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ABSTRACT

Autonomous agents perceive and act in an environment and can
also be part of a Multi-agent System (MAS), cooperating or compet-
ing with one another to achieve the system goals. When embodied
in physical devices, this entity is given a body composed of sen-
sors and actuators to manifest itself in the real-world environment
without remote control or external processing. Currently, the ap-
proach used to build embedded agent-based systems is based on the
construction of conventional MAS, rooted in the Computational
Metaphor, a theory in cognitive science that views mental pro-
cesses as computational processes, with the brain functioning as
the center of cognition, disregarding the physical body of the agent.
Inspired by Embodied Cognition — another theory in cognitive sci-
ence that redefines the computational metaphor, emphasizing the
importance of the physical body in cognitive abilities — this paper
discusses the need to expand the representation of the agent body
when embedded in hardware platforms. In addition, we propose
expanding the Belief-Desire-Intention (BDI) agents’ perceptions by
considering interoception (internal body sensations), exteroception
(external environmental stimuli), and proprioception (awareness
of the body’s position and movement). Finally, to evaluate this
proposal, a scenario using the Multi-agent Oriented Programming
(MAOP) paradigm is proposed and assessed.
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1 INTRODUCTION

The Belief-Desire-Intention (BDI) model [14] is one of the most
widely used models for constructing cognitive agents and architec-
tures in autonomous systems [25]. In the past, they were applied
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in purely software-based [63, 87] or augmented reality applica-
tions [27, 29] due to the technological limitations of the 1990s. In
the early 2000s, they could act indirectly in the physical world us-
ing the remote control of robots or cyber-physical systems [24, 57].
Since the 2010s, with the advent of Single-Board Computers (SBC)
(e.g., Raspberry Pi), a whole Multi-Agent System (MAS) can be em-
bedded in a hardware platform, and its agents were finally situated
in the real-world environment [47, 50, 61, 67].

The approach used to develop a BDI-agent-based Embedded Sys-
tem is strongly based on the construction of conventional MAS,
utilizing the computational metaphor — a theory from traditional
cognitive science where mental processes in the brain are the core
of cognition [81]. However, the status quo does not consider the
physical reality of the agent’s body situated in the real-world envi-
ronment, as can be verified by the absence of a body representation
in the dimensions provided by the Multi-Agent Oriented Program-
ming (MAOP) paradigm [9]: the agent dimension, where individual
autonomous entities exist; the environmental dimension, a com-
putational representation of artifacts from the environment where
agents are acting; and the organization dimension, where agents
are organized.

From a dualistic philosophical point of view, a body can be un-
derstood as the prison of the entity or even the physical part at its
service [60]. In contrast, from an anatomical perspective, a body
can be understood as a set of different apparatuses (e.g., respiratory,
digestive, urinary) composed of distinct elements (e.g., lungs, liver,
kidneys) that constitute the entity [88]. In other words, the body,
from the point of view of the entity that governs it, is not an artifact
of the environment but rather the entity itself.

This demonstrates a Theoretical and Practical-knowledge gap —
when an absence of a model exists, and the practice differs from
what the theory proposes [19]. Once there is no agent’s body repre-
sentation in the MAOP paradigm, the designer needs to represent
the agent’s body as an environmental artifact or use implicit rep-
resentations. Moreover, this representation makes it challenging
to develop agent-based embedded systems in areas such as robot-
ics, where physical interaction with the environment is required.
In addition, the absence of an explicit distinction between bodily
and environmental percepts may lead to ambiguities in the agent’s
deliberation process, particularly in embedded domains where in-
ternal and external signals often share the same structure. A more
expressive representation of these distinct sources of information
may help agents reason more clearly about their own physical state,
reducing potential confusion and contributing to more reliable
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decision-making. Thus, this research relies on Embodied Cogni-
tion [81], a theory from cognitive science, to better represent the
agents’ bodies, guided by two questions: 1) How can a cognitive
agent perceive its own body? 2) Is it possible to extend the MAOP to
represent a notion of the agent’s body?

This paper proposes a novel model to resignify the body rep-
resentation in the agents’ minds, shifting from traditional compu-
tationalism to embodied cognition. Following the Design Science
Research (DSR) methodology [26], we present the novel MAOP*?
model, which extends the MAOP to incorporate a new construct
named mechatropsychosocial, adding a body representation for the
agent. Now, the agent can perceive its body from the perspective
of embodied cognition by using three constructs: interoceptions
(perceptions within the body), exteroceptions (perceptions outside
the body), and proprioceptions (kinesthesia, which enables the per-
ception of the body’s movement and location). Lastly, the model
and constructs are instantiated in a JaCaMo [10] extension named
JACAMO™?.

Then, we conducted a Descriptive Evaluation with an Illustrative
Scenario. The scenario comprises a BDI agent-based system em-
bedded in a robotic vacuum cleaner, accountable for autonomously
cleaning a campus. The evaluation compares the agent’s capability
to perceive its own body with related works selected in a mapping
review, considering full compliance with the MAOP paradigm, the
agent’s body representation, and the agent’s bodily perceptions. As
a result, our model demonstrated that it is capable of representing
the descriptions of different agents’ bodies, whereas the others do
not do so explicitly or at all. The body is represented in the agent’s
mind based on specific beliefs, discerning them from perceptions
of the environment. In this way, expressiveness is added to the
knowledge held by the agent, facilitating decision-making that
also considers bodily characteristics. Furthermore, the proposed
scenario demonstrates that state-of-the-art works fail when the
agent must make a decision involving conflicting environmental
and bodily beliefs.

