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YdTfl±k�VWXZONTfijVWI _j��VWILXZONOD.���� :�;�$����^`�h�`~fMa^hTfYjVW^h_dT±ON¤9Op[]VekN rHJILO �fXek�VaON¤9Op[]V3^hk�VZONM5wF_\XZYd��[eIfYjTLi\^`Tfi
_\�xstO=[�V6kWIfYdlL^`TLiF @H�ONM5w9_dXeYj�9[eIfYjTLi\^`Tfi�k�IFYdlx^hTLi�[=Yj~fkWO=k#Y'�*YjXZ^oY*VW^h_dT&_j��VWIfO�M5O=Y\k�~fXWOpl5^`M3Yji\O�kW^`i\TfYj�
_d��YjT¥_\�xstO=[�V#k�~fX��ÒY\[�O¨lx~fO�VW_�XW_dVZY*VZ^`_\T5_dXrVZXZYdTfkW�hYjVW^h_dT5_j��VZILO¨_\�xstO=[�V= \HJIfO�kWO=[�_\Tfl5O�¤�O=[�V#^okrM5_*�m^`Tfi
[=Ydk�V�kWIfYdlL_*�ukN 9 M5_*�m^`TLi�[NY\ktV�k�IfY\lx_*�y[NYd~fk�Opku�*YjXZ^oY*VW^h_dTFku^hT�VWIfO�M5O=Y\k�~LXZO=l�^`M3Yji\O�kW^`i\TfYj�$_j��YdT
_\�xstO=[�V#kW~LX��ÒY\[�Oulx~fO�VW_aYjTL_dVWILO=Xr_d�xstOp[]VrVZIfY*V#Ma_*�\O=k��9O�Vt�6ONO=T5VWILO�k�~fX��ÒY\[�OuYjTFl3Y+�`^hidI@V#kW_d~fXZ[NOd dHJILO
VZIL^hXZl�O�¤�O=[�Vu^hk6VZONM5w9_dXeYj��[eIfYdTLidOpk#^hT
id�h_d�fYd��^`�h�`~fMa^hTfYjVW^h_dT
^`T@VZONTfkW^§Vt�\ 

HJILO�wLXZ_dw9_\kWO=l¢^h�h�`~LM5^hTfY*VZ^`_\T lLO=kZ[�XZ^`wxVZ_dXa��^`�h�J�FO��fY\k�Opl¯_dT±VWO=Maw9_dXeYj�6�h~LM5^`TfYdTf[�O��*YjXZ^hYjVW^h_dTfk
Yd�`_\TLi�_d�xstOp[]V+M5_jVW^h_dT�VWXeY*stOp[]VZ_dXZ^`OpkN �HJIm~fkNg�M5_dVW^h_dT¦^`Tx��_\XWM3YjVW^h_dT£�h^(#dO3lx^ok�wL�oYd[NONM5ONT@V+�dOp[]VZ_dX �fON�olLk
E � ¹ ªGFu��XW_\M.YjT£��q��#��b�4
[�_xlxOpl��m^hlLON_&^ok�TLO=[NO=kZkWYdXW��YdlLlx^`VW^h_dTFYj�h�`��VW_&VWILO��m^hlxO=_0kWO=¬@~LO=Tf[�O\ 9HJILO
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lLO=kZ[�XZ^`wxVZ_dX3��^h�`���9O£Y¯kW^`TLi\�`O�kZ[NYd�hYdX5VWIfYjV0[NYdT �FO�[NYj�o[�~f�hYjVWO=l If^`O=XZYdXZ[eIL^o[NYd�`�h�dg�^c  Od r��_\X&YjT ^hM3Yji\O
XZONi\^`_\T�gm��_dX�Y3k�^hTLi\�`O+^hM3YjidO+_\X���_dX�YjT�^hM5YdidO'kWO=¬@~LO=Tf[�O\ fHJILO�lxOpkW[NXW^hwxVZ_dX���^h�`��id^h�dO'Y5IL^hidI�kZ[�_\XWO�^`�
kWIfY\lx^`Tfifgf[=Ydk�V�k�IFYdlx_*�uk�_\X¨i\�`_\�fYj��^h�h�`~LM5^hTfY*VZ^`_\T£[eIfYdTLidOpkuYjXZO'ktVZXW_\TLi3_dX�[�_*�\ONX��oYjXZidO'YjXZO=Y\k�^hT�VWILO
[N_dTfkW^olxONXZO=l&�@^olxO=_f 

