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(a) stream A	

T2/T1(stream A)
T3/T1(local stream)
T2/T1(local stream)
T3/T1(stream A)
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(b) stream B	

T2/T1(stream B)
T3/T1(local stream)
T2/T1(local stream)
T3/T1(stream B)
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(a) stream A	
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(b) stream B	

T2/T1(stream B)
T3/T1(local stream)
T2/T1(local stream)
T3/T1(stream B)

���P3�%�C&���(@ª�2´!Z��?Ce��Y[���1>&$#���S>&+���C&���K�����(���*3o$���-���


�K´�"�Y[Z\4P����>&+���$&4���Ey-���Ey��IJ"��K>8��C�$`EF�?C&��C&��-*%*�K��-�>8�¦�	IL��C:UQ��>&+�$8>8C&��"�Y�$y�²"��*-S ìEy+*���/>&+*��4P�(�?"�4�$&>8C&��"�Y
���*�KC���"�$8��-Ó>8�Ó� � £�U(¥1>8��$�
��:+��BY[��$&$&"N3��TÞV4�>8�?CF��$FY[��C&�T�KÚQ���K>&�P���TI���C`"o$&Y�"�4O4VY[��$�$&"N3���$8>8C&��"�Y ÉJ$8>8C&��"�Y ��Ê
>&+*"��SIL��Cy"�Y���-*��%*Y Y[��$�$&"N3���$8>8C&��"�YÅÉJ$8>8C&��"�Y  `Êe


�T%*C)�K´!ZQ�?C���Y[���1>&$)�O�*-*���?"N>8�/>&+*"N>)>&+*�ÓY[��$�$&"N3��ÓÞV4P>8�?Co���¢UQ��>&+Æ$8���*-*�O��3È"��*-ÆC&���K���P�!����3�Eª��C��($8>&"N>&�����*$
$&+���Ey$T�P>&$B�KÚ����K>&����������$&$�����C&��-*%*�?�O��3¦>&+��o$&4P��Ey-���Ey�¤��I�Y[��$&$&"N3��oZ\"�$�$&����3Ó�?"�%*$8��-ÇU(¥È���1>8�?C�"��K>&�P���*$T����>&+��
$&��Y	%*4�"N>8��-S�*�?><EF��C&�S���
>8�?C�IL"��K��


����� � è����bå��
ë ��ä�â!èÆå��)å�í�!6è��Çâ!å�ë«ë#"�ä%$<â&��í�$¯å�ä(')��íNí�è��
ä)*
�(��Y[�#�K��Y�Y	%*�*���?"N>&������Z\"N>8>8�?Ce�*$�"NC&�ªC��?Z*C&��$8���1>&"N>&�P���`����ZV"NC�"�4�4P��41"NZ*Z\4����?"N>&�����*$?
,.§�`��+*�1��$8�`$8��Y��F�K��4�4����K>&�P���
�K��Y�Y	%*�*���?"N>&�����SZ\"N>8>8�?C��*$:>8���?�z"�4O%*"N>8��>&+���ZQ�?C&IL��C�Y�"��\�K����I�>&+��)Y[��$&$&"N3���Þ�4P>8�?C:IJ%�C&>&+��?C�


�T�*�K9¯>8�N9<"�4�4#"��*-Â"�4O4±9¯>8�N9¯������"NC&�/>�Eª�ÇZQ��Z\%*4O"NC)�K��4�4P���K>&�����Ó�K��Y�Y	%*�*�O�?"N>&�P���¢ZV"N>8>8�?C��*$o���½ZV"NC�"�4�4P��4ª�K��Yo9
Z\%�>&�O��3�
�GH��>&+��T�����K9¯>8�N9<"�4O4�Z\"N>8>8�?C�����É,+.-~��ÊªZ\"NC�"�4O4P��4VY���$&$&"N3���$y"NC���$8���
>`ILC&��Y >&+���$&"�Y������(-*�B>8�ÈÉ,+/-~��Ê
-*�±ÚQ�?C&���1>ª-���$&>&���*"N>&�P���/���(-*��$?
2�¸�K��Y�Y	%*�*���?"N>&�P���Ó���1>8�?C�"��K>&�P���/Ey�P>&+Ó")4��(�?"�4V%*$8�?C�Ûb��U����/>&+��=$8��%*C��K�oÉJ$&���*-!9
����31Ê����!-���Eª��%\4�-Â-*��4�"�¥Â>&+��������K9¯>8�N9<"�4�4:�K��Y�Y	%*�*�O�?"N>&�P����
½Gb�Æ>&+��S"�4�4±9¯>8�N9¯������Z\"N>8>8�?C��,�BÉ,+0-Õ��Ê)ZV"NC�"�4�4P��4
Y[��$&$�"N3���$¦ILC&��Y É,+1-0��Ê[���(-*��$¦"NC&�È$&���
>�>8�Â>&+��È$&"�Y���-���$8>&�O�*"N>&�P���Ð���!-����#$&%*�e+Ð"�$/"¢$8¥(�\��+�C&���\�Pß�"N>&�P���
U\"NC&Ce�P�?C���ZQ�?C�"N>&�P����
X� �K��Y¦Y)%*�\���?"N>&�P���¢�O�
>8�?C�"��K>&�����¢Ey��>&+½"È4P�!�?"�4F%*$8�?C`Û8��UÂ�O�½>&+��Ó-���$8>&���*"N>&�����¼ÉLC&���K���P�19
����31Ê)���!-��ÓEª��%\4�-Ä-���4�"�¥Æ>&+���C&���K���P�!����3Ç>&��Y��Ó��I=>&+��X"�4�4±9¯>8�N9¯���*���K��Y¦Y)%*�\���?"N>&�P����
ÂGH�Ä��%�C[�K´!ZQ�?C���Y[���1>&$?�
EF�È�K��Y�UV������-Ð>&+*�X�����K9¯>8�N9<"�4�4B"��*-~>&+���"�4�4±9¯>8�N9¯������>8�¢UQ�X"¢$&�O��3�4P����ZQ�?C�"N>&�P���ÐIL��C¦Y[��"�$�%�C&��Y[���1>&$?
«�:+��
$8��%�Ce�K�)EF��C&�!$8>&"N>&�P����Þ\C�$8>T$8���*-\$=Y[��$�$&"N3���$T>8��>&+��)C���$8>=��I�>&+��)EF��C&�!$8>&"N>&�P���*$T����>&+��o$8¥!$8>8��YS
��=$T$8�(���Ç"�$
>&+��/Eª��C&�!$8>&"N>&�P���\$�C&���K�������¦>&+��ÓY[��$&$&"N3���$)I�C���Y³>&+��/$8��%�C��K������"���+Ä$8���\-*$�"�Y[��$&$&"N3��/U\"��&�½>8��>&+��/$&��%�C��K�
EF��C&�($&>&"N>&�P����
¦�:+*��4P�(�?"�4�$8>8C&��"�Y E#"�$�$&���
>�ILC&��Y >&+*��$8��%�C��K��EF��C&�!$8>&"N>&�P���Â"��*-½"�����>&+��?C�Eª��C&�!$8>&"N>&�P���Â���
>&+���$&¥($8>8��YX


.§�§Y[��"�$&%*C&��-ì>&+��¤"����?C�"N3��½>&��Y���>8�ÆÞV�*�O$&+~>&+*��$/�����K9¯>8�N9<"�4�4�"��\-ì"�4O4±9¯>8�N9¯�����Ç�K��Y�U\�O�*"N>&�P���«��� >&+�C&�?�
E#"�¥!$?@=��Ê:�P>`EF"�$=ZQ�?C&IL��C�Y[��-S���S"/-���-*���?"N>8��-S���1�!�PC&���*Y[���1>?�\"��*-Sý��:E#"�$=Y���"�$&%�C&��-32 � Ê:�P>`E#"�$:ZQ�?C&IL��C�Y[��-
���/"������*-*��-*���?"N>8��-����1�!�PC&���*Y[���1>�E=+�����>&+��B4P�!�?"�4VY[��$�$&"N3��B$&>8C&��"�Y E#"�$F>8C�"��*$&Y¦�P>8>8��-�UQ�?><EF�?���Ó>&+��=$&��%�C��K�
EF��C&�($&>&"N>&�P���Ð"��*-~"�����>&+*�?C�Eª��C��($8>&"N>&�����Ð���Æ>&+��X$8¥!$8>8��YS�F"��*-ÆýQÿÓE#"�$�Y[��"�$&%*C&��-32:��Ê	%*$&���*3¤>&+*��-*��%�U\4P�



���

>8�S��U\$8�?C����o��>&$B$�4P��Ey-*��Ey�¤�KÚQ���K>��?"�%*$8��-¤U(¥È>&+��[4P�!�?"�4�$8>8C&��"�YS
	�:+��?C&�o"NC&�o><EF��ýQÿ���ý4��$&4P��Ey-���E=�¤�?%*C&����$
ÉJ-*"�$&+*��-/4��O����$eÊ2�O�¦���P3�%�C&�T��ÉJ"
Êe@6>&+��T$&4P��Ey-���E=�/�?%�C����=��I�$&>8C&��"�Y �A�?"�%*$8��-ÓU(¥�>&+��T4P�(�?"�4�$8>8C&��"�YX�!-*������>8��-
"�$¦58$&>8C&��"�Y �B]¦"��\-X>&+���$�4P��Ey-*��Ey���?%�C&������I2>&+��)4P�(�?"�4�$8>8C&��"�Yà�?"�%*$8��-XU(¥S$8>8C&��"�Yà���V-�������>8��-¤"�$¦584P�!�?"�4
$8>8C&��"�Y¦]!
Ð�¬��3�%�C&�X��ÉJ"
Êo$&+���Ey$[>&+*"N>?�FEy�P>&+*��%�>[$8�?Z\"NC�"N>&���*3¤>&+*�S><EF�½><¥(ZQ��$[��IBY���$&$&"N3���$?�`$8>8C&��"�Yµ� E#"�$
"zÚQ���K>8��-Ó$��P3��*�±ÞV�?"��1>&4P¥	U1¥[>&+*�=4P�!�?"�4\$8>8C���"�YS�1E=+*��4P�#>&+��B4P�(�?"�4V$8>8C&��"�Y EF"�$FY[�!-��?C�"N>8��4P¥�"zÚQ���K>8��-ÓU1¥�$&>8C&��"�Y
�)
¬Gb�Æ"�-*-*�P>&�P���,�¬>&+*�?C&�Ó"NC��Ó>�Eª�¤ý�þ���ý��[$&4P��Ey-���Ey�Â�?%*C&����$SÉJ$8��4���-Æ4�������$�Ê����Æ���P3�%�C&����ÉJ"
Êe@/>&+��S$&4���Ey-���Ey�
�?%�C&������I6$8>8C&��"�Y �ñ�?"�%\$8��-XU(¥�>&+���4P�!�?"�4�$8>8C���"�YS�V-����*��>8��-È"�$Ó58$8>8C&��"�Yà�=]!��"��*-S>&+��	$&4P��E=-���Ey�È�?%�C&������I
>&+��o4P�!�?"�4¬$&>8C&��"�Y �?"�%*$8��-¤U(¥È$8>8C&��"�Y �)��-*������>8��-§"�$�584P�(�?"�4�$8>8C���"�Y�]!
)�T%�CB�K´(ZQ�?C��OY[���
>&$T$&+*��EÖ>&+*"N>T>&+��
Y[��$&$�"N3���ÞV4P>8�?C��O�§"X$8���*-*�O��3�Eª��C&�!$8>&"N>&�P���¢�KÚ����K>&������4P¥ÇC&��-*%*�K��-§>&+*�¦$&4P��Ey-���E=�*$T��I`$8>8C&��"�Y³� �?"�%*$8��-¢U1¥
>&+���4��(�?"�4�$8>8C���"�YS
��:+���$�4P��Ey-*��Ey�S��I¬>&+���4��(�?"�4,$&>8C&��"�Y �?"�%*$8��-ÈU1¥�$8>8C&��"�Y �ÕE#"�$:���\4P¥/$&4O�P3�+
>&4�¥/+*�P3�+*�?C�


�:+*�����ª�(>8C&��"�Yu ×E#"�$[%*$8��-Æ"�$o>&+��Ó>8��$8>&����3Ç$8>8C&��"�Yu>8�Ç��U\$&�?C&���/>&+*��$�4P��Ey-*��Ey�Â�KÚ����K>&$����ÆY���-*��%*Y
Y[��$&$�"N3���$¦�?"�%*$8��-¼U1¥Æ>&+��È4��(�?"�4:$&>8C&��"�YS
¼���P3�%�C����~ÉLU�Êo$&+*��Ey$[>&+\"N>¦$8>8C&��"�Y  =��Ey+*���e+Ð+*"�$�"½Y���-*��%*Y
Y[��$&$�"N3��¤$&��ß?���:+*"�$¦4P��$�$¦$&4P��Ey-���Ey�Ð�KÚQ���K>�>&+*"��Ð>&+*"N>Ó��I�$8>8C&��"�Y �)��Ey+*�O��+¼+\"�$¦"Æ$&Y�"�4�4:Y���$&$&"N3��Ç$&�Pß?���
Ey+����ÇY[��$�$&"N3���><¥(ZQ��$�"NC&�[����>�-*��$&>&����3�%*��$�+���-�
T�y3�"����,��>&+���-���%�U\4��)Ý(%���%��[$&��+*��Y[�����¤>&+���Y[��$&$�"N3��oÞV4P>8�?C
�KÚQ���K>&�P����4P¥ÇC&��-*%*�K��-½>&+��¦$&4P��Ey-���Ey�*$T��I`$8>8C&��"�Y» ñ�?"�%*$8��-§U(¥Ç>&+���4P�!�?"�46$8>8C&��"�YS
/�:+���$&4P��Ey-���Ey�§��I#>&+��
4P�!�?"�4,$8>8C&��"�Y �?"�%*$8��-XU(¥�$8>8C&��"�Y  «E#"�$:Y[�!-��?C�"N>8��4�¥Ó+*��3�+��?C�


Gb��$�%*Y�Y�"NC&¥��Q��%�CB�K´!Z��?Ce��Y[���1>&$=$&+*��EÖ>&+*"N>TC&��4�"N>&�P����4�¥X$&Y�"�4�4¬Y[��$&$&"N3���$�$���Y)%\4�"N>8��-ÈU(¥È$8>8C���"�Yà� "��*-
$8>8C&��"�Y  B�\"NC&����"�$&��4�¥Ó-���4O"�¥���-SU(¥�>&+������1>8�?C�"��K>&�P���S��I2"�����>&+��?C=Y[��$&$&"N3��	$8>8C&��"�YS
��y+���Z*C&��ZQ��$8��-SY[��$�$&"N3��
ÞV4P>8�?C2EF��%*4�-[$��P3��*�±ÞV�?"��1>&4P¥)C&��-*%*�K�`>&+��:-*��4�"�¥o��IQ$&Y�"�4�4�Y[��$�$&"N3���$6Ey��>&+���%�>6�K���*$&�O-��?C�"NU\4P¥)"zÚ����K>&���*3�>&+��y4P�!�?"�4
$8>8C&��"�Y ���S>&+���$&���*-*����3o$&��-*��


���65 � è����bå��
ë ��ä�â!èÆå���í7!�èÆëìè8*9*:�Qê,è1;Fç¯íNè8�Èå�ä<��èVâ!è8$>=�$<ä�êÐæ�å���ã?*�í7�Ví�$<å�ä)*
�!��Y¦��4�"NCF>8��>&+���"NUQ�����)$8���K>&�P�����*>&+*�?C&��"NC&��"�4�$&��><EF�¦Y[��$&$�"N3��)$8>8C&��"�Y¦$?@6>&+���>8��$8>&�O��3¦$8>8C&��"�Y»ÉJ�²��CB :Ê#"��*-
>&+��:4P�!�?"�4�$8>8C&��"�Y×I�C&��YÖ>�Eª��Eª��C&�!$8>&"N>&�P���\$2Y[�?C&3�����3T>8��"�$�"�Y[�`C&���K���P�!����3TEF��C&�($&>&"N>&�P����
�GH�o��%*C6$&��Y	%*4�"N>&�P�����
>&��Y[��$2ý��?��ý�ÿ`"��*-	ý�þ`"NC&�:>&+��`C����K���P�(�O��3�>&��Y[��$2��I�>&+��:Y[��$�$&"N3���$�����>&+��`C&���K���P�!����3�EF��C&�!$8>&"N>&�P����
2�=3�"�������EF�
Y[��"�$&%*C&��-�ý�ÿ���ý4�¬>8�B�?�z"�4O%*"N>8�#>&+��F$�4P��Ey-*��Ey�)�KÚ����K>&$�E=�P>&+���%�>¬%*$&����3y>&+��F-*��%�U\4P��Ý(%���%��#$&�e+���Y[����"��*-�ýQþ���ý4�
%*$&�O��3�>&+��=-*��%�U\4P�yÝ(%���%��=$&��+���Y��B����>&+��=Y[��$�$&"N3��yÞ�4P>8�?Cª���¦>&+��yC����K���P�(�O��3�EF��C&�($&>&"N>&�P����
�.§�BY���"�$&%�C&��-/>&+��
C&���K���P�!����3�>&��Y[��$6>8�	C&���K���P���	�?���)Y���$&$&"N3���$F����>&+��B$&"�Y[�BC&���K���P�!����3�EF��C&�!$8>&"N>&�P���/>8�)�?�N"�4�%*"N>8�B"��*-¦�K��Y[ZV"NC&�
>&+���ZQ�?C&IL��C�Y�"��\�K��


���P3�%�C��È�ÐÉJ"
Ê["��*-²ÉLU�Êo$&+���E >&+��È$�4P��Ey-*��Ey�~IJ"��K>8��C�$/��IB$&>8C&��"�Yµ�|"��*-Ð$&>8C&��"�Yµ "zÚQ���K>8��-¼U(¥Ä>&+��
4P�!�?"�4�$8>8C���"�YS�VC���$8ZQ���K>&�P����4P¥�
:�:+���3���"�4���I2>&+\��$:3�C&��%*ZÈ��I2�K´!Z��?Ce��Y[���1>&$y��$y>8�/���1����$8>&�P3�"N>8�	>&+����KÚQ���K>T��I2>&+��
Y[��$&$�"N3��/Þ�4P>8�?C	�O�Â"�C&���K���P�!����3�Eª��C&�!$8>&"N>&�P���,
½��%�C)�K´!ZQ�?C���Y[���1>&$	$&+���E >&+*"N>	Ey+����ÆY[��$&$�"N3��Ó>�¥1ZQ��$	EF�?C&�
����>:-*�O$8>&����3�%*�O$&+���-��($8>8C&��"�Y �²��Cy$8>8C���"�Y  «$8���1>:I�C���Y ������EF��C&�($&>&"N>&�P���È�K��%*4O-�U�����"�$���4P¥/-*��4�"�¥���-ÈU1¥Ó>&+��
4P�!�?"�4\$8>8C���"�Y×ILC&��Y "�����>&+*�?CªEF��C&�!$8>&"N>&�P����
6����CF�K´�"�Y[Z\4P���1>&+��y$&4P��Ey-���Ey��IJ"��K>8��C�$ªEª�?C&�B%�Z�>8�Ó�K���!"��\- � IL��C
$8>8C&��"�Y¦$y�0"��*-X B�*C&��$8ZQ���K>&�P����4�¥��*Ey+�����>&+��)Y[��$&$&"N3���$=$&�Pß?����I�>&+���4P�!�?"�4�$8>8C&��"�Y ���*�KC&��"�$&��-S>8�È� � £�U(¥(>8��$?

�:+��=Y[��$&$&"N3��=ÞV4P>8�?CF���[>&+��B���?><EF��C&�����1>8�?C&IJ"��K�=���¦>&+��:C&���K���P�!����3�Eª��C&�!$8>&"N>&�P���Ó�K��%*4�-¦�KÚ����K>&������4P¥[C&��-*%*�K�=>&+��
$&4P��Ey-���Ey�ÇU1¥Ç-*��$&>&����3�%*��$�+*����3[>&+��[>�¥1ZQ��$���IF>&+���Y[��$�$&"N3���$�"��*-§$8�?ZV"NC�"N>&����3S>&+���Y³���
>8�S>�Eª��Ý1%���%*��$?
	�*��C



� �

�K��Y�Y	%*�*���?"N>&�����/���1>8�?C�"��K>&�P���\$?
2�:+��=�O�
>8�?C�"NC�C��P�N"�4�>&��Y[��$ª"NC&�B�O�*-��?ZQ���*-����1>6"��*-��K´!ZQ�������1>&��"�4�4P¥[-*��$&>8C��PU\%�>8��-,


���6@ � è����bå��
ë ��ä�â!èÆå���í7!�èÆëìè8*9*:�Qê,è1;Fç¯íNè8�Èå�äA*zè\äªé)$<ä�êìæÓå��
ã�*�í7��í�$¯å�ä%*
.§��C��?Z���C�>:>&+���$&�OY)%*4O"N>8��-SZQ�?C&I���CeY�"��*�K����I2���1>8�?C�"��K>&�P���*$yU��?>�Eª�?����><EF�/Y���$&$&"N3��)$&>8C&��"�Y�$?
# F��>&+�$8>8C���"�Y�$
"NC&�`ILC&��YÖ>&+��:$&"�Y��:$8��%�C��K�`EF��C&�!$8>&"N>&�P���[>8��>�Eª��-\�±Ú��?C����
>2-���$8>&�O�*"N>&�P���	Eª��C��($8>&"N>&�����*$?
2���PC�$8>?��UQ��>&+[$8>8C���"�Y�$
EF�?C&�6��Ý(%*"�4�4P¥=>8C&��"N>8��-�Ey��>&+���%�>Q>&+���Y[��$�$&"N3��6><¥(ZQ��-*��$&>&���*�K>&�P����
,�y+����T>&+���$8>8C���"�Y�$�EF�?C&�6>8C&��"N>8��-)-*�±ÚQ�?C&���
>&4�¥
U(¥�"�4�4P�!�?"N>&����3S�N�CB ��I�>&+��oU\"��\-�Ey��-�>&+È>8�SZ\"NC�"�4�4���4�Û8��U\$?ÜQILC�"�Y[��$BEy+����¤UQ��>&+¤><¥(Z���$T��IªI�Ce"�Y[��$����1>8�?C�"��K>?

