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Abstract: Industry 4.0 (I4.0) aims at achieving the interconnectivity of multiple industrial assets
from different hierarchical layers within a manufacturing environment. The Asset Administration
Shell (AAS) is a pilar component of 14.0 for the digital representation of assets and can be applied in
both physical and digital assets, such as enterprise software, artificial intelligence (AI) agents, and
databases. Multi-agent systems (MASs), in particular, are useful in the decentralized optimization
of complex problems and applicable in various planning or scheduling scenarios that require the
system’s ability to adapt to any given problem by using different optimization methods. In order to
achieve this, a universal model for the agent’s information, communication, and behaviors should be
provided in a way that is interoperable with the rest of the 14.0 assets and agents. To address these
challenges, this work proposes an AAS-based information model for the description of scheduling
agents. It allows multiple AI methods for scheduling, such as heuristics, mathematical programming,
and deep reinforcement learning, to be encapsulated within a single agent, making it adjustable
to different production scenarios. The software implementation of the proposed architecture aims
to provide granularity in the deployment of scheduling agents which utilize the underlying AAS
metamodel. The agent was implemented using the SARL agent-oriented programming (AOP)
language and deployed in an open-source MAS platform. The system evaluation in a real-life
bicycle production scenario indicated the agent’s ability to adapt and provide fast and accurate
scheduling results.

Keywords: agent-oriented programming; Asset Administration Shell; multi-agent system;

scheduling agent

1. Introduction

Production scheduling defines when and which of the organization’s resources will
be used in order to perform a set of operations assigned to the system [1]. Scheduling is a
field of production management and is applied in multiple production phases, from the
supply chain, production, logistics, and delivery, in order to regulate the performance of an
organization. It is a computationally demanding operation that can value the organization’s
reactivity over the market demand, lower the cost, and achieve faster delivery. Considering
the great variety of production and supply chain disturbances, however, scheduling systems
need to be adaptable to changes and be able to handle unprecedented scenarios with great
accuracy in order to be beneficial for the organization’s success.

Within the modern Industry 4.0 (I4.0) schema, which has been the objective for many
manufacturing organizations, different manufacturing entities are represented as assets.
An asset is the pillar component of 14.0 and symbolizes any entity that has a role within
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the 14.0 ecosystem, e.g., machines, production modules, products, software installations, or
human resources. The primary goal of I4.0 is to provide interoperability within the system;
however, it is due to the Asset Administration Shell (AAS) that this level of interoperability
and abstraction can be achieved [2]. AAS is the digital representation of an asset within the
14.0 ecosystem and provides a detailed description of the asset’s different domains, e.g.,
identification, communication, safety, security, etc. The AAS, in essence, is a metamodel,
which consists of sub-models (SMs) and sub-model elements (such as collections, properties,
events, etc.), which are the basis for describing all the properties of an asset. On top of that,
semantics are utilized within each entity to allow higher abstraction as well as accessibility.

Organization management and control systems, which drive the efficiency of industrial
processes and achieve automation, are built on top of seamless communication between
physical and digital production assets. Agents and Multi-agent systems (MASs) are digital
assets with advanced characteristics in autonomous decision making that are deployed
within the environment. From the manufacturer’s side, interoperability between assets
is one of the primary goals, as it is trying to implement solutions that are free from
dependencies and have modular characteristics. AAS has been proposed to address this
challenge by encapsulating the asset in a digital form that can be accessed from other assets
in a standardized way. In the case of software components, this is equally important in
order to provide support interoperability with other software and hardware components
and build reusable solutions. In the case of agents, it means that information structures,
communication pipelines, and operational features will be described in a way that other
assets can exploit.

In practice, the AAS concept holds the intermediate layer between the asset and
the external world. The reason is that in this way, the asset may not implement custom
interaction and communication with other assets but rather use the AAS as the metamodel
to describe the domains of the asset and allow third-party components to interact with
the asset indirectly through the AAS services and information provided by the hosting
platform. This way, even if the asset comes from a different manufacturer or holds different
specifications, it will still be able to use the same communication principles. In the case of an
agent, however, this may be partially differentiated since communication is also provided
within a closed framework, a so-called multi-agent system. In other words, communication
among the agents does not need to be hosted by the agent’s AAS, as there is already a
message-based interaction provided within the framework which hosts these agents. On
the other hand, communication with external software and assets is not predefined within
the multi-agent system, and the AAS can provide a way for these entities to interact. On top
of that, the AAS allows the description of the agent specifications and capabilities, which
are provided in order to fit seamlessly within a complex system architecture.

An agent, in general, is an autonomous entity with different capabilities for reacting to
external events. The motivation behind multi-agent systems is to achieve decentralized op-
timization and control of a complex system. As a result, the introduction of the multi-agent
system in practice includes a set of different decision-making software that is programmed
to react to specific system events. As the system operates, an initial trigger/event may
fire the initialization of an agent, which itself may produce one or more events of its own,
triggering other agents. This chain reaction of events allows the multi-agent system to
produce individual solutions as a subset of a more complex problem. This theoretical
implementation of a multi-agent system allows the optimization software to deal with the
problem not as a unique optimization block but rather as multiple parts in the pursuit of
the overall solution. Nevertheless, the design of the agents, as well as the capabilities that
they will provide, is a challenging process. It is necessary that, based on these aspects, the
agents will be able to negotiate with each other and solve the problems which they are
provided with.

