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A note on the use of these ppt slides:

We’re making these slides freely available to all (faculty, students, readers).
They’re in PowerPoint form so you can add, modify, and delete slides
(including this one) and slide content to suit your needs. They obviously
represent a lot of work on our part. In return for use, we only ask the
following:

If you use these slides (e.g., in a class) in substantially unaltered form, that
you mention their source (after all, we’d like people to use our book!)

If you post any slides in substantially unaltered form on a www site, that
you note that they are adapted from (or perhaps identical to) our slides, and
note our copyright of this material.

Thanks and enjoy! JFK/KWR

All material copyright 1996-2004
J.F Kurose and K.W. Ross, All Rights Reserved
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Chapter3 autlne

U 3.1 Trangoart-hyer savies L 35 Camedtan-aerentad

0 32M ultpkdngand tangoart: TCP
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T'rangoort savioes and protoanks

L provide bgical canmuntatin betw ean -
o processss ninnng an diffaent
hosts

[ tzanseart protocok nin 1 ed systan s
U send sties breaks gop messages 1ito

sgnats,pasesto netw ak ayer
U mov she: rmassambles ssgments nto
messages, passes to gop ayer

U mare than ane ttangoart protoaol
avaibbEto goos

U Intanet: TCP andUDP
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Trangoort vs.netw ok ayer

0 netwark layer: bgial Hausgod anabgy:
canmunaton betw ean hogts 12 ktssendng BEtasto 12 kds
J tangoart Byers bgtal [ progessss= ks
canmunatin betw en 1 gopmesages= Hiash
IOCESES awvelpes
U mehesan, enhanass, netw ark 0 hogs=]
Byersavies
1 trangoort protoanl= A nn and
Bill
U netw ak-Byerprotocnl =
postalsavre
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Intanet - /(0,10 €9

U elabk, n-adadeliay (ICP)
1 aongestin aontiol
U fbw contiol
U connectin setup

U unmelabl, unadiaed delivay:
UDP
U nofrlkextansin of “best-effort’”

1P
Ll savissnotavaibbk:

U dehy quarantess
U bandwv dth quarantess
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Chapter3 autlne

L 3.1 Trangoort-hyer savies L 35 Camedtan-aerentad

0 32M ultpldigand tangort: TCP
danultpledang 0 sgment sticture
. U mlabkdata transfar
1 33 Camettankstiangoart: ]
fbw antmol
UDP
N atin
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tiansfer CNgestn
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M ultbbang/denultblang

D enultbldng at o7 host: — Multpbagatsndhosts
EHering e sments ﬁ:z]gdataﬁanmukplﬁ
to conrect socket , Gvetpng dataw
hexder (aterusd for
danulpkxing)
] ok D =poes
L T L ¢ o
trangoart trangpart trangoart
netw ark netw ark netw ark
host1 host2 host 3
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Hov danultpkexngw arks

[ host reeizes IP datagram s
U each datagram has soune IP
address, destnation IP address
U each datagram cares 1 trangoart-
Byersameant
U each ssgment has soune,
destiatin port number
[l hostusssIP addiesses& port numbas
to direct ssgment to goprgorate sooket

32 bits

A
v

TCP/U D P ssmant fommat
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Cannectn Essdanultpbedng

0 Createssckatsy Hh oot numbass U W hen host receiesU D P

Dat agr anSocket nySocketl = new Ssgnant:
Dat agr anSocket (99111) ; U cheksdestnatin part number 1
Dat agr anSocket nySocket 2 = new ssmait
Dat agr anSocket (99222) ; 0 diectsUD P ssgment to socket
0 UDP socket tantifirby twotupk: W ith that port mumber
(fiest TP ackchess, dest-part mumber) L IP datagramsw ith diffaent
source IP addresses and/arsource
pat numbasdiectad to same
Soaket
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Cannecton bEssdanux cont)

Dat agr anSocket server Socket =

new Dat agr anSocket (6428) ;

SP :6428

DP:5775

A

SP:6428
DP:9157
SP:9157
clint DP:6428
IP:A
SP provoes “4etum address”

P:C

SP:5775

DP:6428

Climt

IP8
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Cannectron-erentad danux

L TCP sodket Dentified by 4- L Saverhostmay apgoartmany
tupkE: smultaneousTCP sodkets:
U soume IP address 1 each sodket dentified by itsavn 4-
U sourepart number tpk
0 dest IP address L W eb savashavediffaent
O destpart number sockets foreach connedting clint
U mor hostusesall fourvaliesto - nonpasstentH TTP w illhave
diect ssgment to aoicpriate different socket foreach raquest
Soaket
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Cannectn-orentad denux _Gont)

Soo
SP:5775
DP:80
S-IP:B
DAPL
N
SP:9157 SP:9157
clint DP:80 J— DP:80 Clint
IP:A S-HP:A P:C S-IP:B IP B
DIPLC DIPLC
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Cannecton-orantad dan ux: Threaded
W eb Sexver

S——
i 1 L,
SP:5775
DP:80
S-IP:B
D?C
SP:9157 SP:9157
clint DP:80 p— DP:80 Clent
IP:A S-HP:A P:C SIP:B P8
DIPLC DIPLC
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Chapter3 autlne

L 3.1 Trangoort-hyer savies L 35 Camedtan-aerentad

0 32M ultpkdngand tangoart: TCP
denultplbdang - sment stcture
: U mlabkdata transfar
1 33 Camettinkbstiangoart: )
fbw antmol
UDP
. .
0 34Pricpksofeltbbdata 35:’;@;;@%.
tiansfer CNgestn
antiol
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UDP.:U sxD atagram P1otocol RFC 768]

L *ho frills,” “barebanes’ Intanet
transgoort protoal W hy sthaeaUDP?
- ‘besteffort” saviee, U D P sgments [ noannetin establidment (v hih
may be: can add dehy)
- bet [l sinple:no annectin stateat
U delivasd cut of arderto goo snder, 1I|ever
U connectinkess: [ gnallssment header
U no handshakngbetw ean U D P [ noangestin aantiol: UD P aan
snaer, Isever bhst aw ay as fast asdesired
U each UD P sgment handed
Idependantly of othas
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UDP:mae

L often usad forstream ngmultinedi

J— « 32 bits >
U bsstolant Lengﬂl,jn\
U matesnstie bytesofUD P
a,
L othaUDP uss iignudhg
0 DNS header
U SNMP
1 elsbbtansfroverU DP:add Appltattn
reliabiltty at aopliatin hyer data
0 apliati VI (nessage)
mBoovay!

