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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.
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ª

1500
�ìM i ]�s x j ÁP Ö �OÈ5R�G�C�����WeY#Å ` ª%��� �� H¡¢_�@-H�� Tj Á�P Ö �OÈ�R�G ��IOx NIC

�
9000

��M i x0f g�h
i C�����WOY%Å ` ª ��» Y w%� Å �X_ IPG

ª
9000

�
M i ê ¡KJ �5�����O� _ £6@ x�ÀXÁ h ~ f g�h�i C��L q._X� � ]�s x��6�O� _�M�¹+N x�À�Á h ~ f g�hOiC�� L WKY%Å `���O�P+Q x IPG

T��+I�WeY w
4. R S
4.1 TVUXWZY
#µ�¶�· C�[�\XWOY v Õ T _�Ö i � � h.� k�P � ªU�VXWeY^]�_e� h�i%` R � C�a+b q v t�c+d�efC5´ P
q#v%w � hei�` R � Û#ghC�{ 5

T�|OW w�; N i ` NM hi3
(Dell PowerConnect 5224)

< _ N�M hi3+< T _
� �kj#� GNET-1

C�l6m q�v%w GNET-1
�

FPGA

` GbE
m�R i C�n-o _��#q0r m�R i�� ` T 18MB

x
SRAM

C%phq _�r Reå#s.Z }�� j�h�� TKê�Y%t�u �v+w+x ¥ /���y�z�x)a�b+{ _ ���HÈ5R i c�d ¥X¦ C�tÜ q.r �eY w|
5
T#�%áOY

GNET-1(C) � � 62.5MB/s
x�}-_ _

200ms
x�~��-/#��y+z _%�%q5r TailDrop

� RXQ.x f
g�hei � N��#��C%a#bOW�Y w ���0T _ GNET-1

��/
������T����fC  �v è Y#Å `�¥ ¨ _ ` M%��È.R i � fg�hei C%[%Á ~ 3 Á0W�Y�Å ` ªO��� �e  Y w�� Å ��_
GNET-1(A) _ (B)

� f g�hOi [#Á ~ 3 Á �eê4� 32nsx���� x TKê�Y)� v ��P�å^�-�%Ø�T ³�´%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

¬ ; N i T��#áOY r R�å�s.Z } x%�®�C^¯ 1
T _��� i s�Z } Û�g!C�¯ 2

T |�W w�.R0� � �
Linux 2.4.26

C*Ê�R N�T
Web10014)

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

x�t uX� _ Web100
f h³3 T

¾�´ ��� r ��Y Â x�C�:X´ q�v�w�¥ � _ Web100
f h

3 � _�~�� i*��� N�Q h5� T#� h�� C*Ã�Ä%W�Y#Å `��#_
TCP

� � � oì�*P £�µ�� x ±�² s#Ì�Peå�s _ N � RN�Q0R i�¶�· _ ]+¸�s�Ì.P�å�s ¥X¦ x�¹�¼�º�»fC^¼+½
q�_ proc

�6¾0M � o�N Ë-G#C^¿ q�r�Æ R5Ç }.~ k g Roì��P.T %® WeY wF v._ y+z�ª�À »�¥ � h�i%` R � T���� r%_ IFQ  Á �!C�f g�h�i � N `�¾�Â T ±�² `5q5r�Ã ë `�_ #z
]�s T ±-² s Ì0P#å�s�C*c6Ä�W�Y#Å ` T ¥ Y w0� Å �#_
Web100 Å6Æ x WAD IFQ

C�B+>eT q._ IFQ   Á �C ±6² `4Ã�ÇO¥ ��×�Ø `�q�v 1) w Å*��� IFQ Q f �Ï RXQ �e  Y txqueuelen
C%À » ¨ WKYXÅ `%`5¾%È x>�É�ª   Y w �#��T _O� g�hOi � h ��¾�Ê�Ë�T ¸�q5r� _�Ì �kÍ � i �6Î�� � x��#� `�@+Ï �)Ð�Y v Õ T _

