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PARTIE 1: Systèmes

PARTIE 2: Réseaux

1 Architecture des réseaux de communication

2 La couche 2-liaison

3 La couche 3-réseau

4 Algorithmes de routage

4.1 Introduction: les di↵érents types d’algorithmes de routage

IP: tables de routage maintenues au niveau des hôtes et des routeurs, tables utilisées par
l’algorithme de transfert de paquets IP.

Routage: méthode de contrôle qui maintient les tables de routage automatiquement
au niveau des routeurs. Au niveau des hôtes, utilisation de règles par défaut, et de ICMP.

Di↵érence avec les ponts au niveau du LAN en couche 2? Comment étaient main-
tenues les informations de routage? En couche 2, les ponts apprennent des paquets qu’ils
observent, et utilisent du broadcast initialement.

Di↵érence entre routage et transfert de paquets. Transfert de paquets IP: fait
en temps réel pour chaque paquet.

Routage: calculer les tables de routages, uniquement entre routeurs. Pas forcément
temps réel: peut mettre jusqu’à 2 minutes! Le but est de minimiser une métrique, comme
par exemple le nombre de hops, la capacité des liens, le coût (métriques statiques), ou
encore la charge des liens et le délai courant (métriques dynamiques qui dépendent de
l’état du réseau).

Méthodes de routage de base.

1. Configuration statique: pour jouer uniquement (tous petits réseaux).
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2. Inondation: chaque paquet est dupliqué sur chaque lien sortant (noter l’id du paquet
pour éviter les boucles). La destination peut recevoir plusieurs fois le même paquet.
C’est un algorithme simple (pas besoin de tables de routage), robuste (résiste aux
pannes de routeurs ou de liens), et optimal en terme de plus court chemin. Par
contre, très coûteux et génère beaucoup de tra�c inutile. Méthode utilisée en partie
par certaines méthodes de routage (AODV, OLSR).

3. Routage par la source: la route est écrite par la source dans l’entête du paquet: liste
des numéros de port qu’il faut emprunter. Le routeur lit le prochain hop et déplace
le pointeur. Les routes sont découvertes par inondation, puis une route indiquée
dans le paquet.

Exemple: routes qui peuvent être utilisées entre A et B?
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Simple routing methods
How routing protocols work

 Static configuration

for toy networks only

 Flooding 

each packet duplicated on each outgoing link; loops prevented by 
packet id or other mechanism; duplicate packets may be received at 
destination

simple and robust 
no need for routing tables

robust - tolerates link or router failures

optimal in some sense
the first packet has found the shortest path to the destination

costly
many duplicated packets – little useful traffic

used as an ingredient by mobile ad-hoc routing methods (AODV, 
OLSR)

 Source routing

source writes route into packet header

router reads next hop from packet header, moves pointer

route discovered by flooding
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Source routing
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Q. What are the routes that can be used from A to B ?

 A route is described by a sequence of  port numbers 
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Route discovery in token rings
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One “All Route Broadcast” packet is generated by A. This 

creates 5 different packets.

1. A-R1-B1-R2-B2-R3

2. A-R1-B1-R2-B3-R5-B6-R6

3. A-R1-B1-R2-B3-R5-B5-R4

4. A-R1-B4-R4-B5-R5-B3-R2-R3

5. A-R1-B4-R4-B5-R5-B6-R6

Two of  them reach B  (numbers 2 and 5)

route_1 = R1.B1.R2.B3.R5.B6.R6

route_2 = R1.B4.R4.B5.R5.B6.R6
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In the 1980’s, the token was invented as a competitor to Ethernet. Bridging is in 
theory independent of  whether we use token ring or Ethernet, however in practice 
token ring LANs used source routing bridges instead of  spanning tree bridges.

Source routing bridges work as illustrated on the figure:
Bridges and token rings have numbers. Think of  a token ring as functionally the same as an 
Ethernet collision domain

Assume A has a packet to send to B (here A and B are MAC addresses, but this works 
equally well with IP addresses). A needs to find a description of  a route to B. To this end,     
A floods the network with an “all-route-broadcast” packet. The packet is generated by A  
and sent over ring R1. This packet has a special destination address that means “all-route-
broadcast”.

All bridges listen to all rings that they are attached to (this is their job as forwarding 
devices). When they see a packet with destination address “all-route-broadcast”, they 
forward the packet to all other rings they are attached to, except if  the packet has already 
visited this ring (the packet contains in its header the list of  rings and bridges that it has 
already visited). 

For example, the packet created by A is seen by B1 [resp. B4] who forwards a copy on R2 
[resp. R4]. B2 and B3 see the packet on R2 and forward it to R5 and R3. Etc.

At some point in time, B4 sees a packet on R4 put by B5, which contains as list of  visits: “A-
R1-B1-R2-B3-R5-B5-R4” (packet number 3). This packet contains R1 in its list, therefore B4 
does not forward it. 

This generates 5 packets in total (numbered 1 to 5 on the figure), 2 of  them reach ring R6. 
When B sees any of  them, it sends an acknowledgement to A. This ack is source routed, 
along the reverse route. 

A then receives two acks, each of  them contains source route information that can be 
inverted by A. A now has two routes to B and can choose for example the shortest (in 
number of  hops).

DSR (Dynamic Source Routing) is  a protocol for routing in ad-hoc networks that 
uses the same mechanism, but with IP addresses instead of  MAC addresses.