Production scheduling and control is one of the many fields where agents and multi-
agent systems can be found beneficial. Scheduling or planning problems are usually
complex computational problems that require sophisticated algorithms in order to achieve
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the cross-section of accuracy and rapidness. There is, in fact, a large cluster of different
scheduling problems, some of which have already found polynomial-reduced algorithms
for solving the problems, while others still remain on the side of NP-hard or NP-complete
problems. What may support this aspect, however, is the selection of the correct algorithm
or method in order to solve each problem based on the nature of the problem itself. This is
what may be referred to as meta-scheduling, indicating the ability of the system to exploit
different scheduling methods based on the context of the problem. The case, however,
is how the software can classify the different problems and provide a solution using the
right algorithms. This question could be alternatively stated as how, within a multi-agent
system, where different optimization agents coexist, the scheduling agent capabilities can
be expressed in a way that will be accessible/interoperable with other assets or agents
and have the intelligence to select the highest probable algorithm for any given problem.
As such, scheduling operations may be handled in a more cognitive way, allowing the
underlying software to make accurate selections when it comes to optimization while at the
same time being able to coexist within the Industry 4.0 paradigm supported by the AAS.

This research paper focuses on the provision of an AAS-based information model for
the description of scheduling agents in a way that will increase interoperability and allow
more efficient decision making. Focusing on the concept of meta-scheduling, i.e., the ability
to exploit different algorithms for the solution of a scheduling problem, this paper extends
the current state of the art with a generic description model, able to define the agent’s
capabilities and different algorithms acquired.

This research study aims to support this challenge with the provision of an AAS-
based information model for the description of scheduling agents. The proposed modeling
methodology describes aspects related to interoperability with other agents or assets and
enables abstraction on scheduling operations. The agent software that was created to be
aligned with the model is able to encapsulate multiple optimization methods within a
toolbox of schedulers, enabling applicability in various industrial cases and scalability. Each
of the scheduling methods is parameterized within an AAS model in a way that allows the
selection of the corresponding scheduler to be based on the capabilities of the scheduling
method. Communication is also established within the AAS based on different operations
and events that other agents or assets can access. This enables more abstract interaction
across industrial software entities by calling higher-level behaviors of the agent, regardless
of the lower-level implementation details. The agent implementation was performed in
the SARL agent-oriented programming (AOP) language and deployed in an open-source
platform for MASs. During the validation of the scheduling agent, three optimization
methods, namely deep reinforcement learning (DRL), mathematical programming, and
heuristics optimization, were integrated. The industrial installation took place on a bicycle
production system where the scheduling agent was accessed via a shopfloor UI to perform
scheduling operations in different problems of the factory.

The rest of the paper is organized as follows: Section 2 presents the state-of-the-art
related works of the method that was used in this scientific work. Section 3 presents the
proposed AAS model for modeling a Production Scheduling Agent. Moreover, Section 4
presents the industrial implementation in which the proposed model was used. Finally,
Section 5 is the conclusion of this work and the future directions of this study.

2. Related Works

Multi-agent systems (MASs) emerged during the 90s as a specialization of Object-
Oriented Programming (OOP) with a greater level of responsiveness and autonomous
reactions [3]. Since that point, there has been a great amount of standardization involved in
MAS development, as well as various technologies that allowed higher-level agent-oriented
programming (AOP). According to the definition of O’'Hare and Jennings, a network of
problem solvers is called an MAS when the solvers work together in order to solve problems
that are beyond their individual capabilities [4].



Appl. Sci. 2023, 13, 9540

4 0f 20

In [5], the authors listed the challenging problems that researchers are facing. The
most challenging aspect of designing and developing an MAS is to allow clear intercom-
munication pathways between the different agents in a way where decisions can be taken
through negotiation [6]. This requires agents’ awareness of their environment so that a
message-based interaction can take place while solving a complex problem [7]. According
to [8-13], the MAS design methodologies have three phases: (i) conceptualization, (ii) anal-
ysis, and (iii) design [14]. In [14], they presented the stages of the design phase. In [15],
authors developed a deterministic coordinated multi-robot exploitation framework in an
unknown environment. Moreover, in [16], authors proposed a peer-to-peer environment
using generic programming,.

Different platforms like JADE [17-20], ZEUS [21-23], Malaca [24], Mad-Kit [25-27],
Janus [28,29], NetLogo [30,31], and many more [32-36] have been used in the literature in
order to implement MAS. Table 1 organizes the different platforms and references. The
agent communication standard is defined by the ACL (Agent Communication Language)
standard of the Foundation for Intelligent Physical Agents (FIPA) [32]. In this work, the
Janus platform was used. In a further analysis, Janus is an open platform that provides
a list of features to develop, run and monitor multi-agent-based applications. In detail,
such features are scalability (supports a large number of users), flexibility (provides the
developers a range of options to customize their applications), modularity (easy ways to
create or remove functionalities), and real-time capabilities (real-time video streaming and
surveillance) [28,29,37]. SARL is an agent-oriented programming language that is used for
programming in Janus [38,39].

