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Abstract

In this paper we develop and analyze a wireless wave leader election protocol (WWLE) for

wireless mobile ad hoc networks, with emphasis on the resulting energy consumption. Within the

operating system of the EYES architecture we apply a power model to schedule tasks in order

to minimize energy consumption. This model is applied to evaluate the protocol for di�erent

network topologies, taking into account mobility. Performance indications are the number of

rounds and exchanged messages and power consumption. The capabilities of a node being a

leader (like available resources such as battery energy, network capabilities, etc.) are integrated

in the algorithm. The results of simulation show that the algorithm is eÆcient in number of

rounds and number of messages, and these result in a low energy consumption.

Keywords: leader election, sensor network, distributed processing, energy consumption, power

model, operating system

1 Introduction

In this paper we will deal with leader an election protocol for energy eÆcient mobile sensor networks
in which we take into account irregular topologies and mobility of the nodes. In particular we will
look at the power model and performance of the protocol.

The vision of ubiquitous computing requires the development of devices and technologies that
can be pervasive without being intrusive. Small sensors with communicating capabilities and low
processing power tend to become more and more familiar devices nowadays. The basic component of
such a smart environment will be a small node with sensing and wireless communications capabilities,
able to organize itself exibly into a network for data collection and delivery. Realizing such a sensor
network presents many signi�cant challenges, especially at the architectural, protocol, and operating
system level. Major steps forward are required in the �eld of communications protocol, distributed
data processing, and application support.

The focus of this paper is a distributed protocol for leader election in which we analyze the
energy consumption consequences by using an energy model within the operating system. This work
is performed within the EYES project [1], which is a European research project (IST-2001-34734)
on self-organizing and collaborative energy-eÆcient sensor networks. It addresses the convergence
of distributed information processing, wireless communication and mobile computing. Some of its
goals imply developing the architecture and the technology needed for building self-organizing and
collaborative sensor networks using recon�gurable smart sensor nodes, which are self-aware, self-
recon�gurable and autonomous. This technology will enable the creation of a new generation of
sensors, which can e�ectively network together so as to provide a exible platform for the support of
a large variety of mobile sensor network applications.

The purpose of this paper is to present a distributed protocol running on the EYES sensor network.
The leader election algorithm is a typical and often used distributed protocol within one or more
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Figure 1: Sensor network layers overview

(sensor) networks. In this paper we develop and analyze a wireless wave leader election protocol
(WWLE) for wireless mobile ad hoc networks, with emphasis on the resulting energy consumption. It
demonstrates the functionality of the operating system, addresses technical issues (as communication
implementation details) and implies an energy consumption analysis.

This paper is organized as it follows: Chapter 2 describes the EYES network characteristics. It
focuses on the model of the sensor nodes and provides a mathematical model of the energy consumption
of such a node. The next chapter describes the EYES operating system requirements and present its
major characteristics. Chapter 4 is dedicated to a new and eÆcient leader election protocol for mobile
sensor networks. Several simulation results are given in order to characterize its performances. This
model is applied to evaluate the protocol for di�erent network topologies, taking into account mobility.
Performance indications are the number of rounds and exchanged messages and power consumption.
The capabilities of a node being a leader (like available resources such as battery energy, network
capabilities, etc.) are integrated in the algorithm.

The paper �nishes with discussions and directions for future work.

2 EYES sensor network characteristics

In the EYES architecture we have two distinct key system layers of abstraction: the sensor and
networking layer, and the distributed services layer. Each layer provides services that may be spon-
taneously speci�ed and recon�gured. On top of this architecture applications can be built using the
sensor network and distributed services.

The sensor and networking layer contains the sensor nodes and the network protocols. Ad-hoc
routing protocols allow messages to be forwarded through multiple sensor nodes taking into account
the mobility of nodes, and the dynamic change of topology. Communication protocols must be energy-
eÆcient since sensor nodes have very limited energy supply. Some sensors may process data streams,
and provide replication and caching.

