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APOMOAOIHZH 2TO
AIAAIKTYO - AATOPIOMOI



Routing

Internet Routing Hierarchy and Autonomous Systems
IP Routing is done on hop-by-hop basis

Routing Mechanism: procedure to search the routing
table

Routing Policy: procedure to determine which routes
go into the routing table (Routing Protocols)

Here we emphasize on how to calculate and set up
the routing tables

Routing Algorithms

— Distance Vector

— Link State

IP Routing Protocols (RIP, OSPF)



- Routing Hierarchy

Autonomous Autonomous

-
Autonomous Autonomous
stem (AS) stem (AS)

Interior Routing Protocol (intradomain routing)
Exterior Routing Protocol (interdomain routing)

An Autonomous System is aregion of the Internet that is
administered by a single entity. Routing is done differently
within an autonomous system (intradomain routing) and
between autonomous systems (interdomain routing)



IP Routing Example

A Internet

[Net C

140 252 1 .4
Ethernet 140.252.1.183

Host A — 192.48.96.9 | |

ost Net A
140 252 13 35 140.252.13.33

Ethernet
Seqguence of packets:
HostA ---> NetA Dest IP_addr=192.48.96.9
Dest Eth _addr=Eth_addr(NetA)

NetA ---> NetB Dest IP_addr=192.48.96.9

NetB ---> NetC Dest IP_addr=192.48.96.9
Dest_Eth _addr=Eth_addr(NetC)




Intradomain and Interdomain
Routing

* Intradomain Routing Interdomain Routing

— Routing W'th_ an AS - Routing between ASs
— Ignores the internet

-

outside the AS - Assumes that the
— Interior Gateway Internet is a collection of
Protocols (IGPs) (such Interconnected ASs

as RIP and OSPF) - Exterior Gateway

Protocols (EGPs)

- Usually there is one (or
two for backup purposes)
that handles interdomain
traffic in each AS



JAAYOpPIOpOI SpoOAOYNONG

[ pA@POC OIKTUOU

Ma tn diaTummwon Tou aAyopiBOuou dpopoAdynong
XPNoIHoTIoIEiTAI O YPAWOC TOoU OIKTUOU.

['pagog: G = (N,E)
2.UvoAo dpopohoyntwv N ={u,v,w, X, vy, z }

2.UvoAo Ceucewyv E ={ (u,v),(u,x),(u,w),(v,x),(v,w),(x,w),(X,y),(W,y),(w,z),(y,z) }



JAAYOpI0OoI SpopoAoynong

[ pAPOC OIKTUOU: KOOTN
> c(x,x') = kéoToc Cevénc (x,x)
-m.x.,,c(w,z)=5

» TO KOOTOC pmopei va cival mavra 1,
A avTIoTPOPWCE avdaAoyo Tou
gUpouc Cwvng, N avdAhoyo TnG
oUHPOPNONG

KéoTog 81adpopng (X, Xp, X3,..., Xp) = €(X1,X) + C(Xz,X3) + ... + C(X,.1,Xp)

old gival n d1adpopn eAAXI0TOU KOOTOUC HETACU U KAl Z ;

O aAyop1Bpuoc dpopoAoynone Ppiokel Tn
d1adpopn eAaxioTou KOOTOUC.




JAAYOpI0OoI SpopoAoynong

Tagivounon
[TpoeAeuon TNG TTANpoPoOpIiac OPOUOAOYNONC:
TOTTIKA:

» O1 dladpopeG UTToAOYiGovTal JOVO PE BAon TNV TOTTIKN
TOTToAOYiIO Kal Kivnon.

» O dpopoAoyNTAG YVWPIGEI TOUG GUOIKA TUVOEDEUEVOUG
YEITOVEC KaI TO KOOTOC TwV (EUCEWV TTPOC TOUC VEITOVEC.

» EmmavaAnmTiki d1adikagia UTToAoyIouoU, avTaAAayn
TTANPOPOPIWYV UE TOUC VEITOVEC.

