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Abstract

In this Undergraduate Project, a Cluster Based Route Discovery and Dy-
namic Route Management Protocol for Ad Hoc Networks with Inaccurate
Information for given QoS (Quality of Service) requirements has been pro-
posed and compared with existing Routing Protocols. The protocols have
been compared by simulating them on ns. Message and Routing complexi-
ties of the protocols have also been analyzed. nsis a discrete event simulator
developed by the University of California at Berkeley and the VINT project
(30].

The proposed scheme is much more scalable, the route discovery is faster (
O(logN) against O(N), N being the number of nodes) and it also guarantees
QoS - a feature which has not been incorporated in any existing protocol. A
quorum system ( required in case of frequent node failures or large ad hoc
networks) and a proper buffer management system has also been proposed
and analyzed. A distributed algorithm for the election of cluster heads with
only one round of message exchange has been proposed. Each node has
neighborhood information up to only 2-hops which is obtained in the single
round of message exchange allowed. This is used by ACRPN to divide the
topology into clusters. This algorithm has also been analyzed and compared
with a greedy algorithm which assumes complete knowledge of the topology.



Chapter 1

Introduction

Since their emergence in the 1970s, wireless networks have become increas-
ingly popular in the computing industry. This is particularly true within the
past decade which has seen wireless networks being adapted to enable mo-
bility. There are currently two variations of mobile wireless networks. The
first is known as infrastructured networks, i.e., those networks with fixed and
wired gateways.

The second type of mobile wireless network is the infrastructure-less mo-
bile network, commonly known as an ad hoc network. Infrastructure-less
networks have no fixed routers; all nodes are capable of movement and can
be connected dynamically in an arbitrary manner. Nodes of these networks
function as routers which discover and maintain routes to other nodes in the
network.

With the present increase in the popularity of mobile networking, it is
imperative that ad hoc networks support Quality of Service for Real-Time
Traffic. In this project, routing protocols designed for these ad hoc networks
have been studied and their characteristics have been compared. It was found
that the present protocols do not consider Network Parameters other than
Shortest Path for routing decisions. Hence a new protocol for Route Discov-
ery and Route Maintenance has been proposed. Each characteristic of the
protocol has been compared with the existing protocols to show superiority
of the former. Features like load balancing and dynamic change of routes
have been incorporated in the proposed scheme.

In the next chapter, the existing protocols have been described. Chap-
ter 3 discusses the problems of the current protocols. Chapter 4 describes
the proposed protocol. Chapter 5 introduces a distributed clusterizing al-



gorithm implemented as a part of ACRPN and compares it with a greedy
algorithm which assumes complete information of the topology. The next
chapter 6 compares the existing protocols to our protocol by each character-
istic. Chapter 7 describes the goals and parameters of the simulation done
for this project. Chapter 8 demonstrates the results of the comparison of
ACRPN with existing protocols for various parameters. Chapter 9 describes
some measures to provide robustness to the scheme in case of frequent node
failures or large ad hoc networks. Chapter 10 suggests some criteria to choose
buffer sizes for each connection depending upon QoS requirements. This is
important as in ad hoc networks frequent topology changes might lead to
congestive effects for a small duration of time until the topology changes
again. Chapter 11 concludes the work.



Chapter 2

Existing Ad hoc Routing
Protocols

Since the advent of DARPA packet radio networks in the early 1970s [13],
numerous protocols have been developed for ad hoc mobile networks. As
in Figure 2.1, these routing protocols may generally be categorized as: (a)
table-driven and (b) source-initiated on-demand driven. The following sub-
chapters describe the protocols.

2.1 Destination Sequenced Distance Vector -
DSDV

DSDV[1] is a hop by hop distance routing protocol requiring each node to
periodically broadcast routing information updates. The key advantage of
DSDV over traditional distance vector protocols is that it guarantees loop-
freedom.

Each DSDV node maintains a routing table listing the "next hop” for
reachable destination. DSDV tags each route with a sequence number and
considers a route R more favorable than R' if R has a greater sequence
number, or if the two routes have equal sequence number but R has a lower
metric. Each node in the network advertises a monotonically increasing
even sequence number for itself. When a node B decides that its route to
a destination D has broken, it advertises the route to D with an infinite
metric and a sequence number for the route that has broken (making an odd
sequence number). This causes any node A routing packets through B to



incorporate the infinite-metric route into its routing table until node A hears
a route to D with a higher sequence number.

AD-HOC ROUTING PROTOCOLS

SOURCE-INITIATED

TABLE DRIVEN ON-DEMAND DRIVEN

‘ \
| f j f j
DSDV AODV DSR TORA ACRPN

CGSR

Figure 2.1: Categorization of Ad-Hoc Routing Protocols

2.2 Temporary Ordered Routing Algorithm -
TORA

TORA [3], [4] is a distributed routing protocol to discover routes on de-
mand by a ”link reversal” [6] algorithm. It is designed to discover routes on
demand, provide multiple routes to a destination, establish routes quickly,
and minimize communication overhead by localizing algorithmic reaction to
topological changes when possible. Route optimality (shortest-path routing)
is considered of secondary importance, and longer routes are often used to
avoid the overhead of discovering new routes.

The actions taken by TORA can be described in terms of water flowing
downhill towards a destination node through a network of tubes that models
the routing state of the real network. The tubes represent links between



nodes in the network, the junctions of tubes represent the nodes, and the
water in the tubes represents the packets flowing towards the destination.
Each node has a height with respect to the destination that is computed by
the routing protocol. If a tube between nodes A and B becomes blocked
such that water can no longer flow through it, the height of A is set to a
height greater than that of any of its remaining neighbors, such that water
will now flow back out of A (and towards the other nodes that had been
routing packets to the destination via A).

At each node in the network, a logically separate copy of TORA is run
for each destination. When a node needs a route to a particular destination,
it broadcasts a QUERY packet containing the address of the destination for
which it requires a route. This packet propagates through the network until
it reaches either the destination, or an intermediate node having a route to
the destination. The recipient of the QUERY then broadcasts an UPDATE
packet listing its height with respect to the destination. As this packet prop-
agates through the network, each node that receives the UPDATE sets its
height to a value greater than the height of the neighbor from which the UP-
DATE was received. This has the effect of creating a series of directed links
from the original sender of the QUERY to the node that initially generated
the update.

When a node discovers that a route to a destination is no longer valid, it
adjusts its height so that it is a local maximum with respect to its neighbors
and transmits an UPDATE packet. If the node has no neighbors of finite
height with respect to this destination, then the node instead attempts to
discover a new route as described above. When a node detects a network
partition, it generates a CLEAR packet that resets routing state and removes
invalid routes from the network.

TORA is layered on top of IMEP, the Internet MANET Encapsulation
Protocol [2], which is required to provide reliable, in-order delivery of all
routing control messages from a node to each of its neighbors, plus notifica-
tion to the routing protocol whenever a link to one of its neighbors is created
or broken. To reduce overhead, IMEP attempts to aggregate many TORA
and IMEP control messages (which IMEP refers to as objects together into
a single packet (as an object block) before transmission. Each block carries a
sequence number and a response list of other nodes from which an ACK has
not yet been received, and only those nodes ACK the block when receiving it;
IMEP retransmits each block with some period, and continues to retransmit
it if needed for some maximum total period, after which time, the link to



each unacknowledged node is declared down and TORA is notified.

2.3 Dynamic Source Routing - DSR

DSR [8],[9],[10] uses source routing rather than hop-by-hop routing, with
each packet to be routed carrying in its header the complete, ordered list
of nodes through which the packet must pass. The key advantage of source
routing is that intermediate nodes do not need to maintain up-to-date routing
information in order to route the packets they forward, since the packets
themselves already contain all the routing decisions. This fact, coupled with
on-demand nature of the protocol, eliminates the need for the periodic route
advertisement and neighbor detection packets present in other protocols.