UD P ssgment format
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UD P chedkgin

Gaoal:daect ‘entrs” eg., flpoad bits) 1 transn ittad ssgmant

Saxa:

[ treat sgment aontents as ssguence

[]

of 16-bit nteggs

checkam :additin (1 s
aanpbBnent sam )of ssgnent
aantants

sndaputs chedkaum valie nto
UD P chekam fied

Rexver:
L aonpute chedksum of recetyed segmant
[ chedk if amputed chedkam equak
chedkam fiedvalie:
U NO -exordetected

U YE S -noenordatected .But
maybeenarsnanethekss? M are
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Intanet Chedkam Exampke

L Note

U W hen addng numbas,a carryout fiom themaost spnifiantbit
negdstobeaddad to theres 1

U Exampk:acd two 16-bit nitees

1110011001100110
1101010101010101

w rEparound @1011101110111011

S 1011101110111100
checkam 0100010001000011
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Chapter3 autlne

L 3.1 Trangoort-hyer savies L 35 Camedtan-aerentad

0 32M ultpkdngand tangoart: TCP
denultplbdang - sment stcture
. U mlabkdata transfar
1 33 Camettankstiangoart: ]
fbw antmol
UDP
. .
0 34Pricpksofelibbdata 36;’”78@, E”" :;age”m’:,
transfer TCPAESOL angestn
catol
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PrncpksofR elabkdata transfer

L inpartant 1 gop ., tanseart, Iink Ayers

L tgo-d0 Iist of inpartant netw arking tqoics!
-
O
O O
O 8 senalngl receiver I
% - process process
- | 1
= L()relioble Chc:lrmel)j rdt_send() deliver data()
8_ 5 reliable data reliable data
B > transfer protocol transfer protocol
% O (sending side) (receiving side)
-+~ udt send( )i [packet | [ packet| Irdt rev()

Junreliable chcmnel)i

(a) provided service (b) service implementation

L chamaderistics of unteliabk channelw illdetam neaampkxity of reliabkdata
transferprotool (dt)
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Relabkdata transfar; getng sarted

rdt _send() : aalld fian above, €g.,by

gp.).Passd data to
delivarto moevarugear byer

\ rdt send()

reliable data
fransfer protocol
(sending side)

del i ver data(): alkdby
r dt todelivardata to ugoer

_ /

data Tdeliver_data ()

reliale data \eie
fransfer protocol .
(receiving side) sre

udt_send ()}

packet

packet Irdt_rcv ()

T—»()unrelioble channel )J

udt send(): aledbymrit,

to transferpadket over
unelablke channel to 1sever

rdt _rcv(): aalbedwhen padketanizes
an ro/-steof channel
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Relabkdata transfar; getng sarted

W ell

L naementally derelp saxar, imevaer stesof relabkedata
transferprotoaol ¢at)

1 anstaranly undiectinaldata transfer
U butantol nfow ill fbw an both diectins!

U usefmitedatemachines (M ) to goectfy sadey, reeer

evant causig sate transitin
actms taken an state ttansitin
state:w hen i1 this “ate’ next ‘ — —
sateuniuely detemined | S sate
byneteat \_1 erant
)



Rdtl 0: eliabk tiansfrovera reliahke channel

1 undadymg channelpatfectly relabke
U nobitenors
1 no bssofpadkets
U spamteF.9M s forssde, imever:
0 smndersmndsdata into underlying channel
O 1eeiveread data fion underdying channel

A ait for rdt_rcv(packet)
call from

below

Wait for rdt_send(data)
call from

above

extract (packet,data)

packet = make_pki(data) deliver_data(data)

udt_send(packet)
SSgeca meler
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Radt2 0: channelw ith bit errs

U undadying channelmay flp bits 1 padket
U chedkam todatect bit enors
L thequestan: how to reover fion encrs:
U admow Bdganents A CK s): rmeverepliitly tells ssdarthat pkt rsceved
OK
U negatie admow dganents (VAK s): imeevareplttly tells ssdarthat pkt
had enors
U smderretransn tspktan reept of NAK

[ nav mechansnsir dt 2. 0 pgandrdt 1. O ):
U enordetectin
U meever faadbadk: aantiolmsgs ACK NAK ) iovr>sder
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2 0: FSM _goectfiatin

rdt_send(data)
snkpkt = make pkt(data, checksum) \aelvar
udt_send(sndpkt)
rdt_rcv(rcvpkt) &&
ISNAK((rcvpkt)

Wait for
call from
above

rdt_rcv(rcvpkt) &&
udt_send(sndpkt) corrupt(rcvpkt)

udt_send(NAK)

rdt_rcv(rcvpkt) && isACK(rcvpkt) s

Wait for
N
call from
s below

rdt_rcv(rcvpkt) &&
notcorrupt(rcvpkt)
extract(rcvpkt,data)

deliver_data(data)
udt_send(ACK)
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2 0 : goaatn w ith no enors
rdt_send(data)

snkpkt = make_pkt(data, checksum)
udt send(sndpkt

rdt_rcv(rcvpkt) &&
ISNAK((rcvpkt)

Wait for
call from
above

rdt_rcv(rcvpkt) &&
udt_send(sndpkt) corrupt(rcvpkt)

udt_send(NAK)

rdt_rcv(rcvpkt) && isACK(rcvpkt)
<
N

Wait for
call from

notcorrupt(rcvpkt)

extract(rcvpkt,data)
deliver_data(data)
udt_send(ACK)

TrengatLaye: 3-27



rdt_send(data)

snkpkt = make_pkt(data, checksum)
udt _send(sndpkt

Wait for
call from
above

rdt_rcv(rcvpl% &&
corrupt(rcvpkt)

end(NAK

rdt_rcv(rcvpkt) && isACK(rcvpkt)
<
A\

Wait for
call from
below

rdt rcv(rcvpkt) &&
notcorrupt(rcvpkt)
extract(rcvpkt,data)

deliver_data(data)
udt_send(ACK)
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2 D hasa fatal fav !

W hat hagoans ifACK INAK H andlihg dupliates:
compotad? U sndermtiangn s aunent pkt if
[ snderdoem tknow w hat hagpened ACK /NAK garbEd
at receier! L smderadds ssquence numberto each
U @an'tjist retrangn it: possble pkt
duplicate L meeiardissanrs foemn ‘tdelizerup)
duplatepkt
- Spandwat
Sendersmds anepadket,
thean w atts forreever
rEepanse
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o2 ] : sdar, handkesgatbBJACK INAK S

rdt_send(data)

sndpkt = make_pkt(0, data, checksum)
udt_send(sndpkt)

rdt_rcv(rcvpkt) &&
( corrupt(rcvpkt) ||
iISNAK(rcvpkt) )

udt_send(sndpkt)

rdt_rcv(rcvpkt)
&& notcorrupt(rcvpkt)
&& iISACK(rcvpkt)

rdt_rcv(rcvpkt)
&& notcorrupt(rcvpkt)
&& iISACK(rcvpkt)

4 A
\'/A\Vg:i for Wait for
rdt_rcv(rcvpkt) && NAK ir Clbi\lom
( corrupt(rcvpkt) ||
isSNAK (rcvpkt) ) rdt_send(data)
udt_send(sndpkt) sndpkt = make_pkt(1, data, checksum)

udt_send(sndpkt)
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2 1 : imeier, hand kEs ACK INAKS

rdt_rcv(rcvpkt) && notcorrupt(rcvpkt)
&& has_seqO(rcvpkt)

extract(rcvpkt,data)
deliver_data(data)
\ sndpkt = make_ pkt(ACK, chksum)
udt_send(sndpkt)

