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Kedpalaio 3: Entimedo Metadopdc

OL GTOYOL Hac:

O Katavonon twv apxwyv niow
oo TIC UTINPEOCLEG ToU eTUTESOU

pHetadopag:

= MoAUTAEEN/amomoAUTIAEEN
(multiplexing/demultiplexing)

= AfLomiotn petadopd
dedopévwy

= ‘EAeyxoc ponc (flow control)

= EAeyxog oupdopnong
(congestion control)

O Noa paBoupe yia ta TpwTtoKoAAa

emunédou petadopac Tou
Aladiktuou:
= UDP: acuvdeouikn petadopa
TIAPEXOVTOG UTINPECLA BEATLOTNG
ipoonaBeLag

= TCP: aflomiotn, cuvOeouULKN
petadopd

Eninedo Metagpopdg
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Entinedo Metadopadc: nepiypoppa

Q Ynnpeoieg enunédou petadopag

0O MoAUTAEEN Kal armomoAUTIAEEN
(Multiplexing and demultiplexing)

0 Aouvdeoukn petadopa: UDP

0 ApxEc tn¢ aflomotng petadopag
dedopevwy

0O Yuvdeoutkn petadopd: TCP

O ApxEc eAéyxou ocupdopnong

0 ‘EAeyxoc oupdopnong tou TCP

0O E€EALEN Tou Emumédou Metadopag

Eninedo Metagpopdg
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Yrinpeoleg Kot MPWTOKOAAA pLETAPOPAC

= TapEXOUV Aoyikn emikowvwvia PETAED
SlepyaoLlwv epapUOywV TTOU TPEXOUV
o€ SL0POPETLKA TEPUATLIKA CUOTH AT

" TOL TPWTOKOAAQ HETAPOPAG TPEXOUV
OTa TEPUATIKA CUOTHATA

* QMOOTOAEQG: OTIAEL TOL LNVULATA TNG
edapUOYNG O TUNUATA, TO TIEPVAEL OTO

eninedo Siktvou

* TOPAAATITNG: AVACUVOED TWV TUNUATWY
O£ PUNVULOTO, TO TIEPVAEL OTO EMinNedo

edappoyng

= AUO TPWTOKOAAA peTAdOPAG
SLaBéoipa otig epappoyes AladIKTuoU

* TCP, UDP

pp
transport

Eninedo Metagopdg
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Yninpeoiec emunedov Metadopdc vavtl
UTtNPECLWV eTttedou AlktUou

© oaE; wa. tvans.

| 'HERE was an old woman who lived in a shce,
She had so many children, she didn't know what to da,
*  She gave them some milk and nice butter bread,

She kissed them all round and put them to bed.

Avaloyia Nolkokuplou:

12 naubta oto onitt tn¢ Avvac otéAvouv
yoauuata o€ 12 nadia oto ornitt Tou
BaoiAn

UTTOAOYLOTEG = oTtiTiLa

Slepyaoiec = maldia

UnvupaTa ehapUoywy = Ypappata oe GpoakEAOUC

(I Wy I

TIPWTOKOAAO peTadopag = Avva Kal BaoiAng mou
avaAapBAavouv va oTeiAouV Ta ypAUATA KAl Vol
polpaoouv tnv aAAnAoypadia o kKAOe omitt

O mpwTtokoAo emumedou SIKTUOU = TAXUSPOULKN

uTnpeoia
Eninedo Metagopdc
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Yninpeoiec emumedbouv Metadopdc €vavtl
UTtNPECLWV eTtLtESOU ALlKTUOU

Avaloyia Notkokuplou:

O entinedo diktvou: Aoyikr 12 nabta oto ormitt tng Avvag otéAvouv
ETKOWVWVIA pETOEY yoauuata o€ 12 naibid oto omitt tou BaoiAn
urtoAoylotwv 0 umoAOYLOTEC = oTtiTLa

0O Siepyaoieg = madla

O pnvoupoata edapuoywy = YpAUUATO O

Q emninmedo petadopdg: Aoyikn ,
dakéloug

gMKOWwvia petal , . ,
O mpwtokoAAo petadopag = Avva Kal BaclAng

biepyaotiv TIou avaAappavouv mou avalapBavouv va
= otnpiletal oTIg unnpeoieg oTelAOUV TA YPAUUATA KOL VO LOLPAGOUV TV
Tou ermuESoU SIKTUOU, TLG aMn)oypadia oe kdBe omiti)
OTtoleG Kal pmAouTilEL O mpwTtokoAo emumedou SIKTUOU = TAXUSPOULKN

umnpeoia

ot A 2
TtNE00 VIETOPOPUS

3-7

Evépyelec Ermunédouv Metadopac

AnoctoAéag:
= Anpoupyeital éva
pAvupa emutédou
ebappoyr¢ pog
QIIOOTOAN

= KaBopilovtal oL TIHEG [T, lapp. msg_|
ota nedia tng
kedaAidag
= Anuloupyeital éva
A
= MpowBeital To TUAHA

oto eninedo IP
\ /

Eninedo Metagopdc
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Evépyelec Erunédouv Metadopac

NapaAnmnng

= AapPdvel To TUARA Ao
10 eninedo IP
3 = EAEYXEL TIG TIMEC OTNV

:E kedbaAida
= ATTOLOVWVEL TO HVUHQ
emuunedou epappoyng

= ATTOTTOAUTIAEKEL TO UARVULO
KoL To mpowBei otnv

edappoyn amnod to KataAAnAo

socket
/

Eninedo Metagopdg 3-9

AUo Baoka pwtokoAAa Metadopadc oto Atadiktuo

= TCP: Transmission Control Protocol
* aflomLoTn, o€ opOn oslpad petadopd —
* £\eyxo¢ oupdopnong (congestion '

control)
* €\eyxo¢ pong (flow control)
* eykaBidpuon olvdeong
= UDP: User Datagram Protocol
* Un aflomiotn, EKTOC OELpag apadoon
* KOUia emMEkTOON TNG “BEATIOTNG
npoonadBdelag” (best effort) tou IP
= untnpeoteg mou Sev eival SLaBETIpEC:
* EYYUNOELG WG MPOG TNV kaBuotépnon
* EYYUNOELG WG MPOG TO €UPOC LwVNg

physical

Eninedo Metagopdg 3-10
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Entinedo Metadopadc: nepiypoppa

QO Ynnpeoieg enunédou petadopag

QO MoAUTAgEN Kal amomoAUTIAEEN
(Multiplexing and demultiplexing)

0 Aouvdeopkn petadopa: UDP

O ApxEc tn¢ aflomotng petadopag
dedopevwy

0O Yuvdeoutkn petadopad: TCP

O ApxEc eAéyxou ocupdopnong

0 ‘EAeyxoc oupdopnong tou TCP

0O E€EALEN Tou Emumédou Metadopag

Eninedo Metagopdg 3-11

MoAUTAEEN - AmomtoAUTIAEEN (Multiplexing - Demultiplexing)

\ ,,/,,,ﬂ??‘f-f??,ﬂ \I A

multiplexing
de-multiplexing

Eninedo Metagopdg 3-12
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HTTP server

APACHE

HTTP SERVER

application

HTTP msg Q
transport transport
network network
: ‘ link link '
[ physical physical
. 4
Eninedo Metagopdg 3-13
HTTP server
client

application

errux @

transport

network

link

physical

APACHE

HTTP SERVER

H, HTTP msg

application

transport
network
link ' \
physical p
Eninedo Metagopdg 3-14
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HTTP server

APACHE

HTTP SERVER

application

transport transport

network network
‘ link link '
[ physical physical \
. 4

Eninedo Metagopdg 3-15
HTTP server
client

application

errux @

APACHE

HTTP SERVER

transport

network

link

physical

<«— | H H; HTTP msg

application

transport
network
link ' \
physical p
>
Eninedo Metagopdg 3-16
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H,H, HTTP msg

HTTP server

APACHE

HTTP SERVER

application

transport

network

link

physical

Eninedo Metagopdg 3-17

client

application

H, HTTP msg

HTTP server

APACHE

HTTP SERVER

application

transport
network
link ' \
physical p
>
Eninedo Metagopdg 3-18
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client

application

i

NETFLIX

APACHE

HTTP SERVER

application

E: nw¢ yvwpilet to eninedo uetapopac oe mota Stepyaocia
(Firefox browser nj Netflix n Skype ) va napadooet to unvuua?

transport
network
link &
physical '
>

Eninedo Metagopdg 3-19

client;

application

NETFLIX e

transport

network

link

physical

client,

application

transpojt
networ
link
physica &
-

Eninedo Metagopdg 3-20
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MoAUTAeén/AmomoAUTTAEEN

MoAUNAEEN oTov UNOAOYIOTH) anNoaToANg

Alayeipion dedopévwv and noAanég sockets,

Xpnoiponolgital yia anonoAUnAegn)

npoaBnkn KePaAidag PeTapopdg (nou apyoTepa

AnonoAUNAEEN oTov unoAoyioTn Afwng :

Xprion nAnpo®opIv Kepahidag yia
napadoon Twv THNKATWV nou AapBavovTai
0T owaoTn socket

application

cation

transport neY

rk

ical

netiyork |
ik PP

\ application | [k ] socket

~ O process

trarjdport
netork
Iimk \
physical | ;
-

Eninedo Metagopdg 3-21
I I I
Mwc SouAeUEL N amomoAUTIAEEN
0 O unoAoylotn¢ AapBavetl IP
datagrams (6edopevoypappata) .
, . . «— 32 bits —m8
o KaBe datagram €xeL dievBuvon IP
npoglevong, Stevbuvon IP source port # dest port #
TIPOOPLOUOU
o Kk@Be datagram petadepel Eva other header fields
TUAMA ETUTESOU PETADOPAG
o KAOe tunua £xeL aplBuo BUpag
TIPOEAEUONC, TIPOOPLOUOU
. . application
0O O unoAoyLoTn ¢ XpnOLUoToLEL data
6tevduvoeig IP & aptduoug (message)
Bupac yla va KateuBuveL To
TUAMO 0TNV KATtAAAnAn socket
TCP/UDP segment format
Eninedo Metagopdg 3-22

2025
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Acuvdeopuikn amomnoAuniAeén (UDP)

O To eninedo petadopag ekywpet
gvav aplOuo Bupag (12534) Tomka
OTOV UTtOAOYLOTH, OTaV
dnuoupyeital éva UDP socket:

DatagramSocket mySocketl = new DatagramSocket(12534);

0 Otav o untoAoylotrg AapBAavet TR
UDP:
= gA€yxeL TOV aplOuUo BUpag mpoopLopol
OTO TUAM
= kateuBuvel to TuRpa UDP otn socket pe

auTO ToVv aplBuo Bupag
O Otav dnuioupyeital to datagram,
yla va otaAet otn UDP socket tou
TIAPAAARTITN TIPETEL VO KABOpPLOTEL

= [P 61evBuvon mpooplopou

O Ta IP/UDP datagrams pe (610 aptOuo
Bupac npooptouoU, aNAa
Slapopetikeg IP SteuBuvoelg
npogAeuaong r/kat aptbpouc Bupac
npogélevong Ba kateuBuvBoLV Mpog
™V (bta socket mpooplopou

= AplBuog Bupag mpoopLopov

Eninedo Metagopdg 3-23
Aocuvdeouikn amomoAUTAeEn (mapadetyua)
DatagramSocket
DatagramSocket serverSocket = new DatagramSocket

mySocket2 = new DatagramSocket mySocketl = new
DatagramSocket (6428) ; DatagramSocket
(9157); application (5775) ;

application application

transport

transpojt networH transpor]

networl H link network

link f link

physidal
w physical physicgl \
< ﬂ\rw
source port: 6428 source port: ?
dest port: 9157 dest port: ?
source port: 9157 source port: ?
dest port: 6428 dest port: ?
To Source Port 6ivel tn “StevBuvon enotpodng” Eninedo Metagopig ~ 3-24

2025
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Yuvdeoutkn amornoAurtAeén (TCP)

O H TCP socket tavtomoteitatl amno

' a ' I ,
TNV TETPada: Evag eunnpetng propei va

umootnpifel MOANEG

= 6lebBuvon IP mpogheuang TauTtoxpovec TCP sockets:

= apBpOG BUpag MpogAeuoNg = KGOt socket avayvwpiletat

= SdLevBuvon IP mpooplopou aro tn Sk ¢ TeETpdda
= aplBpoG Bupag MPoopPLooL = K&Be socket oxetileta pe
SLopopETIKO MEAATN
O AmntortoAUTAEEN: 0 EKTNG
XPNOLLLOTIOLEL KL TIC TECTEPLC
TIUEC YLOL VAL KATEUBUVEL TO TUNHA
otnVv KataAAnAn socket

Eninedo Metagopdg 3-25

YuvdeouLKn amomnoAUTAeen (mapadetypa)

— / APACHE

HTTP SERVER

application application
tranfport Hetwlork ranspol
netyvork lidk network
lipk ﬂ bhysical link -
‘/‘ phykical server: P physical E \
s address B a8
e
host: IP source IP,port: B,80 <~ host: IP
dest IP,port: A,9157 775 address C
address A e prris
source IP,pop=#r9
dest IP B oorclD
dest I
3 tunuata, 6Aa npoopilovtal yia IP StevBuvon: B,
BUpa poopLopoUL: 80 amomoAUTTAEKOVTOL OE SLAPOPETIKEC sockets Eninso Metapoplc 326

