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KepdAaio 3: Emitedo MeTagopdc

Qi1 oTdX0!I pac:
0 Katavénon Twv apxwy O Na pdBoupe via Ta
Tiow aTo TIC TPWTOKOAAA eTITTEOOU
UTTNPECIEC TOU uetagopdc Tou AiadikTUou:
ETITTEOOVU HETAPOPAC: - UDP: aouvdeopikh HeTagpopd
« TToAUTTAeEn/amoToAU « TCP: ouvdeouikh peTagopd
nAsEn(mulTiplexing/de . 'EAgyxoc ouppopnong TouTCP
multiplexing)
AC10miaTn peTapopd
oedopévwy
‘EAeyxoc poAc (flow
control)

EAeyxog ouppopnong
(congestion control)
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KepdAaio 3: mrepiypauua

A 3.1 Ymnpeoie¢ emimédou
HETAPOPAC

0 3.2 TToAUTAEEN Ka!
amoToAUTTIAEEN

Q 3.3 AouvOEeOUIKA
ueTagopd: UDP

Q 3.4 Apxéc TnG
a10moTNG HETAPOPAC
dcdopéEVWY

Q 3.5 ZuvdeouikA
pueTagopd: TCP
- Aopn THANAToOG

= AC10TIoTN HeTAwopd
dcdopévwy

- EAeyxog pong
- Niaxeipion oUvdeong

Q 3.6 ApxEéc eAéyxou
CUHPOPNONG

0 3.7 EAeyxoc ouppopnong
ToUu TCP
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YTinpeoicc kail TpwTOKOAAA LETAPOPAC

O TapéXouV AoyIKA eTTIKOIVWYVid S‘“rL
HETAZU Siepyddiwv eQappoywV Trou
TPEXOUV 0E DIAPOPETIKA TEPUATIKA > physica §
ouoTAUATA =

a Ta nprOKoAAa ueTa(popag
TPEXOUV O0TdA TEPUATIKA CUOTAKATA

=  TTAEUPA ATTOOTOANG:

OTIdel T uNvUUATA TG
£PAPUOYAG OE TUAUATA, Td
TEPVAEl OTO ETITTEDO BIKTUOU

- TtAeupd AYng: avaocuvBeon
TWV TUNUATWY o€ Pnvouara,
Ta TTEPVAEl OTO ETITTEDO
£QApUoyng
O TlepioodTepa amod Eva TpwTOKOAAd
pHeTagopdc 01aBéoipa oTIC
ePapHoYEG
o MNiadikTuo: TCP kai UDP

|d8ication

transport
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Emtimedo MeTagopdc / Emimedo AikTUou

Q emimmedo OIKTUOU:
AOYIKA €TTIKOIVWYVid
HeTall uTtoAoyIoTWY

Q emitedo HETAPOPAC:
AOYIKA £TTIKOIVWYVid
HeTall diepyaciwy

= ogThpileTal, CGUUTTANPWVEI
TIC UTTNPETIEC TOU
eMITTEOOU OIKTUOU

AvaAovia :

12 maidia oro omitr tne Avvacg
oTéAvouv ypdupara oe 12
nraidid oro omiTi Tou BaoiAn

dlepyaoiec = maidid

HRvUHaTa epappoywy =
vpdupara e gakéAoug
UTTOAOYIOTEC = OTTiTIA
TPWTOKOAAO HETAWOPAC = Avvd
kal BagiAng (Ttaidi mou
avaAaupdavel To poipaopd ThG
aAAnAoypagiac oc KAOe oTiTI)

O TPWTOKOAAO eTITTEDOU OIKTUOU =
TaxudpoUIKA UTthpeaia

[

U O
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TTowTokoAAd ETiTtédou MeTagopdc aTo

NiadikTuo

Q aiéomoTn, oc opOnH ocipd
vetagopd (TCP)
= €Agyxog ouppbdphong
(congestion control)
= €Aeyxoc¢ ponc (flow control)
= gykaBidpuaon auvdeong
Q pn aliémaoTh, EKTOC ocIpdc
mapadoon: UDP
= Kapia eméKTAON THG

"BéATIOTNC TTpOoOoTTdOcIac”
(best effort) Tou IP

O uTthpeoieg Tou dev gival
d1a0éopec:
= EYYUROEIC WC TIPpOC ThV
kaBuoTépnon
= EYYUROEIC WC TIPOC TO €UPOC
dwvng

data link

physical

network

data link

physical

! network

data link

physical

PR
transport

networ

data link

physical
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KepdAaio 3: mrepiypauua

Q 3.1 Ymnpeoieg emimédou
HETAPOPAC

Q 3.2 TToAUTTAEEN Kal
amoToAUTTAEEN

Q 3.3 AouvOEeOUIKA
ueTagopd: UDP

Q 3.4 Apxéc TnG
a10moTNG HETAPOPAC
dcdopéEVWY

Q 3.5 ZuvdeouikA
pueTagopd: TCP
- Aopn THANAToOG

= AC10TIoTN HeTAwopd
dcdopévwy

- EAeyxog pong
- Niaxeipion oUvdeong

Q 3.6 ApxEéc eAéyxou
CUHPOPNONG

0 3.7 EAeyxoc ouppopnong
ToUu TCP
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TToAUTTAEEN/ ATToTToAUTTAEE N

AToToAUTTAEE N OTOV UTTOAOYIOTA ARYNC:

Xphon TAnpoywopiwyv KepaAidag yia

Tapddoon Twv THNUATWY TToU AdppdvovTal
0Th owWoTh socket

application

application
RSt
g ===

transport network

network link

link thSJC I

/ ‘ _
physical

_ TToAUTTAEEN O0TOV UTTOAOYIOTA dTTOOTOAAC: -

Aiaxeipion dedopévwy amé
moAAaTAEC sockets, TPoaOAKkN

kepaAidag petapopdc (TTou apyoTepa
Fpnouuononsiml

1a amoToAUTTAEE )

application I:I socket
O process
transpprt
netwoflk
physicg H
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TTwe douAevel n amomoAUTTAELE N

Q O vumoAoyioTnc Aappadver IP
datagrams (dedopevoypduuara)

- KdBe datagram éxel « 32 bits
d1eUBuvon IP mpoéAecuonc,
d1eUBuvon IP mpoopiopou

o KdBe d’CITGQF'Gm’I.BJETG(péPSI
éva THAUA eiITTéOOU .
HETAPOpAc other header fields

o KABe TUNUa €xel apiOuo
BUpac mpoéAsuonc,
TIPOOpPICHOU

source port #| dest port #

a o U'ITO)\OVIOTY']E XPNOILOTIOIEI appllca’rlon
31eUBUVOEIC g & ap1BpoUg BUpag data
yid va kateuBuvel To TUAUA oThV essage
KaTdAAnAn socket (m ge)
TCP/UDP segment format
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Aoguvdeopikn armomoAuTtAegn (UDP)

Q To dnpioupynuévo socket
EXEl ap1Buo Bupacg Tomika
OTOV UTToAOYIOTH:
DatagramSocket mySocketl

new DatagramSocket (12534);

Q ‘Otav o uttoAoyIOTAC
Aaupaver Tunpa UDP:

eAEyX el ToV ap1Buo Bupac
TTpoopIiopoVl oTo TUAUA
kaTeuBuvel To TuApa UDP otn
socket pe auTo Tov api1Buo
OuUpac

Q Orav dnpioupyeital To

datagram yia va otaAei atn
UDP socket, mpémel va
kaBoploTei
IP d1e0UBuvon mpoopiopov
Ap1Ou6¢ BUpacg mpoopiopoU

Ta IP datagrams e idio
ap1Opuo6 Bupacg mpoopiopou,
aAAd diapopeTikéCg IP
d1euBlvaoeIc TTpoéAsuonc R/Kal
ap19pouc BUpac mpoéAeuoncg
©a kaTteubuvBouv Tpo¢ Thv
id1a socket tpoopiopoU
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Aguvdeolikh atroTtoAUTTAEEn (TTapddeiyua)

DatagramSocket
DatagramSocket serverSocket = new DatagramSocket
mySocket2 = new DatagramSocket mySocketl = new
DatagramSocket (6428) ; DatagramSocket
(9157) ; application (5773) ;
application application
A tran:;po‘t
transport network
network link
( link physidal
[ ‘! physida physicd| \
- I 55?
source port: 6428 source port: ?
. dest port: 9157 L dest port: ?
> e ¥
source port: 9157 source port: ?
dest port: 6428 dest port: ?

To SP &iver Tn "81cUBUvONn £TIOTPOPAC" Aiktua Emikoivwviwy I - Emimedo petagopdg  3-12




2 uvoeopikn atrommoAuTtAecn (TCP)

O H TCP socket TautomoiciTal
amo Thv TETPAdQ:
d1eVBuvon IP mpoéAcuonc
ap1Bpoc Bupac mpoéAcuong
d1eUBuvon IP mpoopiopov
ap1Oué¢ Bupacg mpoopiopov

O AmomoAUTTAEEN: 0 BEKTNC
XPNOIUOTIOIEI KAl TIC TECTEPIC
TIHEC YIA va KATeUBUvEI TO
TUAPA oThv KaTtdAAnAn socket

O ‘Evac e€umtnpéTng umopei va
uttoaTnpi €1 TTOAAEC
TauTtoxpovec TCP sockets:

KdOe socket avayvwpileTal
atmo Th OIKA ThG TeTpdda

O O1 e€umnpéTeg web £xouv
diapopeTikEC sockets yia kdOe
ouvOedepévo TTeAdTN

TO un-mtapapévov HTTP éxel
diapopeTIKA socket yia kaOe
aitnon HTTP
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2 uvoeopikn amommoAuTtAegn (Tapddeiyua)

application
application application
N iy Ry 2>
S i Lgw sy
transpcPrt netdork ransport
network link ngtwork
link physicai link "\

L‘f ‘! physical =— kerver: IP ppysical 5 é‘
e address B il
host: IP source IP,port: B,80 PR host: IP
address A dest IPport: A,9157 source IP,port: C,5775 address C

DS dest IP,port: B,80
source IP,port: A,9157
dest IP, port: B,80 _

source IPport: C,9157

: : i : dest IPport: B,80
3 TpAHaTa, ha npoopidovrar yia IP dietbuvon: B, et POt B
Bupa npoopiopou: 80 anonoAunAekovtal o€ dIAPOPETIKEG sockets
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2 UVOEaUIKA aTtoTtoAUTTAEEN
Web Server ye vauaTa

threaded server

application
application 52 application
a4 s transport by
transpcPrt netdork ransport
network . link ngtwork
.
link = phykical ligk |
g ‘Z physicy ( I kerver: IP ppysical r?‘
N address B g
host: IP source IP,port: B,80 PR 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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KepdAaio 3: mrepiypauua

Q 3.1 Ymnpeoieg emimédou
HETAPOPAC

0 3.2 TToAUTAEEN Ka!
amoToAUTTIAEEN

a 3.3 AoUVOEOlIKA
nuetagpopa: UDP

Q 3.4 Apxéc TnG
ag10moTNG HeETAPopPdC
dcdopéEVWY

Q 3.5 ZuvdeouikA
pueTagopd: TCP
- Aopn THANAToOG

= AC10TIoTN HeTAwopd
dcdopévwy

- EAeyxog pong
- Niaxeipion oUvdeong

Q 3.6 ApxEéc eAéyxou
CUHPOPNONG

0 3.7 EAeyxoc ouppopnong
ToUu TCP
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UDP: User Datagram Protocol [RFC 768]

ad To amAovaTepo TTPWTOKOAAO
peTapopdc Tou AiadikTUou

O Ymnpeoia tapadoong PEATIOTNG
npoontdBeiac (“best effort”):

