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�¢(¿) £¿^_�`a8�n\�]¸¹k ĝ _����2c5"��/62.3 
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�\�]¸¹k ĝ _E`a[/��g9�E¶·�3§�
2�H[/6V�"a��hL
d/IP Multi
ast2c5"�V�}C�§�E�����/62.2 ������������9:;<'�efg�'���	��SQ«�����efg�'�
d/ARPANET��+2�5 !KJqInÇK��$�a��![2��4"5/�:�'efgEG	2��"#�2 $�"5/6�:�'efg�� bJq�Z�,-[/lm�h2%&
d4q��9:;<'�� ![/2cJ�9:;<'��
¾��LR2~'�{|Eo�/01234".q6I�LJEMN"�¥u²D
�JJ"5q}~�{|�ª-i'jk�efg�'��
�`a�r(bJ/01234q6IJEMN"Î��bJqS�«¬'�­:n�"��
�EM_©2ª-[/k g«'�:�i'jk��vwj��:�£�zS�«¬'�­:�"�[/6IJK�S�«¬'�­:�§�n�"§¨¿½�M_©��'�EM_[/I
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�'�E9;'��VJ�J���2£�ª-[/In
`abJ/6IJ0$�-_©&
M_©½��'�E�0[/InE�N�efg�'��	��&���E`a[/6IJ�\�]¸¹k ĝ _��H
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$�%&V��&\�TU���LHv\bc�de�:\U/��fg!hib[jk!�:!lmnopVqr�s2$�F%!��tu �����v���u���)�*��!wxbc�ey$�%&zop�{|}|~&}�F%!��}|����$���t���!������B-ISDN !����
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/RFDO�,3�1HWZRUN� 4.1: �)�*���L����ATM �	)�
���)�*�����rt	)�
���)�*��!�bc2������
��z��FTCP/IP�����������u ������T��tLP���u�� ! "&rT#$rT%&F%!%&�'t�!(��)�*!�&rT IP�)�*!��)rt	)�
!��)�*!��ATM ����*$&�)�*!��+z,-��T%&[20℄[21℄F./0��%!1�}�����234Tt�L5�!	&�u ���!(� IP�)�*!�6�78��T��t9�:�!�!(� IP�)�*!��ATM;)<�!��=>$&�)�*!��?B&$&F�!(��)�*!�&	)�
!��)�*!�!@� IP�!��)Art	)�
!��)�*!��BQ$&L!�� IP�!��CD$&F�!(��)�*!�6�� IPE�FGHu��IJ
��K!�rT%&F	)�
!��)�*!�6�� IP�!�@� point-to-multipoint VC �LM$&%&�tE�FGHu �NO��K! �$& [32℄[42℄FIP�!��)$&%&�tP!Q�	)�
!��)�*!�!ATM R��!PS!u�TUrt;�"+;�"�! IP!VQW�de�:&F3�t	)�
!��)�*!��ATM ���*%&%&�tXU! �@A)�zYZ$&	)�
!��)�*!���%Ttu ��!��v�!�u�|���&[op}B\�]��:&F%!1�}�)�*!��+�&^�/�t.�)�*!�z78$&P!Qt$}_`�u��?rta!1��;)<�!��)Art�u�78�



4.2. ?B�)�*!� 37]�$&�&%��z�)�*!�LI���&{|}LI��&}&F�3�t�)�*!�6!�P!Q!;)<�!��!)�t$}_`�)�*!�6�*�$&;)<�!��!	Mz{|}LI
@�!�&}&F

