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Chapter 1

Overlay Multicast Proxy�+
5�L±Ó

1.1 Introduction

�:r ���½̈��H IP multicasting�̀¦ @/'��½+É overlay proxy x9� controller_� ½̈�&³�̀¦ 3lq&h�
Ü¼�Ð ô�Ç��. ���½̈\�"f��H IP multicasting�̀¦ 0Aô�Ç NetFPGAl�ìøÍ Overlay proxy_�
[O�>� 1px YO�w�H�Û¼àÔ W1àÔ0>(ç
 l�ìøÍ ���áÔ��\�¦ >hµ1Ï���HX< éß�l� 3lq&h�s� e��Ü¼

 9, Service-enabling overlay(SeeOver) ���áÔ��\�¦ ½̈»¡¤ t�"é¶���H �¦̀�	כ þj7áx 3lq
&h�Ü¼�Ð ô�Ç��. ½̈$í
¹�è��Hכ X<s�'�î̈
���(data plane)\�"f �¦5Åq J�(�¶ �í0>ç̀
(high-
speed packet forwarding) 1px�̀¦ {��{©�½+É Proxy �̧×¼, ��Äºh�A 1px ]j#Qî̈
���(control
plane)_�Ä»t�·�'ao�\�¦0Aô�Ç Controller,y�� ½̈$í
¹�èçß�r�ÕªV,�a�A�̀¦0Aô�Ç?/ÂÒ:�xכ
��� ½©���(protocol) 1pxÜ¼�Ð s�ÀÒ#Q�����. �:r ë�H"f��H X<s�'�î̈
���_� [O�>� x9� ½̈�&³\�
�7Ht�\�¦é�H��.>hµ1Ïr�Û¼%7��Ér]X�5Åq}©�(access network)\����1lx�)a7áxéß� ñÛ¼àÔ\�>�
IGMP(Internet group management protocol) 1px YO�w�H�Û¼àÔ :�x��� ½©����̀¦ ]j/BN
� 9 ×�æ>�}©�\�"f��H Point-to-point~½Ód��_� Ä»m�H�Û¼àÔ W1àÔ0>(ç
 "fq�Û¼\�¦ ]j/BN
�<ÊÜ¼�Ð+� 7áxéß�  ñÛ¼àÔ��H :�x��� ½©���s��� l��>r a�?\O� �èáÔàÔJ?#Q 1px_� ����â
\O�s�

��@/�� a�?\O� 8̈��â
\� �ÃÐ#�½+É Ãº e����.

1.1.1 Problem Definition

IP multicast��H Ãºe���̧4Sq_� ÂÒF�, ASçß� &ñ
Õþ�&h� 	�s� x9� Ä»t� �'ao�_� ë�H]j&h� 1px
Ü¼�Ðl�Õüt&h��©�&h�\��̧Ô�¦½̈��¦ ½̈»¡¤"fq�Û¼��]jô�Ç&h�Ü¼�Ð���'��÷&#QM®oÜ¼����H

A�\� IPTV1px �©�6 x "fq�Û¼ �̧4Sqs� 1px�©���¦ e-Scienceü< °ú �Ér õ��<Æl�Õüt a�?\O� 8̈�
�â
\� ̈½¹כ 1px l�Õüt_� SX�@/ &h�6 x\� @/ô�Ç l�@/�� 7£x��÷&�¦ e����. s��Qô�Ç r�&h�\�
"f, IP YO�w�H�Û¼àÔ "fq�Û¼_� ÂÒF� x9� �̧Bj��� çß� �©� ñ ��Äºh�A ë�H]j 1pxÜ¼�Ð ���K�
µ1ÏÒqt���H "fq�Û¼ éß�]X� x9� 6£x6 x "fq�Û¼_� $�¾¡§|9��o 1pxõ� °ú �Ér ���ª�ô�Ç ë�H]j&h�[þt

�̀¦ �FG4�¤��¦ ����çß� }©�l�ìøÍ a�?\O�s� ��0px��̧2�¤ îß�&ñ
&h���� IP YO�w�H�Û¼h�A ���áÔ
��\�¦ ]j/BN½+É Ãº e����H l�Õüt&h� ]X���Hs� .��a(�̈½¹כ

IPYO�w�H�Û¼àÔ_�q����ø@&h����5Åx1px¾¡§|9�ë�H]jõ����áÔ�� ½̈»¡¤t����1pxÜ¼�Ð���
ô�Ç"fq�Û¼ÂÒF�_�ë�H]j\�¦K�����l�0AK� Overcast [1], RON [2], ScatterCast [3],
Yoid [4], ECM [5], ALMI [6] 1px ���ª�ô�Ç �̧!QYUs� YO�w�H�Û¼àÔ ���½̈[þts� ���'��
÷&#Q M®o��. �'aº�� ���½̈[þt�Ér �̧!QYUs� ½̈�̧_� SX��©�$í
, ������$í
, ���ø@$í
 1px_� �¾Ó�©�
\� �í&h��̀¦ ¿º%3��¦, 6£x6 x >�8£x\�"f IP J�(�¶�̀¦ %�o��l� M:ë�H\� J�(�¶ �í0>ç̀
 $í

0pxs� ±ú�����, J�(�¶�̀¦ ×�æ>�\�¦ {��{©����H  ñÛ¼àÔ[þt_� ú̧��Ér YO�w�H�Û¼àÔ �ÃÐ�� x9� »1Ï
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6 CHAPTER 1. OVERLAY MULTICAST PROXY

�@(join and leave)�Ð ���K� àÔo� ½̈$í
s� îß�&ñ
&h�s�t� 3lwô�Ç éß�&h�s� e����. ¢̧ô�Ç, �̧
!QYUs� ���áÔ��\� �ÃÐ#����H  ñÛ¼àÔ çß� Bjr�t� �§8̈��̀¦ 0AK� q�³ðï�r :�x��� ½©���s�

�� ���áÔ�� 7áx5Åq&h���� J�(�¶ K��8 1px�̀¦ ��6 xK��� �Ù¼�Ð 7áxéß�  ñÛ¼àÔ_� 6£x6 x�èáÔ

àÔJ?#Q ¢̧��Hr�Û¼%7�_�����â
,¹�Ðô�Ç��.{9�YV�Ðכ��9¦̀� �̧!QYUs�áÔ2�¤r�(Ãº(��̧×¼)
\�¦ ��6 x���H ScatterCast��H î̈
ç�H 350Mbps_� J�(�¶ %�o�Ö�¦�̀¦ �Ðs� 9 J�(�¶{©� %�
o�t����s� 200∼600µs (þj@/ 2∼3 ms) [3]�Ð+� ��Ãº_� áÔ2�¤r�\�¦ :�xK� ��Äºh�A |̈c
M: Z�}�Ér t�������s�(Jitter)�� µ1ÏÒqt���H 1px ���áÔ��\�¦ :�xK� ]j/BN÷&��H "fq�Û¼_� ¾¡§
|9� $��\�¦ \V�©�½+É Ãº e����.

1.1.2 Resolution and Significance

�:r ���½̈\�"f��H }©�l�ìøÍ ����çß� a�?\O� 6£x6 x_� �¦¾¡§|9� "fq�Û¼�� ��0pxô�Ç YO�w�H�Û¼

àÔ ���áÔ��_� îß�&ñ
&h� ]j/BN�̀¦ 0AK�, ]j#Qî̈
���õ� X<s�'�î̈
����̀¦ ì�ro�K� y��y�� YO�w�
H�Û¼àÔ [j��� x9� ��6 x�� �'ao�ü< �¦5Åq J�(�¶�í0>ç̀
�̀¦ {��{©��>� ô�Ç��. X<s�'�î̈
���
\�"f IP J�(�¶�í0>ç̀
�̀¦ �×¼J?#Q �©�\� ½̈�&³�<ÊÜ¼�Ð+� %�o�$í
0px�̀¦ �¾Ó�©�·îß�&ñ
�or�
v��¦, ]j#Qî̈
����̀¦ :�xK� YO�w�H�Û¼àÔ [j���\� @/ô�Ç ]X���H]j#Q\�¦ 6 xs���̧2�¤ ���H
X< þj7áx 3lq&h�s� e����.
7áxéß� ��6 x����H l��>r IGMP(Internet group management protocol) :�x���½©���

�̀¦s�6 xK� �̧!QYUs�áÔ2�¤r�ü<�©� ñ���1lx�)a��.áÔ2�¤r���H LAN�©�\�"f 2>�8£xÈÒ"î

ÚÔo�fç
(transparent bridging) "fq�Û¼\�¦ ]j/BN� 9, áÔ2�¤r�[þtçß� IP J�(�¶ �í0>ç̀

�̀¦ 0AK� 3>�8£x IP-in-IP Ö�sÕýt�o ¢̧��H %i�Ö�sÕýt�o 1pxs� "fq�Û¼�)a��. l��>r IP áÔ�Ð
�Ðc+t Û¼×þ� x9� 6£x6 x�èáÔàÔJ?#Q_� ����â
s� Ô�¦�9¹כ�� 9 �̧!QYUs� Ñþ��:r ?/ÂÒ_� ���

5Åx ~½Ód��[þt�Ér ��6 x��\�>� �Ð#�t�t� ·ú§Ü¼Ù¼�Ð, ��6 x����H IP YO�w�H�Û¼àÔü< l�0px
&h�Ü¼�Ð 1lx{9�ô�Ç "fq�Û¼\�¦ ]j/BN~ÃÎ>� �)a��.

