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ABSTRACT

Mobile ad hoc networks consist of mobile nodes communicating with each other without a fixed network

infrastructure. The nodes create a multihop network, which changes its topology dynamically. One of

the approaches for routing is to organize the network as clusters of nodes. Some nodes assume the role

of clusterhead, thus playing a more active role in keeping track of the topology and feasible routing

paths. The role of clusterhead is a temporary role, which changes dynamically, as the topology or other

factors affecting it, change. There are some existing mechanisms for cluster formation, e.g. node-id

based, and degree-based, each focusing on a particular characteristic of the network. We present a

unified mechanism for cluster formation, which not only encompasses existing mechanisms, but also

provides means to explore new mechanisms. We also present a method of measuring various

performance characteristics, e.g. load distribution, and stability, of a mobile ad hoc network. The

comparison of the performance characteristics of the existing clustering mechanisms with the new

mechanisms under the unified approach show that the unified approach provides a better control of the

performance. It is also shown that the clusterhead load distribution and the stability of the clustering

mechanisms are inversely proportional to each other.
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1. INTRODUCTION

A particular type of wireless networks is called “multihop” networks [1]. Multi-hop wireless networks

differ from “single-hop” networks [2] by not requiring a base station or wired network to supply inter-

node connectivity [3]. The advantage of the mobile wireless multihop network is rapid deployment and

dynamic reconfiguration. When the wired network is not available, as in the battlefield communications

and search and rescue operations, multihop mobile wireless networks provide a feasible means for ground

communications and information access [1]. Such networks are also called mobile ad hoc networks.

One way of setting up communication from a node to another node in a mobile ad hoc network is by

flooding. Any node desiring to communicate with another node sends the request to all its neighboring

nodes, which in turn forward this request to all their neighboring nodes except the one from which it

received the request. This continues until the destination node receives the request and responds.

Obviously the flooding technique is inefficient in utilizing the bandwidth. Another approach is the

Destination Sequenced Distance Vector (DSDV) [4, 5] which is a hop-by-hop distance vector routing

protocol. It is proactive; each network node maintains a routing table that contains the next-hop for, and

the number of hops to, all reachable destinations. Periodic broadcasts of routing updates attempt to keep

the routing table completely updated at all times. The Ad-Hoc On Demand Distance Vector (AODV)

routing protocol is similar to DSDV but it is reactive [6]. That is, AODV requests a route only when it is

needed and does not require nodes to maintain route information to nodes which are not communicating.

Another routing protocol is the Dynamic Source Routing protocol (DSR), which is simple and efficient

and designed specifically for use in multi-hop wireless ad hoc networks of mobile nodes [7].  DSR allows

the network to be completely self-organizing and self-configuring, without the need for any existing

network infrastructure or administration.  The protocol is composed of the two mechanisms of "Route

Discovery" and "Route Maintenance", which work together to allow nodes to discover and maintain

source routes to arbitrary destinations in the ad hoc network.  The use of source routing allows packet

routing to be trivially loop-free, avoids the need for up-to-date routing information in the intermediate

nodes through which packets are forwarded, and allows nodes forwarding or overhearing packets to cache

the routing information in them for their own future use.  All aspects of the protocol operate entirely on-

demand, allowing the routing packet overhead of DSR to scale automatically to only that needed to react

to changes in the routes currently in use.

Another methodology for routing and topology information maintenance in dynamic networks is
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proposed in [8, 9, 10]. The basic idea behind the protocol is to divide the graph into a number of

overlapping clusters. A node in each cluster assumes the role of clusterhead. All the clusterheads create a

backbone network among themselves, thus keeping each clusterhead up to date on the network topology.

It is claimed that compared to conventional routing protocols, the cluster-based approach incurs lower

overhead during topology updates and also has quicker reconvergence. The effectiveness of this approach

also lies in the fact that existing routing protocols can be directly applied to the network – replacing the

nodes by clusters [10].

An example of a mobile ad hoc network is shown in Figure 1. This network consists of ten mobile nodes.

There are three clusters with nodes 1, 5, and 8, acting as clusterheads.  Node 6 acts as a gateway (GW)

between clusterheads 5 and 8. Nodes 3 and 4 together form a gateway, what is called a distributed

gateway (DGW), between the clusterheads 1 and 5. The clusterheads gateways together form a backbone

network to share topology information. This backbone network in Figure 1 is composed of nodes 1, 3, 4,

5, 6, and 8.

The focus of this paper is on various clustering mechanisms, modeling of a new unified approach, and

performance measurements. A simple clustering protocol is developed to test the unified approach.

Similarly, simple protocols are chosen for routing, packet forwarding, transport layer, and application

layer. See Figure 2 for the relationship of these protocols. These protocols are used to run traffic on a

multi-hop network in the simulation. As these protocols are not the focus of our research, simplicity is
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Figure 1: An example of multihop Ad Hoc Network
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assumed, and are described briefly in this paper for the sake of completeness. Though our unified

approach can also be used together with other existing more efficient protocols. A survey of routing

protocols for mobile wireless networks is presented in [11].

The rest of the paper is organized as follows. In Section 2, some existing clustering mechanisms are

described and issues of performance measurement and comparison of the clustering mechanisms are

discussed. Section 3 describes our innovative system model, which provides a unified framework for the

clustering mechanisms and their performance measurement. Section 4, describes the method of forming

backbone, and the protocols used. It also lays a theoretical foundation of the unified clustering mechanism

for determining the performance characteristics. In the Section 5 we describe the simulation experiments

and compare the results with those of theoretical analysis. These simulation results show that the control

parameters introduced in the system model, indeed provide a means of controlling the performance of the

clustering mechanisms. Section 6 summarizes the findings from the experiments, and Section 7 identifies

issues for further research.

Physical Layer Protocol

Link Layer Protocol

Clustering
Protocol

Routing
Protocol

Packet
Forwarding

Protocol

Packet
Transport
Protocol

Packet
Application

Protocol

Network layer

Figure 2: Clustering protocol and association with other protocols
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2. CLUSTERING IN MOBILE AD HOC NETWORKS

2.1 Related Research

A linked cluster algorithm is described in [8]. It favors nodes with higher node-id in selecting

clusterheads. During the execution of linked cluster mechanism each node maintains the following data

structures: three lists called, respectively, HEADSONEHOPAWAY, HEADSTWOHOPSAWAY, and

NODESHEARD; a matrix called CONNECTIVITY; a variable named OWNHEAD; and an indicator

named NODESTATUS. These data structures are updated routinely as control messages are received

from other nodes. Each node broadcasts the NODESHEARD list and its full connectivity row from

CONNECTIVITY matrix. A node decides to become a clusterhead if it has the highest-id among its

neighboring nodes, or if it has the highest-id in the neighborhood of one of its neighbors. This highest-id

linked cluster algorithm yields poor clustering when the nodes are arranged in the order of their identities,

i.e. all but one node become clusterheads. Therefore, this linked cluster mechanism was later revised in

[9] to the lowest-id mechanism. In this lowest-id linked cluster mechanism, a node decides to become a

clusterhead if it has no clusterhead neighbors and if it has the lowest-id among all those neighbors which

are not in the range of any other clusterhead. The disadvantage of both of these linked cluster mechanisms

is that the clusterhead load is not uniformly distributed among all the nodes. The higher (or lower in case

of lowest-id) the node-id the more it is likely to become a clusterhead.

