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Wireless Sensor Networks comprise of clusters of low-powered sensor nodes dispersed over a vast area, mostly in
an unsupervised and remote environment, with inadequate computational and detection capabilities. The batteries of these sensor nodes are often small and irreplaceable, which limits the life span of a node. It is therefore
essential to retain the node energy as long as possible, otherwise a large number of nodes would die at an early
stage and the network would become dysfunctional. Numerous protocols are developed for the efficient energy
utilization of a WSN. However, comparing the protocols on a common ground is a big challenge, which has
traditionally been accomplished using simulations and other testing techniques. To cater for the limitations of
these methods we propose to leverage upon the complete and sound nature of model checking i.e., a widely used
formal method. For understanding our methodology, we have created a formal framework specifically to
compare the LEACH protocol with its future extensions LEACH-C and LEACH-F. The proposed approach has been
found to be quite effective in verifying safety, liveness and reachability properties under generalized topologies
of networks. Based on our analysis results, we conclude that LEACH-F protocol is the most energy efficient
among the other alternatives.

1. Introduction
Wireless sensor networks (WSN), depicted in Fig. 1, are generally
composed of small battery-powered sensors. Due to their lightweight and
miniature size, WSNs have been found to be very effective in detailed
monitoring of remote and unreachable localities where installing a wired
framework is infeasible. The main idea in WSNs is that every wireless
sensor node gathers data from an area under its range and routes it to a
central Base Station. Information packets are communicated typically in
a multi-hop fashion towards the base station, employing a specific protocol according to the environments’ needs. The total count of the nodes
may vary from one WSN to another. Contrary to wired systems, which
have separate routers for connectivity and data progression, the nodes of
a wireless sensor network can perform as routers.
The requirement for the sensor nodes to function with small irreplaceable batteries for long periods of time poses numerous challenges
for WSNs. In order to tackle these challenges, instead of reducing the
total energy on the paths, the main focus of the current WSN research is
to enhance the life-span of the network as much as possible. The main
idea is to optimize the way the sensors utilize their energy while ensuring increased connectivity and enhanced network lifetime.
Numerous protocols have been established to overcome the restriction
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imposed by the battery lifetime of sensor nodes, and thus in turn improve the network lifetime. Conventional methods, like Direct
Transmission and Minimum Transmission Energy [1], do not guarantee
the optimized distribution of energy as all nodes directly transmit their
data to the Base Station. The distant nodes are thus at a disadvantage
[2]. The LEACH protocol [3], which assures that energy is dispersed
equally by creating dynamic clusters using a certain optimum probability, overcomes the above-mentioned problems. Given the success of
the LEACH protocol in increasing the lifetime of WSNs, there has been a
considerable interest in the research community about this approach
and various extensions of LEACH have been projected, such as LEACHC [4] and LEACH-F [5].
Analyzing and comparing various LEACH extensions to find out the
optimal configuration for a given WSN scenario is very important.
Traditionally, such analysis is conducted using paper-pencil procedures
or simulations. The paper-pencil based methods do not adjust well for the
large sized WSNs. Moreover, they are prone to human errors due to the
manual nature of the analysis. Simulation based methods are scalable
and are a valuable tool, especially when coupled with analytic methods,
static analysis and real implementations. However, given the safety-critical nature of WSN applications like forest fire detection [6] and border
intrusion [7], the corner cases and hidden errors can easily be identified
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2. Related work
The main objective of our work is to formally verify and compare the
routing protocols based on their lifetime, energy and throughput employing exhaustive model checking. Similar works have been conducted
like the comparative analysis of clustering protocols with probabilistic
model checking [16] using the PRISM model checker [12]. The work
involves the evaluation and comparison of four protocols i.e. LEACH,
GENLEACH, HEED and PANEL, with full state space exploration.
Another thesis [34] works on the modelling and analysis of wireless
sensor networks with energy harvesting capabilities using UPPAAL and
UPPAAL-SMC. It involves the development of a generic modelling framework and creates the formal models in UPPAAL. An analysis of the
energy consumption using UPPAAL is also done in this research [35]. It
creates a sensor network using UPPAAL. Tests and verifies the model
and performs a worst case analysis of energy consumption.
The achievement of energy efficiency through load balancing, which
is a formal verification based comparison of two WSN routing protocols
(RAEED and RAEED-LB) is performed in this paper [17]. Whereas this
[36] proposes a new protocol EBRP (energy balanced routing protocol)
and performs a simulation based comparison with LEACH, LEACH-C and
SEP. A similar research is the proposition of another new protocol ViceCluster-Head-Enabled Centralized Cluster-based Routing protocol (VCHECCR) and its comparison with LEACH, LEACH-C and BCDCP [37].
Then there is the formal probabilistic analysis of a wireless sensor
network for forest fire detection [18]. The authors have used theorem
proving to verify scheduling performance of a real world wireless
sensor network.
Other interesting works with similar objectives are the analysis of
communication protocols for WSNs [19], the formal verification of
routing protocols for wireless adhoc networks [20], the formal performance analysis of wireless sensor networks [21] and the formal
analysis of a scheduling algorithm for wireless sensor networks [22].
Many other systems have been formally checked for their efficiency,
like the Flooding protocol [23], gossiping protocol [24], hybrid systems [25] etc. However, to the best of our knowledge, no formal
comparative analysis of the LEACH protocol and its extensions, which is
the scope of this paper, has been presented in the literature so far.