\
rdt_rcv(rcvpkt) && ‘

(sngpklt—:-f makz _pkt(NAK, chksum) \

udt_send(sndpkt) Q

rdt_rcv(rcvpkt) &&

rdt_rcv(rcvpkt) &&

(CREMRMUGHRRE pki(NAK, chksum)
udt_send(sndpkt)

rdt_rcv(rcvpkt) &&
not corrupt(rcvpkt) && ( not corrupt(rcvpkt) &&
has_seql(rcvpkt) has seqO(rcvpkt)

sndpkt = make_pkt(ACK, chksum) sndpkt = make_pkt(ACK, chksum)

udt_send(sndpkt
- (snelpkc) rdt_rcv(rcvpkt) && notcorrupt(rcvpkt) udt_send(sndpkt)

&& has_seql(rcvpkt)

extract(rcvpkt,data)
deliver_data(data)

sndpkt = make_pkt(ACK, chksum)
udt_send(sndpkt)
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2 1 :dsaisson

Sandar: Rexvar
U sy# added topkt L must chedk 1f reoeiyad padket
0 twoss.#'s 0,1)w illaiffie. sdupltate
W hy? 0 state idiatesw hetharO arl 5
- mustdesk T ecened [] note.zamziit;iotmlf
ACK/NAK commpte #sBSACK NAK receired

L tw reasmany states

U statemust “renenba”’w hethar
“cunent”’pkthas0 arl s3.4

OK atsaxa
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a2 2:a N AK Hreeprotoal

U smefimdnalty asrit2 1 ,ustigACK savly
L naead of NAK ,rmeversadsACK for hstpkt rieead OK
U meevamust eplotly nclide sag # of pkt bengACK ed
U duplcateACK at ssderresilts n saneactin asNAK :rehansn it
aunatpkt
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o2 2 : sendex, reever fragnents

rdt_send(data)
sndpkt = make_pkt(0, data, checksum)

udt_send(sndpkt) rdt_rcv(rcvpkt) &&

s ~ < / \
Wait for Wait for (corrupt(rcvpkt) ||
call 0 from ACK ISACK(rcvpkt,1) )
above 0 udt_send(sndpkt)

rdt_rcv(rcvpkt)
&& notcorrupt(rcvpkt)

rdt_rcv(rcvpkt) && && iISACK(rcvpkt,0)

(corrupt(rcvpkt) ||
has_seql(rcvpkt))

udt_send(sndpkt)

rdt_rcv(rcvpkt) && notcorrupt(rcvpkt) T
&& has_seql(rcvpkt)

extract(rcvpkt,data)

deliver_data(data)

sndpkt = make_ pkt(ACK1, chksum)
udt_send(sndpkt) TengartLayer 3-34




i3 0 : channekw ith enorsand bss

N ev asamptin: undadyng Aporoach: ssndaw atts
channelaan ako beepadkas “teasnabE’ anauntof tme for
Qata arACK s) ACK

U chedkam ,saq.#,ACK S, L mtansn s ifnoACK meeied n this
retrangn 1sstnsw illbeof heb, tine
but not encugh

L ifpkt @rACK ) jistdelyed ot bst):
U rtransn sstn w illbe duplicate,

but useof s7. # ‘saleady handks
this

U reeiarmust goecify seg # of pkt
bengACK ed

U mguiescountdow n tiner
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ot3 0 smger

\

rdt_rcv(rcvpkt)
AN

rdt_rcv(rcvpkt)
&& notcorrupt(rcvpkt)
&& iISACK(rcvpkt,1)

stop_timer

timeout

udt_send(sndpkt)
start_timer

( corrupt(rcvpkt) ||

|sACK(r;\vpkt,O) )

&

rdt_rcv(rcvpkt) &&

rdt_send(data)

sndpkt = make pkt(0, data, checksum)
udt_send(sndpkt)

rdt_rcv(rcvpkt) &&
( corrupt(rcvpkt) ||
ISACK(rcvpkt,1) )

\

\ start_timer A
: g
W|?gffor timeout
Caabo\:gm udt_send(sndpkt)
start_timer

rdt_rcv(rcvpkt)
&& notcorrupt(rcvpkt)
&& iIsACK(rcvpkt,0)

stop_timer

Wait for
call 1 from

above
/

rdt_rcv(rcvpkt)
AN

rdt_send(data)

sndpkt = make_pkt(1, data, checksum)
udt_send(sndpkt)
start_timer
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oit3 0 1 acton

: sender receiver
sender receiver o ;
send pktO ki g send pki0 rcv pkto
X rcv pkio
send ACKO ACK send ACKO
rcv ACKO
rcv ACKO send pki1 ~ \%A(
send pktl loss)

rcv pkil

send ACK
rCVACK " ;
ﬁ sencipial ™ 22

send pkid resend pktl |
rcv pki0 P \ rcv pkt]

send ACKO ACK send ACK]

rcvACK] o
send pki0

d) operation with no loss rcv pki0
(@) op }G/ send ACKO

(b) lost packet
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oit3 0 1 acton

sender receiver sender receiver
okt kt
send pki0 &b v pki0 send pki0 \% rcv pki0
ACK send ACKO ACK send ACKO
rcv ACKO rcv ACKO _
send pkil KT send pkil
[Cv pktl rcv pktl
ACK send ACKI1 send ACK
(loss) Xl)/
fimeout
fimeout = okt resend Pkil -
resend pkil \rcv kT rcv pkitl
ACK (detect duplicate) rcvACK1 (detect duplicate)
ACK] send ACK send pkio send ACK1
send pki0 d v pkiQ
KO send ACKO
ACK v e ACK
send ACKO
(c) lost ACK (d) premature timeout
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Performanceof idt3 0

U dt3 0w arks, but patfomance ks
U eampk: 1 GhosInk, 15 mseepnp.dely, 1K B padket:

L _(acket Ingth n bits okt
T tanani - gﬂ] ) = Sk = 8 m1xosC
R (tansnissin ate,bos) 10*%*9 b/sc
.008
U = L/R = — = 000027

sender  ppr 41 /R 30008

0 U _,cutilzatin — fiackon of tme smderbusy ssdng

0 1K B pktevay 30 msc-> 33kB /secthnput over 1 Ghpos Ink
1 netw ark protocol Iin ks use of physial resources!
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dt3 0: slgo-and-w att gogatin

sender receiver

first packet bit transmitted, t = 0 —jsg------=-------mommm e
last packet bit transmitted, t =L /Rt

first packet bit arrives
—last packet bit arrives, send
ACK

RTT

ACK arrives, send next vy
packet, t=RTT+ L/R [~~~

o

U — - — 000027
sender
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P pelned pmotoanks

P pelnng: ssxdaralbw smultpE, “n-flght”, yet4obe-
acknaw lged pkts
U mangeof squencenumbasmust be nasased
U buffering at ssdarand/or recei/ar