» AAyOpIBuol dIavUOUATOC OTTOOTACEWY

KaBoAIkn:

» O1 d1adpouéc uttohoyidovTtal ye BAon TV CUVOAIKN
TOTTOAOViIQ.

» OAol o1 dpouoAoynTéEC EEpouV TNV TTANEN TOTTOAOYIO KAl
TO KOOTOG TWV CEUCEWV.

» AAyoplIBuol kataoTaong eucewv



- Routing Algorithms

* Routing algorithms calculate the route with the “least
cost”

« Main components:

— Calculate Cost (cost could be function of: hops,
delay, throughput etc.)

— Disseminate routing information (nodes
disseminate their costs measures to other nodes)

— Calculate routing tables (nodes run some form of
least cost routing to (re)calculate routes)



Routing Protocols

Routers need to understand the topology of the
network in order to route packets properly

Routers need to tell to each other which paths are
“‘up” and what costs are involved

Routers communicate with each other using routing
protocols

Two broad classes of routing policies:

— Static: All routes are listed explicitly; the router
does not communicate with other routers

— Dynamic: routing protocols are used to enable
routers to react to changes in network topology
without manual intervention



Static Routing

When an interface is initialized the direct routes are
automatically created

Routes to hosts and networks not directly connected
must be entered in the routing table (i.e. manually by
command route, e.g. route add host_A router B)

Static routing is good in small networks

Networks should usually not mix static and dynamic
routing

— Dynamic routing information may conflict with
static routing

— Point-to-point links may be routed with static
routes



-

ICMP Redirect Messages

« An ICMP Redirect error is sent by a router to the sender of an IP
datagram when the datagram should have been sent to a
different router.

* This procedure helps hosts to build better routing tables by time
(they can start just with default routing)

@y

R1

R?

. H-->R1 (i.e. default)
. R1 receives and: R1 --> R2
. R1 detects that it sends the

packet on the same interface
that received it

. R1 sends ICMP Redirect to

H informing it to send future
packets to R2 instead



« Dynamic Routing Protocols

« Two classes of dynamic routing protocols

* Distance Vector (DV): Routers know local
Information and broadcast it to other
neighboring routers

— Each node knows the distance to all other
nodes

— A node sends a list to its neighbors with the
shortest distances to all nodes

— If all nodes update their distances, the
routing tables eventually converge



Dynamic Routing Protocols
Cont...

-

* Link State (LS): Routers know state of the
entire network

— Link state information is broadcast to all
nodes

— Each node knows the topology of the entire
network

— Each node calculates the routing tables
Independently (by using a shortest-path
algorithm on network topology)



Parameters

 Parameters:
— dij: Cost of link between node | and node |
— dij=co If Nnodes | and | are not connected
— dii=0
— N: set of nodes

« Goal: Given a network where each link between
two nodes i and j is assigned a cost, find the
path with the least cost between nodes s
(source) and d (destination)




Network Example




Distance Vector Routing

Distance Vector routing requires each router to
maintain the distance from itself to every possible
destination.

Each node maintains two tables: Distance table
(cost to each node via each outgoing link) and
Routing Table (minimum cost to each node and next
hop node)

For Routing Table each router maintains a list of
routes in the form (D,A)

— D is the distance to the listed network or host
— A Is the destination host or net address

Each router sends a vector of distance information to
Its neighbors. The distances are computed using the
information in neighbors’ distance vectors

Depending on implementation, distances may be
hops, or some other measure of distance



-

Distance Vector Algorithm
Operation

Each router:

IS configured with its own ID and a number to use as
the cost of each link

starts with a distance vector consisting of zero for
itself and the value infinity for every other destination

transmits its distance vector to each of its neighbors
whenever the information changes (or at regular
updates)

saves the most recently received distance vector
from each of its neighbors

calculates its own distance vector, based on
minimizing the cost to each destination, by examining
the cost to that destination reported by each neighbor
and then adding the cost of its link to that neighbor



Distance Vector Algorithm:
Tables

-

I(w,V)

