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Kedpalato 3: Entinedo Metadopac

ZTéXOL: % EkpaBnon oxetika pe T
MPWTOKOAAQ peTadOpPAC TOU :
= UDP: un-
ouvdeopootpadnC
uetadopa (connectionless

’0

» Katavonon twv
BaolkwV apxwV TwV
UTTNPECLWYV TOU

EmT[ééOU, transport)
HETadOPAg. : = TCP: cuvdeopooTpaPIC
" TTOAUTTAEEN, aélomiotn petadopa
aromnoAUTAEEN (connection-oriented
= ASLOTULOTN pEeTadopd reliable transport)
dedopévwv = TCP €Aeyyog
= EAeyx0C POAC ocupdopnonc(congestion
control)

= ‘EAeyx0G ouudpopnong
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Kepahato 3: MNepiypappa

3.1 urtnpeoiec eumedou 3.5 ouvdeopootpadnc

uetodopdg petadopa (connection-
, oriented reliable transport):
3.2 TTOAUTTIAEEN KOl TCP
artoroAUTIAESN Aopun tou segment
3.3 un - Afwomotn petadopa
ouvdeopootpadng Sedopévwv
uetadopa: UDP . EAeyxoc pon|c
3.4 apyec afLomotng - Awxeipion ouvdeopou
HLETODOPAC 3.6 Apxéc éAeyxou ocupudOpNoNG

dedopevwy 3.7 TCP éAeyyoc cupddpnong
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Yrinpeoiec petadopac Ko TpwtoKoAAd
|

+ MNpoodEpouv Aoyikn entkotvwvia
HeTasL SlepyaocLwy mou
gekteAovvtal o€ dtadopetikolg
UTTOAOYLOTEC

% To TPpWTOKOAAA peTadhopag
TPEXOUV OTA OLKPOLLOL cUCTAMATA
(end systems)

= [MAgupd AMOCTOANG: TEpaXLleL
TO lnvupata o€ segments, Kol
o MpowOel oto emninedo

L)

Siktvou
= MAgupd AnPnc: P transport
ETIOLVOLOUVOPUOAOVEL T . ata ik

segments o€ LnvUpOTO KOL TA A - hysical

NEPVA 010 eMinedo edopuoywv
% YIApyouv mavw armo eva
MPWTOKOAAQ peTadopac.
= |nternet: TCP kat UDP
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Entimedo petadopacg — emninedo Siktuou

+ network layer: Aoywkn
EMLKOLVWVLOL LETAGU
UTTOAOYLOTWV

» transport layer: Aoyikn

ETUKOLVWVLO PHETAEU
dlEpyaoLwyv

" Baoigetal kot
BeATlwveL Tig
UTINPEOCLEC TOU
emueESou OLKTUOU.

Avaloyia ue oritt:

12 natdia oto ortitt tng Ann ,
oteAvouv ypauuata o€ 12 ntadia
oto ortitt tou Bill:

hosts = onitla

processes = matdla

app messages = yPAUUOTO OTOUC
dbaKkeEAOUC

transport protocol = Ann kat Bill

TToU OUAAEYOUV Kat SLavepouv
ota nodLad LECO OTO OTILTL

network-layer protocol =
TOXUOPOULKN UTINPETLAL.
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[MpwtokoAAa ertumedou petadopacg tou Internet

+ A&lomiotn, oe-oelpa
nopadoon (TCP)

" £\eyxog oupdopnang
(congestion control)

= ‘EAeyyoc ponc (flow control)

= Anuovpyia ocuvdeonc
(connection setup)

» Mn alomiotn, EKTOC OELPAC
napadoon (UDP)

" Mo oA eméktaon tou IP

» Mn SlaBEoLpec unnpeoieg
= Eyyunuévn kaBuotepnon
= Eyyunuévo evpog

<&

application
DO

net

% |vcReiroe
data li
hysi
7 PYee network
netw data link
data linR(e, hysical ==
physical O
ork a
k
CEFFD p @
= / q network [€%
@ﬁﬁﬁ% data link O
%@7 physical >,
|__networkN[®,
data link
-temsh v SiCall
network
data link
physical network
data link
{ physical

d

ation

networ
data link
physical
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Kepahato 3: MNepiypappa

3.1 untnpeoiec emumedov 3.5 ouvbeopootpadrig

uetodopdg petadopa (connection-
, oriented reliable transport):
3.2 TTOAUTTAEEN KO TCP
artortoAUTAEN Aopun tou segment
3.3 un - Afwomotn petadopa
ouvdeopootpadng Sedopévwv
uetadopa: UDP . EAeyxoc pon|c
3.4 apyec afLomotng - Awxeipion ouvdeopou
HLETODOPAC 3.6 Apxéc éAeyxou ocupudOpNoNG

dedopevwy 3.7 TCP éAeyyoc cupddpnong
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[ToAUTtAeén/ArtotoAUTIAEEN

_ [loAurtAeén otov amootoAga:

ortoTtoAUTIAEEN)

Awaxeiplon dedopévwv armo MoAAEC
sockets, mpooBnkn kedbaAidag
uetadopac (xpnoLuomnoleitol yia tnv

application

application

g === |
transport

network

link
/
| ‘! physical

>
(D

rk

_ AmortoAurtAeén otov napaAnntn:

Xpnon tng mAnpogopiog
¢ kepaAidag (header)
yla Tnv tapadoon tou

segment otnv owoth socket.

linK

PNy $i¢

ral

application |:| socket
O process
tranjgport
network
[{mk p
physical
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Nw¢ Aettoupyeil N artomoAUTIAES N

% O host Aappavel IP datagrams
(rakeTa SiktuoU)

= KaBe datagram €xeL tnv dtevBuvon
IP TOoU amooTOAEQ KOl TNV
dtevBuvon IP Tou mpooplopou.

= kaBe datagram petadEpel Eva
segment tou enumedou petadopag

= KaBe segment exeL tov aplOuo
Bupac (port) Tou amootoA£a Kot
TOU TMpoopLopoU.

% O host xpnowpomotet /P
addresses & port numbers yLwa
va kateuBelvel To segment
otnVv KAtaAAnAn socket

< 32 bits

v

source port # | dest port #

other header fields

application
data
(payload)

TCP/UDP segment format
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Mn ocuvdeopootpadnc amomoAunideén (UDP)

% urtevduuLon: n socket rmou
dnULoupyeltal EXEL TOV TOTILKO
aplOuo Bupac (local port #):

DatagramSocket mySocketl
= new DatagramSocket (12534) ;

% umevduutlon: otav dnuloupyeital

gva datagram yla va amootaAel amno
i UDP socket, mpemel va mepléyet

= AlevBuvon IP mpoopLopou
= port # npooplopou

% Otav o host Aappavel
eva UDP segment:
= EA€yxeL TO port number
NMPOOPLOMOU oTo segment

= KateuBuvel to UDP
segment oto socket pe
OUTO TO port H.

IP datagrams mou €xouv 10
(610 port # npoopiouou,
oAl SladopeTikn
StevBuvon IP kat/n port
number anootoA£a, Ba
KatevBuvBouv otnv (Ol
socket oTov MPOOPLOUO.
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Connectionless demux: mopadetypa

DatagramSocket
serverSocket = new
DatagramSocket DatagramSocket DatagramSocket
mySocket2 = new g mySocketl = new
DatagramSocket (6428) ; DatagramSocket
(9157) ; (5775) ;

application

application

appli

ication

44
A tramsport ol 4
trangport n|e1V\10'k trangport
nefwork | n'< network
link ph‘/sical link
phygical phygircal \
- e
source port: 6428 source port: ?
. dest port: 9157 ] dest port: ?
> le ¥

source port: 9157
dest port: 6428

source port: ?
dest port: ?
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Yuvoeopootpadnc amonoAUnAeén (TCP)

< Mua TCP socket
T[pOGS’LOp(ZETOLL ue 4
otolxeia:
* AtevBuvon IP amootoAea
" AplOUO port amooTtoAéa

= AtevBuvon IP
TIPOOPLOUOU
= AplBuO port mpooplopov
% demux: O mapaAnmIng
XPNOLLLOTIOLEL KOl TOL
TEOOEPQ OTOLYXELA VIO VAL

KateuBUveL To segment otnv
KotdAANAn socket

% Evac server host unopei va
uTtooTnPLEeL TTOAAEC
tautoxpovec TCP sockets:

= KaBe socket mpoodlopiletal e
Vv Ok teTpada
%+ OLweb servers €xouv
SladpopeTikeC sockets yia
kKaBe client mou ocuvdeeTal
= Y& pun-rapopevov HTTP gxouv
Stadopetiky socket yla kaBe
aitnua (request).
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Connection-oriented demux: napadeypa

application

application

appllcatlon

-m-
o ¢ - an<port
tranl;port rletwork trdnspo\%
netivork = link network
”hk =t physical link |
“q ohypica ( I server: |P physical \u
g address B ;@y“’
«+ ] host: IP
address C

host: IP source IP,port: B,80
dest IP,port: A,9157

address A
L

source IP,port: A,9157

source IP,port: C,5775

source IPport: C,9157

dest IP,port: B,80

dest IP, port: B,80 _

dest IP,port: B,80

Tpla segments, OAa mpoopilovtal yia tnv dtevBuvon IP : B,
Kal port mpooplopou: 80. KateuBuvovta KE k
P POOPLOH L o€ SLapopeTikec sockets Transport Layer 3-13



