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1 0000

0000000000000 000O00000oooOULOOoooOUoOoo0n0 WWW (World
Wide Web) D0 0000000000000 O0O0OOWWWOOOOOOOOOOOOOO
gobobooooobobbobboboobobooboboboobobooboboobooo
gobooobooooobooood

gooboobobboooobooooboobobbbooooboooooooobobooooo
0000000000 WDM (Wavelength Division Multiplexing) [2] O MAPOS (Multiple
Access Protocol over SONET/SDH) 3| 00 0000000000000 000DOO0ODOO
gobobooboboboboboobobobobobobobobobobobobooo
gbobooboboooobobbobooboboobobobobooooboobobooon
0000000 WebOODOODOOOOOOOOOOOOOO HTTP (Hyper Text Transfer
Protocol) [4] 0000000000000 OOOOO FTP (File Transfer Protocol) [5] O
0000000000000 00000000OO TCP (Transmission Control Protocol)
(|00000000000O00O0O0O0O0oooOUoooooO [7-11]0

goobobooooooobobooooobobooooboboooooobbooooo
goboboooobobobobodoobooobobooobobobobooobooboooboo
gobobooobooboobooobooobobooooobooboboooobobooooon
goboboooobobobobobooooboooboboobooboooboobobooo
gooobobbooooooboobbobboooooboboboooooobooooobooboobag
0000000000000 0DO0O00DODO000ODO0O00DO0O0O0O0ODn Web Serverd O
goboboobboboobobooooboobobooooboboooooboobg
gobooobogooobobboobboobbonon

00000000000 622 Mbps)] 0O00O0OO0OO0OOOOOOOOOOOOOOOOO
MAPOSOOOOODOODOOOOOOOOODODOOODODODOOODODOOUOOODOD
o0bOo00ooO00ooOoobOoOooOOooooTCcPpOOO0ODOODODOODOODOOOO
000O0o00O0O00O0O0o0obO0o0obOO00oOooO0DOoOUoDbDOoUoOoTCPODOOODOODOO

o0oOO00O0O000O00obOO0o0bOOO0bOOo0bObOOoOooOOoogoooobocpUOOOOO
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gopoooOoTCcCpOOOOOODOODOOODOODODOOUODOODODODODOOODOO
goboobbobbooooboobbooboobbooboooboobobobobd
gobooboobobooboobobobbooboboobboobooon

000 2000000TCpOO00DOOOODOODOOODOODOOODOOODOO
000o0ob0oosgogooTceO0ODOOOOOO0OO0ODOODODOOODOODOOOOOO
000d0o00OOo000O0o0gooooo0o0oooDoODOOo0OoobObOoOOo 40000O0TCP
g0oo0ooo0o0gooooooobo TCpOODOOOODDOOOOOOSODOOOTCPO
gobobooboobobobobobooboobobooobobobobobboobobg

goboobobob edbooobooobooonDogd
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goodoobobooobobobboogogbobbob oo boboboboooog
0000000000000 0000O0O0O00OO0U 12UObboO0o00oooooooo
goooobboboodgooooobbb oo boobbobbbooooga
goobooboooboboobbboboobbbooobbbooobbbboboobboo
gooooobbbboboboboboooooobbobooobobooooon

000000000 00oo0ooooUoooOooooosSIoDoooo (1210 TCr/IPOO
000 [12]000000O0SI0000ooo0oooooo (Iso)oooooooooo
O070000000000000TCP/IPOOOOOO ARPANET (Advanced Research
Project Agency NETwork) 0 0000000000000 0OO0OOOO0OOOOOOOO
000000000000000000000000000000TCP/IPOOOOOO 4
000000000ooosSIooooon TCP/IPOUODODOUOOODOD 10000000

