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Abstract—
We present a survey of the basic mechanisms and

properties of existing clustering algorithms for wireless
ad hoc networks. Based on this evaluation, we then
propose a new algorithm with improved stability and a
lower communication overhead. This is partly achieved
by using a maintenance function that modifies the ex-
isting clustering structure rather than building a new
one from scratch. Preliminary simulations seem to in-
dicate that the algorithm produces clusters of about the
same size and stability as a comparable existing algo-
rithm, while sending significantly fewer messages.

I. INTRODUCTION

A wireless ad hoc network consists of nodes that
move freely and communicate with each other us-
ing wireless links. Ad-hoc networks do not use spe-
cialized routers for path discovery and traffic routing.
One way to support efficient communication between
nodes is to develop a wireless backbone architecture;
this means that certain nodes must be selected to form
the backbone. Over time, the backbone must change
to reflect the changes in the network topology as nodes
move. The algorithm that selects members of the
backbone should naturally be fast but should also re-
quire as little communication between nodes as possi-
ble, since mobile nodes are often powered by batteries.
One way to solve this problem is to group the nodes
into clusters, where one node in each cluster functions
as clusterhead, responsible for routing.

In this paper, we present a new clustering algo-
rithm, and compare it with existing algorithms. By
using a maintenance function, the objective is to keep
the communication overhead low while still producing
large and stable clusters.

The paper is organized as follows. Section 2 covers
some related work on clustering algorithms. Section 3
presents a new clustering algorithm. In section 4, we

discuss the simulations, where the new algorithm is
compared to existing ones, and present simulation re-
sults. Finally, section 5 concludes with possible direc-
tions for future work.

II. RELATED WORK

Recent work in clustering for wireless networks be-
gan with the work of Gerla and Tzu-Chieh Tsai [3]. In
their algorithms, all nodes start out as clusterheads. In
the first version of the algorithm, if a node hears from
a clusterhead with a lower ID than itself, it resigns and
uses that node as a clusterhead instead. Another ver-
sion uses the degree of the nodes (the number of neigh-
bors each node has) instead of ID to elect clusterheads.
The idea is that nodes with a high degree are good
candidates for clusterheads, since the resulting clusters
will be larger. However, even small changes in the net-
work topology can result in large changes in the degree
of the nodes. This means that the clusterheads are not
likely to stay as clusterheads for a long time, and the
clustering structure becomes unstable. On the other
hand, using the Lowest-ID algorithm, the nodes with
a low ID stay as clusterheads most of the time. This
results in an unfair distribution that could lead to some
nodes losing power prematurely. Amis and Prakash
[4] present additions to these clustering mechanisms
that help avoid cluster head exhaustion by providing
”virtual IDs” to the nodes. They also provide so called
load-balancing to the degree-based algorithm, where
the clusterheads stay clusterheads as long as their de-
gree stays within a certain interval. This increases the
stability, but the drawback is that we do not always
pick the nodes with the highest degree to be cluster-
heads.

In the algorithms mentioned above, all nodes are di-
rectly connected to their clusterhead. The disadvan-
tage is that the clusters are limited in size, while the
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advantage is that the nodes that are neither cluster-
heads nor gateways can stay inactive most of the time,
and fetch messages stored in the clusterhead at any
time, since they have a direct connection to the clus-
terhead. An algorithm that makes it possible to choose
a radius larger than 1 is presented in [1]. This algo-
rithm produces large clusters that are relatively sta-
ble compared to the previously mentioned algorithms.
This algorithm also uses the node’s ID values when
forming the clusters. First, the nodes set their ”win-
ner value” to be their ID number, and broadcast it. If
one node receives a larger winner value than its own,
it switches to the new winner value instead. This pro-
cedure is repeatedr times, wherer are the radius of
the clusters. The result is that the larger ID values
spread through the network. The process is repeated,
except that lower winner values now overtake larger
ones. The purpose is to achieve a balance in the clus-
ter sizes, instead of having the clusters with the largest
IDs be much larger than the others.

In [6], the aim is to create clusters with a size be-
tweenk and2k − 1, wherek is a constant. The dis-
tributed algorithm first creates a rooted spanning tree
covering the entire network. The cluster formation is
run bottom-up, where subtrees are made into clusters
that fit the size requirements. There is no hard limit
on the radius of the clusters, in worst case the cluster
consists of a string of nodes with a diameter ofO(k).
Unlimited radius can result in problems depending on
the application. But, if the highest priority is constant
cluster sizes, this algorithm is the only one covered
here that guarantees the property.

