
HAL Id: inria-00073057
https://inria.hal.science/inria-00073057v1

Submitted on 24 May 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Analysis of TCP with Several Bottleneck Nodes
Chadi Barakat, Eitan Altman

To cite this version:
Chadi Barakat, Eitan Altman. Analysis of TCP with Several Bottleneck Nodes. RR-3620, INRIA.
1999. �inria-00073057�

https://inria.hal.science/inria-00073057v1
https://hal.archives-ouvertes.fr


IS
S

N
 0

24
9-

63
99

ap por t  
de  r ech er ch e 

THÈME 1

INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

Analysis of TCP with Several Bottleneck Nodes

Chadi Barakat — Eitan Altman

N° 3620

February 1999





Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, B.P. 93, 06902 Sophia Antipolis Cedex (France)

Téléphone : 04 92 38 77 77 - International : +33 4 92 38 77 77 — Fax : 04 92 38 77 65 - International : +33 4 92 38 77 65

���������
	��	���������� ���������
 "!� $#��%�'&(�)�*��� +�� $,.-0/1�
23 $	

46587:9.;=<>7:?@7:AB7DCFEHGI;JCK7:LNM3OJCQPR7:L

S"TBUV>W>XZY\[$]_^`W_acbed�Wgf=^`he^ifjUV>W_^
k8ljmoniWf=prqs^tf`l�aou

[+acvwv:mcl`f$xwWIl`W@y�TwWl�y�TwW{z:|.}�~��c��Y\�wW�Bl`bBacl`h�X_�c���)Y0����vBao��W_^