The DSR protocol consists of two mechanisms: Route Discovery and
Route Maintenance. Route Discovery is the mechanism by which a node
S wishing to send a packet to a destination D obtains a source route to
D. To perform a Route Discovery, the source node S broadcasts a ROUTE
REQUEST packet that is flooded through the network in a controlled manner
and is answered by a ROUTE REPLY packet from either the destination
node or another node that knows a route to the destination. To reduce the
cost of Route Discovery, each node maintains a cache of source routes it has
learned or overheard, which it aggressively uses to limit the frequency and
propagation of ROUTE REQUESTS.

Route Maintenance is the mechanism by which a packet’s sender S detects
if the network topology has changed such that it can no longer use its route
to the destination D because two nodes listed in the route have moved out
of range of each other. When Route Maintenance indicates a source route
is broken, S is notified with a ROUTE ERROR packet. The sender S can
then attempt to use any other route to D already in its cache or can invoke
Route Discovery again to find a new route.

2.4 Ad hoc On Demand Distance Vector -
AODV

AODV is a combination of DSR and DSDV. It borrows on-demand mecha-
nism of Route Discovery and Route Maintenance from DSR, plus the use of
hop-by-hop routing, sequence numbers, and periodic beacons from DSDV.



When a node S needs a route to some destination D, it broadcasts a
ROUTE RECOVERY message to its neighbors, including the last known
sequence number for that destination. The ROUTE REQUEST is flooded in
a controlled manner through the network until it reaches a node that has a
route to the destination. Each node that forwards the ROUTE REQUEST
creates a reverse route for itself back to node S.

When the ROUTE REQUEST reaches a node with a route to D, that
node generates a ROUTE REPLY that contains the number of hops neces-
sary to reach D and the sequence number for D most recently seen by the
node generating the REPLY. Each node that participates in forwarding this
REPLY back toward the originator of the ROUTE REQUEST (node S),
creates a forward value to D. The state created in each node along the path
from S to D is hop-by-hop state; that is, each node remembers only the next
hop and not the entire route, as would be done in source routing.

In order to maintain routes, AODV normally requires that each node
periodically transmit a HELLO message, with a default rate of once per sec-
ond. Failure to receive three consecutive HELLO messages from a neighbor
is taken as an indication that the link to the neighbor is down. Alterna-
tively, the AODV specification briefly suggests that a node may use physical
layer or link layer methods to detect link breakage to nodes that it considers
neighbors [12].

When a link goes down, any upstream node that has recently forwarded
packets to a destination using that link is notified via an UNSOLICITED
ROUTE REPLY containing an infinite metric for that destination. Upon
receipt of such a ROUTE REPLY, a node must acquire a new route to the
destination using Route Discovery as described above.

2.5 Clusterhead Gateway Switch Routing -
CGSR

Instead of a “flat” network, CGSR is a clustered multi-hop mobile wireless
network with several heuristic routing schemes[7]. The authors state that
by having a cluster head controlling a group of ad hoc nodes, a framework
for code separation (among clusters), channel access, routing and bandwidth
allocation can be achieved.

A cluster head selection algorithm is utilized to elect a node as the cluster



head using a distributed algorithm within the cluster. The disadvantage of
having a cluster head scheme without a quorum system (proposed in Chap-
ter 9) and distributed routing is that frequent cluster head changes can ad-
versely affect routing protocol performance since nodes are busy in cluster
head selection rather than packet relaying. Hence, instead of invoking cluster
head re-selection every time the cluster membership changes, a Least Cluster
Change (LCC) clustering algorithm is introduced. Using LCC, cluster heads
only change when two cluster heads come into contact, or when a node moves
out of contact of all other cluster heads.

@ NODES
@ GATEWAY

@ CLUSTERHEAD

Figure 2.2: CGSR: Routing from Node 1 to Node 8

CGSR uses DSDV as the underlying routing scheme, and hence has much
of the same overhead as DSDV. However, it modifies DSDV by using a hierar-
chical cluster head-to-gateway routing approach to route traffic from source
to destination. Gateway nodes are nodes that are within communication
range of two or more cluster heads. A packet sent by a node is first routed
to its cluster head, and then the packet is routed from the cluster head to a
gateway to another cluster head, and so on until the cluster head of the des-
tination node is reached. The packet is then transmitted to the destination.



Using this method, each node must keep a “cluster member table” where
it stores the destination cluster head for each mobile node in the network.
These cluster member tables are broadcast by each node periodically using
DSDV algorithm. Nodes update their cluster member tables on the reception
of such a table from a neighbor.

In addition to the cluster member table, each node must also maintain a
routing table, which is used to determine the next hop in order to reach the
destination. On receiving a packet, a node will consult its cluster member
table and routing table to determine the nearest cluster head along the route
to the destination. Next the node will check its routing table to determine
the node in order to reach the selected cluster head. It then transmits the
packet to this node.



Chapter 3

Motivation for our work

None of these protocols take into consideration that Ad hoc Networks may
have inaccurate information due to frequent changes in the network. All
these protocols require broadcasting of updating information to every node
in the network which increases the network load.

TORA can also lead to Network Instability. This is the case when most of
the connections choose longer routes to their destinations than the optimal
paths because shortest path or any other criterion of for choosing the optimal
path is not given due importance during path selections in TORA.

DSDV and AODV which have periodic broadcasts of routing information
for all nodes, cause lower throughput because of a lot of bandwidth is wasted
in updates. Also if the mobility of nodes is high, these schemes may be
rendered completely useless for long connections, as even if one node in the
link moves, the connection is lost, because of hop-by-hop routing, without any
monitoring agency. Such monitoring is possible in CGSR. However CSGR is
also not an on-demand routing algorithm, and it applies DSDV at cluster-
level, thus causing the same problems ad DSDV but for a larger number of
nodes. In the simulations for this project, we have chosen to remove CGSR
from comparisons as it basically shows similar characteristics as DSDV.

Source Routing as followed in DSR is not feasible in Ad hoc networks
which have packet size limitation at the baseband layer like Bluetooth, in
fact all MANET style solutions will require fragmentation and reassembly of
packets at each relay node. This will lead to two problems;

1. Increased buffering requirement at each node

2. Higher store and forward delay at each hop

10



Instead, if the forwarding is supported at the baseband slot level, delay as well
as buffering requirement will be reduced (at a marginal cost of link efficiency).
In many ways, this tradeoff is similar to the hop-by-hop IP routing Vs. ATM
switching tradeoftf.

None of the present protocols consider inaccurate location information of
nodes and network traffic. CGSR is solely dependent on the cluster head
for all the information and routing which makes the network vulnerable to
failures and traffic congestion at the cluster heads, while other nodes could
have easily shared the load. There is no dynamic nature in packet forwarding
in CGSR depending upon the QoS requirements. This could cause network
congestion on the backbone route between cluster heads.



Chapter 4
A New Protocol : ACRPN

The proposed algorithm, Adaptive Cluster based Routing with Proba-
bilistic Network Parameters for Quality of Service Satisfaction - ACRPN,
considers QoS Parameters of Rate and Delay of a connection while deciding
routes for a new connection and while improving the routes of already es-
tablished connections. It is also not possible to apply centralized algorithm
over large ad hoc networks. Hence ACRPN is a distributed algorithm to
determine the route of a new connection with a given minimum rate on each
link of the path while satisfying the end-to-end delay constraints.

Theorem: The problem of determining the route of a new connection
with a given minimum rate r on each link of the path while satisfying the
end-to-end delay constraint d is NP-complete.