2>�8£x ÈÒ"î
 ÚÔo�fç
õ� 3>�8£x J�(�¶ �í0>ç̀
�̀¦ 0AK� 4-port áÔ�ÐÕªA� Q�̂¦ s��8
�Å	 
�×¼��� NetPFGA [7]�� ��6 x�)a��. z�́r�çß� J�(�¶%�o�\� ÂÒ{��s� 	�H J�(�¶ �í0>
ç̀
õ� 4�¤]j��H ½©&ñ
�)a flow table\� l�ìøÍK� NetFPGA�� {��{©���¦ IGMP r�ÕªV,�
a�A 1px ]j#Qî̈
���õ� �'aº���)a áÔ�Ð[jÛ¼��H r�Û¼%7� �èáÔàÔJ?#Q\�"f {��{©��>� �<ÊÜ¼�Ð

+� %�o� $í
0px�̀¦ Z�}�����.
7áxéß� ñÛ¼àÔ��HÛ¼0Au�(switch)��)�ÚÔ(hub)\� PC�����1lx÷&��H~½ÓZO�õ�1lx{9��

>� áÔ2�¤r� �̧×¼\� �������)a��. ]j��� ���½ÓÜ¼�Ð, NetFPGA 
�×¼_� :£¤$í
 �©� \O�a�Aß¼
¢̧��H ��î�ra�Aß¼�� 4 �íàÔ�Ð ]jô�Ç�)a����H &h��̀¦ [þt Ãº e����. �t�ëß�, >hµ1Ï�)a áÔ2�¤r�
�� 2>�8£x ÚÔo�fç
�̀¦ t�"é¶��¦ ���Ér 2>�8£x Û¼0Au�ü< ���1lx ��0px�����H &h�\�"f �í
àÔ ]jô�Ç ë�H]j\�¦ �FG4�¤½+É Ãº e����.
>hµ1Ï r�Û¼%7��Ér IGMP 1px IP YO�w�H�Û¼àÔ ½©����̀¦ ï�rÃº��¦ l��>r YO�w�H�Û¼àÔ

6£x6 x�̀¦ ���+þA\O�s� Ãº6 x� 9, NetFPGA\�¦ �Ö̧6 xK� �¦$í
0px J�(�¶ �í0>ç̀
 x9� 4�¤]j\�¦
Ãº'���Ù¼�Ð+� Gbps/åL J�(�¶ %�o� $í
0px�̀¦ �Ð�©�ô�Ç��. ¢̧ô�Ç, NetFPGA 
�×¼�� ?/
�©��)a r�Û¼%7�_� �����s� $1,500 Ãºï�r_� $���s�Ù¼�Ð q�6 xò́Ö�¦&h� áÔ2�¤r�_� ½̈»¡¤s�
��0pxô�Ç �©�&h�s� e����. IP YO�w�H�Û¼àÔ "fq�Û¼�ÐÂÒ'� �¦wn�÷&#Q e������ ��Äºh�A &ñ

Õþ� 1pxÜ¼�Ð ���K� ������$í
 ë�H]j\�¦ °ú��¦ e����H 7áxéß� ��6 x��\�>� YO�w�H�Û¼àÔ 8̈��â
�̀¦

]j/BN�<ÊÜ¼�Ð+� ����çß� a�?\O��̀¦ 0Aô�Ç q�6 x ò́Ö�¦&h� W1àÔ0>(ç
 "fq�Û¼\�¦ ]j/BNô�Ç��.

1.2 NetFPGA

NetFPGA��H 4>h_� 1 Gbpss��8�Å	�íàÔ\�¦°ú���H PCI
�×¼�Ð+��×¼J?#Q,>�s�àÔ
J?#Q(Gateware),x9��èáÔàÔJ?#Q�Ð ½̈$í
�)a��.�×¼J?#Q��H Xilinx Virtex-II Pro 50
}9�!Ó	\� 18 MBit ZBT(Zero-bus turnaround) SDRAMx9� 64 Mbytes DDR DRAM
�̀¦ °ú���H��. �èáÔàÔJ?#Q��H �©�u�×¼��s�!Q, Ä»�9�o�w�, ��Äº'� ]j#Q J�v�t�(��Äº
h�A �èáÔàÔJ?#Q x9� o�³nqÛ¼ ��Äºh�A _�s��̂¦ �'ao� X<�7H)\�¦ �í�<Ê� 9 >�s�àÔJ?#Q��H
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Verilog HDL ���$í
�)a �̧Ñýt_� |9�½+ËÜ¼�Ð+� IPv4 ��Äº'� x9� 4 �íàÔ NIC(network
interface card)õ� �'aº���)a �ÃÐ�̧[O�>�(Reference design) �ï×¼\�¦ ]j/BNô�Ç��.

Input Arbiter

Output 
Port Lookup

Output 
Queues

MAC TxQ
CPU TxQ

MAC RxQ
CPU RxQ

User data path

Figure 1.1: Reference pipeline.

�ÃÐ�̧[O�>�\�"f ]j/BN���H �ÃÐ�̧��s�áÔ�����(Reference pipeline)_� X<s�'��â
�Ð
��H Fig.1.1õ�°ú s�{9�§4�×�æF�l�(Input arbiter),Ø�¦§4��íàÔ���Ò�o(Output port lookup),
Ø�¦§4� Ç©(Output queues)�Ð ½̈$í
÷& 9 {9�§4�×�æF�l���H %�o�÷&#Q�� ½+É J�(�¶�̀¦ {���¦
e����HÃº���Ç©\�¦���×þ���¦,Ø�¦§4��íàÔ���Ò�o�ÉrJ�(�¶_�Ø�¦§4�Ç©\�¦���×þ�� 9Ø�¦§4�Ç©
��H Ø�¦§4� �íàÔ�� ï�rq�|̈cM:��t� J�(�¶�̀¦ $��©����H %i�½+É�̀¦ ô�Ç��. �̧!QYUs� áÔ2�¤r�
��H “Ø�¦§4��íàÔ ���Ò�o” ÂÒì�r\� 2>�8£x ÈÒ"î
 ÚÔo�fç
 x9� 3>�8£x J�(�¶ �í0>ç̀
 1px_� l�
0px�̀¦ ½̈�&³��¦ �×¼J?#Q ]j#Q x9� :�x���½©��� "fq�Û¼\�¦ 0Aô�Ç ÂÒì�r�̀¦ ��6 x�� %ò
%i�

\� ½̈�&³�<ÊÜ¼�Ð+� ¢-a$í
�)a��.

1.3 Design Principle and Limitations

�̧!QYUs� áÔ2�¤r� [O�>�_� l��:r "é¶gË:�Ér ��6£§õ� °ú ��.

• 7áxéß�  ñÛ¼àÔ_� {9��©�\�"f IP protocol stack\� ���+þAs� \O�#Q�� ô�Ç��. 7£¤, YO�
w�H�Û¼àÔ\�¦ t�"é¶~ÃÎl� 0AK�"f l��>r 2>�8£x x9� 3>�8£x :�x��� áÔ�Ð�Ðc+t�̀¦ Ä»t�
K��� ô�Ç��.

• IPYO�w�H�Û¼àÔ\�¦s�6 x���Hl��>r6£x6 xáÔ�ÐÕªÏþ��Ér�èáÔàÔJ?#Q ½̈�̧_�����â

\O�s� proxy nodeü< ���1lx÷&#Q�� ô�Ç��.

• 7áxéß� ñÛ¼àÔ\�"f proxy nodeü<W1àÔ0>(ç
1px�̀¦0AK�ÆÒ��&h�Ü¼�Ð�9¹כ�ô�Ç[O�
&ñ
 ����â
(MSS ß¼l� 1px)s� þj�è�o ÷&#Q�� ô�Ç��.

• �̧!QYUs� W1àÔ0>ß¼\�¦ ½̈$í
���H ]j#Q x9� X<s�'� î̈
���_� �̧��H ½©����Ér þj@/
ô�Ç çß��è�o�)a ½̈�̧\�¦ °ú���H��.

• �̧!QYUs� W1àÔ0>ß¼��H RTCP(RTP control protcol) 1px x�×¼Ñþ� Bjr�t�[þt�̀¦
RTP(real time transport protocol)ü< °ú �Ér �Ö̧$í
 J�(�¶(active packet)õ� 1lx
1px�>� Ãº6 xK��� ô�Ç��.

• YO�w�H�Û¼àÔ-Ä»m�H�Û¼àÔÚÔo�fç
(multicast-unicast bridging)1pxl��>r IPYO�
w�H�Û¼àÔ �Ð¢-a l�Õüt[þt�̀¦ Ãº6 x½+É Ãº e����H SX��©�$í
�̀¦ t��.�� ô�Ç��.

ÆÒ��&h�Ü¼�Ð �&³F� ½̈�&³�)a �̧!QYUs� áÔ2�¤r�_� ]jô�Ç ���½Ó�Ér ��6£§õ� °ú ��.
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• IPv4\� @/K�"fëß� t�"é¶� 9 IPv6_� t�"é¶�Ér �¦�9�t� ·ú§��H��. éß�, IPv6 àÔ
A�i���̀¦ IPv4 '�V,�a�A ¢̧��H ÚÔo�fç
(bridging)½+É Ãº e����H l�0px SX��©��Ér �¦�9
�)a��.

• �̧!QYUs� W1àÔ0>ß¼\�"f��H J�(�¶ éß�¼#��o(fragmentation) ë�H]j\�¦ %�o��t�
·ú§��H��. IP-in-IP ~½Ód��_� ��6 xÜ¼�Ð ���K� J�(�¶ éß�¼#��o�� µ1ÏÒqt½+É �â
Äº IP
router�� %�o�ô�Ç��.

• IGMPv1õ� v2ëß� t�"é¶� 9 IGMPv3_� t�"é¶�Ér �¦�9�t� ·ú§��H��.

• 7áxéß�  ñÛ¼àÔ�� �̧!QYUs� W1àÔ0>ß¼\�¦ �Ö̧6 x�l� 0AK�"f��H ìøÍ×¼r� áÔ2�¤r�
�̧×¼ü< f��]X� ������÷&#Q e��#Q�� ô�Ç��. éß�, YO�w�H�Û¼àÔ-Ä»m�H�Û¼àÔ ÚÔo�fç

"fq�Û¼ ]j/BN�̀¦ 0Aô�Ç l�0px SX��©��Ér �¦�9�)a��.

1.4 Architecture

1.4.1 Overview

áÔ2�¤r� �̧×¼��H ÕªaË> 1.2ü< °ú s� ß¼>� �¦5Åq J�(�¶ �í0>ç̀
õ� MAC �í0>ç̀
 l�0px�̀¦
Ãº'�����H�×¼J?#QÂÒì�rõ�:�x���½©���1px_�%�o�\�¦0Aô�Ç�èáÔàÔJ?#QÂÒì�rÜ¼�Ð ½̈

ì�r�)a��.

MAC
Bridge

Arbiter

PHY

IP
Bridge

Information Bases

Routing

Service Daemon 
(ARP, IGMP, SSL… )

Overlay 
Engine

Bus

Software

Hardware

Figure 1.2: System Architecture (Software & Hardware).
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�×¼J?#Q ÂÒì�r�Ér NetFPGA e�¦Ï?@;�§\� Verilog\�¦ s�6 xK� �ïç̀
÷& 9 y�� �̂¦!3�Z>�
l�0px�Ér ��6£§õ� °ú ��.

1. Arbiter, Óüto�>�8£x(PHY)�̀¦ :�xK� {9�§4�÷&��H MAC áÔYUe�� x9� IP J�(�¶_� 7áx
ÀÓ\�¦�������¦,7áxÀÓ\����Ér%�o� �̂¦!3��̀¦���×þ�ô�Ç��. ¢̧ô�Ç, MAC table�̀¦Ä»
t�·�'ao���¦ IP checksum �̧ÀÓ\�¦�����ô�Ç��.\V\�¦[þt#Q, ARP(Address Res-
olution Protocol)\� K�{©����H MAC áÔYUe���̀¦ Ãº��� ~ÃÎ��¤�̀¦ �â
Äº\�, áÔ�Ð
�Ðc+t�̀¦ %�o��l� 0AK� �èáÔàÔJ?#Q(Software)ÂÒì�r_� Overlay EngineÜ¼
�Ðì�rl�r������. ¢̧ô�Ç, Arbiter��H Information Bases_� Flow table, MAC
table, r�Û¼%7� �©�I� &ñ
�Ð 1px�̀¦ Ìqt�����¦ Information Bases_� &ñ
�Ð\�¦ s�
6 xK� J�(�¶ x9� áÔYUe�� {9�·Ø�¦§4��̀¦ �'a½+Éô�Ç��.