HJILO�XWO=wF_\X�V���^h�`�d��~LX�VZILONX�lxON�\ON�h_dw+YJM5O�VWIf_ml���_\X�VWILO�O��mVWXeYd[�VW^h_dT�_j�mVWILO#lxO=kZ[�XZ^`wLVW_dX���XZ_dM �m^hlxO=_f �R©V
��^h�h�\�9O6kWIL_*��T+VZIfY*V�VWILO6O��mVZXZY\[]VW^h_dT+_d�LVWIfO�wLXZ_dw9_\kWO=l'lLO=kZ[�XZ^`wxVZ_dX$lxO=kZ[�XZ^`�f^`TLi .���  ?��� ���L^h�`�h~LM5^hTfY*VZ^`_\T
ON¤9Op[]Vek![NYdT��FO���~L�`�h��Yj~xVZ_dM3Y*VZ^h[d NHJIL^ok�^ok�_j�xIL^hidI+^hM5wF_\X�VeYjTf[NO;��_dX�^`VZk�wLXeYd[�VW^o[NYj�*~Fk�O\ =H�_�VWILO#[�_dT@VZXZYdXW�\g
lLO=kZ[�XZ^`wxVZ_dXek$_j�9k�VZYjVW^o[J^`�h�h~LM5^`TfYjVW^h_dTaO�¤�O=[�VZk�_\XrlxO=kZ[�XZ^`wLVW_dXek$_j�9�`^hidI@Vrk�_\~LXe[�O=k;YdXWOJXZO=k�VWXZ^h[�VWO=l�ON^`VWIfONX;VW_
~fTL^h[N_d�h_dXZO=l3kZ[�O=TLO¨�fY\[�#midXZ_d~LTfl % �5*.% �;4�*cgm_\XrVW_�~LTL^o[�_\�`_\XWOpl5_d�xstOp[]VZk %Ö��'�*.% C�*cgm_dX�VWILO=�5TLONOpl&Ydlflx^§VZ^`_\TfYj�
^hTLwL~LV6lLYjVZY'Y\k�P&� _d�LstO=[]V6k�IfYdwFO %3'pP7*�%Ö�\�7*�%Ö�;C�*c @HJILO¨wLXZ_dw9_\kWO=l3lLO=kZ[�XZ^`wxVZ_dXrON�mVWXeYd[]VZ^`_\T5MaONVWIL_xl¥kWIfYd�`�
[N_dTfkW^olxONXJONXZXZ_dXek#^hT
Yj�h��~fkWO=l�lLY*VeYLgx^c  O\ xVWILO+�m^olxON_5^hM3YjidOpk ��
*�3VZILO+~fkWO=l�M5_jVW^h_dT�^hTx��_dXZM3Y*VW^h_dT! 

HJIL^ok#XWO=wF_\X�V6^hk#_dXZi\YdTL^`�=O=l5Ydk���_d�h�h_*�ukN �HmO=[�VW^h_dT0�'^`T@VWXZ_xlx~f[NO=k�VZILO�wLXW_\wF_@k�Opl5^`�h�h~LM5^`TfYjVW^h_dT¥ON¤9Op[]V
lLO=kZ[�XZ^`wxVZ_dXp @HJIfONT�g�HmOp[]VZ^`_\T0P�wLXWOpk�O=T@VZkJY�M5ONVWIL_xl&��_dX6^§VekJXW_\�L~fk�VJYdTfl&Yd~xVW_\M5YjVW^o[¨ON�mVWXeYd[]VZ^`_\T3��XZ_dM
�m^olxON_F xHJILO�wFO=X���_\XWM3YjTF[�O�_j�!VZILO+O��mVZXZY\[]VW^h_dT0M5O�VWIf_ml0^okJ^`Tm�dOpktVZ^`i@Y*VZO=l¥^hTIHmO=[�VW^h_dT 45YdTfl�HxO=[]VZ^`_\T/,
wfXWOpk�O=T\VekJkWYdMawf�`O+XZO�VZXW^hON�*Yj��XZO=kW~L�`VZk= Lª�^hTfYd�`�h�dgJHxO=[]VZ^`_\T�|ai\^`�\O=k�Y5[�_\Tf[��h~fkW^`_\T� 
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L'M�N O9PQ�R�S	TVUXW�Q@Y-SP
RUT�VWILO#��_d�h�h_*��^`TLiFgpY�lxOpkW[NXW^hwxVW_\X!��_\X;^`�h�`~fMa^hTfYjVW^h_dT�ON¤9Op[]Vek;^`T��@^olxO=_�kWO=¬@~LO=Tf[�Opk!��^h�`�x�9OJlxON�\ON�h_dw9O=l� 

HJIfO�lxONVWO=[�VW^h_dT¥YdTfl3M5O=Y\k�~LXZOu_d��[N_dM5M5_dT¥^h�h�`~LM5^hTfY*VZ^`_\T3O�¤�O=[�VZk#�`^(#dO�k�IfY\lx^hTLi�YjTFl3[NYdk�V6kWIfY\lx_*�uk�^hT
Y ����
94)�3�J^hM5YdidO#^hk;YuIFYjXel+wLXZ_d�L�hONM
  �#�hY\kWkW^h[=Yj�@XWON��ONXZONTf[NO=k�YdlLlxXZO=kZkW^`TLi�k�IFYdlx^hTLi�YdTfl'[=Ydk�V$kWIfYdlx_*�uk�^hT
Y�kW^`Tfid�hO#^hM3YjidOJXZO=k�VWXZ^h[�V�VZILOukZ[�ONTfO6O=^§VZILONX;VZ_�~LTL^o[�_d�h_dXZO=l�_d�xstOp[]Vek % �:'�*�% C7*f_\X;~LTL^o[�_d�h_dXZO=l��fYd[�#mi\XW_\~LTfl
% �5*.% �;4�*© LRUT % �;4�*!ON�\ONT
Y	#@Tf_*��T0�fY\[�#midXZ_d~LTfl¥^`M3Yji\O���^§VZIL_d~xVu_\�xstO=[�VZkJ^ok�XZO=¬@~L^hXWOpl� 

