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Precise Software Pacing Method for Long Fat Pipe Communication

Takano Ryousei,†,†† Kudoh Tomohiro ,† Matsuda Motohiko ,†

Kodama Yuetsu ,† Tezuka Hiroshi † and Ishikawa Yutaka †,†††

It is known that pacing can effectively reduce packet losses which are caused by buffer
overflow in intermediate routers in a long fat pipe TCP/IP communication. However, special
hardware is required to realize precise pacing.

In this report, we propose a precise software pacing method which realize virtual inter
packet gaps(IPG) by inserting “Ethernet gap packets”. The gap packets are inserted by the
operating system without using any additional hardware. By adjusting the size of gap pack-
ets, the pacing ratio can be precisely controlled. The effectiveness of the proposed method is
shown by evaluating TCP/IP communication performance using a wide area network emula-
tion environment.

1. Ô�Õ×Ö!ØÙÛÚ°Ü[ÝßÞ\àdáXâ@ãÛä@åçædè�é�Ü�ê@ë�ìRí@îïà°ð^ñ
ò\ó�ôöõR÷døRù�ú�ûTüþýHÿ�� õR÷������DøRù Ü �����
�öíDì
	���
���í��[ä��������������
õ���õ Ü[ÝßÞ\àRá��! �
#"#$ ò Ü[î�à�ð&%Mí�'�
)(

*,+,-�.Dä ��/ ��0�1 Ü
TCP/IP

	,�2
�3�4,(�*Dä
5�6!7���8,9
:�"2;=<?>mé����@����8�é@:@Ü&A!B�C�D
E ò)F�G!H ä �2/ ;=5!6!7#��8@9mä�I�J&K�L?MVÜ@8�

N)O ò�P õ �[Ü

HighSpeed TCP6)
Ü

Scalable TCP5)
Ü

FAST7) Q,R Ü�S õ � TCP
A�B!T�U@V�W�ä!X!Y�Ü�3

Z ècé@�,�,���
� ÷ Ü)[?\
:@Ü#] ð
^�_ ÞBìTëTî�à�ð&%Mí,'�'�`�a


DÝ Þdà@áb�, ý)c�d õÛ÷�e#f2g�h Þ
i°í,jlknë�3
m 
�n!o

2) p Ü SC2003 Bandwidth Challenge( q 6�Ü
BWC

9sr�t
)
K m � ÷#uwv�x ��y#z!{\ê}| F�G 3�~ 3)

† ���������������������������=���w�=��� (National Institute

of Advanced Industrial Science and Techinology)

†† �������}�
����� (AXE, Inc.)

†††  �¡�¢�£�¢�£�¤=¥�¦�§�¨w£=©=����ª (University of Tokyo)

� >cÜMî�àÛðb%Mí�'
(�*�« ��¬ ý ñ!­�� ò :dÜ
TCP

ò
®�¯ �
A!B�T�U,V�W@
�°�±�² ¯ K,: Q ;ÒÜ&� í°ìïÞBë'´³ ò ® ����µ ð�| î à�'ïÞ�ë�' ò 1!¶�· ÷�¸ í�j�ë
Ýdä�¹!º�K�L���9b�»$w<,¼ ý�½ ÷ �

SC2003 BWC
K�:[Ü�¾�¿#Àïà�ðMêRí�Á îïà ðcîþà

ð�%dí@'�Â@a ð�Ã à ð
GNET-14) ýOÿ,�þõ@÷�Ä i àð x ¾@ÅHà h

(IPG: Inter Packet Gap) Æ T�U ò "��� ¸ í�j�ëdÝ ý m � ÷ ��Ç�
)È�ÉDÜ uÊv�x[ò�Ä iöà�ð
^�a�
 Q �&Ë döõR÷ î à�ð&%Mí�'�z�^Tí ý 3�Ì õ Ü)ÍÎ#Ï[í�'ÑÐ�Ò�


97%
K@L,�

472.5MB/s

��öíÛì F�G

Ó í ð ý
Ô�ÕþõT÷ �
APAN LA

9sÖ,× x 

OC-48 Ø�Ù ( Ú Í�(�*@:�Û

300MB/s)
ä�µ ð�|�î à�' ò Q �\î àDð&%Mí�' ò ® ��@Ü

6
P

6 Ü a ð x K P�Ýdò z�{Oêw| F�G�ý m � ÷)Þ 
(�*�ß�à ý)á
1
Ü á

2
ò�â 7�� Q ® Ü RTT

:
141ms

Ü
Ü a ð�ã�
�ä)i à�ð�å àÑz,{sÁþêb�!: 8MB

Ü
TCP

A
B�T�U�V�W ò :

HighSpeed TCP
ý�� � ÷ ��æ

1
ò�â

7#"#$ ò Ü ¸ í�jDëRÝ ý m ¶ Q �&0�1 ò :@Ü)ç Ü a ð

Æ#è ��é�ê´�}ëíì�î�ïÊð
��ë�ì}î�ñ)òôó}õ���ö
÷�ø�ù�ú}û�ü�ýÊìî�ïwðÑ�Êë�þ�ÿ��������	��




 0

 50

 100

 150

 200

 250

 300

 350

 375.5  376  376.5  377  377.5  378

B
an

dw
id

th
 (

M
B

/s
)

Time (sec)

Tx Total
Tx 1
Tx 2
Tx 3

�
1 GNET-1 þ�� 
������Ê�����
	�� :

APAN LA-Tokyo (300MB/s)

 0

 50

 100

 150

 200

 250

 300

 350

 245.6  245.8  246  246.2  246.4  246.6  246.8  247

B
an

dw
id

th
 (

M
B

/s
)

