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Abstract

Multi-robot systems are increasingly used in industrial automation, warehouse
management, search and rescue, agriculture, surveillance, and smart
manufacturing. In such systems, task allocation is a critical challenge because
multiple robots must coordinate efficiently to complete tasks with minimum
time, cost, and energy consumption. Swarm Intelligence provides an effective
solution by using decentralized, self-organized, and cooperative behavior
inspired by natural systems such as ants, bees, birds, and fish.

This research paper examines an energy-efficient swarm intelligence
algorithm for multi-robot autonomous task allocation. The study focuses on
how robots can assign tasks intelligently while reducing energy usage, avoiding
unnecessary movement, and improving overall mission performance. Recent
studies show that swarm intelligence improves scalability, robustness, and
coordination in multi-robot systems, while energy-aware scheduling can reduce
task completion time compared with energy-unaware methods.
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1. Introduction

Multi-robot systems have become an important research area in robotics and
artificial intelligence. Instead of using a single robot to perform complex tasks,
multiple robots can work together to complete missions faster, more reliably,

and more efficiently. These systems are widely used in warehouses, factories,
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disaster response, environmental monitoring, military surveillance, agriculture,
and smart city operations.

One of the most important problems in multi-robot systems is task
allocation. Task allocation refers to the process of assigning available tasks to
suitable robots based on factors such as location, energy level, capability,
workload, and mission priority. If tasks are not allocated properly, robots may
waste energy, duplicate work, collide with each other, or fail to complete the
mission on time.

Energy efficiency is especially important because most autonomous
robots operate on limited battery power. A robot with low energy may not be
able to complete its assigned task or return to the charging station safely.
Therefore, task allocation algorithms must consider not only task completion
but also energy consumption.

Swarm Intelligence is a powerful approach for solving this problem. It is
inspired by the collective behavior of natural organisms such as ant colonies,
bee swarms, bird flocks, and fish schools. In swarm intelligence, simple agents
cooperate with each other using local information and decentralized decision-
making. This makes swarm-based algorithms suitable for large-scale and
dynamic multi-robot environments.

2. Objectives of the Study

The major objectives of this study are:

1. To understand the concept of multi-robot autonomous task allocation.

2. To examine the role of swarm intelligence in robot coordination.

3. To analyze the importance of energy efficiency in multi-robot systems.

4. To propose an energy-efficient swarm intelligence-based task allocation
framework.

5. To identify the benefits and challenges of swarm-based robotic task

allocation.
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6. To suggest future research directions for improving autonomous multi-robot
systems.

3. Research Methodology

This research paper is based on secondary data collected from research articles,

journals, conference papers, books, and technical reports related to swarm

robotics, multi-robot task allocation, optimization algorithms, and autonomous

systems.

A descriptive and analytical research approach has been used to study
how swarm intelligence techniques can improve energy-efficient task allocation
in multi-robot environments.

4. Concept of Multi-Robot Systems

A multi-robot system consists of two or more robots working together to
achieve a common objective. These robots may be homogeneous, meaning all
robots have similar capabilities, or heterogeneous, meaning robots have
different abilities, sensors, speeds, and energy capacities.

Multi-robot systems are useful because they provide:

« Faster task execution

. Better area coverage

 Fault tolerance

« Parallel task processing

« Improved mission reliability

« Reduced dependency on a single robot

However, effective coordination is necessary to avoid conflicts, energy waste,
and inefficient task distribution.

5. Multi-Robot Task Allocation

Multi-Robot Task Allocation, commonly known as MRTA, is the process of
assigning tasks to robots in an optimal or near-optimal manner. The goal is to

ensure that the right robot performs the right task at the right time.
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MRTA considers several factors:

« Robot location

« Robot battery level

« Task distance

« Task priority

« Robot capability

« Completion deadline

« Communication availability

« Environmental conditions

Recent reviews describe MRTA as a key optimization problem in multi-robot
systems, where tasks are distributed among robots to optimize objectives such
as mission time, cost, or energy usage.

6. Concept of Swarm Intelligence

Swarm Intelligence refers to collective problem-solving behavior inspired by
natural swarms. In robotics, swarm intelligence allows multiple robots to
coordinate without depending on a central controller.