Proof: Through a reduction to a shortest weight-constrained path prob-
lem(SWCP), which is known to be NP-complete. Given a graph with two
positive values, a; and b;, associated with each link / and a positive bound
B, the shortest weight-constrained path problem is to find a path that:

minZal
Y u<B

To transform SWCP into the problem at hand, the delay on each link can
be directly mapped to b;. The delay constraint d is same as B. As delay d
and rate r; on each link are inversely related, so a path that maximizes the
probability of not exceeding the delay constraint by increasing the minimum
rate r guaranteed over the link, is also a path that minimizes 3 a; (which

12



corresponds to r;) while obeying > b, < B (which corresponds to d;). Thus
the problem at hand is also NP-complete.

Hence solutions like ACRPN which try to attain near optimality at
bounded cost of route discovery are justified. The proposed algorithm there-
fore reduces the state space of the route by clustering nodes in the network.

As we are assuming inaccurate information in the network, hence the
metric to decide the path of the new connection will be the probability p(r)
of availability of given rate r on the link I. The higher the value of p;(r) the
higher the weight of the link /. Hence the metric of Route Discovery is

wi(r) = —logpi(r)

SUPER—CLUSTER

INDIVIDUAL NODES

\ CLUSTER

Figure 4.1: Clusterization for ACRPN

The algorithm is then as follows:

e The whole ad hoc network divides itself into clusters. The formation
of clusters is achieved by a distributed algorithm which is proposed in
the next chapter. These clusters form a hierarchy by grouping among
themselves to form super-clusters. Thus a tree is established. This is
required for scalability in case of thousands of nodes.



e The master of each cluster collects link information from each node of
the cluster to find the maximum delay d,,,, and minimum rate 7,,,
which the nodes can provide to any connection passing through the
cluster. The values of d,;,., and 7, provided are qualified by the
logarithm of the probability that the resources are still available (w(r)).
These values are available at the cluster head. Information about the
cluster heads is available at the super-cluster head and so on.

e Each node contains only one-hop link information required to forward
packets on the route to its cluster-head. This eliminates the overhead
of source routing from data packets. Packet forwarding information re-
quired for different connections is collected on-demand. This too is only
a single hop information showing the next node in the chain. The need
of Source Routing is removed because the cluster head has information
about each node in its cluster. Hence, route maintenance etc. can
be handled by the cluster-head. Also routing loops as experienced in
TORA (Chapter 8.4) are avoided because of a central control. In case
of route maintenance involving more than one cluster, the super-cluster
head is involved in route maintenance.

e Whenever node S situated in a cluster requests a link to any node,
the ROUTE REQUEST is directed to the master Mg of the cluster
concerned who directs it to only the master of the super-cluster. The
information travels through the tree and reaches the master Mp of the
cluster containing the destination node or to one master My which is
one in the set of masters Sy, at the highest level. If it is the former
case then the master Mp sends a ROUTE REPLY that contains the
number of hops necessary to reach D and the sequence number for
D most recently seen by the node generating the REPLY. Otherwise
the master My performs a route search by multicast among the set
of masters at this top level Sj; of the hierarchy to find a route to
the cluster head containing the destination node. Each master that
participates in forwarding this REPLY back toward the originator of
the ROUTE REQUEST (node S), creates a forward value to D. The
state created in each master node along the path from S to D is hop-
by-hop state; that is, each node remembers only the hop to the next
master and not the entire route, as would be done in source routing.

e Each master on the route sends only the best path to the previous



master if it gets a ROUTE REPLY from more than one neighboring
masters. The choice between alternative routes is made on the basis
of the value of w(r) (in case more than one route satisfy the d,,.; and
Tmin criteria) for the requested QoS parameters.

e When the route is established through super-clusters, it is gradually
fine-tuned by choosing nodes (locally within the super-cluster) which
have higher w;(r) available, than the ones which are presently on the
route. This can be easily done locally without the information of the
source S or the destination D. For example, suppose there is a route
from S to D via A and B and C' in that order, while E has a better
value of w;(r) than B for the connection. Then B sends a message to
its neighbors A and C to update their tables to send data to E for
that connection in place of sending to B. This ensures dynamic load
balancing and lesser network overheads during network route discovery.
This internal re-ordering of nodes can be managed by the master or a
node especially in charge of internal load balancing (who may or may
not be the master).

e Network Stability (the condition when sub-optimal paths are taken
even if optimal paths are available) can be locally ensured if the master
checks its own cluster for alternate paths and avoids sub-optimal paths
if unnecessary (i.e. in case of no congestion etc.).

As stated in the aforementioned algorithm, hierarchical clusterization (Fig-
ure 4.1) is employed for ACRPN. Route Discovery follows this hierarchy and
contacts the master of the super-cluster in case the routing information is
not available at the immediate master and further up the chain until the in-
formation is found or the ROUTE REQUEST reaches the root of the chain.
Assuming that the branching at each level of the tree thus formed is uniform,
we have a tree of depth ()(logN). In the worst case, the ROUTE REQUEST
will have to travel (O(logN) hops and the ROUTE REPLY will also travel
as many hops. This gives a Communication Complexity of (O)(2logN) for
ACRPN.



Chapter 5

Clusterization

For efficient communication between nodes, ad hoc networks are usually
organized into clusters [19, 22, 23, 24, 25, 31] where each cluster has a
cluster-head. Clusterization is a key issue in our routing protocol ACRPN as
well. We have based our choice of using clusterization in our protocol to our
advantage as emerging technologies like Bluetooth [28, 29] are completely
clusterized and are Master-Driven Communication Systems. In Bluetooth,
which is for indoor wireless picocellular environments, each cluster is a star (
piconet ), with the Master at the center of the star, which controls the traffic
to all the Slaves on the wireless channel. A connected set of piconets is
called a scatternet. The formation of clusters, and the related leader election
problem have been investigated in several papers [17, 18, 20, 21, 26, 27].

However, these solutions cannot be used to solve the problem we address,
where we require the communication between nodes in different clusters to be
through ‘bridge’ nodes, which are non-clusterhead nodes common to at least
two clusters [28, 29]. Moreover, for the distributed case, we do not assume full
knowledge of the topology, and allow only one round of message exchange
between neighbors, which results in the nodes having 2-hop neighborhood
information.

We model the set of nodes as a graph, with an edge between a pair of
nodes if they are in radio range of each other. It is assumed that a device can
discover other devices within its radio-range using device discovery protocols.
The aim of the scatternet formation problem is to get a minimum set of
connected star-shaped clusters of bounded size. The connection between the
stars is to be made through non-center nodes, or Bridges, which, along with
the clusterheads form the backbone of the network.

16



However, if there is no such connected scatternet, then we allow direct
communication between two center nodes or Masters. This is because, in
Bluetooth, the Master device controls the traffic to all the Slaves, and a node
can be active in only one piconet at a time. This means if a device is an active
Slave in one piconet, then during this time, the entire piconet for which this
device is the Master, has to be idle. Similarly, a device which is a Slave in
more than one piconet is active in only one of the piconets at a time, and
hence the number of piconets to which a Slave can be common should be
limited.

Our first objective is to develop a centralized algorithm which assumes
that there is a central entity with knowledge of the underlying topology.
Our next objective is to develop a distributed heuristic which assumes that
each node knows its 2-hop neighborhood. This can be justified in the Blue-
tooth context since device discovery protocols (inquiry procedures) defined in
[28, 29] allow nodes within radio range to discover each other, thus obtaining
1-hop neighborhood information. We make the additional assumption that
the devices exchange one round of messages containing neighborhood infor-
mation, with all neighbors by making temporary Master-Slave connections.
Thus the devices have 2-hop neighborhood information. We also compare
the performance of the above algorithms using simulation experiments.

