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(OMPUTER NETWORKS

* How commfers thare data and communicate

* Internet

Hardware g foftware
* Citco, Juniper
¢ Amazon, Reliane

The Interaet: Nuts and Bolts View

. end Systems

. forward packets - routers,
switches

. fibre, topper, vadio,
Satellite 5 bandwidth - transwicsion rate

. wlleckion of devices, routere, links

* network of networks

. Sendling, me'wina mesgages ~ HTTP,
TP, \P, 4k, Wiki

Tnternet Standards

: Requett for Commenis
‘ Tnternet Eaaiv\eerind Totk FTovce

Nexwork. Protocols

* format, order for metsages fo be sent

. m’m

« ol ommunication ﬁovermd bﬂ prokocols

Sevrviceg

mobile network

l"%a-

national or global 15?

Sicstvouter
local or ’/8*

regionait 5P
%ri‘——xx

home network

Skﬁvb
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content ll
provider el
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evernet
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enterprise
network
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Network.  Structure

) Network e.dy
hosks: cliets and Servers |, servers in  data  centves

2) Access network, ?hlb“(ﬂ‘ wmedio, — connec+ir\3 cdbch fikk vouter
wiced, wirelest communication links

3 Networl core
nterconnected vouters, network of wetworks CISP)

Rouitws /s wili

S
Internet + »

Neadnm

. -
lllll *
n -

.
Warkstation A

4 li Lhptop Computes
Senwrtihon e
i ‘ E
- . m
Des:

sitop PC Uezktop $C Desktoo PL

Network Protoowols

* all tommuniation Octivity over ¥a¢ internet 3o~lcmea\ b‘& protocols

+ define format, order of westoges sent and received , Octions token

TCP connection
T requesy

-~
TCP connedtion_—
vesponge

— tAET u(]

= file?



Acest  Networks

* network that comnects network edge to ficsk vourer C(immediate
sevvice provider)

* DSL or cade: *two kinds of broadband

() Dig\’m\ Sub seriboer Line

centralofficé  tejaphone
.. @ network
‘! ' R
DSL  splitter (2 | telephone
modem DSLAM :
internet

voice, data transmitted ISP
at different frequencies over
dedicated line to central office

* Vse ex(s+in3 phone line +to ental office DSLAM Cbroadband

connection) DSL oceess mulyipleyer 4 =l
- data: over DSL phone line +o internet

- voice: over DSL phone Wne f0 telephone net

(dowmload)
. Hiah speed  downstream chavnel (S0 kM - | Mts)

(uptoad)
¢ Medium Speed wpstream channel (& kHz = 5O He)

. Oro\ir\ar% fwo - \muo +e\e‘>\nom dnannel (0 kM - § ki)

DSL $tandard
o Q-1 Mbps - downsieam  trangmicsion rate
¢ 3.5-1b Mbps- upsiveam tvantmistin rate
* Asymmdric Gceets



(b) Cable-based Access

ethernet oaxial cable
f NN " “v‘q“‘v
'| l',‘f .._‘ \‘ ;‘i | !‘_HJ‘L“ \.

- use exisﬁna able TV infrastvucture

* DO (Data Over Cable Sevviced specification
- downeiream: 40 Mops- |2 (abps} more +hon
- upstream: 3p Mops - 100 Mips DsL

. Freqvuen(s Division Mu\’r\?\u‘\r\a LEDMY) : different dhannelt
tongmitted over dlferent £eequeny oands

* Pwmplitude (ADM) and Time CTDMD are alto multiplexing metnods
for simultaneous cowmunication

. Hgbrid {ibre 00x CHFO: vroadbond network Haot combines oP’dcal
fibve ond cooxial cades

* From cable operatore’ master hesdend 4o he‘xgh\oourhooa\
auncﬁon: fivre optic

¢+ (ooxial cable node: SO-S000 homes



Hundreds \ Fiber Internet

Fiber
of homes / / % A

Hundreds \ - -K

Fiber
of homes / / % node Cable head end

cable headend l‘ka
sg ’;l; Rl o7 e DSL A M
i i 518 /
S P ot

data, TV transmitted at different
frequencies aver shared cable
distribution network

* Network of cable, fibre attathes Wome 4o \SP vouter
- homet ghare access netwerk to e headend

(© Fbre to e Home (FTTW)

* vse of opical fibve from & cemival office directly ko homes for
high speed internet

+ order of 100 Mbps (~20x cable or DSL)



Optical fibres Motallic cables

Direct Hfibre: one single fibre comnecks cewrml office +o home Cin
other words, fibre from (D Spit into wuctomer- specific fibres
naar  homeOd

* Two architectures: Active Opticol Netwavke (AONS) owd Passive OFHCa\
Networ ks (PoNs

AON: switthed ethernet

PON: eath howe Wot Optical Netwevk Terminatyy CONT) ok
onnects Wome courer +o v\etav\bourhood splitter, which towbines o
fibres to o tingle Fibre.