In [5], another algorithm creates a cluster structure
that is, with high probability, a constant approxima-
tion of the optimal solution. In this case, optimal clus-
ter structure is the one that uses the lowest number of
clusters to cover the network at this time. The algo-
rithm is analyzed extensively for the static case, but
there are no simulations that show whether the con-
stant factor would be large or small in real-life situa-
tions.

McDonald and Znati present an algorithm that
forms clusters of nodes that have sufficient probability
to stay connected during a specific time interval [7].
The algorithm requires that movements of nodes in ad
hoc network are predictable, something which might
not always be true.

In [9], Lin and Gerla present an algorithm that dy-
namically maintains clusters in a dynamic environ-
ment. A cluster-based energy conservation algorithm
including the cluster formation is described in Xu et al
[10]. Ryu, Song and Cho [11] suggest that by using a

distributed heuristic clustering scheme, the transmis-
sion power can be minimized. The similar problem
of power control supported by clustering is solved in
Kawadia and Kumar [12]. A hierarchical clustering
Proposed by Bandyopadhyay and Coyle [13] is used
to save energy in wireless sensor networks.

The properties of different clustering algorithms
covered here are summarized in Table I. The algo-
rithms were designed for different purposes, e.g. the
lowest-ID and highest-connectivity algorithms are the
only ones that have a constant time complexity. Other
algorithms have higher time complexity, and the al-
gorithm described in [5] does not scale at all. In ad-
dition to the constant time complexity, the algorithms
described in [3] also use a relatively small number of
messages. The max-min d-cluster algorithm produces
large and stable clusters, but it also uses a large num-
ber of messages since each node broadcasts informa-
tion to every node in its neighborhood. The algorithms
described in [5] and [6] focus on the size of the clus-
ters, but this leads to potential problems. We observe
that the cluster stability could be affected by the focus
on cluster size, but neither paper performs simulations
or other analysis on this issue.

III. N EW ALGORITHM

A. Objectives

1) Time complexity: Existing clustering algo-
rithms that construct clusters where nodes are always
directly connected to the clusterhead normally have a
time complexity ofO(1). This means that the cluster
size cannot grow as the network grows, and the result-
ing clustering structure grows in complexity as well.
It might be necessary to accept slightly larger bounds
in order to achieve larger clusters, but the time com-
plexity should not in any way depend on the size of
the network.

The max-min d-cluster algorithm [1] has a time
complexity of O(d), where no node is more thand
hops away from the clusterhead. This is an acceptable
complexity, sinced can be relatively small (2-3) and
still result in large clusters. The algorithm presented
in [6], however, has time complexity ofO(|E|), and
does not scale. This is because a BFS tree, spanning
the entire network, must be created at the start of the
algorithm. It is necessary to traverse the entire net-
work in order to guarantee that the cluster size will
lie betweenk and2k − 1. The algorithm presented
here has time complexity ofO(r), where no node is
more thanr hops away from the clusterhead. Sincer

is likely to be very small (probably no more than 3),
this is an acceptable complexity.
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Algorithm Properties Complexity Strengths Weaknesses
Lowest-ID
(LCA2) [3]

Clusterhead
selection based on
node ID.
Clusterhead is
directly linked to
any other node in
the cluster.

Constant time
complexity, message
complexity increase
with denseness of
graphs.

Fast and simple
algorithm.
Relatively stable
clusters.

Small clusters.
Some clusterheads
likely to remain for
long time.

Highest-
connectivity
[3]

Clusterhead
selection based on
highest degree,
otherwise same as
LCA2.

Same as LCA2. The nodes with
highest degree are
good candidates for
clusterheads.

Very unstable
clusters.

Max-min d-
cluster [1]

Cluster radiusd,
whered is a
constant.

O(d) time and
storage complexity.

Large and stable
clusters.

High number of
messages sent.

Discrete mo-
bile centers.
[5]

One-radius clusters
are produced. The
number of clusters is
a constant-factor
approximation of
the smallest possible
number.

O(sn) storage
complexity, wheres
is usually small, but
can be up ton.
Time complexity
O(log log n).

Close to optimal
clustering structure
with respect to
number of clusters.

No simulations to
show cluster
stability of the
algorithm.

