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Summary

This paper explores the impact of node mobility on distributed and mobility adaptive clustering (DMAC), a typical
clustering protocol for mobile ad hoc networks. In particular, in this paper we evaluate the cost of maintaining
the DMAC clustering structures when the nodes move according to three different mobility models, namely, the
random way point model, the Brownian motion and the Manhattan mobility model. Via ns2-based simulations, we
have observed that the mobility models have different impact on protocol performance. The general trend, however,
appears to be the same for networks of increasing size. The second contribution of this paper concerns investigating
ways of mitigating the impact of mobility on the clustering structure and hence over the overall network performance.
We consider a generalization of DMAC (GDMAC) where rules are established to decrease the number of cluster
updates. Via simulation we have observed that GDMAC is effective in reducing the clustering overhead imposed

by mobility, and the corresponding maintenance cost. Copyright © 2007 John Wiley & Sons, Ltd.
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1. Introduction

A mobile ad hoc network is an infrastructure-less multi-
hop wireless network where each node acts as a router,
thus relaying packets of other nodes [1]. These kinds of
network are suitable when an instant communication
infrastructure is needed and it is not viable to build
ex novo, or repair, a wired communication system.
Limited bandwidth, scarcity of resources (e.g., battery
power), and unpredictable and rapid node movements
are some of the characteristics of ad hoc network.
Therefore, among the major challenges in designing
ad hoc protocols there is the requirement of taking into
account the dynamic nature of the network topology,
where links between neighboring nodes (i.e., nodes that
are in each other transmission range) are added and
removed all the time.

Among the crucial challenges posed by the ad hoc
architecture, there is that of defining scalable protocols.
As in the case of wired networks, hierarchical
approaches have been proposed for routing that make
possible to ‘simplify’ the overall network topology
now seen as a set of clusters. Nodes are partitioned
into groups, each with a clusterhead that coordinates
the cluster formation process and some ordinary
nodes which rely on the clusterhead for inter-cluster
communications. The idea common to basically all
clustering protocols is to cluster together nodes that are
in physical proximity, thereby providing the network
with a hierarchical organization which is smaller in
scale, and hence simpler to manage.

Clustering for ad hoc networks has been widely
investigated and a host of solutions are available. Thor-
ough surveys of ad hoc clustering protocols, as well as
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a performance-based comparison among some of the
most representative solutions, can be found in Refer-
ences [2] and [3]. The vast majority of clustering proto-
cols deal with static or quasi-static networks, or assume
no node mobility while clustering is taking place.
Mobile clustering is still largely uncharted territory.

With this paper, we provide a first account of the
effect of different models of mobility on a typical ad hoc
clustering organization. In particular, we consider a
basic clustering algorithm, the distributed and mobility
adaptive clustering (DMAC) [4] protocol, and we
evaluate its performance when the network nodes move
according to three different mobility patterns, which
capture quite a variety of possible movement in realistic
situations, some of which are listed in Reference [5].
More specifically, we consider the random way point
mobility model [6], the random walk mobility model
(Brownian motion) [7], and the Manhattan mobility
model [8]. Among the variety of ad hoc clustering
protocols, DMAC is chosen for its simplicity and
efficiency in building the clusters and in maintaining
the cluster structure in the face of node mobility.

The contribution of this paper goes beyond the
assessment of the impact of mobility on an ad hoc
clustering organization. Based on our observation,
we have proceeded to define methods for limiting
the effect of mobility on clustering. In particular,
we have enhanced DMAC with primitives that
decrease the number of the nodes that are elected
to be clusterheads (elections) and of the nodes that
switch cluster (re-affiliations). We termed the resulting
protocol generalized DMAC (GDMAC).

We have evaluated GDMAC and compared it to
DMAC through extensive ns2-based simulations. Our
observations confirm that GDMAC is effective in
limiting the detrimental effect of mobility on the
DMAC-based clustering organization. In particular,
and independently of the speed of the nodes, GDMAC
outperforms DMAC in all investigated metrics, hence
being able to reduce the time the network is ‘blocked for
re-clustering’ and at the same time the cost associated
to re-clustering itself.

The aim of this paper is not a comparative study
or a performance evaluation of different clustering
techniques with respect to mobility. Rather, we aim at
evaluating how much mobility affects the hierarchical
organization of ad hoc networks and we propose simple
and efficient techniques for limiting the impact. In our
investigation, we take into account realistic network
conditions such as packet loss (due to collisions),
increasing network density, unpredictable link failures,
etc. All the performed experiments confirm the
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intuitions and expectations behind the basic concept
that was proposed in Reference [9]. The GDMAC
protocol is indeed able to stabilize the DMAC cluster
structure under different network dynamics.