The distributed services layer contains distributed services for supporting mobile sensor applica-
tions. Distributed services co-ordinate with each other to perform decentralized services. We have
identi�ed two major services. The lookup service supports mobility, instantiation, and recon�guration.
The information service deals with aspects of collecting data. This service allows vast quantities of
data to be easily and reliably accessed, manipulated, disseminated, and used in a customized fashion
by applications (see Figure 1).
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Figure 2: Sensor node

2.1 Sensor node architecture

There may be di�erent types of sensors in a network, with di�erent levels of functionality and di�erent
roles. We use two kinds of sensor nodes for our experiments: a high-end sensor node that is capable
of performing signi�cant computation, and a low-end node (see Figure 2), that will have the basic
functionality of the system, but whose processing capabilities are very limited.

The main processor used in the project is MSP430F149, produced by Texas Instruments [2]. It is
a 16-bit processor and it has 60 Kbytes of program memory and 2 Kbytes of data memory. It also
has several power saving modes. A node is also equipped with an auxiliary serial EEPROM memory
of 8 Megabits (used for application and data storage). The access time of this memory is low, so it
will have the function of a secondary storage for data and memory.

The communication function is realized by a TR1001 hybrid radio transceiver [3] that is very well
suited for this kind of application: it has low power consumption and has small size.

The network has the following characteristics: it is an ad-hoc, multi-hop wireless network in which
we assume bidirectional communication (at least at this step in the design and analysis). This means
that we do not have a given topology and any two nodes might not have a direct connection. At a
certain moment of time a sensor can transmit or receive information; they do not have the capability
of monitoring the channel while transmitting information.

Due to battery power, the algorithms employed must be energy aware and in times of inactivity
the nodes should stay in a low power mode. It should be noted that where is a signi�cant di�erence
between the "sleep" state (with very low power consuming) and the "listen to channel" state (when
almost 40% of the energy needed to transmit is used). State transitions can take a signi�cant amount
of time.

2.2 Mathematical energy consumption model of a node

In this section we present a basic version of an energy model for a sensor node. The aim of the model
is to predict the current energy state of the battery of a sensor node based on historical data on the
use of the sensor node and the current energy state of the battery.

In general a sensor node may consist of several components. The main components are: a radio, a
processor, a sensor, a battery, external memory, and periphery (e.g. a voltage regulator or debugging
equipment). In the presented model we consider only the �rst four components. The external memory
is neglected in this stage of the research since its use of energy is rather complex and needs an own
energy model if the memory is a relevant part of the functional behavior of the sensor node and not
only used for storage. The periphery can be quite di�erent and, thus, can not be integrated in an
energy model of a sensor node in a uniform way.

For the battery we assume that the usage of energy by the other components is independently of
the current energy state of the battery. This implies that the reduction of the energy state of the
battery depends only on the actions of the di�erent components. Furthermore, we do not consider a
reactivation of the battery by time or external circumstances. Based on these assumptions, it remains

3



to give models for the energy consumption of the three components radio, processor, and sensor.
The base of the model for the energy consumption of a component is the de�nition of a set S of

possible states s
1
; : : : ; sk for the component. These states are de�ned such that the energy consumption

of the component is given by the sum of the energy consumptions within the states s
1
; : : : ; sk plus the

energy needed to switch between the di�erent states. We assume that the energy consumption within
a state sj can be measured using a simple index tj (e.g. execution time or number of instructions)
and that the energy needed to switch between the di�erent states can be calculated on the base of
a state transition matrix st, where stij denotes the number of times the component has switched
from state si to state sj . If now Pj denotes the needed power in the state sj and Eij denotes the
energy consumption of switching once from state si to state sj , the total energy consumption of the
component is given by

Econsumed =

kX

j=1

tjPj +

kX

i;j=1i6=j

stijEij : (1)

In the following, we describe the state sets S and the indices to measure the energy consumption
within the states for the radio, processor, and sensor:

� Radio - for the energy consumption of a radio four di�erent states need to be distinguished: o�,
sleep, receiving, and transmitting. For all these four states the energy consumption depends on
the time the radio has been in the state. Thus, for the radio we need to memorize the times the
radio has been in the four states and the 4� 4 state transition matrix representing the number
of times the radio has switched between the four states.