O0000O0TCP/IPOOO0OODODOOOOODOOOOOOOO

osEgEEz L TCPIPEREFIL
T —a B HTTP
telnet
JetoT—g B FIP
SMTP
g B DHCP
bS5 AT — B TCP UDP
T —2E IP  ICMP
T Ethernet
—a |
TR E ATM
FDDI
2=
R MAPOS
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0130000000000 000000000DAPIDODOOOOOOOOOODOOO
000000000000000000TCPO UDP (User Datagram Protocol) O 0 OO
0000o0o0O0O0o0oooboooooooooooboooooTCcpO UDPODOODOOOO
gobobooboooobobooboooobooboboobooboobbobooo
O0D0O00D0O0000198300 42BSDO0O0O0O0O0O0O0ODO0OOODOOODOOO BSD
0000 UNIXOOODOO UNXOOOOODOOODOOODOOODOOoOoDOoooDo API
000 (0000000 [1400)0
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L A
Application
v Layer
Memory Copy| Send Socket Receive Socket Memory Copy
(Flle to Buffer)| Buffer Buffer (Buffer to File)
A
\
Socket Send Socket Receive
System Call System Call User Area
A
Socket A
{ Layer
CPU User to Kernel Kernel to User CPU
Memory Copy Copying Copying ~Memory Copy
(Buffer to mbuf) 7y (mbuf to Buffer)
\
\
TCP Protocol TCP Protocol
Processing Processing
A
Transport 1
‘ Layer Kernel Area
CPU Check (TCP) Check CPU
Memory leCIS‘fm ecl slum Memory
Read Calculation Calculation Read
A
\
Network
IP Protocol L IP Protocol
Processing ayer Processing
(IP)
A
\
Device Device
Driver Driver
. A
Datalink )
DMA Read DMA Write
{ Layer
Network Network
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A
\
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gooobobobooooooboobonoboobbobboboooboobg
O000000D0000O0O00O00 (disk readdmemory write) D0 000000000

000000000000 00000000000 (memory copy) D OO0

e JOOOMO
gooobooboboboobooboobooboobbobbobboobooba
000000000000 00O000O00O00 (bOoooooooooUOoO)ooO

0000000000 0000000000 (memory copy)d

e J0O0ODOOOO
CPUOOOD TCPOOODOODOOODOODODOOODO “TCP Protocol Processing” O
00000000000b000o0oooooo0oobo TCpOOOOOOOODODO

0000000000000 000O000000000000000 (memory read)d

e JOODOOODO
cpUOOOOIPODODODOOOOOOOOOODOOOO “IP Protocol Processing” 00O

gooTCceOOO0ODOOODOOIPODOOODOODODOOO

e JOODODOO
DMA (Direct Memory Access) D D00 IPOO0D0DO0O0OO0O0O0OO0O0O0OOO
0000000000000 (DMAREAD)DOOOOOOOOOOOOOOOOO
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0000000OoOCPUOOO TCP/IPOOUODOODOOOODOOOODOOOOODOOOD
oooOOoO00o0O00oDOOo0oDOOOobOOO0bODOOoOobOOoOoTCPOOOODODODOOODOO

gobooboobbobboobbobobd
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3 TCP/IPOOODODOODOOODODOODOOODODOOODOOOO

000000000000 TCP/IPOOO0OO0OOOODODOOOOOOOOOOOOO
ood0doodgooooooobobooooOocpUODOOOOOODODOOOODODODOOOO

goboobooooboobobobbonoboobobobbon

3.1 TCP/IPOOOOOOOOOOO

OO0 [1joooTCcp/IPOO0OO00OOOOOOOO0OOODOOOOODOOOODOO TCP/IP
000000000000000000D0000DO00O00000O TCP/IPODODODOOO
000000 BSDO OSOOOOOO TCp/IPOOO [16)JD000D0OO0OOOO [1]JO0OO
O000O0TCP/IPOUOO0ODOOOOOOOODODOODO 300TCPOOOOOODOOODO
gopoooooTCcpO0O0OOOODOODOOODOODODOOUODOODODODODOOODOO
00000000000 0DO00b0D0OO00O0DACKOODOOODOOoOooOooOoooooooo
000002300 0000000000000 ACKOOODODOoOOooOoooooooo
0000000 191002300000 (00000000 0OO0) 00000000000
oooboobobogoooobobuob soobobooooIPOobDoboobobOon
ooobobobs7TboboobobouobobouoerbbooboboO

Acknowledgement Packet Flow

[ e e el A
1 1
1 1
1 1
1 Data Data 1
1 Sender Receiver 1
N e I I R !
L > Input ¢ 1 Output > Input ' 1 Output —>!
Processing ' ' Processing Processing ' ' Processing
(191-213) ! ' (235) (186) 't (235)

Data Packet Flow

()=Instructions

0 3: TCPOOOOO (OO [1))
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3.2 0OOUOOOOOOd

