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Abstract

In the context of Industry 4.0 (14.0), the Asset Administration Shell (AAS) has been gaining
significant attention in recent years. The AAS serves as a standardized digital represen-
tation of an asset, encapsulating all relevant information about the asset throughout its
lifecycle. Since its introduction in 2015, the past decade has seen considerable progress
in developing traditional AAS solutions, namely AAS Type 1 and Type 2. As this initial
phase reaches maturity, it becomes essential to shift focus toward AAS Type 3 (proactive), a
specific category that extends traditional AAS functionalities by incorporating higher levels
of autonomy, intelligence, and collaborative capabilities. However, AAS Type 3 is still in its
early stages, lacking formal specifications and comprehensive implementation guidelines.
In this context, Multi-Agent Systems (MAS) have been investigated as a means to enhance
traditional AAS solutions toward the realization of AAS Type 3, particularly by embedding
autonomous, intelligent, and collaborative behaviors. Building on this perspective, this
paper explores the role of MAS in realizing AAS Type 3 through a comprehensive analysis
of existing agent-based AAS approaches in the literature. Furthermore, this paper proposes
a reference model based on common patterns found in the literature to support the de-
velopment of AAS Type 3 solutions, contributing to the discussion on the formalization
of specifications and providing greater clarity on this emerging topic. Finally, to better
demonstrate key aspects of the model, some illustrative examples are presented to guide
its application and facilitate understanding.

Keywords: Asset Administration Shells; Industry 4.0; Multi-Agent Systems

1. Introduction

Modern factories are becoming increasingly complex and demanding intelligent,
connected solutions to support flexible and adaptive operations. However, this evolution
introduces significant challenges related to the integration and interoperability of industrial
assets. These assets, encompassing a wide range of physical and logical components
such as machines, sensors, software, and products, often originate from different vendors
and exhibit considerable variation in their communication and functional capabilities.
This heterogeneity complicates seamless integration and effective collaboration within
increasingly complex industrial ecosystems.

To overcome these challenges, the Asset Administration Shell (AAS) [1,2] has emerged
as a fundamental concept in 14.0, providing a standardized digital representation of assets.
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The AAS encapsulates all relevant information about an asset throughout its entire lifecycle,
enabling consistent identification, access, and management through standardized 14.0-
compliant interfaces. By providing a standardized approach for asset description and
interaction, the AAS acts as a cornerstone for interoperability, facilitating the integration,
communication, and data exchange among heterogeneous devices, machines, and systems
in industrial environments.

Since the introduction of AAS in 2015 [1], the past decade has seen considerable
progress in developing traditional AAS solutions, namely AAS Type 1 (passive) and Type 2
(reactive) [3]. While these types offer considerable advantages in standardizing asset repre-
sentation and enabling interoperability, they lack the active behaviors required to support
fully autonomous interactions and intelligent decision-making demanded by dynamic 4.0
environments. In this context, AAS Type 3 (proactive) [3] is a distinct category that extends
traditional AAS functionalities by incorporating higher levels of autonomy;, intelligence,
and collaborative capabilities. These features enable AAS Type 3 to autonomously respond
to changing production conditions, negotiate with other assets, and optimize operations
in real-time, addressing the flexibility, robustness, and reconfigurability demanded by
modern industrial systems. Nevertheless, AAS Type 3 remains an underexplored topic in
the literature, lacking formal specifications and comprehensive implementation guidelines.

The lack of a detailed specification for AAS Type 3 introduces uncertainty about its
structure and implementation. A key question is whether AAS Type 3 requires a uniform,
uniquely defined architecture, which may necessitate custom software solutions for its
development and deployment, or if it allows for more flexible interpretations. For in-
stance, the literature has increasingly recognized Multi-Agent Systems (MAS) [4] as a
promising and suitable approach to support the implementation of AAS Type 3, given their
conceptual alignment and inherent support for autonomy, intelligence, and collaborative
capabilities [5-7]. Additionally, MAS have been developed and applied for decades in
various domains, demonstrating their benefits and effectiveness in enabling decentralized
control, adaptive behavior, and dynamic coordination among distributed entities [8,9],
which are key requirements for realizing AAS Type 3 solutions.

Given the incipient nature of AAS Type 3, the lack of formal specifications, and the
emerging trend of leveraging MAS to support its implementation, this paper explores the
role of MAS in realizing AAS Type 3 through a comprehensive analysis of existing agent-
based AAS approaches in the literature. Based on the insights gained from this analysis,
this paper proposes an agent-based reference model for AAS Type 3 that offers a modular
and standardized foundation to support the development of such solutions. This model
consolidates and formalizes recurring architectural patterns and design guidelines identi-
fied, contributing to the discussion on the formalization of specifications and providing
greater clarity on this emerging topic. Moreover, it extends the existing AAS structure [10],
facilitating the seamless transition from established Type 1 and Type 2 implementations
toward more autonomous and intelligent Type 3 solutions. Finally, to better demonstrate
key aspects of the model, some illustrative examples are presented to guide its application
and facilitate understanding.

The rest of the paper is organized as follows: Section 2 provides an overview of AAS,
AAS Type 3, and MAS concepts. Section 3 explores the role of MAS in realizing AAS Type 3
through a comprehensive analysis of existing agent-based AAS approaches found in the
literature. Section 4 proposes an agent-based reference model for realizing AAS Type 3.
Finally, Section 5 concludes this paper and presents the potential future work.
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2. Background

Several reference architectures have been established to facilitate the implementation
of 14.0 [11]. Among them, the Reference Architecture Model Industrie 4.0 (RAMI4.0) [2]
and the Industrial Internet Reference Architecture (IIRA) [12] stand out as the two most
prominent. Although both offer valuable guidance for the development of I14.0-compliant
solutions, and the IIRA is recognized as a complementary perspective to RAMI4.0 [13], this
work is exclusively positioned within the RAMI4.0 framework, which formally defines
and promotes the AAS as a core enabler of digitization and interoperability in industrial
environments. In this context, this section introduces the foundational concepts of the
AAS and MAS. These two concepts have gained increasing attention in the literature
as complementary approaches for enhancing the intelligence, autonomy, collaboration,
and interoperability of 14.0 solutions.

2.1. Asset Administration Shell

The so-called 14.0 component, introduced by the RAMI4.0, encompasses an asset and
its corresponding AAS. The AAS is defined as a standardized digital representation of an
asset, encapsulating all relevant asset information throughout its lifecycle [10]. As illus-
trated in Figure 1 (right), the AAS has a well-defined structure comprising a collection of
submodels, where each submodel can be viewed as a modular building block that encapsu-
lates specific information about the asset, such as identification, capabilities, technical data,
and operational data.

AAS types AAS basic structure (submodels)
Type 1 Type 2 Type 3 / Asset Administration Shell \
File-based API Peer-to-peer interaction
Identification
Software *
et SirEe * ﬂ m Submodel 1
application SME 1.1
=

= SME 1.1.1

Operation
SME 1.1.1.1
Software * SME 1.1.1.2
application SME 1.1.13 Event

File exchange Request/Response 14.0 language collaboration

Submodel 2
14.0 component overview SME 2.1

Business
Functional

Digital world
14.0-conform
interface

SME 2.1.1 4
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Information —

Communication Submodel 3
Integration SME 3.1
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Figure 1. AAS overview (bottom), AAS types (top), and AAS basic structure (right).