Fig. 1. A typical wireless sensor network.

using our proposed formal verification techniques. Therefore, there is a
growing interest in formally verifying WSN protocols [8–10]. The main
idea behind formal methods [11] is to mathematically model the given
system and verify its mathematically specified properties in a rigorous
manner. This kind of mathematical analysis ensures compete and sound
investigation, which is a dire necessity for safety-critical applications. As
this method covers all scenarios possible for a system, it does have
memory limitations and models need to be highly optimized to scale
them for larger networks. Thus it may be noted that formal methods
requires a much greater expertise and experience in the field. However,
to the best of our knowledge, there is not a formal analysis of LEACH or
its extensions available in the literature.
In this paper, we formally verify and compare the LEACH protocol
and its extensions. For this purpose, we have used the UPPAAL model
checker. Although numerous model checkers are available, i.e., PRISM
[12], UPPAAL [13], SPIN [14], NuSMV [15], our requirement was
verifying routing protocols in an idealistic real-time environment which
can be best fulfilled by UPPAAL.
UPPAAL employs a set of non-deterministic procedures having finite
control structures and clocks, which contact each other using channels
or shared / global variables. The tool is composed of three parts. A nondeterministic description language, which describes the system functionality using a mesh of timed automata. An example of a model can be
seen in Fig. 6. The simulator is used for the interactive analysis and
verification of the model to ensure correctness for all possibilities. The
model checker automatically generates a full state space of the model
providing all possible scenarios, and generating a trace in case of failure
of a specific property. An example trace is provided in Fig. 2.
In this paper, Section 2 discusses the Related work. The LEACH,
LEACH-C and LEACH-F protocols are described in Section 3. The proposed formal structure along with the taken assumptions and semiformal notations are described in Section 4. We first present the verification results for the three LEACH configurations while considering
one topology in Section 5. This is followed by the verification of these
LEACH configurations for generalized topologies in Section 6. Finally,
Section 7 concludes the paper.

3. Description of the protocols
3.1. LEACH
For optimizing the lifetime of a WSN, all aspects of a node should be
extremely energy efficient, i.e., from the sensor module to hardware
and to the network protocol. In addition to this, the protocol should be
robust enough to withstand malfunctioning nodes and highly scalable
to increase the system’s lifetime.
LEACH is the first protocol, which fulfills all the requirements mentioned above and its basic working is illustrated in Fig. 3. It uses hierarchal routing for WSNs to enhance the network’s life span as shown in
Fig. 4. In the protocol, all nodes of the sensor network categorize
themselves into clusters and assign a node to be a cluster head. The
members of every cluster transmit their information to their respective
cluster head; followed by the cluster head processing and forwarding that
collective information to a remote Base Station. The phenomenon is
explained in Fig. 5. It can thus be deduced that the cluster head consumes
more energy as compared to any other node. LEACH employs the randomized rotation of cluster heads to avoid the drainage of batteries of
individual nodes. In this way, this protocol takes care of energy load and
balances it out across the network. Since a cluster head knows about its
member nodes, it creates a Time division multiple access (TDMA) schedule that notifies each node of its allocated transmission slot. In addition,
it prevents data collision at the cluster head. The functionality of LEACH
is divided into rounds, such that each round is separated into two phases.
The first phase is a setup phase, pertaining to the formation of clusters.