13



Nepidnyn

= Multiplexing, demultiplexing: Baciletat otig TIHEG oTa tedia
TWV KEGAALO WV TOU TUAHATOC, SESOUEVOYPAUUATOC

= UDP: amomoAUTAEEN He Xpon Tt Bupac mpooplopou (Hovo).
® TCP: amomnoAUnAeén pe xprion tetpadac: IP StevBuvon kat
apLOuoGc BUpac NYAC KaL TIPOOPLOLOU

= Multiplexing/demultiplexing AapBavel ywpa og 0Aa ta
enineda

Eninedo Metagpopdg

3-27

Entinedo Metadopadc: nepiypoppa

0O Ynnpeoieg enunédou petadopag

0O MoAUTAEEN Kal armomoAUTIAEEN
(Multiplexing and demultiplexing)

Q Aouvdeoukn petadopa: UDP

0 ApxEc tn¢ aflomotng petadopag
dedopevwy

0O Yuvdeoutkn petadopd: TCP

O ApxEc eAéyxou ocupdopnong

0 ‘EAeyxoc oupdopnong tou TCP

0O E€EALEN Tou Emumédou Metadopag

Eninedo Metagpopdg

3-28

2025
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UDP: User Datagram Protocol

0 To anmAoVoTEPO MPWTOKOANO

uetadopdg Tou Altadilktuou —— lotl urtapyet to UDP;
O Ynnpeoia napadoong BEATIOTNG 0 xwpig cuvdeon
npoonadelag (“best effort”), Ta (mou ewoayel kaBuotEpnon)
TUpata UDP prnopet va O amAd: xwplg katdotaon ouvdeong
* xaBolv ' OTOV QMOCTOAEQ, SEKTN
235233325 v EKTOG oElpac otl O pkpn kedaAida TUAHOTOG
O xwpic EAeyxo oupdopnonc:
Q Aouvébeouikn: o To UDP pmnopet va “ekpayel” 600
= Sev yivetal xelpayia petall ypryopa Béhoupe
Tou UDP amootoA&a kot SEKTN o MTopEl va Aettoupyel akdpn Kat og
= H Siaxeipion kdBe UDP ouVBriKeg cUpPOPNONG

TUAMOTOC YiveTal Eexwplota

Eninedo Metadopdg 3-29

UDP: User Datagram Protocol

O To UDP xpnotlpormnoleitadt:
0O vyl epappOYEC TTOAUPESWY CUVEXOUC pon ¢ — streaming (avoxn wg
TPOG TIC amwAELEC / evaoBnaoia we mpog to pubuo)
QO DNS
aSNMP
QHTTP/3

0 Eav anatteitat alomniotn petadopd mavw ano to UDP (e.g., HTTP/3):
QnpooBdnkn aflomiotiag oto emninedo epappoyng
O mnpooBdnkn eAéyxou cupudopnong oto minedo edpapuoyng

Eninedo Metagopdg 3-30
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UDP: User Datagram Protocol (RFC 768)

INTERNET STANDARD
RFC 768 J. Postel

151
28 August 1980

User Datagram Protocol

Introduction

This User Datagram Protocol (UDP) is defined to make available a
datagram mode of packet-switched computer communication in the
environment of an inter set of networks. This
protocol assumes that the Internet Protocol (IP) [1] is used as the
underlying protocol.

This protocol provides a procedure f£or application programs to send
messages to other programs with a minimum of protocol mechanism. The
protocol is transaction oriented, and delivery and duplicate protection
are not guaranteed. Applications requiring ordered reliable delivery of
streams of data should use the Transmission Control Protocol (TCP) [21.

0 78 15 16 23 24 31
+- + + +- +
‘ Source ‘ Destination |

Port Port
+ + + +- +
‘ Length ‘ Checksum I
+ + + + +

---------------- Eninedo Metagpopdg 3-31
UDP: Evépyelec Emumedouv Metadopac
SNMP client SNMP server
application application
Uéﬁgson transport
(UDP) (UDP)
network (IP) network (IP)
link link
physical physical
Eninedo Metagopdg 3-32
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UDP: Evépyeleg Enuneédouv Metadopag

Evépyeieg UDP amootoAéa SNMP server

= Tou napadivetat Eva ppvupa
erunédou edpapuoyng

= Mpoodlopilet TIHEG OTA {UDP, [SNMP msg |
nedila Tng kepaAidag Tou
UDP tuRpatog

= Anutoupyet to TuApa UDP

= Mapabidel to TuApa oto IP

Eninedo Metagopdg 3-33

UDP: Evépyelec Emunédouv Metadopadc

SNMP client Evépyeleg UDP mapaAnmtn SNMP server
= TapOoAQUPBAVEL TUAUA ATIO TO
IP
= gAéyXeL TNV T Tou UDP
" checksum otnv kedpaAida
ooFy = AVOKTA TO HAVUUL
emunedou epapuoyng

= ATTOTTOAUTIAEKEL TO UAVULLOL
OTEAVOVTAC TO OTNV
edappoyn HEow tou socket

\ /

Eninedo Metagopdg 3-34
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UDP: kepaAida tpuApotoc

«— 32 bits ——

<'source ort dest port # ‘>
length checksum D
Mrkog Tou
application \ T”n“%?gy%eDsp
data oupnEPINaPBAvoUEVNG
(payload) NG KEPaAidag
\za npog/and To
Aopr) THARATOC UDP eninedo e@appoyng

Eninedo Metagopdg 3-35
14 14
UDP checksum (aBpolopa eAeyyou)
Jkomoc: avixvevon opaApatwy (6nA. aveotpappévwy bits) oto
HeETASLOOUEVO TUAUA
1t aplBudg 2" aplBudg abpolopa
QTIOOTOAN: 5 6 11
A{UN: 4 6 11
\ Y J l_'_l
ABpoLopa-eAEYXOU UTIOAOYLOHEVO ABpOLoPO-ENEYXOU UTIOAOYLOUEVO
aro Tov mapaAnmn arod anootoAéa (6nwe AapBdvetal)
Eninedo Metagopdg 3-36
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UDP checksum (aBpolopa eAeyxou)
TKOTOG: avixveuon “oPpaApATWY” (m.X. avesTpappévwy bits) 0TO LETAOLOOUEVO TUA A

AnootoAgag: AEKTNG:
O xelpiletal To mepLEXOUEVO TOU :
TR LOTOC (oUpTEpaBOVOpEWY Q uno)\ovtou’oq TOoU ch’ecksum TOoU

nediwv T kedparidac), W akoAoubia AapBavopgvou LnvUpOTOG
aKepailwv Twv 16 bits 0 €\eyx0o¢ av TO UTTOAOYLOMEVO
checksum ooUtal pe TV TN TOoU

0 checksum: MpocBeon (cupumiipwpa nediou checksum:

w¢ Ttpog To 1 tou abpoiopatoc) TOU ) ) )
TLEPLEXOMEVOU TOU THUAHOTOC = Oxt - avixveuon odpaiparog
(+ mMAnpodopia and eninedo Siktvou) = Nat— un aviyveuon opdaApartog
AN\G tapoAa autd evOEXETAL VA
yivouv AdBn; (meplocotepa otn
OUVEXELQ)

O 0 anooTtoA£ag TOMOBETEL TNV TIUN
Tou checksum oto nedio checksum
TOU TUpatog UDP

Av «0» &gv anattei €Aeyyo (v4) Eninedo Metapopic 3-37

Noapadetypa Checksum Atadiktuou

Inueiwon: Katd tnv mpooBeon twv aplOpwy, To KPATOUEVO A0 TNV TILO CNUAVTLIKY B€on
TipENEL va tpooteBel oto anotéAeopa

MNapadelypa: mpocBeon SVo akepaiwv 16-bit

1110011001100110
1101010101010101
wraparound@1011101110111011

sum 1011101110111100
checksum 0100010001000011

Eninedo Metagopdg 3-38
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Noapadetypa Checksum Atadiktuou

MNapadelypa: mpocBeon SVo akepaiwv 16-bit

01100 1(10

11100110 1 (
1101010101010 10 D

wraparound 1)1 001 1101110111011 Av kau kmotot apuBuol

tpomnomnotntnkav (bits
aveotpadnoav), To
aBpolopa-ghéyyxou AEN
aAAGlel! Autd ta opaApota
Sev aviyvevovral (kal ToAAG
aMal)

= O

1
0

sum 101110
checksum 010001

=

11

o

o

o

= O
o B
o B
o =
o =
= O
= O

Eninedo Metagopdg 3-39

Yuvoyn: UDP

= oAU anAd mpwtoKoAAo petadopdc tou Aladiktuou:

e TuApata prmopet va xaBouv ) va mapadoBoUv eKTOG OELPAC

* Yrninpeoio «BEATLOTNC MPOOTIAOELAC» : ATTOOTOAN TUNUATWY LE EUXEC Lol
TO KOAUTEPO

= UDP €xel kot to. OETKA TOU:

* Aev anotteital eykaBidpuon ouvdeonc / xewpapia petafd anootoléa /
Séktn (&ev umtelogpyetat kaBuotépnon RTT)

* Mrnopel va Aettoupyel kat 6tav to diktuo epdavilel cupdpopnon
* Mapéexel kamota aflomnotia (checksum)

= Mnopel va npooteBei AsttovpykotTnta navw amno to UDP oto eninedo
ebappoyng (r.x., HTTP/3)

Eninedo Metagopdg 3-40
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Entinedo Metadopadc: nepiypoppa

QO Ynnpeoieg enunédou petadopag

O MoAUTAEEN Kal armomoAUTIAEEN
(Multiplexing and demultiplexing)

0 Aouvdeopkn petadopa: UDP

Q ApxEc Tnc aflomotng petadopag
dedopevwy

0O Yuvdeoutkn petadopad: TCP

O ApxEc eAéyxou ocupdopnong

0 ‘EAeyxoc oupdopnong tou TCP

0O E€EALEN Tou Emumédou Metadopag

Eninedo Metagpopdg

3-41

ApxEc a&lomiotng petadopac Sedopevwy

O Inuavtkn ota enineda epapuoyng, petadopadg, LeVEng
O Zto top-10 Twv onpavtkwy Bepdtwy Tng diktuwong!

w =
<& sending receiving jl
process process

application data

transport — |
I:\
¢

Movtélo-amelkovion
aflomotng petadopag

Eninedo Metagopdc

3-42
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ApxEc aglomotng petadopac Sedbopevwy

H moAumAokotnTa TOU
TPWTOKOAAOU |
aLOmLoTNG uersxcbopdq - l
6ebopevwy Ba application data data
efaptartal anod ta transport t I
XOPOKTNPLOTIKA TOU
avaélomniotou
KaVOALOU (amtwAELEC,
odAApaTa, EKTOG
oslpag napadoaon)

sender-side of
reliable data
transfer protocol

receiver-side
of reliable data
transfer protocol

/tr ;,// A
network 4 ,

YAomoinon unnpeoiog aflonotng Letodpopag

Eninedo Metagopdg 3-43
14 14 14 14
Apxec alomiotng petadopac dedopevwy
AmnootoAéag, 6éktng AEN S sending
yvwpilouv tnVv «kotaotacn» ' process
’ ’ ’ application ata
ToU AAAOU, TLX. €4V EAjdON TO ‘;f;ns,:oTl—
UVU QL.
- ’ . sender-side of
Extog av EJ:[LKOL'V(UVI’]GI’] KE N able date ,
mAnpodopia HEow transfer protocol \
HUNVUHOTOG. :
ﬁﬂ//“’/{
network ):
YAomoinon unnpeoiog aflonotng Letadpopag
Eninedo Metagopdc 3-44
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Reliable data transfer protocol (rdt): Stemadec

deliver_data(): ka\eital ané6 To
rdt yia va napadwoel dedopéva
0TO av@TEPO ENinedo

rdt_send(): kaAeitar and navow,
(n.x., anod Tnv epapyoyn). Aivovrai
dedopéva yia napadoaon aTo
avwTEPO €NiNEdQ Tou BEKTN 1