(onnects o Oprical Line Terminater (OLT) of €O +hak converts bw
opticol tignals g dectvical ‘WM\S

Internet
Central office__

<7
— = -
ONT - Optical g
. splitter
e - N,
ON P ey oLT
R Optical
= fibers



) Home Access

wireless wired device
devices « 2>

.
{ | |

. =t to/from headend or
4 = il M =t .
e ko :> == central office  C\SP)
oftencombined | T % St e
in singlé box

cable or DSL modem

WiFi wireless access router, firewall, NAT
point (54, 450 Mbps)

wired Ethernet (1 Gbps)

* LKN
. w’x@\e- net

® En+er?rise, Nedworke

Enterpriselink to

- ISP (Internet)
o institutional router

W W Ethernet institutional mail,
# switch web servers

+ towponies, universitieS C(LAN)

' wmix of wireless, wired line fechnologies, onnecting mix of switches
and routers

- ethernet: 100 Mbps, | Glpt, 10 Gbps
- wific W, 5%, 4so Mupg



© Wicelese Access Networke

+ Shared wiceless 0Occecs neawork tonwnedts  end t\ac\-tm Yo router
vion base starion (access ?oin+)

* WLAN- within building wifi

toInternet

wide arex cellulac access  networks — provided by movuile, cellular
network  operator; U4, Sh

+ tokes application metogse , breats into swalier chunis Cpacket)
of lenpth L bits

e dyanimiis packel into  oceege networlc ok Aranimission mte &
Cline tvanemistion vote [ capacity) bond widktin)

V/ _two packets,

“ ~ Lbits each chte{— ¥ime weeded
W — | tmamition = to hawomit < L (kO
e di _ delay L-bid packet P Cuik[)

R: link transmission rate into \ink



PHYSICAL MEDIA

© bif: propoopes  beiween vantmitter [ receiver pairs
. Y\ng,sim\ fnk: What les betwesn ransmidrer awd rvectiver

. 8wm¢d media: signalg Propagpte n solid wedion
- copper, filwe, coox

. unbucw\e& media: siovml\ propasa&e ‘Gfeela

- vodio
oxi (:oil‘ c\h'\dd-.
. TWiH’Qd 'DQW' e “\N:Nm ‘/ uwnthigided TP : molyommon
two intulaked coppec wires (STP § UTP) »//
- fwisted fo prevent crottrole 2 [
g2

r /)‘/
+ Cokeppry S 100 Mups, |Gbps Gherner 0
Cﬂ’r%mg b: 10 Gope ethermek "

+ Svoight Coatch) calle: botn ends wired using same  Standard
Cwsed in Lans, Commm — Loy disdmilar  dleviees)

.+ Crostover Coble:bvoty ende wired using Aifferent Sondards
(ustd +o Comnect gimilar devices — 2 computees, hulos, Switthes)

[AVALRARANLA R LA AAAL G
[ALLELALARAALAAL AL AL 1
ATTTTLTETINEN RN NN
AR AR ARAANR AN AL § Bioy
Vo B standavds

L Se8h ‘ir
L e
b > | Bibe s6ee
ALTETTTETNINNERNNY
ATTLEEEE NN




cakeovyy © 3,6,Se,6,6a,7 — Hiojntmess of AWILE , waskimum
Aordmliesin  Tote %\r\e& can handle without vrostale Cintexference)

T Lakegivy €: ulimate — 40 Glops , STP, hx (o 6o o Cat)

2. (oaxial Cable

two concemivic copper conductirt (rother Hnan ?am\m), oand
bidirech ma)

brood band
- wultiple Fmvuma dhannels on cable
- 100 Mbl’g per channe

3. Fibre Ophic (avle

« Qlass fibre carrpying light pulses , each pulse ene ok
* high Speed (10- 1005 Gbge)

o low excw rate | vepeaters far opart, immune to EM noite




k. Wiceless Rodio

. %m\ cavvied n EM Spectrum

* broadcast and Walf duplex
- Simplex: ene-way  feleyram
- hatt duplex : One ar atime wallie-talkie
< full duplex: Mo»wms wokile Phovxe

* obtruckion, veflecion, nrertevene

(0 texrestyial  wiwvowave
¢+ &< Mps

(b) Wireless LN (Wi
* 100 Mobps

© Wide area Cceliular)
» 4 cellway:.~10 Mb\).s

(00 codelite
’ %eos“nchvomous Ve low-earth St
¢ 280 wsec end foend o\e\ab
' 4 Mupt pur Cnannel

Torrest

ﬂ‘.,@}g;

ral Micrownve
T @
i
Earth

{

“h )
’ig
/ Satollite Microwave

=



Nekwork,  (re

« wesh of interconnected couters, pocket- swikthere 0nd  communicotion
\inkg

. Puck.el——cwiwning
- WS break mecta aogs into pactets
- packets fvworded Aom ene vowrer to Hhe next Ocroes links

