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Abstract

This paper presents a reinforcement learning approach for decision-making in assigning multiple robots in a flexible manufacturing
system. The algorithm allows for learning the optimal action policy for assigning tasks to multiple robots, outperforming other
methods. The case study involved three robots and four tasks, some requiring cooperation. The study demonstrates the effectiveness
of the approach in comparison to other methods and the results indicate that the reinforcement learning approach increases
production efficiency and reduces task completion time compared to traditional assignment methods.
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1. Introduction

Flexible manufacturing systems (FMS) are used to have a more efficient and flexible production of products. In
those systems, multiple robots are used to perform various tasks, such as material handling, assembly, and quality
inspection. Some of these tasks are performed with two or more robots in cooperation. The allocation of various
robots is a crucial issue in such systems, as it affects the overall production efficiency. Efficient task assignment to
multiple robots can reduce the total time to complete tasks and consequently increase system productivity. Traditional
methods for assigning multiple robots include centralized and decentralized approaches [1, 2].

The methods used for decision making are:

1.1 Centralized Assignment Method: A central controller assigns tasks to robots based on their capabilities, task
requirements, and other factors. This method is useful for small systems and simple tasks [3].

1.2 Decentralized Assignment Method: Each robot has its own set of rules and decision-making algorithms to
determine its task. This method is useful for complex tasks and large systems. Method involves distributed
decision-making systems, where each robot makes decisions based on local information. [4].
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Nomenclature

FMS  Flexible Manufacturing Systems
RL Reinforcement Learning
DM Decision-Making x

1.3 Hybrid Assignment Method: The high-level tasks are assigned centrally. Robots assign lower-level tasks. This
method combines the advantages of centralized and decentralized allocation methods [5].

1,4 Reinforcement learning (RL) method: It is based on experiences with robots and trial and error to determine the
optimal way to assign tasks. It is useful for dynamic systems with frequently changing of tasks [6]. An agent
interacts with an environment to achieve a certain goal. RL algorithms work by learning a policy that assigns
states to actions, based on feedback from the environment in the form of rewards or penalties. RL has been
successfully applied to various decision-making problems, including robot control, gaming, and resource
allocation.

Assigning tasks to robots can be a complex decision-making problem due to task priorities, robot capabilities, and

resource availability. The RL is a type of automatic learning, to make decisions in uncertain and complex environments.

When FMS is modeled as a Markov Decision Process (MDP), the Q-learning algorithm, RL algorithm, can be used
to have an optimal task assignment policy. The MDP state is defined by the current task assignment and available
resources, such as robot availability and task completion times. The robots could accept or reject a task, and the reward
function is designed to encourage efficient and timely completion of the task and avoid resource conflicts [7].

To demonstrate the effectiveness of the approach, a scenario with three robots and four tasks is simulated. Each task
has a priority level, and the robots have different capabilities such as speed and payload capacity. The simulation runs
over multiple episodes, and the RL algorithm updates the Q values based on the rewards earned in each episode. The
performance of the RL-based approach is compared to a reference approach that assigns tasks to robots based on their
capabilities and priorities.

The best decision-making method depends on the specific system requirements. It is important to select a method
that maximizes system efficiency and performance and minimizes implementation time and cost. In this article, a
reinforcement learning approach is used for multi-robot allocation decision making in a flexible manufacturing system.
The approach uses a deep reinforcement learning algorithm to learn the best action policy for assigning tasks to various
robots. The results are compared to traditional assignment methods, showing that it outperforms them in terms of
production efficiency and task completion time. The method uses a Q-learning technique to learn the best Q-valued
function for each state-action pair.

[In this paper, it is proposed an RL-based approach to assign tasks to multiple robots in an FMS, using three robots and
four tasks. The algorithm allows for learning the optimal action policy for assigning tasks to multiple robots,
outperforming other methods. The case study involved three robots and four tasks, some requiring cooperation.