11

Routing algorithms classification (1)

 Global routing algorithm: Link state

Knowledge of  the global state

topology database

global optimization (Shortest Path First - Dijkstra)

Interior routing protocols (OSPF, PNNI (ATM))

 Decentralized routing algorithm: Distance vector 

Bellman-Ford

Routers only know their local state

link metric and neighbor estimates

Interior routing protocols (RIP, IGRP)

Path vector: maintains path information, global 

optimization and policy routing; exterior routing 

protocols (BGP – Border Gateway Protocol)
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Routing algorithms classification (2)

 Static routing algorithm

Routes change very slowly over time

Human intervention

 Dynamic routing algorithm

Changes routing paths as traffic loads or topology change

More responsive to network changes

More susceptible to problems (routing loops, oscillation in 

routes)

4. Anneaux de jetons: inventés dans les années 1980 comme une alternative à Ethernet.
Chaque anneau correspond à un domaine de collision, interconnectés par des ponts.
A génère un paquet en broadcast-toute-route, tous les ponts écoutent sur tous les
anneaux auxquels ils sont connectés, et lorsqu’ils voient un paquet broadcast-toute-
route, ils le retransmettent vers tous les autres anneaux, sauf ceux déjà visités par le
paquet (on garde cette liste dans l’entête du paquet), ce qui crée 5 paquets di↵érents
sur l’exemple: A-R1-B1-R2-B2-R3, A-R1-B1-R2-B3-R5-B6-R6, A-R1-B1-R2-B3-
R5-B5-R4, A-R1-B4-R4-B5-R5-B3-R2-B2-R3, A-R1-B4-R4-B5-R5-B6-R6. Seuls
les paquets 2 et 5 atteignent la destination B, A reçoit deux ACK qui prennent
la route inverse, et peut choisir une de ces routes.
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Simple routing methods
How routing protocols work

 Static configuration

for toy networks only

 Flooding 

each packet duplicated on each outgoing link; loops prevented by 
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In the 1980’s, the token was invented as a competitor to Ethernet. Bridging is in 
theory independent of  whether we use token ring or Ethernet, however in practice 
token ring LANs used source routing bridges instead of  spanning tree bridges.
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Routing algorithms classification (1)

 Global routing algorithm: Link state

Knowledge of  the global state

topology database

global optimization (Shortest Path First - Dijkstra)

Interior routing protocols (OSPF, PNNI (ATM))

 Decentralized routing algorithm: Distance vector 

Bellman-Ford

Routers only know their local state

link metric and neighbor estimates

Interior routing protocols (RIP, IGRP)

Path vector: maintains path information, global 

optimization and policy routing; exterior routing 

protocols (BGP – Border Gateway Protocol)
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Routing algorithms classification (2)

 Static routing algorithm

Routes change very slowly over time

Human intervention

 Dynamic routing algorithm

Changes routing paths as traffic loads or topology change

More responsive to network changes

More susceptible to problems (routing loops, oscillation in 

routes)

Classification des algorithmes de routage.

• Routage interne (interior) vs externe (exterior): Deux types de méthodes, suivant
que ce soit dans un même domaine, ou entre domaines.

• Algorithme statique (les routes changent lentement, intervention humaine possi-
ble) vs dynamique (changement des chemins de routage avec les modifications de
topologie ou de charge sur les liens, réactif aux modifications, mais plus sujet aux
problèmes tels les boucles, l’oscillation entre routes).

• Algorithme sensible à la charge (coût des liens qui change dynamiquement, représentant
le niveau de congestion du lien) vs non sensible à la charge (c’est le cas des algo-
rithmes de routage actuels RIP, OSPF, BGP: le coût d’un lien ne représente pas
explicitement le niveau de congestion courant).
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Routage à états de liens (link state). Algorithme de routage global qui suppose
une connaissance de l’état global du système: si on connait tous les coûts des liens, on
peut calculer tous les plus courts chemins vers toutes les destinations.

Fonctionnement: chaque noeud di↵use des paquets avec l’état de ses liens vers tous les
autres noeuds (broadcast), et ainsi chaque noeud dispose d’une connaissance globale du
réseau. Chaque noeud utilise alors l’algorithme de Dijkstra pour calculer les plus courts
chemins vers tous les autres noeuds.

Utilisé dans des protocoles de routage interne, tels OSPF, PNNI (ATM).

Routage par vecteur de distance (distance vector). Autre grande famille
d’algorithmes de routage, basés sur Bellman-Ford. Les routeurs ne connaissent que leur
état local (estimation vers les voisins).

Utilisé dans des protocoles internes (RIP, IGRP).
Variante avec vecteur de chemin, utilisé en protocole externe (BGP): maintient l’information

sur les chemins, l’optimisation globale et la politique de routage.

4.2 Routage par vecteur de distance

Algorithme qui calcule les plus courts chemins vers toutes les destinations de façon to-
talement distribuée, en utilisant uniquement les distances entre soi-même et toutes les
destinations.

Utilisation de Bellman-Ford distribué (pas facile de distribuer Dijkstra). Coût A(i, j)
du lien (i, j), et le but est de calculer le plus court chemin PCC pour tout couple de
sommet. A(i, j) > 0, et A(i, j) = +1 si i et j ne sont pas connectés.

Version centralisée, BFC. pk(i) est le coût de PCC de i vers j en au plus k hops,
où j est fixé.

BFC (pour j fixé):
Initialement, p0(j) = 0, et p0(i) = +1 pour i 6= j.
Tant que pk 6= pk�1,

pk(i) = min 6̀=i{A(i, `) + pk�1(`)} pour i 6= j,
et pk(j) = 0.
Théorème: si le réseau est connexe, l’algorithme s’arrête au plus tard pour k = n, et

alors pn(i) = p(i) est le coût d’un PCC pour tout i. On définit le prédécesseur de i sur le
chemin par pred(i) = argmin` 6=i{A(i, `) + p(`)}.

Exemple: écrire pk(i), pred(i), et dessiner les PCC depuis j = 1.
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Routing algorithms classification (3)

 Load-sensitive algorithm

Link costs vary dynamically

Reflect current level of  congestion in the underlying link

Early ARPAnet algorithms, but difficulties encountered

 Load-insensitive algorithm

Today's Internet routing algorithms (RIP, OSPF, BGP) are load-

insensitive

Link's cost does not explicitly reflect current level of  

congestion
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Abstract graph model

(individual link cost setup by network management)

 Least-cost path from u to w? 

 And from u to z? How did you calculate that path? 
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2. Link state routing algorithm (LS)

 What it does:

Computes best paths to all destinations

Global algorithm

Network topology and link costs available as input

 How it works

Each node broadcasts link-state packets to all other nodes

Each node has then complete view of  the network and can run LS

Uses Dijkstra's algorithm: returns least-cost path from one node to all 

other nodes in the network
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3. Distance vector routing algorithm

 What it does

Computes best paths to all destinations

Fully distributed

Using as only information the distances from self  to all destinations

 How it works

Uses distributed Bellman-Ford

Not easy to distribute Dijkstra

We first describe the centralized  Bellman-Ford algorithm
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The centralized Bellman-Ford algorithm
 What: Given a directed graph with link costs A(i,j), it computes the best 

path from i to j for any couple (i,j). 
We assume A(i, j) > 0 and A(i,j) = +∞  when i and j are not connected.