5.1 A Centralized Greedy Algorithm

We present a greedy solution for the given problem of clusterization for a the-
oretical comparison with the distributed algorithm we suggest in Chapter 5.2.
This has been done as the ‘ideal’ clusterization is a trivial distribution of 7
slaves per master ( 8 nodes per cluster).

5.1.1 Algorithm overview

The greedy algorithm proceeds as follows. Initially, all nodes are unmarked.
The node with the highest degree in the entire graph is marked as a Master.
If the degree of a node marked as Master is less than the cluster size, then
all its neighbors are marked as its Slaves.

Otherwise, the neighbor set of this node is sorted in the increasing order of
degrees and the first £ nodes are marked as its Slaves. We define the effective
degree of an unmarked node as the degree of the node after removing edges



to already marked nodes. The neighborhood of each Slave is searched for a
node of the highest effective degree. This node is marked as the next Master
and the corresponding Slave becomes a Bridge. The algorithm proceeds in
a breadth-first fashion until all nodes are marked. In cases where a Master
has degree greater than k, and the remaining nodes in the neighborhood
do not get marked, they are marked as Masters. However, there could be
cases where the network is disconnected, in which case, we make Master-
Master edges, which correspond to Master-Slave Bridges. As proved from
our simulations, this is a rare possibility for well-connected graphs.

5.1.2 Time Complexity of the Algorithm

Let A and 6 be the maximum and minimum degree of the graph, respectively.
In the worst case, the list of neighbors of a Master has A elements and
takes AlogA steps to sort in ascending order. Each of the k£ smallest degree
neighbors can have atmost A neighbors. Determining the effective degree
of each of these can take atmost A steps. Therefore, choosing the next
Master takes k.A? steps. The number of Masters can be atmost n/min(d, k).
Therefore, the worst case time complexity of the above algorithm is given by
[n/min(0, k)]. AllogA + k.A] .

5.2 Distributed Heuristic

For a meaningful application of any algorithm for ad hoc network formation,
it has to be completely distributed since usually, no central infrastructure
exists in such networks. In order to minimize the number of message ex-
changes, while providing some useful information to the nodes about their
neighborhood, we let each node exchange one round of messages containing
immediate neighborhood information, with all its neighbors.

Once the 2-hop neighborhood information is known, the following dis-
tributed algorithm is executed at every node u. The algorithm proceeds in
two phases: the cluster formation phase, and the cleanup phase. In the clus-
ter formation phase, the nodes get marked as Master/Slave/Bridge and star
clusters are formed with Bridge nodes common to several Masters. In the
cleanup phase, each Bridge node exchanges its Master information with all
its Masters and any redundant links are removed, while ensuring that the set
of Masters known to it is connected. This is to avoid a node being common



to more number of clusters than necessary. This will help in having differ-
ent paths for different connections decreasing the probability of any bridge
becoming a bottleneck for connections.

The cluster formation phase:

1. If degree(u) is higher than that of all its neighbors, then u becomes a
Master and picks k£ lowest degree neighbors as Slaves. It also checks if
the effective degrees of any of the remaining nodes is zero. If so, then
the node is made a Master.

2. Else

The following steps are repeated for every higher degree neighbor, v.

(a) If degree(v) is the highest in the neighborhood of v

i. If u is among the k£ smallest degree neighbors of v, then u
becomes a Slave of v. Each lower degree neighbor, w, of u
which is of greatest degree in the neighborhood of w (except
u), is made a Master.

ii. Else u repeats the algorithm for the remaining (unmarked)
neighbors.

(b) Else
i. If the degree(u) is the highest in the neighborhood of u (ex-

cluding the edge from v to u), then u becomes a Master.

ii. If degree(v) is the highest in the neighborhood of u, then u
becomes a Slave of v.

Notes:

1. In steps 2(a) -2(b), a node becomes a Slave only if it does not become
a Master by any other rule.

2. A node which receives a "become Master” message always becomes a
Master even if it had decided to become a Slave. This ensures there
are no deadlocks, eventhough the number of Masters might increase.

3. When two devices have equal degree, the tie is broken using the unique
Ids of the nodes.



The cleanup phase:

1. At the end of this step, each Bridge node sends a list of all its Masters
to each of its Masters.

2. A Bridge node removes extra links to each of those Masters who are
already connected to any of its other Masters, in order to ensure con-
nectivity within its Master-set.

3. If there are two Masters which are adjacent to each other and there
is no common Slave, then a Master Master edge is added to the scat-
ternet, i.e., one of the nodes (the node with the higher Id) becomes a
Master-Slave Bridge. As in the centralized case, this algorithm tries to
minimize the number of Masters by making those nodes of high degree
as Masters.

Clearly, the above distributed algorithm ensures that every node is
marked as either a Master, Slave or a Bridge. Notes 2 and 3 ensure that
there are no deadlocks, though the number of Masters may increase in some
cases. Since only 2-hop neighborhood information is assumed, connectivity
of the entire scatternet cannot be guaranteed. However, Clean up rule 2
ensures there are no disconnected clusters that are known to a Bridge node.
As can be seen from the simulation experiments, connected scatternets are
formed for dense graphs.

5.3 Simulation Results

In this chapter we describe the simulation experiments used to evaluate the
above algorithms. We consider two types of graphs, uniform and random.
In the case of uniform graphs, the probability that there is an edge between
any pair of nodes is the same. We generate random graphs using the follow-
ing parameters: Py, the probability that a node is ‘concentrated’ (these
nodes would be of higher degree), P,.., the probability of an edge between
two concentrated nodes, P,, , the probability of an edge between two non-
concentrated nodes, and P,,, the probability of an edge between a concen-
trated and a non-concentrated node.

We compare the performance of the centralized and the distributed algo-
rithm for 20 to 100 nodes. We performed the experiments for the following
values of the random graph parameters: P,,,. = .20, P.. = .20, P, for 0.5
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and P,, from 0.45 to 0.85. Values of P,, lower than 0.45 generally resulted
in partitioned graphs, hence they have not been considered. The maximum
size of a cluster (including the center of the star) was taken to be 8, as per
Bluetooth requirements. Figure 5.1 shows the number of Masters against
the total number of nodes for both the distributed as well as the centralized
cases.

For uniform graphs, both the algorithms give very good results, and as ex-
pected, the centralized greedy algorithm performs better than the distributed
one. The number of Slaves per Master is almost constant around 6 nodes, for
upto a total of 100 nodes. This is because we start from the highest degree
node and since the graph is uniform, there is not much chance of there be-
ing unexpected changes in the graph leading to a wrong choice of Master or
Slave as new nodes are uncovered. The distributed algorithm gives a slightly
higher number of Masters.

For random graphs the number of Masters increases almost linearly from
about 8 Masters for a total of 30 nodes to nearly 40 Masters for a total of 100
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nodes, in the centralized greedy case. In the distributed case, the number
of Masters is slightly higher. Clearly, for random graphs since some fraction
of the nodes have higher degree than the rest, the chances of a Master not
being able to accommodate all its neighbors is very high. Therefore, each
extra node tries to elect a different Master, which could be of lower degree,
thus blowing up the number of Masters.

In figure 5.4, we have also taken into consideration the ‘power capacities’
of various nodes. This requires choosing master nodes depending on their
connectivity and their ability to handle the load. The term ‘power capacity’
can be simply interpreted as battery power (as in this case). It can also be
considered as available bandwidth through a node or a function of the node
movement or availability (nodes which move less or remain ‘up’ for longer du-
rations are preferred). Thus in ACRPN, scatternets are not assumed to have
only one kind of nodes. The figure 5.4 shows the net use of ‘power capacity’
required to serve the whole scatternet. As can be seen the usage increases
in discrete steps showing that whenever new masters are required the ones
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with the maximum value of ‘power capacity’ are chosen (as expected). The
next few additional nodes do not require any new master and hence no more
‘power capacity’.
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Chapter 6

Comparison of ACRPN with
other protocols

The following sub-chapters provide comparisons of the previously described
routing algorithms with ACRPN. In Table 6.1 and 6.2, Time Complezity
is defined as the number of steps needed to perform a protocol operation,
and Communication Complexity or Message Complexity is the number of
messages needed to perform a protocol operation [15],[16]. Also, the values
for these metrics represent worst case behavior.

