
A Case for End System Multicast
�

Yang­hua Chu, Sanjay G. Rao, and Hui Zhang

Carnegie Mellon University
���������
	�� 
������������ �����������
������
�� ����	��  �!
	

ABSTRACT
"

�� #��$��&%� ��&')(*$��+��,.-/(*
�!0$��1�+��
324 � ��5')����'7698:(*
;')�� ;����')	&<=��,

>

<=$�'�$
��$�,?,*���� �<�@A$�<�(*�

>

,* ��B ��&')(C���D��	0,*')(*����
�'�<= �,*��'� �!E@F	&�+��')(*$��&G

��,C(*')���IH�$�-/ �%� �<��
'� ��7�� ���<=
/��@A'� �<?(*'�
J(C�&(*')(*��,

>

<=$

>

$�
���,A��6A8DK#	&,*')(CG

����
�'L(*
�
�')(C,C,

>

,*����	� �!D-/(*')�M��$����� �<���


>

 �<='���(C�0(C���N'�$;
�����,*��2&(C,C(O')���

�� �'P-/$�<�Q5�B���+���� ��B =�&'��R!0 

>

,*$��
�B ��&'E���+!5
)	

>&>

$�<='S@A$�<T�0(*���+ �<

,*���� �<B@F	&�+��')(*$�����,C(*')�U
)	����V��
B =<�<=$�<��XW+$�-Y����!Z��$����� �
�')(*$��U��$��0G

')<=$�,A�I6[�.')�&(*


>

�

>

 =<��
-/ ? �\

>

,*$�<= R���T��,*'� �<�����')(*%� ���<=���&(*'� ���')	&<= ]@[$�<


��T��,C,I����!D


>

��<=
� S��<=$�	

>


��X-/�+ �<= . ���!D
��

�'� ��B
�(*�

>

,* ��T ��&'B��,C,

��	&,*')(*����
�'�<= �,*��'� �!^@F	&�+��')(*$��+��,C(*')�D(C����,C	+!
(C���D�B ���24 �<=
)�&(

>

�B���0G

���� ��T ��&'/����!

>

����Q
 �'J<= 

>

,C(*����')(*$��_�R`N �����,C,�
)	+���7�3
����+ ��B �aX�+!

b

�

�'� ��cK#	&,*')(*����
�'��

"

�0(*
.
)�0(C@[')(C�+�N$�@I�d	&,*')(*����
�'B
)	

>&>

$�<='d@F<=$��

<=$�	+'� =<=
;'�$M ��+!5
��

�'� ��B
B����
S')�+ 

>

$�'� ��&')(*��,.'�$^��!0!
<= �
�
#�T$�
�'

>

<=$�2&,* ��B
S��
�
�$
��(*��'� �!U-/(*')�e698fK#	0,*')(*����
�'��gHh$�-/ �%� =<��J')�� ;Qi ��

��$����� �<��D(*
.')�+ 

>

 �<�@A$�<=�B������ 

>

 �����,*'P�D��
�
�$
��(*��'� �!V-/(*')�D
)	����j�

�T$
!0 �,A�h6F�

>

��<=')(*��	&,*��<��kal��!

b

�

�'� ��mK#	&,*')(*����
�'�(C�&')<=$
!
	��� �
�!
	0G

>

,C(*����'� 

>

����Qi �'�
S$��

>

�&�

)(*����,�,C(C�&Q&
S����!D(C�+��	&<=
B,*��<=�� �<7 ��+!
GP'�$�G

 =�+!D!& �,*���D')�����56A8nK#	&,*')(*����
�'��E6F�V')�0(*


>

�

>

 �<��k-/ B
�')	�!0�N')�0(*


o

	� �
�')(*$��^(C�N')�� 3��$��&'� �\
'h$�@?')�� �p���<=��!0�

>

<=$�'�$
��$�,A��6F�Eph��<=��!&�0�

 =�+!D
��

�'� ��B
�
� �,C@FGP$�<=�����&(*�� ;(C�&'�$E���D$�%� �<�,*���^
�')<�	���')	&<= q	�
)(C���E�

@O	0,C,*�E!
(*
�')<�(C20	�'� �!

>

<=$�'�$
��$�,A�r6[�N��!&!
(*')(*$����_ph��<=��!&�S��'�'� ��

>

'�
h'�$

$

>

')(*�.(*�� E')�+ 7 �sS��(* =�+���V$�@�')�� #$�%� �<�,*���j2���
� �!Z$��5 ��+!
GP'�$�GP ���!

�T ���
)	&<= ��B ��&'�
��7`N 

>

<= �
� ��&'3!& �'���(C,*
B$�@Ip���<=��!&�E����!D �%���,C	���'� 

(*'?	+
)(C���B24$�')�7
)(*��	0,*��')(*$��M����!E6[�&'� =<��+ �'I �\

>

 �<�(*�B =�&'�
��/8X<= �,C(*�3(CG

����<=��<= �
)	&,*'�
/��<= I ��+��$�	&<=����(C���0�]6[�S�T$�
�'X
)(*��	0,*��')(*$���
L���+!q6[�&'� �<�G

�� �'h �\

>

 �<�(*�B =�&'�
��4')�+ .!0 =,*���E���+!#2�����!&-](*!&')�

>

 �����,*')�E��<= �,*$�-d�

`N L2t �,C(* �%� .')�� 

>

$�'� ��&')(*��,_24 ��� �u�'�
R$�@4<= 

>

��<=')(*')(*$��&(*�+�7�d	&,*')(*����
�'

@O	0����')(*$�����,C(*'P�^24 �'P-/ � ��v ���!E
��

�'� ��B
����+!#<=$�	+'� =<=
�
)(*���&(Cu������&'),*�

$�	+'P-/ �(*���N')�+ 

>

 =<�@A$�<=�B���+�� 

>

 =�+��,*')�#(C����	0<�<= �!w�

1. INTRODUCTION
"

<=��!x(*')(*$��+��,��+ �')-/$�<�QV��<=���0(*'� ���')	0<= �
#!
(*
�')(C�+��	0(*
)�:24 �'P-/ � ��e')-/$

'P�

>

 �
�$�@� ��&')(*')(* �
�yX ���!.
��

�'� ��B
JzF��$�
�'�
={4����!�')�+ X�� �')-/$�<�QBzA
�-/(*'����+ �


�

"

�0(*
#<= �
� ���<=���:-/��
S


>

$��+
�$�<= �!|2&�5}R~�•R84~m	0��!& �<N��$��&')<=����'

�
	���24 �<=
Xp�€�€�•�•0‚�GPƒ�€�G�„JG)…i†�‡�…0��ˆX‰�•�€�•
‡�G)ƒ�ƒ�G=‚�GP•i†x‚�…&�
����!.aJ‰�•�€�•i‡ŠG

ƒi‹ŠG�‡ŠGP•i‡�…
‹
�+���+!S2&�;p

b

ˆD	&�+!& �<h��<=���&'/�
	+��24 �<=
r„]��<= � �<R~h-/��<=!

pr„/•]GPƒ�€
‡�Œ�ƒ
‹�ƒE~�p�6FGPƒ
‹�‰�•0‚�•
†x������!N~�p�6FGPƒ�…0‚�Œ�ƒi‡�ƒ0�.~h!0!
(*')(*$�����,


)	

>&>

$�<='R-/��


>

<=$�%�(*!0 �!S2&�S6[�&'� =,A�0•4	+�� ��&'��&����!;aX<�(*��
�
�$��_�IŽL(* �-R


���+!7��$�����,C	�
)(*$���
���$��&'���(C�� �!#(C�7')�0(*
R!&$
��	��B ��&'R��<= R')��$�
� �$�@�')�� 

��	+')��$�<=
?����!.
)�+$�	0,*!3��$�'_2t J(C�&'� �<

>

<= �'� �!B��
_<= 

>

<= �
� ��&')(C�+��')�� /$�@FG

u���(*��,

>

$�,C(*��(* �
��� �(*')�+ =<R �\

>

<= �
�
� �!E$�<I(*�

>

,C(* �!w�4$�@X}R~�•R84~3�&p

b

ˆ/�

6F�&'� �,A�+•4	+�� ��&'��4al<�(*��
�
�$��N$�<h')�� �•3�

b

�&��$�%� �<����B ��&'��

����!B<=$�	�'� �<=
={��I•L�+ h$�@k')�+ R�B$�
�'J(*�

>

$�<='����&'R��<=���0(*'� ���')	0<=��,X!& ���(CG


)(*$���
�(*
�')�+ ��M')�� B!x(*%�(*
)(*$��U$�@J@F	&����')(*$�����,C(*'P�j2t �')-/ � ��D =�+!N
��

)G

'� ��B
R���+!#�� �')-I$�<�Q&
��

6[�.')�� R6F�&'� �<��+ �'_��<=���&(*'� ���')	&<= ��&')�+ X(C�&'� �<��� �')-/$�<�Q
(C�+��,*���� �<��i$�<?6A8X�

(*�

>

,* ��B ��&'�
��T�3(C�0(*�T��,X@F	&�+��')(*$�����,C(*')�E‘’�324 �
�')GP �“4$�<='L	&�0(*����
�'

!&��'�����<=���”
� �<=%�(*�� ��4���+!7 ���!E
��

�'� ��B
/(*�

>

,* ��B ��&'���,C,?$�')�� �<R(*�3G

>

$�<='����&'_@F	&�+��')(*$�����,C(*')�T
)	+���B��
_ �<�<=$�<�����$����� �
�')(*$��_�
���+!�W�$�-M��$��&G

')<=$�,A�

b

	+���T���3(C�&(*�B��,C(*
='/�

>0>

<=$������S(*


>

<=$�2���2&,*�B')�+ I
)(C�+��,* ��B$�
�'

(*�

>

$�<='����&'7'� ����&�&(*����,h<= ���
�$��g@A$�<S')�+ v6[�&'� �<��� �'�• 
B��<=$�-R')�V@F<=$��

�E
��B��,C,L<= �
� ���<=���V�+ �'P-/$�<�QN(C�&'�$N�^��,*$�2���,A�/��$��B�B =<=��(*��,R(C�&@F<=��
)G

')<�	���')	0<= .-/(*')�#�� �'� �<=$��� ��� �$�	�
�'� ����0��$�,*$���(* �
����

>&>

,C(*����')(*$��4
��_���+!

��!&�3(C�&(*
�')<=��')(*%� Z��	+')��$�<�(*')(* �
��

"

�� #��<=$�-R')�5$�@r')�+ #�� �'P-/$�<�QD(C�

')	&<��E	0�&,* ���
)�� �
.')�+ .!& �%� �,*$

>

�T ��&'3$�@J�� �-–�

>0>

,C(*����')(*$���
��X-/�&(*���

<= 

o

	&(C<= d<�(*���� �<��� �')-I$�<�QS@F	&�+��')(*$��+��,C(F'P���

"

�+ �Qi ��#��<=���&(*'� ���')	&<= 

o

	+ �
�')(*$��^(*
�yI-/�+��']�� �-U@A ���')	0<= �
R
)��$�	&,*!

24 S��!&!& �!D'�$#')�� 7698U,*���� �<�—–K#	&,*')(*����
�'B���+!j˜�$

b

��<= B')�+ S'P-/$

�B$�
�'](*�

>

$�<='����&'L@A ���')	0<= �
�')����'/�+��%� �24 � ��N$�<���<= �24 �(C���S��!&!0 �!

'�$�')�� �698N,*���� �<��?`Z�&(C,* B˜�$

b

(*
/��@F	&�+��')(*$��+��,C(*')�7')�+��'/�����&��$�'J24 

>

<=$�%�(*!& �!S2&�� ��+!T
��

�'� ��B
?��,*$��� ����+!T')�
	+
X�+��
J'�$�2t L
)	

>&>

$�<='� �!

��'R')�� .698D,*���� �<��4')�&(*
/(*
L��$�'R')�� �����
� d@A$�<R��	0,*')(*����
�'��h6[�

>

��<=')(*��G

	&,*��<��X(*'�(*


>

$�
�
)(C2&,* #@A$�<. ���!N
��

�'� ��B
.'�$;(*�

>

,* ��B ��&'T�d	&,*')(*����
�'


� �<=%�(*�� �
�$��N'�$

>

$�@?')�+ .6A8Z	&�0(*����
�'�
� �<=%�(*�� ��

6[�N!& ���(*!
(C���E-]�� �')�� �<�'�$B(*�

>

,* ��B =�&'��d	&,*')(*����
�'�
� =<=%�(*�� �
���'h')�+ 

698D,*���� =<�$�<h��'/ ���!#
��

�'� ��B
��&')�+ �<= ���<= �'P-/$3��$��&W0(*��')(C���#��$���
)(*!xG

 �<=��')(*$���
L')����'?-/ /�� � �!S'�$d<= ���$�����(C,* ��I~�����$�<=!x(C���B'�$�')�� � ���!
G)'�$�G

 ���!#��<=��	��B ��&'�
3™*‚�‹�š)�&��@F	&�+��')(*$��+��,C(*')�N
)�+$�	0,*!#2t BzA�
{

>

	+
)�� �!E'�$

�&(*���� �<B,*���� �<=
.(C@

>

$�
�
)(C2&,* ���zF2t{r	&�&,* �
�
3(*�

>

,* ��B ��&')(C���^(*'.��'.')�+ 

,*$�-/ �<h,*���� �<.�����N�����0(* �%� B,*��<=�� 

>

 �<�@[$�<=�B���+�� .24 ��� �u+'�')����'h$�	�')G

-/ �(*���+
h')�+ ���$�
�'R$�@?��!0!
(*')(*$�����,I��$��

>

,* �\�(*'P�E��'R')�� d,*$�-/ �<R,*���� =<��

6[�T�0(*
?
� ��3(C����,�-/$�<�Q�(C�^‚�ƒ�…�ƒB™ Œ�š)��}� � =<�(C�+�.��<=��	+ �
I')�+��'J')�&(*
J
� ���G

$���!.��$���
)(*!0 =<=��')(*$��7
)��$�	&,*!

>

<= �%���(C,&����!.�d	&,*')(*����
�'?
)��$�	&,*!324 X(*�3G

>

,* ��B ��&'� �!E��'J')�� �6A8D,*���� �<��

"

�&(*
/%�(* �-:
�$d@[��</����
J2t � ��E-/(*!& �,*�

������ 

>

'� �!w�j698–K#	&,*')(*����
�'q(*
T')�+ Bu&<=
�'B
)(*���&(Cu+�����&'B@A ���')	0<= 7')�+��'

����
/24 � ��N��!0!& �!E'�$B')�� .698V,*���� �<r
)(C�+�� �(*'�
R$�<�(*��(C�+��,/!& �
)(*���N���+!

�B$�
�'w<=$�	�'� �<=
X'�$
!&���L(*�

>

,* ��B ��&'I698EK#	&,*')(*����
�'��/}� �


>

(*'� /')�&(*
��i698

K#	&,*')(*����
�'�����
h
� �%� �<=��,X!
<=��-]2�����Q&
�')����'R�+��%� 3
�$3@[��<

>

<= �%� ��&'� �!

')�� �
� �<=%�(*�� �@F<=$��›24 =(C�+�7-](*!& �,*�7!0 

>

,*$��� �!4�Rˆ_(C<=
�'��46A8gK#	&,*')(*����
�'

<= 

o

	&(C<= �
/<=$�	�'� �<=
?'�$��B��(C�&'���(C�

>

 �<]��<=$�	

>


�'���'� ��&-]�&(*���;��$�'?$��&,*�

%�(*$�,*��'� �
S')�+ VœP
�'���'� �,* �
�
�•N��<=���&(*'� ���')	&<=��,

>

<�(C����(

>

,* E$�@h')�� ;$�<�(*��(CG

����,X!& �
)(*���_�420	�'R��,*
�$S(C�&')<=$
!x	��� �
��&(*���N��$��

>

,* �\�(*')�N����!E
� �<�(*$�	�



�����,C(C�+�N��$���
�')<=��(C�&'�
.��'�')�� S6A8|,*���� =<��

b

 ���$���!4�X')�+ T��	0<�<= =�&'.698

K#	&,*')(*����
�'h�B$
!0 =,X��,C,*$�-R
/@A$�<]���E��<�20(*')<=��<=�#
�$�	0<=�� h'�$B
� ���!#!&��'��

'�$#���D��<�20(*')<=��<=�D��<=$�	

>

�

"

�&(*
3�T��Q
 �
�')�+ 3�� �'P-/$�<�QN%�	&,C�+ =<=��2&,* 

'�$^W�$
$
!x(C���g��'�'�����Q&
B2&�Z�T��,C(*��(*$�	+
N
�$�	&<=�� �
��R���+!U��$��

>

,C(*����'� �


�� �')-/$�<�Q5�B�������� ��B ��&'7����!