 How: Take for example j=1 and let p(i) be the cost of  the best path from i   
to 1. 

Define pk(i) as the cost of  the best path from i to 1 in at most k hops. 

(Bellman Ford, BF1) 

 Theorem
1. If  the network is fully connected, the algorithm stops at the latest for 

k=n and then pk(i)=p(i) for all i

2. The shortest path from i ≠ 1 to 1 is defined by 
    pred(i) = Argminj ≠ i  [A(i,j) + p(j)] 

 Idea of  proof: pk(i) is the distance from i to 1 in at most k hops.
       Comment: recursion is equivalent to pk(i) = min{ minj ≠ i, j ≠ 1 [A(i,j) + pk-1( j)] , A(i,1) } 
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Example

 Apply the theorem: write pk(i), pred(i) and draw the shortest paths  

to node 1

3

2 1

45

6
1

1

1

1 3

3

Impact des conditions initiales. Est-ce-que l’algorithme converge si l’on change les
conditions initiales?

3
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Example (solution)

 Apply the theorem: write pk(i,1), pred(i) and draw the shortest paths 

to node 1.
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1

1

1 3

3 i    1   2   3   4   5     

pred(i)  1   1   5   1   4

k\i 1 2 3 4 5

0   0 ∞ ∞ ∞ ∞

1   0 1 ∞ 1 ∞

2   0 1 7 1 2

3   0 1 3 1 2
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Impact of initial conditions

 Example: does the algorithm converge to the shortest path with 

initial condition as shown? 
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1
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1 3

3

k\i 1 2 3 4 5

0   0 0 0 0 0

1    

2    

3    

4    

k\i 1 2 3 4 5

0   0 6 1 1 0

1    

2    

3    

4
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Impact of initial conditions (solution)

 Example: does the algorithm converge to the shortest path with 

initial condition as shown?   YES !
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3

k\i 1 2 3 4 5

0   0 0 0 0 0

1   0 1 1 1 1

2   0 1 2 1 2

3   0 1 3 1 3

4   0 1 3 1 2

k\i 1 2 3 4 5

0   0 6 1 1 0

1   0 1 1 1 2

2   0 1 2 1 2

3   0 1 3 1 2
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Impact of initial conditions

Theorem: The algorithm converges in a finite number of  steps to the 

correct values for all initial conditions such that p0(1)=0 and for 

every node i that is connected to 1
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Distributed Bellman-Ford

 BF1 can be distributed, as follows:

 Theorem: if  the time to reliably send a message is bounded by T, 

the algo converges to the same result as the centralized version in 

at most nT time units (if  the network is fully connected)

Distributed Bellman-Ford algorithm v1, BFD1

every node, say i, maintains an estimate q(i) of the distance p(i) to some fixed node 1; 

initial conditions are arbitrary but q(1)=0 at all steps;

from time to time, i sends the new value q(i) to all its neighbours;

when node i receives a value q(j0) from any neighbour j0, it sets q(j0) to the received 

value and updates q(i) by recomputing

eq (1) q(i) := min j neighbour (A(i,j)+q(j))

if eq (1) causes q(i) to be modified, pred(i) is set to a value of j that achieves the min
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Distributed Bellman-Ford v1
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A possible run of algorithm BFD1. The
table shows the successive values of q(i):

i   1   2   3   4   5

0    ∞    ∞    ∞    ∞ 

0    1    ∞    ∞    ∞ 

0    1    ∞    ∞    4

0    1    7    ∞    4

0    1    7    5    4

0    1    7    4    4 

0    1    7    2    4

0    1    7    2    3  

0    1    7    2    3

0    1    4    2    3               

     

1 -> 2

2 -> 5

2 -> 3

5 -> 4

2 -> 4

1 -> 4

4 -> 5

5 -> 2

5 -> 3

link breaks

  

Q: give a possible 
scenario after link 
4-5 breaks

Théorème: l’algorithme converge en un nombre fini d’étapes vers les valeurs correctes
pour toute condition initiale telle que p0(j) = 0 et pour chaque noeud i connecté à j.

Version distribuée 1ère version BFD1. Chaque noeud i maintient une estimation
q(i) de la distance p(i) de i à 1; q(1) = 0 tout le temps et les autres conditions initiales
sont quelconques.

De temps en temps, i envoie sa valeur de q(i) à tous ses voisins.
Lorsque i reçoit un q(j

0

) depuis un voisin j
0

, il met à jour q(j
0

) et

q(i) = min
j voisin de i

{A(i, j) + q(j)}. (1)
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Distributed Bellman-Ford v1 (solution)
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A possible run of algorithm BFD1:

i   1   2   3   4   5

0    ∞    ∞    ∞    ∞ 

0    1    ∞    ∞    ∞ 

0    1    ∞    ∞    4

0    1    7    ∞    4

0    1    7    5    4

0    1    7    4    4 

0    1    7    2    4

0    1    7    2    3  

0    1    7    2    3

0    1    4    2    3               

4 does as if received ∞ from 5

5 does as if received ∞ from 4

and continue computations from 

there

0    1    4    2    4

0    1    5    2    4

1 -> 2

2 -> 5

2 -> 3

5 -> 4

2 -> 4

1 -> 4

4 -> 5

5 -> 2

5 -> 3

link breaks

5 -> 3

  
back

Q: give a possible 
scenario after link 
4-5 breaks
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Naive distributed Bellman-Ford

 The previous distributed version requires a node to remember all 
previously received estimates q(j) for all neighbours, even if  they are not 
the best ones

 In practice, this is a problem if  we need to compute the shortest paths to 
not just one destination, but to a large number (Distance vector: send a 
vector of  estimates to all nodes)

 A naive distributed Bellman-Ford would be as BFD1, except that we  
replace eq(1) by:

 Q. Does this work? Why or why not?

Distributed Bellman-Ford algorithm v1a, BFD1a 

when node i receives new value q(j) from node j do

 

eq (1a) q(i) := min { A(i,j) + q(j), q(i) } 
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Naive distributed Bellman-Ford (solution)

 The previous distributed version requires a node to remember all previously 
received estimates q(j) for all neighbours, even if  they are not the best ones

 In practice this is a problem if  we need to compute the shortest paths to not 
just one destination, but to a large number.

