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Abstract
The increasing importance of Knowledge Graphs (KGs) in various Artificial Intelligence (AI) contexts, e.g., Data
Preparation and Neuro-Symbolic AI, highlights the need for a more robust and unified semantic foundation
for KGs. Although various approaches exist for creating and managing KGs, each presents limitations. This
work addresses these challenges by proposing a unifying semantic framework for knowledge graphs based on
metamodeling. Our research aims to define a general semantic framework grounded in formal logic, capable of
assigning a well-defined meaning to diverse types of KGs and providing a solid theoretical basis for querying
them. Overall, this work aims to provide a contribution to enhancing data quality and interpretability in AI
systems through a formally grounded semantic characterization of knowledge graphs.
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1. Introduction

In recent years, the interest in Knowledge Graphs (KG) arose in both research and industry due the
role that they can play in different contexts of Artificial Intelligence. Among all of such contexts, two
particularly prominent ones where KGs are particularly relevant are represented by Data Preparation
[1] and Neuro-Symbolic AI [2, 3].

Data Preparation is the process of collecting, cleaning, transforming, and organizing raw data in
order to make it ready to be used by Machine Learning (ML) systems or to be analyzed. It is well-known
that Data Preparation represents a highly costly phase, both in terms of required amount of time to be
addressed, and of effort due to the complexity of challenges to be overcame, for all those AI processes
which require high-quality data in order to provide better performances. Finding solutions to the
general problem of Data Preparation is a challenging task, in that, while several different approaches
have been proposed, their effectiveness can vary. It is a general opinion that standardization obtained
through uniform data representations, vocabularies, and terminology in the data modeling phase can
dramatically reduce the costs of Data Preparation, especially those derived from the need of repetitive
actions which typically characterize it. In this context, KGs represent a useful tool, in that they can help
in both data gathering and in integrating heterogeneous data sources by means of a proper semantic
characterization, while also providing reasoning capabilities to be adopted to obtain useful insights.

Neurosymbolic AI has recently emerged as a field of research whose fundamental importance is
motivated by the awareness that current AI systems, which are exclusively or predominantly based on
statistical machine learning techniques, are characterized by a number of limitations. The extent of these
limitations could be significantly reduced through the use of deductive semantic technologies inherent
to symbolic AI, e.g., those based on formal languages and logic. One example of such limitations is the
potential threat represented by biases originating from input data or within the internal mechanics of
the black-box systems which may affect them, making them not completely trustable and reliable [4].
Such biases highlight the importance of providing tools that are capable of properly explaining and
interpreting the results that those systems produce, in order to be able to identify potential issues and
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make the systems themselves more trustable and reliable (this is also justified by the so-called “right to
explanation” regulated by the EU’s GDPR [5]). Notable examples of the use of knowledge graphs in
symbolic and subsymbolic integration contexts are RAG LLMs [6, 7], where knowledge graphs, can
be used as external knowledge bases to improve the accuracy, consistency, and interoperability of
the model’s responses. In particular, KGs represent an ideal tool, since, when provided with a correct
semantics, they allow to perform both inductive and deductive reasoning tasks, thus representing a
bridge between symbolic and sub-symbolic approaches, whose integration is a prerequisite for neuro-
symbolic systems.

Several frameworks exist which are utilized to create and manage KGs, such as plain graph structures
[8], graph databases equipped with some query language [9], RDFS graphs [10], or graphs as DL-based
knowledge bases [11], but each of these approaches is characterized by forms of limitations that should
be addressed to fully exploit the modeling and reasoning capabilities of KGs, in order to make them
really effective in providing a tool to pursue high-quality data and explainability in AI systems.

This paper presents an overview on our research on the formalization of a unifying semantic frame-
work for knowledge graphs, starting from the state of the art with a mention on the motivations (Section
2) sustaining our research. In Section 3 we describe the general approach we adopted to reach the goal.
In Section 4, we present some preliminary results. Finally, in Section 5 we present some research paths
we intend to follow as a prosecution of our research.

2. Related works

Knowledge graphs have been extensively studied in different AI research areas. As of now, several
different frameworks to create and manage knowledge graphs coexist. In some cases KGs are used
as plain graph databases mostly utilized for inductive inference tasks based on the topology of the
graph itself. An example of such tasks is represented by KG embeddings for link prediction [12, 13]. In
this approach a KG is seen as a database structured as a directed graph, possibly equipped with some
additional syntactic features, such as labels and properties associated to nodes or edges (property graphs
[14]). Domain elements are represented by nodes, while edges represent the relationships existing
between them. In some cases, these KGs come with specialized query languages, e.g., Cypher used for
the main property graphs [9]. One important limitation of this kind of KGs comes from the fact that
they are not equipped with a rich semantics: in most cases they are just plain graph databases providing
extensional knowledge exclusively, while not specifying any kind of intensional knowledge describing
the relations between classes of objects or relationships. This severely limits the capabilities to model
sophisticated domain features, to check for consistency or to apply deductive reasoning on the graph.
The corresponding query languages are typically based on the notion of pattern-matching, i.e., a query
over the KG takes into account a single logical model, corresponding to the graph itself, and it looks for
bindings to be used for matching the patterns specified in the query. This can be a serious limitation in
terms of semantic characterization for query answering.

