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Numerous applications of multi-hop wireless networks benefit from or
require the use of leaders, determined on the basis of some quantifiable
and comparable criteria. In this paper, we propose an efficient scheme
for electing the top K leaders of a multi-hop wireless network with
N ≥ K nodes. The proposed protocol, called WiLE for Wireless Leader
Election, is distributed and, by means of the sole exchange of pack-
ets among neighbors, terminates providing each node with the unique
ID of the elected leaders and their rank. The correctness of the pro-
tocol is analytically proven. WiLE is implemented both on a physical
testbed and in the GreenCastalia simulator. Our experimental evalu-
ations demonstrate the effectiveness of WiLE in determining network
leaders swiftly and efficiently. The performance of WiLE is compared
to that of other previously proposed leader election protocols, Vasude-
van and Raychoudhury. Results show that WiLE determines the top K
global network leaders faster and consuming less energy than previ-
ous solutions. On average, WiLE is shown to complete in 17% of the
time taken by Vasudevan, transmitting 12% of the bytes transmitted by
that protocol. Against Raychoudhury, WiLE takes 34% of the time and
transmits only 23% of the bytes transmitted by Raychoudhury.

1 INTRODUCTION

Multi-hop wireless networks, sometimes referred to as ad hoc networks
or MANETs [3], are a communication paradigm that have found myriad
of applications in different fields, ranging from wireless sensor networks
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(WSNs) [27], to vehicular communications networks (VANETs) [5] and
underwater networking [22]. In general, these wireless networks are char-
acterized by repeatedly re-configuring topologies, due to mobility (e.g.,
MANETs and VANETs) or to the intermittent operations of the network
nodes (e.g., WSNs). Wireless nodes are often battery powered, thereby
requiring a suitable degree of energy efficiency in their operations, especially
those concerning data transmission.

Certain classes of wireless network applications require the election of
one or more leader nodes among the N nodes of the network. These leaders
help with the performing of various special tasks, such as coordination, syn-
chronization, etc. The suitability of a node as a leader is dependent on various
factors, which could include available energy, reliability, fault tolerance, etc.
Using some predetermined criterion for leadership, each node is weighted by
how suitable it is to be leader. The network then attempts to elect the K ≤ N
nodes with the highest weights to be the leaders. Solutions to this problem
have been proposed that, as requested by the nature of multi-hop wireless
networks, are primarily distributed protocols striving to optimize speed, data
transmitted, energy consumption. The aim is to define election schemes that
minimize the time taken to elect the top K leaders, the amount of data trans-
mitted during the election process, and the overall energy consumed by the
protocol. A review of solutions is provided in Section 4.

In this paper, we contribute to the problem of determining of the top K
leaders of a multi-hop wireless network by proposing a new solution that
assigns each node with a rank based on its suitability for leadership. The
protocol is named WiLE (pronounced ‘wily’), for Wireless Leader Election.
Given a networks with N nodes, WiLE ranks all nodes, i.e., assigns to each
one of them a unique number in the range 1 through N . The ranking is based
on the node suitability for leadership, represented by the node weight, a real
number. Through ranking the nodes by weight, WiLE allows the network to
easily identify the nodes that are most suitable for leadership. Ranking is
based on the local exchange of “progress view packets” among neighbors,
thus being distributed and localized. These packets contain lists of nodes with
their corresponding weights and current ranks. As the packet exchange pro-
ceeds, each node maintains a list of nodes and ranks, tracking the progress of
the rank assignment process. Neighboring nodes reach a consensus on which
rank they choose by cross referencing their progress views: If multiple nodes
have the same rank, actions are taken to change conflicting ranks and the new
assignment is communicated to the neighbors. Eventually, each node will
have a view that reflects the state of the entire network. Once every rank on
the list is unique, the nodes with ranks 1 to K are elected the leaders of the
network, and the protocol terminates.
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The effectiveness of WiLE in electing the network leaders is demon-
strated by evaluating its performance when run on networks whose operations
demand energy efficiency, specifically, in scenarios concerning WSN appli-
cations. We compare the performance of WiLE to that of two other leader
election protocols each representing a different approach to selecting the top
K leaders. In particular, we chose two solutions that have been shown to out-
perform all other solutions, namely, the protocols presented by Vasudevan et
al. [31] and by Raychoudhury et al. [28]. WiLE and the other protocols are
implemented in GreenCastalia [4], a freely available network simulator par-
ticularly geared towards wireless sensor networking, modeling energy con-
sumption, as well as MAC and physical layer aspects of WSNs realistically.
In scenarios with varied network sizes, network densities, and packet sizes,
we investigate a few key metrics: total number of packets transmitted, proto-
col completion time, total number of bytes transmitted, and energy consumed
per node. Our results show that WiLE outperforms the compared protocols in
all metrics. Especially in large WSNs with high density (average number of
neighbors per node > 25), we observe that WiLE completes the leader elec-
tion process considerably faster than the compared protocols. This is due to
the lower number of packets transmitted during its execution. Energy con-
sumption is also kept at bay, and nodes running WiLE spend significantly
less energy than nodes running the other protocols. This is achieved by trans-
mitting fewer total bytes over the duration of the protocol.