In [40], the preferred applications of agents are discussed, such as planning, scheduling,
resource management, strategic decision making, diagnostics, real-time replanning, model-
ing, ontologies, knowledge integration, software systems, and simulation [41]. Numerous
applications of planning and scheduling have been carried out on top of MASs [42,43].
Researchers in the MAS applications in the planning and scheduling area of artificial in-
telligence have addressed the challenges of enabling agents to act effectively in groups.
Machine Learning (ML) approaches allow efficient scheduling of complex production
systems by analyzing gathered data in order to enhance overall productivity. Due to
the fact that ML algorithms can learn from historical data to identify patterns, they are
used to develop predictive models for scheduling [44,45]. Referring to the scheduling
problem, many methods and applications have been developed throughout recent years.
Approaches that use dispatching rules, whose learning data are developed by preliminary
simulation runs, analyze the influence of different parameter values of the selected rule on
the system performance [11]. With this tactic, the average amount of tardiness at work may
be significantly reduced. Two fields of machine learning general concepts are getting more
attention year by year: deep learning (DL) and Reinforcement Learning (RL).

The concept of AAS has been used in many MASs in order to standardize the inter-
action of the agents [46-50]. Moreover, AASs are a standardized interface for external
communication [40,51]. AASs were first presented in [52] by Adolphs et al. (2015). Many
scientific works have used AASs, i.e., the use of AASs alongside Digital Twin (DT) [53,54]
and AAS alongside DT and reinforcement learning (RL) [55]. Moreover, AASs have been
used to parameterize DT, modeling a co-simulation environment [56]. Also, [57] used AASs
for the parameterization of Domain-Specific Language (DSL) services. AASs can be used to
parameterize Al agents as well, where hyperparameters or information could be exchanged
via the AAS concept.

The AAS framework provides a structure for modeling assets, but there may be gaps
in how different scheduling agents interpret and implement it, leading to inconsistencies in
scheduling data representation and sharing. The AAS framework is designed to capture
high-level asset information, but scheduling agents may require more detailed data to
manage and optimize production schedules effectively [58]. Integrating scheduling agents
with existing AAS-enabled systems can be complex, particularly when different systems
use different communication protocols or data formats [54]. Privacy concerns are also
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a significant challenge when implementing AAS, particularly when handling sensitive
data in production systems, since scheduling data are often sensitive and confidential [59].
Sensitive data can be considered data captures about a physical asset in an industrial envi-
ronment; such data can include information about performance, operational characteristics,
or maintenance. Additionally, scalability is a crucial challenge in the implementation of
AAS in large-scale manufacturing systems, which may require further development work
to optimize scheduling algorithms and ensure efficient data processing and sharing across
different systems [60-62].

AAS models have been used in the literature to capture key information. In [63],
the authors design and propose an AAS model for predictive maintenance. Moreover,
in [64], the authors provided a comprehensive survey of AAS models for the information
and communication layer, where they presented some ontologies used for scheduling, i.e.,
see [65]. Also, in [66], the authors proposed a modeling approach that was AAS-based using
ontologies to overcome the gap of semantic interoperability and allow efficient interactions
between Industry 4.0. Comparing the proposed model to the already mentioned works, the
contribution of this work is the use of the design of an AAS model for schedulers, where
AAS is a standard of Industry 4.0.

Table 1. MAS platforms and frameworks.

Multi-Agent System (MAS)
Platforms/Frameworks

Description Related Works

JADE (Java Agent JADE is an open-source software framework that is Java-based [15-18]
Development Framework) and used for MASs. )

Janus is an agent-based platform for modeling simulations that

Janus enables users to build and test complex systems. It offers a [26-28]
Graphical User Interface (GUI) and a variety of tools.

ZEUS is an open-source agent-based platform implemented in

ZEUS the Java programming language. It provides a GUI and a [19-21]
runtime environment [67].
Mad-Kit is an agent-based framework for modeling and
Mad-Kit (Multi-Agent Development Kit) simulating agents of an MAS. It provides APIs and tools in [25-27]
order to create agents.
Malaca is a gent architecture that combines Component-based
Malaca Software Engineering and Aspect-Oriented [22]
Software Development.
NetLogo is an MAS platform for modeling and simulating

NetLogo agents. It provides a GUI and supports complex systems. 29,371
Other platforms There are other platforms as well, for example, Rapast, [30-34]

AnyLogic, etc.

In the current literature, there is a wide range of approaches where the multi-agent
system concept is the primary technology used to solve scheduling or planning problems.
On the contrary, there are even more solutions that choose to solve scheduling and planning
problems based on monolithic optimization software. A case can be defined for both
solutions and the reasoning behind choosing one over the other. What can be highlighted,
though, is that complex optimization problems are usually broken down into smaller and
simpler problems, which are then handled individually by the system. This is where
the multi-agent system could be found beneficial. Being able to deploy different entities
and establish the required configuration for these entities to operate and negotiate with
each other can provide faster decision making, traceability over the solution, as well
as production of different outputs coming from different agents operating in parallel.
However, there is a shortage of existing solutions on how these types of agents should be
modeled using the AAS concept in order to fit within the 4.0 ecosystem. What is more,
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the model should provide granularity in order to exploit different schedule optimization
agents that provide different capabilities and methods.