.§�[%*$8��-�>&+��	C&���K���P�!����3Ó>&��Y[�����¤>&+��o-���$8>&�O�*"N>&�P����Eª��C&�!$8>&"N>&�P���¤>8�SY[��"�$&%*C&�)>&+*�	-*�PÚ��?C&���\�K��UQ�?><EF�?���Ç>&+��
><EF�ÂY��?>&+��(-\$?
 �:+*�XC&���K���P�!����3§>&��Y��XEF"�$/Y[��"�$&%�C���-Ð"NI�>8�?CÓ>&+��È-*��$8>&���*"N>&�P���ÐEª��C&�!$8>&"N>&�P���¼C&���K���P����-0�?���
Y[��$&$�"N3���$:ILC&��Y >&+���$�"�Y[��$8���*-\����3oEª��C��($8>&"N>&������
6.§���K���*-\%*�K>8��-X>&+���$&���K´(ZQ�?C��OY[���
>&$`Y¦"��
¥�>&��Y[��$:>8��3��?>
>&+���"����?C�"N3��	>&��Y[��


�:+*�ÓC����K���P�(�O��3�>&�OY[����I="§$8>8C&��"�Y �O�Æ"Ç-���-\���?"N>8��-Ä���
�!�PC&���\Y[���
>[��$o-����*��>8��-~"�$oý � 
Æ�:+���C&���K���P�!����3
>&��Y[�	��Iª"�$8>8C���"�Y|Ey+*���e+����1>8�?C�"��K>&$TEy��>&+¤"��*��>&+��?C�$8>8C&��"�Y ����>&+��o���1�(�PC����*Y[���1>?��E=�P>&+���%�>B-*��$8>&���*3�%*��$&+*�O��3
>&+��SY[��$&$�"N3���$[><¥(ZQ��$[���Ä"¤$&���*-*����3¤EF��C&�($&>&"N>&�P�����ª�O$	-*������>8��-~"�$	ýQÿN
Â�:+���C&���K���P�!����3¤>&��Y[����I="§$&>8C&��"�Y
Ey+*�O��+S���1>8�?C�"��K>&$`Ey��>&+S"�����>&+��?Cy$8>8C���"�Y ����>&+������1�!�PC&���*Y[���1>`%*$&���*3	>&+*��-���%�U\4P��Ý(%���%���$&�e+���Y[�����S"[$&���*-!9
����3�Eª��C��($8>&"N>&����������$	-�������>8��-Ä"�$)ýQþN
§�:+*�¦C�"N>&�P��ý�ÿ���ý��oZ*C&��$8���1>&$	>&+���$&4P��E=-���Ey�ÆIJ"��K>8��C��?"�%*$8��-ÆU(¥½>&+��
���1>8�?C�"��K>&�P���ÂUQ�?><EF�?���¢>&+��/><EF��$8>8C���"�Y�$�E=�P>&+���%�>�$&�?Z\"NC�"N>&����3È>&+��¦>�Eª�ÇÝ1%*��%���$?�¬Ey+*���e+½��$�C���4�"N>&�P����>8�¤>&+��
C&���K���P�!����3Ó>&��Y[�	��Iª"�$&�O��3�4P�o$8>8C&��"�Y ���¤"�-���-*���?"N>8��-Ç���1�(��C&���*Y[���1>?
��:+��	C�"N>&�P�Óý�þ���ý��TZ*C&��$8���1>&$T>&+��[$&4P��E`9
-���Ey��IL"��K>8��CB�?"�%*$8��-SU(¥Ó>&+������1>8�?C�"��K>&�P���SUQ�?><EF�?���S>&+���>�Eª�/$8>8C&��"�Y�$`E=+��?C&��>&+���Y[��$�$&"N3��TÞV4P>8�?C:��$`%\$8��-S���
"o$8���*-*�O��3)EF��C&�!$8>&"N>&�P����
6�y+*��$ªC�"N>&�P�[��$FC&��4�"N>&�P���T>8�[>&+��TC&���K�����(���*3)>&��Y��B��I¬"o$&����3�4P�T$8>8C&��"�Y �O�Ó"o-���-\���?"N>8��-
���1�(�PC����*Y[���1>?
T���P3�%*C&�	�/3��P����$T>&+��	C�"N>&�P���?%�C&����$T��I6ý ÿ ��ý � "��\-Xý þ ��ý � Ey+�����>&+��oY[��$&$&"N3���4�����3�>&+È��Iª>&+��
4P�!�?"�4,$8>8C&��"�Y �z"NC�����$?


2048 4096 6144 8192 10240� 12288� 14336� 16384�
Message length (in bytes) of local streams�1

3

5

7

9

11

13

15

17

19

S
lo

w
do

w
n�

(a) stream A	

T2/T1(stream A)
T3/T1(local stream)
T2/T1(local stream)
T3/T1(stream A)

2048 4096 6144 8192 10240� 12288� 14336� 16384�
Message length (in bytes) of local streams�1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

S
lo

w
do

w
n�

(b) stream B	

T2/T1(stream B)
T3/T1(local stream)
T2/T1(local stream)
T3/T1(stream B)

���P3�%*C&���(@��2´!ZQ�?C���Y[���1>&$F���X>&+���$&���*-*����3[$&�O-���


.§�S%*$8��-Æ$8>8C&��"�Yu� ��Iy$�Y�"�4�4P�?C	Y[��$&$&"N3��S$&�Pß?�ÇÉ � �ÇU1¥(>8��$eÊ�"��*-Â$&>8C&��"�Yu ×��IyY[��-\��%*Y Y[��$�$&"N3��S$&�Pß?�
É � £�U1¥(>8��$eÊ�>8�¤$&�OY)%*4O"N>8�¦Z\"NC�"�4O4P��4�Û8��U\$?Ü�Y���$&$&"N3���$?�2>&+��Ó"È4P�!�?"�4F$8>8C&��"�Y»��I:$&�Pß?�¦�N"NC&¥!����3�I�C&��Y � £�U1¥(>8��$
>8�¼� � £�U1¥(>8��$�>8�¢$���Y)%\4�"N>8�X4P�!�?"�4`%*$8�?C�$?Ü6Y���$&$&"N3���$?
A�(>8C&��"�Y �àE#"�$[Þ\C�$&>o%\$8��-Ð"�$[>&+��È>8��$8>&����3¢$&>8C&��"�Y



� �

connection 1 connection n

A

TCP/IP

interface

. . .

(a) a traditional protocol

B

TCP/IP

interface

message filter server

connection 1 connection n. . .

(b) the emulating experiment envirnment

���P3�%�C&�)�1@��y+���>8C�"�-*�P>&�����*"�4����1>8�?C&IL"��K�ÓÉJ"
Ê#"��*-S>&+���$���Y)%\4�"N>8��C)ÉLU�Êe


EF��C&�($&>&"N>&�P���*$B�K���*�����K>8��-�U1¥X"��¬�T�y�«���(÷y9 � ���� F÷ �2�:� ���?><EF��C&��
:�:+���$&>8C�%*�K>&%�C&����I2>&+���$&��Y	%*4�"N>8��CB��$
$&+���Ey�Ä���¢���P3�%*C&�S�1
ÇGb�Æ>&+��Ó�BW M ø�G M ��>&+��S���1>8�?C�"��K>&�P���ÆZQ�����1>ÓÉJ F��>8>&4P���������Æ� ���Â���P3�%*C&� �!ÉJ"
Ê8Ê	���Â>&+��
���1>8�?C&IJ"��K���O$�>&+���Z\4O"��K�/Ey+*�?C&�Ó"�4O4�>&+��SY[��$�$&"N3���$oI�C���Y»>&+*�/Z*C���>8�(�K��4#4�"�¥��?C[Ey��4�4ª���
>8�?Ce"��K>?
½�=$[$&+*��Ey�Æ���
���P3�%�C&���!ÉLU�Êe�!"�4�4\�K��Y�Y	%*�*�O�?"N>&�P���¦��ZQ�?C�"N>&�����*$����¦��%�CF���
�!�PC&���*Y����
>6E=��4�4*%*$&�y>&+��BY[��$&$&"N3��=ÞV4P>8�?C�
2�:+(%*$?�("�4�4
>&+��yY���$&$&"N3���$ªEy��4�4!���1>8�?C�"��K>�"N>ª>&+��:ZQ�����1>¬��I� ~����>&+��y$&��Y	%*4�"N>8��-o���1�!�PC&���*Y[���1>?
�GH��>&+��yY[��$&$�"N3��:ÞV4P>8�?C���>&+��
-���%�UV4P��Ý1%���%*��$&��+���Y���EF"�$=��Y[Z\4���Y[���
>8��-�>8�/-*��$8>&���*3�%*��$&+/"��*-S>8��Z*Ce�P��C��P>&�Pß?�T>&+���>�Eª�/><¥(ZQ��$`��I2Y[��$&$&"N3���$?