� 4.2: Multi
ast Address Resolution ServerMARS �
 "�uC	!���E�FGHu �v�!�!��	45��^T��tv�!�&9!��	!���fIPE�FGHu �v�!�
"�u,ATM 
 "�u 1,� � �,ATM 
 "�uNg !����rT%&F`a��tMARSz��$&ATM
"�u�t�u�!
"�u��&F��rt./0�� �� 4.1 !1�}�)�*!��+��tATM �)�*!�!����;)<�!�z�A$&��tMARSz��$&ATM
 "�u�;)<�!��
"�u��&F��'�� �O\!"�;#<�!��O'�t9�:��VC����$*��&FMARS���� �%&t'(��)*�+,�#-!<z$*��&.� REQUEST : MARS �
 "�u/	�|��0 �� MULTI : MARS z�1R
���
 "�u�B2� JOIN : E�FGHu�v�!���%3 4|�� LEAVE : E�FGHu �v�!��'�56|���'��#-!<�*%7tE�FGHu�v�!���� 8O�)*�1��]���&.9:5�!	z;<�w=�>?�@A,&BC�DM,&(� 4.2).�!(� IP�#�E!�6�(�}E�FGHu�F�!�G2r�O\";#
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� 4.3: v�!�%3��<�!��MARS �REQUEST�#-!<�O\rt��E�FGHu �v�!���,&�u��78,&;#<�!��ATM
"�u�MARS��%�_	&.��,&;#<�!�z��
tMARS�MULTI�#-!<�*%79�;#<�!��ATM 
 "�u�O\";#<�!��B2,&.O\";#<�!��t���^�ATM 
"�u�*%7
'����,&point-to-multipoint VC �LMrt9:5�!	�'�:!��E�FGHu �v�!����	��NO,&.���\!z>?�'t,}_`E�FGHu �v�!��?,&%356���0�BC�DM,&.�&E�FGHu �v�!��%3r�%�u�z�!(� IP �#�E!�6������ (� 4.3)t�\";#<�!���%7�t�����&ER 2 �1������,&E�FGHu �v�!��VC zLM��7%&�t,}_`;#<�!�)*�E�FGHu �v�!����	z��,&����������}%.ER 1 �1����,&E�FGHu�v�!��VC zO\";#<�!��'LM��7%}%�t,}_`%3|���,�u �)���u �z,�7��v�!����	�}%�tMARS� JOIN�#-!<�O\rt��E�FGHu �v�!�VC �LM�|�,&.E�FGHu�v�!��'56r�%�u �z�!(� IP�#�E!�6������ (� 4.4)t�����&ER 2 �1������,&E�FGHu�v�!��� �\�0 ��u�z�!(� IP�#�E!�6���r7%&BC��t�\";#<�!����������}%.ER 1 �1������E�FGHu �v�!���,&�u�z��	�t56,&�u���^7�!(� IP�#�E!�6�E�FGHu �v�!���,&�u �z}�}&����t



4.3. ��� ���//� 39

� 4.4: v�!�56���\";#<�!��MARS � LEAVE�#-!<�O\,&.UNI3.0/3.1��ATM���&O\!��zVC���LMt���0���z��& [15℄.�	}E�FGHu �
�!��+,&���tO\";#<�!��v�!��%3BC���
t�|���7VC���LMt	�,&�|z�&.MARS���
�JOINtLEAVE�#-!<�MARS��!���@���LM���Cluster Control VC(CCVC) �*%7	#�
!��#�E!�6���!��B2,&.O\"�;#<�!����'��#-!<�%&
79�:��VC ���,&.4.3 ����������� �MARSz���&!���#-!< (JOIN"LEAVE"REQUEST)��%7#��.$ ��!��%�!9$��O\�$ ��&4�:!��NO
>�&.O\�$��'=�(O�@A���VC�LM�0 ���"MARSzREQUEST�#-!<����&)*�JOIN,LEAVE�#-!<�+�,-�.�%.)*MARS��/0�1}|2�
7 JOIN,LEAVE�#-!<�?3�
"��'�1���'��&MARS�/0�/�,&.JOIN,LEAVE�#-!<���4MARS z0��5������� �6�74�	#�
!��#�E!�6��!�����	�'�B2��}��"8�#-!<zMARS �94&/0�:
%���;M,&.�3�"JOIN"LEAVE�#-!<z��,&)*��^7"MARS���&/0�<=z>?��&.?3�,&�#�E!��
1�!��)*�+,.
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��#�E!��+�� �;#<�!�����)*��$ ��:N� )*�E�FGH$ �%�!�%3!:k (k� N)� �$ �������%�!�%3�:�(t)� �$ �������%�!�56�:�(t)4.3.1 ������	
��B-TV(O�
�!�>?(O@A�}'������
�
�%>?����,&��z�&.1^7">?�(O��@A��%�!���%3 456��>?����%3 456�1�X�%�;M,&.��)*�/�����,&����"%3 456�������,&.,}_`"�$ ��'�E�FGH$ �%�!���%3 456|����@��%3 456� )*�+,���&���!�" ����;M,&(� 4.5).(�(t); �(t)) = ( (�1; �1) (wd � �2 � t � wd + �2 ))(�2; �2) 9�� (4.1)
�É �Ê

