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Ô|×4ßfÐ[D|á?D!KLK�G¬ÓNGJEHGJÓpR�DzÞ�MNÔzÖNÖ�Û
ÚCÜ¬ÓNGJÝLÜJÐªýLÔqß�Ö�Þ6D|MNM�GØÐ6K�ÔqE!Ð6MfÓNÏCG¯Ö�Þ�ÔzICICÐ6Þ�Ó�GØÔ!Iaë�GXA Ð!AØë
�3ç ^ !54 �6!#"�$K`1"%'FêM%7�3ç ^ !#"�$K`1"%'qê �
�3ç ^ �6!#"�$K`1"%'Fê�A[Î<ÏLGØÖ�ÝCMNÔ!Ý»Ð�M�ÓpR²KCÐ�ÝCG¯Þ7Ó_ÖwÓNÏCÐ<ÖpÓ_DqÓ�G¯ÖnÓ�G¯Þ�D|Ü
Û"ÚCÜJÓ�GØÝCÜØÐ�ó�GJILâ&âzD!GJILÖfD!Þ6Þ�MNÚCÐ6K,QHR
Ï�DFEkGØICâªÓNÏCÐ�ýLÔqß�ÖfÖnÏ�D|MNÐ<Ó�ÏCÐ²Þ�Ô!ILICÐ6Þ�Ó�GØÔ!I�QLD|I�K�ß�GØK�Ó�ÏaA
Î<ÏCÐ�ÛÁD|ÝCÝLGJICâ"×ÂÚCILÞ�Ó�GØÔ!I)��GØÖfÔ!ILÜJR�Þ�ÔkD|M_ÖnÐ�D!ILK?D|ÝLÝCM�ÔFó�GØÛÁDqÓ�Ðzë!K�ÚCÐ*Ó�Ô"Ó�ÏCÐ½MND!ILK�Ô!Û

