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— Abstract

In this Special Issue of Transactions on Graph Data  ing, transformation, integration, evolution, and
and Knowledge, entitled “Data Management for  evaluation. Their applications include legislative
(Knowledge) Graphs”, we present eight articles:  knowledge management, geospatial data access, and
one position paper, four research papers, and three = knowledge graph construction from heterogeneous
resource papers. These span graph data query- sources with large language models.
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Special Issue Data Management for (Knowledge) Graphs

1 Special Issue Articles

We are pleased to present the TGDK Special Issue “Data Management for (Knowledge) Graphs”,
which collects eight articles: a position paper, four research papers, and three resource papers.
We discuss them briefly below.

1.1 Position Paper

The issue opens with a position paper. In “How Human-Centric Are Our Graph Data Abstrac-
tions?”, A. Bonifati et al. argue that expressive power alone does not make an abstraction
usable, and that human accessibility should be a first-class design goal alongside expressiveness.
Examining graph abstractions through four dimensions and use cases from Wikidata to clinical
and biological data, they set out a research roadmap toward making graph abstractions easier to
study, use, and learn.
? Stefania Dumbravaf, George Fletch.er, Matteo Lissandrini, and Riccardo Tommasini;
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Data Management for (Knowledge) Graphs

1.2 Research Papers

“Transforming Shape Schemas with Composable Property-Graph Queries”, by P. Seifer et al.,
addresses schema inference for composable property graph queries, deriving the schema of a query’s
output from that of its input without reference to any concrete instance. A family of mappings
translates property graphs, their schemas, and their queries into RDF-based counterparts, isolating
reification in a dedicated layer, which lets the authors reuse the correspondence between SHACL
and description logics. They establish soundness and semantic equivalence.

“Multi-Layered Legislative Knowledge Management with Property Graphs” by A. Colombo et
al. models legislative acts and their references as a property graph. Instead of storing redundant
versions, a query reconstructs the text of a law as it applied on any given date, and Cypher triggers
fire when a repeal removes the legal basis of active laws. An association rule operator exposes
recurring overhauls of predecessor procurement legislation.

L. Asprino and E. Daga consolidate Fagade-X, a uniform SPARQL access method for hetero-
geneous formats such as CSV, XML, and relational data. Because its meta-model captures only a
fraction of RDF, not every basic graph pattern is satisfiable over a Fagade-X source. “Towards a
Theory of Facade-X Data Access: Satisfiability of SPARQL Basic Graph Patterns” addresses this
by providing a sound, complete algorithm to statically detect unsatisfiable patterns.

In “OM40V: Leveraging Ontology Matching for Ontology Versioning”, Z. Qiang et al. formalise
a framework repurposing ontology matching systems for versioning. They implement it as Agent-
OV, extending their own Agent-OM, and evaluate it on a synthetic testbed from OAEI datasets
and on Brick Schema version changes. The evaluation exposes weaknesses in naive reuse, which a
cross-reference mechanism addresses by narrowing candidates via prior alignments.

1.3 Resource Papers

“Logica-TGD: Transforming Graph Databases Logically”, by E. Skvortsov et al., expresses graph
transformation as logic programming, compiling declarative rules to run over standard engines such
as PostgreSQL, DuckDB, and BigQuery. It handles demanding scenarios including time-varying
graphs and Win-Move games under the three-valued well-founded semantics, and is benchmarked
against the Soufflé Datalog engine and SQL/PGQ on DuckPGQ.

“GeoSPARQL and SPARQL Benchmarking with GeoRDFBench Framework”, by T. Ioannidis
et al., contributes reusable infrastructure for benchmarking geospatial semantic stores. They
specify benchmark components declaratively as JSON, served over a configurable REST interface,
and manage store lifecycles for cold-cache measurements. Stores including RDF4J, GraphDB,
Stardog, Strabon, Virtuoso, and Jena GeoSPARQL are provided as reusable modules.

Closing the issue, “BLINKG: A Benchmark for LLM-Integrated Knowledge Graph Generation”
by C. Castedo et al. targets the mapping step of knowledge graph construction, whose manual
effort can exceed six person months. Rather than assessing opaque end-to-end systems, they
evaluate large language models on generating declarative, and therefore traceable, mappings across
three scenarios of graded difficulty with gold standards, reporting promising results on simpler
cases and clear limitations as complexity grows.

2 Data Management for (Knowledge) Graphs

This Special Issue spans the querying, transformation, integration, evolution, and evaluation of
graph-structured data and knowledge, from foundational perspectives to reusable artifacts. We
thank the authors and reviewers whose work made it possible, and we invite the reader working
with graph data to consider TGDK as a venue for their own contributions.
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— Abstract

Graph data abstractions are often assumed to be
intuitive, but experience shows that they are not
equally understandable or usable in practice. In this
vision and challenges paper, we examine the human-
centricity of contemporary graph data abstractions
through four lenses: researchability, usability, teach-
ability, and societal impact. Drawing on diverse
real-world use cases, ranging from clinical data and

collaborative knowledge bases to biological and pan-
genomic graphs, we distill insights from database
research, human-computer interaction, and edu-
cation. Based on this analysis, we identify open
research challenges that must be addressed to make
graph abstractions easier to study, use, learn, and
reason about.
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1 Introduction

Graph data abstractions have emerged as a central paradigm for representing and querying
interconnected data. From ER diagrams [34] and Sowa’s conceptual graphs [92] to data models
such as XML [28], RDF [57] and property graphs [6, 82], and their associated query languages,
graph abstractions are now widely used across domains, including data integration, collaborative
knowledge bases, and scientific data management [7, 83]. Their appeal is often attributed to the
explicit representation of relationships, which supports flexible schema evolution and arguably
offers more intuition and easier constructs than relational or hierarchical models.

Figure 1 provides a high-level historical perspective on the evolution of graph data abstractions.
Successive abstractions have accumulated in this historical progression, resulting in a complex
and diverse ecosystem of coexisting graph data models and languages. Practical examples of
graph abstractions have often evolved in close interaction with human needs, practices, and
communities. Wikidata [98] is such a bottom-up initiative that has emerged while inherently
accounting for human-centric aspects of graph data representations such as usability, learnability,
and explainability. Cypher offers a particularly instructive example.
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Figure 1 Historical evolution of graph data abstractions: from the CODASYL Network Data Model
(NDL), introducing explicit navigational, pointer-based record graphs; through Entity—Relationship
(ER) modeling, elevating graphs to a high-level conceptual design formalism; to the World Wide Web,
which operationalized a global, large-scale hyperlink graph over semi-structured documents; followed by
Knowledge Graphs, emphasizing semantic integration and ontology-driven interoperability; and culminating
in the Labeled Property Graph model and ongoing standardization efforts (e.g., GQL), marking the
consolidation of expressive, interoperable, and queryable graph data systems.
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The Origin of Cypher
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RETURN code.source

(a) Conceptual origin whiteboard drawing. (b) 2D ASCII-art comment (top) and Cypher ASCII-

art patterns syntax (bottom).

Figure 2 Evolution of Cypher from informal sketches to declarative pattern matching (from [60]).

» Example 1 (The Human-Centric Design of Cypher). The origins of the Cypher graph query
language illustrate how graph data abstractions can emerge in a human-centric, bottom-up manner.
As documented in its historical evolution [60], Cypher was shaped not by a pre-existing formal
model, but by observing how practitioners interacted with graph data in early applications. Users
reasoned about traversing chains of relationships and interesting patterns of connected entities
on whiteboard or scratchpad drawings (cf. Figure 2a) and documented them in 2D ASCII-art
comments next to their imperative traversal code (cf. top of Figure 2b). Cypher ported this
practice to a query language. It introduced pattern-matching constructs with an ASCII-art
syntax [69], as well as labeled nodes and relationships that are closely aligned with the graph
mental models of users (cf. bottom of Figure 2b).

patterns into language constructs, reducing the gap between the intended query formulation and

These features abstracted recurring usage

its execution. From a human-centric perspective, Cypher’s design prioritizes interpretability and
learnability alongside expressiveness, enabling users with limited formal training to interact with
graph data [66, 69].
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Early approaches in the neighboring discipline of relational databases had explicitly treated
usability as a first-class property of a data abstraction, even at a system-design level, alongside
formal semantics and query evaluation. In this area, human-centric aspects have been studied in
a principled manner. Seminal empirical studies of query languages such as SQUARE, SEQUEL,
and Query-by-Example [30, 112], and more recently of Relational Diagrams [42], systematically
examined how users understood, learned, and applied these abstractions in practice, grounding
language design in human factors rather than purely formal considerations [80, 95]. These studies
established a tradition in which abstraction quality was evaluated not only by expressiveness or
efficiency but also by accessibility.

In graph data management approaches, these aspects have not always been first-class design
principles nor have they been scrutinized by the research community in the same principled way.

Thus, human-facing properties of graph abstractions, e.g., their interpretability, usability,
learnability, and the way they differentiate user roles, remain unevenly understood. Empirical
studies in graph data visualization and exploration show substantial variation in how users interpret
graph structure, semantics, and query results, particularly across different levels of technical
expertise [4, 11, 19, 20, 59, 61, 110]. Research in education and human-computer interaction further
suggests that graph-based representations pose distinct cognitive challenges compared to tabular
or tree-based abstractions, affecting users’ ability to form accurate mental models [21, 48, 108].
Crucially, empirical evidence shows that the ability to successfully execute graph queries or
complete interaction tasks does not necessarily imply a sound conceptual understanding of the
underlying data abstraction [21, 71].

These limitations increasingly matter in practice. Community-maintained knowledge bases
such as Wikidata rely on graph schemas, constraints, and validation mechanisms to coordinate
large and heterogeneous contributor populations [51, 63, 78, 98]. Scientific applications in domains
such as biology, ecology, and genomics use graph abstractions to integrate heterogeneous datasets
and support complex analytical workflows [29, 36]. Recently, graph-structured data has been
used with large language models (LLMs) and Al systems to support downstream reasoning
and interaction, widening the audience of graph abstractions to include non-expert users and
automated agents [72]. Given the increasing synergy between graph abstractions and the booming
AT landscape, for tasks ranging from data annotation and model training to supporting human-
in-the-loop explainability and decision-making, aligning the human mental model with graph
abstractions becomes crucial. In these settings, shortcomings in the learnability, interpretability,
or usability of graph abstractions directly affect data quality, system reliability, and downstream
behavior.

Vision and Contributions

We use the term graph data abstraction to refer to the conceptualization of data as a graph,
where nodes represent entities and edges represent relationships. In such abstractions, information
emerges not only from individual data elements, but also from the structure of their interconnections,
enabling the explicit representation of patterns, dependencies, and contextual relationships within
the data. We draw the boundary deliberately: an abstraction is graph-based in our sense when
relationships are first-class, independently addressable modeling primitives that may themselves
carry identity, type, or attributes. This includes RDF and property graphs and excludes models
in which inter-entity links are implicit or value-derived, e.g., the relational model, where a foreign
key is a value-based join rather than a first-class edge.

Graph abstractions are increasingly adopted because certain data and tasks, e.g., densely
interlinked entities, multi-hop reasoning over relationships, and schema-flexible integration of
heterogeneous sources, are represented more faithfully and queried more naturally as graphs.
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Yet, the expressive power of graph abstractions does not automatically translate into human
accessibility or understanding. Because such abstractions are already widely deployed across
collaborative, scientific, and Al-mediated settings, the question we pursue is not whether to adopt
them, but how to make them human-accessible to the diverse audiences that now encounter them.

Human-centricity is not the only lens through which graph abstractions can be evaluated. Such
abstractions also serve machine-oriented purposes, including automated reasoning, recommendation,
and learning, where considerations such as expressiveness and performance are central. We view
human-facing properties as complementary to these concerns rather than as a replacement for
them. Our focus on human accessibility reflects the observation that graph abstractions are
increasingly authored, queried, taught, and relied upon by people, and that these human-facing
aspects have received comparatively less systematic attention.

We argue that graph abstractions should be designed not only to represent interconnected
data, but also to treat human-accessible aspects as first-class design principles, supporting how
users observe, navigate, interpret, manipulate, and reason about such interconnections.

We use the term human-centric graph data abstractions for graph abstractions that treat human-
facing properties as first-class design and evaluation concerns. This specializes to graphs a broader
human-data interaction agenda, which has produced consolidated design recommendations [97].
We identify these as interpretability (users can understand what the abstraction represents and
why a result was produced), usability (users can perform intended tasks efficiently and with few
errors), learnability (newcomers can acquire competence with the abstraction), role differentiation
(distinct roles, such as schema designers, query writers, analysts, consumers, and indirectly affected
parties, interact with the same abstraction with different goals, expertise, and responsibilities,
and the abstraction accommodates them), and societal impact (consequences for people who are
not direct users are made visible and accountable). We examine these properties through the
four analysis lenses used consistently throughout the paper: researchability, usability, teachability,
and societal impact. In these abstractions, the relational and topological properties of graph
representations are not merely expressive features of the data model, but cognitively accessible
structures that users can effectively exploit for reasoning, interaction, and decision-making.

We examine real-world graph-based use cases from clinical data management, collaborative
knowledge bases, and biological and pangenomic analysis to surface recurring human-facing
tensions, particularly around usability and interpretability, that persist across domains and
abstraction paradigms (Section 2). As our main contribution, we distill these tensions into research
challenges, spanning institutional, methodological, operational, and applicative concerns. These
challenges are grounded in prior results from database theory, human-computer interaction, and
education (Section 3) and we refine them into a concrete roadmap of theory- and application-driven
research questions (Section 4).

Methodology

This paper is a vision and challenges contribution. We synthesize observations from diverse use
cases and prior empirical work to delineate an agenda for human-centric graph abstraction research.
Our approach proceeds in three stages.

First, we selected use cases covering two distinct paradigms of graph data abstractions: open,
collaborative, and community-driven graph construction (Wikidata, Section 2.1), and expert-
curated, integration-heavy scientific graph data management from clinical and biological domains
(Section 2.2). Several co-authors are directly involved in these projects, providing first-hand
knowledge of their human-facing challenges.

Second, for each use case, we synthesized published empirical findings, e.g., controlled user
studies [71], system evaluations [76], and community surveys [78, 81, 85], along our four human-
centric dimensions: researchability, usability, teachability, and societal impact (Section 4).
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Third, recurring tensions observed across two or more use cases were elevated to research
challenges (Section 3), organized by institutional, methodological, operational, and applicative
categories; these are subsequently refined into actionable research questions in Section 4.

To support traceability, each challenge in Section 3 is annotated with the specific use case(s)
that motivated it, and Table 1 consolidates these into the connective tissue of the paper. Reading
it left to right: the institutional, methodological, operational, and applicative challenges of this
section (IQ/MQ/OQ/AQ) are refined into the researchability, usability, teachability, and societal
roadmap dimensions of Section 4; each dimension concerns a specific human subject, i.e., researcher,
direct user, learner, or indirect user, and is pursued through theory-driven and application-driven

research questions (RQ/UQ/TQ/SQ).

Table 1 Overview of research challenges, roadmap, concerned human subjects, and the main underlying
theory-driven and application-driven research questions.

Institutional Methodological Operational Applicative
(Sec. 3.1) (Sec. 3.2) (Sec. 3.3) (Sec. 3.4)
Challenges 1Q1, 1Q2 MQ1, MQ2, MQ3 0Q1, 0Q2, 0Q3 AQ1, AQ2
(Sec. 3)
Roadmap Researchability Usability Teachability Societal
(Sec. 4) (Sec. 4.1) (Sec. 4.2) (Sec. 4.3) (Sec. 4.4)
Subject Researcher Direct User Learner Indirect User
(data modeler, query  (person learning to (person affected by
writer, etc.) become a use of database
practitioner or technology)
researcher)
Theory RQ1 UQ1, UQ2, UQ3 TQL, TQ2 SQL, SQ2
Application RQ2 UQ4, UQ5 TQ3 SQ3, SQ4

2 Motivational Use Cases

We present a set of use cases that illustrate how graph data abstractions are designed, learned,
and used across different domains, including collaborative knowledge bases, as well as clinical and
biological data management. These applications show that graph abstractions can successfully
support complex tasks and serve diverse communities. At the same time, they reveal recurring
difficulties related to abstraction understanding, modeling choices, and role differentiation. In
several settings, users rely on documentation, peer support, or specialized tools to work effectively
with these abstractions. While such practices demonstrate that graph abstractions can be adopted
successfully in practice, they do not yet amount to a systematic understanding of how these
abstractions align with users’ mental models across roles and domains.

2.1 Collaborative Graph Abstractions in Wikidata

Wikidata is a collaboratively curated knowledge base of structured data with an active editor
community [98]. Data can be accessed through the Wikidata Query Service [107] as well as through
public APT endpoints [105]. As a cross-domain knowledge graph, Wikidata enables unrestricted
reuse of its data under the Creative Commons 0 (CCO0) license [106].
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Figure 3 Wikidata editors contribute data to the knowledge base and contribute ShEx schemas to
encode data models and support validation of entity data.

We focus on Shape Expressions (ShEx) schemas here deliberately: they are the explicit,
human-authored abstraction layer that the Wikidata community co-creates and consults, which
makes them the natural object of our human-centric analysis.

In May 2019, the Wikidata development team announced a new namespace in Wikidata, called
EntitySchema, whose entries carry the prefix E (analogous to Q for items and P for properties) and
store schemas encoded in the Shape Expressions (ShEx) language. The ShEx language is a formal
language for data modeling and validation of RDF graphs [24, 93]. ShEx syntax adopts tokens

from Turtle and SPARQL, and its semantics are inspired by XML Schema and RELAX NG [55].

ShEx has been successfully used for RDF validation in the FHIR community for exchanging
medical records [91]. Wikidata editors encode data models as schemas, exemplifying community
co-creation of practical graph abstractions. Other editors consult these schemas to understand
how data is modeled by editors, thereby using these abstractions for clarity about sub-sections of
the Wikidata graph. In addition to encoding data models, Wikidata editors use ShEx schemas
to validate entity data from the knowledge base. Community members use Wikidata’s schema
namespace to publish schemas for validating data conformance [24, 67]. The successful use of
ShEx schemas for building consensus around the alignment of biodiversity data with Wikidata is
discussed in [100]. ShEx validation has shown promise in increasing data quality by addressing
low-level modeling inconsistencies in Wikidata [78].

Researchers have also developed several different applications to extract schemas from Wikidata
[23, 101]. These tools suggest a schema based on an analysis of how data for similar items have
been modeled. Editors may choose to further refine the suggested schema or reuse it.

Considering the aspect of usability, the fact that several contributors have authored schemas
after consulting documentation or example schemas suggests that ShEx authoring is usable enough
for task completion within the community context. No systematic usability study has yet evaluated
whether it is also efficient and low-error.

Considering the aspect of teachability, educators use Wikidata as a learning platform [90].

The Wikidata community has created resources for learning how to write schemas and how to use
schemas to validate data. Researchers observed that members of the Wikidata community without
previous experience with the SPARQL query language taught themselves SPARQL through
interacting with Wikidata’s SPARQL endpoint [63]. Members of the Wikidata community learn
ShEx to author schemas. Community organizers have hosted interactive sessions where people
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who are already familiar with ShEx demonstrate how to use ShEx schemas within Wikidata,
such as Data Quality Days 2021 [102], Data Quality Days 2022 [103], and Data Modeling Days
2023 [104]. Following these events, contributors who had not previously engaged with the schema
namespace began editing existing schemas and creating new ones, demonstrating how the Wikidata
community facilitates peer-to-peer learning and skill development.

While these developments demonstrate the dynamism of the Wikidata community, they also
point to a barrier to entry for newcomers. The very evidence that ShEx schemas are learnable
here also shows how that competence is acquired: through documentation, example schemas,
onboarding events, mentorship, and tooling, rather than because the schemas are self-explanatory.
Familiarity with the schema language and the community’s modeling conventions thus remains
a hurdle. Since no systematic usability study has yet been conducted, the success of schema
adoption is better read as a sign of strong community support.

Due to the fact that members of the Wikidata community publish their schemas on-wiki using
the CCO license, researchers have access to the data in the knowledge base as well as the related
human-defined schemas. This combination of openly licensed data and community-authored
schemas provides a rare opportunity to empirically study how human-defined abstractions evolve
in large-scale collaborative environments.

People from diverse backgrounds contribute data to Wikidata [53, 74, 81]. Editors range from
highly active, technically skilled power editors to occasional contributors with limited technical
background [85]. This blend of contributors makes Wikidata a useful community for investigating
differences in user affinity toward existing graph abstractions. Wikidata is also a cross-domain
knowledge base [46]. The fact that such a wide range of conceptual areas are represented in
Wikidata allows researchers to examine how well existing graph abstractions support mainstream
use cases across domains by comparing data with community-authored schemas.

While Wikidata illustrates that graph abstractions can be adopted and extended in large-scale
collaborative settings, this success leverages sustained community coordination, self-directed
learning, and the efforts of technically skilled contributors. Schema design, validation logic, and
modeling conventions are not uniformly accessible to all participants, and abstraction complexity
remains unevenly distributed across roles. These observations raise recurring questions about user
affinity, roles, and accountability in collaborative graph systems.

Beyond direct contributors, Wikidata increasingly serves as a backend for Al-mediated systems,
introducing a new category of indirect users who interact with graph abstractions not through
query interfaces but through outputs generated by LLMs. This is relevant to human-centricity
because indirect users inherit whatever biases, coverage gaps, or modeling limitations the graph
abstraction imposes, without visibility into those constraints.

2.2 Graph Abstractions for Clinical and Biological Data

Clinical and biological domains provide a compelling context for studying the human-centric
properties of graph abstractions due to their highly interconnected, heterogeneous, and evolving
nature, as well as diverse user roles. The following use-cases highlight how graph abstractions
support analytical tasks, while exposing recurrent challenges in usability and learnability.

2.2.1 MIMIC-III and Epidemiological Nosocomial Infections

Nosocomial infections represent a major challenge for epidemiological analysis, as their emergence
and propagation depend on complex interactions between patients, hospital spaces, and time-
dependent clinical events. Tracing potential transmission pathways requires reconstructing who
was where, when, and under which clinical conditions, often across heterogeneous data sources
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Figure 4 Instance graph (single patient, single episode, single event) illustrating the integration of
temporal and spatial dimensions in the hospitalization model. Node colors distinguish different entity
types (patient, episode, event, spatial locations, temporal literals, relation attributes, and numeric values).
To enhance readability, the corresponding class-level representations are intentionally omitted, and only
instance-level elements are depicted in this visualization.

and fine-grained spatial layouts. This setting demands expressive modeling approaches capable of
jointly capturing temporal dynamics, spatial hierarchies, and clinical context, while remaining
amenable to analysis, querying, and visualization.

Graph abstractions were employed to model and analyze patients’ movements during their
hospital stays in the context of spatio-temporal epidemiological research [76]. The use case captures
the interplay between temporal evolution and hospital space to support the detection and analysis
of nosocomial infection patterns. The model integrates two interconnected dimensions. The spatial
dimension describes the hospital environment as a structured hierarchy of locations, ranging from
beds to rooms, corridors, areas, floors, and buildings. In addition to hierarchical containment,
spatial adjacency relations (e.g., next to, opposite) capture proximity between locations at the
same level, enabling fine-grained reasoning about potential infection transmission paths. The
spatial model further distinguishes between the physical space (locations) and the logical space
(hospitalization units and clinical services responsible for patient care). The temporal dimension
models each patient’s hospitalization as a sequence of episodes, where each episode corresponds
to a hospital stay composed of time-stamped events. Events represent movements (e.g., TOOM
transfers), medical procedures, or diagnostic outcomes such as microbiological test results. Each
episode and event is associated with a start and end time, enabling the representation of both
instantaneous and interval-based occurrences. Events linked to locations constitute the integration
point between temporal and spatial dimensions. Figure 4 illustrates a fragment of this model as a
directed edge-labeled graph at the instance level.

Various graph data abstractions, including RDF, property graphs, and RDF-star, were evaluated
for clinical epidemiological tasks [76]. Data from MIMIC-III [52] encompassed inpatient movements,
clinical tests, and epidemiological outcomes, including patient stays, ward transitions, services,
and microbiological test results. To complete the domain model, synthetic data were generated to
replicate hospital layouts, categorizing beds into surgical, medical, mixed, and neonatal units. The
resulting graphs exhibited increasing event sets and varying structural densities while preserving
consistent layouts and service configurations. Three epidemiological tasks were modeled: (i)
detecting infection outbreaks, (ii) tracking outbreak propagation, and (iii) monitoring potentially
infectious locations. All tasks were successfully supported across the considered graph abstractions.
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Following the user taxonomy proposed by Li et al. [59], stakeholders were categorized into three
groups: knowledge builders (experts in graph construction, data modeling, and query optimization),
analysts (proficient in graph data models and visualization techniques), and consumers (infectious
disease researchers and healthcare professionals). Knowledge builders required efficient query
processing mechanisms for traversing graphs and computing adjacency, reachability, and shortest
paths. Analysts needed expressive data models that support visualization of queries and results,
while consumers primarily sought accurate outputs and interpretable visual representations for
clinical decision-making.

From a usability perspective, recent work has reported [76] that Cypher queries over property
graphs were more concise and easier to interpret visually than the equivalent SPARQL formulations
over the RDF encodings. Consumers understood high-level graphical representations and the
notion of traversing relationships to answer epidemiological questions; however, the underlying
graph abstractions (schemas, encodings, and formal query formulations) remained inaccessible
without technical mediation.

From a teachability perspective, modeling statements about relationships (particularly when
edges required attributes or when n-ary relations were involved) has proven challenging. RDF’s lack
of native support for such constructs requires reification, i.e., transforming relationships into first-
class nodes with associated properties. While cognitively demanding, reification enables expressive
modeling of annotated relations. RDF-star provides a more direct mechanism for expressing
statements about statements, but its nested syntax is still difficult for newcomers [7, 55].

From the perspective of knowledge builders, the evaluation revealed that graph management
systems supporting different abstractions exhibited distinct memory management strategies
and indexing mechanisms. Query complexity affected execution performance differently across
implementations, highlighting that abstraction choices have both conceptual and measurable
system-level implications.

2.2.2 Microflora Danica

Life sciences constitute an active research area in which large volumes of data are shared with
the community. While some initiatives publish data natively as ontologies or RDF, such as
Bio2RDF [29], the majority of biological datasets originate from empirical studies and are shared
in tabular formats, such as spreadsheets or CSV files.

Microflora Danica integrates large-scale microbiological data with external environmental
datasets [36]. The core dataset results from a nationwide field study in Denmark and includes
DNA sequences and associated metadata such as location, time, and sampling processes. Identified
microorganisms are linked to established ontologies and taxonomies, and the data is integrated
with external datasets describing soil properties, such as EcoDes-DK15 [13].
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Figure 6 Graph schema structure of the pangenome dataset.

This use case illustrates a recurring human-centric friction rather than a usability success.
Although the data is published as an RDF graph (Figure 5), most bioscience workflows, including
modern machine-learning pipelines, remain optimized for tabular data. As a result, researchers
outside computer science often struggle to adopt the graph abstraction directly: despite its
integration benefits, the representation raises rather than lowers the barrier to entry for its
intended scientific users.

From the perspective of teachability, the dataset offers opportunities for teaching SPARQL,
spatio-temporal graph querying, and graph-based machine learning. The data supports OLAP-
style analyses over graphs, such as identifying geographic regions with high microbial diversity.
Although these opportunities are not yet fully exploited, the use case highlights the pedagogical
potential of graph abstractions in the life sciences.

2.2.3 Pangenomic Graphs

In genomics, the rapid growth of sequencing projects has resulted in hundreds of thousands of
available genomes. Comparative genomics increasingly relies on large-scale analyses of pangenomes
to study gene presence, absence, and variation across species. Graphs provide a natural abstrac-
tion for capturing the complex relationships between multiple pangenomes and for analyzing
evolutionary mechanisms, such as the transmission of antimicrobial resistance.

Recent work [12] has proposed representing multi-pangenomic data as property graphs. One
such dataset, PanGraphDB, integrates data produced using the panRGP method and the PPanG-
GOLIN framework into a unified property graph stored in Neo4j, whose schema is given in Figure 6.
This representation allows domain experts to efficiently express and execute complex genomic
analyses in Cypher, including cross-species queries that were previously difficult.

Regarding teachability, this use case was the subject of a controlled student study [71].
The study aimed to assess how effectively students with varying backgrounds could discover the
schema of a complex graph dataset and formulate graph queries of increasing complexity. After a
six-hour session consisting of an intensive introduction to graph databases followed by hands-on
tasks, participants were able to write basic queries. However, errors primarily occurred due to
misunderstandings of semantic language constructs and difficulties in distinguishing between
schema and data, highlighting challenges in abstraction comprehension rather than syntax.
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3 Research Challenges

Across domains, graph abstractions succeed technically yet reveal recurring human-centric frictions.
As Section 2 shows, these frictions are not isolated usability issues but structural consequences of
how abstractions are formalized, taught, governed, and deployed. That is, graph data abstractions
are socio-technical constructs shaped by institutional contexts, methodological choices, user roles,
and application scenarios. In Wikidata (Section 2.1), abstraction design and validation are
embedded in community governance and peer learning. In clinical epidemiology (Section 2.2.1),
abstraction choices affect interpretability and role differentiation. In biological and pangenomic
settings (Sections 2.2.2 and 2.2.3), abstraction expressiveness interacts with tooling ecosystems
and learners’ conceptual understanding. These tensions motivate the research challenges below.

Each challenge below follows a uniform Why/What/How structure: Why states the human-
centric tension and which use case(s) from Section 2 motivate it; What surveys the relevant state
of the art; and How outlines potential research directions. Concrete, prioritized research questions
derived from these challenges are deferred to the roadmap in Section 4.

3.1 Institutional Challenges

Institutional challenges relate to educational structures, curriculum guidelines, incentive systems,
and evaluation criteria that shape which research questions are prioritized and which skills are
cultivated in future practitioners. We discuss these as follows.

1Q1: Incorporating human-centric studies into our curricula

Why. Advancing human-centric graph abstractions requires early and sustained exposure to
human-centered thinking within educational pathways. However, current curricula, particularly
in the context of the rapid expansion of Al and data-driven technologies, tend to emphasize
technical proficiency, algorithmic performance, and system scalability, often at the expense of
human factors such as usability, interpretability, and social impact. Without curricular redesign,
future practitioners may lack the tools to reason about graph abstractions as socio-technical rather
than purely technical artifacts.

What. To address this gap, human-centric methodologies must be systematically embedded into
graph-related curricula across educational levels, from introductory courses to advanced graduate
programs. This includes exposing students to user-centered design principles, qualitative and
mixed-methods evaluation, and interdisciplinary perspectives that complement formal modeling
and algorithmic techniques. Existing work in education and data abstraction has shown that
challenge-based and visually grounded learning approaches can improve conceptual understanding
and transferability across domains [5, 50, 62].

How. Implementing these changes requires coordinated curricular and institutional efforts.
Courses and programs should be co-designed and, where possible, co-taught with experts from
socio-humanistic disciplines, education research, and HCI to ensure meaningful integration rather
than superficial coverage. Project-based and challenge-based learning should be adopted at
multiple stages of training, allowing students to engage with graph abstractions through real-
world, interdisciplinary problems. At the institutional level, sustained collaboration between data
researchers, mathematics educators, and computational pedagogy experts is needed to develop
reusable teaching materials, assessment strategies, and learning outcomes. Finally, articulating
clear educational value propositions and business cases can help engage academic leadership and
accreditation bodies, ensuring that human-centric competencies are supported.
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1Q2: Institutional and disciplinary barriers to centering human perspectives

Why. Institutional and disciplinary structures can make it difficult to systematically integrate
human perspectives into socio-technical research, including user-centric data management. These
barriers arise from entrenched funding priorities, evaluation criteria, and disciplinary cultures,
particularly in computer science, where scalability, performance, and formal correctness are
traditionally emphasized, while user studies and qualitative methods receive comparatively less
recognition. As a result, researchers adopting human-centered approaches may face limited
visibility, fewer publication opportunities, and constrained career incentives.

What. Prior socio-technical discussions in the data management and computing communities
have highlighted the lack of widely recognized venues and evaluation frameworks that explicitly
value multidisciplinary contributions. Metrics such as ergonomics, learnability, interpretability,
and user satisfaction are rarely treated as first-class research outcomes, despite their central role
in the design and adoption of data systems. This imbalance reinforces disciplinary silos and
discourages sustained engagement with human-centric research questions.

How. Addressing these barriers requires coordinated institutional efforts. These include broaden-
ing review and evaluation criteria to explicitly recognize human-centered contributions, fostering
publication venues and tracks that welcome mixed qualitative-quantitative methodologies, and
encouraging collaboration across data management, HCI, social sciences, and education. By
aligning incentives with the goals of human-centric data management, institutions can better
support research that integrates technical rigor with meaningful engagement with human needs.

3.2 Methodological Challenges

Methodological challenges address how graph abstractions are studied and evaluated. They
highlight the need to borrow, adapt, and integrate methods from disciplines such as HCI, cognitive
science, and visualization in order to better understand users’ mental models, interaction strategies,
and sources of error.

MQ1: Learning from how other disciplines use graph abstractions

Why. Disciplines such as biology, the social sciences, network analysis, and data science rely
heavily on graph abstractions for problem solving and data representation [37, 83]. Studying how
practitioners in these fields actually build, query, and reason over graphs reveals the cognitive
demands graph abstractions place on real users, grounding design in established practice rather
than the assumptions of a single community.

What. These communities have developed mature, domain-specific conventions for modeling and
analyzing graph data [37]. Examining them clarifies which abstraction features support or hinder
domain reasoning and which conventions recur across fields, providing an externally validated
basis for graph-abstraction design.

How. Future work should systematically survey graph practices across data-intensive disciplines
and distill the recurring modeling patterns, tool choices, and points of friction into transferable
design guidance, identifying common human-facing requirements.

MQ2: Adapting empirical methods from HCI and cognitive science

Why. Understanding how users perceive, interpret, and struggle with graph abstractions requires
empirical study, yet graph-data research rarely employs the methods that HCI and cognitive
science have established for exactly this purpose; bringing cognitive-science methods into data
management has been argued to be a productive and underused direction [17, 21, 108].

2:13

TGDK



2:14

How Human-Centric Are Our Graph Data Abstractions?

What. These fields offer a mature toolkit, e.g., surveys, structured and semi-structured interviews,
Grounded Theory, sketching, think-aloud protocols, eye-tracking, and mixed-methods usability
evaluation, for eliciting users’ mental models and locating sources of friction. Bigelow et al. [21] and
Williams et al. [108] use Grounded Theory and sketching to show how personal and professional
context shapes the data abstractions users form; Li et al. [59] and Lissandrini et al. [61]
document domain-specific usability and visualization challenges for knowledge-graph practitioners;
mixed-methods usability evaluations have been applied to knowledge-graph—based systems [58];
eye-movement studies of visual versus textual representations [5] quantify differences in how users
read each; and abstraction ability itself can be treated as a learnable, assessable competence rather
than an assumed one [54].

How. Adapting these methods to graph abstractions means using surveys and interviews to
surface mental models, expectations, and pain points; applying Grounded Theory to interaction
traces to expose the social and cognitive factors behind usability problems; pairing think-aloud
and eye-tracking with statistical analysis to evaluate behavior across user groups; and conducting
mixed-methods usability evaluations of graph systems in the spirit of [58].

MQ3: Applying HCI interaction- and visualization-design principles

Why. Beyond methods for studying users, HCI and visualization research offer principles for
building abstractions that match how people think. Iterative testing, support for exploration,
attention to the diversity of users’ mental models, and theory-grounded visual design can make
graph abstractions and their interfaces more comprehensible and usable [19, 20, 62, 68, 109].

What. Evidence points to concrete design levers. Ma et al. [62] show that grounding the
visual abstraction of property graph queries in established principles produces more effective and
appealing representations. Chanthatrojwong et al. [32] extend this principle to property graph
schemas, showing that composite, theory-grounded visual encodings can make schema features
such as inheritance, constraints, and label expressions more comprehensible. Nouraei et al. [68]
stress supporting different user types and balancing productivity with exploration. Williams et
al. [108] show that divergent mental models call for multiple, customizable representations of
the same data. Xie et al. [109] quantify the gap between users’ and designers’ mental models,
establishing that it directly affects task performance.

How. These principles translate into adaptive, customizable visualizations, schema-visualization
interfaces such as PASCAL [33], role- and goal-aware knowledge-graph exploration interfaces [96],
and iterative, user-tested design cycles. Mental model elicitation techniques such as path dia-
grams [109] can align abstractions with users’ expectations and narrow the user—designer gap.

3.3 Operational Challenges

Graph abstractions are designed, used, and maintained by a heterogeneous set of human and
non-human actors. These challenges focus on identifying relevant user roles, understanding how
their goals and expertise differ, and examining how transitions between roles affect abstraction
needs, learning processes, and accountability.

0Q1: Which types of users rely on graph abstractions?

Why. As illustrated in Section 2, graph abstractions are used by heterogeneous actors. In
Wikidata (Section 2.1), contributors, schema authors, tool developers, and data consumers interact
with the same abstraction at different levels. In the MIMIC-IIT epidemiological case (Section 2.2.1),
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knowledge builders, analysts, and healthcare professionals engage with graph representations in
distinct ways. In the pangenomic study (Section 2.2.3), students transition from learners to query
writers. These examples show that graph abstractions are no longer confined to expert database
designers but are appropriated by users with varying goals, expertise, and responsibilities.

What. Prior work distinguishes roles such as knowledge builders, analysts, and consumers,
particularly in the context of knowledge graphs and visualization systems [59]. Similar role
differentiation has been observed in collaborative knowledge bases such as Wikidata, where
contributors, curators, tool developers, and data consumers interact with the same abstractions
in different ways [63, 74, 98]. However, these roles are often treated implicitly, and most graph
abstractions expose a uniform interface that assumes homogeneous expertise and goals.

How. Future research should develop explicit, empirically grounded taxonomies of user roles for
graph abstractions, linking abstraction features to user goals, capabilities, and responsibilities.
Such taxonomies should inform the design of role-aware abstractions, interfaces, and documentation
that adapt to different user needs without fragmenting the underlying data model.

0Q2: How do transitions between roles shape abstraction needs over time?

Why. Users frequently transition between roles, for example, from learner to analyst, from
analyst to schema designer, or from data consumer to contributor. These transitions often involve
abrupt increases in abstraction complexity, which can hinder learning, reduce confidence, and
lead to misuse or avoidance of graph-based tools. The controlled study on pangenomic graphs
(Section 2.2.3) illustrates how learners struggle when transitioning from schema discovery to query
formulation, highlighting the cognitive discontinuities that accompany role shifts.

What. Empirical studies in database education and graph querying show that novices struggle
with abstraction boundaries, schema discovery, and the semantics of query constructs [71]. Similar
challenges have been observed in knowledge graph exploration systems, where users report difficulty
transitioning from exploratory interaction to precise analytical tasks [61]. Most systems expose
the full complexity of abstraction from the outset, offering limited support for progressive learning.

How. Supporting role transitions requires graph abstractions and tools that enable the progressive
disclosure of complexity. This includes scaffolded interaction modes, learning-oriented query
assistance, and interfaces that evolve as users gain expertise. Longitudinal studies are needed to
understand how users’ mental models of graph abstractions change over time and how abstraction
design can facilitate these transitions.

0Q3: How should responsibility and accountability be distributed across roles?

Why. Different user roles carry different levels of responsibility for data quality, modeling
decisions, and downstream effects. For example, schema designers and constraint authors influence
which data are considered valid, while analysts and automated systems rely on these decisions for
interpretation and inference.

What. Current graph abstractions often obscure responsibility boundaries. Collaborative en-
vironments, such as Wikidata, show that modeling decisions are unevenly distributed among
contributors, with limited visibility into who is responsible for specific abstraction choices [74, 85].
Similarly, constraint languages such as SHACL and ShEx introduce implicit assumptions that
may not be apparent to downstream users [51, 55, 78].
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How. Role-aware graph abstractions should make responsibility explicit by linking modeling and
validation actions to provenance, feedback mechanisms, and governance processes. This includes
supporting traceability from abstraction decisions to their effects on data quality and analysis
outcomes, as well as clarifying accountability in collaborative and automated settings.

3.4 Applicative Challenges

Use case challenges examine whether the scenarios commonly used to motivate graph abstractions
are representative of mainstream practice, and how evolving construction, refinement, and main-
tenance workflows, particularly those involving automation and AI, reshape human involvement.

AQ1: Do we need several types of mainstream graph construction scenarios?

Why. It is important to understand the landscape of existing graph construction methods and
use cases to clarify the interplay between human effort and automation in these scenarios [49].
With the surge of LLMs, the problem arises regarding which parts of a graph can be constructed
by pre-trained models and which need to be constructed by humans.

What. In the past, the construction of knowledge graphs (KG) relied heavily on manual effort
and crowd-sourcing methods, such as in highly curated common-sense KGs, e.g., Wikidata [98]
and Freebase [22]. As discussed in Section 2.1, Wikidata exemplifies a highly curated, community-
driven construction paradigm, whereas the clinical and biological use cases in Section 2.2 illustrate
integration-heavy, domain-specific construction processes. These contrasting scenarios suggest
that multiple construction paradigms coexist and should be analyzed explicitly.

More recently, deep learning techniques in NLP have led to substantial progress in automatic
KG construction, enabling tasks such as entity recognition, entity linking, coreference resolution,
and relation extraction [111]. The emergence of pre-trained models, spanning from BERT [38] to
the recent LLMs, has allowed us to study the problem of automating knowledge graph construction
from large text-based corpora [72]. Knowledge acquisition from other sources, such as images and
structured data, has also been considered in Retrieval Augmented Generation (RAG) models.

How. Combining automatic knowledge graph construction with manually curated approaches
is still an open problem that requires the attention of researchers in the coming years. While
automation in KG extraction is desirable to cope with large-scale data, the quality of these
approaches and adherence to fairness, equity, and regulatable Al results should be checked [87].

AQ2: Which graph refinement and maintenance scenarios are most relevant?

Why. This question about the quality of graph-based use cases and their evolution is crucial, as
graph data needs to be checked for quality and maintained upon changes, similarly to data in
other formats. What is distinctive about graph data use cases is that the underlying relations are
first-class, explicit, and directly traversable edges; cleaning and refinement operations therefore
propagate along these edges across the graph rather than being mediated by value-based joins. The
user also plays a central role in graph refinement and cleaning tasks, as fully automated approaches
might not reflect what the user has in mind. The Wikidata case (Section 2.1) demonstrates
community-driven validation and schema-based quality control, while the epidemiological and
biological settings (Section 2.2) highlight domain-driven refinement and analytical correctness
requirements. This suggests that refinement and maintenance tasks vary greatly across contexts.
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What. Recent approaches, such as knowledge graph completion (or link prediction) [64], rule-
based graph repairing [35], user-centric repairs [70], and graph data normalization techniques [86]
have been proposed to address use cases in which graph data needs to be sanitized. All these
approaches assume that rules are either formulated interactively with the help of users or learned
from examples on the knowledge graph through Inductive Logic Programming (ILP) approaches.
In both cases, the role of users is central to driving the graph completion and repairing tasks.
Beyond repairing data, recent work also tests the reliability of graph database applications, for
instance by fuzzing them with constraint-violating graphs [39].

How. Scenarios that aim to combine symbolic approaches based on graph sampling with inter-
active graph rule repairing approaches are needed in order to design use cases that reduce human
effort in graph data curation. For instance, link prediction can be applied to obtain links that can
repair a graph violation, as opposed to edge deletion and node/edge relabeling in current graph
repairing use cases.

4 Research Roadmap

While the previous sections focus on overarching and cross-cutting challenges, this section refines
them into concrete research questions organized by researchability, usability, teachability, and
societal impact. These questions distinguish between fundamental investigations and application-
driven concerns.

4.1 Researchability Challenges

Researchability challenges concern how graph abstractions can be formally defined, compared, and
reasoned about by researchers. They address the tension between expressive power, theoretical
tractability, interoperability, and accessibility across research communities.

Here the human subject is the researcher. An abstraction becomes a shared object of formal
study only once it is specified precisely enough that communities with different backgrounds,
e.g., database theory, knowledge representation, systems, can agree on what is being reasoned
about and reproduce results over it. Expressiveness, tractability, and interoperability are thus not
purely technical desiderata: a property established once over a commonly accepted formalization
transfers across communities, whereas under-specified models oblige each group to re-derive its
own foundations. Researchability, in this sense, concerns the researcher who studies and extends
an abstraction rather than the end user who queries it.

4.1.1 Theory-driven questions

We discuss what makes a graph abstraction suitable for formal study, focusing on how express-
iveness, conceptualization, interoperability, and extensibility affect theoretical research on graph
data models and query languages.

RQ1: What influences the suitability of graph abstractions for formal study?

Why. Good graph abstractions allow us to systematically study different aspects of graph data
models and query languages, such as complexity and expressiveness, compatibility with the
standards, and interoperability and extensibility issues. Depending on our research question, we
need to make the appropriate abstractions and understand the important features that we must
include in our modeling. Graph abstractions are unifying paradigms that are also necessary for
understanding how humans conceptualize graphs.
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What. The space of graph abstractions is broad. At the data-model level, it forms a lattice
over graph-shaped data (the so-called “abstraction soup”), spanning RDF and several property-
graph variants [84]. At the query-language level, it comprises a similarly rich landscape of
formalisms [7]. From a theoretical viewpoint, recent work has characterized the expressive power of
the standardized graph query languages GQL and SQL/PGQ [44], introduced unified formalisms
for property graphs schemas and constraints such as PG-Schema [8] and PG-Keys [9], designed
declarative formalisms for graph pattern matching and transformation, such as the Graph Pattern
Calculus (GPC) [41] and the transformation-oriented GPC+ formalism [27], and proposed a
path-based algebra for property graphs [10].

How. Despite the above efforts to study graph abstractions suitable for formal studies, the latter
mainly focused on theoretical models to delineate the expressive boundaries of graph data models
and graph query languages. Further research aspects, such as the conceptualization of graph
abstractions, standards interoperability, and their extensibility, need further attention. The focus
should be on creating theoretically robust abstractions that are accessible to researchers from
different communities.

4.1.2 Application-driven question

We discuss the practical limitations of existing graph abstractions, highlighting the scalability,
performance, and expressiveness challenges that arise when these are deployed in large-scale,
heterogeneous, and evolving applications.

RQ2: What are the practical limitations of existing graph abstractions?

Why. In large-scale, highly connected datasets and distributed computing environments, graph
abstractions encounter scalability, storage, and communication bottlenecks. For example, large
graphs, such as those representing social networks or web-scale data, require massive storage
capacities while maintaining fast access and processing times. At the same time, distributed and
GPU systems need extensive inter-node communication, which can become a bottleneck for highly
connected graphs. In terms of expressiveness, graph abstractions often simplify relationships and
structures to fit into node-edge models, while many real-world problems require richer semantics,
such as multi-layer or heterogeneous graphs and streaming, dynamic, or temporal structures.

What. Beyond scalability and expressiveness, graph abstractions face practical limitations in
evolution, validation, and cross-system portability in long-lived applications. Knowledge graphs
evolve continuously [75], requiring constraint management and schema validation mechanisms such
as SHACL and ShEx, whose complexity and adoption challenges are well documented [24, 51, 55,
78, 79, 93]. Collaborative ecosystems like Wikidata further show that schema design and quality
control depend on sustained community coordination and tooling support [63, 98]. Recent work also
explores local-first, replicated property graphs that can be edited collaboratively, with concurrent
edits converging without central coordination [73]. Meanwhile, heterogeneity across RDF, property
graphs, and emerging standards complicates interoperability and reproducibility [1, 60, 84].
Recently, approaches for cross-model graph transformations have been proposed, e.g., from
relational to property graphs [94], from RDF to property graphs [77], and from property graphs
to RDF [89]. However, more work is needed to cover all possible interoperability issues. These
frictions directly impact analytical reliability, lifecycle management, and long-term governance
in domains such as healthcare and life sciences [43, 83], so addressing RQ2 requires controlled
evolution mechanisms, portable constraints, and abstraction-aware lifecycles.
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How. Framed through our lens, these are not only performance questions: the practical limits
of an abstraction govern whether researchers can study realistic, large-scale instances at all, and
therefore which human-facing questions about graph data even become investigable. We need to
maintain and enhance the research community’s focus on developing efficient graph operations,
such as traversals or centrality computations, and efficient mechanisms to partition or compress
graphs without losing essential structural information. Graph databases can handle moderately
complex queries, but they struggle with large, deep traversals or global queries (e.g., finding
shortest paths in continent-scale graphs), and we need to address such problems. We need to
manage irregular graph structures (e.g., power-law distributions in social networks) and the uneven
workload distribution across computing nodes. Problems such as community detection, pattern
finding, or graph neural network training on large graphs require substantial resources and new
graph abstractions. For distributed and GPU computing, communication and load-balancing
overhead deserve more focus. Future research should extend graph abstractions to heterogeneous,
dynamic, and multi-layer structures while preserving tractable query evaluation and performance.

4.2 Usability Challenges

Usability challenges focus on how different categories of users interact with graph abstractions in
practice. They examine cognitive load, task alignment, abstraction fit, and the limits of existing
mechanisms such as views and interoperability layers.

4.2.1 Theory-driven questions

We explore how different categories of users perceive and appropriate graph abstractions, ques-
tioning assumptions on intuitiveness and analyzing whether mechanisms such as views suffice to
mitigate cognitive load and abstraction complexity.

UQ1: User affinity of existing graph abstractions

Why. Graph abstractions are often perceived as intuitive and closely aligned with human ways
of reasoning about relationships. However, their actual usability varies significantly across user
groups. It remains insufficiently understood who benefits from graph abstractions, for which tasks,
and under which conditions. In particular, non-technical domain experts may face substantial
barriers that limit their ability to effectively engage with graph-based representations. Developing
a clearer understanding of user affinity is essential to identify exclusion patterns and to ensure
that graph abstractions do not inadvertently privilege certain users or forms of expertise over
others. Such insights are also critical for tailoring abstractions to the distinct needs of graph data
builders, analysts, consumers, and other user roles discussed later in this section.

What. Graph abstractions are well established in technical contexts, such as software engineering
(e.g., UML) and conceptual data modeling (e.g., ER diagrams), where their usability is primarily
assessed in terms of expressiveness, correctness, and formal properties. By contrast, broader
cognitive, accessibility, and learnability aspects have received comparatively less attention. At
the same time, graph abstractions are increasingly encountered by non-technical users as data
becomes more widely available. This is visible in data-journalism platforms such as the IC1J Data
Explorer! and graph-centric investigative tools?. A recurring lesson in this setting is that raw
graph visualizations (e.g., force-directed layouts) are hard to use, motivating systems that hide

! https://offshoreleaks.icij.org/power-players/tony-blair
2 https://team.inria.fr/cedar/connectionlens/
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the underlying graph behind global overviews and tabular exports while retaining graph-based
integration [15]. Yet such research is largely qualitative and typically focuses on improving tools
for specific, narrowly defined user groups. There is still a lack of systematic, cross-domain studies
examining how different populations, particularly users without formal training in data systems,
perceive, interpret, and appropriate graph abstractions.

How. Addressing these gaps requires combining qualitative and quantitative research methods.
In-depth qualitative studies can uncover users’ mental models, expectations, and sources of friction
when interacting with graph abstractions. At the same time, large-scale surveys are needed to
map user demographics, expertise levels, goals, and usage patterns across technical and non-
technical communities. Such studies should explicitly investigate factors influencing engagement
or disengagement, including perceived complexity, cognitive alignment, task suitability, and tool
support. Accessibility concerns must also be considered, including visualization challenges for
differently abled users and language barriers for non-English speakers. Collecting feedback from
underserved or excluded groups is essential for informing the redesign of graph abstractions.
Finally, measuring cognitive load differences across user groups® and analyzing learning curves
and long-term usage patterns can provide actionable guidance for designing graph abstractions
that better align with diverse mental models and workflows.

UQ2: Limitations of the view-based approach for usability

Why. The view-based approach simplifies the representation of complex graph data by focusing
only on specific portions that are relevant for a given context. This helps reduce the cognitive
load [17] of users, making the data more accessible, especially to non-experts who need to explore
or interact with large-scale, densely interconnected, and highly annotated graph data.

What. The view-based approach creates dynamic perspectives over the input graph that corres-
pond to particular tasks or user needs [25, 27, 47]. These are often implemented through queries
that can be further refined, depending on the functionalities provided by each system. While such
methods simplify user interaction, they have several limitations. First, the support for view-based
mechanisms is limited and fragmented. Second, given the evolution of the underlying graph data,
one needs to ensure that the views remain consistent and that modifications to the views are
reflected in the initial graph.

How. First, to overcome the fragmented support for view-based mechanisms, it is essential to
develop standardized methods and tools for view creation, maintenance, and refinement, leveraging
existing standard graph query languages such as GQL and SQL/PGQ. It is important that these are
designed in an intuitive, user-friendly manner, allowing users to engage with the graph dynamically
in ways that minimize complexity. For example, visual graph view builders or drag-and-drop
interfaces can simplify their formulation, making view generation accessible to non-experts [18].

Second, to ensure that the input graph data and the views defined over it remain consistent with
one another upon modifications, existing techniques for view maintenance [45] and updates [16]
can be adapted from the relational setting. Furthermore, providing users with tools to visualize
the effects of view changes, as well as integrating their feedback, can help create more reliable
abstractions. Interactive dashboards can help visualize the effects of updates on both the graph and
its views, enabling users to understand and validate changes in real time. Integrating user feedback
loops ensures that the generated views remain aligned with their evolving needs. Also, adaptive
guidance mechanisms, such as recommendations for relevant subgraphs or query templates based
on user behavior and historical interactions, can empower users to refine views effectively.

3 https://en.wikipedia.org/wiki/Cognitive_load#Measurement
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UQ3: Suitability of existing graph abstractions for mainstream use cases

Why. Graph abstractions [84] are foundational for representing and processing interconnected
data across various domains. Their suitability for specific scenarios directly determines their
effectiveness in addressing real-world challenges. These scenarios span a wide spectrum, including
data augmentation, integration, semantic reasoning, recommendation systems, and advanced
machine learning applications such as link prediction and graph representation learning.

What. Different types of graph abstractions are needed to effectively address the requirements
of these popular tasks. For data augmentation, abstractions that support dynamic and extensible
schemas, such as RDF and property graphs, are needed, as they enable the incorporation of

diverse data sources and the enrichment of the graph with new relationships and attributes.

For data integration, multi-modal graphs that combine heterogeneous data types and support

schema alignment are essential, as they facilitate merging datasets into a unified representation.

In semantic reasoning, RDF graphs support inference tasks, leveraging ontologies that capture
domain-specific semantics. For recommendation systems, multi-relational graph abstractions,
such as edge-labeled and property graphs, are well-suited, as they capture user-item interactions,
contextual metadata, and dynamic preferences that drive recommendation algorithms. Finally,
advanced machine learning applications, such as link prediction and graph representation learning,
require abstractions that can efficiently model high-dimensional attributes, dynamic graphs,
and hierarchical structures. Abstractions like attributed property graphs or hypergraphs are
particularly effective in these scenarios, as they facilitate encoding rich structural and semantic
information, enabling the generation of expressive embeddings and robust predictive models.

How. To ensure that graph abstractions are well suited for the scenarios in which they are
deployed, user-centric approaches should be developed. For example, users can be empowered
to combine features from different graph abstractions depending on their specific application
requirements. Tools and interfaces should prioritize accessibility for non-expert users through
features such as interactive schema creation, guided workflows, and embedded recommendations
tailored to common use cases. Task-specific optimizations, such as native support for efficient
embeddings in machine learning applications or mechanisms for handling dynamic edge weights in
recommendation systems, are crucial for performance. Finally, user feedback loops can help refine
abstractions dynamically, allowing systems to adapt to evolving patterns and needs.

4.2.2 Application-driven questions

We focus on how well graph abstractions support real-world analytical workflows, examining how
they handle iterative analysis, workflow composition, interoperability, and long-term usability.

UQ4: How do graph abstractions support real-world analytical workflows?

Why. In practice, users rarely interact with graph abstractions through isolated queries or single
operations. Instead, graph-based analysis is embedded in broader analytical workflows that involve
data exploration, hypothesis refinement, iterative querying, validation of intermediate results,
and collaboration among multiple users. If graph abstractions fail to support these end-to-end
workflows, users may experience friction, increased cognitive load, or be forced to rely on ad-hoc
workarounds that undermine both usability and correctness.

What. Most usability studies of graph systems focus on localized interactions, such as the
expressiveness of a query language, the correctness of query results, or the efficiency of individual
tasks. While valuable, these evaluations often abstract away from how users combine multiple
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interactions over time to achieve higher-level analytical goals. Hence, important workflow-related
aspects, such as how users refine queries incrementally, manage intermediate results, recover from
errors, or coordinate analysis across tools and collaborators, remain underexplored. Furthermore,
current graph abstractions typically provide limited explicit support for workflow structuring,
provenance tracking, or the reuse and adaptation of analysis fragments across tasks and users.

How. Addressing this challenge requires moving beyond interaction-level evaluation toward
workflow-oriented and longitudinal studies of graph usage. These should examine how different
abstractions support iterative exploration, sense-making, and decision-making over extended
periods, as well as how they facilitate error diagnosis, correction, and rollback. From a system
design perspective, graph abstractions should expose mechanisms for structuring analytical
workflows, such as composable queries, reusable views, and explicit representations of intermediate
results and dependencies. Support for collaboration, including shared abstractions, annotation,
and provenance-aware analysis, is also essential. By aligning graph abstractions more closely with
real-world analytical workflows, systems can improve their usability and reliability.

UQ5: Limitations of existing graph abstractions for usability

Why. Existing graph abstractions tend to lock users and applications into a specific ecosystem
centered around those abstractions. This is often determined by the particular use case and the
needs regarding how the data will be used. For example, RDF graphs are designed to work well in
scenarios where ontologies are available and are thus well suited for reasoning. Property graphs,
however, tend to support network analyses and connectivity queries more efficiently.

What. While use cases often determine which graph abstraction is better suited, the same graph
might be used in different use cases in different ways. Hence, there has been some work on
interoperability, e.g., by transforming one abstraction into another or developing a data model
that serves as multiple graph abstractions that can be used to access the data [56, 99]. However,
this so far only considers translation between query languages and data models.

How. Since existing graph abstractions differ in their limitations and strengths, we need to find
a way to combine the strengths of the existing ones to overcome their limitations. This can either
lead to the development of a new abstraction that encompasses existing ones or to the development
of a framework that achieves full interoperability at all levels, including query languages, schema
languages, data models, etc.

4.3 Education/Teachability Challenges

Teachability challenges address how graph abstractions are learned and taught, and how their
cognitive demands compare to other abstractions. They emphasize the need for strategies that
explicitly support abstraction formation, mental model alignment, and progressive learning.

4.3.1 Theory-driven questions

We discuss the pedagogical aspects and the fundamental cognitive difficulties learners face when
reasoning about graph-based representations.

TQ1: Criteria for selecting a suitable graph abstraction for teaching

Why. Abstractions are central to computational thinking [3, 54, 88|, alongside decomposi-
tion, design, debugging, iteration, and generalization [88], as they allow one to ignore non-
essential features, extract similarities between concepts, and generate further knowledge [31].
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Given their educational role, it is crucial to choose appropriate graph abstractions to enhance
learner understanding and make materials comprehensible, relatable, and applicable to real-world
problems.

What. The criteria should emphasize clarity, context, visual intuition, and computational
relevance. A suitable abstraction presents graph objects and the additional features and/or
constraints attached to these in ways that students can quickly comprehend and manipulate,
ideally with real-world examples that underscore practical applications.

How. To achieve this, instructors can prioritize abstractions that offer clear visualizations and
gradually introduce more advanced topics to ensure that learners build a strong conceptual
foundation before exploring more complex concepts. Practical exercises, real-world analogies, and
intuitive visual aids are key strategies that foster engagement, reinforce comprehension, and make
abstract graph concepts more tangible and meaningful.

TQ2: Inherent difficulties in learning and understanding graph abstractions

Why. Unlike tabular or hierarchical models, which align with natural cognitive tendencies for
sequential or categorical reasoning, graph-based representations emphasize interdependencies
and structural flexibility. This shift demands a different cognitive approach, making graphs less
intuitive to grasp [48, 65]. Additionally, the diversity of mental models among learners further
complicates comprehension, requiring tailored instructional methods [14].

What. The challenge stems from the way graph abstractions prioritize relationships over indi-
vidual data points, requiring learners to understand connectivity rather than isolated entities.
Research shows that humans often struggle with networked representations due to their reliance
on linear or hierarchical thinking [48, 65, 109]. Additionally, as Williams et al. [108] highlight,
learners approach graph-based models with varying conceptual frameworks, making it difficult to
standardize effective teaching strategies.

How. To improve learning, educators should employ progressive abstraction, beginning with
concrete, real-world graph representations before transitioning to abstract models [48]. Utilizing
visualization-driven learning, such as interactive exploration and multiple representation formats,
can accommodate diverse cognitive styles [14]. Additionally, integrating path diagrams and mental
model elicitation techniques [109] helps align instructional methods with how learners conceptualize
graphs. Project-based and challenge-based learning approaches provide hands-on engagement,
reinforcing practical understanding and making abstract graph reasoning more accessible.

4.3.2 Application-driven questions

We analyze the limitations of existing methods for teaching graph abstractions, focusing on
mismatches between pedagogical practices, learners’ mental models, and the cognitive demands
imposed by graph abstractions in educational settings.

TQ3: Limitations of current methods for teaching graph abstractions

Why. Teaching graph abstractions is essential for computational thinking, as they model complex
systems and relationships. However, current methods often fail to address the cognitive complexity
of graph abstractions and are further limited by a weak focus on user-centered approaches
and inadequate support for learners’ diverse mental models [48, 65]. Moreover, Bach et al.
[14] emphasize that visualization education must cater to a diverse audience while addressing
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methodological and contextual challenges. Additionally, Hazzan [48] highlights that teaching
abstraction requires overcoming uncertainty and cognitive complexity, especially for concepts like
graphs, which demand conscious navigation across abstraction levels.

What. These limitations stem from a lack of systematic frameworks for teaching graph abstrac-
tions and from instructional methods poorly aligned with learners’ cognitive processes. Moore
et al. [65] extend Piaget’s theories of abstraction to show how instructional materials shape the
development of stable knowledge structures, while Bach et al. [14] identify challenges such as
fostering visual representation skills, addressing learner diversity, and assessing project-based
learning. This misalignment between instructors’ and learners’ mental models significantly impacts
comprehension and performance [108, 109].

How. Addressing these limitations requires integrating human-centric, evidence-based strategies
for teaching graph abstractions. Educators must adopt methods such as project-based learning
and challenge-based learning, as suggested by Bach et al. [14], to foster engagement and contextual
understanding. Hazzan [48] advocates for raising awareness of abstraction levels and teaching
learners to navigate these levels consciously to mitigate cognitive complexity. Drawing on Moore
et al. [65], instructional materials should be designed to support abstraction processes, focusing on
the gradual development of knowledge structures. Incorporating tools like mental model elicitation,
such as path diagrams [109], and iterative user testing [108] can align teaching methods with
learners’ understanding. These approaches help educators bridge abstract graph concepts and
learner comprehension, making graph abstractions more accessible.

4.4 Societal Challenges

Societal challenges consider the broader consequences of graph abstractions beyond direct users.
They include fairness, accountability, transparency, and the indirect impact of graph-based systems
on individuals and communities affected by their deployment.

4.4.1 Theory-driven questions

We examine how graph abstraction choices shape fairness, bias, and transparency, analyzing how
modeling decisions influence downstream reasoning and affect stakeholders who are not direct
users of graph-centric data systems.

SQ1: Fairness and bias induced by graph abstractions

Why. Graph abstractions play a central role in shaping how data is structured, connected, and
interpreted. Choices about which entities, relationships, attributes, and constraints are modeled
influence downstream reasoning, analytics, and automated decisions. When graph abstractions
are used in sensitive domains or as part of Al pipelines, such design choices can amplify existing
biases or introduce new ones, with consequences that extend beyond technical users to affected
individuals and groups.

What. Bias may be introduced at multiple stages of abstraction design, including schema
modeling, data integration, constraint definition, and inference mechanisms. For example, large
shared knowledge graphs such as Wikidata or Freebase embed collective modeling decisions that
reflect the perspectives, priorities, and coverage of their contributing communities [22, 74, 98].
Similarly, choices in validation languages and constraints (e.g., SHACL or ShEx) can privilege
certain data patterns while marginalizing others [55]. Despite their impact, these biases are often
opaque to end users and difficult to trace back to specific abstraction decisions.
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How. Addressing fairness in graph abstractions requires systematic methods for identifying
how abstraction choices propagate bias across graph-based workflows. This includes developing
auditing techniques that relate schema and constraint design to observed disparities in query
results or automated outcomes, as well as supporting comparative analyses across alternative
abstractions. Human-centric approaches should also expose abstraction assumptions to users,
enabling critical revisions of modeling decisions, particularly in high-stakes applications.

SQ2: Transparency and interpretability for affected parties

Why. Graph-based systems increasingly influence decisions that affect people who are not the
direct users of graph abstractions, such as patients, citizens, or content consumers. In these
settings, the lack of transparency regarding how graph abstractions shape results can undermine
trust, accountability, and the ability to contest or understand outcomes.

What. Existing graph abstractions and query languages are primarily designed to be interpretable
by technical experts, emphasizing formal semantics and expressive power [7]. However, non-expert
stakeholders often lack access to meaningful explanations of how data is structured, how inferences
are derived, and how uncertainty and incompleteness are handled. This gap is particularly evident
when graph abstractions are combined with machine learning or language models, where abstraction
layers and automated reasoning further obscure causal links between data and outcomes [72, 87].

How. Human-centric graph abstractions should support explanation mechanisms that translate
technical representations into accessible accounts of modeling assumptions, limitations, and
uncertainty. This may include abstraction-aware explanations of query results, provenance
tracking across abstraction layers, and role-specific views that communicate relevant information
to affected parties without requiring technical expertise. Such mechanisms are essential for enabling
informed oversight and meaningful engagement with graph-based systems.

4.4.2 Application-driven questions

We overview societal and governance challenges associated with graph abstractions, identifying
their role in automated decision making and in managing shared abstractions within collaborative
and institutional settings.

SQ3: Societal impact of graph abstractions in automated decision systems

Why. Graph abstractions are increasingly embedded in automated decision-making pipelines,
including those involving machine learning, recommender systems, and large language models. In
these contexts, abstraction choices can influence not only system performance but also real-world
outcomes: access to resources, prioritization of information, and clinical and policy decisions.

What. While there is growing awareness of the societal risks associated with automated systems,
the specific role played by graph abstractions within these pipelines remains poorly understood.
Studies often focus on algorithmic fairness or model behavior in isolation, overlooking how abstrac-
tion design, e.g., schema structure, integration of heterogeneous data, or constraint enforcement,
shapes the inputs and outputs of automated processes. Case studies in domains such as healthcare
and epidemiology illustrate both the potential and the risks of graph-based decision support when
abstraction choices are insufficiently scrutinized [52, 76].
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How. Application-level research should examine the societal impact of graph abstractions through
empirical studies of real deployments. This includes analyzing how different abstraction choices
affect decision outcomes, error propagation, and disparate impacts across populations. Such
studies should be complemented by design guidelines that help practitioners assess the societal
implications of abstraction choices when integrating graphs into automated systems.

SQ4: Governance of shared graph abstractions

Why. Many large-scale graph systems rely on shared abstractions maintained by communities
or institutions, such as collaboratively curated knowledge graphs or domain-wide schemas. The
long-term sustainability and societal trustworthiness of these systems depend on how changes to
abstractions are governed, negotiated, and communicated.

What. Existing governance mechanisms for shared graph abstractions are often informal, uneven,
or implicit. Studies of collaborative platforms such as Wikidata show that a relatively small subset
of contributors exerts disproportionate influence over modeling decisions, schema evolution, and
editorial norms [74, 85]. While this enables scalability, it also raises concerns about representation,
accountability, and inclusiveness, particularly as these abstractions are reused across domains and
applications.

How. Designing graph abstractions with explicit governance and stewardship mechanisms is
essential for responsible and sustainable use. This includes support for versioning, documented
design rationales, community feedback, and mechanisms to assess the impact of abstraction changes
on downstream users and applications. Embedding governance considerations into abstraction
design can help align technical evolution with societal values and long-term accountability.

5 Conclusion

We have examined the human-centricity of graph abstractions, analyzing several current paradigms
through use cases ranging from collaborative knowledge graphs to clinical and biological applica-
tions, and we have distilled the research challenges they raise from a data management perspective.

Making graph abstractions more user-centric opens several directions for future work. The
most immediate is empirical: targeted user studies, each focused on a single dataset and processing
paradigm, should assess how well current graph paradigms serve particular applications and, in
aggregate, characterize what users expect from a given data or query model. A second concerns
expressiveness, which we argue should be measured jointly with users’ perception of that expressive
power. The analysis of Wikidata query logs [26] is illustrative in this respect: queries are posed
by both humans and bots, and although recursive operators are common, the regular path queries
that actually appear are structurally simple. Extending such analyses beyond RDF would help
close the gap between formal power and practical use. A final direction is to study machine-centric
abstractions alongside human-centric ones, including how well generative models reason over graph
models beyond simple ones [40].

We believe the next generation of graph abstractions must treat expressiveness and human
accessibility equally as first-class design goals.
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— Abstract

Property graphs may be constrained by schemas
that inform both query engines and human users
about the shape of valid data, enforcing a contract
between data provider and consumer. Compos-
able property-graph queries transform input graphs
into output graphs. Then, the question arises of
which schema can be expected after one (or several)
transformation steps. We investigate how schema
constraints can be inferred given an input schema
and a transforming query. Specifically, we pro-
pose a reasoning procedure that, given an input
schema in ProGS and a query in G-CORE infers
an output schema. Since graph updates will hap-
pen frequently, our inference procedure does not
rely on graph instances, such that the computed
output schema applies to all graphs originating
from any input graph complying with the input
schema. Related work has addressed this problem
for SPARQL CONSTRUCT queries, encoding it in De-

scription Logics (DLs) so that the output schema is
entailed by axioms inferred from input schema and
queries. Property graphs and their queries, however,
complicate the matter, as property graphs feature
label and property annotations as well as first-class
edges. Thus, reification has to be used in one way or
another, though available DLs lack the means to en-
code such features directly. We approach this novel
challenge via a family of mappings for i) property
graphs reified in RDF, aligned with ii) a mapping
from ProGS to SHACL and iii) a mapping from
G-CORE to SPARQL CONSTRUCT queries. In this
manner, schema inference for property graphs be-
comes manageable, as we break apart the problem
through the extra mapping layer and utilize efficient
DL reasoners. We develop the metatheory regard-
ing the soundness of inferred schema constraints
and the semantic equivalence of mapped schemas
and queries.
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1 Introduction

Composable property-graph queries transform graphs into graphs. In this paper, we are interested
in schema inference for the results of such composable queries. For RDF graphs, the W3C proposes
a composable query language, namely SPARQL [18] with its CONSTRUCT [27] clause. For property
graphs (PGs), which we aim at in this paper, the recent GQL [21] standard is not composable (as
yet [23]). Accordingly, we leverage G-CORE [3], an earlier composable query language for property
graphs that inspired GQL.

Property-graph schemas are used to constrain PGs; the constraints can be enforced by
validation. There are schema languages, sometimes also called shape languages, for PGs, such as
the Property Graph Shapes Language (ProGS) [44] or PG-Schema [4]. As far as schema constraints
of the inference approach in this paper are concerned, both ProGS and PG-Schema are viable
candidates. Pragmatically, we commit to ProGS, as it is more directly aligned with the established
schema language for RDF, i.e. SHACL [26], which is readily covered by the foundation we
rely on. In particular, the correspondence between SHACL and description logics (DL) is well
understood [41, 8]. Thus, we can leverage efficient reasoner implementations for inference. We
follow the terminology of ProGS and SHACL and refer to schemas as shapes.

We refer to shapes validating all possible result graphs of a query as output shapes. Similarly,
we use the term input shapes to refer to the set of shapes over the input graphs of a query. The
inference of output shapes is a challenging aspect of the composable query notion: input shapes
do not carry over directly to the output but do indeed impact it. Additionally, to obtain sound
shapes for all possible query results, inference must rely on the input shapes and the query as
inputs rather than individual result graphs. Access to these statically inferred shapes facilitates
numerous use cases, even when considering compositions of multiple queries: they enable tools
such as type systems for language-embedded queries (compare [30]) among others (e.g., [50, 35])
that rely on shapes. For query pipelines that are executed repeatedly, such shapes need only be
inferred once, which is particularly useful in cases where some level of manual review or selection
of shapes is desired. Finally, even in data transformation or integration use cases, where result
graphs are stored in databases, they complement shapes inferred from graph instances and can
provide insights to developers without query execution.

Sip =———— GL...G" q LGN —— Sout

o o

k

Figure 1 Schematic overview of the problem: Input shapes Sin validate a (possibly infinite) set of
input graphs G;...G? which are valid inputs for the query q. The query produces, as its result, a set of
corresponding result graphs GL...GZ. Just as Sy, validates all input graphs, Sout validates all output
graphs. The set of Sout is constructed from some formalization k, which is derived from Si, and q.

Figure 1 shows the input (shapes Si, and query ¢) and the output (shapes Sout) of shape
inference, with the respective languages annotated in . For these languages, we will later
define the relevant subsets we consider in this work. The figure also hints in gray at the set
of input graphs (conforming to shapes Si,, indicated by gray double lines) and corresponding
output graphs (conforming to Sout), with black arrows representing input and output of query
execution. These graphs are included in the figure only for the sake of clarity; our approach does
not depend on any concrete graphs. Our approach is rendered using arrows: we encode in k
the information that allows us to deduce which shapes are in Sgys.



P. Seifer, D. Hernandez, R. Lammel, and S. Staab

To introduce k, we establish a common language that can express the constraints of the input
shapes Sj, and how inputs and outputs relate to each other over the query ¢. Given such a
language, we then define an algorithm for constructing & from both S;, and the query ¢ and for
inferring the new shapes in Sy from k.

Sip == Gl q L G — Sous

\k1—>k2/

DL DL

Figure 2 Schematic overview of a possible solution where constraints are encoded in description logics.

One possibility for encoding these constraints is description logics (DL). Figure 2 indicates
where DL is used with red arrows: we first encode the input shapes S;, as a set of DL axioms
and then combine them with a second set of axioms inferred from the query ¢. This approach
benefits from relying on an existing formalism and, in practical applications, from established
and efficient reasoners for implementing the required decision procedures. In prior work [41], we
also relied on a DL to solve a similar inference problem for RDF graphs and SPARQL CONSTRUCT
queries. However, there is a drawback: Common DLs do not support properties with key-value
annotations. Thus, we would have to either define a new variant — for which no efficient reasoners
exist — or we have to use some form of reification to encode properties in an existing DL.

Since the first option is not desirable, we choose the second. However, instead of encoding
reification directly in DL, we introduce an intermediate RDF layer. This provides the following
benefits: foremost, it clearly separates the reification from the DL encoding and inference steps of
our solution, making each part easier to formalize, prove, and implement. Secondly, we can build
on the aforementioned prior work for the encoding and inference step; we still need to modify and
extend the algorithm. Finally, a mapping between the involved shape and query languages has
not been formally explored, which we achieve in this work.

Sp ————— GL...Gn q o SO e pu—
ki ——————— ko
/ DL DL
S{ 1 (y/l} q/ (,/ 1 (V/ n 8/ .
n Tg oo Mg To =+ Yo ou
SHACL RDF SPARQL RDF SHACL

Figure 3 Schematic overview of the involved languages, mappings, and algorithms. The upper PG

layer is mapped to the bottom RDF layer, where individual mappings are indicated using dotted lines.

Inference and reasoning exclusively operate on RDF. The arrows show how mappings are utilized.

Figure 3 shows the full solution we propose. Utilizing reification (indicated with dotted lines)
at all levels allows us to step down from a PG-based language family ( of Figure 3) to
an RDF-based one (lower half of Figure 3). We use RDF for representing the data by reifying
first-class edges with identities and properties in PG as ordinary RDF triples. We use SHACL
as the shape language, accounting for this reification. This allows us to rely on DL for the
formalization and implementation of shape inference, since round tripping between DL axioms and
SHACL shapes is possible (cf. [41, 8]). Finally, we use SPARQL CONSTRUCT as the composable
query language to which we map. Here, the definition of a sound mapping is more complex, since
in addition to the reification, we must also account for the differences in query language semantics:
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where labels and properties are copied by default in G-CORE and explicitly removed, SPARQL
relies on explicit triple patterns and filters. The data reification, shape-to-DL mapping, and shape
inference approaches have been studied [24, 4, 41], whereas the query mapping has not.

