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A distributed routing algorithm is proposed in this
paper for hierarchical nerworks. We use the K-T
conditions to get the necessary conditions and derive
sufficient conditions jfor optimization of packet
queuing delay. Every router exchanges routing
information with its neighbors and adjusts its traffic
Jfirom non-shortest paths to the shortest paths for each
destination. We also provide the simulation results
and comparison with the routing information protocol
(RIP). It shows that the proposed routing algorithm is
better than RIP for flat networks and hierarchical
nerworks.

1 Introduction

In a flat network, every router needs to keep the
knowledge of the whole network for optimal routing,
It includes link capacity, traffic load per O-D (Origin-
Destination) pair, etc. As the network grows, the non-
linearly increased routing information results in the
following drawbacks:

@ The routing throughput will degrade due to
costly search in a large routing information
database that also makes routers expensive.

® A large flat network is difficult to manage and of

less reliability.

The above drawbacks can be refined in a
hierarchical network in which there are only a few
visible neighboring nodes for each node. First, we
illustrate the multi-domain concept proposed by
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Alaettinogln [3]. A 28-node flat network and its
corresponding hierarchical network are shown in
Figure 1 and 2. A domain is a collection of physical
nodes. A superdomain is a collection of logical nodes.
Both are also called logical nodes. The visible nodes
of d22 are d23 and d24, shown in Figure 3, because
they are all within the same domain F. The other
visible logical nodes are I, D, and G because 7 is the
H’s sibling within the superdomain J whose neighbors
are superdomains D and G. Therefore, the routing
table size of d22 is 5 in such a hierarchical network,
but 27 in a flat network. Every node or logical node
has a unique address, such as J.H.d22 for the physical
node d22, and J.H for its upper-level domain. Only
the siblings and the ancestors’ siblings are visible to
each node.

2 Optimal Routing in a Multi-Link
Connected Network

Our algorithm is based on Gallager’s optimal routing
algorithm [2] which assumes of no more than one link
is between any two nodes. Generally, it is very
possible that there are multiple links between two
physical/logical nodes, as shown in Figure 3.
Therefore, we extend Gallager’s algorithm to general
plat networks before applying to multi-domain
networks.

In Table 1, the £,(j) includes # () and the
bypass traffic destined to d, i.e.

n_ Ly

LD =D+ 252 6 (D i () D)
m=1 I=1
By definition, we have

S = Zr (N ()

Assume the cost function of link (i, 1), denoted by
D(f), is convex and sirictly increasing. The
optimization problem for routing in a mulii-link
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connecied network can be defined as follows:

n n Ly

minimize Dj = ZZZD( N7 3)

i=1 k=1 I=1

n_ Ly

suchas ) > G (/) =1 4)

k=1 I=1

Figure 2. An example of superdomain hirerachy

@3,

Figure 3. View from a router of d22

d, the node with identifier i, 1<i< n

L, |the number of linkset. d; and d,

(i, &, D) ithe I-th link bet. d; and d,

#,(j) |traffic entering the network at d; and
destined for d;

£,(J) |total traffic at d; destined for o,

¢‘.k, ( J) a fraction of the total traffic on the /-th link
bet. d, and d,, thatis destined for d ;

fu  |maffic on the -th link between o, and d,

Table 1. Defined Symbols

To minimize D, its first partial derivatives with

respectto r and ¢ are calculated first:

Dy < & o Dy . (6)
30 PP )+ 5750
D, - D,

— = 1,(HDy (fiw) + —]... (7)
26,,(7) (Nl k/(fu) &k(])]

By applying the well known K-T conditions to
the objective function and constraints, we can get the
necessary condition

éDT((l)‘) {‘: Qs ¢;:I(.]) >0

- o o eeemrenenes ()
b (J) |2y $u()=0
By substituting with eq. (6) and (7), we get
. oD aD
D(fy)+— =2 s ©)

a () a,(j)
for all i# j, (i,k,]) € L (set of links).
We proved that equation (9) is also the sufficient
condition besides necessary condition.

3 A Multi-Domain Routing Algorithm

We propose a heuristic aggregation method as follows
to simplify the muti-domain routing problem as a flat-
network routing problem.