In summary, the contributions of this paper are: (i) new con-
structs to a better understanding of the embodied cognition applied
to embedded BDI-based multi-agent system: the definition of the
mechatropsychosocial entity, concerned with the mechatronical,
psychological, and social aspects of autonomous entities; besides
that, three sources of perceptions in the cognitive process: inte-
roceptions, exteroceptions, and proprioceptions; (ii) a model, named
MAOP*?, that extends the MAOP, including the complementary
notion of body, allowing an agent to perceive its body considering
those new sources; (iii) an instantiation, named JACAMO™? that
complies with the notions of agents, bodies, workspaces, organi-
zations, to program a MAS using the agent, environmental, and
organizational dimensions.

Finally, this paper is organized as follows: in Section 2, we present
some background about MAOP; in Section 3, we present some re-
lated works considering the body of an agent or a MAS; in Section 4,
we present our model of body and percepts for systems with a body;
in Section 5 we present a evaluation using our proposed model and
related works, in Section 5.1 we provide instructions to guarantee
the reproducibility of this research; and finally in Section 6 the
conclusions are presented.
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2 BACKGROUND

Some approaches have explored how an agent’s body or sensorimo-
tor capabilities could influence cognition. Urban and Schmidt [91,
92] proposed the PECS model to integrate physical, emotional, cog-
nitive, and social factors, but its "physical" dimension captured only
internal physiological states rather than a concrete body interacting
with the world. Vernon [94] argued that cognition emerges from au-
tonomous sensorimotor coupling, which later inspired operational
implementations such as the iCub humanoid robot [56]; however,
neither the conceptual principles of Enaction nor the architecture
embodied in iCub offered a formal or generalizable model of an
agent’s body within a cognitive architecture. Additionally, Beetz
et al. [7] developed the CRAM framework for cognition-enabled
manipulation; however, despite its tight coupling with low-level
sensorimotor data, it did not provide a formal or declarative repre-
sentation of the agent’s body as part of a cognitive architecture.

Later, Boissier et al. [9] proposed the MAOP paradigm, the
first successful integration of Agent-Oriented Programming (AOP),
Organization-Oriented Programming (OOP), and Environmental-
Oriented Programming (EOP), thereby unifying cognitive agents,
modular artifacts, and organizational structures within a high-level
programming model where agents are the primary abstractions
of the system, organized along three orthogonal dimensions that
together define the structure and dynamics of MAS.

The organizational dimension is the level at which agents are
structured by organizational specifications, typically grounded in
the Moise model [39], which provides a normative and structural
framework that supports coordination and dynamic reorganiza-
tion of the system at runtime [9, 41]. The agent dimension, in turn,
is the level at which individual autonomous entities exist, and
it is typically materialized by adopting a BDI-based AOP frame-
work, such as Jason [9, 11, 12]. The relationship between the agent
and organization dimensions can be understood as analogous to
Durkheim’s notion of social cohesion — where individuals internalize
shared norms and rules into their consciousness, which permeate
the group’s way of being and acting, leading to the emergence of
collective behavior [58]. An example of this analogy is presented
by Hafiene et al. [38], who use constitutive and regulative norms to
govern interactions among BDI agents on the Reddit social network,
thereby ensuring trust and facilitating structured collaboration.

The environmental dimension, lastly, provides a computational
representation of the environment where agents and resources are
situated. Following the Agents and Artifacts (A&A) [77] model, this
dimension is organized into workspaces and populated with arti-
facts. Workspaces are logical places, containers that store a dynamic
collection of artifacts and agents, used to define the situational
topology, establishing a scope for interactions, event observability,
and the activities carried out by agents [8, 10]. Artifacts, in turn, are
useful for modularizing each environment, they: are basic "computa-
tional bricks" that allow the representation of any elements that can
be perceived or used by the agents [8]; support both individual and
collective activities of agents [74, 75]; and allows interaction not
only with internal computational entities but also with real-world
components, such as sensors, devices, or web services [10].

Boissier et al. [9] describe agents as situated in the environ-
ment. In Situatedness, agents are not isolated reasoning entities:
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their beliefs are dynamically updated by observable properties
of artifacts, and their actions are executed as operations, thereby
coupling decision-making with ongoing changes in the environ-
ment [9, 10, 74]. However, Situatedness differs from Embodiment.
For example, Ricci et al. [76] distinguish the environment into exoge-
nous, conceived as external physical or computational contexts, and
endogenous, which are explicitly designed as part of the MAS itself.
While Situatedness defines the informational and interactive cou-
pling between agent and environment, Embodiment considers the
agent’s physical body, morphology, and sensorimotor apparatus as
constitutive elements of intelligence, as advocated by the literature
on Embodied AI [17, 42, 99]. So, the MAOP relationship between the
agent and environment dimensions, when considering actions in
the physical world (exogenous environment), can be metaphorically
compared to phenomena described by Kardec, in which discarnate
spirits from another dimension manipulate physical artifacts [2].
An example is the Chameleon Agent Architecture [28], in which a
BDI-agent manipulates a robot as an avatar [53] — a corporeal rep-
resentation that, by historical analogy, recalls the original meaning
of the term “avatar” as the incarnation of a deity [6].