���¦IJ"��PC�4P¥��K��Y[Z\"NC���>&+��)Z��?C�I���C�Y¦"��*�K��UQ�?><EF�?���È>&+\"N>=%*$&�O��3[>&+��)$���+���Y[�	"��*-X>&+\"N>yEy�P>&+*��%�>y%*$&�O��3[>&+��
$&�e+���Y[���Q"��*-X>8�/��4���Y����\"N>8��>&+��)$8��IL><E#"NC&�o$&��Y	%*4�"N>&�P���������?C�+���"�-��Q���È>&+����K´!Z��?Ce��Y[���1>&$?�*EF�)"�4�$8�Ó-��?����4P��ZQ��-
"Ó4�"�¥��?C�ÉJ$8�?C&���?CKÊy�O�X>8C�"�-*��>&�P���*"�4,Z\C&��>8�(�K��4¯��E=+*����+ÈEª��C��($=>&+��o$&"�Y[�o"�$=>&+\"N>B���¤Y[��$&$�"N3���ÞV4�>8�?C=�K´��K�?Z*>T>&+��
IJ"��K>�>&+*"N>��P>�-��(��$�����>�-*��$&>&����3�%*��$�+S>&+��[><EF�X�!���*-*$B��IFY[��$&$&"N3���$?
o.«+����§>&+��[$&�e+���Y[�¦�O$B�OY[Z\4P��Y[���1>8��-Ç���
>&+��T���?><EF��C&�¦�O�
>8�?C&IJ"��K�T���¦+*"NCe-�EF"NC����(�P>ªEy��4�4\-���4��P���?CFY)%*�e+ÓU��?>8>8�?CFZQ�?C&IL��C�Y�"��*�K�B�K��Y[Z\"NC&��-/Ey�P>&+/$8��I�>�EF"NC��
$&��Y	%*4�"N>&������


.§�¢$&�?>�%*Z¸"ÆY���$&$&"N3��§ÞV4�>8�?C��O� ��"��e+¸EF��C&�!$8>&"N>&�P���«��I	>&+��§$8¥($&>8��YS
 �y+��§Y[��$&$&"N3��ÇÞV4�>8�?C�$�$8�?>X%�Z
>&+��ÈY	%*4P>&��Z\4P��"��*-Ð���*-*�?Z����\-����
>o����ZV%�>eø���%�>8Z\%�>[Ý(%���%���$[IL��C���"��e+¼��IT�P>&$��K���*�*���K>&�P���*$?
ì�:+���ÞV4P>8�?Ce$["�4�$8�
$&%�Z\Z���C�>="��Ç"��&�!����E=4P��-�3���Y[���1>�Y[����+\"��*��$&YàEy+*�O��+¤���*�?4�%*-*��$:>&+��	C&���K���P�!����3ÓEy���*-*��EÖ$&�Pß?�SÉL>&+��[�KC&��-*�P>eÊy���
�?���?C&¥~"��&�!����Ey4P��-�3���Y[���1>?
ÐGH>���$[%*$8��-Ä>8�½�K���1>8C&��4`>&+*�È%�Z��K��Y�����3Ç4P�!�?"�4`%*$8�?C[ILC�"�Y[��$[E=+����Ä"§C&���K���P�!����3
EF��C&�($&>&"N>&�P���Â�O$�Z*C&�!�K��$&$&�O��3XZ\"NC�"�4O4P��4�Û8��U\$?Ü�ILC�"�Y[��$�
S.§�Ó%*$&��-½><EF�ÇZQ��4����?�P��$����¢>&+��/�K���1>8C&��4F��I`>&+��Ó����Z\%�>
Ý(%���%���"��*-§>&+*�[��%�>8Z\%�>�Ý(%���%���
¦�y+��oÞ\C�$8>TZQ��4����K¥�>8C&��"N>&$�"�4O4�I�C�"�Y���$���Ý(%*"�4�4P¥��!Û&%*$8>�"�$)���Ç>&+���>8C�"�-\�P>&�P���*"�4
���1>8�?C&IJ"��K��4�"�¥��?C�
��:+���$8���K���\-XZQ��4����K¥¦-\��$8>&����3�%\��$&+���$ª>&+���ILC�"�Y[��$`ILC&��Y ZV"NC�"�4�4P��4Q"��*-X4��(�?"�4(Û8��U\$?


Gb�Ó��%�C:$&��Y	%*4�"N>8��C��(>&+���ILC�"�Y[�T$&�Pß?�TE#"�$:$8�?>���£�U(¥1>8��$?
6�:Eª�o�!���*-*$ª��I¬Y���$&$&"N3���$8>8C&��"�Y¦$#Eª�?C&��$8>&%\-*�P��-�

�:+��oÞVC�$8>��������¬-�������>8��-¢"�$)$8>8C&��"�Y»����+\"�$�"��¢"����?C�"N3��ÓY���$&$&"N3��/4�����3�>&+§��I � �ÈU(¥1>8��$?��Ey+*���e+½��$�$&Y¦"�4�4P�?C
>&+*"��Â>&+��¦ILC�"�Y[��$&�Pß?��
��:+��¦$8���K���\-Â���*����-*������>8��-Â"�$o$8>8C���"�Y» B��+*"�$)"��Æ"����?Ce"N3��XY[��$&$&"N3��S4P����3�>&+¢��I �
£�U(¥1>8��$��\Ey+*�O��+X��$y4�"NC&3��?Cy>&+\"��X>&+���ILC�"�Y[�)$&�Pß?��
#�04��(�?"�4�Ûb��U,Ü�$=$8>8C&��"�YÅÉLEª�	�?"�4�4��P>:4��(�?"�4�$8>8C&��"�Y IL��C=$�+���C&>
���Ó>&+��TIL��4�4P��E=����3)-\��$&�?%*$&$��P���*$eÊ¬E#"�$:$8���1>`$&��Y	%*4P>&"����?��%\$&4P¥[Ey�P>&+Ó"o>8��$8>&���*3o$&>8C&��"�YS
2.§���N"NC��P��-Ó>&+���"����?C�"N3��
Y[��$&$�"N3��È4P����3�>&+Ä��IB>&+��X4P�!�?"�4`$8>8C&��"�Y ILC&��Y � £�U(¥(>8��$[>8�Ð� � £�U(¥1>8��$�>8�½$&+���E >&+��S�KÚ����K>&$¦��I=-*�PÚ��?C&���1>



���

D7EGF�HJIJI#K�HCLMHJIJICN&IOECLMHQP�N8RTS8HCU&NOV8NWN7X(LMNMY�NMD9UMNCZ�[
\ H7]�NJ^9_JK`IMD�P3D9a&NWZbICc�Y�HJId_3R9NCLeR�fgR9N7X�Z�DQXMhji�D:aCSkYQ_&LJL&N7XMaM^9VW_�EM^MR�l

N&I�R9Nnm
YQ_&LJL&N7XMaM^9VW_�EM^:Kno<Y�_MLJL&N7X&a�^9VW_�E&^9Kbp<q�l
r&s7t)FuYQ_MLWLMN9XMa�^:VJ_MEM^9K3[vl
wMx R9N7XMZbH`Y9LMNCZ8D:a
aMc
aCS�N#K8H�LMHJIJIWNJI(R7N9X�ZJNCL x�w

y
N&IMR7N wMx a�S8N
ECLMH:PeN(D&ROECLMc:PzH`ICc�Y7H&Id_{R7NCL x�w
D7EGF|ECLMHQP�N8R}EWLMcQP<HjK8H�LMH&IWIWNJIj~Jc9VzHCL&NzR:aeD�IJI(Y7c:P�D�X�he[
r&s7t)F��W�J�J���9�8���C�8^7LMN�Y:U{[�l
wMx a&cbIMD�P�D9aAR9N7XMZ8DQXMh LMH�aMN
cCE(IWcMY�H&I
~Wc7V{R xCw

N&I�R9N
r&s7t)FuYQ_MLWLMN9XMa�^:VJ_MEM^�RJ[vl
wMx X�cCL9P�H&I�P�N8RWR7HCh&N#K�H8RJRCDQXMhncWE(ICc�Y�HJI ~Jc9V3R x�w

y
�:+*�T�*�?><EF��C&�S���
>8�?C�IL"��K��$&+*��%*4�-Ó$&%�Z*ZQ��C&>F>&+����B�&�!����Ey4���-�3���Y[���1>yY[����+\"��*��$&Y ���Ó��C�-*�?C`>8����Y[Z\4P��Y����
>

>&+��¤"NU�������$&�e+���Y[��
AGH>/�?"��ì"�4�$8�½UQ�È-*�����ÈU(¥~Y�������C�C��?�(��$��P���~��IT>&+����yW`£»Y[���e+*"��*��$�Y ��I�>&+����BW M
Z*C&��>8�!�K��4�>8����Y)UQ��-X�P>?


Gb�Ç>&+��� :� M Y[�!-���4¡�Q>&+����K��Y¦Y)%*�\���?"N>&�P���Ç��I#"/ZV"NC�"�4�4P��4\Û8��U½��$T3������?C�"�4�4�¥È�K���*�K���1>8C�"N>8��-Â�O��>&+*��$&"�Y[�
Z\+*"�$&�/ZQ�?C��P�!-*���?"�4O4P¥�
X�yIL>8�?Co>&+*��$)�K��Y�Y)%\�*���?"N>&�P���ÆZ\+*"�$&���¬>&+*�ÓZV"NC�"�4�4P��4�Ûb��UÆEy��4�46���
>8�?C[>&+����K��Y[Z\%*>&"N>&�P���
Z\+*"�$&��
:�:+1%\$?�\4P�!�?"�4!Û8��U\$?Ü�Y[��$&$&"N3���$=Ey��4�4,U��)"zÚ����K>8��-¤C&�?3�%*4O"NC�4P¥�-*%�C����*3[>&+����K´!���?%�>&�P������I6"�Z\"NCe"�4�4P��4(Û8��U,

�(��Y[�?>&�OY[��$?�
>&+*�y :� M �O$6��Y[Z\4���Y[���
>8��-�>8�������?Ce4�"NZ¦>&+��B�K��Y[Z\%�>&"N>&�����¦"��*-��K��Y¦Y)%*�\���?"N>&�P����
�GH>�Y�"�¥[C���$&%*4P>
����>&+*"N>B"�4�Y[��$8>="�4�4��K��Y�Y	%*�*���?"N>&�P���ÈC&��$8��%�Ce�K��$y"NC&���!�?�?%�Z\����-SU1¥Ó>&+���ZV"NC�"�4�4P��41Û8��U,
�Gb�S>&+*�O$:$&�P>&%*"N>&��������>&+��
ZQ��EF�?C�Z*C���$8�?C&�N"N>&�P���½Y[�?>&+��!- � � �ª�?"��½UQ�¦%*$&��-§>8�È3�%*"NCe"��
>8�?�/>&+*"N>)4P�!�?"�4�Û8��U\$��?"��¢3���"�+���"�-Æ���§"È3��P�����
ZQ�?C��P�!-�


�:+*�X+*"NC�-�E#"NC&�X�K��$8>���IB>&+��X$&�e+���Y[�È�O$oC&��4�"N>&�P����4P¥Ä4P��E�
Ð�:+��������?Ce+���"�- �O�
����4P����-¼���Ä-*��$8>&���*3�%*��$&+*�O��3
ILC�"�Y[�B><¥(Z���$#���Ó$8���*-\����3)�O$����?C&¥/$&Y�"�4�4¡
�GH>ª���\4P¥����?��-*$F>8�[4P�(���¦%�Z�"�>&"N3[���/>&+��BÞ*´!��-¦ZQ��$&�P>&��������I�"	ILC�"�Y[�
+���"�-��?C�
6�Õ�K��%*�1>8�?Cy��$#���?��-���-Ó>8�oÞV�\-¦>&+��BÞ*´!��-�ZQ��$&�P>&�P���,�1"��*-S"o�K��Y[Z\"NCe"N>8��Cy��$#%*$8��-Ó>8��-*��$&>&����3�%*��$�+[>&+��
>&"N3�
:����CBC&���K���P�!����3�"/Y[��$&$&"N3�����>&+���ILC�"�Y[��$="NC&�)-*�O$8>&����3�%*�O$&+���-/U1¥�>&"N3�$T���S>&+�����Cy+���"�-��?C�$�
F�:+*��C&���K���P�!����3
���?>�Eª��C&�Ó���1>8�?C&IL"��K�T���?��-*$F>8�[��+*���&�¦>&+*�=>&"N3[��I�")ILC�"�Y[�T���¦��Ce-��?Cª>8�["�$&$��P3��¦>&+*�BILC�"�Y[�=>8�o>&+��=Ce�P3�+
>#Ý(%���%����
"��*-S>8�/��+������X�PI�"�4�4Q>&+*��I�Ce"�Y[��$`��I�Z\"NC�"�4�4���4�Û8��U\$:+\"����)"NC�C��P����-�


� � ð6ó�ò � ó����:ôoõ2ð��T�����|�����3� � ô

����� � è8*9*:�Qê,è};Fç¯í�è��
.§��-��?����4P��ZQ��-¦"	$&��Y	%*4�"N>8��C#%*$&�O��3��=W M ø�G M IJ"��?��4��P>&�P��$�>8�	$���Y)%\4�"N>8�y>&+��=Z*C&��ZQ��$8��-Ó$&��+*��Y[��
6�:+��B$&��Y	%*4�"N>8��C
��$B�?"�4�4P��-¤"Èw¦dKj�jK��i1d����Àl<d?_e��"��*-�EF"�$T��Y�Z\4P��Y[���1>8��-È���¤"Ó$8¥($&>8��Y E=+*����+��K���*$&��$&>8��-È��I6�X�!7B; � M �B�y� � �



���

>&��Y[�	%*�*�P>��VEª�oY�"�¥X"�$&$&�P3��È�¦>8���:�=�=�F�!���TD�R $8���*-��VEy+*���e+XY[��"��*$=>&+*"N>=�¦ILC�"�Y[��$=��I6"�Z\"NC�"�4O4P��4(Û8��U,Ü�$
Y[��$&$�"N3��T"NC��T$&���
>`"��*-Ç�=I�C�"�Y��B��I�4P�(�?"�4
Û8��U\$?Ü!Y[��$&$&"N3�����$#$8���1>`���Ó")%*�\�P>�>&��Y��B�PI�UQ��>&+Ó><¥(ZQ��$F��I�Y[��$&$�"N3���$
�K´���$8>?
: F���?"�%*$8�o"�4�4,>&+*��ILC�"�Y[��$B+*"����	>&+��)$�"�Y[�)$&��ß?����$8�Ó"N>B4���"�$8>B�N�CB ��I2>&+���UV"��*-�Ey��-*>&+S��$y"�4�4��(�?"N>8��-�>8�
>&+��BZ\"NC�"�4�4���4NÛ8��U,
6�:+��B4�"NC&3��?C#>&+��T�:�=�=�F�!���TD�R $8���*-/�z"�4O%��B�O$?�1>&+*�BY[��C��=U\"��\-�Ey��-�>&+�Ey��4�4\U��B"�4�4P�!�?"N>8��-
>8�S>&+��oZ\"NC�"�4O4P��4�Û8��U,
�GHI6ý����¡ £¢?�¥¤§¦)¨ ©:ª�+�«­¬ �N�,>&+��oU\"��*-*Ey��-�>&+���$T"�4�4P�!�?"N>8��-Ç��Ý1%*"�4O4P¥SUQ�?><EF�?���§>&+��
><EF�XÝ(%���%���$?
)G�I�ý��®�¡ �¢��g¤¡¦)¨�¬°¯ì�,4P�!�?"�4¬Y���$&$&"N3���$��?"��§���\4P¥XUQ�[$8���
>TEy+*����>&+*�[Z\"NC�"�4�4P��4¬Ý(%���%��[��$
��Y[Z*>�¥�


�:+*�/�N"�4�%��Ó��Iy�:�B�y�#�!�T��D�R $8���\-Â$&+*��%*4�-ÂU��Ó"�-zÛ&%*$8>8��-ÆU\"�$8��-Æ���Ä4P�!�?"�4F%\$8�?C	�K��Y¦Y)%*�\���?"N>&�P���Ä-��K9
Y�"��*-,���K��Y�Y	%*�*���?"N>&�P���¢I�C���Ý1%����\�K¥���I#"XZ\"NCe"�4�4P��4\Ûb��U����K��Y�Y	%*�*���?"N>&�����§Z\"N>8>8�?C��*$���I`"SZ\"NC�"�4�4���4VÛb��U,�¬"��*-
>&+���C���$8ZQ���*$8�T>&��Y[��C&��Ý(%*�PC���Y[���
>&$#��I�Z\"NCe"�4�4P��4
Ûb��UV$?


±��65 á§é8²9"%*�í�$�ä6ê í7!�èd*�èVä�é)$�ä6ê ����í�è1�³��å�ë ��è\â!è8$´=�$<ä6êÐæÓå��
ã�*�í7��í�$¯å�ä%*
Gb�/��Ce-��?C`>8�[Y�"N����"oZ\"NC�"�4�4���4\Z*C���3�C�"�Y C�%*�Ó�KÔ/�?�P���1>&4P¥��!���*4P¥�3����(���*3	"o+*�P3�+*�?CFZ\C��P��C��P>�¥[>8�[>&+��TZ\"NC�"�4�4���4�Û8��U
>8�X$8���*-¤ILC�"�Y[��$���$T����>����*��%�3�+�
�.«+����§$8��Y[�[ZV"NC�"�4�4P��4*Ûb��U�Ü�$TI�C�"�Y���$�"NC&�oU����O��3/C����K���P����-Ç���§"�C&���K���P�!����3
EF��C&�($&>&"N>&�P�����,�P>B��$T�����K��$&$&"NC&¥�>8�S����>&�PIL¥S>&+��[4P�(�?"�4¬%*$8�?C�$8���\-��?C=>8�S$&4���Eñ-���E=����C��?�����§$&>8��ZÇ$&���*-*����3/>&+��
ILC�"�Y[��$�>8�X>&+*�¦$&"�Y[�����!-���"N>�>&+*��Y[��Y[���1>?
¦�:+*��$TE=��4�4¬"�4�4P��E >&+���Z\"NC�"�4O4P��4\Ûb��U,Ü�$�I�C�"�Y���$�3��X>&+�C&��%*3�+½"�$
$8�(���X"�$:ZQ��$&$��PU\4P��


.§�Ó"�-���Z*>�"X�KC���-*�P>b9¯U\"�$8��-¢"NZ*Z*C&��"��e+ �±�?�N�ª�O�§��%�C�$8¥!$8>8��Y³>8�È"�-zÛ&%*$8>�>&+��¦$&���*-*����3�C�"N>8�/��I`4P�(�?"�4�%*$8�?C
Û8��U\$F>8��")C����K���P�(�O��3)EF��C&�!$8>&"N>&�P����
ª�:+��T�KC&��-*�P>#��$#"	Z���$��P>&�P���T���
>8�?3��?Cy�z"�4�%*�=Ey+\����+/>8��4�4�$#+���E¸Y�"��
¥/I�Ce"�Y[��$
�?"��ÇUQ�	$&���
>�"N>�Y[��$8>����¤>&+��[���K´!>T$8>8�?Z,
�GH>TC&�uµ\���K>&$�>&+��[�?%�C�C&���
>T"��N"���4�"NUV4P�	$��Pß?�o��I�>&+��oC&���K���P�!����3ÓU\%!ÚQ�?C�

Gb�*�P>&��"�4�4�¥��2>&+��X�KC&��-*�P>oIL��C¦4P�!�?"�4`%*$8�?C�$�Ü¬ILC�"�Y[��$[�O$o>&+��SC&���K���P�!����3ÇU\%!ÚQ�?C�$&�Pß?��
ÄGHI="ÇEF��C&�!$8>&"N>&�P���~C&���K��������$
ILC�"�Y[��$`ILC&��Y UQ��>&+S"¦Z\"NC�"�4�4P��4
Û8��U�"��*-È4P�(�?"�41Û8��U\$?�V�P>`Ey��4�4Q"�-zÛ&%*$8>`>&+*���KC&��-*�P>`IL��C:>&+��)4P�(�?"�4!Ûb��U\$:>8�¦UQ��>&+��
�N"�4�%��B��I��:�B�y�#�!�T��D�R C&���K���*"��*-�$8���*-Ó>&+*�O$ª�KC&��-\�P>ªUV"��&�Ó>8�	>&+*�BEF��C&�!$8>&"N>&�P����Ey+*�?C&�=>&+*�T4��(�?"�4
Û8��U\$FC�%*�
>&+�C&��%*3�+�"��§"����(����Ey4P��-�3���Y����
>�>8���K���
>8C���42�P>&$T$8���*-*���*3�
yGHI��:�B�y�F���T�TD�R C&���K�È�O$B$&�?>=>8�S�!�,�P>B>8��4�4�$=>&+��
$8���*-*�?Cy>8�/$&>8��Z¤$8���\-*����3oILC�"�Y[��$?
`�=I�>8�?CB>&+��)�K��Y¦Y)%*�\���?"N>&�P���X��I�>&+��)Z\"NC�"�4�4���4(Ûb��UÈÞV�*��$�+���$?��>&+����KC���-*�P>:IL��C
4P�!�?"�4*%*$8�?Ce$2Ey��4�4(UQ�`C&��$8�?>ªU1¥["�$&$��P3��*����3T>&+��=�?%�C&C&���1>2C&���K���P�!����3�U\%�Ú��?C�$��Pß?�:IL��Cª4P�!�?"�4*%*$8�?C�Ûb��U\$��
"��*-[C&��$�%*Y[�
>&+���Y[��$�$&"N3��K9¯Z\"�$&$&�O��3S��IF"S4��(�?"�42%*$&�?CFÛb��U½"�$��*��C�Y�"�4¡
o�:+��oZ*C&�!�K��-*%�C��o�O$���4�4�%*$&>8C�"N>8��-�"�$�I���4�4���Ey$?��E=+��?C&�
>&+��Ó�z"�4O%��/��I=�:�=�=�F�!���TD�R C&���K�¢��$	%*$8��-Â>8�§"�-zÛ&%*$8>�>&+*��$&���*-*����3ÈC�"N>8����Iy"�4��(�?"�4,Ûb��UÄILC&��Yu"ÈC���Y[��>8�
Y�"��e+*������
2�:+���$&�=��ZQ�?C�"N>&�P���\$���I�>&+��BZ*C&�!�K��-*%�C��="NC&�B-������BU��?IL��C&�B"�ILC�"�Y[�=C&��"���+���$#>&+*�=C&���K�����(���*3�Ý1%*��%��=��I
���P>&+��?CyZ\"NC�"�4�4P��4
Û8��U\$`��CB4P�(�?"�41Û8��U\$?