�����_��K�w�c�c� pFacz�h���m�l`�e^�TBaQ�cWI^tf`bBxwq�W@x�fjTwW)vDW_lt�Jm�l`V
aczBygW)mo�.S=��k���h�V6mexeW_u�qszw�>fjTwWIzwWgfi��mclj��ac^
aF^`qszw�cusW
�Dmcftfju�W_zwW_y���zwmexeWc��f`TBW�mczBW
TBaQ��q�zw�rfjTwW�^`u�mK��W_^tfImcbefj�cm�q�zw�Fl�aKfjW
mcz�f`TBW�vBaKfjT* r¡¢z£f`TwW@^tW
��mclj�e^��fjTwW��:WTBaQ��qsmcl+mc��fjTwW�vwljmofjmeygmcu¤�wW@^tv:W_yqsacu�ush�xebBl`qszw��^`u�mK�"¥¢^tfjaol`f_�eTDac^$�:WW_z¦y�TBaol�acygf`Wljqs§W_x3ac^
a
�JbwzBy�fjq�m�z�mc�8f`Twq¨^=V
acq�z¦�:mof`f`usWzwW@y��© =¡¢z¦fjTwq¨^=vBacvDW_l_�:��W%vwljW_^`Wz�fªa�V6m�l`W%�cWzBWl�aou*V>mexeWu�f�ao��q�zB�
qsz�f`m�a�yymcbwz�f=aousu*fjTwW%zBm�xwW_^$m�zrf`TwW�vBaKfjT* $«�W�^tTwmK�¬fjTBaKf@�Dqsz¦acxwxwqfjq�m�zrf`m
fjTwW%V
aoqszF�:moftfju�W_zwW_y��©�
fjTwW�v:Wl`�JmcljV
aozByW
mo�$fjTwW�vwljmofjmeygmcu�yaozR�DW3^tW_l`qsmcbB^`ush�aK®©W_ygf`W@x¯��h�fjTwW�vBacljacV>Wgf`W_lj^�mo�$f`TBW�mofjTwWl
zBm�xwW_^_ �S"TwWªmofjTwWl�zwmexeW_^�V
aQhc�cqsz�^`mcV>W=y_ac^`W_^_��yacbB^`W=aoz
qsV>vwl`mK��WV>Wz�f°qsz
fjTwW=v:Wl`�JmcljV
aozByW+^tqszBygW
fjTwWh�V
aQh�xeW_yl`W@ac^`W=fjTwWI�wbwl�^ifjq�zBW_^j^"mo��f`l�aK±�y)aoljl`qs��q�zw�>aKf"fjTwWIV
aoqsz3�:mof`f`usWzwW@y��© .S"TBWh�ymcbwu¨x²�em�z
fjTwW)mofjTwWl$TBaczBx²�wy_aobB^`Wªv:Wl`�JmcljV
aozByWZxwW�cl�acxBaKf`qsmcz�q�zFya�^tWZusm�^j^tW@^�mey_ygbwl"qsz�fjTwm�^`WZzwmexeW_^_ 8¡¢zBxeW_W_x²�
q���f`TwW
�wbw®:W_lj^)qsz�f`TwW@^tW
zwmexeW@^IaoljW�zBmof���WusuHxeq�V>W_zB^tqsmczBW_x²�³f`TwW_z�fjTwW�ygm�zw�cW@^ifjq�m�z�y_aoz��DW�^`Twq��´f`W_x
fjm3f`TwW_VµW��Wz�q��f`TBWqsl�mcbefj�cm�q�zw�3l�aKf`W>q¨^Z�¶ac^tf`W_l)f`TBacz�fjTBaKfImc��fjTwW
V
aoqsz��:mof`f`usWzwW@y��: �S"TBW6W®:W@y�f
mc��fjTwW�mcf`TwW_l+zwmexeW_^+mcz3f`TwW%�DW_TBaQ��q�m�l$mo�8S=��k�xebwljq�zw����m�zw�cW@^ifjq�m�z3·��cm�qsxBaozByW)y_aozr�:W�zwW��u�W@y�fjW_x² 
¸=mK��W_�cW_l_�Q��W"^`TwmK�RaczBaoush�f`q¨yacu�ush)f`TBaof8f`TwW$^`u�mK�"¥¢^tfjaol`f��:WTDaQ��qsmcl.vwljW_xwqsygf`W_x���h%a)^tqszw��u�W"zwmexeW"V>mexeWu
y_aoz£�:W�ygmcV>vwusWgfjWush�xeq�®©WljWz�f��$TwWz'ymczB^`q¨xeWljq�zB��fjTwW��cW_zwWl�aou8V>mexeW_u¹ Fºªbwl�aozBacu�he^`qs^)q¨^)�Jm�u�usmK��W@x
��hr�cbBqsxeW_u�qszwW@^=�Jm�lZf`TwW>xeqsV6W_zB^`q�m�zwq�zB��mo��zwWgfi��mclj�r�wbe®©Wl�^Z^`m�a�^+fjm�qsV>vwljmK�cW�fjTwW6vDW_lt�Jm�l`V
aozDygW%mc�
S=��k� �·+u¨^tmD��ac^°aIl`W@^tbBufHmc�:fjTwq¨^H�cW_zwWl�aoueV>mexeW_u¹����W+acl`W+ac�wusW"f`m�q¨xeWz�fjq�Jh���bwzDxeWl�^if�aozBx
aczBx>aozBacu�h�§_W
a�vwl`m��wusWV»q�z¦f`TwW6mcv:Wl�aKfjq�m�z3mc�°S=��k¼�$Twq¨y�T¦ljW_^`bwu�fj^+qsz�a
f`Twljmcbw��Twvwbef)xeWgfjWljq�m�ljaof`qsmczFaozDxF�$Twq¨y�T
y_aozwzBmofH�:W=Wgdevwu¨aoqszwW@x���h>aI^tqszw��u�W+zBm�xwW+V>m�xwWu¤ �½�h>^tqsV%bwu¨aKfjq�m�zB^_�c��W+^tTwmK��fjTBaKfHfjTwq¨^Hvwljmc�wusWV�yacz
�:W%ljW_^`mcus�cW@x�q��°[+¾H¿»À¹[+aozBxwmcV»¾Haolju�hr¿ªWgf`W@y�fjq�m�zDÁ$�wbw®:W_l=V
aozBac�cW_V6W_z�f=vDm�u�q¨ygqsW_^ªaoljW�xeWvBu�mKh�W_xrqsz
fjTwWI¡¢z�f`W_l`zwWf_ 
ÂFÃ�Ä©ÅjÆ%Ç �KÈ��c� S=��k��cÉ�usmK�"¥¢É�fjaol`f_����m�zw�cW@^ifjq�m�z%·��cmcq¨xwaczBygW��KpFm�xwWusq�zw�D��É�qsV%bwu¨aKfjq�m�zB^_�o½�bw®:W_l8p¦aoze¥
ac�cW_V6W_z�f_�w[+¾H¿��B¿ªl`m�v3S�aoqsu¤ 



