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Abstract. In this chapter we take as our reference twenty-five years of
scientific and technical results presented at the Workshop on Objects,
and explore the development of rational agents and integration with
machine learning (ML) techniques, discussing their transition from pure
symbolic to subsymbolic and neurosymbolic systems. Given the grow-
ing importance of combining rational agent reasoning with ML, we first
outline the current state of technology by highlighting key milestones
and breakthroughs. Pinpointing logics and logic programming as the
main foundational tool for the design and implementation of rational
agents, we discuss successful implementations and applications of logic-
based agents, then we identify some of the main integration strands of
subsymbolic techniques within rational agents. In particular, we focus
on symbolic knowledge injection (SKI) and symbolic knowledge extrac-
tion (SKE) as some of the most relevant neurosymbolic techniques, and
on their impact on intelligent agents and multi-agent systems (MASs).
Current gaps and challenges in the integration of rational agents with
ML are finally discussed along with future research directions.

Keywords: Rational Agents - Logic Programming - Multi-agent
Systems + Symbolic-Subsymbolic Integration

1 Introduction

In the twenty-five years of the Workshop on Objects and Agents (WOA), agents
and multi-agent systems (MASs) have obviously been at the core of the scientific
and technical discussion: after a few years when the computational paradigm for
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distributed and situated systems was the main focus — as the “ objects vs. agents”
debate —, the general attention critically shifted towards intelligent agents and
their role in the engineering of intelligent MASs. There, mainly, the notion of
intelligent agent mostly referred to rational agent architectures, exploiting clas-
sical symbolic artificial intelligence (AI) approaches such automated reasoning,
and exploiting the power of logics — e.g., in belief-desire-intention (BDI) archi-
tectures and frameworks [12] — and logic programming—for logic-based, or, logic
agents [25].

In the last years, instead, the explosion of the general interest towards deep
learning as one of the main trend in intelligent systems has led to the re-
emergence of the so-called Al agents — a revamped term from the Nineties,
see e.g. [29] —, nowadays understood as technical abstractions aimed at encap-
sulating machine learning (ML)-based subsymbolic techniques, so as to make
their exploitation possible as legitimate interoperable components of intelligent
systems. However, while on the one hand the strictly-cognitive properties of ML-
based agents are up to some debate, their overall ability to exhibit sophisticated
forms of intelligent behaviour is no longer disputable. Unlike symbolic agents,
subsymbolic agents are already fast and effective, and behave well in real-world
application scenarios, and capable of dealing efficiently with vast amounts of
heterogeneous and possibly partially-specified or incomplete data. At the same
time, any subsymbolic approach to Al inherently brings about the issues of trans-
parency and interpretability of intelligent behaviours, mostly preventing actual
human understanding of Al systems [15]—thus opening new critical problems,
such as trustability and explainability, e.g. [2,77].

Rational agents — exploiting symbolic techniques based on first-order cog-
nitive abstractions for their cognitive processes —, even with their well-known
shortcomings in terms of computational efficiency and limited ability to deal
with real-world scenarios, are instead to some extent understandable by design:
their behaviour is typically easy to be interpreted by both intelligent agents and
humans. For instance, a rational planning agent could straightforwardly justify
and explain any action from its observable behaviour by just sharing its view of
the world and its goals, along with its rational plan. Generally speaking, ratio-
nal agents — such as logic agents, using formal logics as the foundation of their
reasoning process —, offer a robust foundation for understanding and explaining
decisions and behaviours by intelligent systems.

Thus, as Al systems become increasingly complex and ubiquitous, whereas
the need for frameworks that are both interpretable and reliable has never been
more critical [59], the integration of ML techniques within rational agents has
clearly the potential of representing a transformative approach to Al, merging
the strengths of symbolic reasoning with data-driven learning [25,89]. Blend-
ing symbolic reasoning with subsymbolic techniques, and integrating them in
neurosymbolic systems — e.g., [84] — aims at addressing all of the aforementioned
challenges by framing the real-world effectiveness of ML-based approaches within
well-founded rational frameworks constraining and driving decision-making pro-
cesses and intelligent behaviours [26].