6.1 ACRPN against Table-Driven Protocols

This chapter is based on the comparison done in Table 6.1 . During link
failures ACRPN has lower communication complexity than DSDV or CGSR
since it only informs neighboring nodes about link status changes. Dur-
ing link additions, the route is established through the hierarchy, thus the
communication complexity is again lower. In CGSR, because routing per-
formance is dependent on the status of specific nodes (cluster head, gateway
or normal nodes), time complexity of a link failure associated with a cluster
head is higher than DSDV | given the additional time needed to perform
cluster head selection.

Similarly, this applies to the case of link additions associated with the
cluster head. Although, ACRPN is also a cluster based routing scheme,
it does not suffer from the above mentioned problems of CGSR, as it has
multiple nodes which serve as the quorum instead of a single cluster head.
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Parameters DSDV CGSR ACRPN
Time Complexity O(d) O(d) O(24d)
(link addition/failure)
Communication Complexity O(N) O(N) O(2logN)
(link addition/failure)
Routing Philosophy Flat Hierarchical Hierarchical
Loop Free Yes Yes Yes
Multicast Capability No No Yes
Number of Required Tables Two Two Two
Frequency of Periodically Periodically Periodically
Update Transmissions & as needed & as needed
Updates Transmitted to Neighbors Neighbors Cluster Quorum
& Cluster Head
Critical Nodes No Yes No

(Cluster Head)

Routing Metric Shortest Path | Shortest Path Least Congested

and Shortest Path

Adaptive to Network No No Yes
Parameters

Adaptive to Inaccurate No No Yes
Network Information

Quality of Service Only Shortest | Only Shortest Complete
Support Path Path Support

Table 6.1: Comparisons of the Characteristics of Table-Driven Routing Pro-
tocols with ACRPN

6.2 ACRPN against Source-Initiated On-
Demand Ad Hoc Routing Protocols

Table 6.2 presents a comparison of AODV, DSR, TORA with ACRPN.
ACRPN fairs better than all other protocols regarding communication com-
plexity. It is the only Source-Initiated On-Demand Ad hoc Routing which
is hierarchical in philosophy. It also avoids the critical nodes of failure by
mirroring the routing information in a quorum. Routes can be reconfigured
without the information of the source or the destination in ACRPN, a feature
which is not available in any other protocol except TORA, which can repair
routes as well.



Parameters AODV DSR TORA ACRPN
Time Complexity O(24d) O(2d) O(24d) O(2d)
(initialization)

Time Complexity O(24d) O(2d) or O(24d) O(2d) or
(post-failure) (O(cache hit) (O(cache hit)
Communication Complexity O(2N) O(2N) O(2N) O(2logN)
(initialization)

Communication Complexity O(2N) O(2N) O(2N) O(2logN)
(post-failure)

Routing Philosophy Flat Flat Flat Hierarchical
Loop Free Yes Yes Yes Yes
Multicast Capability Yes No No Yes
Multiple Route Possibilities No Yes Yes Yes

Route Reconfiguration
Methodology

Erase Route:
Notify Source

Erase Route:
Notify Source

Link Reversal:
Route Repair

Link Divert:
Route Repair

Routing Metric Freshest and Shortest Shortest Least Congested &
Shortest Path Path Path Shortest Path

Adaptive to Network No No No Yes

Parameters

Adaptive to Inaccurate No No No Yes

Network Information

Quality of Service Only Shortest | Only Shortest | Only Shortest Complete

Support Path Path Path Support
Table 6.2: Comparisons of the Characteristics of Source-Initiated On-

Demand Ad Hoc Routing Protocols with ACRPN

None of the existing Table-Driven or Source-Initiated On-Demand pro-
tocols consider QoS as an issue while routing. Thus all of them consider
only for the shortest path. This can cause all the connections from one
part of the network to another part of the network to be established on the
same trunk lines, thus causing the load on the network to be improperly
distributed. ACRPN avoids this by considering available bandwidth while
Route Discovery. Also it allows for incomplete network information by taking
the probability of availability of bandwidth on each link.




6.3 Situations when ACRPN might under-
perform

The overhead incurred in ACRPN has two parts, Routing Overhead and
Clusterization Overhead. While routing overhead, because of the on-demand
routing nature of ACRPN, depends on the number of connections and the
hop-distance between source and destination nodes, clusterization issues are
the density of graph, the regularity of graph etc.

Without optimum clusterization, the number of clusters would increase,
this will lead to longer hop distances thus further increasing Routing Over-
head. Also, if election of cluster-masters is frequent (which might occur in
case masters are not chosen properly) then the clusterization overhead will
also increase. Section 5 discusses an algorithm for distributed clusterization
and proper choice of cluster-masters.

If the graph is sparse, then each cluster would have less number of nodes
and hence the clusterization tree will grow in depth. Also the hop-distance
between clusters would increase as simply there are more clusters. But very
sparse graphs might lead to partitioning of the scatternet, thus preventing
any communication between the partitions. Clearly, such a scenario, is not
a practical one for ad hoc wireless communication. Clusterization works
better with regular graphs (Figure 5.1). Hence, if the topology is random,
then clusterization might not be optimum.

ACRPN works best for Clusterization based Communication Systems like
Bluetooth. In that case no clusterization overhead is incurred as it is taken
care of by the MAC layer of the communication system. However, in case
of systems like Lucent WaveLAN, where there is no inherent clusterization,
ACRPN has a clusterization overhead proportional to the mobility and fre-
quency of failure of nodes.



Chapter 7

Evaluation Methodology

The overall goal of our experiments was to measure the ability of the rout-
ing protocols (including ACRPN) to react to network topology change while
continuing to successfully deliver data packets to their destinations. To mea-
sure this ability, our basic methodology was to apply to a simulated network
a variety of workloads, in effect testing with each data packet originated by
some sender whether the routing protocol can at that time route that packet
to its destination.

Our protocol evaluations are based on the simulation of 50 wireless nodes
forming an ad hoc network, moving about over a square ( 670mx670m )
flat space for 600 seconds of simulated time. For the results shown here, the
physical radio characteristics of each mobile node’s network interface, such
as the antenna gain, transmit power, and receiver sensitivity, were chosen
to approximate the Lucent WaveLAN [33] direct sequence spectrum radio.
However, experiments have also been done with the Bluetooth [28, 29] physi-
cal characteristics and MAC layer. In fact, because of being a Master Driven
Cluster based system, Bluetooth provides better gains for ACRPN which
is inherently cluster-based. However, for fair comparison between routing
protocols, we show our results for Lucent WaveLAN scenario.

In the spirit of the same direct, fair comparisons between protocols, it
was critical to challenge the protocols with identical loads and environmen-
tal conditions. Each run of the simulator accepts as input a scenario file that
describes the exact motion of each node and the exact sequence of packets
originated by each node, together with the exact time at which each change
in motion or packet origination is to occur. We pre-generated different sce-
nario files with varying movement patterns, and then ran all five protocols
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against each of these scenarios. Since each protocol was challenged in identi-
cal fashion, we can directly compare the performance results of the protocols.

