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Abstract— Though ad-hoc networks have been studied
in great details by researchers all over the world, not
much work has been done in analytically understanding
the behaviour of the routing protocols. In this work,
we analytically analyse the performance of hierarchical
routing protocols vis a vis reactive routing protocols.
We formulate the problem in a general framework and
derive conditions under which one will be preferable over
the other. We also comment on the various parameters
involved and how can they be modelled.

The results should be useful for generic as well as spe-
cific performance comparison studies between clustering
and reactive protocols.

Index Terms— Analytical comparison, Ad-Hoc routing,
Clustering, Reactive, Flooding, Overhead, Power Control.

« Reactive Routingln these approaches, routes are

computed on an ‘on-demand’ basie. as and when

a source node requires, a route is computed by
complete or partial flooding of the network. These
schemes incorporate certain overheads for route
discovery. [9], [10].

Hierarchical SchemesThese techniques, tend to
achieve some sort of a compromise between pro-
active and reactive approaches. They define and
form logical entities called ‘clusters’ which are
nothing but a local group of nodes. Almost all the
schemes which fall in this category maintain some
sort of pro-active approach to routing within the
clusters (intra-cluster routing) while finding inter-

cluster routes on an on-demand bassreactively.

[71, [8].
_ Looking at the wide spectrum of protocols available,
A D-HOC Networks consist of nodes (usually Moy pecomes extremely essential for network designers to

bile), scattered around in a geographical area withe aware of conditions under which each of the above

out any fixed infrastructure. Though primarily devely|ass of protocols will be better than the other two.
oped for military applications, MANets (Mobile Ad-Hoc  £rom our experience in fixed wireline networks, it is
NETworks) have attracted a lot of industry and researghy5; that ‘pro-active’ protocols will perform better in

interest recently. _ , case of low mobility of nodes since the link-status update
The major challenge in MANets is to route packetserhead will be low if the network scenario is relatively

without any control on the topology of the network —g4iic But, in the case of a highly dynamic environ-
since the nodes are freely mobile. The fact that thegean the ‘pro-active’ schemes will lead to intolerably
is no fixed infrastructure (like base stations in ceIIuIe}érge overheads making them unviable for deployment
networks) available which can be relied upon makes ¢ ,ch situations.

this problem all the _more difficult to solve. AIs_so, since The case of ‘cluster-basédand reactive protocols is,
each of the nodes is usually a portable device, pOWr%wever, not very clear. Both have certain overheads and

management str'ategles become |mport§1nt Cons.'dera_t'8H§ needs to investigate under which conditions will one
in selecting routing schemes to deploy in practical Site petter than the other

ations. . _
Broadly speaking, one can dvide the available In this work, we develop a general framework which

. . .7 7Can act as an aid to understanding the relative perfor-
schemes in literature into three broad categories :- . . . 2
mance of ‘reactive’ and ‘hierarchical’ protocols. The

¢ Pro-Actt_lvel Routl'n?ln thesetapp;oacfl]es,tﬁach ngdl%mainder of this document is organised as follows —
!oro—r?c IVEly mlf'g ans _rodu_ es” 0 ah other nlo keﬁ’l Section II, we discuss work related to our analysis,
in the network by periodically exchanging fin “Section Il formulates the problem, Section IV contains

status mformat_lon with neighbouring nodes, The_stﬁe actual analysis and we finally conclude in Section V.
schemes require an overhead to exchange link-

?tatus information regularly. Well known example 1ywe wiil be using the terms ‘cluster-based’ and ‘hierarchical
is DSDV [11]. interchangeably. Ditto for ‘reactive’ and ‘flooding’.

I. INTRODUCTION
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[I. RELATED WORK e Pro-Active Overhead This is due to the link-

Many studies have been performed [3], [6] to study Status updates that need to be exchanged between
the behaviour of various protocols in different scenarios. Nodes to pro-actively maintain routes to one or
Unfortunately, almost all of the analysis has been simula- More destinations in the network. This is a major
tion based. It is well noted in [1] th&Bimulation results, contributor to overhead in the pro-active routing
though extremely useful, are often limited in scope to framework. The reactive approaches are free from
specific scenarios'Thus, there is a need to analytically ~ this overhead, but the hierarchical schemes have
analyse the performance of the three routing frameworks SOome pro-active overhead for intra-cluster routing
vis a viseach other. and also for cluster maintenance.