Thus, while MAOP “situates” agents in an environment of com-
putational artifacts, it does not consider the agent’s body, which
can contribute to shaping agents’ cognition and behavior. From the
perspective of the agent dimension, all perceptions are derived from
the environmental dimension and stored as generic perceptions;
there is no difference in the physical body perceptions as internal
senses, or its awareness of position and movement in space. As a
result, identifying where the agent’s body begins or ends when
developing an embedded BDI-agent-based system is not trivial.

From an engineering perspective, modeling the agent’s body as
an artifact creates a structural limitation. Artifacts are shareable by
design: any agent that focuses on them may perceive their proper-
ties and act upon them. However, this behavior is inadequate for
apparatuses that constitute the body, which are inherently private
and under the exclusive control of a single agent. Therefore, multi-
ple agents running on the same embedded platform may conflict
over hardware control, exposing a Practical Gap in MAOP’s ability
to distinguish between environmental resources and an agent’s
own physical composition.

This absence of body representation on the MAOP contrasts with
the literature on embodied intelligence, which emphasizes that cog-
nition cannot be dissociated from the agent’s physical body. Chris-
ley [20] says that Embodiment involves more than mere physical
realization, requiring a body whose morphology and sensorimotor
constraints directly shape cognition. Similarly, Cangelosi et al. [17]
define embodied intelligence as the strict coupling between brain,
body, and environment, mediated by perceptual and motor systems,
with principles such as morphological computation and sensorimo-
tor coordination. More recently, Hughes et al. [42] reaffirm that the
body must be placed at the center of discussions on intelligence,
since embodied systems provide robustness, adaptability, and the
capacity to handle unstructured real-world interactions in ways
that disembodied Al cannot. Therefore, embodied Al highlights
the constitutive role of the physical body in shaping cognition,
behavior, and the very boundaries of intelligence [99].
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3 BDI-AGENT’S BODY IN LITERATURE

To identify related works focusing on the use of BDI agents in
the context of embedded systems with MAOP; we conducted a
mapping using the Snowballing [97] method. It is important to
note that the goal of this mapping was not to identify frameworks
that already include a body model, but to identify all BDI-based
solutions capable of managing physical devices and fulfilling the
MAOP. Since Boissier et al. [9] is the starting point for the MAOP
paradigm, this publication was adopted as the seed for the initial
set, and one complete round (forward and backward) of snowballing
was conducted.

In the Forward Snowballing step, we looked for citations of the
seed paper in the SCOPUS and Web of Science (WoS) databases,
which together totaled 536 records as of August 2025 (318 in SCO-
PUS and 218 in WoS). To refine the results and exclude publications
unrelated to embedded systems, a filter was applied to restrict those
whose titles or abstracts contained the following expressions: “ro-
bot”, “physical”, “device”, “embed*”, “embod*”, or “body”. After this,
removing duplicates, 63 unique candidate papers remained. Right
away, all abstracts were reviewed, from which 28 publications were
identified as relevant to the subject. However, of these, only 24
were downloaded, because four were not open access or could not
be obtained from the authors. Finally, these available publications
were submitted to an initial reading, during which papers were
selected that present an approach, framework, architecture, platform,
model, or middleware for agent programming. Thus, 12 papers were
included in the set for full reading. In the Backward Snowballing
step, we extracted the references cited by these 12 publications,
resulting in a total of 396 references being identified. The titles of
the references were read, and 107 were selected; after removing
duplicates, this resulted in 72 unique references. After that, the
abstracts were read, which reduced this set to 48 candidate papers.
Of these, 44 full texts were available (one was already in the set, and
three were unavailable for download). Ultimately, after an initial
review, 21 papers were deemed relevant and included in the set.
Thus, by the end of the mapping process, 33 (12 + 21) relevant
papers were selected and read in full. We aim to correlate these
publications with adherence to MAOP dimensions and demonstrate
the capability to represent a physical agent’s body (Table 1).

We observe that several agent-oriented BDI frameworks do not
natively provide direct access to physical resources (e.g., 3APL,
eJason, Jack, Jadex, and Jason). Other BDI frameworks (JasonEm-
bedded, lowPowerBDI, and PROFETA) provide native access to
physical resources but do not offer an abstraction for modeling a
shared environment where agents can perceive or act.

Some frameworks, such as 3APL-M, AFME, GOAL, SOIFRA,
or even Jason, which utilizes middleware or an extended agent
architecture, provide direct access to physical resources and an
abstraction to model a shared environment, but do not support
MAQOP environmental dimension. It is the case of using Jason with
Javino [50] and Javic [37], which are middleware to facilitate the
integration of agent frameworks with low-level hardware devices
with ATMEGA and PIC microcontrollers, respectively. The same is
valid for ARGO [67] and Jason-ROS [82]. ARGO is a customized ar-
chitecture designed to facilitate the programming of robotic agents
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Table 1: Adherence of BDI Frameworks to MAOP Dimensions
and Physical Agent Body Representation.

