�t|{�eSQ�mrmkQSRG´!e�j[cfQ�R7`�cpV��,a�Rymrjrv[^7QSRyZ[Q�eS`�cpV^�adjrc�V7QSR Z���`�^7Z[`�c[c,adcfeSQ�XYQ�c�Vl����cYQ���Q�V�jrmfQSRVDcfwSeSQSRG´
R�adjr^7Q3Z���w�qUjrV7Q�^0mkQSR�eS`�c]�fjrV7R0eladhfR7wSR��,ad^0Z[QSR0`�^7Z[`�c[c,adcfeSQ�XYQ�cpV7R%mk`�eladh��«Z�j²�.w�^7Q�c�V7R��,ad^X;j�mkQSR*^7w��[mrjk��hfQSRl�
� Q�VV7Q�eS`�c�V^�adjrcpV7Q�QSRV�ad�[�.Q�mkwSQMm~a ����� ' �7��½|½|¿�	C�"	
�
�"� ZfadcfR �X��� �� �.Q�V�cf`�hfR�mC�¤ad�[�6Q�mrmkQ�^7`�cfR¨m~a�eS`�cpV^�adjrc�V7QZ[Q%eS`�c]�fjrVl�

°f`�^XYQ�mrmkQ�XYQ�cpVl{Dcf`�hfR3Z[w�±fc[jkR7R7`�cfR3��hfQbZ[Q�h�� `��.w�^�adVjk`�cfR
op1

Q�V
op2

R7`�c�V�eS`�c]�fjke�VhfQ�mrmkQSR;Rj
∃i, j :

ci(x)v →i ci(x)u
Q�V

cj(x)u→j cj(x)v
�[P4Qu_CadjrV�Z���w�q�jrV7Q�^�eSQuV!TU�.QuZ[Q0eS`�c]�fjrV��.Q�^XYQ�V adh��?^7w��[mrjk��hfQSR Z[Q

�[^7Q�cfZ�^7Q|Z[QSRuZ[wSe�jkRjk`�cfRujrX;XYwSZ�j~adV7Q�XYQ�cpV�Q�VuZ[Q�_Ca�¥S`�c�eS`�cfR7Q�cfR7hfQ�mrmkQ�Rh[^*mC��Q��.Q�V���h4� h[cfQ3a�e�Vjk`�czq�a?aSqs`�jr^
R7h[^ mC��Q�cpqUjr^7`�c[cfQ�XYQ�cpVl�.\Dad^MQ���Q�X;�[mkQ%h[cfQ�Z[wSe�jkRjk`�ciZ[Q%RhfeSeSWSR ZfadcfR h[cY�GQ�h4{[`�hiQ�cfeS`�^7Q%m~a;eS`�h[mkQ�h[^MZ�� h[c
eSQ�^7e�mkQ�ZfadcfR�h[cfQ%ad�[�[mrjkeladVjk`�czZ[Q�V�adv[mkQladhiv[m~adcfe"�

P4Q3eS`�c]�fjrV�QSR7VMqUh�jke�jDZfadcfRumkQ�XY��XYQ|R7Q�cfRu�phfQ�m~abeS`�cfe�h[^^7Q�cfeSQ;ZfadcfR*mkQSRuv,a�R7QSRuZ[Q�Z[`�c[cfwSQSR�^7w��,ad^G´
VjkQSR3�fm~abeS` � w�^7Q�cfeSQ�Z�� h[cfQ3Z[`�c[cfwSQ3QSRV*a�R7Rh[^7wSQ%Xbadmr}"^7w�Z[QSR�a�eSeSWSRueS`�cfe�h[^^7Q�cpV7R0Q�V*eSQ�m~abQ�c�_�`�cfe�Vjk`�czZ[Qm~aYR7w�XbadcpVjk��hfQ�Z[Q0mC�¤ad�[�[mrjkeladVjk`�c4�

t0adcfR � (��]u����!{Um~a3eS` � w�^7Q�cfeSQ�R7wS��hfQ�cpVjkQ�mrmkQ0QSRV�Z[w�±fc[jkQ�aSqsQSe�mkQueS`�cfeSQ��[V Z[Q # � ��� �� ��������� # � ��	�� ��
$�
ŜZ[Q�mC� � jkRV7`�^jk�phfQ Ĥ

� � Q�VV7Q�Z[w�±fc[jrVjk`�czeS`�^^7QSR�6`�cfZ�©|h[c � jkRV7`�^jk��hfQ��ph[j�c4�¤a�Z�XYQ�V*�,a�R Z[Q�eS`�c]�fjrV7Rl�
Ŝ
QSRV�h[c�V^j�V7`��.`�mk`�}"jk��hfQ�Z[Q0mC��`�^7Z�^7Q0�,ad^VjkQ�m

Ĥ
{[jC��Q"���

jÂ�
S = HQ�V�jrjÂ�

op1→H op2⇒ op1→S op2Q�V�jrjrjÂ�
→S

Z[w�±fc[jrV h[ci`�^7Z�^7Q0V7`�V�adm

��$�� ��-M(�2]:713L,57- (

P4Q¨V � W�XYQ Z[Q¨m~aueS` � w�^7Q�cfeSQMZfadcfRymkQSR�RTUR7V7W�XYQSRD^7w��,ad^VjkRQSRVDq"a�RV7Q0��jrmfeS`�h[q�^7Q¨h[c;cf`�X�v[^7Q�jrX;�.`�^V�adcpVZ[Q%Z�jkR7e�jr�[mrjrcfQSR Z[Q�mC� jrc�_�`�^XbadVjk�phfQ"� � ��QSR7V�mkQ0Z[`�XbadjrcfQ�Z[QSR gzw�XY`�jr^7QSR (Mw��,ad^VjkQSR*\]ad^V�ad}swSQSR3x
g (*\ ���ph[j
Q�c£a��.`"R7w¨mkQSRyv,a�R7QSR�_
`�^XYQ�mrmkQSRl{Uad�[�6`�^V�adc�Vh[c � w�^jrV�ad}sQuR7`�mrjkZ[QMadh��;�[^7`�v[mkw�XbadVjk��hfQSR Z[QMeS` � w�^7Q�cfeSQ*ZfadcfRmkQSRuad�[�[mrjkeladVjk`�cfRM��h[j��[^7wS`�eSe�h[�.Q�cpV*m~a|^7QSe � Q�^7e � Q�XY`UZ[Q�^cfQ"�t0adcfR eSQ*�,ad^�ad}"^�ad� � Q"{�cf`�hfR�aSqs`�cfR¨�[^7`��.`"R7w*Z��¤a�Zfad�[V7Q�^¨mkQM_
`�^XbadmrjkR7XYQ*Z[QuZ[QSR7e�^jr�[Vjk`�c�Z[QSR¨g (*\ adh
�ugznot|{fadjrcfRj4��hfQ�m~a;Z[QSR7e�^jr�[Vjk`�ciZ[QSRMe�^jrV7W�^7QSRMZ[Q0eS` � w�^7Q�cfeSQ"�,�u`�hfRMalqs`�cfR �.`�h[^ eSQ�m~a;e � `�jkRj�Z[Qu_
`�^XbaB´mrjkR�Q�^ mkQ*RTUR7V7W�XYQMQ�cbV7Q�c,adc�V�eS`�X;�[V7Q*Z�h�V7Q�X;�fR� � TUR7jk�phfQuQ�V Rh[^V7`�h[V¨Z[Q m~a��6Q�^7eSQ��[Vjk`�c�Z[QSR h[VjrmrjkR�adV7Q�h[^7Rl�
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��c�Q���Q�Vl{�mkQSR*�ug�n�tÁXbadjrcpVjkQ�c[cfQ�c�V%Z[QSRuw�V�adV7RMmk`Ueladh�����h[j�Z[`�jrqsQ�cpV0��V^7Q%}"mk`�v,admkQ�XYQ�cpV�eS` � w�^7Q�cpV7R¬{�XbadjkRR7Q�mk`�c;mkQD�Gh[}sQ�XYQ�cpV�Z�� h[VjrmrjkR�adV7Q�h[^7R � h[XbadjrcfRl{peS`�c�V^�adjr^7Q�XYQ�cpV�adh��Yg (*\��ph[j�Z[`�jrqsQ�cpV^7QSR7V7Q�^y}"mk`�v,admkQ�XYQ�cpV
eS` � w�^7Q�cpV7QSR*q�jkR´o©B´Cq�jkR�Z[Q0mC��Q��[wSe�h[Vjk`�c�^7w��,ad^Vj]Z�� h[c��[^7`�}"^�adX;XYQ��,ad^�admrmkw�mrjkR7w"�

�*jrcfRjC{eSQ��,ad^�ad}"^�ad� � Q«�[^7`��6`"R�Qih[c�Q�cfR7Q�X%v[mkQ«Z[Q�v,a�R7QSRb_
`�^XYQ�mrmkQSR£��h[juQ����[^jrXYQimkQSR£eS`�c�V^�adjrcpV7QSR�phfQ�mkQ%RT�RV7W�XYQ�Z[`�jrV�R�adVjkRG_Cadjr^7Q0�.`�h[^*eS`�cfRV^h[jr^7Q�h[c�RjrX�h[m~a�e�^7Q%^7Q��[^7wSR�Q�cpV�adVj²_*��eSQ�mrh[j�Z[Q�m~aY�6Q�^7eSQ��[Vjk`�c
V7Q�X;�6`�^7Q�mrmkQ%�,ad^V�ad}sw"{,V7Q�mrmkQ��ph4��Q�mrmkQ�QSRVMZ[wSe�^jrV7Q��6`�h[^*Z[QSRM�.Q�^7R7`�c[cfQSR �[^7`Ue � QSR*�,ad^*�3�f��jrcfR7V7Q�jrczQ�c ¹�u ��
����jrc �� �!� � QSR*e�^jrV7W�^7QSRMR7`�c�V�m~a ∆

mkw�}padmrjrV7w"{[mC� jrcfRV�adc�V�adcfw�jrV7w�Q�V m~a|R7jrX%h[mrV�adcfw�jrV7w%Q�VMmkQSR eS`�c]�fjrV7Rl�

� ^W��eSQ�©MeSQSR]e�^jrV7W�^7QSRl{Bcf`�hfR]admrmk`�cfRDZfadcfR�mkQe � ad�[jrV^7Q¨Rh[jrq"adcpV]�[^7`��.`"R7Q�^�h[cfQ R�.wSe�j²±,eladVjk`�c3Z[Q XY`�Z[W�mkQSRZ[Q0eS` � w�^7Q�cfeSQ�Z[QSR�Z[`�c[cfwSQSR �.`�h[^¨mkQSR �ug�n�t|�U�u`�hfR¨�.`�h[^^7`�cfRMadmk`�^7R QSRVjrXYQ�^ ZfadcfR ��hfQ�mrmkQSR¨XYQSRh[^7QSR eSQSRe�^jrV7W�^7QSR0R7`�cpV0eS`�X;�,adVjrv[mkQSR�Q�V0Q�c�_
`�cfe�Vjk`�c�Z[QSR�elad^�a�e�V7w�^jkRVjk��hfQSR�Z�h«^7wSR7Qladh�Rh[�[�.`�^V�adcpV�m~a�eS`�X;X%h[c[j²´
eladVjk`�c4��t�Q*�[mrhfRl{�mC� h[VjrmrjkR�adVjk`�c�Z�� h[c?XY`UZ[W�mkQ*Z��¤ad�[�[mrjkeladVjk`�c��[^7`Ue � QuZ[QueSQ�mrh[j6Z[QSR¨g (M\�cf`�hfR �.Q�^XYQ�V¨Z[Q
eS`�X;�,ad^7Q�^ mkQSR XY`UZ[W�mkQSRyºoe�m~a�R�Rjk�phfQSR»�Z[Q*m~a0mrjrVV7w�^�adVh[^7Q�Z[QSR�g (*\¢alqsQSeumkQSRcf`�h[qsQladh��bXY`UZ[W�mkQSR �[^7`��6`"R7wSR
Q�V w�VhfZ�jkwSRl�

� Q�VV7Q�ad�[�[^7`�e � Q _�`�^XYQ�mrmkQM�.Q�^XYQ�V Z[QMXYQ�VV^7Q*Q�c�q"admkQ�h[^�[^7wSe�jkR7w�XYQ�c�V�mkQSR �[^7`��[^jkw�V7wSR�adVV7Q�cfZ�hfQSR��,ad^h[c��[^7`�V7`�eS`�mkQ%Z[Q�eS` � w�^7Q�cfeSQ"�,�u`�hfR��[^7`��.`"R7Q�^7`�cfR*adjrcfRj4Z[Q�h����[^7`�V7`UeS`�mkQSR Z[Q�eS` � w�^7Q�cfeSQ3adh�e � ad�[jrV^7Q ���
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t]e �Meih j3v�k����ik8�� *�6�%$(��� � emeremesememeremeremeremerememesemeremerememeremeremese��C©
t]e �Megf j3v�k����X�) *�6zM�w�!�"�"�w��emeremesememeremeremeremerememesemeremerememeremeremese��C©
t]e �Me d j1kJ�¤|#���'�w�% *�!�ik8��emeremeremesememeremeremeremerememesemeremerememeremeremese��C©

b1$Xb YZ>�RTP�.10 	�<B>KR`05>E4C.��3OK-/>K)346>�Ra+J>KP\?�.M-/>�<'<B>�R~46L#23RJL#<'>F>K+§RJO+*[23>�),+87B>K<B<'>�$ V��
t]egt]eih j%�

δ
�I�8�C�!�"�"�w� �%�i�� *�6zM���'�,�����sk-�#�B� �I�^�.� �N�+���6�#�-�"�w� emesemeremerememeremeremese����

t]egt]egf j%�
δ
�I�8�C�!�"�"�w�rk��#�X�§���i��z&��� �N�#������� emeremeremerememesemeremerememeremeremese����

b1$i² ·`.9)54C<'23R87B.^)¸$`$T$T$`$T$`$T$T$`$T$`$T$T$`$T$`$T$T$`$a$T$`$T$`$T$T$`$T$`$T$T$ V��
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t0adcfReSQ �,ad^�ad}"^�ad� � Q"{�cf`�hfR¨admrmk`�cfRjrc�V^7`�Z�h[jr^7Q*mkQSRyXY`UZ[W�mkQSRh[c[j²_�`�^XYQSRl� � Q��6Q�cfZfadc�Vl{pcf`�hfR¨admrmk`�cfRjke�j�[^7`��.`"R7Q�^Dh[cfQ¨h[c[j²±,eladVjk`�cYZ[Q�m~aM_
`�^XbadmrjkR�adVjk`�c;Z[QSRDXY`UZ[W�mkQSRDv,a�R7wSRDRh[^�Z[QSRDe�^jrV7W�^7QSR�Z[Q V7Q�X;�fRD� � TUR7jk�phfQ"�

Cohérence Séquentielle Temporelle  (TSC)

Cohérence Causale Temporelle (TCC)

Cohérence Causale (CC)

Utilisation d’horloges physiques

Utilisation d’horloges logiques

Cohérence Perceptive (PC)

Cohérence Retardée (LC)Cohérence Atomique (AC)

Cohérence Séquentielle (SC)

Cohérences à échéances

Cohérences à terme

������� � �r¹ � ���6�3��Àr� ¼�¼ � \ ���"	
�
�"� �p� ¼ ½;�%�EG�Àk� ¼ �p���7�d��������6��� ¼ ����¿U��Àr� ¼ ! 8 � )

P�a|±f}"h[^7Q � �r¹%eS`�cfR7VjrVhfQ%h[cfQ�e�m~a�R7Rj²±,eladVjk`�c«Z[QSRMXY`UZ[W�mkQSR*Q�V*cf`�hfR*Z[`�c[cfQ�h[czad�.Q�^7¥�h�Z[QSR*^7Q�m~adVjk`�cfRQ�c�V^7Q�Q�h���� ¦ cfQf�,WSe � Q�Z�h�XY`�Z[W�mkQ A
qsQ�^7RMmkQ�XY`UZ[W�mkQ

B
jrcfZ�jk��hfQ%��hfQ

A
�6`"R�R7WSZ[Q%Z[QSR*e�^jrV7W�^7QSRMV7Q�X;�.`d´

^7Q�mkR��[mrhfR�eS`�c�V^�adjr}"c,adcpV7R%��hfQ
B
��t0adcfR0eSQ�VV7Q%±f}"h[^7Q"{6cf`�hfR0Z�jkRVjrc[}"hf`�cfR�mkQSRuXY`UZ[W�mkQSR0Z[`�cpV�mkQSR�e�^jrV7W�^7QSR

R�`�cpV3v,a�R7wSR%Rh[^%mkQYV7Q�X;�fR�� � T�Rjk�phfQ?Q�V�eSQ�h���v,a�R7wSR3Rh[^�mkQbV7Q�X;�fR%mk`�}"jk��hfQ"��\]`�h[^�mkQSR�XY`UZ[W�mkQSR�º!V7Q�X;�fR� � TUR7jk�phfQ�»�{�jrmQSRV%eS`�cfRjkZ[w�^7w?�phfQYmkQSR � `�^mk`�}sQSR�� � T�Rjk�phfQSR�R7`�cpV�RT�cfe � ^7`�c[jkR7wSQSR3Q�V �d`�h cfQYZ[w�^jrqsQ�c�V��,a�RmkQSRuh[cfQSRu�,ad^u^�ad�[�6`�^V�adh��zadh[V^7QSRl���*h,adcfZ�adh�� � `�^mk`�}sQSR�mk`�}"jk��hfQSRl{�Q�mrmkQSR�R7`�c�V*jrcfe�^7w�XYQ�c�V7wSQSR�Z[Q�_�a�¥S`�cXY`�cf`�V7`�cfQ�Q�c�_�`�cfe�Vjk`�ciZ[Q�mC�¤ad�[�,ad^jrVjk`�czZ[QSRMw�qsw�cfQ�XYQ�cpV7Rl�
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�,ad^Vjke�h[mrjkW�^7Q|Rh[^Mm~aYZfadV7Q�� � TUR7jk�phfQ3©;m~a���hfQ�mrmkQ�h[cfQ%`��.w�^�adVjk`�c«Rh[^ h[cfQ%Z[`�c[cfwSQ3QSRVMeS`�cfR7jkZ[w�^7wSQ�eS`�X;XYQeS` � w�^7Q�c�V7Q�x
eS`�c�V^�adjr^7Q�XYQ�cpV0adh���XY`�Z[W�mkQSRM©YwSe � wladcfeSQ¬���
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� w�^7Q�cfeSQ �UwS�phfQ�c�VjkQ�mrmkQ ��Q�X;�6`�^7Q�mrmkQ�x �V� � �¨Q�VMZ[Q � ` � w�^7Q�cfeSQ � adhfR�admkQ ��Q�X;�.`�^7Q�mrmkQ?x � ��� �¨eS`�cfR7jkZ[W�^7Q�cpV��hfQ£mkQSR;Z[`�c[cfwSQSR�ºoZ[`�jrqsQ�cpV?��V^7Q£mrhfQSRY©zV7Q�X;�fRG» ��� (*��(�uJu �%x
eSQ�e�^jrV7W�^7Q�QSRVYad�[�.Q�mkw£m~a

δ
mkw�}padmrjrV7w£�,ad^

�X��( � u#ºU{ ��\ (��]u�� �¾��� � Q�VV7QMcf`�Vjk`�cbcfwSeSQSR7R7jrV7Q �phfQMRj[h[cfQM`��.w�^�adVjk`�c?QSRV��[^7`UZ�h[jrV7Q*adhbV7Q�X;�fR t
admk`�^7RQ�mrmkQ

Z[`�jrV���V^7Q�q�jkRjrv[mkQ�x
Q�VueS` � w�^7Q�c�V7Q¬� ��� ¼ �6À ¿ ¼ 	C���P� ��¿f�3Àr� �s�"	!�
t + δ

��P�aYeS` � w�^7Q�cfeSQ3�6Q�^7eSQ��[VjrqsQ£x
\ � �*Q�V
C/ �" 1�S 0/F%*-0-I%CLBX56.�7'$A*/&LBGCL,/&L027`S B3.�(DC�;W.>C�;6.�H/B3CLH@IJ56$'&)1X;j*-569�H/&L0-.'*-0@IJ0/&L*-0/I'CLB3MN0=nW*P;
&[(L;j*/5=?�Ic;
CLB3e�B313B3CLH27%H-IJ0-.�7A7mS $'.Agh;6*/CL0-$%&

0/F�CLH/&LB30-$'&PY6K).A0/lm0/CPn6*-0T*/&LBGCL,/&L0@IJ0/$'C^K/C+&L0T(L;
CLB3(Dg�;6BGC[Ic;W&^$'. I%&L56CL5>*-561X0U7%0T*-5=9'H/&L0-.'*-0TIJ0/&L*-0/I'CLB3MN0@\j*/5=.c7%BGCLBX56.�<>$�0E1 ;41 ;
CL0-.�*/0
&LH-(+0P;6$ (+56BGC4(+$���(L;6?�?�0/.�C[g�;6B3e'1X0�Q'*-0-1X; 0-(DC47%H-?�5=.>C+&LHR;W$fIc;
&�;6kW&�;6I�9'0 P�Y 	%Y M6Y
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δ
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m~abeS` � w�^7Q�cfeSQ|^7Q�V�ad^7Z[wSQ�x
P � �MR�`�cpV0Z�j²�.w�^7Q�c�V7QSR0elad^0Rj�h[cfQ|`��.w�^�adVjk`�c�Rl��Q��.QSe�VhfQ;©bm~a�ZfadV7Q t
{6admk`�^7R0Q�mrmkQ

Z[`�jrV ��V^7Q0qUjkRjrv[mkQ 	bÀ²� �s�"	!�
t + ∆

x
e�^jrV7W�^7Q�Z[Q
∆
mkw�}padmrjrV7w¬���

� QSRDZ[Q�h��|ad�[�[^7`Ue � QSRD�.Q�^XYQ�VV7Q�cpVyZ[Q�Xba,+kV^jkR7Q�^Dm~auZ�jrXYQ�cfRjk`�c|V7Q�X;�6`�^7Q�mrmkQ�Z[Q mC��wSe � adc[}sQMZ[Q Z[`�c[cfwSQSRl���c�Q���Q�Vl{fRj�m~a3q"admkQ�h[^ �6Q�h[V ��V^7Q�^7Q�cfZ�hfQ0q�jkR7jrv[mkQ�aSqsQSe0h[c
δ
`�h�h[c

∆
jrc�_�w�^jkQ�h[^*adh�R7Q�h[jrm4Z[Q��6Q�^7eSQ��[Vjk`�c

x
e�_G�¬�,ad^�ad}"^�ad� � Qr¹f� Æ �r¹¬�4Z�h3XYwSZ�j~aueS`�cfeSQ�^cfw"{"admk`�^7R�mC� jrcfR7V�adcpV�adcfw�jrV7w�R7Q�^�a*adVV7Q�jrcpV7Q"�"t0adcfR]mkQela�RDeS`�cpV^�adjr^7Q"{m~aYq"admkQ�h[^0Z[Q
δ
`�h«Z[Q

∆
�6Q�^XYQ�V0Z[Q3Z[w�V7Q�^X;jrcfQ�^0mkQ3V7Q�X;�fRuZ[Q3^7w��.`�cfR7Q3Z�h�XYwSeladc[jkRXYQ;Z[Q3eS` � w�^7Q�cfeSQ"�

� Q��6Q�cfZfadc�Vl{�jrm�cfQ�_�adh[V0�,a�R0`�h[v[mrjkQ�^��phfQ|eSQSR�eS`�c�V^�adjrcpV7QSR�V7Q�X;�.`�^7Q�mrmkQSR%R�Q�^7`�cpV0^7QSR�.QSe�V7wSQSR�Q�cz_
`�cfe�Vjk`�cZ[Q�mC��w�V�adVMZ�h�^7wSR7Qladh4�

t0adcfR�eSQ�e � ad�[jrV^7Q"{uad�[^7WSRiaSqs`�jr^i�[^7`��6`"R7w�adh �,ad^�ad}"^�ad� � Q � �r¹«h[cfQ�e�m~a�R7R7j²±,eladVjk`�c jrc�_
`�^XYQ�mrmkQ Z[QZ�j²�.w�^7Q�c�V7R%XY`UZ[W�mkQSR3Z[QbeS` � w�^7Q�cfeSQSRl{�cf`�hfR%�[^7wSR7Q�c�V7`�cfR|Z[Q|_�a�¥S`�c _
`�^XYQ�mrmkQbmkQSR��[^jrcfe�jr�,adh�� XY`UZ[W�mkQSR3Z[QeS` � w�^7Q�cfeSQSR�jkR7R7hfR0Z[Q|m~a�mrjrVV7w�^�adVh[^7QYZ[QSR�g (M\ adh��,ad^�ad}"^�ad� � Q � � � x
eS` � w�^7Q�cfeSQSR�R7wS��hfQ�cpVjkQ�mrmkQ"{4eladhfR�admkQQ�V¨adV7`�X;jk��hfQ¬�����*`�hfR�TYQ����[mrjk�phf`�cfR�Q�c£��hf`�j6eSQSR�XY`UZ[W�mkQSR cfQ�R7`�c�V �,a�R�a�Zfad�[V7wSR adh��?�ugznot|{sXbadjkR�adhfR7R7j
Q�c��phf`�j�jrmkR¨_
`�h[^c[jkR�R7Q�cpV h[cfQ0Q����.Q�^VjkR7Q0cfwSeSQSR7R�adjr^7Q�©3m~a|eS`�cfRV^hfe�Vjk`�c�Z[Q0XY`UZ[W�mkQSR��.`�h[^ mkQSR �ug�n�t|�

�u`�hfR��[^7wSR7Q�cpV7`�cfR�adh����,ad^�ad}"^�ad� � QSR � � Æ Q�V � � ¹YmkQSR�XY`UZ[W�mkQSRMZ[Q�eS` � w�^7Q�cfeSQ%�6Q�^7eSQ��[VjrqsQ�x
\ � ��Q�VM^7Q�´V�ad^7Z[wYx
P � ��{f��h[j4R7`�cpV�v,a�R�wSR�Rh[^�mkQSR�e�^jrV7W�^7QSRMZ[w�±fc[jkR¨_�`�^XYQ�mrmkQ�XYQ�cpV�adh�e � ad�[jrV^7Q§¹f�[�u`�hfR�T?�[^7wSR7Q�cpV7`�cfRh[cfQ�w�VhfZ[Q|Rh[^um~a�eS`�X;�,adVjrv[jrmrjrV7w;Z[Q�eSQSR�e�^jrV7W�^7QSR0Q�c�V^7Q3Q�h���{�adjrcfRjD�ph4�¤alqsQSe3eSQ�^V�adjrcfR0e�^jrV7W�^7QSR0Z���`�^7Z[`�c�´
c,adcfeSQ�XYQ�cpV7RueS`�X;XYQ0m~a|mkw�}padmrjrV7w�eladhfR�admkQ�Q�V�mkQSR eS`�c]�fjrV7R mrjkwSRu©3m~a3cf`�c�´!eS`�X;X%h[V�adVjk`�c�Z[QSR `��.w�^�adVjk`�cfRl�

°]jrc,admkQ�XYQ�cpVl{�cf`�hfR0w�VhfZ�jk`�cfR�mkQSR�XY`UZ[W�mkQSR�Z[Q;eS` � w�^7Q�cfeSQSR0V7Q�X;�.`�^7Q�mrmkQSR%eladhfR�admkQ;Q�V�R7wS��hfQ�cpVjkQ�mrmkQ?adh�,ad^�ad}"^�ad� � Q � � � qUjkRG´o©B´Cq�jkR�Z[Q¨m~a�eladhfR�admrjrV7w"{sZ[Q¨mC� jrcfRV�adcpV�adcfw�jrV7w*Q�VyZ[Q¨m~auRjrX%h[mrV�adcfw�jrV7w"� � Q�m~a�cf`�hfRD�6Q�^XYQ�VZ[Q�XY`�cpV^7Q�^uZfadcfRM��hfQ�mrmkQ�XYQSRh[^7Q0mkQ�e�^jrV7W�^7Q�Z[Q�mkw�}padmrjrV7w�eladhfR�admkQ0c4��QSRV��,a�R*a�Zfad�[V7w��.`�h[^�mkQSR �*gzn�t3�

��$�� ��<�L I -0/ ��:7<�L87.9 )�<D+�I <;:><]) :7<�L � �9'��

P4QSR�XY`�Z[W�mkQSR3��hfQ;cf`�hfR���h,admrj²±,`�cfR3Z[Q|º�©�V7Q�^XYQ�»beS`�^^7QSR7�6`�cfZ[Q�c�V;adh���XY��XYQSR�XY`�Z[W�mkQSR3��hfQbeSQ�h��
ad�[�6Q�mkwSRyºoQ�qsQ�cpVh,adm4eS`�cfR7jkRV7Q�cfe�Tp»MZfadcfR ��\A� � �  Æ { � � �� �6`	���,ad^yº�©�V7Q�^XYQ�»Mjrm,_Cadh[V eS`�X;�[^7Q�cfZ�^7Q*º�ad�[^7WSRh[c§Z[w�m~adj*cf`�c��[^7wSZ[w�V7Q�^X;jrcfw�»�� � QiZ[w�m~adjuZ[w��6Q�cfZ§w�q�jkZ[Q�X;XYQ�c�V£Z�h§�[^7`�V7`�eS`�mkQ��ph[j*XYQ�V?Q�c ��h[q�^7Qim~a
eS` � w�^7Q�cfeSQ"��P4QSRXY`UZ[W�mkQSR¨Z[Q*eS` � w�^7Q�cfeSQSR�eladhfR�admkQ3x ��� ��{UR7wS��hfQ�cpVjkQ�mrmkQ;xL� � ��{UadV7`�X;jk��hfQ|x
� � �Q�V mkQSR�XY`d´Z[W�mkQSR �[mrhfR¨_Cadjrv[mkQSR�x
eS`�X;XYQ�eSQ�h��£Z[wSe�^jrV7RuZfadcfR � (f�]u�� �¾� V7`�X%v.Q�cpV�ZfadcfRMeSQ�VV7Q�eladV7w�}s`�^jkQ"� ��jkQ�ci�phfQ��,ad^
Z[w�±fc[jrVjk`�c4{pmkQ V7Q�X;�fR Z[QM^7w��6`�cfR7Q*Z[Q eSQSR XY`�Z[W�mkQSRcfQ �[h[jkR7R7Q*��V^7QMZ[w�V7Q�^X;jrcfw"{�jrmkRy^7Q��[^7wSR7Q�c�V7Q�cpV¨h[cfQ v,a�R�Q
� jkRV7`�^jk��hfQ�R7`�mrjkZ[Q Q�cYeSQ ��h[jfeS`�cfeSQ�^cfQ�mkQSRye�^jrV7W�^7QSR Z���`�^7Z[`�c[c,adcfeSQ�XYQ�cpV¨Z[QSRy`��6w�^�adVjk`�cfR Rh[^�mkQSRyZ[`�c[cfwSQSRl�
(*ad�[�.Q�mk`�cfR�mkQ�h[^7R Z[w�±fc[jrVjk`�cfR � (��]u�����

� P�a ���d�����7�������b�7��¿ ¼ ��Àk� QSRV�^7QSR�.QSe�V7wSQ�Rj�mC� � jkR7V7`�^jk�phfQ Ĥ
QSRV eladhfR�admkQ�XYQ�c�VMmkw�}padm

� P�a �7�d�[���������� ¼ ���S¿[����	
����À¾Àk� QSRV�^7QSR�.QSe�V7wSQ*Rj�mC� � jkRV7`�^jk��hfQ Ĥ
QSRV�eladhfR�admkQ�XYQ�cpV�mkw�}padm.Q�V¨Rl� jrm6a�Z�XYQ�V
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pi
Q�V

pj
R7h[^Mm~abXY��XYQ%jrcfRV�adcfeSQ3Z[Q�XYwSZ�j~a
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{fadmk`�^7R Z[Q0m~a
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T
QSRV�mC� � `�^mk`�}sQ%h[c[jrqsQ�^7R7Q�mrmkQ¬���x¾jÂ�

T (cj(x)v) = T (wi(x)v) + ∆x,i,j
Q�V

T (ci(x)v) = T (wi(x)v) + ∆x,i,ix¾jrjÂ�
T (ci(x)u) = T (wj(x)u) + ∆x,j,i

Q�V
T (cj(x)u) = T (wj(x)u) + ∆x,j,jt�Q�m~a|RjrX%h[mrV�adcfw�jrV7w"{�cf`�hfRMaSqs`�cfR��

x¾jrjrjÂ�
T (cj(x)v) − T (cj(x)u) = T (ci(x)v)− T (ci(x)u)t�QYx¾jÂ�¨Q�V%x¾jrjÂ�¨ZfadcfR%x¾jrjrjÂ��{[cf`�hfRuaSqs`�cfR��

T (wi(x)v) + ∆x,i,j − T (wj(x)u)−∆x,j,j = T (wi(x)v) + ∆x,i,i − T (wj(x)u)−∆x,j,iadmk`�^7R
∆x,i,i + ∆x,j,j = ∆x,i,j + ∆x,j,i

�

nom�QSR7VDZ[`�cfe¨�[^7w�_�w�^�adv[mkQ ��hfQ�mkQSRDm~adV7Q�cfeSQSR�mk`�eladmkQSR
∆x,i,i

Q�V
∆x,j,j

R�`�jkQ�cpVye � `�jkR7jkQSRyh[c|�6Q�h;�[mrhfRD}"^�adcfZ[Q�phfQ*mkQSR�m~adV7Q�cfeSQSR�Z�h?^7wSR�Qladh�Q�c�V^7Q
pi

Q�V
pj

�a��jrcf`�c4{�m~a��[mrh[�,ad^V�Z[QSR¨`��6w�^�adVjk`�cfR �����E��Àk� ^jkR7��hfQ*Z��¤ad^^jrqsQ�^
V�ad^7Z�jrqsQ�XYQ�cpVl{ Q�V|Z[`�cfeiZ�����V^7Q£jrmrmkw�}padmkQ"�y��cÄZ��¤adh[V^7QSR;V7Q�^XYQSRl{DmkQ�Z[w�m~adj

∆x,i,i + ∆x,j,j
Z[`�jrVY��V^7Q£�[mrhfR

}"^�adcfZ���hfQ�mkQ0Z[w�m~adj�admrmkQ�^G´C^7Q�V7`�h[^uQ�c�V^7Q
pi

Q�V
pj

�

� Q�m~a�^7Q�cfZ«mC� jrcfRV�adc�V�adcfw�jrV7w?aSqsQSeYm~a£RjrX%h[mrV�adcfw�jrV7wb�6`"R7R7jrv[mkQ�h[c[jk��hfQ�XYQ�cpV�mk`�^7R7��hfQ|mkQSR�m~adV7Q�cfeSQSR�R7`�cpVV7Q�mrmkQSR ��hfQ;�
C.E ! S ;6I'&L,/(U1X;�7%H �c.'BGCLBX56.f7%0R1X;

∆
13H-kN;W1XBGCLH_7'$pIc;
&�;6k6&�;WI�9'0 �'Y 	%Y M=n

∆x,i,j

0-(DC21X; 1X;
CL0-.�*-0o?8;WBX.>CL0-.�$'0j*-56.�(DC�;6.>CL0R0/.�C+&L0j1X0/(
H-*:&LB3CL$%&L0-(20/lm0-*/CL$'H-0-(2Ic;
&

pi

0/CU1X0/(U130-*:CL$'&L0-(20/lm0-*:CL$�H-0-(2I�;W&
pj

IJ5=$'&U1�S B3.�(DC�;6.'*-0o7'0b?�H-7'BX;
x

Ç Æ
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���������� ¼ ½;�%�EG�Àk� ¼ ���¨�7�d�����7�������D�[��¿���Àk� ¼ !��s��À �
�7�s	
�
��� ¼�8 ¿UÀ 	
�¾½b�P�����8���,	!����s�S	
���d� ¼ ��	 ) � ¼ 	
��� ��¿[��� ¼

∆x,i,j ≤ τresp(x)
Q�V

∆x,j,i ≤ τresp(x)

� ������� � � "6
 �H� �,� � � ���H�#
 $
P�a?±f}"h[^7Q � � Æ cf`�hfR�XY`�cpV^7QY��hfQ|m~a�eladhfR�admrjrV7w;c4��QSR7V0�,a�R0^7QSR�.QSe�V7wSQ"{4Q�c�Q��.Q�V�Z�h��.`�jrcpV�Z[Q;q�hfQ;Z�h�[^7`UeSQSR7RhfR

p1
�

wi(x)v →H ci(x)u→H ci(x)v

Temps
Physique

Temps 
Physique
local

local

p2

w1(x)v c1(x)v

w2(x)u

c1(x)up1

w2(x)y

c1(x)y

d1 c2(x)y

d2

d1

d2

� ����� � � Æ � �����p� ¼ 	C��������¿f�R�0�����d�����7���,	

�*`�hfR��.`�h[qs`�cfR�Q�c�Z[wSZ�h[jr^7Q0�phfQ*mkQ�e�^jrV7W�^7Q0Z[QueladhfR�admrjrV7w"{[Rl� jrm6QSR7V¨eS`�h[�[mkw�alqsQSe�eSQ�mrh[j4Z[QuR7jrX%h[mrV�adcfw�jrV7w
q"a�aSqs`�jr^�h[cijrX;�,a�e�V0Rh[^umkQ%Z[w�m~adjD�.`"R7Rjrv[mkQ%Q�c�V^7Q|Z[Q�h��i`��6w�^�adVjk`�cfR0��h[j�Rl��Q���QSe�VhfQ�cpV0Rh[^um~a;XY��XYQ3jrcfRG´
V�adcfeSQ¨Z[Q�XYwSZ�j~a�����c;Q��.Q�V]jrm�_�adh[V�adVV7Q�cfZ�^7Q¨m~a X;jkR�Q�©y�G`�h[^Dmk`UeladmkQ�[^7`¬qs`���hfwSQ��,ad^DmC��`��6w�^�adVjk`�c;Z���wSe�^jrVh[^7Q"{
jC��Q"�.jrm]cfQ�_�adh[V�alqs`�jr^%adhfe�h[cfQ3`��.w�^�adVjk`�c�Rh[^

x
Q�cpV^7Q

w1(x)v
Q�V

c1(x)v
x¾qs`�jr^�m~aY±f}"h[^7Q � � Æ ���.t�Q3�[mrhfRl{cf`�hfR3aSqs`�cfR%XY`�cpV^7wY�[^7wSeSwSZ[Q�X;XYQ�c�V£x¾�,ad^�ad}"^�ad� � Q � � Æ �r¹¬����hfQ|�6`�h[^0m~a�R7jrX%h[mrV�adcfw�jrV7w"{4mkQ;Z[w�m~adjmk`�eladm ©jrc�V^7`�Z�h[jr^7Qu�.`�h[^h[cfQ*`��6w�^�adVjk`�c�mk`�eladmkQ3x

δx,i,i
�yZ[w��6Q�cfZfadjrV�Z[Q m~a0m~adV7Q�cfeSQuQ�cpV^7Q*mC��wSe�^jrq"adjrc�Q�V�R7`�cbmkQSe�V7Q�h[^

alTpadcpVum~a3�[mrhfR�}"^�adcfZ[Q�m~adV7Q�cfeSQ"�

P�a�eS`�cfR�wS�phfQ�cfeSQ�Z�jr^7QSe�V7Q?QSR7V%m~a�mrjrX;jrV�adVjk`�c¡Z[Qbm~a£_
^7wS�phfQ�cfeSQ?�6`"R�Rjrv[mkQYZ��¤ad�[�,ad^jrVjk`�cfR;Z[QSR�X;jkR7QSR3©
�`�h[^¨Z[Q*mC� jrcfR7V�adcfeSQuZ[Q*XYwSZ�j~a£x¾m~a��.w�^jk`UZ[Q*Q�c�V^7QuZ[Q�h��?X;jkR7QSR�©��`�h[^�QSR7V mrjrX;jrV7wSQu�,ad^�m~a�m~adV7Q�cfeSQu^7wSR7Qladh����
� Q�m~a;^7Q�cfZ�mkQ�e�^jrV7W�^7Q�Z[Q�eladhfR�admrjrV7w0jrcfQ�³bela�eSQ0�.`�h[^ mkQSRMad�[�[mrjkeladVjk`�cfR�©3XYwSZ�j~a�RMeS`�cpVjrc�hfR�º!qsQ�^v.Q�h��U»��

� ������� � � "6
 �H" � �,� ���s�#
 �
��jyh[c � jkR7V7`�^jk�phfQ Ĥ

QSRV��.Q�^7eSQ��[Vj²_MeS` � w�^7Q�cpVl{Dadmk`�^7R�jrmyc4�¤a�Z�XYQ�V��,a�R�Z[QYeS`�c]�fjrVl�]��c Q���Q�Vl{�eS`�X;XYQcf`�hfRMh[VjrmrjkR7`�cfRMZ[QSR � `�^mk`�}sQSR � � TURjk��hfQSR mk`UeladmkQSRl{[cf`�hfRM�6`�h[qs`�cfRMV^�adcfRG_�`�^XYQ�^ m~a|^7Q�m~adVjk`�c�Z��¤adc�V7w�^jk`�^jrV7wV7Q�X;�.`�^7Q�mrmkQ%Q�c�^7Q�m~adVjk`�czZ���`�^7Z�^7Q"{[jC��Q"�
tj(cj(x)v) < tj(cj(x)u)⇔ cj(x)v →j cj(x)ut�`�cfe"{"Q�c;ad�[�[mrjk�ph,adc�VeSQ�m~a�© m~auZ[w�±fc[jrVjk`�cYZ[Q�m~auRjrX%h[mrV�adcfw�jrV7w"{"R7j�h[c � jkRV7`�^jk��hfQ Ĥ

QSRVDRjrX%h[mrV�adcfw admk`�^7R��
∀cj(x)v, cj(x)u ∈ H ∀k : (cj(x)v →j cj(x)u)⇔ (ck(x)v →k ck(x)u)

�MjrcfR7jC{�ZfadcfR�h[c � jkRV7`�^jk��hfQ Ĥ
RjrX�h[mrV�adcfw0mkQSR¨�[^7`�eSQSR�RhfR¨Q���wSe�h[V7Q�c�V mkQSR¨X;jkR7QSR�©*�G`�h[^�ZfadcfR¨mkQuXY��XYQ

`�^7Z�^7Q"{�w�q�jrV�adc�V V7`�hfR eS`�c]�fjrV7RMV7Q�mkRM��h4� jrmkR R7`�cpV*Z[w�±fc[jkRMadh��,ad^�ad}"^�ad� � Q ¹f� Æ � � �
ÇK¹



�p����� ���%½;�%�EG�Àk� �p�%���d�����7�������;��S	C���-���7�

������� 	 	 " � �p #��
]���,� �!" �
�u`�hfR��6`�h[qs`�cfR V^7`�h[qsQ�^*Z[QSR��[^7`�V7`UeS`�mkQSR*a�R7R7h[^�adcpV m~a|eS` � w�^7Q�cfeSQ%�6Q�^7eSQ��[VjrqsQ�ZfadcfR ���¨`�h  Æ {)� � �  Æ {gzadh � { 3ug  ¹�{ � t u"Ç�{[� � u��	�!�
t0adcfR � 3ug  ¹"{ � t u"Ç �!{6mkQSR*�[^7`�V7`UeS`�mkQSR0h[VjrmrjkR7Q�c�V0h[cfQ � `�^mk`�}sQ|h[c[jrqsQ�^7R7Q�mrmkQYaB±fc�Z[Q3Z[w�V7Q�^X;jrcfQ�^%h[cfQm~adV7Q�cfeSQ�±[��Q3Q�V�jkZ[Q�cpVjk��hfQ;Q�cpV^7Q3V7`�hfR�mkQSRu�,ad^Vjke�jr�,adcpV7Rl{4Q�Vu�.`�h[^uV7`�h[V7QSRumkQSR�jrcfRV�adcfeSQSR�Z[Q3XYwSZ�j~a«x

∀j :
T (cj(x)v) = d + T (w(x)v)

���D\]`�h[^�Z[QSRM�GQ�h���Q�c ^7wSR7Qladh4{�mkQSR%Z[Q�h���V^�aSq"adh�� Z[w�±fc[jkR7R7Q�c�V%h[cfQbm~adV7Q�cfeSQ
eS`�cfRV�adcpV7Q%Z[Q0^7QSR�.QSe�VjrqsQ�XYQ�cpV

d = 150ms
Q�V

d = 100ms
�

� QSR�Z[Q�h��b�[^7`�V7`�eS`�mkQSR _�`�h[^c[jkR7R7Q�c�V v[jkQ�c£m~a�eS` � w�^7Q�cfeSQu�.Q�^7eSQ��[VjrqsQuXbadjkR cfQMVjkQ�c[cfQ�cpV��,a�R�eS`�X;�[V7Q�Z[QmC��w�V�adV¨^7wSQ�m6Z�h£^7wSR7Qladh4{���h[j��.Q�h[V���V^7Q�Rh��Q�V�©%Z[QSR�m~adV7Q�cfeSQSR�Rh[�.w�^jkQ�h[^7QSR�©
d
��t0adcfR¨eSQ�ela�Rl{�e � a��phfQuX;jkR7Q©*�G`�h[^Mad^^jrqsQ�^�aYV�ad^7Z�jrqsQ�XYQ�cpV�Q�V R7Q�^�a|eS`�cfRjkZ[w�^7wSQ�eS`�X;XYQ0jrcfeS` � w�^7Q�cpV7Q"�

t0adcfR��X� � �  Æ {s� �ru�� �!{se"��QSRV}"^W��eSQ*©�h[cfQ QSR7VjrXbadVjk`�c�Z�hbZ[w�m~adj.admrmkQ�^y^7Q�V7`�h[^ux ( � �M�y�phfQ�mkQMRTUR7V7W�XYQZ[wSe�jkZ[Q¨Z[Q m~auZfadV7Q�©Mm~a��phfQ�mrmkQ�h[cfQ�q�admkQ�h[^�Z[`�jrVD�[^7Q�cfZ�^7Q�Q���Q�Vl�d\]`�h[^yeSQ�m~a*mC��wSe�^jrq�adjrc;QSRVjrXYQ¨R7`�c;Z[w�m~adjfaSqsQSe
mkQsx
R�� mkQSe�V7Q�h[^¬x
R�� Q�V�QSRVjrXYQ�m~abZfadV7Q3� � TURjk��hfQ|©Ym~a���hfQ�mrmkQ%m~abX;jkR7Q|©��`�h[^uZ[`�jrV�alqs`�jr^*mrjkQ�h4�.P4Q��[^7`�V7`�eS`�mkQZ[Q��*�UT�jrmkZ�jr¯|Q�V�admC����� �ru�� �DQSR7VueS`�X;�[mkW�V7Q�XYQ�c�V�Z�jkRV^jrv[hfw3V�adcfZ�jkR0�phfQ3eSQ�mrh[j]Z[Q ��a�Z[Z�jr�iQ�V0admC� �X� � �  Æ �QSRV eSQ�cpV^�admrjkR�w"�

P4Q3�[^jrcfe�jr�,admyZ[w�_Cadh[V�Z[Q|eSQSR��[^7`�V7`UeS`�mkQSR0QSRV�mC� h[VjrmrjkR�adVjk`�c�Z�� h[cfQ � `�^mk`�}sQ|h[c[jrqsQ�^7R7Q�mrmkQ|�.`�h[^�`�v[V7Q�c[jr^m~a?�[^7`��[^jkw�V7wYZ[Q;RjrX%h[mrV�adcfw�jrV7w"��Py��Q�^^7Q�h[^%Z[Q|RTUcfe � ^7`�c[jkR�adVjk`�c�Z[QSR � `�^mk`�}sQSR�R7Q3^7w��.Q�^7e�h[V7QYZ�jr^7QSe�V7Q�XYQ�cpVZfadcfR¨mkQ��[^7`�V7`�eS`�mkQ;��R7`�jrV��,ad^�Z[QSR Q�^^7Q�h[^7R¨V7Q�X;�.`�^7Q�mrmkQSR�x
`�h�Z[Q0Z�jrXYQ�cfRjk`�c[cfQ�XYQ�c�V*Z[QSR�Z[w�m~adjkR���{[R�`�jrV��,ad^
Z[QSR eS`�c]�fjrV7Rl�

°]jrc,admkQ�XYQ�cpVl{ ����`�h  Æ �y�[^7`��6`"R7QYmkQ|�[^7`�V7`�eS`�mkQ;mkQY�[mrhfR�±,Z[W�mkQb©�m~a�eS` � w�^7Q�cfeSQ;�.Q�^7eSQ��[VjrqsQbelad^0jrmh[Vj²´mrjkR7Q�mkQSR � `�^mk`�}sQSRumk`�eladmkQSRuZ[QSRM�[^7`UeSQSR7RhfR¬�,nom�Q��.QSe�VhfQ�h[c�ºoeS`�cfR�Q�cfRhfRG»%Rh[^*h[ciqsQSe�V7Q�h[^0Z[Q%ZfadV7QSR*mk`�eladmkQSRZ���`��6w�^�adVjk`�cfR �U�"�E��Àk� �ph[j]Z[`�jrqsQ�cpV���V^7Q �`�hfwSQSR*R7jrX%h[mrV�adcfw�XYQ�cpVl{�Q�VuQ�ci_�`�cfe�Vjk`�c«Z[QSR*Z[w�m~adjkR*^7wSR7Qladh4� � Q�[^7`�V7`�eS`�mkQ0_
Q�^�a3mC��`�v��Q�VMZ�hie � ad�[jrV^7Q ���

� `�X;�[V7Q|V7Q�cph�Z�hz_CadjrV0�phfQ3m~a?^7wSR7Q�^q"adVjk`�c«Z[Q|^7QSR�R7`�h[^7eSQSR�c4��QSRV��,a�RuV7`�h��G`�h[^7R�Z�jkR7�6`�c[jrv[mkQ|Rh[^�mC��noc�´V7Q�^cfQ�Vl{pmkQSR�m~adV7Q�cfeSQSR�R7`�c�V q"ad^j~adv[mkQSRl�U�*`�hfR��.`�h[qs`�cfR�admk`�^7R cf`�hfR �.`"R7Q�^ m~a���hfQSRVjk`�c�R7h[jrq�adc�V7Q��U�phfQM_Cadjr^7Q
Rj�m~a«Z[`�c[cfwSQ�QSRV;�.Q�^7Z�hfQ�`�h�ad^^jrqsQi�[mrhfR;V�ad^7ZÄ��hfQ�R7`�cÄwSe � wladcfeSQ�µzP4Q��[mrhfRYRjrX;�[mkQ�QSRVYZ[Q£cfQ�^jkQ�c_�adjr^7Q"{�XbadjkR eSQ�m~a�c4��QSRVy�.`"R7Rjrv[mkQ���hfQ Rj[mkQ XYwSZ�j~a��6Q�^XYQ�Vm~a��6Q�^V7Q �6`�cfe�VhfQ�mrmkQ Z[QM�phfQ�mk��hfQSRywSe � adc�Vjrmrmk`�cfRl�P4QSRYad�[�[mrjkeladVjk`�cfRYV7Q�mrmkQSR;��hfQ£mkQ£eS`�cfeSQ�^VY^7w��,ad^Vj ���¨`�h  Æ � Q�VYgijkg«ad¯lQ"{]h[c«�GQ�h X�h[mrVj �G`�hfQ�h[^7R � � t u"Ç��
Q�cpV^7Q�c�V|ZfadcfR|eSQ�VV7Q�eladV7w�}s`�^jkQ"�DP�aiR�QSeS`�cfZ[Q�ad�[�[^7`Ue � Q£eS`�cfRjkRV7Q�©�^7Q�cfZ�^7Qb±�adv[mkQ�m~a�V^�adcfRX;jkR�Rjk`�c¢Z[QSR`��6w�^�adVjk`�cfR jrX;�6`�^V�adc�V7QSRMQ�V�Z���Q��.QSe�VhfQ�^Mh[cfQ�^7wSR7`�mrh[Vjk`�c�Z[Q0eS`�c]�fjrVMRj.h[cfQ�X;jkR7Q0©*�`�h[^�V�ad^7Z�jrqsQ%Q�c��[^7`d´
qs`���hfQ¨h[c4�sg«adh[qsQ��[^7`��.`"R7Q¨h[cfQ�V7Q�mrmkQ R7`�mrh[Vjk`�c?ZfadcfR���g 3 � �  ¹	�,Q�cYh[VjrmrjkR�adc�VmkQ¨XYwSeladc[jkRXYQ �¨jrXYQ���ad^�
���yg u#º �!�4�*`�hfR%^7Q�q�jkQ�cfZ�^7`�cfR�Rh[^%eSQ|VoT��.QYZ[Q;V7QSe � c[jk�phfQ"{�cf`�V�adX;XYQ�cpV|eSQ�mrmkQYZ[QSR%w�V�adV7R�Z[Q;^7Q�XY`�^7�ph,ad}sQx �V�a� � � ° �0® �� �¾��adh��,ad^�ad}"^�ad� � Q ��� Æ � � �

��$�� ��<@I -0/���:7<>/�<>2�- ��HD+.<�(�2]<>+6<])6E�+6/3H�<

P�a3eS` � w�^7Q�cfeSQ0^7Q�V�ad^7Z[wSQYx
P � �_
h[V�_
`�^XYQ�mrmkQ�XYQ�c�VMZ[wSe�^jrV7Q0�,ad^ �*jrc�ZfadcfR � �*jrc �� �x�aSqsQSe�h[cfQ � `�^mk`�}sQ� � T�Rjk��hfQ�}"mk`�v,admkQ¬��� � ��QSRV?h[cÄ^7Q�m"��e � Q�XYQ�c�V�Z[Q�\ � `	��mkQSR?a�e�Vjk`�cfRYmk`UeladmkQSRb`�c�Vbmkw�}padmkQ�XYQ�c�V?mkQ�Z�^7`�jrV
Z�����V^7Q�X;jkR7QSRu©u�`�h[^*aSq"adcpVumkQ�Z[w�m~adj�cfwSeSQSR�R�adjr^7Q�©?a�R7Rh[^7Q�^ m~a;eS` � w�^7Q�cfeSQ��.Q�^7eSQ��[VjrqsQ"� � Q�m~a?a|mC�¤aSq"adcpV�ad}sQZ��¤adh[}"XYQ�cpV7Q�^�m~a*^7wla�e�VjrqUjrV7w�Z[QSR]�[^7`�V7`UeS`�mkQSRDZ[Q�eS` � w�^7Q�cfeSQ�XbadjkRDmkQ�Z[wSR�aSq"adcpV�ad}sQ�Z[Q �.Q�^7Z�^7Q mkQSR]�[^7`��[^jkw�V7wSRZ���`�^7Z[`�c[c,adcfeSQ�XYQ�cpV�Z[Q0m~a|eS` � w�^7Q�cfeSQ��.Q�^7eSQ��[VjrqsQ"�

� 	 � � ������"��� ���i�p� ¼ 	C�"���_��¿f�
Ĥ
� ¼ 	������	��
��������������������	���� ¼ �

Ç �
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���������� ¼ ½;�%�EG�Àk� ¼ ���¨�7�d�����7�������D�[��¿���Àk� ¼ !��s��À �
�7�s	
�
��� ¼�8 ¿UÀ 	
�¾½b�P�����8���,	!����s�S	
���d� ¼ ��	 ) � ¼ 	
��� ��¿[��� ¼

� �
∀i∀x : t(ci(x)v) = t(wi(x)v)

�S	
6 ∃op : wi(x)v →hi

op →hi
ci(x)v � Àr� ¼ ������
	
¿��7� ¼ À²�l����Àr� ¼?¼ ���,	�¾� ¼ 	C���,	C���6��� ¼ �

�S	�¾� �
Ĥ
� ¼ 	

∆
Àr�Ls��À

�S	D�Â�¾� �*��� ¼ �¾½3¿UÀ²	C���6���
	!�0� ¼ 	��"	�	!���Â�,	!�=�D�Ãs���o�6	!���[��¿��*ÀP	 ��������B���¾� �
∀k, l∀u, v∀p : wi(xk)v, wi(xl)u 6∈ hi ⇒

(i 6= p ∧ t(ci(xk)v)− t(ci(xl)u) = t(cp(xk)v)− t(cp(xl)u))

t0adcfR*eSQ�VV7Q�Z[w�±fc[jrVjk`�c4{[m~a3_�`�^X%h[mkQ
t(ci(x)v) = t(wi(x)v) + 1

Q��U�[^jrXYQ�mkQu_�adjrV ��hfQ�m~a|cf`�Vj²±,eladVjk`�c�QSR7V
jrX;XYwSZ�j~adV7Q�XYQ�c�V �[^jkR7QuQ�c�eS`�X;�[V7Q"��P4Q*}"^�adjrc£Z[QMmC� � `�^mk`�}sQ�QSRV¨admk`�^7R�R7h�³bR�adX;XYQ�cpV�±fc��6`�h[^¨�phfQ ci(x)vQ�V

wi(x)v
R7`�jkQ�cpVM�6Q�^7¥�hfR*Q�c�XY��XYQ0V7Q�X;�fR �,ad^ mC� h[VjrmrjkR�adV7Q�h[^l�

��qsQSe|eSQ�VV7Q;Z[w�±fc[jrVjk`�c Z�� � jkR7V7`�^jk�phfQ �� 
�������� � � �� � �"� 	&
$����s{.cf`�hfR��.`�h[qs`�cfR0^7Q�Xbad^7��hfQ�^��phfQ|m~aR7jrX%h[mrV�adcfw�jrV7wMZ[Q�qU^�a���V^7Q¨eS`�cfRV^h[jrV7QM©*�,ad^Vjr^Z�h|XY`�XYQ�cpV `	�badh;XY`�jrcfRy�ph,adV^7Q��[^7`UeSQSR7RhfR�R7`�c�V©um~aM_
`�jkR
wSe�^jrq"adjrcfR¨Q�VmkQSe�V7Q�h[^7Rl�U��c£Q��.Q�Vl{�Rj�R�Q�h[mkQ�XYQ�cpV�V^7`�jkR eS`�X;X�h[c[jk�phfQ�c�VMadmk`�^7RV7`�h[V¨eS`�h[�[mkQ*Z[QMcf`�Vj²±,eladVjk`�cfR
alTpadcpV�Z[QSR�wSe�^jrq�adjrcfR�Z�j²�.w�^7Q�c�V7Rm~adjkR�R7Q mkQMV^7`�jkRjkW�XYQMwSe�^jrq"adjrc£a�R�Rh[^7Q�^m~a%RjrX%h[mrV�adcfw�jrV7wuR7Q�h[mC�pt0adcfR�eSQMela�Rl{
mkQ%R7Q�h[m4e�^jrV7W�^7Q�Z[Q�eS` � w�^7Q�cfeSQ�Z[Q0P � QSRV�m~a ∆

mkw�}padmrjrV7w�V7Q�mrmkQ��phfQ
∀i : δx,i,i = 0

�

� �
	 ��� 	 � "6
 �H" � �,� ���s�#
 �
P�a�±f}"h[^7Q � � ¹�cf`�hfR;XY`�c�V^7Q�h[c � jkRV7`�^jk��hfQ�P � eS` � w�^7Q�cpV?�ph[jMa�Z�XYQ�V;h[cÄeS`�c]�fjrVl�y�ycÄQ��.Q�V;cf`�hfRalqs`�cfRu©3m~a�_�`�jkR

c1(x)v →H c1(x)u
Q�V

c2(x)u→H c2(x)v
�

p1 c1(x)u

c1(x)v

w1(x)v

c2(x)u

w2(x)u
c2(x)v

p2

����� � � � ¹ � ��� ¼ �7�������
	 ¼ ��	Àr���7�d�����7�������;	C���P�����d�

� �
	 ��� 	 � "6
 �H� �,� � � ���H�#
 $
P�a¨±f}"h[^7Q � � � cf`�hfR�XY`�cpV^7Q�h[c � jkR7V7`�^jk�phfQV�ad^7Z�jrqsQ�XYQ�cpV�eS` � w�^7Q�cpV�ZfadcfR4mkQS��hfQ�mUm~a�eladhfR�admrjrV7w c4��QSRV��,a�R^7QSR7�6QSe�V7wSQ"�.��c«Q��.Q�Vl{6ZfadcfR�eSQ�V � jkR7V7`�^jk�phfQ3cf`�hfR0aSqs`�cfR w(x)v →H c(x)v →H w(x)u →H c(x)u →H

c(x)v
�

� �
	 ��� 	 " � � M��
]� �,���!" �
P�a�eS` � w�^7Q�cfeSQ|V�ad^7Z�jrqsQ;QSRVuh[czXY`UZ[W�mkQ;��h[j��[^jrqUjrmkw�}"jkQ|mkQ3V7Q�X;�fR0Z[Q�^7w��.`�cfR7Q3mk`UeladmDZfadcfRum~a?}sQSRVjk`�cZ[Q3mC��w�V�adV�Z[Q3e � a���hfQ|^7w��[mrjk�phfQ"�.� cf`�V^7Q3eS`�c[c,adjkR�R�adcfeSQ"{.h[c�R7Q�h[m��[^7`�V7`UeS`�mkQ|XYQ�V0Q�c ��h[qU^7Q3h[c«XY`�Z[W�mkQ

Z[Q*eS` � w�^7Q�cfeSQ V^7WSR�[^7`�e � QMZ[Q�m~a%eS` � w�^7Q�cfeSQ V�ad^7Z�jrqsQ"{smkQ �[^7`�V7`�eS`�mkQM�[^7`��6`"R7wMZfadcfR ���¨`�h  ¹��]x
eSQ �[^7`�V7`�eS`�mkQR�Q�^�a;Z[w�qsQ�mk`��[�6w��[mrhfR Q�ciZ[w�V�adjrm�ZfadcfRMmkQ0e � ad�[jrV^7Q �s���

Ç��



��� �p����� ¼ ½Y��� G�Àr� ¼ �p�3�7�d�����7������� ¼ 	!��½M�[�����ÀÂÀk� ¼ �7�"¿ ¼ ��Àr�;�S	 ¼ ����¿f���,	
�C��ÀÂÀk�

c2(x)vc2(x)u

c3(x)v w3(x)u

δx,1,2

δx,1,3 δx,2,3

w1(x)v

p2

p1

p3

������� � � � � �����p� ¼ 	C�������S¿[�0�M�Ä�7�d���������	 ½Y��� ¼ ��� ¼ �7�"¿ ¼ ��À

P � cfQY_�`�h[^c[jrV3c[j m~a�RjrX%h[mrV�adcfw�jrV7w�c[j�m~a�}pad^�adc�VjkQ£�ph4� jrm�c4� T adh[^�a��,a�R�Z[Q�eS`�c]�fjrV7Rl�Dn!m�QSRV�Q�c�_CadjrV
mkQ�_¾^h[jrV0Z[Q|eS`�X;�[^7`�X;jkR�Q�cpV^7Q|mkQ3V7Q�X;�fR0Z[Q|^7w��.`�cfR7Q|Z[wSRjr^7w|Q�V�mkQSR�adh[V^7QSR0e�^jrV7W�^7QSRl��n!mDeS`�^^7QSR�.`�cfZ�©?m~a
}sQSRVjk`�c|V7Q�X;�6`�^7Q�mrmkQ�Z�hYt�Qla�Z (MQSe��s`�c[jrc[}bx¾�[^7Q�X;jkW�^7Q�qsQ�^7Rjk`�c4{dqs`�jr^��,ad^�ad}"^�ad� � Q ��� Æ � � ��� � Q�XY`UZ[W�mkQ"{Bv[jkQ�c�phfQ��[^7`Ue � Q|Z�hzt�Qla�Z (MQSe��s`�c[jrc[}�Z[Q�h��UjkW�XYQ3qsQ�^7Rjk`�czc4��Q�c�QSRV*�,a�RuV7`�h[V0©b_�adjrVuwS�ph[jrq"admkQ�cpV0�[h[jkR7��hfQ3eSQ
Z[Q�^c[jkQ�^¨º�adcpVjke�jr�.Q�»0mkQSRMa�e�Vjk`�cfRl�

�¨QladhfeS`�h[�;Z[Q��Q�h��%X�h[mrVj �G`�hfQ�h[^7R�h[VjrmrjkR�Q�cpV�Z[QSR]�[^7`�V7`�eS`�mkQSR�Z[Q¨eS` � w�^7Q�cfeSQ�eS`�^^7QSR�.`�cfZfadcpVadh3XY`�Z[W�mkQZ[QyeS` � w�^7Q�cfeSQy^7Q�V�ad^7Z[w"����jkQ�c%�phfQeSQ�mrh[j²´!e�jpcfQyR7`�jrV��,a�R�V7`�h[V]© _CadjrV.ºoQ�³bela�eSQ�»Q�c�V7Q�^XYQ Z���`�^7Z[`�c[c,adcfeSQ�XYQ�cpVQ�VyZ[Q�RjrX%h[mrV�adcfw�jrV7w"{�jrmfQSRV�mkQ¨^7Q��[^7wSR7Q�c�V�adcpV�XY��XYQ Z�h;v.QSR7`�jrcbZ[Q¨XY`UZ[W�mkQSRy`��[VjrX;jkRV7QSR`	�bmC� jrcfRV�adcpV�adcfw�jrV7w
QSRV�mkQ0e�^jrV7W�^7Q��[^jrXY`�^7Z�j~adm��6`�h[^ m~a|eS`�c�q�jrqUj~admrjrV7w%Z�h�RTUR7V7W�XYQ"�

��$�� ��<�L�I -0/ ��:7<�L«/3<�2�-��3HD+.<�(�2]<�L«)�<yI =�-�+6<�:�:7<�L�2]E 1�L�E :7<�<]) L,H���13<�(*)�57<�:7:7<

P�a � ` � w�^7Q�cfeSQ �UwS��hfQ�cpVjkQ�mrmkQ ��Q�X;�.`�^7Q�mrmkQ3x �V� � �yQ�Vym~a � ` � w�^7Q�cfeSQ � adhfR�admkQ
��Q�X;�.`�^7Q�mrmkQ|x � ��� ��`�cpVw�V7wu_
`�^XbadmrjkR�wSQSR �.`�h[^�m~a|�[^7Q�X;jkW�^7Q�_�`�jkR ZfadcfR ��� (*��(�uJu ��Q�VMX;jkR7QSR Q�c ��h[qU^7Q0cf`�V�adX;XYQ�cpV�Q�c�jrc�_
`�^XbaB´
Vjk�phfQ3jrcfZ�hfRV^jkQ�mrmkQ|�.`�h[^�mC��wSe � adc[}sQYZ[Q;Z[`�c[cfwSQSR0Q�c�V^7Qbadh[V7`�XbadV7QSR�Rh[^�mkQ3v[hfR0Z[Q3V7Q�^^�adjrc�°Dno\ � � � �� �!�t0adcfReSQSR XY`�Z[W�mkQSRl{pmkQSRymkQSe�Vh[^7QSR�x¾�6`�h[^ cf`�hfRmkQSRcf`�Vj²±,eladVjk`�cfR��R7`�cpV¨eS`�cfRjkZ[w�^7wSQSR mkw�}padmkQSR Rj,mC� � jkRV7`�^jk�phfQ
Ĥ
QSR7V

δ
mkw�}padm6Q�V Rl� jrm�^7QSR�6QSe�V7QMmkQSR e�^jrV7W�^7QSR¨Z���`�^7Z�^7Q ��^7QSR�.QSe�VjrqsQ�XYQ�cpV¨m~a�eladhfR�admrjrV7wuQ�VmC��`�^7Z�^7QuR7wS��hfQ�cpVjkQ�mC�

P�a
δ
mkw�}padmrjrV7wiQSR7VYh[cÄe�^jrV7W�^7Q�V7Q�X;�.`�^7Q�mMv,a�R7w�R7h[^YmkQ�eS`�cfeSQ��[VbZ[QSR?wSe � wladcfeSQSRz��h[cfQ�mkQSe�Vh[^7Q�Z[`�jrV^7Q�V7`�h[^cfQ�^*m~aYq�admkQ�h[^*m~a;�[mrhfR*^7wSeSQ�cpV7Q"{.R�adcfRMV7Q�c[jr^ueS`�X;�[V7Q3Z[QSR cf`�h[qsQ�mrmkQSR�wSe�^jrVh[^7QSRu�6`"R�Rjrv[mkQSRMZ[Q��[h[jkR

δ
�

��jymC��`�c eS`�cfRjkZ[W�^7Q?admk`�^7R3�phfQbmC�¤a�eSeSWSR�Q�c�mkQSe�Vh[^7Q?adh�� Z[`�c[cfwSQSR3R7Q;_CadjrV��,ad^3Z[QSR%cf`�Vj²±,eladVjk`�cfRl{Dadmk`�^7R�mkQ
e�^jrV7W�^7Q�Z[Q�qUjkQ�cpV0eS`�X;XYQ|Rh[jrV|��º!h[cfQ�cf`�Vj²±,eladVjk`�c�Rh[^uh[cfQ%jrcfRV�adcfeSQ3Z[Q�XYwSZ�j~a?Z[`�jrV0aSqs`�jr^�mrjkQ�h�adh��[mrhfR
©

δ
h[c[jrV7wSR*Z[Q�V7Q�X;�fR*alq�adc�V m~a|�[^7`Ue � adjrcfQ%wSe�^jrVh[^7Q�»��

� 	 � � ������"��� ���6�0�6�"	
� \��7�"	
�����
cj(x)v

� ¼ 	
δ � ����� �  ¼ �A�� �

∃wi(x)v : T (cj(x)v) − δx > T (wi(x)v)��	y�¾� �
T (wi(x)v) < T (wi(x)u)⇒ T (cj(x)v)− T (wi(x)u) ≤ δx�����p� ¼ 	C�������S¿[�

Ĥ
� ¼ 	

δ
Àk�+s��À ¼ ��	C��¿�	!� ¼�¼ � ¼ ���[����"	
����� ¼ �p�%���"	
� \ �7�s	
�
��� ¼u¼ ���,	

δ
Àr�+p��Àr� ¼ �

Ç#º



���������
	
���������� ¼ ½;�%�EG�Àk� ¼ ���¨�7�d�����7�������D�[��¿���Àk� ¼ !��s��À �
�7�s	
�
��� ¼�8 ¿UÀ 	
�¾½b�P�����8���,	!����s�S	
���d� ¼ ��	 ) � ¼ 	
��� ��¿[��� ¼

� � ����� 	 �
δ

� $ �¥���w� 
 $ � �H� �,� � � ���H� 
 $ "6
 ���'��� � 
]����
]��� $ � 
 $
P�a�eladhfR�admrjrV7w?a�Q�c�_CadjrV0h[c�jrX;�,a�e�V%jrX;�.`�^V�adcpV3Rh[^0mkQYZ[w�m~adjyX;jrc[jrX�h[X Q�c�V^7QbZ[Q�h���wSe�^jrVh[^7QSR�Rhfe�´

eSQSR�RjrqsQSRl�	(*Q�Xbad^7�phf`�cfR*V7`�h[V�Z��¤adv6`�^7Z��phfQ�ZfadcfRMm~a;±f}"h[^7Q � � ��{�Z��¤ad�[^7WSRMmC��`�^7Z�^7Q3Z�hi�[^7`UeSQSR7RhfR p1
{fcf`�hfR

alqs`�cfR
w1(x)v →H c1(x)u →H c1(x)v

�yPy� � jkR7V7`�^jk�phfQ£c4��QSRV;Z[`�cfe£�,a�R;eladhfR�admkQ�XYQ�c�VYmkw�}padm%x
Z[`�cfe£c[j
�V� � c[j � ��� ���

�u`�hfR Q�ciZ[wSZ�h[jkR�`�cfRMZ[`�cfe���hfQ0Rj�h[cfQ�wSe�^jrVh[^7Q
wi(x)v

Rl��Q���QSe�VhfQ0Q�cpV^7Q
t(ci(x)u)

Q�V
t(ci(x)u)− δx

�
t(ci(x)u)− δx < t(wi(x)v)

Q�V
t(wi(x)v) < t(ci(x)u)

⇒ t(ci(x)u < t(wi(x)v) + δx

x
Q�V
t(wi(x)v) < t(ci(x)u)

�
Z[`�cfe"{�Z[Q�m~a;Z[w�±fc[jrVjk`�ciZ[Q0m~a

δ
mkw�}padmrjrV7w"{fcf`�hfR*aSqs`�cfR%�

t(ci(x)u) < t(ci(x)v)
Q�V

t(wi(x)v) < t(ci(x)u)Z[`�cfe
Ĥ
c4��QSRV �,a�RMeladhfR�admkQ�XYQ�cpV*mkw�}padmC�

� Q�m~a3XY`�cpV^7Q0��hfQ�m~a δ
mkw�}padmrjrV7w�R7Q�eS`�X�v[jrcfQ%aSqsQSe�mkQ0e�^jrV7W�^7Q0Z[Q�eladhfR�admrjrV7w�Z[Qum~a3XY��XYQu_Ca�¥S`�c��phfQ�m~a

R7jrX%h[mrV�adcfw�jrV7w"{fQ�V���hfQMmkQ�Z[w�m~adj�Q�cpV^7Q0Z[Q�h��£wSe�^jrVh[^7QSR Z[`�jrV���V^7QuR7h[�6w�^jkQ�h[^ adh�Z[w�m~adj.^7wSR7Qladh
δx

��P�a%±f}"h[^7Q
� � º�jrmrmrhfR7V^7Q�eSQ�m~a|Q�c�cf`�hfR�Z[`�c[c,adcpV*h[c£Q��[Q�X;�[mkQ�Z�� � jkRV7`�^jk��hfQ0eS`�X%v[jrc,adc�V*m~a δ

mkw�}padmrjrV7w0Q�V�m~a|eladhfR�admrjrV7w"�

c2(x)u

w2(x)u

p2

w1(x)v

c1(x)u

c2(x)v

c1(x)v

δx

3δx

3δx

4δx

2δx

p1

����� � � � � � ���i�p� ¼ 	C�"���_��¿f�
δ
Àk�+s�"À

t�Q0�[mrhfR�mC� h[VjrmrjkR�adVjk`�c«Z[Q �V� � Q�VMZ[Q � ��� �.`�h[^MZ[QSRM�ug�n�t·�6Q�h[VuaSqs`�jr^*Z[QSR*Q��.Q�V7R jrc,adVV7Q�cfZ�hfRl{�Q�c�,ad^Vjke�h[mrjkQ�^uRh[^ mkQ�V7Q�X;�fR*Z[Q�^7w��6`�cfR7Q%Q�V�m~a|}sQSRVjk`�c�XYw�XY`�jr^7Q"�f\Dad^*Q��[Q�X;�[mkQY�
´bP�a*_
^7wS�phfQ�cfeSQ�XbaB��jrXbadmkQ¨V7`�mkw�^7wSQ¨�6`�h[^Dh[cfQ��ug�n�t�R7Q�^�a�admk`�^7R�eSQ�mrmkQ¨eS`�^^7QSR�.`�cfZfadcpV ©*h[cfQ¨�.w�^jk`�Z[Q
w�}padmkQ

δ
� � Q�VV7Q�eS`�cpV^�adjrcpV7Q|^jkR��phfQ�Z[Q%XYQ�VV^7Q%Q�czwSe � QSe�mkQSR XYwSZ�j~a�R�eS`�X;XYQ�mC�¤adhfZ�jk`[{�m~a;qUjkZ[wS`b`�hm~a|cph[XYw�^jkR�adVjk`�c�Z[QSR�XY`�h[qsQ�XYQ�c�V7R

´bPy� h[VjrmrjkR�adV7Q�h[^�cfQu�.Q�h[V�}sw�cfw�^7Q�^¨�[mrhfRjkQ�h[^7R�wSe�^jrVh[^7QSR�Q�c£h[c£V7Q�X;�fR�jrc�_
w�^jkQ�h[^M©
δ
��nom,_CadhfZ�^�adjrVMadmk`�^7R

v[mk`���hfQ�^ mC� jrc�V7Q�^G_�a�eSQ"�

� � ����� 	 �
δ

� $ �¥���w� 
 $ "6
 �H� � �H� � � 
]��� $ �#
 $
P�a�±f}"h[^7Q � � º�^7QSR�.QSe�V7Qb©£m~a�_�`�jkR �V� � Q�V � ��� XbadjkR�m~a�RjrX%h[mrV�adcfw�jrV7w?c4� T�QSRV0�,a�R�^7QSR�.QSe�V7wSQ"{�Q�c

Q���Q�V%�
t(c1(x)v) − t(c1(x)u) = d + 3δx

Q�V
t(c2(x)v)− t(c2(x)u) = δx + d + 4δx

⇒ t(c1(x)v)− t(c1(x)u) 6= t(c2(x)v) − t(c2(x)u)
� Q%�ph[j4eS`�c�V^7QSZ�jrVMm~a;Z[w�±fc[jrVjk`�czZ[Q�m~a;RjrX%h[mrV�adcfw�jrV7w%�6`�h[^�mkQSR*`��6w�^�adVjk`�cfR c(x)v

Q�V
c(x)u

�

Ç"Ç



�p���s� ��������À ¿ ¼ �
�"�

c2(x)u

w2(x)u

p2

c1(x)u

3δx

2δx

p1

c2(x)v

c1(x)v

3δx

4δx

w1(x)v

d

������� � � º � �����p� ¼ 	C�������S¿[�=6S�]���S	R6¨���

��$�� ��- (�2]:713L,57-M(

P4QSRD�*�[�[mrjkeladVjk`�cfR�gih[mrVjrXYwSZ�j~a�nocpV7Q�^�a�e�VjrqsQSRyQ�VDtujkRV^jrv[hfwSQSR x
�ug�n�t���R7`�c�V]c,adVh[^7Q�mrmkQ�XYQ�c�VR7`�h[X;jkR7QSR
©3Z[QSR eS`�cpV^�adjrc�V7QSRMV7Q�X;�.`�^7Q�mrmkQSR�_�`�^V7QSRl��t0adcfR eSQ0e � ad�[jrV^7Q"{,cf`�hfRMaSqs`�cfR��[^7`��.`"R7w��.`�h[^ eSQ�V!TU�6Q0Z��¤ad�[�[mrj²´eladVjk`�cfR0h[cfQ;Rh[jrV7Q;Z[Q;R�.wSe�j²±,eladVjk`�cfR�_�`�^XYQ�mrmkQSR�Z[Q|XY`UZ[W�mkQSR0Z[Q;eS` � w�^7Q�cfeSQSR0_�`�cfZ[wSR�Rh[^�m~a��6Q�^7eSQ��[Vjk`�cV7Q�X;�6`�^7Q�mrmkQ0Z[QSR¨w�qsw�cfQ�XYQ�c�V7R �,ad^¨mkQSR¨h[VjrmrjkR�adV7Q�h[^7Rl�[�u`�hfR aSqs`�cfR�_�`�h[^c[j�h[cfQ0adc,admrTUR7Q�Z[Q�eSQSR¨XY`UZ[W�mkQSR�Q�c
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eS`�X;XYQ�mC�¤adhfZ�jk`p��{fXbadjkRuQ�mrmkQ�R7Q%eS`�X;�[mrjk�phfQ�Rj�mkQSRMZ[`�c[cfwSQSR

V^�adcfRX;jkR7QSRuZ[`�jrqsQ�cpV0advfR7`�mrh[XYQ�cpV0��V^7Q�^7QS¥�hfQSR3x
eS`�X;XYQ��,ad^�Q���Q�X;�[mkQ�eSQ�^V�adjrcfQSR*jrc�_�`�^XbadVjk`�cfR�ZfadcfRMmkQSR
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mC�¤ad�[�[mrjkeladVjk`�c«Z[`�jrVM��V^7Q�X;jrc[jrXbadm¨x �s���

\�`�h[^ ��hfQumC��`�c£�[h[jkR7R7Quh[VjrmrjkR7Q�^�eSQ�V admr}s`�^jrV � XYQ"{[jrm6_�adh[V�eS`�c[c,a,+kV^7Q�©�mC�¤aSq"adcfeSQ�mkQucf`�X%v[^7Q�Z[Q�R7`�h[^7eSQSRZ�h�RTUR7V7W�XYQ"{�mkQ0cf`�X%v[^7Q�Z[Q�eS`�cfR7`�X;XbadV7Q�h[^7Rl{6adjrcfRj���hfQ�mkQSRMa�Z�^7QSR7R7QSR�X�h[mrVjkela�RV*Z[Q�^7wSeSQ��[Vjk`�c�Z[QSR w�qsw�´
cfQ�XYQ�c�V7RQ�VyZ[Q¨^7wSeSQ��[Vjk`�cbZ[QSRRV�adVjkRVjk��hfQSRDcfwSeSQSR7R�adjr^7QSR©*m~a�RTUcfe � ^7`�c[jkR�adVjk`�c4��n!mU_Cadh[V�Z[`�cfe �phfQ�mkQ¨V^�aB±,eX�h[mrVjkela�RVMR7`�jrV��.`"R7Rjrv[mkQ�Q�c�V^7Q0mkQSR�Z�j²�.w�^7Q�c�V7RMRjrV7QSR¬�U�u`�hfR�Rh[�[�.`"R7`�cfR�Z[`�cfe0��hfQ�mkQSR¨�[^7`�eSQSR7R7hfR�R7`�cpV�X;jkR
Q�c£^7Q�m~adVjk`�ci©%mC�¤adjkZ[Q�Z�� h[c£R7TURV7W�XYQ*mkQ�h[^¨�6Q�^XYQ�VV�adc�V Z[Q�eS`�X;X%h[c[jk��hfQ�^M©%mC�¤adjkZ[Q�Z[Qu�[^jrX;jrVjrqsQSR�Z[QuX%h[m²´
Vjkela�R7Vl� � Q�m~ai�.Q�h[V;��V^7Q£`�v[V7Q�cphÄQ�c¡Z[w�qsQ�mk`��[�,adcpVYmC�¤ad�[�[mrjkeladVjk`�cªadh Z[QSR�RhfR|Z�h¢X�h[mrVjkela�RVYn�\·`�h¡Z�� h[cR7TURV7W�XYQ0\Dadjr^G´o©B´!\Dadjr^�a�Zfad�[V7w%©3m~a|eS`�X;X�h[c[jkeladVjk`�c�X�h[mrVjrXYwSZ�j~aix¾qs`�jr^ mkQ0e � ad�[jrV^7Q � ���[\]`�h[^*RjrX;�[mrj²±,Q�^l{cf`�hfR¨eS`�cfRjkZ[w�^7`�cfR���hfQ mkQ }"^7`�h[�.QuQSRV RV�adVjk��hfQ"{sjC��Q"���ph4� jrm�c4� Tba0c[j6Z[w��,ad^V c[j.ad^^jrqswSQ*Z[Q*XYQ�X%v[^7Qsx
R����UP�a
^7QSeS`�c�±f}"h[^�adVjk`�c�Z�h?}"^7`�h[�6QuQSRV�eSQ��6Q�cfZfadc�V cfwSeSQSR7R�adjr^7Q*ZfadcfR�eSQ�^V�adjrcfRVoT��.QSR�Z��¤ad�[�[mrjkeladVjk`�cfR�eS`�X;XYQMmkQSR
�Q�h��£Xba�R7RjrqsQ�XYQ�cpV*X%h[mrVj �`�hfQ�h[^7R*`�h�eSQ�^V�adjrcfQSR*ad�[�[mrjkeladVjk`�cfRMZ[Q�^7wladmrjrV7w0q�jr^VhfQ�mrmkQ"�

t�Q��[mrhfRl{�cf`�hfR eS`�cfRjkZ[w�^7`�cfR*��V^7Q0ZfadcfR�h[ciRT�RV7W�XYQujrcpV7Q�^�a�e�Vj²_`	��mkQ0R7Q�c�VjrXYQ�cpVuZ[Q�eS`d´C�[^7wSR7Q�cfeSQ�QSRV
�[^jrXY`�^7Z�j~admC��P4QSR;h[VjrmrjkR�adV7Q�h[^7Rb��h[j�jrcpV7Q�^�ad}"jkR7R7Q�c�V�Z[`�jrqsQ�c�V�alqs`�jr^Ym~a«eS`�c[c,adjkR7R�adcfeSQ�Z[Q£m~a«�[^7wSR7Q�cfeSQ�Z[QSR
adh[V^7QSR¬��P4Q�RT�RV7W�XYQ�Z[`�jrVuadmk`�^7RuR�alqs`�jr^�©YV7`�h[VMXY`�XYQ�cpVumkQ�cf`�X�v[^7Q�Z[Q%XYQ�X%v[^7QSR�Z�hi}"^7`�h[�.Q�jrc�V7Q�^�ad}"jkRG´
R�adcpVB�
	"� � `�X;XYQMcf`�hfR�eS`�cfR7Q�^qs`�cfR mkQSRcf`�V�adVjk`�cfR�h[VjrmrjkR7wSQSR�ZfadcfRmkQ*e � ad�[jrV^7QT¹f{smkQMcf`�X%v[^7QuZ[Q �[^7`UeSQSR7RhfRZ�jkR7V�adcpV7R%QSR7Vucf`�V7w

n
Q�V0mkQ�h[^�Q�cfR7Q�X�v[mkQ;QSRV0cf`�V7w

P = (p1, ..., pn)
��nomDQ�c�R7Q�^�a£Z[Q|XY��XYQ|�.`�h[^0mkQSR�jrcfRG´

V�adcfeSQSR*Z[Q0XYwSZ�j~a�Rl{[mkQSRM`��6w�^�adVjk`�cfRl{,Q�V7e"�
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 ���"
P�a;�[^7Q�X;jkW�^7Q�� � a�R7Q�x¾mkQ�eladmke�h[m]Z[QSRMqsQSe�V7Q�h[^7Rumk`Ueladh��f� eS`�cfRjkRV7Q�©bZ�jrXYQ�cfRjk`�c[cfQ�^umkQSR*Z[w�m~adjkRuZ[Q�mC�¤ad��´�[mrjkeladVjk`�c }"^W��eSQY©bh[cfQ|XYQSR7h[^7Q;Z[Q�mC��w�V�adV�Z�h�^7wSR�Qladh4�6t0adcfR0m~a?�[^7`UeSwSZ�h[^7Q;�phfQ3cf`�hfR%admrmk`�cfR��[^7wSR�Q�cpV7Q�^l{

mkQSRMm~adV7Q�cfeSQSRMcfQ%R7`�cpV �,a�R*eladmke�h[mkwSQSR c�h[XYw�^jk�phfQ�XYQ�c�VuXbadjkR*QSRVjrXYwSQSR mkQSRMh[cfQSR �,ad^ ^�ad�[�.`�^Vuadh���adh[V^7QSR
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Q��[wSe�h[V7w
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vecteurmonID[n]
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� ����� vecteurmonID [n] � ���������
	�����������
� � 	���������� dimensionnement� � ������������ �!���"��������#�����	��������$�	� %����#������
���%���� (wi(x)u, ti(wi(x)u)) !��� pi & � DateCouranteLocale − ti(wi(x)u) > vecteurmonID [i]� ' �%�� � vecteurmonID [i] (*) DateCourante − ti(wi(x)u)
� + ��� � 	����,�����
	 - ��#%#��$��� vecteurmonID[n] �.�����$/���� pi

� ����� ���r¹ � ����À²�S¿�À4��� ¼ �d��S	!��¿�� ¼ Àr�l�7��¿"Ã
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_�a�¥S`�ciad^Vj²±,e�jkQ�mrmkQ�Z[QSR�cf`�Vj²±,eladVjk`�cfRl� � QSR�XYQSR7R�ad}sQSR eS`�c�VjkQ�c[cfQ�cpV0admk`�^7R�mkQSR e � adX;�fR (wi(x)u, ti(w(x)u)`	�

wi(x)u
QSRV�m~a|X;jkR�Q�©u�G`�h[^ Q�V

ti(wi(x)u)
R�a|ZfadV7Q�� � T�Rjk�phfQ"�

dimensionnement
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vecteurmonID[i]
eS`�cpVjkQ�c�V�mkQSR�wSelad^V7R�^7Q�m~adVj²_
R0Z[QSR � `�^mk`�}sQSR�� � T�Rjk��hfQSR��6`�h[^�h[cfQeS`�X;X%h[c[jkeladVjk`�c«Z[Q

pi

qsQ�^7R
pmonID�Km~a�mrjr}"cfQ�ºU{Dcf`�hfRYeS`�cfRjkZ[w�^7`�cfRb��hfQ£mkQSRYwSelad^V7R;^7Q�m~adVj²_�RYZ[QSR � `�^mk`�}sQSRzx¾mkQSRYZ�j²��w�^7Q�cfeSQSR��|`�cpV?w�V7weladmke�h[mkwSR �.`�h[^�mkQSR�XYQSR7R�ad}sQSR �[^7`lqsQ�c,adcpV�Z[QSR Z�j²��w�^7Q�cpV7R*�[^7`�eSQSR�RhfR � ���

��� � � #	�&� # ���&����	�#�� ���!#�� � � � �
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�*h,adcfZ¡h[c¡�[^7`UeSQSR7RhfR;^7QS¥S`�jrVbmkQSR
n
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� sync = false ��	� ��
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� diftemp[n]
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px
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��� + ���  ���� ��
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h[c��[^7`UeSQSR7RhfRZ[`�c[cfw

pajust

Q�V�mkQ �[^7`UeSQSR7RhfRy^7w�_�w�^7Q�cfeSQ
pref

x¾mrjr}"cfQ%¹ Æ ©Y¹lÇs��� ��`�hfR�mkQSRy�[^7`UeSQSR7RhfR�R7Q�^7`�cpV
pajust

aSq"adcpVm~a�mrjr}"cfQ �� {pmkQSRyXbaB��jrX%h[XYR¨eladmke�h[mkwSR R�Q�^7`�cpV¨Q�c[^7Q�}"jkRV^7wSR ZfadcfR mkQ�V�adv[mkQladh dif []
x¾mrjr}"cfQ�¹lÇs���
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QSRV
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P4`�^7R7��hfQ�mC�¤admr}s`�^jrV � XYQ�ad^^jrqsQ�©im~a�mrjr}"cfQ ��� {]mkQ�V�adv[mkQladh dif [pi]
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ajust[]
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mkw�}padmrjrV7w
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∆
mkw�}padmrjrV7w
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ajust[pi]
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Q�c�Q���Q�V

vecteurmonID[i] − écart
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n
_
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θ(n3)
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(c)
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QSR7VMZ[`�cfe�Z[Q
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f(i, j) = i

k
→ j
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V7Q�mrmkQ0V7QSe � c[jk��hfQ�ZfadcfRMmkQ0Z[`�XbadjrcfQ%Z[QSRD�Q�h���X�h[mrVj �G`�hfQ�h[^7R3��mkQ0t�Qla�Z (MQSe��s`�c[jrc[}f�
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Horloge physique
synchronisée

Notifications

Ecriture distante

Ecriture locale

pos(y)

tk

ti, pos(x), info(x)

tj

DR(ti, tj, pos(x), info(x))pos(y)

� ����� ��� � � ��� ) �7�m�Y� �� @ ���f�¾�d���	 ÀP	 �`/����U�%p���p� ¼ �s�S	
����� ¼

t�Q%�[mrhfRl{.eS`�X;XYQ|cf`�hfR�mC��Q����6`"R�Q%m~ab±f}"h[^7Q ��� � Q�mrmkQ3�6Q�h[V0��V^7Q3h[VjrmrjkR7wSQ3�6`�h[^*º!Xba�R7��hfQ�^G»�m~a?m~adV7Q�cfeSQZ�h�^7wSR7Qladh«�pmkQSR�wSe�^jrVh[^7QSR�mk`�eladmkQSR¨Rh[^ mC� jrcfRV�adcfeSQ�Z[Q XYwSZ�j~a
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{�eS`�X;XYQ

pos(y)
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tj
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x
mC��`�v��Q�V3a�R7R7`Ue�jkwYw�V�adjrV|©£m~a£�.`"RjrVjk`�c

pos(x)alqsQSebmkQSR�elad^�a�e�V7w�^jkRVjk��hfQSR
info(x)

©�m~a�ZfadV7Q
ti
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jrm�c4��QSR7V0�,a�R�jrX;�6`"R7R7jrv[mkQ;�phfQ|mk`�^7R0Z�� h[cfQ|� � a�R7Q;Z[Q;Z�jrqsQ�^}sQ�cfeSQ"{4h[cfQ;Z[wSe�jkRjk`�c R7`�jrV�^�adV7wSQix
eS`�X;XYQ|h[cfQeS`�mrmrjkR7jk`�ciQ�cpV^7Q�Z[Q�h��£qs`�jrVh[^7QSR����fnom._Cadh[V Z[`�cfe�h[c�XYwSeladc[jkRXYQ�Rh[�[�[mkw�XYQ�c�V�adjr^7Q��.`�h[^ Z[w�V7QSe�V7Q�^ mkQSR�jrcfeS`d´
� w�^7Q�cfeSQSRuQ�V�^7w��,ad^7Q�^ mC��w�V�adVMZ�hY�GQ�h4�

¦ c£V7Q�m�XYwSeladc[jkRXYQ"{fm~a|RT�cfe � ^7`�c[jkR�adVjk`�c�©|w�V�adV7R Z[Q�^7Q�XY`�^7��h,ad}sQbx �V�a�?�.`�h[^
�4^�adjrmrjrc[} ��V�adV7QSRp��T�c�´
e � ^7`�c[jr¯¬adVjk`�c��0aYw�V7w��[^7`��.`"R7w�ZfadcfR � � ° �0® �� �!�6P�a?R7`�mrh[Vjk`�c�eS`�cfRjkRV7Q3©YXbadjrc�V7Q�c[jr^0�[mrhfRjkQ�h[^7R�w�V�adV7RuZ�h�Q�h?��h[j,R7Q�^7`�c�V �.Q�^7eSQ��[VjrqsQ�XYQ�cpV�eS` � w�^7Q�c�V7Rl{�e � a�e�h[c�aSqsQSe h[c?^7Q�V�ad^7Z?Z�j²��w�^7Q�cpVl� � Q�m~a0qsQ�h[V�Z�jr^7Q*��hfQ�mC�¤ad^G´^jrqswSQ;Z�� h[c«XYQSR7R�ad}sQ3QSR7V0a�e � Q�X;jrcfwSQ;qsQ�^7RumC��w�V�adV%aB³be � w�x�alqsQSe;tuQla�Z�(*QSe7�s`�c[jrc[}���{�XbadjkR�adhfR7R7j�qsQ�^7R�mkQSR
w�V�adV7RMZ[Q�^7Q�XY`�^7�ph,ad}sQ"{,�6`�h[^ ��V^7Q��[^jkR Q�c�eS`�X;�[V7Q�adh�XY`�XYQ�cpV �.Q�^VjrcfQ�cpVl��P4`�^7R Z[Q�m~a|Z[w�V7QSe�Vjk`�ciZ�� h[cfQ
Z�jrqsQ�^}sQ�cfeSQ3�,ad^uh[c�Z[QSRuw�V�adV7R*Z[Q�^7Q�XY`�^7��h,ad}sQ"{,mkQ3RT�RV7W�XYQ0q"aYR7`�jrVM_�adjr^7Q3eS`�cpqsQ�^}sQ�^�mC��w�V�adV*Z��¤aB³be � ad}sQ"{R�`�jrV �[^7Q�cfZ�^7Qbx
`�h�XY`UZ�j²±,Q�^���h[cfQ�Z[wSe�jkRjk`�cijrX;�6`�^V�adc�V7Q%ZfadcfR�mkQ¨�Q�h4�

P4QSRMZ[w�m~adjkR*e � `�jkRjkR*�.`�h[^ mkQSRMw�V�adV7R*Z[Q0^7Q�XY`�^7�ph,ad}sQ%mkQ%R7`�c�VMZ[Q�_Ca�¥S`�c�RV�adVjk��hfQbx¾mkQ0�[^7Q�X;jkQ�^uw�V�adV*QSRV

¹ ��
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^7Q�V�ad^7Z[w|Z[Q ��� XYR�Q�V*mkQ|Z[Q�h���jkW�XYQ3©Q¹ � XYR��MalqsQSe3h[c��[^7`�V7`UeS`�mkQ|wS�ph[jrq"admkQ�cpV�©?eSQ�h��zZ[Q ��g�3 � �  ¹f{
� t u"Ç��!� � `�X;XYQ�Q����[mrjk�phfw�adhÄ�,ad^�ad}"^�ad� � Q � � Æ {yeSQSR;�[^7`�V7`UeS`�mkQSR;h[VjrmrjkR7Q�cpV?h[cfQ � `�^mk`�}sQ�RTUcfe � ^7`�c[jkR7wSQaSqsQSe�� ��\�Q�V e � `�jkRjkR7R7Q�c�VMm~a|ZfadV7Q�Z[Q�cf`�Vj²±,eladVjk`�c�R7Q�mk`�c�m~a3_�`�^X%h[mkQ%Rh[jrq�adc�V7QY�
T (c(x)v) = d + T (w(x)v)

x
`	�
T
QSRV�mC� � `�^mk`�}sQ%R7T�cfe � ^7`�c[jkR7wSQ¬���

Py� h[VjrmrjkR�adVjk`�c«Z[Q0cf`�V^7Q%�[^7`�V7`�eS`�mkQ�Z[Q�eS` � w�^7Q�cfeSQ��.Q�^7eSQ��[VjrqsQ�eS`�X;XYQ%�[^7Q�X;jkQ�^*w�V�adVMZ[Q%^7Q�XY`�^7�ph,ad}sQ�6Q�^XYQ�VV^�adjrV Z���`��[VjrX;jkR�Q�^ eSQ�XYwSeladc[jkRXYQ;��eSQ�m~a3^7wSZ�h[jr^�adjrV�mkQuZ[w�m~adj4Z[Q�Z[w�V7QSe�Vjk`�ciZ[QSR¨jrcfeS` � w�^7Q�cfeSQSRMRj.m~am~adV7Q�cfeSQ�QSRV_Cadjrv[mkQuRh[^ mkQ*^7wSR7Qladh£Q�V�eSQ�m~a��.Q�^XYQ�VV^�adjrV Z���w�q�jrV7Q�^¨Z[QuXbadjrcpV7Q�c[jr^�h[c£w�V�adV�Z[Qu^7Q�XY`�^7��h,ad}sQ0©
m~adV7Q�cfeSQ�V^7`��|_Cadjrv[mkQ�Rj[m~aum~adV7Q�cfeSQ�^7wSQ�mrmkQ Z�h;^7wSR7QladhYQSR7V�jrX;�6`�^V�adc�V7Q"� (MQ�Xbad^7��hf`�cfRy��hfQ¨mkQ�Z[Q�h��UjkW�XYQ�w�V�adV
Z[Q�^7Q�XY`�^7�ph,ad}sQ%�6`�h[^^�adjrV*w�qsQ�cpVhfQ�mrmkQ�XYQ�cpV��[^7Q�cfZ�^7Q�Q�c�eS`�X;�[V7Q�mkQSR�q"admkQ�h[^7R eladmke�h[mkwSQSR*�,ad^ mkQ��[^7`�V7`�eS`�mkQ
�6`�h[^�mkQ��[^7Q�X;jkQ�^l�

t0adcfR m~aYXYQSRh[^7Q%`	��cf`�V^7Q��[^7`�V7`UeS`�mkQ%Z[Q%eS` � w�^7Q�cfeSQ��.Q�^7eSQ��[VjrqsQ � w�^jrV7Q�Z[QSR �[^7`��[^jkw�V7wSR�Z[Q�m~a;eS` � w�´^7Q�cfeSQ%�.Q�^7eSQ��[VjrqsQ"{6mC�¤ad�[�[mrjkeladVjk`�c�Z[Q%eSQ�mrh[j²´!e�j�ZfadcfRumkQSRy�Q�h���X%h[mrVj �`�hfQ�h[^7R0�.Q�^XYQ�VuZ���w�qUjrV7Q�^umkQSR*eS`�c]�fjrV7R
Q�cpV^7QzmkQSR£`��6w�^�adVjk`�cfRiQ��.QSe�VhfwSQSR��,ad^£mkQSR��G`�hfQ�h[^7Rl{¨Q�V�eSQ�m~a¢Z[Q�_Ca�¥S`�c eS`�X;�[mkW�V7Q�XYQ�cpViZ�jkR7V^jrv[hfwSQ"� � Q�,ad^�ad}"^�ad� � Q0_CadjrV�mC��`�v��GQ�V*Z�� h[c��[h[v[mrjkeladVjk`�c�R7e�jkQ�c�Vj²±,�phfQ ����`�h �� a��!�
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� `�X;XYQ£cf`�hfR;mC�¤alqs`�cfR;q�h¡ZfadcfR;mkQ£�,ad^�ad}"^�ad� � Q ��� Æ �r¹"{DmC��wSeS`�h[V7Q�eS` � w�^7Q�cpV7Q�Z[QSRYadh[V^7QSRYX%hfRjke�jkQ�cfRZfadcfR�h[ciRT�RV7W�XYQ0Z�� jrc�V7Q�^�a�e�Vjrq�jrV7w�X%hfRjkeladmkQ%Q�c�^7wSR7Qladh�jrX;�[mrjk��hfQ�Z��¤aSqs`�jr^*h[c�^7Q�V�ad^7Z�mk`UeladmC�[P�a;R7`�mrh[Vjk`�c
�phfQ%cf`�hfRM�[^7`��.`"R7`�cfR*jke�j]QSR7V*Z��¤adc[cph[mkQ�^0eSQ�VV7Q�m~adV7Q�cfeSQ%}"^W��eSQ|©;h[cfQ%^7wSZ�hfe�Vjk`�c�Z[Q�mC� jrcpV7Q�^�a�e�VjrqUjrV7w;Q�cpV^7Q
eSQ�^V�adjrcfRMX�hfRjke�jkQ�cfRl� � Q�m~abQSR7V �6`"R�Rjrv[mkQ%Rj�m~a;�[^�adVjk��hfQ%X�hfRjkeladmkQ%mkQ%�6Q�^XYQ�Vl� � ��QSRVMmkQ�ela�RM�,ad^uQ���Q�X;�[mkQZ[Q�_
`�^XbadVjk`�cfR�jrc�V7w�}"^�adcpV�h[c�e � adc�V7Q�h[^%`�h«h[cfQ;e � adc�V7Q�hfR7Q"{4Q�V�`	�«eSQ�^V�adjrcfR�jrcfRV^h[XYQ�cpVjkRV7QSR%`�cpV0�.`�h[^_
`�cfe�Vjk`�c �[^jrcfe�jr�,admkQ�Z��¤a�eSeS`�X;�,ad}"cfQ�^zeSQ�mrh[j�`�h eSQ�mrmkQ�´!e�j%Q�c eS`�cpV^7Q�e � adcpVl�*�*`�hfR��6`�h[qs`�cfR�e�jrV7Q�^i�,ad^Q���Q�X;�[mkQbmC�¤a�eSeS`�X;�,ad}"cfQ�XYQ�cpVYZ[Qbm~a � �[V7QbZfadcfR�m~a�V^�a�Z�jrVjk`�c¢qs`UeladmkQbZ�h�R7V!TUmkQ ��Q�X�v,adc[}�Z[QYm~a�^7w�}"jk`�c
Z[Q ��h[cfZfa«©z®palq�a��*hfQSRV � )ªjkZ^uK¹	�!{]`�h Q�cfeS`�^7Q£mkQ�R7`�h[VjkQ�c¡Z[Qbm~a�qUjkW�mkQ ��adX �dcfe � Q�ZfadcfR3m~aiV^�a�Z�jrVjk`�cZ�h�g�h[}padXNZ����M¯lQ�^v,a �CZd�7adc ��\yjkQ�u Æ �!�y��c¡_CadjrVl{�m~az�[^7`��[^jkw�V7w��phfQ�cf`�hfR?e � Q�^7e � `�cfR�©�Q����[mk`�jrV7Q�^bQSRVbmkQelad^�a�e�V7W�^7Q?��h,a�Rj h[c[jkZ�jr^7QSe�Vjk`�c[cfQ�m �phfQbmC��`�c �.Q�h[V%V^7`�h[qsQ�^|�phfQ�mk��hfQ�_
`�jkR3ZfadcfR3mkQSR��[^�adVjk��hfQSR3X%hfRjkeladmkQSRl�
��c�Q���Q�Vl{4mkQbe � adcpV3c4�¤a��,a�R�qU^�adjrXYQ�cpV3v6QSR7`�jrc�Z���Q�cpV7Q�cfZ�^7Q�mC�¤a�eSeS`�X;�,ad}"cfQ�XYQ�cpVYZ�h¢eS`�cpV^7Q�e � adcpV;aSqsQSeR7`�c��[^7`��[^7Q0^7Q�V7`�h[^l�

P�aiR7`�mrh[Vjk`�c���hfQYcf`�hfR%�[^7`��6`"R7`�cfR3R7Q;v,a�R�QbRh[^�mkQYeS`�cfeSQ��[V3Z[Q?e � Q�_MZ���`�^7e � QSRV^7Q"� � ��QSRV%Z[`�cfe?h[cfQad^7e � jrV7QSe�Vh[^7Q�eSQ�cpV^�admrjkR7wSQ"�
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 � �D�= � ��#
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\]`�h[^�h[c£R7TURV7W�XYQ0©
n
X%hfRjke�jkQ�cfRl{�cf`�V7`�cfR

pi

h[c£�[^7`UeSQSR7RhfR º!X%hfR7jke�jkQ�c�»�Q�V
pchef

mkQu�[^7`�eSQSR7R7hfRyºoe � Q�_Z���`�^7e � QSRV^7Q�»��6�u`�V7`�cfRMXbadjrc�V7Q�c,adcpV tchef(wchef (x)u)
m~aYZfadV7Q�Z�hiR7`�c

u
�`�hfw%Rh[^ mkQ �fh��

x
�,ad^MmkQ%e � Q�_Z���`�^7e � QSRV^7Q"�[P�Que � Q�_]Z���`�^7e � QSRV^7Q�h[VjrmrjkR7Q�^�a3eSQ�VV7Q0ZfadV7Q�eS`�X;XYQuQSR7V�adX;�[jrmrmkQ0ZfadcfR mkQuXYQSR7R�ad}sQ*eS`�c�V7Q�c,adcpVmkQ*R�`�c4�UP�QSR¨X%hfRjke�jkQ�cfR¨�.`"R7R7WSZ[Q�c�V�adhfR�Rj.mkQ�h[^7R �[^7`��[^7QSR � `�^mk`�}sQSR¬{�XbadjkR¨mC��QSRV�adX;�[jrmrmkQ�wSe�^jrV7Q��6`�h[^¨mC��Q�cpqs`�jZ[QSR wSe�^jrVh[^7QSRMR�Q�^�a3cf`�V7wSQ

e(wi(x)u)
�

P�auZ�j²��w�^7Q�cfeSQ�Q�cpV^7Q¨m~aM_
`�cfe�Vjk`�cYZ[Q¨e � Q�_6Z���`�^7e � QSR7V^7Q Q�VDm~a _�`�cfe�Vjk`�cYZ[Q�X%hfRjke�jkQ�c;^7wSR7jkZ[Q�ZfadcfRDmC� h[Vjrmrj²´R�adVjk`�cYZ[Q�mC� � `�^mk`�}sQ"��P4Q e � Q�_4Z���`�^7e � QSRV^7Q q"auh[VjrmrjkR7Q�^ymC� � `�^mk`�}sQ*Z[Q�R�a�elad^V7Q R7`�c�x
e � a��phfQ Vjke�jrcfe�^7w�XYQ�cpV7QZ[Q|h[c�m~a�ZfadV7Q¬���4�u`�hfR0Rh[�[�.`"R7`�cfR%admk`�^7R���hfQ;mC��wSe � adc�Vjrmrmk`�c[c,ad}sQ?R�Q3_
Q�^�a�©£m~a�XY��XYQbela�Z[Q�cfeSQYe � Q�¯YmkQSR

¹  Æ
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X%hfRjke�jkQ�cfR�x
Q�V;R�adcfR|Z[w�^jrqsQ¬�����u`�hfR3�6`�h[qs`�cfR3XbadjrcpV7Q�c,adc�VbjrXbad}"jrcfQ�^|m~azRV^�adV7w�}"jkQ£Z[Q£eS`�X;X%h[c[jkeladVjk`�c
�[^7wSR7Q�cpV7wSQ�©|m~a�±f}"h[^7Q ��� ���

P4Q�e � Q�_�Z���`�^7e � QSRV^7Q�q"aY�`�hfQ�^;mkQ£^7¶�mkQ�Z[Q�XYw�V^7`�cf`�XYQ��.`�h[^|mkQ£}"^7`�h[�6Q"��nom¨q�a«Z[`�cfe£V^�adcfRXYQ�VV^7Qh[c �fh��¡adhfZ�jk`
xmetro

x
eS`�c�V7Q�c,adcpVYh[c ^TUV � XYQb�,ad^;Q��[Q�X;�[mkQ¬�3eS`�cpV7Q�c,adcpV;mkQSR;ZfadV7QSR|Z[QSR;wSe � adcpVjrmrmk`�cfRV^�adcfRX;jkRl� � � a��phfQuX�hfRjke�jkQ�c£q�a%^7QSeSQ�qs`�jr^ eSQ8�fh��£aSqsQSeuh[cfQum~adV7Q�cfeSQueS`�cfR7V�adcpV7Q"{�}"^W��eSQ�©%h[c£RT�RV7W�XYQuZ[QRV^7QladX;jrc[}f{�a�R7Rh[^�adcpV m~a
∆
mkw�}padmrjrV7w"��nomf�.`�h[^^�a�admk`�^7R��G`�hfQ�^�R�a0X�hfRjk��hfQMQ�cbXY��XYQ*V7Q�X;�fR��ph4� jrm6Q�cpV7Q�cfZ�^�a

mkQ0R7`�c�Z�hie � Q�_�Z���`�^7e � QSRV^7Q%Q�V R�adcfR Z[wSeladm~ad}sQ�mk`UeladmC�
\]`�h[^¨Q���QSe�VhfQ�^�m~a%RTUcfe � ^7`�c[jkR�adVjk`�c4{�mkQ*�[^7`UeSQSR7RhfR�Z�hbX%hfR7jke�jkQ�c pi

q�a%^7Q�cpqs`¬TsQ�^�adh£e � Q�_]Z���`�^7e � QSRV^7QmkQ0R7`�c|�`�hfw��ph4� jrm��`�hfQ"{[XbadjkR Q�c�ZfadV�adcpVMR7QSRMwSe � adcpVjrmrmk`�cfR;x
R7QSR�wSe�^jrVh[^7QSR���eS`�X;XYQ�Rh[jrV��

Si ti(wi(y)v) == ti(ci(xmetro)u) alors e(wi(y)v) := tchef(wchef (xmetro)u)
x ���¤Çs�

P4Q�X%hfRjke�jkQ�c�q"aYZ[`�cfe|ZfadV7Q�^0e � a���hfQ|wSe�^jrVh[^7Q;aSqsQSe3m~abZfadV7Q|Z���`�^jr}"jrcfQ|Z[Q�mC��wSe � adcpVjrmrmk`�c¢Z�h �fh��zZ[Q
RTUcfe � ^7`�c[jkR�adVjk`�ciQ�c�V7Q�cfZ�h�adh�XY`�XYQ�cpV*Z[Q�mC��wSe�^jrVh[^7Q"� � Q�m~a3�6Q�^XYQ�VV^�abadh£e � Q�_DZ���`�^7e � QSRV^7Q%Z[Qu^7QSeS`�cfRG´VjrVhfQ�^;mkQ�X;j²�[ad}sQ�Z[QSR �fh�� Q�cÄeS`�cfR7Q�^q"adcpV;h[cfQ�RTUcfe � ^7`�c[jkR�adVjk`�c�^T�V � X;jk��hfQ"{D�[h[jkR7��hfQ£mkQSR|X%hfRjke�jkQ�cfRadh[^7`�cpV �[^jkRMh[cfQ�^7w�_
w�^7Q�cfeSQ%V7Q�X;�6`�^7Q�mrmkQ%eS`�X;X%h[cfQb�

Si e(wj(y)w) = e(wi(x)v) alors tchef(cchef (y)w) = tchef(cchef (x)v)
x ���3us�

� m~a�^7wSeSQ��[Vjk`�c�Z[QSRA�fh��?qsQ�c,adc�V Z[QSR X�hfRjke�jkQ�cfRl{�jrm�Rh�³Y^�a|adh�e � Q�_DZ���`�^7e � QSRV^7QYx
`�h�©�h[c�adh[V^7QuR7jrV7QZ[wSZ�jkw¬�DZ[Q¨X;j²�[Q�^ymkQSRywSe � adc�Vjrmrmk`�cfR�alTpadcpV m~auXY��XYQ QSRV�adX;�[jrmrmkQ"�pP�a��[^7`��[^jkw�V7w Z[Q RjrX�h[mrV�adcfw�jrV7wMR7Q�^�a0admk`�^7ReS`�cfR7Q�^qswSQ0V7`�h[VMQ�c�}pad^�adc�VjkR7R�adc�V*mC� jrcfRV�adc�V�adcfw�jrV7w�adh���X%hfR7jke�jkQ�cfRl�
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� `�X;XYQ�mC�¤ad^7e � jrV7QSe�Vh[^7Q|Z�h�RT�RV7W�XYQ�QSRV _
`�^V7Q�XYQ�c�VuZ[w��.Q�cfZfadcpV7Q3Z�h�^7¶�mkQ%Z[Q�e � a�e�h[czZfadcfRMm~a|�[jkWSeSQX%hfRjkeladmkQ"{jrm �.`�h[^^�adjrV?��V^7Q�cfwSeSQSR7R�adjr^7Q�Z[Q��.`�h[qs`�jr^;ºoeS`�c�±f}"h[^7Q�^G»�m~a�eS`�X;X�h[c[jkeladVjk`�c�Q�cÄ_
`�cfe�Vjk`�cªZ[Q
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Z/	��/�LK ��)

� ������� � � £�9 :�¨g%?¨%£r¤ 9 £G+�¡6 � m¤ £�¡ �  y%Q)^'� 
B��,�;� � 	��fZ����lK�� �d^���	 �� !� ��� �#[#� �����LKZ��(��� 6�� �=D�Z"D'� � � 	��fZ<������	������(� 9 � ��./�@K,6 � .[^@K ������� � Z<��D�K��^�	���	�D'�

$�6�	�I �(6.Z/� �L}1�QD�M "
	��r^ 6�� . �d^;�($"^;�(./���³q ) v O )�B  �/����6����;�(����	���Z/� � ��6��/�YPE�����-.+��^ED0��� �(� 9 D����������������¨Z/� p 	�����^
W'�/� ���"D0. 	Y^@K�$��/6�����^RM  "!$! ]¨\�F O�Z+C � 6�� � .[^��"D0�tC�^�� �XD'� ���[^�� � )?e �%Z/��� 9 �tC"D'� ���lK�� �d^���	0� 5/� ��� ���@K � "
� �
Z/��� 9 � 	��/./6�� ��Z/�gD����������������s¬ 6�� � 	��/./6��gI ���;������ . ��^�����������	�� Z<� .[^��"D0����^ ���lK�� �d^���	 ��� �/� � 	��/./6��
$��/���;�d^���H(�;� �(�1��) d �1�(�1�4D'	��^D�Z"D'� p 	��LK%6 � . �d^������%Z/�%$��/���;�d^���� p �%�� �(�#. ���M^��"D0./6���Z/��=1��� ������	��/� �(�r^���)

d .[^@C ��K � 	��/���YZ/� �-���[^���$������^��"D'���7����Z<��^�����	��[^-�/�/��=7���"D'���1�cM ± O �#��	����-� 	������;�(��	����C=1���&6�� �³D������YP
��������� ���/��"
���1� .[^���������. �(6��"D'���1�56�� ��^�����	��[^���) d ������� �<6���^@K ���/6��;�(� .[^�	UZ<�/��� � �����oZ+K�./� ���0Kj�;) d �/�^��"D'���7�*Z<�����
��� 6 �&6 �(������� �C�� !� ��� . ���5��� ./� ����� � "
� �C6��³D'	���� �y^�� ���+D0��=1����� 6�� �ADC���������������5�� �d^^���"
���1�%. ���4W � 9 K ���/����^
�E� �(���[^���6�6��"D'���7�^� ��� 6��RD'	���� � �������"D;I/6����aW 6  �/�/�����;	���) d ������� �#�����/6 6��0��� ���;WSq � � ��� � 	��fZ/� �cM  �� ��	��r^�� �;W
 "!$! ]¨\�F O .[^�	UZ<�/���%�/��^�����	��[^0Z��(���56�� =7����6 6�� �XDC����������������� 9 K ���/�����7�%6���D'	���� ��W'6  �/�/�����;	���)�B �k\�$��[^��
� ) # ��	����XD'	��1�^�� 6 � ���/.+��^�. 	���������	��zZ<� D'	���� � p 	��LKC��"
� � 6��³D'	���� � ���7�����fZ<�«Z��(���56�� �*^�����	��[^���)^T ���/6��C6 �
� 	���\�$��[^;�(����	�� W  �� ��	��r^�� � � 	����;��^�"
�-6���^�� ���+D'�-��� ���1�^@K �C��� ./� �����-� "
� ��6���^��7���+D'�%Z/� ��^�����	��[^���)