Santivfiez, et alin [1] present an asymptotic analysis * Reactive or Flooding Overhead his occurs while
of some common protocols in terms of their overheads. route discovery in flooding type scenarias when-
Their analysis is mostly ‘order of magnitude’ based €Vver a ‘source’ node wishes to establish a route to
but provides vital insights into the performance of the @ destination, some amount of extra control pack-
algorithms. In our work, we specifically analyse ‘hierar-  €ts are exchanged between nodes in the network
chical’ protocolsvis a vis'reactive’ schemes and give a  for computing the required route. This overhead
more detailed analysis by characterising different terms 1S absent in pro-active protocols but is the major
involved in the exact expressions for the overheads in contributor for reactive protocols. Some amount of
the two frameworks. flooding overhead also exists in hierarchical proto-

Jacquet and Viennot [2] also perform an analytical COIS-
analysis of the generic ‘pro-active’ and ‘reactive’ proto- * Sub-Optimal Route Overhealtach routing proto-
cols, but they do not consider ‘hierarchical’ schemes. €0l optimises the route computation based on some

Simulation based comparison of overheads are also Metric. But as time progresses, due to the mobility
available in literature [6]. In almost all of them, cluster-  Of the nodes, the route may become sub-optimal.
ing performs better than reactive schemes as the network Thus, this overhead needs to be taken into account
size increases. We also derive a similar result on the While comparing two protocols’
number of ‘flows’ in the network.

We present our analysis next. B. Assumptions

Now that we have defined the meaning of ‘overheads’,
we formulate the scenario under which we will be

In a flooding based environment, each source nogfalysing clustering and flooding. We do not assume any
will initiate a route finding request as and when needegecific protocols but rather develop a framework under
and this request will propagate through the netwotkhich one can study the differences between a reactive
causing flooding in some manner depending on the actygbtocol vis a vis a clustering protocol which satisfy
protocol used. Here, we analyse the performance of@rtain basic assumptions which we list down presently.

clustering scheme built over and above this protocol w.[.kt network A be the unclustered network adibe the
the unclustered network. We will compare thewer- ¢|ystered one.

headsand hence power and bandwidth consumgtion

I1l. PROBLEM FORMULATION

« The clustering scheme in netwoi® uses a pro-
active protocol for intra-cluster routing and tea@me
A. Overheads reactive routing protocol as network for inter-
Before we formulate the problem, it is important to  cluster route discovery.
understand the meaning of the tefoverhead: Strictly =~ « We do not assume a fixed number of nodes in
speaking, any packet(s) exchanged in a network other the network. We allow nodes to join and leave the
than the data packets is an overhead. Since these packetsnetwork with timei.e. the number of nodes in the
eat up the available bandwidth, it becomes imperative to network at any given time is a random process. We
keep these overhead packets to the minimum possible assume the time stationarity of this process.
required for the proper functioning of the network. For « Since the total number of nodes in the network
a given routing scheme, the overheads can be classified is not fixed, we can assume that all clusters are
in the following three categories [1] :- statistically I.1.D. in their characteristics.

2If similar power control measures are adopted in clustering and®wWe will show in the appendix that this term in the overhead is
reactive protocols, one with a lowewverheadwill be better off in exactly the same in both the hierarchical and flooding protocols if
terms of power consumption metrics. the hierarchical protocol is built over the same flooding protocol.
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« We do not assume anything on the transmission IV. ANALYSIS
ranges of the nodes. They may be changed adap

. . Consider a sample path for the network processes in
tively for power and energy conservation. But botn1

wworks A and B will h foll h e two networks. Bot and B follow the same sample
NEWorks A4 -an Wil ‘have foflow the same path. We will analyse the network in a time window

\%gomhm for tF;]O\f[V?L m?nsgfrrt'lent. d clust .and compare the overheads in the clustered (netgrk
« YWe assume thal the fink-status and cluster Mal)s 1he non-clustered (network) environments. We will
tenance overhead is independent of the data tra

bei ted in th work and onlv d q ifst formulate the problem exactly and then go on to
€ing generated In the network and only depends Péblace guantities by their expected values so as to be
the link-states and mobility condition.e. clusters

o .~ able to quantify the parameters for the entire ensemble.
are formed and maintained even when data is . fy P

being t itted in th work n|9itnally, we will characterise the parameters under some
eing transmitted in the network. assumptions.