2. MAC Bridge, 2>�8£x MAC áÔYUe��_� Û¼0Ag�A(switching) l�0px�̀¦ {��{©�ô�Ç��.
Information Bases�� �ÐÄ»×�æ��� MAC table {9�#Q Ø�¦§4� �íàÔ 1px�̀¦ ���&ñ
�
�¦ MAC áÔYUe���̀¦ Òqt$í
ô�Ç��.

3. IP Bridge, Information Basess� �ÐÄ» ×�æ��� Flow table�̀¦ {9�#Q IP J�
(�¶�̀¦ Ö�sÕýt�o(encapsulation) ¢̧��H %i�Ö�sÕýt�o(de-encapsulation)ô�Ç��. Ö�sÕýt
�o��H IP-in-IP ~½Ód��s� 9 Ö�sÕýt�o�)a IP J�(�¶�Ér point-to-point�Ð �������)a s�
Ö�©(neighbor) Proxy\�>� ���²ú�÷& 9, %i�Ö�sÕýt�o÷&��H IP J�(�¶�Ér ��î�ra�Aß¼\�
���1lx�)a 7áxéß�  ñÛ¼àÔ[þt\�>� ���²ú��)a��.

Flow table�Ér ÕªaË> 1.2_� Software ÂÒì�r\�"f �ÐÄ»��¦ e��Ü¼ 9 hardware ÂÒ
ì�r_� Information bases�̧ 4�¤]j�)a +þAI�_� flow table�̀¦ �<Êa� �ÐÄ»ô�Ç��. �×¼
J?#Q�� °ú���H Bj�̧o� 6 x|¾Ó\� ô�Ç>��� e��l�M:ë�H\� �×¼J?#Q �©�\� Ãº6 x½+É Ãº e����H

flow table_� Ãº�� ]jô�Ç÷&l� M:ë�Hs���. Software %ò
%i�\�"f��H r�Û¼%7� Bj�̧o�\�¦
��6 x�l� M:ë�H\� ��Ãº_� _�s��̂¦�̀¦ $��©�½+É Ãº e����.

N3 H2N2H1 N1
CN N3 H2N2H1 N1
CN

N3 H2N2H1 N1
CN

Figure 1.3: ×�æ�©��'ao�(0A), ����]j#Q(��î�rX<), ��6 x��]j#Q(��A�).
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Flow table�̀¦ ¢-a$í
�l� 0Aô�Ç �â
�Ð ��Äºh�A(routing)�Ér ÕªaË> 1.3ü< °ú s� 1) ×�æ
�©��'ao�d��, 2) ����]j#Qd��, 3) ��6 x��]j#Qd�� 1px 3��t� ~½ÓZO�s� ��6 x|̈c Ãº e����. ×�æ
�©��'ao�d���Ér�'ao�"f!Q��W1àÔ0>ß¼_� �̧��H�Ðe�¦�Ðt�t��̧(topology map)ü<�©�I�
&ñ
�Ð\�¦ ��t��¦ e��Ü¼ 9, áÔ2�¤r�_� �õAs'¹כ e���̀¦ �â
Äº\� 7áxéß�çß� ��Äºh�A �â
�Ð\�¦ �'a
o�"f!Q�� ]j/BNK� ÅÒ��H ~½Ód��s���. ���Ø�¦·{9� �̧×¼(ingress·egress proxy node)�� Dh
�Ðî�r e�¦�ÐÄº\� @/K� �'pàÔo�(flow entry) 1px2�¤�̀¦ õA½+É'¹כ �â
Äº, �'ao�"f!Q��H 7áxéß�
çß�(áÔ2�¤r� �̧×¼) ��Äºh�A �â
�Ð\�¦ >�íß���¦ �â
�Ð �©�\� �>rF����H áÔ2�¤r� �̧×¼[þt\�
>� e�¦�ÐÄº �'pàÔo�\�¦ ���²ú�K� e�¦�ÐÄº _�s��̂¦\� l�2�¤�>� ô�Ç��.
����]j#Qd���Ér áÔ2�¤r� �̧×¼�� ���̂��Äºh�A l�0px�̀¦ »1ÑF���¦ e��#Q"f ì�ríß�·1lq

wn�&h�Ü¼�Ð��Äºh�A�̀¦Ãº'��ô�Ç��.����]j#Qd��_��â
Äº�'ao�"f!Q��H��Äºh�A&ñ
�Ð\�¦]j
/BNK�ÅÒt� ·ú§t�ëß� ?/ÂÒ &ñ
Õþ�\� _�K� áÔ2�¤r� �̧×¼[þt�̀¦ ÕªÒ�̈iç
(grouping)���H %i�
½+É�̀¦ ô�Ç��. y�� áÔ2�¤r� �̧×¼[þt�Ér Û¼Û¼�Ð �'pàÔo�\�¦ ½̈$í
K� e�¦�ÐÄº _�s��̂¦\� l�2�¤
ô�Ç Êê\� �'ao�"f!Q\�>� K�{©� �'pàÔo�\�¦ :�x�Ðô�Ç��. �'ao�"f!Q��H áÔ2�¤r� �̧×¼�� �Ð
�·p e�¦�ÐÄº �'pàÔo�\�¦ ��Êê 5px������H ~½Ód���̀¦ 2[ô�Ç��. 5px������H õ�&ñ
 ¢̧��H e�¦�ÐÄº
�'pàÔo��� [O�&ñ
�)a s�Êê\��̧ �'ao�"f!Q��H y�� áÔ2�¤r� �̧×¼[þt\�>� e�¦�ÐÄº �'pàÔo�\�

@/ô�Ç ����â
�̀¦ É+½̈½¹כ Ãº e����(3��t� ~½Ód�� �̧¿º\� K�{©��)a��.).
��6 x��]j#Qd���Ér:£¤&ñ
��Äºh�A·ú��¦o�7£§�̀¦s�6 x�t�·ú§�¦��6 x����Ãº1lxÜ¼�Ð

��Äºh�A �â
�Ð\�¦ [O�&ñ
���H ~½Ód��Ü¼�Ð, áÔ2�¤r� �̧×¼��H ��6 x��\� _�K� &ñ
_��)a e�¦�Ð
Äº�'pàÔo�\�¦s�6 xK� IPJ�(�¶�̀¦�í0>ç̀
ô�Ç��.��6 x����H�â
�Ð&ñ
�Ðü<�â
�Ð�©�\��>r
F����H áÔ2�¤r� �̧×¼[þts� ��4R�� ½+É e�¦�ÐÄº �'pàÔo�\�¦ �'ao�"f!Q\� $��©�ô�Ç��. �'a
o� "f!Q��H ��6 x��_� �\õA'¹כ ���� l� l�Õüt�)a e�¦�ÐÄº �'pàÔo�\�¦ áÔ2�¤r� �̧×¼[þt\�

>� ���²ú�ô�Ç��.
×�æ�©��'ao�d�� x9� ����]j#Qd��\�"f ��6 x÷&��H ��Äºh�A�Ér OSPF(Open shortest

path first)1px l��>r þj&h��o(optimal) ·ú��¦o�7£§�̀¦ ��6 xô�Ç��. �̧��H ~½ÓZO�\�"f �'a
o�"f!Q��H “J�(�¶�̀¦ %�o��l� 0AK� áÔ2�¤r� �̧×¼�� 2[K��� ½+É t�gË>”�̀¦ ����?/��H
Action\� @/K�"f, e��_�_� r�çß�\� y�� áÔ2�¤r� �̧×¼[þt\�>� "î
§î
½+É Ãº e����.
�èáÔàÔJ?#Q ÂÒì�r_� Overlay engine�Ér Arbiter�� ]j/BN���H �×¼J?#Q YU

t�Û¼'�\�¦ {9�l� x9� æ¼l�(read/write)�<ÊÜ¼�Ð+� �×¼J?#Qü< Û¼áÔàÔJ?#Q çß� :�x���
���'��̀s�Û¼\�¦ ]j/BNô�Ç��. ¢̧ô�Ç, �×¼J?#Q_� �\̈½¹כ ���� J�(�¶�̀¦ >hZ>� Service
daemonÜ¼�Ð ���²ú������ Õª %i�("fq�Û¼X<�7H_� �\õA'¹כ ���� J�(�¶�̀¦ �×¼J?#Q\�
���²ú�)_� l�0px�̀¦ Ãº'��ô�Ç��. \V\�¦ [þt#Q, �×¼J?#Q�ÐÂÒ'� ARP(address resolution
protocol) ¦õA�̀'¹כ ~ÃÎ��¤�̀¦ �â
Äº\� ARP Service daemonÜ¼�Ð J�(�¶�̀¦ ���²ú�ô�Ç��.
áÔ2�¤r� �̧×¼��t�"é¶���H Service daemon�Ér ARP, IGMPx9� SSL(Secure Socket
Layer)s���. IGMP��H query_� µ1ÏÒqtõ� report\� @/ô�Ç %�o�\�¦ �í�<Ê� 9 �©�0A ��
Äº'�\�"fµ1ÏÒqt���H IGMP queryBjr�t���HáÔ2�¤r� �̧×¼\�_�K��9�'�a�A�)a��. SSL
�Ér W1àÔ0>ß¼ >�8£x_� ��� ñ�o ~½Ód��Ü¼�Ð Controllerü< áÔ2�¤r� �̧×¼�� :�x���½+É M: ��
6 x�)a��.

1.4.2 Formats in Layer 2 & Layer 3

2>�8£x MAC áÔYUe��s� ]j/BN���H Ethernet type�Ér ��6£§õ� ³ð.1.1õ� °ú s� &ñ
_�÷&
#Q e����. áÔ2�¤r� �̧×¼��H MAC áÔYUe��_� Ethernet type�̀¦ {9��¦, IPü< ARP\� @/
K�"f 3>�8£x %�o�\�¦ Ãº'��� 9 l��� 2>�8£x MAC áÔYUe��[þt\� @/K�"f��H ÚÔo�fç
 "f
q�Û¼\�¦ ]j/BNô�Ç��.

