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Chapter 1

Overview

1.1 Introduction

�:r���½̈��H IPYO�w�H�Û¼àÔ\�¦@/'��½+É �̧!QYUs�W1àÔ0>ß¼(Overlay network)_�[O�>�
x9� ½̈�&³�̀¦ 3lq&h�Ü¼�Ð ô�Ç��. &h�@/��(point-to-multipoint) ���5Åx�̀¦ 0Aô�Ç �¦5Åq J�(�¶
�í0>ç̀
(high-speed packet forwarding)1pxX<s�'� î̈
���(data plane)�̀¦ NetFPGA
�©�\� ½̈�&³���HX< éß�l� 3lq&h�s� e��Ü¼ 9, Service-enabling Overlay(SeeOver) ���
áÔ��\�¦ ½̈»¡¤ "fq�Û¼���H �¦̀�	כ þj7áx 3lq&h�Ü¼�Ð ô�Ç��. �:r ë�H"f��H X<s�'� î̈
���_�
NetFPGA ½̈�&³�̀¦ 0Aô�Ç [jÂÒ [O�>�\�¦ {���¦e����. SeeOver\�¦ :�xK� ]X�5Åq}©�(Access
network)\�"f ���1lx�)a 7áxéß�  ñÛ¼àÔ[þt�Ér ����çß� a�?\O�\� �ÃÐ��½+É Ãº e����.

1.1.1 Problem Definition & Resolution

IP multicast��H Ãºe���̧4Sq_� ÂÒF�, ASçß� &ñ
Õþ�&h� s�|
� x9� Ä»t� �'ao�_� #Q�9¹¡§ 1px
Ü¼�Ð l�Õüt&h� �©�&h�\��̧ Ô�¦½̈��¦ ½̈»¡¤ "fq�Û¼�� ]jô�Ç&h�Ü¼�Ð ���'��÷&#Q M®o��. ��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�, 6£x6 x "fq�Û¼_� $�¾¡§|9��oü< °ú �Ér ���ª�ô�Ç ë�H]j[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]jü<���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
 $í
0pxs�
±ú�����, J�(�¶ ×�æ>�\�¦ {��{©����H  ñÛ¼àÔ[þt_� ú̧��Ér YO�w�H�Û¼àÔ �ÃÐ�� x9� »1Ï�@(join
and leave)�Ð ���K� àÔo� ½̈$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�èáÔàÔJ?#Q

¢̧��H r�Û¼%7� [O�&ñ
_� ����â
�̀¦ ¹�Ðכ��9 ô�Ç��. {9�YV�Ð, �̧!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 "fq�Û¼ ¾¡§|9�_� $��\�¦ \V�©�½+É Ãº e����.
�:r ���½̈\�¦ ��6£§õ� °ú �Ér l�Õüt&h� èß�]j\�¦ K�����<ÊÜ¼�Ð+� 7áxéß� ��6 x��\�>� îß�&ñ


&h���� YO�w�H�Û¼àÔ 8̈��â
õ� ����çß� a�?\O��̀¦ 0Aô�Ç q�6 x ò́Ö�¦&h���� W1àÔ0>(ç
 "fq�Û¼
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6 CHAPTER 1. OVERVIEW

\�¦ ]j/BNô�Ç��.

1. Ease-of-use: IP YO�w�H�Û¼àÔ\�¦ @/�̂���H l��>r �̧!QYUs� W1àÔ0>(ç
 l�Õüt[þt
�Ér 7áxéß�  ñÛ¼àÔ_� [O�&ñ
Ãº&ñ
 ¢̧��H q�³ðï�r :�x��� ½©��� 1px�̀¦ s�6 xK��� ô�Ç��.
¢̧ô�Ç, 7áxéß�  ñÛ¼àÔ[þts� J�(�¶ ���²ú�\� f��]X� �ÃÐ���l� M:ë�H\�(�ÃÐ�� x9� »1Ï�@
�� ��Ä»\�vl� M:ë�H\�) îß�&ñ
&h���� àÔo�(tree)\�¦ ]j/BN�t� 3lwÙþ¡��. SeeOver��H
Ãº(��̧×¼��� �̧!QYUs� áÔ2�¤r�(Proxy)\�¦ s�6 x�l� M:ë�H\� îß�&ñ
&h���� àÔo�
]j/BNs���0px� 9 IGMP(Internet group management protocol)1pxl��>r IP
áÔ�Ð�Ðc+t ½©����̀¦ ï�rÃº�<ÊÜ¼�Ð+� 7áxéß�  ñÛ¼àÔ��H r�Û¼%7� [O�&ñ
_� ����â
\O�s�

����çß� a�?\O�\� �ÃÐ��½+É Ãº e����.

2. Controllability: l��>r IP YO�w�H�Û¼àÔ��H  ñÛ¼àÔ_� ÕªÒ�̈ �ÃÐ���� ��Ä»\�vl�
M:ë�H\� ���$í
 ��6 x��(malicious users)�Ð ÂÒ'� K�{©� ÕªÒ�̈�̀¦ �Ð ñ½+É Ãº \O�%3�
��(ex, high-volume packet flooding). �:r ���½̈\�"f��H YO�w�H�Û¼àÔ J�(�¶�̀¦
e�¦�ÐÄº_�s��̂¦(Flow table)\�l�ìøÍK��í0>ç̀
�>��<ÊÜ¼�Ð+�y��e�¦�ÐÄº\�@/
ô�Ç�'ao�$í
�̀¦Z�}�����. ¢̧ô�Ç,YO�w�H�Û¼àÔJ�(�¶\�@/ô�Ç�9�'�a�A(filtering)½©gË:
x9� %�o� t�gË>(action) 1px�̀¦ �'ao�"f!Q�� ���&ñ
�>� �<ÊÜ¼�Ð+� e�¦�ÐÄº %�o�\�
@/ô�Ç ���ª�ô�Ç [O�&ñ
_� �̧½+Ës� ��0pxô�Ç��.

3. Cost-effectiveness: �èáÔàÔJ?#Q\�_�ô�Ç&h�@/���í0>ç̀
�Ér�¦$í
0px·�¦��_�0>
ß¼Û¼_�s����(Workstation)�̀¦ �Ö̧6 x�t�ëß� J�(�¶ %�o�Ö�¦ 1px\�"f ±ú��Ér $í
0px�̀¦
�Ð�����. �:r ���½̈\�"f��H PCI(Peripheral component interconnect) 
�×¼���
NetFPGA\�¦ �Ö̧6 xK� �¦5Åq J�(�¶ �í0>ç̀
 x9� ��t�&h� 4�¤]j\�¦ Ãº'����¦ ]j#Q
î̈
���õ� X<s�'�î̈
����̀¦ ì�ro��<ÊÜ¼�Ð+� Gbps/åL J�(�¶ %�o� $í
0px�̀¦ �Ð�©�ô�Ç��.
¢̧ô�Ç, NetFPGA 
�×¼�� ?/�©��)a r�Û¼%7�_� �����s� $1,500 Ãºï�r_� $���s�Ù¼
�Ð q�6 xò́Ö�¦&h� áÔ2�¤r�_� ½̈»¡¤s� ��0px� 9 &h����&h� C�u�\�¦ :�xK� SX��©�$í
õ�

îß�&ñ
$í
�̀¦ Z�}{9� Ãº e����.

1.2 Background

1.2.1 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$í
�)a��.�×¼J?#Q��H Xilinx Virtex-II Pro 50
}9�!Ó	\� 18 MBit ZBT(Zero-bus turnaround) SDRAMx9� 64 Mbytes DDR DRAM
�̀¦ °ú���H��. �èáÔàÔJ?#Q��H �©�u�×¼��s�!Q, Ä»�9�o�w�, ��Äº'� ]j#Q J�v�t�(��Äº
h�A �èáÔàÔJ?#Q x9� o�³nqÛ¼ ��Äºh�A _�s��̂¦ �'ao� X<�7H)\�¦ �í�<Ê� 9 >�s�àÔJ?#Q��H
Verilog HDL ���$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��.
�ÃÐ�̧[O�>�\�"f ]j/BN���H �ÃÐ�̧��s�áÔ�����(Reference pipeline)_� X<s�'��â
�Ð

��H ÕªaË> 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����H Ãº��� Ç©\�¦ ���×þ���¦, Ø�¦§4��íàÔ ���Ò�o�Ér J�(�¶_� Ø�¦§4� Ç©\�¦ ���×þ��
 9 Ø�¦§4� Ç©��H Ø�¦§4� �íàÔ�� ï�rq�|̈cM:��t� J�(�¶�̀¦ $��©����H %i�½+É�̀¦ ô�Ç��. �̧!QYU
s� 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�̀¦ �èáÔ

àÔJ?#Q %ò
%i�\� ½̈�&³�<ÊÜ¼�Ð+� ¢-a$í
�)a��.
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Input Arbiter

Output 
Port Lookup

Output 
Queues

MAC TxQ
CPU TxQ

MAC RxQ
CPU RxQ

User data path

Figure 1.1: Reference pipeline.

1.2.2 Ethertype & Multicast in Layer 2

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��.

Table 1.1: Ethernet Type.
Type(Hex) Name

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

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��.

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)
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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�Û¼àÔJ�(�¶
�̀¦5Åx���½+ÉM:��6 x�)a��. IGMPJ�(�¶_��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��Hmulticast group address\�¦
��6 xô�Ç��.

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

IP YO�w�H�Û¼àÔ ÅÒ�è\�¦ IEEE 802 MAC ÅÒ�è\� ��%ò
(mapping)�l� 0AK�

"f 2>�8£x áÔYUe���Ér ÕªaË> 1.2ü< °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��.11100 7 8           15 16        23 24          31001-00-5e- 23-bit multicast address48-bit Ethernet address

Figure 1.2: Ethernet address for multicast.

Ethernet types� 0x0800��� IP J�(�¶�Ér K��8\� áÔ�Ð�Ðc+t ��� ñ(protocol num-
ber)\�¦ ����?/��H �9�×¼\�¦ °ú���H��. áÔ2�¤r� �̧×¼�� %�o�K��� ���H áÔ�Ð�Ðc+t_� 7áx
ÀÓ��H ³ð 1.4ü< °ú ��. e��_�_� áÔ2�¤r� �̧×¼\�"f s�Ö�©���H �̧×¼�Ð J�(�¶�̀¦ ���5Åx½+É
M:��H IP-in-IP ~½Ód��_� Ö�sÕýt�o\�¦ s�6 xô�Ç��. IP-in-IP_� áÔ�Ð�Ðc+t ��� ñ��H 0x04s�
��.

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



Chapter 2

Requirement Spec. &
Architecture

2.1 Specification

• áÔ2�¤r� �̧×¼��H\O�a�Aß¼ü<��î�ra�Aß¼\�¦ ½̈ì�r� 98úx 1>h_�\O�a�Aß¼�íàÔ\�¦°ú�
��H��. �'ao�"f!Q��H Û¼J�_ç
àÔo�(spanning tree)_� Ä»t�·�'ao�\�¦ 0AK� e��_�_�
áÔ2�¤r� �̧×¼�� ��t���H ÂÒ�̧�̧×¼(parents node)ü< ��d���̧×¼(child node)\�
@/ô�Ç &ñ
�Ðü< �̧×¼ çß�_� �������'a>�\� @/ô�Ç &ñ
�Ð\�¦ ��t��¦ e����.

• 2>�8£x _�s��̂¦(MAC table, Multicast MAC table)õ� 3>�8£x _�s��̂¦(Flow
table)s� ½̈ì�r�)a��. _�s��̂¦�Ér 1lqwn��)a �̧Ñýt\� _�K� ��6 x÷& 9 3>�8£x l�0px�Ér
Enable/Disable |̈c Ãº e����. 2>�8£x\�"f �̧��H YO�w�H�Û¼àÔ áÔYUe���Ér YO�w�H�
Û¼àÔ MACÅÒ�è_�s��̂¦õ�Ãº����íàÔ\�l�ìøÍK���î�ra�Aß¼�íàÔ�Ðe�¦�Qç̀
�)a
��.