Connection-oriented demux: napadeypa

threaded server

application

application application

m 4 m —Ill_T_'l n m
traanort transpor;t
netivork . network
—
lipk = link
é ‘( phypical ( I server: IP physical ré
e address B i
host: IP source IP,port: B,80 + host: IP
address A dest IPport: A,9157 source IP,port: C,5775 address C
- dest IP,port: B,80
source IP,port: A,9157
dest IP, port: B,80

source IPport: C,9157
dest IP,port: B,80
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Kepahato 3: MNepiypappa

3.1 untnpeoiec emumedov 3.5 ouvbeopootpadrig

uetodopdg petadopa (connection-
, oriented reliable transport):
3.2 TTOAUTTIAEEN KOl TCP
artoroAUTIAESN Aopun tou segment
3.3 un - Aflomotn petadopa
ouvdeopootpadng SeSopévwv
uetodopa: UDP - EAeyxoc ponc¢
3.4 apyec afLomotng - Awxeipion ouvdeopou
HLETODOPAC 3.6 Apxéc éAeyxou ocupudOpNoNG

dedopevwy 3.7 TCP éAeyyoc cupddpnong
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UDP: User Datagram Protocol [RFC 768)

MoAU amAoikn Kat Bactkn % Xpnoewg touv UDP :
unnpeota petadpopac. Ta UDP = EdappoyEc streaming
= Na xaBouv anwAeLeG, evalobnteg o€
= Na rtapadoBouv ekTOC pubuo petadoong)
OELpAC otnV edbappoyn = DNS
Mn-ouvbdeouootpapnc = SNMP
(connectionless):

, , % AfloTiiotn petadopd HEOW
= AEV UTTOPXEL EVEPYN UDP:
enikolvwvia (handshaking) '

netay UDP amootoléa kat * MpooBnkn aflomiotiag oto

TOPAAATITN. eninedo epappoywv

= kaBe UDP segment " AaBpwon odoApatwy
QVTLLETWTILETOL eEELOLKEV LEevn yia KaOe
avedptnta anod To edappoyn!
urtoAourna.
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UDP: kedbaAilda evog segment

Mnkoc og bytes tou

32 its segment
source port # cupnepAapBovopevng
= NG kepaAidag.

length <~ | checksum

Tt umtapyel to UDP?

Aev amatteital cuvdeon mou
Lrtopel va pokael
KoBuotEpnon.

Elval amho.

Muwkpo peyeboc kedbaAidag
Aev UTTAPXEL EAEYXOC
ocuudopnong: To UDP pmopet
— va oteAvel bedopeva 6co
Mopdn evog UDP segment ypriyopa emBUOU LE.

application
data

(payload)
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UDP checksum (EAeyxoc akepatotntog)

Stoyoc: Avixveuon “AaBwv’ (T.X., OVECTPOLUEVA
bits) oto amooteAAopevo segment

QTTOOTOAEQLC:

» Oewpel T MEPLEXOUEVA TOU
segment, padi pe ta nedia tng
kepaAidoc, we oepa 16-bit
akepailwv.
checksum: mp6oBeon (one’ s

complement sum) twv
TIEPLEXOUEVWY TOU segment

O amootoA£ac tomoBeTel TNV
TLUA Tou aBpoilopatoc
(checksum value) oto
avtiotolyo nedio tou
segment.

MOPAANTTNC:

YrtoAoyilel to aBpolopa tou
Aappavopevou segment

2UYKPLVEL OV TO UTTOAOYLOUEVO
checksum eivaul ioo pe 10
checksum oto medio Tou segment :

= OXI— aviyyvevtnke Aabog
= NAI - Aev aviyveutnke Aaboc.

Mrtopel va urmtapyouV OUwC
Aadn...
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Internet checksum: napadeypa

nopadeypa: mpoobeon duo 16-bit akepaiwv

111001 00011
110101 1 010

KpaToUuevo@IOI1101110111011

sum

1011101110111 100
checksum 0100010001 0O0O0OO011

2nuelwon: kata tnv npoocdeon aptduwy, Evo KOUTOUUEVO
Q7O TO TTLO ONUAVTLKO bit mpemeL va mpootedei oTo
anmoteAeoua
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Kepahato 3: MNepiypappa

3.1 untnpeoiec emumedov 3.5 ouvbeopootpadrig

uetodopdg petadopa (connection-
, oriented reliable transport):
3.2 TTOAUTTIAEEN KOl TCP
artoroAUTIAESN Aopun tou segment
3.3 un - Afwomotn petadopa
ouvdeopootpadng Sedopévwv
uetadopa: UDP . EAeyxoc pon|c
3.4 apyEC afLOTILOTNC - Awxeipion ouvdeopou
netapopac 3.6 Apxéc éAeyxou ocupudOpNoNG

dedouevwy 3.7 TCP éAeyyoc cupddpnong
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Apxec aflomotnc petadopac dedouevwy

(reliable data transfer- rdt)

Elvatl onpavtiko yla ta enineda epappoywv, Hetadopac Ko
Slktuovu.
= top-10 Alota onpovTkwy Bepdtwy SIkTwong

sending receiver I
process I process
| 1

L()relioble c:hcmnel)j

application
layer

transport
layer

(a) provided service

< Ta XOPAKTNPELOTLKA TOU U AELOTILOTOU KAVOALOU
kaBopilouv TNV MoAuTAoKOTNTA TOU PWTOKOAAOU (rdt)
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Apxec aflomotnc petadopac dedouevwy

(reliable data transfer- rdt)

Elvatl onpavtiko yla ta enineda epappoywv, Hetadopac Ko
Slktuovu.
= top-10 Alota onpovTkwy Bepdtwy SIkTwong

sending receiver I
process I process
| 1

L()relioble c:hcmnel)j

application
layer

transport
layer

¥
Junreliable c:hcmnel)ik

(a) provided service (b) service implementation

< Ta XOPAKTNPELOTLKA TOU U AELOTILOTOU KAVOALOU
kaBopilouv TNV MoAuTAoKOTNTA TOU PWTOKOAAOU (rdt)
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Apxec aflomotnc petadopac dedouevwy

(reliable data transfer- rdt)

+ Elval onuavtiko yla ta enineda epappoywv, petadopac Ko
Slktuovu.
= top-10 Alota onpovTkwy Bepdtwy SIkTwong

senalngl receiver I
Process process
! 1

. rdt send()
L()relloble c:hcmnel)j =

D)

application
layer

deliver data()

=
S5 reliable data reliable data

@ > fransfer protocol transfer protocol

% O (sending side) (receiving side)

+ udt_ send ( )i [packet | [ packet| I rdt rev()

Junreliable c:hcmnel)ik

(a) provided service (b) service implementation

< Ta XOPAKTNPELOTLKA TOU U AELOTILOTOU KAVOALOU
kaBopilouv TNV MoAuTAoKOTNTA TOU PWTOKOAAOU (rdt)
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Aélomotn petoadopa dedopevwy (rdt)

rdt send () :kaheitaw amo v edappoyn
Kal tTn¢ divovtal ta Sedopéva yla tapadoon
OTO AVWTEPO Mminedo Tou mapaAnmTn

\ rdt send()

reliable data
fransfer protocol
(sending side]

send
side

deliver data() : kakeitoLand
Vv rdt yla va napadwoel ta dedouéva
OTO AVWTEPO en'msQo.

/

data Tdeliver_data ()

reliable data receive
fransfer protocol .
(receiving side) side

udt_send ()} [packel

packet Irdt_rcv ()

T—»()unrelicible channel )<T

udt_send(): KaAeltal amo tnv rdt, yla
va LETAPEPEL TO TIAKETO OTOV TTAPAAATITN
HEOW pN-a€lomioTou StauAou

rdt rcv () : kaleital étav To MAKETO

dTAoEL OTNV MAEUPA TOU TTAPAAATITN.
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Atloriiotn petadopa dedopevwy (rdt)

Oa:

+ Avantuéoupe oTadLaKkd Eva TPWTOKOAAO aLOTILOTNG LETAPOPAC
dedopévwy (rdt) otnv mMAeupd Tou ATOCTOAEQ KOl TOU
TTOLPOANTITN,

+ Oo Bewpnoovpe petadopd dedopevwy oe pLa Katevbuvon

= AAA rAnpodopiec eA€yxou Ba pEouv Kat otLg duo
KOTELBUVOELC
% Oa xpnolpomnoloovpe Avtopata Memepacpévwy Kataotdoswv

(Finite State Machines) yua va teptypadiloupe tov sender Kait
TOV, receiver event rou pokaAel tnv aAAdyn katdaotoong (state)

Evepyelec (actions) katd tnv aAAayn Kotdotaong

state: n emopevn
Katdotaon koBopiletal
HovadLKA Ao To
ETIOUEVO YEYOVOC
(event)

|
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rdt1.0: reliable transfer over a reliable channel

A

% O dlavAoc petadopac eival amoAUTwWE aELOTILOTOC

= KaBoAou Aabn oe bit
" Kopia amwAEeLa TTOKETWVY

% Xwplotaa FSMs yia amootoA€a Kat tapaAnmn:
* O sender otéAvel bedopeva otov uTtokeLlpevo dlauvlo.
= O receiver Staalel dedopéva amo vmokeipevo dlaulo.

rdt_send(data)

Wait for
call from
above

udt_send(packet)

sender

packet = make pkt(data)

Wait for rdt_rcv(packet)
call from

below

extract (packet,data)
deliver_data(data)

receiver
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rdt2.0: Ataulog pe AaBn oe bit

» 0 6Lau)\oq urtopel var aAAAeL TIC TLUEC TwV bit o€
EVOL TIOLKETO

= Xpnon tou checksum ywa avixvevon AaBwv ok bit.