2. The reinforcement learning RL.

Reinforcement learning is a machine learning method that rewards desired behaviors and punishes unwanted
behaviors. An agent learns through trial and error. The algorithm has three components: the agent, the environment, and
the reward signal. Reinforcement learning can improve the efficiency and performance of an FMS, because it allows
the controls of the robots to adapt to the environment and better decisions are made in the assignment of tasks.

There are disadvantages, such as computational complexity, due to the large amount of training data, difficulty in
balancing exploration and exploitation, difficulty in interpreting the models and designing appropriate reward functions.

The reinforcement learning algorithm works in the following steps: The agent takes the state of the environment,
including the available tasks, the capabilities of the robots, and the state of the system. The agent can assign a task to
one of the robots. The environment responds to this action, the system updates its state and sends a reward signal to the
agent, depending on the success or failure of its action. The agent updates its decision-making algorithm based on the
reward signal and the new state of the environment. The agent repeats this process, continually learning and optimizing
its decision-making algorithm.

Reinforcement learning can improve the efficiency and performance of an FMS by allowing robots to make better
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decisions about tasking multiple robots. The RL algorithm learns the best task assignment strategy considering the current
state of the system and the reward function. The decision-making process is carried out by the RL algorithm itself, learning
to optimize task allocation among multiple robots. It can adapt and adjust to changes in the environment, as well as
changes in task requirements, robot capabilities, and system status. Reinforcement learning can reduce the need for
manual intervention and increase automation in the system. [8, 9].

At each time step, the algorithm evaluates the system state, including task statuses and robot locations and availability,
and selects an action based on its current policy function. The policy function maps states to actions and is learned over
time through trial and error. After selecting an action, the RL algorithm observes the resulting system state and the reward
based on task completion time. It updates its policy function using Q-learning or policy gradients. This process repeats over
multiple time steps until all tasks are completed.

In summary, the decision-making process in this example is carried out by the RL algorithm, which learns the best task
allocation strategy based on the current state of the system and the reward function through trial and error [10].

3. Case of Study.
3.1 Petri Net

Suppose FMS produces a product that welds two parts and then assembles it with a third, using different robots. Petri
Nets are shown in fig. 1. In the Petri Net, the Places represent a queue of tasks, and the Transitions represent the
assignment of the task to one of the available robots (Table 1 and 2).
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Figure 1 Petri Net of FMS proposed.

Arcs connect places and transitions indicating the flow of tasks and resources through the system. Task assignment
to robots can be modeled by using additional places to represent the state of each robot and transitions to represent
decision making and task performance by each robot [11, 12].

Petri nets are used to simulate the proposed methods, since it allows modeling dynamic systems with concurrent
processes. The mapping of robots, machines, and other elements of the Flexible Manufacturing System (FMS) is done
with these networks. Tasking robots is treated separately from other resources because robots have unique capabilities.
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and characteristics, such as the ability to move, technical skills, and the payload they can support. This assignment
requires precise planning and coordination for the efficient and synchronized execution of the robot's tasks.

The Petri net model may not fully address the structural conflicts described in steps 1 through 9 and the proper release
of the robots after completing the actions. These omissions are the result of simplifications made in this work and should
be considered as limitations for future research.

A task of loading, cutting and quality control, respectively, is assigned to the robots R1, R2, R3, in parallel. To carry
out welding, they can be assigned in pairs of robots (Robot 1 and Robot 2, Robot 2 and Robot 3, or Robot 1 and Robot
3), according to their availability. Pairs of robots are also assigned for assembly.

The task assignment decision making depends on the method used, the complexity of the tasks, the capabilities of
the robots, the size of the system and the time constraints. Petri Nets allow modeling the system and the possible
assignment sequences, optimizing the assignment of tasks to the robots, improving the efficiency and performance of
the flexible manufacturing system [1, 13].

3.1. Allocation using a centralized allocation method.

The centralized method assigns tasks to available robots from a central administration. The administrator considers
the availability of the robot, the skill required for the task, and the location of the robot, to make the decision to assign
a given task and in what order. This method can help ensure proper resource utilization and work efficiency. At the
same time, it is less flexible than other allocation methods and requires constant monitoring and maintenance by the
administrator. This method is effective for simple systems. In more complex systems it is complicated because the
algorithms imply high computational costs [1].