Hierarchical
[6]

No fixed diameter of
each cluster. Cluster
size< k, 2k − 1 >,
wherek is a
constant.

Time complexity
O(E).

Guaranteed upper
and lower bound on
cluster size.

Slow algorithm.
Cluster radius can
be up tok.

Adaptive
clusters [7]

Created clusters
should be connected
in time t with
probabilityα.

Undefined. α andt can be
varied in order to
adapt to different
mobility rates.

Difficult to predict
future connectivity.

TABLE I
SUMMARY OF DIFFERENT CLUSTERING ALGORITHMS.

2) Message complexity:Our aim is to keep the
message complexity as low as possible. With grow-
ing number of messages sent by an algorithm, more of
the available bandwidth will be used for communica-
tion overhead, and the total power consumption will
increase. The number of messages depends largely on
the radius of the clusters created. In this sense, algo-
rithms that create clusters where all cluster members
are directly connected to their clusterhead, and a node
only needs to communicate with its neighbors, are op-
timal. For the Max-Min D-cluster algorithm [1], there
are two broadcast phases where every node contacts
all the nodes withind hops. This means that the num-
ber of messages sent will increase rapidly as the value

of d increases. While it might be advantageous to cre-
ate clusters with a larger radius than 1, it is important
to avoid unnecessary broadcasting. In our algorithm,
we only use one broadcast phase.

3) Cluster size: Clusterheads selected by an algo-
rithm should cover a large number of nodes, so that
the number of clusters in the network is limited. If
the cluster structure becomes too complex (too many
clusters), the number of messages used to maintain the
routing structure would cause congestion in the net-
work. On the other hand, large clusters impose a large
load on the clusterhead that is responsible for the rout-
ing inside the cluster. Therefore, there should be a
mechanism to prevent the clusters from growing too
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large. The Max-Min D-cluster algorithm [1] creates
clusters with a predefined radius. This does not di-
rectly limit the cluster size, but in practice it creates
an upper bound for the cluster size, depending on the
density in the network. The algorithm presented in [6]
can control the cluster size, but on the other hand it is
not possible to limit the radius for the clusters. A long
distance between the clusterhead and its members can
lead to problems in the routing, such as long delays
and unnecessary long paths. Therefore, we present an
algorithm that creates clusters with a specified radius
rather than limiting the clustersize.

4) Efficient maintenance function:A maintenance
function will be used to split large clusters and direct
new nodes to join existing clusters. Most existing clus-
tering algorithms create new clustering structures from
scratch after a specified time interval. Using the previ-
ously created cluster structure, and handling only the
nodes that have moved out of range of their cluster-
heads, could give a good cluster structure with little
communication overhead. This also promotes clus-
ter stability; a node does not change its cluster until
it is absolutely necessary. The algorithm presented
in [6] performs maintenance until the clustering struc-
ture has degraded, that is, until the number of clusters
has grown too large. The problem is how to decide
when the structure has degraded enough if every node
has only a local knowledge. In our case the mainte-
nance function is interleaved with the traditional clus-
tering function. If only the maintenance algorithm was
run the number of clusters would grow continiously,
since our maintenance function can create new clus-
ters while it lacks functionality for merging clusters.

B. Description of Algorithm

The algorithm consists of two parts, the cluster-
ing part, where a clustering structure is created from
scratch, and the maintenance part, where the existing
clustering structure is modified where necessary.

1) Clustering: The clustering part starts with a
broadcast phase. Each node has a leadervalue, which
is initially set to be the node’s id. Nodes broadcast
their leader values to all the neighbors, and wait for
broadcasts from all of them. When a node receives a
value that is higher than its own, it sets its leadervalue
to the received value. When all nodes have exchanged
their messages, one round of the broadcast phase is
completed. The broadcast phase consists ofr rounds,
wherer, which is a parameter of the algorithm, is the
maximum radius of the clusters that are created. At the
end of the broadcast phase, the larger id values have
spread through the network.

The next phase is the response phase. Each node
remembers where it received its winner value from,
and it sends a response to that node, saying ”this is the
id of my leader”. If a node receives a response mes-
sage with its own ID, it knows that it has been elected
clusterhead. Otherwise, the message is passed on to
the leader. When this happens, the node registers the
sender of the response message as a child node. If
the node that passes the message has chosen another
leader, it changes its own leader to the leader in the
message.