% Epwtnua : Nwg dlopBwvoupue ta Aadn;
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rdt2.0: Ataulog pe AaBn oe bit

+ 0 6Lau)\oq urtopel var aAAAeL TIC TLUEC TwV bit o€
EVOL TIOLKETO

= Xpnon tou checksum ywa avixvevon AaBwv ok bit.
+» Epwtnua : Nwc dtopbwvoupe ta Aadn;

» acknowledgements (ACKs): o mopaAAmTNC EVNUEPWVEL
TOV QITOOTOAEQ OTL TO MAKETO TtapaAnPOnke cwota.

" negative acknowledgements (NAKs): o mopaAnmTng
EVNUEPWVEL TOV OTTOOTOAEN OTL TO TIAKETO £XEL AAON.

" O anootoA€oc EavaoTEAVEL TO TTOKETO av rtapel eva NAK
% NEol punyaviopol oto rdt2.0 (tepa amno to rdtl.0):

= Avixyvevon AaBwv (error detection)

= Avatpododotnon (feedback): unvopata €leyyou
(ACK,NAK) arto tov receiver otov sender
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rdt2.0: Nepwypadn FSM

rdt_send(data)

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

rdt_rcv(rcvpkt) &&
ISNAK((rcvpkt)

Wait for
call from
above

udt_send(sndpkt)

rdt_rcv(rcvpkt) && isACK(rcvpkt)
A

sender

receiver

rdt_rcv(rcvpkt) &&
corrupt(rcvpkt)

udt_send(NAK)

Wait for
call from
below

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

deliver_data(data)
udt_send(ACK)
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rdt2.0: Asttoupyia xwpig Aabn

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)

. C

Wait for
call from
below

rdt_rcv(rcvpkt) && isACK(rcvpkt)
=
A

rdt rcv( rcvka &&
notcorrupt(rcvpkt)

extract(rcvpkt,data)
deliver_data(data)
udt_send(ACK)
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rdt2.0: Aettoupyia o€ eptntwon AaBouc

g

rdt_send(data)

snkpkt = make pkt(data, checksum)
udt send(sndpkt)

Wait for
call from
above

rdt_rcv(rcvpkt) &&
corrupt(rcvpkt)

dt send(NAK

. ~ ( )
rdt_rcv(rcvpkt) && isACK(rcvpkt) h :
- Wait for

call from
below

A

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

deliver_data(data)
udt_send(ACK)
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rdt2.0 exeL Eva onUaAvTtiko tpofAnuaL.

TL O cupPet av ACK / Ataxeiplon SuthotUnwv:

NAK kataotpaded;

% O amootol<oc dev E€peL TL
ouVEPN oto 6&ktn!

% OEV Umopel amia va
¢avaoteilel: mBavo
SUTAOTUTIO TTOKETO.

— stop and wait

O armooTtoAEac OTEAVEL Eval
TTOLKETO KOlL TIEPLULEVEL
amAvINon oo TTAPAANTTTN.

O sender EovaOTEAVEL TO TPEXOV
rtak€to av ACK/NAK sivou
KOTEOTPAULEVO.

O sender tpooBOETeL Eva aplOuo
OELpAcC (sequence number) o €
KABE TaKETO.

O receiver ayvoei (6ev ta oTEAVEL
OTO AVWTEPO eTtinedo) Sutha
TIOKETA.
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rdt2.1: O sender, diaxelpiletal kateotpoppevo ACK/NAKs

rdt_send(data)

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

rdt_rcv(rcvpkt) &&
( corrupt(rcvpkt) ||
ISNAK(rcvpkt) )

udt_send(sndpkt)

Wait for
ACK or
NAK O

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

rdt_rcv(rcvpkt)
&& notcorrupt(rcvpkt)
&& iIsSACK(rcvpkt)

A A
Wait for Wait for
ACK or
rdt_rcv(rcvpkt) && NAK 1
( corrupt(rcvpkt) ||
iSNAK (rcvpkt) ) rdt_send(data)
udt_send(sndpkt) sndpkt = make_pkt(1, data, checksum)

udt_send(sndpkt)
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rdt2.1: O receiver diayxelpitetal kateotpappeva ACK/NAKs

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) && (corrupt(rcvpkt) \\

rdt_rcv(rcvpkt) && (corrupt(rcvpkt)

sndpkt = make_pkt(NAK, chksum)
udt_send(sndpkt)

sndpkt = make_pkt(NAK, chksum) \
udt_send(sndpkt)

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

sndpkt = make_pkt(ACK, chksum)

udt_send(sndpkt)

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

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

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

extract(rcvpkt,data)
deliver_data(data)

sndpkt = make_pkt(ACK, chksum)
udt_send(sndpkt)
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rdt2.1: avakepaAlaiwon

sender: receiver:
+» MpooBnkn seq # oto + [pEMEL va EAEYXEL LA
TIOKETO SUTAQ TaKETA
+ AUVO seq. # s (0,1) apkoUwv. = H Kardorlaon (state) Selyvel
rla-d’p OV OVOLEVETOL TTOKETO UE
o , seq#0n 1.
« MpeneLva e€etalel av ta
ACK/NAK mou AapBavel : :
, / “,B % 2nueiwon: O receiver 6gv
elval KATECTPAUUEVAL. ; ,
, , UTtopeL val EEPEL vV TO
% AUTAQOLEC KATOOTAOELG teheutaio ACK/NAK
(states) ¢ptace owotd oTov
" H katdotoon NMPEMeL va sender.

Bupuatal av To
OVOLLLEVOLEVO TTOKETO
NMPEMeLvVa €xetseq# 0N 1

Transport Layer 3-35



rdt2.2: Eva mtpwtokoAAo xwpic NAK

+ 161a Aettoupykotnta pe rdt2.1, XpNOLLLOTIOLWVTOG
novo ACKs

+ Avti yla NAK, o receiver oteAvel ACK yila to
TeAevTOLlO MAKETO IOV TtapaAndOnke ocwota.

= O receiver MPEMEL va cUUTIEPLAABEL KoL TO seq # Tou
TTOLKETOU YLa To ortolo otéAvel ACK.

% AAO ACK otov sender €xeL w¢ amoteAeoua TNV
1Ol evepyela pe to NAK: amootoAn éava tou
TPEXYOVTOC TTAKETOU.
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rdt2.2: tunuota twv sender, receiver

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

udt_send(sndpkt) rdt_rcv(rcvpkt) &&

\\\ / \
A Wait for (_corrupt(rcvpkt) ||
...................... call 0 from ACK SACKICVpILL) )
.................................... above 0 udt_send(sndpkt)
............................................. sender FSM

............................................... fragment rdt_rcv(rcvpkt)
..................................... && notcorrupt(rcvpkt)
ook g e && iIsACK(rcvpkt,0)

(corrupt(revpkt) [| o~ el A
e e reuDk) receiver FSM

T — fragment ...........................................

e e

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

extract(rcvpkt,data)

deliver_data(data)

sndpkt = make_ pkt(ACK1, chksum)

udt_send(sndpkt) Transport Layer 3-37




rdt3.0: AtawAol pue AaBn kat arnmwAeLeG

Nea nmapadoxn: o [pooéyylon:
UTtOKELMEVOG BlauAog = O sender mepupével éva
Uropel va xAosL AOYLKO ~ XPOVLKO OLaotnua
naketa (data, ACKs) Vi ACK |
+ zavaoteAvel av dev mapel ACK oe
= checksum, seq. #, QUTO TO XPOVLKO SLaoTnuaL.
ACKs, kal emavainyn » Av 1o makéto (4 to ACK) arm\d

uetadoonc Sev eival kaBuotepnoav (dev xabnkav):
MAL0V AOKETA = H emavaAnyn amootoAnc Oa
P ' oTelAeLl OUTAOTUTIO AAAG QUTO

T0 eTUAVEL TO seq. #

= O receiver MPEMEL vl

npoodloploeL to seq # Tou
TokeTou oto ACK.

»  ATauteitol €vog LETPNTAC XpOVoU.

Transport Layer 3-38



rdt3.0 sender

rdt_send(data) rdt_rcv(rcvpkt) &&

\ sndpkt = make_pkt(0, data, checksum) ( corrupt(rcvpkt) ||

\ udt_se_nd(sndpkt) ISACK(rcvpkt,1) )
rdt_rcv(rcvpkt) \ start_timer A

A tore

V\I/Iagffor timeout

CaabO\S(e)m udt_send(sndpkt)
start_timer

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

stop_timer

timeout
udt_send(sndpkt) C
start_timer (_/

rdt_rcv(rcvpkt) &&
( corrupt(rcvpkt) ||
ISACK(rcvpkt,0) )

