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xQ��|�ycx����xzCy�pb��ÉH|wm�p½v�p!�c�S�V��¢���x�|wp/�¶v!¹z|�m�pbvwp��c�Sp!��²/�VCI����|T��p!��p��V�zp�|�m��wp!pb�Sy��cC�¶��x�|wpb�b¯TCWv�xz�c�-²/�VC
mIx@�zp½|w����p�V~Å�z�ExÆ|w�Vo_p!�zyS|/|����Sp}|�p!��|/|�m�pWV�Qv�v�»

�½v_x��}�Q�cv�p6Á8y�p��c��pz¹��Q��p��!x��·�¶�Sp!�Q|��µÉX~´|�m���p�pEv��C|wycx�|w�V�z�cvÆ²/m�p!�wp�lb¯°�,vwp!v�v��V�z�cvÆx���p#�����z�cpÅ|w�
|��Co-p!�zyS|�vfxz�c�Ë²/mcp���p_x�v��V��¢QCp_�cxz��³Qp}|;C�8vwv½�V�c�Syc��p!v;xÅ|��Co-p!�zyS|�»Æl�mcp1Ãc��v�|;�!xzvwp_���z���wp6v��=�z�c�cv/|w�
|�m�p�À=p�¢Q�C���c�C��¢��zÉ0|�m�p1vwp!v�v��V�z��²/m�p!�E|wm�p1���z��¢Qp!v�|w�V�z��²/�C�I�S��² �¶v/À=p�V��² � Aâ�_²/�µ|�mË�Sl D/vwp�¢zo-p!�Q|�v�»
l�mcpbv�p6�}�Q�c����xQv�p���z���wp6v��=�z�c�cvP|w�W|�m�pbo-�¶���SVpb�cxz��|®��ÉH|wm�pb|w��x��cv�ÉXp��T²/m�p���|�m�pb���z��¢Qp!v�|w�V�z�-²/�C�I�S��²
�¶v_v�o�x�Vâ»´Íc�z�_p}{�x�o-��VpÅ|�m�pEC�Vo-�µ|-�Vo_�=�Qvwp!�]Àd~�|�m�p��wp6�}p��V�zp!�ÆxQ�S�zp!��|��Vvwp!�´²/�V�c�S��²º�¶v_v�o�x�Vâ¹�|wm�p
V�V��³�mcxzvfx#vwo�x�V0ÀIx��c�S²/�¶�d|�m�Fê��p�¶x@~��c�w�S�Syc�}|f�Q�fx�É |wp!�b|�m�pÆV�Qv�v½�wp6�}���zp!�w~���mcxQv�pQ»fl�m�pÆ|wmc�C�����!xzvwp
���z���wp6v��=�z�I��v�|w�#|wm�p_�zp!�w~�p��I�Ë��É�|�m�pÆ|w��x��cvwo-�Vv�v��V�z�&»bÔbxzo_p!C~E�CÉ®x��d~E��É�|�m�p_VxQv�|½|wm���p�p_v�p!¢zo-p��8|�v
xz�wpfV�Qv�|/|wm�p�vwp��c��p���²/�CVJ���z|�wp6�}p!�C�Qpb|�m��wp!pW�Sy���V�V�!x�|�p��b¯TCWv/x��c���µ|²/�VVJ�C�cp��d�µ|�x�À�V~�|��Co-p��QyS|!»

�Ð|w�Vo_p!�zyS|°�VvT�zp!�w~Æmcx���o_ÉXy��ÉX���zo |wm�p½�Ip!��ÉX�Q�wo�xz�c�}p/�=�z�V�8|T��É¾�d�Cp!²W»�l�m�pblb¯°� ��p}|���xz�cv�o-�¶vwvw�V�z�
|��Co-p � �����¶vbÀIxzvwp!�E�z��o-p6xzvwy��wp6���w�Qy��c�,Fâ|w���C�E|��Co-p6vÀ=p}|�²°p�p��Ëvwp��I�Sp��fx��c�E��p!��p��V�zp��½xzvbvw�=p!�}�CÃcp6�
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Wf (y,W0,Wss)

y −y+MSS,

W0

L0(y,W0, Wss) RT0

y−y+MSSy

L (0
,1/RTT,2/RTT)

y <yto

Í��V¢zy���pYq��I¸��dp��I�S�C�c¢���x�|wpÊp!�z�zVyS|��C�Q� ²/m�p!�ºx
�Ixz��³zp�|°�¶v/V�Qv�|/ÀIp�ÉX�z��p > ��
 À8~8|�p!v/x���p;v�p!�Q|

Wf (y,W0,Wss)

Wf /2−MSS/RTT

W0

L0(y,W0, Wss) L (0     f f /2−MSS/RTT)y −y ,W /2 −MSS/ RTT, W

y −y
y

y <y<y−dup  MSS
to rt

Í��V¢zy���pYq6��¸(�dp!�c�S�V��¢Y��x�|wpÊp!�z�zVyS|��C�Q�*²/mcp�� x
�Ixz��³zp�|L�¶vLV�Qv�| ²/m�p!� > . >���
 � > � 
> �
� ������� Î#"'" 2�Àd~8|wp6vx���p;v�p!�Q|

