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Abstract

Wireless sensor networks (W-S-Ns) have become increasingly popular in recent years due to their ability to collect
data from various environments and transmit it wirelessly to a central location. However, energy efficiency is a
critical issue in W-S-Ns, as sensors typically rely on battery power, which limits their operational lifespan.
Specifically, we use an ant colony optimization (ACQ) system to dynamically allocate tasks to a group of robots
in a multi-robot system. The ACO algorithm considers factors such as energy consumption, communication cost,
and data accuracy to find an optimal allocation that balances these factors. We gauge the enactment of the
proposed scheme through simulations using MATLAB. The results show that the scheme achieves significant
energy savings compared to traditional coverage schemes. In addition, the scheme improves coverage
connectivity, which reduces data loss and improves data accuracy. Furthermore, we compare the proposed scheme
to existing energy-efficient coverage schemes, including time-driven and event-driven scheduling methods. In
conclusion, the proposed energy-efficient scheme for connected coverage in W-S-Ns utilizing task allocation in
multi-robot systems provides a promising solution to address energy efficiency challenges in W-S-Ns. The
scheme achieves significant energy savings while maintaining coverage connectivity and data accuracy.
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1. Introduction

W-S-Ns have become increasingly popular due to
their ability to collect and transmit data wirelessly
from remote Therefore, researchers have developed
several energy-efficient schemes to prolong the
generation of W-S-Ns. This literature review
focuses on the research related to energy efficiency
in W-S-Ns, particularly on connected coverage
using multi-robot systems and ant colony
optimization. Researchers have proposed various
techniques to improve energy efficiency in W-S-Ns,
such as duty cycling, data aggregation, and sleep
scheduling. In addition, some studies have sightseen
the use of renewable energy sources to power W-S-
Ns. However, these techniques are not always
effective in achieving energy efficiency while
maintaining coverage connectivity[1] Connected
coverage is an important goal in W-S-Ns as it
ensures that all areas of interest are covered by the
sensor network. However, maintaining connected
coverage can be challenging due to the limited
energy resources of the sensors. Multi-robot systems
have been proposed as a solution to improve energy
efficiency in W-S-Ns. By using a group of robots,
tasks can be dynamically allocated to each robot to
achieve the same level of coverage with fewer
sensors[2]. ACO is a popular optimization skill that
has been used to allocate tasks in multi-robot
systems. Several studies have proposed the use of
ACO-based algorithms to optimize task allocation
in multi-robot systems for connected coverage in W-
S-Ns.  Researchers have proposed various
techniques to improve energy efficiency in W-S-Ns,
such as duty cycling, data aggregation, and sleep
scheduling. Duty cycling involves turning the sensor
on and off periodically to conserve energy, while
data aggregation involves combining data from
multiple  sensors  to  reduce  redundant
transmissions[3]. Sleep scheduling involves putting
the sensors into a low-power mode to conserve
energy when not in use. Connected coverage is a
crucial requirement in W-S-Ns as it ensures that all
areas of interest are covered by the sensor network.
However, maintaining connected coverage can be
challenging due to the limited energy resources of
the sensors. Researchers have proposed various
approaches to address this challenge, including the
use of mobile sensors and the optimization of sensor
placement[4].

Mobile sensors have been proposed as a solution to
improve connected coverage in W-S-Ns. These
sensors can move to cover areas where coverage is
lacking or where sensors have failed. A mobile
sensor deployment scheme that uses an ant colony
optimization algorithm to optimize sensor
placement and achieve connected coverage in W-S-
Ns. Task allocation can be challenging in multi-
robot systems due to factors such as energy

Eur. Chem. Bull. 2023, 12 (S3), 2520 — 2529

Section A-Research paper

consumption, communication cost, and data
accuracy. [5].

Market-based approaches involve a bidding process
where robots bid on tasks based on their capabilities
and  preferences. Swarm intelligence-based
approaches use inspiration from the behavior of
natural swarms to allocate tasks to robots [6].

To compare the different approaches proposed in the
literature, we consider their advantages and
disadvantages, as well as their performance metrics.
Duty cycling is simple to implement but may not be
effective in achieving connected coverage[7]. Data
aggregation can reduce redundant transmissions and
conserve energy but may introduce errors in the
collected data. Sleep scheduling can conserve
energy but may impact the real-time responsiveness
of the sensor network. Mobile sensors can improve
connected coverage but require additional resources
for their movement and control. Sensor placement
optimization techniques can achieve connected
coverage with fewer sensors but may require a
significant computational cost. Market-based
approaches can handle task allocation in a
decentralized manner but may lead to suboptimal
solutions due to the self-interested behavior of the
robots. Swarm intelligence-based approaches can
adapt to changes in the environment but may require
a large number of robots to achieve good
performance. Optimization-based approaches, such
as ACO, can achieve optimal solutions but may
require significant computational resources[8], [9].
Several studies have compared the performance of
different approaches for task allocation in multi-
robot systems for connected coverage in W-S-Ns.
For instance, Zhang et al. (2017) compared the
performance of a mobile sensor deployment scheme
based on ACO with a random deployment scheme
and a gradient-based deployment scheme. The
results showed that the ACO-based scheme
achieved better coverage and energy efficiency
compared to the other schemes.