A

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

stop_timer

Wait for
call 1 from
above

rdt_rcv(rcvpkt)
A

rdt_send(data)

sndpkt = make_pkt(1, data, checksum)
udt_send(sndpkt)
start_timer
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rdt3.0 o€ )\ewou&ia

sender receiver
send pkt0 ktO
\\ FCv pkto
ack send ackO
rcv ackO
send pktl \Wl\‘
rcv pktl
A}k/ send ackl
rcv ackl
send pkt0 \NO\‘
rcv pktO
ack send ackO
(a) no loss

sender

receliver

send pkt0 ktO
\\ rcv pkto

rcv ackO
send pktl_

ack send ackO

fé

timeout
resend pktl

rcv ackl
send pkt0

/

ktl

/

rcv pktl
ck send ackl

ktO

¥

rcv pkt0
ack send ackO

(b) packet loss
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rdt3.0 oe Aettoupyla

sender receiver
send pkt0 ktO
\\ Fcv pkto
ack send ackO
rcv ackO
send pktl_ \Wl\‘
rcv pktl
yockl—" send ack1

loss
. t/meout_
resend L =B rov pkt
s
rcv ackl
send pktO \NO\‘
rcv pkt0

ack send ackO

(c) ACK loss

sender receiver
send pkt0
\ rcv pkto
send ack0
rcv ackO /
send pktl_ \\
rcv pktl

send ack1l
ackl
‘ t/meou
resend pktl rcv pktl
rcv ackl (detect duplicate)

send WtOﬁ< send ackl
rcv ackl rcv pkt0

send pkt0 send ack0
rcv pktO

/ (detect duplicate)
send ackO
(d) premature timeout/ delayed ACK
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rdt3.0: Asttoupyla stop-and-wait

sender

ATTOOTOA} TTPWTOU bit TTAKET., t = 0
ATTOO0TOAR TeAeuTaiou bit, t =L/ R

A

RTT

Agign ACK, atrooToAn,
£TTOUEVOU TTOKETOU ,

receiver

— AQIEN TTPWTOU bit TTAKETOU
—AQIEN TeAguTaiou bit,
amrooToArp ACK

t=RTT+L/R
U _ L/R _.008 _
sender RTT+L/R ~ 30.008 -

0.00027
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Eriidooelg tou rdt3.0

% To rdt3.0 eival cwoto, aAld n armodoon MOAU KaKN.
« [.X..: 1 Gbps link, 15 ms prop. delay, 8000 bit packet:

L 8000 bits :
D = = = , = 8 microsecs
trans — R 1P bits/sec
" U go Utilization — m0000TO XpOVou Ttou 0 sender oteAvel dedopeva
L/R .008
U —— = 0.00027

sender ~ RTT+L/R ~ 30.008

= Av RTT=30 msec, 1KB maketo kaBe 30 msec: 33kB/sec
uetadoon o ouvdeon 1 Gbps.

" To MPpWTOKOAAO SIKTUOU TEPLOPLlEL TNV XPON TWV PUCLKWV
nopwv!

Transport Layer 3-43



NpwtokoAo cwArvwong (pipelined)

pipelining: o0 anoctoAéag enttpénet omootorr oMWY
TIOKETWV OE EKKPEUOTNTA, TA OTtolal OEV €XOUV QKON AVAYVWPLOTEL
Qo mapaAnTITn.
= To gVpoc NG apiBunonc (sequence numbers) mpémnel va avénOei.
= Anatteital buffer otov sender kat/r) otov receiver

data pczcke’r—»
|||

g i

data packets—» ‘p

/

<+— ACK packets

(a) a stop-and-wait protocol in operation (b) a pipelined protocol in operation
% AUO yeVvIKEC popPec pipelined TPpwWTOKOAAWV:
« go-Back-N (rnnyatve miow N)

+ selective repeat (smtiAektikn emavainyn)
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Pipelining: Auénuevn xpnotpomnoinon

sender receiver
ATTOOTOAN TTPpWTOU bit, t =0
ATToOTOAN TeAguTaiou bit, t=L/R

A@icn TTpwTou bit

. A@icn TeAeuTaiou bit, atrooTtoAr; ACK
> A@ign TeA. Bit 2°V TTak., atmooToAr] ACK

A@icn TeA. Bit 3°V TTak., atrooToAr; ACK

RTT

Agign ACK, atrooToAn
EMTOPEVOU, t = RTT + L/ R TS

il

............ Pipelining 3 1ToK.

................... augavel Tn xpnon
S } kata 3 gopeg!

U 3L/R .0024

sender™ = 00, = 0.00081
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Pipelined mpwTtokoAAa: emiokomnon

Go-back-N:

\/
0’0

4

o0

L)

o0

O sender pmnopei va gxet
p.E)(pL N pn avayvwplopeva
TOKETA oTNV pipeline

O receiver oTEAVEL HOVO
aBpolotika (cumulative)
ack

= Aev otéAvel ack yla éva
TIOKETO OV UTIAPXEL KEVO.

O sender £xeLtimer yla to
QPXOLOTEPO TIALKETO XWPLC
ack

= ‘Otav o Xpovoc ekmveUOEL,
arnooteAAovtal ava OAa Ta
LN QVOYVWPLOUEVO TIALKETAL.

Selective Repeat:

+ O sender propet va exeL pexpL
N QN avayvwpLopEVO TTOKETA
otnv pipeline

+ O receiver oTeAVEL §exwpLoTO
ack ylot KABe moKeTo.

+ O sender datnpetl timer yla
KAOE pun avayvwpLlopEVO
TTOKETO.

= ‘Otav 0 Xpovoc ekTveUOEL,
amooTEANETAL EaVA LOVO TO
TIOKETO Xwpic ack.
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Go-Back-N: sender

k-bit seq # otnv kedbaAida Tou TOKETOU
Entitpemnetal eva «mapaBupo» HEXPL, CUVEXOUEVA TIOKETO XWPLC ack.

send_base  nhextseqgnum dlready Lsable. hof
lv i ack’ed yet sent
JIRE CLCCCTERTORITONO0ND | sopcts ) ot osce
* __ window size —%
N

% ACK(n): avayvwplon OAwv TwV TTOKETWV LEXPLTO seq # n -
‘cumulative ACK ” (aBpototiké ACK)

= Mmopet va AaBet dSutha ACKs
% timer ylLo To apXALOTEPO TTAKETO OE EKKPEUOTNTA
% timeout(n): amootoAn £ova TOU TIAKETOU N KoL OAWV UE
neyaAvutepo aplOuo seq # oto mapabupo.
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GBN: Alaypappa Asttoupyiag sender

rdt_send(data)