- adh packet fronemitted of Gl link Capodity

* Packets Aowmswitted over commumication linke o full trangnission
rote of link
- packet size
L bitkx over link with TR R bik [sec, kime to tmmewit pacter

& LIR seconds

0 .G $ o

| f
< ¥
‘-1‘\ 0 vt
Mobile Network = e -~
22—

.\«x. o

uﬁnn

I
lﬁ\T Local or
T\ Regional ISP

Enterprise Network



PACKET SWITCHING

y -
" [~
i P IR ¢tofe
L bits N R, 0
per packet “‘ ]bd«c ‘ ‘
A fotward
source <?s327 1—:\ o _— destination
e Rbps  couter R bps =% >

Trantmitsion dela
toket LR Seconds do dravemit -k pockek into fink ot R bps

Stove and Forward
entive packel must orrive of rourer before it can be Hontwitted 4o
next link

End-ewd ole\a“

single packet, N links , N-| cowters (Ossuming zero propagation de\wb)

dev\d'hoevd F N—&

P paccers, N links , N-| routers (ossuming zero propagation delay)

Aondtorend = CN3PD) L



6: If L=lo Wuitt/packer, R=100 Mbps, one-hop Arantmiction delay =7

b7 __JOxIpdl ERPE R P R L P
lop ®19akx (02l 0alo

Queu'\r\%

A R=1.5Mb/s ~K
B W ) g -
J 1 (= >/1_¢$ E
queue of packets =
waiting for output link

Packet Buening ond Losg

it arriva) vode (in bps) 1o link exceeds romsmittion vafe Cin \oPt) of
Wnt for o period of +ime

- potkers will guene to be transmitted C(quewning delay y variokle)
- packeit tan be (ot it memory Coufferd in cowrer fills up

- q,ueumb de\ma daqo.wlg on  wneiwory con&u\-im

\!}v" 100 Mbps Ethernet M
= | = <

— X == /?:E'F‘
- — N, NN =6
_— 15 Mbps -3

1 b ol
% Queue of S
..4' packets waiting .
é.:-%’?—:-_:;. for output link ‘ =
" E e

Key: D E
Lt ‘ Packets



TWO KEY NETWORK CORE FUNCTIONS

« mesh of interconnected voutere: network (ove
« funcime: forwarding and rouring

routing algorithm

local forwarding table
header value joutput link
0100 | 3
0101 | 2
0111 | 2 <
1001 ) 1

3\2;?7/ =

&

i%

L=
: =
—
'f_
destination address in arriving -

packet’s header

D) Forvoaro\ir\%
* local oction
+ MOVL arTiving packets from vowter input link o  appropriste
voutrer ou’r?u{— link
" eath router hos forwarding ¥olele
Toufing prototols automakically set fovwarding tables

routing algorithm

local forwarding lablel
header value joutput link
0100 | 3
0101

2
o1t | 2
1001 | 1

destination address in arriving
packet’s header



1) Rouki
loboa\ ockion
+ determing  Sourte - degtination pothe token ‘o'd packets

. rouhna a\aori’c\nms

routing algorithm

local forwarding table
header value joutput link

0100 | 3
0101

2
0111 | 2 -
1001 | 1 F.—:}

[

destination address in arriving F-_-i‘l -n [%I

packet’s header

Cirevit Switthing

+ vesouvceS feom one end
to another allocated +o

o ‘all’ (% : {'elephom)

dedicate lines [ resources:
no tharing

+ Sepmentt [lines idle when
not wsed for all

o fraditional n\ep\l\om networks

reserved vesources for o duralen



— Mulbpliung mge W Cirail, widehed  Veburohs

) Freguency Divisin Multiplesing - CFDM)
: av\a\oa si’jnm\s divided nko Preq,uew.s bavds  (naxrowd

. eath @il — one band ymax roke of transmigsion fer  Hhatr
band

* optital, electromonnetic

4 users HE[CIN
1 vandwidsh

frequency

time

2) Time Divisien Mulkiplexing CTom)
* eath call allorated periodic Slots

© o drangmit ok maximum rode of wide freguenty oand
only during its Xime slot

frequency




PRCET SWITCHING ve (ROUIT SWITLHING

* packet sw\ﬂh‘ma ollows for wmore wugers

http://gaia.cs.umass.edu/kurose_ross/interactive

v
PN
. u% 1 Gbps link
T
G: | obps link, 100 Mbps per user wohen Ackive , ackive (0. of