• áÔ2�¤r� �̧×¼��H ARP x9� IGMP áÔ�Ð�Ðc+t�̀¦ t�"é¶� 9, s�Ö�© áÔ2�¤r� �̧×¼
¢̧��H �'ao�"f!Qü< :�x����l� 0AK�"f SSL(Secure socket layer)�̀¦ »1ÑF�ô�Ç��.
ARP, IGMP, SSL1px�Ér�èáÔàÔJ?#Q%ò
%i�\�"fÃº'��÷& 9,Ãº'�����õ��Ðµ1ÏÒqt
÷&��H _�s��̂¦�Ér �èáÔàÔJ?#Q %ò
%i�õ� �×¼J?#Q %ò
%i�\�"f 1lxr� �Ð�'aô�Ç��.

• ARP(Address resolution protocol) J�(�¶�̀¦ :�xK� MAC learning�̀¦ Ãº'��ô�Ç
��.

• áÔ2�¤r� �̧×¼��H IGMP snooping(i.e., IGMP joinõ� leave\�¦ �̧m�'�a�A)�̀¦ Ãº
'��� 9 \O�a�Aß¼\�"f µ1ÏÒqt���H IGMP J�(�¶\� @/K�"f 	�éß�(blocking)ô�Ç��.
IGMP queryü< ÕªÒ�̈ �'ao���H áÔ2�¤r� �̧×¼\�"f {��{©�ô�Ç��.

• áÔ2�¤r� �̧×¼_� J�(�¶ %�o���H IPv4\� ô�Ç&ñ
�)a��. éß�, IPv6 àÔo�Øþ��̀¦ IPv4 '�
V,�a�A ¢̧��H ÚÔo�fç
½+É Ãº e����H l�0px SX��©��Ér �¦�9�)a��.

• áÔ2�¤r� �̧×¼��H J�(�¶ éß�¼#��o(fragmentation) ë�H]j\�¦ %�o��t� ·ú§��H��. IP-
in-IP ~½Ód�� ¢̧��H MAC-in-IP ~½Ód��_� ��6 xÜ¼�Ð J�(�¶ éß�¼#��o�� µ1ÏÒqt½+É �â
Äº
IP Router�� %�o�ô�Ç��. ¢̧ô�Ç, áÔ2�¤r� �̧×¼��H f.̈ 
�î�ràÔ(hop count) >�íß�
\� #Q*�ô�Ç %ò
�¾Ó�̧ ÅÒt� ·ú§��H��.

• IGMP v1õ� v2\�¦ t�"é¶ô�Ç��. IGMP v3��H [O�>�\� ìøÍ%ò
ô�Ç��.

9
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• áÔ2�¤r��� ]j/BN���H l�0px�̀¦ �Ö̧6 x�l� 0AK�"f 7áxéß�  ñÛ¼àÔ��H ìøÍ×¼r� áÔ2�¤
r� �̧×¼ü< f��]X� ������÷&#Q e��#Q�� ô�Ç��.

• ��î�ra�Aß¼ 1 �íàÔ {©� ��Ãº_� 7áxéß�  ñÛ¼àÔ�� ������|̈c Ãº e��Ü¼ 9, \O�a�Aß¼ x9�
��î�ra�Aß¼\� �������)a �̧��H r�Û¼%7��Ér 1lx{9� VLAN�̀¦ °ú���H �Ü¼�Ð	כ çß�ÅÒô�Ç��.
YO�w�H�Û¼àÔ J�(�¶�Ér 1lx{9� "fÚÔ�Å	\�"f e�¦�Qç̀
�)a��.

• IGMP join\� @/ô�Ç J�(�¶ e�¦�ÐÄº(packet flow)_� ½̈ì�r�Ér Class D ÅÒ�è\�¦ l�
ï�rÜ¼�Ðô�Ç��. IGMP joinÜ¼�Ð���K�áÔ2�¤r� �̧×¼\�[O�&ñ
÷&��He�¦�ÐÄº_�s��̂¦
�Ér 1lx{9�ô�Ç ÕªÒ�̈ ÅÒ�è\�¦ ��6 x½+É �â
Äº �íàÔ��� ñ�� �©�s���8���̧ 1lx{9�ô�Ç J�

(�¶ e�¦�ÐÄº�Ð çß�ÅÒô�Ç��.

2.2 Architecture

2.2.1 Overview

SeeOver��H ÕªaË> 2.1ü< °ú s� ½̈$í
�)a��1. ]j#Qî̈
���(control plane)õ� X<s�'�î̈


���(data plane)s� ì�ro�÷&#Q e��Ü¼ 9 áÔ2�¤r� �̧×¼��H X<s�'�î̈
���\�"f YO�w�H�Û¼àÔ
J�(�¶_�&h�@/&h�(point-to-point) ¢̧��H&h�@/��(point-to-multipoint)�í0>ç̀
�̀¦{��{©�
ô�Ç��. ×�æ�©��'ao�"f!Q(Coordinator)��H ]j#Qî̈
���\�"f áÔ2�¤r� �̧×¼_� �'ao�, Û¼J�_ç

àÔo�_� ½̈$í
 1px�̀¦ {��{©�ô�Ç��. áÔ2�¤r� �̧×¼\� ���1lx�)a 7áxéß�  ñÛ¼àÔ_� YO�w�H�Û¼àÔ
ÕªÒ�̈ �ÃÐ��/»1Ï�@(join/leave) �©�I� 1px\� ���� YO�w�H�Û¼àÔ ÕªÒ�̈ g\� @/ô�Ç Û¼J�_ç

àÔo��� ½̈$í
�)a��.

Proxy/
Switch

Nk

hk

send

hk’

Nl

Router

join/send

IP-in-IP forwarding

C Coordinator

Nm

hm

Host

Control
Overlay

Underlay

IGMP

Figure 2.1: Data and Control plane.

áÔ2�¤r� �̧×¼��H 2>�8£xÛ¼0Au�_�l�0px�̀¦Ãº'��� 9, IGMP snooping�̀¦:�xK�7áx
éß�  ñÛ¼àÔ_� YO�w�H�Û¼àÔ �ÃÐ�� x9� »1Ï�@\�¦ �̧m�'�a�Aô�Ç��. YO�w�H�Û¼àÔ J�(�¶�Ér áÔ
2�¤r� �̧×¼\�"f IP-in-IPÖ�sÕýt�o÷&#Qs�Ö�© �̧×¼\�>����²ú��)a��.3lq&h�t�áÔ2�¤r� �̧
×¼��H þj7áx&h�Ü¼�Ð Ö�sÕýt�o�)a IP J�(�¶�̀¦ %i�Ö�sÕýt�oô�Ç Êê ÕªÒ�̈\� �ÃÐ��ô�Ç 7áxéß�  ñÛ¼
àÔ[þt\�>� e�¦�Qç̀
ô�Ç��.

1MAC-in-IP "fq�Û¼\�¦ 0Aô�Ç ½̈$í
�Ér �:r ë�H"f\� �í�<Ê�t� ·ú§�¦ YO�w�H�Û¼àÔ "fq�Û¼\�¦ 0Aô�Ç IP-
in-IP "fq�Û¼ ½̈$í
ëß� [O�"î
ô�Ç��. e�¦�ÐÄº_�s��̂¦_� RULESü< ACTION�̀¦ :�xK� MAC-in-IP "fq�Û¼
\�¦ ]j/BN ��0px���.
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���¹כ����, 7áxéß�  ñÛ¼àÔü< áÔ2�¤r� �̧×¼ çß�\���H IGMP ½©����̀¦ s�6 x� 9 áÔ2�¤
r� �̧×¼��H IGMP snooping�̀¦ :�xK� 7áxéß�  ñÛ¼àÔ_� YO�w�H�Û¼àÔ �ÃÐ��·»1Ï�@\�¦ �'a
o�ô�Ç��.YO�w�H�Û¼àÔJ�(�¶_�3lq&h�t����5Åx�̀¦0AK�"fáÔ2�¤r� �̧×¼çß�\���H IP-in-IP
"fq�Û¼\�¦ ]j/BNô�Ç��. áÔ2�¤r� �̧×¼�� ]j/BNô�Ç &ñ
�Ð\�¦ ���½ÓÜ¼�Ð �'ao�"f!Q��H Û¼J�
_ç
àÔo�\�¦ ½̈$í
��¦ J�(�¶ e�¦�ÐÄº\� @/ô�Ç %�o� ~½ÓZO��̀¦ áÔ2�¤r� �̧×¼\�>� ���²ú�ô�Ç

��. áÔ2�¤r� �̧×¼��H �'ao�"f!Q�� ]j/BNô�Ç e�¦�ÐÄº_�s��̂¦\� l�ìøÍK� K�{©� J�(�¶ e�¦�Ð
Äº\�¦ �¦5Åq �í0>ç̀
ô�Ç��.

2.2.2 Proxy Node

áÔ2�¤r� �̧×¼��HÕªaË> 2.2ü<°ú s�ß¼>� IPJ�(�¶x9� MACáÔYUe���í0>ç̀
l�0px�̀¦Ãº
'�����H �×¼J?#Q ÂÒì�rõ� :�x���½©��� 1px_� %�o�\�¦ 0Aô�Ç �èáÔàÔJ?#Q ÂÒì�rÜ¼�Ð ½̈

ì�r�)a��.

MAC
Bridge

Arbiter

PHY

IP
Bridge

Information Bases

Service Daemon 
(ARP, IGMP, SSL… )

Overlay 
Engine

Bus

Software

Hardware

Figure 2.2: System Architecture (Software & Hardware).

�×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 MACáÔYUe���̀¦:�xK�áÔYUe��x9�
J�(�¶_� 7áxÀÓ\�¦ �������¦, 7áxÀÓ\� ���Ér %�o� �̂¦!3��̀¦ ���×þ�ô�Ç��. ¢̧ô�Ç, MAC
table�̀¦ Ä»t�·�'ao���¦ IP checksum �̧ÀÓ\�¦ �����ô�Ç��. \V\�¦ [þt#Q, ARP\�
K�{©����H MAC áÔYUe���̀¦ Ãº��� ~ÃÎ��¤�̀¦ �â
Äº\�, MAC table_� �'ao�\�¦ 0A
K��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� áÔYU
e�� {9�·Ø�¦§4��̀¦ 8úxF�cô�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��.
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3. IP Bridge, Information Bases�� �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� 9Ö�sÕýt�o�)a IPJ�(�¶�Ér&h�@/&h�Ü¼�Ð�������)as�Ö�©(neighbor)
áÔ2�¤r� �̧×¼\�>� ���²ú�÷& 9, %i�Ö�sÕýt�o÷&��H IP J�(�¶�Ér ��î�ra�Aß¼ �íàÔ\� ���
����)a 7áxéß�  ñÛ¼àÔ[þt\�>� e�¦�Qç̀
�)a��.

2.2.3 MAC frame & IP packet processing

ÕªaË> 2.3��H 2>�8£x\�"f MACáÔYUe���̀¦l�ï�rÜ¼�ÐJ�(�¶(¢̧��HáÔYUe��)�̀¦ ½̈ì�rK�%�
o����H õ�&ñ
�̀¦ �Ð#�ï�r��. ���$�, Ãº����)a áÔYUe��_� 3lq&h�t� MAC ÅÒ�è\�¦ ���½ÓÜ¼
�Ð 0>ß¼e�¦�ÐÄº(workflow)�� ì�rl��)a��. ÚÔ�Ð×¼H�Û¼àÔ ÅÒ�è\�¦ ��|9� �â
Äº K��8_�
Ethernet type �9�×¼°ú̀�כ¦ {9�#Q ARP J�(�¶ #�ÂÒ\�¦ SX����ô�Ç��. ARP J�(�¶�Ér �èáÔàÔ
J?#Q %ò
%i�(CPU)Ü¼�Ð �̀������ Êê ÕªaË> 2.4õ� °ú s� %�o��)a��2. {9�ìøÍ ÚÔ�Ð×¼H�Û¼àÔ
J�(�¶�Ér e�¦�Qç̀
ô�Ç��.
3lq&h�t� MAC ÅÒ�è�� {9�ìøÍ Ä»m�H�Û¼àÔ ÅÒ�è(Ethernet type�Ér IP){9� �â
Äº\�

��H K�{©� áÔ2�¤r� �̧×¼_� MAC ÅÒ�èü< Ãº���ô�Ç áÔYUe��_� MAC ÅÒ�è\�¦ q��§ô�Ç
��. ¿º ÅÒ�è�� {9�u�½+É �â
Äº\���H IP J�(�¶_� áÔ�Ð�Ðc+t ��� ñ\�¦ {9�#Q IP-in-IP Ö�sÕýt
�o(0x04) #�ÂÒ\�¦ �����ô�Ç��. Ö�sÕýt�o÷&t� ·ú§�Ér J�(�¶�Ér �èáÔàÔJ?#Q %ò
%i�Ü¼�Ð �̀���
%�o�ô�Ç��. Ö�sÕýt�o�)a J�(�¶{9� �â
Äº\� e�¦�ÐÄº_�s��̂¦�̀¦ ���Ò�oK� K�{©�÷&��H RULES
\�¦ ¹1Ô�¦ ACTION�̀¦ Ãº'��ô�Ç��. RULES�� e�¦�ÐÄº_�s��̂¦\� �>rF��t� ·ú§�̀¦ �â
Äº
�̧ÀÓs�Ù¼�Ð �èáÔàÔJ?#Q\�"f \Vü@%�o�(Error handling)ô�Ç��. RULES��H J�(�¶
e�¦�ÐÄº\�¦ �9�'�a�A���H ½©gË:s� 9 ACTION�Ér K�{©� e�¦�ÐÄº\�¦ %�o����H ½©&ñ
(\V,
discard, forward 1px)s���.
3lq&h�t� MACÅÒ�è�� IPYO�w�H�Û¼àÔ{9��â
Äº\���HÃº����)aJ�(�¶_�{9�§4��íàÔ\�¦

�����ô�Ç��. \O�a�Aß¼\�¦ :�xK� {9�§4�÷&��H YO�w�H�Û¼àÔ áÔYUe���Ér %�o��t� ·ú§�¦ !Q�2;
��(Discard). ��î�ra�Aß¼ �íàÔ\�"f Ãº����)a áÔYUe���Ér IGMP J�(�¶�̀¦ �í�<Ê��¦ e��
�̀¦ �â
Äº �èáÔàÔJ?#Q�� %�o���¦ {9�ìøÍ Class D ÅÒ�è\�¦ ��|9� �â
Äº\���H e�¦�ÐÄº_�
s��̂¦�̀¦���Ò�oô�Ç��.e�¦�ÐÄº_�s��̂¦\� RULES���>rF�����K�{©� ACTION�̀¦Ãº'��ô�Ç
��. RULES�� �>rF��t� ·ú§�̀¦ �â
Äº\���H �èáÔàÔJ?#Q�� �'ao�"f!Q�ÐÂÒ'� RULES
\�¦ ~ÃÎ�¦ e�¦�ÐÄº_�s��̂¦�̀¦ Ìqt���ô�Ç��.
ÕªaË> 2.4��H ARP J�(�¶�̀¦ �èáÔàÔJ?#Q(CPU)\�"f %�o����H ]X�	�\�¦ �Ð#�ï�r��.

ARP J�(�¶_� Ethernet Type�Ér 0x0806s���. e��_�_�  ñÛ¼àÔ��H �����_� MAC _�
s��̂¦s� 3lq&h�t� IP\� @/ô�Ç MAC ÅÒ�è\�¦ ��t��¦ e��t� ·ú§�̀¦ �â
Äº ARP request
J�(�¶�̀¦ µ1ÏÒqtr�v� 9, Ãº���~ÃÎ�Ér ARP request J�(�¶_� IP ÅÒ�è�� �����_� ÅÒ�èü<
1lx{9�ô�Ç  ñÛ¼àÔ��H ARP reply J�(�¶�̀¦ x�×¼Ñþ�(feedback)ô�Ç��. ÕªaË> 2.4\�"f��H K�
{©� áÔ2�¤r� �̧×¼�� J�(�¶ 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����.).

ARPJ�(�¶_� 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 x
K� Ç©\� e��r� $��©��)a 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��.
YO�w�H�Û¼àÔ MAC ÅÒ�è _�s��̂¦�Ér {Port, Sender MAC, Multicast MAC}�̀¦

2NetFPGA\�"f f��]X� %�o� ��0px���.
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MAC 
Frame in

Des. MAC
BroadcastMulticast

Dst. for us?

Unicast

No

Protocol 
number?

Flow table
hit?

Yes

IP-in-IP(0x04)

CPU
else

Do Action

CPU
(Error handling)

Yes

No

In port?Discard
Uplink

IGMP?

Downlink

CPU
Yes

Flow table
hit?

No

Yes

CPU
(Flow registration)

No

ARP?

CPU
(or NetFPGA)
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Flooding

No

Flooding to 
downlink ports

Figure 2.3: Frame processing in Layer 2.

l��:r tuples�Ð °ú�Ü¼ 9 SX��©���0px���. ÕªaË> 2.5�Ér áÔ2�¤r� �̧×¼\�"f IGMP J�(�¶
�̀¦ %�o���¦ YO�w�H�Û¼àÔ MAC ÅÒ�è _�s��̂¦�̀¦ Ä»t����H õ�&ñ
�̀¦ �Ð#�ï�r��.
áÔ2�¤r��̧×¼��Ht�5Åq&h�Ü¼�Ð IGMP snooping�̀¦Ãº'��ô�Ç��.���Ò�o�)a IGMP join/leave/report

Bjr�t�\�¦ ���½ÓÜ¼�Ð YO�w�H�Û¼àÔ MAC _�s��̂¦�̀¦ Ä»t�ô�Ç��. ���$�, áÔ2�¤r� �̧×¼��
IGMP joins��� report Bjr�t�\�¦ �9�'�a�AÙþ¡�̀¦ �â
Äº\�, YO�w�H�Û¼àÔ MAC ÅÒ�è _�
s��̂¦�̀¦ ���Ò�oô�Ç��. s�p� �>rF����H �'pàÔo�\� @/K�"f��H K�{©� �'pàÔo�\�¦ Ä»t�� 9
�>rF��t� ·ú§�̀¦ �â
Äº\���H YO�w�H�Û¼àÔ MAC ÅÒ�è _�s��̂¦\� ÆÒ��ô�Ç Êê, �'ao�"f!Q
\�>� e�¦�ÐÄº�'pàÔo�_� 1px2�¤�̀¦ 9 �õA'¹כ �'ao�"f!Q�Ð ÂÒ'� ~ÃÎ�̀¦ e�¦�ÐÄº�'pàÔo�\�¦

�Ð(�� e�¦�ÐÄº_�s��̂¦\� ÆÒ��ô�Ç��. YO�w�H�Û¼àÔ MAC ÅÒ�è _�s��̂¦\� ÆÒ�����H õ�
&ñ
�Ér e�¦�ÐÄº_�s��̂¦\� ÆÒ��ô�Ç f��Êê ¢̧��H �'ao�"f!Q\�>� e�¦�ÐÄº 1px2�¤�̀¦ õA'¹כ�l�

f�����\� ¶ú�{9� ��0px���(ÕªaË> 2.5�Ér f�����\� ÆÒ�����H \V).
IGMP leaveBjr�{9��â
Äº\���HYO�w�H�Û¼àÔ MACÅÒ�è_�s��̂¦\�"f���]jô�ÇÊê,

�'ao�"f!Q\�>� �Ð�¦��¦ �'ao�"f!Q�� �Ð�·p RULES\� l�ìøÍK� e�¦�ÐÄº_�s��̂¦�̀¦ Ìqt
���ô�Ç��. IGMP joinõ� ��ðøÍ��t��Ð MAC ÅÒ�è _�s��̂¦\�"f ���]j���H õ�&ñ
�Ér e�¦
�ÐÄº_�s��̂¦�̀¦ Ìqt���ô�Ç f��Êê\� Ãº'��½+É Ãº e����.

2.2.4 Signalling: Coordinator-Proxy

��6£§ ÕªaË> 2.6�Ér �'ao�"f!Qü< áÔ2�¤r� �̧×¼ çß�_� r�ÕªV,�a�Aõ� �'aº���)a ]X�	�\�¦ �Ð
#�ï�r��. áÔ2�¤r� �̧×¼��H 2>�8£x\�"f e�¦�ÐÄº_�s��̂¦\� 1px2�¤÷&t� ·ú§�Ér YO�w�H�Û¼àÔ
J�(�¶(multicast or IGMP packet)�̀¦ Ãº������� �'ao�"f!Q(C)\�>� e�¦�ÐÄº�'pàÔo��̀¦
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ARP 
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RequestReply

Update ARP cache
(MAC table)

Des. for us? ARP matches?
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Flooding ARP pkt. 
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Send ARP reply
to input port

No

Yes Yes

Figure 2.4: ARP processing.

õAô�Ç��(hα'¹כ request). "f!Q��H �����_� �Ðe�¦�Ðt� t��̧\� l�ìøÍK� s�Ö�©ô�Ç �̧×¼\�¦
���×þ���¦e�¦�ÐÄº_�%�o�t�gË>(ACTION)�̀¦���&ñ
K�áÔ2�¤r� �̧×¼\�>����²ú�ô�Ç��(C
response). �'ao�"f!Q�ÐÂÒ'� e�¦�ÐÄº %�o�t�gË>�̀¦ ���²ú�~ÃÎ�Ér áÔ2�¤r� �̧×¼��H K�{©�
�'pàÔo�(entry)\�¦ e�¦�ÐÄº_�s��̂¦\� l�2�¤ô�Ç��(hα register). s�Êê Ãº���÷&��H 1lx{9�
e�¦�ÐÄº\� @/K�"f��H e�¦�ÐÄº_�s��̂¦�̀¦ �ÃÐ�̧K� �í0>ç̀
ô�Ç��.
 ñÛ¼àÔ(hα)_� join ¢̧��H send #�ÂÒ\� ���� �'ao�"f!Q�� ���&ñ
���H "î
§î
s� ½̈

ì�r�)a��.
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to the MAC table

Figure 2.5: IGMP processing.
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Figure 2.6: Signalling.
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Chapter 3

Packet Forwarding &
Group Management

3.1 Term. definition

s�Êê\���6 x|̈cl� ñü<_�p�\�¦&ñ
_�ô�Ç��. s(hi, g)��H7áxéß� ñÛ¼àÔ hi\�"fÕªÒ�̈ g�Ð
YO�w�H�Û¼àÔ J�(�¶�̀¦ 5Åx������H �¦̀�	כ _�p�(ÕªÒ�̈\� �ÃÐ���t� ·ú§�Ér �©�I�\�"f)��¦
j(hj , g)��H 7áxéß�  ñÛ¼àÔ hj\�"f IGMP join Bjr�t�\�¦ :�xK� ÕªÒ�̈ g�Ð �ÃÐ�����H �	כ
�̀¦ >pwô�Ç��. l(hk, g)��H  ñÛ¼àÔ hk�� ÕªÒ�̈ g\�"f IGMP leaveBjr�t�\�¦ :�xK� »1Ï�@
���H �¦̀�	כ _�p�ô�Ç��.
ÕªÒ�̈ g\� @/K� �̧×¼ Niü< Nj_� �ª�~½Ó�¾Ó$í
(bi-directional) �������'a>�\�¦ ����èq

M:��H ηi−j�Ð ³ðl�ô�Ç��. �������'a>���H ÕªÒ�̈ g\� @/K� s�Ö�©���H ¿º �̧×¼_� �ÃÐ�� #�
ÂÒ\�¦ �����·p��. ÕªÒ�̈ g\� @/K� Ni�� Nj�Ð_� ������[O�&ñ
�̀¦ °ú�t� 3lw½+É �â
Äº, ������
�'a>�\�¦ ηī−j̄�Ð ³ðl��)a��. ÕªÒ�̈ g\� @/K�"f s�Ö�©ô�Ç ¿º �̧×¼ Niü< Nj�� éß�~½Ó�¾Ó

$í
(uni-directional) �������'a>�\�¦ ��t��¦ e���̀¦ M:��H ηī−j ¢̧��H ηi−j̄ ³ðr�ô�Ç��.
ηi−j �'a>�{9��â
Äº �̧×¼ Niü< Njçß�\� ÕªÒ�̈ g\�5Åqô�Ç YO�w�H�Û¼àÔJ�(�¶�Ér�ª�~½Ó

�¾Ó ���5Åx|̈c Ãº e����. ηi−j̄ �'a>��\�"f��H ÕªÒ�̈ g\� @/K� �̧×¼ Ni\�"f Nj�Ð YO�w�

H�Û¼àÔ J�(�¶s� éß�~½Ó�¾Ó ���5Åx|̈c Ãº e����. ÕªaË> 3.1\�"f Niü< Nj_� �'a>���H ηi−j̄s�

�¦ Njü< Nk_� �'a>���H ηj−ks���. ¢̧ô�Ç, áÔ2�¤r� �̧×¼ Njü< Nk��H ��� s��©�_� �ª�

~½Ó�¾Ó$í
 η �'a>�\�¦ �í�<Ê��¦ e���¦ Ni��H éß�~½Ó�¾Ó$í
 η �'a>�ëß� �í�<Ê��¦ e����.
�̧×¼ Nα\�¦ :�xK� ÕªÒ�̈ g\� �ÃÐ����¦ e����H 7áxéß�  ñÛ¼àÔ[þt_� Ãº\�¦ κα�� ��¦,

�̧×¼ Nα�� ���Ér áÔ2�¤r� �̧×¼[þtõ� ��t��¦ e����H �������'a>� η_� Ãº\�¦ µα�Ð &ñ
_�ô�Ç

��. �'ao�"f!Q��H ÕªÒ�̈ g\� @/ô�Ç Û¼J�_ç
àÔo� &ñ
�Ð\�¦ ��t��¦ e����. Û¼J�_ç
àÔo�\�¦
½̈$í
���H �̧��H áÔ2�¤r� �̧×¼[þt�Ér |9�½+Ë Gt_� "é¶�ès� 9, |9�½+Ë Gp��H |9�½+Ë Gt_� ÂÒ

ì�r|9�½+Ë( Gt ⊇ Gp)Ü¼�Ð ÕªÒ�̈ g\� @/K� κi ≥ 1��� e��_�_� áÔ2�¤r� �̧×¼ i [þt�Ð ½̈$í

�)a |9�½+Ës���.