The metrics we considered in our study concern the
part of clustering performance that is mostly affected
by the mobility of the nodes. More specifically, we
investigate the following metrics (all averages): cluster
density, that is, the number of clusters. Cluster stability,
measured in terms of cluster lifetime (how long a node
is a clusterhead), affiliation time of an ordinary node
to a particular cluster (residence time), and number of
status changes per node (election to clusterhead and re-
affiliation to another clusterhead). Message complexity
per node. This is the total number of clustering-related
messages sent by a node.

The remainder of the paper is organized as follows.
In the next section, we describe related work in the
area of mobile ad hoc clustering. Section 3 introduces
DMAC and describes GDMAC in details. Section
4 shows the comparative performance evaluation of
DMAC and GDMAC in networks where nodes move
at different speeds according to the three selected mo-
bility models. Finally, Section 5 concludes the paper.

2. Related Work

Clustering protocols for ad hoc networks are roughly
divisible into two main classes, node centric and
cluster centric. In node-centric solutions, clusters are
created around the clusterheads. The clusterheads
form a dominating set of the network nodes, and
are responsible for providing basic network function
on behalf of and for their ordinary nodes. Typical
functions are controlling channel access, performing
power measurements, guaranteeing bandwidth for real-
time traffic, and general coordination of intra and
inter-cluster communications. This usually induces
on the clusterhead increased overhead with respect
to the overhead imposed on the ordinary nodes.
A generalized load-balancing solution for resolving
this asymmetry is given in Reference [10], where
a circular queue is maintained that distributes the
responsibility of acting as clusterheads evenly among
all the cluster nodes (clusterhead rotation). A number
of algorithms have been proposed for dealing with
cluster formation in ad hoc networks which belong to
node centric clustering. Most of the algorithms that
have been proposed are based on two fundamental
algorithms, lowest ID [11] and highest degree [12]. A
generalization of this idea, where each node is at most d
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hops from a clusterhead is proposed in Reference [13],
where a protocol is given that efficiently builds disjoint
clusters in which each node is at most d > 1 hops
away from its clusterhead. The network is clustered
in a number of rounds which is proportional to d,
which favorably compares to most of the previous
solutions when d is small. Lin et al. [14] present a
node-1D-based algorithm which is adapted from the
early LCA algorithm of Reference [11], as well as on
the degree-based algorithm from Reference [15]. In
Reference [14] the node with the lowest ID is selected
as a clusterhead, and the cluster is formed by that
node and all its neighbors. The same procedure is
repeated among the remaining nodes until each node
is assigned a cluster. In Reference [15], the same
procedure is performed where instead of considering a
node ID aclustered is selected considering nodal degree
(the number of a node’s neighbors). Basagni proposed
the weight-based algorithms DMAC evaluated in this
paper [4]. The generalization we define here is also
suggested in a following paper of his [9], where the
need for better ‘control’ of mobility in a hierarchical
environment is shown. These algorithms assume only
local (1-hop) information and are quite fast and
message efficient compared to those requiring global
topology information [16]. In ARC [17], a cluster
change only occurs when one cluster becomes a subset
of another, which helps in improving the stability of
the clusters. Denko [18] uses mobile agents for this
purpose. More specifically, mobile agents are used
for cluster maintenance and distribution of routing
information at each node. Mobile agents also help in
cluster size adjustment, re-clustering, and continuous
cluster state monitoring. In other solutions [19-22],
the mobility pattern of the nodes is considered for
forming the clusters. In Reference [21], the mobile
nodes are organized in variable-sized non-overlapping
clusters, while in References [19,20] the clusters
are of variable diameter. The algorithm proposed in
Reference [21] uses a combination of both physical
and logical partitions of the network for the clustering,
while similar moving nodes are grouped together in
References [19,20]. Basu et al. [22], similarly to the
lowest ID solution, propose a weight-based clustering
algorithm where aggregated local mobility (ALM) is
used to elect a clusterhead. The ratio between received
power levels of successive transmissions between a
pair of nodes is used to compute the relative mobility
between neighboring nodes.