The focus and contribution of this work is to provide an information model using
the AAS concept for the description of a scheduling agent and its functionalities. The
aim is to bridge the gap on how the interaction between a scheduling agent and other
agents or assets can be formalized so that a third-party component can be aware of which
services the agent can provide as well as where and how it can access it. This overall
goal is to achieve that in an abstract manner, meaning that entities that interact with this
agent will not rely on custom interaction methods and will have no dependencies on the
implementation technologies of the agent. In detail, the contributions of this work are the
following: (1) the use of the AAS concept, where AAS is a standard of Industry 4.0 and
(2) the design and discussion of an AAS model to describe scheduling agents, environment,
constraints, and objective.

In conclusion, this section presented related works and also mentioned the contri-
butions of this work to the community. Additionally, in the literature, there are several
works that use the AAS concept, but they do not provide a generic model for controlling
the agents and parameterizing them. The idea of designing the proposed AAS model is to
overcome the problem of controlling and parameterizing scheduling agents (please see the
Proposed Methodology). Moreover, the design of the AAS models was part of a high-level
idea of creating an intelligence (meta-agent) based on the criteria, applicable environments,
and objectives of each agent to select the agent that can solve a given scheduling problem.

3. Proposed Methodology

This section introduces an agent architecture (Figure 1) which provides a high level of
abstraction to the scheduling problem. The agent shown in Figure 1 could also be referenced
as a meta-agent for scheduling, as it aims to use multiple scheduling methodologies while
trying to solve the scheduling problem of a production environment. Its key characteristic
is that the optimization process is cut off from the core agent logic, which allows the agent
to be able to navigate through an arbitrary number of available optimization methods for a
given problem. In other words, the agent has access to a toolbox of scheduling solutions,
from which it can select based on the type of the problem and the toolbox capabilities. Of
course, this raises the issue of accurate scheduler selection for a given problem, which is
part of the main logic that is defined within the agent’s skills and, in practice, is addressed
through the AAS concept. The AAS information model aims to address this issue by
allowing a problem—compatibility description for each one of the available scheduling
solutions, which can then be used to map the scheduler with requested problems.

The AAS also enables a standardized way of communication between agents as well
as other 14.0 systems. In contrast to other assets that use the AAS description to achieve
interoperability, it is important to highlight that agents are built on top of the AOP language
and message-based interaction to communicate with other agents. As such, on the one
hand, agents do not need AAS as the interface for exchanging information within the MAS,
but they do need it when it comes to communication with systems that do not belong
within the MAS. To this end, the AAS concept serves as the description of communication
within the MAS (description of capabilities and messages for agent-to-agent interaction), as
well as provides access to entities that do not belong to the MAS.

Each one of the components displayed in Figure 1 is a composite of classes and
interfaces. The scheduling services represent the lower level of optimization within the
agent, i.e., the scheduling algorithm and mathematical formulation of the problem. This
layer consists of an arbitrary number of schedulers, each one aiming to provide a solution
to a specific scheduling problem. The algorithm, as well as the type of problems suitable
for that scheduler, may differ from one another, thus allowing a wider range of problems
suitable for the meta-agent. Each scheduler also expects a different I/O format. For
example, in the case that a scheduler is designed to give solutions to the Travel Salesman
Problem (TSP), information should be formatted into cities, travel distances, and so on; in
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other words, in a format that the scheduler can understand. This brings in the need for the
scheduler connector to ensure information is restructured into the format accepted by the
scheduler. In addition, it builds a stable connection between the scheduling software and
the agent software, which is necessary, especially in cases where the algorithm is executed
on a different computational resource.

Other I4.0 Entity )

Scheduling Agent in JANUS

1
on operation call
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@AS Connector -G-)
!

call

request/receive
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i \ o
233 ’
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Figure 1. Planning meta-agent software architecture.

One of the primary aspects of this approach is the ability to select among different
scheduling methods based on the input problem definition and user requirements. This
is what makes the agent a meta-agent and addresses the challenges for abstraction in the
scheduling agent. In order for the meta-agent to be able to decide among the different
algorithms, it needs to have a classification of the algorithm based on the problems that it is
able to solve. This aspect was also supported primarily by the AAS concept, as it allowed
the description of the capabilities of each scheduler individually based on the problems that
it is able to process. This can set up the compatibility requirements for the scheduler and
allow the agent to select among an arbitrary number of schedulers. Within the remainder
of the section, the detailed description of the agent AAS is elaborated.

Figure 2 abstractly displays the sub-models (SMs) which compose the AAS of the
agent. The AAS always consists of a list of SMs that are clustered within the same AAS;
the AAS itself does not have a semantic identifier. However, the SMs do, and thus the SMs
could be considered to describe the different domains of the asset. The aim of the proposed
list of SMs is to create an abstract description of the agent’s functionalities, the way that
these functionalities could be accessed by other agents, the information requirements
(in other words, the agent’s language), and the capabilities in the manner of schedule
optimization. Thus, the AAS plays, at first, a configuration role for the agent that is used
during the initialization and, secondly, at runtime, a way of interacting with the agent itself
using a third-party component. In the second case, as displayed in Figure 2 as well as in
Figure 3, the use of a connector is necessary. In the case of AAS, connectors are usually
provided by the AAS platform and can be of different kinds (namely, OPC UA, MQTT, and
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<SMC> Messages  Request|z]| Response =] O

REST are the most usual ones) and customizable to the asset. In the case of a scheduling
agent, an MQTT connector is one of the implementation options which, based on the AAS
platform functionalities, acknowledge the agent for any dynamic updates made to the
element values of the AAS or the call of a specific operation.