�V� <h���!=0xz�c��|wmcp���p}ÉX�z��pf|w�#x@�Q�z�¶�#��p}|���xz�cvwo_�¶v�v��V�z�cv°�zÉP�Ixz��³zp�|�v°|�mcx�|½xz�wpW�Q��V~��Sp!Vx@~Qp!��x��c�E���z|C�8v�|
|�m�pbo-�V���Vo1y�o ��� � �¶v®���z�cvwp�����x�|��C�Qp�V~Æ��m��8v�p!�-|w�1À=p_q½vwp!�}�Q�c�¾»PÍ��Q�°���zo-��yS|�x�|w�V�z�Ix�c�cy��w�=�Qvwp!vT²®p
vwy�Àcv�|w�C|wy�|wp°|wm�p°��x�Vy�p°��É�|�m�p°|w�Vo_p!�zyS| ��� �¬²/�C|wmÆ|wm�p°p}{S����p!v�vw�C�Q�ÆÎ ��� . 8 ' : 5('�� ���	��2SxQv0vwy�¢Q¢zp!v�|wp6��V� <Cq@�%=ê»

�&p}|bycvbx��cxzC~d¿�p;²/mcx�|b��xz��mIx����=p����Sy����V��¢-|wm�p�|w��x��cvwo-�Vv�v��V�z����É�xÆÃcVp�²/m�p���x-�cxQ��³zp�|��¶v/V�Qv�|!»
« p½���z�cvw�¶�Sp��T|wm���p�pbv��}p!�cx����V�Qv��Sp!�Ip!�c�S�V��¢1�Q��|wmcp½x�o-�Qy��8|®��É¾Àd~8|wp6v > v�p!�8|®À=p}ÉX�z��p|�m�pbV�Qv�v��S�!�}y���v�¹
vwp�p A[Í��V¢zy���p!v#q��c¹°q6�Ëx��c�Êq%K�D}»��Ä�]Í��V¢zy���p�q!�Ë²°p#�zÀIv�p!�w�Qp�|wmcx�|Æ²/m�p!� >��!> ��
 Àd~Q|�p!v_x���p#vwp��8|!¹
|�m�p-|w�z|�xzP|w��x��cv�ÉXp��f|w�Vo-p�²/�CV�À=p�p!Á8ycxzP|w�E|wmcp-vwy�o ��É°|wm�p_|w�Vo-p��wp6Á8y��C��p!��|w��vwp��c� > Àd~8|wp6v�¹&|wm�p
��p}|���xz�cvwo_�¶v�v��V�z��|��Co-p6��� �,x��c��|wmcp;|w�Vo_pW��p!Á8y��V��p!��|��Åv�p!�c� 
> � > ,ÌÎ#"$"´Àd~8|wp6v�»

�Ä�Â|wmcpÅv�p6�}�z�I��v��}p��Ix����C�I¹JÍ0�V¢zyc�wpEq6��¹H|wm�pÅlb¯°� vwp��c��p��W²/�VC��Sp�|wp6��|W|wmcp�C�8vwvfp��Qp��8|Wy��=�z�Â|wm�p
��p!��p��S|��C�Q�E��ÉP|wm���p�pÆ�Sy���V�V�!x�|�p1�b¯TCWv�»°�Ä�E|wmc�Vvf��xQv�p;|�m�p1lb¯°�Êvwp��c�Sp!�b²/�VC0mcx�V�zpW�C|�v½v�p!�c�S�V��¢Å��x�|�p
0  xz�c���µ|b²/�VV¾|w��x��cvwo-�µ| 0  � � �/Ï � � Î#"$"·��p�² Àd~8|wp6v��C�ËxQ���S�C|w�V�z��|w�-|�m�pWC�8v�|½Î#"'"°»��Ä�E|wm�p
�cp}{d|½���zy��I�Ey��I�Q��|wmcp1��p!�}p!�S|w�V�z���zÉTx�V&|�m�pÆ�b¯TCWvb�µ|f²/�CV0|w��x��cvwo-�µ| 0  ���	�/Ï �_��p�² Àd~8|wp6v�»fÍ��z�
|�m�pÆv�x�³Qp���É�vw�Co-��V�¶�}�C|�~z¹H�C�Ë|wm�p1Ècy��¶�Ëo-�S�Sp��²®pÆ�}�z�Iv��¶�Sp��b|wmcx�|b|�m�p1��p�o�x��V���V��¢#��x�|�x#�Vv2
> � > x��I�
|�m�p-��p�² v�p!�c�S�V��¢���x�|�pÆ�¶v;v�p�|;|w��0  Ï � � Î#"$"JÏ � � ��»fl�mc�VvWxz�������@{d�Vo�x�|��C�Q���z�Ë|�m�p-�wp!o�x��V���C�c¢
�cx�|�x�x�VC��²v1ycvÆ|w�Â³zp!p��·p�{SxQ��|Æ|w��xz��³´��É|�m�p�p��z�QCy�|w�V�z�·�zÉ/|wm�p�vwp��c�S�V��¢���x�|wpz»´�Ä�]|wm��¶v-vw��p��cxz�w�V�
|�m�p�|���|�xz�|w��x��Iv�ÉXp!�W|w�Vo-pÅ�Vv1p!Á8ycxz�|w��|�m�p#vwy�o ��É°|wm�p�|��Co-p��wp6ÁQyc�C��p!��|w��vwp��I� > Àd~8|wp!v�²/�µ|�m |wm�p
�V���C|w�¶x���Ix���x�o-p}|�p���v�x��c�Æ|wmcp/|w�Vo-p�wp6Á8y��C��p!�1|w��vwp��I��
> � > x�É |wp!��|wmcpC�8vwv�p��zp!�8|P²/�C|wm-|�m�p��p!²Ülb¯°�
vwp}|w|w�V��¢Qv�A 0 � x��c�&0 ��� D�»