7.1 Movement Model

Nodes in the simulation move according to a model that we call the "ran-
dom waypoint” model [10]. The movement scenario files we used for each
simulation are characterized by a pause time. Each node begins the sim-
ulation by remaining stationary for pause time seconds. It then selects a
random destination in the 670 m X670 m space and moves to that destina-
tion at a speed distributed uniformly between 0 and some maximum speed.
Upon reaching the destination, the node pauses again for pause time seconds,
selects another destination, and proceeds there as previously described, re-
peating this behavior for the duration of the simulation. Each simulation ran
for 600 seconds of simulated time.

We ran our simulations with movement patterns generated for pause times
at regular intervals of 100 seconds: 0, 100, 200, 300, 400, 500 and 600 seconds.
A pause time of 0 seconds corresponds to continuous motion, and a pause
time of 600 (the length of the simulation) corresponds to no motion.

Because the performance of the protocols is very sensitive to movement
pattern, we generated scenario files with 70 different movement patterns, 10
for each value of pause time. All five routing protocols were run on the same
70 movement patterns. We report data for simulations using a maximum
speed of 20 meters per second (average speed 10 meters per second).

7.2 Communication Model

As the goal of our simulation was to compare the performance of each routing
protocol, we chose our traffic sources to be constant bit rate (CBR) sources.
When defining the parameters of the communication model, we experimented
with sending rates of 1, 4 and 8 packets per second, network containing 10,
20, and 30 sources, and packet sizes of 64 and 1024 bytes.

Varying the number of CBR sources was approximately equivalent to
varying the sending rate. For these simulations we chose to fix the sending
rate at 4 packets per second, and used communication pattern corresponding
to 20 sources, mean in both cases.



When using 1024-byte packets, we found that congestion, due to lack of
spatial diversity, became a problem for all protocols (although ACRPN did
not suffer as much because of intrinsic load balancing considerations while
routing) and one or two nodes would drop most of the packets that they
received for forwarding. Hence for fair comparison and as congestion is a
phenomenon completely dependent on the particular transient topology, we
have attempted to factor out congestive effects by reducing the packet size
to 64 bytes. This smaller packet size still provides a good test of the routing
protocols, since we are still testing their ability to determine routes to a
destination with the same frequency : a total of 80 times per second.

All communication patterns were peer-to-peer, and connections were
started at times uniformly distributed between 0 and 180 seconds. We did
not use TCP sources because TCP offers a conforming load to the network,
meaning it changes the times at which it sends packets based on its percep-
tion of the network’s ability to carry packets. As a result, both the time at
which each data packet is originated by its sender and the position of the
node when sending the packet would differ between the protocols, preventing
a direct comparison between them.

Pause Time | # of Connectivity Changes
0 11412

100 4780

200 2015

300 1160

400 528

500 282

600 0

Table 7.1: Average number of link connectivity changes during each 600-
second simulation as a function of pause time with a speed of 20m/s

Table 7.1 shows the average number of link connectivity changes that oc-
curred during each of the simulation-runs for each value of pause time. We
count one link connectivity change whenever a node goes into or out of direct
communication range with another node.



7.3 Validation of the Routing Protocol Im-
plementations

The results of each simulation were internally consistent. That is, the
percentage of packets originated by the ”application layer” sources that were
not logged as either received or dropped at the end of the simulation was
less than 0.005% (maximum 5 packets per simulation). These packets were
almost certainly in transit at the end of the simulation, as the simulation
originates 80 packets per simulated second and terminates at exactly 600
seconds without a cool-down period.

The results of our simulation are similar to the few previously reported
studies of AODV, DSDV, DSR and TORA protocols [5, 10, 14, 11].

7.4 Metrics

In comparing the protocols, we chose to evaluate them according to the
following three metrics:

e Packet Dropping Ratio: The ratio between the number of packets
dropped by the network to the total number of "application layer”
packets originated by the CBR sources.

e Routing Qverhead in packets: The total number of routing packets
transmitted during the simulation. For packets sent over multiple hops,
each transmission of the packet (each hop) counts as one transmission.

e Routing Overhead in bytes: The total number of bytes transmitted as
routing packets during the simulation. For packets sent over multiple
hops, each transmission of the packet (each hop) counts as one trans-
mission.

Packet Dropping Ratio is important as it describes the loss rate that will be
seen by the transport protocols, which in turn effects the maximum through-
put that the network can support. This metric characterizes both the com-
pleteness and correctness of the routing protocol.

Routing Overhead is an important metric for comparing these protocols,
as it measures the scalability of a protocol and its efficiency in terms of
consuming node battery power. Protocols that send large number of routing



packets can also increase the probability of packet collisions and may delay
data packets in network interface transmission queues. We also evaluated the
number of bytes of routing overhead and present those results in figure 8.4.

We did not consider issues of Path optimality as we do not believe that
the shortest path is the best path. In fact, that is one of the differences
in approach taken by ACRPN. A variety of considerations (power capacity
of nodes, present state of congestion at nodes etc.) are made in ACRPN
to choose the path. Shortest path is considered of secondary importance in
older protocols like TORA as well. Hence, shortest path has not been taken
as a metric in our experiments.



Chapter 8

Comparison of Protocols

The protocols are being compared on Network Simulator ns. ns is a
discrete event simulator developed by the University of California at Berkeley
and the VINT project [30].

Presently, ns does not support clusterization features or hierarchical rout-
ing. Neither does it support node failures or Dynamic Route Maintenance.
Hence we made the modifications described in Chapter 8.2 to ns to allow
accurate simulation of ACRPN over mobile wireless networks.

8.1 Present support for Mobile Networks on
ns

The mobility extension to ns has been ported from CMU’s Monarch group.
The ad hoc routing protocols currently implemented for mobile networking

in ns are DSDV, DSR, AODV and TORA. The basic schematic of a mobile-
node under ns is given in Figure 8.1.
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Figure 8.1: Schematic of a mobile-node under the CMU monarch’s wireless
extension to ns



8.2 Support added for the simulation of Mo-
bile Wireless Networks on ns

The following features have been added to ns for simulating ACRPN in
this project,

1. Cluster Based Routing Support The movement of the all nodes in a
particular scenario have been logged. On the basis of this information of
topology the distributed algorithm proposed in Subchapter 5.2 has been
applied on the nodes to form clusters. Here all the results have been
demonstrated with only one level of clusterization. Local re-elections
are held each time there is a node movement in a region. However,
whenever possible old clusterheads are retained in new elections to
avoid the loss of cached routing information and re-negotiation of all
the routes through the given clusterhead. The number of nodes in
each cluster has been fixed at 8 which is the number in Bluetooth
Systems [28, 29].

2. Hierarchical Routing As the number of clusters formed is not large so
we do not proceed to create super-clusters. The depth of clusterization
can be increased depending on the number of nodes in the scatternet.
To support hierarchy, only one-hop link information about immediate
cluster-head needs to be stored with the already existing routing entries
at the time of clusterization.

3. CGSR Protocol Once clusterization is achieved CGSR has been im-
plemented by applying DSDV over the cluster-heads with single depth
of clusterization.

4. Node Failures, Dynamic Route Maintenance and Load Bal-
ancing The connection-scenarios generated by standard ns utility cbr-
gen.tcl is taken as the connection-pattern for a flat network. This
under the clusterized scenario is changed to a new connection-pattern
with random node failures. Local route-maintenance and clusterhead
selection takes care of load balancing in ACRPN.

All these features add upto ACRPN, which has a major shift in ideas from
existing routing protocols.



8.3 Comparison Summary

In this project ACRPN has been compared with AODV, DSR, DSDV and
TORA. In the simulations, we have chosen to remove CGSR from compar-
isons as it basically shows similar characteristics as DSDV. This is because
CGSR applies DSDV at cluster-level, thus causing the same problems as
DSDV but for a larger number of nodes. Figure 8.2 and 8.3 demonstrate the
relative performance of the five protocols on our traffic loads of 20 sources.