We build on and extend our existing algorithm [41] that infers SHACL shapes for results of
SPARQL CONSTRUCT queries on RDF graphs by constructing a DL knowledge base entailing valid
output shapes. To define our query mapping, we must extend the SPARQL fragment considered
in [41] with more generic triple patterns where variables extend over concept or role names to
capture the semantic properties of G-CORE. This leads to a number of required adaptations of
the method presented in this work, since the knowledge base must encode the potential presence of
previously unexpected concept or role names. The dataflow of the extension to [41] is indicated by
red arrows in Figure 3. It is important to note that our mapping approach serves the formalization
and implementation of schema inference; whether the queries are executed on a PG database or
an RDF store is a separate question.

1.1 Contributions

In summary, the contributions of this paper are as follows:

1. We determine the impact of PG-specific expressiveness when it comes to shape inference for
composable graph queries. Thus, we handle edges that have identities, as well as nodes and
edges annotated with labels and key-value properties that persist, implicitly, in results.

2. Despite common DLs lacking the corresponding language constructs, we resolve the mismatch
through reification, which carries over to structures of shapes and queries.

3. Instead of reification at the DL level, we define an intermediate layer, introducing mappings
from ProGS to SHACL and G-CORE to SPARQL CONSTRUCT over PGs reified in RDF.

4. We develop the metatheory regarding the soundness of inferred shapes and the semantic
equivalence of mapped shapes and queries.

1.2 Roadmap of the Paper

Section 2 introduces the underlying formalisms, as well as our running examples. In Section 3, we
formalize the essential problem addressed in this work. Section 4 and Section 5 solve the problem
in two steps: first, we develop a family of mappings from property graph abstractions to RDF
graph abstractions (Section 4). On these grounds, we develop an inference method, which is an
extension of [41] (Section 5). Section 6 develops the corresponding metatheory. In Section 7, we
briefly outline our prototype implementation of this approach. Finally, Section 8 discusses related
work while Section 9 concludes the paper.

In several places we refer to an extended version of the paper, referenced in the information
section on the first page, which includes additional examples as well as full proofs.

2 Foundations

We first introduce the graph data models, query languages, and shape-based validation languages
relevant to our work; they can be separated into two groups, namely PG-related languages and
RDF-related languages pertaining to the upper and lower layers of Figure 3.

2.1 RDF Graphs

We define RDF graphs based on the W3C specification [13], excluding blank nodes and literals; we
consider the latter as ordinary IRIs to simplify the formalization of the data model. We assume
four pairwise disjoint, finite' but arbitrary, and sufficiently large sets of IRIs, namely concept

1 This is not a restriction to the problem, since the sets are arbitrary, but it simplifies a few definitions.
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names C, individual names I, role names R, and the special role name {rdf:type}. For the sake
of consistency, we use description-logic terminology throughout all abstractions (e.g., concept
name instead of class). Commonly, RDF uses so-called prefixes to abbreviate (parts of) IRIs. In
formal definitions, we express most IRIs through ordinary symbols, with a few exceptions, such as
rdf:type. In examples, we also omit prefixes for the example domain; that is, we simply write
Agent instead of ex:Agent. Similarly, we sometimes write a instead of rdf:type.

» Definition 1 (Simple RDF Graph). An RDF graph G is a finite set of triples of the form (a, p,
b) or (a, rdf:type, A) wherea,bel, Ac C, andp € R.

» Example 2. Consider the following set of triples as an example RDF graph Gfdf = {(s,a,
Agent), (s,name, Smith), (p, a, Person), (s, obs,p)}.

—~obs—

Agent «—a— s P —a—> Person

name

Smith

2.1.1 SPARQL Queries

We define a subset of SPARQL queries referred to as Fxtended Conjunctive CONSTRUCT Queries
(ECCQ) in analogy to Simple Conjunctive CONSTRUCT Queries (as defined in [41]) in Definition 3.
We choose this conjunctive fragment, as is commonly done, to keep the scope of our algorithms
manageable; we extend? the fragment of SPARQL chosen in [41] with the language features
required for our intended mappings.

To this end, we introduce generic patterns such as x:y, written ?x a ?y in concrete SPARQL
syntax, where both = and y are variables. Here, we need to introduce an additional syntactic
restriction for generic variables, as we will discuss in more depth later: if the query includes the
atomic query pattern z:y, then y must not occur again in another atomic query pattern. That is,
we can copy all concept names of = generically but cannot introduce restrictions on this meta
level; for example, a query with patterns {x:y, z:y} is not allowed, since it would constrain the
bindings of = and z through y. Thus, we write 2:Z€ to indicate that the generic variable Z€ is
syntactically dependent on x in this way. We also introduce certain filter expressions for only
these generic variables written Z€, filtering certain concept or role names from their bindings.

» Definition 3 (Syntax of ECCQ). We define atomic patterns t and filter expressions f as follows:
tu= x:A| (v,y):p| (x,0):p | 2:7° | (2, 7)) TR fuo=2C£A|TR £p

with A € C, a € I, p € R, and variables z,y,zC, %, ' € V. Let the function vars denote the
set of all variables that occur in a set of atomic patterns or filter expressions. An ECCQ q is
defined as H + (P, F) where template H and pattern P consist of finite sets of atomic patterns
t and the filters F of a finite set of filter expressions f such that vars(F) C vars(P). For each
atomic pattern x:TC (and similarly (z,7%) : TR ), there is a unique variable T (similarly T® and
Z1) per ordinary variable x, which does not occur again in the query, except in filter conditions. If
a generic atomic pattern of this form occurs in H, the same pattern must also occur in P.

2 ECCQ is not a true extension of the language presented in [41], since we omit certain patterns, e.g., a:C.

While they could be easily included, making ECCQ a true extension of this language, they are not required
for the remainder of this work.
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To formalize the semantics of ECCQ in Definition 4, we define valuations p: V—-IUCUR
as mappings from variables to individual, concept, and role names. Note that the syntactic
restrictions on Z€ and Z® ensure that the respective types of these bindings cannot be mixed
up, since these variables can only occur in the correct context. Two valuations p; and po are
compatible, denoted 1 ~ pa, if for every variable  occurring in both pq and po, 1 (z) = pe(x).
A finite set of valuations is denoted 2. We define the join of two sets of valuations §2; and 2 as
D> = {p1 Upg | py € Quy o € Qo, pun ~ pio}

Note that in Definition 3 we do not include the usual syntactic restriction vars(H) C vars(P).
We therefore need the final clause in Definition 4 about variables from atomic patterns t € H
that do not occur in vars(P). Here, we assume the generation of fresh IRIs for such variables,
which will be required by our mappings later. While this is a deviation from ordinary SPARQL
semantics®, our variant simplifies the formalization by avoiding the need to represent blank nodes
in our RDF graph model and throughout the paper. In practical implementations, ordinary blank
nodes should be used to comply with standard SPARQL semantics; indeed, our implementation
generates SPARQL queries featuring blank node identifiers in their templates as well.

» Definition 4 (Semantics of ECCQ). The result of evaluating an ECCQ H <+ (P, F) over an
RDF graph G is the RDF graph denoted [H < (P, F)]&" and defined as

[H « (P,E)g™ ={u(t) [ ne [P, FIg™" t € H}

where [P, F]&“" = {p | p € vuep [t]e ", forallf € F:pt f} and [t]&°7" = {n| p(t) € G}.
f is a filter condition such that p = (TC€ # A) is true iff p(T€) is not A, and p - (TR # p) is
true iff (TR) is not p. In a slight abuse of notation, we write pu(t) to mean p(u:A) = (u(u),

rdf:type, A), and similarly for the remaining cases. If a variable x int € H does not occur in
vars(P), then u(x) produces a fresh IRI. This IRI is unique for each variable x and each unique

mapping .

» Example 5. Consider the ECCQ ¢; = {x:Agent,y:P0I} « ({(x,y):obs},{}), selecting
pairs of observers and observed before constructing a new graph labeling observers as Agent and
observed as POI. When evaluating this query on graph G;df from Example 2, written [q;“?] Gt
we first match the pattern P on the graph, resulting in the single mapping p where p(x) = s and
wu(y) = p. Thus, the template H is instantiated only once, namely for p, resulting in the graph
{(s, a,Agent), (p,a,P0I)}.

Using generic patterns, we could, in this particular case, rewrite the query as {x:XC, y:P0OI} <
({x:%€, (x,y):0bs}, {}), copying all concepts for bindings for x instead of explicitly adding Agent.

Since s has only the concept Agent in ¢;““/, evaluation would yield the same result graph.

s —a—> Agent

P —a— POI

3 Usually, SPARQL CONSTRUCT templates can feature blank node identifiers (https://www.w3.org/TR/
sparql12-query/#templatesWithBNodes) to this effect.
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2.1.2 SHACL Shapes

SHACL is a validation language for RDF graphs, where a shape consists of two components: the
target query selecting a subset of nodes and a constraint these nodes must conform to. We present
here the Seifer etal. [41] definition of SHACL shapes, utilizing description logics to define the
semantics of target queries and constraints based on work by Bogaerts et al. [8].

According to this definition, SHACL shapes are ALCHOZ axioms, i.e. target query subsumed
by the constraint, both encoded as concept descriptions (Definition 6), and their semantics can be
reduced to checking consistency with a wvalidation knowledge base constructed for a given RDF
graph G by its unique-name, closed-world, and domain-closure assumptions. We refer to [7] for
the definition of the semantics of ALCHOZ. We give here the syntax of ALCHOZL axioms, which
can express a subset of SHACL, and the core idea of the validation semantics introduced in [41];
we refer to that paper for the full derivation and proofs.

» Definition 6 (ALCHOI Axioms). Concept descriptions are defined as follows:

C:=T|L|A|{a}|CNC|CUC|-C|Tp.C|VpC
pri=p|p”

where A, a, and p stand for concept names, individual names, and role names, respectively, and
T and L are two special concept names. Given two concept descriptions C' and D, and two role
descriptions p1 and pa, C C D and p1 C pa are ACCHOZ axioms, which we also call shapes. The
left-hand side (C' and p1) we also call the target and the right-hand side (D and p3) the constraint
of the shape.

Semantically, SHACL shapes target specific nodes of a graph, relying on constraints to validate
these selected nodes. A consistency check for the subsumption axioms defined in Definition 6 with
the validation knowledge base constructed for a given RDF graph G (Definition 7) encodes these
semantics. Example 8 demonstrates the intuition.

» Definition 7 (Validation Semantics (Adapted from [41])). The azioms of a simple RDF graph G,
denoted Tq, are the TBox consisting of the following ALCHOL axioms:
1. Domain Closure Assumption (DCA): T =| |, {a}
2. Unique Name Assumption (UNA): {a} M {b} = L, for each pair of distinct
individual names a,b € 1.

3. Closed-World Assumption (CWA):

A=|,. accla}, for each concept name A € C,

dp{a} = Lv,a) .pecib}, and

I~ {a} = U . pecib}, for each role name p € R and each individual name a € 1.
(Ta, G) is the validation knowledge base of G. A graph G is proof-valid according to a set ¥ of
ALCHOT axioms if and only if ¥ is consistent with the validation knowledge base of G, i.e. the
knowledge base (Tg UX, G) admits a model.

We write valid(G,S) to indicate that G is proof-valid regarding the set of shapes S and
valid(G, s) to indicate that G is proof-valid regarding a single shape s. We use S and ¥ inter-
changeably. In Example 8 we give an example shape and outline both the intuitive reason why
this shape validates the running example graph and the formal reason considering the validation
knowledge base.

» Example 8. Consider s§"*¢/ = Agent T Jobs.Person as an example. Intuitively, the shape
expresses that all agents must observe at least one person. The graph G;df (Example 2) is valid
regarding 5572 since all targets, i.e. s, which is an instance of Agent, conform to the constraint,

given both (s, obs,p) € G1¥ and (p, a, Person) € G|¥.
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The validation knowledge base, constructed from the closed-world (Agent = {s}, Person = {p},
Jobs.{p} = {s}, and Jobs™.{s} = {p}), domain-closure ({s} U {p} = T), and unique-name
assumptions ({s} M {p} = L) for GT¥ is consistent with this subsumption axiom, too: essentially,
there is the concept {s} which is equal to Agent, and also the range of obs; in turn, the domain
of obs is {p}, which is also equal to Person.

2.2 Property Graphs

Property graphs (Definition 9) differ from RDF graphs in that edges have identities, and both
nodes and edges can be annotated with sets of labels and sets of key-value pairs, the so-called
properties. There are various notions of property graphs; we base our work largely on [3], that is,
the graph model used for G-CORE, which is very similar to the graph model used in the context
of Cypher* as well. We do not include first-class paths, however.

We define a set of labels L = Ly U Lg where Ly is a finite set of node labels and Lg a finite
set of edge labels; a finite set of property names (or keys) K = Ky U Kg where K is a finite set
of node keys and Kg a finite set of edge keys; and a finite set of literal values V. Without loss of
generality, we assume that literal values are strings. Finally, let FS(s) denote all finite subsets of
a set s, including the empty set. See Example 10 for the running example PG.

» Definition 9 (Property Graph). A property graph (PG) is a tuple G = (N, E,p,\,0). N and E
denote two disjoint, finite sets of node and edge identifiers, respectively. We write n € N, e € E,
andu € NUE. p: E — (N x N) is a total function assigning edges to nodes; A : (NUE) — FS(L)
is a total function assigning labels to nodes or edges; and o : (NUE) x K — FS(V) is a total
function assigning properties to nodes or edges and for which a set of tuples (z,k) € (NUE) x K
exists such that o(x, k) # (.

» Example 10. Consider G = (N1, Eq, p1,M\1,01), where Ny = {1,2} and E; = {10} are the
sets of node and edge IDs. A single edge is defined as p;(10) = (1,2). Labels are defined as
A1(1) = {Agent }, A1(2) = {Person }, and \;(10) = {obs }. Finally, we give the non-empty cases
for the property function as o1(1,name) = {"Smith"} and o1(10,since) = {"2002"}.

Compare this graph to the RDF graph GIdf in Example 2: RDF graphs do not support
properties on edges; thus, there is no direct equivalent for o1(10,since) = {"2002"} in RDF.
Otherwise, the graphs are equivalent.

1 :Agent

10 :obs

since: "2002"

2 :Person

2.2.1 Property Graph Queries

Composable property graph queries return graphs and function similarly to ECCQ queries. We
define Simple G-CORE Queries (SGCQ) as a subset of G-CORE [3]. Our conjunctive fragment
(Definition 11) supports matching multiple atomic patterns, including the most common constraints

4 nttps://opencypher.org/
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on labels and properties, and constructing a new graph from multiple atomic patterns while
explicitly adding or removing labels and properties. In short, the fragment allows for selecting a
subgraph, reshaping it, and adding constant elements. It does not support whole-graph operations,
such as the union of a constructed graph with the original graph.

The basic semantics of SGCQ are similar to ECCQ: a pattern I' defines variables and constrains
their bindings through clauses £. These bindings are used to construct a new graph, specified in
the template B, together with set (®) and remove () clauses for explicitly adding or removing
labels and properties. Unlike in the case of ECCQ, labels and properties persist in the result
graph by default.

We give here in short the syntax and semantics of SGCQ adapted from [3], with the following
change: since we allow only for a subset of filter expressions, we push these filters into the node
(or edge) pattern. This is equivalent to the concrete syntax of G-CORE where we would write,
e.g., (x:Person) to filter all nodes x for the label Person.

» Definition 11 (Syntax of SGCQ). A SGCQ B < T consists of a set T of atomic components
(pattern) and a set B of atomic components B (template), defined by the following grammar:

Y= (ZL'7L,€) | (xn,xn) (Ig,f) B = (:1771’5) ‘ (:CTHITL):(JSPAS)

Here, x,, is a node variable, and x. is an edge variable. £ is a set of expressions of the form :l, .k,
or .k =wv, wherel € L is a label, k € K is a property name, and v € V is a property value. S is a
set of assignments for setting (®l and ®k = v) or removing (Ol and ©k) labels or property names.
We also write St for referring to operations involving labels and Sp for referring to operations
involving properties. Furthermore, we write, e.g., .l € B to indicate that (xz,5) € B and &l € S.
As an additional syntactical constraint of the template, edge variables that occur in the pattern
may only occur when their associated node variables also occur in the template.

For the semantics of SGCQ, we again consider valuations p on node or edge variables x,, or .,
so that p(x,) € N and p(z.) € F, and similar definitions for compatibility ~ and the join operation
1 as for FECCQ. We also define the union of two PGs G1 UGs as (N1 U Na, E1 U Es, p, A, 0) where
Ve € Eq1UEs : p(e) = p1(e) if e € By else pa(e), Vo € NYUN2UEL1UEs, k € K : A(x) = A (x)UAa(x),
and o(z,k) = o1(x,k) Uoa(x, k). The semantics for evaluating G-CORE queries is given in
Definition 12, with the intuition outlined in Example 15.

» Definition 12 (Semantics of SGCQ). The result of evaluating a SGCQ g =B < T over a PG G
is defined as the PG constructed by
lald* = [Bla'a " where Q = [T]Y°P.

That is, similarly to ECCQ queries, sets of bindings ) are constructed from the pattern and fill
out the template. [T and [B]5¢ " are specified in Definition 13 and Definition 14 based
on [3], respectively.

» Definition 13 (SGCQ Pattern Semantics). The set of bindings Q resulting from evaluation of a
SGCQ pattern T over a graph G, written [L]F“", is defined by the following cases:

[(2, 1" = {p | u(z) € N,
V&€& Gl e =T}
[(2,9): (2, 1" = {u | p(z), u(y) € N,u(z) € E,
p(u(2)) = (u(@), u(y)),
Ve e [GliSe =T}

[FHSQCQ y N’YGF H,YHSQCQ P

[ 20767 =T iff 1€ Au)
[ EI7GS =T iff o(u, k) #0
[ k=v]0d™ =Tiff veo(u,k)
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» Definition 14 (SGCQ Template Semantics). Evaluation of a SGCQ template B over a graph G,
with bindings 2, written [[B]]f{cél't, is defined by the following cases:

[z S = (v}, 0,0, [SL15E [SeD )
[, y):(z, L2 = {{v,ub {eb {es (v} 2565 ISP

- -t
[Ble¢" = UsesuealBl,’d

where v = p(x), v = u(y), and e = p(z) if the variables are in the domain of u, or fresh identities
otherwise. Evaluation of set and remove clauses is defined as

[[SLH(S)?VC:I&S = (Aoy U {ON—>lN | ®ly € SL})\{ON%ZN | ol € SL}

[SeI}5 G = (0" Uog)\oe

where

o' ={(on,kn)+v | (on,kn)+v € 0 A (on,kn)+v" € og}
og = {(on,kn)+v | ®kny =v € Sp}
os ={(on.kn)+v| (on,kn)+v € 0 AOky € Sp}

» Example 15. Recall the ECCQ ¢;°*? from Example 5. A seemingly similar SGCQ could be
defined as

a7 = {(x, {®Agent}), (v, {®POI})} < {(x,¥):(e,{ :0bs})}

gCQHSQCq

Evaluating [qo?“] %" (cf. Example 10) produces first the single mapping p with u(x) = 1,
1

p(y) = 2, and p(e) = 10; then, the template constructs the graph G5 = ({1,2},0,0, Ao, o) with
Ao(1) = {Agent}, A\o(2) = {Person,P0I}, and o((1,name) = {"Smith"}. That is, all labels and
properties persist in the output graph. The following update to ¢;“? has equivalent semantics to
the ECCQ query:

¢;7" = {(x, {©name}), (v, {®POI, SPerson})} < {(x,y):(e, { :obs})}

Evaluation produces the graph ({1,2},0,0,A1,0) with A;(1) = {Agent} and \;(2) = {P0OI}, as
we would expect (cf. Example 5).

1 :Agent

2 :POI

2.2.2 Simple Property Graph Shapes (sProGS)

We define the syntax and semantics of a subset of the Property Graphs Shapes Language [44]
(ProGS) we call Simple Property Graph Shapes Language (sProGS). The shape language is heavily
inspired by SHACL and adapted for property graphs by differentiating between node and edge
shapes, introducing constraints for property annotations, and for constraining the nodes (or edges,
respectively) reachable from edges (or nodes, respectively).

We omit named shapes, simplifying shape semantics by avoiding recursive shapes (non-recursive
named shapes are merely syntactic sugar), as well as some other features such as qualified number
restrictions or complex path expressions. A sProGS shape is either a node shape n{(gn,dn) or an
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[n]e™® = {n} [ele”® = {e}
[IN]E" 9 ={n|neNAly e Xn)} ]t ={elec ENlg € Ae)}
[En]E? ={n|ne NANo(n,kn) # 0} kel ={e|ec ENo(e kg) # 0}

Figure 4 Evaluation of target node and target edge queries.

edge shape g{qg, ¢g), where gy and gg are the target queries, and ¢ and ¢p are the respective
constraints (see Definition 16 and Definition 17). Each node (or edge, respectively) of the graph
that matches the target must satisfy the constraint.

» Definition 16 (Node and Edge Targets). Given target node or edge IDs n or e, node or edge
labels Iy or lg, and node or edge properties kyx or kg, node or edge targets are defined as

gy ==n |y | kn
g =e¢|lg | kg

» Definition 17 (Node and Edge Constraints). Node and edge constraints are defined by

on =T | n | In | PN | ON N ON | ﬂk‘N.(: ’U) | dkn. T ‘ 3_>¢E | 3<—¢E
oE :T|€|ZE|—|¢E|¢EA¢E‘HkE(:”U)|E|kET| = ¢N ‘ <= on

where in particular Iky.(=v) and Iky. T require properties with certain (v) or any (T ) values,
37 ¢g requires an outgoing edge conforming to ¢g, and = ¢n requires the target node to conform
to ¢n. The remaining cases are similar.

Definition 18 introduces the validation semantics for a PG under a set of sProGS shapes.
Figure 4 defines the semantics of target node and target edge queries. Figure 5 defines the
evaluation semantics of node and edge constraints. These definitions differ from [44], using direct
evaluation of constraints on target nodes instead of a semantics of faithful assignments, which is
not needed since we omit recursion.

» Definition 18 (sProGS Validation). A PG G is valid regarding a set of sProGS shapes S if it is
valid regarding all shapes s € S; validity regarding a single shape s = n{qn,dn) (ors = ElqE, PE),
respectively), denoted valid(G, s), is defined as follows:

valid(G, n(gn, ¢n)) = Vn € [an]e” " : [on])G" = true
valid(G, g{qr, or)) = Ve € [qelg”™ : [¢r]L5" = true

In a slight abuse of notation, we also write valid(G, S) to indicate that G is valid regarding
each s € S. Example 19 shows two example shapes.

» Example 19. Recall s;"*°! from Example 8. We can express an equivalent shape using sProGS
with s = n(Agent,37(obs A = Person)). This is a node shape that targets all nodes with
the node label Agent; it requires for validity that these nodes have an outgoing edge (37 ¢g)
where the constraint ¢ — an edge constraint — must validate at least one edge. For this edge,
we require the edge label obs, and then, expressed with = ¢, that the corresponding destination
node conforms to ¢y, i.e., has the node label Person.

We can also express shapes that target edges, such as s5" = p(obs, < Agent A = Person),
which states that edges labeled with obs must have an origin node labeled Agent (< Agent)
and the destination node labeled Person (= Person). The example graph G}Y introduced in

pro pro

Example 10 is valid regarding both si'" and s,
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[TIZE™ = true

pro-n __ . !’ _
[]0E" = trueif n' =n

INDG" = trueif Iy € A(n)
[=on]3'e" = trueif not [on]}G"
6k A G31775" = true if [oN]75" and 31775
[Bk.(= )]} &" = trueif v € o(n, k)
[BETIEE" = trueif o(n, k) #0
[B7¢p]?E" = trueif 3e € E,n' € N such that p(e) = (n,n') and [¢pg]2'5°
[F<or ]]pw'" true if e € E,n’ € N such that p(e) = (n’,n) and [[(bE]]pm'e
[= onli e = [on]). e where (n1,n2) = p(e)

[<onlic” = [on]n"g where (n1,n2) = p(e)

Figure 5 Evaluation of node and edge constraints over a property graph G, omitting some cases for
edges that are analogous to the node variants.

3 Formalizing the Problem

The essential problem statement of this work is formalized in the signature of Algorithm 1: We
aim to decide, given a sProGS shape s, whether all possible output graphs of a SGCQ query ¢
are valid regarding this shape. The set of possible output graphs is defined as the set of graphs
produced by ¢ from any graph that is valid regarding a given set of sProGS shapes Sj,, which
we call the input shapes of our problem. With this decision procedure, we can find the set of all
shapes characterizing the possible output graphs by enumerating a finite set of candidates and
testing each candidate.

We refer to our prior work [41] for a detailed discussion on when such a finite set exists or
how to deal with cases where it does not exist. In short, for restricted classes of shapes, the set of
relevant candidates that need to be considered can be shown to be finite (e.g., ALCHOZ-based
shapes); for other cases, heuristics can be employed. Note how this allows our approach to work
for compositions of queries: the output of a prior step becomes the input of the next®.

Algorithm 1 High-level pseudocode outlining our core approach.

Input A finite set of shapes sProGS Sy, a SGCQ g = B < T, and a sProGS shape s.
Output Does valid([¢]a,,, s) hold for every graph G, where valid(Giy, Sin)?

B p'ro»—)shacl( )

Slln — {pro»—)shacl(si) | S; € Sin}

q' ¢ sgeqreceq(q)

Y« infer(S},, ¢)

return if test(X,s’) then YES else UNKNOWN

5 Indeed, since, as we will later explore in detail, the input shapes are encoded as ALCHOT axioms, compositions
of multiple queries do not require full exploration of the explicit set of output shapes but can rely on the
inferred axioms directly.
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As motivated in the introduction (Figure 3), we solve this problem by first mapping all
components (that is, graphs, shapes, and queries) to an intermediate RDF layer and then utilizing
an extended version of our algorithm presented in [41]. In Algorithm 1, we outline this approach
in pseudocode: here, the functions prosshaci(s) and sgeqseceq(q) are the mapping functions for
encoding sProGS shapes and SGCQ queries in SHACL and ECCQ), respectively. A final function
for mapping the graphs themselves is not actually utilized — since our approach does not depend
on concrete graph instances — but is required for the sake of formalizing the remaining mappings.

The functions infer and test refer to the extension of [41]: the function infer takes the RDF-
mapped query and shapes, producing a set of DL axioms X; this step extends the algorithm
from [41], accounting for the additional features included in ECCQ (cf. Definition 3). The function
test takes these axioms and checks whether it can be concluded that s’ is guaranteed to hold for
all possible output graphs; this step utilizes entailment.

Based on this formal problem signature, we define Theorem 20. We will construct the missing
components of Algorithm 1 in the following two sections (the family of mappings in Section 4
and the extended inference approach in Section 5). Finally, in Section 6, we will show that the
theorem holds.

» Theorem 20 (Soundness of Algorithm 1). Given a finite set of shapes Sin, a SGCQ ¢ =B < T,
and a shape s, then valid([q]q,,,s) holds for every graph G, where valid(Giyn, Sin) if

teSt(infer({pmHshacl(Si) | S; € Sin}7 sgcheccq(Q))v prm—)shacl(s))'

4 A Family of Mappings on Reified Property Graphs

As outlined in Figure 3 and the previous section, we introduce a family of mappings: we map
PGs G to RDF graphs pgrar(G), utilizing reification for first-class edges (Section 4.1); this
mapping is not directly utilized by our approach but instead comprises the formal basis on which
the remaining mappings are defined. We map sProGS shapes s to ALCHOZ-encoded SHACL
shapes pros shaci($), accounting for the reification introduced with the graph mapping (Section 4.2).
And finally, we map SGCQ ¢ to ECCQ sgcqseceq(q), accounting for both reification and various
semantic differences between the languages (Section 4.3).

4.1 PG to RDF Mapping

We first assume a utility function ~ that maps the individual elements of PGs to unique IRIs.
The details of this function are left abstract; however, in real-world implementations, such a
function could, for example, utilize prefixes to differentiate between PG constructs, including node
and edge IDs, labels, properties, and values. We also introduce m:nte (node-to-edge) and m:etn
(edge-to-node) as role names, and m:node and m:edge as special concept names distinct from C.
The former are used for reification of first-class edges, the latter for differentiating nodes and
edges explicitly®.

The straightforward mapping ,grif(G) is specified in Definition 21 and demonstrated in
Example 22. It retains all information and can be reversed by simply inverting the presented
mapping function. It utilizes ~ to map all nodes and edges, including their associated labels and
properties, to RDF triples; IRIs for both PG nodes and PG edges are derived from their IDs.
Edges are reified using two triples and the special role names m:nte and m:etn.

6 For the sake of readability, we assign concrete names, using m to hint at some unique meta prefix that could
be used in practice; they can be arbitrary but unique names.
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1 :Agent
m:node m:edge m:node
! ! l
| T | 10 :obs
Agent «—a—= 1 Tmnte—>10<wemm™ 2 ——a——> Person since: "2002"
name a since
/ \
Smith obs 2002

2 :Person

Figure 6 The reified RDF encoding pgrar (G1?) (left) and the original graph G7Y (right). Note how
the edge with ID 10 (right) becomes a normal RDF node via reification (left).

» Definition 21 (Mapping from PG to RDF Graph). The corresponding RDF graph for a PG
G = (N, E,p,\,0) is the graph constructed by

node d,
posrif (G) = {pg2ap(n) [ 0 € NYU {505 4p(e) [ e € B}
where pgrar for nodes is defined as

Zgoifrdf(n) = {(ﬁ7 rdf:type, ZN) | In € )‘(n)}
U{@, ky, 0) | ky € Kn,v € o(n,kn)}
U{(n, rdf:type, minode)}

and for edges (with p(e) = (n1,n2)) as

edge

pg>—>7-df(e) = {(ma mnte, /é)v(a m:etn, @)}

U{(e, rdf:type, i) |lp € Ae)}
U{(@ kg, )| kg € Kg,v € ale,kp)}
U{(n, rdf:type, medge)}.

» Example 22. We map the graph G7? from Example 10 to RDF, assuming a reasonable definition
for ~ and omitting the display of any prefixes, to obtain the following set of triples for g rqr(G7?),
as visualized side-by-side in Figure 6:

{(1,a,m:node), (1, a, Agent), (1, name, Smith), (2, a, m:node), (2, a, Person),
(10, a,m:edge), (10, a, obs), (10, since, 2002), (1, m:nte, 10), (10, m:etn, 2)}.

4.2 sProGS to SHACL (ALCHOZI) Mapping

We define a function prorsshact for mapping sProGS shapes to SHACL shapes. Since we follow
our prior work [41] in representing SHACL shapes as ALCHOZ axioms, we map to ALCHOL
directly. That is, we map both target queries and constraints to concept descriptions and shapes
to subsumption axioms (Definition 23).

» Definition 23 (Mapping sProGS to ALCHOTZ). A node shape n{qn,dn) is mapped to the aziom
prosshact (N (AN, ON)) = 3005 0 (an) © PR c(on), where D00 ((an) and 3onsh (o)
are defined in Figure 7 and Figure 9, respectively. With equivalent definitions (Figure 8 and

Fz'gure g)? we can map edge Shapes as pro»—>shacl(E<QEa ¢E>) = ;?Zg‘;thad(QE) C ;ﬁiﬁ?}mcl(é]ﬂ).
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sProGS ALCHOL sProGS ALCHOL

naet () {n} promsshact(T) T

protraa(IN) I promshact () n

o akn) Tk T promsshact(IV) I
P hact () prel et (6)

Figure 7 Mapping for node P hact(ON ABR) o hact(O8) T i et (8)

farget dueries. Pt (G (= 0)) Ty v

procsshact(Fkn-T) Jky. T
polheaGT0E)  3metn . 5oNY(¢n)

sProGS ALCHOT polhea(3708)  3mmte . 00 0(6n)

;tgfi}mcz (e) ‘Ee\}

prosact(lE) 1B poea(= on)  3metn. 1N (6)

pro et (k) T ke T poea(E on)  3mmte” L pEL L (én)

Figure 9 Mapping sProGS node and edge constraints to
ALCHOZ. We omit some cases for edge constraints that are
equivalent to node constraint cases.

Figure 8 Mapping for edge
target queries.

We write prosshaci(S) as a shorthand for mapping each s € S. Most constructs from the syntax
of sProGS translate directly to ALCHOZ, similarly to how SHACL is defined in terms of ALCHOT
n [41]. Interesting cases include the constraint = ¢y, which maps to 3 m:etn . constr
This node constraint requires the special role name m:etn according to the reification defined for
PGs, since the original sProGS constraint refers to the target node of an edge. Given that this
edge is an ordinary node in the RDF encoding, we must invoke Jdm:etn to navigate to the node
representing that target and then use the mapped constraint ¢. Similarly, 37 ¢ is mapped to

Jmmnte . ot (¢pp). Example 24 shows the full mappings for the running example.

* pro—shacl

» Example 24. We map the shapes s and s5™ from Example 19 to equivalent ALCHOZ

subsumption axioms. For the node shape s7", this results in the following shape:

proHshacl(sllwo) = pro»—)shacl(N<Agent7 EH(ObS N = Person)))

= Agent C Im:nte.(obs M 3Im:etn.Person)

Note how the reification is expressed as two nested existential quantifications: we first navigate to
the reified edge (node) via mnte, where not only a label (obs) but also a particular node constraint

holds, to which we navigate via m:etn; we ensure 1:Agent —ynte 10:0bS —p.een 2:Person (cf.

Figure 6). Similarly, for the edge shape s we want 1:Agent <—pnte 10:0bS —p.etn 2:Person,
but from the perspective of all reified edges, instead of nodes, such that in

proHshacl(ngo) = pro»—)shacl(E<Obsa ~ Agent N = Person))

= obs C Jm:nte™ .Agent N Jm:etn.Person

we target an edge to navigate back to the origin (inverse m:nte) as well as the destination via
m:etn, requiring the node labels Agent and Person, respectively.

4.3 SGCQ to ECCQ Mapping

Finally, we map SGCQ to ECCQ. The principal challenge for this mapping — aside from accounting
for reification — is that in SGCQ the semantics for constructing labels and properties are different
from ECCQ in that all properties and labels are kept for constructed nodes or edges unless there
are remove clauses. In ECCQ, on the other hand, all triples in the result graph must be explicitly
constructed by atomic patterns in the query template.

pro—shacl (¢N) .
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We solve this issue by utilizing generic concept and role variables with appropriate filter
conditions to define a mapping sgeqrseceq(q) for a SGCQ ¢ (Definition 25). To this end, we
introduce an intermediate representation referred to as IQL (Intermediate Query Language) in
Definition 26 that aligns with the two types of patterns of SGCQ), i.e. matching nodes or edges,
on the SGCQ side with full query patterns or templates on the ECCQ side. This aligns parts
of queries on both sides that compose naturally. Note how the decision to syntactically include
where clauses in node or edge patterns of SGCQ aids this composability.

Via this intermediate layer, we associate SGCQ variables with generic copy patterns expressed
in ECCQ that explicitly construct the required labels and properties. Set clauses translate to
explicit construction in ECCQ, while remove clauses translate to filter conditions on generic
variables in the pattern of ECCQ queries, removing the offending labels from the bindings for
these generic variables. We demonstrate this mapping in Example 27.

» Definition 25 (Mapping SGCQ to ECCQ). Given a SGCQ q, we define the mapping function
sgeqeccq(q) by introducing the intermediate query language IQL (Definition 26) and several utility
functions for mapping to and from IQL, as

sgcqr— eccq (q) ‘= gl eccq (sgcq»—)iql (Q))

where the following utility functions (defined in Figure 10) are utilized:

templat tt
sgeqrig(B <= T) = U SZTZ%;;(@VMS(F)) U ggcqiqu(’ﬂ

peB ~yerl
) (I o )7 templatE(t) U pattern ( )
iql—reccg\1T pP) = iql—eccq iql—eccq p
telr pElp

» Definition 26 (Intermediate Query Language). We define the syntaz of the intermediate query
language (IQL) as follows:

q:=1Ir+Ip
p = Mn(2n, Wr, Wi, Wy, R, Ri) | Mg (21, T, e, Wi, Wi, Wy, R, Rc)
t:= CN(mn,AL,AK, V) | CE(I’n,IEn,QJe,AL,AK, V)

where Wi, is a set of label patterns :l, Wk is a set of key patterns .k, and Wy is a set of patterns
k =wv. Similarly, Ap is a set of set label patterns @l, Ak is a set of set key-value patterns
@®k =v, and V is a set of variables. Finally, Ry, is a set of remove label patterns &I, and Ri is a
set of remove key patterns Sk. The semantics of IQL are implicitly defined through the mappings
in Figure 10.

» Example 27. The example SGCQ ¢;7“? in Figure 11 (left) includes the major SGCQ features,
such as matching on an edge pattern, setting and removing labels, and restricting results with
constraints. The resulting ECCQ sgcqseccq(g5”?) is shown in Figure 11 (right). The query is
suitable for application to G} from Example 10. We focus here on the single variable y, which
occurs in two atomic patterns: (y, :Person) (in I') and (y, {®P0I, ©Person}) (in B).

Mn(y, {: Person},, ), {&Person}, P}) and Cx(y, {®P01},0, {x,y,e}) are the corresponding
IQL terms. The former maps to the ECCQ pattern including the generic pattern y: €, copying
all labels for y, the explicit pattern y:Person selecting instances of Person, but also the filter
§€ # Person, which prevents bindings, and thus also the construction, for label Person for the
generic variable §€, included because of the remove term in the original SGCQ query. The ECCQ
template includes, along with the generic patterns, the explicit construction of y: POI.
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Bt (2,€)) :=Mn(z,{ L | L&} { k| kel
{k=v| k=vec}{al|cleS,},{ok|okeS,})
i ((1,9):2,6)) :=Mg(z,y,2,{ :l | 1€}, { k| keg},
{k=v| k=veci{ol|oleS.},{ck|ckes.})

spemin(@,8),V) = Cn(, {&l | @1 € S} {@k =v | @k =v € 5}, V)
ey (@.9):2,8),V) = Cr(z,y, 2 {8l | ®l € S}, {8k =v | @k = v € 5}, V)

f;fifg?cq(MN(. ) =({z:7C, (z,7"): 7% 2 :mnode} U {z:1| :1 € W}
U {(z,000): k| k€ Wk}U {(2,0):k]| k=ve Wy}
{Z® #mnte} U{ZC A1 |0l e Ry} U{mR £k | ok € Rg})
) :=({(x, 2) :m:nte, (z,y) :m:etn, 2 : 2%, (2,7) : 2%, 2 : m:edge}
U {z:0| deWL}U {(z,0.0): k| k€ Wk}
U {(z,0):k| k=veWyl,
{ZR #£metn} U{zC 41| 0l e R} U{ZR £k | Ok € Rk })

it
iais eccg(ME

template (o (...)) :=={z :mnode} U ({z: €, (z,7") :ZR} if # € V else {})

iql— eccq
U {z:l|@le AU {(z,0):k|®k=ve Ax}

template
iql— eccq

(Cg(...)) :={(z, z) :m:nte, (z,y) :m:etn, z : m:edge}
U({2:2%,(2,2"): 2R} if 2 € V else {})
U {z:l|@le AU {(2,0):k | Bk =v € Ag}

Figure 10 Component-wise mappings from SGCQ to IQL and IQL to ECCQ, both for query templates

and patterns. We write S, to refer to the union of all sets of add or remove patterns S, such that
(z,8) € Bor (z1,z2):(x,S) € B.

5 Shape Inference for ECCQ

As introduced in the formalization of our core problem in Section 3, we aim to infer a set of
ALCHOT axioms X from an ECCQ ¢ and a set of shapes Sy, (written ¥ = infer(Siy, ¢)), such that
Y | s, (test(X, s,) in Section 3) implies that s, is a shape validating all possible output graphs of
q, under the precondition that the input graphs of ¢ are guaranteed to be valid regarding Sij,.

5.1 Encoding Constraints in DL

We build on and extend [41], which essentially approximates axioms of the closed-world assumption
from sub-expressions of the query and joins them with the input shapes and a few additional
axioms. To this end, three namespaces need to be distinguished: those of the input graphs, of
the subgraphs matched by the query, and of the new output graphs constructed as a result. The
extensions of concepts involved clearly differ between these three namespaces; thus, we follow [41]
in renaming any concept name A in the input namespaces as A and A in the matched and output
namespaces. We do the same for each role name p (with p and p).
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{(%,0), {x:m:node,x:ic7 (X,EI) ol
(x,y):(e, 0), e:medge,e:8", (e,8"):8%, (x,¢) :mmte, (e,y) :metn,
(v, {®POI, SPerson})} y:mnode,y:7°, (v,7) : ¥,y : POI}

A —
{(x,{ -name = "Smith"}),

(%,7):(e, { obs}),

(y,{ :Person})}

({x:m:node, x:%°, (x,%') : X7, (x, Smith) : name,
e:medge,e:8", (e,8):8", e: obs, (z,e) :mnte, (e,y) :metn,

y:mmode,y:3°, (y,5"): 7",y : Person},
{7 # Person, X" # m:nte, 8¢ # metn,§* # mmte})

Figure 11 SGCQ ¢,’“? on the left, and ECCQ sgeqseceq(q5°°?) on the right. Note how we visually align
the lines of the left and right columns for their common variables, hinting at the IQL rules, e.g., the
POI set label and respective triple pattern (blue). The only exception is the inclusion of Yc # Person
(yellow) in the filter patterns of the ECCQ (right column), highlighting why the IQL pattern My needs
the remove clauses as part of their arguments: remove clauses from the template of SGCQ affect the
pattern (filters) of ECCQ.

a A,

b E, a Vg a B a i,B

¢ b Vy b b E, i
(a) An example input (b) Variable (c) Output (d) Output
graph. concepts. graph of q. graph of ¢’.

Figure 12 Example for graphs involved in constructing the validation knowledge base (cf. [41]) for
the query g with P = H = {z:A,z:B,y:E} from Example 28. This case demonstrates the potential issue
arising when adding the atomic pattern y: 7€ in ¢/, since variable y matches b which is an instance of
A; this violates the assumptions about the relationship of & and B in the output graph. Colors visualize
different namespaces, while floating labels indicate concept names (e.g., a is both A and B).

Query variables can be represented with variable concepts, that is, fresh concept names V,, for
each variable x. The extensions of these concepts are equal to the set of all of their bindings. Thus,
variable concepts remain the same in all namespaces and are not subject to any renaming. They
are constrained by the basic graph patterns of the query pattern P they occur in and therefore
play a key role in encoding the input-output relationship of queries.

The essential extension of our SPARQL subset ECCQ over the subset considered in [41] are
generic copy operations through variables for concepts and properties and certain filter expressions
on these variables. The minimal Example 28 shows how this invalidates the axioms inferred
by [41], while also giving the intuition of this method.

» Example 28. Assume a query ¢ with P = H = {x:A,x:B,y:E} and no input shapes. The
axioms inferred by [41] would include {V, = AMB,V, = E,A = V,,B = V,,E = V;}. We demonstrate
these for an example input graph (Figure 12a) in Figure 12. That is, we define the variable concept
Vy (visualized as a graph in Figure 12b) in terms of its bindings, namely the intersection of A and
B, and the new concept names in the output namespace A and B in terms of these V,. Since these
axioms entail, e.g., A C B, just as in the example Figure 12c, we can conclude that the shape A C B
holds on all output graphs.
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If we were to extend query g as ¢’ by adding {y:§°} to both P and H, the axiom A C B
should no longer be entailed; indeed, variable y might now also include — such as in Figure 12d —
bindings that are of type A exclusive or B and modify & or B through the generic pattern y: 3,
thereby invalidating this subsumption.

We can remedy this broken inference introduced in Example 28 by including components of all
variables that have generic copy operations in the definition of concepts like A. Such components
are defined in Definition 30 and included in axioms constructed by the adapted method outlined
in Definition 31. We write veg(q) (variable connectivity graph) to mean a graph where variables
var(q) are nodes and there exists an edge between two variables if and only if they both occur in a
pattern (e.g., z and y in (2,y) :p) in sgeqseccq(q). Example 28 can therefore be fixed by using this
extension as shown in Example 29. We demonstrate a full example of the algorithm in Section 5.3.

» Example 29. With the extended method, we infer the set of axioms including {Vy = AT1B,Vy =
E, A=V, UVyUVE, B =V, UVEUVE, B =V, UVE UV} where Vi =V, 1A, V3 =V, 1B, Vi =V, M E
and VA=VvE=vE = |

Here, the axioms defined for the output namespace (e.g., A =V, LIVA L vy) include additional
component concepts (e.g., VQ) for all variables in the query. Thus, we ensure that the possibility
of atomic pattern y:§€ constructing instances of A in output graphs is accounted for. As a result,
we can no longer erroneously infer A C B without additional knowledge in terms of input shapes
about the relationship of A, B, and E.

» Definition 30 (Concept Components). We define the concept components Cc(q) of an ECCQ
q=H + (P, F) as the set of axioms including:

1. For all v € var(P) and A €V, if v:7€ € PN H and (7€ # A) ¢ F, then VA =V, N A.
Otherwise, VA = 1.

2. For all v,y € var(P) and p € V, if (x,7):78 € PN H, (TR #p) € F and (z,y):p & P, then
VP =V, N3Ip. VPO, Otherwise, VP = L and VP° = L.

Here, V = voc(q) Uvoc(Sin) is the vocabulary of all concept, role, and individual names that occur

in the query or in input shapes.

» Definition 31 (Axiom Encoding). The axiom encoding of an ECCQ q and a set of ACCHOZ
shapes Sin, denoted infer(Sin,q), is the minimal set of ALCHOTL axioms that include Cc(q)
(Definition 30) as well as the following azioms:

1. The set of input shapes Siy.

2. For each variable x in var(q), the axiom

v.C []An [] 3pc.n [] 3p.Cu

z: AEP (z,u) : peP (u,x) : peP

and if veg(P U H) is acyclic regarding x, then also the aziom

V.2 [] An [] 3wCun [] 3 .C..

z:AeP (z,u):peP (u,z): peP

3. For each concept name A in voc(H), A=],. aerr Co Ul evarcmn VA
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4. For each p in voc(H)

Uu,0): perr Cu E 3p. Co,
3. Co E Uuoy:perr Cullldo 31y . aren Vas
T = Uwv): per (Ca T3P Co) U U, cvarcen V2
U0y :perr Co & 35 Cu,
357 Cu E Wi,y i perr CoUlzty . zren VI
35T = Ly pep(Co 1357 Cu).

5. For eachp e P, pC p.
6. For each p € P, p C p if all atomic patterns including p in P have the form (x,y):p where x,
y occur in no other atomic pattern in P and x # y.
7. For each pair p,r with (x,y):p € P and (z,y):r € H or (y,z):r € H
a. pC# (if (x,y):r € H) or p T # (if (y,x):r € H) —if P does not contain any other
atomic patterns with p, and
b. # Cp (if (x,y):r € H) or ¥~ C p (if (y,x):r € H) — if H does not contain any other
atomic patterns with r.

Cases 1, 2, and 5-7 are taken from, and 3 and / are adapted from [41].

5.2 Enriching the Query

Generic copy operations can invalidate output shapes in certain cases, as shown in Example 29. On
the other hand, they enable means of semantically enriching the ECCQ query, leading to additional
shapes that can be shown to hold. To this end, we define the extension rules in Definition 32 that
essentially copy constraints from the query pattern to the template in cases where this is allowed
by generic patterns. We include an example in Section 5.3.

» Definition 32 (Extension of ECCQ). The semantics-preserving extension of a ECCQ q = H «+

(P, F), written Ext(q), is defined by inserting the following atomic patterns to the template H :

1. If £:7€ € PN H, then for each x:A € P such that (€ # A) € F, we include the atomic
pattern x: A in H, and

2. if (z,7Y):T® € PN H, then for each (x,a):p € P such that (Z® # p) & F, we include the
atomic pattern (x,a):p in H.

5.3 Example

We now demonstrate some axioms in ¥ constructed for the problem inputs ST = {s]"?, s5"}

(Example 19) and ¢57“? (Example 27). Again, we will focus on axioms related to concept names,
as they are more intuitive, yet in principle very similar to axioms related to role names. As a first
step, we need to map the query to ECCQ as shown in Example 27 and then extend the mapped
query to obtain the ECCQ input as ¢5°? = Ext(sgeqseceq(¢5°?)). The extended query template
includes the atomic patterns {e: obs, (x,"Smith"):name} in addition to the atomic patterns that
are shown in Figure 11, which are copied from the query pattern due to the presence of generic
patterns for x and e. On the other hand, since the only constraining atomic pattern for y, namely
y:Person, is also included in the filter §© # Person, there is no template extension for variable
y, even though there are generic patterns (cf. Definition 32).

According to Definition 31.1 we need to include the input shapes in ¥ after mapping them to
ALCHOT axioms via prorsshact(ST'°). These axioms encode constraints that are known to hold

on the input graph by definition, since we only consider valid input graphs (cf. Example 24).
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According to Definition 31.2 we next define variable concepts encoding known constraints for the
bindings of all query variables. We include the following axioms in X:

Ve = dmietn.Vy M dminte™ .V, I obs
V, = Jname.Smith M Jm:nte.V,

Vy = dm:etn™ .V, 11 Person

These variable concepts are almost direct translations of the query pattern; for example,
variable x occurs in (x,Smith):name and (x,e):mmnte (Example 27), which translates to the
intersection of dname.Smith and Jdm:nte.V, in the definition of V,. Note how reification again plays
a role here, with the presence of the role name m:nte.

Constraints related to concept names that explicitly occur in the query template are defined
according to Definition 31.3 in terms of these variable concepts, including the concept components
that were introduced in Definition 30. In the following set, we also include one axiom inferred
from the rules for properties, namely Vo C 3m:etn.Vy.

obs = V, LI Vo POT = Vv, UV LI V3ot
A hy — yrAgent Agent POI
gent = V5 LIV} VAL = v, MPOI
vAeent — v, M Agent Vot = vy MPOI
V38" = Vy M Agent Ve C dmietn.Vy
vePE = v,

There are a few noteworthy aspects to these axioms: firstly, note how POI (defined with dots,
since it differs from the concept POI, which may occur in input graphs) is defined in terms of Vy,
because it exclusively occurs in the atomic pattern y:POI of the query template, and Vy encodes
the bindings of variable y. Furthermore, we must include the concept components V% (and also
V§°I, though this is redundant in this case) in the definition of POI since variable x occurs with
€. meaning that the new concept POI may extend over some bindings for
x, too. We treat Agent similarly, with the difference that there is no actual construct pattern
featuring Agent; thus, its definition consists only of concept components.

The complete set of inferred axioms entails, e.g., obs C 3m:étn.POI. Therefore, we know that
obs C dm:etn.POI validates all output graphs of the query. For the final shapes, we drop the
namespace distinction, since it is not part of our (or any regular) query semantics.

the generic pattern x:x

6 Metatheory

To encode our inference task in ALCHOZ, we first map shapes and queries to ALCHOZ and
ECCQ then infer a set of axioms ¥ from these mapped queries and shapes (cf. Algorithm 1).
Therefore, we need to prove that any mapped shape C' C D holds on all output graphs of the
query if ¥ = C T D. That is, if our inferred set of axioms ¥ entails the respective axiom (i.e.
encoded shape) in the output graph namespace annotated with two dots.

The primary outcome of the following considerations is the soundness of Algorithm 1, as
expressed in Theorem 20. To this end, we first prove the semantic equivalence for our mappings
in Proposition 33 and Proposition 34. Full proofs are available in our extended version.

» Proposition 33 (Soundness of Shape Mapping). Given a PG G and a set of sProGS shapes S,
the graph G is valid regarding each shape s € S if and only if the mapped graph pgeraf(G) is valid
regarding the mapped shapes prosshaci(s)-
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Proof Sketch. We prove the proposition in two steps. First, we show that given a sProGS shape
s, the targets of s in G correspond to the set of targets of prosshaci(s) i pgsraf(G). Then, we
show that for any node (or edge) in G, it conforms to the constraint of a shape s if and only if the
mapped node in 4,4 (G) conforms to the constraint of pros shaci(s)- <

» Proposition 34 (Soundness of Query Mapping). Given a PG G and a SGCQ q, the following
holds: [q] & = pg»—w‘df71([[sgcq»—)eccq(Q)]];c:quf(G))7 where g yraf " is the inverse mapping of pgesrdf-
That is, evaluating the query q is the same as evaluating the mapped query on the mapped graph
and then mapping the result graph back.

Proof Sketch. We separate the matching and constructing parts of queries for this proof. To this
end, we rely on the composable intermediate query language (IQL), making individual node or
edge patterns compose neatly with full ECCQ patterns (or templates). We define an equivalence
relation between sets of bindings (2 for queries expressed as both SGCQ and ECCQ, which is not
straightforward, given that SGCQ queries bind only nodes and edges (while labels and properties
are implicit), but the corresponding reified labels and properties in ECCQ are explicitly bound as
variables. We prove that both SGCQ and mapped ECCQ produce equivalent bindings. In the
second part of the proof, we show that — given sets of equivalent bindings — the constructed
graphs are again the same, modulo the mapping relation. |

It remains to show that shapes entailed by the axioms ¥ constructed according to Definition 31
are guaranteed to validate output graphs of the query, modulo renaming in the appropriate
namespace.

» Proposition 35. Given an ECCQ q and a set of ALCHOZ shapes Sy, it holds for all RDF
graphs G with valid(G, Sin) that infer(Sin, q) |= § implies valid([¢] 5, s).

Proof Sketch. For this proof we first formalize the different conceptual graphs involved (according
to the namespaces separated with one or two dots) as joined extended graphs and then show for
the axioms constructed by the rules of Definition 31 that all extended graphs are indeed valid
regarding these axioms. From this, we then follow (utilizing some auxiliary lemmas) that any
other entailed shapes, when renamed accordingly, validate all possible output graphs of the query.
This proof builds on the proofs in [41]. <

Finally, we show that extending the ECCQ preserves query semantics.
» Proposition 36. For any ECCQ q and RDF graph G, [q]&“ = [Ext(q)]& .

Proof Sketch. This proposition follows directly from the specified semantics of ECCQ since all
concept or role names explicitly added to the template of ¢ by rules for Ext(q) (Definition 32) are
also constructed by the respective generic patterns z:Z€ and (z,7!) : TR, except those that occur
in filter conditions, which are excluded in the definition of Ext(q). <

With these propositions, we can finally address the main claim of this paper. We rewrite
the theorem initially introduced as Theorem 20 in Theorem 37, replacing the function test with
concrete entailment and including the family of mappings. The proof follows directly from the
propositions discussed in this section.

» Theorem 37 (Reformulation of Theorem 20). Given a finite set of sProGS shapes S, a
SGCQ q=B<T, and a sProGS shape s, then valid([q]e,,,s) holds for every graph Gi, where
Vahd(GirnSin) ’Lf infer(pror—)shacl(sin)a sgcheccq(q)) F pror—)shacl(g)'

Proof Sketch. This follows directly from the propositions introduced in this section. <
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7 Implementation and Evaluation

We implemented the algorithm described in this paper, including both the mapping and inference
components, in Scala. To this end, we built on our previous implementation of [41] (see [42]),
which is available under a free software license. Our fork of this implementation is available on
GitHub” [43] as well.

We implemented parsers, as well as our formally specified mappings, for both G-CORE to
SPARQL CONSTRUCT and ProGS to SHACL; modified the inference algorithm of the implementa-
tion [42] with our extended variant as specified, constructing different sets of description logic
axioms that are then passed to the HermiT [28] reasoner for inference; implemented unit and
end-to-end test cases that cover G-CORE and the extended SPARQL features; and validated the
algorithm based on query execution over randomly generated graphs.

7.1 Experimental Setup and Results

To validate the correctness of our implementation and gather empirical evidence, in addition
to the proofs provided by this work, on the correctness of our method, we generated random
problem instances, consisting of a set of input shapes and queries. We generated random queries
first and then sampled shapes based on their vocabularies, extended with additional random
components that do not occur in queries. For each sample input, we applied our algorithm to
obtain a set of output shapes; to this end, we generated a set of candidate shapes and checked
each for entailment. We only kept samples that produced at least one valid output shape. We
covered four different scenarios labelled corresponding to the nature of the shapes involved. While
small and large mainly refer to the number of shapes, the wide sample includes conjunction and
disjunction, whereas the deep sample includes more deeply nested shapes.

Figure 13 shows the distribution of a few key properties across the experiments we performed,
including the basic structure of queries and shapes, as well as the candidate shapes that were
considered. For additional details, we refer to our extended version or the documentation of
the implementation itself. The upper half of the tables describes queries, while the lower half
corresponds to shapes. For both wide and large we report only data on shapes, since the queries
are mostly identical to the deep scenario. Regarding queries, we indicate the number of basic
node or edge atomic clauses in the pattern and template, the number of set, remove, or where
clauses, and the distinct number of labels and keys. Regarding shapes, we include the number of
sampled input shapes, their structure (number of basic components and clauses in conjunction or
disjunction), the number of candidates over the vocabulary tested as potential output shapes, and
the inferred set of output shapes, i.e., the subset of candidates that is entailed by the constructed
knowledge base. Our scenarios were designed to cover various interactions of query structures
and shapes and facilitate our validation approach (random sample graphs), not necessarily to
correspond to real-world data, where a baseline is also not available.

Our validation framework operates fully on the mapped SHACL and SPARQL level, taking
the input SHACL shapes mapped from ProGS as the basis for generating a random RDF graph
valid regarding these shapes. The generation approach is rather brute force, to not bias the
sample graphs with additional information from shapes or queries, taking only information from
the vocabulary of the problem instance while removing any parts that violate input shapes. We
next applied the (mapped-from G-CORE) SPARQL CONSTRUCT query to this sample graph to
obtain the corresponding output graph. Finally, we validated the output graph with the inferred

" https://github.com/softlang/s2s
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Type Avg. Med. Type Avg. Med.
MATCH 1.00 1.00 MATCH 1.21 1.00
CONSTRUCT 1.00 1.00 CONSTRUCT 2.21 2.00
WHEN Clauses 3.15 3.00 WHEN Clauses 3.20 3.00
SET Clauses 1.59 2.00 SET Clauses 1.57 2.00
REMOVE Clauses 0.99 1.00 REMOVE Clauses 0.99 1.00
Distinct Labels 3.67 4.00 Distinct Labels 3.64 4.00
Distinct Keys 1.31 1.00 Distinct Keys 1.33 1.00
Input Shapes 1.00 1.00 Input Shapes 2.63 3.00
Components 2.16 2.00 Components 2.96 3.00
Clauses 1.00 1.00 Clauses 1.00 1.00
Candidates 256.24  240.00 Candidates 408.25  370.00
Output Shapes 7.54 2.00 Output Shapes 7.53 2.00
(a) Sample small (25,000). (b) Sample deep (25,000).
Type Avg. Med. Type Avg. Med.
Input Shapes 2.61 3.00 Input Shapes 5.07 5.00
Components 4.95 5.00 Components 2.16 2.00
Clauses 1.86 2.00 Clauses 1.00 1.00
Candidates 510.25 468.00 Candidates 610.32  576.00
Output Shapes 9.85 2.00 Output Shapes 11.18 2.00
(c) Sample wide (25,000). (d) Sample large (25,000).

Figure 13 Overview of statistical measures across different generator configurations.

output shapes. For each sample, we report either the class of a generation-related issue (leading
to vacuous satisfaction of output shapes), output graph validation failure (shape violations), or
success (non-vacuously valid graphs).

In 100, 000 samples we observed no validation failures, providing evidence towards the correct-
ness of our method and implementation. A total of 37,959 samples were full successes, meaning
that the output graph was not only valid regarding the output shapes but also included all their
targets. In 12,858 cases, the output graph only included a subset of the targets present in output
shapes, while in 266 cases, the input graph included only a subset of all input shape targets; we
consider these partial successes. The remainder (48,917 samples) were other structural issues,
where in most cases result graphs were either entirely empty (26,591) or did not include any of
the required target nodes (15,560), while in fewer cases we were unable to produce a suitable
input graph (6, 622), or the query exceeded the allowed execution time of 60 seconds (144). These
results did not vary significantly between the different classes.

Note that in all of these cases, modulo the few timeouts where we do not know the result, the
output shapes were still vacuously satisfied. Since our validation attempts each sample generation
up to 100 times, we hypothesize that the reason for these cases mostly lies in the structure of the
sample itself: in these cases, graphs conforming to input shapes are unlikely to be matched by the
query, since both do not align well. Again, we decided against optimizing for these scenarios to
avoid overfitting generated samples to preferred cases, which could bias results.
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We validated the implementation of the validation itself with 1,000 samples over the same four
classes, where output shapes (7 per sample) were drawn randomly from the set of candidate shapes
instead of utilizing the inference procedure; here, we obtain 76.7% validation failures and only
0.2% complete successes, indicating a very high probability for detecting failures. Our complete
results, including additional metadata for each sample, results for the individual classes of samples,
all details regarding the structure and generation of samples, and the tools to replicate these and
similar experiments, are provided with our implementation.

7.2 Runtime Performance

While the original project, on which our implementation is based, includes tooling to demonstrate
feasibility in terms of runtime performance (cf. [41]), the results would be difficult to compare
between the different classes of queries and shapes used in our implementation. Additionally,
we lack datasets for realistic properties of G-CORE or ProGS queries and shapes. Instead, we
therefore report only a preliminary indication of the feasibility of runtime performance, within the
same order of magnitude as the prior results, by measuring the inference time (testing all shape
candidates reported in Figure 13) for all 100,000 samples generated for the correctness validation
above. Here, we observe average (median) inference times per sample of 13.94ms (11.00ms) for
small, 34.81ms (25.00ms) for deep, 42.23ms (29.50ms) for wide, and 51.68ms (36.00ms) for large
samples on commodity hardware (Ryzen 7 9700X), without any dedicated Scala optimization.

8 Related Work

Mappings between query languages and related (graph) data models have been considered for
various languages (cf. [31]), including mappings among graph query languages (e.g., [48]) as well
as between graph query languages and SQL (e.g., [39, 12, 46]). Closely related to our mapping
problem, SPARQL SELECT queries have been mapped to Cypher [52, 2]. However, in this direction,
the divide between RDF and PG is less challenging, given that PG can directly represent RDF
graphs. Reification of PG as RDF (e.g., [33, 51]) has been discussed under consideration of
querying performance [24], though only under manually defined, ad hoc reformulation of Cypher
queries in SPARQL SELECT.

At the data model level, the lack of interoperability between RDF and PG is a known issue [5],
and mappings from RDF to PG have been considered as well, e.g., [6]. In [37], the authors consider
both RDF graphs and SHACL shapes, transforming them to PG and PG-Schema, respectively.
RDF-star [19] is an extension to RDF for the representation of metadata as nested triples, allowing
for similar features as PG, thus working towards bridging the formal gap between these data
models. Indeed, both PG mappings to RDF-star [20, 24], and the reverse [1] have been defined.
In particular, this also includes execution of SPARQL-star queries over PG [20].

In contrast, in our work, we leverage reification in pure RDF for the sake of utilizing DL via
SHACL, and we are concerned with bridging the semantic differences between graph construction
in G-CORE, with its implicit labels and properties, and SPARQL CONSTRUCT, with its explicit
triple construction, which are not addressed in previous work.

Inference of shapes or schemas can be approached essentially in two ways:

Option 1 — inference from instance data, e.g., concrete graphs or tables;

Option 2 — inference from queries and other functions constructing data.

The first option has been considered for RDF using various algorithms based on logical, statis-
tical, or ML-driven inference for constructing SHACL or ShEx [36] shapes from sample graph
instances [45, 16, 38, 32, 34, 17, 9]. Similar approaches have been considered recently for PG and
their schema languages [29, 11, 17].
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In our work, we follow the second option and do not consider any instance data but instead
infer shapes valid in the context of any possible graph that queries might operate on in the
future. However, inference from concrete graphs may complement our approach when initial input
shapes for queries should be determined. Our approach leverages a prior method [41], as discussed
throughout the paper, but we cover PG and G-CORE through mappings; in due course, we also
extend the subset of SPARQL considered in [41] with generic copy patterns.

Related work on the inference of SHACL shapes from direct mappings [49] and RML rules [14]
also follows the second option, but these approaches lack the arbitrary construction through query
patterns we support, in addition to explicit input constraints. Views over relational databases
can be considered equivalent mechanisms to composable graph queries; SQL schemas have been
inferred for such views in [25, 15, 47, 22] though suffer from infeasibility of first-order formulas (as
compared to DL) or restricted semantics of functional or join dependencies, which are orthogonal
to constructs supported by ProGS in our case. [10] solves a similar problem, focusing on basic
cardinality constraints (as graph schemas) and formally defined graph transformations (conjunctive
path queries) over a concrete query language. They, too, rely on description logics as an encoding
mechanism.

9 Conclusion

In this paper, we have presented an algorithm for inferring ProGS shapes validating all possible
property graphs constructed by queries specified in a subset of G-CORE. Our algorithm encodes
constraints inferred from the underlying query, as well as any known shapes that hold on the
inputs of the query. Internally, we rely on the description logic ALCHOZL by constructing a
knowledge base that entails a sound set of shapes validating all output graphs of this query.

Since this DL encoding requires a reification step for first-class edges with labels and properties,
we choose a clean, intermediate abstraction layer between property graphs and ALCHOZL, namely
the SPARQL CONSTRUCT query language and SHACL shapes, over property graphs reified in RDF.
This also allows us to reuse an underlying algorithm defined for these languages, which we must
extend to support a larger subset of SPARQL, including the features required by our mapping.
We prove the soundness of this shape inference approach and the semantic equivalence of the
shapes and queries constructed by our mappings.

As future work, a larger, non-conjunctive subset of G-CORE could be supported by extending
both the mapping and the capabilities of the underlying inference approach on SPARQL queries,
supporting operators such as UNION in SPARQL. Such extensions may approach a limit when
considering additional generic or type-level query constructs. For example, while we support
a specific set of generic patterns in SPARQL, arbitrary constraints on type-level variables (i.e.
variables that bind concepts) cannot be easily encoded in DL.

The query mapping itself also poses interesting questions: While in our work, we do not
intend to execute the SPARQL CONSTRUCT queries, the mappings could inform implementations
of G-CORE over SPARQL triple stores. To this end, the RDF reification would have to be
investigated empirically regarding runtime and space performance and possibly adapted, given
that our mapping favors a formal ease of use over efficiency concerns.
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— Abstract

The sparse nature and intricate set of relationships
between legislative acts pose a significant challenge
in the choice of the underlying database model,
which both allows for performing structured quer-
ies and developing intuitive and smooth knowledge
management. In this paper, we propose to use Prop-
erty Graphs as a powerful alternative for managing
legislative knowledge. First, we discuss how graph
queries are a valid alternative solution to standard
legislative knowledge management by showing how
our data model fully captures the problem of law
versioning (i.e., the existence of many versions for
the same law). Then, we analyze, propose and
implement innovative ways for monitoring the legis-
lative system using Property Graph tools that have

been recently standardized and developed, such as
triggers and graph-based association rules, which
empower our model of advanced ways of handling
legislative data. For instance, we will show how we
can use these tools to develop intelligent warning
systems that inform stakeholders of critical changes
in legislation through active rule reasoning or to
detect shifts in graph patterns via continuous mon-
itoring of significant association patterns. Lastly,
we will present an approach to expand the Property
Graph model to also include laws from an insti-
tutional lower layer: regional governments. We
then show how this would open new ways to ex-
ploit Property Graph tools for legislative knowledge
management.
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1 Introduction

Legislative data comprises the set of acts, bills, or other normative documents produced by
an authority that holds legislative power to regulate some domains on a national, regional, or
international level. In most democratic countries, such power is vested in parliaments, whether
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national, regional, or federal, depending on the country’s political system. One of the main
challenges when dealing with such textual documents is converting them into machine-readable
formats that enable adopting structured approaches when querying and analysing legislative acts.

To tackle this, the computer law community has devoted many efforts to proposing appropriate
international standards to capture the common grounds of laws enacted in different legislative
systems. Most of previous works have been based on the eXtensible Markup Language (XML)
format, a semi-structured data model that has been naturally used for representing textual and
hierarchical data, such as laws [32]. Relevant XML-based proposals include the Legal Knowledge
Interchange Format (LKIF) [26], LegalRuleML [3] and Akoma Ntoso [4].

However, the need for a user-friendly storing of textual documents (with XML tags and
hierarchical structures being ideal for such aims) collides with the possibility of conducting
quantitative analysis of the complexities and features of the legislative system [30], which strongly
depends on the ability to traverse relationships (e.g., dependencies and references between laws
and articles). In fact, while the creation of XML formats to represent the components of an
individual law (i.e., article or section structure, tags for references to other laws) is extremely
useful for structured access to a document, it becomes cumbersome to manage and analyze trends
and the complexity of the legislation. Furthermore, while XML-native databases generally support
tools such as triggers [8], their focus on the document-level logic (e.g., handling events as document
create, document update, document delete, property changes) harms the potential of reasoning
over legislative data, leveraging relationships among acts to discover and detect anomalous patterns
that require attention. For instance, abrogations of some portions of legislation can inadvertently
create voids in the legal foundations of third acts. Thus, a data model that prioritizes relationships
among acts is crucial in monitoring such scenarios.

In this paper, we present and discuss an innovative approach to legislative knowledge man-
agement based on Property Graphs (PG). By leveraging state-of-the-art advancements from the
database community in the formal standardization of Property Graphs and their tools [2, 11, 10],
we present an alternative approach for handling legislative acts, which maintains the ability to
manage documents as hierarchical structures, with the creation of dedicated graph relationships,
but that enriches it with tools of additional utility. First, we demonstrate how our proposal
seamlessly handles textual documents by focusing on one of the main issues of legislative knowledge
management, that is, the law versioning problem, i.e., retrieving the text of a law in force in a
certain timestamp, thus accounting for successive modifications and/or abrogations.

Then, we show how, by explicitly modelling references among acts as graph relationships, we
enable more sophisticated tools to analyze and monitor trends in the legislative activity [17], such
as by the development of intelligent systems that can reason over legislative data through the use
of active rules in the form of Property Graph triggers [11]. To this aim, we develop a trigger-based
warning system that monitors the legislation, capable of detecting harmful scenarios within the
legislative system, such as the creation of legislative voids. We demonstrate how we capture the
latter scenario by using active rules in the form of triggers expressed in Cypher, the closest language
compliant with the Graph Query Language standard. We demonstrate the effectiveness of this
warning system over the Italian legislation, for which we have implemented our PG-based schema
and stored it within a Neo4j database. We evaluate how warnings signaled by our reasoning-based
approach significantly positively correlate with ex-post-legislative interventions that aim at fixing
the legislative void, demonstrating their predictive power for a timely detection of legislative voids.

Additionally, we examine how association rules can serve as a valuable tool for knowledge
discovery, offering insights into trends in the evolution of the legislative system. To this end, by
leveraging the recently developed association rule operator for property graphs [10], we present an
application in which association rules can aid in detecting the attitude of governments towards a
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topic of particular interest, i.e., whether there is a discontinuity among successive governments.

We focus on legislation related to “procurement”, and we find that, in Italy, there is a continuous
significant stream of creations and abrogations of rules governing this topic, indicating a certain
degree of instability in the topic in recent years.

In this paper, we aim to exploit the dual nature of the Property Graph model, which combines
a network structure with rich data properties. Unlike traditional legislative models that prioritize
the hierarchical organization of documents, our approach leverages both the relational connections
between legal acts (the graph) and their textual content and metadata (the properties), allowing a

flexible representation of both content and, as we will see, the inter-level connection among laws.

In addition, we demonstrate that tools native to Property Graphs effectively address legislative
management challenges. This model provides an effective way to store and model legislative texts,
leveraging the graph structure to enable better querying and reasoning over legal dependencies
and identify behavioral patterns.

We leverage the flexibility of the Property Graph model to extend the existing representation of
legislative knowledge by incorporating laws issued by lower institutional levels, specifically regional
governments. While national legislation is often centralized and relatively uniform, regional laws
introduce additional complexity due to the heterogeneous ways in which each regional government
stores and publishes legal documents. In particular, we focus on integrating legal data from two
regions: Lombardia and Liguria. Each region adopts different formats and publication mechanisms,
which require dedicated processing pipelines. By adding this new regional layer to the Italian
Legislative Graph, we not only enrich the overall structure of the graph but also introduce new
opportunities for advanced legal knowledge analysis, which we later illustrate with an example.

In this work, we address three main research questions that highlight the effectiveness of
Property Graphs for legislative data:

RQ1: How can the Property Graph model be effectively exploited to manage the evolution of
legislative acts (law versioning)?

RQ2: How can recently developed PG tools like Cypher-like triggers and association rules mining
serve legal experts in their work?

RQ3: How can the Italian legislative graph be extended to effectively represent different levels of
legislation within the same graph?

Overview. The remainder of the paper is organized as follows. In Section 2 the Related Work
is introduced. Section 3 presents the Property Graph Schema that we adopt for modelling
legislative knowledge, discussing its implementation in the Italian system and how it can retrieve
time-dependent versions of laws. In Section 4, we present how tools like PG triggers and graph
association rules can be used to facilitate knowledge discovery and automated monitoring systems.
In Section 5, we perform our experiments to demonstrate the benefits of using a graph database
and its rich set of tools to manage legislative knowledge. Then, in Section 6, we describe the
necessary steps for adding regional laws to the Italian graph and we show how this new layer of
data can be exploited for legislative knowledge management.

2 Related Work

The Property Graph (PG) data model has gained significant traction for managing complex,
interconnected data, serving as a flexible alternative to relational models. In [2], Angles et al.
proposed PG-Schema, a standardized language for defining graph structures, which allows for the
rigorous validation of node and edge types within a property graph. In addition, a new standard
for GQL, the emerging query language for property graph databases, has been proposed in [25].
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Property graphs have been enriched with active data management tools. In [11], we proposed
a formalization of triggers, originally a staple of relational database systems, for property graphs.
The PG-Triggers enable reactive behaviors, such as automatically detecting complex events or
maintaining consistency, directly within the graph storage. In [10], instead, Cambria et al. present
the MINE GRAPH RULE operator to adapt association rules mining from transactional databases
to property graphs.

While legislative data has traditionally been managed as static documents [26, 3, 4], recent
approaches have demonstrated the utility of Property Graphs for capturing the dynamic nature of
legal systems. In [19], we proposed the first approach for representing the Italian legislative system,
in terms of documents and references, through a Property Graph, together with its schema [2].
While our proposal was country-specific, its foundation relies on an internationally adopted
standard (OASIS) [36], which aimed to define common elements that characterize legislative acts
across multiple legislative traditions [46]. For instance, in [20] we constructed the graph reflecting
the legislation of the United States, modeled around the same graph schema.

Other than Property Graphs, RDF (Resource Description Framework) and Knowledge Graphs
based on Semantic Web standards have been used to manage legislative knowledge exploiting
graphs. For instance, in [37] Oliveira et Oliveira propose an RDF model for a legislative system
and apply it on the Brazilian legislation. In [43], the authors propose an approach based on a
Knowledge Graph to model legal documents so that the legal expert can design queries to easily
retrieve relevant information.

3 Property Graphs for Legislative Data

Modelling legislative data and the interconnections between laws and articles in a property graph
offers a structured and dynamic approach to understanding and managing the knowledge of a
legislative system.

In this section, we present a Property Graph Schema that aims to handle legislative data
and discuss how we can leverage the expressiveness of a graph query language, such as Cypher,
the closest GQL-compliant language, to handle a fundamental feature in legislative knowledge
management: the retrieval of the correct version of a law based on a desired timestamp.

3.1 Property Graph Schema

In Figure 1, we visually present the schema we proposed in [19] for the Italian legislation. In a
graph, nodes can represent laws connected to their articles (or, according to the legislative tradition,
sections, clauses, etc.) through a parthood relationship. Metadata relevant to the law, such as
title, publication date, and law domain (indicating the ministries responsible for the law’s content),
are assigned as properties directly to the law node, enabling a structured approach to query and
analyze the legislative corpus. Articles are distinct nodes with properties that detail the specific
sections of the law they represent. These properties include the article text, any headings or titles
specific to the article, and a list of policy-related topics that the article governs. Attachments,
which serve a different function within a law document than articles, are also modelled as distinct
nodes with their characteristics. Law, article and attachment nodes are interconnected using a set
of directed edges that capture references, dependencies, and amendments that denote the evolution
of a legislative system. We included four fundamental types of relationships which we identified as
generic enough across multiple legislative traditions: an “is the legal basis of” dependence, an
amends, an abrogates and a more generic cites reference. The classification of references in the
schema categories follows the official annotations present in the original sources. Such a dataset of
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Figure 1 Graphical visualization of the Property Graph Schema. According to this schema, legislation
can be represented by three node labels, (:Law), (:Article), and (:Attachment). Laws can be the legal
basis with each other, or have articles and attachments. Articles and attachments can cite each other
or laws, and be the legal basis of laws. Finally, articles can also introduce other articles, or amend and
abrogate laws, attachments, or other articles. — Properties are omitted for better visualization.

official annotation can be used to train reference classifiers, based on NLP models as BERT, to
classify edges in scenarios where the annotation is not available (i.e., in the regional layer, as we

will see).
The formal PG-Schema, as defined in [2], that we use to model legislative data is depicted in

Figure 2.