In this phase, it is possible for a noden that has
decided that it uses nodec as cluster leader to receive
a message from a node that has chosen noden as its
leader. When noden becomes a clusterhead, nodes
which includedn on their path to their clusterhead will
be separated from their clusterhead. Therefore noden

must send messages to those nodes, telling them to use
noden as cluster leader instead. Noden’s neighbors
receiveses the adjustment message, and pass it on to
their children.

2) Maintenance: In the maintenance part, the aim
is to preserve as much of the existing clustering struc-
ture as possible, in order to keep the necessary com-
munication to a minimum. The clusterheads will stay
clusterheads, and the nodes that still have an intact
path to their cluster leader will stay in that cluster.
If the path to the cluster leader does not exist any-
more, the node will try to find a new path to a cluster
leader through one of its neighbors. As always, the
path length cannot exceed the maximum allowed clus-
ter radius. If another path to the previous clusterhead
exists, the node will stay in the same cluster in order
to promote stability. In some situations, a node will
not find a way to any clusterhead. In that case, it be-
comes an ”orphan” node and starts up the clustering
part of the algorithm, together with all other orphan
nodes. The nodes that aren’t orphan nodes do not take
part in the algorithm.

C. Analysis of algorithm

Observation 1:The time complexity of the algo-
rithm isO(r)

Proof: The clustering part consists of three
phases. In the broadcast part, each node broadcasts
a message, and waits for reponse from all its neigh-
bors. This is repeatedr times, which gives a time
complexity ofO(r). In the response phase, each node
responds to its clusterhead. Since each node can be
at mostr hops away from its clusterhead, the time
complexity of this part isO(r) as well. In the ad-
justment part, each clusterhead sends a confirmation
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ClusterAlgorithm III.1 The new clustering algorithm
CLUSTERPART()
1 leader value← ID

2 for round← 1 to r

3 do BROADCAST(leader value)
4 wait for broadcasts from all neighbors
5 myLeader ← leader value

6 if myLeader 6= ID

7 then RESPONSE(myLeader)

RECEIVEBROADCAST(value)
1 if value > leader value

2 then leader value← value

3 distanceToLeader ← round

RECEIVERESPONSE(value)
1 if myLeader = ID

2 then if value← ID

3 then tell sending node to use
4 this node as cluster leader
5 if value 6= myLeader

6 then myLeader ← value

7 if value 6= ID

8 then RESPONSE(value)
9 else send adjustment message

10 to nodes that must change cluster

RECEIVEADJUSTMENT(value)
1 myLeader ← value

2 Forward adjustment message to children, if any

MAINTENANCEPART()
1 PINGLEADER

2 if pingResponse is NEGATIV E

3 then JOINREQUEST

4 if joinResponse is NEGATIV E

5 then ORPHANCLUSTERPART

(adjustment) message to all its members, which can
be at mostr hops away. This part therefore has the
same time complexity as the two other parts, and as
the entire algorithm itself,O(r).

Observation 2:All clusters are connected
Proof: When a nodea has chosen another node

b as its leader, it sends a message tob. If a nodec, on
the path between nodesa and b, has chosen another
node as its leader, it changes to use nodeb as leader
instead. In that way, a connection between nodesa

andb is created. Every noden keeps track of all of the
nodes in the cluster such thatn is on the path between

the node and the clusterhead. Ifn changes cluster, it
sends a message to all those nodes, telling them to join
the new cluster instead.

Observation 3:All nodes have at mostr hops to
their clusterhead

Proof: During the broadcast phase, a node id
can travelr hops at most. Therefore, all nodes choose
a leader that is withinr hops or less. The other case
to examine is the situation when nodes switch clusters
during the response phase. We write the distance be-
tween nodesa andb assize(a, b). If a nodec has cho-
sen noded as a leader, and receives a response mes-
sage from nodeb that has chosen nodea as its leader,
we know thatd must be more thanr hops fromb, or
in other words:size(a, c) < size(a, d). If not, node
b would have rejectedd in favor of a, while nodec

would have rejecteda in favor ofd, which is impossi-
ble. That means that for all nodes that initially chose
d as leader, their new leadera is closer, and therefore
no more thanr hops away.

IV. SIMULATIONS

A. Simulation environment

To evaluate the new clustering algorithm and com-
pare it to existing algorithms, simulations was per-
formed. The RouteSim simulator (an event-driven
simulator written in Java, described in [8]) was used
as a tool.