All of the protocols drop lesser percentage of the originated data packets
when there is little mobility(i.e., at large pause time), converging to 0%
loss when there is no node motion. From the available protocols DSR and
AODV perform particularly well, dropping less than 2% of the packets. In
these scenarios, DSDV starts converging for pause times greater than 200
seconds. ACRPN maintains the lowest dropping ratio among the protocols.

The five protocols impose vastly different amounts of overhead, as shown
in Figure 8.3. ACRPN which has the least overhead is separated from TORA
which has the most, by nearly at order of magnitude. The basic character
of each protocol is demonstrated in the shape of its overhead curve. TORA,
DSR, AODV and ACRPN are all on-demand protocols, and their overhead
drops as the mobility rate drops. As DSDV is a largely periodic routing
protocol, its overhead is nearly constant with respect to mobility rate.

8.4 Packet Dropping Ratio Details

Figure 8.2 shows the fraction of the originated application data packets
each protocol dropped, as a function of node mobility (pause time). DSR
and ACRPN drop less than 1% packets. AODV drop 2% of packets at high
mobility. DSDV fails to converge below pause time 200, where it drops about
8% of its packets. This happens because a stale routing table entry directed
them to be forwarded over a broken link.

TORA performance is the worst among the on-demand protocols with
more than 2% loss at high mobility. The majority of the packet drops are
due to the creation of short-lived routing loops that are a natural part of its
link-reversal protocol. Consider a node A routing packets to C' via B. If B’s
link to C breaks, B will reverse its link to A, transmit an UPDATE to notify
its neighbors that it has done this, and begin routing packets to C' via A.
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as a function of pause time

Until A receives the UPDATE, data packets will loop between A and B. The
implementation of TORA drops such packets if it is found that the next-hop
of the packet is same as its previous hop. Otherwise, if such packets are
allowed to loop until their TTL expires or the route is resolved, more packets
are dropped overall, as the looping data packets interfere with the ability of
other nearby nodes to successfully exchange the broadcast UPDATE packet
that will resolve their routing loop.

8.5 Routing Overhead Details

Figure 8.3 shows the number of routing protocols sent by each protocol in
obtaining the delivery ratios shown in Figure 8.2. DSR, AODV and ACRPN
which use only on-demand packets and similar basic-mechanism, have com-
parable curves. However, the absolute overhead required by DSR, AODV
and ACRPN are very different with AODV requiring about 4 times the over-
head of DSR when there is constant node motion (pause time 0). ACRPN
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Figure 8.3: Routing overhead in packets as a function of pause time

is a little lesser than DSR in this case. This dramatic increase in AODV'’s
overhead occurs because each of its route discoveries typically propagate to
every node in the ad hoc network.

However, because ACRPN has cluster based routing this information is
propagated to the cluster heads only which may be involved in routing the
given connection. The decision about the propagation of route discovery
information is dependent upon the hierarchy of clusterization. Nodes in a
particular sub-tree only will get the route-discovery, thus further limiting
routing overhead. This, however, might lead to sub-optimal routing if the
clusterization is not proper. Hence ACRPN depends upon the clusteriza-
tion algorithm as well. Taking the example of pause time 0 for 20 sources,
AODV initiates 1400 route discoveries per 600 seconds, resulting in around
70,000 ROUTE REQUEST transmissions. DSR limits the scope and over-
head of ROUTE REQUEST packets by using non-propagating ROUTE RE-
QUESTS as described in Chapter 2.3, which results in DSR sending only
600 non-propagating and 200 propagating requests per simulation. ACRPN
sends only about 350 ROUTE REQUESTS which propagate, to cluster heads



leading to less than 3500 transmissions in the absence of caching. Here the
clusterization was only a level deep.

ACRPN’s overhead also includes clusterization messages which are 2 mes-
sages (one to disconnect from the old master and one to connect to the new
master) for every change in topology as is clear from the clusterization algo-
rithm of Chapter 5. The results shown include this Clusterization Overhead
with the Routing Overhead for ACRPN.

TORA’s overhead is the sum of a constant mobility-independent overhead
and a variable mobility-dependent overhead. The constant overhead is the
result of IMEP’s neighbor discovery mechanism, which requires each node
to transmit at least 1 HELLO packet per BEACON period (1 second). For
600-second simulations with 50 nodes, this results in a minimum overhead of
30,000 packets. The variable part of the overhead consists of the product of
the routing packets TORA uses to create and maintain routes and the number
of retransmission and acknowledgement packets IMEP uses to ensure their
reliable, in-order delivery.

DSDV has approximately constant overhead, regardless of the movement
rate or offered traffic load. This constant behavior arises because each des-
tination D broadcasts a periodic update with a new sequence number every
15 seconds. As all 50 nodes are unsynchronized, there is an equal probability
of a broadcast for periodic updation at any given instant of time. Hence
at least one node broadcasts a periodic update during every second. DSDV
considers the receipt of a new sequence number for a node to be important
enough to distribute immediately(Chapter 2.1 ), so each node that receives
D’s periodic update generates a triggered update. These triggered updates
flood the network, as each receiving one learns a new sequence number and
so also generates a triggered update. Each node limits the rate at which it
sends triggered updates to one per second, but since there is at least one new
sequence number per second, every node transmits triggered updates at the
maximum permitted rate. Therefore, although the base periodic action of
DSDYV is once per 15 seconds, the effective rate of a group of nodes is one
update per node per second, yielding an overhead of 30,000 packets for a
600-second, 50-node simulation.

8.6 Overhead Details in terms of bytes

When comparing the number of packets sent by each of the protocols,
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Figure 8.4: Routing overhead in bytes as a function of pause time

ACRPN clearly has the lowest overhead closely followed by DSR. However,
if routing overhead is measured in bytes and includes the bytes of the source
route header that DSR places in each packet, DSR becomes more expensive
than AODV, except at high rates of mobility, although it still transmits fewer
bytes of routing overhead than does DSDV or TORA. AODV uses a Route
Discovery mechanism based on DSR’s, but it creates hop-by-hop routing
state in each node along a path in order to eliminate the overhead of source
routing from data packets. In ACRPN this is done at cluster or super-cluster
level. This reduction in overhead bytes is shown in Figure 8.4.



Chapter 9

Quorum Systems for
Robustness

In ACRPN, each ROUTE REQUEST is sent to the master of the node
which might be sent further ‘up’ the clusterization tree. Thus the master
nodes need to be more reliable than others regarding node-failures. Nodes
with lesser mobility, more bandwidth and more battery-power are favoured
masters. In case such nodes are not available then Quorum Systems might
be introduced for providing robustness to the protocol. Otherwise, if the
nodes forming the backbone of the tree are unreliable and no Quorum Sys-
tem is established, ACRPN might suffer from clusterization overhead due to
frequent selection of new masters which will also affect the routing overhead
as these new masters will have little routing information in there cache when
newly elected.

If the number of nodes are less, ACRPN works well even with unreliable
nodes, as shown in the simulations of Section 8. Quorum Systems would be
very effective in case of Wide Area Scatternets or in case the nodes are very
‘unreliable’ (eg. high node failure, high speed node mobility etc.). For this,
the information about each domain is saved not only in its master but also
in the master nodes of some other domains which are randomly chosen to
form a quorum. The word domain has been used here because generally a
domain would be a super-cluster towards the high end of Routing Hierarchy.
Hence, Quorum Systems are useful in case of very large number of nodes in
a domain, not in the case of individual clusters. The definition of large in
this instance is purely a function of the power capacity of each node, network
load and the QoS parameters required for connections. There are three ways
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in which locations may be updated in the databases:

1. Route discovery update: When a mobile host tries to discover a new
route, it queries for the location of the destination by multicasting a
ROUTE REQUEST packet and, at the same time writes its current lo-
cation into the queried quorum. The addresses of its respective quorum
is kept with the mobile host.