�����%���
	³ 23 � ��� �=!� $, � ����	�� ���#�	 ���
 ���23	

��� �	��
 � � k8usbB^tqsWbBlj^ZfjljaQ�Kaobwd¦mcz�f�]gfjbBxeqs]6u¨arv:Wl`�JmcljV>aczBygW>xeb£vwljmofjm�ymcusW6S=��k¬W_z�V>mexe]usq¨^`acz�f
usW)l`]@^tW@aob3aQ�cW_yªbwzF^`Wbwu²zwm�W_bBx²�ByWusbwq³aQh�acz�f�u¨a�vBu�bB^+vDWf`q�f`WI�BaczBxeWIvBa�^`^jaoz�f`WZlj]_^`qsxebBWusu�WZu�WIusmczB�>xwb
y�TBWV>q�zFW_z�f`ljW%u¨a�^tm�bwl�ygWIWgfZusa�xeW_^tf`qszBaKfjq�m�z* =¿ZaozB^ZygW@^$fjljaQ�Kaobwd©�Du�W�ygmcV>v:mcl`f`W_V6W_z�fªxeb¦vwljmofjmeygmcusWc�
vDaol`f`q¨ygbwusq�U_l`W_V>Wz�f°xebwl�aoz�f°u¨aIvwTBa�^tW=Éeu�mK�"¥iÉ�fjacltf@��aI]f`]=y_aol�acygf`]ljq¨^t]"Wz>�Jm�zBy�fjq�m�z�xeW_^°vBaol�aoV>Uf`ljW_^HxeW
yW=zwm�W_bBx�aovBvDW_u�]Z�cm�bwu�mcf�x� ]gfjljaczw�cusWV>Wz�f°vBl`qszBygqsvBacu¹ 8¿ZaozB^�zwmofjl`WªvBaovBq�W_l_��mcz�vBl`]@^tW_z�fjW+bwz�V6mexeU_u�W
vBu�bB^���]zw]_ljacuBfjWzBacz�f+ymcV>vef`W)xeWZf`m�bB^�u�W@^�zwm�WbBxw^_ ��+m�bB^�V>mcz�f`ljmczB^���b�� Wz3vwu�bD^�xwb���mcbwusmof�vwl`qszByq¥
vDaou¤��u¨a�v:Wl`�JmcljV
aozByW=xeW)S=��k¯W_^tf�bBzwW+�Jm�zBy�fjq�m�z�xeW_^�vBacljacV6Uf`ljW_^�xeW_^�aobefjl`W@^Hzwm�W_bBxw^_ H��W@^°zBm�W_bBxw^
v:WbB�cWz�f%acV6]_u�qsmcljWlIu¨arv:Wl`�JmcljV>aczBygW
W_z£l`]@xebwq¨^`acz�f�u¨aF^`vDm�lja�xeqsyqfj]�xeb£f`l�a��:y6S=��k��¦u�� Wz�f`lj]W�xwb
��mcbwusmof$vwljqszBygqsvBaou¤ �pFacqs^+WzrV��V>WIf`W_V>vB^�Dq�u¨^$v:Wbw��Wz�f=yacbB^`Wl$bwzwW�xw]�cl�acxBaKf`qsmczrxeWIv:Wl`�JmcljV
aozByW
usmcl�^���bBW"xwW_^Hv:Wl`f`W@^HaovBvBaol�aoq¨^`^`Wz�f8xwaozD^°ygW@^8zwm�WbDxw^ .¾8z�W®:Wf_��^tqBu�W@^8fjacV>vDm�zB^HxwaczB^HygW@^8zwm�WbDxw^HzwW