 A naive distributed Bellman-Ford would be as BFD1 except that we replace  
eq(1) by:

 Q. does this work ? why or why not ?
A. no. q(i) can only decrease. So if  we start from initial conditions as in 
example « Impact of  Initial Conditions », the algorithm will not converge to 
the right value. It gets « stuck » with a low value. It is possible to show that it 
works if  all initial conditions are above the final values, for example q(j)=1 
initially. But even then, it will not work if  there is a topology change, since 
this is equivalent to starting from different initial conditions 

 back

Distributed Bellman-Ford Algorithm v1a, BFD1a 

when node i receives new value q(j) from node j do

 

eq (1a) q(i) := min { A(i,j) + q(j), q(i) } 
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Distributed Bellman-Ford, cont’d

 There is an alternative algorithm, that requires only to remember the best 

neighbour (pred(i))

Distributed Bellman-Ford algorithm, version 2 BFD2

every node, say i, maintains an estimate q(i) of the distance p(i) to some fixed 

node 1; initial conditions are arbitrary but q(1)=0 at all steps

from time to time, i sends its value q(i) to all its neighbours

when node i receives a value q(j0) from any neighbour j0, it sets q(j0) to the 

received value and updates q(i) by recomputing

eq (2) if j0 == pred(i) 

then q(i) := A(i,j0) + q(j0)

else  q(i) := min { A(i,j0) + q(j0), q(i) }

if eq (2) causes q(i) to be modified, pred(i) is set to j0
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Distributed Bellman-Ford v2

 Theorem: If  the time to reliably send a message to all neighbours 

and perform local computations is bounded by T’, then the 

algorithm BFD2 converges to the correct values in at most m (T+T’) 

time units, where m is the number of  steps of  convergence of  the 

centralized algorithm with same initial conditions

 Comment: The main difference with version 1 is that eq(2) replaces eq(1). Assume 

we use v2, and we start from a condition such that q(i) is indeed equal to the 

minimum given by eq(1) (which is what, intuitively, is true most of  the time).

 

When j is not equal to pred(i), both eq(1) and eq(2) have the same effect: the new 

value of  q(i) is the same in both cases. In contrast, if  j == pred(i), then eq (2) sets q(i) 

to the new value A(i,j)+q(j), whereas eq(1) sets it to  minj neighbour (A(i,j)+q(j)). 

Eq(2) provides an upper bound on eq(1), in this case. It turns out that the algorithm 

still works, by the same mechanism that makes the algorithm work even when the 

initial conditions are arbitrary. Indeed, node i will send its new value to all remaining 

neighbours, who will in turn do an update and eventually, node i will receive values of  

q(j) that will correct the problem. In other words, if  the new value of  q(i) is too high 

(compared to what would be obtained with eq (1)), this is repaired in one round of  

exchanges with the neighbours.
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1

2

1

1 3

3

A possible run of algorithm BFD2:

i   1   2   3   4   5

0    ∞    ∞    ∞    ∞ 

0    1    ∞    ∞    ∞ 

0    1    ∞    ∞    4

0    1    7    ∞    4

0    1    7    5    4

0    1    7    4    4 

0    1    7    2    4

0    1    7    2    3  

0    1    7    2    3

0    1    4    2    3               

      

1 -> 2

2 -> 5

2 -> 3

5 -> 4

2 -> 4

1 -> 4

4 -> 5

5 -> 2

5 -> 3

link breaks

 

  

Q: give a possible 
scenario after link 
4-5 breaks

Si le temps d’envoi d’un message est borné par T , l’algorithme converge au même
résultat que la version centralisée en temps au plus nT (si le réseau est connexe et s’il
n’y a pas de pannes).

Limite de cet algorithme: chaque noeud doit se souvenir des estimations déjà reçues
de tous ses voisins, même si ce ne sont pas les meilleurs. Problème en pratique si l’on
doit calculer les plus courts chemins vers toutes les destinations (vecteur de distance =
distances vers tous les noeuds du graphe).

Solution: remplacer l’équation (1) par q(i) = min(A(i, j
0

) + q(j
0

), q(i)): on choisit le
nouveau chemin s’il est plus court que l’ancien. Est-ce une solution convenable?

Version distribuée 2ème version BFD2. Version alternative qui permet de ne se
souvenir que du meilleur voisin (pred(i)): l’équation (1) est remplacée par:

(2) Si j
0

= pred(i), alors q(i) = A(i, j
0

) + q(j
0

).
Sinon, si A(i, j

0

) + q(j
0

) < q(i) alors q(i) = A(i, j
0

) + q(j
0

) et pred(i) = j
0

.
Di↵érence avec BFD1 si j

0

= pred(i), car alors on repart de la valeur A(i, j
0

) + q(j
0

)
au lieu de faire le minimum sur tous les voisins. Cette valeur est toujours supérieure à la
valeur obtenue par l’équation (1). Après un échange avec les voisins, ceci est réparé et
on peut retrouver la valeur de l’équation (1).