Hne time
+ no.of uge i Gcewit  twikting: 1o wiere (Lo
loo

° packet swikthing: ownly (0 users ackive o atime, a5 total
F-; 0-\

Proba\\oil(’rg Mot > \0 wsers ot once

25 . ac-(
. ¥C, ©» 0a) = |-092953 = 0.0004
=10

[0 of fewel Ockive users | P- 0.49%9¢



Q: How long does it *ake 4o send a file of 640,000 bik Arom
hosr A host B over a ciccwit gwitthed wekwerk)
- AL linkt 1536 Mbps
- TDM, &k Slots[sec — each link
- 500mg Yo etabish end b end crevir

eadh wsev : 1.536 - Gl kb\;s bandwi ath
2y

10

me Yo tantfer: 640000 =10 sec
PMxipet

time +o establish tonneckion = 0.5 see
< Yokl time = (0.5 seconds

Q. for obove problem, ¥ ench chanvel wad 12 slote / second,
how does  owewer  dnanat?

eoth wser: 1§36 = (2% Cbps bondwita
12

<o me laken = SMLMS

total Yime = 5.5 gerenole



Docket Switching

* oped for luvsty dato Cresource sharing, no call setup)

' wnpection: ouler overflow cautes delaw and loss

»+ fov oudio] Video, vandwldth guarantees used

+ on-demand allocahion v vesevved vesouvres Ceiceuidd

Pocker  Swittwing

* Connectionless
* Designed for data
* Flexible

* Out of order, assembled at
the dest

* Forward, Store & Fwd
* Network layer

Bandwidth is saved
(dynamic)

* Transmission of data —
Source, routers

* Transmission delay

cicemiy Swikthi noy

Connection oriented
Designed for voice
Inflexible

Message received in same
order

FDM & TDM
Physical layer

Bandwidth is wasted
(fixed)

* Transmission of data —

source
Call setup delay



NETWORK * NETWORKS

-+ end sugtems comnedt to  the Inkerner via oceess |SPe  (vesidential,
tompany, uriversity)

* oceess \SPs inYerconnected So Haor o\l Whotke can :evu\]rcceivc. packels
o all pther hosie

* network of netwovks

fulln  wesh— imposside  ond  waskeful

connecting each access ISP to
each other directly doesn’t scale: |
O(N?) connections.




(lobal transit 1SPs

Mulr Level Wk IXPs

Internet exchange point )

Phust e\ locadions
where 8Pt

inkevconnect



K%imal 1SPe

regional ISP

-5 9N

(ontenr Pcovider Netwenc

=" =
ISPC_ =
=" N

S

regional ISP

-5 99

. 300989. , own WS Sexvers



Regional ISP Regional ISP

/T N\ /|

access access access access access access access access
ISP ISP ISP ISP ISP ISP ISP ISP

* Tier |: comwercial \SPe Cairtel, KTeT, Jio)

+ (ontent Provider Networks: Gooeje, Facebook — PVt networks with
Yheir own data tentret ‘o Yhe interner

S?m\\— \SP Network. Map  0\4

CANADA

‘ Su'f” Nede
) Sprint Ethe'ne"l ?9’ or ¥ o
Sprirt Virtual POF MEXICO " = {,’f_@-‘ .
@ Londing Station & Ao o ’
et ray) 4P
m— Sprint Network Backbone Y4 s

Sprint Network Coverags 4 N & B
.



Packet Loss and Delay

* packets queue i local ‘owffers
*loss: arrival voke > frontmistion vore

packet being transmitted (transmission delay)

/ packets in buffers (queueing delay)

free (available) buffers: arriving packets
dropped (loss) if no free buffers

Total Dalaué

http://gaia.cs.umass.edu/kurose_ross

v transmissjon
AL ..---—> : i
, . <+ propagation — g o
S8 (S
& - L >

—

nodal
processing queueing

dnodal : dfroc ¥ "'l;uwc L: dmm& u drfop

_ tongechin
o \ey\b-l'h of ry\\ohml
Olprp = Nink Aguene = time waiting in ‘oulfer (ofp
S ¢— prop speed

C~2xi0b e k) for tvans, Mo ms
dm,\& = - Si:i ‘}’ﬁam’r Olymc = nodal processing, determine
&Q owtput \ink, typically < we

froangmicsim rate (From ‘“eoder)



Difference Retween dypne O dpey

Transmission Delay Propagation Delay

Time required for the routerto Time it takes a bit to propagate
push out the packet. from one router to the next.

A function of the packet’s A function of the distance
length and the transmission between the two routers.
rate of the link.

Gians = LIR dprop = dfs
Nothing to do with the Nothing to do with the packet’s
distance between length or the transmission rate
the two routers. of the link.

N\akow b (aravan Wit

e o i@fg(@:i'— 100 km ] + 100 km —
ten-car c:aravan toll booth toll booth

(aka 10-bit packet) (aka router)

¢ are propabav\'e. 0 100 lLW\P\r\
* Yol booth tokes 12 sec 4o service car Clrantmission Hme)

+ time foken Yo yu.s\n entire pocketr|waravan = |1xl0 = 120 tec
Frangmissiin a\e\anA

© time Yaren ‘o\‘) wr 4o wove from vowrer| Yo rourer 2 = | hr
propasydion dela_U



6: Tn caravan analoow, suppose tare propasate ok \0pD Lmph nd
ravemistion  fime per ac € one  min. Will ears  arfrive fo
saond  loooth  befere all  Cave Serviced ok  ficty  booth?