3.2 Flow table

�̧��H e�¦�ÐÄº_�s��̂¦�Ér {RULES, ACTION, STATISTICS}�Ð ½̈ì�r�)a��. e�¦�ÐÄº
_�s��̂¦_� RULES ÂÒì�r�Ér p − type tuples�Ð &ñ
_��)a��. p − type RULES��H p −
typeõ� m− type ACTIONÜ¼�Ð ½̈ì�r�)a��.���$�, p− type RULES��H(³ð 3.1�ÃÐ�̧)
Openflow Û¼0Au�_� e�¦�ÐÄº_�s��̂¦õ� Ä»���>� ½̈$í
÷& 9 8úx 12-tuples\�¦ °ú���H��.
RULES��H {{9�§4� �íàÔ(INport), IP, MAC in IP(MACin−IP ), IP in IP(IPin−IP ),

17
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join

join
Ni Nj

Nk

hi hj

hk

send

Figure 3.1: Join relation.

TCP/UDP �íàÔ(TCP)}�Ð ½̈$í
�)a��. Saddrü< Daddr��H y��y�� 5Åx��� x9� 3lq&h�t�

IP ÅÒ�ès� 9 Pnum�Ér IP K��8_� e�¦�Ð�Ðc+t ��� ñ(protocol number)s���. Smacõ�

Dmac�Ér 5Åx��� x9� 3lq&h�t� MAC ÅÒ�ès� 9 Etype�Ér MAC áÔYUe��_� s��8�Å	 ��

{9�(Ethernet type)s���. ��t�}��Ü¼�Ð Sportü< Dport��H TCP/UDP_� 5Åx��� x9� 3lq
&h�t� �íàÔ��� ñs���.

MACin−IPü< IPin−IP��H IP J�(�¶s� y��y�� MAC-in-IP ¢̧��H IP-in-IP Ö�sÕýt
�o÷&%3��̀¦ M:ëß� °ú̀�כ¦ °ú���H��. \V\�¦ [þt#Q, 2>�8£x áÔYUe��, {MAC’, IP’, TCP},s�
MAC-in-IP Ö�sÕýt�o|̈c M: K�{©� IP J�(�¶�Ér 2>�8£x\�"f {MAC, IP, {MAC’, IP’,
TCP}}\�¦ ��t�>� �)a��. s�M: RULES_� MACin−IP��H ·ú¡ \V_� MAC’\� K�{©�÷&
�¦ IPin−IP��H IP’s� �)a��. 1lx{9�ô�Ç ~½ÓZO�Ü¼�Ð 2>�8£x áÔYUe��s� IP-in-IP Ö�sÕýt�o÷&
��� 2>�8£x\�"f {MAC, IP, {IP’, TCP}}�Ð ������ 9 MACin−IP��H null\� K�{©��
�¦ IPin−IP��H IP’s� �)a��.

Table 3.1: Flow table: p− type RULES.

INport
IP MACin−IP IPin−IP TCP

Saddr Daddr Pnum Smac Dmac Etype Saddr Daddr Pnum Sport Dport

Table 3.2: Flow table: p− type ACTION.

Reserved(8bit) Action(8bit) Mask(16bit)

MACin−IP

Smac(MSB)
Smac(LSB) Dmac(MSB)

Dmac(LSB)

IPin−IP
Saddr

Daddr

IPin−IP IP Pnum Pnum

IP
Saddr

Daddr

TCP/UDP Sport Dport

³ð 3.2��H p−type RULES\�_�ô�ÇJ�(�¶e�¦�ÐÄº_�%�o�t�gË>(ACTION)�̀¦����
�·p��. Action(8bit)�9�×¼×�æ, MSB(Most Significant Bit) 3q�àÔ��H�Ö̧6 x�t�·ú§Ü¼
 9�0A 5q�àÔ\�¦��6 xô�Ç��.�0A 5q�àÔ_�6 x�̧��H³ð 3.3\�&ñ
_�÷&#Qe����. 1���q�
àÔ(modif.)��H e�¦�ÐÄº_�s��̂¦_� Mask q�àÔ\� l��íK� K��8 �9�×¼({IP, MACin−IP ,
IPin−IP , TCP})_�����â
�̀¦ ���&ñ
ô�Ç��. 0���q�àÔ(popul.)��H m− type ACTION_�
ÆÒ�� Ãº'�� #�ÂÒ\�¦ ���&ñ
� 9 ‘1’�Ð [O�&ñ
÷&#Q e���̀¦ �â
Äº m− type ACTION _�s�
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�̂¦�̀¦ {9�#Q J�(�¶�̀¦ %�o�ô�Ç��. m− type _�s��̂¦�Ér J�(�¶_� ��t�&h� 4�¤]j\�¦ 0AK� �Ö̧
6 x�)a��. q�àÔ��H y�� (4,3,2), modif., popul.�Ð ì�rÀÓ(grouping)÷& 9 z�́'�� í�H"f��H
ýa\�"f Äº�Ð ���'���)a��. 7£¤, modif.�Ér popul. s����\� {9�#Qèß���.

Mask(16bit)�9�×¼��H Action�9�×¼_� ‘1’���q�àÔ(modif.)�� 1�Ð[O�&ñ
÷&%3��̀¦M:
z�́'��÷&�¦, y�� q�àÔ�� t�&ñ
���H p − type ACTION_� �9�×¼°ú̀�כ¦ Ãº&ñ
ô�Ç��. MSB
6q�àÔ��H ��6 x÷&t� ·ú§�¦ �� Qt� 10q�àÔëß� ��6 x÷& 9, 9��� q�àÔÂÒ'� ?/aË>	�í�HÜ¼
�Ð ³ð 3.2_� {Smac, Dmac, Saddr, Daddr, Pnum(in-IP), Pnum(IP), Saddr, Daddr,
Sport, Dport }\�¦t�r�ô�Ç��.\V\�¦[þt#Q, p−type ACTION_�s��̂¦s�°ú���H Action�9�
×¼_� modif. q�àÔ�� 1�Ð[O�&ñ
÷&#Qe���¦ Mask°úכs�s����Ãº 0000000000000011(0x0003)�̀¦
��t����, Ãº����)a J�(�¶ e�¦�ÐÄº_� TCP ¢̧��H UDP K��8_� Ø�¦µ1Ït� �íàÔ��� ñü< 3lq
&h�t� �íàÔ��� ñ\�¦ y��y�� p− type ACTION _�s��̂¦_� Sportü< Dport�Ð ����â
�����H

_�p�s���.

3.2.1 Examples

ÕªÒ�̈ g\�¦°ú���HYO�w�H�Û¼àÔ"fq�Û¼\�¦]j/BN�l�0AK�áÔ2�¤r� �̧×¼��H��6£§õ�°ú �Ér
3 7áxÀÓ_� e�¦�ÐÄº_�s��̂¦�̀¦ ��|9� Ãº e����. ��A���H ���_� \Vs� 9, J�(�¶ e�¦�ÐÄº��
°ú���H 5Åq$í
\� ���� RULES\�¦ ��ØÔ>� [O�&ñ
½+É Ãº e����. SIP

addr�Ér p − type RULES
_� IP �9�×¼\� K�{©����H 5Åx���t� ÅÒ�ès� 9 g��H IP ¢̧��H IPin−IP �9�×¼_� Daddrs�

��. 0A'������H p− type RULES_� K�{©� �9�×¼\�¦ �����·p��.

1. �̧×¼ Nα�� 7áxéß�  ñÛ¼àÔ hα�� �Ð�·p IGMP join Bjr�t�\�¦ ~ÃÎ��¤�̀¦ M:, e�¦�Ð
Äº_�s��̂¦_� RULES��H (*, (SIP

addr, g, *), (*,*,*), (*,*,*), (*,*))�Ð[O�&ñ
|̈cÃº
e����. �'ao�"f!Q��H ÕªÒ�̈ g\� @/K� IGMP join�)a J�(�¶ e�¦�ÐÄº\� @/ô�Ç �9�'�
a�A RULES\�¦ ���&ñ
ô�Ç��. s�Êê  ñÛ¼àÔ hα�� ÕªÒ�̈ g\� �Ð?/��H IP YO�w�H�Û¼
àÔJ�(�¶�Ér0A RULES\�¦s�6 xK��9�'�a�A�)a��.áÔ2�¤r� �̧×¼\�Ãº����)a IGMP
J�(�¶�̀¦ l�ï�rÜ¼�Ð ���&ñ
�)a��.

2.  ñÛ¼àÔ hα�� ÕªÒ�̈ g\� �ÃÐ���t� ·ú§�¦ YO�w�H�Û¼àÔ J�(�¶�̀¦ 5Åx���½+É M:, e�¦�Ð
Äº_�s��̂¦_� RULES��H (*, (SIP

addr, g, pIP
num), (*,*,*), (*,*,*), (*,*))\�¦ °ú���H

��. Ä»m�H�Û¼àÔ ���5Åx�̀¦ 0Aô�Ç e�¦�ÐÄº_�s��̂¦_� RULESü< °ú ��. áÔ2�¤r� �̧
×¼\� Ãº����)a IP YO�w�H�Û¼àÔ J�(�¶�̀¦ l�ï�rÜ¼�Ð ���&ñ
�)a��.

3. áÔ2�¤r� �̧×¼ü< �̧×¼ ��s�_� ~½Ó�¾Ó$í
 �������'a>�(YO�w�H�Û¼àÔ J�(�¶�̀¦ 5Åx·Ãº
���)\�¦ ����?/l� 0Aô�Ç e�¦�ÐÄº_�s��̂¦_� RULES��H (*, (*,*,*), (*,*,*), (*,g,
P

IPin−IP
num ), (*,*))s� ��0px���. áÔ2�¤r� �̧×¼\� Ãº����)a IGMP ¢̧��H IP YO�w�
H�Û¼àÔ J�(�¶�̀¦ l�ï�rÜ¼�Ð ���&ñ
�)a��.

Table 3.3: p− type ACTION: Action definition.
4 3 2 1 (modif.) 0 (popul.) Description

1 1 1 0 0 discard the packet

0 0 0 0/1 0 do nothing or modif., only

0 0 0 0 1 lookup m−type table

0 0 1 0/1 0/1 IP-in-IP encap., wo/w modif.

0 1 0 0/1 0 IP-in-IP de-encap., wo/w modif.

0 1 1 0/1 0/1 MAC-in-IP encap., wo/w modif.