Scheduling Agent AAS

<SM> Communication

Erun skill fromi

<SMC> Skills <Op>runSkill  [Flo 1 other asset !

what message
format to use !

<SMC> Events mit §) Sche.§)0-. | (assets/ agents) .
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<SM> Optimization ' it listens to in the !
<SMC> Optimizer_1 Param{&} | Compf[) ©. l___MAS _______ '
E access to '
< > imi P B3| C @ s . -
SMC> Optimizer_2 Param{Z] | Comp &) ! oplimizes :
rcompatibility with
<SM> Identification : problems, :
' parameterization, :
i I/Oformat |

1
Connector with agent

1
o

Figure 2. Overview of sub-models (SMs) in scheduling meta-agent AAS.

The “Identification” SM indicates all the required information that distinguishes a
specific agent instance from the other agents and specifies information regarding installation
and access to the software. More specifically, this module indicates the agent software
metadata regarding the platform and the machine that the agent runs and also the agent’s
specific name and scope. It is not important with regard to the optimization functionalities
of the agent, yet it is necessary from the developer’s point of view.

The next SM of the agent is the “Optimization” SM. This contains the different opti-
mization services of the agent, i.e., the schedulers/planners, which take care of solving the
optimization problems that the agent is requested to. The main challenge of an optimization
agent is to avoid case-dependent solutions and achieve generality in the range of problems
that can be solved. This can only be achieved if the intelligence of the agent is extended
farther than one optimization algorithm or method. This key concept, which was also
described in the initial sections, was the core logic behind the meta-agent proposed in the
current research. In other words, the authors aimed to provide agent software that has more
than one optimization methodology and uses it effectively with respect to the problem it
is faced with. In the following figure, the template metamodel of the optimization SM is
given for one optimizer example and contains all required information for the agent to
access and use the optimizer when required.
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Figure 3. Scheduling agent AAS description.

Within the “Optimization” SM displayed in Figure 3, there are different optimizers, Sub-
ModelCollections (SMC), each one representing a different optimization method/algorithm.
There are several important aspects to describe each one of the algorithms accurately, the
first being accessibility; in other words, where the algorithm can be found and how it can
be accessed. Most of the time, the algorithmic part of the optimization is not run within
the same resources as the agent, and this is usually performed either for performance or
maintenance reasons, meaning that decentralized optimizers are easier to manage when
maintenance/update is required (rather than software on the factory site), and computational
resources can be empowered as required, or for the practical reason that the algorithm is
developed in a different programming framework. In any case, it is important for the agent to
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be aware of how the algorithm implementation can be managed and be able to do that not
only from a local perspective but also remotely.

The next and most important part with respect to the management of the optimization
toolbox is the Compatibility SMC, which allows the agent to identify the cases in which this
algorithm/optimizer is suitable for a problem. The description of a scheduling problem
can be achieved using three notations. The three notations represent (i) the environment,
(ii) the problem constraints, and (iii) the objectives and are enough to classify any sched-
ule optimization problem. Similarly, these notations can be used to describe the sets of
scheduling problems that the specific algorithm is compatible with. As an example, for
an algorithm that is compatible with Job Shop environments, the constraints of release
time and a makespan objective mean that the Job Shop scheduling problem for minimizing
the makespan given jobs’ release time can be solved. However, in cases where sequence-
dependent setup delays are also included, the algorithm would not be able to portrait that
constraint and thus, the solution will be practically wrong, and the same applies to any
kind of combination of these notations. It is also important to highlight that, in recent
research, there are problems that a polynomial time algorithm has been found, or at least to
the relaxation of the initial problem. This is useful information for the agent in order to
navigate across a database of the different algorithms and select the one that has the best
time/memory performance. Of course, in most cases, scheduling problems remain hard to
optimize, and polynomial complexity cannot be achieved; in those cases, there can be more
than one available algorithm in the list of optimizers, and the selection is part of the agent’s
logic that has been developed.

The above figure displays the scheduler selection process based on compatibility. As
illustrated, after the agent has parsed information from the scheduling request data into the
internal format, it analyses the data in order to identify the problem type for the specific
dataset. The problem type definition using the three notations described above can be
addressed via basic rules for the process plan identifying the different routes that are
available for the different jobs and the relations between them. As also highlighted within
the later sections of this paper, the production information regarding the process plan,
material requirements, work orders, etc., is not something standardized within this research
study. In other words, the structure and format of information is an implementation
decision, while there are different information frameworks and standards suitable for
describing production schedule data.

Following the three-notation modeling mechanism for the scheduling problem allows
the agent to characterize any scheduling problem as long as the rules are defined for each
specific type. Specifically, the agent needs to be able to identify, given the input data, which
rules need to be applied in order to define whether the data are derived from a specific
type of problem. To give a more practical example, Job Shop environments, for example,
are supported by the condition that there is only one alternative route for each order, in
contrast to the Flexible Job Shop, which contains more than one. Another example is the
case of batch versus continuous manufacturing, which can be defined by the ability of
the scheduler to include job release time or/and family of jobs, which can be linked with
material arrival dates and product types. There are, however, even more complex examples,
such as inventory constraints and case-dependent policy constraints, which are hard to
classify into a specific cluster of problems. From the implementation side, however, the
agent is able to analyze any given problem into these categories as long as it is given a
detailed set of rules that need to be satisfied for this class.