Today, the Industrial Digital Twin Association (IDTA) is responsible for standardiz-
ing the AAS, providing a set of specifications and submodel templates to support AAS
implementations. For instance, Part 1: Metamodel specification [10] describes a technology-
neutral AAS information metamodel, presenting the main classes and their relationships
to develop AASs. On the other hand, Part 2: Application Programming Interfaces speci-
fication [14] defines APIs for enabling access to the information provided by an AAS.
Additionally, submodel templates guide the creation of submodels based on predefined
structures. For instance, the Asset Interfaces Description [15] submodel template specifies an
information model and a common representation for describing the interfaces of an asset
service or asset-related service.
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Additionally, as shown in Figure 1 (top) and described in Table 1, AASs can be
classified according to their interaction pattern to exchange information and degree of
autonomy to make decisions [3].

Table 1. Description of AAS types.

AAS Type Description Interaction Pattern

Represents the simplest type of AAS (file-based AAS) that stores the asset
Type 1 (passive) information throughout its lifecycle and can be exchanged as a whole in the File exchange (manual)
form of a machine- and human-readable file, e.g., XML, JSON, and AASX

Acts as an API that reacts to external requests but lacks the capability to take
Type 2 (reactive) initiatives and decisions. Such API enables the online access to asset
information and can be specified in a technology-neutral way

Request/response
(semi-autonomous)

Represents a more advanced and extended form of AAS, acting as a
Type 3 (proactive)  decision-making entity that autonomously interacts with other AASs to
exchange information and collaborate (e.g., through negotiation)

Peer-to-peer interaction
(fully autonomous)

The central idea behind the concept is that each asset in the industry is represented
by its own AAS, transforming it into an I14.0 component. In this context, since all AASs
adhere to a common standardized structure and expose 14.0-compliant interfaces, they
can seamlessly provide and exchange information throughout the asset’s entire lifecycle.
This standardized communication enables interoperability and real-time data sharing
among heterogeneous assets, regardless of the manufacturer or domain. Consequently,
through their AASs, assets are expected to collaborate autonomously, coordinate processes,
and support decentralized decision-making within industrial environments. However, this
vision of autonomous, intelligent, and collaborative behavior is more closely aligned with
AAS Type 3, which remains relatively underexplored compared to the other types, namely
AAS Type 1 and Type 2, and currently lacks dedicated specifications and comprehensive
implementation guidelines.

Finally, a recurring question in the community concerns the relationship between the
AAS and the Digital Twin (DT) since both are defined as digital representations of assets.
Given the growing popularity of both concepts, several studies [16-18] have investigated
their interrelation and distinctions. These studies reveal that the relationship between AAS
and DT is subject to varying interpretations. Some sources treat the AAS as a synonym for
or an implementation approach to DTs, while others regard it as a foundational information
model that enables the creation and interoperability of DTs. Moreover, the suitability of
AAS as a representation of a DT is seen to increase along the AAS types, from Type 1 to
Type 3. In particular, AAS Type 3 is considered to have the strongest alignment with the
DT concept, potentially serving as a near-complete implementation technology for DT,
as discussed in [18].

It is important to emphasize that this work does not aim to engage in broader con-
ceptual debates. Therefore, it specifically focuses on the AAS, and in particular AAS
Type 3, as a standardized framework for advancing digitization and interoperability in
14.0 environments, aligned with the principles initially proposed by Plattform Industrie 4.0
and IDTA.

2.2. Asset Administration Shell Type 3 Definition and Requirements

As previously discussed, AAS Type 3 is still in its early stages. In this context, this
section aims to examine and clarify the concept of AAS Type 3 by analyzing how it is
defined in official documents, e.g., those provided by the Plattform Industrie 4.0 and IDTA,
along with some definitions from selected academic research. The objective is to offer a



Future Internet 2025, 17, 270

50f26

clearer understanding of its key characteristics and intended functionalities. Based on this
analysis, a general definition and the requirements for AAS Type 3 are established.

2.2.1. Definition

As summarized in Table 2, the definitions of AAS Type 3 presented in official doc-
uments, namely [3,19-21], as well as in selected research works, are brief, generic, and
remain limited in scope, evidencing the early stage of conceptual development. However,
they consistently emphasize several common and core aspects: the ability to interact and
collaborate through the 14.0 language (VDI/VDE 2193) and the integration of autonomy
and intelligence to support decision-making processes. Additional requirements, as well as
concrete guidelines for the design and implementation of such components, are still in the
early stages of development, particularly in official documents, which only highlight the
importance of adopting the 14.0 language for communication.

Table 2. Summary of AAS Type 3 definitions obtained from official documents and research works.

Ref. AAS Type 3 (Proactive AAS) Definition

“(...) can participate in protocol-based interactions, as defined, for example, in the VDI/VDE 2193 standard for the
[3]* bidding process (...) The goal is to design decentralized processes that rely on a certain degree of autonomy or

decision-making capability of the AASs”

“Interactions which need peer-to-peer interactions between AAS of 14.0 components. The exchange of messages may be
structured according to a grammar of an Industrie 4.0 language or may be implemented by using standardized APIs.

[191*  Type 3 AAS interactions enable 4.0 components to become pro-active components which can support system
integration and system interaction in a peer-to-peer environment between 14.0 components, e.g., to enable AAS assisted
plug & play scenarios between 14.0 components”

[20] * “An AAS Server Application with a corresponding interface for the 4.0 language is at the same time a client and a

server and is a so called proactive AAS”

[21]* “Type 3 is the so called “Industrie 4.0 Language” with active AAS, which is similar to agents”

“AASs are able to interact autonomously with each other via a standardized interface with a common syntax and
[22] semantics base, thus realizing peer-to-peer AAS interaction. (...) AASs can understand and cooperate with each other.
(...) An AAS with such autonomy is called a proactive one”

“(...) proactive AAS can implement intelligence. The proactive AAS, that is not fully specified yet, can realize semi- or

23] full-autonomous interactions which enables order driven production”

[24] ”AASS wit& the ability to interact as equals among themselves, offering and requesting services when necessary to meet
their goals

[25] “(...) can take decisions and participate in protocol-based interactions”

[26] “(...) proactive AAS also provides CRUD (create, read, update, delete) capabilities but can additionally communicate

and bid with other AAS using the 14.0 language”

* Plattform Industrie 4.0 or IDTA official document.

Based on these definitions, this work proposes the following definition for AAS Type 3:
AAS Type 3 represents the next evolutionary step of the AAS concept, extending AAS Type 1
and Type 2 solutions. AAS Type 3 not only serves as a key enabler of interoperability in 14.0
environments but also introduces a higher degree of autonomy, intelligence, and collaborative
capabilities. It acts as a decision-making entity capable of autonomously interacting with other AAS
Type 3 instances to exchange information and collaborate, e.g., through negotiation. Furthermore, it
possesses the intelligence to self-manage its associated asset, leveraging Al techniques to support the
decision-making process and adaptive behavior throughout the asset’s lifecycle.

2.2.2. Requirements

From the available definitions, it is possible to identify key requirements/characteristics
for AAS Type 3, namely autonomy, intelligence, and collaboration. Although this set of
requirements is still limited, these elements provide a useful basis for recognizing and
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classifying an AAS solution as Type 3, serving as a first step toward the development of
more comprehensive design guidelines and implementation strategies. In this context,
and to provide a clearer understanding of these requirements, this work defines them
as follows:

* Autonomy: “the ability to make your own decisions without being controlled by
anyone else” (Cambridge Dictionary). Autonomy does not mean absolute freedom to
decide arbitrarily but rather the capability to make decisions respecting predefined
criteria and aligned with business purposes.

e Intelligence: “the ability to learn and understand things quickly and easily” (Cam-
bridge Dictionary). Intelligence can have different levels, e.g., from basic rule-based
mechanisms to advanced Al techniques.