Fig. 2. An example trace file.
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Fig. 5. Flowchart of cluster formation in LEACH.

control. All nodes are elected as cluster heads using a cluster formation
algorithm, which tries to elect every node as a cluster head approximately the same number of times. A random number is generated initially between 0 & 1. The sensor node matches this random number
with a threshold value T(n) [27,28].

Fig. 3. LEACH flowchart.
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Where node n is the one that is checking its compatibility of being a
cluster head in the WSN, p is the percentage of cluster-heads in the
whole network, r is the current round’s number, which is currently
going to start, and G represents those nodes that have not been elected
as cluster heads in the previous 1/p rounds. If the value of the random
number is less than the threshold value, then the node appoints itself as
a cluster head thus following the distributed approach, and the
threshold value updates according to the formula mentioned above.
After the selection of the cluster head, it sends the advertisement
message (ADV) with a unique header that differentiates it as an announcement message. Each cluster head uses the Carrier sense multiple
access (CSMA) media access control (MAC) protocol to broadcast its
signal. All other sensor nodes turn on their receivers to receive signals
and decide which cluster head they would send their own data. This is
determined on the basis of the minimum energy required to communicate with a cluster head, as depicted in Fig. 5.
Cluster heads act as controllers to organize the data transmissions in
their cluster. Every cluster head establishes a TDMA schedule, which it
then shares with the nodes in the cluster to avoid collision among data
messages of sensor nodes.
3.1.2. Steady phase
In this phase, sensor nodes send frames of information to the clusterhead in the assigned transmission slot. The cluster head gathers the data
from its member nodes. Once it receives the data, it compresses and
aggregates it, and outputs this to the base station.
The phase of choosing cluster heads has certain deficiencies, such as
the random selection of the cluster head while ignoring the energy
information. Moreover, the protocol does not avoid the scenarios where
very big clusters having large number of member nodes and very small
clusters exist in the same network in the same round [29]. Various

Fig. 4. LEACH protocol.

Whereas, the next one is the steady-state phase, where the data gathered
from the sensor nodes is transmitted to the cluster heads and then finally
to the base station [26].
3.1.1. Setup phase
In the setup phase of the LEACH protocol, all the nodes in the
network use a distributed algorithm to form clusters without any
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Fig. 6. Formal model for the node.

4. Proposed formal framework for analyzing LEACH

extensions of the LEACH protocol have been developed to overcome
these limitations.

In order to thoroughly analyze routing protocols, a modeling framework has been established that carries an automatic exploration of
the protocols. The proposed formal framework comprises of two constituent models: the BS and the sensor node. Multiple instances of the
node model are initialized, which can either be a CH or a simple sensor
node, based on the considered protocol’s algorithm. The sensor node’s
behaviour to be a CH or not, changes every round. Consider the sensor
node’s model in Fig. 6. Initially the sensor node either appoints itself as
a CH based on equation 1, or the BS appoints it as a CH, depending on
the protocol being used. In the case that it is a normal sensor node, it
transmits its information to the closest CH. But if it is a CH itself, it
waits for all its member nodes to send data to it. When all the cluster
heads in the wireless network receive their respective data then they
forward the gathered information to the BS model, which receives it
and a round is considered complete. A complete detail of the model in
Fig. 6 can be found in our previously published paper “Analysis of
LEACH protocol(s) using Formal Verification”. [31].
The proposed formal framework is based on the following assumptions, which hold in most of the WSNs.