In order to demonstrate the reliability of the simulation results, WiLE is
also implemented on a physical testbed comprised of 11 wireless network
motes. The testbed topology is recreated within the simulation environment,
so to obtain similar set ups. When WiLE is evaluated in both the physical
testbed and its simulated counterpart the testbed results are found to agree
with the simulation.

The remainder of the paper is organized as follows. Section 2 describes
WiLE in detail and proves its correctness. In Section 3, the performance of
WiLE is evaluated on a testbed with 11 nodes and through simulations on net-
works with increasing size and density. Section 4 summarizes previous works
on leader election for wireless networks. Finally, in Section 5 we conclude
the paper.

2 PROTOCOL DESCRIPTION

In this section we provide a detailed description of our protocol for leader
election. We start by defining relevant notation (Section 2.1). We then
describe protocol operations through algorithms, a flowchart and an example
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(Section 2.2). The section terminates with proof of the protocol correctness
(Section 2.3).

2.1 Notation
WiLE is described by using the following notation:

� The set V is the set of the N = |V | nodes in the network. It is assumed
that N is known to every node (v) in the network.1

� For each v ∈ V , I (v) indicates the unique identifier of node v. This can
be any number, in any suitable base. It is assumed that each node v knows
I (v).

� For each v ∈ V , W (v) indicates the weight of node v. The weight of a
node is the scalar measure of how eligible said node is to be the leader of
the network. This value is assumed constant during the execution of the
protocol.

� By the end of the execution of WiLE every node v ∈ V is assigned a unique
rank R(v) ∈ [1, N ].

� The unique ID, weight, and rank of any node v ∈ V are stored in the tuple
T (v) = (

I (v), W (v), R(v)
)
.

� The progress view P(v) of node v stores the set of tuples{
T (v), T (u1), T (u2), · · · } received so far from its neighbors. This set rep-

resents the node’s view of the network: A map of all nodes that have com-
municated with node v, their weight and their rank.

� The operation transmit〈m〉 represents a node broadcasting a packet whose
payload is m. We assume that these packets are correctly delivered to all
the neighbors of the sender by a finite, yet unpredictable, time. Communi-
cations are asynchronous, i.e., nodes are not supposed to be synchronized.
They broadcast their packets as soon as the protocol generates them.

2.2 WiLE Operations
The protocol is executed at each node v in V . Upon starting its operations,
node v executes the following initialization procedure InitLE (Algorithm 1).2

Each node v initially gets the rank 1 and initializes its set P(v) to its own
current view, i.e., to the tuple (I (v), W (v), R(v)). It is now ready to share its
view with its neighbors, and therefore broadcasts 〈P(v)〉.
1This assumption can be relaxed at the cost of applying schemes for determining the size of a multi-hop
wireless network [13].
2It is unlikely that all the nodes will start the execution of the protocol, or in general, that they will
be “turned on” all at the same time. It is however realistic to assume that all nodes are up and running
within a limited amount of time from when the first node comes alive. Furthermore, although customary
in many wireless network applications, in this case it is not necessary that each node becomes aware
of the identity and number of its neighbors. This might be useful, however, when exchange of packets
at the MAC layer is implemented through one-to-one communication.
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Algorithm 1 InitLE() (executed by node v upon starting its operations)
1: R(v) = 1
2: P(v) = {(I (v), W (v), R(v))}
3: transmit〈P(v)〉

Algorithm 2 ReceiveProgress(〈P(u)〉) (executed by node v upon receiving
〈P(u)〉 from a neighbor u)

1: P(v) = MergeProgress(P(v), P(u))
2: sameRankSet = {T (z) ∈ P(v) : (z �= v) ∧ (R(z) = R(v))}
3: if sameRankSet �= ∅ then
4: lowestW = min(W (z) : T (z) ∈ sameRankSet)
5: if W (v) < lowestW then
6: R(v) = max(R(z) : T (z) ∈ P(v)) + 1
7: P(v) = MergeProgress(P(v), {T (v)})
8: if P(v) has changed then
9: transmit〈P(v)〉

10: if (|P(v)| = N ) ∧ (∀u, z ∈ V : u �= z =⇒ R(u) �= R(z)) then
11: EXIT

The rest of the algorithm is triggered by the reception of a packet con-
taining 〈P(u)〉 from a neighbor u, as detailed in the following Algorithm 2,
ReceiveProgress.