Regarding edge properties, all defined types of references share the common attribute paragraph,
which denotes, if applicable, the specific portion of the article’s text that is being referenced. For
instance, one could be interested in citing or amending only a specific portion of text within
the article. Thus, such a feature can be captured by inserting the paragraph of interest. As
a consequence of such a modelling choice, an abrogates edge whose paragraph property is NULL
implies a full abrogation of the destination article. Such a modeling choice follows the empirical
observation that a complete repeal of an article never occurs by repealing all its paragraphs on an
individual basis; this means that, a complete repeal occurs regardless of the specific paragraph
previously deleted. A law becomes abrogated whenever all its articles have been abrogated. Thus,
a law abrogation can be inferred by looking at whether all its articles have an ABROGATES edge
without the paragraph property (which would denote a partial abrogation).!

Finally, amends and abrogates edges are the only types of references that also share a second
property: newText. Such (textual) property captures the new text of the destination article node,

as modified/abrogated by the source article node.

L Abrogation edges, according to our model, can theoretically also be global repeals, deleting an entire law (i.e.,
a Law node is the destination node). However, a global repeal can be equally achieved by creating multiple
abrogation edges which delete each article of the destination law. Consequently, in the rest of the paper, we
will only consider the scenario of abrogation edges with an Article node as destination.

4:5

TGDK



4:6

Multi-Layered Legislative Knowledge Management with Property Graphs

CREATE GRAPH TYPE lawsGraphType STRICT{(lawType: Law {id STRING, title STRING,
lawNum INT, typelLaw STRING, publicationDate DATE, numArt INT, numAttach INT}),
(articleType: Article {id STRING, title STRING, number INT}),

(attachmentType: Attachment {id STRING, title STRING, type STRING}),
(:lawType) - [hasArticleType: has_article]->(:articleType),

:lawType) - [hasAttachmentType:has_attachment]->(:attachmentType) ,

:lawType) - [referenceType: is_legal_basis_of]->(:lawType),

:articleType)-[referenceType:is_legal_basis_of | amends|abrogates|cites]->(:lawType),

rarticleType) - [referenceType: amends|abrogates|cites

{paragraph STRING, newText STRING}]->(:articleType),

(:articleType)-[referenceType:introduces]->(:articleType),

(:articleType)-[referenceType: amends|abrogates

{paragraph STRING, newText STRING}]->(:attachmentType),

(:attachmentType) - [referenceType:is_legal_basis_of|cites]->(:lawType),

~ AN~~~

(:attachmentType) - [referenceType:cites{paragraph STRING}]->(:articleType),
(:attachmentType) - [referenceType:cites {paragraph STRING}]->(:attachmentType)}

Figure 2 PG-schema of the legislative data model proposed.

The ltalian Legislative Property Graph. We implemented our schema for the Italian legislation
and derived a graph consisting of Italian national laws. The graph is stored in a Neo4j database
(available at [16]), comprising 74k law nodes, 318k article nodes, 127k attachment nodes, 107k
legal basis dependencies, 64k abrogations, 80k amendments, and 228k generic citations. The graph
is actively maintained, loading any new laws or modifications daily. For the aim of this paper,
we will use acts and laws as interchangeable terms to refer to the official normative documents
produced by the Italian institutions. Articles represent portions of the law instead, following the
structure of the law. Attachments represent a particular type of articles, e.g., tables, figures or
other annexes that are part of the law.

As discussed in [19], the quality of the graph of Italian legislation was evaluated using a
multidimensional framework that focused on accuracy, completeness, and consistency. The ETL
pipeline achieved high accuracy, correctly inferring 98% of true law abrogations, as demonstrated by
comparing the legacy system (the official portal of Italian legislation, which stores updated versions
of laws). The high consistency was evaluated by detecting material errors in edge classification
using text diffs as a heuristic to classify edge types, which accounted for only 1.8% of total edges.

3.2 Managing Law Versioning via Graph Queries

Legislative systems evolve over time, generating a continuous stream of new laws that amend or
repeal existing ones. Each change represents a new version of the law, capturing the updated
text whenever a modification occurs. This process often results in rapidly growing use of textual
documents, as even minor changes necessitate the storage of additional files with the novel text.

By adopting the graph model and the schema that we proposed, we can seamlessly handle such
features by (i) storing the original textual version of each article of law within a node property,
(ii) storing the modified textual version, as per amended by successive laws, as an edge property
and (iii) delegating the computation of the in-force text for a law at a certain timestamp to a
graph query, that, by leveraging publication dates available in law nodes, is capable of always
infering the desired law version. By doing so, we avoid storing multiple textual versions of the
same law, achieving a more efficient storage of legislative data and, at the same time, allowing
a more structured and straightforward approach for querying statistics or detecting trends of a
legislative system.
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CALL{
MATCH (l:Law)-[:HAS_ARTICLE]> (a:Article)
OPTIONAL MATCH (a)€[r:ABROGATES|AMENDS|INTRODUCES]-(a2) <[:HAS_ARTICLE]-(12:Law)

Text of articles of WHERE (2.publicationDate < datetime({$TIMESTAMP})

t’“’j law ?fi”te’eSt WITH Lid AS IDLAW, a.id ASIDART, a.number AS NUMART, MAX(12.publicationDate) AS LASTMOD
in their latest  «-4-i WHERE IDLAW = {$IDLAW}
modified version WITH IDLAW, IDART, NUMART, LASTMOD
before the MATCH (l:Law)-[HAS_ARTICLE]- (a:Article) € [r:ABROGATES|AMENDS|INTRODUCES]-(a2) € [HAS_ARTICLE]-(12:Law)
desired timestamp WHERE Lid = IDLAW AND a.id = IDART AND LASTMOD = [2.publicationDate
__RETURN IDLAW, IDART, r.newtext AS TEXT, NUMART
UNION
) r~ MATCH (l:Law)-[HAS_ARTICLE]= (a:Article) € [r:ABROGATES|AMENDS|INTRODUCES]-(a2) < [HAS_ARTICLE]-(12:Law)
Text of articles of WITH Lid AS IDLAW, a.id AS IDART, COUNT(r) AS NCHANGES
the law of interest WHERE IDLAW = {$IDLAW}
which have WITH IDLAW, IDART, NCHANGES
modifications 11 MATCH (:Law)-[HAS_ARTICLE]->(a:Article) €-[r:ABROGATES|AMENDS|INTRODUCES]-(a2) € [HAS_ARTICLE]-(12:Law)

WHERE a.id = IDART AND (2.publicationDate >= datetime({$TIMESTAMP})
niy at WITH IDLAW, IDART, a.number AS NUMART, a.text AS TEXT, NCHANGES, COUNT(*) AS FUTURECHANGES
the desired timestamp [ \y,irre NCHANGES = FUTURECHANGES

| RETURN IDLAW, IDART, TEXT, NUMART

only after

UNION
Text of articles of

the law of interest -
that have never
been amended

= MATCH (l:Law)-[HAS_ARTICLE]- (a:Article)
-4-! WHERE NOT (a)€[:ABROGATES|AMENDS|INTRODUCES]-() AND Lid ={$|DLAW}
- RETURN Lid AS IDLAW, a.id AS IDART, a.text AS TEXT, a.number AS NUMART

WITH TEXT, NUMART
WHERE TEXT IS NOT NULL
WITH TEXT, NUMART
ORDER BY NUMART ASC

In-force text of J RETURN COLLECT(TEXT)

desired lawatdate T

Figure 3 Annotated Cypher query deriving the in-force text of law IDLAW at a certain TIMESTAMP.

In red, the two variables to be set according to the user’s requests. First, a subquery (within the CALL
construct) is used to derive and union the law articles in-force at the desired timestamp. Then, a COLLECT
function is used to produce the correct law text as a document.

In Figure 3, we present the query in Cypher that we designed to manage law versioning based
on our proposed schema. Such a query strongly relies on navigating graph patterns to combine
temporal information. In detail, by specifying a TIMESTAMP T" and a law of interest L (i.e., an
IDLAW), we can get the text version of L at T' by performing a union that concatenates articles of
L in their latest modified version, as per modified by the law with the maximum publication date
before T', with articles that have never been amended or have been amended only after T, thus do
not have any incoming edge of types ABROGATES and AMENDS.

Finally, we note how this approach is replicable even on a more granular level, i.e., by
considering paragraphs as graph nodes. The benefit would be even more pronounced since most of
the modifications change only some words of a law, and a standard document versioning approach
would require the storage of an additional document, even for tiny substitutions. Here, the
challenge would be consistently modelling paragraph nodes and linking textual references to such
nodes, since references do not always explicitly mention the paragraph, as we experienced with
the Italian legislation.

In Figure 4, we computed the query execution times of law versions based on the number
of articles to evaluate the scalability of our versioning approach. The results indicate that the
execution time remains consistently low, with the median duration for all bins staying within
a narrow range of approximately 0.75s to 1.1s. Although we observe a higher variance in the
21-25 article bin — likely due to specific document complexities or system cold starts, there is no
discernible trend in execution time as the number of articles increases. This stability suggests that
the query performance is largely independent of the document size within the tested parameters,
confirming that our indexing strategy effectively mitigates the overhead typically associated with
larger legal datasets.
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Execution Time by Number of Articles (Binned)

2.00

1.75 1

1.50 A

1.254

Execution time (s)
-
(=]
o

0.75
0.50 l
0.25 1 i 1 T
0.001
N & Ox" @79 ’Lj’ qg?’Q 4};:" ,@Q &;9

Number of articles (bin size = 5)

Figure 4 Execution time of the versioning query (Figure 3) grouped by the number of articles, from a
random sample of 250 laws. The median execution time remains relatively constant (under 1.25s) across
all bins, suggesting that query performance scales well regardless of the article count.

(11:Law)-[:HAS_ARTICLE]->(al:Article)<-[r:ABROGATES|AMENDS | INTRODUCES] - (a2:Article)
<-[:HAS_ARTICLE]-(12:Law)

Figure 5 Path for amending laws to modified articles.

3.3 Benefits of a Legislative Property Graph Modeling

In this section, we examine the practical motivations for modeling legislative data as a property
graph rather than a traditional relational schema. To illustrate the advantages, consider Figure 3,
which depicts a core operation of a legislative database: computing updated text versions while
maintaining a historical record of modifications. In our model, this is efficiently handled through
graph patterns, as shown in Figure 5.

This pattern directly connects an amending law to the modified law via its articles. While
various relational schemas could be implemented to represent this (also in a more compact
form, which, however, might lose some other features), a direct SQL translation approach of our
schema would be significantly more verbose and computationally intensive. In a relational system,
traversing these relationships typically requires navigating multiple associative (many-to-many)
tables or complex self-referencing foreign keys. Furthermore, because each relationship type
(ABROGATES, AMENDS, and INTRODUCES) has some unique properties, thus a normalized relational
model would likely require dedicated join tables for each, further increasing query complexity.

Beyond performance, the graph approach offers superior semantic readability. In a property
graph, the query syntax visually maps to the conceptual domain model. This reduces the cognitive
gap between a legislative researcher’s question and the technical code required to answer it.

4 Triggers and Association Rules

Triggers have been a fundamental feature since the inception of relational databases [24]; they
were explored in depth in [47] and formalized in the ISO-ANSI SQL3 Standard [35]. Traditionally,
triggers have been utilized to automate tasks that facilitate the development of automation
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systems [41]. In graph databases, adding reactive components has also been helpful in supporting
important applications, such as the monitoring of pandemic events [11], which naturally are
modeled into knowledge graphs stored in graph databases. Formalizations of triggers for graph
databases and Property Graphs have recently been proposed [11, 5]. Due to the richness of the
graph data model w.r.t. the relational model, triggers can also be leveraged to encode more
complex (and interesting) events. For instance, since property graph items can be either nodes or
relationships, triggers can include the creation and deletion of nodes/relationships as well as the
setting and removal of their labels and properties. The strong analogy between triggers, i.e., active
rules, and deductive rules, as defined in [12], has also enabled the use of triggers for adopting
reasoning approaches over data modelled into knowledge graphs stored as property graphs.

Association rules (AR) mining was first introduced in [1, 44] and aim to uncover patterns
or correlations within data. Classically, association rules take the form of X — Y where X is
referred to as the body of the rule and Y as its head. Both body and head represent predicates
or conditions that can be validated within the data, based on two key metrics: support and
confidence. Association rules mining has been applied in many different domains: for instance,
for highlighting which items are frequently purchased together [13, 38], for detecting connections
between symptoms and diseases in medicine [45], or to uncover patterns of user interest in social
networks [42]. Like triggers, the flexibility and richness of the graph data model allow association
rule mining to uncover more insightful patterns within the data. The MINE GRAPH RULE
operator, introduced in [10], leverages all the capabilities of the graph query language to simplify
the definition and extraction of association rules from graph databases. While the operator
is not fully integrated into the standard Cypher language, its syntax closely follows Cypher,
ensuring clarity and readability. Furthermore, the queries used to extract association rules can be
implemented in any graph database management system that supports GQL.

In the rest of this section, we present two practical applications of such tools, demonstrating
their contribution to implementing more sophisticated monitoring activities in the legislative
domain.

4.1 Warnings for Legal Basis Abrogation

In the legislative context, reasoning through active rules can be used to create automatic monitoring
systems that derive warnings for anomalous events based on graph patterns. We identified an
important application of such a feature in monitoring events related to repealing key acts that
serve to form a legal basis for other pieces of legislation. Such abrogations might create legislative

voids and hinder the applicability of third laws, which have their foundation in the repealed law.

In other words, the content and rules stated in an act might depend on legislation abrogated by

the newly enacted law.

In our schema, we modelled legislative dependencies through IS LEGAL BASIS OF edges, which
define the foundations of a given law. Thus, to implement the application, we can utilize the
graph structure to generate timely warnings about potentially hazardous situations that require
monitoring. Such warnings take the form of new special edges that can be visually inspected. In
detail, we can define the following deductive rules that generate warnings for this problem:

1. Whenever a new law containing abrogations is published, we compute whether the new law
has repealed an older law by leveraging the graph schema, as discussed in Section 3. In such
cases, we merge REPEAL edges that connect the new law node with the abrogated law nodes.

2. By traversing the IS LEGAL BASIS OF edges, a second reasoning rule monitors whether the

REPEAL of a law has created a legislative void in the legal foundation of a third in-force law.

For such cases, it creates a warning edge that informs about the potentially harmful situation
(which we denote as a UNDERMINES edge).
A visual example of the reasoning process is available in Figure 6.
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Algorithm 1 Legislative Warning Generation.

Input: G = (V, E) (Graph), L,e, (New Law)

Output: G’ = (V, E’) (Updated Graph with new REPEAL and UNDERMINES edges)
// Phase 1: Aggregate Article Abrogations into Law Repeals

a := article
Ltarger = {L|(L)

HAS_ARTICLE ABROGATES
— — (a)}

(a) A (Lnew)

1: for each Ligrger in Ligrger do
2: Ajotar < count a where (Ligrget) HAS _ARTICLE, (a)
3: Agbrogated < count a where (Lyeq) ABROGATES, (a
4: if Aabrogated > Atotal then
5: merge (Lyey) REPEAL, (Liarget)
6: end if
7. end for
// Phase 2: Detect Impacts on Dependent Legislation
e := edge
REPEAL

E = {V6|6 : (Lnew) —_— (Ltarget)}

8: for each ¢ in £ do
IS_LEGAL_BASIS_OF

Edep = {VLdep‘(Ltarget) (Ldep)}
9: for each Ly, in L4, do
10: if 1 BEEEAL T then

UNDERMINES

11: merge (Lyey) ————— (Laep)
12: end if
13: end for
14: end for

The logic described in the pseudocode in Algorithm 1 is implemented via Cypher triggers. The
first phase (line 1 to 7) monitors the insertion of new ABROGATES edges; for each of these edges,
we count the total distinct number of abrogations to each article of a law (line 2, considering only
edges whose paragraph property is null (denoting full article abrogation). When all articles have
been abrogated, then a new REPEAL edge is created (line 4 — 6). The second phase captures the
newly created REPEAL edges and checks for dependent laws (Lgep) (lines 8 —9) that lack repealing
edges (line 10): for such cases, a new UNDERMINES edge is merged, highlighting the possibility of
the creating a potential harmful legislative void.

More in detail, the first rule can be encoded within the trigger expressed in Cypher in Figure 7,
a possible implementation of PG-Triggers, as defined in [11].

In the PG-trigger, the UNWIND clause captures, within the Neo4j ecosystem, the insertion of
a new ABROGATES edges which derive from the insertion of a new law node. If a graph pattern
denoting an article abrogation without the paragraph property exists (denoting, according to our
schema, a full abrogation), then the full abrogation is tested by monitoring whether all its articles
have been repealed. In such a scenario, the trigger merges a new edge denoting an abrogation
(i.e., a REPEAL) of the destination law node.

The second rule can be implemented as shown in Figure 8, where, here, the UNWIND clause
captures the newly created REPEAL edges and checks whether there exists a non-abrogated law
whose the repealed one is the legal basis of. Within the WHERE conditions, we exclude the cases
in which the repealing law already contains any explicit “correction” to the destination law and
its articles. If such a pattern exists, we merge new derived relationships, i.e., UNDERMINES edges,
which denote a potential legislative void since the newly published law is deleting a law that is
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Figure 6 Law 2021/179 repeals law 2000/174, by abrogating its remaining in-force article (i.e., article
7). However, since law 2000/174 is a legal foundation of law 2010/37, law 2021/179 also undermines its
validity since its foundation has been removed, raising a potential legislative void.

KUNWIND $createdRelationship AS newRel

MATCH p=(law:Law)-[:HAS_ARTICLE]->(art:Article)<-[newRel:ABROGATES]-(art2:Article)
<-[:HAS_ARTICLE]-(newLaw:Law)

WHERE newRel.paragraph IS NULL

WITH law, art, newlLaw

MATCH (law)-[:HAS_ARTICLE]->(art)<-[abr:ABROGATES]-()

WHERE abr.paragraph IS NULL

WITH law, law.numArt AS NUMART, COUNT(DISTINCT art) AS NUMREPEALS, newLaw

WHERE NUMREPEALS >= NUMART

MERGE (newLaw)-[rep:REPEAL]->(1law)

. J

Figure 7 PG-Trigger encoding the first rule.

used as a legal foundation in a third law. Thus, such edges require attention from the legislator
and any interested stakeholders in the domain of the law. The warnings might translate into
corrective actions, i.e., new laws or articles that address potential legislative voids.

These triggers can be executed asynchronously, thus ensuring that the monitoring system
does not introduce significant overhead during the ingestion of large legislative datasets. This
reactive approach transforms the graph from a passive repository of legal texts into an active
decision-support system. Specifically, the emergence of an UNDERMINES edge serves as a semantic
alert for legal experts. Instead of manually auditing the cascading effects of a repeal — a task that
grows more complex with the size of the corpus — legislators can query for these specific patterns
to prioritize their interventions.
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UNWIND $createdRelationships AS newRel

MATCH (art)<-[:HAS_ARTICLE]-(newLaw:Law)-[newRel:REPEAL]->(law:Law)
-[:IS_LEGAL_BASIS_OF]->(law2:Law)-[:HAS_ARTICLE]->(art2:Article)

WHERE NOT EXISTS (()-[:REPEAL]->(law2))

AND newLaw.id <> law2.id

AND NOT EXISTS ((art)-[:ABROGATES|CITES|AMENDS|INTRODUCES]->(art2))

MERGE (newLaw)-[:UNDERMINES]->(law2)

Figure 8 PG-Trigger encoding the second rule.

MINE GRAPH RULE FrequentChangesOnTopic
GROUPING ON (topic:Topic)
WHERE t.name CONTAINS ’$topicName’
DEFINING
BODY AS (topic)<-[:0F_TOPIC]-(art:Article)<-[:HAS_ARTICLE]-(law:Law)
<-[:CREATED_UNDER] - (gov:Government) - [ : SUCCEEDED_BY] ->(gov2.Government)
HEAD AS (topic)<-[:0F_TOPIC]-(art2:Article) <-[:ABROGATES]-(art3:Article)
<-[:HAS_ARTICLE]-(law2:Law)<-[:CREATED_UNDER] - (gov3:Government)
WHERE gov2 = gov3
IGNORE art, law, gov2, art2, art3, law2
EXTRACTING RULES WITH SUPPORT > 0.2
AND CONFIDENCE > 0.2

Figure 9 Mine Graph Rule operator for extracting governments behavioural patterns.

4.2 Patterns of Government Attitude

In a legislative graph proposed in Section 3, items represent laws, articles, and attachments. Such
a schema can be easily enriched by adding governments and topic nodes?. The former represents
the governments under which laws have been enacted; the latter connects each legislative node to
the topics its content refers to. With these enrichments, we can exploit (graph) association rules to
understand which and if governments have the attitude to profoundly change legislation referring
to a topic for which its predecessor government had also previously implemented legislation.
Through this application, we can detect temporal graph patterns that monitor the behaviour of
governments and identify discontinuity evolution of the legislation. The mining of this kind of
pattern can be achieved by adopting the MINE GRAPH RULE operator, whose syntax was proposed
in [10], and can be written as shown in Figure 9. In [10], the operator’s performance was also
evaluated, proving that it can extract rules reasonably fast on graphs with similar dimensions.
For this reason, we chose to exploit it for deeper analysis of the Italian Legislation graph.

In particular, through the operator we extract whether a certain topic of interest, regqulated
under a certain government, is also significantly reshaped by its direct successor in government.
Therefore, the output of such a rule is statistically significant patterns of discontinuity that allow
us to monitor a possible important shift of regulation from one government to another regarding a
certain topic. We highlight how such output is more high-level than looking for modifications and
abrogations that a government made to the legislation implemented by its predecessor. In fact,
the complexity of the legislative system hinders the result of such a query since these shifts could
also be captured indirectly through third laws, which share the same (or similar) topic.

2 Multiple approaches can be used to derive topics from textual documents, either semi-supervised ones [6] or
state-of-the-art LLM-based topic extraction tools [34]
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Figure 10 Warnings generated by our trigger-based reasoning system, aiming to monitor the abrogations
of relevant laws. Each bar represents the number of warnings generated whenever a new law is published,
i.e., the number of UNDERMINES relationships that are merged within the graph.

In addition, we also leveraged association rules to study other topological structures. For
instance, we uncovered citation patterns from articles to laws. For instance, high-confidence
rules reveal that articles citing “data protection” laws from the Economy and Communications
departments consistently cite “privacy” legislation as well.

5 Implementation and Results

In this section, we execute the proposed triggers and association rules within the Italian legislation
that we have already modelled in a property graph [16], aiming to demonstrate the efficacy and
utility of such tools in a real-world scenario. In particular, we demonstrate how warnings generated
by our triggers exhibit a significant correlation with ex-post interventions, i.e., correction measures
that modify or add details to the law signalled by the alert system based on triggers. Then, we
implement an AR in the Italian graph to analyze whether we can monitor and identify patterns in
legislation related to procurement rules, which are under intense scrutiny in daily Italian news.
We discover that in recent years, many governments have had a reshaping attitude toward such
legislation, with profound changes and discontinuity among recent governments, which harm the
stability of legislation, one of the drivers of economic growth [21].

5.1 Relevance of Warnings

As discussed in Section 4.1, we consider the emergence of a UNDERMINES edge, derived via reasoning
with triggers, as a warning. We implemented the triggers in a Neo4j database, which we also used
to store the graph of the Italian legislation. To implement triggers as reasoning rules, capable
of inferring novel knowledge through deductions, as required by this use case, we made use of a
publicly available Neo4j plugin® that, through the use of a trigger controller, manages the correct
execution order of triggers that enable reasoning.

A full quantitative assessment is not feasible since there is no ground truth that allows the
derivation of a confusion matrix. Thus, to test the significance of these warnings, we adopted a
historical analysis strategy: we replicated the (ordered) insertion of each law within the graph to
let the Neodj triggers activate based on the legislative situation at each timestamp.

First, we computed the number of warnings generated for each law, which we depict in Figure 10.
Then, we correlated these values with the number of ex-post interventions that the legislator had
to make within the year after the law’s publication to address or rectify a legislative void. We
count interventions as the distinct number of references to the “undermining” law that occurs in
the following 365 days after the official publication. Thus, for each law that activates the triggers,

3 The implementation is available at [33]
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Table 1 Sample of the warnings generated by a repealing law and the number of legislative interventions
that have occurred, within one year after the publication of the repealing law, to third laws having as
foundation a law abrogated by the “repealing” law.

. . Legislative
Repealing Law Warnings Inte%'ventions
1949/264 1 4
1954/615 1 0
1967/18 49 20
1967/601 9 3

we get two values: the number of warnings generated and the number of interventions. In Table 1,
we present a portion of the two values that we computed for laws that have been signalled as
warnings.

Finally, we compute the Pearson correlation coefficient to measure the linear relationship
between the two datasets. The idea is that a significant positive correlation coefficient implies that
the higher the number of warnings generated, the higher the probability of necessary intervention
to address the legislative void, indicating that warning counts are associated with the likelihood
of subsequent intervention. Since the distributions of warnings and interventions are not normally
distributed, we adopted a bootstrap approach [23, 40] to estimate the sampling distribution of the
correlation coefficient and to test whether it is significantly different from zero. We observed a
Pearson coefficient of 0.394 and a p-value of 0.02 (within a confidence interval of [0.269, 0.506]),
indicating a significant positive relationship between the two series. This can be interpreted as
a higher probability of intervention whenever more warnings are generated, i.e., a central law is
repealed and requires more interventions.

While the positive correlation provides a quantitative foundation for the system’s predictive
power, we acknowledge that correlation alone does not account for all nuances of legislative
complexity; for instance, it cannot establish direct causality or distinguish between the extension
of different interventions. In this case, legal experts can be involved to evaluate and refine the
reasoning process, ensuring the warnings effectively capture the most critical legislative voids and
account for the material nature of the corrections.

5.2 Evolution of Procurement Regulation

As a representative example, we identified regulation regarding “procurement” as an interesting
topic to analyze through association rules. The theme is under scrutiny by the general public
for its long-standing episodes of corruption in the country, as also studied in dedicated economic
research [22]. Through the running of our association rule tool for this topic, we aim to monitor
the behaviour of governments in continuously modifying legislation in this area.

We implemented the MINE GRAPH RULE operator in Neo4j as in previous work (see [10]). The
output of the AR run for the procurement legislation is presented in Table 2. Considering the
number of topics in the graph, setting the support and confidence thresholds to 0.2 effectively
identifies strict rules. Out of the 69 governments of the Italian Republic, 16 have significantly
reshaped the topics their predecessor had worked on. An alarming trend is that this “practice”
has intensified in recent years. Notably, 15 out of the 16 governments identified began after 1990.

* The implementation is available at [27]
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Table 2 Output of the MINE GRAPH RULE operator used to discover patterns of changes in procurement
regulation. Results have been ordered by the temporal dimension, i.e., starting from the most recent pair
of adjacent governments, and depict a scenario in which the government in the body column enacted
relevant legislation about “procurement” which was profoundly reshaped by the (successor) government

in the head column.

Head Bod
Government PredeceZsor Support  Confidence
I Meloni I Draghi 0.57 0.80
II Conte I Conte 0.29 0.66
I Conte I Gentiloni 0.57 1.00
I Gentiloni I Renzi 0.57 0.80
I Renzi I Letta 0.28 1.00
T Letta I Monti 0.28 0.66
I Monti IV Berlusconi 0.57 0.80
IV Berlusconi II Prodi 0.57 1
II Prodi IIT Berlusconi 0.43 0.5
II Berlusconi II Amato 0.29 1
II D’Alema I D’Alema 0.29 0.33
I D’Alema I Prodi 0.29 0.5
I Prodi I Dini 0.29 0.5
I Ciampi I Amato 0.29 1
VII Andreotti VI Andreotti 0.43 0.75
IIT Moro IT Moro 0.43 1

Another concerning behavior highlighted by the extracted rules is that governments succeeding
those of a different political alignment are more likely to repeal pieces of procurement legislation,
suggesting a dismantling of the predecessors’ work. For instance, one of the rules with the highest
support and confidence values reveals that the fourth Berlusconi government (right-wing) reshaped

procurement legislation previously modified or enacted by the second Prodi government (left-wing).

The utility of these extracted patterns extends beyond simple historical description, providing
a quantitative metric for regulatory instability. High confidence values (e.g., 1.00 in several
transitions) serve as a proxy for legal uncertainty, identifying periods where legislative continuity
is entirely broken.

This transformation of the legislative graph into a set of predictable association rules provides
a data-driven foundation for evaluating the quality and reliability of a country’s institutional
environment.

6 Adding the Regional Layer to the Graph

Legislative systems are complex not only because of how documents relate to each other, but also
because they are built from many different sources. These sources contribute to a rich and layered
structure of meanings and interpretations. So far, in the process of building the Italian legislative
graph, our work has mainly focused on national laws issued by central institutions such as the
Parliament and the Government. However, the Italian legal system is much more distributed,
and there are other institutions, like regional governments, that produce legal documents. These
additional sources must be taken into account to create a more complete and representative model
of the legal landscape in Italy.
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Figure 11 Graphical visualization of the updated Property Graph Schema including Regional Laws.
The update schema included an additional node label :RegionallLaw, that has the same connections to

(:Article) nodes as (:Law) nodes.

Therefore, as shown in Figure 11, we extended the Property Graph Schema. We introduced a
new node label, RegionalLaw, which represents regional legislative documents. These nodes store
metadata specific to regional laws but, like their national counterparts, they connect to Article
nodes that contain the actual legal text.

In this updated model, Article nodes can reference both national and regional laws. They
can cite other laws, serve as the legal basis for new laws, and participate in legal modifications
such as amendments or abrogations. Importantly, these relationships are not limited to within
the same jurisdiction: regional articles may refer to national laws, and vice versa, capturing the

interconnected nature of Italy’s multi-level legal system. Nevertheless, such documents are still
laws, sharing all features of the national-level legislation, with respect to references and properties
(e.g., type of law, publication date), and having specific features (e.g., region). Thus, the flexibility
of the Property Graph Schema allows us to model such laws as an additional multi-labelled
node, sharing the Law label with national nodes but also having the RegionalLaw label, which
characterizes their nature.

Because each region follows different formats, handling all of them simultaneously would
be highly complex and lead to inconsistencies in the resulting graph. To address this, we take
an incremental approach: thanks to the flexibility of the property graph model, we start by
incorporating regional data step by step. In this paper, we focused on refining the process for
two regions, Lombardia and Liguria, and designed a general pipeline that will be implemented

incrementally for all regions.
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6.1 Lombardia

Regional laws from Lombardia are easily accessible thanks to a dedicated API provided by the
regional government [31]. Each law is available in its most recent version, and, unfortunately, there
is no consistent way to retrieve previous versions. The documents are provided in NIR-HTML

format - which stands for Norme in Rete [7], an Italian standard used to structure legal documents.

References and citations to other laws can be extracted through specific HTML tags that
contain the a unique code to the cited laws. To classify these relationships, we developed a set of
heuristics that leverage the repetitive language commonly used in formal documents, allowing us
to distinguish between abrogations, amendments, or general citations.

More than 2,500 law documents were processed and uploaded into the Italian Legislative
Graph, including all laws promulgated by the regional government of Lombardia since 1971 when
it started being active. For each law, a corresponding node was added, along with nodes for each
of its articles, resulting in a total of 9,514 new Article nodes containing the text of the laws. In
addition, over 9,000 edges were created. Of these, nearly 4,000 connect regional article nodes to
articles in national laws, while the remaining edges represent intra-regional connections. Only a
small fraction of these edges are labeled with something other than CITES, which may indicate
the need for a more refined classification approach.

6.2 Liguria

Liguria’s regional government does not provide an API to access its laws, but they are accessible
through the official portal [29]. Each law is available in two formats: NIR-HTML, similar to the
format used in Lombardia, and AKM-XML, also known as the Akoma Ntoso format. Akoma Ntoso
(short for Architecture for Knowledge-Oriented Management of African Normative Texts using
Open Standards and Ontologies [39]) is a widely adopted international standard for structuring
legal documents in a machine-readable way.

However, NIR-HTML versions of Liguria’s laws are only available for bulk download, which
makes them impractical for building an end-to-end process that keeps the knowledge graph up to
date as new laws are published. Instead, laws can be downloaded individually in the AKM-XML
format, which requires a different process compared to Lombardia’s laws. Even though the two
process must be different, we aim to have a unified format for the processed data so that both
regions can be uploaded and updated simultaneously daily.

Thanks to XML tags, we have direct references to citations to other laws. Using similar

heuristics, we classified these references and label the corresponding edges in the knowledge graph.

The regional government of Liguria has published approximately 2,000 laws since 1971, and
for the purpose of this work, we processed and uploaded them in the Italian Legislative Graph. In
addition, more than 14,000 Article nodes have also been uploaded, containing the text of all the
laws they refer to.

6.3 Pipeline for Regional Integration

The successful integration of Lombardia and Liguria highlights how regional governments publish
legislative data in different formats. To extend the Italian Legislative Graph to cover all 20
regions, we have designed a generalized pipeline that processes this heterogeneity while ensuring
the consistency of the final knowledge graph. We aim to implement this proposed pipeline in
future works.
The pipeline is depicted in Figure 12. It is structured into four distinct steps:
Step 1. Region Law Extraction. For each region, we have designed a specific extractor to
fetch the missing data. For a region that needs to be added to the Italian legislation graph, it
downloads the full corpus of laws. Instead, it only retrieves the laws that have been published
the day before for those regions already in the graph.
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Figure 12 Proposed Pipeline for integrating Regional Laws into the Italian Legislation Graph.

Step 2. Region Data Processing. Once the laws have been extracted, we process them to
have a unified data structure. A specific processor is designed for the specific file format of
the region. First, it splits the text of the law into granular Article nodes. It then extracts the
metadata of the law, such as the regional law univocal code and its publication date. Lastly,
through tailored heuristics and tags, it looks for citations to national laws, or to laws of the
same or other regions.

Step 3. LLM-based Augmentation. During this step, an enhancement layer using Large
Language Models is applied to the data. LLMs are used to refine citation extraction, identifying
references that traditional heuristic techniques fail to capture. Furthermore, this step assigns
semantic topics to laws with LLMs, enriching the graph’s metadata for advanced data queries.
Step 4. Data Loading. The final step maps the processed and augmented data to the
unified Property Graph Schema presented. It loads the regional laws into the graph database,
merging with existing national and regional layers.

Edge Classification and Data Quality. The extraction pipeline adopts a hybrid approach to
ensure data quality and accurate edge classification across different institutional layers. For
national legislation, edge types are derived from official annotations provided by the original
sources, ensuring high reliability in the primary dataset. However, regional governments (e.g.,
Lombardia and Liguria) often use heterogeneous formats and lack these standardized official
annotations. Therefore, we used a BERT-based model fine-tuned on national legislation data and
available in [18]. The model was fine-tuned from Italian Legal BERT [28], achieving 92% accuracy
on the test classification set for national edges (5k random national edges, 4 unbalanced classes).
We applied this model to the regional layer, whose citation recitals are similar to those of the
national layer, although we expect slightly lower performance.

6.4 Graph Queries for Regional Legislative Knowledge Management

The introduction of regional laws adds a new layer to the legislative system and opens up new
opportunities for managing legal knowledge using property graphs. Having all the data in a single
graph instance makes it easy for applications to focus on individual regions, compare regions, and
interact with regional and national laws.



A. Colombo, F. Cambria, and F. Invernici

r N
MATCH (:Law)-[:HAS_ARTICLE]->(art:Article)

WHERE (’regioni’ in art.topics or ’lombardia’ in art.topics) and
NOT (EXISTS((art)<-[:CITES]-(:Article)<-[:HAS_ARTICLE]-(law:Regionallaw)
WHERE law.region = ’lombardia’)
or EXISTS((art)-[:IS_LEGAL_BASIS_OF]->(law:RegionalLaw)
WHERE law.region = ’lombardia’))
RETURN art

Figure 13 Query to detect national laws citing regional laws.

Table 3 Top three most recent results of the query in Figure 13.

Article Title Article ID

2020]9#17 Cassa integrazione in deroga per Lombardia, Veneto ed Emilia Romagna

Sospensione dei termini processuali e dei termini di prescrizione

2002(8171 e decadenza per la Regione Lombardia

Ulteriori interventi urgenti nei territori della Lombardia interessati

1 22
998|6# dagli eventi idrogeologici del giugno 1997

For instance, a regional lawmaker might want to identify national laws that explicitly mention
regional institutions in general, or their specific region in particular. This can help highlight areas
where the region may need to take action, either by intervening or by passing new laws that align
with or respond to national legislation.

In the query presented in Figure 13, we use the topics property of national Article nodes,
which captures the main subjects addressed by the legal text. This allows the query to find all
national legal documents that refer to regions in general or to a specific region (such as Lombardia
in our example, though any region could be used). The query then filters out the documents that
have already been addressed by the region — either by being cited or serving as the legal basis for
other regional laws — highlighting those that may still require attention from the lawmaker.

Table 3 displays the three most recent articles that find no citation in the regional legislative
articles. In all cases, such laws do not require a specific reference in regional legislation (as
they concern exclusive national competencies). However, the query suggests that the regional
government is up to date with national legislation and faces no urgent legislative backlogs.

Another example, reported in Figure 14, analyses how laws from different regions are intercon-
nected. This would show how several regions rely on similar legal frameworks to govern areas that
have not yet been addressed at the national level.

The query presented counts how many regions have directly cited a regional law that does
not have a legal basis in any national law. It then returns only those regional laws with a count
above a certain threshold — 1 in this example — which suggests that more than half of the Italian
regions have cited that law. This would help national lawmakers identify regional laws that
have gained widespread attention and may indicate a shared need for regulation at the national
level. This example illustrates how modeling the legislative system as a property graph enables a
deeper understanding of cross-regional legal patterns. While each region develops its own legal
network, analyzing the connections between them can support more informed and coordinated
decision-making at the national level.

For instance, Table 4 showcases the laws from Lombardy, citing other regions’ legislative
framework. The laws cover a wide array of regulatory domains, specifically transport regulations,
animal usage in research, and wood logistics.
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MATCH (law:Regionallaw)-[:HAS_ARTICLE]->(art:Article)
<-[:CITES]-(art2:Article)<-[:HAS_ARTICLE]-(law2:RegionallLaw)
WHERE law2.region <> law.region
WITH law, art, count(DISTINCT law2.region) AS countRegion
WHERE NOT EXISTS((:Law)-[:HAS_ARTICLE]->(:Article)-[:IS_LEGAL_BASIS_OF]->(law)) and
countRegion >= 1
RETURN law, art

Figure 14 Query to detect regional laws that deserve the attention of national lawmakers.

Table 4 Three laws from Lombardia that have been cited by other regions.

Law ID Law Title

2012|06  Disciplina del settore dei trasporti

Norme in materia di protezione degli animali utilizzati ai fini di ricerca e sperimentazione

2015/04
015[0 e di promozione dei metodi alternativi

Ratifica dell’accordo interregionale sul prelievo legnoso in ambito boschivo

2016[24 e sulla filiera legno

7 Conclusions and Perspectives

In this paper, we built upon recent efforts in modelling legislative systems within graph databases,
describing the motivations and benefits of adopting Property Graphs as a powerful solution
for comprehensive legislative knowledge management. We demonstrated how adopting a graph
database and our schema can seamlessly handle the temporal aspects and evolution of legislative
acts, delegating to queries the task of retrieving the correct information, such as computing the
in-force text, instead of storing multiple versions of the same act.

Then, we looked at recent tools recently adopted and developed by the Property Graph
community, i.e., triggers and association rules, to offer innovative and powerful applications
that can be useful in conducting advanced legislative knowledge management. To this aim, we
demonstrated how triggers can be used to build a simple but effective warning system that
monitors whether legislative voids are created. Finally, we used association rules to discover
significant patterns in the evolution of the Italian legislation referred to procurement, discovering
an increasing trend of instability in such legislation. In future work, we will further explore the
utility of these tools for knowledge discovery, refining their applications in the legislative domain
with the help of experts and identifying new domains that could benefit from these advancements.

Finally, we began expanding the graph of Italian legislation to cover an additional layer of the
legislative system. Specifically, we modified the graph schema to include laws issued by regional
governments, and we integrated the regional laws of both Lombardia and Liguria, covering their
legislative activity since 1971. This allowed us to incorporate historical laws and set up a system
that keeps the graph up to date with new regional legislation. We then demonstrated how adding
the regional layer enhances legislative knowledge management, using three Cypher query examples
that explore connections within a single region, between different regions, and between regional
and national laws.

Our work suggests that Property Graphs offer distinct advantages for legislative knowledge
management compared to other approaches exploiting graphs, like RDF and Knowledge Graphs.
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First, the ability to store rich properties directly on edges allows the model to naturally
handle both the structural relationships and the document content, specifically enabling efficient
law versioning without the complex logic or redundancy often required in RDF-based temporal
modeling.

Second, the inherent flexibility of the Property Graph Schema facilitates the evolution of the
data model, allowing for the integration of multi-level hierarchies, like the regional layer introduced
in this study, which can be more challenging to expand in rigid structural formats.

Finally, while analytical techniques for RDF have existed for some time, this paper demonstrates
how some recently developed tools designed for Property Graphs can effectively close this gap.
Thanks to this, Property Graphs are a robust choice for modelling and handling legislative data.

Our main focus in the future will be to scale the integration pipeline to cover all twenty Italian
regions. While the current implementation validates the approach for Lombardia and Liguria,
expanding to the remaining regions requires tailoring extractors and processors for their specific
publication formats. Futhermore, we will leverage the proposed LLM-based augmentation to
enhance metadata and citation extraction, matching the quality of the data of national laws. With
a fully populated graph, we also aim to design regional-level triggers and to extend association
rule mining to better study interactions between national and regional layers.

Finally, we propose developing a user interface to make these graph-based tools accessible to
non-technical stakeholders. Furthermore, we intend to integrate in the interface linguistic metrics,
such as readability and syntactic complexity. Thanks to this, we aim to offer a tool designed to
assess both the structural coherence and the textual quality of the legislation.

While this study focuses on the Italian legislative system, the underlying framework is designed
for cross-jurisdictional portability.

First, since the model utilizes the universal OASIS Akoma Ntoso standard, it can be easily
applied to other legislation. This has already been proven viable by applying the same schema
to United States legislation [20] and to Switzerland legislation [15]. Then, the extractors and
classifiers used to handle relationships would need to be adjusted on the specific legal constructs
of the target jurisdiction.

Statement on Supplementary Materials and Additional Resources

The Italian Legislation Graph dataset is stored at [14], and the supporting query files are provided
in the GitHub repository at [9]. We used version 5.26 of Neo4;.
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— Abstract

Data integration is the primary use case for know-
ledge graphs. However, integrated data are not typ-
ically graphs but come in different formats, for ex-
ample, CSV, XML, or a relational database. Facade-
X is a recently proposed method for providing direct
access to an open-ended set of data formats. The
method includes a meta-model that specialises RDF
to fit general data structures. This model allows
to express SPARQL queries targeting data sources
with those structures. Previous work formalised
Fagade-X and demonstrated how it can theoretically
represent any format expressible with a context-free
grammar, as well as the relational model. A refer-
ence implementation, SPARQL Anything, demon-
strates the feasibility of the approach in practice.

It is noteworthy that Facade-X utilises a fraction of
RDF, and, consequently, not all SPARQL queries
yield a solution (i.e. are satisfiable) when evaluated
over a Fagade-X graph. In this article, we consolid-
ate Fagade-X and we study the satisfiability of basic
graph patterns. The theory is accompanied by an al-
gorithm for deciding the satisfiability of basic graph
patterns on Fagade-X data sources. Furthermore,
we provide extensive experiments with a proof-of-
concept implementation, demonstrating practical
feasibility, including with real-world queries. Our
results pave the way for studying query execution
strategies for Facade-X data access with SPARQL
and supporting developers to build more efficient
data integration systems for knowledge graphs.
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1 Introduction

Knowledge graphs use a graph-based model to integrate, manage, and extract value from diverse
data sources at scale [26]. Thus, data integration is the primary application of Knowledge Graphs
(KG). The W3C standard SPARQL 1.1 [23] serves as the authoritative language for engaging
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with knowledge graphs serialised in RDF [32]. SPARQL provides functionalities for selecting,
filtering, and aggregating data into a table format. Additionally, SPARQL allows the projection
of results into an RDF structure using the CONSTRUCT query type. Consequently, research has
investigated the use of SPARQL across a variety of applications beyond mere querying, particularly
in the integration of diverse data sources [13, 33, 36]. In practice, methods often depend on
enhancing SPARQL to retrieve data from non-RDF formats.

Recent studies [16] suggest utilizing an intermediate RDF model called Fagade-X, which allows
its components to be seamlessly converted into RDF Knowledge Graphs. This approach enables
the development of software that offers direct access to source data as RDF, freeing knowledge
engineers from the burden of managing diverse formats and associated languages they depend on.
Facade-X uniquely addresses re-engineering, which means transforming resources by minimizing
domain-specific concerns and concentrating on the syntactical meta-model, and allows users to
focus on remodelling, that is, transforming the original domain model into a new representation [16].
In theory, Facade-X can represent any format defined by a context-free grammar, as well as the
relational data model [8].

The Fagade-X method informs the SPARQL Anything software and open source project, which
also serves as its reference implementation?.

email ,name, surname
laura@example.com,Laura, Grey
craig@example.com,Craig,Johnson
mary@example.com,Mary, Jenkins
jamie@example.com, Jamie, Smith

Figure 1 Example CSV file.

Listing 1 A query for retrieving the surname of people whose first name is “Laura”.

PREFIX xyz: <http://sparql.xyz/facade-x/data/>

SELECT ?surname WHERE {
SERVICE <x-sparql-anything:https://sparql-anything.cc/examplel.csv> {
_:person Xyz:surname ?surname
_:person xyz:name "Laura"

}

» Example 1. Suppose having the CSV file shown in Figure 1 as input®. Using SPARQL Anything,
a SPARQL user can retrieve the surnames of people whose first name is “Laura” by running the
query in Listing 1 obtaining the following result:

surname
“Grey”

2 http://sparql-anything.cc
3 Also available at https://sparql-anything.cc/examplel.csv


http://sparql-anything.cc
https://sparql-anything.cc/example1.csv
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This system (accessible through a web server, CLI, Java, or Python API [40]) has been utilized in
numerous practical applications and is gaining recognition from the knowledge graph community
in both research and industry [7]*. The W3C Data Facades Community Group has been recently
founded to develop Fagade-X as a vendor-neutral, interoperable technology that can be implemented
by various developers and organisations, including graph database vendors®

Currently, the execution of SPARQL queries on Fagade-X data sources requires the material-
isation of the source (in full or via a slicing approach [6]). An open question is how to support the
implementation of more efficient query engines. It is noteworthy that Facade-X utilises a fraction
of RDF, and, consequently, not all SPARQL queries yield a solution (i.e. are satisfiable) when
evaluated over a Facade-X graph. For example, the query described in the Example 1 is satisfiable,
whereas the query in the Listing 2 is not. This is because the Fagade-X model does not allow for
such a pattern: CSV data sources don’t have any rdf :type triples; therefore, no results would be
produced from its evaluation. These considerations can be made simply by looking at the query
itself (rather than the input) and could save computational resources.

Listing 2 A query for retrieving the surname of people whose first name is “Laura”.

PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>

SELECT ?s WHERE {
SERVICE <x-sparql-anything:https://sparql-anything.cc/examplel.csv> {
?s rdf:_1 7o . ?x rdf:type 7s
}

In this article, we study the satisfiability of basic graph patterns under Facade-X. In addition,
we contribute an algorithm to annotate any SPARQL BGP with possible solution patterns, to
determine whether a given BGP can have a solution within Facade-X. We contribute:

A consolidated formal definition of Fagade-X and associated mappings to RDF;

Characterisation of the satisfiability of SPARQL basic graph patterns queries within Fagade-X;

Algorithm for assessing whether a SPARQL basic graph patterns is satisfiable under Facade-X.

The rest of the article is structured as follows. The next section is dedicated to surveying
related literature and contextualise our work. Section 3 introduces the formalisms and languages
adopted in this article. Section 4 presents a consolidated version of Facade-X whose mapping to
RDF is formalised in Section 5.1. Finally, Section 6 studies the conditions under which a BGP
is satisfiable in Facade-X which are exploited in the algorithm presented in Section 7. Finally,
Section 8 provides experiments with a proof-of-concept implementation, which demonstrates the
practical feasibility and advantages of our theory, including an evaluation with real world queries.
We conclude the article with Section 9.

2 Related work

We survey literature on Knowledge Graph Construction (KGC), i.e. systems and methods to
onboard non-RDF data into RDF databases. We then look into approaches to extend SPARQL.
Next, we focus on the evaluation of SPARQL queries, particularly basic graph patterns. Fur-
thermore, we review the problem of satisfiability of graph patterns outside the RDF area. We
conclude with a look at various approaches to query documents and provide a unifying view over
heterogeneous resources.

4 See also the activity on the open-source project page on GitHub: http://github.com/sparql-anything/
sparql.anything
® W3C Data Fagades Community Group: https://www.w3.org/community/facade-x/.
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2.1 Knowledge graph construction

Mapping languages for transforming heterogeneous files into RDF are represented by RML [29, 47],
also specialised to support data cleaning operations [44], and specific forms of data: relational [41],
geospatial data [30], etc. RML has been adopted as reference mapping language in most of
the KGC systems, such as SDM-RDFizer [27], Morph-CSV [11],and Morph-KGC [4]. Planning
techniques have been studied to improve the efficiency of RML engines [28]. A recent work
provides an algeabric foundation for RML based approaches [37], which establish a query operator
as a primitive component in the definition of a mapping. Facade-X could be used as a common
language to express queries over heterogeneous data sources formally.

Authors of an alternative to RML, based on the RDF constraing language ShEx [21], stress
the importance of making mappings usable by end users. Indeed, literature acknowledges how
these languages are built with machine-processability in mind [25], and how defining or even
understanding the rules is not trivial. Fagade-X provides a common abstraction allowing to
express queries to non-RDF sources using basic graph patterns. It is worth noting that, although
abstractions targeting individual data formats are already available in the literature, Facade-X
keeps a single formalism and a single data model (i.e. RDF) for all data formats. Therefore,
it paved the way for querying non-RDF data in SPARQL and building KGs, by making plain
CONSTRUCT queries with a SPARQL engine supporting Fagade-X data access. Moreover, since
Facade-X is an abstract model that has been defined independently of RDF (as shown in Section 4,
its specification is in predicate logic), it can potentially be applied to other languages (e.g. Datalog).
Indeed, other query languages could benefit from the homogeneous overview of heterogeneous
sources provided by Fagade-X. Although this analysis could be extended to other frameworks for
representing and querying data, our focus is on SPARQL. However, it is an open question how
to efficiently execute SPARQL queries on Facade-X data sources that cannot be fully loaded in
memory via a materialisation approach [6]. This problem motivates the present work.

2.2 Approaches to extend SPARQL

We examine methods for enhancing SPARQL. A common technique for augmenting SPARQL
is to introduce custom functions that can be utilized in FILTER or BIND operators®. Query
processing engines can enhance SPARQL through the use of so-called magic properties. This
method involves defining custom predicates to guide specific actions during query execution’. A
comparable method is employed to incorporate XPath and XQuery in Virtuoso, which also enables
the embedding of SQL functions within SPARQL to directly access the underlying relational
model®. SPARQL Generate [33] presents a technique for transforming data from varied sources
into RDF by enhancing the SPARQL syntax with a new GENERATE operator [33]. This method
introduces two additional operators, SOURCE and ITERATOR. Custom functions execute ad-hoc
operations on supported formats, utilizing XPath or JSONPath. Nevertheless, there are methods
to augment SPARQL without modifying the standard syntax. For instance, BASIL variables
permit the formulation of parametric queries by imposing a convention on SPARQL variable
names [17, 35]. SPARQL Anything leverages BASIL variables to facilitate parametric queries
and file names. SPARQL Micro service [36] offers a framework that, based on an API mapping

ARQ includes a library of custom functions that facilitate aggregates, such as calculating the standard
deviation of a set of values. ARQ functions: https://jena.apache.org/documentation/query/extension.
html (accessed 15/12/2020).

For instance, this allows for the specification of intricate fulltext searches over literal values. Query processors
can outsource execution to a fulltext engine (e.g., Lucene) and produce a set of query results as triple patterns
Virtuoso Open Source. SPARQL inline in SQL: http://docs.openlinksw.com/virtuoso/rdfsparqlinline/.
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specification, encapsulates web APIs as SPARQL endpoints and employs a JSON-LD profile to
convert the API’s JSON responses into RDF. Facade-X adopts a similar minimalist strategy and
extends SPARQL by overriding the functionality of the SERVICE operator.

2.3 Evaluation of SPARQL graph patterns

Foundations of SPARQL query executions can be found in [26]. Seminal work in the area include
studying the semantics of the query language [39, 3] and optimise the execution of graph pattern
matching [46, 24, 19, 49]. Recent work tackles the efficient execution of SPARQL queries via
translation in Datalog [2] or via combining logical and physical query plans [38].

The satisfiability problem is undecidable in SPARQL 1.0 (and, therefore, in 1.1 that is its
extension) but becomes decidable for basic graph patterns [52]. Although decidability is NP-
complete in theory, decidability of SPARQL BGPs is tractable in practices as the SPARQL BGPs
are typically small [52]. Our work starts from the observation that Facade-X RDF graphs are less
expressive than general RDF data. This motivates the study of evaluating basic graph patterns in
the context of Fagade-X graphs. However, it is certainly possible that optimization techniques for
RDF pattern matching can be also applied to Fagade-X. Hence, in the present work, we investigate
the nature of Fagade-X graphs and their corresponding basic graph patterns in SPARQL.

Another line of research analyses the satisfiability of BGPs in the context of conjunctive
query (CQ) theory. Indeed, a SPARQL BGP can be viewed as a CQ over an RDF graph, thus
inheriting the properties of CQs. A well-known result of Yannakakis [51] demonstrates that the
evaluation of acyclic CQs is solvable in polynomial time. This result shows that the shape of a
query fundamentally impacts the complexity of its evaluation. This perspective is relevant to
Facade-X. Since the Facade-X data model only allows for rooted, acyclic structures, thus enforcing
the tree-like nature of satisfiable BGPs.

2.4 Satisfiability of patterns in graphs

The problem of efficiently performing graph matching operations is significant beyond SPARQL [20,
34, 50, 9, 18]. While the general problem of subgraph pattern matching is known to be NP-
complete [9], it seems that for a wide variety of statistics concerning trees, the expected time
complexity for pattern matching is linear [45]. The satisfiability problem of tree patterns queries
(within XPath and XQuery) is investigated in [31], where it is observed that some of the queries
are NP-complete, while others can be resolved in polynomial time.

While Facade-X graphs can be seen as trees, when referring to static data sources, such as
JSON documents or XML files (where two equal strings have different identity, because it derives
from their position), their representation in RDF are not, because identical types and literals will
be projected to unique RDF nodes. Instead, Fagade-X/RDF graphs are directed, acyclic, and
rooted path graphs. In the present work, we focus on satisfiability of SPARQL basic graph patterns
on Fagade-X RDF sources, and contribute a theory and related algorithm for deciding whether a
graph pattern can have a solution in a possible Fagade-X RDF graph.

2.5 Other approaches

Tools are available for automatically transforming data sources of several formats into RDF
(Any23°, JSON2RDF!% CSV2RDF!! to name a few). While these tools have a similar goal (i.e.
enabling the user to access the content of a data source as if it was in RDF), the (meta)model used

9 http://any23.apache.org/ (now retired).
Ohttps://github. com/AtomGraph/JSON2RDF
Hyttp://clarkparsia.github.io/csv2rdf/
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for generating the RDF data highly depends on the input format, thus limiting the homogeneity
of data generated from heterogeneous data formats. In addition, none of those approaches are
based on a common abstraction from heterogeneous formats.

A way to provide generalised data access is the list-of-lists approach. This is used by software
libraries to onboard heterogeneus data structures, see, for example, Pandas'? or the Visidata
tool'3. Facade-X follows a similar intuition, while targeting graphs as the general meta-model,
rather than tabular representations.

Facade-X use cases typically involve documents. The approaches to querying documents have a
tradition in computer science [12, 1, 48], and many format-specific languages have been developed
for that (XPath, JsonPath, and CSS selectors are the most popular). Fagade-X can be seen as a
general approach to express queries over heterogeneus files. Here, we focus on the satisfiability of
basic graph patterns against Facade-X RDF graphs. This analysis is the foundation for studying
efficient execution strategies of SPARQL / Fagade-X queries against serialized resources such as
JSON or XML files.

3  Preliminaries

We introduce the reader to the formalisms on which our theory is based, namely RDF, SPARQL
and Predicate Logic.

3.1 Predicate logic

As the facade-x model is defined in predicate logic, we provide the reader with a brief introduction
to the main ingredients of this formalism. However, providing a full description of the syntax and
semantic of PL is not the purpose of this section. For a complete definition of the syntax and
semantic of PL we defer the reader to reference books, such as [42]. Predicate Logic (PL) is the
logic to speak about objects, which are the domain of discourse (universe U). PL is concerned
about properties and relations about the objects of the universe which are expressed in form
of predicates. Intuitively, a PL formula is combination of PL terms (variables and constants)
with logical operators —, A, V, = and quantifiers 3,V. An interpretation J of one or multiple PL
formulas specifies what each predicate means, and the entities that can instantiate the variables.
Given a set of predicates P;...P, and function fi...f,, a PL interpretation is

J= (A" PP .. f)

where A7 C U is the domain, P? C A7 x ... x A7 (k-times where k is the arity of P;) is the
interpretation of the predicate P;, f7 : AV x -+ x AV — A (k-times where k is the arity of f;) is
the interpretation of the function f;.

A PL open formula, also called query, is a PL formula with free variables (i.e. not quantified).
Let Vars be the set of variables, given an interpretation J, an assignment is a function « : Vars —
A,

Given a formula ¢ with free variables (z1...z,) and an interpretation J, the answer to the query
is the tuple (aj...a,), where a; is an assignment of a free variable to an object of the domain of
discourse A?, such that J, (a;...a,) = ¢. We introduce £ as the set of all possible queries, i.e. the
query language, and the function eval which given a query ¢ and an interpretation J returns the
list of assignments that satisfy ¢ over J.

2https://hevodata.com/learn/pandas-1load-json/
Bhttps://www.visidata.org/
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3.2 RDF and SPARQL

In this section, we use relational algebra notation to define the elements of the universe under
consideration, indicated by U, namely RDF graphs, SPARQL queries, and resource, data sources
and values they contain that will be introduced in Section 6. We also use predicate logic to define
the conditions that apply to the elements of the universe.

We start from the basic notions of RDF [32] and SPARQL [23]. We defer the reader to [26]
and to the corresponding documentation for a complete description of these standards. Formally,
let Z C U, BC U, and L C U be infinite sets of IRIs, blank nodes, and literals. The sets are
assumed to be pairwise disjoint and we will collectively refer to them as RDF terms. A tuple
(s,p,0) € T (with T is the set (ZUB) x (Z) x (ZUBU L)) is called (RDF) triple and we say s is
the subject of the triple, p the predicate, and o the object. An RDF graph is a set of RDF triples,
whereas an RDF dataset is a collection of named RDF graphs, each one identified by IRI, and a
default RDF graph. RDF graphs can be expressed as a set of quads, i.e. elements of the set Z x T

SPARQL is based on the idea of defining patterns to be matched against an input RDF dataset.
Formally, considering the set of variables V C U, disjoint from the previously defined Z, B, and L,
a triple pattern is a tuple of the form (s,p,0) € (ZUBUV) x (ZUV) x (ZUBULUV)M. All the
possible SPARQL triple patterns are enumerated in Table 1. A basic graph pattern (BGP) is a set
of triple patterns.

A SPARQL query @ is composed of the following components: (i) the query type (i.e. SELECT,
ASK, DESCRIBE, CONSTRUCT); (ii) the dataset clause; (iii) the graph pattern (recursively
defined as being a BGP or the result of the composition of one or more graph patterns through
one of several SPARQL operators that modify and combine the obtained results); (iv) the solution
modifiers (i.e. LIMIT, GROUP BY, OFFSET).

This work focuses solely on the graph pattern itself, since the other components can be
evaluated as defined in SPARQL 1.1. Consider a graph pattern consisting of two joined unordered
triple patterns with a join condition defined on a single node. There are 6 possible joins matching
nodes of the two triple patterns. The joins are listed in Table 2.

More complex join conditions involving multiple nodes can be derived by combining these joins.
Most common graph structures can be classified according to a set of graph motifs [5, 43].These
are reported in Table 3. For brevity, the motifs only contain nodes as variables, but these can be
any valid combination of node types.

4 A consolidated version of Facade-X

Facade-X is the meta-model that results from the abstraction of all the basic data structures used
to represent the source data formats and the combination of these data structures into a unified
model. In this section, we present a consolidated version of Facade-X.

4.1 Resources and data sources

Before detailing the Fagade-X, it is useful to formalise elements of its application context, i.e. the
fact that data is serviced and shaped within a digital artifact of sort. We rely on the generic notion
of resource to refer to a digital artifact that wraps some data'®. In the Example 1, the Resource is
the file identified by the URL https://sparql-anything.cc/examples/simple.csv, while the

We are aware that the BGP specification in [23] includes literals in subject position. However, such patterns
won’t have a solution in RDF graphs, as defined in [32].
5 To not be confused with the concept of Resource in RDFS (that is the most general type of RDF term) [22]
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Table 1 The list of all possible SPARQL triple patterns.

Id Pattern Example Id Pattern Example
vwy VvVy 7s 7p 7o YNAY VAR <s> <p> 70
VWi VVvVI ?s 7p <o> IIT II7T  <s><p><o>
VVB  VVB ?s 7p _:0 IIB IIB  <s><p> _:o0
VL o vVvCeEe ?s 7p "o" IIL ITIL  <s><p>"o"
viv VIV ?s <p> 70 BYY BVYVY _:s7p 70
VIIT VITI  7s<p><o> BVI BVI _:s 7p <o>
VIB VIB 78 <p> _:0 BYVB BV B _:s?p_:0
VIiL VICL 7s <p> "o" BVL BVL _:s 7p "o"
vy  IVYVY <s> ?p 7o BV BZ1YV _:s <p> 70
IVl IVI <s>7p<o> BIZ BIZI  _:s<p><o>
wvB IVBEB <s> 7p _:0 BIB BIB _:s<p> _:0
Ive IV L <s>7p'o" BZL BIL  _:s<p>"o"

Table 2 The list of all possible single-node joins involving two SPARQL triple patterns.

1d Join Example
S>1P subj; =pred, 7j ?pl 70l. ?s2 7j 702
PraO pred; =obj, 7s17?j70l. ?s2 7pl 7j
S S  subj; =subj, 7j 7pl7ol. 7j ?pl 702
PraP pred; =pred, ?sl17?j7ol. ?s27j 702
SxO  subj; =obj, 7j ?pl Pol. 7s2 ?pl 7j
OO  obj; =obj, ?7s1 7pl 7j . 7s2 7pl 7j

content of the CSV file is the DataSource. We say that a resource contains one or more data
sources, to refer to actual data contained in them. Intuitively, a CSV is a file (then, a resource)
that includes some tabular data (hence, a single data source). A Spreadsheet is a file (then, a
resource) containing many tabs, each one of them including tabular data (hence, possibly multiple
data sources).

We introduce the unary predicates Resource and DataSource and the binary predicate
includes. These predicates must comply with the following conditions: (i) Resources includes
at least one data source; (ii) A data source must be included in one and only one resource. See
Listing 3.

Listing 3 Formal definition of resources and data sources.

1 Vr,ds.includes(r,ds) = Resource(r) A DataSource(ds)
2 Vr.3ds.Resource(r) = includes(r,ds)

3 Vds.Jr.DataSource(ds) = includes(r,ds)

4 Vds,ry,ry.includes(r;,ds) A includes(rp,ds) = r; =15
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Table 3 A list of possible SPARQL BGP motifs.

BGP Motif Name Path Cycle/Clique Star Snowflake
7s 7p 7o .
?s 7p 7o . 7s 7pl 7ol
?s ?p ? ?s 7p 7 ?s ?pl 7 ?s 7

Motif ’s 7p 7o . ’s 7p 7o . ’s 7pl 7ol ’s 7p2

70 7pl 7ol 70 7pl 7s ?s 7p2 702 . 70

702 ?p3 703 .
70 7p4 704

4.2 Facade-X

We overview the basic data structures needed for representing the content of common resources
including CSV, JSON, YAML, XML, HTML, Text, Markdown, Relational Databases, and
Spreadsheets (e.g. XLS and XLSx)'6. The framework proposed in [8] represents any data source
as a combination of only three knowledge representation primitives, namely: sets of key-data pairs
(maps), ordered sequence of elements (lists), and unary predicates (types). In fact, this framework
interprets any data source as a sequence of values, regardless of its format, and then, arranges the
values of the sequence in multiple structures according to their serialisation format. Crucially, all
these structures can be captured using the three knowledge representation primitives mentioned
above. In addition, the framework introduces the notion of Container as an abstraction of both
lists and maps through the notion of Slots. A Slot is an allotted place for an object, namely a

primitive value or another container, “contained” in a Container. Container may have a type.
Fagade-X is a representation of a data source in terms of Containers, Types, Slots, and Values.

In this Section we provide a formal definition of the Facade-X. Figure 2 shows a diagrammatic
representation of the Fagade-X that provides an informal overview of the model.

includes hasType hasValue
includes
. hasSlot
Container >
DataSource 6 Container Slot
N +—— hasContainer

hasRoot

Root } { NumberSlot ][ StringSlot ]

Figure 2 A diagrammatic representation of the Facade-X model. Unlabelled arcs represent subsumtion
(e.g. Root is a type of Container).

We introduce the unary predicates: Container, Slot, StringSlot, NumberSlot and
Value. We also introduce the binary predicates hasSlot, hasValue, includesContainer and
hasContainer. Containers are collections of unique key/value pairs (slots) where: the key of the
slot is unique in the collection and can be either a number (i.e. NumberSlot) or a sequence of
alphanumeric characters (i.e. StringSlot); the value can be either a primitive value or another
container. See Listing 4.

16 See also https://sparql-anything.readthedocs.io/stable/#supported-formats.
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Listing 4 Formal definition of containers, slots, and values.

1 Vc,s.hasSlot(c,s) = Container(c) A Slot(s)

2 Vs, v.hasValue(s,v) = Slot(s) A Value(v)

3 Vs, c.hasContainer(s, c) = Slot(s) A Container(v)

4 Vs.NumberSlot(s) = Slot(s)

5 Vs.StringSlot(s) = Slot(s)

6 Ps.StringSlot(s) A NumberSlot(s)

7 V¥s.S8lot(s) = NumberSlot(s) V StringSlot(s)

8 Vds, c.includesContainer(ds, ¢) = DataSource(ds) A Container(c)

9 Vc.3ds.Container(c) = includesContainer(ds, c)

10 Vdsy, dsy, c.includesContainer(dsy, c) A includesContainer(ds,, c) = ds; = ds,

Listing 5 Formal definition of the properties of slots.

1 VvIs.Value(v) = hasValue(s,v)

2 Vs3c.Slot(s) = hasSlot(c,s)

3 Vcy, ¢, s.hasSlot(cy, s) AhasSlot(cy,s8) = ¢c1 = ca

4 Vs3x.Slot(s) = hasContainer(s,x) V hasValue(s, x)

5 Ps,x.hasContainer(s,x) A hasValue(s, x)

6 Vcq,Co, s.hasContainer(s,cy) A hasContainer(s,cy) = c; = ca

7 V1, Vg, s.hasValue(s, vy) A hasValue(s,vy) = vi = vy

8 Pc,s.hasSlot(c,s) A hasContainer(s,c)

9 VcPsi...Sn, C1...Co.hasSlot(c, s;) A hasContainer(ss,cq) A - -
-+ AhasSlot(cy_1,sp) A hasContainer(sy,c)

10 Ve, 81, s5.hasSlot (s, c) AhasSlot(sy,c) = 51 = s

Terminology. We say that a container c contains a slot s if (c,s) is in the interpretation of
the predicate hasSlot. Moreover, we say that a slot s holds a value v (or a container c) if (s, v)
(resp. (s,c)) is in the interpretation of hasValue (resp. hasContainer). In this case we can
also say that v (resp. c) is assigned to a slot. Finally, we say that a container ¢ recursively
contains a container c’ if there exists a sequence so,...,s, and containers cy, ..., c, such that
(c,s0),(c1,81)...(cn, Sp) is in the interpretation of hasSlot and (so,c4), (S1,¢2), ..., (Sn,¢’) is in
the interpretation of hasContainer.

A formal definition of the properties of slots is provided in Listing 5. Values must be assigned
to a slot (cf. 5.1). Slots must be contained by a single container (cf. 5.2, 5.3). Slots must hold
either a single container or a single value (cf. 5.4, 5.5, 5.7, 5.6). There cannot exists a container
¢ and a slot s such that ¢ contains s and s holds c. (cf. 5.8). Each container cannot recursively
contain itself through a sequence of slots and containers (cf. 5.9). Each container can only be
held by a single slot (it is not possible for two slots to hold the same container)(cf. 5.10).

Containers can have types (cf. 6.1). Every type must be assigned to a container (cf. 6.2).
To this end we introduce the unary predicate Type and the binary predicate hasType. A formal
definition of types is provided in Listing 6.
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Listing 6 Formal definition of types.

1 Vc,t.hasType(c,t) = Container(c) A Type(t)
2 Vt.3c.Type(t) = hasType(c,t)

The unary predicates Container, Slot, Value, and Type are pairwise disjoint. Disjointness
axioms are provided in Listing 7.

Listing 7 Definition of the disjointness relation.

1 Vx.Container(x) = —Slot(x) 7 Vx.Value(x) = —Container(x)
2 Vx.Container(x) = —Value(x) 8 Vx.Value(x) = —Slot(x)
3 Vx.Container(x) = —Type( 9 Vx.Value(x) = —Type(x)

x)
x)

4 Vx.8lot(x) = —Container( 10 Vx.Type(x) = —Container(x)
5 Vx.8lot(x) = —Value(x) 11 Vx.Type(x) = —Slot(x)
6 Vx.Slot(x) = —Type(x) 12 Vx.Type(x) = —Value(x)

For each data source, there exists one and only one Root container (cf. 8.1, 8.7, 8.3). The
Root container cannot be assigned to a slot (cf. 8.6). Containers that are not root must be
assigned to a slot (cf. 8.8). To identify the root container we introduce the unary predicate Root as
specialisation of Container (8.5) and the binary predicate hasRoot that connects a data source to
its root container (cf. 8.2, 8.4). A formal definition of the Root container is provided in Listing 8.

Listing 8 Formal defition of Root container.

1 Vds.Jdr.DataSource(ds) = hasRoot(ds,r)

2 Vds, r.hasRoot(ds, r) = DataSource(ds) A Root(r)

3 Vr.3ds.Root(r) = hasRoot(ds,r)

4 VYds,r.hasRoot(ds, r) = includesContainer(ds,r)

5 Vx.Root(x) = Container(x)

6 fr,s.Root(r) A hasContainer(s,r)

7 Vds, ry,ry.hasRoot(ds,r;) A hasRoot(ds, 1) = r; =13
8 VcIs.Container(c) A —Root(c) = hasContainer(s, c)

In Example 1, a container is generated for each row of the file. These containers are held by
slots in a root container, which represents the entire table. A value is generated for each cell and
associated with the corresponding row via a slot. An excerpt of this is shown in the Example 4.

4.3 Properties of the Facade-X

This section outlines some properties of the Facade-X model that will be used later to characterise
the RDF knowledge graph constructed from the instances of the model.

» Proposition 1 (Connectedness of containers). Every non-root container is recursively contained
by the root container.
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Proof. For each non-root container c, either (i) c is not assigned to any slot; (ii) or c is assigned
to a slot. We can exclude (i) as by definition (8.8'7) a non-root container must be assigned to a
slot. As for (ii), we show that for each non-root container c there always exist a sequence of slots
Sr, S1, ..., Sy and containers r, ¢4, ..., ¢, such that (r,s,), (c1,81)...(cp, Sp) is in the interpretation of
hasSlot and (s, c1), (S1,¢2), ..., (Sn, €) i in the interpretation of hasContainer, i.e. r recursively
contains c. The following conditions imply that each non-root container ¢ must be in a sequence
as above: (a) each non-root container must be assigned to a slot (8.8); (b) each slot is always
contained by a container (5.2); (c) containers cannot be recursively contain themself (5.9). It is
worth noting that (a) and (b) imply that for each non-root there is always a sequence of containers
like that above which it belongs to. (c¢) implies that the sequence does not form a cycle. Therefore,
the first container in the sequence must be the root container, since it cannot be assigned to any
slot. <

» Proposition 2. For each data source ds, there is one and only one sequence of containers and
slots that connects the root of ds to its containers.

Proof. This follows from the following facts: (i) There is always a single root for each data source
(8.7); (ii) Every non-root container is recursively contained by the root container (1); (iii) Each
slot is assigned to one and only one container (5.3); (iv) Each non-root container is assigned to
one and only one slot (5.6). Therefore, (ii) implies that there is always a sequence of slots and
containers that connects a container to a root, (ii) that there is always a single root, (ii) and (iv)
guarantee that the sequence is one and only one (it is convenient to pass through the sequence
backward, the last container of the sequence can be assigned to one and only one slot, which in
turn can be assigned to one and only container and so on). |

Now that we have described the Fagade-X model and demonstrated its properties, we introduce
a function fx, called facadify. This function is required to convert a resource into an instance of
the Fagade-X model. Let J be the set all possible interpretations and R the set of all possible
resources, the function fx, called facadify, given a resource r returns an interpretation J that
complies with the Fagade-X model, i.e. fx:R — 7.

Summary of changes from [8]:

We remove the predicates Key(k), hasKey(s k), StringKey(k), and NumberKey(k), i.e. collapse

them with the definition of slots. We add StringSlot and NumberSlot as a replacement.

Without loss of generality, we imagine that the key of the slot is included in the identifier of

the individual.

We rename Class into Type.

We solve an ambiguity regarding the distinction between data sources and root containers,
that are now distinct. We add the predicate hasRoot(ds, r).

We remove Name and hasName that were used to assign a name to a DataSource (we assume
that the identifier of the data sources are unique).

We clarify disjointness and connectedness.

We provide formal definitions for the predicates DataSource, Resource and for integrity
constraints that were previously only defined informally.

» Example 2. Table 4 show an example of usage of the introduced predicates for interpreting a
CSV file.

TWith this notation we refer to the line 8 of the definition 8.
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Table 4 An example of usage of the introduced predicates for interpreting a CSV file!®.

Source: ex.csv Facade-X Interpretation

includes(file:///ex.csv,ex.csv),

hasRoot (ex.csv,root),hasSlot(root,rs.1),

hasSlot (root,rs.2) hasSlot(root,rs.3),

NumberSlot (rs.1) NumberSlot (rs.2) NumberSlot(rs.3),
hasContainer(rs.1,row:1) hasContainer(rs.2,row.2)
hasContainer(rs.3,row.3),

hasSlot(row.1,rsr:11) hasSlot(row.1,rsr.12),
hasSlot(row.2,rsr.21) hasSlot(row:2,rsr.22),
hasSlot(row.3,rsr.31) hasSlot(row.3,rsr.32),

hasValue(rsr.11,"name") hasValue(rsr.12,"surname"),

name,surname
Laura,Grey

Craig,Johnson

hasValue(rsr.21,"Laura") hasValue(rsr.22,"Grey"),
hasValue(rsr.31,"Craig") hasValue(rsr.32,"Jonhnson")
NumberSlot (rsr.11) NumberSlot (rsr.12) ,NumberSlot(rsr.21),
NumberSlot (rsr.22) NumberSlot (rsr.31) ,NumberSlot (rsr.32)

» Example 3. Table 5 show an example of usage of the introduced predicates for interpreting a
JSON document.

Table 5 An example of usage of the introduced predicates for interpreting a JSON file.

Source: ex.json Facade-X Interpretation

includes(file:///ex.json,ex.json),

hasRoot (ex.json,root),

{
han 1 hasSlot(root,rs.a),StringSlot(rs.a),hasValue(rs.a,1),
a":1,
"o [1.2,3] hasSlot(root,rs.b),StringSlot(rs.b) hasContainer(rs.b,rsb.c),
y B hasSlot(rsb.c,rsbc.1) hasSlot(rsb.c,rsbc.2) hasSlot(rsb.c,rsbc.3),

NumberSlot (rsbc.1),NumberSlot (rsbc.2) ,NumberSlot (rsbc.3),
hasValue(rsbc.1,1) hasValue(rsbc.2,2) hasValue(rsbc.3,3)

» Example 4. Table 6 show an example of usage of the introduced predicates for interpreting a
XML file.