« We also assume a concept of ‘border’ or ‘gateway
nodes in each cluster which will have complete
information about the clusters to which they belong. The Model

to and hence will take part in the flooding process consider an observation time interval faf Let there

in network B. Most of the clustering protocolspe s communicating pairs of nodes (6lows during

incorporate a similar concept in them. this interval. Denote the time for which a route between

Since we wish to understand the behaviour of them'™ pair, already computed to remain valid BY-™,

clustering scheme on a given network, we make theherek denotes thé'™ computation of the route. This is
conditions inA and B exactly identical. By ‘identical’ a random variable. We will show in the appendix that this
we mean that the two networks have the same topdime is same for both the clustered and the unclustered
ogy at each instant of time with same sets of nodegtwork since the routes actually computed will be
communicating at any given instant of time in both thiglentical — at least under commonly used topological
networks. In other words we will dosample patibased path metrics?

comparison of the two schemes. We will characterise the distributions of all the random
variables later. Le€t, are the total number of clustering
PA(X,t) = Pp(X,t) VY t (1) Packets exchanged in the time intervgl This includes

the cluster maintenance messages and the link state
where, P4 (X, t) denotes the node positions at tirhe updates propagated in the clusters.
in network A, similarly for B. We will refer to this as
the ‘location sample path’. Also, Cto = LSUs + ¢ 4)

where, ‘LSUs’ denotes the number of link-status up-
ates propagated in the network, apdenotes the total
cluster maintenance overhead messages exchanged, in
the time intervalt, under consideration.

Let R,, be the number of times thex'" route is
recomputed in the time duratiofy. A point to note is
that if the source and destination nodes belong to the

A(S,D,t)=B(S,D,t) V t (3) same cluster in networl, this route recomputation will

] o ] ] ] not be done through the flooding protocol, rather will be

i.e. the source-destination pair vectors at time instapfy o, care of by the intra-cluster link-status updates. We
t is same in both the networks. In simple words, thg, ot consider this special case since the probability
assumption is that at a given time instantdf was ¢ this event happening is quite low especially in large
transmitting data td in network 4, it will also be doing L anvorks. But it is to be noted that by taking this
so in networkB. This will be referred to as the ‘flow computation as a reactive overhead i we will be
sample path’. over-estimating the cluster overhead.

With this common base, we will derive conditions in Thus, for clustering to be better than the reactive
which network B will be better in terms of overhead..qting protocol, the following inequality needs to be
It is clear that the network with a lower overhead Wllgatisﬁed:_
be able to achieve a higher data throughput in the given
time interval. “In the following analysis, uppercase denotes random variables

LSA(X,t) = LSp(X,t) VY t @ |

where, LS4 (X, t) denotes the link-states at tinien
network A, similarly for B. We will refer to this as the
‘link-status sample path’. Finally,
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depends on the location and link-status sample paths.

c M & rhm < Mo & phim 5 Thus, from (7), we can see that d¢ increases, the

o+ > > TE" <> > Ta ©) right hand side changes non-decreasingly@as’ < 1).
This means that as the number of communicating pairs

In (5), T, denotes the overhead messages exchangestease, the number of route find requests increases
for the computanon of thé'" route for them'™ flow in  |eading to an increased savings in the clustered network
network A. Note that since the time instant at whichy.r.t. the route computation overhead. Thus, for a fixed
the route is computed in both the networks is the samgustering overhead, the case for the clustering scheme
(since the location and flow sample paths are the saggcomes stronger.
implying identical paths existing and hence paths beingHence, we can conclude from (7) that for any given
invalidated at the same instants of time and thus beiﬂmjstering scheme, we will always be able to find a
recomputed at the same time), this overhead can thgeshold for the data traffic which will make the imple-
divided into the overhead per cIusteI?A(”) of network mentation of the scheme feasible over a purely reactive
B by considering the clusters in netwokkat the instant approach.
of computation of the route. In other words, we are
considering ‘dotted clusters’ in network identical to .
those in B and divide the overhead into each of thes%‘ Taking ensemble averages
‘dotted clusters'I";™ has a similar meaning in network Equation 7 captures the trade-off involved in a par-
B. ticular sample path. Now assumirgygodicity of the