^`mcz�fHvBa�^8�wqsWz�xeqsV>WzB^`qsmczwzw]@^��usaIymczw��W_^tf`qsmcz6vDW_bef�acvwvBaclja��sfjl`W$xwaczB^8bwz�x� Wbwd�V��V>W=^�� qsu¨^Hmcz�fHvwusbB^
xwW6�DaozBxeW>vBa�^`^jaoz�fjW�lj]_^`qsxwbwWusu�W���bwW>u�W>��mcbwusmof)vwljq�zByq�vDaou¤ ���� W®:Wf%xeW
ygW_^)zBm�W_bBxw^I^`bwl)u�W
ymcV>vDm�lt¥
fjWV>Wz�f=xeWIS=��k xebwl�aoz�f$u¨a�vBTBac^`W%��mczw��W_^tf`qsmcz�·��cm�qsxBaozByWªv:Wbef��f`ljW)zw]��u�qs�c]� H��W_vDW_zBxwacz�f@�wzwmcf`ljW
aczBaoushe^tW"V>mcz�fjl`W ��bwW$usW=ymcV>vDm�ltfjWV>Wz�f�xwbwljacz�f�É�u�mK�"¥iÉ�f�aol`fHvDW_bef��gfjl`WªygmcV>vwusUgfjWV>Wz�f�xwq®©]ljWz�f�xeW
yWusbwq.vwlj]��b¦vBaclªbwz�V>m�xwUusW�ygm�zB^`qsxe]_ljacz�fZ^`WbwusWV>Wz�fZu�W6�cm�bwu�mcfªvwljqszBygqsvBaou¤ %��Wgf`f`W>aozBacu�he^`W%aoq¨xeW!�
fjl`m�bw�cW_l"u�WIV>Wqsusu�W_bwl=xeqsV>WzB^`q�m�zwzwW_V6W_z�f=xeW_^�f�aoV>vDm�zB^+a"�BzFx� acV>]usq�m�l`W_l�u¨a>v:Wl`�JmcljV>aczBygW)xeW�S=��k� 
¾Hz#�Bz*�eygWªV>m�xwUusW=zwm�bB^°v:WljV>Wgf"x� q¨xeW_z�fjq$�DWl�Wgf�x�� aczBaoushe^tW_l°bwz�vBl`m��wu�U_V>W=xwaozD^°usW+�Jm�zBy�fjq�m�zwzwWV>W_z�f
xwW3S=��k%��bBq"y_aobB^`W�bBzwWFxe]gfj]ljq�m�ljaof`qsmcz'xeb�xe]�wq�f_  ·³��W_y�xwW_^>^tqsV%bBusaof`qsmczB^_�8zwmcbD^%V>mcz�fjl`m�zB^!��bwW
yW�vwljmc�wusUV>W
v:Wbef!�gf`ljW�lj]_^`mcusb¯^tqHu¨a¦^tf`l�aKfj]�cqsW
xeW���W_^tf`qsmcz¯xeW_^�fjacV6v:mczD^%[+¾H¿ À¶[=aozBxem�V1¾Hacl`ush
¿Z¾.fjW_y�fjq�m�zDÁ"W@^if+xe]_vwu�mKh�]WIxwaczB^"u�W@^"zwm�WbBxB^$xebrl`]@^tW@aob* 
&�Ç �@� Å �(' � �r� S=��k��©É�usmK�"¥¢É�f�aol`f_�D��m�zw�cW@^ifjq�m�z3·��cm�qsxwaczBygW��Bprmexe]usq¨^`aof`qsmcz*�DÉeq�V�bwusaof`qsmczB^_�*)ZW@^ifjq�m�z
xwW_^$S�aoV>vDm�zB^_�w[+¾H¿��D¿ªl`m�v3S�aoqsu¹ 



