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1997

[Lawr 00]
cache cache sharing
2000 WWW

38.8 Tera Bytes 38800 GB
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proxy server
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Byers [Byer 99]

[Luig 97] [Luby 97]
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[Crov 97]
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erasure codes
erasure codes

Tornado Codes

erasure codes
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archie FTP archie

[Lyco]
[CNet]
DNS IP
IP
Anycast
[Bhat 97]
DNS
[Kang 99] [Gadd 97]
[Rous 98] [Fan 98]
2.4
[Amma97] 95%  HTTP 5%
[Calf 94] NCSA Mosaic 59% HTTP
25 0.27%
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HTTP [Frys 96] [Fiel 97]  FTP [Post 85]

HTTP FTP
Web HTTP 1.1
byte-range support persistent connection
support
3.1
Range foo.bar 500

CET /foo.bar HTTP/ 1.1
Range: bytes=0-499
Host: skynet.cs.nthu. edu.tw

Range HTTP 1.1

HTTP 1.1

HTTP 1.1 HTTP 1.0



Range

3.2
TCP TCP
TCP
TCP sSlow start 31 TCP
Rlog, W R W TCP
[Jaco 88] TCP
slow start
TCP
TCP
slow start

slow start



One Round Trip Time >|

l A

N

Round 2 73 &
) 7
4 B §F [
Round 3 S 1O 7 164
2 Ll s 15
3-1/ Slow start
HTTP 1.0 HTTP
TCP
96] TIME_WAIT TCP
[Padm 96] [Mogu 95]
HTTP 1.1 HTTP11
HTTP 1.1
Connection HTTP 1.0
Connection "Close "
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Apache web server [Apac]

[NTHU]
URL
3-1

3-1/
.COM 3647 5215 2800 8070
TW 3266 3250 3110 4285
EDU 1989 2173 1842 3005
NET 498 579 464 760
ORG 1139 1247 966 1730
GOV 334 381 280 500
UK 358 325 271 450
1797 1861 1499 2440
13028 15031 11232 21240
61.34% 70.77% 52.88% 100%
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TCP connection-oriented

2400 bps Gigabit ATM TCP
TCP
flow control  congestion avoidance [Jaco 88]
World Wide Web HTTP TCP
Web
HTML
web

1KB [Cunh 95] 6KB [Touc 96] 21KB [Arli 96]

TCP
TCP TCP
TCP
overhead
ACK
ACK TCP socket pair TCP
TCP TCP
TIME WAIT TIME WAIT
MSL maximum segment lifetime 2 TCP
PCB protocol control block 2MSL

MSL 30 1 2
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web

TIME_WAIT
Transaction TCP [Brad 92][Brad 94] HTTP
P-HTTP [Padm 96]° HTTP
TCP overhead congestion control congestion
avoidance
UDP ARDP

Asynchronous Reliable Delivery Protocol [Neum 92] HTTP

TCP overhead
5-1 TCP overhead
[Padm 96] HTTP
10%
TCP congestion avoidance overhead

> PHTTP HTTP 1.1 HTTP11 persistent connection
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setup » RTT
first
request\
k
slow
stall start
— b4
5-1/ HTTP SYN  ACK
HTTP
SYN TCP
ACK ACK  HTTP HTTP
HTTP
ACK ACK

slow start
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> TCP

TCP 3 way handshaking HTTP

> TCP dow start

TCP
congestion window cwnd
cwnd 1 TCPsSlow start
0O  slow start ACK cwnd 1
O  congestion avoidance ACK cwnd

ssthresh  dlow start threshold

TCP

3-1 slow start “sow”
stall
HTTP
cwnd 2 stall
stall 4 8 16...
TCP

delayed ACK policy

200 ms

21
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TCP  Slow start

stall

stall
5-1
stall 5-1
5-1/ TCP slow-start
stall no delayed ACKs delayed ACKs ACK every segment
1 2(2) 2(2) 2(2)
2 3(5) 3(5) 4 (6)
3 3(8) 5 (10) 8 (14)
4 6 (14) 8 (18) 16 (30)
5 9(23) 12 (30) 32 (62)
6 12 (35) 18 (48) 64 (126)
7 18 (53) 27 (75) 128 (254)
8 27 (80) 41 (116) 256 (510)
9 42 (122) 62 (178) 512 (1022)
10 63 (185) 93 (271) 1024 (2046)
[Heid 97] sow start overhead

bandwidth-delay product

overhead

overhead

bandwidth-delay product
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5-2 512 TCP 12400

100Mbps 400 ms overhead

TCP

modem Ethernet ISDN bandwidth-delay product

Gigabit Ethernet  ADSL

TCP overhead

\
‘%.