Time (sec)

Tx Total
Tx 1
Tx 2
Tx 3

�
2 GNET-1 þ
� 
��Ê�
�Ê�����
	�� (87.5M/s x 3):

APAN LA-Tokyo (300MB/s)

ä�å í�a ð�� ò)G � ý m $Ê
)K°Ü�Ç�
)1 ø ä Ú Í�(�*ý���� Ü�|þí°ì�
)åßàbz,{cä�L��Mé ÷ E�� KÛÜ Ä iþà
ð´^)adä�C!D õ � ® M^ÜÑ	���(�*@:&Ë d õ Q ������V@Üæ

2
:

2 Ü a ðÊ
�1 ø�G � Ó íþð ý 87.5MB/s
ò�¸ í

j�ëdÝ õ Ü
6 Ü a ð=1 ø 
 G � Ó í ð¹ä Ú Í!(�* ý��� Q �@"2$ ò T�U õ\÷ 0!1�K,L,�Hä°Ü G �!(�*@:�� dK�Ë d õ �,� ® M^Ü Ä iïà ðb^�a�:�C,D õ �@� Q �!�8)
@"#$ ò (�*�+�-�.@
 �2/ Q î�à�ð&%Mí�' ò ®!¯ �	���Ð�Ò!°�± ò ® �)� ¸ í�j°ë\Ý�:���4 Q���� K�L��b�� �!K�:TÜ

GNET-1

,"#$ Q�!#"�Q%$ í�á'&�( g°ý� �*) ò Ü@ä�zïð�&+( gTò "��
�%,'- Q ¸ í�j�ëdÝ Q3�Ì�7�� �'. ý X�Y õ Ü�Ç�
)3�Z 9�/#0 ò'1 ����2�3�)��X�Y � . K�:@Ü Ä iþà ð�a�i 465Tí!` ò "��´���7 G ��7�3 /ÑÄ i à ðs
 x�ò%8#9�: 
�¾@ÅXà h�Ä iïà

ð ý�;#< 7@��8,9 ò "��b��Ü&µ ð�|�î à�'ïÞcë�' ò ®
¯ �

IPG
ý�=#>ïõ Ü ¸ í!j�ëRÝ ý m $��

q 6�Ü 2 ? ò ® ����µ ð=|öî à�' ÞBë�'*@ 9 ò�¸ íj�ëRÝTä!¹!º 9 Q �ÑÍBA ò'1 ��� 2C3 ����D����ÛÜ 3

? K ��V�W@
�E ø Ü Linux
ñ#F�
&3�Z,V . ò 1 ���%23DÜ

4 ? K /�0 ý m $=� 5 ? K ½ >�é ÷ È!É ò�P 72�G Î ý m $��
6 ? KCH+I#J�K ò'1 ��� 2L32���+M#N ò

7 ? K �@9�O ý m $��
2. P Q
2.1 TCP R#S�T#U
TCP

:#V�|?z,'!^�à�WDëTÝ h ^ ð�XÑ|@K@L»MÒÜ#Y
Z�['\

(ACK)
Ä iïà ð ý^] '�^�à�' _�9 õ � ÿ�� 7

�!8,9}KÛÜb	��#`'acb�
�µ ð�|�î à�' Þ�ë�' ò 1!¶�·
� Ä iþà ð G � x%döý�='> 7���� 1 � MVÜ�µ ð=|�îöà
'þÞBë�'Hä e#f�7@�b0�1°Ü%g���ãÛä

ACK
ýih �,7��

x%d :@Ü&µ ð=|�î�à)'ïÞcë�' ý 	'j,7@� Ä iöàDð�k�l
x d 9 Q MVÜ qnm Ü G ��ã#: ACK

g�� ò 1�¶�·@�°Ü
Ä iïà ð ýbG ��7#���
õ�� õ Ü%V�|2z,'�^Dà�W�ëdÝ ò "���znoMí�áså à�'
ä p ;Ê
�:@Ü)µ ð�|�î à�' Þ�ë�'cä Ä i�à�ð�K q ÷ è
é ÷ qnm K�L?M^Ü�ÇMé»��K G ��ã�: NIC


 Ú Í�(!*ò "�� G � ý D ¯ �&� 1 � MVÜ&	!�6r%s E 
&å�í�a ð
F�Gþý V�|2z,'�^Dà�WÛëdÝ�KLtvu!8,9
:�K / Q �����÷ Ü�W*5\í�ê@ëOÝ�+�- Æ 
�w�x ò "�M ACK

ä y x+d�ò
h � èXéC)[Ü�-'l õ � G ��ã ò+z ;Ñ8�9 ò "�M^Ü�å í
a ð F�G ä�C�D�7@�

ACK {'| 9)
9
�l$=Ì'}B~Ê<»>mé

�,���&�
è�> ò Ü

TCP
:�aßð°Þ�í ��@ 9&
�A!B�&'o@ë�á#&

ò "��Ñ��A!B�T�U õ � ® M^Ü��#�&µ ð�| î�à�'þÞcë�'
ý 	 ��a ð�ÞXí+��K,L@�´��~cÜ�a ðÛÞmí%� x K F�G�H
ý��'=öõ ��T�U,7��!8@9
: Q ��� õR÷ ä �
�ÛÜ��#�@aðÛÞXí+��K�:�µ ð�| î à�'ïÞ�ë�'s|öíÛì�
)å àbz,{sK
�%� K / �´å�í�aßð F�G K�L��
��~BÜ*�'��a ðÛÞmí%�
än� E ò µ ð�|�î à�'ïÞcë!' ý 	��,9cÜ Ä iöàDðÑ^�a