D|ILK�QCÚCM_ÖpÓpR?D!M�MNGØEFD!Ü�Ô!×�KCD|ÓND,D|ILK�Ó�ÏLÐ²GØILD!QCGJÜØGJÓpR?Ô|×4D&ÓNMND|úÁÞªÖ�Ý�Ð[Þ�ÖdÛ�Ð�ÓNÏCÔ�K�ÓNÔÁÞ�D|ÝCÓ�ÚCMNÐ
Þ�Ô!Û�ÝCMNÐ�ÏLÐ�ILÖ�GJEzÐÁKCDqÓ_D3ýLÔqß Þ_ÏLD!MNDzÞ7ÓNÐ�MNGØÖnÓ�G¯Þ�Ö6AaæHÔLë�ÓNÏCÐ?ÛÁD|ÝLÝCGJILâ�×ÂÚCILÞ7ÓNGJÔzI8� ÛÁDFR9ICÔ!Ó
Q�Ð3áHICÔqß�IàÓ�ÔÑÓ�ÏCÐ3Ð�ILK�ÒXÝ»Ô!GØIkÓ
ÛÁD|ILD!â!Ð6Û,Ð6IkÓ"×ÂÚCILÞ�Ó�GØÔ!ILÖ6A4Î<ÏCÐ3D!QLÖ�Ð�ILÞ�Ð?Ô|×�áHICÔqß�ÜØÐ6K�âzÐ
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Ó�Ô"K�Ð�Ó�Ð6M�Û�GØICÐ�ÓNÏCÐ*QLD!ILK�ß�G¯KHÓ�Ï�ICÐ�Ð[KCÖ­ÚLÖ�GØICâ&Ð�I�KHÒºÓNÔ|Ò³Ð�ILK�Û�ÔzICG¬ÓNÔ!MNGJILâ(Ó�Ð[Þ_ÏCICG¯ðzÚLÐ6Ö6AhO�IHR
D|ILD!ÜJRkÓ�G¯Þ�D!Ü�×ÂÔ!MNÛ"ÚLÜØD|Ó�GØÔ!I�Ô|× � çÀÔ!M�D²Ó_D|QCÚLÜØD!M­M�Ð6ÝCMNÐ6Ö�Ð�IkÓND|Ó�GØÔ!I�Ô|× ��ê�Ó�ÏLD|Ó�ÛÁDFR
Þ�ÔzD|M_Ö�Ð�ÜØR
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Ô!ICÜØRÑÞ�ÜØÔzÖ�Ð6K�Òº×ÂÔzM�Û D!ÝCÝCMNÔFó�GJÛÁDqÓNGJÔzILÖ½Ó�Ô3Ó�ÏLÐÁM�Ð[D|Ü4Ó�M_Dqú?ÞÁK�Ð[Ö�Þ�M�GØÝ�ÓNGJÔzILÖ�A�èfÔzILÖ�Ð6ðkÚCÐ�IkÓNÜJRzë
D,ÖnÓND|Ó�G¯Þ²Ð6ÖnÓ�GØÛ�D|Ó�ÐªÔ|×�Ó�ÏCÐ(Q�D|ILK�ß�G¯KHÓNÏ�D!ÜJÜØÔ�Þ�D|Ó�GØÔ!I�ILÐ�Ð6KLÖd×ÂÔ!M�D,KCDqÓ_D"ý�ÔqßÙÛÁDFR?K�Ð�EHG¯DqÓNÐ
ÖnGØâ!ICG���Þ6D|IkÓ�ÜØRÁ×ÂMNÔ!Û1ÓNÏCÐ"DzÞ7Ó�Ú�D|ÜaICÐ6Ð6KCÖ6A�æHÚ�Þ_Ï�GJILDzÞ�Þ�ÚCMNDzÞ�GØÐ6Ö<Þ�D!I�Q�Ð[ÖpÓ*Q»Ð"Þ�Ô!ÚCIkÓ�Ð6M�Ð[K�QHR
M�Ð[ÖnÔzMnÓNGJICâ�ÓNÔµD!I � D!ÜJÜØÔ�Þ�DqÓNÐ�ÒuD|ILK�Ò³Ö�Ð�Ð�ÒXß�ÏLD|ÓnÒ³ÏLD|ÝLÝ�Ð6ILÖ �aD!ÝCÝCMNÔzDzÞ_ÏaA�ôuIPÓ�ÏLGØÖ,Þ�ÔzIzÓNÐ�óHÓ6ë�Ó�ÏLÐ
ÏCÔzÖ�Ð½MNÐ6Ö�Ô!ÚLMNÞ�Ð�ÝCMNÔqEkG¯Ö�GJÔzICGJILâ&Û�ÔHKCÐ�ÜaÖnÓ�ÚLK�GØÐ6K�Ð�Ü¯Ö�Ð�ß�ÏCÐ6M�Ð ^ �M`=Ð[ÖpÓNGJÛÁD|Ó�Ð6ÖfÓNÏCÐ½Q�D|ILK�ß�G¯KHÓNÏ
ICÐ�Ð[KCÖ,×ÂM�ÔzÛ Ó�ÏCÐ�ÓNMND|ú?Þ�ÝLD!MND!Û�Ð�Ó�Ð6MNÖ
ÚLÖ�GJILâµÜØGJILÐ6D|MÁÝLM�Ôzâ!M_D|Û�Û�GJICâ9Ó�Ð6Þ_ÏLICGØðkÚCÐ[Ö�A�æ�ÚLÞ_Ï
Ð6ÖnÓ�GØÛ�D|Ó�Ð[Ö"Þ�D!IPQ�Ð�G¬ÓNÐ�M_DqÓNGJEzÐ�ÜØRÑMNÐ �LICÐ[K¾×ÂÚCM�Ó�ÏCÐ6M"ÓNÔÑD�MNÐ6D!Ö�Ô!I�D|QCÜØÐÁD!Þ�Þ�ÚCM_D!Þ�Rµß�G¬ÓNÏãÔ!ÚLM
Ô!ICÜØGJILÐ²Û�ÔzICG¬ÓNÔ!M�Ò³D!ILKHÒuÞ�ÔzIzÓNM�ÔzÜ»D!ÝCÝCMNÔzDzÞ_ÏaA