>

<=$�%�(*
)(*$��&(*�+�&�

"

�&(C<=!w�r698YK#	0,*')(CG

����
�'�<= 

o

	0(C<= �
B �%� =<=�^��<=$�	

>

'�$#!&���+���3(*����,C,*�Z$�2+'���(C�5�#��,*$�2+��,C,*�

	&�0(

o

	� E��!&!x<= �
�
q@O<=$��c')�+ 7�d	&,*')(*����
�';��!0!
<= �
�
B


>

���� #����!Z(*'.(*




!
(CsS��	&,*'�'�$B ���
)	&<= 3')�&(*
L(C�N�B
�����,*��2&,* ���!x(*
�')<�(C2&	�'� �!^���+!E��$���
)(*
)G

'� =�&'d@A��
)�0(*$��_�vˆ+$�	&<=')�_�I6A8nK#	&,*')(*����
�'B(*
.�#24 �
�'. �“4$�<='3
� �<=%�(*�� ��

8X<=$�%�(*!x(C���3�&(*���� �</,* �%� �,+@A ���')	&<= �
X
)	+���S��
l<= �,C(*��20(C,C(O')���+��$��+�� �
�')(*$��

��$��&')<=$�,A��W+$�-D��$��&')<=$�,A������!3
� ���	0<�(*'P���+��
w24 � ��B
)��$�-/�.'�$]2t J�B$�<= 

!
(CsS��	&,*'�')�����S(C�v')�+ R	0�&(*����
�'R����
� ��?ˆ_(C�+��,C,*����698VK#	&,*')(*����
�'h����,C,*


@[$�<R���+���+�� �
R��'/')�� L(C�&@F<=��
�')<�	+��')	&<=��,�,* �%� =,A�4����!;')�&(*
R
),*$�-L
R!&$�-]�

')�� 

>

���� E$�@h!0 

>

,*$��
�B ��&'��e`Z�&(C,* ^')�� �<= ;����%� S24 � ��e��'�'� ��

>

'�


'�$

>

��<=')(*��,C,*�U��!0!
<= �
�
S
�$��T #$�@r')�+ S(*
�
)	+ �
#��'T')�+ v698–,*���� �<N™ ƒ0�

‚Š†x�I‡x‚=š)��@F	0��!&���B ��&'���,h��$����� �<���


>

 �<='���(C�0(C���V'�$E')�+ VœP
�'���'� �@F	&,*•

��<=���&(*'� ���')	&<= D$�@T698›K#	&,*')(*����
�'E����!U
)	

>&>

$�<='#@[$�<S�0(*���+ =<#,*���� �<

@O	0����')(*$�����,C(*'P� ����%� �<= ��B��(C�+ �!#	&�&<= �
�$�,*%� �!w�

6F�D')�&(*


>

�

>

 �<��X-/ �<= �%�(*
)(*'B')�� 3(*
�
)	� S$�@R-/�� �')�+ =<.�d	&,*')(*����
�'.<= �G

,*��'� �!B@F	&�+��')(*$��+��,C(*')�7
)�+$�	0,*!S24 /(*�

>

,* ��B ��&'� �!7��'?')�+ h698E,*���� �<]$�<

��'3')�� S ���!D
��

�'� ��B
��v6[�

>

��<=')(*�=	0,*��<��/-/ S��$��+
)(*!& �<S�E�B$
!& �,?(C�

-/�&(*���q�d	&,*')(*����
�'?<= �,*��'� �!.@A ���')	&<= �
���
)	+���S��
X��<=$�	

>

�B ��d24 =<=
)�0(

>

�

��	&,*')(*����
�'�<=$�	�')(C�+�E���+!

>

����Q
 �'�!
	

>

,C(*����')(F$��_�?��<= .(*�

>

,* ��B ��&'� �!

��'� ���!N
��

�'� ��B
��4��
�
)	��3(C���E$��&,*�

�������	��

�

6A8U
� �<=%�(*�� ��r`^ .����,C,

')�� .
����� ��B BaX��!

b

�

�'� �� K#	&,*')(*����
�'��.Hh �<= ��4 ���!E
��

�'� ��B


>

��<�G

')(*�=(

>

��')(C�+��(C�B')�� ?�d	&,*')(*����
�'X��<=$�	

>

��$��B��	0�&(*����'� L%�(*�h���.$�%� =<�,*���


�')<�	���')	&<= ��

"

�+ R
�')<�	���')	0<= R(*
/���7$�%� =<�,*���.(C�#')�� �
� =�+
� R')����'/ ������

$�@X(*'�
� �!&�� �
���$�<�<= �


>

$���!&
�'�$;�.	0�&(*����
�'

>

��')�E2t �')-/ � ��N')-/$T ��+!


��

�'� ��B
L(C�v')�+ �	0��!& �<�,*��(C�+�N6F�&'� �<��� �'��

`N �24 �,C(* �%� B')�+��'Ral��!

b

�

�'� ��mK#	&,*')(*����
�'�����
h')�+ 

>

$�'� ��&')(*��,?'�$

��!0!
<= �
�
��B$�
�'

>

<=$�20,* ��T
���
�
�$
��(*��'� �!^-/(*')�M6A8gK#	&,*')(*����
�'��

b

(C���� 

��,C,

>

����Q
 �'�
I��<= �')<=����
��3(*'�'� �!7��
J	&�&(*����
�'

>

����Qi �'�
��0�� �')-I$�<�Q

>

<=$�G

%�(*
)(*$��0(C���U(*
;��$�'#��“4 ���'� �!U����!n!& 

>

,*$��
�T ��&'E�B���Z24 E������ �,* =<�G

��'� �!4�Ral��!

b

�

�'� �� K#	0,*')(*����
�'��B��(C�&'���(C��
3')�� 3
�'���'� �,* �
�
�����')	&<= 

$�@�')�� ;�� �')-I$�<�QD2&�^<= 

o

	0(C<�(C���g ���!V
��

�'� ��B
��I-]�&(*���U
)	&2+
���<�(C2t 

$��0,*�U'�$V�V
��B��,C,��
	+��24 �<N$�@.��<=$�	

>


���'�$

>

 �<�@A$�<=� ��!0!
(*')(*$�����,

��$��

>

,* �\

>

<=$
�� �
�
)(C�+�.@A$�<I���&�B��(*%� ��v��<=$�	

>

�I6[�S��!0!
(*')(*$����4-/ /24 �G

,C(* �%� �')����'?
�$�,C	�')(*$���
]@[$�<I
)	

>&>

$�<=')(C���B�0(*���+ =</,*���� �</@[ ���')	&<= �
/
)	����

��
S �<�<=$�<��?W+$�-��R����!g��$��+�� �
�')(*$��:��$��&')<=$�,r�����524 E
)(*���&(Cu������&'),*�


)(*�

>

,C(Cu� �!n2&�D,* �%� �<=����(C�+�U-/ =,C,�	&�+!& �<=
�'�$
$
!g	&�0(*����
�'E
�$�,C	�')(*$���


@[$�<�')�� �
� 

>

<=$�2&,* ��B
��.`N d��$

>

 B'�$S!0 ��T$���
�')<=��'� B')�&(*
�(C�^@O	+')	&<= 

-I$�<�Q&
��Rˆ_(C����,C,*���X���N ���!E
��

�'� �� 2���
� �!E��<=���0(*'� ���')	0<= 3��$B,*$����� �<

<= 

o

	0(C<= �
.��,*$�2+��,/��$���
)(*
�'� ��+���^(C�^�����.(C�+�E$�@/��<=$�	

>


.����!^��,C,*$�-L


@[$�<h�

>&>

,C(*����')(*$��j


>

 ���(Cu��3�����3(C���0�

`V�0(C,* SaX�+!

b

�

�'� ��”K#	0,*')(*����
�'�����
��T���&�#��!0%����&'����� �
��_
� �%� �<=��,

(*
�
)	� �
/�� � �!B'�$�24 /<= �
�$�,*%� �!;2t �@A$�<= /(*'J2t ���$��T L�

>

<=����')(*����,���,*'� �<�G

����')(*%� S'�$E698:K#	&,*')(*����
�'��v6[�

>

��<=')(*�=	0,*��<��J���D$�%� �<�,*���D�

>&>

<=$������

'�$M�d	&,*')(*����
�'��R��$�-I �%� �<7 �sq��(* ��&'��h�����&�+$�'

>

 �<�@A$�<=� ��
S-/ �,C,r��


6A8 K#	0,*')(*����
�'��569'�(*
B(*�

>

$�
�
)(C2&,* N'�$^��$��

>

,* �'� �,*�

>

<= �%� ��&'S��	0,CG

')(

>

,* N$�%� �<�,*���V �!0�� �
B@F<=$�� ')<=��%� �<=
)(C���D')�� E
����B 

>

�&�

)(*����,�,C(C�&Q

���+!T')�
	+
X
�$��B J<= �!
	0��!&���&'?')<=��sS�/$��

>

�&�

)(*����,+,C(C�0Q&
?(*
_	0����%�$�(*!
G

��20,* ��Jˆ&	0<=')�� �<��
��$��B��	0�&(*����')(*$��E24 �'P-/ � ��S =�+!B
��

�'� ��B
l(C�&%�$�,*%� �


')<=��%� �<=
)(C�+�T$�')�� �<R ���!S
��

�'� ��B
��

>

$�'� =�&')(*��,C,*�;(C����<= ���
)(C�+�B,*��'� ��+�����

6F�D')�&(*


>

�

>

 �<��X-/ �@A$
��	�
�$��M')-I$;@F	&�+!&���T ��&'���,

o

	+ �
�')(*$���


>

 �<�G

'���(C�0(C���E'�$B')�� �al��!

b

�

�'� ��mK#	&,*')(*����
�'���<=���0(*'� ���')	0<= �y�zF(O{/-/����'

��<= 3')�� 

>

 �<�@A$�<=�B������ 3(*�

>

,C(*����')(*$��4
.$�@?	+
)(C���#���N$�%� �<�,*���E��<=���&(CG

'� ���')	0<= #@[$�<7�d	&,*')(*����
�'=— ����!–zF(C(O{q��$�-m!&$V ��+!5
��

�'� ��B
7-](*')�

,C(*�.(*'� �!E'�$

>

$�,*$���(*����,�(C�0@A$�<=�B��')(*$��N��$
$

>

 �<=��'� �'�$���$��+
�')<�	���'/��$
$
!

$�%� �<�,*���#
�')<�	���')	0<= �
=—

6F�E')�&(*


>

�

>

 �<��+-I �
� � �Q7'�$.����
�-/ �<h')�� �
� 

o

	+ �
�')(*$���
L(C�E')�� ���$��0G

'� �\
';$�@��

>

<=$�'�$
��$�,�')����'S-/ #����%� E!& �%� =,*$

>

 �!:����,C,* �!��

���������

�

ph��<=��!0�D��$���
�')<�	+��'�
7���5$�%� �<�,*���5
�')<�	+��')	&<= E���T$����

>

��<=')(*��(

>

��')G

(C���V ���!g
��

�'� ��B
B(C�e�



��� �	��������������� �����

���+!

�������"!#���$
��%�&��'(���%�&�

�T���&�+ �<��Ip���<=��!&�3(*
/<=$�2&	+
�'R'�$B')�� �@A��(C,C	&<= .$�@X =�+!7
��

�'� ��B
����+!

'�$V!&���+���3(*�V���������� �
 (C�f��<=$�	

>

�B ���24 �<=
)�&(

>

� al��!:
��

�'� ��B


2t ���(C�5-/(*')�D��$#Q
�+$�-/,* �!&�� S$�@h')�� 3	0��!& �<�,*��(C�+�

>

�&�

)(*����,h'�$

>

$�,CG

$������k����!^')�� ��N!0 �'� =<=�3(C�+ B,*��'� ��+�=(* �
B'�$#$�')�+ =<. ��+!N
��

�'� ��B
�2&�

>

<=$�2&(C���Z')�� ��c(C�U�N��$��&')<=$�,C,* �!g@A��
)�&(*$����5p���<=��!0�M��$��&')(C�
	���,C,*�

<= =u0�� �
S')�+ S$�%� =<�,*���V
�')<�	���')	&<= E��
B�B$�<= 

>

<=$�24 #(C�0@[$�<=�B��')(*$��U(*


��%���(C,*��20,* ��nph��<=��!0�D�T���N24 #!
(*
�')(C�+��	0(O
)�� �!|@O<=$��1�T���&�V$�')�� �<


� �,C@FGP$�<=�����&(*��(C���

>

<=$�'�$
��$�,*
L(C�v')�+��'J(*'R!0$
 �
/��$�'J<= 

o

	0(C<= .�d����')(*%� 

��	0,*')(*����
�'��B �!
(C	+�7�/`N 

>

<= �
� =�&'�!& �'���(C,*
R(C�

b

 ���')(*$��M‰0�

`N � �%���,C	���'� .')�� 

>

 �<�@[$�<=�B���+�� 

>

 ��+��,*')�S$�@k')�+ h$�%� �<�,*���#ph��<=��!0�

>

<=$
!x	��� �
/	�
)(C�+�B
)(*��	&,*��')(*$���
��h6[�7����<=$�	

>

$�@?‚Š‡�….�B ���24 �<=
��&')�+ 

!& �,*���j2t �')-/ � ��U��'3,* ���
�'Tƒ�•�)1$�@

>

��(C<=
;$�@��B ��d24 =<=
q(C����<= ���
� �


2&�#�B@A����'�$�<r$�@I��'h�B$�
�'hŒ;��$��

>

��<= �!N'�$B')�� d	&�&(*����
�'.!0 =,*���#2t �G

')-I � ��U')�� ��#�fˆ0	&<=')�+ �<��/��$

>

�&�

)(*����,�,C(C�&Q:����<�<�(* �
7�B$�<= N')�����

ƒE(*!0 ��&')(*����,.��$

>

(* �
S$�@��N��(*%� =�

>

����Q
 �'��5`^ S�+��%� E��,*
�$^(*�

>

,* �G

�B ��&'� �!^ph��<=��!&�#���+!N��$��+!
	+��'� �!

>

<= �,C(*�3(C����<=�56[�&'� �<��� �'� �\

>

 �<�G

(*�B ��&'�
��vˆ+$�<.�E��<=$�	

>

$�@.‚�‰7�B ���24 �<=
��?')�� B!0 =,*���N24 �')-I � ��V��'

,* ���
�';ƒ�•�)c$�@

>

��(C<=
7$�@h�B ���24 �<=
B(C����<= ���
� �
;2&�D�E@A����'�$�<S$�@���'

�B$�
�'d‚+*C†.��$��

>

��<= �!E'�$B')�+ �	&�&(*����
�'�!& �,*���;24 �')-/ � =�E')�� ��#�

`Z�&(C,* #-I d<= �@[ �<�'�$7 ��+!N
��

�'� ��B
�(C�M')�0(*


>

�

>

 �<��4(*'�(*
3-/(*')�M')�+ 

	&�+!& �<=
�'�����!
(C�+�N')�+��'R')�0(*
��B���S ���
)(C,*� 24 .�� =�+ �<=��,C(*�� �!D'�$.�+$
!& �


��'I')�+ R �!&�� �$�@_')�� L�� �'P-/$�<�QS
)	����#��
/�����

>

	�
/-/(*!& 

>

<=$�\�(* �
L���+!

 �!&�� �<=$�	�'� �<=
��/8X<=$�\�(* �
������E �\

>

,*$�(*'��+��')(*%� .�d	&,*')(*����
�'���%���(C,*��2&,* 

��'h')�+ .•_~hp–,* �%� �,A�4����%� 3,*��<=�� �<

>

<=$
�� �
�
)(C���

>

$�-/ �<�')�����N��$�
�'�
��

��<= B24 �'�'� �<S��$��0�� ���'� �!V'�$E')�� 76[�&'� �<��� �'B���+!V��,C,*$�-›@A$�<B$�<=�����0(CG

����')(*$��E,* �%� �,X����<= � ��T ��&'�
��?ˆ0	0<=')�� �<���')�+ ��S��$�	0,*!

>

$�'� ��&')(*��,C,*�E �\�G

>

,*$�(*'.'� ��

>

$�<=��,I����!^


>

��')(*��,J,*$
����,C(*')�^(C�M��<=$�	

>

@A$�<=�B��')(*$��+
��X~R'

')�� E$�')�� �<E ���!U$�@.')�� E


>

 ���')<�	+�#�h')<= � #2&	0(C,*!
(C���U�B ����+���0(*
��B


�3(*���&';24 E20	&(C,*'#(C�&'�$V����')	���,.�

>0>

,C(*����')(*$���
^<�	0�&�&(C�+�5$��U��$�
�'�
��

����!E��$�	0,*!N �\

>

,*$�(*'.�

>&>

,C(*����')(*$��5


>

 ��=(Cu+�3<= 

o

	0(C<= ��T ��&'�
3���+!