Hm~F[eI¥XWOpktVZXW^o[]VZ^`_\TfkrYdXWO�TL_dV#wLXeYd[�VW^o[NYd�x��_dX#XWOpYj�f�m^olxON_�M5YjVWO=XW^oYj�c duT&^`�h�`~fMa^hTfYjVW^h_dT¥ON¤9Op[]V6lLO=kZ[�XZ^`wxb
VZ_dXr^okr~Fk�ON��~L�f_\TL�`�\gd^`�!Y���^hlLONX�XeYjTfidO�_j���m^olxON_+M3Y*VZONXZ^hYd�f[NYdT3�FO�YdlLlxXZO=kZkWO=l� dªf~LXWVWILO=X=g@YjT¥Yj~LVW_dM3YjVW^o[
ON�mVWXeYd[]VZ^`_\T�_d�FVZILOulxOpkW[NXW^hwxVW_\Xrk�If_d~L�ola�FO�w9_\kZk�^h�L�hOd dHJIf^hk��hO=l�VZ_�VWILO�^olxO=Y�_d�FVZIL^ok�XWO=wF_\X�V;VZ_+MaOpYdkW~LXZO
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:�5_j��VZILO�^hM3Yji\O�k�^hidTFYj��lL~LO'VZ_&^h�`�h~LM5^`TFY*VW^h_dT�O�¤�O=[�VZk= 9HJILO�ON�*Yj�h~fYjVW^h_dT�_d��VWONMab
w9_dXeYj�$[eIfYjTfidO=k¨lx_mO=k�TL_jV�XWOp¬\~f^`XZO+VWIfO�M5ONT@VW^h_dTfO=l�XZO=k�VWXZ^h[�VW^h_dTfk���_dX�_d�xstOp[]VZk¨_dX��fYd[�#midXZ_d~fTfl� f¨�hkW_fg
M5OpYdkW~LXW^hTLi3VZONM5w9_dXeYj��[eIFYjTLi\O=ku_d��k�IFYdlx^hTLi&_\X�[=Ydk�V�kWIfYdlx_*�uku_dT£kW~LXW�ÒYd[�Opku_d��M5_*�@^hTLi¥_\�xstO=[�VZk�IfYdk
�9ONO=T�kWIL_*��T�VZ_0�9O5k�~f[=[�OpkWk���~L�$��_dX�^`�h�h~LM5^`TfYjVW^h_dT¦O=k�VW^hM3Y*VW^h_dT %3'pP�*.% �@�5*�%Ö�;C�*cg�kWIfYjw9O�OpktVZ^`M3YjVW^h_dT %Ö�d�7*cg
M5_dVW^h_dT�O=k�VW^hM5YjVW^h_dTD%3'-C7*.% P\�7*�% P\��*!YjTfl
kWIfYdlL_*� lxO�VZO=[�VW^h_dT�YjTfl&VWXeYd[�#m^hTLi % �d{7*c 

L'M�L �����EPVY.Q@Y-S P S��2Q��	� T	��
�W*R�Y�XQ S R
ªf_dX�VWILO0wLXWOpk�O=T@V=g�VWILO�lxO=kZ[�XZ^`wLVW_dX�^hkalxO �fTLO=l¢��_dX5Y£kW^`TLi\�`O&wL^h[�VW~LXZO&O=�`O=M5ONT@V E wFO=� FaY*V�VWILO�� �

^hM3Yji\O¥wF_@k�^`VW^h_dT��B^hT YjT¢^hM3Yji\O����mg���IfONXZO��0^`TflL^h[=Y*VWOpk'VZILO&^hM3Yji\O¥�`~fMa^hTfYdTf[�O�YjTfl��¦VZILO¥VZ^`M5O
^hTfk�VZYdT\Vp   Y*VWO=X=gLVWILO�lLO=kZ[�XZ^`wxVZ_dX�M3Y��&�9O�Y��\ONXeYji\O=l¥_*�\ONXuY3kWO�V¨_d��wFO=�hk¨^`T�Y3kW^`Tfid�hO'�m^hlxO=_3^`M3YdidO+_dX
^hT&Y'kWO=¬@~LO=Tf[�O¨_j���m^hlLON_'^hM3YjidOpkN @HJILO�lLO=kZ[�XZ^`wxVZ_dX���_\X6Y�k�^hTLid�hOuw9ON�9^hk6lxO �fTLO=l¥~fk�^hTLi�VWILXZONOuO=�`O=M5ONT@VZk
_d�$lLYjVZY��

'd 6VWILO+^hM3Yji\O��h~LM5^hTfYjTf[NO����������J^`T�VZILO+[�~LXZXWO=T@VJ^hM3Yji\Odg
�x 6VWILO�lx^ok�wL�oYd[NONM5ONT@V'�\O=[]VZ_dX���������w9_d^hT@VW^hTLi���XZ_dM VWILO¥w9_\kW^`VW^h_dT�� YjV'VW^hM5O¥^hTfktVeYjT@V ��VZ_�VWILO
[�_\XWXZO=kWwF_\Tflx^hTLiawF_@k�^`VW^h_dT�^`T�VZILO+wLXZO=[�Oplx^hTLi5^`M3Yji\OdgLYdTfl

PL 6VWILO'[N_dXZXWOpk�w9_dTFlx^`Tfi�^hM3YjidO��h~LM5^`TFYjTf[NO!� �#"%$ �&�(')�*�&�+�,�6^`T�VZILO+wLXZO=[�Oplx^hTLi5^`M3Yji\Od 
H�_�lxOpkW[NXW^h�9O3VWILO&VWO=Maw9_dXeYj�6[eIfYjTfidO3_j��VZILO&^hM3Yji\O¥�`~fMa^hTfYdTf[�O¥_d�¨Y�w9ON�Jlx~LO¥VZ_£^h�`�h~LM5^hTfY*VZ^`_\T