ReceiveProgress begins with the current node v merging its progress view
with the progress view just received from node u. To this purpose it uses the
function MergeProgress. Given two progress views, MergeProgress returns a
progress view where there are no two tuples with the same node ID. Specif-
ically, if the union of two progress views contains multiple tuples with the
same node ID I (z) and different values of R(z), z ∈ V , MergeProgress retains
only the tuple with the greatest value of R(z), and discards the rest.

After this, a new set sameRankSet is created (line 2). This is the set
of all nodes in the newly merged progress view that have the same rank
value of node v. If there is at least one node in this set, then node v has
to decide whether to change its own rank, since all ranks must be unique. To
this purpose, the lowest weight lowestW among the nodes in sameRankSet
is selected and compared to the weight of node v. In the event that multiple
nodes have the same weight, the tie is broken using node IDs. If W (v) is lower
than lowestW , then the current node proceeds to change its rank, setting it
to the largest rank it has seen so far, increased by 1. The progress view is
updated accordingly (line 7). If the progress view for node v has changed
over the course of ReceiveProgress up to this point, then it broadcasts
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FIGURE 1
WiLE execution flowchart for each node v.

the modified progress view to its neighbors. Finally, if node v progress view
has the same size of the network, then node v has received information about
every node in the network. If all nodes in its progress view have unique ranks,
its progress view accurately represents the entire network IDs, weights, and
ranks. The nodes that have ranks 1 to K are the leaders of the network, and
node v exits the execution of the protocol.

To prevent the transmission of redundant information by repeated broad-
casting of the entire progress view, changes to the progress view during the
ReceiveProgress algorithm are tracked. Tuples that were either added or mod-
ified are moved into the reduced progress view Popt (v), which is then broad-
cast using transmit〈Popt (v)〉 in lieu of transmit〈P(v)〉. If the progress view
changes before the reduced progress view is broadcast, those changes are
incorporated into the reduced progress view, overwriting previous changes if
required.

Figure 1 depicts the execution of WiLE at any node v. As soon as WiLE
starts for node v, InitLE (Algorithm 1) is run. Then, the node enters its listen-
ing loop. When the node receives the progress view P(u) from any node u,
it exits the listening loop and runs ReceiveProgress (Algorithm 2). If, by the
end of ReceiveProgress, all of the ranks in the progress view P(v) are unique,
then the protocol terminates for node v. Otherwise, the protocol returns to the
listening loop, and the process continues.
Example. Figures 2 to 6 illustrate the operations of WiLE in a sample net-
work with five nodes. The weights of the nodes are shown in the top-left
corner. Figure 2 depicts the initial state of the network, after the nodes have
initialized the protocol. Figures 3 to 5, focus on the interactions of just
two nodes, namely, nodes B and D. Figure 3 depicts the state of these two
nodes after they have received and processed each others progress views. In
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FIGURE 2
Initial state of the network, after InitLE.

FIGURE 3
Observing the interactions of two nodes.

FIGURE 4
Determination of changes based on weight.

FIGURE 5
After the broadcast from node B.

FIGURE 6
Final progress views, with the determination of
the leader (node C).

Figure 4, the lowest weight is determined. Since W (B) < W (D), node B
modifies its progress view. Between figures 4 and 5, node B broadcasts
its updated progress view. Finally, Figure 5 shows the state of the nodes
after node D has received the updated progress view from node B, thereby
updating its own progress view. Eventually, the network will reach the state
depicted in Figure 6, where the network is fully ranked. At this point, the
nodes with rank 1 to K are elected the leader of the network. For the case
of K = 1, this would be node C , which has the largest weight. For larger
values of K , this would be followed by nodes D, then B, then A, and finally
E , which is in accordance with their weights. In the event of a tie between
weights, the the protocol uses the nodes’ unique IDs to break the tie.

2.3 Correctness
We show that the execution of WiLE on a network with node set V results in
every node v ∈ V attaining a unique rank.
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WiLE can be considered to occur in N discrete operational steps. Each
step corresponds to the number of connected sub-graphs in V , such that, for
each sub-graph L:

� For every node u ∈ L , the progress view P(u) contains the tuples T (v) for
every node v ∈ L . More formally:

[∀u, v ∈ L] :
(
T (v) ∈ P(u)

)

� For every node u ∈ L , its rank R(u) is unique. More formally:

[∀u, v ∈ L]
(
u �= v → R(u) �= R(v)

)

� There exists only one node u ∈ L such that R(u) = 1.

The number of sub-graphs in the network at any given moment is m. When
a sub-graph exchanges its progress view with that of another sub-graph, the
progress views will be merged. This will result in the the nodes from both
sub-graphs getting re-ranked as per the weights of those nodes. When this
happens, the two sub-graphs can be considered to have merged into one, and
the protocol can be considered to have entered the next step. Thus, the current
step at any given point can be expressed as s = N − m + 1.

