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ABSTRACT
This paper explores the impact of node mobility on DMAC,
a typical clustering protocol for mobile ad hoc networks.
Several protocols for clustering have been proposed, which
are quite similar in operations and performance. We se-
lected one and evaluate the cost of maintaining the clus-
tering 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 per-
formance. The general trend, however, appears to be the
same for networks of increasing size. The second contribu-
tion of this paper concerns mitigating the impact of mobility
over the clustering structure and hence on the overall net-
work performance. We consider a generalization of DMAC
(GDMAC) where rules are established to decrease the num-
ber of cluster updates. Via simulation we have observed that
GDMAC is effective in reducing the clustering overhead im-
posed by mobility, and hence its maintenance cost.

Categories and Subject Descriptors: C.2.1 [Network
Architecture and Design]: Wireless communication.

General Terms: Design, Measurement, Performance.

Keywords: Ad Hoc Networks, Clustering Protocols, Mo-
bility Models.

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. 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 re-
sources (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 design-
ing ad hoc protocols there is the requirement of taking into

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.
PE-WASUN’05, October 10–13, 2005, Montreal, Quebec, Canada.
Copyright 2005 ACM 1-59593-182-1/05/0010 ...$5.00.

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. Another challenge posed by the ad hoc architecture is
the need to find scalable solutions. As for 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 pro-
viding 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. A thorough survey of ad hoc clus-
tering protocols, as well as a performance-based comparison
among some of the most representative solutions, has been
presented in [8]. The vast majority of clustering protocols
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) [7] protocol, and we
evaluate its performance when the network nodes move ac-
cording to the random way point mobility model, the ran-
dom walk mobility model (Brownian motion) [12] and the
Manhattan mobility model [20]. 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 assess-
ment of the impact of mobility on an ad hoc clustering or-
ganization. Based on our observation, we have proceeded to
defined methods for limiting the effect of mobility on cluster-
ing. 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 General-
ized DMAC (GDMAC).

As expected, our observations confirm that the protocol
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,
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hence being able to reduce the time the network is “blocked
for re-clustering” and at the same time the cost associated
to the re-clustering itself.

The aim of this paper is not a comparative study or a per-
formance evaluation of different clustering techniques with
respect to mobility. Rather, we aim at evaluating how much
mobility affects the hierarchical organization of ad hoc net-
works and we propose simple and efficient techniques for
limiting the impact. In our investigation we take into ac-
count realistic network conditions such as packet loss (due
to collisions), increasing network density, unpredictable link
failures, etc. All the performed experiments confirm the
intuitions and expectations behind the basic concept that
was proposed in [6]. The GDMAC protocol is indeed able
to stabilize DMAC cluster structures under different net-
work dynamics. Our ns2-based implementation takes into
account all the realistic physical and MAC layer character-
istics of ad hoc networks. The metrics we considered in
our study concern the part of clustering performance that is
mostly affected by the mobility of the nodes, which include
the following averages.

A. Cluster density, i.e., the number of clusters.

B. 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).

C. 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 GDMAC
in details. Section 4 shows the simulation results for DMAC
and GDMAC in networks where nodes move at different
speeds according to the three selected mobility models. Fi-
nally, Section 5 concludes the paper.

2. RELATED WORK
Clustering protocols for ad hoc networks are roughly divis-

ible 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 of 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 [1], where a circu-
lar 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 net-
works which belong to node centric clustering. Most of the
algorithms that have been proposed are based on two fun-
damental algorithms, lowest ID [4] and highest degree [22].
A generalization of this idea, where each node is at most d

hops from a clusterhead is proposed in [2], where a proto-
col 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. [19] present
a node-ID based algorithm which is adapted from the early
LCA algorithm of [4], as well as on the degree based al-
gorithm from [17]. In [19] 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 [17], the same procedure is performed where
instead of considering a node ID a clustered is selected con-
sidering nodal degree (the number of a node’s neighbors).
Basagni [6] proposed the weight based algorithms DMAC
and GDMAC (details of which are given in the next section).
These algorithms assume only local (1-hop) information and
are quite fast and message efficient compared to those requir-
ing global topology information [13]. In ARC [10] a cluster
change only occurs when one cluster becomes a subset of
another which helps in improving the stability of the clus-
ters. [14] uses mobile agents for this purpose. 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 [3,9,15] the mobility pattern
of the nodes is considered for forming the clusters. In [3]
the mobile nodes are organized in variable-sized non over-
lapping clusters, while in [15] the clusters are of variable
diameter. The algorithm proposed in [3] uses a combina-
tion of both physical and logical partitions of the network
for the clustering, while similar moving nodes are grouped
together in [15]. Basu et al. [9], similarly to the lowest ID
solution, is a weight-based clustering algorithm where ag-
gregated local mobility (ALM) is used to elect a clusterhead.
The ratio between received power levels of successive trans-
missions between a pair of nodes is used to compute the
relative mobility between neighboring nodes.