N
N %&‘

Overhead (ratio to minimum transmission time)

10K o RTT (millisecond)
5-2 / TCP slow start bandwidth-delay product
512 TCP

12400 4

[Heid 97] Fig.2
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TCP overhead

1ms Ethernet TCP 1460
70 ms 1460
536 TCP
TCP 8KB  32KB
TCP
HTTP 1KB 10MB
5-3 5-4
1400 K T T T T T T T TG T T T
i R ® i

1200 K |~ ® - - Window = 32 KB, MSS = 1460 g i —
% Window = 32KB, MSS =536 g’ ‘
1000 K — 4—# Window =8 KB

BOD K

600 K

Throughput (bits per second)

400 K

200 K
ﬂ 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIIII 1 1 L1 1 111
1000 10000 100000 1E+06 1E+07
Content length {bytes)
5-3/ RTT » 70 ms
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10 M T T T TTTT T T T 17117 T T TTTTT T T T TTT7

— #—% Window = 32 KB

#—% Window =8 KB

Throughput (bits per second)

ﬂ 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 11 1 111
1000 10000 100000 1E+06 1E+07
Content length {bytes)
5-4 / RTT » 0 ms
5-3 2KB
10% 32KB 20KB
500K B TCP
slow start overhead
TCP
500K
cwnd
ACK
ACK TCP
O Fast Retransmit
Fast Recovery cwnd  ssthresh ACK

congestion avoidance

O ACK ssthresh
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window size cwnd 1 slow start

TCP
mss
2KB
25% 20KB 70%
TCP slow start
overhead
5-2
TCP slow start overhead
3 way handshaking slow start overhead
overhead
5-3
slow start Fast Retransmit Fast Recovery
load

balancing

5-5
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6-2

trade off
>
6-1
[Jaco 88] TCP
cwnd
Start BSD TCP/IP

31

TCPIP

cwnd

slow



50
45
40
35
30
25
20
15

Throughput Rate (Mbps)

10

cwnd

slow start

slow start

—— localhost

1 75 149 223 297 371 445 519 593 667 741 815 889 963
Block size (KBytes)

6-2 /
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TCPIP

TCP TCP/IP

datalink layer
HTTP

HTTP

€256 + bl ocksi zet0,
+ s
g ms U

> TCP overhead

40

HTTP

HTTP
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TCP/IP
TCP 40
HTTP
HTTP overhead
TCP/IP overhead
HTTP



TCP overhead

TCP overhead

6-3
>

6-1/ HTTP
rtt
bVvavail
mss TCP segment maximum segment Size
muws maximum useful window size

rtt
bWavajl
bandwidth-delay product
muws
muwWs
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EOW, . ~ ity
muws = ~—2& ~
€ ms H
<<1% [Jaco
88] overhead
>
HTTP
HTTP HTTP
HTTP HTTP
256 HTTP
HTTP
TCP/IP
> TCPdow start overhead
TCP slow start cwnd 1

1 ssthresh slow start congestion avoidance

35



ssthresh 64KB

ACK
Fast Retransmit Fast Recovery cwnd ssthresh

congestion avoidance slow start overhead

D
(D +4) (D +5)
D Fast Retransmit  Fast Recovery
D cwnd  ssthresh
thresh = min(cwnd, receive_ window__size)

2
cwnd = ssthresh+3" segment, (D)

D

cwnd ssthresh congestion avoidance
congestion avoidance ACK cwnd 1
cwnd

slow start
D ACK D
slow start
Fast Retransmit  Fast Recovery

slow start TCP slow start

overhead
slow start overhead

é64K U

ssthresh= ~——~
Emss H
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SS__segs = min( muws, ssthresh, window __size100) (1)
segdi]” mss- 2° 40

usefulstalltime(i) =

DWW, 2
wastedstalltime(i) = rtt - useful stalltime(i) 3
stalls(sos_segs) ) ]
sowstart, o = A Wastedstalltime(i)
i=1 (4)
100
(1) SS Segs
slow start 100
SS regs muws ssthresh  window_size
SS regs 100 HTTP
2 3 51 i &dl
segqi] 5-1 delayed ACK
slow start sl
stall
[ stall segqi]
mss IP TCP
40 stall rtt stall
wastedstal ltime(i) rtt
SS_Segs 5-1 slow start stall
wastedstal ltime(i) slow start overhead
>
TCP HTTP
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5 filesize
blocknum—e p