2>�8£x ARPáÔYUe���Ér Ethernet headerx9� ARP header\�¦�í�<Ê���H Ethernet
ARP fields�Ð ½̈ì�r�)a��. ARP header��H hardware type, protocol type, hardware
length, protocol length x9� operation field�Ð ½̈ì�r÷& 9 y�� �9�×¼��H ³ð.1.2õ� °ú s�
&ñ
_��)a��. �ÃÐ�¦�Ð RARP(Reverse Address Resolution Protocol)��H Óüto�ÅÒ�è\�¦
�7Ho�ÅÒ�è�Ð ��7
ÅÒ��H %i�½+É�̀¦ ô�Ç��.
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Table 1.1: Ethernet Type.
Type(Hex) Name

0x00F1 NetBIOS
0x0800 IP
0x0806 ARP
0x8035 RARP
0x809B AppleTalk
0x8100 VLAN
0x8137 IPX

Table 1.2: ARP structure.
Field name size(byte) Valuse

hardware type 2 1
protocol type 2 0x0800
hardware length 1 Ethernet_� �â
Äº 6
protocol length 1 IP_� �â
Äº 4
operation 2 ARP request(1)

ARP reply(2),
RARP request(3),
RARP reply(4)

áÔ2�¤r� �̧×¼��H 2>�8£xx9� 3>�8£x "fq�Û¼\�¦0AK���6£§õ�°ú �Ér ÂÒ��&h����l�0px�̀¦
Ãº'��ô�Ç��.

1. Óüto�&h�Ü¼�Ð ���1lx�)a \O�a�Aß¼ü< ��î�ra�Aß¼\�¦ ½̈ì�rô�Ç��.

2. Unicast MAC _�s��̂¦�̀¦ ]j/BNô�Ç��.

3. Multicast MAC _�s��̂¦�̀¦ ]j/BNô�Ç��. Multicast MAC _�s��̂¦�Ér Unicast
MAC _�s��̂¦õ� :�x½+ËK�"f ��6 x|̈c Ãº e��Ü¼ 9 Information bases\� $��©�
�)a��.

4. Multicast6 x EthernetáÔYUe���̀¦%�o�� 9YO�w�H�Û¼àÔJ�(�¶�9�'�a�A�̀¦�í�<Ê
ô�Ç��.

3>�8£xYO�w�H�Û¼àÔ��H 224.0.0.0∼239.255.255.255(Class D)_� IPv4ÅÒ�è@/%i��̀¦
��6 xô�Ç��. 224.0.0.0∼224.0.0.255��HYO�w�H�Û¼àÔ:�x����̀¦0Aô�Ç]j#Q@/%i�Ü¼�Ðy��YO�
w�H�Û¼àÔÅÒ�è_�%i�½+É�Ér³ð.1.3ü<°ú ��.\V\�¦[þt#Q,YO�w�H�Û¼àÔÅÒ�è 224.0.0.1�Ér
e��_�_�  ñÛ¼àÔ�� 5Åqô�Ç "fÚÔ�Å	(subnet)�©�_� �̧��H  ñÛ¼àÔ[þt\�>� YO�w�H�Û¼àÔ J�
(�¶�̀¦ 5Åx���½+É M: ��6 x�)a��. IGMP J�(�¶_� �â
Äº, join�̀¦ 0AK�"f 224.0.0.1(01-00-
5e-00-00-01), leave��H 224.0.0.2(01-00-5e-00-00-02), report��H multicast group
address\�¦ ��6 xô�Ç��.

Class D YO�w�H�Û¼àÔ ÅÒ�è\�¦ IEEE 802 MAC ÅÒ�è\� ë�siç
(mapping)�l� 0A
K�"f 2>�8£x áÔYUe���Ér ÕªaË>.1.4ü< °ú s� 01-00-5E-�Ð r����÷&��H ÅÒ�è\�¦ °ú���H��.
01-00-5E-�Ð r����÷&��H 2>�8£x YO�w�H�Û¼àÔ ÅÒ�è��H ARP\�¦ ¹�Ðכ��9 �t� ·ú§��H��.
3>�8£x YO�w�H�Û¼àÔ ÅÒ�è ×�æ �0A 23q�àÔ�� 3>�8£x s��8�Å	 ÅÒ�è_� �0A 23q�àÔ�Ð
4�¤��÷&#Q MAC áÔYUe���̀¦ ½̈$í
ô�Ç��.

Ethernet types� 0x0800��� IPJ�(�¶�ÉrK��8\� protocol��� ñ\�¦����?/��H�9�×¼
\�¦ °ú���H��. áÔ2�¤r� �̧×¼�� %�o�K��� ���H áÔ�Ð�Ðc+t_� 7áxÀÓ��H ³ð.1.4ü< °ú ��. áÔ
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Table 1.3: YO�w�H�Û¼àÔ ]j#Q ÅÒ�è.
IP address roles

224.0.0.1 All systems on this subnet
224.0.0.2 All routers on this subnet
224.0.0.4 All DVMRP routers
224.0.0.5 All OSPF routers
224.0.0.6 All OSPF designated routers
224.0.0.9 All RIP2 routers
224.0.0.13 All PIM routers
224.0.0.15 All CBT routers

11100 7 8           15 16        23 24          31001-00-5e- 23-bit multicast address48-bit Ethernet address
Figure 1.4: Ethernet address for multicast.

2�¤r� �̧×¼\�"f s�Ö�©���H proxy�Ð J�(�¶�̀¦ ���5Åx½+É M:, IP-in-IP ~½Ód��_� Ö�sÕýt�o\�¦
s�6 xô�Ç��. IP-in-IP_� áÔ�Ð�Ðc+t ��� ñ��H 0x04s�t�ëß� áÔ2�¤r� �̧×¼��H z�́+«> 3lq&h�Ü¼
�Ð �'ao�÷&�¦ e����H áÔ�Ð�Ðc+t ��� ñ 0xFD(253)����̀¦ �Ö̧6 xô�Ç��. 0xFE(254)��H �̧!Q
YUs� W1àÔ0>ß¼_� ]j#Q6 x J�(�¶ K��8_� áÔ�Ð�Ðc+t ��� ñ�Ð ½+É{©�÷&#Q ��6 xô�Ç��.

Table 1.4: IP Protocol Number.
Hex Keyword Protocol Reference

0x02 IGMP Group Management RFC 1112
0x04 IP IP in IP RFC 2003
0x06 TCP TCP RFC 793
0x11 UDP UDP RFC 768
0xFD experimental
0xFE experimental

�̧!QYUs�W1àÔ0>ß¼\�"fáÔ2�¤r� �̧×¼��%�o�K������HX<s�'�J�(�¶_��íÐ�	�Ér

³ð 1.5ü< °ú ��. Overlay protocol header��H 8úx 20��s�àÔ�Ð+� IP headerü< 1lx{9�ô�Ç
½̈�̧\�¦ ��t� 9 �0A protocol data unit�̀¦ Ö�sÕýt�o��¦ e����. 7£¤, l��>r IP J�(�¶�̀¦
IP headerü< 1lx{9�ô�Ç ½̈�̧\�¦ °ú���H Overlay protocol header�� IP-in-IP ~½Ód��Ü¼�Ð
Ö�sÕýt�o��¦ e����. áÔ�Ð�Ðc+t ��� ñ 253 ¢̧��H 254��H Overlay protocol header\� [O�
&ñ
÷&��H �9�×¼°úכs���.

1.4.3 Module Header & Flow Table

�̧ÑýtK��8��H NetFPGA ?/ÂÒ �̧Ñýt çß�\� J�(�¶ X<s�'�\�¦ ÅÒ�¦ ~ÃÎl�0AK� ¹ô�Çכ��9 &ñ

�Ð\�¦ �����·p��. �̧ÑýtK��8��H MAC áÔYUe��s� {9�§4�(Ãº���)÷&%3��̀¦ M:, 2>�8£x MAC
&ñ
�Ð x9� 3>�8£x IP &ñ
�Ð\�¦ í�H	�&h�Ü¼�Ð {9�#Q ½̈$í
�)a��. �̧ÑýtK��8�� �í�<Ê���H &ñ

�Ð��H³ð1.6õ�°ú ��.��A�'���� op��H overlay protocol header, ip��H IP header\�¦_�
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Table 1.5: Packet Format.
Header Size(bytes)

Overlay protocol header 20
IP header 20
UDP or TCP header
Payload variable

p���¦ �̧ÑýtK��8\�¦ ����?/l� 0AK� 0A'���� mo\�¦ s�6 xô�Ç��. \V\�¦ [þt#Q, Srcmo
op ��H

�̧ÑýtK��8�� ��t��¦ e����H overlay protocol header_� source address\�¦ _�p�ô�Ç��.
�̧ÑýtK��8 Srcmo

op x9� Desmo
op _� �íl�°úכ�Ér 0.0.0.0s� 9 IP K��8_� áÔ�Ð�Ðc+t ��� ñ��

253{9� �â
Äº\�ëß� ¿º °ú̀�כ¦ {9���H��.

Table 1.6: Module Header.
abbreviation keyword

Srcmac MAC Source address
Desmac MAC destination address
Desop Destination address
Ptlop Protocol number
Srcip Source address
Desip Destination address
Ptlip Protocol number
sPortip Source port
dPortip Destination port

Flow table_� +þAI���H ��6£§ ³ð 1.7õ� °ú s� Openflow Û¼0Au� [8]\�"f ½©&ñ
�
�¦ e����H flow tableõ� Ä»�����. Flow table�Ér ß¼>� e�¦�ÐÄº #�õ� ½©gË:(filtering
rule)õ� #�õ��)a e�¦�ÐÄº\� @/K� áÔ2�¤r� �̧×¼�� 2[K��� ½+É '��1lx t�gË>(action) x9�
#�õ��)ae�¦�ÐÄº\�@/ô�ÇJ�(�¶:�x>�(statistics)�Ð ½̈ì�r�)a��.J�(�¶:�x>���H �̧×¼Z>�&ñ

�Ðü< e�¦�ÐÄºZ>�(¢̧��H ÕªÒ�̈Z>�) &ñ
�Ð�Ð ½̈ì�r�)a��. �̧×¼Z>� &ñ
�Ð��H áÔ2�¤r�\�"f %�o�
ô�Ç 8úx ��s�àÔ, 8úx J�(�¶Ãº, 8úx e�¦�ÐÄº(¢̧��H ÕªÒ�̈) Ãº\�¦ l�2�¤� 9, e�¦ÀÒÄºZ>� &ñ
�Ð
��H K�{©� e�¦�ÐÄº\� @/K� áÔ2�¤r� �̧×¼�� %�o�ô�Ç 8úx ��s�àÔ, 8úx J�(�¶Ãº x9� �Ö̧$í
�o
r�çß��̀¦ l�2�¤ô�Ç��.