¢  Collaboration: “involving two or more people or organizations working together
for a particular purpose” (Cambridge Dictionary). In this context, collaboration
refers to AASs working together for a particular purpose. Unlike simple commu-
nication, collaboration goes beyond the exchange of information and comprises a
deeper, interdependent process where all participants play crucial roles in achieving a
common goal.

2.3. Multi-Agent Systems

As previously mentioned, the definitions and requirements associated with AAS
Type 3 closely align with the fundamental principles of MAS, particularly regarding au-
tonomy;, intelligence, and collaborative behavior. In this context, this section introduces
the concepts of agents, industrial agents, and MAS, highlighting the characteristics and
functionalities that make MAS a suitable and promising approach for implementing AAS
Type 3 solutions.

The development of agent-based applications has gained significant attention due to
the distributed and autonomous nature of these software entities. Although no universally
accepted definition exists, and the term remains a subject of ongoing debate and controversy,
a classic definition of agent is as follows: “An agent is a computer system that is situated in
some environment, and that is capable of autonomous action in this environment in order
to meet its design objectives” [4]. Moreover, the agents possess several characteristics:

¢ Encapsulation: Agents represent physical or logical objects within an environment.

*  Autonomy: Agents operate without direct human or external intervention and have
control over their actions and internal state.

*  Learning ability: Agents can learn from their experiences.

*  Reactivity: Agents perceive their environment and respond in a timely manner to
changes in order to fulfill their design objectives.

*  Proactiveness: Agents exhibit goal-directed behavior by taking the initiative to achieve
their design objectives.

*  Social ability: Agents interact with other agents (and possibly humans) to achieve
their design objectives.

Additionally, agents can be specifically designed to meet the 14.0 requirements, known
as industrial agents, a specialization of traditional software agents, which inherit their char-
acteristics and are enhanced with additional capabilities to comply with several industrial
requirements, namely hardware integration, reliability, fault-tolerance, scalability, industrial
standard compliance, quality assurance, resilience, manageability, and maintainability [9].

Generally, industrial agents follow a two-layered approach (see Figure 2) comprising
high-level control (HLC) and low-level control (LLC) [9,27]. HLC is responsible for provid-
ing intelligence and adaptation features to support decision-making processes, e.g., through
monitoring, diagnosis, prediction, and optimization functions. However, it is incapable of
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delivering real-time performance. On the other hand, LLC is responsible for executing low-
level control tasks that guarantee real-time constraints, often through PLCs or industrial
PCs running control programs compliant with IEC 61131, IEC 61499, or similar standards.
This separation allows HLC to handle complex, high-level decision-making while LLC
maintains stable, real-time operations.

Local behavior
micro level

Emergent collective
Industrial agent intelligence

implements CPS macro level
;

High-level '
Agent ' A )
control providing high-level Classical K ! ' Digital world
intelligence and control representation i | :
adaptation

'
! '
. '
! '
: :
. " !
!
Low-level control ' A ' '
. ! :
guaranteeing | ' Perceives and interacts with environment
. | !
real-time v '
. =

@)

i ! v
\4 '
responsiveness }"3 : Y : '\‘“
low-level control ! avo M -a ’LA o=
: ‘I‘: ! Y Physical world

Figure 2. Multi-Agent Systems overview.

Addressing complex real-world problems often requires the combined and cooperative
efforts of multiple agents, as a single agent has limited capabilities. As illustrated in
Figure 2, a MAS can be described as a society of intelligent, autonomous, and cooperative
agents representing physical or logical objects of a system. In contrast to traditional
centralized control strategies, MAS offers a decentralized approach to designing large-scale,
complex systems by decentralizing the system’s control and distributing it to autonomous
and cooperative agents rather than being concentrated in a single authority. The overall
functionality of the system emerges through interactions among these individual agents,
e.g., through collaboration, negotiation, and delegation of responsibilities, where each
agent contributes with unique knowledge and skills toward achieving both individual
and shared objectives. Furthermore, MAS enables the decomposition of complex tasks
into manageable subtasks, each assigned to a capable agent, ensuring that even intricate
challenges can be effectively addressed in a decentralized manner [4,8].

Beyond their theoretical foundations, several surveys on MAS (e.g., [8,9,28], to name
a few) have highlighted the practical benefits of applying MAS in industrial environ-
ments, particularly offering alternatives to overcome the typical problems presented by
the traditional centralized control approaches, which are not able to address the flexibility,
robustness, and reconfigurability imposed on the current industrial systems.

3. AAS Type 3 Approaches Based on Multi-Agent Systems

As previously discussed, given the advantages provided by MAS, along with their
shared characteristics and conceptual alignment with AAS Type 3, particularly regarding
autonomy, intelligence, and collaborative capabilities, the current literature has increasingly
considered MAS as a suitable approach for enhancing AAS solutions, often referred to as
agent-based AAS solutions. Building on this perspective, this section examines the role of
MAS in existing agent-based AAS approaches and explores their potential to support the
realization of AAS Type 3. Moreover, it is important to highlight that a few other studies
are also investigating AAS Type 3, namely [23,25]. However, due to the current trend in
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the literature of using MAS to enhance AAS capabilities, this work focuses exclusively on
agent-based AAS approaches.

To identify existing agent-based AAS approaches in the literature, a bibliographic
search was conducted in the Scopus database using the keywords “Asset Administration
Shell” and “Multi-Agent Systems”, along with variations of these terms, combined using
the AND operator. The search was restricted to publications from 2015 to 2025 (first
semester), written in English, and classified as journal articles, conference papers, or book
chapters. Additionally, only documents in which the search terms appeared in the title,
abstract, or keyword fields were considered.

From the initial set of 35 documents retrieved, a screening process was carried out to
identify the most relevant studies for in-depth analysis. Several factors may account for the
relatively low number of documents: (i) the AAS concept is still recent, having been formally
introduced only in 2015; (ii) much of the research over the past decade has focused on
consolidating foundational concepts, particularly related to AAS Types 1 and 2; (iii) overall,
the current literature on AAS remains limited, with only 503 documents identified through
a broader Scopus search using the keyword “Asset Administration Shell”.

Following the screening process, Table 3 summarizes the reviewed research works,
offering valuable insights into how MAS have been integrated with AAS to enhance their
capabilities. These studies cover a wide range of application domains where agent-based
AASs interact to support autonomous, collaborative, and intelligent processes in industrial
environments. The identified applications include smart manufacturing, dynamic produc-
tion replanning, shared production, control, scheduling, human collaboration, diagnosis,
and fault detection. This diversity illustrates the versatility of agent-based AASs, showing
how they can be effectively adapted to meet the specific demands and operational contexts
of various industrial scenarios.

Table 3. Summary of research works that combine MAS and AAS.