SATE= e callgu i’ﬁ;g'— 100 km

ten-car caravan toll booth toll booth
(aka 10-bit packet) (aka router)

+ time taken fey \0""‘ car 1o %& Havumilr\—ea\
10Xl = (0 ming
- time faen fov S e 4o veadh Yol booth #2,

Imin £ 100 km L,y = \min+tbmin = Tmin
h
000 km

y \628

Queuveing Delan
J J

* vavies from packet fo packet Cdepends on troffic infensity § gueue
length of butfer for outr \ink)

Aguene * OVeronL, vorionce , Probobility Yok it exceeds o
cerkoin Value ore ommon stokistical weasuves of A%m

+ depends en draffic acrival voke, woture of arcivioy troffic
C?exiodica\\g o dburiis)



R: WAk band widkh Coits per second — bps)

L+ packet length (A7)

o' overose packet ocrival Yote Cpaccets per Second — pps)d
» Lo: overage avrival vore of bits

* /R 71 overage delay infinite Cmore bits arviving ¥han
Serviceable)

+ Lo/R <) wature of arriving froffic

- WR =0 avmx%e “v“e“d"‘a de\o.vo small

Assumingy infinite queue bukfer / opacity

average queueing delay

traffic intensity = La/R 1

Tn reality, queueing delay & wot infinite;, packets Orriving +o
full quene ore dvopped and tosk Cpacket loss)

© End-tocend delayy dyy gy v Nldp + dig v doa)  for
N-l routers N links



Real Internet Delaws ond Rowres

. program: M“‘b measSurement from  Sourte to
router alsv\b end -to-end  internet \m’m ‘owards  destination
(RFC \39%)

* By ool

- temds 3 packets to rowter i on path fowards dendtinaiion
wWith  ¥ime-4o-live fiedd valwe of

- Youter t wil veturn Yadt.eﬁ Yo Sender

- fender weosures Xime interval between Ivonsmiseion and “\’“6

troceroute  ommand (Windows - rracert)

» ~ sudo traceroute google.com
traceroute to google.com (142.250.76.78), 64 hops max, 52 byte packets
1 192.168.4.1 (192.168.4.1) 4.885 ms 2.149 ms 2.585 ms e
2 192.168.1.1 (192.168.1.1) 2.681 ms 1.929 ms 2.220 ms
3 abts-kk-dynamic-001.4.179.122.airtelbroadband.in (122.179.4.1) 5.015 ms 6.212 ms 5.172 ms
4 125.21.0.229 (125.21.0.229) 8.150 ms
nsg-corporate-169.118.185.122.airtel.in (122.185.118.169) 6.815 ms
125.21.0.229 (125.21.8.229) 6.513 ms
116.119.68.247 (116.119.68.247) 13.725 ms
116.119.57.97 (116.119.57.97) 17.669 ms
116.119.57.201 (116.119,57.201) 14,563 ms
72.14.216.192 (72.14.216,192) 16.076 ms
72.14.208.234 (72.14.208.234) 15.047 ms 14.259
10.23.216.62 (10.23.216.62) 15.241 ms
10.252.56.254 (10.252.56.254) 16.707 ms
116.119.56.115 (116.119.50.115) 14.127 ms
72.14.208.234 (72.14.208.234) 13.134 ms 13.751
142.250.228.220 (142.250.228.220) 13.170 ms
142.250.228.187 (142.2560.228.187) 15.881 ms
108.170.253.119 (108.170.253.119) 15.517 ms
10.252.69.222 (10.252.69.222) 14.630 ms
maa®5s14-in-fl4.1elBB8.net (142.250.76.78) 13.364 ms 13.501 ms 11.653 ms

Sname  Yoddeess




Working of Traceroute
|9

ICMP Dest
ICMP TTL Unreach
ICMP TTL i it Exceed
v Exceed

ICMP TTL

Exceed Exceed i
0 e N = |
" TIL=i TTL=2 TTL=3 TTL=4 TT=s ° =

SRC Router 1 Router 2 Router 3 Router 4 DST

do wno¥ ulwmos frust  Avacevoute Conlyy packers)

Pocformance — Packer Loge

* lovk packet may be tetvansmired by yrevious node, tource end
tygtew or not ar al

buffer ,
Ag (waiting area) /Eacket being transmitted

B A
: “~packet arriving to

full buffer is lost

Pexformance - Throush ?u\'

o coke of whith data sent from Senmder 4o receiver
- nSranfaneous
- overage

U

_,\X
‘ link capacity link' capacity «p
R, bits/sec R bits/sec
server, with

file of F bits
to send to client



:l -

4B

pipe that can carry pipe Lhat can carry «p
; fluid at rate fluid at rate

server sends bits 2

{fluid) into pipe (R, bits/sec) (R, bits/sec)

* overnge: minimum (R Rc)

®< R. What is average end-end throughput?