A multi-cluster, multi-hop packet radio network architecture for wireless adaptive mobile information

systems is presented in [3]. Two distributed clustering mechanisms are considered. One is the lowest-id

mechanism [9] as described above. The other is the highest-connectivity (degree) mechanism, which is a

modified version of [12]. The highest connectivity mechanism aims at reducing the number of clusters at

a given time by favoring nodes with largest number of neighbors when it comes to electing clusterhead.

These two clustering mechanisms are compared in terms of throughput and average number of cluster

changes. The simulation results show that the id-based linked cluster mechanism is more stable in a

dynamic environment.

A multicast protocol which builds upon a cluster based wireless network infrastructure is discussed in [1].

The focus of this clustering mechanism is stability. Only two conditions cause clusterhead change, (a)

when two clusterheads come within range of each other, and (b) a node becomes disconnected from any

cluster. The multicast protocol is robust to mobility, has low bandwidth overhead and latency, scales well

with membership group size, and can be generalized to other wireless infrastructure.



Aqeel Siddiqui and Ravi Prakash,
Modeling, Performance Measurement, and Control of Clustering Mechanisms for Multi-cluster Mobile Ad Hoc Networks

6

An algorithm called CEDAR for QoS routing in ad hoc network environment is presented in [13]. A set

of distributed nodes is dynamically elected to form a core of the network. Each core host maintains the

local topology of the hosts in its domain, and also performs route computation on behalf of these nodes.

QoS routing in CEDAR is achieved by propagating the bandwidth availability information of stable links

in the core graph. The basic idea is that the information about stable high-bandwidth links can be made

known to links far away in the network, while information about dynamic links or low bandwidth links

should remain local.

Another algorithm described in [14], focuses on optimal self-organization of large networks. The authors

provide a graph-theoretic formulation of this problem which takes networking problems into account.

Unlike the traditional graph-partitioning algorithms, the algorithm presented in [14] guarantees that the

resultant clusters are connected and bounded in size. This algorithm also tries to minimize the cost of

inter-cluster  links.

Several ways of routing and spreading of routing information are discussed in [15]. The advantages and

disadvantages of connection-less and connection oriented communication are described. For the spreading

of routing information, the centralized, completely distributed, and clustering approaches are discussed.

A hierarchical architecture in which the network is organized in regions is presented in [16]. Various

aspects of hierarchical architecture, for example, routing exchanges per update, intracluster routing and

intercluster routing, are described.

The d-Cluster formation heuristic is described in [17]. Each node is at most d-hops away from the

clusterhead. One of the features of the heuristic is that it tends to re-elect the existing clusterheads even

when the network configuration changes. Also, there is a tendency to evenly distribute the mobile nodes

among the clusterheads, and evenly distribute the responsibility of acting as clusterheads among all nodes.

Thus, the heuristic is fair and stable.

2.2 Clustering Issues

As discussed earlier there are several existing mechanisms for clustering in mobile ad hoc networks. The

lowest-id and highest-id clustering mechanisms can be grouped together as node-id  based clustering

mechanisms, since they result in the same performance characteristics with the improvements suggested

in [9]. A node-id based clustering mechanism provides a simple means to form clusters. However, this

clustering mechanism is biased towards certain nodes based on their identity. Hence, the node-id based
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clustering mechanism results in non-uniform load distribution. One solution to distribute the load

uniformly is to use a random number (as opposed to node-id) for deciding clusterheads [8], whenever

such a decision has to be made. But this will result in unnecessary changes in clustering, thus resulting in

a less stable system. Another aspect of a clustering mechanism is the average number of clusterheads.

Since all the clusterheads have to keep track of the routing information for each node in the system, the

larger the number of clusterheads, the larger will be the overhead in sharing the routing information.

The connectivity-based clustering mechanism aims at reducing the average number of clusterheads by

favoring the nodes with higher connectivity to become clusterheads. Again, this results in an unbalanced

load distribution. As the connectivity of a node may change rapidly as it moves, the connectivity-based

clustering mechanisms also tend to be less stable.

Thus, it is realized that the following performance characteristics of a mobile ad hoc network are of

considerable importance:

• Spatial distribution of clusterheads, i.e. the average ratio of number of clusterheads to the total
number of nodes,

• Stability, i.e. the duration for which a clusterhead remains in that state, and

• Clusterhead load distribution, i.e. the amount of work performed by each clusterhead.

In order to compare two clustering mechanisms a method of measuring these performance characteristics

is needed. In Section 3 we define quantitative measures of these performance characteristics. For

simplicity we have chosen a measurement scale of 0-1.

It is also realized that, in order to improve the stability of a clustering mechanism, the mobility of the

nodes should also be considered while deciding clusterheads. If the nodes with lower mobility are favored

for the role of clusterheads there will be fewer changes in clusterheads. Similarly, to improve the

clusterhead load distribution, those nodes which spend less time being a clusterhead, should be given

higher priority in the selection of clusterheads.

Therefore, in this paper we propose mechanisms to base the decision of cluster formation on the mobility

and average clusterhead time. We perform a comparison of performance characteristics for each

clustering mechanism obtained from simulation. We provide a unified method of designing a

comprehensive clustering mechanism, which combines all of the above mechanisms and provides

flexibility for achieving intermediate performance characteristics.
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3. SYSTEM MODEL

3.1 Parameters

Our model defines several parameters, some on the system level, and some on the node level. The

following are the system level parameters:

• Let N be the number of nodes,

• Let A be the service area within which the nodes move,

• Let R be the maximum range at which a node can directly communicate with another node, and

• Let t be the time and ∆t be the smallest increment in time.

The following are the node level parameters. The value of each parameter may vary from one node to

another:

• Let i be the identity of a node, 1 ≤ i ≤ N.

• Let ci(t) be the connectivity or degree of node i, at time t, i.e. the number of nodes with which it can

directly communicate or the number of nodes within the radius R; ci(t) ≤ N-1.

• Let mi(t) be the mobility of node i, at time t. It is the absolute speed which can be measured through

the help of an external system, e.g. Global Positioning System (GPS), in an outdoor environment. In

an indoor environment this speed can be measured through the help of smart sensers present in the

surroundings. If a mobile ad hoc network itself is moving relative to the ground, then the speed of

nodes relative to other nodes, i.e. relative speed, provides a better input for clustering. In such cases

the relative speed can be measured as suggested in [4].

• Let yi(t) be the indication that whether node i is a clusterhead at time t; yi(t)={0, 1}.

yi(t) = 0; if node i is not a clusterhead at time t,

        = 1; if node i is a clusterhead at time t.

• Let vi(t) be the indication that whether node i is covered by a clusterhead at time t; vi(t)={0, 1}.

vi(t) = 0; if node i is not covered by any clusterhead at time t,

        = 1; if node i is covered by one or more clusterheads at time t.

• Let li,j(t) be the indication that whether node i is a neighbor of node j, at time t; li,j(t)={0, 1}.

 li,j(t) = 0; if node i is not a neighbor of node j at time t,

… … … … … … … … …… (1)

 … … …… (2)

 … … …… (3)
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         = 1; if node i is a neighbor of node j at time t.