�I2J29 Q �)�

2.2 ��� �c�*�
TCP

z�^\í Ó Ã�|!K!: G � Ó íþð ý A�B�&%oBëÛá%&
Á êb�

/RTT
ò T�U õ �!���BäÛÜ Ä i àÛð Ó Ã�|�K!:TÜ

Ç�
 G � Ó íïð òDõR÷ ä �
����� ò�Ä i à�ð G � x�d
ä�T�U è�é���� �@: Q ;VÜ�å í�a ð G �Ûä�C�D!7����Ò�Ð[ä@L��&��å�í�a ð G �@
 N)O ò�P�õ ��Ü Ä iöàDð
G � x%d�ý ��� ò+�'� à õ Ü,8cé ý °�±�7�� � . 9 õ� ¸ í�j�ëTÝ 10)

ä!X�Y è�é@�,���&�
� ��� Ü�¾�¿@À�àÛðnêdí�Á î�àDð

( q 6�Ü GbE
9
r

t
)
K�:@Ü

1500
åïêöð}
 Ä iöà°ð ýÑG �,7@��
 ò����

� E x :
12us

K,L�����8�8bK G � Ó í ð ý M � Ó í
ðÊ
%� ó K�L��

62.5MB/s
ò�¸ í�jDë\Ý�7��
0�1DÜ Ä

i à�ð G � x�d :
24us

ò*='> 7@�
¹�º[ä@L,�&� Q ® ÜÄ iïà ð�ä G � ècé@��� Q � E x K@L�� 12us
K G �

K / �bå ê�ð
��Ü�7 Q ¶�� 1500
å êþð ý Ü Ä iïà ð

x ¾,Å�à h
(IPG: Inter Packet Gap)

9
r!t!�&	L��

NIC

K�:
IPG

ý
8 � 12

åïêþð ò E dïõ �����&�

Æ � �¢¡¢£ î�¤�§
¥�ñ§¦¢¨ ¡¢£ ÷ª©s�w��þ¢«¢¬ 
�­�®�� è ��� ¡£ þ°¯ ±�ì�²	
°³¢´´ó�µ è·¶�¸ ¦ ¨ ¡�£ î 5ns/m ì�¹�
�ú}û­
®�� è ��� ¡�£ î�º´�¼»�½Êû¿¾§©s�=��þ�«°¬�
 ¶ � ó�µ�� ���þ�À°Á�ú�ÂªÃ
Ä�Å � 
·³



�
3 �Ê�¢�w���

á
3(a)

:[Ü G �Dä ¸ í!j ëTÝ�ècé@�,� Q � � K�LMVÜ
RTT

L ÷ M

 G � Ó í ðs: ¸ í!j ëTÝ õ@÷ 0!1
(
æ

3(b))
9*�C��K�L��Mä�Ü�µ ð�|þîöà�' ÞBë�'�
�(

* ý���� �
å í�a ð G �Ûä�� / ���@����Ç õ ��Ü&å�í
a ð G ��ä'D ;)9cÜ)µ ð=| î�à�'}|öíÛì�
&åçà�z�{Xä
L��Oé�� õ ��$=��åçà&z,{���Í ò

TailDrop
V�W ý��

� õ �,�,�����v� Q |þíÛì�:[ÜLW#5TíÛê[ëTÝ H ä!å àz,{}Áöê&� ýi�L� �,9cÜ�ÇBé qCm ò k%l õR÷)Ä iöà�ðý 7%3��ïá�^Dà h è´· ��
)K°Ü&å í�a ð�� Q Ä iöà�ð^)adä�C!D�7@�)����V@Ü)æ
3(b)


,"�$ ò ÜÑµ ð�|�î�à
'ïÞcë!'´(�* ò 1�¶�·!� ¸ í�jDëdÝ�7@��8,9}KÛÜ&µ ð
| î�à�'þÞcë!'´|öíÛì�
&åßà�z,{&L��Oé�Ü Ä iïà�ð
^
a ý tvu!8,9mä!K / �)��8)
@"#$ ò�¸ í�j�ëdÝ ýnÿ��
7@�!8�9�KÛÜ�æ

1
K�C�D!7@��"#$ Q Ä i�à°ð
^�a ý t� Ü�æ

2

�"2$ ò Ë dþõT÷)F!G Ó í ð ý 3!Ì�K / ���

3. 	�

�����
3.1 ����������������� ��!#" �L���n�*�%$�&¸ í�j ë[Ý�
�3�Ì@V . :ÛÜ GNET-1


#" $ Q $ íáL&+( g[ò "��
IPG

T�U 9BÜ2ä�z ð+&+( g ì°ê ' ò
"�� Ä i à°ð G � x�d T�U ò�� " K / �&�)(#*�: IPGý ,#- ò T�U�K / �Hä°Ü !�+�Q%$ í á'&*( g°ý&� ���¹�º�ä�L,�)�+�!V�Ü�N�*�:-, � � Q�$ í á#&+( g ñ!K3�Ì�K / �HäDÜ E x �/.�0 p ,#-ïèHÜ-1�2@
43%5[ä NO 9 Q �)�Ç,8ÑKÛÜ Ä iöàDð x�ò Ü)3�	�� 9
:/66H-7 Q�8�9 íÄ i à°ð ýi;'< 7��!8,9�KÛÜ

IPG
ýi='> 7���V�W ý X

Y�7@���,8)
�V�W@:@Ü@ä�z ð�&+( g T�U ò "��´�%,#-
��1*8L9': 


