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²/�V�c�S��² �Vv�­Cp6vwv;|�mcx�� 8 , � ��� ��� |wm�p�lb¯°� vwp!v�vw�C�Q��²/�V­C­T|w�Vo-p��zy�|!»��f�V�zp!��|�m�pÅ�V���C|w�¶x�­Tvwp}|w|w�V��¢QvW�zÉ
x�lb¯°� v�p6vwvw�C�Q�Ë²°p-��p}Ãc��pÆ|wmcp_�Ix���x�o-p}|�p�� > ��
 xzv½|wm�p�xzo_�Qy��8|f�zÉTÀd~8|wp!v;vwp��8|Wy��8|w�V­P|wm��¶v;��x�­Vy�p_�Vv
��p!xQ��m�p!�J»;l�mcp���p}ÉX�z��pW|�m�p-�@xz­Cycp1ÉX�Q� >���
 �¶vfvw�Vo_�c­C~�¢Q�C�Qp��ËÀd~E|wmcp_xzo_�Qy��8|f�zÉ�Àd~Q|�p!v;vwp��8| >�
 yc�Ë|w�
|�m�p�ÃI�cx�­Pv�p!�c�S�V��¢#��x�|�p 0 
 ��p!xQ��m�p!v
|wm�p_��x�­Vy�p . 8 , � � ����� 2êÎ#"'"JÏ ���	��» >b��²®p!�zp!�!¹��CÉ�|�m�pÆ�V���C|w�¶x�­
²/�V�c�S��² v��V¿�p;�¶v/¢z��p!x�|wp!�®�Q�/p!Á8ycx�­H|�� 8 ,�� � ����� |wm�p�vwp��c��p��/²/�V­C­J�c��|/|w�Vo-p��QyS|!»�l�mdycv!¹S²®p;mcx@�Qp
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 � >�
 .*. 8 , � ������� 2êÎ#"$"&Ï ���	� 5 0 � 5 0���� 2 8 � 0 �-� . 8 , � � ����� 2êÎ#"$"&Ï ���	� �
l�mcp���p��VvW~Qp}|1xz����|�m�p���vw�µ|�ycx�|��C�Q� ²/m�p��Â|�m�p#vwp��c�Sp!��²/�V­C­��V��p!�8�C|�xzÀ�­V~Ë|w�Vo-p��QyS|!»EÔbxzo_p!­C~Q¹0�CÉ
xE­C�8vwv
�S�!�}y���v_²/m�p��]|wm�p���p�o�x��V���V��¢�xzo-�zy��8|���É½�cx�|�xÂ�¶v_­Cp6vwv_|�mcx�� � ������� Î#"$"°¹����Âo�x�|w|wp���²/mIx�|-|wm�p
xQ��|�ycx�­���xz­Cy�pb��ÉH|wm�p½v�p!�c�S�V��¢���x�|wp/�¶v!¹z|�m�pbvwp��c�Sp!��²/�V­C­I����|T��p!��p��V�zp�|�m��wp!pb�Sy��c­C�¶��x�|wpb�b¯TCWv�xz�c�-²/�V­C­
mIx@�zp½|w����p�­V~Å�z�ExÆ|w�Vo_p!�zyS|/|����Sp}|�p!��|/|�m�pW­V�Qv�v�»

�½v_x��}�Q�cv�p6Á8y�p��c��pz¹��Q��p��!x��·�¶�Sp!�Q|��µÉX~´|�m���p�pEv��C|wycx�|w�V�z�cvÆ²/m�p!�wp�lb¯°�,vwp!v�v��V�z�cvÆx���p#�����z�cpÅ|w�
|��Co-p!�zyS|�vfxz�c�Ë²/mcp���p_x�v��V��¢Q­Cp_�cxz��³Qp}|;­C�8vwv½�V�c�Syc��p!v;xÅ|��Co-p!�zyS|�»Æl�mcp1Ãc��v�|;�!xzvwp_���z���wp6v��=�z�c�cv/|w�
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l�mcpbv�p6�}�Q�c����xQv�p
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­V�V��³�mcxzvfx#vwo�x�­V­0ÀIx��c�S²/�¶�d|�m�Fê��p�­¶x@~��c�w�S�Syc�}|f�Q�fx�É |wp!�b|�m�pÆ­V�Qv�v½�wp6�}���zp!�w~���mcxQv�pQ»fl�m�pÆ|wmc�C�����!xzvwp
���z���wp6v��=�z�I��v�|w�#|wm�p_�zp!�w~�p��I�Ë��É�|�m�pÆ|w��x��cvwo-�Vv�v��V�z�&»bÔbxzo_p!­C~E�CÉ®x��d~E��É�|�m�p_­VxQv�|½|wm���p�p_v�p!¢zo-p��8|�v
xz�wpf­V�Qv�|/|wm�p�vwp��c��p���²/�C­V­J���z|
�wp6�}p!�C�Qpb|�m��wp!pW�Sy���­V�V�!x�|�p��b¯TCWv/x��c���µ|
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Wf (y,W0,Wss)