Different from the node-centric solutions in ad hoc
networks are the cluster-centric ones, also known as
k-clustering. A k-cluster is made up of a group of
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nodes that are mutually reachable by a path of length
k > 1. In this approach, the network is decomposed
into clusters of nodes with no specific node designated
as clusterhead. In Reference [23], an algorithm for
achieving clique partitioning (where k = 1) and the
maintenance of the cliques in face of various network
occurrences is presented. The (c, f)-cluster approach
is proposed in Reference [24], where dynamically
organizing mobile nodes group themselves into clusters
in such a way that the probability of path availability
between the nodes of the clusters can be bounded.

Clustering solutions for unit disk graphs (UDG,
a typical model for describing ad hoc networks
mathematically) are presented in Reference [25]. The
two phase distributed approximation solution has
polynomial time and message complexity. In the first
phase, a spanning tree of the network is constructed. In
the second phase, this spanning tree is partitioned into
subtrees with bounded diameter. One main problem
with this approach is that the nodes are unrealistically
assumed to remain stationary during clustering.

There are also some other algorithms that have
implicit constraints on the cluster diameter [24,26,27].
In Reference [26], a distributed implementation of a
centralized clustering algorithm is proposed. It requires
constructing a global spanning tree to generate clusters
that satisfy certain constraints on the number of nodes
in each cluster and the number of hierarchical levels.
The priority is to create clusters of size between k and
2k — 1, for a given k. The algorithm first creates a
rooted spanning tree which covers the entire network.
The cluster formation is then run bottom-up, where
subtrees are made into clusters that meet the size
requirements. Wang et al. [28] discuss the problem of
cluster maintenance at length. The protocol is based
on the properties of diameter-2 graphs and makes
use of a spanning tree maintained at some nodes. For
further references on ad hoc clustering, the reader is
referred to Reference [3].

3. DMAC and GDMAC

In this section, we describe the operations of the
DMAC protocol. We further generalize DMAC to
GDMAC by giving the idea of how GDMAC helps in
improving the performance of DMAC by limiting the
impact of mobility.

Upon starting the protocol, a DMAC node computes
its weight, that is, a real number > O which indicates
how good that node is for serving as a clusterhead.
For instance, the weight could be computed based on
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the node’s residual energy or on its current velocity.
This also implies that a node’s weight changes in
time, reflecting the changes in the node’s status. The
node then acquires knowledge of its neighbors’ identity
and weights and depending on the weights it decides
whether to be a clusterhead or not. This process is
performed by having each node periodically send
out ‘hello’ packets that carry the node’s identity, its
current weight, and status (either a clusterhead or an
ordinary node; clearly at the start of the algorithm the
status of a node is undecided). In particular, the node
with the bigger weight in its (one hop) neighborhood
will declare itself a clusterhead. Consequently, all its
neighbors become ordinary nodes. This prevents two
clusterhead to become neighbors, thus obtaining a well-
spread set of clusterheads throughout the network.
According to the DMAC specifications [4], an
ordinary node always affiliates with the neighboring
clusterhead with the biggest weight. If in time a
‘bigger weighted’ clusterhead comes along, the node
switches to the new one. This operation is called a re-
affiliation. Another instance of re-affiliation happens
when two clusterheads come into the hearing range
of each other, only the ‘heavier’ one (in terms of
weight) stays clusterhead, while the other one resigns
its current role and becomes an ordinary node of the
biggest neighboring clusterhead. If the clusterhead of
an ordinary node moves away, the orphan (re-)affiliate
with the biggest clusterhead around. If none is in
range, the node becomes a clusterhead itself (this role
change is called an election).* This is the way DMAC
accommodates network dynamics due to node mobility
and to the arrival of new nodes in the network. This
feature is made possible by the continuous ‘monitoring’
of a node’s surroundings to determine the presence of
new nodes; as soon as a new node is detected, relevant
informations (identity, weight, etc.) are exchanged
among the nodes, and suitable procedures are triggered
to re-organize the clusters to include the newly arrived.
It is clear that, depending on the degree of
mobility in the network and on the particular mobility
pattern followed by the nodes, there can be frequent
cluster re-organizations in the form of elections
and re-affiliations. There are cases when even a
single topological change might trigger numerous role
changes among nodes. This ‘ripple effect’ of DMAC-
like protocols has been studied in Reference [29] which

fThere are also re-affiliations and elections due to the
dynamic changes in nodal weights. Those are not taken into
account in the experiments in this paper.

Copyright © 2007 John Wiley & Sons, Ltd.

describes how the introduction of a single new node
can cause a change of role reversals among the other
nodes along a path of a tree when certain conditions
exist. Such undesirable phenomena are detrimental for
network performance, as they produce extra protocol
overhead, decrease the data throughput and increase
data latency (when a cluster is re-organizing, data
cannot be efficiently sent).