IPG
ý T�U�K / � ÿ � ä@L��&� � �'� Ü

(�* ý � ó�ò 7#�
0�1�:[Ü�3 Ä iöà�ð x�ò 3 Ä iöà�ð
9��#�&Á�ê&��
 8:9 í Ä iöàDð ý�;#< 7Ré � "b��� q
m Ü�8&
 8�9 í Ä i àÛð ý ¾�Åmà h�Ä i àÛð&9sr�t����÷ Ü�¾,ÅBà h!Ä iþà�ð q�; 
���7 G ��7�3 /�Ä iþà ðý 3 Ä iþà ð�9Ñr!t��

�
4 <>= ¸@?BA

3.2 sch ipg C DFE � G��V�WIH�J�K:L/MNL�O#P-QL(-R�M4S�T-U�VXWNY%L�O
P�Q�Z�R�M�[X\�R

( ]�^#_ IFQ `�a#b )
H�c�dNWeY�f

g�h�i M g j \�RFk)O/l�mnkpo
(QDisc: Queue Disi-

pline) `/q-r Linux s T t�u q�v�wt�uNx�y%zIH4{
4
T/|%W w�}/~ k g R�o:��O��:��x����JIR%P/� _N� g�h�ip� ` x��%��[#\�R-T�[#\ RXLO le��� _ TCP/IP ~I� i��)� MNP h�� T��%� r IPf gIhXi�� ����Y w ��q4r#_ IP

f g�hXi ��J�K�L/M�L
O#P Q%Z-R�M � ` x�L�O#P-QXZ R�M�[�\ R�T�[�\ R�LO-lN����Y w Linux � �NL�O#P-QXZ�R M�[�\�R-T �XWY�[�\ RXL�O-l mnk�o��X��R�� ���#j \ R � `4q4r�~� leL�O���� ����� _/¡�¢N£ FIFO

�:�
Class Based

Queuing15) _ Stochastic Fairness Queuing16) £I¤�_¥§¦ x�mnk�o/¨�©Xª ��«#¬ ��� r �NY w
s�­ x�® ¯%°�H)±�² q�_ «�³�´-µ H/��R4� �%��j \�R�
sch ipg ` q-r t%u q�v%w sch ipg

� _#~�� i/���M�P h � ���
IFQ

x
enqueue ¶/· ¨ a-¸ � vI`-¹ T _

IPG
H�º�» q/_ t�f gIh�i `4¼ ½ T�¾X¿ h ~ f g�h�iÀ

IFQ
T Á%ÂXWIY w

QDisc `�q�r tXuIW�Y�Ã `)�N_#Ä R�ÅÇÆ4È � �Ç�� R ÉFÊ-O�l � g�hei (rtnetlink)
L#O%P�Q�Z�R#M�Ë

Ì ��_ f �eÍ R�P�ÎNÏ £e¤ x Ð�Ñ%¨�tXÒ �:¹ Y w rt-

netlink
� � R�É�Ê�O�l�²�x�LXO%P�Q%Z�R%M ��� Y vÓ _/Ô i � � h/� k)O �/� ` T4Õ%Ö�¨%��� ������_ JK�L/M T4×�U q4£ ��Ø�Ù `�q�r t�Ú ��¹ Y�±�Û�¨ � Y w

sch ipg
H�±X²%W�Y v Ó T��#R�� � x Ü � O4f�L ��-Ý�z ���:��_ ��j \�R � H%L�O M i R � WeY/Þ%ß �±%²�����T £ Y w#�%q4r#_-~N� l ��à O-l�Æ�È � Þ#ß

� � £ ¦ _�á UNx �-â O�ã-H�äX²#WNY%Ã `��%_ �/â Oã�Æ�È � � ����Æ�R i £#¤ x4f �#Í R#P H�Õ�Ö ��¹ Y wåXæ ¸�_�ç xeè�é�T tc
�-â O�ã H�t#Ò q-_ �%�êÆ/Ri H�Õ%Ö ��¹ Y w



# /sbin/tc qdisc add dev eth0 root ipg rate 62.5mbps

3.3 IPG �����
GbE

x���� _
	�� x-�X�ÇÆ R i (TargetRate)
T

ÕeÖ�W�Y v Ó T�
�z £ IPG
� _ ç�� � ��� Ó YIÃ

` ¨ �:¹ Y w#£ � _ Hd1
��L�R��I� hei x�� h�� T

FCS(Frame Check Sequence)
H�� æ v 18

KÇL i _
Hd2

�
Hd1

TI�X�4T ~ k } O�� � H�� æ v 26
K�L

i �N� Y w

IPG′ =
(MTU + Hd1) × 125

TargetRate
−(MTU +Hd2)

IPG = max(IPG′, 12)

3.4 ���������� !�#"%$'&)(+*'��"¾X¿ h ~ f gNhXi � IPG ]-, T�.-/���0Xx�1�Ñ#²�H2 æ £ ��Ã ` ¨�
�z ��� Y w Ã/x v Ó T#�%M�L h43 xÂ65�mNR i � ¾�¿ h ~ f g�hei ¨+7+8:���FY�
#z%¨ �Y w4� Ã �#_ Ú�V�x�t�u � � _ ¾%¿ h ~ f gNh%i `�q�r
IEEE 802.3x

Q � R�c�d � Ö�9��p� r �#Y PAUSE
f

gIh�i H�:%² q4r ��Y w�; M i ` MNL h�3+< xXQ � Rc#d#¨�=+>ex%��� _ PAUSE
f g�hNi �%MeL h?3 � 78�����Y w�@�A�_ Q � R�c�d�¨-B->�x)���X� _ PAUSE