ROUTING TABLE
to via cost

 (w,v) cost of link (w,v)
C 4(v,w) cost fromvtodviaw
Dy4(v) minimum cost from v to d

R R x e e St



Distance and Routing Tables
Explanation

-

Distance table at a node N

~ Not counting header row, this table has as many rows as
there are nodes in the network -1

— Not counting the first column (which just lists all other
nodes in the network), the number of columns is equal to
the number of neighbors of node N

Routing table at node N

— Not counting header row, this table has as many rows as
there are nodes in the network -1

— Not counting the first column, the number of columns is
always 2 (one for cost and the other for the via node)




Distance table

Example

Routing table

at node 2
—

<1 1

to

1 1
3 4

4

at node 2
to | via |cost
1 1 1
3 3 2
4 1 2




- Messages

* Nodes exchange messages with their neighbors.
* If node v sends a message of the form:

[m, D, (V)]
I can go to node m with minimum cost D,, (v)

* This message is only of interest to neighbors of v.



Insertion of new link with cost

(M)

DISTANCE TABLE

vi
to

o8 (v.w)lC.. (v,n)

I(m,v)

New column

ROUTING TABLE
to via cost
m m Dm(v)




« Node’s v operations when new
link (m,Vv) Is Inserted

1. Add a new column in the distance table for node m
2. Add “I(m,v)" to distance table in the entry corresponding to row m/col. m.
3. Compute min,, C,,(v,W): for all nodes W
(@f no changes to previous value of
Do nothing
(b) If C,(v, m) = min,, C,(v,w)
D,(v)=C,(v.m) change entry in m-th row of routing table to (m,C,,(v,
m) and send message [m, D,,(v)] to all neighbors.
4. Also: Since v is a neighbor of m, it sends the contents of its routing table to

m: [a, Dy}, [b, Dy()} .... [z, DV)]

min, Cg,(v.w):



-

Reception of message [d,D4(w)] by
node v

UTING TABLE

via

cost




Operations at node v due to
reception of message [d,Dg(w)]

Operations at node v
1. If d = v then ignore the message.

2. lfd # v then

— Cy4(v, w) = Dy(w) +1 (w,v)
— Compute min, Cy(v,x) For ""“m&‘%

— If Cy4(v,w)=min, C4(v,x), then
change entry in d-th row of routmg table to (d, C4(v, w))
and send message [d, C4(v,w)] to all neighbors.



Count-to-Infinity Problem with

- Distance Vector Routing

Distances to C:
(o ——Ca o GO o
B-->Cis1l

Assume that link (B,C) goes down, B does not
know that C is unreachable and thinks that it can
reach C through A at cost: (2+1)=3. Then A
recalculates its distance vector and finds that C
IS at distance (3+1)=4 (through B) etc.

The critical issue is: the fact that A's path to C
depends on the (B,C) link is not considered.



Fixing the Count-to-Infinity problem

« Apply a maximum value on the cost (i.e. 20 hops)
— slow convergence

* Report the entire path to the destination in addition to
the cost to the destination

— very expensive solution

« Split horizon technique: If router R forwards traffic for
destination D through neighbor N then R reports to N
that R’s distance to D is infinity. Because R is routing
traffic to D through N, R'’s real distance to D cannot
possibly matter to N.



Link State Routing

Link State routing Is an alternative to Distance
Vector routing

Link State routers do not exchange distance
Information as Distance Vector routers.

They only exchange the state of the link to
each neighbor

OSPF (Open Shortest Path First) is the most
popular link state routing algorithm in IP



= Link State Routing Algorithm
| Operation

« Construction of Link State Packet (LSP): Each
router constructs a packet known as Link State
Packet that contains a list of the names and cost to
each neighbor

 Distribution of LSPs: The LSP is transmitted to all
the routers and each router stores the “most
recently” generated LSP from each other router

« Calculation of routes: Each router armed with a
complete map of the topology computes routes to
each destination (i.e. compute shortest paths)



Distribution of LSPs

* Flooding: each packet received is transmitted to each
neighbor except the one from which it was received

— use of max # of hops to prevent a single packet’s
spawning an infinite number of offspring

— exponential number of copies for each packet

« If an LSP (from source S) is received from neighbor
N and the LSP is identical to the one from S that is
stored, then ignore it (it is duplicate). Otherwise store
the received LSP and transmit it to all neighbors
except N. The LSP travels each link in the network
only once.