5 Facade-X RDF graphs
5.1 Mapping Facade-X to RDF

We define a mapping to RDF as a function F : £ x J — 22*7 which takes as input a query ¢
over Facade-X and an interpretation Z of the model, it evaluates ¢ over Z and it returns a set of

quads'®. The function F uses the assignments of the free variables of ¢ to instantiate the quads.

8 The example shows the CSV as a single container including a list of lists. SPARQL Anything allows
to interpret the first line as a schema and generate an alternative representation, using column names
as StringSlots. However, in this work, we do not consider format-specific configurations. More details
at: https://sparql-anything.readthedocs.io/stable/formats/CSV/.

1994 denotes the powerset of a set A, i.e. the set of all possible subsets of A.

5:13

TGDK


https://sparql-anything.readthedocs.io/stable/formats/CSV/

5:14

Towards a Theory of Facade-X Data Access

Table 6 An example of usage of the introduced predicates for interpreting a XML file.

Source: ex.xml Facade-X Interpretation

includes(file:///ex.xml,ex.xml),
hasRoot (ex.xml,root) hasType(root,TEAM),

<TEAM name="Chicago Bulls"> hasSlot(root,r.name),StringSlot (rname),
n 3 n
<PLAYER name="Micheal Jordan"/> hasValue(rname, "Chicago Bulls"),
</TEAM> hasSlot(root,r.1),NumberSlot(r.1),

hasContainer(r.1,rlc) ,hasType(ric,PLAYER),
hasSlot(ric,rlc.name),StringSlot(rlc.name),
hasValue(ric.name,"Micheal Jordan")

Listing 9 Definition of Fagade-X namespaces.

1 prefix fx: <http://sparql.xyz/facade-x/ns/>
2 prefix xyz: <http://sparql.xyz/facade-x/data/>

The input of F is specified as a PL formula and the output is specified as a RDF graph template
that include the free variable to instantiate the RDF terms. We use the symbol = to indicate an
input-output pair of F. We note that such mappings are bidirectional and conversion is loss-less,
meaning that one can go back and forth without loosing information.

It is worth noting that even though the purpose of mapping is different, formalising the
mapping as a function that associates queries and data sources with RDF graphs is compatible
with the framework proposed in [37] which associates queries with the positions of graphs to be
generated. However, demonstrating the compatibility of the two theories is beyond the scope of
this article.

Before providing the details of the function F we introduce elements that will be used in the
transformation. We define two namespaces and preferred prefix names: fx and xyz (see Listing 9).

We define the mappings (see Listing 10) between Facade-X terms and RDF. These mappings
are the input-output (i.e. query, RDF template) pairs of 7. We use the functions IRI, Entity and
Literal to construct RDF terms on the basis of the arguments passed to the function. Depending
from the configuration given by the KG engineer, the Entity constructs either an IRI or a Blank
Node. Moreover, we introduce the function ContainerMembershipProperty that given n € N
constructs the IRI of the corresponding container membership property, i.e. rdf:_n. We introduce
the primitive IRI fx:root to represent the unary predicate Root. Without loss of generality, we
assume that (i) ContainerMembershipProperty can extract the cardinal order of the slot from
its identifier; (ii) IRI extract the name of the slot from its identifier.

» Corollary 3. The mapping rules of Definition 10 are bidirectional.

Proof. This is can be demonstrated by showing that the mapping of Definition 10 is a bijective,
i.e. a one-to-one correspondence of distinct elements. By definition the mapping rules define
a correspondence of queries and generated quads. Therefore, we have only to show that the
corresponding elements are distinct. Firstly, we note that queries and generated quads are distinct
entities (i.e. it is not possible to convert one into the other using implications). As queries, we
note that in each query (implicitly) involves distinct elements of the model: 1: Root; 2: Container
and StringSlot; 3: Container and NumberSlot; 4: Value and StringSlot; 5: Value and NumberSlot;
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Listing 10 Defintion of mappings of the Facade-X to RDF.

1 hasRoot(ds,c) = {(IRI(ds),Entity(ds, c),rdf:type, fx:root)}
2 includesContainer(ds, c;) A includesContainer(ds, c,)
AStringSlot(s) A hasSlot(cy,s) A hasContainer(s,cy) =
{(IRI(ds),Entity(ds,c;), IRI(xyz:,s),Entity(ds,cs))}
3 includesContainer(ds, ¢;) A includesContainer(ds, c,)
ANumberSlot(s) A hasSlot(cy,s) A hasContainer(s,cy) =
{(IRI(ds),Entity(ds,c;),ContainerMembershipProperty(s),Entity(ds,c,))}
4 includesContainer(ds, c)ANumberSlot(s) A hasSlot(c,s) A hasValue(s,v) =
{(IRI(ds),Entity(ds, c), ContainerMembershipProperty(s),Literal(v))}
5 includesContainer(ds, c)AStringSlot(s) A hasSlot(c,s) A hasValue(s,v) =
{(IRI(ds),Entity(ds,c), IRI(xyz:,s),Literal(v))}
6 AincludesContainer(ds, c)AhasType(c,t) =
{(IRI(ds),Entity(ds, c),rdf :type, IRI(xyz:,t))}

Listing 11 The result of the application of the mapping to the input of Example 1.

PREFIX fx: <http://sparql.xyz/facade-x/ns/>
PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf -syntax-ns#>

[ rdf:type fx:root;

rdf:_1 [ rdf:_1 "email"; rdf:_2 "name"; rdf:_3 "surname" ];
rdf:_2 [ rdf:_1 "laura@example.com"; rdf:_2 "Laura";
rdf:_3 "Grey" 1;
rdf:_3 [ rdf:_1 "craig@example.com"; rdf:_2 "Craig";
rdf:_3 "Johnson" ];
rdf: _4 [ rdf:_1 "mary@example.com"; rdf:_2 "Mary";
rdf:_3 "Jenkins" ];
rdf:_5 [ rdf:_1 "jamie@example.com"; rdf:_2 "Jamie";
rdf:_3 "Smith" ]

and 6: Type. In a similar fashion, this is also the case for the generated quads. While the first two
elements are always an IRI derived from the DataSource and a Container, the property and the
object are distinct: 1: rdf :type, fx:root; 2: xyz: property and Entity; 3: container membership
property and Entity; 4: container membership property and Literal; 3: xyz: property and Literal;

and 6: rdf:type and xyz: IRIL

Listing 11 shows the result of applying the mapping rules in 10 to the input of Example 1.
Considering the mapping to RDF defined above, we can show that the constructed quads meet a

series of conditions.

» Corollary 4. The following statements apply to the constructed RDF quads:
(i) The subject is*° a Container;
(i) If the property is not rdf:type, then it is a Slot;

20«4g” in this context means “is constructed on the basis of”.
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(iii)  If the property is rdf:type and the object is not fz:root, then the object is a Type;
(iv)  If the property is a container membership property, then the property is a NumberSlot;
(v) If the object is a Literal, then the property is a Slot and the object from a Value.

Proof. The statement (i) is demonstrated by observing that the subjects in the mapping rules of
the Definition 10 is always an Entity constructed on the basis of a variable bound to a Container.

The statement (ii) is demonstrated by observing that all the rules that do not produce quads
having rdf:type as property, namely 2, 3, 4 and 5, have as property an Entity or a container
membership property derived from a slot.

The statement (iii) is demonstrated by observing that the only mapping rule that produces
a quad having rdf :type as property and an object different from fx:root is the 6. The quad
generated by this rule has as object an Entity derived from a type t.

The statement (iv) is demonstrated by observing that the only mappings comply with this
condition are the 3 and 4 and in both rules the predicate is derived from a NumberSlot.

The statement (v) is demonstrated by observing that the only mappings comply with this
condition are the 4 and 5 and in both rules the predicate is derived from a Slot and the object
from a Value. <

Considering the implications demonstrated in the Corollary 4, the mapping to RDF provided in
the Definition 10 and the Fagade-X described in Section 4.2, we can show that further implications
hold. Note that these implications apply to the constructed quads as well as to the facts implied
by the statements in Corollary 4 (this is why they are provided separately).

» Corollary 5. The following statements hold:

(i) If the object is an IRI and the property is a Slot, then the object is a Container;
(i) If the object is a Container, then the property is a Slot;

(iii)  If the object is a Value, then the property is a Slot.

Proof. The statement (i) is demonstrated by observing that the only mapping rules that generate
a IRI as object (via the function Entity) are the 2 and 4. In both, the predicate of the generated
quad is a Slot.

The statement (ii) is demonstrated by observing that the only mapping rules that generate a
Container as object are the 2 and 3. In both, the predicate of the generated quad is a Slot.

The statement (iii) is demonstrated by observing that the only mapping rules that generate a
Value as object are the 3 and 4. In both, the predicate of the generated quad is a Slot. |

Finally, on the basis of the corollaries and the definitions above, we can show that further
implications can demonstrated on the triple patterns satisfiable on the Facade-X graphs.

» Corollary 6. The following conditions hold:

(i) If the object is fz:root, then the subject is derived from the Root and the property is
either rdf:type or a variable that can match only with rdf:type, we call such a term
TypeProperty;

(i)  If the object is a Type, then the property is a TypeProperty;

(iii)  If the property of a triple pattern is neither a container membership property, nor a variable,
nor a TypeProperty, then it must be a StringSlot.

Proof. The statement (i) is demonstrated by observing that the only mapping rule in which
fx:root appears is at line 1 and the subject of this constructed quad is a Container and the
property is rdf : type. Therefore, any triple pattern that has fx:root as object, graph must have
a TypeProperty as property to be satisfiable on a Fagade-X graph.
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Similarly, regarding the statement (ii) we can observe that a Type is generated only by the
mapping 6 which generates a quad having rdf:type as property.

The statement (iii) is demonstrated by observing that if we exclude the mapping rules that
generate a container membership property are the 3 and 4 and those generating a quad having
rdf : type as property are the 1 and 6. Therefore, if we exclude also that the property of the triple
is a variable, then the property must be a StringSlot. <

5.2 Properties of Facade-X RDF graphs

RDF graphs are usually interpreted as directed, labelled (mathematical) graphs, which we refer
to as “m-graphs” to avoid confusion. An m-graph can be constructed from an RDF graph by
treating the subjects and objects of the triples as nodes and representing the properties as labelled
edges. Considering the properties of the Facade-X model demonstrated in the previous Sections
we can derive some topological properties of the corresponding m-graph.

» Theorem 7. Facade-X m-graphs built from a Facade-X RDF graphs are connected.

Proof. We can observe that nodes of a Facade-X m-graph can be either Containers, Values, Types
or fx:root. Proposition 1 demonstrates that for each container there is always a sequence of
slots and containers that connect it the root. Moreover, Containers can be object only of quads
having a Slot as property (see 5.(ii)), hence a sequence of Containers and Slots in the Facade-X
model corresponds a path of Container nodes and Slot edges. Therefore, there is always a path
that connects the Root node to any Container node. Finally, we can observe that Types, Values
and fx:root are always directly connected to the Container they belong to (see 10.1, 10.4, 10.5
and 10.6). Hence, the Facade-X m-graphs are connected. |

» Theorem 8. Facade-X m-graphs built from a Fa¢ade-X RDF graphs are acyclic.

Proof. A cycle involving a container node is not possible, as this would imply that a container
contains itself recursively, which would invalidate condition 5.9. Types, fx:root and Values

are directly connected to the container they belong to only and can not have outgoing edges.

Therefore, Facade-X m-graphs are acyclic. |
» Theorem 9. Facade-X m-graphs have a single root.

Proof. The only mapping rule matching the root container is the 10.1. For each DataSource
there is a single solution for the query of this rule since there is one and only one root for each
DataSource, see 8.3 and 8.7. <

» Theorem 10. In Facade-X m-graphs, there always exist a single directed path connecting the
root node to any container node.

Proof. Proposition 2 demonstrates that for each Container ¢ there is always a single sequence
of containers and slots that connects the root of the data source to c. Proof of Theorem 7
demonstrates that a sequence of Containers and Slots in the Fagade-X model corresponds a
directed path of Container nodes and Slot edges. Therefore, each container is connected to the
root of the its data source by one and only one path. |

» Corollary 11. In Facade-X m-graphs, there is either a single directed path connecting any pair
of container nodes, or there is none.

Proof. This is a consequence of the Theorem 10. We observe that for a given pair of nodes x and
y, either y lies on the path from the root to x, or it does not. <
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6 Satisfiability of Basic Graph Patterns under Facade-X

We characterise the Basic Graph Patterns that admits a solution on a Facade-X RDF graph
(BGPY¥X). Although the number of satisfiable BGP¥X is infinite, we can characterise a BGP¥X
from the Triple Patterns (TPs) that admit a solution on a Fagade-X RDF Graph and the possible
joins among them. Moreover, although the Facade-X model include their definition, Resource and
DataSource are not involved in BGP expressions. In fact, a DataSource is mapped to a named
graph (see Definition 10). A Facade-X Resource is mapped to an RDF Dataset, as intended
by [53]. In what follows, we study basic graph patterns.

6.1 Satisfiable Triple Patterns

We remind some properties of a Fagade-X RDF graph that can be derived by the theory outlined
in the previous Sections.

The subject must be a Container;

The set of all possible predicates is the union of TypeProperty, SlotString and SlotNumber;

The set of all possible objects is the union of Value, Container, FXRoot and Type;

Container, TypeProperty, SlotString, SlotNumber, Value, Root and Type, of these sets are

mutually disjoint by definition.
Given these conditions, we can have only 6 TPs compatible with a Fagade-X graph (out of the
12 possible combinations). Table 7 shows the TPs resulting all the 12 possible combinations of
Facade-X components, together with an indication of their satisfiability. Consider the Facade-X
triple pattern “Container SlotNumber Value” (first row of the table). This is satisfiable, since the
Facade-X graph can contain such a triple. The last column of the table indicates the SPARQL triple
patterns that can match the corresponding Fagade-X triple pattern. For example, the SPARQL
triple pattern VZL (e.g. ?s rdf:_1 "some value".) can match “Container SlotNumber Value”
as the variable ?s can be resolved to a container, rdf:_1 is a SlotNumber and "some value" is a
Literal. The Fagade-X triple pattern “Container SlotNumber Type” (second row of the table) is
not satisfiable as types in Facade-X occur only in triples with a TypeProperty as predicate.

6.2 Satisfiable Join conditions

Without loss of generality, we can study the satisfiability of BGPFX consisting of two TPs. In
fact, more complex BGPs can be derived by joining BPGs of one or two TPs. Since properties
never occur as the subject or object in Facade-X, joins that equate the subject or object of one
TP with the predicate of another TP are not permitted. Therefore, the joins S > P and P <1 O
will always result in a empty solution. As a result, Facade-X TPs can be involved in four types of
joins, namely: S5, Pt P, S >0, and O = O.

However, not all Facade-X TPs can be involved in all of these joins. Consider the TPs C.SN.V
and C.SN.C. The only joins allowed are S < .S, P P, and S > O, but not O < O since Values
and Containers are disjoint.

For example, the following SPARQL BGPs are satisfiable:

?srdf:_1?v. ?s rdf:_2 ?7c . which is example of S 1 .S join;

<il> 7p "some value" . <i2> ?p <i3> . which is example of P < P join;

<i>rdf:_1 7c. 7c rdf:_2 "some value" . which is example of S > O join;

Moreover, consider the following BGP.
?slrdf:_170.
?s2rdf: 2 70.
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Table 7 Triple Patterns result in all possible combinations of Fagade-X components, together with an
indication of their satisfiability on a Fagade-X RDF graph.

Id Fagade-X Triple Pattern Satisfiability Corresponding SPARQL Triple Pat-
terns
C.SN.V Container SlotNumber Value v VYV, VVB, VYVL, VIV, VIB, VIL, IVV,

TVB, IVL, IV, TIB, IIL, BYY, BVB,
BVL, BIV, BIB, BIL

C.SN.T Container SlotNumber Type -
C.SN.R Container SlotNumber FXRoot
C.SN.C  Container SlotNumber Container v vy, VWi, VVB, VIV, VIT, VIB, IVV,

VI, TVB, TIV, I1Z, TIB, BV, BVI,
BYB, BIV, BIL, BIB

C.SS.V Container SlotString Value v VYV, VVB, VWL, VIV, VIB, VIL, IVV,
IVB, IVL, I1V, ITIB, IIL, BVY, BVB,
BVL, BIV, BIB, BLL

C.8S.T Container SlotString Type
C.SS.R Container SlotString FXRoot - -
C.8S.C  Container SlotString Container v vVV, VWI, VVB, VIV, VII, VIB, IVV,

IVI, IVB, 11V, I1Z, 11IB, BVV, BVI,
BYB, BLY, BIT, BIB

C.TP.V Container TypeProperty Value - -

C.TP.T Container TypeProperty Type v Vv, VI, VVB, VIV, VIZT, VIB, IVV,
IVi, 1VB, I1V, 111, IIB, BVV, BVI,
BYB, BLV, BI1, BIB

C.TP.R Container TypeProperty FXRoot v Vv, VI, VVB, VIV, VIZ, VIB, IVV,
IVI, IVB, 11V, I1Z, 118, BVV, BVI,
BYB, BLY, BIT, BIB

C.TP.C Container TypeProperty Container - -

We have that either 7o is a value or it is a container; it cannot be both, as these are mutually
exclusive. Therefore, if other constraints from different TPs require that 7o be both a container
and a value, the pattern is not satisfiable. Moreover, we will see that 7o can only be a Value.

In general, assuming the order of the triple pattern is meaningful, we have 6 valid Facade-X
TPs, hence 36 Facade-X basic graph patterns of two joined Fagade-X TPs. If we do not consider
the order of the TPs, there are 21 possible Facade-X graph patterns®'. The join condition among
these patterns can be one of the 4 above, resulting in 84 combinations.

To narrow down the number of satisfiable combinations, we can make the following considera-
tions.

S > S is always satisfiable as it equates containers (see 4.(i));

S > O is satisfiable when the joined node of the first and the joined node of the second
Facade-X triple pattern are of the same Fagade-X type (otherwise the graph would not have a
solution as the Facade-X types are pairwise disjoint, see Definition 7).

As a result, we have 42 possible Facade-X graph patterns, which are showed in Table 8.

21 This is the number of all possible combinations without repetition of 2 elements from a set of 6, i.e. (g), plus
the number of Facade-X graph patterns where the same pattern is repeated twice, i.e. 6.
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Table 8 The list of all possible joins of two Facade-X triple patterns with their corresponding admissible
joining condition.

Facade-X Graph Pattern Satisfiable Joins
C.SN.V > C.SN.V SxtS PxPOxO
C.SN.Vix1 C.SS.V S S 0O
C.SN.V i C.SS.C S8 SO
C.SN.Vx C.TP.T S S
C.SN.V C.TP.R S S
C.SN.Cx C.SN.V SxS PP
C.SN.C> C.SN.C S<SPx<xPS<0O0OxO
C.SN.Cx C.SS.V S S
C.SN.Cx C.SS.C S8 S0 OO
C.SN.Cx< C.TP.T S S
C.SN.C< C.TP.R S S
C.SS.V < C.SS.V S8 P<xiP OO
C.SS.V< C.TP.T S S
C.SS.V< C.TP.R S S
C.SS.C>=<C.SS.V S S PP
C.8S.Cx1C.SS.C SxS PP SO OO
C.SS.Cx< C.TP.T S S
C.SS.Cx< C.TP.R S S
C.TP. T C.TP.T SxS PP OO
C.TP.R<C.TP.T SxS PP
C.TP.R C.TP.R SxaS PP OO

6.3 Satisfiable Basic Graph Patterns

Combining these patterns yields to more complex graph structures as those reported in Table 3.
It is worth noting that we can consider a BGP as a conjunction of its sub-BGPs, if a sub-BGP
violates the Fagade-X model, then the BGP is unsatisfiable. Therefore, given a BGP, we could
extract every possible sub-BGP from it and check whether any of these violate the Fagade-X
model. If we find a sub-BGP that violates Facade-X, then the BGP is unsatisfiable.

We observe that there are formulas of the model that can be violated without compromising the
satisfiability of the BGP. In fact, a BGP is satisfiable if there is a partial mapping for its variables
under which the BGP is isomorphic with a portion of the Facade-X RDF graph. Therefore,
formulas requiring the existence of triples can be violated without compromising the satisfiability
of the BGP, because the mandatory triples could be in a different portion of the graph. For
example, the formula 5.1 implies that every value must be contained in a slot. However, BGPs that
do not involve slots or values (e.g. ?s a 7t) can violate formula 5.1 while still being satisfiable.

This approach, i.e. analysing the BGP by its sub components to assess the satisfiability, raises
three questions:

(i)  Which formulas, if violated, would make a BGP unsatisfiable?
(i)  How can we check whether a (sub-)BGP violates a model formula?
(iii)  Which (sub-)BGPs do we need to extract?

Answer (i). We identify the categories for the model formulas: type/disjoint implications which
are the formulas that allow us to reason about the types of the individuals; min-cardinality
constraints (resp. max-cardinality constraints) which are the formulas that require that there
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Table 9 Classification of the Fagade-X model formulas by the categories identified: Min-Cardinality
Constraint (Min), Max-Cardinality Constraint (Max), Type Implications (Type), Disjointness (Dis),
Integrity Constraints (Int), BGP Inviolable (Inv) and BGP Inviolable By Construction of the Mapping
Rules (Inv BC).

Definition 3 Definition 4 Definition 5
Form 1 2 3 4 1 2 3 4 5 6 7 8 9 101 2 3 4 5 6 7 8 9 10
Min v v v v v v
Max v v v v v v
Type v v v v v Y v v
Disj
Int v v v v
BGP Inv v v v v v v v
BGP Inv BC v v v v v v v v VIV v v Y
Definition 6 Definition 7 Definition 8
Form 1 2 1 2 3 4 5 6 7 8 9 10 11|11 2 3 4 5 6 7 8
Min v v v
Max v
Type v v v v v
Disj v v v v v v v v v v Vv |V
Int v
BGP Inv v v v v
BGP Inv BC | v v v v v v v v v v ViV Vv v v

must be a minimum (resp. maximum) of individuals/pairs in the interpretation of a model; and
integrity constraints which are the formulas that impose that one or multiple individuals/pairs do
not exist.

It is worth noticing that min-cardinality constraints can be violated without compromising
the satisfiability of the BGP. These formulas imply the (implicit) existence of triples that can
exist in a different portion of the Facade-X RDF graph. Instead, violating a maximum cardinality
constraint, an integrity constraint, a type/disjoint implications renders a BGP unsatisfiable, since
these constraints prevent triples from existing, whereas BGP requires them to exist. These call
these kind of formulas inviolable.

Moreover, we note that there are formulas that, by definition of the mapping rules alone
(see 10), can not be violated. For example, formula 4.6 can not be violated as NumberSlot and
StringSlot are always generated by distinct rules. Instead, for formula 4.1 to be violated, we
need to know that StringSlots or NumberSlots are both Slots, which is knowledge that cannot be
derived from the mappings alone. Finally, it is worth noting that type implications themselves
can only lead to the unsatisfiability of the BGP when considered alongside a disjoint implication.

Table 9 classifies the model formulas according to the above-defined categories and indicates
wether the formula is inviolable or inviolable by construction.

Answer (ii). A BGP violates a model formula if there is a mapping between its nodes and the
formula’s variables that renders the formula invalid (i.e. if it makes the negation of the formula
true). For example, consider the formula 5.8, the triple pattern ?x ?p ?x violate it since we can
assign to both ¢ and s the variable ?x. Then we can reformulate question (ii) as “how can we
assign variables of the inviolable formulas to the nodes of the BGP?”

For each inviolable formula, we can construct, via the mapping rules in Definition 10, a
proxy graph that violates the formula. This is the minimal graph that violates a formula and
exemplifies the pattern that must be avoided in BGP to ensure satisfiability. Since mapping
rules are bidirectional (see Theorem 3) assigning BGP nodes to formula variables is equivalent
to assigning BGP nodes to proxy-graph nodes. Therefore, BGPs that are isomorphic to a proxy
pattern violate an inviolable formula.
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Table 10 Inviolable formulas and corresponding proxy graph.

Formula Proxy Graph
4.1,73,7.10 <il> xyz:s <i2>. <i3> rdf:type <il>

5.5 <i1> rdf:_1 "a" . <il> rdf:_1 <i2>

5.6 <i1> rdf:_1<i2>. <il> rdf:_1 <i3>

5.7 <i1>rdf:_1 "1" . <il> rdf:_1 "2"

5.8 <il> rdf:_1 <i1>

5.9 <i1> rdf:_1<i2> . <i2> rdf:_1 <i3> . <i3> rdf:_1 <il1>
5.10 <il> rdf:_1<i2>. <il1> rdf:_2 <i2>

8.6 <i1> rdf:type fx:root . <i2> rdf:_1 <i1>

8.7 <il> rdf:type fx:root . <i2> rdf:type fx:root

Table 10 shows the inviolable formulas and the corresponding proxy graphs. For brevity,
Table 10 omits disjoint formulas. Such formulas can be violated by forcing a node to be of two
disjoint types. Most of the formulas cannot be violated due to the construction of the mapping
rules, either because the two types of a disjoint occur in different roles (e.g. slots and containers
are placed as properties and subjects) or because they are materialised using different RDF node
types (e.g. values and containers are literals and IRIs). These conditions can be validated by
checking if the triple patterns of the BGP match the valid triple pattern indicated in Table 7.
Therefore, the only disjoint that can be violated is between Type and Container.

» Remark 12. In addition to the above conditions, there is an extra constraint that must be
met to ensure the BGP is satisfiable. This constraint is treated separately from the others as it
implicitly emerges from the structural properties of the Facade-X m-graph. Since there is a single
path connecting the root to its containers (see 10) and there is either a single path connecting any
pair of container nodes, or there is none (see 11), backward paths of containers to the root must
be compatible. For example, the following BGP is not satisfiable since <iri> which must be a
container, and it is contained by two different containers: <j1> and <j2> (in case that ?j3=7j5,
7p3=7p4, 7p2=7p4), or, <j3> and <j5> (if j3 # j5):

<j1> ?p2 7j3 . 7j3 7p3 <iri> .
<j4> 7p4 7j5 . 7j5 ?p4 <iri> . <iri> 7p 7o .

Answer (iii). It is worth noting that, in order to determine whether a BGP violates an inviolable
formula, we must first establish whether the BGP contains an invalid FX triple pattern, and
secondly, whether it is isomorphic to a proxy graph in Table 10. If we exclude proxy graph
associated to formula 5.9 that imposes that Facade-X RDF graphs are acyclic, conditions that
would make the BGP unsatisfiable would span across one or two triple patterns. Therefore,
assuming that the BGP is acyclic, we can determine its validity by extracting sub-BGPs of one or
two triple patterns and checking the above-defined conditions.

7 Detecting satisfiable Basic Graph Patterns under Facade-X

We apply the Facade-X theory defined in the previous sections to determine the satisfiability of
basic graph patterns in Fagade-X. We first summarize the components of the theory and their role
in addressing the problem and then present two algorithms to annotate basic graph patterns and
determine their satisfiability.
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7.1 Implementing the theory

We will introduce some preliminary definitions and supporting functions that will be used in later
algorithms.

Satisfiable BGPs under Facade-X. We define G as the set of all possible RDF graphs, and GFX
as the set of possible RDF graphs that derive from the mappings of definition 10. Furthermore,
we define BGP?? as the set of SPARQL Basic Graph patterns and BGP¥X ¢ BGP as the set
of BPGs having at least one solution against at least one possible g € GF*. Note that there
is a strict inclusion between BGP¥* and BGP as we already demonstrated that not all triple
patterns/joins are satisfiable under Facade-X (see Section 6.3).

Any bgp € BGP¥* must comply with the conditions determined by our theory, namely:
C1 No cycles are allowed in BGPs (see Theorem 8);
C2 Join conditions of the BGP must comply with those reported in Table 8;

C3 BGPs cannot have two alternative paths that lead from any node to a container (see remark 12);

C4 Mapping Rules (i.e. 10) and related corollaries 4, 5 and 6;
C5 There must be at most one root (see 9);
C6 Triple patterns of the BGP must comply with those reported in Table 7;
C7 None of the sub-BGPs included in bgp must be isomorphic to the proxy graphs defined for
the inviolable formulas as reported in the Table 10.
We ignore the following properties of Facade-X RDF graphs:
Connectedness (cf. 7 and 2): because BGP don’t need to, as non-joined triple patterns will be
executed as their product;
Fagade-X graphs are rooted (cf. 9): because the BGP can safely match a portion of the
Facade-X graph;
Min-Cardinality constraints and conditions defined in formulas that are inviolable by construc-
tion of the mapping rules (cf. Section 6.3).
Next, we introduce functions to avoid unsupported joins, cycles and multiple paths to container
nodes. These functions guarantee that the conditions C2, C1 and 12 are satisfied.
We proceed by describing the procedure to remove unsupported joins.

» Algorithm 1 (Detection of unsupported joins). BGPX cannot have Subject/Property or
Object/Property joins within or across triples. Listing 12 defines the function
hasUnsupportedJoin(bgp) — Bool to detect unsupported joins.

Listing 12 Pseudocode of the hasUnsupportedJoin function.

function hasUnsupportedJoin(bgp): Bool

subjects = {}, properties = {}, objects = {}

for (s, p, o) € bgp:
subjects = subjects U {s}
properties = properties U {p}
objects = objects U {o}
if s € properties V o € properties V p € subjects V p € objects :

return True
return False

OO0 ~NOO P WN -

22We remind that a BGP is a set of triple patterns, then BGP := 2(ZUBUV)x(ZUV)x (ZUBULLY)

5:23

TGDK



5:24

Towards a Theory of Facade-X Data Access

Time Complexity of hasUnsupportedJoin. The time complexity depends on the number of
triples in the bgp, hence O(|bgp|).
We proceed to detect cycles in basic graph patterns.

» Algorithm 2 (Detection of cycles). Since Facade-X graphs are acyclic, BGPEX also cannot have
cycles. We define the function hasCycle(bgp) — Bool to detect cycles in BGPs. This function
explores the bgp by performing a depth-first search (DFS, see detectCycle) for each triple pattern
of the bgp. If a node is visited two times by the search, the function returns True. hasCycle and
detectCycle are defined in Listing 13.

Listing 13 Pseudocode of functions for detecting cycles.

1 function hasCycle(bgp): Bool

2 for (s, p, o) € bgp:

3 if (detectCycle (bgp, {s}, s)):
4 return True

5 return False
6
7
8

function detectCycle(bgp, visited, last): Bool
for (last, p, next) € bgp:

9 if next € visited:

10 return True

11 else:

12 return detectCycle(bgp, visited U {last}, next)
13 return False

Time Complexity of cycle detection. The time complexity of a depth-first search on a graph of
n nodes and e edges is O(n + ). We observe that the function hasCycle performs a DFS for each
triple of the BGP (number of edges of the graph). Therefore in the worst case the time complexity
is O(|bgp|* + |bgp| * n).

Once the cycling detection is verified, we move to verify the constraints of our theory. To
do that, we proceed to annotate the nodes in the pattern with the predicates resulting from the
Facade-X mappings to RDF. We list the possible predicates in Table 11, which also summarises
the following characteristics.

Ground predicates. Nodes in BGPs have roles related to the RDF triples (Subject, Predicate,
Object) or roles resulting from mappings to the Fagade-X model: Container, FXRoot (to represent
the role of the term fx:root), Slot, SlotString, SlotNumber, Value, Type and TypeProperty. We
organise these roles in a predicate hierarchy, where the top role is the RDF Node and the first layer
Subject, Predicate, Object, which are in turn specialised by Facade-X predicates. Ultimately, the
nodes in BG PFX will necessarily be one of Container (Subject or Object), Type (Object), FXRoot
(Object), TypeProperty (Property), SlotString (Slot which specialises Property), SlotNumber
(Slot which specialises Property), or Value (Object). We name those ground predicates (GP), i.e.
the set of Fagade-X predicates that cannot be specialised. These are marked with a * in Table 11.
Table 11 also summarises the disjointness between predicates (derived from Definition 7 and the
analysis of satisfiable joins, see Table 8).

» Definition 13 (Annotated Basic Graph Patterns). We indicate the set of nodes of a BGP as N,
i.e. N:=VUTZUBUL We define the function nodes : BGP — 2V which given a BGP returns the
set of nodes it contains. We define a function annotate : BGP — Map(N, GP)2® which associates
every bgp with a set of pairs (node, ground predicate).

23 Map(X,Y) indicates the set of all possible dictionaries having elements in X as keys and Y as values.
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Table 11 Facade-X RDF predicates hierarchy and disjointness. Ground predicates are marked with a *.

Predicate Specialises Disjoint with
Subject Property
Property Subject, Object
Object Property
TypeProperty* Property Subject, Object, Slot, Type, Container
Type* Object Slot, Container, Value, FXRoot
Container™® Subject, Object Property, Slot, Value, Type, FXRoot
Slot Property Subject, Object, TypeProperty
Value* Object Property, Subject, Type,Container, FXRoot,Slot
FXRoot* Object Subject, Property,Container, Value, Type
SlotNumber* Slot SlotString, Subject, Object
SlotString™ Slot SlotNumber, Subject, Object

Relations between BGP and annotated BPGs. Note that a BGP can be annotated in many
ways, i.e. |annotate(bgp)| > 1.Vbgp € BGP Note that the existence of an annotation for a BGP
does not guarantee that it is satisfiable.

Later, we present two algorithms that, given a generic bgp € BG P, can generate all possible
annotations that satisfy the theory. In the remaining of this section, we are going to summarise

the elements of the theory and introduce pseudo-code that will be later applied in the algorithms.

In what follows, we distinguish the BGP node types (Variable, IRIs, Literal) from the predicates,
i.e. the annotated roles that each node may have in a Facade-X graph matching scenario. We
omit blank nodes, as they operate as existential qualifiers and thus behave like variables do [23].

» Definition 14. According to the above theory, the algorithm implements the following rule for
annotating a BGP. Note that if a rule raises an inconsistency when verified, the NS term is raised,
which stands for “no solution’.

R1 If a node is a subject, then it is a Container;

R2 If a node is the IRI fr:root, then it is FXRoot;

R3 If a node is the IRI rdf:type, then it is TypeProperty;

R4 If a Property is not a variable or the IRI rdf:type, then it is a Slot;

R5 If the Object of a triple is not a Variable and not the IRI fx:root but Property is rdf:type, then
the Object is a Type;

R6 If the Object is FXRoot, then the Property is TypeProperty;
R7 If the Object is Type, then Property is TypeProperty;
R8 If the Property is a ContainerMembershipProperty, then the Property is SlotNumber;

R9 If the Property is neither a Variable, rdf:type, or ContainerMembershipProperty, then is a
SlotString;

R10 If a node is a Literal, then it is a Value;

R11 If the Object is a IRI and Property is Slot, then Object is a Container;

R12 [f the Object is a Value, then the Property is Slot;

R13 If the Object is an IRI not equal to fr:root and it is annotated as FXRoot, then raise NS;
R14 If the Object is a Type and is fz:root, then raise NS;

R15 If the Object is an IRI and is a Value, then raise NS;

R16 If the Object is a Container, then Predicate is Slot;
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R17 If two triples have the same subject and predicate, and the predicate is a Slot, they also need
to have matching objects - where either or are variables or are the same node;

R18 If there is a subject/object join when the object is FXRoot, then raise NS;

R19 If a node is Object and Container or FXRoot and there are disjoint paths ($<O joins)
leading to it, then raise NS.

Data structures used in the algorithms. We introduce the data structures which will be referred
to by both algorithms. These are: (i) the input Basic Graph Pattern, i.e. a sequence of triples
denoted by the variable bgp; (ii) the set of predicates of Fagade-X indicated as terms; (iii) the
Facade-X RDF terms hierarchy, as presented in Table 11, i.e. a map, named specialisations,
which associates each Facade-X predicate to its direct super type; (iv) the Facade-X RDF terms
disjointness Table 11, a map, named disjointness which associates each Facade-X predicate to
the set of predicates it is disjoint with; (v) ground terms, i.e. Fagade-X set of terms that cannot
be specialised, indicated as groundTerms; (vi) top terms, i.e. terms that do not specialise other
terms, indicated as topTerms.

Implementation of inference rules. We assume that the consistency rules presented above
(see R1-R19) are implemented in form of implications (head <— body), meaning that the head
is applied if the body is true. These rules are accessible through the variable rules. We also
introduce the functions: (i) body(rule,node,map) : Bool which takes a rule a node of the BGP
and a map € Map(N, terms), it evaluates the body of the rule and returns True if the condition
holds, False otherwise; (ii) head(rule,node, map) : Bool which applies the head of a rule (returns
the implied FX term or NS).

> Algorithm 3 (Checking constraints from inference rules). We introduce the function check
(Listing 14), which verifies the consistency of a bgp against the set of rules presented before. The
function iterates through the nodes of the bgp, applying each rule in rules to each node. If the
body of the rule is true, then it obtains the inferred term from the head of the rule. If the the
inferred term is inconsistent with the other terms already associated with the node, it returns False;
otherwise, it continues with the next rule. The function returns True if no inferred term raises an
inconsistency.

Listing 14 Pseudocode of check function.

1 function check(map, bgp): Bool

2 for node — term in map:

3 for rule in rules:

4 if body (rule, node, map) then:

5 result < head(rule, node, map)

6 if result = NS or result in disjointness[term]:
7 return False

8 return True

Time complexity of check. The time complexity of the function check is O(n x r) where n is
the number of nodes in the bgp and r is the number of rules, i.e. R19. Since we can consider r a
constant parameter, then we can conclude that check is linear in the number of nodes of the bgp.

match(nl,n2). We define a function match(n1,n2) : Bool that implements the SPARQL specific-
ation (SPARQL Basic Graph Pattern Matching) [23]. The function compares the nodes’ types, if
any of the two is a variable, returns True. If both aren’t, it checks node equality (see Table 12).
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Table 12 The match(left,right) function compares two nodes.

left right matches(left,right)

True

True
True

False

(NS I VA VA
DN R<

» Algorithm 4 (Function satisfiesUniquePathToRoot).

We present the function satisfiesUniquePathToRoot (bgp, map, node):Bool (see Listing 15

for the pseudocode) which guarantees that the constraint R19 is satisfied. The function takes as

argument (i) bgp - a basic graph pattern; (ii) map € Dict(N, terms) - nodes with annotations (e.g.

‘P -> Slot‘); and (iii) a focus node n so that (n — Container) € map or (n — FXRoot) € map.

The algorithm operates as follows:

1. From bgp, construct the set triplePairs containing pairs of distinct triples that have node as
object (cf. line 2). This can be an empty set.

2. We collect backward triple paths. For each pair of triples so that Triple(_, _,node), and
each triple in the pair, get the lists of triples having recursively S<10 joins from the BGP
(cf. function walkBackwards). backwardsTriplePathPairs is a list of tuples, holding two
backwards paths for each triple pair.

3. Next, for each triple path pair, we transform each triple path in a sequence of backward node
paths starting from node (cf. function nodesPath). backwardsNodePathPairs is a list of
tuples, holding two backwards node paths for each pair.

4. We walk each paths’ pair.

5. Paths can have the same length or not. When there is a node in both paths, we check whether
they are compatible, ie. we match the nodes in the same position, relying on the match function
defined before. If two nodes don’t match, the bgp does not satisfy the constraint at R19.

6. If length does not match (lines 10-16), we verify that the shortest path of the two ends with a
node that is not being annotated as FXRoot. Since both paths must be compatible for the bgp
to be satisfiable, if the shortest path ends with a root container, the bgp is not satisfiable (cf.
line 26).

7. If the algorithm proceeds, all conditions are satisfied: the solution graph does not need to have
alternative unmatching paths to a container or root node.

Time complexity of satisfiesUniquePathToRoot. In the worst case, the function satisfies-
UniquePathToRoot constructs a path pair for each node. Since the dominant part of the
function involves going through pairs of paths and checking that each node does not invalidate
any conditions, the time complexity of the function is O(n?).

7.2 Correctness and Completeness with respect to Facade-X
To guarantee the satisfiability of a BGP, it is necessary and sufficient to verify the conditions C1-C7.

Here, we summarise how all the conditions are captured by our framework.

C1, C2 and C3. As discussed earlier, C1, C2 and C3 are verified by executing the functions
hasCycle, hasUnsupportedJoin, and satisfiesUniquePathToRoot.
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Listing 15 Pseudocode of the satisfiesUniquePathToRoot function.

1 function satisfiesUniquePathToRoot(bgp, map, node): Bool
2 triplePairs <« {((s1, pi, node), (s2, p2, node)) | (s1, pi, node) € bgp A (s2, p2,
node) € bgp A (( s1 # s2) V ( p1 # p2))}
3 backwardsTriplePathPairs < {(walkBackwards([left], bpg), walkBackwards([right], bgp))
| (left, right) € triplePairs}

4 backwardsNodePathPairs < {(nodesPath(left), nodesPath{right) | (left, right) €
backwardsTriplePathPairs}

5 for (leftList, rightList) in backwardsNodePathPairs:

6 for i € [0--'max(|leftList|,|rightList|)]

7 if |leftList|=|rightList|

8 if match(leftList[i], rightList[i]) = False:

9 return False

10 else:

11 if i < [leftList|:

12 shortestEndNode = rightList[|rightList|]

13 else:

14 shortestEndNode = leftList[|leftList|]

15 if (shortestEndNode, _, r) \in bgp A map[r] = FXRoot:

16 return False

17 return True

18

19 function walkBackwards(list, bgp): List

20 (s,p,0) + list[|list]]

21 if (sp,Pp;s) € bgp:

22 list < list + [(sp, Pp, S)]

23 return walkBackwards(list, bgp)

24 else:

25 return list

26

27 function nodesPath(triplePath): List
28 path = []
29 for (s, p, o) € triplePath:

30 if path = []:

31 path = [o]
32 else: path =

33 path + [p, s]
34 return path

The other conditions (C4, C6, C5, C7) are verified by the check function via the inference
rules R1-R19, as follows.

C4 and C6. RI1-R12 guarantee that the BPG’s triple patterns comply with the Facade-X triple
patterns and mapping rule:

R1 implies that all the subject must be a Container;

R3, R5, R6, R7, R8 and R9 imply that the predicate of a BGP’s TP is either a Slot or

TypeProperty.

R5, R10, R11 imply that the object of a TP is a Container or a Type or a Value or FXRoot.
Note that if multiple incompatible predicates are associated with a node, the function check raises
NS.

So far, satisfying the conditions guarantees that satisfiable Fagade-X TPs are identified.

Next, we must demonstrate that unsatisfiable TPs are excluded. To this end, we go through
the unsatisfiable patterns of Table 7, to demonstrate that they are excluded by the rules. C.SN.T,
C.SN.R, C.SS.T, C.SS.R are excluded by the R11, which requires the Object of a Slot to be
a Container that is disjoint with Type and FXRoot. C.TP.V is excluded by the R12, which
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requires the property of a triple having Value as Object to be a Slot (and Slot is disjoint with
TypeProperty). C.TP.C is excluded by the rule R16, which requires the property of a triple having
Container as Object to be a Slot. Thus, we have shown how all unsatisfiable triple patterns are
identified by the rules.

C5. Condition C5 is guaranteed by the R2 and R19. In fact, R2 guarantees that the IRI fx:root
is annotated as FXRoot and R19 guarantees that there can not be multiple path leading to it.

C7. Last, we go through the Proxy Graph reported in Table 10 and we demonstrate that are all
excluded by the rules. Proxy Graph for Formulas 4.1, 7.3, 7.10 raises a NS since <i1> is annotate
as both Container (cf. R1) and Type (cf. R3 and R5) and they are disjoint predicates. 5.5,
5.6, and 5.7 are excluded by R17 since we have two triples have the same subject and predicate,
the predicate is a Slot, but the objects do not match. 5.8 and 5.9 are cycles, then excluded by
the function hasCycle. 5.10 is excluded by the function satisfiesUniquePathToRoot. 8.6 is
excluded by R18 since it is a subject /object join when the object is FXRoot. Finally, 8.7 guarantees
that the BGP has a single root and, as discussed earlier, this is enforced by R2 and R19.

7.3 Annotating graph patterns

We investigate two approaches to annotate basic graph patterns, ie. implementing the function of
definition 13: (1) a top-down algorithm, addressing the annotation process as a search, and (2) a
bottom-up algorithm, addressing the annotation process as constraint satisfaction one.

7.3.1 Top-down algorithm

A top-down algorithm could address the annotation of the BGP problem as searching the space of
annotated patterns for any (or all) annotations that comply with the theory. If none is found,
the input bgp is not satisfiable. Clearly, it would be sufficient to find one viable solution for the
BGP to be satisfiable. However, the implementation allows for finding all possible valid annotated
BGPs (by setting the argument complete as True).

» Algorithm 5 (Top-down algorithm: annotation as search). The algorithm (whose pseudocode is

provided in Listing 16) operates as follows:

1. It initialise an initial annotation start € Map(N, terms), where each node is associated with
its position in the triple it occurs in. For instance, given the bgp {?a ?b 7c . ¢ 7d ?e}, it would
generate the map {( 7a — Subject ) ( 7b — Property ) ( 7¢ — Object ) ( ?d — Property )
( 7e — Object )};

2. Next, the recursive function search is called (cf. line 3);

3. For each node in the map, we first lookup for possible specialisations, and generate a copy of
the map with a modified annotation (cf. line 9);

4. Next, we verify that the set of annotations is consistent with the constraints defined in 14 (cf.
line 10);

5. If the bgp is consistent, and only ground predicates are mentioned in the annotation, the bgp is
satisfiable. The current valid map is added to the solutions (cf. line 12). If complete is False,
the solution is returned and the process interrupted, otherwise, we keep generating alternative
solutions (cf. lines 6-7);

6. If the bgp is consistent but some annotations can still be specialised, we keep searching within
the current space (cf. line 16).
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Listing 16 Pseudocode of annotate_topdown function.

1 function annotate_topdown(bgp, complete) : List
2 map < { node — Subject | (node,_,_)&€bgp } U { node — Predicate | (_,node,_)cbgp }
U { node — Object | (_,_,node)€Ebgp }
return search ( map , bgp, {}, complete)

for node — term in map:
for (subterm — term) in specialisations:

3
4
5 function search (map , bgp, solutions, complete): List
6
7
8 newMap < copy(map)

9 newMap [node] < subterm

10 if check(newMap, bgp):

11 if {term | node < term € newMap} C GP:

12 solutions < solutions + [newMap]

13 if complete:

14 return solutions

15 else:

16 solutions ¢ solutions + search(newMap, bgp, solutions, complete)
17 return solutions

Time complexity of annotate_topdown. The dominant part of the algorithm is the search
function. This function specialises multiple times the nodes of the bgp and checks the validity of the
annotation every time a term is specialised. Therefore, the complexity of the annotate_topdown
depends on the number of nodes of the bgp (n), the number of specialisation relation in the
predicate hierarchy |specialisations| and the complexity of check, i.e. O(n *r). Furthermore,
if the solution contains predicates other than ground ones, the function specialises the solution
further. The process is repeated at most |terms| — |GP| times. Therefore, the complexity of
annotate_topdown is quadratic in the number of nodes in the bgp and linear in the number of
specialisations and inference rules, i.e. O(n? x r x |specialisations| * (|terms| — |GPY)).

7.3.2 Bottom-up algorithm

The second algorithm uses the same components (inference rules) of the previous one, but operates
by first annotating bgp triples with all grounded predicates specialising Subject, Property, or
Object, and then filters out inconsistent combinations.

» Algorithm 6 (Bottom-up algorithm). A generate function produces valid annotations of a bgp.

When the parameter complete equals to True, it stops when one valid solution is found.

1. We extract the list of unique nodes from the bgp (cf. line 2);

2. We populate a list with, for each node, the set of ground predicates that could match the nodes’
position in any of the triples of the bgp (cf. lines 5-18). Note that |nodesTerms| = |nodes|
and for any index i in the list, nodes[i] — nodeTerms[i]. We assume that nodes[n] where n
is a node of the BGP returns the set of ground predicates associated with n.

3. We refine the ground predicates by some of the inference rules (cf. Definition 14) whose
application conditions are at the triple level (lines 15-22).

4. We generate possible annotations in line 16. hypotheses is a set of lists (tuples) of size |nodes|,
each one with a possible combinations of ground predicates (line 24).

5. In the next steps, we verify each combination against our conditions with the check function
(cf. lines 26-32).

6. If the argument complete is set to False, the process ends when the first valid solution is found
(cf. lines 29-32).

7. Finally, all valid solutions are returned, or an empty set, if no solution was found (cf. line 33).
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Listing 17 Pseudocode of the bottom-up alogorithm.

function generate_bottomup(bgp, complete):
nodes < [{sl(s,_,_)ebpg}r U {pl(_,p,_)€bpg}t U {ol(_,_,0)Ecbpg}]
nodesTerms < []

1
2
3
4
5 for node in nodes:
6
7
8

t « {}
if (node, p, o) € bgp:
t < { term | term € groundTerms A topTerm(term) = ’Subject’ }

9 if (s, node, o) € bgp:
10 t < t + { term | term € groundTerms A topTerm(term) = ’Predicate’ }
11 if (s, p, node) € bgp:
12 t < t + { term | term € groundTerms A topTerm(term) = ’Object’ }
13 nodesTerms < nodesTerms + t
14
15 for (s, p, o) € bgp:
16 nodes[s] = {’Container’}
17 if p is an IRI:
18 if p € TypeProperty:
19 nodes[p] = {’TypeProperty’}
20 nodes[o] = nodes[o] \ {’Container’, ’Value’}
21 else:
22 nodes[o] = nodes[o] \ {’Type’, ’Root’}
23
24 hypotheses < nodeTerms[1] X nodeTerms[2] X --- X nodeTerms[|nodes|]
25
26 solutions = {}
27 for h € hypotheses:
28 map = {nodes[i] — h[i] |1<i<|nodes|}
29 if check(map, bgp):
30 solutions < solutions U {map}
31 if complete = False:
32 return solutions
33 return solutions

Time complexity of generate_bottomup. The dominant part of the algorithm is the iteration
at lines 27-32. This goes through the hypotheses, which are n x |GP|. Then, for each hypothesis,
it generates an annotation (map) and checks its validity. Therefore, the time complexity of
generate_bottomup is O(n? * |GP| *r).

8 Experiments

We report on three experiments. The first compares the two algorithms described in Section 7
with a curated set of BGPs of increasing complexity, and provide empirical evidence of their
performance. The second experiment focuses on real world queries, and has the objective of
testing the relevance and practical feasibility of the approach. The third experiment shows the
advantages of checking whether a query can be satisfied before evaluating it, considering the case
of a knowledge graph construction benchmark.

8.1 Setting

We prepare a set of BGPs with different characteristics and consider two regimes: (a) find the first
satisfiable annotation (ensure satisfiability); or (b) generate all satisfiable annotations (describe
solution patterns).
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Table 13 List of BGPs used in experiments.

BGP label Satisfiable? Triple patterns Features

N_1T No 1 only variables, no joins
N_2J No 2 only variables, with joins
N_2P R No 2 multiple paths to fx:root
N_2T No 2 only variables, no joins
N_3J No 3 only variables, no joins
N_3p C No 3 multiple paths to a container
N 3P R No 3 multiple paths to fx:root
N_3T No 3 only variables, no joins
N_4J No 3 only variables, with joins
N_4P_C No 4 multiple paths to a container
N_4T No 4 only variables, no joins
N_5J No 5 only variables, with joins
N_5P_C No ) multiple paths to a container
N_5T No ) only variables, no joins

S 1T Yes 1 only variables, no joins

S 2] Yes 2 only variables, with joins

S 2P_R Yes 2 multiple paths to fx:root

S 2T Yes 2 only variables, no joins

S_3J Yes 3 only variables, with joins

S 3P C Yes 3 multiple paths to a container
S 3T Yes 3 only variables, no joins

S 4] Yes 4 only variables, with joins

S 4P C Yes 4 multiple paths to a container
S 4T Yes 4 only variables, no joins

S 5pP_C Yes 5 multiple paths to a container
S 5T Yes 5 only variables, no joins

The algorithms are implemented in Java. Reported results were performed on a MacBook Pro
with 8-Core Intel Core 19 (2.3 GHz) processor and Java 17 and Maven 3.9. We report on results of
ten executions, aggregated with average duration (in milliseconds) and standard deviation. Since
the satisfiability assessment will be part of a process performed at query time, we set the upper
limit of 5 seconds, after which we stop the execution and consider the algorithm not viable. We
leave possible optimisations of the algorithms and experimenting with a broader class of BGPs to
future work.

The proof-of-concept implementation and the experimental code is published and experiments
can be reproduced [15].

8.2 Comparing two algorithms

We report on experiments with the two algorithms described in Section 7. Both implementations
perform all checks described in Section 7 (unsupported joins and cycles), before proceeding with
the annotation of the BGPs. With these experiments, we want to demonstrate the practical
feasibility of the approach to solving Fagade-X BGP satisfiability problem.
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Table 14 Results for algorithm Top down (Search): only satisfiability.

name satisfiable? found type size (;I,Sg) (;:S) t(ef\‘fgl t(esstts)d
N_1T FALSE 0 T 1 1.7 0.67 12 0
N_2J FALSE 0 J 2 0 0 0 0
N_2P R FALSE 0 P 2 71 20.11 1957 0
N_2T FALSE 0 T 2 478.8  84.63 16364 0
N_3J FALSE 0 J 3 0.1 0.32 0 0
N_3P_C FALSE 0 P 3 2446.7 211.66 109601 0
N_3P_R FALSE 0 P 3 266.7  16.77 12330 0
N_3T FALSE -1 T 3 -1 0 -1 0
N_4J FALSE 0 J 4 0 0 0.9 0.74
N 4P _C FALSE -1 P 4 -1 0 -1 0
N_4T FALSE -1 T 4 -1 0 -1 0
N_5J FALSE 0 J 5 0 0 5.4 1.65
N_5pP_C FALSE -1 P 5 -1 0 -1 0
N_5T FALSE -1 T 5 -1 0 -1 0
S 1T TRUE 1 T 1 0.6 0.52 31 3.2
S_2J TRUE 1 J 2 0.5 0.53 16.3 1.49
S_2P_R TRUE 1 P 2 17.9 1.73 636.3 15.81
S_2T TRUE 1 T 2 0.3 0.48 14.8 2.49
S_3J TRUE 1 J 3 1146.4  68.34 193106 1468.36
S 3p_C TRUE 1 P 3 73.4 7.35  13808.7  250.37
S_3T TRUE 1 T 3 0.2 0.42 57.9 5.74
S_4J TRUE 1 J 4 2671.5 196.85 439371.1 3103.24
S 4P_C TRUE -1 P 4 -1 0 -1 0
S_4T TRUE 1 T 4 0.3 0.48 90.4 9.58
S _5P_C TRUE -1 P 5 -1 0 -1 0
S_ 5T TRUE 1 T 5 1 0 173.3 16.75
8.2.1 Data

We generated 27 test BGPs with different characteristics. These are listed in Table 13. BGP

labels are informative:

S: the bgp is satisfiable
N: the bgp is not satisfiable

number: the number of triples in the bgp

T: the bgp contains only variables without joins

J: the bgp contains one or more joins

P: the bgp contains a join on an object and must satisfy the single-path-to-root condition

R: the bgp contains a join on an object that is fx:root

C: the bgp contains a join on an object that is a container

8.2.2 Results

Results are shown in tables 14-17. Table 14 show results for the Top down (Search) algorithm when
doing satisfiability check, ie. the algorithm stops when the first satisfiable annotation is found. We
report the speed in average milliseconds and the standard deviation. Furthermore, we show the
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Table 15 Results for algorithm Top down (Search): generate all satisfiable annotations.

name satisfiable? found type size (:3;) (;1;) t(ff‘f;j tfsstt;)d

S_1T TRUE 6 T 1 6 0.67 187.4 17.88
S_2J TRUE 36 J 2 541.9 62.94 72895.7 795.27
S_2P_R TRUE 1 P 2 33.8 9.38  6445.1 291.25
S_2T TRUE 32.3 T 2 2917.4 1055.36 603611 212133.29
S_3J TRUE -1 J 3 -1 0 -1 0
S _3pP_C TRUE -1 P 3 -1 0 -1 0
S 3T TRUE -1 T 3 -1 0 -1 0
S_4J TRUE -1 J 4 -1 0 -1 0
S 4P _C TRUE -1 P 4 -1 0 -1 0
S_ 4T TRUE -1 T 4 -1 0 -1 0
S_5p_C TRUE -1 P 5 -1 0 -1 0
S 5T TRUE -1 T 5 -1 0 -1 0

Table 16 Results for algorithm Bottom up (CSP): only satisfiability.

ms ms

name satisfiable? found type size (avg)  (std) tested
N_1T FALSE 0 T 1 175 1.84 2
N_2J FALSE 0 J 2 0.3 048 2
N_2P_R FALSE 0 P 2 6.2 0.79 36
N_2T FALSE 0 T 2 34 0.7 24
N_3J FALSE 0 J 3 0 0 24
N_3pP_C FALSE 0 P 3 29 0.88 18
N_3P_R FALSE 0 P 3 8 3.16 36
N_3T FALSE 0 T 3 166 2.46 288
N_4J FALSE 0 J 4 0 0 288
N _4P_C FALSE 0 P 4 28 0.92 54
N_4T FALSE 0 T 4 938 935 3456
N_5J FALSE 0 J 5 0.1 0.32 3456
N_5P_C FALSE 0 P 5 74  1.58 162
N_5T FALSE 0 T 5 536.1 78.69 41472
S 1T TRUE 1 T 1 0.5 0.53 12
S 2] TRUE 1 J 2 0.1 0.32 144
S_2P_R TRUE 1 P 2 0.6 0.52 36
S 2T TRUE 1 T 2 0.4 0.52 144
S_3J TRUE 1 J 3 1.4 0.7 432
S 3pP_C TRUE 1 P 3 0.8 042 18
S_ 3T TRUE 1 T 3 0.9 0.32 1728
S_4J TRUE 1 J 4 121 242 5184
S 4P_C TRUE 1 P 4 0.5 0.53 54
S_4T TRUE 1 T 4 51 0.99 20736
S_5pP_C TRUE 1 P 5 0.3 048 162
S_ 5T TRUE 1 T 5 361.4 46.9 248832
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Table 17 Results for algorithm Bottom up (CSP): generate all satisfiable annotations.

name satisfiable found type size (gsg) (:tl(sl) gen.

S 1T TRUE 6 T 1 1 047 12
S_2] TRUE 36 J 2 1.1 0.32 144
S 2P R TRUE 1 P 2 0.4  0.52 36
S_2T TRUE 36 T 2 1.1 0.32 144
S_3J TRUE 60 J 3 3 047 432
S 3P_C TRUE 4 P 3 0.5 0.53 18
S_3T TRUE 216 T 3 15.1 1.85 1728
S_ 4] TRUE 300 J 4 36.7  5.48 5184
S_4P_C TRUE 8 P 4 0.9 0.32 54
S_4T TRUE 1296 T 4 1719 31.8 20736
S _5P_C TRUE 16 P 5 2.2 0.63 162
S_5T TRUE 7776 T 5 1754.5 270.5 248832

number of solution patterns that are evaluated. When reporting intermediate solutions evaluated,
we include both average and standard deviation, as the algorithm is not fully deterministic, as the
temporary search states are not ordered and the process stops when the first solution is found
(without completing the search). It can be seen that the algorithm failed to return a result in
five seconds in several cases. Table 15 shows results for the Top-down (Search) algorithm when
generating all satisfiable annotations, ie. the algorithm proceeds to find all solution patterns.
BGPs with more than two triples required more than five seconds. Results show how with just 2
triples (S_2T), the algorithm generated 36 viable solutions after evaluating an average of 585926.3
+ 8903.79 possible annotations. We can conclude that this algorithm is inefficient.

Table 16 shows results for the Bottom up (CSP) algorithm when doing satisfiability check, ie.
the algorithm stops when the first satisfiable annotation is found. Average and standard deviation
for the number of solutions generated is fixed as the algorithm is fully deterministic (although
the process stops when the first viable solution pattern is found). Table 17 shows results for
the Bottom-up (CSP) algorithm when generating all satisfiable annotations, ie. the algorithm
proceeds to find all solution patterns. With this algorithm, we managed to evaluate all BGPs for
satisfiability and, in addition, to generate all possible solution patterns, in the worst case, in less
than two seconds. However, the worst results (N_5T) goes still above the second, which opens
the question whether it would be possible to perform further optimisations. We can conclude that
the Bottom-up (CSP) algorithm is more efficient and practically sustainable.

8.3 Evaluation with real world queries

We evaluate the practical feasibility with basic graph patterns derived from real world queries.
We only perform experiments with the most efficient, bottom up algorithm (Listing 6). Here, we
summarise the data and results. We refer the reader to Appendix A for extensive details on data,
results, and reproducibility.

8.3.1 Data

We extract 1,309 BGPs from 449 queries collected from public GitHub repositories. 228 of those
queries have only a single BGP (50.7%). As illustrated in figures 3 and 4, 83.7% of the queries
have less than 5 BGPs, 44.6% of the collected BGPs have a single triple, while 75.9% of them
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44 6%

Figure 3 Dimension of BGPs from real-world queries: number of triples.

have up to 5 variables. We can conclude that the majority of real world queries and related BGPs
have few triples and variables, and have similar sizes to the curated BGPs designed to evaluate
the two algorithms. See further details in Appendix A.

8.3.2 Results

Satisfiability (finding the first valid solution pattern) can be verified in less than 100ms for all
BGPs with up to 10 triples or 14 variables. The only problematic BGP is one with 19 triples and
19 variables (“query-77.rq” in the supplemental material), which cannot be verified in less than 5
seconds. Similarly, all solution patterns can be generated efficiently in all but two cases (below half
second). The only two problematic BGPs are one with 19 triples and 19 variables (“query-77.rq”
in the supplemental material), and another with 20 triples and 23 variables (“query-244.rq” in the
supplemental material), for which it is not possible to generate all solution patterns in less than 5
seconds. See further details in Appendix A.

8.4 Evaluation of benefits with benchmark queries

We evaluate the advantages of assessing the satisfiability of a query before its evaluation. We
perform experiments with the most efficient, i.e. the bottom up algorithm.

8.4.1 Data

The evaluation relied on the of the GTFS-Madrid-Bench benchmark [10], a virtual knowledge
graph access benchmark aimed at assessing the performance of Ontology-based Data Access
(OBDA) engines. More specifically, we use a specialisation of the benchmark [6] for fagade-based
data access engines.

The benchmark comprises a set of 18 SPARQL queries that interrogate a collection of data
sources. Table 24 (see Appendix B) reports the characteristics of the queries of the benchmark
in terms of the number of BGPs, the number of variables per BGP, and the number of triple
patterns per BGP.

Furthermore, the benchmark offers a data generator that can increase the size of the original
data and distribute the datasets across various formats.
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Figure 4 Dimension of BGPs from real-world queries: number of variables.

In this experiment, we use JSON to represent hierarchical data formats and CSV for tabular
data sources. We generate datasets of sizes 1 and 10 and execute the 18 queries on them using
the SPARQL Anything engine (version v1.1.0)2%. We execute each query three times and record
the time taken to construct and load the Facade-X RDF graph in memory for each execution.
Finally, we calculate the average of these three runs. Moreover, for each query of the benchmark,
we run the bottom-up algorithm for assessing the query satisfiability. Table 24 (see Appendix B)
reports construction and loading time and time for assessing the satisfiability of the queries.

8.4.2 Results

The satisfiability of the GTFS-Madrid-Bench queries can be assessed in less than 15 ms. Excluding
the first query reduces the maximum time to 2.4. In contrast, construction and loading times
are at least two orders of magnitude longer (the shortest recorded time was 161.5 ms for query 6,
size 1, with CSV input). This demonstrates the benefit of assessing satisfiability prior to query
execution, since construction and loading time can be avoided for unsatisfiable queries, thus
saving computational resources. Naturally, the larger the input, the greater the benefit: while
construction and loading times increase with the size of the input, assessment of satisfiability is
independent from it.

9 Conclusions

In this article, we studied the satisfiability of SPARQL basic graph patterns in Facade-X. We
introduced a consolidated version of Fagade-X including formalised mappings to RDF. We studied
the conditions under which a BGPs are satisfiable as the basis for an algorithm to verify that
efficiently. Extensive experiments demonstrate the feasibility of satisfiability check. Two extreme
cases of large BGPs motivate future work on further improving the performance, focusing on
reducing the space of potential Facade-X annotations before verifying the constraints. In the
future, we will extend this study to consider specific Fagade-X profiles, studying how those can

2 https://github.com/SPARQL-Anything/sparql.anything/releases/tag/v1.1.0
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bring additional constraints to verify (e.g. Facade-X graphs from CSVs will never have types).
Crucially, identifying solution patterns is a preliminary step for investigating classes of queries (e.g.
star queries) whose solutions can be streamed directly from the file sources, without needing to
load intermediate results in-memory. Finally, our work paves the way for studying query execution

strategies for Fagade-X data access with SPARQL and supporting developers in building more

efficient data integration systems for knowledge graphs.
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A  Experiments with real-world queries

We report on experiments with real world SPARQL queries tailored to facade based data access.
The queries were collected from the GitHub API on 18 December 2025 and include all files
published in public repositories with extensions “rq” and “sparql”, which include the string
“x-sparql-anything” in the text. The code and data are published?® and archived [14]. The analysis
was performed on Google drive and can be viewed at https://docs.google.com/spreadsheets/
d/11n7c101WLQBL8aApZs-fXNtHAYTIBIP9nZUDxD6TUa8/edit.

We perform experiments for both satisfiability and to generate all possible solution patterns
on 449 collected queries. We extract 1430 BGPs from the 449 queries. Table 18 shows a summary
of the queries grouped by number of BGPs. Of these queries, 58 cannot be parsed because they
include syntax errors. 228 of the remaining queries have a single BGP. The majority of queries
have less than five basic graph patterns. Table 19 summarizes the BGPs extracted from the
queries, to which we apply our satisfiability problem. 103 BGPs with 0 triples refer to BGPs that
included SPARQL Anything configuration options, that we exclude. Figure 5 shows the number
of BGPs by the number of variables included. Clearly, the more the variables, the more complex
it is to verify satisfiability, since variables are annotated with more potential annotations. The
majority of BGPs have between 1 and 5 variables. In what follows, we show the average values of
10 executions.

A.1 Satisfiability check

We perform the same experiment setting as with the designed queries (Section 8), focusing on the
most performing bottom-up algorithm only, with the 449 real world queries.

Table 20 shows the average duration of the more efficient bottom-up satisfiability check
algorithm presented in Section 7. Data is grouped by BGPs with the same number of triples.
BGPs with 0 triples are the ones that only included triples with SPARQL Anything configuration,

25 https://github.com/SPARQL-Anything/facade-x-queries-on-github/
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Table 18 Number of queries by BGPs.
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and can be ignored. Table 21 shows the average duration grouped by BGPs with the same number
of variables. We can see how for BGPs with up to 16 triples and 18 variables (except one with 15
variables), satisfiability can be verified in less than 100 ms. The only problematic BGP is one with
19 triples and 19 variables (“query-77.rq” in the supplemental material), which cannot be verified
in less than 5 seconds. We ignore errors from two other BGPs, one within a DBPedia service
clause (“query-66.rq”), and another coming from a negative test within a SPARQL Anything code
base (“query-199.rq”).

A.2 Generating all solutions

We perform the same experiment setting as with the designed queries (Section 8), focusing on the
most performing bottom-up alogorithm only, with the 449 real world queries.

Table 22 shows the average duration of the more efficient bottom-up algorithm presented in
Section 7 to generate all possible solution patterns. Data is grouped by BGPs with the same
number of triples. In addition, Table 23 shows the average duration grouped by BGPs with the
same number of variables. Solutions can be generated efficiently in all but two cases (below half
second). The only two problematic BGPs are one with 19 triples and 19 variables (“query-77.rq”
in the supplemental material), and another with 20 triples and 23 variables (“query-244.rq” in the
supplemental material), for which it is not possible to generate all solution patterns in less than 5
seconds.
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Table 19 Basic graph patterns grouped by number of triples (that are not SPARQL Anything
configuration options).

Number of triples Number of BGPs
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Figure 5 BGPs by number of variables.
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Table 20 Performance of the bottom-up satisfiability check algorithm on real world queries. We group
the data by size of BGPs (number of triples). There is only 1 BGP with 11,13,18,19, and 20 triples. One
query with 19 triples cannot be evaluated in less the 5 seconds (our limit).

Triples AVG STD

1 0.10 0.3
2 0.11 0.37
3 0.14  0.27
4 0.14  0.36
5 0.41 0.29
6 0.28  0.17
7 0.48  0.15
8 1.36  0.67
9 0.48  0.25
10 1.15  0.58
11 0.20 -
12 6.73 1.81
13 8.30 -
14 0.33  0.07
16 0.43  0.02
18 218.30 -
19 >5s =
20 8.20 -

Table 21 Performance of the bottom-up satisfiability check algorithm on real world queries. We group
the data by the size of BGPs - number of variables. There are only single BGPs with 12,14,15,19, and 23
variables. One query with 19 variables cannot be evaluated in less the 5 seconds (our limit).

Variables AVG STD

1 0.05 0.18
2 0.11 0.31
3 0.11 0.26
4 0.15  0.42
5 0.25 0.22
6 0.27 041
7 0.37 0.13
8 0.22 0.18
9 1.65 0.69
10 0.42 0.26
11 4.09 1.61
12 0.20 -
13 4.30  0.77
14 0.20 -
15 218.30 -
16 0.33  0.07
18 0.43  0.02
19 >bs =
23 8.20 -
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Table 22 Performance of the bottom-up algorithm on real world queries, when generating all solution
patterns. We group the data by size of BGPs (number of triples). There is only 1 BGP with 11,13,18,19,
and 20 triples. For two queries with 19 and 20 triples, the complete set of solution patterns cannot be
evaluated in less the 5 seconds (our limit).

BGP Size (number of triples) AVG STD

1 0.05  0.37
2 0.08  0.19
3 0.13  0.25
4 0.23  0.16
5 8.05  6.27
6 1.36  0.82
7 223 1.01
8 779 175
9 5.51 1.19
10 38.58  3.21
11 21.50 -
12 58.10  20.53
13 163.70 -

14 191.97 12.58
16 1,250.00 40.42

18  1,127.40 —
19 >5s -
20 >bs =

Table 23 Performance of the bottom-up algorithm on real world queries. We group the data by the
size of BGPs — number of variables. There are only single BGPs with 12,14,15,19, and 23 variables. For
two queries with 19 and 23 variables the set of solution patterns cannot be generated in less the 5 seconds
(our limit).

BGP Size (number of variables) AVG STD

1 0.02 0.14
2 0.04  0.36
3 0.08  0.29
4 0.14  0.32
5 024 0.14
6 0.46  0.16
7 1.21  0.58
8 1.19  0.23
9 8.47  2.01

10 25.58  8.36
11 21.15 3.1

12 21.50 -
13 256.55 35.91
14 67.40 -
15 1,127.40 -

16 191.97 12.58
18 1,250.00 40.42
19 -1.00 =
23 -1.00 =
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B Experiments with benchmark queries

5:45

Table 24 describes the characteristics of the queries of the GTFS-Madrid-Bench benchmark in
terms of number of BGPs for each query, number of variables and number of triple patterns per

BGP.

Table 24 Characteristics of the queries contained in the GTFS-Madrid-Bench benchmark.

Query ID Number of BGPs Number of vari- Number of

ables per BGP Triple Patterns
per BGP

1 1 5 4

2 4 2,2,2.3 1,1,1,2

3 5 2,2,2.32 1,1,1,2,1

4 7 2,2,2224.2 1,1,1,1,1,3,1

5 1 4 3

6 1 3 2

7 10 2,2,2.32.2.322.3 1,1,1,2,1,1,2,2,1,2

8 11 2,2,232242223 1,1,1,21,1,3,1,1,1,2

9 3 5,2,4 4,13

10 2 2,3 1,2

11 4 3,4,1,2 2,3,2,1

12 4 3,3,3,3 2,2,2,3

13 3 3,24 2,1,3

14 4 5,3,2,2 4,21,1

15 1 4 2

16 2 4,3 3,3

17 4 2,2,4,4 1,1,3,3

18 5 2,4,222 2,3,1,1,1
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Table 25 shows how long it takes to construct and load the RDF graph required to answer
each query into memory. Additionally, the time required to compute the satisfiability of all BGPs
in each query is reported.

Table 25 Construction Loading time and time for assessing the satisfiability of the queries in the
GTFS-Madrid-Bench benchmark.

Query | Construction 4+ Loading time (ms) | Time for computing the sat-
isfiability of all BGPs (ms)
CSVv JSON
Size 1 Size 10 Size 1 Size 10
1 1049.5 7476.5 1221.5 6252 14.40
2 310.5 607.5 284 603.5 0.80
3 402.5 595 301 673.5 0.70
4 283 251 218 241.5 1.70
5 166.5 230 215.5 222 0.20
6 161.5 177 166 218 0.10
7 390 1031.5 390 1151.5 2.40
8 449 1598.5 410 1627 1.10
9 1390 6078.5 1260 5609.5 0.70
10 292 656.5 292 609.5 0.90
11 240.5 331.5 218.5 306 1.80
12 379.5 851 305 841 1.70
13 275.5 566.5 246.5 515 1.60
14 327 1107 348.5 1173 1.20
15 270 1340 289 1291 0.40
16 202.5 299.5 213 294.5 0.40
17 233 438 264.5 422.5 0.80
18 214 309 237 298 0.80
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OMA4O0V: Leveraging Ontology Matching for Ontology Versioning

1 Introduction

Ontologies serve as the backbone of the Semantic Web, providing formal concept descriptions of
shared concepts across various applications [14]. An ontology is not static, and the need for version
control arises. While web data is dynamic, any ontology in use must undergo periodic revisions to
keep pace with the growth in domain knowledge, modifications to the application adaptation, or
corrections to the shared conceptualisation [20]. For example, it is unrealistic to expect ontologies
created in the 1990s to contain concepts such as “touchscreen”, “fingerprint sensor”, or “WiFi
antenna” [15]. These modifications may cause undesirable deficiencies in artifacts that conform to
or that reuse the ontology being changed, leading to severe non-compliance and incompatibility
issues in downstream tasks.

Ountology versioning (OV), also known as ontology evolution, aims to distinguish and recognise
changes between different ontology versions. This enables data that applies the ontology, ontologies
that reuse the ontology, and software that uses the ontology to correctly respond to the ontology
version changes [20]. Although OV plays an important role in ontology management, this area
remains underexplored. Many studies [30, 29, 31, 8, 13, 41, 22, 23, 24, 34] treat OV as similar
to ontology matching (OM) and assume OM systems can be reused for OV tasks. OM is a
well-studied problem, so leveraging this deep research legacy for OV should be beneficial. We call
this approach “OM40V”.

We analyse the complementary relationship between OM and OV tasks and provide a task
formulation for the OM40OV framework. We implement the framework in our Agent-OM [37]
system to validate its effectiveness in unifying the OM and OV tasks. We investigate the links
between these two tasks in practice and explore optimisations for OM4OV. To the best of our
knowledge, this work is the first to systematically analyse the OM40OV framework and to provide
theoretical foundations and empirical evidence for its effectiveness and pitfalls. Specifically, our
key contributions include:

We analyse the similarities and differences between OM and OV. In the OM40OV framework,
we describe four disjoint subset alignments produced in the OV process: remain, update, add,
and delete, each corresponding to a subset of match or non-match in OM. We provide formal
definitions and formulations.

We extend Agent-OM with the OM40V framework and call the extended system Agent-OV.
We evaluate the performance of OV on the testbed derived from the Ontology Alignment
Evaluation Initiative (OAEI) [32] datasets. We find that OM systems can be reused for OV
tasks, but extensions are necessary to improve both overall OV performance and its meaningful
quality measurement.

We propose an optimised OM40V framework. The new framework introduces a cross-reference
mechanism, which builds on prior OM alignments to overcome the pitfalls of the naive OM40V
framework by reducing the number of matching candidates and filtering out ambiguous false
mappings, thereby significantly improving overall OV performance.

In this paper, we assume the OWL 2 Web Ontology Language [5] is used to represent an ontology.
We use both concept and entity to refer to OWL classes or properties. We use subsumption to
mean rdfs:subClassOf or rdfs:subProperty0f and equivalence to mean owl:equivalentClass
or owl:equivalentProperty as formal class and property inter-relations.

The remainder of the paper is organised as follows. Section 2 reviews the related work.
Section 3 provides the task formulation for the OM40OV framework, while Section 4 evaluates the
OM40V framework and discusses several common pitfalls for improvement. Section 5 proposes a
cross-reference mechanism as a framework optimisation method. Section 6 discusses the use of
OM40V in real-world applications. Section 7 concludes the paper.
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2 Related Work

Version control is recognised as a vital element in ontology management. Different versions need
to support interoperability so that version changes do not impede the effective and sustainable
use of the ontology.