Framework Related MAOP Physical
Works ORG | AGENT | ENV | resources
3APL [40] X * X X
eJason [30] X * X X
Jack [16] X * > X
Jadex [70, 79] X * = X
Jason [11] X * ~ X
jasonEmbedded [68, 85] X * X ¢
lowPowerBDI [93] X * X ¢
PROFETA [32] X * X ¢
3APL-M [49] X * =~ ¢
AFME [59] X * = ¢
GOAL [95] X * =~ ¢
SOIFRA [5] X * = ¢
Jason + Javi* [37, 50] X * =~ ¢
Jason + ARGO [65-67] X * = ¢
Jason + Jason-ROS [82] X * = ¢
JaCa* [21,22,52,80] | X * * D
SPADE [64] X * * ¢
JaCaMo [3, 15] * * * X
JaCaMo + ARGO [13,46,51,84] | * * * ¢
JaCaMo + JasonArchEmb [54, 55] * * * ¢
JaCaMo + Jason-ROS - * * * ¢
JaCaMo + Javi* - * * * ¢+
[%] MAOP adherent; [~] with representation, but not adherent to MAOP;

[ #] native support; [ X] without representation or support.

in Jason, allowing the agent to interact directly with microcon-
trollers without explicitly modeling an environment dimension.
The Jason-ROS, in turn, is an architecture that complies with Jason,
allowing the manipulation of sensors and actuators using the Robot
Operating System (ROS) [71]. Also, it was found that some JaCa
solutions [21, 22, 52, 80] and the SPADE Platform [64] that provides
native access to physical resources; however, they do not support
the MAOP organizational dimension.

JaCaMo [10] is the only framework that complies with the three
MAOP dimensions. However, it does not access physical resources
directly, but supports integration with some middleware or agent
architecture to fulfill this need. This framework can be integrated
with ARGO agents to manage hardware components or even the
architecture JasonArchEmb [54] that allows BDI agents to access
hardware interfaces in a layered structure (named by the authors
as head-body). However, this approach is brain-centric: the body
is treated merely as an interface to hardware controllers rather
than as a cognitive component. Furthermore, JaCaMo can be used
along with Jason-ROS and the middleware Javino and Javic. These
solutions comply with MAOP due to JaCaMo and also represent
physical resources natively, making them candidates to create a
body representation in practice.

In summary, although the mapping indicates several BDI frame-
works, few of them provide direct access to physical resources with
comprehensive support for the three MAOP dimensions. However,
none offer a unified model that explicitly represents the agent’s
body with specific perceptions and organizational abstraction. It
reinforces the theoretical and practical gap, motivating the develop-
ment of an extension of the MAOP paradigm to integrate embodied
cognition and bodily representation; as well as the comparison with
the four solutions identified that fulfill the three MAOP dimensions
and interact with physical devices.
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4 MY BODY, MY PERCEPTIONS: AN
EMBODIED COGNITION APPROACH

BDI-based MAS are rooted in the computational metaphor, a clas-
sical cognitivist view that conceives the mind as manipulating ab-
stract symbolic representations and that has long shaped cognitive
science [33]. However, when dealing with BDI-based embedded sys-
tems, the cognition cannot be adequately modeled by the classical
approach alone, because its agents are hybrid hardware/software
entities coupled with sensors and actuators [51, 68], and their oper-
ation is inseparable from the physical environment in which they
evolve (their physical reality) [45]. So, their intelligent behavior
emerges from perception, action, and the morphology and senso-
rimotor constraints of their physical bodies [4, 99]. Nevertheless,
since different perspectives and fields of cognitive science can be ex-
plored and applied in Al research [86], an alternative to model these
systems can be found in Embodied Cognition. This approach con-
trasts with the Brain in a Vat analogy, which posits a disembodied
brain receiving simulated sensory inputs [36], rejecting mind-body
dualism and emphasizing that cognition cannot be fully under-
stood through a brain-centric view alone, since it assumes that the
body and its interactions with the environment are constitutive
of cognition but also constraining how the environment can be
perceived [81, 96, 99]; advocating that the mind’s understanding
of the environment depends on the nature of its body; minds in
different bodies perceive the same environment differently [81].

In this section, we reconceptualize embodied agents as mechat-
ropsychosocial entities, integrating mechatronic, psychological, and
social aspects within the same architecture. It defines three new
sources of perceptions — interoception, exteroception, and propri-
oception — grounded in embodied cognition, enabling agents to
reason about both internal and external states.

4.1 I Am My Body

Although the current agent-environment relationship is suitable for
agent-based systems, we assert that an alternative representation
of the body and perceptions is necessary to enhance the agent’s
reasoning and expressiveness, improving the MAOP to consider the
existence of an agent’s physical body that can be understood as the
embodiment of the agent, or as a set of apparatuses (e.g., locomotion,
localization, cleaning) composed of elements (e.g., motors, obstacle
sensors, compass) that together constitute the autonomous entity.

Even though the A&A model has been predicting the Agent
Body, this view aligns with the situatedness idea rather than with
embodiment, as observed in Ricci et al. [78], who proposed it as a
control interface that the agent’s mind uses to manipulate artifacts
in the environmental dimension. Furthermore, for each agent that
joins this workspace, a relationship between the agent and the
workspace is created, as a body [75]. As an agent can be inserted
into multiple workspaces, it can simultaneously possess multiple
distinct bodies, analogous to the Brain in a Vat scenario where the
mind is decoupled from the physical body.