<+— ACK packets

(a) a stop-and-wait protocol in operation (b) a pipelined protocol in operation

L Two genax fom sof ppelned protoaoks: goB adk-d |, sebctive repaat
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P pelning: nasassd utilzatin

sender receiver

first packet bit transmitted, t = 0 —xg-----—-------- oo oo ooooo-
last bit transmitted, t =L / R

first packet bit arrives

last packet bit arrives, send ACK

last bit of 2" packet arrives, send ACK
last bit of 3 packet arrives, send ACK

RTT

ACK arrives, send next |
packet,t=RTT+L/R |

«

.............. Inaeaseutilzatin
.......... 4 / .bya E ’ Of3.’
* .024
U = 3*L/R _ = 00008
sender

RTT +L /R 30008

TrengatLaye: 3-42



GoBack-N

Saxkr:
[ k-bitsag# 1 pktheader
U “v indow " of up toN , conseautie unack ‘ed pktsalbw ed

send_base  nhexfsegnum dready Lsable. hof
i i ack’ed yet sent
I VETDTHDITO000000 | st [ ot
+ _ window size —%4
N

[l ACK ):ACK sallpktsup to, chiding seg # n —“amulbtieACK ”
U may deevedupliateACK s (@ 1eeve)

[ tinerforeach n-flght pkt

[ timeouth): retzansn i pktn and allhhersag # pkts 1 w idow
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GBN : snderestendad F'M

rdt_send(data)