��.b- � la4�?h< >��Ll :�3 la<6:B31C��A:BF=CG4IH@4KJ�� 4KH�CEF�4�l�7Y:BHL>�7!?h4KH F=la4K3
ñ�GØâ!ÚLM�Ð #ãGØÜJÜØÚLÖnÓ�M_DqÓNÐ6Ö�ÏCÔqß DãÛ�Ô!ILG¬ÓNÔ!M�Ò³D!ILKHÒuÞ�Ô!IkÓNM�ÔzÜ�ÝLD|M_D!KCGJâzÛ Þ6D|IÙQ»Ð¾M�Ð[D|ÜØGJø6Ð6Kh×ÂÔzM
å½ÔkæhD!KLD|Ý�Ó_DqÓ�GØÔ!IwAfÎ<ÏCÐ¾D|â!Ð6IkÓNÖ�æ è O*â!Ð6IzÓ�D|ILKÙB è O�âzÐ�IkÓ�Ð�Û�ÝCÜØÔqRhDãÏCÐ6ÚCM�G¯ÖnÓ�G¯Þ�ÖnÒ
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shared network path
(routers, links, switches)
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b(cur)+ 	 .l 
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detect frame

loss rate l

NETWORK INFRASTRUCTURE
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QLD!Ö�Ð6K�Þ�Ô!IkÓ�MNÔ!ÜaD!ÜJâzÔ!MNG¬ÓNÏCÛ1ÓNÏLDqÓªD!KFùpÚLÖnÓNÖ�Ó�ÏCÐ
D|ÜØÜJÔ�Þ�D|Ó�GØÔ!I "-,
Q�D!Ö�Ð6K3Ô!I�ÓNÏCÐ"Û�Ô!ILG¬ÓNÔ!MNÐ6K
KCDqÓ_D"ÜØÔzÖNÖdMND|Ó�Ð!ëHGØI�Ô!M_K�Ð�MfÓ�ÔÁK�Ð�Ó�Ð�MNÛ�GJILÐ½ÓNÏCÐªQLD|I�K�ß�GØK�Ó�Ï3ICÐ�Ð[KCÖ�ACñLÔ!MdÓ�ÏLGØÖ<ÝCÚLM�Ý»ÔzÖ�Ð!ëHßdÐ
Þ_ÏLD|M_D!Þ�Ó�Ð�MNGØø�Ð�ÓNÏCÐ(Û"ÚLÜ¬ÓNGJÛ�Ð6KCGØD,ÓNMND!ILÖnÝ»Ô!M�Ó�ÖnR�ÖnÓ�Ð6Û1ß�G¬ÓNÏ3Ó�ÏCÐª×ÂÔzÜJÜØÔqß�GJILâ,ÝLM�ÔzÝ�Ð6MnÓNGJÐ[Ö�û

bandwidth allocated along

path for nx =10 is 25mbps;

video data rate f = 3 mbps;

packet size=10000 bits;

network capacity=100mbps;

K=200 packets � Tobs.

what is the bandwidth

need for, say, ny = 16 ??
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send data rate
endpoint-visible glitch

fx’

fy’

receive

data rate

1 2 3 4 65

80 msec

( � )

480 msec

(control iterations)

0

ny.f

# of flows admittedincreases from nx to ny

tc by=F({ny,L},� )