The central controller assigns a certain task to each robot and coordinates the execution of those tasks according to
a certain plan (Figure 2). The single controller would manage all the actions and decide which task to perform at which
time. The efficiency of the controller would determine the time of each task. Table 3 shows the time of the robots
involved. In a centralized robot and task assignment system, a central administrator oversees all available robots and
tasks in the system.

The single controller would manage all the actions and decide which task to perform at which time. The efficiency of

the controller would determine the timing of each task. Tables 3 displays the time for robots involved.
Table 3: Time matrix for robots

Q
Centralized allocation algorithm Robots Load | Load | Load | Cut Cut| control
A B C A
B |C
Robot 1 | 20 40
Robot 2 15 30
Robot 3 15 30

tl: load A

Welding | Assembly | Store
Robots | g and C | A to BXC | A+B+C

y y y
Robot 1 50 35
robotl assigned robot2 assigned robot3 assigned
Robot2 | 30 50

Robot 3 | 30

' Figure 2 Centralized allocation method

Average time per task 39,4 minutes and Total production time 265 min

In a centralized robot and task assignment system, a central administrator oversees all available robots and tasks in
the system.

Decision making in a centralized robot and task assignment set depends on the algorithm or rule used to assign robots
to tasks. For example, if the algorithm prioritizes work efficiency, robots can be assigned to tasks that are completed
quickly, instead of considering other variables such as the importance of the task or the experience of the robot in the
task at hand.

The centralized robot and task assignment method has the advantage of providing centralized control over the
assignment process, which can help ensure optimal resource utilization and work efficiency. However, it can also be
less flexible than other allocation methods and may require constant monitoring and maintenance by the administrator.
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3.2. Allocation using a hybrid allocation method.

In a hybrid assignment method, decision making is between the central controller and the controllers of each robot.
The central controller sends the task sequence, where the robot controllers make the decision, in real time, to perform
the task or not. This approach is more flexible [1].

Table 4: Time matrix for robots

Q
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Y Robots B and Cg Ato B+C | A+B+C
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Fig. 3 Hybrid allocation method

Average time per task 27,8 min and Total production time 250 min.

One implementation of the hybrid method is to have the central controller assign centralized high-level tasks to each
robot, while the robots themselves decide how to assign lower-level tasks. Both centralized and decentralized methods
are used to assign tasks to robots in this approach.

For example, the centralized algorithm could assign tasks to robots according to their ability and location, while the
robot controller can decide the best way to perform the task based on knowledge of the environment.

Decision making in a hybrid robot and task assignment system can be more complex than in purely centralized or
decentralized systems, as multiple factors must be considered and centralized and decentralized decisions must be
balanced. The centralized manager must set the rules and boundaries for decentralized decision making and ensure
consistent and effective decisions.

With the hybrid assignment method, it has been possible to optimize the total production time by assigning tasks to
the most efficient robots in terms of time. Figure 3 shows the Petri Net, Table 4 presents the time of the robots.

With this hybrid method, each robot can make decisions regarding lower-level tasks, such as selecting specific raw
materials to handle or which parts to inspect; and combines centralized control and decentralized decision-making.

3.3. Allocation using a Reinforcement learning (RL) allocation method.

The RL method is a machine learning approach that can be used for robot and task assignment. This approach
involves training an RL agent to make optimal decisions in real-time about how to complete each task by receiving
feedback from the environment. The RL agent uses Q-learning, to learn which tasks to assign to which robots. Each
task has a reward function that reflects the robot's performance on the task. The RL algorithm learns to select the optimal
tasks based on the reward function.

In an RL-based robot and task assignment system, the RL agent uses a reinforcement learning algorithm to learn how
to assign tasks to robots efficiently. The agent receives information about the environment, such as the location and
status of robots and tasks and uses this information to make allocation decisions.