If (nextseqnum < base+N) {
sndpkt[nextsegnum] = make_pkt(nextsegnum,data,chksum)
udt_send(sndpkt[nextseqgnum])
if (base == nextseqnum)
start_timer
nextsegnum-++
~~~~~~ }
AN else
— refuse_data(data)

A timeout
start_timer
3 udt_send(sndpkt[base])
O Q udt_send(sndpkt[base+1])

rdt_rcv(rcvpkt)

&& corrupt(rcvpkt
pHICVPK) udt_send(sndpkt[nextsegnum-

rdt_rcv(rcvpkt) &&1])
notcorrupt(rcvpkt)
base = getacknum(rcvpkt)+1
If (base == nextsegnum)
stop_timer
else

start_timer TengatLayer 3-44




GBN : 1mseiaredtanded F SM

default
udt_send(sndpkt) rdt_rev(revpkt)
T~ - < D && notcurrupt(rcvpkt)
A S~a - && hassegnum(rcvpkt,expectedsegnum)
= -
expectedseqnum=1 AQextract(rcvpkt,data)
sndpkt = deliver_data(data)

make_pkt(expectedsegnum,ACK,chksum) sndpkt = make_pkt(expectedseqnum,ACK,chksum)
udt_send(sndpkt)
expectedsegnum++

ACK -enk:alvaysssd ACK foraonectl~eceiad pktw ith hghest -
ackr sy #
U may gemaatedupliateACK s
U nedanly mmanbarexpect edseqnum
U autefamdapkt:
U dsmard @on ‘tbuffer) > no meverbuffang!
[ ReACK pktw ih hiphest n-arderseg #
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GBN 1
actn

sender

send pktO
send pkf

¥ send pki?2

send pkt3
(wait)

rcv ACKO
send pkt4

rcv ACK]

—pktZ timeout
send pki2
send pkt3
send pkt4
send pktd

receiver

\
\(Ea(ss)

A\

send pkts \

—
~

rcv pkto
send ACKO

rcv pktl
send ACKI

rcv pkt3, discard
send ACK

rcv pktd, discard
send ACK

rcv pktd, discard
sencpj) ACK]

rcv pkit2, deliver

send ACK?2
rcv pkt3, deliver

send ACK3
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SebtveR goaat

U meevar ndvnually adknaow ges all conectly receiad pkts
U buffarspkts, asnesdad, forevantual n-ederdelizety to ugper byer
L sadaranly resendspkts forw hith ACK not recewved
U sndertmer foreach unA CK ed pkt
1 sendaw ndaw
U N cnsutivesg#'s
U agan Iin itssag#sof smit, unACK ed pkts
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Sebt e rpeaat: sander, rrevarw ndow S

send_base  nhextsegnum dlready Usable. rot
L ¢ ack’ed yet sent
T | s s
t _ window size —%
N

(a) sender view of sequence numbers

out of order

acceptable
(buffered) but R (\ithin window)
already ack’ed

ﬂﬂﬂﬂﬂﬂﬂﬂﬂl||||||||||||||]|]|] |zt [ o

t _ windowsize_—4

1 N

rcv_base

(b) receiver view of sequence numbers
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Sekbtie repaat

— S0

data fran above ¢

U ifnextavaibbEsag# hw idow,
send pkt

tmeoutfh ):

1 resndpktn, estart tiner

ACK ()1 pedbasssndbasetN J:

[ mark pktn as receied

[l ifn snallst unA CK ed pkt, advance
w ndow basetonext unACK ed s
#

—  IEEVe
PKtN 1 povbase, ombaser -]
[ sndACK )
1 cut-efamas buffer
0 i-aden deliver ko deliver
buffaed, n-omapkts), advance
w Indow to next notyetzecead pkt
PKtn 1 povbaseN mvbased ]
Ll ACK )
othanw 15e:
0 fnae
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pktll =ent
0123456783 ﬂﬁ__hhuﬁ—_hkﬂﬂq__“‘ﬁ‘pktD rocvd, delivered., ACKD =ent
pktl =ent 01 2 3 4({5 6 7 8 9

01¢¢3/456 783 pktl revwd, delivered, ACKL sent

pkt2 =ent 01|12 3 4 5|6 7 89

— |01 2 3456 789 WX
(loss)

pktd =ent. window full
012 31456 789

pkt3d rowd., mffered. ACKI =sent
o 1(2 3456 7 829

ACED rovd, pktd ==nt
0|1 2 3 456 7 89

r plktd rocwd, buffered. ACK4d =ent
ACK1 rowd, pkth =ent 01|22 2 4 5|6 7 89

D123 456 7 889

pktt rovd., buf fered. ACKS =sent
012 3 4 5(6 7 8 9

—— pkt2 TIMEOUT, pkt? resent
0n1(2 3 4 5(6 7 89

pkt2 rovd, pkt2, plktd,.phktd,plth
delivered, ACKZ? =ent

ACKZ rowd, nothing sent 012345k 7849
012 2 4 &5fe 7 89
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sender window

Selbctve repeats: after receipt)

ktO
01230129

dibnma

0123012

receiver window
(after receipt)

Ofjl1 2 3J0 1 2

01123 01 2

01230 1)2

Exampk:
0 p timeout
@# s:0,1,2,3 retransmit pktﬁkto |
012301 —Jp receive packet

U wndow sze=3

with seq number O

(@)
L moeizerssesnodiffaence i
. sender window receiver window
tw 0 soenarrs! (after receipt ) (after receipt)
. . pktO
1 hconectly passesduplicate 0123012 o[L23o12
dataasnav 11 @) 012|301 0o 1{230]1 2
0123012 01230 1l>2
ACK2
O sw hat rehtinshp betw e sy =210
# szeandw 1dow size? 01j23 00

receive packet
with seq number O

(0)
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U 31 Tenspat-hyersavies U 35 Camestin-eranted

0 32M ultpkdngand tangoart: TCP
denultpbedng 0 sment stmicture
. U mlabkdata transfar
1 33 Camettankstiangoart: ]
fbw antmol
UDP
. .
0 34Pricpksofeltbbdata 35:’;@;;@%.
tansfer CTIgestn
catol

L 37 TCP angestan antiol
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TCP :0vaVBV Rrrcs:793,1122,1323,2018,2581

U pont{opont: U fulldpkxdata:
U cnesndar, ane resever U brdmectinaldata fbw 1 same
O zelabbn-euja‘bytestean arnectn
0 o l e L M SS:maxinum ssgment size
0 ppelied: ] cmned:m-ermt&i
U TCP angestin and fow aontiol - handsha]mg@c.d,)angeof
Hw hdar Sie cmt.zolmsgs)nztssmde:,
. msever satebeforedata
U sad& mevebuffas exhange

socket
door —

TCP
send buffer

() Geinent] —» ()

receive buffer
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URG :umentdata
Qaletalbfnotuai)\

ACK :ACK #

vald

PSH :push data now
Qmaalynotusﬁd)/

RST,SYN ,FIN |

admnectin estab
(setup, teardow n
aanmands)
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TCP s77.#’sand ACK s

Saq.#%s:

U bytestzeam “humber” of
firstbyte n sgment’s
data

ACKs:

U sy # of nextbyte
exoected fiom otherstie

U amulktieACK
O :hav meeverhandkesout-of-
aersgmants
U A :TCP goecdoen tsay,
~-Uup to mpEnentor




TCP Round Trp Tmeand T'meout

O :hov to st TCP timeout
vablie?

[ Ingerthan RTT
1 butRTT varks

L too shart: pramature tineout

U unnecessary
1=trangn 1Ss1ns

[ too Ing: sbw mactin to
smait bss

0 :howv toestmateRTT?
L Sanpl eRTT :meagued tine fian
sgment tranan 1ss1n untilACK moept
U pnare retranan 18s1ns
[ Sanpl eRTT w illvary, w ant estinated
RTT “ancother

U avaage ssraal ot measemants,
not jistammentSanpl eRTT
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TCP Round Trp Tmeand T'meout

EstimatedRTT = (1- o) *Estimat edRTT + o* Sanpl eRTT
L Expanentialw eghted moving avaage

L hflienceof past sanpledeasasess exoanantally fast
L gpmalvabieed = 0125
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ExampERTT estmatin:

350 |

300

RTT: gaia.cs.umass.edu to fantasia.eurecom.fr

N
a0
o

RTT (milliseconds)

3

150

100

15

22 29 36 43 50 57 64 71 78 85 92

time (seconnds)

—e— SampleRTT —m— Estimated RTT

99 106
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TCP Round Trp Tmeand T'meout

Settng thetimeout
[ Esti nmt edRTT plis“safetymargin”
D hmevarmatin nEst | mat edRTT - > higarsafstymargin

[ firstestinateof how much SanpER TT deviates fiam E stinatedR TT':

DevRTT = (1-PB)*DevRTT +
B*| Sanpl eRTT- Esti mat edRTT]|

(typically, B = 0.25)

Then st tineout mtaval:

Ti meout I nterval = EstinmatedRTT + 4*DevRTT
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Chapter3 autlne