�É

�É

�Ê

�Ê

wd (w+1)d wd (w+1)d

�Ñ�Ñ

t t

(1/s) (1/s)

(a)Join Rate (b)Leave Rate

1

2

1

2

� 4.5: %3 456�:����"d��>?�(#�@�$�
"� �>?(#��$�@A��>?���%,&`E�FGH$�%�!��%3 456�'%�@(@�$�,&.3�"w �)��*��+,.,;#<�!�)*���,&E�FGH$�%�!����	� k �B-���,&�";#<�!�)*��
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0 1 k N

N�É(t)
(N-1)�É(t)

(N-k+1)�É(t)
(N-k)�É(t)

�É(t)

�Ê(t)
N�Ê(t)2�Ê(t) (k+1)�Ê(t)k�Ê(t)

k+1k-1� 4.6: B-��� (;#<�!�)*�%3��	�)$����&�%�M(N)/M/N�"�[43℄[44℄.,�_`�������B-����� 4.6�	�
#��&.Pk(t) ��� t��%7%3! k ���&����&�,&�"B-��
�����1��
#��&.ddtP(t) = T(t)P(t) (4.2)���" P(t) = fP0(t); : : : ; PN(t)gT (4.3)T(t) = fTm;n(t)g (0 � m;n � N) (4.4)Tm;n(t) = 8>>>>><>>>>>:�N�(t) (n = m = 0)�N�(t) (n = m = N)(N �m+ 1)�(t) (n = m� 1)�f(N �m)�(t) +m�(t)g (n = m 6= 0; N)(m+ 1)�(t) (n = m+ 1)0 ��� (4.5);#<�!� JOIN�#-!<�MARS �O�,&���"�!(� IP�#�E!�6��%7E�FGH$ �%�!���,&�$ �� 0 �'1 ���,&�����,&.3�";#<�!� LEAVE �#-!<�MARS�O�,&����!(� IP�#�E!�6���&E�FGH$�%�!���,&�$�� 1�'0���,&����%7��,&.��'����/�
"MARS���&��� '()*���,&.MARS���,&JOIN/LEAVE�#-!<�����/�,&���"��Pk(t)�Pi;k(t) ����,&.
1�!� i ��� 0 �' t 3��@�MARS  ���^� JOIN"LEAVE�#-!<�����+,.k �� 0�'1"1�'0 ��&���#-!<��\��� �4&��"Pi;k(t)��,&B-��
���)*�1���&.Pi;0(t) = �N�(t)Pi;0(t) + �(t)Pi�1;1(t) (4.6)Pi;1(t) = N�(t)Pi�1;0(t)
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��#�E!��+��f(N � 1)�(t) + �(t)gPi;1(t)+2�(t)Pi;2(t) (4.7)Pi;k(t) = (N � k + 1)�(t)Pi;k�1(t)�f(N � k)�(t) + k�(t)gPi;k(t)+(k + 1)�(t)Pi;k+1(t)(2 � k � N � 1) (4.8)Pi;N (t) = �(t)Pi;N�1(t)�N�(t)Pi;N (t) (4.9)����i ��%7 Z �7
"8��z ��%7��
�4 z = 1 ��Z,&�"�� t�%�!�%3�$�� k ���&B-��%7"(0; t)@��\��� Rk(t) ���� ��1���'�&.ddtR(t) = 0BBBB� �(t)P1(t)N�(t)P0(t)0... 1CCCCA+T(t)R(t) (4.10)���" R(t) = fR0(t); : : : ; RN (t)gT (4.11)��'��1�"JOIN�#-!<"LEAVE�#-!<�1&��� '()* Sr(t) �����+��&.Sr(t) = ddt (R(t) �P(t))= (N�(t) + �(t))P0(t)P1(t)+(T(t)P(t)) �R(t)+(T(t)R(t)) �P(t) (4.12)�(t); �(t)  9�:��������^7%&��"S � �(t) ��(t) ���X����,&�� �D��&.)������	;�;#<�!���
7����
� ";#<�!� 
���,&����",��;#<�!��)*���,&�$ �����$���
�%3 456����,��"9�:��;#<�!����&Sr(t) ����&����#�E!����� '()*�����&.MARS���� �'()*�����*%7G�,&../0��/���%7?3�,&$ ��!��%�!9$�)*����,&.� (O������ (E�FGH$�%�!����)� MARS�ATM�#�E!����,&�7�;#<�!����,&.