The assumptions was that we had from 100 up to
400 nodes in a200∗200 unit region, and the communi-
cation range of the node was set to 20 units. The nodes
moved according to the random-walk mobility model:
every two seconds, each node was assigned a random
direction and a random speed, and the maximum speed
of the nodes was 10 units, or half the communication
range, every second. Four 60-second movement sce-
narios were produced for different number of nodes,
and each algorithm was run once in each scenario. Ev-
ery cluster change for each node was recorded, and
the size of the clusters was recorded every 2 seconds.
The statistics that have been measured are clusterhead
duration, cluster member duration, clusterhead distri-
bution, number of clusters, distribution of cluster size,
and number of packets sent.

B. Tested algorithms

The new algorithm has been compared to the Max-
Min D-cluster algorithm [1] and the clustering scheme
proposed by Banerjee and Khuller [6]. The Max-Min
D-cluster algorithm is similar to the clustering part of
our proposed algorithm, but instead of one broadcast
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phase it uses two. In the first phase the higher ID val-
ues survive, in the second part the lower. This algo-
rithm like our algorithm produces clusters with a given
radius. In these simulations the radius was set to 2
hops for both algorithms. The third algorithm cn pro-
duce clusters of a given size (betweenk and2k−1), in
these simulationsk was set to 20. This algorithm con-
structs a breadth first tree that spans the entire graph, in
these simulations we have used Dijkstra’s algorithm.
All three algorithms are run every 2 seconds. But for
the new algorithm, the maintenance part was run every
other time instead of the clustering part. Banerjee and
Khuller also propose a maintenance function, which
might have improved the stability somewhat if we had
used it.

C. Results

The simulation results in Figure 1 show that the
new algorithm typically sends less than half as many
messages compared to the other algorithms, probably
largely due to the maintenance function. Our new al-
gorithm produces slightly more, and therefore smaller,
clusters than the Max-Min algorithm (Figure 2), al-
though the difference is small. The average cluster-
head duration (Figure 3) is longer for the Max-Min
algorithm as the number of nodes grow, but a clus-
ter member stays in the same cluster slightly longer
in the new algorithm (Figure 4). This is probably be-
cause a node will stay in the same cluster during the
maintenance part if it is at all possible. Since the ma-
jority of nodes are cluster members rather than cluster
leaders, this is an important factor. The hierarchical
clustering scheme has a very low stability except in
the case with 100 nodes. In this case the stability is
high because most nodes are not connected to the root
node, so they will never be reached by the tree cre-
ation phase. This could have been remedied by having
several nodes starting tree creation phases simultane-
ously, with precedence given to the node with higher
id, but this would also mean more messages sent by
the algorithm.

V. CONCLUSIONS

In this paper, we have presented an overview on
different approaches to clustering in ad-hoc networks.
We have formulated a new clustering algorithm with
the goal to minimize communication overhead, while
still producing relatively large and stable clusters. The
algorithm has together with two existing clustering al-
gorithms been implemented in the RouteSim simula-
tor, and the results show that our algorithm produces
competitive results using fewer messages.
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Fig. 1. Impact of network density on communication overhead.
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Fig. 2. Impact of network density on number of clusters.

In our simulations where the different clustering al-
gorithms have been compered, we have used the ran-
dom walk mobility model. In [2] it is shown that the
performance of an ad hoc network protocol can vary
significantly with different mobility models, as well
as with different parameters using the same mobility
model. Therefore, it is important to use a mobility
model that matches a real-world scenario, or if that
cannot be determined, use several different mobility
models in the simulations. A problem with the com-
mon random-walk model is that it is a memoryless
mobility pattern; the current speed and direction is in-
dependent of the history of the node. This can result in
unrealistic turns. Other mobility models, such as the
Gauss-Markov model [2] can remedy that problem.

In some scenarios, it may be better to use group mo-
bility models, where the nodes move in groups rather
than independent of each other. The Reference Point
Group Mobility (RPGM) model [2] is a general model
that can cover a wide range of scenarios depending on
the parameters. Therefore, we plan to use several new
mobility models in the simulations to see whether the
results differ.

Future work includes analysis of routing algorithms
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Fig. 3. Impact of network density on clusterhead duration.
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for ad hoc networks and a design of a logical (clus-
ter) structure that is optimal for the particular rout-
ing. Matching routing protocols and optimal topolo-
gies under different mobility scenarios for ad hoc net-
works would be the next step.
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