s&�7¶��7�&rW¶W�
�W�W�&�M�7�8�7�W��^�LMNMY9U)l
wMx _{R7NWZ
a&cbIMD�P�D9adP�N8RWR7HCh&N E&IWc�i`cCEbHbIWcMY�H&I
~Wc7V x�w

DQX&a<YQ_&LJLMN9XMaM^9VJ_MEM^:Kno`IWN9X�hCaCS`cCE
aCS8N L&N�Y7N�D9U8DQXMh ·�_�N7_�N E&c�L K8HCL&H&IWIWN&Ij~Jc7V{R�l
DQX&a<YQ_&LJLMN9XMaM^9VJ_MEM^MR1o`IWN9X�hCaCS`cCE
aCS8N L&N�Y7N�D9U8DQXMh ·�_�N7_�N E&c�L`IWc�Y7H&I
~Wc7V3Rvl
iWS�DCICN¸FQqC[Om

LMNMY�N�D:UMN
H
ECLMHQP�N�l
D7EGF�aCS�D&RdECLMHQP�N`D&R#ECLMcQP<H
¹&rC�&rW�W�J�J�
~Jc9V�[Om



���

queuequeue
interface protocol

input

output
interface

layer

in the traditional interface

queuequeue
interface protocol

input

interface

layer output

in the modified interface

(a) a single pair of input/output queue (b) double pairs of input/output queues

���P3�%*C&� � @6Gb��Z\%�>eø���%�>8ZV%�>`Ý1%���%*��$:����>&+����*�?><EF��C&�S���
>8�?C�IL"��K��$?


��>&+��?C�IL��C�4P�(�?"�4�%*$&�?CTY���$&$&"N3���$?
��y+��	$&���*-*����3/��C�-��?C���I6>&+*�o-*��%�U\4P�	Ý1%���%*��$B-*�?>8�?C�Y�������$B>&+��oU\"��\-�Ey��-�>&+
"�4�4P�!�?"N>&�P���SCe"N>&�P��UQ�?><EF�?���È>&+*��><EF�ÓÝ(%���%���$�
ª F���?"�%*$8�)Eª�)3��P����Z\"NC�"�4O4P��4(Û8��U\$?Ü*Y[��$&$�"N3���$="/+*�P3�+��?C:Z\C��P��C��P>�¥
IL��C�>8C�"��*$�Y���$&$&�������Q>&+����PC�Ý(%���%���E=��4�4¬UQ��$8�?C&����-¢Y���C&��ILC&��Ý1%*���
>&4P¥¤>&+*"��§>&+*����>&+��?C)Ý(%���%���
Ó�:+���$&�OY[Z\4P��$8>
E#"�¥o>8��"�4�4P�!�?"N>8�:>&+��`U\"��\-�Ey��-�>&+	��$�����>2>8��$&���*-[Y[��$&$&"N3���$ª���	>&+��:Ý(%���%��`IL��C64P�(�?"�4�Û8��U\$6%\�
>&��4(>&+��:Ý(%���%��#IL��C
Z\"NC�"�4O4P��4�Û8��U\$#��$F��Y[Z*>�¥�
6GH>#+\"�$ª>�Eª��-\��$&"�-��N"��
>&"N3���$�
����PC�$8>?���P>#��$#%*��IJ"��PC�>8��4��(�?"�4
Û8��U\$FEy+���$8�TZQ�?C&IL��C�Y�"��*�K�
Y�"�¥XUQ��"zÚ����K>8��-Ç�K���*$���-��?C�"NU\4�¥/Ey+*���È"/Z\"NC�"�4�4P��4!Ûb��U¤�K´!�O$8>&$?
=�(���K���*-,�V�P>BY�"�¥X�?"�%*$&�	$8>&"NC��z"N>&�P����IL��CB4P�!�?"�4
Û8��U\$?
2.§��Z\C&��ZQ��$8��"�$&��Y[ZV4P��"��*-��KÔ/�?�P���1>:>&+�C&��$�+���4�-!9¯U\"�$&��-S"�4P3���C��P>&+*Y >8�/"N>8>&"��&�X>&+��)"NU�������Z*C&��UV4P��Y�$?


s&�7¶��7�&rW¶W�
�W�W�&�M�7�8�7�W��^�R7N9X�Z�l
wMx a�S{D&R1_{R7NCZ
E&c�L V8H7XMZCieD7ZWa�S`H&IWIWcMY�HCa8D�c9X xCw

DQX&a<Y�c9_JXMa
o°q3l
iWS�DCICN¸FQqC[Om

D7EGFºK8HCL&H&IWIWN&I#·�_�N7_8N¼»�o
¶C½&�J�{[dm
R7N7XMZnc7X�N
EWL&H:P�N
ECLMcQP`aCS�NOK8HCL&H&IWIWN&IO·�_8N9_8N?l
Y�c7_WXMano<Y7c7_JX&an¾kq�l
D7EGF�Y7c7_WXMa(¿ �W�W�&�M�7�8�7�W��^�R7N9X�Ze[�H9X�ZGF�IWc�Y7H&Ij·7_8N9_8N¼»Ào
¶�½M�W�{[#m

R9N7XMZnc7X�N
EWLMHQP�N
ECLMc:P(aCS8NbICc�Y7H&I ·�_�N7_�N�l
Y7c7_WXManoÁq�l

y
y N&IMR7N

D7EGFÂICc�Y7H&Ij·7_8N7_�NÃ»Àon¶�½M�J��[
R9N7XMZnc7X�N
EWLMHQP�N
ECLMc:P(aCS8NbICc�Y7H&I ·�_�N7_�N�l

y
�:+���"�4�3���C��P>&+*Y $&+*��Ey$`>&+\"N>`>&+���U\"��*-*Ey��-�>&+Ó"�4�4P�!�?"N>&�P����C�"N>&�P���O$:-��?>8�?C�Y��O����-ÓU1¥Ó>&+����N"�4�%��T��I��:�=�=�F�!�y9
�TD�R $8���*-,��Ey+*���e+§��$B>&+���Y�"z´���Y)%\Y �1%*Y)UQ�?CT��IªILC�"�Y[��$�>8�SUQ�[$8���1>�ILC&��Y|>&+��[Z\"NC�"�4O4P��4�Ý1%���%*�	E=�P>&+*���Ç"
>&��Y[�S%*�\�P>?
Â����C¦�K´!"�Y[ZV4P���ª�PIy>&+��SZ\+1¥($&�O�?"�4F4O�����½��$["NU\4��/>8�½>8Ce"��*$&Y��P>[�¤ILC�"�Y[��$[�K���1>&���1%*��%*$&4P¥ÂEy�P>&+*���Æ"



� �

Z\"NC�"�4O4P��4
Ûb��U�Z��?C�I���C�Y¦"��*�K��-��?3�C�"�-*"N>&�P���,

.§��Z*C���Z���$&�B"o$&�e+���Y[���?"�4�4P��-�RB��%�U\4P��ÙT%���%*���!�e+���Y[�T>8�[C&��-*%\�K�=>&+������1>8�?C�"��K>&�P�����KÚQ���K>&$?
6GH>#�K´(>8���\-*$

>&+��[>8C�"�-\�P>&�P���*"�4¬���?><EF��C&�§���1>8�?C&IJ"��K�����¤><EF�XEF"�¥($�
	���PC�$&>?�,"�>8C�"�-*�P>&�P���\"�4¬�*�?><EF��C&�¤�O�
>8�?C&IJ"��K��%*$8��$�"S$�����3�4P�
�¬GH�¬�àÝ1%���%*�/IL��C[����Z\%�>)Y[��$&$&"N3���$["��*-Ä"Ç$&���*3�4P�/�¬Gb��� Ý1%���%*�/IL��Co��%�>8Z\%�>	������$XÉJ���P3�%�C&� � ÉJ"
Ê8Êe
¢�ª�P>&+��?C
Ý(%���%��y-��(��$F����>ª-*�O$8>&����3�%*�O$&+	>&+��=Y[��$�$&"N3��=>�¥1ZQ��
��!Y�"�4O4*"��*-¦%*C&3����
>FY[��$&$&"N3���$FILC&��Y×ZV"NC�"�4�4P��4zÛ8��U\$ªY�"�¥�UQ�
U\4P�!�&����-ÈU1¥X4O"NC&3���"��*-������!9<%�C&3����1>yY[��$�$&"N3���$BI�C&��Y 4P�!�?"�4,%*$8�?C6Ûb��U\$�
`WF���\$8��Ý1%*���
>&4P¥����P>yY�"�¥X-��?3�C�"�-��)>&+��
ZQ�?C&IL��C�Y�"��*�K�o��IFZ\"NC�"�4�4P��4\Û8��U\$�$&�P3��\�±ÞV�?"��1>&4P¥�
�.§�[ÞVC�$8>T-*�P�!��-��	>&+�������Z\%*>eø���%�>8Z\%�>TÝ1%*��%��[���¤>&+������?><EF��C&�
���1>8�?C&IJ"��K�¦���1>8�X><EF��$8�?ZV"NC�"N>8�¦Ý(%���%���$�C���$8ZQ���K>&�P����4P¥�@�������IL��C�Z\"NC�"�4O4P��4\Ûb��U\$�Ü�Y[��$&$&"N3���$)"��*-§>&+��¦��>&+��?C�IL��C
4P�!�?"�4V%\$8�?C�$?Ü(Y[��$&$&"N3���$?
ª�:+1%\$?�1���*Z\%�>6"��*-/��%�>8Z\%�>FY[��$&$&"N3���$`"NC��B-*�O$8>&����3�%*�O$&+���-oU(¥[>&+��=>�Eª�o>�¥1ZQ��$TÉJ�¬��3�%�C&�
� ÉLU�Ê8Êe
ñ�(���K���*-��`EF�¤$&�?>/-*�±ÚQ�?C&���1>¦Z*Ce�P��C��P>&�P��$�>8�Æ-*�PÚ��?C&���1>¦Ý(%���%���$Ó%�ZQ���Ð>&+��¤-���Y�"��*-¼��I�"NZ*Z\4��O�?"N>&�P���*$?

