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Comparison of different implementations of TCP

TCP-1 traffic TCP-2 traffic TCP-3 traffic
KB/S

KB sent

KB resent

% resent

Telnet delay

delay < 1000

count

  78.9    61.8    48.3  

2339.7 3344.7 1854.2 3285.2 1449.1 3292.4

  40.3   88.4   78.8   88.8   55.0   54.0

   1.7    2.6    4.2    2.7    3.8    1.6

       145.3        160.2        150.9

        99.4         98.5         98.5

 20     20    20    20    20    20  
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Percent Link Utilization

TCP-1 TCP-2 TCP-3
0-5 sec
5-10 sec
10-15 sec
15-20 sec
20-25 sec
25-30 sec
average

90.6% 74.3% 64.1%

93.2% 82.4% 78.1%

92.3% 82.9% 76.5%

91.4% 83.8% 75.8%

91.8% 85.7% 79.2%

88.6% 80.8% 81.2%

91.3% 81.7% 75.8%
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Rcvd ACK for packet 10 (packets 11 and 12 are in transit)

Send packet 13 (which is lost)

Rcvd ACK for packet 11
Send packet 14

Rcvd ACK for packet 12
Send packet 15 (which is also lost)

Should have gotten ACK for packet 13

Rcvd dup ACK for packet 12 (due to packet 14)
Vegas checks timestamp of packet 13 and decides to retransmit it
(Reno would need to wait for the 3rd duplicate ACK)

Rcvd ACK for packets 13 and 14
Since it is 1st or 2nd ACK after retransmission,
Vegas checks timestamp of packet 15 and decides to retransmit it
(Reno would need to wait for 3 new duplicate ACKS)

[ 6VFDX�,E- � �
�� a 	�(�?AC�]8-�@>_ ,.-+9E,K(>/}SU?A6V9;?A-�1KG2(�/�6pSn? �

~ -+F�(PS��h9.G^-+,.-3_ @P,.-��q-
	&9.-+/2Y^S e -+/�@�� So,E-+9.,<(>/2Sn?A6pSESU68@P/�?M-�1 G}(>/�6TSU? Sf(PS�_ @P]8]8@�*�S���[q68,KSn9��
~ -+F�(PSo,E-�(DY�S\(>/2Y�,E-�13@D,<Y�Sf9.G�- S % SU9.-0? 13]V@&1 =�-�(D1KG�9E68?A-I(�SU-+FP?A-+/&9f6pS\SU-+/&9�� � G�-0/�(>/
QfB � (>,E,.6V7�-�S�� ~ -+F (DS�,.-�(PY�Sx9.G^-513]V@&1 = (�F�(�68/"(>/}Y�Yt@�-�S�9.G�- ehg�g 1+(�]p13X�]T(>9E68@D/�X2SU6V/�FI9.G�6TS



���

9.6V?A-I(>/}Y 9EG�-A9E68?A-�Sn9K(�?ACW,.-�1v@D,KY&-�Y _ @D,59EG�-A,E-+]8-+7P(�/t9\SU-0FD?A-+/&9�� ~ -+F�(PS 9.G�-0/�X2SU- S 9.G�6TS
?A@P,.-b(D1+13X^,K(>9E- ehg�g -�Sn9.6V? (>9E-�9.@IYt-�1v6pYt-�9.@\,.-+9E,K(>/}SU?A6V9d6V/A9.G^- _ @P]8]8@�*�6V/�F 9n*;@ SU6V9.X2(�9.68@P/2S
� (5Sn68?AC^]8-�-
	�(�?AC�]V-x6TS FP687�-+/A6V/�[ 68FPX�,.- � �
� � �

�
� G�-0/�( YtX�C^]86p10(>9.- QfB � 6TS�,E-�13-+6V7�-�Y�� ~ -+F�(PS 1KG�-�1K=�S�9.@ SU-+-I6s_J9.G^-AYt6 �)-+,.-+/}13- $ - �
9n*;-0-+/ 9.G�- 13X�,.,E-+/&9x9E68?A-w(�/2Y�9.G^- 9.6V?A-�Sn9K(>?MCZ,E-�13@D,<Yt-�YA_ @D,f9EG�- ,E-+]8-+7P(�/t9�Sn-+FD?A-0/t9
6TSdFD,E-�(>9E-+,;9EG2(>/M9.G�-f9E68?A-0@DX�9h7P(�]8X�-�� m _q6V9d6TS��&9.G�-+/ ~ -0F�(DS`,.-+9E,K(�/2SU?A6V9KSh9.G^-fSn-+FD?A-0/t9
*�6V9.G�@PX�9wG2(+7t6V/�F 9.@ *�(�689f_ @D, � � � �wYtX�C^]86p10(>9.- QfB � S�� m /W? (>/ % 10(DSU- S���]8@ S.SU- S (>,E-
-+6V9.G�-0,;Sn@5FD,E-�(>9�@P,;9.G^-o*�6V/2Yt@�*�SU@ISn? (>]V]29.G2(�9�9.G�-wSn@DX�,<13-f*�6V]8]2/�-+7�-+,`,E-�13-+6V7�-�9.G�,E-+-
YtX^C�]86T1+(>9E- QfB � S���(�/2Y 9.G^-+,.-3_ @P,.-�� e -+/�@fG2(PS 9.@b,.-+] % @P/59.G�- 13@�(�,KSn- � FP,K(�68/�-�Y59.6V?A-+@PX�9
?A-0/t9E68@D/^-�YZ( $ @>7�- �

�
� G�-0/W(5/�@D/ � YtX�C^]86p10(>9.- Q�B � 6TS;,.-�1v-+687�-�Y �t6s_ 689�6pS�9.G^-�r},KSU9b@D,bSU-�13@P/2Y�@P/�-5(+_ 9.-+,b(
,E-+9.,<(>/2Sn?A6pSESU68@P/	� ~ -0F�(DS (>F�(�68/M1 G^-�1 =^S 9.@\Sn-+-;6 _ 9EG�-�9.6V?A-`68/&9.-+,E7P(>]&SU6V/213-�9EG�-�Sn-+FD?A-0/t9
* (DS�SU-+/&9�6pS;]T(>,.FP-+,�9.G2(�/�9.G^-o9E68?A-0@DX�9J7D(�]8X�- � m _ 689�6pS���9EG�-+/ ~ -+F�(PS ,E-+9.,<(>/2Sn?A689<Sd9EG�-
Sn-+FD?A-0/t9�� g G�6pS;*�6V]8]q1+(�9K1KG�(�/ % @P9.G�-+,�Sn-+FD?M-+/t9J9.G2(�9x? ( % G2(+7�- $ -+-+/�]V@�Sn9xC�,E68@P,�9.@
9EG�-w,.-+9E,K(>/}SU?A6TS.SU6V@D/A*�6V9.G�@PX�9�G2(+7t6V/�F59.@5* (>689;_ @P,f(IYtX�C^]86p10(>9.- Q�B � �

m /�@P9.G�-0,�*J@D,<Y�S�� ~ -+F�(PS 9E,.-�(�9KS 9.G�-",.-�1v-+68C�9M@>_M13-+,E9K(�68/ Q�B � S (DS�( G^68/&9�9E@�1KG�-�1K=�6s_
(W9.68?M-+@DX�9 SUG�@PX�]pY�@&1+13X�,�� 4 68/213- 6V95@D/�] % 1KG�-�1K=^S�_ @D,59E68?A-0@DX�9<S 68/�,K(�,.-�@&101+(DSn68@D/}S��;9EG�-
@�7�-+,.G^-�(DYf6pSqSU? (>]8] � j @P9.6p1v-d9EG2(>9 -+7�-+/w9.G�@PX�FDG5@P/�-�1v@DX�]TYo,.- YtX213-`9.G^-;/&X�? $ -+,)@>_ YtX�C^]86p10(>9.-
QfB � S;X}SU-�Y 9.@I9.,.6VFDFP-+,�9.G�-\[2(DSn9 e -+9E,K(>/}SU?A6V9d_ ,.@P? �ZYtX^C�]86T1+(>9E- Q�B � S�9.@5-+6V9.G�-0, � @P, L �
689�6pS�/�@D9w,.- 13@D?A?M-3/2Y&-�YA(DSf6V9f13@PX�]pY�,E-�SUX^]89f6V/�? (�/ % X�/�/^-�13-�SES.(>, % ,E-+9.,<(>/2Sn?A6pSESU68@P/2S�(>/2Y
$ -�1+(�X2SU-A6V9 ? (�=�-�Sw(DSESUX�?AC^9.68@P/2S ( $ @DX�9I9.G�-M]868=�-0]868G^@�@&Y 9EG2(>95C2(P1 =�-09KSf*�68]V] $ - Yt-+]V687�-+,E-�Y
@DX^9x@�_h@P,KYt-+,��

g G�-wFD@ (>]�@>_ 9.G�-f/^-+*�,E-+9.,<(>/2Sn?A6pSESU6V@D/A?A- 1 G2(�/�6pSn?�6pS`/�@D9 �.X2SU9�9E@5,.-�Y&X213-f9EG�-w9.68?M-�9.@
Yt-+9E-�139w]8@ SU9\C2(D1K=�-+9KS�_ ,.@D? 9.G^-A9.G�6V,KY"YtX�C�]V6p1+(�9.- Q�B � 9.@�9EG�-Zr2,<SU9\@D,5Sn-�13@P/2Y�YtX�C^]86p10(>9.-
QfB � � (wSU? (�]8]2SE( 7&68/^F�S � $ X�9J9.@5Y&-+9.-�1v9d]V@�Sn9;C2(P1 =�-+9<Sh68/M1+(DSn-�Sd*�G�-0,.-f9EG�-+,.-�6pSh/�@ISn-�13@P/2Y
@D,59EG�68,<Y�YtX�C�]V6p1+(�9.- QfB � � g G�- /�-+* ?A-�1KG2(�/�6pSn? 6pS 7�-+, % SUX21+1v-�S.S _ X�]�(>9I(P1 G�6V-+7&68/�F�9.G�6TS
FD@ (>] ��(DSx6V9;_ X�,.9EG�-+,�,.-�Y&X213-�S�9.G�-\/tX^? $ -+,�@�_J13@�(�,KSn- � FP,K(�68/�-�Y�9E68?A-0@DX�9<S;68/ e -+/�@ $&% ?M@D,.-
9.G}(>/ G2(>] _ � j @P9.-f9EG2(>9 ~ -+F (DSJ13@D/&9K(�68/2S e -+/^@�� SJ13@�(�,KSn- � FP,K(�68/�-�YA9E68?A-+@PX�9J13@&Yt-f6V/ 1+(PSU-f9EG�-
/�-+*�?A-�1KG2(�/�6pSn? S _ (>6V]�9.@5,E-�13@DFP/�6 
0- ( ]V@�Sn9fSn-+FD?A-0/t9��



� �

e -0]p(>9E-�Y 9E@�? (>=&68/�F"9.6V?A-+@PX�9KS ?A@P,.-�9.68?M-+] % �h/^@D9.6T13-W9.G}(>9A9EG�-"13@D/^FD-�Sn9.68@P/�*�6V/2Yt@�*
SUG^@DX�]TY @P/�] %5$ -�,.-�YtX}13-�Y5YtX�-�9.@w]V@�S.Sn-�Sh9.G2(�9`G2(>C�C2-+/^-�YA(>9`9EG�-�13X�,E,.-+/&9`SU-0/2Yt68/^Fo,<(>9E-��&(>/2Y
/�@P9 Y&X�-Z9E@�]V@�S.Sn-�Sf9.G2(�9wG2(>C�C2-+/^-�Y�(>9\(�/�-�(>,E]86V-+,�� G^68FDG^-+,w,K(>9E-�� m / e -+/�@ � 6V9w6pSfC2@�S.Sn6 $ ]V-
9.@ Yt-�13,E-�(DSn- 9.G^-I13@D/�FP-�SU9E68@P/W*�68/2Yt@�*�?A@P,.- 9EG2(>/W@P/213- _ @P,f]8@ S.SU- S�9EG2(>9b@&1+13X�,E,.-�YWYtX^,.68/^F
@D/^- e g�g 68/&9.-+,E7P(>]�) N * � m /�13@P/t9E,K(DSn9�� ~ -+F (DS5Yt- 13,.-�(PSU-�S 9EG�-�13@D/^FD-�Sn9.68@P/
*�6V/2Yt@�* @P/�] % 6s_
9.G^-Z,E-+9.,<(>/2Sn?A689E9.-�Y�SU-+FP?A-+/&9x* (DSoC^,.-+7&68@PX2SU] % SU-0/t9 � � ��4 �x9.G�-I]p(PSU9\Yt-�1v,.-�(PSU-�� Q / % ]V@�S.Sn-�S
9.G}(>9 G}(>C�C2-+/�- Y $ -3_ @P,.-A9EG�-A]T(DSU95*�6V/2Yt@�* Yt-�1v,.-�(PSU- Yt@�/�@D956V?AC�] % 9.G}(>959.G^-Z/�-09U*J@D,E=�6TS
13@P/�FD-�Sn9.-�YA_ @D,�9EG�- � � � � 4 , � 13@D/�FP-�SU9E68@P/�*�68/}Yt@�*�SU6�
+-��2(>/}Y�9.G^-+,.-3_ @P,.-��^Yt@I/�@D9�68?AC^] % 9.G}(>9
689\SnG�@DX�]TY $ -AY&-�13,.- (DSU- Y�(�F�(>6V/	� g G�6pS\1 G2(�/�FD-I6pSf/�-0-�Yt-�Y $ -�1+(>X}SU- ~ -+F (DS Y&-+9.-�1v9KSx]V@�S.Sn-�S
?IX21 GMSU@�@P/�-+,�9.G2(�/ e -+/�@ �



��N

 � ���"����! �

�
�
� �"�
�6� � ����� � ! � (  � � (

g G�6pS51KG2(�C�9.-+,\,.-+C2@P,.9KS5(�/2Y�(>/2(�] % 
+-�S 9EG�-A,.- SUX�]V9KS�_ ,E@D? $ @P9.G�9.G�- m /&9.-+,E/�-+9\(>/2Y�9EG�-
SU6V?ZX^]p(>9E@D,I-
	&C -0,.68?M-+/t9<S�� g G^-�,E-�SUX�]V9KSZ_ ,.@P? 9.G�- m /t9E-+,./^-+9A-
	&C2-+,.6V?A-+/&9KS5(>,E-�-+7&6pYt-0/213-
9.G}(>9 ~ -+F (DS�� Sx-+/�G}(>/213-0?A-+/&9KSd9E@ e -+/�@AC�,E@&YtX213-ISn68FP/�6sr)10(>/&9f68?AC^,.@�7�-+?I-3/&9KS`@D/ $ @D9EG�9EG�-
9.G^,.@DX^FDG�C�X^9 � ������G�6VFDG�-0, � (>/2Y59.G^-x/&X�? $ -0, @�_q]8@�SESU-�S � ]8-�SES 9.G2(�/AG2(�]s_ �qX�/2Yt-+,`,E-�(>])13@P/2Yt6 �
9.6V@D/2S�� g G�- SU68?IX�]T(>9.@P,;-
	&C2-+,.6V?A-+/&9KS`(>]V]8@�*�X2S�9.@M(>]TSU@MSU9EX2Y % ,.-+]T(>9E-�Y�6TS.SUX^-�S�SUX21KGW(PS G^@>*
~ -+F�(PS�13@D/^/�-�139E68@D/}S�(��)-�139 e -+/�@M13@D/^/�-�139E68@D/}S;(>/}Y�*�G2(�9xG2(�C�C2-+/2S�*�G�-+/�(>]V]q13@D/^/�-�139E68@D/}S
(>,E-w,.X�/�/^68/�FI@�7�-+, ~ -+F (DS�� j @P9.-w9.G2(�9 $ -�10(>X2Sn- 689�6TS�SU6V?AC�]8-�9.@I?A@�7�-b( C�,E@D9E@&13@D] $ -+9n*;-+-+/
9.G^- Sn68?IX�]p(�9.@P,�(>/}Y�9.G^- � ,.-�(�]�*;@P,.]pY ����9.G^- (�]8]�/&X�? $ -0,KSd,E-+C2@D,E9.-�YA68/ 9EG�6pS�Sn-�139.6V@D/�(>,E-o_ @P,
-
	^(D139E] % 9.G�-\SE(>?A-w1v@&Yt-��

� ��� ������� ����� ��! � (  � � (

g G�6TS�SU-�1v9.68@P/ $ -+FD6V/2S�*�689.G ?M-�(DSnX�,.-+?M-+/t9<S @�_ gxBJc 9.,K(�/2S�_ -0,KS�@�7�-+,�9.G^- m /&9.-0,./�-+9��
4�C2-�136 r)1+(�]8] % �3*;-`?A- (DSUX^,.-�Y gxBJc 9E,K(�/2S�_ -+,<S $ -+9n*;-+-+/w9EG�- l /�687�-0,KSU6V9 % @>_ Q ,.6�
+@D/2( � lfQ �}(>/2Y
9.G^- j (�9.6V@D/2(�] m /2Sn9.6V9.X�9E-�Sx@>_ z -�(>]V9.G � jbmUz � � g G�-M13@P/�/�-�139E68@P/�FP@�-�So9EG�,.@PX�FDG�L �A,E@DX�9E-+,KS��
(>/}Y�C2(DSESU-�Sw9.G�,E@DX�FPG R -+/&7�-+,�� 4 9���'2@DX^6pS�� B G�6p10(>FD@ � B ]8-+7�-0]p(>/}Y�� j -+* { @D,.="(�/2Y � (DSnG �
68/^FD9.@P/ RoB � g G�-w,.-�SnX�]89<S�(>,E- Y&-+,.6V7�-�Y _ ,E@D? (5Sn-+9�@>_ ,.X^/2S;@�7�-+,�(ISU-+7�-0/ Y�( % C2-+,E68@&YA_ ,.@D?
��(>/&X2(�, % � � � �DN �dL0NDN � � a (D1KGW,.X�/ 13@D/}SU6pSn9KSx@�_ SU-+7�-+/�9.,<(>/2S _ -+,KS;_ ,.@P? lfQ 9.@ jfmnz � e -+/�@
SU-0/2Y�SfL i : � 
tL � � : �2(>/2YWL ��� � : �2( 7�-+,<SU6V@D/A@�_ ~ -+F (DS;*�689EG � ��L\(>/2Y � � � � Yt-0/�@D9E-�Y
~ -+F�(PS � L�� � �`Sn-+/2Y�S�L i : � 
tL � � : ��(�/2Y�L ��� � : �^(>/2YASn-�13@P/2Y 7�-0,KSU6V@D/I@>_ ~ -+F (DSd*�6V9.G � � �
(>/}Y � � � � Yt-0/�@D9E-�Y ~ -+F (DS � ��� � �bSU-0/2Y�SwL i : � Q ,.X^/W*�(DSbSU9K(�,.9E-�YW(>C�C^,.@ 	t6V? (>9E-+] % @D/}13-
-+7�-+, % G�@DX�,��q( � 
�Sn-�13@D/}YWYt-+]p( % *�(DSf6V/2SU-+,E9.-�Y $ -+9n*J-+-+/W-�(P1 GW9E,K(>/}S�_ -+,w68/"(A,EX�/�9E@ FD687�-
9.G^-f/�-+9n*;@P,.=M(51 G}(>/213-b9.@5Sn-+9.9E]8-wY&@>*�/ �2(>/2YA9.G^-f@D,<Yt-+,�@>_q9EG�-w9.,<(>/2S _ -+,KS;*�6V9.G�6V/A-�(D1KGA,EX�/
*�(PSx1KG�@ SU-+/�(>9�,<(>/2Y&@D?"� m / 9.@P9K(>] ��9.G�-0,.-w*;-+,E-��	
5,.X^/2S @�_h- (D1KG�Sn-+9�@>_ 9.,K(�/2S�_ -0,KS��

g ( $ ]8- 
 �8LwSUG^@>*�S�9.G^- (+7�-+,<(>FP-�YA,.-�SnX�]89<Sd_ @D,�9.G^-ZL i : 9E,K(�/2S�_ -+,<S�� � -\Yt@D/	� 9�SUG�@�*�(�/ %



�	�

e -+/^@ ~ -+F (DS � L � � ~ -+F�(PS � ��� �
g G^,.@DX^FDG�C�X^9 � � :���S�� 
�� � �	� � ��� 
	� ��
 � ���
g G^,.@DX^FDG�C�X^9 e (�9.6V@ L�� �	� L�� � � L � � �
e -+9E,K(>/}SU?A6TS.SU6V@D/2S � � :�� � � � �	� � � � 
	� �DN � ���
e -+9E,K(>/}SU?A6V9 e (>9E68@ L�� �	� ��� 
tL � � O&L
B @ (>,<SU- g 6V?A-+@PX�9KS ��� �	� ���
�	� � � N��

g ( $ ]8- 
��VL��L i : % 9.-f9E,K(>/}S�_ -+,�@�7�-+,;9EG�- m /&9.-0,./�-+9��

7P(>,E6p(>/}13-;/&X�? $ -0,KS $ -�1+(�X2SU-J9.G�-J/�-+9n*;@P,.=\13@D/}Yt689E68@D/}S *;-+,E-JYt6 �)-+,E-+/t9�_ @D,q-�(P1 G SU-+9q@>_)9.,<(>/2S �
_ -+,<S�� R -+C2-+/}Yt68/�F\@D/ 9.G^- 1v@D/�FP-�SU9E68@D/�(+7�@D6TY�(>/}13-f9.G^,.-�SnG�@D]TY�S��&689�SnG�@�*�S $ -+9n*J-+-+/ � ��� (>/2Y
� ���y6V?AC�,E@>7�-0?Z-+/&9�@�7�-+, e -0/�@�� Sd9.G^,.@DX^FDG�C�X^9�*�689.GM@D/�] % 
&L�� 9.@IOtL �y@�_q9.G�-b,.-+9E,K(>/}SU?A6TS �
SU6V@D/2S�� � G�-+/ 13@D?MC2(>,E68/�F ~ -+F (DS�(>/}Y e -+/^@5*�689.G^68/�- (D1KG�,EX�/	� ~ -+F (DS�@DX�9EC -0,U_ @D,E? S e -+/^@
�DN�� @�_;9EG�-59.6V?A-w(�/2Y�(P13,.@ S.Sf(�]8]q]8-+7�-0]pS;@>_ 13@P/�FD- SU9.6V@D/ 	�6 � -����2YtX�,.6V/�F $ @D9EG�9EG�- ?M6pY�Yt]V-w@>_
9.G^-x/�6VFDG&9J(>/2YAY&X�,.6V/�FwC -0,.68@&Y^Sd@>_qG^68FDGI]8@ (DY�� g G^-w(+7�-+,K(�FD-�9.G^,.@DX^FDG�C�X^9�Yt6 �)-+,E-+/213-�6V/Z9EG�-
LDL �y@�_q,.X�/}Sd*�G�-+,E- e -+/�@w@DX�9EC2-+,U_ @P,.? S ~ -0F�(DS`6pS�L���� � 
 ���VL � :���Sh_ @D, e -+/�@\7�-+,KSnX2S � O � �
� :���Sx_ @D, ~ -+F�(PS��w(�/2Y�9EG�-Z? ( 	&68?IX�? Yt6 � -0,.-+/21v-56pS��	
�� � � N�� � � :���Sf_ @D, e -+/^@�7�-0,KSUX}S
�DO � 
 � :���Sd_ @D, ~ -+F�(PS�� �

Q ]pSn@�� 9EG�-59.G^,.@DX^FDG�C�X^9o* (DSw(Z]V689.9E]8-\G�68FPG�-+,f*�6V9.GW9.G^- $ 6VFDFD-0,o9EG�,.- SUG�@P]pY�S � ��� � � �qSn68/213-
9.G^- ~ -+F (DSI13@D/^/�-�139E68@D/�X2Sn-�Y ?M@D,.- $ X��)-+,KSM(>9I9.G�- $ @D9E9.]8-0/�-�1K=�,.@PX�9.-+,5*�G^6p1KG
1v@DX�]TY $ -
X2Sn-�Y 9E@ r2]V] $ (>/}Yt*�6pYt9EG�F�(�C2SZ@&1+13X^,.,.6V/�F"*�G�-+/
9EG�- $ (D1K=&FD,.@PX�/2Y
9E,K(�% 1 SU]V@>*J-�Y
Y&@>*�/ �
z @�*;-07�-+,���9.G�-�G^68FDG^-+, $ X��)-+,`X�9E68]V6 
�(�9.68@P/5(�9d9EG�- $ @P9.9E]8-+/�- 1 =\(>]TSU@w,.- SUX�]V9.-�Y 6V/5G�68FPG�-+,h]V@�S.Sn-�S
(>/}YASU]V68FDG&9.] % G�6VFDG�-0,;Y&-+]p( % S�� � -fC�,E-3_ -+,`9.G^-x?A@P,.-�13@P/2SU-0,.7P(>9E687�-b(>C�C�,E@�(P1 GA@�_qX2SU6V/�Fo_ -0*;-+,
,.- SU@DX^,K13-�S��`SU@WG2(+7�- Sn-+9.9E]8-�Y"@D/�(+7�@D6pY^(>/213-M9.G�,E-�SUG�@P]pY�S5@>_ � � L (�/2Y�� � � ��[�@D,59EG�-
_ @D]V]8@�*�68/^F5-
	tC2-+,E68?A-0/t9<S�� ��L\(>/2Y � � � X�/^]8-�SES�SUC2-�136 r2-�YA@D9EG�-+,.*�6TSU-��

a 	tC2-+,E68?A-+/&9KS�*J-+,.-`(�]pSn@�Yt@D/�-`*�6V9.G\SU? (�]8]V-+,29.,K(�/2S�_ -0,qSU6 
0-�S 9E@�1 G�- 1 =�6 _ ~ -0F�(DS�� S 9EG�,.@PX�FDG �
C�X�9 68?AC�,E@�7�-+?Z-0/t9<S *;-0,.-�(x,E-�SUX�]V9h@>_ 9.G�-wL i :�9.,<(>/2S _ -+,JSU6�
+-�S�� g ( $ ]8- 
 � �fSnG�@�*�Sh9.G�-�-��)-�1v9
@>_b9.,<(>/2S _ -+,MSU6 
0-A@D/ $ @P9.G�9.G�,E@DX�FPG�C�X�9M(>/2Y�,.-+9E,K(�/2SU?A6TS.Sn68@D/}So_ @D, e -+/�@�(>/2Y ~ -+F�(PS � L�� ���
[ 6V,KSU9���@ $ Sn-+,.7�-�9.G2(�9 ~ -+F (DS;Y&@�-�S $ -+9.9E-+,`,.-+]T(>9.6V7�-�9.@ e -+/^@5(DS`9.G�-b9.,K(�/2S�_ -0,�SU6�
+-bYt-�13,E-�(DSn-�S��
m /A9.-0,.? Sh@>_ 9.G^,.@DX^FDG�C�X^9���9.G^-+,.-f6TS;(�/�6V/213,E-�(DSn-x_ ,.@P? � � ��9.@���L�� � g G�-f,.- SUX�]V9KS�(>,E-wSU6V? �
68]T(>,�_ @D,f,E-+9.,<(>/2Sn?A6pSESU6V@D/2S��2(DSf9.G�-\,.-+]T(>9E687�-w/tX^? $ -+,�@�_ ~ -+F (DS�,.-+9E,K(�/2SU?A6TS.Sn68@D/}S FP@�-�Sx_ ,.@D?



�tL

Router

2

Router

1

Host 1a

Host 2a

Host 3a Host 3b

Host 2b

Host 1b

50ms delay

200 KBytes/sec

Ethernets

[ 6VFDX�,E- 
��VL� j -+9n*;@P,.=M13@D/tr}FDX�,<(>9.6V@D/ _ @D,bSU68?IX�]T(>9.6V@D/2S��


tL ��@>_ e -+/^@�� S;9E@�L ����@�_ e -+/�@�� S��
j @D9E6p13-b9.G2(�9�9.G�-w/&X�? $ -+,`@�_h=&68]V@ $&% 9E-�Sd,E-+9.,<(>/2Sn?A689E9.-�Y $t%Me -+/�@ISU9<(>,E9KS�9.@ � (�9.9.-0/�@PX�9

(DSq9.G�-�9E,K(>/}S�_ -+,JSU6�
+-�Y&-�13,.- (DSU- S�� � G^-+/59.G�-�9E,K(�/2S�_ -+, SU6 
0-;6pS Yt-�13,E-�(DSn-�Y $&% G2(�]s_ �>_ ,E@D? L i :
9.@ 
&L�� � : ��9EG�-+,E-f6pSJ( � � � Yt-�13,E-�(DSn-f68/A9EG�-w/tX^? $ -+,h@�_h=&68]V@ $&% 9E-�Sd,E-+9.,<(>/2Sn?A689E9.-�Y � � G^-+/
9.G^-�9.,K(�/2S�_ -0,`SU6�
+-�6pS _ X^,.9.G^-+,`Yt-�1v,.-�(PSU-�Yw9.@w@D/�- � _ @PX�,.9EGZ6V9KS C�,E-+7&68@DX}S 7P(>]8X^-��>_ ,.@P? 
tL � � :�9.@
L�� � � : ��9.G�-J/tX�? $ -+, @�_2=&68]8@ $t% 9.- S ,.-+9E,K(>/}SU?A6V9.9.- Yx@D/�] % Yt-�13,E-�(DSn-�S $&% L � � � g G�6TS 68/2Y&6p1+(�9.-�S
9.G}(>9 e -+/^@Z6TSx(�C�C�,.@ (D1KG�68/^FA9.G�-\(+7�-+,<(>FD-\/tX^? $ -+,J@>_`=&68]V@ $&% 9E-�S;,.-+9E,K(�/2SU?A6V9.9E-�YAYtX�-\9.@I689<S
SU]V@�* � Sn9K(>,E9�]8@ S.SU- S��`[�,.@P? 9EG�-�SU-b,.-�SnX�]89<S��t6V9�1+(�/ $ -�13@D/21v]8X2Yt- YZ9.G2(�9���_ @D,�9.G^-w13@D/}Yt689E68@D/}S;@>_
9.G^6pS;-
	&C2-+,.6V?A-+/&9KS��P9.G�-+,E-\(>,.-\(�,.@DX^/2Y ��� � :�S ,E-+9.,<(>/2Sn?A689E9.-�YIYtX�,E68/�FMSU]V@�* � Sn9K(>,E9��

k /�9.G�-I@D9EG�-+,\G2(>/2Y �h9.G�-I/tX^? $ -+,f@�_�=t6V]8@ $t% 9.-�S�,.-+9E,K(>/}SU?A6V9.9.- Y $t%W~ -+F (DS Y&-�13,.- (DSU- S
(>]V?A@�Sn9�]86V/�-�(>,E] % *�689EG ,.- SUC2-�139q9.@�9.G�-J9.,<(>/2S _ -+,hSn6 
+- � g G^6pS�68/2Yt6T1+(>9E-�S 9.G}(>9 ~ -0F�(DS�-+]V68?A6V/2(>9E-�S
/�-�(�,.] % (>]V]x]V@�S.Sn-�SAYtX^,.68/^F�Sn]8@�* � Sn9K(�,.9 YtX^-�9.@�689KS5?A@&Yt6 r2-�Y�SU]V@�* � Sn9K(>,E9A*�689EG�13@P/�FD- SU9.6V@D/
(+7�@D6TY�(>/21v-�� j @P9.-�9.G2(�9;6 _�9.G^-x9E,K(>/}S�_ -+,JSU6�
+-�6pS`SU? (�]8]V-+,h9.G}(>/ ( $ @PX�9�9n*�6p13-�9EG�- $ (>/2Y&*�6pYt9EG �

L ��� � � : 
&L�� � : L�� � � :
e -+/�@ ~ -0F�(DS e -+/�@ ~ -+F (DS e -0/�@ ~ -+F (DS

g G�,.@PX�FDG�C^X�9 � � :���S�� 
�� � ��� � ��� 
�� 
�� � �	� � � � ��� �tL��VL�� 
�� �8L��
g G�,.@PX�FDG�C^X�9 e (>9E68@ L�� �	� L � � � L � �	� L � � � L�� �	� L � ��L
e -+9E,K(�/2SU?A6TS.Sn68@D/}S � � :�� � � � ��� � � � 
�� � � � N	� L�� � 
�� ����� N	� � � �	�
e -+9E,K(�/2SU?A6V9 e (�9.68@ L�� �	� � � 
tL L � �	� � � � � L�� �	� � �8L��
B @�(>,<SU- g 68?A-+@PX�9KS ��� �	� � � �	� L � ��� � � ��� L��VL�� � � �	�

g ( $ ]8- 
��
�� a �)-�139KS�@>_ 9.,<(>/2S _ -+,bSU6 
0-f@�7�-+,�9.G�- m /&9.-+,E/�-+9��



���

e -+/�@ � e -+/�@ e -+/^@ � ~ -+F (DS ~ -0F�(DS�� e -+/�@ ~ -+F (DS�� ~ -+F�(PS
g G^,.@DX^FDG�C�X^9 � � :���S�� O�� ��L �DN OtL � L�� � ODO � LDL0N � � ��L��&L
g G^,.@DX^FDG�C�X^9 e (�9.6V@�S L�� ��� � L�� ��� L�� ��� ��L��VL�� L��VL�� ��L�� �DN L � ��� ��L � �	�
e -+9E,K(>/}SU?A6TS.SU6V@D/2S � � :�� ��� � ��� � � � L��
� L�� 
 ��L � � � � � ���VL
e -+9E,K(>/}SU?A6V9 e (>9.6V@�S L�� ��� � L�� ��� L�� � � ����� ��� ��� �	
 �����
��� � � �tL ��� � �tL

g ( $ ]8- 
 � �� k /�- � @D/ � @D/^- � ���	� � :�(>/2Y"L i :��h9E,K(�/2S�_ -+,<S��

Yt-+]T( % C�,E@&YtX2139���9.G�-0/�9EG�-+,E-f*�68]V] $ -w/�@I]8@ S.SU- Sd_ @D,�-+6V9.G�-+, ~ -+F�(PS;/�@D, e -+/�@ �2(DS.SnX�?A6V/�F 9EG�-
$ @D9E9.]8-0/�-�1K=A,.@PX�9.-+,bG2(DSx-0/�@DX�FPG $ X��)-+,KSx9E@ ( $ SU@D, $ 9E-+?AC2@D,<(>, % Sn-+/2Yt6V/�FA,<(>9.- Sx( $ @�7�-59EG�-
13@P/�/�-�139E68@P/2S�(+7D(�68]T( $ ]V- $ (>/}Yt*�6pYt9EG	�

� ��� ���6�  � � � � 	�� ! � (  � ��(

g G�6TSfSUX $ SU-�139E68@P/W,.-+C2@D,E9KSf9.G^- ,.- SUX�]V9KSx@�_�Sn-+,.6V-�Sx@�_;- 	tC2-+,E68?A-+/&9KS`X2SU6V/�F� � 4�68?"� g G�-ISU6V? �
X�]T(>9.@P,I(>]V]8@�*�SoX2S 9E@ $ -+9.9E-+,I13@D/&9.,E@D]J9.G�-A- 	tC2-+,E68?A-+/&9��q(�/2Y�68/�C2(�,.9E6p13X�]T(>,��hFD687�- SoX2S 9EG�-
@DC^C @P,.9EX�/�689 % 9.@ SU-+-�*�G�-+9.G^-+,Z@P,Z/^@D9 ~ -+F (DSZFP-+9KS5689<S C2-+,n_ @D,.? (>/213-�(�9A9.G�-�-
	&C -0/2SU-�@>_
e -+/�@ � $ (PSU-�Y�1v@D/�/�- 139.6V@D/2S�� j @P9.-"9.G2(�9�(�]8]w9.G^-�-
	&C2-+,.6V?A-+/&9KS X2Sn-�Y�6V/�9EG�6pS SUX $ SU-�1v9.68@P/
(>,E-5@D/"9.G�-5/^-+9n*;@D,E=W13@P/tr2FPX�,K(�9.68@P/�SUG^@>*�/"68/"[q68FDX^,.- 
��VL�� a 	&C2-+,.6V?A-+/&9KS;*�689EG�Y&6 �)-+,.-0/t9
$ (�/2Yt*�6pY&9.G � Yt-+]T( % C2(>,<(>?A-+9E-+,KS`G2(+7�-\SUG�@�*�/WSn68?A6V]p(�,d,E-�SUX^]89KS��

��� ����� � � � � 
�� � � � � ����
 ��� � � � �����

g @5X�/2Yt-+,<SU9<(>/2YZG^@>*�9n*;@ gxBJc 13@P/�/�-�139E68@P/2Sd6V/t9E-+,U_ -+,E-�*�689EGA-�(D1KGA@P9.G�-+,���(AL i :
9.,K(�/2S�_ -0,
6pS�Sn9K(�,.9.- Y�_ ,.@D? @D/�-\G�@�Sn9���(�/2Y�9EG�-+/W(+_ 9.-+,�(I7D(�,.6T( $ ]V- Y&-+]p( % ��6V9�6pS;_ @D]8]V@�*;-�Y $&% ( ���	� � :
9.,<(>/2S _ -+,;_ ,.@P? (>/^@D9.G^-+,xG^@�SU9�� g G^-o9E,K(�/2S�_ -+,�Sn6 
+- S�(>/2Y Yt-+]T( % S�(�,.-\1 G^@�SU-0/�9E@5-+/2SnX�,.-w9.G}(>9
9.G^- Sn? (>]V]8-+,`9E,K(>/}S�_ -+,�,.X�/}S�13@D/21vX�,.,E-+/t9E] % *�689EG�9EG�-w]p(�,.FD-0,�(>/2Y 9.-+,E?A68/2(�9.-�S $ -3_ @D,E-o6V9��

g ( $ ]8- 
�� � FP687�-�S 9EG�-�,E-�SUX�]V9KS _ @D,I9.G�- _ @DX�,IC2@�SESU6 $ ]8-"13@P? $ 6V/2(>9E68@P/2S��h*�G�-0,.-�9EG�-W1v@D] �
X�?A/ G�- (DYt6V/�F e -+/�@ � ~ -+F�(PSfYt-+/�@P9.-�Sb(#�	��� � : 9E,K(>/}S�_ -+,�X2SU6V/�F e -+/�@ 1v@D/213X^,.,.-0/t9�*�689EGW(
L i : % 9.-\9.,<(>/2S _ -+,xX}SU68/^F ~ -+F (DS��f[�@D,f- (D1KG"13@D? $ 68/}(>9.6V@D/	��9EG�- 9<( $ ]V-5FD6V7�-�S 9EG�- ?M-�(DSnX�,.-�Y
9.G^,.@DX^FDG�C�X^9I(>/2Y�/&X�? $ -+,f@>_b=&68]8@ $t% 9.- Sx,.-+9E,K(�/2SU?A6V9.9E-�Y�_ @D, $ @P9.G�9.,<(>/2S _ -+,KS 	d- � F���� 6V/�9EG�-
1+(PSU- @�_ e -+/^@ � ~ -+F (DS�� 9.G�- �	��� � : e -+/�@I9.,<(>/2S _ -+,w(D1KG�6V-+7�-�Y (AOtL � :���Sx9EG�,.@PX�FDG�C^X�9w,K(>9E-
(>/}Y 9EG�-�L i : % 9E- ~ -+F�(PS�9E,K(�/2S�_ -+,\(P1 G�6V-+7�-�Y�( L ��� � :�� So9EG�,.@PX�FDG�C^X�9 ,<(>9.- � B @P?AC2(�,.68/^F



���

9.G^-;Sn? (>]V]D9E,K(>/}S�_ -+,q9.@�9.G�-J]p(�,.FD-J9.,<(>/2S _ -+, 6V/\(>/ % FP687�-+/\13@P]8X�?M/f6pS /�@P9 ?M-�(>/�6V/�F>_ X^] $ - 1+(>X2Sn-
9.G^-o]T(>,EFD- 9E,K(�/2S�_ -+,�*�(PSx( $ ]8-\9.@I,.X�/ $t% 689KSn-+]s_ Y&X�,.6V/�FZ?M@�SU9�@�_`9.G^- 9.- SU9���4�? (�]8])9.,K(�/2S�_ -0,KS
SUG^@DX�]TY�@D/�] %�$ - 1v@D?AC2(�,.-�YW9.@�@D9EG�-+,5Sn? (>]V]`9.,K(�/2S�_ -0,KS � SU6V?A68]T(>,.] % *�689.G�]p(>,EFD-A9E,K(�/2S�_ -+,<S�� �
g G�-w,K(�9.6V@�S;_ @D, $ @D9EG�9.G^,.@DX^FDG�C�X^9x,<(>9.-\(�/2Y�=&68]V@ $&% 9E-�Sd,E-+9.,<(>/2Sn?A689E9.-�YI(>,E-o,E-+]p(�9.6V7�-f9.@59EG�-
e -+/�@ � e -0/�@W13@P]8X�?M/	� g G^-A7P(>]8X^-�So6V/�9.G�-M9K( $ ]8-M(>,.-�(+7�-+,<(>FD- S�_ ,.@P? L ��,EX�/2S��`X2Sn68/�F�L�

(>/}Y ��� $ X��)-+,<Sd6V/59.G�-�,.@PX�9.-+,<S��^(>/2Y5*�689EGZ9EG�-fY&-+]p( % $ -3_ @P,.-bSU9<(>,.9E68/�F\9.G�-bSU? (>]8]V-+,q9.,K(�/2S�_ -0,
,K(�/�FD6V/�F $ -09U*J-+-+/ �I(>/}Y ��� 
5SU-�1v@D/2Y�S��

g G�- ? (>6V/�9.G^68/�FW9E@W9K(>=�- ( * ( % _ ,.@P? 9.G�- SU-A/&X�? $ -0,KSo6TSo9EG2(>9 ~ -+F�(PS5Yt@�-�S5/�@D9I(PY �
7�-+,<SU-+] % (�� - 139 e -+/�@�� S 9EG�,.@PX�FDG^C�X�9�� e -+/�@ � S�9.G�,E@DX�FPG�C�X�9�1 G2(�/�FD- Sx7�-+, % ]8689E9.]V-o*�G^-+/�6V9x6TS
13@P?AC2-+9.6V/�F5*�689EG ~ -+F�(PS ,<(>9EG�-+,f9EG2(>/�689KSn-+]s_ � 9.G�-w,<(>9.6V@�S _ @P, e -+/�@ (>,.-ML�� ���A(�/2Y�L�� �DN _ @P,
e -+/�@ � ~ -+F�(PSf(>/2Y ~ -+F (DS�� e -+/�@��),.-�SnC - 139.6V7�-+] % � Q ]pSn@��2*�G�-+/ e -+/�@ 13@D?AC2-+9E-�S;*�689EG ~ -+F�(PS
,K(�9.G�-0,o9EG2(>/"689<SU-+] _ ��9.G�-I13@P? $ 68/�-�Y /tX^? $ -+,�@>_�=&68]V@ $&% 9E-�S ,E-+9.,<(>/2Sn?A689E9.-�YA_ @D,\9.G�-IC2(>6V,w@>_
13@P?AC2-+9.6V/�F 13@P/�/�-�139E68@P/2S Yt,E@DC2S5Sn68FP/�6sr)10(>/&9.] % � g G�- 1v@D? $ 68/�- Y e -+/^@ � e -+/�@�,.-+9E,K(�/2SU?A6V9KS
(>,E- 
 � � : 13@P?AC2(>,E-�Y�*�689EG � 
 � : _ @D, e -0/�@ � ~ -0F�(DSM(>/2Y�L0N � : _ @D, ~ -+F�(PS�� e -+/^@���[ 6 �
/2(�]8] % � /�@P9.-A9EG2(>9\9.G�- 1v@D? $ 68/�- Y ~ -0F�(DS�� ~ -+F (DS ,.-09.,K(�/2SU?M689KSw(�,.-A]V-�S.Sw9.G2(�/�L � : @D/�9EG�-
(+7�-+,K(�FD-�� (>/ 68/}Yt6p1+(�9.6V@D/A9EG2(>9�9.G�-\13@P/�FD- SU9.6V@D/ ( 7�@P6pY�(�/213-f?M-�1 G}(>/�6TSU?�6pS;*J@D,E=t6V/�F��

g G�- � � � 68/}13,.-�(PSU-w68/ 9EG�- ]V@�S.Sn-�S�@>_ e -+/�@5_ @D,�9.G�- e -+/�@ � ~ -+F�(PSx10(DSU-\6pS�-
	&C�]p(�68/�-�YM(DS
_ @D]V]8@�*�S�� g G�- ~ -+F�(PS�13@D/�/^-�139.6V@D/\SU9<(>,E9KS r2,<SU9��D(�/2Yo6TS X2SU6V/�Fx9EG�-h_ X�]8] $ (>/2Yt*�6TYt9.G � ���	� � :�� S��
$&% 9.G�-59E68?A-59EG�- e -+/�@�13@P/�/�-�1v9.68@P/�Sn9K(�,.9KS�� � G�-+/ ~ -+F�(PSoY&-+9.-�1v9KSf9.G2(�9w9.G�-I/�-+9n*;@P,.=W6TS
SU9<(>,E9.68/^F59.@5FD-09�13@D/�FP-�SU9E-�Y���6V9�Yt-�13,E-�(DSn-�Sd6V9KS�SU-0/2Yt68/^F5,K(>9E-w9.@ $ -+9n*;-+-0/ �	�I(>/2YWL �	� � :�� S��
g G�-\]8@�SESU-�S�68/213X^,.,.- Y $&%�e -0/�@ � ( $ @DX�9 � � � :�� �)(>,E-I(>C�C^,.@ 	t6V? (>9E-+] % 9.G^- ]8@ S.Sn-�S e -+/�@I-
	 �
C2-+,.6V-+/213- S *�G�-+/I689`6pSh,EX�/�/�6V/�F $t% 6V9KSU-0]s_)@D/M(o/�-09U*J@D,E= *�689EG�L �	�w9.@AL �	� � :�� Sd@�_ ( 7P(�68]p( $ ]8-
$ (�/2Yt*�6pY&9.G (�/2YZ(�,.@PX�/2Y�L 
 (+7P(>68]T( $ ]V- $ X��)-+,KS`(>9J9.G�- $ @D9E9.]8-0/�-�1K= ,.@PX�9.-0,�� g G^-x,E-�(DSn@D/A9EG�-
]8@ S.Sn-�Sh*�G�-+,.-�Sn? (>]V]8-+,�_ @D,`9EG�-��	��� � :
9.,<(>/2S _ -+,`68/59.G^- e -+/�@ � e -+/�@w-
	&C -0,.68?M-+/t9�6TS 9.G}(>9 $t%
9.G^- 9.6V?A-w9.G�- �	��� � :�9.,K(�/2S�_ -0,wSU9<(>,.9<S�� 9EG�- L i :�13@D/�/^-�139.6V@D/�G2(DSfSn9.@PC�C2-�Y 9E,K(�/2SU?A6V9.9E68/�F
YtX�-\9.@I9.G�-\]8@ S.SU- Sx68/ 689<SxSn]8@�* � SU9K(�,.9���(>/2Y�6V9�*�68]V] /�@P9fSn9K(�,.9wSn-+/2Yt6V/�FA(�F�(�68/WX�/&9.6V]�689�9.68?M-�S
@DX^9;(�9�(�,.@DX^/2Y �\SU-�1v@D/2Y�S�� Q�e -0/�@\13@D/�/^-�139.6V@D/MSU-+/}Yt68/�F ���	� � :�*�G�-+/I9.G�-+,E-x6TS �	�	� � :���S
@>_�(+7P(>68]T( $ ]V- $ (>/2Y&*�6pYt9EG�(>/}Y��	� $ X��)-+,<SZ(�959.G�- $ @D9E9.]V-+/�-�1K=�,E@DX�9E-+,I@D/�] % ]8@ S.SU- SZ( $ @PX�9
� � : �

g G�6pS;9 % C2-f@>_ $ -+G2(+7t6V@D,J6pS�1KG2(>,<(D139E-+,.6TSU9.6T1 @�_ e -+/�@  $t% SU]V68FPGt9E] % 1 G2(�/�FD6V/�F59.G^-fC2(>,<(>? �



� �

e -+/^@ ~ -+F (DS � L � � ~ -+F�(PS � ��� �
g G^,.@DX^FDG�C�X^9 � � :���S�� 
�� � �	� �PN�� � � NtL � ���
g G^,.@DX^FDG�C�X^9 e (�9.6V@ L�� �	� L�� 
�� L � 
 �
e -+9E,K(>/}SU?A6TS.SU6V@D/2S � � :�� 
	
 � � � �����VL�� �DN � � �
e -+9E,K(>/}SU?A6V9 e (>9E68@ L�� �	� ��� � N � � 
 �
B @ (>,<SU- g 6V?A-+@PX�9KS 
�� O	� ��� N	� � � N��

g ( $ ]8- 
 � � �L i : % 9.- g ,<(>/2S _ -+,x*�6V9.G����
	����� � |�-+/�-+,<(>9.- Y�:�(D1K=&FD,.@PX�/2Y e -+/^@ g ,<(�% 1��

-+9E-+,KS;6V/�9EG�-w/�-+9n*;@P,.= �t@P/�-51+(�/ @ $ Sn-+,.7�-w? (��.@P,�1KG2(>/^FD-�S�68/ e -+/�@�� S $ -+G2(+7t6V@D,�� ~ -0F�(DS���@D/
9.G^-o@P9.G�-0,�G2(>/2Y � Yt@�- S /�@P9�SUG�@�*�(PS ?IX21KGAY&6pS.1v@D/&9.68/&X�6V9 % 6V/ 689KS $ -+G}( 7&68@P,��

4�68/}13-x9EG�-�C�,.@ $ ( $ 6V]86V9 % 9EG2(>9J9.G�-0,.-w(�,.-�-
	�(P139.] % 9n*;@51v@D/�/�- 139.6V@D/2S`(>9J@D/�-b9.68?M-�6pS`SU? (�]8]
68/W,E-�(>] ]86s_ - � 9EG�-5-
	&C -0,.68?M-+/t9�* (DSf?A@&Yt6 r2-�Y $t% (DY�Yt6V/�F���� 	����� $ (D1K=tFP,.@DX^/2Y 9E,K(�% 1�� g G�-
,.- SUX�]V9KS;*;-0,.-wSn68?A6V]p(>,`-
	^13-+C^9d_ @D,�9EG�- e -0/�@ � ~ -0F�(DS�-
	&C2-+,.6V?A-+/&9h68/ *�G�6T1 G e -+/�@5@P/�] % G2(DY
(IO � 68/21v,.-�(PSU-f6V/�689<S;,.-+9E,K(�/2SU?A6TS.Sn68@D/ �t7�-+,<SUX2S�9.G�- � � � *�G�-+/�9.G�-+,E-w*�(DS�/�@ $ (D1K=&FD,.@PX�/2Y
9.,<(�% 1��

��� ��� � � �� � ����
 � � � � � ��� �

� -A/�-
	&9 ?A- (DSUX^,.-�YW9.G�-MC -0,U_ @D,E? (>/}13-Z@�_w(WY&6pSU9E68/�FPX�6pSnG�-�Y gxBJc 13@D/^/�-�139E68@D/�*�G�-+/�9EG�-
/�-+9n*J@D,.=w6TS ]V@�(DY&-�Y *�689EG 9.,<(�% 1;FD-+/^-+,K(�9.-�Yf_ ,.@D? ��� 	������� g G2(�9h6pS��D9.G�-JC�,.@P9.@&13@P] g�exQ [ [ m.B
6pS5,.X^/�/�68/^F $ -+9n*J-+-+/ z @�Sn9+L0( (�/2Y z @�Sn9+L $ 6V/�[ 68FPX�,.- 
��VL���(>/2Y�(
L i : % 9E-�9.,<(>/2S _ -+,A6TS
,.X^/�/�68/^F $ -09U*J-+-+/ z @�SU9 �D(5(�/2Y z @ SU9 � $ � m / 9.G�6TS�SU-+9J@>_ -
	&C -0,.68?M-+/t9<S��D9EG�- ��� 	����� 9E,K(�% 1x6TS
,.X^/�/�68/^F5@>7�-0, e -+/^@��

g ( $ ]8- 
�� � FD687�- Sx9.G�-I,.- SUX�]V9KS _ @P, e -+/�@�(>/2YW9n*;@ 7�-+,<SU68@P/2Sx@�_ ~ -0F�(DS�� ~ -+F (DS � L�� � (>/2Y
~ -+F�(PS � ��� � � g *;@ SU-+9<Sx@>_J9.G^,.-�SnG�@D]TY�Sx*;-0,.- X}SU-�Y�9E@A?A-�(PSUX�,E-o9EG�-5Sn-+/2Sn689.6V7t6V9 % @>_J9.G^-513@P/ �
FD- SU9.6V@D/�(+7�@D6pY^(>/213-I(�]8FP@D,.6V9.G�? 9E@�1 G2(�/�FD- S�6V/�9EG�-I9.G�,E-�SUG�@P]pY�� g G�-I/&X�? $ -+,<SxSnG�@�*�/�(>,E-
(+7�-+,K(�FD-�Sh_ ,.@P? 
�� ,EX�/2S��&@ $ 9<(>6V/�-�Y $t% X2Sn68/�FIYt6 �)-+,.-+/&9�Sn-+-�Y�Sh_ @D, ���
	�������2(�/2Y $&% X2SU6V/�FAL ���
L�
I(>/}Y �	� $ X��)-+,<S;68/ 9.G^-o,E@DX�9E-+,KS��

g G�-I9K( $ ]8-ISUG^@>*�Sf9EG�-Z9EG�,.@PX�FDG^C�X�9 ,<(>9E- _ @D,w-�(D1KGW@>_ 9.G�-MYt6TSU9.6V/�FDX^6pSUG^-�YW13@D/^/�-�139E68@D/}S
X2Sn68/�F\9.G�-f9EG�,.-0-fC�,.@P9.@&13@P]pS��2(>]8@P/�F5*�689EGA9.G^-+68,J,K(>9E68@\9.@ e -+/�@�� Sd9EG�,.@PX�FDG�C^X�9�� m 9�(>]TSU@5FP687�-�S
9.G^- /&X�? $ -+,�@>_J=&68]V@ $&% 9E-�S;,.-+9E,K(�/2SU?A6V9.9E-�Y���9.G^-5,K(>9E68@A@�_J,.-+9E,K(>/}SU?A6V9KS�9.@ e -+/�@ � S�� (>/2Y�9EG�-



�	


(+7�-+,K(�FD-J/tX�? $ -+,�@>_ 13@ (>,<SU- � FD,<(>68/^-�Y 9E68?A-0@DX�9<S C -0,h9.,<(>/2S _ -+,��`[�@D, -
	�(�?AC�]V-�� ~ -+F�(PS � L�� ��G2(DY

���� $ -+9E9.-+,w9EG�,.@PX�FDG�C^X�959.G2(�/ e -+/^@�� *�6V9.G"@D/�] % � N � @>_�9EG�-A]8@ S.Sn-�S�� Q F�(�68/"/�@D9E-A9.G}(>9
9.G^-+,.-f6TS;]86V9.9.]V-wYt6 � -0,.-+/21v- $ -+9n*;-+-+/ ~ -0F�(DS � L � �I(>/2Y ~ -+F�(PS � ��� � �

g G�-�Sn-ISU68?IX�]T(>9.6V@D/2S�9.-0]8]qX2Sx9.G^-5-
	tC2-�1v9.-�Y�6V?AC�,.@�7�-+?I-v/t9J@>_ ~ -+F (DSx@�7�-+, e -+/^@�x?M@D,.-
9.G}(>/ 
	� � 6V?AC�,E@>7�-0?Z-v/t9J@D/"9.G�,E@DX�FPG�C�X�9��h(�/2Y @P/�] % G2(>] _J9.G�-5]V@�S.Sn-�S�� g G�-Z,E-�SUX^]89KS�_ ,.@D?
9.G^-A@D/�- � @P/ � @P/�- -
	&C -0,.68?M-+/t9<S 6V/2Yt6T1+(>9E-Z9EG2(>959EG�-ZF (>6V/2S @>_ ~ -+F (DS (�,.-A/^@D95? (PYt-A(�9 9EG�-
-
	&C2-+/2SU-I@>_ e -0/�@ 	h9EG�6pS $ -+]86V-3_J6pSf_ X�,.9EG�-+,\SUX�C^C @P,.9E-�Y $&% 9.G�-5_ (D139w9EG2(>9\9.G�- $ (D1K=&FD,.@PX�/2Y
9.,<(�% 1�� S�9.G^,.@DX^FDG�C�X^9d6TS ?M@�SU9E] % X�/2(��)-�139.- Y $t% 9.G^-;9 % C2-J@>_ 13@D/^/�-�139E68@D/IY&@D68/^Ff9.G�-wL i�$t% 9.-
9.,<(>/2S _ -+,��

g G�-�9E-�SU9<S *;-+,E- ,.-+,EX�/
X2Sn68/�F ~ -+F�(PS _ @P,Z9EG�- $ (D1K=&FD,.@PX�/2Y�9.,K(�% 1 68/2Sn9.-�(PY�@>_ e -+/�@ �
g G�-�Sn-5-
	&C -0,.68?M-+/t9<SxSn68?IX�]p(�9.-w9.G^-ASn689.X}(>9.6V@D/"*�G�-+,E-59.G�-I*�G�@D]V-5*;@P,.]pYWX2Sn-�S ~ -0F�(DS�� g G�-
9.G^,.@DX^FDG�C�X^9 (>/2Y
9EG�-W=&68]8@ $t% 9.- S ,.-+9E,K(>/}SU?A6V9.9.- Y $t% 9EG�-�L i : % 9E-�9.,<(>/2S _ -+,KS � e -+/�@�(>/2Y
~ -+F�(PS��IY&6pY
/�@P9�1KG2(�/�FD-"Sn68FD/^6sr)1+(�/t9E] % � ]V-�S.SI9.G2(�/ � � �I(PSA13@P?AC2(>,E-�Y
9.@�9.G�-WC�,E-+7&68@DX}S
-
	&C2-+,.6V?A-+/&9��

��� ����� � �
	 � � � ��
 � � ��� � �����

~ (>,E6p(>9E68@P/2Sx@>_J9EG�-5C�,.-07t6V@DX2S�-
	&C -0,.68?M-+/t9<S;SnG�@�*;-�YWSn68?A6V]p(>,�,E-�SUX^]89KS�� -
	^13-+C�9�*�G^-+/ gxBJc � S
SU-0/2Y � $ X��)-+,\SU6�
+- * (DSw1 G}(>/�FP-�Y��5:;-+]V@�* 6TSf( SUX�?M? (>, % @>_ 9.G�-�Sn-5-
	&C -0,.68?M-+/t9<S�(>/2YW9.G^-+68,
,.- SUX�]V9KS��

g G�-+,E-WG2(+7�- $ -+-+/�,.-+C2@P,.9KSA@�_51KG2(�/�FD-"68/ gxBJc � S $ -0G2(+7t6V@D, *�G�-+/�9EG�- $ (D1K=&FD,.@PX�/2Y
9.,<(�% 1f6pS;9n*;@ � * ( % ,K(>9EG�-+,�9.G2(�/ @D/�- � *�( % ) ��� * �2SU@ ���
	����� 9.,<(�% 1f*�(DS�(DY^Yt-�Y _ ,E@D? z @�SU9 � $
9.@ z @ SU9 �P(�� g G�-�9.G�,E@DX�FPG�C�X�9 ,<(>9.6V@�Sn9K( % -�Y�9.G�- S.(>?M-�� $ X�9A9.G^-�]8@ S.SZ,<(>9E68@"*�(DSI?ZX21KG
$ -+9.9E-+,� ���
�DN�� e -+/�@5,.- SU-+/&9;?A@P,.-bY�(>9<(Z(�/2Y ~ -+F�(PS;,.-+? (�68/�- YZ( $ @PX�9�9.G�-wSE(>?A- � g G�-f_ (D1v9
9.G}(>9w9.G�-0,.- * (DSf]86V9.9E]8-51KG2(�/�FD-56TSxC�,.@ $ ( $ ] % YtX�-59E@A9.G^- _ (D139w9.G}(>9 ���
	����� (�]8,E-�(DY % 13,.- (>9.- S
SU@P?A- � � *�( % 9.,K(�% 1 � g -+]8/�-09 1v@D/�/�- 139.6V@D/2S\SU-+/2Y�@P/�- $t% 9.- (�/2Y�FD-+95@P/�- @D,5?A@P,.- $t% 9.- S
$ (P1 = ��(�/2Y�[ g�c 13@D/^/�-�139E68@D/}SxSn-+/2Y (>/2Y FD-+9�1v@D/&9.,.@P]�C2(D1K=�-+9<S $ -3_ @D,E-5Yt@P68/�FI(59.,<(>/2S _ -+,��

[�@D,�(�]8]29.G^-x-
	&C2-+,.6V?A-+/&9KS ,E-+C2@D,E9.-�YISU@ _ (�,�� gxBJc � S;SU-0/2Y � $ X��)-+,�Sn6 
+-�*�(PS;Sn-+9;9E@ 
	� � : �
a 	tC2-+,E68?A-0/t9<S *J-+,.-b(>]TSU@IYt@P/�-f*�689EGASn-+/2Y � $ X��)-+,�Sn6 
+- S $ -+9n*J-+-+/ 
	� � :�(>/2Y 
 � : � ~ -+F�(PS�� S
9.G^,.@DX^FDG�C�X^9�(>/2YA]8@ S.Sn-�S;Sn9K( % -�YZX�/}1 G2(�/�FD- Y $ -+9n*;-+-+/ 
	� � :�(�/2Y �	� � : 	 _ ,.@P? 9EG2(>9�C2@P68/&9
@D/ �h(DSw9.G�- $ X��)-+, Yt-�13,E-�(DSn-�Y��qSU@ Yt6pYW9.G^-A9.G�,E@DX�FPG�C�X�9�� g G�6pSw*�(PS YtX�-I9.@�9.G�-IC�,E@D9.@&1v@D]



�DO

/�@P9 $ -+6V/�FI( $ ]V-w9.@I=�-+-+CA9EG�-wC�68C2-f_ X�]8] �
e -0/�@�� S 9EG�,.@PX�FDG^C�X�9�6V/�689E6p(�]8] % -, �� 4 � 534�2"(DSA9.G^- $ X � -0,KSAFD@P9WSU? (>]8]V-+,�� (>/2Y�9EG�-+/�6V9

Yt-�1v,.-�(PSU-�Y�� m 9�(�]8*�( % S;,.-+? (>68/^-�YZX�/2Y&-+,�9.G�-w9EG�,.@PX�FDG�C^X�9f?A-�(PSUX�,E-�Y _ @P, ~ -+F (DS�� � - G}( 7�-
C�,E-+7t6V@DX2Sn] % SU-0-+/59.G�6TS 9 % C2-�@�_ $ -+G2(+7&68@D, *�G�68]V-;,.X^/�/�68/^F e -+/�@b@D/I9.G�- m /&9.-+,E/�-+9��q[ 6VFDX�,E- � �8L
SUG^@>*�S�9.G}(>9b(DS e -+/^@Z6V/213,.- (DSU- S;689KS�1v@D/�FP-�SU9E68@D/�*�68/2Y&@>*!�2689�X}SU-�S�?A@D,E-w(>/}Y�?A@P,.- $ X � -0,KS
68/I9.G^-x,E@DX�9E-+,`X�/t9E68]�6V9`]8@�Sn-�ShC2(D1K=�-+9<S $t% @�7�-+,E,.X�/^68/�Ff9EG�-bu X�-0X�-��d'26V?A689E68/�F�9.G^-f13@P/�FD- SU9.6V@D/
*�68/}Yt@�* $t% ,E-�YtX2136V/�Fw9.G�-bSU6�
+-�@>_q9.G^-fSn-+/2Y � $ X��)-+,J? ( % C�,E-+7�-+/&9h689`_ ,.@D?�@�7�-+,E,.X�/^/�68/�Fw9EG�-
,.@PX�9.-0,�� S�u�X�-+X^-��

� � � 	 � ��� ��� � � �  � � ��	 �  �
� � �"� � �

g G�,E@DX�FPG�C�X�9I(�/2Y�]8@�SESU-�S5(�,.-A/^@D9 9EG�-A@P/�] % ?A-+9E,.6p10S $t% *�G�6T1 G�(�9.,<(>/2SnC @P,.95C�,E@D9E@&13@D]�6TS
-+7P(>]VX2(>9E-�Y�� g G�6TS�SU-�1v9.68@P/�Yt6pSE13X2S.Sn-�S�SU-07�-+,K(�]�@D9.G^-+,�6pSESUX�-�S;9EG2(>9�?IX2SU9 $ -\(PY�Yt,.- S.SU- Y��

��� ����� � � ��� � � � �

m _J9.G�-+,E-Z6TSf?A@D,E-59.G2(�/�@P/�- 13@P/�/�-�139E68@P/"SUG2(�,.68/^FW( $ @P9.9.]V-+/�-�1K=�]V68/�= � @P/�-Z*J@DX�]TY ]V68=�- _ @P,
-�(P1 G\13@P/�/�-�139E68@P/o9E@f,.- 13-+687�- (>/\-�u�X2(>]^SUG2(�,.-J@>_29EG�- $ (>/2Y&*�6pYt9EG	� l /t_ @P,.9.X^/2(>9E-+] % �+FP687�-+/w9EG�-
]86V?A689E-�Y5(>?M@DX�/&9;@�_h6V/t_ @D,E? (>9E68@D/ 13X�,.,E-+/&9.] % (+7P(>6V]p( $ ]8-w(�9�9.G�-\13@P/�/�-�1v9.68@P/A-+/2Y&C @P68/&9KS���9.G�6TS
6pShX�/^]868=�-0] % 9.@\G2(>C�C2-+/M*�689.G^@DX�9 SU@D?M-�G�-+]8C5_ ,.@P?�9.G�-�,.@PX�9.-0,KS��;|�6V7�-+/59.G2(�9;/�@\C�,.@P9.@&13@P] 6TS
]86V=�-+] % 9E@ $ - C2-+,n_ -�139.] % _ (�68,�� @P/�- /�-0-�Y�S�( * ( % 9E@AYt- 136pYt-w*�G�-09.G�-+,�6V9KS�]8-+7�-0] @>_ _ (>68,E/�-�SES 6TS
(D1013-+C�9<( $ ]V-x@P,;/�@P9��;|�687�-+/I9.G}(>9�SU@w_ (>,�9EG�- m /&9.-+,E/�-+9J13@P?A?ZX^/�689 % G2(PSd_ @DX�/}Y e -0/�@�� Sd]8-07�-+]
@>_J_ (>6V,./�-�SESw(D1+13-0C�9K( $ ]8-���6V9o* (DSwYt-�1v6pYt-�Y�9E@W13@P?AC2(�,.- ~ -+F�(PS�� Sb_ (�68,E/�-�S.Sf]V-+7�-+]pS�9.@ e -0/�@�� S
(>/}Y �.X2YtFP-w689�68/ 9EG�@�Sn-o9E-+,.? S��

��(>6V/	� S � � 
� ,
465 5 -,�2�4  )sL�� * 6TS X}SU-�YW(PSx9.G�-\?A-+9E,.6p1 � m 9�6pS�Yt-3r2/�- Y�(DS�_ @D]8]V@�*�S�;FP687�-+/�(
SU-09�@>_ 9.G�,E@DX�FPG�C�X�9<S �  � �  � � ����� �  � �`9.G�-�_ @D]8]V@�*�68/�F _ X�/}139.6V@D/ (PS.SU6VFD/2S�( _ (>68,E/�-�SESd68/}Yt-
	I9.@
9.G^- Sn-+9� � �  � �  � � � ��� �  � � � ��� �� � �  � � �

��� �� � �  �� � � �	� )�
 * � �� )�
 �6*�
[�@D,\(>]V]h/�@P/�/�-+F (>9.6V7�-Z/&X�? $ -+,KS�� 6V9�_ @P]8]V@>*�S $t% �D-+/}SU-+/	� S m /�-�u�X2(>]V689 % �	� )�
 � * � �	� )�
 * � � �
9.G}(>9h9EG�-d_ (�68,./^-�S.S�68/2Y&-
	\(>]8* ( % S�,.-�SnX�]89<S 6V/ /&X�? $ -0,KS $ -+9n*;-+-0/ ��(>/2YAL � m _ (>]8]�9EG�,.@PX�FDG^C�X�9KS
(>,E-;9EG�-�SE(>?A-��+9EG�-d_ (�68,E/�-�S.S�68/}Yt-
	w6pS`L�� m _^@D/^] %�� @�_ 9EG�- � X2Sn-+,KS�,.-�1v-+687�-h- u X2(�]t9EG�,.@PX�FDG^C�X�9



� �

(>/}Y 9EG�-A,E-+? (>6V/�68/^F �
�

� X2SU-+,<So,E-�13-+6V7�- 
+-+,.@�9.G�,E@DX�FPG�C�X�9��d9EG�-Z_ (�68,./^-�S.Sw68/2Yt- 	W6pS � � �
� ]T(>,EFD-\Yt6pSnC2-+,KSn68@D/�68?AC^]868- ShSU? (�]8])68/2Yt- 	 � �

� -",K(�/�SU6V?ZX^]p(>9E68@P/2S *�6V9.G ��� � (>/2YyL0O
13@P/�/�-�1v9.68@P/2S SUG2(�,.6V/�F�( $ @P9.9E]8-+/�- 1 =�]868/^=��
*�G�-+,E-w(>]V]�9.G�-\13@P/�/�-�1v9.68@P/2S;-+6V9.G�-+,JG2(DYA9EG�-\S.(>?M-fC�,.@PC2(>F (>9E68@D/"Y&-+]p( % �&@D,�*�G�-+,E-w@D/�-wG2(�]s_
@>_ 9.G�-�1v@D/�/�- 139.6V@D/2ShG2(PY 9n*�6p1v-�9.G�-�C�,E@DC2(�F�(�9.68@P/�Yt-+]p( % @>_�9EG�-�@D9EG�-+,`G2(�]s_ � i (�/ % Y&6 �)-+,.-0/t9
C�,E@DC2(�F�(>9E68@P/"Yt-+]p( % Sd*J-+,.-wX2Sn-�Y��2(>/}Y�9.G^-o,E-�SUX^]89KS�(+7�-+,<(>FP-�Y��

m / 9.G^-�1+(DSn-�@>_ �f(>/}Y � 1v@D/�/�- 139.6V@D/2S��D*�689EG -�(P1 GI13@P/�/�-�1v9.68@P/ 9E,K(>/}S�_ -+,E,.68/^F�� i : � e -+/^@
*�(PSwSU]86VFDG&9.] % ?M@D,.- _ (�68,f9EG2(>/ ~ -+F�(PSf*�G�-+/�(>]8] 13@D/�/^-�139.6V@D/2SfG2(PY 9EG�-IS.(�?A-5C�,E@DC2(�F�(>9E68@P/
Yt-+]T( % � � � NPN�� 7^S�� ��� N��DN � � $ X^9 ~ -+F�(PSA*�(DS�SU]V68FDG&9.] % ?A@D,E-�_ (>68, 9EG2(>/ e -+/�@�*�G�-0/�9EG�-
C�,E@DC2(�F�(>9E68@P/�Yt-+]T( % * (DSf]p(�,.FP-+,f_ @D,wG2(>] _�@�_�9.G^-A13@P/�/�-�1v9.68@P/2S � � � NDO ��7^S�� ��� N	
 � � � m /�9EG�-
-
	&C2-+,.6V?A-+/&9KS *�6V9.G L0Of13@D/^/�-�139E68@D/}S��D*�6V9.G5-�(P1 G 13@D/�/^-�139.6V@D/\9.,K(�/2S�_ -0,.,.6V/�F�� i : � ~ -+F (DS * (DS
?A@P,.-d_ (�68,`9.G}(>/ e -+/^@o6V/I(>]V] - 	tC2-+,E68?A-+/&9KS ,E-+F�(�,KYt]V-�S.Sh@�_�*�G�-+9EG�-+,h9EG�-�C�,.@PC2(>F (>9.6V@D/ Y&-+]p( % S
*;-0,.-f9EG�-\S.(>?M-f@D,�/�@D9 � � � N�� �57�S�� ��� N �tL � �

g @MSU9EX2Y % 9.G^- -��)-�139�9EG2(>9 e -+/�@M13@D/�/^-�139.6V@D/2S;G}( 7�-w@P/ ~ -+F�(PSx1v@D/�/�- 139.6V@D/2S � (�/2Y�7&6p13-
7�-+,<S.( � *;-w,K(�/ �513@D/�/^-�139.6V@D/2S���-�(D1KG Sn-+/2Yt6V/�F�� i :
@�_`Y^(>9K( � g G^-o- 	tC2-+,E68?A-+/&9`13@P/2SU6TSU9E-�Y
@>_ ,.X�/�/^68/�FM(>]V]�9.G�- 13@D/�/^-�139.6V@D/2S�@D/�9.@PC�@>_ e -+/^@��)(>]8]�9EG�-51v@D/�/�- 139.6V@D/2S;@P/W9.@DC�@>_ ~ -+F (DS��
@D,\@D/�-MG2(>] _�@D/�9.@PC @P/ e -+/�@W(�/2Y�9.G�-M@D9.G^-+, G2(�]s_�@P/�9.@PC @�_ ~ -+F�(PS�� g G�-0,.-A* (DS ]86V9.9E]8-
Yt6 � -0,.-+/21v- $ -+9n*;-+-0/�9.G^-o_ (>6V,./�- S.Sx6V/2Yt-
	�@>_J9.G�-\-+68FPGt9�13@D/�/^-�139.6V@D/2S�,.X�/�/^68/�F (IC2(>,E9.6p1vX�]p(�,
gxBJc 6V?AC�]8-0?Z-+/&9E(>9E68@D/ � ~ -0F�(DSh@P, e -+/�@ �q(>/}YZ9.G�-;_ (�68,E/�-�S.Sq68/2Yt- 	 @>_ 9.G�-;_ @PX�,J13@D/^/�-�139E68@D/}S
,.X^/�/�68/^FW9.G�- SE(>?A- gxBJc 6V?AC�]V-+?A-v/t9<(>9.6V@D/"(�/2Y�SUG2(�,.68/^FW9.G�- $ @P9.9.]V-+/�-�1K="*�689.G�9.G�-Z_ @PX�,
13@P/�/�-�139E68@P/2SA,.X�/�/^68/�F�9.G�-"@D9EG�-+, gxBJc 68?AC�]V-+?A-v/t9<(>9E68@D/ � 4�68?M68]p(�,.] % �;9.G^-+,.-"*�(PS�]86V9.9E]8-
Yt6 � -0,.-+/21v-f68/ 9.G^- (+7�-+,<(>FP- Sn6 
+-b@>_`9EG�- $ @P9.9E]8-+/�- 1 =Mu X^-+X�-��

m /�(>/�@P9.G�-0, -
	&C2-+,.6V?A-+/&9�� _ @PX�,513@P/�/�-�1v9.68@P/2So,<(>/�@�7�-+, $ (P1 =&FD,E@DX�/}Y 9E,K(�% 1���[�@D,\9.G�6TS
-
	&C2-+,.6V?A-+/&9�� ~ -+F (DS * (DSh(�]8* ( % S ?A@P,.-h_ (>6V,h9.G}(>/ e -+/�@�� k 7�-+,K(�]8]$��*;- 13@D/}13]8X2Y&-;9.G}(>9 ~ -+F�(PS
6pS;/^@Z]V-�S.Sd_ (�68,�9.G}(>/ e -0/�@��

��� ��� � � � � � ��� � � �

Q SU-�1v@D/2Y�13@D/21v-+,./ 6pS�Sn9K( $ 68]V689 % � 689`6pS�X�/2Y&-�SU6V,K( $ ]8-f_ @D,�(5C�,.@P9.@&13@P] 9E@A10(>X2Sn- 9.G^- m /&9.-+,E/�-+9
9.@�13@P]8]p(�C2SU- (DSZ9EG�-�/&X�? $ -+, @�_51v@D/�/�- 139.6V@D/2S568/21v,.-�(PSU-�S�� m /�@D9EG�-+,A*J@D,<Y�S���(DS59.G^-�]8@ (DY
68/}13,.-�(PSU-�S�� -�(P1 G 13@D/�/^-�139.6V@D/W?IX2SU9�,.- 13@DFP/�6 
+-59EG2(>9b689wSnG�@DX�]TY�Y&-�13,.- (DSU-56V9KSfSn-+/2Yt6V/�FA,<(>9.- �



���

Router

Large TCP 
Transfers

TS

100 Mbps Link

45Mbps Link

Tcplib Traffic Sources
(2 or 3 hosts per TS)

28ms

9ms

7ms

5.83ms

1.12ms

0ms

0.63ms

3.37ms

3.01ms
0.43ms

2.3ms

1.87ms

4.03ms

2.83ms

1.7ms

1.93ms

3.45ms

2.35ms

1.39ms

0.78ms0.84ms

0.14ms

TS

TS
TS

TS

TS
TS

TS TS

TS

TS

TS

TS
TS

TS
TS

TS

SDSC

ANL

PSC

LA

SF

CH
CL

[ 6VFDX�,E- 
��
�� B @D?AC^]8-
	MSU6V?ZX�]T(>9E68@D/I/�-+9n*J@D,.= �

l CA9E@ 9EG�-fC2@D6V/t9�*�G�-0,.-f9EG�-f*�68/}Yt@�*�1+(>/ $ -fFD,E-�(>9E-+,�9.G}(>/A@P/�-w? ( 	&68?5X�? Sn-+FD?A-0/t9JSU6�
+-��
~ -+F�(PSf6pSx?IX21KG $ -+9.9E-+,f9EG2(>/ e -0/�@�(>9w,.-�1v@DFD/^6 
+6V/�F (>/}Y�(+7�@D6TYt68/^F 13@D/^FD-�Sn9.68@P/ ��*J-ZG}( 7�-
(>]V,.-�(PY % Sn-+-+/"9.G2(�9 e -+/^@ Yt@�-�Sw/�@D9\(+7�@D6TYW13@D/�FP-�SU9E68@P/	��@D/�9EG�-I13@D/&9.,<(>, % ��689fC2-+,E68@&Yt6T1+(>]V] %
13,E-�(>9E-�S�13@D/^FD-�Sn9.68@P/	�

k /213-�9.G^-x]V@�(DYI6pS`SU@\G�68FPGZ9EG2(>9`@D/ ( 7�-0,K(>FP-x- (D1KGI13@D/�/^-�139.6V@D/M1+(>/I@D/^] % SU-0/2Y ]V-�S.Sh9EG2(>/
@D/^-Z? ( 	t6V?5X�? SU-+FP?A-+/&9�� S�*;@P,.9EG�@�_�Y�(�9K(�� ~ -+F�(PS $ -+G2(+7�-�Sx]V68=�- e -+/�@ � g G�6pSx6TS $ - 1+(>X2Sn-
9.G^6pSh-
	&9.,.-0?A-J13@D/2Y&689.6V@D/A6V?AC�]V68-�S 9EG2(>9 13@�(�,KSU- � FP,K(>6V/�-�YZ9E68?A-0@DX�9<Sh(>,E-x6V/t7�@P]87�-�Y��P(>/}Y ~ -+F�(PS
X2Sn-�SZ-
	^(D139E] % 9.G^-"S.(>?M-W13@ (>,KSn- � FD,K(�68/�- Y ?A- 1 G2(�/�6pSn? (DS e -+/^@�� a 	&C2-+,.6V?A-+/&9K(�]�,.-�SnX�]89<S
13@P/tr2,.? 9EG�6pSw68/&9.X�6V9.6V@D/	w,.X�/^/�68/�F"L0OW13@D/�/^-�139.6V@D/2S�� *�6V9.G�(�
	��? Sf@D/�- � * ( % C�,E@DC2(�F�(>9E68@P/
Yt-+]T( % �+9.G�,E@DX�FPGI( ,E@DX�9E-+,�*�689EG -+6V9.G�-0,hL���@D, �	� $ X��)-+,KSq(>/}YAL��	��@D, �	��� � :���Sq@>_ $ (�/2Yt*�6TYt9.G
C�,E@&YtX213-�Y /�@ISU9<( $ 6V]86V9 % C�,E@ $ ]V-+? S��

� -5G}( 7�- (>]TSU@�SU6V?ZX�]T(>9E-�Y 13@D?AC^]8-
	I/�-+9n*;@P,.=�9.@DC2@P]8@DFP68-�Sf]V68=�-w9.G�-5@P/�-ISUG^@>*�/"68/"[q68F �
X�,E- 
��
����*�G�6T1 G 13@D/2Sn6pSn9KS @�_hL0Of9.,K(�% 1JSU@PX�,K13- S - (D1KG @>_)*�G�6T1 G 13@D/&9K(�68/2Sq9U*J@f@D, 9.G�,E-+-;G�@ SU9<S��
a (D1KG�G�@ SU9�� 6V/�9EX�,./ � 6TS ,EX�/�/�6V/�F ���
	����� � $ (PSU-�YW9.,<(�% 1�� g G�-\,.-�1v9K(>/^FDX�]T(>, $ @ 	&-�S�,.-+C�,E-�SU-0/t9
SU@PX�,K1v-�S;@>_ �.$ X^]8= Y�(�9K( � 9E,K(>/}S�_ -+,<S�� g G�-w,.-�SnX�]89E68/�F\9.,K(�% 1w13@P/2SU6TSU9<S;@>_`/�- (>,.] % ( 9EG�@DX}S.(>/}Y
/�-+* 13@P/�/�-�1v9.68@P/2S $ -+6V/�F -�SU9<( $ ]V6pSUG^-�Y�C2-+,\SU6V?ZX^]p(>9E-�Y SU-�1v@D/2Y��)*�G�-+,.-5- (D1KG"13@D/�/^-�139.6V@D/W6TS
-+6V9.G�-+,\( g -+]8/^-+9�� [ g�c �`4 iWg�c @P, jfjfg�c 13@D/&7�-+,<S.(>9E68@P/	� j @ SU9K( $ 68]V689 % C�,.@ $ ]8-+? S�G}( 7�-



�DN

@&1+13X^,.,.- Y 6V/�(>/ % @>_`@PX�,�SU6V?ZX^]p(>9E68@P/2Sd*�G�-0/�(�]8]�@�_`9.G�-\13@P/�/�-�1v9.68@P/2S�(>,E-w,.X�/�/^68/�F ~ -+F (DS��
m /t9EX�689E687�-+] % �D9.G^-+,.-\6pS;/�@I,.-�(PSU@P/W9.@I-
	tC2-�1v9 ~ -0F�(DS�9.@M]8-�(PY 9E@Z/^-+9n*;@D,E=�13@D]V]p(>C}SU-�� k /�-

,.- (DSU@P/ _ @P,f9.G^6pSf6pSx9EG2(>9w?A@ SU9�@>_ ~ -0F�(DS�� Sx?M-�1 G}(>/�6TSU? SJ(>,.-M13@P/2SU-+,E7P(>9.6V7�- 6V/W/2(>9EX�,.-�� 689<S
13@P/�FD-�Sn9.6V@D/"*�68/2Yt@�*�/�-+7�-0,x6V/213,.- (DSU- S _ (DSn9.-+,f9EG2(>/ e -+/�@�� S � @P/�-5? ( 	t6V?ZX�? SU-0FD?A-+/&9�C -0,
ehg�g � �D9.G�-�C^X�,.C2@�Sn-x@�_)9.G�-�13@P/�FD- SU9.6V@D/M(+7�@D6pY^(>/213-J?A-�1KG2(>/^6pSU?�6pS 9E@ 2�4 ��� 4 � 534 9EG�-�13@P/�FD-�S �
9.6V@D/A*�6V/2Yt@�* $ -3_ @D,E-f]8@ S.Sn-�S;@&1+13X�,���(�/2YAYtX�,E68/�FISn]8@�* � SU9K(�,.9�� ~ -+F�(PS�SU9E@DC2S;9EG�-f-
	&C2@D/�-+/&9.6T(>]
FD,E@�*�9.G�@�_h6V9KS�13@P/�FD- SU9.6V@D/�*�68/2Yt@�* $ -3_ @P,.- e -+/�@5*;@PX�]pYAX�/}Yt-+,�9.G�-\S.(�?A-w13@P/2Yt6V9.68@P/2S��

��� ����� � ��� � �

|�687�-+/�9.G2(�9 ~ -+F (DS5C�X�,.C2@ SU-+] % 9E,.6V-�S 9.@"@&1+13X�C %�$ -+9n*;-0-+/�@D/�- (>/2Y�9.G�,E-+- -
	t9E,K( $ X � -0,KS
(>]V@D/�F 9EG�-ZC}(>9.GW_ @D,b-�(D1KG�1v@D/�/�- 139.6V@D/	� 6V9wSU-0-+? S�C @ S.Sn6 $ ]V-Z9EG2(>9wC2-+,KSn6pSn9.-+/&9wu�X�-+X�-�Sb13@DX�]TY
_ @D,E? (>9J9.G�- $ @D9.9E]8-+/^-�1 =\,.@PX�9.-+,`6 _�9.G^-x*�G�@P]8-�*;@P,.]pYI,K(>/ ~ -+F�(PS�� g G�- SU-�C -0,KSU6TSU9E-+/t9Ju�X�-+X�- S
*;@PX�]pY ��68/ 9.X�,E/	��(PY�Y�9E@Z9EG�-w]p(�9.-+/21 % @�_J(>]V]q13@D/�/^-�139.6V@D/2S;9EG2(>9�1v,.@�SESU-�Y 9.G2(�9x,E@DX�9E-+,��

4�68/}13-�9.G�-b(>/}(>] % 9.6T1+(>]29E@�@D]pSJ13X�,E,.-+/&9.] % (+7P(>6V]p( $ ]8-b(>,E-x/�@P9`FD@�@&Y�-0/�@DX�FPGZ9E@ ,E-�(>]V6pSU9E6p1+(�]8] %
?A@&Yt-0]h(�/2Y�(�/2(>] % 
0-59.G�- $ -+G2(+7&68@P,o@�_J-+689EG�-+, e -+/�@A@P, ~ -0F�(DS���*;-5?IX2SU9�,.-+] % @D/�SU68?IX�]T( �
9.6V@D/2S 9E@"(>/2Sn*;-+,I9.G^6pS 6pSESUX�- � k X�,ISU6V?ZX^]p(>9E68@P/2SwSUG�@�* 9EG2(>9M(+7�-+,K(�FD- u�X�-+X�- SU6 
0-�S X�/2Yt-0,
e -+/�@M(>/2Y ~ -0F�(DS�(>,E-\(>C�C�,E@ 	t6V? (>9E-+] % 9.G�-\SE(>?A-�� z @�*;-07�-+,���9.G^- % (>]TSU@MSUG�@�*�9.G}(>9 g -+]V/�-+9
13@P/�/�-�139E68@P/2S 68/ ���
	�����`-
	tC2-+,E68-+/}13- $ -+9n*;-0-+/ L��w(>/}Y � � ��]8- S.S`Yt-+]T( % �>@P/A(+7�-+,<(>FD- � *�G^-+/I(>]V]
9.G^- 1v@D/�/�- 139.6V@D/2S�(�,.- ~ -+F�(PS;68/2Sn9.-�(PY @�_ e -+/�@ � g G^6pS�SU-0-+? Sh9.@MSUX�FPFD-�Sn9x9EG2(>9�6 _h9EG�-w*�G�@D]V-
*;@P,.]TY ,<(>/ ~ -0F�(DS�� m /t9E-+,./�-09�Yt-+]T( % *J@DX�]TY /^@D9 $ -\(PYt7�-+,KSn-+] % (��)-�1v9.-�Y��

� ��� � ��(�� �(�( � 	��

� -f13@P/213]VX2Yt-�9.G�6TSd1KG2(�C�9.-+,`*�6V9.GM( Yt6TS.13X2SESU6V@D/A@�_q6pS.SnX�-�Sh9.G}(>9�(�,.-f,E-+]8-07D(�/t9 9.@ 9EG�-�C�,.@&13- S.S
@>_J-+7P(�]8X2(�9.68/^FA9.G�-5C^,K(D1v9.6p10(>]q7D(�]8X�-5@�_ gxBJc�~ -+F�(PS�� m 9b(>]TSU@�13@P?A?A-+/&9ES;@D/W9.G^-5,.-+]T(>9.6V@D/ �
SUG^68C $ -+9n*;-0-+/A9.G^6pSd*J@D,E=A(�/2YA@D9.G^-+,�-��)@D,E9KS;9.@56V?AC�,E@>7�-�-0/2Y � 9.@ � -+/2YAC2-+,n_ @D,.? (>/213-�@D/ 9EG�-
m /t9E-+,./^-+9��

��� ����� �
����� �� � � � ��
�� �

gxBJc G2(DS $ -+-0/�(�,<(>9.G^-+, � X^6pYWC�,.@P9.@&13@P]�@>7�-0,o9EG�-A]T(DSU9 SU-+7�-0,K(>] % -�(>,<S�� - SUC2-�136T(>]8] % 68/"689<S
13@P/�FD-�Sn9.6V@D/"13@P/t9E,.@D] ?A-�1KG2(>/�6TSU?"� Q ]89EG�@DX�FPG�9EG�-5FD-0/�-+,K(�] _ @P,.? 9.G�-5@P,.68FP68/2(�]h?A-�1KG2(�/�6pSn?



N	�

Yt-�SE13,.6 $ -�Y�6V/ )sL�� * G}(DSf,.-+? (>68/^-�YAX�/21KG2(>/�FP-�Y�68/ (>]V]`:x4 R � $ (DSn-�Y�68?MC�]8-+?I-+/&9K(�9.68@P/2S � -�� F � �
g (>G�@�-�� e -+/^@��P: jfe � �D:x4 R � � � � �D? (�/ % @>_}9.G�- � 1v@D/2Sn9K(>/&9KS �xG2(+7�-J1 G}(>/�FP-�Y��h[�@P,�-
	�(�?AC�]V-��
SU@P?A-A6V?AC�]8-0?A-3/&9K(�9.6V@D/2S QfB � -+7�-+, % SU-0FD?A-+/&95(�/2Y
Sn@D?A- QfB � -+7�-0, % @D9.G^-+,ASn-+FD?M-+/t9 	
SU@P?A-f6V/213,.- (DSU-b9.G�-w*�68/}Yt@�*�YtX^,.68/^F5]868/^-�(>,�FP,.@�*�9.G $t% @D/�-\Sn-+FD?A-0/t9JC -0, ehg�g (�/2Y�Sn@D?A-
68/}13,.-�(PSU- $&% G2(�]s_ (wSU-+FP?A-+/&9 C2-+, ehg�g C�]8X}S L � ��9.GA9EG�-�? ( 	&68?IX�?�SU-+FP?A-+/&9hSn6 
+-�C2-+, Q�B �
,.- 13-+687�- Y5YtX�,.6V/�F 9EG2(>9 e g�g 	�(>/}YMr}/2(>]V] % �&SU@P?A-�X2SU-f9EG�-f9E68?A-�Sn9K(�?AC5@DC�9E68@P/ (>/2Y Sn@D?A-bYt@
/�@P9��

� -IG2(+7�-5-
	&C2-+,.6V?A-+/&9.-�YA*�689EGW?A@�Sn9w@>_�9EG�-�Sn-57D(�,.6T(>9.6V@D/2S\(>/2YWG2(+7�-5_ @DX�/2YW9.G^-A13@P? �
$ 6V/2(>9E68@D/�X2SU-�Y�6V/�9.G�-  � =�-+,E/�-+]`68?AC^]8-+?I-+/�9K(�9.6V@D/W@>_ gxBJcye -+/�@�9.@ $ - 9.G�- (>?A@P/�F�9EG�-
?A@ SU9�-��)-�139E687�-��`[�@P,x-
	^(>?MC�]8-���9EG�- ]T(>9.- SU9�7�-+,KSn68@D/ @�_ gxBJc �29.G2(�9 _ @PX�/2Y�6V/�:x4 R � � � � ]86V9.-��
(D1KG�6V-+7�-�S L � � *;@D,<SU-I9.G�,E@DX�FPG�C�X�959EG2(>/�9.G�-� � =�-+,./^-+]$� S 6V?AC�]8-0?Z-+/&9K(�9.6V@D/�@�_ gxBJc�e -+/^@
YtX�,E68/�F m /&9.-+,E/�-+9J9 % C2-\SU68?IX�]T(>9.6V@D/2S � Sn-+- B G2(�C�9.-+,bO � �

��� ��� � � � � � � ��� � � � � ��
�
 � 
 ��
	 � �

m /I(DY�Y&689.6V@D/59E@o6V?AC�,E@>7&68/^F gxBJc � S 13@D/�FP-�SU9E68@P/A13@P/t9E,.@P]�?A-�1KG2(>/^6pSU?��+9.G�-+,E-;6TSd(�]p(>,EFD- $ @&Y %
@>_ ,.-�Sn-�(>,<1 G (DY�Yt,E-�S.Sn68/�FM9.G�-wFD-0/�-+,K(�]hu�X�-�Sn9.6V@D/�@�_JG�@�*�9.@5_ (>6V,.] % (�/2Y�-��)-�1v9.687�-0] % (>]8]V@&1+(>9E-
,.- SU@DX^,K13-�S;6V/ 9.G�- m /t9E-+,./^-+9��

k /�-w-
	�(�?AC�]V-xF (>68/^68/�FI?ZX}1 G (�9.9E-+/t9E68@P/�6TS;9.G�-\u�X�-�Sn9.68@P/�@�_hG�@�*�9E@ZFPX2(>,<(>/&9.-+- $ (>/}Y �
*�6pY&9.GA9E@ ,.- (>] � 9.6V?A-�13@P/�/�-�139E68@P/2S�� g G�- $ (DSn6p1f(�C�C�,.@ (D1KG ,.-�u�X�68,E-�Sh9.G2(�9�( ?A@D,E-�68/&9.-+]V]86VFD-+/&9
$ X��)-+,b? (>/2(�FD-+, $ -5C�]p(P13-�Y 68/�9EG�- m /t9E-+,./^-+9�,.@PX�9.-+,<S0) � * � k /^-5?A68FPGt9�u�X�-�Sn9.68@P/�9EG�-5,.-+]V- �
7P(>/21v-f@>_ gxBJc�~ -0F�(DS`68/A]V68FPGt9`@>_ SnX21KGA?A-�1KG2(>/^6pSU? S�� � - $ -+]86V-+7�-�-+/2Y � 9E@ � -+/2YA13@P/�FD- SU9.6V@D/
13@P/t9E,.@D] *�68]8]q,.-0? (>6V/�7�-+, % 68?MC @P,.9<(>/&9 _ @P,o9n*J@�,E-�(DSn@D/2S��I[ 68,<SU9�� (�Sn68FP/�6sr)10(>/&9x_ ,K(P139.6V@D/"@>_
9.G^-wY�(>9<( 9EG2(>9�*�6V]8] � @�*�@�7�-+,J9.G�- m /t9E-+,./^-+9;*�6V]8]2/�@D9 $ -w@>_ ( ,.-�(�] � 9.68?M-x/2(�9.X�,E- 	�689J*�68]V] $ -
$ X�]V= � 9.,<(>/2S _ -+,�(>C^C�]86T1+(>9E68@D/}S � - � F����t6V? (>FP-x9E,K(>/}S�_ -+, �`9.G2(�9�*�(>/&9�(DS�?IX21 G $ (>/2Yt*�6TYt9.G (DS;6TS
13X�,E,.-+/&9.] % (+7P(>6V]p( $ ]8-�� g G�-�Sn-A9.,<(>/2S _ -+,KSw*�68]8] $ - ( $ ]8-A9E@�X2Sn- ~ -+F�(PSo9E@W13@P?AC2-+9.-M(>F (>68/}SU9
-�(P1 G @D9EG�-+,�_ @D,�9.G�- (+7D(�68]T( $ ]V- $ (>/2Yt*�6TYt9.G ��4 -�13@D/}Y�� -07�-+/A_ @D,b( ,E-�(>] � 9E68?A-w1v@D/�/�- 139.6V@D/	��6V9
*;@PX�]pYA/�@P9 $ -wX�/�,.- (DSU@P/2( $ ]8- _ @D,b(>/ (>C�C^]86p10(>9.6V@D/ 9.@I,.- u X�- SU9 � (�/2Y�C2( % _ @P, � ( ?A6V/�68? (>]8] %
(D1013-+C�9<( $ ]V- $ (�/2Yt*�6pY&9.GWFDX}(>,K(�/t9E-+-���(�/2Y�9.G^-+/WX2SU- ( ~ -0F�(DS � ]V68=�-w-+/2Y � 9E@ � -+/2Y�?A-�1KG2(�/�6pSn?
9.@I(P1+u�X�68,E- (PS ?IX21KGA(PY�Yt6V9.68@P/2(>] $ (>/2Yt*�6TYt9.G (DS�9.G�-\13X^,.,.-0/t9J]8@�(PY�(�]8]8@�*�S��

Q S�(>/�@P9.G�-+,b-
	�(�?AC�]V-���Sn-+]8-�1v9.687�- Q�B � S )sL � � L 
 * � (DSx@PC�C2@�Sn-�Y�9.@ 1vX�?ZX^]p(>9E687�- Q�B � S��



NtL

G2(+7�- $ -+-+/AC^,.@DC2@ SU-�Y (DSJ(o* ( % 9E@5Yt- 13,.-�(PSU-�9EG�-f/&X�? $ -+,q@>_qX^/�/�-�13- S.S.(�,.6V] % ,.-09.,K(�/2SU?M689.9E-�Y
C2(P1 =�-+9<SZ(�/2Y
9.@�C�,E@�7t6TYt-�6V/t_ @D,E? (>9E68@D/�_ @D, ( $ -+9E9.-+,I,.-+9E,K(�/2SU?A6V9Z?M-�1 G}(>/�6TSU? 9.G2(�/�9EG�-
@D/^-A68/ e -+/�@ � Q ]V9.G�@PX�FDG�9EG�- Sn-+]8-�1v9.687�- Q�B � ?A- 1 G2(�/�6pSn? 6TS�/^@D9 % -+9w*;-0]8]JYt-3r2/^-�Y�� *J-
? (�=�-A9.G�- _ @D]V]8@�*�68/�FW@ $ SU-0,.7P(>9E68@D/}SA( $ @DX^9AG�@�* 689I13@P?AC2(>,E-�S 9.@ ~ -0F�(DS���[ 6V,KSU9��;6895@P/�] %
,.-0]p(>9E-�Sf9.@ ~ -0F�(DS�� Sw,.-+9E,K(>/}SU?A6TS.SU6V@D/W?A- 1 G2(�/�6pSn? 	�Sn-+]8-�1v9.687�- Q�B � S $t% 9EG�-+? Sn-+]87�-�S�(��)-�1v9
/�-+6V9.G�-0, 9.G^- 13@D/^FD-�Sn9.68@P/
/�@P,59.G�- 9EG�- SU]V@�* � Sn9K(>,E9Z?M-�1 G}(>/�6TSU? S�� 4�- 13@D/2Y �d9EG�-+,.-M6pS ]86V9.9E]8-
,.- (DSU@P/A9.@ $ -+]V68-+7�-J9.G2(�9;Sn-+]8- 139.6V7�- QfB � S 1+(>/MSU6VFD/�6 r)1+(>/&9.] % 6V?AC�,.@�7�-J@D/ ~ -0F�(DSh6V/Z9E-+,.? Sq@>_
X�/�/^-�13-�SES.(>, % ,.-+9E,K(�/2SU?A6TS.Sn68@D/}S���(PS�9EG�-+,E-Z*J-+,.-5@P/�] % O � : C2-+, i : � � � O � � X^/�/�-�13- S.S.(�,.6V] %
,.-09.,K(�/2SU?M689.9E-�Y $t%"~ -+F�(PS 68/�9EG�- m /t9E-+,./^-+9 -
	&C2-+,.6V?A-+/&9KS�� g G�68,<Y��`SU-+]V-�139E687�- QfB � S G}( 7�-
9.G^-AC2@D9.-0/t9E6p(>]J9.@W,E-+9.,<(>/2Sn?A689w]8@ SU9 Y�(>9<(WSU@�@D/^-+,Z@P/�_ X�9.X�,E-A/�-+9n*J@D,.=^So*�6V9.G�]T(>,EFD- Yt-0]p( % �
$ (�/2Yt*�6pY&9.G
C^,.@&YtX21v9KS�� m 9 *J@DX�]TY $ - 68/&9.-+,E-�SU9E68/�F�9.@�SU-+- G�@�* ~ -0F�(DSI(>/}Y 9EG�-�SU-+]V-�139E687�-
QfB � ?A-�1KG2(�/�6pSn?�*;@D,E=A68/ 9<(>/2Yt-0? @P/WSnX21 G /�-09U*J@D,E=�S��`[ 68/2(�]8] % �t*J-o/^@D9.-\9.G2(�9�SU-+]V-�139E687�-
QfB � S;,E-�u�X�68,E- (I1KG2(>/�FP- 9E@Z9EG�- gxBJc SU9<(>/2Y�(�,KY��2*�G�-+,E-�(DS�9.G�- ~ -+F�(PS ?M@&Yt6sr)10(>9.6V@D/2S�(>,E-
(>/�68?AC^]8-+?I-3/&9K(�9.6V@D/M1 G2(�/�FD-w9EG2(>9�6pS;6TSU@D]T(>9E-�YA9.@59.G^- Sn-+/2Yt-0,��

��� ����� � � � � 
 � � � � ��� � �� � ��� � ��
��

Q /w68?MC @P,.9<(>/&9�C2(>,E9 @�_2-
	&C -0,.68?M-+/t9<(>]PS.1v68-+/21v-d6TS 9.G�-J7P(>]86TY�(>9E68@P/ @>_},.-�SnX�]89<S $t% 68/}Yt-+C2-+/2Yt-0/t9
C2(�,.9.6V-�S�� c -09.-+, R (�/�
+6VF�� S�FD,.@PX�C"(>9b9.G�- l /�687�-0,KSU6V9 % @>_�4�@DX^9.G�-+,E/ B (�]86s_ @P,./�6T(ZC�X $ ]86pSnG�-�Y (
C2(�C -0,�) L * 13@D/tr},.?A6V/�F�9.G2(�9 gxBJcW~ -+F�(PS % 68-0]pY�S G�6VFDG�-0,�/�-+9n*;@P,.=w9.G�,E@DX�FPG�C�X�9 (>/2Yw9.,K(�/2S�_ -0,KS
$&% 9E-�S ?M@D,.- -�% 136V-+/t9E] % 9EG2(>/ gxBJc e -0/�@�� g G�-+6V, m /&9.-+,E/�-+95-
	&C2-+,.6V?A-+/&9KS\SUG�@�*;- Y 9.G}(>9
~ -+F�(PSZ(P1 G^68-+7�-�Y $ -09U*J-+-+/ �	�"(>/}Y �	��� � G�68FPG�-+,I9.G�,E@DX�FPG�C�X�9MYt-+C2-+/2Y&68/�F"@D/�9EG�- gxBJc
7�-+,<SU68@P/
6V?AC�]8-0?Z-+/&9.-0Y�@P/�9EG�-�,E-�13-+6V7t6V/�FWG�@�Sn9�� � 689EG e -+/^@�,.-�1v-+687�-+,<S�� ~ -+F (DS SU@PX�,K13- S
(+7�-+,K(�FD-�Y �	� � G�6VFDG�-+,59EG�,.@PX�FDG^C�X�959.G}(>/ e -0/�@WSn@DX�,<13-�S
	`*�689EG g (�G�@�- ,.-�13-0687�-+,<S�� ~ -+F�(PS
SU@PX�,K1v-�Sf(+7�-+,K(�FD-�Y �	��� � G�6VFDG�-+,�9.G^,.@DX^FDG�C�X^9o9EG2(>/ e -+/�@MSU@DX^,K13-�S�� g G^6pS�6pSf(ASn68FP/�6sr)10(>/&9
,.- SUX�]V9��)(DS R (�/�
+6VFAC2@D68/&9KS�@DX�9f9EG2(>9b?A@�Sn9x,E-�13-+6V7�-+,KS;6V/�9.G^- m /&9.-0,./�-+9�(�,.-5,EX�/�/�6V/�F g (>G�@�-
68?MC�]8-+?I-+/�9<(>9.6V@D/2Sf@�_ gxBJc � g G�-+6V,5-
	tC2-+,E68?A-0/t9<Sf(>]TSU@�SUG�@�* 9EG2(>9I*�689EG
N�� � 13@P/tr)Yt-+/}13-
~ -+F�(PS ,.-+9E,K(�/2SU?A6V9KS�_ -+*;-+, SU-+FP?A-+/&9KS���L � 
>9EG (PS ? (>/ % ,.-+9E,K(>/}SU?A6TS.SU6V@D/2S���(�/2Yf]8@�*;-+,<S ehg�g
(+7�-+,K(�FD-\(>/}Y 7P(�,.6p(�/213-��



N��

 � ���"����! �

�
�
� �"�
��� ��� � ( # � � � �h����� �

g G�-�SU6V?ZX�]T(>9E@D,5(�/2Y 6V9KS 9E@�@D]pSI(>,E-�(>/
6V?AC2@D,E9K(>/&951v@D/&9.,.6 $ X�9E68@D/�@�_w9.G�6TS *;@P,.= � g G�-
( $ 68]86V9 % @�_  � 4�68? 9.@�,EX�/
,E-�(>]�C�,.@P9.@&13@P]w13@&Yt- (>]V]8@�*�S X}SZ9.@�(>/2(�] % 
+-�- 	t6TSU9.6V/�FWC�,E@D9.@&1v@D]
68?MC�]8-+?I-+/�9<(>9.6V@D/2S�X�/2Y&-+,`,.-�(�]86pSn9.6T1�13@D/2Y&689.6V@D/2S�� g G�6pSh6TSd(�/A68?MC @P,.9<(>/&9 _ -�(>9EX�,.-�@>_ 9.G�-bSU6V? �
X�]T(>9.@P,���(PS /�-+*J-+,q68?AC�]V-+?I-3/&9K(�9.68@P/2S @�_)C�,.@P9.@&13@P]pS /�@P9h@D/^] % 68/21v]8X2Yt- Yt-�Sn68,K( $ ]8-h_ -�(�9.X�,E-�S $ X^9
(>]TSU@bSU@P?A-+9.6V?A-�S268/&9.,.@&Y&X213-`C2-+,U_ @P,.? (�/213- $ X�F S�� g G�-`r2,KSn9 G2(�]s_2@�_29.G^6pSq1 G2(�C�9.-0,hYt@&1vX�?A-+/&9KS
@DX^,d- 	tC2-+,E68-+/21v-�Sh(>/}(>] % 
+6V/�Fw9.G�-�]p(�9.-�Sn9;:x4 R 6V?AC�]8-0?Z-+/�9<(>9E68@D/\@>_ gxBJc � g G^6pS`(>/2(�] % SU6TS X^/ �
13@�7�-+,E-�YASU-0,.68@PX2S;C2-+,U_ @P,.? (�/213-fC^,.@ $ ]8-+? S`*�689EG�9EG�6pS;6V?AC�]V-+?Z-0/t9<(>9.6V@D/I@>_ gxBJc (>/2Y ]8-�YI9.@
SU@P]8X�9E68@P/2S���*�G�6T1 G *�G�-0/�6V?AC�]V-+?Z-0/t9E-+Y��P68/213,E-�(DSn-�YA689<S;C -0,U_ @D,E? (>/}13- $&% ?A@D,E-f9.G}(>/ �	���#�

Q ]89EG�@DX^FDG 9.G�-0,.-w(�,.-w-
	^13-+]8]V-+/&9 $ @�@D=^Sx@D/�SU6V?ZX^]p(>9E68@P/ZC�,E@�7t6TYt68/�F\FD@�@&Y�FP-+/�-+,<(>]�FDX^6pYt- �
]86V/�-�S��t689J6pS;/�@P9f1v]8-�(�,�G�@�*�9E@Z? (�CA9.G^-�SU-wFDX^6pYt-+]V68/�- Sd9.@I9.G^-w(>,E-�( @�_`/�-+9n*J@D,.=MSU6V?ZX^]p(>9E68@P/	�
[�X�,.9EG�-+,E?A@D,E-�� �.X2Sn95(DSw68?AC2@P,.9K(�/t9\(PS 9.G�-IFDX�6TYt-+]V68/�-�Sf6TS $ -+6V/�FW( $ ]8-M9.@Wu�X2(�/t9E6s_ % 9EG�-A-3_ �
_ -�139�@>_ 68FP/�@D,E68/�F 9.G^-+?"� g G�-ISn-�13@D/}Y G2(�]s_J@>_ 9.G�6TSf1KG2(>C�9E-+,fC�,E@�7t6TYt-�Sf( SU-09f@>_ FDX�6TYt-+]86V/�-�S
_ @D,5/^-+9n*;@D,E=�Sn68?IX�]p(�9.6V@D/"(>/}Y C�,E@>7&6pY&-�So-
	^(>?MC�]8-�S�9.G2(�95G�-+]8C�9.@"u�X2(>/&9.6 _ % 9EG�-A,.- SUX�]V95@>_
68FP/�@D,E68/�F59EG�-+?"�

� ��� � � � � ��(���( 	�� ����� � � �`���0� �����
 �

g G�6TS�SU-�139E68@P/ C�,E-�SU-+/&9KS�(�1+(PSU-JSU9EX2Y % 68]V]8X2Sn9.,K(�9.6V/�F�G�@�*�9E@fY&@xC2-+,n_ @D,.? (>/213-JYt- $ X�FDFP68/�F�*�689EG
 � 4 68?"� � G�6V]8-�9.G^-f*;@P,.=I*�689.G gxBJc�~ -+F�(PSd*�(PSdX�/}Yt-+,.* ( % ��(w/�-+*�:x4 R 68?AC^]8-+?I-+/�9K(�9.6V@D/
@>_ gxBJc � gxBJc '26V9.-�� *�(PS ,E-+]8-�(PSU-�Y � � - C2@D,E9.-�Y 9.G�6TS ,E-+]8- (DSU-w9E@Z9EG�-  � =�-+,./�-0] *�689EG�9EG�-
FD@ (>]w@>_ 13@P?AC2(�,.68/^F�689<SZC2-+,U_ @P,.? (�/213-�9E@�9.G2(�9A@>_  � =�-+,E/�-+]$� S 68?AC^]8-+?A-v/&9K(>9E68@P/ @�_ gxBJc
e -+/�@�(>/2Y gxBJc�~ -+F�(PS�� a (�,.] % Sn68?IX�]p(�9.6V@D/�,E-�SUX^]89KSwSnG�@�*;-�YW9.G2(�9 gxBJc '26V9.-IC2-+,U_ @P,.?A-�Y
SU6VFD/�6 r)1+(�/t9E] % *J@D,KSn- 9EG2(>/ gxBJc�e -0/�@��29.G�- gxBJc 6V?AC�]V-+?Z-0/t9<(>9.6 @P/AX2SU- Y�9.@I?A-�(DSnX�,.-w9EG�-
$ -+/�-3r}9KS @>_�X2SU6V/�F gxBJcy~ -+F�(PS�� m /�@D/�-�SU6V?AC�]V-ASn68?IX�]p(�9.68@P/�SE13-+/2(�,.6V@ ��*�G^-+/�/�@�@P9.G�-0,
9.,<(�% 1 6pSxC^,.-�Sn-+/t9 � gxBJc�e -0/�@�SU-+/2Y^S�@P/�- i : % 9.- @�_�Y�(�9K(A68/ ���
�ASU- 13@D/2Y^S � L�� � � :���S��



N��

Router

2

Router

1

Host 1a

Host 2a

Host 3a Host 3b

Host 2b

Host 1b

50ms delay

200 KBytes/sec

Ethernets

[ 6VFDX�,E-wO��VL� j -+9n*;@P,.=M13@D/tr}FDX�,<(>9.6V@D/ _ @D,bSU68?IX�]T(>9.6V@D/2S��

(>/}Y gxBJc�~ -+F�(PS�SU-+/2Y^S;@D/�- i : % 9.-f6V/ O��
�5SU-�13@P/2Y�S � L+ODO � :���S�� ��*�G�6V]8- gxBJc '2689.-b9K(>=�- S
L � � O5Sn-�13@D/}Y�S � ��� � :���S�� � gxBJc '26V9.-�� ShC -0,U_ @D,E? (>/}13-fY&-+FD,<(DY�(�9.68@P/ 6pS;(�]pSn@ISU-+-+/M*�G�-+/A9EG�-
Y�(�9K(59.,K(�/2S�_ -0,KS�SUG2(�,.-w9.G�- $ @D9E9.]V-+/�-�1K=Z,E@DX�9E-+,�*�689.G $ (P1 =&FD,E@DX�/}Y�9.,<(�% 1��

gxBJc '2689.-"*�(PS (>/2(�] % 
+-�Y�68/�9.G�-�SU6V?ZX�]T(>9E@D,A9E@ r}/2Y�9.G^-�,E-�(DSn@D/2SA_ @D,�6V9KSA,.- YtX213-�Y
9.G^,.@DX^FDG�C�X^9�� g G�-Ar2,<SU9MSU9E-+C�@>_w9EG�-�(>/2(�] % SU6pS568/&7�@D]V7�-�YW-
	�(�?A68/^68/�F�9.G�- FD,<(>C�G^6p1+(�]�(>/2Y
9.- 	t9EX2(>]�9E,K(D1v-�S @�_`9.G^-5SU6V?ZX^]p(>9E68@P/2S � Yt-�S.1v,.6 $ -�Y 68/ 9.G^- /�-
	&9�SU- 139.6V@D/ � � *�G�6T1 G G�-0]8C2-�Y r}/2Y
9.G^-xC�,E@ $ ]V-+? (>,E-�(DSJu X^6p1K=t] % � g G�6TSd*�(PS _ @D]8]V@�*;-�Y $t% (\Yt-+9<(>68]V-�Y 68/}SUC2-�139E68@D/I@>_q9EG�-b13@&Yt-�9.@
r2/2YI9.G�-f- 	�(P139`C�,.@ $ ]8-+? Sd(�/2YZ9E@I(DS.1v-+,.9<(>68/M9.G2(�9;9.G^-fC�,.@ $ ]8-0? Sh*;-+,E-x/�@P9�13,E-�(>9E-�YAYtX^,.68/^F
9.G^-ZC2@D,E9.6V/�F�@�_�9.G^-A13@&Y&-A9.@ 9.G^-# � =�-+,./�-0]$�5[ 6V/2(>]V] % �)9.G�-M13@&Yt-A* (DSf?A@&Yt6 r2-�Y�9E@�r 	W9EG�-
-
	&C2@�SU- Y�C�,.@ $ ]8-+? S��2(>/}Y�9.-�Sn9.-�Y 9.@AF (>X�FP-Z9EG�- -��)-�1v9x@�_;9EG�- r 	&-�S�� g G�-or 	t-�Y�7�-0,KSU6V@D/�@>_
gxBJc '2689E-\SUG�@�*;- Y�(59.G^,.@DX^FDG�C�X^9x6V/213,.- (DSU-b@>_`X�C 9E@ �&L�� X�/2Yt-0,�,.-�(�]86pSn9.6T1f13@D/}Yt689E68@D/}S��

g G�-f,E-�SU9�@�_q9.G�6TS�SU-�139E68@P/ Yt-�SE13,.6 $ - S;(>/}Y�(�/2(>] % Sn-�Sd9EG�-fC�,E@ $ ]V-+? S _ @DX^/2YA68/ gxBJc '26V9.-��
SUX^FDFD- SU9KSor 	t-�Sf_ @D,\9.G�-�Sn-ZC^,.@ $ ]8-+? S��q(>/2Y�?A-�(PSUX�,E-�Sx9EG�-A-��)-�139w9EG�-�SU-Ir 	t- SoG2(+7�-I@D/�9EG�-
9.G^,.@DX^FDG�C�X^9f(�/2Y�/&X�? $ -0,d@�_`,.-09.,K(�/2SU?M6pS.Sn68@P/2S�� g G�-w-��)-�139�@>_ 9.G^-�SU-fr 	&-�S�Yt-+C2-+/}Y @P/�9EG�-
C2(�,.9.6T13X�]T(>,JYt-+9<(>68]TSh@>_q9.G^-w13@D/^/�-�139E68@D/ �tSnX21KGA(PS ehg�g (�/2Y ( 7P(�68]p( $ ]8-�/�-+9n*J@D,.= $ (>/2Yt*�6TYt9.G �
[�@D,�-
	^(>?AC�]V-��t9EG�-wC�,.@ $ ]8-0? S;68/ gxBJc '2689.-\? ( % G}( 7�-\/�@I-��)-�139�@D/W(M13@D/�/^-�139.6V@D/ @�7�-+,�(
]8@&10(>]q(>,E-�(5/�-+9n*;@P,.= � % -+9JG2(+7�- (5Y&,K(>? (>9.6T1x68?MC2(D139J@D/�(>/ m /t9E-+,./�-09�13@P/�/�-�139E68@P/	�

��������� � ����� 
�� � � 
������ � � � � ��
 �

g G�-A? (>68/"Sn68?IX�]p(�9.6V@D/"13@P/tr2FDX^,K(>9E68@P/
1v@D/2Sn6pSU9E-�Y�@�_�9U*J@ a 9.G^-+,./�-09 ' Qbj S 13@P/�/�-�1v9.-�Y $t%
9n*;@5F (>9.-0*�( % S�9.G^,.@DX^FDG"(��	�	� � :�� S ]V68/�=I*�689EGW( 
	��? S�Yt-+]T( % � SU-0- [q68FDX^,.-5O �8L � � a 	^13-+C^9
_ @D,J9.G�- gxBJc 13@D/^/�-�139E68@D/}Sd9.G}(>9�(�,.-�C2(>,E9;@�_q9.G�-wSn68?IX�]p(�9.-�Y $ (D1K=&FD,.@PX�/2YZ9E,K(�% 1���9EG�-wSU-0/2Y



N �

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
Time in seconds

0

20

40

60

80

100
K

B
110 220 330 440 550 660 770 880 990

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
Time in seconds

250

500

750

1000

1250

1500

S
en

di
ng

 K
B

/S

110 220 330 440 550 660 770 880 990

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
Time in seconds

5

10

Q
ue

ue
 s

iz
e 

in
 r

ou
te

r

[ 6VFDX�,E- O � �  gxBJc '2689.-w*�6V9.G j @ k 9.G�-0, g ,<(�% 1 � g G�,.@PX�FDG^C�X�9����� � :�� S�� �

$ X��)-+,`6V/5-�(D1KG gxBJc 13@P/�/�-�139E68@P/5*�(DS`Sn-+9h9.@ 
�� � : � l Sn68/�F\(wSU6�
+-;9EG2(>9`6pSq9.@�@5Sn? (>]V]t*J@DX�]TY
G2(+7�-�]86V?A689E-�Yf9.G�-�9.,<(>/2S _ -+,;,<(>9E-�� j @P9.-�9.G2(�9;-+7�-0/59.G�@PX�FDGA9EG�-+,E-x6TSd(�/Z@PC�9.6V? (>] $ X��)-+,�Sn6 
+-
*�G�6T1 G�? ( 	&68?A6 
+-�S�9.G^-�9EG�,.@PX�FDG^C�X�9 � $&% ?A6V/�68?I6 
v68/^FA9.G�-M]8@�SESU-�S�� �`689\6pSo/^@D95,.- (>]86TSU9E6p159.@
X2Sn-Z6V9wSU6V/213-5689b6pSw(Z_ X�/2139E68@D/"@>_ 9.G�-I(+7P(>6V]p( $ ]8- $ (�/2Yt*�6TYt9.G	�q*�G�6p1KGW6pSf/�@P9w=t/�@�*�/"X�/2Yt-0,
/�@P,.? (�]�136V,K13X�? SU9K(�/213-�S��

[ 68FPX�,.-�O � �fSnG�@�*�Sd9EG�-�9.,<(D13-�FP,K(>C^GZ@�_q(>/56TSU@P]p(>9E-�Y gxBJc '2689E-�13@D/�/^-�139.6V@D/59E,K(>/}S�_ -+,E,.68/^F
@D/^- i�$&% 9E-�@>_ Y�(>9<(���(�/2YA[ 6VFDX�,E-�O�� �oSnG�@�*�Sd9EG�-x9E,K(P13-xFP,K(�C�GA@>_ ( gxBJc e -+/�@\13@P/�/�-�1v9.68@P/
X�/2Y&-+, 9EG�-ASE(>?A-M13@P/2Yt689E68@P/2S�� m / $ @D9.G�r2FPX�,.- S��h9.G^-Z9E@DC�?A@ SU9\FD,K(�C�G�FD6V7�-�Sf9.G�-A*�6V/2Yt@�*
68/&_ @D,.? (>9.6V@D/	�&(PS�Yt-�S.1v,.6 $ -�YA6V/�4�-�139E68@P/ � 	�9EG�-f?A6TY�Yt]8-�FD,<(>C�G�SnG�@�*�S 9EG�-w(+7�-+,K(�FD-\SU-0/2Yt68/^F
,K(�9.-��&1+(�]p13X^]p(>9E-�Yo_ ,.@P? 9EG�-�]p(DSn9�L�� Sn-+FD?M-+/t9<S
	&(>/}Y 9EG�- $ @D9E9.@D? FD,<(>C�G SUG�@�*�Sd9EG�-b( 7�-0,K(>FP-
u�X�-+X�-f]V-+/�FP9.G�(>9�9.G�- $ @D9E9.]V-+/�-�1K=Z,E@DX�9E-+,��

m / 9EG�-�Sn-A9.-�Sn9KS��d9EG�- gxBJc '2689E-�13@D/�/^-�139.6V@D/�C2-+,n_ @D,E? S ?A@D,E-Z9EG2(>/ ����� *;@P,KSU- 9EG2(>/
9.G^- gxBJc�e -+/�@M13@P/�/�-�139E68@P/	� Q Yt-+9K(�68]V-�Y (>/2(�] % SU6pS;* (DS�1+(>,E,.6V-�YA@DX�9�9.@5r2/2Y 9.G�-\1+(�X2SU-\@>_
gxBJc '2689.- � S�C -0,U_ @D,E? (>/}13-wC�,.@ $ ]8-+? S���(�/2Y�9.@ (DS.1v-+,.9<(>68/�9.G2(�9f9.G^- % *;-+,E-o/^@D9f6V/t9E,.@&YtX21v-�Y



N	


0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
Time in seconds

0

10

20

30

40

50

60

70
K

B
110 220 330 440 550 660 770 880 990

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
Time in seconds

100
200
300
400
500
600
700
800
900

1000
1100

S
en

di
ng

 K
B

/S

110 220 330 440 550 660 770 880 990

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
Time in seconds

5

10

Q
ue

ue
 s

iz
e 

in
 r

ou
te

r

[ 68FPX�,.-wO � �  gxBJc�e -+/�@5*�6V9.G j @ k 9.G�-0, g ,<(�% 1 � g G�,.@PX�FDG^C�X�9�bL���� � :���S�� �

YtX�,E68/�FW9EG�- C2@D,.9E68/�F"@>_�9.G�-�:x4 R 13@&Yt-�9.@W9EG�-  � =�-+,E/�-+]$� g G�- C2-+,U_ @P,.? (�/213-AC�,E@ $ ]V-+? S
_ @DX^/2Y�6V/ gxBJc '26V9.-\(>]TSU@I? (>/^6s_ -�Sn9;9.G^-+? SU-0]87�-�S X^/2Yt-+,�@D9EG�-+,�SU6V?ZX^]p(>9E68@P/ 13@D/&r2FDX�,<(>9E68@D/}S��
[�@D,h- 	�(�?AC�]8- �+-
	tC2-+,E68?A-0/t9<S *�689.GI(bYt6pSn9.68/^FDX�6TSUG�-�Y gxBJc 13@D/�/^-�139.6V@D/ISnG2(>,E68/�Fw9.G^-;/�-+9n*J@D,.=
*�689EG 9.,K(�% 1fFP-+/�-+,<(>9.- YM_ ,E@D? ���
	�����xSnG�@�*�9.G}(>9�9.G�-\Yt6TSU9.6V/�FDX^6pSUG^-�Y 13@D/�/^-�139.6V@D/�Yt@�-�SwL � �
*;@P,KSn-o*�G^-+/�6V9;6pS;,EX�/�/�6V/�F gxBJc '2689.-w9EG2(>/�*�G�-+/ 689�6TS;,.X�/�/^68/�F gxBJc�e -+/�@ �

g G�-�_ @D,.? (>9h@�_�9.G^-f(�/2(>] % Sn6pSh*�68]V] $ -�r2,KSn9d9E@\Yt-�YtX21v-x9EG�-�C�,.@ $ ]8-0? _ ,.@P?�9.G�-�FD,<(>C�G^6p1+(�]
9.,<(D13- S�� 9EG�-+/�9E@W(�/2(>] % 
+-I689w_ X�,.9EG�-+,w9.G^,.@DX^FDG�9.G�-M9.-
	&9.X2(�]`9.,K(P13-�S\(>/2Y�1v@&Yt- 68/2SnC - 139.6V@D/	�
[�@D,`-�(P1 G5C�,E@ $ ]V-+? (>,E-�(���*J-f(�]pSU@\Yt- S.13,E6 $ -�689<S r 	��&(>/}Y 9EG�-x-�� - 139h@>_q9EG�-�13X�?IX�]T(>9.6V7�-hr 	t- S
@D/ gxBJc '26V9.-�� S;C -0,U_ @D,E? (>/}13-��

������� � � ��� 
�� � � � � � � ��� � � � � ����� ��
�� � 
�� �

k /�-�@>_�9EG�-�r2,KSn9;9.G^68/�F Sd9.@w/�@P9.6T13-x6V/Z9EG�-�9.,K(P13-�FD,K(�C�G2S;@�_ gxBJc '2689E-x6TS 9EG�-�]p(>,EFD-f/&X�? $ -+,
@>_J,E-+9.,<(>/2Sn?A689�9E68?A-+@PX�9KS�� g G�-�SU-59E68?A-0@DX�9<S�(>,.-5,E-+C�,E-�SU-+/&9.- Y $&% 9EG�- $ ]p(D1K=�1368,<13]8- S�(>9f9EG�-
9.@PC5@>_ 9.G�-;r2,<SU9hFP,K(�C�GA68/ [ 68FPX�,.-�O � �w(>/}Y @&1+13X�,J(>9 ��� 
 �2L���� 
w(>/2Y L � � 
wSU-�1v@D/2Y�S�� g G�-�[2(PSU9



NDO

e -+9.,<(>/2Sn?A689`(�/2Y [2(DSU9 e - 13@�7�-+, % ?A-�1KG2(>/�6TSU? SqSU-0-+? X^/2( $ ]V-f9.@ Yt@59.G^-+68, �.@ $ �t*�G�6T1 GA6TSh9.@
C�,E-+7�-+/&9;,.-09.,K(�/2SU?M689`9.6V?A-+@DX^9KS;(�/2Y�9E@Z=�-0-+CA9.G^-oC^68C2-f_ X�]8] �d'2@�@D=&68/^F (>9�9.G�-w9E,K(D1v-oFP,K(�C�G2S
@>_ gxBJc e -0/�@�6V/�[ 68FPX�,.- O�� � �h@D/�- 1+(>/�Sn-+-A9EG2(>9I(+_ 9.-+,\9.G�-I]8@ S.SU- S5(DS.Sn@&136p(�9.-�Y�*�6V9.G�9EG�-
68/^689.6T(>]qSn]8@�* � Sn9K(�,.9 � ,.-�SnX�]89E68/�FI68/ (Z9.6V?A-+@DX^9�(>9�� � �ASn-�13@D/}Y�S�� � e -+/�@A,E-�13@�7�-+,<Sd_ ,.@D? ]V@�S.Sn-�S
*�689EG�@DX^9�( ,E-+9.,<(>/2Sn?A689J9.68?M-+@DX�9���X�/�]86V=�- gxBJc '26V9.-��

g G�-5Sn@DX�,<13- @�_J9.G�-\C�,.@ $ ]8-+? 1+(>/ $ -5@ $ SU-0,.7�-�Y $&% ]V@�@D=&68/�FM(>9b9.G�-\9.@DC�FD,<(>C�GW@�_�[q68F �
X�,E-AO � ��(�95(�,.@DX^/2Y���SU- 13@D/2Y^S�� e 6VFDG&9 $ -3_ @P,.-A9EG�- ��SU- 13@D/2Y"? (>,E=���9.G^-+,.-M(>,E-A9n*;@ 9.G�6V/
7�-+,E9.6p10(>]�]86V/�-�S�68/2Y&6p1+(�9.68/^F _ X�9EX�,.-5,E-+9.,<(>/2Sn?A6pSESU6V@D/2S�� (�/2Y�,.6VFDG&9w( _ 9E-+,x9EG2(>9w9EG�-513@P/�FD- SU9.6V@D/
*�68/}Yt@�*�(>/2YA9.G^- lfjfQfB � B�kblfjfg ]V68/�- SdSnX2Y�Yt-0/�] % FD@IYt@�*�/�(>/}Y X^C � 9E@DC FD,<(>C�G	��]V68FPGt9
FD,<( % (>/}Y $ ]p(P1 = ]86V/�-�S�� � g G�6pSbSU68FP/2(>]TSx9.G}(>9 �AYtX�C^]86p10(>9.- Q�B � S�*;-+,E- ,E-�13-+6V7�-�Y���(�/2Y�9.G}(>9
9.G^- [2(PSU9 e -+9.,<(>/2Sn?A689 (>/2Y�[ (PSU9 e - 13@�7�-+, % ?A- 1 G2(�/�6pSn? S *J-+/t9�6V/t9E@5(P139.6V@D/	�

Q ]V689E9.]8-I(+_ 9.-+, ��Sn-�13@D/}Y�S��h9EG�- lbjfQ�B � B�kblfjfg ]86V/�-5FD@�- S5SU9.,<(>6VFDG&95Yt@�*�/�(�/2Y�X�C
(>F (>6V/	� g G�-d_ (P139h9EG2(>9h6V9 *J-+/&9hYt@�*�/ISn68FD/^6sr2-�S�9.G}(>9`(xC}(D1K=�-+9 * (DS ,E-�13-+6V7�-�Yf(P1 =&/�@�*�]8-�Y&FD68/^F
SU@P?A-JY�(>9<(��&(>/}Y 9.G�-�]V-+/�FD9EG @�_ 9EG�-;]V68/�- S 9E-+]8]TS X2Sq9.G2(�9h689 (D1K=t/^@>*�]V-�YtFP-�Yo?A@P,.-`9.G}(>/��	� � : �
g G�-�13@P/�FD-�Sn9.6V@D/
*�6V/2Yt@�* SnG�@DX�]TY�G2(+7�- $ -+-0/ r 	t-�Y�(�9Z9EG�6pS C2@D6V/t9 � ? (DY&-�- u X2(�];9E@�9EG�-
9.G^,.-�SnG�@D]TYZ*�68/2Y&@>* � ��Sn68/213-b689`*�(PS;68/ � (�9.-�YI9.@I(>]V]8@�*
9EG�-fC�6VC2-f9.@ISn9K( % _ X^]8]$� z @�*;-+7�-0,��D9EG�-
13@P/�FD-�Sn9.6V@D/�*�6V/2Yt@�*y* (DSo/^@D9or 	t-�Y � (�/2Y�?A@P,.-59EG2(>/���� � : @�_bY�(>9<(�*J-+,.-MSU-+/&9\(>9w9.G}(>9
9.6V?A- � 9.G^-5(>?M@DX�/&9�@>_JY^(>9K(I(D1K=&/�@�*�]8-�YtFP-�Y � �213,.-�(�9.6V/�FI( G&X�FP-5SUC^68=�-f6V/�9.G^- Sn-+/2Yt6V/�FI,K(>9E-
� ?M6pY�Yt]V-xFP,K(�C�G � �

g G�-W9.- 	t9EX2(>]�9.,<(D13-�SISUG^@>* 9.G2(�9A9.G^-�C2(P1 =�-+9I*�G�@ SU-"(D1K=&/�@�*�]8-�YtFP?A-+/&95SnG�@DX�]TY G}( 7�-
9.,E68FPFD-+,E-�Y 9EG�-I,.-�YtX}139.6V@D/"@>_�9EG�-M13@D/�FP-�SU9E68@P/�*�68/2Y&@>*�* (DSfG2(�/2Yt]8- Y $t% 9EG�-IG�-�(DY&-+,wC�,.- �
Yt6T139.6V@D/"13@&Yt- � g G�6TSf6pSx9EG�-5,.@�@P9 @>_ 9.G�-5C^,.@ $ ]8-+?"� g G^-5G�-�(DY&-+,wC�,.-�Y&6p139E68@D/ 13@&Yt-I6pSx@P/�] %
SUX^C�C2@�SU- Y 9.@fG2(�/2Yt]V-;C2(P1 =�-+9<S 9EG2(>9q68/&7�@D]V7�-h]86V9.9E]8-`*;@P,.= �D(�/2Y 689 Yt@�-�S /^@D9`1KG�-�1K= _ @P,h68/ � (>9E-�Y
13@P/�FD-�Sn9.6V@D/�*�6V/2Yt@�*�S���*�G^6p1KG (>,E-��2( _ 9E-+,�(>]V]$�2( ,K(�,.-\@&1+13X�,E,.-+/21v-��

g G�-xr 	56TSd9E@5(DY^YZ@D/�-b?A@D,E-�9.-�Sn9;9.@\9.G�-�C2(�,.9�@>_q9EG�-�G�-�(DY&-+,;C�,E-�Yt6T139.6V@D/I9.G2(�9;G2(�/2Yt]8- S
C�X�,E- Q�B � Sd_ @D,�@PX�9KSn9K(�/2Yt68/^F Y�(>9<(���,E-+C�]p(P1368/^F

���������
	�����������
���������������������� "!
#%$&��'��
(*),+%-.��/*0�1"2���!
�43
��(��65�5

��������7��"�8�9�� �!�#:$;��'*��(")<+%-.��/�0
1*2��*!��<=�(�>?�@5
5
��/*0�1*2A��!
�*)<B���!�1�����/*0�1"2���!
��B���!��C�



N �

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
Time in seconds

0

20

40

60

80

100
K

B
110 220 330 440 550 660 770 880 990

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
Time in seconds

250

500

750

1000

1250

1500

S
en

di
ng

 K
B

/S

110 220 330 440 550 660 770 880 990

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
Time in seconds

5

10

Q
ue

ue
 s

iz
e 

in
 r

ou
te

r

[ 68FPX�,.-\O�� �  gxBJc '26V9.-��VLf*�689.G j @ k 9EG�-+, g ,K(�% 1 � g G�,E@DX�FPG�C�X�9��NDN � :���S�� �

*�689EG

���������
	�����������
���������������������� "!
#%$&��'��
(*),+%-.��/*0�1"2���!
�43
��(��65�5

��������7��"�8�9�� �!�#:$;��'*��(")<+%-.��/�0
1*2��*!��<=�(�>?�@5
5
��/*0�1*2A��!
�*)<B���!�1�����/*0�1"2���!
��B���!
5�5 ��/*0�1��"��!<3�/*(*)<+�2 � ��)�/*#*	,>�="�
��'*#*	�2A' �C�

g G�- ]T(DSn9�9.-�Sn9 ������������	�
����������������������������������������� � 1 G�- 1 =^Sd*�G�-09.G�-+,�9EG�- /&X�? $ -+,
@>_ YtX^C�]86T1+(>9E-�(D1K=&/�@�*�]8-�YtFP?A-+/&9KS 9EG2(>9`G2(+7�- $ -+-0/5,.-�13-0687�-�Yx6TS ]8- S.S 9EG2(>/I9.G�- [2(DSU9 e -�13@�7�-+, %
9.G^,.-�SnG�@D]TY � X2SUX2(�]8] % � � � m _J689w6TS�/^@D9��q9.G�-I9.- SU9f_ (>6V]pSw(>/2Y"9.G�-IG�-�(PYt-+,wC�,.- Yt6p139E68@P/�13@&Y&-Z6TS
SU=&68C^C - Y��



N��

g G�- $ -+G2(+7&68@P, @>_ gxBJc '26V9.-A*�6V9.G"9.G�6TS�r 	 � '26V9.-��VL ��6pS\SUG�@�*�/�6V/�[ 68FPX�,.-MO�� � � a 7�-+/
9.G^@DX�FPG
9.G^-AC2-+,U_ @P,.? (�/213-A6V/213,.- (DSU- S 13@P/2SU6TYt-+,K( $ ] % _ @D,59.G^6pS SnC2-�136sr 1�Sn68?IX�]p(�9.6V@D/	��*�G�-+,E-
gxBJc 6TS�,EX�/�/�6V/�F $&% 6V9KSn-+]s_ � /^@ $ (P1 =&FD,E@DX�/2YW9.,<(�% 1 � ��9EG�-+,.-56TSw(>/�(+7�-+,<(>FD-���� Yt-�13,E-�(DSn-
68/�9.G�,E@DX�FPG�C�X�9 ��(PSo1v@D?AC2(�,.-�YA9E@A9.G�-\@D,E68FD6V/2(>]q68?MC�]8-+?I-+/&9K(�9.68@P/A@>_ gxBJc '26V9.-�� @D/W9EG�-
?A@P,.-51v@D?AC�]V-
	 Sn68?IX�]p(�9.68@P/2S�*�G�6p1KGW(�]pSU@ 6V/213]8X}Yt- ��� 	������9E,K(�% 1�� g G�-5,.-�(PSU@P/�*�G % '26V9.-�� �
� 9EG�- @P,.6VFD68/}(>]h7�-+,<SU6V@D/ �JC2-+,U_ @P,.? S $ -+9.9E-+,x9EG2(>/�'2689E-��8Lw*�G�-+/W9EG�-+,E- 6pS $ (D1K=tFP,.@PX�/2Y�9.,<(�% 1
6pS`(PS _ @D]V]8@�*�S�� g G^-x-��)-�1v9d@�_q9.G�-bC�,.@ $ ]8-+? ��/�@P9 r 	&68/�Fw9.G^-f13@P/�FD- SU9.6V@D/A*�6V/2Yt@�*�SU6�
+-b( _ 9.-0,
]8@ S.Sn-�S � 6pS�C�,.@PC @P,.9E68@D/}(>]`9.@A9EG�- *�6V/2Yt@�* SU6�
+- *�G�-0/W9.G�-\]8@�SESU-�S�@&1+13X�,�� � G�-+/ gxBJc '2689E-
6pS�,.X^/�/�68/^F $&% 689<SU-+] _ � 6V9xG2(PSw(Z]p(�,.FD-5*�6V/2Yt@�*�*�G�-+/W9EG�- ]V@�S.Sn-�Sx@&1+1vX�,���(�/2YW9.G�-\C�,.@ $ ]8-+?
1+(�X2SU-�Sb(A13@D/^FD-�Sn9.68@P/W*�68/2Y&@>*�9EG2(>9w6pS�]p(�,.FP-5-+/�@DX^FDGW9.@ ,E-�SUX�]V9x6V/�]V@�S.Sn-�Sf(�/2Y�(I9.68?M-+@DX�9��
� G�-+/ gxBJc '2689E- 6pS�SUG}(>,.6V/�FA9EG�- $ (>/2Y&*�6pYt9EGW*�689.G $ (D1K=&FD,.@PX�/2Y 9.,K(�% 1 � 6V9KS;*�68/}Yt@�*ySn6 
+-
6pSI?ZX21KG�Sn? (>]V]8-+,���(>/2Y
9EG�-WC�,E@ $ ]V-+? 1+(�X2SU- SA(�13@P/�FD-�Sn9.6V@D/�*�68/2Yt@�* 9.G}(>9 6pS5/�@D9 ]T(>,.FP-
-+/�@PX�FDG�9E@�,.- SUX�]V9Z6V/
]8@ S.Sn-�S���[}X^,.9.G^-+,.?A@P,.-��h6V9Z9EX�,./}SZ@DX�9M9.G2(�9A9.G�-�]p(�,.FD-0,A13@P/�FD- SU9.6V@D/
*�68/}Yt@�* Sn6 
+-M1+(>/�C2(�,.9E6p(>]V] % /�-+X�9E,K(�]86 
0-Z9EG�- C�,.@ $ ]8-+? Yt-�SE13,.6 $ -�Y�68/�4�-�139E68@D/ � � 
�IX�/2Yt-0,
SU@P?A-W1v68,K1vX�? SU9<(>/21v-�S�� gxBJc Y&-�13,.- (DSU- SZ689<SZ13@P/�FD- SU9.6V@D/�*�68/2Y&@>* ?A@P,.- 9.G}(>/�/�-�13-�SES.(�, % �
g G�-�Sn-A,.- SUX�]V9KSoG^-+]8C"9.@W6V]8]8X}SU9.,<(>9E- �.X2Sn95G�@�* 13@D?MC�]8-
	 (>/2Y�/�@P/�68/&9.X^689.6V7�- gxBJc $ -+G2(+7&68@P,
1+(�/ $ -��

��������� �	� � 
 
 � ��� ��  ��� � � � � � � � � ��� ��
 � � � � � � � � � � �

g G�-�,.-+9E,K(>/}SU?A6TS.SU6V@D/�9E68?A-0@DX�957P(>]VX�- � ehgxk � 1+(>]T13X�]T(>9.6V@D/�68/ gxBJc '2689E-�1v]8@�Sn-+] % _ @D]8]V@�*�S
9.G^- 1v@&Yt-\Yt-�S.1v,.6 $ -�YI68/ 9.G�-wX�C)Y�(�9.-�Y 7�-+,KSn68@P/A@>_ ��(P13@ $ SU@D/ � S!� ��� C}(>C2-+,3) L�� * � g G�- ehgxk 6TS
$ (PSU-�Y�@P/ � �)(>/"(+7�-+,<(>FD-\,.@PX�/2Y � 9.,E68CW9.6V?A- � ehg�g ��-�Sn9.68? (>9.@P,��2(�/2Y � ��(Z?A- (>/�Yt-+7&6p(�9.68@P/
-�Sn9.68? (>9.@P,;@�_h9EG�- ehg�g �2(DS;_ @D]V]8@�*�S�

� � ��� ��� � �

|�687�-+/ � �2( /^-+* e g�g ?A-�(PSUX�,E-+?A-+/&9���9.G�-w-�Sn9.6V? (>9E@D,KS�(�,.-wX�C)Y�(�9.-�Y�(DS;_ @D]8]V@�*�S�

� �	��� �
�

�

��� ��� �
	 � �	�
� � � � � � ��� � �	� � �

� �



NDN

g G�-�7D(�]8X�- SA1 G^@�SU-0/ $&% ��(P13@ $ SU@D/�_ @D,I9.G^-�F�(�68/�C2(�,K(�?A-+9.-0,KSI(>,.-�� 	 � �8L �	
 � �
�
(>/2Y

� � � � ��
 � �
�
� *�G^6p1KGW(>]V]8@�*�9.G�-5X}SU-5@>_J6V/t9E-+FD-+,b(>,E689EG�?A-+9E6p1 $t% =�-+-+C�6V/�FMS.1+(�]8-�Y 7�-+,KSn68@D/}S

@>_ �5(�/2Y � � ��(D13@ $ SU@P/ ?ZX�]V9.6VC�]86 -�S $ @D9.G�Sn6pYt-�Sh@�_q9.G�-f- u X2(�9.6V@D/2S $t% 9EG�- _ @P]8]V@>*�6V/�Fo_ (P139.@P,KS�

��� ��� ��� � � � �	�
� � � � � � � � ��� � ��� �

�

� �

g G�-+/ � Yt-vr2/�68/^F�� � � � � � (>/}Y � � � � � � 9.@ $ -5S.10(>]8- Y�7�-+,<SU68@P/2S;@>_ ��(�/2Y � �29.G^6pS�,.-�SnX�]89<S
68/ 

� ��� � � � � �	�
� � � � � � ��� � ��� �

�

� � � � � � � �

g G�-w*�G�@P]8-\(>]VFD@D,E689EG�? 1+(�/ $ -w-
	tC^,.-�SESU-�YA68/ B (DS�

=0���� 24(�1�1������
2�(���� =	�
��� � = � ���

=� 04=
�
=0���� 24!�1�1������
2�!���� =	�
#��� � � 2�( 1
1������ 2�!��

� G�-+,E-w9.G�- ehgxk 6pS;68/ X�/^689KS;@�_J13]V@&1 =I9.6T1 =^S��
��(D13@ $ SU@P/ _ X^,.9.G^-+,hY&-�S.13,E6 $ -�S�G�@�*!�D68/\FD-+/^-+,K(�]$�D9EG�6pSq13@D?MC�X�9K(�9.6V@D/ *�6V]8]&13@P,.,E-�139.] % ,.@PX�/2Y

� � � � Q ]89.G^@DX�FPG�9.G�6TSw(>]8FP@D,E689.G^? 6TSo( ? (��.@P,o6V?AC�,E@>7�-0?Z-v/t9�@�7�-+,f9EG�-Z@P,.6VFD68/}(>]�(�]8FP@D,.6V9.G�?
Yt-�SE13,.6 $ -�Y 68/ e [ B � N�� ) �DO * ��9.G^-+,.-�Sn-+-+? S�9.@ $ -f(fC�,E@ $ ]V-+?y*�6V9.GI9.G�6TSh(>]VFD@P,.689EG�? $ (PSU-�Y5@D/
9.G^-5]p(>,EFD-MYt-+]T( % @ $ SU-+,E7�-�Y�68/�[ 6VFDX�,E-IO�� � �q(>9w9.G�-5C2@P68/&9 $ -3_ @P,.-59EG�-5,.-+9E,K(�/2SU?A6V9f9.6V?A-+@PX�9
r2,E-�S��q(DSw68/2Y&6p1+(�9.-�Y $t% 9.G�-I]p(�,.FP- $ ]T(D1K="1368,<13]8- Sx(�9 9.G^-Z9E@DC�@�_�9.G^-ZFP,K(>C^G	� [�@D, 9EG�-5r2,KSn9
9.6V?A-+@PX�95(�9���� 
"SU- 13@D/2Y^S��;9EG�-+,.- 6TS5(�Yt-0]p( % @>_ L�� � SU- 13@D/2Y^S $ -+9n*;-0-+/�9.G^-�9E68?A-0@DX�9 (>/2Y
9.G^-5C�,.-+7&68@PX2SxC2(P1 =�-09fSn-+/t9�� [�@P,f9.G�-ISn-�13@P/2Y�9.6V?A-+@DX^9f(�95L�� � 
 SU-�1v@D/2Y�S���9.G�-IYt-0]p( % 6pS�� � 

SU- 13@D/2Y^S��



L �	�

|�687�-+/�9.G}(>9A9EG�-W(+7�-+,<(>FD- ehg�g 6pSI( $ @DX^9�L 
	��? S���9.G^-�9.6V?A-+@PX�9IYt-+]T( % S5SU-0-+? ?ZX21KG
]8@P/�FD-0,�9.G2(�/�/�-�1v-�S.SE(>, % � g @ZF (>6V/�( $ -+9.9E-+,�X�/2Y&-+,KSn9K(>/}Yt68/�FM@>_ 9.G�-wC�,E@ $ ]V-+?"�t*J-\1+(>/ ]8@�@P=
(>9�9EG�-w9.-
	&9.X}(>] 9E,K(P13-�S�SUG^@>*�/ 6V/ g ( $ ]8-\O��VLf9.@ISU-0-o9EG�- $ -+G2(+7&68@P,�@>_ 9.G�- ehg�g � � � � � � (>/2Y
9.G^- e gxk �

ehg�g � � � � ehgxk
� � � �
� � � �
� � � �
L � � 


� � � �

� � � �
� � � �
� � � �
� � � �
� � � �
L � � 


g ( $ ]V- O �8L  k ,E68FP68/2(�] ehgxk�e -+]p(�9.-�Y ~ (>]VX�-�S

g G�-�7P(�]8X�-�SISUG^@>*�/
_ @P,�� � � � � (>/2Y � � �"(>,E-�9K(�=�-+/�(+_ 9.-+,I9.G^- % G2(+7�- $ -+-0/
X�C)Y�(�9.-�Y
$ (PSU-�Y @D/W9.G^-o/^-+* � � ��?A-�(DSnX�,.-0?A-+/&9�� g G^- ehg�g 6TS ?M-�(DSnX�,.-�YAX2Sn68/�FM(A13]V@&1 =M9.G2(�9x9E6p1K=�S
-+7�-+, % 
��	�>? S
	�G�-+/21v-x6V9d6TShX2SUX2(�]8] % 
+-+,.@w-
	^13-+C^9 _ @D,`9.G^@�SU-bC2(D1K=�-+9KSq*�G�-+,.-�9.G^-f13]V@&1 =59E6p1K=�-�Y
68/ $ -+9n*J-+-+/"SU-0/2Yt68/^F�9.G^-5C2(D1K=�-+9w(�/2Y�,.- 13-+687&68/^FZ9EG�-A(P1 =&/�@�*�]8- YtFD?A-0/t9�� Q ]TSU@A/^@D9.-I9.G}(>9
68/ C�,<(D139E6p13- � 9EG�- ehgxk 6TS;/�@D9b(>]V]8@�*;- YZ9.@5FP@ $ -+]V@>* ����9EG�-w?A68/^68?5X�?�_ -�(DSn6 $ ]V-f9.6V?A-+, � Sn-+-
[ 6VFDX�,E- O � 
 � �

4�@D?M-+9.G�6V/�F"SU-0-+? S (�?A6pSES $t% 9.G�-A_ (D1v9Z9EG2(>9I9.G�- � � �WSU9<( % SI(>9 ��,.-+F (>,<Yt]8-�SES @>_wG^@>*
@>_ 9E-+/�9EG�- � � �;6TS 
0-+,.@ ��[�,.@D? 9EG�- -�u�X2(�9.68@P/2S�*;-\SU-+-\9.G2(�9x*�G^-+/ � � /�-+* ehg�g �J-�u�X2(>]TS �
� (+7�-+,<(>FP-�Y ehg�g � � � � � � � � � � � ��9.G�-+/�� � 6TS /�@D9`?A@&Y&6sr2-�Y � [�X�,E9.G�-0,.?A@P,.-���6s_ � � � � � � �
6pS 
+-0,.@���9EG�-+/"9.G�-I9n*;@ ]8@�*;-0, $ 689<Sf@>_ � � (�,.-A/�@P9w?A@&Yt6sr}-�Y�-+689EG�-+,�� g G^- _ (P139 9EG2(>9 � 6TS
X2SnX2(>]V] % -+689EG�-+, 
+-0,.@A@P,f@D/�-\,.-�SnX�]89<S 6V/W9.G�-w_ ,K(P139.6V@D/2(�] $ 6V9KSx@�_ ��(�/2Y � � ]8@�*;-+,�9.G^,.-+- $ 689<S
@>_ � �A(>/}Y�]8@�*J-+,;9n*;@ $ 6V9KS;@>_ � � � $ -+6V/�FISU-09�?A@�Sn9�@>_ 9.G�-w9.6V?A-��



L �tL

Time

Time

send time receive ACK time

send time

Clock ticks

Example of largest RTT with a value of 0 clock ticks

Example of smallest RTO with a value of 2 clock ticks

RTO fires

[ 68FPX�,.-\O � 
� e g�g (>/2Y ehgxk - 	�(�?AC�]8- S��

Q S5(W13@P/2SU-�u�X�-+/}13-�� � � � X2SUX}(>]8] % 1v@D/&9.,.6 $ X�9E-�S ��9E6p1K=�Sw9.@ � � ��,K(�9.G�-0,59.G2(�/
9.G^-WL�� ��

Yt-�SE13,.6 $ -�Y $t% ��(P13@ $ SU@D/ � � g G�-�SU-M9.G�,E-+-59.6T1 =^Sx*;@PX�]pY $ -I@>_ /�@�FP,.-�(�9 6V?AC2@D,.9<(>/21v-56s_ �"�
9.G^-f?A-�(PSUX�,E-�Y e g�g �t*�(PS;?A-�(PSUX�,E-�YZ*�689EG (or2/�-0,�13]V@&1 = �&SU@59.G}(>9�689JX2SUX}(>]8] % G}(DY ( ]p(�,.FD-0,
7P(>]VX�-�� � @PX�9�@>_ L��	�I6pS;@D/^] % ���#� � @PX�9x@�_�Lw6pS ���	��� �

� -\/�@�* Yt-�S.1v,.6 $ - (ASU6V?AC�]8-w?A@&Y&6sr)1+(�9.6V@D/ 9.@A9EG�- ehgxk (�]8FD@P,.6V9.G�? *�G�6p1KGWSn@D]87�- S 9EG�-
C�,E@ $ ]V-+? _ @P,�9.G�-\13@P/2Yt6V9.68@P/2S;@>_ @DX^,�-
	tC2-+,E68?A-0/t9��>*�G�-0,.-w9.G�- ehg�g 6pS`-+689EG�-+, � @D,wL�� g G�6TS
?A@&Yt6 r)1+(�9.68@P/A(�]8]V@>*�ShX2S`9.@\9.-�Sn9;9.G^-x6V?AC�,.@�7�-+?I-+/&9 6V/ZC2-+,n_ @D,E? (>/21v-�9.G2(�9�6pShC2@�S.Sn6 $ ]V-f*�689EG
( $ -+9E9.-+, ehgxk (>]VFD@P,.689EG�?"� z @�*;-07�-+,��&*;-5(�,.-5/�@P9x_ X�]V] % SE(>9.6TS�r2- Y�9.G2(�9x9EG�6pSf(�]8FP@D,.6V9.G�? 6TS
9.G^- 1v@D,.,E-�139J@D/�-\X�/2Yt-+,�(�]8]�C2@�SESU6 $ ]8-\S.1v-+/2(>,E68@ Sx(�/2Y�*J-fC�]p(�/�9E@ISU9.X}Y % 689d_ X^,.9.G^-+,��

k X�,�?A@&Yt6 r)1+(>9E68@P/�6TS;9.@5X2Sn-5( ]T(>,.FP-+,�S.10(>]86V/�F5_ (D139E@D,�

� � � ��� � � � �
�

� � �

��� ��� ��� � � � � � ���
� � � � � � � ��� � � � ��� �

�

� � �

j @�*!��6s_ *;-IYt-3r}/�- � � ��� � � � � ����� � � � � � �W(�/2Y � � � � � � 9E@ $ -MS.1+(�]8-�YW7�-+,KSn68@P/2Sf@>_� �	��� �A(�/2Y � ��*J-oG}( 7�- 
����������M ���+
�=� �,������
���,
' 8�9���8I�������<"�4�9�,��(�5@
��<H� 3�
*��+���9��<��+�9� � ��� I"���(����A7�1�(�� 
'�E6����9 ��,
' 0�"7������

� ��� 
�F(���(/�9��>+��
�������
	 �"����M B!�0�=��
'<�(������GM � �$���������-���8�9����� 3��!>+����� 1�
 �9�F
'���G����*���*�M



L ���

� � �	��� � � � � � �
�

� � � � � � �

� � � � ��� � � �	�
� � � � � � ��� � � �	� �

�

� � � � � � � �

g G�-+/ 9EG�-f]8@�*�@D,<Yt-+, $ 6V9KSd9EG2(>9�(�,.-w/�@P9�?A@&Yt6sr}-�Y � (�/2YAX2SUX}(>]8] % -+/2YIX�C�SU-+9 �J( _ 9.-0, � G}(DS
9.G^- SE(>?A-b7D(�]8X�-w,E-+C2-�(>9E-�Yt] % Yt@I/�@D9b(��)-�1v9�9.G�- ehgxk 1+(�]p13X^]p(>9E68@P/	�

4�68/}13-x*J-x* (>/&9`9.@ $ -w1v@D/2Sn-+,.7P(>9E687�-�*�G�-0/ SU-+9E9.6V/�Fw9.G�- e gxk �&(�/2Y $&% 13@D/2Sn-+,.7P(�9.687�-�*J-
?A-�(�/�9EG2(>9f*J- /�-07�-+,x* (>/&9f9.@ ,E-+9.,<(>/2Sn?A689�(PSo(I,.-�SnX�]89�@>_ 1 G�@�@ SU6V/�FA9.@�@�Sn? (>]V]h(�/ ehgxk �
9.G^6pS�68?AC�]V68-�S`9.G2(�9x9EG�- e gxk SnG�@DX�]TYW(>]V*�( % S $ -5(�9f]8-�(PSU9�9n*;@I]p(>,EFD-+,b9.G2(�/�9.G^- ehg�g � [�@P,
-
	^(>?AC^]8-���9.G^- ]p(�,.FP-�SU9�C2@�S.Sn6 $ ]V- ehg�g *�689.G�(57P(>]8X^- @>_  �9.6p1K=^SdG2(PSf( ,E-�(>]�9E68?A-b]8-+/�FP9.G�@>_
�.X2Sn9;]8- S.Sd9EG2(>/  ��Lw13]V@&1 =59E6p1K=�S � Sn-+-w[ 6VFDX�,E-fO � 
 � � $ X�9J9.G�-�SU? (�]8]8- SU9hC2@�SESU6 $ ]8- ehgxk *�689EG
7P(>]VX�-  � ��G}(DSh,.-�(�]t9E68?A-`]V-+/�FD9EG5@>_ �.X2Sn9hFD,E-�(>9E-+,h9.G}(>/  � L;9E6p1K=�S � (�F�(>6V/ASn-+-�[q68FDX^,.-�O�� 
 � �

j @D9E-f9.G}(>9�6s_q9EG�-+,E-f6pSJ(D1+13- S.S;9.@I( ?M@D,.-b(D1013X�,K(�9.-w1v]8@&1K=��^(DS;68/ gxBJc ~ -+F�(PS���9EG�-+/A9EG�-
13@ (>,KSn- ehgxk 1+(>/ $ - ? (DYt-I?A@P,.-M(D1+13X^,K(>9E-�SU68/}13-Z@P/�-�Yt@�-�S /�@P95G2(+7�-A9.@W*J@D,E, % ( $ @PX�9
9.G^-Z-
	&9.,E-+?A- 1+(DSn-�S Yt- S.13,E6 $ -�YW68/�9EG�-ZC^,.-+7&68@PX2SoC2(�,K(�FD,K(�C�G	�W[�@P, -
	^(>?AC^]8-�� 6 _�9EG�-Z?M@D,.-
(D1013X�,K(�9.- ehgxk 6pS ]V-�S.S 9EG2(>/ �	�	��? S��P9.G�-+/M(DSh]V@D/�F\(DSh9EG�-fSn-+FD?M-+/t9q6pS SU-+/&9h*�689EG�68/59EG�-�r2,KSn9
�	���>? S�( _ 9E-+,�9.G^-513@ (>,KSn- � FD,K(�68/�- YW13]8@&1K=Z9E6p1K=�-�Y��&9.G�-\13@ (>,KSn- � � �510(>/ $ - SU-+9�9E@WL � 68/2Sn9.-�(PY
@>_ (>9�]8- (DSU9 � � � Q ?A@D,E-w(D1+1vX�,K(�9.-51v]8@&1K=Z*�6V]8]�(�]pSn@Z-+]V68?A6V/2(>9E-x9EG�-w]p(�,.FD- �.X�?MC2S;68/ 9.G^- Sn6 
+-
@>_ 9.G^- e gxk *�G�6p1KG 13@P?A-x_ ,.@P? 9.G^- e g�g �.X�?AC�6V/�F $ -+9n*J-+-+/ �I(>/2YWL �

g G�-w*�G�@D]V-\(>]8FP@D,E689.G^? 10(>/ $ -o- 	tC�,E-�S.Sn-�YA68/ B (DS�

2�!*	
�<��(�� � = ��� ��� 0�� 24(�1�1������
2�(��
�24!*	
�<�"(��
����� 2�!*	
�<��( � ���

24!*	��,�"(�� 0*2�!"	��,�"( �
2�!*	
�<��(�0�� � 2�! 1�1 ��� �
2�!��
�24!*	
�<�"(��
#�� � � =*(�> � = � ��-���� 2�( 1�1 ����� 2�!���1�1�� � �



L ���

ehg�g @D,E68FP68/2(�] ehgxk /�-+* ehgxk � @�(�9 ehgxk
� � � ��� �
� � � ��� 

� � � ��� 

� � � ��� �
L 
 � ���VL
� � � ���VL
� � � ��� N
� � � ���
�
� � � ��� 

� � � ��� �
� � � ���VL
L 
 � ��� 

g ( $ ]V-\O�� �  k ,E68FD6V/2(>] (>/2Y j -+* ehgxk�~ (�]8X�-�S

g G�-`/�-+*�?M-�1 G}(>/�6TSU?�(>C^C�,.@ 	&68? (�9.-�S29.G�-J,.-�(�] ehgxk �+@ $ 9<(>68/^-�Y $t% X}SU68/^F � @ (>9E68/�FfC2@P68/&9
13@P?AC�X�9<(>9.6V@D/2S�� ?A@P,.-I13]V@�SU-0] % (PSw1+(>/ $ - SU-+-0/W68/ g ( $ ]8-MO��
��� l /�]V68=�- 9EG�-I@D]pY ehgxk � 9EG�-
/�-+* ehgxk 1+(�/�FP@�(�]8]h9EG�-5*�( % Yt@�*�/�9E@ (A7D(�]8X�-5@�_ �A(+_ 9.-+,b9.G�- ehg�g G2(DSw(A7P(>]VX�-5@>_ �
,.-0C - (>9.- Yt] % �

g G�-�7�-+,KSn68@D/5@�_ gxBJc '2689E-x*�6V9.G $ @D9.GI9.G^-xG�- (DYt-+,`C�,E-�Yt6T139.6V@D/I(>/}Y ehgxk 13@P?AC�X�9<(>9E68@D/
r 	&-�S���*�G^6p1KG�*J-w,.-3_ -+,�9E@A(PS�'26V9.-��
����G2(PSx(59.G^,.@DX^FDG�C�X^9f@>_�L ��� � � � :�� S _ @P,x9EG�-IL i : % 9.-
9.,<(>/2S _ -+,�*�G�-+/�9EG�-+,E- 6pS�/�@I@D9EG�-+,�9.,K(�% 1 � g G�-I(+7�-+,K(�FD-w9.G^,.@DX^FDG�C�X^9x_ @D,f9EG�-\SU-+9�@>_J9E-�SU9<S
*�689EG ���
	����� $ (P1 =&FD,E@DX�/}Y
9.,K(�% 1A6TS 
�
�� N � :�� S���(�/�68/21v,.-�(PSU- @�7�-+,59.G�-�@D,E68FD6V/2(>]�@>_oN � �
z @�*;-07�-+,���9.G^6pS;6pS�Sn9.6V]8]�O�� $ -+]8@�*�9EG�-w9.G�,E@DX�FPG�C�X�9�@>_ gxBJc
e -+/�@��

��������� � 
 � ��
�� � � � � � � � � �	� � ��� � � � � � �

g G�- gxBJc G�-�(PYt-+,�6TS;/�@D,E? (>]V] % �	� $t% 9.-�S;]V@D/�F � z @�*;-+7�-0,���@D/�-\@>_ 9.G�-wG�- (DYt-+,�r2-+]TY�S � 9.G�-
@DC^9.68@P/2S r2-+]pY���6pS 7P(�,.6p( $ ]8- 6V/
Sn6 
+- �h,K(>/^FD68/^F $ -+9n*;-+-+/ � 9E@ � � $&% 9E-�S 68/�]V-+/�FD9EG	� gxBJc
'2689E-�� S Q�B � 6V/�Fo_ ,E-�u X^-+/21 % 6pS�(�� - 139.-�Y $&% 9EG�-wX2SU-w@�_ gxBJc @DC�9E68@D/}S�� � G�-+/ 9.G�-0,.-w(�,.-w/�@
@DC^9.68@P/2Sh68/IX2SU- � gxBJc '2689.- QfB � S -+7�-+, % @P9.G�-+, C2(D1K=�-+9�� � G�-+/5@PC�9.6V@D/2S � -�� F�� �P9.68?M-�SU9<(>?AC �



L � �

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
Time in seconds

0

20

40

60

80

100
K

B
110 220 330 440 550 660 770 880 990

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
Time in seconds

250

500

750

1000

1250

1500

S
en

di
ng

 K
B

/S

110 220 330 440 550 660 770 880 990

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
Time in seconds

5

10

Q
ue

ue
 s

iz
e 

in
 r

ou
te

r

3 3

[q68FDX^,.-\O�� O� gxBJc '2689E-�� � *�6V9.G j @ k 9.G^-+, g ,<(�% 1 � g G�,E@DX�FPG�C�X�9�fLDL � � :���S�� �

(>,E-5X2SU- Y���G�@�*;-+7�-+,�� 689 Q�B � Sx-+7�-0, % 9.G�6V,KY�C2(P1 =�-09�� g G�-Z,E-�(DSn@D/"6pSf9.G}(>9w9.G�-59E-�SU9w*�G�6T1 G
Yt-�1v6pYt-�S;9E@ SU-0/2Y�(�/ Q�B � 6TS $ (PSU-�Y�@P/WG�@�*�?ZX21KG Y�(�9K(ZG}(DS $ -+-+/�,.-�1v-+687�-�Y ��(>/}Y�6s_`6V9x6TS
FD,E-�(>9E-+, 9EG2(>/�@D, - u X2(�]`9.@�?M@D,.-I9.G}(>/�9n*�6p1v-Z9EG�-Z? ( 	&68?IX�? SU-0FD?A-+/&9wSn6 
+-�� (>/ QfB � 6TS
SU-0/t9�� z @�*;-+7�-0,��qSU6V/213- gxBJc @DC�9E68@D/}S 9K(>=�- SU@D?M-Z@�_f9EG�- (+7P(>68]T( $ ]V-ZC}( % ]8@ (DY�SUC}(D13-��h9n*J@
SU-0FD?A-+/&9KS;9EG2(>9�13@D/&9K(�68/"(>/W@PC�9.6V@D/W/�@M]8@D/^FD-+,fG^@D]pY�-0/�@DX�FPG"Y�(>9<(A9.@A9E,.68FPFD-+,bSU-0/2Yt68/^F (>/
(D1K=&/�@�*�]8-�YtFP?A-+/&9��

Q S`Yt6pSE13X2SESU-�Y $ -+]V@�*!� QfB � 68/�Ff_ ,E-�u X^-+/21 % (��)-�139<Sd9.G^-xFP,.@�*�9.G @>_ 9.G�-�13@D/�FP-�SU9E68@P/A*�68/ �
Yt@�* YtX�,E68/�F $ @D9.G�SU]V@�* � Sn9K(>,E9w(>/}Y�9.G�-\]868/^-�(>,�68/21v,.-�(PSU- C2-+,E68@&Y�� � - Yt6pSE( $ ]V-�Y�9EG�- 9E68?A- S �
9K(�?AC @DC�9E68@P/"(DSf(Iu X^6p1K=A*�( % 9.@I9.-�Sn9f9.G^- -��)-�139�@�_J?A@&Yt6s_ % 68/^F59.G�- 13@&Yt- *�G^6p1KG�G2(�/2Yt]8- S
9.G^- Q�B � 68/^F _ ,E-�u X^-+/21 % SU@ 6V9f6pS�/�@D9\(�� - 139.-�Y $&% 9EG�-5X2Sn-5@>_J@DC�9E68@P/2S�� � -5,.-v_ -+,x9E@ 9.G�6TS
7�-+,<SU68@P/ (DSx'26V9.-�� ���^(>/2YA689<Sd9EG�,.@PX�FDG�C^X�9 _ @P,�9.G�- L i : % 9E-x9E,K(>/}S�_ -+,�-
	&C2-+,.6V?A-+/&9KS * (DSfL ���
� :���S�� z @�*;-07�-+,���@D/�] % ( $ @PX�9`G2(>] _)@>_�9EG�-�9.G^,.@DX^FDG�C�X^9dF (>6V/Z* (DS`YtX�-�9E@f9.G�-�G^68FDG^-+, QfB � �
68/^F�_ ,E-�u�X�-+/21 % 	D9EG�-x,E-�SU9 @>_q9.G^-�F�(>6V/A*�(PS`YtX�-�9.@ 9EG�-;_ (D1v9d9EG2(>9J9.G�- ehgxk G}(>C�C2-+/�- Y 9E@ $ -
�o6V/2SU9E-�(DYI@>_ �o*�G^-+/Z9EG�-f]V@�S.Sn-�Sd@&1013X�,.,E-�Y��&Yt-�1v,.-�(PSU68/^F 9.G^-fYt-0]p( % X�/&9.68]29EG�- e gxk r},.-�Y $t%



L �	


G2(�]s_ (ZSn-�13@D/}Y�� m /�9EG�-w-
	&C -0,.68?M-+/t9 *�G�-+/�9EG�-+,E-f6pS�(�]pSU@ $ (P1 =&FD,E@DX�/2Y 9.,<(�% 1��t9EG�-\( 7�-0,K(>FP-
9.G^,.@DX^FDG�C�X^9Z6V/213,.- (DSU- Y $t% 
 � � $ X�959EG�-A]V@�S.Sn-�S 68/}13,.-�(PSU-�Y $t% ����� *�G�-+/�13@P?AC2(>,E-�YW9.@
gxBJc '2689E-�� � �

[ 68FPX�,.-�O�� OISUG^@>*�S;9EG�-wFD,<(>C�G�6T1+(>]�9E,K(P13-�S;@>_J'2689E-�� � *�G^-+/ 9.,K(�/2S�_ -0,.,.6V/�F L i : % 9.-�� g G�-
68?MC @P,.9<(>/&9o9EG�68/^F�9.@�/�@D9E6p13-M6pSfG�@�* 9EG�-A]V@�S.Sn-�S (�,.-AC}(>68,E-�Y�*�G�-0/�9.G�- % @&1+13X�, (>,.@PX�/2Y �

(>/}YAO5SU-�1v@D/2Y�S��t,E-�SUX�]V9.6V/�Fw68/ Yt- 13,.-�(PSU6V/�F 9EG�-f1v@D/�FP-�SU9E68@D/ *�6V/2Yt@�*�9n*�6p13-�� g G�-b,.-�(PSU@D/ 9EG�-
]8@ S.Sn-�Sf(>,E- C2(�68,E-�Y�6pS�9.G2(�9f9.G^-I13@D/�FP-�SU9E68@P/W*�68/2Yt@�*�6TSx68/}13,.-�(PSU6V/�FZ9E@�@ ,K(>C^6pYt] % � $t% ?M@D,.-
9.G}(>/�@P/�-Z? ( 	&68?IX�? SU-0FD?A-+/&9fC2-+, ehg�g �q:;-3_ @P,.-I9.G�-5r2,KSn9 ]V@�S.Sf6TS Yt-+9E-�139E-�Y�� gxBJc '2689E-
68/}13,.-�(PSU-�S;9EG�-\13@D/^FD-�Sn9.68@P/ *�68/2Yt@�*!�2(�F�(>6V/�,E-�SUX�]V9.6V/�F568/�(>/�-
	&9.,K( ]V@�Sn9�C2(D1K=�-+9��

g G�-A,E-�(DSn@D/�9EG�- 13@P/�FD-�Sn9.6V@D/�*�6V/2Yt@�*�6pSw68/213,E-�(DSn68/�F�Sn@�_ (DSU9\6pSw9.G�-A- 	t9E,K(WL � � ��� @>_b(
? ( 	t6V?5X�?�Sn-+FD?A-0/t9 $ -068/�FI(PY�Yt-�Y 9.@I689�

�A��� ),B 1���/�0
1*2A��!��"2�2,��'�#"	�2A' �
� �?)�#�� � �?)�# � � � )�#�� ),B�� � �?)�#���� �

: % ,.-+?A@�7&68/�F\9.G�6TSfL � � ��� 6V/213,.- (DSU- 

�A��� ),B 1���/�0
1*2A��!��"2�2,��'�#"	�2A' �
� �?)�#�� � �?)�# � � � )�#�� ),B �

9.G^-�]8@�SESU-�S`(�,.-�/�@D9`C2(�68,.- Y5(>/ % ?A@D,E-��DSn@w9.G�-b13@D/^FD-�Sn9.68@P/Z*�6V/2Yt@�*
6TShYt-�1v,.-�(PSU-�Y @P/�] % @D/213- �
m /�9.G�-�-
	tC2-+,E68?A-0/t9<S�*�6V9.G $ (D1K=tFP,.@PX�/2Y
9.,<(�% 1��`,.X�/�/^68/�F gxBJc '26V9.-�� � �;*�G^6p1KG 6V/213]VX2Yt-�S
9.G^- _ @PX�,`C�,.-+7&68@PX2Sh?A@&Yt6 r)1+(>9E68@P/2S � G^-�(DYt-0,dC^,.-�Yt6T139.6V@D/ r 	 � ehgxk r 	 ��/�@ 9E68?A- SU9K(�?AC2S���(>/2Y
-+]V68?A6V/2(>9E68/�F�9.G�-�-
	&9.,<( L � � � � 68/213,E-�(DSn- �q,.-�SnX�]89<Sh68/M(>/ (+7�-+,<(>FD-�9.G^,.@DX^FDG�C�X^9;@>_ O ��� � � :���S��
g G�6TS ,E-+C�,.- SU-+/&9KS�(��tL � 68/}13,.-�(PSU-w@�7�-+,�9.G^- @D,E68FP68/2(�] gxBJc '26V9.-��)(>/2Y�(ZO�� 68/213,E-�(DSn- @�7�-+,
'2689E-�� �#�

��������� � � � ���� � � ���������� 
�� �
	 � � 
�� ����� � ��
 � � � � � 
 � � � � � � � � � � � ��� � � � � � �

gxBJc SnG�@DX�]TY C2-+,n_ @D,E?�(f?ZX^]89.6VC�]86T1+(>9E687P-`Yt-�13,E-�(DSn-�@>_ 9.G�-�13@P/�FD- SU9.6V@D/I*�68/2Y&@>*�*�G�-+/5]V@�S.Sn-�S
(>,E-AY&-+9.-�1v9.-�Y�� (>/2Y�(A]V68/�-�(�,w68/213,E-�(DSn-5*�G�68]V-59.G�-0,.-M(>,.-I/�@ ]8@ S.Sn-�S Yt-09.-�139E-�Y�� R X�-A9.@ 9EG�-
$ X�F ShYt-�SE13,.6 $ -�Y ( $ @�7�-�� gxBJc '2689E-d_ @D]V]8@�*�S�/�@\SUC2-�136 r)1dFPX�6pYt-0]868/^-�S @D/5G�@�*�_ (DSn9`9.@f6V/213,.- (DSU-
9.G^-�13@D/�FP-�SU9E68@P/5*�68/2Yt@�*!� m _29EG�-+,.-�(�,.-�@PC�9.6V@D/2S�� 9EG�-�(D1K=&68/�F�_ ,.-�u�X�-+/}1 % 6pS ,E-�YtX213- Y (>/}Y 9EG�-



L �DO

*�68/}Yt@�*y68/}13,.-�(PSU-�Sf?A@P,.- SU]8@�*�] % �I: % (DY^Yt68/�F�9.G�-5- 	t9E,K(WL � � ��� @>_b(A? ( 	t6V?ZX^? Sn-+FD?A-0/t9
SU6�
+-f9E@59.G�-\13@P/�FD-�Sn9.6V@D/�*�6V/2Yt@�*!��9.G^-f,K(�9.-w@>_`6V/213,E-�(DSn-f6pS;/�@�*�( _ X^/2139.6V@D/A@�_`9.G^-o*�6V/2Yt@�*
SU6�
+- � *�G�6p1KG ?A-�(>/}Sd9.G^-o6V/213,E-�(DSn-o6TS;-
	&C @P/�-+/&9.6T(>] � �

m 9�6pS�-�(DS % 9E@fSnC2-�136s_ % *�G2(>9 SUG�@PX�]pY $ -;9.G^-;X�C�C2-+, $ @DX�/}Y 9.@�9.G�-`,K(�9.-J@>_26V/213,.- (DSU-h_ @P, 9EG�-
13@P/�FD-�Sn9.6V@D/�*�6V/2Yt@�*�YtX^,.68/^FZ9EG�- ]V68/�-�(�,�68/21v,.-�(PSU-w?A@&Yt-�h9EG�-51v@D/�FP-�SU9E68@D/�*�68/2Y&@>* SUG�@PX�]pY
/�@P9 $ -w68/213,E-�(DSn-�Y $t% ?A@D,E-x9EG2(>/ @P/�-f? ( 	t6V?ZX�? Sn-+FD?A-0/t9`Sn6 
+-bC -0, ehg�g � m /}13,.-�(PSU6V/�F 9EG�-
13@P/�FD-�Sn9.6V@D/5*�68/}Yt@�*�(>9 (b_ (PSU9E-+,h,K(�9.-�*�68]V]t,E-�SUX�]V9 6V/59.G�-�]V@�SES @�_)9U*J@f@D,`?A@P,.- SU-+FP?A-+/&9KS�C -0,
ehg�g *�G^-+/ 9.G�-\u�X�-+X�-\(>9�9.G^- $ @P9.9.]V-+/�-�1K=A,E@DX�9E-+,�6pS;_ X�]8] � g G�6pS;? ( % ,.- SUX�]V9�68/W(59.6V?A-+@PX�9
SU6V/213-w9.G^-�_ (PSU9�,.-+9E,K(�/2SU?A6V9�(>/2YA_ (DSn9x,E-�13@�7�-+, % ?A-�1KG2(�/�6pSn? Sh68/ gxBJc '2689E-51+(�/�/�@D9b(>]V*�( % S
,.- 13@�7�-+, _ ,.@P? 9EG�-f]V@�S.S`@>_ 9n*;@5Sn-+FD?M-+/t9<S *�G�-+/M9.G�-f]V@�SESU-�S;@&1+1vX�,�YtX^,.68/^F5(o@P/�- ehg�g 9.6V?A-
68/&9.-0,.7P(>] �

Q�B � 6V/�F _ ,E-�u�X�-+/21 % 1+(�/ $ -fSn-+-+/5(PS`(x9.,<(DYt-+@ � $ -+9n*;-+-0/5G�68FPG�-+, 13@D/�FP-�SU9E68@P/A(�/2Y ]V@�*;-+,
]p(�9.-+/}1 % � Q S`SUG�@�*�/IG�-+,E-��D689J(�]pSU@\(�� - 139KSh9.G^-�,K(>9E-x@�_�9EG�-x]V68/�- (>,qFD,.@�*�9EGA@>_ 9.G�-�13@P/�FD- SU9.6V@D/
*�68/}Yt@�*�68/ gxBJc '26V9.-�� 9.G�6TS 6TSxYtX^-59.@I9.G�-\68?AC�]V-+?A-v/t9<(>9E68@D/ ��(>/}Y�689�13@PX�]pY $ -51KG2(�/�FD-�Y �
z @�*;-07�-+,��v689q6pS /�@P9h13]V-�(>,�9EG2(>9 Q�B � 68/^F�-+7�-+, % 9n*;@�@D,q9.G�,E-+-`C2(D1K=�-+9<S C�X�9KS�]8- S.SqSU9.,E-�S.S�68/w9EG�-
/�-+9n*J@D,.=�9.G}(>/5(P1 =&68/^F;-+7�-+, % C2(D1K=�-+9�� k /w9.G^-h@D/�-`G2(�/2Y��D]V@�*;-+, Q�B � 68/^Fd_ ,.- u X�-0/21368- S}6V?AC�] %
_ -+*J-+, C2(P1 =�-09KS @D/�9.G�- /�-09U*J@D,E=�� $ X�95@P/
9.G^-�@D9EG�-+,5G2(�/2Y��;]V@�*;-+, QfB � 68/�F _ ,.-�u�X�-+/21v68-�S
,.- SUX�]V9f68/"?A@D,E- C2(P1 =�-09KS $ -+6V/�FWSn-+/t9�(>9w@D/�-M9.68?M-�� [�@P,o- 	�(�?AC�]8- � 6 _;9EG�-I,.-�13-0687�-+, QfB � S
( _ 9E-+, ,E-�13-+6V7t6V/�F 9.G�,E-+-AC2(P1 =�-09KS��q9.G�-0/�9.G�- SU@DX^,K13- *�68]V]`9.,K(�/2SU?M689 ��@D, � C2(D1K=�-+9KS\(>95@P/�-
9.6V?A-��+9EG�- _ @PX�,.9EGZ@P/�-�6s_)9EG�-f1v@D/�FP-�SU9E68@D/I*�68/}Yt@�*
]86V/�-�(�, 6V/213,.- (DSU-�(�]8]V@>*�Sh@P/�-x?M@D,.-JC2(D1K=�-+9
9.@5FP@Z@PX�9�� m _h9n*J@5@D,�?A@D,E-f13@P/�/�-�1v9.68@P/2S�Yt@59.G�6TS�(>9�9.G�-\SE(>?A-f9E68?A- � 9EG�-+/ 9.G^-o]V68=�-+]V68G�@�@&Y
@>_ ]8@�SESU-�S�68/213,E-�(DSn-�S�� Q /�@D9EG�-+,�-
	^(>?MC�]8-f,E-�SUX^]89.6V/�FI68/�6V/213,E-�(DSn-�Y SU9.,E-�S.S�9.@M9.G�-\/�-+9n*;@P,.=A6TS
(ASn-+,.7�-+,�9.G}(>9\Yt@�-�Sx/^@D9w,.-+C^] % 9.@A,E-�u�X�-�SU9<Sx68?M?A-+Y&6p(>9E-+] % � Q Sf(A1v@D/2Sn-�u X^-+/213-��)(>]V]h@>_J9EG�-
Yt-+]T( % -�YZ(P1 =&/�@�*�]8- YtFD?A-0/t9<Sd(�,.-\SU-0/t9 (>9�9.G^- SE(>?A-b9.68?M-�*�G�-+/�( gxBJc 9.6V?A-+,h_ @D,<13-�S;9.G^-+68,
9.,<(>/2Sn?A6pSESU6V@D/A-+7�-0, % �	�	��? S��

� -�?A@&Yt6 r2-�Y59.G�-b13@&Yt- ��13,E-�(>9E68/�F5'2689E-�� 
 �&SU@ 9EG2(>9J689 Q�B � S`( _ 9E-+,`-+7�-+, % C2(D1K=�-+9`,K(�9.G�-0,
9.G}(>/I( _ 9E-+,q-+7�-+, % 9U*J@fC2(P1 =�-+9<S�� g G�-�-��)-�1v9 @P/59.G�-J9.-�Sn9KS *�6V9.G 9E,K(�% 1`*�(DS`(�SU]V68FDG&9h6V/213,.- (DSU-
68/59EG�-�9.G^,.@DX^FDG�C�X^9 � ��� � $ X^9`(f?ZX21KG ]T(>,EFD-+,h6V/213,E-�(DSn-�68/59.G^-�]8@�SESU-�S � � � � � � g G^-x6V/213,.- (DSU-
68/ 9EG�- ]V@�S.Sn-�S�? ( %Z$ -5Y&X�- 9E@Z9EG�-5Sn68?IX�]p(�9.68@P/ S.1v-+/2(>,E68@ ��-�� F�� �&/tX^? $ -+,J@>_ $ X � -0,KSf(�9x9EG�-
,.@PX�9.-0,�� � -�(�,.-�C�]T(>/�/^68/�Ff9E@x]V@�@D=\68/&9.@f9EG�6pS�6pSESUX�-J68/5?A@P,.-JYt-+9<(>68] �DSn68/21v-;*;- Yt@f/�@P9 $ -+]86V-+7�-



L � �

689`G2(PS $ -+-+/ Sn-+9.9E]8-�Y�� l /&9.68]29EG�-+/	��*;-bC�,.-3_ -0,d9E@59K(�=�-x9EG�-w13@P/2SU-+,E7P(>9.6V7�-f(�C�C�,E@�(D1KG�(>/2YAX2Sn-
Yt-+]T( % -�Y QfB � S � (+_ 9.-+,�-+7�-+, % 9U*J@5C2(D1K=�-+9<S��`68/ gxBJc '26V9.-��

������� � � � � � � � � � � � � � � � �

g G�-I,.-�SnC2@D/2Sn-A@>_ gxBJc '26V9.- � (�/2Y C^,.-+7&68@PX2Sw:x4 R 7�-0,KSU6V@D/2S���*�G�-+/"689w,.-�1v-+687�-�S�( C2(D1K=�-+9
(D1K=&/�@�*�]8-�YtFP68/�F  $t% 9.- S��D6TS 9.@ SU-+/2Y  $t% 9.-�Sq68?A?A- Yt6V(>9.-0] % ��(DSd]V@D/�F\(PS 9EG�-�*�68/2Yt@�*�S`(>]V]8@�*
689�� m _  �6TSx(5]p(�,.FD-w/&X�? $ -0,��t- u X�6V7P(>]8-0/t9J9.@ � @P,x?A@P,.-fC}(D1K=�-+9KS��t9.G^6pS $ -0G2(+7t6V@D,�1+(�/�,.- SUX�]V9
68/ ]V@�S.Sn-�S�YtX�-w9E@ZC2(P1 =�-09KS $ -+6V/�FMYt,.@PC�C2-�Y�(�9�9.G�- $ @D9E9.]8-0/�-�1K=��

g *;@ 1+(>X2Sn-�So_ @D,\]p(�,.FD-M(D1K=&/�@�*�]8-�YtFP?A-+/&9KS � � @P,5?A@D,E-5C2(D1K=�-+9KS��b(>,.- � L �b]8@ S.SU- So9.G}(>9
,.- SUX�]V9Z6V/�( ,E-+9.,<(>/2Sn?A68959E68?A-0@DX�9���(>/2Y � � �IC2(P1 =�-+9<S ,E-�13-+6V7�-�Y�@DX�9M@>_\@D,<Yt-+,�� g G�-�_ (PSU9
,.-09.,K(�/2SU?M6895(�/2Y _ (PSU9I,.-�1v@>7�-0, % ?A-�1KG2(�/�6pSn? Sx9., % 9.@"=�-+-+C�9.G�- C�6VC - _ X�]8] ( _ 9E-+,I( ]V@�SES 6TS
Yt-+9E-�139E-�Y (+_ 9.-+,q,.-�1v-+687&68/�F�9EG�,.-0-�YtX�C�]V6p1+(�9.- QfB � S�� g G�6TS ?A-�(�/2S 9EG2(>9J(+_ 9.-+,q,.-+9E,K(�/2SU?A6V9.9E68/�F
9.G^-W]8@�Sn9�SU-+FP?A-+/&9�� gxBJc =�-+-+C}SASU-+/}Yt68/�F � /�-+* �MY�(>9<(
(�9�(�,<(>9.-"G2(�]s_\@>_ *�G2(>9�689A* (DS
*�G�-+/"9.G^-Z]V@�S.Sf* (DS Y&-+9.-�1v9.-�Y�� g G�-I,.- 13-+687�-0,f1+(�/�/�@P9 (P1 =&/�@�*�]8- YtFD-I9.G�-5/^-+* Y�(>9<(�Sn68/213-
68956TS ?M6pS.Sn68/�F�@D/�-�@D,A?M@D,.-M@>_w9EG�-�-�(�,.]V68-+,ISn-+FD?A-0/t9<S�� m _w@D9EG�-+,IC2(D1K=�-+9<So_ @D]8]V@�*�68/�FW9EG�-
C2(P1 =�-+9b@D,.6VFD6V/2(>]V] % ]8@ SU9\(>,E- (>]TSU@�]8@�Sn9��q@D, 6 _J9.G�-A,E-+9.,<(>/2Sn?A689E9.-�Y C2(D1K=�-+9w6pSf]V@�SU9�� 9EG�-ZC^68C2-
*�68]V]h]86V=�-+] % -+?MC�9 % (>/}Y�(�,E-+9.,<(>/2Sn?A689f9E68?A-0@DX�9f*�6V]8] $ -A/^-+-�Yt-�YW9.@ SU9<(>,.9 SU-+/}Yt68/�F�(�F�(>6V/	�
Q _ 9E-+,f9.G^-ASn-+FD?A-0/t9�9.G2(�9 * (DSf]8@ SU9w6pSf,.-09.,K(�/2SU?M689.9E-�Y�� 9EG�-I,.-�13-0687�-+,�*�6V]8]h/�@�* $ - ( $ ]V-59.@
(D1K=&/�@�*�]8-�YtFP-`/�@D9q@D/�] % 9.G^-;,.-09.,K(�/2SU?M689.9E-�YxC2(P1 =�-09�� $ X�9 (>]TSU@b(>]V]�@>_29EG�-�Sn-+FD?A-0/t9<S}_ @D]V]8@�*�68/^F
9.G^-o,E-+9.,<(>/2Sn?A689E9.-�YISU-0FD?A-+/&9;*�G^6p1KGA*;-+,E-\SU-+/&9�9.@5=�-+-0CA9.G�-wC�6VC2-o_ X�]V]$�

g G�-Ar 	"9.@WC�,E-+7�-+/&95SU-0/2Yt68/^F�9.@�@"? (�/ % Sn-+FD?A-0/t9<S (>95@P/213-A6TS 7�-+, % Sn68?AC^]8-�� � G^-+/
(W]p(>,EFD- (D1K=t/�@�*�]V-�YtFD?M-+/t9w6TS5Yt-+9.- 139.-�Y �d6 _f9EG�-�9EG�,.-�SnG�@D]TY�*�68/2Yt@�* 6TSZSn? (>]V]8-+,\9.G2(�/
9EG�-
13@P/�FD-�Sn9.6V@D/�*�68/}Yt@�*!�xSn-+9A6V9Z9E@�9.G�-W7P(�]8X�-W@�_ 9EG�-W1v@D/�FP-�SU9E68@D/�*�6V/2Yt@�*!� g G�-+/�Sn-+9A9EG�-
13@P/�FD-�Sn9.6V@D/"*�68/2Yt@�* 9.@W(A]V@>*J-+,f7P(>]VX�-MSU@�@P/�] % �A@P, ��SU-+FP?A-+/&9KS�(>,E-ASn-+/t9\(�9o@P/�-I9.68?M-��
Q S5/�-+* (P1 =&/�@�*�]8- YtFD?A-0/t9<So(�,.-W,E-�13-+6V7�-�Y�� 9EG�-W1v@D/�FP-�SU9E68@D/�*�6V/2Yt@�* *�6V]8]�9.G^-+/
6V/213,.- (DSU-
-
	&C2@D/�-+/&9.6T(>]V] % 9E@o9EG�-�13@P,.,.- 139 ]V-+7�-+] ��(DS`SUC2-�136 r2-�Y $t% 9.G�-�9EG�,.-�SnG�@D]TY *�68/2Y&@>*!� Q /5-
	^(>?AC^]8-
@>_ 9.G^-�r 	Z_ @D]V]8@�*�S�

�A� � (*),+�	4!�1���� � ��/�0�1��"�<=�(�>�2�	 � 5�5
�9��/�0
1*2��*!��")<B��*! 0 �9��/*0�1"2���!
�4��>�� 0 ��/�0
1*2��*!��<3���(����C1�� � ��/�0
1��"�<=�(�>�2�	 � �C�

�A���9��/�0�1"2��*!��*),B��*!�1 ��/*0�1"2���!
�*2
2<��'*#*	
2�' �



L ���

��/*0�1"2���!
�*2
2<��'*#*	
2�' ����/*0�1*2A��!
�*)<B���!��
��/�0�1"2��*!��*),B��*! ���9��/�0
1*2��*!��<�">�� 0���/*0�1*2A��!
�43��*(�� ��� � ��/�0
1��"�<=�(�>�2�	 � �

�

g G�6pS`13@&Y&-x/�-0-�Y�Sh9.@ $ -x6V/2SU-0,.9.- Y5( _ 9.-0,d9EG�-�*�68/2Yt@�*�68/t_ @P,.? (�9.68@P/56pShX�C)Y�(�9.-�Y�� Q Y�Yt68/^F
9.G^6pS r 	�9E@
'2689E-�� � � ,.-�SnX�]89E68/�F�6V/�'2689E-�� O �IYt6pY
/^@D9�(��)-�139 9EG�-W,.-�SnX�]89<SZ7�-+, % ?IX21 G � ]8-�SES
9.G}(>/ � � � �268/}Yt6p1+(�9.6V/�FZ9EG2(>9b9.G�-\C�,.@ $ ]8-+? 6TS ,<(>,.- � (�9f]8-�(PSU9fX^/2Yt-+,�9.G�- 13@D/}Yt689E68@D/}Sx@>_`@PX�,
-
	&C2-+,.6V?A-+/&9KS��

��������� � � ���� � ��� � �����

g G�-+,E-Z6TSo@P/�- r}/2(>] Yt-+9K(�68] � g G�-A9.- SU9w9.G2(�951KG�-�1K=�S�6s_�9EG�- 13@P/�FD- SU9.6V@D/�*�6V/2Yt@�*�/�-+- Y�Sf9.@
$ - r 	&-�Y $ -�1+(�X2SU-56V9x* (DSx6V/ � (�9.-�Y�9E, % 68/�FA9E@A=�-+-+C 9EG�-5C�68C2-w_ X�]8]q6pSfSn]86VFDG&9.] % *�,.@D/^F�� g G�-
@D,E68FP68/2(�]�9.-�Sn9

��/�0
1�!43
/�(")<+�2 1���)A/�#*	,>�=�����'*#*	
2�'

SUG^@DX�]TY $ -\1 G2(�/�FD- Y 9E@

��/�0
1�!43
/�(")<+�2 1�����)�/�#"	<>�="����'�#"	�2�'

�����	��
��������������������������� �!" ���#%$��"�&��!'
��)(+*�,-�.�0/�!1��2!0,��2��,�!0�3��45��,��'6

�������87 � 
 � 
 �� � �	� �
	 � � �:9 ��� � � � � ��� � ��
�� � 
�� � � � � � ���

;��������2��,��<����$.,���(1��!�����	�=���>!'
���2!0?"�&�=��@��*�?�����*���!�$�A%!'
���2!0?"�������2�2���	�0/B�����>A��C4D�����$"��
���@�2����$��
�0/);�E�FHGI���2��6J;����K��LM�N����O(+��$��.,���$��2���2�<��AP�0/)2*�$�$��O$�?PQ�RS�2�O(+*��T!U�2����$��K�O$V�&����,��V�=������K���K!
A����2�2�O$�?�*����=����APQ�RW�2��,���$�AX�=2!�$���/�����=��!���O$�?%�����Y N���2�2����$���,�ZS���O$�Z[�������]\�^@_a`�bdce?���$���2!0�2��AX�=2!'fg,
2*�$�$��O$�?h��
"��+�=���%��!�(+�K
�����<����$h�0/i;�E�Fj!0�1�=���KA����2�2�O$�?�*����=����Ak�=2!�$���/����6P;����l �!0,�Z�?����*�$�A
�=2!�fg,e*��<���e N���m�	����$Kn�RW!�$�A%o�R�pq�U/B�=���i N���2�2����$���,�ZK �!�$�A�����A��=�I6

g G�-+,E-I(>,.-#� 7�-+,KSn68@D/}S @�_ gxBJc '2689.- ��Yt-+/�@P9.-�Y $&% '2689E-�� �Z9E@�'2689E-�� O � *�G�6T1 G�,.-+C�,E-�SU-0/t9
9.G^-�Y&6 �)-+,.-0/t9 13X�?IX�]p(�9.687�- r 	t-�S\(>C�C^]868- Y 9E@ gxBJc '2689E-�� g ( $ ]V-�O�� �"Yt-�SE13,.6 $ -�So9EG�-Ar 	t- S
(>C^C�]86V-�Y�9.@"9.G�-�Yt6 � -0,.-+/&9 7�-+,<SU6V@D/2S�� g G�- C�X^,.C2@�Sn-W@>_5'26V9.-�� ���`*�G�6p1KG�Yt@�-�SI/�@D9IX2SU- 9EG�-
9.6V?A-�Sn9K(>?MC @DC^9.68@P/	��6pS`9.@ISn-+-f9.G^-f-��)-�139J@>_�r 	&68/�F59EG�-w13@&Y&-f*�G�6p1KG Yt- 136pYt- S *�G^-+/ 9.@ISU-0/2Y



L �DN

gxBJc
~ -+,KSn68@P/ [q6 	&-�S
'2689E-�� � j @D/^-�� g G�6TS 6TS;9.G�-w@P,.68FP68/2(�] gxBJc :x4 R � � � � '2689E-\13@&Yt-
'2689E-��8L z -�(PYt-+,;C^,.-�Yt6T139.6V@D/Ar 	
'2689E-�� � c ,.-+7&68@PX2S � ehgxk r 	
'2689E-�� � c ,.-+7&68@PX2S ��/�@P9xX}SU68/^F59.68?M-�SU9<(>?ACI@DC�9E68@P/
'2689E-�� � c ,.-+7&68@PX2S ��,E-+?A@�7t6V/�Fw9.G�-w-
	&9.,<(AL � �Z68/21v,.-�(PSU-f@�_`9.G�-\13@P/�FD- SU9.6V@D/

*�68/2Y&@>*
'2689E-�� 
 c ,.-+7&68@PX2S ��(P1 =&68/�F5@P/ -+7�-+, % C2(P1 =�-+9
'2689E-�� O '2689E-�� � ��r 	A9.@5C^,.-+7�-+/&9�Sn-+/2Yt6V/�F59.@I?IX21 GM(>9�@D/^-o9E68?A-bYtX�-w9E@

]p(�,.FD- QfB � S
g ( $ ]V-\O�� �  R -�SE13,.6VC�9.6V@D/ @>_ R 6 �)-+,.-0/t9 ~ -0,KSU6V@D/2S;@�_ gxBJc '2689E-��

(>/"(P1 =&/�@�*�]8- YtFD?A-0/t9 SU@A9EG�-5(P1 =&/�@�*�]8-�Y&FD?A-+/&9d_ ,E-�u�X�-+/21 % 6pS�/�@D9w(��)-�139.- Y $t% 9.G^- X2Sn-5@>_
@DC^9.68@P/2S��

g ( $ ]8-MO�� � SnG�@�*�So9.G^-A(+7�-+,<(>FD-I9.G^,.@DX^FDG�C�X^9��h9.G^-Z9EG�,.@PX�FDG�C^X�95,K(�9.68@ *�6V9.G",.-�SnC - 139w9.@
'2689E-�� � ��(>/}Y 9EG�-�C2-+,K13-0/t9h@�_ $&% 9E-�S�,.-+9E,K(>/}SU?A6V9.9.- Y�� g G�-�/tX^? $ -+,<S SnG�@�*�/A(�,.-�9.G�-�(+7�-+,<(>FD- S
@>_ 9.G�-��	�5,.X^/2S X}SU68/^FAYt6 �)-+,.-+/&9 $ (P1 =&FD,E@DX�/2Y 9.,<(�% 1�C}(>9.9E-+,./}S�� Q S�10(>/ $ -\SU-0-+/�_ ,E@D? 9EG�-
9K( $ ]8- � '2689E-�� � Yt@�-�S �tL ��C2-+,K13-0/t9 $ -09.9.-0,;68/ 9E-+,.? Sh@�_h9EG�,.@PX�FDG�C^X�9x9EG2(>9�9EG�-w@D,E68FD6V/2(>]q1v@&Yt-
� '26V9.-�� � � ��:�(DSU- Y @D/�9.G�-�13X^,.,.-0/t95-
	&C2-+,.6V?A-+/&9KS�� *;- ,E-�13@D?M?A-3/}Y 9EG�- ?A@&Yt6sr 1+(>9E68@D/}S 9.@
gxBJc '2689E-w13@D,E,.-�SnC2@D/2Yt6V/�F59.@A'26V9.-�� � � =�-+-+C^68/�Fw68/M?A68/2Y 9EG�-f/�-0-�Y _ @D,J?A@D,E-x9E-�SU9E68/�F\@>_q9EG�-
ehgxk ?A@&Yt6sr 1+(>9E68@D/}S�� �

k X�, 7�-+,<SU6V@D/"@>_ e -+/�@�G2(DS ]V@�*;-+,f9EG�,.@PX�FDG^C�X�9 � 
�� ��(>/2Y"G�68FPG�-+,w]8@ S.SU- S � �PO � �f9EG2(>/
'2689E-�� � � g G�-I,.-�(PSU@P/2S (�,.-59.G}(>9 9EG�-� � =�-0,./�-+] � S�7�-+,KSn68@P/W@>_ e -+/�@�Yt@�- So/�@P9 Y&-+]p( %WQfB � S��
(>/}Y 689`Yt@�- S /�@D9J13@P/t9<(>6V/ 9.G^-�9.G�- ehgxk -0/�G2(>/}13-+?A-+/&9KS�Y&-�S.13,E6 $ -�Yw68/ISU- 139.6V@D/5O �8L � ��� � G^-+/
13@P?AC2(>,E68/�F�9.@w'2689E-�� � � gxBJcW~ -0F�(DS SUG�@�*�Sh(�/568?AC�,E@�7�-+?Z-0/t92@>_ � � ��X^/2Yt-+,q9.G�-�Sn68?IX�]p(�9.6V@D/
C2(�,K(>?M-+9.-+,<S��^(>/2Y ( L�
 � Yt- 13,.-�(PSU-f6V/ 9.G�-w/&X�? $ -+,J@>_ ,.-+9E,K(�/2SU?A6V9.9E-�Y $&% 9E-�S��

GI���2��6CR GI���2��6 � GI���2��6CQ G5���<��6Cn GI���2��6�� GI���2��6�� GI���2��6�� �	��$��
;������*�?�����*��	��
���U��� � � 6Cn ��R�6�� ����6�� ��o�6�� ��Q�6Cn ��� 6Cn � � 6�� ���N6Cn
;������*�?�����*�����!0�2��� � 6CR�R R�6���o � 6CR�� � 6 � � � 6CQ � � 6 Q�� � 6CQ�R � 6 � �
�	���=<!�$��=(+���2�2����$�� n�6���p � 6���p n�6��"p � 6��"p n�6Cn�p � 6���p n�6Co�p � 6���p

g ( $ ]V- O � �  ���DSU- 1 g ,K(�/2S�_ -0,x*�6V9.G���� 	����� � |x-0/�-+,K(�9.-�YW:�(P1 =&FD,E@DX�/}Y g ,K(�% 1 �



LPL��

GATEWAY

SINK

SOURCES

2ms

1ms4ms

8ms

5ms 1ms

2

4
5

1

3 6 7

45Mbs

100Mbps

[ 6VFDX�,E- O � �  4�6V?AC�]V-o4�6V?ZX^]p(>9E68@P/ j -09U*J@D,E=��

� ��� � ���� � ���6��� ( � 	&� �!�"�$#%	&��' ���6�  � � � ��	 �

g G�-+,E- 6TSf(A*;-�(�]89.G�@>_ ]8689E-+,K(�9.X�,E-w@D/"9.G�-ISnX $ �.-�139�@>_ SU6V?ZX^]p(>9E68@P/ 	 Sn-+- )sL � * (�/2Y%) �&L * _ @P,w(
FD@�@&Y @�7�-+,E7t6V-+*!� Q ?M@D/�F�9EG�-`6pS.SnX�-�S�C�,.- SU-+/&9.-�Yf6V/o9EG�-;]V689E-+,K(�9.X�,E-`(>,E-;FD-0/�-+,K(�]�C�,.6V/2136VC�]8-�S)(>]V]
SU6V?ZX^]p(>9E68@P/ -
	&C2-+,.6V?A-+/&9KSqSUG�@PX�]pY _ @P]8]V@>*�9.@w68/}SUX�,E-x9EG�-x7P(�]86pY&689 % @�_q9.G�-�,.-�SnX�]89<S�� gd% C�6p1+(�]8] % �
9.G^-�SU-wC�,E68/2136VC�]8- S�(>,.-wC�,E-�SU-0/t9E-�YA68/�FP-+/�-+,<(>]�9E-+,.? S���(�/2Y�6V9x6TS;X�C�9E@Z9EG�- -
	&C2-+,.6V?A-+/&9.-+, 9.@
(>C^C�] % 9EG�-+? 9E@59.G�-068,�C2(�,.9.6T13X�]T(>,�1+(PSU-��

g G�6pS�Sn-�139E68@D/ FP@�-�S $ - % @P/2YA9.G�- SU-wFD-+/^-+,K(�]�C�,.6V/21368C^]8-�S`9.@5C�,E-�SU-+/&9�SU@P?A-f7�-+, % 1v@D/213,E-+9.-
FDX^6pYt-+]V68/�- S;Yt-�(�]86V/�F5*�689EG�,
4�� � 1�� .�SU68?IX�]T(>9.6V@D/2S���68/ C2(>,E9.6T13X�]p(�,�� i @ SU9�@>_ 9.G�-�Sn-wFDX�6TYt-+]86V/�-�S
68/&7�@D]V7�- 9EG�-A(�C�C�]V6p1+(�9.68@P/�@�_b(�*J-+]8]h=&/�@�*�/�,EX�]8-�� $ X^9 9.G^- % (�,.-A*J@D,.9EG�-+/&X�?A-+,<(>9E68/�F $ - �
1+(�X2SU-59EG�- % 13@D/&9K(�68/W,E-�(>]V6pSU9E6p1f-+7&6pYt-0/213-w@>_J*�G2(�9w1+(>/WG}(>C�C2-+/"*�G�-+/W9EG�-�SU-\,.X�]V-�Sf(�,.- /^@D9
_ @D]V]8@�*;- Y�� g G2(>9q6pS��>9EG�-�SU-J-
	^(>?AC�]V-�S G^-+]8Cw9.@bu�X2(>/&9.6 _ % 9.G�-J7P(>]8X^-d@�_29.G^-;FD-0/�-+,K(�]�Sn68?IX�]p(�9.6V@D/
C�,E68/2136VC�]8- S��&(DS�*;-+]V]�(PS 9EG�-\13@�Sn9�@>_`6VFD/�@P,.68/^FZ9EG�-+?"�

k X�,Z- 	tC2-+,E68-+/21v-A*�689EG
9.G^-�/�-+9n*J@D,.=&68/^F�]V689.-0,K(>9EX�,.-M6pS59.G2(�9A68/�? (>/ % 10(DSU- SZSn@D?A-�@>_
9.G^-�SU-fFPX�6pY&-+]86V/�-�S;(�,.- $ -+68/^F568FD/^@D,.- Y�� m / Sn@D?A-�1+(DSn-�S���9EG�6pS;6TS�YtX�-f9E@Z6V/�-
	&C -0,.68-0/213-�68/ 9EG�-
(>,E-�(Z@�_;/^-+9n*;@D,E=�SU68?IX�]T(>9.6V@D/	� m /�@D9EG�-+,w10(DSU- Sx689f6TSx(�/�6V/t9E-+/&9.68@P/2(>]qY&-�136pSn68@P/	� -0689.G^-+,f(PSf(
,.- SUX�]V9x@�_`?A6pS �.X2YtFP68/�F59EG�-+68,�68?MC @P,.9<(>/213-w@P,f(PSf(Z,.- SUX�]V9x@�_`C�,K(P139.6T1+(>] 13@P/213-+,E/2SxSnX21KGW(DS�(
]p(P1 =I@>_ ,.-�Sn@DX�,<13-�S��

i @�Sn9d@�_q9.G�-�-
	^(>?AC^]8-�S�X2SU- Y 6V/Z9EG�6pS`SU- 139.6V@D/5*;-0,.-�@ $ 9<(>68/^-�Y _ ,E@D?�9EG�-x9n*J@ Sn68?IX�]p(�9.6V@D/
/�-+9n*J@D,.=^S;SnG�@�*�/ 68/�[ 68FPX�,.- S;O�� �\(>/2Y O � ��� g G�-xr},KSU9��2SUG�@�*�/ 68/�[ 6VFDX�,E-wO�� ���^13@D/2Sn6pSn9KS;@>_ (
SU6V?AC�]V-;9.@PC2@D]8@PF % *�6V9.G��f/�@&Y&-�S�� g G�-bSU-�13@P/2YASn68?IX�]p(�9.68@P/5/�-+9n*;@P,.= ��SUG^@>*�/ 6V/A[ 6VFDX�,E-fO � � �
6pS�?ZX21KG ?A@D,E-I13@D?MC�]8-
	 � m 9f?A@&Yt-0]pS�(�SnX $ Sn-+9w@>_�@P/�-I@>_J9.G�- m /t9E-+,./^-+9 $ (D1K= $ @D/^-�S���*�689EG



LPLDL

Router

Large TCP 
Transfers

TS

100 Mbps Link

45Mbps Link

Tcplib Traffic Sources
(2 or 3 hosts per TS)

28ms

9ms

7ms

5.83ms

1.12ms

0ms

0.63ms

3.37ms

3.01ms
0.43ms

2.3ms

1.87ms

4.03ms

2.83ms

1.7ms

1.93ms

3.45ms

2.35ms

1.39ms

0.78ms0.84ms

0.14ms

TS

TS
TS

TS

TS
TS

TS TS

TS

TS

TS

TS
TS

TS
TS

TS

SDSC

ANL

PSC

LA

SF

CH
CL

[ 68FPX�,.-\O � �� B @P?AC�]V-
	�4 68?IX�]p(�9.68@P/ j -+9n*;@D,E=��

? (��.@P,;,E@DX�9E-+,KS�(�9f'2@�S Q /�FD-0]8-�S�� 4&(�/�[�,<(>/2136TS.13@ � B G�6p10(>FD@I(�/2Y B ]V-+7�-+]T(>/2Y�� g G�,.-0-wSUX�C2-+, �
13@P?AC�X�9E-+,h1v-+/t9E-+,KS � ,.- 139K(�/�FDX�]T(>, $ @ 	t-�S��qC�,.@�7&6pYt-�Sn@DX�,<13-�Sh@>_ ]p(>,EFD- �.$ X^]8=IY�(�9K( �w9.,<(>/2S _ -+,KS��
g G�-+,E-5(�,.-AL0OZ9.,<(�% 1 Sn@DX�,<13-�S��)-�(D1KG�13@D/2Sn6pSn9.68/^FA@>_`9n*J@A@D,�9.G�,E-+- G^@�SU9<S�� - (D1KG�@>_ *�G�6p1KG�6TS
,.X^/�/�68/^F ���
	����� $ (DSn-�Y�9E,K(�% 1�� g G�-\,.-�SnX�]89E68/�F59E,K(�% 1w13@P/2SU6TSU9KS�@>_ /�-�(�,.] % ( 9EG�@DX}S.(>/}Y�/�-+*
13@P/�/�-�139E68@P/2S $ -068/�F\-�SU9<( $ ]V6pSUG^-�Y C2-+,JSn68?IX�]p(�9.-�Y5Sn-�13@D/}Y���*�G�-+,.-b-�(D1KGI13@D/^/�-�139E68@D/M6pSh-+689EG�-+,
( g -+]8/�-09���[ g�c � 4 iWg�c @P, jfjfg�c 1v@D/&7�-+,KSE(>9.6V@D/	�

��� ����� � � � � � � � � � � � ��
 � ����� 
�� � � �� � � ����� ���

c ,.@P9.@&13@P]pS`(>/2Y51v@D?A?IX�/�6T13(�9.68@P/w/�-+9n*;@P,.=^S FP-+/�-+,<(>]8] % Yt-�(>]&*�689EG $ 689<S (�/2Y5C2(D1K=�-+9KS�� $ @P9.GI@>_
*�G�6T1 G (>,.- Yt6pSE13,.-09.- -0/t9E689.6V-�S�� i (>/ % C^,.@D9E@&13@D]J13@P?AC2@D/�-0/t9<S��)SUX21KGW(PSx,.-+9E,K(�/2SU?A6V9�9.6V?A-+,KS��
(>]TSU@ $ -0G2(+7�-x6V/A(\Yt6pSE13,.-+9E-�? (>/^/�-+,�� i (>/ % /�-+9n*;@P,.=5C2(�,K(�?A-+9.-0,KS�� SUX21KGA(PSd9EG�-f/&X�? $ -+, @>_
$ X��)-+,<Sw(>9w(A,.@PX�9.-0,��q(>,E-I(>]pSn@�Yt6pSE13,.-+9E-5u�X2(>/&9.6V9.6V-�S�� R X�-59E@�9EG�6pSbYt6pSE13,.-+9E-5/2(>9EX�,.- ��SU? (�]8]
1KG2(>/�FP-�Sf68/"9.G�-5C}(>,K(�?A-+9E-+,KSfY&-3r2/�6V/�F�( /^-+9n*;@D,E=W-
	&C -0,.68?M-+/t9�10(>/"G2(+7�-I(�1v@D/2Sn6pYt-+,<( $ ]V-
-��)-�139�68/W9EG�-5@DX^9K13@P?A- @�_�(>/W- 	tC2-+,E68?A-+/&9�� g G�- _ @D]V]8@�*�68/^FA9n*;@A-
	^(>?MC�]8-�S;6V]8]VX2SU9E,K(>9E- 9EG�-
SU-0/2SU6V9.687&689 % @�_J(5SU6V?ZX�]T(>9E68@D/M9.@IYt6 � -0,.-+/&9�SU-+9E9.6V/�F�S;@�_JSUX21KG 7P(>]8X^-�S��

g G�-dr},KSU9 -
	�(�?AC�]V-h68/&7�@D]V7�-�S 9EG�-;/&X�? $ -0,�@>_ $ X � -0,KSh(�9`( ,E@DX�9E-+,�� z -+,E-d*J-�(�,.-�,.X^/�/�68/^F
(>/�-
	tC2-+,E68?A-0/t959EG2(>9 SU68?MC�] % ?A-�(PSUX�,E-�SZ9EG�-�9.G^,.@DX^FDG�C�X^9 gxBJc 1+(>/ (D1KG�68-+7�- (D13,E@�SES�(
SU6V?ZX^]p(>9E-�Y /�-+9n*J@D,.=I@DC2-+,<(>9E68/�FIX�/2Yt-0,�]8@�(PY�� m /A9.G^- :x4 R 6V?AC�]V-+?Z-v/&9K(>9E68@P/5@>_ gxBJc ��9.6V?A-