4
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A possible run of algorithm BFD2:

i   1   2   3   4   5

0    ∞    ∞    ∞    ∞ 

0    1    ∞    ∞    ∞ 

0    1    ∞    ∞    4

0    1    7    ∞    4

0    1    7    5    4

0    1    7    4    4 

0    1    7    2    4

0    1    7    2    3  

0    1    7    2    3

0    1    4    2    3               

  4 does as if received ∞ from 5

  5 ≠ pred(4)

0    1    4    2    3

  5 does as if received ∞ from 4

  4 == pred(5)

0    1    4    2    ∞

0    1    ∞    2    ∞

0    1    7    2    ∞ 

0    1    7    2    4

0    1    5    2    4

1 -> 2

2 -> 5

2 -> 3

5 -> 4

2 -> 4

1 -> 4

4 -> 5

5 -> 2

5 -> 3

link breaks

5 -> 3

2 -> 3

2 -> 5

5 -> 3

  

back

Q: give a possible 
scenario after link 
4-5 breaks
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How it is used in practice

 Node i computes shortest path and next hop for all network prefixes n 
that it heard of

 Initially: D(i,n) = 0 if  i directly connected to n and D(i,n) = +∞ for any n 
that was never heard of

 Node i receives from neighbour k latest values of  D(k,n) for all n (this is 
the distance vector). Node i computes the best estimates according to 
algorithm BFD2

 This converges if  the network is stable
hello mechanism to reset computation after changes

if  neighbour k is no longer present, node i will no longer receive hello 
messages, and after a timeout, this has the same effect as if  node i would 
receive the message from k:  D(k,n)=∞  for all n. Then algorithm BFD2 is run

c(i,m)

c(i,1) D(1,n)

c(i,k) D(k,n)

D(m,n)

i n

1

k

m
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Example 1

n1
A B

n3
D C

n2n4

net dist nxt

n1   0   n1,A

n4   0   n4,A

net dist nxt

n1   0   n1,B

n2   0   n2,B

net dist nxt

n3   0   n3,D

n4   0   n4,D

m3   0   m3,D

net dist nxt

n2   0   n2,C

n3   0   n3,C

m1   0   m1,C

m2   0   m2,C

A B

CD

m1

m2

m3
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Example 1

n1
A B

n3
D C

n2n4

net dist nxt

n1   0   n1,A

n4   0   n4,A

net dist nxt

n1   0   n1,B

n2   0   n2,B

n4   1   n1,A

net dist nxt

n3   0   n3,D

n4   0   n4,D

m3   0   m3,D

net dist nxt

n2   0   n2,C

n3   0   n3,C

m1   0   m1,C

m2   0   m2,C

n4   1   n3,D

m3   1   n3,D

from A

n1   0   

n4   0   

A B

CD

m1

m2

m3

from D

n3   0   

n4   0

m3   0   
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Example 1

n1
A B

n3
D C

n2n4

net dist nxt

n1   0   n1,A

n4   0   n4,A

net dist nxt

n3   0   n3,D

n4   0   n4,D

m3   0   m3,D

net dist nxt

n2   0   n2,C

n3   0   n3,C

m1   0   m1,C

m2   0   m2,C

n4   1   n3,D

m3   1   n3,D

A

CD

m1

m2

m3

from C

n2   0   

n3   0

m1   0

m2   0   

n4   1

m3   1   

net dist nxt

n1   0   n1,B

n2   0   n2,B

n3   1   n2,C

n4   1   n1,A

m1   1   n2,C

m2   1   n2,C

m3   2   n2,C

B
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Example 1 - Final   

n1
A B

n3
D C

n2n4

net dist nxt

n1   0   n1,A

n2   1   n1,B

n3   1   n4,D

n4   0   n4,A

m1   2   n4,D

m2   2   n4,D

m3   1   n4,D

net dist nxt

n1   1   n4,A

n2   1   n3,C

n3   0   n3,D

n4   0   n4,D

m1   1   n3,C

m2   1   n3,C

m3   0   m3,D

A

C

D

m1

m2

m3

net dist nxt

n1   1   n2,B

n2   0   n2,C

n3   0   n3,C

m1   0   m1,C

m2   0   m2,C

n4   1   n3,D

m3   1   n3,D

net dist nxt

n1   0   n1,B

n2   0   n2,B

n3   1   n2,C

n4   1   n1,A

m1   1   n2,C

m2   1   n2,C

m3   2   n2,C

B

En pratique...

• Le noeud i calcule le plus court chemin et next hop pour chaque préfixe de réseau n
qu’il connâıt.

• Initialement, D(i, n) = 0 si i est directement connectée à n, +1 sinon.

• Le noeud i reçoit du voisin k sa dernière valeurD(k, n) pour tout n (c’est le vecteur
de distance), et le noeud i calcule les meilleures estimations avec BFD2.

• L’algorithme converge si le réseau est stable. Mécanisme de ”hello” pour reprendre
les calculs après des modifications: si un voisin k disparâıt, timeout car i ne reçoit
plus de messages ”hello” de k. Equivalent à un message D(k, n) = +1 pour tout n.
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A possible run of algorithm BFD2:

i   1   2   3   4   5

0    ∞    ∞    ∞    ∞ 

0    1    ∞    ∞    ∞ 

0    1    ∞    ∞    4

0    1    7    ∞    4

0    1    7    5    4

0    1    7    4    4 

0    1    7    2    4

0    1    7    2    3  

0    1    7    2    3

0    1    4    2    3               

  4 does as if received ∞ from 5

  5 ≠ pred(4)

0    1    4    2    3

  5 does as if received ∞ from 4

  4 == pred(5)

0    1    4    2    ∞

0    1    ∞    2    ∞

0    1    7    2    ∞ 

0    1    7    2    4

0    1    5    2    4

1 -> 2

2 -> 5

2 -> 3

5 -> 4

2 -> 4

1 -> 4

4 -> 5

5 -> 2

5 -> 3

link breaks

5 -> 3

2 -> 3

2 -> 5

5 -> 3

  

back

Q: give a possible 
scenario after link 
4-5 breaks
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How it is used in practice

 Node i computes shortest path and next hop for all network prefixes n 
that it heard of

 Initially: D(i,n) = 0 if  i directly connected to n and D(i,n) = +∞ for any n 
that was never heard of

 Node i receives from neighbour k latest values of  D(k,n) for all n (this is 
the distance vector). Node i computes the best estimates according to 
algorithm BFD2

 This converges if  the network is stable
hello mechanism to reset computation after changes

if  neighbour k is no longer present, node i will no longer receive hello 
messages, and after a timeout, this has the same effect as if  node i would 
receive the message from k:  D(k,n)=∞  for all n. Then algorithm BFD2 is run

c(i,m)

c(i,1) D(1,n)

c(i,k) D(k,n)