Table 1.7: Flow table.
filtering rules action statistics

��6£§ ÕªaË> 1.5��H flow tables� \O�X<s�àÔ ÷&��H ]X�	�_� \V\�¦ �Ð#�ï�r��. áÔ2�¤
r� �̧×¼��H IP J�(�¶�̀¦ Ãº������� e�¦�ÐÄº _�s��̂¦\� K�{©� �'pàÔo��� �>rF����Ht� SX�
���ô�Ç��. �'pàÔo�_� �>rF� SX�����̀¦ ~1�>���¦ ÆÒÊê SX��©��̀¦ �¦�9K� TCAM(Ternary
content addressable memory)�̀¦ s�6 x� 9, (Srcip, Desip)�̀¦ °ú���H 2-tuples� #�
õ� ½©gË:Ü¼�Ð ��6 x�)a��. e�¦�ÐÄº _�s��̂¦\� K�{©� �'pàÔo�(7£¤, (Srcip, Desip) ==
(Srcfl, Grpfl))���>rF�½+É�â
Äº, action�9�×¼_�½©&ñ
\�����J�(�¶�̀¦%�o�ô�Ç��.e�¦
�ÐÄº �'pàÔo��� �>rF��t� ·ú§�̀¦ �â
Äº\���H Ãº����)a J�(�¶_� K��8ÂÒì�r(MAC K��8 �í
�<Ê)�̀¦ Coordinator\�>����²ú�� 9 Coordinator��H?/ÂÒ½©&ñ
\�l�ìøÍK� filtering
ruleõ� action\�¦���&ñ
��¦áÔ2�¤r� �̧×¼\�>����²ú�ô�Ç��.áÔ2�¤r� �̧×¼��H���²ú�~ÃÎ�Ér
e�¦�ÐÄº �'pàÔo�\�¦ e�¦�ÐÄº _�s��̂¦\� ÆÒ����¦, s� Êê\� 1lx{9�ô�Ç (Srcip, Desip)\�¦
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°ú���H J�(�¶ e�¦�ÐÄº�� Ãº���÷&��� K�{©� action�̀¦ Ãº'��ô�Ç��.Packet INLookup Flow table Entry existsDo ACTIONRequest to coordinatorOtherwise
Get response from coordinatorAdd entry toFlow table

Figure 1.5: Flow table update.

action�Ér �����ß¼l�(variable size)\�¦ °ú���H �9�×¼�Ð+�, actions� normal{9� �â

Äº\� {ACT=normal, SRCop=192.168.10.10, DESop=192.168.12.10}ü< °ú s� ³ð
l�|̈c Ãº e����. ×�æ�©��'ao�d�� x9� ��6 x��]j#Qd��\�"f��H action �9�×¼�� Coordina-
tor\� _�K� &ñ
_�÷& 9, ����]j#Qd��_� �â
Äº��H, \V\�¦ [þt#Q, {ACT=normal}ëß� Co-
ordinator�� &ñ
_���¦ �� Qt� �9�×¼��H �í0>ç̀
 _�s��̂¦(forwarding table)�̀¦ s�6 x
K� áÔ2�¤r� �̧×¼\� _�K� ���� &ñ
_��)a��. �&³F� ��6 x��0pxô�Ç action�Ér discardü<
normals���. statistics��H K�{©� e�¦�ÐÄº �'pàÔo�\� @/K� áÔ2�¤r� �̧×¼�� %�o�ô�Ç
8úx ��s�àÔ Ãº, J�(�¶ Ãº x9� �Ö̧$í
�o r�çß�(timer)�̀¦ °ú���H��. �Ö̧$í
�o r�çß��Ér K�{©� e�¦
�ÐÄº\�¦��t�}��Ü¼�Ð%�o�ô�Çr�çß��̀¦����?/ 9,YO�w�H�Û¼àÔ[j���_��èY>�(expire)�̀¦
SX�����l� 0AK�"f ��6 x�)a��.
&ñ
o�������, flow table�Ér�¦5ÅqJ�(�¶�í0>ç̀
�̀¦3lq&h�Ü¼�Ð NetFPGA\� ½̈�&³�)a

Arbiter�� �ÃÐ�̧� 9 {filtering rules, action, statistics}�Ð ½̈ì�r�)a��. filtering
rule�Ér (Srcfl(source address), Grpfl(multicast group address)), action�Ér (Actfl

(action), Cntfl(current node address), Nxtfl(next hop address))ü< °ú s� ½̈$í

|̈c Ãº e��Ü¼ 9, statistics��H (Bytesfl(total bytes), Packetsfl(total number of
packets), Timerfl)�Ð ½̈$í
�)a��1.

1.4.4 Frame and Packet Classification

áÔ2�¤r� �̧×¼��H 2>�8£x ÈÒ"î
ÚÔo�fç
(transparent bridging)õ� 3>�8£x IP "fq�Û¼\�¦
1lxr�\� Ãº'���l� M:ë�H\� MAC áÔYUe��_� Ethernet type x9� IP J�(�¶_� ½©������
 ñ(protocol number)\� ���� %�o� ]X�	��� ½̈ì�r�)a��.

Transparent Bridging

2>�8£x ÈÒ"î
ÚÔo�fç
�Ér IP x9� ARP J�(�¶�̀¦ \Vü@�Ð ô�Ç��. 7£¤, áÔ2�¤r� �̧×¼��H IPü<
ARP s�ü@_� J�(�¶[þt\� @/K�"f {9�Ø�¦§4� !Q(�\�¦ °ú���H dummy hubü< °ú �Ér %i�½+É

1flow table_� field ?/6 x ×�æ MAC x9� port &ñ
�Ð\� @/ô�Ç ÂÒì�r�Ér �&³F� ½̈�&³�)a !Q���\� �í�<Ê÷&t�
·ú§��H��. �Ð�� [jx9�ô�Ç e�¦�ÐÄº_� ]j#Q\�¦ 0AK�"f��H K�{©� �9�×¼[þts� Ãº6 x÷&#Q�� ô�Ç��.
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�̀¦ Ãº'��ô�Ç��. 2>�8£x\�"f YO�w�H�Û¼àÔ J�(�¶�Ér e�¦�Qç̀
(flooding)÷& 9 MAC _�s�
�̂¦�Ér aging(:£¤&ñ
r�çß����� MAC entry\�¦ refresh���H ���\O�)�̀¦ :�xK� Ä»t��)a��. Õª
aË>1.6��H áÔ2�¤r� �̧×¼\�"f MAC áÔYUe��s� Ãº���÷&%3��̀¦ M: K�{©� áÔYUe��s� %�o�÷&
��H ]X�	�\�¦ �Ð#�ï�r��.

Table:Src MAC elseSrc MAC exists
L2 frame IN Update MAC cache

Table:Dst MACDst MAC existsForward to Dst port
else(unknow MAC,broadcast)Flooding(except for input port)

IP or ARP? Send to Input CPUARPelseL2/L3 Processing IP

Figure 1.6: Transparent bridging in proxy node.

MAC áÔYUe��s� Ãº���÷&��� áÔ2�¤r� �̧×¼��H ���$� MAC _�s��̂¦�̀¦ �����ô�Ç��.
MAC áÔYUe���̀¦ 5Åx���ô�Ç r�Û¼%7�_� MAC ÅÒ�è(Src MAC)�� áÔ2�¤r� �̧×¼_� MAC
_�s��̂¦\� �>rF����� áÔYUe��_� Ethernet Type �9�×¼\�¦ {9�#Q áÔYUe��_� 7áxÀÓ\�¦ ��
���ô�Ç��. MAC _�s��̂¦\� Ãº���~ÃÎ�Ér áÔYUe��_� MAC &ñ
�Ð�� �>rF��t� ·ú§�̀¦ �â
Äº,
áÔ2�¤r� �̧×¼��H  ñÛ¼àÔ MACõ� {9�§4� �íàÔ\�¦ MAC _�s��̂¦\� ÆÒ��ô�Ç��. K�{©� áÔ
YUe��_� Ethernet Types� ARP�� IPs����,áÔYUe���̀¦áÔ2�¤r� �̧×¼_��×¼J?#Q%ò

%i�(NetFPGA)\�"f CPU%ò
%i�Ü¼�Ðs�1lxr�&� 3>�8£x%�o�\�¦Ãº'��ô�Ç��. ARP�� IP
J�(�¶s���u�́ �â
Äº MACáÔYUe��_�3lq&h�t�ÅÒ�è(Des MAC)\�¦{9��¦3lq&h�t�ÅÒ�è��
áÔ2�¤r� �̧×¼_� MAC _�s��̂¦\� �>rF�½+É �â
Äº K�{©� �íàÔ\�¦ :�xK� 5Åx���ô�Ç��. 3lq&h�
t� ÅÒ�è�� MAC _�s��̂¦\� �>rF��t� ·ú§Ü¼��� {9�§4��íàÔ\�¦ ]jü@ô�Ç �� Qt� �íàÔ�Ð
e�¦�Qç̀
ô�Ç��.

ARP Processing

ÕªaË> 1.7��H ARP J�(�¶�̀¦ 3>�8£x\�"f %�o����H ]X�	�\�¦ �Ð#�ï�r��. ARP J�(�¶_�
Ethernet Type�Ér 0x0806s� 9 áÔ2�¤r� �̧×¼\� _�K� 3>�8£x\�"f %�o��)a��. e��_�
_�  ñÛ¼àÔ(áÔ2�¤r� �̧×¼�� �Ö̧$í
 5Åx����� -active sender-{9� �â
Äº �í�<Ê)��H �����_�
MAC _�s��̂¦\� 3lq&h�t� IP\� @/ô�Ç MAC ÅÒ�è\�¦ ��t��¦ e��t� ·ú§�̀¦ �â
Äº ARP
requestJ�(�¶�̀¦µ1ÏÒqtr�v� 9,Ãº���~ÃÎ�Ér ARP requestJ�(�¶_� IPÅÒ�è�������_�
ÅÒ�èü< 1lx{9�ô�Ç  ñÛ¼àÔ��H ARP reply J�(�¶�̀¦ x�×¼Ñþ�(feedback)ô�Ç��. ÕªaË> 1.7\�
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"f��H K�{©� áÔ2�¤r� �̧×¼�� �Ö̧$í
 5Åx������Ð+� ARP request J�(�¶�̀¦ µ1ÏÒqtr�v���H
õ�&ñ
�Ér Òqt|ÄÌ÷&#Q e����(7£¤, ��  ñÛ¼àÔ�� µ1ÏÒqtr���� ARP request_� %�o� õ�&ñ
ëß�
�í�<Ê��¦ e����.).

ARP type RequestInterface match for requested IP
ARP INReply

Update ARP cacheSend queued packets
Dst is for us?Yes No

Flood ARP reply or request to output ports
Create ARP replyYes

Send ARP replyto input port

Send to Input CPU

Figure 1.7: ARP processing in Layer 3.