l�m�pÆ|wmc�C����v��}p!�cx����C�I¹IÍ��V¢zy���p#q%K�¹¾�}�Q�w��p!vw�I�Q�c��v�|��#|�m�p-v��C|wycx�|w�V�z�Ë²/mcp���x#C�8vwv½�S����y���v½x��c�Ë|wm�p
xzo-�zy��8|���É��cx�|�x_��p�o�x��V���V��¢_�Vv�Vp!v�v®|wmcxz� � � ����� Î#"$"�»0�Ä��|wm��¶v�!xzvwpb|�m�pf|w��x��cv�ÉXp��°|w�Vo-pW�Vv�p6Á8ycx�=|w�
|�m�p�v�yco ��É®|wm�p_|w�Vo-p-�wp6ÁQyc�C��p!�Ë|w�Ev�p!�c� > À8~8|�p!v!¹H|wm�p-��p}|w��x��Iv�o-�¶vwvw�C�Q��|w�Vo-p�� ���ºx��I��|wmcpÆ|��Co-p
��p!Á8y��V��p!��|����wp�|w��x��cvwo-�µ|°|wmcpWC�8v�|�cxQ��³zp�|"AKx����zy��c���z�cp ���	� D�»

�É |wp��WxÅ|w�Vo_p!�zyS|6¹=|wm�p_��x�Vy�p1�zÉ 0 � x��c� 0�����x���p1��mcxz��¢zp6��xz�����z���S�V��¢-|w�I< �!=â»f�Ä�Ë�cxz��|��V��y�Vxz�!¹
|�m�p���x�Vy�p��zÉ 0 � ¹c��p�¢8x����SCp6vwv°|�m�p���x�Vy�p��zÉP|wm�p1vwp��I�S�C�c¢Å��x�|wp���ycv�|½À=p}ÉX�Q�wp;|�m�p�|��Co-p!�zyS| 0  ¹IoÆycv�|
À=p-v�p�|f|����c��o-�z��p�|�mcx��Üq_�cxz��³Qp}|fxz�c��|�m�p-��p�²,�@xzCycp1ÉX�Q�½|�m�p-v�V��²�Fêv�|�xz��|½|wm���p!vwm��QV���¶v�0���	�
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Wf (y,W0,Wss)
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y−dup  MSS<y
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Í��V¢zy���pYq�Kc¸��dp��I�S�C�c¢���x�|wpÊp!�z�zVyS|��C�Q� ²/m�p!�ºx
�Ixz��³zp�|��Vv�V�Qv�|#²/m�p!� > .�
> � � ������� Î#"'" �9> 2
Àd~8|wp6v/x���pWv�p!�Q|
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Í��V¢zy���p�q��d¸ ��{d�=p!�}|wp6�Å�}�Q�c�S�C|w�V�z�cxz�|w��x��Iv�ÉXp!��|w�Vo-p
�QÀS|�xz�C�cp!��À8~��zy���ÈIy��V��o-�S�Sp�Jxz�������QxQ��m