� : data burstiness

tolerance limit L

TIME t

����� ¨��L¨ }�i�]_v(tkTVmpT\y7g6Z6UpT¬v(]�®ºZ\T\ik]wY6`z°Hg�iHj|�­TJj|Up��g6Z\Z\Yqy7g�UpT\Y6ik«a°Hg�«u]7j�Y[i�tHg�y��F]�U»Z\Y[«u«�v(Y6ikTVUpY6mpT\iz^

� C�� � ÏCÐ6I�ÓNÏCÐ�QLD!ILK�ß�G¯KHÓ�ÏhG¯ÖÁGJI�Þ�MNÐ6D!Ö�Ð6Kã×ÂM�ÔzÛ "-,�Ó�Ô'"-, 4 � �Fë�GJÓÁÓND|ázÐ6Ö
	�Ó�GØÛ,Ð
ÚCICGJÓNÖd×ÂÔzMfÓNÏCÐªGJI�Þ�MNÐ6D!Ö�Ð*GØI3QLD|ILKCß�GØKHÓNÏ�ÓNÔ
Ï�DFE!Ð½D!I�ÔzQLÖnÐ6M�EqD!QCÜJÐ²Ð�ä=Ð6Þ�ÓdÔzI�ÓNÏCÐªKCDqÓ_D
ÜJÔkÖ�Ö­MND|Ó�Ð&çÀKCÚCÐ�ÓNÔªÓ�ÏCÐ*Þ�Ô!ÚCÝLÜJGØICâ&Q»Ð�ÓpßdÐ�Ð6I�Ó�ÏCÐ !��PD!ILK�M�Ð[ÖnÐ6M�EzÐ6K,Þ�ÔzICICÐ6Þ�Ó�GØÔ!ILÖ�Ó�ÏLD|Ó
ÖnÏ�D|MNÐªD�Ö�GJILâ!ÜØÐ²ILÐ�ÓpßdÔ!MNáÁGJI�×ÂM_D!ÖnÓ�MNÚLÞ�Ó�ÚCMNÐ[ê�þ

� CGC
� Î<ÏCÐ"Û�Ô!ILG¬ÓNÔ!M²Ô!QLÖ�Ð�MNE!Ð[Ö�� QLDzÞ_ákÒºÓNÔ|Ò³QLD!Þ_á?Ý�D!Þ_á!Ð�ÓNÖ½GJIÑÔ!M_K�Ð�M*Ó�Ô�DzÞ�Þ�ÚCMND|Ó�Ð6ÜJR�K�Ð�Ò
Ó�Ð6M�Û�GØICÐªÓ�ÏCÐ(Ý�D!Þ_á!Ð�ÓdÜØÔzÖNÖ<M_DqÓ�Ð(D|× Ó�Ð�M�D,QLD!ILK�ß�G¯KHÓ�Ï9D!ÜJÜØÔ�Þ�D|Ó�GØÔ!I " , Ô�Þ6Þ�ÚCM_Ö�þ

� CGC1C�� Î<ÏCÐ(Þ�ÔzIzÓNM�ÔzÜaD|ÜØâ!ÔzM�GJÓ�ÏCÛÃÐ6Û�ÝCÜJÔqR�Ö6û
ü O Û
ÚCÜ¬ÓNGJÝLÜJG¯Þ�D|Ó�GØE!Ð�Ü¯DFß�ÓNÏLDqÓ­GØILÞ�MNÐ6DzÖnÐ[Ö "2,½GØI,ÝLM�ÔzÝ�ÔzMnÓNGJÔzI"ÓNÔªÓ�ÏCÐ�ÔzQLÖ�Ð�MNE!Ð6K
ÜØÔzÖNÖ
M_DqÓ�Ðzë»DzÖ*âzGJEzÐ�I�QHR=û "2,�çÀICÐ�ß½ê � "2,HçºÞ�ÚCM7ê 4����pë»ß�ÏCÐ6M�Ð
�­G¯Ö�ÓNÏCÐ
Ý�D!Þ_á!Ð�Ó*ÜØÔzÖNÖ
M_DqÓ�Ð(D!ILK�� .$�,G¯Ö�DÁÞ�ÔzILÖpÓ_D|IkÓ6þ
ü O�IPDzKCK�GJÓ�GØE!Ð,ÜØDFß Ó�ÏLD|Ó(KCÐ6Þ�MNÐ6DzÖnÐ[Ö*Q�D|ILK�ß�G¯KHÓNÏ¾QHR9D �Có�Ð6K¾D|Û�ÔzÚCIkÓ²ß�ÏCÐ6IµILÔ
ÝLDzÞ_á!Ð�Ó�ÜØÔzÖNÖ<GØÖ<ÔzQLÖ�Ð�MNE!Ð6KaëHDzÖ<â!GØE!Ð6I�QHR=û " , çÀICÐ�ß²ê��k" , çÀÞ�ÚCM_ê�%��­þ