& — &
= sending receiving
rdt send() data data
t \/ | deliver data()

sender-side data receiver-side
implementation of implementation of
rdt reliable data rdt reliable data
packet
transfer protocol transfer protoco
ug/ send () 4 EEEEIEER] TN
udt_send(): ka\eitar ano " 2 r\dt_rcv():
TO rdt, yia Tn peTagopa — | — KaAeiTal 6Tav To
NakeTou Navw anod NakeTo PTACEI
ava&ionioTo Kavahi oTov oTnV NAgupd Tou
ek Emikowvwvio mavw armno 1o avalomnioto kavahiol Tou
KOVAAL KoL 0TLG 2 KOTeLBUVOoELG BEKTN
Eninedo Metagopdg 3-45
AgLomiotn petadopd SeSOUEVWV: EEKLVWVTOG
Oa:
= QVAMTUEOUE OTASLOKA TIG TAEUPEC TOU QTMOCTOAEX KAl TOU SEKTN EVOG MPWTOKOAAOU
alomiotng petadopag dedopévwy [reliable data transfer (rdt) protocol ]
* BewpPnoOoUUE LOVOo povodpopn petadopd dSedopévwy
= AA\G n kivnon gAéyxou Ba pEeL kal pog tig SUo KateuBUVoELS !
O Xprnon pnxavwv MeMePACUEVWY Kataotdoewy [finite state machines (FSM)] yia tnv
owotn Kat oAokAnpwuévn mpodiaypadn / meptypadr evog mpwtokOoAAou
(r.x. Tou rdt mou UAOTOLOUV O ATMOCTOAEQG KAL O TTAPAANTITNG-OEKTNG)
SupBav (event) nou npokaAei Tn peTapaon WETAEl Twv KATAOTACEWV
Evépyeleg (actions) nou Aappavouv xwpa kara Tn Perapaon
KataoTaon (state): ovrag
TNV «KATACTACN» N
€nOUevVN KaTaoTaon event
kaBopieTal povadika and actions
TO ENOHEVO CUMBAV
Eninedo Metagopdg 3-46
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AgLomiotn petadopd SeSOUEVWV: EEKLVWVTOG
MNapadelypa: UoTnUa SLAKOTTN — AQUTTTH PO

= eplypadr) KOVOVWVY AELTOUPYLAC TOU CUCTHHATOG («TIPWTOKOAAOU»)

O Xpnon pnxovwv Menepacuevwy kataotacewy [finite state machines (FSM)

SupBav (event): kAgioipo dlakonTn

, Evépyeieg (actions) : o Aauntnpag opnvel
KaTtaoTaoslg (states): pyeteg ( ) prTiipag ol

SupBav (event): avolyua diakonTn

Evépyeieg (actions) : o Aapntrpag avaBel

Eninedo Metagopdg 3-47

rdt1.0: aélomiotn petadopd EMAVW 0 AELOTILOTO KOVAAL

= TO UTTOKELEVO KaVAAL ival TIANpwC aLOTILOTO
= Xwpig AdOn bit
= Xwplc anmwAeLle MOKETWY

FSM yia rdt1.0

= ZexwpPLOoTEG FSMs yla tov anootoAéa, S€ktn:
= O anmooToA€ac oTtEAVeL SeSOUEVA OTO UTIOKELUEVO KOVAAL
= O &éktng Stafalel Sedopéva amod To UTIOKEIUEVO KaVAAL

T Wait for rdt_send(data) "% Wait for rdt_rcv(packet)
call from )packet = make_pkt(data) call from extract (packet,data)

below i
above udt_send(packet) deliver_data(data)

anooToAEaG béktng

Eninedo Metagopdg 3-48
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Rdt2.0: kavaAL ue obaApata bit

O To umokeipevo KavaAt evoExetal va avaotpeYel bits oto makéto
= Checksum ywa tnv avixveuon odpaipatwv bit

O Epwtnua: mwe va yivetat n avavnyn ano Aabn:

MW¢ AVAKAUTTOUV Ol AvOpWTToL LETA oo “Aadn”
Katd tn SlapKela cuvoAlag;

Eninedo Metagpopdg

3-49

Rdt2.0: kavaAl pe opaipota bit

O To unokeilpevo KavaAL evoexetal va avaotpéPel bits oto maketo
= ABpolopa eAéyxou (Checksum) yila tnv avixveuon opaApdtwy bit
O Epwtnua: mwe yivetal n avavnyn ano Aadn;

= Octikeg emiBeBaiwoelc [acknowledgements (ACKs)]: o 6€ktng AE€L pnTA oTOV
amooToA£a OTL To MakETo AdOnke cwotad

= Apvntikeg emiBeBaiwoslc [negative acknowledgements (NAKs)]: o 6€ktng AéeL pnta

OTOV QTTOOTOAEQ OTL TO TIOKETO £iXe AdON
= O 6éktng avapetadidet To makéTo PoALg AdBel NAK

—— stop and wait

ATIOOTOAEQC OTEAVEL £VO TIOKETO, LETA TIEPLUEVEL VAL AKOUOEL
oo Tov SEKTN

Eninedo Metagpopdg

3-50
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sender

rdt_send(data)

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

rdt_rcv(rcvpkt) &&
isNAK(rcvpkt)

udt_send(sndpkt)

call from
above

rdt_rcv(rcvpkt) && isACK(rcvpkt)
A

rdt2.0: FMS meplypadn

rdt_rcv(rcvpkt) && corrupt(rcvpkt)
udt_send(NAK)

)

Wait for
call from
below

receiver

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

udt_send(ACK)

Eninedo Metagopdg 3-51
Rdt2.0: Aettoupyia xwpic opaApata
sender
rdt_send(data) .
snkpkt = make_pkt(data, checksum) receiver
So rdt_rcv(rcvpkt) &&
isSNAK(rcvpkt) rdt_rcv(rcvpkt) &&
call from dt_send(sndpkt) corrupt(rcvpkt)
above _—
udt_send(NAK)
rdt_rcv(rcvpkt) && isACK(rcvpkt)
< A
rdt_rcv(rcvpkt) && -
notcorrupt(rcvpkt)
extract(rcvpkt,data)
deliver_data(data)
udt_send(ACK)
Eninedo Metagopdg 3-52
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Rdt2.0: oevaplo aAAOLWUEVOU TTOLKETOU

sender

rdt_send(data)

snkpkt = make_pkt(data, checksum)
d

receiver

call from
above

cor_rupt(rcvpkt)

udt_send(NAK

rdt_rcv(rcvpkt) && isACK(rcvpkt) ~.

Wait for
call from
below

rdt_rcv(rcvpkt) &&
notcorrupt(rcvpkt)
extract(rcvpkt,data)
deliver_data(data)
udt_send(ACK)

Eninedo Metagpopdg

3-53

TioupBaivel av aAolwBel (€xel
odalpa) to ACK/NAK?
O O amooctoAéag 6ev yvwpilel TL ouvePn oto

6éktn!

O Aev pmnopel anmAd va avopeTadwoel
(evéexouévwe dutha (duplicate) makéta -
ACK). OUte va punv avapetadwoel

To rdt2.0 €xel €va polpaio opaipal

Awaxeiplon SmMAwV MOKETWV:

MPOCBETEL apLBuo akoAovdiag

O O amootoAéag avapetadidel To TpEXOV
maketo av oAAowwOel to ACK/NAK kat

(sequence number) o€ KABE MAKETO

(evéexouévwe To maketo dev Ba AndOet MOKETA
noté — NAK).
O O amnootoAéag avapeTadidel To Tpéxov stop and wait

makeTo av aAAowwOsl to ACK/NAK kat
EVOWUATWVEL LNXOVIOMO Slaxeiplong

ATIOGTOAEQC OTEAVEL £Va TTAKETO, UETA
TIEPLUEVEL VA QTOVTAOEL 0 SEKTNG

evOeXOUEVWV SUTAWV TIAKETWV

Eninedo Metagpopdg

O O &¢ktng avtidauBavetal Kol amoppintel
(6ev mpowBel mpo¢ ta mavw) ta SuTAd

3-54
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rdt2.1: anootoA£ac, Staxelpiletal aAAoltwpeva ACK/NAKs

rdt_send(data)

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

rdt_rcv(rcvpkt) &&
(corrupt(revpkt) ||
isNAK(rcvpkt) )

udt_send(sndpkt)

rdt_rcv(rcvpkt)

&& notcorrupt(rcvpkt) && rdt_rev(revpkt)

i && notcorrupt(rcvpkt)
___ISACK(revpkt) 8& iSACK(rcvpkt)
A A
rdt_rcv(rcvpkt)
&& (corrupt(rcvpkt) ||
isNAK(rcvpkt) ) rdt_send(data)
udt_send(sndpkt) sndpkt = make_pkt(1, data, checksum)

udt_send(sndpkt)

Eninedo Metagopdg 3-55

rdt2.1: 6€ktnc, Staxelpiletol aAAowwpeva 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_seq1(rcvpkt)

sndpkt = make_pkt(ACK, chksum)

udt_send(sndpkt)

rdt_rcv(rcvpkt) &&
not corrupt(rcvpkt) &&
has_seqO(rcvpkt)

sndpkt = make_pkt(ACK, chksum)
rdt_rcv(rcvpkt) && notcorrupt(rcvpkt) udt_send(sndpkt)
&& has_seq1(rcvpkt)

extract(rcvpkt,data)
deliver_data(data)

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

Eninedo Metagopdg 3-56
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rdt2.1: ZulAtnon

ATtOOTOAEQC:

0 310 mokETo mpootiBetal #
akoAouBiag

0 Avo # akolouBiag (0,1) apkoUv.
Mot

O MNpémet va eAéyéel av to ACK/NAK
miou €Aafe eivatl aAAoLwpEVO

O AUTAQOLEG KATAOTAOELG

= H katdotaon npémneL va «Bupataly
QV TO «OVOUEVOEVO» TIAKETO EXEL
# akolouBiag0n 1

AgkTnc:
O Npénel va eAéyéel av To
AapBavopevo MaKETo elval SUTAG

o H katdotaon unobelkvueL av
avapevetat0n 1 wg
# akoAouBiag makétou
O Inueilwon: o §éktng dev pumopel va
YVWPLEL oV TO TEAEUTALO TOU
ACK/NAK eAn$6n ocwota otov
QTOOTOAEQ

Eninedo Metagpopdg

3-57

rdt2.2: Eva mpwtokoAAo xwpic NAK

018w AettoupylkotnTa e to rdt2.1, xpnotponowvtag povo ACKs
O Avti yia NAK, o 6€ktng otéAvel ACK yia to teAeutaio makéto mou éAafe

owoTA

= O &€KTNC MPETEL pNTA VO cUTIEPINABEL TOV # akoAouBiag Tou TaKETOU
yla to omolo yivetat n Betikn emifeBaiwon (ACK)

0O AutAo6 (duplicate) ACK otov amootoA£a €XEL oV AMOTEAECUA TNV (6L
eveépyela onwc to NAK: avauetadidel to TpEyov makETo

©a doUue otLTo TCP Ypnolpornolel autn tnv mpoaogyylon (NAK-free)

Eninedo Metagpopdg

3-58
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rdt2.2:AMooTIACHOTO ATTOOTOAE, SEKTN

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

udt send(sndpkt) rdt_rcv(rcvpkt) &&
( corrupt(rcvpkt) ||
Wa|t for .
__________ sz?;tfiz:n ACK isACK(rcvpkt,1) )
above udt_send(sndpkt)
.......... sender FSM
........ fragment rdt_rcv(rcvpkt)

.......... && notcorrupt(rcvpkt)
rdt_rcv(rcevpkt) && e 88 isACK(revpkt,0)

(corrupt(revpkt) || = o~ T A
has seq1(rcvpkt))C Wa|tfo receiver FSM
udt send(sndpkt) below fragment ......

rdt rcv(rcvpkt ) && notcorrupt(rcvpkt)
&& has_seq1(rcvpkt)

Suveyilel va EI'IIBEBGIQ)VE\ TI']

Miyn Tou nakérou pe SNslN 0 extract(rcvpkt,data)
apa NepIYEVE! MAKETO HE . _ deliver_data(data)
* sndpkt = make_pkt(ACK1, chksum)
udt_send(sndpkt) Eninedo Metagopig  3-59

rdt3.0: kavaAla pe opaApato Kol ArmwAELEC

NEa urtoBe0n: TO UTTOKEIEVO KAVAAL UITOpPEL eTiONG va XAOEL TTOKETAL
(6edopéva ) ACKs)
= ABpolopa eAéyyou, # akoloubiag, ACKs, avapetadooelg fonbBouv aAAd dev
opKoLv

Q: MNwc¢ dtayxepilovrat ot aavBpwrot to mpoBAnua
xouevwy Aeéswv o€ uta cuvoutAia?

Eninedo Metagpopdg

3-60
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rdt3.0: kavaAla pe opaApoto Ko ArmwAELEC

[TpooEyyLon: 0 AMOOTOAEQNC TIEPLUEVEL YLOL «EUAOYO» XPOVIKO Staotnua yia to ACK

O Avopetadidet av dev AndOet ACK og autd to daotnua

O Eav naketo (i ACK) amAd kaBuotépnoav (dev xabnkav):

= Emavapetadoon Ba odnynoel oe SMAG (duplicate) makéto, aAAd oL # akoAoubiag to
avTLLETWlOUY aUTo

* 0O 6éktng Ba mpenel va mpoodlopilel # akoAouBiag Tou MaKETOU Mo emBePalwveTal.