The proof of correctness by induction is as follows. At any given step
s ∈ [1, N ], it can be said that the predicate C(s) holds true if the network V
can be divided into m = N − s + 1 of the aforementioned sub-graphs. The
base case is simply that C(1) holds true; this is proven in Lemma 1. The
successor case is that if C(s) holds true for some s ∈ [1, N ), then C(s + 1)
also holds true; this is proven in Lemma 2. Finally, the conclusion is that C(s)
holds true for any s ∈ [1, N ], as proven in Theorem 1.

Lemma 1. C(1) holds true.

Proof. At the start of the protocol, every node has a rank of 1. Thus, every
node is a sub-graph of its own. This means that there are m = N sub-graphs
in V . For every sub-graph L:

� The node v = L holds the progress view P(v), such that T (v) ∈ P(v).
� Since there is only one node, there is only one rank R(v), which is auto-

matically unique.
� It has already been established that the rank of the node is 1.

Therefore, C(1) holds true.
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Lemma 2. If C(s) holds true for some s ∈ [1, N ), then C(s + 1) also holds
true.

Proof. Since C(s) holds true, thus V can be divided into m = N − s + 1
connected sub-graphs. Let L1 and L2 be two sub-graphs, such that u ∈ L1

and v ∈ L2 are adjacent nodes. Following Lemma 1, P(u) ⊇ {
[∀l ∈ L1] :

T (l)
}

and P(v) ⊇ {
[∀l ∈ L2] : T (l)

}
.

At some point, u broadcasts P(u) to all of its neighbors, including
v. Shortly thereafter, v receives the broadcast progress view. The node v

merges P(u) with P(v) to create the new progress view P(uv) ⊇ {
[∀l ∈ L1] :

T (l)
} ∪ {

[∀l ∈ L2] : T (l)
}
.

Eventually, the node v broadcasts the new progress view P(uv). Subse-
quently, the node u receives P(uv), and updates its own progress view. Fol-
lowing this exchange, the progress view P(uv) is propagated to all of the
other nodes in both L1 and L2. When every node in L1 ∪ L2 share the same
merged progress view, they are all guaranteed to have unique ranks.

Initially, both L1 and L2 each had a node with a rank of 1. However, after
the two progress views were merged, one of those two nodes would have had
to increment its rank. The other would be the only node left in L1 ∪ L2 with
a rank of 1.

By this point, L1 and L2 can be considered to have merged. Now, the
total number of connected sub-graphs (bearing the aforementioned proper-
ties) remaining is m = N − s. Therefore, C(s + 1) holds true.

Theorem 1. C(s) holds true for any s ∈ [1, N ].

Proof. Following Lemma 1, C(1) holds true. Following Lemma 2, if C(s)
holds true for some s ∈ [1, N ), then C(s + 1) also holds true. Therefore, by
induction, C(s) holds true for any s ∈ [1, N ].

Since C(N ) holds true, that means that every node eventually attains a
unique rank. When every node in the network has a unique rank, the top K
leaders naturally arise from the ordering.

3 PERFORMANCE EVALUATION

We evaluate the performance of WiLE via simulations on networks of variable
size and density, and running it on a small testbed. We start by defining the
node characteristics and the settings used in our experiments (Section 3.1).
This is followed by definitions of evaluated metrics that are investigated for
both simulation-based experiments and on the testbed (Section 3.2). We then
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provide a simulation-based comparative performance evaluation of WiLE
against two leader election protocols for wireless networks (Section 3.3).
After this, we show results from a physical testbed, set up indoors in the
Northeastern University main campus (Section 3.4). Testbed-based results
are also used as a means to validate simulations.

3.1 Node characteristics and settings
The wireless networks considered in our experiments are comprised of
MagoNode++ motes. The MagoNode++ is a low-power wireless mote
featuring an integrated transceiver that uses an IEEE 802.15.4 compliant
2.4 GHz radio module [24]. Its on-board microcontroller uses an 8-bit,
16MHz CPU with 256 KB of ROM and 32 KB of RAM. The MagoNode++
uses a simple CSMA at the MAC layer. The channel data rate is 250 Kbps
per second. The transmission power is −2 dBm.

Each node has a unique ID. The length of a node unique ID (UID) is
16 bits, which is one of the options provided by the IEEE 802.15.4 spec-
ifications [15]. In our experiments unique IDs were assigned to the nodes
randomly, making sure that no two nodes receive the same ID. Each node
has a weight. The weight is a real value, represented by a double precision
floating point variable that is 8 bytes in size. The node weights are randomly
generated and assigned prior to each experiment.

3.2 Performance metrics
Performance is evaluated with respect to the following metrics:

1. Number of packets. This is the total number of packets transmitted by the
nodes in the network.

2. Completion time. This is the time it takes to complete leader election,
in seconds. It is measured as the time from when the last node to start
commences the execution of the protocol to the time when every node
has finished it, i.e., it knows the K global leaders in the network.

3. Bytes transmitted. This is the total number of bytes sent by all nodes
over the duration of the protocol. It is determined by counting the bytes
of each broadcast packet, the MAC layer overhead and the overhead from
the physical layer.

