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KepdAaio 3: Emitedo MeTapopdc

Q1 gTOXO!I pac:
0 Katavéonon Twy apxwyv O Na pdBoupe yvia ta
oW Ao TIC TTPWTOKOAAA eTTITTEOOU
UTTNPETIEC TOU uetagpopdc Tou AiadikTUou:
ETUTTEOOV HETAPOPAC: - UDP: aouvdeopikh peTagpopd
- TToAUTTAEEn/aTtoTTOAU = TCP: ouvdeopikh peTapopd
mAegn(multiplexing/de - ‘EAeyxoc ouppdpnong TouTCP
multiplexing)
- AZiomoTn peTagopd
dcdopévwy
- 'EAeyxoc pohAc (flow
control)

- 'EAeyxog ouppdpnong
(congestion control)
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KepdAaio 3: mepiypappua

A 3.1 Ymnpeoieg emimédou
HETAPOPAC

Q 3.2 TToAUTTAEE N Kal
amoToAUTTAEE N

a 3.3 AouvOEOUIKA
pnetagopa: UDP

Q 3.4 Apxéc Tng
ag16mioTNG HETAPOPAC
O QO EVWY

Q 3.5 Zuvdeouiki
peTtagopda: TCP
- Aopn TpRparog

= AZiIomToTn peTagopd
Ocdopévwy

- EAeyxog poig
- Aiaxeipion oUvdeonc
a 3.6 Apxéc eAéyxou
oUHPOPNONG
0 3.7 EAeyxoc ouppopnong
Tou TCP
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YTinpeagieC KAl TPWTOKOAAA LETAPOPAC

application

O mapéxouv Aoyikn eTTIKoIVwyvid e
peTall dilepyaciwy eQApHoOyWV TTou
TPEXOUV O BIAPOPETIKA TEPUATIKA / Bphysica 3
oUOTAUATA

a Ta nprOKoAAa usTacpopag
TPEXOUV OTdA TEPUATIKA CUCTAHUATA

= TtAeupd amooTOoAAG:

oTtdel Ta UnvOUATa The
£QAPUOYAG O€ TUAPATA, Td
TTepVAel O0TO £TITTEDO SIKTUOU
= TAeupd ARYNG: avaocuvBeon
TWV THNHATWY o€ pnvupara, t;::m
Td Trepvdel OTO ETTEDO
epapuoyng
O TlepioodTepa amo éva MpwTOKoAAa
HeTagopdg S1aBiaipa oTig
EPAPHOYES
o AiadikTuo: TCP kai UDP
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Entimedo MeTagopdg / Emimedo AikTUou

A emimtedo OIKTUOU:
AOYIKA €TTIKOIVWYVid
HETACU UTTOAOYIOTWY

Q emittedo HETAPOPAC:
AOYIKA €TTIKOIVWVid
HeTall diepyaciwy

« oThpileTal, ouPTTAnPWVEl
TIC UTTNPEDIEC TOU
eTITTEOOU OIKTUOU

AvalAovia .

12 madwa oto omitt tn¢ Avvag
atéAvouv ypaupata oc 12
madd ato onitt tou BaolAn

dlepydoieg = maidid

HNvUHATa epappoywy =
vpdupaTta o pakéAoug
UTTOAOYIOTEG = OTTITIA

O TPWTOKOAAO peTapopdc = Avva
kal BaoiAng (Taidi mou

avaAappavei To poipaopa Tng
aAAnAoypagiac oe KAOe oTiTI)

O TPWTOKOAAO emITTEQOU OIKTUOU =
TaxUOpOoUIKA UTthpeaida

U U

(

Aiktua Emikoivwviwy I - Emimtedo peTagpopdc
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TTpwTékoAAa ETiTTédOU MeTAPopdC oTo
AiadikTuo

Q aiomiarn, oc opOn ocipd
petagopd (TCP)
- £Aeyxog ouppopnang Bl
(congestion control)
= £Aeyxoc ponc (flow control)
= gykaBidpuon ouvdeang
Q pn aiomoTn, EKTOC oEIpdc @5
mapadoon: UDP IS
= KdAWia eméKTAON TNG
"BéATIOTNG TTpOoOTIdOcIac”

network
‘ data link

(best effort) Tou IP oot | ____ m-._m
0O umnpecieg Tou dev eivai B - cerc ) KRS
d1aB¢éaipeg: @% el | i o
= EYYUROEIC WG TIPOC ThV DB . f
K\clx\éurln‘égnof\ Pos ™ ] g
- €YYUNOEIG WG TIPOG TO €UPOG
{wwvng
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KepdAaio 3: mepiypappua

Q 3.1 Ymnpeaieg emimédou
HETAPOPAC

Q 3.2 TToAUTTAEEN Ka
amoToAUTTAEEN

Q 3.3 AcuvOeouIKA
pnetagopa: UDP

Q 3.4 Apxéc Tng
ag16mioTNG HETAPOPAC
O QO EVWY

Q 3.5 2uvdeouiki
peTtagopda: TCP
- Aopn TpAparog

= AZiIomToTn peTagopd
Ocdopévwy

- EAeyxog poig
- Aiaxeipion oUvdeonc
a 3.6 Apxéc eAéyxou
oUHPOPNONG
0 3.7 EAeyxoc ouppopnong
Tou TCP
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TToAUTTAEE N/ ATtoTTOAUTTAEE N

AmtomoAUTAEE N OTOV UTTOAOVIOTA ARUNC: ~ TToAUTTAEE N oTOV UTTOAOVIOTA dATIOOTOAAC: -

Xpnon TAnpowopiwv kepaAidag yia
TTapdadoon Twv TUNUATWY TTou Aaupdvovral
oTh owoTh socket

Aiaxeipion dedopévwy atmo
ToAAaTAéC sockets, TTpoaBrRKkN
KepaAidac peTagopdc (Tou apyoTepa
XpnhoigoTroigital

yia amoToAUTIAEEN)

application
| application applicT[ |:| socket
FaRSpaL Oprocess
transpoft network transﬁ?ﬁ
networ{ link network
link phy§ link w
L :? physicgl physicgl

Socket: Aiena@n AoyiopikoU PHECW TNG onoiag pia diepyacia oTeAvel kal AapBavel pnvupata and To dikTuo.
Avagpeperal kal wg API (Application Programming Interface - Aienagn MpoypappaTiopou Epapuoywv)
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TTwc 0ouAeUel h amoTmoAUTTAEE N

A O umoAovyioTnc Aaupdver IP
datagrams (dedopevoypdupara) |
o KAOe da’rag[r'am EXEl « 32 bits >
d1eUBuvon IP mpoEAcuong,
d1eUBuvon IP mpoopiopoU

o KdOe dg‘ragr'am'%sTacpépsl
éva TUAHa emitédou :
HETAWOPAC other header fields

o KaBe TUAUA £xel aplOuo
Bupac mpoéAcuong,
TIPOOPIOHOU

source port #| dest port #

u e UT(O)\OVIOTI‘IE XPNOILOTIOIE] application
d1euBlvoeic IP & apiBuolc Bupag data
yid va KaTeuBuvel To THAPA oTNV (message)
KaTdAANAn socket
TCP/UDP segment format
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Aouvdeapiki amromtoAuTtAeén (UDP)

Q Orav dnuioupyeitai 10

a To 6n|.||oup'vnl.!€V0 SOCkeT datagram yia va oTaAei otn
€xel ap1Buo Bupag Totika UDP socket, mpémei va
OTOV UTTOAOYIOTA: KaBopIoTei
DatagramSocket mySocketl - IP &1e06uvon mpoopiopou
= new DatagramSocket (12534) ; =  Ap1Buoc Bupacg mpoopiopov

- OTGV,O UT[O/,\OV'GTHQ O Ta IP datagrams pe idio
AapPpdver Tphpa UDP: ap18uo6 BUpac mpoopiapoU,

= eAéyxel Tov apiBud Bupacg aAAd diapopeTikég IP
Tpoopiopol oTo TPANa ~ EE)  Ji1euBUvaeic ipoéAeuanc h/Kal

- KaTeuBUvel To TAWa UDP otn ap1BpoUg BUpag poéAeuong
socket pe auto Tov ap1Bpo Oa kareuBuvBouv Tpog Thv

Bupdac i01a socket TpoopiapoU
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Acouvdeouiki aromtoAUTTAEEN (TTapadeiypua)

DatagramSocket
DatagramSocket serverSocket = new DatagramSocket
mySocket2 = new DatagramSocket mySocketl = new
DatagramSocket (6428) ; DatagramSocket
(9157) ; application (5775) ;
application @ application I
tran ;qo‘it N
transpoyrt netwark transpor
network link networlk
| link phydidal link
z‘f physida physicgl \
~ S I =
source port: 6428 source port: ?
« dest port: 9157 ] dest port: ?
> le ¥
source port: 9157 source port: ?
dest port: 6428 dest port: ?

To SP Siver Th “S1e0Buvon ETIOTPOYAC" Aiktua Emkoivwviwy I - Emimedo yeTagopdg 3-12




2 uvoeauiki amomoAuTAetn (TCP)

Q H TCP socket Tautomoicital
amo Thv TeTpdda:
d1eUBuvon IP mpoéAcuong
ap1Bpoéc Bupacg mpoéAcuong
d1eUBuvon IP mpoopiopoU
ap1Bpoéc¢ Bupacg mpoopiapoU

QO AmomoAUTIAEEN: 0 BEKTNG
XPNOILOTIOIEI KAl TIC TECTEPIC
TIUEG YIa va KaTeuBUvel To
TUAUA oThv KAaTdAAnAn socket

Q Bvag e€umnpéTng pumopei va
uTtooTNPi el TTOAAEC
Tautoxpovec TCP sockets:

KdB¢e socket avayvwpileTal
amoé Th OIKA ThE TeTpdda

Q O e€untnpéTec web éxouv
drapopeTikEC sockets yia kABe
ouvOedepévo TTeAdTN

TO un-mtapapévov HTTP éxel
diapopeTIKA socket yia kAO¢
aitnon HTTP
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2 uvoeouikn amomoAUTTAeEn (TTapddeiyua)

application
application application
H i,
m 4 u rmspdrt - . - -
transpgrt netiork ransport
network link ngtwork
link ﬂ phy sical link '
5‘( physicy! kerver: IP ppysical ! é
e address B s
host: IP source IP,port: B,80 «+ ] host: IP
address A dest IPport: A,9157 source IP,port: C,5775 address C

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

dest IP,port: B,80

3 TuNuaTa, oha npoopilovrai yia IP dielBuvon: B,
OUpa npoopiopoU: 80 anonoAunAékovTal o€ dlaPpopeTIKES sockets

source !I!,port: C, 9157

dest IP,port: B,80

AikTua Emikoivwviwv I - Emimedo petagopdc
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KepdAaio 3: mepiypappua

Q 3.1 Ymnpeaieg emimédou
HETAPOPAC

Q 3.2 TToAUTTAEE N Kal
amoToAUTTAEE N

Q 3.3 AouvOeOUIKA
uetapopd: UDP

Q 3.4 Apxéc Tng
ag16mioTNG HETAPOPAC
O QO EVWY

Q 3.5 2uvdeouiki
peTtagopda: TCP
- Aopn TpAparog

= AZiIomToTn peTagopd
Ocdopévwy

- EAeyxog poig
- Aiaxeipion oUvdeonc
a 3.6 Apxéc eAéyxou
oUHPOPNONG
0 3.7 EAeyxoc ouppopnong
Tou TCP
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UDP: User Datagram Protocol [RFC 768]

