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Abstract: The emergence of Industry 4.0 allows for new approaches to solve industrial
problems such as the Job Shop Scheduling Problem. It has been demonstrated that Mul-
ti-Agent Reinforcement Learning approaches are highly promising to handle complex
scheduling scenarios. In this paper we propose a user friendly Multi-Agent Reinforce-
ment Learning tool, more appealing for industry. It allows the users to interact with the
learning algorithms in such a way that all the constraints in the production floor are
carefully included and the objectives can be adapted to real world scenarios. The user
can either keep the best schedule obtained by a Q-Learning algorithm or adjust it by
fixing some operations in order to meet certain constraints, then the tool will optimize
the modified solution respecting the user preferences using two possible alternatives.
These alternatives are validated using OR-Library benchmarks, the experiments show
that the modified Q-Learning algorithm is able to obtain the best results.
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During the last years, technological developments have increasingly benefited industry
performance. The appearance of new information technologies has given rise to intelli-
gent factories in what is termed as Industry 4.0 or i4.0 (Leitao et al. 2016; Leitao et al.
2005). The i4.0 revolution involves the combination of intelligent and adaptive systems
using shared knowledge among diverse heterogeneous platforms for computational de-
cision-making within Cyber-Physical Systems (CPS) (Leusin et al. 2018; VVogel-Heuser
et al. 2015). In this sense, embedding Multi-Agent Systems into CPS is a highly promis-
ing approach to handle complex and dynamic problems. A typical example of an indus-
trial opportunity of this kind is scheduling, whose goal is to achieve resource optimiza-
tion and minimization of the total execution time (Toader 2017).

Given the complexity and dynamism of industrial environments, the resolution of this
type of problem may involve the use of very complex solutions, as customer orders
have to be executed, and each order is composed by a number of operations that have to
be processed on the resources or machines available. In real world scheduling problems,
the environment is so dynamic that all this information is usually not known before-
hand. For example, manufacturing scheduling is subject to constant uncertainty, ma-
chines breakdown, orders take longer than expected, and these unexpected events can
make the original schedule fail (Hall and Potts 2004; Xiang and Lee 2008). According-
ly, the problem of creating a job-shop scheduling, known as Job-Shop Scheduling Prob-
lem (JSSP), is considered one of the hardest manufacturing problems in literature
(Asadzadeh 2015).

Different Operations Research (OR) techniques (Linear Programming, Mixed-Integer
Programming, etc) have been applied to scheduling problems. These approaches usually
involve the definition of a model, which contains an objective function, a set of varia-
bles and a set of constraints. OR based techniques have demonstrated the ability to ob-
tain optimal solutions for well-defined problems, but OR solutions are restricted to static
models. Artificial Intelligence approaches, on the other hand, provide more flexible rep-

resentations of real-world problems, allowing human expertise to be present in the loop
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(Gomes 2000; Martinez Jiménez 2012a; Zhang 1996). In (Gabel and Riedmiller 2007;
Gabel 2009), the authors suggested and analyzed the application of Reinforcement
Learning (RL) techniques to solve job shop scheduling problems. They demonstrated
that interpreting and solving this kind of scenarios as a multi-agent learning problem is
beneficial for obtaining near-optimal solutions and can very well compete with alter-
native approaches. These agents typically use RL, which is learning what to do (how to
map situations to actions) so as to maximize a numerical reward signal (Sutton and
Barto 1998). It allows an agent to learn optimal behavior through trial-and-error interac-
tions with its environment. By repeatedly trying actions in different situations the agent
can discover the consequences of its behavior and identify the best action for each situa-
tion. For example, when dealing with unexpected events, learning methods can play an
important role as they could ‘learn’ from previous results and change specific parame-
ters for next iterations, allowing not only to find good solutions but more robust ones.
Another problem that has been identified in the scheduling community is the fact that
most of the research concentrates on optimization problems that are a simplified version
of reality. As the author points out in (Urlings 2010): “this allows for the use of sophis-
ticated approaches and guarantees in many cases that optimal solutions are obtained.
However, the exclusion of real-world restrictions harms the applicability of those meth-
ods. What the industry needs are systems for optimized production scheduling that ad-
just exactly to the conditions in the production plant and that generate good solutions in
very little time”. In this research we propose a Multi-Agent Reinforcement Learning
(MARL) tool that allows the user to either keep the best result obtained by a learning
algorithm or to include extra constraints of the production floor. This first version al-
lows to fix operations to time intervals in the corresponding resources and afterwards
optimize the solution based on the new constraints added by the user. This is a first ap-
proach that helps to close the gap between literature and practice.

The MARL tool groups several algorithms aimed at solving scheduling problems in the

manufacturing industry. It focuses on the need of building a more flexible schedule, in
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order to adjust it to the user's requests without violating the restrictions of the JSSP sce-
nario. The approach used to obtain the original solution that the user can afterwards
modify is the one proposed in (Martinez Jiménez 2012), it is a generic multi-agent rein-
forcement learning approach that can easily be adapted to different scheduling settings,
such as the Flexible Job Shop (FJSSP) or the Parallel Machines Job Shop Scheduling
(PMJSSP). The algorithm used is the Q-Learning, which works by learning an action-
value function that gives the expected utility of taking a given action in a given state.
There is basically an agent per machine which takes care of allocating the operations
that must be executed by the corresponding resource.

Once the user chooses the scheduling problem to solve, the tool proposes an initial solu-
tion based on the original QL algorithm mentioned before, and at the same time it ena-
bles a set of options that are the basis of this research. The user has the possibility to
move the operations either using the mouse or the touch screen, and these movements
must be validated once the new positions are decided.

In this work we compare the performance of two alternatives for optimizing the sched-
ule once the user has fixed some operations, the classical left shifting and a modified Q-
Learning algorithm, which includes the position of the fixed operations in the learning
process. In order to measure the performance of the alternatives several benchmark
problems from the OR-Library (Beasley 1990) were used. For each instance the same
operations were fixed, and each optimization alternative had to adjust the schedule in
order to minimize the makespan. The Wilcoxon test applied to the results shows that
there are significant differences between the two alternatives (sig=0.08), the mean ranks
confirm that the QL version with fixed operations is able to obtain better results than the
classical optimization process. This is mainly because the left shifting respects the order
in which the operations were initially placed along the x axis. The QL algorithm, on the
other hand, keeps the fixed positions and during the process of learning, the order in
which the operations are scheduled in the resources does not have to be the same, this

allows the approach to obtain better solutions in terms of makespan.
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