In all flooding based protocols, each node relays Riocesses involved, we divide both sidestpyand take
route formation request at most once. Since most lpits asty — oo. Thus,
the flooding in networkB will take place via ‘border’
nodes, all nodes in a cluster may not be involved in M R,

1

route computation. In networkl, there is no concept hm —C’to < lim — Z Z
of ‘border’ nodes and thus all nodes in a cluster may "™ fo=ee o ‘
be flooded. We denote the fraction of nodesAn(w.r.t.
number of participating nodes in clustérin network
A) participating in route discovery in thié" cluster by
o™ where ®*™ < 1. This parameter is defined only

m=1 k=1 m=1 k=1

A A )

(8)
Applying ergodicity by replacing time averages by
expectations, we get

for network B. M B NET e
Also, we will drop the subscriptt in T since this ~ F[Cto] < E[>_ () = @771 (9)
is only defined for networkd. Thus, rewriting (5), we m=lk=1 i=1
get:- The limits of the summations need to be characterised
since we will not be able to take expectations inside the
Cto < % Em ka B ) (©) summgtions unlless the limits are fixed. Thus, .
= « Since R, is a random process w.r.tn, we will
ie. replace it byE(R,,). The justification for this step

is that R,, for a given flow will depend only
M Rn NET NEm location sample paths. Specifically, it will depend
k,m kmpk,m ) !
Cto< > > ( Z i - Z o) (@ only on the amount of time for which the:'!
m=lk=1 =1 =1 flow is active and the location of nodes in that time
where, N*™ denotes the number of clusters which re- interval. We therefore, replacg,, by the expected

lay thek*™" route computation for the:'" flow. Note that value of the number of times the'® flow needs to
though the cluster topology is likely to change for route  be recomputed. Here the expectation runs over all
computations at different instants of tima*™ only the location sample paths.

concerns itself with the number of clusters involved in « For the computation of a fresh route fros to

the route computation and does not ‘physically’ identify D, we can assume that all the clusters relay the

the individual clusters. request. ThusN*™ may be taken to be the total
Now, for a given location sample path, the location of number of clusters in the network. Note that this

nodes does not change with the traffic conditions. Note will result in an upper bound w.r.t. the overhead

that the clustering overhead (Equation 4) is independent since route repairing can be done locally which may

of the data traffic generated in the network, and only not be flooded to all clusters in the network. One
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may characterise this more closely w.r.t. the actual
reactive protocol under consideration. Now, since
we assume I.I.D. clusters, we will replace this by the
average number of clusters in the netwoH{(,V,).

Using the above, we can rewrite (9) as follows:-

M B EO) .
E(Cto) < ) (BT™) — B(®7"T™)

m=1 k=1 i=
(10)

—

C. Characterising the R.H.S. Variables

We now list some observations which may help in

characterising the various terms in (10).

« TF™ depends only on the mobility of the nodes.
At a coarse level, one can assume a uniform and
stationary rate of link degradations say,. Let the
average route length be*™ — this can be taken
stationary w.r.t. bothk and m. This implies that
T*m™ will also be stationary. Thus, we get a Poisson
distributed link breakage process whére™ is the
time duration for which no link along the route
breaks. Hence,

ka’"L (tk’m) = )\lbLk7m6_>\lbLk’mtk’m (11)

E(R,,) can be computed onc&*™ is charac-
terised. Hekmat and Mieghem in [5] do a numerical
simulation based analysis for the average minimum
hop count between two nodes and come up with a
unimodal distribution. One can go deeper into the
distribution of L*™ if more is known about the
location process in the network.

If we assume that once a request arrives in a cluster,
it is forwarded to all cluster members in the reactive
framework,E(l“f’m) can be taken to be the average
number of nodes in each clustef((V;)). Such an
assumption is typically true of protocols like DSR

Since things are random, it is in general difficult to
estimate the topological characteristics. But some
simple bounds can be calculated — the connect-
edness of the network implies that each cluster
must have at least one border node. This gives a
lower bound on the number of border nodes as the
number of clusters/{.). An upper bound can also
be derived considering the links in the network. Let
Ty be the total number of edges in the network
and 7. of these be intra-cluster edges. Thus, the
number of border nodes is bounded by:-

N,
Ne < 3B < 2(Yn-—T)
=1
Simulations and prior knowledge about the
clustering scheme may be used to better characterise
B;.