O To amAouoTepo TIPWTOKOAAO O To UDP oguxva xpnoipomolcital
peragopdc Tou AiadikTUou yid EpapHoOYEC TTOAUHEOWY
ouvexoUg pong (streaming)

o AVOXH WC TPOoC TIC ATTWAEIEC
o €ualgbnoia w¢ mpog To puduo

Q Ymnpeoia tapadoong PEATIOTNG
npoontdOciac (“best effort"):

Ta TpnpaTta UDP pymopei va

Xabouv ' ,
Tapad0BoUy eKTOC TEIPAC O dAAec xpnoeig Tou UDP 1t.X.
OTIC EQPAPHOYEC o DNS
o SNMP
O Aouvdeauikn:
dev vivetal xeipayia petagu O afidmoTn peTagopd TAvVW Ao To
Tou UDP amooToAa kar UDP: mpoaBiikn agiomioTiag oTo

0EKTN

H diaxeipion kdBe UDP
THAUATOC YiveTal eXwploTd

ETMITEDO EQPAPHOYAC
o avavnyn amé Adon
avd spappoyn

Aiktua Eikoivwviwy T - Emtiedo peTagpopdc 3-16



UDP: kepaAida TURUATOC

source port #
length -

checksum

application
data

(payload)

Nopn Tphparoc UDP

Mnko¢ Tou
Tuhuatoc UDP
oe bytes,
oupttepiAappavopévng
TNG KewaAidag

— [aTi uttdpxel To UDP;

O xwpi¢ amokardoTaon ouvdeong
(Trou e10dyel kaBuoTépnaon)

O amAd: Xxwpic karaotaon ocuvdeong oTov
amooToAéa, 0EKTN

O WIKpA KepaAida TUAHATOC

O Xwpi¢ £Aeyxo ouppdpnong:
To UDP pmopei va “ekpayei” 600
vypAyopa ©¢Aoupe
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UDP checksum (aBpoioua eAéyxou)

2 KOTTOC: avixveuan "opaApdtwy” (T1.X. aveoTpappévwy bits)
oTo HeTadIdopevo THAKA

ATrooToAéac: AékTng:

O XewpiCeTar To MepIEXOHEVO QO umoAoyiopéc Tou checksum Tou
TOU THARPATOC, ) .
oupmtepiAappavopévwy ediwv Thg Aappavopevou pnvuparog
kepahidag, wg akorouBia O €AgyXoC av To UTTOAOYIOHEVO
akepaiwv Twv 16 bits checksum 100UTaI pe ThV TIPA Tou

O checksum: ouUTTAPWHA WC TTPOC mediou checksum:

To 1 Tou aBpoiguarog Tou = Ox1 - avixveuon opdApaTog
meplexopévou (ekppaopévou oe , ,
16-bit Aéeic) = Nai - pn avixveuon opdAuarog

AAMA tapdAa auta evoéxeTal
va vivouv AdBn; (TrepioodTepa
0Th OUVEX€1Q)

O o amooToAéag TomoBeTei Th
TiIuA Tou checksum oTo medio
checksum Tou TpAuatogc UDP
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TTapadeiyua Checksum AiadikTUou

d 2nueiwon

0 Kara tnv mpéoBeon Twv apiBpwy, To KpAaToUHEVO
amod Thv IO oNUAVTIKA Béon mpétel va TpooTeO«i
OTO AToTéAEopaA

Q TTapadeiypa: TpoaBOeon dUo akepaiwv 16-bit

1110011001 100110
11 01010101010101

wr'apar'ound@lOll101110111011

sum

1 0O1110111100
checksum 0

111
0001 0001000011
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KepdAaio 3: epiypauua

Q 3.1 Ymnpeaieg emimédou
HETAPOPAC

Q 3.2 TToAUTTAEE N Kal
amoToAUTTAEE N

Q 3.3 AcuvOeouIKA
pnetagopa: UDP

Q 3.4 Apxéc aliomoTng
HeTapopdc 0edoHEVWY

Q 3.5 2uvdeouiki
puetagopd: TCP
- Aopn TpApATog

= AZiIomToTn peTagopd
Ocdopévwy

- EAeyxog poig
- Aiaxeipion oUvdeonc

a 3.6 Apxéc eAéyxou
oUHPOPNONG

0 3.7 EAeyxoc ouppopnong
Tou TCP
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Apxéc alidmoTng HeTa@opdg 0edoUEVWY

O 2nuavTiKA oTa emimeda epappHoyhc, Hetagpopdc, (euéng
O Zvo top-10 Twv onuavTikwy BepdTtwy TG dikTUWONC!

sending receiver I
process I process
| 1

Ib()relic:lble chc:mnel)j

application
layer

fransport
layer

(a) provided service

O Ta xapakTnpioTikd Tou aval10miaTou kavaAiol 6a kaBopigouv Thv
TOAUTTAOKOTNTA TOU TTIPWTOKOAAOU a10TioTNG HeTapopdc dedopévwy

(reliable data transfer protocol- rdt)
Aiktua Emkoivwviwy I - Emimedo petagopdac  3-21



APXEC TNC ACIOTIOTNG HETAWOoPAC OcdOUEVWY

O 2nuavTiKA oTa emimeda epappHoyhc, Hetagpopdc, (euéng
O Zvo top-10 Twv onuavTikwy BepdTtwy TG dikTUWONC!

sending receiver I
process I process
| 1

Ib()relic:lble chc:mnel)j

application
layer

fransport
layer

Junreliable c:hcmnel);'A

(a) provided service (b) service implementation

O Ta xapakTnpioTikd Tou aval10miaTou kavaAiol 6a kaBopigouv Thv
TOAUTTAOKOTNTA TOU TTIPWTOKOAAOU a10TioTNG HeTapopdc dedopévwy

(reliable data transfer protocol- rdt)
Aiktua Emkoivwviwy I - Emimedo petagopdg  3-22



APXEC TNC ACIOTIOTNG HETAWOoPAC OcdOUEVWY

O 2nuavTiKA oTa emimeda epappHoyhc, Hetagpopdc, (euéng
O Zvo top-10 Twv onuavTikwy BepdTtwy TG dikTUWONC!

sending |receiver I
DrOCESS process
1

lb()relic:tble c:hc:mnel)j rdt_send()

reliable data
fransfer protocol
(sending side)

application
layer

deliver data()

reliable data
fransfer protocol
(receiving side)

udt_send()i [packet | [ packet] Irdt rev()

fransport
layer

Junreliable <:hc1rmel)<1A

(a) provided service (b) service implementation

O Ta xapakTnpioTikd Tou aval10miaTou kavaAiol 6a kaBopigouv Thv

TOAUTTAOKOTNTA TOU TTIPWTOKOAAOU a10TioTNG HeTapopdc dedopévwy

(reliable data transfer protocol- rdt)
Aiktua Emkoivwviwy I - Emimedo petagopdac  3-23



AC10TIoTN peTawopd dedopévwy: EEKIVWVTAC

rdt_send() : KaAeital amd mdvw, (T.x., amd deliver data() : kaAcital a6 7o rdt
Tnv epappoyh). Aivovtar 8sdopéva yia yia va tapadwoel dedopéva 0To aviiTEPO
TTapddoon 0TO AVWTEPO £TITIESO TOU EKTN emimedo

/

dafa]fdeliver data()

\ rdt send()

send [reliable data reliable data receive
side fransfer profocol transfer protocol sid
(sending side) (receiving side) lde
udt_send ( )i packet packet Irdt rcv ()
T—hOunreIiobIe channel )41lA
udt send () : kKaAeiTal amé To rdt, via rdt rcv () : KaAEiTal 6Tav TO TTAKETO YTACE!
Th HETAYOPA TIAKETOU TTAVW ATIO oThv TTAEUPd TOU KavaAioU Tou 8EKTN
ava&10moTo KavdAl oTov OEKTH

Aiktua Emikoivwviwy I - Emimedo petagopdc 3-24



ACi10ToTh yeTagopd dedopévwy: EEKIVWVTAC

Qa:
O avanTtUfoupe oTadiakd TIC TTAEUPEC TOU ATTOOTOAEA Kal ToU OEKTN

£VOC TIPWTOKOAAOU a&iomioTng petapopdc dedopévwy [reliable

data transfer (rdt) protocol ]
O OBewpnooupe Hovo povodpopn peTapopd dedopévwy

= AAAA n Kivnon eAéyxou Ba péel kal tpo¢ Ti¢ dUo KaTeuBUuvoeic |

O Xphon pnxavwy memepaouévwy Kataotdoswy [finite state

machines (FSM)] yia Tnv Ttepiypaghi Tou amooToAéa Kal Tou 8£KTN

Katdaoraon (state):
ovTag oThv
«KAdTdoTaon» n
ETOHEVN KATAOTACN
kaBopileTal povadika
dTmo TO ETTOHEVO
oupupav

2 uppdv Tou TpokaAcsi Th peTdpaon peTalU TwWv KaTaoTdoswy

Evépyeieg mou AapPpdvouv xWpa Katd tn peTdpaon
\‘
Afinite-state machine (FSM) is a mathematical model of computation. It is an abstract machine that can
be in exactly one of a finite number of states at any given time. The FSM can change from one state to

another in response to some external inputs; the change from one state to another is called a transition. An
FSM is defined by a list of its states, its initial state, and the conditions for each transition.

—




Rdt1.0: aé10TTIoTN UETAWOPd ETTAVW 0€ Al I10TTIOTO KavdAl

O To umrokeipevo kavdAi gival TARpw¢ agi1omioTo
= Xwpi¢ AdOn bit
= Xwpic amwAeie¢ TakETWyY
O =ZexwpioTéc FSMs via Tov amooToAéa, OEKTN:
« O amooTtoAéag oTéAvel Oedopéva OTO UTTOKEIHEVO KavdAl
« O 0ékTng diapader dedopéva amod To UTTOKEIHEVO KavdAl

rdt_send(data) ait for rdt_rcv(packet)
call from

Relow

extract (packet,data)

packet = make_pkt(data) deliver_data(data)

udt_send(packet)

ATtooToAéag (sender) AékTnc (receiver)

Aiktua Emkoivwviwy I - Emimedo petagopdc 3-26



Rdt2.0: kavdAl ue opdAuara bit

O To umokeipevo kavdAl evdéxeTal va avTioTpéyel bits oTo TakéTo
- Checksum yia Tnv avixveuon opaApdatwy bit

0 EpwTrnya: Twe va yivetar n avavnyn amo Adén:

TTwg avakdumrouv ol dvBpwrTol PeTd amod “"Addn"
KaTd Th OldpKEld cuvopiAiac;

3-27



Rdt2.0: kavdAl ue opdAuarta bit

0 To umokeipevo kavdAl dev xdvel toTé TakéTa (dedopéva i ACKS)

O To umokeipevo kavdAl evdéxeTal va avaoTpéyel bits oTo takéro
=  ABpoiopa eAéyxou (Checksum) yia Tnv avixveuon apaApdtwy bit
O Epwtnua: Twc yiveTal n avavnyn amé Adon;

Octkéc empPpePpawaoeic [acknowledgements (ACKs)]: o 3éKTnG Aéel
pnNTd oTov amoaToAéa OTI To TAKETO ANYONnKe owoTd

Apvntikéc embePpawaeic [negative acknowledgements (NAKs)]: o
OEKTNG Aéel pnTdA oTov aTooToAéd OTI TO TTAKETO €ixe AdONn