Finally, the performance of the algorithm was another aspect that needed to be taken
into account by the agent in cases where there is more than one compatible algorithm
for the problem. This aspect was addressed individually by each scheduler, which pro-
vided a specific estimation of time and accuracy based on the scale of the problem. This
can be addressed by using a linear interpolation among existing experimental data and
empirical results. This aspect is described in an abstract manner, allowing the developer
to define its own functions for returning an estimation of time and accuracy for the un-
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derlying algorithm. On top of that, in cases where the algorithm contained some kind of
hyper-parameterization, a function can be defined to link the requirements in time or/and
accuracy with the parameters to be used for the algorithm.

As long as the scheduling method is selected, the I/O format used to load the problem
to the algorithm’s implementation and receive the output should be defined. This is a
design decision for any given software, and to achieve interoperability, the agent should be
able to parse the information in the given format as it is the language of communicating
with the algorithm. The files will pass to the accessibility endpoints using the correct
protocol, and thus, a connection will be established. Let us, for example, have a specific
version of an algorithm being developed on a computational resource, which is then made
public using a REST API service where new models can be loaded directly to the algorithm
through an external source in a specific XML format file. In that case, the agent would need
to serialize the scheduling information into the specific XML format and then post it to the
REST service, which will trigger the algorithm. The same logic can be applied in any given
file format and communication protocols, given that the agent is programmed to do so.

The next and equally important SM is “Communication”, which establishes all the
necessary information for the intercommunication of the agent with the rest of the MAS. In
essence, AOP is based on events, capacities, and skills to define the agent’s workflow. As
such, the first important component is defining the events which the agent is programmed
to listen to within the MAS. The first primary event is the initialization one, which is part of
any agent object and is called immediately when the agent is spawned by the system. The
agent would have a universal unique ID, which allows the software to spot the specific AAS
associated with that ID. The AAS metamodel will configure some of the internal data and
connections of the agent and will set the agent as active. At this point, the agent is functional,
and its primary behavior is to listen, broadcast, and react to events from/to the MAS. The
system may produce a wide variety of events; however, each agent will react to only a
specific subset of events that are associated with the scheduling operations of the system.
The scheduling meta-agent specifically listens to the “SchedulingRequest”, which can be
spawned by another agent requesting the schedule optimization for a set of production
data. The request is modeled in greater detail by the “Request” SMC containing metadata
information on top of the data defining the scheduling problem, i.e., the “Data” file. At
this point, it is also important to highlight that the format of the scheduling information
is another important aspect for the agent as it will allow the creation of context out of a
stream of data that is provided. Formatting production information, however, is a topic
of its own, with various abstract models and standards provided (e.g., ISA-95) in order to
encapsulate information in a generic and standardized manner. This is out of the scope of
this paper, as it focuses on modeling the agent’s interaction and capabilities; nevertheless,
within the conclusion section, a focus is particularly given to future works and limitations
over that aspect.

The compatibility requirements are the problem description information, namely
environment, constraints, and objectives, which allow the agent to map the suitable al-
gorithms to the specific problem description. Equivalently, the parameters may override
any existing default parameterization of the algorithm performed during the initialization
of the agent. The response is created as the optimization process has finished, while the
“ScheduleResponse” is also broadcasted.

Now, an interesting debate on the utilization of AAS is whether dynamic information
should be stored on the AAS directly. In essence, the AAS file is an asset description
metamodel, and it is not meant for direct storage of asset values. In other words, in the case
of a shopfloor machine, an AAS would enable access to machine-specific components, e.g.,
a machine sensor. However, it does not necessarily mean that data would also be loaded
upon the AAS repository, i.e., uploading sensor data upon the AAS file. Most of the time,
this is a design choice, as the description of the AAS does not exclude that dynamic data
may also be loaded. On the other hand, AASs do not act as an extended storage of historical
data, and although they could perform this role, it is usually out of the scope of using the
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AAS. With that being said, there can be defined two separate methods for requesting and
receiving a new schedule operation in the planning agent (shown in Figure 4). The first
and more orthological way is through the MAS, based on the principles of AOP. The agent
is, in essence, an entity that responds to events from the MAS, such that the planning agent
is an entity that responds to the scheduling events which are broadcasted by other agents.
A significant detail is that the scheduling request sent from the agent should follow the
format of the request that is referenced within the AAS description. So, in practice, the
inner format of the event follows the same object format as the SMC described within the
AAS, except it is transferred as a serialized object because it is sent directly as a message
within the MAS. The scheduling agent can follow the procedure—of selecting the optimizer
and optimizing the schedule—for completing the scheduling request and uploading the

input message onto the AAS repository for traceability reasons, if needed.

Schedule Request Data

/@ Work Orders
Material

Requirements

Resources
Process Plan

G’arse Schedule Requestj

4
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Problem
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( Find problem type ) = - =
e Sequence-Dep. Setup
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I
( Select Scheduler )

Figure 4. Workflow for scheduler selection within the agent.