(12)

Now, let the each of the core nodes take part in the
routing process with a probability.. This prob-
ability will be large in case of sparsely distributed
network and lower for more dense topologies. Thus,

E(@F™TF™) = B(B;)+pe(E(N;)—E(B;)) (13)

One can computé&’(N;) once the clustering scheme
is known. E(B;) can also be approximated by:-

i (By)
N
Thus, we can derive some approximate expression
for the flooding overhead in the cluster-based net-

work.

M is the traffic threshold which can be computed
from the equation once the other parameters are
known.

E( JE(N:)  (14)

[10] wherein each node sends the route requesto Clustering Overhead

all its neighbours. Note that the average number
of nodes per cluster will depend on the actu%l
clustering scheme being used.

@f’m is the fraction of nodes (w.r.t. networH)

in clusteri, which take part in the flooding route
request in networkB. This consists of all border

The L.H.S. of (10), is the average total clustering
verhead in time intervaly. Rewriting (4)

Cto = LSUs + ¢ (15)

where, ‘LSUs’ denotes the number of link-status up-

nodes plus some core nodes in the cluster. (sg&tes propagated in the network, ahdenotes the total

appendix for a detailed discussion on routing). cluster maintenance overhead messages exchanged, in
the time intervak, under consideration. We will compute

Let there beB; border nodes in clustér We assume the E(Cty) next.

that all these nodes take part in route discovery. A point to note here is that only those changes
The number of border nodes in the cluster is which may lead to a route being recomputed need to be

strong function of the topology of the networkconsidered significant enough to generate an update in
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the clustering environment. Also, only -ve status changes
need to be sent immediately, all +ve changes may be sent T .
along with the next periodic update. Again this depends TRt

on whether the clustering protocol has a provision for —
pro-active LSUs or only reactive. Even if was purely
reactive LSUs, we can still divide the updates into -ve Redctive
and +ve updates. In the current analysis, we will consider
purely reactive LSUs for both +ve and -ve changes.

Taking the rate of -ve updates being the same one Moty
which leads to a link being brokem\f and hence we
can relate LSUs arﬂd”“vm). Also note that each LSU will Fig- 1. Deployment conditions for routing schemes.
be propagated to all nodes in the cluster and hence the
overhead for -ve LSUs will be equal to,toN? for the
ith cluster. Similarly, if the +ve LSUs are generated at

the rate of\;; per second per node, we get the overhead E(Cto) = E(C™t) + E(C o) (16)
for +ve LSUs to beklftoNE for the it? cluster. where,

Another important observation is that each cluster E(N.)
rearrangement (node joining/leaving) message that ag +; ) — 2 + .
generated is either due to a link breaking (-ve LSU), or%?c fo) Zzzl Mstot E(NT) +p7[E(De) + 3N}
new link forming (+ve LSU). Now, lets assume that each (17)
-ve link status update leads to a member leaving a cluséd,
with probability ‘»p~’. Note that whenever a member E(N.)
leaves a cluster, there has to be a -ve link status updaiC~to) = > Apto{E(N;) + p~ [E(D.) + 3|E(N;)}
generated. A cluster rearrangement also takes place when i=1 (18)

a new member joins the network. Let the probability that 4
] P y Note that as)\; and )\;; decrease, the clustering

a +ve LSU implying a new member joining he". .
Thus. if 2 member leaves one cluster or a new memb%’rerhead decreases. In the limit as they approach zero,
’ get the static case in which there will be no need

joins the system, some cluster maintenance packets \)f\’/\fﬁ . .
be generated along with the LSUs. The number for cluster overhead messages. This observation agrees
) ith the choice of hierarchical routing as the scheme in

cluster maintenance packets generated will be equalv\fo .
wireline networks.

the number of clusters that can ‘listen’ to the ‘orphan’ .
node. Let the ‘cluster degree’ (no. of clusters near tré%':] 3?;2 :[:e o%%oze ?(?;;tgl)sr?(tfct)hi:ezc:Zn;[gtel:ecan
node) of the ‘orphan’ {") node beD.;. So, we get p -Ad pp p

D.; + 1+ 2 messages being generated for request, be taken as
D, ; replies to the requestfor request to join and for SN D,
accepting the request. E(D,) = B(==—2) (19)
Again, a new link being established or an old link . . N
gain, i.e. expectation of the average of the cluster degrees

breaking may lead to a border nodes being createq.
. & [l nodes.