½ < 0 ` WeYXÃ ` TIè ��_ 1#ÑX²IH�C�D q-r �eY wE v�_ GbE � � MTU
¨

1500
KêL i ]�s x j ¿O Ô QNÆ4R�F�G�����WeY#Ã ` ¨%��� ���F� _�@-H�� Tj ¿�O Ô QNÆ�R�F ��INx NIC

�
9000

K�L i x/f g�h
i G�����WNY%Ã ` ¨ ��¹ Y w%� Ã �X_ IPG

¨
9000

K
L i è �KJ �4�����N� _ ¡6@ x�¾X¿ h ~ f g�h�i G��L q-_X� � ]�s x��6�N� _�M�·+N x�¾�¿ h ~ f g�hNiG�� L WIY%Ã `���O�P+Q x IPG

T��+I�WeY w
4. R S
4.1 TVUXWZY
«#³�´�µ G�[�\XWNY v Ó T _�Ô i � � h-� k�O � ¨U�VXWeY^]�_e� h�i%` R � G�a+b q v t�c+d�efG4² P
q#v%w � hei�` R � Ù#ghG�{ 5

T�|NW w�; M i ` ML hi3
(Dell PowerConnect 5224)

< _ M�L hi3+< T _
� �kj#� GNET-1

G�l6m q�v%w GNET-1
�

FPGA

` GbE
m�R i G�n-o _��#q/r m�R i�� ` T 18MB

x
SRAM

G%phq _�r Reã#s-Z }�� j�h�� TIè�Y%t�u �v+w+x £ /���y�z�x)a�b+{ _ ���FÆ4R i c�d £X¤ G�tÚ q-r �eY w|
5
T#�%ßNY

GNET-1(C) � � 62.5MB/s
x�}-_ _

200ms
x�~��-/#��y+z _%�%q4r TailDrop

� RXP-x f
g�hei � M��#��G%a#bNW�Y w ���/T _ GNET-1

��/
������T����fG ��v æ Y#Ã `�£ ¦ _ ` L%��Æ-R i � fg�hei G%[%¿ ~ 3 ¿/W�Y�Ã ` ¨N��� �e� Y w�� Ã ��_
GNET-1(A) _ (B)

� f g�hNi [#¿ ~ 3 ¿ �eè4� 32nsx���� x TIè�Y)� v K�O�ã^�-�%Ö�T ±�²%WeY w

�
5 �����4�������i���K�

�
1 �K�%���� ���¡K¢¤£¦¥¤§©¨

Processor Pentium4 2.8GHz

Mother Board Intel D865GLC

Main Memory 1GB (DDR400)

NIC Intel 82547EI (CSA)

�
2 OS ªK«

OS RedHat Linux 9

Kernel
Linux 2.4.26

+ Web100 2.3.8

Intel PRO/1000 Driver 5.2.30.1-k1

TCP Protocol
Scalable TCP

WAD IFQ

Max Socket Buffer 32MB

¬ ; M i T��#ßNY r R�ã�s-Z } x%­�®�G^¯ 1
T _��Q i s�Z } Ù�g!G�¯ 2

T |�W w�-R/� � �
Linux 2.4.26

G)È�R M�T
Web10014)

f h
3 G�°%² q�_ TCP ±-² c�d A���`�q�r Scalable TCPG�²�� v�w Scalable TCP

x�t uX� _ Web100
f h³3 T

¼�´ ��� r ��Y À x�G�:X² q�v�w�£ � _ Web100
f h

3 � _�~�� i)��� M�P h4� T#Q h�� G)Á�Â%W�Y#Ã `��#_
TCP

� � � oê�)O ¡�µ�� x ±�² s#Ê�Oeã�s _ M � RM�P/R i�¶�· _ ]+¸�s�Ê-O�ã�s £X¤ x�¹�º�º�»fG^¼+½
q�_ proc

Q6¾/L � o�M É-F#G^¿ q�r�Ä R4Å }-~ k g Roê��O-T «%¬ WeY wE v-_ y+z�¨�À ¹�£ � h�i%` R � T���� r%_ IFQ �Á �!G�f g�h�i � M `�¼�Â T ±�² `4q4r�Ã é `�_ 
#z
]�s T ±-² s Ê/O#ã�s�G)c6Ä�W�Y#Ã ` T £ Y w/� Ã �#_
Web100 Å6Æ x WAD IFQ

G�B+>eT q-_ IFQ � Á �G ±6² `4Ã�ÇN£ ��Õ�Ö `�q�v 1) w Ã)��� IFQ Q f �Í RXP �e� Y txqueuelen
G%À ¹ ¦ WIYXÃ `%`4¼%È x>�É�¨ � Y w �#��T _N� g�hNi K h Q�¾�Ê�Ë�T ¶�q4r� _�Ì�ÍkÎ � i �6Ï�� � x��#� `�@+Ð �)Ñ�Y v Ó T _

Web100 Ò h Í ¾)Ó'Ï i?3 \�Ï�ÔfÕ#l%��=#> `�q�v%wÖ À � g�hei Ò h Í ¾���×�ØX��y#z%¨ 200ms � À�ÙÚ £�Û ��¨�½F���:YXè�é�T 32MB `-q�v�w
4.2 �� '��"�Ü�Ý#Þ-ß
3.3 à � | q�v�� xIèIépT _ IPG

x�ÎXÏ�Teè�Y)���
Æ%Ï i x/c�d _ �%��T f g�h�i ��� <�á x�â�ã � T-o� r u�ä q�v�wE^å _ ¾N¿ h ~ f g�hNi �'×�ØkG�Î#Ï q�v ���ex�}
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6 ���������������
	���
������

_ex4Î � G/{
6
T4|XW w t���¨�t�� · _ Û��#¨-Ë�� ·

��� Y w f g�h�i �f×%Ø ¨ 6000 Ò × i ]�s x����XT _Ë�� · ` 2.5MB/s � x x�� ¹ ¨��:���:Y)¨ _ �"! Ë� · / � x$#6É!G�| q/r �NY&% w#£ � _ y+zX¨ £ ���� À _�¼%ÂN£ #�É `�£ Y w'X� r�_)( Ï/o+Õ�l T�è/Y�f g%h�i � � <�á x?â-ã �G^u�ä�W�Y v Ó T _ iperf
t�Ò ½ x�f g�hXi G GNET-

1(A)
TNè"* r [�¿ ~ 3 ¿ q�_ f gIhXi ��� ½ < ` o�Ïg Õ,+�-�.Nx��#I G0/21 v�w#£ � _ ##ÉI��+ � Ï2+3 Ï i�4 x�Ö,5�6�7Nx À x �e��� _ o+Ï g Õ�+8- .#�9 A-� G;: < q {�WX�Iè:é�T-t,= � q-r �eY w ]e^�_

( Ï�okÕ l�G%B+>NT q�v ����G pacing A���_ =+>eT
q�v �+�!G stock A��ê`�a#b#w9 A�� T%��ßIY�o#Ï g Õ,+�-2.Nx0>@?�G { 7

T�|
W w Ã���è � pacing A�� �$A 60MB/s `�B6@ xDC ¹
� o#Ï g Õ�+�-2.�¨�E#� q/r �eY�x%T�� q-r�_ stock

A�� �0A 120MB/s `�_ pacing A�� x�FIx8C ¹�� /��
`HG2I G�J ��K W ` �Çé��#��G4| q/r �NY w ���/T _
ms ]�L x%��� x � f g�h�i �#� <�á G;/�1 v�` Ã�M _
pacing A���� � 24us _ stock A��#� � 12us

T £ * r�XY�Ã ` ¨ Ç ��* v/w 2.2 à �"N 1 v èNépT _ ���:Æ�Ïi
62.5MB/s ��( Ï�o#Õ/l-WeY��-���-f g�hXi ��� <á ¨

24us
T £ � ¸ è��Xx ��_�«%³#´#µ ¨�O,PNT ( Ïo�Õ l ��¹)r �NYXÃ ` ¨ Ç ��Y w

4.3 TailDrop W+Y@Q�R�S�T0U�(,V�W8X#�0Y Z
4.2 à x4t�c � � _ Ò Ï$+ i ����¨�[�\ q�r À�Ù Ú�]^ ��¹ Y Ò h Í ¾�G GNET-1

¨�p_* r ��Y v Ó _ fg�hei � +���[`\ q�£ �a* vXw%� Ã ��_ GNET-1 �
TailDrop

� Ï 3 x�����G�a6b�W�YXÃ `��X_ Ò Ï�+ i���NTIè Y�f g�h�i � + `�( Ï�o�Õ-l�x%>+É�T-o�� rt+c q v�w$b�c�� T%� TailDrop
�!×�ØkG�Î%Ï q-£ ¨� _ iperf

TNè4Y�/ �'G
5
Ú < Ò�* v �+�Xx _ â B }�_ _

TailDrop
f g�h�i · G���Ö q v�w TailDrop

�f×�Ø�¨

%�d�e �¦���gfihkjil�m&� ��¡�n)��mpokq�r)sutHv��)wHfuxzy{j�|��}�~zq��&���{�u���p�)�&���p���iÂ�x 2) �k��� ������y��)������ �
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�
3 TailDrop ����q���  � �)� (Scalable + Pacing)

TailDrop

size (KB)

Bandwidth

(MB/s)
TailDrops

512 56.5 0

1024 56.6 0

2048 56.8 0

4096 57.3 0

�
4 TailDrop ����q)�)  � �)� (Scalable)

TailDrop

size (KB)

Bandwidth

(MB/s)
TailDrops

512 5.0 2263

1024 1.7 5473

2048 9.3 18635

4096 49.3 1146

À ¹ ��Ã ` � Ô i � � h � k4Õ ��� Ï 3 x Ò h Í ¾��×�Ø ¨�À ¹ �NÃ ` G P@¡�q4_ Ò Ï�+ iu¢ ��T �%WNY�£
Û ¨ � Y w$¤ T _ TailDrop

�h×%Ø�¨ J �/���#��T À���FÆ%Ï i ¨�¥ Leq-£ ��Ã ` � _ Ò Ï�+ iu¢ �#¨�¦ ¹
r � £ ��Ã ` G P�¡ WeY w

pacing A+� x$#�É
G%¯ 3
T _ stock A+� x�##É�G¯

4
T-|XW w-£ � _ iperf

x8#+ÉX�
TCP

x�+ � Ï ~ hi ��� Y)¨ _)Ì Ï 3 k?Õ ��§ ��( Ï o�Õ-l q4r ��Y vÓ _�� x�� h)� �!×�ØkGD¨�©�WeY^
%z#¨ � Y %ª% w
pacing A+��� � _�( Ï%o'Õ�l%T�è�* r�« Ö q#v }_�T�� q�r O`PIT:Æ�Ï i c�d ��¹/r � ��_ TailDrop� Ï 3 T���ß�Y)f gNh%i � +��D[�\ q4r � £ � w)@�A�_

stock A-�X� � Ò Ï�+ i �%�NT�è � f g�hei � +�¨�¬[ q�_ TailDrop
�
×�Ø#¨

2048KB ]@L x���� � � _
�:`H­e¤D®�¯ ���FY Û �#¨ L £ �a* v�w°�¨ `4q4r ©#ª TCP � x8#+É!G)¯ 5