Different from the node-centric solutions in ad hoc net-
works are the cluster-centric ones, also know as k-clustering.
A k-cluster is made up a group of 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 spe-
cific node designated as clusterhead. In [18], an algorithm
for achieving clique partitioning (where k = 1) and main-
tenance of the cliques in the face of various network occur-
rences is presented. The (α, t)-cluster approach is proposed
in [21], where dynamically organizing mobile nodes group
themselves into clusters in such a way that the probabil-
ity of path availability between the nodes of the clusters
can be bounded. Clustering solutions for unit disk graphs
(UDG, one of the model used for representing ad hoc net-
works mathematically) are presented in [16]. 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 span-
ning 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 cluster-
ing. There are also some other algorithms that have im-
plicit constraints on the cluster diameter [5,21,23]. In [5] a
distributed implementation of a centralized clustering algo-
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rithm 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 hi-
erarchical 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 net-
work. The cluster formation is then run bottom-up, where
subtrees are made into clusters that meet the size require-
ments. [25] discusses 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 [8].

3. DMAC AND GDMAC
In this section we describe the operations of the Dis-

tributed and Mobility Adaptive Clustering (DMAC) proto-
col. 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 start-
ing the protocol, a DMAC node computes its weight, i.e., a
real number > 0 which indicates how good that node is for
serving as a clusterhead. For instance, the weight could be
computed based on the node’s residual energy or on its cur-
rent 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, which 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) neighbor-
hood will declare itself a clusterhead. Consequently, all its
neighbors become ordinary nodes. This prevents two clus-
terhead to become neighbors, thus obtaining a well-spread
set of clusterheads throughout the network. According to
DMAC specifications [7], 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 (re-affiliation). Another in-
stance of re-affiliation happens when two clusterheads come
into the hearing range of each other, only the “heavier” (in
terms of weight) one stays clusterhead, while the other one
becomes its ordinary node. The ordinary node that resigned
from the role of clusterhead must affiliate with the biggest
neighboring clusterhead. If none is in range, the node be-
comes a clusterhead itself (election). In this way DMAC is
able to accommodate network dynamics due to node mo-
bility and to the arrival of new nodes at a later time. 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 new node.

It is clear that, dependently 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 numer-
ous role changes among nodes. This “ripple effect” of proto-

col DMAC-like has been studied in [11] which 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).

A possible solution for decreasing the number of mobility-
dependent changes (election and re-affiliations) involves re-
laxing the quite strict DMAC requirements that forbid neigh-
boring clusterheads and that force an ordinary node to al-
ways affiliate with the bigger among its neighboring clus-
terheads. The Generalized DMAC protocol, GDMAC, was
defined with this purpose in mind. GDMAC operations are
based on the value of two parameters H and K which helps
in mitigating the DMAC “chain reaction.” Up to K ≥ 0
clusterheads are now allowed to be neighbors. Furthermore,
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 .

It is clear that GDMAC is indeed a generalization of
DMAC. The DMAC protocol is obtained when both K and
H are set equal to 0, which can be meaningful in static or
quasi-static networks. The higher is the value of H , the
less likely a node will switch to a new neighboring cluster-
head. The parameter H implements the idea that a cluster
re-organization is needed only when the new clusterhead is
really better than the current one. Parameter K controls
the spatial density of the clusterheads. Having K = 0 en-
sures 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 lead-
ership when up to K − 1 clusterhead with bigger weights
become its neighbors.

4. SIMULATION RESULTS
We have investigated via simulation the impact of mobil-

ity over both DMAC and GDMAC. The two protocols have
been implemented in the VINT project network simulator
ns2 [24].

Our study has been concerned with the following metrics
(all averages).

1. Cluster density, i.e., the number of clusters formed
during the simulation time.

2. Cluster stability, which we define as how much a clus-
ter remain the same (“stable”) while the nodes move.
The stability of a cluster is measured with respect to:
1) Cluster lifetime, i.e., how long a node is a cluster-
head; 2) Residence time, which is the affiliation time of
an ordinary node to a particular cluster, and 3) status
changes, i.e., the number of status changes per node
(election and re-affiliations).