4. Energy consumed per node. This is the average energy consumed by
each node during the execution of the protocol. The energy needed for
transmission and reception is determined using the bytes of each broad-
cast packet, the MAC layer overhead and the overhead from the physical
layer. The byte count is multiplied by the average power needed for trans-
mission and reception and the time it take to transmit or receive those
bytes. The energy consumption for the entire network is calculated, and
that value is divided by the number of nodes.

AHSWN-4759JLM˙V2 10
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3.3 Simulation-based comparative performance evaluation
WiLE and the top-K leader election protocols proposed by Vasudevan et
al. [31] and Raychoudhury et al. [28] are implemented in the open-source
simulator GreenCastalia [4].3 GreenCastalia is an extension of the Castalia
simulator that takes into consideration energy-related aspects of WSNs in
details [8]. Communication and other parameters of the MagoNode++ are
modeled accurately [30]. Packet collisions are determined based on the addi-
tive interference model, according to which simultaneous transmissions from
multiple nodes are calculated as interference at the receiver by linearly adding
their effect. When not transmitting or receiving packets, it is assumed that the
node radios are in sleep mode, i.e., consume negligible energy. This can be
obtained by endowing each node with an on-board wake-up low-power radio
receiver [30].

In our experiments, topologies of different sizes are generated by ran-
domly scattering nodes over a square area of the size 500 m × 500 m. We
only considered fully connected topologies.4 The simulator uses the gener-
ated topologies to evaluate WiLE, Vasudevan, and Raychoudhury. The net-
work size N is varied in {25, 50, 75, . . . , 200}. The topologies so obtained
have nodes whose average number of neighbors (density) varied from 3.6
(N = 25) to 27.5 (N = 200), thus providing insights on the protocol opera-
tions on sparse to very dense WSNs. The number of leaders K to elect is set
to the value of N . The packet size P is varied in {31, 63, 95, 127} B. Sub-
sequently, the corresponding MAC overhead sizes (i.e., the sum of header
size and trailer size) are set to {18, 20, 23, 25} B. These overheads sizes
reflect MAC addressing schemes for proportionally sized packets, based of
the 802.15.4 specification [15]. Results are averages over 1000 simulation
runs for each value of N and P . This achieves a 3.1% statistical precision for
a 95% confidence level. Table 1 summarizes all of the experiment parameters.

The results of the experiments on the simulated randomized topologies are
as follows:

1. Number of packets. Figure 7 shows the total number of packets transmit-
ted during the execution of each protocol, for all packet sizes. It can
be seen that the number of packets increases for larger networks, as
expected: Larger networks must exchange more messages in order to
complete leader election, resulting in more packets being transmitted.
However, the number of packets decreases for larger packet sizes. This
happens because for larger packets more data can be sent in each packet,

3 We describe the two protocols used to benchmark the performance of WiLE in Section 4.1.
4 Our protocol would correctly work also in disconnected networks. In that case it would find the top
K leaders in each of the network connected components.

AHSWN-4759JLM˙V2 11
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Parameter Value
Radio hardware MagoNode++
MAC CSMA
Data rate 250 Kbps
Transmission power −2 dBm
Length of node UID 16 bits (IEEE 802.15.4)
Number of nodes N 25, 50, 75, . . . , 200
Number of leaders K N
Packet size P 31 B, 63 B, 95 B, 127 B
MAC overhead size 18 B, 20 B, 23 B, 25 B
PHY overhead size 6 B
Runs 1000

TABLE 1
Simulation parameters.

which allows protocol messages to be transmitted in fewer overall pack-
ets. In any case, WiLE requires fewer packets transmitted to complete
leader election. WiLE transmits an average of 17% of the number of
packets transmitted by Vasudevan. Compared to Raychoudhury, WiLE
transmits an average of 34% of the number of packets. This is because
both Vasudevan and Raychoudhury build support structures in order to
complete the leader election process. Vasudevan builds a spanning tree
rooted at the node that initiates the election algorithm. Raychoudhury
builds diffusion trees that are rooted at particular nodes in the network.
These support structures require the use of a multiple packet types while
WiLE uses just one packet type. Since WiLE does not use such support
structures, fewer packets are generated and transmitted.

FIGURE 7
Number of packets.

AHSWN-4759JLM˙V2 12
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FIGURE 8
Completion time.

2. Completion time. Figure 8 shows the time taken to complete the election
process for each protocol for P = 128 B. In general, it is observed that
larger networks require significantly more time for the leader election
protocols to complete. Since larger networks result in a greater number of
packets transmitted, there are more collisions and re-transmissions, thus
imposing longer runtime. Irrespective of network size, WiLE is signifi-
cantly faster than all of the compared protocols because of the localized
nature of packet exchange. In the case of Vasudevan and Raychoudhury,
the construction of the support structures using multiple types of packets
and end-to-end messaging results in slower protocol execution. Comple-
tion time is proportional to the number of packets transmitted. Thus, on
the average, WiLE completes in 17% of the time taken by Vasudevan,
and 34% of the time taken by Raychoudhury. Results for other packet
sizes show similar trends. We observe that increased packet size results
in shorter protocol runtime. This is because larger packet size results in
fewer total packets needing to be transmitted, resulting in fewer colli-
sions and re-transmissions.