Web100
� h ��¾)Ñ'Î i?3 \�Î�ÒfÓ#l%��=#> `�q�v%wÔ À � g�hei � h ��¾���Õ�ÖX��y#z%ª 200ms � Â�×Ø ¥�Ù ��ª�½H���<YXê�ë�T 32MB `.q�v�w

4.2 �� '��"�Ú�Û#Ü-Ý
3.3 Þ � | q�v�� xKêKëpT _ IPG

x�ÐXÑ�Teê�Y*���
È%Î i x0c�d _ �%��T f g�h�i ��� <�ß x�à�á � T-o� r u�â q�v�wF^ã _ ÀOÁ h ~ f g�hOi �'Õ�ÖkC�Ð#Ñ q�v ���ex�}
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_ex5Ð � C0{
6
T5|XW w t���ª�t�� · _ Ý��#ª-Ë�� ·

��  Y w f g�h�i �fÕ%Ö ª 6000
��Õ i ]�s x����XT _Ë�� · ` 2.5MB/s � x x�� » ª��<���<Y*ª _ �"! Ë� · / ¡ x$#6É!C�| q0r �OY&% w#¥ � _ y+zXª ¥ ���� Â _�¾%ÂO¥ #�É `�¥ Y w'X� r�_)( Î0o+Ó�l T�ê0Y�f g%h�i � � <�ß x?à-á �C^u�â�W�Y v Õ T _ iperf

t�Ô ¿ x�f g�hXi C GNET-

1(A)
TOê"* r [�Á ~ 3 Á q�_ f gKhXi ��� ¿ < ` o�Îg Ó,+�-�.Ox��#I C0/21 v�w#¥ � _ ##ÉK��+ � Î2+3 Î i�4 x�Ø,5�6�7Ox Â x �e �¡¢_ o+Î g Ó�+8- .#�9 A-� C;: < q {�WX�Kê<ë�T-t,= � q.r �eY w ]e^�_

( Î�okÓ l�C%B+>OT q�v ����C pacing A���_ =+>eT
q�v �+�!C stock A��ì`�a#b#w9 A�� T%��áKY�o#Î g Ó,+�-2.Ox0>@?�C { 7

T�|
W w Å���ê ¡ pacing A�� �$A 60MB/s `�B6@ xDC »
� o#Î g Ó�+�-2.�ª�E#� q0r �eY�x%T�� q.r�_ stock

A�� �0A 120MB/s `�_ pacing A�� x�FKx8C »�� /��
`HG2I C�J ¡�K W ` �Éë��#��C5| q0r �OY w ���0T _
ms ]�L x%��� x � f g�h�i �#� <�ß C;/�1 v�` Å�M _
pacing A���� � 24us _ stock A��#� � 12us

T ¥ * r�XY�Å ` ª Ç ��* v0w 2.2 Þ �"N 1 v êOëpT _ ���<È�Îi
62.5MB/s ��( Î�o#Ó0l.WeY��-���.f g�hXi ��� <ß ª

24us
T ¥ � º ê��Xx ��_�%µ#¶#· ª�O,POT ( Îo�Ó l ��»*r �OYXÅ ` ª Ç ��Y w

4.3 TailDrop W+Y@Q�R�S�T0U�(,V�W8X#�0Y Z
4.2 Þ x5t�c � � _ ��Î$+ i ����ª�[�\ q�r Â�× Ø�]^ ��» Y�� h �k¾�C GNET-1

ª�p_* r ��Y v Õ _ fg�hei � +���[`\ q�¥ �a* vXw%� Å ��_ GNET-1 �
TailDrop

� Î 3 x�����C�a6b�W�YXÅ `��X_ �!Î�+ i���OTKê Y�f g�h�i � + `�( Î�o�Ó.l�x%>+É�T-o�� rt+c q v�w$b�c�� T%� TailDrop
�!Õ�ÖkC�Ð%Ñ q.¥ ª� _ iperf

TOê5Y�/ �'C
5
Ø < Ô�* v �+�Xx _ à B }�_ _

TailDrop
f g�h�i ¹ C���Ø q v�w TailDrop

�fÕ�Ö�ª

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

 95

 100

 105

 110

 115

 120

 125

 130

 135

 0  50  100  150  200  250  300  350  400  450  500

S
eq

ue
nc

e 
N

um
be

r 
(x

10
00

00
0)