322 A. Agiollo et al.

Despite that promise of integration, however, several gaps and challenges
still persist. Issues such as scalability, biases inherent in data, and the reliabil-
ity of decision-making processes in high-stakes environments need to be criti-
cally examined. On the other hand, the roles that rational agents could poten-
tially play within many different critical sectors — including healthcare, finance,
autonomous systems, and smart cities — highlight the practical implications of
this research line.

Accordingly, in this chapter we start by sketching the current landscape of
rational agents, focussing on logic-based agents (logic agents, henceforth), as
well as on their integration with subsymbolic techniques, typically as they emerge
from the ML field. After discussing the existing challenges, we point out possible
future directions for research, by exploiting the twenty-five years of WOA as our
main reference.

There, rational and logic agents, along with the integration of symbolic and
subsymbolic approaches in agents and MASs, have represented a recurring theme
over the past twenty-five years. So, in the remainder of this chapter we first out-
line the key milestones and achievements in the field, then we introduce the
two main integration strands that have characterised the most recent and effec-
tive developments: symbolic knowledge extraction (SKE) and symbolic knowl-
edge injection (SKI). We delve into these topics, by assessing their potential to
enhance the interpretability and explainability of intelligent systems, and also
by addressing specific relevant issues such as their ability to improve ethical
alignment of Al systems to human values. Finally, we analyse current gaps,
challenges, and future directions towards the effective integration of symbolic
and subsymbolic techniques.

2 Logic and Rational Agents in Multi-agent Systems

The scientific and technical histories of computational logic and MASs are deeply
intertwined. As remarkable examples, well-known workshop lines such as CLIMA
(Computational Logic in Multi-Agent Systems)! and DALT (Declarative Agent
Languages and Technologies)? have carried on and developed that specific scien-
tific landscape for more than a decade. Overall, in the years, logic has proven to
be a powerful tool for modelling, verifying, and reasoning about the behaviour
of agents in complex systems [14].

Computational logic provides the foundation for many aspects of MASs—
way beyond formal specification, as one may think at first glance. The history
of WOA itself — which started by focussing on the power of objects and agents
as abstractions for distributed systems, and nowadays is instead mostly devoted
to elaborate on the role of multi-agent systems in the engineering of intelligent
systems — corroborates such a connection, as demonstrated by the large number
of contributions about logic that can be found in WOA proceedings. In fact,
WOA has featured papers about the many different aspects of logic for several

! https://dblp.org/db/conf/clima, .
2 https://dblp.org/db/conf/dalt/.
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Fig. 1. Number of papers on logic-based approaches in MASs at WOA per year (2000
2024).

years since the inception of the workshop in 2000—as shown in Fig. 1. The recur-
ring, almost continuous presence of those sorts of contributions straightforwardly
emphasises the enduring relevance of logic in the area of intelligent agent and
MAS research.

More in detail, logic has played a range of different roles in the MAS area,
serving as a cornerstone for declarative specification, communication protocols,
formal verification, agent programming, and — more recently — hybrid systems
integrating ML techniques with MASs. Below, we proceed by categorising the
many roles that logic has played in the MAS fields according to the papers that
can be found in the twenty-five years of WOA proceedings.

2.1 Declarative Specification

Declarativeness is a warhorse of programming languages based on computational
logic: by evaluating the truth value of logic formulas, logic-based programs can
just specify what a machine should do, instead of how to do it [20]. In particular,
logic programming languages like Prolog are amenable of both a declarative and
an operational interpretation, and can exploit the fact that the two corresponding
semantics match [58], so that they can be used as languages for executable
specification. This makes logic-based systems particularly suitable for MASs
when it comes to create high-level agent specifications or programs, as well as
when agents have to reason about their environment, or interact with other
agents.
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Contributions focussing on declarativeness are manifold. For instance, in [13]
a declarative language aimed at customising agent-based systems is discussed,
focussing on interaction with web services and interoperability. There, Baldoni et
al. highlight how personalised service selection and composition — particularly
in web-based and multi-agent system — can benefit from reasoning about actions
and conformance to policies—which are made simple by declarative program-
ming.