3.2. Improvised LEACH-C
The centralized control algorithm to form cluster heads is the basic
idea of the LEACH-C protocol [4]. This approach results in better
cluster formation as it chooses the cluster heads depending upon their
location in the wireless sensor network.
The sensor nodes, throughout the setup phase of LEACH-C, use a
GPS module to send the data related to their recent location and energy
level. Beside this, the BS ensures balanced dissemination of energy
among the nodes in the network. The Average node energy is computed
by the BS, and the sensor node, with energy less than the average node
energy, cannot be used as a cluster head for the present round [30].
Where MSD is the minimum separation distance, dc represents the
number of desired cluster heads for a network, alive represents the set of
nodes that are alive, energy (n) is the residual energy for node n and avg
is ∑ energy(n) / number of alive nodes.
The BS sends a message to all CHs about CH IDs. A typical node in
the network compares its ID with the ID of a nearby CH, if it’s a match it
appoints itself as a cluster-head. On the contrary, it receives a TDMA
slot from the cluster-head and sleeps until the allocated transmission
slot. The next phase of LEACH-C, known as the steady phase is similar
to the steady phase of LEACH.

• The base station (BS) is considered to be at a large distance from the
network and is immobile.
• All nodes are consistent having a reserved energy and an identifier.
• All nodes can send data directly to the BS, if they have the required
amount of energy.
• Sensor nodes keep monitoring the environment at regular intervals
and always have some information to send to the BS.
• Cluster heads can perform data compression and aggregation.
• No message is misplaced in the communication, i.e., the channel is
error-free. Thus no messages are lost non-deterministically.
• Sensor nodes can change the transmitting power of its transmitter
according to distance.
• The symmetric links in wireless networks are considered in our

3.3. LEACH-F
Another extension of LEACH is LEACH-F [5], i.e., LEACH with fixed
cluster. As the name explains, clusters are formed only once for the
network and only the cluster heads are updated in every round. This
reduces the overhead of the setup phase at the start of every round.
LEACH-F follows the same centralized algorithm as LEACH-C.
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formal models.
The CH is formalized in our model as follows:

N

*{NID = gMember }: (gInformation, gMember )

(2)

To understand the above expression, consider A → B: M where the
message M is being transferred from A to B. The ‘*’ in the equation
represents a broadcast communication. It can be seen that the ‘*’ is
being used in the place of B, demonstrating that the data is sent to every
node residing in the range of A. The statement NID = gMember means
that only the cluster members should receive the data from the CH.
Similarly, the communication from the CH to the BS:

N

Fig. 8. Network models and matrix.

ETx (l, d ) =

(4)

BS: (info)

Similarly, the communication between the BS to all the nodes can be
formally expressed as:

BS

(5)

N : (cluster )

EElec *l +

4
mp*l *d

d

d0

d > d0
(6)

Where ETx gives the energy consumed while transmitting l bits to
another node placed at a distance d and ERx is the energy consumed in
receiving a data of l bits. EElec represents the energy consumed bitwise
when receiving or transmitting. [32]
Now, according to the LEACH protocol, a node selects the CH that is
nearer and thus has an entry of ‘1’ in the topology matrix. If this is not
available then an entry ‘2’ is selected. Similarly, if this is also not found
then the node has no direct links with CHs and in this case the node has
to send its data on its own, given that it has the required energy to do
so, as depicted in Fig. 8.
The query language of UPPAAL comprises of path and state formulae. Path formulae relate to traces of the model, whereas state formulae inculcate individual states. The former can be categorized into
safety, liveness, sanity and reachability properties [33].

The node forwards the data to the BS.
The case when the nodes send data to their BS in LEACH-C can be
formally expressed as:

N

fs*l *d

ERx (l) = EElec *l

(3)

BS: (gInformation, FwdData)

2

EElec *l +

The formal modeling of the LEACH-F protocols is the same as that of
LEACH-C except the fact that the model only applies CH selection in the
first round and uses these clusters throughout the lifetime of the nodes.