Ta TuApgaTa UDP umopei va
xabouv
TapadoBolv gKTég oc1pdcg
OTIC EQPAPUOYEC

Q Aouvoeouikn:

dev yiveTar xeipayia petalu
Tou UDP amooToAéa Kai
0EKTN

H diaxeipion kdBe UDP
TUAPATOC YiveTal {exwploTd

Q

To UDP ouxvd xpnoipotoieitai
vid epapUoyEC TToAUpEoWY
ouvexoug pong (streaming)
o dVOXA WG Tpo¢ TIC
ATTWAEIEC

o €ualobnoia w¢ Tpoc¢ To
puduo

AaAAec xphoeig Tou UDP Tr.x.
o DNS
o SNMP

a10moTn peTagopd TTavw amo
T0 UDP: TpooBnkn aiomioTiag
oTo €TiTtedo €PAPHOYAC

o avavnyn amé Adon

Aiktua EmikEWEERAPHON R 50 peTapopdc  3-17



UDP: kepaAida Tunuaroc

Mnkog Tou
TuAuaTog UDP
oe bytes,
oupmtepiAauPpavopévng
ThG KewaAidag

32 bits

source port #

length checksum

— [ati uttapxel 1o UDP;

application O Xwpic amokaTdaTdon oUvdeonc
data (Tou s10dyel kaBuaTépnon)
(payload)

O amAd: xwpi¢ kataoTacn ouvdeong aTov
amooToAéd, 0EKTN

O HIKPA KepaAida THANATOG

, , O xwpic €Aeyxo ocuppdpnong:
Aoph Tpnpatog UDP 10 UDP pmopei va “ekpayei” 600

voahvooad O EAaLils
'Hl"vru vv"vav
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UDP checksum (dBpoiopa eAéyxou)

2 KOTTOC: avixveuon "oeaApdtwv” (T1.X. aveoTpappévwy bits)
0oTO HETAOIOOHUEVO TUHAKA

ATI00TOAEAC: A¢kTng:

- X‘-'Piz‘?m' TO TIEPIEXOHEVO O umoAoyiopoc Tou checksum Tou
TOU THAMATOC, . .
ouunepu/\au[bavouévwv 1:[86in NG Aaupavopevou pnvoparog
kegahidag, wg akoAouBia 0 £AEyX0C av To UTTOAOYIOUEVO
akepaiwv Twv 16 bits checksum 1ooUTal pe TNV TIUA Tou

O checksum: oupTTAfPWLA WC TTPOC mediou checksum:

To 1 Tou aBpoiguarog Tou = Ox1 - avixveuon opdApaTog
TrepieXopévou (Ekppaopévou ae , ,
16-bit Aé€eig) = Nar - pn avixveuon opdAparog

AAAG TTapoAa autd evdéxeTal
va yivouv AdOn; (TTepiocdTepa
oTh ouvéxeia)

O o amooToAéag TomoBeTei TNV
TiIgA Tou checksum oTo medio
checksum Tou TpApaToc UDP
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TTapadeiyua Checksum AiadiktUou

d 2Znueiwon

0 Kard tnv pogBeon Twyv apiBuwy, To KpdToUHEVO
aTmoé Thv TIo GNUAVTIKA Oéon TtpéTel va TtpooTeDEi
O0TO AdTTOTEAEONA

Q TTapadeiypa: mpooOean dUo akepaiwyv 16-bit

1110011001 100110
110101010101 0101

wraparound@lOlllOlllOl11011

sum

1 110111100
checksum 0)

1
0001 00O0OO0T11

AikTua Emikoivwviwy I - Ewimedo petagopdc  3-20
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KepdAaio 3: mepiypapua

Q 3.1 Ymnpeoieg emimédou
HETAPOPAC

0 3.2 TToAUTAEEN Ka!
amoToAUTTIAEEN

Q 3.3 AouvOEeOUIKA
ueTagopd: UDP

Q 3.4 Apxéc aciomoTng
peTapopdc dcdopévwy

Q 3.5 ZuvdeouikA
pueTagopd: TCP
- Aopn TuRparog

= AC10TIoTN HeTAwopd
dcdopévwy

- EAeyxog pong
- Niaxeipion oUvdeong

Q 3.6 ApxEéc eAéyxou
CUHPOPNONG

0 3.7 EAeyxoc ouppopnong
ToUu TCP
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ApXx€éc alidmoTnC HeTaYopdc dedoUEVWY

(

2 NpavTikn oTta emiteda epappoyhcg, HeTagopdc, (evEng
2710 top-10 Twv onuavTikwy BepdTwy TnG dikTOWONG!

sending receiver I
process I process
| 1
reliable chcnrmel)j

U

application
layer

fransport
layer

() provided service

QO Ta xapakTnploTikd Tou avaiomoTou kavaAiol Ba kaBopicouv Thv
TOAUTTAOKOTNTA TOU TTPWTOKOAAOU a10TIoTNG HETAPOPAC dEDOHEVWY

(reliable data transfer protocol- rdt)
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ApXEC ThC al1oIoTNG HeTAPopdc dedouévwy

(

2 NpavTikn oTta emiteda epappoyhcg, HeTagopdc, (evEng
2710 top-10 Twv onuavTikwy BepdTwy TnG dikTOWONG!

sending receiver I
process I process
| 1
reliable chcnrmel)j

U

application
layer

fransport
layer

Junreliable Chonnel)i

(a) provided service (b) service implementation

QO Ta xapakTnploTikd Tou avaiomoTou kavaAiol Ba kaBopicouv Thv
TOAUTTAOKOTNTA TOU TTPWTOKOAAOU a10TIoTNG HETAPOPAC dEDOHEVWY

(reliable data transfer protocol- rdt)
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ApXEC ThC al1oIoTNG HeTAPopdc dedouévwy

o U

sending
Orocess

receiver
‘ process I

application
layer

[Gofa]

L()relicuble c:hc:rmel)j

transport
layer

(a) provided service

udt_send ( )i [packet |

2 NpavTikn oTta emiteda epappoyhcg, HeTagopdc, (evEng
2710 top-10 Twv onuavTikwy BepdTwy TnG dikTOWONG!

rdt send()

relicble data
tfransfer protocol
(sending side)

deliver data()

reliable data
fransfer protocol
(receiving side)

[ packet| Irdt rev ()

Junrelioble c:hc:mnel)iA

(b) service implementation

QO Ta xapakTnploTikd Tou avaiomoTou kavaAiol Ba kaBopicouv Thv
TOAUTTAOKOTNTA TOU TTPWTOKOAAOU a10TIoTNG HETAPOPAC dEDOHEVWY
(reliable data transfer protocol- rdt)
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ACI10TIOTN peTapopd dedopéVwY: € EKIVWVTAC

dt send () : KaAeital amé mdvw, (T.x., amoé
nv epappoyn). Aivovrai edopéva yia
apdadoon oTo avwTePo £TITTEOO TOU OEKTN

deliver data() : KaAeiTai amé To rdt
via va tapadwoel 0edopéva aTo avwTEPO
ETiTEdO

- _/

rdt_send() data]fdeliver data()

send [elidble data relicble data receive
id fransfer protocol transfer protocol d
Slde  |sending side) (receiving side) Side
udt_send()i packet packet Irdt_rcv()

T—»()unrelicible channel )J

udt send() : KaAeital amé To rdt, yia
Th HETAPOPA TIAKETOU TTAVW ATTO
ava&i16mioTo KavdAl oTov dEKTN

rdt rcv () : KaAciTal éTav To TAKETO PTACE!
oThv TTAEUPd Tou KavaAioU Tou 0€KTN
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ACI10TIOTN peTapopd dedopéVwY: € EKIVWVTAC

Qa:

O avanTUoupe oTadiakd TIC TTAEUPEC TOU ATTOOTOAEA Kl ToU OEKTN
EVOC TTPWTOKOAAOU ai1omioTng peTapopdcg dedopévwy [reliable
data transfer (rdt) protocol ]

O Oewphooupe povo povodpopn peTagopd dedopévwy

AAAG n kivnon eAéyxou Ba péel kail Tpo¢ TiI¢ dUo KaTeubuvoeicg |

O XpAon pnxavwy memepaopévwy kataotdoswy [finite state
machines (FSM)] yia Thv Ttepiypagn Tou amooToAéd Kal Tou SEKTN

2. uupdv Tou mpokaAei Tn peTdpacn peTall Twv KATAOTATEWV

Kardotaon (state):
ovTag oThv
«KkdaTdoTaon» n

Evépyeiec mou AapPpdvouv Xwpa Katd Th peTdpaon
ETTOUEVN KATAOTAON
kaBopileTal povadikd

— \
event
actions )
aTro TO ETTOHEVO
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Rdt1.0: aé10TTIoTN UeTAwopd eTTAvw o€ aéI0TTIOTO KAVAAI

0 To umrokeipevo kavdAl sivar TARpwe a1omioTo
= Xwpi¢ AdOn bit
= Xwpic amwAeiec TTakETWY
O =Zexwpiotéc FSMs yia Tov amoaToAéa, déKTh:
= O amooTtoAéag oTéAvel dedopéva 0To UTTOKEIHEVO KavdAl
= O 0ékTNng d1apaler dedopéva amod To UTTOKEIHEVO KavdAl

rdt_send(data) rdt_rcv(packet)

extract (packet,data)

packet = make_pki(data) deliver_data(data)

udt_send(packet)

AmoaToAéag (sender) AékTnc (receiver)
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Rdt2.0: kavaAl pye opdAuara bit

O To umtokeipgevo kavdAl evdéxeTal va avtioTpéyel bits oto makéTo
- Checksum yia Tnv avixveuon cpaApdTtwy bit

0 EpwTrnua: mwce va yivetar n avdavnyn amoé Adon:

TTwc¢ avakaumTouv o dvBpwTol HeTd amo "Aaon”
KaTd Th didpKeld ouvopiAiag;

3-28



Rdt2.0: kavdAi ye cpdAuarta bit

O To umokeipevo kavdAl dev xavel toTé makéra (dedopéva n ACKs)

O To umtokeipevo kavdAl evdéxeTal va avaoTpéyel bits oTo TakéTo
ABpoiaua eAéyxou (Checksum) yia Thv avixveuon opaApdTwy bit
Q Epwrnua. mwe yivetal n avdvnyn amo Adon;

= Ocriké¢ emipeparioeic [acknowledgements (ACKs)]: o 3EKTNG Aéel
pNTA OTOV ATTOOTOAEA OTI TO TAKETO ANYONKe owoTd

Apvnriké¢ emipefarioeis [negative acknowledgements (NAKs)]: o
O0EKTNG Aécl pnTA oTov amooToAéd OTI TO TTAKETO €ixe AdON

= O dékTNnC avapetadidel To takéTo poAIC Adper NAK
O Néor pnxaviopoi oo rdt2.0 (Tépa amd 1o rdtl. 0):
o Avixveuon apdApartoc (error detection)

o Avddpaon d¢KTn (receiver feedback): pynvupara eAéyxou
(ACK NAK) dékTng->amooToAéag
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rdt2.0: epiypapn FSM

rdt_send(data)

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

rdt_rcv(rcvpkt) &&

ISNAK((rcvpkt)
rdt_rcv(rcvpkt) &&

udt_send(sndpkt) corrupt(rcvpkt)
udt_send(NAK)

rdt_rcv(rcvpkt) && isACK(rcvpkt)
A

sender

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

deliver_data(data)
udt_send(ACK)
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rdt2.0: AsiToupyia xwpic opdAuara

rdt_send(data)

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

rdt_rcv(rcvpkt) &&

ISNAK((rcvpkt)
rdt_rcv(rcvpkt) &&

udt _send(sndpkt) corrupt(rcvpkt)
udt_send(NAK)

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

notcorrupt(rcvpkt)

extract(rcvpkt,data)
deliver_data(data)
udt_send(ACK)
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rdt2.0: gevdpio opdAuarToc

rdt_send(data)

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

rdt_rcv(rcvpkt) &&
corrupt(rcvpkt)

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

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

deliver_data(data)
udt_send(ACK)
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To rdt2.0 éxel éva poipaio opdaAual

T1 oupypaiver av
KATAOTPAYEi TO
ACK/NAK?