0 Xprion XpovoueTpnT avtiotpodng HETPNONG Yo va SLAKOYPEL LETA Ao
«gVAOYO» dLaotnua

timeout

Eninedo Metagopdg 3-61

rdt3.0 amootoA£ag

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

Wait for
call 0 from
above

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

stop_timer

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

op_timer

Wait for
call 1 from
above

sndpkt = make_pkt(1, data, checksum)
udt_send(sndpkt)
start_timer

Eninedo Metagopag — 3-62
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rdt3.0 amootoAeag

rdt_send(data)

rdt_rcv(rcvpkt) &&

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

\ udt_send(sndpkt)

isACK(rcvpkt, 1) )

rdt_rcv(rcvpkt) start_timer ~
A
timeout
udt_send(sndpkt)
start_timer

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

stop_timer

timeout
udt_send(sndpkt) C
start_timer

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

stop_timer

rdt_rcv(rcvpkt)

A
rdt_rcv(rcvpkt) && rdt_send(data)
( corrupt(revpkt) || sndpkt = make_pkt(1, data, checksum)
iSACK(rcvpkt,0) ) udt_send(sndpkt)
- start_timer
A
Eninedo Metagopag  3-63
14
rdt3.0 og 6paon
sender receiver
sender receiver send pkt0 kt0
rcv pkt0
send pkt0 \k ack send ack0
rcv pkt0 rcv ack0
ac send ack0 send pktl \MX
rcv ack0 /ﬂ/ b
send pktl \M\‘
rcv pktl
rcv ackl ack send ackl @ timeout.
send pkt0 kt0 resend pktl \m\‘
-t > S
2K send ackd rcv ackl
send pkt0 \K
rcv pktO
ack send ack0
(a) no loss
(b) packet loss
Eninedo Metagopds — 3-64
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rdt3.0 oe 6padon

. sender receiver
sender receiver d ko
send pkt0 —
PO B0 o = %
ac send ack0 rcv ack0 — ack0
rcv ack0 /ﬂ/ send pktl_~~ pkt1
send pktl \M\‘ ~~. rcv pktl
rcv pktl _~ send ackl
yekl—"send ackl _ ack
- loss timeout.
timeout. resend pktl Kt1
resend pktil kt1 rev pktl PRt , rcv pktl
\\ (detect duplicate) rcv ackl (detect duplicate)
ack send acE send pktO pkt0 send ackl
ser% ?)%(1) kt0 rev ackl « 2 v pkt0
\ rev pkt0 (fanore) acko send ack0
ack send ack0 e
T pkt
~
(c) ACK loss
(d) premature timeout/ delayed ACK
Eninedo Metagopls — 3-65
14 .
Amtodoon tou rdt3.0 (stop-and-wait)
0 Antodoon: Babuocg xpnong (utilization) — mooootod tou xpovou mou o
QOOTOAEQC Elval OMOOXOANUEVOC OTEAVOVTOG
0 N.x.: Levén 1 Gbps, kaBuoteépnon dtadoanc 15 ms, makEto 8000 bit:
*  XpOvog yla TNV UETAS0ON) TOU TIAKETOU OTO KAVAAL:
D, .= L _ 8000bits 8 microsecs
trans™ R " 109 bits/sec
Eninedo Metagopdg 3-66
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rdt3.0 stop-and-wait Asttoupyia

sender receiver

first packet bit transmitted, t = 0 —fce--------------ooceeee

first packet bit arrives

RTT —last packet bit arrives, send ACK

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

Eninedo Metagopdg — 3-67

rdt3.0 stop-and-wait Aettoupyia

sender receiver
__ LR apu
Usendel'_ m
_ .008 I 7
~30.008
= 0.00027 &

* H anodoon tou rdt 3.0 mpwtokoAAoU ival oAU pikpn!
= To mpwTOKOAAO TepLlopilel TNV anmodoon tnG UIOKELEVNC uTTOSOUNC (KatvaAL)

Eninedo Metagopdg — 3-68
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Rdt3.0: MpwtokoA\a pe dLoxEteuon
Aloxetevon (Pipelining): o arnootoA£ag emitpEmnel mOAAATMAQ, “ev tnosl”,
npog emiBefaiwon maketa
= To eUpoC Tou aplBpoL akoAouBiag npémet va auénbel
= Evtopievon (buffering) otov amootoAéa /Kot oto §€KTn

<+— ACK packets

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

Eninedo Metagopdg 3-69
7 . o e ’ ’ /i
Awoxetevon (pipelining): avénon BaBuou xpriong
(utilization)
sender receiver
MeTadideTar To 1° bit Tou TrakéTou, t=0_{ ______________________________
MeTadideTal To TeAguTaio bit Tou
makétou, t=L/R
1° bit Tou 1°V TrakéTou POAVEI
RTT _ TeAeUTaiO bit PBAvel, oTéAvel ACK
> teAeuTaio bit 20U TTaKETOU @Bavel, otéAvel ACK
—TeAeuTaio bit 3ou TTakéTou @BAvel, oTéAvel ACK
®Bavel 1o ACK, oTéAvel TO I ,
€mopEvo TTakéTo, t=RTT+L/R T[Sy Tp LT[}\G.GLG.GH.OQ
i BaBpou xpriong yLa
- L pipelining 3
TIAKETWV !
3L/R 0024
conder™= - = 0.00081
RTT+L/R 30.008
Eninedo Metagopag  3-70
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Go-Back-N: amootoAgoc

O AmnootoAéagc: Emtpenetal «mapdbupo» (“window”) €wg kat N, cUVEXOUEVWVY N
eTBEBALWUEVWV TTOKETWV

o k-bit # akoAouBiag otnv kedpaAiba Tou akETou

dlready usable, not
ack’ed yet sent

IIIIII IIIIIII]I]I]I]I]I]I] | st || rotuscme

wmdow size —4

send_ base nexfseqn um I

U «ovoowpeutikd ACK» (“cumulative ACK”): ACK(n): emiBeBatwvetl OAa Ta TTAKETA £WC KOLL ALUTO
pe # akohouBiag n

o Me tnv Aqdin tou ACK(n), To mapdBupo LETAKLVELTAL UMPOOTA WOTE VA EEKLVA Ao TO n+1
] XpOVOUETPNTAG YL TO APXAULOTEPO KEV TITHOEL» TIAKETO

U timeout(n) (Arién xpdvou(n) ): avopeTadidel To MOAKETO N Kal OAA Ta aKETA e upnAotepo #
akoAouBiag oto mapaBbupo

Eninedo Metagopdg 3-71

Go-Back-N: 6€ktng

= ACK-only: otéAvel ACK yla to makéto nou £xel AndOel cwotad kal pEpeL Tov
peyoaAUtepo # akoAouBiag, umo tnv MPoidOeon OTL OAQ T TTAKETA UE ULKPOTEPOUG #
akolouBiag €xouv AndOel owotd (highest in-order seq #)
* Mrnopei va dnuioupynoet Sutha ACKs
* Xpelaletal va Bupdtal povo to rcv_base
= EQv AQBEL TOKETO EKTOG OELPAG:
* Mrmopei va to anoppiel ] va to evtaplevoet (B€pa uhomoinong)
* Emava-emiBePalwvel TO MAKETO LE TOV LEYOAUTEPO in-order seq #

Receiver view of sequence number space:

IIIIIHIIIHHHHH |
rcv base H

I received and ACKed

Out-of-order: received
but not ACKed

Not received

Eninedo Metagopag — 3-72
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Go-Back-N: Aesttoupyia

\

send pkt2- 0
0SS,

@ pkt 2 timeout /

sender window (N=4) sender
KPR 5678 send pktO
01 2 3 R send pktl
R 567 8
[REY: 5678 send pkt3
(wait)
oflEEE¥ 678 rcv ack0, send pkt4
0 1TEEERIS 78  rcv ackl, send pkt5
ignore duplicate ACK
B2 3 4 5 N& send pkt2
0 1EEE¥Y6 7 8 send pkt3
(R12 3 4 5 F&S send pkt4
B2 3 4 5 & send pkt5

W

receiver

receive pkt0, send ack0
receive pktl, send ackl

receive pkt3, discard,
(re)send ack1

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

Eninedo Metagopdc

3-73

Erthektikny EmavaAnyn (Selective Repeat)

= O §€ktNnC emBeBalwvel pepovwEVA OAa Ta owoTAd AndOEvta makETa
= EVIQULEVEL TIOKETA, AV XPELALETOL, WOTE TEALKA VO TTOPASWOEL T TTAKETA

O£ OWOTN OELPA OTO AVWTEPO EMIMESO

= O anootoAéag times-out/EavaoTtEAVeL LOVO Ta TTAKETA YL TOL OTtoloL SV £XEL

AndOel ACK

= XpOVOUETPNTAC OTOV AIMOCTOAEQ Lo KAOE Un emIPePBALWUEVO TIAKETO

" MapaBupo amooTtoAéa
= N guvexouevol # akolouBiag

= Meplopilel Toug # akoAouBiag Twv OTOAUEVWY, LN eMBEBALWUEVWV

TLALKETWV

Eninedo Metagpopdg

3-74
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ErtiAekTikn) emavaAnyn: mopdBupa armootoAEa Kol SEKTN

send_base  hextsegnum — bl ot
¢ . ¢ ack’ed yet sent
OO0 REAETNITILONONNNN | sepeagrs [ rotosace
t _ window size —24
N

Jannanan

rcv_base

TR0

g - window size —4

(a) sender view of sequence numbers

out of order
(buffered) but
ady ack’ed

IExpec‘red, not I] not usable

acceptable
(within window)

yet received

(b) receiver view of sequence numbers

Eninedo Metagopag — 3-75

Ertllektikn emavaAnydn: amootoAeag, SEKTNC

OTTOOTOAEQLC

S€KTNg

Agdopéva ano mavw:

o Av gival 8laB€aLpog o emOpevVog
#akolouBiag oto mapabupo, oteile
TIOKETO

timeout(n)(An&n xpovou (n)):
o ZOWOOTEIAE TO TTAKETO N, EMAVEKKIVNOE TO
XPOVOUETPNTA
ACK(n) o€ [sendbase,sendbase+N]:

o ZNUElwOoE To MAKETO N WG AndOEv

o AV TO n glval To HUKPOTEPO N
eruPePalwUEVO TTAKETO, LETOKIVNOE TN
Baon tou mapabupou oToV EMOUEVO Un
erupepatwpévo # akolouBiag

TLOKETO h oTo [rcvbase, rcvbase+N-1]
O oteile ACK(n)
O EKTOG 0elpdg: evtapieuos
O e oelpd: mapadwoe (emiong mapadwoe ta
EVTAULEVIEVQ, OE OELPA TIAKETA),
petakivnoe to mapdBbupo oto emduevo
TAKETO Ttou Sev £xeL AndOel akdua
TLOKETO n oTo [rcvbase-N,revbase-1]
O ACK(n)
StadopeTika:

O ayvonoe

Eninedo Metagopdg 3-76
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ErtlhekTikn emavaAnyn «ev dpace»

sender window (N=4) sender

receiver

012 3 WA send pkt0
EERY: 5678 send pktl \ e oKED. send ackG
EEY: 567 8 send pkt2- receive pktU, send ac
RPEY. 56 7 8 send pkt3 \X/OSS receive pktl, send ackl
(wait) ]
receive pkt3, buffer,
oflZEE¥s678 rcv ack0, send pkt4 send ack3
K] 2 3 4 5 F&]
rev ackl, send pkts receive pkt4, buffer,
record ack3 arrived send ack4
- receive pkt5, buffer,
@ Pkt 2 timeout | send ack5
B2 3 4 5 F& send pkt2
0 1EEYI¥6 7 8 (but not 3,4,5) \
012 7 8 rcv pkt2; deliver pkt2,
(R12 3 4 5 F&S / pkt3, pkt4, pkt5; send ack2

Q: tt ouuBaivel otav @Bavet to ack2;

Eninedo Metagoplg — 3-77
Mapabupo onooTo)\ea Mapdbupo dékTn
ETtAEKTIKA ETTAVOANYIN: tebmiiu (s b
K3 012
SIAnUpa
K012 (]2 3 0
' 0 1 2ETEl2
moapAadelypa: ofEHlo 12
. . R] 2 3 0§ I
= seq #s:0, 1, 2, 3 (base 4 counting) TR0 T, G0 anodeyGel nakéo
. . LE ap. akoA. 0
= window size=3 ' '
(a) Kaveva npopAnual
AN Tou 5° nakéTou
KB 0 12 —RKt0
[EH: 0 1 2 —Dktl ofEElo 12
X3 012 —pkt2 X 0 1EEIY1 2
[\RWI3 0 1P
timeout
retransmit pkt0 K0
Ea: - 12 \ Ba anodexBei nakeTo
. e ap. akol. 0
(b) npoBAnual
Enavaperadoon 1oV oxi 5° Eninedo Metagopag — 3-78
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Ermtihexktikn emavaAnyn:

SIAnupa

napadelypa:
= seq#s:0, 1, 2, 3 (base 4 counting)
= window size=3

E: Nolwa mpénet va ival n oxéon

HeTalL sequence # size ko
window size yia va punv

TapoucLaleTal To MPoBAnua

TOU oevapiou?

A: Window size péxpl To HI00 Tou €0pOUG TIHMV TwWV apiBuwv akoloubiag

(peTa Tn Ayn)

MapaBupo dEkTn
(peTa Tn Adyn)

Mapadupo anooToAéa

7 o]0 12
0 12 3 0
\» 0 1 2ETKl2
= O béktnc bev I
, ~—— Oa J&xBei TO NakETo
UropetL va 55 L ' LE apiBuo akoAoubiag 0

ylvetat otnv

MAgupa Tou

anootoAéa
= O bektng

CUUTIEPLPEPETAL

navopotoTunaL n7 ofEE0 1 2
Ko otig 2 — 0 1EEI1 2
neptwoelg! — 01 2FTEl>

= YIIapyEL KATTOLO
npoBAnua!