Ôbp}{d|!¹°Cp�|Åycv��Sp�Ãc��p���. > 5 � 5 
> 2WxQv_|wm�p��Sp!�cvw�µ|�~ ÉXyc�c��|��C�Q�Ü�zÉb|�m�p�x�o-�zy��8|���É;��x�|�x > |wmcx�|��Vvvwp��8|fÀIp�ÉX�z��p�|wmcp1Ãc��v�|½V�Qv�vb�S����y���vb¢Q�C�Qp��E|wmIx�|6�EC�8vwv½p��Qp��8|�v½mcxz���Ip!��p!���Sy����C��¢#|wm�pÆ|w��x��Iv�o-�¶vwvw�C�Q�
�zÉ�
> ��x�|�x�»Ål�m��¶v��Sp!�cv��C|�~Ë�¶vW��p�¶x�|wp6�Ë|���|wm�pÅyc���µÉX�Q�wo �S�Vv�|w���VÀ�yS|w�V�z�&¹&�cxzo_p!C~Q¹J|�m�pÅ�S�¶v�|��w�VÀ�yS|��C�Q�Â�zÉ
|�m�p�x�o-�Qy��8|°�zÉ�Àd~8|wp6v/v�p!�Q|/À=p}ÉX�Q�wpf|wmcp;Ãc��v�|/C�8vwv > �Vv°|�m�pWo-�C���Vo1yco���É$�#�C�c��p��=p��c�Sp!�8|y����CÉX�z��o_V~
���Vv�|w���CÀcyS|wp6�Ê��xz�c�S�Qo ��x����¶x�À�Vp!v�<Vq��-=â»*l�m8yIv�|wmcp��}�Q�w��p!vw�=�z�c�S�V��¢·�Sp!�cvw�µ|�~ÌÉXy��c�}|w�V�z�L�¶vÅ¢Q�C�Qp��ÊÀd~��. > 5 � 5 
> 2 � ��. > � ���� � � 2 � � �� � 8 � � ���� � � 4 'I��yS|w|w�V��¢�|��z¢zp�|wm�p!�bx�V&xzÀI���QpW�wp6v�y�C|�vbx��c��ycvw�C�c¢�|wm�p��p!��y���v��V�zp;x����c�w�8xz��m�|�m�pWp}{S�=p!��|�p!�E�}�Q�c�S�C|w�V�z�cxz¾Vx�|wp!�c�}~Å�zÉ�x�lb¯°�ÌÃcVpf|w��x��cv�ÉXp��/�¶v/��xzV��y�Vx�|wp6�#Àd~
� � .�
> 5 0 � 5 0��� 2 ��	��
 �� � ��� 
 � �+� ����� � �� ����� � ��� � ���+���� � � � . > 5 0 � 5 0��� 2 , ��� � , � � � 4 .�
> � > ,]Î#"$" 5 � �������� 5 ���+ 2�� ��. > 5 � 5 
> 2 � > ,, � 
 �� � ��� �� ����� �"!#� � ��� �
 �� � ��� 
 � �+� ����� � �� �$��� �!#� � ��� �'� � � � . > 5 0 � 5 0��� 2 , � � � 4 .�
> � > 5

���+ � � �������� 5 ���+ � � �������� 2 � ��. > 5 � 5 
> 2 � >, � ��
 �� � ��� �� ����� �"!%� � ���+� � � � � 4 . > 5 0 � 5 0���� 2 , ��� � , � � � 4 .âÎ#"'" 5 � �������� 5 ���+ 2 � ��. > 5 � 5 
> 2 � > '
Ôb��² ³8�c��²/�C��¢·|wm�pÂp}{S�=p!��|�p!� �}�z�I�S�µ|��C�Q�cx�½Vx�|wp!�c�}~ � � .�
> 5 0 � 5 0 ��� 2-xz�c�¬|wmcp������zÀIx�À��VC�C|w�Vp!v� .���� 
> 2��z��p��!x��E��x�¶�}ycVx�|wpf|wm�p;p�{d�=p!�}|wp6��¶x�|�p��c��~#Àd~�ÉX�Q�woÆy�Vx AK��D�»

&('*) +-,/.(02143657198*.:56;<8=,?>@57>(.BA�,?CEDF5�GH8*IJ, >LKM8=;�NLG<021*56;O0P.@KQ,RG<S�I
« p_mcx@�zp_x�V�wp6xz�S~E��x�V�V�cx�|wp6��|�m�p��Sp����C��x�|w�V�z�Ë�zÉT|wmcpÆV�Qv�vf���w�QÀcx�Àc�CV�µ|�~E�V�Â�dp6��|��C�Q�Â c» « p-�����S�}p�p6�
mcp���pb|��Æ��x�V�¶��x�|�pb|�m�pWv�p6�}�z�I�Åv�|�p��J¸���p}|wp!�wo-�V���V��¢1|�m�pfp}{S�Ip6��|�p!���}�z�I�S�µ|��C�Q�cx�H¶x�|�p��c��~���É0x1|w��x��cv�ÉXp��
ÉX�Q�/¢z�V�zp!���cxQ��³zp�|°V�Qv�v������zÀcxzÀ��CV�C|w�Vp!v!»

:½v��V��¢�|wm�pE�cxQ��³zp}|_C�8vwv_�����zÀIx�À��VC�C|w�Vp!v1ÉX�z���S��;Hp���p��8|_V�QxQ��vÆ�zÀS|�x��V��p!�]À8~´|�m�p�Ã�{Sp!�]�I�Q�C�8|Åx���F
�c�w�8xz��mJ¹Q²®pf�}�zo-��y�|wp|�m�pbp�{S�Ip6��|wp6�Å¶x�|�p��c��~1ÉX�Q�°�S�S��y�o-p��8|°vw�C¿!p!v®��É& 8���z�zÀd~Q|�p!v�xz�c�����z�z�zÀd~Q|�p!vPÀd~
|�m�p�ÉX�z��o1ycVxUAK��D�» « p½�}�z�Iv��¶�Sp��P|�²°�Wxz�!�}p!v�v�C�V��³Sv!¹z²/�C|wm-|wmcpv�m��Q��|�p!v�|�x��c�Æ|wmcp/C�Q��¢zp6v�|������z�cxz¢Qx�|w�V�z�
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�Ä��xQ���S�C|w�V�z�;²°pT��xzV��y�Vx�|wpP|�m�p�p}{S�=p!�}|wp!�Wlb¯°�ËVx�|wp��I�}�Vp!v¾ycvw�V��¢�|wm�p�ÉX�z��o1y�¶xzvJ��p����C�Qp!�f�C� <Vq6�S¹6�z��=8x��I�
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W0