���������
	��������������������	�	������ �"!$#&%'�)(*��+ }

, - �%��#��
2 ��,°���g���

S=��k�À¶S�l�aozB^`V>qs^j^tqsmcz£��mcz�f`ljmcu.k8ljmof`meymcu´Á+q¨^ZbB^tW@x���hFV
aoz�h¦acvwvwusqsy_aKf`qsmczD^ªmc�Hf`mexwaQh � ^Z¡¢z�fjWljzwWgfZf`m
ymcz�f`ljmcu�f`TBW�.BmK��mc�=fjTwWqsl>vBacy���Wgfj^�acy_ygmcl�xeqszw�¦fjm�zBWgfi��mclj��ymczw��W_^tf`qsmcz* ¯½�W_y_aobB^`W�mc�ªq�fj^>ygljbBygq¨aou
ljmcusWIqszFf`TwW�mcv:Wl�aKfjq�m�z3mc�8f`TwW�¡¢z�f`WljzwWf_�Df`TwW�vDW_lt�Jm�l`V
aozDygWImo�8fjTwq¨^+vwljmofjm�ymcu�TBac^=�DW_Wz¦qsz�f`WzD^tqs�cW_u�h
^tf`bDxeq�W@x0/ �e�:�e�D~w�*X@�e�³X�X$1¤ "S"TwW%aczBaoush�f`q¨yacu²V6mexeW_us^ªxeW��Wusmcv:W_xrac^j^`bwV>W)f`TBaof$f`TwW�zBWgfi��mclj��ygljm�^j^tW@x
��hFfjTwW�ymczwzwW@y�fjq�m�z�y_aoz£�DW
V>mexeW_u�W@x�a�^�ar^tqszw��u�W
�:mof`f`usWzwW@y���zwmexeW��*f`TBW
mczwW
TBaQ��qszw�3f`TwW
usmK��W_^tf
m�bef`��mcqszw�rljaof`W>mcz�fjTwW�vBaof`T£�DWfi��W_Wz�f`TBW�^tm�bwl�ygW
aozBx�fjTwW�xeW_^tf`qszBaof`qsmcz* 3S"Twqs^�V6mexeW_uHq¨^�ygm�l`ljW_ygf
q��HfjTwW>�wbe®©WlIyacvBacyqfihraozBx¦f`TwW
aQ�Kaoqsu¨ao�wusW��BaczBxe�$q¨x�f`T�q�z�f`TwW6mofjTwWlZzwmexeW@^Zyl`m�^`^`W_x¦��h3fjTwW6S=��k
ymczwzBW_y�fjq�m�z acl`Wr�cW_l`h¯u¨aolj�cWrygm�V>vBaoljW_x'f`m�f`Twm�^tWrmc�=f`TBW3zBm�xwW¦y�Twm�^`Wz�ac^
a�a�^`qszw�cusWFaozBx V
aoqsz
�:mof`f`usWzwW@y��© H½�h�aQ�Qacq�u¨ao�Bu�WZ�BaozDxe�$qsxef`Trq�zFa6zwmexeWI��W)V6W@aoz�f`TwWIl�aKfjWIaKf+�$Twq¨y�T3S=��k�vBa�y��cWfj^"yacz
usW_aQ��WZf`Twq¨^$zwmexeWIfjmK��acljxB^°fjTwW%xeW@^ifjq�zDaKf`qsmcz³ �¸+mK��W��Wl@�exebwWIfjm>f`TwW2.DbBy�fjbBaKfjq�m�zB^$qsz3ljW_acu*zwWfi��m�l`�e^_�
fjTwW_^`W ��bBacz�fjqfjq�W@^%y_aoz£�DW��cW_l`h�ygusm�^`W
�$Twqsy�T¯V
aQh£aK®©W_ygf�f`TwW��DW_TBaQ��q�m�l�mo�+S=��k aczBx£V
aQh�ljW_^`bwuf
qszFa
xeq�®:W_l`W_z�f+v:Wl`�JmcljV
aozByWZf`TBaczrf`TBaof+vwl`W@xeq¨y�f`W@x3��h�f`TwW�^tqszw�cusWI�:moftfju�W_zwW_y���zwmexeWIV>mexeWu¤ �·ª^$��W
�$qsusu�^`TwmK� usaof`W_l_��f`TBqs^�Wg®©W_ygf6yacz¯�DW�q���zwmcljW_x¯xwbwl`qszw��ymczw��W_^tf`qsmcz'aQ��mcq¨xwaozByW>�wbef>qf>yaoz'y�TDaozw��W
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¡ ����W)aovwvBl`mQdeqsV>aof`W � % & ��h � �(aczBx � %#" & ��h � � � a�^°qsz /sXcX�1¤����W=�cWf�fjTwWª�Jmcusu�mK�$qszw�%ymczBxeq�f`qsmczD^°m�z
��aczBx � � ^`m
ac^�f`m>zwmcf+TBaQ�cW)a6u�m�^`^"qszF^tusmK�"¥¢^if�aol`f��$TBaof`W_�cWl"q¨^�f`TwWI�Kacu�bwWImc�	� �

� � ���
� aozBx � � � ��� � �

	

S"TBW+^tTBa�xeW_x6ljW��q�m�z�qsz��B�cbBl`W$~)ljWvwljW_^`Wz�fj^�fjTwW+v:m�^j^tqs�wusW$�KaousbwW_^8mc� �{aczBx�� � �JmclHa)��q���Wz����� ³¡ f�qs^
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