In order to decrease the number of mobility-
dependent changes (election and re-affiliations) we can
(a) relax the quite strict DMAC requirement that forbids
neighboring clusterheads, and (b) allow an ordinary
node to stay with its current clusterhead even if a bigger
one has come by. The generalized DMAC protocol,
or GDMAC in short, was defined with these ideas in
mind. GDMAC operations are based on the value of
two parameters H and K that are introduced with the
aim of mitigating the DMAC possible ‘chain reaction.’
More specifically:

H. Parameter H implements the idea that a cluster
re-organization is needed only when the new
clusterhead is really better than the current one. In
other words, an ordinary node switches to a newly
arrived clusterhead only when the weight of the
new clusterhead exceeds the weight of its current
clusterhead by a quantity H. The higher is the value
of H, the less likely a node will switch to a new
neighboring clusterhead.

K. Parameter K controls the spatial density of the
clusterheads. Up to K > 0, clusterheads are now
allowed to be neighbors. Having K = 0 ensures
that no two clusterheads can be neighbors (DMAC).
Setting K > 0 helps in mitigating cluster re-
organization since now a clusterhead is not forced to
give up its leadership when up to K — 1 clusterhead
with bigger weights become its neighbors.

It is clear that GDMAC is indeed a generalization of
DMAC. The DMAC protocol is obtained when both K
and H are set to 0, which can be meaningful in static
or quasi-static networks.

In the remainder of this section, we describe the
GDMAC procedures executed by a generic node v
when it starts the protocol operations.

Except for the initial procedure, the algorithm is
message driven; a specific procedure will be executed at
anode depending on the reception of the corresponding
message. We use three types of messages that are
exchanged among the nodes. More specifically, the
message CH(v) is used by anode v to make its neighbors
aware that it is going to be a clusterhead; the message
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JoiN(v, u) is sent by node v to communicate to its
neighbors that it will be part of the cluster whose
clusterhead is node u. The message RESIGN(w) is used
to require the resignation from the role of clusterhead
of any receiving clusterheads whose weight is < w.

In the following description, we use the following
notation and common assumptions.

® v, the generic node executing the algorithm (from
now on we will assume that v encodes not only the
node’s ID but also its weight w,). The set of all nodes
isindicated by V and the set of v’s one hop neighbors
is denoted by I'(v).

® Cluster(v), the set of nodes in v’s cluster. It is
initialized to ¢, and it is updated only if v is a
clusterhead.

® Clusterhead, the variable in which every node
records the (ID of the) clusterhead that it joins.

® Ch(—), boolean variables. Node v sets Ch(u), u €
{v} UT'(v), to true when either it sends a CH(v)
message (v = u) or it receives a CH(u) message from
u W #v,uecl)).

* Every node is made aware of the failure of alink, or of
the presence of anew link by a service of alower level
(this will trigger the execution of the corresponding
procedure).

® The GDMAC procedures (G-procedures, for short)
are ‘atomic,’ that is, they are not interruptible.

® At clustering set up or when a node is added
to the network, its variables Clusterhead, Ch(—),
and Cluster(—) are initialized to nil, false, and @,
respectively.

3.1. Init

At clustering set up, or when a node v is added to
the network, it executes the procedure Inif in order to
determine its own role. If among its neighbors there
is at least a clusterhead with bigger weight, then v
will join it. Otherwise it will be a clusterhead. In this
case, the new clusterhead v has to check the number
of its neighbors that are already clusterheads. If they
exceed K, then a RESIGN message is also transmitted,
carrying the weight of the first clusterhead (namely, the
one with the (K + 1)th biggest weight) that violates the
K-neighborhood condition (this weight is determined
by the operator ming). On receiving a message
RESIGN(w), every clusterhead u such that w,, < w will
resign. Notice that a neighbor with a bigger weight
that has not decided its role yet (this may happen at the
clustering set up, or when two or more nodes are added
to the network at the same time), will eventually send
a message (every node executes the Init procedure).

Copyright © 2007 John Wiley & Sons, Ltd.

If this message is a CH message, then v could
possibly resign (after receiving the corresponding
RESIGN message) or affiliate with the new clusterhead.