An alternative formalism is represented by the RDFS framework [15]. An graph of this kind is
represented as a set of triples of the form ⟨s p o⟩ where p represents a relationship (called predicate)
existing between a subject s and an object o. Every triple can be seen as a subgraph, where s and o
represent nodes and p represents a directed edge from s to o. RDFS introduces a vocabulary of special
symbols characterized by a specific semantics, which can be used to represent intensional knowledge in
terms of classes, predicates, ISA relationships between pairs of classes or predicates, class and property
membership. Despite this, the standard semantics of RDFS falls short in adequately capturing some
semantic aspects (see [16]), and, moreover, it lacks forms of incomplete information in domain modeling
related to some symbols of the vocabulary (e.g., rdf:Statement).

Another approach is represented by KGs as DL knowledge bases. A DL knowledge base consists in a
set of axioms describing both intensional (TBox) and extensional (ABox) knowledge, typically written
in a first-order logic fragment. DL knowledge bases have been extensively studied and they are typically
provided with a semantics based on formal logic, which would overcome some of the problems of both



the previous approaches (e.g., KGs as property graphs and RDFS KGs). Nevertheless, real systems based
on the classical DL approach, do not offer metamodeling capabilities, i.e., semantic aspects involving
domain elements which can simultaneously play the role of class and property, or of class and individual.
Such systems often adopt the so-called Direct Semantics making use of punning, according to which
two occurrences of the same syntactic domain element in different positions (e.g, class position and
individual position) are treated as if they refer to different elements. It has been observed that this
does not constitute a proper form of metamodeling semantics, which has been proposed for OWL 2 QL
ontologies in [17]. As already discussed in [18], we argue that a unifying semantic characterization of
KGs is required in order to overcome the limits posed by preexisting approaches, while also studying
possible extensions (e.g., adding forms of negations in both KGs and query language, or by means of
epistemic queries).

3. Contribution and Approaches

We propose a semantic characterization of knowledge graphs based on meta-modeling. Our main goal is
to define a general semantic framework for KGs based on formal logic, allowing to assign a well-founded
meaning to any kind of KGs, and to provide the necessary theoretical foundations to the main reasoning
problems, starting from the one of answering queries over KGs in the proposed semantic framework.
The necessity of a higher-order modeling for KGs is motivated by the inherent characteristics of the
data that is typically represented through KGs and that may require a higher than normal flexibility
in terms of data modeling capabilities. In particular, a semantics based on meta-modeling allows to
precisely capture the meaning of metaclasses and metaproperties, where a metaclass is a class having
classes among its instances, and a metaproperty can represent relations holding between classes or
properties instead of just individuals. In other words, a semantics based on metamodeling allows for
elements to simultaneously play different roles, e.g., possibly acting at the same time as a class and an
individual, or as a property and a class. As an example, one might want to represent a domain about
Universities with classes Associate Professor, Full Professor, whose instances are associate professors
and full professors, respectively, Student, i.e., the class of students, and FacultyRole, whose instances are
specific faculty roles as Associate Professor and Full Professor. In this case FacultyRoles is a metaclass,
in that its instances are classes themselves. At the same time, Associate Professor and Full Professor
simultaneously play the role of classes and the role of individuals.

Some existing frameworks, like RDF(S) already support metamodeling capabilities, in that they
explicitly allow elements to play different roles, e.g., that of a class and of a property, but their semantics
is not necessarily based on formal logic, and when it comes to properly reason over KGs, answering
queries might yield to unsound or incomplete results (as we show through an example in the next
Section).

In our work, we define a metamodeling semantics for KGs based on the notion of interpretation,
starting from a specific type of KGs, which we call RKG, and which is characterized by a vocabulary of
pre-defined symbols with an assigned semantics which captures the basic relationship types, like ISA
relationships between classes and between properties, typing constraints, and membership assertions.
We also address the main reasoning tasks, starting from that of query entailment, for which we provided
an algorithm and a complexity characterization of the problem.

4. Preliminary Results

Our work on the formalization of a framework for KGs based on metamodeling began from the definition
of a restricted class of KGs, called RKGs, and characterized by a vocabulary of pre-defined symbols,
namely Resource, Class, Property, type, domain, range, subClassOf, and subPropertyOf,
which is a subset of the RDFS vocabulary which we argue represents a basic yet effective tool for
KGs domain modeling. We then proceeded with a metamodeling formalization of RKGs based on the
notion of interpretation. In particular, an interpretation ℐ for an RKG 𝐺 is a pair ⟨𝑊, ·ℐ⟩, where 𝑊 is a



structure consisting of the tuple ⟨∆ℐ , ·𝐶 , ·𝑃 ⟩, with ∆ℐ being the interpretation domain, and ·𝐶 and ·𝑃
two partial functions defining the possible extensions of domain elements as classes or properties,
respectively.