L 3.1 Trangoort-hyer savies L 35 Camedtan-aerentad

0 32M ultpkdngand tangoart: TCP

denultplbdang - sment stcture

: 0 relabkdata tansr

1 33 Camettankstiangoart: A o

UDP o

. . U connecton managemant

1 34 PrncpEksofelabEedata " 36 PrichEsof ,

tiansfer CNgestn

antiol

L 37 TCP angestan antiol
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TCP r=labkdata ttansfer

L TCP amatesrdt savieantp U Relzansnssmnsaretrogaed

of IP sunrelabkesavie by:
1 Ppelned ssgmaits U tmeoutevents
0 Cunuhbtireaks - dploteaks
1 TCP ussshabe .. U Intallyanstersmplified
i TCP saden
e
U pnaedupliateadks
U pnae fbw contiol, coangestin
cantiol
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TCP sndera/ants:

data ro/d fiom aao: tmeut:

[]
[]

Createssmantw ih sy # U retransn it sgment that

sy Shyteszean numbarof ~—— CAUSEd tineout
fistdatabyten ssgment U mestarttmar

sart timerif not aleady Adkod:
mmnng thik of tinerasfor [ Tfadnow kdgespreviusly
Qbest unacked ssgnant) unadked ssmants
epratm ntaval: 0 ypdatew hat 5known tobe
Ti meQut | nt er val acked
U sarttmerifthaeare
outstandng ssgments
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NextSeqNum = InitialSeqNum
SendBase = InitialSegNum

loop (forever) {
switch(event)

event: data received from application above
create TCP segment with sequence number NextSeqNum
if (timer currently not running)
start timer
pass segment to IP
NextSegNum = NextSegNum + length(data)

event: timer timeout
retransmit not-yet-acknowledged segment with
smallest sequence number
start timer

event: ACK received, with ACK field value of y
if (y > SendBase) {

SendBase =y
if (there are currently not-yet-acknowledged segments)

start timer

}

} * end of loop forever */

Canment:

- SaxdBased : Bt
amubtively
adk ‘ed byte

E xampk:

- SendBased =71;
=73, thervr
wants/73+ ;

y> SendBass, 0
thatnav data 15
acked
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+~—— tmeut —

SaxdBase

bstACK sonarb

<
w

=100
SawdBase
= 120

SawdBase
= 120

[*— Ser92tineut —*— Sey92tineut —

o
«

(%.




TCP 1retranan 1ssin Sonaros mare)
@ HostA HostB @

Seg= &
E X S datg

=120

tine
CunultieACK somarb
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TCP ACK gengatin RFC 1122,RFC 2581]

Event at Recelver TCP Receiver action
Arrival of in-order segment with Delayed ACK. Wait up to 500ms
expected seq #. All data up to for next segment. If no next segment,

expected seq # already ACKed send ACK

Arrival of in-order segment with Immediately send single cumulative
expected seq #. One other ACK, ACKing both in-order segments
segment has ACK pending

Arrival of out-of-order segment Immediately send duplicate ACK,
higher-than-expect seq. # . indicating seq. # of next expected byte

Gap detected

Arrival of segment that Immediate send ACK, provided that
partially or completely fills gap segment startsat lower end of gap
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Fast Retranan it

L Tmeeutpaxd often U Ifsndameves3ACK sfor
ehtiel Ing: thesamedata, 1t apgoosssthat
0 ngdehy before resnding bst smentafter ACK eddataw as
packet bet:
U Deect bt sgmeantsva 0 fast retrangn it resend segment
duplateACK s. before tinerepes
U Senderoften smdsmany
s aentsback-o-badk
U If ssment s bst, thaew 111
Ikely bemany duplrateACK s.
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Fast retrangn it abortim ;

event: ACK received, with ACK field value of y
if (y > SendBase) {
SendBase =y
if (there are currently not-yet-acknowledged segments)
start timer
}
else {
increment count of dup ACKs received for y
if (count of dup ACKSs received fory = 3) {
resend segment with sequence numbery

}

adupliateACK for st rEansn
already ACK ed ssgmant
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0 32M ultpkdngand tangoart: TCP

denultpbedng 0 sment stmicture

. U mlabkdata transfar

1 33 Camettankstiangoart: o

UDP o

. . U connecton managemant

1 34 PrncpEksofelabEedata " 36 PrichEsof ,

tiansfer CNgestn

antiol
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TCP F bwv Cantinl

L meiesteof TCP camnectin
hasa rmx=iehuffer:

-||— Revwindow —||-

7
/ A / _Papplication

process
7 / 7 /
b RevBuffer ———

data from

U goprooessmaybesbw at
readng fiom buffer

- fbw antiol
sndaw an ‘t overfbw
meEvarsbufferby
tranan itting toomudh,
too fast

U gpedmatching savie:
matching thesnd iateto the
eV Ng goo’sdmlan mte

TrengoatLaye: 3-70



TCP F bw cntmol:hov 1tw arks

-||— Revwindow —||-

o U Rovradvertisss goareroan by
/ b aplicaion chdigvabieof

data from

IP / process . ,
RcvW ndow i ssments
//// . o
e RevBuffer —— SaldaflmisunACK el data to
. . RcvW ndow
SugposeTCP mervardsatdscut-of- - e e e &
akerssgmants) ovathy
U goareroan nbuffer
= RcvW ndow

= RcvBuffer-[LastByteRcvd -
Last Byt eRead]
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L 3.1 Trangoort-hyer savies L 35 Camedtan-aerentad

0 32M ultpkdngand tangoart: TCP

denultpbedng 0 sment stmicture

. U mlabkdata transfar

1 33 Camettankstiangoart: A

UDP o

. . U connecton managemant

1 34 PrncpEksofelabEedata " 36 Priviksof ,

tiansfer CNgestn

antiol

L 37 TCP angestan antiol
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TCP Cannectin M anagament

Rexll: TCP snder, rsetrerestablich ThI&?Wé!Z handshake;

“connectin’’ before exchanging data
saments Step 1: clint host sndsTCP SYN ssgmeant
0 hikalzeTCP hEs: to saver
— . s hitaloay
0 buffirs, fow antolith €g. - nodata
RcvW ndow) Step 2 : saverhost reeies SYN |, replies
0 clint: connectin nitator wih SYNACK szment
Socket client Socket = new 0 gavaralbeatsshbuffas
Socketl(l"host name", " port - Fios srver-nithl say. #
. nunbe.ra;‘z;actaiQ/cl'mt S@%:cl'mtra:eifesSYNA.CK ,IEpIES |
=ve w thACK sgmeait,w hthmay coantan
Socket connectionSocket = data

wel coneSocket . accept () ;
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TCP Cannectiin M anacenent cant.)

Chbsnga annedtin:

clint cbses sodket:
cl i ent Socket . cl ose();

Step 1 : climtexd system sadsTCP
FIN cntmlssment to ssver

Step 2 : savermeizes FIN |, wepliss
w 1hACK .Cbsssaonnectn, ssds
FIN .

@dm

tinedw ait

F//\/

%“

== (B
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TCP Cannectiin M anacenent cant.)

Step 3 : clint meizesFIN |, weplis
wihACK .

U Entas“tmedwait’ -w ill
repandw 1th ACK to moeved
FINs

Step 4 : saver, reeizesACK .
Cannectin cbeed.

N otesw ih snallmodifiatin,can
handksmultaneousFIN s.

@c@t

tinedw ait

F/N

%“ﬁg

== (B
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TCP Cannectrn M _anaganent @nt)

CLOSED client application
initiates a TCP connection
wait 30 seconds
send SYN
TIME_WAIT SYN_SENT
Y
receive FIN receive SYM & ACK
send ACK send ACKH
¥
FIN_WAIT 2 ESTABLISHED TCP svexr
client application ‘m
i ey initiates close connection
zend nathing FIN_WAIT_1 send FIM CLOSED server application