One manual approach is to extend the ontology itself with internal version information. The
Simple HTML Ontology Extensions [17] uses the tag BACKWARD-COMPATIBLE-WITH to record
version information. The authors of [21] argue that a carefully-managed version numbering system
embedded in the URI of the ontology (and therefore the fully expanded name of entities defined in
the ontology) can minimise the impact of adopting updated versions because unchanged entities
will be unaffected in practice. These approaches have been largely adopted by the later OWL
languages, where a set of annotation properties related to version information is defined. These
include owl:versionInfo and owl:priorVersion to describe the version number of the ontology,
owl:backwardCompatibleWith and owl:incompatibleWith to specify an entity’s compatible
or incompatible corresponding entity in the previous version, and owl:DeprecatedClass and
owl:DeprecatedProperty to declare deprecated entities. Later, the ontology language TOWL [42]
was introduced to extend the OWL triple schema to a 4-tuple schema to represent the versioning
of concepts within an ontology. This idea is now incorporated in the new proposals for RDF 1.2
Schema [38], which allow time-varying information to be deduced from a temporal dimension
within the 4-tuple. An alternative option is to create a separate version log to track changes in
versions. Unlike earlier approaches that use an unstructured plain text file, the authors of [35]
propose a novel approach that uses a version ontology with a change definition language to create
a version log. In [7], the authors construct an historical knowledge graph. Storing the version
log in a knowledge graph not only avoids repetition, but also enables advanced search functions.
The authors of [39] argue that version logs may contain redundancy and inconsistent information.
They propose a graph-of-relevance approach to interlink different version logs and remove less
relevant versions.

Maintaining version information in the ontology can be labour-intensive and error-prone. Either
extending the current standard 3-tuple schema or using change logs requires consistent updating
over time. In most cases, this process is hand-crafted by the ontology engineer or requires human
intervention (e.g. pre-defining a schema or creating a template for the change log). A manual
process is more likely to make mistakes and fail to propagate changes to dependent artifacts.
Moreover, an ontology may lack or have incomplete version information. In such cases, current
approaches have limited capability to detect incorrect or missing version information. These
approaches rely on the version information contained in or attached to the ontology by manual
methods. If such information is missing or incorrect, automated versioning of ontology concepts
becomes necessary.

Reusing OM systems for OV tasks (OM40V) is a lightweight and fully automatic approach to
detecting changes in ontologies. OM4O0V is compatible with ontologies that use different recording
methods, including URIs or additional versioning triples, as well as ontologies that lack internal
version information. The PromptDiff suite [30, 29, 31] is the canonical work that integrates different
heuristic matchers and applies a matching-like comparison for OV. The concept of “matching’
is later used in the H-Change methodology [8] to assess the assimilation of new concepts into
the old ontology. Several studies [13, 41] note that updates to an ontology will generally create
a requirement to update its existing alignments to external ontologies. Methods [22, 23, 24] are
proposed to identify changes that affect alignments, and in some cases the framework is proposed
to automate alignment updates [34], but these works do not address the discovery of alignments
from an ontology to its own updated version.

)
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While existing OM40V approaches directly use OM systems for OV and focus on developing new
algorithms and architectures for ontology version control, they pay less attention to understanding
the underlying differences between OM and OV. OM is not exactly the same as OV. OM determines
matched entities between two different ontologies, while OV can distinguish add, delete, remain,
and update changes over different versions of one ontology. The OM input consists of two distinct
ontologies, whereas the OV input is expected to consist of two versions of a single ontology. The
output of OM is a set of entity mappings, whereas the output of OV comprises four sets, each
defined by the nature of the change made. These differences may affect the adaptability of reusing
OM systems for OV tasks.

3 Task Formulation

We now draw on concepts in OM to formalise OV tasks. Given an ontology O, we say that
some entity e € O when e is of interest to ontology matching or ontology versioning, typically
representing a concept of the domain of interest being modelled by O. We consider an entity to be
the full URI of the reference in an ontology, or its equivalent abbreviation via a prefix, for example
cmt : ProgramCommitteeChair. We consider an entity name to be the substring of an entity that
provides a meaningful description of the entity (e.g. ProgramCommittee Chair), excluding any
entity prefix or expanded URI (e.g. cmt:ProgramCommitteeChair is not an entity name).

3.1 OM Preliminaries

OM identifies correspondences between entities of two ontologies [11]. Formally, given a source
ontology (Oy) and a target ontology (O;), the OM task is to find an alignment A (i.e. a set of
mappings) with respect to a given similarity threshold s € [0, 1], defined as [10]: A = {(e1,e2,7,¢) |
e1 € Og,e9 € O, 8 < ¢ < 1}, where e; and ey are ontology entities in O, and Oy respectively, r
is the relation between e; and e that may be equivalence (=) or subsumption (C), and ¢ is the
confidence. For example, (cmt:ProgramCommitteeChair, confof:Chair_PC, =, 0.90) means
cmt :ProgramCommitteeChair and confof :Chair_PC are equivalent with a confidence of 0.90.

An entity match is asserted by a matching system according to its own internal algorithm, its
own interpretation of “match”; and its own assessment of confidence. In general for matching,
a source entity may occur in multiple mappings that vary with respect to the target entity,
the relation, and the confidence. In this study, we consider only alignments made by matching
systems that are comprised of one-to-one equivalence mappings, admitting only matches with the
highest ¢ as determined by the matching system and requiring the matching system to resolve
tied confidence scores. Typically, equivalence relations are determined by lexical or embedding
similarity in matching systems, although logical entailment is equally admissible in our study.
OM performance is measured by comparing the matching system alignment (A) with a reference
alignment (R) using precision, recall, and F1 score (see Section 4.3 for details).

3.2 0OM40V Formalisation

OV identifies correspondences between two versions of a single ontology [20]. Given an old version
of an ontology (O) and a new version of the same ontology (O’), the OV task can be considered as
finding an alignment (A) from the old ontology to the new one. As illustrated in Figure 1, while
an alignment for OM only mentions matched entities, OV needs to recognise both matched and
non-matched entities. Furthermore, OV matched entities are comprised of two subsets: remain
and update, while non-matched entities are comprised of add and delete entities. While some of
these sets are comprised of entities, and others of mappings, when convenient henceforward, we
will loosely refer to all of these as either alignments or sets of entities interchangeably.
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Ontology Matching (OM) Ontology Versioning (OV)

Delete @
Update

Source Ontology  Target Ontology Old Version New Version
(Os) (0 (0) (0)

Figure 1 Overview of the OM40OV framework. The sets are comprised of entities, with the matched
intersection containing entities that are considered equivalent by an ontology alignment.

An OV task can be formalised as finding an alignment and a non-alignment, A,,q¢cn and
Anon—mateh Tespectively, between different ontology versions O and O’ with respect to a given
similarity threshold s € [0,1]. OV focuses only on the equivalence relation; subsumption mappings
are beyond the scope of versioning.

» Definition 1. Given ontologies O and O' and similarity threshold s € [0, 1], the OV task is to
find Apaten and Apon—maten as follows:

Amatch = {(61,62,0) | e € an2 S Ol75 S & S 1
and there is no (e, e;,c’) with e; # ez or with ¢ # ¢
and there is no (ej, ez, c') with e; # ey or with ¢ # ¢’}

Anon—mateh = {e | e € OUO" and there is no (e1,e2,¢) € Amaten with e € {e1,ea}}
We say that el and e2 are equivalent whenever there is a ¢ satisfying (el,e2,¢) € Amatch-

For convenience, we will sometimes refer to the elements of A,,q;c, as entities rather than mappings,
by which we mean entities that are mentioned in mappings in A,,qzch-

The update and remain entities are entities successfully matched over different ontology
versions. The update entities are, in general, the closest near-equivalent matches of entities from
different ontology versions. We recommend that matching systems assign lower confidence to
entity matches when either (a) structural changes have been made near the entity, such as changes
to class membership or property restrictions, or (b) the entity’s name has changed.

We recommend that all other successful matches not satisfying either (a) or (b) are assigned

very high confidence by matching systems, most especially when a so-called trivial match is found.

These matches are then interpreted as remain entities for OV. In particular, we say that an entity
is interpreted as not changed in OV for any successful match where the matching system reports a
confidence of 1. Further, we recognise that some OV systems may prefer, additionally, to interpret
an entity as not changed when the confidence is only slightly less than 1.

» Definition 2. A, c1nqin(A®) and Aupdate(AQ) are defined as:*

AG = {(61’62’0) | (61,62,0) € Amatch and ¢ = 1}
A® = {(e1,ea,¢) | (e1,€2,¢) € Apaten and ¢ < 1}

(2)

! In some cases, OV systems may consider matches that are near-enough with a confidence slightly less than 1
to be perfect matches. Without loss of generality, we assume in such cases that the OV system reassigns c to
be 1.
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We can see that A,,qtcn = A © UA®. By definition, A® and A® are disjoint.

The add and delete entities are actually non-matched entities between different ontology
versions. The add entities are the entities in O’ that have no matches in O. Similarly, we can
interpret the delete entities as entities in O that have no matches in O’.

» Definition 3. A,4i(A®) and Ageiete(AS) are defined as:

Ad = {6 | e e O/ and e € Anonfmatch}
Ao = {6 | ecOandec Anon—match}

We can see that Anon—mateh = A & UAS. By definition, A® and AS are disjoint.

4 OMA4OV Evaluation

We now consider the evaluation of OM4QOV. In the literature, OV are evaluated using OM measures,
which we refine here to give better insights into OV performance.

4.1 Dataset Construction

There is a dearth of benchmark datasets for evaluating OV. The Ontology Alignment Evaluation
Initiative (OAEI) contains several datasets related to OM tasks, but none are specifically designed
for OV tasks. We propose an approach to constructing synthetic OV datasets from real-world
OM datasets. Figure 2 illustrates the generation of OM40OV datasets.

OM Input ( Source Ontology < < Target Ontology ( (Reference Alignment ( Extract Ontology Entity ]
[ [
OV Output Generate Generate Generate Generate
2 \ v L]
Old Version New Version SR
Process D O ( Ontology O ( ( Ontology O' ( Geference Ontology Or< (Replacemem Corpus < Check Update Entity List

b\
Update Update

Update p Related Triples in O

Remain Reference Generate- No Operation

Related Triples from O }*

Assign to Remain Entity Yes

: : Replacement Reach 25%
Assign to Update Entity %YeN
No

Delete

Related Triples from O' Assign to Delete Entity

i

~{ Assign to Add Entity Apply Random Selector ‘

Figure 2 Generation of OM40V datasets from initial OM inputs of a source ontology, a target ontology,
and a reference alignment, and outputs of versioning ontologies and reference alignments with four
categories. Optionally, a reference ontology and a replacement corpus may be produced.

(1) The original OAEI datasets for OM provide two ontologies, the source O, and the target O.
We choose either one as the ontology for versioning and duplicate it into O and O’. Another
ontology will be used later to provide references for synthetic update entities. We duplicate
this ontology into O,..

(2) There are four possible entity changes in OV tasks: remain, update, add, and delete. We
retrieve all ontology entities from O or O’ (since they are identical at this stage). Each
ontology entity will be randomly assigned to one of these categories, and the four sets are
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pairwise disjoint by construction. In real-world OV, entity updates are relatively infrequent.
We allow a user-defined parameter to fix the proportion of update entities in the synthetic
dataset, defaulting to 25%. The update entities are randomly selected from the replacement
corpus, so the number of update entities is limited by the size of the replacement corpus,
which may be less than the user-defined parameter value. For this reason, selection of update
entities is prioritised over other categories, and excess entities are redistributed evenly over
the other three categories.

(3) For each ontology entity e assigned to a category, the corresponding dataset operations are
described as follows. While there is no operation for remain entities, entities assigned to add
and delete are deleted from all triples that mention them in O or O’ respectively. Each update
mapping requires that all occurrences of its domain entity in triples in O’ are replaced by the
corresponding co-domain entity of the mapping. We generate four corresponding versioning
references based on the entity assignments. These files provide the ground truth for evaluation.

To ensure the replaced entity is reasonable and reflects real-world facts, we use equivalent
classes or properties specified in the reference alignment. For example, we could replace
cmt :ProgramCommitteeChair with its equivalent class confof :Chair_PC. This operation is cas-
caded, meaning that we update not only the entity name but also its related triples, such
as changing the semantic information from (cmt:ProgramCommitteeChair, rdfs:subClassOf,
cmt :ProgramCommitteeMember) to (confof:Chair_PC, rdfs:subClass0f, confof:Person).
While this procedure can be unlimited, we restrict it to extract only the triples directly re-
lated to the entity (i.e. a 1-hop subgraph) in the ontology O,. For entities whose names are
unique identifiers or codes (and not textually meaningful names), we retrieve their meaningful
descriptions from annotation properties. For example, we extract an additional annotation triple
(mouse:MA_0000270, rdfs:label, "eyelid tarsus") for the entity mouse:MA_0000270. After
extraction, we also need to update the prefix from “confof” to “cmt” where the new entity URI
will be cmt:Chair_PC and the replacement triple will be (cmt:Chair_PC, rdfs:subClassOf,
cmt:Person). Finally, we add these new triples to the existing ontology O’. Note that where
entity names do not change but structural changes have been made near the entity, this will be
represented as an entity update. Table 1 summarises the steps to construct an update entity e in
the benchmark dataset.

Table 1 Steps to construct an update entity e in the benchmark dataset.

Step | Dataset Operation
#1 Remove all the triples related to e in O’.

#2 Find the equivalent class/property e, in replacement corpus.

#3

Extract all the triples related to e, in O,.

(Optional) Extract annotation triples related to e, in Or.

#4 Update the prefix from e, to e and create a new entity e’.
#5 | Add all the triples related to e’ to O’.

Unlike the original OAEI datasets used for OM, we introduce randomness to ensure that the
synthetic OAEI datasets for OV are different each time they are constructed. This suits the
dynamic nature of OV, where the changes vary between different versions. For this reason, we
consider the new OAEI datasets for OV more like a testbed, as they can simulate a variety of
situations for OV tasks. When reproducibility is required, we recommend using a fixed seed to
control the randomness.
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Table 2 details the OAEI tracks selected for the OV testbed. The current version of the OV
testbed contains a total of 11 distinct ontologies from three different OAEI tracks. The anatomy
track contains two large ontologies, while the MSE track has two medium ontologies, and the
conference track has 7 small ontologies. We exclude EMMO [9] from the MSE track because
it assigns opaque symbolic codes to entity names, using a naming convention that differs from
Materiallnformation [3] and MatOnto [19], which use meaningful entity names. Figure 3 shows
the number of entities in each ontology in each track.

Table 2 Selected OAEI tracks for the OV testbed. Figure 3 Number of entities.
Track Domain # of Ontologies ) 10*

Anatomy Human and Mouse Anatomy 2 E 10i

Conference Research Conference 7 g 121
MSE Materials Science and Engineering 2 E 100

I Anatomy | Conference WM MSE

4.2 Evaluation System

We choose the matching system Agent-OM and its extended version Agent-OV to demonstrate
the OM40V framework. Agent-OM is one of the flagship OM systems powered by large language
models (LLMs) and multi-agent architectures. Its foundation framework is designed for traditional
OM tasks. We extend Agent-OM with the OM40V framework so that it can be used for OV
tasks. Inherited from Agent-OM, Agent-OV supports a wide range of LLMs, including commercial
APT-accessed LLMs OpenAI GPT [33] and Anthropic Claude [2], as well as open-source LLMs Meta
Llama [28], Alibaba Qwen [1], Google Gemma [12], and ChatGLM [40]. Inherited from Agent-OM,
similarity_threshold and top@Fk are the adjustable key hyperparameters for Agent-OV.

As an aside, we observe that confidence scores for successful matches as determined by OM
systems may be unhelpful for direct use in OV for distinguishing remain entities from update
entities. This is because, in practice, the confidence boundary to best distinguish remain and
update entities varies in different domains and datasets. In Agent-OV, we handle this problem in
the following way. A matched entity is determined to be a remain entity when its syntactic name
and lexical descriptions are unchanged. Otherwise it is determined to be an update entity. We
observe that this approach means that Agent-OV usually considers entities to be remain entities
when they have structural changes but conserve syntactic names and lexical descriptions. This
approach will tend to consider ambiguous entities as remain in preference to update, so tending
to trade off performance in remain versus performance in update. While other OV systems may
handle this differently, we propose that all OM40OV systems could benefit from this approach to
partitioning successful matches into remain entities and update entities.

4.3 Evaluation Criteria

OM typically measures performance using precision, recall, and the F1 score. Given a gold
standard reference (R) and a system-discovered alignment (A), precision measures matching
correctness and recall measures matching completeness, while F1 score offers a harmonic mean to
balance correctness and completeness. OV can reuse these measures, but they need to be extended
into four sub-measures for add, delete, remain, and update performance. While an OV method
will trade off performance over each of these sets, an OV application problem may well prioritise
accuracy on some over others.

|[ANR)| 2
= S =
1 oeore Precision—! + Recall =1

[ANR| Recall

A = @)

Precision =
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4.4 Results

We choose to use the Meta open-source model llama-3-8b [27] for our experiments in this paper,
eschewing the higher-end models that offer small improvements that may not justify the financial
investment. We use embeddings from the same LLM model to further avoid expensive API calls
and thereby provide an entirely free-to-use version of Agent-OV. The hyperparameter settings are
similarity__threshold = 0.90 and top@k = 3 across all the system alignments generated. We set
top@Qk = 3 based on empirical experience that 3-5 works well for Agent-OM. We experiment with
the alternative values of the similarity threshold later in this paper. The fixed seed for the OV
testbed is set to 42. Due to the non-determinism of LLMs, repeated experiments can produce
insignificantly different results.

Figure 4 shows the performance of Agent-OM and Agent-OV on the OAEI Conference Track.
The results indicate that it is possible to unify the OM and OV tasks using the OM40V framework.
Both Agent-OM and Agent-OV can produce alignments with precision, recall, and F1 scores.
However, we can see that Agent-OM consistently performs surprisingly well across all alignments.

This is because the traditional OM system captures only matched entities between two ontologies,
which in the OV task correspond to the remain and update entities. Because remain entities
typically comprise the major proportion of entities over two different versions, the correctness
of remain entities dominates the overall evaluation and other categories are de-emphasised. We
believe this is a common situation that leads to misleading performance measurement when using
an OM system in OV tasks.

Agent-OV overcomes the skewed measure in Agent-OM. By decomposing the measure into
four sub-measures, we can observe more informative matching performance across different OV
tasks. In general, we observe that the matching performance is highest in remain, followed by
add and delete, and relatively low in update. This trend is consistent across different tracks and
ontologies. The measures for remain are typically very close to 100%. The measures for add and
delete are generally good. Our system uses LLMs as the backend, and LLMs generally have strong
background knowledge to detect non-matched entities. The measures for update show scope for
improvement. This is because finding non-trivial alignments and appropriate similarity thresholds
is not easy. We examine the false mappings produced by Agent-OV. Unlike OM tasks, we find
that some of these identified false mappings are not actually false. Several examples are listed
below with explanations.

(1) False mappings in OV can result from flawed ontology design choices, as shown here.

(edas:ConferenceEvent , edas:Event, c)
(edas:ConferenceEvent, edas:AcademicEvent, c)

In the example, the reference shows edas:ConferenceEvent is updated to edas:Event, but
the OV system predicts edas:ConferenceEvent is updated to edas:AcademicEvent. An

event can be a non-academic event (e.g. a social event) or an academic event (e.g. a seminar).
In the context of a research conference, a conference event is more likely to mean the latter.

However, mapping to event still makes sense. Within one ontology, the meaning of two entities

is too close to be distinguished and therefore leads to them being synonyms for each other.

Ideally, we should avoid this type of ontology design. This example also demonstrates a unique
benefit of using OM for OV, which could potentially assist in ontology design.
(2) False mappings in OV can create ambiguous “equivalent” relationships, as shown here.

(confof:dealsWith, confof:hasSubjectArea, c)
(confof:dealsWith, confof:reviewes, c)
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Figure 4 Evaluation of OAEI Conference Track on the OV testbed. Agent-OM, shown as a red star,

determines only the single category of entity matches. The extended Agent-OV, shown as triangles,
determines four different categories of entity matches (remain or update) and non-matches (add or delete).

(3)

In the example, the reference shows confof:dealsWith is updated to confof:hasSubjectArea,
but the OV system predicts confof :dealsWith is updated to confof:reviewes. This is not
necessarily wrong, but it interprets “deal with” differently. It is vital to notice that the term
“equivalent” in OV is weaker than that in OM. OV allows for roughly “equivalent” mappings.
The entities mapped in OV can slightly alter their meanings in response to real-world changes
in the domain or evolution of natural language.

False mappings in OV can arise from different similarity thresholds, as shown here.

(sigkdd:Start_of_conference, None, 0.90)
(sigkdd:Start_of_conference, sigkdd:startDate, 0.80)

In the example, if similarity_threshold = 0.90, sigkdd:Start_of _conference in O will be
assigned to delete entities as it does not have matching entities; if similarity threshold = 0.80,
sigkdd:Start_of_conference in O will be assigned to update entities as it has a matching
entity sigkdd:startDate in O’. Both results are valid because defining the boundary between
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matching and non-matching is context- and application-dependent. For example, the similarity
threshold could be relatively higher in the biomedical domain to ensure that each term is
unique, whereas the similarity threshold in the conference domain could be relatively lower to
improve the interoperability of terminologies used in research conferences.

We extend our analysis to other OAEI tracks and varying similarity thresholds. Figure 5
shows that the trends are consistent with other medium and large OAFEI tracks evaluated on

the OV testbed. Additionally, we observe a longer computation time in the Anatomy Track.

Although Agent-OV has an optimisation module for the matching candidate selection process
(inherited from Agent-OM), it is still insufficient for some OV tasks. There is a need to optimise
the framework for OV in large-scale ontologies. Figure 6 studies the effect of varying similarity
thresholds for the Mouse ontology in Agent-OV. We change the similarity threshold from 1.00 to
0.80 to evaluate its effect on matching performance. While OV entities are classified into four
different categories, each category requires a corresponding sub-measurement. Similar to OM
tasks, changes in hyperparameter settings in OV tasks lead to a trade-off between precision and
recall. Moreover, the hyperparameter settings also influence the sub-measures. We find that
the similarity threshold has no effect on detecting remain entities, but significantly affects the
detection of update entities and slightly affects the detection of add and delete entities. Detecting
update entities and detecting add and delete entities are negatively correlated, as is expected
because a near-miss update alignment will fall back to a pair of non-match entities, one from each
ontology. Therefore, lower similarity thresholds can result in more update entities being detected,
while higher similarity thresholds may find more add and delete entities.
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Figure 5 Evaluation of OAEI Anatomy and MSE Tracks on the OV testbed has shown similar trends.
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Figure 6 Evaluation varying similarity thresholds in Agent-OV. We apply a 1-D Gaussian filter for

smoothing. The standard deviation for a Gaussian kernel is 1 (i.e. sigma = 1). We can see that the
similarity threshold has no effect on detecting remain entities in the top row, but affects the detection of
update, add, and delete entities.

4.5 Discussion

The experimental results have shown that OM systems can be reused for OV tasks, but they
have limitations and require necessary extensions. The following key points need to be taken into

account when reusing OM systems for OV tasks.

(1)

(2)

(3)

Skewed Measurement: OM systems exhibit skewed measurement of OV tasks because
unchanged remain entities dominate in practice. OM measures are reusable, but these measures
need to be extended into four sub-measures for add, delete, remain, and update performance.
Within each sub-measure, the inherent precision-recall trade-off still holds. Across different
sub-measures, they are not independent. This is because each change in a part of an alignment
in one category will cause other categories to change accordingly. For example, if a new
mapping is found in A® or A®, then the number of mappings in A® and AS will be reduced
by one each, and vice versa.

Update Pitfalls: OM systems are sensitive to changes in similarity thresholds and backend
LLMs. For OV tasks, only update entities are sensitive to these changes, while remain, add,
and delete are relatively stable across these hyperparameter settings. Poor update performance
is common, while tuning the similarity threshold trades precision for recall without resolving
the underlying difficulty.

Disputed False Mappings: OM systems used for OV tasks can produce mappings that are
false with respect to the ground truth reference, but that are true with respect to expert review.
This can be caused by flawed ontology design choices, ambiguous “equivalent” relationships, or
inappropriate settings of the similarity threshold. This is difficult for OM systems to recognise
and generally requires human effort.
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5 OMA40V Optimisation

Having established the current pitfalls of OM40V, we explore optimisations for the framework.
Often, ontology creators provide cross-references to alternative ontologies to enhance interoperab-
ility and facilitate integration. For example, a cross-reference between the Mouse ontology and the
Human ontology is provided in the OAEI Anatomy Track. Reusing the cross-references developed
for OM tasks, we propose a novel mechanism to reduce the number of matching candidates and
also to improve overall OV performance.

Figure 7 illustrates the cross-reference (CR) mechanism used in the OM40V framework. We
can see that, without using the cross-reference O,., the matching candidates cover the range of
O U O'. This number can be significantly reduced by removing prior matches (i.e. O N O, N O’)
and non-matches (i.e. ON O, \ O" and O’ N O, \ O). The prior matching will be incorporated
into the final alignment, while the known non-matching regions will be removed entirely in the
subsequent OV process. The OV process then only determines the posterior alignment.

Cross-Reference (CR) Mechanism

Reference Ontology (Oy)

Prior o' No.,\o
ono,No

Posterior,/// 0'\o,

Old Version New Version

(0) (0)

Figure 7 Illustration of the cross-reference (CR) mechanism.

In practice, the prior alignment usually contains a large number of remain entities and a small
number of update entities. Matching performance is also enhanced by utilising these established
mappings. Since prior matches are inferred from OM references validated by domain experts,
they provide a solid ground truth for alignment within a specific domain. Removing known
non-matches from the OV process also simplifies posterior alignment detection. The optimised
OM40V framework using the CR mechanism is defined as follows.

» Definition 4. Given a reference ontology (O,.), an old version of an ontology (O) and a new
version of the same ontology (O'), two cross-references between O and O, (R,.) and between O’
and O, (Ry.) are defined respectively as:

R, = {(e1,e3,¢) | e1 € O,e3 € O,,5s < ¢ <1 and there is no (e1,e3,c) with ¢ > c} 5)
Ry = {(ea,e3,¢) | ea € O e3 € O,,s < ¢ <1 and there is no (ea, e3,c’) with ' > ¢}
We can use R, and R, to infer some known mappings between O and O’ before performing

OV. We call these mappings a prior alignment (A,). After subsequently performing OV, we have

our posterior alignment (A«). In this setting, A,aten in OV can be decomposed into two parts:

Apateh = Ar U A« A can be directly inferred from the two cross-references R, and R, .. By

assuming the equivalence relation as extracted from the two cross-references is transitive, we have

6:13
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that ey € O, es € O, and e3 € O, if e; = e3 and ey = e3 then e; = ey. A+ aims to detect
missing mappings from the cross-reference. None of these mappings would come from any pairwise
intersection of O, O,., and O’ because ONO,.\ O’ and O’ NO,.\ O are pre-defined as non-matched
entities, and the matched entities in O N O, N O’ have already been captured in the A(w). As a
result, A~ can be defined within a smaller scope.

» Definition 5. Prior alignment (A,) and posterior alignment (Ax~) are defined as:

Ay =R, N Ry = {(e1,€2,¢) | €1, € ONO, NO",s<c<1}

6
Ape ={(e1,e2,¢) | e1 €0\ Op,e2 € O'\ Oy <c <1} (©)

An ontology can have multiple cross-references available. In such cases, the prior reference
becomes the union of all known cross-references (Rop1 ... Rorn), and the ontology used in the
posterior alignment (O,,) becomes the union of all reference ontologies (0,1 ... O.y).

» Definition 6. A, and A, in multiple cross-references can be formulated as:

A7'r = (Rorl N Ro’rl) U (Ror2 N Ro’r2) U...u (Rorn N Ro’rn)

7
A ={(e1,e2,¢) | e1 € O\ Opaye2 € O\ Opg,c > s} where Opg = Opp UOpa U...Op, 0

Figure 8 compares the OV performance with and without the CR mechanism on the same OV
testbed that we analysed in Section 4. We can see that the CR mechanism significantly enhances
Agent-OV’s ability to detect update entities and slightly improves its performance in detecting add
and delete entities, with no effect on remain entities. More specifically, performance improvement
is mainly attributed to recall for update entities, whereas it is more evident in precision for add
and delete entities. Figure 9 compares the effects of different similarity thresholds for the Mouse
ontology versioning. The results of the experiment show that the CR mechanism is less sensitive
to the similarity threshold than the original OM40V framework in Figure 6, suggesting that it can
be helpful in scenarios where the optimal similarity threshold is unclear or difficult to determine.

6 OMA4OV in Real-World Applications

Brick Schema [4] is a popular ontology used in the building industry. Introduced in 2016, Brick
Schema has undergone several major version changes, including URI changes, schema language
changes, and ontology harmonisation (combining Brick Schema with RealEstateCore [16] and
Project Haystack [25]). We use the change logs from the official GitHub repository to provide
near-ground-truth alignments for evaluation. We are not confident about the reliability of the
manually-generated logs as we observe instances where the log entry for a change conflicts with
the difference observed in the ontology itself. We demonstrate versioning performance over three
distinct major version updates: from v1.1.0 to v1.4.0, v1.2.0 to v1.4.0, and v1.3.0 to v1.4.0. We
have collapsed multiple human-identified minor version changes into the corresponding major
version changes for our experiments to consider more complex version changes than are evident
in successive minor versions. We filter out classes and properties that are used in Brick Schema
conventions but that user experts determined to be unimportant for version tracking and hence
have not been captured in change logs. For example, “Tag”, “NodeShape”, and “PropertyShape’
are excluded from the matching candidates.

)

Figure 10 shows that our OM40V implemented in the OM system is more precise than our
previous OM-only system in tracking changes across different versions of Brick Schema. Similar
trends are observed in skewed measurements, update pitfalls, and disputed false mappings. We are
unable to empirically evaluate our cross-reference mechanism with Brick Schema. Unfortunately,
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cmt cmt cmt
mouse 1 pconference mouse 1 pconference mouse 1 pconference

0.6

Category: remain human # confof human confof
—— Without CR
MatOonta edas MatOntd edas
—— With CR _
Matinfo Matinfo Z ekaw Matinfo ekaw
sigkdd iasted sigkdd iasted sigkdd iasted
Precision Recall F1 Score
cmt cmt cmt
1 oconference mouse 1 pconference
Category: update confof human / confof
—— Without CR
edas MatOntd edas
—— With CR \
Matinfo s Matinfo ekaw Matinfo ekaw
sigkdd iasted sigkdd iasted sigkdd iasted
Precision Recall F1 Score
cmt cmt cmt
mouse 1 pconference mouse 1 pconference mouse 1 pconference
Category: add human
—— Without CR
MatOnto
—— With CR )
Matinfo
sigkdd iasted sigkdd iasted sigkdd iasted
Precision Recall F1 Score
cmt cmt
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== 0 = =
Category: delete human / ™\, confof
—— Without CR
MatOntd edas
—— With CR

Matinfo _/I ekaw -
sigkdd iasted sigkdd iasted sigkdd iasted
Precision Recall F1 Score

Figure 8 Evaluation of the cross-reference (CR) mechanism on the OV testbed. Each radar chart
shows measurements (precision, recall, and F1 score) for a change category over 11 datasets analysed
around the perimeter, both with (orange) and without (blue) the CR mechanism applied.

while Brick Schema offers high-level alignments with RealEstateCore and Project Haystack, these
alignments are highly incomplete, addressing only few classes and properties. Further, they do
not indicate versions of the ontologies to which they apply. We have been unable to locate an

alternative ontology that offers the data needed for evaluating our cross-reference mechanism.

We hope our work contributes to the quality improvement of OV so that building high-quality
versioned reference alignments becomes standard industry practice. At that time, automated
system updates with respect to ontology version changes would become feasible, and we could
evaluate our cross-reference mechanism on real-world data.
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Figure 9 Evaluation of the cross-reference (CR) mechanism on different similarity thresholds. The
solid lines contribute to OV performance with the CR mechanism, while the dotted lines contribute to OV
performance without the CR mechanism. We apply a 1-D Gaussian filter for smoothing. The standard

deviation for a Gaussian kernel is 1 (i.e. sigma = 1).
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Figure 10 Evaluation of the OM40V framework tracking Brick Schema version changes.

7 Conclusion

In this paper, we systematically analyse similarities and differences between OM and OV tasks
and provide formal definitions and task formulations for OM40OV. The experimental results from
Agent-OM and Agent-OV demonstrate that the OM40V framework is workable, though it presents
several limitations. To tackle these issues, we propose a novel optimisation method that uses a
cross-reference (CR) mechanism to leverage reference alignments from OM for OV. This method
(1) overcomes several pitfalls in using OM for OV tasks, (2) significantly reduces the number
of matching candidates, and (3) improves overall OV performance. We showcase the use of our
OMA40V framework in tracking version changes in a widely used ontology for the building industry.
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We observe three opportunities for future work. (1) While OM has a universal evaluation
measure, our proposed measures for OV have four sub-measures. We plan to investigate a
merged formula for OV sub-measures in the future, for example, using a harmonic mean to
combine sub-measures. (2) We limit the semantic analysis to noting changes in 1-hop subgraph
relations that can be either ontology keywords (such as domain, range, and subclass) or domain
concepts as object properties. A more complete analysis of structural evolution could employ
description-logic-based reasoning for subsumption checking, consistency validation, and detection
of semantically equivalent expressions with only syntactic differences. This kind of analysis has
not been previously explored in OM and is not addressed in this study, but could be worthwhile
further work. (3) We plan to apply the OM40V framework in emerging domain ontologies that
demonstrate regular changes over time. We are working with the Brick Schema development team
to encourage adoption of our OM40V framework.

Statement on Supplementary Materials and Additional Resources

The following supplementary materials belong to this paper:

(S1) Software (OM4OV and Agent-OV): https://github.com/qzc438/ontology-versioning
This artifact contains source code for OM40V and Agent-OV, as well as the versioning
datasets mentioned in Section 4.1.

(S2) Software (Brick Schema Version Track): https://github.com/qzc438/brick-version-track
This artifact contains the source code for tracking Brick Schema [4] version changes mentioned
in Section 6.

The following resources were used in the mentioned parts of the paper:

(R1) Software (Agent-OM) [36]: https://github.com/qzc438/ontology-11m

This artifact contains the source code for Agent-OM [37] mentioned in Sections 4.2 and 4.4.
Dataset (OAEI Datasets) [26]: https://dwslab.github.io/melt/track-repository

This artifact shows the Matching EvaLuation Toolkit (MELT') [18] repository to download the
original OAEI datasets for (S1) (retrieved April 1, 2025). According to the OAEI data policy,
“OAEI results and datasets, are publicly available, but subject to a use policy similar to the
one defined by NIST for TREC. These rules apply to anyone using these data.” Please find
more details from the official website: https://oaei.ontologymatching.org/doc/oaei-
deontology.2.html (retrieved April 1, 2025).

Dataset (Brick Schema Change Logs) [6]: https://github.com/BrickSchema/Brick/releases
This artifact shows the link to the Brick Schema [4] official repository to download the
change logs for (S2) (retrieved April 1, 2025).

(R2)

(R3)
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— Abstract

Graph transformations are a powerful computa-
tional model for manipulating complex networks,
but handling temporal aspects and scalability re-
main significant challenges. We present a novel
approach to implementing graph transformations
using Logica, an open-source logic programming
language and system that operates over standard
database systems including PostgreSQL, DuckDB,
and BigQuery. Logica leverages the inherent par-
allelism of these engines and offers a practical and
scalable way to carry out a variety of graph trans-
formations, including complex scenarios such as
time-varying graphs. We illustrate Logica’s graph

querying and transformation capabilities with sev-
eral examples, including a declarative program for
pathfinding in a dynamic graph and a taxonomic
analysis over a full current Wikidata dump. Experi-
mental results compare Logica running on DuckDB
engine to the Datalog engines Soufflé and Nemo,
and to DuckPGQ), an implementation of SQL/PGQ.
We argue that a logic-based declarative syntax, a
built-in visualization library, and (plug-and-play)
support for large-scale database engines make Lo-
gica a convenient and practical tool for a wide range
of graph transformation tasks.
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1 Introduction

Graph transformations are a powerful and versatile method for modeling and manipulating
complex systems across diverse fields, ranging from software engineering [9, 27] and social network
analysis [14] to biology and chemistry [35, 31, 36]. These transformations typically operate by
applying rewrite rules to a graph, altering its structure and properties. While such transformations
are known for their expressiveness and flexibility, their implementation can often be complex,
especially when dealing with time-varying (i.e., evolving) graphs and when scalable solutions are
needed. Additionally, existing graph database systems often provide limited support for such
evolution mechanisms, creating a gap between theoretical models and practical implementations.
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Logic programming, on the other hand, provides a declarative approach to problem solving
by expressing relationships using rules rather than explicitly stating control-flow. Logic-based
systems (e.g., Prolog and Answer Set Programming [17]) are well-established in various areas,
including (symbolic) AT and knowledge representation and reasoning,.

More recently, Logica (Logic + Aggregation) [41, 40], an open-source logic programming lan-

guage and system, has emerged, which employs performant, parallel data processing environments
such as DuckDB and BigQuery. Logica combines the declarative power of logic programming
with the scalability and efficiency of modern databases, offering a promising new path for tackling
graph transformation challenges.

This paper explores the application of Logica to the domain of graph transformations, bridging
the gap between these two paradigms. Our approach leverages Logica’s ability to process large
datasets in a parallel and efficient manner, providing a novel means of implementing and executing
graph transformations at scale using logical rules. We argue that with a graph transformation
mindset, logic programming can provide a natural, powerful, and intuitive approach for defining
transformations, opening new opportunities within both communities. Crucially, Logica also
enables a practical approach to addressing issues that are difficult in classical graph transformation
approaches, such as temporal transformations and seamless scalability.

To illustrate the practical nature of our approach, we introduce several example Logica programs
implementing different types of graph transformations. Specifically, we show how Logica can
be used to define and perform basic graph transformations including message passing, removing
transitively implied graph edges, graph extraction, and computing complex annotation properties
(by finding solution labels for two-player combinatorial game graphs). We also introduce a novel
approach to time-aware pathfinding (e.g., [25, 8]), directly addressing the need for principled and
tractable mechanisms to handle evolving graph data, a notoriously difficult problem in classical
graph transformation approaches. These examples serve both to show the expressiveness of our
approach, and to illustrate its potential benefits.

In the experimental evaluation (Section 4), we include a same-generation benchmark where
aggregation within recursion enables a purely declarative solution: the generation of a child is
defined as the next generation after its parent’s, and same-generation pairs follow by equality. This
illustrates how Logica’s support for aggregation in recursive rules extends the class of problems
for which a declarative definition also serves as an efficient algorithm.

Examples demonstrated in this paper are available online [39], as part of the Logica reposit-
ory [38]. Examples are represented in online Google Jupyter Notebooks (via Colab), where they
can be executed and modified.

The rest of this paper is organized as follows. Section 2 provides an overview of Logica including
its overall architecture, syntax and extensions (compared to traditional Datalog), and its program
evaluation approach. Section 3 demonstrates how to express a variety of graph transformations in
Logica. In Section 4 we report results of comparison of Logica execution speed with Soufflé, Nemo
and DuckPGQ engines. And in Section 5 we describe location of Logica in the body of related
work. Section 6 concludes with a discussion of limitations and potential avenues for future work.

2 Logica Overview

Logica is a freely available, open-source logic programming language that bridges declarative
rule specification with the computational power of modern parallel databases. Rather than
implementing a specialized engine, Logica employs a compilation-based architecture that translates
logical programs into optimized SQL, enabling execution on industrial database systems DuckDB,
SQLite, PostgreSQL, and BigQuery.
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Figure 1 System Architecture: Logica supports a module system for importing libraries (top left);
users write programs either locally (top left), e.g., as part of a larger Python script, or from within Jupyter
notebooks (top right); programs are parsed, type checked (top middle), and, if well-formed, compiled to a
self-contained SQL script (no/limited recursion) or to an iterative plan of pipelined SQL-queries that is

passed to a pipeline driver (bottom middle). Logica then executes and monitors queries via underlying
SQL engines, either locally (bottom left) or externally (bottom right).

2.1 Logica System Architecture

The Logica compilation process, illustrated in Figure 1, consists of three main stages. The parser
reads the source program and build an Abstract Syntax Tree (AST). The type inference engine
analyzes this tree, assigning types for error detection and dialect-specific SQL generation. Finally,
the compiler translates the type-annotated program into executable SQL.

For non-recursive or shallow-recursive programs, the compiler produces a single, self-contained
SQL script. For complex recursive computations, which are common in graph transformation,
Logica generates SQL that unfolds recursion into a fixed number of iterations using intermediate
tables or nested queries. Each iteration applies the recursive rule to results from the previous
iteration, with results combined via UNION ALL. This iterative unfolding mechanism is fundamental
to Logica’s ability to handle the complex transformations central to graph processing. For
programs requiring dynamic fixpoint computation, Logica can generate a Python-based pipeline
that iteratively executes these SQL queries until convergence or a termination condition is met.

Logica is capable of using several SQL engines, running its pipeline on SQLite, DuckDB,
PostgreSQL, or BigQuery. SQLite is a light yet efficient engine that comes along with Python;
with it you can run Logica without installing anything else, however you need to enable it explicitly
in your program with an @Engine("sqlite") directive. The default engine for Logica is DuckDB,
a highly efficient engine built specifically for massive data analysis. DuckDB achieves such efficiency
because massive data processing and analysis is its primary purpose, while SQLite and PostgreSQL
have much of their focus on efficiently supporting individual-level transactions; thus DuckDB is
more aligned with Logica’s purpose. Finally, when data that needs processing is of terabytes in
volume, you can process it with Logica using BigQuery, a massively parallel data warehouse.

Logica is distributed via PyPI and can be installed with pip install logica. It can be used
from the command line or from Jupyter notebooks. Documentation and source code are available
at logica.dev and github.com/EvgSkv/logica. The compiler architecture is modular with respect to
the SQL backend; for instance, experimental support for ClickHouse and Trino has been explored.
Supporting a new engine requires accommodating its SQL dialect and available features.
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2.2 Logica Syntax Extensions

Logica extends traditional Datalog with several syntactic features designed to help with read-
ability and robustness, particularly for applications involving structured relations and graph
transformations.

Named and Positional Arguments. Logica supports both traditional positional arguments and
named arguments. Positional arguments define predicates through variable order, suitable for
simple relationships. The following example defines two facts and a single rule in Logica using
positional arguments. In Logica, predicates begin with uppercase characters, variables begin with
lowercase characters, and statements (facts and rules) are terminated by semicolons.

Parent ("Adam", "Cain");
Parent ("Cain", "Enoch");
Grandparent(x, z) :- Parent(x, y), Parent(y, z);

Disjunction in Logica, like in Prolog, can be expressed with multiple rules for one predicate, or
with the binary operator |. Conjunction is of higher priority than disjunction, so parentheses are
not required around individual disjuncts. For example, the two facts above can equivalently be
written as a single rule:

= "Cain" |
= "Enoch";

Parent (x, y) :- x "Adam", y
2 y

= El
= "Cain",

Named arguments, as in SQL, can help with readability, especially for relations with many
attributes. The following example shows an Employee relation with four named attributes
representing the employee’s id, name, department, and salary.
Employee (employee_id: 101, name: "Alice",
department: "Sales", salary: 80000) ;

Employee (employee_id: 102, name: "Bob",
department: "Engineering", salary: 95000) ;

Named arguments provide position independence and robustness to schema evolution: queries
remain valid when attributes are added, removed, or reordered, as they only reference the attributes
they need. The following example queries for names of employees in the engineering department,
referencing only the name and department attributes.

Engineer (name:) :-
Employee (name:, department: "Engineering");

As shown, in Logica the named attribute can be used in place of the corresponding variable (where
the variable name is assumed to be the same as the named attribute).
Logica allows using named attributes directly as variables when the variable name matches

” above.

the attribute name, as shown with (employee) “name:’

Positional arguments are internally treated as named arguments col0, coll, etc. A predicate
always corresponds to a single table regardless of how many arguments are mentioned in a
particular rule. When arguments are omitted, Logica does not constrain or project on those
columns. For example, if we have Parent (x, y) and Grandparent(x, y) predicates where x is a
parent (grandparent) of y, and we want to find people who are parents or grandparents, we can

write:
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Invite(x) :- Parent(x) | Grandparent(x);

Here Parent (x) refers to the same table as Parent (x, y), with the second argument simply left
unconstrained.

Composite Data Types. Logica supports structured data through lists and records, enabling
natural representation of complex relationships common in graph data. Lists in Logica are ordered
collections and can contain any type of element. Lists are defined using square bracket notation
and Logica supports list iteration and membership testing. The following gives a simple example
demonstrating lists and membership checks for an input predicate Country containing a list of
cities for each country.

# Membership test using a list literal
European(city) :- city in ["Paris", "London", "Berlin"];

# Iterate over list elements to create a new relationship
CountryCity (country:, city:) :-
Country(name: country, cities:), city in cities;

Records provide structured access to related data through named fields, similar to objects or structs
in other languages. The following example defines two books each containing a nested record and
a corresponding query using path expressions to obtain the nested record information.
# Define two tuples containing nested records
Book(title: "To Kill a Mockingbird",
info: {author: "Harper Lee", publication_year: 1960});

Book(title: "1984",
info: {author: "George Orwell", publication_year: 1949});

# Access record fields using dot mnotation
RecentBook (title:) :-
Book (title:, info:),
info.publication_year > 1950;

Records and lists can be arbitrarily nested in Logica, which provides greater flexibility in modeling
data as well as for interoperating with external systems and data sources (e.g., that leverage JSON
encodings). Lists and records are also useful for representing property graphs in which nodes and
edges can be annotated with complex attribute values.

Aggregation. Like SQL, Logica supports aggregation operations. Logica provides two aggregation
modes: predicate-level and inline. The following is an example of predicate-level aggregation. For
each author that has written a book, the query computes the number of books written as well as
the most recent year the author published a book.

# Number of books and most recent publication year by author
AuthorStats (author:,
book_count? += 1,
latest_year? Max= publication_year) distinct :-
Books (author:, publication_year:);

The distinct keyword is used to trigger aggregation in Logica, indicating the desire to create
a set of objects. The columns to be aggregated are denoted with ? after which an aggregation
operator is given followed by =; other columns are not aggregated. The set is created for keys

TGDK
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composed of values of non-aggregated columns. Values of aggregated columns are grouped for
each key and the aggregation operator is applied to the group. In the example above, the result is
one unique row per author. Since multiple books may have the same author, Logica naturally
groups these together and applies the aggregation functions (+= for counting, Max= for latest year)
within each group.

Note that whenever a SQL statement has a GROUP BY clause, the resulting table has no
duplicates, i.e., all rows in the table are distinct. In Logica, the distinct keyword in the head of
the rule serves this same purpose, unifying the concept of sets with aggregation.

Thus while Logica inherently uses multi-set semantics, set semantics organically emerges from
aggregation. Denoting a predicate that has no columns aggregated, distinct makes it a set,
in accordance with aggregation as defined above. Note that similarly in SQL, while there is a
DISTINCT keyword, the same effect can be achieved via grouping by all columns.

When multiple rules define the same predicate, their contributions are combined via UNION ALL
and the aggregation operator is then applied over the combined result, which is expressed in SQL
as UNION ALL wrapped in GROUP BY. Logica requires all rules for a predicate to use a consistent
aggregation signature, and inconsistent signatures result in a compilation error.

In-line aggregation allows aggregation in the body of the predicate. It uses syntax similar to
set-builder notation. The following example uses inline aggregation to compute the total number
of special-offer points awarded for each shopping cart where a shopping cart consists of a list of
item names and each special offer relates an item name to a record containing its corresponding
number of bonus points.

CartBonusPoints (cart_id:, total_points:) :-
ShoppingCart (cart_id:, items:),
total_points = Sum{

bonus_points :-
item_name in items,
SpecialOffers(item_name:, bonus_points:)

I

In-line aggregation can also construct lists in the body of rules (a form of list comprehension)
using the List aggregating operator. In the following example, prices_of_premium_items is
computed assuming that each item is a record that has fields is_premium and price.

PremiumCarts (cart_id:, prices_of_premium_items:) :-
ShoppingCart (cart_id:, items:),
prices_of_premium_items = List{

item.price :-
item in items,
item.is_premium == true

g

Note that List aggregation is non-deterministic: the order of elements in the resulting list depends
on race conditions of parallel data processing, just like array_agg in PostgreSQL and 1list in
DuckDB.

In-line aggregation expressions distinguish two kinds of variables by their scope. Variables that
appear both inside and outside the aggregation are correlated: their values are fixed by the outer
context, just as in SQL correlated subqueries. Variables that appear only inside the aggregation
are existential: they range over all matching values and are aggregated over. The same scoping
rule applies to negation: in ~P(x, y), a variable bound in the outer rule body is correlated, while
a variable appearing only inside the negation is existentially quantified. Aggregation expressions
can be nested. In this case, a variable mentioned in an enclosing aggregation scope is correlated
in the inner one.
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Functional Notation. Logica bridges declarative logic and functional programming by allowing
predicates to be defined and used as functions. Internally, functional values are stored in a special
attribute logica_value. The syntax F(x) = y provides a syntactic shorthand for predicate
definitions. The following provides an example of the (implicit) functional style provided in Logica
and the corresponding (explicit) definition using the logica_value attribute.

# Defining a square operation in Functional style:
Square(x) = x * x;

# Defining square using an explicit relational definition:
Square(x, logica_value: x * Xx);

When predicates are used functionally, Logica performs semantic “desugaring.” For example, the
following example uses the square operation in its functional form followed by the corresponding
“desugared” syntax.

# Using the square operation (implicitly)
Q(x, Square(x)) :- T(x);

# An equivalent definition with square used in the body of the rule:
Q(x, y) :- T(x), Square(x, logica_value: y);

One use of functional predicates is for lookup tables, as shown in the following example.

# Set the captial of France and Japan
CountryCapital ("France") = "Paris";
CountryCapital ("Japan") = "Tokyo";

# Obtain the capital of France
FrenchCapital (CountryCapital ("France"));

Functional predicates can also be defined using aggregation operators, where the functional
value itself is computed by aggregating over related data. The following example computes the
total population of each country using the functional value of CityPopulation (which gives
the population value of a given city) where the Country relation consists of countries and their
corresponding list of cities.

# For each country, compute the total population of its cities:
Population(country) += CityPopulation(city) :-
Country(name: country, cities:), city in cities;

The above example defines Population as a functional predicate that returns the total population
for any given country by summing the populations of its cities. Note that the distinct keyword
is omitted here: when the aggregated column is the return value of a functional predicate, the
aggregation is clearly visible at the definition site, making distinct unnecessary. For predicate-
level aggregation with 7, the aggregated columns may be harder to spot among many columns, so
distinct serves as an explicit marker that set semantics is intended.

Negation as Aggregation. Logica treats logical negation (denoted as ~) not as a primitive
operation but as emerging naturally from aggregation. As a simple example, the following rule
finds birds that can sing but cannot fly.

77
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SingingNonFlyer (name:) :-
Bird(name:), CanSing(name:), ~CanFly(name:);

The negation operator is syntactic sugar for aggregation-based non-existence checking. Thus, the
above rule is equivalent to the following aggregate query in Logica.

SingingNonFlyer (name:) :-
Bird(name:), CanSing(name:), Sum{l :- CanFly(name:)} is null;

The expression Sum{l :- CanFly(name:)} counts the number of tuples where the bird can fly.
Empty sets yield null aggregation results, checked with standard is null operators. This
approach unifies negation with aggregation principles, simplifying the language’s conceptual
foundation.

2.3 Value Creation

Logica supports string and number manipulation, including arithmetic operations and string
concatenation. These operations can be used to create new values, playing the same role as
Skolemization. For instance, the following is an example of basic graph reification, where edges
become nodes in the given graph.

EdgeNode (x, y) = "Edge:" ++ ToString(x) ++ "-to-" ++ ToString(y);
Edge (x, EdgeNode(x, y)) :- DirectEdge(x, y);
Edge (EdgeNode (x, y), y) :- DirectEdge(x, y);

Value creation [2] can easily lead to programs without a finite fixpoint. Defining semantics for
such programs is more challenging than for finite-domain Datalog, where well-founded semantics
offers an iterative solution and stable model semantics reduces to search within a finite space.
With value creation, the search space itself may be infinite, and the question of whether evaluation
terminates can be undecidable [19]. In practice, Logica uses a simple iterative evaluation strategy,
repeating evaluations up to a fixed threshold or until a stopping condition is met; see Section 2.4
for further details. As one example, the simple reification program above does not use recursion,
and thus terminates after a single rule application. The following Logica program, however, does
not have a finite fixpoint, and its naive bottom-up evaluation will not terminate. By default,
Logica executes programs under a limit of 32 iterations, which can be modified by the user via a
language directive.

NextHop(x) = "next-" ++ ToString(x);
Path(x, NextHop(x)) :- Path(x, something);

2.4 Logica Evaluation Strategy

Understanding how Logica executes graph transformation programs provides essential insight for
writing effective code. This section describes Logica’s systematic approach to evaluating programs
with complex dependencies and recursion.

Dependency Analysis. Program evaluation in Logica begins by analyzing predicate dependencies
to determine the order of rule evaluation.
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Owner

Enemies

Reachable l drecursive

Figure 2 Dependencies P — @ between predicates P and @, stating that P is used in the body of
a rule to define @, for the example program of Section 2.4. The predicate Reachable is recursive and
iterated either a fixed number of times or until a user-specified stopping condition is met (where the two
different approaches are specified by the user as part of the program configuration).

Consider the following example. The predicate Reachable is assumed to hold pairs of Stars
such that a spaceship can Hop from star to star if there does not exist a Danger in performing the
hop. A Danger is present if the Owners of the stars are Enemies of each other. In this example,
Star, Owner, and Enemies are given as inputs to the program (i.e., form the EDB).

Danger (a, b) :- Enemies(Owner(a), Owner(b));

Hop(a, b) :- Star(a), Star(b), ~Danger(a, b);

Reachable(a, b) distinct :- Hop(a, b);

Reachable(a, b) distinct :- Reachable(a, x), Reachable(x, b);

The distinct keyword in the Reachable rules ensures set semantics: without it, the multiplicity
of each pair would equal the number of paths connecting them, which is infinite in the presence of
cycles. The corresponding predicate dependencies of the program are shown on Figure 2

Strongly Connected Components. Prior to program execution, Logica uses predicate depend-
encies to construct a dependency graph from which strongly connected components (SCCs) are
identified. Each SCC represents a group of predicates that have dependencies on each other, either
directly or indirectly through a graph cycle. If a predicate is not involved in recursion then it
forms its own connected component. In the above example, each predicate is a separate connected
component and the predicate Reachable is the only recursive predicate.

Components in Logica are evaluated in dependency order: a component cannot be processed
until all of the components it depends on have been evaluated (following a typical “bottom-up’
evaluation strategy). The dependency graph tracks both positive and negative dependencies
between predicates. When negation is applied only to predicates from earlier components, the
program is stratified and the component-wise evaluation naturally yields the standard stratified
semantics (see Section 2.5.2). In the example, the derived predicates Danger, Hop, and Reachable
(i.e., forming the IDB) start as empty relations. After the first iteration, Hop holds all pair of

)
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(non-Danger) stars. The second iteration results in Reachable holding for all such pairs of stars.
In subsequent iterations, Reachable becomes “self-sustaining”. We note that components without
recursion are evaluated once, as everything that they depend on is already computed.

Handling Recursion. When evaluating recursive components, Logica uses an iterative approach:

Start with base cases established by non-recursive rules.

Iterate:
Apply all rules — both base and recursive — using the previous iteration’s state computing a
new set of facts that hold.
Replace the previous state of each relation entirely with those new facts.
Terminate after a fixed number of iterations (32 by default on DuckDB) or when an
explicit stopping condition is met.

This process builds up complete solutions step by step. For reachability, it discovers connections
of length 1, then length 2, then length 3, and so on, until all possible connections are found. Also
note that fact remains in the state on the next step only if it was re-derived with the facts of the
state. Thus if a fact is no longer supported by the state it disappears and thus non-monotonicity
is achieved. Hence when we compute distances a derived fact about a distance between two nodes
disappears if a shorter distance is found.

Termination and Control. Logica continues evaluating predicates until a stopping condition is
met. Logica provides two ways to control iteration via arguments of @Recursive annotation of
the corresponding predicate.

Fixed number of iterations can be specified if you know from the size of the graph the number of
iterations required. Generally we expect algorithm to converge to a fixed point and thus an upper
bound of possibly needed number of iterations can be used.

@Recursive (Reachable, 20);

Reachable(a, b) distinct :- Hop(a, Db);
Reachable(a, b) distinct :- Reachable(a, x), Reachable(x, b);

Default behavior. By default when neither the number of iterations nor explicit stopping
conditions are specified the iteration proceeds for 32 steps.

Although a small number of iterations, the default has proven useful as an initial starting point
for iteration. For example, for many smaller-sized graphs, 32 steps is often sufficient to converge to
a fixpoint. Additionally, double-recursion algorithms usually converge with exponential speed [44].
The implementation of reachability with a linear recursion in 32 steps would finds paths of length
up to 32. However, as shown in the above example, where reachability is implemented through
double recursion, the length of the explored path grows exponentially with the number of iterations,
and thus, 32 steps would suffice even for very large graphs.

Explicit stopping conditions can be specified in Logica. In this case, iteration will continue until
the stopping condition is met.

@Recursive (Reachable, -1, stop: ReachabilityComplete);
Reachable(a, b) distinct :- Hop(a, b);
Reachable(a, b) distinct :- Reachable(a, x), Reachable(x, b);
ReachabilityComplete () distinct :-

(Reachable(a, x), Hop(x, b)) => Reachable(a, b);
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The implication P(x, y) => R(x, z) is shorthand for ~(P(x, y), ~R(x, z)), meaning
“there’s no case where P holds but R does not.” Thus ReachabilityComplete() holds when every
extendable path has already been extended. The explicit stopping condition can be combined
with an upper bound on the number of iterations, or the number of iterations can be given as -1,
meaning iteration proceeds indefinitely until the stopping condition is met.

A natural question is whether Logica could provide automatic fixpoint detection, iterating until
the state no longer changes without requiring an explicit stopping predicate. While this would
sometimes be convenient, in many cases a user-specified stopping condition remains preferable
for efficiency, for instance, comparing fact counts is cheaper than comparing entire relation
states. Moreover, automatic fixpoint detection would require comparing relation states between
iterations, a substantial addition to the current execution model where everything that is computed
corresponds directly to a user-defined predicate. Automatic fixpoint detection is a subject of
future work.

Power and Limitations. Logica’s expressive power and limitations both stem from its execution
strategy. Each iteration fully leverages the SQL ecosystem, e.g., if the backend is a distributed
engine like BigQuery, a single iteration executes in parallel across the cluster. As SQL engines
continue to improve, Logica benefits automatically. However, Logica does not optimize the flow
between iterations; it does not implement techniques such as semi-naive evaluation that avoid
redundant recomputation across iterations. Consequently, Logica performs well when problems
can be solved in a small number of iterations. Fortunately, many practical graph problems fall into
this category: transitive closure can be computed in logarithmic iterations using squared recursion,
and single-source shortest paths on social networks typically converge within six iterations due to
the small-world property. Problems requiring tens of thousands of iterations, however, may not be
well-suited for Logica. Additionally, Logica does not implement combinatorial search strategies
like those found in Answer Set Programming systems such as Clingo, making it a less suitable
syntax for solving NP-complete problems that require exploring exponentially many candidate
solutions.

2.5 Logica Semantics
2.5.1 Logica and While Semantics

In the previous section, we described Logica’s evaluation strategy. From a theoretical perspective,
this strategy aligns with the while semantic framework introduced by Abiteboul, Hull, and
Vianu [1] for database query languages, including while(y), where iteration continues as long as
a logical condition ¢ is satisfied.

The Logica evaluation loop works similarly but uses an until loop, i.e., using a condition of
termination rather than a condition of continuation. To execute a while(y) evaluation of a recursive
predicate P in Logica, a @Recursive (P, -1, stop:.S) directive is given as a program annotation,
where a predicate S defines the user-specified termination condition —¢. An example using this
annotation (with ReachabilityComplete as the stopping predicate) is given in Section 2.4.

While Logica execution follows while semantics, data types of Logica are richer than classical
Datalog. Notably, Logica supports composite values of unbounded size, including lists and records
with arbitrarily nested structures, combined with arbitrary arithmetic operations and comparison
operators. These additional features enable Turing-complete computation, which establishes
computational equivalence with whiley [1].
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2.5.2 Special Cases with Simpler Semantics

Within the while semantics framework, different classes of Logica programs admit less expressive
semantic characterizations.

Classical Datalog Semantics. For programs without aggregation or negation, Logica’s evaluation
reduces to standard least-fixpoint semantics. The iterative process within each strongly connected
component corresponds exactly to the well-known immediate consequence operator, ensuring
compatibility with traditional Datalog results.

Stratified Datalog Semantics. A Datalog program is stratified if negation in the rules defining a
predicate is applied only to predicates that are outside the same strongly connected component [47].
The component-wise evaluation naturally respects this stratification: each SCC is computed to
completion using only positive recursion before proceeding to dependent SCCs that may use
negation on the completed results.

Monotonic programs refine predicate values in a consistent direction as they iterate. These
programs can be characterized by the existence of a partial order on the predicate values (i.e., on
the relations themselves) such that each rule application moves values monotonically along this
order [26]. In classic Datalog without aggregation, this order is simply set inclusion — rules can
only add facts, never remove them, so each iteration produces a relation that contains all previous
facts plus potentially new ones. With monotonic aggregation operators (such as Min=, Max=, or
+= with non-negative values), the order is induced by the properties of the specific operator being
used. Examples include transitive closure computations and shortest path algorithms.

Non-monotonic programs cannot be characterized by such a consistent directional refinement.
Values may fluctuate during iteration without a clear monotonic progression visible from the
program structure. A classic example is the Win-Move game solver described in Section 3.3,
where move evaluations can change as the algorithm refines its analysis of the game tree, and
intermediate values may oscillate before converging to the final solution.

Logica is designed to be a practical programming language consistent with the while semantics
framework. This foundation provides both the expressiveness needed for complex iterative
algorithms and the semantic clarity of well-studied formal models.

This generality requires that the programmer reason about execution and ensure that iteration
converges in a reasonable number of steps. The programmer must specify either a fixed iteration
count or a stopping condition for termination. In practice, a fixed iteration bound often suffices,
as the number of steps needed is typically clear from the problem structure.

3  Transforming Graphs with Logica

In Logica, as in Prolog and Answer-Set Programming, graphs can be naturally represented: Nodes
are denoted using unique identifiers and edges are represented as facts about the nodes. Graphs
can be represented as predicates with two or more positional arguments. For example, a simple
directed graph can be represented as a binary relation E(source, target), where source and target
are nodes connected by a directed edge. Additional graph data, e.g., node or edge attributes, can
be expressed using separate predicates or extra positional (in Logica also named) arguments. For
instance, a graph whose edges are assigned colors can be represented using a ternary predicate
and facts of the form E(source, target, color).
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Graph transformations can be implemented by defining new predicates that depend on the
original graph: e.g., given a graph with edges E, a new graph E2 extending E by adding new edges
between nodes that are separated by two “hops” can be derived as follows.

E2(x, z) :- E(x, y), E(y, z);
E2(x, y) :- E(x, y);

This simple example demonstrates an important aspect of defining graph transformations with
logic rules. In native graph transformation languages users define how the graph changes, and
edges not involved in the change remain. However, when defining graph transformations logically,
we must include rules to preserve edges not involved in the transformation (line 2).

3.1 Message Passing

Our first example involves the simple passing of a message along the directed edges of a graph, as
described in [28].

MO (0) ; # start node
# Rule 1: Message initialization.
M(x) :- M=nil, MO(x);

# Rule 2: Message passing.

M(y) :- M(x), E(x, y);

# Rule 3: Message retention.

M(x) :- M(x), ~E(x, y);

Fact MO(0) states that initially the message is at node 0. Rule 1 initializes the message relation M.
It states that node x has a message M if it was specified as the initial node in MO(x). Condition
M=nil makes the rule fire (trigger) only at the start of the recursive iteration. The message
propagates from node x to its neighbors y through the Rule 2. Finally, Rule 3 requires the message
of a node x to be retained if x has no outgoing edges. While the rule M(x) :- M(x), ~E(x, y)
might seem tautological as it derives a fact from itself, it plays an important role in the context of
the iterative semantics (see Section 2.4): each iteration replaces the previous state entirely, so
without Rule 3 messages at nodes with no outgoing edges would disappear on the next iteration.

3.2 Computing Distances in a Graph

Logica has native support for aggregation. Predicate level aggregation is computed over the
specified values of the fields of the defined predicate. The following Logica program computes the
minimum distance D(x) of a node x from a given Start node.

# Rule 1: Distance from the Start node <s 0.

D(Start()) Min= 0;

# Rule 2: Trtangle inequality.
D(y) Min= D(x) + 1 :- E(x,y);

Start () is used as a functional predicate: as discussed in Section 2 Logica relations can be turned
to functions by having an additional “special attribute” (named logica_value) to store and
access a relation’s functional value, i.e., its value when used syntactically as a function. Here,
Start () simply returns (a predefined) starting value. Rule 1 assigns the distance 0 to the starting

node, where D(x) is also a functional predicate that returns the (minimum) distance of a node x.

Rule 2 computes the distance to a node y as at most one more than the distance to its predecessor
x. The Min= aggregation operator specifies that the minimum distance will be taken among all
possible paths.
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3.3 Solving Win-Move Games

Win-Move is a two-player combinatorial game played on a finite directed graph (representing
a board) where nodes represent positions and edges represent moves [42, 15]. After choosing a
starting position (node), the two players take turns moving a game pebble along the edges of
the graph. A player who cannot move loses the game. We propose to compute the solution to
Win-Move games in a new way, inspired by graph transformations. A concise formulation of the
game is given by the logic rule:

Win(x) :- Move(x,y), ~Win(y).

A solution to the game can be computed using the 3-valued well-founded semantics [45]. The
moves of the game are given by the predicate Move. A game starting at node x is objectively won
if there exists a (winning) move to some y that is lost. Then, no matter how an opponent (Player
IT) moves from y (assuming there is an outgoing move to begin with), Player I can always force a
win after the opponent has moved. The well-founded model assigns Win(x) the value true, false,
and undefined if and only if x is objectively won, lost, and drawn, respectively. In contrast, the
2-valued stable model semantics does not compute the desired game solution: There can be 0, 1,
or more stable models, none of which may agree with the correct, well-founded solution. Similarly,
in Logica, the above rule cannot be used as-is.

Looking at the problem through a graph-transformation lens, however, we can define a new
predicate W(x,y), indicating that the move from x to y is a winning move. Computation of W,
from a graph transformation perspective, amounts to selecting a collection of winning moves. In
Logica this can be specified with a single rule:

W(x,y) :- Move(x,y), (Move(y,zl) => W(zl1l,z2));

The rule says: A move from x to y is winning iff for every opponent move from y to some z1
there exists a move from z1 to z2 for Player I that is again winning! The logical implication
Move(y,zl) => W(zl,z2) is a shorthand for the nested negation ~(Move(y,z1), ~W(z1,z2)).

The position values can now be derived from the winning moves W. The source and target
nodes x and y of a winning move are won and lost positions, respectively. Positions that are
neither won nor lost are drawn:

Won(x) :- W(x, y);
Lost(y) :- W(x,y);
Drawn(x) :- Position(x), ~Won(x), ~Lost(x);

Here, the unary predicate Position is defined as the union of the domain and range of the Move
relation:

Position(x) distinct :- x in [a,b]l, Move(a,b);

3.4 Finding Paths in Evolving Graphs

Graphs that change over time [25, 8] can be naturally modeled and computed over in Logica, where
time can be represented using extra positional arguments, named arguments, or as functional
values. As a simple example, assume a graph that changes over time is represented by the relation
E(x,y,t0,t1) stating that there exists an edge from node x to y added to the graph between
time moments t0 and t1. For simplicity we assume that time starts at moment 0, edges are
transitioned instantly, and the start node is given as Start (). The following Logica program
computes the earliest possible arrival time for each node.



E. Skvortsov, Y. Xia, B. Ludascher, and S. Bowers 7:15

35
46

25

h 41

35775

M\ /H'\W ‘\‘\1 /

8B

25-69 /‘
\ / / \47'80 (31 N'
4418 \

e \\ P2 .
0 293 /
\ 38-58—__

\ 41,-93/
/ A\
/ 047 A L /
65/05 y Je8s /
P ¥ o
{ #95\4\\'( /3143
1380 4
4] / ;

T 10-93
9-97

C \‘ ’/
. (19
A

--p

Figure 3 Visualizing the solution of pathfinding in a dynamic graph. The time of existence is shown as
labels on edges; the earliest possible time of arrival is shown via yellow nodes. Section 3.6 shows how such
visualizations can be created in Logica.

# Rule 1: Starting condition.

Arrival (Start()) Min= O;

# Rule 2: Traversal of an edge when edge exists.

Arrival(y) Min= Greatest (Arrival(x),t0) :-
E(x,y,t0,t1), Arrival(x) <= ti1;

Rule 1 sets the arrival time of the start node to 0 (the assumed initial time). Rule 2 considers
edge transitions: if we arrive at the source x of an edge before the edge expires (given by t1) then
the arrival time of the edge’s target y is set to the larger (latest) of x’s arrival time and the time
t0 that the edge was added to the graph. Here Greatest is a built-in function that returns the
larger of its arguments (analogous to SQL’s GREATEST), as opposed to aggregation operators like
Max= which aggregate over multiple rows. Once the arrival times are computed, additional rules
can be easily added to select specific (time aware) paths of the graph. Figure 3 gives an example
of path finding over an evolving graph. An initial graph (with nodes A, B, etc., and colored blue)
is given with edges labeled by their start and end times. The start node A is shown in green. The
computed arrival times are displayed as additional nodes (in yellow). The graph in Figure 3 was
created within Logica as further described below in Section 3.6.

3.5 Transitive Reduction of DAGs

The transitive reduction [3] of a directed graph is a graph with the fewest possible edges that has
the same reachability as the original graph. For directed acyclic graphs (DAGs), the transitive
reduction coincides with finding the (unique) minimum equivalent subgraph, i.e., a proper subgraph
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with the fewest possible edges needed to maintain the same reachability relation as the original
graph. While finding a minimum equivalent subgraph for (arbitrary) graphs with cycles is NP-
complete, for DAGs, the problem can be solved in PTIME. The following Logica program computes
the transitive reduction TR(x,y) of a DAG given by the edge relation E(x,y). The program first
computes the transitive closure and then uses the transitive closure to remove redundant edges.

# Rule 1: Transitive closure base case.
TC(x,y) distinct :- E(x,y);

# Rule 2: Transitive closure inductive step.
TC(x,y) distinct :- TC(x,z), TC(z,y);

# Rule 3: Transitive reduction.

TR(x,y) :- E(x,y), ~(E(x,z), TC(z,y));

Rules 1 and 2 compute the transitive closure. Rule 3 identifies edges E(x,y) in the original
graph that cannot be bypassed by going to some other node and taking a transitive path from
there. These edges are the essential edges needed to maintain reachability and make up the edges
of the resulting transitive reduction graph TR.

3.6 Rendering Graphs with Logica

One of the benefits of Logica is the convenience of rendering graphs directly from predicate
definitions. With just a few lines of Logica code and a minimal Python wrapper, it is possible
to generate visually appealing and informative graph representations that highlight case-specific
attributes. For example, consider the transitive reduction computed in the previous section.
Instead of exporting the TR and E predicates and configuring their rendering in a separate graphing
library, Logica makes it possible to define a predicate that directly specifies the visual attributes
of the graph. The following relations define graph visualization properties in Logica highlighting
the edges in both the original graph and its transitive reduction:
R(x, vy,

arrows: "to",

color? Max= "rgba(40, 40, 40, 0.5)",

dashes? Min= true,

width? Max= 2,
physics? Max= false,

smooth? Max= false) distinct :- E(x, y);
R(x, vy,
arrows: "to",

color? Max= "rgba(90, 30, 30, 1.0)",
dashes? Min= false,

width? Max= 4,

physics? Max= true,

smooth? Max= true) distinct :- TR(x, y);

The R(x,y,...) relation defines the edges of the graph and their visual properties. The first
rule draws the original edges from E(x, y) in a light gray, dashed style with a thin line. The
second rule draws the transitive reduction edges from TR(x, y) in bold red, solid lines. The
distinct keyword triggers aggregation, so that each edge occurs only once and values of attributes
such as color, dashes, etc., are chosen based on whether this edge belongs to the transitive
reduction. The visual attributes, e.g., arrows, color, dashes, width, physics, and smooth, are
directly embedded within the Logica rules. The question mark in “color? Max=" indicates that
the color can have different values from different rules. The Max= indicates that if there are
multiple rules that apply to the same edge, the maximum value will be used. The actual rendering
is then handled with a Python function call:
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Figure 4 Visualizing a transitive reduction with Logica: Original edges are displayed with dashed
lines, while edges present in the transitive reduction are highlighted with solid lines. This visualization,
generated directly from Logica predicates, shows how the transitive reduction simplifies the graph while
preserving reachability.

# from logica.common import graph
graph.SimpleGraph (
R, extra_edges_columns=[
"arrows", "physics", "dashes", "smooth"],
edge_color_column="color",
edge_width_column="width")

This code leverages Logica’s graph module. The SimpleGraph function takes the R pre-
dicate, specifies which columns in R represent edge attributes (using extra_edges_columns,
edge_color_column, and edge_width_column), and provides overall graph options. The result-
ing visualization is shown in Figure 4 (where the transitive reduction graph is overlaid over the
original graph). The tight integration between logical definitions and graph rendering makes
Logica a powerful tool for analyzing and understanding complex relationships in graph data. The
ability to define graph properties directly in Logica, rather than relying on external tools, can
significantly streamline the data exploration and visualization process.

3.7 Graph Condensation

Graph condensation [43] is a technique for simplifying a graph by collapsing strongly connected
components (SCCs) into single nodes. This can be useful for visualizing the overall structure of
a graph and for performing analyses that are less sensitive to the details within SCCs. In the
condensed graph, each node represents an SCC, and an edge exists between two nodes if there is
an edge in the original graph between nodes in the corresponding SCCs.

The following Logica program computes the condensation of a graph given by edges defined by
the E(x,y) relation, and where all nodes are defined by a Node(x) predicate. We assume that
transitive closure is already computed as in Subsection 3.5.
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# Minimal node ID of the component

# .. 1s used as the component ID.

CC(x) Min= x :- Node(x);

CC(x) Min= y :- TC(x,y), TC(y,x);

# Compute condensation graph edges.

ECC(CC(x),CC(y)) distinct :-
E(x,y), CC(x)!=CC(y);

Once the condensation is computed, it can be easily rendered using Logica’s graph visualization
capabilities. To enhance readability, we use the following naming conventions: nodes in the original
graph are named directly with their IDs (e.g., “17, 2”7, “3”), while the condensed components are
prefixed with “c-” (e.g., “c-1”, “c-2”). The predicate definitions for rendering both the original
and condensed graphs simultaneously are as follows:

NodeName (x) = ToString(ToInt64(x));
CompName (x) = "c-" ++ ToString(ToInt64(x));

# Edges of the original graph.
Render (NodeName (a), NodeName (b),

physics: true, arrows: "to",
dashes: false, smooth: true,
color: "#33e") :- E(a, b);

# Edges of the condensation.
Render (CompName (x) , CompName (y),

physics: true, arrows: "to",
dashes: false, smooth: true,
color: "#33e") :- ECC(x, y);

# Mapping from the graph to

# the condensation.

Render (NodeName (ToInt64 (a)), CompName(CC(a)),
physics: false, arrows: "to",
dashes: true, smooth: false,
color: "#888");

The NodeName and CompName functions convert node and component IDs to strings with appropriate
prefixes. The Render predicate then defines the appearance of the graph:

Edges in the original graph (defined by E) are rendered as solid blue lines.

Edges between components (defined by ECC) are also rendered as solid blue lines.

Dashed gray lines connect each original node to its corresponding component. The physics is

disabled between nodes and their condensation components to help with readability.
Figure 5 shows the result of using the above Logica code and the appropriate Python wrapper
as described in Subsection 3.6 to view the original and corresponding condensed graph. By
combining the power of Logica for defining graph structures and relationships with its seamless
graph rendering capabilities, it is possible to gain valuable insights into complex systems through
clear and concise visualizations.