~ 8blocksizel]
_ €256+ blocksizey
Segmentnum_ per _reply — 8 mss H

segment,,,., =block,.,” segment, . o e, +blOCK,,,

(5) HTTP HTTP
(6)
(6)
http _header, o peq = PlOCK —300
avail
, 40
network _header, ,n..q = Segment,,,
bWavail
HTTP overhead
HTTP [Sper 95]
300
> over head
O
O slow start overhead

38

HTTP

[5]

[6]

256

(7)

web



idletimes=rtt” block,.,

TCP
slow start
connection,,,, = g%é

connection,,,, = rtt” 2

100
rtt
X
ACK
FIN
ACK
SYN
%
ACK
6-3 /
overhead
ssthresh

100

slow start congestion avoidance
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slow start overhead

filesize

filesize

transfer _time=
Wavajl
idletimes
+
2
+ network _header,

overhead
+ http__header,

overhead

+ connection,,,” (connecti ONg, *+ Owstartovemead)

overhead
Gigabit
6-3
6-2
MB RetHat Linux wget [wget]
6-2 HTTP
6-2 /
RTT ms Mbps
7.2 9.0
85 9.5
13.8 9.1

40

blocksize
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1134 5.0

Throughput Rate (Mbps)

(o2}

(631

IN

w

N

[EEN

o

1KB  1024KB

6-4 65 6-4 Mbps

6-5

;~-|r hu‘

i |1n " || |"
a I i

[
|
I
I,

——e mm—m——saa

1 82 163 244 325 406 487 568 649 730 811 892 973
Block size (KBytes)

6-4 /
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Ratio of peak rate

05 F
04 ||—-—-NcTU NTUST |
| e NSYSU e NCNU .

1 86 171 256 341 426 511 596 681 766 851 936
Block size (KBytes)

6-5 /

40K

6-2

6-6 6-7 6-8
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Throughput Rate (Mbps)

Estimated Error Ratio

7
6
5
4 2
J: fo” —8—NCTU
l —#—NCTU (estimated)
My —A—NTUST
/
Wll —A&— NTUST (estimated)
/]
2 ,' ’i —®—NSYSU
) —8—NSYSU (estimated)
,'/’ ——NCNU
148
—+—NCNU (estimated)
0
1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97
Block Size (KBytes)
40%
—— NCTU
35% —&— NTUST
—8—NSYSU
30%
—&— NCNU
25% 'y
20%
15% ﬁ
10% [ J A ?
5% A
0%
1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97
Block Size (KBytes)

43



8% r

O< 100K
7% r

B < 500K

6% | O< 1000K

10

5%

4%

3%

Average Estimated Error Rat

2%

1%

0%

NCTU NTUST NSYSU NCNU
Sites

6-8 /

5%

6-4

6-3

rtt
bw_ .

aval

mss TCP segment

Si te%um
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O
HTTP overhead
O
) bl ock sites. U, .
connectlonnum:eb ”“m/ hum U sites,
& 100 H
O
n
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filesize

bWavail

N idletimes sites,,
2

+ network _header, . 1eq

+ http__header,

verhead

+ connection,,,/Sit€S,,, (connecti ONgyy, + 81 owstartove,head)

transfer _time=

TCP
overhead TCP slow
Start overhead TCP

Si teﬁmm overhead S teSmm
6-9 6-10
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Ideal Throughput Rate (Mbps)

4.5 -2 sites =i—2 sites (estimated)
=& 3 sites =3 sites (estimated)
4 —&— 4 sites —8— 4 sites (estimated)
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35 1 1 1 1 1 1 1 ]
8 16 32 64 128 256 512 1024 2048
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6-9 /
16.6 MB
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) | | I I I I I l
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Block Size (KBytes)
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X

o
X

Average Estimated Error Ratio
w N
RS S

)
X
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5% 32KB

4-1
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Sitesnum -1

transfer _timey o = blocksize2
OWages
rtt
+—
2
_ blocksizg/'sites,
bw,

avail

slow start

6-12 6-13
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Wait Time (sec)

5

=—+—measured
= estimated

8 32
Block Size (KBytes)

128 512
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3
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32KB 64KB 128 KB 256 KB

512KB 1MB 2MB 4MB 16 MB
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2 4MB 3%
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