It is assumed that all links between any two neighbors are bi-directional.

• Let qi(t) be the fraction of time a node remains a clusterhead measured in the last period of time, T; 0

≤ qi(t) ≤ 1 (where T is a sufficiently long period of time in which load distribution is desired). It is a

function of yi(t),

qi(t) = hq(yi(t)),

where nT = T/∆g.

• Let zi(t)  be the instability of node i as a clusterhead, at time t. It is the number of times the node

assumes the role of a clusterhead or ceases to be clusterhead, per hour, measured in the last period of

time, T . Thus, instability has a theoretical range of 0 - ∞.

where nT = T/∆t.

• Let si(t)  be the stability of node i as a clusterhead, at time t. It is calculated from the instability zi(t), as

exp(-zi(t)). Thus, it has a theoretical range of 0 – 1.

• Let ai(t)  be the availability factor of node i at time t. The availability factor is a generic parameter,

which is used in the decision of selecting a clusterhead. The higher the availability factor, the more

likely the node is to be chosen as a clusterhead. This parameter plays a critical role in the proposed

model and it is described in more detail later.

3.2 Performance Characteristics

Having defined the system level parameters and the node level parameters, let us now define the

performance characteristics.

• Let G(t) be the granularity of clusterheads of the system as defined below:

qi(t) =   Σ yi(t-x∆g)
 1

 nT   x=1
… … … … … … … … … … … … … … … … … …  (4)

 nT

 T   x=1
zi(t) =   Σ | yi(t-(x-1)∆t) - yi(t-x∆t)|

 1 … … … … … … … … …… … … ……(5)
nT

N    j=1
G(t) =   Σ qj(t) ;        0 ≤ G(t) ≤ 1

 1
… … … … … … … … … … … … ……(6)

N
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After the ad hoc network operates for some time, the granularity of clusterheads converges to one

value, which we denote as, G. A lower granularity of clusterheads indicates that, on average, a

smaller number of nodes assume the role of clusterhead at a particular instant of time. This means

lesser complexity and lower overhead. Hence a lower G is generally desired.

• Let S(t) be the stability of the system as defined below:

When the stability converges to a value, it is denoted as, S. A higher stability indicates that the nodes

change the role of clusterhead at reasonably low frequency. This means lesser overhead. Hence a

higher S is generally desired.

• Let D(t) be the clusterhead load distribution of the system as defined below:

The converged value of the clusterhead load distribution is denoted as, D. A higher clusterhead load

distribution indicates that the load sharing between the nodes is higher over a certain period of time.

Hence a higher D is generally desired.

To understand the use of the performance characteristics defined above, consider the following four

systems:

• N-clusterhead system: All the nodes remain clusterhead all the time.

• 1-clusterhead non-hopping system: Only one node remains clusterhead all the time.

• 1-clusterhead slow hopping system: Only one node remains clusterhead at a given time but the role of

clusterhead hops from one node to another every hour.

• 1-clusterhead fast hopping system: Only one node remains clusterhead at a given time but the role of

clusterhead hops from one node to another every minute.

Using the equations (4)-(8) above, we get the following performance characteristics:

N    j=1
S(t) =  Σ sj(t) ;        0 ≤ S(t) ≤ 1

 1 … … … … … … … … … … … … … … (7)
N

D(t) = 1 -      Σ (qj(t) - G(t))2   ;        0 ≤ D(t) ≤ 1
N    j=1

1
√  … … … … … … ……(8)

N
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Table 1: Performance characteristics for example systems

System G S D

N-clusterhead N 1 1

1-clusterhead non-hopping 1/N 1    1-√(N-1)/N

1-clusterhead slow hopping 1/N exp(-1) 1

1-clusterhead fast hopping 1/N exp(-60) 1

Comparing the N-clusterhead system with the 1-clusterhead non-hopping system shows that although the

stability is the same, there is a tradeoff between the granularity of clusterheads and the clusterhead load

distribution. The 1-clusterhead slow hopping system has lower granularity of clusterheads compared to

the N-clusterhead system at the cost of reduced stability. Similarly, the comparison of 1-clusterhead non-

hopping system and 1-clusterhead slow hopping system shows a tradeoff between stability and the

clusterhead load distribution for the same granularity of clusterheads. There is also a possibility of only

one of the three performance measures being different between two systems. This is obvious from the

comparison of the 1-clusterhead slow hopping system and the 1-clusterhead fast hopping system. Thus,

for a complete picture of a clustering system, all the three performance characteristics should be

considered.

3.3 Availability Factor

As stated earlier, the availability factor of a node is used in making clusterhead decisions. This decision

must be based upon the following parameters:

• mobility, mi(t),

• connectivity, ci(t),

• fraction of time the ith node remains a clusterhead, qi(t), and,

• identity of node, i.

A system with the availability factor dependent only on mobility, will result in the most stable system, i.e.

highest S. A system with availability factor dependent only on the connectivity, will result in minimum
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granularity of clusterheads, i.e., lowest G. It is the same as the highest connectivity clustering mechanism.

A system with the availability factor dependent only on the fraction of time a node remains a clusterhead,

will result in the maximum clusterhead load distribution, i.e., the highest D. Similarly, a system with the

availability factor dependent only on the identity of a node, i, will result in the lowest-id (or highest-id)

clustering mechanism.

Let the effect of each of the above listed parameters on the availability factor be, ai
m(t), ai

c(t), ai
q(t), and,

ai
n(t), respectively, each of them having a range of 0-1. We now look at the individual elements affecting

the availability factor. Four control parameters, α, β, γ, and, λ, each having a range of 0-1, are introduced

below, which can be used to control the nature of the clustering mechanism and hence control the

performance characteristics.

Effect of mobility, ai
m(t)

As mentioned above, the effect of mobility should be on the stability of a node, si(t) (and hence the

overall stability, S). To achieve higher stability, the nodes with lower mobility should have higher

availability factor. Since the mobility can theoretically vary between zero and infinity, a normalized

translation is needed. One way to do it is,

ai
m(t) = fm(mi(t)),

         = α exp(-mi(t)),

where, α is a control parameter controlling the effect of mobility on the availability factor.

Effect of connectivity,  ai
c(t)

As mentioned above, the effect of connectivity-based clustering should be to decrease the granularity of

clusterheads, G. The higher the connectivity of a node, the higher should be its availability factor. Since

the connectivity can theoretically vary between zero and N-1, a normalized translation is needed. One

simple way to do it is,

ai
c(t) = f c(ci(t)),

where, β is a control parameter controlling the effect of connectivity on the availability factor.

         =β  - Σ  li,j(t)

N

N-1

 1

 j=1, j≠i
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Effect of fraction clusterhead time, ai
q(t)

The effect of the clustering mechanism based on the fraction of clusterhead time of a node, qi(t), should

be to increase the clusterhead load distribution, D. The lower the qi(t) of a node, the higher should be its

availability factor. The qi(t) is already normalized but we need an inverse relation to the availability

factor. We propose the following relationship,

ai
q(t) = fq(qi(t)),

         = γ (1- qi(t)),

where, γ is a control parameter controlling the effect of qi(t) on the availability factor.