R, bits/sec ]ﬂ R, bits/sec '}»g

R, >Q?:)Nhat is average end-end throughput?

@m R, bits/sec }3 R bits/sec I»Q”

Roreneck Unc

link on end-end pota  thok wnthaine  end-end \'hrouﬂf\pu\'

G: Suppose wow are downloading on wmpd  Kle of €= 22 milllm bits. twe
Server hat o bromtmicsion  vare of  Re= AMbps and yow have an

accett Wak of R =) Mops. What i« the Kime weeded Yo *vantfer Yhe
fled

mw T \MhPs = 4 21 seconds



Tarouphput — NeAwelL Scenavio

g

s
* Suppose Yaeve Ore (D wugers sknﬂ% ‘vandw 1ddin
* Pur-conmethion end-end Macouphput = min (Rs, Re, R/i0)

* 10 wownecking {’“““5 dhare  oaddoone ottenek \ink R ‘oite /uc,

PROTOCOL LAYERS

0S| veference model

networe pieces

- hogts

- vouters

- \links of varioug media
opplications

- Pro\'oco\s

- hardware , toftware



eath loger impements o service

modularisation : mainyenance , “P‘*““"a- syttem

- Ppplication: tupperts net apps — — mestane

. Trancpert : process-process data Nanscev(seomem:ﬁm and reassemioly),
sockets, townettion, How ond error cowtvo) — — Segment

. Networle: Youting of o\a’m%mm from Souvee to destinahien
(addrecsing, Touting) = — dotagcom

. Link: data fvantfer between nei Inoouring netwert dements (framing,
addressing, fiow oand errev control) - - frame

) Ph{‘)““‘“ bi¥S on the wive — bits

application

transport

network

link

physical




051 REFERENCE MODEL

application

allowt apps to interpret meaning of data

presentation | —> tencryption, towpression, Machine - specific
oniventions)

session — tunchronisation , chetkpointing | recovery of

ara. exthongg (sessions estoblished)

transport

network
link
physical

. inkernet ohack m'\suqﬁ hege \mam
* oppliation lower con  implement

© Opun Syhum Taktfconnection — 14705 by 15O

Source

Message M | Application -
‘|
Segment H¢ M | Transport \'_A
Datagram Hp Hi M | Network {‘_4:——-‘%?—-,‘_\_
Frame H| H, Hy M | Link
Physical
H| Hy Hy M || Link Hp Hy Hy M
\ Physical
—i‘x“.'
Link-layer switch {
RS — Router
Destination
y
4 ﬂl L
M | Application .
=
Hy M | Transport Hy He M Network Hp Hy M
Hn Hy M | Network Hy Hn He M Link Hi Hp He M
Hy Hy Hy M | Link Physical
Physical . v \/




TCP[IP vs 08

Application
DRCP, DNS,
TPy WTTP i o Several application
> > Presentation Application protocols
HITPS, PoP,
SMTP, $SH Session
(2,2 =
nsport — Several transport
TcP, vD? Transp Transport | protocols
\P addrese | Internet Protocol
(Pv4 , 1PvE) et Nebwork and some helping
f— protocols
MAC oddrese Data link Data link Underlying
LAN and WAN
ethernet coble, ; . technalo
ﬁb‘(l, 0o, Physical Physical | gy
wiceless 0S| Model TCP/IP Protocol Suite
N}
_ nefwoyle  Gccess
Eh%s\ca\ Laer
Lommunication U o
Legend | © Source @ Destination |
A R1 R3 R4 B
el Ble e B L
layer layer
Link 1 Link 3 Link 5 Link 6
Link 1
A Link 2
o R2




unk. La%ar

Lommunitakion untt: &xome

Legend oSource .Desﬂnaﬂon D Data H Header]
R4 B

Data link Data link
Physical Physical
Link 1 Link 3 Link § Link 6

Link 1

(b2 [l
Frame Frame

NeAvw ey w%ex
Lommunication  unvt: dodagram

Legend | O Source @ Destination D Data H Header|

Network . | i | | = l [ : | - Network
o] 0000 00
D000 00

Link 4

Datagram

Link 5 R4

Datagram



Tragsgwt Layer

(ommunication unvt: packet [seqment

A Legend | © Source @ Destination D Data H Header| B
Transport K "3 R4 Transpart
Notwork | I | I I - I Network
Data link ] [ ][] Data link
Physical ] [ ][:] Physical
Link1
A Link 2
g i R1 R2
[ps [0 Link 3 Link 4 Link &
Sagmant B
Link 5
R3 R4 g i
»®
[ D4 [Hd]
Segment
Applicoion Layer
vy v
Lommunication unw: message
A B
Application Legend [o Source @ Destination D Data H Header Application
Transport Transport
RI R3 R4
Network Network
Data link Data link
Physical Physical