Ó�ÏCÐ(GØILÞ�M�Ð[D!Ö�Ð6�qKCÐ6Þ�MNÐ6DzÖnÐ½ÖpÓNÐ�ÝLÖ�D!M�Ð²Ó_D|á!Ð6I�GØI3Ð6D!Þ_Ï�Þ�ÔzIkÓ�MNÔ!Ü�GJÓ�Ð�M_DqÓNGJÔzIaþ
� C���� Î<ÏCÐ*KLDqÓND&M�Ð[Þ�Ð�GØE!Ð6MNÖ4Ð�ó�ÏCGJQLG¬Ó<D&ÖnÛÁD!ÜJÜ»D|Û�Ô!ÚCIkÓ�Ô!×=Ó�Ô!ÜØÐ�M_D|I�Þ�Ð�ÓNÔ&ÝLD!Þ_ázÐ�Ó­ÜØÔzÖNÖ*ç��fê7A
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æHÚCÝCÝ»ÔzÖ�Ð(Ó�ÏLÐ
Ö�Ð�ILK�M_DqÓNÐ&ÔqE!Ð6M<Ó�ÏCÐ,Þ�Ô!ILICÐ6Þ�Ó�GØÔ!I�GØÖ*GJI�Þ�MNÐ6D!Ö�Ð6K�KCÚCÐ(Ó�Ô?Ó�ÏCÐ,D!K�Û�G¯Ö�Ö�GJÔzI�Ô|×
ICÐ�ß KCD|ÓND�ýLÔqß�Ö½DqÓ�ÓNGJÛ�Ð � �CëLÓ�ÏCÐ6M�Ð6QkR3GØILÞ�MNÐ6DzÖnGØICâ�Ó�ÏLÐ"IHÚCÛ"Q»Ð�M½Ô|×4ýLÔqß�Ö<×ÂMNÔ!Û !���ÓNÔ
!�� P5ÖNDFR!ë *�Û�Ô!MNÐ�KCD|ÓND�ý�Ôqß�Ö
D!M�Ð�DzKCK�Ð[KàÓ�ÔÑÓ�ÏCÐ�Þ�ÚCMNMNÐ�IkÓ"ÜØÐ�E!Ð6ÜfÔ!×&ò �9KLDqÓND9ýLÔqß�Ö6A
ñCÔ!M½Ó�ÏLÐ,Ý�D|M_D|Û�Ð�ÓNÐ�M*EqD!ÜJÚCÐ[Ö 	 � � ��� � '��që � � #�� �Lë � � #	�<ò ��
"D!ILK � � #
�?ë»ßdÐ
Þ�D|IàÐ�óHÝ»Ð�MNGØÛ,Ð6IkÓND|ÜØÜØRµK�Ð�Ó�Ð�MNÛ�GJILÐ?D3Ó�GØÛ,Ð6ÜJGØICÐ?Ô!×dÏLÔqß Ó�ÏLÐ�Þ�ÔzIzÓNM�ÔzÜJÜØÐ�M(ÛÁDFRÑDzKFùpÚLÖnÓ&Ó�ÏLÐ
QLD|ILKCß�GØKHÓNÏ�M�Ð[ÖnÐ6M�EqDqÓNGJÔzI " , P Ö�Ð�Ð(ñ�GØâ!ÚCMNÐ %"×ÂÔzM�D|I�GØÜJÜØÚLÖnÓ�M_DqÓ�GØÔ!IwA