D(m,n)

i n

1

k

m
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Example 1

n1
A B

n3
D C

n2n4

net dist nxt

n1   0   n1,A

n4   0   n4,A

net dist nxt

n1   0   n1,B

n2   0   n2,B

net dist nxt

n3   0   n3,D

n4   0   n4,D

m3   0   m3,D

net dist nxt

n2   0   n2,C

n3   0   n3,C

m1   0   m1,C

m2   0   m2,C

A B

CD

m1

m2

m3

34

Example 1

n1
A B

n3
D C

n2n4

net dist nxt

n1   0   n1,A

n4   0   n4,A

net dist nxt

n1   0   n1,B

n2   0   n2,B

n4   1   n1,A

net dist nxt

n3   0   n3,D

n4   0   n4,D

m3   0   m3,D

net dist nxt

n2   0   n2,C

n3   0   n3,C

m1   0   m1,C

m2   0   m2,C

n4   1   n3,D

m3   1   n3,D

from A

n1   0   

n4   0   

A B

CD

m1

m2

m3

from D

n3   0   

n4   0

m3   0   
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Example 1

n1
A B

n3
D C

n2n4

net dist nxt

n1   0   n1,A

n4   0   n4,A

net dist nxt

n3   0   n3,D

n4   0   n4,D

m3   0   m3,D

net dist nxt

n2   0   n2,C

n3   0   n3,C

m1   0   m1,C

m2   0   m2,C

n4   1   n3,D

m3   1   n3,D

A

CD

m1

m2

m3

from C

n2   0   

n3   0

m1   0

m2   0   

n4   1

m3   1   

net dist nxt

n1   0   n1,B

n2   0   n2,B

n3   1   n2,C

n4   1   n1,A

m1   1   n2,C

m2   1   n2,C

m3   2   n2,C

B
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Example 1 - Final   

n1
A B

n3
D C

n2n4

net dist nxt

n1   0   n1,A

n2   1   n1,B

n3   1   n4,D

n4   0   n4,A

m1   2   n4,D

m2   2   n4,D

m3   1   n4,D

net dist nxt

n1   1   n4,A

n2   1   n3,C

n3   0   n3,D

n4   0   n4,D

m1   1   n3,C

m2   1   n3,C

m3   0   m3,D

A

C

D

m1

m2

m3

net dist nxt

n1   1   n2,B

n2   0   n2,C

n3   0   n3,C

m1   0   m1,C

m2   0   m2,C

n4   1   n3,D

m3   1   n3,D

net dist nxt

n1   0   n1,B

n2   0   n2,B

n3   1   n2,C

n4   1   n1,A

m1   1   n2,C

m2   1   n2,C

m3   2   n2,C

B

Exemples: voir transparents.

4.3 Protocoles de routage

4.3.1 RIP/RIPv2

Protocole utilisant les vecteurs de distance. La métrique est le nombre de hops. Taille
du réseau limitée à 15: 1 = 16. Heuristique de l’horizon coupé. Réseau destination
identifié par son adresse IP (masques dans RIPv2). Paquets UDP. Broadcast toutes les
30 secondes ou lors de la détection d’une modification, et si une route n’est pas annoncée
pendant 3 minutes, timeout (le coût devient 1).

4.3.2 IGRP (Interior Gateway Routing Protocol)

Protocole propriétaire de CISCO, avec une métrique qui estime le délai global. Plusieurs
routes de coût identique sont maintenues afin d’équilibrer la charge. Pas de limite de 15,
mais le nombre de routeurs est inclus dans les messages. Boadcast toutes les 90 secondes.

5

4.4 Routage dépendant de la charge

Le plus court chemin ne produit pas toujours un routage qui maximise le flot total.
Solution: prendre comme coût le délai: si la charge est élevée sur un lien, alors le coût

est plus élevé et le lien sera moins utilisé.
Cependant, l’ajout d’un nouveau lien peut diminuer le débit total (paradoxe de

Braess): le routage pour avoir les délais les plus courts n’est pas non plus un optimum
global.

Routage optimal. Changer l’objectif du routage: minimiser le délai total sujet à des
contraintes de flots. La solution optimale dépend de tous les flots. Algorithme distribué
proche de l’algorithme de contrôle de congestion dans TCP [BertsekasGallager92].

4.5 Conclusion

L’algorithme à vecteur de distance est intelligent: il est totalement distribué, peu d’information
doit être stockée, et c’est simple. Ainsi, il est largement déployé.

Cependant, la convergence est relativement lente, il n’est donc pas adapté à des
réseaux grands et complexes. Dans ce cas, on utilise plutôt des protocoles à états de
liens.

6
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Exemples sur les algorithmes