Similarly, Costantini et al. [43] propose a novel method for expressing pref-
erences within logic-based agent languages. There, agents can define preferences
in the body of rules, allowing them to choose among multiple actions based
on evolving preferences, via a declarative language. The paper discusses how
that approach makes it possible to support dynamic decision-making in agents,
enabling them to modify and adjust their actions as their goals and priorities
change over time.

Declarativeness is also a key concern in [34], where Ciatto et al. discuss
the interplay between blockchain technology and logic programming, and argue
that logic programming has the potential to enhance the intrinsic capabilities
of blockchain—in particular in the development of smart contracts. There, the
authors argue that logic-based approaches could make smart contracts more
expressive and reliable, whereas blockchain could in turn provide logic-based
systems with the distributed infrastructure they typically need in real-world
scenarios.

Finally, a timed epistemic logic is introduced in [44], aimed at modelling
cooperation and belief changes within groups of agents. There, logic is used to
formalise agents willing to either join or leave groups, and even agents temporar-
ily “lent” to other groups. By leveraging on temporal reasoning, the system is
able to express and check the validity of agents’ beliefs and knowledge, making
it particularly useful for dynamic, time-sensitive MASs.

2.2 Communication and Interoperability

In MASs, agents often need to communicate and collaborate across distributed
systems. To this end, logic has been mostly exploited so as to ensure that agents
can interact with each other effectively, while adopting specific communication
protocols, as well as ensuring system interoperability. For instance, this is the
case of the aforementioned work by Baldoniet al. [13], as well as of the work
by Chesani et al. [32], which is discussed later in this section. Another example
is [33], where Ciampolini et al. propose a language for coordinating abductive
logic agents, focusing on how agents can interact within MASs, either they are
competing or collaborating. The language allows agents to solve problems based
on incomplete knowledge by formulating hypotheses via adductive reasoning. In
order to showcase the ability of the proposed system to handle both collaboration
and competition among agents, the paper presents a medical diagnosis example.
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Furthermore, computational logic has also been exploited as the foundation
for “programming the interaction space” [38] within MASs, exploiting a declara-
tive model for the coordination [37] of both intelligent and non-intelligent agents
— namely, TuCSoN [71] — aimed at enabling and governing both the explicit com-
munication and the stigmergic interaction of agents within MASs. Along this
line, WOA proceedings are disseminated with contributions, which we mention
in chronological order on the following.

First of all, Ricci et al. [76] demonstrate how the TuCSoN coordination infras-
tructure helps manage autonomous agents in network-centric applications using
intelligent light management as a case study. The notion of agent coordination
contexts (ACC) in TuCSoN is introduced in [75], enabling agents to model, inter-
act, and affect their environment while providing a flexible framework for MAS
organisation. Omicini et al. [68] investigate the combination of subjective (intra-
agent) and objective (inter-agent) coordination within FIPA agents using the
TuCSoN framework. Oliva et al. [66,67] focus on how the TuCSoN coordination
model and technology support multi-agent-based simulation (MABS), by show-
ing how to simulate Minority Game with TuCSoN, with the aim of studying emer-
gent behaviour in complex systems using logic-based agents for flexible and con-
trollable simulations. Nardini et al. [65] explore a chemistry-inspired approach
for the coordination of services in pervasive computing environments, where the
ReSpecT logic-based coordination engine is used to enable adaptive and self-
organising behaviour of TuCSoN agents. The main guidelines for a methodology
specifically targeting the issue of situatedness in MASs are introduced in [63];
based on the TuCSoN coordination model, the methodology is meant to be cen-
tred around the notion of coordination as the key to managing dependencies
between agents and their environment. Finally, Mariani et al. [64] try and go
beyond logic towards other declarative mainstream languages for MAS coordina-
tion, by integrating XPath, blockchain, and stream processing with tuple-based
coordination models so as to enhance MAS expressive power in the Internet of
Things (IoT) as well as in general pervasive intelligence scenarios.