FE AT SEN creates a listen socket

T’CP Clé]t send nothing
Iifagcke

LAST_ACK LISTEN
F Y
receive SYN
send FIN send SYN & ACK
Y
CLOSE_WAIT SYN_RCVD

receive ACK
send nothing

receive FIM

send ACK ESTABLISHED
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L 3.1 Trangoort-hyer savies L 35 Camedtan-aerentad

0 32M ultpkdngand tangoart: TCP
denultplbdang - sment stcture
. U mlabkdata transfar
1 33 Camettankstiangoart: ]
fbw antmol
UDP
N atin
) 34Pricpksofelibbdata 35;’;@;;‘2"“,
tiansfer gestan
cntmol
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Prncpksof Cangestn Cantiol

Cangestan:
U nfomally: “toomany sources ssding toomuch data too fast for
netw ark to handE’

U diffaent fiom fbow aontiol!
L manifetatins:
U betpadkets puffrovafbw at outes)
U Ingdehys (uaieng 1 routarbuffas)
U atgod0prbln !
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Causss/aostsof cngestin: sonarn 1

Host A

A, : original data

U twosaxdas, two

18eVas
unlimited shared
. o output link buffers
U cnerute, nfnie

[l nomtransn issin

Cl2+

)\'ou’r
delay
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Causss/aostsof cangestin : Senarn 2.

U cneruter, fnitebuffas
U senderretiansn ss1n of betpadket
Host A A, : original data Aou

N, original data, plus 4
retransmitted data

finite shared output
link buffers
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Causss/axstsof aongestion : sgmnarv 2.

[]

[
[
same
RI2 f---mmmmmmmm
a.
“osts” of aangestin:

aly ays: )\in= )\gactnpzt)

‘barfact’” retransn 1sstn allyw hen bss:

retransn fsin of delyed ot Ist) packetmakes

R/2

R/3

1 marew ark getrans) forgiven “goodout”
[ unnesded retransn sins: Ik carriessmultpleagpisof pkt

R/2

IN

A > A

out, ,

Targer (than perdect case) for

R/2

R/2
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Causss/aostsof cangestin : senarnv 3.

- fursndes O :what hagoansas anblin
- multhp paths hoele?
L tineout/retranam i In

rostA A, original data Aou

N, original data, plus
retransmitted data

finite shared output

lipk buffe
7

Host B /\\\\v
S

S
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Causss/acdtsof angestin: sEnarn 3.

C/2
5
O
<
!
7\' N
Another'tost?”’ of angestin:

L when padket dicqoed, any “{jostream tansn 1ss1n Ggpacity used for
that packetw asw asted!
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A pporoaches tow ards congeston cantiol

Tw o broad ggoroaches tow ards angestan aontiol:

E nd-end angeston aontol: N etw ak-assited angestan

U noeglt fesdback fiom netw ark antol:
U angestin nfened fiom end-gysten U routersprovidle feadbadk toend
absxved bss, ey Systans
[ aoproach taken by TCP [ shgkbit hdiatihg cangestin
(GNA ,DECbit, TCP/IP ECN ,
ATM )
U expltt ate ssdershaud ssnd

at
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Casesudy:ATM ABR aongestin antiol

ABR :avaibBbEbit ate;
L “ehstisavie’
L ifsmndarspath “indarbadad’’:
U sndarshoud ussavaibbke
bandw tith
L ifsdarspath congestad:

[ snderthmottked tom imum
quarantsd mte

RM (esouremanaganant)cells:

[]

sntby snder, ntagpasedw ih data
celk
bitsRM cellsstby sv iches
(‘hetw ark-assistad”’)

U N Ibit:no nasasemn mte ik

congestin)

U CI bit: congestin ndiatin
RM celkmetumed to smderby msever,
w 1th bits itact
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Casesudy:ATM ABR aongestn aontiol

I RM cells
source |:| data cells destination

Switch Switch

SN

1 twobyteER Eploitmate)fied nRM cell

U congested sy tchmay bwerER valie n cell

U sender’ send mate thusm mimum sugoortabke atean path
1 EFCIbit n data celk: setto 1 11 congested sy itch

U ifdata cellpmosdngRM cellhasE FCI set, sdarsetsCI bit n retumed RM
el
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0 32M ultpkdngand tangoart: TCP
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. U mlabkdata transfar

1 33 Camettankstiangoart: A

UDP o

. . U connecton managemant

1 34 PrncpEksofelabEedata " 36 PrichEsof ,

tiansfer CNgestn

antiol

U 37 TCP angestain antiol
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TCP Cangestin Cantiol

L exdadantiol flonewak assdance) Haov doss saxdapacere

0 snderlintstiansn sin: angestin?
Last Byt eSent - Last Byt eAcked U bhssamant= tineutar3
< CongW n duplateadks
1 Raughly, U TCP ssdarrducssate
CongW n )after bssevant
Cang 1 thisemaechansns:
ate=
q Q \\/ . ERTT. : By?es/.ai:'-s O AIMD
pacetad netw ark aangestin - sbw sart
1 aonsavatieaftar-timeout
e/aits
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TCPAIMD

CongW n 1 halfafterbss CongW n by1M SS eray
avait RTT n theabsmaeof bss
evants: probng
Ceniny

24 Kbytes—‘

16 Kbytes -

§ Kbytes —

Lang-lized TCP connectin
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TCP Sbw Start

0 W hen arnectin begins, L W hen connectin bagms,
CongW n = 1M SS naea.sezateesmeqtalyﬁst

U Examplke:M SS= 500 bytes& untai st bes t

RTT=200msx
U nitalmte= 20 kbps
0 avaibhkbandr Hithmay be>>
M SSRTT
U destrabkto quikly ramp up to
repectabkemate
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TCP Sbw Start fnae)

HostB @
hen annectin bagis, @ Hosth
) Zaeaaezateemmtaly

E ofe segment
\
until first besaerat:

(84
. l two Se Ments
0 doubECONngW n erayRTT \
U daneby nasmenting

CongW n forevatyACK
reeved

QUr segments
LI Sunmary: nital&ate ssbw

but IEmpsup eppanantally
fast
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Refnhaenent

[ Aftar3 dupACK s:
0 CongW n sait i half
U wndow then grow s Ineardy
[ Butaftertimenuterait:
0 CongW n nstead sstto 1
M SS;
U wndow then grow s
epanantilly
U toa tresdod, then grow s
Ineardy

—— Phibsphy:

e 3AdupACK sdrates
netw ak cgpabEof
celiyang sanesgnaits
- theout before 3 dup
ACK ss‘maecabmng”’
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Refnmenant mare)

O :W hen shoud the
epanaitial nasase .
v ivh to Inear? o TCP Series 2 Reno
A :W heaCongW n getsto g 10-
1/2 of tsvaliebefore g e-puesod ol
tmenut. % - Threshold
'r_ﬁ ;1: TCP Series 1 Tahoe
0 [ I | [ I I 1

1 1 1T 1T T |1
01 2 3 4 5 6 7 8 9 10111213 14 15

ﬁnp_hna']mt.n]: Transrrission round
L varabkeThreshoH

L Atbserat, ThieshoH s5setto 1/2
of Cangv 1n Justbefore bsseveant
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Summary: TCP Cangestn Cantiol

[ w henCongW n sbebw Thr eshol d,ssda-i sbw -start
phase,w idow grow seganantally.

0w henCongW n saboveThr eshol d,ssdars i angestin-
avaniancephase,w Tidow giow s Ineardy.

[ W hena trpkedupliateACK ocoans, Thr eshol d stto
CongW n/ 2 andCongW n s=ttoThr eshol d.

[ w hen tineoutoaaars, Thr eshol d ssstoCongW n/ 2 and
CongW n ssttolM SS.
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TCP smndaraongeston antiol

State Event TCP Sender Action Commentary
Slow Start ACK receipt | CongWin = CongWin + MSS, Resulting in a doubling of
(SS) for previously | If (CongWin > Threshold) CongWin every RTT
unacked set state to “Congestion
data Avoidance”