Wss

TCP packet level model

Fluid model
before correction

by bRTT/2
Fluid model delayed

bRTT/2

Í��C¢Qy���pW��qz¸T¯®�z����p!��|��C�Q�Å��É�|wmcp;Ècy��¶��o-�S�Sp!

� 	/��	/��	 #�°	/.

<Cq=�� »P�bCVo�x��J¹R>1»-��xzVxz³8���¶v�m��Ix��J¹��H»PÍ0V��~S�¾¹���sbÍ�¯° z�z�8��¸ ����mIx��c���C��¢Âlb¯°� � vÆ�&�Qv�v1s/p6�}���zp!�w~
:½v��V��¢Å�&�Co-�C|wp!�El0��xz�cvwo_�C|���¹c�Qx��dycx���~Å���Q��qz»

< �!=�� »c�VCo�xz�J¹��1»I��x�{S�z�J¹ « »I�d|wp��Qp��cv!¹��wsÍ�¯��Q�-N�qQ¸�lb¯°�Ð¯®�Q��¢zp6v�|��C�Q�E¯®�z�8|��w�Q���¹S������CTq � ����»
<  -=�� »®�VVo-xz�J¹/�H»®Í�V��~d�J¹/¯½»T�Pxz��|��w�¶�S¢zpQ¹	�wsÍ�¯º z ��z��¸E�Ä�c���wp6xzvw�C�c¢Âlb¯°� � v��Ä���C|w�¶x� « �C�c����²
��¹

¼f�}|w�QÀIp!�b���z�8�S»
< ��= �»��C|wo�x��J¹�C-» �/»��0�d��xQ��m�p���³Q���½xz�c�Æ¯½» ��x���x�³�x�|6¹��w�Üv�|��d��mIxzv�|w�¶��o-�d��p�d��ÉIlb¯°�°±@���Ë²/�C|wm-v�|�x!F
|��C�Q�cx���~Å��x��c���zoºV�Qv�v�p6v���¹+�@/ � )*
� /��T� ����������¹¾�8|w�S��³dm��QCoE¹I�d²°p!��p��J¹cxzVvw�-�C� /R�!SL�+��� 
�
/R�-S@S ��& �6�5�!���6�!&�� 
�%�6
 � ¹��H»  z�c¹S���c» �c¹d���J»h�� cq F����d�S¹S���z�Q��»

< �!=�:1»z�P~zp6v�|�x�¹-C-» �/»��0�8��xz��mcp���³Q�����wl�m�p �G;Hp!��|��zÉ�|wmcp/�Ä���µ|��Vxz « �C�I�S��²Ì�d�V¿�p/x��I�Æ�&�Co-�C|wp!�_l0��xz�cv F
o-�C|°�bC¢Q�z���µ|�m�o,�Q�-|wm�pbl0��x��cvw�Cp!�8| �®p!mcx@�d�C�Q����ÉJlb¯°� l0��xz�cv�ÉXp!��v���¹�q6��|wm-��lb¯Ü�d�Ip6�}�¶x�V�Vv�|°�dp!o-� F
�Ix��°�z�Å�Ä�8|wp!�w�cp}|°l0��x�ÇÅ� ����¢Q�C�cp�p����V��¢Æxz�c�Ål0��x�Ç��½��x��cxz¢zp!o_p!�8| « yc�w¿!À�y���¢c¹ �fp���o-xz�d~z¹S��y�V~
�z�z�8�S»

< K-=�:1»��P~zp6v�|�x�¹RC-» �/»��&�d��xz��m�p!��³z��� �!¼½� ��p!�Syc���C�c¢Ë|wmcp��dy�oÆÀIp!�Æ�zÉ½l��Vo_p�¼½yS|�v1ÉX�z�-vwm��z�w| FêC�V�zp6�
lb¯°�Ì�}�Q����p!�}|w�V�z�cv ���Ä�8|wp!�w�cp}| F6H½��x�É |!¹�¼f��|w�QÀIp!���z�z�8�S¹ « �z��³-�C�Å�c�w�Q¢z��p!v�v�»z�0��x��VVxzÀ�Vpb�z�cC�V��p½x�|!¸
m8|w|w�J¸ï±z±�²/²/²W» �Vp}|wÉ�» �Q�w¢S±@�V�Q|�p�����p}|�Fê����x�É |�v�±��S��x�É |�Fêx@~Qp!v�|�x!Fâ|w��Fêv�m��z��| Fâ|�����Fê�Q�S» |�{d|