O O amooToAéag dev yvwpilel
T oUVEPN oTo dEKTN!

0 Aev pmopei amAd va
avapeTadwaoel: evOEXOUEVWE
d1mAd (duplicate) makéra

Aiaxeipion SITAWY TTAKETWV:

Q

Q
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O amooToAéag avapeTadidel To
TpéxXov TTakéTo av aAAoiwOei To
ACK/NAK

O amooToAéag mpoaBéTel
ap16uo axoAovBiag (sequence
number) oe KABe TTAKETO

O dékTng amoppittel (dev
TipowOei Tpo¢ Ta Tdvw) Ta
OITTAd TTakéTa

O amooToAéag oTéAvel €va TAKETO
Kdl HETA TTEPIMEVEI YIA TNV ATTIOKPION
Tou 0€KTN

— Aiagkomh kar avapovi (stop and wait) —




rdt2.1: amootoAéac, diaxeipileTal aAAoiwpéva
ACK/NAKs

rdt_send(data)

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

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

udt_send(sndpkt)

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

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

* A
rdt_rcv(rcvpkt) &&
( 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: dékTneg, diaxeipileTar ahAoiwpéva
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) Q

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: >ulATnon

ATtooToAéac:

O 2710 MAKETO TTpOOTIOeTAl H
akoAouBiacg

Q Ao # akoAouBiag (0,1)
apkouv. [iari;

O Tlpémer va eAéyEel av To
ACK/NAK tou éAape cival
KATEOTPAUUEVO

O AimAdoie¢ kaTaoTdoeiIg

- H kartdoraon mpémel va
«BupudTa» av 1o
«AVAHEVOUEVO» TIAKETO £XEI
# akoAouBiac O 1 1

AéKTnc:

O Tlpémer va eAéyEel av To
Aappavopevo TTakETo ivai
OITTAO

o H kardoTtaon umodeikvUEl
av avapévetal O n 1 wg
# akoAouBiag TakéTou

O 2Znueiwaon: o 0EKTNG O€v
ptopei va yvwpilel av 1o
TeAeuTtaio Tou ACK/NAK
eANPON owaoTd oTov
aTmooToAéd
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rdi2.2: ‘Eva mpwtokoAAo xwpic NAK

a ‘Idia AsiToupyikoTnTa He 1O rdt2.1, xpnoigoToIwvTac
HovoACKs

Q Avri yia NAK, o déktnc atéAvel ACK via To TeAeuTaio
TTakéTo TTov €Aape ocwoTd
« O 0éKTNG TIpéTel pNTA va oupTtepiAdPer Tov # akoAouBiag Tou
TAKETOV Yyid To oTroio viveTal n BeTikA emipepaiwon (ACK)
A AimtAé (duplicate) ACK atov amoaTtoAéa éxel aav
amoTéAeopa Tnv idia evépyeia 6mwe 1o NAK:
avapeTaoiogl To TOEXOV TTAKETO
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rdt2.2: ATToomtdouaTd amooToAEd, OEKTN

rdt_send(data)
sndpkt = make_pkt(0, data, checksum)
udt_send(sndpkt)
— — rdt_rcv(rcvpkt) &&
/ ( corrupt(rcvpkt) ||
ISACK(rcvpkt,1))

udt_send(sndpkt)

sender FSM

fragment rdt_rcv(rcvpkt)
&& notcorrupt(rcvpkt)
&& IsACK(rcvpkt,0)

rdt—rcv(rcvpkt) && ....................................................
(Corrupt(rcvpkt) ” ......................................
has_seql(rcvpkt)) |

udt_send(sndpkt)

receiver FSM "

fragment T

{_fra T~
o S k)T
&& has_seql(rcvpkt)

extract(rcvpkt,data)

deliver_data(data)

sndpkt = make_ pkt(ACK1, chksum)

udt_send(sndpkt) Aiktua Emikoivwviwy I - Emimedo petapopdg  3-38




rdt3.0: kavdAid pe AdOn kai amtwAegleg

TTpooéyyion: o amooToAéac
TEPIPEVEI YIA «EVUAOYO»

Néa utdéOeon: 1o

UTTOKEIHEVO KaVAA XPoVIKO didoTnpa yia To ACK
UTTOpEi £TTioNG va XAoE€! O Avapetadidel av dev AnpBei ACK
MTAKETA (5850“éva n o€ auTo To didoTnua

ACKS) O Av 1o makéTto (h To ACK) amAd

40 , kaBuoTépnoe (dev xdOnke):
* AOpoioa eAeyxou, O1 avapetadooei¢ Ba cival

# akohouBiag, ACKs, dimtAég (duplicate), ahAd n
avapeTadooeig ponBouv xpfion # akohouBiag To
aAAd dev apkouv avTigeTwmilel AdN auTod
O 0éKTNC Ttpémel va kaBopioel
# akoAouBiag Tou TTAKETOU Yid
TO oTroio cival To ACK
O ATaITei XpovoUeETPNTA
avtioTpopnc HETPNONG
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rdt3.0 amooToAéac

rat_send(data) rdt_rcv(rcvpkt) &&
\ sndpkt = make_pkt(0, data, checksum) ( corrupt(rcvpkt) ||
\ udt_se_nd(sndpkt) iISACK(rcvpkt,1) )
rdt_rcv(rcvpkt) \ start_timer A
A :
timeout
udt_send(sndpkt)
start_timer

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

stop_timer

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

stop_timer

timeout

udt_send(sndpkt) C d K

start_timer (/ rdt_revirevpid)
A

rdt_rcv(rcvpkt) && rdt_send(data)
( corrupt(rcvpkt) || sndpkt = make_pkt(1, data, checksum)

iSACK (rcvpkt,0) ) udt_send(sndpkt)
N start_timer
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rdt3.0 ev dpdocl

sender receiver

sender receiver okt
send pkt0 0 eV pkio

okt
send pktO \0‘
rcv pkio
ACK send ACKO ACK send ACKO
rcv ACKO
rcv ACKO send pkt1 ] \%A(
send pkt1 \K (loss)
rcv pkil
ACK send ACK]
rcvACKT o
send pkio kt i U _
" s ktO resend pktl Pkt ]
g sond [Cv pki]
send ACKO
ACK send ACKT

rcvACK] o
send pktO

a) operation with no loss rcv pki0
(@) op y send ACKO

(b) lost packet
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rdt3.0 ev dpdocl

sender receiver sender receiver
ok kt
send pki0 N’ rcv pkio send pki0 \k’ rcv pktO
ACK send ACKO ACK send ACKO
rcv ACKO rcv ACKO _
send pkt1 Pk send pkil
[Cv ki rcv pktl
ACK send ACK1 send ACK
(loss) XAJ/
fimeout
fimeout = ok resend pkil
resend pki \rov okt 1 rcv pktl
ACK (detect duplicate) rcvACK (detect duplicate)
ACK] send ACKI] send pki0 send ACK1
sond ki t v pkiQ
0 send ACKO
ACK Ve ACK
send ACKO
(c) lost ACK (d) premature timeout
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Amodoon Tou rdt3.0

O To rdt3.0 douAcUel, aAAd n amédoon Tou eival XapnAn

a TT.x.: Cevg¢n 1 Gbps, kaBuar. d1ad. 15 ms, ak. 8000 bit:
_ L 8000bits

d = — = =8 1sec
trans R 109 bpS l[5

U conder: PaBuoc xpnong (utilization) - mooooté Tou xpovou mou o
amooToAéag eival amaoxoAnpévog oTEAvovTag

U _ L/R _.008
sender RTT+L/R 30.008
Av 10 RTT=30 msec, makéto 1KB kdBe 30 msec -> 33kB/sec =264 kbps

throughput oe CebEn 1 Gbps
0 To dIkTUako TTPWTOKOAAO Trepiopilel T XpAoNn TWV QUOIKWY TTopwv!

= 0.00027
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rdt3.0: AsiToupyia d1aKoTTAC KAl avdpovAC
(stop-and-wait)

sender receiver

MeTadideTtal To 1° bit tou TTakéTou, t=0 | ______ ..

MeTadideTal To TeEAsuTaio bit Tou TTakETOU, Iy
t=L/R

1° bit Tou TTOKETOU POAGVEI

— POdAvel TO TEAsUTaiO bit TOU TTAKETOU,
oTéAvel ACK

RTT

®Odvel To ACK, oTéAVEI TO ETTOUEVO
makéto, t=RTT+L/R

y __ L/R __ 008
Sender'_ RTT"‘ L/ R B 30.008

= 0.00027
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TTpwToKoAAd pe dioxETEUan

AioxéTeuon (Pipelining): o amooToAéag emiTpémel
ToAAATIAG, “ev TTAOE!", Tpo¢ emiPepaiwon TakéTa

= To eUpo¢ Tou apiBuoU akoAouBiac TpéTel va aulnOci
- Evrapieuon (buffering) otov amooToAéa n/kai 1o d€KTN

<+— ACK packets

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

0 AUo yeviKEC HOPPEC TWV TTPWTOKOAAWY B10XETEUONG:
go-Back-N, smiAexTikli emavdAnyn (selective repeat)
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Aioxéteuon (pipelining): at€non pabuol xphong
(utilization)

sender receiver

MeTadidetal To 1° bit Tou TTakéTou, t=0_|

MeTadideTal To TeEAsuTaio bit Tou
mmokéTou, t=L /R

1° bit Tou 1°V TTAKETOU POAVEI

TeAeuTaio bit Oavel, oTEAvel ACK

TeAeUTIO bit 20U TTakETOU POAvEl, 0TéEAvEl ACK
—TeAeuTaio bit 3ou TTakéTou POAvel, oTEAvel ACK

RTT

®OBdavel 1o ACK, oTéAvel TO
£TTOPEVO TTaKETO, t=RTT+L/R T

TpitAaciaopog
paBpou xphong !