Effect of identity of a node,  ai
n(t)

The node identity should have a direct relationship in case of highest-id mechanism, and inverse

relationship in case of lowest-id mechanism. Since the node identity ranges from 1 to N, the relationship

can be mathematically expressed as,

ai
n(t) = fn(i),

         = λ(1-i/N), for lowest-id mechanism,

         = λ i/N, for highest-id mechanism,

where λ is a control parameter controlling the effect of node identity on the availability factor.

Overall availability factor

Having defined the effect of individual elements on the availability factor, the overall availability factor

can be obtained by combining these individual effects as:

ai(t) = ai
m(t) + ai

c(t) + ai
q(t) + ai

n(t)   ……………………………………………… … …. (9)

Note that to keep the range of the availability factor ai(t), between 0-1, the following is the limitation on

the control parameters:

α + β + γ + λ = 1 …………………………………………………………… … … … …… (10)

3.4 Block Diagram

A nodal block diagram based on the description above is shown in Figure 3. As the system is distributed,

there is no centralized node involved in clustering. Each node makes its own decisions based on the

information received from its neighbors. A new function, fa, is introduced in Figure 3. This function takes
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the availability factors as input from all neighbor nodes and selects the clusterheads. The criteria for the

selection of clusterheads is described later in the section “Formal Description of Clusterhead Selection”.

3.5 Data Structures at Nodes

Each node (clusterhead or non-clusterhead) keeps two data structures, own data structure, and neighbor

data structure. Each clusterhead node keeps two more data structures called clusterhead data structure,

and link state matrix .

The own data structure contains the following fields:

• Node id,

• Clusterhead, and

• Availability factor.

The neighbor data structure contains the list of neighbors. Each element of this list contains the following
fields:

• Neighbor id,

 +

ai
m

ai
c

ai
q

    fq
qi

    fm
mi

    fc
ci    fa

ai

yi(t+∆t)

aj from
other nodes

yi to other
nodes

Figure 3: Block diagram for node i

    hq

    fn
i

ai
n

yj from
other nodes
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• Neighbor’s clusterhead,

• Neighbor’s availability factor, and

• List of neighbor’s neighbors, containing the node-id and the clusterhead of each neighbor of

the neighbor. This information is only used when the node becomes a clusterhead.

The clusterhead data structure contains the following:

• Node id of all clusterheads,

• Members of each cluster, and

• Gateway(s) towards each cluster.

The link-state matrix contains the link cost between any two nodes of the network.

4. CLUSTERING ALGORITHM AND PROTOCOLS

4.1 Initial Formation of Clusters

To explain the clustering process that we have selected for the unified mechanism, let us first consider the

ad hoc network example shown in Figure 1. The formal description of the clustering process is presented

later on. The clustering process is based on the linked cluster mechanism [8], with some variation as

described below. Assume that the initial availability factor of the nodes is as shown in Figure 4.

0
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Figure 4: Initial availability factor of nodes in the example of multihop Ad Hoc Network

a1=0.90

a2=0.30

a3=0.60

a4=0.52

a5=0.60
a6=0.70

a7=0.35
a8=0.80

a9=0.25

a0=0.10



Aqeel Siddiqui and Ravi Prakash,
Modeling, Performance Measurement, and Control of Clustering Mechanisms for Multi-cluster Mobile Ad Hoc Networks

16

Our assumption is that the clocks of all nodes are synchronized and have the means of communicating in

a synchronous fashion without any interference and collisions, where the execution/communication

advances in rounds. To provide such a mechanism is the responsibility of the link layer and physical

layer, details of which are considered out of scope of this paper. Though, the Code Division Multiple

Access (CDMA) scheme is considered a good potential candidate for that. Alternatively, Time Division

Multiple Access (TDMA), can also be used, if the time slots are synchronized. In which case, we assume

that each round has a duration equal to TDMA time frame, and there are as many time slots in a time

frame as the number of nodes in the system.

For the sake of simplicity assume that all the nodes are turned on at the same time, t0. At time, t0, each

node sends a broadcast including its own availability factor, to all neighbors, requesting a reply from

neighbors. The receiving nodes create a data structure of the nodes from which they receive the broadcast,

as the ‘nodes heard list’. At time t1, each node which has received a broadcast requesting a reply,

responds back with another broadcast, including the ‘nodes heard list’. At time t2, each node that has

received this broadcast reply, checks the ‘nodes heard list’ in the received broadcast message. If the

receiving node is present in the ‘nodes heard list’ of the received broadcast message, it indicates that the

receiver and the sender of the broadcast message have a bi-directional link. Any two nodes, which have a

bi-directional link, are called neighbors.  Thus, at time t2, each node knows its neighbors, and the

neighbor’s availability factor. This is shown in Table 1. The figure in between the parenthesis is the

neighbor’s clusterhead. A dash (-) indicates that the node does not know the neighbor’s clusterhead. A

node which does not have clusterhead is called uncovered. At time t2, after updating the neighbor’s data

structure, each node compares its availability factor ai(t), with its uncovered neighbors’ availability factor.

Those nodes which find their availability factor as highest among their uncovered neighbors, decide to

become clusterhead. All other nodes, which find one or more of their uncovered neighbors with higher

availability factor, take no action, and keep waiting for such uncovered neighbors to make a decision.

Thus, at time t2, nodes 1 and 8 decide to become clusterhead. Whenever a node decides to become

clusterhead, it sends another broadcast to its neighbors, publicizing its new role, and again including the

list of neighbors and their clusterheads, if any.

At time t3, the neighbors of nodes 1 and 8 update their neighbor data structure and also accept their

clusterhead neighbor as their clusterhead. This is shown in Table 2A. Note that nodes 4 and 5 are still

uncovered. This is due to the reason that at time t2, node 5 expected its neighbor 6 to become a

clusterhead. But node 6 was actually waiting for node 8 to become a clusterhead. All nodes which accept
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another node as a clusterhead, also publicize their new clusterheads by sending a broadcast to their

neighbors.

Table 2A: Clusterhead Selection Process

NodesTime Neighbors and
Clusterheads

0 1 2 3 4 5 6 7 8 9

Neighbors’ CH - - - - - - - - - -t0

CH Decision - - - - - - - - - -

Neighbors’ CH - - - - - - - - - -t1

CH Decision - - - - - - - - - -

Neighbors’ CH 1(-),
2(-)

0(-), 2(-),
3(-)

1(-) 1(-),
4(-)

3(-),
5(-)

4(-),
6(-)

4(-), 5(-),
7(-), 8(-)

6(-),
8(-)

6(-),7(-),
9(-)

8(-)t2

CH Decision - 1 - - - - - - 8 -

Neighbors’ CH 1(1),
2(-)

0(-), 2(-),
3(-)

1(1) 1(1),
4(-)

3(-),
5(-)

4(-),
6(-)

4(-), 5(-),
7(-), 8(8)

6(-),
8(8)

6(-), 7(-),
9(-)

8(8)t3

CH Decision 1 1 1 1 - - 8 8 8 8

Neighbors’ CH 1(1),
2(1)

0(1), 2(1),
3(1)

1(1) 1(1),
4(-)

3(1),
5(-)

4(-),
6(8)

4(-), 5(-),
7(8), 8(8)

6(8),
8(8)

6(8), 7(8),
9(8)

8(8)t4

CH Decision 1 1 1 1 - 5 8 8 8 8

Neighbors’ CH 1(1),
2(1)

0(1), 2(1),
3(1)

1(1) 1(1),
4(-)

3(1),
5(5)

4(-),
6(8)

4(-), 5(5),
7(8), 8(8)

6(8),
8(8)

6(8), 7(8),
9(8)

8(8)t5

CH Decision 1 1 1 1 5 5 8 8 8 8

Neighbors’ CH 1(1),
2(1)

0(1), 2(1),
3(1)

1(1) 1(1),
4(5)

3(1),
5(5)

4(5),
6(8)

4(5), 5(5),
7(8), 8(8)

6(8),
8(8)

6(8), 7(8),
9(8)

8(8)t6

CH Decision 1 1 1 1 5 5 8 8 8 8

At time t4, all nodes update their neighbor data structure again based on the received broadcasts. Note that

node 5 now has only node 4 as its uncovered neighbor (as node 6 has chosen node 8 as its clusterhead).