B�� ��^@K ���/6��;�(����Z<� =1��� ������	��/� �(�r^��gM�\�$��[^�� � )  "! O�� 	���\f^ED'���1�0� ������� �1� .+	����LC ���N¬#6  !� 9 .?K�^�������� �cWUq � �
�;� � 	��fZ/� �Z/� 6 �(������� � �%	�I/�����7� �/�;^@K ���/6��;�(� ���������"D'���7� ���/.7K�^������[^,�(� 9 �(�/�^�� � ��� ������)un5	���	���� � ��. ���fZ��(�1�
=7��� 6�� ��� �(�7�����[^ � Z/	��/�LK �/��� 	�./���/��	���K =1�/��"��(6����1��� �(����� ��� � "
� � �/���,6 �(������� � � 	�^^�� ��. 	��fZ��(�1��W G ��	��r^�� ��)
3 � �#[ ����� � ��6��/�YPE��� ��� 	��1�^;�(�r^��"D'���7�%�(� 9 �(�/�^�� ��DC�����������������������;� �(�1�;�(��� . ��� 6��9D'	���� ����D �(��� �/���%./�[^;�����
� 	��[^����{M'D'	������;Z/� =1� �(�^�� ���"D0.���O =7�/� 6��/� . ��^ED'�����;�(���bZ# !���7�����fZ�^�� ��	�� .[^�	�.[^��£^�����	��[^kW �/� �������;�(�1�
�(��=7����6���6���� ��� �(�1�;�(��� . ����)�� 	������ 6�� � � 	�DRD'���1�;�(�r^�� �¨Z<� �;� �(�1�����[^,. 	��[^ 6�� � ��� �����fW5�/���
=7� �(�^�� ���Z/	�� i �
���"D0.��*Z/��6 �(������� ��¬
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3 �� 	��1�^���. �d^�������� . 	��[^ 6�� � ��� �����9W'=7� �(�^��C���.W �;��� i �-��	��r^�� ��Z/��6 �(������� ��� ��	����%� 	������;�(��	����%���[^ 6�� �
���[^���$������^��"D'���1��� �(�fZ<��	 =7��� 6�� �fDC��������������� 	��1��Z<�cD �(6^WC�#[#� ��������^ � 	�^^�� �����"D'���1� 6��4D'	���� ��^�� ���+D0��=1����)
e ��6 � .[^�	�" �����1�0.[^�	�I �QI/6��"D'���1�?Z<� Z+K�./� ��� �($
�?^�� ���+D0��=7��� .[^@K �;���1�@KSW 6 �S\�$��[^�� � ) # )D\ 	��[^ 6�� �'�(�/�^�� �
��� ��������D �(6�$"^@K 6�� �Z<�Y[^K�^����1��� �/��"
���(� 9 Z/� � 	��<��	�^��,� �����JD�K ����6�� ��DC���������������,	��7�^@K���������W%� 9 K ���/����^ 6���D'	���� �
�;�(��� ��^^����[^���)

e �5���lK�� �d^���	 ��	����mD'	��7�^���=1��� 6��HD�K��^�	���	�D'�%� ��� �/� 	��/����6 �/����6���Z��(��� 6 �³D'� ���[^�� 	�� 6�� �|D����������������
�� !	��1�C./6����³I � ��	���� Z/�;^;�(6����7���r^C	�� Z# ��� �lK�6tK�^���^ .+	��[^��^�	��/"
��^��/� ���"D0. 	�� ��� ./� ���;�j�'��"
� �'6 � 6 �(������� ��)
4%� ./6������ � � ��� ��� ��	����|D'	��7�^���=1��� 6�� � 	��<� 	�^���Z/� p ��� � ���fI ���(��� 	��/. ./6���� �JD0.+	�^��;�(�7� =7� �(�fZ 6 �-6 �(������� �
� ��� �;��	��������C��� ��	���������	��zZ/�-6 � ���^��������[^���^�� ���+D0��=1���cM���� � �d^ED'	��/��=7��� ���d^ 6�� � ��� � 	�^7Z/�5���C���/.+��^�. 	������7�
�(��������� O�Z/��6 � ./�tC � �³D����������(6�� p 	��LK ��)

� ����� � � � £�9 :�¨j%�¨%£r¤ 9 ¨g)^ #'�£g'��>"�+{£Q¡ �  y%Q)^'* 
\ 	��[^�6��C�^�	������tC"D'� �;�lK�� �d^���	/� ��	����-� "
	���������	������DZ/� ��� . ���%�JD0. 	�����^0Z/��D'	���� ��^��7���+D0��=7���0��� � �d^�P

D'	��/��=1��� �(� 9 DC����������������)�e ��6 � ��	����C� . ��^ED0���%Z# jK����fZ<����^C6����[^���^@K���������	���� � ��.+	��7�;�(�LK � �^�'" ����PxW
P "7���%Z<�
���<���@C"D'��M � "
� �C6��9D�K��^�	���	�D'��O � ./�/����=1�� ��6�� p 	������7� 6 ��DC������=7���%Z/	��1� ��6�� 	��7� 6  � �QI/�����fZ/��)^e ����� ���5��K��@K
�#[ � �����LK . �d^&������=�� 	��/./6�� �3Z/�zD�����������������)�}  �(�fD'	��YP�D�Z"D'� . �d^���������.7KcW �^�	�����Z/� � � � � 	��/./6�� ��� p � �� �(�
Z/	���� . ���;^@K�. 	��fZ<� �(� 9 =7��� ������	�����) � 	������ �/��Z/� ����^���./��� �0Z/� �'������= � 	��/./6�� �UM 6���^����;�d^7Z � 	���\�$��[^@K � ���
K =1�/��"��(6����1�XW 6 �;Z<�[^@K ��Z/� ��I 	�����6�� ��O.¬
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� 6��0� 	��/./6���I ��������H�. ��^�����������	�� � �;��	������ �/� D'	���� � ^�� ���+D0��=7���0����� �d^ED'	��/��=1���RI 	�����6 �(�1�C��� ± � �$!$#
��� � 	��fZ/� ��M � ��	��r^�� �HW  ���F ]¨\�F O

� 6��-� 	��/./6��-�;� �(�1��H�$��/���;�d^��0�&����	�������Z/� p 	�����^ �/�SD'	�^�� ���(� 6�	��/$ M�� �(����I+	�����6���O � "
� ���/��^����;�d^7ZiZ/�
� � q � q0�;� � 	��fZ/� ��M G ��	��r^�� �HW � � ]¨\�F O

� 6��-� 	��/./6���I ��������H�$��/���;�d^��C�'����	�������Z# �JD0.[^�	 "7���;��^�M���	�6�	YZ/��}1� ili O ���[^ �/����I+	�����6��-� �d^ED'	��/��=1����Z/�
� ��� � 	��fZ/� �;M  �F ��	��r^�� �4W  ��$! ]¨\�F O

� B��5� 	��/./6�� $��/���;�d^���H�$��/���;�d^��-������	������.Z/� p 	�����^ �/�kD'	���� ��Z/�M^�	7�0yUM �/�?^��Y[|OyZ/�Xq � F  "# ��� � 	��fZ/� �9M  �F
��	��r^�� �4W  ���F ]�\mFgO

� 6��&� 	��/./6��&�^�	�D�I 	�����H�$��/���;�d^�� � ����	������DZ/� p 	�����^%�/�ND'	���� �¨Z/��}1� ili Z# �/���|Z<�[^@K �;Z/� F ��� � 	��fZ/� �
M  �F ��	��r^�� �XW  �F$! ]¨\�FgO )

d "
� � � ����lK�� �d^���	/� ��	���� � 9 ./6�	�����	���� 6 � � 	���\�$��[^;�(����	�� Z<� Z/��� 9 �tC"D'�����lK�� �d^���	 ���1�(�1� 	�I/�����7� 6 �
D'����6�6����[^��%	�./���/��	���) 3 � �#[#�����1��	���� �(././6���=7��	���� �/��^����;�d^7Z�Z��(��� 6�� � ^�����	��[^�� =1�/� � 	�^^�� ��. 	��fZbW�6 ��Z<�[^@K �
Z/� 6 ��I 	�����6�� p 	��LK �5. �d^ 6�� �|D�����������������)Le ��6 �-��	���� . ��^ED'���¨Z# !� �����JD'��^ 6 ��. �d^���Z/�*Z<� � ���/6��@K%=7�� �C�QD'���LK
6  !	�I/6���$1�(����	���Z/� p 	�����^ �/�rD'	���� � �JD0.+	��0K�)

e 	�DRD'� ��	���� 6���D'	��7�^����1� 6�� ��^@K ���/6��;�(���yZ<�'=7��� ������	��/� �(�r^���M�\�$��[^�� � )  $ O ��� � �;�lK�� �d^���	��� �5. ���:� 	����#P
����	��/�LK5.+	��[^ 6��HD'	�^�� ���(� 6�	��/$0�#[#� �����LK . �d^ 6��5� 	��/./6�� $��/���;�d^���������H(��� �(�1�����[^�) 3 � �#[ �����76��*^����;�d^7Z �� jK��;�(���
. ���%��� ./� ���;�&��"
� �&6 � ���^��������[^��;Z<�gD'	�^�� ���(�V¬ 6�� �%� �d^ED'	��/��� ���;� ���/.+��^�. 	������1�����%��6 ���"D�I/6��;Z<� � ����6����
�;�(��� ���7�^;� K����"D'���1����Z# �(�7��������.+��^%6���^����;�d^7Z . 	��[^ =7���-6���^�����	��[^%��	����5� 	�^^�� ��� . �d^u^;�(./.+	�^����(�UD'	�^�� ���(�
K ��^�����)me ��.+���fZ��(�7��� ��"
� � �(�1��������. �(����	������0$"^,+�� �SW 6 �� 	��/� �(�����;�(��� ��Z<� ���<���@C"D'��� � � � 	��/./6�� �z^@K��������
W �#[ � ��������^-�/��Z+K�. �d^��C���7���;�[^�	��/���@KSM
Z/�&6 �bD�Z"D'�RD �(�/�tC�^��'=7���|Z<�[^;�(�1�-6  !� 9 .7K�^�������� �YZ/� �HK ��	�� �(��� � �
�$!$!j± O �1�;�(��� .+	��/"
	��r^ .+	��[^��;�(�7� � 	��7�����1����^ 6��AD'	�^�� ���(� � 	�^^�� �����"D'���7��) � �"D �d^�=7��	���� ��	��/� Z/�AD�Z"D'� =7���
.+	��[^ �/��� � 	���\�$��[^;�(����	�� ���JD0��6 �(�r^���M�� 9 � ��./�@K 6�� ���"D0. 	oO �16�� �fD�����������������Z/� �4K ��	�� �(��� � � �$!$!j± 	��7� ^@K��������
W p 	�����^ �/�rD'	�^�� ���(� 6�	��/$ ��"
� ���/��^����;�d^7ZiZ# �/���9D'� ���[^���)

F�(���%6 �bD � p 	�^����@KYZ/� ��^@K ���/6��;�(����Z/� �-=7��� ������	��/� �(�r^�� �³D'	��7�^����1�C=7�� � "
� � � �&.[^���������.+��� ��6 �� !� ����. ���
Z<� � ����6��0Z/� p 	�����^ Z/�56 �;D�������=7���0Z��(��� �/���5����6�6���� 	���\�$��[^;�(����	���)�4%�%./6������ 6�� ��D���������������� 	��1� Z<�Y[^K�^����1���
�/��"
���(� 9 Z# jK����fZ/� �.D����������(6�� ���#�(6�6 �(�1��Z# �/���0�(�/�LK ��Z/�&� 	��[^��9W � �(����Z/� � 	�������^�"��(��	��r^���)§e � �u^@K ���/6��;�(���
��	����9D'	��1�^����7�&�(���;��� =1���'6�� �9D����������������C��	��1��I+���(��� 	��/. ./6�����W 6  �(�����&6�	�^���=7�� ��6��-. ���/"
���1�C����	������r^ � �
=1�� ��6�� "
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IP GRE IP UDP RTP Données RTP

Tunnel GRE
20 + 4 octets

Paquet encapsulé
taille MAX = 1500 (MTU ethernet)
20 + 8 + 12 + 1460 octets

@source :
  IP du routeur
  logiciel sur son
  LAN
@ dest :
  IP du routeur
  routeur logiciel
  dans son LAN

Message de l’application :
@ source : 
    une machine du LAN
@dest :
    adresse Multicast choisie 

Flag :
  Checksum
  Sequence num

Protocol Type
  ...

         

������� # ) ±%� >6
 D � $�?�� @���� ?�A��!� � (1D ��� � (
? � @9� � A�� �L� D#��� � �
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16)/(1408∗8) ≈ 63
. ��=7������� . �d^ ��� � 	��fZ/��)
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_§O(Q"bcj"]"kqO(QdW5k���O(j"j"kcblTmO(Wbl\�Q�|G��Vvw>V�R2\�bcQyp!� ]"Q�bcQdW2V#f¬[blT#blV#k�TmO(jGO(w"klVvp"VMT�\�Q�Wf2³�klV#f^V#WIp"VvT�\�Q��S¬[]"f2V#f^�
p�blRW$O(QST�VU]"Q§V#QSR2V#_�w"klVvp"V��S]�gano]"kcWbc_ae�p�bqO�V#W�p"V5jGO(f$O(_aY#Wf2V�R�R2VI��O(bcW�O(kl\�f2R�f2V�R2R2V#Q�Wbcf���\�fW2V#_aV#QdWm|
NMV@j"kc]SR·ZGQS\�]SR-Omu�\�QSRMu�] �d]SV=kqO§_ae#WXS\�p"V`p"V@_`blR2V�V#Q f2V#kqO(Wbl\�QºV#QdWf2V�]"WbckcblR$O(W2V#]"f2RPV�RWPT#f]ST#bqO(klV
kl\�f2R^p�]�p"e#j"kl\�blV#_aV#Q�Wvp"VMk���O(j"j"kcblTmO(Wbl\�Q�Z�]"Q�W2V#k!bcQdW2V#f¬[blT#blV#k�p"V#u�f$O`O(kl\�f2R5bcQdWf2\�p�]"bcf2V-]"Q�R$V#fu�blT�V-p"V
p"e�T�\�]"u�V#fW2V�p"V�RI]"WbckcblR�O(W2V#]"f2RUV#W5p"VP¬�V�R2Wbl\�Q�p"V�R^T�\�QdW$O�T#W2R·|
h QS\�Wf2V§T�\�Q"QGO(blR2R$O(QST�V[Z�bck�Q��¯V}g�blRW2VajGO�R=O(]��H\�]"f2p!� X�]"bIp"VaR2\�kc]"Wbl\�Q�jEV#f_aV#WW$O(QdW�k�� bcQ�W2e#¬[f$O(Wbl\�Q p"V
W2V#kcklV�RI��\�QST#Wbl\�Q"QGO(kcbcW2e�R^jE\�]"fIkqO�T�\�QST�V#j"Wbl\�Qop!�¯hvnirtN�|
�§��\�f2Rµp"V�QS\[Rµp"e#_a\�QSRWf$O(Wbl\�QSRmZ�QS\�]SRsO�u�\�QSR�T�\�QSRW$O(W2eo�d]SV�kqO¥p"e#fbcu�Vop"V�R§XS\�fkl\�¬�V�Rµp"V�k���O(j"j"kcb��
TmO(Wbl\�Q¹O�u[O(bcW`]"Q´bc_`jGO�T#W`bc_`jE\�fW$O(QdWsR2]"f=kqO R2W$O(w"bckcbcW2eyp�]´j"f2\�W2\�T�\�klV�p"V�T�\�XSe#f2V#QST�V�j>V#f2T�V#j"Wbcu�V[|
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~�VPj"f2\�w"klY#_aV@p"V-p"e#fbcu�V�R5_@]"kcWbcj"klV�R^p!� XS\�fkl\�¬�V�RUQ���OaO(]��H\�]"f2p!� X�]"b�Z���QS\�Wf2V�T�\�Q"QGO(blR2R$O(QST�V[Z"jGO�RUp"V
R2\�kc]"Wbl\�QSRUV}¨§TmO�T�V�RmZSpSO(QSR5kqO=_aV�R2]"f2V-\���klVPR��RW2Y#_aVMQ��¯V�RW5jGO�R5_§O��lWf2V-p"V-R2V�R�XS\�fkl\�¬�V�Rm|
�µ�O�T2XGO(Q�Wy�d]SVyklV�R��R2W2Y#_aV�QSe�T�V�R2RbcW2V�]"QSVoO�pSO(j"W$O(Wbl\�Q � kqOºkqO(W2V#QST�V�p�]¶f2e�R2VmO(]�Z+klV��V#]¶_�]SRblTmO(k
Wf$O�p�bcWbl\�Q"QSV#k�Z9b�|¯V[|!kl\�f2R2��]SVaklV�R�_�]SRblT#blV#QSR=R2\�QdW�j"Xd��Rbl�d]SV#_aV#Q�W@j"f2\�T2XSV�R·Z�V�RW@O(kcW2e#f2e§jGO(f@p"V`QS\�]��
u�V#kcklV�R�T�\�QdWf$O(bcQ�W2V�RIW2V#_`j>\�f2V#kcklV�R·|�ªv\�]SR�Omu�\�QSR�_a\�QdWf2evjGO(f�QS\[R�W2V�RW2R�O�u�V�Tvp"V�R+]"WbckcblR�O(W2V#]"f2RI�d]SV^klV
R��RW2Y#_aV��
\�QST#Wbl\�Q"QSV@w"blV#QipSO(QSRv]"Q TmO�p�f2V@p!� bcQ�W2V#f$O�T#Wbl\�Q¥RjEe�T#b��G�d]SVµ�Skl\�f2R2��]SV@kqOa_@]SRbl�d]SV��\�]Se�V
V�RWIwGO�R2e�VPR2]"f�p"V�R5w>\�]ST#klV�R�XGO(f_a\�Q"bl��]SV�R^V#WIf��WX"_`bl�d]SV�R·|"r%k!R2V#f$O(bcW^O(kl\�f2RIbcQ�W2e#f2V�R2R$O(Q�W^p!�¯V}�EV�T#W]SV#f
p"V�R-W2V�R2W2R-j"kc]SR�p"e#u�V#kl\�j"jEe�R=R]"f-klV�RPWt��jEV�R�p"V`_@]SRbl��]SV�R �\�]GO(w"klV�RmZ�R2V#kl\�Q��d]SV#klR�]SR$O(¬�V�R�V#W�e#u�V#Q��
W]SV#kcklV#_aV#QdW5Omu�V�T^p"V�R+T�\�_`jE\[RbcW2V#]"f2R��d]"bGbcQdWf2\�p�]"bcf$O(blV#QdW�k�� bcQdW2V#f$O�T#Wbl\�Qµ��\�]"fQ"blV5jGO(f�QS\�Wf2VUR��R2W2Y#_aV
�`p"V�RIj"blY�T�V�R^_�]SRblTmO(klV�RUp"e�p�ble�V�Rm|
NPO(QSR�klVsT�\�QdW2V}g�W2VsR2j>e�T#b��G��]SV§p"V§k�� bcQdW2V#f$O�T#Wbcu�bcW2es_@]SRblTmO(klVµV#W�p�blRWfbcw"]Se�V[Z9p!��O(]"Wf2V�R@Wt��jEV�R�p!��O(j��
j"kcblTmO(Wbl\�QSRvj>V#]"u�V#Q�WU¡#Wf2V�W2V�RW2e�R^T�\�_`_aV�k��¯V#QSR2V#bc¬[QSV#_aV#QdW-�`p�blRW$O(QST�V[ZGklV�RUO(]Sp�bcWbl\�QSRvf2e#jGO(fWblV�Rv\�]
V#QST�\�f2V-klV�R^V#Q"f2V#¬[blRWf2V#_aV#QdW2RvV#Q�RW]Sp�bl\"|

~�V�R�jEV#f2RjEV�T#Wbcu�V�R�j"f2\�_aV#WW2V#Q�W9p"V�R�f2e�R]"kcW$O(W2R�bc_`jE\�fW$O(QdW2R�pSO(QSR�klV�R�p"\�_§O(bcQSV�R�R$T#blV#QdWb��G��]SV�R�p"V�k���O(kc¬�\(�
fbcWX"_`bl�d]SVUf2e#jGO(fWblV`x'_a\�p"Y#klV�R�V#W�j"f2\�W2\�T�\�klV�R�p"V^T�\�XSe#f2V#QST�VvjE\�]"f�klVU«
��«�{}Z�p"V�R�R��R2W2Y#_aV�Rvx
\�f2p"\�Q"QGO(QST�V}�
_aV#QdWmZ"R��QST2X"f2\�Q"blR�O(Wbl\�Q�p!� XS\�fkl\�¬�V�R�{}ZSp"V�R�bcQdW2V#f¬[blT#blV#klR@x'kqO(Q"¬dO(¬�V�RmZ�bcQdW2e#¬[f$O(Wbl\�Q�{5V#W�p"V�RIr "vn x'QS\�]"u�VmO(]�g
_a\�p"V�R^p!� bcQdW2V#f$O�T#Wbl\�Q�{}|
�]"fIklVMj"kqO(QoO(f2T$X"bcW2V�T#W]"f$O(k�V#WIW2V�T2X"Q"bl��]SV[Z"QS\�]SR^O(j"j"f2\�T2XS\�QSRvp"VMj"kc]SR5V#Qyj"kc]SR5p"VPR2��RW2Y#_aV�RIT�\�_`j"klY}�

W2V#_aV#QdW5p�blRWfbcw"]Se�R·Z�_a\�p�]"kqO(bcf2V�R5V#W5O�pSO(j"W$O(Wb���Rm|�NvVvW2V#klR�f2e�R]"kcW$O(W2R�jEV#f_aV#WWf$O(blV#QdWUp"VvT�\�QST�V#u�\�bcfIf$O(j"blp"V}�
_aV#QdW-p"V�R-hvnirtN V#W-p"V�klV�RPp"e#j"kl\m��V#fP��O�T#bcklV#_aV#QdWmZ�V}¨§TmO�T�V#_aV#Q�W@V#W��s��O(bcw"klV�T�\��"W-R]"fPk��¯r%Q�W2V#fQSV#WmZ�T2XSV��
klV�RIjGO(fWblT#]"kcblV#f2R^V#W^klV�R5V#QdWf2V#j"fblR2V�R·|

h _a\m��V#Q¸W2V#f_aV[Z�klV�RPf2e�R]"kcW$O(W2R@j"f2e�R2V#Q�W2e�R�pSO(QSR�T�V#WW2V§WXSY�R2V`jE\�]"ff2\�QdW=¡#Wf2VsO(j"j"kcbl��]Se�R@�yp!��O(]"Wf2V�R
p"\�_§O(bcQSV�R§p"V�f2V�T$XSV#f2T2XSV�V#Wµ� p!��O(]"Wf2V�R`W%��j>V�R§p!��O(j"j"kcblTmO(Wbl\�QSRs��]SV�klV�Ra«�nirtN�|  �Q¶V}�!V#WmZ�klV�R`T#fbcW2Y#f2V�R
p"V@R2bc_�]"kcW$O(QSe#bcW2e`V#WMp!� bcQSRW$O(QdW$O(QSe#bcW2e`R2V@f2V#Wf2\�]"u�V#QdW-pSO(QSRvklV�RvR��RW2Y#_aV�RM�d]"b�V}�EV�T#W]SV#Q�WM]"QiT�\�Q�Wf2³�klV`p"V
j"f2\�T�V�R$R]SR5j"X���Rbl��]SV�RmZ>pSO(QSR^klV�R$�d]SV#klRUkqO`QS\�Wbl\�Q p"V�W2V#_`jSRMV�RWUj"fbc_a\�f2p�bqO(klV[|�~v�¯V�RW^klV=TmO�R^jGO(fvV}g�V#_`j"klV
p"V�RUR2��RW2Y#_aV�RUp!� bcQ��
\�f_§O(Wbl��]SV=bcQSp�]SRWfblV#kcklV�T�\�_`j"f2V#QGO(QdWPp"V�Rvf2e�R2VmO(]�g�p"V=TmO(j"W2V#]"f2Rv\�]ip�]iT�\�Q�Wf2³�klV�p"V
p"\�Q"QSe�V�R@x
T�\�_`_aVPklV�R5w"]SR5p"VPW2V#ff$O(bcQ�® ��XS\ ��� ± {}|
ªv\�]SRaO�u�\�QSR§T�\�_`_aV#QST�ei�iWf$O(QSRH��e#f2V#f`QS\[RaR2\�kc]"Wbl\�QSRapSO(QSRap!��O(]"Wf2V�Rsp"\�_§O(bcQSV�RmZ�T�\�_`_aVyklV�R �V#]�g

u�blp"e�\ V#Q kcbc¬[QSV[Z�V#Q _a\�QdWf$O(Q�WaklV�R�¬dO(bcQSR`�d]��¯V#kcklV�R��¸O(j"j>\�fW2V#Q�Wm|�~�V#j>V#QSpSO(Q�WmZ�QS\�]SR�j>\�]"u�\�QSRaO(]SR$Rb�Z��
_a\m��V#Q¶W2V#f_aV[Z�O(]"¬[_aV#QdW2V#f§klVyT$XGO(_`j0p!��O(j"j"kcblTmO(Wbl\�QSRµp"V�QS\[RaR2\�kc]"Wbl\�QSRsO(]�g �HV#]�g f2e#jGO(fWblR§R2]"f=W2e#kle}�
j"XS\�QSV�R�_a\�w"bcklV�RmZ�O(]�g¸R��RW2Y#_aV�R�p"Vµf2emO(kcbcW2eµu�bcfW]SV#kcklVyV#W #(\�]¶O(]"¬[_aV#QdW2e�V[|+NMO(QSR`T�V�R`O(j"j"kcblTmO(Wbl\�QSRmZ�klV�R
TmO(f$O�T#W2e#fblRWbl��]SV�R5p�]�f2e�R2VmO(]�V#WIp"V�R5O(j"j"kcblTmO(Wbl\�QSR^R2\�Q�WIj"f2\�T$XSV�RmZ�_§O(blRIp�b��Ee#f2V#Q�W2V�R5p"VMQS\�Wf2VPTmO�p�f2VPp!�¯V}g��
j>e#fbc_aV#Q�W$O(Wbl\�Q��²klV�R�kqO(W2V#QST�V�R�Wf2Y�R�bc_`j>\�fW$O(Q�W2V�R�pSO(QSR�klV�R9f2e�R2VmO(]�g@_a\�w"bcklV�R�QSe�T�V�R$RbcW2V#QdW�p"V�R9_ae�TmO(Q"blR_aV�R
R]"j"j"kle#_aV#QdW$O(bcf2V�RIO(]aQ"bcu�VmO(]µp"V5k���O(j"j"kcblTmO(Wbl\�Qµj>\�]"f�T�\�QSR2V#fu�V#f+]"QaW2V#_`jSR�p"VIf2e#jE\�QSR2VIf$O(blR2\�Q"QGO(w"klVUjE\�]"f
k�� ]"WbckcblR$O(W2V#]"fmZEkqOs_a\�w"bckcbcW2e`bcQdWf2\�p�]"bcWPkqOsQS\�Wbl\�Q¥p"V�p"e�T�\�Q"QSV}g�bl\�QSRmZ�klV�RUj"f2\�T�V�R2R]SRPR·�¯V}g�e�T#]"W$O(Q�W-V#Q V#Q�u�b��
f2\�Q"QSV#_aV#QdW2RvT�\�QdWf$O(bcQ�W2RmZGV#W2T[|
rtk���O(]Sp�f$O(bcW+pSO(QSR�T�VITmO�R�e#W]Sp�blV#f+kqOU��O(blR$O(w"bckcbcW2e^p"V�QS\[R�R2\�kc]"Wbl\�QSR�pSO(QSR�]"QaV#Q�u�bcf2\�Q"QSV#_aV#Q�W�V#_@wGO(f2�d]Se

V#W5p���QGO(_`bl��]SV[|Sªv\[R5R2\�kc]"Wbl\�QSRIjE\�]"ff$O(blV#QdWmZ�T�\�_`j"W2VPW2V#Qd]ip"V�RIf2e�R]"kcW$O(W2R^O�T#W]SV#klR·Z"f2e�p�]"bcf2VPklV�RIW2V#_`jSRUp"V
f2e#j>\�QSR$VPV#WUO(_ae#kcbl\�f2V#f^k�� bcQ�W2V#f$O�T#Wbcu�bcW2e=p"V�R^R��RW2Y#_aV�R5V#WU\�]"u�fbcf5kqO=jE\�fW2V��`p"V-QS\�]"u�VmO(]�g�Wt��jEV�R^p!��O(j"j"kcb��
TmO(Wbl\�QSRm|�~�V`Wf$Omu�O(bck�V�RW-T�\�QSR2e���]SV#QdWmZ�pSO(QSR-kqO�_aV�R]"f2V§\��¥QS\[R�R2\�kc]"Wbl\�QSR@R2\�QdW@\�fbc¬[bcQGO(klV�Rµx
p!� ]"Q¥jE\�bcQdW
p"VMu�]SVv��\�f_aV#k�V#WIW2V�T2X"Q"bl��]SV·{IV#W5��]SVvklV�R5T2XSV#f2T$XSV#]"f2RUpSO(QSR5klV�R5p�b��Ee#f2V#Q�W2R^p"\�_§O(bcQSV�R5T�\�QST�V#fQSe�R^QSVPR2\�QdW
jGO�RIW2\�]��\�]"f2R���O(_`bckcblV#f2RUp"V-T�VMW%��jEV-p!��O(j"j"f2\�T$XSV[|

h j"kc]SR^kl\�Q"¬µW2V#f_aV[Z�klV�R^f2e�R]"kcW$O(W2Rv\�w"W2V#Qd]SRMpSO(QSRvT�V#WW2V�WXSY�R$V�\�]"u�f2V#QdWMp"V�R^jEV#f2RjEV�T#Wbcu�V�R^QS\�]"u�V#kcklV�R
j>\�]"fUk��¯e#kqO(w>\�f$O(Wbl\�Q¥p!�¯\�]"WbcklRMp"V=T�\�_`_�]"Q"blTmO(Wbl\�Q¥V#QiW2V#_`jSRvf2e�V#k9V#Q�Wf2V@]"WbckcblR�O(W2V#]"f2RmZ>QS\�W$O(_`_aV#QdWPjE\�]"f
k��¯V#QSR2V#bc¬[QSV#_aV#QdWmZ^klVºRjEV�T#W$O�T#klV[Z�klV�Ryf2V#kqO(Wbl\�QSRy��O(_`bckcbqO(klV�R�x¤��O(bcf2Vºp�]KRjE\�fWy�¸k���O(blp"V�p!� ]"Q R��R2W2Y#_aVºp"V
f2emO(kcbcW2e�O(]"¬[_aV#QdW2e�V�jGO(faV}g�V#_`j"klV·{}Z�klV�Ra_ae#WblV#f2Rap"VyR2V#fu�blT�V[Z�kqO T�\�QST�V#j"Wbl\�Q¹T�\�kckqO(wE\�f$O(Wbcu�V[Z�V#W2T[|�ªU\�]SR
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jE\�]"ff2\�QSR�V#Qdu�blR$O(¬�V#f�jGO(f�V}g"V#_`j"klV^p"V�R�RjEV�T#W$O�T#klV�R��tT$XS\�f2e#¬[f$O(j"X"bl�d]SV�R��x'bc_`j"kcbl��]GO(QdWIp"V�R+_@]SRblT#blV#QSRIO�u�V�T
p"V�R�pSO(QSR2V#]"f2R�V#Wy]"Q j"]"w"kcblT[Z5klV W2\�]"W�f2e#jGO(fWb¤{}Z5p"V�R�V#Q�Wf$O��lQSV#_aV#QdW2R RjE\�fWb��
RyV#Q f2emO(kcbcW2e�O(]"¬[_aV#QdW2e�V
x'wE\�g"V[ZSRjE\�fW2R5p"VMf$O���]SV#WW2V�RmZSV#W2T[| {}ZSp"V-kqO=_§O(bcQdW2V#QGO(QST�V=p"VM_§O(W2e#fblV#k�V#Q�e���]"bcj>Vax
V}g�jEV#fWblR2V-�=j"kc]SRblV#]"f2R
p"V-_§O(W2e#fblV#klR^p"e}��O(bckckqO(QdW2R�{}Z�V#W2T[|
NMV�j"kc]SR·Z�kqOMR2\�T#ble#W2e�p!��O(]��\�]"f2p!� Xd]"b�QS\�]SR+O(_aY#QSV5�PO�u�\�bcf+p"V�R�T�\�_`jEe#W2V#QST�V�R+p"V�j"kc]SR�V#Q`j"kc]SR+Rj>e�T#bqO(kcb��

R$e�V�RmZ�f2e#jGO(fWblR2R$O(QdW^O(bcQSR2b>¬�e�\�¬[f$O(j"X"bl��]SV#_aV#QdWUk��¯V}g�jEe#fblV#QST�VPV#W�klV�R�R$O�u�\�bcf2Rm|"hUbcQSRb�Z�klV�R�hUnirzN jE\�]"ff$O(blV#QdW
Omu�\�bcf§]"Q¶f2³�klVoe�T�\�QS\�_`bl�d]SVoV#W§R2\�T#bqO(kIbc_`j>\�fW$O(Q�WµpSO(QSRa]"Q O�u�V#Q"bcfµ\��¶j"f2\�wGO(w"klV#_aV#QdWµklV�RaWf$O(QSR2j>\�fW2R
O�e#fblV#QSR·ZSW2V#ff2V�RWf2V�RmZS_§O(fbcWbc_aV�RUV#W^R2jGO(WbqO(]�gyR$V#f2\�QdW5kcbc_`bcW2e�RUjGO(f5klV#]"f^T�\��"W^\�]�jGO(f5kqO`p�blRjE\�Q"bcw"bckcbcW2e�p"V�R
e#QSV#f¬[blV�R·|
h^bcQSR2b�Z>O(]i_a¡#_aV=WbcWf2V=��]SV@klV=T�\�]"ffblV#fP\�] kqO§W2e#kle#j"XS\�Q"blV[ZEklV�RvhvnirtN R$V#f2\�QdWmZ!Rb9klV#]"f2Rv]SR$O(¬�V�RMR2\�QdW

O�T�T�V#j"W2e�R§jGO(f�klV�¬[f$O(QSp j"]"w"kcblTyV#W`klV�R`V#QdWf2V#j"fblR2V�RmZ�klVsu�V�T#W2V#]"fsp!� ]"Q´w>\�]"klV#u�V#f2R2V#_aV#Q�Wabc_`jE\�fW$O(QdW§p"V�R
XGO(w"bcW]Sp"V�RvR2\�T#bqO(klV�Rm|
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%�2��3�./4/5)5��%!"#����7685%9 : ����4 �)��./
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%�)����4@����� A ���	�)��-�

B�C�C�D ! B�C�C�EGF&H=I��J6K�L��M :�AN D 9
O�C�C�P �)�)��4/5)4/Q"#� �%+-��./��RJS��5����� &(������T	!�)4/��� � � �IT�T�./4/���U!�)4/����5VJW��. �)4/"#
��4@�6?&H=I�XJY9

Z�[ ���	���\�%�G"#4/5��]��$^_�	`-�)�a�������������I`	4/�b�)���.c�)
Td���b�)4 e f 4/�����*�Mg�����d���-� [ �h=I��!`��"i3����B�C�C�D

B�C�C�j ! B�C�C�DGF&H=I��J6K�L��M :�AN D 9
N D�P 6?�`��� [gkml ���5)!5)4/����9 �)�)��4/5)4/Q"#� �%+-��./��RJS��5����� A +	5���Q"#�5�%� �IT�T�./4/���U�)4/����5Mg
Td�����)4/�5W6n&H=>�XJGR�o����4/5 E R [ = A-p 9

q%�IT�T�./4/���U��4/���r���5S�����2s��51JW��. !�)4/"#
��4@�t�%�u���v� B �wTm�����u./�����������I`	4/�b�)���.c�)
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[ � �-�%!�)��3��)�B�C�C�D
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��4@��q { ����5|=I4 !} ��.@��5$y ��!��s���

[ �<������)5

B�C�C�~ ! B�C�C�j]F&H=I��J6K�L��M :�AN D 9
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A ������������� [ A-p6K��4/T�./��"#�W��� [ �)�����5
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��4/����)�5 p ��2s	!��4/�*���5%9
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A �	TL
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ªv\�]SR�p"e#f2\�]"kl\�QSR�]"QaV}g"V#_`j"klV�f2e�V#k"j>\�]"f�_a\�Q�Wf2V#f�klV�R�p"e#kqO(blR�bcQdWf2\�p�]"bcW2R+V#QaT�\�QSp�bcWbl\�QSR�p"V�W2V�RWm|�ªU\�]SR
R]"j"jE\[R2\�QSR^��]SVPklVP¬[f2\�]"jEV�p"V�j"f2\�T�V�R2R2]SR^��]"b�T�\�_`_�]"Q"bl��]SV#QdWPV�RW^R2W$O(Wbl�d]SVµx'bck�Q�� ��O�jGO�R^p"V�QS\�]"u�VmO(]�g
O(ffbcu�O(Q�W2R�V#QaT�\�]"f2R�p"VIR2V�R$Rbl\�Q�{}|[���¯V}g"V#_`j"klV5V�RW�blR2R]`p!� ]"Q`W2V�RW�f2e�V#kSR]"f���hUª¹V#W

n = 3
| ��f2\�blR�j"f2\�T�V�R2R]SR

jGO(fWblT#bcj>V#Q�WvV#WvT2XGO�T#]"Qºp!�¯V#]�g�V#Qdu�\�blV@klV=R2\�Q���]�� bck�¬�e#QSY#f2V=R]"f^]"QSV=O�p�f2V�R2R2V@_�]"kcWblTmO�RWmZ�kc]"b�jEV#f_aV#WW$O(QdW
p"VMf2V�T�V#u�\�bcf^klV�R��S]�gyp"V�R^O(]"Wf2V�Rm|
�\�bcWvWf2\�blRUf2e#j"kcbl��]SV�R`x

p1
Z
p2
V#W

p3
{5��]"b9R·�¯V#Qdu�\�blV#QdWP_@]"W]SV#kcklV#_aV#QdW�p"V�Rve�T2XGO(Q�Wbckckl\�QSR@O(]Sp�bl\"|>h^j"f2Y�R

kqO=j"XGO�R2V-p"VPp�bc_aV#QSRbl\�Q"QSV#_aV#Q�WmZ>u�\�blT#b!klVPW$O(w"klVmO(]�p"\�QdWvp�blRjE\[R2VPT2XGO�T#]"QSV�RUp!�¯V#kcklV�R��

X
X

X
X

X
X

X
X

X
X

X

e�T#fbcu�O(bcQSR
klV�T#W2V#]"f2R

p1 p2 p3

p1
°�� # °�� � ° #�P � #(» °�� 	 � � »

p2
" "#» #���� � " " � P(» 	 � " "#» 	 �(» �

p3
»DP #�P ��� »[»DP ��� � »DP
	 � » �

~�XGO���]SV�T�\�kl\�Q"QSV�T�\�QdWblV#Q�W�klV�u�V�T#W2V#]"f�j"fblR!jGO(f�kqO�f2e#j"kcbl��]SV�bcQSp�bl��]Se�V[|mªv\�W2\�QSR���]SV�klV�R�pSO(W2V�R�_aV�R]"f2e�V�R
R2\�QdW�V#Q=wGO�R2V�p"e�T#bc_§O(klVIV#W�k�� XS\�fkl\�¬�V�]"WbckcblR$e�V�V�R2W9T�V#kcklV�p"V�kqO^TmO(fW2VIR$\�Q�x
V#kcklV�V�RW9f2e#¬[kle�V�R]"f�]"QSV+�
f2e���]SV#QST�V
p"V »[» " ��� " �²{}|
¦^V#¬dO(f2p"\�QSR5_§O(bcQdW2V#QGO(QdWPT�\�_`_aV#Q�WUR2VPp"e#f2\�]"klVPk���O(kc¬�\�fbcWX"_aV@p"VPWf$O(bcW2V#_aV#QdWvp"V�R^V�RW$O(_`j"bckcklV�R·|
p3
OsklV@j"kc]SRv¬[f$O(QSp bcQSp�blT�V[Z!T[�¯V�RWPp"\�QST�T�V=j"f2\�T�V�R$R2V#]"fP�d]"b�R2V#f$OµT2XS\�blR2b�T�\�_`_aV�f2e}�
e#f2V#QST�V=jE\�]"fvklV�R

TmO(klT#]"klRm|
 �Q f2V#¬dO(f2pSO(QdWPklV�RPp�b��!e#f2V#QST�V�R-O�u�V�T=klV=j"f2\�T�V�R2R2V#]"f

p2
jE\�]"fPT2XGO���]SV�f2e�T�V#j"W2V#]"f

pi

Z
p3
V�RWMW2\�]��H\�]"f2R

V#Qyf2V#W$O(f2pyjGO(f5f$O(j"jE\�fWU�
p2
|"ªv\�Wf2VMf2e}�
e#f2V#QST�V�Q��¯V�RW5p"\�QSTPjGO�RIwE\�Q"QSV[|

ªv\�]SR�O(kckl\�QSR�p"\�QST^T$XGO(Q"¬�V#f�p"V^f2e}�
e#f2V#QST�V[Z�kqOPj"kc]SR�¬[f$O(QSp"VUQ���O��dO(QdW�jGO�R�V#QST�\�f2VUe#W2eUT2XS\�blRblV�x'kcbc¬[QSV " �
p"VMk���O(kc¬�\�fbcWX"_aV·{-�

p2 = pref��V�R5p�b��!e#f2V#QST�V�R^R2\�Q�W^TmO(klT#]"kle�V�R^T�\�_`_aV�R]"bcW��
NPO(QSR�kqO-TmO�R$V@x

pi

g
pj

{�kqO-p�b��!e#f2V#QST�VUV�RW
diftemp[pj]

O�u�V�T
pajust == pi

|d��O-T�\�kl\�Q"QSV5�tNUb��!e#f2V#QST�V5_§O²g��
T�\�QdWblV#Q�W^klVPW$O(w"klVmO(]

dif [ppi]
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pc1 pc2 pc3
Nvb��!e#f2V#QST�V-_§O²g

p1 189952 190016 190208 190208

p2 0 0 0
�

p3 710528 710592 710464 710592

~�V�R�TmO(klT#]"klR�\�QdW�e#W2eµV}�EV�T#W]Se�R@jGO(f=T$XGO��d]SVµf2e#j"kcbl��]SV[Z�u�\·��\�QSR=_§O(bcQdW2V#QGO(QdW`klV�R�p"e#kqO(blR@kl\�TmO(]�g O �H\�]"W2e�R
jGO(fUT2XGO�T#]"QSV�p!�¯V#kcklV[|
«9\�]"f�T2XGO���]SV��S]�g!Zd\�Q§T�\�_`jGO(f2V^kqO-p�b��!e#f2V#QST�V5kl\�TmO(klV5V#W�T�V#kcklV^_§O²g�bc_§O(klV[Z�V#QSR]"bcW2V^\�Q§\�w"WblV#Q�W�klV5QS\�_�w"f2V
p!�¯e�T$XGO(QdWbckckl\�QSR-�aO �\�]"W2V#f^jE\�]"f^\�w"W2V#Q"bcfvV}g"O�T#W2V#_aV#Q�W^k��¯e�TmO(fW^_§O²g�bc_§O(k�jGO(f^f$O(j"j>\�fWMO(] �S]�gyf2e}�
e#f2V#QST�V[|
¦vO(j"j>V#kl\�QSR=��]SVak�� XS\�fkl\�¬�VyOy]"QSV§�'f2e���]SV#QST�V§p"V »[» " ����" ����]"Q�bcQST#f2e#_aV#QdW`p"Vak�� XS\�fkl\�¬�V�T�\�ff2V�RjE\�QSp¸�
]"QSV-_`blR2V���\�]"f5p"VPk�� bcQSRW$O(QST�V-p"VP_ae�p�bqO�x']"Q�e�T2XGO(Q�Wbckckl\�Q O(]Sp�bl\a\�] ����£U���l� {}|

Nv]�jE\�bcQdWUp"VMu�]SV-p"V
p1
�

ajust[p1] := dif [p1]− (vecteur1[pref ]− vecteur1[p1]) = 190208 − 189952 = 256
ajust[p2] := dif [p2]− (vecteur1[pref ]− vecteur1[p2]) = 0− 0 = 0
ajust[p3] := dif [p3]− (vecteur1[pref ]− vecteur1[p3]) = 710592 − 710528 = 64