The method permits an efficient task assignment to robots, improving production time and resource utilization [14].
An RL algorithm, such as Q-learning, is performed so that the robot learns to select the optimal tasks based on the
reward function. Fig. 4, shows Reinforcement learning allocation method. Table 5 shows the time required per robot in
the Petri Net.
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Table 5: Time matrix for robots:

Load | Load | Load | Cut | Cut Q

Robots control
| Hybrid Allocation algorithm | A B C A B C
Robot1| 15 20
o AR Robot 2 10 25
Robot 3 10 30
. Assembly | Store
Robots };\/eld&ng A to B+C | A+B+C
allocation allocation an
Robot 1 40 25
Robot2 | 40 40
Robot 3 40

Fig. 4 Reinforcement learning allocation method

Average time per task is 23.9 min and Total Production Time is 215 min.

The mathematical model of reinforcement learning that assigns tasks to an FMS with three robots and four tasks can
be formulated using the Markov Decision Process (MDP) framework, which has a set of states, S; a set of actions, A; a
transition function, P(s,a,s") and a reward function, R(s,a) [15, 16].

In order to have efficient cooperation between robots in a cooperative task, the RL method assigns the task to the
most suitable and available pairs of robots, taking the different combinations of robots that can cooperate in the task. A
reward function is established to evaluate the performance of the set of robots and the quality of their collaboration. The
reward feature and actions may vary by app and need to be carefully designed. The RL agent continually evaluates the
rewards and penalties received based on its decisions, in order to assign the correct robot to perform a task. The RL
agent adjusts its behavior based on feedback from the environment, allowing it to be adaptive. Using this RL allocation
method, it has been possible to optimize the total production time by assigning tasks to the most efficient robots in terms
of time.

The RL-based robot and tasking approach can offer greater efficiency and adaptability, as the RL agent learns to
assign tasks based on feedback received from the environment. To ensure optimal decision making, this method can be
more complex to do and requires good training and continuous evaluation [17].

4. The results.

The methods are implemented with CPN 5 Tools software. CPN Tools allows for the graphical representation of the
system components, their states, and their interactions within a Colored Petri Net (CPN) framework.

The CPN model to represent the decision-making entity of the centralized method, the central coordinator is defined
by a place, with the rules and logic for task assignment using variables, guards, and conditions. The central coordinator
interact with the robots are modeled by transitions and arcs that represent communication and task assignment.

In the CPN model of the hybrid method, a central coordination place and places are defined for each robot. Decision
making has rules and a logic, specified for the central coordinator and for each robot. These decisions are made with
interactions and coordination between the central coordinator and the robots. The decision making of the robots is
autonomous.

The CPN model of the RL-based method incorporates agents and algorithms. The agents and the decision-making
process are represented by places and transitions. Within agents, states, actions, rewards, and the learning mechanism
are specified by CPN constructs. The interactions between RL agents, with the environment and with the tasks to be
assigned, the interactions between the RL agents, the environment, and the tasks to be assigned. The CPN simulation
allows to see the learning process and decision making of RL agents, and to evaluate the performance of the RL based
task allocation.

The simulation results highlight the significant advantages the RL-based approach over the baseline approach the
other methods, in terms of task completion time and resource utilization. The RL-based approach exhibits remarkable
adaptability to changing task priorities and robot availability, enabling efficient and timely task completion.
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The allocation sequences derived from the simulation demonstrate the effectiveness of simultaneous allocation of
Robot 1, Robot 2, and Robot 3 for loading, cutting, and quality control tasks. For welding and assembly, the allocation
can be optimized by assigning different robot combinations, such as Robot 1 and Robot 2, Robot 2 and Robot 3, or
Robot 1 and Robot 3. Storage tasks can be efficiently performed by any available robot.

Table 6 provides a comprehensive comparison of execution times and average task completion times for the three
methods, clearly demonstrating the superiority of the RL-based approach. It significantly outperforms centralized and
hybrid methods, exhibiting the shortest execution time and average task completion time. In particular, the RL-based
approach may require initial time to explore and learn from interactions with the environment.

In the simulation, the RL method achieves a total execution time of 215 minutes, with an average time per task of
23.9 minutes. In contrast, the baseline approach initially requires a total production time of 280 minutes, with an average
time per task of 31.1 minutes. These results highlight the exceptional efficiency of the RL-based approach, significantly
reducing both overall production time and average task completion time. RL algorithms require time to explore and
learn from interaction with the environment before making optimal decisions.