Major swarm intelligence algorithms include:

« Ant Colony Optimization

« Particle Swarm Optimization

. Atrtificial Bee Colony Algorithm

« Firefly Algorithm

« Grey Wolf Optimizer

 Bacterial Foraging Optimization

Swarm intelligence is useful in multi-robot systems because it supports
decentralized control, adaptability, scalability, and robustness. A recent
comprehensive review highlights that swarm intelligence improves efficiency
and robustness in multi-robot applications through decentralized and self-

organized behavior.
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7. Need for Energy-Efficient Task Allocation

Energy efficiency is a major requirement in autonomous robotic systems
because robots operate on limited battery capacity.

Energy is consumed during:

« Movement

« Sensor operation

« Communication

« Computation

« Object manipulation

« Idle waiting

« Obstacle avoidance

If energy is not managed properly, robots may stop before completing tasks.
Energy-aware task allocation helps reduce unnecessary travel, balance
workload, and extend mission duration.

Energy-efficient task allocation is especially important in:

« Disaster rescue missions

« Warehouse automation

« Agricultural monitoring

« Surveillance systems

« Space exploration

« Underwater robotics

Recent research on energy-aware multi-robot scheduling reports performance
advantages over energy-unaware methods, including reduced task completion
time in simulation studies.

8. Proposed Energy-Efficient Swarm Intelligence Framework

The proposed framework uses swarm intelligence principles to assign tasks
among robots while minimizing energy consumption and improving mission

performance.
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Table 1: Components of the Proposed Framework

Component Function
Robot Agent Module Represents each autonomous robot in the system
Task Information Module Stores task location, priority, deadline, and
complexity
Energy Monitoring Tracks battery level and estimated energy
Module consumption

Swarm Optimization Allocates tasks using swarm intelligence principles

Module
Communication Module Enables robots to share local information
Fitness Evaluation Evaluates task allocation based on energy, distance,
Module and priority

Reallocation Module Reassigns tasks when robots fail or energy becomes

low

9. Working of the Proposed Algorithm

The proposed energy-efficient swarm intelligence algorithm works through the
following steps:

9.1 Task Detection

Robots detect or receive information about available tasks. Each task has a
specific location, priority level, estimated completion time, and energy
requirement.

9.2 Robot Status Evaluation

Each robot evaluates its own condition, including current position, battery level,
speed, workload, and operational capability.

9.3 Fitness Calculation

The algorithm calculates a fitness value for assigning each task to each robot.

The fitness function considers:
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« Distance between robot and task

« Current battery level

« Expected energy consumption

o Task priority

« Completion time

« Robot capability

9.4 Swarm-Based Task Selection

Using swarm intelligence, robots exchange local information and select tasks
that minimize total energy consumption and avoid task duplication.

9.5 Task Execution

Robots move toward assigned tasks and complete them autonomously.

9.6 Dynamic Reallocation

If a robot loses energy, faces an obstacle, or fails to complete a task, the task is
reassigned to another suitable robot.

10. Fitness Function for Energy-Efficient Task Allocation

The fitness function is the core of the proposed algorithm. It helps determine the
most suitable robot for each task.

A general fitness function may include:

Fitness = a(Energy Cost) + B(Distance Cost) + y(Time Cost) — o(Task
Priority)

Where:

« Energy Cost represents expected battery consumption.

. Distance Cost represents travel distance.

« Time Cost represents estimated completion time.

« Task Priority represents importance of the task.

e a,f,v, and 6 are weight parameters.

The best allocation is the one with minimum energy cost, minimum travel

distance, and maximum task priority satisfaction.
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11. Swarm Intelligence Algorithms for Task Allocation
Different swarm algorithms can be used for multi-robot task allocation.

Table 2: Swarm Intelligence Algorithms and Their Use

Algorithm Use in Multi-Robot Task Allocation
Ant Colony Optimization Finds efficient paths and task sequences
Particle Swarm Optimizes task assignment and robot movement
Optimization

Acrtificial Bee Colony Distributes tasks using exploration and exploitation

Firefly Algorithm Selects optimal robots based on attraction and
fitness
Grey Wolf Optimizer Balances task search, selection, and coordination
Hybrid Swarm Algorithm Combines multiple swarm methods for better
performance

Particle Swarm Optimization and Ant Colony Optimization are widely
recognized swarm-based methods for complex optimization problems.

12. Benefits of the Proposed Algorithm

12.1 Reduced Energy Consumption

The proposed algorithm assigns tasks to robots based on distance, battery level,
and energy cost. This reduces unnecessary travel and saves battery power.