For example, consider a team of mobile vacuum-cleaning robots,
based on the BDI model, whose mission is to clean the university
campus. Upon entering a given room (workspace), each robot needs
to check whether there is an air conditioner (artifact) and whether
it is turned on; the air conditioner must be switched off before
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initiating the cleaning task and reactivated once the robot leaves
the room. In the A&A model, the perceptions of environmental
artifacts are shared among multiple agents; however, the motor,
obstacle sensors, internal operating temperature, and the state of
dust capacity provide internal perceptions of the robot itself. In the
MAOP, the mobile robot is currently modeled not as a body, but
rather as an artifact. Therefore, we advocate that the MAOP should
be extended to represent both an environmental artifact (the air
conditioner) and an agent body (the robot).

An Embedded MAS needs to be understood differently because
the agent’s body contributes more than merely causally to cogni-
tive processes. It aligns symbolic deliberation with the embodied,
sensorimotor dynamics of intelligent behavior [34]. So, we propose
the neologism mechatropsychosocial, defined as:

Definition 4.1 (Mechatropsychosocial). of, relating to, or con-
cerned with the mechatronic, psychological, and social aspects of
autonomous entities, in contrast to the classical cognitivist (brain-
centric) model.

This mechatropsychosocial entity is composed of three aspects:
(1) a mechatronic with mechanical and electronic components to
perceive and act in the physical world; (2) a psychological, the mind
of the agents that live inside and control the physical body; (3) a
social concerning the interaction between internal and external
agents, or even with humans.

This neologism is motivated by the biopsychosocial term intro-
duced by Engel [31], which opposes the biomedical model with
emphasis on anatomy and physical science, based on the mind-body
dualism — the notion of the body as a machine and disease as a
"machine failure," with the physician’s task being to "repair the
machine". Similarly, we assert that the Environment Dimension
in MAOP should be reconsidered and expanded to encompass the
body. However, just as Engel’s biopsychosocial model does not
replace the biomedical one, but rather complements and expands
it by integrating psychological and social dimensions that enable
a more comprehensive understanding of the patient [1], we also
present a complementary view where artifacts are necessary as
well as the body, since it constitutes the agent itself. Therefore, they
are not exclusive in a MAS.

4.2 My Perceptions

According to Wooldridge [98], a cognitive agent based on the BDI
model has databases and functions to support its reasoning process.
Considering this, two components help in the process of perceiving
the Environment dimension: the Belief Revision Function (BRF) is a
function that receives new perceptions from the environment and
the beliefs stored by the agent, to update the belief set and reflect
the current state of the environment; and the Beliefs Base (BB) is
a representation of what the agent knows about the environment,
itself, or other agents.

Each BDI agent has its own BB where its beliefs are stored. Each
belief has an additional meta-information that facilitates the descrip-
tion of the agent’s behavior. According to Bordini and Hiibner [11],
the special meta-information [source(S)] establishes that every
belief has an origin, which can be one of three possible sources
(S = self|Sender|percept). When an agent creates a mental note,
the source is self; when a belief is received from another agent in
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the system, the source is the name of the agent who sent it. For
example, in a system with two agents, the name of the Sender is
recorded in the receiver’s belief; finally the percept identify that
a belief’s origin is from a non-agent element of a MAS, typically
regarded as part of the environment.

This annotation mechanism provides an elegant notation to
make explicit the sources of an agent’s beliefs, with advantages in
expressiveness and readability. This source of information is also
used by the agent’s reasoning (e.g., plans selection), facilitating the
description of the agent’s behavior, and allowing trust levels to be
noted in beliefs [11, 12].

Currently, all information coming from the environment is canon-
ically defined as percept. However, a mechatropsychosocial entity
deals with information and interactions that influence its behavior
and can expose its mechatronic body to stress. It can be disturbed
by aspects of the physical reality, which is formed by elements that
can present failure. For example, considering a human body (biopsy-
chosocial entity), the visual apparatus has some elements (e.g., eye,
eyelids, lacrimal glands, optic nerve), where the eyes can be un-
derstood as a sensor that provide optical perception. According to
Tossato [89], the perception of an object seen in the environment is
given by three phenomena: a physical one, the relationship between
the object, the eye, and the light; a physiological and anatomical
one, the eye’s internal mechanism for capturing raw data; and a
mental one, the mental representation of the object seen.

Then, the eyes (as an element of visual apparatus) can hurt in
different ways, and each pain tells something different about what’s
happening. When the pain is due to a very bright light, that pain is
kind of an alert about the external environment. Excessively bright
light can even make the eyes water to protect themselves. On the
other hand, the pain of tired eyes, like the one we feel after hours
in front of a computer, is internal information about the state of the
eye itself. Thus, the pain caused by a bright light is a reaction to
an external stimulus, while the pain of tiredness is a warning that
comes from within our own body, indicating that the eyes need a
rest [23, 89].