ON¤9Op[]VekNgpk�O=�dONXeYj�dMa_xlxO=�hk!IfY��dO��9ONO=T+wLXZ_dw9_\kWO=l�^`T'VWILOr�h^`VWONXeY*VZ~LXZOd NHJILO�VWO=Maw9_dXeYj�\[eIfYjTLi\O�^hk�lxO=kZ[�XZ^h�FOpl
O=^§VZILONX0�m� YdT�YdlLlx^`VW^h�dO�[�_dTFktVeYjT@V %('=�7*.% �d�7*.% P7*�_dX&�@� Y¢i\ONTLO=XZYd�u�`^hTLOpYjX&M5_xlxO=� E Y¯�ÒYd[�VW_dX0YjTfl YdT
Y\lLlx^`VW^h�dOu[N_dTfk�VZYdT\V�F %3'-C7*�% 4;*.%('={7*.% P\|7*© \HJILO�wfYdXZYdM5O�VWO=XZk$_d�FVZILO¨kW^`i\TfYj�xM5_xlxON�ok;��_\XrTLON^hidIm�9_dXZ^`Tfi�^hM3Yji\O
w9_\kW^`VW^h_dTfk+M3Y��¦�FO�k�wFY*VW^oYj�h�h��[�_\Tfk�VWXeYj^hTLO=l %('=�7*.% �d�7*.% P;*�%('5C7*© �¨�`�#VWIfO=kWO¥M5_mlLON�ok�YdkZkW~LM5O¥M3Y*V�VZO&YjTFl
_\wfYd¬@~LO�_d�LstO=[]V¨kW~LXW�ÒYd[NO=k= 

RUT�VZIL^okuXZONw9_dXWV=gLVZILO'�h^`TfO=YjX�lxO=kZ[�XZ^`wLVW^h_dT��m��Y3�ÒYd[]VZ_dXuIFYdk��9ONO=T£[eIL_\kWONT! fHJIL^okuXZO�0fOp[]VZk¨�FOpktV�VWILO
wfI@�xkW^h[=Yj�F^`T�0F~LONTf[NO�_d�!^h�`�h~LM5^`TFY*VW^h_dT�[eIfYjTfidO=k�_dT3VZILO��`~LM5^hTfYjTF[�O�k�^hidTfYd�º @RUT¥�ÒY\[]VpgdVZIL^hk#�ÒY\[]VW_\X#^ok#VWILO
lL^hkWwL�oYd[�Opl¥��XeYjM5O�XeY*VW^h_ E ��ª;v�F

-/.10 �&�+��2 � � �����
���#"%$3�&�(')�*�&�+�,�54 E '-F

VZIfY*V3lxOpkW[NXW^h�FOpk�VWILO��`~fMa^hTfYdTf[�O��*YjXZ^hYjVW^h_dT¯_d��Y£w9ON�uYd�`_\TLi£^`VZkaM5_jVZ^`_\T¯VZXZYjstO=[]VZ_dXZ�d ;H!_¦k�If_*� VWILO
wfI@�xkW^h[=Yj��M5O=YdTL^`Tfia_d�!VZILO ��ª;v+gFY��h~LM5^hTfYjTf[NO+k�^hidTfYd��M5_mlLON��^okJ^`T@VWXZ_xlx~f[NO=l� fHJIf^hkJM5_xlxON��^ok��fY\k�Opl
_\T&VZILO���_d�h�h_*��^`TLi5YdkZkW~LM5wxVW^h_dTfk6�

��vuYdlL^hYd��wLIL_jVZ_dM5O�VZXW^o[�lx^oktVZ_dXWVW^h_dTfkJ_d��w9ONXek�w9O=[�VW^h�dO'[NYdM5ONXeY�wLXZ_jstOp[]VZ^`_\T % ,7*![NYdT
�FO+TLO=id�hO=[�VWO=l� 
��HJILO+i\YdM5M5Y�TL_\TL�`^hTLOpYjXZ^§Vt�¥_d�!VZILO+�m^hlxO=_3[NYjM5O=XZYa[NYdT��9O+TLO=id�hO=[]VZO=l� 
��u�h���h^`i\I\V¨kW_d~fXZ[NO=k6^`T�VZILO'kW[NONTLO�IfY��\O¨VZILO'kZYjM5O+k�w9O=[�VWXZ~LM E [�_d�h_dX�F�% �)C7*c 
��HJILO+_d�LstO=[]VukW~LXW�ÒYd[�OpkJ^`T0VWIfO'kW[NONTLO'YdXWO  YdM��9ONXWVW^oYjT� 
� �6YjM5ONXeYaTL_d^okWO�[=YjT
�FO+TfONid�hO=[�VWOpl� 
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O=XWXZ_dX�^hT3VZILO¨lxOpkW[NXW^hwxVW_\XrO��mVZXZY\[]VW^h_dT5��XZ_dM XZO=Yj�f^`M3Yji\O=k�^hT@VWXZ_xlx~f[�Opl5�m�a[=YjM5ONXeY�TL_d^okWOuIfYdkrVWILO�kWYdM5O
�*YdXW^oYjTf[NO�Y\kJ^`T0VWILO+kWO=[N_dTfl0O��xw9ONXZ^`M5ONT@V6��_dXukW�mT\VZILO�VZ^h[�^hM3YjidOpk E [�_\MawFYjXZO�ª$^hif ?,���_dX �#RtªGF] LRUT0VWIf^hk
ON�xwFO=XW^hM5ONT@V=gxVZILO+ONXZXZ_dXek6YdXWO'[=Yj~fkWO=l0�m�0lx^okWwL�hY\[�O=MaO=T@VuO=k�VW^hM5YjVW^h_dT
ONXZXZ_dXek6lL~LO�VW_3XZO=Yd� ��
*�0Y\lLlxOpl
kW�mT@VWILONVW^o[�[=YjM5ONXeY�TL_d^ok�O+Y\kJ�#O=�`�!Y\k�lx^hXWOp[]VW�h�¥�m�¥TL_\^hkWO+lx~LXZ^`Tfi�VZILO'[NYd�h[N~L�oY*VW^h_dT�_j��VWILO ��ª;v+ 