� Processor - in general, for a processor three main states can be identi�ed: o�, stand by, and
active. We assume that the energy consumption depends on the time the processor has been in
the state (within the active state multiple state might be identi�ed based on clock speeds and
voltages).

� Sensor - for a (simple) sensor we assume that only the two states on and o� are given and that
the energy consumption within both states can be measured by time. However, if more powerful
sensor are used, it may be necessary to work with more states (similar to the processor or the
radio).

The energy model for the complete sensor node now consists of the energy models for the three
components radio, processor, and sensor plus two extra indicators for the battery:

� for the battery only the energy state Eold at a time told in the past is given

� for each component, the indices Ij characterizing the energy consumption in state sj since time
told and the state transition matrix st indicating the transitions since time told are speci�ed.

Based on this information an estimate of the current energy state of the battery can be calculated by
subtracting from Eold the sum of the consumed energy for each component estimated on the base of
equation (1).

Since the energy model gives only an estimate of the remaining energy of the battery, in practice
it may be a good approach to use the energy model only for limited time intervals. If the di�erence
between the current time and told gets larger than a certain threshold, the current energy state of the
battery should be estimated on the base of measurements or other informations available on the energy
state and Eold and told should be replaced by this new estimate and the current time. Furthermore,
the indices characterizing the states and the state transition matrix are reset for all the components
of the sensor node.

3 EYES Operating system

In the EYES system we incorporate the energy model into the operating system. It deems to be crucial
to apply the lowest operating state for the various components and the scheduler of the operating
system should take this into account. In this section we introduce the basic concepts of the operating
system.
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3.1 EYES operating system requirements

Probably, the expression "operating system" is not the best description of the software we are de-
veloping. Still, we will be using this term because we are trying to o�er as many facilities as the
limited resource environment allows. Our system should come as close as possible to a fully featured
operating system.

The main characteristics of the operating system are: small size, power awareness, distribution
and recon�guration. To these main features several other speci�c requirements are added that are
described below.

� A small code size of the system is necessary because the given memory is small. At �rst sight, the
memory constraints are very severe and it seems quite impossible to compact a fully operational
OS within these limits. However, if only necessary functionalities are implemented and modi�ed
to suit our application, it possible.

� Power awareness is an obligatory condition for our system because the low-end nodes are battery
operated. The batteries are monitored so the microprocessor can �nd out at any time how much
power is still available. So we treat energy as a special resource, and take certain measures when
it reaches a certain (low) level (such as signal this event in the network, and reorganize the
tasks it is willing (and able) to perform). The operating mode of the processor will be selected
according to the actual needs.

� The network as a whole must behave as a distributed system because a central server will
not be available. Still, the nodes have to able to organize themselves into clusters and elect
cluster leaders. This has several advantages, e.g. the single point of failure disappears and the
communication load on closest nodes to the central server is no longer a problem.

� Failure of network nodes will be regarded as a "regular" phenomenon due to the large number of
nodes with �nite energy (possibly deployed in a harsh environment) and also due to the mobile
nature of the nodes. The network will have the ability to recon�gure itself and to support several
classes of failures (starting with crash-failures up to Byzantine behaviors)[4][5].

3.2 EYES operating system characteristics

The general principles described in the previous section leave space for several approaches. We have
chosen the following speci�c guidelines in our design.

One modality to achieve small size of the code and, in the same time, to solve the limited available
energy problem is to design the system to operate on an event-driven basis [ref. tinyos]. This way, the
code can be structured in modules, which will be executed as responses to external events. To allow
this, we must make sure that the code is written in a non-blocking manner.