3. Bytes transmitted. Figure 9 shows the numbers of bytes transmitted dur-
ing the execution of each protocol for P = 128 B. For all protocols, there
is a direct relationship between the size of the network and the number of
bytes transmitted: The larger the network, the more the bytes. This cor-
responds to the increased number of packets exchanged throughout the
network. However, the number of bytes transmitted is not strictly propor-
tional to the number of packets transmitted. Regardless, WiLE resulted
in the lowest number of bytes transmitted of all the protocols. WiLE

AHSWN-4759JLM˙V2 13
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FIGURE 9
Bytes transmitted.

transmits between 6% and 19% of the number of bytes transmitted by
Vasudevan, averaging around 12%. Compared to Raychoudhury, WiLE
transmits between 7% and 38% of the number of transmitted bytes, aver-
aging around 23%. For different packet size we notice similar trends. In
general, we observe that, contrary to intuition, increased packet size cor-
relates with increased bytes transmitted. This is because, even though the
overall number of packets is fewer, the increased overhead of the larger
packets results in more bytes being transmitted.

4. Energy consumed per node Figure 10 shows the amount of energy con-
sumed by each protocol for P = 128 B. Since energy consumption

FIGURE 10
Energy consumed.
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FIGURE 11
Testbed topology.

FIGURE 12
Neighboring nodes in the testbed.

correlates with the bytes transmitted, this too grows with the size of the
network. Again, WiLE consumed the least energy of all the protocols,
with an average of 12% of the energy consumed by Vasudevan and an
average of 23% of the energy consumed by Raychoudhury. As before,
this is mainly due to the localized message exchange, as opposed to the
network wide tree construction and end-to-end messaging scheme of the
other two protocols.

3.4 Testbed-based evaluation
WiLE is also evaluated on a testbed of 11 MagoNode++. The topology of our
network is depicted in Figure 11. The testbed is deployed on level 4 of Snell
Library, in the Northeastern University’s Boston campus. Figure 12 shows
neighboring nodes in the testbed.

Two packet sizes are considered: 47 bytes (the MagoNode++ default), and
128 bytes (the maximum packet size, as per the IEEE 802.15.4 specifica-
tions [15]). The corresponding MAC overhead sizes are set to 19 bytes and
25 bytes, as per the 802.15.4 specification [15]. As with the simulations, the
number of leaders K to elect is set to the value of N . For each packet size,
WiLE is run 1000 times on the testbed. Table 2 summarizes the experiment
parameters.

The results of the experiments on the physical testbed are listed in Table 3.
We observe that the number of packets decreases as packet size increases.

This is expected, since larger packets can transmit more data per packet,
allowing the protocol messages to be transmitted in fewer packets. Simi-
larly, completion time decreases slightly with the larger packet size. This is
because the larger packet size results in fewer packets needing to be transmit-
ted, which reduces the number of collisions. However, the bytes transmitted
and energy consumed per node increases with increased packet size. Despite
the reduced number of larger packets transmitted, larger packets have larger
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Parameter Value

Radio hardware MagoNode++

MAC CSMA

Data rate 250 Kbps

Transmission power −2 dBm

Length of node UID 16 bits (IEEE 802.15.4)

Number of nodes N 11

Number of leaders K N

Packet size P 47 B, 127 B

MAC overhead size 19 B, 25 B

PHY overhead size 6 B

Runs 1000

TABLE 2
Testbed parameters.

Packet Size Number of Completion Time Bytes Transmitted Energy consumed

[B] packets [s] [B] [J]

47 103.7 0.170501339 3317.83 0.006370234

128 93.59 0.165067623 3728.075 0.00715776

TABLE 3
Performance results for the physical testbed.

Packet Size Number of Completion Time Bytes Transmitted Energy consumed

[B] packets [s] [B] [J]

47 102.41 0.167360649 3290.47 0.006317702

128 95.75 0.161772405 3736.75 0.00717456

TABLE 4
Performance results for the simulated testbed.

headers than smaller packets (25 B vs. 19 B, respectively), which contributes
to more bytes being transmitted overall. Since the energy consumption is pro-
portional to the bytes transmitted, this also increases.

In order to verify the accuracy of our simulation results, we replicate the
physical testbed in the simulator, using the same topology (Figure 11). All
of the experiment parameters are the same as the parameters of the physical
testbed evaluation, as listed in Table 2. We run WiLE 1000 times on the sim-
ulated testbed. The results of the experiments on the simulated testbed are
listed in Table 4.
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We observe that the testbed results agree with those of the simulations.
This provides validation of our simulation-based investigation.