<h��=1¯½» ��xz��xz³@x�|!¹8�0»�l�mc�C��x��J¹ �_»S��xz���cxz�!�}�Q��pz¹�¯½»AHb�V��|/x��c����»I¼½²®p!¿!x���vw³8�â¹ ���ÐÈI��²�FâÀcxQv�p6��o-�S�Sp�
ÉX�Q�;�Ä�Q|�p�����p}|fÀcxz��³dÀ=�z��p1|w��x�ÇÅ����¹=l0p!��mc���V�!x�Ps/p��=�z�w| ����ÍP��±GHf�c¯/±���q�±@�z�I¹=�zy�â»¾�z�z�cqz»I�bVvw��x
vwm��Q��|�p��/�zp!��vw�V�z��xz���=p!x���v°�C�#�@/ � )*
�M���H.��A
-/ )��������Q»

< N-=��-F�¯½»-�°�zV��|6¹�� ���c��FK|��-Fêp��c� �Ixz��³zp�|1�Sp�¶x@~´x��c� V�Qv�v�À=p�mIx@�8�V�z�1�C� |�m�p#�Ä�8|�p�����p}|���¹01T���%� �M�@/ �
)�� '��5�-S@S � !�" � ��� �#��$�! ! ��!�$�¹¾�Sxz��Íc��xz�c�}�¶vw���c¹c¯°��¹=�dp��S|6»&q � �z c»

[\[ ð!]7^_5`�a



�Q� ����
�4�� � 
 � �!���

< �-=1¼Æ»T�c»��°�@{do�xc¹ �w�d�z���zy���� |��Co-p!v-�V�¬�}~S�}V�V��Á8y�p�ycp!v C |�m�pE�C��Ècy�p��I�}pE��É|�m�p�v�V��²°p!v�|_vwp����zp�����¹
/R�-S �����V
�U1 
� � �!��S �!&��5
 �!&�$ �L
 � �6�K� �	���	�X��¹ �_»0��xz¿�p!�zVVxc¹���»���»�¯®�zyc��|��z�¶v�x��c�Ü¼Æ»P�c» �°�@{So�x
A ���S�C|w�Q��v5D�¹ ��Vvwp��d�Vp��b�S���Cp!�c�}p���ycÀ�C�¶vwm�p���v��f» �Æ»2A[Ôb�z�w|wm�F >�QC¶x��c�+D�¹S���J»&q! !F����I¹Hq ��N�N�»

<Vq!�-=;l;» �®y¬x��I� HÆ»�l&��²vwVp�~z¹#��Í��C{Sp!�Ì�I�Q�C�8|Åx����c�w�@{S�Vo-x�|w�V�z� ÉX�Q�Ålb¯°�,À=p�mIx@�8�V�zyc�_�V�¬x��¬� � �
�cp}|�²°�z��³���¹d�C�������S�}p!p!�S�V��¢Qv��zÉP�d� �W� ��l/s/�w¯�� �h���Q��qW�}�Q�SÉXp���p��c��pz»

<Vqzq=;l�mcpÂ²°p�À v��C|wpÂ��É1|wm�p]¯®�d�z�=p���x�|��C�Qp��bv�v��S���Vx�|w�V�z�ÊÉX�Q���Ä�8|�p�����p}| H½x�|�xÜ��cxzC~Svw�Vv Aê¯°��,H� D�¸
m8|w|w�J¸ï±z±�²/²/²W» �!x��¶��x�» �z��¢d±S»

<Vq6�!=;Ô1»=¯°x����S²°p�VK¹��H»=�Sx@��x�¢zpQ¹Sx��c��l;»c��I�Sp���v��Q�J¹��w���d��p�V�C��¢�lb¯°�Ü¶x�|wp!�c�}~���¹[
 � � ��
������"/��M��¹
�c�J»Cq��@�d��F�q@����qz¹8l&p!&�&�d�V�H¹S��v���x�p!K¹c��xz����mE���Q�z��»

<Vq! -=�¯½»¯°xzvwp}|w|w�â¹b�´»/�Ep��I¹ �}� Ôbp�² ��c���w�8xz��mÜ|w�¬�E�S�Sp�b|wm�p´�8|�x�|w�V�z�cxz�w~ �°p�mcx@�d�V�z���zÉWlb¯°�
¯®�Q����p6��|w�V�z�Iv ��¹[
 � � � 
���� �"/
�T��¹cl0p�&�0�d�C�H¹S��vw��xzp�â¹���x�����mE�z�z�Q��»

<Vq���= �»H¯®�V��Vxz�!¹����Ä�8|w���S�Syc��|��C�Q�Å|��Åv�|��d��mIxzv�|w�¶�b�����S�}p6vwvwp!v���¹S����p��8|��V��p F >bx�Vâ¹¾q �8�z�S»
<Vq6�!=W�¾» Hfx@²/³d�C�Iv�¹ �_»��E�z�8|wp!��p�¢Q�w�I¹8�´»�C½�����I¹��1»���xz¢z��p}|6¹8Ô1»���xz�V��~Qx�¹�� ���c�,Fâ|w��Fâp!�c�Å��p��wÉX�z��o�x��c��p