2. Location change update: When a mobile host changes its location, it
updates its new location in a quorum, again by multicasting this infor-
mation.

3. Periodic update: In order to avoid routing information errors during
long time of lack of activity and immobility, a mobile host periodically
sends its location information to the master of the cluster who passes
it on to the quorum.

Of the above updating mechanisms, only the frequency of the periodic up-
dates is a parameter in the design of the network. The first two mechanisms,
in general, have fixed rates determined by network traffic and mobility pat-
terns. Route discovery requests can be modeled as a Poisson Process. Also,
it is reasonable to assume that the time between location-change updates is
exponentially distributed due to the irregularities and memoryless nature of
the ad hoc network topology and mobility patterns.

If on initiation of a connection, a route is established because of erro-
neous location information provided by failed databases or lack of correct
location information, we consider the connection as lost. The probability of
a connection loss depends on network stability, frequency of mobile location
updates, and number of location databases at the interchapter of two quo-
rum. Location updates reduce the probability of call loss, but they consume
network resources. For every location update, messages need to be sent to all
databases in a quorum. Larger quorum size incurs a higher cost of location
updates. On the other hand, larger quorum size allows a larger number of
databases at the quorum interchapter, thus reducing the probability of call
loss. Therefore, the tradeoff in cost due to location updates and cost due to
call loss is closely related to the construction of the quorum system.

When a connection is requested, the source mobile queries a randomly
chosen quorum (by a similar algorithm as the one to choose the master
of a cluster, only this algorithm might be applied at a super-cluster level)



for the destination mobile’s location. Assuming the number of databases
containing location information about the destination to be r, all of these
r databases must fail within the interval from the last update to the time
of the connection request, if the connection is to be lost. The sum of the
penalties due to connection loss and the cost due to location updates and
queries is an optimization function in our work.

To determine the probability that a connection to a mobile is lost due
to location-database failures, we need first to evaluate the distribution of
t,, the time interval between the arrival of a connection request and the
preceding update event, which in turn is a function of the distributions of
the connection requests, of the updates due to location changes, and of the
periodic updates.

Since connection requests and location changes are independent events,
they can be combined into one random process, exponentially distributed
with rate A\, = A\, + A\c. Where )\, is the arrival rates of call requests, and
A¢ is the arrival rate of location changes. The time interval ¢, between a
connection request and the last connection request or location-change update,
is exponentially distributed with the probability density function

fulty) = Aye et

Let t, be the time interval between a connection request and the last periodic-
location update. If T, be the time-period between two consecutive periodic

updates, then
1
fp(tp) = T:O <t, <Tp
P
Since
tr = min(ty, t,)

it has the density function

fr(tr) = fu(te)[1 = fp ()] + fp(tr)[1 = fultr)]:

If the r shared databases between the queried quorum and the quorum that
stores the mobile location information fail during this period, the connection
is lost. Assuming database failures to have Poisson distribution with mean
time between failures 7%, the probability that one database fails within ¢,
is 1 — e~*/Ts. Therefore, the expected number of connection losses per unit
time would be

Eioss = A\ Pr



Pr is the probability of r databases failing within ¢, time.

Ty _ it
:/\r/ (1= Y f,(t,)dt,.
0

In a large Network, the conditions are not uniform throughout the system.
Hence, the number of databases r may be chosen according to the local
probabilities of failure of each node, to keep the overall probability Pr lower
than a fixed value. Thus, the number of databases keeping routing informa-
tion may change dynamically depending upon network conditions. This will
provide robustness to the network against node failures.



Chapter 10

Buffer Management

Proper Buffer Management can decrease packet loss and queueing delays.
It is essential that proper resources be allocated to each connection at all the
nodes en-route. Depending upon the QoS Parameters and characteristics
like burst size and frequency of each connection, we will find the buffer size
required to service the link with a known packet scheduling frequency. This
will cover all the remaining aspects of packet routing and forwarding in ad
hoc wireless networks for traffic with QoS guarantees.

Decreasing queueing delays implies an increase in statistical multiplexing
gain while potentially still meeting the QoS requirements of all additional
and existing connections. For this, packets are not sent in consecutive time
slots. To calculate the buffer size required for a connection, we consider a
two state system in which the burst size of the connection is either high pb or
low ab and the ratio f (f > 1) of the sum of the number of low sized bursts
and high sized bursts to the number of high sized bursts is provided. Thus
there is a burst with high size pb in every f bursts. This can be obtained
by studying the connection for some time or by the QoS parameters given
during Route Establishment.

We could as well consider more values for buffer size, but that will require
the frequency of each such size being considered. Such information is not
available in QoS requirements and hence should not be assumed to be present.
In the two state system pb and ab can be approximated to the peak and
average burst size of the connection. This gives us a worst case bound on
the buffer size which is desirable.

The procedure includes the following steps:

e Compute the collision probability. let X be a random variable which de-
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notes the number of bursts occurring simultaneously. If a burst occurs
with a high burst size, then its probability is

-1

p_Il—1

f
Hence if N connections are there simultaneously, P(X = 0) means the
probability of all the connections having low burst size and P(X = 1)
denotes the probability of no burst at its low value of burst size.

1
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e Compute the maximum burst size mb. This is an aggregate of the
extra burst amount which is produced in case a burst occurs with a
value above the average, which we can approximate to ab for large
values of f (f >> 1). We assume that if a burst of size ab comes, it
can be completely serviced with given bandwidth and anything above
that size (pb) requires buffering.

N-1 pbz — ab,-
mb = 21‘:0 (7]01' >

e Compute the number of buffer slots as a function of desired burst loss
ration (blr) of connections sharing buffer.

maxBS;blr < Z?;BSP(X =1)

Expected buffer size = BS x mb

Hence, if the above buffer size and bandwidth is available on all the nodes
in the path of the connection, then the traffic can be sustained with given
QoS guaranteed in ACRPN based Routing Systems.



Chapter 11

Conclusion

In this Undergraduate Project, existing routing protocols designed for ad
hoc networks have been studied and their characteristics have been compared.
It was found that the present protocols do not consider Network Parameters
other than shortest path for routing decisions. This is insufficient for the
present standards of Quality of Service expected from communication net-
works. Also except for CGSR, other protocols do not take advantage of the
MAC characteristics of present technologies in this field like Master-Driven
Communication in Bluetooth [28, 29]. This encouraged cluster based routing
which is also helpful for scalability.

Hence a new protocol (ACRPN) for Route Discovery and Route Mainte-
nance has been proposed. Features like load balancing and dynamic change
of routes have been incorporated in ACRPN. ACRPN with its hierarchically
clusterized structure has a message complexity of ()(logN), N being number
of nodes while being linear in other protocols. ACRPN can also work in case
of inaccurate information by considering the probability of the information
being still true. This is not possible in other protocols. The results in this
work are from the simulations done on ns. ns is a discrete event simulator
developed by the University of California at Berkeley and the VINT project
(30].

A Quorum System to provide robustness against frequent node failures
and large scatternets has been proposed. A proper buffer management system
has also been proposed and analyzed. A distributed algorithm for the election
of cluster heads with only one round of message exchange has been proposed.
Each node has neighborhood information upto only 2-hops which is obtained
in the single round of message exchange allowed. This is used by ACRPN
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to divide the topology into clusters. This algorithm has also been analyzed
and compared with a greedy algorithm which assumes complete knowledge
of the topology.

Thus ACRPN should provide a complete solution to the requirements of
the Wireless Network industry which is now preparing itself to service the
potentially huge market of Real-Time Data Traffic.
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