�\�bcW ��� # ]"Q"bcW2e�RUp"V@W2V#_`jSR=x
\�]ie�T2XGO(Q�Wbckckl\�QSR�{v�§O �\�]"W2V#fMO(] �S]�g�u�V#QGO(QdWMp"V
p1
Z�O(]ST#]"QijE\�]"f

p2
V#W

#(» j>\�]"f
p3
|

 �Qa��O(blR$O(Q�W�p"V^_a¡#_aV[Z
p3
u�OMf2V#W$O(f2p"V#f�R2\�Qsj"f2\�j"f2V �S]�g§p"V

p3
p"V " � � e�T2XGO(Q�Wbckckl\�QSRIV#W

p2
klV��S]�gablR2R]

p"V
p1
p"V " °��`e�T2XGO(Q�Wbckckl\�QSRm|

��� # e�T2XGO(Q�Wbckckl\�QSRvO(]Sp�bl\sT�\�ff2V�RjE\�QSp"V#QdWv�`]"Q�p"e#kqO(b�p"V # _aRm|�~�V#WUV}g�V#_`j"klVPQS\�]SR^_a\�QdWf2V@p"\�QST-�d]SV
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fblV#QSp�kc�sT�\�Q"¬�V�RWbl\�QyT�\�QdWf2\�kE��\�f+f2VmO(k���Wbc_aVPR2Wf2VmO²�
_`bcQ"¬sO(j"j"kcblTmO(Wbl\�QSRm| ��V�T2X�|�¦^V#j�|cZ"n O�R2R$O�T$Xd]SR2V#WW2RUr%QSRWbcW]"W2V�\(����V�T2X"QS\�kl\�¬[��Z ��������|

® 		�hM° �²± >| 	�XS\�kqO�ZO^�| 	IO(QGO�u[O(fmZdO(QSpan¸|[h^XGO(_§O�p!|�¦^V�RjE\�QSRbcu�V#QSV�R2R�O(QSp`T�\�QSRblRW2V#QST#�=Wf$O�p"V�\(�ER+bcQ
bcQdW2V#f$O�T#Wbcu�V�¬[f2\�]"jOK�O(f2V[|GrtQ «�f2\�T[| \(� WXSV 	 WX h^~�n ~�\�Q��
V#f2V#QST�V \�Q ~�\�_`j"]"W2V#f �]"j"j>\�fW2V�p
~�\�\�jEV#f$O(Wbcu�V `¥\�fF[ x�~I"~j` ��° � {(Zdªv\mu�V#_�wEV#f " °[° � |

® 		�¦C^P° #²± �W2V#u�V 	�V#Q��
\�f2p!ZG~�X"fblR 	�f2\�KIQ�Z ^-O(bckE¦UV#��QGO(f2p!ZSO(QSp�~�X"fblR ^vf2V�V#Q"XGO(kc¬[X�|+�XGO(f2V�pyR2jGO�T�V�RP�
��f$O(QSRjE\�fW$O(Wbl\�Q�Z�O(fWb��GT#bqO(kcbcWt��Z�O(QSp0RjGO(WbqO(kcbcW%��|¶rtQ ~�\�_`j"]"W2V#f �]"j"jE\�fW2V�p ~�\�\�j>V#f$O(Wbcu�V
`¥\�fF[!Z�jGO(¬�V�R 	 	 � � # Z " °[° # |

® 	5~ ] + ° �²± ¦^\�w"bcQ 	IO(f¬dO(fmZ��W2V#u�V§~�Xd]"f2T$X�Z�ha[�bcf$O@]"]M[�]SpSO�Z �dO(_aV�RE^Mf]"QM[�V[Z!Nv\�]"¬[kqO�R	�PV#blRkqO(fmZ 	�\�w
no\[R$V�RmZ 	�V#Q ªU\·u�O\[EZ 	�f]ST�Vµ«�V#Q"Q���T�\�\�[>Z�
EO�T [¸�V#WW2V#k�Z �d\�X"Q´�Wf$O�KIQ�Z9«�X"bckj` blR2V#fmZ�O(QSp
`¹blV�R2kqO�K `¥\[R �mT����O[E|!h �2KIX"bcW2V5jGO(jEV#fU�dªUV#W K�\�fF[�bcQ"¬`O(]Sp�bl\=O(QSpa_@]SRblT5]SRbcQ"¬@bcQdW2V#fQSV#W �
O(QSpPQSV}g�WH��¬�V#QSV#f$O(Wbl\�Q�bcQdW2V#fQSV#W9TmO(jGO(w"bckcbcWblV�Rm| ��V�T2X"Q"blTmO(k�f2V#j>\�fWmZ�h  ����hU]Sp�bl\  �Q"¬[bcQSV�V#fbcQ"¬
�\�T#blV#Wt��Z " °[° � |

® 	5~��P¦U° �²± �P| 	IO(W2V�RmZ�¦@|d~�XGO(QSp�f$O�ZdN�|�-O(W ��Z�O(QSp��`|[¦^V>[�XdW2V#fm|>no]"kcWbcj"f2\�W2\�T�\�k>V}g�W2V#QSRbl\�QSR��
\�f 	C^M«��
» |�ªvV#WdK�\�fF[@`¥\�fF[�bcQ"¬�^vf2\�]"j�¦UV��d]SV�R2W��
\�fU~�\�_`_aV#Q�W2R@�"¦a]�~ ��� ��P Z���V#w�| " °[° � |

" ��P
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® 	�V#Q���� ± h@| 	�V#QSRkcbc_§O(QSV[Z9V�p�bcW2\�fm| no]"kcWblTmO�RW no]"kcWbc_ae�p�bqO R]"f rtQdW2V#fQSV#W�Z>T2XGO(j"W2V#f���Vs_�]"kcWbcjE\�bcQdW
j>\�]"f�klV�R�V#Q�u�bcf2\�Q"QSV#_aV#Q�W2R�u�bcfW]SV#klR+�v¬[f$O(QSp"V^e�T2XSV#kcklV[Z�jGO(¬�V�R P(» ° � P
	 # |%"vV#f_aV�R���Omu�\�blRblV#fmZ
��������|

® 	C^-�� »�± ª^blT�\�kqO�R 	�\�]"bckckl\�W-O(QSp  �fblTJ^Mf2V�R2RblV#fH�z�\�]SpSO(Q�|�~�\�QSRblRW2V#QST#��_a\�p"V#klRU��\�fvp�blRWfbcw"]"W2V�pibcQ��
W2V#f$O�T#Wbcu�V-_�]"kcWbc_aV�p�bqOsO(j"j"kcblTmO(Wbl\�QSRm| �rF^ �v«� �Uj>V#fm| ���RWm| ¦UV#u>|'Z P�� x » {M� ��� � P ��Z ����� » |

® 	�XGO�� P²± >| 	�XGO(WW$O�T2XGO(f���dO�|�h^Q-\·u�V#fu�blV>K¸\(��R$\�]"f2T�V}�%Rj>V�T#b��GT+_�]"kcWblTmO�RW�x�"�n {}|�ªvV#WdK�\�fF[y`¥\�fF[�bcQ"¬
^vf2\�]"j�¦^V���]SV�RW���\�fU~�\�_`_aV#QdW2R=�"¦ ]�~ P � # °�Z �[]"kc�	����� P |

® 	�\�kq° P²± �S| 	�\�kl\�Wm|  �QSp���W2\(�%V#QSp�jGO�T [�V#W^p"V#kqO��yO(QSp�kl\[R2RIwEV#XGO�u�bl\�fIbcQyWXSVMbcQdW2V#fQSV#Wm|�«�f2\�T[|"\(��h^~�n
�rk^-~ �vnin ° P Z " °[° P |

® 	�\�Q���� ± ¦^e#_�� 	�\�QGO²��\�]SRm|[��V�_@]"kcWblTmO�RW�rz«�jE\�]"f�klV�T�\�QST�V#fW9u�bcfW]SV#k�f2e#jGO(fWb�|�nie#_a\�bcf2V+p!� bcQ"¬�e#Q"blV#]"f
~�ªUhvn�Z ��������|��\�]"W2V#Qd]�klV " �ah�u�fbck�|

® 	��v«+° »�± ��O�KIf2V#QST�Vs>| 	�f$O\[�_a\"Z!�VmO(Q ` | �=�¯niO(kcklV#��Z�O(QSpº��O(ff�i��|E«�V#W2V#f2R$\�Q�| ��T#jiu�V#¬dO�R§�GQSV>K
W2V�T2X"Q"bl��]SV�R��
\�fIT�\�Q"¬�V�RWbl\�Q�p"V#W2V�T#Wbl\�Q�O(QSp�Omu�\�blpSO(QST�V[| �rk^�~ �vnon ~�\�_`j"]"Wm| ~�\�_`_�]"Q�|
¦^V#uE|cZ � » x » {M� � » � P ��Z " °[° » |

® 	�\[R ��� ± h^Q"QSV}� ^SK�V#Q"Q 	�\[R$R2V#fm| ¦^e#j"kcblTmO(Wbl\�QSR NvblRWfbcw"]Se�V�R jE\�]"f kqO NMe}�SQ"bcWbl\�Q p"V�R r%Q�W2V#f$O�T#Wbl\�QSR
p"V ��V#]�g niO�R2R2bcu�V#_aV#QdW no]"kcWb�� ��\�]SV#]"f2R�|d«�XSN WXSV�RblR·Z�]"Q"bcu�V#f2RbcW2e^«�O(fblR 	 ��NMV#Q"blR+Nvblp"V#f2\�WmZ
��������|

® 	�\�]���� ± ª^blT�\�kqO�R 	�\�]"bckckl\�Wm| ��f$O(QSRjE\�fW�p�]sR$\�Qaj"f2\�p�]"bcW�V#Q§W2V#_`jSR+f2e�V#k�R]"f�klV�R+f2e�R2VmO(]�gawEV�RWH�%V}�E\�fWm|
¦UO(j"jE\�fWIw"bcw"kcbl\�¬[f$O(j"X"bl�d]SV=p"VPN� �h@Z%��������|�N� �h �rz¦�Z"« # Z�~�ªUhvn¸Z  �ªM �P|

® 	�\�]�� P²± ª@|�	�\�]"bckckl\�Wm| �UQ´O(kc¬�\�fbcWX"_aVyp!��O(]"W2\ºR2��QST$X"f2\�Q"blR$O(Wbl\�Q¶p�blRWfbcw"]SV�Vyp"V �S]�g O(]Sp�bl\ºpSO(QSR
klV§T�\�QST�V#fW=u�bcfW]SV#k�f2V#jGO(fWb�|�rtQ «�f2\�T[| \(� ��XSV ~�\�Q��
V#f2V#QST�V ]"f$O(QSTmO(blR$V R]"f klV�R ���RW2V#_aV�R
p!�  �g�j"kl\�bcW$O(Wbl\�Q x�~ ]�  5� P {²Z���Os~�\�kcklV-R]"f5��\�]"j�Z#]"f$O(QST�V[Z �vT#W2\�wEV#f����� P |

® 	�\�]�� »�± ª@| 	�\�]"bckckl\�Wm| ��XSV+O(]Sp�bcW2\�f�PT�\�QSRblRW2V#QST#�vbcQ�p�blRWfbcw"]"W2V�p-_�]SRblT�jEV#fH��\�f_§O(QST�V^�mO�T�\�QSp�]ST#W2\�f
wGO�R2V�p�R��QST$X"f2\�Q"b �·O(Wbl\�Q�| rH�NMn x
rtQ��
\ V#W T�\�_ �T#blV#QST�V�R ��\�f NMV�T#blRbl\�Q niO\[�bcQ"¬�{�Z�x "KP {U� j"j�|
" �[° � "KP
	 Z ]�e#u�fblV#f������ » |

® 	�\�]����[O ± ª@| 	�\�]"bckckl\�Wm|@]GO�RW@V#u�V#QdW�\�f2p"V#fbcQ"¬iO(QSp¥jEV#f2T�V#j"Wbcu�V§T�\�QSR2blRW2V#QST#�ºbcQ¥Wbc_aV§R$V#QSRbcWbcu�V§p�blRH�
Wfbcw"]"W2V�p¹_@]"kcWbcj"kqO���V#f�¬dO(_aV�R·| rtQ ~m^MhUn  �>� ������� 	 WX r%Q�W2V#fQGO(Wbl\�QGO(k ~�\�Q��
V#f2V#QST�V \�Q
~�\�_`j"]"W2V#f ^PO(_aV�R(ZdjGO(¬�V�R^j�| "#» # � " ����ZGhUQ"¬�\�]"klV#_aV[ZGªv\muE| ��������|

® 	�\�]����(w ± ª@| 	�\�]"bckckl\�Wm|���Va_a\�p"Y#klV§p"V§T�\�XSe#f2V#QST�VsjEV#f2T�V#j"Wbcu�V§jE\�]"f�klV�R=O(j"j"kcblTmO(Wbl\�QSR�_�]"kcWbc_ae�p�bqO
bcQdW2V#f$O�T#Wbcu�V�R�V#WMp�blRWfbcw"]Se�V�Rm|�r%Q ~�N �U¦@� ��� x �d\�]"fQSe�V�R ]"f$O(QST�\�j"XS\�QSV�R R2]"f kqO ~�\�XSe#f2V#QST�V
p"V�R NM\�Q"QSe�V�R V#Q �UQ"bcu�V#f2R ¦^e#jGO(fWb¤{�Z(jGO(¬�V�R5j�| " � � � " ZS«�O(fblRmZ%��������|

® 	�«�¦M�° #²± ¦�| 	�O(klp"\�Q"b�Z"¦@|�«�f$O\[�O�RX�Z�n¸|�¦UO���QGO(k�Z"O(QSp�n�|S�bcQ"¬[XGO(k�|�	�f2\�O�p"TmO�RWnKIbcWXyWbc_aVMO(QSp�TmO(]��
R$O(kcbcW%��T�\�QSR2Wf$O(bcQdW2Rv��\�f^_�]"kcWbc_aV�p�bqOyO(j"j"kcblTmO(Wbl\�QSR·| ��V�T2X"Q"blTmO(k�¦UV#j>\�fWv¦^¦I� �[° 	 # Z>rzªU¦Urth=Z
" °[° # |

® 	�]"f ��� ± «�X"bckcbcj 	�]"fF[E| �dO(_`_`bcQ��>\�QiWXSVpK�V#w��IO`QSV>K T#kcblV#QdW #(R2V#fu�V#f-O(f2T2X"bcW2V�T#W]"f2V=��\�f^_@]"kcWb���]SR2V#f
_�]SRblTmO(k�jEV#fH��\�f_§O(QST�V[|�r%Q r~�nº~ x
r%Q�W2V#fQGO(Wbl\�QGO(k ~�\�_`j"]"W2V#f no]SRblT ~�\�Q���V#f2V#QST�V·{mZ�jGO(¬�V�R
j"j " " 	 � " ����Z���������|

® 	 La^P° �²± ��VmO(Q��z~�f��R$\[RW2\�_aV 	�\�kl\�W�O(QSp;h^QSp�f2e L�V#¬dO²� ^-O(f2T#bqO�| ��XSVºTmO�R$V���\�fH]! �~+��wGO�R2V�p V#ff2\�f
T�\�QdWf2\�k���\�fIjGO�T [�V#WMO(]Sp�bl\`bcQyWXSV-rtQdW2V#fQSV#Wm| h^~�n no]"kcWbc_aV�p�bqO ���RW2V#_aR�Z " °[° � |

® ~�O���� ± «�|�~�V�p"V#f2��u�blRWUO(QSp�O(k�| L�V#f2Rbl\�Q�_§O(QGO(¬�V#_aV#QdWSKIbcWXi~jLP>Z ��������|
® ~
		����[O ± �[]"kcblV#Q ~ �v¦UNv¦ �`Z�ªUblT�\�kqO�R 	�� �vrt��� � �PZ�O(QSp �O(_`bqO 	�� � 
  ]�¦UhUª  5| 	�\[R$R$OºV#W§klV

T�\�QST�V#fWPu�bcfW]SV#k�f2e#jGO(fWb�Z>bcQdW2e#¬[f$O(Wbl\�Q�V#WMjGO(f$O(_ae#Wf$O(¬�V`R2\�]"j"klV�p!� ]"QSV�jE\�kcbcWbl�d]SV�p!�¯\�f2p"\�Q��
QGO(QST�V#_aV#QdWUR2j>e�T#b��G��]SVMj>\�]"fI]"QSV-O(j"j"kcblTmO(Wbl\�Q�_�]"kcWbc_ae�p�bqOap�blR2Wfbcw"]Se�V[|�r%Q ¦��^>� ����Z "KP WX
r%Q�W2V#fQGO(Wbl\�QGO(k T�\�Q���e#f2V#QST�V \�Q ¦^VmO(k Wbc_aV ���RW2V#_aR�Z[«9O(fblR·ZSh�u�fbck ��������|

" �(»



® ~
		����(w ± �[]"kcblV#QK~ �v¦^NM¦ ��Z�ª^blT�\�kqO�R 	�� �vrt��� � �PZ�O(QSp;�O(_`bqO 	�� � 
  ]�¦^hvª ^|K«9V#fH�
\�f_`bcQ"¬
f2VmO(k���Wbc_aVoR$T2XSV�p�]"kcbcQ"¬ bcQ O(Q¹bcQdW2V#f$O�T#Wbcu�VºO(]Sp�bl\(�%RWf2VmO(_`bcQ"¬¶O(j"j"kcblTmO(Wbl\�Q�|KrtQ r~  �rH>� ����Z
r%Q�W2V#fQGO(Wbl\�QGO(k ~�\�Q��
V#f2V#QST�V \�Q  �QdW2V#fj"fblR2V rtQ���\�f_§O(Wbl\�Q ���RW2V#_aRdZ+n�bqO(_`b�Z �M�h=ZU_§O(b
��������|

® ~�N �P¦��� ± n�|v~�O�RWf2\"Z5«9|^Nvf]SR2T2XSV#k�ZUh5�%n¸| �PV#f_§O(ff2V�T[ZUO(QSp�h@|I¦U\�K5RWf2\�Q�| �T#fbcw>V0�5h kqO(f¬�V}�
R2TmO(klVºO(QSp;p"V�T�V#QdWf$O(kcblR2V�p�O(j"j"kcblTmO(Wbl\�Q���klV#u�V#k�_�]"kcWblTmO�R2WybcQ��'f$O�RWf]ST#W]"f2V[| r    ��\�]"fQGO(k
\�Q �V#klV�T#W2V�p hUf2VmO�R bcQ ~�\�_`_@]"Q"blTmO(Wbl\�Q x ���h^~I{dZ\L�\�k�|����"x
ªv\"| � {}Z ��������|

® ~ ] 	 �²± ��|�n¸|d~�V#QSRblV#f�O(QSpa«9|�]SVmO(]"WfblV#fm|Eh¹QSV>K¶R2\�kc]"Wbl\�QaW2\-T�\�XSV#f2V#QST�V^j"f2\�w"klV#_aR�bcQ`_@]"kcWblTmO�T2XSV
R��RW2V#_aRm| r    ��f$O(QSRm| ~�\�_`j"]"W2V#f2R�Z[u�\�k � 	 x " ��{M� jGO(¬�V�R " " " � � " " " � Z " ° 	 � |

® ~ ]�^ + � P²± hIp�fbqO(Q�NPO�u�blp�~�XSV�\�[EZ��blV>K `�O(Q ]S\�Q"¬SZ �^\�[ "aK�V�V ^M\�X�Z �v]"wE\ ��O(Q"¬SZ,`¥V#b��!bc]�Z9O(QSp
]GO(f �·O(_ ]�O(f ��w"b ��|�"U]"_§O(Q-jGO�T#_§O(Qs�·O5R2V#QSRbcQ"¬���wGO�R2V�pP_a\�w"bcklV�V#QdW2V#fW$O(bcQ"_aV#Q�W�R2��RW2V#_ KIbcWX
]"w"bl�d]"bcW2\�]SRPT�\�_`j"]"WbcQ"¬�O(QSpoW$O(Q"¬[bcw"klV=bcQdW2V#f$O�T#Wbl\�Q�|-rtQ ª � ^PhUn  � � � P � «�f2\�T�V�V�p�bcQ"¬�R
\(� WXSV �(QSp K�\�fF[�RXS\�j \�Q ªvV#WdK�\�fF[ O(QSp R2��RW2V#_ R2]"j"j>\�fW ��\�f ¬dO(_aV�RdZ>jGO(¬�V�R " � # � " " 	 ZªUV>K��+\�fF[>Z"ª���Z��P�h=Z ����� P |Sh^~�n «�f2V�R2Rm|

® ~ ] � ����� ±  5|�~�f2\�Q"bcQ�Z 	M|�]�bcklR2Wf]"j�Z9h=| �M]"f2T[Z�O(QSp´>| �dO(_`bcQ�|ihUQ¸V}¨§T#blV#Q�W�R2��QST$X"f2\�Q"b �·O(Wbl\�Q´_aV}�
T2XGO(Q"blR_ ��\�fµ_`bcff2\�f2V�p ¬dO(_aV O(f2T$X"bcW2V�T#W]"f2V�Rm| rtQ h^~�n ªvV#W¬dO(_aV�Rm� ���>Z 	�f$O(]"QSR2T2XOK�V#bc¬SZ
^MV#f_§O(Qd��Z ��������|

® ~���~�°[° ± ` |^~�O(b�Z ]�|I��V�V[Z^O(QSp ��|U~�XSV#Q�| h^QKO(]"W2\(�tO�pSO(j"Wbcu�V�p"VmO�p;f2V�T [�\�Q"bcQ"¬ O(kc¬�\�fbcWX"_ ��\�f
p�blRWfbcw"]"W2V�p´bcQ�W2V#f$O�T#Wbcu�V�Rbc_�]"kqO(Wbl\�Q�|¸rtQ «�f2\�T�V�V�p�bcQ"¬�R \(� WXSV WX"bcfW2V�V#QdWX K�\�fF[�R2XS\�j \�Q
«9O(f$O(kcklV#k O(QSp p�blRWfbcw"]"W2V�p Rbc_�]"kqO(Wbl\�Q+Z�jGO(¬�V�R � � � � °�|Gr    ~�\�_`j"]"W2V#fM�\�T#blV#W%��Z " °[°[°�|

® ~���ª + ��� ± h@|G~�XSV�\�[EZ�~v| ~v|S��b�Z �P| "@|¯N�|SªU¬[]"��V#Q�Z�>|¯«9|S��V�V �P| ~v| �P| �U]"b�Z%` |"�!bc]�ZGN=|"NvbqO �	�`| >| �P|cZ
O(QSp ~v| 	�\ �#|M�\�T#bqO(k�O(QSpoj"Xd��RblTmO(k�bcQ�W2V#f$O�T#Wbcu�V�jGO(f$O�p�bc¬[_aRv�
\�fU_`b�g�V�pof2VmO(kcbcW%�iV#QdW2V#fW$O(bcQ��
_aV#QdWm|�r%Q ~m^PhUn  �>� ������� 	 WX r%Q�W2V#fQGO(Wbl\�QGO(k ~�\�Q���V#f2V#QST�V \�Q ~�\�_`j"]"W2V#f ^PO(_aV�RdZ�jGO(¬�V�R
j�| � � " ��ZShUQ"¬�\�]"klV#_aV[ZSªv\muE|���������|
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r%Q��
fm| ]S\�f ~�\�kckqO(wE\�fm|  �QdWf2V#j"fblR$V�R x"`  �IrH~  �{ �MQS\�KIklV�p�¬�V niV�p�bqO ªvV#WdK�\�fF[�bcQ"¬ K�\�fF[�RXS\�j�Z
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® ��XS\ ��� ± �S|¯«9| ��XS\�_aV�R2R2V[| ��]"W2\�fbqO(k���T�\�XSV#f2V#QST�V+bcQ-bcQSp�]SRWfbqO(k�O(]"W2\�_§O(Wbl\�Q�|�rtQ ~�N �U¦@� ��� x ��\�]"fQSe�V�R
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