de routage
Anne Benoit

2

Exemple 1

n1
A B

n3
D C

n2n4

net dist nxt

n1   0   n1,A

n4   0   n4,A

net dist nxt

n1   0   n1,B

n2   0   n2,B

net dist nxt

n3   0   n3,D

n4   0   n4,D

m3   0   m3,D

net dist nxt

n2   0   n2,C

n3   0   n3,C

m1   0   m1,C

m2   0   m2,C

A B

CD

m1

m2

m3

3

Exemple 1

n1
A B

n3
D C

n2n4

net dist nxt

n1   0   n1,A

n4   0   n4,A

net dist nxt

n1   0   n1,B

n2   0   n2,B

n4   1   n1,A

net dist nxt

n3   0   n3,D

n4   0   n4,D

m3   0   m3,D

net dist nxt

n2   0   n2,C

n3   0   n3,C

m1   0   m1,C

m2   0   m2,C

n4   1   n3,D

m3   1   n3,D

from A

n1   0   

n4   0   

A B

CD

m1

m2

m3

from D

n3   0   

n4   0

m3   0   

4

Exemple 1

n1
A B

n3
D C

n2n4

net dist nxt

n1   0   n1,A

n4   0   n4,A

net dist nxt

n3   0   n3,D

n4   0   n4,D

m3   0   m3,D

net dist nxt

n2   0   n2,C

n3   0   n3,C

m1   0   m1,C

m2   0   m2,C

n4   1   n3,D

m3   1   n3,D

A

CD

m1

m2

m3

from C

n2   0   

n3   0

m1   0

m2   0   

n4   1

m3   1   

net dist nxt

n1   0   n1,B

n2   0   n2,B

n3   1   n2,C

n4   1   n1,A

m1   1   n2,C

m2   1   n2,C

m3   2   n2,C

B
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Exemple 1: Final   

n1
A B

n3
D C

n2n4

net dist nxt

n1   0   n1,A

n2   1   n1,B

n3   1   n4,D

n4   0   n4,A

m1   2   n4,D

m2   2   n4,D

m3   1   n4,D

net dist nxt

n1   1   n4,A

n2   1   n3,C

n3   0   n3,D

n4   0   n4,D

m1   1   n3,C

m2   1   n3,C

m3   0   m3,D

A

C

D

m1

m2

m3

net dist nxt

n1   1   n2,B

n2   0   n2,C

n3   0   n3,C

m1   0   m1,C

m2   0   m2,C

n4   1   n3,D

m3   1   n3,D

net dist nxt

n1   0   n1,B

n2   0   n2,B

n3   1   n2,C

n4   1   n1,A

m1   1   n2,C

m2   1   n2,C

m3   2   n2,C

B
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Exemple 1: Panne 

n1
A B

n3
D C

n2n4

m1

m2

m3

net dist nxt

n1   1   A

n2   1   C

n3   0   D

n4   0   D

m1   1   C

m2   1   C

m3   0   D

D

C

net dist nxt

n1   1   B

n2   0   C

n3   0   C

m1   0   C

m2   0   C

n4   1   D

m3   1   D

net dist nxt

n1   0   B

n2   0   B

n3   1   C

n4   1   A

m1   1   C

m2   1   C

m3   2   C

B

(On ne montre que le routeur dans la colonne nxt, pour simplifier)
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Exemple 1: Panne 

n1
A B

n3
D C

n2n4

m1

m2

m3

timeout 

net dist nxt

n1   0   B

n2   0   B

n3   1   C

n4   1   A

m1   1   C

m2   1   C

m3   2   C

B

C

net dist nxt

n1   1   B

n2   0   C

n3   0   C

m1   0   C

m2   0   C

n4   1   D

m3   1   D

net dist nxt

 n1   1   A 

n2   1   C

n3   0   D

n4   0   D

m1   1   C

m2   1   C

m3   0   D

D

timeout 
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Exemple 1: Panne 

n1
A B

n3
D C

n2n4

m1

m2

m3

net dist nxt

n1   0   B

n2   0   B

n3   1   C

m1   1   C

m2   1   C

m3   2   C

B

C

net dist nxt

n1   1   B

n2   0   C

n3   0   C

m1   0   C

m2   0   C

n4   1   D

m3   1   D

net dist nxt

n1   2   C

n2   1   C

n3   0   D

n4   0   D

m1   1   C

m2   1   C

m3   0   D

D

From C:

n1   1   B

n2   0   C

n3   0   C

m1   0   C

m2   0   C

n4   1   D

m3   1   D
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Exemple 1: Après la panne 

n1
A B

n3
D C

n2n4

m1

m2

m3

net dist nxt

n1   0   B

n2   0   B

n3   1   C

n4   2   C

m1   1   C

m2   1   C

m3   2   C

B

C

net dist nxt

n1   1   B

n2   0   C

n3   0   C

m1   0   C

m2   0   C

n4   1   D

m3   1   D

net dist nxt

n1   2   C

n2   1   C

n3   0   D

n4   0   D

m1   1   C

m2   1   C

m3   0   D

D
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Exemple 1: Conclusions

 Cet exemple illustre :

Comment Bellman-Ford s'applique concrètement sur un réseau

Comment les modifications de topologies sont prises en compte

Les annonces les plus récentes remplacent les anciennes

Les annonces non rafraîchies deviennent obsolètes

Comment le vecteur de distance transporte les informations sur les 

sommets atteignables

11

Exemple 2

dest link cost

A   local   0

B    l1     1

D    l3     1

C    l1     2

E    l1     2

A

l1
 A  B 

l6
 D  E 

l4l3  C 

l5

l2

dest link cost

B   local   0

A    l1     1

C    l2     1

E    l4     1

D    l1     2

B

dest link cost

C   local   0

A    l2     2

B    l2     1

D    l2     3

E    l2     2

C

dest link cost

D   local   0

A    l3     1

B    l3     2

C    l3     3

E    l6     1

D

dest link cost

E   local   0

A    l4     2

B    l4     1

D    l6     1

C    l4     2

E

Pour simplifier, destination = routeur. 

On suppose que l'algorithme a convergé

cost =1

cost =1

cost =1

cost =1

cost =5

cost =1
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Exemple 2

l1
 A  B 

l6
 D  E 

l4l3  C 

l5

 Uniquement les entrées des tables vers C

 Panne du lien l2 entre B et C

 B met à jour sa table

C    l1     2 C    l2    ∞

C    l3     3 C    l4     2

C    local    0
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Exemple 2: Panne sur un lien

 Juste avant cette mise à jour, A broadcaste sa table avec coût 2 vers C

 B met à jour sa table

l1
 A  B 

l6
 D  E 

l4l3  C 

l5

C    l1     2 C    l1     3

C    l3     3 C    l4     2

from A: C l1 2

C    local    0
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Exemple 2: Panne sur un lien

B envoie une mise à jour à A et à E

A et E mettent leurs tables à jour

l1
 A  B 

l6
 D  E 

l4l3  C 

l5

C    l1     4 C    l1     3

C    l3     3 C    l4    4

from B: C l1 3

from B: C l1 3

C    local    0
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Exemple 2: Panne sur un lien

C envoie une mise à jour

Ignorée par E (moins bonne, lien E-C de coût 5)

l1
 A  B 

l6
 D  E 

l4l3  C 

l5

C    l1     4 C    l1     3

C    l3     3 C    l4    4

C    local    0

from C: C local 0
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Exemple 2: Panne sur un lien

A broadcaste sa table avec un coût 4 vers C

B met à jour… Boucle entre A et B !