O dékTng avapeTadidel To makéTo HOAIC AdPpel NAK
Q Néoi pnxaviopoi oto rdt2.0 (mépa amoé 1o rdtl. 0):
o Avixveuon opdaAuartoc (error detection)

o Avadpaon 0¢kTn (receiver feedback): pnviparta eAéyxou
(ACK NAK) 8ékTng->amooToAéag
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rdt2.0: tepiypapn FSM

rdt_send(data)

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

rdt_rcv(rcvpkt) &&
ISNAK(rcvpkt)

udt_send(sndpkt)

rdt_rcv(rcvpkt) && iSACK(rcvpkt)
A

sender

receiver

rdt_rcv(rcvpkt) &&
corrupt(rcvpkt)

udt_send(NAK)

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: oevdpio apdAuaTocC

rdt_send(data)

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

rdt_rcv(rcvpkt) &&
corrupt(rcvpkt)

rdt_rcv(rcvpkt) && iSACK(rcvpkt)
A

rdt_rcv(rcvpkt) &&
notcorrupt(rcvpkt)

extract(rcvpkt,data)
deliver_data(data)
udt_send(ACK)
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To rdt2.0 éxel éva poipaio opdAual

T1 ouppaiver av Aiaxeipion dITTAWY TTAKETWV:
KGT(IOTpa(pEi TO A O amooTtoAéac avapetadidel To
5 Tpéxov TTakéTo av aAAoiwBei To
Q0 amooToA&dg §£V YVwpiel 0 O amooToAédc TpoaBiTel
TI ouvéPn oTo déKTh! apBué akoroublac (sequence
0 Aev pmopei anAd va number) og KABe TTAKETO
avapeTadwoel: evdexopévwg O O Béktng amoppimrel (Sev
d1mAd (duplicate) makéra TpowBei Mpog Ta mavw) Ta

OITTAd TTAKETA

— Aiakomn kai avapovh (stop and wait) —
O amooToAéag oTéAvel Eva TAKETO
Kal HETA TTEPIPEVEL YIA ThV ATIOKPIOH
ToU O€KTN
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rdt2.1: >ulATnon

ATooToAéac: AékTng:
Q 2710 MakéTo TTPOOTIOeTal H Q Tlpémer va eAéyler av To
akoAouBiag Aaupavopevo TTakéTo civai
QO Auvo # akoAouBiac (0,1) OITTAG
apkouv. [iari; o H katdoTaon umodeIKvUEl

av avapévetal O B 1 wg
# akoAouBiag TakéTou

O 2npeiwon: o 0EKTNG Oev
, , TTopei va yvwpilel av 1o
0 AmAdoieg kataoTdoeig ge/\fumio Tou ?‘\EK/ NAK

- H KardoTaon mpémel va eAREON OWATA oToV
«Qupudra» av 1o ,
, . amooToAEd
«AVAUEVOHEVO» TTAKETO EXEI

# akoAouBiac O f 1

Q Tlpémer va eAéyel av To
ACK/NAK tou éAaPpe civai
KATEOTPAUHEVO
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rdt2.1: amooTtoAéac, 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)

ait for
call O from
Aapove

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

rdt_rcv(rcvpkt)
&& notcorrupt(rcvpkt)
&& iISACK(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)
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rdt2.1: dékTng, d1axeipiCeTal ahhoiwpévda
ACK/NAKs

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

extract(rcvpkt,data)
deliver_data(data)
V  sndpkt = make_pkt(ACK, chksum)
\ udt_send(sndpkt)

rdt_rcv(rcvpkt) && (corrupt(rcvpkt) \\ rdt_rcv(rcvpkt) && (corrupt(rcvpkt)

sndpkt = make_pkt(NAK, chksum)

O udt_send(sndpkt)

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

sndpkt = make_pkt(ACK, 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) && notcorrupt(rcvpkt)
&& has_seqgl(rcvpkt)

extract(rcvpkt,data)
deliver_data(data)

sndpkt = make_pkt(ACK, chksum)
udt_send(sndpkt)
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rdt2.2: 'Eva mpwTtokoAAo xwpic NAK

Q ‘Tdia AsiToupyikdTnTa pe 1o rdt2.1, xpnoigoTolwvTac
HovoACKs

Q Avri yia NAK, o 0ékTnc atéAver ACK via To TeAeguTaio
TTAKETO TTov €Aape ocwoTtd

= O 0¢éKTNC TpéTel pnTd va cupmepiAdPper Tov # akoAouBiac Tou
TIAKETOU Yid To oTroio yiveTal n BeTikA emiPpepaiwon (ACK)

A AimtAé (duplicate) ACK atov amooToAéa €xel oav
amoTéAsapa Ty idia evépyeia omwe To NAK:
avaleTad(deL To TPEXOV TTAKETO
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rdt2.2: ATtoomrdoudTd ammooToAéd, OEKTN

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

udt_send(sndpkt) rdt_rcv(revpkt) &&
( corrupt(rcvpkt) ||
iSACK(rcvpkt,1))

udt_send(sndpkt)

sender FSM

fragment rdt_rcv(rcvpkt)
..................... && notcorrupt(rcvpkt)
droopkas T && isACK(rcvpkt,0)
(corrupt(revpkt) ||~ e A

has_seql(revpkt)) receiver FSM ™

fragment .

udt_send(sndpkt) e /

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

extract(rcvpkt,data)

deliver_data(data)

sndpkt = make_pkt(ACK1, chksum)
udt_send(sndpkt) Aiktua Emkoivwviwy I - Emimedo petapopdg 3-37




rdt3.0: kavdAia pe AdOn kai amwAegIeC

TTpooéyyion: o amooToAédg
TEPIHEVEI VI «EUAOYO»

Néa utoBeon: 1o

UTTOKEIHEVO KaVAAI XPOVIKO 31daThua yid To ACK
HTTOPEI ETTIONG VA XAOEl O Avaperadidel av dev AngBei ACK
makéTa (0edopéva f o€ auTé To SidoThua

ACKS) O AvTo makéTo (h To ACK) amAd

20 , kaBuaTépnoe (dev xdOnke):
* ASpoiopa eAeyxou, O avapyetadooeic Oa civai

# GKOAOUQiGC, ACKS,, dimAég (duplicate), aAAd n
avapetadooeig pondolv xphon # akoAouBiag To
aAAd dev apkouv avTigeTwmilel AdN auTd

O d¢kTng mpémel va kaBopioel

# akoAouBiac Tou TTakéTou yia
TO oTroio €ival To ACK

QO ATaiTei XpovoUETPNTA
avtiotpopng HETPNONG

Aiktua Emkoivwviwy I - Emimedo petagopdac 3-38



rdt3.0 amooToAéac

rdt_send(data) rdt_rcv(rcvpkt) &&
\ sndpkt = make_pkt(0, data, checksum) ( corrupt(revpkt) ||
\ udt_send(sndpkt) iISACK(rcvpkt,1) )

rdt_rcv(rcvpkt) \ start_timer A
A :
timeout
udt_send(sndpkt)
start_timer

rdt_rcv(rcvpkt)

&& potcorrupt(rcvpkt) rdt_rcv(rcvpkt)
&& isACK(rcvpkt,1) && notcorrupt(rcvpkt)
stop_timer && iISACK(rcvpkt,0)
stop_timer
timeout

udt_send(sndpkt)

start_timer Q

rdt_rcv(rcvpkt)

A
rdt_rcv(rcvpkt) && rdt_send(data)
(corrupt(rcvpkt) || sndpkt = make_pkt(1, data, checksum)
iISACK(rcvpkt,0) ) udt_send(sndpkt)
A start_timer
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rdt3.0 ev dpdoce!

sender receiver

sender receiver okt
send pki0 0 v pki0

Pkt
send pkiO \0‘
rcv pkio
ACK send ACKO ACK send ACKO
rcv ACKO
rcv ACKO Sond PRt \%A(
send pit| \%‘ (loss)
rcv pkil
ACK send ACK]
rcvACK] o
send pktO ket | U |
" . resend Pkt P |
ek o AC [Cv Pkt
send ACKO
ACK send ACK]

rCvACK o
send pkio

d) operation with no loss rcv pki0
[ ] P y send ACKO

(b) lost packet
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rdt3.0 ev dpdoce!

sender receiver sender receiver
send pki0 % rcv pkio send pki0 \%’ rcv pktO
ACK send ACKO ACK send ACKO
rcv ACKO rcv ACKO
send Pl ] ka] rcv kil send pif1 7] rcv pktl
ACK send ACKI1 send ACKI
(loss) X/
timeout
fimeout = ok resend pktl =
resend pktl \rcv Pkt 1 rcv pktl
ACK (detect duplicate) rcvACK (detect duplicate)
send ACK send pktO send ACK1
rCVACK " rcv pkio
send pki0 send ACKO
ACK rcv pkio ACK g
send ACKO
(c) lost ACK (d) premature timeout
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Attodoon Tou rdt3.0

Q To rdt3.0 douAcvlel, aAAd n amédoon Tou ival XapnAn

a TT.x.: Cev¢n 1 Gbps, kaBuort. d1ad. 15 ms, mak. 8000 bit:
L 8000bits

d =—= = 8 1sec
trans R 109 bpS IL5

U cenders PaBpoc xpnong (utilization) - mooooTté Tou Xpovou Tou o
amooToAéag €ival armaoxoAngévog oTEAvVoVTAG

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

throughput oe Ceb¢n 1 Gbps
0 To dikTUako TPWTOKOAAO TTepiopilel Th Xphon TWV YUOIKWY TTopwvl

= 0.00027
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rdt3.0: AciToupyia d1aKOTTNC KAl AVAUOVAC
(stop-and-wait)

sender receiver

MeTadidetal To 1° bit Tou TTaKETOU, t=0

MeTadideTal To TeAeuTaiO bit TOU TTOKETOU,
t=L/R

1° bit Tou TTOKETOU POAVEI

L POAvel To TEAgUTaio bit TOU TTOKETOU,
oTéAvel ACK

RTT

POdvel To ACK, OTEAVEI TO ETTOUEVO il
mokéto, t=RTT+L/R TN

g ._ L/R __ 008
sender'_ RTT"‘ L/ R B 30.008

= 0.00027
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TTowToKoAAG e dloxETEUDN

Aioxéteuan (Pipelining): o amooToAéag emiTpémel
ToAAATTAd, “ev TTAOE!", Tpo¢ emPepaiwon TakéTa

= To eUpo¢ Tou apiBuov akoAouBiag pémel va auinBei
- Evrapicuon (buffering) otov amooToAéa R/kai oTo d¢KTN

<+— ACK packets

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

0 AUo yevikéC HOPWEC TwV TTPWTOKOAAWY B10XETEUONC:
go-Back-N, emAektikn emavainyn (selective repeat)
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Aioxéteuan (pipelining): au€non Pabuov xpHRong
(utilization)

sender receiver

MeTadidetal To 1° bit Tou TTaKETOU, t=0_

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

1° bit Tou 1°V TTaKETOU POAVEI

TeAeuTaio bit Bavel, oTéAvel ACK

>—TeAeuUTaio bit 20u TTakéTOoU POAvEl, OTEAVEI ACK
—TeAeUTaio bit 3ou TTakéTOU POAvVEl, OTEAVEI ACK

RTT

®Oavel To ACK, oTéAvel TO
EMOPEVO TTOKETO, t= RTT+L/R I

............. 4 Tpimhagiaopog
................... v baeuoo Xp r"ong !
x
U - _37L/R _ 0% 00081

sender'_ RTT"‘ L / R B 30.008
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TTowToKoAAG d1oxXETEUONCG