4 RELATED WORKS

Several works describe leader election protocols that optimize various cri-
teria, and which operate on different kinds of wireless networks. For
example, Bansal et al. propose three protocols—one deterministic and two
randomized—that strive to minimize the number of time slots required to
execute on a multi-channel wireless network [2]. Olabiyi et al. propose a
clustering hierarchy based leader election protocol for cognitive radio net-
works [23]. This protocol uses the quality of service (QoS) of a cognitive
radio node as part of the leader election criteria, as well as energy and loca-
tion. Finally, Cahng et al. [9] propose a consensus based leader election pro-
tocol that is an improvement on the Bully Election protocol, originally pro-
posed for general distributed systems [14]. This protocol uses residual battery
power and node degree to determine the most eligible leaders, with the gen-
eral aim to optimize energy efficiency as well as network consistency.

Leader election in wireless networks with mobile nodes is more complex.
Protocols for such networks have to be able to account for changes in the
topology. Malpani et al. propose two leader election protocols that are based
on the Temporally-Ordered Routing Algorithm (TORA) [20]. These proto-
cols manipulate the network topology in such a way that it converges to a
directed acyclic graph (DAG), whose sink is the leader. The first protocol can
tolerate a single topology change, and is guaranteed to be correct. The second
protocol can tolerate multiple topology changes. Parvathipuram et al. pro-
pose a message-efficient leader election protocol for single-hop MANETs,
which is proven to guarantee leader election [25]. Combining multiple afore-
mentioned concepts, Masum et al. propose a consensus based leader election
protocol [21]. The proposed protocol uses extrema finding and proves cor-
rectness by evaluating the fairness of the algorithm. Boukerche et al. [6, 7]
propose an improvement to the algorithm described by Vasudevan et al. [31]
to operate on a mobile network. The proposed protocol constructs a span-
ning tree across the network and elects the node with the highest remain-
ing battery life. It is shown that the proposed protocol executes in less time
and with fewer messages than its predecessor. Lee et al. propose a diffusing-
computation, candidate-based leader election algorithm for improved mes-
sage efficiency [19]. Rahman et al. [26] also propose a candidate-based leader
election protocol, which extends the algorithm described in Vasudevan et
al. [31]. Ingram et al. [16] build on ideas first introduced by Malpani et
al. [20], such as using TORA and building a DAG. The proposed protocol is
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proved to guarantee the determination of unique leaders for every connected
component of the topology. Chung et al. describe the Regional Consecutive
Leader Election (RCLE) problem—a stricter definition of the leader election
problem for a dynamic network [10]. An algorithm is proposed, which solves
RCLE in a fixed 2 or 3 dimensional space, without relying on the knowledge
of the number of nodes or a common start-up time. Finally, Chung et al.
improve on the RCLE protocol by bounding the runtime, reducing the mes-
sage complexity, and accounting for the use of non-synchronized clocks [11].

WSNs tend to use a source-sink model for information consolidation. A
typical WSN has a special node called a sink, which gathers all the sensor
information relayed to it from source nodes across the network. The informa-
tion flow can be further streamlined by partitioning the network into clusters,
and having a cluster head act as a local sink for the cluster. Being a cluster
head consumes significant amounts of energy, so cluster heads are intermit-
tently changed to prevent individual nodes from being excessively drained.
This process is known as load balancing. Thus, leader election is a little more
complex for WSNs. Shirmohammadi et al. propose a leader election pro-
tocol that uses clustering hierarchy to elect leaders for clusters, which then
connect to the network sink [29]. Other investigations build upon the cluster
head concept, while focusing on more specific criteria. For example, Dong
et al. propose a resilient cluster head protocol that safeguards against mali-
cious attacks [12]. The proposed scheme focuses on node communication
security. It also makes the network highly resistant to message loss. Going
in a different direction, Akele et al. propose a highly efficient leader-group
based leader election protocol that minimizes the message passing and energy
consumption during election cycles [1]. The proposed protocol is shown to
significantly outperform original and improved versions of the Bully Election
algorithm. In another vein, Khedr et al. consider a stable election routing pro-
tocol that uses compressive sensing cluster head election to build the routing
graph [17]. The described protocol uses probability-based hierarchical clus-
tering approach that uses a heterogeneous 3-tier node setting. Similarly, Kim
et al. propose a routing protocol that employs a novel cluster-head selection
technique [18]. The selection of cluster heads is done using an adaptive, prob-
abilistic scheme.