if (nextsegnum < base+N) {
sndpkt[nextsegnum] = make_pkt(nextseqnum,data,chksum)
udt_send(sndpkt[nextsegnuml])
if (base == nextsegnum)
start_timer
nextsegnum-++
~~~~~ }
A e else
refuse_data(data)

timeout

b start_timer
udt_send(sndpkt[base])
G udt_send(sndpkt[base+1])

rdt_rcv(rcvpkt)
&& corrupt(rcvpkt)
udt_send(sndpkt[nextseqgnum-1])
rdt_rcv(rcvpkt) &&
notcorrupt(rcvpkt)

base = getacknum(rcvpkt)+1
If (base == nextseqnum)
stop_timer
else

start_timer
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GBN: Awaypoppa Aettoupylac receiver

default
udt_send(sndpkt) rdt_rcv(rcvpkt)
-~ ( ) && notcurrupt(rcvpkt)

A T~ a - && hassegnum(rcvpkt,expectedsegnum)
= -

expectedsegnum=1 A:-Dextract(rcvpkt,data)

sndpkt = deliver_data(data)

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

Movo ACK: otéAvel mavta ACK yLa TO TTOKETO UE TO LEYAAUTEPO
seq # rov mapaAnPpOnke cwotd KAl OTNV CELPAL

= Mropet va dnuovpynoet SutAda ACKs
= [pg€nel va Bupdtol povo to expectedsegnum
% [OKETO €KTOC OELPAC:
" Amoppun : Sev undpyel mpoowptvn armodnkevaon oto receiver!
= EmtavaAnyn ACK yLo TTaKETO HE TOV LEYAAUTEPO aplOUO o€ oELpa.
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GBN og AsLtou

pyla

sender window (N=4) sender

(el 5678
(R4 567 8
K1 5678
1 5678

OFREE Y 678
N2 345 SIS

VN2 3 4 5 SIEe
VN2 34 5 SHAs
VN2 345 SHAS
VN2 34 5 SHES

4

send pkt0
send pktl \

send pkt2-
send pkt3
(wait)

rcv ackO, send pkt4
rcv ackl, send pkt5

ignore duplicate ACK

\‘X Joss,

pkt 2 timeout

send pkt2
send pkt3
send pkt4
send pkt5

=
\
=

receliver

rcv pktO, deliver, send ackO
rcv pktl, deliver, send ackl

receive pkt3, discard,
(re)send ackl

receive pkt4, discard,

(re)send ackl
receive pkt5, discard,

(re)send ackl

rcv pkt2, deliver, send ack2
rcv pkt3, deliver, send ack3
rcv pkt4, deliver, send ack4

rcv pkt5, deliver, send ack5
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Selective repeat(emhektikn ertavoinyn)

% O receiver avayvwpilel éeywplota oOAa T
TTOLKETOL TIOU TP AAALBAVEL CWOTA.

" ATtoOnKeVEL TTOKETO, OTOV XPELALETAL, VLo VAL TOL
NoPAOWOEL OTNV CELPA OTO AVWTEPO £Titedo

% O sender oteAvel éava LOVO TTOKETA YL TO
ortoia 6ev €xeL mapet ACK

= O sender €xeL timer yLa KABe MakeTo
+ MapaBupo tou sender
= N pn cuvexoueva seq #

" Meplopilel Touc seq #s TwV ATIECTAAUEVWY, LN
QVOYVWPLOUEVWV TIOLKETWV.
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Selective repeat: mapaBupa tou sender kot , receiver

g

send_base  hextsegnum dlready Lsable. not
, ack’'ed yet sent
(000 RTOLTIRECEET =t e
t __ window size —4
N

(a) sender view of sequence numbers

out of order

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

ﬂﬂﬂﬂﬂﬂﬂﬂﬂl||||||||||||||]|]|] |ogecregaet [ o

t _ window size—#4

1 N

rcv_base

(b) receiver view of sequence numbers
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Selective repeat

— sender
data amo avwtepo ernunedo:

Av To seq # elval peoca ota

opla Tou rapabupovu,

QTTOOTOAN TTOKETOU
timeout(n):

ErtavaAnyn amootoAng
TIOKETOU N, VEA ap)XH Tou timer

ACK(n) eilval petagu
[sendbase,sendbase+N]:
2NULWOE TO TTOKETO WG
napaAndBev
Av TO n €ilval To ULKPOTEPO
nokeTo Ywpic ACK, petakivnoe
N Paon tou mapabupou oto
enopevo seq # ywpic ACK

— receiver

pkt N HETOL&L') [rcvbase, rcvbase+N-
1]
ArtootoAny ACK(n)
EktoC oelpac: anobrikevon oe
buffer
2tn ospa: tapadoon (emiong
napadoon anobnKeVUEVWY o€
OELPA TIOKETWVY), LETAKLVNOE TN
Bdon tou mapdbupou oTo
ETOLLEVO N TtopaAndOEY
TIOKETO

pkt n METQ&L') [rcvbase-N,rcvbase-1]
ArtootoAn ACK(n)

aAALWC:

AyvOnoe.
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Selective repeat o€ Asttoupyla

‘-----------------.-.
sender window (N=4) sender

(O 5678
O 5678
(el 5678
1 5678

Oy 6 7 8
VN2 34 5 SHES

N2 345 SAs
VN2 345 SHAS
VN2 34 5 SHES
N2 345 S

send pkt0
Send pktl \

send pkt2-
send pkt3  T~Xl/oss

(wait)

rcv ack0, send pkt4
rcv ackl, send pkt5

record ack3 arrived

Pkt 2 timeout

send pkt2

record ack4 arrived

record ack5 arrived /

Q: what happens when ack2 arrives?

recelver

rcv pktO, deliver, send ackO
rcv pktl, deliver, send ackl

receive pkt3, buffer,
send ack3

receive pkt4, buffer,

send ack4
receive pkt5, buffer,

send ack5

rcv pkt2; deliver pkt2,
pkt3, pkt4, pkt5; send ack2
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sender window receiver window

Selective repeat:  (fer receipn (after receipt)
dilemma 012 KO
3012% o]0 12
s 012 —pkt2 — o1EE1 2
example- 7 —— 01 2FH12
312 3 F)
+ seq#’s:0,1,2,3 23 T
< window size=3 pktO —— will accept packet
] with seq number 0
% receiver sees no (a) no problem
difference in two receiver can tsee sender side.
scenarios! recelver behavior identical in both cases!

. something’s (very) wrong!
+ duplicate data g5 (very) wrong

accepted as new in 012 —ok0
(b) 012 —RKktL offZElo 12
3012_pkt2?< 01 2 3 0 W

. . O 3 0 1 ¢4
Q: what relationship o
between seq # size timeout Y [
. . retransmlt pktO
and window size to [EEj:012 —0kO

will accept packet
with seq number 0

. . ‘p
avoid problem in (b)~ (b) 0ops!
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Kepahato 3: MNepiypappa

3.1 untnpeotec eumédou 3.5 ouvdeopootpadrig

uetodopdg petadopa (connection-
, oriented reliable transport):
3.2 TTOAUTTIAEEN KOl TCP
artoroAUTIAESN Aopun tou segment
3.3 un - Afwomotn petadopa
ouvdeopootpadng Sedopévwv
uetadopa: UDP . EAeyxoc pon|c
3.4 apyec afLomotng - Awxeipion ouvdeopou
HeTAPOPAC 3.6 Apxeg eAeyxou oupdopnong

dedopevwy 3.7 TCP éAeyyoc cupddpnong
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TCP: ETILOKOTINGN RFCs: 793,1122,1323, 2018, 2581

< point-to-point:
= ‘Evac sender, €vag receiver

% 0aLOTILOTN, O€ -CELPQ pOn
debouevwy:
= no “message boundaries”

« pipelined:

= O €Aeyxoc oupdopnong Ko
ponc tou TCP kaBopilouv 10
nEyeboc Tou mapabupou

« full duplex data:

= Audidbpoun pon dedopevwv
otnv ibla ouvdeon

= MSS: MéyLoto pEyeboc
segment.

% ouvdeopootpadEC:

= Xelpapia (handshaking —
avtaAlayrn KnvUpAaTwy
ENEYXOU) QPXLKOTIOLEL TNV
Kotdotaon Tou sender ko
receiver mpLv TNV avtaAlayn
dedopevwy

+ EAeyxouevn pon:

= O sender 6ev Ba
uTteEpdOPTWOEL TOV receiver
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Aopr) Tou TCP segment

« 32 bhits

URG: etreiyov
(YEVIKG Oev Xpnclp_)\

ACK: ACK #
valid

v

source port # dest port #

. Sequence number

\olqlowledgement number

PSH: push data now
(generally not used) —]

head
len @g —I—J,RSF receive window

7

Urg data pointer

RST, SYN, FIN:/
Anuioupyia ouvo.

op/v( s (variable length)

(setup, teardown
commands)

Internet /

checksum
(as in UDP)

/ application

data
(variable length)

MéETpnon ue bytes
OEOOUEVWV
(01 uE segments!)

# bytes

TTOU UTTOPEI VA
OeEXTEI O
TTAPAANTITNG
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TCP seq. numbers, ACKs

e€epxopuevo segment amnod sender

seguence numbers:

" AplBuOC Tou MpwTov byte
oTo segment

acknowledgements:

"seq # emopevou byte mou
QVOLLLEVETOLL ATTO TO AAAO
AKpO

= ABpolotiko ACK

E: mwc xelpiletal o receiver
segments eKTOC OELPAC ;

="A: TCP bev 10
npoodlopilel. Emadictal
OTOV MPOYPOALLUATLOTA.

source port #

dest port #

sequence number

acknowledgement number

rwnd

checksum

urg pointer

window size

N

sender sequence number space

sent
ACKed

sent not- usable not
yet ACKed but not usable
(“in- yet sent

flight™)

ELOEPXOUEVO segment oTtov sender

source port #

dest port #

A

sequence number

acknowledgement number

rwnd

checksum

urg pointer

Transport Layer 3-59



TCP seq. numbers, ACKs

Host A Host B
: V{ \
User &
types
‘C; \

host ACKs
receipt
of echoed
‘C’

Seq=42, ACK=79, w

Seq=79, ACK=43, data= ‘C’

\

Seq=43, ACK:K

simple telnet scenario

host ACKs
receipt of

‘C’, echoes
back ‘C
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TCP round trip time, timeout

E: mwg opiCetal n tun E: mw¢ pnopet va extiunBet to
timeout oto TCP? RTT?
» MeyalUtepn ano RTT + SampleRTT: LETPOUEVOC
= AAAG 0o RTT XPOVOG ATtO TNV AOCoTOoAN
LeTaBAMEeTaL Tou pExpL tnv Anyn tou ACK
& [MOAU UIKOR: TIPGILUO x Avvoom?vrou emmavaAnPeLg
LETAOOOEWV