y −y+MSS,

W0

L0(y,W0, Wss) RT0

y−y+MSSy

L (0
,1/RTT,2/RTT)

y <yto

Í��V¢zy���pYq��I¸��dp��I�S�C�c¢���x�|wpÊp!�z�z­VyS|��C�Q� ²/m�p!�ºx
�Ixz��³zp�|°�¶v/­V�Qv�|/ÀIp�ÉX�z��p > ��
 À8~8|�p!v/x���p;v�p!�Q|

Wf (y,W0,Wss)

Wf /2−MSS/RTT

W0

L0(y,W0, Wss) L (0     f f /2−MSS/RTT)y −y ,W /2 −MSS/ RTT, W

y −y
y

y <y<y−dup  MSS
to rt

Í��V¢zy���pYq6��¸(�dp!�c�S�V��¢Y��x�|wpÊp!�z�z­VyS|��C�Q�*²/mcp�� x
�Ixz��³zp�|L�¶vL­V�Qv�| ²/m�p!� > . >���
 � > � 
> �
� ������� Î#"'" 2�Àd~8|wp6v
x���p;v�p!�Q|

�V� <h���!=0xz�c��|wmcp���p}ÉX�z��pf|w�#x@�Q�z�¶�#��p}|���xz�cvwo_�¶v�v��V�z�cv°�zÉP�Ixz��³zp�|�v°|�mcx�|½xz�wpW�Q��­V~��Sp!­Vx@~Qp!��x��c�E���z|
­C�8v�|
|�m�pbo-�V���Vo1y�o ��� � �¶v®���z�cvwp�����x�|��C�Qp�­V~Æ��m��8v�p!�-|w�1À=p_q½vwp!�}�Q�c�¾»PÍ��Q�°���zo-��yS|�x�|w�V�z�Ix�­c�cy��w�=�Qvwp!vT²®p
vwy�Àcv�|w�C|wy�|wp°|wm�p°��x�­Vy�p°��É�|�m�p°|w�Vo_p!�zyS| ��� �¬²/�C|wmÆ|wm�p°p}{S����p!v�vw�C�Q�ÆÎ ��� . 8 ' : 5('�� ���	��2SxQv0vwy�¢Q¢zp!v�|wp6��V� <Cq@�%=ê»

�&p}|bycvbx��cxz­C~d¿�p;²/mcx�|b��xz��mIx����=p����Sy����V��¢-|wm�p�|w��x��cvwo-�Vv�v��V�z����É�xÆÃc­Vp�²/m�p���x-�cxQ��³zp�|��¶v/­V�Qv�|!»
« p½���z�cvw�¶�Sp��T|wm���p�pbv��}p!�cx����V�Qv��Sp!�Ip!�c�S�V��¢1�Q��|wmcp½x�o-�Qy��8|®��É¾Àd~8|wp6v > v�p!�8|®À=p}ÉX�z��p
|�m�pb­V�Qv�v��S�!�}y���v�¹
vwp�p A[Í��V¢zy���p!v#q��c¹°q6�Ëx��c�Êq%K�D}»��Ä�]Í��V¢zy���p�q!�Ë²°p#�zÀIv�p!�w�Qp�|wmcx�|Æ²/m�p!� >��!> ��
 Àd~Q|�p!v_x���p#vwp��8|!¹
|�m�p-|w�z|�xz­P|w��x��cv�ÉXp��f|w�Vo-p�²/�C­V­�À=p�p!Á8ycxz­P|w�E|wmcp-vwy�o ��É°|wm�p_|w�Vo-p��wp6Á8y��C��p!��|w��vwp��c� > Àd~8|wp6v�¹&|wm�p
��p}|���xz�cvwo_�¶v�v��V�z��|��Co-p6��� �,x��c��|wmcp;|w�Vo_pW��p!Á8y��V��p!��|��Åv�p!�c� 
> � > ,ÌÎ#"$"´Àd~8|wp6v�»