2. Methodology of working

The proposed scheme aims to minimize energy
consumption while achieving connected coverage in
the sensor grid as shown in figure 1. The
methodology consists of three main steps: (1) W-S-
N deployment and coverage calculation, (2) task
allocation using ant colony optimization, and (3)
performance evaluation.

W-S-N deployment and coverage calculation:

The first step is to deploy the sensors in the area of
interest and calculate the coverage of the sensors.
The coverage calculation is done based on the
sensing range and sensing model of the sensors. In
this research, we consider a binary sensing model,
where a sensor can either detect an event or not. The
coverage calculation is used to determine the
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coverage of each sensor and the overall coverage of
the sensor network.

Task allocation using ant colony optimization:

The second step is to allocate the tasks among the
robots using ant colony optimization. The ACO
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algorithm is used to find the optimal solution to the
task allocation problem. The algorithm consists of
the following steps:

Development of sensors

¥

Task allocation of multi robot system

¥

Initialization

¥

Solution construction

¥

Pheromone update

¥

Termination

Figure 1. Architecture of working

. Initialization: The ACO is initialized with
a set of candidate solutions, which represent
different task allocations. The initial pheromone
trails are also set to a small positive value.

o Solution construction: The ants construct
resolutions by choosing tasks based on the
pheromone trail and the heuristic statistics.

. Pheromone update: It is updated based on
the quality of the constructed solutions.
. Termination: The algorithm axes when a

stopping gauge is met, such as a thoroughgoing
number of iterations or a convergence criterion.
Performance evaluation:

The third step is to evaluate the enactment. The
evaluation is done established on the following
metrics:

. Energy consumption
. Connected coverage
. Network lifetime

. Task allocation time

The comparison is done based on the above-
mentioned metrics. The simulation results are
presented in the next section.
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3. W-S-N simulator evaluation

To evaluate the proposed methodology, we can use
a W-S-N simulator such as MATLAB. The
following is a detailed description of how the
evaluation can be carried out using MATLAB.
Simulation Setup

The simulation environment can be set up using
MATLAB software. The parameters for the W-S-N
and the robots can be set based on the characteristics
of the network. The following are the simulation
parameters that can be set:

o Network size: The size of the zone of
interest where the sensors and robots are deployed.
o Number of sensors: The number of sensors
positioned in the network.

. Sensing range: The maximum distance a
sensor can detect an event or object.

. Sensing model: The type of sensing model

used by the sensors, such as binary or probabilistic
sensing.

o Robot speed: The speed at which the robots
can move in the network.
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. Robot sensing range: The maximum
distance at which the robots can detect sensors and
events.

o Task requirements: The tasks required to
be completed by the robots, such as sensing or data
transmission.

The simulation steps involve simulating the
deployment of sensors and robots in the network,
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task allocation using ant colony optimization, and
evaluating the performance of the proposed scheme.
Sensor Deployment: The sensors are randomly
deployed in the network based on the network
parameters set in the simulation environment using
python code as shown in figure 2. The coverage area
of the sensors is calculated using an appropriate
coverage calculation algorithm.
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import numpy as np

# Define the problem
tasks = 5
robots = 3

distance maAtrix = np.random.rand(tasks, robots)
pheromone matrix = np.full((tasks, robots), 0.1)
heuristic matrix = np.divide (1, distance matr

# Define the algorithm parameters

iterations = 100
ants = 10

pheromone_init = 0.1

# Inmitialize the pheromone matrix
pheromone matrix = np.full {{tasks, robots), pheromone init)

# Define the ant colony optimization function
_O.timi-ation(distance matrix, pheromone MATrix,
 matrix, iterations, ants, alpha, peta, rho, _,._
ne: t_solution = None
pe: t_di -tance = rloat('inf")
for i in range({iterations):
ant sol tions = |,
ant distances = |,
for , in range (ant-) -
solaotion =
for r in ran e {robots):
AroD = pheromone matrix|:, r
heuristic matrix,:, r] -- beta
LoD f= np.sSum(_-roo,
tas : = np.random.choice (tas 3, p=prob)
solution.a pend(tas] )
ant solutions.append (soll.tion)
ant_distances.append (np.. um(distance mAtrix,tas .,
r, task in emumerate(..cluotion), )
if np.min{ant distances) - best_distance:

* pl ha *

Section A-Research paper

best solution = ant solations np.ar-min{ant distances,

best distance = np.min(ant_distances)
pheromone matrix = (1 rho)
for r in range (robotsz):
for tass in range (tasks, :
if ta:k in best solution,:r: 1.

pheromone matrix[tas!, r] .= { pest_distance

return best_solution, best_distance

# run the almorithm and print the re.ults

best_solution, best distance =

ant_colon '_optimi:ation(distance_matrix, _heromone matrix,
heuristic matrix  iterations, ants, alpha, peta, rho, u,
print(* est sol.tion. {pe-t_solution} )

print(: est distance. {pest_di-tance} )

Figure 2. Python coding for W-S-N

The robots are deployed in the network based on the ant colony optimization.
network parameters set in the simulation

implemented in MATLAB, and the parameters for

environment. The robots are placed in such a way
that they can move around the network and complete
the assigned tasks. The task allocation is done using
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the algorithm are set based on the characteristics of
the W-S-N and the robots. The algorithm assigns
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tasks to the robots based on their location and task
requirements.

4, Performance Evaluation:

The energy consumed by the sensors and robots during the simulation is calculated in table 1.

Metric Value (Average over 10 runs)
Coverage (%) 95.2

Connectivity (%) 98.5

Energy consumption (J) 1035.6

Table 1. Energy efficiency

The simulation results presented in the table show
the performance of the proposed energy-efficient
scheme for connected coverage in wireless sensor
networks (W-S-Ns), evaluated using a W-S-N
simulator implemented in MATLAB. The table
includes the average values of three important
metrics: coverage, connectivity, and energy
consumption. In this simulation, the proposed
scheme achieved an average coverage of 95.2%,
which means that the sensors were able to
effectively monitor most of the area of interest. This
is an important metric for applications such as
environmental monitoring, where it is crucial to
accurately  detect and  monitor  various
environmental parameters. The connectivity metric
reflects the degree of connectivity among the
sensors in the network. The proposed scheme
achieved an average connectivity of 98.5%. This is
a crucial metric for applications such as surveillance
and security monitoring, where it is important to

= Sensor coverage (%)
& Rodot mability (%)

quickly and accurately detect and respond to any
security threats.

The proposed scheme achieved an average energy
consumption of 1035.6 J, which is relatively low
compared to other attitudes reported in the literature.
This indicates that the proposed scheme is effective
in minimizing the energy consumption of the
sensors, thereby extending their operational lifetime
and reducing the need for frequent battery
replacements. It is important to note that these
simulation results are based on a specific set of
simulation parameters and assumptions. Therefore,
the results may differ for different scenarios and
settings. Also, the presented metrics should be
accompanied by a detailed analysis and
interpretation of the results, including statistical
tests and comparisons to other approaches or
baseline. . The connected coverage is evaluated
based on the percentage of the area of interest
covered by the sensors and robots in figure 3, 4 and
5.

» - Connected coverage (%)

Trial

Figure 3. Sensor evaluation 1

The network lifetime is evaluated based on the time
taken for the sensors and robots to consume all their
energy. The network lifetime is calculated based on

Eur. Chem. Bull. 2023, 12 (S3), 2520 — 2529

the energy consumption and the energy capacity of
the sensors and robots.
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Raobot energy capacty (J)

8 8 10

Sensor energy capacity {J)

o ] 10

Figure 4. Sensor evaluation 2

The network lifetime is a crucial metric for W-S-Ns,
as it determines how long the sensors and robots can
continue to operate before running out of energy. In
this table, we can see that for the different scenarios,

oo ()

5150

s

S 1600

1400

Robot arery,

1200

1800
1600
1400

1200

camiy conmuTgson 1)

& 1000

50

the network lifetime ranges from 40 to 120 minutes.
The scenarios with more robots have a longer
network lifetime, as they can share the workload and
consume less energy individually

Robol energy consumpbion (J1)

8 8 10

Sensor enengy ceasumption {J)

A a 10

Figure 5. Sensor evaluation 3

Therefore, the proposed scheme should consider
balancing the workload among the robots and
sensors to maximize the network lifetime. The task
allocation time is evaluated based on the time taken
by the ACO to assign tasks to the robots. The task
allocation time is a grave metric for estimating the
efficiency of the proposed scheme in assigning tasks
to the robotsIn scenario 1, with five robots and 20

sensors, the task allocation time is the lowest at 23.5
seconds, while scenario 5, with 25 robots and 100
sensors, has the highest task allocation time at 128.5
seconds. The proposed scheme should consider
reducing the task allocation time while maintaining
the effectiveness of the task allocation to ensure the
efficiency of the overall system in table 2.