The generalised exploitation of logic programming engines at the core of dis-
tributed architectures — obviously including distributed MASs — has also been
the subject of exploration in the early works by Calegari et al. [24], leading
to the notion of logic programming as a service (LPaaS, which first appeared
in the WOA proceedings in 2016. For instance, in [27] the authors introduce
tuProlog as a lightweight logic programming engine suitable to provide ratio-
nal agents with as-a-service logic programming capabilities — such as interac-
tive goal demonstration — in distributed systems. Later on, Calegari et al. [23]
explore the potential of computational logic in the realm of spatial and tempo-
ral reasoning by extending the LPaaS model and architecture towards situated
intelligence, allowing agents to improve on their ability to take context-aware,
location-specific decisions.
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2.3 Formal Verification and Semantics

As in many other sorts of computational systems, logic has been instrumental in
verifying the behaviour of agents within MASs, typically by ensuring that their
interactive behaviour conforms to expected communication protocols and rules.
This is especially crucial when engineers are concerned with the reliability of
distributed, open, and dynamic MASs.

For instance, verification — see also [4] in this book — plays a primary role
in [13] and [32], where the results of the MASSIVE projects are framed and
shared. In particular, a logic-based framework for the specification and verifica-
tion of agent interaction protocols in distributed MASs is discussed; examples in
applications scenarios — e-commerce, medicine, and e-learning — are discussed.
The framework leverages on formal logic for protocol specification, so that the
compliance of agent observable behaviour with the protocols can be automati-
cally verified, thus ensuring agent and MAS correctness.

Armando et al. [5] push formal verification even further by introducing the
Logic Broker Architecture aimed at facilitating the integration of automated ver-
ification systems, such as theorem provers and model checkers, which commonly
operate in isolation. The architecture enables different verification systems to
interoperate by means of a registration/subscription mechanism and a transla-
tion process that ensure the safe and sound exchange of logical services across
different systems.

2.4 Agent Programming, Reasoning and Planning

Another topic that is recurrent in the twenty-five years of WOA is obviously
agent-oriented computing (AOC), and more specifically agent programming.
Whenever rational agents are involved, agent programming mostly deals with
agent reasoning and planning, where logics obviously play a crucial role. Ratio-
nal agent architectures are generally designed around specific logics — e.g., BDI
logic [74] —, so as to enable the declarative specification of actions, goals, beliefs,
and plans, while ensuring sound agent decision making, deliberation, and plan-
ning processes.

One remarkable example of logic-based agent language is DALI, which firstly
appeared in the WOA proceedings in 2003 [45]. There, Costantini et al. demon-
strate how DALI can be used to implement STRIPS-like planning, allowing
agents to plan and execute actions to achieve their goals. The DALI framework
enables agents to engage in proactive behaviour by continuously checking for
goals and actions, making it suitable for dynamic and adaptive environments.

Another example is the work by Magnolo et al. [62], which leverages fuzzy
logic and ontologies so as to simulate crowd behaviour at large social events such
as concerts. By analysing factors like crowd density and duration, the model aims
at providing for more accurate simulations of crowd dynamics, which can be used
to inform the design of safer and more efficient event management strategies.

More recently, the focus shifted towards the exploitation of the Prolog lan-
guage [57] for agent programming. For instance, Ciatto et al. [36] introduce a
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Kotlin-based domain-specific language (DSL) for Prolog, embedding logic pro-
gramming directly into Kotlin — via the 2P-Kt ecosystem [35] —, thus providing
a seamless way for object-oriented and functional developers to leverage logic-
based reasoning within their projects—which could be expected to help pro-
moting wider adoption of logic programming in mainstream programming envi-
ronments. As expected, later on, the same approach propelled the development
of [12], a BDI framework based on Kotlin.

Finally, Bordini et al. [19] compare agent-oriented logic programming lan-
guages in the literature, showing how those languages extend traditional logic
programming (most of them leveraging on Prolog) so as to model autonomous
agents and MASs. There, the practical applications of those languages in the
context of complex, real-world MASs are discussed, highlighting their utility in
scenarios requiring autonomous decision-making.

3 Rational Agents and Machine Learning in Multi-agent
Systems

3.1 Hybrid Systems

More recent developments in MAS research try and bridge agents and ML, to let
agents learn either from data or from other agents. In all cases, logic lies in the
middle, enabling the definition of hybrid systems that leverage both symbolic
and/or subsymbolic approaches.