4.3. ��� ���//� 43��;#<�!�)*��$ ��%3 456����,&
1�!��+,.���,�9
3�ATM �#�E!� �Z��7%&BC�DM
�����+,.� )*��$ �� N = 100� �$ ��%�!���%3 456�"%3�" 56� ����&���!�" �.� %�!���%3�"56��� 4.5,� 4.1�" �.� �>?����(#�@ d = 500(s) ' 8(min)� >?��%@ � = 50(s) = d10%�!���%3 456���,&
1�!��)*�+,..����
�� a = 1% �>?�,�\! ��
7 2>?
�
�4">?�'4���FH������,&BC�DM,&.%3��4#�� 4.15�,�@���&56� �(t),
�� a ��Z,&����'����$*,&.� �1 = 1:0� 10�5; �2 = 1:0� 10�6 = �110 ;�1 = 1:0� 10�3 = 12d ; �2 = 1:0� 10�4 = �110a = 0:01MARS �� '()*������+,.� 4.7� �1; �2; �1; �2 ����		���� '()*��
/�+
7%&.����%1F�'()* =%B-���
�%��@ C�
	������+,.�����"� '()* �(t) � �(t) �����,&���+
7%&.&`>?��� 4@A��'()*�$
#�B��X,&.�3�"�#�E!�L���	^7�"MARS���&� '()* X���&>?��$�@A(@���&�%����L�,�
1%.��1�����'"� ��>?@A$���(@�%3 456��*%	M-B-/��1�"L������,&.4.3.2 �������������. � ">?�@A$���(@�%�MARS�� '()* !���3,&(@"?3�"MARS�##&/0"<=,&.��	$">?",�_`E%FGH$�%%!&��%3456� � = maxt �(t); � = maxt �(t)�;M�'&BC"�4"M-B-��"($&.B-"TV(O:�)%7"9*:*�>? 
���%���<=+*&.9��.��� ��
���,�>?�-W"
1�!.�
7�4&.IP/#�E!06�)�&>?�
�� ��/#�E!06��1,&E%FGH$ �%%!&
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� 4.7: MARS ���� '()*�������"��/#�E!0����1,&�$���	^	���$�,&.E%FGH$�%%!&��%3456� ;M��
"��/#�E!06��1,&%%!&������� ��1��++*&.E[k℄ = N�1 + � (4.13)���" � = �� (4.14)1^7"
�� a  ��1��
#+*&.a = ��+ 1 (4.15)�����MARS �� '()*"+,� 4.12 "�4&.Sr(t) = ddt (R(t) �P(t))= P(t) � ddtR(t) +R(t) � ddtP(t) (4.16)�$��%%!&��%3 456� �@�?
;M�;M+*7%&	$"t ! 1 � P(t)  M-B-��&.,�_` limt!1P(t) = P ��&.�*