>

 �G

��	&,C(*��<�(*')(* �
�� 6[<�<= �


>

 ���')(*%� S$�@]')�+ �
� T!x(C“4 =<= ��+�� �
��?��$��B�T$��V'�$7��,C,

')�� �
� ���<=���&(*'� ���')	&<= �
L(*
I')�+ h!0 �
)(*���E���+!7 �%���,C	���')(*$��N$�@X���#����')	���,


� �,C@FGP$�<=�����&(*����')(*$��

>

<=$�'�$
��$�,?@A$�<r��$���
�')<�	+��')(*$��V$�@/$�%� =<�,*���N
�')<�	���G

')	&<= �
l@[$�<?!&��'��.!0 �,C(*%� �<=���I~L�T ��+!S
��

�'� ��–(C�S$�	0<

>

�

>

 �<I<= �@A �<=
X'�$

')�� ; =�&')(*')�D')����'.����')	���,C,*�V'���Q
 �


>

��<='�(C�5')�+ S
� �,C@OG)$�<=�����0(*����')(*$��

>

<=$�'�$
��$�,A�4����!E��$�	&,*!#24 ��3��$�
�'���$�<h���N�

>0>

,C(*����')(*$��V$�<h�

>

<=$�\
���

`N ;24 �,C(* �%� EaX�+!

b

�

�'� ��1K#	&,*')(*����
�'S(*
B�B$�<= #�

>&>

<=$

>

<�(*��'� #@A$�<


��B��,C,X
)(*�� ����+!S


>

��<=
� ���<=$�	

>


R
)	+���E��
/��	�!
(*$�,�%�(*!& �$E��$��0@[ �<= �����G

(C���0�&%�(C<=')	+��,���,*��
�
)<=$
$�� ����!;��	&,*')(

>

��<=')�B�+ �')-/$�<�QB�����B �
��
2&	+'?(*


��$�'B�

>0>

<=$

>

<�(*��'� #@A$�<3������!
,C(C�+�V�

>&>

,C(*����')(*$��+
E
)	����j��
S6F�&'� �<��+ �'

"

Ž ')�+��'d(C�&%�$�,*%� 7�#
)(C����,* 7
�$�	&<=�� B
�')<= ����3(C�+�E�&(*���D2�����!0-/(*!&')�

����!E<= ���,?')(*�B T!0��'��#'�$#
� �%� �<=��,X�
	0��!x<= �!D')�+$�	+
����+!N<= ���(

>

(* ��&'�
��

•R �����<=!x,* �
�
��J-I 324 �,C(* �%� #aX�+!

b

�

�'� ��cK#	0,*')(*����
�'3(*
�$�@I(C�&'� �<= �
�'

��
.-/ 3�&�

>

$�')�� �
)(*�� E')����'�')�� �<= S-](C,C,I24 S���V �\

>

,*$�
)(*$��U$�@�
��T��,C,


)(*�� �!E���+!E


>

��<=
� .��<=$�	

>


L(C�v')�+ ��� ���<�@F	�')	0<= ��

2. END SYSTEM MULTICAST
6[�v')�0(*
h
� ���')(*$��_��-/ ���$��&')<=��
�'h698gK#	&,*')(*����
�'��4al��!

b

�

�'� �� K#	0,CG

')(*����
�'�����! ����(*%� q	&�&(*����
�'.-/(*')�N���M �\
���

>

,* ��X���+!N$�	�'),C(C�� q@O	0�&G

!&���B ��&'���,/(*
�
)	� �
3(C�V')�� B!& �
)(*���5$�@]���VaX�+!

b

�

�'� ��cK#	&,*')(*����
�'

>

<=$�'�$
��$�,A�

„/$���
)(*!0 =<Vˆ_(*��	&<= n‚�zA�
{E-]�&(*���›!& 

>

(*��'�
D���  �\
���

>

,* 

>

�&�

)(*����,

'�$

>

$�,*$������.-d‚.���+!/-h‡3��<= �<=$�	+'� �<=
��4-/�&(C,* 10.�32B��4 ���+!/5 ��<= 

 ���!D
��

�'� ��B
��T•w(C�&QV!& �,*���

3��<= B��
�(C�+!
(*����'� �!w�

"

�
	+
6-d‚.78-�‡

�B���B24 �(*�B����(C�� �!^'�$.24 ��B��$�
�'),*�#')<=���+
���$��&')(C�� ��&'���,?,C(C�0Q4�4-/�&(C,* 

��,C,t$�')�� �<X,C(C�0Q&
R��<= /���� ��

>

 �<?,*$
����,+,C(C�&Q&
��/ˆ&	0<=')�� �<���,* �'X	�
X��
�
)	��B 

0–-/(*
)�� �
�'�$.
� ���!E!0��'��;'�$T��,C,X$�')�+ =<L��$
!& �
��

ˆ_(*��	&<= g‚�zF24{S!0 

>

(*��'�
E')�� D6A8›K#	&,*')(*����
�'N')<= � N��$���
�')<�	���'� �!U2&�

}RŽ�KE•R8g™ Œ�šP�X}RŽ�KE•R8^(*
?')�+ R��,*��
�
)(*����,l698NK#	0,*')(*����
�'

>

<=$�'�$
��$�,A�

-/�+ =<= B!0��'��;(*
�!& �,C(*%� =<= �!D@F<=$�� ')�� B
�$�	0<=�� T'�$;<= ���(

>

(* ��&'�
3	�
)(C���

���Z698–K#	&,*')(*����
�'S')<= � S��$��

>

$�
� �!V$�@h')�+ S
)��$�<='� �
�'

>

��')�+
�@F<=$��

 ������5<= ���(

>

(* ��&'E'�$D')�� E
�$�	&<=�� ��9-d‚E���+!:-�‡^<= ��� =(*%� E�D
)(C����,* 

��$

>

�#$�@?')�� 

>

����Qi �'L2&	+'R@A$�<=-I��<=!#(*'���,*$����#��	0,*')(

>

,* 3(C�&'� �<�@[���� �
��

~R'/�B$�
�'L$��+ ���$

>

�S$�@?�

>

����Qi �'/(*
�
� ��&'R$�%� =<R���&�

>

�&�

)(*����,X,C(C�0Q4�

a?�����E<= ���(

>

(* ��&'�<= ��� �(*%� �
�!&��'��T-](*')�N')�� �
����T �!0 �,*���E��
L')��$�	����

0–-/ =<= �
� ���!x(C���#'�$.(*'L!
(C<= ���'),*�#2&�S	0�&(*����
�'��

aX�+!

b

�

�'� ��cK#	&,*')(*����
�'B!&$
 �
��+$�'d<= =,*�^$��D<=$�	�'� �<T
)	

>&>

$�<='�@A$�<



A

B

C

D

1

2

1

1

R2

A

B

C

D

1

2

1

1

R2

A

B

C

D

27

28

3 2
27

28

A

B

C

D

27

3
27

A

B

C

D

27

3 2

A

B

C

D

27

3 2

28

(a)

(b)

(c) (e)

(d) (f) (h)

(g)

25

R1

A

B

C

D

1

2

1

1

R2R1

R1

A

B

C

D

1

2

1

1

R2
25

R1
25 25

���������
	���
�������������	����
�����������
� �
�!�"	$#
%'&(����� ��)����
�+*-,��.��/.	0��,���)��!�
����,�12�3,�154�6��
�
	��7&(����� ��)��!�"�

��	&,*')(*����
�'��h6A'L��2+
�')<=����'�
�')�� 

>

�&�

)(*����,?'�$

>

$�,*$����E��
R��8

��9;:3�"�(� �

<

���&� � ���;= � �>:�?

zP„]ŽA@�{R��
�
)��$�-/�N(C�Vˆ_(*��	&<= E‚�zA��{��.ˆ0	&<=')�� �<��_(*'

')<�(* �
3'�$S��$��+
�')<�	���'.�#


>

���&�0(C����GP')<= � 7$�@I')�+ S„/ŽA@ ��,*$����E-/�0(*���

0”��$�	0,*!5
� ��+!5!0��'��^'�$N$�')�� �<S<= ���(

>

(* ��&'�
��e6[�

>

��<=')(*��	&,*��<��h')�0(*



����� ��B E��$�	0,*!:!0 ��� ��� �<=��'� N'�$E�+��(*%� E	0�&(*����
�'E')<=���+
��.(*
�
)(*$��f��



)��$�-/�;(C�7ˆ_(*��	0<= .‚�zA!�{��Jˆ_(*��	0<= .‚�zA �{X!& 

>

(*��'�
]��$�-Z����(*%� �	0�&(*����
�'

')<=���+
��.(*
�
)(*$��M�B�

>


/$��&'�$.')�� L	&�+!& �<�,*��(C���

>

�&�

)(*����,��+ �'P-/$�<�Q4�I6A'

(*
R
� � =�E')����'/,C(C�0Q&
 -�‚ 7 -�‡3���+! 0 7/-�‚�����<�<=�7‡3���+!7‰B��$

>

(* �


$�@��3')<=���+
��3(*
�
)(*$��E2&� 0g<= �


>

 ���')(*%� �,*���R`^ R<= �@A �<I'�$3')�� /�
	+��24 �<

$�@J(*!& ��&')(*����,h��$

>

(* �
.$�@I�

>

����Q
 �'3����<�<�(* �!E2&�E�

>

�&�

)(*����,/,C(C�&QM��


')�� 


��%����
&
 ���1�B:�? ! 

���&��� �"����C

�

"

�
	+
��+	&�&(*����
�'�(C�D�� ��� �<=��,X,* ���!0


'�$T�3�0(*���N
�')<= �
�
�$��E')�� �,C(C�0QE�� ���<= �
�'R')�+ .
�$�	&<=�� ��

`N N��$�	&,*!|2&	&(C,*!–
��B��<='� =<E


>

���&�0(C���U')<= � �
7$�@T')�+ N„/ŽA@ 
)	����

��
B')�� ;$��+ 7
)�+$�-/�D(C�5ˆ_(*��	&<= D‚�zF@�{��vˆ_(*��	&<= ^‚�zA�i{3!& 

>

(*��'�
3�+$�-

')�&(*
.')<= � B�B�

>


.$��&'�$E')�� 3	&�+!& �<�,*��(C���

>

�&�

)(*����,R�+ �')-/$�<�Q4�769'�(*



� � ��D')����'h��,C,

>

�&�

)(*����,/,C(C�&Q&
d����%� .�#
�')<= �
�
h$�@I��'h�B$�
�'.‡
��p�$�'

$��0,*�T!0$
 �
?')�&(*
J')<= � /<= �!
	��� R')�+ /-I$�<=
�'?����
� 

>

�&�

)(*����,w,C(C�&QS
�')<= �
�
��

2&	�'3(*'B��,*
�$N<= �!x	��� �
T')�+ 7
�')<= �
�
3$�@�')�� S��$�
�'),C(* �<S,C(C�&Q -�‚ 7 -h‡

'�$D‚��N6[�j$�<=!& �<B'�$E���

>

')	0<= 7')�0(*
��?-/ 3(C�&')<=$
!
	��� E')�+ B��$�')(*$��g$�@

� ��
���� ���&� ��
��(���

�E`N #!& �u&�+ #<= �
�$�	0<=�� #	+
����� E��
EDGF

HJI�K.L

H

�NM

H

�

-/�� �<= ���O^(*
R')�+ ��
	��d2t �<h$�@_,C(C�&Q&
�����')(*%� �(C�v!0��'��B')<=����
��3(*
�
)(*$��_�

L

H

(*
3')�� S!0 =,*���M$�@/,C(C�&QQPL���+!

M

H

(*
3')�� S
�')<= �
�
.$�@/,C(C�&QQP)�

"

�� 

<= �
�$�	&<=�� J	�
����� ?(*
X�L�T �')<�(*�/$�@�')�� l�� �')-I$�<�Q�<= �
�$�	0<=�� �
X��$���
)	+�T �!

(C�v')�+ 

>

<=$
�� �
�
R$�@X!&��'��.!& �,C(*%� �<=�7'�$3��,C,4<= ��� �(*%� �<=
��R6A�

>

,C(*�=(*'L�� �<= 

(*
T')�+ 7��
�
)	��

>

')(*$��:')�+��'d,C(C�&Q&
#-/(*')�V�&(*���� �<7!0 �,*���D'� =�+!V'�$E24 

��
�
�$
��(*��'� �!g-/(*')�V�0(*���+ �<q��$�
�'��

"

�+ B<= �
�$�	0<=�� ;	�
����� 7�3(*���&'.24 

��$��

>

	+'� �!^'�$32t �‰�•B(C�N')�+ �����
� .$�@?')<=����
��3(*
�
)(*$��D2&�S}LŽhKE•R8l�

†�‹3@A$�<h�+��(*%� B	0�&(*����
�'�����!^‰i‡T@[$�<�')�� .
��B��<='� �<r')<= � S�4
)�+$�-/�E(C�

ˆ_(*��	0<= S‚�zF2t{��+ˆ_(*��	0<= S‚�zA!�{L���+!7ˆ_(*��	&<= ;‚�zF@�{J<= �


>

 ���')(*%� �,*���

`V�0(C,* S')�� 3


>

���&�&(C�+�E')<= � .$�@Iˆ_(*��	&<= #‚�zF@�{I(*�

>

<=$�%� �
�,C(C�0QM
�')<= �
�


���+!E<= �
�$�	0<=�� .	+
����� B��
���$��

>

��<= �!N'�$q����(*%� B	0�&(*����
�'�')<=���+
��.(*
)G


)(*$��_�&(*'J(C����<= ���
� �
L!& �,*���B@F<=$��Y')�+ R
�$�	0<=�� �'�$�
�$��B �$�@X')�� /<= ���(

>

G

(* =�&'�
��

"

�
	�
��&')�+ R!& �,*���q@O<=$�� 0g'�$65n�+��
J(C�+�=<= ���
� �!7'�$.‡�ƒ�@F<=$��

‡�‹x�?`N L<= �@A =<R'�$3')�� L<=��')(*$B$�@�')�� �!0 =,*���B24 �')-/ � =�#'P-/$.�B ���24 �<=


��,*$����#')�� �$�%� �<�,*���E'�$B')�� d	&�&(*����
�'�!& �,*���;24 �')-/ � =�N')�+ ��”��
R')�� 

R

���"���%��S(�UT � �"��!�V �(� ���"�%!

zA•R}�8I{��

"

�
	+
��XWR~3� }NYU����
����D•R}�8

$�@�Z\[

Z\]

�+-/�&(C,* ^WR~.� _3Ye����!�WR~3� „`Y5�+��%� ����E•R}�8U$�@R‚��

"

�� 

��� ������� ��� �	�

$�@��d��$
!& �(C�E')�� �$�%� �<�,*���S')<= � R(*
J(*'�
/�
	+��24 �<R$�@

���&(C,*!x<= ��S(C�.')�� /')<= � ��

"

�
	+
���')�� J$�	+')GP!& ���<= � I$�@�0j(C�T')�� J
��B��<='� �<

')<= � d(*
r‡x�+-/�&(C,* d(*'R(*
�‰B(C�E����(*%� .	0�&(*����
�'��

"

�� 3$�	+')GP!& ���<= � 3$�@?�

��$
!& L(C�S')�� R$�%� �<�,*���B


>

���&�0(C���S')<= � /!
(C<= ���'),*�B(*�

>

����'�
/')�� R
�')<= �
�


$�@?')�+ �,C(C�&Q&
���,*$�
� 3'�$B')�� ���$
!0 ��

3. NARADA DESIGN
6[�M')�&(*
�
� ���')(*$����X-/ 

>

<= �
� ��&'.p���<=��!0�&�_�

>

<=$�'�$
��$�,I-/ .!0 �
)(*���� �!

')����'w(*�

>

,* ��T ��&'�
JaX��!

b

�

�'� ��:K#	&,*')(*����
�'��]6[��!& �
)(*���0(C���3ph��<=��!0�&�

-/ �����%� �')�� �@A$�,C,*$�-/(C�+�7$�2&�� ���')(*%� �
�(C�N�3(C��!4y

a^b

��� �	� ��������� ���������+c

"

�� ���$��+
�')<�	���')(*$��M$�@k')�+ � =�+!E
��

�'� �� $�%� �<�G

,*���E�d	�
�'�'���Q
 

>

,*���� 3(C�M�3@F	&,C,*�^!
(*
�')<�(C2&	+'� �!N@A��
)�&(*$��M����!^��	�
�'

24 �<=$�20	�
�'�'�$B!&�������3(*�B���������� �
R(C�N��<=$�	

>

�T ��d2t �<=
)�0(

>

�

a^d

S(� ���"��! ��e8� ��� ��� !fc

"

�+ /')<= � L��$���
�')<�	+��'� �!B�d	�
�'X(*!0 ���,C,*�B�+��%� 

,*$�- 
�')<= �
�
��w,*$�- - 5hg›���+!E,*$�- <= �
�$�	&<=�� B	+
����� ��Tˆ0	0<=')�� �<���')�+ 

$�	�')GP!0 ���<= � 7$�@R ������j�B ���24 �<.(C�g')�� S$�%� �<�,*���D��	+
�'�<= �W� ���'.')�+ 

2�����!0-/(*!&')�D$�@X(*'�
L��$��&�+ ���')(*$��M'�$B')�+ .6F�&'� �<��� �'��

a3b

��� �	���i9j: � ��S ����� ��� ���1����� � � 91�(� �%���%����
k? �����.c

"

�� J$�%� �<�,*������$��&G


�')<�	���')(*$��:��	+
�'.(C�+��,C	�!& ^�B ��������&(*
��B
;2&�M-]�&(*���U ���!g
��

�'� ��T


����')�+ =<��� �')-/$�<�QE(C�0@[$�<=�B��')(*$��D(C�N�S
�����,*��2&,* q@[��
)�&(*$����

"

�+ 

>

<=$�G

'�$
��$�,4�d	�
�'/��,C,*$�-g@[$�<I')�+ h$�%� �<�,*���B'�$�(C����<= ��B ��&'���,C,*�E �%�$�,*%� R(C�&'�$

�324 �'�'� �<h
�')<�	+��')	&<= .��
R�B$�<= �(C�&@A$�<=�B��')(*$��^24 ���$��B �
���%���(C,*��2&,* ��

"

�+ =<= D��<= D'P-/$Z2���
)(*�V�B �')�+$
!&
 @[$�<N��$��+
�')<�	���')(*$��Y$�@S$�%� �<�,*���




>

���&�0(C���–')<= � �
#@[$�<N!&��'��U!& �,C(*%� �<=��� ~ u&<=
�'E�

>&>

<=$������ (*
^'�$

��$��+
�')<�	���'�')�� B')<= � .!x(C<= ���'),*� GR')����'�(*
����B ���24 �<=
� �\

>

,C(*��(*'),*�M
� �G

,* ���'�')�� �(C<

>

��<= ��&'�
�@F<=$�� ���B$��+�7')�+ T�B ���24 �<=
�')�� ��#Q
�+$�- ™ …�šP�

p���<=��!&�L��$�-/ �%� =</��$��+
�')<�	���'�
?')<= � �
4(C�S��'P-/$�GP
�'� 

>.>

<=$
�� �
�
��Xˆ_(C<=
�'

(*'���$��+
�')<�	���'�
.�;<�(*���+ �<T��$��0�� ���'� �!M��<=�

>

�M')�+��'�-/ B'� �<=�

91��
k?