For example, the programmer should not use loops to scan a certain input port, waiting for a value.
Instead, at the time a new value arrives, it will generate an interrupt that will wake the microprocessor
from the power-saving mode. The operating system will translate it to an event and then pass it to the
appropriate process. From this small description we can �nd out one of the properties of processes:
they should perform their computations, return a value and then enter the sleep mode.

To make things easier and to have a control over the size of the code, a task mechanism is used. A
task de�nes a certain block of code that runs to completion. Each software module can ask for several
tasks to be performed. A task scheduler maintains the execution of tasks. It can be implemented as a
simple FIFO schema [6] or a more advanced one allowing priority and deadline driven executions for
real-time applications (see Figure 3). This allows the system to use the appropriate operating mode
at a certain moment. The interrupts are also seen as tasks that are scheduled to be executed.

The distributed nature of our system requires at least two basic facilities: resource management
and a remote procedure call mechanism. By resource management we mean the operations of resource
request, declaration and allocation. Resource requests appear in the case that a node has to perform
a speci�c computation but does not have enough memory, energy, or even speed. A query will be
submitted to the system (its neighbors) and the ones that can do the computation will respond
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Figure 3: Task scheduler

(resource declaration and allocation occurs). The remote procedure call will be the mechanism that
allows the requester to perform the needed computation using other's node resources.

The system must be robust to node failures. The routing algorithm, implemented also in the
operating system, will be fault-tolerant. Applications built on top of it can rely on it but have to deal
with failures themselves. This is necessary because even if all the nodes work without failures, due to
their mobility, network con�guration can change during a transmission leading to errors.

4 Leader election protocol

Leader election plays an important role in various protocols within mobile sensor networks. Leader
election is required to form clusters within a communication network. Leaders are elected to control
the message traÆc and to perform the message routing. Another example could be the one of electing
certain �xed nodes in such a manner that all the other nodes can determine their geographic position
by reporting themselves to these ones. The main problem we are facing is that of the communication
overload in the network to perform this task. The ideal case would be to have an algorithm that
completes in a small number of steps which involves small size messages and that assumes completion
for any given topology.

As a �rst approach to the leader election problem, we have considered a simple wave algorithm
[4] speci�c to static wired networks. We evaluate the protocol for di�erent network topologies, taking
into account mobility. Performance indications are the number of rounds and exchanged messages
and power consumption.

The basic wave algorithm was chosen for two additional reasons. First of all, because of its
simplicity we can use it to discuss topics as modifying given wired network algorithms to algorithms
speci�c to wireless networks. The second reason is that it completes in a �xed number of rounds and
it involves all the nodes in both transmitting and receiving information operations, so it is a useful
tool for testing the lower layers, their protocols and the hardware involved.

4.1 Previous work

Basic algorithms for distributed systems have been studied for a long time now. In the context of wired
networks optimal algorithms exist for problems such as broadcasting or leader election. However, for
wireless distributed systems results usually cover only particular types of networks and topologies.

The main direction in leader election is on randomized algorithms. The �rst algorithm of this
type was described in [7]. It addresses multi-hop static radio networks. In [8] an improved version is
described as well as a short survey of the existing protocols in the area. A detailed survey on radio
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networks algorithms is presented in [9]. Based on these results several improved algorithms have been
created.

For example, [10] describes a uniform leader election protocol that addresses the case of complete
radio networks (networks in which each node can communicate directly to any other node, or single-
hop networks). The term 'uniform' means that it is assumed that in each time slot every station
transmits with the same probability. The protocol terminates with a probability exceeding 1 � 1=f
for every f � 1 in loglogn+o(loglogn)+O(logf) time slots, where n is the number of nodes. Another
result by the same authors is presented in [11], where they address the case of randomized leader
election protocols in the same type of networks. One of the results obtained states that a leader can
be elected in loglogn+2:78logf+o(loglogn+ logf) time slots. A method of mapping these algorithms
to multi-hop wireless networks without collision detection is given in [12].