T-|XW�¨ _ yz#¨#À ¹ ��T À �%� Ç � å _ Scalable TCP
x�â B }_�G s C±* r �NY w 9�² x TailDrop

C · ¨ ��!N¼,³�+� � À ©Xª TCP
x�}�_#¨ s C±* r ��Y%Ã ` � _ ©

%ª%
iperf q�} � ���{y 59.4 MB/s v�´Dfuh�µ � �)¶uj�· 5 ¸� GNET-1(C)

��¹ «�fux{�©��	i�?�i�gº�»g¼��i����� 61.8

MB/s
��� Âgx �



�
5 TailDrop ����q���  � �)� (Standard)

TailDrop

size (KB)

Bandwidth

(MB/s)
TailDrops

512 24.4 521

1024 27.1 3012

2048 45.6 2063

4096 53.5 1278
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ª
TCP

x A ¨�è � ¥
¦ x/f g�hNi � +�G
���XÜ���Tè�* r�� æ r ��Y�Ã ` G P@¡ WeY w Scalable TCP �� _ f g�h�i � + 4 T ±+² s�Ê�Õ�ã�s�x�C��fG�� Ó Y
v Ó T _ ACK � � ½ x ±�² s%Ê�Õ�ã+spE6���!G�À ¹¦ q-r ��Y w�q�v ¨_* r%_ Scalable TCP

x Ò Ï�+ i
Û ��� ¦ £F� _ f g�hNi � + · Þ#ß ��£ ¦ _ Ò Ï�+ i
�#£ f g�hNi � +�¨�E æ v�` ¨ æ Y wè � v+w�x � x)}+_Nx%�+�'G�/�1�Y v Ó T _ | 5 �x

GNET-1(A)
T-��� r 500us

x���� x � ����}�_'G��Ö q-v�w-£ � _ TailDrop
�f×�Ø%�

4096KB ��� Y w
pacing A�� T��#ß�Y&#-ÉfG�{ 8

T _ stock A�� T��ßXYH#-É�G4{
9
T/|�W w Ã���è � pacing A���� � _pÔi � � h � k�Õ � x�}�_ ]#s x4���N�-Ò Ç � å _ ���¨�â+ã � ��� r �NY-x�T�� q-r�_ stock A-�%� � _�Ôi � � h-� k4Õ � x)}+_fG�� æ Y Ò Ï�+ i ���NTIè Yf g:hNi � +�¨�[ \ q-r �NY wÃ�x�#�É�è ��_�« ³ ´/µ ¨ Ò Ï0+ i �-�kG�� æ _ Tail-

Drop
d6eeT#�XßeY

TCP
/#� Û �Ix�� s T->+ÉX¨ �Y%Ã ` ¨��+� ��¹ Y w! T ScalableTCP £�¤ _ ±+²" L 4 T ±-² s�Ê�Õ�ã�s)C��fG
#�$ � T-Ò é ±+² c�d

A��%� � _ Ò Ï�+ i ���ex&%(' Û ¨��N� v Ó _ B�> �
� Y ` ¨ æ Y w

4.4 )�*,+.-�/10�2�3±T�4�5
NIC

� Í ×�Õ Í � k>�F�
DMA

WIY�Ã ` T�è � fgIh�i G�� L q4r ��Y w E v _ Í ×-Õ Í � k�0Xx } �6 +#�
CPU

�F�4x } � 6 + `87 ��W�Y v Ó _ DMA¨�E æ Y ` CPU
���4x } � 6 +/¨�y ¦ £ê� _�}�~ kg Ï�oÇ�)Õ x4t6> Û ��T����!G�2 æ Y4��� Û ¨ � Y w¾�¿ h ~ f g�h�i À DMA

G?:�* r � L q�r � � _ t9Xx ¢ ����¨ ¼�³/£ � ¸#_ ¾�¿ h ~ f g�h%i ÚXx DMA
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¨�E æ Y w�� Ã �%_/«�³�´�µ °�² ½ T��%ß�Y Í � k¤}_60Nx����!G)[�\ q�v�w[�\XT�� _ iperf
TNè-Y Ò ����¢ �fG Ò h�� l � s�Õã � t�Ò q-_ 1MB
x Ò h Í ¾�G memcpy ¶4· TIè�*

r J �gK�q �<; Ï/WeY�È'Õ 3Xâ Ï � ~�� l � F�G^:X²
q v�w ��Ö�=�>�� ç T-|XW�n+o �N�F� _ È'Õ 3Xâ Ï �t#Òex�B-=eT�è�Y

iperf
x$#+É�T@?e��� £ �a* v�w

• mbench onlyÈfÕ 3�â Ï � ¡,cX� x-t�Ò
• half rate (sockbuf)

� gNhXi Ò h Í ¾�x�c�Ä�TIè � 62.5MB/s � ���
• half rate (pacing)

«%³�´�µ T�è � 62.5MB/s � �%�
• full ratec�Ä £Nq T iperf

G�t%Ò
t�f g�h�i x ¢ ��Æ)Ï i �

half rate (pacing) ` half

rate (sockbuf)
¨ Èeq ¦ _ t�f gNh%i T�¾#¿ h ~ f gehi G^� æ v ¢ ��Æ�Ï i � half rate (paing) ` full rate¨ È�q � w�£ � _ half rate (sockbuf)

