EasyChair Preprint
Ne 16002

‘j“‘ 220

Swarm Intelligence in Mobile Robots: a study on
Definition, Design, Explanation, and Use Cases

Mohamed Fezari and Ali Al-Dahoud

EasyChair preprints are intended for rapid
dissemination of research results and are
integrated with the rest of EasyChair.

September 7, 2025



Swarm Intelligence in Mobile Robots: a study on
Definition, Design, Explanation, and Use Cases

Mohamed Fezari?, Ali Al-Dahoud?
1-Badji Mokhtar Annaba University , faculty of technology, Algeria
2- University of Al-Zaytoonah Amman, Jordan

Abstract: Swarm Intelligence is a fascinating field of study within the broader discipline of Artificial Intelligence. It
refers to the collective behavior of decentralized, self-organized systems, natural or artificial. The concept is employed
by algorithms and computational models inspired by the behavior of social insects such as ants, bees, wasps, and
termites, which are known for their ability to solve complex problems through simple interactions. Swarm Intelligence
(SI), inspired by collective behaviors in nature such as ant colonies and bird flocks, enables decentralized coordination
among groups of mobile robots to solve complex tasks through self-organization and local interactions. This paradigm
shift from centralized control to distributed systems offers scalability, adaptability, and robustness, making it ideal for
dynamic real-world applications. Core algorithms like Particle Swarm Optimization (PSO) and Ant Colony
Optimization (ACO) empower robots to optimize path planning, task allocation, and environmental navigation, while
advances in sensors, edge computing, and energy-efficient hardware enhance their autonomy. Key use cases include
logistics (e.g., warehouse robots streamlining inventory management), agriculture (precision farming via ground-based
swarms), disaster response (heterogeneous robot teams mapping hazardous zones), and environmental monitoring
(aquatic drones tracking pollution). Despite its potential, challenges such as energy constraints, communication latency,
and ethical concerns around security and privacy persist. This article explores the principles, technological
advancements, and transformative applications of Sl in mobile robotics, while addressing current limitations and future
directions, including Al integration and bio-hybrid systems. By bridging biological inspiration with engineering
innovation, swarm intelligence in mobile robots promises to revolutionize industries, offering scalable solutions to
global challenges while demanding interdisciplinary collaboration for responsible deployment.

1. Introduction

Swarm Intelligence (SI) is a collective behavior observed in decentralized, self-organized systems, inspired by natural
phenomena such as ant colonies, bird flocks, and fish schools. In robotics, this concept is applied to coordinate large
groups of relatively simple robots to perform complex tasks through local interactions and shared rules. Unlike
traditional robotics, which relies on centralized control, swarm robotics emphasizes scalability, robustness, and
adaptability. Mobile robots equipped with Sl algorithms can navigate dynamic environments, solve problems
collaboratively, and perform tasks impractical for single robots. This article explores how Sl transforms mobile robotics,
highlighting cutting-edge applications, challenges, and future trends.

This article explores the principles of swarm intelligence in robotics, current advancements, real-world applications,
and future challenges. Swarm Intelligence is a powerful tool in the world of Artificial Intelligence, offering unique
solutions to complex problems. This article will delve into the concept of Swarm Intelligence, providing a
comprehensive understanding of its definition, explanation, and various use cases. We will explore the principles that
underpin Swarm Intelligence, the algorithms that drive it, and the myriad of applications it has in today's technologically
advanced world. Our purpose in validation of some swarm intelligent models, is to test them on a set of mobile robots
type Pob-Bot that we have in our Laboratory LASA. In figure 1 we illustrate the main part of the design with diffrentes
model of wireless communication ( Blutouth, WiFi and Xbee).

Fig .1 llustration of Swarm intelligence and cooperation in Mobile Pob-Bot Robots.



2. State of the Art

Modern swarm robotics integrates bio-inspired algorithms like Particle Swarm Optimization (PSO) and Ant
Colony Optimization (ACO). These algorithms enable robots to dynamically adjust their behavior based on
environmental feedback and peer communication. Advances in miniaturization, sensor technology, and energy
efficiency have further propelled the field. For example:

2.1 Algorithms and Hardware

Swarm intelligence in mobile robots leverages decentralized, self-organizing algorithms inspired by collective behaviors
in nature, such as ant colonies, bird flocks, or bee swarms, to enable coordinated task execution without centralized
control. Key algorithms include Ant Colony Optimization (ACO), used for path planning and optimization by
simulating pheromone trails to identify efficient routes; Particle Swarm Optimization (PSO), which optimizes robot
trajectories through social collaboration, mimicking the movement of fish or birds; and Boids, a rule-based model for
flocking behavior that ensures collision avoidance, velocity matching, and cohesion. Additionally, Artificial Bee
Colony (ABC) algorithms allocate tasks dynamically among robots, mimicking foraging behavior, while Firefly
Algorithm principles guide synchronization and attraction/repulsion mechanisms for distributed search missions. These
algorithms emphasize scalability, robustness, and adaptability, allowing robot swarms to navigate dynamic
environments, perform collective exploration, or execute complex missions like disaster recovery through emergent,
decentralized intelligence. In figure 2, we illustrate a set of path planning algorithm using swarm intelligence or Al.
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Fig 2. Main algorithms in mobile swarm intelligence robots navigation

Core Algorithms for Mobile Swarms
1. Particle Swarm Optimization (PSO): Guides robots to optimal paths by mimicking bird flocking, as
mentioned in figure 3 the path taken by mobile robot using PSO algorithm.
Ant Colony Optimization (ACO): Optimizes route planning via pheromone-inspired virtual trails.
Flocking Algorithms: Enable cohesive movement while avoiding collisions (e.g., Reynolds’ rules).
4. Artificial Potential Fields: Attract robots to targets and repel them from obstacles.

wn



10 A

84

6 4

4

O Point set

2 4 - |IPSO-IDE
— DE
— PSO

04 — ABC

Fig 3. PSO simulation results for navigation robots and avoiding obstacls[10].

Key Technologies

e Decentralized Communication: Wi-Fi, Bluetooth, or ZigBee for peer-to-peer data sharing, in figure 4 there is
an example of 3 mobile robots type Pob-Bot and we added a wireless communication using Xbee modules.

e Advanced Sensors: LIDAR, cameras, and IMUs for real-time environment mapping.
e Edge Computing: Onboard processing for rapid decision-making.
o Energy-Efficient Design: Solar power, swappable batteries, or wireless charging.

Kinect V1
Worksdation
ROS Notwork
‘ ’
Mindabl RUS Network

woreslalior 3 , v 1 s
s B < .
\\\ |
A Chassis

Mindab ROSNetwork ™ : /_ Mindabl RO Ncwk )
[ o ) ' S ) A

- Manisblobot \ /
b Miilataroeot, / ‘ e '. \ DC Motor 12V

Raspberry Pi 5

Motor Driver LN 298N

Fig 4. Decentralized Communication for mobile Robot in swarm intelligence and proposed design

Research Breakthroughs
o Dynamic Task Allocation: Robots self-assign roles based on real-time needs (e.g., search vs. rescue).

e Heterogeneous Swarms: Mix of flying, ground, and aquatic robots collaborating across domains.
e Human-Swarm Interaction: Gesture or voice commands to direct robot collectives as in fig 5.



Fig 5. Based on Library Mediapipe and OpenCv, orders are given to robot by human gesture

e Miniaturized drones with LiDAR and cameras for precise navigation.
e Self-charging systems for prolonged operation in remote environments.
e Al-driven decision-making frameworks that balance autonomy and collaboration.

2.2 Key Applications

1. Agriculture: Swarms of drones monitor crops, pollinate plants, or apply pesticides with minimal human
intervention.
2. Disaster Response: Robot swarms search rubble for survivors, map hazardous areas, or deliver supplies in post-
disaster zones.
3. Healthcare: Nanorobots collaborate to target drug delivery or perform microsurgeries.
4. Logistics: Warehouse robots coordinate to optimize inventory management and order fulfillment.

2.3 Challenges

e Scalability: Ensuring seamless coordination as swarm size increases.
o Energy Constraints: Balancing task efficiency with power consumption.
e Security: Protecting swarms from cyberattacks or hijacking.

Table 1. Examples and Comparative Analysis

Use Case Application Robot Type SI Algorithm Advantages Limitations
Agn_cult_ural Aut(_)nor_nous Crop|y riniature droneslPso Reduces labor costs,|Limited battery life,
Pollination pollination scalable weather-dependent
Locating Ruaged  around Works in  GPS-|High hardware cost,
Search & Rescue |survivors inrob%%s g ACO denied slow in  cluttered
disasters environments spaces
\Wheeled . . - L
\Warehouse Inventory Decentralized High efficiency,|Requires infrastructure
- autonomous ; . .
Logistics management r0bots auction-based real-time adaptation jupdates
. Tracking . .
Environmental ollution inAquatlc surface|Flocking Covers large areas,Vulnerable to theft or
Monitoring gceans drones algorithms low per-unit cost  |damage