LPL��

6pS�?A-�(PSUX�,E-�Y $t% 13@PX�/&9.68/^FZ9EG�- /&X�? $ -0,;@>_J9E68?A-�SJ(Z9.6V?A-+,��t*�G�6T1 G FD@�- Sx@���-+7�-+, % 
	���>? S��
G2(PSor2,.-�Y � Q S\Y�(>9<( 6TS SU-0/t95@�7�-+,w9.G^-�1v@D/�/�- 139.6V@D/	�h]V@�S.Sn-�S5YtX�- 9E@"13@D/�FP-�SU9E68@P/ ,E-�SUX^]89 6V/
(�9E-+?AC2@D,<(>, % G2(>]V9 68/�9.G�-A9E,K(�/2SU?A6TS.Sn68@D/ � m / SU@D?M-A1+(PSU-�S�� 6 _�9.G�-+,E-A(�,.-A?IX�]V9.68C^]8- ]V@�SESU-�S��
9.G^- 9.,<(>/2Sn?A6pSESU6V@D/�6TS ,E-�SU9<(>,E9.-�Y�@P/�] % ( _ 9E-+,b(Z,.-+9E,K(�/2SU?A6V9�9.6V?A-+@DX^9�� g G�6pS�Yt-+]T( % FP-+/�-+,<(>]V] %
]p(PSU9<S _ @P,�9U*J@Z9E6p1K=�S`@>_`9EG�- 
	���>? S�13]V@&1 = � g G�-+,E-\(>,.- SU6V9.X2(�9.68@P/2S;*�G�-+,E-o_ @P,�SU@D?M-o/&X�? $ -+,
@>_ $ X � -0,KSf(�9f9.G�-\,.@PX�9.-+,�� 9.G^- 9.,<(>/2Sn?A6pSESU6V@D/�G^6p(>9EX2S � F�(>C �fSn9K(�,.9KS�,.68FPGt9 � 4 � 1�� 4�9.G�-\9.68?M-+,
r2,E-�S���(�/2YISU68/}13-;9EG�-�G�6p(�9.X2Sh@P/�] % ]p(DSn9KS _ @P,`9U*J@f9.6T1 =^S�@>_�9EG�-�1v]8@&1K=��D9EG�-�,.- SUX�]V9h6pS 9EG�-;G^6p(>9EX2S
]p(PSU9<Sb_ @P,5( $ @PX�9 
��	��? S�� m /}13,.-�(PSU6V/�F 9.G�-I/tX^? $ -+,f@�_ $ X � -0,KS $&% �.X2Sn9 1 ,
4w1+(>/",.- SUX�]V9o6V/
Yt-+]T( % 6V/�F59.G�- SU9<(>,.9�@>_ 9.G�-\9.,K(�/2SU?M6pS.Sn68@P/�G^6p(>9EX2S�X�/t9E68] � � ��4 �;9.G�-\9.6V?A-+,hr2,.- S��)SU@A/�@�*�9n*J@
13]V@&1 =A9E6p1K=�S;,E-+C�,E-�SU-+/&9b( $ @DX�9 L��	���>? S�,K(>9EG�-+,�9.G2(�/ 
	���>? S��x[�@P,f-
	^(>?AC�]V-��t*J- G2(+7�-\SU-0-+/
SU6V?ZX^]p(>9E68@P/2Sx*�G�-+,E-A68/}13,.-�(PSU6V/�F 9.G�-A/&X�? $ -+,f@>_ $ X��)-+,<S�_ ,E@D? ����9.@ ����]V-�(DY�Sw9.@ ( � � �
Yt-�1v,.-�(PSU-A6V/ 9EG�,.@PX�FDG^C�X�9�� g G�-�S.(�?A-A-��)-�1v951+(�/�(>]TSU@ $ -�@ $ 9K(�68/�- Y *�G^-+/�=�-+-+C�6V/�F�9EG�-
/&X�? $ -+,J@>_ $ X��)-+,<Sx1v@D/2Sn9K(>/&9�� $ X�9 $t% 1KG2(�/�FD6V/�FA9.G^- 9.6V?A-f*�G�-0/�9.G^- 9.- SU9bSU9K(�,.9<Sx,.-+]T(>9E687�-
9.@59EG�-w9.6T1 =I@>_`9EG�- 
	���>? S�13]V@&1 = �

Q Sn-�13@P/2YA-
	�(�?AC�]V-;@>_ 9.G^-xX�/^-
	tC2-�1v9.-�YZ-�� - 139KSh@>_ 1KG2(�/�FD-�S;6V/Z9EG�-wSn68?IX�]p(�9.68@P/5C2(>,<(>? �
-+9E-+,KSx6TSfSU-0-+/�*�G^-+/W,.X�/^/�68/�F 9n*;@ gxBJc 9E,K(�/2S�_ -+,<Sw(>9w9.G�-MS.(�?A- 9E68?A- � m /"9.G^6pSf1+(PSU-���9EG�-
-
	&C2-+,.6V?A-+/&9`13@D/}SU6pSn9KS�@>_`9n*J@I13@D?AC2-+9E68/�F gxBJc 9E,K(�/2S�_ -+,<S���*�6V9.GWSn@D?A-�Yt-+]p( %A$ -+9n*J-+-+/A9EG�-
SU9<(>,E9 @>_�- (D1KG�9.,<(>/2S _ -+,���[�@D,5(�C}(>,.9E6p13X^]p(>,\Sn68?IX�]p(�9.68@P/	�q(�Yt-0]p( % @>_\L ���>? S $ -+9n*;-+-0/�9EG�-
SU9<(>,E9f@>_ 9.G�-\9U*J@A9.,<(>/2S _ -+,KS�,.-�SnX�]89E-�Y�68/ ( 9EG�,.@PX�FDG^C�X�9w@>_���O �8L � :�� Sx_ @D,f9EG�- r2,KSn9f9.,<(>/2S �
_ -+,w(�/2Y ��O��
� � :���Sx_ @P,o9EG�-ISU- 13@D/2YW9.,<(>/2S _ -+,�� B G2(>/�FP68/�F�9.G�-IY&-+]p( % 9E@WL�
��>? Sf,E-�SUX�]V9KSx6V/
9.G^,.@DX^FDG�C�X^9KS�@>_ ����� � � :���S�(>/2Y"��
�� N � :���S�� ,E-�SUC2-�1v9.687�-0] % ��(51KG2(�/�FD-\@>_ ?A@D,E-f9.G2(�/�L 
 � �

g G�-�Sn- -
	^(>?AC^]8-�S`Yt-+?M@D/2Sn9.,K(�9.-w9.G^- Sn-+/2Sn689.6V7t6V9 % @�_J(ZSn68?IX�]p(�9.6V@D/A9E@ASn-+-+?A6V/�FD] % 9.,.6V7t6T(>]
Yt6 � -0,.-+/21v-�S 6V/W9.G�-MSU-09.9.6V/�F�S�@>_�1v-+,.9<(>68/W/^-+9n*;@D,E= C2(>,<(>?A-+9E-+,KS�� g G^-ZFPX�6pYt-0]868/^- 6pS�9.@ 7P(>, %
9.G^-ASn68?IX�]p(�9.68@P/WC2(>,<(>?A-09.-+,<S�@�7�-+,\(�,<(>/�FP- (DS ]T(>,.FP- (DSwC2@�S.Sn6 $ ]V-�� g G�- $ (PSU6p1IC�,.6V/21368C^]8-�S
$ -+G�6V/2YA689�(>,E-� � L ��Sn68?IX�]p(�9.-�9.G�-w,E68FDG&9�1+(PSU-�S�� � � �`C2-+,n_ @D,E? SU-+/}SU689E687&689 % (>/2(�] % SU6pS��

��� ��� � � ��� � � � � � �  ��� � � ���

k /�-MSUG�@PX�]pY�(�]pSn@�]V@�@D=�(>9\9.G�-I,.-�SnX�]89<Sx_ ,.@D? -07�-+, % -
	tC2-+,E68?A-0/t9�9E@W1+(�9K1KG�(�/ % 6V/2SU9<(>/213- S
68/�*�G�6T1 G�9EG�- ,.-�SnX�]89<S 7D(�, % FP,.-�(�9.] % _ ,.@P? 9EG�-�(+7�-+,K(�FD-�� g G�- SU- 68/2Sn9K(�/213-�S5? ( % - 	tC2@�Sn-
C�,E@ $ ]V-+? S;68/�9.G�-\-
	&C -0,.68?M-+/t9���C�,.@ $ ]8-+? S;68/W9.G^-5(>]VFD@P,.689EG�? S���@D,fC�,E@ $ ]V-+? S;*�6V9.G�9EG�- 6V? �



LPL��

2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
Time in seconds

10

20

30

40

50

60
Q

u
eu

e 
S

iz
e

18.5 19.0 19.5 20.0
Time in seconds

10

20

30

40

50

60

Q
u

eu
e 

S
iz

e

[ 6VFDX�,E-wO�� N��|x,<(>C�G�@>_ u X^-+X�-\SU6�
+-wSUG^@>*�6V/�FI68/t_ @P,.? (�9.68@P/ ]8@�Sn9�YtX�-w9.@M(+7�-+,K(�FD6V/�F��

C�]V-+?A-+/&9K(�9.68@P/59.G2(�9�SUX�,n_ (D13-w@P/�] % SUC2@D,<(DYt6T1+(>]V] % �;'2@�@P=t6V/�F �.X2SU9�(�9�( 7�-0,K(>FP-�Sd? ( % ,E-�SUX^]89;6V/
?A6TS.SU6V/�FA7&689<(>]`68/t_ @P,.? (�9.6V@D/	� m /"@DX^, -
	&C2-+,.6V?A-+/&9KS��)*;-MYt-+C2-+/2Y�G^-�(+7t6V] % @P/�FD,<(>C�G}So9.G}(>9
(>]V]8@�*�X2S 9E@Iu X^6p1K=t] % SU-+-w9.G^- 68?MC @P,.9<(>/&9;,.- SUX�]V9KSd_ ,.@P? (>]V]�9.G�-w-
	&C2-+,.6V?A-+/&9KS�� /^@D9 �.X2Sn9x9EG�-
(+7�-+,K(�FD-�S��

|�,K(>C^G2SA@>_\9.G�-"(+7�-+,<(>FP-Wu�X�-+X�-"Sn6 
+- � /&X�? $ -+,5@�_ $ X��)-+,KSA6V/
X2Sn- �I(>9�( $ @P9.9.]V-+/�-�1K=
,.@PX�9.-0,;6pS`9.G�-�r2,KSn9�-
	�(�?AC�]V-�@>_ *�G�-+,.-b]8@�@D=&68/^F �.X2Sn9�(>9�9.G^-w(+7�-+,K(�FD-�S`? ( %5$ -b?A6pSn]8-�(PYt68/�F �
k /�-w@>_`9EG�-w68?AC2@P,.9K(�/t9�X}SU-�S�@>_J(5Sn68?IX�]p(�9.@P,;6pS�9.@I-
	&C2-+,.6V?A-+/&9��D@ $ SU-+,E7t6V/�FI9.G�-w-��)-�139<S;@D/
9.G^-A-
	&C -0,.68?M-+/t9�@>_�?M@&Yt6s_ % 68/�F 9EG�-AC2(�,K(>?M-+9.-+,<S�� g G�6TS 9 % C2-I@>_b-
	tC2-+,E68?A-0/t9<(>9.6V@D/�G�-+]8C}S
Yt-+7�-0]8@DC\68/&9.X�6V9.6V@D/ 9EG2(>9 1+(>/ $ -�X2Sn-�Y 9.@ $ @D9EG r2/}Y C�,.@ $ ]8-+? S (�/2Y 9.G�-�Sn@D]VX�9.6V@D/2S�� m _}*;-�(>,E-
68/&9.-0,.-�Sn9.-�Y 68/�13@D/�FP-�SU9E68@P/�13@D/&9.,E@D]h?M-�1 G}(>/�6TSU? S�(�9 9.G^-Z,E@DX�9E-+,���689w6TSx7�-+, % 68?AC2@P,.9K(�/t9b9.@
G2(+7�-5(M13]8-�(�,xX^/2Yt-+,<SU9K(�/2Yt6V/�FA@>_ u�X�-+X�- $ -+G2(+7t6V@D,fX^/2Yt-+,wY&6 �)-+,.-0/t9�9E,K(�% 1 C2(�9.9.-0,./2S�� g G�-
9.@PCWFD,<(>C�GW6V/W[ 6VFDX�,E-5O�� NZSnG�@�*�Sf9.G�- ( 7�-0,K(>FP-5u�X�-+X�-\Sn6 
+- YtX�,.6V/�FM( �	�ASn-�13@P/2Y�C2-+,.6V@&Y�@>_
(�Sn68?IX�]p(�9.6V@D/	��*�G�-+,E-Z- (D1KG�C2@D68/&9 ,E-+C�,E-�SU-+/&9KSf9EG�- (+7�-+,K(�FD-Mu X^-+X�-A]V-+/�FD9EG�@�7�-+,\(�L �	�>? S
68/&9.-0,.7P(>] � j @P9.- 9EG2(>9�X^/2Yt-+,�9.G�-\13@P/2Yt6V9.68@P/2S;@>_ 9.G�-\SU6V?ZX^]p(>9E68@P/	�t9EG�-+,.-�(>,.- $ -+9n*;-+-+/M9.G�,E-+-



LPL �

2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
Time in seconds

10

20

30

40

50

60
Q

u
eu

e 
S

iz
e

18.5 19.0 19.5 20.0
Time in seconds

10

20

30

40

50

60

Q
u

eu
e 

S
iz

e

[q68FDX^,.-\O��VL����|�,K(�C�G�@�_Ju X^-+X�-wSn6 
+-w(�9 $ @P9.9.]V-+/�-�1K=I68/213]VX2Yt6V/�F5?A68/ � ? ( 	 $ (�,KS��

(>/}Y 9E-+/Z9EG�@DX}S.(>/}Y C}(D1K=�-+9KSh(�,.,E687&68/�Fw(�9;9EG�- $ @P9.9.]V-+/�-�1K=w,.@PX�9.-+,J-+7�-+, % Sn-�13@P/2Y��&SU@\689`6pS /^@D9
C�,<(D139E6p1+(�] 9.@MSUG^@>*�9.G�-wFD,<(>C�G�@>_`9EG�-w68/2Sn9K(�/t9<(>/�-+@PX2S�u X�-0X�-wSU6�
+-��

g G�6pS�FD,K(�C�GW68/}Yt6p1+(�9.-�S�9.G}(>9f9EG�-5u�X�-+X�- SU6�
+-\Yt@�-�Sf/�@D9b7D(�, % ?IX21 G �2(>/2Y�9EG2(>9f6V9fSn9K( % S
X�/2Y&-+, �	� $ X��)-+,KS�� z @�*;-07�-+,��v9.G�- $ @D9E9.@D? FD,<(>C�G	�P*�G�6p1KGwSUG^@>*�Sq9.G�-`9.6V?A-q68/&9.-+,E7D(�] $ -+9n*;-+-+/
L��w9.@��	�\SU-�1v@D/2Y�S $ X^9�(+7�-+,K(�FD-�Sq@>7�-0,;(5L �>? Sh68/&9.-0,.7P(>] � ,K(�9.G�-+,`9EG2(>/I9.G�-\L����>? Sh6V/t9E-+,.7P(>] � �
SUG^@>*�Sf9EG2(>9f9EG�-Iu�X�-+X�- SU6 
0- ,.- (D1KG�-�Sf(�]8]q9.G�-5* ( % 9.@ 
�� (>/2YW9.G2(�9f689bFD@�-�Sf@�7�-+, �	� u X^689.-
@>_ 9E-+/	� Q 9A9EG�6pSA]8-07�-+]�@>_ Yt-+9K(�68] �x@D/^-"1+(>/�SU-+-"(�? (>,E=�-�Yt] % Yt6 �)-+,E-+/&9 $ -+G2(+7&68@P,�@�_59EG�-
u�X�-+X�-�� k�$ 7&68@PX2SU] % ��*�G2(>9�@P/�-wSUG^@DX�]TYAYt@56pS`9.@ SUG�@�* $ @P9.G 9.G^-f? ( 	&68?5X^?y(�/2YA?A68/^68?5X�?
u�X�-+X�-wSn6 
+- � @>7�-0,;9.G^- (+7�-+,<(>FP-f68/&9.-+,E7P(>] � 9.@PFD-+9EG�-+,�*�689.G 9EG�-\( 7�-0,K(>FP-��h[q68FDX^,.-\O��VL��ISUG�@�*�S
9.G^-5S.(�?A-wFD,<(>C�G2Sw(PSf[ 68FPX�,.- O�� N $ X�9f*�6V9.G�9.G�- (DY�Yt- Y�68/t_ @P,.? (�9.68@P/	� a (D1KG�7�-+,E9.6p10(>] $ (�,KS
,.-0C�,.-�Sn-+/&9KSx9EG�-Au�X�-+X^-ISU6 
0-5,K(>/^FD-A@�7�-+,f9EG�-I?A-�(DSnX�,.-0?A-+/�9�68/&9.-0,.7P(>] � L����>? Sx_ @D,\9.G�-59E@DC
FD,<(>C�G � L �>? S�_ @D,`9.G�- $ @P9.9.@P?�FD,<(>C�G � � g G�-�9.@DC5FP,K(�C�GA/�@�*�9.-+]V]pS X}Sh(f*�G�@D]V-�/�-+*�Sn9.@P, % �
-+7�-+/�9EG�@DX^FDG�9EG�-�(+7�-+,<(>FP-"u X�-0X�-�Sn6 
+-W6TS SU? (�]8]$��6V9A7P(>,.6V-�S Yt,K(�? (>9E6p1+(�]8] % Y&X�,.6V/�F�-�(D1KG
68/&9.-0,.7P(>] � g G�-�?A-�1KG2(>/^6pSU? @>_oSUG�@�*�68/^F�9EG�-�,<(>/�FP-W9.@DFP-+9.G^-+,Z*�6V9.G�9.G�-�(+7�-+,K(�FD- (>]8]V@�*�S



LPL�


1.0 2.0 3.0 4.0 5.0
Time in seconds

10

20

30

40

50

60
Q

u
eu

e 
S

iz
e

2.5 3.0
Time in seconds

10

20

30

40

50

60

Q
u

eu
e 

S
iz

e

[ 6VFDX�,E- O �8LPL� �xX^-+X�- $ -+G2(+7t6V@D,�YtX^,.68/^F _ @DX�,�]p(�,.FD- gxBJc 9E,K(>/}S�_ -+,<S��

X2S 9E@WFD-+9I(W?ZX}1 G�13]8- (>,.-0,oC^6p139EX�,.-��h@P,A(�95]8-�(PSU95=�-+-0C2SoX2So_ ,E@D? 1v@D?A6V/�F�9E@W9.G�- *�,.@P/�F
13@P/213]8X}SU68@P/2S��

g G�- $ (DSU6T1�C�,E68/21v68C�]V-�6TS 9.@�]V@�@D=�(>9 Yt6pSn9.,.6 $ X�9E68@D/}SZ(�/2Y
-
	&9.,.-0?A-�S��q/�@D9 �.X2SU9I?A-�(�/2S��
*�G�-+/�(�/2(>] % 
+6V/�F5,.- SUX�]V9KS��

��� �����  � � � ��� � ��� � � � ��� � 
 � ����� �

g ,K(�% 1;Sn@DX�,<13-�S _ @P,.? (>/56V/t9E-+FD,<(>]&C2(>,E9h@>_)?A@ SU9�/�-09U*J@D,E= Sn68?IX�]p(�9.6V@D/2S���/�-+9n*J@D,.=^S *�689EG�@DX^9
9.,<(�% 1x(�,.-�/�@D9J7�-+, % 68/&9.-+,E-�SU9E68/�F � g ,K(�% 1�SU@PX�,K13- S;(>,E-f1v]8-�(�,.] % /�-+-�Y&-�Y *�G^-+/ASn9.X2Y % 6V/�F 9EG�-
$ -+G2(+7&68@D,�@�_�,E@DX�9E-+,KS X^/2Yt-+,�]V@�(DY �>@P,�*�G�-+/\(>/2(�] % 
+68/^F�9.G�-hC2-+,n_ @D,E? (>/21v-h@>_^C�,.@P9.@&13@P]pS�X�/2Yt-0,
,.- (>]86TSU9E6p1�13@D/2Y&689.6V@D/2S�� g G�-f?A@ SU9J13@P?A?A@D/I*�( % Sd9E@5SU6V?ZX^]p(>9E-x9EG�6pS`9.,<(�% 1xG2(DS $ -+-0/A-+689EG�-+,
9.G^,.@DX^FDG c @D6pSESU@P/WSU@PX�,K1v-�S���@P, $&% G}( 7&68/^FZ?IX�]89E68C�]V- �.$ X^]8=A9E,K(>/}S�_ -+, � gxBJc 13@P/�/�-�1v9.68@P/2S��

g G�-+,E-5(>,E-5Sn-+7�-+,K(�] C�,E@ $ ]V-+? S;*�6V9.G c @D6pSESU@P/"SU@DX^,K13-�S���[ 6V,KSU9�� 6V9�G2(DS $ -0-+/WSnG�@�*�/�9.G}(>9
c @P6pS.Sn@D/�SU@PX�,K1v-�Sd_ (>6V] 9E@I(D1+1vX�,K(�9.-+] % ?A@&Y&-+]2-+689EG�-+,�' Qfj 9E,K(�% 10) ��� * @D, �"Qfj 9.,<(�% 10) � � * �
i @D,E-+@�7�-+,�� c @P6pS.Sn@D/�Sn@DX�,<13-�Sf(�,.-I/�@D/ � ,E-�(D139E687�-�� 9.G�- %�$ -+G}( 7�-59EG�-IS.(�?A- * ( % ,.-+F (>,KY&]8-�SES



LPL+O

1.0 2.0 3.0 4.0 5.0
Time in seconds

10

20

30

40

50

60
Q

u
eu

e 
S

iz
e

2.5 3.0
Time in seconds

10

20

30

40

50

60

q
u

eu
eC

n
t-

19
2.

0.
2.

1

[ 6VFDX�,E-\O��8L �� ��X�-+X�- $ -+G2(+7&68@D,�Y&X�,.6V/�FZ9n*J@5]p(>,EFD- gxBJc 9.,<(>/2S _ -+,KS�(>/}Y ���
	�����x9E,K(�% 1��

@>_ 9.G�-W/^-+9n*;@D,E= $ -+G2(+7&68@P,�� [�@D, -
	^(>?AC�]V-��;X�/^]868=�- gxBJc SU@PX�,K1v-�SA*�G�6p1KG�?A@&Yt6 _ % 9.G^-+68,
SU-0/2Yt68/^F5,K(>9E-wX�/2Yt-+,�9EG�-fC�,E-�SU-0/213-w@>_ ]8@ S.SU- S�� c @P6pS.Sn@D/�SU@PX�,K1v-�SxY&@5/�@D9�?A@&Y&6s_ % 9.G�-+6V,;,<(>9.- �
@D,\(�/ % (DSUC2-�1v9 @>_ 9.G�-068, $ -+G2(+7&68@P,x_ @D,w9.G}(>9w? (>9E9.-+,�� *�G�-+/"C2(P1 =�-+9<Sf(>,E-IYt,.@PC�C2-�Y�YtX^-59.@
13@P/�FD-�Sn9.6V@D/	� Q /�@P9.G�-+,\-
	^(>?AC�]V- @�_�/�@D/ � ,.- (D139E687�-I9.,K(�% 1ISU@PX�,K1v-�S (�,.-AC�]T( %t$ (P1 ="Sn@DX�,<13-�S��
*�G�6T1 G",.-�1v,.-�(�9.- � C�]p( %"$ (D1K= �bC�,.-07t6V@DX2Sn] % ,.- 13@D,<Yt-�Y�9E,K(�% 1Z9E,K(D1v-�S�� g G�-�Sn-A9.,<(�% 1Z9.,<(D13- S
(>,E-5(�9f9.G�-\C2(D1K=�-+9�]V-+7�-+]$�^(>/2Y�13@D/}SU6pSn9f@>_ 9.G�-\9.68?M-f*�G�-+/"(5C2(D1K=�-+9�-+/&9.-0,.-�YA9.G^- /�-+9n*J@D,.=
(>/}Y�9.G^-oC}(D1K=�-+9�� S;SU6�
+-��

g G�-IC�,.@ $ ]8-+? *�6V9.G"/�@D/ � ,E-�(D139E687�-ISn@DX�,<13-�So6TSf9.G2(�9o9EG�-+,E-Z6TS�/^@�*�( % 9E@�?M-�(DSnX�,.-59EG�-
-��)-�139q/�-+*�13@P/�/�-�1v9.68@P/2S G2(+7�-J@D/59.G^- $ (P1 =&FD,E@DX�/2Y59.,<(�% 1�� g G^6pS 6TS (�/568?AC2@D,E9K(�/t9q6pSESUX�-�� (DS
/�-+*�C�,E@D9.@&1v@D]pS�SnG�@DX^]pY�/^@D9 $ -\(DYt@PC�9.-�Y $ -3_ @D,E-f9.G�-068,;-�� - 139�@D/�13X�,E,.-+/&9;9E,K(�% 1x6TS;=t/^@>*�/ �

g G�-w@D9EG�-+,�1v@D?A?A@P/Z* ( % @�_`Sn68?IX�]p(�9.68/^Fo9E,K(�% 1 � SU9<(>,.9E68/�F\?ZX^]89.6VC�]8- $ X�]V=A9.,<(>/2S _ -+,KS��
Yt@�-�S�C�,E@&YtX213-`,.- (D139E687�-q9.,K(�% 1 � $ X^9�9.G�-JY % /2(>?M6p1+S�@>_^9.G^6pS 9 % C2-`@>_^9.,<(�% 1`(>,.-`7�-+, % Y&6 �)-+,.-0/t9
_ ,.@P?�9.G�@ SU-;@�_2,.- (>]&9.,K(�% 1 � [�@P, -
	^(>?MC�]8-��0[ 68FPX�,.- O��VLDLJSUG�@�*�S 9EG�-�u�X�-+X�-JSn6 
+-J(>9q9.G^-;,.@PX�9.-0,
@>_ 9.G�-I/�-+9n*J@D,.=W6V/�[q68FDX^,.-IO�� �A*�G�-0/�/�@&Y&-�SZL � � (>,.- $ X�]8=�9.,<(>/2S _ -+, gxBJc Sn@DX�,<13-�S�� g G�-



LPL��

FD,<(>C�GMSUG^@>*�SJ(wSU68?MC�]8-`C2(�9.9.-0,./M(>/2Y5/�@w68/t_ @P,.? (�9.6V@D/ 6TShF�(>6V/�-�Y $t% 1 G}(>/�FP68/�F\S.10(>]8- S 68/59EG�-
$ @D9E9.@D? FP,K(�C�G	� B @D?AC2(�,.-59EG�6pSxFP,K(�C�G�9E@A9.G^-5FD,K(�C�G"68/"[ 6VFDX�,E-IO��8L ����68/�*�G�6p1KGWG�@ SU9KS5L �
�I(>/2Y � (�,.- ���
	�����x9E,K(�% 1wSU@PX�,K1v-�S��)(>/2Y G�@�Sn9KS��I(>/}Y�
I(>,.- $ X�]V=A9.,<(>/2S _ -+, gxBJc Sn@DX�,<13-�S��
g G�- $ -+G2(+7&68@D, (>9�9EG�-w,.@DX^9.-+,�6TSd9.@P9K(�]8] % Yt6 � -0,.-+/&9��&/�@D9�(PS;C�,.-�Y&6p139<( $ ]V-w(DS;6V/�9EG�-fC�,E-+7&68@DX}S
FD,<(>C�G � (�/2Y 1 G2(�/�FD6V/�FMS.1+(�]8-�S�SnG�@�*�S /�-0*�Yt-09K(>6V]$�

g G�- Yt-0FD,.-0-Z@�_bYt6pSESU68?M68]p(�,.6V9 % $ -+9n*;-0-+/�9EG�-A9n*;@ FP,K(>C^G2S5SUG�@PX�]pY�Sn-+,.7�-M(DS\(�*�(�,./�6V/�F
(>F (>6V/2SU9�X2Sn68/�F $ X�]V=Z9E,K(>/}S�_ -+,<S�(DS;( 9E,K(�% 1fSn@DX�,<13-f*�G�-0/ SU6V?ZX�]T(>9E68/�Ff*�6TYt- � (>,E-�( /�-+9n*;@P,.=^S��
i @D,E-+@�7�-+,��qSn9.X2Yt6V-�So@�_b13@D/^FD-�Sn9.68@P/�13@D/&9.,E@D];?M-�1 G}(>/�6TSU?MSfSUG�@PX�]pY"68/213]VX2Yt-I9.,<(�% 1ASU@PX�,K13- S
9.G}(>9�(>,E- ?A@P,.-f,E-�(>]V6pSn9.6p1�9.G2(�/�-0689.G^-+, c @D6TS.Sn@D/�@P, $ X�]V=A9.,<(>/2S _ -+,KS��

Q r}/2(>]26pSESUX�-�,.-0F�(>,<Yt68/^F ,.- (>]86TSU9E6p1;9.,<(�% 1xSn@DX�,<13-�Sh6pSh9EG�-x/^-+-�Y _ @D,;9E,K(�% 1;,E-+C�,.@&Y&X2136 $ 68] �
689 % � g G�6TS;?A-�(�/2Sh9.G2(�9�(o9E,K(�% 1fSn@DX�,<13-wSnG�@DX�]TYA(>]V*�( % SdC�,E@&YtX213-f9EG�-wSE(>?A-�9.,<(�% 1xC2(>9E9.-+,E/
*�G�-+/WFP687�-+/W9EG�-IS.(�?A-5Sn-+9f@�_;6V/�689E6p(�] C2(�,K(�?A-+9.-0,KS � SUX21KG"(DSx6V/�689E6p(�]hSn-+-�YW(>/}Y�13@P/�/�-�1v9.68@P/
68/&9.-0,K(>,E,.6V7D(�] 9E68?A- S��J,.-+F (>,KY&]8-�SESx@>_ 9.G�-IX�/2Yt-0,.] % 68/^FZC�,E@D9E@&13@D]TS�� 9EG�-5/&X�? $ -+,�@>_ /�@&Yt-�S���@D,
9.G^-A9 % C2-A@�_f/�-09U*J@D,E=�� e -+C�,.@&Y&X21368/^FW(�9.,<(�% 1AC2(>9E9.-+,E/�Yt@�-�S5/�@D95?M-�(>/"9.G2(�9I(�C2(D1K=�-+9
13@P/t9<(>68/^68/�F  $t% 9.- S 6TSd9E,K(>/}SU?A6V9.9.- Y5(>9;9E68?A- ��� m /}SU9.- (DY��&689`,.-3_ -0,KSh9.@59EG�-fSn9.,EX2139.X^,K(>] 1 G}(>, �
(D1v9.-+,E6pSU9E6p1+S�@>_)9EG�-;9E,K(�% 1�� [}@P,h-
	^(>?AC^]8-��+*�G�-0/IYt-�(>]V68/�F�*�689EG ��� 	����� $ (DSU- Y 9.,K(�% 1 ��(x9.,<(�% 1
C2(�9.9.-0,./ 6pS�SnC - 136sr2- Y $&% h9.G�-w9.6V?A-b(Z13@P/t7�-0,KS.(�9.6V@D/ Sn9K(>,E9KS�� 9EG�-w9 % C2-w@>_ 9.G�-\13@P/t7�-+,<S.(�9.68@P/
� [ g�c � g -0]8/�-+9��t4 iWg�c (>/}Y jfjfg�c � (>/2YI9.G�-�C2(>,<(>?A-09.-+,<S _ @P,`9.G2(�9;9 % C2-�@>_ 13@P/t7�-0,KS.(�9.6V@D/	�
Q /�-
	�(�?AC�]V-Z@�_ 9EG�-�C}(>,K(�?A-+9E-+,KSo_ @P,A(�/�[ g�c 13@D/&7�-+,<S.(>9E68@P/�(>,E-�9EG�-�/&X�? $ -0, @>_ $ X�]8=
9.,<(>/2S _ -+,KSI(>/}Y 9.G^-�]8-0/�FD9EG @�_\-�(D1KG�9.,K(�/2S�_ -0,�� j @P9.- 9.G}(>9MSUX21KG
9E,K(�% 1 SU@PX�,K13- SA(>,E-�/^@D9
68/^G�-+,.-0/t9E] % ,.-�(P139.6V7�-�� z @�*;-+7�-0,��D,EX�/�/�6V/�F 9EG�-+?y@P/A9.@PCA@>_ gxBJc C�,E@&YtX213- Sd,.- (D139E687�-�9.,<(�% 1
(DS�(513@P/2SU-�u�X�-+/}13-w@>_ gxBJc � Sx1v@D/�FP-�SU9E68@D/ 13@D/&9.,E@D]�?A- 1 G2(�/�6pSn?AS��

g ,<(�% 15SU@PX�,K13- S�9EG2(>9\?A-+-+9�9EG�6pSwYt-vr2/�689E68@P/W@>_�,E-+C�,E@&YtX2136 $ 68]V689 % (>]V]8@�*yX}S�9E@�13@D?AC}(>,.-
9.G^68/�F SxSnX21 G�(PSx9.G�-w-��)-�1v9�@D/�9EG�- 9E,K(�% 1�� S;9.G�,E@DX�FPG�C�X�9b@D,�]8@�SESU-�S�*�G�-+/�689�6TS;,.X�/�/^68/�FI@D/
9.@PC�@�_h9n*;@IY&6 �)-+,.-0/t9�C�,E@D9E@&13@D]TS��

g G�- $ (DSn6p15C�,.6V/21368C^]8-�S $ -+G^68/2YW9.G�- SU-MYt6pSE13X2S.Sn68@P/2S (�,.-I9.@W(�]8* ( % SfX2SU-I,.- (>]86TSU9E6p1 9.,<(�% 1
SU@PX�,K1v-�S�(>/2Y �.X2SU9E6s_ % (�/ % 9.,K(�% 1wYt6TSU9E,.6 $ X�9.6V@D/2S;X2Sn-�YA68/ 9.G^-o- 	tC2-+,E68?A-+/&9KS��



LPL��

1%

2%

3%

4%

Throughput
Losses

Buffer size
limiting throughput

Increasing
losses

T
h

ro
u

g
h

p
u

t

Send Buffer Size
Send Buffer Size (KB)

10 20 30 40

20

40

60

80

K
B

/s

(a) (b)