timeout, mepLTTEC
ET[CXV(IHET(ISCI)O'ELQ +» SampleRTT HETCXB('I}\)\ETCXL,

BEAoOUE O EKTILWUEVOC
xpovoc RTT va eival “mo
OMOAOC
" M£00OC OPOC APKETWV
nPoochaTWV HETPNOEWV
OXL LOVO O TPEXWV
SampleRTT

% [MoAU ueyaAn: opyn
avtidpaon oe anwAELEC
TTOLKETWV
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TCP round trip time, timeout

EstimatedRTT = (1- o) *EstimatedRTT + oa*SampleRTT

% EKOEeTIKA oTABULOMEVOC KIVNTOC MECOC OPOC.
% H ennpela naAalotepwyv PeTpPRoewv POivel ekOeTIKA
% Turkn Tiun oo =0.125

RTT (milliseconds)

350 +

300

250

200 +

150

100

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

¢ sampleRTT

EstimatedRTT

1

8 15 22 29 36 43 50 57 64 71 78 85 92 99 106

time (seconds) Transport Layer 3-62



TCP round trip time, timeout

Xpovoc timeout : EstimatedRTT cuv “mepl®wplo aodpaleiog”
" Meyalec petafoléc touEstimatedRTT -> peyaAUtepo neplbwplo aodaieiag.

% €EKTlUNon tn¢ amokAltonc SampleRTT amo tov EstimatedRTT:

DevRTT = (1-B)*DevRTT +
f* | SampleRTT-EstimatedRTT |

(typically, B = 0.25)

TimeoutInterval = EstimatedRTT + 4*DevRTT

Ektipwpevog RTT - “neplBwplo aodpareioc”
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Kepahato 3: MNepiypappa

3.1 untnpeotec eumédou 3.5 ouvdeopootpadrig

uetodopdg petadopa (connection-
, oriented reliable transport):
3.2 TTOAUTTIAEEN KOl TCP
artoroAUTIAESN Aopun tou segment
3.3 un - Afwomotn petadopd
ouvdeopootpadng Sedopévwv
uetadopa: UDP . EAeyxoc pon|c
3.4 apyec afLomotng - Awxeipion ouvdeopou
HeTAPOPAC 3.6 Apxeg eAeyxou oupdopnong

dedopevwy 3.7 TCP éAeyyoc cupddpnong
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TCP a&lomiotn petadopa
dedopevooy———————————

% TCP dnulovpyet pla rdt
UTTNPECLA TTAVW OO TNV
N o€LomLoTn uTtnpeoLa

Ttou |IP
= pipelined segments AG leewpncouue apxka
= ABpoloTikd acks EVQ ATTAOTIOLNEVO
= EVaC HETPNTAC Vi TCP ano’csto?\ea:
ertavainyn petadoong = Ayvooupe SutAa acks
% EmovaAnPelg " AyvooUue gAgyxo pong
EVEPYOTIOLOUVTOL ATTO: KOl EAEYXO OUHGOPNONG
= timeout

= SuTtAQ acks
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2upPBavta _oe TCP sender:

Agbouseva amno tnv

o0

o0

o0

EQapuoyn:

Anuovpyla segment e
seq #

seq # elvall o aplOUOC ToU
npwtou byte dedopevwy
oTo segment

ApxileL o timer av bgv
TPEXELNON
" QewpnoTe OTL 0 timer peTpa
aro to teAevtaio segment
xwpic ACK
= XpOVLKO dlaotnua :
TimeOutInterval

timeout:

% EOVOLOTEAVOUUE TO
segment Tou MpokAAeoe
timeout

» zowvopxiloupe tov timer

ANnyYn oack:

+ AvTto ack avadépetal oe

segments tou dev €ixe

emBeBalwbdei

TIPONYOUUEVWC.

= EVNUEPWVOUUE TL EXEL

emPePotwBel pEXPL TWP

= Apxiloupe tov timer av
UTTAPXOUV segments Ywpic
ACK.

)
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TCP sender (artAomolnpevoc)

data received from application above
create segment, seq. #: NextSegNum

pass segment to IP (i.e., “send”)
NextSegNum = NextSegNum + length(data)
if (timer currently not running)
A start timer
NextSegNum = InitialSegNum
SendBase = InitialSegNum
timeout

retransmit not-yet-acked segment

with smallest seq. #
start timer
ACK received, with ACK field value y

if (y > SendBase) {
SendBase =y

[* SendBase-1: last cumulatively ACKed byte */

if (there are currently not-yet-acked segments)
start timer

else stop timer

}
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TCP: neputtwoelc emavaAnyne petadoonc

Host A Host B Host A Host B
"’ ‘{ E' '\: N/ E' \
% V‘?/ % M

~— SendBase=92
Seq=92, 8 bytes of data

/

Seq=92, 8 bytes of data

5 - 5 | Seq=100, 20 bytes of dat
2 ACK=100 )
£ ) ol £
ACK:lO/
ACK=120
Seq=92, 8 bytes of data Seq=92, 8
SendBase=100 bytes of'data
/ ~
SendBase=120

\

ACK=100

/ ACK=120

SendBase=120

\

Nepimtwon anwAswog ACK Mpwiuo timeout
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TCP: neputtwoelc emavainyne petadboonc

Host A Hos

g o

4

—— timeout —*

Seq=92, 8 bytes of data

\

Seq=100, 20 bytes%fdz

ACK=100
X
ACK=120

/

\

Seq=120, 15 bytes of data

\

aBpolotikd ACK

\

B
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AN HLOUpVi(X TCP ACK [rec 1122, Rrc 2581

2UuBav orov receiver

Evépyeia tou TCP receiver

AdLEn segment otn oelpd pe
avopevopevo seq #. OAa ta
Aebopéva pexpLseq # €xouv
erBeBatwOeL.

KaBuotepnuévo ACK. MepLlugvel péxpl
500ms yLa emopevo segment. Av ev €ABelL
ot€Avel ACK

AdLEn segment otn oelpd e
avopevopevo seq #.Ma éva aAAo
segment ekkpepel ACK

JTEAVEL ApEOWC Eva aBpoloTiko ACK,
EriBeBatwvovtag kot ta SUo segments
O£ oELlpa

AdLEN segment eKTOC OeLPAC UE
seq #. peyaAutepo amno
AvVaUEVOUEVO.

AVIYVEUTNKE KEVO

YtéAveL apéowc duplicate ACK,
dnAwvovtac to seq. # Tou byte to omoio
OVOLUEVETOL

AdLEN evoc segment TTOU PEPLKA
| OALKQL OUUTTANPWVEL EVal KEVO

YteAvel apéowc ACK, pe tnv npoinoBeon
OTL TO segment EeKLVA OTO KATW
AKPO TOU KEVOU
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TCP ypnyopn enavaiAnyn amootoAnc( fast retransmit)

*

% 2uyxva n mepiodoc time-

out elvall oxeTIKA peyaAn:

= MeyaAn kaBuotépnon
npLv EavaotaABel
XOLLEVO TTOLKETO

% Avixveuon YOUEVWV
segments peocw OUTAWV
ACKs.

= O sender cuyva
OTEAVEL TTOAAQ
segments To eva iocw
arto to aAAo.

= Av KATolo segment
xaBet, mBavotata Oa
UTtAPEOUV TTOAAQ SLTAQ
ACKs.

— TCP fast retransmit

Av o sender AaBeL 3 ACKs
yla ta (dla dedopeva

(“triple duplicate ACKs”),

TOTE EQVAOTEAVEL TO N
eniBeBalwpevo segment
LE TOV ULKPOTEPO seq #

" MBavotata auTo TO
segment £xeL YaO«el,
OTtOTE OEV TIEPLUEVEL
yla timeout
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TCP fast retransmit

Host A Host B
N/ \

— Seq=92, 8 bytes of data

Seq= 1oow
\X

L -ACK=100

timeout

| _ACK=100
~Seq=100, 20 bytes of data

A A

4 v

fast retransmit after sender
receipt of triple duplicate ACK
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Kepahato 3: MNepiypappa

3.1 untnpeolec emumédou 3.5 ouvbeopootpadng
netadopdc petadopa (connection-
, oriented reliable transport):
3.2 no)\un)\sﬁn KOLL TCP
artortoAUTIAEN - Aopn tou segment
3.3 un -ouvdeopooTpadng .  Afwdmotn petadopd
uetadopa: UDP Sedopévwv
3.4 apxEC afLOTILOTNG - EAeyxog pong

uetadopadc dedopévwy = Alaxeiplon ouvdeouou
3.6 ApxEc €Aeyxou cupdopnong
3.7 TCP €Aeyyxoc cupdopnong
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1

TCP gA\egyxog ponc

H edbappoyn pmopet va

L
application ‘
process

adatlpel ta dedopéva
amo touc buffers
NG TCP socket....

... TLLO apya armod 0co
To petadepel o TCP —
receiver.

(otéAvel o sender)

1 application

TCP socket 05
receiver buffers
N\

— A

TCP
code

— EAgyxog porg

O receiver puBuileL tov sender,
va i otéAvel ToANd Sebopéva
Kol TTOAU ypriyopa, WOTE va N

urtepxelAilel o Buffer tou
receiver

code p
Ae v S

|
I l !
ftom sender

receiver protocol stack
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CP €Aevyo '

TCP eAeyxog pong

+ O receiver “gevnuepwvel’ yLa Tov

e\elBepo Ywpo otov buffer, pe to

niedio rwnd otnv kedoAida Twv

segments OV OTEAVEL OTOV

QTTOCTOALQ.

= To peyeBoc tou RevBuffer

opileTal HE TIG EMAOYEC TOU
socket (TuTtlkr) TpoeTAEYEVN
TN eivat 4096 bytes)

= [MoAAQ AELTOUPYLKA CUCTHOTA
NMPOCOPUOlOUV AUTOUATA TOV
RcvBuffer

O sender mepLopilel TNV
TOoOTNTA TWV SeSOUEVWV XWPLC
eruBePBaiwon (“in-flight”) otnv
TLUN Tou rwnd Tou receiver.

Eyyuartal otL o Buffer tou receiver
dev Ba unepyelhioel.

lMpog tnv eapuoyn

T
RcvBuffer

T

rwnd

L

TI_\

buffered data

free buffer space

1

TCP segment payloads

Anovnkeuon
otnv nmAsvpa
Tou receiver-
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Kepahato 3: MNepiypappa

3.1 untnpeotec eumédou 3.5 ouvdeopootpadrig

uetodopdg petadopa (connection-
, oriented reliable transport):
3.2 TTOAUTTIAEEN KOl TCP
artoroAUTIAESN Aopun tou segment
3.3 un - Afwomotn petadopa
ouvdeopootpadng Sedopévwv
uetadopa: UDP . EAeyxoc pon|c
3.4 apxEC afLOTLOTNC - Awayeiplon ouvdeopou
HeTAPOPAC 3.6 Apxeg eAeyxou oupdopnong

dedopevwy 3.7 TCP éAeyyoc cupddpnong
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Anplouvpyia TCP Zuvbeopou

I'Iva apxloeL n avra)\)\avn dedopevwy, sender/receiver
“ouudwvoulv’

+ Na édnuioupynoouv eva cuvdeopo (o kaBevag EEpeL OTL O