«Most Recently Generated LSP?

« A router R can not always assume that the most

recently received LSP from S is the most recently
generated by S (two LSP’s may travel different
paths).

Possible solutions:
— use of timestamp
— use of sequence numbers

— use of AGE field: starts at some initial value and
gets decremented as it is held in memory. If it
reaches zero the LSP is considered too old and an
LSP with a non-zero age field is accepted as
newer (regardless of sequence number etc.)



Computing shortest paths (Dijkstra’s Algorithm)

SWhortesq Paal BOU4|9\5 CD;&K&HQ‘) A-?jo,.;}hm)

Let D(v) be the distance (sum of link weights along a given path) from source
1 to node v. Let £(i,5) be the (given) cost between node i and node j. There are

then two parts to the algorithm: an initialization step, and a step to be repeated
until the algorithm terminates:

1. Initialization. Set N = {1}. For each node v not in N, set D(v) = #(1 V). (We
use ® for nodes not connected to 1; any number larger than the maximum
cost or distance in the network would suffice.)

2. Ateach subsequentstep. Find a node w not in N for which D(w) is a minimum,
and add w to N. Then update D(v) for all nodes remaining that are notin N
by computing

D(v) «- Min[D(v), D(w) + é(w,v)]
Step 2 is repeated until all nodes are in N,



= An Example:

For the network below, calculate the shortest

paths from node 1 to all other nodes, using
Dijkstra’s algorithm




a Final Calculation

Example:
Dijkstra’s Algorithm

Step N | D(2) D(3) D@)  D(5) D(6)

itial {1} 2 5 1 oo oo
1 {1.4) 2 4 D 2 e
2 (1.4.5) 2 3 1 €4} 4
3 {1.2,4,5) 16243 3 1 2 4
4 {1,2,3,4,5) 2 S 1 2 4
5 {(1.2.3.4,5,6) 2 3 1 2 @




-

Step by step calculation:
Initialization phase

* Initialization step: N={1}
 For each node vnotinN (e.g. v={2,3,4,5,6}):

D(v)=I(1,v)

 D(2)=l(1,2=2; D(3)=I(1,3)=5; D(4)=I(1,4)=1;
 D(B)=l(1,5)=inf; D(6)=I(1,6)=iInf
 These values are placed in the first row of the table

(see previous figure)



Step 1

Find node w not in N, such that D(w) is minimum. In this step: w=4, since
D(4)=1. (see first row of the table in previous figure). Now: N={1,4}

Update D(v) for all nodes v notin N (e.g. v={2,3,5,6}), using:
D(v)=Min{D(v),D(w)+I(w,v)}

Example:

For v=2; D(2)=Min{D(2),D(4)+(4,2)}=Min{2,1+2}=2

For v=3; D(3)=Min{D(3),D(4)+(4,3)}=Min{5,1+3}=4

For v=5; D(5)=Min{D(5),D(4)+1(4,5)}=Min{inf,1+1}=2

For v=6; D(6)=Min{D(6),D(4)+1(4,6)}=Min{inf,1+inf}=inf

Based on this calculation Step 1 row (second row of the final table) is
calculated



Example:

Dijkstra’s Algorithm

Step N D@ D(3) D@E4) D) D(6)

hitial {1} 2 5 1 *® °°
1 {1,4) 2 4 D 2 e
2 (1,4,5) 2 3 1 @ 4
3 (1,2,4,5) @ 3 1 2 4
4 {1,2,3,4,5) 2 ® 1 2 4
5 (1,2.3.4,5,6) 2 3 1 2 @




Following steps

Same procedure as before is repeated in order to obtain the new
updated calculation (Step 2 row in the final table). In step 2 we
have to find node w not in N, such that D(w) is minimum (see
second row on the table). In this step we choose: w=5, since
D(5)=2. Please note that D(2)=D(5)=2 in this step. In the case of tie
as here, among those nodes that tie, we choose one node
randomly. Here we chose w=5. Therefore: N={1,4,5}.