A Link 2




Encopsuloakion and Deaptulation

. Hetder ut transport Iayer 1 Encapsulate
Legend [B] Header at network layer
Header at data-hink layer T Decapsulate
J/

Source host Destination host
swation ah
ewap @ O decapsulanin
transpori-laver - ‘
packet -
(- St bork ) (TS
frame 5 :

+enmpulatin ; add  headere and 0o down lagers
0t tource

* dewptulndion: vemove hesders and o up layers ok
desXnotion

CLOUD (OMPUTING

- shaved pool of (OMpUKing YeSOUYEES Cnerworks, servers, stovmgg , apps,
services efc) Maok are wnﬁaum‘o\e

* on-demand , ropid network occess (AWS, Aaure ekt

* dowd model composed of
- five essenvial daaradterithics

~ fwree service wodels
- four deplogment wodels



Clowd Computivg - N\ST Viswal Mode)
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s 3 | Domhens] (ol ] RERESH RN |
e

Service
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De ent
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Cloud Networking (SD-CN)

© nekwovking cesources  Come [all) hosted on  cloud
- Software -defined cloud netwerking

Cloud Service Provider
Servor
Cloud User Mostar — ’
Host : | |
Notwork
L I | Cloud Vendor's Infrastructure

. |

-

RN By

Enterprise



Cloud €nabled Netwwrking
0

* Network on prem'\ses
* Some o all vesourtt used Yo manage v are w e cdowd

* tore wer infrastucture (pateer (’mnaro\iaﬁ, routing, dotad are
in-houge

* Nedwork  manopement, mowitoring , maintenance and  Security
services done thvougn cloud

Uoud-Based No.hka.ins
* entive network n the coud

*onetwork manapement and  phytical hardware

exercises

Tnreractive ©xeccige -1

Considel Yhe fioure below, with ihree links, eadh with ‘he
specified Avanewussion vore ond Lok \emoth-

"g—\d_/ e N "\J
<«—Link 1—» - Link 2 <«—Link 3—»
| I

Transmission rate: 10 Mbps
Link Length: 3 Km

Transmission rate: 100 Mbps
Link Length: 3 Km

Transmission rate: 1000 Mbps
Link Length: S00 Km



find the end-und oelay caer;ore gueueing ond processing deloys)
from when +he hogt begins fransmitting, the fictr bix of o packet
Yo We rime when He \agt it of of packet e received ot the
Sevver.

™e Speed of \ig\\— propaﬁaﬁm ddmﬁ on eath link is

2 510" wms?,

Note XYaab the trantwission vates are W Mbpt ond link dickances

ovre w kw- ASsume o ?M,\LH \e%-H\ of 8000 L. Giwve taour
ontwer . s,

heoonewmitsiim Mu.g) = 8oo0 8xw'ss

Lo x10°

W

frop%aﬁm o\e(o% l= Zoog - lo’sg

Ax o8

ongwaiss iom o\e&an 1= ¥poU . hu{"s
\eo x1b®

propasntion o\e\aﬁ L= _500xI00D = _I_§
2% 0t 600

fangmistion  delaw 3 < fooo = gxi0 s

ox|pb
Pro?aﬁaﬁm de\u’ﬁ 3 = 3000 - |D’$.e
3x (08

total end-end o\c\ws: Q.57 ms



Tnkrevactive Exevcige -2

Contider e queucing delay i & vowrer ‘ouffer.

A

Average queuing delay

v

|| S R e RN e NI e St NI N

La/R

Assume:
* contrant fronsmission vate R= 1800000
© ownstant padeet length L =6700 bik
© averape vrote of paders/sec =a

* broflic intentity T:= La/R
. ; - ¢ 1 <4
q,u.euelna delay, 1 L_%) C1-1) fer

L In prathce, does q/ueudma o\b\mﬁ Yend 4o vavy o lot?
2. 1€ a=30, what is queuting o\e\aa?

3. W a2Th, whot 1 gueuting olelay)

k. Agsumi voutert buffer infinite, "V’\' 08641 ws and \161L

packets ~arrive. How many packets Wil be  the wulber
4 sewond  later?

s. T€ buffer Was wowx. sie of ast ?ac\uh‘, how Many var,uks
would ‘e dropped wpsn  arival from prev quethion?



. Yes. fovmulas are an  ethimate.

2. 1= b700x%x30 - 67
1.8 % lob 600

d = IL%)cl—l) = 372 ms

3. 1= 6700x176 = |73
l.¢ x(0® 4Soo

d= 0765 me

't paders left = 1762 -L_LJ = bOb padkere
4

s. (162-956 = 806G D\'fowcc\



Tnreroctive Execcie -3

Quantitative mearism of Packer Sw'\-\—c\n‘m@ and  Cicew¥ Swikohima_
Congider e +two Scenarios oelow:

1. A d\"t.u'\\-—s\n‘\ﬂ\nino scenario @ which Neg uters, each reguiring o bandwidih
of 10 Mubps must share a link capatity 15O Mbps.

