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This research focuses on developing a dynamic method for role
assignment and formation control in multi-robot systems, aiming to
enhance rotation and transition in fixed translational formations. In
the proposed method, instead of separating the stages of task
allocation and formation control, formation is considered as an
integral part of the task allocation algorithm. This approach is
implemented using Q-learning reinforcement learning, and multi-
criteria  decision-making (MCDM) theory. Robot behaviors
dynamically determine their roles while simultaneously selecting
their positions within the formation. To evaluate the algorithm's
performance, simulations were conducted in various environments
with grid sizes of 5x5, and 20x20. The results demonstrate that the
proposed method converges effectively and outperforms comparable
methods. Furthermore, by employing a genetic algorithm, the key
parameters of the MCDM method were optimized to enhance system
efficiency. This research indicates that integrating reinforcement
learning with multi-criteria decision-making, particularly in dynamic
and uncertain environments, can offer an effective solution for
formation control in multi-robot systems.
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EXTENDED ABSTRACT

Introduction

The development of autonomous multi-robot systems (MRS) has significantly advanced
the capabilities of robotic platforms in executing complex, large-scale, and collaborative
tasks. These systems are particularly well-suited for operations in domains such as
environmental monitoring, search and rescue, logistics, and precision agriculture. However,
the implementation of robust and scalable coordination mechanisms—especially those
concerning formation control and dynamic role assignment—remains a substantial
challenge. Traditional approaches often separate task allocation from formation control,
which can lead to inefficiencies, increased computational complexity, and limited
adaptability to dynamic environments.

To address these limitations, this study proposes a novel integrated framework that
jointly considers formation control and role assignment as interdependent components of
a unified decision-making process. The proposed method leverages Q-learning, a model-
free reinforcement learning (RL) technique, to enable decentralized learning of behavior
policies for individual robots. These behaviors are coordinated by a higher-level agent using
Multi-Criteria Decision-Making (MCDM), specifically the ELECTRE III method, which
evaluates competing behavior outputs based on multiple decision criteria. Furthermore, to
enhance the adaptability and generalization of the MCDM mechanism, a Genetic Algorithm
(GA) is employed to automatically optimize its parameters. This hybrid framework is
designed to address three fundamental challenges in MRS design: scalability, environmental
uncertainty, and dynamic role allocation.

Methodology

The architecture of the proposed system is hierarchical, consisting of two main layers:
(1) low-level behavior learners, and (2) a high-level meta-controller. The low-level layer
comprises independent behavior modules, each responsible for learning a specific sub-task
such as goal pursuit, obstacle avoidance, or predator evasion. These modules operate on
reduced local state spaces, allowing for efficient learning using discrete Q-learning. The
learning agents are trained in parallel, and each maintains its own Q-table, which maps local
state-action pairs to expected cumulative rewards.

The outputs of the behavior modules—i.e.,, the Q-values associated with available
actions—are passed to the high-level meta-controller, which synthesizes these values into
a single action selection using the MCDM framework. In particular, the ELECTRE IIl method
is adopted due to its robustness in handling uncertain and conflicting data. ELECTRE III
incorporates three key thresholds: the indifference threshold (q), the preference threshold
(p), and the veto threshold (v), allowing for nuanced modeling of preference structures
among multiple behaviors.

To further improve decision quality and reduce reliance on manual parameter tuning,
the proposed system integrates a GA for automatic optimization of the MCDM thresholds
and criterion weights. Each individual in the GA population represents a candidate
parameter configuration (chromosome), composed of real-valued genes constrained within
the [0,1] interval. The fitness of each individual is evaluated by simulating the robot system
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for 100 episodes and computing the average reward obtained. The selection process follows
aroulette wheel strategy, and elitism is incorporated to retain high-quality solutions across
generations. A custom mutation operator is applied to maintain diversity while controlling
the extent of variation, and crossover is performed using a single-point scheme.

In addition to the learning-based framework, the study also considers the problem of
maintaining formation between a leader and follower robots in continuous space. The
kinematic equations governing the robots' positions and orientations are derived, and a
proportional-integral-derivative (PID) controller is designed to regulate the follower's
velocity and angular speed such that the distance and angle between the leader and follower
converge to desired values. The control strategy is validated in a simulation environment
using MATLAB/Simulink.

Results and discussion

The proposed approach was evaluated in simulated environments with grid sizes of 5x5
and 20x20 using a benchmark task involving food collection and predator avoidance. Each
agent pursued two concurrent goals: collecting food (reward +1) and avoiding the predator
(reward +0.5). The behavior decomposition resulted in four separate Q-learners, each
managing a reduced state space of 252 states. The decision-making agent at the top layer
used the behavior Q-tables to construct a decision matrix for action selection via the MCDM
process.

The results demonstrated that the system achieved rapid and stable convergence, with
performance metrics indicating:

e A 28% increase in positional accuracy, reflecting improved goal-directed
behavior.

o A 33% decrease in response latency, indicating faster adaptation to dynamic
environmental changes.

e A 66% enhancement in scalability, as the system maintained coordination
performance with up to 50 robots.

The hierarchical architecture contributed significantly to computational efficiency,
reducing overall complexity from O(n?) to O(nlog n), which is a substantial improvement
for real-time applications. In the formation control experiments, the follower robot
successfully maintained the desired distance and angular position relative to the leader.
Error convergence plots confirmed the stability and responsiveness of the PID controller.

The incorporation of the GA enabled automatic fine-tuning of MCDM parameters,
overcoming the typical limitations associated with manual calibration. The evolutionary
algorithm consistently identified parameter configurations that yielded higher rewards
compared to static settings, thereby improving overall system robustness and adaptability.
Notably, the proposed approach maintained high performance across different
environment sizes and task complexities, underscoring its generalizability.

Conclusion
This research introduces a comprehensive and innovative framework for dynamic role
assignment and formation control in multi-robot systems, grounded in a synergy of Q-
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learning, multi-criteria decision-making, and genetic optimization. By unifying these
methodologies within a hierarchical architecture, the framework effectively addresses the
challenges of scalability, environmental uncertainty, and real-time decision-making. The
simulation results confirm the effectiveness of the proposed approach, showcasing
significant improvements in performance metrics across diverse operational scenarios.
The modular nature of the system allows for flexible integration with additional
functionalities, such as natural language processing for verbal command interpretation or
deployment on embedded platforms with resource constraints. Although the training phase
demands considerable computational resources, the learned policies and optimized
parameters can be reused, enabling efficient deployment in real-world applications.
Future work may focus on extending the framework to fully decentralized architectures,
incorporating deep reinforcement learning for richer sensory processing, and exploring
quantum-inspired algorithms for further acceleration of optimization processes. The
proposed methodology holds strong potential for practical applications in areas such as
automated logistics, search and rescue missions, and intelligent surveillance systems, and
may serve as a foundation for future advancements in collaborative robotic intelligence.
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