H�_3k�~LM�~Lw�gLkW�mk�VWO=M3Y*VW^o[�YjTfl�ktVZ_x[eIfYdk�VW^o[¨O=XWXZ_dXek6YjXZO�^hTx��ONXZ^h_dX6VW_5�L  �:'�^`T
YjM5wL�h^`VW~flxO\gx^º  Od x^hT�VWILO
PdXZl3lL^`i\^§V�_d��VWILO�lxO=kZ[�XZ^hwxVW_\X= ;< IfONXZO=Ydk=gj��_\XrVZILO¨ON�mw9ONXZ^hMaO=T@VZk�kWIL_*��T3^hT5VWILO�TLO��mVJk�Op[]VW^h_dT!gjVWIfO �fXektV
YdTfl�k�Op[�_dTFl0lx^hid^`VZk�YdXWO�XZON�hON�*YjT@Vp 

� � �� ��0�]�� 

H�_¥_d�LVZYj^hT
VWIfO�O��xw9ONXZ^`M5O=T\VeYj��XWOpk�~L�`VZku_j��VWIf^hk�k�Op[]VW^h_dT!gLVWIfO�kWO�V¨_d��VWONT��m^olxON_&^`M3Yji\O�kWO=¬@~LONTF[�O=k
kWIL_*��T�^`T¡ª$^`iF ��&^ok�~fk�Opl� �HJILO3kWO�V+[�_dT@VeYj^hTfk�ILO=Y\lmb©YdTflmbUk�If_d~L�olxONX�kZ[�ONTfO=k�_j��M5_*�m^hTLi�YdTfl£VZYj�(#m^`Tfi
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FormatTest 
Sequence

FormatTest 
Sequence

80 images
CIF

Ball

CIF

Akiyo

300 images

CIF

24 images
CIF

Mother

CIF

300 images

155 images

Claire

Jürgen

50 images
CIF

50 images
CIF

SIF

169 images
Second Part

Table Tennis

Erik

Tai

CIF CIF
50 images

Christoph Roma

24 images
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'p| ������.�;���)���

1.0010 1.0104

(a)

(b)

1.0059 1.0076 1.0103

1.0237 1.0154 1.0151

�	��
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?
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w9ONXekW_dTfk���^`VWI¥YdTfl5��^`VWIL_\~xV��m^hkW^h�L�`O�[NYdk�V#kWIfYdlL_*�uk;_dX�kWIfYdlL^`TLi+ON¤9Op[]VekN mªL~LXWVWIfONXpgdY+M5_*�m^`TLi�VZ_*�@b©[=YjXpg
YaXeYjwL^olx�h�¥M5_*�m^`TLi�VW_*�@b©�fYj�h��YjTFl0Y5kWwF_\X�VukZ[�ONTfO�YdXWO�^hTf[��h~flxOpl� 

ªf_dX�VWIfOa^hM3Yji\O5kWO=¬@~LO=Tf[�OpkNg�[N_dXZXWOpk�w9_dTflL^`TLi�k�Op¬@~LONTf[NO=k�_d�6lx^ok�wf�hY\[�ONM5O=T\V+�\O=[]VZ_dX �fO=�hlLk E � ¹ ªGF
YdXWO'Y��*Yd^`�oYj�L�hOd LHJIfO � ¹ ªFkuIfY\l
�FO=ONT�lxO=XW^h�dOpl��@��IL^hONXeYjXe[eIL^o[NYj���f�`_x[�#&M3YjVZ[eIL^hTLi3��^`VWI�IfYd�§�;w9ON�;Yd[]b
[N~LXeYd[��'YdTfl5[�XZ_\kZktbU[�_\XWXZON�oY*VZ^`_\TxbU[�_mO�°¥[�^hONT@VWb©[NXW^`VWO=XW^h_jT	%3'�*c dªf_dX�OpYd[eIa^`M3Yji\O�k�Op¬\~fONTf[NOdg�VWIfOulxO=kZ[�XZ^`wLVW_dX
^ok+O=��Yd�`~FY*VWOpl���_dX'OpYd[eI¡^`M3YdidOdg��9ONi\^`TfTL^`Tfi���^§VZI¡VWILO&kWO=[N_dTfl¦^hM3YjidO E k�^hTf[�O0Y
wLXWOp[�Oplx^`Tfi�^hM3Yji\O3^hk
TfO=[�OpkWkZYjXZ�:F] fªf_dX�O=Y\[eI�^`M3Yji\O�kWO=¬@~LONTF[�OdgFVWIfO�O��mVZXZY\[]VWOpl�lxOpkW[NXW^hwxVW_\X¨�*Yj�h~LOpk¨YjXZO�Y��\ONXeYjidOpl0VW_&i\O�V�Y
kW^hTLid�hO¨lxOpkW[NXW^hwxVW_\Xr�*Yj�h~LOu��_\X�OpYd[eI3^hM5YdidOukWO=¬@~LO=Tf[�O\ \HJIL^ok#kW^hTLid�hO¨lxOpkW[NXW^hwxVW_\Xr�*Yj�h~LO¨^okr~Fk�Opl¥Ydk�^`TflLO��
��_\X�O=Y\[eI0^hM3YjidO�kWO=¬@~LONTF[�Od 