2 A packet-switching Scenario with Nps ugevt tharing a 15O Mbps link
where eath wier requires 0 Mope of bondwidth while tromemitting out
only needt to rrancwit 20/ of the time

o gy
Ncs ¥ — . i
clrcuit-switched * —th 150 Mbps Link
users ﬂ

.
LY
s . oy = o=
packet—sevntched * 150 Mbps Link
users g & .

Answer e Fo\(owiv\%:

1. When circuit—=switching is used, what is the maximum number of circuit-switched
users that can be supported? Explain your answer.

2. For rest of the questions, suppose packet switching is used. Suppose there are 29
packet-switching users (i.e., N, = 29). Can this many users be supported under circuit—
switching? Explain.

3. What is the probability that a given (specific) user is transmitting, and the remaining
users are not transmitting?

4. What is the probability that one user (any one among the 29 users) is transmitting,
and the remaining users are not transmitting? When one user is transmitting, what
fraction of the link capacity will be used by this user?

5. What is the probability that any 15 users (of the total 29 users) are transmitting and
the remaining users are not transmitting? (Hint: you will need to use the binomial
distribution [1, 2]).

6. What is the probability that more than 15 users are transmitting? Comment on what
this implies about the number of users supportable under circuit—switching and
packet—switching.



1. 150 = IS wsert Call wsers O all +imes)

—

2. No.

(I ]
[}

Probability of tontmiction ok any 4ime - 3o

R
Pz 02)(0:7) = D.0014y-
.28
¢ N @30T = 4ot 200k

fracken = 10 = 0.067

150
L %
5 ‘\CK [-O-QKCO-‘D = 7-§S'xlo'?’ = o.'[gg-/.
6 Np= 4.
) ' 29-(
a (
Z acl; (0-3) 0.7) = 0.4959
(z0

& 0.4/ chance of more Hhan IS usere at e



Tnkrevactive ©execcite -4

Guantitative comparistn of Packer Switdingy and  Ciceuit Swikching

A circuit-switching scenario in which N users, oy
. . N
each requiring a bandwidth of 25 Mbps, must _ _..= —‘W
share a link of capacity 200 Mbps. "
A packet-switching scenario with N,  users
sharing a 150 Mbps link, where each user again N W

ps

i it+i cket-switche : ~
requires 25 Mbps when transmitting, but only packetswiched >
needs to transmit 20 percent of the time.

Anower e Pollow‘ma

1. When circuit switching is used, what is the maximum number of users that can
be supported?

2. Suppose packet switching is used. If there are 15 packet—switching users, can
this many users be supported under circuit—switching? Yes or No.

3. Suppose packet—switching is used. What is the probability that a given (specific)
user is transmitting, and the remaining users are not transmitting?

4. Suppose packet—switching is used. What is the probability that one user
(any one among the 15 users) is transmitting, and the remaining users are not
transmitting?

5. When one user is transmitting, what fraction of the link capacity will be used by
this user? Write your answer as a decimal.

6. What is the probability that any 10 users (of the total 15 users) are transmitting
and the remaining users are not transmitting?

7. What is the probability that more than 8 users are transmitting?

. 200 =8 wsers
a5

2. No.



C 8
3. (0.9 (0&) = o83/
t. 'SC.(o-D'(o.s)"': 13.19/-

5 35 . 0.JAS = 2.5/
800

lo 5
6 'SC'.,, ©-D (0.8) =v.0°/
IS-¢

8 .
¢
2. |-51%C2) 08 =1-0499 = 0.001 = 01

izp

Tnkreractive ©xevcige -5

Consider the scenario shown below, with four
different servers connected to four different
clients over four three—hop paths.

The four pairs share a common middle hop
with a transmission capacity of R = 300 Mbps.

The four links from the servers to the shared
link have a transmission capacity of Ry = 50
Mbps.

Each of the four links from the shared middle
link to a client has a transmission capacity of
Rc =90 Mbps.




1. What is the maximum achievable end—end throughput (in Mbps) for each of
four client—to—server pairs, assuming that the middle link is fairly shared
(divides its transmission rate equally)?

2. Which link is the bottleneck link? Format as Rc, Rs, or R

3. Assuming that the servers are sending at the maximum rate possible, what are
the link utilizations for the server links (R)? Answer as a decimal

4. Assuming that the servers are sending at the maximum rate possible, what are
the link utilizations for the client links (R.)? Answer as a decimal

5. Assuming that the servers are sending at the maximum rate possible, what is
the link utilizations for the shared link (R)? Answer as a decimal

[ §£_O_,:. 75 M\D?S
Llr

max = min(sp,15,10) = 50 Mbpg
2. bottleneck = wmin(sp,15,10) = 50 Mbpg
= Ks

3. Server WrMSaMON = Ryottienect = 5o =)
Re

o

'\
9

n