3. Applications of Swarm Intelligence in Mobile Robots

Swarm intelligence (SI) in mobile robots enables decentralized, collaborative systems to tackle complex tasks across
diverse domains. In logistics, robot swarms optimize warehouse operations, such as Amazon’s autonomous mobile
robots that coordinate to transport goods efficiently. Agriculture leverages ground-based swarms for precision tasks
like planting, soil monitoring, and weed control, minimizing resource use through algorithms like Ant Colony
Optimization. During disaster response, heterogeneous swarms of aerial and ground robots collaboratively map
hazardous zones, locate survivors, and deliver supplies wusing flocking and Particle Swarm



Optimization. Environmental monitoring employs aquatic or aerial drones to track pollution, monitor ecosystems,
or inspect infrastructure over vast areas, while urban mobility utilizes drone swarms for rapid, traffic-free
deliveries. These applications highlight SI’s strengths in scalability, fault tolerance, and adaptability, though
challenges like energy constraints and communication latency persist. As technology advances, Sl-driven mobile
robots promise transformative impacts in industries requiring distributed, resilient solutions. We cited here some
examples:

3.1. Warehouse Automation

Example: Amazon’s Kiva robots (now Amazon Robotics) coordinate to move shelves, optimizing inventory logistics.
Amazon Robotics was founded more than a decade ago when Amazon acquired Massachusetts-based Kiva Systems in
2012. Since then, Amazon has developed, produced, and deployed more than 750,000 robots across its operations
network.

The goal of robotics technology within Amazon’s operations is simple: pair employees with the right technology to
make their workday safer, easier, and more productive, while delivering packages to customers faster than ever.
The scaling of these systems has reached a new crescendo with the recent launch of Amazon’s next-generation, state-
of-the-art fulfillment center in Shreveport, Louisiana, equipped with the latest innovations in robotics to support
employees who package and deliver customer orders. This site uses eight different robotics systems that work in
harmony to support package fulfillment and delivery[11].

[ ]

e Sl Techniques: Decentralized auction systems for task allocation.

o Advantage: Reduces order fulfillment time by 50-80%.

3.2. Precision Agriculture

Example: Swarms of ground robots monitor soil health, plant seeds, or remove weeds. The use of adaptive swarm
robotics has the potential to provide significant environmental and economic benefits to smart agriculture efforts
globally through the implementation of autonomous ground and aerial technologies.

"Agricultural robots, when used properly, can improve product quantity and quality while lowering the cost," said Dr.
Kiju Lee, associate professor and Charlotte & Walter Buchanan Faculty Fellow in the Department of Engineering
Technology and Industrial Distribution and the J. Mike Walker '66 Department of Mechanical Engineering at Texas
A&M University.

e Sl Techniques: ACO for efficient field coverage.
e Advantage: Minimizes chemical use and labor costs.

3.3. Disaster Response
e Example: Ground robots like SPROUT explore earthquake rubble, while drones map disaster zones. When

major disasters hit and structures collapse, people can become trapped under rubble. Extricating victims from
these hazardous environments can be dangerous and physically exhausting. To help rescue teams navigate these
structures, MIT Lincoln Laboratory, in collaboration with researchers at the University of Notre Dame,
developed the Soft Pathfinding Robotic Observation Unit (SPROUT). SPROUT is a vine robot — a soft robot
that can grow and maneuver around obstacles and through small spaces. First responders can deploy SPROUT
under collapsed structures to explore, map, and find optimum ingress routes through debris.

"The urban search-and-rescue environment can be brutal and unforgiving, where even the most hardened technology

struggles to operate. The fundamental way a vine robot works mitigates a lot of the challenges that other platforms face,"

says Chad Council, a member of the SPROUT team, which is led by Nathaniel Hanson. The program is conducted out

of the laboratory's Human Resilience Technology Group[13].

o Sl Techniques: Flocking for area coverage and PSO for survivor localization.
e Advantage: Operates in GPS-denied, hazardous environments.

3.4. Environmental Monitoring
o Example: Aquatic drones track ocean pollution or monitor coral reefs.
e Sl Techniques: Gradient-based algorithms to follow chemical trails.
e Advantage: Scalable data collection over vast areas.
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Fig 6. Multi-domain robust technology for comprehensive monitoring of coral reefs.