Le coût augmente de 2 à chaque itération

l1
 A  B 

l6
 D  E 

l4l3  C 

l5

C    l1     4 C    l1     5

C    l3     3 C    l4     4

from A: C l1 4

C    local    0
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Exemple 2: Panne sur un lien

l1
 A  B 

l6
 D  E 

l4l3  C 

l5

C    l1     6 C    l1     7

C    l3     7 C    l5     5

from C: C local 0

E accepte maintenant l'annonce de  C 

C    local    0
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Exemple 2: Panne sur un lien 

l1
 A  B 

l6
 D  E 

l4l3  C 

l5

C    l1     7 C    l4     6

C    l6     6 C    l5     5

E envoie à D et B

B et D envoient à A

Et finalement l'algorithme converge dans un état stable

from E: C l5 5

from B: C l4 6
from E: C l5 5

C    local    0
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Exemple 2: Conclusions

 L'algorithme converge après modification de la topologie, mais la 

convergence peut être très lente: effet de rebond. 

 Question: que dire des tables de routage avant la convergence?
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Exemple 3

dest link cost

A   local   0

B    l3     3

D    l3     1

C    l3     3

E    l3     2

A

 A  B 

 D  E 

l4l3  C 

l5

l2

dest link cost

B   local   0

A    l4     3

C    l2     1

E    l4     1

D    l4     2

B

dest link cost

C   local   0

A    l5     3

B    l2     1

D    l5     2

E    l5     1

C

dest link cost

D   local   0

A    l3     1

B    l6     ∞

C    l6     ∞

E    l6     ∞

D

dest link cost

E   local   0

A    l6     2

B    l4     1

D    l6     1

C    l5     1

E

Tous les coûts sont maintenant à 1

Pannes des liens l1 et l6

D détecte la panne et met son coût à  ∞
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Exemple 3

dest link cost

A   local   0

B    l3     3

D    l3     1

C    l3     3

E    l3     2

A

 A 

 D 

l3

dest link cost

D   local   0

A    l3     1

B    l3     4

C    l3     4

E    l3     3

D

from A:

dest cost

A    0

B,C  3

D    1

E    2

dest link cost

A   local   0

B    l3     5

D    l3     1

C    l3     5

E    l3     4

A

 A 

 D 

l3

dest link cost

D   local   0

A    l3     1

B    l3     4

C    l3     4

E    l3     3

D

from B:

dest cost

A    1

B,C  4

D    0

E    3

dest link cost

A   local   0

B    l3     5

D    l3     1

C    l3     5

E    l3     4

A

 A 

 D 

l3

dest link cost

D   local   0

A    l3     1

B    l3     6

C    l3     6

E    l3     5

D

from A:

dest cost

A    0

B,C  5

D    1

E    4
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Exemple 3: Conclusions

 Les coûts de C, B, E augmentent indéfiniment: “Count to Infinity”

Les vrais coûts sont infinis

 Convergence vers un état stable si on fixe

 ∞ = grand nombre

Par exemple, dans RIP, on a ∞ = 16

 “Split Horizon”: horizon coupé

Heuristique pour éviter ce phénomène

Si A route les paquets vers X via B, il n'annonce pas cette route à B
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Exemple 3: avec l'horizon coupé

dest link cost

A   local   0

B    l3     3

D    l3     1

C    l3     3

E    l3     2

A

 A  B 

 D  E 

l4l3  C 

l5

l2

dest link cost

B   local   0

A    l4     3

C    l2     1

E    l4     1

D    l4     2

B

dest link cost

C   local   0

A    l5     3

B    l2     1

D    l5     2

E    l5     1

C

dest link cost

D   local   0

A    l3     1

B    l6     ∞

C    l6     ∞

E    l6     ∞

D

dest link cost

E   local   0

A    l6     2

B    l4     1

D    l6     1

C    l5     1

E
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Exemple 3: avec l'horizon coupé

dest link cost

A   local   0

B    l3     3

D    l3     1

C    l3     3

E    l3     2

A

 A 

 D 

l3

dest link cost

D   local   0

A    l3     1

B    l6     ∞

C    l6     ∞

E    l6     ∞

D

from A:

dest cost

A    0
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Exemple 3: avec l'horizon coupé

dest link cost

A   local   0

B    l3     ∞

D    l3     1

C    l3     ∞

E    l3     ∞

A

 A 

 D 

l3

dest link cost

D   local   0

A    l3     1

B    l6     ∞

C    l6     ∞

E    l6     ∞

D

from D:

dest cost

D      0

B,C,E  ∞

L'horizon coupé supprime l'augmentation 

progressive vers ∞   
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L'horizon coupé ne marche pas toujours

 B 

 E 

l4  C 

l5

l2

dest link cost

B   local   0

A    l4     ∞

C    l2     1

E    l4     1

D    l4     ∞

B

dest link cost

C   local   0

A    l5     3

B    l2     1

D    l5     2

E    l5     1

C

dest link cost

E   local   0

A    l6     ∞

B    l4     1

D    l6     ∞

C    l5     1

E

from E:

dest cost

E    0

A    ∞

C    1

D    ∞  
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L'horizon coupé ne marche pas toujours

 B 

 E 

l4  C 

l5

l2

dest link cost

B   local   0

A    l2     4

C    l2     1

E    l4     1

D    l2     3

B

dest link cost

C   local   0

A    l5     3

B    l2     1

D    l5     2

E    l5     1

C

dest link cost

E   local   0

A    l6     ∞

B    l4     1

D    l6     ∞

C    l5     1

E

from C:

dest cost

A    3

D    2

E    1  

from C:

dest cost

B    1
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L'horizon coupé ne marche pas toujours

 B 

 E 

l4  C 

l5

l2

dest link cost

B   local   0

A    l2     4

C    l2     1

E    l4     1

D    l2     3

B

dest link cost

C   local   0

A    l5     3

B    l2     1

D    l5     2

E    l5     1

C

dest link cost

E   local   0

A    l4     5

B    l4     1

D    l4     4

C    l5     1

E

from B:

dest cost

A    4

B    0

C    1

D    3  
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Conclusion

 La convergence vers un état stable peut être lente après des 

modifications de l'état du réseau. 

 Pour éviter le comptage vers l'infini, il faut par exemple fixer une 

distance maximum. 