PROCEDURE Init;
begin
if{zeT(v):w, >wyACh(2)} #0
then begin
X 1= MaXy,>w, {2 : Ch(2)};
send JOIN(v,x);
Clusterhead := x
end
else begin
send CH(v);
Ch(v) := true;
Clusterhead := v,
Cluster(v) := {v};
if |{z € T(v) : Ch(z)}| > K then
send RESIGN(ming {w; : z € T'(v) A Ch(z)})
end
end;

3.2. Link_Failure

Whenever made aware of the failure of the link with
a node u, node v checks if its own role is clusterhead
and if u used to belong to its cluster. If this is the case,
v removes u from Cluster(v). If v is an ordinary node,
and u was its own clusterhead, then it is necessary to
determine a new role for v. To this aim, v checks if there
exists atleastaclusterhead z € I'(v) suchthat w, > w,,.
If this is the case, then v joins the clusterhead with the
bigger weight, otherwise it becomes a clusterhead. As
in the case of the Inif procedure, a test on the number of
the neighboring clusterheads is now needed, with the
possible resigning of some of them.

PROCEDURE Link failure (u);
begin
if Ch(v) and (u € Cluster (v))
then Cluster(v) := Cluster(v) \ {u}
else if Clusterhead = u then
if{zeT(W):w, >w, A Ch(z)} £ 0
then begin
X 1= MaXy), >, {z: Ch(Z)},
send JOIN(v,x);
Clusterhead := x

end
else begin
send CH(v);
Ch(v) := true;

Clusterhead = v,
Cluster(v) := {v};
if |{z € T(v) : Ch(2)}| > K then
send RESIGN(ming {w; : z € I'(v) A Ch(2)})
end
end;
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3.3. New_Link

When node v is made aware of the presence of a new
neighbor u, it checks if u is a clusterhead. If this is the
case, and if w,, is bigger than the weight of v’s current
clusterhead plus the threshold H, then, independently
of its own role, v affiliates with u. Otherwise, if v
itself is a clusterhead, and the number of its current
neighboring clusterheads is > K then the operator ming
is used to determine the weight of the clusterhead x
that violates the K-neighborhood condition. If w, >
wy, then node x has to resign, otherwise, if no
clusterhead x exists with a weight smaller than v’s
weight, v can no longer be a clusterhead, and it
will join the neighboring clusterhead with the biggest
weight.

R. GHOSH AND S. BASAGNI

On receiving CH(u);
begin
if (W, > Wousterhead + H) then begin
send JOIN(v,u);
Clusterhead = u;
if Ch(v) then Ch(v) := false
end
else if Ch(v) and |{z € T'(v) : Ch(z)}| > K then
begin
w = ming{w; : z € ['(v) A Ch(z)};
if w, > w then send RESIGN(w)
else begin
X = maxw;>wu{z : Ch(2)};
send JoOIN(v,x);
Clusterhead = x;
Ch(v) := false
end
end
end;

PROCEDURE New _link (u);
begin
if Ch(u) then
if (W, > wosterhead + H)
then begin
send JOIN(v,u);
Clusterhead := u;
if Ch(v) then Ch(v) := false
end
else if Ch(v) and |{z € T'(v) : Ch(2)}| > K then
begin
w :=ming{w; : z € N'(v) A Ch(2)};
if w, > w then send RESIGN(w)
else begin
X 1= MaXy, >y, {2 1 Ch(2)};
send JOIN(v,x);
Clusterhead := x;
Ch(v) := false
end
end
end;

The following procedures are triggered by the
reception of the corresponding message.

3.4. On Receiving Cu(u)

When a neighbor u# becomes a clusterhead, on
receiving the corresponding CH message, node
v checks if it has to affiliate with u, that is, it
checks whether w, is bigger than the weight of
v’s clusterhead plus the threshold H or not. In
this case, independently of its current role, v joins
u’s cluster. Otherwise, if v is a clusterhead with
more than K neighbors which are clusterheads,
as in the case of a new link, the weight of the
clusterhead x that violates the K-neighborhood
condition is determined, and correspondingly
the clusterhead with the smallest weight will
resign.

Copyright © 2007 John Wiley & Sons, Ltd.

3.5. On Receiving Jon(u,2)

On receiving the message JOIN(u,z), the behavior of
node v depends on whether it is a clusterhead or not. In
the affirmative, v has to check if either u is joining its
cluster (z = v. In this case, u is added to Cluster(v))
or if u belonged to its cluster and is now joining
another cluster (z # v. In this case, u is removed from
Cluster(v)). If v is not a clusterhead, it has to check if
u was its clusterhead. Only if this is the case, v has to
decideitsrole: it will join the biggest clusterhead x in its
neighborhood such that w, > w, if such a node exists.
Otherwise, it will be a clusterhead. In this latter case,
if the K-neighborhood condition is violated, a RESIGN
message is transmitted in order for the clusterhead with
the smallest weight in v’s neighborhood to resign.