3.8 Inferring a Taxonomic Tree

Another application of Logica lies in its ability to infer relationships from large datasets and
represent them as graphs. Consider the problem of constructing a simplified taxonomic tree for a
set of species, showing their evolutionary relationships leading back to common ancestors. Logica
can perform this task on massive amounts of data. Here, we aim to build a taxonomic tree for
Homo sapiens (humans), Crocodylidae (crocodiles), Tyrannosaurus (T-Rex), and Columbidae
(pigeons). The input is a knowledge graph of triples T(a,b,¢) and a functional predicate L(a) =¢
that maps objects a to human readable labels £. We define SuperTaxon(item,parent) as the result
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Figure 5 Graph Condensation visualized with Logica. This figure displays both the original graph
and its condensed representation. Solid blue lines represent edges within the original graph and between
condensed components. Dashed gray lines connect each node to its corresponding condensed component,
illustrating how strongly connected components are collapsed into single nodes. This condensation
simplifies the graph while preserving high-level connectivity information.

of the query T(item,"P171",parent), which states that parent is a direct supertaxon of item, and
TaxonLabel(z) = L(z) to give labels restricted to taxons. The following Logica program builds
the taxonomic tree.
# Use wunbounded depth (-1) to find ancestors.
@Recursive(E, -1, stop: FoundCommonAncestor);
E(x, item,
TaxonLabel (x), TaxonLabel(item)) distinct :-
SuperTaxon(item,x),
ItemOfInterest (item) | E(item);
NumRoots () += 1 :- E(x,y), ~E(z,x);
# Stop when common ancestor is found.
FoundCommonAncestor () :- NumRoots() = 1;

Figure 6 shows an example output from running the program, where the GraphViz! library
is used to render the resulting tree. The input for the example consists of the set of statements
obtained by a dump of Wikidata, which contains 806M facts defined over 89M objects. When
stored using DuckDB, the entire input is 13GB in size. The full recursive search was run on a
Google Cloud c2d-standard-32 instance in under 7 seconds via DuckDB with no custom index
setup. The majority of the execution time was spent selecting the taxonomy edges from all possible

! nttps://graphviz.org/
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Figure 6 Inferred Taxonomic Tree for humans, crocodiles, T-Rex, and pigeons, generated by a Logica
program from a large Wikidata dump. Edges represent evolutionary relationships, leading from an
ancestral species to descendant species. This demonstrates that Logica can operate on very large, real-
world knowledge graphs.

relations in Wikidata. Note that the number of taxons returned by the original program is large.
The result shown in Figure 6 is only a sample of the obtained taxonomic tree (where the sampling
is also performed by Logica; not shown above).

By expressing the problem in Logica, we leverage its ability to efficiently perform (recursive)
query processing (e.g., through its compilation to DuckDB). In this case, Logica is used to quickly
navigate the complex relationships within a large taxonomic database and generate output that
can then be displayed visually through its Python integration (here, using the GraphViz library).

4  Performance

Table 1 Benchmark Comparison: Logica vs. Soufflé vs. Nemo vs. DuckPGQ (SQL/PGQ-Cypher).

Runtime (s)

Problem Dataset Nodes Output
Logica Souffié Nemo DuckPGQ
Gl1k 1,000 1M 1.88 0.58 3.35 0.35
G2k 2,000 4M 3.62 1.73 14.87 2.19
Transitive Closure G3k 3,000 9IM 7.23 3.61 36.40 7.66
G4k 4,000 16M 12.56 6.98 70.53 18.23
G5k 5,000 25M 19.56 10.96 116.35 33.11
Glk 1,000 1M 2.10 N/A N/A 14.46
Pairwise Distances G2k 2,000 4M 4.34 N/A N/A 116.94
(Agaregation) G3k 3,000 oM 861  N/A N/A > 200.00
G4k 4,000 16M  15.26 N/A N/A > 200.00
Gbk 5,000 25M 23.64 N/A N/A > 200.00
Tree7 180 18k 0.79 0.24 0.02 N/A
Tree8 471 107k 0.92 0.29 0.11 N/A
Same Generation Tree9 1,205 672k 1.61 0.62 0.99 N/A
(Standard Recursion)  ree1( 3,080 43M  2.18 3.94 5.93 N/A
Treell 7,781 26M 7.71 26.25 38.10 N/A
Treel2 19,504 162M 37.75 153.46 > 200.00 N/A
Tree? 180 18k 1.03 N/A N/A 0.05
Tree8 471 107k 1.13 N/A N/A 0.17
Same Generation Tree9 1,205 672k 1.05 N/A N/A 0.50
(via Aggregation) Treel0 3,080 4.3M 1.20 N/A N/A 5.68
Treell 7,781 26M 1.43 N/A N/A 56.67

Treel2 19,504 162M 2.55 N/A N/A > 200.00




E. Skvortsov, Y. Xia, B. Ludascher, and S. Bowers

To help assess the performance of Logica’s approach of compiling recursive queries to it-
erated SQL, we conducted a series of benchmarks comparing Logica against Soufflé [24], a
high-performance Datalog engine written in C+4, Nemo [21], a rule engine implemented in
Rust, and DuckPGQ?, an experimental SQL Property Graph Query (PGQ) implementation and
extension for DuckDB.

Logica delegates query execution to an SQL engine, so its performance stems from the
capabilities of that underlying engine. The benchmarks in this paper use DuckDB, a highly
efficient SQL database that makes full use of modern multi-core hardware for data-parallel queries.
Logica’s own contribution is its declarative logical syntax, clarity of which we aimed to illustrate
extensively by the examples in Sections 2 and 3.

4.1 Experimental Setup

All experiments were performed using a Google Cloud c2d-standard-32 instance equipped with

an AMD EPYC 7B13 (Milan) processor featuring 32 virtual CPUs (16 physical cores with 2

threads per core). The machine was configured with a single NUMA region and operates in 64-bit

mode under the x86_ 64 architecture. Each core runs at a base clock speed of 2.45 GHz, with a

maximum turbo frequency of 3.5 GHz. The instance is provisioned with 128 GB of RAM.

The experimental evaluations utilize two types of synthetic dataset to test different aspects of
recursive query evaluation:

1. Random Graphs (Gx): These datasets consist of randomly generated graphs ranging
from one thousand to five thousand vertices having a fixed average degree of 10, where X
denotes the number vertices in thousands. With an average degree of 10, these graphs form a
single large strongly connected component, so the transitive closure output is near-complete
at approximately N? pairs. Nevertheless, computing it remains a nontrivial task: the solver
must discover global reachability through the local edge structure of the graph. The pairwise
distances problem over the same graphs is additionally interesting, as the computed distances
are varied.

2. Random Trees (Treen): These datasets consist of randomly generated trees of depth N
(ranging from a depth N between 7 and 12). For every non-leaf layer, each node possesses
between one and five children (randomly selected).

While the input graphs are modest in size (up to 5000 nodes), the computed outputs are large,
ranging from millions to over 160 million rows (see Table 1). Thus for these problems, the size of
the output is a better indicator of the computational effort than the size of the input.

We note that the reported execution times for Logica include the full end-to-end pipeline:
(1) parsing the Logica code; (2) compiling the parsed code to SQL; (3) sending the SQL query
to the database engine; and (4) executing the resulting SQL query using the database engine.
This pipeline introduces a constant startup overhead that is visible in the smaller-sized datasets.
Optimizing this compilation pipeline to minimize startup latency is a subject of future work.

We generated random input data with Logica, so it was populated in the DuckDB database,
which was read when benchmarking by Logica and DuckPGQ. Data was also offloaded into CSV
to be consumed by Nemo and Souffié. DuckDB storage is highly optimized so Logica would
be spending less time reading data, however by the nature of these benchmarks the output is
orders of magnitude larger than input and thus the total reading time is making an insignificant
contribution to overall execution time.

All benchmark queries and scripts are available as Jupyter notebooks in the Logica repository.3

2 https://duckpgq.org/
3 https://github.com/EvgSkv/logica/tree/main/examples/graph/tgdk
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4.2 Performance Analysis

We consider four types of computations for evaluating performance: (1) transitive closure; (2)
pairwise distances (using aggregation); (3) finding nodes that are part of the same generation (using
standard recursion); and (4) same generation via aggregation. The results of the experimental
evaluation are summarized in Table 1 and are further discussed below for each type of computation.

4.2.1 Transitive Closure

Implementation of Transitive Closure in Logica is discussed in Section 3.5. In the benchmarks we
use a linear recursion variant for efficiency:

@Recursive (TC, stop: Domne);

TC(a, b) distinct :- G(a, b);

TC(a, c) distinct :- TC(a, b), G(b, c);
PrevTC(a, b) :- TC(a, b);

Done() :- TC(a, b) => PrevTC(a, b);

The second rule wuses linear recursion (TC(a, b), G(b, c¢)) rather than quadratic
(TC(a, b), TC(b, c)), which is cheaper in practice. The stop directive halts iteration once the
fixpoint is reached, i.e., when no new pairs are produced.

For pure reachability tasks on the Gxj datasets, specialized engines show an advantage.
DuckPGQ and Soufflé outperform Logica on smaller graphs. However, Logica’s performance
remains within the same order of magnitude. As the size of the dataset grows, the compilation
overhead becomes negligible in Logica relative to the total runtime, and as shown, Logica times
begin to outperform DuckPGQ and move closer towards those of Soufflé.

4.2.2 All-Pairs Shortest Paths

All-pairs shortest paths problem is finding the minimum-length path between each pair of nodes,
that is finding matrix of distances between all pairs of vertices. Given predicate E containing all
edges, in Logica this problem is solved as follows.

D(x, y) Min= 1 :- E(x, y);
D(x, z) Min= D(x, y) + D(y, z);

Recursion stop condition for D and SG is done analogously to the Transitive Closure program
above.

This problem highlights the differences in feature sets and scalability among the three systems.
In particular, Souffié is excluded from this benchmark because it restricts the use of aggregation
within recursive cycles (stratification). In the case of DuckPGQ, we observed that the query
execution time increased rapidly with dataset size, resulting in timeouts for datasets larger than
Gi. Logica, however, successfully compiled the logic into recursive SQL using standard arithmetic
increments. By leveraging the database’s native ability to handle aggregation within recursion,
Logica completed the Gsi task in under 24 seconds, whereas the PGQ extension for DuckDB
failed to complete within the 200-second time limit.

4.2.3 Same Generation

The Same Generation problem is to find all pairs of nodes at the same depth in a tree. This
problem can be solved using two fundamentally different approaches, illustrating the tradeoff
between compilation overhead and runtime scaling.



E. Skvortsov, Y. Xia, B. Ludascher, and S. Bowers

Standard Recursion. The first approach to computing generations uses pure recursive rules
without aggregation. The following is a Logica implementation of Same Generation for the
predicate Parent, where the implementation in Soufflé is analogous.

SG(x, y) :- Parent(p, x), Parent(p, y);
SG(x, y) :- SG(a, b), Parent(a, x), Parent(b, y);

As shown, Souffié dominates on small trees where Logica pays a consistent compilation overhead.

However, as the trees grow exponentially with depth, Logica outperforms Souffié in terms of
overall execution time. Soufflé requires dramatically more time on deeper trees while Logica’s
runtime cost grows much more gradually. Unlike Logica and Souffié, DuckPGQ is not designed to
express this type of query, as shown by N/A’s across each of the corresponding benchmarks in
Table 1.

Using Aggregation. The second approach for computing the Same Generation problem uses
aggregation to first find the depth of each node in the tree. The implementation of this approach
in Logica is shown below for input predicates Parent and Node.

Gen(x) Min= x :- Node(x);

NextGen(Gen(x)) Min= Gen(y) :- Parent(x, y);
Gen(y) Min= NextGen(Gen(x)) :- Parent(x, y);
SG(x, y) :- Gen(x) = Gen(y);

This implementation defines functional predicates Gen and NextGen. The predicate Gen maps
each node to the representative of its generation, i.e., the smallest node in the generation. The
predicate NextGen connects the generation of parent nodes to the generation of their children.
These two predicates are defined through mutual recursion using Min aggregations such that the
generation that a child belongs to is the next generation after the generation of its parent.

To answer the query using aggregation in DuckPGQ, we assume the root of the tree is known,
and compute same generations using distances from nodes to the root. However, as in the
pairwise-distances problem, Soufflé cannot be used to compute generations since it restricts the
use of aggregation through recursive cycles. As shown in Table 1, DuckPGQ performs well on
shallow trees, but as tree depth increases, it scales substantially slower than Logica, eventually
timing out. Logica’s performance remains stable across all tree sizes. Once Logica’s execution
time is no longer dominated by compilation overhead in the examples, the aggregation-based
approach implemented in Logica scales efficiently even on the deeper trees in the benchmark.

4.3 Discussion

The evaluation results highlight the benefits of compiling logic programs to SQL and delegating
execution to a modern analytical database engine. DuckDB, which serves as Logica’s backend
in these benchmarks, is designed for efficient parallel execution on a single machine. As the
output grows, DuckDB effectively utilizes all available cores — for instance, in the Same Generation
problem, Logica computes 26 million output rows (Treell) in 7.71 seconds, while computing 162
million rows (Treel2) takes 37.75 seconds. The output grew 6x while execution time grew under
5%, demonstrating sub-linear scaling relative to output size. By delegating execution to DuckDB,
Logica achieves performance competitive with specialized engines like Soufflé and DuckPGQ.
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5 State of the Art

Our work is related to three approaches for graph transformation: rule-based, logic-based, and
graph query languages. This section reviews the major systems and further examines how
these approaches handle challenges related to expressiveness, scalability, and temporal reasoning,
compared to Logica.

5.1 Rule-Based Graph Transformation Systems

Classical graph transformation systems have developed consistently since the 1970s, when rule-
based graph transformation emerged as a research field [10].

The Attributed Graph Grammar system (AGG) [12] represents one of the earliest imple-
mentations of the algebraic single-pushout approach [11]. AGG supports the visual editing of
graphs and rules, enabling users to define transformations in a visual programming environment.
The GRaph-based Object-Oriented VErification (GROOVE) system [18] emphasizes efficient
exploration of state spaces comprising generated graphs by applying various search strategies (.eg.,
depth-first), with built-in model checking and isomorphism recognition. GrGen.NET [22] utilizes
generative programming to compile graph rewrite rules into highly optimized .NET code for faster
execution speed, proven by the Varré benchmark [46].

However, because these rule-based graph transformation systems prioritize formal verification
and model transformation capabilities over computational efficiency, they face fundamental
scalability barriers when applied to large-scale graphs. For instance, GROOVE suffers from
dramatic growth in state space size as problem complexity increases. Furthermore, these tools
function as standalone applications, making it difficult to integrate them with modern data
processing pipelines.

5.2 Logic-Based Graph Transformation

Logic programming systems also adopt a rule-based approach for graph transformation. By
leveraging database optimization techniques, Datalog-based systems show particular promise for
scalable graph analytics.

In Section 4 we compared Logica to Soufflé [24] and Nemo [21]. Soufflé compiles Datalog
programs to optimized parallel C++ (our benchmarks use its compiled mode), achieving high
performance on tasks like transitive closure and reachability, although it does not support
aggregation within recursive cycles. Nemo is a recent rule engine implemented in Rust, designed
for large-scale reasoning with knowledge graphs and ontologies, capable of ingesting data from
various sources including CSV, RDF, and SPARQL endpoints. At present Nemo’s evaluation
is single-threaded, which places it at a disadvantage on our multi-core benchmark hardware;
nevertheless its Rust implementation is very promising, and once multi-threaded evaluation is
added Nemo may well outperform Logica on the problems we study. RecStep [13] achieved
performance improvements on graph transformation tasks by building Datalog engines on top
of parallel relational database systems. DcDatalog [48] leverages shared-memory multicore
architectures to optimize graph query execution time.

Several other Datalog-based systems are relevant to graph processing. RDFox [32] is a
high-performance in-memory RDF store with built-in Datalog reasoning, supporting parallel
incremental materialization over large knowledge graphs. SociaLite [37] extends Datalog with
recursive aggregates for efficient graph analytics. Vadalog [4] targets knowledge graph reasoning
with Warded Datalog®. Flix [29] extends Datalog with user-defined lattices and first-class functions
for expressing fixed-point computations.
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The declarative nature of these approaches shares conceptual foundations with schema mapping
systems, which has been widely used in data integration. Modern schema mapping systems like
LogMap, an actively maintained scalable ontology matching system with built-in reasoning
engine [23], and CODI [20], which introduces probabilistic-logical alignment into data integration.
Most of these systems scale from small to medium scale of graphs, and face challenges with
large-scale graph processing.

Logica [41] distinguishes itself by compiling logical queries into existing database systems such
as DuckDB, and Google BigQuery. This approach leverages established database optimization
techniques for graph transformation while benefiting from continuous database improvements and
enabling large-scale graph processing.

5.3 Graph Query Languages

Besides logic programming languages for graph processing, there are other graph query languages,
which usually have close relationships to graph database systems, for instance, Cypher [16] to
Neodj [30] and DuckPGQ (which performance is also shown in Section 4). These query languages
are usually designed for different query needs.

Cypher [16] provides a visual graph matching mechanism for Neod4j, enabling users to express
graph patterns using an intuitive syntax while supporting grouping and aggregation. Gremlin [34],
part of Apache TinkerPop project, is a functional programming language natively support both
imperative and declarative querying for graph traversal. SPARQL [33] serves for querying RDF
knowledge graphs. Its ability to federate queries across multiple data sources makes it particularly
suitable for semantic web applications.

Recent work by Bonifati et al. [6, 7, 5] addresses declarative graph-to-graph transformations
within the Cypher ecosystem, extending GQL/SQL-PGQ foundations with rule-based transforma-
tion specifications. While their approach enables property graph transformations directly within
graph database backends, Logica takes a complementary path by compiling to SQL, leveraging
established database engines for scalability while maintaining full Datalog expressiveness for
recursive graph computations.

6 Conclusion

We have presented a novel approach to implementing graph transformations using Logica, a free
and open-source logic programming language designed for parallel databases. While Logica is
typically used for data processing and analysis, we have shown that it can also effectively be used
for graph transformations. By leveraging Logica’s ability to process large datasets in a parallel
and efficient manner, graph transformations can be performed efficiently. By showcasing several
examples, including the Win-Move problem, dynamic path finding, transitive reduction, graph
condensation, and graph querying, we aimed to demonstrate that graph transformation problems
can be expressed in an intuitive and efficient manner. The examples show how describing graph
transformations using logic rules can lead to concise declarative specifications that also improve
readability. For example, our approach models time-varying graphs in a principled manner, an
issue that can be challenging in classical graph transformation languages.

In future work, we plan to explore more complex graph transformation patterns, including
rewritings that may require solving NP-hard problems. We also plan to benchmark our approach
on large complex reasoning problems, which would be valuable for deeper understanding of Logica’s
performance on real-world datasets.

We hope that Logica, with its ability to leverage underlying SQL engines, can make graph
transformations a more widely accessible and practical approach for managing complex and
dynamic data.
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— Abstract

We present the GeoRDFBench framework, whose
purpose is to assist and streamline the benchmark-
ing of geospatial semantic stores. We identify and
formally define all benchmark components, extend
them to represent their geospatial aspects, allow
for the automatic mapping of datasets to graphs,
provide a specialization hierarchy of queryset types
for micro or macro experimental scenarios, even for
modeling dynamically generated queries. Queries
may define their expected resultset to enable auto-
matic accuracy verification. Experiment behavior
and execution logic is controlled by the execution
specification, which dictates the action (run exper-
iment or print ground queries) to take, the num-
ber of repetitions per execution type (cold, warm,
continuous cold), the query repetition and exper-
iment timeouts, the delay period before clearing
caches, the aggregating function for reporting ex-
ecution times, and the policy to follow upon cold
execution time out. We decouple these declarative
benchmark specifications from the framework’s exe-
cution engine and serialize them as JSON files; this
way, we increase their reuse (instantiation through

deserialization), experiment reproducibility and dis-
semination. Furthermore, these JSON specification
libraries can be served remotely by a configurable
REST API endpoint. We also model the Geospatial
RDF store optional application and database server
modules and manage their life-cycle (start, stop,
restart) during experiment execution to achieve
ideal cold cache query executions. In addition, we
unify by generalization the repository and connec-
tion functionalities of the three most common RDF
framework Java APIs offered by RDF stores: Open-
RDF Sesame, Eclipse RDF4J and Apache Jena. At
the same time GeoRDFBench allows queryset filter-
ing, automatic system-dependent query namespace
prefix generation and query rewriting when non
GeoSPARQL spatial vocabularies are used. We
provide for a quick learning start by implementing
several geospatial RDF stores as separate runtime-
dependent modules with repository generation and
experiment execution scripts. RDF modules in-
clude: RDF4J with and without Lucene, GraphDB,
Stardog, Strabon, OpenLink Virtuoso and Jena
GeoSPARQL.
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1 Introduction

Many projects [12, 15, 16] have shown that spatial and temporal aspects of Linked Open Data
(LOD) are as important and critical, as thematic information, in order to guide decision making [49].
The number of graph database systems with varying degrees of spatial support have steadily
increased for the last years [21, 46, 9, 7, 64, 37, 43, 19, 39, 2, 5] and their scalability has been
tested for managing very large LOD datasets such as in the DBLP knowledge graph and respective
SPARQL endpoint [1]. Selecting the most suitable system requires evaluating the most recent
versions of available systems on accessible infrastructure within the defined budget, with the desired
queryloads Tun against datasets of appropriate size and content.

There have been many efforts on automating some of the arduous and repetitive tasks of
benchmarking. Parametric ontology-based synthetic generators [27, 10, 50, 25, 20] have assisted
in creating datasets of desired size and attributes, while log-mining techniques [50, 74, 20] helped
creating more application specific querysets. Benchmarking cloud platforms featuring distributed
file systems, containerization technologies and intuitive web Uls have allowed reuse of implemented
systems and workloads and ease of management [70]. In all cases however, the benchmark researcher
has not been spared the effort to deal with system configuration and optimization, spatial indexing
setup, detailed query execution, exception handling, and learning required technology stacks and
platform APIs.

Motivation for this work

Our geospatial benchmark experience on single node and Spark-based distributed RDF stores
along with synthetic data and query generation [37, 9, 25] has led us to believe that the geospatial
semantic store research area would greatly benefit from the introduction of a lean but extensible
geospatial benchmarking framework with three main objectives.

First, it should conceptualize and formalize geospatial semantic benchmarks and their execution
environment making this knowledge as reusable as possible, to enable users creating new benchmarks,
modify existing ones in as fast, credible and repeatable way as possible.

Secondly, it should model the RDF stores’ architecture, the client RDF Java providers they
offer and, on behalf of the system evaluators, implement as much of the configuration, optimization,
module administration, data loading and query execution logic as possible in order to minimize the
effort of adding new RDF stores or upgrading existing ones for testing through the framework.

Thirdly, the framework should be extensible, meaning that, the benchmark components, such
as querysets, datasets, execution model, the execution environment components, such as host,
operating system, reporting sink, the RDF stores’ architecture modules such as application and
database servers and the client RDF Java providers should provide all commonly identified
functionality and structural information but can be extended if needed in order to include new
subclasses with modified behavior.

Our work, at this stage, focuses on benchmarking single node GeoSPARQL/SPARQL query
engines through the console. It makes it easy to integrate new or updated RDF stores, provides a
model for declaratively describing a benchmark’s structure, behavior and its host’s environment. It
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helps mapping existing benchmarks or designing new ones, it is aware of and assists with the spatial
aspects of systems and benchmark workloads and provides support for GeoSPARQL/SPARQL
query execution exception handling. It also allows parallel experiment execution of implemented
stores in the same node with or without containers®. Perpendicular to our direction, HOBBIT [70]
provides a generalized architecture with message bus connected containers for benchmarking the
entire Linked Data (LD) life cycle and non LD workloads and systems. However this generality
also forces it to be completely agnostic and therefore provide no assistance to its users for systems’
integration, dealing with the spatial aspects of the benchmark workloads or handling the specific
GeoSPARQL/SPARQL query language structure, features and execution issues.

To the best of our knowledge, there is no previous work that combines a substantial part of
the following features that are also the core contributions of our framework:

1. Tt features a runtime, which abstracts and implements specification hierarchies for components
required to setup and run an experiment on a geospatial RDF store. Components include:
datasets, querysets, experiment execution, workloads, logging specifications, report sinks, op-
erating systems and hosts. The runtime contains the JSON generator whose API enables
the creation of serialized versions of all benchmark component specifications. The framework
comes pre-bundled with a library of JSON specifications which include the Geographica 2 [37]
benchmark’s components, a PostgreSQL and an H2 [51] embedded implementation of the
JDBC report sink and hosts with Linux and Windows operating systems. The REST API
endpoint module promotes a more distributed approach to the framework’s operation, as JSON
specifications can also be served remotely as URL calls.

2. The runtime abstracts and generalizes repository connection functionality from the three best
known RDF framework APIs: (i) OpenRDF Sesame, (ii) Eclipse RDF4J and (iii) Apache Jena.
At the same time, it explicitly models the RDF store application and back-end modules by
embedding their life-cycle management in the experiment execution. It combines the above
by implementing class hierarchies of geospatial enabled RDF stores according to their basic
module architecture and the RDF framework APIs they support.

3. The framework provides example implementations for geospatial RDF stores of different
architectures and different RDF framework APIs. These come in the form of Maven modules?
and the list includes: (i) RDF4J [67] with or without Lucene SAIL [68], (ii) GraphDB [57],
(i) Stardog [15], (iv) Strabon [46], (v) Virtuoso [21], (vi) Jena GeoSPARQL [61]. These
modules can act as templates for other stores with similar architecture and in most cases the
required code effort is trivial as most of the heavy lifting has been pulled upwards in the class
hierarchies of the runtime.

4. The runtime experiment executor features a single experiment execution loop independent of
the store architecture and RDF framework API used. It enables automatic result accuracy
verification for workloads that have embedded an expected resultset, while query execution
accuracy results are persisted with other statistics and provides a query translation hook. The
executor features programmable timeout and a fine grained error handling mechanism during
each one of the query execution phases, which allows it to measure results separately from
scan errors® and minimize the execution abort scenarios. It features query result sampling in
experiment logs for verification and debugging purposes. It allows statistics customization and
synchronous or deferred experiment results’ persistence to a user-defined report sink.

! GeoRDFBench’s site includes containerized images for demonstration purposes.
2 GeoRDFBench framework is a Java Maven multi-module POM project.
3 Usually due to invalid geometries or unsupported operators.
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5. The framework can also be used for SPARQL benchmarks. LUBM [27] benchmark’s workload
component is included in the JSON specification library.

The organization of the rest of the paper is as follows. Section 2 discusses related work. A
GeoSPARQL/SPARQL benchmarking framework’s tasks and comparison criteria are detailed
in Section 3. Section 4 presents the high level architecture of the framework while Section 5
explains GeoRDFBench’s runtime. Showcasing the JSON generator API follows in Section 6.
Section 7 shows an evaluation of the framework and Section 8 compares GeoRDFBench with
LITMUS, IGUANA benchmarking frameworks, the HOBBIT platform and the Geographica
2 benchmark. Finally, Section 9 presents conclusions and future work. Complementary and
supporting information with code listings, benchmark logs and the experiment execution algorithm
is provided in a list of appendices.

2 Related Work and Background

In this section, we present related work on graph and geospatial graph store categories, architecture,
evaluation criteria and benchmarking.

2.1 Graph Store Categories

In general, Graph stores follow either the Resource Description Framework (RDF) or the Labeled
Property Graph (LPG) approach. RDF as a data model has good expressivity, while featuring
a standardized declarative query language SPARQL [80] and a standardized spatial vocabulary
GeoSPARQL [65]. LPG stores, on the other hand, excel in graph traversal and path search for
analytics and machine learning. But, until recently, they lacked standardization as there are several
data models and languages from high-profile vendors and institutions, such as Neodj’s Cypher [24],
Apache TinkerPop Gremlin [71], the Oracle supported PGQL [79] and G-Core [3] from the Linked
Data Benchmark Council (LDBC). As of April 2024, the first edition of the Graph Query Language
(GQL) standard [38] is officially published and hopefully will allow language inter-operation with
SPARQL, yet no standard spatial vocabulary has been proposed. Another issue is that some of
these languages are declarative while others are procedural basically requiring expert knowledge
specific for each system to efficiently query stored data. Neo4j’s proprietary procedural Cypher
language provides native support only for POINT geometries * and only through the external
plugin Neo4j Spatial [53] support is extended to other geometries. This plugin aligns closely with
the concepts found in spatial database systems, such as the layer concept found in Shapefile and
Open Street Map geographic data file formats and efficiently querying data require proficient and
explicit procedural manipulation of all relevant functionality.

The interoperability of RDF and Property Graphs has been studied in [4] and the G2GML
mapping language between the two models has been proposed in [13]. The RDF community on the
other hand, also realizing that triples’ annotation with metadata, such as edge properties, can lead
to data size blow-up and unnecessarily complex queries, defined the RDF*[28] data model and the
SPARQL* language, which implement this sought out LPG feature and promote interoperability
in the graph community. Neo4j’s neosemantic (n10s) [54] toolkit offers support for RDF data and
its related vocabularies, but unfortunately not the GeoSPARQL vocabulary.

To conclude, at the time of writing of this paper, benchmarking geospatial graph databases
with complex geometries support, in a declarative manner, is limited to the RDF model.

1 https://neo4j.com/docs/cypher-manual/current/values-and-types/spatial/


https://neo4j.com/docs/cypher-manual/current/values-and-types/spatial/

T. loannidis, N. Mamoulis, and M. Koubarakis

Console client i Web client Bulk Load H
' utility [
Application Server :
(Hetps or Serviet container) 1
¥ 4 ¥ h 4

Back-end
(DBMS/NoSGL server or Native filesystam)

Figure 1 Geospatial Graph Store Architectures.

2.2 Geospatial Graph Store Architecture

The available geospatial graph stores feature a 3-tier architecture with standard and optional
components. Their architecture is similar to that in Figure 1 which shows their standard and
optional components.

All stores have some front-end application, usually a terminal or web-based console, through
which the user can create repositories, load datasets to and run queries against them. Depending
on the system, this console may communicate directly with the back-end or may relay requests to
an application module acting as a proxy. The application module is usually an HTTPS server
or servlet container, such as Nginx or Eclipse Jetty, with multi-user, load balancing and connection
reuse as general capabilities. It also allows centralized semantic store configuration with sane
default values for all unconfigured user sessions. Due to the large size of linked datasets, many
systems, apart from the console embedded ingestion utilities, they offer dedicated bulk loading
utilities which can speed up the import step. Such an example is the Preload and LoadRDF
tools in Ontotext’s GraphDB.

For the back-end module, storage type and indexing methods are the usual differentiating
factors. Some stores, mostly research-oriented and especially early ones, employ rigid architectures
based on specific implementation recipes. For example, Parliament [7] uses the embedded key-value
database Berkeley DB with a standard R-tree spatial index, Strabon [46] uses PostgreSQL and
PostGIS with an R-tree over GiST [29] spatial index, uSeekM follows the same path but for spatial
information only and native file storage is used for storing and managing thematic information
with B+ trees, while Oracle Spatial And Graph [60] uses an R-tree spatial index on top of its
proprietary industry leading RDBMS solution. More contemporary market-driven stores offer
elastic architectures which effectively decouple modules from specific implementation choices by
offering many compatible alternatives for each one of them. For example, Virtuoso offers virtual
graphs over many well-known data and file formats, such as Excel, XML files and RDBMS sources.

2.3 Geospatial Graph Store Evaluation Criteria

The growth rate of LOD sizes questions the ability of graph databases to persist this big data,
while at the same time it poses a critical challenge to the performance of these stores under query
loads of interest [45, 9]. For spatial data, we face an additional challenge which is the approximate
matching supported by the precision parameter of common spatial indexing algorithms, such as
quad [23] and geohash [81] prefix trees, which basically controls how many results will match a
spatial filter. Better accuracy requires more index storage and brings a storage and performance
penalty, so most systems try to balance between the two. The spatial index algorithm and
precision are either fixed for the store e.g., RDF4J, defined upon database creation e.g., Stardog
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or dynamically defined even after database creation e.g., GraphDB. Setting up a system with
lower precision, has the benefit of reduced storage size, bulk load time and query execution times.
Therefore, we have 4 important check points that a geospatial semantic benchmark should measure
when testing spatially enabled stores: (i) equality of spatial index precision for all systems under
test, (ii) bulk load ability for huge dataset sizes, (ili) query execution performance for various
query loads and (iv) query ezecution accuracy. The most valid query execution accuracy test
is comparing the query resultset against the expected resultset (gold standard), as it is done in
the Evaluation Storage module of HOBBIT. However, storage requirements for persisting large
gold standard resultsets make this impractical as a general approach. Low selectivity queries
against a 100M-triple dataset or even highly selective queries against a 10G-triple dataset can yield
10M-triple resultsets. A more general approach is to evaluate the system accuracy in a piecemeal
fashion using a benchmark comprising several workloads. Small real-world or synthetic datasets
with simple and highly selective queries that use each one of the operators of interest, make it
easy to check accuracy and find implementation or configuration issues with a system. With the
previous issues resolved®, we proceed with large real-world datasets with querysets of interest
where for each query we compare the number of returned results against the expected number
of results. Under the preconditions mentioned, this is a good indicator of the query execution
accuracy since it is fast to verify and with low storage requirements which makes it both easy to
persist and disseminate.

2.4 Benchmarking Graph Stores

Various SPARQL and GeoSPARQL benchmarks have been devised over the past 20 years to
test the supported features and performance of graph stores. Well known SPARQL benchmarks
include: LUBM [27], BSBM [10], DBpedia SPARQL benchmark (DBPSB) [50] and the Social
Network Benchmark (SNB) [20], just to mention a few. GeoSPARQL benchmarks have been
presented in [63, 61], the benchmark Geographica in [25], a smart city services related benchmark
in [8], a compliance benchmark in [42] and Geographica 2 in [37].

Benchmarking is a notoriously difficult, time-consuming, resource intensive, high complexity,
multi-parameter and error prone process even when human nature’s bias is not present to favor
one of the proposed solutions. Since graph stores are continuously evolving and offer improved
efficiency and new capabilities, it is also a process that needs to be repeated regularly, if the
benchmark results are to reflect a valid image of the graph store ecosystem.

2.5 Benchmarking Frameworks

A benchmarking framework is a software platform that assists with: (i) the integration of systems
of interest, (ii) integration of existing benchmarks, (iii) generation and customization of benchmark
datasets and querysets, (iv) running experiments of a benchmark against one or more systems,
(v) collecting experiments results and system logs, (vi) result analysis and finally (vii) easy
experiment verification. Some of these features appeared as new ideas or automations included in
different benchmarks, which however should not create the impression that these benchmarks can
be considered proper frameworks.

In particular, several SPARQL and GeoSPARQL benchmarks have generalized or automated
the queryset and dataset generation task. For example, LUBM, which focuses on reasoning, features
a university ontology-based synthetic data generator able to scale to arbitrary sizes. DBPSB’s

5 Removing problematic queries or reconfiguring the system.
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queryset creation process is based on querylog mining, clustering and SPARQL feature analysis,
which is applied to the DBpedia knowledge base and shows that performance of triple stores is by
far less homogeneous than suggested by non application-specific benchmarks. FEASIBLE [74]
suggests an automatic approach for the generation of application-specific benchmark querysets
(SELECT, ASK, DESCRIBE and CONSTRUCT) out of the application’s query logs history, thus
enhancing insights as to the real performance of triple stores employed for a given application.
IGUANA [17] innovates by providing an execution environment which can measure the performance
of RDF stores during data loading, data updates as well as under different loads and parallel
requests. LITMUS [77] proposes uniform benchmarking of non-spatial data management systems
supporting different query languages, such as SPARQL and Gremlin. Spargloscope [6] is a dataset
statistics-driven, parametric templates-based SPARQL query generator which creates a total
of 105 queries for any given RDF dataset, covers a large subset of SPARQL 1.1 features and
allows a feature at a time study. Geographica and Geographica 2 include an ontology-based
geospatial synthetic generator able to create spatial datasets of arbitrary size and also generate
the corresponding queryset with a user defined thematic and spatial selectivity. Kobe [44] cloud
benchmarking engine for federated query processors includes the GeoFedBench [78] benchmark,
which focuses on validation of the actual crop land usage against the Austrian land survey dataset.

2.6 Benchmarking Framework Platforms

These are multi-user environments where researchers can store and share datasets, querysets,
execution results and system modules. They are designed for deployment to cloud infrastructures,
with distributed file systems and containerization technologies. HOBBIT [70], the most complete
of these platforms, extends the scope of benchmarking to the entire LD life-cycle [55], such as
link discovery [40] employs intuitive web Uls and allows the integration of systems in various
programming languages. For a comparison between GeoRDFBench and HOBBIT please refer to
Section 8.

3 Comparison Criteria for GeoSPARQL Benchmarking Frameworks

In order to streamline the comparison of GeoSPARQL and/or SPARQL benchmarking solutions,
a number of criteria categories need to be considered. Each of them comprises several criteria,
however, we discuss the absolute necessary. GeoRDFBench’s design aims at covering as many of
these criteria as possible or at the very least be easily extensible to include additional ones.

3.1 Benchmarking Coverage

This discussion concerns benchmarking four (4) stages of working with RDF stores:

1. RDF Data Ingestion (Loading and Indexing). This stage comprises measuring how
long it takes for an RDF store to load an RDF dataset to a new repository (load time) and how
long it needs to index the loaded data (indexing time). The ingestion time is the summation of
load and indexing times. When multiple ingestion methods are available (online, offline/bulk
loaders) the most appropriate method for the input RDF dataset size should be chosen unless
comparing all loaders is an explicit aim of the benchmark. The stage completes by measuring
the repository size after loading (load size) and after indexing (ingestion size). The repository
indez size is the difference of ingestion size minus the load size. We need to note that several
systems have loaders that report only the repository ingestion time and size and might only
offer an opportunity to take statistics about secondary indexes, such as spatial ones.

2. Query Execution Performance and Accuracy. This stage focuses on measuring the
total time (total execution time) a query takes in order to execute (evaluation time) and return
the entire resultset (scan time). Three important execution variants need to be considered
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though: (i) single query with all caches cleared (cold cache), (ii) single query with caches
enabled by previous executions (warm cache) and (iii) cache indifferent execution of constant or
randomized mixtures of queries (continuous/batch/queryset/query mixes). For deterministic
queries the gold resultset or at least the expected number of results is known, therefore it is
also necessary to measure if the query returned the correct number of results (query accuracy).
This test is necessary because small deviations in the number of results can reveal problems
with function implementation or rounding errors in the internal representation of information
on data files and indexes.

3. RDF Store Data Scalability and User Concurrency. Nowadays, behavior predictability

against unknown future loads (data size, number of users) carries important weight on
organization decision making process about the most appropriate RDF solution for their needs.
As such, the study of the behavior of RDF stores against increasing larger datasets (scalability)
and number of users (user concurrency), which actually takes part in the previous phase, is
presented as a separate phase.
Common knowledge dictates, that excluding embedded system databases, serving concurrent
users is rarely a need or a problem if the underlying repository size is small to medium but
becomes an issue when data size drastically increases. This is also verified in the conclusions
of benchmarks performed with the IGUANA framework involving several RDF stores against
real-world and synthetic workloads: “.while the triple stores we evaluated seem to scale up
well to concurrent queries and updates, they are all affected significantly by the size of the
datasets”. Therefore, we propose that a logical sequence is testing system scalability first and
later on perform user concurrency testing in the scalable systems subgroup.

4. Statistics Reporting and Logging. In this final stage the aim is to generate various
useful statistic measures (median, average, standard deviation, no of queries per hour, etc.)
about each query, queryset or system that might help the user draw conclusions and/or shed
light on problematic areas that need to be addressed with further investigation. The recorded
information of the first three stages augmented with the statistics produced in this phase can
then be organized and disseminated in the form of reports in various locations (file system,
databases) and different formats (CSV, TSV, JSON, XML, RDF, tables). Based on these
reports, graphs and charts might be generated according to the users preferences. Also, in
dynamic or template based querysets it is very important to log the exact query instance
that was executed and for which metrics were collected. Finally, system configurations and
experiment host environment parameters need to be recorded as a form of “chain of evidence”

when comparing systems on the same host or the same system in different hosts.

3.2 Geospatial Support

RDF stores can have full or partial support of GeoSPARQL or even alternative spatial vocabularies
with equivalent function libraries. The evaluation of RDF stores’ spatial support is tested by the
existence of the following points:

1. Spatial Index Creation Time and Size. As mentioned earlier, when possible, the time it
takes to create the spatial index (spatial indexing time) and the additional size imposed by
it to the repository (spatial index size) should be measured. In most cases, these two values
are substantial compared to the repository load time and size. They represent an additional
investment of valuable resources and should carry a weight factor in the final evaluation
of whether the query execution benefits, they might offer, are worth it at all or if in some
application use cases they are.

2. Spatial Index Specification. Each RDF store specifies a list (usually one only) of spatial
indexing algorithms (quad, geohash, b-tree, etc.). Some of these algorithms have accuracy
ranges and a default value (accuracy value) which dictates how detailed a spatial search in
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different regions will be. Low accuracy values have a triple side-effect: (i) they might allow
false-positive results to appear for a specific spatial filter, (ii) the search time is reduced and (iii)
the spatial indexing time and index size are also reduced. Thus it affects the measured query
accuracy, the total execution time, the ingestion time and size. It is therefore important, when
systems’ configurations allow it, to set all competing RDF stores’ spatial searching capabilities
as close as possible. Some systems though, such as, RDF4J, Stardog, etc., they do not offer a
way to set the accuracy value, while others such as GraphDB offer dynamic reconfiguration of
the spatial index.

3. GeoSPARQL Support and Compliance. GeoSPARQL provides a common vocabulary
and language for spatial RDF stores to be tested side-by-side either for performance or for
feature coverage (compliance level) measurements. When possible, GeoSPARQL querysets
should be used to drive the relevant benchmarks on spatial triple stores. However, there were
and still are systems that have partially implemented GeoSPARQL and missing functionality
is offered by system-oriented spatial vocabularies® and library extensions of SPARQL. For
such systems, GeoSPARQL querysets might need some level of translation to system-specific
variants (query translation). Past benchmarking efforts actually followed this path in order to
be more inclusive. We believe that benchmarking frameworks should cater for such translations
(application hooks) from GeoSPARQL constructs to system-oriented SPARQL constructs
making certain that they are applied consistently generating variants of the input GeoSPARQL
querysets on the fly while reporting the query variant executed in each case.

4. GeoSPARQL Spatial Indexing Challenges. All GeoSPARQL engines do not automatic-
ally recognize the presence of geo:wktLiteral property in order to spatial index the WKT
serializations of the geometry objects referred to. They may require that each dataset explicitly
states the properties that point to the geometry serializations e.g., the RDF4J Lucene SAIL”
requires that to properly work. Some other systems, such as Parliament may require inference
be enabled and additional RDFS triple statements inserted to point to the sub-properties of
GeoSPARQL’s geo:hasGeometry property. A benchmarking framework should enable the user
to configure these properties in the most convenient place, preferably in a declarative manner.

5. Spatial Index Enabled GeoSPARQL Query Execution. Even during query execu-
tion some systems like Parliament and GraphDB will enable their spatial index only when
GeoSPARQL spatial predicates are used. In these cases benchmarks such as Geographica
and Geographica 2 do offer equivalent querysets to make sure that these systems are given
fair opportunity at showing their strengths. Benchmarking frameworks should offer querysets
with bundled spatial function and predicate versions of their queries and make sure that the
execution engine feeds the appropriate set to the system that requires it. For systems such as
GraphDB which supports GeoSPARQL operations with and without the use of the spatial
index the engine should allow the system to choose which one of the two options to use.

3.3 Semantic Web Standards Support

Apart from the specific GeoSPARQL support mentioned, benchmarks and relevant frameworks
should also check if several other Semantic Web standards are supported by the RDF stores under
test. We briefly mention the most important ones:

6 Virtuoso supports virtrdf:Geometry literal and built-in bif:xx functions
" https://rdf4j.org/javadoc/latest/org/eclipse/rdf4j//sail/lucene/LuceneSail. html1#WKT_FIELDS
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. Quads as well as Triples. Many benchmarks and frameworks do not even mention or

test if triple stores support quads. They focus entirely on triples and they are missing the
evaluation and study of the relevant 4-level thematic indexing structures, e.g., RDF4J’s "SPOC,
POSC, COSP"® or Virtuoso’s "0GPS, PGOS"Y.

. Multiple RDF Serializations Support. It follows from the above that TriG, the extension

of Turtle serialization, which supports representing a complete RDF Dataset, is not tested by
all benchmarks or given as an input option in benchmarking frameworks. The most common
format for datasets is N-Triples which uses absolute IRIs and is the least space conserving one.

. SPARQL Query Namespace Prefixes. Some benchmarking frameworks, in an attempt

to reduce technical effort, narrow their focus and do not provide any assistance in building
the appropriate SPARQL query namespace prefix header for each executing system. Queries
with their header are commonly managed and consumed as a complete block either one query
per file or line. However, if query translation is required for some systems, this effort becomes
more difficult to implement (usually manually) and verify its outcome. The solution they
propose is a different set of query files or folders for each system, which the user has to consider
when building the experiment tasks or workloads. The actual namespace prefix header for
each query is a merge of the specific query’s prefix map, combined with the implied prefix
map in the target dataset or some graphs in it and finally the system-oriented vocabulary and
extension prefix map (namespace prefiz map merging). An automated namespace merging
implies separate handling of the query from its header which by design simplifies the query
translation process. One should expect from benchmarking frameworks claiming to assist users
to provide some short of automated support for this sort of tasks.

3.4 Framework Automation Level

The most important feature of a benchmarking framework over specific benchmarks is the amount
of assistance it provides to its users.
1. Setting Up New Benchmarks. Designing a new benchmark usually means selecting and

crafting datasets, querysets and describing the execution logic of the experiments. Usually a
researcher locates the real data sources and through data curation and appropriate conversions
formulates the desired RDF real-world datasets which may be structured as a collection
of RDF graphs. Querysets can be a collection of static queries that are designed to test
specific aspects of the systems against the chosen datasets. If the collection comprises many
queries which follow certain patterns then template based queries are used where static or
dynamic replacement of template tokens occurs to create the ground queries and at the same
time keeps the number of queryset entries very low. More dynamic scenarios might include
synthetic query generators which follow some ontology-based logic. In these cases they might
be paired with a scalable synthetic data generator based on the same ontology which can
generate datasets of various sizes. Yet another very popular case is to use log mining techniques
from application logs and through filtering and transformation process generate the final
queryset. This technique however targets real-world datasets and specific application use cases.
Benchmarking frameworks therefore should at the very least offer: (i) a scalable synthetic data
and query generator, (ii) facilitate dataset integration and bundling, (iii) support for a query
template mechanism that allows easy creation of queryset variants while keeping the size small
and (iv) support the three query execution variants mentioned in Section 3.1.2.

8 (S)ubject, (P)redicate,(O)bject,(C)ontext
9 (P)redicate,(G)raph,(O)bject,(S)ubject
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2. Updating Existing Benchmarks. Updating an existing benchmark usually implies
refreshing all participating systems to newer versions and probably adding new systems. The
researcher faces an increased number of features e.g., new indexing algorithms, most of the
time improvement of capabilities, a need for upgrading supporting client RDF library versions,
changes in back-end architecture e.g., addition of an application or database server component,
a new array of optimal system configuration options. A benchmarking framework should
encode, as much of this information as possible for each supported system, in scripts, property
files or using dynamic discovery in order to guide the user. It should also be host resource
aware and allocate reasonable resources following the proposed performance guidelines of each
system. This action assists the user in system configuration on the host environment which
is a very laborious and sensitive task. Sub-optimal configuration of a system may result in
biased results and wrong conclusions in the comparative evaluation report.

3. Repeatable and Adaptable Experiment Execution. With time, not only RDF stores
evolve but also available host hardware and operating systems improve. Since benchmarking is
a process that must be repeated to reflect the current status of the competition, it is necessary
that benchmarking frameworks facilitate running the same benchmark in different environments.
This can only be achieved by isolating the host and operating system aspects (benchmarking
environment) that are relevant to the process, model them and create declarative specifications
for each prospective experiment environment. This should ideally provide a plug and play
behavior which the framework’s executing engine should be able to adapt to. Aspects that are
commonly used and affect the benchmarking process are host available RAM, disk and file
locations for datasets and repositories, operating system cache control and console commands,
etc. Finally a common scenario that benefits from experiment execution adaptability is when
there is a need for running queryset subsets. The case might be that the experiments must
focus on a specific area of interest, e.g. spatial joins with intersect operator, or that the target
RDF stores under test have limited capabilities and cannot execute the full queryset. Queryset
filtering for selective query execution at experiment run time promotes clarity and allows for
maintaining well designed queryset libraries without having to deal with a haphazard collection
of multiple variants of the same base querysets.

4. Native and Dockerized Execution. Until now, the previously mentioned problem had
been addressed through the use of one or more containers (dockerized execution) which however
use the same host operating system and only modify the allocated resources. Few frameworks
allow native execution and testing of the systems and even fewer allow both types of operation.
The problems of dockerization can be summed to the choice of using the privileged mode of
operation or not. If not used, the framework is unable to perform cold cache query executions
and if it does, it breaks the host-container isolation!® creating security risks and instability in
the host and other running containers. LITMUS is a framework that uses a single privileged
container approach, IGUANA and GeoRDFBench use native mode of execution and the latter
also allows single non privileged container operation for the initial benchmarking phases or
training purposes.

3.5 Sustainability and Extensibility

We conclude with two obvious but neglected aspects of a benchmarking framework. The first
question is whether this resource is actively supported, that is if there new features added or bugs
fixed in the past 12-24 month period. Is there a plan for the medium and long-term maintenance of

Onttps://docs.docker.com/reference/cli/docker/container/run/#privileged

TGDK


https://docs.docker.com/reference/cli/docker/container/run/#privileged

8:12

Benchmarking with GeoRDFBench Framework

GeoRDFBench AR JSON Specs copy

Datasets ] [Operating Syslems] Method 2

Querysets ] [ Hosts ]
]

Report Specs ;F ;;;;z’;;:;& -Vifé;i;k;;;z'-:
....... PSTie
queryset

results update E

Workloads ] [ Report Sinks

generate

default specs >

& API

T

‘ Abstract API ‘

‘ JSON Spec Generator

host
report sink
report spec

Custom
Report Sink

kload
\ g Workloa

results
Lo+

stats

l

RDF Framework specific

AP| Implementations Experiment
] ( Executor

. B :
‘Sesame  RDF4J u S
\\— T Ly 5 ; - Experiment
subclass > % — o log entries ’-

¥ s

implement - L completion[_ ' Server
. GraphDB < '_--?\,,,,‘ ,,,,, y

 Virtuoso } .
( )
Jena Create repo !
 _GeoSPARQL. scipis 1 A A E— .

N g e )1 Notification |
] Log _ . _ ]

p - o )
Vo [ -~ - —— O
[ strabon = | Posigresal + postois J 2

| : 3 . .
hl d & | Stardog | === e’
£ o og e &
b ROEL) | ! e ) [ File System J 2
pRp—— » new RDF store step ' Nofification | : 3
=
w
=]
©

P\ |
l(

Figure 2 Architectural overview of GeoRDFBench Framework.

the resource (sustainability)? The next question is about the extensibility of the resource. Can it
be easily extended or adapted by other users to support research and experimentation? Extending
a framework which is actively supported is easier and can be more productive because questions
can be readily answered by the developers. Another important factor is whether the technologies
and methodologies in design and implementation are open source, good quality and widely used.
The final and most crucial factor is of course if the resource was intentionally designed to promote
easy continuous evolution and extension. Monolithic script-based approaches can rarely cover the
last point as they require complete rewrite for changes that pertain to the execution logic, the
introduction of template based query support, handling of system-depended vocabularies and
query rewrites.

In the rest of this paper the above criteria are referenced by number in square brackets after
the relevant text.

4 GeoRDFBench: A Framework Simplifying Geospatial Semantic
Benchmarking

In this section we present the high level architecture of the GeoRDFBench framework, which is
shown in Figure 2.

The system consists of two main parts: the runtime and the RDF modules, depicted inside
the dashed border. The runtime is the engine and fabric of the framework and it is responsible
for generating JSON benchmark specifications and executing experiments initiated by the RDF
modules’ run scripts. The RDF modules is where pre-implemented and newly implemented
RDF stores reside that can participate in experiments. Stores use their repository creation script
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Figure 3 EER diagram of Abstract API - Experiment Components.

to create repositories and import data to them. Each store’s experiment run script initiates
a benchmark experiment and eventually invokes the runtime’s experiment executor component
passing all required inputs which include, among others: the RDF store, the repository, the
benchmark workload, the host where the experiment is conducted on and the report sink where
experiment results and statistics will be stored. Both types of scripts send progress messages to
the optionally enabled, remote or local, notification server which logs them and serves as a useful
non-intrusive monitoring tool for the researcher.

The default JSON specifications correspond to the Geographica 2 and LUBM benchmarks’
components and are generated by the JSON Specs Generator. This “starter dough” library is
stored on the file system separately from GeoRDFBench code. The user can either implement
new custom specifications using the JSON Specs Generator API (Method 1) or copy and modify
existing ones (Method 2).

The JSON Library REST API endpoint module (not shown in Figure 2) can provide an
alternate way for the experiment executor to acquire JSON specifications from a remote location
such as a docker container or server and promotes both a more distributed approach to the
framework’s operation and increased reusability of these resources.

5 GeoRDFBench Runtime: The Framework’s Engine

The GeoRDFBench runtime consists of four components: (i) the Abstract API, (ii) the RDF
Framework Specific API Implementations, (iii) the Experiment Executor and (iv) the JSON
Specification Generator.

In this section, the term system is used to refer to the repository functionality of a geospatial
RDF store, while the term system under test (SUT) is used to refer to the system-host pair, along
with management capabilities of the system’s application and database server status, if they are
present. The SUT knows how and in which sequence to start and stop the application server,
repository and database server of the system and to clear system caches. SUT is also the vehicle
with which experiment timed queries are executed.

8:13
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Figure 4 EER diagram of Abstract API - System Under Test.

5.1 Abstract API

This is a core part of the GeoRDFBench’s benchmarking API. It abstracts the properties,
functionalities and interactions of the benchmark experiment components and the SUT. On the
conceptual level, the two simplified'! Enhanced-ER (EER) diagrams, in Figure 3 and in a part of
Figure 4, show the important entities, their specializations, how they are associated, along with
the corresponding structural constraints (cardinality constraints) for these associations.

On the implementation level, the Abstract API creates class hierarchies for each component
type, exposes common functionality with appropriate interfaces and uses abstract classes to pull
up properties and provide default implementations for operations.

5.1.1 Experiment Components

Figure 3 depicts the experiment components, which are detailed below and which are logically
organized into the Benchmark Specification and Ezxperiment Environment groups.

5.1.1.1 Benchmark Specification

This group includes all components necessary to describe a benchmark which are independent of
the platform where the experiment runs. There are two forms available: (i) the detailed form uses
independent component specifications and (ii) the compact form which uses the workload “container”
concept to group several components. With the exception of the workload, all components described
below are part of the detailed form.

Dataset

The entity ComplexDataset, in Figure 3, represents the “complex” or “composite” geospatial data-
set which can comprise one or more “simple” geospatial datasets represented by the SimpleDataset
entity [3.4.1]. The simple dataset specification contains: a logical name, the dataset relative
path location, the filename, the RDF serialization format, a map of dataset relevant namespace

1 Only important entities, specializations and relationships are depicted while attributes are omitted.
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prefixes, a map of properties that link features with their geometries which represent their spatial
extent e.g., geo:hasGeometry, a map of properties that link a geometric element with its WKT

serialization e.g., geo:asWKT [3.2.3, 3.2.4], and the scaling factor used in case of a synthetic dataset.

The complex dataset specification contains: a logical name, the dataset base path location, a map
of contexts (named graphs) [3.3.1, 3.4.1] and the list of simple datasets comprising it. Experiments
use only complex datasets.

Queryset

GeoRDFBench follows the path of Geographica 2 and adopts the micro and macro experiment
queryset categorization proposed in the Jackpine [66] geospatial database benchmark. Micro
querysets simulate a lab-like controlled environment where the aim is to assess the performance
and compliance of individual functions of interest e.g., a spatial function, and each query has a
unique and autonomous purpose. The performance metrics of interest are query accuracy and
the query response time over repeated executions with cold and warm caches [3.1.2]. Macro
querysets, on the other hand, attempt to simulate real-world scenarios where the aim is to assess
the expected performance of certain use cases e.g., “Rapid Mapping for Wild Fire Monitoring” in
Geographica 2. They can comprise a random selection of ground queries'? with arbitrary criteria
or even form a dependency graph of ground and template queries'® where the resultsets of specific
ground queries’ execution operate as arguments for template parameters in order to instantiate
the template queries before they execute [3.4.1]. The performance metrics of interest in these cases
is mainly query throughput, irrespective of cache status, which translates to number of query
executions in a period of time e.g., 1 hour [3.1.2].

The entity QuerySet, in Figure 3, represents the geospatial queryset which can comprise one
or more queries represented by the Query entity. The query specification contains: a label, the
GeoSPARQL query text which may contain replaceable tokens (template parameters), a flag

that signals the existence of spatial predicate [3.2.3, 3.2.5] and the accuracy validation indicator.

The accuracy indicator denotes whether the expected number of results returned by the query
is dataset-dependent, template-dependent, or independent [3.1.2]. The queryset specification
contains: a logical name, the queryset path location, a map of queryset relevant namespace prefixes
[3.3.3], a map of fixed, static template, or dynamic template queries with arithmetic index and
replacement maps that assist in creating ground queries from template queries. Experiments use
only querysets, which can be inclusively or exclusively filtered at run time [3.4.3]. All QuerySet
subclasses can handle ground queries but they differ in the flexibility they offer in template query
parameter instantiation. The StaticTempParamQS subclass models sets of template parameter
queries which have fixed parameter values for all queries. This is useful when very large literals
e.g., a 2KB WKT polygon literal, need to be repeated in several queries, thus it allows for a
succinct representation of the template queryset for viewing, storing and dissemination purposes
while allowing for the exploded representation only during experiment execution [3.4.1]. The
DynamicTempParamQS subclass models sets of template parameter queries which may have different
value for each parameter for each query. This can be viewed as providing a declarative alternative
for creating a simplified synthetic query generator [3.4.1]. While the previous subclasses are useful
for micro experiment types, the MacroQS subclass and its specializations'*
experiment types.

are useful for macro

2 Queries with RDF terms only (IRIs, blank nodes and literals).
13 Queries with replacable tokens acting as placeholders for runtime substitution.
M Not shown in Figure 3 for simplicity reasons.
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Execution specification

The entity Execution, in Figure 3, describes which experiment action (run, print) to take, the
query execution types (cold, warm, cold__continuous) and number of repetitions per type, the
query repetition timeout and total timeout for all repetitions, the delay period for synchronous
clearing of system caches, the function to use for aggregating execution times in the standard
file-system based statistics and the policy to follow when a cold execution times out [3.1.2, 3.4.3,
3.5]. The non-default print action triggers a pseudo-execution which generates the ground queryset
for inspection purposes [3.1.4].

Workload (compact form)

The entity Workload, in Figure 3, represents the compact form of the benchmark experiment
description: dataset + queryset + execution specification. It promotes ease of use and consistent
experiment execution [3.4.1-3].

5.1.1.2 Experiment Environment

This group includes all experiment platform dependent components.

Operating system

The entity 08, in Figure 3, represents the host’s operating system and features a name, the shell
command path, the commands for synchronizing cached data to persistent storage and the one for
fully clearing caches (pagecache, dentries and inode) [3.4.2, 3.4.3].

Host

The entity Host, in Figure 3, represents the hardware platform where the benchmark experiment
is taking place [3.4.2, 3.4.3]. It has the host name, the operating system, IP address, total RAM
(GBs), the base path for the actual dataset files, the base path for RDF store repository files and
the base path for the standard file-system based reports and statistics.

Report sink

In addition to the standard file-system based reports and statistics that GeoRDFBench generates
by default, there is the option of collecting these statistics in an advanced report store such as
a database [3.1.4]. The entity ReportSink, in Figure 3, describes the experiment result report
store, where detailed statistics will be sent and custom reports generated. The default report
store is a PostgreSQL JDBC implementation and has as properties, the driver name, hostname,
alternate hostname, port, database name, user and password. Alternate hostname allows for
having a fall-back database where results from extremely long running experiments can be saved.

The PostgreSQL report store has as default behavior the deferred insertions for query execu-
tion results, that involves an experiment result collector which flushes results upon experiment
termination. In this way, we avoid synchronous result insertions to the report sink, which would
be disrupted by the repetitive restarts of the database component for SUTs using the same
DBMS as the report sink. A second lighter option is the H2 embedded database which offers
synchronous experiment result recording. In both cases, the target report sink’s database schema
is automatically generated by the runtime using the database definition script bundled with each
report sink’s source code. This schema can also be generated with the help of the runtime-bundled
database generation SQL script.
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Customized reports are provided by several report views with aggregate statistics which
exist in the database schema. These include the mean and median value of the total query
execution time, the number of executions per query, cache and system tested. Additional
statistics such as variance and standard deviation can be easily added to these report views
either by altering the report view definition with the database client or more permanently by
updating the schemaInitScriptreport static property of the relevant abstract class JDBCRepSrc
or EmbeddedJDBCRepSrc in the GeoRDFBench’s runtime.

Logging or Report specification

The entity LoggingSpec, in Figure 3, allows customization of the number of resultset entries to be
logged during the query execution scanning phase of the Experiment Executor. A positive non
zero integer value allows for a sample of the results returned by each query to be recorded in the
experiment log and can be used as a proof of concept that a system performs accurately or similar
to other systems. Such a setting is useful in early benchmarking phases and can help identify,
early on, issues with disabled plugins, external libraries, or with incorrect results by non-compliant
function behavior [3.1.4]. A zero value, on the other hand, allows for very accurate calculation of
the query response time and is useful in the final benchmarking phase.

5.1.2 Systems and SUTs

In Figure 4, the parent concepts of system and system under test (SUT) components only, are also
part of the Abstract API. The entity System represents an RDF framework independent geospatial
semantic store and more specifically the repository aspect of it [3.4.3, 3.5]. It is described by
a map of properties and their values, such as repository location and name, system relevant
namespace prefixes, as well as various indexing parameters. It also has a connection property
which allows query execution and a flag to denote whether the store has been initialized. The
entity SystemUnderTest on the other hand represents a System with its optional application and
database server components, represented by AppServer and DbServer respectively [3.4.3, 3.5].

On the implementation level, the Abstract API comprises two layers: (i) the Geospatial System
Abstraction Layer, which is depicted in the lower left two hierarchy levels of Figure 5, and (ii) the
System Under Test (SUT) Abstraction Layer, which is the lower right level of the same figure,
both of which are explained below.

Geospatial System Abstraction Layer

This layer comprises one interface that describes a geospatial RDF store and one abstract class that
implements the RDF framework independent common functionality. The Geospatial Graph System
Interface (IGeographicaSystem), is a contract that requires functions for: setting a map of system
properties, system initialization, system termination and a function that returns system-specific
namespace prefix mappings. The Base Abstract Implementation (AbstractGeographicaSystem)
of IGeographicaSystem, is an abstract class that uses generics and encapsulates the system
properties map, the initialization status, the generic repository “connection”, which is RDF
Framework specific and the skeleton functionality to handle these. This generic “connection”
corresponds to an appropriate RDF Framework abstraction that allows creating query instances
on a system repository.

8:17
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System Under Test (SUT) Abstraction Layer

This layer comprises the generic Geospatial Graph SUT Interface (ISUT), which is a contract
that requires functions for: retrieving the host, the generic “system”, execution and report
specifications, starting and terminating the application and database server, making system
dependent translations of the queryset and executing timed queries [3.3.3, 3.4.2, 3.5].

5.2 RDF Framework Specific APls

The second part of the core API, on the conceptual level, is depicted in part of Figure 4 which
includes the specializations of system and SUT. In a similar manner, system and SUT concepts
have three child entities to model the corresponding three RDF framework specific concepts:
RDF/JBasedSystem, JenaBasedSystem, SesameBasedSystem, RDF4JBasedSUT, JenaBasedSUT
and SesameBasedSUT [3.4.2, 3.5].

On the implementation level, this part comprises: (i) the RDF Framework Specific System
Layer, which is depicted by the left side of “RDF Framework Implementation” level of Figure 5,
and (ii) the RDF Framework Specific SUT Layer, which is the right side of the same level, both of
which are explained below.

5.2.1 RDF Framework Specific System Layer

This layer consists of three specializations of the AbstractGeographicaSystem class, one for
each RDF framework supported by the GeoRDFBench runtime. Each class grounds the generic
“connection” to the most appropriate interface or class of the RDF framework it implements. Since
each framework has more than one major release, which commonly break backward compatibility,
the exact version of each RDF framework supported by the runtime was based on its usage by
RDF graph stores. The three specialization classes are:

Sesame API (SesamePostGISBasedGeographicaSystem)

Most scalable RDF solutions based on Sesame, use v2.6.x since support of the RDBMS Sail
was deprecated after that. This Sail allowed graph stores to tap, among other things, into
geospatial and other capabilities provided by well known DBMSs’ such as PostgreSQL with
PostGIS. Therefore, this implementation adds: host, port, database name, user and password,
to the system properties map and handles them appropriately. The generic “connection” type is
replaced with class:

org.openrdf.repository.sail.SailRepositoryConnection



T. loannidis, N. Mamoulis, and M. Koubarakis

RDF4J API (RDF4JBasedGeographicaSystem)

Version 4.3.15 was selected since is widely supported by all contemporary systems. This imple-

mentation focuses on the NativeStore Sail and adds the repository base directory, repository name

and indexes used. The generic “connection” type is replaced with interface:
org.eclipse.rdf4j.repository.RepositoryConnection

Jena API (JenaBasedGeographicaSystem)

Since only Jena GeoSPARQL uses this API, we simply chose a recent and frequently used Jena
version in Maven Central [52] , from the latest stable branch, which was 4.10.0. Jena Tuple Database
(TDB2) [62] was preferred as the persistent storage option as it is more robust and can handle
large update transactions. This implementation adds the repository base directory, repository
name and injects the transaction functionality in the system initialization and termination code.
The generic “connection” type is replaced with interface:

org.apache. jena.rdf .model.Model

5.2.2 RDF Framework Specific SUT Layer

This layer comprises three base implementations of the ISUT interface with corresponding abstract
classes: SesamePostGISBasedSUT, RDF4JBasedSUT and JenaBasedSUT. Each class among other
things handles the initialization and termination of system, application and database server
components of the SUT either as a whole or on a component basis. They also invoke system-
specific query translations, manage and monitor query execution which takes place in a separate
thread, such as enabling timeout for the executing query and handling customized exceptions
thrown by different RDF frameworks during the query evaluation phases [3.3.3, 3.4.2, 3.5].

5.3 Experiment Executor

The executor comprises the concrete Experiment and abstract RunSUTExperiment classes. The
subclasses of RunSUTExperiment that RDF modules have to implement are the entry points for
all experiment run scripts. The RunSUTExperiment, parses the script arguments that describe
which JSON specifications (see Figure 2) need to be deserialized into experiment component
instances, applies queryset filter if needed, configures the SUT with the above and finally launches
the Experiment run loop, whose logic is described in Algorithm 1 of Appendix C [3.4.2, 3.4.3, 3.5].

Two actions, performed at the experiment construction time, are the namespace prefix map
merging between the corresponding maps of the system, dataset and queryset along with sys-
tem dependent queryset rewrites, in case non standard vocabularies are used, offering similar
functionality [3.3.3, 3.4.2, 3.4.3].

5.4 JSON Specification Generator

This runtime component is a collection of runnable utility classes with no parameters, one for each
experiment component type, which create all the specifications necessary to run the Geographica
2 benchmark. This geospatial benchmark employs the majority of dataset, queryset and execution
specifications’ types. These JSON specifications are part of the project build tree and are readily
available to the user [3.2.3, 3.3, 3.4.1, 3.4.2, 3.4.3].

The detailed component type hierarchies, create the need to handle many polymorphic instances
which must be properly serialized, otherwise it will be impossible to deserialize them. For this
purpose, the Jackson [22] JSON library is used to annotate interfaces and class hierarchies to
simplify serialization and deserialization [3.5].
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6 JSON Generator API - By Example

In this section, we demonstrate the use of the runtime JSON generator API for generating the
detailed form for benchmark specifications, using as test case, the Scalability workload of the
Geographica 2 GeoSPARQL benchmark [3.1.2, 3.1.3].

Scalability Workload Description

This workload (see Table 1) is intended to evaluate geospatial RDF store scalability against
increasingly larger real-world datasets with many complex geometries. There are 6 workload
variants, each comprising one dataset with increasing number of triples (10K, 100K, 1M, 10M,
100M, 500M), a set with either 3 spatial function queries (1 selection and 2 joins) or with 3
equivalent spatial predicate queries!® and a common experiment execution model. The execution
model defines that each query shall be executed 3 times with COLD caches, 3 times with WARM
caches and that the median of the 3 execution times shall be considered as the result for COLD and
WARM executions. The maximum timeout period for each query is set to 24 hours and in case a
query’s COLD execution fails then all remaining COLD and WARM executions should be skipped.
A 5000 msec delay is also specified after clearing caches and waiting for garbage collection. The
below code samples demonstrate how to generate three different types of specifications, serialize
them to JSON files and then deserialize them from the same files. Listing 13 encodes all the above.

Table 1 Geographica 2 Scalability workloads.

‘Workload Dataset Queryset Execution Spec
Scalability 10K scalability 10K

Scalability 100K | scalability 100K

Scalability 1M scalability 1M scalabilityFunc labili
Scalability 10M | scalability 10M scalabicl)irtyPre 1 scalabllity
Scalability 100M | scalability  100M

Scalability 500M | scalability_ 500M

6.1 Dataset generation

The following code creates the scalability_10K complex dataset specification object.

Listing 1 Generate Dataset Specification.

public static GeographicaDS newScalabilityDS() {
// create a simple dataset object with a single N-Triples file
GenericGeospatialSimpleDS sds
= new GenericGeospatialSimpleDS("scalability_10K", // simple dataset name

"Scalability/10K", // relative directory where the file resizes
"scalability_10K.nt", NTRIPLES_STR); // the triples file

// add to it any namespace prefixes used in the dataset file

sds.addUsefulNamespacePrefix("1lgo", "<http://data.linkedeodata.eu/ontology#>");

// add to it any property used in the dataset that denotes feature geometry

sds.addHasGeometry("scalabilityHasGeometry", "<http://www.opengis.net/ont/geosparql#hasGeometry>");

// add to it any property used in the dataset that denotes WKT serialization

sds.addAsWKT ("scalabilityAsWKT", "<http://www.opengis.net/ont/geosparql#asWKT>");

// create a complex dataset object with a single simple dataset object

GeographicaDS gds =

15 Systems, such as GraphDB and Parliament, use their spatial index only with spatial predicates.
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GeographicaDS(sds, // the simple dataset
"", // context/graph IRI for the simple dataset
0); // synthetic dataset scaling factor, O for non synthetic datasets
// serialize the complex dataset specification object to a JSON file
gds.serializeToJSON(new File(SCALABILITY_JSONDEF_FILE));
// deserialize a complex dataset objet from a JSON file and return it
return DataSetUtil.deserializeFromJSON(SCALABILITY_JSONDEF_FILE);

The complex dataset comprises an N-Triples simple dataset file and Listing 11 details the
generated JSON file.

6.2 Queryset generation

We also generate the first variant of the queryset, scalabilityFunc, which uses spatial functions.

Listing 2 Generate Queryset Specification.

public static StaticTempParamQS newScalabilityFuncQS() {

// read fixed Polygon from external file which is used in spatial selection query

String givenPolygon = readFile(SCALABILITY_EUROPE_POLYGON_FILE) ;

// initialize the map of useful general RDF related prefixes

Map<String, String> mapUsefulNamespacePrefixes = new HashMap<>();

// initialize the map of template parameters

Map<String, String> mapTemplateParams = new HashMap<>();

mapTemplateParams.put ("FUNCTION", "sfIntersects");

mapTemplateParams.put ("GIVEN_SPATIAL_LITERAL", givenPolygon) ;

// populate Graph prefixes map

Map<String, String> mapLiteralValues = new HashMap<>();

// populate template queries map

Map<Integer, IQuery> mapQry = new HashMap<>();

mapQry.put (0, new SimpleQuery("SC1_Geometries_Intersects_GivenPolygon",
"SELECT ?s1 7ol WHERE { \n 7sl1 geo:asWKT 7ol . \n FILTER(geof:FUNCTION(7ol, GIVEN_SPATIAL_LITERAL)). \n} \n",
false));

mapQry.put (1, new SimpleQuery("SC2_Intensive_Geometries_Intersect_Geometries",

"SELECT ?s1 7s2 \nWHERE { \n ?sl geo:hasGeometry [ geo:asWKT 7ol ] ;\n 1lgo:has_code \"1001\"""xsd:integer . \n
?s2 geo:hasGeometry [ geo:asWKT 702 ] ;\n lgo:has_code ?code2 . \n FILTER(?code2>5000 && ?code2<6000 &&
?code2 != 5260) .\n FILTER(geof:FUNCTION(7ol, ?02)). \n} \n",

false));

mapQry.put (2, new SimpleQuery("SC3_Relaxed_Geometries_Intersect_Geometries",

"SELECT ?s1 7s2\nWHERE {\n 7sl1 geo:hasGeometry [ geo:asWKT 7ol ] ;\n lgo:has_code \"1001\"""xsd:integer .\n
?s2 geo:hasGeometry [ geo:asWKT 702 ] ;\n lgo:has_code ?code2 .\n FILTER(?code2 IN (5622, 5601, 5641,
5621, 5661)) .\n FILTER(geof:FUNCTION(7ol, ?02)).\n} \n",

false));

StaticTempParamQS scalabilityQS =
new StaticTempParamQS("scalabilityFunc", "", false, mapQry,
mapTemplateParams, mapUsefulNamespacePrefixes, mapLiteralValues) ;
// serialize the queryset specification object to a JSON file
scalabilityQS.serializeToJSON(new File(SCALABILITY_FUNC_JSONDEF_FILE));
// deserialize a queryset objet from a JSON file and return it
return QuerySetUtil.deserializeFromJSON(SCALABILITY_FUNC_JSONDEF_FILE) ;

The generated JSON file detailed in Listing 12 of Appendix A uses the StaticTempParamQS
subclass which allows the user to model querysets with or without template parameters but with
fixed parameter values for all queries.

6.3 Execution spec generation

The following code generates the Scalability execution specification object.

Listing 3 Generate Execution Specification.

public static SimpleES newScalabilityES() {
// create a map with no of executions per execution type
Map<ExecutionType, Integer> execTypeReps = new HashMap<>();
execTypeReps . put (ExecutionType.COLD, 3);
execTypeReps.put (ExecutionType.WARM, 3);
// create a simple execution specification object
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SimpleES sses = new SimpleES(execTypeReps,
24 * 60 * 60, // 24 hours max duration per query execution
7 x 24 * 60 * 60, // 7 days max duration for the experiment
Action.RUN, // run experiments instead or printing ground queryset
AverageFunction.QUERY_MEDIAN, // use median instead of mean
BehaviourOnColdExecutionFailure.SKIP_REMAINING_ALL_QUERY_EXECUTIONS,
5000); // 5000 msecs delay for clearing caches and garbage collection

// serialize the execution specification object to a JSON file

sses.serializeToJSON(new File(SCALABILITYEXECUTIONSPECJSONDEF_FILE)) ;

// deserialize an execution spec object from a JSON file

// and return it

return ExecutionSpecUtil.deserializeFromJSON(SCALABILITYEXECUTIONSPECJSONDEF_FILE);

The generated serialized representation is detailed in Listing 13 and fully describes the experiment
execution model in Scalability Workload Description presented earlier in this section.

In a similar manner, the user can generate the experiment environment specifications: host,
operating system, report sink and logging. At this point we should remind that, as it was
envisioned by design, the trivial method of copying and modifying an existing specification file
with a standard text editor, will probably suffice for many use cases, once a library of JSON
specifications is already available. Both methods of generating specifications are depicted in
the upper part of Figure 2. For an example of generating the compact form of a benchmark
specification, the user can refer to GeoRDFBench Framework Samples [33] application that is
using as test case, the LUBM benchmark for SPARQL.

7 Experimental Evaluation

In this section, we present the process of running some of the Geographica 2 [37] benchmark
scalability experiments with the help of the GeoRDFBench framework and present the results.
The experiment environment, benchmark description and execution details are presented below.

7.1 Environment
Host Hardware

The hardware platform for the experiments was an Intel NUC8i7BEH box, Ubuntu 22.04.5 LTS
with 32GB DDR4-2400MHz, a Samsung SSD NVMe 970 EVO Plus 500GB system disk and
a secondary data disk Western Digital WDC WD20SPZX-75U 2TB mounted on /data. Both
filesystems / and /data were formatted as “ext4”. All SUTs and their repository data were
intentionally placed under the slower /data filesystem.

Installed Software

Virtuoso and GraphDB required that we install the corresponding server software under /data.
In addition PostgreSQL v14.17 with PostGIS v3.2 was also installed, since Strabon requires it
for creating spatial databases. The PostgreSQL “data_ directory” was set in /data/pgdata/data.
The branch releases/2.0.0-M1 of GeoRDFBench was used in /data/geordfbench. The project
came ready with prebuilt binaries. The report sink schema was left to be automatically created
by the first system to run experiments. Manually creating the same schema is provided through
the scripts/geordfbench.sql script.