Go-back-N: yevikA g1kova ETAEKTIKA ETavaAnyn
0 O amooToAédc UTopei va éxel (Selective Repeat): yevikn
¢wc kai N pn emipepaiwpéva £IKOVd
TAaKETA oTN dloXETEUON 0 O amooToAéac PTopei va Xel
O O 0¢KTNG HOVO OTEAVEI eéw¢g Kal N pn empepaiwpéva
OWPEUTIKA acks TTaKETA oTh dloXETEUON
Asy smbepalwvsu ngKéTo av O O 3éKTng emiPePpailvel
0 O amogToAsdg Exel , 0O O amooToAéag diatnpei
XPOVOUETPNTN YIA TO TTI0 TtAAIO XPOVOUETPNTA Yid KAOE pn
un empepaiwpevo makeTo eMIPePAIWPEVO TIAKETO
Av o XPOYOUETP”TﬂC Anger, - ‘OTav 0 XpovoHeTPNTAC AAYEl,
GVGUETG5I6£'I OAd Ta un avapeTadidel yovo To pn
eTpepaiwpéva TakETa ETIPEPAIWWEVO TTAKETO
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Go-Back-N

ATIO0TOAEAG:

O k-bit # akoAouBiag aTnv kepaAida Tou TTAKETOU

O Emtpémeral «mapdBupo» (“window") éwg kar N, cuvexopevwy pn
ETIPEPAIWHEVWY TTAKETWY

send._ base nexfseqnum already sable. rot
ack’ed vet sent
|||||| IIIIII[I[I[II]I]I]I] | sont, || norusae
wmdow size —2
N

A ACK(n): empepaiwvel 6Aa Ta TakéTa €w¢ Kal auTo pe # akoAouBiag n -
«ouoowpeuTikd ACK» (“cumulative ACK")

O evdéxetal va Adper dimAd ACKs (PAEme 8EKTN)
d XpOVOUETPNTAC YId TO APpXAIOTEPO KEV TTITROEI» TTAKETO

Q timeout(n) (Anén xpovou(n) ): avapeTadidel To TAKETO N KAl OAA TA TTAKETA
He upnAoTepo # akoAouBiac oTo TapdBupo
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Go-Back-N: receiver

AékTNC:

= ACK-only: mavta oteile ACK yia taketa mou €xouv AndOet, with highest in-
order seq #

* Mrnopei va dnuioupynost dSumAoturia ACKs
* MNpenetvo Bupdtat o rcv base

= Otav AappPavel moakeTa ektog oelpac (out-of-order packet):
 can discard (don’t buffer) or buffer: an implementation decision

e YTEAVEL ACKS yLo TTOKETOL IE TOV PEYOAUTEPO aPOLO akoAouBiag tou £xouv
AndOel o oelpa (highest in-order seq #)

Receiver view of sequence number space:
received and ACKed

ANADTRADO0A0 . |
Il

Out-of-order: received but not ACKed

T

rcv base )
— Not received



GBN «ev Opdoei»

sender window (N=4) sender receliver
EEE): 56758 send pktO
WY 5678 send pktl \ .
S5 78 send Ektz _ receive pkt0, send ackO
5678 send pkt3  T~X/oss receive pktl, send ackl
ait
(wait) receive pkt3, discard,
oMEBEE 678 rcv ack0, send pkt4 (re)send ackl
0 1pEER6 78  rcv ackl, send pkt5 receive pkt4, discard,

(re)send ackl

Pignore duplicate ACK receive pkt5, dice rd,
Pkt 2 timeout _ / (re)send ackl

012 3 4 5 A send pkt2

0 1ER¥EF6 7 8 send pkt3 \

12 345 A send pkt4 rcv pkt2, deliver, send ack2
0 1EEEYY6 78 send pkt5 rcv pkt3, deliver, send ack3

rcv pkt4, deliver, send ack4

/ rcv pkt5, deliver, send ack5
A

ikTua Emikoivwviwy I - Emimedo  3-49
ueTavopdc




EmiAekTIKA ETTAvaAnwn
(Selective Repeat)

Q O 0ékTNng emmipepaiwvel pepovwpéva 6Ad Ta ocwoTd
ANpOévTa TakéTa

= EvrapieVer makéra, av xpeialetar, wote TeAIKA va tapadwoel
TA TTAKETA 0 OWOTA O€Ipd OTO AVWTEPO ETTITIEDO

0 O amooTtoAéac EavaoTéAvel HOvo Ta TTAKETA Yid Td
omroia v éxel AnpOei ACK

= XPOVOUETPNTAC OTOV ATTOOTOAEA Yid KAOe pn emipepaiwpévo
TTAKETO

Q TTapdBupo amoaToAéa
= N ouvexopevor # akoAouBiac

= TTepiopilel Toug # akoAouBiac Twv oTaApévwy, Hn
eipePaIWPEVWY TTAKE TWV
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EmiAekTIKA eTavdAnwn: tapdBupa amooToAéa
Kdl 0EKTN

(buffered) but Ty :
already ack'ed (within window)

ﬂﬂﬂﬂﬂﬂﬂﬂﬂlllllllllIIIIIIIIIII |oactes er [ rorescer

t _ indow size—24
N

send_base  hextseghum already Usable. not
i' i ack’ed yet sent
sent, not
0TI TO00 == e
g - window size —4
A
(a) sender view of sequence numlbers
: out of order acceptable

rcv_base

(b) receiver view of sequence numbers
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EmiAekTIKA eTavdAnyn

— ATTO0TOAEAG

Aedopéva amd mavw:

O Av eival 01d0£01H0C 0 ETTOHEVOC
#HakoAouBia¢ oTo Tapdbupo,
OTEiAE TTAKETO

timeout(n)(Ann xpdvou (n)):

O =avaoTeiAe To TTAKETO h,
ETTAVEKKIVNOE TO XPOVOUETPNTA

AC K(n) o€ [sendbase,sendbase+N]:

O 2nueiwoe To TAKETO h WC AnpOév

Q AvTo h givdl To HIKPOTEPO UN
emipePpaiwpévo TAKETO,
HeTakivhoe Th paon Tou
TapaOupouU aToV ETTOHEVO HN
emipepaiwpévo # akoAouBiag

—  0£&KTNG
TAKETO N OTO [rcvbase, rcvbase+N-1]
3 oteihe ACK(n)

O EKTOC ogipdc: evrapisuoe

0 2¢ oeipd: mapadwae (emiong
TTdpddwaoe Ta EVTAUIEUPEVA, O€
ocipd TTAKETA), HETAKIVNOE TO
Tapdbupo 0To ETTOHEVO TTAKETO
oV dev €Xel AnpOei akopa

TTAKETO N OTO [rcvbase-N revbase-1]

3 ACK(n)

O1dPOPETIKA:

0 ayvonoe
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EmIAeKTIKA eTavaAnyn «ev dpdoei»

sender window (N=4) sender
e} 56 78 send pkt0
(OMACR 56 7 8 Send pkt]. \
R} 5673 send pktz-\
¥R 5678 send pkt3 Xloss
I (wait)
oOfEEEY¥ 678 rcvack0, send pkt4
0 1pEE¥ 78 rcv ackl, send pkts
record ack3 arrived

pkt 2 timeout
0 1EEEYF6 7 8 send pkt2
O 1 ZRCEREO / 8 record ack4 arrived
8 i :j g 6 ; : record ack4 arrived /

Q: 11 ouuPaiver otav PBaver To ack2;

recelver

receive pkt0, send ack0
receive pktl, send ackl

receive pkt3, buffer,
send ack3

receive pkt4, buffer,

send ack4
receive pkt5, buffer,

send ack5

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

ET“A&KTlKﬁ EﬂanAnq}n: (after receipt) (after receipt)

OiAnuua

[Tapadetyua:
Q # akohouBiac: 0,1, 2, 3
QO MéyeBoc mapaBupou=3

O O 0éKTNnC Oc PAETTEl
diapopd ota duo aevdpial

Q EmavaAappdver Thv
atmooToAn 0€doHEVWY TA
otroia €xouv RdN AnyOci

E: TToid n oxéon petav
peyéBougc HakoAouBiag

kal pey£éBouc Tapadupou;

-3 012 -

[z 012 \K ofiEElo 12
01 2 Yol 2 o il 2 3 O
\> 0 1 2K 2
oo 1 2

0 1EER T
pktO — will accept packet
(a) OUBLY ”pOB)\nUG with seq number 0
O OekTNG OeV Lnopel va o€l T/] vV TAEUPd TOU ariooToA&a.
H ouunepipopd tou OekTn 101 Kal OTIC 2 NEPITTWOEIC!
Kkar naei (noAu) orpapBa!

s 012 —RKO

3012~K ofiZElo 1 2

-3012 0 1EEN] 1 2
0122

timeout

retransmit pkt0
01 2Kop 2p ktO

(b) npoBAnpal
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KepdAaio 3: epiypauua

Q 3.1 Ymnpeaieg emimédou
HETAPOPAC

Q 3.2 TToAUTTAEE N Kal
amoToAUTTAEE N

a 3.3 AouvOEOUIKA
pnetagopa: UDP

Q 3.4 Apxéc Tng
ag16mioTNG HETAPOPAC
O QO EVWY

Q 3.5 Zuvdeouiki
ueTagopd: TCP
»  Aopn TpRparog

= AZiIomToTn peTagopd
Ocdopévwy

- EAeyxog poig
- Aiaxeipion oUvdeonc

a 3.6 Apxéc eAéyxou
oUHPOPNONG

0 3.7 EAeyxoc ouppopnong
Tou TCP
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TCP: ET[IGK()TH’\GI’\ RFCs: 793, 1122, 1323, 2018, 2581

Q Amé onpeio Tpoc onyeio: d TTARpw¢ apyidpoua
, . ocdopéva:
= ‘Bvac amooTtoAéac, évag . A o .
SEKTIC IKAaTEUOUVTIKA poh
0edopévwy oThv id1a ouvdeon
d ACiomaoTn, oc ocipd pon amod = MSS: maximum segment
bytes: size (péyioTo péyeBog
. Xwoic "¢ o TUAuaTog)
wpIi¢ opld gnvugdTwy 0 ZUVBSO'UIKY']
O Me dioxéTeuon: E l(—lxsupaqua (handshaking)
. ' : avTaAAayh unvupdTwy
O ?AEVXO' OUH(popNnonG kal eAEYXOU) ApXIKOTIOIET TNV
pong Tou TCP kaBopilouv To KATAOoTAONh TOU ATOOTOAéd
péyeBoc¢ Tou Tapabupou Kdl ToU OEKTN TIPIV ThV

avTaAAayn dedop Evwy
 Pon umo €Acyxo:

= O amooTtoAéac dev Ba
UTTEPPOPTWOEI TO OEKTN

A Evtauteutéc amoatoAng Kat
Ayng

socket
door

socket

door

receive buffer

() Segment] —» ()

send buffer
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Aoun TuAuaTtoc TCP

A

URG: etmreiyovra dedopéva

(8¢ xpnoipomoiciTai, vsvmd)\

MeTpiéTal oc
bytes
(6x1 TuAparal)

source port # | dest port #

ACK: ACK # \ sequence number

£YKUPO T Ekﬂo\wledgemen’r number
, o head not Pf S|F| Receive window
PSH: npowenoe"ra 6860u§va Twpa/ Sed
(8¢ xpnoipoTolcital, yevIKA) Sum Ur'g da.‘.a pn.‘.er,