On receiving JOIN(u, z);
begin
if Ch(v)
then if z = v then Cluster(v) := Cluster(v) U {u}
else if u € Cluster(v) then Cluster(v) := Cluster(v) \ {u}
else if Clusterhead = u then
if{zel(v):w, >wyACh(z)} #0
then begin
X 1= MaXy, >w, {z: Ch(Z)},
send JOIN(v,x);
Clusterhead := x

end
else begin
send CH(v);
Ch(v) := true;

Clusterhead := v;
Cluster(v) := {v};
if |{z € T(v) : Ch(z)}| > K then
send RESIGN(ming{w; : z € ['(v) A Ch(z)})
end
end;
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3.6. On Receiving Resien(w)

On receiving the message RESIGN(w), node v checks
if its weight is < w. In this case, it has to resign
and it will join the neighboring clusterhead with the
biggest weight. Notice that since the G-procedures are
supposed to be not interruptible, and since v could have
resigned already, it has also to check if it is still a
clusterhead.

On receiving RESIGN(w);
begin
if Ch(v) and w, < w then begin
X 1= MaXy,>w, {2 : Ch(2)};
send JOIN(v,x);
Clusterhead = x;
Ch(v) := false
end
end;

4. Performance Evaluation

4.1. Metrics of Interest and Simulation
Scenarios

In order to assess the impact of mobility on the
performance of GDMAC and compare it to that
of DMAC, we have performed extensive simulation
experiments. Both DMAC and its generalized version
have been implemented in the VINT Project network
simulator ns2 [30] with the CMU wireless extension
[6,31] that implements the IEEE 802.11 MAC with the
DCEF. Our study aims at measuring the ‘goodness’ of the
protocols in dealing with node mobility. In particular,
we are interested in evaluating DMAC and GDMAC
with respect to the following key performance metrics
(all averages).

® Cluster density, that is, the number of clusters formed
during the simulation time.

® Cluster stability, which we define as how much a
cluster remain the same (‘stable’) while the nodes
move. The stability of a cluster is captured by the
following metrics.

— Cluster lifetime, that is, how long a node has the
role of clusterhead;

— residence time, which is the affiliation time of an
ordinary node to a particular cluster, and

— status changes, that is, the number of status
changes per node (election and re-affiliations).

Copyright © 2007 John Wiley & Sons, Ltd.

® Message complexity per node. This is the total
number of cluster formation and maintenance control
messages sent by a node.

Nodes move according to three different mobility
models, namely, the random way point (RWP) model,
the random walk (RW) model, and the Manhattan
(MAN) model.

1. Since its introduction in Reference [6] the RWP
model is used in many prominent simulation studies
of ad hoc network protocols. According to this
model, each node begins by pausing in one location
for a certain period of time. After this time, a
node chooses a random destination and a speed
that is uniformly distributed between [0, maxspeed].
The node then travels toward the newly chosen
destination in a straight line with the selected speed.
Upon arrival, the node pauses for a specified period
of time before starting traveling again.

2. The RW mobility model mimics erratic movement.
In this model, a node moves from its current location
to a new location by randomly choosing direction
and speed. The new speed and direction are both
chosen from predefined ranges [0, maxspeed] and
[0, 360].

3. The MAN model, first introduced in Reference
[8] (also studied in References [7,32] as ‘city
section mobility model’), describes a realistic city
mobility model by stating how a node moves
in a city surrounding. This model requires the
simulation area to be divided in horizontal and
vertical blocks (here 10) and nodes are forced to
move along predefined paths between the blocks
with predetermined speed (maxspeed). At the end
of a block, a node pause (here for 5s) and then it
decides whether to turn or continue to travel in the
same direction with some probability (here set to
0.5).