For instance, the work by Costantini et al. [46] introduces a method for agents
to learn through the exchange of rule sets, as a form of cultural transmission akin
to human learning: in this case, learning is purely symbolic. Agents evaluate new
knowledge based on its potential for the achievements of specific goals, and are
equipped with mechanisms for discarding unhelpful or incorrect information.
Overall, this allows agents in a MAS to adapt and improve their behaviour
through cooperative knowledge sharing.

Conversely, D’Asaro et al. [47] introduce a system that combines subsym-
bolic ML and logic-based techniques to assist in motor rehabilitation. The system
uses data from multiple sources (e.g., sensors) in order to model users’ cogni-
tive and motor abilities, and help therapists making decisions in the evaluation
and adjustment of rehabilitation exercises. There, the intrinsic transparency of
logic-based approaches allows for an easier understanding of decisions by human
patients, which is critical in therapeutic settings.

Many other works that explore the integration of logic and machine learnin
in multi-agent system can be found in the WOA proceedings, especially in recent
years, when the field has seen a surge in hybrid systems that aim at combining
the strengths of both approaches. Accordingly, here and in the next subsections,
we explore the related contributions, highlighting some of the most relevant slices
of literature.
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3.2 Towards Neurosymbolic Agents

The integration of logic agents and ML is transforming the AI landscape by
merging the strengths of symbolic reasoning with the adaptability, effectiveness,
and efficiency of data-driven approaches (subsymbolic techniques). At the core
of the integration is typically the ability of logic agents to represent complex
knowledge using formal logic, which provides them with a structured foundation
for their reasoning process. Meanwhile, ML excels in learning patterns and mak-
ing predictions from large datasets, allowing systems to adapt and improve based
on empirical evidence. Such a symbiotic relationship enhances the capabilities
of intelligent systems across various domains.

One significant area where synergies are likely to be found is knowledge
representation and learning, where logic programming can be used to define
a rich structure for a problem domain, providing for a formal framework for
representing rules, relationships, and constraints. A structured representation in
principle enables ML to continuously refine the knowledge base through data-
driven insights, thus enabling or facilitating a dynamic learning environment.
As ML algorithms analyse incoming data, they can update and adjust the logic
framework, thus ensuring that the system not only adheres to logic constraints,
but also evolves based on new information—and its evolution fosters greater
accuracy and reliability in decision-making processes.

Furthermore, the inclusion of logical constraints into ML models helps har-
nessing the learning processes by embedding domain-specific knowledge within
the model. Techniques such as constraint-based learning allow for the speci-
fication of acceptable solution spaces, ensuring that the learned models stay
consistent with respect to the established domain knowledge. This approach
can improve the robustness of the decision-making process by preventing the
model from exploring infeasible or irrelevant solutions. Other techniques, such
as neurosymbolic approaches, further blend neural networks with symbolic rea-
soning, creating systems that ideally are able to leverage on the strengths of
both paradigms. By combining the generalisation capabilities of neural networks
with the rationality of symbolic reasoning, integrated neurosymbolic systems can
achieve a more nuanced understanding of complex tasks.

Finally, and most interestingly, recent advancements have introduced promis-
ing techniques for SKI and SKE, which further enhance the integration of LP
and ML. Symbolic extraction focuses on the derivation of interpretable models
from complex ML systems, allowing for the extraction of meaningful patterns
and rules. Conversely, symbolic injection involves incorporating logical rules into
ML frameworks, thus enriching the learning process with structured knowledge.
Those techniques have exhibited significant potential in improving the trans-
parency and reliability of Al systems, and many recent works presented at WOA
over the years have explored their applications in depth—so, they will be detailed
further in the remainder of this section.
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3.3 Symbolic Knowledge Extraction in Intelligent Agent Systems

When transposing the ML workflow into the realm of logic agents, symbolic
knowledge can be seen as a common means to enable agent communication,
information sharing, and cooperation. Symbolic knowledge is produced in several
ways—e.g., it may be encoded by domain experts, or, distilled via dedicated SKE
algorithms. More in detail, SKE focuses on extracting a symbolic representation
out of the knowledge acquired by subsymbolic predictors. This approach offers a
higher degree of interpretability for opaque ML predictions, making it possible
to inspect the subsymbolic model. Here and in the following we stick to the
definition provided in [39]: accordingly, SKE refers to

any algorithmic procedure accepting trained subsymbolic predictors as
input and producing symbolic knowledge as output, so that the extracted
knowledge reflects the behaviour of the predictor with high fidelity

In the context of intelligent agents, SKE provides effective tools to inspect the
agents’ knowledge and behaviour.