ARP J�(�¶_� operation �9�×¼\�¦ :�xK� ARP ��{9�s� ½̈ì�r�)a��. e��_�_� áÔ2�¤
r� �̧×¼��H �����s� µ1ÏÒqtr���� ARP request J�(�¶\� @/ô�Ç ARP reply J�(�¶�̀¦ Ãº
���Ùþ¡�̀¦ �â
Äº\� ARP _�s��̂¦�̀¦ Ìqt�����¦ reply J�(�¶s� �Ð�¦ô�Ç MAC ÅÒ�è\�¦ s�
6 xK� Ç©\� e����H �Ö̧$í
 J�(�¶�̀¦ ���5Åxô�Ç��. ARP request J�(�¶�̀¦ Ãº���Ùþ¡�̀¦ �â
Äº\�
��H, ARP J�(�¶\� _�K� õA�)a'¹כ IP_� MAC ÅÒ�è(Target IP ÅÒ�è)�� �����_� ���'�
�̀s�Û¼ ÅÒ�èü< {9�u����Ht� SX����ô�Ç��. �ÃÐ�¦�Ð, ARP J�(�¶_� Ethernet ARP �9�×¼
��H 5Åx����� {MAC ÅÒ�è, 5Åx����� IP ÅÒ�è, Target MAC ÅÒ�è, Target IP ÅÒ�è}\�¦
�í�<Êô�Ç��. {9�u�½+É �â
Äº, ARP reply J�(�¶�̀¦ µ1ÏÒqtr�&� K�{©� ARP request J�(�¶
s� Ãº����)a �íàÔ�Ð 5Åx���ô�Ç��.

IP processing

áÔ2�¤r� �̧×¼\�"f%�o����H IPJ�(�¶�Ér IGMP(Internet group management proto-
col), TCPx9�UDP1px 3��t�7áxÀÓs���. IPK��8_�½©������ ñ(Protocol number)\�¦
:�xK� ½̈ì�rô�Ç��.
ÕªaË> 1.8��H áÔ2�¤r� �̧×¼�� IGMP x9� TCP/UDP J�(�¶�̀¦ %�o����H õ�&ñ
�̀¦ �Ð

#�ï�r��. áÔ2�¤r� �̧×¼�� 2>�8£x MACáÔYUe���̀¦ Ãº������� 3lq&h�t� MACÅÒ�è\�¦ :�x
K� :�x���~½Ód��(YO�w�H�Û¼àÔ, Ä»m�H�Û¼àÔ ¢̧��H ÚÔ�Ð×¼H�Û¼àÔ)s� ���&ñ
�)a��. ÚÔ�Ð×¼
H�Û¼àÔ6 x MAC áÔYUe��s� �̧�ÃÌ���� 2>�8£x\�"f e�¦�Qç̀
�̀¦ Ãº'����¦, Ä»m�H�Û¼àÔ
áÔYUe��\�@/K�"f��H3lq&h�t�ÅÒ�è\�����%�o�~½Ód��s�²ú��������.3lq&h�t� MACÅÒ
�è��áÔ2�¤r� �̧×¼�� ��u�́ �â
Äº\���H 2>�8£x\�"fe�¦�Qç̀
 ¢̧��H���×þ�&h��í0>ç̀
s�'��
K�t� 9, áÔ2�¤r� �̧×¼{9� M:��H IP J�(�¶ K��8_� ½©������ ñ\� ���� %�o��)a��. 7£¤, ½©
������ ñ�� 253(áÔ2�¤r� �̧×¼ çß� J�(�¶ ���5Åx){9� M:��H e�¦�ÐÄº _�s��̂¦�̀¦ ���Ò�oK� K�{©�
�'pàÔo����>rF����� action�̀¦Ãº'����¦,�>rF��t�·ú§Ü¼���%i�Ö�sÕýt�o�����K�{©�
áÔYUe���̀¦ !Q�2;��(discard). YO�w�H�Û¼àÔ6 x MAC ÅÒ�è\�¦ °ú���H áÔYUe��{9� �â
Äº\�



1.4. ARCHITECTURE 17L2 frameDst MACMulticast BroadcastUnicast for correct port Flooding orselective forwarding
Normalmulticast

Dst for us? NoYesProtocolnumber? To CPUelse (TCP,UDP, 254 or etc)253Flow tablehit?Do ACTIONYes Forwarding after de-encap.orDiscardNo
Port inspection UplinkIGMP

To CPU(IGMP handling)
Yes DiscardDownlink

Flow tablehit?Do ACTIONYes NoTo CPU(Flow regist.)

L2/L3Processing

Figure 1.8: IP processing in Layer 2.

��H \O�a�Aß¼ü< ��î�ra�Aß¼\�¦ ½̈ì�rK� %�o�ô�Ç��2. s���H 7áxéß�  ñÛ¼àÔü< ���1lx÷&��H 'Í	���
P: ��Äº'�(first-hop router)�� µ1ÏÒqtr�v���H IGMP query Bjr�t�\�¦ 	�éß��l� 0A
K�"fs���(áÔ2�¤r� �̧×¼�̧ IGMP "fq�Û¼\�¦ ]j/BN�l� M:ë�H\� Ø�æ[�ts� µ1ÏÒqt½+É Ãº
e����.). \O�a�Aß¼ �íàÔ\�¦ :�xK� Ãº���~ÃÎ�Ér YO�w�H�Û¼àÔ J�(�¶�Ér !Q�9�����. ��î�ra�Aß¼
�íàÔ\�¦ :�xK� Ãº����)a IGMP(YO�w�H�Û¼àÔ) J�(�¶�Ér �èáÔàÔJ?#Q %ò
%i�Ü¼�Ð s�1lx�)a
Êê "fq�Û¼ X<�7Hs� %�o�� 9, {9�ìøÍ YO�w�H�Û¼àÔ J�(�¶�̀¦ Ãº���~ÃÎ��¤�̀¦ �â
Äº\���H e�¦
�ÐÄº _�s��̂¦�̀¦ ���Ò�oô�Ç��. e�¦�ÐÄº _�s��̂¦\�"f K�{©� �'pàÔo��� ���Ò�o÷&��� &ñ
_��)a
action\�����J�(�¶s�%�o�÷&�¦�>rF��t�·ú§�̀¦�â
Äº\���H Overlay engine\�>�
s�1lxr�&� e�¦�ÐÄº �'pàÔo�\�¦ &ñ
_�ô�Ç��.

1.4.5 Packet Processing in NetFPGA

ÕªaË> 1.9�Ér ÕªaË> 1.8_� {9�ÂÒì�rÜ¼�Ð {9�ìøÍ YO�w�H�Û¼àÔ J�(�¶\� @/ô�Ç %�o� ]X�	�\�¦
½̈�̂&h�Ü¼�Ð�Ð#�ï�r��.��î�ra�Aß¼�íàÔ\�¦:�xK�Ãº����)a{9�ìøÍYO�w�H�Û¼àÔáÔYUe��\�
@/K�"f áÔ2�¤r� �̧×¼��H K�{©� áÔYUe��_� �̧ÑýtK��8\�¦ ½̈$í
�l� 0AK�"f 2>�8£x/3>�
8£x K��8 &ñ
�Ð\�¦ Ãº|9���¦ Ãº|9��)a &ñ
�Ð\�¦ ���½ÓÜ¼�Ð áÔYUe���̀¦ %�o�ô�Ç��. ���$�
IP K��8_� ½©������ ñ\�¦ {9�#Q(253{9� �â
Äº\� IP-in-IP Ö�sÕýt�o �)a��.) Desip_� 0Au�

\�¦ �����ô�Ç Êê, Desip�� Class D YO�w�H�Û¼àÔ ÅÒ�è���t�\�¦ SX����ô�Ç��. K�{©� YO�w�H�
Û¼àÔ áÔYUe���̀¦ 7áxéß�  ñÛ¼àÔ�� 5Åx���Ùþ¡�̀¦ �â
Äº\���H �̧!QYUs� ½©��� K��8(overlay
protocol header) &ñ
�Ð\�¦ ��t��¦ e��t� ·ú§l� M:ë�H\�, 7£¤, IP-in-IP Ö�sÕýt�o÷&t� ·ú§
�ÉráÔYUe���̀¦Ãº���Ùþ¡l�M:ë�H\�áÔ2�¤r� �̧×¼��H Srcmo

op x9� Desmo
op \�¦ 0.0.0.0Ü¼�Ð[O�

&ñ
ô�Ç��. IP K��8 ¢̧��H �̧!QYUs� ½©��� K��8_� ½©������ ñ\�¦ {9�#Q K�{©� J�(�¶s� 7áx
éß�  ñÛ¼àÔ�� e��_�_� r�Û¼%7�Ü¼�ÐÂÒ'� Ãº���~ÃÎ�Ér �����t	כ ¢̧��H ���]X� áÔ2�¤r� �̧×¼

2multicast-unicast ÚÔo�fç
�̀¦ 0AK�"f��H \O�a�Aß¼\�¦ :�xK� Ãº���÷&��H YO�w�H�Û¼àÔ J�(�¶s� áÔ2�¤r� �̧
×¼\� _�K� ÆÒ��&h�Ü¼�Ð %�o�÷&#Q�� ô�Ç��.
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�ÐÂÒ'� Ãº���~ÃÎ�Ér �¦�\����t	כ óøÍéß�½+É Ãº e����.
MAC áÔYUe��_� 3lq&h�t� ÅÒ�è�� YO�w�H�Û¼àÔs����(7£¤, 01-00-5E-), (Srcmo

ip ,
Desmo

ip )\�¦ filtering rules�Ð°ú���H�'pàÔo�\�¦e�¦�ÐÄº_�s��̂¦\�"f���Ò�oô�Ç��.���
Ò�o�)a �'pàÔo�_� action\� ���� K�{©� áÔYUe���̀¦ %�o�ô�Ç��. ���Ò�o�)a �'pàÔo��� 0{9�
�â
Äº\���H Coordinator\�>�e�¦�ÐÄº�'pàÔo�1px2�¤(register)�̀¦¹כ'õAô�Ç��.1px2�¤~½Ó
d���Ér ·ú¡"f [O�"î
ô�Ç ×�æ�©��'ao�d��, ����]j#Qd��, ¢̧��H ��6 x��]j#Qd��\� ���Ér��.