Considering that information about the body could be useful
and necessary for the agent (for example, in identifying the need
for preventive maintenance), a possible solution to differentiate
between the environment and the body is to seek a conceptually
grounded way to distinguish different sources of sensory informa-
tion in biological and psychological sciences — particularly those
discussed by Ceunen et al. [18] and by Tuthill and Azim [90] —
as they offer precise descriptions of how real organisms perceive
internal, positional, and external signals. Therefore, we advocate
the need to extend the belief source meta-information, from only
[source(perception)] to three different sources into the agent’s BB:

o [source(exteroception)]: the sensory perception of exoge-
nous stimuli captured by the components of the body and
coming from the surroundings (environment) [18];

o [source(proprioception)]: is the perception of inhabiting a
body, its position, and its movement (kinesthesia) [90];

o [source(interoception)]: is the perception of the body’s state
in the phenomenological experience (internal state) [18].
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4.3 MAOP*’: MAOP plus Body Representation

Aiming to represent a mechatropsychosocial entity, we propose
resignifying the MAOP, adding the agent bodies’ representation
in the endogenous environmental dimension. As shown in Fig-
ure 1, we consider an agent’s body as a set of apparatuses in the
exogenous dimension. Each Apparatus is formed by a set of sensors
or end-effectors, named Elements. These produce interoceptions,
proprioceptions, or exteroceptions. Given by:

MAOP*" = (0, A, W, B) (1)

where:

O :1tis a set of organizations, which are a normative and struc-
tural coordination framework that provides a social cohesion;
A :1tis a set of agents, which are autonomous entities that ex-
hibit a rationality characteristic, through a cognitive model;
W :1tis a set of workspaces, which are logical containers, that
allows a notion of situatedness, defining a scope where agents
can share to carry out their activities;
B :1tis a set of bodies, which are logical containers that allow
the notion of embodiment, defining the agent’ physical reality
that is strongly coupled with the real world.

In this extension, bodily elements generate percepts that are
integrated directly into the agent’s mental state, allowing the phys-
ical body to actively influence deliberation rather than functioning
only as an interface. This means that the body becomes part of the
agent’s cognitive condition, shaping how it interprets situations and
selects plans. In this context, we proposes that a multi-agent-based
embedded system, be defined as:

MASg = (A, D, B): DCA A |D|>1 A VA; € D,3B,,  (2)

where:

A is the group of agents of the MAS (A;, Ay, ..., AN);

D is a subgroup of agents that are embodied (D1, Dy, ..., Dy,);

B, is an abstraction of the set that constitutes the agent’s body,
defined as B; = {Sil, Siz, e STh

S;j is an apparatus - an aggregator of a set of elements — defined
as Sij = {E}j’E?j’ . Eln]},

E;j is an element — a sensor or an end-effector part.

multi-agent system

ironment dimension

. = element,

Figure 1: Dimensions of the MAOP paradigm, considering
the agent physical body.
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4.4 JACAMO*’: Instantiation of the MAOP*?

JaCaMo is composed of three different technologies: Jason [11],
CArtAgO [78], and Moise [44]; however, there are also three other
important components into the core: JaCa [73], a framework that
enables the interaction of BDI agents with artifacts; ORA4MAS [48],
an artifact-based organizational framework that uses the Moise+
model; and Normative Programming Language (NPL) [43], a trans-
lator from Organizational Modeling Language (OML) which is in-
terpreted to execute the organization at runtime.

When using the JaCaMo framework, the description of the orga-
nizational dimension is loaded by Moise, translated into NPL, and
then loaded by the organizational artifacts. In summary, ORA4MAS
is the execution infrastructure whose artifacts use an NPL inter-
preter to bring the high-level organizational specification to life,
managing the creation of obligations and enforcing the prohibition
of prohibited actions to ensure that agents comply with the orga-
nization’s rules. Moreover, Jason loads the agents’ plans, beliefs,
and goal descriptions. In turn, the description of workspaces and
artifacts is loaded by CArtAgO. Thereby, when an agent acts as the
artifact, it occurs through the JaCa integration. Still, before that,
the NPL interpreter is triggered (by ORA4MAS) to check whether
this action complies with the organization’s norms.

Then, we instantiate the MAOP*? in an extended version of
JaCaMo, adding a new component to the framework core, the ageNt
Embodied Cognition development Kit (NECK)!. This component
accepts physical body descriptions and loads the agents’ bodies
from the project specification. An overview of the JACAMO™?, is
shown in Figure 2. The body description receives the name of the
embodied agent and a set of apparatus that constitute the agent’s
body, with their respective implementation. NECK continuously
collects data from the elements that compose each apparatus and
converts them into percepts automatically injected into the agent’s
belief base at each reasoning cycle, thereby implementing a passive
perception approach.

JACAMO™ JaCaMo

o

Moise+

Agent description

g —

Body description

i

| S |

Figure 2: Extension of JaCaMo for representing the agent’s
physical body.

Additionally, it was necessary to adjust the grammar of the JCM
project by adding body and apparatus definitions. In Code 1, an
example of a JCM*? project specification. Now, every agent can
have a body, and during the project loading, the interpreter checks
whether a body is specified for that agent (lines 5-7). If so, the
body with all assembled apparatus is bound to the agent. Therefore,
perceptions from the body are transmitted directly to the agent’s
mind, updating the BB at each reasoning cycle. Finally, an internal
action .act was added so that the agent can act directly in the
physical world.

!https://jacamob.chon.group
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jcmWithBodyProjectName {
agentName: agtl.asl {
: workspaceName.al
}
body agentName {
apparatus apl : neck.DefaultApparatus("/dev/ttyUSBo")
}
workspaceName {
al : environmental.Implementation
3
orgName: org.xml {
gl : groupName {
: agentName roleName

Listing 1: JACAMO*? project specification.