Ref. Application Domain

Solution Description

[26]

Smart manufacturing (proto-
typical implementation in a
demonstrator)

- Discusses that the asset information described in the AAS may be used as a
standardized agent’s knowledge representation, i.e., the agents get all the relevant
information to make decisions from AAS submodels

- Assets: demonstrator (a stack, a crane, a stamp, and a conveyor with ramps
and pushers)

[29,30]

Smart manufacturing (proto-
typical implementation in a
demonstrator)

- Proposes a design pattern for implementing AASs based on industrial agents.
The agents are responsible for decision-making capabilities and integration with
physical assets

- Assets: product and industrial robot

[31]

Smart manufacturing (simu-
lated experiments)

- Presents a method for developing AASs using the MAS as a key enabler to dis-
tribute intelligence and offer collaborative functionalities
- Assets: assets simulated in a virtual environment

Dynamic replanning in pro-
duction environments (proto-
typical implementation in a
demonstrator)

- Concentrates on modeling AAS submodels for resource and product agents to use
in dynamic replanning applications

- Assets: demonstrator (a module for transportation, assembly, flashing of informa-
tion on the product, and two quality control modules)

[33]

Human-robot shared assem-
bly task (prototypical imple-
mentation in a demonstrator)

- Proposes a framework that combines MAS with AASs to enable the human-
centered production paradigm. The focus is on the active involvement of operators
in the industrial collaboration process with other assets

- Assets: human, robot, and camera

[34]

Plan and control in industrial
automation systems (proto-
typical implementation in a
demonstrator)

- Uses LLM agents to interpret complex information, generate insights, and support
decision-making in industrial automation systems. The information is primarily
sourced from AASs, which provide descriptive details about a specific asset

- Assets: transport robots and painting stations
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Table 3. Cont.

Ref.

Application Domain

Solution Description

[35]

Smart manufacturing (proto-
typical implementation in a
demonstrator)

- Presents a methodology positioned with respect to the RAMI4.0 layers, which
provides guidelines for integrating AASs and MAS

- Assets: small-scale production system (robot, punching machines, and indexed
line machines)

[36]

Shared production in manu-
facturing (prototypical imple-
mentation in a demonstrator)

- Introduces a MAS architecture designed to enable shared production. The pro-
posed architecture is grounded in holonic principles, and the AASs serve as the
self-description mechanism for these agents/holons, providing the necessary infor-
mation for their operation, interaction, and integration

- Assets: robot module, assembly module, 3D printer module, connector module,
conveyor module, and quality module

[37]

Production scheduling (de-
ployed in an industrial pilot
coming from the bicycle pro-
duction industry)

- Presents an approach in which agents operate in a decentralized manner, in-
teracting with each other to solve scheduling problems, while the AAS provides
production- and agent-related information (e.g., agent identity, description, skills,
and configurations)

- Assets: production lines (e.g., painting and assembly lines)

[38]

Diagnosis and fault detec-
tion in production environ-
ments (prototypical imple-
mentation in a demonstrator)

- Integrates MAS and AASs to perform fault detection and diagnosis. All asset- and
fault-related information is modeled within AAS submodels, while communication
between system components is enabled through agent-based interaction using the
14.0 language

- Assets: production modules

Overall, there is a general consensus that submodels serve as standardized knowledge
representations or information sources for agents. These submodels capture all asset-related
information in both human- and machine-readable formats, which agents can leverage to
support decision-making processes and to construct or enrich their internal knowledge bases.
In this context, several standardized submodels are available for this purpose, e.g., Control
Component Instance [39], Asset Interfaces Description [15], and Time-Series Data [40], which can
be used to describe the skills provided by an asset (e.g., drilling, assembly, and transport),
the methods for interfacing with it (e.g., host address, port, connection state, communication
protocol, endpoints, data formats, and input/output parameters), and the mechanisms for
managing, accessing, and storing operational data. Additionally, other submodels can be
defined to address specific application needs and to represent agent-specific information,
such as descriptions of agent behaviors, decision-making strategies, or interaction protocols,
providing greater transparency and understanding of agent capabilities.

The standardized structure of submodels enables agents to interpret and process them
using suitable programming logic, promoting reusability, scalability, and consistency across
heterogeneous assets and application domains. Moreover, agents that are equipped with
Large Language Models (LLMs) could enhance their learning and interpretation of submod-
els. This is possible due to LLMs’ ability to process both structured and unstructured data,
generalize across different formats, and adapt to varied contexts, ultimately improving the
system’s flexibility and responsiveness.

The review also reveals that communication capabilities stand out as one of the most
emphasized and valuable features of agents. This natural and inherent characteristic
of agents positions them as a powerful enabler for achieving the decentralized and col-
laborative interactions (particularly through negotiation strategies) envisioned in AAS
Type 3 implementations.

As shown in Figure 3, in a negotiation-based production scenario, information about
capabilities (capability: an abstract description of a function or operation that an asset can
perform, which results in tangible real-world effects, such as drilling. This description
includes specific properties and constraints that define the scope and limitations of the
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operation [41]) and skills (skill: the concrete implementation of a function provided by an
asset, as defined by a capability. A skill enables the practical execution of a capability and
typically involves parameters, including inputs and outputs, that allow for the control and
monitoring of the skill’s execution. Each skill must be accessible through at least one inter-
face, which provides interaction with the skill’s state machine, as well as its parameters [41])
is organized into submodels, which the agents utilize to manage their respective assets.
As a result, agents representing resources possess information of the capabilities their
assets can provide and the skills to execute these capabilities. On the other hand, agents
representing products possess information of their required capabilities structured in a
submodel that outlines the steps and requirements for production based on the required
capabilities. This information allows products and resources to collaborate seamlessly to
complete the production process, where resources may act as service providers by offering
their capabilities as services, while products act as service requesters, seeking services
aligned with their production requirements.
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Figure 3. Conceptual view of a negotiation-based production scenario using agent-based AAS.

Moreover, such communication capabilities enabled by agents could open up new
possibilities by transcending traditional organizational boundaries. This advancement
allows the creation of shared production environments where multiple companies can
collaborate in real-time. Through secure and standardized communication protocols,
agents representing assets from different organizations can negotiate, allocate resources,
and coordinate production tasks seamlessly.

Another important aspect concerns the interface with physical assets for data collection
or control adaptation. While the AAS provides 14.0-compliant interfaces to enable seamless
data exchange at the information level, it is not inherently designed to interface directly
with physical assets. Instead, this connection requires customized implementation tailored
to the specific characteristics, communication protocols, and constraints of each asset.
In this sense, agents (or well-known industrial agents) are suitable for this purpose, as they
are primarily designed to interact with both the physical and digital layers. They can serve
as intelligent intermediaries that interpret and process submodel data and translate high-
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level commands into asset-specific control actions, thus enabling flexible and autonomous
monitoring and control of physical assets.

Although existing agent-based AAS approaches vary from simple rule-based logic to
more advanced Al-based behaviors, most current implementations tend to rely primarily on
the former, with limited exploration of sophisticated Al techniques. However, the broader
agent literature highlights the potential for agents to act as “model consumers” of Al
techniques, transitioning toward the so-called Al agents. This includes the integration of
advanced learning algorithms, reasoning capabilities, and adaptive behaviors, which could
significantly enhance the intelligence and autonomy of AAS-based solutions.

Additionally, some research efforts also explore the use of agents for service orchestra-
tion and the adoption of recursive architecture inspired by holonic systems (see Figure 4).
In this context, each agent-based AAS encapsulates the capabilities of its associated assets
and exposes them as services, enabling the dynamic composition and orchestration of
services to realize higher-level services aligned with production goals.
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Figure 4. Service orchestration of holonic agent-based AAS.

For example, consider an illustrative example of a work cell comprising a robot, a grip-
per, and a conveyor. Individually, their respective agent-based AAS expose atomic services
such as movement, hold, and transport and are responsible for managing their own services.
In this context, the agent-based AAS associated with the work cell contains an orchestration
engine to coordinate the execution of these services, relying on effective communication and
negotiation between agents to ensure proper sequencing and synchronization. Through
this engine, the work cell agent can compose atomic services into a higher-level service,
such as pick and place. Extending this concept further, a station agent can orchestrate
multiple work cell agents, which in turn coordinate their assets, enabling the composition
of complex production tasks to be executed efficiently and flexibly.