1 0 0 0/1 0 MAC-in-IP de-encap., wo/w modif.
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(*, (SIP
addr, g, pIP

num), (*,*,*), (*,*,*), (*,*))\� @/ô�Ç ACTION�Ér(7£¤, ÕªÒ�̈ g\�
�ÃÐ���t� ·ú§�Ér  ñÛ¼àÔ�� J�(�¶�̀¦ 5Åx���½+É M:) áÔ2�¤r� �̧×¼ Nα�� s�Ö�©ô�Ç �̧×¼ü<

éß�~½Ó�¾Ó$í
 �������'a>�\�¦ ��t�>� ÷&Ù¼�Ð m − type ACTION _�s��̂¦�̀¦ ÆÒ��&h�Ü¼�Ð
{9�#Q &h�@/&h� ¢̧��H &h�@/�� ���5Åx�̀¦ Ãº'��ô�Ç��.
Ä»m�H�Û¼àÔ ���5Åx(&h�@/&h�)�̀¦ 0AK�"f��H, p− type ACTION_� Action �9�×¼��,

\V\�¦[þt#Q,s����Ãº 00000110(0x06)Ü¼�Ð[O�&ñ
÷&�¦, Mask�9�×¼��s����Ãº 0000000000011100(0x001C)
�Ð[O�&ñ
|̈cÃºe����.e�¦�ÐÄº_�s��̂¦\�5Åqô�Çe��_�_� RULES�Ð���©�÷&��HJ�(�¶s�áÔ
2�¤r� �̧×¼�Ð Ãº���÷&��� K�{©� J�(�¶�̀¦ IP-in-IP Ö�sÕýt�o ��¦ Ö�sÕýt�o�)a IP K��8_�
Ø�¦µ1Ït�, 3lq&h�t� x9� áÔ�Ð�Ðc+t ��� ñ\�¦ ACTION\� ���� ����â
ô�Ç Êê 5Åx���ô�Ç��. &h�
@/�� ���5Åx�Ér ��A� RULES (*, (*, g, pIP

num), (*,*,*), (*,*,*), (*,*))õ� 1lx{9�ô�Ç ~½Ó
ZO�Ü¼�Ð %�o��)a��.

RULES (*, (*, g, pIP
num), (*,*,*), (*,*,*), (*,*))\� @/ô�Ç p − type ACTION

_�(7£¤, ÕªÒ�̈ g\� �ÃÐ��ô�Ç  ñÛ¼àÔ�� J�(�¶�̀¦ 5Åx���½+É M:) Action �9�×¼°úכ�Ér s����Ãº
00000111(0x07)�̀¦��|9�Ãºe��Ü¼ 9 Mask�Ðs����Ãº 0000000000011000(0x0018)��
[O�&ñ
|̈c Ãº e����. 7£¤, IP-in-IP Ö�sÕýt�o\�¦ Ãº'��ô�Ç Êê\� Ö�sÕýt�oô�Ç IP K��8_� Ø�¦µ1Ït�
ÅÒ�èü< áÔ�Ð�Ðc+t ��� ñ\�¦ p − type ACTION �9�×¼_� Saddrü< Pnum °úכÜ¼�Ð ����â


��¦ m− type ACTION _�s��̂¦�̀¦ {9�#Q s�Êê "î
§î
�̀¦ Ãº'��ô�Ç��.
RULES (*, (*,*,*), (*,*,*), (*,g, P

IPin−IP
num ), (*,*))\� @/ô�Ç p− type ACTION

�Ér(7£¤, K�{©� áÔ2�¤r� �̧×¼�� s�Ö�©ô�Ç �̧×¼ü< �������'a>�\�¦ ��t��¦ e���̀¦ M:) �©�l�
RULES (*, (*, g, pIP

num), (*,*,*), (*,*,*), (*,*))ü< 1lx{9�ô�Ç ~½ÓZO�Ü¼�Ð J�(�¶ e�¦�ÐÄº
�� %�o��)a��. áÔ2�¤r� �̧×¼ü< �̧×¼��s�\���H in-IP Ö�sÕýt�o�� ¹כ��9�t� ·ú§Ü¼Ù¼�Ð
p− type ACTION_� Action �9�×¼��H s����Ãº 00000011(0x03)�̀¦ °ú��¦, Mask��H s�
���Ãº 0000000000001000(0x0008)�Ð [O�&ñ
|̈c Ãº e����. 7£¤, Ãº���~ÃÎ�Ér J�(�¶s� Ö�sÕýt
�o÷&#Q e����H �©�I�s�Ù¼�Ð IP K��8_� Ø�¦µ1Ït� ÅÒ�è\�¦ p − type ACTION_� IP �9�
×¼\� 5Åqô�Ç Saddr�Ð Ãº&ñ
ô�Ç Êê m− type _�s��̂¦�̀¦ {9�#Q &h�@/�� ���5Åx�̀¦ Ãº'��ô�Ç��.

① join

Nk

hk

② send

hk

hk

Nl

Router

Proxy/
Switch

join/send
③ IP-in-IP 
forwarding

Figure 3.2: Example: Flow matching.

Table 3.4: Flow table and incoming packet (Fig.10).
Flow table: p− type RULES in Nk

1© (*,(SIP
addr,g,*),(*,*,*),(*,*,*),(*,*))

2© (*,(SIP
addr,g,pIP

num),(*,*,*),(*,*,*),(*,*))

3© (*,(*,*,*),(*,*,*),(*,g,p
IPin−IP
num ),(*,*))

Packet to Nk

1© (4,(*,g,pIP
num),(×,×,×),(×,×,×),(*,*))

2© (2,(SIP
addr,g,17),(×,×,×),(×,×,×),(20,30))

3© (1,(Nl,Nk,4),(×,×,×),(hα,g,p
IPin−IP
num ),(20,30))
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ÕªaË> 3.2õ� ³ð 3.4�Ér �̧×¼ Nk\�"f Ãº����)a IP J�(�¶õ� e�¦�ÐÄº_�s��̂¦ çß�_�

���©�(mapping)�'a>�\�¦ �Ð#�ï�r��. �̧×¼ Nk�� ��t��¦ e����H p − type RULES��
³ð 3.4_� �©�éß�(Flow table: p− type RULES in Nk)õ� °ú s� [O�&ñ
÷&#Q e�����¦ ��
&ñ
���.  ñÛ¼àÔ hk�� ÕªÒ�̈ g\� �ÃÐ��½+É �â
Äº, áÔ2�¤r� �̧×¼ Nk\� �̧�ÃÌ���H IGMP
join Bjr�t���H ³ð �éß�(Packet to Nk)_� 1©õ� °ú �Ér &ñ
�Ð\�¦ _�p�ô�Ç��. ¢̧ô�Ç,  ñÛ¼
àÔ hk�� ÕªÒ�̈ g\� �ÃÐ���t� ·ú§�¦ YO�w�H�Û¼àÔ J�(�¶�̀¦ Nk�Ð �Ð�·p����� ³ð �éß�_�

2©ü< °ú �Ér &ñ
�Ð\�¦ ��t��¦ e����. ��t�}��Ü¼�Ð, s�Ö�©ô�Ç áÔ2�¤r� �̧×¼ Nl\�"f �̧×¼

Nk�Ð ���5Åxô�Ç IP J�(�¶�Ér 3©õ� °ú �Ér J�(�¶ &ñ
�Ð\�¦ ��t��¦ e����. ³ð\�"f áÔ�Ð�Ðc+t
��� ñ 4��H IP-in-IPs� 9 17�Ér UDP(User datagram protocol)s���.
³ð �éß�_� 1©õ� °ú �Ér &ñ
�Ð\�¦ �í�<Ê���H IP J�(�¶s� áÔ2�¤r� �̧×¼ Nk\� �̧�ÃÌ

����, Nk��H e�¦�ÐÄº_�s��̂¦�̀¦ ���Ò�oK� �9�'�a�A�)a RULES (*, (SIP
addr, g, *), (*,*,*),

(*,*,*), (*,*))\�¦ %3�>��)a��. �9�'�a�A�Ér þj&h� &ñ
½+Ë(best match)ô�Ç RULES\�¦ ìøÍ8̈�
ô�Ç��. \V\�¦ [þt#Q, ³ð �©�éß�õ� °ú �Ér p − type e�¦�ÐÄº_�s��̂¦s� �>rF���¦ �éß�_�
2©ü< °ú �Ér &ñ
�Ð\�¦ °ú���H J�(�¶s� áÔ2�¤r� �̧×¼\� �̧�ÃÌÙþ¡���¦ ��&ñ
���. K�{©� J�(�¶
�Ér e�¦�ÐÄº_�s��̂¦_� RULES (*, (SIP

addr, g, *), (*,*,*), (*,*,*), (*,*))õ� RULES
(*, (SIP

addr, g, pIP
num), (*,*,*), (*,*,*), (*,*)) 1px ¿º 7áxÀÓ_� Êê�Ðç�Hs� e��t�ëß�, þj

&h� &ñ
½+Ë���H (*, (SIP
addr, g, pIP

num), (*,*,*), (*,*,*), (*,*))�� þj7áx&h�Ü¼�Ð ìøÍ8̈��)a
��. 7£¤, &ñ
½+Ë÷&��H �9�×¼�� y��y�� 2>hü< 3>hs�Ù¼�Ð, ú́§�Ér &ñ
½+Ë �9�×¼\�¦ °ú ��H RULES
�� ìøÍ8̈��)a��.
³ð 3.5��H m− type ACTION _�s��̂¦_� +þAI�\�¦ �Ð#�ï�r��. Gaddr�Ér ÕªÒ�̈ ÅÒ�è

s� 9 INport Filterü<�<Êa� m− type_� RULES%i�½+É�̀¦ô�Ç��. m− type_� Gaddr�Ér

K�{©� ÕªÒ�̈\� 5Åqô�Ç e�¦�ÐÄº |9�½+Ë_� @/³ð ÅÒ�ès���. 7£¤, ÕªÒ�̈ Gaddr\� 5Åqô�Ç e�¦�ÐÄº

��H {INport Filter, Action, OUTport, Naddr} tuples\�¦ °ú���H��.
INport Filter��HK�{©�J�(�¶e�¦�ÐÄº_�m−type ACTION_�s��̂¦s�°ú���H Action

�9�×¼_�Ãº'��#�ÂÒ\�¦���&ñ
ô�Ç��. p−type RULES_� INport °úכõ�m−type ACTION
_� INport Filter °ú̀�כ¦ AND ���íß� r���� °úכs� 0s� ��u�́ �â
Äº m − type ACTION
_�s��̂¦_� Action�̀¦ Ãº'��ô�Ç��. m − type ACTION _�s��̂¦_� Action �9�×¼°úכs�
0x0Ü¼�Ð [O�&ñ
÷&#Q�� ½+É �â
Äº INport Filter °úכs� s����Ãº 0001�Ð [O�&ñ
�)a��. 7£¤, \O�
a�Aß¼ �íàÔ(G0/1)\�¦ :�xK� Ãº����)a J�(�¶ëß� %�o��)a��.

m−type ACTION_� Action�9�×¼°úכs� 0x1�Ð[O�&ñ
÷&#���½+É�â
Äº\���H INport

Filter°úכs�s����Ãº 1111s��)a��.7£¤, �̧��HÓüto��íàÔ�ÐÂÒ'�Ãº����)aJ�(�¶\�@/K�
"f m− type ACTION_� Action�̀¦ Ãº'��ô�Ç��. OUTport��H bitmask�Ð+� y�� Óüto�
�íàÔü< bit_� 0Au�\�¦ 1:1�Ð ��%ò
ô�Ç °úכs���. �©�0A 4q�àÔ\�¦ ��6 x�t� ·ú§Ü¼ 9 MSE
ÂÒ'� {G0/4, G0/3, G0/2, G0/1}\�¦ _�p�ô�Ç��. m − type ACTION\� _�K� Ãº&ñ

�)a J�(�¶s� Ø�¦§4�÷&#Q�� ½+É Óüto� �íàÔs���. G0/1��H \O�a�Aß¼ �íàÔs���. \V\�¦ [þt#Q,
e��_�_�J�(�¶e�¦�ÐÄº\�@/ô�Ç m− type ACTION_� OUTport��s����Ãº 1110(0xF)
�Ð[O�&ñ
÷&%3��̀¦�â
Äº��H��î�ra�Aß¼�íàÔ�Ðe�¦�Qç̀
�)a��.7£¤,K�{©�J�(�¶�Ér NetFPGA
_� Óüto� �íàÔ {G0/4, G0/3, G0/2}�Ð Ø�¦§4��)a��.