5 EVALUATION

To demonstrate the adequacy of the JACAMO*?, we adopted the
Descriptive Evaluation method, which makes it possible to demon-
strate the utility of a DSR artifact (construct, model, or instanti-
ation) [26]. This method enables the observation and qualitative
analysis of the proposed model’s behavior in comparison with
others in the literature, specifically the four MAOP-compliant so-
lutions (ARGO, Jason-ROS, JasonArchEmb, Javino) that provide
physical resource support for BDI agents in JaCaMo. It will take
place through an Illustrative Scenario — a DSR descriptive evaluation
technique [69] that guides the construction of a synthetic scenario
to demonstrate the utility and effectiveness of this proposal in
relation to the related works.

We consider the scenario of a BDI agent-based system embedded
in a robotic vacuum cleaner, responsible for autonomously clean-
ing a campus. When physically entering a laboratory, the agent
must join the laboratory’s workspace and access the environmental
artifacts. Subsequently, it must start cleaning the laboratory floor.
Since dust can clog the internal robot ventilation, causing battery
overheating and damage to its functioning, the agent needs to mon-
itor its internal temperature. If the agent perceives that the internal
robot temperature exceeds the manufacturer’s specification, it must
turn off the cleaning mechanism and raise an overheating alert,
thereby avoiding exceeding the maximum operating temperature.

The considered successful scenario is that the agent avoids burn-
ing out the equipment, given that the robot’s temperature increases
over time. However, as the air conditioner (artifact) in the labo-
ratory (workspace) and the vacuum (apparatus) inform percepts
as powerStatus and temperature, we aim to verify if the agent can
distinguish correctly its internal temperature from the ambient
temperature. Additionally, we will compare the evaluated solutions
to determine if they have an agent’s body representation, how the
agent understands its body percepts, and if the absence of body
representation affects the agent’s behavior.

To provide a synthetic situation necessary for evaluating each
DSR artifact, we opt to use two software simulators that replicate
the behavioral patterns of the physical devices. The first simulates
the laboratory’s air conditioner (as a MAOP artifact) using a Web
of Digital Twins approach that models the properties, relationships,
and events of physical assets [72]. The second simulates the ro-
bot’s microcontroller (as a MAOP*? agent-body apparatus), using
a simulated exogenous environment that replaces physical devices,
without requiring changes to the agent’s specification [35].
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To provide the qualitative analysis, we consider three criteria:
i) whether the instantiation is functional and fully compliant with
MAOP; ii) whether it allows the representation of an agent’s body;
iii) whether it allows the representation of the agent’s bodily per-
ceptions. Also, the evaluation was conducted in three stages, one
for each criterion: In the first step, the availability and compatibility
of the related works were evaluated, and a MAS was developed
to fulfill the scenario; In the second, we look at how each of them
represents the agent’s body in the MAS; In the last, it was observed
how the agent perceives its body while running the MAS. The
evaluation summary is presented in Table 2.

In the first stage, five different BDI-agent embedded systems
were developed: one using the JACAMO*?; one using JaCaMo and
Javino; and three of them using specialized BDI agent architec-
tures for JaCaMo (ARGO, JasonROS, and JasonArchEmb). During
this stage, JACAMO*?, Javino and a JasonROS extension (EMAS
Jason-ROS, proposed by Silvestre et al [83]) demonstrated full com-
patibility with the most recent version of JaCaMo. However, it was
noted that JasonArchEmb is abandoned and not compliant with the
latest versions of JaCaMo. When attempting to run the MAS, an
incompatibility of the architecture with the framework message is
displayed, and the system does not execute. Furthermore, although
the ARGO architecture remains active and the MAS is running, it
presents a conflict with CArtAgO (environment dimension); the
architecture does not allow an agent to join a workspace. Therefore,
these two architectures proved unfeasible and did not proceed to
the next phase.

In the second stage, it was observed that Javino does not support
representing the agent’s body. As shown in Figure 3a, the microcon-
troller is described as a workspace artifact (lines 9-11), similar to the
air conditioner (lines 6-8). Additionally, it was noted that JasonROS
allows an implicit body representation, as depicted in Figure 3b. It
is necessary to define the agent class and agent architecture in the
MAS project (lines 4-5), and a manifest file (with the same name
as the agent in the /src/agt folder). On the other hand, as shown
in Figure 3c, when using the JACAMO*?, the agent has an explicit
description of the body (lines 7-9). Additionally, it is not tied to a
specific technology (e.g., Javino or ROS), allowing customization
(line 8); unlike the other solutions.

In the final stage, the scenario was implemented and run using
the JaCaMo+Javino, Jason-ROS, and JACAMO*?. To ensure a fair
comparison, the same agent program (plans, goals, and decision

Table 2: Descriptive Evaluation with Illustrative Scenario
comparing the proposal of this article with other proposals
from the literature.