Table 6: Time comparison of Allocation Methods

Comparison Centralized Hybrid RL
Method Method Met
hod
Task min min min
Task 1: Load part A by robot 1 20 18 15
Task 2: Load part B by robot 2 15 12 10
Task 3: Load part C by robot 3 15 12 10
Task 4: Cut part A 40 35 20
Task 5: Cut part B 30 28 25
Task 6: Quality control part C 30 30 30
Task 7: Weld part B to part C 30 45 40
Task 8: Assembling the welded parts 50 45 40
with part A
Task 9: Storage 35 25 25
Average time per task 394 278 239
Total production time 265 250 215

Each allocation method has its own advantages and disadvantages. The centralized method performs well in simple
systems but becomes increasingly slower as complexity grows. The decision making for the assignment of tasks, the
hybrid method offers greater flexibility and potentially shorter execution times, albeit at the cost of potential coordination
errors and increased complexity. The RL-based approach stands out as the most flexible and adaptable, as the RL agent
learns to make optimal decisions in real-time based on the environment and feedback.

Comparing the quantitative results with others research is challenging. However, qualitatively, similar conclusions the
fhave been reached that employ RL methods. For example, Bahrpeyma F, et al., present a review of multi-agent
reinforcement learning applications in smart factories, focusing on scheduling and transportation tasks. Different
characteristics of Multi agent RL are analyzed special the ability to handle uncertainty in decentralized systems and self-
organization [18]. Jingyuan Lei, Jet al, presents an RL algorithm for making operational decisions based on real-time data,
showing improved performance compared to the centralized methods in Industry 4.0 SF. The algorithm autonomously
assigns production and logistics tasks in SF. This dynamic task assignment model used an objective function [19].

Overall, the simulation results emphasize the superiority of the RL-based approach in terms of efficiency, adaptability,
and resource utilization compared to reference methods. The findings contribute significantly to the field by showing the
RL-based approach as a highly effective solution for task assignment and coordination in multi-robot systems.

The time it takes to make decisions is important for evaluating system performance and optimizing task assignment. To
maximize the efficiency of the system, one must know the durations of the tasks and their impact on planning and execution.

The Petri net in this work is a simplified representation of the system, adapted to the simulation to facilitate analysis and
understanding. Certain simplifications focus on assigning and releasing robots upon task completion, which may not be

explicitly reflected in the model. The release of the robots is essential for their reallocation and flexibility in the system.

If there is an initial marking, it implies a pre-assignment of robots to tasks and to manufacture a certain number of pieces.
This pre assignment may be a constraint on this job. This paper does not address rescheduling, and it is estimated that it will be

necessary to do so in the future to handle unconsidered system changes or disturbances.
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Conclusions

In this paper, the assignment of robots and tasks has been presented, in a flexible manufacturing system, using the
RL reinforcement learning approach for decision making for the assignment of multiple robots.

This problem can be critical as it affects production efficiency. A deep reinforcement learning algorithm is used to
learn the optimal action policy for assigning tasks to multiple robots. A case study is presented to illustrate the
effectiveness of the proposed approach and it is compared with centralized method and hybrid method for the assignment
of robots and tasks. The case study considers a system with three robots and four tasks. The results show that RL approach
outperforms traditional assignment methods in production efficiency and task time.

The results are obtained from the simulation with Petri nets, using CNP Tools. The table comparing execution times
and average task completion times for the three methods, showing that the RL-based approach has the shortest execution
time and average task completion time. However, the RL-based approach may initially take more time to explore and
learn from interaction with the environment before making optimal decisions.

The RL method is the most flexible and adaptable of the three, as the RL agent can learn to make optimal decisions in
real time based on the environment and feedback, which can result in shorter execution times than the other methods. The
aim is to develop an effective information system that integrates computerized versions of the algorithms as a practical
outcome of the research. The incremental approach [20, 21] to develop such asystem is currently envisaged.
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