TCpP/IPOO0O0D00U0O0OO0OODOOODODOODOUODODOODODOOODOOO DMA
o0oooobMAOOCPUOOOODODOOOOOOOOOODODOOOODDODOOOOO
000O000bOoOOo0oOoOooo0ooooOoooo cpibOOOOOOODOODODOOO
ooodobooooobboooobboobbooobooboUubiobUoOnDevice Driver
O Network Controller 00 00000 ODO0OO DMAOODOOOOOO (0D 200)000

oo00o-0opbo0goboooOoOobOoO0gocpOdODOOOOOOObDODOODODOOO

3.3 TCpP/IPOUOOOOODOOOOOOOOODOOODOO

0000000000000000000000 TCP/IPOOO0O0OOOOOOOOO
0000000000000 00O0O00O00000O00000000000 lmbench [17]0
O00000OlmbenchDOUNIXO OSOOOOODODOOOODOOODOOOODODOOOO
goobobooboboboboboooooboobbobooobooboboon 10b00oDo4g
000 20000000000000000O0DOO0ODOOOODOOOCPUODOODOOO

gobooobbooboobbobboobobobboobobobbd

U1 00000oggoogoog

good goo 2
CPU Pentium-III Xeon 550MHz | Pentium-II 266MHz
Main Memory [KB] 512 128
Memory Copy [MB/sec] 180.32 51.98
Memory Read [MB/sec] 383.12 203.54
Memory Write [MB/sec] 181.46 71.88
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00000000000000000000 3100 TCp/IPODOOODDOOOOOOO
00000000TCP/IPOO0OOOOOO0OOOOODOOOOOOOOODOOOOD
000000000 10000 1020000000000 622 Mbpsj]000000OO0O
0000004 MB]OOOODODOOOODOOOOOOOODOOOOOOOOO 16 [KB]O
gobboooobooobgo 28000 obonob 200000000000000
goboboood 3ggboobobooboobobbobooobooboobonn 4
00000 2000000000000000000O0O0DOOO0ODOOOODOOUDMA
ocCcpUOO0ODODOODODOOODOOOOODOODODOOODOOODODOODODOOO
ggod

gooooooTcpo0oOoDOODOOOOOO0OODOODOOOOO0OOOOODODODOO
0000000000000000000000TCP/IPOO0OOOODODOODDODOOOO
gbooboobobobbbobooboooobbgbb 200b00b00b0b0O0000ODbDd
4000000000000 00DO0O0DODODDOO0O0bObObOoOob0bOOOoooOoobDbOg
0000000O0O00bODOOo00obOoO00oooOoOoooboooooOoo cpUuOobObDOOO
000000000000 o0ooOU0O0oOU0DOO0O0 BUuooooooo TCe/IP
goboboopoooboboboboboobobooobobooboboboobobooo

gobooopoooobogoooo
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02.0000000000000000000

0ooo sfslsfs 0000 (us)
Memory Copy (file to buffer) 4 [MB]/180.32 [MB/sec] 22182
Memory Copy (buffer to mbuf) | 4 [MB]/180.32 [MB/sec] 22182
TCP output (data pkt) 235 [ins] x 258 [pkt]/550M 105
Memory Read (for checksum) 4 [MB]/383.12 [MB/sec] 10441
IP output (data pkt) 61 [ins] x 258 [pkt]/550M 27
IP input (ack pkt) 57 [ins] x 258 [pkt]/550M 25
TCP input (ack pkt) 213 [ins] x 258 [pkt] /5500 91
RN 55053

03 0000000000000000000

oooo 0o0O 0000 (us)
IP input (data pkt) 57 [ins] x 258[pkt]/550M 25
TCP input (data pkt) 186 [ins] x 258[pkt]/550 M 83
Memory Read (for checksum) 4 [MB]/383.12 [MB/sec] 10441
Memory Copy (mbuf to buffer) | 4 [MB]/180.32 [MB/sec] 22182
TCP output (ack pkt) 235 [ins] x 258[pkt]/550M 105
IP output (ack pkt) 61 [ins] x 258[pkt]/550M 27
Memory Copy (buffer to file) 4 [MB]/180.32 [MB/sec] 22182
RN 55045
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04 00020000000000000000000000

0ooo sfslsfs 0000 (us)
Memory Copy (file to buffer) 4 [MB]/51.98 [MB/sec] 76953
Memory Copy (buffer to mbuf) | 4 [MB]/51.98 [MB/sec] 76953
TCP output (data pkt) 235 [ins] x 258 [pkt]/266 M 217
Memory Read (for checksum) 4 [MB]/203.54 [MB/sec] 19652
IP output (data pkt) 61 [ins] x 258 [pkt]/266]M 56
IP input (ack pkt) 57 [ins] x 258 [pkt]/266M 53
TCP input (ack pkt) 213 [ins] x 258 [pkt]/266]M 197
00 174081
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4 0J00O00OOOOODOOODOTCPOOO