Since the availability factor of node 4 is less than that of node 5, node 5 now decides to become a

clusterhead. Again this decision is broadcasted to the neighbors of node 5. At time t5, finally node 4

updates its neighbor data structure and accepts node 5 as its clusterhead. Again, all neighbors of node 4

are informed by sending a broadcast at t5. Thus, at time t6, all nodes are covered and have updated

information about their neighbors.
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4.2 Initial Selection of Gateways

The responsibility of selecting gateways to other clusters lies on the clusterheads themselves. Whenever a

node becomes a clusterhead, it creates a list of other clusterheads and their members. This list is created

by scanning through the “neighbor data structure” and finding other clusterheads that may be in the

neighborhood of their neighbors or the neighborhood of their neighbors’ neighbors.  Whenever the list of

other clusterheads and their members is updated, the clusterhead finds a gateway or two distributed

gateways for each known clusterhead in the network. Let us call the cluster of the clusterhead determining

the gateway(s), as source cluster, and the cluster to which the gateway(s) is(are) needed, to be target

cluster. The clusterhead of the source cluster searches for a common member of the source cluster and the

target cluster. If such a member is found, it is stored as the gateway towards the target cluster. If no such

member is found, then it is determined if a member of source cluster is a neighbor of a member of target

cluster. If two such nodes are found then these nodes are classified as distributed gateways towards the

target cluster. If there is no gateway(s) to reach a target cluster directly, then it is determined if the target

cluster can be reached via another cluster. This is always possible for all known clusters.

Once the gateways towards all target clusters are determined, the clusterhead sends a multicast message

informing the clusterhead of all other clusters about its members, their links, and link cost. This

information is used by the receiving clusterheads in determining shortest paths. The link cost in our

simulation is the distance between the nodes.

The process of selection of gateways(s) for the ad hoc network shown in Figure 1, is illustrated in Table

2B. Note in Table 2A that at time, t3, nodes 0, 2, 3, 6, 7, and 9, broadcasts their clusterhead decision

together with their neighbors and each neighbor’s clusterhead. Thus, nodes 1, 5, and 8, update their

neighbor’s neighbor’s clusterhead data, based on these received broadcasts, at time, t4.

At this time, only clusterhead 5 is aware of another clusterhead, 8. As said earlier, at time, t4 , node 5,

decides to become clusterhead and broadcasts this decision. The clusterhead 5 also decides node 6 to

become a gateway towards the clusterhead 8, and sends its link state to the clusterhead 8, via node 6. This

information arrives at clusterhead 8, at time, t6. Therefore, the clusterhead 8 determines the gateway (node

6) towards the clusterhead 5 at time t6. The clusterhead 8 then sends its link state information to

clusterhead 5 via node 6.

At time, t5, node 5 receives information from node 4 that its neighbor 3 has chosen node 1 as clusterhead.

The clusterhead 5 decides node 4 and 3 to become gateways towards the clusterhead 1, and sends its link
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state to the clusterhead 1, via node 4 and 3.

Table 2B: Gateway(s) Selection Process

ClusterheadsTime Neighbors, Clusterheads
and Gateway(s)

1 5 8

Neighbor’s Neighbor’s CH - CH of 8 = 8 -

Other Clusterheads - 8 -

t4

Gateway(s) - Gateway towards 8 = 6 -

Neighbor’s Neighbor’s CH - CH of 3 = 1, CH of 8 = 8 -

Other Clusterheads - 1, 8 -

t5

Gateway(s) - Gateway towards 8 = 6,
Gateway towards 1 = 4 & 3

-

Neighbor’s Neighbor’s CH - CH of 3 = 1, CH of 8 = 8 CH of 5 = 5

Other Clusterheads - 1, 8 5

t6

Gateway(s) - Gateway towards 8 = 6,
Gateway towards 1 = 4 & 3

Gateway towards 5 = 6

Neighbor’s Neighbor’s CH CH of 4 = 5 CH of 3 = 1, CH of 8 = 8 CH of 5 = 5

Other Clusterheads 5 1, 8 5

t7

Gateway(s) Gateway towards 5 = 3 & 4 Gateway towards 8 = 6,
Gateway towards 1 = 4 & 3

Gateway towards 5 = 6

Neighbor’s Neighbor’s CH CH of 4 = 5 CH of 3 = 1, CH of 8 = 8 CH of 5 = 5

Other Clusterheads 5, 8 1, 8 5

t11

Gateway(s) Gateway towards 5 = 3 & 4,
Gateway towards 8 = 3 & 4

Gateway towards 8 = 6,
Gateway towards 1 = 4 & 3

Gateway towards 5 = 6

Neighbor’s Neighbor’s CH CH of 4 = 5 CH of 3 = 1, CH of 8 = 8 CH of 5 = 5

CH Members 5, 8 1, 8 1, 5

t12

Gateway(s) Gateway towards 5 = 3 & 4,
Gateway towards 8 = 3 & 4

Gateway towards 8 = 6,
Gateway towards 1 = 4 & 3

Gateway towards 5 = 6,
Gateway towards 1 = 6

The decision that node 4 has chosen node 5 as clusterhead, arrives (from node 3) at clusterhead 1 at time,

t7. The clusterhead 1 determines gateways (node 3 and 4) towards clusterhead 5, and sends its link state
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information.

The link state information from clusterhead 8, sent at time, t6, arrives at clusterhead 5 at time, t8. Node 5,

after updating its data, forwards this information to clusterhead 1 via node 4 and 3, which reaches the

clusterhead 1, at time, t11. At this time the clusterhead 1 finds out the existence of the clusterhead 8. Then

it determines that the only way to reach clusterhead 8 is via clusterhead 5. Hence, the gateways towards

clusterhead 5 are also considered as gateways towards clusterhead 8.

The link state information from clusterhead 1, sent at time, t7, arrives at clusterhead 5 at time, t10. Node 5,

after updating its data, forwards this information to clusterhead 8 via node 6, which reaches the

clusterhead 8, at time, t12. At this time the clusterhead 8 finds out the existence of the clusterhead 1. Then

it determines that the only way to reach clusterhead 1 is via clusterhead 5. Hence, the gateway towards

clusterhead 5 is also considered as gateway towards clusterhead 1. Thus, at time, t12, all the clusterheads

have complete clusterhead and link state information of the whole network.