In this step we update D(v) for all nodes v notin N (e.g. v={2,3,6}),
using: D(v)=Min{D(v),D(w)+I(w,v)}. After completing this step, Step
2 row (third row in the final table) is completed, and so on, until you
exhaust all the nodes..



Comparison of Link State and

¥ Distance Vector Routing

« Memory: Assume n-nodes in the network and that
each node has k-neighbors:

— Distance Vector: Each DV is O(n)and keeps
distance vector from each of its k neighbors.
Therefore O(k x n).

— Link State: Each node keeps n LSPs (one from
each node in the network). Each LSP is
proportional to k. Therefore: O(n x k).

« Bandwidth Consumption: Depends heavily on the
topology.



Comparison of Link State and
Distance Vector Routing
(cont.)

— Distance Vector fans: a link change only
propagates control messages as far as the link
change’s routing effect (i.e. in case of two parallel
links where one fails and recovers)

— Link Sate fans:a link change can cause the
transmission of multiple control packets over a
single link under distance Vector (i.e. count to
Infinity problem. Under LS each LSP travels only
once on each link.

« Speed of convergence: LSP converges faster than
the DV.

-



@ lepapxikn OpopoAdYNoN

» To Internet atroTeAgiTal atrod
Autovoua 2uotiuara (AS)
OIOCUVOEDEMEVA UETALU TOUG:

— ApopoAoynTég TTUAEG ——
» Stub AS: PIKpn €TTIXEipNON, Mia poHoAOYATES e

ouvoeon Pe GANo AS. > E1dIKoi dpopoAoynTeEC aTo AS.
> Multihomed AS: peydAn » YmedBuvol yia 5popoAoynan

TTOANQTTAEC CUVOEDEIC e GAAa AS. >gpéX0;J\\{ prTé_K?MX .

> Trans, It AS: TTapoxog, dIaCUVOEEL T&? gu g )\%Ug%gpgnpi;\oymgé
TTOAAG AS. TTOAEC.

» ApopoAoynTEg 1o id10 AS
TPEXOUV TO D10 “intra-AS”
TTPWTOKOAAO dpouoAdynong.

» ApopoAoynTEG o€ DIAPOPETIKA AS
MTTOPEI VO TPEXOUV DIAPOPETIKO
Intra-AS TTPWTOKOAAO
dpopoAdynong.




« lepapXxikn dpopoAoynon

ApopoAoynon Intra-AS kai Inter-AS
TTUAec:

> TTpayparoTmoiouv
dpopoAoynaon inter-
AS peTalu Touc.

> TTpayparoToiouv
dpopoAoynaon intra-
AS He Toug dAAoug
dpopoAoynTéC aTo

AS TOUC.
Intra-AS Inter-AS oTpwpa 0IkTUOU
inter-AS &intra-As |5 ) e L7
op OUOonnc,m arnv \—.| ROUTING |&— . ,
TTUAN A.C A |TABLE | PUOIKO oTpwa
to/from DL TDL bL toffrom
A.b a
PHY PHY
< ‘/J PHY >
to/from A.d



‘|£pdeIKr'] OpoupoAoynon
ApopoAdynon Intra-AS kai Inter-AS

ApopoAdynon
Inter-AS
HeTagu

ApopoAdynon Intra-AS
pnéoa oto AS B
ApopoAdynon Intra-AS

puéoa oto AS A



< lEpapXIkn 6popoAoynon

AﬁJOIJOI\OV'\"rl InTer'-A%) AS1 TTpéTTEl:

> 'EoTw O11 KATTO10C router 1. Na pabel 1molol TTpoopIouoi
oto AS1 AapBavel TTakéto  €ival TTpooBACiIPol HEOW TOU

UE TTPOOPICHO EKTOC TOU AS2 kai TToIol yEow Tou AS3.