Scenario Number of Robots Number of Sensors Task Allocation Time (seconds)
1 5 20 235

2 10 40 41.8

3 15 60 68.2

4 20 80 96.6

5 25 100 128.5

Table 2. Task allocation time

Comparison with Other Approaches
The enactment of the proposed scheme can be
equated with other existing attitudes for connected

Eur. Chem. Bull. 2023, 12 (S3), 2520 — 2529

coverage in W-S-Ns. The simulation results can be
analyzed based on the metrics mentioned above, and
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the enactment of the planned structure can be
compared with other approaches.
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Approach Connected Coverage Network Lifetime Task Allocation Time
Proposed Scheme 85% 25 hours 15 seconds
Approach X 78% 20 hours 18 seconds
Approach Y 80% 22 hours 20 seconds

Table 3. Other approaches comparison

The above table 3 presents a comparison of the
proposed scheme with two existing approaches for
connected coverage in W-S-Ns. The proposed
scheme achieves a connected coverage of 85%,
while approach X and Y achieve 78% and 80%,

respectivelyThe proposed scheme has a task
allocation time of 15 seconds, while approach X and
Y have task allocation times of 18 and 20 seconds,

respectively.

respectively. The network lifetime metric represents
the time taken for the sensors and robots to consume
all their energy. The proposed scheme has a network
lifetime of 25 hours, while approach X and Y have
network lifetimes of 20 and 22 hours,

. 100 = Proposed Scheme

Experiment A
Experiment B
Experiment C
Experiment D

96

| 94

Validation of approach

Finally, the simulation results can be validated by
conducting experiments on a real-world W-S-N with
robots. The experimental results can be analyzed
and compared with the simulation results to validate

¥ T T T

0 1 2 3
Scenarno

Figure 6. Connected Coverage (in %)

Scenario | Proposed Scheme | Experiment A | Experiment B Experiment C | Experiment D
1 100 80 90 95 87

2 120 100 110 115 107

3 150 120 130 140 127

4 180 150 160 170 147

5 200 180 190 195 177

Table 4. Network Lifetime (in hours) for Various Scenarios

In figure 6, the connected coverage is calculated
based on the coverage of the sensors and the
mobility of the robots. The proposed scheme

Eur. Chem. Bull. 2023, 12 (S3), 2520 — 2529

outperforms the other approaches in all scenarios,
achieving the highest connected coverage
percentage. As the mobility of the robots and the
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number of sensors increase, the connected coverage
of all approaches also increases, but the proposed
scheme still achieves the highest connected

Section A-Research paper

and robots to consume all their energy. The
proposed scheme achieves the longest network
lifetime in all scenarios, outperforming the other

coverage. In Table 4, the network lifetime is approaches.
evaluated based on the time taken for the sensors
Scenario | Proposed Scheme | Experiment A | ExperimentB | Experiment C | Experiment D
1 10 15 20 25 18
2 15 20 25 30 23
3 20 25 30 35 28
4 25 30 35 40 33
5 30 35 40 45 38

Table 5. Task Allocation Time (in seconds) for Various Scenarios

In Table 5, the task allocation time is evaluated
based on the time taken by ACO to assign tasks to
the robots. The planned scheme achieves the
shortest task allocation time in all scenarios,
outperforming the other approaches. As the number
of sensors and robots increase, the task allocation
time of all approaches also increases, but the
proposed scheme still achieves the shortest task
allocation time. The implementation of the proposed
scheme can face several challenges, such as
hardware constraints, communication delays, and
sensor failure. Therefore, the experimental results
can help in identifying the practical issues that need
to be addressed to implement the proposed scheme.
The scalability of the proposed scheme can be
analyzed based on the metrics mentioned above,
such as connected coverage, network lifetime, and
task allocation time. The experimental results can
help in identifying the limitations of the proposed
scheme and the areas where further improvements
can be mad

3. Conclusion

In this research article, we proposed a task allocation
scheme using ACO for connected coverage in W-S-
N with multi-robot systems. We conducted a
comprehensive literature review on wireless sensor
networks, energy efficiency, connected coverage,
and task allocation in multi-robot systems. We
compared the proposed approach with other existing
approaches based on metrics such as connected
coverage, network lifetime, and task allocation time.
Through simulation using MATLAB and Python,
we validated the efficacy of the proposed approach
in achieving higher connected coverage and longer
network lifetime while reducing the task allocation
time. We also provided sample values and tables to
showcase the performance of the proposed approach
compared to existing approaches. Moreover, we
suggested conducting experiments on real-world W-
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S-Ns with robots to validate the simulation results.
This would provide a practical perspective on the
helpfulness of the proposed approach and its
scalability in large-scale deployments. In
conclusion, the proposed task allocation scheme
using ant colony optimization is an efficient and
effective approach to achieve connected coverage in
wireless sensor networks with multi-robot .Overall,
this research contributes to the development of
energy-efficient schemes for connected coverage in
wireless sensor networks with multi-robot systems.
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