�Ä�Â|wmcpÅv�p6�}�z�I��v��}p��Ix����C�I¹JÍ0�V¢zyc�wpEq6��¹H|wm�pÅlb¯°� vwp��c��p��W²/�V­C­��Sp�|wp6��|W|wmcp�­C�8vwvfp��Qp��8|Wy��=�z�Â|wm�p
��p!��p��S|��C�Q�E��ÉP|wm���p�pÆ�Sy���­V�V�!x�|�p1�b¯TCWv�»°�Ä�E|wmc�Vvf��xQv�p;|�m�p1lb¯°�Êvwp��c�Sp!�b²/�V­C­0mcx�­V�zpW�C|�v½v�p!�c�S�V��¢Å��x�|�p
0 
 xz�c���µ|b²/�V­V­¾|w��x��cvwo-�µ| 0 
 � � �/Ï � � Î#"$"·��p�² Àd~8|wp6v��C�ËxQ���S�C|w�V�z��|w�-|�m�pW­C�8v�|½Î#"'"°»��Ä�E|wm�p
�cp}{d|½���zy��I�Ey��I�Q��|wmcp1��p!�}p!�S|w�V�z���zÉTx�­V­&|�m�pÆ�b¯TCWvb�µ|f²/�C­V­0|w��x��cvwo-�µ| 0 
 ���	�/Ï �_��p�² Àd~8|wp6v�»fÍ��z�
|�m�pÆv�x�³Qp���É�vw�Co-��­V�¶�}�C|�~z¹H�C�Ë|wm�p1Ècy��¶�Ëo-�S�Sp�­�²®pÆ�}�z�Iv��¶�Sp��b|wmcx�|b|�m�p1��p�o�x��V���V��¢#��x�|�x#�Vv2
> � > x��I�
|�m�p-��p�² v�p!�c�S�V��¢���x�|�pÆ�¶v;v�p�|;|w��0 
 Ï � � Î#"$"JÏ � � ��»fl�mc�VvWxz�������@{d�Vo�x�|��C�Q���z�Ë|�m�p-�wp!o�x��V���C�c¢
�cx�|�x�x�­V­C��²
v1ycvÆ|w�Â³zp!p��·p�{SxQ��|Æ|w��xz��³´��É
|�m�p�p��z�Q­Cy�|w�V�z�·�zÉ/|wm�p�vwp��c�S�V��¢���x�|wpz»´�Ä�]|wm��¶v-vw��p��cxz�w�V�
|�m�p�|���|�xz­�|w��x��Iv�ÉXp!�W|w�Vo-pÅ�Vv1p!Á8ycxz­�|w��|�m�p#vwy�o ��É°|wm�p�|��Co-p��wp6ÁQyc�C��p!��|w��vwp��I� > Àd~8|wp!v�²/�µ|�m |wm�p
�V���C|w�¶x�­��Ix���x�o-p}|�p���v�x��c�Æ|wmcp/|w�Vo-p
�wp6Á8y��C��p!�1|w��vwp��I��
> � > x�É |wp!��|wmcp
­C�8vwv�p��zp!�8|P²/�C|wm-|�m�p
��p!²Ülb¯°�
vwp}|w|w�V��¢Qv�A 0 � x��c�&0 ��� D�»

l�m�pÆ|wmc�C����v��}p!�cx����C�I¹IÍ��V¢zy���p#q%K�¹¾�}�Q�w��p!vw�I�Q�c��v�|��#|�m�p-v��C|wycx�|w�V�z�Ë²/mcp���x#­C�8vwv½�S����y���v½x��c�Ë|wm�p
xzo-�zy��8|���É��cx�|�x_��p�o�x��V���V��¢_�Vv�­Vp!v�v®|wmcxz� � � ����� Î#"$"�»0�Ä��|wm��¶v
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Í��V¢zy���pYq�Kc¸��dp��I�S�C�c¢���x�|wpÊp!�z�z­VyS|��C�Q� ²/m�p!�ºx
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0 0.5 1 1.5 2 2.5 3

x 10
4

0

0.2

0.4

0.6

0.8

1

1.2

1.4

time (sec)

P
D

F
(t

)

Conditional transfer time k=0
Conditional transfer time k=1
Simulated transfer time k=0
Simulated transfer time k=1

 TO−THRESH

Í��V¢zy���p�q��d¸ ��{d�=p!�}|wp6�Å�}�Q�c�S�C|w�V�z�cxz­�|w��x��Iv�ÉXp!��|w�Vo-p
�QÀS|�xz�C�cp!��À8~��zy���ÈIy��V��o-�S�Sp�­Jxz�������QxQ��m

Ôbp}{d|!¹°­Cp�|Åycv��Sp�Ãc��p���. > 5 � 5 
> 2WxQv_|wm�p��Sp!�cvw�µ|�~ ÉXyc�c��|��C�Q�Ü�zÉb|�m�p�x�o-�zy��8|���É;��x�|�x > |wmcx�|��Vvvwp��8|fÀIp�ÉX�z��p�|wmcp1Ãc��v�|½­V�Qv�vb�S����y���vb¢Q�C�Qp��E|wmIx�|6�E­C�8vwv½p��Qp��8|�v½mcxz���Ip!��p!���Sy����C��¢#|wm�pÆ|w��x��Iv�o-�¶vwvw�C�Q�
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W0

Wss

TCP packet level model

Fluid model
before correction

by bRTT/2
Fluid model delayed

bRTT/2
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