U _ 3*L/R _ .0024

= = = 0.00081
sender RTT + L / R 30.008

AikTua Emikoivwviwy I - Ewimedo petagopdc 3-46



TTowToKoAAa dloxETEUanC

Go-back-N: vevikA g1kova EmAekTIKA eTavdAnwn
O O amooToAédc UTIopEi va éxel (Selective Repeat): yevikn
¢w¢ Kai N pn empepaiwpéva £IKOVd
TAKETA 0T B10XETEUON O O amooToAédC UTIOpEi va EXEl
Q O 0€KTNG pOvVo OTEAVEI g¢we Kal N pn empepaiwpéva
owpeUTIKA acks TakéTa oth 810X ETEuoN
«  Aev emipepaiwver takéTo av O O déKkTng emipePaivel
UTTdpX €I KATTOI0 KEVO USUOVWUéVG TTAKETd
a0 0W00T0A50§ EXE ’ O O amooTtoAéacg diarnpei
XPOVOUETPNTA yid To TT10 TTAAId XPOVOWETPNTHA Vid KAOE wn
Un empePpaiwpévo TakETo eMIPEPAIWHEVO TTAKETO
= Avo XPOYOUCTP”TﬁC Méer, - ‘Otav o XpovoHeTpNTAC AAYEL,
avausméuésll OAa Ta pn avapeTadider povo To pn
empepaiwpeva makeTa eTIPEPAIWUEVO TTAKETO
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Go-Back-N

ATto0TOAEAG:
O k-bit # akoAouBiag oTnv kKepaAida Tou TTAKETOU

O EmTtpémeral «mapdaBupo» (“window") éwg¢ kai N, ouvexopevwy pn
eipePaIWPEVWY TTAKETWY

send_base  nexfsegnum already Usable. not
i i ack’ed yet sent
T SERARRA 001 = R ESTECE
t __ window size—4%
N

O ACK(n): empepaiwvel 6Aa Ta TakéTa Ewe Kal auTtod pe # akoAouBiag h -
«ouoowpeuTikd ACK» (“cumulative ACK")

O evdéxeTar va Aaper dimAd ACKs (PAéme d€KTR)
d XpOoVOUETPNTAC YIA TO APXAIOTEPO KEV TITACEI» TTAKETO

Q timeout(n) (Anién xpovou(n) ): avapetadidel To TAKETO h KAl OAA TA TTAKETA
He upnAoTepo # akoAouBiac oTo Tapdadupo
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GBN: EmrekTeTauévn FSM amooToAéa

rdt_send(data)

if (nextsegnum < base+N) {
sndpkt[nextsegnum] = make_pkt(nextseqnum,data,chksum)

udt_send(sndpkt[nextsegnuml])
if (base == nextsegnum)