Congestion ACK receipt | CongWin = CongWin+MSS * Additive increase, resulting
Avoidance for previously | (MSS/CongWin) in increase of CongWin by
(CA) unacked 1 MSS every RTT
data
SSorCA Loss event Threshold = CongWin/2, Fast recovery,
detected by | CongWin = Threshold, implementing multiplicative
triple Set state to “Congestion decrease. CongWin will not
duplicate Avoidance” drop below 1 MSS.
ACK
SSor CA Timeout Threshold = CongWin/2, Enter slow start
CongWin =1 MSS,
Set state to “Slow Start”
SSor CA Duplicate Increment duplicate ACK count | CongWin and Threshold
ACK for segment being acked not changed
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TCP throughpout

L W hat’stheavaage thioughout of TCP asa fimctn of
w ndow seeand RTT?
U Ignaresbw start
U LetW bethew dow szew hen bssoaaurs.
1 W henwindow W ,throughout sW /RTT
U Justafter bss,w ndow diqostoW /2, throughput to
W /2RTT.
1 Avaagethroughout: 75W /RTT
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TCP F'utures

L Examplke: 1500 byte ssgments, 100msRTT ,w ant 10 Gips
throughput

U Requresw ndow sezeW = 83,333 n-flght ssgments

L Throughput 1 tamsof bssate:

1.22[IM SE
[ L=2 10°W aw R—I—F\/t
1 Neav vastnsof TCP forhiph-goesd neaded !
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TCP Fannes

Famessgoal: IfK TCP sessmns share sanebottinedk Ink of
bandv tith R ,each shiauH haveavaageateof R /K

1N
/\f{ l

cmnmth
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W hy sTCP fanr?

Tw 0 canpeting SEB8INS:
L Additie hasasegives shpeof 1, as thioughout haeases
U multplhoatize deaease deasases thioughput propartinally

R equalbandv 0ith share

bss:daasasew ndow by factorof 2
bss: daamasew ndaw by factorof2

Cannectin 2 throughput

Cannectrn 1 throughput R
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Famnes mare

FatnesandUDP Famnesand paralel TCP connetins
1 M ultinedt ggpsoftndonot - nothngpreventsgop fiom qoaning
useTCP paralelmctnsbetw en 2 hogts.

0 donotwantmtethottkdby U W eblbiow sasdoths

angeston antiol 0 Exampk: Ink of mteR sjgoorting
- pump audb/vieo at canstant 0 nev gopasksforl TCP,getsate
m@te, tolatepacket bss R/10
Ll Resaarch area: TCP friandly U nev goo asksforll TCPs,getsR /2 !
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D eaymadelng

O :Hav Ingdoes it taketo reeie
an dopct fiom aW eb saverafter
sdng a reuest?

Ionarng cngestan, dely
nfliencxd by:

[l TCP annectin establidment

Ll data tzansn 1ss1n dely

L sbw sart

N otatn, asamptins:

[l Asameane Iink betw en clint and
saverof 1ateR

0 S:M SS pis)

[ O:abptsize pits)

[l no retrangn issins o bss, no
comptin)

W 1dow Sze:

[ Fistassume: fixad aongestin
w ndow ,W ssgments

[l Then dynam iow idow ,modelig
sbw gart
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F e aongeston w ndow (1)

iritiate TCP
cottect on

Fiﬁ@@: recusst

W S/R >RTT+ S/R:ACK forfist
smant nw ndov rEtumsbek
w Indow ‘sw arth of data st

dely=2RTT+O/R

fime
at client

by ect ol RS

L ]

¥

—ar .,
ks,

PR RTT

SiR.

RTT

1stack
tetarns

¥ tithe
al server
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initiate TCP

cofection \7&

Saod case:
0 WSR<RTT+SR:watfr 5

ACK afterssmdingw ndow ‘s

w arth of data smt

delky=2RTT+O/R
+ K-1)B/R +RTT -W S/R]
tirme
at client

H-M_““'M—WITW\_
%H-M_mm
Maﬂo—‘w
WM_#M#
%_%_’“‘*ﬂ—%_
-%H-MM—M_
SR
i W
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TCPD M odelng: Sbw Start
Naw apgoasew ndav grow sacoodng to sbw sart

W illshow Hlatﬂaedehyf)rmeobjsz:tjs:

Latency 2R‘|‘|‘+ ~+ PER'I_H =iy (2° —1)—2

whaeP sthenunberof tinesTCP rlksat ssver:
P=minfQK-1

- whaeQ sthenumberof tinesthe saver rlks
Ifthedbptw aeof nfnitesee.

- and K sthenumbarofw ndow sthat coverthedbpct.
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TCP D ebyM odelng: Sbw Start £2)

D ey canpanents:

- 2 RTT forannectin estab
and request

-O/R to tranan i cbjct

- tinesaver tlksdueto sbw
sart

Savar1rlks:
P=mn{-Q}tmes

Exampk;

-0/S = 15 ssgments
‘K =4wndows
.0=2
P=mhgAP}=2

Savaer rlksP=2 tines

initiate TCP
connection

\

request

object . '
¢ firstwindow

= SIR

second window
= 2SR

A

third window
= 4S5 IR

fourth window
= §SIR

v

\complete

fransmission

object
delivered

time at
time at Server
client
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TCP D elyM odelng ()

§ + RT T=timefromwhenserver startsto send segment

until server receivesacknowledgment

initiate TCP
connection

k1 S—timetotransmitthekthwi ndow o
_R_ fequesl_’
o tfustwindow
= SIR

§+ RTT-2+* —2@ =idletimeafter thekth window  * Jstonntwaas
third window
= 4SIR
O i : |
dday:_'l'ZR-l_r'l' ZldIeT”TF four:lh8wé|lan0w
R pP=
P
- O orTTH Z[§ +RTT- 2'“1—2] ’
R = R shiec v\lcompetg
delivered
=9+2R'I_I'+ P[R'I_I'+—;|—(2P—1)§ | line a1
R R t\cm“eenatt server
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TCP D ey M odelng ¢)

RexmllK = numbarofw ndow sthat coverabpct

Hov dowe@aluihteK ?

K=mink:2°S+2'S+.--+2'S>0
=minfk:2°+2'+.-.+2*"' >0/ 9

:min[k:zk—lzgs)}

=mink: kzlogz((—S)+1)}
_ O .0
= %ng(g"'l)%

Calukbtin of Q ,number of ks for nfniteszedbEct,
ssmibr(@eHW ).
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HTTP M odeling

[ AsameW ebpageansitsor:
U 1baseHTM L page £ szeO bits)
U M images adh of sizeO bits)
U NanpasistentH TTP:
0 M +1 TCP acnnectins i sis
0 Repansetine= M +1PD/R + M +1PRTT + sum of Hetines
U PasistentH TTP:
0 2RTT to mguestand reeiebaseH TM L fib
U IRTT tormuestand reeieM mages
U Repansetine= M +1P/R + 3RTT + am of tlketines
U NanpasistentH TTP w ith X parallel connectins
SupposeM /X integer.
1 TCP connectin forbase fie
M /X setsof paralkl connectins for inages.
Repansetine= M +1P/R + M /X + 1PRTT + sum of tletines

O O o O
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HTTP Resoansetme (n seoands)

RTT = 100msec,0 = 5 Kbytes,M =10 and X=5
20.

18
16-

14 :
12 M non-persistent
10
B persstent
[ paralld non-
persistent

28 100 1 10
Kbps Kbps Mbps Mbps

Farbw bandv dth,cnnectin & regoansetine dan hated by transn 1ssin tine.
Passent annectims anly givem nar mproven ent overparalel
aonnectns.
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HTTP Resoansetme (n seoands)

RTT =1 5,0 = 5 Kbytes,M =10 and X=5

70-
601
501
B non-persistent
40
304 B persstent
204
[J paralld non-
10+ persistent
oMU

28 100 1 10
Kbps Kbps Mbps Mbps

For hrgarRTT , reppanse tinedan nated by TCP establdmeant
& sbw dartdehys.Passtent connectinsnow gie mpartant
Inprovemant: partiu by n hgh deby bandv 1ith netw arks.
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Chaoter3 : Summary

U prnepEsbehnd trangoart Byer

SHVIES:
H multpledng, denultpledg
U mehabkdata ttansfer
1 fbw antiol
U aongestan antiol Next:
[ hsantatin and mpkenatatin U lavigthenew ak
1 theIntanet ‘e’ @oolatin,
0 UDP tiangart byers)
0 TCP U mtothendw ak ‘e’
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