BOa dexBel To NakeTo
LE apiBuo akoAoubiag 0

Eninedo Metagopdc

3-79

Entinedo Metadopadc: nepiypoppa

O Ynnpeoieg erunédou petadopag

O NoAumAeén kat amomoAUnAsén (Multiplexing and

demultiplexing)

O Aouvbeoukn petadopa: UDP

O Apx€g tng aglomotng petadopag Sedopévwv

Q Juvdeouikn petadopa: TCP
o Aopn THAMATOC
o Aflomiotn petadopa Ssdopévwv
o 'EAeyxog pong
o Aloyelplon ouvdeong
O Apxég eAéyxou ocupdopnong
O EAeyxoc cupudopnonc tou TCP

Eninedo Metagpopdg

3-80
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TCP: Emiokomnon RFCs: 793, 1122, 2018, 5681, 7323

U Ao onpeio mpog onpeio:
= Eva¢ armooToA€Q, EVaG
SEKTNC
L A&omotn, os oglpd pon ano
bytes:
= Xwplig “opla pnvupatwv”
U NAnpwg apdidpopa dedopéva:
= AwkateuBuvTikn pon
debopévwy otny dla
ouvdeon
= MSS: maximum segment size

(uéyloto péyebog Tunuatog, ouvnBwg
1460 bytes)

U>voowpevutikd (cumulative) ACKs
U Me Soxétevon:

= OL €AeyxoL oupdOpNONG Kal PONC
Tou TCP kaBopilouv T0 peyebo¢
Tou Tapabupou

U >uvbeopkn:

» Hyewpaia (handshaking)
(avtaAAayn pnvupATwY EAEyXOU)
OPXLKOTIOLEL TNV KOTAOTACN TOU
QIOOTOAEQ KOl TOU SEKTN TIPLV
NV avtaAayn debopévwy

U Pon umo €Aeyyo:

* O anmootoAéag dev Ba
UTtEPPOPTWOEL TO SEKT

ninedo Metagpopdg

Aoun tuApatoc TCP

ACK: seq # tou
ETIOUEVOU

source port #

32 bits ———

segment seq #:

dest port #

QVapEVOEVOU byte;

sequence number

anaplBuwvtag ta bytes
Twv deSopévwy o€ POEG

A bit: auTto eivat 1ACK
\\acknowledgement number

bytes (oxt tunuartal)

ko (TCP kedohibag) _____tread|not|c[e]T o e

receive window flow control: #

Internet _____—

check}n{n

bytes mou
umnopei va

checksum
C, E: congestion

/ tions (METABANTO UNKOG)

6exOel 0 6€kTNG

notification
TCP options /

A ¢ Asedopéva
RST, SYN, FIN: £50|J€V(’1 TIoU :té)\vst
' EQAPUOVAS .
Saxeipion S n ebappoyn
o0V8EONC (MeTaBANTOU pAKOUG) ot0 TCP
socket

Eninedo Metagpopdg

3-82
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TCP: aplBuot akoAoubiac kot ACKs

AplBuot akolouBiac (Seq. #'s):

= ApLOBUOG Tou MpwTou byte

TwV 8€60UEVWY TOU TUNHUATOC

ACKs:
= seq # Tou emopuevou byte mou
OVOLEVETAL QTTO TNV GAAN
TIAEUpA

= oUuooWwpPEUTIKA ACK
E: nwg Staxelpiletal o §€kTng Tt
TUAMOTO EKTOG OELPAC;
= A: n npodiaypadn tou TCP
Sev kaBopilel (evamokeLtal

outgoing segment from sender

source port #

dest port #

sequence number

acknowledgement number

rwnd

checksum

urg pointer

window size

sender sequence number space

sent
ACKed

sent, not- usabIe not
yet ACKed but not usable
(“in-flight”) yet sent

Outgoing segment from receiver
l source port # [ dest port # l
sequence number
o | acknowledgement number ‘
a rwnd

l checksum [ urg pointer l

O"Env UAOT[OIU’] o‘n) Eninedo Metagopdg 3-83
I I
TCP aptBuot akoAoubiag, ACKs
Host AJ D Host B
User types ‘C’
CK=79, data = C i
host ACKs receipt
of ‘C’, echoes back ‘C’
Se CK Jata= ‘C’
host ACKs receipt
of echoed ‘C’
Seq 43, AC
simple telnet scenario
Eninedo Metagopdg 3-84

2025

42



Xpovoc Atadpopnc pet’ emotpodnc (Round Trip
Time) ko Anén Xpovou (Timeout) tou TCP

E: Mwc kaBopiletal n TR Tou
timeout (An&n xpovou) tou TCP;

U MeyaAutepo amo RTT, aAld to
RTT petafarietal !

U oAU ouvrouo: mpwiuo timeout,
LN omapaitnTeC avapeTadO0ELg

U ueyaing ditapketac: apyn
avtidpaon o€ AnMwAELN TUAUOTOC

E: Mwc extipdtal to RTT;

U SampleRTT: xpdvog ou HETPLETOL
oo TN YETAS00N TOU TUNHOTOG WC
Vv napoAafn tou ACK

= qyvoouvTal oL AVOUETOSO0ELG

U To SampleRTT Oa petafarietay,
B€Aoupe To ekTIpWHEVO RTT 1o
“opalo”

= HECOC OPOG OPKETWV TIPOCHATWVY
HETPNOEWV, OXL LOVO TOU TPEXOVTOG
SampleRTT

Eninedo Metagpopdg

3-85

Xpovoc Atadpopng Met’” emtotpodnc (Round Trip
Time) kat Anén Xpovou (Timeout) tou TCP

EstimatedRTT =

0 ExkBeTikn otaOuopévn
KNt LEoN TN
(Exponentially Weighted

(1- a)*EstimatedRTT + a*SampleRTT

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

Tlr

Moving Average - ENMA)

0 n enibpaon Twv maAatwy
SEYUATWY PELWVETAL
eKOeTIKA

RTT (milliseconds)

& sampleRTT

O turkn Tn: o= 0.125

EstimatedRTT

7 64 7 7

43 50
time (seconds)

Eninedo Metagpopdg

3-86
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Xpovoc Aladpopnc Met’ emtotpodnic (Round Trip
Time) kot Anén Xpovou (Timeout) tou TCP

KaBoplopog tou timeout: EstimatedRTT ouv “neplbwplo aocpaieiac”

o HeyaAn petaBoln oto EstimatedRTT -> peyalutepo neplbwplo aopadeiog
TimeoutInterval = FstimatedRTT +f 4*DevRTT

estimated RTT “safety margin”

DevRTT: EWMA yia ekTipnon oandéxkAiong SampleRTT andé EstimatedRTT:

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

(tunixré&, B = 0.25)

Eninedo Metagopdg 3-87

AmntootoA€ac TCP (amAomolnpevoc):

ZupBdv: Aqn Sedouévwy and 2uppav: Angn xpovou
ebappoyn: (timeout):
» Snpoupyio THApOTOC He # " EMAVAUETASO0N TOU TUAMATOG
aﬂgy\ou‘é‘{ac HIKATOS | TIOU TPOKAAEDE TO timeout
= ## akoAouBiag eival o aplOuog " EMAVEKKIVNON XPOVOLETPNTH
ToU pwTou byte dedopevwv , ,
OTO TUNHA JupBav: Aqdn ACK:
" £KKivnon XPOVOUETPNTH Qv " av emPeBalwVeL TUAUATO TTOU
bev TpexeLndn Sev €xouv 6N emPePatwOei
* 0 XPOVOUETPNTAG EivaL oayv To . . .
XPOVOLLETPNTH) TOU TILO TIOALOU EVNLLEPWON TOU TL EXEL
1N erupePatwpévou TUAROTOC) erPePoiwbet
* Staotnua Anénc: TimeOutinterval * gKKivnon XpovoueTpnTH av

e€akoAouBolv va untdpyouv
TUAUOTO PN emBeBatlwpéva.

Eninedo Metagopdg 3-88
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TPC Agktn: Napaywyn TCP ACK [RFC 5681]

JuuBav oto §EKTN

Evépyela éktn TCP

AdLEN TUNUATOC OE OELPA UE AVOUEVOUEVO
# akolouBioc. Oha ta dedopéva pHéExPL ToV
ovapevopevo # akolouBiag £xouv eruPBefatwbel

KaBuotepnuévo ACK. Avapovr) 500ms
YLOL TO EMOUEVO TURMO. Av Sev £pBeL emOpEeVO
TUApa LEXpL tote, oteile ACK

AdLEN TUNUATOC OE OELPA UE AVOUEVOUEVO
# akolouBiac. Eva aAlo Ttuiua
TePLUEVEL yia petadoon ACK

ApEeon amOoTOAN EVOC GUCCWPEUTLKOU
ACK mou kavel emiBefaiwon Kal yla
Ta SU0 TUAMOTA TToU EPTAcAV O OELPA

AbLEN TUNUATOC EKTOC OELPAG UE LEYAAUTEPO
TOU avapevopevou # akohouBiog. Aviyveuon
KEVOU

Apeon anootoln duplicate ACK mou
SnAwvel # akolouBlag emodpevou
avopevouevou byte

AdLEN TUNUATOC TTOU HEPLKWCE 1 TIANPWG
CUUTTANPWVEL KEVO ota AndBévta dedopéva

Apeon ammootoln ACK, apkel To TuApa
QUTO va apXilel 0TO KATW AKPO TOU KEVOU

Eninedo Metagopag 3-89
r ’
(]
TCP: oevapla enavapetadoong
Host A Host B Host A Host B
‘{ E.V \ v \
— s —
~— SendBase=92 ~—
T Seq=92, 8 bytes of data ‘ &92, 8 bytes ofd\ata‘
5 — 5 | Seq=100, 20 bytes of dat:
é ACK=100 3
£ X £
l l ACK=100
\
Seq=92, 8 bytes of data
SendBase=100 send
SendBase=120 cumulative
/ACK=1OO A 0 ACK for 120
SendBase=120
lost ACK scenario premature timeout
Eninedo Metagopdg 3-90
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TCP: oegvaplo emavapetadoonc (ouv.)

Host B
'\
-

(2]

j

Seq=92, 8 bytes of data

/
/

Seq=100, 20 bytes of d
ACK=100
—

N

ACK=120

A

Seq=120, 15 bytes of data

/

ZUCOWPEUTIKO ACK
«KaAUNTER Kal
nponyouyeva

anwAeobévra ACK ) ,
Eninedo Metagopdg

TCP fast retransmit (ypriyopn enavapetadoon)

Host A Host B
TCP fast retransmit

i
s

L TCP tayeia avapetadoon:

Eav o amootoA£ac AaBet 3 duplicate

ACK yia ta ibla bedopéva,

EavaoTEAVeL TO Un emiPBeBalwpévo

TUAMA LE TO UIKPOTEPO apLlOuod

akoAoubiag.

= MBavotata to pn eniBefatwpévo

TLAKETO EXEL XAOEL, OTIOTE NV TIEPLUEVELG
N AR€n Tou XPOVOUETPNTA

"Seg=100, 20 bytes of data

:Q:/\I"]LIJI’] 3 duplicate ACKs urto&n)\d)va/
OTL 3 TuApata eAndOnoav peta anod
€Va LAAAOV XOLEVO TTAKETO.
Emopévwg, avapetadoon!