RST, SYN,FIN:  —|  Optiefis (variable length)
ATrokaTdoTadoh ouvdeang

(evroAég eykaBidpuong,
Teppartiopov)

\

gival mpobupog
va 0eXTEi

application
ABpoioua sAé\[/;éQ/ data
(6w aTo UDP) (variable length)

RST: Reset the Connection

: Aiktua Emkoivwviwy I - Emimedo petagopdac  3-57
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TCP: apiBuoi akoAouBiac kai ACKs

ApiBuoi akohouBiac (Seq. #'s):

ACKs:

ApIOuUOC TOU TTPWTOU
byte Twv dedopévwy Tou
THAUATOG

seq # Tou emopEVOU
byte mou avapéveTai
amoé Thv dAAn TAgupd
ouoowpeuTika ACK

E: mwc¢ draxeipieTal o dEKTNG
Td THAPATA EKTOC O€IPdG;

A: n podiaypdPpn Tou
TCP d¢ev kaBopilel
(evamokeiTal aTnv
vAoToinon)

outgoing segment from sender

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

sender sequence number space

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

flight”

mc%ming segment to sender

source port #

dest port #

sequence number

R acknowledgement number

A

rwnd

checksum

urg pointer




Xpovog Aiadpoung pet’ emiorpoeng (Round Trip

Time) kai Anén Xpovou (Timeout) Tou TCP

A E: TTwe kaBopileTal
N TIMA Tou Timeout
(AMEn xpovou) Tou
TPC;

O MeyaAUtepo amo RTT

= aAAd TOo RTT
HeTaPpaAAeTal

[ TToAU oUvTOpO: TTPWIHO

timeout
" Un AmapaiTnTEC
avapeTadooeic

O peydAnc didpkeiag: apyh
avtidopaon oe amwAeia
TUNHATOG

d E: TTwe ekTipdrar To RTT;

(] SampleRTT: XpOVOoC TTOU HETPIETAl
aTmo Th petradoon Tou THAWATOC WG
Tnv tapaAaph Tou ACK

= ayvoouvTdi ol avapeTadooeiC

( To SampleRTT Oa petaPpdAAeTal,
©&Aoupe 1o ekTIHwpevo RTT mio
“opaAro”

" UECOC OPOC APKETWV
TTPOOPATWY HETPACEWY, OXI
HOVO TOU TPEXOVTOC
SampleRTT
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Xpoévog Aiadpoung MeT’ emoTpopic (Round Trip
Time) ka1 An¢n Xpovou (Timeout) Tou TCP

EstimatedRTT = (1- a)*EstimatedRTT + a*SampleRTT

O EkOeTikh oTaBuiopévn KivnTA péon Tiuh (Exponentially
weighted moving average)

O n emidpaon Twv aAdiwy OIYHATWY HEIWVETAI EKOETIKA

O TumikA TipA: o = 0.125
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TTapddeiyua ekTipnong Tou RTT:

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

350 +

300

250 K ] Y N Y/T

RTT (milliseconds)

200 +

150

100 T T T T T T T T T T T T T T T
1 8 15 22 29 36 43 50 57 64 71 78 85 92 99 106

time (seconnds)

—o— SampleRTT —&— Estimated RTT
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Xpoévog Aiadpoung MeT’ emoTpopic (Round Trip
Time) ka1 An¢n Xpovou (Timeout) Tou TCP

KaBopiouoc Tou timeout

EstimatedRTT ocuv “nepLOdpLo acpaAreiag”

0 peyaAn petapfodn oto EstimatedRTT -> peyoAUtepo
nepLOdpLo acpaAeiag

O nmpodta extipdtal néco anorkAivel 1o SampleRTT and 10
EstimatedRTT:

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

(tumika, B = 0.25)

MeTd kaBopileTal n TIUA Tou timeout:

TimeoutInterval = Est%matedRTT + 4*DevRTT
*
estimated RTT “safety margin”
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KepdAaio 3: mepiypaupa

Q 3.1 Ymnpeaieg emimédou
HETAPOPAC

Q 3.2 TToAUTTAEE N Kal
amoToAUTTAEE N

a 3.3 AouvOEOUIKA
pnetagopa: UDP

Q 3.4 Apxéc Tng
ag16mioTNG HETAPOPAC
O QO EVWY

Q 3.5 2uvdeouiki
puetagopd: TCP
- Aopn TpApATog

« AZiomoTn peTagopd
oedopévwy

- EAeyxog poig
- Aiaxeipion oUvdeonc

a 3.6 Apxéc eAéyxou
oUHPOPNONG

0 3.7 EAeyxoc ouppopnong
Tou TCP
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AliomoTn yetagopd dcdouévwy (aud) Tou TCP

Q To TCP dnuioupyei uttnpeaoia
«dud» Tavw amoé Thv
ava&16moTn uttnpeoia Tou IP

Tunuara oe dloxETeuon
> WPEUTIKA acks

To TCP xpnoipgomoici éva
HOVO XPOVOUETPNTA
avapetadooswy

d Avapetadooei¢ mpokaAouvTai
amo

= guppavra AREnc xpovou
(timeouts)

= QImAéC emiPpepaiwoeig
(duplicate ACKs)
d Apxikd Bewpoupe amAoToinpévo
amooToAéa TCP:
= gyvooUvTail di1mAd ACKS
= ayvoeital EAeyxXo¢ poNng,
€Aeyxog ouppopnong
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["eyovoTa Tou amooToAéa TCP:

AAwn dedopévwy amo spappoyn:

AAREn xpévou (timeout):

a

a

dnuiovpyia TUAUATOC pe H
akoAouBiag

# akoAouBiac eivai o
apiBuo6¢ Tou TIpwTou byte
ocdopévwy aTo TUAKA
EKKivnon XpOVoUETPNTH av
oev TPEXEI A0N

(o XpovopeTpNTAC cival oav
TO XPOVOUETPNTA TOU TIIO
TtaAioU pn emipePpaiwpévou
TUAHATOG)

didoTnpa AREnc:
TimeOutInterval

O emavapeTadoon Tou TUAHATOC
TT0U TtpokdAeae 1o Timeout

O emavekkivnon XpovoueTpNTA

Aqyn ACK:

d av emipepaiwvel TUAPATA TTOU
dev €xouv NON emipepaiwOei
= gvavéwaon Tou TI gival yvwoTo
OTI éxel empPpePpaiwOei

= gKKivnon XpOVOUETPNTA av
e€akoAouBouv va uttdpxouv
TUALATA
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2 evdpla avapetadooewyv TCP

Host A Host
™ \u
\
Seq=92, 8 bytes of data
= -
) ACK=100
S X

SendBase
= 100

Seq=92, 8 bytes of data

/

ACK=100

—

time

>evapio xapevou ACK

o

Host A Host

SendBase=92

/

Seq=92, 8 bytes of data

‘g’ Seq=100, 20 bytes of dat
£
T ACKzlo/
l ACK=120
SendBase=100 Eeg =92f' S
ytes o data\

SendBase=120

\

ACK=120

\

SendBase=120
time Tlpwiun AREN xpbdvou
(premature timeout)
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2 evdpia avapetadogewyv TCP (ouv.)

4 -1

s

\
Seq=92, 8 bytes of data

Seq=100, 20 bytew
ACK=100
X+ /

ACK=120
\

Seq=120, 15 bytes of data

n

l—— timeout

time

stap 10 GUGOWPEUTIKOU A CK Aiktua Emkoivwviwy I - Eminedo  3-67
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TTapaywyh TCP ACK [RFc 1122, RFC 2581]

2UUBAav oTo OEKTN Evépyela dektn TCP
AQIEN TuAPaTOG o€ oelpd pe avapevouevo  Kabuatepnuévo ACK. Avauovr) 500ms
# akoAouBiag. OAa Ta dedopéva PEXPI YIO TO ETTOUEVO TUNHA. AV OXI ETTOUEVO
TOV avauevOouevo # akoAouBiag £xouv TuAMa oTeiAe ACK

emRERAIWOEI

AQIEn TUAUATOG O€ OEIPA JUE avapevopevel  Auean AtrooToAr) eVvOG GUCOWPEUTIKOU

# akoAouBiag. 'Eva Ao TuAua ACK TToUu Kavel emRePaiwon Kai yia
TTEPIPEVEL yIa peTddoon ACK Ta OUO TUAMATA TTOU £QTACAV O€ OEIPa
AQIEN TUNMUOTOC EKTOC OEIPAC UE Apeon arrooToAr duplicate ACK tTou
MEYOAUTEPO TOU AVAUEVOUEVOU onAwvel # akoAouBiag eTTépEVOU

# akoAoubBiag. Avixveuon kevou avauevopuevou byte

AQI¢N TUAMOTOG TTOU PEPIKWG N Apeon ammootoA) ACK, apkei 1o TuApa
TTANPWGS OCUPTTANPWVEI KEVO OTA auTO vVa apxiel OTo KATW AKPO TOU KEVOU
AN@OBévTa dedopEva
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Taxeia avapyetddoon (Fast retransmit)

d To didoTnua ARENG Xpovou
gival ouxvd oxeTIKA peydAo:
= peydAn kaBuoTéphnon mpiv
¢avaoTaAei To Xapévo
TAKETO
O Avixveuon xagévwv
TUNHATWYV pe duplicate ACKs
= O amoaToAéac ouxvd
oTEAvel TTOAAG TUAUATA TO
gva Tiow amd 1o aAAo
= Av éva TUAHa xaBei, Ba
uttdpouv mBavwe ToAAd
o1tAa ACKs.

d TCP Taxeia avapeTadoon:

Edv o amooToAéac Adper 3

duplicate ACK via Ta idia

dedopéva, EavaoTéAvel To N

emipePpaiwpévo THAKA HE TO

HIKpOTEPO apIBU6 akoAoubBiac.

= TTiBavéTara 1o pn

emipePaiwpévo TTAKETO EXEI
XaB¢ei, omoéTE PNV TEPIPEVEIC Th
AREN Tou XpovolETPNTA
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Taxeia Avaperadoon TCP

Host A Host B

X

Taxeia avaperadoon PeTaA Tn Anwn anod
TOV anooToAEa Tou TpinAoU dinAoTunou ACK

— Seq=92, 8 bytes of data

\Seq=100, 2 f data
\X

ACK=100

ACK=100
TSeq=100,_20 bytes of data

\

v v
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KepdAaio 3: mepiypaupa

Q 3.1 Ymnpeaieg emimédou
HETAPOPAC

Q 3.2 TToAUTTAEE N Kal
amoToAUTTAEE N

a 3.3 AouvOEOUIKA
pnetagopa: UDP

Q 3.4 Apxéc Tng
ag16mioTNG HETAPOPAC
O QO EVWY

Q 3.5 Zuvdeouiki
puetagopd: TCP
- Aopn TpApATog

= AZiIomToTn peTagopd
Ocdopévwy

= EAeyxocg poig
- Aiaxeipion oUvdeonc

Q 3.6 Apxéc eAéyxou
oUHPOPNONG

0 3.7 EAeyxoc ouppopnong
Tou TCP
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‘EAeyxoc poric Tou TCP

Q H mAeupd Tou 0éKkTNn TG TCP aUvdeanc d1aBéTel
evTapieuTh AAYNnc (receive buffer)

O H diepyacia TG epapuoyng evOEXETAl va gival
dpyn oTnv avdyvwon

O Ymnpeoia Taipidoparog TaxutnTag: Taipiaopa
Tou puBpoU amooToANG HE To puBuod Tou h
epappoyh avtAei Ta dedopéva
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0 ATTo0TOAEAC

n epapHoyn Htopei va
amopuakpuvel dedopdéva amod Toug
evrapieutég Tng TCP socket ...