�

"

�+ T�B �
)�V��$�	0,*!D(C�V�� ��� �<=��,?24 S���M��<�2&(*')<=��<=�D��$��&�+ ���'� �!V
)	02&G

��<=�

>

�v$�@?')�� �„/ŽA@ zA')��$�	����Eph��<=��!0�B')<�(* �
�'�$. ��+
)	&<= �')�� ��B �
)�

����
R!0 �
)(C<=��2&,* 

>

 �<�@A$�<=�B������ 

>

<=$

>

 �<=')(* �
h��
R!
(*
���	+
�
� �! ,*��'� �<��C{T6[�

')�� B
� ���$��+!D
�'� 

>

��p���<=��!&�E��$���
�')<�	+��'�
;zF<= �%� �<=
� �{�
)��$�<='� �
�'

>

��')�




>

���&�0(C���D')<= � �
.$�@h')�� S�B �
)���J ������V')<= � B<=$
$�'� �!M��'.')�+ S��$�<�<= �G




>

$��+!
(C�+�E
�$�	0<=�� 3	+
)(C���#-I �,C,XQ
�+$�-/�E<=$�	�')(C���E��,*��$�<�(*')�+�T
��3ˆ_(*��G

	&<= ;‚�zF�4{

>

<= �
� =�&'�
����N �\
���

>

,* T�B �
)�N')����'�ph��<=��!0�S��$��+
�')<�	���'�


@A$�<�')�� 

>

�&�

)(*����,R'�$

>

$�,*$����D
)��$�-]�N(C�Mˆ_(*��	&<= ‚�zA�
{�����,*$��+�E-/(*')�

')�� J
)��$�<='� �
�'

>

��')�T


>

���&�0(C����')<= � X<=$
$�'� �!.��' 03��`^ X�+��%� /
� �%� =<=��,

<= ���
�$���
L@A$�<�')�&(*
R')-/$T
�'� 

>#>

<=$
�� �
�
��Iˆ_(C<=
�'��+��<=$�	

>

�T�������� ��B ��&'

@F	&�+��')(*$���
/��<= /��2+
�')<=����'� �!S$�	�'?����!3�+���+!
,* �!S��'X')�� R�B �
)�B<=��')�+ =<

')�����N<= 

>

,C(*����'� �!V���=<=$�
�
.�d	&,*')(

>

,* Nz

>

 �<.
�$�	0<=�� Š{�')<= � �
��

b

 ���$���!w�

!
(*
�')<�(C20	�'� �!#�� �	0<�(*
�')(*��
L@A$�<J<= 

>

��(C<�(C���B�B �
)�

>

��<=')(*')(*$��N����!S�B �
)�

$

>

')(*�3(*����')(*$��e��<= S��<= ���'),*�D
)(*�

>

,C(Cu+ �!g��
�,*$
$

>

��%�$�(*!&������ #(*
��+$

,*$����� =<.�B��$���
�')<=��(C�&'��

"

�&(C<=!w�4-I ��B���;,* �%� �<=���� 3
�'����+!&��<=!E<=$�	�')G

(C���^��,*��$�<�(*')���B
S@A$�<T��$���
�')<�	���')(*$��e$�@h!0��'��^!& �,C(*%� �<=�V')<= � �
��Nˆ_(CG

����,C,*���.�V�B �
)�U(*
7�B$�<= E<= �
)(C,C(* ��&'N'�$V')�+ E@A��(C,C	&<= D$�@B�B ��d24 =<=


')�����V�E')<= � T����!^�+ ���%
�M-/ �(*���&'

>

��<=')(*')(*$��5<= 

>

��(C<T�B ����+���0(*
��B


��<= �(C�&%�$�Qi �! ,* �
�
L@F<= 

o

	� ��&'),*���



6F�7$�	&<R�

>&>

<=$������_��')�+ =<= L(*
/�+$.��$��&')<=$�,�$�%� �<R')�� L<= �
)	0,*')(C���S


>

���0G

�&(C���^')<= � �
d@A$�<.�E��(*%� ��5�B �
)���#Hh ��+�� ��_(*'�24 ���$��B �
3(*�

>

$�<='����&'

'�$N��$��+
�')<�	���'S�^��$
$
!g�B �
)�g
�$M')�+��'B��$
$
!

o

	+��,C(*')�g')<= � �
B�B���

2t 

>

<=$
!x	��� �!4�M6[�

>

��<=')(*��	&,*��<��R-I ;��'�'� ��

>

'3'�$E =�+
)	&<= #')�� B@A$�,CG

,*$�-/(C���

>

<=$

>

 =<=')(* �
�ySzF(O{�')�+ B
)��$�<='� �
�'

>

��')�M!0 =,*���E24 �'P-/ � ��j���&�

>

��(C<h$�@_�T ��d2t �<=
/��,*$��+�T')�+ R�B �
)�S(*
/��'/�B$�
�'��m')(*�T �
/')�� ]	&�&(CG

����
�'�!& �,*���#24 �')-I � ��M')�+ ��7�4-]�� �<= �� (*
��7
��B��,C,?��$��+
�'����&'3���+!

zF(C(O{� ������D�B ��d24 =<��+��
��q,C(*�.(*'� �!^�
	��d24 =<B$�@J�� �(*���
2t$�<=
�(C�D')�� 

�T �
)�5-]�&(*���g!&$
 �
B��$�'. �\
�� � �!5�E��(*%� ��–z

>

 =<�G)�T ��d2t �<�{d24$�	0��!

����$�
� ��v'�$d<= �W� ���'I')�+ R2+���+!&-/(*!0')�N$�@_')�� ��T ��d2t �<�• 
I��$��&�+ ���')(*$��

'�$N')�� E6[�&'� =<��+ �'��

K

•w(*�3(*')(C���g')�� ;�
	��d2t �<S$�@h�+ =(*���
24$�<=
;<= ���	0G

,*��'� �
�')�� �@A����$�	�'�$�@?�B ���24 �<=
L(C�M')�� �


>

���0�&(C�+�E')<= � �
��

b

 ���$��+!4�

(*'S��$��&')<=$�,*
S')�� E$�%� �<��� ���!5$�@�<�	&�&�0(C���Z<=$�	+')(C���D��,*��$�<�(*')���B
E$��

')�� ��T �
)�_�

"

�� � �\
')<= ��T �����
� �-/�+ =<= L')�� ��T �
)�S(*
L����$�
� ��7'�$�24 

')�� h„/$��

>

,* �'� �ŽR(C<=')	+��,-@L<=�

>

�;(C����	&<=
/��,C,�')�� R$�%� �<��� ���!S$�@4<=$�	+')G

(C���E-/(*')�D��$��� B$�@/(*'�
�24 ��� �u�'�
3��
�')�+ .<= �
)	0,*')(C���N
)�+$�<='� �
�'

>

��')�




>

���&�&(C�+�7')<= � �
�!& ��� ��+ =<=��'� �
h'�$3�+��(*%� �	0�&(*����
�'�')<=����
��3(*
�
)(*$����

ph��<=��!0�S�+��
�
�')<�(CQ
(C���E!x(C“4 =<= ��+�� �
d@O<=$��”
� �,C@FGP��$��&u���	&<�(C�+�

>

<=$�'�$�G

��$�,*
X!& �%� �,*$

>

 �!B(C�T$�')�� �<?��$��&'� �\
'�
��Xˆ_(C<=
�'��
p���<=��!&�R!x(*
�')(C����	&(F
)�� �


(*'�
� =,C@L@O<=$��m��$�<=�B��,/<=$�	�')(C���

>

<=$�'�$
��$�,*
3(C�V')����'�(*'.���������� �
3')�� 

%� �<=�U'�$

>

$�,*$����–$�%� �<N-/�&(*���f<=$�	�')(C�+�U(*


>

 �<�@A$�<=�B �!4�

b

 ���$��+!4�

�T$�
�'. �\�(*
�')(C�+�M
� �,C@FGP��$��&u���	&<�(C�+�

>

<=$�'�$
��$�,*
E™ ‚Š‡x�?‚�‰&�L‚�Œ0�?‡�‡ŠšI��
)G


)	��B S�+��')(*%� M698–K#	&,*')(*����
�'7
)	

>&>

$�<='��gph��<=��!&�D��'�'� ��

>

'�
B
� �,C@FG

��$��&u+��	0<=��')(*$��g(C�j')�+ S��2�
� ����� S$�@R�S,*$�-/ �<.,* �%� �,I��	0,*')(*����
�'B
� �<�G

%�(*�� ��4����!#')�&(*
L(*
R@F	0��!&���B ��&'���,C,*�^�T$�<= ����+��,C,* ��+��(C�+�&�

`N . �\

>

,*��(C�5')�+ .!x(*
�')<�(C2&	�'� �!V��,*��$�<�(*')�+�T
3')����'�ph��<=��!&�;	�
� �
h'�$

��$���
�')<�	+��'I����!;�T��(C�&'���(C�v')�+ R�B �
)�;(C�

b

 ���')(*$��#‰&� ‚��X`N 

>

<= �
� ��&'

�� �	&<�(*
�')(*��
�')����'Rph��<=��!&��	+
� �
R'�$�(*�

>

<=$�%� ��B �
)�

o

	���,C(*')�S(C�

b

 ���G

')(*$��N‰0� ‡x�?p���<=��!&�B<�	0��
��B%���<�(*���&'�$�@?
�'�����!0��<=!E!x(*
�'����+�� B%� ���'�$�<

��,*��$�<�(*')�+�B
7$��e'�$

>

$�@h')�� E�B �
)�5����!Z	�
� �
B-/ =,C,LQ
��$�-/�g��,*��$�G

<�(*')���B
R'�$���$��+
�')<�	���'

>

 �<�GP
�$�	&<=�� .zF<= �%� �<=
� Š{J
)�+$�<='� �
�'

>

��')�v


>

���0G

�&(C���;')<= � �
L@A$�<R!&��'��S!0 =,C(*%� �<=���R`N �!
(*
���	+
�
h')�0(*
R(C�

b

 ���')(*$��N‰&� ‰&�

3.1 Group Management
`N �����%� �
� � ��v')�+��'Lph��<=��!0�B')<�(* �
�'�$.��$���
�')<�	+��'��.�B �
)�E���B$����

 =�+!.
��

�'� ��B


>

��<=')(*��(

>

��')(C�+��(C�T')�+ ?�d	&,*')(*����
�'X��<=$�	

>

�/6F�.')�0(*
�
� ���G

')(*$��_�4-I 

>

<= �
� ��&'��T ��������&(*
��B
�ph��<=��!&�B	+
� �
L'�$.Q
 � 

>

')�� ��B �
)�

��$��&�+ ���'� �!w�k'�$q(C����$�<

>

$�<=��'� q�� �-–�T ��d2t �<=
�(C�&'�$#')�� 3�T �
)�D���+!

'�$R<= 

>

��(C<

>

$�
�
)(C2&,* 

>

��<=')(*')(*$���
/')����'X�B����24 /����	�
� �!32&�.�B ���24 �<=


,* ���%�(C���#')�� ���<=$�	

>

$�<R2&�#�B ���24 �<R@A��(C,C	0<= ��

~h
�-/ .!0$#��$�'�-/(*
)�V'�$S<= �,*�E$��V�7
)(C�+��,* ;��$��&GA@A��(C,C(C���^ =�&')(*')�N'�$

Qi � 

>

')<=����QS$�@_��<=$�	

>

�B ���24 �<=
)�&(

>

�4')�� /20	&<=!0 =�E$�@���<=$�	

>

�T��(C�&G

'� =�+���+�� �(*
R
)�+��<= �!3��$�(C�&'),*�;2&�S��,C,X�B ���24 �<=
��

"

$.�����0(* �%� .�3�0(*���

!& ���<= � �$�@4<=$�2&	�
�')�+ �
�
���$�	&<h�

>&>

<=$������#(*
/'�$��+��%� � �%� �<=�T�B ���24 �<

�T��(C�&'���(C�f�^,C(*
�'7$�@���,C,�$�')�+ �<7�B ��d24 =<=
q(C�:')�� E��<=$�	

>

�

b

(C���� 

ph��<=��!0�3(*
h'���<=�� �'� �!#'�$�-/��<=!0
R
��B��,C,?
)(*�� �!7��<=$�	

>


��4�B��(C�&'���(C�0(C���

')�� E��$��

>

,* �'� D��<=$�	

>

�B ��d24 =<=
)�0(

>

,C(*
�';(*
S�+$�';�M�B����$�<7$�%� �<�G

�� ���!w�?a?%� �<=�S�B ���24 �<�• 
J,C(*
�'/�� � �!&
/'�$d2t L	

>

!0��'� �!#-/�� ��7�d�� �-

�T ��d2t �<R��$�(C��
�$�<r���N �\�(*
�')(C���N�B ���24 �<�,* ���%� �
��

"

�+ .������,C,* =�+�� 

(*
T'�$^!
(*
�
� ��3(C����'� E���+���+�� �
B(C�5��<=$�	

>

�T ��d2t �<=
)�0(

>

 �sS��(* =�&'),*���

 �


>

 ���(*��,C,*�^(C�N')�+ .��2�
� ����� .$�@?�S�d	&,*')(*����
�'�
� �<=%�(*�� 

>

<=$�%�(*!& �!^2&�

')�� ;,*$�-/ =<3,*���� =<��D`N #'�����Q
,* #')�&(*
32&�D �\

>

,*$�(*')(C�+�V')�� #�B �
)�j'�$

>

<=$

>

������'� .
)	+���E(C�&@A$�<=�B��')(*$����RH�$�-/ �%� �<��&')�0(*
h
�')<=��'� ����B(*
L��$��3G

>

,C(*����'� �! 2&�S')�� d@[����'/')����'R')�� ��B �
)�N�3(*���&'L(*'�
� �,C@?24 ���$��B 

>

��<�G

')(*')(*$��+ �!D-/�+ ��N�S�B ��d24 =<�,* ���%� �
��

"

$3������!x,* S')�&(*
��_-/ �<= 

o

	0(C<= 

')����'T ������5�B ���24 �<

>

 =<�(*$
!x(*����,C,F�U�� ��� �<=��'� 7� <= �@O<= �
)�5�B �
�
����� 

-/(*')�:�B$��+$�'�$��&(*����,C,O�U(C�+��<= ���
)(C���n
� 

o

	� ����� ^�
	��d2t �<���-/�&(*���:(*


!
(*
�
� ��3(C����'� �!E��,*$����B')�� R�B �
)���Ja?�����S�B ��d24 =<APtQi � 

>


/')<=����QB$�@

K

~L�5(*!0 ���,��B �
)�g(*
S�–œ)}h ���<= � �G _/$�	&�+!& �!���GP


>

���0�� �<=•g™*‚�‚=š�$�@

')�� M„]$��

>

,* �'� ^ŽR(C<=')	+��, @L<=�

>

�_�

"

�+ 

>

<=$�20,* �� $�@.��$��+
�')<�	���')G

(C���B}h ���<= � =G _I$�	&�+!& �!���GP


>

���0�� �<=
R$�@��.��<=�

>

�7�+��
J24 � ��v-/(*!0 �,*�


�')	�!
(* �!D(C�D�� =�&')<=��,C(*�� �!5
� �'�')(C����
.')�+��'���
�
)	��B S��$��

>

,* �'� B(C�&@A$�<�G

�T��')(*$��N���+!#(*
hp�8XGP��$��

>

,* �'� � �%� ��E(C�N
)	����v
��� �����<�(*$�
B™*‚�‚=š)�

���
	��
�����������������������������������
�������������� ���������!����#"���	$�&%('$)�������)

	*�+�*��,�-.���
	0/21*3+'�465879!��$�� 2�
 �	��
:;�� $"�%<'$�����������
���*�����
�����=-

>

�+�2�
?������� ��
	��������@�� 2�
 �	��
:@�����$1BAC	����
 $�D�� ������
	��D	����

�� �	��
:;/E1F3G' 465 3H,I7J�� �	��;��	���	���!�)��

>

��)����;�+�K��L&���� �	��
:@������1M�N�;/21F3G' 4

H

3O, 4

H

7PA.	����
 

>

�6�E' 4

HRQ

' 4+5 �#���� ���������	����S�� �	��
:$T����
	��*�� *�� ���	���1

>

��)����@�
U�T�?���	����$��	��$�
 �	��
:��*����1;	��;/21*3+' 465 3O,V7

���������
	$W�
.Xh)�� ����,��B�
�ZY!	�,\[ 6 � � 	��;[�	��

P

��,��
	�)�	�� / ��,��

� � 	�] �
	���^G� 	��
�
���.	_] �
��� � 	��2[ 	��
`ba

')�� 3@A$�,C,*$�-/(C���^(C�0@[$�<=�B��')(*$��V@A$�<. �%� �<=�N$�')�� �<.�B ���24 �<�cE(C�V')�+ 

��<=$�	

>

y�zF(O{L�T ��d2t �<���!0!
<= �
�

c=d_zF(C(O{L,*��
�'h
� 

o

	� ��+�� 3�
	+��24 �<

M

4

H

')����' P]Q
��$�-R
Pc^����
�(*
�
)	+ �!=d/���+!5zF(C(C(O{

�"�(�&��� �%��91�

��'�PL-/�+ =�QP

u&<=
�'J<= ��� �(*%� �!;(C�&@A$�<=�B��')(*$��N')�+��'�c3(*
�
)	� �!