Now, since border nodes and core nodes may be handte h h b ble to ch terise the cl

differently in different protocols (e.g. a border nod? us, we have been able 1o characlense the clus-

may be a member of more than one cluster, therefo ignguos\'/r?rhg?g aennder;ellif) dt2|e Oiﬁioa&db:'gbslé ?(:
its motion may affect more than one cluster), theé ). Using this g ' u

may lead to different overheads which can be Computgampare common hierarchical protocols with reactive

. e : : routing schemes.
using similar analysis as above. We do not consider this 9

distinction between border and core nodes in the current
analysis.
Hence, we get An analytical framework for the comparison of hier-
archical and reactive routing schemes was developed in
®Also, note that this may lead to some additional overhead w.ithis work. It was shown that the optimal paths computed

the clustering scheme if some penalties are paid by the clusters Wliﬁrboth the cases will be identical. Based on this impor-
their sizes go above or below some thresholds (this is done to keep the '

sizes under control). Since this is specific to the clustering scherk@Nt obse_ryation, we formUIated the problem and derivgd
we do not discuss it here. the conditions under which cluster based schemes will

V. CONCLUSION
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perform better than purely reactive approaches. Finally,
we also characterised the clustering overheads and other
parameters in the model.

Another interesting result observed was that for a
given network, cluster based schemes will always per-
form better than purely reactive schemes when the
number of flows increases beyond a threshold. Thus
strengthening the case for the deployment of hierarchical
schemes in high data traffic networks. Hence, we can
broadly represent the routing schemes as in Fig. 1.

The model is a general framework, yet takes a detailed
view of the overhead packets being exchanged in both
the environments and relates events in one to those in
another thereby coming up with a analytical tool to
compare the performance.

ﬂﬂl::> Denotes multi-hop

— Denotes single-hop

Fig. 2. Tracing the routing request in netwakk (not to scale)
APPENDIX I
IDENTICAL PATH COMPUTATION IN THE TWO . o
NETWORKS the globally optimalroute. Thus it is enough to prove

that if the globally optimal route is retained as a possible
Each routing algorithm tries to optimise on the basisption for the selecting agent to choose in the clustered
of some metric. This metric may not be the “ideahetwork, then this globally optimal route will be chosen
metric” that should be minimised in order to get the besk the route betweesiand D, thereby proving the claim.
performance in the network. Also, a route once computedi et S and D belong to cluster X and Y
may slowly degrade to a non-optimal route as the nodegpectively. Let the globally optimal path from
move and the locations change. Thus, this gives rise4o to D, be given by the sequence of nodes
the ‘sub-optimal route overhead'. {S,Cx.1,Cx2,...., Bx1,Bz1,C21,Cz2,...., Bz,
What we will show is that the optimal route (W.r.t.Bwjl, ..... ,By.2,By1,Cy1,..D}, where B; ; and C; ;
the desired metric) computed in both A and B is th@enote the border and code nodes in clusteespec-
same- at least for topological metrice.g. min. hops tively. i.e., the optimal route fromS to D in network
or min. energy metrics [4]). This will imply that the 4 can be decomposed into border and code nodes in
‘sub-optimal’ routing overhead will be the same in bothetwork B. This can always be done since in order for a
the scenarios and we need not be bothered about #i$e node to communicate to the outside of the cluster,
overhead while comparing the two approaches. it must route its packets via a border node of its cluster.
Consider a source nodg which wishes to establish Thus, the above decomposition is always valid. We will
a route to a nodé). We have two possible cases:-  show that a path with exactly this sequence of nodes
« Both S and D belong to the same cluster inwill be available to the selection agent for selection of
network B. Thus an optimal route td w.r.t. the the optimal path.
desired metric is already known t8 in network It is clear that since the above path is optimal, all
B. Uniqueness of the optimal route guarantees thaggments of the path will also be optimal. any subpath
the reactive protocol i will compute this optimal between any two nodes will be the optimal path between
route. Hence both are the same in this case.  those two nodes. Consider a routing request originating
« In caseS and D belong to different clusters, aat.S in network B. Refer Fig. 2

reactive routing request will be initiated in network 1) Since, S knows thatD is not a member of its