In [13] the case of networks in which the nodes are aware of their spatial position is discussed.
An innovative idea presented in this paper is to force a small number of nodes to move along cer-
tain trajectories to deliver messages. This way ooding is avoided and communication between any
two nodes becomes possible. Based on these results, existing leader election protocols can be easily
implemented.

[14] present also two leader election protocols for wireless adhoc networks. They are based on the
assumption of the existence of a low-level layer that provides each node with the list of its neighbors.
Proofs of correctness are presented for the cases when single or multiple topology changes occur.

4.2 Wireless wave leader election protocol (WWLE) overview

As we have stated in the introduction, the starting point for our algorithm was an algorithm described
in [4]. The main idea consists in assigning unique ID-s from an ordered set to each of the nodes in
the network and then elect leader the node with the minimum ID.

Every node maintains a record of the minimum ID it has seen so far (initially its own). At each
round, each process propagates this minimum on all of its outgoing edges. After a number of rounds
equal to the network diameter, a node elects itself as leader if the minimum value seen in this node
is the node's own ID; otherwise it is a non-leader. There are two improvements that can be added
to this algorithm to reduce the number of exchanged messages: a node sends the minimum ID only
after it �rst learns it and if a node receives a minimum ID from one of its neighbors it does not need
to send a message to that neighbor at the next round.

It is shown in [4] that the number of rounds needed to complete this algorithm is equal to the
diameter diam of the network. The number of exchanged messages of the original protocol is diam�jEj

(diam is the diameter of the network and jEj is the number of directed edges).
One of the problems that can arise is that of the willingness of a certain node to become a leader.

For example, a node might not have enough resources to become a leader. The willingness of a node
that can be computed locally by each node and which is a function of the mount of available resources.
A low value is a value means high willingness. Other values place the node on lower levels of desire
to become leader. The notion of ID will be then extended to an ID obtained by concatenation of the
willingness and original ID.

4.2.1 Modi�ed algorithm for wireless networks

One of the di�erences between a wireless network and a wired one is the way the message delivery takes
place. In a wireless network a node transmitting a message will be heard by all nodes in transmission
range in the same time.

We use a time division multiple access scheme to overcome the collision problem. This means that
each node within the network has its own time slot to transmit information (see Figure 4). The time
slots are allocated once for the whole network and are not changed.

We have realised the WWLE algorithm in our wireless network model. There are two improvements
that reduce the number of messages:

� a node will transmit the minimum ID only the �rst time when it learns it (the �rst round and
then only if receiving it from a neighbor);
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Figure 4: TDMA implementation details

� a node will decide on the smallest value to transmit immediately as it has received it and not
at the end of one round.

The last improvement gives us a rule for allocating the time channels to nodes. The leader will be
the node with the lowest identity. The nodes will have channels allocated according to their number:
the node with the lowest ID will transmit the �rst, followed by the node with the next ID number

statesi consists of components:

� u - an ID, initially i's ID;

� min� id - an ID, initially i's ID;

� new � info - a Boolean, initially true.

status 2 funknown; leader; non� leaderg, initially unknown
rounds - an integer, initially 0
timeslot- an integer, initially 0
nrnodes - the total number of nodes (100 in our case)

while (rounds < maximumnrofrounds)
begin

timeslot := timeslot+ 1
transmit:

if new�infotimeslot then
nodetimeslot send minidi
new � infotimeslot = false

receive:
nodej(j 2 outnbrstimeslot) receive min� idtimeslot

if min� idtimeslot < min� idj then
min� idj := min� idtimeslot

new � infotimeslot = true

if timeslot = nrnodes then
timeslot := 0
rounds := rounds+ 1

end
foreach i

if ui = min� idi then status = leader

else status = non� leader

Figure 5: WWLE algorithm
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Figure 6: 2D network

Nr. rounds 2 3 4 5 6 7 8 9
Nr. occ. 40 45160 350071 437733 150474 16063 453 6

% <0.1% 4.5% 35.0% 43.8% 15.0% 1.6% <0.1% <0.1%

Table 1: Simulation results for connectivity 3.6

and so on. This way, we give a chance for the smallest values to propagate from the beginning.
The pseudocode of WWLE algorithm is presented in Figure 5.