Note that our search of gateway(s) is in the order of node-id and hence lower node-id’s are more likely to

become gateway(s). It is left for further research if the selection of gateway(s) should also consider some

kind of availability factor. Though, in the clustering mechanism used in this paper, the gateways play a

passive role. The gateways are not even informed that they are acting as gateways. It is the clusterhead

which keeps that information, and uses the gateways when the clusterhead has to multicast the link states

of its cluster to other clusterheads. Therefore, we expect that the role of gateway does not overload a

node.

4.3 Routing Mechanism

A survey of routing protocols is presented in [11]. There are a number of routing protocols existing in the

literature which are effficient and scalable. The unified approach presented in this paper can easily be

applied to any routing protocol which assumes multi-hop network arranged in clusters. For simplicity we

have chosen the link-state routing mechanism. We realize that the link-state routing is not efficient, but it

serves our purpose of verifying the unified clustering approach. An improved version of the link-state

routing, Open Shortest Path First (OSPF), is described in [18].

In our implementation of link-state routing, whenever a node becomes clusterhead, or whenever a

clusterhead receives new link-state of the network, it determines the shortest path routes from each one of

its members to all possible known destinations in the network. This shortest path information is kept in
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the clusterhead, and provided to a member node when requested.

4.4 Re-selection of Clusterheads and Gateways

Each clusterhead node periodically (at each time increment ∆t) broadcasts a brief system information

message to its neighbors, indicating its presence and including its availability factor. Each non-

clusterhead node randomly broadcasts a short burst after some period of time indicating that it is alive.

Whenever a link with a non-clusterhead node is broken or formed, the non-clusterhead node sends the

new link information to its clusterhead. The clusterhead updates its link information, and also multicasts

this information to other clusterheads through the backbone network. Similarly, when a clusterhead

receives a multicast from another clusterhead, it updates its link-state matrix, and further relays the new

link information to other clusterheads. Note that this is needed because we have selected link-state routing

as described above. To avoid looping, a link information message indicates its origination node and time.

Each node keeps track of the origination time of the last information message from each clusterhead

source. Thus, only newly formed link information messages are relayed and others are discarded. If a

gateway breaks its link with its clusterhead, then the clusterhead selects new gateway(s).

Each member node of a cluster continuously monitors the availability factor of its clusterhead. When the

availability factor of the clusterhead falls below a certain threshold, then a new clusterhead is chosen.

Note that a smaller threshold will result in frequent changes, thus making the system less stable, whereas

a larger threshold will unnecessarily drain the energy of the clusterheads. So the value of this threshold

has to be chosen appropriately.

The decisions of becoming a clusterhead and giving up the role of clusterhead are only made at the time

increments tx. The gap between the two such consecutive time increments, tx and tx+1, is called as

clustering gap, ∆g. During this clustering gap, the clusterhead nodes remain as clusterhead, and the non-

clusterhead nodes remain as non-clusterhead, irrespective of the topology change.

The time within the clustering gap, may further be divided into smaller time increments of ∆t. During

these smaller time increments, the nodes are allowed to change their clusterheads as they move from one

cluster to another, but no clusterhead will give up its clusterhead role, and no new clusterhead will be

formed. Note that if a non-clusterhead node moves outside the range of all clusterheads, then it will stay

uncovered until then next time for clustering, tx. In this paper the clustering gap ∆g, is considered equal to

∆t. The case of ∆g > ∆t is left for further research.
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4.5 Formal Description of Clusterhead Selection

Having described the clustering decisions on high level, now we formally describe the clustering

mechanism.

The ith node decides at time (t + ∆t):

• To become a clusterhead,  if at time t

- it was not a clusterhead (i.e. yi(t)=0), and

- there were no clusterhead neighbors (i.e. yj(t)=0 for all neighbors j), and

- its availability factor was greater than the availability factor of all uncovered neighbors with

lower node-id (i.e. ai(t) > aj(t), for all uncovered neighbors j < i), and

- its availability factor was equal to or greater than the availability factor of all uncovered

neighbors with higher node-id (i.e. ai(t) ≥ aj(t), for all uncovered neighbors j > i),

• To remain a clusterhead, if at time t

- it was a clusterhead (i.e. yi(t)=1), and

- its availability factor was greater than the availability factor of all clusterhead neighbors with

lower node-id (i.e. ai(t) > aj(t), for all clusterhead neighbors j < i), and

- its availability factor was equal to or greater than the availability factor of all clusterhead

neighbors with higher node-id (i.e. ai(t) ≥ aj(t), for all clusterhead neighbors j > i),

• To takeover the role of clusterhead (i.e. become a clusterhead in the presence of a neighbor

clusterhead),  if at time t

- it was not a clusterhead (i.e. yi(t)=0), and

- there were at least one clusterhead neighbors (i.e. yj(t)=1 for at least one neighbor j), and

- the difference between its availability factor and the availability factor of all clusterhead

neighbors with lower node-id was greater than the availability factor threshold (i.e. ai(t) - aj(t) >

aTH, for all clusterhead neighbors j < i), and

- the difference between its availability factor and the availability factor of all clusterhead

neighbors with higher node-id was equal to  or greater than the availability factor threshold (i.e.
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ai(t) - aj(t) ≥ aTH, for all clusterhead neighbors j > i),

• To assume the role of non-clusterhead in all other cases.

As it is obvious, the decision for becoming a clusterhead, staying as a clusterhead, staying as a non-

clusterhead, and giving up of clusterhead role, for node i, i.e. yi(t + ∆t), is dependent upon yi(t), yj(t), ai(t),

and aj(t),where j is all the neighbor nodes.

Let us define a step function as

u(x) = 0;  for x ≤ 0,   

        = 1;  for x > 0.

Utilizing this step function, the above decisions of clusterhead formation can be mathematically expressed
as:

Thus, the equation (11) represents the function fa which is shown in the Figure 3.

4.6 Protocols

See Figure 2 for the interworking of various protocols. For simulation of the unified clustering

mechanism we have defined several protocol messages. The messages for clustering procotol are

mentioned in Table 3. The messages for the routing protocol, that is, for obtaining routing information,

are listed in Table 4. For data traffic, the application layer, transport layer, and network layer are

combined. These messages for data traffic may be divided into smaller packets by the transport layer.

Table 5 shows these data traffic messages.

(i-1) N

j=1
             + {yi(t)}{∏ u[ai(t) - li,j(t)aj(t)yj(t)]}{∏ (1 - u[li,j(t) aj(t)yj(t) - a i(t)])} +

j=(i+1)

j=1,
j≠i

… … … … … … … … … … … … … … (11)

    {1 - yi(t)}{u[∑ yj(t)li,j(t)]}{∏ u[ai(t) - li,j(t)(aj(t)+aTH)yj(t)]}{∏ (1 - u[li,j(t)(aj(t)+aTH)yj(t) - ai(t)])}
j=(i+1)j=1

 N (i-1) N

 {1 - yi(t)}{1 – u[∑ yj(t)li,j(t)]}{∏ u[ai(t) - li,j(t)aj(t)(1-vj(t))]}{∏ (1 - u[li,j(t)aj(t)(1-vj(t)) - a i(t)])}
j=(i+1)j=1j=1, j≠i

(i-1)  NN
yi(t + ∆t) =
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Table 3: Messages for Clustering Protocol

Message Contents Description

Link Info Broadcast
(LIB)

- source node id
- clusterhead of source
- source availability factor
- node id of neighbors
- clusterhead of neighbors
- cost of link with neighbors

This message is sent by the ith node to all of its
neighbors when the ith node:

- is turned on,
- changes its clusterhead, or
- becomes uncovered.