M

4

H

�?6[@��B ���24 �<�Pw�+��


��$�'�<= ��� =(*%� �!D���D	

>

!0��'� B@F<=$��”�B ���24 �<�c#@A$�<Pegf ')(*�B ��k')�+ ����

P���
�
)	��B �
7')�+��'DcZ(*
S �(*')�� �<7!& ���!U$�<

>

$�'� =�&')(*��,C,*�

>

��<=')(*')(*$��� �!

@F<=$�� P)�M69'.')�� ��D(C�&(*')(*��'� �
7�E
� �'B$�@h����')(*$���
B'�$E!& �'� �<=�3(C�� E')�+ 

 �\�(*
�'� ����� B$�@?�

>

��<=')(*')(*$��M����!#<= 

>

��(C<�(*'/(C@

>

<= �
� =�&'���
R!
(*
���	�
�
� �!

(C�

b

 ���')(*$��N‰&� ‚�� ‰&�

8X<=$

>

������')(*$��e$�@/<= �@O<= �
)�V�B �
�
����� �
�@F<=$��  �%� =<=�^�B ��d24 =<B��,*$����

')�� 3�B �
)�N��$�	&,*!

>

$�'� ��&')(*��,C,*�E24 

o

	&(*'� B �\

>

 =�+
)(*%� ��.6[��
�'� ���!w��-/ 

<= 

o

	&(C<= S')�+��'� ������V�B ���24 �<

>

 �<�(*$
!x(*����,C,O�Z �\
���������� B(*'�
�Q
��$�-/,CG

 �!&�� S$�@]��<=$�	

>

�B ��d24 =<=
)�0(

>

-/(*')�D(*'�
��� �(*���
24$�<=
3(C�V')�� B�B �
)���

~:�B �
�
����� d@O<=$��›�T ��d2t �<�P_'�$B�.�+ �(*���
24$�<

`

��$��&'���(C��
���,C(*
�'�$�@

 ��&')<�(* �
���$��� � ��&')<=�B@A$�</ ������E�B ���24 �<hc;')����'jPwQ
�+$�-R
/(*


>

��<='/$�@

')�� 3��<=$�	

>

��a?�����M ��&')<=�;����
�')�� d@[$�,C,*$�-/(C�+�#u� �,*!&
�y3zF(O{��B ��d24 =<

��!&!
<= �
�
Dc=dJ���+!UzF(C(O{d,*��
�'B
� 

o

	� ����� ;�
	��d2t �<

M

4

H

')����' P]Q
��$�-R


cD�+��
B(*
�
)	+ �!4�:•L�5<= ��� �(*%�(C���V�^�B �
�
����� #@O<=$��1�N�+ �(*���
24$�<

`

�

�B ���24 �<0PL	

>

!&��'� �
S(*'�
;'���20,* E������$�<=!x(C���V'�$^')�� 

>


� =	+!&$V��$
!0 

>

<= �
� ��&'� �!#(C�Nˆ_(*��	0<= T‡x�

ˆ_(C����,C,*������(*%� =�S')�+��'X��!
(*
�'������� R%� ���'�$�<X<=$�	�')(C������,*��$�<�(*')�+� (*
l<�	&�

$��M'�$

>

$�@]')�+ .�B �
)�Uz

b

 ���')(*$��V‰0� ‰
{��+<=$�	+')(C���E	

>

!&��'� T�B �
�
����� �


 �\
���+���+�� �!;2t �')-/ � ��#�� �(*���
2t$�<=
������S(C�+�=,C	+!& 3�T ��d2t �<R
� 

o

	� ����� 

�
	��d24 =<�(C�&@A$�<=�B��')(*$��M-/(*')�E�3(C�&(*�d	��  �\
')<=�T$�%� �<��� ���!4�

3.1.1 MemberJoin
`Z�� ��e�D�B ���24 �<S-/(*
)�� �
#'�$S��$�(C�U�N��<=$�	

>

�Rp���<=��!0�M��
�
)	��B �


')����'�')�� 3�B ��d24 =<�(*
���2&,* ;'�$S�� �'��S,C(*
�'�$�@R��<=$�	

>

�B ��d24 =<=
�2&�

���e$�	�')GP$�@FGA2�����!Z24$
$�'�
�')<=�

>

�T ��������&(*
��#�

"

�� ;,C(*
�'S�+ � �!0
3�� �(CG

')�� �<S24 E��$��

>

,* �'� E��$�<7�����=	0<=��'� ��/20	�'S�d	�
�'S��$��&'���(C�:��'3,* ���
�'

$��� #�=	0<�<= ��&'),*�V����')(*%� E��<=$�	

>

�T ��d2t �<��V6F�g')�&(*


>

�

>

 �<��I-/ S!0$

��$�'���!&!
<= �
�
�')�+ .(*
�
)	+ S$�@I')�� 324$
$�'�
�')<=�

>

�T ��������&(*
��#�T`^ 32t �G

,C(* �%� ;')����'h
)	+���N�S�B ����+���0(*
�� (*
h�

>&>

,C(*����')(*$��5


>

 ���(Cu��B����!N$�	&<

>

<=$�'�$
��$�,w(*
R��20,* �'�$.������$��B�B$
!&��'� �!
(C“4 �<= =�&'L-I���

I$�@�$�2�'���(C�&(C�+�

')�� �24$
$�'�
�')<=�

>

(C�0@A$�<=�B��')(*$��_�

"

�+ S��$�(C�0(C���U�B ���24 �<7<=����!0$��3,*�n
� =,* ���'�
#�D@A �- ��<=$�	

>

�B ��3G

24 �<=
�@F<=$�� ')�+ B,C(*
�'.��%���(C,*��2&,* E'�$#(*'3���+!M
� ��+!&
.')�+ �� �B �
�
����� �


<= 

o

	� �
�')(C���D'�$#24 S��!&!0 �!g��
.�#�� �(*���
24$�<��V6A'd<= 

>

 ���'�
B')�� 

>

<=$�G

�� �
�
?	0�&')(C,4(*'/�� �'�
/��<= �


>

$��+
� �@O<=$�� 
�$��B h�B ���24 �<��&-/�+ =�;(*'?�+��



)	����� �
�
)@F	&,C,*�^��$�(C�� �!V')�+ 7��<=$�	

>

�^Hh��%�(C�+�#��$�(C�� �!w�?')�� #�B ��d24 =<

')�� ��N
�'���<='�
h �\
����������(C���;<= =@F<= �
)�N�B �
�
����� �
h-/(*')�E(*'�
L�� �(*���
24$�<=
��

"

�+ I�B ����+���0(*
��B
I!0 �
��=<�(C24 �!# ���<�,C(* �<I-/(C,C,4 ���
)	0<= R')����'?')�+ J�� �-/,*�

��$�(C�+ �!M�B ���24 �<T����!^')�� B<= �
�'�$�@I')�+ S��<=$�	

>

,* ���<��j��24$�	+'. ������

$�')�� �<

o

	&(*��Q
,*���

3.1.2 MemberLeaveandFailure
`Z�� ��:�D�T ��d2t �<#,* ���%� �
#�D��<=$�	

>

�R(*';��$�')(Cu� �
#(*'�
B�� �(*���
24$�<=
��

����!E')�&(*
�(C�0@A$�<=�B��')(*$��^(*


>

<=$

>

������'� �!D'�$B')�� d<= �
�'L$�@/')�� ���<=$�	

>

�B ���24 �<=
.��,*$��+�M')�+ S�B �
)���N6F�

b

 ���')(*$��U‰0� ‰0�k-/ B-/(C,C,h!0 �
��=<�(C24 

$�	&<7 ��&�+���+�� ��B ��&'E'�$D!
(*
�'������� D%� ���'�$�<S<=$�	+')(C���V')�+��';<= 

o

	&(C<= �


�;,* ���%�(C���N�B ���24 �<T'�$#��$��&')(C�
	+ B@A$�<=-/��<=!
(C�+�

>

����Q
 �'�
d@A$�<.
�$��B 

')(*�B .'�$3�.(C�0(*�3(*�� ;')<=���+
)(* =�&'

>

����Q
 �'R,*$�
�
��



E

F

C

B A G

D

���������
	�� 
 X �"�.������	 /����
� ����� �
���������.�.6

���
	��$!��$����U��
U��$����������!������#���������*�N�
�$�.�������
	���T�T��
?

�����������*�� ��S������U��
 ����# �U
��!�����U�T�?���	����������$��	�)��
����		�

f

	*�+���=- ���
	�� !��@����
*�6��U
�S	*�6������ 2�
 �	��
:@����:��������*�� ;�� ��=-

���*�N)��
�����
!����*�� 

��T�?���	��	���

���*�N)�������������� ��!#"�$��� �?

%'&)(+*

!#"�$2�N�@T��������
 �	;�� ��@�����

Q

�9	*�6�����

!��
�*�� 

"-,/.

&)0213&213&

!#"4$��

5� *��	*����	�� T����
!��$�
:���)���	��$?��
	����N� �� ��@�+��"0�N�$?��
��?

���$	��$��?�?��2)��� �6$	��;��	I-

�
 �?

�+�7�'��������� ��!#"4$��D!��
�*�� 

8�9�:�;

,=<

&2>�?

� @3!#"�$BADC�E#F

1

�HG�I J

&

�

K*��	���T����
!���!*�N)��+	�:

8�9�:�;

!��
�F�� 

"�,L.

&)0213&213&

!#"�$��

5� F��	*����	��DT����
!��S�
:���)��@	��$?��
	������ �� ��@�+��"0�N�$?�����?

���$	��$��?�?��2)��� +6S	��;��	B-

�
 �?

��)����
TM�ON��b-PA+A�Q�)����
T@�����$	F�+���RN2�������
 �?��

�
 �?

���������
	TS�
�4�)�^�	�1X����� ,����.���.��� ����^�� ���
	�1J[�6(� 	��2[�	��

P

�"���
	����.���h� 	���^2�����
� ��� ����,

`N E��,*
�$N�+ � �!g'�$N��$���
)(*!0 =<E')�� E!x(CsS�=	0,*'7����
� E$�@���2&<�	

>

'B@A��(C,CG

	&<= ��76F�D
)	����j�#����
� ��_@A��(C,C	0<= S
)��$�	&,*!j2t ;!& �'� ���'� �!^,*$
����,C,*�Z���+!

>

<=$

>

������'� �!V'�$7')�+ 3<= �
�'3$�@/')�� S��<=$�	

>

�76[�M')�0(*


>

�

>

 �<��?-/ .��
)G


)	��B ��3@[��(C,*
�'�$

>

@[��(C,C	&<= B�B$
!& �,?™ ‚�ƒ�šP�0-/�&(*���N�T �����
R')�+��'L$��+�� ��

�T ��d2t �<h!x(* �
��&(*'/<= ��B��(C��
L(C�v')�+��'/
�'���'� ��+����!#')�� L@[����'/')����'R')�� 

�T ��d2t �<J(*
?!& ���!3(*
?!& �'� ���'���20,* R2&�3$�')�+ �<I�B ���24 �<=
��k`^ R �\

>

,*��(C�

')�� B����')(*$���
3'���Q
 ��M$��M�B ���24 �<r!0 ���')�V-/(*')�N<= �


>

 ���'�'�$Sˆ_(*��	0<= 

‰&�

"

�&(*
� �\
���

>

,* B!& 

>

(*��'�
�')�� 3�B �
)�^24 �')-/ � =�N��<=$�	

>

�B ���24 �<=


��'��S��(*%� ��

>

$�(C�&'�(C�D')(*�T ���~�
�
)	��B B')����'h�B ���24 �<64 !x(* �
��d69'�


�� �(*���
24$�<=
R(C�#')�� ��T �
)�_� 0.��Un
�'�$

>

<= ��� �(*%�(C�+�B<= �@O<= �
)�S�B �
�
����� �


@O<=$�� 43�?a?�����7$�@X')�� ��›(C��!0 

>

 ���!0 ��&'),*�N
� ���!;<= �!
	&�+!&���&'

>

<=$�24 

�T �
�
����� �
3'�$ 43�4
)	����j')�+��'�')�� 

>

<=$�2+��20(C,C(O')�M �%� �<=�

>

<=$�2t B�B �
)G


����� �zA$�<X(*'�
X<= 

>

,*�&{l(*
X,*$�
�'X(*
J%� �<=�3
��T��,C,A�I6[@ 4g!&$
 �
X�+$�'l<= �


>

$���!

'�$T���&�

>

<=$�2t ��B �
�
����� ��4')�� ��_��0n���+!�U–��
�
)	+�B 4–'�$32t �!0 ���!

���+!

>

<=$

>

������'� .')�0(*
R(C�0@[$�<=�B��')(*$��M')�0<=$�	+���+$�	+'�')�� ��B �
)���

a?%� =<=�;�T ��d2t �<��� � �!&
R'�$3<= �'���(C�N =�&')<�(* �
/(C�E(*'�
L��<=$�	

>

�B ���24 �<�G


)�&(

>

'���2&,* E@A$�<S!& ���!g�B ���24 �<=
��f•�')�� �<=-/(*
� ��/(*'B(*
B(*�

>

$�
�
)(C2&,* 

'�$T!x(*
�')(C����	&(*
)�D24 �'P-/ � ��N��<= �@F<= �
)�N���&�+$�	0����(C���#�3�� �-:�B ���24 �<

���+!T��<= �@F<= �
)�S���0��$�	&����(C�+�T
�'���,* /(C�0@[$�<=�B��')(*$��#<= �����<=!
(C���3�h!0 ���!

�T ��d2t �<��XH�$�-/ �%� �<���!0 ���!B�B ��d24 =<X(C�0@A$�<=�B��')(*$��7�����B2t JW0	�
)�� �!

��@A'� �<h
)	&sS��(* ��&'h���B$�	0�&'h$�@?')(*�B ��

3.1.3 RepairingMeshPartitions
69'�(*


>

$�
�
)(C2&,* E')����'B�B ��d24 =<B@A��(C,C	&<= E�����g����	�
� #')�� ;�T �
)�5'�$

2t ���$��T 

>

��<=')(*')(*$��� �!w�Rˆ�$�<h �\
���

>

,* ��&(C�Nˆ_(*��	&<= �‰0�
(C@?�B ���24 �<.0

!
(* �
��?')�� B�B �
)�D2t ���$��T �


>

��<=')(*')(*$��+ �!w�N6F�D
)	����V�#����
� ��X�B ��3G

2t �<=
R�d	�
�'Lu&<=
�'R!0 �'� ���'R')�+ � �\�(*
�'� =�+�� .$�@?�

>

��<=')(*')(*$����4����!E')�+ ��

<= 

>

��(C<L(*'?2&�B��!&!x(C���S��'J,* ���
�'/$��+ �%�(C<=')	���,4,C(C�&QE'�$�<= ���$��0�� ���'R')�� 

�T �
)�_�?KE ���24 �<=
h$��v ������E
)(*!& 3$�@?')�+ 

>

��<=')(*')(*$��D
�'�$

>

<= ��� �(*%�(C�+�


� 

o

	+ ����� ��
	��d2t �<R	

>

!&��'� �
L@F<=$��›�B ���24 �<=
I$��E')�� �$�')�+ =<�
)(*!& B�

"

�&(*
���$��+!
(*')(*$��N(*
�!& �'� ���'� �!#2&�S�B')(*�B �$�	+'h$�@?!
	0<=��')(*$��2e
f

�

a?�����:�B ���24 �<v�B��(C�&'���(C�+
N�

o

	+ =	+ D$�@.�B ���24 �<=
E')����'S(*';����


VXWZY�[]\7Y�^B_�`a^Bbc[dbc^#e

� "3�D!��
�*�� 

f

,&�hg �(,ji�,�k

�����S�
���
���*����!����Rlm�Ol  ��
	��#�D!����*�� 

npo

,E�
U������
 �	$)
��	��
 ��
:�!��
	+�����
 ��
�� �?	l ��)��� ����*���
�

q/o

,; �����)
��	��� ��
:�!���	������
 $�.�� �?�l ��)��
 ��@�������

�+�E��?����@�srN"t����������?�?��
?