aAAo¢ oupdwvel otnv dnuoupyla tou cuvdEcoU)

% 2TLC TIOPAUETPOUC TOU OUVOECHOU.

application application

O
connection state: ESTAB
connection Variables:
seq # client-to-server
server-to-client
rcvBuffer Size
at server,client

connection state: ESTAB
connection variables:
seq # client-to-server
server-to-client
rcvBuffer Size
at server,client

:” Vf network network
i
B l
Socket clientSocket = Socket connectionSocket =
newSocket ("hostname" , "port welcomeSocket.accept() ;

number") ;
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2updwvia ylo dnuLoupyio CUVOEGHOU

E: Aeltoupyel mavia auto
RS TO HOVTENO OTO SiKTUO;
Let’ s talk * METOLB}\”T,é 5
T ESTAB KOOUOTEPNOELG
esTag o X + EmavaAnyn attipotoc
ouvdeonc AOyw amwAELOC
g E
T

LLNVU LLOTOG
g
choose x \req_conn ( )~(L,
—® ESTAB

acc_conn(x)
ESTAB &—
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2UULDW

vio via Snulov

Lo oBUVOECOU

2-way handshake oevapia anotuyiac:

g

4
choose x

retransmit
req_conn(x)

ESTAB

client™
terminates

\req_conn(>_<L>

D

3 ESTAB

acc_conn(x)

reg_conn(x)

\

connection

~ x completes ~

server
forgets x

ESTAB

half open connection!

(no client!)

&

choose X
\req_conn(xg
/ ESTAB
retransmit acc_conn(x)
req_conn(x) -
ESTAB
~data(x+1) accept
retransmit data(x+1)
data(x+1) ™\
connection |
cIientﬂ X co\mpletes server
terminates  |raq conn(x) TO"9€ts X
ESTAB
data(x+ 1)_> accept
data(x+1)
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TCP tputAn xewpayia (3-way handshake)

client state

LISTEN

Ertdoyn apxlkol seq num, X

g

artootoAr) TCP SYN msg \

SYNSENT

v

ESTAB

ANYn SYNACK(x)

O server giva evepyog
AnootoAn ACK for SYNACK
this segment may contain
client-to-server data

SYNbit=1, Seq=x

_—

SYNbit=1, Seq=y
ACKbit=1; ACKnum=x+1

/\

ACKbit=1, ACKnum=y+1

\

server state

LISTEN

Erttdoyn apxtkou seq num, y

AnootoAn TCP SYNACK
msg, acking SYN

Angn ACK(y)
O client eivou evepyadg

SYN RCVD

v

ESTAB
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TCP 3-way handshake: FSM

Socket connectionSocket =
welcomeSocket.accept () ;
A .
Socket clientSocket =
SYN (X) J newSocket ("hostname" , "port
ulnb 1] :
SYNACK(seq=y,ACKnum=x+1) number™)
create new socket for SYN(seq=x)
communication back to client
‘ | SYNACK(seq=y,ACKnum=x+1)

ACK(ACKnum=y+1) ACK(ACKnum=y+1)

A
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TCP: KAeloo evoc ouvOEGIOU

% O client katL o server kAeivouv o kaBgvac tTnv
Sk Tou TTAEUPA TOU CUVOECOU

= gteAvouv TCP segment peto FIN bit=1

% Anawvtouv oto FIN pe eva ACK

= Otav ntapouv eva FIN, to ACK propel vat cuvdlaotel pe
10 O1KO Touc FIN

+ Towutoxpovec avtadlayec FIN eival amodekTec.
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TCP: KAELOLWO EVOC CUVOECOU

client state
ESTAB
clientSocket.close ()
FIN WAIT 1 can no longer
send but can
receive data
FIN"WAIT p) wait for server
N - close
TIMED_ WAIT —.
timed wait
for 2*max
segment lifetime
CLOSED J,

|
3

<4

 FiRbit=1
it=1, Seq=X\‘
/
ACKbit=1; ACKnum=x+1
—

/
‘/FLNbit= 1, seq=y
\

ACKbit=1; ACKnum=y+1

\

can still
send data

can no longer
send data

server state

ESTAB

CLOSE_WAIT

LAST ACK

CLOSED
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Kepahato 3: MNepiypappa

3.1 untnpeoiec emumedov 3.5 ouvbeopootpadrig

LETODOPAC uetadopa (connection-
, oriented reliable transport):
3.2 TTOAUTTIAEEN KOl TCP
QTtOTtOAUTIAESN Aopun tou segment
3.3 un - Afwomotn petadopa
ouvdeopootpadng Sedopévwv
uetadopa: UDP . EAeyxoc pon|c
3.4 apyec afLomotng - Awxeipion ouvdeopou
HLETADOPAC 3.6 ApxeG eAeyxou oupdopnong

dedopevwy 3.7 TCP éAeyyoc cupddpnong
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ApXeG EAEyxou Supdopnong

2uuwopnon (congestion):

» " TTOANEC TnyEC oTtéAvouv TLo TIoAAG Sedopéva
TILO YPNYOpPQ A0 000 MTOPEL val OLAXELPLOTEL TO
Siktuo”

% AlapopeTIKN o tov EAeyxo ponc!
% MNMwc ekdbnAwvetat :

" Xapeva maketa (umepyeihion buffer otoucg
routers)

»" Meyalec kaBuotepnoelc (oupec otouc buffers
TwV router)

% 2NUOVTLKO TIPpOPAnpa ota diktua!
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Altiec/kootoc 2uudopnonc: oevaplo 1

original data: }‘“in throughput: A
Auo senders, Suo \\. _

receivers Host A 4
gvac router, amelpol | unlimited shared

buffers _ ;;Z , output link buffers . H
XwpNTKOTNTO YPOUUNG ‘ —7 I /" T _
-

(link capacity): R . T

, oo ~—
XwpLg retransmission V/ , / /

out

g

R/24----------- : ,
5 i & i
= i S i
Ain R/2 Ain R/2
Méylotoc puBbuoc petadoone + Meyaleg kaBuotepnoelg
ava sender : R/2 kaBwg n pubuog adiéng, A,

TANOLAZEL TNV YWPNTLKOTNTO
n c nv Xwen Transport Layer 3-86



Altiec/kootoc 2upudopnonc: ocevapLlo 2

+ Evac router, meptloptouevol buffers

% O sender éavaoteéAvel mokeTa av kKaBuotepnoouy (time-out)
= application-layer input = application-layer output: A, = A,
= transport-layer input mepthappaveL kat retransmissions : X'y, >= A,

A, : original data

a0

A': original data, plus
retransmitted data

— S mm

Ss=—— “EENRERR

[P

finite shared output
link buffers
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Altiec/kootoc 2upudopnonc: cevapLo 2

’ ’ ’ R/Z_ ____________ d
E¢ldbavikevon: mANpn¢g yvwaon ;
% O sender oTéAvel povo (<§ ;

otav ot buffers Tou router |
elval dtaBeopol. :

B — A, original data

copy

out

A': original data, plus
retransmitted data

free buffer space! H
>

Ss=—— “EENRERR

finite shared output
link buffers

Transport Layer 3-88

Host B



Altiec/kootoc 2upudopnonc: ocevapLlo 2

Eélbavikeuon: yvwoteC amwAsLEc.

TIOKETA UItopel va xabouyv, va
arnoppldBOouv oto router Aoyw
nAnpotntog Twv buffers

+ O sender £avooTEAVEL TTOKETO LOVO
av EEPEL OTL £xouV XaOEL.

B — A, original data

copy B8 A',: original data, plus

retransmitted data

no buffer space!
» 1]

~HENARNR
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Altiec/kootoc 2upudopnonc: cevapLo 2

Eélbavikeuon: yvwotec amwAEgLEC.

TIOKETA UITOPEL va xabouv, va
arnoppldBouV oto router Aoyw
nAnpotntag twv full buffers

+ O sender £ovaoTteAveL TaKETA
LOVO av EEPEL OTL €YOoUV X0BEL.

e

when gending at R/2,
some/packets are
retrapsmissions but
asymptotic goodput
is still R/2 (why?)

7\’0Ut

N RI/ 2

A, : original data

A',: original data, plus
retransmitted data

free buffer space!
DS e 4

SSSS= “RIEREER

o
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Altiec/kootoc 2upudopnonc: cevapLo 2

PeaAtotika: duplicates

, , , B T e —
Moaketa punopet va xaBouv, va anoppidpBouv oy
oto router Aoyw mAnpotntag twv full buffers when sending at R/2,
5 some packets are
< retransmissions

MpwLpo time-out otov sender, Kall
amootoAr dUo avtlypadwyv Ta omoia Ko
napadidovtat

including duplicated
that are delivered!

7\3 F\’I/Z

free buffer space!
DS e 4

SSSS= “RIEREER
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Altiec/kootoc 2upudopnonc: cevapLo 2

PeaAtotika: duplicates

, , , B = 7 srmmnmmmmmnnneeee
Moaketa punopet va xaBouv, va anoppidpBouv oy
oto router Aoyw mAnpotntag twv full buffers when sending at R/2,
5 some packets are
Mpwipo time-out oTtov sender, Kot < : irr?gﬁg?nn;'fji'gl?:ated
arootoln dUo aviypadwy ta orola kat 5 that are delivered!
napadidovral |

X' R/2

in

“kdotoc ” ocupdopnonc:
% Meploocotepoc poptoc (retransmissions) ylo Sedopevo puBLO

% Mn anapaitntec emavaAnPelc: H ypappun petadepel
rnoAAamAQ avtiypada evOC TTAKETOU

" Mewwpévoc pubuocg petadoonc.
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Attieg/kootog 2uudopnong: oevapLo 3

o ' E: TuoupBaivel kaBwg A, and A,
<« TEOCEPELC sendaers avéavouv ?

% AL0OPOUEC HE

A KaBuw¢ augavel n kokkivn A", OAa Ta

roAAarAoug routers UTTAE TTOKETOL TTIOU GTAVOUV OTNV ETMAVW
« timeout/retransmit YPQLLUN QTtoppUTTOVTaL, KAl O WITAE
puBpuoc tetvet oto 0.
Host A A : original data Aout Host B

A'..: original data, plus
retransmitted data

finite shared output
I

k buffers ‘ H

Host D
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Altieg/kootog 2uudopnong: oevapLo 3

C/2

}\“OUt

AA\O €va KOOTOC cupdopnong
+ OTOoVv Eva TTOKETO ATMOPPLITTETAL, N XWPENTIKOTNTO

TNG YPAUUNG TIOU XpNOLUOTIOONnKe LEXPL TNV