M "NC�"�4�4P��41Û8��U\$?ÜVY[��$&$&"N3���$=�K��%*4�-SUQ��3��P�����X"¦+*�P3�+��?C`Z*Ce�P��C��P>�¥¦IL��C:>&+���Y[��$�$&"N3��K9¯Z\"�$&$&�O��3¦"��K>&�P�!�P>&�P��$?
6 F��$&�O-���$
3��P�!����3�"S+*�P3�+��?CTZ*Ce�P��C��P>�¥X>8�S>&+��[Ý1%*��%��oI���C�Z\"NCe"�4�4P��4\Ûb��UV$?Ü�Y[��$&$&"N3���$��O�¤"S$&���*-*����3ÓEF��C&�($&>&"N>&�P������EF��%*$8�
"��&�!����Ey4P��-�3���Y[���1>&$�ILC&��Y²"=C&���K���P�!����3yEª��C&�!$8>&"N>&�P���	>8�T�K���
>8C���41>&+*�ª4P�!�?"�41%\$8�?C�$?ÜzY[��$&$&"N3��%µ\��EÄ�K��Y����*3yILC&��Y
��>&+��?CBEª��C��($8>&"N>&�����*$?
=�B4�4�>&+���>8C�"�-\�P>&�P���*"�4�Z*C&��>8�!�K��4�IL��"N>&%�C&��$B"NC&�	C&�?>&"�������-�
`.«+�����>&+��?C&�o��$y�*�/Y[��$&$�"N3���$
ILC&��Y "[ZV"NC�"�4�4P��41Û8��U,�\>&+*�����1>8�?C&IL"��K��Eª��C&�!$=>&+���$&"�Y[�)"�$y>&+���>8C�"�-*�P>&�P���\"�4Q������
#G�I¬UQ��>&+X><¥(ZQ��$:��I2Y[��$&$�"N3���$
�K´���$8>?�,Z\"NCe"�4�4P��4VÛ8��U\$?Ü,Y[��$&$�"N3���$�"NC&��3��������½"S+*�P3�+��?C�Z\C��P��C��P>�¥È>8�XUQ�o>8C�"��*$&I��?C&C���-½"�$�4P����3X"�$�>&+��?¥§-��X����>
"zÚQ���K>y>&+���ZQ�?C&IL��C�Y�"��\�K�B��I24P�!�?"�41Û8��U\$?Ü\�K��Y�Y	%*�*�O�?"N>&�P���*$#���?C&¥SY	%*��+�


�:+*�:-���%�U\4P�#Ý(%���%��:$&�e+���Y[�:��$2-*�PÚ��?C&���1>�I�C���Yñ>&+��=ÙT%*"�4O�P><¥)��I��(�?C��(���K��É¯ÙB�1�\Ê�Z*C&���!��-���-[�O�	$&��Y[�:$8Ey�P>&�e+
U\"�$8��-/���?><EF��C&�!$ª$�%*��+/"�$ª�2�:�¤$?
6���PC�$&>?�1�P>��O$6"�3������?Ce"�4V"NZ*Z\C&��"���+/"��*-¦�?"��/UQ�y��Y[Z\4���Y[���
>8��-¦����"��1¥[��>&+��?C
���?>�Eª��C&�X�O�
>8�?C&IJ"��K��$B$&%*��+È"�$=��>&+��?C����?>?
:�(���K���*-��V�P>y��$�µV�K´!�PUV4P�TEy�P>&+���%�>:"�-\-*�P>&�P���*"�4Q�����?C�+���"�-*$�
FGb�È"ÓÙB�1�
���?>�Eª��C&����%*$&%*"�4O4P¥/>&+*�)U\"��\-�Ey��-�>&+S�O$=$8>&"N>&�O�?"�4�4P¥X"�4�4P�!�?"N>8��-�
BR=¥!�*"�Y��O�	ÙB�1�È+*"�$=U��?����Z*C&��ZQ��$8��-ÈU1¥�$8��Y[�
C&��$8��"NCe��+ÇZ*C&�zÛ8���K>&$?
� #%�>B>&+��["�-*-*��>&�P���*"�4�Y¦"��*"N3���Y[���1>������?C�+���"�-¢�?"��§����>=UQ�o�P3�����C&��-,
T�����\"�4�4P¥���>&+��?C&�[��$
���Ç"�-*Y���$�$&�P���Æ�K���
>8C&��4#���Â��%�C[$&�e+���Y[��
½Gb�¢IJ"��K>?�ª��>	��$	$8��C&>o��IB"ÈUQ��$8>	�KÚ���C�>o$&�?C&�(�O�K�ÓE=�P>&+¢>�Eª�§Z\C��P��C��P>�¥
4P�?����4�$�


�T���(���*3È"ÈZ\C��P��C��P>�¥�>8�¤Z\"NC�"�4O4P��4QÛ8��U\$	-��1��$	����>	Y[��"��Â4��(�?"�4,Ûb��UV$)�?"��*�*��>)3��Ç"�+���"�-Æ���¢"�3��P�����Â>&��Y[��

�:+��?C��:"NC&�:><EF��E#"�¥!$6>8�����?�?ZÓ4P�!�?"�4�Û8��U\$23�������3�
6���PCe$8>?�
$8��Y[�`C���$8��%�C��K��$ª"NC&�y"�4�4P�!�?"N>8��-[>8�	4P�(�?"�4�Û8��U\$2E=�P>&+*���
>&+���3��������½ZQ�?C��P�!-ÇEy+*��4��	ZV"NC�"�4�4P��4VÛ8��U\$�+\"����¦>&+*��Z*C��P��Ce�P>&�P��$B>8��%*$&��>&+���$8��C���$8��%�C��K��$?
X�(���K���*-,��%*$&�O��3S>&+��
ZQ��EF�?C�Z*C&��$8�?C��z"N>&�P���§Y��?>&+��(-~� � �¯��Eª�[�?"��§3�%*"NCe"��
>8�?��>&+*�o4��(�?"�4\Û8��U\$T��U*>&"����Ç>&+��[$8¥!$8>8��Y C���$8��%�C��K��$T>&+��?¥
���?��-X�O�S"[3��P�����SZQ�?C��P�!-�


�`EF����$&$�%���$�Y)%*$&>2U��`"�-*-*C&��$&$8��-�
��:+��FÞ\Ce$8>2��$2+���E~>8�)"�4�4P�!�?"N>8�`>&+��:"��N"���4�"NU\4��FUV"��*-�Ey��-*>&+����["�$&���*-*����3
Y�"��e+*�����2UQ�?><EF�?����>&+*�2><EF�y><¥(ZQ��$���I�Ûb��UV$?
��:+*�6$8���K���*-���$�+*��E¢>8�=+*"��*-*4P�2Y[��$�$&"N3���$,����":C&���K���P�!����3`Y�"���+\�����
"��*-�+���E0>8�Ó"�-NÛ8%*$&>:>&+��o$8���*-*���*3[C�"N>8��$B��I64P�(�?"�4�Ûb��UV$?ÜVY[��$�$&"N3���$T�K��Y�����3/I�C&��Y ��>&+��?CTY�"���+*�O����$?
`.§�oEy��4�4
-*��$��?%*$&$#>&+���Y $&�?Z\"NC�"N>8��4P¥����S>&+���IL��4�4P��Ey����3[$&%*U\$8���K>&�P���*$�


±��6@ Ä ��ä�é6æ®$<é6í7!<��ç�ç¯å2â&��í7$<å�ä)*.$�ä`� *zè\ä�é%$<ä6êìæ�å���ã?*�í7�Ví�$<å�ä
.«+����¦���1>8�?C����*3�>&+��B���?><EF��C&�¦���1>8�?C&IJ"��K���(Y���$&$&"N3���$#+*"����TUQ�?���¦-\�P�(�O-���-[���1>8��>&+��T$&"�Y[�B$&�Pß?�yILC�"�Y[��$�
��y+��?C&�
"NC&�¤><EF�Ä��%�>8Z\%�>/I�C�"�Y���Ý(%���%���$/���ì"Â$8���*-*�O��3½EF��C&�($&>&"N>&�P����@½������I���C�Z\"NCe"�4�4P��4¬Û8��UìY���$&$&"N3���$S"��*- >&+��



���

U\%!ÚQ�?C�$ªY�"��*"N3���-/U1¥[>&+��=���?C�����4¡Ü�$ªZQ�1��4¯
¬�B�*-�>&+*�����1>&+*�=$8�!�&���?>`4�"�¥��?C#�?"�4O4�$6>&+��B�=W M ��%�>8Z\%�>ªC&��%�>&���*�y"��*-
>8C�"��*$&I��?C�$:>&+���ZQ�����
>8�?Cy��I�>&+��)Y�U\%*I���+\"����S>8�¦�P>?
ª�:+����=W M ��%�>8Z\%�>`C&��%*>&�������?"�4�4�$#>&+*��G M ��%�>8Z\%�>`C���%�>&�����
"��*-�Z*C����!��-���$`�P>#Ey�P>&+�>&+*��Z����O�
>8�?C`��I�>&+���Y�UV%�I��e+*"����X"�$`EF��4�4¡
�.«+����S>&+���G M ��%�>8ZV%�>`�?"�4�4�$#>&+������1>8�?C&IJ"��K�
��%�>8Z\%*>?��>&+���Y�UV%�I��e+*"����S��$`"�-*-*��-S>8�[>&+������*-���I¬>&+�����%�>8ZV%�>:Ý1%*��%��TI���C:>&+*�����
>8�?C�IL"��K��
��*C&��Y >&+���$&�(�����?>
4�"�¥��?C¦>8�½>&+��X�O�
>8�?C&IJ"��K�ÈÝ(%���%����#���½-*"N>&"½�O$[�K��Z\�P��-Ð"��*-Ä���\4P¥Â>&+*�X-*"N>&"§ZQ�����1>8�?C���$[>8C�"��*$&I��?C&C���-�
ÄG�IB>&+��
���1>8�?C&IJ"��K����$T����>��?%�C&C&���1>&4P¥XUV%*$8¥���>&+��[���1>8�?C&IJ"��K��Ü�$X58$8>&"NC&>���%*>8Z\%�>&]ÓC&��%�>&���*�)Ey�O4�4�UQ�[�?"�4�4P��-,
�G�>��K��ZV�P��$T>&+��
-*"N>&"=����>&+��FY�U\%*I!�e+*"�����>8�y>&+��ª>8C�"��*$&Y���>�U\%!ÚQ�?C���I!>&+��ª�O�
>8�?C&IJ"��K�72���>&+��?C&E=��$8���z>&+��ªY)U\%�IJ$,����>&+��6ILC&���
>���I�>&+��
Ý(%���%��	Ey��4�4�UQ�	Z*C&�!�K��$&$8��-�
T�:+��)��%�>8Z\%�>TÝ(%���%���$T���ÈY���$8>�Y[�(-*�?C����*�?><EF��C&�È���1>8�?C&IJ"��K��$�$&%*��+Ç"�$T�6>&+*�?C����?>
"��*-Ð�2�y� "NC��È�¬GH��� Ý1%*��%���$?
ì�!�OY���4�"NC�4�¥��2>8�¢C&���K���P����"½Y[��$&$&"N3����`>&+*�È���?><EF��C&�~���1>8�?C&IJ"��K�È��$[>8C���3�3��?C&��-
"�$8¥!�*��+*C&������%*$&4�¥)U(¥[>&+��=+\"NC�-�E#"NC&�y���1>8�?C&C�%�Z\>&$?
¬�y+��y���1>8�?C&IJ"��K�=����ZV%�>2C&��%�>&���*�`C&��"�-*$F-*"N>&"�ILC&��Y×>&+*�=-��?�!���K�
���1>8�/"���Y�U\%*I��e+*"�����
`�Ö$8��IL><E#"NC&�o���
>8�?C�C�%�Z*>:��$=$&��+*��-*%*4P��-S>8���?"�%*$8�)>&+���G M ����Z\%�>#Z*C��(�K��$&$=C&��%�>&�O����>8�/UQ�
�K´!���?%�>8��-�
��y+��/���1>8�?C&IJ"��K�/���*Z\%�>�Ý(%���%��/�O$�"�4�$8�¤"��¬Gb��� Ý1%*��%���
X�:+��Ó4P����3�>&+Â��I`>&+*��$�Ý(%���%��Ó��$�4O��Y��P>8��-�

.«+����o>&+��#G M ����Z\%�>�C&��%�>&���*�#�O$��K´!���?%�>8��-��1�P>�Ey��4�41Z*C&�!�K��$&$¬��"���+¦G M -*"N>&"N3�Ce"�Y×���[�P>&$�����ZV%�>�Ý(%���%��`%*�1>&��4(>&+��
Ý(%���%��[��$=��Y[Z*><¥�
	 F���?"�%*$8�[>&+��[����ZV%�>yZ*C��(�K��$&$�����3�%*$8�o"��§"�$8¥(�\��+�C&���*��%*$T$8��I�>�EF"NC��¦���1>8�?C&C�%�Z*>=>8��>8C�"��*$8IL�?C
-*"N>&"ÓILC&��Yà>&+��[���
>8�?C�IL"��K�o>8��>&+��	G M 4�"�¥��?C���Ey+����¤>&+��[���*Z\%�>y-*"N>&"ÓEy�O4�4,UQ�	Z*C&�!�K��$&$8��-Ç��$B����>T3�%*"NC�"��1>8�?��-�

.«+����¦>&+*�=���1>8�?C&IJ"��K�yU\%!ÚQ�?Cª�O$6IJ%*4�4¡��>&+*�=�K��Y����*3)$8�?3�Y[���1>&$FEy��4�4!UQ�B-�C&��Z*ZQ��-�
2�(���(��IQ$&��Y[�=$8�?3�Y����
>&$FEy+*�O��+
UQ��4P����3T>8��$8��Y��:4P�(�?"�4�Û8��U\$?Ü�Y���$&$&"N3���$6�!�?�?%�Z(¥)>&+*�y���1>8�?C&IL"��K�`UV%!Ú��?Ce$?��>&+��:�K��Y����*3�$8�?3�Y[���1>&$6Ey+*�O��+oUQ��4P����3
>8�X$8��Y[�[ZV"NC�"�4�4P��4\Û8��U\$TEy��4�4�UQ�[-�C&��Z*ZQ��-Ç"��*-§���?��-Ç>&+��[C��?>8C�"��*$&Y��O$&$&�P����
�GH�§"�����>&+*�?C�Eª��Ce-������Ç"S;��`.0�
>&+��T���?><EF��C&�¦-*�1��$F����>#-*��$8>&���*3�%*��$&+o>&+��TY[��$&$�"N3���$ªILC&��Y "�ZV"NC�"�4�4P��4�Ûb��UÓ��C`")4P�!�?"�4�Ûb��U,
��(�	>&+��?¥[Ey�O4�4*"zÚQ���K>
��"���+���>&+��?C�


user process

socket layer

TCP,UDP,etc.

IP

input

output

interface layer

protocol queueinterface

queue

protocol layer

socket queues

���P3�%�C&���(@#W#��Y�Y)%\�*���?"N>&�P���S4�"�¥��?C�$:"��*-XU\%!ÚQ�?C�$`���S�=W M ø�G M 


��C���Y»>&+*�Ó"NZ*ZV4����?"N>&�P���Â$8>&"��*-�ZQ�����1>?�¬Y���$8>	4��(�?"�4F%*$8�?C�$�Ü��K��Y�Y	%*�*���?"N>&�����Â"NC&� L�ICcWh�DQX � aMNJI9X8N�a � EWaCK �
"��*-S.ì.ì.²�*�?>&�N
F�:+��?¥�%*$&%*"�4O4P¥����1����4P����><EF�¦Y�"��e+*������$�
6�04O�P>8>&4P�TZQ�?C&I���CeY�"��*�K��4P��$&$`��I¬>&+���$8����Z��?Ce"N>&�P���*$
Ey��4O4��*��>y"zÚ����K>=>&+���Ey+���4��FÛb��UÈ$��P3��*�±ÞV�?"��1>&4P¥/U����?"�%\$8��>&+���C&��$&Z����\$8��>&��Y[��$`��I¬>&+���$8����Z��?Ce"N>&�P���*$:"NC&�)Y)%*�e+
4P����3��?C)>&+*"��Â>&+��¦C&��$&Z����\$8��>&��Y[�/��I:"XZ\"NCe"�4�4P��4�Û8��U,
SGb�¢�K���1>8C�"�$8>?�6"XZV"NC�"�4�4P��4�Û8��UÄ"�4PEF"�¥($	���1����4P����$	Y[��C&�
Y�"��e+*������$Ó���~3������?Ce"�4¡
Õ� $&Y¦"�4�4:�K��Y�Y	%*�*���?"N>&����� -���4O"�¥Ð��� "½Z\"NC�"�4O4P��4`Z*C&�!�K��$&$ÓY�"�¥¼C&��$&%*4P>/���Ð"Æ4�"NC&3��



�K�

-*�±ÚQ�?C&���*�K�FUQ�?><EF�?���[><EF��Z\4�"N>8IL��C�Y�$¬E#"�$6"�4�$8�����\$&�P3��*�±Þ��?"��
>?
��=��EF�?���?C���WF���!Þ\3�%�Ce"N>&�P����Å¤�=E#"�$2Eª��Ce$8�#>&+*"��
WF���!ÞV3�%�C�"N>&�P���ÆÅ���UQ���?"�%*$8�`>&+*�:�z"�4O%���$2��I{ÇÈEF�?C&�=%\�*��+*"��*3���-����[UQ��>&+[Z\4O"N>8I���C�Y¦$�U\%�>2>&+��:�N"�4�%���$���I{È(ÉÉÅ§Ê
EF�?C&��-*�±ÚQ�?C&���1>?
6�:+*��$`�O$`�K���*$&��$8>8���1>:Ey��>&+�>&+���Y[�!-���4�����3o��I�Y�"��1¥
9¯>8�N9¯�����o�K��Y�Y	%*�*���?"N>&������Z\"N>8>8�?C���


G&�¤��$�"�Z*C&��3�Ce"�Y|>&+*"N>�+*"�$�"�4�4P9¯>8�N9<"�4�42�K��Y�Y	%*�*���?"N>&�P���ÇZV"N>8>8�?C���
[�=�§�O�*$8>&"��*�K�o��IFG8��Ey+\����+ÇZQ�?C&IL��C�Y�$
�?�ÓC�"����!����3�$y��I � ÿÂ� �O�
>8�?3��?C����?¥!$T���È>&+*�)C�"��*3��)��I=� �&Ê � ��Ë �¬E#"�$�%*$8��-¤+��?C&��
T�:+��	Y[��$&$&"N3��[$&�Pß?�	E#"�$B$�Y�"�4�4
U\%�>=>&+���ILC&��Ý(%����*�K¥S��I2�K´���+*"��*3�����3�Y[��$&$&"N3���$BE#"�$B+\�P3�+�
=�(�ÌÇÆIL��CB>&+���Z*C���3�C�"�YàEF"�$=���?C&¥È+*��3�+�
: F¥X>&+��
IL��C�Y)%\4�"ÆÉL��
�����Êe�F>&+���Y[�!-���4ª$�+���Ey$o>&+\"N>£Í¢I���CoG&�¢�O�*�KC&��"�$8��-Ä����>o$&�P3��*�PÞV�?"��
>&4�¥§Ey�P>&+Â>&+��S���*�KC&��"�$8�Ó��I�Î
�K��Y[Z\"NC���-ÄEy�P>&+Æ�Ç�|"��\-Æ����
2�:+\��$)�O$	�K���\$&��$8>8���1>oEy�P>&+Æ>&+����K´(ZQ�?C��OY[���
>&"�4FC&��$�%*4P>&$�ÉJ$8�?�X���P3�%�C&�S�Ç"��*-
�1Êe
:�B���?C�"�4�4¡�\>&+����KÚQ���K>y��I24P�!�?"�4,�K��Y�Y	%*�*���?"N>&�P���È���XG&�ÓE#"�$y����>:3�C���"N>oÉºÏ � ��B�Êe
F���P3�%*C&����Z*C���$8���
>&$y>&+��
�K��Y�Y	%*�*���?"N>&�����X-���4�"�¥($`IL��C:UQ��>&+X� M "��*-SG&�/Z*C&��3�Ce"�Y�$?


25 50 100Ð 250Ñ 500Ð 1000 2000
Local communication flow MTRÒ

0

5

10

C
om

m
un

ic
at

io
n 

de
la

y 
ra

te
 (

C
D

R
) 

(%
)

Ó

EP programÔ

4 nodes (N4)
8 nodes (N8)
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4 nodes (N4)
8 nodes (N8)
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4 nodes (N4)
8 nodes (N8)
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4 nodes (N4)
8 nodes (N8)
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