OhM�Ð[D!Ö�Ô!ILD!QCÜJÐdEqD|ÜØÚCÐ�Ô!× �ÑICÐ�Ð[KCÖ4Ó�Ô(Q»Ð�Þ_ÏCÔkÖnÐ6I
ÓNÏCÔ!ÚLâ!ÏaA!Î<ÏLÐ<Ó�GØÛ,Ð6ÜJGØICÐ�×ÂÔzM�K�GJä»Ð6M�Ð6IkÓ
EFD!ÜJÚLÐ6Ö­Ô!× �µÞ6D|I?D!ÜØÖ�Ô(Q�Ð½Ð�ó�Ý»Ð�MNGJÛ�Ð�IkÓ_D|ÜØÜJR�K�Ð�ÓNÐ�MNÛ�GJICÐ[K�ë!GØI?ÔzMNK�Ð6M�Ó�Ô,ÖpÓNÚLK�R
Ó�ÏCÐ²Þ�ÔzIkEzÐ�M�Ò
â!Ð�I�Þ�ÐfÓ�GØÛ,Ð�D!ILK(ÓNÏCÐdÖnÓND!QCGØÜJGJÓpR(Ô|×�Ó�ÏCÐ<Þ�ÔzIzÓNM�ÔzÜzÛ�Ð[Þ_ÏLD|ICG¯Ö�Û3AqÎ<ÏCÐ<Þ�ÔzIHE!Ð�MNâ!Ð6ILÞ�Ð�ÝCM�ÔzÝ�Ð6MnÓpR
GØÖ²â!GØE!Ð6IÑQHR9D�Ó�GØÛ,ÐÁÞ�Ô!ILÖnÓND!IzÓ[û�������� 	�ë�ß�ÏLÐ�MNÐ��îG¯Ö½Ó�ÏCÐ�IHÚCÛ"Q»Ð�MªÔ!×fÞ�ÔzIzÓNM�ÔzÜ�GJÓ�Ð6MnÒ
DqÓ�GØÔ!I�Ö�Ó�Ô�M�Ð[D!Þ_Ï3Ó�ÏLÐ
ÖnÓ�Ð6DzK�R�ÖpÓ_DqÓ�Ð,D|ÜØÜJÔ�Þ6DqÓ�GØÔ!IwA�B�Ð�×ÂÐ�MNM�GØICâ�Ó�Ô3ñ�GJâzÚCM�Ð %Cë 	 � ����� � '��
D|ILK�� � *$P ß�ÏCG¯Þ_Ï�âzGJEzÐ6Ö����5� ' ����� � '��|A

� �$��Ç��wÆ½Ì�� Í�Æ 
�É�Æ½ÍuÇ�É­ÈLÍ�Æo� ����Æ*Ê���ÍnÊ�Ç�� �	 ��Ì»Ç��

Î<ÏCÐ²Þ�Ô!IkÓ�MNÔ!Ü�DzÞ7Ó�GØÔ!IwëzILD!Û�Ð�ÜØR!ëCD
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Scenario of packet queues/ flows when bandwidth allocation in connection X is increased
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Packet Loss Rate, Alpha 0.55, Beta 0.012
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Packet Loss Rate

Allocated Bandwidth, Alpha 0.55, Beta 0.012
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Packet Loss Rate, Alpha 0.65, Beta 0.012
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Packet Loss Rate

Allocated Bandwidth, Alpha 0.65, Beta 0.012
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