AS1: 2. Na 3100Wael auTA TNV

» O router Ba TrpéTtTel va TTAnpogopia TTpocaong o€
TTPOWBNOEI TO TTOKETO OAouc¢ TouG routers oT1o AS1.
OTOV gateway router, ‘Epyo Tn¢ dpopoAdynoncg

aAAG TTOIOV; inter-AS!




‘|£pdeIKr'] OpouoAoynon
TTapadeiypa diapOpwong wivaka dpopoAoynonc

» EoTw OT1 TO AS1 paBaivel (UEOW TOU TTPWTOKOAAOU inter-AS) OTi

utTodikTUO X €ival TTpooacipyo yéow Tou AS3 (gateway 1c)
aAAQ OxI pEow Tou AS2 (gateway 1b).

» To TTPWTOKOAAO inter-AS diadidel Tnv TTANpo@opia TTPOcRACNC
o€ OAOUC TOUG EOWTEPIKOUC OPOHOAOYNTEG.

» O dpopoAoyntic 1d yvwpilel atrd Tn dpouoAdynon intra-AS Ot
n | dlETTaP TOU €ival oTnV dIadPOoUN EAAXiOTOU KOOTOUG TTPOG

TOoV 1cC.
nivii dpopoAOYyNoNG Tou TNV eyypagn (X,1)

> TTPOOOETEI OTOV
N\

AS2



@ [TpwToKoAAa ApopoAoynong Intra-AS

» ['vwoTa kal we Interior Gateway Protocols
(IGP).

» Ta yvwaoToTepa TTPWTOKOAAO OPOOAOYNONC
Intra-AS:

»RIP: Routing Information Protocol

»OSPF: Open Shortest Path First

»|GRP: Interior Gateway Routing Protocol
(101WTIKO TNC Cisco)



« ApopoAoynon petagu AS
BGP (Border Gateway Protocol)

dpopoAdynon

RIP
Héoa aTo AS

OpopoAoynon
OSPF
péoa ato AS




BGP

» Eival 1o TTpoTUTIO TTOU 10X UEI VIO OPOUOAGYNON

UMETACU AS.

» [NapéExel oe KABe AS Ta péoa via:

» Na atrokTAoEl TTANPOYOPIEC TTPOCRACIMOTNTAC ATTO TA
YEITOVIKA AS.

» Na d1adidel Tn TTAnpo@opia TTPooRacIPOTNTAC 0 OAOUC
TOUG EOWTEPIKOUC OPOUOAOYNTEC TOU.

» Na kaBopilel “KaAEC” dIadPOMEC TTPOC Ta AAAa AS Bdocel
NG TTANPOYOPIAC TTPOCRACINOTNTAC KAl TNG TTOAITIKAG
dpopoAdynong.

» EmTpETTel o€ Eva AS va avayyeilel Tnv UTtaper Tou

OTO UTTOAOITTO INnternet.



« [1aTi dpopoAoynon Intra- kai Inter-AS;

[TOAITIKN:

> Inter-AS: o dlaxeIpIoTAC BEAEI va EAEYXEI TTWC
dpopoAoyEiTal N Kivnon TOu OIKTUOU TOU KaI TTOI0C
OPOUOAOYEI HEOW TOU OIKTUOU TOU.

» Intra-AS: pia emkpaTela dlaxeipiong, oTroTe OgV
XPEIAleTal TTONITIKI) OPpOUOAGYNONC.

KAIyaka:

» H 1epapxikr) dpopoAdynon €€OIKOVOUET HEYEBOC TTIVAKWY,
TTEPIOPICEI TO POPTIO EVNMEPWONG.

ETTidoon:

» Intra-AS: ytropei va eoTidoel oTnv £1Tid00N.

» Inter-AS: n TTONITIKA UTTOPEI va ETTIOKIAEI TNV £TTIOOON.