start_timer
nextsegqnum-++
~~~~~ }
A e else
baseml e refuse_data(data)
nextsegnum=1 ", ( D _
AR e " timeout
start_timer
udt_send(sndpkt[base])
rdt_rcv(rcvpkt) O udt_send(sndpkt[base+1])
&& corrupt(rcvpkt)
udt_send(sndpkt[nextseqgnum-1])
rdt_rcv(rcvpkt) &&
notcorrupt(rcvpkt)

base = getacknum(rcvpkt)+1
If (base == nextseqnum)
stop_timer
else
start_timer Aiktua Emikoivwviwy I - Emimedo  3-49
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GBN: EmrekteTapévn FSM dEKTN

default
udt_send(sndpkt) rdt_rev(revpkt)
T~ ( D && notcurrupt(rcvpkt)

A T~ ~o - o && 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++

Movo ACK: mdvta atéAvel ACK yia To takéTo pe 1o péyiaTo ae (opBn)
ocipd # akoAouBiag Tou éxel AnpBei cwaotd

- Evdexopévwe va dnpioupynoel dimAd ACKs
= Xpeialetal va Bupdral yovo 1o expectedsegnum
O EKTOC ocipdc TakéTa:
= AToppiye (Unv evrapieleig) -> xwpic evrapicuon dékTn!
- Emava-empepPaiwoe To TAKETO HE TO PEYIOTO o€ ocipd # akoAouBiag
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GBN «ev Opaagei»

sender window (N=4) sender receiver
O} 5678 send pkt0
FWEY 5678 send pktl \ .
STHEL S G 7 g send pktz-\ receive pkt0, send ackO
ST G 7 g send pkt3 X /oSS receive pktl, send ackl
ait

(wait) receive pkt3, discard,
oMEEEE 678 rcv ack0, send pkt4 (re)send ack1
01EKEE¥ 78 rcv ackl, send pkt5 receive pkt4, discard,

(re)send ackl

_ignore duplicate ACK receive pkt5, discard,
p k¢ 2 timeout / (re)send ackl
0 1EEER¥6 7 8 send pkt2
N2 3 45 W& send pkt3 \ .
0 1PEEEK 7 8 send pkt4 rcv pkt2, deliver, send ack2
0 1PENFEFs 7 8 send pkt5 rcv pkt3, deliver, send ack3

rcv pkt4, deliver, send ack4
/ rcv pkt5, deliver, send ack5
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EmiAekTiKA ETTAvaAnwn
(Selective Repeat)

A O 0ékTNnC emiPepaiwvel pegovwpéva oAa Ta cwotd
AnpOévTa TakéTa

- Evrapielel makéTa, av xpeldaleTtal, WoTe TeAIKA va TTapadwoel
Td TTAKETA 0 OWOTH 0€1pd OTO AVWTEPO ETTITTEDO

0 O amooTtoAéac LavaoTéAvel povo Ta TTAKETA yid Td
otroia O0ev £xel AnpBei ACK

= XPOVOUETPNTAC OTOV aTTooTOoAEd Yiad KABe pn emipepaiwpévo
TTAKETO

Q TTapdBupo amooToAéa
= N ouvexopevor # akoAouBiag

= TTepiopilel Tougc # akoAouBiag Twv aTaApévwy, Un
eTIPePaAIWPEVWY TTAKETWYV
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EmiAekTIKA etavdAnwn: tapdBupa amooToAéa
Kdl 0EKTN

send_base  nexfsegnum dlready Usable. not
Jv ¢ ack’ed yet sent
(LT =y e
L _ window size —2
N

(a) sender view of sequence numlbers

out of order

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

ﬂﬂﬂﬂﬂﬂﬂﬂﬂlllllllllIIIIIIIIIII |opectes ner [ rereseer

t _ window size_4

1 N

rcv_base

(b) receiver view of sequence numbers

Aiktua Emikoivwviwy I - Emimedo  3-53
UETAWOPAC



ETIAEKTIKA £ETAavaAnyn

— ATTO0TOAEAC —  0&KTNG
Aedopéva amd mdvw: TTAKETO N OTO [rcvbase, revbase+N-1]
O Av cival d1aB£01og 0 ETTOHEVOC 3 oreihe ACK(n)
HakoAouBiac¢ oTo Tapddupo, O EkToc ocipdc: evrapisuoe
OTEIAE TTAKETO O Xe oeipd: mapadwoe (emiong
timeout(n)(An&n xpovou (n)): Tapddwoe Td EVTAHIEUPévA, O€
O ZavaoTeile To TAKETO N, oeipd TIAKETA), HETAKIVNOE TO
ETIAVEKKIVNOE TO XPOVOUETPNTA TapdBupo oTo ETTOPEVO TIAKETO

TTou dev £Xel AnpOei akdopua

ACK(n) O€ [sendbase,sendbase+N]: ,
TTAKETO N OTO [rcvbase-N,rcvbase-1]

O 2nueiwoe To TAKETO N WG AnwBéy|

O Av To n gival To HIKPOTEPO HN 3 ACK(n) ,
eTipePaiwpévo TTAKETO, O1aPOPETIKA:
pgeTakivnoe Th paocn Tou O ayvonos

TapaBUpou oToV ETTOHUEVO Hn
emipepaiwpévo # akoAouBiag

Aiktua Emikoivwviwy I - Emimedo petapopdc 3-54



ETIAEKTIKA eTavaAnwn «sv dpdoei»

sender window (N=4)

(1 5678
(1 5678
(e 5678
1 5678

011 2 3 4 JNES
N2 345 SHES

N2 345 SIS
U2 345 SEs
N2 34 5 SHAs
U2 345 S@e

rcv ack0, send pkt4
rcv ackl, send pkt5

record ack3 arrived

Pkt 2 timeout

sender

send pkt0
send pktl
send pkt2-
send pkt3

(wait)

recelver

\ receive pktO, send ackO

receive pktl, send ackl

receive pkt3, buffer,
send ack3

receive pkt4, buffer,

send ack4
receive pkt5, buffer,

send ack5

send pkt2

record ack4 arrived
record ack4 arrived

Q: 11 oupBaiver orav @Baver To ack2;

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

ETIAEKTIKA £TTAVAANWN: (after receipt) (after receipt)
diAnuua EEEso12 KO

Q # akoAoubBiac: 0,1, 2, 3
(Ol 2 30

O MéyeBoc¢ mapabupou=3 k0
(a) oudev npoBAnua

—— will accept packet
with seq number 0

3012% o]0 1 2

, s 012 —pkt2 0112

[Tapdocryua. 7 — 01 2FTH12
ofEEJo 12 kt3 T

0 O dékTng ¢ PAtTel O OekTig Oev propei va el rm/ n/lgupd ToU anooToléa.
Siapopd aTa dUo aevdpial H ouunepipopd Tou OekTn i01a Kai OTIC 2 NEPITTWOEIC!

Kkdri naer (roAuv) orpapa!’
O Ta dimAd (duplicate)

’ ’ ’ kto
dedopéva yvivovtal dekTd Jfps012 —BX
oav véa aTo (b) 012 —Rkt1 PEo 12

s 012 —pkt2 W12 30
‘p?</ 01 2k O
E: TToid n oxéon petalu imeout ))((
HeyéBoucg HakoAouBiag retransmit pktQ

kt0
3 ’ ¥ ¥J3012
kal peyéBouc TapaBupov; 012 —bkt0 Y acceptpaCket
(b) npoAnual T with seq number 0
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KepdAaio 3: mepiypapua

Q 3.1 Ymnpeoieg emimédou
HETAPOPAC

0 3.2 TToAUTAEEN Ka!
amoToAUTTIAEEN

Q 3.3 AouvOEeOUIKA
ueTagopd: UDP

Q 3.4 Apxéc TnG
a10moTNG HETAPOPAC
dcdopéEVWY

Q 3.5 2Zuvdeouikn
puetagpopa: TCP
- Aopn TpAparog

= AC10TIoTN HeTAwopd
dcdopévwy

- EAeyxog pong
- Niaxeipion oUvdeong

Q 3.6 ApxEéc eAéyxou
CUHPOPNONG

0 3.7 EAeyxoc ouppopnong
ToUu TCP
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TCP: ETTIGK()‘ITI‘\GV\ RFCs: 793, 1122, 1323, 2018, 2581

O AT onucio mpo¢ onueio:
= ‘Bvac amoaToAéag, évag
OEKTNG

d ACi6mioTn, o€ ocipd pon amo
bytes:
= Xwpic¢ “6p1a pnvupdtwv”
O Me dioxéTeuon:

= QO €Aeyxol ouppodpnong Kai
poh¢ Tou TCP kaBopilouv TO
péyeBoc Tou TtapaBupou

Q EvraweuTéc amooToAri¢ Kai
Anyng

socket
door

receive buffer

() segment] —p @

send buffer

Q TTAnpwc¢ apeidpopa
ocdopéva:
=  AIKaTeuBuvTIKA poR
o0edopévwy oThv id1a ouvdeon

= MSS: maximum segment
size (HéyioTo péyeBoc
THAHATOG)
O 2uvdeouikA:

= H xeipayia (handshaking)
(avraAAayh pnvupdTwy
EAEYXOU) APXIKOTIOIEI ThV
KATAOTAON TOU ATTOCTOAEd
Kdl Tou 0EKTN TIPIV ThV
avtaAAayn dedopévwy

O Pon umoé éAgyxo:

= O amooToAéac dev Ba
UTTEPPOPTWOEI TO OEKTN
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’ ’

Aopun Tunuatog TCP

32 bits

A

v

URG: emteiyovra dedopéva

(3¢ xpnaipomoieitai, ysvmd)\ dest port H

ACK: ACK # \ sequence humber

€YKupo \\uﬂ;ll%/‘l/edgemen’r number
head|not - . ;
PSH: mpowBnoe Ta dedopéva Tu')pa/_lﬁﬂ/ Sed A'Plls S F RCCZIVC WlndOW
(8¢ xpnoidomolciTal, yevikd)
Xpno Y Wm ), Urg data pnter
//
RST, SYN, FIN: Op% (variable length)

ATrokatdoTtaoh ouvdeong
(evToAéc eykaBidpuong,
TEPUATIOHOU)

MeTpiéTal oc
bytes
(6x1 TuRparal)

source port #

gival péBupog
va dexTEi

application

ABpoiopa e)\él\g)}%/ data
(6wg oo U (variable length)

Aiktua Emikoivwviwy I - Emimedo petagopdc 3-59



TCP: apiOuoi akoAouBiac kar ACKs

Ap1Buoi akoAouBiac (Seq.
#'s):
= ApIBUoC TOU TTPWTOU
byte Twv dedopévwy
TOU TUAKATOG

ACKs:

- Seq # Tou emopevou
byte mou avapéverai
amo Thv dAAn TtAeupd

= ougowpeuTikd ACK

E: mwc diaxeipiCeTal o EKTNG
Td TUAKATA EKTOC O€IPAC;
= A: n mpodiaypdpn Tou
TCP dev kaBopilel
(evamokeiTar oTnv
vAoTroinan)

outgoing segment from sender

sender sequence number space

source port # dest port #
sequence number
acknowledgement number
| | rwnd
checksum urg pointer
wmdow Size

4

sent
ACKed

sent, not- usable not
yet ACKed butnot usable
(“in- yet sent

flight”
IgPncz)ming segment to sender

source port # dest port #

sequence number

R acknowledgement number

A rwnd

checksum urg pointer
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TCP apiBuoi akoAouBiac, ACKs

Host A Host B
/ .
User -
Ypes ———

C | Seq=42, ACK=79,data = ‘C
.d\> host ACKs
/ receipt of
‘C’, echoes

host ACKs
receipt
of echoed | ——o
‘C’ Seq=43, ACsz

simple telnet scenario XpPOvog
(1 byte yo 10 “C”)
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Xpovog Aiadpopng pet’ emotpong (Round Trip

Time) ka1 Anen Xpovou (Timeout) Tou TCP

A E: TTw¢ kaBopileTal
N TIMA Tou Timeout
(AMENn xpovou) Tou
TPC;

O MeyaAUtepo amo RTT
= gAd To RTT
HeTaPpaAAeTal
[ TToAU oUvTopo: TTPWINHO
timeout
" Un dTapdiTNTEC
avapeTadooeic
O peyaAng di1dpkeiag: apyn
avTidpaon oc anmwAecia
THAPATOG

d E: TTwe ekTipdrar o RTT;
] SampleRTT: XpOvoC TTOU HETPIETAl
aTmo Th geTadoon Tou THAKATOC WC
Tnv TtapaAapn Tou ACK
= gyvooUvTdl ol avapeTadooeic
d To SampleRTT Oa petaPpdAAeTal,
B&éAoupe To ekTigwpevo RTT o
"opaAo”
" UECOC OPOC APKETWYV
TPOOPATWY HETPAOEWY, OXI
HOVO TOU TPEXOVTOC
SampleRTT
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Xpovog Aiadpoung Met' ematpopng (Round Trip
Time) kai An&n Xpoévou (Timeout) Tou TCP

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

O EkOeTikn otaBuiopévn kivntA péon Tipn (Exponentially
weighted moving average)

O n emidpaon Twv TaAaiwy OEIYHATWY HEIWVETAI EKOETIKA

O TumkA TigR: o = 0.125
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TTapadeiyua ekrtipnong tou RTT:

350 +

300

N
a1
o

RTT (milliseconds)

150

100

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

&

fl

I

200

»“ d'lh...-m _..Nn

.‘n Auﬁlﬁt‘“‘ﬁ”‘hluﬁl

1

8

15

22

29

36

43 50 57 64 71

time (seconnds)

—o— SampleRTT —&— Estimated RTT

78

85

92

99

106
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Xpovog Aiadpoung Met' ematpopng (Round Trip
Time) kai An&n Xpoévou (Timeout) Tou TCP

KaBopiopudc Tou timeout

EstimatedRTT ouv “mepLOapLo acpaAeiag”

O peydAn petopodf oto EstimatedRTT -> peyaAUtepo
nePpLOAPLO aCPAAE iag

O mpodta ektipdtal ndéoco anokAivel 1o SampleRTT and to