WBANs share the same complications as WSNs, but with more salient
constraints, since WBAN nodes have to be small enough to be worn on or
implanted in human bodies. Leader election protocols for WBANs have to
be extremely energy efficient, in order to prolong the lifetime of the network.
Zhang et al. propose a cluster leader protocol called Energy-Efficient Leader
Election (EELE), which elects leaders based on their residual energy and
locations [32]. The proposed scheme also implements a hybrid communica-
tion mode to reduce the burden of communication for nodes that are further
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away from the leader. Zhang et al. extend the previous protocol as Reliable
and Energy-Efficient Leader Election (REELE) [33]. This protocol focuses
on node reliability, incorporating a node reliability model and total energy
consumption model, to optimize the longevity of the network.

4.1 Benchmarking protocols
The two protocols we chose to benchmark the performance of WiLE have
been found to be the best performing among those proposed for top K leader
election protocols for multi-hop wireless networks. In this section we provide
a brief description of each protocol. The reader is referred to the original
papers for further details.

Vasudevan et al. propose a protocol for electing the top K leaders of a
wireless network that uses diffusing computation methods [31]. The protocol
operates by growing and shrinking a spanning tree that is centered around a
“source” node, which initiates the algorithm. When the spanning tree con-
struction has completed, the root of the tree has information on the entire
network and the top K ‘heaviest’ nodes. These become the leaders of the
network. The growth of the spanning tree is facilitated by the use of Elec-
tion messages. When a node first receives an Election message, it designates
the sending node as its parent. If a node receives a subsequent Election mes-
sage that is not its parent, it responds with an Ack message. After a node has
received Ack messages from all of its children, it sends an Ack message back
to its parent. If a node does not have children, then it immediately sends its
Ack to its parent. Thus, after the spanning tree has been constructed across
the network, a wave of Ack messages are sent to “shrink” the tree back to the
source node. As the tree shrinks, children send their parents the identifiers
and weights of the ‘heaviest’ nodes in their respective sub-trees. Eventually,
the source node learns the identifier and weight of the ‘heaviest’ node in the
network. Finally, a Leader message is broadcast to all nodes in the network,
informing them of their newly elected leader. For the election of K leaders,
the shrinking of the tree must return the identifiers and weights of all of the
nodes in the network. Then, the source node can sort this information and
select the top K leaders.

Raychoudhury et al. propose a protocol to determine the top K leaders of
a network using diffusing computation methods [28]. Leaders are prioritized
based on the nodes battery power, computational capabilities, etc. The pro-
tocol asynchronously builds diffusion trees, starting by electing the highest
weighted nodes in 2-hop neighborhoods as local leaders. A nodes is initially
designated as White, prompting it to broadcast an Elect message that adver-
tises its weight to its neighbors. When a node has received Elect messages
from all of its neighbors, it sends a Vote message to the neighbor with the
highest weight. A White node that has received Vote messages from all of
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its neighbors changes into a Red node. Eventually, there will be one or more
isolated Red nodes in the network. Each of these local leaders begins con-
structing a diffusion tree by sending a Search message to all its neighbors.
When a White node receives a Search message, it designates the sending node
as its predecessor and the root of the local tree as the visitor. A node tracks
the different visitors from which it receives Search messages, sending Ack or
Nack messages in response, depending on whether the visitor of the received
message is the same as the visitor of the node or not. Eventually, the diffusion
trees reach their boundaries, and begin to shrink towards their root nodes.
Nodes forward their lists of known node identifiers and weights to the root of
their diffusion tree via Signal messages. Red nodes exchange their informa-
tion using Result and Direct messages, until the highest weighted Red node
has information on all of the nodes in the network. This node, now the global
leader, chooses the top K highest weight nodes as leaders, and propagates
this information to the rest of the network with Leader messages.

5 CONCLUSIONS

This paper introduces WiLE, a new top K leader election protocol for multi-
hop wireless networks. Specifically, WiLE ranks each of the N nodes of the
network in the range 1 through N , depending on their suitability for being
leaders. WiLE is implemented on a testbed, to determine a baseline for per-
formance. Then, the testbed is recreated in the GreenCastalia simulator. The
physical testbed and simulated testbed are compared, and their results are
found to be similar, thereby validating our simulation results. Subsequently,
the performance of WiLE is evaluated via exhaustive simulations over ran-
domly generated topologies of wireless networks scenarios, with varying net-
work sizes and packet sizes. We investigated the time it takes to the protocols
to complete the leader election process, the number of bytes transmitted to
execute the protocol, the energy consumed by the execution of the protocol,
and the average number of bytes per message. The performance of WiLE is
compared to that of other top K leader election algorithms. Our results show
that our protocol performs leader election significantly faster than the previ-
ous solutions, while requiring considerably lower amounts of energy.

Future directions of our research include the evaluation of the energy sav-
ings produced by using the assigned ranks as addresses for routing. We are
also considering expanding our testbed experiments. Other directions con-
cern ways of making WiLE more scalable, possibly in conjunction with a
clustering scheme, and of further developing WiLE to more appropriately
deal with network partitions and merges (e.g., due to mobility), as well as
with node failures.
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