�Äo-��V�¶��x�|��C�Q�cv/�zÉ��J�V��³Sv�²/�C|wm �����w�Q��v���¹S�by�¢zycv�|½���Q��qQ»
<Vq�K-=W�¾»��®p!��Íc�wp6�@�}¹&l;» �°�z�cxzV�¾¹¾�1»J���w�QyS|w�Vp���pz¹��_»¾s/p!¢z���Vpz¹&�c»¾s/�zÀ=p��w|�v!¹ ���8|�x�|w�¶v�|��V�!x����x��c�S²/�¶�d|�m

�Smcx����C�c¢c¸����8|wyI�S~#�zÉ�¯®�Q��¢zp6v�|��C�Q��x�|bÍ�V��² �&p��zp!���¹��d� ��¯/¼;�Ë� ���Q��qQ»
<Vq@��=W� »��;x���p}|w|w�I¹®sW»°�J�]¯®�C¢Q���c¹/�´»®��p��c¹/�´»T����o-�z��p��Ëx���vwxz�J¹ ���9Hbp�|�x��VVp!�¬x��c�¬�/�!�}y���x�|�p

¯®V�Qvwp!� � :bp�y�p!�C�c¢]Ôp�|�²®�Q�w³Ê�E�S�Sp�½��ÉÆ��xz�d~Ì�Ä�8|wp!��xQ��|��C��¢·lb¯°�(Í�C��²v!¹ ��� � � �º�Ä�SÉX�S���zo
�z�z�cqz¹S��c��mc�z��x�¢zpQ¹S�¶xzvw³@xc¹7:½�S�1¹c��c�w�V0�z�!FÄ��K�¹S���Q��qz»

<Vq�N-=;s�» �c»��f�CÀ�À=p��Iv�¹0�¾» C-»J�Sxz�w¢Q�8�S�¾¹J¯½»���x�� ��� ��â¹&Í°» �0» C;p!CV~z¹ >1»¾�¿�o-�d�S�Sp�m&¹JsW» Ô1»&��xz�}É[xz�S~Qp��J¹
Ô1» « »P��xz�}É[xz�S~Qp��J¹ ��Í��µ{Sp!��Fâ�=�z�V�8|;o-�S�Sp!VvfÉX�Q�;|wm�p�p!�c�,Fâ|w�-Fêp��I���=p��wÉX�z��o�x��c��p_xz�cx�V~Sv��¶vf��É®���
�cp}|�²°�z��³dv!¹ ��q6 �|wm���lb¯ �d�Ip6�}�¶x�V�Vv�|½�dp!o_�V�cxz�!¸P���Êl0��x�Ç��W�Ep6xzvwy���p�o-p��8|!¹��E�S�Sp!C�V��¢Åxz�c���Ëx���F
xz¢zp!o_p!�8|!¹c�dp!�S|½���Q�z��¹��E�Q�8|wp���p�~Q¹I¯°x�V�µÉX�Q�w�c�Vxc»

<Vq �-=;�1» �1» C;mcp���x����â¹®�1»0C;y�o�x��6¹ ���d|w�S��mcxzv�|w�¶�E�E�S�Sp�¶v_ÉX�z��l�m����zy�¢Qm���yS|���Ix�V~dvw�¶v-��Éfsbx��c�S�Qo-C~
�b�w���V�8�V��¢ ��¶xzv�|w�¶�WÍ�C��²v°�V��|�m�pW�Ä�8|wp!�w��p�|���¹[
 � � � 
������"/��T� � �����Q¹=Ôbp�²����z��³H»

<h���-=W� »c��x�|�m��Vv!¹c�c»S�Sp�o-³zpQ¹S�c»c��xzmc��x@�d�K¹dx��I��l;»c¼b|�|6¹���l�mcp;��xQ�}���Qv��}�Q���V� �°p�mcx@�d�V�z�T�zÉ&|�m�pflb¯°�
¯®�Q��¢zp6v�|��C�Q���0�z�Q�V�cx��c��pf�bC¢Q�z���µ|�m�o ��¹+�@/ � /R�!SL�+��� 
 � /R�!S S ��& �6�5�!���6�!& � 
���6
 � ¹=�zy��q ���8�S»

<h�Sq=;s�»IÔp!Vvw�z�&¹������w�QÀcx�À��VV�µ|�~Q¹I�8|w�S��mcxQv�|��V�W���w�S�}p6vwvwp!v!¹�x��I� � y�p�y�p!�C�c¢-l�mcp��z��~���¹=�d�����C��¢Qp���F ��p!�w¶x�¢I¹
q � �8�S»

<h�z�!=;l�mcpË²®p!ÀÐv��C|wp���É;|wm�pÂÔbx�|w�V�z�cxzb�&xzÀI�Q��x�|w�z��~´ÉX�z������cC�Vp!�ÊÔbp}|�²°�z��³Ìs/p6v�p6x�����m AKÔb�0�bÔbsLD�¸
m8|w|w�J¸ï±z±�²/²/²W» ��¶x��c�!» ��p}|}±d»