RUT3VZIL^ok#lLYjVZY+�FYdkWOu_j��VZONT¥^hM3YjidO�k�Op¬\~fONTf[NO=k=g\kWO=YjXe[eI5O��xw9ONXZ^`M5ONT@Vek#YdXWOu[=YjXZXW^hO=l5_\~xV= \R©V#^ok��h_m_)#dOpl
��_\Xr^hM5YdidOukWO=¬@~LO=Tf[�Opk;VWIfYjVrIfY��dO�^h�h�`~LM5^hTfY*VZ^`_\T3O�¤�O=[�VZkr_d��[N_dM5wfYdXZYd�L�`O�k�VWXZONTLidVWI3Ydk�Y'kWYdM5wL�`O�^hM3Yji\O
kWO=¬@~LO=Tf[�O\ �¨k3kZYjM5wL�hO0^hM3YjidO
kWO=¬@~LONTF[�O=k=g	���#@^h�d_ �¥YdTfl �NH�Yd�L�`O
H�ONTLTL^ok �0YdXWO0~fkWO=l� ��N #m^`�\_ �¥^hk
Y¦�L�h~LONb©kZ[�XZONO=T kWO=¬@~LONTF[�O�TLON�uk3kWO=¬@~LO=Tf[�O
��^`VWI TL_¡�m^hkW^`�f�`O
^h�`�h~LM5^`TFY*VW^h_dT O�¤�O=[�VZk= rHJILO�O��mVZXZY\[]VWOpl
^h�h�`~LM5^hTfY*VZ^`_\T¡O�¤�O=[]V�lLO=kZ[�XZ^`wxVZ_dX��*Yj�h~LO3^ok6'd  �d�?'=� E Y
�*Yj�h~LO3[��h_\kWO�VZ_�_dTLO5M5O=YdTfk���O=� ^h�`�h~LM5^hTfY*VZ^`_\T
ON¤9Op[]Vek F� �RUT ��H$Yj�L�hO3H!O=TLTL^ok-�jg�Y0XeYjwf^hlx�h��M5_*�m^`Tfi�wf�hY��\ONX+[NY\ktVek�Vt�#_�kWIfYdlx_*�uk�VZIfY*V'M5_*�dO3¬@~L^o[�#m�`�
��^`VWI£IL^`M
 �HJILO�ON�mVWXeYd[]VZO=l
^h�`�h~LM5^hTfY*VZ^`_\T�O�¤�O=[]V+lxOpkW[NXW^hwxVW_\Xu�*Yj�h~LO'^ok '\  �@�jPm�mgx^c  O\ F^hT�VWIfO�M5O=YdT�VWILO
�h~LM5^hTfYjTf[NO=k3YdXWO�[eIfYdTLidOpl±�m� �L  Pm� ( _d��VZILON^hX&YjM5wL�h^`VW~flxO��m� ^`�h�`~fMa^hTfYjVW^h_dT O�¤�O=[�VZk= �HJILO�kWO=YjXe[eI
[NXW^`VWO=XW^h_dT5^ok�VZILO�Yd�fk�_\�`~LVWOulx^oktVeYjTf[NOu�9O�Vt�6ONONT¥lLO=kZ[�XZ^`wxVZ_dXr�*Yd�`~LOpkr~fkW^hTLi'Y�VWIfXWOpk�IL_\�hl5_d���L  �:'dgd^º  Od  '�(
_d��^hM3YjidO��h~LM5^`TFYjTf[NOd 

HJILO0XWONVWXZ^`O=�*Yj�r��_\X �N #m^`�\_ �aXZO=kW~L�`VZk'^hT±kWO=¬@~LO=Tf[�Opk'��^`VWI¯�6O=Y)#�^h�`�h~LM5^hTfY*VZ^`_\T¯O�¤�O=[�VZk=g$kWONO&ª$^hif 
{ E Y9F] xRUT �
�#ILXZ^hk�VW_\wLI ��YjTfl �N}��LXZidO=T �*g\VWIfO+wFO=XZkW_dTfkJ[=Ydk�VJ�6O=Y)#¥[NY\ktVukWIfYdlx_*�uk6_\T&VZILO+�fYd[�#mi\XW_\~LTfl
YdTfl5VZILON^hX6�ÒYd[�O�^hk6kW�`^hidI@VW�h�3k�IFYdlxOpl� mRUT �
�#�oYj^hXWO �*gdVWILO��ÒYd[NO¨^ok6kWIfY\lxO=l� @RUT��N��_jVZILONX��*gdVWILO�IfYdTfl¥YjTFl
VZILO+ILOpYdl0_j�$VWILO�M5_jVZILONX¨[=Ydk�VZkJkWIfYdlx_*�uk=gm�L~xVuVZILON�0lx_dT�� VuM5_*�dO+Ya�`_dV= 