3.5. Urban Mobility

o Example: Drone swarms for last-mile delivery (e.g., Zipline’s medical supply networks). Delivery by drone is
a futuristic idea that has caught the public’s imagination, and there are plenty of attempts to turn it into a commercial
reality. Amazon, Google, and Domino’s Pizza have all pulled off carefully controlled demonstrations and pilot
projects, delivering items such as sunscreen, burritos, and (of course) pizza to backyards and fields. But the world
is waiting to see whether any company can find a business model that makes drone delivery a sustainable and
profitable endeavor.
The answer may be here in Rwanda, where Zipline is delivering blood to 25 hospitals and clinics across the country
every day. Zipline is betting that transporting lifesaving medical supplies, which are often lightweight and urgently
needed, will be the killer app for delivery drones[14].
o Sl Techniques: Collision avoidance using potential fields.
e Advantage: Reduces traffic congestion and delivery times.

Table 2.Comparative Analysis of Mobile Robot Swarm Applications

Use Case Robot Type Key Algorithms Advantages Challenges

Warehou_se \Wheeled AMRS Decentralized  auction,High efficiency, IOWInfrastructure dependency
/Automation PSO error rates

Pre(_:|5|on Ground robots ACO, flocking Eco-friendly, scalable L|m|_te(_j speed,  terrain
Agriculture restrictions

Disaster Hyprld (ground +PSO, potential fields ReS|I'|e_\nt in  harsh|High _ _cost, complex
Response aerial) conditions coordination

Ocean . . . Vulnerability to
Monitoring Agquatic drones Gradient tracking Large-area coverage theft/damage

Delivery . . - Regulatory restrictions,
Networks Aerial drones Flocking, PSO Fast, traffic-independent battery limits

4. Discussion

Swarm intelligent robots exemplify a transformative approach to automation by prioritizing collective problem-solving
over individual capability. Their decentralized nature ensures resilience, as the failure of a single robot does not
compromise the entire system, and scalability, allowing swarms to expand or shrink based on task demands. This
adaptability is particularly valuable in dynamic environments like disaster zones or unpredictable agricultural fields,
where robots must respond to real-time changes. However, challenges persist. Energy efficiency remains a critical
hurdle, as mobile robots often rely on limited battery life, necessitating innovations in wireless charging or solar
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integration. Communication latency in large swarms can lead to coordination delays, while security vulnerabilities—
such as susceptibility to cyberattacks—pose risks in sensitive applications like defense or healthcare. Ethically, the
proliferation of drone swarms raises concerns about surveillance, privacy infringement, and the displacement of human
labor in industries like logistics. Future advancements hinge on integrating Al for smarter decision-making, leveraging
5G/6G networks for near-instant communication, and establishing robust regulatory frameworks to address safety and
ethical dilemmas. As swarm robotics evolves, balancing technological potential with societal responsibility will be key
to harnessing its benefits—from sustainable agriculture to life-saving search missions—without exacerbating risks.

4.1 Strengths of Swarm Robotics

1. Resilience: No single point of failure—tasks continue even if individual robots malfunction.
2. Flexibility: Swarms adapt to dynamic environments (e.g., shifting disaster zones).
3. Cost-Effectiveness: Simple robots are cheaper to produce and replace than complex machines.

4.2 Challenges and Ethical Considerations

e Communication Latency: Delays in decentralized systems may reduce responsiveness.
o Ethical Risks: Military applications (e.g., drone swarms) raise concerns about autonomous weaponry.
o Environmental Impact: Disposal of large robot swarms could contribute to e-waste.

Future research must address hybrid systems where humans and swarms collaborate intuitively, as well as ethical
frameworks to govern deployment.

Conclusion

Swarm intelligence in robotics represents a paradigm shift from centralized control to decentralized, adaptive systems.
From precision agriculture to life-saving search missions, its applications are transformative. However, challenges like
scalability, energy efficiency, and ethical governance remain critical hurdles. As technology advances, interdisciplinary
collaboration—combining robotics, biology, and ethics—will be key to unlocking the full potential of swarm robotics
while ensuring its responsible integration into society.

Swarm intelligence revolutionizes mobile robotics by enabling robust, scalable, and adaptive systems. From
transforming logistics to saving lives in disasters, its applications are vast and impactful. However, overcoming
challenges like energy constraints, security risks, and ethical dilemmas will require interdisciplinary collaboration. As
advancements in Al, communication, and hardware accelerate, mobile robot swarms promise to reshape industries and
redefine human-robot interaction—ushering in an era where collective intelligence solves problems no single robot
could tackle alone.

Moreover, we are reaching a stage in technology where it is no longer possible to use traditional, centralized, hierarchical
command and control techniques to deal with systems that have thousands or even millions of dynamically changing,
communicating, and heterogeneous entities. The type of solution swarm robotics offers, and swarm intelligence in
general, is the only way of moving forward when it comes to control of complex distributed systems.
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