Full MAOP | Agent’s body | Agent’s body
adherence | representation percepts
JasonArchEmb [54] X [%) @
ARGO [67] X [%) [%)
Javino [50] * X X
EMAS Jason-ROS [83] * ~ X
JACAMO™ * * *
[%] valid; [X] absent; [~] non-explicit; [@] = not applicable
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wthCArtAgO
mas withCATtAGO { mas architecture_1 {
agent bob: sample_agent.asl {
focus: body . TobotVacum
focus: room.airConditioner
)
workspace room
artifact airConditioner: wot.AirConditionerWoT("http://localhost:18080/ac")

agent sample_agent{
focus: Toom.airConditioner

)
workspace body { workspace roon {
rtifact

body. (" /dev. ")
organisation o: org.xml {
group g1 : groupl {
players: bob rolel

organisation o: org.xml {
group g1 : groupl {
players: bob rolel

}
uses package: javino "com.github.chon-group:Javino:1.6.5" )

}

(a) Body’s representation using JaCaMo+Javino.

Jason ind nspecor — web View

Inspection of agent bob (cycle #7)

Joson Mind nspectr - Wb View

-Beliets  baseu

B0801sc

Inspection of agent sample_agent

“Belisfs baseUr i

(d) Belief Base using JaCaMo+Javino.

perception action. jem

artifact airConditioner: wot.AirConditionerWoT (*http://localhost:18280/ac")

(b) Body’s representation using JaCaMo+JasonROS.

(e) Belief Base using JaCaMo+JasonROS.

AAMAS 2026, May 25-29, 2026, Paphos, Cyprus

Jacamowihygodyapproach m
mas  jacamowithMyBodyApproach {

agent bob: sample_agent.asl {
focus: room.airConditioner

body hob {
apparatus vacuunRobot : neck.Def
]

“/dev, )

workspace room {
artifact airConditioner: wot.AirConditionerWoT("http://localhost:18080/ac")

organisation o: org.xml {
group gl : groupl {
players: bob rolel
}

¥
)

(c) Body’s representation using JACAMO™?,

- Belifs.

524,

(f) Belief Base using JACAMO*?.

Figure 3: Overview of Descriptive Evaluation and Illustrative Scenario execution.

rules) was used in all three implementations; only the way per-
cepts are delivered by each framework differs. It was observed that
the first two solutions failed in the proposed scenario, resulting in
damage to the robot vacuum. This failure occurs because the temper-
ature percept from the air conditioner and the temperature percept
from the robot’s internal hardware are both delivered as identical
beliefs with the same predicate and the same source(percept) an-
notation, causing the most recent percept to overwrite the previous
one in the belief base and preventing the agent from distinguishing
ambient temperature from its own internal temperature. When
inspecting the agents’ belief base in these MAS, we notice that
they do not have an explicit representation of body perceptions
(Figures 3d-3e). The perceptions powerStatus and temperature from
both the air conditioner and the microcontroller had the same
source(percept), being indistinguishable between the robot’s func-
tioning and temperature or those of the air conditioning, in the BB.
The ]ACAMO”’, in turn, successfully executed the scenario, and
the agent stopped the vacuum before the temperature exceeded the
manufacturer’s defined limit. When inspecting the agent mind (Fig-
ure 3f), there is an explicit representation of body perceptions using
the source(interoception|exteroception|proprioception), and the
namespace — an AOP Modularity Approach [62] — called myBody::.

The successful demonstration that the proposed extension met
your utility and effectiveness criteria. Furthermore, we have re-
sponded to the research questions: 1) How can a cognitive agent
perceive its own body? 2) Is it possible to extend the MAOP to rep-
resent a notion of the agent’s body? The first was achieved through
an embodied cognitive approach that provides a differentiation of
the body from environmental percepts, directly into the Belief Base,
allowing a cognitive agent to perceive its own body correctly. The
second, over an intervention into the MAOP environmental dimen-
sion and adjusting the grammar of multi-agent system specification,
it was possible to add the notion of the agent’s body.
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5.1 Reproducibility

To ensure research replication by providing a detailed understand-
ing of the artifacts produced and the evaluation performed we
provide a specific page? containing general information about tests,
source codes, and videos.

6 CONCLUSION

This work discussed the limitations of traditional computational
paradigms for representing agents’ physical bodies in BDI-based
multi-agent systems. Furthermore, it revealed the inadequacies of
current MAOP-compliant frameworks in both representing and
managing agents’ physical bodies. Inspired by the theory of Em-
bodied Cognition, we propose a new model that aims to enhance
the BDI model by incorporating new sources of perception, includ-
ing interoception, exteroception, and proprioception. This change
enabled agents to better perceive and reason about their bodies,
with advantages in expressiveness and readability, in addition to
facilitating the developer’s description of the agent’s behavior.

The proposed model was implemented as an extension of the
JaCaMo framework, and the evaluation performed demonstrated
the usefulness and effectiveness of the proposed artifact. It not
only confirmed that the artifact supported the problem solution
but also complied with the DSR design evaluation guideline. The
successful execution of the scenario and the prevention of dam-
age to the vacuum cleaner robot validated the final instantiation,
demonstrating that the artifact meets the problem’s requirements
and constraints, operating more efficiently and effectively than al-
ternatives available in the literature. Future work will explore more
complex scenarios, with multiple agents and multiple bodies. It will
pave the way for further improvements in MAS embodied cogni-
tion, such as advanced fault tolerance mechanisms and the ability
to exchange physical components between agents at runtime.

Zhttps://papers.chon.group/AAMAS/2026/myBodyMyPercepts/
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