� � g�hNi Ò h
Í ¾�G 10MB

T�ckÄ#W�Y�Ã ` T�è * rX_ �X�ÇÆ�Ï iG�A�Ú�T q�vXw Ë � � TX� 62.5MB/s × 0.2s
�Ç� _

12.5MB
T-c#Ä�W-� ¸ è��/¨ _�B C��-t�� · �:��Ë�c

� T Ö À � g:hNi Ò h Í ¾���×�ØkG�C#Ö q�v�w#�É'G^¯
6
T-|#W w mbench only _ half rate (sock-

buf) _ full rate
���p�#�FÆ%Ï i x s�D T$: å q4r�_ Í� k }�_�¨�¥ L�q�r �XY w Ã���� NIC

T ��ß�Y
DMA¢ ��{ ~�� i���� + 3%h-�!E x�F�Ë�¨�E��XWNY��:� �

� Y w E v�_ half rate (pacing)
x Í � k©}�_N� _ half

rate (sockbuf)
G L C * v ¨ _ full rate

� s C * v#wÃ)�N�#¾�¿ h ~ f g�h�i x ( × � Ï�ãHG c �@I ® � ½T�u�J q4_ IFQ
T�[#\-Ï#×+Õ-l�WeY)���NT

skb clone

¶/· Teè�* r Ê-Ë�� h4� Þ#ß�G M�K�q4r ��Y x �%_$(× � ÏNã�L+Ú�T-�%WeY Í � k©u�J _ ��M�F�Ë�¨�Ý%² �
� Y��F� ` ¨ æ Y wÃ)�:è ��_ ¾N¿ h ~ f g�hei x4�%�6Ú _ Í � k�}�_�"¥ L ��DIß���� £ �-¨ _ skb clone ¶ · G): * v F



�
6 �����
�����i���
	�
� ����� ��� (MB/s)

mbench only 1935.5

half rate (sockbuf) 1236.3

half rate (pacing) 1043.0

full rate 923.0

Ë�
���TNè � ¥ L ��G 25 %
���

15 %
T���� ��¹ Y�Ã

` ¨ Ç �a* v�w
5. � �
G�� � � ¡�@ + i k�Ï�F _�¡�@�Ô i � � h-� k4Õ �x&=�> L�� [+\fG�Ò * v ¨ _ ±%²�����}-_�{�y�z�¨��
£�� k^Õ � ¨ M�·������ � �+����! ¡�¢�" ¾�¿ h ~�#gIh�i G�Á#Â ��� Þ#ß�x A��%� ��$&% ��¹�£ � w å#æ
¸ ! M�·�; +(' ¨ @ o#x Ô ' � ��) � k4Õ � G+*�B �
� �+���&!�¬ ; +,' ��( Ï o�Õ�- �.� Ã0/ � ! Ô ' ���) ��� Ï 3 0Nx�1�2'G+3�� ��¹&� /{¨ æ � ¨�! ¡�@
; +('��:� M�· x Ô ' � � ) �54 Õ � 0�/#�!G�Ò é©��N��!�Ú ½ Û � ��I ��¹/£ � w E v !X¾N¿6) ~�#07 )'�/�8:9

PAUSE #�7 )0'?G�±%²�8:9X� ��; Ó " !�<=�>�+�×�) 3 E � � ( Ï�?#Õ�-N��� � ¨0! � �:è �
@>#�5)A' ` Ï � " � � � >�É.B £ �&CD ² >&EGF "�H 8�9�B&! M�· +I' 4 Ï�F�J �����.����0B�!�¾�¿K)6L #�7 ).'M>GN ÇPOQ"�R +I' 4 ÏTS "
H��.�:#�7 )0'VU�+ 7�WAX Ï 4 Õ�- �.��Y /6Z�!G[\']5^ )&_�`(/ " IPG

UGa�b �c��d�e J0f.gIhKi � Cj�k d&e /G8�9�B�! QDisc
U�lTm

(
_&nToAp ]

) q �r Y /6Z H�s Zct r C&uAv Oxw [\' ]y^ )�_ 4Kz _G`/+{&|0}
QDisc

U�~���8 w&�.7y��� U�p�� ](� 4:z��� r CT|�}
QDisc

BA�Gi.�Ti�������� � U:������0� Oxw ] � � QDisc
BA��iPhG>�������� � {����J�� � w����5�A� U+��� w � � � r C Y��G�0w ��� z

QDisc � w IPG �� �¡�¢ { s £ ��¤�¥ � L ���y��� U¦�§ � r�¨©&ª ��« F0{ H � � � w MPLS
^ �0�+¬ �A_:{�­ r

QoS ®&¯A°�± w ^ ����¬ �0_³² �+´&µ �T¶�·&¸�¹�º0»¼�½�¾ r Y ¹6Z&¿�À�Zct r ¹Qf�g r�¨:Á�Â�Ã e ��Ä�Åv+ZT��Æ&² �TÇ z0È³É o � ZTÊ��&o � ���cU³Ë0g r �Ì � Ã e Z Ä r�¨v�� w�Í�Î Z � TCP
�KÏ ] Z ��Ð�Ñ�´&µ �:Ò�Ó {Ô � r+Õ&Ö UV×�½ °�Ø �:�:Ù w,� n z o�ÚA� � � �:Û¹
Ü�� �yÝ z _�� �+Û Z �KÞ�ß Ù  �¡ Z Ä r ¹�f�g r+¨
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