00000O0oOoOoTCcpO0ODOOO0ODOOOODOOOODOOODODOOOTCPO

Delayed ACKOODOOODOOOODOOOODOODDOOODODODODOOODODOO

4.1 Delayed ACKOODOOO

Delayed ACKOOOUODO [19)0O0TCPOOOOOOOOOOOODOODOOODOOODOO
000000000000 ACKOUOOOOOOOOOFreeBSDOOO OO OO 200 [ms] O
O000000O000DO0ODOO00O000OOFreeBSDOOOOOODODO 200000000
O0D00D0O0ODO0O0D0O000 ACKOODOOOOOODelayed ACKOOODOOODODOO

gooogog

e ACKOODODODOODODOODODOUOUODODOOUODOODODOOACKOODOODODO

00000000 ACKOOOOODOOOoOOoOO (piggyback)d

e JJ0DOUIDODOODOOUODOODDOD ACKODODOODOODODOODOODOOO
0000000000 DOOO000DOOOO00ODOOACKODODDODDOOOOOoO

gooond

0000000 [14)00 400000 Delayed ACKOOOOOOOOOOOOOOODOO
gobobooboboooboboobboobobbobooooboo1boobonog
0000000000000 000000000 ACKOOOOOODO 200 [ms]0000O0O
goboopoooobobobobooobooboboboobobooboboobobooon
00000000 0DO0O000O00DO00DOO00DOO0O0DOO000dDelayed ACKOO
00000000 0DOO0O00O0OO00DO0ODOODelayed ACKOOOOODOOODOOO
gobooobooobooon

0500100 Mbps]DODOODODOOODO Ethernet 00000000 200000000
OO0TCPOODOOODOODODODOONO Delayed ACKOOOOOODOODOOODOODODOO

goboboobooooboooboooobobbobooboboboboooobooboobbg
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Sender Receiver  Sender Receiver

PSH . S IR
_—“——h—_”;_f‘?_d"jﬂfﬁ:-_% ~—— "7 1R 1oz
U l o
T . 0o 200 [ms]
il 1p2 . —————_’J
7 2045 100y "t
FEM 24, am ™ "——-——-iu__z"_: 2048 (1024)
T o] EF_‘I'_.._,_,-'—""F P.S: .
. g.ﬁii_::;.-ﬂ____* ._____H__ < - W
- - "
W W2
o e —
"
Delayed ACK OFF Delayed ACK ON

O 4: Delayed ACKODOOOODOODOOOODODOO

00000001 [KBJOOOODelayed ACKOOOOUOOOOOOODDOOOOODOOODO
U000 O00o0o0obU00obU0ObUOEthernet 00D ODDOODOOOOODOOOOODODODODO
01[KBOOODO1000000OO0O00O0O0O0O00000ODelayed ACKOOOOOODO
000000000000 00000000DOODO0DODO000DO0O0 Delayed ACKODO
O0D00OD0Delayed ACKOOODOODOOODODOODOOOOOODOODODOODDOOO
O0D00O0O0ODODelayed ACKOOODOODOOODOOODOOODOOODOODOOO
00 ACKOUODOOOOODOO (D 400)000000000000O00DODOOO0ODOO
goboboobooobobooobobobobuooboobobobooobboooo
00000000 Delayed ACKOOOODODOOOODOOODODOOODOOODOOOO
googo

000000000 622 Mbps]DOODDOOOODODO MAPOS 30000000000
0000000 60000MAPOSOONTTOOOOO SONET/SDHO O HDLC (High-
Level Data Link Control) 00 0000000000000 0O0OOOOODOOOOODOO

MAPOSOOOOOOUOOOOOOOOOOOC-3¢ (155Mbps)d OC-12¢ (622Mbps)0 0 O
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1e+07 T T T T
1e+06
2}
=
€ 100000 |
=
-
(¢D)
%5 10000 |
c
©
S
l_ P - 1
1000 | < Delayed ACKON —— 4
x Delayed ACK OFF ----%-—--
¥ /
100 " " P | " " P | " P | " " P | "
1 10 100 1000 10000

Transfer Data Size [KB]

O 5: Ethernet 0000 Delayed ACKODOOOOOOOOODOOOOO

OC-48c (2.4Gbps) OO0 O00O0DOOOOOOOODO OC-12c0000000O0OOOOOO
000000000000 000 16 [KBJOOOOOOODelayed ACKOOOOOODOO
000000O00DO0O00bODOOOO00OooooMAPOSOOOODOOOOODOOOOO
0000000 16 [KBjOOOO1000O0O0O0OUOO0OO0O0O0O0O0000OO Delayed ACK
0000000000000 0000000000 16 [KB]OOOOOOOEthernet 00O
0O (05 00000Delayed ACKOODOOOOOOOOOOOOOOODOOOOOODO
0000000000 Delayed ACKOODOOODOOOOOOOOODOODOOODOOO
000000000 5000000000000 Delayed ACKOODODODOODODOOOO

gooond

20



1e+06

5 100000 ]
=
(D}
£

— 10000 F ;