Time (msec)

stock

pacing

pacing
stock

�
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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 » ��Å ` � Ö i¢� � h � k4Ó ��� Î 3 x0� h �#¾��Õ�Ö ª�À » �OÅ ` C P@¡�q5_ �'Î�+ iu¢ ��T �%WOY�£
Ù ª   Y w$¤ T _ TailDrop

�hÕ%Ö�ª J �0���#��T Â���HÈ%Î i ª�¥ Leq.¥ ��Å ` � _ �kÎ�+ iu¢ �#ª�¦ »
r � ¥ ��Å ` C P�¡ WeY w

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

4
T.|XW w.¥ � _ iperf

x8#+ÉX�
TCP

x�+ � Î ~ hi ��  Y*ª _)Ì Î 3 k?Ó ��§ ��( Î o�Ó.l q5r ��Y vÕ _�� x�� h)� �!Õ�ÖkCD¨�©�WeY^%z#ª   Y %ª% w
pacing A+��� � _�( Î%o'Ó�l%T�ê�* r�« Ø q#v }_�T�� q�r O`PKT<È�Î i c�d ��»0r � ¡�_ TailDrop� Î 3 T���á�Y*f gOh%i � +��D[�\ q5r � ¥ � w)@�A�_

stock A-�X� �.�fÎ�+ i �%�OT�ê ¡ f g�hei � +�ª�¬[ q�_ TailDrop
�
Õ�Ö#ª

2048KB ]@L x���� � � _
�<`He¦D®�¯ ���HY Ù �#ª L ¥ �a* v�w°�¨ `5q5r «#¬ TCP � x8#+É!C)¯ 5

T.|XW�ª _ yz#ª#À » ��T Â �%� Ç � ã _ Scalable TCP
x�à B }_�C s D±* r �OY w 9�² x TailDrop

D ¹ ª ��!O¾,³�+� � Â «X¬ TCP
x�}�_#ª s D±* r ��Y%Å ` � _ «

%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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¬
TCP

x A ª�ê ¡ §¨ x0f g�hOi � +�C���XÞ���Tê�* r�� è r ��Y�Å ` C P@¡ WeY w Scalable TCP �� _ f g�h�i � + 4 T ±+² s�Ì�Ó�å�s�x�D��fC�� Õ Y
v Õ T _ ACK � � ¿ x ±�² s%Ì�Ó�å+spE6���!C�À »¨ q.r ��Y w�q�v ª_* r%_ Scalable TCP

x.�kÎ�+ i
Ù ��� ¨ ¥H¡¢_ f g�hOi � + ¹ à#á ��¥ ¨ _ �kÎ�+ i
�#¥ f g�hOi � +�ª�E è v�` ¨ è Y wê ¡ v+w�x � x)}+_Ox%�+�'C�/�1�Y v Õ T _ | 5 �x

GNET-1(A)
T.��� r 500us

x���� x � ����}�_'C��Ø q.v�w.¥ � _ TailDrop
�fÕ�Ö%�

4096KB ��  Y w
pacing A�� T��#á�Y&#-ÉfC�{ 8

T _ stock A�� T��áXYH#-É�C5{
9
T0|�W w Å���ê ¡ pacing A���� � _pÖi¢� � h � k�Ó � x�}�_ ]#s x5���O�.Ô Ç � ã _ ���ª�à+á � ��� r �OY.x�T�� q.r�_ stock A-�%� � _�Öi¢� � h.� k4Ó � x)}+_fC�� è Y��fÎ�+ i ���OTKê Y

f g<hOi � +�ª�[ \ q.r �OY wÅ�x�#�É�ê ¡�_� µ ¶0· ª.�#Î0+ i �.�kC�� è _ Tail-

Drop
d6eeT#�XáeY

TCP
/#� Ù �Kx�� s T->+ÉXª  Y%Å ` ª��+� ��» Y w! T ScalableTCP ¥�¦ _ ±+²" L 4 T ±-² s�Ì�Ó�å�s)D��fC#�$ � T.Ô ë ±+² c�d