Link Info Unicast (LIU) Same as for LIB This message is sent by a covered ith node to its
clusterhead when:

- a link to the ith node is broken, or
- a new link to the ith node is formed.

Member Link Info
(MLI)

- source node id
- origination time
- sender node id
- list of member nodes
- cost of link between all

member nodes and their
neighbors

This message is originated by a clusterhead when:

- a member node is added or removed from the
cluster,

- a link to one of its member nodes is broken, or
- a new link to one of its member nodes is formed.

This message is forwarded by a jth node to all its
clusterhead neighbors, except the sender and source
of the message. To avoid looping the jth node checks
if the message has been received earlier, in which
case it is discarded.

System Info (SYS) - source node id
- source availability factor

This message is sent by all clusterheads at each time
increment ∆t, to all of their neighbors.

Beacon (BEA) - source node id This message is sent by all non-clusterhead nodes to
all of their neighbors at random time intervals. If this
message is not received by a node from its neighbor
within a certain period of time, the link with that
neighbor is considered broken.

Table 4: Messages for Routing Protocol

Message Contents Description

Routing Request (RRQ) - source node id
- receiver node id

This message is sent by a node to its clusterhead to
get the routing information.

Routing Response
(RRP)

- source node id
- receiver node id
- next hop for the shortest path

from the receiver node to all
other nodes in the network

This message is sent by a clusterhead in response to
the RRQ message
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Table 5: Messages for Packet Application, Transport, and Forwarding

Message Contents Description

Data Request (DRQ) - source node id
- destination node id
- next hop node id
- packet number
- data contents

This message is sent to request certain data from the
destination.

Data Response (DRP) - source node id
- destination node id
- next hop node id
- packet number
- data contents

This message is sent in response to the DRQ
message.

Whenever a node either receives a packet (DRQ/DRP) for routing to another destination, or originates a

packet for another destination, it checks if it has the routing information. The routing information needed

is the next neighbor node, along the shortest path towards the destination. If the next neighbor node is

known then the packet is forwarded to that node. If the next neighbor node is not known, or if the routing

information has expired (i.e., too old, for which a maximum validity period is defined), or if the next

neighbor node has moved away, then the new routing information is requested from the clusterhead

(using RRQ/RRP). If the routing information for the destination is still unknown then the packet is

discarded. Thus, the routing is best effort, leaving the retrieval of lost packets to the application layer. A

minimum gap between the two consecutive routing requests from a node is also defined to limit excessive

routing requests.

5. EXPERIMENTS AND RESULTS

To test our proposed model, we have chosen an ad hoc network with the following parameters:

• Number of mobile nodes, N = 20

• Service area, A = 1 km2 (1000m x 1000 m)

• Maximum coverage radius, R = 250 m

• Mobility range, 1.5 m/s – 4.5 m/s

Two mobility patterns are chosen. One mobility pattern has random mobile movements throughout the

area, whose results are included in this paper. Each node randomly assumes a mobility value within the

given range at the beginning of simulation, and then moves with that constant mobility at each time

increment in a random fashion. The other mobility pattern has movements of 50% mobiles confined
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within four concentration areas, whereas the rest of the nodes move freely. The concentration areas are

square shaped of 100m x 100m with centers at (250, 250), (250, 750), (750, 250) and (750, 750). The ad

hoc network is run over a span of 16 hour simulation period (this period is found to be sufficient, using

repeated trials, to get converged values of performance characteristics). Note that the performance is

averaged over the last T time period.

Further, we have chosen the following parameters, which are specific to our model:

• Availability factor threshold, aTH = 0.2

• Time period, T = 8 hours

• Incremental time period, ∆t = 0.1 s

The performance is determined for the chosen ad hoc network using the equation (11), simulating (i) a

real system, and (ii) a fictitious system with no information transfer delay. These are described in the next

two sections.

5.1 Real System Simulation

An average of two data requests (DRQ) per node per hour is chosen for traffic. The size of data requests

(DRQ) is 100 bytes and the size of the data response (DRP) is 50 k bytes. The average gap between two

beacons is 1 s, with a maximum of 2 s. The maximum packet size is 1 k byte.

The following are the steps followed during the simulation:

1. Data initialization

2. Update availability factor for all nodes

3. Send messages from all nodes

4. Process received messages at all nodes (i.e. update data, update routing info if clusterhead,

forward packets, select clusterhead, etc.)

5. Increment time by ∆t (or ∆g)

6. Move all nodes

7. Repeat steps 2-6 until the end of simulation period

8. Determine the performance using equations (6) – (8).

The results from the simulation of real system are described in Section 5.3.
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5.2 Fictitious System Simulation

For the fictitious system, all parameters, including the mobility pattern, are same as that for the real

system. The only difference is that all nodes are assumed to have real time information of the whole

network. Thus, it gives the best case performance for the chosen ad hoc network. Therefore, the messages

described earlier in the Section “Protocols”, are not used in the simulation of fictitious system. The

following are the steps of this simulation:

1. Data initialization

2. Update availability factor for all nodes

3. Determine yi(t) for all nodes using the equation (11)

4. Increment time by ∆t (or ∆g)

5. Move all nodes

6. Repeat steps 2-5 until the end of simulation period

7. Determine the performance using equations (6) – (8).

The results from the simulation of fictitious system are described in the Section 5.3.

5.3 Results

The acronyms used in the Figure 4 through 9 are shown in Table 6 below:

Table 6: Acronyms

Acronym Description

S-uni-real Stability of unified system obtained from simulation of real system

G-uni-real Granularity of clusterheads of unified system obtained from simulation of real
system

D-uni-real Clusterhead load distribution of unified system obtained from simulation of
real system

S-uni-fict Stability of unified system obtained from simulation of fictitious system

G-uni-fict Granularity of clusterheads of unified system obtained from simulation of
fictitious system

D-uni-fict Clusterhead load distribution of unified system obtained from simulation of
fictitious system
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S-id-real Stability of node-id based system obtained from simulation of real system

G-id-real Granularity of clusterheads of node-id based system obtained from simulation
of real system

D-id-real Clusterhead load distribution of node-id based system obtained from
simulation of real system

Figures 4 and 5 illustrate the case of unified clustering mechanism: 0<α≤1, 0<β≤1, γ=0, and λ=0, with

random movements. Figure 4 compares the performance characteristics of the unified clustering

mechanism (for the above case) with that of node-id based clustering mechanism (i.e. α=0, β=0, γ=0, and

λ=1). Note that at α=0 and β=1 the clustering mechanism is connectivity-based. Similarly, at α=1 and

β=0 the clustering is mobility-based. Therefore, as α increases (and β decreases), the unified mechanism

gradually changes from a completely connectivity-based clustering to a completely mobility-based

clustering. That is why the stability of the system, S, increases with the increase of α. However, the

granularity of clusterheads, G, increases only slightly with the decrease of β. This is due to the reason that

the nodes are randomly placed in the network with relatively same connectivity. So, there is a significant

increase in the stability without significantly changing the granularity of clusterheads. Another interesting

observation is that the clusterhead load distribution, D, decreases with the increase of stability, S.