— timeout ———

Eninedo Metagopdc

3-92
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Entinedo Metadopadc: nepiypoppa

O Ynnpeoieg eumédou petadopdg

Q MoAumAegén kat amomoAUTAeEN (Multiplexing and

demultiplexing)

O Aocuvbeouwkn petadopa: UDP

O ApxéG tng aflomotng petadopag dedopévwy

Q Juvbeouikn petadopa: TCP
o Aoun TuApaATog
o Aflomiotn petadopa Ssdopévwv
o 'EAeyxog pong
o Awaxeilplon olvbdeong
0 Apxég eAéyxou ocupudopnong
Q EAeyxoc cupndopnong tou TCP

Eninedo Metagopdg 3-93
‘EAeyxoc pong TCP
, . , application
Q: TuoupPaivel dtav To emninedo D ace
‘ : : H edbapuoyr _| 1
5LKTUOU' napa&&fst’&e&ouevg paBhel/anopak =
YPNYOPOTEPO ATIO OTL UITOPEL VA puvel dedopéva -
tpaBréet (SlaBdoel) n Siepyaoia ano TouG TCP socket
P I’] g n ?V EVTAWLEVTEG TNG
eruunedou epapuoyng, amo toug TCP socket
EVIAULEUTEG TNG socket?
Emninedo Siktuou
napadidet IP__ —
datagram
payload otoug
EVTAWLEVTEG TNG D
TCP socket
+ e
1 l 1
from sender |
ItoiBa mpwtokOAwvV §€KTn
Eninedo Metagopdg 3-94
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‘EAeyxoc pong TCP

Q: TuoupBaivel 6tav to eninedo
edpappuoyng napadidel dedopéva
ypnyopotepa oo to pubuo
QTOAKPUVONG TOUG OTtO TOUG
EVTAULEUTEG TNG socket oTo
eninedo epapuoyng?

receive window ——

‘EAeyxog pongc:
# bytes mou
uropei va
SexBel o éktng

application

H epappovyry
tpafacet /
QTOLOKPUVEL
Sedopéva ano
TOUG EVIQULEVTES
¢ TCP socket

TCP socket
receiver buffers

Eninedo Siktuou
napadidel IP
datagram
payload otoug
EVTOULEUTEG TNG
TCP socket

from sender |

Stoifa mpwTtokOAwWV S£KTN

Eninedo Metagopdg 3-95
I 14
EAeyxoc pong TCP
Q: TuoupBaivel 6tav To eninedo aT——
edappoyng mapadidet . ;
bappoyng mapad ' H ebappov
6edopéva ypnyopotepa amo to TpaBdel / 7
: . . QTTOLOKPUVEL . =
puluO anouakeuvonq Toug armod SeBoptéva and TCP socket
TOUG EVTAULEUTEG TNG socket TOUG EVIQUEUTEG receiver buffers
oto eninedo epappoync? ™G TCP socket
Emninebo Siktuou
napadidet IP__ [—
datagram
payload otoug \
EVTAWLEVTEG TNG \
—'E}\EVXOC pOI"]C TCP socket : ne ! \rf
Q 8EKTNG eNEyXEL TOV olmocro)\éa, ;rom sender I' '
WOTE va Unv untepxetAileL Toug ) ) )
EVTOULEUTES TOU SEKTN ZtoiBa MPwTOKOAMWY SEKTN
anootéAovtag oAU ypriyopa ToAAG
Sedopéva
Eninedo Metagopdg 3-96
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‘EAeyxoc pong TCP

= O §¢ktng TCP «KOWOTIOLEL» TOV
€EAEVOEPO YWPO TOU EVIAULEUTH TOU
oto niedio rwnd tng TCP kedpaAidag

to application process

TO pEyebog Irou RcvBuffer opiletal usow' RevBuEfen buffered data
Twv emloywv Tou socket (mpokaBoplopévn T
T 4096 bytes) rwnd

free buffer space
* TTOAAQ A€LTOUPYLIKA cuoThpata puBuilouv

avtopata to RevBuffer I
TCP segment payloads

= O anmooToAEQG TtEpLOPLEL TA N

erBeBatwpeva («kad’ 066v») TCP receiver-side buffering
debopéva otnv T rwnd tou SEKTN

= gyyuATal OTL O EVIOULEUTNC OTOV EKTN
Sev umtepxelAllel

Eninedo Metagpopdg

3-97

‘EAeyxoc pong TCP

= O 6éktng TCP «KolvoToLEL» TOV EAeyxog poric: # bytes ou propel va Sexbel o déktng
eAeVBOEPO YWPO TOU EVIAULEUTI TOU
oto nedio rwnd tn¢ TCP kepaAidog [
* 10 p€yeBog Tou RevBuffer opiletal péow |
Twv erAoywv tou socket receive window

(mpokaBoplopévn T 4096 bytes)

* TOAAQ AELTOUPYLKA cuoThpata pubuilouv
oautopata to RevBuffer

= O amooTtoAéac meplopilel Ta pn
enBeBatwpéva («kad’ 0d0v»)
debopéva otnv TLun rwnd tou S£KTN

= EYYUATOL OTL O EVTAULEUTAG OTOV nebia TCP TuApoTog
O€ktn dev umepxelAilel

Eninedo Metagpopdg
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Awaxeiplon ovvdeonc TCP

Mpw yivel avtaAlayn 6edopévwy, 0 amOoTOAENC KL 0 HEKTNG KAVOULV “Xelpaia”:

U ocupdwvolv yia tn Snuoupyia cuvdeonc ( o kaBévag va yvwpilet 6tL o GANoG siva

npoBupoc va Snuoupynaoet tn oclvdean)

U ocupdpwvolv oTI¢ MapaUETPOUE TNS OUVEEDNC

application
11

Lol _n |
connection state: ESTAB
connection variables:

seq # client-to-server

server-to-client
rcvBuffer size
at server,client

network

application
11
lal |

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

network | E

Eninedo Metagopdg 3-99

Yupdwvia yia dSnuloupyio cuvdeong

Awpepng xapoubta (2-way handshake):

@ &, i‘f
 Let's talk
ESTAB
ESTAB

choose x

ESTAB

i

req conn(x

ESTAB

acc_conn(x)

E: n Swpepnc xewpaia Soulevel mavta
oto AlKTuo;

QO petaPAnteg kKaBuoTEPROELG

Q enavapetadidopeva pnvopata (r.y.
req_conn(x)) AOyw anmwAslwyv
HNVUUATWV

Q avadiataén (re-ordering) pnvopatog

Q Sev pnopel va deL tnv “aAAn”
TIAELPQ

Eninedo Metagopdg 3-100
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Yevapla Alpepouc xelpodiog

2 B

choose X |~
req_conn(x

ESTAB
acc_conn(x)
ESTAB data(X+1 accept
data(x+1)

_ connection
X completes

No iroblem!

Eninedo Metagopdg 3-101

Yevapla Alpepouc xelpoiog
2 B

choose
X %q_conn(&
/" ESTAB
retransmit | - conn(x)
reg_conn(x) =
ESTAB
req_conn(x)
_ connection _ | _ _ _
client™ ~ x completes ~ "server
terminates forgets x
® ESTAB

m Problem: half open
connection! (no client)

Eninedo Metagopdg 3-102
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Yevapla Alpepouc xelpodiog

choose x ‘

retransmit acc_conn(x)
reg_conn(x) -

2 B

_—
req_conn(x

ESTAB

ESTAB
data(x+1 accept

retransmit
data(x+1)

L Yonpection

pletes | server

data(x+1)

client
terminates forgets x
req_conn(x)
ESTAB
data(x+1) accept
data(x+1)

m Problem: dup data
accepted!

Eninedo Metagopdg 3-103
TCP 3-pepnc xepaio
client state 1{’ H server state
LISTEN = LISTEN
AlaNéyer apyiko #akoloubiag, x
réAvel TCP SYN msg |~
SYNSENT SYNbit=1, Seg=x AlaAeyel apyIko #akohoubiag, y
Stehvel TCP SYNACK msg,
BeBaiwvovTag To AneBev SYN SYN RCVD
SYNbit=1, Seq=y
ACKbit=1; ACKnum=x+1
To AneBév SYNACK(X)
ESTAB unodeikvUel OTI O server \
eivar {wvTavog. o —
>TéAvel ACK yia To An@Bév  SYNACK. ACKbit=1, ACKnum=y+1
AUTO TO TUAHA HMOPE] Va NEPIEXE! T~ To AnpBev ACK(y)
dedopéva and neAaTn oe 5UNNPETN unodeikvUel 6T1 o client ESTAB
€ival {wvTavog
Eninedo Metagopdg 3-104
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TCP: KAelowo ouvdeong

= MTeAATNG Kol EUTINPETNG, 0 KABEvaC KAEIVEL TNV oUVOEDH ATIO PEPLAG
TOUC.
* AnmootoAn TCP tunuoatog pe FIN bit =1 (uqvupa FIN)
= Altavtouv oto AapBavopevo FIN pe ACK

* Meta tn Afdn tou FIN, n amootoAr tou ACK pnopei va cuvduaotet pe to FIN
NG MAeUPAG Ttou eTuBefatwvel

= Tautoxpoveg amootoleg FIN exchanges eival SLaxelploLUeG

Eninedo Metagpopdg

3-105

Entinedo Metadopadc: nepiypoppa

0O Ynnpeoieg enunédou petadopag

0O MoAUTAEEN Kal armomoAUTIAEEN
(Multiplexing and demultiplexing)

0 Aouvdeoukn petadopa: UDP

0 ApxEc tn¢ aflomotng petadopag
dedopevwy

0O Yuvdeoutkn petadopd: TCP

Q ApxEc eAéyxou ocupdopnong

0 ‘EAeyxoc oupdopnong tou TCP

0O E€EALEN Tou Emumédou Metadopag

Eninedo Metagpopdg
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ApxEc Tou EAEyxou Zupudopnonc

Juudopnon:

[ Me amAd AoyLa: “moAAEG TNYEC TTOU OTEAVOUV
TtoAAa Sedopéva oAU ypriyopa yLo va Ta XELPLOTEL
10 SikTUO”

J cUMMTWHOTA:
= UEYAAEG KOBUOTEPNOELG (OVALOVI) OTOUG EVTOULEUTES
Twv 6popoloyntwv)
= XQUEVO TIAKETA (UTEPXEIALON EVTOULEUTWY OTOUG

Spopoloyntég)
O 6LapopeTIKO Ao Tov Agyxo pong! congestion control:
' ' ntoAol otéAvouv oAU
O onpavtiko npoBAnual flow control: évac voryopa

QMOOTOAEQG OTEAVEL TIOAU
ypriyopa yLa évav 8€KTn

Eninedo Metagopdg 3-107

Altia/ko6otn cupdopnonc: osvaplo 1

ATAO OgvapLO: original data: A, throughput: Ao,
= ‘Evag Spopoloynthc, HostA
ATTELPOUC EVTOULEUTEC infinite shared
- prr]tLK(')rr]TOL EEEpX(I)HEan output link buffers ﬂ

/ eloepxopevnc evénc: R

= AUO pOEG g H
= Xwpi¢ avapetadooelg

R/

out Y

delay

Q: TuoupPaivel otav ot

throughput: 7\1

puBpoi ddLEng A;, P— T
’ ? in in
npooe VWZOUV R/ 2 péylotn pubuamnddoon ava HEYAAEG KaBUOTEPRTEIG
olvéeon: R/2 Oe00OpEVOU OTI 0 PUBWOG APIENG

Lin MPOCEYYIEI TNV XWPNTIKOTNTA

Eninedo Metagopdc
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Altia/ko60tn cupudopnonc: oevapLo 2

= Evaic SpoploAoyNTNAG, TEMEPAOUEVOL EVTAULEUTEG
" 0 AMOOTOA£QG avapeTadidel Ta xaueva, kabuotepnuéva (timed-out)

TIOKETA
* Elocodog erunedou epappoyng = £§0dog emunedou epappoyna: Ay,
* Eloodog erunédou petadopdg neplhappavel avauetadooeis :: ),

Host A @ «— A, : original data
o L ety
‘t’ in- original data, plus
e retransmitted data

X

Host B finite shared output
link buffers
Eninedo Metagopdg 3-109
4 /4 14 14
Altia/ko6otn cupudopnong: cevaplo 2 [ -..
}‘"in = 7“in
RI2 oo
E€bavikevon : TEAela yvwon : 5 ;
< 1
= ATOOTOA£0G OTEAVEL LOVO OTAV UTIAPXEL XWPOC OTOUG s ;
EVTOULEUTEG TOU SpopoloynTn. 2
(MnG&evikég amwAeLeG KOl EMAVAUETASOOELG = Ay, = Ayy) 3 5
< 1
I
7\'|n R/2
Host A — A\, : original data N
ic’py B ®—— )" - original data, plus 1 out
b retransmitted data
L4 free buffer space! ﬁ
R rmrrrTT R
g
Host B finite shared output
link buffers
Eninedo Metagopdg 3-110
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Altia/ko60tn cupdopnonc: oevapLo 2

E€&Savikevon: pepikn TEAELQ yvwon

» Makéta pnmopel va xabouv (amoppidBolv otov
Spopoloyntr) AOyw YEUATWY EVTOULEUTWV

= ATTOOTOAEQG YVWPLlEL TTOTE AMOPPINTETAL TAKETO:

TO EMOVOUETASIOEL LOVO EAV TO TTAKETO Elval
YVWOTO OTL XAONnKe.

Host A L A : original data

2]

iOPy — A, original data, plus
s retransmitted data

no buffer space! ﬁ

Host B fmlte shared output
link buffers™

Eninedo Metagopdg
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Altia/kootn cupdopnonc: cevaplo 2

E€ldavikevon: peplkr) TEAELQ yvwon

= Maketa pnopel va xabouv (amoppidpOouv
otov SpopoAoynth) AOyw yEUATWV
EVTOULEUTWV

= AtooTOAE0G yVwpllel TOTE amoppimTeTal
TIAKETO: TO EMOVAUETASISEL HOVO AV TO
TIAKETO ELVOL YVWOTO OTL XAONKe.

Host A ) +— A\, Original data

<
w . e— M\'i: original data, plus
%

retransmitted data

free buffer space! ﬁ

in
R/2 D
4 Xapévn
S 7 _e- xwpnukomta Adyw
P ™ enavapetadocewy

N

Me puBud
anootoAng R/2,
UEPLKA TTOKETA
XpeLadeTaL va
EMAVAUETaS0500V

throughput:

Host B fmlte shared output
link buffers

Eninedo Metagopdc
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Altia/ko6otn cupudopnong: oevapLo 2

PeaALOTIKO OgvaApLO: axpelooTa « SUTAA» Ri2 ]

= Makéta punopet va xabouv (amoppidpBouv ~
otou¢ SpopoloynTtég) — xpeLtalovtal s
enavapetadoon g

= AAQ UIOPEL O XPOVOUETPNTAG OIMOOTOAEQ VAL §

ARéeL mpowpa, Kal va arnootaAovv SVo

! “xapévn”
Xwpnukotnta Adyw
axpeiaotwy

\vaausmééoawv

i Otav 0 pubuodg
aTTO0TOAAG Eival
R/2, pepikd TrakéTa
emavapeTadidovral,

avtiypada mouv Ba AndBouv kat ta Svo.