anoppun naetL xapevn!
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[pooeyyloeLg yia EAeyxo oupudopnong

AUO VEVIKEC TIPOOEYVYLOELC:

network-assisted
congestion control:

+ Otrouters mapgyouv
avatpododotnon ota TEALKA
oUCTNHATA.

= Eva bit deilyvel
' : : SNA, DECbit,
CUMTIEPALVETAL OTO AKPQL oupdopnon !

, , , TCP/IP ECN, ATM)
aTtO ATTWAELA TIOLKETWV KOLL _ ~ 5
kaBuotépnon. ArtooteAAeTOL OTOV sender

0 puBUOC oToV omoio
T(PETIEL VAL OTEAVEL.

—end-end congestion  — _
control:

Aev uTtapyeL
avatpododotnon amnod to
diktuo.

2uudopnon

Edappoletal oto TCP
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Case study: ATM ABR congestion control

ABR: available bit rate:

(11 . . 13/
» elastic service

» if sender’ s path
underloaded :

= sender should use
available bandwidth

» if sender’ s path
congested:

= sender throttled to
minimum guaranteed
rate

RM (resource management)

cells:

+ sent by sender, interspersed

with data cells

+ bits in RM cell set by switches

(“network-assisted *)

= N/ bit: no increase in rate
(mild congestion)

= Cl bit: congestion
indication

< RM cells returned to sender

by receiver, with bits intact

Transport Layer 3-96



Case study: ATM ABR congestion control

I RM cell H data cell

:z“ '/ﬂm!ﬁmn 3
==

+» two-byte ER (explicit rate) field in RM cell

" congested switch may lower ER value in cell

= senders’ send rate thus max supportable rate on path
<« EFCI bit in data cells: set to | in congested switch

" if data cell preceding RM cell has EFCI set, receiver sets
Cl bit in returned RM cell
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Kepahato 3: MNepiypappa

3.1 untnpeoiec emumedov 3.5 ouvbeopootpadrig

uetodopdg petadopa (connection-
, oriented reliable transport):
3.2 TTOAUTTIAEEN KOl TCP
artoroAUTIAESN Aopun tou segment
3.3 un - Afwomotn petadopa
ouvdeopootpadng Sedopévwv
uetadopa: UDP . EAeyxoc pon|c
3.4 apyec afLomotng - Awxeipion ouvdeopou
HLETODOPAC 3.6 Apxéc éAeyxou ocupudOpNoNG

dedopevwy 3.7 TCP éA\eyyoc cupddpnong
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TCP €A\eyxoc cupdopnonc:
nPOooBeTIKN avénon MoANATTAQOLOOTIKN HElwoN

» [Npooeyyion: O sender avéavel to puduo uetadoonc (window
size), dokipalovtag TNV YPAUUNA, LEXPL VA CUUPEL amwAELa
" gdditive increase: avénon tov cwnd kata 1 MSS kaBe RTT
LEXPL VOL OVIXVEUBEL amwAeLa

* multiplicative decrease: peiwon tovu cwnd 0TO ULOO HETA
Qo amwAELQL.

additively increase window size ...
... until loss occurs (then cut window in half)

J

[TplovwTn
oupTrePIPpopa AIMD:
AokiualovTag
TO €0POG TNG YPAMUNG

cwnd: TCP sender
congestion window size
L

time
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TCP EAeyxoc oupudopnonec: AEMTOUEPELEG

sender sequence number space
[ CWNA =]

last byte \ last byte
ACKed sent, not-  gent
yet ACKed
(“in-
flight”)
O sender mepLopilel TNV EKTTOUTIA:

LastByteSent-
LastByteAcked

< cwnd

+ cwnd gival SuvaplLko,
ouUVAPTNON TNG EKTLULWLEVNC
ocupdopnong tou Siktuou

PuBuoc arrootoAncg TCP :

% YOVTPLKA: OTEAVW
cwnd bytes, meplpuevw
RTT ywa ACKS, peta
oTEAVW Kol AAAa bytes

22

rate bytes/sec
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TCP Apyn Apxn

+ Otav apyilel o & E
ouvdeon, avéaveL o

PUOLOC eKBETIKA pEXPL t W
I

TNV TPWTN ATIWAELA :

" apxd ewnd = 1 MSS Q

= Suthaoclaopoc cwnd kaBe
RTT

= AUénon tou cwnd yLa KABOe U segments
ACK mtou AapBavetol

% Juvorttika: O apXLKOC
PLUOLLOC elval apyoc Al
ouéavel eKBETKA tirlne

Transport Layer 3-101



TCP: Aviyveuon, avtibpoon oe anmwAeLa

< H anwAela vrtodekvuetal amo timeout:
= cwnd opiletaL oe 1 MSS;

" To mapaBupo avéavetal ekOeTIKA ( OTTWC oTNV ApPyn apxn)
LEXPL EVA KATWPAL KOl LETA AUEAVEL YPOULULKAL.

< H anwAela vrtodekvuetol amo 3 duthoturnto ACKs:

= Suthotuma ACKs deixvouv oTL to diktuo pmopet va mapadidel
KarmoLa segments

" cwnd LLELWVETAL OTO LLOO Kol META auéavel ypappka (TCP
RENO)

% TCP Tahoe mavta apyilet pe cwnd 1 (eite timeout eite 3
SutAotuma acks)
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TCP: aAAayn amo slow start ypoppikn avénon
__
E: OTE MIPETELN
ekOTIKN avénon
va aAAaéel og 14 TP Reno
VPOUULULKD; .
A: Otav to cwnd
dBdaoeL oto 1/2
NG TIMAC TOU TPV
To timeout.

o
|

ssthresh

ssthresh

Congestion window
(in segments)

TCP Tahoe

YAoroinon: S S A A A A A A Y A A
< T[OLpéLLlETpOQ ssthresl Transmission round
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MeptAndn: TCP EAeyxoc Zupudopnonc

duplicate ACK
dupACKcount++

()

new’A(CK
cwnd = cwnd+MSS
dupACKcount=0

A transmit new segment(s), as allowed
cwnd =1 MSS

ssthresh = 64 KB cwnd > ssthresh

dupACKcount =0 - A
———————————— -»> o

- 'Gf; \ timeout
(& £ ))¥ssthresh = cwnd/2
cwnd =1 MSS

dupACKcount =0
retransmit missing segment

b:.jﬁ '\\ . </
1‘ € {: )} tImEOUt A

ssthresh = cwnd/2
cwnd = 1 MSS
dupACKcount =0
retransmit missing segment

PR

(e 7
timeout‘ . 5))
ssthresh = cwnd/2
cwnd =1
dupACKcount =0
retransmit missing segment

‘New ACK
cwnd = ssthresh

dupACKcount == dupACKcount =0

ssthresh= cwnd/2
cwnd = ssthresh + 3
retransmit missing segment

new ACk “Zo A afs

cwnd = cwnd + MSS = (MSS/cwnd)
dupACKcount =0

transmit new segment(s), as allowed

v
A

duplicate ACK
cwnd = cwnd + MSS

duplicate ACK
dupACKcount++

dupACKcount ==

ssthresh= cwnd/2
cwnd = ssthresh + 3
retransmit missing segment

transmit new segment(s), as allowed
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TCP Tayutnta petaywync (throughput)

a

Méon Tayxutnta petaywync TCP wg ouvaptnon tTou peyeBouc Tou
nopaBupou kat tou RTT?

= Ayvooupe slow start, umoBetoupe OtL tavta urtapxouv dedopeva yla
QTTOOTOAN

W: péyeBoc mapABupou (oe bytesy OTO OTTOLO CUMPBAVOUV ATTWAELEC.
" peoo peyebog mapabupou (# in-flight bytes) eivat ¥4 W
= Méon taxutnta eival 3/4W ava RTT

Méon taxutnta petaywyng TCP = 2 gv'l_l' bytes/sec
W —
W/2 —
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TCP oto MéA\ov: TCP o€ “ypappéc peydAou Eupouc KAt LAKOUG
e ———————————————————————————————————————————————————————

+ mapadeypa: 1500 byte segments, 100ms RTT,
(ntoupevn 10 Gbps throughput

+ arnoutel mapabupo W = 83.333 segments

+ Toxvtnta o€ oxeon pe mbavotnta anwAelag, L
[Mathis 1997]:

1.22 - MSS

RTT./L

=¥ Mo va emtevyxBel taxvtnta 10 Gbps, n mBavoTNTEC
anwAeLag mpenetva etvat L =2:101° — moAvU uikpn!

% NéEec ekdooelc Tou TCP yia uPpnAEC TAXVTNTEC

TCP throughput =
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TCP Fairness

fairness goal: if K TCP sessions share same
bottleneck link of bandwidth R, each should have
average rate of R/K

TCP connection 1

ENG—

&/ bottleneck
Q router

TCP connection 2 capacity R
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Why is TCP fair?

two competing sessions:
+ additive increase gives slope of |, as throughout increases
+ multiplicative decrease decreases throughput proportionally

Connection 2 throughput 0

equal bandwidth share

loss: decrease window by factor of 2
congestion avoidance: additive increase

loss: decrease window by factor of 2
congestion avoidance: additive increase

Connection 1 throughput R
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Fairness gmorez

Fairness and UDP Fairness, parallel TCP
» multimedia apps often connections
do not use TCP + application can open
" do not want rate multiple parallel
throttled by congestion  connections between two

control

< instead use UDP;

* send audio/video at . .
constant rate, tolerate < e.g., link of rate R with 9

hosts
< web browsers do this

packet loss existing connections:
= new app asks for | TCP, gets rate
R/10

" new app asks for || TCPs, gets R/2
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Chapter 3: summary

< principles behind
transport layer services:
= multiplexing,
demultiplexing
" reliable data transfer
= flow control
" congestion control

« instantiation,
implementation in the
Internet
= UDP
= TCP

next:
<+ leaving the
11 77
network “edge
(application,
transport layers)
< into the network
11 7
core
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