Absence of a Universal Model
A deeper study of the logical properties of the defined framework led to a first interesting result: RKGs
do not admit a universal model in the general case. This is a rather surprising result, since lightweight
languages typically admit a canonical model which can be used for reasoning tasks, in that it can
be view as a representative of all the models of the knowledge base. Such result has an interesting
implication, which is illustrated by the following example.
Consider the RKG 𝐺 = {⟨𝑎 𝑅 𝑏⟩, ⟨𝑏 𝑅 𝑎⟩, ⟨𝑡 type 𝑏⟩, ⟨𝑎 type Class⟩} and the Boolean query 𝑄

ASK WHERE { x R y. z type y. x subClassOf b }

We are interested in the problem of query entailment, i.e., the problem of establishing whether the
query 𝑄 is true in every model of 𝐺, denoted 𝐺 |= 𝑄. According to the semantics of SPARQL,
answering the query requires to find a binding making the query true in every model of 𝐺. Intuitively,
there exist two types of such bindings, namely those where 𝑥 ← 𝑎 and 𝑦 ← 𝑏, and those where
𝑥 ← 𝑏 and 𝑦 ← 𝑎. The bindings of the first type do not make the query true in every model, since
there could be models where 𝑎 is not a subclass of 𝑏, and thus the third atom of the query would
not be true in these models. Similarly, the bindings of the second type can not make the query true
in the models where “a" is an empty class; in these models the second atom of the query would be
false. The conclusion would be that the query 𝑄 is not entailed by 𝐺. We argue that such a way of
reasoning is not coherent with proper formal logic, in that in order for 𝑄 to be entailed by 𝐺, it is
necessary that, for every model of 𝐺 there exists a binding making the query true, which is different
from the requirement that there exists a binding making the query true in every model. In light of
this observation, one could conclude that 𝑄 is indeed entailed by 𝐺, since models can be divided into
classes, for each of which there exists an assignment making 𝑄 true. For all the models where 𝑎 is an
empty class, 𝑄 is satisfied by the first type of binding, while for those models where 𝑎 is not empty, the
second type of bindings satisfies 𝑄. We found that the absence of universal models is caused by specific
forms of uncertainty that may appear in RKGs (as the one on the element “a" of the previous example,
which can be either empty or non-empty in every model). We provided a classification of RKGs
allowing to clearly distinguish those RKGs admitting a universal model from those that do not admit one.

Query Entailment over RKGs
The absence of a universal model working as a representative of all the models of 𝐺 to be queried,
required to redefine the task of query entailment through a procedure based on reasoning “by cases”.
We studied the problem of query entailment in the new framework according to the metamodeling
semantics we defined, and we provided an algorithm for properly solving the problem of query
entailment for those RKGs requiring reasoning by cases, thus establishing an upperbound for the
problem, which is Π𝑝

2 in combined complexity and in 𝐴𝐶0 in data complexity. We also illustrated a
polynomial time reduction from an instance of the NP-compelte problem of 3SAT to the complement of
the query entailment problem, thus establishing a lowerbound of coNP in combined complexity and
𝐴𝐶0 in data complexity for the problem of query entailment over RKGs.

Negations in queries
Parallel to previous results, our research has also addressed the problem of answering conjunctive
queries (CQs) containing specific forms of negation (such as safe negation and inequality atoms) over
DL-Lite¬𝑅𝐷𝐹𝑆 , i.e., the DL counterpart of RDFS knowledge bases with the addition of disjunction.
Previous results had shown that answering CQs with inequality atoms over DL-Lite¬𝑅𝐷𝐹𝑆 knowledge
bases is Π𝑝

2-complete in the general case, while NP-complete in combined complexity and and
P-complete in data complexity, when CQs contain at most one inequality atom [19, 20]. We extended



the study and found that the presence of two inequality atoms or two safe negations (a safe negation is
a negated atom whose terms also appear in at least one positive atom of the query) is enough to make
the problem Π𝑝

2-complete in combined complexity and coNP-complete in data complexity. Related
results also had an impact on the problem of query containment, in that we proved that the problem of
query containment is Π𝑝

2-complete when the contained query contains at most one inequality atom,
and the containing query contains at most two inequality atoms.

5. Future Work and Research Directions

The research described so far offers several possible goals to be pursued. In particular we aim at:

• proceeding in the direction of a general parametric formalization of a framework for knowledge
graphs with a semantics based on formal logic, and including meta-modeling capabilities. Said
general framework should be able to capture suitable constraints in order to provide proper
formalizations for KGs of different types (e.g., plain graph databases or KGs based on DLs).

• capturing forms of incomplete information arising in the different variants of KGs, e.g., RDFS
knowledge graphs, where some constructs (e.g., rdf:Statement) yield to forms of incompleteness
when interpreted according to formal logic.

• extending both the modeling constructs of KGs and the query languages with additional and
more powerful features, e.g., negation, inequality, integrity constraints and epistemic queries.
Epistemic queries would allow to capture weak forms of reasoning and integrate them with more
powerful forms of reasoning.
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