Group addressYes Packet IN NoL2 bridgingFlow tableRegisterNo Loopbackor suppress?
Entry exists

Duplicate & forwardingelseYesLoopback orSuppress
Figure 1.9: Proxy gets a frame or packet.

e��_�_� YO�w�H�Û¼àÔ [j���\� �ÃÐ��ô�Ç 7áxéß�  ñÛ¼àÔ�� 1lxr�\� YO�w�H�Û¼àÔ J�(�¶

�̀¦ 5Åx���½+É �â
Äº, K�{©� 5Åx��� J�(�¶�Ér Rendezvous t�&h���t� àÔA�i��s� âìØÔ��H �¦̀�	כ
}��l�0AK� �̧!QYUs�W1àÔ0>ß¼\�¦:�xK�s�1lx÷&t�·ú§�¦���Ø�¦·{9� �̧×¼(ingress·egress
proxy node)\�"f ÀÒáÔÑþ�(loopback)÷&#Q�� ô�Ç��. ÀÒáÔÑþ� #�ÂÒ\�¦ óøÍéß��l� 0AK�
"f áÔ2�¤r� �̧×¼��H (Srcmo

op �� Cntfl)ü< 1lx{9�ô�Çt�\�¦ �����ô�Ç��(e�¦�ÐÄº �'pàÔo���
s�p� �>rF�Ùþ¡�̀¦ M:\�¦ ��&ñ
ô�Ç��.).
�:r ë�H"f\�"f suppression�Ér, YO�w�H�Û¼àÔ àÔA�i��s� Rendezvous t�&h�õ� e��

_�_� áÔ2�¤r� �̧×¼çß�\� ÀÒáÔ÷&��H �¦̀�	כ ~½Ót��l� 0AK�"f K�{©� J�(�¶�̀¦ �9�'�a�A�

��H õ�&ñ
�̀¦ _�p�ô�Ç��. ÕªaË> 1.10õ� °ú s� suppressions� \O��̀¦ �â
Äº YO�w�H�Û¼àÔ
àÔA�i��s� Rendezvous t�&h�(N2)õ� áÔ2�¤r� �̧×¼(N5) ��s�\�"f ÀÒáÔ÷&t�ëß�(Ô���Ér
&h����), suppression÷&��� Rendezvous t�&h��̀¦ ��u�t� ·ú§�¦ áÔ2�¤r� �̧×¼ N5\�"f
N7Ü¼�Ð f��]X� ���²ú��)a��(��êøÍ z�́���). �ÃÐ�¦�Ð,  ñÛ¼àÔ�� :£¤&ñ
 YO�w�H�Û¼àÔ ÕªÒ�̈\�
�ÃÐ��(join)���� ���Ø�¦·{9� �̧×¼_� e�¦�ÐÄº �'pàÔo���H (Cntfl,Nxtfl)�©��̀¦ (0.0.0.0,
0.0.0.0)�Ð °ú���H��.
��6£§ Ä»���ï×¼(pseudo code)��H áÔ2�¤r� �̧×¼�� ÀÒáÔÑþ�õ� suppression�̀¦ %�

o����H ~½ÓZO��̀¦ �Ð#�ï�r��.
if Srcmo

op == 0.0.0.0 then
if Cntfl == Srcmo

op then
loop back

end if
else

if Cntfl! = 0.0.0.0 then
if (Srcmo

op == Nxtfl)&&(Desmo
op == Cntfl) then

suppression



1.4. ARCHITECTURE 19N1H1 N2 N3N6 H3N5H2 N4 N7 H4Join
Rendezvous

JoinLoop back Suppression
Figure 1.10: Suppression and loop back.

end if
end if

end if
ÆÒ��&h�Ü¼�Ð áÔ2�¤r� �̧×¼[þt çß�_� J�(�¶ 5Åx·Ãº����Ér IP-in-IP Ö�sÕýt�o\�¦ s�6 x�

l� M:ë�H\� ���Ø�¦·{9� �̧×¼��H YO�w�H�Û¼àÔ J�(�¶�̀¦ Ö�sÕýt�o ¢̧��H %i�Ö�sÕýt�o���H l�0px
s� ¹כ��9���. 0A Ä»���ï×¼\�¦ SX��©�K� áÔ2�¤r� �̧×¼�� J�(�¶�̀¦ %�o����H ����̂&h����
~½ÓZO��̀¦ &ñ
_�ô�Ç��.

if Srcmo
op == 0.0.0.0 then

if Curfl == Srcmo
op then

loop back to downlinks
else

encapsulation, duplication and forwarding
end if

else
if Cntfl! = 0.0.0.0 then

if (Srcmo
op == Nxtfl)&&(Desmo

op == Cntfl) then
suppression

else
duplication and forwarding

end if
else

de-encapsulation and multicast to downlinks
end if

end if

1.4.6 Example Scenario

��6£§ÕªaË>1.11��H×�æ�©��'ao�"f!Q(CN)\�"f��Äºh�A�â
�Ð[O�&ñ
õ��'aº���)aI�Û¼ß¼(task)\�¦
Ãº'��ô�Ç���¦ ��&ñ
Ùþ¡�̀¦ M: 7áxéß�  ñÛ¼àÔ\�"f_� YO�w�H�Û¼àÔ join ]X�	�ü< �â
�Ð[O�&ñ

õ�&ñ
�̀¦ �Ð#�ï�r��. s� M: y�� proxy �̧×¼\�"f °ú���H flow table_� [O�&ñ
°ú̀�כ¦ ¶ú�(R�:r
��.
 ñÛ¼àÔ H2�� IGMPv2\�¦ s�6 xK� :£¤&ñ
 YO�w�H�Û¼àÔ ÕªÒ�̈\� join���� proxy

node N5��H H2\� @/ô�Ç flow table�̀¦ {group addr., 0.0.0.0, 0.0.0.0, expires}�Ð [O�
&ñ
ô�Ç��. ·ú¡"f [O�"î
÷&%3�1pws� 0.0.0.0�Ér local loopback�̀¦ 0AK�"f ��6 x÷&��H IP
ÅÒ�ès���. Flow table_� Action �9�×¼��H Òqt|ÄÌ��¦ [O�"î
ô�Ç��. expires��H YO�w�H�
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N1 N5
CN

H1 H2C N3N4 H3H4N6
② Register ① Join (G)③ Pathsetup④ Send ⑤ Register ⑥ pathsetupH5 N7 N First-hop proxy nodesSignaling path

Figure 1.11: Example Scenario #1.

Û¼àÔ [j���_� active �©�I� #�ÂÒ\�¦ óøÍéß�� 9 [O�&ñ
�)a °ú̀�כ¦ �íõ����H r�çß�1lxîß� K�
{©� YO�w�H�Û¼àÔ ÕªÒ�̈J�(�¶�̀¦ ~ÃÎt� 3lw���� flow table\�"f K�{©� entry\�¦ ���]jô�Ç
��. 7£¤, proxy node\�"f ¶nqr�&h���� multicast [j��� »1Ï�@(leave)\�¦ 0AK�"f �Ö̧6 x�)a
��. N5��H ×�æ�©��'ao�"f!Q\�>�  ñÛ¼àÔ H2_� join�̀¦ ·ú�o� 9 ×�æ�©��'ao�"f!Q��H ���×þ��)a
Rendezvous(¢̧��H core, C)�ÐÂÒ'¹כ�'õA�̀¦ô�Ç N5��t�_��â
�Ð\�¦[O�&ñ
½+ÉÃºe���̧2�¤
Rendezvous C\�>� �â
�Ð [O�&ñ
�̀¦ "î
§î
ô�Ç��. �â
�Ð[O�&ñ
õ� �'aº��K�"f 1) ×�æ�©��'ao�"f
!Q\�"f�â
�Ð[O�&ñ
�̀¦¢-a«Ñô�ÇÊê�â
�Ð�©�\�e����H �̧��H proxy node[þt\�>�K�{©� flow
table�̀¦ ���²ú����H ~½ÓZO�õ� 2) Rendezvous\�>� first-hop proxy (\V, N5)_� ÅÒ�è\�¦
ÅÒ�¦ �â
�Ð�©�_� proxy[þts� ���̂ ��Äºh�A áÔ�Ð�Ðc+t�̀¦ s�6 xK� flow table�̀¦ ���$í
�
��H ì�ríß�+þA ~½ÓZO�s� e����. ÕªaË>1.11õ�_� {9��'a$í
�̀¦ Ä»t��l� 0AK� �����_� �â
Äº\�¦
��&ñ
ô�Ç��.

{C,N3, N5}��t�_��â
�Ð��[O�&ñ
÷&%3����¦��&ñ
���� C��H {group addr., C, N3, expires},
N3��H {group addr.,N3, N5, expires}, N5��H {group addr., 0.0.0.0, 0.0.0.0, expires}�̀¦
flow table�Ð°ú�>��)a��.\V\�¦[þt#Q, {group addr., C, N3, expires}��H group addr.\�¦
°ú���H packets� proxy C\� �̧�ÃÌ���� proxy N3�Ð���5Åx�����H_�p�s���.1lx{9�ô�Ç~½Ó
ZO�Ü¼�Ð, ñÛ¼àÔ H5��YO�w�H�Û¼àÔÕªÒ�̈\� join���� Rendezvous C��H {group addr., C, N6, expires},
N6��H {group addr.,N6, N7, expires}, N7�Ér {group addr., 0.0.0.0, 0.0.0.0, expires}�̀¦
flow table�Ð [O�&ñ
ô�Ç��.
YO�w�H�Û¼àÔ J�(�¶_� 5Åx���õ� �'aº���)a [O�"î
s� s�#Q�����.  ñÛ¼àÔ H1s� YO�w�H�Û¼

àÔ ÕªÒ�̈Ü¼�Ð J�(�¶�̀¦ 5Åx���ô�Ç���¦ ��&ñ
���� proxy {N1, C} ��s�\� ��Äºh�A �â
�Ð
�� [O�&ñ
�)a��(×�æ�©��'ao�d�� ¢̧��H ì�ríß�+þA). proxy N1�Ér YO�w�H�Û¼àÔ J�(�¶�̀¦ ~ÃÎ>� ÷&
���×�æ�©��'ao�"f!Q CN\�]X�5ÅqK� Rendezvous C\��'aº���)a&ñ
�Ð\�¦%3�#Q�:rÊê��Äºh�A
�â
�Ð\�¦ >�íß���¦ flow table�̀¦ [O�&ñ
ô�Ç��. ��Äºh�A �â
�Ð��H ×�æ�©��'ao�+þA ¢̧��H ì�ríß�
+þAÜ¼�Ð >�íß�ô�Ç��. s�M:, N1\� [O�&ñ
�)a flow table entry��H {group addr.,N1, C}s�
��.

IGMP\�¦ s�6 xô�Ç YO�w�H�Û¼àÔ join/leave��H multicast packet_� Ãº���õ� �'aº���)a
ë�H]js� 9 activeô�ÇYO�w�H�Û¼àÔJ�(�¶�̀¦5Åx������Hõ�&ñ
�ÉrYO�w�H�Û¼àÔ join�̀¦�9¹כ�
�Ð�t�·ú§��H��.\V\�¦[þt#Q,s�p�YO�w�H�Û¼àÔÕªÒ�̈\� join��¦e����H ñÛ¼àÔ H5��
YO�w�H�Û¼àÔ J�(�¶�̀¦ 5Åx�����¦�� ô�Ç����� �â
�Ð {N7, N6, C}�� [O�&ñ
÷&#Q�� � 9
joinõ�&ñ
\�"f ëß�[þt#Q��� flow tableõ� ½̈ì�r÷&#Q4R�� ô�Ç��. YO�w�H�Û¼àÔ J�(�¶�̀¦ 5Åx
���½+ÉM:, proxy N7�Ér {group addr.,N7, N6, expires}, N6��H {group addr.,N6, C, expires}\�¦
flow table entry�Ð °ú���H��. YO�w�H�Û¼àÔ joinõ�&ñ
\�"f ëß�[þt#Q��� N7_� flow table
entry��H {group addr., 0.0.0.0, 0.0.0.0, expires}s���.
&ñ
o�����, H1, H2, H5�� YO�w�H�Û¼àÔ ÕªÒ�̈\� join��¦, H1õ� H5�� YO�w�H�Û¼

àÔ J�(�¶�̀¦ 5Åx���ô�Ç���¦ ��&ñ
Ùþ¡�̀¦ M: W1àÔ0>ß¼ �©�_� proxy node[þts� ��t���H flow
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table entry��H ��6£§ ³ð1.8õ� °ú ��.