Finally, the agent-based AAS approach is not limited to typical physical assets such
as machines and production units but is also being applied to represent human operators.
In this context, agent-based AASs can be specifically designed to encapsulate operator-
related information, such as skills, preferences, fatigue levels, and availability. By leveraging
these data, agents can dynamically allocate tasks in a manner that aligns with the operator’s
current capabilities and conditions, thereby enhancing task performance, ensuring quality
of work, and supporting overall human well-being.
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In summary, the integration of MAS with AASs represents a promising pathway
toward the realization of AAS Type 3, enabling autonomous, intelligent, and collaborative
behaviors in industrial environments. The reviewed literature highlights a range of innova-
tive concepts, applications, and use cases, including decentralized negotiation, dynamic
service orchestration, and human-centric approaches. Although real-world deployments
are currently lacking, simulation and prototype results demonstrate significant potential
for enhancing interoperability, flexibility, scalability, responsiveness, and intelligence in
industrial systems. Furthermore, most studies are focused on addressing a particular use
case and do not provide clear guidance for generalizing the approach or developing com-
prehensive, reusable solutions. Finally, given that this is a relatively new and evolving field,
further research and development are essential to consolidate its theoretical and conceptual
foundations before transitioning from the state of the art to practical implementation in
industrial environments.

4. Agent-Based Reference Model for Realizing AAS Type 3

Based on the findings of the previous section, there is both theoretical and practical
evidence supporting the investigation of MAS as a foundation for realizing AAS Type 3.
In this context, and inspired by these insights, a reference model is proposed.

The proposed reference model aims to consolidate and formalize recurring architec-
tural patterns and design guidelines identified by analyzing agent-based AAS approaches
from the literature. Most of the approaches reviewed converge around similar solutions
and principles. However, they are often presented in isolated or case-specific contexts. This
convergence indicates a shared underlying structure that, while implicitly recognized, lacks
an explicit and unified representation. The proposed model captures these commonalities,
providing a modular and reusable foundation that supports both conceptual clarity and
the practical implementation of AAS Type 3 solutions. Moreover, the model serves not
only as a general guideline for developing AAS Type 3 but also as a template that offers a
high-level structure from which more detailed and application-specific architectures and
specifications can be derived.

4.1. Qverview

To develop the proposed reference model, a three-step methodology was adopted.
First, a literature review was conducted to identify existing approaches integrating AAS
and MAS, as discussed in the previous section. Second, these approaches were analyzed
to extract common architectural patterns and design guidelines. Third, based on the most
frequently observed principles and structures, a generic and reusable reference model
was synthesized to guide the development of agent-based AAS solutions, with particular
emphasis on supporting AAS Type 3 capabilities.

Additionally, the proposed model (see Figure 5) is designed as a modular extension of
the traditional AAS structure [10]. Rather than replacing existing AAS Type 1 or Type 2
implementations, the model builds upon them by introducing an intelligent layer that
enables autonomy, collaboration, and adaptive behavior. This modularity allows exist-
ing AAS-based solutions to be incrementally extended toward AAS Type 3 capabilities,
enhancing their functionality without requiring a complete architectural redesign.

As shown in Figure 5, the defined reference model comprises two complementary
parts: the information part and the intelligent part. The information part consists of a
structured collection of submodels, which encapsulate detailed asset-specific information.
These submodels provide a standardized knowledge base and serve as a comprehensive
information source that supports agents in their decision-making processes and effective
collaboration within industrial environments. On the other hand, the intelligent part is
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conceptualized as an agent that embodies the intelligent capabilities required for AAS
Type 3. This agent is responsible for interpreting and processing the information stored
in the submodels, making decisions, and executing appropriate actions. Moreover, it
facilitates collaboration by communicating and negotiating with other agents, enabling
decentralized coordination and adaptive behavior. In summary, the intelligent part goes
beyond generic AAS requirements by integrating autonomous decision-making and agent-
based collaboration capabilities, which are not formalized in existing AAS specifications
but are essential for realizing the full vision of AAS Type 3.
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Figure 5. Proposed reference model for AAS Type 3 using Multi-Agent Systems.

As part of the model, a set of design guidelines have been defined to characterize the
development of AAS Type 3. These guidelines serve as design principles and requirements,
ensuring that any developed solution aligns with the conceptual and technical expectations
of AAS Type 3. These guidelines are as follows:

* AASType 3 has an associated asset (individual or composite).

* AAS Type 3 provides one or more 14.0-conform interface(s).

*  AAS Type 3 lists one or more submodel(s).

*  AAS Type 3 uses information from submodels to support decision-making processes,
enabling autonomous behavior and intelligent responses.

¢ AASType 3 collaborates with other AAS(s) Type 3 (e.g., through negotiation)

* AAS Type 3 has one or more intelligent behavior(s), e.g., based on Al techniques.

¢ AAS Type 3 interfaces with the asset, e.g., to collect operational data or adapt control.

¢  The information and intelligent parts can be deployed together or separately, depend-
ing on the system architecture and deployment requirements.

*  Submodels reference the asset services provided by an asset via an asset integration
and other related services (e.g., based on Al techniques).

¢ The user application(s) accesses the information of the AAS Type 3 via IT interfaces.

*  The submodel template guides the creation of a standardized submodel.

*  The submodel template may reference concept dictionaries and ontologies.

*  Concept dictionaries and ontologies define the common vocabulary.

¢  Existing AAS Type 1 and Type 2 specifications and standards guide the development
of the information part of AAS Type 3.

* The AAS responsible creates and governs the AAS Type 3.
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Although the holonic concept identified in some existing works (see Figure 4) is not
part of the proposed reference model, the intelligent part of the model is designed to be
flexible enough to support such holonic orchestration mechanisms when needed. However,
implementing such approaches would require additional specifications, such as service
orchestration and composition mechanisms, which are not fully defined in the current
version and are considered directions for future work.

4.2. Alignment with RAMI4.0

While RAMI4.0 provides a valuable framework for developing 14.0-compliant solu-
tions, its high level of abstraction and generality may pose challenges when it comes to
implementing autonomous and intelligent behaviors within AAS instances. To address
these challenges, the reference model proposed in this work incorporates principles from
MAS, enabling a structured approach to designing AAS Type 3. By introducing a separation
between the information and intelligent parts, the model provides clearer guidance for
integrating autonomy and proactive behavior in a way that remains compatible and aligned
with the RAMI4.0.

As previously mentioned, the AAS reflects the asset in the digital world and is concep-
tually aligned with the upper five layers of RAMI4.0, namely integration, communication,
information, functional, and business. However, the main AAS specifications (Part 1 [10] and
Part 2 [14]) primarily address the communication and information layers. While these existing
specifications provide a solid foundation for organizing and exchanging asset information,
the integration, functional, and business layers are not explicitly defined.

The integration, functional, and business layers of RAMI4.0 can theoretically be imple-
mented using various approaches/technologies. However, it is crucial to select one that also
offers the intelligence, autonomy, and collaboration capabilities envisioned for AAS Type 3.
In this context, agents are particularly well-suited to address these requirements due to
their unique characteristics, as previously discussed. Agents bring the essential capabilities
of autonomy, decision-making, and collaboration, which are critical for enabling AAS to
act as a self-managing, intelligent component.