TCP socket
receiver buffers

oTéAvel.. o apyd ——

am' 0TI Tapadidel o

TCP 3€éKTNG

— ‘EAeyxog pong

0 O0EKTNG AEYXEI TOV ATTOOTOAEQ,
€701 0 armoogToAéag Oev

uttepx lAi{el Tov eVTAPIEUTRH

Tou 0€KTN OTEAVOVTACG HE
uttepPoAika uynAo puBuo

TCP
code
[] ] |
IP
code
1
F“I ' 4 E

I I
’ I ’
dTro Tov amooToA&al

gpappoyn

oToipa TpwTOKOAAWY OEKTN
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EAeyxoc ponc Tou TCP

3 O 0€KTNC KOIVOTIOIEI TOV
eAEVOEPO XWPO TOU EVTAUIEUTH

to application process mepiAappdvovTag Tnv TigAR rwnd
othv TCP kepaAida Twy
5 | TUNHATWY aTto To0 0EKTN TIPOC
RcvBuffer buffered data grov GT(?GTOA&G
— = To péyeBoc Tou RevBuffer
T opileTal Héow TWV €TTIAOYWY TOU
rwnd socket (TMpokaBopiopévn TIUA
| free buffer space 4096 bytes)
~ = TOAAA A€ITOUPYIKA CUGTAHATA
I puBuilouv autéparta To
RcvBuffer

TCP segment payloads

O O amooTtoAéacg mepiopilel Ta pn

receiver-side buftering empepaiwpéva dedopéva oThv
TIHA rwnd Tou EKTN

O eyyudTtal 0TI 0 EVTAUIEUTAC OTOV
0EKTN Oev uttepxelhilel
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KepdAaio 3: mepiypaupa

Q 3.1 Ymnpeaieg emimédou
HETAPOPAC

Q 3.2 TToAUTTAEE N Kal
amoToAUTTAEE N

a 3.3 AouvOEOUIKA
pnetagopa: UDP

Q 3.4 Apxéc Tng
ag16mioTNG HETAPOPAC
O QO EVWY

Q 3.5 2uvdeouiki
puetagopd: TCP
- Aopn TpApATog

= AZiIomToTn peTagopd
Ocdopévwy

- EAeyxog poig
- Aiaxeipion oUvdeong

a 3.6 Apxéc eAéyxou
oUHPOPNONG

0 3.7 EAeyxoc ouppopnong
Tou TCP
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Aiaxeipion ouvdeong TCP

OQuunBciTe: amooToAéac, 8EKTNG
Tou TCP amokaBioTouv
«guvdeon» TpiIv avTtaAAdgouv
TUAHATA OedoHEVWY

O Apxikomoinon petapAntwyv TCP:
o daplOuoi akoAouBiac
o EVTAMIEUTEG, TTAnRpoYopia
eAéyxou pong (T.x.
RcviWindow)

O [TeAatng(client): autoc mou

EKKLve( TN auvdean

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

number")

O Eéumnpétng (server): épxeTai
oc emapn padi Tou o TeAATNC

Socket connectionSocket =
welcomeSocket.accept ()

Tpipepng Xeipayia
(Three way handshake):

BAua 1: O umoAoyioTAC meAdTng Tou TCP
oTtéAvel Tunua SYN atov e€umnpéTn

o kaBopilel apxik6 # akoAouBiag
o Xwpic dedopéva
BAua 2: O umoAoyIoTHC eEUTINPETNC
Aappaver SYN, amavrd pe TuApa
SYNACK
o 0 e€uTNPETNC deoUEVEl EVTAUIEUTEG
o KaBopilel apX1ko # akoAoubiacg
e€umnpéTn
Bnua 3: O meAdtng Aappaver SYNACK,

amavtd pe TuARpa ACK Trou ymopei va
TepiExel 0edopéva

SYN: Synchronize Sequence Number 3-76



Aiaxeipion ouvdeong TCP (ouv.)

TTpiv yiver avraAhayn dedopévwy, 0 amooToAédc Ki 0 0EKTNG KAVOUV
"xelpayia”:

0 oupewvoUyv yia Th dnpioupyia ouvdeong ( o kaBévacg va yvwpilel 0TI 0

daAho¢ eivar TpoBupoc va dnpioupyhoel Th oUvdeaon)

O gudPWVoULV OTIC TTAPAUETPOUC TS ouvdeong

g

application

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

network

Socket clientSocket =

newSocket ("hostname", "port

number") ;

application

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

network

Socket connectionSocket =
welcomeSocket.accept() ;
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2 Uppwvia yia dnpiovpyia auvoeaonc

E: n dipephc xelpayia
douAcVel TTAVTA OTO
0iKTUO;

~ v " Q geTaPpAnTég
et'sta - KaBuoTepNoeIg
__T®ESTAB
ESTAR 4 OK 0 emavapeTadidopeva
pgnvouara (m.x.

req_conn(x)) Adyw
ATTWAEIWY HNVULATWY

q 0 avadidrain pnvopaTtoc
i

choose x \&\ Qdev pmopei va 0¢l Thv
req_conn(&‘ "GAAN" TTAEUPd
—® ESTAB

acc_conn(x)
ESTAB &—
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TCP 3-0poun xelpayia

ﬂ server state
LISTEN e LISTEN

Alg\eyel apyiko #akoAoubiag, x
>TéAvel TCP SYN msg

SYNSENT SYNbit=1, Seg=x AiaAeyel apyIko #akolouBiag, y
>TéAvel TCP SYNACK msg,

/ BeBaiwvovTag To AnpOev SYN SYN RCVD

W

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

v

ESTAB To AnPBév SYNACK(x)
unodeikvUsl OTI O server

eival {wvTavog, ACKbit= 1, ACKnum=y+1

/\

>TéAvel ACK yia To AngBev SYNACK. '
AUTO TO TUANA PNOPEI VA NEPIEXEI \ To AneBev ACK(y) !
OedOpEVA AMO MEAATN OE EEUNNPETN unodelkvUel OTI o client ESTAB

eival {wvtavog
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TCP: KAcigipo ouvdeang

KAgigipgo piac ouvdeanc:

O meAdTNng KAcivel Tn socket: FIN
clientSocket.close()

BAua 1: To Teppariké ovoTnua close
’ ’ ’ C\(
TeAdTNC OTEAVEI TUAKA A~

geAéyxou Tou TCP FIN oTtov EIN
eCuTNPETN. = Aok
, , =
BAua 2: O efumnpétnc T
Aappaver FIN, amavrd pe £
/ ’ +
ACK. KAgivel Tn ouvdeon, closed =

oTéAver FIN.
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TCP: KAgigipyo ouvdeonc (ouv.)

Bnua 3: o meAdTnc Aappdvel
FIN, amavrtad pe ACK.

o EioépxeTal ot
TTETTEPACUEVN AVALOVA
("timed wait") - Ba
amavthoel pe ACK og
Aaupavopeva FINs

Bnua 4: O e€umnpénc,
Aappaver ACK. KAegioth
ouvoeon.

2 NUEIWAON: TYTIKEC TIMEC TOU
timed wait 30 sec,1or 2
mins

closing

+=
o
=
© closed

Q
E
+—
d-

close
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KepdAaio 3: mepiypappua

Q 3.1 Ymnpeaieg emimédou
HETAPOPAC

Q 3.2 TToAUTTAEE N Kal
amoToAUTTAEE N

Q 3.3 AcuvOeouIKA
pnetagopa: UDP

Q 3.4 Apxéc Tng
ag16mioTNG HETAPOPAC
O QO EVWY

Q 3.5 2uvdeouiki
peTtagopda: TCP
- Aopn TpAparog

= AZiIomToTn peTagopd
Ocdopévwy

- EAeyxog poig
- Aiaxeipion oUvdeonc
Q 3.6 Apxéc eAéyxou
ouppOophoNng
0 3.7 EAeyxoc ouppopnong
Tou TCP
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ApXEc Tou EAEyXoU 2 uppopnonc

2 Ulpopnon:
O "ToAAEC TTNYEC TToU oTEAVOUV TTOAAd dedopéva TToAU
YPAyYopad vid va Ta Xelp1oTei To dikTUO”

[ d1aPOoPETIKO aTro Tov €Aeyxo ponc!
0 ouumTwyara:
= xXapéva makéra (UTtepxeihion EVTAHIEUTWY OTOUC
dpopoAoynTécg)

= peydAec kaBuoTtepnoeic (avapovh oToug
EVTAUIEUTEC TWV OpopoAoynTwy)

O onpavTiko mpoPpAnual
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AiTia/KO0TN ouppopnong: oevdpio 1

original data: Kin throughput: }‘out
[ OUo amoaToAcic, OUo OEKTEC <o |
’ ’ Host A _1_
O amepiOPIOTOl EVTAUIEUTEG, :
’ ) unlimited shared
evag dpopoAoynThg q . output link buffers —] ﬁ
’ ’ B —|
O XWPNTIKOTNTA £€EPXOUEVNC—y— /_ _
euéng: R ettt
Z g'nc ' ¥ N llllllJ
[ Xwpic avapeTadooeIC g | / ﬂ
Host B
R/2------------ . :
i > :
= ! © :
S ! Q :
= s
I .
iy RJ2 | Ain R{Z
, , , O MeydAeg kaBuaTepnoeig
O  uWéyioTh puBuamodoon avd dedopévou 0TI 0 puBPOC dpiEng
ouvdeon: R/2 Ain TPOOeyYi{el TNV XwpnTIKOTNTA
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AiTia/Ko0Th ouupdpnong: aevdpio 2

TETEPATUEVOL EVTAUIEUTEC, €vag dpOoHoAOYNTAC
[ o amooToAéac avapetadidel Ta xapéva TakeéTa

= €igodo¢ emmédou epapHoync = £€odog emiTrédou epapHOYAG:
Ain = Aout (goodput) - epdoov 0TI oTéAVETAI TeAIKA AaupdveTal UoTepa amod
KATIOIEC AvAPETAOOTEIC.

= €igodo¢ emméEdou peTapopdc TtepiAapuPdvel avapeTadooeic: Ain' 2 Ain

Host A Min - Original Aot

j data

«— A, original data, plus
retransmitted data

Host B

finite shared output :
link buffers |

——,
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AiTia/kéoTn ouhpopnong: osvdpio 2 (ouv.)

Q Aoyw avapetadoocwv.

7»>7\

O avauetddoon KaeuoTepnuevwv (oxu XAHEVWYV) TTAKETWY KAVEI TO 7‘~|n

out

peyaAutepo (amoé 6T1 av avapetadidovral povo Ta xagéva) yia 1o idio 7\«out

R/2

7\’0Ut

, R/2
}Vin

a. Kayia atrwAsio/avauetadoon

"kdaTN" TNG OUHPSPNONG:

Aout

R/2

R/3

R/2

, R/2
kin

b. Méxpl R/2-R/3 avaueTtaddoeig

, R/2
kin

C. AUO QOpEG KABE TTOKETO

0 meploaoTepn douAeid (avapeTadooeig) yia doopévo "goodput”
0 axpeiaoteg avapetadooeig: n (euEn peTapépel TOAAATTAG avTiypdga Tou TTAKETOU

peiwon “goodput”
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AiTia/K60TN TNC oupopnong: aevdpio 3

O TéooepelC ATOOTOAEIC E: 11 ouppaivel kaBug To A, kai To A,
O Aiadpopéc TOAMATAWY TunudTwy  Guédvouv ?