�6�u�

q/o

/

npo

�D	����
 �!��
�F�� 

f

,&�hg � ,hiwvyx{z

F�|4}�F

z

F

�� �?

�
 �?

���
	�U��
 

f

,&�hg � ,hi

���������
	�~ 

X ���.��� ����^��

P

���
	��h��,�1�	��
	�� ����,�� ,��0��� ����� � 6 �b]

��1�1X� ,�� ����,VY �
�2`


�'�$

>&>

 �!.<= ��� �(*%�(C���3
� 

o

	+ ����� /�
	��d24 =<J	

>

!&��'� �
X@F<=$��U@A$�<?��'w,* ���
�'

e f ')(*�B ��N6A'�<�	0��
B�E
����+ �!x	&,C(C�+�V��,*��$�<�(*')��� ')����'

>

 �<�(*$
!
(*����,C,O�

����!

>

<=$�2���2&(C,C(*
�')(O����,*,*�E!0 =,* �'� �
R�3�T ��d2t �</@F<=$��›')�� L�� ���!S$�@k')�+ 

o

	� �	+ ��

"

�+ S!& �,* �'� �!V�B ���24 �<.(*


>

<=$�24 �!V����!D(*'d(*
. �(*')�� �<S!& �G

'� �<=�3(C�� �!N'�$B24 3!& ���!w�4$�<��B,C(C�0QE(*
���!0!& �!N'�$3(*'��

"

�� .
����� �!
	0,CG

(C���D��,*��$�<�(*')��� (*
B��!��P	+
�'� �!5
�$^')����'.�+$N ��&')<=�^<= ��T��(C��
q(C�e')�+ 

o

	� �	+ R@A$�<I�B$�<= �')�����S��24$�	&��!0 �!

>

 �<�(*$
!7$�@�')(*�B ��Xˆ&	0<=')�� �<��&')�+ 

>

<=$�2���2&(C,C(*')�D%���,C	� 3(*
h����$�
� ��M����<= �@F	&,C,*�^
�$B')����'R(C�D


>

(*'� B$�@?
� �%�G

 �<=��,_�T ��d2t �<=
/
)(*��	0,*'����+ �$�	+
),O�E��'�'� ��

>

')(C���S'�$d<= 

>

��(C<

>

��<=')(*')(*$��

$��&,*�#�.
��B��,C,_�
	��d24 =<�$�@_�� �-g,C(C�&Q&
���<= h��!&!0 �!w�

"

�� ���,*��$�<�(*')�+�

(*
�
)	��B�B��<�(*�� �!#(C�Nˆ_(*��	0<= .Œ0�

3.2 Impr oving meshquality
"

�+ R��$��+
�')<�	���'� �!7�B �
)�7�����B24 

o

	&(*'� �
)	&20GP$

>

')(*�B��,A�024 �����	�
� BzF(O{

(C�&(*')(*��,/�� �(*���
2t$�<T
� �,* ���')(*$��Z2&�7�S�B ���24 �<R��$�(C�0(C���E')�+ .��<=$�	

>

(*


<=����!&$��›��(*%� ��S,C(*�3(*'� �!#��%���(C,*��2&(C,*(*')�#$�@�'�$

>

$�,*$����.(C�0@A$�<=�B��')(*$��E��'

24$
$�'�
�')<=�

>

d_zF(C(O{

>

��<=')(*')(*$��E<= 

>

��(C<h�3(*���&'/������<= �
�
)(*%� �,*�7��!&!S �!0�� �


')����'R��<= h �
�
� ��&')(*��,�@A$�<]')�+ ��B$��B ��&'/2&	+'J��$�'/	�
� �@F	&,4(C�E')�� �,*$����

<�	&�Id+zF(C(C(O{X��<=$�	

>

�B ���24 �<=
)�&(

>

�B�������+���+�� /!
	+ /'�$R!&���+���3(*�X��$�(C�

����!^,* ���%� �dX����!gzF(*%&{L	&�+!& �<�,*��(C���^�� �')-/$�<�QN��$���!
(*')(*$���
��J<=$�	�')(C���

����!;,*$���!E�B���B%���<=���?p���<=��!0�T��,C,*$�-R
L@A$�</(C�+�=<= ��B ��&'���,_(*�

>

<=$�%� �G

�B ��&'?$�@t�B �
)�

o

	���,C(*'P���/KE ���24 �<=


>

<=$�24 R ������S$�')�� �<R��'_<=����!0$��

����!��+ �-E,C(C�&Q&
J�B���R24 /��!&!& �!3!& 

>

 =�+!
(C�+��$��.')�+ 

>

 �<=�� �(*%� �!T����(C�

(C�

� � �"�"���%!

(C�E!&$�(C���#
�$&�?ˆ0	0<=')�� �<��&�B ���24 �<=
h��$��&')(C�
	�$�	�
),*�E�B$��0(CG

'�$�<r')�+ �	�')(C,C(*')�N$�@I �\�(*
�')(C���;,C(C�&Q&
��X����!E!
<=$

>

,C(C�&Q&


>

 =<=�� �(*%� �!^��


��$�'�	+
� �@O	0,A�

"

�0(*
.!&���+���3(*�E��!&!x(C���N����!Z!
<=$

>&>

(C�+�D$�@R,C(C�0Q&
3(C�

')�� ��B �
)�v!x(*
�')(C����	&(*
)�� �
�ph��<=��!0��@F<=$��Y$�')�� �<R'�$

>

$�,*$����#�T��(C�&'� �G

�������� 

>

<=$�'�$
��$�,*
��

"

�+ /(*
�
)	� R')�+ ��T(*
/')�+ I!0 �
)(*���7$�@��L	�')(C,C(*')�B@F	&�+��')(*$��7')�+��'l<= =W+ ���'�


�B �
)�

o

	���,C(*'P���U~ ��$
$
!

o

	+��,C(*')�5�B �
)�5�d	�
�'B ���
)	&<= E')�+��'B')�+ 


)��$�<='� �
�'

>

��')�E!& �,*���;24 �'P-/ � ��v���&�

>

��(C<�$�@k�B ���24 �<=
h��,*$����S')�+ 

�B �
)�N(*
���$��

>

��<=��2&,* #'�$7')�+ �	0�&(*����
�'3!& �,*��� 2t �')-/ � ��D')�� ��#�T~

�B ���24 �< Pd��$��

>

	+'� �
#')�� 	�')(C,C(*')�U����(C�:(C@.�j,C(C�&QU(*
#��!0!& �!U'�$

�B ���24 �<

`

2+��
� �!D$��5zF(O{�')�� d�
	��d2t �<B$�@/�T ��d2t �<=
�'�$#-/�&(*���

`

(*�

>

<=$�%� �
R')�� �<=$�	�')(C�+�B!& �,*���S$�@ PGd&���+!NzF(C(O{I��$�-U
)(*���&(Cu+�����&'�')�&(*


(*�

>

<=$�%� ��B =�&'J(C�S!& �,*���3(*
��Xˆ_(*��	&<= �†

>

<= �
� ��&'�


>


� �	�!0$.��$
!& R')�+��'

Pw	�
� �
/'�$.��$��

>

	�'� �')�� �����(C�#(C�7	+')(C,C(*'P�;(C@X��,C(C�&Q#'�$.�B ���24 �<

`

(*


��!&!& �!w�

"

�+ /	�')(C,C(*')�#�����7'���Qi ����B��\�(*�d	�� %���,C	� �$�@€•_�0-/�� �<= ••

(*
?')�+ /�
	��d24 =</$�@_��<=$�	

>

�B ���24 �<=
 P0(*
/��-/��<= I$�@��Xa?�����S�B ��d24 =<

‚

�����N��$��&')<�(C2&	�'� B�B�B��\�(*�d	��m$�@R‚.'�$B')�+ �	�')(C,C(*')���_')�� 3����')	���,

��$��&')<�(C20	�')(*$��D2t �(C�+�0P

%

M

<= �,*��')(*%� B!& ���<= ���
� d(C�M!0 =,*���7'�$

‚

(C@I')�+ 

 �!&�� .'�$

`

-/ �<= ���!0!& �!4�

`N ;��$�-

>

<= �
� ��&'S!& �'���(C,*
7$�@h�+$�- p���<=��!&�D��!&!&
;���+!V<= ��B$�%� �


,C(C�&Q&
�@F<=$�� ')�� ��B �
)���

Xh1�1X��� ����,^�b] ����,VY.�+


p���<=��!&��<= 

o

	&(C<= �
J �%� �<=�.�B ���24 �<?'�$h��$��&G


�'����&'),*�

>

<=$�24 �$�')�+ �<]�B ���24 �<=
��I„J	0<�<= ��&'),*���0')�� R��,*��$�<�(*')��� ')�+��'

-/ 3	�
� 3(*
.'�$#��$��+!
	���'3�

>

<=$�24 

>

 �<�(*$
!
(*����,C,O���I����!

>

<=$�24 S
�$��B 

<=����!&$�� �B ��d24 =<. ������N')(*�B ��

"

�&(*
���,*��$�<�(*')���1��$�	0,*!E24 B�B��!0 


��B��<='� �<32&�E%���<=��(C�+�D')�� 3(C�&'� �<=%���,/24 �'P-/ � ��

>

<=$�2t �
B!& 

>

 ���!x(C���

$��M�+$�-›
���')(*
)u+ �!Z�E�T ��d2t �<3(*
.-/(*')�V')�� 

>

 �<�@A$�<=�T������ #$�@R')�+ 

�B �
)���X��
�-/ �,C,I��
����+$
$�
)(C�+�N-/�+$�� '�$

>

<=$�24 B2+��
� �!D$��^<= �
)	&,*'�




VpWZY�[]\ Y�^�_��������B_	����\��
���	�B^

�����
!����*�� 

n

:

'6,

H

5

,2 �U
��!����@����������!������#���������*�N�
�$�.U������@"S���

 ���
�	$���
T$�����D�����������
?F�� ��DT�����6��
	��=-

n

:

'6,

5

H

,2 �U
��!����@����������!������#���������*�N�
�@"�U������@�8���

 ���
�	$���
T$�����D�����������
?F�� ��DT�����6��
	��=-

���
	�U��
 �


Y	�

�

n

:

'+,

H

5

A

n

:

'+,

5

H

�

�
 �?

���������
	�� 
$X ���.��� ����^��

P

���"	�� �
�Q1�	��
	�� ����,�	 )���,��"	�,�� ���

)����
���
��� ,�	�� �g^I[���� `

$�@

>

<= �%�(*$�	�


>

<=$�24 �
��

`V�+ =�E�B�B ��d24 =<AP

>

<=$�24 �
h�3�B ��d24 =<

`

�

`

<= �')	0<���
R'�$�P_�B��$

>

�

$�@X(*'�
�<=$�	�')(C�+�7'���2&,* ��APl	�
� �
�')�&(*
�(C�&@A$�<=�B��')(*$��M'�$S��$��

>

	�'� 3')�� 

 �\

>

 ���'� �!M����(C�N(C�N	+')(C,C(*'P�^(C@/�S,C(C�0QM'�$

`

(*
���!&!& �!D��
h!0 �
���<�(C24 �!

(C�:ˆ_(*��	0<= N†
� P�!0 ��=(*!0 �
7'�$^��!0!U�E,C(C�&Q:'�$

`

(C@�')�� E �\

>

 ���'� �!

	�')(C,C(*')�N����(C�V �\
�� � �!0
h�S��(*%� =�V')�0<= �
)�+$�,*!w�

"

�� 3')�&<= �
)��$�,*!D%���,C	+ 

(*
R��@F	&�+��')(*$��N$�@ P

%

M

 �
�')(*�B��')(*$��N$�@X��<=$�	

>


)(*�� �������!;')�� ���	&<�<= ��&'

���+!S�B��\�(*�d	��›@A���+$�	+'/%���,C	+ �
I$�@-P_����!

`

<= �


>

 ���')(*%� �,*���/ˆ_(C����,C,*���

P4�B������,*
�$.��!&!B�L,C(C�&Q7'�$

`

(C@�')�+ 

>

�&�

)(*����,�!& �,*���d2t �')-/ � ��S')�� ��

(*
I%� �<=��,*$�-g����!S')�+ R��	&<�<= ��&'/$�%� �<�,*���B!0 =,*���.24 �')-I � ��7')�+ �� %� �<=�

�&(*�����

� �
��������,�� �b] ����,VY.�+


69!& ���,C,*���R')�+ B,*$�
�
B(C�V	�')(C,C(*')�D(C@��#,C(C�&Q

-I �<= �'�$d2t �!x<=$

>0>

 �!^��	+
�'I �\
����'),*�E 

o

	+��,X')�� �����(C�E(C�7	+')(C,C(*'P�#(C@

')�� �
����B L,C(C�&QE-I �<= L(*�B�T �!x(*��'� �,*�;<= =G)��!0!& �!4�/Hh$�-I �%� �<��&')�&(*
/<= �G

o

	&(C<= �
R �
�')(*�B��')(C�+�S')�� L<= �,*��')(*%� �(C����<= ���
� d(C�7!& �,*���;'�$.�.�B ���24 �<

(C@k��,C(C�0Q7-/ =<= /!x<=$

>0>

 �!#���+!B(*'X(*
/!x(Csq��	0,*'R'�$�$�2+'���(C�E
)	����S(C�&@A$�<�G

�T��')(*$����R6F�+
�'� ���!4�0-I L$�%� �<= �
�')(*�B��'� �')�+ h����')	���,4	�')(C,C(*')�#$�@X��,C(C�&Q

2&�.(*'�


�&��

�

�

"

�+ h��$�
�'I$�@X��,C(C�&Q;2t �')-/ � �� P_���+!

`

(C� P

%

M

>

 �<=�� 

>

G

')(*$��^(*
�')�� 3�
	��d2t �<.$�@I��<=$�	

>

�T ��d2t �<=
L@A$�<.-/�0(*����PX	+
� �


`

��


�� �\
'��+$

>

�78X �<�(*$
!
(*����,C,*�
�I�#�B ���24 �<T��$��

>

	�'� �
.')�+ 

�&����

� � 
���


�&��

�

$�@4(*'�
J,C(C�&Q#'�$� �%� �<=�3�� �(*���
24$�<R	�
)(C�+�B')�� R��,*��$�<�(*')���m
)��$�-]�

(C�qˆ_(*��	&<= /€0�?6A'_')�� ��

>

(*��Q&
J')�� J�� �(*���
2t$�<R-/(*')�.,*$�-I �
�'X��$���
� ���
)	+


��$�
�'����+!E!
<=$

>


�(*'L(C@I')�� ���$���
� ���
)	+
���$�
�'L@A��,C,*
�24 �,*$�- �B�� �<='���(C�

')�&<= �
)��$�,*!4�

"

�� �')�&<= �
)�+$�,*!;(*
/������(C�E��$��

>

	�'� �!S��
?��@F	0����')(*$��#$�@

')�� S�B ���24 �<�• 
� �
�')(*�B��')(*$��5$�@R��<=$�	

>


)(*�� S����!^(*'�
.��	&<�<= ��&'3���+!