We make the common assumption that two nodes
are neighbors if and only if their Euclidean distance
is <250 m. The simulations have realistic MAC and
physical layer characteristics where packets might get
lost due to the underlying channel conditions and due
to possible collisions and need to be re-transmitted.
The nodes beacon their presence periodically (in our
experiments, this happens every half a second) and the
drifting in of a new node is realized when its new
neighbors hear its beacons. Similarly, when a node
does not hear beacons from a known neighbor within
a certain amount of time (here 3s), it assumes the
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neighbor to be either ‘dead’ or out of range due to
mobility. In our simulations, the number of nodes n
has been assigned the values 30, 40, 50, 100, 150,
and 200, while L has been set to 1000 m. This allows
us to test the protocols on sparse topologies (30 and
40 nodes) and on increasingly dense ones. All results
are obtained on 100 topologies and have been run for
considerably period of time (1000 s) and the results are
averaged over 100 different topologies to ensure the
suppression of startup transients in the values obtained.
All nodes have been assigned random weights between
0 and 80. The GDMAC values for K and H are set to
1, 3, and 4, and to 16, 32, 64, and 80, respectively.
We have observed that for values of H > 32 and fixed
constant K, there is no significant improvement on
the performance of GDMAC. For this reason, we also
have considered smaller values of H. In this paper, we
show results obtained for the two values K = 3 and
H = 32. Simulations are performed where the speed
of the nodes (maxspeed, as termed in the description
above) is 2, 5, and 10 m/s.

4.2. Cluster Density

Our first metric concerns the average number of
clusters formed during the simulation time. Cluster

25 20

forming and updating due to election and re-affiliation
is the major source of clustering overhead, and thus this
metric gives us an idea on how much the two protocols
creates clusters while the nodes move. The average
cluster density for DMAC and GDMAC (H = 32,
K = 3) when the nodes move at 2 m/s are shown in
Figure 1(a)—(c). With increasing n, when the nodes
move according to the RWP model the average number
of CHs ‘converges’ to 17 in case of GDMAC. For
the RW model, the average number of cluster is a little
less than 10, and for the MAN model the average value
is 22. For DMAC (K = H = 0), the average number
of clusters levels around 10 (RWP), 5 (RW), and 14
(MAN) for increasing values of n. This is clearly
because GDMAC allows clusterheads to be neighbors.

Figure 2(a)—(c) shows the effect of mobility on the
GDMAC average cluster density. For greater values
of n, mobility has little effect. With increasing n, the
density increases until the average density of 17 CHs
(RWP), 9 CHs (RW), and 22 CHs (MAN) is achieved.

4.3. Cluster Stability

Figure 3(a)-(c) shows cluster lifetime (in seconds)
over the total simulation time. For the RWP and
MAN models, lifetime for both DMAC and GDMAC
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Fig. 2. Impact of mobility in GDMAC. (a) RWP, (b) RW, (c) MAN.
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Fig. 3. Cluster lifetime for varying speeds. (a) RWP, (b) RW, (c) MAN.
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Fig. 4. Cluster lifetime for varying K. (a) RWP, (b) Random walk, (c) MAN.

decreases with increasing speed as nodes tend to drift
away faster with higher velocity. Greater lifetime is
achieved for GDMAC with K = 3 as less CHs are
forced to resign when they become neighbors thus
increasing the cluster lifetime over DMAC’s. However,
for the RW model speed does not have too much of
an impact on the cluster lifetime since according to
this model the nodes tend to stay in the center of
the simulation area most of the time, which results in
a static/quasi-static scenario. As expected, GDMAC
tends to be more stable than its particular instance
DMAC.

In Figure 4(a)—(c), it is seen that for n = 150, and
H = 32, cluster lifetime increases with increasing K

since for larger K less CHs are forced to resign thereby
making the clusters more stable, in all the three mobility
models. Again stability is greater for slower speeds
for RWP and MAN while RW is independent of nodal
speed.

Figure 5(a)-(c) shows that cluster lifetime is
improved by increasing H for all the mobility models.
As expected, the improvement is more noticeable for
smaller values of H. As in previous cases, cluster
lifetime is affected by the nodal speed only when the
nodes move according to RWP and MAN.

Figure 6 shows the residence time (in seconds)
of the ordinary nodes for DMAC and GDMAC. For
the RWP and MAN models, we see that increasing
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Fig. 5. Cluster lifetime for varying H. (a) RWP, (b) RW, (c) MAN.
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Fig. 7. Cluster residence time for varying K. (a) RWP, (b) RW, (c) MAN.

velocity forces both ordinary nodes and CHs to move
away more rapidly, thereby decreasing cluster stability.
This pattern is particularly noticeable in DMAC. In
GDMAC, the effect of increasing nodal speed is
mitigated by the introduction of H and K. Although
increased speed has little impact on scenarios where
the nodes move according to the RW mobility model
GDMAC is more stable than DMAC.

Figure 7(a)-(c) shows results for -clustering
residence time for different values of K. We observed
that for increasing K, CHs resign less frequently and
hence the clusters formed are more stable and existing
members are not forced to look out for new CHs in

case of cluster failure. As a consequence, we obtain
increased average cluster residence time. Although
the trend is the same for all the three different node
nobilities, speed is no issue for nodes that move
according to the RW mobility model.