System-Version Selection

Some RDF modules included in GeoRDFBench allow, without effort, testing system configuration
variations. In view of this, we chose the following seven (7) systems and system variations to
participate in this demonstration [3.2.4]: (i) GraphDB v10.8.5, (ii) GraphDB v10.8.5 with
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GeoSPARQL plugin enabled, quad prefix tree indexing algorithm and 11 precision value (iii)
RDF4J v4.3.15, (iv) RDF4J v4.3.15 with Lucene Sail enabled for spatial indexing (v) Openlink
Virtuoso Open Server (VOS) v7.2.14 (vi) Jena GeoSPARQL v4.10.0 with STRtree'® spatial
index and (vii) Strabon v3.3.3-SNAPSHOT. Additionally, we tested the second GraphDB variant
against two versions of the querysets [3.2.5]: (i) with spatial functions which is the default for all
systems and (ii) with spatial predicates, to exhibit the different optimization paths followed and
the importance of testing all these alternatives offered for properly benchmarking spatially enabled
RDF stores. We were not provided with a license renewal for Stardog'” therefore we were unable

to run experiments with the latest v8.2.2 of the module which is included with GeoRDFBench.

However, we do include it in the description of other aspects of the benchmarking process.

Since each GeoRDFBench RDF module is a Java client to an RDF store (embedded or
standalone server) the current implementations use a Java RDF Framework library to instrument
the stores. We currently have GraphDB, RDF4J and Virtuoso using Eclipse RDF4J, Jena
GeoSPARQL uses Apache Jena while Strabon uses OpenRDF' Sesame.

Table 2 Scalability datasets basic characteristics.

Dataset Size | # of Features | # of Points | # of Lines | # of Polygons
10K | 3.7 MB 1,135 587 0 900
100K 20 MB 12,166 6,623 4,239 2,531
1M | 194 MB 118,161 46,781 45,238 29,200

10M 1.9 GB 1,038,739 317,865 328,630 427,842
100M 19 GB 10,259,959 904,677 2,058,386 7,553,440
500M 97 GB 48,623,878 5,520,767 15,771,932 23,390,220

7.2 Benchmark description

The following experiment aims both at studying performance characteristics of the SUTs but
more importantly exhibiting the usage of GeoRDFBench for running benchmarks. We chose the
10K, 100K, 1M and 10M variants of the Scalability workload (see Table 1) where the respective
datasets contain 10K, 100K, 1M and 10M triples [3.1.3]. All share the same queryset which
comprises three queries: (i) a spatial selection SC1, (ii) a low selectivity (heavy) spatial join
SC2 and (iii) a higher selectivity (lighter) spatial join SC3 [3.2.3]. The queryset is an instance
of the StaticTempParamQS class with one template parameter, which represents a file persisted
polygon replaced during queryset instantiation, used in the spatial filter of query SC1. The basic
characteristics of the datasets are described in Table 2.
The following listing shows the ground spatial function queryset for RDF4J:

Listing 4 RDF4J Ground Spatial Function Queries & Prefix Header.

PREFIX geo: <http://www.opengis.net/ont/geosparql#>

PREFIX geo-sf: <http://www.opengis.net/ont/sf#>

PREFIX geof: <http://www.opengis.net/def/function/geosparql/>
PREFIX 1go: <http://data.linkedeodata.eu/ontology#>

PREFIX owl: <http://www.w3.org/2002/07/owl#>

PREFIX rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#>
PREFIX rdfs: <http://www.w3.org/2000/01/rdf-schema#>

PREFIX xsd: <http://www.w3.org/2001/XMLSchemat>

16 From the JTS library, a query-only R-tree using the Sort-Tile-Recursive (STR) algorithm
7 Stardog requires a license otherwise experiments fail.
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# Query O - SC1_Geometries_Intersects_GivenPolygon:
SELECT ?s1 7ol WHERE {
?s1 geo:asWKT 7ol .
FILTER(geof:sfIntersects(7ol, "POLYGON((23.708496093749996 37.95719224376526,
. 37.95719224376526))"""<http://www.opengis.net/ont/geosparql#wktLiteral>)) .
}
# Query 1 - SC2_Intensive_Geometries_Intersect_Geometries:
SELECT ?s1 ?s2 WHERE {
?s1 geo:hasGeometry [ geo:asWKT 7ol ] ;
lgo:has_code "1001"""xsd:integer .
7s2 geo:hasGeometry [ geo:asWKT 702 ]
lgo:has_code ?code2 .
FILTER(?c0de2>5000 && ?code2<6000 && ?code2 != 5260)
FILTER(geof :sfIntersects(?o0l, 702)).
b
# Query 2 - SC3_Relaxed_Geometries_Intersect_Geometries:
SELECT ?s1 ?s2 WHERE {
?sl geo:hasGeometry [ geo:asWKT 701 ] ;
lgo:has_code "1001"""xsd:integer .
7s2 geo:hasGeometry [ geo:asWKT 702 ]
lgo:has_code ?code2 .
FILTER(?code2 IN (5622, 5601, 5641, 5621, 5661))
FILTER(geof:sfIntersects(7ol, 702)).
b

For comparison, the next listing shows the spatial predicate queryset for GraphDB+P [3.2.5]:

Listing 5 GraphDB Ground Spatial Predicate Queries & Prefix Header.
PREFIX ext: <http://rdf.useekm.com/ext#>

# Query O - SC1_Geometries_Intersects_GivenPolygon:
SELECT ?s1 701 WHERE {

?sl geo:asWKT 7ol .

?7s1 geo:sfIntersects "POLYGON((23.708496093749996 37.95719224376526,

. 37.95719224376526))"""<http://www.opengis.net/ont/geosparql#wktLiteral> .

+
# Query 1 - SC2_Intensive_Geometries_Intersect_Geometries:
SELECT 7s1 ?s2 WHERE {

?sl geo:hasGeometry 7gl ;

lgo:has_code "1001"""xsd:integer .

?s2 geo:hasGeometry 7g2 ;

lgo:has_code ?code2 .

?7gl geo:sflntersects 7g2 .

FILTER(7code2>5000 && ?7code2<6000 && ?code2 != 5260)
+
# Query 2 - SC3_Relaxed_Geometries_Intersect_Geometries:
SELECT 7s1 ?s2 WHERE {

?sl geo:hasGeometry 7gl ;

lgo:has_code "1001"""xsd:integer .

?s2 geo:hasGeometry 7g2 ;

lgo:has_code ?code2 .

?gl geo:sflntersects 7g2 .

FILTER(?code2 IN (5622, 5601, 5641, 5621, 5661))

GeoRDFBench, during experiment execution, automatically constructs the prefix header to
include system, queryset and dataset specific namespace prefizes [3.3.3]. For example, while Strabon
headers do not differ from the one presented above, the headers for GraphDB and Virtuoso also
include the following system-specific namespace prefixes:

Listing 6 GraphDB & Virtuoso Prefix Header Differences.

# GraphDB adds a few useful GeoSPARQL extensions based on the USeekM library
PREFIX ext: <http://rdf.useekm.com/ext#>

# Access to Virtuoso’s built-in functions

PREFIX bif: <http://www.openlinksw.com/schemas/bif#>

To produce the ground queries of Listings 4 and 5 GeoRDFBench conveniently takes the
necessary steps. First, the template parameters of the queries in Listing 12 are replaced with
their values during queryset deserialization. After that, it applies any system provided query
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translations in order to customizereate the ground queries [3.2.3, 3.4.1]. For example, Stardog
emulates the GeoSPARQL geof : sfIntersects function with the combination of the non-standard
geof :relate through the negation of geo:disjoint as exhibited below for query SCI:

Listing 7 Stardog Queries SC1 Differences.

# Query O - SC1_Geometries_Intersects_GivenPolygon:
SELECT ?s1 7ol WHERE {
?s1l geo:asWKT 7ol .
?relation geof:relate(7ol "POLYGON((23.708496093749996 37.95719224376526,
. 37.95719224376526))"""<http://www.opengis.net/ont/geosparql#wktLiteral>) .
FILTER(7relation != geo:disjoint) . }

Such system dependent logic, which may include different vocabularies, has been identified and
implemented in the corresponding translateQuery () function of the relevant RDF Module SUTs
for the user’s convenience and provide a more consistent and trouble free experience. Stardog-
SUT appropriately translates the unsupported GeoSPARQL geof :sfWithin and geof:sfEquals
functions. GraphDBSUT handles the non-standard geof :sfEquals function behaviour. Vir-
tuosoSUT maps geof:sfWithin, geof:buffer, geof:distance, geof:sfEquals functions
to bif:st_within, bif:st_point, bif:st_distance, bif:st_within, the geo:wktLiteral
data type to virtrdf:Geometry and handles default distance unit differences between functions.

The execution specification used for the scalability queryset is the same as in Listing 13.

7.3 Experiment Executions

As explained, we have 7 systems to test, however two variants of the scalability queryset need to
run against the repositories of the GeoSPARQL enabled GraphDB. Therefore there is a total of
eight (8) different system configurations to be tested against three increasingly bigger workloads.
Since each system configuration needs to run against the four scalability workloads (10K, 100K,
1M, 10M) there are thirty two (32) experiment executions with unique database ID, system
configuration name and configuration description are depicted in Table 3.

Table 3 System Configuration Experiments.

ExpIDs ConfigName System ConfigDesc
1-3, 106 RDF4J RDF4J v4.3.15
4-6, 111 JenaGeoSPARQL | Jena GeoSPARQL v4.10.0, STRtree
7-9, 108 GraphDB GraphDB v10.8.5
10,11,14, 121 | Virtuoso Virtuoso Open Server v7.2.14, 2D R-tree
15-17, 109 GraphDB+ GraphDB + GeoSPARQL plugin | v10.8.5, Quad-11
18-20, 110 GraphDB+P GraphDB + GeoSPARQL plugin | v10.8.5, Quad-11, Pred
21-23, 107 RDF4J+ RDF4J + Lucene Sail v4.3.15, Lucene spatial index
31-33, 124 Strabon Strabon 3.3.3-SNAPSHOT

GeoRDFBench provides the following common tools [3.4.2, 3.5]: (i) the environment pre-
paration script geordfbench/scripts/prepareRunEnvironment.sh which prepares the environment
variables for running the RDF Module specific scripts for a given host, (ii) the print environ-
ment script geordfbench/scripts/printRunEnvironment.sh which allows reviewing the environment
variables previously set.

Each RDF Module provides the following scripts which have largely the same functionality: (i)
the repository generation wrapper script which creates all enabled repositories, imports RDF
data into them and spatially indexes them, (ii) the compact workload run script which tests
the system against the compact representation of a workload and (iii) the detailed workload
run script which tests the system against the detailed representation of a workload.

TGDK



8:26

Benchmarking with GeoRDFBench Framework

The repository generation wrapper scripts require the user provides all the required arguments
for the system at hand and host critical locations, or that the environment variables have already
been prepared with the environment preparation script, in which case the single required boolean
parameter denotes whether to overwrite existing repositories or not. Each of these scripts comes,
already setup, with a list of repositories to create automatically. The user will probably want to
comment out the repositories that are not required or add new repositories to them.

The repository generation wrapper script calls the repository generation script for each
repository [3.2.1, 3.2.2, 3.4.2]. This script is highly non-uniform as it engulfs each system’s
approach on optimizing data loading, thematic and spatial index building. For each system the
most performant available loader (default/online vs bulk/offline) was selected even if that was a
console tool instead of a Java library API call and the maximum statistics provided by it was
collected. The key takeaways we discovered are: (i) Virtuoso’s loader, does not provide a spatial
index creation time, (ii) Stardog creates spatial index only during repo creation and requires
different configuration settings for loading and querying, (iii) GraphDB Preload requires the server
to be offline and cannot work with inference, (iv) JenaGeoSPARQL does not report a spatial
index size because it does not persist a spatial index on disk. For the above reasons repository
generation was not handled by the runtime API but pushed down to the module level and handled
through scripts. When possible (RDF4J, Strabon) repository creation has been implemented at
the module level and therefore can be performed programmatically through GeoRDFBench [3.5].

For the purpose of this work and to exhibit the use of these tools we created a single very simple
experiment execution script for each one of the eight required executions. They basically call
upon the GeoRDFBench common and the system-specific scripts in the correct order. They have
an almost identical functionality with few minor additions for special cases. The log files generated
by these scripts are three types: (i) envvars_<sys>.log which record the environment variables
reported by the print environment script, (ii) logCreateRepos_ScallOK_1M_<sys>.log which
store the repository generation wrapper script output and (iii) RunWL<sys>Exp_ScallOK.log
which record the compact or detailed workload run script output. Below we see a compact
(comment and whitespace sanitized) version of RDF4J’s script:

Listing 8 RDF4J Experiment execution script.

#!/bin/bash

CWD="‘pwd*

cd /data/geordfbench/scripts

# environment preparation script sets environment variables for RDF4JSUT and nuc8i7beh host
source prepareRunEnvironment.sh nuc8i7beh RDF4JSUT "CreateRepo_Scalabilityl0K_1iM_RDF4J"

# print environment script logs environment variables for RDF4JSUT and nuc8i7beh host
./printRunEnvironment.sh >> /data/envvars_rdf4j.log

BASE_LOG_DIR=/data/L0GS
REPO_CREATION_LOG_DIR=${BASE_LOG_DIR}/RepoCreation/${ActiveSUT}
EXP_RUN_LOG_DIR=${BASE_LOG_DIR}/ExperimentRun/${ActiveSUT}
mkdir -p ${REPO_CREATION_LOG_DIR}; mkdir -p ${EXP_RUN_LOG_DIR}

cd ../RDF4JSUT/scripts/CreateRepos/

# Enable 100K and 1M scalability dataset generation

sed -i -e ’s@ levels=( "10K" )@levels=( "10K" "100K" "1M" )@g’ createAllRDF4JRepos.sh

# repository generation wrapper script creates repos, loads data, spatial indexs them
./createA11RDF4JRepos.sh false 2>&1 | tee -a ${REPO_CREATION_LOG_DIR}/logCreateRepos_ScallOK_1iM_RDF4J.log

DateTimeIS08601=‘date --iso-8601=’date’‘ # Record current date

cd ../RunTests3/

# compact workload run script runs RDF4J against the Scalability 10K workload

./runWLTestsForRDF4JSUT.sh -Xmx24g \

-rbd ${RDF4JRepoBaseDir//"${EnvironmentBaseDir}/"} -expdesc ${DateTimeIS08601}_ RDF4JSUT_RunWL_ScallOK \

-wl ${GeoRDFBenchJSONLibDir}/workloads/scalabilityFunc10K_WLoriginal_ GOLD_STANDARD. json \

-h ${GeoRDFBenchJSONLibDir}/hosts/nuc8i7behHOSToriginal.json \

-rs ${GeoRDFBenchJSONLibDir}/reportspecs/simplereportspec_original.json \

-rpsr ${GeoRDFBenchJSONLibDir}/reportsources/nuc8i7behH0SToriginal.json 2>&1 | tee -a
${EXP_RUN_LOG_DIR}/RunWLRDF4JExp_ScallOK.log

compact workload run script runs RDF4J against the Scalability 100K workload

compact workload run script runs RDF4J against the Scalability 1M workload

H #
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Excluding file and path locations, the difference of the experiment execution script for RDF4J
compared to RDF4J+ variant is the line enabling the Lucene Sail. Similarly, the difference between
the GraphDB and GraphDB+ is also a single line enabling the GeoSPARQL plugin which could
require 2 more assignments if a different spatial algorithm and/or accuracy were needed. The
above experiment execution script differences can be found in Appendix B Listings 14,15.

7.4 Experiment log files
7.4.1 Environment variables log

There is one such log for each system configuration [3.1.4]. It has a homogeneous output layout
which comprises two sections. The first one contains environment variables common for all systems,
such as, host name, IP address and max memory, locations for dataset source files, standard output
results and GeoRDFBench installation-related. The second section consists of system-specific
variables such as, version number, server installation (if present) and repositories’ locations. Below
we see part of the JenaGeoSPARQL output:

Listing 9 JenaGeoSPARQL Environment variables.

Environment = NUC8I7BEH

EnvironmentBaseDir = /data

GeoRDFBenchScriptsDir = /data/geordfbench/scripts
GeoRDFBenchJSONLibDir = /data/geordfbench/json_defs
DatasetBaseDir = /data/Geographica2_Datasets

ResultsDirName = 531f9c1#_2025-04-26_JenaGeoSPARQLSUT _CreateRepo_Scalability10K_1M_JenaGeoSPARQL
ActiveSUT = JenaGeoSPARQLSUT

ExperimentDesc = 531f9c1#_2025-04-26_JenaGeoSPARQLSUT_CreateRepo_Scalabilityl10K_1M_JenaGeoSPARQL
SystemMemorySizeInGB = 32 GBs

JVM_Xmx = -Xmx24g

JenaGeoSPARQL SUT

JenaBaseDir = /data/apache-jena-4.10.0
JenaGeoSPARQLRepoBaseDir = /data/JenaGeoSPARQL_4.10.0_Repos
Version = 4.10.0

7.4.2 Repository generation log

There is one such log for each system configuration [3.1.4]. It has the least homogeneous output
since each system’s preferred loader uses significantly different strategies which are reflected in the
output. Apart from very useful details provided which may allow for fine-tuning each system, it
provides two key pieces of information which are the final repository size and the required time
to complete repository creation, data loading and data indexing for all enabled repositories. The
RDF4JSUT+ output for the scalability 10K repository can be found in Appendix B Listing 16.

7.4.3 Run workload log

Each such log concerns a single run of a system against a workload. It has homogeneous output
layout which comprises three sections [3.1.4]. In the first section all validated arguments are
listed, the JSON specifications (which can be either JSON files or URL calls to the JSON Library
REST API endpoint) are deserialized to create the workload, host and system related components,
the system query timeout is set dynamically based on the execution specification, if needed the
queryset is translated according to the system and the final namespace prefix header is formed by
merging dataset, queryset and system dependent prefixes. A sanitized version of the first section
for Virtuoso’s run against the Scalability 1M workload can be found in Appendix B Listing 17.
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The second section details each query’s execution steps. It begins with the first iteration of
the first query SC1 with COLD caches. The ground query is displayed, system caches are cleared
since it is a COLD cache execution and after a delay for Java garbage collection, the experiment
launches an RDF4JbasedExecutor instance in a new thread for executing the query in a time
constrained manner. The child process reports back every 6 hours (21600000 msecs) which is
25% of the total query timeout (24 hours)!® specified in the execution specification. The executor
reports all state transitions for the query execution and during the scanning phase reports the
first 3 resultset entries according to the simplereportspec_original. json logging specification.
Before exiting, the executor reports that it completed with no errors (COMPLETED-NONE), the
query evaluation, scanning and total time in nano seconds, the number of results, the number
of scan errors'? and that the accuracy could not be verified, because the queryset specification
provided did not include the expected number of results for this query. All query response times
are net since they explicit aggregate only the query relevant portions of the code within the run()
function of the executors’ Runnable interface and exclude display, logging and when possible even
exception handling logic. In Listing 10 we see a sanitized version of the second iteration of the
execution of query SC2 (no 1) with COLD caches against the Scalability 100K workload.

Listing 10 Virtuoso run log SC2 COLD Scalability 100K.

115549 [main] INFO ExperimentWorkload - |==> Executing query [1,
SC2_Intensive_Geometries_Intersect_Geometries] (COLD, 1):
PREFIX bif: <http://www.openlinksw.com/schemas/bif#>

PREFIX xsd: <http://www.w3.org/2001/XMLSchema#>

SELECT 7s1 7s2

WHERE {

?s1 geo:hasGeometry [ geo:asWKT 7ol ] ;

lgo:has_code "1001"""xsd:integer .

?s2 geo:hasGeometry [ geo:asWKT 702 ] ;

lgo:has_code 7code2 .

FILTER(7code2>5000 && ?7code2<6000 && ?code2 != 5260)
FILTER(geof:sfIntersects(7ol, 702)).

+

120969 [main] INFO UbuntuJammyOS - Caches cleared after delay of 5000 msecs

120970 [main] INFO VirtuosoSUT - Starting Virtuoso server...

133318 [main] INFO VirtuosoSystem - Initialized VirtuosoRepository has query timeout = 86400

133352 [main] INFO VirtuosoSUT - Starting QueryExecutor thread

133353 [main] INFO VirtuosoSUT - Waiting for QueryExecutor thread to finish

133353 [main] INFO VirtuosoSUT - Timeout progress step is 21600000 msecs

133353 [Thread-5] INFO QueryRepResult - Transitioning (NOTSTARTED => STARTED)

133354 [Thread-5] INFO QueryRepResult - Transitioning (STARTED => PREPARING)

133355 [Thread-5] INFO QueryRepResult - Transitioning (PREPARING => EVALUATING)

135404 [Thread-5] INFO QueryRepResult - Transitioning (EVALUATING => EVALUATED)

135405 [Thread-5] INFO RDF4JbasedExecutor - s1 s2

135405 [Thread-5] INFO RDF4JbasedExecutor - >

135405 [Thread-5] INFO QueryRepResult - Transitioning (EVALUATED => SCANNING)

135405 [Thread-5] INFO RDF4JbasedExecutor - http://data.linkedeodata.eu/osm/wales/places/id/335184
http://data.linkedeodata.eu/osm/wales/transport/id/123360606

135405 [Thread-5] INFO RDF4JbasedExecutor - http://data.linkedeodata.eu/osm/wales/places/id/335184
http://data.linkedeodata.eu/osm/wales/transport/id/123360628

135405 [Thread-5] INFO RDF4JbasedExecutor - http://data.linkedeodata.eu/osm/wales/places/id/335184
http://data.linkedeodata.eu/osm/wales/transport/id/1396066034

135766 [Thread-5] INFO QueryRepResult - Transitioning (SCANNING => SCANNED)

135766 [Thread-5] INFO RDF4JbasedExecutor - <

135766 [Thread-5] INFO QueryRepResult - Transitioning (SCANNED => COMPLETED)

135766 [main] INFO VirtuosoSUT - Percentage of expired timeout is 0.0 %

135776 [main] INFO ExperimentWorkload - |<== Executed query [1, SC2_Intensive_Geometries_Intersect_Geometries]
(COLD, 1): <COMPLETED-NONE> 2050015972 + 360751232 = 2410767204 nsecs, 239 results, O scan errors -
ACCURACY NOT DETERMINED

8 The Scalability query timeout is very high because of the very high query response times in the 500M dataset.
19 Usually due to invalid geometries or unsupported operators.
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In the third section, we have the result collector’s actions which involves flushing the [2 cache
types * 3 queries * 3 iterations = 18] cached results in the report sink (PostgreSQL writes

in geordfbench database in deferred mode, while in H2 results are written in synchronous mode).

The collector also generates the standard result and statistics files in the file system and finally
reports the gross script run time. A reduced version of the Virtuoso’s run against the Scalability
10K workload is shown in Appendix B Listing 18.

7.5 Evaluation Results

Tables 4-6 present the evaluation results for the GeoRDFBench experiments [3.1.1-3, 3.2.1].

7.5.1 Repository size

Virtuoso is the most scalable store of all, when taking into account that its repos include a 2D
R-tree persisted spatial index. Its 10M repo is smaller than Jena GeoSPARQL’s repo which does
not persist a spatial index on disk and only 15% larger than the RDF4J’s and GraphDB’s repos
which do not feature a spatial index at all. The fact that Virtuoso exhibits much larger repo sizes
for small to medium datasets, points out that its internal database and index formats carry an
almost constant overhead which is significant only in smaller databases and for more real case
scenarios can safely be ignored. RDF4J’s Nativestore [69] (B-Tree indexed, no spatial index)
performs best in small to medium dataset sizes and very well for tens of millions of triples which
is on a par with its specification. GraphDB’s default configuration is storage efficient across all
input dataset sizes. For small datasets it ranks average having a substantial overhead compared
to RDF4J which however practically becomes irrelevant after the one million triples limit. In
absolute terms it is the most scalable system for repository size, however we need to point out
that similarly to RDF4J’s Nativestore there is no spatial index which will incur additional search
costs for high selectivity spatial queries. JenaGeoSPARQL’s TDB2 despite persisting 3 spatial
indexes in memory and not on disk, seems to have a scalability issue. For smaller datasets it
performs near the top of the competition, it then gradually degrades to an average score for
datasets around one million triples and for bigger datasets it generates larger repositories even
compared to the majority of systems with a persisted spatial index. By comparing Table 4 with
Table 1 we also notice that the final repository sizes of JenaGeoSPARQL are almost identical to
the input dataset sizes. In RDF4J+ the Lucene quad spatial index, increases the storage footprint
by 45% on average with respect to RDF4J’s Nativestore. GraphDB+’s GeoSPARQL plugin uses
the same Lucene library as RDF4J+ for spatial indexing, also increases the storage footprint
by 45% but scales better than it in a similar manner that GraphDB outperformed RDF4J. The
underlying reason for this behaviour is that despite GraphDB being built on top of RDF4J it

brings in an augmented design and optimizations that start to pay off for larger dataset sizes.

Strabon’s storage footprint is the largest of all system configuration due to the PostGIS database
with an R-tree over GiST [29] spatial index.

7.5.2 Ingestion time

Table 5 presents the data ingestion times. When separate measurements for data loading and
spatial indexing could be acquired they are provided. If spatial indexing was available but could
not be measured the value was left empty while a hyphen (-) REPRESENTS stores that do not
build a spatial index.

In absolute terms, RDF4J has the fastest ingestion times for small to medium dataset sizes
and performs very well for tens of millions of triples. With the addition of Lucene spatial index
RDF4J+ more than doubles the total ingestion time for smaller datasets and at best doubles it
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Table 4 Scalability Workload Evaluation - Repository sizes (MB).

System ConfigName | Spatial Index | 10K triples | 100K triples | 1M triples | 10M triples
RDF4J - 4 14 135 1262
JenaGeoSPARQL memory 5 22 207 1977
GraphDB - 28 38 144 1151
Virtuoso disk 74 78 504 1338
GraphDB{+,+P} disk 32 44 201 1637
RDF4J+ disk 7 21 205 1813
Strabon disk 24 52 349 3078

for the largest one. JenaGeoSPARQL is second best for the first three datasets but its scalability
potential starts to suffer at around ten million triples. For all GraphDB variants the data loading
portion is almost identical and shows a time overhead for the first datasets. This is due to
GraphDB’s Preload [59] offline tool. This two-phase strategy bulk loader has a large overhead,
evident in the small and medium datasets, but performs increasingly better as dataset sizes
grow. This is confirmed in the largest dataset where GraphDB exhibits the best scalability. The
Lucene based GeoSPARQL plugin in GraphDB+ variant more than doubles the total ingestion
time. Strabon’s three phase?® bulk loader, StrabonLoader, greatly improves the data loading and
indexing time over the standard OpenRDF Sesame based loader, however lags far behind the
other systems. Its basic characteristic is that ingestion time is proportional to the dataset size
and that is mainly due to the large time spent in phase one, RDF to CSV conversion, which is
performed with the Redland raptor parser and serialization library. The average score of Virtuoso
in the smaller datasets cannot overshadow the astonishing fact that it almost tied GraphDB’s
no-spatial index performance while building a spatial index. To put this into perspective, for the
10M triple dataset all other systems required more than 95 sec for building just the spatial index,
while Virtuoso completed data ingestion and spatial indexing in approximately the same time.

Table 5 Scalability Workload Evaluation - Data ingestion (loading, spacial indexing) times (sec).

System ConfigName 10K triples 100K triples 1M triples 10M triples
Loading | Indexing | Total | Loading | Indexing | Total | Loading | Indexing Total | Loading | Indexing Total

RDF4J 0.62 - 0.62 1.80 - 1.80 11.14 - 11.14 105.38 - 105.38
JenaGeoSPARQL 2.49 2.49 3.91 3.91 16.61 16.61 121.90 121.90
GraphDB 14.89 - 14.89 11.82 - 11.82 17.59 - 17.59 97.68 - 97.68
Virtuoso 15.87 15.87 17.88 17.88 28.07 28.07 99.71 99.71
GraphDB{+,+P} 15.85 28.97 44.82 10.26 37.77 48.03 18.92 40.21 59.13 88.85 103.85 192.70
RDF4J+ 0.62 1.98 2.60 1.80 2.62 4.41 11.14 12.49 23.63 105.38 94.29 199.66
Strabon 3.42 17.00 20.42 26,91 24.00 50.91 234.32 53 287.32 | 2504.14 371.00 2875.14

7.5.3 Accuracy & Response time

Table 6 shows the number of results returned and response times of the eight systems for each one
of the workload, query and cache type combinations. The response times are the median values
out of three executions. Figures 6-8 show chart diagrams with the system response times for the
three queries [3.1.4]. All results were accurately calculated by all systems with one exception.
For the spatial selection query SC1, for the Scalability 1M workload, Virtuoso calculated 80501
instead of 80500 results returned by all other systems. This is probably due to some rounding error
in the 2D R-tree spatial indexing process and/or in the implementation of geof:sfIntersects
GeoSPARQL function which mishandles a border result.

20RDF to CSV, CSV to PostGIS tables, indexing tables
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Table 6 Scalability Workload Evaluation - Accuracy & Response Times.

JenaGeo- .
RDF4J SPARQL GraphDB Virtuoso GraphDB+ GraphDB+P RDF4J+ Strabon
Cache | Query | Workload | # Res | Time(s) | # Res | Time(s) | # Res | Time(s) | # Res | Time(s) | # Res | Time(s) | # Res | Time(s) | # Res | Time(s) | # Res | Time(s)
10K 554 0.167 554 0.179 554 0.710 554 0.703 554 0.634 554 1.036 554 0.298 554 0.246
sc1 100K 6278 0.623 6278 0.350 6278 1.294 6278 1.202 6278 1.255 6278 1.747 6278 0.683 6278 1.148
1M 80500 3.639 80500 1.609 80500 3.918 | 80501 9.359 80500 3.943 80500 15.376 80500 3.408 80500 3.295
10M 442580 35.818 | 442580 16.371 | 442580 23.008 | 442580 84.408 | 442580 22.549 | 442580 351.622 | 442580 35.028 | 442580 22.129
10K 2 0.135 2 0.090 2 3.320 2 0.575 2 3.439 2 1.031 2 0.254 2
Cold scz2 100K 239 6.209 239 0.214 239 22.907 239 2.411 239 23.256 239 2.682 239 6.838 239
1M 813 23.995 813 4.392 813 213.015 813 21.658 813 207.580 813 26.186 813 25.539 813
10M 9160 568.296 9160 176.511 9160 | 1957.782 9160 189.685 9160 | 1886.617 9160 388.638 9160 499.867 9160
10K 2 0.124 2 0.053 2 0.732 2 0.580 2 0.697 2 1.404 2 0.206 2
scs 100K 239 6.136 239 0.183 239 8.816 239 2.415 239 8.802 239 6.238 239 6.719 239
1M 239 15.347 239 4.072 239 8.943 239 21.663 239 8.715 239 117.763 239 17.546 239
10M 239 215.219 239 176 239 41.842 239 192.008 239 40.461 239 1937.18 239 135.291 239
10K 554 0.115 554 0.010 554 0.111 554 0.142 554 0.141 554 0.122 554 0.101 554
sC1 100K 6278 0.419 6278 0.032 6278 0.384 6278 0.411 6278 0.379 6278 0.529 6278 0.411 6278
1M 80500 3.136 80500 0.322 80500 2.524 | 80501 4.229 80500 2.577 80500 13.122 80500 3.160 80500
10M 442580 25.941 | 442580 12.25 | 442580 20.091 | 442580 28.146 | 442580 19.794 | 442580 350.648 | 442580 25.307 | 442580
10K 2 0.102 2 0.007 2 2.364 2 0.158 2 2.405 2 0.084 2 0.116 2
100K 239 5.991 239 0.079 239 781 239 1717 239 22.300 239 0.997 239 6.689 239
‘Warm sc2
1M 813 19.755 813 3.252 813 213.212 813 17.335 813 207.504 813 23.082 813 24.454 813
10M 9160 555.843 9160 158.535 9160 1950.94 9160 151.939 9160 | 1896.749 9160 396.026 9160 484.631 9160
10K 2 0.101 2 0.007 2 0.110 2 0.161 2 0.111 2 0.416 2 0.105 2
scs 100K 239 6.089 239 0.080 239 7.989 239 1.718 239 7.976 239 4.803 239 6.613 239
M 239 11.303 239 3.288 239 8.086 239 17.437 239 8.085 239 116.961 239 15.621 239
10M 239 199.875 239 169.945 239 41.285 239 151.545 239 40.247 239 | 1980.143 239 116.536 239
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Figure 6 Response times — SC1 spatial selection query.

JenaGeoSPARQL and Strabon are the most performant systems in this comparison. JenaGeo-
SPARQL scores most points for the two smaller datasets independent of caches. It also comes on
top for the 1M triple dataset for spatial selection queries independent of caches. With cold caches
and spatial selection queries it performs the best even in the largest dataset. Strabon on the other
hand is the strongest competitor for warm cache executions and for spatial join queries on larger
datasets regardless of caching. RDF4J also got a point for the spatial selection query with cold
caches against the smallest 10K dataset but we note that it performs predictably through out the
entire spectrum. Warm cache times are on average 10% faster than cold ones, response times for
higher selectivity join SC3 are smaller than lower selectivity join SC2 which means that filters
are considered early in the query plan and finally response times scale in an analog manner when
repository size grows. RDF4J+ provided improvements over RDF4J only in the spatial join queries
and for the largest dataset. Improvement ranges between 12% for the low selectivity spatial join
SC2 and 42% for the higher selectivity join SC3. Thus the extra repository size and additional
ingestion time for RDF4J4 maybe justified for specific use cases. Virtuoso performs adequately
but its behaviour is not entirely predictable. While response times scale in an analog manner when
repository size grows and warm cache times are on average 20% faster than cold ones, the response
times for higher selectivity join SC3 are similar to the ones for lower selectivity join SC2 which
means that it has a low selectivity threshold for engaging filters early in the query plan. GraphDB
exhibited two characteristics, lack of sensitivity to caching when selectivity is not low and the
lowest response times for spatial joins with low selectivity such as SC2. Enabling the Lucene-based
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Figure 7 Response times — SC2 spatial join query.
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Figure 8 Response times — SC3 spatial join query.

GeoSPARQL plugin and using the standard spatial function querysets, the GraphDB+ offered
borderline benefits to the worst scenarios with larger datasets. Using the spatial predicate version
of the querysets, as instructed in the official documentation [58], made possible the effective use
of the GeoSPARQL plugin’s spatial index and drastically improved the GraphDB+P variant’s
SC2 response times by a factor of x7. However this negatively affected the times for SC1 and
SC3 queries, in some cases by a factor of (x7). This variant also provided small improvements
in its sensitivity to caching. Using the variance column of vquery_ordered_aggrs_4 database
view on query response times, we can provide a few final notes concerning the consistency of the
various systems tested. GraphDB+P on SC2 with cold caches and JenaGeoSPARQL on SC2 and
SC3 irrespective of caches exhibited the highest variance especially in the two bigger 1M and 10M
datasets. All other system, query, cache and dataset combinations had a consistent query response
time across iterations.

The results of the above benchmark are available at Github [36] and Zenodo [35] for verification.

7.5.4 Experiment Summary

Considering all previous measurements (ingestion time, repository size and response time) we
conclude that Virtuoso and JenaGeoSPARQL behave in a more balanced and predictable manner
than the rest of the system configurations. Therefore they are well suited as a first choice for use
cases with a mix of spatial workloads. JenaGeoSPARQL performs better in the three smaller
datasets while Virtuoso scales better over 10M triple datasets.

For use cases where query response time is of essence, spatial datasets are well above 1M
triples and relatively static, Strabon is a good candidate. This is because despite its slow ingestion
times and large repository sizes its response times with warm caches are at least 100x faster
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than the second contender. This is in sync with the Geographica 2 GeoSPARQL benchmark’s
findings which affirmed Strabon’s query response scalability with datasets up to 500M triples
(approximately 50 million complex geometries).

For use cases where ingestion time and repository size are critical factors GraphDB with the
GeoSPARQL plugin disabled is a perfect candidate. Its lower performance on low selectivity
spatial joins for larger datasets can be mitigated because of the versatility of the GeoSPARQL
plugin. If the need arises then the plugin can be enabled with simple DML SPARQL statements
providing a choice between two spatial indexing methods (quad, geohash) and adjustable precision.
The user can then use spatial predicates instead of spatial functions for the low selectivity spatial
joins while using spatial functions in the rest of their queries. At no extra cost the user can disable
the plugin without loosing the created spatial index.

RDF4J’s Nativestore has improved its scalability over its predecessor OpenRDF Sesame as
its excellent performance for the first three datasets does not degrade by a significant factor for
the 10M triple dataset. Its results position it as a very good choice for use cases with low to
medium size spatial dataset needs and its SAIL layered architecture as an ideal base RDF store for
research projects which can innovate with more scalable techniques. Unfortunately, the optional
Lucene SAIL’s improvements in the largest dataset do not change RDF4J’s position compared to
the competitors. With this in mind, we believe it does not justify the added repository size and
ingestion time it requires.

7.6 Benchmarking with Docker — Examples

The GeoRDFBench web site [32] contains detailed tutorials and 4 Docker examples [3.4.4]. The
“Multiple stores against multiple Scalability Workloads” example engages RDF4J, GraphDB and
JenaGeoSPARQL against the Scalability 10K, 100K, 1M workloads and exhibits features, such
as: (i) customization (Method 2) of queryset specification, (ii) query accuracy checking and
(iii) custom sink reporting. In the “Multiple stores against LUBM(1,0) Workload” example
GeoRDFBench tests RDF4J, GraphDB and JenaGeoSPARQL against the LUBM(1,0) SPARQL
benchmark workload and exhibits features, such as: (i) generation (Method 1) of workload
compact specification, (ii) query inclusion filtering, (iii) query accuracy checking and (iv) SPARQL
benchmark compatibility. The “Strabon and Virtuoso against the Synthetic Workload” example
engages Strabon and Virtuoso against the Geographica 2 Synthetic-512 workload and exhibits
features, such as: (i) query inclusion filtering, (ii) customization (Method 2) of execution
specification, (iii) query timeout handling and (iv) custom sink reporting. All the above are shown
in more detail in Appendix D Table 13.

7.7 Benchmarking Step-By-Step

In this part we will go through the docker?! based example “RDF/.J, GraphDB and JenaGeo-
SPARQL against Scalability-10K, 100K, 1M Workloads”. Basically, this is a subset of the
experiments presented earlier. We will outline the steps taken and elaborate on some important
aspects behind the scenes that might be of interest to users that would like to create their own
custom benchmarks.

1. Pulling the image: The GeoRDFBench’s github repository has a docker registry from which
we can pull the image tioannid/geordfbench/multistore/scallOk_Im.

$ docker pull ghcr.io/tioannid/geordfbench/multistore/scallOk_1im:latest

21 A computer with Docker installation is required.
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2. Starting the container: From the pulled image a container named multiscall0kim can be

started. We provide the hostname, IP address, RAM and number of virtual CPUs assigned to
the container. We provide a mapping of the current host’s working folder to the container’s
/src/ folder. Finally we expose the container’s PostgreSQL listening port 5432 to the physical
host’s 5432 port and provide PostgreSQL’s standard authentication credentials.

$ docker run -d -e POSTGRES_PASSWORD=postgres -p 5432:5432/tcp --hostname NUC8i7BEH \
--cpus="4" --memory="11g" --memory-swap="11g" \

--mount "type=bind,src=‘pwd‘,target=/src" --name multiscallOkim \
ghcr.io/tioannid/geordfbench/multistore/scallOk_1im:latest

. Launch the experiments: Through a terminal to the running container the user can launch the

experiments and watch the creation of repos and experiment execution for each RDF store
and each one of the 3 workloads.

$ docker exec -it multiscallOkim /bin/bash
root@NUC8i7BEH: /data# ./startUpScript.sh

7.7.1 Docker Image Contents
7.7.1.1 Dockerfile

The docker image is built based on a Dockerfile which describes and installs the software
prerequisites and takes any actions required to setup database server configuration and
create any custom filesystem layout. The particular image installs Ubuntu Jammy, JDK 11,
PostgreSQL 14 with its dependencies, Maven and Git. The actions it takes are:
a. Setups a systemd service for PostgreSQL
b. Copies under the container’s / folder the startUpScript.sh
c. Copies under the container’s /data folder the following data:

i. GeoRDFBench Framework’s source and binary code, under /data/geordfbench

ii. The distribution binaries of the RDF stores to be tested, under /data/compressed

ili. The RDF datasets required, under /data/Geographica2_Datasets

iv. Scripts to create the database for custom reports and statistics and run the experiments

(repo creation, workload execution) for each RDF store, under the /data/scripts

7.7.1.2 Start Up Script

This is a high level wrapper script that instruments the steps of the experiments’ execution. It

is also the best place to start understanding the experiment process in a top-down fashion.

The script takes the following actions:

a. Starts PostgreSQL service and create the database schema for custom reports and experiment
statistics to be stored.

b. For each RDF store calls a specific experiment script in /data/scripts/run*.sh

7.7.1.3 Experiment Execution Script

This is an script specific for each system, however it has the same logic which is summarized

in the following steps:

a. The environment preparation script geordfbench/scripts/prepareRunEnvironment.sh
is called, which also prints and logs the environment variables set for the system.

b. With the repository generation wrapper script creates the three Scalability repositories

c. Invokes three times the compact workload run script of the system against each one of the
Scalability workloads.
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7.7.1.4 Inspection Of Logs

The experiment execution script placed the logs under each system’s base directory, but could
very easily directed them at a custom location for centralized collection. In this case however
the repository creation logs can be found in /data/geordfbench/*SUT/scripts/CreateRepos
while the workload execution logs in /data/geordfbench/*SUT/scripts/RunTests3.

7.7.1.5 Inspection Of Standard Statistics

The standard file-system based statistics that GeoRDFBench generates by default were placed
in /data/Results_Store and the following sample listing clarifies the layout:

root@NUC8i7BEH: /data# tree -L 2 Results_Store/
Results_Store/
|-- RDF4JSUT
| -- 2025-05-16_RDF4JSUT_RunWL_Scall00K
|-- 2025-05-16_RDF4JSUT_RunWL_ScallOK
¢-- 2025-05-16_RDF4JSUT_RunWL_ScalilM
¢-- Scalability
‘—— 1M
¢-- RDF4JSUT-ExperimentWorkload
|-- 00-SC1_Geometries_Intersects_GivenPolygon-cold
|-- 00-SC1_Geometries_Intersects_GivenPolygon-cold-long
|-- 00-SC1_Geometries_Intersects_GivenPolygon-warm
|-- 00-SC1_Geometries_Intersects_GivenPolygon-warm-long

7.7.1.6 Inspection Of Custom Report Store

The PostgreSQL database has been used as the report sink and all detailed experiment stat-
istics have been sent to it. From the launched terminal that the startup script was run, we
connect to the database and can query the basic reporting views. The vqueryexecution3
shows detailed information (21 columns) about each iteration of query execution (iteration):
the experiment, host, sut, queryset, dataset, query label, query no, cache type, query iteration,
evaluation time, scan time, no of results, no of scan errors, evaluation flag, result exception,
total time = evaluation + scan time, total time in seconds, was execution valid flag. The
vquery_ordered_aggrs_3 aggregates the above information (11 columns) and for query ex-
ecution shows: experiment id, sut, queryset, dataset, query label, query no, was execution
valid flag, cache type, no of iterations, mean of total time, median of total time. Users are
free to modify the aggregate views in order to customize them to their needs e.g., adding
more aggregate functions like variance and standard deviation for the total time or some other
quantity collected during the experiments e.g., no of results.

root@NUC8i7BEH: /data# su - postgres
postgres@NUC8i7BEH: ~$ psql

psql (14.17 (Ubuntu 14.17-Oubuntu0.22.04.1))
Type "help" for help.

postgres=# \c geordfbench

You are now connected to database "geordfbench" as user "postgres".
geordfbench=# SELECT * FROM public.vqueryexecution3;

geordfbench=# SELECT * FROM public.vquery_ordered_aggrs_3;

TGDK
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Table 7 Benchmarking Coverage [3.1].

. 1. RDF Data Ingestion 2. Query Execution 3. RDF Store Data Scalability 4. Statistics Reporting
Criteria . . .
(Loading and Indexing) | Performance and Accuracy and User Concurrency and Logging
Yes, repo generation and
Yes, split query execution time Yes, scalability workload query execution logs,
GeoRDFBench Yes, choice of best loader, for evaluation and scan phases, (500M-triples 50M geometries), system and host environment logs,
Benchmarkin split time and size query fine error handling, scalable synthetic data and sampling resultsets,
& for repo loading query accuracy verification, query generator, customized report sinks
Framework . . . .
and indexing cold/warm cache execution, simulated concurrent (database and filesystem),
continuous queryset execution user execution custom statistics measurements,
ground query generation
Partial, no result accuracy,
no query filtering,
LITMUS . . . 1O query namespace Partial, file based reports and
. Partial, repository final . No, .
Benchmarking . ; prefixes handling, . . logs, no alternate report sink,
size not reported R § small datasets readily available . . .
Framework no query execution error plotting script available
handling/reporting,
cold/warm execution
Adequate, evaluation from scan
Partial it final time cannot be distinguished,
artial, repository final . . .
IGUANA . i d Y no result accuracy, Adequate, medium size datasets High, results stored as
. size an . . . oy .
Benchmarking load ti ot reported query evaluation and DBpedia 3.5.1 (232.5M triples) RDF or CSV files or endpoints,
ac 1me 1 T orted, ~ . . s ae
Framework . P ' scan errors not handled and SWDF (294.8K triples) multiple statistics measurements
HTTP endpoints only .
v appropriately,
continuous/warm execution
nosrr o
. war: ca 2 exec N .
Benchmarking No, user implemented . ] No, user provided Yes
no query execution error
Platform . .
handling/reporting
Adequate,
Geographica 2 Adequate, _ High, écalability x\'ork]oafl repo ger!eratforl and query
. (500M-triples 50M geometries), execution logs,
GeoSPARQL Adequate cold/warm cache execution, R .
. . scalable synthetic data and system and host environment logs,
Benchmark continuous queryset execution - .
query generator sampling resultsets,
filesystem report and logs

8 Comparisons of GeoRDFBench

In this section we present key features, limitations and current level of support for the benchmarking
frameworks LITMUS, IGUANA, the Geographica 2 benchmark and the benchmarking platform
HOBBIT. This will help the reader understand some of the key contributions of GeoRDFBench
over each one of the above solutions. In order to streamline this process, when relevant, the
comparison criteria from Section 3 are referenced by number in square brackets after the relevant
text. Tables 7-11 map each benchmarking solution’s coverage (strength) of Section’s 3 criteria.

8.1 LITMUS Benchmarking Framework

LITMUS is an early effort of creating a framework which aims at uniform benchmarking of
data management solutions (DMS) supporting different query languages, such as SPARQL for
RDF stores, Gremlin for LPG stores and SQL for traditional DBMSs. Its deliverables are: (i)
Gremlinator [76], a SPARQL-to-Gremlin query translator, (ii) the 1itmus-docker [76] image for
running experiments on 4 LPGs systems, 4 RDF stores and plotting the results and (iii) a Python
utility which converts the SPARQL query JSON resultset from a DBpedia endpoint to GraphML.

It can be classified as a bare bones framework since it provides a basic level of automation
with a collection of scripts, organized by system, for loading data and submitting queries in
various languages such as Bash, Python and Gremlin Groovy. The main entry point is a large
(approximately 2000 lines) monolithic Python script run__script.py where magic literals are used
extensively e.g., LPG system folders are prepended with “g 7, RFD stores with “r_” and system
scripts have to follow a rigid naming convention to distinguish actions that relate to them. There is
no common engine to implement execution logic variants e.g., easily changing the order and number
of cold or warm cache executions, handle queryset, dataset and/or system specific namespace
prefixes. Instead there is one script for each system and benchmarking operation to test, however
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Table 8 Geospatial Support [3.2].

Oritorin 1. Spatial Index Creation 2. Spatial Index 3. GeoSPARQL Support | 4. GeoSPARQL Spatial 5. Spatial Index Enabled
Time and Size Specification and Compliance Indexing Challenges | GeoSPARQL Query Execution
GeoRDFBench Yes, choice of method, accuracy | Yes + query translation for .
L eoR Yes ; ; ; ' ) Yes Yes
B king Framework and time of index creation | system-specific vocabularies
LITM §
TMUS No No No No No
B king Framework
IGUANA
Benchmarking Framework No No No No No
Bcnchmlzgfilgla“orm No, user provided No, user provided No, user provided No, user provided No, user provided
Geographica2 Yoo Yes, choice of method, accuracy | Yes + query translation for Yor artind
GeoSPARQL B K and time of index creation | system-specific vocabularies

many of them are trivial (2-4 lines), repetitive (see each system’s cold and warm cache scripts) and

offer a primitive parameterized wrapper script over each systems’ own utilities e.g., bulk loaders.

Finally, there is a script for plotting the loading and execution times.

The “Parameters Measured” portion of the github litmus-docker repository mentions a large
number of low-level (CPU/PMU) hardware level metrics for which there is no evidence of what
practical use they offer in the graph store benchmarking evaluation. This is done by virtue of using
the Linux profiler perf Python package in specific cloned scripts. Since this package explicitly
states that it runs only on Linux?? this basically implies that running LITMUS natively, for
example in Windows and not in a docker container, will not have its full functionality.

The criterion category [3.1] “Benchmarking Coverage” is partially covered because of these
missing features: (i) repository final size is not reported, (ii) there is no way to differentiate query
evaluation time from scan time, (iii) there is no result accuracy checking measurement, (iv) there
is no query inclusion/exclusion filters for running query subsets, (v) cannot handle namespace
prefizes at the system, queryset or dataset level, (vi) query evaluation and/or scan errors are not
reported, (vii) there is no active error handling and no related policy to respond to them, (viii)
scalability cannot be tested with the available small datasets, (ix) all results are file based and no
alternate report source is offered. The [3.2] “Geospatial Support” is not covered at all. Quads
are not supported and since N-Triples and Turtle are the only supported RDF serializations only
the criterion [3.3.2] from “Semantic Web Standards Support” is partially covered. The criterion
category [3.4] “Framework Automation Level” is covered at a basic level since: (i) query templates
are not supported, (ii) there is no common engine but a large monolithic entry point script, with
multiple system relevant trivial and repetitive scripts using magic literals and (iii) it only supports
privileged dockerized operation with Linux OS due to the use of the perf Python package. As
a result setting up or updating benchmarks and adapting experiments requires extensive and
meticulous modifications to all relevant system scripts in order to preserve integrity.

Finally, the [3.5] “Sustainability and Extensibility” criterion category is very weakly supported.

The resource is not sustainable because: (i) the framework is not actively maintained and updated,
as the paper was published in 2017 and there no commits for the past 8 years, (ii) the systems
tested are deprecated e.g., Apache Jena v3.2.0 (released, Feb 2017), OrientDB 2.1.3 (released,
October 2015), etc., (iii) the docker image fails to be buit on a standard Linux Ubuntu 22.04.5
LTS, and (iv) the advent of the standard GQL for LPGs basically suggests that the supporting
group’s research efforts should probably need to target a SPARQL-to-GQL converter.

8.2 IGUANA Benchmarking Framework

IGUANA aims to be a generic framework for benchmarking the read-write performance of triple
stores. In its current status [26], it supports benchmarking SPARQL HTTP endpoints. It addition
to querying it also allows for updates and stress testing endpoints by simulating users sending sets

2Znttps://docs.python.org/3/howto/perf_profiling.html
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Table 9 Semantic Web Standards Support [3.3].

N 1. Quads as well as | 2. Multiple RDF Serialization 3. SPARQL Query
Criteria .
Triples Support Namespace Prefixes
GeoRDFBench Yes Yes Yes, dynamic namespace
Benchmarking Framework B B prefix map merging
LITMUS . L .
Benchmarking Framework No Partial, N-Triples, Turtle No
IGUANA .
Benchmarking Framework Yes Yes No
HOBBIT . . . . -
Benchmarking Platform No, user provided No, user provided No, user provided
Geographica 2 Yes Yes Adequate, non-dynamic namespace
GeoSPARQL Benchmark s © prefix map merging

of queries independently of each other. It features a YAML file where all benchmark configuration
is stored. This file contains the connections to RDF store endpoints, the description of tasks to
run against endpoints, the metrics to measure and the destinations (CSV, RDF, endpoint) for
report statistics. Its written in Java and is offered in two forms: (i) a Java jar file, and (ii) a native
executable produced by compiling with GraalVM?3. Despite its solid inception and implementation,
focusing on SPARQL endpoint benchmarking bears a toll on the features IGUANA can support.

The criterion category [3.1] “Benchmarking Coverage” is adequately covered with some missing
features: (i) only operates on HTTP endpoints, (ii) repository final size is not reported (iii) it does
not measure repository load times (bulk loaders do not operate over HTTP), (iv) there is no way
to differentiate query evaluation time from scan time, (v) there is no result accuracy checking
measurement, (vi) query evaluation and/or scan errors are aggregated under “unknownException”
statistics column along with HTTP related error codes, (vii) there can be no active error handling
and no related policy to respond to them (e.g., ignore them and continue), (viii) scalability can
borderline be tested with the available average size (232.5M triples) datasets. The [3.2] “Geospatial
Support” is not covered at all. The criterion category [3.3] “Semantic Web Standards Support” is
covered with the exception of criterion [3.3.3]. The criterion category [3.4] “Framework Automation
Level” is covered at an adequate-high level because of its solid inception and implementation and
the use of YAML specs. Missing features include: (i) query templates support is not generic but
accommodates a specific scenario where query parameters are replaced by values returned from
querying other live endpoints with related data, (ii) there is no query inclusion/exclusion filters
for running query subsets, and (iii) provides native but not dockerized execution.

Finally, the [3.5] “Sustainability and Extensibility” criterion category is of medium strength.
The resource seems to be borderline sustainable as it has active commits during the last 18 months
and uses high quality libraries and techniques. It also seems to be quite easy to extend it by
introducing new endpoints and workloads for testing, however there is no easy way to extend it in
direct testing of GeoSPARQL/SPARQL engines through an RDF client library.

8.3 HOBBIT Benchmarking Platform

HOBBIT [70] is a very powerful but equally generic benchmarking framework. It uses LD
technologies, such as ontologies to describe properties and parameters of benchmarks, systems and
evaluation metrics and uses OpenLink Virtuoso RDF store as the platform’s persistent storage.
It has been used to benchmark non-LD applications and, among other things, allows it to run
benchmarks throughout the LD life-cycle [73, 41]. This flexibility is achieved by containerizing the
benchmarking components and using the RabbitMQ [48] message broker, which allows byte array
“messages” to be exchanged between them. This stripped from semantics representation is exactly

2 https://wuw.graalvm.org/


https://www.graalvm.org/

T. loannidis, N. Mamoulis, and M. Koubarakis

what powers the general applicability of the HOBBIT framework, but at the same time it carries
a heavy price for the component developers who are obliged to take care all the application domain
related critical tasks without assistance from the platform APIs [30]. This functionality reusability
at the container level also creates dependencies of system containers’ source code to modifications
of the other ontologies. For example, if new features are added to/removed from a benchmark’s
ontology, it not only triggers source code modification in the corresponding container but it also
requires that all system adapter containers’ source code needs to be aware of the new exposed
benchmark features if one would like to test these systems against the updated version of the test.
The HOBBIT Java SDK [72] provides some evidence 24 of the difficulties working with HOBBIT,
such as: (i) demands a lot of reading, (ii) requires manual and error-prone work, (iii) does not
allow to debug locally, etc. The HOBBIT Java SDK attempts to alleviate some of these problems.

In our view, this framework targets a completely different user group than the other frameworks
and benchmarks in this work. The average HOBBIT user (according to designers’ expectations)
will be satisfied with reusing benchmarks and integrated systems in the form of containers provided
by other advanced HOBBIT users and will simply modify the values of the models’ exposed
parameters. The premise is that there is such a “group of the willing” users that will be
creating the relevant ontologies and containers for benchmarks and systems at the desired computer
languages and updating containers when systems under test get newer versions. In reality the
average HOBBIT user does not seem interested in embarking upon extending or modifying the
relevant ontologies and containers of these benchmarks and systems and when they do so it is
usually in the context of European funded sponsored challenges and mostly on the topic of Instance
Matching or Link Discovery?®.

The user of other benchmarking solutions to a lesser or greater (GeoRDFBench) extent
is mainly interested in benchmarking RDF store performance in terms of data loading, data
indexing, query accuracy and query execution times. They have expertise in Java or Python
programming and want to find each RDF store’s optimal configuration for each host’s capabilities,
try alternative data loading methods for different dataset sizes, experiment with different spatial
indexing algorithms and accuracies offered by each geospatial RDF store, have some level of
control over query execution in order to investigate exceptions either because of timeout expiration
or the presence of malformed data or functionality compliance issues. As such, it is our view that
this framework is not directly competitive with the other solutions and a direct comparison with
quantitative criteria is neither possible nor useful.

From the criterion categories [3.1] “Benchmarking Coverage”, [3.2] “Geospatial Support” and
[3.3] “Semantic Web Standards Support” the only criterion HOBBIT provides explicit support for
is [3.1.4] “Statistics Reporting and Logging”. For every other criterion the user has to provide the
implementation. “Framework Automation Level” category [3.4] is almost fully covered with a note
that only dockerized execution is available which implies that cold cache executions are difficult to
have. Finally, for the [3.5] “Sustainability and Extensibility” criterion category we verify that it is
highly sustainable since it is actively maintained and supported with quality libraries, however, it
is not easy to extend its ontology and APIs for directly supporting SPARQL/GeoSPARQL data
loading and querying benchmarking.

Zhttps://github. com/hobbit-project/java-sdk-example/blob/master/SDK_vs_Standard_Way.pdf
25 https://hobbit-project.github.io/challenge_overview.html
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Table 10 Framework Automation Level [3.4].

Criteria

1. Setting Up New
Benchmarks

2. Updating Existing
Benchmarks

3. Repeatable and Adaptable
Experiment Execution

4. Native and Dockerized
Execution

GeoRDFBench
Benchmarking Framework

Yes, scalable GeoSPARQL data and
query generator, template queries

Yes, declarative specs, reusability through

rchies,
maven multi-module POM project

class inheritance and script hiera

query filtering at execution

Yes, benchmarking environment specs,

Yes, both on Linux and Windows OSs

LITMUS
Benchmarking Framework

Basic, large monolithic

entry point script, trivial repetitive

scripts, magic literals, no common
engine, ground queries only

Weak, updates require extensive and
risky script modifications

Weak, adapting requires extensive
and risky script modifications

Adequate, privileged dockerized
operation only, Linux only due to
‘perf’ package

IGUANA

Yes, non generic query

High, YAML specs, solid

Adequate, YAML bencl k specs,

Ad te, native execution but

specs

Benchmarking Framework templates inception and implementation no query filtering with easy dockerization
High, ontology based ) )
HOBBIT v . g] . g§ N il Adequate, dockerized execution
- es benchmark and system igh
Benchmarking Platform Y g only

Geographica 2
GeoSPARQL B

High, scalable GeoSPARQL data and
query generator

Partial, reusability through
class inheritance and basic scripts

Weak, medium effort for
updating bench

ks and systems

Adequate, native execution only

Table 11 Sustainability and Extensibility [3.5].

Criteria Sustainability and Extensibility
GeoRDFBench Yes, actively maintained and supported, quality libraries,
Benchmarking Framework code base designed and implemented on OO principles
LITMUS

Weak, last update 8 years ago, extending requires multiple risky
script modifications
Medium, active commits in the last 18 months, high quality libraries,

Benchmarking Framework

IGUANA
GI.j easy to extend with new endpoints, difficult to extend for non HTTP
Benchmarking Framework .
benchmarking
HOBBIT High, actively maintained and supported, quality libraries,

Benchmarking Platform
Geographica 2
GeoSPARQL Benchmark

difficult to extend ontology and APIs for SPARQL/GeoSPARQL cases
Medium, supported but not actively maintained,
medium effort for updating benchmarks and systems

8.4 Geographica 2 GeoSPARQL Benchmark

Geographica 2 benchmark is a set of well designed geospatial workloads and a set of RDF stores
running against them following a specific set of steps and rules. However several areas were
identified where much was left to expect for improvement. Abstraction and encapsulation [14, 11]
were limited, leading to increased duplication of code and effort, especially when introducing new
systems with a different RDF Java framework or with backward incompatible updated RDF Java
framework version. Generalization-Specialization [14, 11] was limited to workload-specific queryset
and experiment class hierarchies.

Table 12 SLOC Comparison with Geographica 2.

Pramework Ctenmme RDF4J Jena
. Strabon RDF4J GraphDB Virtuoso Stardo JenaGeoSPARQL
Module Runtime SUT SUT sUT SUT SUT SUT °
CLOC Indicator | Files Lines Files | Lines | Files | Lines | Files | Lines | Files | Lines | Files | Lines | Files Lines
Geographica 2 31 2249 2 333 3 835 3 584 4 511 - - - -
79 | 10842 4 218 5 357 4 170 4 319 4 435 4 133
Increase (%) 155% | 382% | 100% | -35% | 67% | -567% | 33% | -71% 0% | -38%

GeoRDFBench expands the scope of Universe of Discourse (UoD) [14] modeling to include all
benchmark and experiment environment components, declaratively defines their specifications,
decouples these from code by serializing them to disk, provides APIs and utilities to generate
custom specifications and allows easy component creation from existing ones. Of paramount
importance is the generalization of the repository and connection functionality of common RDF
frameworks which allows significant reusability of code and easy integration of new systems with
similar (in case of version upgrade) or different RDF frameworks.

As further quantitative evidence of the difference between Geographica 2 and GeoRDFBench
a comparison is made between the two using the well established source code quality metric and
effort predictor, the Source Lines of Code (SLOC) [56, 47]. More specifically, the utility cloc [18]
measured the number of files and the physical SLOCs for the runtime and RDF modules for the
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two systems. Table 12 presents the SLOC comparison between the two. The number of files and
physical SLOCs of the GeoRDFBench runtime are x2.54 and x4.82 times the corresponding
Geographica 2 ones. These numbers confirm the large scale of redesign and scope expansion that
took place and which increased the opportunities for code reuse for RDF module implementation.
This statement is consistent with the reduction by half of the number of physical SLOCs for
the four common RDF modules: Strabon, RDF4J, GraphDB and Virtuoso. The newly introduced,
Jena GeoSPARQL, required the least number of SLOCs because of its full GeoSPARQL compliance,
while the newly introduced Stardog required the most effort since 50% of its SLOCs dealt with
query translation to handle non-compliance to the GeoSPARQL standard. Also Stardog and
Virtuoso required additional code to handle the server aspects of their architecture. RDF4Js
SLOCs are relatively large because it encompasses the “dual” implementation of NativeStore with
and without Lucene SAIL for spatial indexing.

With respect to compliance to the criteria categories in Section 3 we an adequate-high rating.
The [3.1] “Benchmarking Coverage” is adequately covered with some missing features: (i) there is
no result accuracy checking measurement, (ii) no query fine error handling. Scalability though
is thoroughly provisioned with scalability workload and a scalable synthetic data and query
generator. The [3.2] “Geospatial Support” is almost entirely covered with minor issues such as
the limitation of query translation to specific systems and vocabularies and the lack of spatial
predicate versions of querysets. The criterion category [3.3] “Semantic Web Standards Support”
is covered almost entirely with the exception of non-dynamic namespace prefix map merging. The
criterion category [3.4] “Framework Automation Level” is covered at an adequate level. Missing
features include: (i) query templates support is not generic and not fully automated, (ii) limited
reusability through class inheritance and basic script structure, (iii) provides native execution
only, (iv) there is no query inclusion/exclusion filters for running query subsets, and (v) updating
benchmark workloads and systems requires medium effort to complete. Finally, for the [3.5]
“Sustainability and Extensibility” criterion category we verify that it is not very sustainable since
it is supported but not actively maintained. Also, extending the solution requires medium to high
effort to achieve.

9 Conclusions and Future Work

We presented the concepts, architecture and basic operation of the GeoRDFBench Framework,
which aims to: (i) save the geospatial semantic benchmark researcher’s time and effort testing
systems against benchmarks, (ii) minimize the margin for errors, (iii) increase reproducibility
and results’ verification, while (iv) remaining extensible. Source code, running examples and
instructions are provided in our repositories [31, 33] and site [32].

Future work will include: (i) implementing the remaining Create, Update and Delete operations
of the JSON Library endpoint module, (ii) a user interface module paired with the endpoint which
will assist with generating and modifying JSON specifications, (iii) support for the Hadoop file
system and (iv) a fourth Spark-based framework API, so that Spark-based distributed GeoSPARQL
solutions, such as Strabo 2 [9] can be tested.
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T. loannidis, N. Mamoulis, and M. Koubarakis

A  Scalability Workload Serialized JSON Specifications

This appendix presents the detailed form of the three most important JSON specifications for
the Scalability 10K workload as they were generated by the JSON generator API code samples
in Section 6. Listings 11, 12, 13 show the serialized representations of the specifications for the
Scalability 10K complex dataset, the spatial functions variant of the Scalability queryset and the
Scalability experiment execution respectively.

Listing 11 Serialized Dataset Specification.

{ "classname" : "gr.uoa.di.rdf.Geographica3.runtime.datasets.complex.impl.GeographicaDS",
"name" : "scalability_10K",

"relativeBaseDir" : "Scalability/10K",

"simpleGeospatialDataSetList" : [ {

"name" : "scalability_10K",

"relativeBaseDir" : "Scalability/10K",

"dataFile" : "scalability_10K.nt",

"rdfFormat" : "N-TRIPLES",

"mapUsefulNamespacePrefixes" : {

"geo" : "<http://www.opengis.net/ont/geosparql#>",

"rdf" : "<http://www.w3.org/1999/02/22-rdf-syntax-ns#>",

"owl" : "<http://www.w3.org/2002/07/owl#>",

"geof" : "<http://www.opengis.net/def/function/geosparql/>",

"lgo" : "<http://data.linkedeodata.eu/ontology#>",

"xsd" : "<http://www.w3.org/2001/XMLSchema#>",

"rdfs" : "<http://www.w3.o0rg/2000/01/rdf-schema#>",

"geo-sf" : "<http://www.opengis.net/ont/sf#>"

1o
"mapAsWKT" : {

"scalabilityAsWKT" : "<http://www.opengis.net/ont/geosparql#asWKT>"

o

"mapHasGeometry" : {

"scalabilityHasGeometry" : "<http://www.opengis.net/ont/geosparql#hasGeometry>"
}

1,

"mapDataSetContexts" : {

"scalability_10K" : ""

o

"n" : 0}

Listing 12 Serialized Queryset Specification.

{ "classname" : "gr.uoa.di.rdf.Geographica3.runtime.querysets.complex.impl.StaticTempParamQS",

"name" : "scalabilityFunc",

"relativeBaseDir" : "",

"hasPredicateQueriesAlso" : false,

"mapQueries" : {

o 2 {

"label" : "SC1_Geometries_Intersects_GivenPolygon",

"text" : "SELECT ?sl 7ol WHERE { \n ?sl geo:asWKT 7ol . \n FILTER(geof:FUNCTION(?01, GIVEN_SPATIAL_LITERAL)).
\n} \n",

"usePredicate" : false,

"expectedResults" : -1

3,

ll1ll B {

"label" : "SC2_Intensive_Geometries_Intersect_Geometries",

"text" : "SELECT ?s1 ?s2 \nWHERE { \n ?s1 geo:hasGeometry [ geo:asWKT 7ol ] ;\n lgo:has_code

\"1001\"""xsd:integer . \n ?s2 geo:hasGeometry [ geo:asWKT 702 ] ;\n lgo:has_code ?code2 . \n
FILTER(?code2>5000 && ?code2<6000 && 7code2 != 5260) .\n FILTER(geof:FUNCTION(7ol, ?702)). \n} \n",
"usePredicate" : false,

"expectedResults" : -1

},

ll2ll B {

"label" : "SC3_Relaxed_Geometries_Intersect_Geometries",

"text" : "SELECT ?s1 ?7s2\nWHERE {\n ?sl geo:hasGeometry [ geo:asWKT 7ol ] ;\n lgo:has_code

\"1001\"""xsd:integer .\n ?s2 geo:hasGeometry [ geo:asWKT 702 ] ;\n lgo:has_code ?code2 .\n FILTER(?code2
IN (5622, 5601, 5641, 5621, 5661)) .\n FILTER(geof:FUNCTION(701, ?02)).\n} \n",

"usePredicate" : false,

"expectedResults" : -1

}

1o

"mapUsefulNamespacePrefixes" : { },
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"mapTemplateParams" : {
"GIVEN_SPATIAL_LITERAL" : "\"POLYGON((23.708496093749996 37.95719224376526,22.906494140625

40.659805938378526,11.524658203125002 48.16425348854739,-0.1181030273437499
51.49506473014367,-3.2189941406250004 55.92766341247031,-5.940856933593749
54.59116279530599,-3.1668090820312504 51.47967237816337,23.708496093749996
37.95719224376526) ) \"~"<http://www.opengis.net/ont/geosparql#wktLiteral>",

"FUNCTION" : "sfIntersects"

o

"mapGraphPrefixes" : { } }

Listing 13 Serialized Execution Specification.

{ "classname" : "gr.uoa.di.rdf.Geographica3.runtime.executionspecs.impl.SimpleES",
"execTypeReps" : {

"CcoLD" : 3,

"WARM" : 3

1,

"maxDurationSecsPerQueryRep" : 86400,

"maxDurationSecs" : 604800,

"action" : "RUN",

"avgFunc" : "QUERY_MEDIAN",

"onColdFailure" : "SKIP_REMAINING_ALL_QUERY_EXECUTIONS",

"clearCacheDelaymSecs" : 5000}

B GeoRDFBench Execution Script and Logs

This appendix details the differences of the experiment execution script between RDF4J vs
RDF4J+ and GraphDB and GraphDB+ variants as well as, part of the experiment Scalability
10K repository generation for RDF4JSUT+ and part of the execution log of Virtuoso against the
Scalability 1M workload.

Listing 14 diff(RDF4J, RDF4J+) Experiment execution scripts.
$ diff -U 1 runRDF4J_ScallOK_1iM.sh runRDF4J_Lucene_ScallOK_iM.sh

@@ -4,4 +4,5 Q@

source prepareRunEnvironment.sh nuc8i7beh RDF4JSUT "CreateRepo_Scalability1O0K_1iM_RDF4J"
+ export EnableLuceneSail=true

./printRunEnvironment.sh >> /data/envvars_rdf4j.log

Listing 15 diff(GraphDB, GraphDB+) Experiment execution scripts.
$ diff -U 1 runGraphDB_ScallOK_1iM.sh runGraphDB_GeoSPARQL_ScallOK_1iM.sh

@e -3,2 +3,5 @@

source prepareRunEnvironment.sh nuc8i7beh GraphDBSUT "CreateRepo_Scalability10K_1M_GraphDB"
+ export EnableGeoSPARQLPlugin=true

+ # export IndexingAlgorithm = quad

+ # export IndexingPrecision = 11

./printRunEnvironment.sh >> /data/envvars_graphdb.log

Listing 16 RDF4JSUT+ repository generation log.

Running script with syntax:

./createA11RDF4JRepos.sh false /data/Geographica2_Datasets /data/RDF4J_4.3.15_LuceneRepos/server -Xmx24g true
192.168.1.44 3333 /data/Geographica2_Datasets/Scalability/scalabilityDSGen.sh
/data/Geographica2_Datasets/Scalability/scalability500MRefDS.nt.gz

Script start time: Mon 28 Apr 2025 04:21:18 pm EEST

/data/RDF4J_4.3.15_LuceneRepos/server dir does not exist. Creating it now ...

Checking/Creating scalability 10K dataset ... Scalability 10K dataset already exists

Generating scalability 10K repository ...

./createRDF4JRepo.sh /data/RDF4J_4.3.15_LuceneRepos/server scalability_10K false "spoc,posc" N-TRIPLES
/data/Geographica2_Datasets/Scalability/10K -Xmx24g true "http://www.opengis.net/ont/geosparql#asWKT"
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0

68
71
73

216
775
835

835
837

2500
2506

192.168.1.44 3333
CREATE_REPO_ARGS = createman "/data/RDF4J_4.3.15_LuceneRepos/server" "scalability_10K" "FALSE" "true"
"spoc,posc" "http://www.opengis.net/ont/geosparql#asWKT"

LOAD_REPO_ARGS = dirloadman "/data/RDF4J_4.3.15_LuceneRepos/server" "scalability_10K" "N-TRIPLES"
"/data/Geographica2_Datasets/Scalability/10K" true

RDF4JSystem - No LocalRepositoryManager instance present, creating a new one.

RDF4JSystem - Creating NativeStore base sail with spoc,posc indexes and forceSync = false
RDF4JSystem - Adding Lucene sail on top of NativeStore

RDF4JSystem - Lucene sail will spatially index properties:
opengis.net/ont/geosparql#asWKT

RDF4JSystem - Creating new repository object for repo id = scalability_10K

RDF4JSystem - Initialing new repository object for repo id = scalability_10K

[main]
[main]
[main]
[main]

http://wuw.

[main]
[main]
[main]

INFO
INFO
INFO
INFO

INFO
INFO
INFO

RepoUtil - RDF4J created with

manager lucene repo

"/data/RDF4J_4.3.15_LuceneRepos/server/repositories/scalability_10K" in 74 msecs
[main] INFO RDF4JSystem - Closing connection...

[main] INFO RDF4JSystem - Repository closed.

[main] INFO RDF4JSystem - Loading file scalability_10K.nt

[main] INFO RDF4JSystem - Finished loading file scalability_10K.nt in 2492 msecs
[main] INFO RepoUtil - RDF4J loaded with manager all files from
"/data/Geographica2_Datasets/Scalability/10K" to repo
"/data/RDF4J_4.3.15_LuceneRepos/server/repositories/scalability_10K" in 2599 msecs
2506 [main] INFO RDF4JSystem - Closing connection...

2608 [main] INFO RDF4JSystem - Repository closed.

RDF4J repository "/data/RDF4J_4.3.15_LuceneRepos/server/repositories/scalability_10K" has size: 7MB

Listing 17 Virtuoso run log start section for Scalability 1M.

N NNNNNFE PP =2 O

N

© ©O O o,

10

10

11

284

[main]
[main]
[main]
[main]
[main]
[main]
[main]
[main]
[main]
[main]
[main]
[main]

INFO
INFO
INFO
INFO
INFO
INFO
INFO
INFO
INFO
INFO
INFO
INFO

RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload

- args[0] = -surl

- args[1] = http://localhost:1111

- args[2] = -susr

- args[3] = dba

- args[4] = -spwd

- args[5] = dba

- args[6] = -rbd

- args[7] = virtuoso-opensource-7.2.14/repos
- args[8] = -expdesc

- args[9] = 2025-04-27_VirtuosoSUT_RunWL_ScaliM
- args[10] = -wl

- args[11] =

/data/geordfbench/json_defs/workloads/scalabilityFunciM_WLoriginal.json
[main] INFO RunVirtuosoExperimentWorkload - args[12] = -h

[main] INFO RunVirtuosoExperimentWorkload - args[13] =
/data/geordfbench/json_defs/hosts/nuc8i7behHOSToriginal. json

[main] INFO RunVirtuosoExperimentWorkload - args[14] = -rs

[main] INFO RunVirtuosoExperimentWorkload - args[15] =
/data/geordfbench/json_defs/reportspecs/simplereportspec_original.json
[main] INFO RunVirtuosoExperimentWorkload - args[16] = -rpsr

[main] INFO RunVirtuosoExperimentWorkload - args[17] =
/data/geordfbench/json_defs/reportsources/nuc8i7behHOSToriginal. json
[main] INFO RunVirtuosoExperimentWorkload - |==> Experiment related options

[main] INFO RunVirtuosoExperimentWorkload - Experiment description: 2025-04-27_VirtuosoSUT_RunWL_ScaliM

[main] INFO RunVirtuosoExperimentWorkload - |==> Workload, Host, Report related options
[main] INFO RunVirtuosoExperimentWorkload - Workload specs configuration JSON file:
/data/geordfbench/json_defs/workloads/scalabilityFunciM_WLoriginal.json

[main] INFO RunVirtuosoExperimentWorkload - List of queries to include in the run: all
[main] INFO RunVirtuosoExperimentWorkload - Host configuration JSON file:
/data/geordfbench/json_defs/hosts/nuc8i7behHOSToriginal. json

[main] INFO RunVirtuosoExperimentWorkload - Report specs configuration JSON file:
/data/geordfbench/json_defs/reportspecs/simplereportspec_original.json

[main] INFO RunVirtuosoExperimentWorkload - Report source specs configuration JSON file:
/data/geordfbench/json_defs/reportsources/nuc8i7behH0SToriginal. json

[main]
[main]
[main]
[main]
[main]
[main]
[main]

INFO
INFO
INFO
INFO
INFO
INFO
INFO

RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload
RunVirtuosoExperimentWorkload

- |==> Repository/Store options

- Virtuoso Server endpoint URL: http://localhost:1111
- Virtuoso server username: dba

- Virtuoso server password: dba

- |==> System options

- BaseDir: virtuoso-opensource-7.2.14/repos

- {SimpleGeospatialWL: ScalabilityFunc, ,

{GeographicaDS: scalability_1iM, Scalability/iM,
{GenericGeospatialSimpleDS: scalability_1iM, N-TRIPLES}}

{StaticTempParamQS: scalabilityFunc, ,false, SimpleES{ COLD=3, WARM=3, action=RUN, maxduration=604800 secs,
repmaxduration=86400 secs, func=QUERY_MEDIAN }}}

590 [main] INFO RDF4JBasedSUT - Reading VirtuosoSUT properties from file :
jar:file:/data/geordfbench/VirtuosoSUT/target/VirtuosoSUT-2.0.0-SNAPSHOT. jar!/virtuoso.properties

603 [main] INFO VirtuosoSUT - Initializing..
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603 [main] INFO VirtuosoSUT - Starting Virtuoso server...
15634 [main] INFO VirtuosoSystem - Uninitialized VirtuosoRepository created with query timeout = 0
15634 [main] INFO VirtuosoSystem - Initialized VirtuosoRepository has query timeout = 86400

15713 [main] INFO ExperimentWorkload - VirtuosoSystem-dependent translation of the queryset scalabilityFunc

15713 [main] INFO ExperimentWorkload - VirtuosoSystem-dependent namespace prefixes merged with the prefixes of
queryset scalabilityFunc

15714 [main] INFO VirtuosoSUT - Closing..