EstimatedRTT:

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

(tumir&, B = 0.25)

MeTd kaBopileTal n TIPA Tou timeout:

TimeoutInterval = EstﬁmatedRTT + 4*DevRTT
*

estimated RTT “safety margin”
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KepdAaio 3: mepiypapua

Q 3.1 Ymnpeoieg emimédou
HETAPOPAC

0 3.2 TToAUTAEEN Ka!
amoToAUTTIAEEN

Q 3.3 AouvOEeOUIKA
puetagopd: UDP

Q 3.4 Apxéc TnG
a10moTNG HETAPOPAC
dcdopéEVWY

Q 3.5 ZuvdeouikA
pueTagopd: TCP
- Aopn THANAToOG

« AC10TIOoTN HETAopd
dedopEVWY

- EAeyxog pong
- Niaxeipion oUvdeong

Q 3.6 ApxEéc eAéyxou
CUHPOPNONG

0 3.7 EAeyxoc ouppopnong
ToUu TCP
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AC10mioTn petagopd dedopévwy (aud) Tou TCP

Q To TCP dnuioupyei utthpeaoia
«dud» Tdvw amo Tnv
ava&i1omoTn utthpeoia Tou IP

TuAuaTa o dloxETeuon
> WPEUTIKA acks

To TCP xpnoipoToici éva

HOVO XPOVOUETPNTA
avapetadooewv

O Avapetadooeic mpokaAouvrai
afmo

= guppdvta AREnc xpovou
(timeouts)

= JImAéC emiPepaiwoeig
(duplicate ACKs)
0 Apxikd Oswpoupe amAoTroinpévo
amooToAéa TCP:
= gyvoouvTal 0ImAd ACKS
= gyvoeiTal £€AeyXog pong,
€AEYX0G oUHPOPNONG
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["eyovoTa Tou amooTtoAéa TCP:

AAwn dedopévwy amod epapoyh:

AAEn xpoévou (timeout):

d

d

dnuiovpyia TUAUAToC pe H#
akoAouBiag

# akoAouBiac eivai o
ap1Bué¢ Tou pwTou byte
dcdopévwy 0TO THAKA
EKKivNon XpOVOUETPNTA av
Ocv TpEXElI KON

(0 xpovopeTPNTAC cival oav
TO XPOVOHETPNTA TOU TTIO
TtaAiov pn smupepPpaiwpévou
THAPATOC)

didoTnua AREnc:
TimeOutInterval

O emavapeTadoon Tou TUAUATOC
TT0U T(pokdAeoe To Timeout

O emavekkivnon XpovoueTpnThH

Anyn ACK:
O av empepaiwver TUARATA TTOU
dev €xouv Kon emiPePaiwOei
= gvavéwaon Tou TI €ivadl yvwoTo
OTI éxel emiPpePpaiwOei

= gKKivnon XpOVOUETPNTA av
e€akoAouBouv va uttdpxouv
THAWATA
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AT[OO'TOAéGC TCP (amAoTroinuévoc)

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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2 evdpla avapetadoocewyv TCP

Host A
\
Seq=92, 8 bytes of data
/
ACK=100

le—— timeout —*

SeandBase
= 100

x/

Seq=92, 8 bytes of data

/

ACK=100

—

time

>evaplo xapevou ACK

o

Hos
v

Host A

SendBase=92

SendBase=100
SendBase=120

SendBase=120

le—— timeout ——

™

/

Seq=92, 8 bytes of data

\

Seq=100, 20 bytes of dat

ACKzlo/

ACK=120

/

Seq=92, 8

bytes of data\

\

ACK=120

\

time Tlpwiun AREN xpdvou
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2 evdpia avapetadoéoewyv TCP (ouv.)

le—— timeout —*

/

Seq=92, 8 bytes of data

/
/

Seq=100, 20 bytes of da

ACK=100
X<

ACK=120

it

\

Seq=120, 15 bytes of data

B

/

time

2 evdaplo cuoowpeuTikoU ACK
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TTapaywyn TCP ACK [RFc 1122, RFC 2581]

2UJBAv oTO OEKTN Evépyela dEktn TCP
A@IEn TUAPOTOC O€ ocIpd Pe avapevouevg  KaBuotepnuévo ACK. Avapovr) 500ms
# akoAouBiag. OAa ta dedopéva PEXPI YIO TO ETTOPEVO TURMA. AV OXI ETTONEVO
TOV avauevopevo # akoAoubiag £xouv TMAMa oTeiAe ACK

emMPRePAIWOEI

A@IEN TUAPOTOG O€ O€Ipd Pe avauevouevg  APEON ATTOOTOAN £VOG CUCCWPEUTIKOU

# akoAouBiag. ‘Eva aAAo TuRua ACK T1T0U Kavel emReRaiwaon Kal yia
TTEPIPEVEL yIa peTddoon ACK Ta OUO TUANATA TTOU £QTACAV OE OEIPA
AQICN TUNUATOG EKTOG OEIPAG UE Apeon amrooTtoAn duplicate ACK 110U
MEYOAUTEPO TOU AVAUEVONEVOU onAwvel # akoAoubBiag etmTduevou

# akoAoubiag. Avixveuon Kevou avaueVONEVOU byte

AQICN TUAMATOG TTOU PEPIKWG N Apeon ammootoA] ACK, apkei 1o TuApa
TTAPWG CUPTTANPWVEI KEVO OTA auTO va apxiel 0TO KATW AKPO TOU KEVOU
AN@OBEvTa dedopéva
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Taxeia avapetddoon (Fast retransmit)

d To didoTnua ANEng xpovou Q TCP Taxeia avapetddoon:
gival oUXVd aXETIKA HEYAAO: Edv o amooToAéag Adper 3
duplicate ACK yia Ta idia
dedopéva, EavaoTéAvel To Un
emipepaiwpévo THAKA HE TO

= peydAn kaBuaTtépnon Tpiv
¢avaoTaAei To Xapévo

TTAKETO ) ) ,
, , HIKpOTEPO ap1Bu6 akoAouBiac.
= AV'XYSUGH xauevci:)v = TTiBavéTara 1o un
TUnudTwy pe duplicate ACKs eTIPEPAIWPEVO TTAKETO EXEI
= O amooToAédcg ouxvd XaOei, omOTE UNV TEPIUEVEIG TN
oTéAvel TTOAAd TPAPATA TO AAEn Tou XpovopeTpnTh

£va Triow amod To dAAo

= Av éva THAUa xaBci, Ba
uttdpouv mBavw¢ ToAAd
oItAa ACKs.
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a Avauetddoon TCP

5
.

Host A Host B
/W \

— Seq=92, 8 bytes of data

Seq= 100,\20‘0;:(@54%
\X

ACK=100

timeout
>
@)
0
[ —
o
S

,ACKZIOO
~Seq=100,_20 bytes of data

Yy

v v

Taxeia avapeTadoon PeTa Tn Anwn ano
TOV anooToAEa Tou TpInAou dinAoTunou ACK
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AAyopiBuoc Taxeiac avapyetddoonc:

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 ACKSs received for y
if (count of dup ACKs received fory = 3) {
resend segment with sequence number y

)
{ \

'EVCI dupliCGTe ACK yid éva ﬁan Taxeia avaus-rdaoo-n
emipepaiwpgévo TUAUA
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KepdAaio 3: mepiypapua

Q 3.1 Ymnpeoieg emimédou
HETAPOPAC

0 3.2 TToAUTAEEN Ka!
amoToAUTTIAEEN

a 3.3 AcUVOEOlIKA
puetagopd: UDP

Q 3.4 Apxéc TnG
ag10moTNG HeETAPopPdC
dcdopéEVWY

Q 3.5 ZuvdeouikA
pueTagopd: TCP
- Aopn THANAToOG

= AC10TIoTN HeTAwopd
dcdopévwy

- EAeyxog ponig
- Niaxeipion oUvdeong

Q 3.6 ApxEéc eAéyxou
CUHPOPNONG

0 3.7 EAeyxoc ouppopnong
ToUu TCP
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EAeyxoc ponic Tou TCP

QO H mAeupd Tou 0éKkTn TNG TCP oUvdeang d1aBéTel
evTapieuth Ayng (receive buffer)

O H diepyacia Tng epappoyng evoéXeETal va gival
apyh oThv avdyvwon

O YTnpeoia TaipidopdTog TaxuTnTag: Taipiacua
Tou puBpuoU amooToARC HE To pUBWO TToU N
epappoyn avTtAei Ta dedopéva
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EAeyxoc ponic Tou TCP

application
n epdpHoyn pmopei va rocess
amopakpuvel 0edopéva amod Toug £ 0AOLOVT
evTapieuTéc Tng TCP socket ... I_V | EfdpHovn
TCP socket 05
, receiver buffers
0 amooToA&£ag N\
OTEAvVEL.. TlIO apyd ——
arm oTi ,Trapa6|6£| 0 TCP
TCP déKTNnC S
[l _
— ‘EAeyxoc poh¢ 17
code \
0 0EKTNG eAEyXEl TOV ATTOOTOAEQ, ]
£T01 0 amooToAEag dev | Py : Vk’&

uttepXelAilel Tov eVTAMIEUTRH . I

ToU JEKTN oTEAVOVTAC HE até Tov dmooToAédl
uttepPoAikd uynAd puBuod

oToipa MPpWTOKOAAWY OEKTN
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EAeyxoc ponc Tou TCP

3 O 0€KTNC KOIVOTIOIET TOV
eAeUBEPO XWPO TOU EVTAMIEUTRH

to application process TepiAaupdvovrac Thv Tigh rwnd
othv TCP kepaAida Twy
F | TUNHATWY até To 0EKTN TIPOG
RcvBuffer buffered data arov GHPGTOA'SG
= To péyeBoc Tou RevBuffer
T opileTal HEOW TWV ETTIAOYWY TOU
rwnd socket (TpokaBopiopévn TIUA
l free buffer space 4096 bytes)
— - TToOAAd A€ITOUpYIKA OUOTAHATA
I puBuifouv autéuaTa To
TCP segment payloads RevBuffer

3 O amooTtoAéag meplopilel Ta pn

receiver-side buffering empepaiwpéva dedopéva oTnv
TIUA rwnd Tou JEKTN

O egyyudTdil OTI 0 EVTAUIEUTAG OTOV
0¢ékTn 0ev uttepxelhilel
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KepdAaio 3: mepiypapua

Q 3.1 Ymnpeoieg emimédou
HETAPOPAC

0 3.2 TToAUTAEEN Ka!
amoToAUTTIAEEN

Q 3.3 AouvOEeOUIKA
puetagopd: UDP

Q 3.4 Apxéc TnG
a10moTNG HETAPOPAC
dcdopéEVWY

Q 3.5 ZuvdeouikA
pueTagopd: TCP
- Aopn THANAToOG

= AC10TIoTN HeTAwopd
dcdopévwy

- EAeyxog pong
- Aiaxeipion oUvdeong

Q 3.6 ApxEéc eAéyxou
CUHPOPNONG

0 3.7 EAeyxoc ouppopnong
ToUu TCP
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Aiaxeipion cuvdeonc TCP

OuunBciTe: amooToAéac, 3EKTNG
Tou TCP amokaBioTouv
«ouvdeon» mpiv avtaAAdfouv
TUAHATA OedopEVWY

Q Apxikomoinon petapAntwyv TCP:
o dapiBuoi akoAouBiac
o EVTAMIEUTEG, TTAnpoYopia
eAéyxou pong (m.x.
RcvWindow)
Q TTeAdrng(client): auto¢ mou

EKKIVEI TH oUVOEDN

Socket clientSocket = new
Socket ("hostname" , "port

number")
Q EéunnpéTne (server): épxetal

oc emapn padi Tou o TEAATNG

Socket connectionSocket =
welcomeSocket.accept()

Tpiyephc Xelpawida
(Three way handshake):

Bnua 1: O umoAoyioThg TteAdTng Tou TCP
otéAvel Tunpa SYN otov e€umtnpéTn

o KaBopilel apx1ko # akoAouBiac
o Xwpic 0cdopéva
BAua 2: O umoAoyioThG e€UTTNp£TNC
Aapupaver SYN, amavrd pge TUAHa
SYNACK
o 0 eEUTTNPETNC deOpEVEl EVTAUIEUTEG
o kaBopilel apx1ko # akoAouBiag
e€umtnpéTn
Bnua 3: O meAdTng Aappdaver SYNACK,

amavTtd pe Tunpga ACK Tou pmopei va
epiExel 0edopéva
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NAiaxeipion ouvdeonc TCP (ouv.)

TTpiv vivelr avraAhayn dedopévwy, 0 amtooToAédc Ki 0 0EKTNG KAVOUV
"xeipayia”:
0 oupdpwvouv yia Th dnpioupyia ouvdeong ( o kaBévacg va yvwpilel 0TI 0

daAAo¢ cival mpoBupoc va dnpioupyhoel Th olvdeon)

O oUUPWVOUV OTIC TTAPAUETPOUG ThE ouvdeong

application

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

network

Socket clientSocket =

newSocket ("hostname" , "port

number") ;

application

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

network

Socket connectionSocket =
welcomeSocket.accept() ;
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2 Uppwvia yia dngioupyia cuvoeonc

way handshake): E: n dipephc xelpayia
revy douAeUel TTAvTa 0TO
& iKTUO;

~ , Kk O peTaPpAnTég
Let'stalk KaBUOTEPATEIC
™ ESTAB
ceag o— OK 0 emavapeTadidopeva
S punvopara (m.x.

req_conn(x)) Adyw
ATTWAEIWY HNVUHATWY

q Q avadidragn pnvoparog

choose X |~ “EI'58V ’l'_ITIOpt:I Ya ocl TV
req_conn()éL’ aAAn” mAeupa

—9 ESTAB
acc_conn(x)
ESTAB &—
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TCP 3-pepnc xelpayia

client state
LISTEN
AiaNéyer apyikd #akohouBiag, x
v >TeAvel TCP SYN msg
SYNSENT
ESTAB To AneBev SYNACK(x)

unodesIkvUEl OTI O server
eival {wvTavog.