<h�� -=W�c»Q�PxQ�Smd~zpz¹��1»QÍ��V�w�Q�Cy&¹.H1»8l&��²vwVp�~z¹Qx��c���c»�C;y����Qvwpz¹ ���E�S�Sp�V�V��¢�lb¯°�Â|wm����zyc¢zm���y�|!¸0�Lv��Vo-��Cp
o-�S�Sp!&x��c���C|�v/p!o_�c�C���V�!x�¾��x�V�¶��x�|��C�Q� ��¹+�@/ � )*
�"/
�T� ��¹I�dp!�Âq � ��N�»

_a` [P_ å



���������	��
��
������������������� �!�"�#�%$�
���	&('*)+�,�-����.0/213)�
 454��6�!&74 �z 

<h����= �Æ» �Px�{Svw�z�&¹H�´»H�VVo-xz�J¹���sbÍ�¯�� ��N�Nc¸�¯®�zo-��y�|w�V��¢�lb¯°� � vfs/p}|���xz�cv�o-�¶vwvw�V�z��l��Co-p!����¹=Ôb���zp!o@F
À=p��f���z�Q��»

<h�z�!= �f»H�d�C³S��xz�!¹H�H»+CWxzC~8x��cxz��xzo�x��#xz�c��C-»=�H» ��xzv�|w�QVxc¹����b���Ä�8|wp�¢Q��x�|wp6�E���d��p�JÉX�Q�/|wmcpÆ�&x�|wp!�c�}~
xz�c�Ð�8|�p!xz��~�F��8|�x�|wp�l�m��w�Qy�¢zmc��yS|Å��É�lb¯°��¯®�Q����p!�}|w�V�z�cv���¹ 1 
 � � �-��SU�-&��5
 �T�!�!��� �-�X�6�-&c¹�H» ��K�¹
�c�c»h��FÄ �¹d���J»Vq! ��!F�q6���I¹d�Sp��S|�p�o1À=p��f���z�cqz»

[\[ ð!]7^_5`�a



��� ����
�4�� � 
 � �!���

),�Æ ���	 ���.

���3� ¦!§ Ú Û��0©�¦�� Ú�� �

*��_Ö]� ©���
´¨S§�� �0Ö ¦ ÙÆÚ §�� 
 Ú Û Ö � 	

� � ¨�©
� Ö ¦ � Ö��IÖ �Äª�1¨ �X© � �X¨S¦�� Ú��LÚ�� ¦
� Ö � ¨�©
� Ö ¦�� Ú ¥6¥ � § Ú ¤0¨c¤�� ��� ¦ × �

	 � Ö ¥!¥�� Ú����®Ö��IÖ �Äª���� ÖËÖ��<��Ö ©�¦ Ö Û �[¨S¦ Ö]� © ×ÊÚ�� �� � ¦�§�¨ � ¥ �âÖ §�¥ �;�
�I»Cq ���d��p�J��x�V�¶��x�|��C�Q��xz�c�����zo-�cxz�w�¶v��Q�#²/�C|wmE��p�¶x�|wp6�#²°�z��³SvL»W»;»W»W»;»W»;»W»;»W»W»f»W» q!�

� � × ¥�¦ Ö 
 �TÖ��=Ö ��ª�£ �ÊÎÐÏ�Ñ�ÏQÒ 
 Ú Û Ö � �âÚ §Å¦�� Ö � ��
Ë¤ Ö § Ú�� ¨�©z¦�� �=Ö ¥ Ö ¥!¥�� Ú�� ¥ ���
��� �X¥6© �0¥!¥�� Ú�� � �
£ !#"%$'&)(+*�,-&/.�01.�2 � � . > 5 0 � 5 0 ��� 2 � 3

�1»Cq l�mcp�x��cxzC~Svw�Vv°��É�|wmcpW�SC��²�F��8|�xz��|/��mIxzvwp »W»;»W»W»;»W»;»W»f»W»;»W»W»;»W»;»W»;»W»W»f»W» q �
�1» � l�mcp�x��cxzC~Svw�Vv°��É�|wmcp�¯®�Q��¢zp6v�|��C�Q���0�z�Q�V�cx��c��p½��mIxzvwp�»;»W»f»W»;»W»W»;»W»;»W»;»W»W»f»W» q �
�1»   l�mcp�x��cxzC~Svw�Vv°��É�|wmcpW�Ëx�{S�CoÆy�o(vwp��I�S�C�c¢_��x�|�p;��mcxzvwp »W»f»W»;»W»W»;»W»;»W»;»W»W»f»W» �z�
�1» � �fp!��p���x�¾p�{S���wp6vwvw�V�z�cv°�V��|�m�pW��xQv�p;��ÉP���-V�Qv�v�p6v%»;»W»;»W»f»W»;»W»W»;»W»;»W»;»W»W»f»W» �z�

_a` [P_ å



Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)

Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)

Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot-St-Martin (France)

Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)

Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)��������� �	��
�

���������� ��� ���

ISSN 0249-6399