Generally speaking, the main benefit of SKE for intelligent agents is that it
makes it possible to inspect agents’ knowledge—for instance, to check whether it
satisfies domain requirements, fairness constraints, or other behavioural specifi-
cations. Even as a recent technique, SKE has already found practical application
in a wide range of fields, including credit-risk evaluation [10,11,87], credit card
screening [85], intrusion detection in computer networks [56], keyword extrac-
tion [7], space mission diagnostic [81], and in the medical field as well [18,53,55].
Overall, the apparent wide applicability of SKE techniques suggests that neu-
rosymbolic agents based on SKE have the potential to extend MAS effective
operation over a large range of diverse real-word scenarios.

The actual applicability of SKE techniques is enhanced by the availability
of public software libraries implementing state-of-the-art extraction algorithms,
such as PSYKE,? ruleex,?, and Rule_Extraction_From_Trees.’

In particular, PSYKE [28,79] — first presented at WOA [78] — is a Python
framework supporting a significant set of pedagogical SKE techniques while
maintaining complete compatibility with other mainstream Python packages as
Scikit-Learn [72], also supporting Semantic Web interoperability for intelligent
agents [80].

3.4 Symbolic Knowledge Injection in Intelligent Agent Systems

Quite intuitively, SKI serves a dual purpose w.r.t. to SKE, since it constrains
an ML predictor to take into account some symbolic knowledge when drawing
predictions. According to the definition provided in [39], SKI refers to

3 https://github.com/psykei/psyke-python.
* https://github.com/fantamat /ruleex.
5 https://github.com/Yimeng-Zhang/Rule Extraction from Trees.
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any algorithmic procedure affecting how subsymbolic predictors draw their
inferences in such a way that predictions are either computed as a function
of, or made consistent with, some given symbolic knowledge

Overall, SKI accounts for a wide set of techniques aimed at improving subsym-
bolic systems — such as neural networks (NNs) — by “injecting” them with some
sort of structured and explicit symbolic knowledge, available at the rational
agent level, affecting their overall behaviour.

Depending on the agent’s context and task, symbolic knowledge can repre-
sent different things such as the agent’s beliefs, some well-known concepts, a
societal norm, or, any desirable rule to be taken into account. Therefore, the
agent can solve a task by exploiting both the symbolic knowledge — deductive
process — and the subsymbolic system—inductive process. The goals of SKI can
be manifold, including: (i) improving the agent’s predictive performances—e.g.,
accuracy, precision, recall, etc., (i) making the agent’s decisions more robust—
e.g., against data degradation, adversarial attacks, etc., (4ii) making the agent’s
decisions more compliant with some normative or ethical constraints, (iv) reduc-
ing the amount of data needed to train the subsymbolic system, (v) reducing
learning time by providing straight away the very knowledge that subsymbolic
predictors would otherwise struggle to learn by processing huge amounts of data,
(vi) preventing subsymbolic predictors from working as full black boxes during
their training—hence avoiding the need for explanations.

SKI can be performed in different ways, depending on the desired outcome,
properties, and the nature of the symbolic knowledge to be injected. According to
the taxonomy proposed in [39], SKI can be classified into three main categories:

predictor structuring — where the structure of the subsymbolic predictor is
extended in order to accommodate the symbolic knowledge. This can be done
by introducing new items — new layers, new neurons, new connections, new
activation functions — that are specifically designed to mimic the symbolic
knowledge. Relevant examples of this approach are knowledge based artificial
neural networks (KBANNSs) [88], fibred neural networks (FNNs) [54], logic
tensor networks (LTNs) [9], and knowledge injection via network structuring
(KINS) [60].