SYNbit=1, Seq=x

_—

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

/\

>1eAvel ACK yia To AngBev SYNACK.
AuTO TO TUAKA MNOPEI Va NEPIEXEI
dedopéva anod neAdTn o€ eEUNNPETN

ACKbit=1, ACKnum=y+1
\

; server state
‘I LISTEN

AlaAeyel apyiko #akoloubiacg, y
>TéAvel TCP SYNACK msg,

BeBaiwvovTac To An@oev SYN SYN RCVD

To An@Bev ACK(y)
unodeikvUel OTI O client
eival {wvTavog

v

ESTAB
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TCP 3-uepnc xeipayia FSM

Socket connectionSocket =
welcomeSocket.accept() ;
A Socket clientSocket =
SYN(X) | newSocket ("hostname", "port
number") ;
SYNACK(seq=y,ACKnum=x+1)
create new socket for SYN(seq=x)
communicati(fn back to client
| SYNACK(seg=y,ACKnum=x+1)

ACK(ACKnum=y+1) ACK(ACKnum=y+1)
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TCP: KAcigipgo auvdeaoncg

KAgigigo piac ouvdeanc:

O meAdTNnC KAcivel Th socket: FiN
clientSocket.close ()

Bhua 1: To Teppariké oloTnua
TeAATNC OTEAVEI THANA poe
eAéyxou Tou TCP FIN oTov N

eCUTTNPETN.

close

ACK

d wait

Bnua 2: O efumnpétnc
Aapupdver FIN, amavrd pe
ACK. KAgivel Th ouvdeon,
oTéAvel FIN.

Q. time

close
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TCP: KAcigipo ouvdeanc (ouv.)

BAua 3: o meAdTnc Aaupdve
FIN, amavrd pe ACK.

: closin
> EioépxeTai o¢ g FIN

TETTEPATUEVN AVALOVA
("timed wait") - Ba
amtavthoel pe ACK oe ‘ closing
Aappavoépeva FINs G

BAua 4: O e€umnpétnc,
Aappaver ACK. KAeioth
ouvdean.

ACk

d wait

closed

2. NUeiwaon: pe pikph
TpoTtoTroinon, HTTopeEi va
olax elpioTei TAUTOXPOVA
FINS.

Q. time

close
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TCP: KAtiowo auvdeanc (avdAuon)

client state ~ V/ H server state
ESTAB N ESTAB
| clientSocket.close () \ |
FIN_ZWAIT_1  can no longer FINbit=1, sea=x___ |
send but can CLOSE WAIT
receive data . — -
! ACKbit=1; ACKnum=x+1 can sl
FIN_ WAIT 2 wait for server l&—" send data
close
_— LAST ACK
il 4/FI_Nbit=1, seq=y
TIMED WAIT — can no longer
- \ ~— send data
ACKbit=1; ACKnum=y+1
timed wait \ v
for 2*max CLOSED
segment lifetime

CLOSED
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O KUKAO

wait 30 seconds

/

CLOSED

TIME_WAIT

b

receive FIN
send ACK

FIN_WAIT_2

receive ACK
send nathing

TCP client
lifecycle

w

iac TCP ouvdeanc

client application

initiates a TCP connection

send SYN

SYN_SENT

h 4

receive SYN & ACK

send ACK

ESTABLISHED

FIN_WAIT_1

client application

initiates close connection

send FIN

CLOSED

receive ACK
send nothing

LAST_ACK
A

send FIN

CLOSE_WAIT

TCP server
lifecycle

server application

creates a listen socket

LISTEN

receive SYN
send SYN & ACK

h 4

SYN_RCVD

receive FIN

send ACK ESTABLISHED

receive ACK
send nothing
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KepdAaio 3: mrepiypauua

Q 3.1 Ymnpeoieg emimédou
HETAPOPAC

0 3.2 TToAUTAEEN Ka!
amoToAUTTIAEEN

Q 3.3 AouvOEeOUIKA
ueTagopd: UDP

Q 3.4 Apxéc TnG
a10moTNG HETAPOPAC
dcdopéEVWY

Q 3.5 ZuvdeouikA
pueTagopd: TCP
- Aopn THANAToOG

= AC10TIoTN HeTAwopd
dcdopévwy

- 'EAeyxog pohc¢
- Niaxeipion oUvdeong

Q 3.6 Apxéc eAéyxou
ouHPOpNnoNgG

0 3.7 EAeyxoc ouppopnong
Tou TCP
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ApxEc Tou EAEyxou 2uppdpnong

2. UH@opNnon:
3 "TmoAAEC TTNYEC TToU oTEAVoUV TToAAd dedopéva TTOAU
YPAyopd vid va Td XelploTei To dikTuo”

O J1aPOPETIKO atod Tov £Asyxo ponc!
O oUUTTTWHATA:
« Xapéva makéTa (UTtepXeiAion EVTAPIEUTWY OTOUC
dpopoAoynTéC)

= peydAec kaBuaTtepnoeic (avapovh oToug
EVTAUIEUTEC TWV OpoHoAOYNTWY)

3 onpavTiko mpopAnual
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’

AiTia/K00TNn ouppodpnonc: oevdpio 1

original data: }\“in throughput: kout
[ dUo amooToAeic, OUo OEKTEC o |
, , Host A A
O amepIOpIGTOl EVTAMIEUTEC, ”
, , unlimited shared
evag 6POH0A0VHTHC q output link buffers ﬁ
e

O XwPNTIKOTNTA £ €pXOHEVNC—3 = 7 /\[ /:_—
Cevgng: R o

0 Xwpig avapeTadooeig g / ﬂ

Host B

RI24-----mmm-. , ;
| > |
= ! @ :
3 ! ) :
< ! © !
| !
| .
7\'in R/2 , 7‘“|n R/,2
, , , 0 HeydAec kaBuoTepnoeig
O péyiotn pubuamédoon avd deBopévou OTI 0 puBLOC deIEng
ouvdean: R/2 Ain TTPOOEYYICEl TNV XWPNTIKOTNTA
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AiTia/Kd0Th ouppopnong: aevdpio 2

TTETEPATUEVO! EVTAUIEUTEC, €vag OpoHoAoynTAC
[ o amooToAéd¢ avapeTadidel Ta Xapéva TakéTa

= ¢igodoc¢ emimédou epappoyng = £€odo¢ emimédou epapHOYAG:
Ain = Aout (goodput) - gpdoov 6TI oTéAveTal TeAIKA AauPpdveTar UoTepa amod
KATTo1€C avapeTadooeIC.

= €igodo¢ emmEdou HeTaPopdc mepitAappdver avapeTadooeiC: Ain' 2 Ain

Host A A, - original Mout

j}r data

«— ), original data, plus
retransmitted data

Host B
®
— finite shared output H
link buffers
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AiTia/Ké0Tn ouppodpnong: aevdpio 2 (ouv.)

/
O Adyw avapeTaddoswy: }\‘in>

out

O avapetddoon kabuoTepnpévwy (0X1 XAUEVWY) TTAKETWY KAVEI TO 7\*in

HeyaAUTepo (amoé o611 av avapeTadidovral Hovo Ta Xapéva) yia To idio 7\~out

Rf2 f---m-mmommemmecee g :

7\’Out

, R/2
kin

a. Kapia ammwAcia/avaperadoon

"k6aTn" TNG cupPdphONG:

7\‘Out

R/2

R/3

________________________ i R/2

out

, R/2
7\'in

b. Méxp1 R/2-R/3 avapeTaddoeig

, R/2
}\‘in

C. AUO QopEG KABE TTAKETO

o meploodTepn douAeid (avapeTadooeig) yia doopévo "goodput”
0 axpeiaorec avapetadooeic: n (evEn peTapépel ToAAATTAd avTiypaga Tou TTAKEToU

ueiwon “"goodput”
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AiTia/KO0TN TNC oULPOPNONG: aevdplo 3

O TéooepelC ATOOTOAEIC E: 11 ouppaiver kaBWg 1o A, Kai To A,
O Aiadpopéc TOAMATAWY TunuaTwy  duédvouv ?

O Angn xpovou/avapetddoaon

A: KaBwc¢ To KOKKIVO A, aufdvel, 6Aa Ta
UTTAE TTaKETA TToU POAvouv oTnv TTdvw
oupd atmoppiTtTovTdl,
blue throughput > O

Ain - Original data Mout Host B

Host A

A", - original data, plus >
retransmitted data

finite shared output
lipk buffers

B A®
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AiTia/KO0TN TNC oULYopnong: asvdpio 3

C/2 ‘ :

3 o
<

k!
N
Eva dAho "kdéoToc" TnG oudeodpnong:

Q oTav éva makéTo xdvetai, h “upstream” (avripeupaTikn)

XWPNTIKOTNTA TTOU XPNOIHOTIOINONKE yid Th HETADOON
TOU €x&l ommaTaAnOcil
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TTpooeyyioeic aTov €Acyxo ouppopnong

ATO dkpo ae dkpo EAEyX0GC
OUH®OpNONG:

0 Kkadpid dueon avadpaocn amo To
0iKTUO

O n oudeopnon cuvayeTdai amo
TIC ATTWAEgIEC, KABUOTEPROTEIC

TTOU TtdpdThpoUV Ta TEPHATIKA
ouoTHUATa

O Tpooiyylon Tou akoAouOcei To
TCP

EAeyxo¢ ouppopnong
emiPponOolpevoc amo To
0iKTUO:

[ o1 OpopoAoynTEC TTAPEXOUV
avddpaoch oTd TepHATIKA
ouoTHAUATA

= éva bit mou uttodeikvUel
ouppopnon (SNA, DECDiIt,
TCP/IP ECN, ATM)

= 0d@NC pUBUOC HE TOV OTTOI0
0 armooToAéac Ba mpémel va
oTEAVEI
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MeAéTn tepimTwonc: EAeyxoc ocupwopnonc ATM ABR

ABR: available bit rate
(81aBéaipog puBpoc bit):
O “eAaoTikh umnhpeoia”

O Av n 01adpopi Tou amoaToAéd
gival UTTopopTWHEVN
("underloaded”):

O amooToAéag Ba mpémel va
XPNOIHOTTIOINCEI 0G0 ATTO TO
d1a0éoipo eupo¢ {wvng
emBupcei/pmopei

O Av n 01adpopi Tou amoaToAéd
gival ge ouppopnon:

O amooToAéag puBpilel 1o
puBuod petradoong atov
eAdX10TO gyyunpévo puduod

RM (resource management) cells

Q

Q

(keAid diaxeipiong TOPWV):
2. TéAvovTal amod Tov amooToAéq,
dlaomappéva o KeAid 0edopEvwy
Kamoia bits oto RM cell TiBevTai
aTmo Toug HeTaywyoug
(emiPponBolpevo amod To JikTUO)
NI bit: 6x1 at&non oto puBuo
(LéTpia ouppdpnon)
CI bit: évdei&n ouppopnong
Ta RM cells emiatpépovral atov

amooToAéa amd 1o 0€KTN, HE Ta bits
aoikTa
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MeAéTn tepimTwonc: EAeyxoc ocupwopnonc ATM ABR

I RM cells
source D data cells destination

Switch Switch

y
i B B B =

O medio ER (explicit rate): dUo bytes a1o keAi RM
HETAYWYOC HE oupPOpnon Utropei va Béael xapnAoTepn TiUA Tou ER oTo KeAi
£T01 0 pUBUOGC ATTOOTOANC TOU aTTooTOAéd 100UTAI HE TO HEYIOTO uTtooThpI{OpEVO
puBuo atn diadpopn

O EFCI bit ota kehid dedopévwy: TiOeTal 1 oe peTaywyod pe ocuppdphon

av 1o KeAi dedopévwy Tou TtponyeiTal Tou keAloU RM éxer To EFCI ioo pe 1, o
Tpoopiopuog Béter 1 1o CI bit oto keAi RM Trou aTéAvel Tiow
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KepdAaio 3: mepiypapua

Q 3.1 Ymnpeoieg emimédou
HETAPOPAC

0 3.2 TToAUTAEEN Ka!
amoToAUTTIAEEN

Q 3.3 AouvOEeOUIKA
puetagopd: UDP

Q 3.4 Apxéc TnG
ag10moTNG HeETAPopPdC
dcdopéEVWY

Q 3.5 ZuvdeouikA
pueTagopd: TCP
- Aopn THANAToOG

= AC10TIoTN HeTAwopd
dcdopévwy

= EAeyxog pofig
- Niaxeipion oUvdeong

Q 3.6 ApxEéc eAéyxou
CUHPOPNONG

Q 3.7 EAcyxoc¢ ouppodpnong
Tou TCP
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EAeyxoc ouppopnonc TCP: mpooBeTikA alnon,
moAAamtAaciaoTikA peiwon (AIMD)

O [lpoogyyion: ab€non pudbpou petddoong amooTtoAéa (péyeBocg
TtapaBUpou), avixveuaon Tou XpNoIHOTIoINCIMOU eUpoug (Wvng, HEXP!
vd el@avioTei amtwAegia

«  mpooBeTikn avénon (additive increase): abnon Tou cwnd
(CongWin) kata 1 MSS kdBe RTT péxpi va epgavioTei anwAeia

- moAdamAaoiaoTikhi ueiwon (multiplicative decrease) : peiwon

Tou CongWin oTo {106 peTd améd amwAeid
nNpooOeTIKA au&non peyebouc napabupou ...

... MEXpI va undap&el anwAeia
S (TOTE MEIWVEl TO Napabupo 0TO HICO)
n
$E
AIMD c T
LTIPIOVWTH» g 3 .
oupmepipopd O §
.
2e
5 3

time
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EAeyxoc ouppopnonc TCP: AemtTopuépeiec

|¢=— cwnd =——>|

last byte \ last byte
ACKed sent, not- sent
yet ACKed

(“in -

flight
a0 anooT'erzxg eplopilel Th yeradoon:

LastByteSent-LastByteAcked < CongWin

O To CongWin eivai duvapikoé, ouvdptnon Thg