�T��\�(*��	+�c@A����$�	�'��

"

�+ S��$��+
� =�+
)	�
B��$�
�'3$�@��#,C(C�&QD<= 

>

<= �
� ��&'�


')�� ��B��\�(*�d	�� $�@?')�� ���$�
�'R$�@X')�� �,C(C�&Q#(C�E ������#�� �(*���
24$�<�• 


>

 �<�G

�� 

>

')(*$��_���J �'���(*'/�.(*���&'J24 R��$��

>

	+'� �!B,*$
����,C,*�#��
J')�� R�B �
)�S<�	0��


�T!x(*
�'����+�� T%� ���'�$�<h��,*��$�<�(*')�+� -](*')�

>

��')�E(C�0@[$�<=�B��')(*$����

•L	&<?�+ �	&<�(*
�')(*��
/@A$�<J,C(C�&Q
GP!x<=$

>0>

(C�4�B�+��%� L')�� /@A$�,C,*$�-/(C���B!0 �
)(C<=��2&,* 

>

<=$

>

 �<=')(* �
�y

a b

�%��'(�$�"���%!fc

~m,C(C�0Q:')����'7p���<=��!&�Z!
<=$

>


#(*
;	&�&,C(CQ
 �,*�:'�$D24 

��!0!& �!5������(C�U(*�B�B �!
(*��'� =,*���

"

�&(*
B(*
S ��+
)	&<= �!g2&�D
� �%� �<=��,�@A����G

'�$�<=
�yDzF(O{B')�+ E')�&<= �
)��$�,*!g@A$�<S!
<=$

>&>

(C���g�E,C(C�0QU(*
B,* �
�
S')�����e$�<

 

o

	+��,_'�$�')�� �')�&<= �
)��$�,*!S@A$�<I��!&!x(C���B��,C(C�&Q=dXzF(C(O{J')�� ]	�')(C,C(*')�7$�@����

 �\�(*
�')(C�+�S,C(C�0QE(*
h$�%� �<= �
�')(*�B��'� �!E2&�#')�� ���$�
�'R�B �')<�(*��dXzF(C(C(O{�!x<=$

>

G

>

(C���D$�@R,C(C�&Q&
q(*
T!0$��+ 7��$���
)(*!0 =<�(C�+�V')�� 

>

 �<=�� 

>

')(*$��e')�+��'324$�')�

�T ��d2t �<=
J����%� �<= �����<=!x(C���3,C(C�&QE��$�
�'
d4zF(*%&{J�d,C(C�&QE-/(*')�7
��B��,C,_!& �G

,*���S(*
L��$�'R!x<=$

>0>

 �!w�

a

V ���&�%���%����� ��S(��������� �&�
c

`^ 

>

<= �
� ��&'R���B(C�&@A$�<=�B��,k��<=��	��B ��&'I��


'�$T-]�&�7$�	&<�,C(C�&QN!x<=$

>0>

(C���#��,*��$�<�(*')���c!0$
 �
R�+$�'R����	�
� 3�

>

��<=')(CG

')(*$��B��
�
)	+�.(C�+��
�'� ���!0��
�'���'� J��$���!x(*')(*$��+
/���+!.��
�
)	��3(C�����d	&,*')(

>

,* 

,C(C�&Q&
S��<= S�+$�'3!
<=$

>&>

 �!5��$�����	&<�<= ��&'),*���D~h
�
)	+�T #')����'.�B ���24 �<

PR!x<=$

>


.�+ �(*���
24$�<

`

�

"

�&(*
B��$�	0,*!D<= �
)	&,*'3(C�5��'.�B$�
�'3'P-/$

>

��<�G

')(*')(*$��+
��v~�
�
)	��B S')�+ S
)(*�� S$�@�P

%

M

>

��<=')(*')(*$��g(*
��

H

����!D')�� B
)(*�� 

$�@

`

%

M

>

��<=')(*')(*$��5(*
��

5

�#ˆ0	&<=')�� �<��X��
�
)	��B S24$�')�QP/���+!

`

Q
�+$�-

��,C,h�B ���24 �<=
B��	&<�<= ��&'),*�D(C�5')�+ 7��<=$�	

>

�

"

�� ��_�?')�� #
)	��1$�@��

H

���+!��

5

(*
B')�� E
)(*�� E$�@r')�+ 7��<=$�	

>

�

"

�
	�
 4��

M��

H

5

�d	�
�'324 7��'

,* ���
�'��

5

���+!/4��

M��

5

H

��	+
�'/24 .��'/,* ���
�'��

H

�&���+!E��'],* ���
�'�$��+ �$�@

')�� �
� .�d	�
�'� �\
�� � �!E�+��,C@R')�� 3��<=$�	

>


)(*�� ���~h
],*$��+�7��
�')�� 3!
<=$

>

')�&<= �
)��$�,*!S(*
J,*$�-/ �<R')�����S����,C@X')�� ���<=$�	

>


)(*�� ��+')�� R �!&�� �-/(C,C,4��$�'

2t �!x<=$

>0>

 �!w�

3.3 Data Delivery
`N ;����%� #!& �
���<�(C24 �!g�+$�- p���<=��!&�^��$���
�')<�	+��'�
S�N�B �
)�5���T$����

>

��<=')(*��(

>

��')(C���B��<=$�	

>

�B ���24 �<=
����+$�-D(*'_Q
 � 

>


_(*'X��$��0�� ���'� �!w�
���+!

��$�-–(*'�Q
 � 

>


�<= �u&�0(C���^')�� S�B �
)���E6F�D')�&(*
.
� ���')(*$��5-/ T �\

>

,*��(C�

��$�-:p���<=��!&�B20	&(C,*!0
�!&��'��T!0 �,C(*%� �<=�E')<= � ��

p���<=��!&�B<�	0��
R�B!x(*
�'����+�� B%� ���'�$�<

>

<=$�'�$
��$�,?$��E'�$

>

$�@?')�� ��B �
)���

6[�q$�<=!& �<R'�$���%�$�(*!;')�� R-/ �,C,CGAQ
��$�-/�v��$�	&�&')GP'�$�GA(C�0u&�&(*')�

>

<=$�2&,* ��B
��

(*'? ��

>

,*$��

?��
�')<=��'� ����.
)(*�3(C,*��<R'�$A_�@�8g™*‚�€�š)��aJ�����q�B ���24 �<?�+$�'

$��&,*�S�B��(C�&'���(C�+
�')�� L<=$�	+')(C���B��$�
�'R'�$3 �%� �<=�B$�')�+ �<]�B ���24 �<��02&	�'

��,*
�$7�B��(C�&'���(C�+
.')�� 

>

��')�M')�+��'L,* ���!0
�'�$S
)	����N�S��$�
�'���ˆ&	0<=')�� �<��

<=$�	�')(C���^	

>

!0��'� �
324 �'P-/ � ��V�� �(*���
2t$�<=
S��$��&'���(C�+
B24$�')�5')�+ S��$�
�'

'�$E')�� ;!& �
�')(C����')(*$��:����!D')�+ 

>

��')�5')����'�,* ���!&
B'�$E
)	����V�E��$�
�'��

"

�+ 

>

 �<�GP
�$�	&<=�� B')<= � �
/	�
� �!E@A$�<h!&��'��S!0 =,C(*%� �<=�E��<= 3��$��+
�')<�	���'� �!

@F<=$�� ')�� B<= �%� =<=
� ;
)��$�<='� �
�'

>

��')�D2t �')-/ � ��5 ������D<= ���(

>

(* ��&'B���+!

')�� B
�$�	&<=�� ��_(C�N(*!& ��&')(*����,R@A��
)�0(*$��V'�$#}RŽhKE•L8 ™ Œ�šP��~›�B ��d24 =<

�

')����'?<= ��� �(*%� �
��

>

����Q
 �']@O<=$��›
�$�	0<=�� ��D')�&<=$�	����N���+ �(*���
24$�<

 

@A$�<=-I��<=!&
#')�� 

>

����Qi �'E$��&,*�Z(C@

 

(*
#')�� �� �\
';��$

>

$��:')�+ 


)��$�<='� �
�'

>

��')�T@F<=$��

�

'�$!�J�?ˆ0	&<=')�+ =<��

�

@A$�<=-/��<=!&
J')�� 

>

����Q
 �'

'�$B��,C,_(*'�
L�� �(*���
24$�<=
�-/��$3	+
� 

�

��
R')�� d�� �\
'/�+$

>

'�$3<= ������"�J�

"

�+ B<=$�	+')(C���^�T �')<�(*�B	+
� �!N(C�g')�� B!
(*
�'������� E%� ���'�$�<

>

<=$�'�$
��$�,R(*


')�� J,*��'� �������24 �')-/ � =�3�� �(*���
2t$�<=
��/a?�����T ��+!

>

$�(C�&'J$�@4�/,C(C�0Q.(C�+!& �G

>

 ���!& ��&'),*�^ �
�')(*�B��'� �
.')�� d,*��'� ��+���^$�@/')�� d,C(C�&QM����!^��$�	0,*!N�+��%� 

!
(C“4 �<= ��&'S �
�')(*�B��'� �
��D•h
)(C�+�N')�� q,*��'� ������V��
.�^�B �')<�(*�; =�+��20,* �


<=$�	�')(C���g'�$D��!0�

>

'7'�$Z!&�������3(*��
#(C�:')�� E	0��!0 =<�,*��(C�+�g�� �')-I$�<�Q4�

H�$�-/ �%� �<��_(*'���,*
�$ (C����<= ���
� �
B')�� 

>

<=$�2���2&(C,C(F'P�Z$�@/<=$�	�')(C��� (C��
�'���G

2&(C,C(*')�.����!3$�
���(C,C,*��')(*$��4
��R6F�.$�	&<X-/$�<�Q4��-/ X��
�
)	+�T /')�+��'_�B ��d24 =<=


	�
� L���S �\

>

$��+ =�&')(*��,X
��T$
$�')�&(C�+�.��,*��$�<�(*')��� '�$��B ���
)	&<= /,*��'� ��������

ˆ0	&<=')�+ =<��
')�+ /,*��'� ��+���B �
�')(*�B��'� L(*
X	

>

!&��'� �!#$��&,*�B��'

>

 �<�(*$
!
(*�d(C�&G

'� �<=%���,*
��

"

�+ 

>

 �<�(*$
!#,* �����')�N�����#24 h%���<�(* �!E'�$.')<=��!& �$�“N<=$�	�')(C���


�'���2&(C,C(*')�N-/(*')�#<= �����')(*%�(*')�E'�$T����������(C���#��$��+!
(*')(*$���
��

~V��$���
� 

o

	� ����� �$�@0<�	&�0�&(C���3�R<=$�	�')(C�+����,*��$�<�(*')��� @[$�<X!&��'���!& �,C(*%�G

 �<=��(*
J')����'?')�� �<= R��$�	&,*!B24 

>

����Qi �'J,*$�
�
?!
	0<�(C���B')<=����
)(* ��&'/��$���!x(CG

')(*$���
.-]�� ��N�B ��d24 =<�<=$�	�')(C�+�E'���20,* �
�����%� 3��$�'��� �'���$��&%� �<=�� �!w�

6[�

>

��<=')(*��	&,*��<���')�� �<= N��$�	&,*!g24 

>

����Qi �'B,*$�
�
#-/�� ��:�D�B ��d24 =<

,* ���%� �
�')�� 3��<=$�	

>

$�<h-/�+ ��v�3,C(C�&QE(*
�!
<=$

>&>

 �!#@A$�<

>

 �<�@A$�<=�T������ 

<= ���
�$���
��

"

$h��%�$�(*!S')�&(*
��
!&��'�����$��&')(C�
	+ �
I'�$L24 /@A$�<=-/��<=!& �!B��,*$����

$�,*!B<=$�	+'� �
?@A$�<I ���$�	����E')(*�T L	&�&')(C,w<=$�	+')(C���B'���20,* �
I��$��&%� �<=�� ��

"

$

�����&(* �%� 7')�0(*
��?-/ 3(C�&')<=$
!
	��� #�S�+ �- <=$�	�')(C�+�N��$�
�'�����,C,* �!$#

� �����



���(� �&%3���(' �����*)

#

%,+

�

"

ˆ^(*
R��	+��<=���&'� � �!7'�$d2t �,*��<=�� =<�')�����v')�+ 

��$�
�'�$�@I�

>

��')�M-](*')�M�#%���,C(*!^<=$�	�'� ��420	�'�
��B��,C,* =<S')�+���^(C�&u&�0(*'� 

��$�
�'��3~Y�B ���24 �<

�

')����'�,* ���%� �
3��!0%� �<=')(*
� �
.�#��$�
�'�$�@-#

%

@A$�<

��,C,��B ��d24 =<=
l@A$�<R-/�0(*���S(*'l����!S�.%���,C(*!;<=$�	+'� ��Jph$�<=�B��,4!
(*
�'������� 

%� ���'�$�<R$

>

 �<=��')(*$���
L,* ���!0
/'�$.�B ���24 �<=
I����$
$�
)(C���B��,*'� =<��+��'� �%���,C(*!

<=$�	�'� �
3��$�'.(C�&%�$�,*%�(C���

�

zA��
.#

%

(*
B��	���<=���&'� � �!g'�$#2t ;,*��<=�� �<

')�����E')�� ���$�
�'/$�@?���&�;%���,C(*!#<=$�	�'� �{��

"

�� L,* ���%�(C���#�T ��d2t �<h��$��&G

')(C�
	� �
3'�$S@A$�<=-I��<=!

>

����Q
 �'�
�	&�&')(C,/(*'�(*
��+$#,*$��+�� �<.	+
� �!N2&�^���&�

�� �(*���
24$�<D��
S�j�� �\
'S�+$

>

'�$^<= ������:���&�5�B ���24 �<��h$�<7	0�&')(C,.�

�� �<='���(C�N')(*�B 

>

 �<�(*$
!E �\

>

(C<= �
��

4. SIMULA TION EXPERIMENTS
6[�:')�&(*
#
� ���')(*$�����-/ E �%���,C	+��'� D')�+ 

>

<=$

>

 �<=')(* �
^$�@.')�+ N$�%� �<�,*���


�')<�	���')	0<= S')����'�ph��<=��!&�

>

<=$
!
	+�� �
��X����!D')�� B$�%� �<��� ���!&
.��
�
�$
��(CG

��'� �!#-/(*')�N')�+ �ph��<=��!0�

>

<=$�'�$
��$�,A�

4.1 PerformanceIndices
~L�N$�%� �<�,*���E
�')<�	+��')	&<= �@F	0��!&���B ��&'���,C,*�^�����&�+$�'

>

 �<�@A$�<=�m��
L =sBG

��(* ��&'),*�7��
h698VK#	&,*')(*����
�'��R`N ���<= �(C�&'� =<= �
�'� �!;(C�N �%���,C	+��')(C�+�7')�+ 

o

	���,C(*')�S$�@4')�+ R
�')<�	���')	&<= 

>

<=$
!x	��� �!B2&�.p���<=��!0�.����!3(C�7��$��

>

��<�G

(C���3(*'R-](*')�v')-/$���,*'� �<�����'� .�B �')��$
!0
R$�@k!0��'��B!
(*
�
� ��3(C����')(*$����k698

K#	&,*')(*����
�'�	�
)(C�+�S}RŽ�KE•R8R™ Œ�šX���+!S�+��(*%� �	0�&(*����
�'��

"

$�@A����(C,C(*'���'� 

$�	&<h��$��

>

��<�(*
�$����_-/ ���$���
)(*!0 �<r')�+ �@[$�,C,*$�-/(C�+�7�B �')<�(*��
�y

a

R

���"���%��S(� T � �"��!;V �(� ���"�%!�)

R

T3V/+

��!0 =u0�� �!3(C�

b

 ���')(*$��7‡
��-/�&(*���



(*
��S�B ���
)	&<= B$�@I')�+ �(C����<= ���
� B(C�M!0 =,*���E')����'h�

>&>

,C(*����')(*$���


>

 �<�G

�� �(*%� .-/�0(C,* �	+
)(C���#ph��<=��!0�&�

a��

����
��

8

��

�

b

� � ��
	


�4!0 =u0�� �!V��
.�B��\

F

H I-K

M

H

�k-]�� �<= hOU(*
3')�� 

�
	���24 �<.$�@

>

�&�

)(*����,/,C(C�0Q&
�	�
� �!#(C�D')<=���+
��.(*
�
)(*$��V���+!

M

H

(*
�')�� 


�')<= �
�
 z

b

 ���')(*$��f‡�{3$�@�,C(C�0Q P)�

"

�&(*
#�B �')<�(*�E�T ���
)	&<= �
S')�+ E =@FG

@[ ���')(*%� =�+ �
�
N$�@Tp���<=��!&�D(C�–!
(*
�')<�(C20	�')(C�4�U�+ �')-/$�<�Qg,*$���!–���=<=$�
�


>

�&�

)(*����,J,C(C�&Q&
��

a

�

���>9 ���"���(�	�

R

��
���� ���&��� 

�(��� )

�

R

��+

�4!0 �u&�� �!V��
B')�� B<=��')(*$

$�@h')�+ B<= �
�$�	0<=�� B	�
����� ^z

b

 ���')(*$��e‡�{d$�@Rp���<=��!&�#<= �,*��')(*%� E'�$#<= �G


�$�	0<=�� 	�
����� ^$�@�}RŽ�KE•R8X�/ph•/•m(*
S�V�B ���
)	&<= E$�@.')�� E��!&!
(CG

')(*$��+��,X�+ �')-/$�<�Q;<= �
�$�	&<=�� �
���$��+
)	��B �!#2&�Sp���<=��!&�S��$��

>

��<= �!E'�$

6A8gK#	&,*')(*����
�'��

}RŽhKE•L8V�+��
R���E•R}h8g$�@I‚3zA��
�
)	+�.(C�+�S
��
�B�B �')<�(*�d<=$�	+')(C���
{����

-I$�<=
�'/����
� �
�')<= �
�
R$�@I‚�����!;2&�S!& �u0�&(*')(*$��M���vp�•/•:$�@R‚��Xp���(*%� 

	&�&(*����
�'B����
B���g•R}h8–$�@.‚NzF2&�^!& �u&�0(*')(*$��4{S����!Z�N-/$�<=
�'3����
� 


�')<= �
�
L$�@����+-/�+ =����(*
�')�� ��
	+��24 �<r$�@X<= ��� =(*%� �<=
��

`N R��,*
�$� �%���,C	+��'� �')�� L')(*�T ](*'?'���Qi �
X@A$�<?')�� /$�%� �<�,*���B'�$�
�'���20(C,C(*�� 

���+!N')�� 

>

<=$�'�$
��$�,I$�%� �<��� ���!^')����'�ph��<=��!&�;(C�&')<=$
!
	��� �
��S6F�N')�0(*


>

�

>

 �<��R-/ S!0$N�+$�'B��$���
)(*!& �<

>

 =<�@A$�<=�B���+�� #�B �')<�(*��
q<= =,*��'� �!5'�$

2t ��+��%�(*$�<�	0��!0 =<�')<=����
)(* ��&'h��$���!x(*')(*$��+
��k
)	+���E��


>

����Q
 �'L,*$�
�
��

4.2 Factors that affect Narada's Performance
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4.4 Simulation Methodology
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4.5 Simulation Resultswith a Typical Run
"

�0(*
7
� ���')(*$��

>

<= �
� =�&'�
q<= �
)	0,*'�
S@F<=$�� �D
)(C����,* N')�

>

(*����,. �\

>

 �<�(CG

�B ��&'��

"

�� J<= �
)	&,*'�
/��<= /')�

>

(*����,4(C�S')�� /
� ���
� R')�+ ��3���

>

')	&<= R
�$��B 

$�@t')�+ /Q
 ��d(C�&%���<�(*���&'�
/(C�#')�� 

>

 =<�@A$�<=�B���+�� �$�@tp���<=��!0�.���=<=$�
�
?��,C,

<�	&�+
��q6[�M')�+ B �\

>

 �<�(*�B ��&'��?-/ �	�
� �!D�#'�$

>

$�,*$����D�� ��� �<=��'� �!N2&�

')�� L`N��\
�T���E�T$
!0 �,t��$���
)(*
�')(C�+�T$�@?‚�•i‡�Œ��+$
!& �
/���+!S‰0‚�Œ
†�,C(C�0Q&
��

`N ]	�
� �!B�h��<=$�	

>


)(*�� L$�@X‚�‡�…��B ���24 �<=
��
���+!T ������S�B ���24 �<X����!