4.3 Simulation results

The number of rounds necessary for the algorithm to complete is related to the diameter of the
network. This diameter is not known in most of the cases so we will need an estimation of the
maximum number of rounds. For these purpose we have run several simulations for certain degrees
of nodes connectivity.

We have used a 2D network of n=100 nodes. The nodes were allowed to communicate with their
neighbors as described in Figure 6). The results were obtained after 1,000,000 simulations of di�erent
ID allocations for the same topology.

4.3.1 Number of messages and rounds

Due to the nature of the algorithm it is diÆcult to give an analytical result for the maximum number
of rounds needed by the algorithm to complete for an arbitrary topology. The worst case is obtained
when the nodes are arranged in a line and they can communicate only with their neighbors. The
maximum number of rounds needed in this case is n � 1. The simulation indicates for the used 2D
network never more of diam=2 rounds were needed and in average the number of used rounds was
diam=4 (see Table 1).

The �rst set of results was obtained considering that each node can communicate with the �rst
order neighbor nodes on horizontal and vertical directions (see Figure 6 a)). This gives us an average
connectivity of 3.6. The 100 nodes were arranged in a matrix of 10 rows and 10 columns. Table 1
presents the number of rounds needed for the algorithm to complete. For the algorithm, the maximum
number of rounds can be considered 7 with an error of less than 0.1% or even 6 with an error of 1.6%.
The average number of rounds is 4.74.

The second step is to extend the connectivity to 6.84 by allowing each node to communicate with
the neighbors along the diagonal directions also (see Figure 6 b)). The same 10x10 matrix was used.

Simulation results for this setting are presented in Table 2. The maximum number of rounds can
be considered 4 with an error less than 0.1%. The average number of rounds needed is 2.76.
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Nr.of rounds 1 2 3 4 5
Nr. of occurrences 311 313414 612890 72645 740

% <0.1% 31.3% 61.3% 7.3% < 0.1%

Table 2: Simulation results for connectivity 6.84

Figure 7: Number of messages exchanged between nodes
(I - results for connectivity 3.6; II - results for connectivity 6.84)

Figure 7 presents the number of messages exchanged between the nodes in both sets of simulations.
The medium number of messages exchanged is 245 and respectively 178 messages per total. In the
�rst case, the minimum number of needed messages is 144 and the maximum 426. The exchanged
number of messages in the second case lies between 72 and 325.

The next step is to increase the matrix dimension while maintaining the same number of nodes.
In this way we allow di�erent asymmetric topologies while still maintaining low connectivity. The
results are presented in Table 3.

4.3.2 Mobility issues

Up to now we considered the network to be static or that the nodes change their positions with low
enough velocity such that the topology does not change during a leader election process. In our sensor
network there are two kinds of nodes: �xed and mobiles. The �xed sensors are larger and better
equipped and are better candidates to become the leader. In the next setup we will simulate these
two distinct nodes, in which the mobile nodes have smaller resources and will participate in the leader
election algorithm just to forward data and to learn the new leader.

Now we consider that half of the network will be made up of static nodes and half of mobile nodes.