guided learning — where the training process of the subsymbolic predictor is
altered so as to take into account the symbolic knowledge. This is usually
done by modifying the loss function—for instance, by adding a new regu-
larisation term that penalises the predictor when it does not comply with
the symbolic knowledge. Examples of this approach are guiding backprop-
agation by inserting rules (GBIR) [8], and knowledge injection via lambda
layer (KILL) [61].

knowledge embedding — where the subsymbolic predictor is provided with the
symbolic knowledge as additional input data. This can be done by converting
the symbolic knowledge into some numerical form (a.k.a. embedding) that
can be fed to the subsymbolic predictor [30,31,86].

In the context of intelligent agents, SKI methods can be exploited to pursue
different aims, such as:
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agent learning enrichment — where SKI lets sub-symbolic methods consume
symbolic knowledge to either improve or enrich the agent’s learning capa-
bilities. Along this line, SKI improves ordinary ML tasks inside the agent
workflow, by allowing the subsymbolic predictors to process (or, to take into
account) the structured symbolic knowledge available at the agent level. The
fundamental idea underlying those approaches is that there exist some con-
cepts that can be either cumbersome or troublesome to learn from examples —
e.g., syntactical concepts, semantics, etc. —: those concepts can represent com-
plex beliefs that an agent has gained about the external environment, norma-
tive, or bounding expressions regarding the agent’s acceptable actions—and
much more. Therefore, the symbolic knowledge expressing those high-level
concepts can be injected directly into the model to be used inside the agent
workflow.
agent knowledge manipulation — where SKI enables the sub-symbolic manip-
ulation of an agent’s symbolic knowledge, by enabling subsymbolic predictors
to handle it similarly to symbolic engines. In doing so, SKI supports classic
symbolic Al tasks while aiming at boosting their performance, either extend-
ing their capabilities or improving their raw processing latency. In this con-
text, common tasks are:
logic inference in its many forms — e.g. deductive, inductive, probabilistic,
etc. —, i.e. drawing conclusions out of a symbolic (KB);
information retrieval looking for information in a symbolic KB;
KB completion finding (and adding) missing information in a symbolic
KB;
KB fusion merging several KBs into a single one, taking care of (possibly,
syntactically different) overlaps;
The key point here is supporting tasks where both inputs and outputs are
symbolic in nature, but leveraging upon subsymbolic methods to gain speed,
fuzziness, and robustness against noise [73].

Finally, in the context of SKI techniques, the usage of graph neural networks
(GNNs) has recently gained popularity in tackling relevant tasks which are hard
to formalise or solve in the logic realm, because of either their numerical nature
or their algorithmic infeasibility [1].

4 Conclusion

In this chapter we explore the emergence of subsymbolic techniques in the area of
multi-agent systems, and their integration with rational architectures for intelli-
gent agents based on symbolic approaches, focussing in particular on the incor-
poration of machine learning techniques within logic-based agents.

By taking as our reference twenty-five years of scientific and technical results
presented at the Workshop on Objects and Agents — from 2000 to 2024 —, we
first overview the main reasons for combining rational agent reasoning with sub-
symbolic ML techniques, outlining the current state of models and technologies
in the field. Special attention is given to computational logic in general, and logic
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programming in particular, as a foundational tool for designing rational agents:
successful implementations and applications of logic-based agents are discussed,
and the benefits derived from logic programming are emphasised. Some of the
most prominent roles that logic has played in the MAS area in the last decades
are pointed out—such as declarative specification, communication and interop-
erability, formal verification and semantics, agent programming, reasoning, and
planning.

We then identify some of the main strands of integration of subsymbolic tech-
niques within rational agents, mostly focussing on how logic-based agents can
leverage on machine learning techniques, and showcasing some relevant cases
where this sort of integration has actually been proven as effective. Some of
the current gaps and challenges in the integration of rational agents with ML
are discussed along with potential and promising future research directions. In
particular, we finally focus on symbolic knowledge injection and symbolic knowl-
edge extraction techniques: we summarise the key findings, and emphasise their
remarkable potential in improving the transparency and reliability of intelligent
MASSs and, in general, of Al systems.
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