[ 68FPX�,.-\O �8L��  g G^,.@DX^FDG�C�X^9f7�S��;4�-+/2Y :;X��)-+,f4 6 
+-��

��� ����� � � ����� ��� � � 
 � ��� �	���

� G�-+/IY&@D68/^Fo- 	tC2-+,E68?A-+/&9KS 6V/t7�@P]87&68/�F gxBJc 9E,K(>/}S�_ -+,<S���689hG}(DS $ -+-+/I(w13@D?M?A@D/wC�,<(D139E6p13-J9.@
SU-09 gxBJc � S;SU-0/2Y $ X��)-+,�Sn6 
+- $ (DSn-�Y5@D/A9EG�- $ (>/2Yt*�6TYt9.G Yt-+]p( % C�,E@&YtX2139J@>_q9EG�-f1v@D/�/�- 139.6V@D/	�
Q _ 9E-+,�(�]8]$��*�G % X2Sn-w?A@D,E- $ X��)-+,E68/�F59EG2(>9�6pS;,E-�(>]V] % /�-+-�Yt- Y ��g G�-\SU6�
+-f@>_ 9.G�-\SU-0/2Y $ X � -0,
]86V?A689<Sd9EG�-5? ( 	&68? (>]29.G�,E@DX�FPG�C�X�9 (A13@P/�/�-�139E68@P/	� *�6V9.G"(ZFP687�-+/ ehg�g ��1+(�/"(D1KG�68-07�-�� g G�-
,.- SUX�]V9A@>_\G2(+7&68/�F�9EG�6pSAX�C^C -0,A]86V?A689 $ -+]V@>* 9EG�-"(+7D(�68]T( $ ]V- $ (>/2Y&*�6pYt9EG�6pSA@ $ 7t6V@DX2S��9EG�-
(D1KG�6V-+7�-�Y�9EG�,.@PX�FDG^C�X�9w6pSf/�@P9o/^-�13-�SES.(>,E68] % (A,E- � -�139E68@P/W@>_�9EG�-5C�,E@D9.@&1v@D];@P,w9.G�-5/�-09U*J@D,E=��
$ X�9�6TS�(>/ (>,.9E6sr)1v6p(>]V] % 68?AC2@ SU-�YZ]V68?A6V9��

Q S�9.G�-JSU-0/2Y $ X � -0,hSn6 
+-`68/}13,.-�(PSU-�S��>9EG�-+,E-d6TS (�13@P,.,.- SUC2@D/2Y&68/�F�68/21v,.-�(PSU-;6V/w9.G�-J9.G�,E@DX�FPG �
C�X�9J(P1 G�6V-+7�-�Y $t% 9.G�- gxBJc 9.,<(>/2S _ -+,�� g G�6pSh,E-+]p(�9.68@P/2SUG^68CI13@P/t9E68/&X�-�S X�/&9.6V]2(f9.G�-�Sn6 
+-�@�_�9EG�-
SU-0/2Y $ X��)-+,�6pS�SU]V68FPGt9E] % ]p(>,EFD-+,�9EG2(>/�9.G�- (+7�-+,K(�FD-w(+7P(>6V]p( $ ]8- $ (>/}Yt*�6pYt9EG � Yt-+]p( % C^,.@&YtX21v9 �
X2Sn68/�F (b_ -0* $ X��)-+,<S;(�9;9.G^- $ @D9E9.]V-+/�-�1K= ,E@DX�9E-+,�(�]8]8@�*�Sh9.G^-f13@P/�/�-�1v9.68@P/Z9E@ 9<(>=�-b(DYt7P(>/&9K(�FD-
@>_�9E,K(�/2SU6V-+/t9w6V/213,.- (DSU- S�6V/�9EG�-M( 7P(�68]p( $ ]8- $ (�/2Yt*�6pY&9.G	� � G2(�9 G2(�C�C2-+/2S\( _ 9.-0, 9.G}(>9 C2@P68/&9
Yt-+C2-+/}Y�S @D/�9.G^- gxBJc 68?AC^]8-+?I-+/&9K(>9E6 @D/	� m /�9EG�-�:x4 R 6V?AC�]8-0?Z-+/&9K(�9.6V@D/2Sx@�_ gxBJc � 6$� -��
gxBJc�e -+/�@ � �t9EG�-w9.G�,E@DX�FPG�C�X�9wSn9K(�,.9KS�9.@IY&-�13,.- (DSU- ��(>/}Y�Yt@�-�S�SU@IX�/&9.6V] 689�,E-�(D1KG�-�SJ( C2@P68/&9
*�G�-+,E-w(DY^Yt689E68@D/}(>]�68/}13,.-�(PSU-�S;@�_h9EG�-\SU-+/}Y $ X��)-+,�SU6�
+-wG2(+7�-f/�@5-��)-�139�@P/ 9.G�,E@DX�FPG�C�X�9 � Sn-+-
[ 6VFDX�,E- O �8L��D( � �

g G�-MYt-�13,E-�(DSn-568/W9.G^-59.G�,E@DX�FPG�C�X�9 (DSo9EG�- $ X��)-+,\Sn6 
+-56V/213,.- (DSU- Sx6pSx9EG�-I,.-�SnX�]89f@�_�9EG�-
$ (�/2Yt*�6pY&9.G�C�,E@ $ 6V/�F�?M-�1 G}(>/�6TSU? 68/W9EG�-A:x4 R � $ (DSU- Y�68?AC^]8-+?A-v/&9K(>9E68@P/2S @�_ gxBJc � g G�-�Sn-
68?MC�]8-+?I-+/�9<(>9.6V@D/2Sf6V/213,.- (DSU- 9EG�- *�68/2Yt@�* Sn6 
+- 13@D/&9.6V/tX�@PX2SU] % � $&% ( $ @DX^9A@D/�- C2(P1 =�-095C -0,



LPL+N

10 20 30 40 50 60

Send Buffer Size

40

60

80

100

T
h

ro
u

g
h

p
u

t

TCP Vegas
TCP Reno

[ 68FPX�,.-\O �8L �  g G^,.@DX^FDG�C�X^9f7�S��;4�-+/2Y :;X��)-+,f4 6 
+-��

ehg�g � X^/t9E68]q9.G�- $ X��)-+,\SU6�
+- ]V68?A6V9;6pS�,.-�(P1 G�- Y�@D,bC2(D1K=�-+9KS�(>,E-5]8@ SU9�� Q Sx9EG�- *�6V/2Yt@�*�Sn6 
+-
68/}13,.-�(PSU-�S;_ ,.@P? 689KS�@DC�9E68? (�]�C @P68/&9�� *�G^6p1KG�@P/�] % X2SU- Sf( _ -+* � -
	&9.,K( � $ X��)-+,<Sf(>9b9.G�- $ @D9 �
9.]V-+/�-�1K= �D9.G�- gxBJc 13@P/�/�-�139E68@P/AX2SU- S;?A@D,E-f(�/2YA?A@D,E- � -
	t9E,K( � $ X��)-+,KS�(�9;9EG�- $ @D9E9.]8-0/�-�1K=��
g G�-5]T(>,.FP-+,w9.G�-5/&X�? $ -+,x@�_�9EG�-�SU- � -
	&9.,K( � $ X��)-+,KS���9.G�-5G�6VFDG�-0,f9.G�-I]86V=�-+]86VG�@�@&Y�9EG2(>9w9EG�-
,.@PX�9.-0,�*�68]8])/�@D9 $ -\( $ ]V-o9E@A( $ SU@P, $ ( C2(D1K=�-+9 $ X�,KSn9���4�68/21v-wSU@P?A-f@>_ 9.G�-�Sn- $ X�,KSn9KS�*�68]V] $ -
$&% 9.G�- 13@D/^/�-�139E68@D/ 6V9KSU-0]s_ �t9EG�- ]T(>,EFD-+,�/&X�? $ -0,;@>_ � -
	&9.,<( � $ X � -0,KS�X2SU-�Y $t% (Z13@P/�/�-�1v9.68@P/
68/}13,.-�(PSU-�9.G�-�]86V=�-+]86VG�@�@&Y59.G2(�9�9.G�-b13@D/^/�-�139E68@D/M*�68]8]^G2(+7�-x]V@�S.Sn-�S�� � G^-+/A9.G^-f]8@ S.SU- S;(>,E-wYt- �
9.- 139.-�Y �t9.G^-513@P/�FD-�Sn9.6V@D/W1v@D/&9.,.@P] ?M-�1 G}(>/�6TSU?�68/ gxBJc ,.-�Y&X213-�S;9EG�- *�6V/2Yt@�*�SU6�
+- $t% G2(>] _ �
,.- YtX2136V/�F59.G�-w9EG�,.@PX�FDG�C^X�9��

[ 68FPX�,.-�O �8L�� $ SnG�@�*�Sd9.G^-f(+7�-+,<(>FD-�9EG�,.@PX�FDG^C�X�9�(P1 G^68-+7�-�Y $t%IgxBJc�e -+/^@ (PS;(x_ X�/21v9.68@P/
@>_)9EG�-�SU-+/}Y $ X��)-+,JSn6 
+- YtX�,.6V/�Fw(fSn-+,.6V-�S�@>_)9.,<(>/2S _ -+,KSh@�7�-+,�9.G^- m /&9.-0,./�-+9 $ -+9n*;-+-0/o9n*J@xr 	&-�Y
G�@ SU9KS�� j @D9E6p13-JG�@�*�9.G�-�]V@�S.Sn-�S 6V/213,.- (DSU- (DSh9.G^-�SU-0/2Y $ X��)-+,`Sn6 
+-J68/21v,.-�(PSU-�S��d|�687�-+/ (>]V]t9EG�6pS��
X2Sn68/�Fw(bSU-+/2Y $ X��)-+,`SU6�
+-;*�G^6p1KG ]86V?A689<S 9EG�-�9.G�,E@DX�FPG�C�X�9 ]8-�(PY�S 9.@b?A6pSn]8-�(PYt68/�F�1v@D?AC2(�,.6TSU@D/}S
$ -+9n*;-+-0/�C�,.@P9.@&13@P]pS��;(PS 9.G�- %"$ @D9EG
C2-+,U_ @P,.? - u X2(�]8] % X�/2Yt-+,59EG�6pS\13@D/}Yt689E68@D/ � 4 68?A6V]p(>,E] % �
SU-09.9.6V/�FA9EG�-5Sn-+/2Y $ X��)-+,b9.@A6V9KSx@PC�9.6V? (>]qSn6 
+- (>]pSn@ ]8-�(PY�Sx9.@M?A6pSn]8-�(PYt68/�FI1v@D?AC2(�,.6TSU@D/}S��)(DS
,.- (>]J(>C�C^]86p10(>9.6V@D/2Sf*�6V]8]`/�@D9 $ -AX2SU6V/�F 9.G�6TSo@PC�9.6V? (>]`Sn-+/2Y $ X��)-+,5Sn6 
+-�� 689f6TSf/�@D9\-�(DS % 9.@
=&/�@�* 6V9w(DSwYt6 �)-+,.-+/&9b13@D/�/^-�139.6V@D/2S�*�68]8] G2(+7�-5Yt6 � -0,.-+/&9f@DC^9.68? (>]qSU6�
+-�S���(>/2YW9.G^6pSx@PC�9.6V? (>]
SU6�
+-f*�6V]8]�1KG2(�/�FD-\*�689.G 9E68?A-��

g G�6pS�6pS�(>/�@P9.G�-+,w-
	^(>?MC�]8-f*�G^-+,.-57P(>, % 6V/�FA9EG�- C2(�,K(�?A-+9.-0,KS�@>_J9.G�-5- 	tC2-+,E68?A-+/&9;]V-�(DY^S



L �	�

9.@�X2SU-v_ X�]`68/2Sn68FDG&9KSw(�/2Y�13@P?AC2(>,E6pSn@D/2S�� [}@P,w-
	�(�?AC�]V-���(�Sn-+9w@>_�-
	&C2-+,.6V?A-+/&9KS�13@D?MC2(>,E68/�F
gxBJcye -+/�@�*�689EG gxBJc�~ -+F�(PS � SU-0-�4�-�139E68@P/ 
��
��� � �wSnG�@�*;-�Y�9.G}(>9 gxBJc ~ -+F (DSw*�(DS /^@D9
SU-0/2SU6V9.687�-59E@W9.G�-MSU-0/2Y $ X��)-+,5Sn6 
+- ��(DSw]8@P/�FW(PS 689w6pS $ 68F�-+/�@DX^FDG�SU@W9EG2(>9\689 6TSo/�@P9 9EG�-
]86V?A689E68/�Fw_ (D139E@D,��5[ 68FPX�,.-IO �8L � SnG�@�*�So9EG�-I(+7�-+,K(�FD-59.G^,.@DX^FDG�C�X^9�_ @P,\(�Sn-+9f@�_�Sn68?IX�]p(�9.6V@D/2S
*�689EGIYt6 �)-+,E-+/&9`SU-+/}Y $ X � -0,;Sn6 
+- S�� j @D9.-�9.G}(>9 gxBJc�~ -+F�(PSh*�(DS`/�@D9J(�� - 139.-�Y $&% 9.G^- $ X � -0,
SU6�
+-��&*�G�-+,.- (DS gxBJc�e -+/�@�� S;9.G�,E@DX�FPG�C�X�9�Yt-�13,E-�(DSn-�S $t% ?A@P,.-f9EG2(>/��	� � �

g G�- $ (PSU6T1 C^,.68/}1368C�]V-Z9E@�,E-+?A-+? $ -+,x6TS 9.G2(�95Sn68?IX�]p(�9.68@P/�,E-�SUX^]89KS\(>,E-�1v@D/2Sn9.,K(�68/�- Y $t%
9.G^-o7P(�]8X�-�S;@�_`9.G^-o6V/�C�X�9�C}(>,K(�?A-+9E-+,KS�� Q / %A$ 6T(DS;68/ 9EG�-\1 G�@P6p13-b@>_`9EG�-�SU-wC2(�,K(�?A-+9.-0,KSd*�6V]8]
(��)-�1v9�9.G�-w,.- SUX�]V9KS��

��� ����� � ����� � ����� � � � � � � � � � � � � � ���

g G�,E@DX�FPG�C�X�9I6pS FP-+/�-+,<(>]8] % ?M-�(DSnX�,.-�Y $t% ,E-�13@P,KYt6V/�FW9.G�-M9.68?M-Z,E-�u X^68,.- Y�9.@�SU-+/}Y (WSnC2- �
136 r)1 (>?A@PX�/t95@�_ Y�(>9<( 	x- � F����;6s_b689I9K(�=�-�S L���Sn-�13@D/}Y�S 9E@�SU-0/2Y�L i : % 9.-M@>_ Y�(>9<(���9.G^-+/
9.G^-Z9EG�,.@PX�FDG�C^X�9 6TS L �	� � : % 9.- S���Sn-�1�� � G�-+/"?A-�(PSUX�,E68/�FM9.G�-MYt6 �)-+,E-+/213-56V/�9EG�,.@PX�FDG^C�X�9
$ -+9n*;-+-0/�9n*J@ZC�,E@D9E@&13@D]TS��2@D/�-5@�_`*�G�6p1KG 6pS�FD-+/^-+,K(�]8] % _ (DSU9E-+,�9.G2(�/�9.G^- @D9EG�-+,�� 9EG�-+,.-w6TS 9EG�-
C2@�SESU6 $ 68]86V9 % @�_`-+,.,E@D/�-0@DX2S;?A- (DSUX^,.-+?A-0/t9<S 6V/ SU@P?A-\1+(DSn-�S��

[�@D,�-
	^(>?AC^]8-���6s_ 9.G^-o- 	tC2-+,E68?A-+/&9h6V/213]8X}Yt-�S $ (D1K=tFP,.@DX^/2Y�9E,K(�% 1���9EG�-+,.-w? ( %5$ -5(5S % S �
9.-0? (>9E6p159.-+/2Y&-+/21 % _ @D,59EG�- ]8-+7�-+]`@�_w9.,<(�% 1 9E@W-+689EG�-+,\68/213,E-�(DSn- @D,IYt-�1v,.-�(PSU-�YtX�,E68/�FW9EG�-
YtX�,<(>9E68@D/�@�_�9.G�- 9.,<(>/2S _ -+, *J- (>,E-A9.6V?A68/^F�� m _�9EG�-A]V-+7�-+]h6V/213,.- (DSU- S YtX�,E68/�FW9EG�-A9E,K(>/}S�_ -+,��
9.G^-+/�9EG�-\SU]8@�*J-+,xC^,.@D9E@&13@D]q*�68]V] $ - X�/t_ (�68,E] % C2-+/2(>]V6 
+- Y $ -�10(>X2Sn- 689�G2(PY�9.@M13@P?AC2-+9.-w*�689EG
G�6VFDG�-+,w]V-+7�-+]pS�@>_�9E,K(�% 1I(>9\9.G�-I-+/2Y�@�_�9EG�-Z9E-�SU9�� *�G�-0,.-�(PSo9.G^- _ (PSU9.-0,oC^,.@D9E@&13@D]�Y&6pYW/�@D9��
Q ]V9.-+,E/2(>9E687�-+] % �>6 _q9.G�-b]8-+7�-+]2@�_q9.G�- $ (P1 =&FD,E@DX�/2YA9E,K(�% 1x9E-+/2Y�S;9E@5Yt-�1v,.-�(PSU-wYtX^,.68/^F59.G�-wY&X �
,K(�9.6V@D/5@>_)9EG�-;9E-�SU9��D9.G�-0/59.G�- SU]8@�*J-+, C^,.@D9E@&13@D]2*�6V]8] $ -�?A-�(PSUX�,E-�Y (PS $ -+68/�F�_ (DSU9E-+, � ,.-+]T(>9E687�-
9.@59EG�-f_ (DSn9.-+,�C�,.@P9.@&13@P] � 9.G2(�/�689�,E-�(>]V] % 6pS��

m /2SU9E-�(DY��q(�/�@D9EG�-+,w*�( % @�_�?A- (DSUX^,.68/^FA9.G�-59EG�,.@PX�FDG^C�X�9 6TSx9.@ 9E,K(>/}S�_ -+,\(DSw?ZX}1 G�Y�(�9K(
(DSwC2@�S.Sn6 $ ]V-Z_ @D, (�13-0,.9K(�68/�(>?A@PX�/&9o@�_�9.6V?A-�� g G�6pSw*�( %W$ @D9EG�C�,.@P9.@&13@P]pS *�6V]8]`-+/213@PX�/&9.-+,
9.G^- SE(>?A- $ (D1K=tFP,.@PX�/2Y�9E,K(�% 1x_ @D,�9.G^- Y&X�,K(�9.68@P/�@�_`9.G�-w9E,K(>/}S�_ -+,�� g G�-\Yt6 �)-+,.-+/}13-�S;68/ 9EG�-
?A-�(PSUX�,E-�YZ9EG�,.@PX�FDG�C^X�9 $ -+9n*;-+-0/A9.G�-\9n*;@5?A-+9EG�@&Y�S�1+(�/ $ -\13@D/}SU6pY&-+,K( $ ]8-��2Y&-+C2-+/2Yt6V/�F5@D/
9.G^- 1KG2(�,K(D1v9.-+,E6pSU9E6p1+S`@>_`9EG�-w9.,<(�% 1��`[�@D,�-
	�(�?AC�]V-���68/ @D/�-\Sn-+,.6V-�S;@>_`- 	tC2-+,E68?A-+/&9KSh,E-�SUX�]V9.-�Y
68/I( 
DO�� Yt6 �)-+,E-+/213-�6V/59.G�-�9.G�,E@DX�FPG�C�X�9 $ -+9n*;-+-+/59n*J@oC^,.@D9E@&13@D]TSd*�G�-0/ASn-+/2Yt6V/�FIL i : % 9.-



L �tL

@>_ Y�(�9K( $ X�9 @P/�] % ( � � � Yt6 �)-+,E-+/213-`*�G�-+/ISn-+/2Yt6V/�Fx_ @P, ���fSU-�1v@D/2Y�S�� B ]8-�(�,.] % �>9EG�-;C^,.-3_ -+,E,.-�Y
?A-+9EG�@&YASnG�@DX�]TY $ -w9.@IX2SU-w9E68?A-�Y59.,<(>/2S _ -+,KS�,K(�9.G�-0,x9EG2(>/ ]8-0/�FD9EG�9E,K(�/2S�_ -+,<S��

��� ��� � � � � � � ��� � � � � �
	 ��
 � ��� � � �

m 9f6pSf7�-+, % -�(PS % _ @P, Sn68?IX�]p(�9.6V@D/2S�9.@�]8@�Sn-I(�]V@D9w@>_ 9.G�-I7P(>,.6T( $ 6V]86V9 % � ,K(>/}Yt@D?A/^-�S.S��x9EG2(>9w6TS
68/^G�-+,.-0/t9�68/W9EG�-Z,E-�(>] *;@D,E]pY�� g G�6pSf10(>/ $ -I-+6V9.G�-+,b( Yt-�Sn68FD/ � (+*y*�6V9.GW9EG�-ISU6V?ZX�]T(>9E@D,�@D,
9.G^-5,.-�SnX�]89f@�_ $ (PYt] % 1KG�@ SU-+/"Sn68?IX�]p(�9.68@P/�C2(�,K(�?A-+9.-0,KS�� Q /W-
	^(>?MC�]8-\@>_ S % /21KG�,.@P/�6p136V9 % 6V/
(ISU68?IX�]T(>9.6V@D/A6TSxSn9K(�,.9.6V/�F (�]8]�9.,<(>/2S _ -+,KSb(>9�9.G�- S.(>?M-o9E68?A- � g G�6pS�6pS�7�-+, % -�(DS % 9E@AY&@A68/�(
SU6V?ZX^]p(>9E@D,�� $ X�9q689�*;@PX�]pYwFD-+/^-+,K(�]8] %b$ - (>/5X�/}13@D?A?M@D/f@&1+1vX�,.,E-+/213-`@DX^9KSU6TYt-;@�_)(fSn68?IX�]p(�9.@D,��

Q /�@P9.G�-+,\-
	^(>?AC�]V- @�_�]p(D1K=W@>_�7P(�,.6p( $ 68]V689 % 10(>/�@&1+1vX�, *�6V9.G�C�,E@D9E@&13@D]TS��h]86V=�-59.G�- :x4 R
68?MC�]8-+?I-+/�9<(>9.6V@D/w@>_ gxBJc �D*�G�-+,E-f1v@�(>,<SU-�9.6V?A-+,KSq(>,E-xX}SU-�Y 9E@ C2-+,U_ @P,.? SUC2-�136T(>]2C�,.@&1v-�S.Sn68/�F �
m / 9.G�6TS 6V?AC�]8-0?Z-+/&9K(�9.6V@D/I@>_ gxBJc � 9n*;@M13@ (>,KSn- 9E68?A-+,<S;(�,.- X}SU-�Y���@P/�-or},.68/^FZ-+7�-0, % ���	�>? S
(>/}Y
9.G�-W@P9.G�-+,M-+7�-+, % 
	�	��? S�� i @ SU9A@�_\9.G�-W6V?AC�]8-0?Z-+/&9K(�9.6 @D/}S @>_ gxBJc Yt-+]T( %
QfB � S��
*�G�6T1 GA?M-�(>/2Sh9EG2(>9�*�G�-0/�9EG�- % ,.-�1v-+687�-b( C2(D1K=�-+9`9.G^- % Y&@5/�@D9�Sn-+/2Y (>/�(D1K=&/�@�*�]8-�YtFP?A-+/&9
68?M?A-+Y&6p(>9E-+] % � $ X�9w6V/2SU9E-�(DY�* (>689f_ @P,f?A@D,E-5C2(D1K=�-+9<S 9E@�(�,.,E687�-ISU@ 9EG�- % 10(>/�(D1K=t/�@�*�]V-�YtFD-
?A@P,.-59.G}(>/�@P/�-ZC}(D1K=�-+9w(>9 (A9.68?M-�� g G�-A:x4 R 6V?AC�]8-0?Z-+/&9K(�9.6V@D/2S�@>_ gxBJc * (>6V9�_ @P, @P/�-
?A@P,.-�C2(D1K=�-+9���9EG�-+,.- $t% (D1K=t/^@>*�]V-�YtFP68/�F\9U*J@5C2(D1K=�-+9<S;(>9�( 9E68?A- � z @>*J-+7�-+,���SU6V/213-w(�/�@D9EG�-+,
C2(P1 =�-+9�? ( % /�@D9 (>,E,.687�- � gxBJc X2SU- S 9EG�-	���	�>? S 9E68?A-+,)9.@wSn-+/2Y\(>/ % (P1 =&/�@�*�]8- YtFD?A-0/t9<S 9.G}(>9
*;-0,.-bYt-+]p( % -�Y � g G�- 
��	��? Sd9E68?A-+, 6pSdX}SU-�YZ9E@I1 G^-�1 =\6s_qC2(P1 =�-09KSh/�-+-�YI9.@ $ -w,.-09.,K(�/2SU?M689.9E-�Y
$ -�1+(�X2SU-w9.G^- % *;-0,.-f]V@�SU9��

m _q@D/�-f6TSd/�@P9�1+(>,E-3_ X�]268/M9.G�-f6V?AC�]V-+?Z-0/�9K(>9E68@P/	�D689`6TSd-�(PS % 9E@ G2(+7�-�9.G�-�Sn-f9.6V?A-+,<S r},.-b(>9
9.G^-wS.(�?A-x9E68?A-�@P/ (>]V] G�@ SU9<S;68/A9EG�-fSn68?IX�]p(�9.-�Y /^-+9n*;@D,E=�� g G^6pSd,E-�SUX^]89KS`68/IC2-+,.6V@&Yt6p1 $ X�,KSn9KS
@>_ Y�(�9K( (DSb(>]8] G�@�Sn9KSwSU-+/}Y�9.G�- Yt-+]p( % -�Y�(D1K=t/^@>*�]V-�YtFP?A-+/&9KS;@D,�SU9K(�,.9f,E-+9.,<(>/2Sn?A689E9.6V/�FZ]V@�Sn9
C2(P1 =�-+9<S (�959.G�-�S.(�?A-A9E68?A-���4�6V/213-A9EG�- ,.-+9E,K(�/2SU?A6TS.Sn68@D/}So@&1+13X^,.,.6V/�F�(DSI(�,.-�SnX�]895@�_f9EG�-

	���>? Sh9E68?A-+,<S 68/&7�@D]V7�-�9.G�-bSU]V@�* � Sn9K(>,E9;?A- 1 G2(�/�6pSn?"��*�G�6p1KGZ6TS`(o,.- SU9K(�,.9J@>_q9.G^-f13@P/�/�-�1v9.68@P/
68/&7�@D]V7t6V/�Ff-
	&C2@D/�-0/t9E6p(>])FD,E@>*�9EG @>_q9.G^-wSU-+/}Yt68/�F\,K(�9.-��&9.G�-f-�� - 139;6TSd-�u�X�687P(�]8-+/&9`9.@5Sn9K(�,.9.6V/�F
?IX�]89E68C�]V-�9.,K(�/2S�_ -0,KS�(>9�9.G^- SE(>?A-b9.68?M-��

Q SU6V?A68]T(>, $ X�,KSn9.68/^-�S.S\1+(>/�@&1013X�,5-+7�-+/"*�G�-+/�9.G�-A9E68?A-0,KS _ @P,5-�(D1KG�/^@&Yt-�Yt@W/�@D9 (>]V]
r2,E-�(�9A9.G^-�SE(>?A- 9E68?A-�� g G^-�C�,E@ $ ]V-+? G2(�C�C2-+/2SZ*�G�-0/
X2Sn68/�F�,E-�(>]V6pSn9.6p1I9.,K(�% 1�SU@PX�,K13- S
68/&7�@D]V7t6V/�F5?IX�]89E68C�]V- gxBJc 1v@D/�/�- 139.6V@D/2S�� $ X�9fG}( 7&68/^FZ@P/�] % ( _ -+*�9.,<(�% 1 SU@PX�,K1v-�S�� - (D1KGW@>_



L ���

*�G�6T1 GA6TSd,E-�SUC2@D/}SU6 $ ]8-f_ @D,�( ]T(>,.FP-wC -0,K13-+/&9;@�_h9EG�-f9E,K(�% 1�� g G�-0/	�t*�G�-0/�@P/�-w@>_ 9.G�-w9E68?A-+,<S
r2,E-�Sx(�9w@D/�-\@>_J9.G�-ISn@DX�,<13-�S���(Z]p(�,.FP-5/tX�? $ -+,;@�_ 13@D/�/^-�139.6V@D/2S�? ( % SU-+/}YWYt-+]p( % -�Y QfB � S
@D,b,.-�Sn9K(>,E9f9.G^-+68,�9.,<(>/2Sn?A6pSESU68@P/2S�� g G^-5,.-�SnX�]89<Sf(>,E-ISU68?M68]p(�,�9.@AG}( 7&68/^F (Z]p(�,.FP-5/tX�? $ -+,�@>_
9.,<(�% 1wSU@DX^,K13-�S���*�689EG�(5FD,E@DX�C�@>_ SU@PX�,K13- S r2,E68/�F59EG�-+6V,�9.68?M-+,KS`(>9�9.G^- SE(>?A-b9.68?M-��

Q 9.@�@P] 9.G}(>9`6pSh7�-+, % X2Sn-3_ X�]2(�9 r}/2Yt68/^F X�/&*�(�/t9E-�Y X�/�6 _ @D,.? $ -+G}( 7&68@P,h6pS`[�@DX^,.68-0,`(>/2(�] % �
SU6TS�) �DN * � g G�6pS�9 % C2-J@>_)(�/2(>] % Sn6pS�X�/213@�7�-+,<S C -0,.68@&Y&6p1 $ -+G2(+7t6V@D,q*�G�6p1KGw? ( % C2@P68/&9 9E@fC2@�S.Sn6 $ ]V-
C�,E@ $ ]V-+? S�(>/}Y 9E@A9.G�-I10(>X2Sn-5@>_J9.G�- SU-5C�,E@ $ ]V-+? S��b[ 68FPX�,.- O��VL�
 � ( �bSUG^@>*�Sf9EG�-5u�X�-+X�-ISn6 
+-
(>959EG�-A,E@DX�9E-+,568/�[ 6VFDX�,E- O�� � *�G�-+/�9.G�-M@D/�] % SU@PX�,K13-M@>_ ���
	����� 9.,<(�% 1A6pSo/^@&Yt- � � m 9 6TS
13]V-�(>, _ ,E@D? 9.G�-�FD,<(>C�GI9.G2(�9`9.G�-+,E-�6pS C2-+,E68@&Yt6T1 $ -+G}( 7&68@P,h*�G�6T1 G5@&1+1vX�,KS 
f9.6V?A-�S�C -0,;Sn-�13@P/2Y
� -07�-+, % ���	�>? S�� � g G�-f_ (D1v9�9.G2(�9x9EG�-\SUC�6V=�-�Sd@&1+1vX�,x-07�-+, % �	���>? S;C2@D6V/t9<S 9E@59.G�-f_ (PSU9�9.68?M-+,
68/ gxBJc (PSd9EG�-w1+(�X2SU-f@�_q9.G�- SU-bSUC�6V=�-�S�� j @D9E-x9EG2(>9�9EG�6pS $ -+G2(+7&68@D, Yt@�-�S;/�@P9�(�C�C2-�(>,�6V/Z9EG�-
FD,<(>C�G�@>_`9EG�-w(+7�-+,<(>FD-\u�X�-+X�-\Sn6 
+-��&689J@D/�] % (>C�C2-�(�,KSx6V/ 9.G�-w? ( 	t6V?5X�?�u�X�-+X�-\Sn6 
+-fFP,K(�C�G	�

k /�-5*�( % 9.@ -+]V68?A6V/2(>9E-f9.G�- SU- $ X�,<SU9<Sx6pSx9E@ G2(+7�- ?A@P,.- 9E,K(�% 1\SU@DX^,K13-�SwSn@A9.G�- $ X�,KSn9KS
*�68]V] $ -�Yt6TSU9E,.6 $ X�9.-�Y ?M@D,.-J-+7�-+/�] % � (DSESUX�?A6V/�F�9.G^-;9.,<(�% 1�SU@PX�,K13- SdY&@o/^@D9 r2,E-�9.G�-068,h9E68?A-+,<S
(>9\9.G�-MS.(�?A-59.6V?A-��I[ 6VFDX�,E-AO �8L�
 � $ ��SUG�@�*�Sw9.G�-Mu X^-+X�- $ -0G2(+7t6V@D, *�G^-+/�9EG�-+,E-A(�,.-I9.G�,E-+-
9.,<(�% 1ASU@PX�,K1v-�S�� c -+,E68@&Yt6T1 $ -+G2(+7&68@D,56TSo/�@P9I(DS -+7&6pY&-+/t9w6V/�9.G�6TS51+(DSn-��`(>]V9.G�@PX�FDG�[�@DX^,.68-0,
(>/}(>] % SU6TS;SnG�@�*�S;9.G2(�9�689JSU9E68]8]2-
	&6pSn9KS�� g G�6TS;C -0,.68@&Y&6p136V9 % 1+(>/ $ -wYt- 13,.-�(PSU-�YI-+7�-+/5_ X�,.9EG�-+, $t%
68/}13,.-�(PSU6V/�F59.G�-w/&X�? $ -0,d@�_JSU@PX�,K1v-�S��

Q /�@P9.G�-+, *�( % 9.@w-+]V68?A6V/2(>9E-`SU@P?A-�@>_ 9.G�-�C2-+,E68@&Yt6T13689 % 6pSh9.@w6V/t9E,.@&YtX21v-�/�@&Yt-�C�,.@&13- S.SU6V/�F
Yt-+]T( % S��y[ 6VFDX�,E-"O��VL�
 � 1 �MSUG�@�*�SA9.G^-"u X�-0X�- $ -+G2(+7t6V@D,A*�G^-+/�(�Yt-+]p( % ��*�6V9.G�(�X�/�6 _ @D,.?
Yt6TSU9.,E6 $ X^9.68@P/ $ -09U*J-+-+/ �I(>/}Y�
	� � S�� 6TS 6V/t9E,.@&YtX21v-�Y $ -v_ @D,.-\(5C2(D1K=�-+9J6pS�SU-+/&9 $t% 9.G^- /�@&Yt- �
g G�-AC2-+,E68@&Yt6T13689 % 6TSo/�@P95(DS -07t6TYt-+/&9w(DS 6V/�9.G�-M9.@DC�FD,K(�C�G	� $ X�9\6895Sn9.6V]8]`-
	&6pSU9<Sw(>/2Y�*�689EG
7�-+, % G�6VFDG C2-�(>=^S�68/�SU@P?A-f68/}SU9K(�/213-�S��

g G�- $ (DSn6p1AC�,E68/2136VC�]8-I6pS 9E@WC�X�9M(WYt6pSn9.,E6 $ X�9E68@P/ @P/�-+7�-+, % 9.G^68/�F�9.G2(�95/�-+-�Y�S 6V9�� g G�-
C�,E@ $ ]V-+? 6pS�9.G2(�9f*�G�-+/"Yt- (>]86V/�FI*�689.G 13@D?MC�]8-
	 SU68?IX�]T(>9.@P,KS���689�6pS�/�@D9w(�]8* ( % S�13]8-�(�,x*�G}(>9
9.G^68/�F S;/�-+-�YA9.@IG2(+7�-wYt6TSU9E,.6 $ X�9.6V@D/2S;6V/�9EG�-+?"�



L ���

1.0 2.0 3.0 4.0
Time in seconds

10

20

30

40

50

60

Q
u

eu
e 

S
iz

e

(a) One Traffic Source
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(b) Three Traffic Sources

1.0 2.0 3.0 4.0
Time in seconds

10

20

30

40

50

60

Q
u

eu
e 

S
iz

e

(c) One Traffic Source With Node Delay
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