�3@A���+$�	+'R<=������ �$�@�WR‰�GP€!Y��

DelayPenaltyandStabilizationTime
ˆ_(*��	&<= N‹

>

,*$�'�
;')�� #�=	+��	0,*��')(*%� N!x(*
�')<�(C2&	�')(*$��f$�@�•R}h8 ��'B!
(C@FG

@A �<= =�&'3')(*�B S(C�+
�'����+�� �
S!x	&<�(C�+�M')�+ 7
)(*�d	&,*��')(*$��_�

"

�� ;��$�<�(*��$��0G

'���,h��\�(*
q<= 

>

<= �
� =�&'�
#�N��(*%� =�:%���,C	+ E$�@�•R}�8Y����!g')�� #%� �<=')(*����,

��\�(*
S<= 

>

<= �
� ��&'�
#')�� 

>

 �<=�� ��&'����� ^$�@

>

��(C<=
#$�@.��<=$�	

>

�B ��d24 =<=


@A$�<#-/�&(*���e')�+ E•R}h8›-/��
q,* �
�
;')�����:')�&(*
S%���,C	� ��:aJ�����:��	&<=%� 

��$�<�<= �


>

$���!&
;'�$N')�� ;�=	+��	0,*��')(*%� N!x(*
�')<�(C2&	�')(*$��f��'.�

>

��<=')(*��	&,*��<

')(*�B 3(C��
�'������� ��d69'��.(*���&'����

>&>

 ��V')����'h��'��S��(*%� ��M')(*�B ���
�$��B 

�B ���24 �<=
X����%� L��$�'?�� �'_,* ���<��� �!#$�@4')�+ R �\�(*
�'� =�+�� h$�@�
�$��T L$�')�+ =<



0

20

40

60

80

100

1 2 4 8 16 32

C
um

ul
at

iv
e 

P
er

ce
nt

ag
e 

of
 P

ai
rs

 o
f M

em
be

rs

RDP (log-scale)

1 minute
2 minutes
3 minutes

10 minutes
20 minutes
40 minutes

���������
	�� 
������ �����!� ��/.	 1X� �"� � � [���� � � , �b]�� � % ��^����h,����

/���� ������� � ,��.����^��.�
���b] ��^�	2� ��� ��� ��� ����, a	�#^�	5����,����
	��

1�	�,����
	$��^�	$� ��� 	 �F]k�
	�����^�	 ���!�
��
 ����, a

0

2

4

6

8

10

12

14

0 10 20 30 40 50 60 70 80

R
D

P

Physical Delay (in ms)

���������
	
� 
�� � % / ��a2�V^�6 � � )�����1�	�����6 a2���!)�^(� � � ,��h1�	��

,����
	�����^�	N	�� ���
�
	�,�)�	��b]-�h���.���;�b] � 	��;[�	��
���h����^^��� � /�	�,

�V^�6�� ��)��.��1�	�����6 ��,�1�� � %

�T ��d2t �<=
3$�<.!0$#��$�'�����%� B<=$�	�'� �
.'�$#$�')�+ �<=
��

"

�
	�
��/‚B�.(C�
	+'� 

��@A'� �<r')�+ �,*��
�'?��$�(C���_�

>0>

<=$�\�(*�B��'� =,*�g‚�• ) $�@

>

��(C<=
�!0$S�+$�'L����%� 

<=$�	+'� �
/'�$3 ������#$�')�+ =<��x(C��!
(*����'� �!#2&�T')�+ R,*$�-I �<R��	&<=%� ��?~R,C,

>

��(C<=


����%� 3<=$�	+'� �
�'�$; ������D$�')�+ �<T‡B�3(C�
	�'� �
.��@A'� =<�')�� 3,*��
�'/��$�(C�_�r~�


')(*�T ;(C����<= ���
� �
��/')�� #��	&<=%� S�B$�%� �
B'�$E')�+ S,* �@A'��X(C��!x(*����')(C�+�V')�� 

•R}h8g(*
]<= �!x	��� �!E��
L')�� 

o

	+��,C(*')�E$�@k')�+ .$�%� �<�,*���S(*�

>

<=$�%� �
��

`V�+ =�E')�� �
��

�'� �� 
�'���20(C,C(*�� �
��4��24$�	+'Rƒ�• ) $�@

>

��(C<=
R$�@k�B ���24 �<=


����%� B•R}h8n,* �
�
�')�����VŒ&�3Hh$�-/ �%� =<��4')�+ �<= T �\�(*
�'3�S@A �-

>

��(C<=
�$�@

�T ��d2t �<=
B-/(*')�D�&(*���U•R}h8l�

"

�&(*
B'���(C,R�����V24 7 �\

>

,*��(C�� �!Z@F<=$��

ˆ_(*��	0<= S…&��aJ�����M!&$�'�(C�M')�0(*
�u���	&<= 3(C��!x(*����'� �
B')�� B �\�(*
�'� ����� B$�@

�

>

��(C<#$�@.�B ���24 �<=
S-/(*')�U�N��(*%� ��:•R}�8›���+!

>

�&�

)(*����,.!& �,*�����

`N .$�2�
� �<=%� B')����'���,C,

>

��(C<=
3$�@?�B ���24 �<=
�-/(*')�N�0(*���D•R}�8U����%� 

%� �<=�D
��B��,C,

>

�&�

)(*����,.!0 =,*���

��

b

	����e�B ���24 �<=
B��<= #
�$N��,*$�
� 7'�$

 ������E$�')�� �<R(C�N')�� 

>

�&�

)(*����,X�+ �')-/$�<�Q#')����'R �%� ��E�T
),C(*���&'),*�E
)	&20G

$

>

')(*�T��,R��$��0u���	&<=��')(*$��U,* ���!&
.'�$E�;�&(*���5!0 =,*���

>

 �����,*')���EH�$�-/G

 �%� �<��?')�� ;!& �,*���^24 �')-/ � =�V')�+ �� ��,*$����D')�� ;$�%� �<�,*���^(*
3��$�'.'�$
$

�&(*�����

"

�0(*
7�����524 E
� � ��U@O<=$�� ˆ_(*��	&<= Nƒ0�R-/�+ =<= E ������

>

$�(C�&'

<= 

>

<= �
� =�&'�
3')�� B �\�(*
�'� ����� S$�@]�

>

��(C<T$�@]�B ���24 �<=
�-/(*')�D�7��(*%� ��

$�%� �<�,*���Z!& �,*���V����!g�N��(*%� ��

>

�&�

)(*����,r!0 =,*�����U6A'3�B���D24 7%� �<�(CG

u� �!N')�+��'�')�+ T!0 �,*���E24 �'P-/ � ��M��,C,

>

��(C<=
3$�@/�T ��d2t �<=
���,*$��+�E')�� 

$�%� �<�,*���q(*
I��'?�B$�
�'R‚�€�•

‚

M

�&-/�0(C,* h')�+ 

>

�&�

)(*����,�!0 =,*���S�����S24 R��


�&(*���N��
�‹
‚

‚

M

�

6F�S@F	+')	&<= � �\

>

 =<�(*�B ��&'�
��4-/ h
)	+�B�T��<�(*�� �•R}�8V<= �
)	&,*'�
�$�@k���7 �\�G

>

 �<�(*�B ��&'/2&�B')�� ����

:��(���&�(� �%�$�"�

R

T3V

%���,C	� ��I`^ /24 �,C(* �%� .')�0(*
/(*


���N�

>&>

<=$

>

<�(*��'� S�B �')��$
!^$�@?
)	+�B�T��<�(*��(C���#<= �
)	&,*'�
�24 �����	+
� �y.zF(O{

(*'_(*
?���.	

>0>

 =<J24$�	0��!B$��B')�� /•R}�8N$�2�
� �<=%� �!32&��ƒ�• )n$�@

>

��(C<=
X$�@

�T ��d2t �<=

d4zF(C(O{l@A$�<

>

��(C<=
/$�@4�B ���24 �<=
/-/(*')�S��•R}h8Z%���,C	+ R�0(*���+ �<

')�����q')�+ ����

:��(���&�(� �%�$�"�

�=')�+ /$�%� �<�,*���3!& �,*���d(*
?
��B��,C,+��
X!x(*
���	�
�
� �!

0

20

40

60

80

100

120

140

160

0 10 20 30 40 50 60 70 80

O
ve

rla
y 

D
el

ay
 (i

n 
m

s)

Physical Delay (in ms)

���������
	�� 
���/.	�� ����6 1�	�����6(/���a �V^ 6�� ��)����U1�	�����6 a ����)*^

������, ��1�	�,��.�"	�� ��^�	G	�� ���
�
	�,�)�	(� ]$� ���.�����b] � 	��2[�	�� �

�h����^�� ����/.	�,Q�V^ 6�� ��)���� 1�	�����6��.,�1Q�!/�	�� ����6�1�	�����6

0

50

100

150

200

250

300

350

400

0 5 10 15 20 25 30 35 40

C
um

ul
at

iv
e 

# 
of

 C
ha

ng
es

 to
 T

op
ol

og
y

Simualtion Time (in Minutes)

���������
	 ��� 
������ �����!� � /�	 ,����2[ 	�� � ] / ���
� �����2� ��,VY.�

��1�1�	�1 ��,�1 � 	�� �!/.	�12/���a`� ��� 	

(C�E')�� 

>

<= �%�(*$�	+


>

��<=����<=�

>

�Bd4����!^zF(C(C(O{J(*'/(*
/@A��(C<�,*�B(C��
� ���
)(*')(*%� B'�$

>

��<=')(*��	&,*��<. �\

>

 �<�(*�B ��&'

>

��<=���B �'� �<=
��&	0�&,C(CQ
 B')�� .$��3(*'�'� �!7'���(C,

ˆ_(*��	&<= �‚�•

>

,*$�'�
?')�+ /�=	+��	0,*��')(*%� R�
	+��24 �<?$�@+%�(C<=')	���,+,C(C�&Q&
?��!&!0 �!

����!3<= ��T$�%� �!�@F<=$��–')�� /�B �
)�B��
X�L@F	&�+��')(*$��S$�@+
)(*��	0,*��')(*$��v')(*�B ��

`N ^$�2+
� �<=%� D')����'E�B$�
�'#$�@T')�� ^���+���+�� �
E�+�

>0>

 =�–-/(*')�&(C� ')�+ 

u&<=
�';ŒN�3(C�
	�'� �
#$�@�')�� E
)(*�d	&,*��')(*$��_�

"

�0(*
B(*
#��$���
)(*
�'� ��&'#-/(*')�

')�� 324 �����%�(*$�<S
� � =�D(C�Vˆ_(*��	&<= E‹S����!^(C��!x(*����'� �
B')����'�')�� S�B �
)�

o

	&(*��Q
,*�E
�'���20(C,C(*�� �
d(C�&'�$S�B��$
$
!E
�')<�	+��')	&<= ��

PhysicalLink Stress
`N �
�')	�!0�S')�� �%���<�(*��')(*$��N$�@

>

�&�

)(*����,X,C(C�0Qv
�')<= �
�
J	&�+!& �<�ph��<=��!0�

����!g��$��

>

��<= E')�� ;<= �
)	&,*'�
S-/ #$�2+'���(C�U@A$�<q�^'P�

>

(*����,�<�	&�U-/(*')�

>

�&�

)(*����,R
�')<= �
�
�	0��!0 =<B}RŽ�KE•R8:����!^����(*%� B	&�0(*����
�'�(C�Vˆ_(*��	&<= 

‚�‚��I•L�+ �$�@X')�� ��B ���24 �<=
/(*


>

(*��Qi �!E��
R
�$�	&<=�� ���'J<=����!0$��#�+���+!

-/ � �%���,C	+��'� B')�+ �
�')<= �
�
L$�@? ������

>

�&�

)(*����,?,C(C�0Q4�RHh �<= ���')�+ ���$�<�(CG

��$��&'���,���\�(*
R<= 

>

<= �
� ��&'�
R
�')<= �
�
R����!#')�� �%� =<=')(*����,k��\�(*
/<= 

>

<= �
� ��&'�


')�� ��
	+��24 �<h$�@

>

�&�

)(*����,X,C(C�0Q&
h-](*')�N�.��(*%� ��N
�')<= �
�
��

"

�+ �
�')<= �
�


$�@I���&�

>

�&�

)(*����,J,C(C�&Q^(*
���'��B$�
�'3‚�@A$�<�}RŽ�KE•R8X�+(C�+!
(*����'� �!D2&�

�B
�$�,C(*'���<=�E!&$�'��/•R�+!& �<R24$�')�E�+��(*%� �	0�&(*����
�'����+!Eph��<=��!0�&�+�B$�
�'

,C(C�&Q&
L����%� ��B
��B��,C,X
�')<= �
�
/G?')�&(*
](*
R$��0,*�7'�$d24 � �\

>

 ���'� �!4�/Hh$�-]G

 �%� �<���')�� E
)(*���&(Cu��������� Z,C(* �
#(C�:')�+ N'���(C,r$�@T')�+ 

>

,*$�'�
��Y•L��!0 =<

����(*%� B	&�0(*����
�'��?$��� B,C(C�0QD����
��E
�')<= �
�
�$�@�‚Š‡�‹#����!

o

	0(*'� 7�;@A �-

,C(C�&Q&
d����%� .�;
�')<= �
�
���2t$�%� ;‚�€0�

"

�0(*
R(*
�	0��
)	0<

>

<�(*
)(C���^��$��+
)(*!& �<�G

(C���E')�+��'L,C(C�&Q&
3�+ ���<.')�� B
�$�	&<=�� B��<= 3,C(CQ
 �,*�M'�$; �\

>

 �<�(* ����� ;�&(*���


�')<= �
�
��Np���<=��!&� ��$�-/ �%� �<S!
(*
�')<�(C20	�'� �
S')�+ 7
�')<= �
�
.�B$�<= 7 �%� ��&,*�

���=<=$�
�


>

�&�

)(*����,4,C(C�&Q&
��+���+!B��$

>

�&�

)(*����,_,C(C�&QB����
/��
�')<= �
�
X,*��<=�� �<

')�����:ƒ0�e`Z�&(C,* D')�0(*
S(*
B�0(*���–��$��

>

��<= �!U'�$N}RŽ�KE•R8X�J(*';(*
S�

‚�Œ�GA@A$�,*!#(*�

>

<=$�%� ��T ��&'�$�%� =<�����(*%� �	&�0(*����
�'��



���������

�
	�� 	�
�	

����� ��	����

1


2


4


8


16


32


64


128


256


512


1
 2
 4
 8
 16
 32
 64
 128


# 
of

 P
hy

si
ca

l L
in

ks
 (l

og
-s

ca
le

)


Stress of Physical Link (log-scale)


Unicast

DVMRP

Narada


���������
	��.�!
�� �Ia��b]U�V^ 6�� ��)����;��� ,VY.� �h����^ � ����/.	�, �
� � 	��"�

/���a 4�� �
	��
�D]k����,���� /�	 ��,�� )����
�+*�� ��� ��1�����,�1 ��� & �h%

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 50 100 150 200 250 300

90
 P

er
ce

nt
ile

 R
D

P

Group Size

Waxman.1024
Mapnet.1070
ASMap.1024

���������
	 �*W 


ƒ�•

��	�� )�	�,�� ����	�� � % /���a ���
�����'� ����	 ]k���

�"��� � � ������	��#] �
��� ��^��
	�	 � ��1�	����
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