The second way to request a new schedule is directly via the AAS. In practice, this
is what AAS files are for: providing access to the asset’s operations and information free
of hardware or software-specific requirements. In the case of the agent, this may slightly
differ, as agents primarily interact with each other using AOP; nevertheless, this method
also allows external entities (out of the MAS) to interfere with the agent when required.
Just by calling the corresponding operation from the agent’s skill SMC and uploading
the accompanying information, any external software can have access to the scheduling
services provided by the agent. This type of interaction is primarily for third-party entities
outside of the MAS, which have no access to the message-based communication established

by the MAS framework.
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4. Industrial Implementation

Since agents are programmed based on AOP, an MAS framework implementation is
required in order for these entities to be spawned and managed. In this case, they utilize
the Janus framework and SARL programming language. There are four main types within
AOQOP, namely, agents, events, capacities, and skills. The agent is the equivalent of a class
in OOP and is a placeholder for the methods, events, skills, and variables that consist of
the agent as an entity. Capacity, on the other hand, is a generic description of an agent’s
capability and is independent of the implementation. As an example, a capacity may be a
pick and place in the case of a robot control agent, whereas the skill, on the other hand, is
the specific implementation and, in this case, the set of step commands needed to perform
the pick and place operation. Lastly, the events are the way that the agents interact, and
this is what makes it different from OOP. Events are broadcasted within the network of
agents by the agents unaware of who will be the listener of the events. In other words, the
agents are autonomous entities that receive an event as long as the event is compatible with
their skills and internal operations and may or may not produce new events for the system.

In JANUS and the proposed implementation, there are four main concepts as well,
described as follows:

e Agent: An agent is capable of receiving the scheduling request from the Ul and select-
ing the corresponding scheduling algorithm to perform the scheduling calculation.
After the scheduling output has been completed, the planning agent emits the schedule
response to other agents in the MAS, who will handle this information based on their
functionality as well.

e  Skills and capacity: A capacity is a wrapper of skills. The reason for having a capacity
is that an agent can implement a skill from a certain capacity with a specific param-
eterization. In the planning agent implementation, the skills refer to the different
capabilities of the planning agent. The planning agent is capable of choosing the
correct scheduler, performing the scheduling task through scheduler interfaces and
REST API connections, and posting the scheduling task outcome to a UL

e  Events: There are two kinds of events in this implementation. The schedule request,
where another entity in the MAS broadcasts it, and the schedule response, where the
planning agent broadcasts when the scheduling task has finished.

These types were implemented into Janus, as displayed in Figure 5. SARL is built
on top of the Java programming language, which makes it extremely compatible with the
exploitation of Java interfaces, methods, and classes to perform actions for which Java
has existing libraries and packages. In addition to the traditional JANUS entities, some
additional classes were implemented:

e  UlConnector: When the scheduler finishes its operation, the outcome needs to be
shown in a UI, where the user will be able to read it and decide the following produc-
tion activities (apply or reject the schedule).

e  SchedulerInterface: This class is used for the preprocessing and post-processing. The
input needs to be reformed into the proper scheduler input format, and the output
from the scheduler needs to be reformed into a readable output.

e  SchedulersConnection: The schedulers listen to the schedule request through a REST
API and provide the response with the use of MQTT. Thus, an additional class for the
connection of the schedulers” endpoints with the planning agents’ skills was required.

The planning agent contained (was able to receive/listen to) three different MAS events:

e “Initialization”, spawn of the agent and configuration of the connections with the
schedulers based on the AAS;
“Scheduling request”, a message containing the production data to be scheduled;
“Schedule response”, a chain event broadcasted after the end of the scheduling process.
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Figure 5. Class diagram implementation of agent in Janus.

The scheduling request followed the structure defined within the agent’s AAS and con-
tained the information for the scheduling problem that needed to be optimized. Before mov-
ing to the optimization, the agent should make the decision of which optimizer/scheduler
to use. As long as the agent had already defined the connections with the schedulers and
had received a collection of environment, constraints, and objectives that were compatible
with each algorithm, it needed to classify the problem and match it with any compatible
schedulers. The scheduler selection algorithm implemented a specific set of rules linked
to each type of environment and constraints over the production data and assigned the
corresponding notations to the scheduling request. Once this process was performed, the
agent excluded the non-compatible algorithms and selected one of the remaining ones.
Now, the process for selecting among the remaining algorithms had to do with performance.
In this case, each algorithm had a parameterized method based on the number of resources
and jobs and returned an estimation of the scheduling time required. The agent would
select the closest to the demand given by the request. In cases where there was no demand,
all the schedulers would be used simultaneously, and multiple scheduling responses would
be produced.

A similar procedure could take place for scheduling requests coming from outside
the MAS. The AAS platform, rather than hosting the AAS elements’ values, also provided
endpoints for the AAS operations. Any third-party components, in this case, the Ul, could
request a new schedule by posting the request over the AAS platform on the operation
public URL. An MQTT connection between the AAS and the agent in Janus was established,
and the same process would be followed in order to be able to broadcast the response back
to the UL

The different software components are displayed in Figure 6, showing the software and
hardware deployment architecture for industrial implementation, including the hardware
devices (servers) utilized for the specific industrial case. The shopfloor Ul, as the name
suggests, should be deployed on the production line, allowing the user to interact with the
MAS and display the results. The shopfloor Ul was a Java web application installed locally
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on the shopfloor computer on the factory site, while it was integrated with information
coming from the ERP database. The connection between the ERP DB and the UI was made
using SQL queries, loading all the production orders that are to be produced within the
upcoming days. The AAS platform was also installed on the local production network,
holding information about the agents deployed for the specific use case. During the
initialization, the MAS will recall these AAS files in order to deploy the different scheduling
agents and define the connection between the agents and the schedulers. The MAS was
also installed on a Virtual Machine (VM) on the local network. The algorithms/schedulers,
however, were deployed on a different server outside of the industrial network. The specific
VM required the highest specifications for memory and performance as it contained the
optimization processes of the framework. It used 32 GB of RAM and an Intel (R) Core (TM)
i7-10700 CPU @ 2.90 GHz.