5.2. Verification

5. Verification of LEACH configurations for a fixed network
topology

After the modeling phase, we verify that the protocol model is
deadlock free and it exhibits the liveness and fairness properties. This is
followed by giving sufficient relations regarding both the invariants and
system constants and verifying other interesting protocol related
properties.
Firstly the energy trend for the protocols is analyzed for some
random topologies, as shown in Fig. 9 using the property below:

5.1. Formal framework
We propose to model a network topology by a Boolean N x N matrix,
where N is the total number of nodes in the network. Based on the
proposed modeling approach, a ‘1’ or ‘2’ entry at position (i ; j) of this
matrix specifies the existence of a direct link between nodes i and j and
similarly a ‘0’ indicates the absence of a direct link. An illustrative
example for this approach is given in Fig. 7. The entries ‘1’ and ‘2’ in the
proposed model allow us to determine that whether a certain node
selects the right Cluster Head (CH) or not. These ‘1’s and ‘2’s are basically assigned based on a certain threshold. For example, we may say
that if two nodes are at a distance less than ‘10 feet’ then they would be
assigned a ‘1’. If the distance is greater than ‘10 feet’ and less than ‘20
feet’ then a ‘2’ and otherwise a ‘0’. This example is illustrated in Fig. 8.
The main advantage of the above-mentioned topology matrix is
fs
( fs = amplification
that, based on a certain threshold value d0 =

E gTotalEnergy CONSTE NERGY
&&gRound = =CONSTR OUND

(7)

It has been deduced that the LEACH-C and LEACH-F protocols are
much more energy efficient in contrast to the LEACH protocol. This has
been deduced by the fact that the life span of LEACH is the shortest and
ends at round 14 when the energy given to all protocols is the same i.e.
8000 whereas LEACH-C has a lifespan of 18 rounds and the best performance is of LEACH-F as it lasts for 19 rounds.
It can be observed from Fig. 10 that the LEACH protocol has a
considerable percentage of dropped packets. Whereas in an ideal condition LEACH-C and LEACH-F protocols exhibit a phenomenal behaviour having no errors in transmission. Thus, in case of throughput

mp

energy when d is less than d0, ϵmp = amplification energy when d is
greater than d0), a sensor is allowed to either use its amplifier or not in
the model and thus can capture the energy consumption behaviors. The
following equation represents the energy consumed when transmitting
to distances below or above a certain threshold value d0.

Fig. 7. Network model and matrix.

Fig. 9. Energy trend for protocols.
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Fig. 10. Comparison based on throughput.

Fig. 12. Life span comparison.

these protocols are considered more stable as compared to the traditional LEACH protocol. The throughput was gathered using the following properties, where E means there exists a path, A is for all paths,
[] is for every state in a path and ♢ means certain states in a path.

E gErrorPackets

CONST _MAX _ERR _PCKTS

C exhibits a stable behavior as the difference in the number of rounds for
maximum, minimum and the first node dead conditions is minimal. For
finding the minimum rounds, the following property is used:

A gRound

(8)

The maximum possible value of CONST_MIN_ROUND for which the
property remains true, is the minimum limit for rounds, i.e., for every
scenario this many number of rounds would definitely occur. We used the
following property for finding the maximum number of rounds:

For each protocol CONST_MAX_ERR_PCKTS was given incremental values starting from 0. If the property is verified then the value is increased by 1; indicating that there is a case where gErrorPackets, i.e.,
error packets during transmission are equal to CONST_MAX_ERR_PCKTS. A failing property means that it is impossible that
this many error packets could occur during that protocol’s transmission.
Thus that would be considered the value for drop packets, which in the
case of the LEACH protocol is 6.

E gTotalPackets

CONST _MAX _TTL _PCKTS

(12)

E gRound = CONST _MAX _ROUND

The maximum possible value of CONST_MAX_ROUND is the value for the
maximum rounds, i.e., there exists a scenario in the protocol where this
many number of rounds is possible.

(9)

6. Verification of LEACH configurations for generalized topologies

In a similar manner, the total packets during a transmission are also
calculated using this property.
Fig. 11 shows that LEACH-F portrays more stable and consistent
behavior, i.e., in both scenarios the number of rounds for which the first
node is alive are the same. Similar promising results can be seen for
LEACH-C as the first node dies quite late in both scenarios. These worst
and best case scenarios are found by verifying the following property.