In this context, the integration layer can be enhanced through industrial agents, which
are typically designed to interface with assets to collect data or to adapt control. The func-
tional layer can be improved by incorporating agents that utilize Al techniques for tasks such
as monitoring, diagnosis, optimization, and predictive analysis. Additionally, the business
layer can benefit from agents’ ability to make autonomous decisions, optimizing processes
like resource allocation, predictive maintenance scheduling, and fault management in
alignment with business strategies. Additionally, agents can enhance the communication
layer by facilitating autonomous, decentralized communication through strategies like
collaboration and negotiation. In summary, the map of the proposed model to the RAMI4.0
layers is described in Table 4.

In this context, the benefits of the proposed model are reflected across multiple layers
of RAMI4.0, particularly integration, communication, functional, and business. It enables the
seamless integration of assets into 14.0, supports decentralized communication through
strategies such as collaboration and negotiation, empowers assets to perform autonomous
functions based on Al techniques, and improves decision-making processes aligned with
business objectives.

Since the information part is already well supported by formal specifications and
standards provided by the IDTA (e.g., through the metamodel [10] and standardized
API interfaces [14], which agents can access via standardized protocols), the following
sections discuss how the agent (intelligent part) can be designed in compliance with exist-
ing standards and best practices to support broader industrial adoption and enable AAS
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Type 3 capabilities. In this sense, the following sections address key features highlighted in
Figure 5 (blue box) and Table 4, including interfacing with the physical asset for data collec-
tion and control adaptation, communication between AAS Type 3 instances, and strategies
for developing Al-based behaviors.

Table 4. Relationship of the proposed model to the layers of RAMI4.0.

RAMI4.0 Layer Relation to Proposed Model

Represents the asset, i.e., every physical or logical object that has value for a
company

Asset

Integration Industrial agents interface with the asset to collect data or adapt control
(intelligent part) processes (supported by the IEEE 2660.1 standard [27])

Data exchange follows a client—server schema (supported by AAS Part 2

Es;;rr;;;;;a;ﬁin specification [14]). Additionally, agents enable decentralized communication
intelligent part) through interaction strategies such as collaboration and negotiation

Sentp (supported by FIPA specifications and VDI/VDE 2193 standards [42,43])
Information Data collected from the asset, including sensor readings and other relevant

information, are stored in a standardized and structured manner using AAS

(information part) submodels (supported by AAS Part 1 specification [10])

Agents can autonomously execute adaptive functions (e.g., based on Al

Functional . o . . o
aneuona techniques) for tasks such as monitoring, diagnosis, optimization,
(intelligent part) L .
and predictive analysis
Business Agents facilitate self-optimizing, decentralized decision-making aligned
(intelligent part) with organizational business objectives to enhance operational efficiency

4.3. Recommended Practices for Interfacing with Assets Supported by IEEE 2660.1 Standard

The integration with the asset is a critical aspect of AAS solutions. While the AAS
may describe how to interface with an asset through a suitable submodel (e.g., Asset
Interfaces Description [15]), the actual connection between the AAS and the physical asset
remains unspecified and lacks formal guidance. Consequently, this interface is often
developed in a customized, case-by-case manner, depending on the specific characteristics
and communication protocols of the asset. Furthermore, even when such connections
are realized, data exchange is typically unidirectional since AAS Types 1 and 2 do not
include the mechanisms required for direct, active, or bidirectional interaction with the
physical asset.

In this context, agents are particularly well-suited for interfacing with automation
and control devices. Unlike passive data collection mechanisms, agents are intelligent
components that not only gather data but also process them to make decisions and provide
feedback to the asset. This enables bidirectional communication and real-time adaptability,
which are essential for implementing the autonomy and intelligence envisioned in AAS
Type 3 solutions. For example, consider an agent associated with a drilling machine.
The agent can continuously gather real-time operational data to monitor the drilling process.
If it detects an anomaly or suboptimal condition, it can autonomously respond, e.g., by
adjusting a control parameter on the machine to correct the issue or by issuing a warning
to a supervisory system or human operator.

In order to achieve interoperability and facilitate this integration, it is fundamental to
have an easy, transparent, and reusable way of interconnecting agents with different assets.
In this context, the IEEE 2660.1 standard [27] presents generic interface practices based on
interaction mode and location levels. These interface practices can be used in the context of
the defined reference model, particularly to show the different possibilities and guide the
selection of the best interface practice to integrate agents with assets, depending on the use
case and application requirements.
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As illustrated in Figure 6, the IEEE 2660.1 standard defines and compares four integra-
tion patterns based on two key factors: the interaction mode between the agent and the
asset and the agent’s deployment location.

The interaction mode refers to the way the agent interacts with the asset:

* Tightly coupled: This interaction mode is characterized by a direct, permanent,
and non-mediated connection between the agent and asset. The participants are
connected via direct network communication or shared memory and follow a tradi-
tional request-response schema. This schema typically involves the agent sending a
request to the asset, which processes the request and sends back a response.

*  Loosely coupled: This interaction mode is characterized by an indirect connection
between the agent and asset, usually mediated by one or more message brokers,
following a publish-subscribe schema. Messages are sent asynchronously, meaning
that the agent does not have to wait for an immediate response from the asset.

Regarding the deployment location, two possibilities are identified:

*  Hybrid: The agent operates on a separate computational platform from the asset controller.
*  On-device: The agent operates on the same computational platform as the asset controller.
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Figure 6. IEEE 2660.1-2020 generic integration patterns (adapted from [27]).

In industrial settings, any proposed solution must be integrated with existing de-
ployed systems. In this context, agent integration can be quite restricted depending on the
specifics of the asset, but it can also be flexible, allowing multiple integration patterns and
technologies to be applied for the same use case. In such circumstances, it is important to
take into account the advantages and disadvantages of each integration pattern for differ-
ent applications. In this context, the IEEE 2660.1 also defines a recommendation method
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that recommends the best interface practices to interconnect agents and physical assets,
particularly low-level automation devices, based on user-selected criteria. These criteria in-
clude functions (e.g., control, monitoring, or simulation), application domains (e.g., factory
automation, building automation, or energy and power systems), technological constraints
(e.g., the ability to host agents in the asset controller), as well as the relevant characteristics
for the application scenario (e.g., response time, scalability, and reusability). Based on
these criteria defined by the user, the method uses a recommendation engine that evaluates
existing interface practices stored in a repository, which is continuously updated with
interface practices collected from several industrial agent experts who have implemented
and used different interface practices. As a result, the recommendation engine produces a
ranked list of recommended interface practices, each assigned a score ranging from 0 to 5.

To illustrate the application of the IEEE 2660.1 recommendation method, consider
the digitization of an inspection gauge placed in a production line performing inspection
tasks to detect deviations in product production. In this context, the application domain is
“factory automation”, the asset cannot host agents locally, and the functionality provided by
the agent is the “control” of the asset, e.g., to adjust its measurement parameters that need to
be changed according to the specifications of the product. In such a configuration, “response
time” and “reusability” are the most important characteristics to be considered (weighted
as response time 80% and reusability 20%). The results provided by the IEEE 2660.1
recommendation method are illustrated in Figure 7.

Recomended interface practice

Id practice Location Interaction mode API client Channel Broker Score

HT-7 Hybrid  Tightly coupled Java OPC UA 3.20
Details

Id practice Location Interaction mode API client Channel Broker Score
HT-7 Hybrid Tightly coupled Java OPC UA 3.20
HT-5 Hybrid Tightly coupled Apache Milo OPC-UA 3.20
HT-6 Hybrid Tightly coupled Java Ethernet/IP 2.56
HT-3 Hybrid Tightly coupled Java HTTP 2.56
HT-2 Hybrid Tightly coupled Java Sockets 1.82
HT-4 Hybrid Tightly coupled C/C++/SQL Sockets 1.63
HL-1 Hybrid Loosely coupled Apache Paho MQTT Eclipse Mosquitto ~ 1.63
HT-1 Hybrid Tightly coupled Java Modbus 1.56
HL-2 Hybrid Loosely coupled Java OPC-UA 145
HL-3 Hybrid Loosely coupled C/C++/SQL Sockets DBMS 1.15
HL-4 Hybrid Loosely coupled Apache Paho MQTT 0.41

Figure 7. Results of the recommended interface practices for the inspection gauge.