Matrix dimension 15x15 20x20 50x50
Average connectivity 5.3 5.12 4,89

Average nr. of messages 328.5 353.2 385.8
Average nr. of rounds 4.9 5.5 6.75

Table 3: Extended matrix simulation result
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Probability of topology change static 10% 20% 30%
Nr. of rounds 2.96 1.976 1.967 1.970
Nr. of messages 178 134.78 132.29 132.09

Table 4: Mobility simulation results

Pj(mW ) tr matrix(�s)
j S1 S2 S3 S4
S1 0 S1 ... ... ... ...
S2 0.15 S2 ... ... 288 720
S3 14.4 S3 ... 158 ... ...
S4 36 S4 ... 396 720 ...

Table 5: Radio characteristics

We allow only the static nodes to be possible candidates for the leader election. So, all the mobile
nodes receive the biggest ID available (100). Also, they receive the last 50 timeslots because, as stated
before, the minimum values must get a chance to propagate from the beginning.

The results obtained by simulations are almost identical with the previous case (the same exact
number of rounds and only slight modi�cations in the number of exchanged messages). This is because
in the �rst round, after the �rst 50 messages almost all the nodes values have been changed.

To address topology changes we have modi�ed slightly the algorithm by forcing each node to
transmit the minimum value each time it is its turn (not only when it �rst learns about a minimum
value). Simulations were performed assuming di�erent probabilities of topology change occurring in
each time slot for the mobile nodes. The results are presented in Table 4, in which the network has
connectivity of 6.84. An improvement in medium number of rounds and messages is achieved when
compared to the static network. There is no signi�cant di�erence between the degrees of mobility.

4.3.3 Energy consumption issues

When designing an algorithm energy consumption must be taken in consideration as well. The hard-
ware components can operate in low power modes, so they can be turned to sleep mode when their
function is not needed. It is easy to give an estimation of the consumed energy using the mathemat-
ical modes described at the beginning of this paper. In the following paragraphs we are giving an
estimation of the energy consumption of our algorithm.

We are considering the case of 100 nodes connected as in Figure 6.b. We assume data packet
of 1000 bits, the header (that contains the routing information, data format, time information, etc.)
occupies 100 bits. The ID that needs to be transmitted has 11 bits (4 describing the disponibility of a
node and 7 identifying the node). The maximum transmission speed of the TR1001 is 115.2 kilo bits
per second.

As stated earlier, the main three components are: the sensor, the radio and the processor. We will
focus mainly on the radio component to show what the previous simulation results mean in terms of
energy. First step of this analysis is to identify the power consumption in each of the states for the
radio and also the time spent in each of the states. Some characteristics of the radio component are
presented in Table 5. The four states are, in order: o� (S1), sleep (S2), receive (S3) and transmit
(S4).

Formula (1) gives lets us get some partial results based on the previous data. So, when a node
acts like a transmitter inside a time slot it needs 37�J to transmit the minimum ID it knows. To
receive an ID it needs 14.5�J. So, for the case of 4 rounds of messages in which 178 messages are
transmitted we have a energy consumption of 584mJ (assuming that all of the nodes are listening
when not transmitting). In the worst case in which all the nodes will transmit full length packets at
their time we have an energy consumption of 699,8mJ. If all the network is in the sleep mode, then
the energy consumption will be of only 0.13�J.
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5 Conclusions

In this paper we developed and simulate an eÆcient leader-election protocol for mobile ad hoc sensor
networks.

The results show that the WWLE algorithm is eÆcient in number of rounds and exchanged mes-
sages. Moreover, our protocol takes into account mobility and network topology, whereas related
work merely addresses less general approaches. The development of WWLE algorithm gave us the
opportunity of testing and improving the speci�cations for the lower layers involved in the project.

The simulations were made with the assumption of low network connectivity. However, in practice,
the connectivity is usually larger which would give us better results. In future research we will
investigate the inuence of di�erent MAC protocols and determine possible interactions. Also aspects
of reliability in case of node failure will be studied and integrated in the protocol.

Acknowledgment: we would like to thank Jaap-Henk Hoopman for reviewing a draft version of
this paper. Part of this work is funded by the European Commission within project EYES.
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