Ho- ko, Cj‘) IE— Ain : original data
%‘j’;f/"\":< =~ \',,: original data, plus

% retransmitted data

Y

Host B finite shared output
link buffers

i TrepiAapBavovTag
2 auTd TTou
Xpe1adovTal oAAG kai
axpeiaaTa (dITTAG)!

Eninedo Metagopdg
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Altia/kootn cupdopnonc: cevaplo 2

“k6oto¢” oupdopnonc:

= meplocoOTEPN SOUAELA (EMavVapETAdO0ELS) yia TNV dLa puBpanodoon oto SEKTN
= Axpeilaotec emavapetadooslc: n {evén petadépet moAAamAa avtiypada evog

TIOKETOU

* Mewwvovtog tn HEylotn puBuanodoon mou pnopel va emiteuxOel

Eninedo Metagpopdg

3-114

2025

57



Altia/kootn cupdopnong: ocevaplo 3

= TEOOEPELC AMOOTONELS Q: toupPaivel 6tav avéavovtatta A, and A;, ?
= Awabpouég moAwv tunpudTwy A: KABWG TO KOKKWO A, AUEAVEI, OAa Ta Urhe
= AREN xpOVoU / EmavapeTdSoon TIAKETA IOV TAVOUV OTNV TeAeuTaia oupd,

anoppintovrat kat n pnAe puBuanodoon = 0

HostA ;. : original data

= 7"'in: original data, plus
retransmitted data

finite shared
output link buffers

Host B

Host D

Eninedo Metagpopdg
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Altia/kootn cupdopnong: oevaplo 3

) ) Q: tLouvpBaivel 6tav avavovtatta A, and A, ?
» TEOOEPELG AMOOTOAELS

A: kaBWG To KOKKWVO A, augavel mdvw and R/2, otov

* Atabpopég moAwv tunudTwy Spopohoyntr D n pon og «first-hop” (kOkkwn) Ba

= AfjEn xpOVoU / EmavapeTadoon ETUKPATHOEL J"t)\npwa NG PONG os «seclond-hop»'
(urAe) n omola Ba AaBeL acUPTTWTIKA LNSEVLIKN
XWPNTKOTNTA (ko dpar AN n xwpnTIKOTNTA TOU
KaTaVAAWOE N UTTAE porj upstream midieL yauévn)

Host A ;‘in : original data

A A'j: original data, plus
retransmitted data

first-hop

3 >
Host D ‘ second-hop D

Eninedo Metagpopdg
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Altia/kootn cupdopnong: ocevaplo 3

R/2

7"out

RI2

‘Eva. AAAO «KOOTOG» TNC oUPOpNOoNG:

= Otav anoppUrteTal £va MAKETO, N XWPENTKOTNTA HETAd0ooNG KAl
armoBrKevong mou Xpnolpomnolonke og mponyoupevoug (upstream)
SPOUOAOYNTEC VLA TO CUYKEKPLUEVO TTOKETO, TIAEL X UEVN !

Eninedo Metagpopdg
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Altia/kootn cupdopnons: EMLOKOTNCN

R2

'H puBpanodoon Sev Eemepva MOTE T XWPNTIKOTNTA

ghput: Aoyt

Ri2

H kaBuotépnon aufavetal moAv otav
npooeyyileTal n xwpnTkoTNTA.

delay

ATIWAELEC / EMOVOUETASOOELG LELWVOUV
Vv pubuanodoon

- T
o omp R2 -

Axpelaota SUTAG TTAKETO LELWVOUV
MEPALTEPW TNV pubpamnodoon

oughput: Aoyt

thre

R12

upstream xwpntikotnTa petadoonc /
amoBrKeLoNC MAVE XAUEVEC AVAdOPLKA LE <
TIAKETO TTIOU TEALKA Xavovtal downstream

Eninedo Metagpopdg
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Mpooeyyloelc yla tov EAeyxo cupdopnong

‘EAeyxoc cupdopnong «ar’ akpn
oe akpn» (end-end ):
O Xwplc apeon avadpacn amno to
Siktuo
0 Zuudopnon «oupTEpAivVETOLY
QIO TLC TTOPATNPOUEVEC
anwAELeC / KABUOTEPHOELC

O elval n mpooéyylon mou
akoAouBei to TCP

i

ACKs

data == data
= == ||AcKs
== =
G

==

f

Eninedo Metagopdg
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[MpooeyyloeLg yia Ttov EAeyxo cupdopnong

EAeyxog oupdopnong
urntofonBolpevog amnod to diktuo
(network-assisted):

O SpopoloynTteg mapExouv Apeon
avadpoaon (direct feedback) ota
TEPUOTIKA (armootoAéa/&€kTn) 6tav n
POI TOUC MEPVAEL A0 SPOUOAOYNTEG
pe cupdpopnon

UMrmopel va avodEpeTal CUYKEKPLUEVO
eninedo cupudpopnong 1 KoL va
urtodeiyvetal o pubuOC e Tov omolo
TIPETEL VAL LETASIOEL O ATMOOTOAEQG.

ONpwtokoAAa TCP ECN, ATM, DECbit

explicit congestion info

Eninedo Metagopdc
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Entinedo Metadopadc: nepiypoppa

Q Ynnpeoieg enunédou petadopag

0 MoAUTAgéNn kat amomoAUTAEEN
(Multiplexing and demultiplexing)

Q Aouvdeoukn petadopa: UDP

Q ApxEc Tn¢ aflomotng petadopag
dedopevwy

Q Yuvdeouikn petadopa: TCP

Q ApxEc eAéyxou ocupdopnong

0 ‘EAeyxoc oupdopnong tou TCP

Q EEEALEN TOL EmuumedSou Metadopag

Eninedo Metagopdg 3-121

‘EAeyxoc oupdopnong TCP - emiokomnnon

«classic» TCP : BaolopEVO O€ ATTWAELEC, ATTO AKPN OE AKPN
® MpooBetikn avénon, TOAAATTAACLAOTLKY LELWON
= «apyn ekklvnon»
= CUBIC

EprmAoutiopévol pnyxaviopoi TCP
= TCP €Aeyxoc ocupdopnong Baolopévog otnv KaBuotépnon
= Pntn ewdonoinon cupdopnong (explicit congestion notification)

Awoioolvn TCP

Eninedo Metagopdg 3-122
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‘EAeyxoc ocupdopnong TCP: mpooBetikn avénon,
rnoA\artAaolaotikn peiwon (AIMD)

" [IpoogyyLon: anooToAelc umopouv va auéavouv To pubuo amooTtoAnG HEXPL
va urtapéel anwAela TakeTou (oupudopnon), TOTE LELWVOUV ToV PUBUO.

Additive Increase  —————— — Multiplicative Decrease
Abgnon pubuou anootolng katd 1 Meiwon pubpol amooToArg oTo
HEYLOTO UAKOG TURHaTOG kaBe RTT HLoO KABE bopd Tou aviyvevEeTaL
HEXPL va avixveuBel anwAela ATWAELQL

AIMD «mplovwti»
ouumneplpopa:
BoAlbookomovrag
(probing)

™ Slabéoiun
XwpPNTKOTNTA

TCP sender Sending rate

time Eninedo Metagopdg

3-123

TCP AIMD: meplocotepa

rioAAanAaoiaoTikri LEIWOT: 0 puBUOG ATOGTOAAG

= MELWWVETAL OTO ULOO OTaV avixveUBel amwAela péow tputAou ACK
(TCP Reno)

» Mewvetat oto 1 MSS (maximum segment size) 6tav aviyveuBel
anwAela peow timeout (TCP Tahoe)

Mati AIMD?
= AIMD — Katavepnuévog, aolyXpovog aAyopLlBpog — o onolog:
* BeAtlotomolel Toug puBpoUC TWV POWV OE CUVONKEC
oupdopnong og 0o to diktuo (network wide)!

* ‘Exel emBuNTEC LOLOTNTEC EVOTABELOG

Eninedo Metagpopdg
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‘EAeyxoc oupdopnonc TCP: AemTtopEPELEC

sender sequence number space

Juunepipopa TCP amootoAéa:
—— cwnd ] , ’
= stepirtou: anootoAn cwnd bytes,
avapovn RTT yia ta ACKS, Kal peta
OTTOOTOAN TIEPLOCOTEPWYV bytes
last byte L ) . Gl
ACKed sent, but not- available but TCP pubuogw bytes/sec
yet ACKed not used RTT
(“in-flight”) last byte sent

[ Anoo‘ro)\éaq T[Eplopi'ZEl ™ uerdéoo‘n: LastByteSent- LastByteAcked < cwnd

" cwnd mpooappoletal SUVAULKA, OE CUVAPTNON UE TNV

TapatnPoUpEVN cupdopnon Siktuou (VAomolwvTac Tov EAeyXo
oupdopnong tou TCP

Eninedo Metagpopdg
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Apyn ekkivnon tou TCP (slow start)

Host A Host B
O0tav £ekvd n oVVSeon, 0 puBUOC ,g Eﬂ
auEAVETAL EKDETIKA LEXPL TNV TIPWTN

WAELQ: L —one seamen |
o
|

= gpxtkd cwnd =1 MSS

= o cwnd avavetot kata 1 pe kabe \.

ACK mtou Aappavetat
= =>» 10 cwnd SutAaotaleton os KaOs RTT

Ur segments

> 0von: apxtkdg pubuocg apyog,
aAAG avePBaivel ekBeTIKA ypriyopa

time

Inueinon: Fpappikn adEnon (cwnd + 1 kdBe RTT)
Ek@eTikn avgnon (cwnd + 1 pe kabe ACK)

Eninedo Metagopdc

3-126

2025

63



TCP: MetaBoaon amno apyn ekkivnon o€ anoduyn
oupudopnonc (Slow Start to Congestion Avoidance)

Q: Note Ba mpemeL va Yivel N aAAayn
oo eKOETIKN O YPAUULKN avénon
(+1 kaBe RTT);

A: Otav 1o cwnd yivel to 1/2 tng
TLUAG TOU TIpLV TO timeout.

Y\omnoinon:
0 MetaBAnto katwdAl-Threshold
(ssthresh -SlowStartThreshold)
0 Je yeyovog anwAelag (X),
to Threshold tiBetat oto 1/2 tou
cwnd TIpLV TO YEYOVOG TNG ATMWAELQC

Congestion window

(in segments)

RO

ssthresh

X

1 1T T T T T 1T T 1T 1 T 1
3 4 5 6 7 8 9 10111213 14 15
Transmission round

Eninedo Metagopdg 3-127

TCP: Metafaon amno apyn ekkivnon og anoduyn
Congestion Avoidance)

ouudopnonc (Slow Start to

Q: Note Ba MpEMEeL va YIVEL N
aAlayn ano ekOeTIKA O€
ypauptkn avénon (+1 kaBe RTT);

A: Otav 1o cwnd yivel to 1/2 tng
TLUAG Tou TipLv To timeout.

YAornoinon:
[ MetaBAnto katwoAt-Threshold
(ssthresh -SlowStartThreshold)
[ Ze yeyovog anwAetag (X),
1o Threshold tiBetat oto 1/2 touv cwnd
TIPLV TO YEYOVOG TNG OMWAELQG

Congestion window

(in segments)

G

ssthresh

TCP Reno

ssthresh

~TCP Tahoe

T 1T T 1T 1T T T T T T"1
34 56 7 8 910111213 1415

Transmission round

Eninedo Metagopdg 3-128
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Yuvoyn: EAeyxoc oupdopnong TCP

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

/>t/ansmit new segment(s), as allowed
cwnd > ssthresh
A

A

cwnd = 1 MSS
ssthresh = 64 KB

________________ >

Z

(9,,{ ‘) timeout
¢ < ))ssthresh = d/2
=Za (/ Sscv\;:dsz 1(;\‘2@5 duplicate ACK
&) timeout dupACKcount = 0 diupACKcountH
Ssthresh = cwnd/2 retransmit missing segment
cwnd = 1 MSS
dupACKcount = 0 2o
1l it missi t (&
retransmit missing segment timeout (S & 5 ) ngz
ssthresh = cwnd/2 5
gwngg K1 =0 New ACK
up count = cwnd = ssthresh ==
dupACKcount == retransmit missing segment dupACKcount = 0 dupACKcount ==
ssthresh= cwnd/2 ssthresh= cwnd/2
cwnd = ssthresh + 3 cwnd = ssthresh + 3
retransmit missing 1 missing segment

duplicate ACK

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

Eninedo Metagopdg 3-129
I I 14
2uvoyn: EAeyxoc cupdopnong TCP
L]
duplicate ACK o cwnd = cwnd + MSS , (MSS/cwnd)
dupACKcount++ newACK dupACKcount = 0
cwnd = cwnd+MSS transmit new segmenty(s), as allowed
dupACKcount = 0
A transmit new segment(s), as allowed
cwnd = 1 MSS
ssthresh = 64 KB cwnd > ssthresh
_dupACKcount =0 A
(9,,{ ‘) timeout
¢ < ))ssthresh = d/2
o (/ - 1198 duplicate ACK
&) timeout dupACKcount = 0 diupACKcountH'
' sthresh = cwnd/2 retransmit missing segment
cwnd = 1 MSS
dupACKcount = 0 2o
retransmit missing segment fimeou t'(g‘ (5 ) zlgz
ssthresh = cwnd/2 5
gwngC:K1 =0 New ACK
up: count = cwnd = ssthresh ==
dupACKcount retransmit missing segment dupACKcount = 0 dupACKcount ==
ssthresh= cwnd/2 ssthresh= cwnd/2
cwnd = ssthresh + 3 cwnd = ssthresh + 3
retransmit missing ! missing segment
«—
duplicate ACK
cwnd = cwnd + MSS
transmit new segment(s), as allowed
Eninedo Metagopdg 3-130
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TCP CUBIC