>

(VM outside production network with ' - Schedulers Server
VPN) Wi
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~ iy - ' — P
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Figure 6. Software and hardware deployment architecture for industrial implementation.

The industrial case came from a bicycle Original Equipment Manufacturing (OEM)
industry specifically for the departments of painting and wheel assembly. Three different
schedulers were deployed: (1) a heuristic multi-objective scheduling framework, (2) a
Mixed Integer Programming [68] (MIP) model optimizer for production scheduling, and
(3) a deep reinforcement learning (DRL) scheduler for dynamic production scheduling. For
the latter two (2, 3), two Flask applications were deployed to integrate the algorithms as
REST services. Similarly, for the heuristic scheduler, a Java REST service was developed.
On top of that, a RabbitMQ broker was used in order to return information regarding the
status of the optimization process.

The heuristic algorithm was used both for the painting and the wheel assembly lines
allocation of orders, while the MIP and DRL were used individually for the painting
and wheel assembly, respectively. The heuristic algorithm contained three adjustable
hyperparameters, which drove the search process and could affect the performance in time
and accuracy. Similarly, for the MIP optimization, the MIP gap and the threads were two
adjustable parameters, while for the DRL, two separate models were trained with different
accuracy results.

On top of that, two separate Discrete Event Simulation (DES) models were developed
for the two departments in order to run the scheduling results and display the performance
indicators to the user. The DES models were separate from the MAS and were connected

7
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MAS4AI BV Ul Workioad = Production Sche

to the Ul application. This allowed the user to perform multiple scheduling requests,
giving different optimization requirements for the agent after validating the results on the
DES models. LANNER WITNESS HORIZON was used for the DES model development.
The user was also able to send scheduling operations to the planning agent in JANUS
in an abstract way without the need to specify the corresponding problem, while the
agent’s logic was able to break down the problem and allocate it to the corresponding
scheduling algorithms that were compatible. Seamless integration between the SARL
software and the individual schedulers was achieved while events were exchanged between
the production simulation and the agent. In Figure 7, the DES tab in the Ul is shown, where
the user can identify some production KPIs (buffers and resources capacity, resources
utilization, production makespan in mins, etc.), with the resulting schedule applied in the
corresponding DES model of the production system. After the application of different
workloads for different departments, the results indicated that the planning agent was able
to distinguish between different well-defined problems and utilize the correct scheduling
tools, respectively. This provided benefits for the user, as it automated the optimization
process and potentially utilized the most suitable algorithms for each problem.
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Figure 7. Screenshot from Ul tab for resulted schedule evaluation with the use of DES.

5. Conclusions and Future Work

This work focuses on the design and implementation of a scheduling agent using
the AAS concept. The primary objective was to enable a generic agent model capable of
supporting multiple scheduling methods and exploiting them with respect to the corre-
sponding problem. The proposed AAS model allows the agent interactions to be described
in an abstract way, enables interoperability with external software via AAS platform-hosted
API, and, finally, provides a description of the agent’s capability. The research aimed to
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highlight a way to model the capabilities of scheduling algorithms and their compatibility
with different problems based on three basic notations. Concentrating on an adaptable
scheduling agent approach, this method allows the agent to classify problems based on
these three notations by applying rules over the provided information. As such, the agent
may be able to create context out of the input information and selectively allocate a problem
to a specific algorithm. The proposed approach, in addition, seems promising on the
scalability aspect that may enable the addition of an arbitrary set of scheduling methods
and compatible environments along with the specific classification rules for the agent. The
proposed information model and agent architecture were implemented within the Janus
open-source framework for developing MAS in order to establish the basic agent, capacities,
skills, and event format for its deployment within an MAS.

There are some fundamental differences in using the AAS concept for an agent versus
other types of assets. The differences mainly occur because agents are already supported
by the AOP language for exchanging information, and this is, in essence, another commu-
nication language different from the AAS. As such, this work proposes the establishment
of the message-based interaction within the MAS as well as provides communication
functionalities with other systems that were not built on top of AOP and are not able to
participate within the decentralized communication framework of the agents.

In the current research work, agents are described mainly on the optimization and
communication functionalities, and it aims to allow the system to identify the capabilities
that the agent can provide and thus redirect the scheduling request to the right algorithm.
This was supported by the description of the scheduling problem based on three notations,
namely the environment, constraints, and objectives, which is a widely adopted practice for
production scheduling problems. The framework can, in this way, be scalable to different
problems as long as the agent is able to make a rule-based classification of the input data
for each problem type. This may boost its applicability in different industrial scenarios,
providing the ability to implement different scheduling algorithms and services in a single
scheduling agent architecture.

Future work will focus on establishing a common information format that will be
used to exchange production schedule-related information to be more abstract and does
not depend on the system’s ability to read a custom data model that may be applied only
in individual industrial use cases. Nowadays, although the aspects of accessibility and
compatibility to define where and how a system can exchange information and request
services from the scheduling agent are specified, the specific way in which information
should be structured within the message has not yet been defined.
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