O AA&n xpovou/avauetddoon

A: kaBuwc¢ To KOKKIVo A, aufdvel, 6Aa Ta
UTTAE TAKETA TTOU POAvouv oTnV TTdvw
oUpd aToppiTTTOVTAl,
blue throughput > O

Host A ..
Ain - Original data Mout Host B

M\, . original data, plus s
retransmitted data

= finite shared output
i lipk buffers

Host B

ﬁ O

mATII - ﬂ
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AiT1a/KO0TN TNC oULYOPNONC: aevdplo 3

C/2 ' -

5
O
<'<

k!
Ig
‘Eva dAAo "kooToc” Tng ouppopnong:

Q otav éva akéTo xdverai, n “upstream” (avripeupariki)

XWPNTIKOTNTA TTOU XPNOIHOTTOINONKE yid Th HETAOOON
TOU £X &I omaTaAnBeil
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TTpooeyyioeic oTov €Agyxo ouppopnong

ATIO AKPO 0€ AKPO £AEYXOC
oupeoPNONG:

0 Kkadpid dueon avadpach amo To
OiKTUO

O n ouppopnon cuvdayeTai amnod
TIC aTMWAEIEC, KABUOTEPNTEIC

TTOU TTdpdTNPOUV Td TEPHATIKA
ouoTAUATA

O Tpocaiyyion TTou akoAouBcei To
TCP

EAevxog ouppodpnong
emiponOoUpevoc amoé To
diKTUO:

3 o1 0poHOAOYNTEC TTAPEXOUV
avadpaon oTd TEpUATIKA
oUOTHANATA

éva bit Tou umrodeikvUel
oupgpopnon (SNA, DECDbiIt,
TCP/IP ECN, ATM)

oapn¢ puBUOC e Tov oTToio
o amooToAéag Oa mpémel va
OTEAVEI
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KepdAaio 3: mepiypaupa

Q 3.1 Ymnpeaieg emimédou
HETAPOPAC

Q 3.2 TToAUTTAEE N Kal
amoToAUTTAEE N

a 3.3 AouvOEOUIKA
pnetagopa: UDP

Q 3.4 Apxéc Tng
ag16mioTNG HETAPOPAC
O QO EVWY

Q 3.5 2uvdeouiki
puetagopd: TCP
- Aopn TpApATog

= AZiIomToTn peTagopd
Ocdopévwy

- EAeyxog poig
- Aiaxeipion oUvdeonc

a 3.6 Apxéc eAéyxou
oUHPOPNONG

Q0 3.7 EAeyxoc ouppopnong
Tou TCP
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EAcyxoc ouppdpnonc TCP: mpooBeTikA avénon,
moAAamtAaciaoTiki peiwon (AIMD)

3 [Mpocéyyion: abgnon puBuou peTddoong amooToAéa (pEyeBog
Tapadupou), avixveuan Tou XpNnoIHoTIoINCIHoU eUpouc {Wwvng, HEXP!
va egpavioTei anmwAeia

nmpoaBetikn avénon (additive increase): abénon Tou cwnd
(CongWin) katd 1 MSS kdBe RTT péxpl va eppavioTei anwAeia

moAamAadwotikn peiwon (multiplicative decrease) : peiwon

Tou CongWin oTo LiIg6 HETd amd amwAeia
NpooBeTIKA au&non pey£Boug napabupou ...

.... MEXpP!I va unap&el anwAeia
v (TOTE peIwVEl To Napabupo oTo HICO)
7
5s j
AIMD B
LTIPIOVW TH» g 3 .
oupTEpI9opd O 5
.0
(]
gg
o 8

time
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EAeyxoc ouppoépnang TCP: AsmrTopépeieg

| cWnd —>|

last byte ‘ last byte
ACKed sent, not-  cant
yet ACKed

(“in -

Q O anongReag meplopilel T peradoon:
LastByteSent-LastByteAcked < CongWin

O To CongWin eivai duvapiké, cuvdpTnon Tng
TTdpdaTNPoOUHEVNC CUHPOpNoNG Tou OIKTUOU

CongWin
RTT

puduoC = bytes/sec

TCP puBuo¢ amodtoAnc:

Q meplmou: oTéAvel CongWin bytes,
mepipyével RTT via ACKs, ToTe

TTw¢ maparnpei o amooToAéag

Th oUl@Ophoh:

3 [eyovocg amwAesiac = AREn
xpovou (timeout) n 3
dimAdTuTta ACKs

3 O amooTtoAéac TCP peiwvel
TO pUOUO (CongWin) peTd TO
YEYOVOC ThG aTtwAgiag

Tpeic uynxavioyoi:

o AIMD
O ApYR ekKivhon

O 2ZUVThPNTIOHOC HETA ATt
veyovoTta timeout

oTéAvel TTeploadTepa bytes Aiktua Emkoivwviwy I - Emimedo peragopdc  3-92



Apyh ekkivhon Tou TCP

A ‘OTav £ekivd h oUvdean, o HSZA
puBuoc auaveTal ekOeTIKA =

HEXP! TNV TIPWTN ATTWAEIQ:

Bl
, . b ——tesegment |
= dpxikd CongWin =1 MSS E
|

= 10 CongWin dimrAacideTai
oe KABe RTT w’

= yiveTal auéavovrac To
CongWin pe kdBe ACK mou
Aaupaverai dr segments

3 20voyn: dpXIKOC pubuocg
apyoc, aAAda avepaivel

eKOETIKA ypnyopda tirlne
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Apvyh ekkivhon Tou TCPuwv.)

3 OTav Cekivd n ouvdeon, CongWin = 1 MSS
o TT.X.: MSS = 500 bytes & RTT = 200 msec
O ApxIkog puBuog = 20 kbps
(500bytes*8bits/byte*1/0.2sec)

3 To di1aBéaipo eupog Cwvng evOéEXeTal va givai >
MSS/RTT

o Eivar emBuunth n yphyopn emiteuén evoc oepaaTtol puBpoU
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TCP: avixveuon, avTidpaon o€ amwAegieg

O o1 anwAeie¢ urodeikvUovTal amd Td Timeout:
T0 CongWin opietal oe 1 MSS

0Th ouVéx €ld To TTapdBupo audveTtal ekOeTIkA (OTTWC oTNV ApYh
ekkivnan) péxp! éva katweM (Threshold), peta audvetar ypappika

O amwAeie¢ umodeikvUovTal amd 3 dimAdTurta ACK: TCP RENO
dimAoTUTTa ACKS uttodeikvUouv 8iKTUO IKavo va Tapadwaoel opiopéva
THAHATA
T0 CongWin peiwveTal oTo Hiod mapdOupo, HeTd au¢dveTal ypapuHikd

a TCP Tahoe mavrta Bétel To CongWin oto 1 (fimeout h 3 dimAd ACK)

®1Aooovia:

Q 3 idia ACK utrodeikvUouv
OiKTUO 1Kavo va Ttapadwael
HEPIKA THANATA

Qtimeout mpiv amé 3 idia ACK
givdl €TI0 AVNOUXNTIKO»
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TCP: Metdpaon amd apyn EKKivhon o€ ammoQuyn

oupedpnong (Slow Start to Congestion Avoidance)

E: TToTe Oa mpémer va 14—
vivel n aAAayn amo 1y
exeenmj of>
ypappikh adgnon;

TCP Reno

O
|

ssthresh

(in segments)

A: Otav To CongWin
vivel To 1/2 Tng
TIHAG TOU TIPIV TO -
timeout.

ssthresh

Congestion window

TCP Tahoe

0 et r-r-rr-rr 11 17 1 T
O 1 2 3 4 5 6 7 8 9 1011 1213 14 15

Transmission round

YAoTroinon:

3 MeTapAnté katweAi-Threshold
(ssthresh)

0 2& yeyovog amwAeiag,
10 Threshold 1iB¢Tai oto 1/2
Tou CongWin TipIv To Yeyovog
TNG amwAEgIag
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> Uvown: EAeyxoc Zuupdpnonc Tou TCP (2)

3 OTtav To CongWin givai kdtw amé To Threshold, o
amooToA£dC €ival oTh pdon dpyn¢ EKKivnong, To
TapdBupo aufdveTal eKOeTIKA.

3 Otav 1o CongWin gival mdvw amoé 1o Threshold, o
dTTo0TOAEAC €ival 0Th pdAon ATTOPUYAC ouppophong, To
TapdBupo auldveTal ypappiKd.

3 Orav sppaviorei TPITTAG dimAdTuTto ACK, To
Threshold tiBetar oe CongWin/2 kai To CongWin
TiBetal oe Threshold.

3 OTav eyepavioTei timeout, To Threshold TiBeTai o¢
CongWin/2 kai To CongWin TiBetar oe 1 MSS.
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EAeyxoc ouugpdépnong Tou amoatoAéa TCP (3)

Kartdotaon ZupBav Evépyeia arooToAéa TCP ZXOAIa
Apyn Ekkivhon Afqyn ACK yia CongWin = 2CongWin, ‘Exel wg ammoréAeopa
dedopéva TTou If (CongWin > Threshold) dimAaoiaouo Tou CongWin o€
Slow Start (SS) dev €xouv Béo¢e kaTtdoTaon o «Amoduyn KGBe RTT
EMRePAIWOEI 2UPQOpPNONG»
TTponyouuévws | CongWin = CongWin + MSS
ATtropuyn Aqyn ACK yia | CongWin = CongWin+MSS * MpoaoBeTIK augnan TTou £XEl WG
ZuheopNONg dedouéva TTou (MSS/CongWin) aTToTéAECUa auénon Tou
dev €xouv CongWin kard 1 MSS o€ ka6Be
Congestion empBeBaiwBEi RTT
Avoidance (CA) | TTponyoupévwg
SSnCA Avixveuon Threshold = CongWin/2, Tayeia eTavagopd,
ouupavTog CongWin = Threshold, UAOTTOILVTOG TTOAAATTAQCIOOTIKA
atTwAglog atrd | B€oe kaTAOTOON O «Amoduyn Meiwon. To CongWin dev Ba
Tpia dSITAGTUTIA | ZUuh@OpPNONG» TEOEl KATW atrol MSS.
ACK
SSACA ANEN xpovou Threshold = CongWin/2, Eioodog og «Apyn Ekkivnon»
(Timeout) CongWin =1 MSS,
©¢oe katdoTaon o€ «Apyn Ekkivnon»
SSnCA ArAéTUTIO Augnon Tou PeTPNTA SITTAOTUTTWV Ta CongWin kai Threshold dev
ACK ACK yia 1o TufRua n Afyn Tou otroiou | aAAGlouv

eMRePaILONKE
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PuBuamnodoon TCP

3 TTloid civai n puBuamddoon Tou TCP w¢ ouvdpTnon Tou peyéBoug
TTapadupou kai Tou RTT;

AyvoWwvTdg Thv dpyn ekKivnon, uttoBéTovTag 0TI uTtdpXouv TdvTa dedopéva
yid ammooToAn

0 Eotw W 10 péyeBog mapaBupou (oe bytes) 6Tav eppavieTar anwAeia.
Méoo péyeBog mapabupou (# ev mTRoel bytes) eivai 7 W

Méon puBuanédoon: 3 W avd RTT

W
—— bytes/sec
RTT "

W

Meon pubuanodoon TCP =

W -

W/2 —
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AikaiooUvn Tou TCP

2 1ox0C¢ : av K auvdéoeic TCP poipalovrai Tnv idia
umoTiAlapiopévn Cevén (bottleneck link) eUpouc Cwvng
R, kaOepia Ba émpeme va €xel péoo pudbud R/K

TCP connection 1

bottleneck
router
capacity R

connection 2
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KepdAaio 3: 2Uvoyn

O Ymnpeoieg Tou emmédou
HETAPOPAC:
= TToAUTTAEENn, ammoTroAUTTAEE N
AC16ToTNh yeTapopd

ocdopévwy

EAeyxo¢ poh¢

‘EAsyxoc ouppopnong > Th ouvéXEld:

O Aghvovtacg 1o “dkpo”
0 TTpayudtwon kai uAoTroinon oTo Tou OIKTUOU (emiTeda
AiadikTuo £@appoyAg, HETAYOPAQ)
UDP TTpoXwpdue oToV
Tcp "tupnva” Tou dikTUOU
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EMIXEIPE \KO MPOTPAMMA Ez"A
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XphuatodoTnon

O To mapdv eKTaIdeuTIKO UAIKO £X el avamTuxOei oTa TAdioia Tou
EKTIAIOEUTIKOU £pyou Tou O10doKovTa.