Table 1.8: Flow Table Entries (example scenario #1).
Node Group Cur. hop Nxt. hop Expires

C Group addr. C N3 expires
Group addr. C N6 expires

N7 Group addr. N7 N6 expires
Group addr. 0.0.0.0 0.0.0.0 expires

N6 Group addr. N6 N7 expires
Group addr. N6 C expires

N5 Group addr. 0.0.0.0 0.0.0.0 expires

Suppression�̀¦ [O�"î
�l� 0AK� ÕªaË>1.11�̀¦ SX��©�ô�Ç��. ÕªaË>1.12��H ÕªaË>1.11õ�
q��§K� ���_� proxy node N8õ�  ñÛ¼àÔ H6\�¦ ÆÒ��&h�Ü¼�Ð °ú���H��.

N1 N5
CN

H1 H2C N3N4 H3H4N6
② Register ① Join (G)③ Pathsetup④ Send ⑤ Register ⑥ pathsetupH5 N7 N First-hop proxy nodesSignaling pathN8 H6

Figure 1.12: Example Scenario #2.

 ñÛ¼àÔ H5��YO�w�H�Û¼àÔJ�(�¶�̀¦5Åx���ô�Ç���¦��&ñ
ô�Ç��. proxy node N6�� sup-
pression�̀¦ Ãº'���t� ·ú§��H�����  ñÛ¼àÔ H6��H {N7, N6, C,N6, N8}_� �â
�Ð\�¦ :�x
K�  ñÛ¼àÔ H5�� 5Åx���ô�Ç J�(�¶�̀¦ Ãº����>� �)a��. s�ü< °ú �Ér �â
�Ð [O�&ñ
�Ér Ô�¦�9�
¹ô�Çכ W1àÔ0>ß¼ @/%i�;�¤ �è�̧ x9� Rendezvous_� ÂÒ� 7£x��_� ë�H]j&h��̀¦ µ1ÏÒqtr�
v� 9 proxy node\�"f_� J�(�¶ forwarding ½©���\� 0AìøÍ�)a��. Suppression�Ér �â

�Ð {N7, N6, N8}\�¦ :�xK�  ñÛ¼àÔ H6�� H5_� J�(�¶�̀¦ Ãº����>� ��¦ ÕªÒ�̈ ?/

l���  ñÛ¼àÔ[þts� H5�� 5Åx���ô�Ç YO�w�H�Û¼àÔ J�(�¶[þt�̀¦ Ãº���½+É Ãº e���̧2�¤ �â
�Ð
{N7, N6, C}�Ð àÔA�i���̀¦ ì�rl�K� ï�r��.
��t�}��Ü¼�Ð, J�(�¶ Ãºï�r\�"f %�o� ]X�	�\�¦ ¶ú�(R�:r��.

Packet Processing in Proxy N7

 ñÛ¼àÔ H5�� YO�w�H�Û¼àÔ J�(�¶�̀¦ 5Åx������� proxy node N7�Ér ÕªaË> 1.13ü< °ú s�
IP-in-IP encapsulation÷&t�·ú§�ÉrJ�(�¶�̀¦Ãº����>��)a��.s�� IPJ�(�¶_�+þAI���H
����̂ header �9�×¼ ×�æ ÅÒ�è %ò
%i�ëß��̀¦ ³ðl�ô�Ç��.

proxy node N7�Ér ��6£§ ÕªaË>1.14õ� °ú �Ér flow table�̀¦ ��t��¦ e����. Group
addr.\�@/�#� N6�Ð���5Åx����� downlink�Ð loopbackô�Ç��. flow table(ÕªaË>1.14)\�
l��íK�, N6�Ð ���5Åx�l� 0AK�"f��H IP-in-IP encapsulation�̀¦ Ãº'��K� ÕªaË>1.15õ�
°ú �Ér J�(�¶�̀¦ Òqt$í
ô�Ç��.
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Figure 1.13: Packet sent by H5.

Figure 1.14: Flow table at proxy node N7.

¢̧ô�Ç, loopback r�v�l� 0AK�"f ÕªaË> 1.16ü< °ú s� Ãº���~ÃÎ�Ér J�(�¶�̀¦ Ãº&ñ
�t�
·ú§�¦ downlink ~½Ó�¾ÓÜ¼�Ð YO�w�H�Û¼h�Aô�Ç��.

Packet Processing in Proxy N6

Proxy node N7s� IP-in-IP encapsulation�̀¦ :�xK� ���5Åxô�Ç J�(�¶s� proxy N6\� �̧
�ÃÌÙþ¡�̀¦ M: N6_� flow table�̀¦ s�6 xK� J�(�¶ %�o����H õ�&ñ
�̀¦ [O�"î
ô�Ç��.

proxy node N6\� �̧�ÃÌô�Ç J�(�¶_� +þAI�ü< N6_� flow table�Ér ��6£§ ÕªaË>1.17õ�
°ú ��. {group addr.,N6, N7, expires}�Ér J�(�¶ %�o� ½©���\� _�K� suppression�)a
��.

Ãº���~ÃÎ�Ér J�(�¶_� overlay protocol header��H flow table entry °úכ\� ���� ����â

�)a��. Entry {group addr.,N6, N7, expires}��H N7�ÐÂÒ'�5Åx����)aJ�(�¶_� overlay
protocol header (N7, N6)\�¦ (N6, C)�ÐÃº&ñ
K� Rendezvous C�Ð5Åx���ô�Ç��. ¢̧ô�Ç,
(N6, N8)Ü¼�Ð Ãº&ñ
K� N8�Ð 5Åx���ô�Ç��. ��6£§ ÕªaË>1.18��H Ãº&ñ
�)a J�(�¶_� +þAI�s�
��.

Packet Processing in Rendezvous C

Proxy node N6�� 5Åx���ô�Ç J�(�¶s� Rendezvous C\� �̧�ÃÌ���� Rendezvous��H flow
table_� entry ×�æ {group addr., C, N6, expires}\�¦ J�(�¶ %�o� ½©���\� _�K� sup-
pressionô�Ç��. Suppression�)a flow entry\�¦]jü@��¦ Rendezvous C��HÃº���~ÃÎ�ÉrJ�
(�¶_� overlay protocol header\�¦ (C,N3)�ÐÃº&ñ
K� N3\�>����²ú�ô�Ç��. Rendezvous
C_� flow tableõ� Ãº&ñ
�)a J�(�¶_� +þAI���H ��6£§ ÕªaË>1.19ü< °ú ��.

Figure 1.15: Outgoing packet format to N6.
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Figure 1.16: Packet looped back to H5.

Figure 1.17: Incoming packet and flow table at N6.

1.5 Discussion

1.5.1 Connection Release

 ñÛ¼àÔ�� IGMP leave Bjr�t�\�¦ �Ð?/���� �̧ÀÓ�Ð ���K� YO�w�H�Û¼àÔ [j���s� K�
]j÷&%3��̀¦ �â
Äº\� y�� proxy node[þt�Ér flow table\�"f K�{©� entry\�¦ ���]jK��� ô�Ç
��. ¢̧ô�Ç, YO�w�H�Û¼àÔ J�(�¶ 5Åx���\� _�K�"f �â
�Ð [O�&ñ
�)a table entry�̧ ���]j÷&#Q
�� ô�Ç��.

IGMP leave Bjr�t�\� _�K� "î
r�&h�Ü¼�Ð table entry\�¦ ���]j���H ~½ÓZO�Ü¼�Ð��H
1)%i��â
�ÐÆÒ&h�(back tracking)K�]j, 2)�'ao�"f!Ql�ìøÍK�]jx9� 3)4�¤½+Ë+þA(hybrid)
K�]j1pxs�e���̀¦Ãºe����.J�(�¶5Åx���\�_�K�[O�&ñ
�)a entry��H expires��s� Q\�_�
K� K�]j�)a��. ���$�, %i��â
�Ð ÆÒ&h�\� _�ô�Ç ~½ÓZO��Ér proxy �̧×¼�� flow table\� �>rF�
�t�·ú§��H YO�w�H�Û¼àÔÅÒ�è\�¦ °ú���HJ�(�¶�̀¦ Ãº���½+É�â
Äº\�5Åx��� �̧×¼\�>� prune
message\�¦ �Ð?/�¦, prune message\�¦ Ãº���ô�Ç proxy node��H flow table\�"f K�{©�
entry\�¦ ���]jô�Ç��. ¿º���P:, �'ao�"f!Q l�ìøÍ K�]jZO��Ér 7áxéß�  ñÛ¼àÔ�� IGMP »1Ï
�@ Bjr�t�\�¦ "î
r�&h�Ü¼�Ð µ1ÏÒqtr�v���H �â
Äº, Bjr�t�\�¦ ~ÃÎ�Ér proxy node��H K�{©�
���½Ó�̀¦ �'ao�"f!Q\�>� ·ú�o��¦ �'ao�"f!Q�� �â
�Ð�©�\� e����H �̧��H proxy node[þt\�
>� prune message\�¦ �Ð?/��H ~½ÓZO�s���. �'ao�"f!Q�� �̧��H YO�w�H�Û¼àÔ flow\� @/
ô�Ç end-to-end path &ñ
�Ð\�¦ ��t��¦ e��#Q�� ���H ë�H]j�� e����. 4�¤½+Ë+þA K�]jZO��Ér

Figure 1.18: Outgoing packet format at N6.
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Figure 1.19: Flow table and outgoing packet at Rendezvous C.

5Åx��� ñÛ¼àÔÂÒ'� Rendezvous��t���H�'ao�"f!Q��K�]j��¦(¢̧��H,5Åx��� ñÛ¼àÔ\�
���1lx�)a first-hop proxy�� prune message\�¦ Rendezvous��t� �Ð?/��H ~½ÓZO��̧ e��
��.) Rendezvous ÂÒ'� Ãº���  ñÛ¼àÔ��t���H %i��â
�Ð ÆÒ&h��̀¦ :�xK� K�]j���H ~½Ód��s�
��.
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