12.2 Improved Task Completion Time

Efficient task distribution allows robots to complete tasks faster by avoiding
workload imbalance and repeated movement.

12.3 Better Load Balancing

Tasks are distributed among robots according to their capacity and energy level.

This prevents overloading specific robots.

Volume: 01, Issue: 01, May 2026
48




et

J2AS ) i
=A< Journal of Intelligent Computing and
il Corputs Autonomous System

12.4 Fault Tolerance

If one robot fails, the system can reallocate its task to another available robot.
This improves mission reliability.

12.5 Scalability

Swarm intelligence supports decentralized decision-making, making the system
suitable for large robot teams.

12.6 Adaptability

The algorithm can adapt to changing environments, new tasks, robot failures,
and dynamic obstacles.

13. Challenges in Energy-Efficient Swarm-Based Task Allocation

Table 3: Challenges and Strategic Responses

Challenges Strategic Responses
Limited Battery Capacity Use energy-aware allocation and charging
strategies
Communication Failure Apply decentralized decision-making
Dynamic Task Arrival Use real-time task reallocation
Robot Failure Include fault-tolerant task redistribution
High Computational Use lightweight optimization models
Complexity
Environmental Uncertainty Use adaptive sensing and obstacle avoidance
Task Duplication Improve robot coordination and information
sharing

14. Applications of Energy-Efficient Multi-Robot Task Allocation
Energy-efficient swarm-based task allocation can be used in several fields.

14.1 Warehouse Automation

Robots can pick, move, and sort goods efficiently while reducing battery

consumption.
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14.2 Search and Rescue

Multiple robots can search disaster areas, locate victims, and deliver emergency
supplies.

14.3 Agriculture

Robots can perform crop monitoring, spraying, harvesting, and soil analysis.
14.4 Military and Surveillance

Robots can monitor sensitive areas and perform coordinated patrol tasks.

14.5 Smart Manufacturing

Robots can coordinate production, material handling, and inspection tasks in
factories.

14.6 Environmental Monitoring

Robot teams can collect data from forests, oceans, and hazardous environments.
15. Performance Evaluation Metrics

The performance of the proposed algorithm can be evaluated using the
following metrics:

Table 4: Performance Evaluation Metrics

Metric Purpose

Total Energy Consumption Measures battery usage during mission

Task Completion Time | Measures total time required to complete all tasks

Task Allocation Efficiency Evaluates quality of task distribution

Robot Utilization Rate Measures how effectively robots are used

Communication Overhead Measures amount of information exchanged

Failure Recovery Time Measures speed of task reallocation after failure

Mission Success Rate Measures percentage of completed tasks

16. Findings of the Study
The major findings of the study are:
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Energy efficiency is a critical factor in multi-robot autonomous task
allocation.

Swarm intelligence provides decentralized and scalable coordination.
Energy-aware fitness functions reduce unnecessary movement and battery
usage.

Dynamic task reallocation improves system reliability.

Hybrid swarm algorithms can improve performance in complex
environments.

Communication failure, energy limitation, and environmental uncertainty

remain major challenges.

17. Suggestions

Based on the study, the following suggestions are recommended:

Multi-robot systems should use energy-aware task allocation models.

Swarm intelligence algorithms should include real-time battery monitoring.
Robots should use decentralized communication to reduce dependency on
central control.

Hybrid swarm algorithms should be developed for complex and dynamic
environments.

Charging station planning should be integrated into task allocation.

Future research should focus on real-world testing and simulation-based
validation.

Lightweight algorithms should be designed for robots with limited

computing power.

18. Conclusion

Energy-efficient task allocation is one of the most important challenges in

multi-robot autonomous systems. Since robots operate with limited battery

power, task allocation algorithms must consider energy consumption, distance,

workload, and task priority.
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Swarm Intelligence provides a powerful solution by enabling decentralized
coordination among robots. Inspired by natural swarm behavior, swarm-based
algorithms allow robots to cooperate, adapt, and allocate tasks efficiently
without relying completely on central control.
The proposed energy-efficient swarm intelligence algorithm improves task
allocation by considering energy cost, robot position, battery level, and task
priority. It reduces unnecessary movement, balances workload, improves
mission reliability, and supports dynamic task reallocation.

In conclusion, energy-efficient swarm intelligence algorithms can
significantly improve the performance of multi-robot autonomous systems.
They are highly suitable for applications such as warehouse automation, disaster

response, agriculture, surveillance, and smart manufacturing.
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