It is seen that by increasing H the residence time
does increase gradually. However, we noticed that the
change is not significant for H > 20. Figure 8(a)—(c)
depicts variations in residence time when H varies
between 0 and 20. While in the RW case, differences
due to different speeds are not observed, in the other
two cases we notice better performance at lower speeds.
Residence time increases with increasing H because
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Fig. 8. Cluster residence time for varying H. (a) RWP, (b) RW, (c) MAN.
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Fig. 10. Elections and re-affiliations for varying K. (a) RWP, (b) RW, (c) MAN.

the ordinary nodes tend to stick to their current CHs
even when a new CH drifts in the neighborhood.
Smaller values of H suggest that the new CH is fitter
than the existing CH forcing ordinary nodes to change
cluster affiliation.

Figure 9(a)-(c) shows the effect of speed on
elections and re-affiliations between DMAC and
GDMAC (K =3 and H = 32). Since an increasing
K forces less clusterheads to resign and increasing
values of H induce less ordinary nodes switching
among clusterheads, GDMAC has a smaller number
of elections and re-affiliations than DMAC. For

increasing speed, the clusters become less stable and
hence the number of role changes increases with
increasing speed in the case node move according to
the RWP and MAN models.

For fixed H and increasing K, an existing CH is
less likely to resign thereby decreasing the number
of resignation. An ordinary node is more likely to
find another CH in its periphery, thereby decreasing
the number of election events. This is shown in
Figure 10(a)—(c). As noticed multiple times, the effects
of speed are observed only when nodes move according
to the RWP and MAN models.
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Fig. 11. Elections and re-affiliations for varying H. (a) RWP, (b) RW, (c) MAN.
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Fig. 13. Messages sent for varying K. (a) RWP, (b) RW, (c) MAN.

For fixed K and increasing H, it is less likely that
an ordinary node will become a CH. This justifies
the observed decrease in the number of elections. For
higher values of H, it is less likely that an ordinary
node moves from its existing cluster to a new one (see
Figure 11(a)—(c)).

4.4. Message Complexity

Figure 12(a)~(c) shows the average number of
messages sent by a node. This gives us a measure of the
overhead created for maintaining the clusters, which is
also an indication on how much clustering set up and

maintenance costs in terms of energy per node. The
number of messages sent increases with larger values
of n until it levels off. This is due to the higher network
density; when n grows, there is increased connectivity
among the nodes. This helps in keeping a bound on the
number of the messages sent. Again, being GDMAC
more stable, the number of messages sent is less than
those send by DMAC.

The number of control messages used by GDMAC
is also affected by changing values of K. Figure 13(a)-
(c) shows that independently of the mobility model,
given that by increasing K we decrease the number
of CH resignations, the number of control messages
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Fig. 14. Messages sent for varying H. (a) RWP, (b) RW, (c) MAN.
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decreases accordingly. (Here, H is set to=32.) The
case of RWP and MAN-dictated mobility are also
sensitive to different speeds.

Figure 14(a)—(c) shows what happens to GDMAC
when varying the value of H. We observe that
increasing H imposes decreasing JOIN messages from
ordinary nodes, which tend to stick to their current CHs.

Asobserved before, speed is also a factor in scenarios
where the nodes move according to the RWP and MAN
mobility models.

5. Conclusions and Future Research

In this paper, we investigated the impact of different
kinds of mobility on a typical clustering organization
for a mobile ad hoc network. The DMAC protocol
has been demonstrated via simulations with respect to
metrics relevant for assessing clustering performance,
especially in the face of nodes mobility. We have also
proposed and studied a variation to the basic DMAC.
The resulting protocol, termed GDMAC, has been
proven outperforming DMAC with respect to all the
considered metrics. In particular, we observed that
GDMAC results in good performance independently
of the mobility model considered.

It is our aim to keep investigating clustering and
mobility. We plan to explore two main directions.
First of all, we intend to inspect deeply some
other metrics, such as energy cost (in case the
nodes are energy constrained, as in wireless sensor
networks), and those metrics related to constructing
and maintaining a backbone of the clusterheads (and
hence several routing-related metrics). Finally, we will
be considering some other clustering solutions for
mobile ad hoc networks, and we will be comparing it to
the protocol GDMAC studied in this paper. Although
many solutions have been proposed for clustering and
backbone formation, maintenance in the presence of
mobility has not been tackled with extensively so far,
which we plan to do in the future.
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