@® Every node exchanges its information with its
siblings

® Every domain leader aggregates all of the
information in its domain to exchange with its
sibling leaders.

@ Every domain leader sends the aggregated
information obtained from its sibling leaders to its
children (logical) nodes.

The routing algorithm has two parts: calculation

of &Dy[&;(j) and routing variables @, (/). The

following steps are used to calculate &D; /a5 (j):

- For each destination node j, each node i calculates
Dy [4(j) according to eq. (6) when it receives
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the traffic information from its all immediate
successors. The results are flooded.

- Eachnode k floods &D, [&,(k)=0.
- If node i receives two different Dy /8 ()),

eliminate the larger one.
Note that his procedure is free of deadlocks if and

only if ¢ is loop free.

Figure 4. View of dI, d2, d3

Figure 6. The view of d13, d14, ..., d18

In Figure 4, after having received
Dy [ G, (d1) =0 from d1, d2 and d3 can calculate
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Dr[8y,(d1) and EDy [, (d1), respectively.
The border node d2 of domain A floods
Dr[dy,(d2)=0 +to its neighbor B.dO as
Dy [ ,(A4) =0 in aggregation view, see F igure 3.
Then &Dp/d,4(A) is calculated by d9. Similarly,
when d16 receives information from superdomain D
as &Dp[dy,(D) =0, the nodes in E can calculate
their &Dp /(D). In Figure 7, d20 and d19 have
different values about &D; /d(D) = Q. It implies

there are two different path lengths from E to D in the
viewing points of d19 and d20.

Figure 7. View of d19, d20 and d21

Define the length of link GkED  as
D'(fiu($,r)). Let S,(¢,r)(j) be the length of
the shortest path from d; to dj under the input

traffic r and routing variable ¢ A sufficient
condition for optimization of ¢ is

Dy (,r)

a.(j) = 5,(¢,r)(j), forall i, .

The advantage of our protocol is to include the
intra-domain path length information in calculating

Dy [8:()).

If there exists a link such that @y, () >0, 4,
is the immediate predecessor of d,, and d, is the
immediate successor of d; with respect to d i A
routing variable set ¢ is loop-free if there don’t exist

d; and d, (i # k) such that d, is immediate
successor and predecessor of £.

Our algorithm is based on the sufficient condition,
described as follows:

The set B(7, j,§"), referred to be the set of
blocked nodes at i for jand ", is the set of all & such
that @,,(j) =0 foralll € L, , and either
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D ($".r) D971
a;(j) ()
or there exists a link (a,b,c) such that g is downstream
ofk, §"abc(j)>0,and
D, D,

< —.
a,() . ()
Such a link (a,b,c) is referred to be an improper link.

For each iteration n, if ¥ € B(i,7,$"), then
¢ () =0, A'w(j)=0,foralll € L, Itk
¢ B(,Jj,0"), we define

D,
ay (J) = D,u(ffu)"‘d T )

[D iml (-fmrl ) +

min
mlleLl,, meB(i,j, ")

()]

(10)
My
N () = min{g, (/), ; 3o
PG D (D)
Let k;, (i,]) be the value of m that achieves
the minimization in eq. (10). Then
GN-8,0)  kk (L)) 1
B0+ TR F=kuli)

Fethein(i))

(11

ho ()=

Proposition: Let ¢*
result of our algorithm. If ¢k is loop free, then ¢ kxl
is also loop free.

Proof: Suppose that (l)kH is not loop free, thus
there exists at least one directed loop along which
¢k+’ > 0. Walking along with the direction of the
loop, we can find at least a pair of nodes, say m and n,

represents the k-th iteration

such that
k k
Dt D
a, &,
2. There exists / € L(m, n) such that (l),ﬁ:,l

From the above conditions, if ¢mnp =0,V p €L(m,

1) by condition 1 and according to the definition of
blocking set, we get that # is a member of m's
blocking set. By the property of the proposed

algorithm, we know Nt =0 foralll € L(m, n),

ie. ¢l =0forall! € L(mn). It contradicts with

condition 2. So, the link (m, n, p) is an improper link
k
0

-

5DT(¢k ”')/ﬁ’,,, < 5DT(¢k,i’)/07‘n ). So, walking

because > and
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along upstream of m, there must exists a pair of nodes
a and b, where b is the upstream of m for ¢ * and b €
B(a,$") according to the definition of blocking set,
such that @*a =0 forall! € L(a, b). It contradicts

with the hypothesis. So ¢**' must be loop free.