The recommended practice (“HT-7") involves implementing a tightly coupled inter-
face utilizing the OPC UA protocol. Due to hardware constraints preventing the hosting of
agents on the asset, the suggested strategy relies on a hybrid location setup. This implies
that the client operates remotely, potentially leading to response time being influenced by
the communication infrastructure. If the asset is not capable of supporting the OPC UA
protocol, other alternative interface practices can be considered, e.g., “HT-6” and “HT-3",
which consider Ethernet/IP and HTTP protocols, respectively. Based on these considera-
tions, the agent can be designed and implemented in alignment with the characteristics of
the recommended interface to meet the desired requirements.

4.4. Communication Based on VDI/VDE 2193 and FIPA Standards

The agent communication capability is another key feature for AAS Type 3 solutions
and is essential for enabling seamless, real-time information exchange and collaboration
among distributed assets. This capability allows AASs to negotiate, coordinate tasks
in a distributed manner, and share knowledge/information, enhancing the flexibility,
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reconfigurability, and responsiveness of 14.0 systems. In this context, the adoption of proper
standards, such as the 14.0 language, as specified in the VDI/VDE 2193 standards, should
be considered to enable interactions between AAS Type 3 solutions. These standards
define both the vocabulary and message structures (VDI/VDE 2193-1) [42], as well as the
interaction protocols (VDI/VDE 2193-2) [43], which can be used as the basis for agent
communication design.

The importance of adopting the 14.0 language as the official communication standard
rather than relying on more general agent-specific standards such as FIPA lies in two main
reasons: (i) its direct alignment with the definitions and requirements of AAS Type 3,
and (ii) although this work employs an agent-based approach to support AAS Type 3
functionalities, it must still be recognized and treated as an AAS Type 3 solution. Therefore,
to ensure communication interoperability, it is essential that all solutions conform to com-
mon vocabulary, message structure, and interaction protocols, especially considering that
other AAS Type 3 implementations may be based on different architectural or technologi-
cal approaches. Nonetheless, by adopting the 14.0 language as a shared communication
standard, these heterogeneous solutions can still interoperate and collaborate effectively,
regardless of their internal implementation choices.

Although the 14.0 language is recommended for enabling 14.0-compliant interactions
and has a broad scope, the current VDI/VDE 2193-2 standard specifies only the bidding
protocol (based on the classic contract net protocol). This limitation restricts solutions that
require a wider variety of interaction patterns to support diverse collaboration strategies
among AAS Type 3 instances. In this context, several interaction protocols already defined
in the FIPA agent communication language (ACL) standards could be adapted to align with
the guidelines of the 14.0 language. This transition from FIPA-based interaction protocols to
14.0 language-based protocols is expected to be straightforward, given the strong similarity
and compatibility between the two standards. In fact, the VDI/VDE 2193 standards are
inspired by the FIPA specifications. For instance, Table 5 maps the parameters of the
FIPA ACL message structure to the corresponding elements defined in VDI/VDE 2193-1,
demonstrating their equivalence. Furthermore, the communicative acts defined in both
standards exhibit only minimal differences, primarily in nomenclature. For a comparison,
see [42,44].

In this context, future versions or extensions of the VDI/VDE 2193 standards could
formally standardize the mapping between FIPA protocols and the 4.0 language, ensuring
their official integration and enabling consistent, interoperable communication. Some
examples of candidate FIPA interaction protocols are as follows: request interaction pro-
tocol [45], subscribe interaction protocol [46], propose interaction protocol [47], query
interaction protocol [48], and request when interaction protocol [49]. While such formal
mappings would facilitate development and promote interoperability, it is important to
note that the proposed reference model remains implementable using the current FIPA and
VDI/VDE 2193 standards independently. However, this may require manual integration
efforts, which could limit interoperability and increase development complexity.

Another crucial aspect of communication is vocabulary, which relates to the semantic
dimension of information exchange. In the 14.0 context, this information can be contained
in individual submodels and should be exchangeable not only within an organization
but also across company boundaries. Although these submodels follow a standardized
structure defined by the AAS information metamodel, inconsistencies in their semantic
interpretation may still arise. To address this, all communication partners must share
a common vocabulary. This vocabulary should be based on property-based machine-
readable descriptions, i.e., the attributes of an asset in the physical world that denote its
characteristics. In this context, the use of standardized dictionaries such as ECLASS [50]
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Get product information !

Product requirement
- Material: metal

- Drill diameter: 10 [mm]
- Drill depth: 20 [mm]

Agent-based AAS

and IEC CDD [51] is recommended, as they enable the description of properties in an
unambiguous, machine-readable, and industry-independent manner.

Table 5. Comparison between the message structure of VDI/VDE 2193-1 and FIPA ACL.

VDI/VDE 2193-1

FIPA ACL

Equivalent msg.

Message Area Message Element  Description Use
Parameter
interaction- Content of a message (submodels or another
- O  content
Elements data elements)
type Purpose, i.e., intention of a message M  performative
sender Sender of a message (AAS ID) M  sender
receiver Receiver of a message (AAS ID) O  receiver
conversationId ID of a conversation O  conversation-id
frame messageld ID of a message M -
replyTo Expression referencing the original message O  reply-with
replyBy Time by which the response must be received O  reply-by
semanticProtocol Identification of the used semantic protocol M protocol
role Role of the sender of the message o -

M: mandatory; O: optional.

Finally, to illustrate how agents enable the communication capabilities of an AAS
Type 3 solution, Figure 8 presents an example in which agents communicate using the FIPA
request interaction protocol, adapted to comply with the 14.0 language guidelines using
proper message structures and a shared vocabulary.
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Figure 8. Agent communication capability to enable AAS Type 3 collaboration.

In this example, an agent-based AAS representing a product requests a drilling opera-
tion from another agent-based AAS representing a drilling machine. The drilling machine
agent then evaluates the feasibility of the requested operation parameters and responds
with its capability to perform the task. If the operation is feasible, the agent executes the
drilling process and reports the results back to the product agent. Throughout this interac-
tion, all necessary information, such as product requirements (e.g., drilling depth, diameter,
and material), interfacing details (e.g., communication protocol, endpoints, and parameters)
for executing the drilling operation, and other relevant production-related information,
are stored within the respective submodels of each AAS. In this context, the content of the
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exchanged messages (see Table 5) is derived from the information contained within the
respective submodels (e.g., requirements), ensuring consistency and accuracy in the com-
munication between agents. The messages are structured according to VDI/VDE 2193-1
message structure and can be exchanged in JSON format over appropriate communication
protocol technologies.

4.5. Strategies for Developing Al-Based Behaviors

Decision-making is another key element identified in the definitions of AAS Type 3,
with intelligence being a necessary requirement to support this process. In this context,
agents are inherently intelligent entities capable of perceiving their environment, reasoning,
and making autonomous decisions to achieve specific goals. However, implementing this
process often requires Al-based strategies, ranging from rule-based mechanisms to more
advanced Al techniques, e.g., based on Machine Learning (ML) or Deep Learning (DL).