O To épyo «Avoikta MaOnuara oto TTavemoTnpHio ABnvwv» £Xel
XpnNHaTodoTAOEI HOVO Th avadidpopPwaon Tou eKTTaIdEUTIKOU
UAIKOU.

O To £pyo uAhoTroleiTal oTo TAaicglo Tou Emixeipnoiakou
TTpoypdppuartoc «Ekmaideuon kai Aia Biou MdGnon» Kai
ouyxphuatodoTeital amd Thv Eupwmdiky Evwaon (Eupwmdiko
Koivwviké Tapeio) kai amd €OvikoUg TOpouC.

EMIXEIPHIIAKO MTPOTPAMMA
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EREVIVON OTNY UOVWYLG TNE YVWON

= B
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EvpwnaikiEvwon EI!AIKH YMHPEXZIA AIAXEIPIZHE

Evpwmndiké Kowvwviko Tapgio ; ., T
Me tn ouyxpnpatodotnon tng EAAadag kat tng Evpwmnaikig Evwong



MéAAov Tou TCP: TCP tavw amé «ueydAou HAKoOUC,
xovipéc owAnvwaeic» (“long, fat pipes”)

[Mapdadetyua : TuApaTta 1500 bytes, 100ms RTT, emBuunth
puBuamédoon 10 Gbps

O AmaiToupevo pHéyeBocg tapaBupou W = 83,333 «ev TTAOEI»
THApATa (segments)
O PuBuamédoon we ouvdpTnon The mOavoTnTac amwAeidg
TUnpaTwy, L:
1.22 - MSS
RTT /L

PuBuatrédoon TCP =

=¥ via va emiteuxBei puBuamoédoon 10 Gbps amaiteitar puBuo6G
anwAeiwv L = 21010 (moAU ukpoc puBuoc amwAswv!)

Néec ekdooeic Tou TCP yia uynAéc TaxuTntec

Aiktua Emkoivwviwy I - Emimedo petagopdc 3-106



	Slide 1: Δίκτυα Επικοινωνιών  
	Slide 2:            Δίκτυα Επικοινωνιών  Τμήμα Πληροφορικής και Τηλεπικοινωνιών       Εθνικό & Καποδιστριακό       Πανεπιστήμιο Αθηνών 
	Slide 3: Κεφάλαιο 3: Επίπεδο Μεταφοράς
	Slide 4: Κεφάλαιο 3: περίγραμμα
	Slide 5: Υπηρεσίες και πρωτόκολλα μεταφοράς
	Slide 6: Επίπεδο Μεταφοράς  / Επίπεδο Δικτύου
	Slide 7: Πρωτόκολλα Επιπέδου Μεταφοράς στο Διαδίκτυο
	Slide 8: Κεφάλαιο 3: περίγραμμα
	Slide 9: Πολύπλεξη/Αποπολύπλεξη
	Slide 10: Πώς δουλεύει η αποπολύπλεξη
	Slide 11: Ασυνδεσμική αποπολύπλεξη (UDP)
	Slide 12: Ασυνδεσμική αποπολύπλεξη (παράδειγμα)
	Slide 13: Συνδεσμική αποπολύπλεξη (TCP) 
	Slide 14: Συνδεσμική αποπολύπλεξη (παράδειγμα) 
	Slide 15: Κεφάλαιο 3: περίγραμμα
	Slide 16: UDP: User Datagram Protocol [RFC 768]
	Slide 17: UDP: κεφαλίδα τμήματος
	Slide 18: UDP checksum (άθροισμα ελέγχου) 
	Slide 19: Παράδειγμα Checksum Διαδικτύου
	Slide 20: Κεφάλαιο 3: περίγραμμα
	Slide 21: Αρχές αξιόπιστης μεταφοράς δεδομένων
	Slide 22: Αρχές της αξιόπιστης μεταφοράς δεδομένων
	Slide 23: Αρχές της αξιόπιστης μεταφοράς δεδομένων
	Slide 24: Αξιόπιστη μεταφορά δεδομένων: ξεκινώντας
	Slide 25: Αξιόπιστη μεταφορά δεδομένων: ξεκινώντας
	Slide 26: Rdt1.0: αξιόπιστη μεταφορά επάνω σε αξιόπιστο κανάλι
	Slide 27: Rdt2.0: κανάλι με σφάλματα bit
	Slide 28: Rdt2.0: κανάλι με σφάλματα bit
	Slide 29: rdt2.0: περιγραφή FSM
	Slide 30: rdt2.0: λειτουργίa χωρίς σφάλματα
	Slide 31: rdt2.0: σενάριο σφάλματος
	Slide 32: Το rdt2.0 έχει ένα μοιραίο σφάλμα!
	Slide 33: rdt2.1: Συζήτηση
	Slide 34: rdt2.1: αποστολέας, διαχειρίζεται αλλοιωμένα ACK/NAKs
	Slide 35: rdt2.1: δέκτης, διαχειρίζεται αλλοιωμένα ACK/NAKs
	Slide 36: rdt2.2: Ένα πρωτόκολλο χωρίς NAK
	Slide 37: rdt2.2:Αποσπάσματα αποστολέα, δέκτη
	Slide 38: rdt3.0: κανάλια με λάθη και απώλειες
	Slide 39: rdt3.0 αποστολέας
	Slide 40: rdt3.0 εν δράσει
	Slide 41: rdt3.0 εν δράσει
	Slide 42: Απόδοση του rdt3.0
	Slide 43: rdt3.0: Λειτουργία διακοπής και αναμονής (stop-and-wait)
	Slide 44: Πρωτόκολλα με διοχέτευση  
	Slide 45: Διοχέτευση (pipelining): αύξηση βαθμού χρήσης (utilization)
	Slide 46: Πρωτόκολλα διοχέτευσης
	Slide 47: Go-Back-N
	Slide 48: Go-Back-N: receiver
	Slide 49: GBN «εν δράσει»
	Slide 50: Επιλεκτική Επανάληψη (Selective Repeat)
	Slide 51: Επιλεκτική επανάληψη: παράθυρα αποστολέα και δέκτη
	Slide 52: Επιλεκτική επανάληψη
	Slide 53: Επιλεκτική επανάληψη «εν δράσει»
	Slide 54: Επιλεκτική επανάληψη: δίλημμα
	Slide 55: Κεφάλαιο 3: περίγραμμα
	Slide 56: TCP: Επισκόπηση  RFCs: 793, 1122, 1323, 2018, 2581
	Slide 57: Δομή τμήματος TCP
	Slide 58: TCP: αριθμοί ακολουθίας και ACKs
	Slide 59: Χρόνος Διαδρομής μετ’ επιστροφής (Round Trip Time) και Λήξη Χρόνου (Timeout) του TCP
	Slide 60: Χρόνος Διαδρομής Μετ’ επιστροφής (Round Trip Time) και Λήξη Χρόνου (Timeout) του TCP
	Slide 61: Παράδειγμα εκτίμησης του RTT:
	Slide 62: Χρόνος Διαδρομής Μετ’ επιστροφής (Round Trip Time) και Λήξη Χρόνου (Timeout) του TCP
	Slide 63: Κεφάλαιο 3: περίγραμμα
	Slide 64: Αξιόπιστη μεταφορά δεδομένων (αμδ) του TCP
	Slide 65: Γεγονότα του αποστολέα TCP:
	Slide 66: Σενάρια αναμεταδόσεων TCP
	Slide 67: Σενάρια αναμεταδόσεων TCP (συν.)
	Slide 68: Παραγωγή TCP ACK [RFC 1122, RFC 2581]
	Slide 69: Ταχεία αναμετάδοση (Fast retransmit)
	Slide 70: Ταχεία Αναμετάδοση TCP
	Slide 71: Κεφάλαιο 3: περίγραμμα
	Slide 72: Έλεγχος ροής του TCP
	Slide 73: Έλεγχος ροής του TCP
	Slide 74: Έλεγχος ροής του TCP
	Slide 75: Κεφάλαιο 3: περίγραμμα
	Slide 76: Διαχείριση σύνδεσης TCP
	Slide 77: Διαχείριση σύνδεσης TCP (συν.)
	Slide 78: Συμφωνία για δημιουργία σύνδεσης
	Slide 79: TCP 3-δρομη χειραψία
	Slide 80: TCP: Κλείσιμο σύνδεσης
	Slide 81: TCP: Κλείσιμο σύνδεσης (συν.)
	Slide 82: Κεφάλαιο 3: περίγραμμα
	Slide 83: Αρχές του Ελέγχου Συμφόρησης
	Slide 84: Αίτια/κόστη συμφόρησης: σενάριο 1
	Slide 85: Αίτια/κόστη συμφόρησης: σενάριο 2
	Slide 86: Αίτια/κόστη συμφόρησης: σενάριο 2 (συν.)
	Slide 87: Αίτια/κόστη της συμφόρησης: σενάριο 3
	Slide 88: Αίτια/κόστη της συμφόρησης: σενάριο 3
	Slide 89: Προσεγγίσεις στον έλεγχο συμφόρησης
	Slide 90: Κεφάλαιο 3: περίγραμμα
	Slide 91: Έλεγχος συμφόρησης TCP: προσθετική αύξηση, πολλαπλασιαστική μείωση (AIMD)
	Slide 92: Έλεγχος συμφόρησης TCP: λεπτομέρειες
	Slide 93: Αργή εκκίνηση του TCP
	Slide 94: Αργή εκκίνηση του TCP(συν.)
	Slide 95: TCP: ανίχνευση, αντίδραση σε απώλειες
	Slide 96: TCP: Μετάβαση από αργή εκκίνηση σε αποφυγή συμφόρησης (Slow Start to Congestion Avoidance)
	Slide 97
	Slide 98: Έλεγχος συμφόρησης του αποστολέα TCP (3)
	Slide 99: Ρυθμαπόδοση TCP 
	Slide 100: Δικαιoσύνη του TCP
	Slide 101: Κεφάλαιο 3: Σύνοψη
	Slide 102: Τέλος Ενότητας
	Slide 103: Άδεια Χρήσης
	Slide 104: Σημείωμα Αναφοράς
	Slide 105: Χρηματοδότηση
	Slide 106: Μέλλον του TCP: TCP πάνω από «μεγάλου μήκους, χοντρές σωληνώσεις» (“long, fat pipes”)