_ _
(<))
Y
[
G
-

= 1000 } Delayed ACK ON —+— -

Delayed ACK OFF —-x— |

100 " " | P | " " P | " " | " " "

1 10 100 1000 10000 100000

Transfer Data Size [KBytes]

O 6: MAPOSOOOO Delayed ACKOOODOOOOOOODOOOO

4.2 0O0O0OOO0OO0OO0OODOOO

TCPpOODOOOODOOOODODOOTCPOOOOODOOODDOOOODOOOOODO
0000d0o0oACKOOOOOOOooooobooooooooogoooooogoogoooo
gobooboobbooboobobobboboboobobobbonoboobobobobd
goboboobooboboobobpoooobobbooobobbobooobobonbg
gobboooooooboobbobooooboobbooobooboboboobonbg
gobooopooooboooo

000 TCP/IPO0O00DDOOODODO0OO0O0OOOOOOOOOOOODOOTCPOOO
goobobbooooooooobobobbbboboooooobobobbooooooobogog
O FreeBSD-22800000000 16 [KB]OOODOOOOOODOOOODOODOOOOOO
00000000000 000000O00O000DOe22 Mbps)]DOOODOO MAPOSOO

0000000 00000bO0O00 MAPOSODODODOO TCPODODOOOODODOOOOO
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400 T T T T

w
gl
o
T
1

300 §

250

200

=
o
o
T
1

Throughput of Connection [Mbps]

32 64 128 256 512
Socket Buffer size [KBytes]

o

=
(o)]

O 7nooboboboboboboobuoboobobobobooboo

gooobooboooboobooboooboboooboobooog Toobboooboooo
0000000000000 000O000000O000O0O00UOO0ODO0 500 MBJOO
gooooo

O07000000000FreeBSD-2280000000 16 [KBjOOODOOOOOOOO
gbooboboobobbobobooobobobobooobbobooooobobobog
goobopobooooboobboooobobobboobooboboboboooobonbg
0384 [KBjOOOOOODOOOOOOOOOoOoOooooooooooooooooooo
gobobooboboooobboboooboooboboooboboobboooboobobooo
g0odobOOoo0oooooooooOobOoO0OooooTCcpO0ObODODOOOOOOOO
000000000000 0oTCPOOOOOODOOOOOO (bandwidth delay product)
02000000000 [20000000000000000000D00O0O MAPOSOOO
0O RTT (Round Trip Time) 00 0.01 s| D 000000000000 O00O0O0O 270 [Mbps]

gobooobogobooobbooboboobbonon
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00000000000000 =270 [Mbps] x 0.01 [s] = 345.6 [KB] (1)

0000000 ()oooo0oU0oo0DoooUooUoOooooOoLoooO (D noooo

gooooo
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5 Uibdbobobouobbooobond

2000000000TCPOOOOOODOOOOOOO 200000000 (COOO
gobobobooobbobobobobooboboobobobbobooooooog
(mbuf0000D0))0000000O0O0O0300000000000OO0DOOOOOOOO
goboboobooboobobonooooobobonoooobobobonoooboonbg
gobobooboobobobobobooboobooboboobobobooobobg
goboboobboooobooboboooboboobobboobobboboboobobg

gobooobooobpbooboboobbobbon

5.1 UUdUgboboogooboboobod

08000000000 TCPOOOUODODOOUODDOOUODOOODOUOODOODODOO
o0oooooooooobooObO TCpOODODOODODOODOOOOOODODOODOOD
gooobobboogoobobobboooboboobboobobobbooooooboboba
gobooboboboobobobooooobooboboobooooboobooooobog
0000000000000 00000000O00DO00O0DO0O0O00 (mbuf)DODOO
0000000000000 0O00O0000OO020000000000000 (OO [21]
00)000000000000000000000D00000O000D0D0D0DOoODoOOO
gobobooboboboobopobobobobbobooobooboboboobobg
goboboobbobbobobboooobobboboobooboboboobobg
ooobooodbuobobuobooogboobuobou2b0b0D000b0OUOUNIXOD
goboboobbobooboboooboboboboooboobobooooobooobg
gobbobogboooobopooobobboobooboboboboboobobg
gboboboboobobooboooobobbbooboobobbobooobobg

goboooboooboooon
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Memory Copy

File to Buffer
Memory Copy
(Buffer to mbuf)
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