HJILO¨XWONVWXZ^`O=��Yd�x��_dX ��H$Yj�L�hOuH!O=TLTL^ok-�6XZO=kW~L�`VZk�^`T¥kWO=¬@~LO=Tf[�Opk���^§VZI¥ktVZXW_\TLi�^`�h�h~LM5^`TfYjVW^h_dT3ON¤9Op[]VZk=g\kWONO
ª$^hif L{ E � F� xRUT �NH�Yd^ �jg@VWILO��ÒYd[NO�_j�$VWILO�w9ONXek�_\T0^okJ�m^hkW^`�f�`�&kWIfY\lxO=l0�m�¥_dTLO�lx_\Ma^hTfYjVW^hTLi5�`^hidI@Vuk�_\~LXe[�Od 
RUT �]�rXZ^(#��jg@VWILO�w9ONXek�_\Tfkr�ÒY\[�O�^hk�kWIfY\lxO=l0YjTfl¥VWILO�w9ONXek�_\T0[NY\ktVek#Yak�VWXZ_dTLi5[NY\ktVJk�IfY\lx_*� VZIfY*VJM5_*�dO=k
��^`VWI�VZILO+wFO=XZkW_dT! 
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HJILO�kWO=¬@~LONTF[�O �Nv�_dM3Y �JIfYdkJY��\ONXeYjidOJ^h�`�h~LM5^hTfY*VZ^`_\T&O�¤�O=[�VZkJYjTFl¥^ok#Tf_jV6lLO�VWOp[]VZO=l¥�m�¥YdT@�5_d��VWILO
Vt�6_¥XZO�VZXW^hON�*Yj�ok E lxO=kZ[�XZ^hwxVW_\Xu�*Yj�h~LO � 'd  �:'��j{ F� fHJILOak�Op¬\~fONTf[NO � ' Yd�`�%��IfYdk¨�dO=XW�
ktVZXW_\TLi¥^h�`�h~LM5^hTfY*VZ^`_\T
ON¤9Op[]Vek E kWIfYdlx^hTLi
[eIfYjTfidO=k�ILOpY��@^h�h�
lL~LOaVW_�Yj�9_d~xV8'=��lxO=idXZONO=k�_j�#_d�xstOp[]V+XW_dVZYjVW^h_dT���XZ_dM.^hM3YjidO�VW_
^hM3Yji\O-F6YjTfl0^ok�ON�\ONT�TL_jVulxONVWO=[�VWOpl0�m�&VWILO'kWO=[N_dTfl&XWONVWXZ^`O=��Yd� E lxOpkW[NXW^hwxVZ_dX��*Yj�h~LO �='\  �\PdP@�)F] 

� � �'���#���� !�N�'�0 

RUT5VZIL^hkrXWO=wF_\X�VpgdY�lxO=kZ[�XZ^`wLVW_dX;��_\Xr^h�`�h~LM5^`TFY*VW^h_dT5ON¤9Op[]VZk�^`T3Y��m^olxON_+^hM3YjidO�kWO=¬@~LO=Tf[�O�^ok�wLXZ_dw9_\kWO=l� 
HJIfO¨lxO=kZ[�XZ^hwxVW_\Xr^hk#lxO �FTLO=l5VZ_'�9OuVWIfO�Y��dO=XZYdidO6_j��Y'kW^`Tfid�hO�b©wFO=�§bUlxO=kZ[�XZ^hwxVW_\X;��_dX#YdT3^`M3YdidO�XZONid^h_dT!g*��_dX
Y5kW^`Tfid�hO�^hM3Yji\O�_\X6��_dXuY3kWO=¬@~LONTF[�O�_j�$^`M3Yji\O=k= 

HJILO
lxOpkW[NXW^hwxVW_\X�^ok��FYdkWO=l¢_\T¢VWILO
lx^ok�wf�hY\[�O=l¢��XZYdMaO0XZYjVW^h_ E ��ª;v�F� rHJILO���ª;v«^ok�VZILO�wFO=�§b©�m�\b
w9ON��XeY*VZ^`_�_j�¨^hM3Yji\O0�h~LM5^`TFYjTf[NO=k5Y*� VZONX5M5_jVW^h_dT [�_\Maw9ONTFkWYjVW^h_dT� � ��ª;v)~LTLOp¬\~FYj�J_dTLO�^hTflx^o[NY*VZO=k
Y&M�~L�`VW^hwL�h^h[=Y*VZ^`�\Oa[eIfYdTLidO�_j�r^hM3YjidO��`~fMa^hTfYdTf[�O5lx~LO�VW_0VWO=Maw9_dXeYj�h�h�
[eIFYjTLi\^`TLi�k�IFYdlx^hTLi&_\T�_d�LstO=[]V
kW~LXW�ÒYd[NO=k�[NYd~fk�Opl£O=^§VZILONX+�m��_\�xstO=[�V+XW_dVZY*VZ^`_\T£~LTFlxONX'lx^hXZO=[]VZO=l��`^hidI@Vpg��@�£Ma_*�m^hTLi
[NYdk�V'k�IFYdlx_*�uk�_dX
�m��i\�`_\�fYj�;^h�`�h~LM5^hTfY*VZ^`_\T¦[eIfYdTLidOpkN �HJILO¥kW^hTLid�hO�b©wFO=�§bUlxOpkW[NXW^hwxVW_\X�^ok+lxO �fTLO=l�VZ_��9O5VWIfO ��ª;v+g!��IfONXZO
��ª;v �*Yj�h~LO=kukWM3Yj�h�`O=XJVWIfYdT�_dTLO'YdXWO�XZONwL�oYd[NO=l��m�¥VZILON^hXu^hT@�\ONXek�O��*Yj�h~LOpkN fHJIfO�lxO=kZ[�XZ^hwxVW_\XulxO=kZ[�XZ^`�9O=k
!���  ?���$�;� ���:��
�4;��
�4¥^h�h�`~LM5^hTfY*VZ^`_\T0ON¤9Op[]Vek�YjTfl0^hk�k�VWXZ_dTfid�h�a^hT�0f~fONTf[NO=l��m�3�`^hidI@Vuk�_\~LXe[�O�^`T@VWO=TfkW^§VZ^`OpkNg
�m�¥�h^hidI@Vuk�_\~LXZ[NO�wF_@k�^`VW^h_dTfk=gx�m�¥M5_jVZ^`_\T0_d��VZILO+_d�xstOp[]Vek�YjTfl0�m�¥VWIfO'kW[NONTLO�idO=_dM5O�VZXW�\ 