E gCountDead = 1&&gRound
= CONST _ROUND

(11)

CONST _MIN _ROUND

In the previous section, we verified the models for various LEACH
configurations for fixed topologies and in this section we extend this
work for a range of topologies. The classical LEACH protocol was found
to be the most inefficient one from the analysis, presented in the last
section. So in this section, we focus on LEACH-C and LEACH-F protocols
only in order to find the optimal one out of these two. Table 1 shows the
number of topologies for a specific number of nodes. These two protocols have been verified for 5 nodes having 1024 unique topologies.
But we have also taken into account the threshold value, given in
Eq. (6), thus replacing the ‘1’s in the boolean matrix with a ‘1’ or ‘2’ and
resulting in 3 N (N 1)/2 (59049) unique topologies.
To understand our topology generation let’s consider 4 nodes which
will have 64 different topologies as shown in Fig. 15. In Fig. 13 you can
see the initializer model which supplies these topologies and checks all
possible scenarios, as is the strength of formal verification. Thus if
variable m is supplied the integers from [0,63], then UPPAAL does not
randomly select a single integer from this range, instead it supplies all
integer values to the model one by one and checks all the different
combinations of the given variables. To further understand the conversion of our topologies into a 4x4 matrix, let us consider an example
where the selected topology by UPPAAL is 45. In that case, our model
converts this number into the matrix shown in Fig. 14. The 1’s in the

(10)

Here gCountDead is equal to one when the first node becomes dead and
gRound represents the value of current round. The worst case scenario
would be for the minimum possible value of CONST_ROUND when the
property becomes true. The best case scenario would be for the maximum possible value of CONST_ROUND when the property remains true.
Fig. 12 shows maximum and minimum number of rounds for which
the network remains alive. From the graph, we can conclude that LEACH-

Table 1
Topologies for a specific number of nodes .
Nodes

Number of topologies for symmetric links

N

2 N (N
2
8
64
1024

2
3
4
5

Fig. 11. First node dead n nalysis.
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matrix are then replaced by either a 1 or a 2 using the variables
u,v,w,x,y,z given in Fig. 13. Thus resulting in a total of 36(729) topologies.
6.1. Trends observed in LEACH-C for generalized topologies
6.1.1. Results based on desired clusters
The algorithm used for LEACH-C and LEACH-F has a parameter,
named desired clusters (dc), that allows the BS to form exactly that
number of clusters. Various trends can be observed by altering the dc
value as shown below.

Fig. 13. Initializer model.

Desired Clusters (dc) = 1. Fig. 17(a) shows the trend for generalized
topologies when each node is initialized with energy = 8000 and the
value of the parameter dc is 1. The number of nodes are 4 so the model
is tested for 64 different topologies. The topologies are divided into four
groups of 16. To determine the life span of the 4 nodes for these groups
of topologies, the graph depicts the following properties:

• The maximum number of rounds that can be achieved by any topology within a specified group.
• The minimum number of rounds that should be completed by the
whole group of topologies.
• The value of the round at which in a certain topology of the group, a

Fig. 14. Matrix A and B.

first node’s battery dies.
It can be observed that:

• For higher order network topologies i.e.(48–63), the trend for the
Fig. 15. 4 node models.

•
•

maximum number of rounds goes high. The reason being that the
nodes are closely located to each other and are interlinked via direct
connections. This results in lesser number of nodes sending their
data on their own, thus utilizing the cluster formation of LEACH-C
and consuming energy efficiently.
For all groups of topologies, the minimum number of rounds where
all nodes die are equal. This shows that the LEACH-C protocol is
stable and reliable, keeping the network alive for at least the given
number of rounds.
The first node dies at a minimum round value of 40, which indicates
a stable behaviour by LEACH-C up to 40 rounds.

Desired Clusters (dc) = 2. All the other parameters remain the same but
the desired clusters have been changed as shown in Fig. 17(b).
It can be observed that the maximum number of rounds decrease
when dc = 2, which shows that an optimum number of CH plays a vital
role in the LEACH-C protocol.
6.1.2. Throughput results for the different topologies
The calculation of error packets and total packets is already explained using Fig. 10. It can be observed from Fig. 16 that no packet is

Fig. 16. Throughput results for different topologies.