4 Simulation Results and Discussions

We use the flat network and hierarchical network
shown in Figures 1 and 2 for simulation with the
following simulations :

e The propagation delay is negligible.-

e  The packet length, input traffic holding time, the
input traffic interarrival time to node are all
exponentially distributed.

@ The maximum and minimum packet length are
65535 and 20 bytes, respectively.

e The output buffer policy is used with the
infinite queue.

e The capacity of each link is 10Mbps.

@ Mean transmission holding time is 20s.

Figure 8 shows the simulation result with mean
traffic interarrival time to node being 20 seconds.
Here we use the expected packet delay time as the
cost function, that is,

_ S

Dfu) =G5
ikt ikl
This is the result of M/M/1 queue. We can see that the
mean packet delay time is the least when using our
routing algorithm in flat networks, while it is the
largest when using RIP. As shown in Figures 1 and 3,
domain d22 can sees 28 nodes in the flat network, but
only 6 nodes in the hierarchical network. Therefore
the routing table size in flat network/routing table size
in hierarchical network is 27/5=5.4. Notice that larger
routing table means smaller routing computation.
Consider an extreme condition, suppose that an n-
node network is structured into a k-level multi-domain
network, every g nodes are grouped into a group,

n= g}ﬂ The number of visible nodes in the lowest

level nodesis g + (g-1)(k-1). Therefore, if the
routing speed of an algorithm for an n-node network
is O(1/n™), then the ratio of routing speed of the two
types of networks is

(lg+(g-Dk-D)/ g")
In general, the time complexity of a routing

algorithm is O(n®). The size of the routing table is
O(n), therefore the ratio of the required storage is

flatnet. g"
hierarchical net. g+(g-1)(k-1)
Dimitrijevic proposed a centralized mulii-
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domain routing algorithm [1], compared to our
distributed algorithm. Dimitrijevic’s method takes a
lot of efforts for an inconsistent flow problem
described as follows, see Figure 9. Suppose that node
1 wanis to transmit a 10Mb flow to node 8, and node
3 wants to transmit a 5Mb flow to node 5. To
minimize the cost function in level 2, the routing
parameters are as shown in Figure 2. But in order to
avoid fully utilizing the link (3,5), some traffic has to
be shifted to the link (3,4). Therefore, it makes the
traffic flow between nodes B and C inconsistent.
Dimitrijevic’s routing aigorithm is done by
cooperations of siblings. The proposed algorithm is
done by ancestors and children so that the information
in other domains is hidden. The inconsistent flow
problem is mainly resulted by that the intranet flow in
a domain is not known in other domains. Because our

path length D, /&;(j) includes the intranet path
length, inconsistency will not occur.

—a— Result of RIP
—x— Result of our routing algorithm for flat
~—1— Result of our routing algorithm for mutti-domain

0.30 | mean interamivat time of traffic to node = 20

0.25 J

S 0.20 |

€ o015

2

§- 0.10 -

3 0.05

E- 0.00 . o

[l

2 100000 120000 | 140000 160000 | 180000 200000
Mean rate of traffic

Figure 8. Comparison of Simulation Results
5 Conclusion

In this paper, we applied the Gallager’s method
to derive the optimal condition for minimum delay
routing in a distributed multi-link connected network.
For multi-domain routing, a simple flow aggregate
method is used to reduce the multi-domain problem
into a flat network problem. Then, the Alaetiinoglu’s
distributed routing algorithm can be applied on such a
multi-link flat network, and we proved that it would
not incur any loop at operation. The simulation results
showed that this multi-domain algorithm performs
more well than the RIP algorithm. Although it has
worse performance than applying to the flat network,
it requires less space for the routing table and less
computation time for calculating routing parameters.
The another advantage is that it has not the
inconsistence flow problem versus the Dimitrijevic’s
multi-domain routing algorithm. It says that our
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mulyi-domain routing algorithm is more simple for
implementation.
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