TTAPATNPOUHEVNE CUHPOPNONG Tou OIKTUOU

, CongWin
uo =
puBpoC RTT bytes/sec
TCP pvBLoC amooToAnC:

Q mepimou. oTéAvel CongWin bytes,
mepipével RTT yvia ACKs, ToTe

TTwc mapaTnpei 0 amooToA£dc

Th oupPoPNON;

O Teyovoc amwAsiac = ARén
xpovou (timeout) n 3
dimAoTutta ACKs

3 O amooToAéac TCP peiwvel
TO pUBUO (CongWin) peTd TO
YEYOVOC TNG AaTtwAEgIdg

Tpeic ynxavioyoi:

o AIMD
O ApYAQ eKKivhon

O 2ZUVTNPNTIOHOC HETA Ao
veyovoTa timeout
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Apyn ekkivnon Tou TCP

Host B

H

42
>

3 Orav {ekivd n oUuvdeaon, o
puBuoc auldaveTal ekBeTIKA l
HEXPI TV TTPWTH ATTWAEIa:

, . W
apxikd CongWin =1 MSS
T0 CongWin dimmAaaidaleTal

oe kdBe RTT %’

= yiveTar au€avovrac To
CongWin pe ka®e ACK mou
Aaupaverai U Segments

+«— RTT—

O 20voyn: dpXIKOC pubuoc
apyoc, aAAa avepaivel
eKOETIKA ypnyopd time
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ApYyH ekKivnon Tou TCP(owv.)

3 Orav ekivd n ouvdeon, CongWin = 1 MSS
o TT.X.: MSS = 500 bytes & RTT = 200 msec
O Apx1kog puBuag = 20 kbps
(500bytes*8bits/byte*1/0.2sec)

3 To diaBéaipo eupoc Cwvng evoéxeTal va sivai >
MSS/RTT

O Eivar emBupunth n ypiyopn emiteuén evoc ocpaocTol pubpou
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TCP: avixveugn, avTidpdonh oe dmwAegIEC

O o1 anwAeiec umodeikvUovTtal amd Ta timeout:
T0 CongWin opiCetal oe 1 MSS

oTh ouvéxela To TapdBupo audveTal ekBeTIKA (6TTWC OoTNV ApYA
ekkivnon) péxp! éva katweAl (Threshold), peta av€averar ypappikd

O amwAeie¢ umrodeikvuovTtal amd 3 dimAdoTumta ACK: TCP RENO

ditAdTutta ACKs uttodeikvUouv diKTUO 1Kavo va Ttapadwael opiopéva
TUAKATA
T0 CongWin peiwveTtal oTo H106 tapdBupo, HeTd augdveTal ypappikd

a TCP Tahoe mdvra 6¢1e1 To CongWin ato 1 (timeout n 3 dimAda ACK)

@1Aooovia:

a 3 idia ACK utrodeikvUouv
OiKTUO IKavo va tapadwocl
HEPIKA TUAUATA

Qtimeout mpiv amé 3 idia ACK
gival «TIo0 avnouxnTIKo»
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TCP: Metdpaon amd adpyn ekkivnon 0 dTToOUYh

oguuwopnhonc (Slow Start to Congestion Avoidance)

E: TToTe Oa mpémel va 14— -
Yivel n ahAayn amo e eno
EKOETIKNA O¢

YPAHHIKA augnon;

o
1

ssthresh

(in segments)

A: OTtav 7o CongWin
viver To 1/2 Tng
TIUAG TOU TIPIV TO 2
Timeout.

ssthresh

Congestion window

TCP Tahoe

0 F 111 @ @ @7 @ 17T "T“T"/
O 1 2 3 4 5 6 7 8 9 10111213 14 15

Transmission round

YAoTroinon:

A MeTapAnTd katweAi-Threshold
(ssthresh)

0 2€ yeyovog amwAeiag,
10 Threshold TiBeTai oto 1/2
Tou CongWin mipiv To yeyovag
ThG amwAeiag
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> uvoyn: EAcyxoc ouppopnonc TCP

new ACk <24

duplicate ACK g A0S ALK
dupACKcount++  new ACK cwnd = cwnd + MSS  *(MSS/cwnd)
P coun dupACKcount =0

cwnd = cwnd+MSS transmit new segment(s), as allowed
dupACKcount =0
transmit new segment(s), as allowed

A

cwnd = 1 MSS
ssthresh = 64 KB
dupACKcount =0

cwnd > ssthresh

____________ A R
47 = N\ . -
lp“’ timeout
¢ £ ) lesh = cwnd/2 _
=2 </ ownd = 1 MSS duplicate ACK
(( N, timeout dupACKcount =0 dupACKcount++
< o5h = cwnd/2 4 retransmit missing segment 4
cwnd =1 MSS
dupACKcount =0 =Za
retransmit missing segment ((: N1
timeout'\%, %J)
ssthresh = cwnd/2 g PV
cwnd =1 New ACK
dupACKcount = 0 cwnd = ssthresh d
== it missi - upACKcount ==
dupACKcount == retransmit missing segment dupACKcount = 0 p
s%threshhz cv¥]nd/2 ssth(rjesh=tcl‘:1wndt<2+ 3
cwnd = ssthresh + 3 cwnd = ssthrest
retransmit missing segment retransmit missing segment

duplicate ACK

cwnd = cwnd + MSS
transmit new segment(s), as allowed
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2 Uvown: EAeyxoc Zupuwdphonc Tou TCP (2)

3 Otav 1o CongWin gival kdTw amd To Threshold, o
amooToAéac civail oth pdon dpyYAC €KKivhong, To
TTapdBupo auldaveTal eKOeTIKA.

3 Otav 1o CongWin gival mdvw amé 1o Threshold, o
amooToAédC €ival oTh pdon AdTtoYuUYRC cuppopnong, To
TapdaBupo aufdveTal ypappiKd.

3 Orvav spgaviarei TpITA6 dimtAoTutto ACK, 1o
Threshold 1i@eTai oe CongWin/2 kai To CongWin
TiBeTal oe Threshold.

3 Orav sppaviorei timeout, To Threshold TiOeTai o¢
CongWin/2 kai To CongWin TiBetar oe 1 MSS.
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‘EAcyxoc oupgpopnonc Tou amoatoAéa TCP (3)

KardoTaon Zuppav Evépyela ammooToAéa TCP ZXOAIa
Apyn Ekkivhon AQwn ACK yia CongWin = CongWin + MSS, ‘Exel w¢ atmmotéAeoua
dedopuéva TTou If (CongWin > Threshold) dimmAaciaopud Tou CongWin o€
Slow Start (SS) Oev £xouv Béoe kaTdoTaon o «ATTOQUYN KGBe RTT
emPReBaiwOei 2Uh@OPNONG»
TTPONYOUMEVWG
ATtropuyn AQqwn ACK yia CongWin = CongWin+MSS * MpooBeTIKA auénaon TTou £XEl WG
ZUh@OPNONG dedouéva TTou (MSS/CongWin) atmroTéAeoua auénaon Tou
Oev £xouv CongWin katd 1 MSS o€ kGBe
Congestion empReBaiwOei RTT
Avoidance (CA) | TTponyoupévwg
SSnHCA Avixveuon Threshold = CongWin/2, Taxeia eTTavagopd,
oupBavTog CongWin = Threshold, UAOTTOILOVTAG TTOAAQTTAQCIACTIKA
aTTWAEIOG aTTd Béoe kaTdoTaon o «ATTOQUYN Meiwan. To CongWin dev Ba
TPia DITTAGTUTTA | ZUp@OPNONG» Téoel KATW atmol MSS.
ACK
SSnHCA NAAEN xpdvou Threshold = CongWin/2, Eiocodog oe «Apyn Ekkivnon»
(Timeout) CongWin =1 MSS,
O¢oe kataoTaon o€ «Apyn
Ekkivnon»
SSHCA AITAGTUTTO AUgnon Tou peTpNTA SITTAOTUTTWV Ta CongWin kai Threshold dgv
ACK ACK yia 10 Tufua n Afjyn Tou otroiou | aAAGlouv

emPBeRBaibnke
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PuBuamodoon TCP

3 Tloia eivar n puBuamédoon Tou TCP w¢ ouvdpTnon Tou peyEBoug
TTapaBupou Kai Tou RTT;

AyvoWwvTacg Thv dpyn ekKivnon, uto©éTovTag OTI utdpxouv TtdvTta dedopéva
Yid aTtooToAR

0 Eotw W To péyebog mapabupou (oe bytes) 6Tav eppavifeTar anwAeia.
Méoo péyeBog mapabupou (# ev mTroel bytes) eivai 3 W

Méaon puBuamédoon: > W avd RTT

-l>|w

| ] W
Meon puBuanodoon TCP = —— bytes/sec
N PUCH n RTT y

W —

W/2
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MéEAAov Tou TCP: TCP mtdvw amé «peydAou pHAKoUC,
xovrpéc owAnvwaeig» (“long, fat pipes”)

[Tapdderyua : Tunuara 1500 bytes, 100ms RTT, emBuunth
puBuamédoon 10 Gbps

O AmtaiToUpevo péyeBog tapaBupou W = 83,333 «ev TTACEI»
TUAUaTa (segments)
3 PuBpamédoon wg ouvdpTnon ThE mOavoTnNTAC aTwAEgIag
TUnHdATwy, L:
1.22 - MSS
RTTA/L

PuBuatmrédoon TCP =

=¥ via va emiteuxOei puBuamodoon 10 Gbps amaiTeitar pubUAC
antwAsiwy L = 2-10-10 (oAU wirpdc puBuoc amwAciiv!)

Néec ekdooeic Tou TCP yvia upnAéc TaxuTnTec
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AikaiooUvn Tou TCP

2 10x0C : av K ouvdéaeic TCP poipdlovrai Tnv idia
utmoTiAlapiopévn Cevén (bottleneck link) eupouc Cwvng
R, kaBepia Oa émpeme va £xel péoo puBpo R/K

TCP connection 1

bottleneck
router
capacity R

conhnection 2

AikTua Emikoivwviwy I - Ewiedo petagopdc 3-112



Eivai To TCP dikaio:;

AUo avraywvi{opevec ouvdéoelc:
O H mpoaBeTikA au&non divel kAion 1, kaBw¢ aulaver n puBpamddoon
Q H moAAamAaoiaoTIKA peiwan pelwvel avaloyikd Th puBuamédoon

igo pepidio eUpoug {wvng

(g
W amwAela: geiwaon tapaBupou kKard mapdyovra 2
3 opUYR ouppdpnong: TPoadeTIKA alEnon
© amwAeia: peiwaon TapadUpou KaTd Tapdyovra 2
B 0PUYN oUPPOpNoNG: TTpoadBeTIKA alnon
5
(@]
o
O
=
S
PUBuamédoon olvdeang 1 R
(a1
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Al KGIOGUVH (ouvéxeia)

AikaiooUvn kai UDP

Q O epappoyéC ToAupEoWY
ouxvd d¢ xpnoipotolouv TCP
- Aev BéAouv éAeyxo Tou
puUBPOU atod Tov EAcyxo
oupHPOphoNng

Q Avri autou, UDP:
= amooToAn audio/video pe
oTaBepd pudbPo, avoxn oe
ATTWAEIEC TTAKETWY

AikaiooUvn Kai TtapdAAnAeC

ouvdtoeic TCP

O Mia epappoyh pmopei va avoigel
TTOAAATTAEC TTapAdAANAeC auvdéaeig
peTall dUo uTtoAoyloTWY

O Oi1 Web browsers 1o kavouv

O Tlapddeiyua: (ev&n puBpou R Tou
uttooTnpilel 9 ouvdéoeic
Néa epappoyn {nta 1 olvdeon
TCP, taipver puBud R/10

Néa epappoyn {ntd 11 ouvdéoeig
TCP, taipver puBpod R/2 |
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KepdAaio 3: 20voyn

Q Ymnpeoieg Tou emimtédou
HETAPOPAC:
= TToAUTAeEn, amomoAUTTAEEN
= AC10TTIOoTN HeTAopd

O0edoHEVWY
- 'EAeyxog pohc¢
- EAeyxog oupgdpnong TN ouvéXElQ:
O AghvovTtag To “dkpo”
Q Tlpaypdtwon kai vAotoinon oTo Tou dIKTUOU (emtiTreda
AiadikTuo £PAPUOYAC, HETAPOPAC)
- UDP TTpoXwpdpe oToV
. TCP “mtuphva” Tou dikTUOU
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TéAoc EvoTnrac

ENIXEI ) IPOTPAMMA 7 EZ"A

EKMAIAEYEH KAl AIA BIOY MAGHEH s Bl R
O Gt SO : 2007-2013

= [ soivsopya o vy avineséo

i

YNOYPIEIO NMAIAEIAL & BPHEKEYMATAN, NOAITIZMOY & ABAHTIEMOY

EvpwnaixiEvwon EI!AIKH YMNHPEZIA AIAXEIPIZHE
Eupwnaixé Komvwvixé Tapio

Me T ouyxpnpatodétnon T ENAaSac kat Tng Evpwnaikric Evwong



Adeia XpRong



2. nNueiwpga Avagopdc

Copyright EBvikév ka1 KamodiaTtpiakov TTavemioTApiov ABnvwy,
Mepdkoc AdCapoc 2015. «AikTua Emikoivwviwy I. EvéTnra 3:
Emimedo MeTagpopdc». Ekdoon: 1.01. ABrva 2015.

AiaBéoipo améd tn dikTuakh d1eUBuvon:


http://opencourses.uoa.gr/courses/DI19

XpnuaroddTthon

O To mapov eKTAIdEUTIKO UAIKO £Xel avamTuxOei oTa Adioia Tou
EKTIAIOEUTIKOU £pyou Tou O1ddokovTd.

O To épyo «AvoikTa MaOnpara oto TlavewioTnHio ABnvwv» €xel
XpNHATodoTATEI HOVO Th avadidpopPwaon Tou eKTIAIOEUTIKOU
UAIKOU.

3 To épyo UAoTroiciTal oTo TAdigio Tou ETixeipnoiakou
TTpoypduparoc «Ekmaideuon kar Aia Biou MdGnon» kai
ouyxpnupartodoTeital amé Thnv Eupwmdikn Evwon (Evupwmdiko
Koivwviké Tapeio) kar amé eOvikoUg Topouc.

EMIXEIPHXIAKO NMPOTPAMMA
EKMAIAEYZH KAI AIA BIOY MAGHZH j Ez rIA
ENEVIVON GTNY UOVWVIG TNE YVWON

gm
YNOYPTEIO MMAIAEIAL & OPHEKEYMATON, MOAITIZMOY & ABAHTIZMOY ATKO KOINQONIKO TAMEIO
Evpwmnaiki Evwon EIAIKH YIMHPEZXZIA AIAXEIPIXZHL

E K6 K S Taue
[ Me tn ouyxpnuarodotnon tng EAAadag kai tng Evpwmnaikng Evwong