Fig. 17. Life span of 4 nodes for different topologies.
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dropped in any topology, thus in an ideal condition 100% data transmission is successful.
6.1.3. Results for generalized topologies
A 5 node network can be configured into 1024 topologies. They are
further randomized and for every bit there are two possibilities of either
a ‘1’ or a ‘2’ and thus the total number of possible topologies is
1,048,576 as explained in Section 5. The results are shown in Fig. 18.
Here the whole range of topologies is divided into groups of 16 as
close ranged topologies behave in a similar fashion. The same properties are used as are used for obtaining the results, depicted in Fig. 12. It
can be seen that higher topology networks last for a longer time as they
would have more direct links and thus they would send data to their CH
more often and use less energy instead of sending data on their own and
using their own energy.
Fig. 18. Life span of 5 nodes for different topologies.

6.2. Trends observed in LEACH-F for generalized topologies
6.2.1. Results for the number of nodes that died for different dc values
It can be seen in Fig. 19 that different desired cluster (dc) values
result in changing trends for the death of the different number of nodes.
The dc value can be changed at the BS as explained in Section 3.2. For
the different dc values a specific trend can be observed. It can be seen
that for dc = 4 the round at which the first node becomes dead is
constant i.e. 7. So it can be inferred that the optimum number of
clusters is essential.
6.3. Comparison of generalized topologies of LEACH-C and LEACH-F
Upon close inspection of Fig. 20 we realize that LEACH-F performs
better as compared to LEACH-C; as its maximum round value is higher
for all topologies. The graph displays a uniform behaviour where
LEACH-F for all its topologies reaches a maximum of 81 rounds,
whereas LEACH-C, although for higher topologies exhibits 85 rounds
but, for all other topologies reaches 76 rounds.

Fig. 19. Trends for different number of cluster heads.

7. Conclusion
In the paper, we have formally analysed cluster based WSN routing
protocols LEACH, LEACH-C and LEACH-F. These protocols are verified
using LTL(Linear Temporal Logic) properties to ensure that each and
every scenario is catered for. During this process formal models are
compared using safety, liveness, reachability and sanity checks. Various
graphs are presented and analysed in the paper comparing energy,
lifetime and throughput of the protocols to draw a clear conclusion.
Our formal investigation confirmed that for all the above-mentioned
comparison parameters, LEACH-F and LEACH-C are far more mature
and steady protocols than LEACH. Firstly, considering a fixed topology,
the throughput comparison of the protocols in an ideal condition revealed that in the LEACH protocol, packets are lost during transmission,
whereas LEACH-C and LEACH-F protocols appear to be error free. The

Fig. 20. Life span of 4 nodes for different topologies LEACH-C and LEACH-F.

1:
2:
3:
4:
5:
6:
7:
8:
9:
10:

procedure CH–Selection
CH = { }
eligible = {n | energy(n) ≥ avg }
assert(|eligible| ≥ dc)
while |CH| < dc do
V
if ∃n : n ∈ eligible (∀ m ∈ CH, dist(m,n))≥MSD then
add (n,CH)
end if
end while
end procedure
Algorithm 1. CH selection algorithm.
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comparison of the energy consumption of the protocols displays that
the life span of LEACH is much shorter than its extensions. The life span
comparison portrays a similar behaviour, demonstrating the instability
of the LEACH protocol and a tie again for the LEACH-C and LEACH-F
protocols. The results were then further narrowed down by comparing
the LEACH-C and LEACH-F protocols under generalized topologies. A
comparison of the life span of the sensor nodes led us to the conclusion
that LEACH-F performs best in an ideal condition, as it does not waste
its energy in the formation of new clusters in every round.
In the future we aim to test more wireless sensor network protocols,
especially other cluster based protocols and LEACH extensions, like
LEACH-E, Leach Multi-hop, to prove the utility and effectiveness of
formal modelling and verification. We also aim to test our findings by
physical implementation on MicaZ motes.
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