3. Message complexity per node. This is the total number
of CH, JOIN and RESIGN messages sent by a node.

Our ns2 implementation is based on the CMU wireless
extension, i.e., on the use of the IEEE 802.11 MAC with the
DCF [24]. Our simulations refer to mobile scenarios where n
wireless nodes with maximum transmission radius of 250m
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move in a geographic square area of side L. The mobil-
ity models we considered in this paper are the random way
point (RWP) model, the random walk (RW) model and the
Manhattan (MAN) model. 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 [minspeed,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 time period before starting the pro-
cess again. The random walk mobility model mimics erratic
movement. In this model a node moves from its current lo-
cation to a new location by randomly choosing direction and
speed. The new speed and direction are both chosen from
predefined ranges [speedmin,speedmax] and [0, 360]. The
Manhattan model, first introduced in [20], describes a real-
istic city mobility model (i.e., it depicts how a node might
move in a city surrounding). This model requires the sim-
ulation area to be divided in horizontal and vertical blocks
(here 10) and the nodes are forced to move along predefined
paths between the blocks with predetermined speed. At the
end of a block a node pause (for 5s) and then it decides
whether to turn or continue to travel in the same direction
with some probability (here 0.5).

We make the common assumption that two nodes are
neighbors if and only if their Euclidean distance is ≤ 250m.
The simulations have realistic MAC and physical layer char-
acteristics where packets might get lost due to the under-
lying channel conditions and due to possible collisions and
need to be re-transmitted. The nodes beacon their presence
periodically (here, every half a second) and the drifting in
of a new node is realized when the nodes hear the beacons
of a new neighbor. Similarly when a node does not hear
beacons from its neighbor within a certain amount of time
(here 3s), it assumes the 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 1000m. 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 the simu-
lation time is 1000 seconds. 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. Sim-
ulations are performed where the speed of the nodes is 2, 5
and 10m/sec.

4.1 Cluster density
Our first metric concerns the average number of clusters

formed during the simulation time. Cluster forming and up-
dating 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) with node mobility of 2m/sec
are shown in Figure 1(a), Figure 1(b) and Figure 1(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 clus-
ter is a little less than 10, and for the Manhattan model the
average value is 22. For DMAC (K = 0), the average num-
ber of clusters levels at 10 (RWP), 5 (RW) and 14 (MAN)
when n increases. This is clearly because GDMAC allows
clusterheads to be neighbors.
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Figure 1: Average cluster density

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

4.2 Cluster stability
Figure 3(a), Figure 3(b) and Figure 3(c) show cluster life-

time (in secs) over the total simulation time. For the RWP
and MAN models, lifetime for both DMAC and GDMAC
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 clusters’ lifetime. However for the RW model
speed does not have too much of an impact on the cluster
lifetime since the nodes tend to stay in the center of the sim-
ulation area most of the time, which results in static/quasi-
static motion. As expected, the protocol GDMAC tends to
be more stable than its specific variation DMAC.
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Figure 3: Cluster lifetime for varying speeds

Figure 4 shows the residence time (in secs) of the ordinary
nodes for DMAC and GDMAC. For the RWP and MAN
models we see that with increasing velocity the clusters be-
come less stable forcing both the ordinary nodes and the
CHs to move away more rapidly, thereby forcing the aver-
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age residence time of ordinary nodes in any particular cluster
to drop. In GDMAC this pattern is also observed but the
introduction of H and K makes GDMAC more stable than
DMAC. For the random walk model though velocity has no
major impact, GDMAC is more stable than DMAC.
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Figure 4: Residence time for varying speeds

Figure 5(a), Figure 5(b) and Figure 5(c) show 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 such status changes increase with speed for RWP
and MAN models.
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Figure 5: Elections and re-affiliations

4.3 Message complexity
Figures 6(a), 6(b) and 6(c) show 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 this costs in terms of energy per
node. The number of messages sent increases with larger
values of n until it levels off. This is because with increasing
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n there is a greater 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.
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Figure 6: Number of messages sent

5. CONCLUSIONS AND FUTURE
RESEARCH

In this paper we investigated the impact of different kinds
of mobility on a typical clustering organization for a mo-
bile ad hoc network. The DMAC protocol has been demon-

strated via simulations with respect to metrics relevant for
assessing clustering performance, especially in the face of
nodes mobility. Once we determined the impact of different
mobility models on the selected clustering, we have proposed
and studied a simple variation to the basic DMAC. The re-
sulting protocol, GDMAC, has been proven outperforming
DMAC with respect to all the considered metrics. In partic-
ular, we observed that GDMAC results in good performance
independently of the mobility model considered.

Based on the current results, we will keep investigating
clustering and mobility into two main directions. First of
all, we intend to explore some other metrics, such as en-
ergy cost (in case the nodes are energy constrained, as in
wireless sensor networks), and those metrics related to con-
structing 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 investigated in this paper.
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