ªf~LX�VZILONXpgxVZIL^hkuXWO=wF_\X�VJwLXZO=kWONT@VZk�YaM5O�VZIL_xl&��_\XJVWILO+Tf_d^ok�ONbcXZ_d�L~FktV�YjTfl
Yd~xVW_\M5YjVW^o[¨ON�mVWXeYd[]VZ^`_\T0_d�
VZILO¥lxOpkW[NXW^hwxVW_\X���XW_\M �m^hlLON_f �HJIfONXZO���_dXZOdg�_\TL�h��wFO=�hk'^`T¡^hM5YdidO5XZONid^h_dTFk�_d�JkWwfYjVW^oYj�h�`�£kWM5_m_jVWI���ª$v
YdXWO�[N_dTfkW^hlLONXZO=l� ;@¨ONXZON�m�dg*XZONi\^`_\Tfk;_j���hYdXWi\O#M5_dVW^h_dT3[�_\Maw9ONTFkWYjVW^h_dTaONXZXW_\X$_\X��hYdXWi\O�[NYjM5O=XZY�TL_\^hkWO�YjXZO
ON�L[��h~flxO=l� �«w9ONXW��_dXZM3YjTf[NO¥YjTfYd�`�xkW^hk'_j�JVWILO&O��mVWXeYd[�VW^h_dT¡M5O�VWIf_ml¯XWO=�dO=Yd�hk+VWIfYjV�O��mVWXeYd[�VW^h_dT¡ONXZXZ_dXek
YdXWO�M5_dXZO�VWIfYdTD'p�'VZ^`M5Opkuk�M3Yd�`�hONXJVZIfYjT�XWO=�`O=�*YjT@VulxO=kZ[�XZ^`wLVW_dX��*Yd�`~LO+[eIfYdTLidOpk#��XW_\M�kW[NONTLO�VZ_¥kW[NONTLO\ 

HJILO¦lxO=kZ[�XZ^hwxVW_\X&IfY\k&�9ONO=T�~fkWO=l ��_\X0^hTflxON�m^hTLi _j��Y±kWO�V�_j� 'p�¢^`M3YdidO£kWO=¬@~LO=Tf[�Opk&_d��k�^hM5wL�`O
[N_dM5wL�hO��x^`Vt� E ^hTflx_m_dX�kZ[�ONTfO=k6_j�!w9ONXekW_dTfk=gmILO=Y\lmb©YdTflmbUk�If_d~L�olxONX6kW[NONTLOpk F� LHJILO�XWONVWXZ^`O=��Yd��XWOpk�~L�`VZkJkWIL_*�
VZIfY*VJVZILO�^`�h�`~fMa^hTfYjVW^h_dT&ON¤9Op[]VulxOpkW[NXW^hwxVW_\X#^okJwLXZO=[N^hkWO�YdTfl&kWONTFk�^h�L�hO�O=TL_d~Li\I¥VZ_5lL^hk�VW^hTLid~f^hkWI&�9O�Vt�6ONO=T
�m^olxON_¯kWO=¬@~LO=Tf[�Opk5��^§VZI�lx^`¤9O=XWO=T\V&kZ[�O=TLO�^h�`�h~LM5^`TFY*VW^h_dT! �HJILO�ON�mw9ONXZ^hMaO=T@VZk3wLXZ_*�dO0VWIFY*V¥VZILO�kW[NONTLO
^h�h�`~LM5^hTfY*VZ^`_\T�Ydk6TLON�BwLIm�xk�^o[NYd��kW[NONTLO�wLXZ_dw9ONXWVt�3^ok�~fkWO���~L����_\X��m^hlxO=_5^`TflLO��x^`Tfif �¨ON�dO=X�VZILON�hO=kZk=g]VWILO�wfXW_\wF_@k�Opl�lLO=kZ[�XZ^`wxVZ_dX�IfY\k�YjT�^hTLILONXZONT@V�^hTf[�_\Tm�dONTf^`O=Tf[�O\ �< ILONXZO=Y\k���^§VZI ���#@^h�d_ �
VZILO5Yj�fkWONTf[NO�_d�#^h�`�h~LM5^`TFY*VW^h_dT�O�¤�O=[�VZk�^hk��\ONXZ���6ON�h�;XWO�0fO=[�VWOpl��m�
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Unit é de recherche INRIA Rocquencourt, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex
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Éditeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)��������� �	��
�

���������� ��� ���

ISSN 0249-6399