Table 3.5: Flow table: m− type ACTION.
Gaddr

INport Filter Action OUTport Naddr

áÔ2�¤r� �̧×¼ Nα_� 	�Ãº(degree) d(Nα)��H ÕªÒ�̈ g\� @/K�"f �̧×¼ Nα�� �èÄ»

��¦ e����H m− type tuples_� >hÃº\�¦ �����·p��. 7£¤, �������'a>�\� e����H s�Ö�© áÔ2�¤
r� �̧×¼[þt_� Ãº\�¦ ns����¦ Ùþ¡�̀¦ M:, d(Nα)�Ér n + 1(�̧×¼ Nαü< ���1lx÷&#Q e���¦

ÕªÒ�̈ g\� �ÃÐ����¦ e����H 7áxéß�  ñÛ¼àÔ[þt_� |9�½+Ë�̀¦ 1�Ð #��̂�)s���.
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Table 3.6: m− type Action definition.
bit 1 bit 0 Description

0 0 IP-in-IP de-encapsulation

0 1 IP-in-IP forwarding

3.3 Group Management

�:r ]X��Ér 7áxéß�  ñÛ¼àÔ�� YO�w�H�Û¼àÔ ÕªÒ�̈ g\� �ÃÐ�� x9� »1Ï�@���H ~½ÓZO�õ� áÔ2�¤r�
�̧×¼\�"f e�¦�ÐÄº_�s��̂¦�̀¦ [O�&ñ
���H ~½ÓZO�\� @/K�"f &ñ
_�ô�Ç��. e�¦�ÐÄº_�s��̂¦_�
{RULES, ACTION}õ� �'aº���)a ���&ñ
�Ér �'ao�"f!Q�� {��{©�� 9 [O�&ñ
�)a e�¦�ÐÄº_�
s��̂¦\� l��íô�Ç J�(�¶ �í0>ç̀
�Ér áÔ2�¤r� �̧×¼�� Ãº'��ô�Ç��.
���$�, �:r ]X�\�"f ��6 x|̈c ³ðl�ZO��̀¦ &ñ
_�ô�Ç��. ³ð 3.1_� p − type RULES��

����?/��H @/³ð �9�×¼ {INport, IP, MACin−IP , IPin−IP , TCP}\�¦ {p(i), p(go),
p(mi), p(gi), p(t)}�Ð ³ðl�ô�Ç��. \V\�¦ [þt#Q, p − type RULES_� IP �9�×¼\� K�{©�
���H tuples��H (Saddr, Daddr, Pnum)s��¦ p(go)ü< 1lx{9�ô�Ç _�p��Ð ��6 x�)a��. áÔ2�¤
r� �̧×¼ Nα\� e�¦�ÐÄº_�s��̂¦_� ÆÒ��, ���]j 1px Ìqt���s� É+½¹כ��9 M:��H [add/delete]
f(α) : p(go) → m(fw; β)õ� °ú s� ³ðl�� 9 p− type RULES�� p(go) tuplesü< �'a
>�÷&�¦, ACTION(→)�Ér m(fw : β)ü<�'aº��H�d�̀¦ _�p�ô�Ç��. m(fw : β)�Ér m− type
ACTION _�s��̂¦�̀¦ I/O� 9 “áÔ2�¤r� �̧×¼ Nβ�Ð �í0>ç̀
”���H "î
§î
s���. ÆÒ��
&h�Ü¼�Ð, m(fd)��H m − type _�s��̂¦�̀¦ I/O� 9 “��î�ra�Aß¼ e�¦�Qç̀
”�̀¦ _�p�� 9
p(fw; β)��H p − type _�s��̂¦�̀¦ I/O��¦ “Nβ�Ð �í0>ç̀
” �̀¦ �����·p��. ��6 x\V��H
��6£§õ� °ú ��.

• f(α) : p(gm
o ) → m(fw; β): �̧×¼ Nα_� e�¦�ÐÄº_�s��̂¦�̀¦ [O�&ñ
ô�Ç��. p− type

RULES��H IP(Saddr, Daddr, Pnum)\� _�K� ���&ñ
�)a��. gm
o �Ér (SIP

addr,g,*)s�
��. m− type _�s��̂¦�̀¦ s�6 x��¦ K�{©� e�¦�ÐÄº\�¦ “Nβ�Ð �í0>ç̀
”�̀¦ _�p�ô�Ç
��. Òqt|ÄÌ�)a "î
§î
\� ���� _�s��̂¦\� ÆÒ��, ���]j, Ìqt���½+É Ãº e����.

• f(α) : p(gm
o ) → m(fd): �©�l� \Vü< 1lx{9����. m− type _�s��̂¦�̀¦ s�6 x��¦

K�{©� e�¦�ÐÄº\�¦ “Nα_� ��î�ra�Aß¼ �íàÔ�Ð e�¦�Qç̀
”�̀¦ _�p�ô�Ç��.

• f(α) : p(gu
o ) → p(fw; β): �̧×¼ Nα_� e�¦�ÐÄº_�s��̂¦�̀¦ [O�&ñ
ô�Ç��. p −

type RULES��H IP(Saddr, Daddr, Pnum)\� _�K� ���&ñ
�)a��. gu
o��H (SIP

addr, g,
P IP

num)s���. p− type _�s��̂¦�̀¦ s�6 x��¦ K�{©� e�¦�ÐÄº\�¦ “Nβ�Ð �í0>ç̀
”�̀¦
_�p�ô�Ç��.

• f(α) : p(gi) → m(fd; β): �̧×¼ Nα_� e�¦�ÐÄº_�s��̂¦�̀¦ [O�&ñ
ô�Ç��. p −
type RULES��H IPin−IP (Saddr, Daddr, Pnum)\� _�K� ���&ñ
�)a��. p(gi)��H
(*,g,*)s���.

• f(α) : p(gi) → m(fw): �̧×¼ Nα_� e�¦�ÐÄº_�s��̂¦�̀¦ [O�&ñ
ô�Ç��. �©�l� \Vü<
1lx{9�ô�Ç��. m − type _�s��̂¦�̀¦ s�6 x��¦ K�{©� e�¦�ÐÄº\�¦ “Nα_� ��î�ra�Aß¼

�íàÔ�Ð e�¦�Qç̀
”�̀¦ _�p�ô�Ç��.

3.3.1 Group Join

Join relation among proxy nodes

7áxéß�  ñÛ¼àÔ�� IGMP join Bjr�t�\�¦ µ1ÏÒqtr�~�́ M: K�{©� Bjr�t�\�¦ Ãº���ô�Ç áÔ2�¤
r� �̧×¼[þts� �Ð�¦ô�Ç ?/6 x�̀¦ ×�æd��Ü¼�Ð �'ao�"f!Q�� YO�w�H�Û¼àÔ Û¼J�_ç
àÔo��� ½̈
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$í
ô�Ç��. ∃Ni, Nj∈P (P��H áÔ2�¤r� �̧×¼[þt_� |9�½+Ë)\� @/K�"f, Ni (hiü< �������)a áÔ

2�¤r� �̧×¼)ü< Nj�� ÕªÒ�̈ g\� @/ô�Ç {s(hi, g), j(hj , g)}, {j(hi, g), s(hj , g)} ¢̧��H
{j(hi, g), j(hj , g)} J�(�¶�̀¦ ~ÃÎÜ¼��� �â
�Ð {hi, Ni, Nj , hj}��s�\� �íl� àÔo��� ½̈$í

�)a��. ÕªÒ�̈ g\� @/K� �������'a>�\�¦ ë�B�¦�� ���H áÔ2�¤r� �̧×¼[þt�Ér �íl� àÔo��� ½̈
$í
�)a s�Êê àÔo�\� ÆÒ��|̈c Ãº e����. 7£¤, &h�#Q�̧ 2>h_� áÔ2�¤r� �̧×¼[þts� ÕªÒ�̈ g\�
@/K� "f�Ð �������'a>�\�¦ ë�B�¦ e���̀¦ M:ëß� �� áÔ2�¤r� �̧×¼[þts� Û¼J�_ç
àÔo�\� ÆÒ��

|̈c Ãº e����. l��:r&h�Ü¼�Ð 7áxéß�  ñÛ¼àÔ\�"f µ1ÏÒqtô�Ç �̧��H YO�w�H�Û¼àÔ áÔYUe��[þt�Ér
áÔ2�¤r� �̧×¼\� _�K� ��î�ra�Aß¼ �íàÔ�Ð e�¦�Qç̀
�)a��.

joinjoin

join
Ni Nj

Nk Nm

hi hj

hk hm

Nn hn

send

send

①②③ ④
Figure 3.3: Group Join.

ÕªaË> 3.3õ� °ú s� YO�w�H�Û¼àÔ ÕªÒ�̈ g\�¦ 0Aô�Ç Û¼J�_ç
àÔo��� Òqt$í
�)a���¦ ��&ñ

���.ÕªaË>_� 1©\�"f hi�� s(hi, g)\�¦¹כ'õA��¦ hj�� j(hj , g)\�¦¹כ'õAK�ÕªÒ�̈ g\�@/
ô�Ç �íl� àÔo��� ½̈$í
�)a��. ��@/�� :�x���_� �â
Äº j(hj , g)��H ¶nqr�&h�Ü¼�Ð s(hj , g)_�
��0px$í
�̀¦ ?/�í��¦ e����. ÕªÒ�̈ g\� @/ô�Ç �íl� àÔo��� ½̈$í
�)a s�Êê\� K�{©� Õª
Ò�̈\� ��{9���¦�� ���H áÔ2�¤r� �̧×¼��H ��6£§õ� °ú �Ér ~½ÓZO�Ü¼�Ð l��>r áÔ2�¤r� �̧×¼

ü< �������'a>�\�¦ ë�B��H��. ������[O�&ñ
�Ér �½Ó�©� ô�Ç �©�_� áÔ2�¤r� �̧×¼[þt ��s�\�"fëß� s�
ÀÒ#Qt� 9, �'ao�"f!Q�� �������'a>�\�¦ ��|9� ô�Ç�©�_� áÔ2�¤r� �̧×¼[þt�̀¦ ���×þ�ô�Ç��. 7áx
éß�  ñÛ¼àÔ hγ�� �������)a áÔ2�¤r� �̧×¼ Nγ\� j(hγ , g) ¢̧��H s(hγ , g) Bjr�t�\�¦ µ1ÏÒqt
r�v����, áÔ2�¤r� Nγ��H �'ao�"f!Q\�>� s��$�àÔ µ1ÏÒqt ��z�́�̀¦ :�x�Ðô�Ç��. �'ao�"f!Q��H
Nα ∈ Gt��� þj&h�_� Nα\�¦ ���×þ�K� Nαü< Nγ\�>� y��y��_� RULESü< ACTION�̀¦
���²ú�ô�Ç��1.
�'ao�"f!Q\�"f e��_�_� �̧×¼ Nγü< �������'a>�\�¦ ë�B�̀¦ áÔ2�¤r� �̧×¼ Nα\�¦ ���×þ�

ô�Ç Êê ¿º �̧×¼\�>� ���²ú�½+É e�¦�ÐÄº_�s��̂¦�Ér ��6£§õ� °ú �Ér ������ [O�&ñ
 ·ú��¦o�7£§\�

_�K� ���&ñ
�)a��.

• ������ [O�&ñ
 ·ú��¦o�7£§ 1©: áÔ2�¤r� �̧×¼ Nγ�� ÕªÒ�̈ g\� �ÃÐ����¦ e����H 7áxéß�
 ñÛ¼àÔ[þts�\O���H�©�S!�\�"f, ñÛ¼àÔ hγ�� IGMP joinBjr�t�\�¦µ1ÏÒqtr�v����
�'ao�"f!Q��H �̧×¼ Nγ\�>� “ÕªÒ�̈ g\�@/K�Ö�sÕýt�o÷&#QÃº����)aJ�(�¶�̀¦��î�r
a�Aß¼�Ð e�¦�Qç̀
(p(gi) → m(fd))” "î
§î
õ� “ÕªÒ�̈ g\� @/K� Ö�sÕýt�o÷&t� ·ú§�Ér
J�(�¶\� @/K�"f �̧×¼ Nα�Ð �í0>ç̀
(p(gm

o ) → m(fw;α))”�̀¦ K�{©� áÔ2�¤r� �̧
×¼[þt\�>� ���²ú�ô�Ç��. ¢̧ô�Ç, áÔ2�¤r� �̧×¼ Nα\�>� “ÕªÒ�̈ g\� @/K� Ö�sÕýt�o÷&
#Q Ãº����)a J�(�¶�̀¦ �̧×¼ Nγ�Ð �í0>ç̀
(f(α) : p(gm

o ) → m(fw; γ))” "î
§î
õ�

1��Äºh�A x9� $í
0px þj&h��o\�¦ 0Aô�Ç �̧×¼ ���×þ� ·ú��¦o�7£§�Ér �:r ë�H"f\�"f �í�<Ê�t� ·ú§��H��.
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“ÕªÒ�̈ g\� @/K� Ö�sÕýt�o÷&t� ·ú§�¦ Ãº����)a J�(�¶�̀¦ �̧×¼ Nγ�Ð �í0>ç̀
”�̀¦ e�¦
�ÐÄº_�s��̂¦\� [O�&ñ
�>� ô�Ç��. �̧×¼ Nα\� ÕªÒ�̈ g\� @/ô�Ç �ÃÐ������ e��#Q��
�̧×¼ Nγs� Û¼J�_ç
àÔo�\� ÆÒ�� |̈c Ãº e��Ü¼Ù¼�Ð, �̧×¼ Nα��H e�¦�ÐÄº_�s��̂¦

\� p(gm
o )õ� p(gi) &ñ
�Ð\�¦ s�p� ��t��¦ e����H �©�I�s���. ����"f, �̧×¼ Nα��H

m(fw; γ)ëß� ÆÒ������ �)a��. [O�"î
�̀¦ 0AK� ����̂ "î
§î
�̀¦ l�2�¤ô�Ç��.