A��%� � _ �kÎ�+ i ���ex&%(' Ù ª��O� v Õ _ B�> �
  Y ` ¨ è Y w

4.4 )�*,+.-�/10�2�3±T�4�5
NIC

� Ï Õ�Ó Ï � k@�H�
DMA

WKY�Å ` T�ê ¡ fgKh�i C�� L q5r ��Y w F v _ Ï Õ-Ó Ï � k�0Xx } �6 +#�
CPU

�H�5x } � 6 + `87 ��W�Y v Õ _ DMAª�E è Y ` CPU
���5x } � 6 +0ª�y ¨ ¥ì¡ _�}�~ kg Î�oÉ�)Ó x5t6> Ù ��T����!C�2 è Y5��� Ù ª   Y wÀ�Á h ~ f g�h�i Â DMA

C?:�* r � L q�r � ¡¢_ t9Xx ¢ ����ª ¾�³0¥ � º#_ À�Á h ~ f g�h%i ØXx DMA
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ª�E è Y w�� Å �%_0�µ�¶�· °�´ ¿ T��%á�Y Ï � k¤}_60Ox����!C)[�\ q�v�w[�\XT�� _ iperf
TOê.Y�� ����¢ �fC*� h�� l � s�Ó

å � t�Ô q._ 1MB
x5� h �#¾�C

memcpy ¸5¹ TKê�*
r J ¡gK�q �<; Î0WeY�Ê'Ó 3Xä Î � ~�� l � G�C^:X´
q v�w ��Ø�=�>�� é T.|XW�n+o �O H¡¢_ Ê'Ó 3Xä Î �t#Ôex�B-=eT�ê�Y

iperf
x$#+É�T@?e��� ¥ �a* v�w

• mbench onlyÊfÓ 3�ä Î � £,cX� x.t�Ô
• half rate (sockbuf)

� gOhXi � h �#¾�x�c�Ä�TKê ¡ 62.5MB/s � ���
• half rate (pacing)

%µ�¶�· T�ê ¡ 62.5MB/s � �%�
• full ratec�Ä ¥Oq T iperf

C�t%Ô
t�f g�h�i x ¢ ��È)Î i �

half rate (pacing) ` half

rate (sockbuf)
ª Èeq ¨ _ t�f gOh%i T�À#Á h ~ f gehi C^� è v ¢ ��È�Î i � half rate (paing) ` full rateª È�q � w�¥ � _ half rate (sockbuf)

� � g�hOi � h�k¾�C
10MB

T�ckÄ#W�Y�Å ` T�ê * rX_ �X�ÉÈ�Î iC�A�Ø�T q�vXw Ë � � TX� 62.5MB/s × 0.2s
�É� _

12.5MB
T.c#Ä�W.� º ê��0ª _�B D��.t�� · �<��Í�c

� T Ô À � g<hOi � h ��¾���Õ�ÖkC�C#Ø q�v�w#�É'C^¯
6
T.|#W w mbench only _ half rate (sock-

buf) _ full rate
���p�#�HÈ%Î i x s�D T$: ç q5r�_ Ï� k }�_�ª�¥ L�q�r �XY w Å���� NIC

T ��á�Y
DMA¢ ��{ ~�� i���� + 3%h.�!E x�F�Ë�ª�E��XWOY��<� �

  Y w F v�_ half rate (pacing)
x Ï � k©}�_O� _ half

rate (sockbuf)
C L D * v ª _ full rate

� s D * v#wÅ*�O�#À�Á h ~ f g�h�i x ( Õ � Î�åHG c �@I ® � ¿T�u�J q5_ IFQ
T�[#\-Î#Õ+Ó.l�WeY)���OT

skb clone

¸0¹ Teê�* r Ê-Ë�� h4� à#á�C M�K�q5r ��Y x �%_$(Õ � ÎOå�L+Ø�T.�%WeY Ï � k©u�J _ ��M�F�Ë�ª�ß%´ �
  Y��H� ` ¨ è Y wÅ*�<ê ¡�_ ÀOÁ h ~ f g�hei x5�%�6Ø _ Ï � k�}�_�"¥ L ��EKá���� ¥ �.ª _ skb clone ¸ ¹ C): * 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����TOê ¡ ¥ L ��C 25 %
���

15 %
T���� ��» Y�Å

` ª Ç �a* v�w
5. � �
G�� � � £�@ + i k�Î�G _�£�@�Ö i � � h.� k4Ó �x&=�> L�� [+\fC�Ô * v ª _ ³%´�����}-_�{�y�z�ª��
¥�� k^Ó � ª M�¹������ � �+����! £�¤�" À�Á h ~�#gKh�i C�Ã#Ä ��� à#á�x A��%� ��$&% ��»�¥ � w ç#è
º ! M�¹�; +('¢ª @ o#x Ö ' � ��) � k4Ó � C+*�B �
� �+���&!�¬ ; +,' ��( Î o�Ó�- �.� Å0/ � ! Ö ' ���) ��� Î 3 0Ox�1�2'C+3�� ��»&� /{¨ è � ª�! £�@
; +('��<� M�¹ x Ö ' � � ) �54 Ó � 0�/#�!C�Ô ë©��O��!�Ü ¿ Ý � ��I ��»0¥ � w F v !XÀOÁ6) ~�#07 )'�/�8:9

PAUSE #�7 )0'?C�³%´�8:9X� ��; Õ " !�<=�>�+�Õ�) 3 F � � ( Î�?#Ó�-O��� � ª0! � �<ê ¡
@>#�5)A' ` Î � " � � � >�É.B ¥ �&CD ² >&EGF " �.8�9�B&! M�¹ +H' 4 Î�G.ª �����.����0B�!�À�ÁI)6J #�7 ).'K>GL ÇNMO" .±+H' 4 Î�G "P �.�:#�7 )0'^C�+ 7�QAR Î 4 Ó�- �.��S /6T�!GUV'W5X )&Y�Z(/ " IPG [ /�\ �]��^�_A` ¨.aHbIc � Cd�e ^&_ /G8�9�B�! QDisc [�fhg (
Y&ihjAk W

) l �
��S /6T�P�m�T]n � C&oAp M !�UV' WqX )�Y 4Ir YGZ/ "&s0t QDisc [�u�v 8�! #.7 )�' [ k�w W(x 4:r- � y C s�t QDisc

BAzGc.{hc�|�}�~��(' [:��� 890� M�� W �,� QDisc
BAz�cNbG>�|�}�~��(����8 ;

`�� 9 ����75� � [+��� � } ��� y C S >G� � ��� r
QDisc

B � IPG
>������A��m �G����� � J ���q� � [����� y C�& A¡�E�F0��P ¢+��£ � MPLS

X � �+¤+�AY:��¥ y
QoS ¦&§A¨�© � X � ��¤+�0Y�ª.¡+«&¬ �h�®&¯�°�±0²³�´�µ y&S ° T&¶�·�T]n y °O¸ a y�¹:º�»�¼&_ £�½�¾p+Th}�¿&ª�¡hÀ r0Á�Â jH�ÃThÄ��&j(�Å|�} [�Æ a y�ÇÈ ¡ ¼�_ TA½ y�¹p Ç&��É�Ê T0£ TCP

~IË W TA¡�Ì�Í�«&¬ ¡:Î�Ï0�Ð�� y+Ñ&Ò [ÔÓ ´ ¨�Õ �:Ç:`A� �Ii r j�ÖA�5��~ �:×
°
Ø � xqÙ r Y�~ �+× T�¡IÚ�Û ` ����T�½ y °�¸ a y+¹
S ¡�Ü���Ý.¢���£ � FAST Þ TCP/Vegas8)

¡A¥qß ¨à R � � r�á�â�ã Ë0��j�¡:ä�å ¦�§ ^�æ °6ç �hè r�á��¥ y Ä �hjH�Å|�}A¡ Æ�¦q[Ô±A² ³�´�µ y+^�_�` Ì�ÍTA½ y °K¸ a y�¹
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