4.3. ��� ���//� 451� limt!1 ddtP(t) = 0  ��+*&.1^7� 4.16 1��� �'*&.Sr = limt!1Sr(t)= limt!1P(t) ddtR(t) (4.17)Xk(x) ""M��"�3��� k���,&n�'���,&.n �)��*��,&.��'()* R(t) ����"� 4.18�1����+*&.R(t) = fRk(t)g (0 � k � N)Rk(t) = 2N NCk �k+1�2N�k(�+ �)2N t+Xk(e�t)= 2N NCk �ak+1(1� a)2N�k�1t+Xk(e�t) (4.18)limt!1Xk(e�t) = 0 1�"MARS �� '()* ��1��++*&.Sr = limt!1P(t) ddtR(t)= NXk=0 2N(NCk)2�a2k+1(1� a)3N�2k�1 (4.19)� 4.8�M-B-�)�&� '()*"+,.�!(% IP/#�E!0
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	/#�E!0�+�4.8 1�"�!(% IP/#�E!06��$�� N  X���&��*7'()* .+��&�� _#&.
�� ;M��
"/#�E!06��1,&�$ ��� X���&��*7/#�E!06��1,&��%%!&������� �3,&.JOIN 4LEAVE�#-!<�O\ �#�1������ 0 #'1"�
� 1 #'0 ���,&�����&	$�$ �� �X,&��*7O\)* ��,&.3	"
�� a  '&��94'*	�
"'()* !���&�$�� N  �1,&�� _#&./#�E!06��$�� N  ;M�'&�
�?,&
�� a �'()*@��� "
�� a  ;M�'&�
��$ �� N �'()*@�����	���"+,.��,&%%!&������� 0�����
"%%!&�%3,&�$ � 	�
a%���&	$"�#-!<�O\)* ��,&.'()* !���&�$ ����1 "��������#-!<O\.R��%���#'�'*	���'&.4.3.3 �����
������?3�,�� 3.10����/#�E�0�:%� "�$ ��%3 456� "�#�%�.���
7�����MARS���#-��"O\
7��.���������7/���G�,�.���"�� t �)�7B-���'�%%�&����� k �'�����$ �#��%3 456�(��������� Hk(t) "��,�.�#�%�.�*��$ �������
7 ����	�� 4.2 �" �.%3 456�(�������� "/�����,�	$"�� Pk(t) "Qj;k(t) !���,�."1#�. j  �� t �)$��$ �#��%3 456�(������ "+,.�$ �#��%3 456�(����  %%&'($ �%%�&�#��  ��,�)��3,��*"Qj;k(t)�+,�B-
�� )*������.Qj;0(t) = �N�(t)Qj;0(t) + �(t)Qj�1;1(t) (4.20)Qj;k(t) = (N � k + 1)�(t)Qj�1;k�1(t)�f(N � k)�(t) + k�(t)gQj;k(t)+(k + 1)�(t)Qj�1;k+1(t)(1 � k � N � 1) (4.21)Qj;N (t) = �(t)Qj�1;N�1(t)�N�(t)Qj;N(t) (4.22)�*���"j �,�7 Z �7
"8�"z �,�7�-
	4"z = 1 "./,��"Hk(t)  �������+*�.ddtH(t) = A(t)P(t) +T(t)H(t) (4.23)



4.4. /#�E�0��� 47��*"H(t),A(t)  "H(t) = fH0(t); : : : ; HN (t)gT (4.24)A(t) = fAm;n(t)g (0 � m;n � N)Am;n(t) = 8><>: (N �m+ 1)�(t) (n = m� 1)(m+ 1)�(t) (n = m+ 1)0 ��� (4.25)�*��"�$ �#��%%&'($ �%%�&!�%3 456�()*Sh(t)  " Sh(t) = ddt (H(t) �P(t))= (A(t)P(t)) �P(t) + (T(t)H(t)) �P(t)+(T(t)P(t)) �H(t) (4.26)���.��7Sr(t)=Sh(t) "��������"�$�#���( �#�%�.*� ��+*�	
 ($�*�")*�*"������.+ 4.1 �"�#�%�.�)$�%3 4�(� ������,�7/���"+,.+ 4.1 ��"� '()* ��
�� 1%��
 "�$ �+ 4.1: �#�%�.�)$����Audien
e Summerizing ratio of Information RenewalRating join/leave information Frequen
y1% 3.734�10�1 2.297�10�410% 7.982�10�5 1.430�10�7#���  ��-��	�*7MARS!
�+*�.� '()* ���
�+
7 ,-�'���  �#�%�.*��+*7��.������"
���#�%�."��,���*MARS���,�� "�����,��� *���� �#�	.4.4 ���������� * � �*���'()*��,�/���"���"MARS!��� �1 !0��������#�"	/!�E�0#�$%�,�7��,�.� 4.19 ��"MARS ���'()* >?�
����������,�.&&*'�>? l�
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