B. We will trace the path that this request takes and
show that the optimal route is computed in network
B too.

In any reactive routing protocol, more than one route
will be computed to the destination via the flooding
algorithm. Now, some agent (typically, the destination)
will collect all these routes and choose the one that
optimises the metric under consideratios, it chooses

cluster, it will forward the route request to all the
border nodesBx’'s of its cluster. Now, because
S knows optimal paths to all these border nodes
via the intra-cluster link-status updates, it will
route these requests via the optimal paths (which
will be routed via the sequence of core nodes
{Cx1,Cxp2..., Bx1}). Thus, the globally optimal
path containing border nod8y ; is not lost at this
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stage.

2) Next, all border nodes of clustek will relay
the request to adjacent clusters. to the border
nodes of the adjacent clusters which are their one-
hop neighbours. One of these relayed messages
reachesBz; directly from the nodeBx ;. Thus,
the optimal sequence is still intact.

3) After receiving the request, nodg; ; will forward
it to all border nodes belonging to its cluster via
optimal paths and also to all adjacent cluster border
nodes which are its one-hop neighbours. Thus, due
to the optimality of theB ; to Bz » segment, the
sequence of nodes frolz; to Bz, will be the
same as that in the optimal path in netwask
Again, the optimal path is still intact.

4) Step 3 will be repeated until the destination node
clusterY is reached. Irt’, sinceBy; will already
know the optimal path t® via the cluster routing-
table protocol, it will forward the request 1O via
this optimum path.

Thus, the above arguments show that the the routing
request will travel via the globally optimal path and reach
the destination node in netwotk too, thereby enabling
the selecting agent to choose this as the optimal route
between the given source-destination pair.

In a nutshell, the above argument means tmy and
all those paths in which every segment is ‘locally opti-
mal’ are chosen as candidates for the route in network
B as compared tall paths in networkA. Now, since
the globally optimal path will consist of locally optimal
segments, it has to be one of the candidates for the final
selection.

Hence,identical optimal routes are computed in both
network A and B.

Some points to keep in mind

1) The above result will hold for all metrics which
will satisfy the classical dynamic programming
technique which is used in the Viterbi Receivers
and the Bellman-Ford algorithm. Validity in case
of other metrics will have to be investigated.

2) The routing metric may be a traffic (bandwidth)
related metric in which we want to find the best
bandwidth route fromS to D. Now since both
A and B have different total overheads, hence
traffic conditions will be different in both. Thus,
the result that the same path is computed in both
the networks may not hold in case of traffic related
metrics. This needs to be investigated further and
we do not concern ourselves with this in this work.

route (w.r.t. the routing metric) being computed
in A which will mean that the routes iMl and

B may not be the same. This is so because in
case the route request via the optimal route gets
delayed due to higher traffic conditions there, it
is possible that an intermediate forwarding node
does not forward this request further since it would
have already received a request from a sub-optimal
path which had a lower traffic at that point in time
i.e. since each node forwards the routing request
only once (as most protocols assume), the traffic
conditions may lead to sub-optimal paths being
computed. This actually amounts to the routing
protocol failing in its purpose. This possibility
can be taken care of in the design of the routing
protocol. We can overcome this in at least two
ways:-

« A condition in most routing protocols is that
each node forwards the routing packet only
once for each computation of a route. We
may wish to relax this assumption to make
sure that all the possible candidate routes are
collected at the destination node which then
makes a decision about which route is the best.
Though this may lead to more overhead, it will
discount the possibility of a sub-optimal route
being computed w.r.t. the routing metric. Thus,
an optimal route is computed in A and thus,
both the networks have the same route.

« The route selection can be done at intermedi-
ate nodes as well with each node waiting for
some time to collect packets corresponding to
the same route request before forwarding the
best out of those to its neighbours. This will
increase delays in route computation but will
help in obtaining the optimal route.

In both the above ways, we are assuming that the
relative traffic delays between two probable routes
a given network are not exorbitantly high thereby
rendering any waits useless.

The above two are only indicative methods, and
the specific routing protocol may come up with
better techniques to overcome the problem of sub-
optimality w.r.t. route discovery due to traffic con-
ditions. (Note that this sub-optimality has nothing
to do with the comparison of network4 and B,

but is rather an issue to be resolved by the reactive
routing protocol itself).
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