• ������ [O�&ñ
 ·ú��¦o�7£§ 2©: áÔ2�¤r� �̧×¼ Nγ�� ÕªÒ�̈ g\� �ÃÐ����¦ e����H 7áxéß�
 ñÛ¼àÔ[þts� \O���H �©�S!�\�"f,  ñÛ¼àÔ hγ�� ÕªÒ�̈ g\� �ÃÐ���t� ·ú§�¦ YO�w�H�
Û¼àÔ J�(�¶�̀¦ 5Åx������� �'ao�"f!Q��H �̧×¼ Nγ\�>� “ ñÛ¼àÔ hγ�� ÕªÒ�̈ g\�
@/K�"fÖ�sÕýt�o�t�·ú§�¦�Ð�·pYO�w�H�Û¼àÔJ�(�¶�̀¦Ãº������� �̧×¼ Nα�Ð�í

0>ç̀
”(p(gu
o ) → m(fw; α))�̀¦ "î
§î
ô�Ç��. hγ�� ÕªÒ�̈ g\� �ÃÐ���t� ·ú§��¤Ü¼Ù¼

�Ð �'aº���)a e�¦�ÐÄº\�¦ ~ÃÎ�̀¦ Ãº \O���. ����"f, s�Ö�©ô�Ç áÔ2�¤r� �̧×¼\���H e�¦�Ð
Äº_�s��̂¦�̀¦ [O�&ñ
�t� ·ú§��H��.

������ [O�&ñ
 ·ú��¦o�7£§ 1©_� �â
Äº �������'a>� ηγ−α�� $í
wn�ô�Ç��. �'a>� $í
wn� Êê,
 ñÛ¼àÔ hγ\�"f s(hγ , g)÷&��HYO�w�H�Û¼àÔJ�(�¶�Ére�¦�ÐÄº_�s��̂¦_� RULESü< AC-
TION p(gm

o ) → m(fw;α)\� _�K� �í0>ç̀
�)a��.
if 1©: hγ issues j(hγ , g) AND κα ≥ 1 in Nα then

set f(γ) : p(gi) → m(fd), p(gm
o ) → m(fw;α)

set f(α) : p(gm
o ) → m(fw; γ), p(gi) → m(fw; γ)

else
if 2©: (hγ issues s(hγ , g) AND κγ = 0 in Nγ) AND κα ≥ 1 in Nα then

set f(γ) : p(gu
o ) → m(fw; α)

end if
end if
¢̧ô�Ç, Û¼J�_ç
àÔo�_� �íl� ������ [O�&ñ
 ·ú��¦o�7£§�Ér ��6£§õ� °ú ��.

if j(hγ , g) AND j(hα, g) then
set f(γ) : p(gi) → m(fd), p(gm

o ) → m(fw;α)
set f(α) : p(gi) → m(fd), p(gm

o ) → m(fw; γ)
else

if s(hγ , g) AND j(hα, g) then
set f(γ) : p(gu

o ) → m(fw; α)
set f(α) : p(gi) → m(fd)

end if
end if
����̂ �Ðe�¦�Ðt� t��̧_� �'ao�, ���]X�½+É �̧×¼_� ���×þ�, e�¦�ÐÄº_�s��̂¦_� ���&ñ
 1px

]j#Q î̈
���õ� �'aº���)a e��Áº��H �'ao�"f!Q\�"f Ãº'��ô�Ç Êê �\¹כ��9 ���� y�� áÔ2�¤r� �̧

×¼\�>� ���²ú�ô�Ç��.

Summary
ÕªaË> 3.3\� ����èß� �íl� Û¼J�_ç
àÔo�_� ½̈$í
, Û¼J�_ç
àÔo�_� SX��©� x9� �������'a

>�_� [O�&ñ
õ� �'aº���)a í�H"fü< ~½ÓZO��̀¦ &ñ
o����� ��6£§õ� °ú ��.

• ÕªaË>_� 1©: �'ao�"f!Q�� �íl� ������ [O�&ñ
 ·ú��¦o�7£§�̀¦ Ãº'��ô�Ç��. �'ao�"f!Q
��H þj�í�Ð Ãº����)a j(hj , g)ü< s(hi, g)\� @/K�"f ������ [O�&ñ
� 9 ·ú��¦o�7£§\�
���� e�¦�ÐÄº_�s��̂¦�̀¦ ½̈$í
ô�Ç Êê Niü< Nj\� ���²ú�ô�Ç��. Niü< Nj�� y��y��

s(hi, g), j(hj , g)\� _�ô�Ç ¦õA�̀'¹כ Ùþ¡Ü¼Ù¼�Ð �íl� ������ [O�&ñ
 ·ú��¦o�7£§\� _�
K� Ni��H f(i) : p(gu

o ) → m(fw; j)\�¦ ~ÃÎ�¦ Nj��H f(j) : p(gi) → m(fd)\�¦ ~ÃÎ
��H��. s�M:, Niü< Nj��H �'a>� ηi−j̄\�¦ °ú���H��.
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• ÕªaË>_� 2©: Dh�Ðî�r  ñÛ¼àÔ hk�� ���1lx�)a áÔ2�¤r� �̧×¼ Nk\�¦ :�xK� ÕªÒ�̈ g\�
�ÃÐ���l�0AK� j(hk, g)(IGMP joinBjr�t�)\�¦�Ð�·p��. �̧×¼ Nk��H�'ao�"f!Q

\�>� hk_� ÕªÒ�̈ g\� @/ô�Ç �ÃÐ¹כ��'õA�̀¦ ·ú��2;��. �'ao�"f!Q��H ÕªÒ�̈ g\� @/ô�Ç
W1àÔ0>ß¼�Ðe�¦�Ðt�t��̧\�¦ :�xK� Nk�����1lx÷&#Q�� ½+É áÔ2�¤r� �̧×¼\�¦ ���×þ�

ô�Ç��. �̧×¼_� ���×þ��Ér t�o�&h� 0Au�, AS��� ñ, �̧×¼ degree 1px_� &ñ
�Ð\�¦ s�6 x
��¦2, �'ao�"f!Q�� Nα ∈ Gp��� �̧��H áÔ2�¤r� �̧×¼[þt ×�æ\� þj&h�_� �̧×¼\�¦

���×þ�ô�Ç��. ÕªaË> 3.3_� 1©\�"f {Ni, Nj}∈ Gts��¦ {Nj}∈ Pps�Ù¼�Ð �'ao�"f

!Q��H Gp\� 5Åqô�Ç Nj\�¦ o������¦, ������ [O�&ñ
 ·ú��¦o�7£§�̀¦ :�xK� Nkü< Nj\�

e�¦�ÐÄº_�s��̂¦s� [O�&ñ
�)a��. Nkü< Nj��H ηk−j_� �'a>��� $í
wn��)a��.

• ÕªaË>_� 3©:  ñÛ¼àÔ hms� Nm\�>� j(hm, g)\�¦ �Ð?/���, Nm�Ér �'ao�"f!Q\�>�

e�¦�ÐÄº_�s��̂¦�̀¦ .��õAô�Ç'¹כ �'ao�"f!Q��H {Ni,Nj ,Nk}∈ Gts��¦ {Nj ,Nk}∈
Gp_� �'a>�\�¦ ��t��¦ e��Ü¼Ù¼�Ð Nms� ÕªÒ�̈ g\� @/K�"f ������÷&#Q�� ½+É áÔ
2�¤r� �̧×¼��H {Nj , Nk}∈ Gp\�"f ���×þ�÷&#Q�����. Nk�� ���×þ�÷&#Q&�����¦ �

��. e�¦�ÐÄº_�s��̂¦�Ér ������ [O�&ñ
 ·ú��¦o�7£§\� _�K� ���&ñ
÷&#Q y�� áÔ2�¤r� �̧×¼
\�>� ���²ú��)a��. Nm�Ér ηk−m_� �'a>�\�¦ °ú���H��.

• ÕªaË>_� 4©:  ñÛ¼àÔ hns� ÕªÒ�̈ g\� �ÃÐ���t� ·ú§�Ér �©�I�\�"f s(hn, g)ô�Ç��
���, �'ao�"f!Q��H {Nj , Nk, Nm}∈ Gp ×�æ ô�Ç �̧×¼\�¦ ���×þ�K� e�¦�ÐÄº_�s��̂¦�̀¦

���²ú��<ÊÜ¼�Ð+� áÔ2�¤r� �̧×¼ Nnõ� �������'a>�\�¦ ë�B��H��. Nms� ���×þ�÷&%3���

�¦ ���. hns� ÕªÒ�̈ g\� �ÃÐ���t� ·ú§��¤Ü¼Ù¼�Ð Nn�Ér ηn−m̄_� �'a>�\�¦ °ú���H

��. s(h, g)\� @/K�"f ηn−m̄_� �������'a>�\�¦ ë�B��H s�Ä»��H áÔ2�¤r� �̧×¼ Nm\�

"fÕªÒ�̈ g\�@/K��ÃÐ���t�·ú§�¦e����H �̧×¼ Nn\�YO�w�H�Û¼àÔàÔA�i��s����

5Åx÷&��H �¦̀�	כ }��l� 0AK�"fs���.

Join relation between a proxy node and end hosts

NetFPGA�� 8úx 4�íàÔ_� l���q�àÔ s��8�Å	 ���'��̀s�Û¼\�¦ ��t��¦ e��Ü¼Ù¼�Ð, \O�
a�Aß¼ 1�íàÔ\�¦ ]jü@ô�Ç �� Qt� 3�íàÔ\�¦ :�xK� 7áxéß�  ñÛ¼àÔ�� ������|̈c Ãº e����. ��
î�ra�Aß¼ �íàÔ�� 2>�8£x Û¼0Au�ü< ���1lx�)a����� ��Ãº_�  ñÛ¼àÔ\�¦ Ãº6 x½+É Ãº e����.
����"f, ∃Nα ∈{Gt − Gp}��� áÔ2�¤r� �̧×¼\��̧ Dh�Ðî�r  ñÛ¼àÔ hα′s� j(hα′ , g)\�¦
½+É Ãº e����. ��6£§ ÕªaË> 3.4��H ÕªaË> 3.3\�"f {hi′ , hj′ , hk′ }�� Dh\�v>� j(h, g) ¢̧��H
s(h, z)ô�Ç �Ðe�¦�Ðt� t��̧s���.
7áxéß�  ñÛ¼àÔ�� ÕªÒ�̈ g\� �ÃÐ����¦ e����H Njü< Nk��H y�� ���½©  ñÛ¼àÔ hj′õ�

hk′_� s(hj′ , g)�� j(hk′ , g)\�@/K�"f_�s��̂¦_�Ìqt����̀¦�9¹כ��Ð�t�·ú§��H��3. s(hj′ , g)��
j(hk′ , g)\� @/ô�Ç �õAs'¹כ �'ao�"f!Q�Ð ���²ú��)a��. �'ao�"f!Q\� &ñ
_��)a ½©&ñ
\� ��
�� ÕªÒ�̈ g\� @/K� �ÃÐ���t� ·ú§�¦ ÕªÒ�̈ g\� 5Åx������H hj′_� J�(�¶ e�¦�ÐÄº\�¦ 	�

éß�(blocking)½+É Ãº e����.
ÕªÒ�̈ g\��ÃÐ����¦e����H7áxéß� ñÛ¼àÔ��\O���H Ni\����½© ñÛ¼àÔ hi′s� j(hi′ , g)

Bjr�t�\�¦ �ÐèqM:(IGMP join), �̧×¼ Niü< ���]X�ô�Ç �̧×¼ Nj��H �������'a>�\�¦ ηi−j̄\�

"f ηi−j�Ð ����â
K��� ô�Ç��.
s�Ö�©���H ¿º áÔ2�¤r� �̧×¼ Nγü< Nα\�"f 7áxéß�  ñÛ¼àÔ_� ÕªÒ�̈ g\� @/ô�Ç �©�I�

����o\� ���Ér �©�I� Ìqt���(status update) ·ú��¦o�7£§�Ér ��6£§õ� °ú ��. ���$�, 7áxéß�  ñ
Û¼àÔ hγ′s� áÔ2�¤r� �̧×¼ Nγ\�>� j(hγ′ , g) ¦õA�̀'¹כ Ùþ¡���¦ ��&ñ
���.  ñÛ¼àÔ �©�I�
����o\� _�K� e�¦�ÐÄº_�s��̂¦s� ����â
÷&#Q�� ½+É l��� �â
Äº��H �>rF��t� ·ú§��H��. áÔ
2�¤r� �̧×¼ Nγ�� ÕªÒ�̈ g\� �ÃÐ����¦ e����H 7áxéß�  ñÛ¼àÔ\�¦ ��t��¦ e��t� ·ú§�̀¦ �â

Äº\�ëß� e�¦�ÐÄº_�s��̂¦_� Ìqt���s� ¹כ��9���. �'ao�"f!Q��H Nγ\� “��î�ra�Aß¼ �íàÔ�Ð
e�¦�Qç̀
”(p(gi) → m(fd)), Nα\�>���H “ÕªÒ�̈ g\�¦ °ú���H J�(�¶ e�¦�ÐÄº\�¦ Nγ�Ð �í0>

2�̧×¼ ���×þ�õ� �'aº���)a ÂÒì�r�Ér �:r ë�H"f\�"f ��ÀÒt� ·ú§��H��.
3�'ao�"f!Q\� _�K� s(hj′ , g) 1px_� �õAs'¹כ ��]X�÷&��� e�¦�ÐÄº_�s��̂¦s� Ìqt���÷&#Q�� ô�Ç��.
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Figure 3.4: Status Update.

ç̀
”(p(gm
o ) → m(fw; γ), p(gi) → m(fw; γ))õ� �'aº���)a e�¦�ÐÄº_�s��̂¦�̀¦ y��y�� ���²ú�

ô�Ç��.
if hγ′ issues j(hγ′ , g) then

if κγ = 0 then
set f(α) : p(gm

o ) → m(fw; γ), p(gi) → m(fw; γ)
set f(γ) : p(gi) → m(fd)

end if
end if

3.3.2 Group Leave

ÕªÒ�̈_� »1Ï�@��H IGMP leave Bjr�t� ¢̧��H ��s� Q\�¦ :�xK� s�ÀÒ#Q�����. e��_�_� J�
(�¶ e�¦�ÐÄº\� @/ô�Ç e�¦�ÐÄº_�s��̂¦�Ér {RULES, ACTION, STATISTICS}\�¦ Ä»t�
� 9 STATISTICS\� ��s� Q\�¦ �í�<Ê��¦ e����. 7£¤, 1lx{9�ô�Ç RULES\�¦ °ú���H J�(�¶
e�¦�ÐÄº�� :£¤&ñ
r�çß� s��©� áÔ2�¤r� �̧×¼\�"f %�o�÷&t� ·ú§�̀¦ �â
Äº\� ��s� Q�� ëß�

«Ñ(expire)�)a��.áÔ2�¤r� �̧×¼��Hëß�«Ñ�)a RULES\�5Åqô�ÇJ�(�¶e�¦�ÐÄº\�¦¶nqr�&h�Õª
Ò�̈ »1Ï�@�Ð çß�ÅÒ��¦ K�{©� {RULES, ACTION, STATISTICS}\�¦ e�¦�ÐÄº_�s��̂¦
\�"f ���]jô�Ç��. ��s� Q\� _�ô�Ç »1Ï�@ àÔo���a�A(triggering) r� �'ao�"f!Q\�>� Õª
Ò�̈ »1Ï�@�� �Ð�¦�)a��. áÔ2�¤r� �̧×¼\�"f µ1ÏÒqt���H ÕªÒ�̈ �ÃÐ�� x9� »1Ï�@ 1pxõ� �'aº��
�)a &ñ
�Ð��H �̧¿º �'ao�"f!Q\�>� ���²ú�÷&Ù¼�Ð, �'ao�"f!Q��H ÕªÒ�̈ g\� 5Åqô�Ç �̧��H áÔ
2�¤r� �̧×¼[þt çß�_� �������'a>�\�¦ ·ú��¦ e����. �:r ë�H"f\�"f��H ��s� Q\� l�ìøÍô�Ç ÕªÒ�̈
»1Ï�@\�¦ ��ÀÒt� ·ú§��H��.
ÕªaË> 3.5�ÉrÕªaË> 3.4\�"f ñÛ¼àÔ {hi′ , hj , hk′ , hm}s�ÕªÒ�̈ g\�"f»1Ï�@Ùþ¡�̀¦M:

þj7áx&h�Ü¼�Ð ëß�[þt#Qt���H �Ðe�¦�Ðt� t��̧s���. ���$�, 7áxéß�  ñÛ¼àÔ_� ú̧��Ér ÕªÒ�̈ s�
»1Ï(churn-in/churn-out)�Ð ���ô�Ç _�s��̂¦ Ìqt��� ¦�\̈½¹כ }��l� 0AK� ÕªÒ�̈ »1Ï�@ õA'¹כ
�Ér �'ao�"f!Q\�"f ���0A&h�Ü¼�Ð t���� %�o�ô�Ç��. 7£¤, ��s� Q�� IGMP leave Bjr�t�
\� _�ô�Ç ÕªÒ�̈ »1Ï�@��H �'ao�"f!Q\�>� õA�)a'¹כ Êê {9�&ñ
r�çß�s� �â
õ��)a Êê\� %�o��)a

��. 7áxéß�  ñÛ¼àÔ hα�� ÕªÒ�̈ »1Ï�@\�¦ õA½+É'¹כ �â
Äº ���1lx�)a áÔ2�¤r� �̧×¼ Nα��H �'a

o�"f!Q\�>� e�¦�ÐÄº_�s��̂¦_� Ìqt����̀¦ .��õAô�Ç'¹כ �'ao�"f!Q��H õAô�Ç'¹כ �̧×¼ Nα_�
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Figure 3.5: Group Leave.

καü< µα\�¦ ���½ÓÜ¼�Ð ÕªÒ�̈ g\� @/ô�Ç Û¼J�_ç
àÔo�\�¦ Ìqt���ô�Ç��.
õA�)ar�&h�\�"f'¹כ κα = 1s��¦(7£¤,ÕªÒ�̈»1Ï�@\�¦¹כ'õAô�Ç ñÛ¼àÔ\�¦]jü@��¦K�

{©� ÕªÒ�̈\� �ÃÐ#���¦ e����H 7áxéß�  ñÛ¼àÔ�� �>rF��t� ·ú§�̀¦ �â
Äº) µα = 1{9� �â
Äº,
s�Ö�©ô�Ç �̧×¼ Nγ�Ð éß�~½Ó�¾Ó$í
 ������ �'a>��̀¦ ë�B��H��. κα = 1s��¦ µα ≥ 2{9� �â
Äº,
�̧×¼ Nα��Hs�Ö�©���H �̧×¼[þtõ�_��������'a>���HÄ»t��t�ëß�ÕªÒ�̈ g\�K�{©����HJ�
(�¶ e�¦�ÐÄº[þts� ��î�ra�Aß¼ �íàÔ�Ð e�¦�Qç̀
÷&��H �¦̀�	כ }����H��.
áÔ2�¤r� �̧×¼ Nα\�"f ÕªÒ�̈ »1Ï�@ ·ú��¦o�7£§�Ér ��6£§õ� °ú ��

4. Nγ\�¦ �̧×¼ Nα_�

s�Ö�© áÔ2�¤r� �̧×¼���¦ ��&ñ
ô�Ç��.
if hα issues l(hα, g) then

if κα = 1 then
if µα ≤ 1 then

delete f(α) : p(gi) → m(fd)
delete f(γ) : p(gm

o ) or p(gi) → m(fw;α)
else

if µα ≥ 2 then
delete f(α) : p(gi) → m(fd)

end if
end if

end if
end if

ÕªaË> 3.4_� �̧×¼ Niõ� Nj\�¦ \V�Ð [þt#Q [O�"î
ô�Ç��. ���$�, �̧×¼ Ni��H 7áxéß�  ñÛ¼

àÔ h′i_� l(hi′ , g) õA'¹כ Bjr�t�\�¦ �'ao�"f!Q\�>� ���²ú���¦ �'ao�"f!Q��H �̧×¼ Nj_�

κjü< µj�� y��y�� 1>hm��s�Ù¼�Ð 0A ·ú��¦o�7£§\� ���� Nj_� m − type ACTION ×�æ
��î�ra�Aß¼e�¦�Qç̀
õ��'aº���)aÂÒì�r�̀¦���]jô�Ç��(delete f(i) : p(gi) → m(fd)). ¢̧ô�Ç,
áÔ2�¤r� �̧×¼ Nj\�"f �̧×¼ Ni�ÐàÔA�i��s�âìØÔ��H�,���l�0AK{¦̀�	כ Ni_� m−type
e�¦�ÐÄº_�s��̂¦×�æ �̧×¼ Nj�Ð_�J�(�¶�í0>ç̀
"î
§î
�̀¦���]jô�Ç��(delete f(j) : p(gm

o )
or p(gi) → m(fw; i)).

4Multicast MAC table�Ér ÕªÒ�̈ g\� �ÃÐ����¦ e����H 7áxéß�  ñÛ¼àÔ[þt_� Ãº\�¦ ·ú��¦ e����.
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þj7áx&h�Ü¼�Ð �'ao�"f!Q��H ‖Gp‖ = 0 (7£¤, Û¼J�_ç
àÔo�\�¦ ½̈$í
���H �̧��H áÔ2�¤r�
�̧×¼[þts� ÕªÒ�̈ g\� @/K�"f �ÃÐ����¦ e����H 7áxéß� ñÛ¼àÔ\�¦ ��t��¦ e��t� ·ú§�̀¦ M:)
��� �â
Äº, |9�½+Ë Gt\� �í�<Ê÷&��H �̧��H áÔ2�¤r� �̧×¼[þt�̀¦ Û¼J�_ç
àÔo�\�"f ]j����¦

K�{©� �̧×¼[þt\�>� ÕªÒ�̈ g\� @/ô�Ç e�¦�ÐÄº_�s��̂¦ ���]j\�¦ "î
§î
ô�Ç��5.

3.3.3 Optimization

ÕªÒ�̈ g\� @/ô�Ç �Ðe�¦�Ðt� t��̧�� þj7áx&h�Ü¼�Ð ÕªaË> 3.6_� ��êøÍÒ�oõ� °ú s� þj&h��o
|̈c Ãº e��t�ëß�, �:r ���½̈\�"f��H 4�¤ú̧��̧ü< ���5Åx ¾¡§|9� 1px�̀¦ �¦�9K� ÕªÒ�̈ g�� Ä»t�÷&
��H 1lxîß� þj&h��o\�¦ Ãº'���t� ·ú§��H��. Ni ∈ {Gt − Gp}�� ÕªÒ�̈ g\� �8 s��©� J�(�¶
�̀¦ �Ð?/t� ·ú§�̀¦ M:��H ��s� Q\� l��íK� �������̀¦ K�]jô�Ç��.
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Figure 3.6: Optimization.

5�'ao�"f!Qü< áÔ2�¤r� �̧×¼ ¢̧��H �̧×¼ü< �̧×¼ çß�_� :�x��� áÔ�Ð�Ðc+t�Ér �:r ë�H"f\�"f ��ÀÒt� ·ú§��H��.
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