Figure 5 compares the performance characteristics results obtained from the real system simulation and

the fictitious system simulation, for the above case. It is clear that the real system simulation results

closely follow the results from the fictitious system simulation. The differences are due to the fact that in

the real system simulation the creation and breaking of links are not realized instantly. For example, when

two nodes come within the range of each other, the new link is only realized when these nodes receive a

message from each other. Another factor that contributes to this difference is that the nodes do not always

have an up-to-date copy of the neighbors’ availability factor.
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Figures 6 and 7 show the case of unified clustering mechanism: 0<α≤1, β=0, 0<γ≤1, and λ=0, with

random movements. Figure 6 compares the performance characteristics of the unified clustering

mechanism (for the above case) with that of node-id based clustering mechanism. Note that at α=0 and

γ=1 the clustering mechanism is based on average clusterhead time. Similarly, at α=1 and γ=0 the

clustering is mobility-based. Therefore, as α increases (and γ decreases), the unified mechanism gradually

changes from a completely clusterhead time-based clustering to a completely mobility-based clustering.

That is why the stability of the system, S, increases with the increase of α. Similarly the clusterhead load

distribution, D, of the system decreases with the decrease of γ. This again shows that the clusterhead load

distribution, D, varies inversely with the stability, S.

Figure 7 compares the performance characteristics results obtained from the real system simulation and

the fictitious system simulation, for the above case. Again it is clear that the real system simulation results

closely follow the results from the fictitious system simulation.
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Figure 5: Performance of unified clustering mechanism
at γ=0, and comparison of results obtained from

simulation and theoretical analysis
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Figure 4: Performance of unified clustering mechanism
at γ=0, and comparison with node-id based clustering,

obtained from simulation
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A third case of unified clustering mechanism: α=0, 0<β≤1, 0<γ≤1, and λ=0, is shown in Figures 8 and 9,

with random movements. Figure 8 compares the performance characteristics of the unified clustering

mechanism (for the above case) with that of node-id based clustering mechanism. Note that at β=0 and

γ=1 the clustering mechanism is based on average clusterhead time. Similarly, at β=1 and γ=0 the

clustering is connectivity-based. Therefore, as β increases (and γ decreases), the unified mechanism

gradually changes from a completely clusterhead time-based clustering to a completely connectivity-

based clustering. That is why the clusterhead load distribution, D, decreases with the decrease of γ. Note

again that the granularity of clusterheads, G, does not change significantly for the reason mentioned

above. Also note the inverse relationship between the clusterhead load distribution, D, and the stability, S.

Figure 9 gives the comparison of the performance results obtained from the real system simulation and

the fictitious system simulation, for the above case. The results are similar in this case also.

Clustering based on mobility and CH time - real system simulation 
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Figure 6: Performance of unified clustering mechanism
at β=0, and comparison with node-id based clustering,

obtained from simulation
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Figure 7: Performance of unified clustering mechanism at
β=0, and comparison of results obtained from simulation

and theoretical analysis
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These results are compared further in Tables 7 and 8. In Table 7, note that the mobility-based clustering

mechanism is more than twice as stable as compared to node-id based, with almost same granularity of

clusterheads, G, and clusterhead load distribution, D. Also note that the mobility-based clustering

mechanism has the highest stability, S, the connectivity-based clustering mechanism has the lowest

granularity of clusterheads, G, and the clusterhead time-based clustering mechanism has the highest

clusterhead load distribution, D, as expected.

We have selected three cases from the unified clustering mechanism as shown in Table 8. Case 1 has

higher stability compared to the node-id based clustering mechanism, without significant change in

granularity of clusterheads, G, and clusterhead load distribution, D. Comparing Case 2 with the

clusterhead time-based clustering mechanism, shows that Case 2 improves the stability by roughly 50%,

with a smaller reduction in clusterhead load distribution, D. Similarly, Case 3 improves the clusterhead

load distribution, D, compared to the mobility-based clustering mechanism for almost the same stability,

S, and granularity of clusterheads, G. Case 3 also shows improvement over connectivity-based clustering

mechanism in terms of stability, S, without significant loss in granularity of clusterheads, G, and

clusterhead load distribution, D.

Clustering based on connectivity and CH time - real system 
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Figure 8: Performance of unified clustering mechanism
at α=0, and comparison with node-id based clustering,

obtained from simulation
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Figure 9: Performance of unified clustering mechanism
at α=0, and comparison of results obtained from

simulation and theoretical analysis
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Table 7: Performance characteristics of individual clustering mechanisms obtained from fictitious system
simulation

Clustering Mechanism G S D

Node-id based 0.34 0.20 0.63

Mobility-based 0.34 0.47 0.65

Connectivity-based 0.29 0.36 0.70

Clusterhead time-based 0.32 0.19 0.91

   Table 8: Performance characteristics of unified clustering mechanism obtained from fictitious
system simulation

Clustering Mechanism G S D

Case 1: α=0.4, β=0.6, γ=0, λ=0 0.36 0.33 0.67

Case 2: α=0.6, β=0, γ=0.4, λ=0 0.32 0.33 0.86

Case 3: α=0.8, β=0, γ=0.2, λ=0 0.33 0.46 0.72

These comparisons show that for each of the clustering mechanism in Table 7, there exists a better

clustering mechanism under the unified approach in Table 8. Thus, we conclude from these results that

not only a trade off between the various performance characteristics can be obtained by manipulating the

control parameters, but the unified clustering mechanism can also be fine tuned to give an overall

improvement in the performance characteristics.

The authors have reproduced the above results against another mobility pattern. In this mobility pattern

four high concentration areas are defined as described earlier. The movement of the 50% of the nodes is

confined within these concentration areas, whereas the rest of the nodes move freely. The results for this

mobility pattern show similar trend as described above, further strengthening our conclusions.
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6. CONCLUSION

We have shown a practical way of measuring certain key performance characteristics of clustering

mechanisms. A comprehensive system model is proposed, which not only covers the existing clustering

mechanisms, but also provides new combinations. We also provide the mathematical background of the

proposed system model. Our proposed model is then verified by choosing an arbitrary ad hoc network

with two different mobility patterns and simulating this network. It is also shown that various clustering

mechanisms can be combined to improve the performance characteristics. Further, we also show that the

stability of the system varies inversely with the clusterhead load distribution.

Although our experiments have been limited to ad hoc networks where each node is one hop away from

the clusterhead, we believe that the unified mechanism can be easily applied to D-cluster formation [17].

7. FUTURE WORK

The unified modeling also opens some new areas for research. It needs to be investigated that how can a

suitable set of the control parameters be determined for a given set of performance characteristics. This

will further lead to dynamic control of the control parameters. The energy may be a critical resource in a

mobile ad hoc network. Therefore, the authors intend to further investigate how the energy can be

considered while making decisions of clusterheads.

The effect of the availability factor threshold on the performance characteristics is also open for research.

Another aspect that needs to be investigated is the effect of increasing clustering gap on the performance

characteristics. Similarly, for the effect of mobility on the availability factor we have chosen an

exponential expression. Although it is shown that it works well, but further investigation is needed to

explore other functions, e.g. linear function.
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