" Yrtdpyxel KAAUTEPOG TPOTOC va « BoAltbookomicoupe» ylo Sto0sotun
XwpnTkotnTa?
= Me Baon tn StaioBnon / katavonon:
* W, . PUBHOG petddoong otav avixveletal anwAeta Adyw cupdopnong
* H katdotacn tng ocupdopnuévng Levéng mBavov (?) dev €xel aAAdgel Wblaitepa

* Metd Tov untoSutAacLlacpo Tou pubuol / mapabupou AOyw AmMWAELOG, apXLKA
npooéyyloe 10 W, ., ¥pnyopotepa, aAAd 0Tn CUVEXELQ LE OPYOTEPO PUBUO

W - classic TCP
= = = =TCP CUBIC—
w2 | peyaAUTeEPN

puBbuanodoon oe
QUTO TO TOPASELYHA

Eninedo Metagopdg 3-131
= K: xpovikn otypn mou to TCP napaBupo npooeyyiletto W, .,
* K umopet va puBuiotel
= AU&noe to W pe tov kUB0o tnG anootaong LETAEL TG TPEXOUOOG
XPOVLKAG OTLYMAG Kat Tou K .
* UEYAAUTEPECG AUENOELG OE OTIYUEG HaKpLA arod To K i
* WKPOTEPEG QUENTELG (TPOOEKTIKA) OE OTLYUEG KOVTA 0TO K !
= TCP CUBIC eivay '
otavtop emloyn o€ e B P Al Tl ke
Linux, mA€ov ! ! ! TCP Reno
dnuodhég TCP ya ! ! ! ! TCP CUBIC
6nu0¢0\8iq WEb send-irncgP
servers rate
time
I ty t, t3 t,
Eninedo Metagopdg 3-132
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TCP kat n «oupdopnuevn Levén (bottleneck link)»

= TCP (classic, CUBIC) au€avel to puBuo péxptl va cupPel anwAsla MakEToOU
otnv £€€060 kamolou dpopoAoyntn: Tn cuu@opnuevn Levén

TPOOPLOUOS

TCP ',“
s

H oupd makétwy oxedov
noté 6ev adeldlel,
UTtEPXENITEL LEPIKEG POPEC
(amwAeLa makétou)

oupdopnuévn Levén (oxeddv mavta arnaoxoAnuévn)
Eninedo Metagopdg 3-133

TCP ka n «cuudopnuevn Levén (bottleneck link)»

= TCP (classic, CUBIC) au€avel to puBuo péxptl va cupPel anwAsla makEToOU
otnv £€€060 kamolou dpopoAoyntn: Tn cuu@opnuevn Levén

= Katavowvtag cupudopnaon: XproLUo va E0TLACOUE OTN CUUdOPNUEVN
(evén

SaioBnon: avénon tou TCP pubpou bev
source Ba odnynoet oe avénon tng
pubuanodoong ano axkpn s Akpn
pe oupdopnuevn Levgn

destination

TCP ',“
i

SaioOnon: avéavovrog tov , “ . L
TCP puBG Sa 08NyEL 2TOXO0G: “PPOVTLOE O «aYyWYOC» OTIO AKPI OE
og avénon tou RTT rou aKpn va eivatl opLakd yeUATOS, aAAd oxt

Kotaypdadetal Lo VE/.lp’lTOC”

Eninedo Metagopdg 3-134
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EAeyxoc cupdopnonc TCP Baolopevoc otnv KabuaoteEpnon

ALOTNPWVTOG TWV aywyo amnod amooToAén O€ TTAPAARTIT €OPLOKA YEUATO
OAAQ OXL TTOLO YEUATO» : N cupdopnuévn Levén petadidel cuvéxela,
arnogpevyovtag peyaleg kabuotepnoelg / anobrkeuon

& R & # bytes otaApévwv
= E.. '| £ Metpolpevn Kotd tov poodato RTT

— RTTuerpoOuevoq puBpamnodoon ~ RTT

METPOUUEVOG
Mpooéyylon Baolopévn otnv (petpoupevn) kaBuotépnon:
= RTT,,, — €EAaxtotn T tou RTT (povomadrtt pe Levéelg xwpig oupdopnon)

= PuBuamnodoon otav dev umtapxel cupudopnon kat To apdbupo €xel TLwR cwnd
tooutaL pe cwnd/RTT,;,
Edv n petpolpevn puBuamnodoon eival «oAl Kovta» o autnv Xwpic cuudopnaon
av§noe ypoppkd to cwnd /* un oupdopnuévo povormdrt */
AladopeTika, AV N HETPOUUEVN puBuanodoon eival «TTOAU KATW» oo AUtV xwplc cupudopnaon

MHeiwoe ypappkd to cwnd  /* cupdopnuévo povomartt */
Eninedo Metagopdg 3-135

EAegyyoc cupdopnonc TCP Baolopgvoc otnv KabBuotepnaon

= EAeyx0G cupdOpnonc xwpic va mpokaAet / e€avaykalel o€ AmMWAELEG

= MeyLotomnolel tn puBuanodoon («SLaTnPWVTOG TOV aywyo OpLOKA
VEUATO, ....») evw dLatnpeital n kaBuotépnon o€ xapnAd enineda
(«...aAAG OXL TTOLO YEUATON)

= ApKeTEG UAomoLlnoelg TCP akoAouBoUv tnv mpooyylon Baclopévn otnv
kaBuaotépnon

= BBR (Bottleneck Bandwidth and Round-trip propagation time) £xet avamntuxBei oto
€owTePLKO SikTUO KOpUOU TNG Google

Eninedo Metagopdg 3-136
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Explicit congestion notification (ECN)

YAomouwyoelg TCP ocuxva Bacilovtal og urtoBonBouuevo amno to diktuo (network-assisted)
EAeyxo ouupopnonc:

= 2 bits (ECN) otnv kedalida IP mpoadlopilovtal anod dpopoioyntr diktvou avaloya tn cupdopnaon

* H moAtikn mpoadtoptouoU twyv bits emAgyetatl ano tov mapoxo SLktuou

= H évbelen oupudopnong AapPavetal and Tov MPoopPLoO

= O npooplopog poadlopilet to ECE bit oto tuipa ACK, evnuepwvovtag €10l yla th cupddpnaon tnv mnyn

= EumAgkovtal kat to eninedo IP (IP kepalida, mpoadloplopdg tou ECN bit) and to TCP (TCP kedaAida,

npoadloplopog C,E bit)

mnyn TCP ACK Tunua MP00PIGUGS
TCP TCP
. — [ \‘V \

Eninedo Metagopdg 3-137

Awkatoouvn tou TCP

Y10)0¢ : av K ouvbéaoelg TCP potpalovtat tnv idla pmotidtaplopévn Levén
(bottleneck link) ebpoucg Lwvng R, kaBepia Ba Emperme va £xel péco pubuo R/K

TCP connection 1

gy

|

Xwpnukotnta
= ) A ] ) R
TCP connection 2 ©POHOAoynTA cupdopnang

Eninedo Metagopdg 3-138
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Etvow to TCP Sikowo;

AUO avtoywVvI{OPEVEG CUVOEDELG:

= H tpooBetikn avénaon Sivel kAlon 1, kaBw¢ avéavel n pubuamnodoon

= H moAAQTTAQCLOOTIKY) MELWON HELWVEL AVAAOYLKA TN pubuamodoon

Connection 2 throughput o

ioo hepidio elpoug ovng

npoaoBeTIkn al&non

noA\amAaoLaoTikh pelwon

p npog TIKI au&non

7’
so0 W
27
4

PuBuanodoon ouvdeongl R

Eninedo Metagopdc
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Elvowl to TCP Sikowo;

AUO avtaywvi{OUeVEG CUVOEDELC:

= H mpooBetikn av€naon Sivel kAlon 1, kaBw¢ avéavel n pubuamnodoon

= H moAAQTTAQCLOOTIKY) LELWON HELWVEL AVAAOYLKA TN pubuamodoon

Connection 2 throughput o

ioo hepidio elpoug ovng

anwAeia: peiwon napadlpou kaTta napayovra 2
anoguyr oupeopnonG: NPooBeTIKA augnon
anwAeia: peiwon napadlpou kaTta napayovra 2

anoguyn oupeopnonG: NPoaBeTIKA augnon

PuBuanodoon ouvdeongl R

Eivat 6ikato to TCP?

A: Nal, KATW amo WOaVIKES
OUVONKeG:
=161 RTT
= 31aBepOg aplOuog powv
MOVO OTNV KOTAOTAOoN
arnoduyng ocuudopnong

Eninedo Metagopdc
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Awkoloouvn: Ba mpEmeL OAEC oL SIKTUAKEG
ePpapUOYEC va elval «OiKaLECH?

Fairness and UDP

U0 epappoyeg MoAUpECWY
ouyva &g xpnotluormnolouv TCP
= Aev B€Nouv €Aeyyo Tou pubpuou amnod
Tov €Aeyxo ouudopnong

UAvti autoul, UDP:

= anootoAn audio/video pe otaBepod
pPUBUOG, avoxn O€ ATIWAELEG TTAKETWVY

UAev untapyel «Actuvopia
ALaSIKTUOU» YLl ACTUVOLEUON
™G edappoyng eAeyyou
oLpPOPNONG

Awkaloolvn Kot TP AAANAEC
ouvdéoelg TCP

= Mia epoppoyn Wnopet va avolEet
TLOAAQTTAEC TP AAANAEG OUVOEDELC
HeTalL 6U0 UTIOAOYLOTWY

= OL web browsers 1o kdvouv, T.).
{evén puBHOU R pe 9 uMApXOUOEC
OUVOEDELG:

* Néa epappoyn {nta 1 cuvdeon TCP,
naipvel pubud 1/10 * R

* Néa epappoyn {nta 11 cuvdéoelg
TCP, maipvel puBuo6 11/20 *R ~ %*R |

Eninedo Metagpopdg
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Entinedo Metadopadc: nepiypoppa

Q Ynnpeoieg emunédou petadopag

QO MoAUmAe€n Kot amomoAUTAEEN
(Multiplexing and demultiplexing)

Q Aouvdeoukn petadopa: UDP
Q ApxEc tn¢ aflomotng petadopag

dedopevwy
Q Yuvdeoukn petadopa: TCP
Q ApxEc eAéyxou ocupdopnong

Q ‘EAeyxoc oupdopnong tou TCP
0O E€EALEN Tou EmuméSou Metadopadg

Eninedo Metagpopdg
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E¢eAlooovtacg Aettoupylec emunedouv Metadopac

O TCP, UDP: Baowka mpwtokoAAa petadopdg yia 40 xpovia
O AvarntuxOnkav StadopeTikeg «mapallayec» tou TCP yla el8Ika oevapla - CUVONKEG:

Long, fat pipes (large data transfers) MoAAG TTaKETA «OE TITAON» - OL AMWAELEG OTAUATOUV
v Slox€teuon

Wireless networks AnwAeleg opeilovrat ota Bopufwdn aclpuata
KovaALa Kat Kvntikotnta. To TCP tig anodidel
eobahpéva oe cupdopnon

Long-delay links MoAU peydAeg Tipég RTTs

Data center networks EvailoBnta oe kaBuoteproelg

Background traffic flows “background” TCP po£¢ xaunAng mpotePALOTNTOC

= AvaBeon Aettoupylwv enunédov Metadopag oto eninedo Edappoyng, mavw and UDP
* QUICK: application-layer protocol, on top of UDP
e HTTP/3: QUIC

Eninedo Metagopdg 3-143
Kedpalato 3: Z0voyn
" Yrinpeoieg tou emuedou 3TN GUVEXELQ:
u.E;Iac;ic?p;Lc: AOTA = Adrjvovtag to “akpo” tou
OAUTL egn, arnono unt egn , Sktuou (emineda ebappoync,
= AGLOTLoTN peTapopd SEdOUEVWY | etadopdc)
- ’E)\svxoq pons " POXWPANE OTOV “Ttuprva’” Tou
= EAeyxog oupdopnong SLKTUOU
= AUo kedpaAala yLa to eninedo
= Mpayudtwon Kal UAomoinon oto AwctOou:
Awabiktuo * Eninedo Sedopévwy
= UDP * Eninedo eAéyyou
= TCP
Eninedo Metagpopdg 3-144
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