The implementation of rule-based mechanisms can be simple and direct, typically
using “if-then” statements that define clear decision-making logic. However, for more
complex, dynamic environments, integrating advanced Al models based on ML /DL into
agents significantly enhances their intelligence capabilities. In this sense, this section
provides an approach to implementing and deploying such Al models into an agent-
based AAS, particularly using standardized, machine-readable interchange formats, such
as Predictive Model Markup Language (PMML), Portable Format for Analytics (PFA),
and Open Neural Network Exchange (ONNX), which enables the description of Al models
in a structured and interoperable manner.

It is important to note that the use of PMML, PFA, ONNX, or other standardized
formats is highly recommended but not mandatory. These formats may bring several
benefits, such as representing Al models in a standardized manner, enhancing interop-
erability, facilitating seamless integration across diverse systems, and reducing the time
required to make a model production-ready. However, alternative approaches to represent-
ing and exchanging Al models may also be adopted, depending on specific requirements
or constraints, such as unique application needs or legacy system compatibility.

As illustrated in Figure 9, the agent-based AAS should act as a model consumer,
where Al models developed in a training/modeling environment are deployed to the
deployment/operational environment for execution. The (re)design phase encompasses
two key steps: (i) the model producer (e.g., experts, systems, or tools) is responsible for
developing, training, and validating Al models, and (ii) the modeling submodel handles
the conversion and exportation of these models into standardized, machine-readable
interchange formats, such as PMML, PFA or ONNYX, for inclusion in appropriate submodels
(e.g., Al Dataset [52], AI Model Nameplate [53], and Al Deployment [54], which describe the
Al lifecycle). On the other hand, the operational phase involves deploying the AI models.
During this phase, the model consumer, represented by the agent-based AAS, retrieves the
Al models described in PMML, PFA, ONNX, or another standardized format from the
designated submodels and executes them seamlessly.

This decoupling, combined with the use of standardized, machine-readable inter-
change formats for Al models, facilitates Al development while enabling modularity,
interoperability, and seamless sharing of models across various applications and systems.
These standardized formats ensure that AI models, developed in specialized environments
using appropriate programming languages and tools, can be deployed in environments that
might be different from where the models were initially trained, facilitating their integration
into diverse operational settings. Moreover, integrating these standardized Al models into
AAS submodels offers an 14.0-compliant approach to describing and representing Al within
the 14.0 context.
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Figure 9. Deployment of Al models into the agent-based AAS.

Based on that, once an Al model is included in a specific submodel, the agent-based
AAS needs to retrieve this model from the proper submodel and consume it using an
appropriate scoring engine approach. A scoring engine is a software component that
processes input data through an AI model to produce, e.g., predictions or inferences. It is
able to interpret the specific structure of an Al model and applies the model to input data
in real-time. Furthermore, as shown in Figure 9, as new data is generated, the Al model
can be retrained and updated within the submodel, ensuring continuous improvement and
adaptation to evolving operational conditions.

As an illustrative example, consider the classic Iris dataset translated into a manufac-
turing context, such as the monitoring of an asset. As shown in Figure 10, the asset dataset
consists of various parameters collected from the asset, such as temperature, pressure, vibra-
tion, and humidity, recorded over a period of time. These parameters are typically labeled
to indicate whether the asset is operating in a normal or faulty state. In a training/modeling
environment, the dataset is used to train an Al model based on the random forest algorithm
(e.g., utilizing tools or programming languages such as Python, R, or others). Once the
model is trained and validated, it is converted into PMML format and included in the
Al Deployment submodel. Additionally, information about the training process, dataset
characteristics, requirements, and other relevant details are stored within the AI Dataset
and Al Model Nameplate submodels.

In the operational phase, the agent-based AAS, which may be developed in a Java
environment, retrieves the model from the Al Deployment submodel and consumes it using
a scoring engine (e.g., through Java PMML API). By using this model, the agent-based AAS
can predict asset states based on input data and trigger alerts when potential faults are
detected. These alerts can inform supervisory systems, human operators, and other agents,
enabling them to reorganize workflows and reallocate tasks on the fly. It is important to
emphasize that the focus here is not on the Al algorithm itself (e.g., its performance or
accuracy) but rather on demonstrating a standardized approach that enables agent-based
AAS to consume diverse Al models tailored to specific applications in compliance with 14.0,
aiming to implement intelligence in AAS Type 3 solutions.
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Figure 10. Example of Al model deployment for asset monitoring in agent-based AAS.

5. Conclusions and Future Work

AAS Type 3 plays a pivotal role in realizing the full vision of 14.0, characterized by
fully interoperable, collaborative, intelligent, resilient, and adaptive industrial ecosys-
tems. Despite its significance, AAS Type 3 remains in an early stage of development and
still lacks comprehensive specifications and practical implementation guidelines. In this
context, MAS have been investigated as a means to enhance traditional AAS solutions
toward the realization of AAS Type 3, particularly by embedding autonomous, intelligent,
and collaborative behaviors.

This paper explored the role of MAS in realizing AAS Type 3 through a comprehensive
analysis of existing agent-based AAS approaches in the literature. In summary, MAS enable
traditional AAS solutions to be extended with active and intelligent behaviors that support
autonomous decision-making and collaboration in production processes. The reviewed
literature highlights solutions across various application domains, namely smart manufac-
turing, dynamic production replanning, shared production, control, scheduling, human
collaboration, diagnosis, and fault detection. However, none of the identified approaches
have yet been deployed or tested in real-world scenarios, underscoring the early stage and
limited practical validation of agent-based AAS solutions. On the other hand, the promis-
ing results from simulation and prototype experiments indicate significant potential for
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these approaches to improve interoperability, flexibility, scalability, responsiveness, and in-
telligence in industrial systems. Furthermore, most studies are focused on addressing
a particular use case and do not provide clear guidance for generalizing the approach
or developing comprehensive, reusable solutions. Finally, given that this is a relatively
new and evolving field, further research and development are essential to consolidate its
theoretical and conceptual foundations before transitioning from the state of the art to
practical implementation in industrial environments.

Based on the findings, a reference model was proposed that captures identified re-
curring patterns and best practices in a unified conceptual model, offering a standardized
and modular foundation for understanding and guiding the development of AAS Type 3
solutions. The proposed model extends the existing AAS structure [10], facilitating the
seamless transition from established Type 1 and Type 2 implementations toward more
autonomous and intelligent Type 3 solutions. Moreover, as a reference model, it serves as a
template that provides a high-level structure from which more detailed and concrete archi-
tectures and specifications can be derived and tailored to specific industrial applications
and requirements.

Although the current version of the proposed reference model is conceptual in nature
and has not yet been empirically validated, its structure and design guidelines are concep-
tually grounded in a formal analysis of existing agent-based AAS solutions reported in
the literature. All these solutions have been validated through simulations, prototypes,
or conceptual evaluations, as discussed in Section 3.

Future work will focus on developing a set of specifications for designing and im-
plementing AAS Type 3 using an agent-based approach. These specifications will build
upon the proposed reference model, providing more detailed technical guidance for both
architectural design and practical implementation across various industrial scenarios.

Moreover, empirical validation will be pursued through complementary strategies.
First, a prototype will be implemented based on a representative use case, such as nego-
tiation among AASs in a production line, to demonstrate feasibility. Second, the model
will be applied in a realistic case study, potentially in collaboration with an industrial
partner, to assess its performance, scalability, and adaptability in practice. These efforts will
serve to confirm the model’s applicability and support its iterative refinement based on
practical insights.
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