15715 [main] INFO VirtuosoSystem - Closing connection...

15715 [main] INFO VirtuosoSystem - Repository closed.

20728 [main] INFO VirtuosoSUT - Stopping Virtuoso server...

Listing 18 Virtuoso run log Scalability 10K results.

289581 [main] INFO PostgreSQLRepSrc - Deferred mode for PostgreSQLRepSrc was enabled. 18 records were flushed

289582 [main] INFO GenericExprerimentResultsCollector - Export statistics in

"/data/Results_Store/VirtuosoSUT/2025-04-27_VirtuosoSUT_RunWL_ScallOK/

Scalability/10K/VirtuosoSUT-ExperimentWorkload"

289740 [main] INFO GenericExprerimentResultsCollector - Created non existing directory

289760 [main] INFO GenericExprerimentResultsCollector - Statistiscs printed:
./00-SC1_Geometries_Intersects_GivenPolygon-cold

289772 [main] INFO GenericExprerimentResultsCollector - Statistiscs printed:
./00-SC1_Geometries_Intersects_GivenPolygon-cold-long

289777 [main] INFO GenericExprerimentResultsCollector - Statistiscs printed:
./02-SC3_Relaxed_Geometries_Intersect_Geometries-warm

289777 [main] INFO GenericExprerimentResultsCollector - Statistiscs printed:
./02-SC3_Relaxed_Geometries_Intersect_Geometries-warm-long

289778 [main] INFO GenericExprerimentResultsCollector - Cache COLD

289778 [main] INFO GenericExprerimentResultsCollector - Query O

289779 [main] INFO GenericExprerimentResultsCollector - Rep O <COMPLETED-NONE> 634086428 + 114910498 =
748996926 nsecs, 554 results, O scan errors

289779 [main] INFO GenericExprerimentResultsCollector - Rep 1 <COMPLETED-NONE> 579085856 + 123844201 =
702930057 nsecs, 554 results, O scan errors

289779 [main] INFO GenericExprerimentResultsCollector - Rep 2 <COMPLETED-NONE> 444039862 + 123960680 =

568000542 nsecs, 554 results, O scan errors
289779 [main] INFO GenericExprerimentResultsCollector - Query 1

289780 [main] INFO GenericExprerimentResultsCollector - Query 2

289780 [main] INFO GenericExprerimentResultsCollector - Cache WARM
289780 [main] INFO GenericExprerimentResultsCollector - Query O

289780 [main] INFO GenericExprerimentResultsCollector - Query 1

289780 [main] INFO GenericExprerimentResultsCollector - Rep O <COMPLETED-NONE> 158021881 + 383204 =
158405085 nsecs, 2 results, O scan errors

289780 [main] INFO GenericExprerimentResultsCollector - Rep 1 <COMPLETED-NONE> 157411100 + 355432 =
157766532 nsecs, 2 results, O scan errors

289780 [main] INFO GenericExprerimentResultsCollector - Rep 2 <COMPLETED-NONE> 157869590 + 304380 =

158173970 nsecs, 2 results, O scan errors
289780 [main] INFO GenericExprerimentResultsCollector - Query 2

289781 [main] INFO RunVirtuosoExperimentWorkload - End ScalabilityFunc
Start time = Sun 27 Apr 2025 07:45:49 pm EEST
End time = Sun 27 Apr 2025 07:50:39 pm EEST
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C GeoRDFBench Experiment Common Execution Logic

This appendix presents the execution logic of the experiment executor component of the GeoRDF-

Bench runtime which is shared by all implemented RDF modules.

Algorithm 1 Experiment execution loop.

procedure RUN
querySetlterations < 0
problematicQueries.clear()
while max experiment duration has not been exceeded do
queryset initialization
for all COLD executions do
for all queries in filtered queryset do
for all repetitions do
init SUT after clearing caches
coldResult + sut.runTimedQuery()
add coldResult to resCollector,reportSink
close SUT
if coldResult raised exception then
skip remaining query repetitions
end if
end for
end for
end for
for all WARM executions do
for all queries in filtered queryset do
if COLD run raised exception then
warmResult < coldResult
add warmResult to resCollector,reportSink
skip to next query
end if
init SUT after clearing caches
pseudorunResult < sut.runTimedQuery()
for all repetitions do
warmResult < sut.runTimedQuery()
add warmResult to resCollector,reportSink
close SUT
if warmResult raised exception then
skip remaining query repetitions
end if
end for
end for
end for

> queryset iteration counter
> queries that raised exception

> dynamic or file-driven
> COLD runs

> WARM runs
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Algorithm 1 Experiment execution loop (cont.).

for all COLDCONTINUOUS executions do
if querySetlterations = 0 then
init SUT after clearing caches
end if
for all queries in filtered queryset do
if query is contained in problematicQueries then
skip to next query
end if
coldContResult + sut.runTimedQuery()
add coldContResult to resCollector,reportSink
if coldContResult raised exception then
add query to problematicQueries
end if
end for
end for
end while
close SUT and
flush report sink deferred records
resCollector.exportStatistics()
end procedure

> CONT runs
> init system once

D Docker Examples Feature Matrix

This appendix presents the features exhibited in each one of the docker examples found in the

GeoRDFBench web site [32].

Table 13 Docker Examples Feature Matrix.

Nome Scalability 10K Workload | RDF4J, GraphDB and JenaGeoSPARQL Strabon and Virtuoso against | RDFAJ, GraphDB and JenaGeoSPARQL
With RDF4J against Scalability-{10K, 100K, 1M} The i against LUBM(1, 0) Workload
Type Docker Docker Docker Docker
Example Host 05 Linux Windows 10 Linux Windows 10
Docker | Amage Manual Build Pre-build from Github Registry Pre-build from Github Registry Pre-build from Github Registry
| Simulated Host NUCSITBEIH NUCSiTBEH NUCSi7BEH NUCSi7TBEH
Experiment | Startup Script Automatic with Container Start Manual Script Start Manual Script Start
Name Geographica 2 Geographica 2 LUBM
Representation Compact Detailed Compact
Name Scalability Synthetic LUBM(, 0
Workload | Dataset 1 10K Scaling Factor N=512 Scaling Factor N=1, GOLD STANDARD
Datasel 2 100K
Datasel 3 M
1 RDF4J RDF4J Strabon RDF4J
RDF Stores 2 GraphDB Virtuoso GraphDB
3 JenaGeoSPARQL JenaGeoSPARQL
Result Accuracy Check, Yes Yes
Query Inclusion Filter Yes Yes
Specification Customization Yes (Querysel) Yes (Exccution)
JSON Generator API Yes
Auto Query Prefic Header Yes Yes Yes Yes
Features - -
System Query Translation Yes
Query Timeout Handling Yes
Custom Sink Reporting Yes Yes Yes
GeoSPARQL Benchmarking Yes Yes Yes
SPARQL Benchmarking Yes
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— Abstract

Generating Knowledge Graphs (KGs) remains one
of the most time-consuming and labor-intensive
tasks for knowledge engineers, as they need to
identify semantic equivalences between input data
sources and ontology terms. While declarative solu-
tions (e.g., RML, SPARQL-Anything) have helped
to generalize this process, aligning input schema
elements with ontology terms still involves intricate
transformations and requires considerable manual
effort. With the advent of Large Language Models
(LLMs), there is growing interest in leveraging their
capabilities to assist KG engineers. Although some
studies have explored using LLMs to automate KG
construction, there is still no standardized frame-
work for assessing how effectively they establish
correspondences between data schemes and onto-

logy concepts. Therefore, in this paper, we propose
BLINKG, a benchmark designed to evaluate the
mapping capabilities of LLMs in constructing KGs
from heterogeneous data sources. The benchmark
includes a set of scenarios with increasing complex-
ity, based on real-world use cases. We conduct an
extensive experimental evaluation of several state-
of-the-art LLMs using BLINK and observe that they
already offer promising solutions. However, their
performance remains limited in complex scenarios.
Thanks to this benchmark we can already asses
the current capabilities of LLMs for KG construc-
tion. Additionally, we define a set of requirements
for achieving (semi)automated (LLM-driven) KG
construction, opening new research lines in this
area.
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1 Introduction

Knowledge engineering (KE) covers tasks required to make data and knowledge computationally
accessible, tasks that traditionally depend on extensive manual work by domain experts and
knowledge engineers. Large Language Models (LLMs) are increasingly used to support these
processes, such as formulating competency questions [44], taking on expert roles in ontology
engineering methodologies [15, 53], and verbalizing knowledge graph queries [37]. The growing
number of LLM-based KE approaches has also motivated new benchmarking and evaluation
initiatives like Alharbi et al. [2], Garijo et al. [17], Herwanto et al. [19], Rebboud et al. [43], and
Tsaneva et al. [49] to assess their current capabilities and limitations.

Constructing KG from heterogeneous data sources is one of the most time-consuming and
manual tasks that a knowledge engineer must perform [14]. The difficulty of the task lies in the
need to understand the ontology terms and map the input data to these terms [39]. In some cases,
the process can be relatively simple (e.g., mapping a table Sport to an ontology class Sport), but
in many situations it requires a deeper understanding of the data and the domain. Often, domain
experts are needed to correctly interpret implicit semantics and resolve ambiguities between the
data and the ontology. In large-scale, real-world projects [7, 45], this task is often a bottleneck,
with the mapping phase frequently exceeding six person-months [7].

Several solutions have recently explored using LLMs to reduce the effort required for semantic
alignment between data sources and ontologies. For example, in Hofer et al. [22], the authors
propose an automated KG construction pipeline where RML mappings [27] are generated by
an LLM using the ontology and source data as inputs. In Schmidt et al. [46], the generation
of YARRRML mappings [21] with LLMs is explored in the manufacturing domain. Similarly,
[R2]RML-ChatGPT [42] presents a framework to refine mapping rules using ChatGPT. Recently,
Freund et al. [16] evaluates its proposal (the ReMap tool) against LLM-based RML [27] mapping
generation. However, all these solutions have been evaluated across diverse scenarios and use
cases, using different parameters and metrics, which makes it difficult to compare them fairly. In
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the SW and KG community, SemTab' is positioned as an initiative and challenge for automatic
annotation of tabular data, providing its own benchmark [28] for testing solutions that automate
table interpretation. However, it typically targets an already created knowledge graph (e.g.,
Wikidata) rather than a non-populated ontology, focuses on three specific tasks (Cell Entity
Annotation, Cell Property Annotation, and Cell Type Annotation), and most of the approaches
are implemented using end-to-end pipelines, limiting traceability and transparency.

In this context, to assess the potential of LLMs for generating semantic mappings from
heterogeneous data sources to ontology terms, we present BLINKG, a Benchmark for LLM-
Integrated Knowledge Graph Generation. The goal is to support the generation of explicit and
declarative mappings, providing traceability and transparency in the knowledge graph construction
process, as opposed to black-box end-to-end approaches. The main contributions of this work are
summarized as follows:

C1: A comprehensive and domain-agnostic framework composed of multiple scenarios, gold

standards, and evaluation metrics designed to assess the behavior of LLMs in KG construction

C2: Three progressively complex scenarios that reflect real-world challenges in KG construction,

each covering a representative set of typical mapping tasks.

C3: Open and reusable resources, fostering reproducibility and facilitating adoption and

extension by the community?.

C4: A comprehensive evaluation of six state-of-the-art LLMs, analyzing their performance

and generalization capabilities, focusing on traceability and transparency.

C5: Practical recommendations, lessons learned, and new research directions for advancing

the (semi-)automation of LLM-driven knowledge graph construction.

The paper is structured as follows: Section 2 describes the related work on the automation of
KG Construction, with special focus on novel proposals that use LLMs. Section 3 describes the
BLINKG benchmark, with the proposed scenarios and metrics. Section 4 presents the experimental
evaluation of our benchmark over state-of-the-art LLMs, and Section 5 reports the main points of
discussion. We finalize the paper with the conclusions and future work in Section 6.

2 Related Work

Despite recent advances in automatic knowledge extraction, the creation of knowledge graphs
remains an inherently manual and resource-intensive process. The main challenge lies in establishing
semantic correspondences between heterogeneous data sources and the concepts defined in the
target ontologies. In complex scenarios, this process requires not only a knowledge engineer
but also a domain expert who can accurately identify and validate these mappings. Although
declarative tools help streamline and simplify the process [4], it remains a challenging task that
heavily relies on domain expertise. Existing work can be roughly grouped into (i) approaches
that focus on mapping generation, mostly focused on relational databases as input sources, (ii)
benchmarks and datasets that evaluate partial aspects of the KG Construction process, and
(iii) more recent LLM-based systems, which exhibit different strengths and failure modes from
traditional methods.

With the introduction of R2RML [10] and Direct Mapping [3], W3C recommendations for
defining mappings between relational databases (RDB) and ontologies in the context of Ontology-
Based Data Access (OBDA) [51], a number of approaches emerged aiming to automate the creation

! https://github.com/sem-tab-challenge
2 https://github.com/citiususc/blinkg
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of these mapping rules. Most of these approaches followed the directives of Direct Mapping,
which defines a set of rules to produce a plain RDF representation of a relational database
without considering any ontology. MIRROR [12], D2RQ [5], and Ontop [6] follow a similar
approach, extracting from the Relational Database (RDB) schema a target ontology and the
mapping correspondences. On the other hand, AutoMap4OBDA [47] and BootOX [29] consider
an input ontology and generate actual R2RML mappings from the RDB. However, these solutions
are limited to relational databases and rely heavily on heuristic-based approaches for mapping
generation, which significantly constrains their applicability and flexibility in broader Knowledge
Graph Construction (KGC) workflows that involve multiple formats, complex transformations,
and non-relational sources.

All these proposals used RODI for the evaluation, a benchmark for RDB-to-ontology mapping
generation [38]. RODI is designed to evaluate the quality of system-generated relational-to-
ontology mappings, aiming to provide a generic and comparable evaluation framework for mapping
generation systems. RODI employs an end-to-end evaluation approach, assessing mapping utility
by comparing the accuracy of SPARQL query results over the generated RDF data against reference
SQL query results on the original relational database. Similar to our proposal the benchmark
incorporates diverse test scenarios from domains such as scientific conferences, geographical data,
and oil and gas exploration. These scenarios are configured with databases, ontologies, and
specific query workloads designed to test a variety of mapping challenges, including naming
conflicts, structural RDB heterogeneity (e.g., normalization, denormalization, class hierarchies,
key conflicts, and dependency conflicts). However, the authors acknowledge certain limitations in
the scope of evaluation, particularly concerning the complexity of data transformations. RODI
explicitly excluded complex data transformations such as unit conversions, string cleaning, or
string compositions from its default benchmark configurations. This exclusion was justified by
the observation that, at the time of its publication, “no current relational-to-ontology mapping
generation system implements any such transformation functionality”. Therefore, the benchmark
primarily focused on evaluating systems’ capabilities in RDB-schema-level matching and mapping
rule generation, often resolvable through heuristic techniques, rather than addressing more
complex data-level transformations or advanced relationships beyond basic structural mappings.
In summary, RODI focuses on relational-to-ontology mappings, primarily evaluating schema-level
correspondences and basic structural mappings over relational databases. BLINKG shares this
emphasis on mapping generation, but generalises it beyond RDBs to multiple data formats (CSV,
JSON, XML) and decomposes the mapping problem into a richer set of subtasks (e.g., class
selection, subject generation, property selection, data reference identification, functions, joins),
enabling more fine-grained and format-agnostic evaluation.

Beyond relational databases, the recent SemTab challenge® introduces a collection of tabular
datasets [28] aimed at automatically matching them to external knowledge graphs such as DBpedia
and Wikidata. Several solutions have been proposed, leveraging techniques ranging from heuristic
rules and fuzzy matching (e.g., JenTab [1], DAGOBAH [24], and MTAB4D [32]) to knowledge
graph embeddings (e.g, TorchicTab [11]). However, SemTab is primarily designed as a benchmark
for evaluating end-to-end systems that annotate tables against a pre-existing knowledge graph,
rather than aligning them with an ontology. Moreover, most of these systems do not produce
explicit, declarative mappings, making it difficult to understand or reproduce how the annotations
are actually generated.

In this context, Large Language Models (LLMs) have emerged as a promising solution to
automate the transformation of (semi)structured data into KGS, leveraging their advanced natural
language understanding capabilities. Several recent studies have explored the use of LLMs for

3 https://www.cs.ox.ac.uk/isg/challenges/sem-tab/
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Table 1 Comparison between RODI, SemTab, and BLINKG in terms of their main focus, evaluation
strategy, dependency on existing KGs, supported input formats, granularity and expected mapping
outputs.

RODI SemTab BLINKG
Main focus RDB-to-ontology  Table/column/entity annot.  Data—to—ontology
Evaluation SPARQL vs. SQL Links to KG Explicit Mappings
Granularity Graph-level Annotation-level Task-level
Requires existing KG No Yes No
Supported formats RDB Tabular data Any
Expected Mapping Output R2RML Not explicit Table/RML

generating declarative mapping rules. For instance, Schmidt et al. [46] investigate LLM-assisted
and context-enhanced YARRRML mapping generation in the manufacturing domain, addressing
the challenge of consolidating inventory data in large companies such as Bosch. Their approach
supports schema evolution and data integration through semi-automated mapping generation,
and they report both qualitative and quantitative evaluations.

In the construction sector, Holtgen et al. [23] examine how LLMs can be used to convert
relational infrastructure data into RDF using a four-step pipeline: SQL query generation, SQL-to-
ontology mapping, R2ZRML mapping generation, and final RDF materialization. Although their
results indicate that current LLMs struggle to fully automate this pipeline — due to limitations in
handling R2RML syntax and a tendency to hallucinate ontology elements — models like GPT-40
show promising performance, especially under few-shot prompting. In particular, they note the
model’s ability to infer implicit relationships in join tables.

Similarly, Hofer et al. [22] explore the use of LLMs for generating RML files from JSON data
in the context of movie knowledge graphs. Their evaluation, using data from the IMDB and a
target movie ontology, shows that Claude 3 Opus outperforms GPT-4 in mapping accuracy, while
earlier models (e.g., Claude 2.1, GPT-3.5, Gemini-Pro) often produce invalid outputs, highlighting
the models’ difficulty in handling precise syntax and semantically constrained tasks. Freund et
al. [16] introduce ReMap, a deterministic reverse engineering pipeline to generate RML mappings
from non-RDF source data and an expected RDF graph. In their evaluation, mappings generated
by LLMs were used as a comparison baseline to assess the performance of ReMap. Additionally,
Val-Calvo et al. [50] developed OntoGenix, an LLM-powered pipeline for automating ontology
development that also generates mappings and RDF data.

While these studies highlight the growing interest in using LLMs for mapping generation,
their evaluation strategies remain inconsistent and fragmented. Each proposal defines its own
tasks, datasets, and success criteria, making it difficult to compare results or generalize findings.
Moreover, most of the evaluations focus primarily on syntactic correctness such as the validity of the
generated RML or R2ZRML files, rather than on the semantic quality or relevance of the mappings.
There is a lack of shared tasks, reference datasets, and standardized evaluation parameters. This
fragmentation underscores the need for a comprehensive and systematic benchmark like BLINKG,
which provides a common ground for evaluating LLM-generated mappings across diverse scenarios,
with clear tasks, gold standards, and metrics.

From this discussion, three insights emerge. First, RODI evaluates mappings indirectly, by
measuring query-answering quality over the constructed RDF graph, so mapping errors are only
observed through their impact on SPARQL results. In contrast, BLINKG focuses on the mapping
layer itself: it evaluates the individual mapping decisions (e.g., class, property, subject template,
data reference) before materialisation, providing direct evidence of where systems succeed or fail.

9:5
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Second, SemTab assumes an existing knowledge graph and concentrates on entity linking and
annotation against that graph, whereas BLINKG targets the prior step of mapping heterogeneous
data sources to an ontology, without requiring a pre-populated KG; in this sense, SemTab and
BLINKG are complementary, but they address different parts of the pipeline. Third, BLINKG
generalises these ideas beyond relational databases to multiple data formats (CSV, JSON, XML)
and offers explicit gold standards and metrics for a richer set of mapping-related subtasks, which
makes it suitable for systematically evaluating both LLM-based and non-LLM systems under a
common, mapping-centric perspective. In Table 1, we present an overview of this comparison
between RODI and SemTab with BLINKG.

3 BLINKG: A Benchmark for LLM-Integrated Knowledge Graph
Generation

To evaluate the performance of automation in mapping generation between ontology and input
sources, we designed a benchmark comprising three different scenarios that reflect varying levels
of alignment between data sources and ontology schemes: (i) Basic, where column names and
ontology terms are lexically similar; (ii) Schema-aligned, where source schemes follow the structure
of the ontology but with less obvious lexical overlap; and (iii) Schema-distant, where the source
schema is semantically related to the ontology but structurally and lexically distant. These
scenarios allow us to systematically test the ability of LLMs to generalize across different mapping
difficulties. We also define a set of metrics to evaluate the quality of the generated mappings,
considering precision, recall, and F1-score at the level of the task.

3.1 Knowledge Graph Construction Tasks

To define the tasks considered in this benchmark, we conducted a thorough review of: i) existing
related initiatives, such as SemTab [28]; ii) the capabilities defined by declarative mapping
languages, mainly extracted from the complete analysis presented in Iglesias et al. [26] and the
mapping features presented in Chaves-Fraga et al. [8]. Based on this analysis, we identified the
following key tasks:
Ontology Class Identification: This task involves identifying the class of the instance to
be generated. For example, if the ontology defines the class foaf :Person and the input data
contains a person-id, the output would include a triple such as: ex:person/{id} rdf:type
foaf:Person. This task is related to the Column Type Annotation (CTA) task proposed in
SemTab [28]. However, a key distinction is that input files frequently contain information
about multiple types of entities (e.g., denormalized CSV files, XML trees, or JSON documents).
Meanwhile, CTA is made at the table level.
Subject Generation: This task refers to the generation of the subject in RDF triples. It
typically involves two key aspects: i) Following best practices for URI creation [41], usually by
combining the base URI (e.g., http://example.org) with the class label (e.g., Person); and
ii) Identifying data references that ensure instance uniqueness within the dataset, similar to
a primary key (PK) in relational databases. In this work, we refer to subject generation as
simple when a single data reference is sufficient to identify an instance, and as complex when
multiple data references must be combined, analogous to composite primary keys in relational
databases. While this task is somewhat related to the Cell Entity Annotation (CEA) task in
SemTab, it is fundamentally different: CEA focuses on linking a cell value to an existing entity
in a KG, whereas the task here is about creating new entities.
Ontology Property Identification: This task involves selecting the ontology property
that links either a data reference or a related entity class, ensuring the property’s domain
matches the identified class. For example, given a column named fullname and an ontology
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property foaf :name whose domain is foaf :Person, it is very likely that they are semantically
equivalent. This task resembles the Column Property Annotation (CPA) task in SemTab;
however, our approach leverages ontology restrictions (property domains), whereas CPA relies
on already instantiated entities to discover such properties in the target KG.

Data Reference? Identification: This task consists of identifying the reference to the input
data, such as a CSV column, a JSONPath/XPath expression, or an SQL query, that will be
used to construct triples. These references are typically used as the object of a triple when the
identified property is a datatype property. Similarly to subject generation, we refer to object
generation as simple when a single data reference suffices to construct the object value, and as
compler when multiple data references need to be combined via standard string concatenation
to obtain the final literal used in the triple.

Related Entity Class and Joins: For object properties defined in the ontology, this
task involves specifying how the subject of the related entity (i.e. the range of the prop-
erty) is generated and under which conditions the relationship is established (i.e., the join
condition). For instance, continuing with our earlier example, the triple ex:person/1
foaf:works ex:organization/1 would be generated for the object property foaf:works
(domain: foaf:Person, range: foaf:0rganization) under the condition that person.org
equals organization.id.

Language Annotation: This task entails assigning the correct language tag to text literals
based on their content and context. For each string value in the dataset, such as labels,
comments, or descriptions, the system must detect the natural language and annotate it with
the appropriate tag (e.g., @en for English, @Qes for Spanish).

Datatype Annotation: This task consists of determining and assigning to each literal the
most appropriate RDF datatype IRI, often drawn from XSD but not restricted to it, based on
its lexical form and semantic intent. For example, strings matching ISO-8601 date patterns
might be annotated as xsd:date, integer numeric values as xsd:integer, boolean-like values
as xsd:boolean, or any custom datatype.

Transformation Functions: This refers to any transformation that must be applied to
data references before triple generation. For instance, dates may need to be transformed
from heterogeneous input formats (e.g., "26/11/2025" or "11-26-2025") into a canonical
representation such as xsd:date literals, or boolean-like codes (e.g., 1/0, "Y"/"N") may need
to be normalised to explicit true/false values before triple generation. Additionally, one
common task is to convert enumerated values (e.g., SQL ENUMs) into standardized taxonomies,
such as those represented using SKOS, where each enumerated code is systematically mapped
to the URI of the corresponding SKOS concept (e.g., mapping "OPEN" or "RESTRICTED"
in a procurement system to the appropriate SKOS concepts in a controlled vocabulary).
This is particularly relevant in scenarios where KGs leverage standardized datasets (e.g.,
authority tables from the European Commission that provide standardized taxonomies for
public procurement procedures, country names and codes, or currencies®). These kinds of
transformations are aligned with the function mapping capabilities defined in the RML-FNML
module®, which explicitly supports the specification of such data transformation functions in
mapping documents.

4 The concept is defined in the RML ontology: http://w3id.org/rml/core/spec#reference-rml-reference
5 https://op.europa.eu/en/web/eu-vocabularies/authority-tables
5 https://w3id.org/rml/fnml/spec
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Table 2 Summary of ontology metrics and input data characteristics.

Scenarios | Classes | Data prop. | Object prop. | SKOS | Input features
1 3 8 3 0 Artificial data based in RML test cases
2 17 49 10 10 GTFS-Madrid’s Metro feed
3 11 4 10 3 Real life data from CODICE

Table 3 Features distributed by each scenario. Scenario 1 is divided in several atomic cases, while
Scenarios 2 and 3 represent realistic KG construction scenarios.

Features/Scenarios Scenario 1 Scenario 2 | Scenario 3
1A 1B 1C 1D 1E 1F 1G 1H GTFS PPDS

One data reference X X X X X X X X X
Two or more data references X X X X X X X X
Complex object generation X b b X X
Simple subject generation X X X X X x X
Complex subject generation X X X X X
Self join X X X X
Join X X X X
Two or more input sources b X X
Datatypes generation b'¢ X X X
Language annotations X X

Transformation Functions X X
Distant Schemes X

Although we have split the work into separate tasks for clarity, experts tackle them as a
single, intertwined challenge: parsing diverse data formats, mapping fields to the right classes and
properties, picking accurate datatypes and language tags, and applying any needed transformations.
Pulling this off usually demands deep domain knowledge, meticulous schema analysis, and plenty
of careful judgment. Additionally, it would be possible to include more advanced tasks based on
the capabilities of newer declarative mapping languages (e.g., RML [27]), such as list generation
(RML-CC), statements about statements (RML-Star), or advanced input/output descriptions
(RML-IO), we decided not to include them in this first version of the benchmark. We consider
these to be advanced features, and our current focus is on understanding how proposed solutions
perform on the core aspects of KG construction. These more complex features are planned for
inclusion in a future version of the benchmark, when more tools are expected to support and
process such constructs efficiently.

3.2 Benchmark Scenarios

For the BLINKG benchmark, we define three scenarios designed to evaluate the performance of
automation proposals, categorizing them by difficulty. Each scenario comprises multiple use cases
that adhere to its difficulty level. All use cases within a scenario share a common ontology and
controlled vocabularies, ensuring the comparability of the results. Each case is accompanied by
one or more datasets in various formats, as well as an expected output that serves as the baseline
for evaluation. Table 2 presents the statistics and data sources of each scenario while Table 3
provides an overview of the features included in each scenario, which are described in the following
sections.
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ex:City <€—ex:lives— ex:Person —ex:practises>» ex:Sport
ex:cityname: xsd:string ex:id: xsd:integer ex:sportid: xsd:integer
ex:firstname: xsd:string ex:sportname: xsd:string

ex:lastname: xsd:string
ex:fullname: xsd:string
ex:owes: xsd:double

Figure 1 A basic ontology used for the Scenario 1.

Scenario 1: Basic Knowledge Graph Construction

This scenario comprises a total of eight atomic cases, and it is inspired by the features defined in
RML-core [36] and RML test cases [20]. Its objective is to evaluate the creation of KGs for basic
use cases with simple input sources. An ontology was created to accommodate all of them, shown
in Figure 1. It is comprised of three classes, related by two object properties, and for each class,
there are several data properties.

Input data is provided for each use case in three different formats with the same content:
CSV, JSON, and XML. The selection of one format over the other will be an evaluation choice.
Regardless of the selected format, the resulting KG will remain the same.

In this scenario, the aim is to test basic and atomic behavior, so all the cases are chosen for
this purpose. Case 1A seeks to test the ability to generate a unique mapping, which relates a
single column to a data property. The entry refers to the name of an entity whose class is a
ex:Person. Since there is insufficient information to conclude whether it is a first name or a last
name, the property to be joined with is ex:fullname. As this is the only information available,
the subject URI is generated by the same column, acting as a primary key.

Use case 1B increases the complexity of the previous one, performing two mappings on the
same entity instead of one, using the same file source in both cases. Each mapping involves a
single column and a data property. In addition to the previous use case, the ex:id property
would be linked this time, changing the primary key from the column Name to the column ID. As
a result, the subject URI would be generated by the ID column.

For use case 1C, two mappings are considered again, coming from the same file, but referring
to entities from two different classes, ex:Person and ex:Sport. Thus, each mapping relates to a
single data property of each of the entities involved, ex:fullname and ex:sportname. The URIs
of the subjects are generated by the corresponding column for each of the entities. By having
two entities from different classes, they can be related to each other through an object property,
ex:practises, employing a self-join of the triples mapping.

For the 1D use case, four mappings are performed over entities from class ex:Person. Three
of them directly relate a column to a data property, such as the first name, last name, or owed
amount. The other one links ex:fullname with a literal generated by concatenating the columns
for first name and last name. As there is no identifier, the primary key will be established as the
concatenation of the first name and last name. The comprehension of the URI concept would be
tested, as there are two repeated rows, which refer to the same entity, so the same URI must be
considered for both rows. Finally, data types will be checked for consistency with the ontology, as
more complex types such as floating-point numbers are included.

For use case 1E, two entities would be involved, ex:Person and ex:Sport, but this time the
source files would be different for each entity. Students and sports would be in different files. This
does not change the linking of data properties but adds a new difficulty to the establishment of
an object property between entities. To achieve that, a conditional join would be necessary that
states explicitly the equivalence between the Sport column in the student file and the ID column
in the sport file.

9:9
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Use case 1F explores an alternative way of establishing an object property between entities, by
using an additional file that contains the information of the relation. The entities are the same
as in the previous use case, but the relation between them is established in a third file. This file
contains the ID of the student and the ID of the sport, so two conditional joins would be necessary
between the ID column of the student file and the Student_ID column of the relation file, and
between the ID column of the sport file and the Sport_ID column of the relation file.

For use case 1G, entities from both classes ex:Person and ex:City are considered. The added
difficulty in this use case lies in linking the object property ex:livesIn correctly. There are two
possible ways of doing it: by a self-join within the same file or by a conditional join between two
different files. In this case, unlike the previous ones, the direction to take is not so direct and
clear. To generate the mapping, the LLM must be able to avoid being influenced by ambiguity
and focus on decision-making. Additionally, the use of language tags for literals is tested, as the
city name is a string with language annotations. Although language information is not provided,
the context suggests that all city names are in English.

Use case test 1H evaluates the ability to add language annotations to the same data properties
of a single entity. Specifically, it involves two instances of the class ex:City, each representing the
same city but with names in different languages (English and Spanish). These language differences
must be expressed using language tags, not by creating separate entities for each language version.
The city identifier serves as the primary key, so the subject URI must remain the same across
both language annotations.

In summary, Scenario 1 provides eight atomic cases over a minimal three-class ontology and
plain and simple inputs to validate each core mapping task: from class and subject generation to
property identification, joins, datatype, and language annotations. By keeping the setup basic yet
varied, we can pinpoint the strengths and weaknesses of automatic pipelines on these foundational
building blocks of KG construction.

Scenario 2: Schema-Aligned Knowledge Graph Construction

This scenario focuses on building a KG in the transportation domain. We drew inspiration from
the GTFS-Madrid-Bench [9] use case, a benchmark designed to evaluate performance throughout
the KG construction process. Unlike Scenario 1, which isolates individual tasks, this one presents
a more realistic and complex setting where those tasks frequently overlap and interact. However,
the main feature of this scenario is the very high alignment between the input data and the
ontology. The ontology itself was built bottom-up directly from the official GTFS specification®.
In other words, the ontology can be seen as a near-mirror of the GTFS specification, yet it diverges
in important ways as OWL and RDF supports richer modeling constructs (e.g. complex class
hierarchies, property restrictions, controlled vocabularies) that GTFS’s flat, tabular-based format
cannot express.

The goal of this scenario is to assess whether automated solutions operating in a context where
input schemes and the ontology closely align can still understand ontology peculiarities, such as
richer modeling constructs, for correctly transforming the input data into a KG. From a technical
perspective, it has the objective of testing, in addition to everything included in Scenario 1 (see
Table 3), the handling of transformation functions and the management of a larger amount of
data, as in a more realistic use case. The ontology considered is represented in Figure 2, and has
seventeen classes that are described in Table 4. The input data are 10 files extracted from the

8 https://gtfs.org
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Figure 2 The Linked-GTFS Ontology”, used for Scenario 2. We omit datatype properties for the
sake of simplicity. White arrows indicate that the source class is an rdfs:subClass0f of the target class,
whereas black arrows represent object properties between classes.

GTFS-Madrid-Bench [9] database”. Two examples of input sources (stops and routes) are shown
in Listing 1 and Listing 2. The information contained in them covers the entire set of classes and
properties considered in this scenario.

The main difference from Scenario 1 is the introduction of more complexity at the ontology
level, such as class hierarchies and constraints on classes and properties. The ontology introduces
two distinct hierarchies: one for describing locations (stops, stations, station entrances, boarding
areas, and generic nodes) and another for modeling service calendars. The calendar hierarchy
maps directly to GTFS, since the specification defines two separate input files (calendar.txt
and calendar_dates.txt), each corresponding to one of these classes. In contrast, the location
hierarchy depends on the value of the location_type column in stops.txt (see Listing 1), adding
complexity to the mapping rules for these subclasses. Notably, the same location_type value
also determines inter-location relationships via the parent_station property, which entails a
self-join on stops.txt to generate different subclasses.

In terms of constraints, many properties such as gtfs:id, apply to multiple classes, forcing
its domain to be defined as the union of those classes and increasing the complexity of linking
classes to input sources. We also propose the use of value restrictions on datatype properties. For
example, the gtfs:longName of class gtfs:Route must start with an uppercase letter and consist
of an alphanumeric string. All such restrictions may be encoded as transformation functions that
ensure incoming data conforms to the ontology’s rules before KG generation.

9 Note that the benchmark provides support for different data formats such as RDB, CSV, XML, or JSON
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Table 4 Class descriptions for ontology of Scenario 2.

Class Description

Agency Transit companies with service.

BoardingArea Location where passengers can board and/or alight vehicles.
CalendarRule Service dates specified using a weekly schedule with start and end dates.
CalendarDateRule  Exception dates for the services.

Frequency Trip gap for frequency service or condensed schedule.

GenericNode A location within a station, not matching any other location type.
Location Places where vehicles pick up or drop off riders.

Route Group of trips that are displayed to riders as a single service.

Service Set of ServiceRules.

ServiceRule Rule that associates dates with services (CalendarRule/CalendarDateRule).
Shape Rules for mapping vehicle travel paths.

ShapePoint One point in a Shape.

Station Large transit location that may contain multiple Stops.

StationEntrance Location where passengers can enter or exit a station from the street.
Stop Physical location where a vehicle stops or leaves.

StopTime Times that a vehicle arrives at and departs from stops for each trip.
Trip Sequence of two or more stops that occur during a specific time period.

Listing 1 Excerpt of the input source stops in CSV.

stop_id,stop_code,name,stop_desc,lat,lon,location_type,parent_station,wheelchair_boarding
acc411,1,Plaza de Castilla,P. de la Castellana 189,40.46682,-3.68918,0,est9021,0
acc41040,1,Ascensor,Pz. de Castilla 9,40.46555,-3.68877,2,est9021,1
acc41043,1,Intercambiador Superficie,P. de la Castellana 191 B,40.46728,-3.68915,2,est9021,0
acc41044,1,Ascensor,P. de la Castellana 189,40.46702,-3.68918,2,est9021,0
acc412,1,Castellana impares,P. de la Castellana 189,40.46722,-3.68952,2,est_90_21,0
acc413,1,Bravo Murillo,C. de Bravo Murillo 377,40.46629,-3.69036,1,est_90_21,1

Finally, the scenario incorporates controlled vocabularies. When input data contains enumer-
ated types (data types defined by a fixed set of named values), these are usually transformed
into independent taxonomies outside the ontology, often leveraging the W3C SKOS standard
vocabulary!?. By extracting the enumerated fields from GTFS, we generated eleven controlled
vocabularies: Wheelchair Accessibility, Location Type, Route Type, Pickup, Drop-off, Direction
ID, Bikes Allowed, Timepoint, Service Availability, Exception Type, and Exact Times. The
essential task in this phase is to interpret each input value and map it to the corresponding
concept within its scheme. For example, GTFS defines three numeric codes for bicycle access (0

Ohttps://www.w3.org/TR/skos-reference/

Listing 2 Excerpt of the input source routes in CSV.

route_id,agency_id,route_short_name,route_long_name,route_type,route_color,route_text_color
41,CRTM,1,Pinar de Chamartin-Valdecarros,1,2DBEFO,FFFFFF

410,CRTM, 10,Hospital del Norte-Puerta del Sur,1,005AA9,FFFFFF

411,CRTM, 11,Plaza Eliptica-La Fortuna,1,009B3A,FFFFFF

412,CRTM, 12,MetroSur,1,A49800,FFFFFF


https://www.w3.org/TR/skos-reference/
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epo:TechniqueUsage <t epo:FrameworkAgreementTechniqueUsage
epo:usesTechnique epo:SubmissionStatisticallnformation
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A
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Figure 3 The subset of the e-Procurement Ontology used for the Scenario 3. White arrows indicate
that the source class is an rdfs:subClass0f of the target class, whereas black arrows represent object
properties between classes.

— no information; 1 — allowed; 2 — not allowed), and our controlled vocabulary represents these
as URIs: wheel-chair-kos:no-information, wheel-chair-kos:no-information:accessible, wheel-chair-
kos:no-information:inaccessible!!. The main challenge is understanding the meaning of these codes
(often provided without context) and assigning them to the correct taxonomy entries. In the KG
construction pipeline, this is can be handled by transformation functions that convert raw input
data into valid controlled vocabulary values.

This scenario brings everything together in a more realistic setting: a GTFS-based ontology that
mirrors the standard but adds OWL-style class hierarchies, property constraints, and controlled
vocabularies. Beyond the tasks from Scenario 1, we now also put transformation functions and a
more complex environment to the test. The goal is to see if automated pipelines can tackle these
added challenges and still build a robust KG.

Scenario 3: Schema-Distant Knowledge Graph Construction

This scenario is the most complex scenario, focusing on building a KG for public procurement. It
follows Scenario 2’s methodology but pushes it further by operating in a realistic setting where
tasks frequently interact and overlap. The key difference is that, unlike Scenario 2, the input
data models and the ontology are not closely aligned. Although they cover the same domain and
share similar concepts, their schemes and lexical descriptions diverge significantly, meaning that
deep domain expertise is required to create the relationships between the input sources and the
provided ontology.

The ontology for Scenario 3 is drawn from the eProcurement Ontology (ePO)!2, the official,
pan-European data model for public procurement maintained by the European Publications Office.
Given the domain’s complexity, ePO is organized into 13 ontology modules, each targeting a

1 yheel-chair-kos: is the prefix of http://transport.linkeddata.es/kos/wheelchair-accesible/
2 nttps://github.com/0P-TED/eP0
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Table 5 Class descriptions for ontology of Scenario 3.

Class Description

AgentInRole Ties an agent to a part they play in a given situational context.

Buyer Role of an agent that awards a contract and/or purchases items.
FrameworkAgreementTechniqueUsage Technique that establishes the terms governing contracts to be awarded.
Identifier String to distinguish uniquely one instance of an object.

Lot Division of the services to be procured, allowing the award of contracts.
LotAwardOutcome Result concerning the Lot attributed by the awarder.

PrimaryRole A primary role within the procurement process that ties an agent to a part.
Procedure Set of administrative activities conducted to conclude one or more contracts.
ResultNotice Announcement of the award or non-award of a contract by a buyer.
SubmissionStatisticallnformation Statistical information about submissions on a given Lot.

TechniqueUsage Methods used for conducting procurement procedure.

specific aspect of the procurement lifecycle, from contract notices and award procedures to financial
executions and legal frameworks. For our purposes, we extracted a focused subset of classes
from the epo-core module, which alone defines nearly 150 classes and is under active, continuous
development.This ontology supports multiple initiatives, such as the EU Public Procurement
Data Space (PPDS)!?, which aims to harmonize heterogeneous procurement datasets from all EU
Member States into a common semantic layer based on ePO. A key objective of PPDS is to support
the standardized computation and comparison of public procurement transparency indicators, as
published in the Single Market Scoreboard!4. Moreover, each Member State typically operates
its own national procurement platform, with distinct data formats, schemas, and publication
workflows. As a result, manually integrating all these sources with respect to the ePO ontology is
extremely costly, error-prone, and must be tailored to the specific characteristics of each country.

The ontology used in this scenario is shown in Figure 3. It comprises 13 classes that capture
details of public procurement processes, their outcomes, award procedures, and the organizations
involved as contractors. Their definitions are also provided in Table 5. Furthermore, each
procurement process can be divided into multiple lots, each of which may follow a distinct
awarding procedure. From a technical standpoint, this ontology features deep, nested class
hierarchies such as epo:Buyer — epo:PrimaryRole — epo:AgentRole and, despite a reduction
in datatype properties compared to Scenario 2, it defines a large set of object properties to
capture the rich relationships inherent in the public procurement domain. Nevertheless, we observe
repetitive restriction patterns w.r.t. Scenario 2, such as properties reused across multiple classes
and explicit cardinality constraints imposed on certain classes. Regarding controlled vocabularies,
ePO reuses those provided by the Publications Office (the so-called authority tables®), so input
data must be mapped and linked to these external taxonomies. As shown in Figure 3, this scenario
leverages three controlled vocabularies: Procedure Types'®, Country Codes'”, and Buyer Types'®.

Bhttps://single-market-economy.ec.europa.eu/single-market/public-procurement/
digital-procurement/public-procurement-data-space-ppds_en

Mhttps://single-market-scoreboard.ec.europa.eu/business-framework-conditions/
public-procurement

5 https://op.europa.eu/en/web/eu-vocabularies/authority-tables

nttp://publications.europa.eu/resource/authority/procurement-procedure-type

7 http://publications.europa.eu/resource/authority/country

¥ http://publications.europa.eu/resource/authority/buyer-legal-type


https://single-market-economy.ec.europa.eu/single-market/public-procurement/digital-procurement/public-procurement-data-space-ppds_en
https://single-market-economy.ec.europa.eu/single-market/public-procurement/digital-procurement/public-procurement-data-space-ppds_en
https://single-market-scoreboard.ec.europa.eu/business-framework-conditions/public-procurement
https://single-market-scoreboard.ec.europa.eu/business-framework-conditions/public-procurement
https://op.europa.eu/en/web/eu-vocabularies/authority-tables
http://publications.europa.eu/resource/authority/procurement-procedure-type
http://publications.europa.eu/resource/authority/country
http://publications.europa.eu/resource/authority/buyer-legal-type
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Listing 3 Excerpt from CODICE, the Public Procurement Spanish Platform.

<entry>
<id>https://contrataciondelestado.es/.../6854467</id>
<title>Suministro de piezas de recambio [...] EMAYA.</title>
<updated>2021-01-07T10:47:01.782+01:00</updated>
<summary type="text">
Id licitacion: 942P LOTE 2; Organo de Contratacion: Gerencia de EMAYA
</summary>
<cac-place-ext:ContractFolderStatus>
<cac:Party>
<cbc:WebsiteURI>http://www.emaya.es</cbc:WebsiteURI>
<cac:PartyIdentification>
<cbc:ID schemeName="NIF">A07000029</cbc:ID>
</cac:Partyldentification>
<cac:PartyName>
<cbc:Name>Gerencia de EMAYA, Empresa Municipal [...]</cbc:Name>
</cac:PartyName>
<cac:PostalAddress>
<cbc:CityName>Palma</cbc:CityName>
<cbc:PostalZone>07010</cbc:PostalZone>
<cac:AddressLine>
<cbc:Line>
Camino de los Reyes 400, Edificio Central de Son Pacs
</cbc:Line>
</cac:AddressLine>
</cac:PostalAddress>
</cac:Party>
</cac-place-ext:ContractFolderStatus>
<!--...and more nested tags...-—>
</entry>

The input data for this scenario comes from the Spanish public procurement platform CO-
DICE!'®. CODICE supports the entire procurement lifecycle and provides a suite of standard
XSD schemas to ensure interoperability across all public administrations. Listing 3 shows a brief
XML excerpt of these input files, conforming to the official CODICE XSD definitions. The main
challenge in transforming this data into a KG based on the ePO ontology lies in the complex, deeply
nested XML tree: entities corresponding to each ontology class and their properties are scattered
throughout the document. Consequently, the pipeline must parse each branch independently,
leveraging element names and attribute values to instantiate ontology classes correctly. Since
CODICE and ePO were developed independently (they cover the same domain but lack the high
alignment of Scenario 2), a thorough understanding of both models is crucial to establish accurate
mappings. From a technical point of view, this scenario incorporates all the challenges already
presented in Scenario 2 and adds an extra layer of complexity when defining join conditions for
object-property triples. In some cases, these joins must span different levels of the XML tree,
linking elements on separate branches, which requires robust mapping logic to correlate related
entities accurately.

In summary, Scenario 3 tests the full spectrum of challenges: from multi-level XML parsing
and independent schema-ontology alignment to nested joins and controlled-vocabulary linking —
within a real-world public procurement setting. By combining the rich, modular ePO ontology
with CODICE’s complex XML structures and national variations, this scenario pushes automated
KG pipelines to demonstrate both domain expertise and flexible mapping strategies under realistic
conditions.

Y nttps://contrataciondelestado.es/wps/portal/codice
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Table 6 Expected output table from the execution of each experiment.

Column Description

Data Reference Each data reference from the input data source files.
Ontology Property Name of the ontology property related with the column.
Entity Class Class of the subject considered.

Related Entity Class Class of the corresponding object.

Subject Generation Template to generate the subject URI.

Join Equivalence condition in a join.

Datatype Object’s datatype.

Language Annotations Object’s language tag.

Function Name Name of the function needed.

Function Output Transformation applied to data reference using the function.

Table 7 Example of the expected output from Shape and ShapePoint classes from the LinkedGTFS
ontology and the shapes.txt file from GTFS spec. All ontology references starting from : mean that are
using the base ontology IRI, while all subjects should start with ex:shape/. Functions are not shown due
to the lack of space.

Data Ref. Property Class Rel. Class Subject (ex:shape/) Join Con. Datatype
shape_id :id :Shape {shape_id} xsd:string
shape pt_lat :latitude :ShapePoint {S}{lzlg)ilii;f;q} geo:lat
shape_pt_lon :longitude :ShapePoint {shape_id}- eo:lon
pe_pt_ Hong hap {shape_pt_seq} £e0:
shape_pt_se :pointSequence :ShapePoint {shape_id}- xsd:integer
pe_pt_seq  :p q sshap {shape_pt_seq} e
shape_ dist :distanceTraveled :Shape {shape__id} xsd:float
i . ; . . . . shape_id =
shape_ id :shapePoint :Shape :ShapePoint {shape_id} shape._id

3.3 Metrics and Expected Output

Reliable, quantitative metrics are essential for evaluating how well automated systems handle each
of the identified tasks involved in KG construction. Defining a fair metric is complex: semantic
equivalence can be expressed in many ways, and simple string matching misses valid paraphrases
or alternate URIs. It is also known that LLMs struggle with syntax problems when generating
RML or SPARQL-Anything rules [22, 30], so BLINKG does not focus on evaluating whether
systems can produce syntactically valid mapping languages. Instead, for each scenario we ask
the model to produce a structured, tabular output that explicitly lists, for example, the selected
classes, properties, and data references for each column or field. A detailed description of the
expected output is shown in Table 6 and Table 7 shows illustrative example of this expected
output format extracted from the Scenario 2. Thus, for evaluation, we frame each identified task
(Ontology Class Identification, Subject URI Generation, Ontology Property Identification, etc.) as
a binary outcome: the model’s output is either correct or incorrect. By breaking the pipeline into
these subtasks, BLINKG can measure Precision, Recall, and F-score on each task independently.

We quantify performance on each KG-construction task using precision, recall and F-score.
Precision measures the fraction of an approach’s correct outputs, recall is the fraction of expert-
validated items the model recovers, and F-score balances the two as their harmonic mean. Applying
these metrics to each binary task outcome yields a clear, repeatable assessment of model strengths
and weaknesses.
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Since relying on a single execution of a prompt may lead to unstable or biased results, we
propose to run the same prompt multiple times under identical conditions. We then compute a
macro-average of all metrics over these runs, where n denotes the number of evaluations of the
same prompt:

n n

Macro-Precision = l Z Precision;, Macro-Recall = l Z Recall;

s "=
1 n

Macro-F-score = — F-score;

Although these metrics provide good support for quantifying the quality of the results, relying
on a manual evaluation is not scalable, and strict string-equality checks fall short: an automatic
approach might express the same output with a paraphrase, synonym, or alternate URI that could
not match the reference ground truth. Similar to what is done in other domains such as NLP, we
enhance precision, recall, and F-score by inserting a preliminary similarity check between each
output and the ground truth. We compute three complementary measures:

Levenshtein distance for a straightforward string-level similarity score.

Cosine similarity over a language model embeddings (such as SBERT) of the raw output,

capturing semantic closeness beyond exact text matches.

Cosine similarity on ontology-driven verbalizations, where we replace the raw output with the

canonical label or description of the target class/property (retrieved via lookup) and computing

the embeddings on that text.

Because the identified tasks range from simple class identification to complex joins, we compute
all three similarity scores (Levenshtein, raw-embedding cosine and verbalization-embedding cosine)
for each candidate mapping and take the highest value. We then compare that top score against a
predefined threshold: if it exceeds the threshold, the annotation is marked correct; otherwise, it’s
deemed incorrect. In detail, the proposed metric would be:

]-7 max{ Slev, Sraw; Sverbal } Z T,

correct annotation =
07 max{ Slevs Sraws Sverbal } <T

Where sjey is the normalized Levenshtein similarity, s;ay is the cosine similarity with raw-input
embeddings, Syerbal iS the cosine similarity of verbalized-ontology embeddings, and 7 is the chosen
threshold.

3.4 Sustainability and Community

BLINKG is designed as a living, community-driven benchmark rather than a one-off snapshot.
All resources (ontologies, datasets, gold standards, evaluation library, and examples) are released
in an open repository?°, so that scenarios and baselines can evolve over time while preserving
reproducibility of past results. The benchmark is proposed as method-agnostic: although in the
paper we are focused on testing LLM-based approaches, the same scenarios and evaluation pipeline
can be used to assess rule-based systems, hybrid pipelines, or human-in-the-loop workflows. We
provide detailed documentation, example configurations, to lower the barrier for its adoption.
To foster community engagement, we explicitly invite contributions of new scenarios, baselines,
and results through GitHub issues, pull requests, and discussions. We provide dedicated issue
templates and guidelines for submitting additional resources, so that contributors can extend

2Ohttps://github.com/citiususc/blinkg
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BLINKG in a structured and consistent way (e.g., by covering new domains, data formats, levels
of schema distance, or mapping subtasks). We also plan to align future iterations of BLINKG
with the Knowledge Graph Construction Challenge?!, where the benchmark can be used in new
tracks (e.g., automatic KG Construction) and enriched with more demanding configurations,
including scenarios based on synthetic ontologies and input data. This tight integration between
an open benchmark, a public repository, and a recurring community event is intended to ensure
the long-term sustainability, relevance, and extensibility of BLINKG.

4 Evaluation

In this section, we outline the BLINKG evaluation in three steps. First, we introduce the selected
LLMs. Next, we detail our evaluation procedure and methodology. Finally, we present and discuss
the results.

4.1 Selected LLMs

Several promising LLMs have been selected from the state-of-the-art, combining both open-access
and fee-based options, as well as reasoning models. This selection was motivated by the use of
these models in previous works [16, 22, 23], which show medium-to-high performance, aiming for
a balanced representation of both proprietary and open-source LLMs. In all our experiments,
we set the LLM temperature to 0.3, as preliminary runs with different values indicated that
this configuration provided the best trade-off between stability and diversity in the generated
mappings.

DeepSeek-R1. DeepSeek-R1 [13], developed by DeepSeek Al in 2025, is a reasoning foundational
model trained exclusively through large-scale reinforcement learning, eliminating the need for
supervised fine-tuning. This approach allows it to develop strong reasoning and problem-solving
skills by learning directly from interactions, optimizing for adaptability and long-term outcomes.
Its architecture excels at complex tasks such as logical inference and decision-making.

Gemini 2.5 Pro. Gemini 2.5 Pro [48], developed by Google in 2025, is a multimodal foundational
model that excels in language understanding, reasoning, and complex task resolution. It integrates
text, images, audio, and video data for deeper contextual insights, enabling accurate inferences and
efficient problem-solving. Optimized for scalability and adaptability, it leverages self-supervised
learning and domain-specific fine-tuning.

GPT-4 Omni. GPT-4o [33] is an autoregressive foundational model developed by OpenAl in
2024. Tt is a multimodal model, capable of processing and generating text, images, and audio
within a unified architecture. This model excels in complex problem-solving and contextual
understanding. Additionally, it achieves high proficiency in code generation, producing accurate
and efficient code across multiple programming languages.

OpenAl 03. OpenAl 03 [35] is a reasoning foundational model developed by OpenAl in 2025, as
an evolution of OpenAl ol [34], which was trained with large-scale reinforcement learning to reason
using a chain of thought. As a result of this targeted training, GPT-03 demonstrates advanced
reasoning abilities across a wide range of cognitive tasks, including complex problem-solving and
logical inference.

2 http://ulid.org/kg-construct/workshop/#challenge
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Table 8 Statistics for the ontology and input data used in each scenario, together with the expected
number of task instances in the gold standard.

Scenariol Scenario 2 Scenario 3
1A 1B 1C 1D 1E 1F 1G 1H GTFS PPDS

Class 1 1 2 1 2 2 2 1 12 8

SubjectGen 1 1 2 1 2 2 2 1 10 13

Prop. 1 2 3 4 5 7 6 1 42 16

DataRef 1 2 2 4 5 7 6 3 44 7

Task Rel.Entity 1 1 1 1 10 16

Joins 1 1 1 1 9 16
Lang.Tag 1 2

Datatype 2 3 14 3

Functions 10 3

Total 1 2 3 4 5 7 6 3 72 26

OWL Ontology AdHoc | AdHoc | AdHoc | AdHoc | AdHoc | AdHoc | AdHoc | AdHoc | LinkedGTFS Subset of ePO
SKOS 10 3
Input Data 1CSV | 1CSV | 1CSV | 1CSV | 2CSV | 3CSV | 2CSV | 2CSV 13 CSV CODICE XML Entry

LLaMa 3.3 70B Instruct. Llama 3.3 [18] is an instruction-tuned generative model in 70B released
by Meta in 2024. It is an autoregressive language model that uses an optimized transformer
architecture. The tuned versions use supervised fine-tuning and reinforcement learning with
human feedback to align with human preferences for helpfulness and safety. LLaMa 3.3 70B
Instruct is an instruct fine-tuned version of LLaMa 3.3 70B.

Mixtral 8x22B Instruct. Mixtral 8x22B [31] is a foundational model developed by Mistral Al
It is a sparse Mixture-of-Experts (SMoE) model that uses only 39B active parameters out of
141B, offering unparalleled cost efficiency for its size. It delivers good performance in complex
natural language processing tasks, such as text comprehension, content generation, and advanced
reasoning, rivaling larger models while reducing computational costs. Its ability to handle extensive
contexts and adapt to various domains makes it a versatile tool. Mixtral 8x22B Instruct is an
instruct fine-tuned version of Mixtral 8x22B.

4.2 Methodology and Setup

This section describes how BLINKG is used to evaluate the performance of the different LLMs
presented in the previous section. It is important to note that our goal is not to compare different
prompting strategies or output formats. The primary objective of BLINK is to provide a set
of resources and a baseline evaluating general-purpose solutions. The intention is to establish
a starting point for a new line of research focused on developing more effective and specialized

approaches. The proposed procedure is designed to be generalizable across all benchmark scenarios.

We provide an overview of the benchmark size and configuration in Table 8, which reports,
for each scenario, the number of instances per evaluation task, the ontology in use, and the
characteristics of the input data. As we detailed in the benchmark description, Scenario 1 consists
of eight progressively more complex cases, where we use CSV files as input data; we also tested

the same experiments switching to JSON and XML, but we did not find significant variances.

Scenario 2 relies on a complete version of the LinkedGTFS ontology and aggregates a total
of 72 gold-standard mapping instances across the identified tasks. We use 13 GTFS-CSV files
as input, provided as GTFS-1-CSV by GTFS-Madrid-Bench [9]. In order to stay within the
LLMs’ context-window limits, we keep the full schema (i.e., column names) but only a small,
representative sample of 5-10 rows per CSV in this scenario. Scenario 3 is grounded in a CODICE
XML entry (see Listing 3) mapped to a subset of ePO, with 26 task instances; here we use the full
XML fragment, since data references are expressed as XPath expressions.
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The evaluation process begins by constructing a standardized prompt template to ensure
consistency across use cases. Each prompt clearly defines the task the LLM is expected to perform
and includes a request to output the results in a structured table, with one column per predefined
mapping task. This formatting constraint minimizes variability and facilitates direct comparison
across models. The prompt also incorporates the data sources associated with the use case. For
each source, its filename is included along with either its full content or, if input length becomes a
constraint, a representative subset that preserves the original file’s structure and semantics. The
ontology and SKOS taxonomies, defined in OWL and RDF respectively, are appended at the end
of the prompt to ensure all necessary context is available to the model. This setup is designed to
isolate model behavior from prompt formulation artifacts and provide traceable, interpretable
outputs. We also evaluate different prompting strategies (zero-shot, one-shot, and few-shot) in the
most complex setting (Scenario 3), and providing examples for the various tasks involved. The
same prompt is run 3 times.

Prompt template

I have these/this input file(s) [that follow this schema [CODICE/GTFS]] and I want to build
a knowledge graph with all possible mappings between them using this ontology. Could you
make a table with the data references and a links to the corresponding ontology properties?
Link all the properties that you can with the information that you have. Provide also the class
of the entities or both the classes that they relate to, and a way to generate the subject of them.
Use the following header: Data Reference, Ontology Property, Class Entity, ...

{INPUT _FILES}

{ONTOLOGY+SKOS}

To cope with the context-window limitations of the LLMs, we had to split Scenarios 2 and 3 into
smaller sub-scenarios. Concretely, we isolated groups of ontology entities and built sub-scenarios
around them, thereby reducing the number of classes, properties, and input files that needed to
be processed in a single prompt. This allowed us to stay within the available token budget while
preserving the structure of the original tasks. After running the models on each sub-scenario, we
merged the outputs to compute the overall metrics for the full scenario. In practice, Scenario 2
was decomposed into six sub-scenarios, whereas Scenario 3 was split into two.

Before conducting the evaluation of the actual tasks, it is necessary to align each row in the
model output with its corresponding row in the gold standard. To achieve this, we apply a two-step
matching strategy. The primary approach is to use the ontology property column, which typically
contains unique values per row. We compute similarity using the metrics described in Section 3.3
(i.e. Levenshtein distance and embedding-based similarity) to identify the closest match. If this
initial matching fails (due to duplicate values or low similarity) we extend the matching criteria
by incorporating two additional columns: ontology entity class and data reference. These columns
were selected based on an analysis of multiple test cases from Scenario 1, where they consistently
exhibited the highest similarity scores and helped disambiguate otherwise uncertain matches. The
way of matching rows of tables is inspired by the baselines presented in Pugnaloni et al. [40].

For each of the proposed scenarios, we conducted three different evaluation procedures. These
are designed not only to measure the performance of the LLMs on the mapping tasks, but also to
assess the effectiveness of the evaluation metrics introduced earlier:
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Expert evaluation: Multiple experts in knowledge graph construction manually validate
each LLM output to determine whether the identified mappings are correct with respect to
the gold standard.

Raw evaluation: The performance of each LLM is assessed using the proposed metrics
directly on the raw outputs, without any modification or filtering.

Post-processed evaluation: A set of heuristics is applied to clean the raw outputs. These
included typical cleaning steps such as removing extra whitespace, discarding incoherent
fragments, and eliminating incorrect columns from unrelated tasks. The goal is to improve
the structural consistency of the output and provide a more realistic input to the evaluation
metrics.

4.3 Results

For each scenario, we report the results in two stages. First, we present the similarity scores to
analyze in depth how each LLM performs across the different mapping tasks. Then, we include
three separate figures showing the F-score values, one for each evaluation setting (expert-based,
raw, and post-processed). Additionally, each scenario is accompanied by a table in Appendix A,
detailing the precision, recall, and F-score for every task, LLM, and evaluation type.

To select an appropriate similarity threshold for our proposed metric, we test several values
and chose the one that produced results most closely aligned with the expert evaluation. We
measured this alignment using Mean Absolute Error (MAE), which quantifies the average absolute
difference between the automatically computed metric values and those obtained from expert
judgments. In our case, the optimal threshold (minimizing MAE) was found to be 0.8.

Scenario 1

Figure 4 summarizes the average similarity scores across all atomic test cases in Scenario 1,
grouped by task and LLM. We only provide the similarity over the post-processed outputs as
there are no significant differences between them and the raw ones (see Figure 5) The results
show that Entity Class identification consistently yields the highest similarity, with most models
achieving values above 0.95, and several reaching perfect alignment with the gold standard. This

suggests that LLMs are particularly effective at inferring the class of an entity from tabular data.

Ontology Property identification also performs reliably across models, though with slightly more
variability than entity classification. Scores remain high overall, indicating that models are able
to associate columns with ontology properties in a consistent manner. Related Entity Class shows
performance similar to the class detection, though slightly more sensitive to model differences.
Datatype prediction is generally strong for most models (> 0.89), with the exception of 03,
which shows a lower similarity score (0.72), possibly due to inconsistencies in literal typing or
formatting in the outputs. In contrast, Join Condition generation remains the most challenging
task, with similarity scores ranging from 0.37 (Llama) to 0.69 (Gemini 2.5). This reflects the

difficulty LLMs face when inferring logical conditions to connect entities across data sources.

Language Annotation exhibits substantial variance between models. Deepseek R1 and Gemini

achieve relatively high scores (> 0.83), but models like Mixtral and LLama perform below 0.53.

This inconsistency suggests that detecting or generating correct language tags is not yet robustly
handled by current LLMs. Finally, Data Reference matching shows medium-to-high performance
across models. Gemini leads with an average score of 0.88, while GPT4o trails behind at 0.74.
As shown in Figure 5, the obtained F-score in the raw evaluation tends to underestimate model
performance, particularly in tasks that are sensitive to formatting or structural correctness, such
as Join Condition and Language Annotations. In environments as simple as those proposed in
Scenario 1, the differences between raw and post-processed outputs are negligible. This indicates
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Figure 4 Similarity scores across the eight configurations with respect to the gold standard in the
Scenario 1.
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Figure 5 Comparison of the F-score between the three different evaluations in the Scenario 1.
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Figure 6 Comparison of similarity metrics between raw and post-processed configurations with respect

to the gold standard in Scenario 2.

that LLMs are capable of closely adhering to the prompt instructions, producing structured
outputs with minimal syntactic or formatting noise. As a result, postprocessing has little impact,
since most of the relevant information is already correctly and cleanly expressed in the raw outputs.

Scenario 2

Scenario 2 was designed to test LLMs in tasks that go beyond simple entity or property alignment,
requiring them to handle structured data transformations and schema-level logic. As shown in the
similarity results (Figure 6), this scenario exposes greater variability across LLMs and highlights
significant gaps between raw and post-processed outputs. Entity Class and Data Reference remain
the most reliably handled tasks, with post-processed similarity scores exceeding 0.90 in several
models — most notably GPT4o0 (0.91 in Data Reference) and Deepseek (0.95 in Entity Class).
These tasks are typically guided by strong lexical cues in the input and are less affected by

verbosity or syntactic inconsistencies.
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Figure 7 Comparison of the F-score between the three different evaluations in the Scenario 2.

Other concept-matching tasks, such as Ontology Property and Related Entity Class, also achieve
strong performance. For example, Deepseek improves from 0.74 (raw) to 0.80 (post-processed)
in Ontology Property, while Gemini reaches 0.86 in Related Entity Class. This suggests that
LLMs can effectively leverage contextual signals to identify relevant ontology terms, as long as
surface-level alignment exists and the output is properly cleaned.

In contrast, tasks requiring structural reasoning show much weaker results. Join Condition, in
particular, remains challenging for all models: even after post-processing, no model exceeds 0.60.
The difficulty in inferring relational logic between entities mirrors observations from Scenario 1
and illustrates the persistent gap between language generation capabilities and symbolic reasoning.

Function-related tasks perform worst. Most models score below 0.20 in Function Name and
below 0.41 in Function Output, even after cleaning. These tasks require abstraction, domain-
specific function knowledge, and precise formatting — areas where current LLMs often hallucinate,
misinterpret, or produce vague and irrelevant output. Similarly, Subject Generation remains
sensitive to output formatting, but shows moderate improvement with post-processing (e.g.,
GPT4o rises from 0.64 to 0.71), indicating that some errors are more syntactic than semantic.

F-score scores (Figure 7) align with these observations. Manual annotations consistently yield
high results across well-structured tasks, with several models exceeding 0.94 in Entity Class and
Subject Generation. However, raw evaluations often underestimate LLM performance due to
noisy output structures. For instance, in Join Condition, some raw scores drop by over 0.30
compared to the manual gold standard. Post-processing significantly narrows this gap in most
tasks, particularly for Ontology Property and Function Output, where models like GPT40 and
Deepseek improve by 20+ points after cleaning. Nevertheless, difficult tasks like Function Name
and Join Condition still show marked discrepancies, highlighting the limitations of current LLMs
and automatic scoring.
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Overall, Scenario 2 confirms that while LLMs are increasingly capable in aligning entities and
interpreting schema-level concepts when lexical clues are present, they continue to struggle with
structural logic and semantic transformation. Post-processing is essential to extract structured
meaning from raw outputs, but human-in-the-loop evaluation remains critical to ensure correctness
in more abstract or structurally complex mapping tasks.

Scenario 3

Scenario 3 was designed to challenge LLMs with schema-distant inputs, where the structure
and terminology of the source data differ significantly from the target ontology. As shown in
the similarity results (Figure 8), this setting reveals critical limitations in the models’ ability to
generalize and abstract. Across all tasks, we observe a sharp drop in similarity scores compared to
Scenarios 1 and 2, with no task surpassing a mean of 0.53 — even after postprocessing.

Among all tasks, Entity Class remains the best-performing one, with Deepseek achieving 0.53
and GPT4o 0.42. Other concept alignment tasks, such as Related Entity Class and Ontology
Property, yield moderate results (0.35-0.47), but fall significantly short of earlier scenarios. For
example, Gemini reaches 0.47 in Ontology Property, yet fails to generalize in structurally dependent
tasks. This suggests that while some lexical cues may still be leveraged, LLMs struggle to ground
predictions in ontology-aware semantics without alignment.

Performance deteriorates further in structurally complex tasks. Join Condition, Datatype, and
Subject Generation typically remain below 0.40, even for strong models like GPT40. Function-
related tasks (Function Name and Function Output) are especially problematic, with all models
scoring below 0.25. The models often produce verbose, unrelated operations, failing to extract
functional meaning from schema-distant representations.

F-score evaluations (Figure 9) reinforce this picture. Manual annotations yield higher scores,
especially in concept-level tasks, but even the best-performing models rarely exceed 0.55. Raw
evaluations, however, show a marked underestimation of performance due to unstructured outputs,
inconsistencies, and hallucinated content. For instance, Subject Generation frequently scores near
zero in the raw setting, despite partially correct structures. Join Condition and Function Output
also suffer heavily, with most raw scores below 0.10.

Post-processing yields moderate improvements. For example, GPT40’s score in Datatype
increases from 0.14 (raw) to 0.31, and similar trends are observed in Function Name and Subject
Generation. This confirms that while relevant information is often present in LLM outputs,
superficial noise prevents accurate scoring, and lightweight cleaning helps restore structure.
Nonetheless, the gap with manual evaluation remains considerable, especially in tasks requiring
symbolic alignment or reasoning.

In Scenario 3, we also analyse the effect of different prompting strategies for DeepSeek. We
select DeepSeek as it reports the best performance in the most scenarios. Table 12 shows that, while
there are noticeable differences across strategies for tasks such as Data Reference identification,
Ontology Property and Entity Class recognition, or Subject Generation, all configurations obtain
an F-score of 0 for join-related and function-related tasks. These results highlight that, at least
for DeepSeek, changing the prompt (zero-shot, one-shot, or few-shot with examples) helps to a
certain extent on “local” tasks that only require selecting classes, properties, or data references,
but it does not suffice to trigger more complex reasoning steps such as specifying joins or data
transformation functions. This suggests that prompt engineering helps to obtain better results
but alone is not enough to build robust mappings for the more compositional aspects of KG
Construction.
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Figure 8 Comparison of similarity metrics between raw and post-processed configurations with respect
to the gold standard in Scenario 3.
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Figure 9 Comparison of the F-score between the three different evaluations in the Scenario 3.

In summary, Scenario 3 confirms that schema-distant mappings remain largely out of reach for
current general-purpose LLMs. While postprocessing helps mitigate output noise, it does not bridge
the semantic gap. These findings underscore the need for hybrid approaches — combining LLMs
with ontology-aware reasoning components, intermediate representations, or human-in-the-loop
validation — to achieve reliable results in such challenging contexts.

5 Discussion and Lessons Learned

The BLINKG benchmark reveals both the potential and the limitations of current LLMs when
applied to knowledge graph construction through ontology-based mapping generation. Although
LLMs demonstrate encouraging results in controlled scenarios, several critical issues emerge when
tasks become more complex or less directly aligned with the training distribution of the models.
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Table 9 F-score per task for different prompting strategies with DeepSeek in Scenario 3. Join and

function-related tasks are not reported, as all strategies obtain an F-score of 0 on these dimensions.

Method Data Ref. Ont. Prop. Ent. Class Rel. Ent. Subj. Gen. Datatype

0-shot 0.3750 0.3900 0.5009 0.3852 0.0000 0.2308
1-shot 0.875 0.4167 0.3553 0.2361 0.4444 0.3333
few-shot 0.8636 0.3239 0.3900 0.2222 0.7101 0.0000

Below, we summarize the main findings and observations:

LLMs perform well in simple scenarios, especially when the input schema and ontology share
lexical or structural similarities. However, they tend to hallucinate entities or relationships
and produce incorrect outputs as the complexity of the mappings increases, particularly in
schema-distant cases.

Core identification tasks (class, property, related entity) are handled reasonably well, showing
low error rates and good semantic alignment with manual annotations. These tasks benefit
from contextual cues and general language modeling capabilities.

More technically grounded tasks, such as joins, datatype assignment, or language tagging,
remain challenging, with higher error rates and inconsistencies. These tasks often require strict
syntax, explicit constraints, or domain knowledge that LLMs do not reliably internalize.

The openness of the prompt and input representation has a significant impact on the outcome.
Allowing too much flexibility often leads to overly verbose outputs, fabricated mappings, or
unintended generalizations. More constrained and structured prompting will tend to yield
better results.

Controlled vocabulary linking is an area where LLMs show unexpected strength. Despite the
complexity of these tasks for human annotators, due to the need for specialized knowledge,
LLMs are often able to identify the correct concept within a taxonomy when enough context
is provided.

Evaluation metrics are critical for understanding model behavior. General-purpose metrics
are useful but insufficient to capture performance nuances across tasks. We observe that
task-specific evaluation measures are likely needed to fairly assess LLM performance, especially
for cases involving structure, reasoning, or semantic correctness.

A key limitation of current LLM-based benchmarks, including BLINKG, is the potential impact
of memorization and data leakage, since some of the ontologies and datasets we use (i.e., GTFS,
ePO) are available on the Web and may partially overlap with the models’ training corpora.
Although our results already reveal clear weaknesses in the models’ ability to construct semantic
mappings, we acknowledge that a more rigorous disentanglement of genuine reasoning from
memorised artefacts is needed [52]. In future iterations of BLINKG should evolve towards the
systematic use of synthetic ontologies and input data generated through controlled procedures
(i.e. ontology and schema generators), so that the benchmark can better isolate the underlying
capabilities of LLMs in KG construction.

General-purpose LLMs are unlikely to produce valid solutions in highly complex semantic
environments. In these cases, hybrid approaches that combine LLM capabilities with symbolic
reasoning, such as OWL-based inference or constraint validation, are essential. Techniques like
OWL2RML?2? may offer a middle ground between full automation and expert-driven mappings.

2Zhttps://github.com/citiususc/owl2yarrrml
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Mappings should be characterized not only by task type or schema distance, but also by
structural features that may impact their generation, such as star-shaped mappings [25].
Capturing these properties can help isolate factors that affect LLM performance and guide
more fine-grained benchmarking.

LLMs may be valuable for generating initial mapping drafts, but the involvement of a human
expert remains essential. A human-in-the-loop approach is crucial for validating mappings,
correcting hallucinations, and ensuring that the resulting knowledge graphs are semantically
and structurally sound.

Conducting reproducible and in-depth research with proprietary LLMs poses significant
challenges. In our case, some of the models initially used in the evaluation, such as OpenAl’s
ol [34] and Google’s Gemini 2.0 Pro, were removed or restricted on their respective platforms
during the course of the evaluation. This forced us to adapt the benchmark execution and
repeat the entire evaluation process with the latest models, highlighting the fragility of relying
on closed, commercial systems for scientific experimentation.

These observations confirm that, while LLMs represent a promising tool for supporting semantic
mapping tasks, their use must be carefully framed within controlled and assisted workflows.
BLINKG helps identify where LLMs succeed or fail, and also reveals the importance of hybrid
strategies, structured prompting, and task-specific evaluation. As the field advances, we expect
that more refined methodologies (combining statistical models with symbolic reasoning and expert
oversight) will be key to unlocking the full potential of LLMs in knowledge graph construction.

6 Conclusion and Future Work

In this paper, we presented BLINKG, a benchmark specifically designed to evaluate the capabilities
of Large Language Models (LLMs) in generating semantic mappings between heterogeneous data
sources and ontology terms. Unlike previous efforts, which often focus on end-to-end pipelines
or syntactic correctness, BLINKG defines a set of explicit, traceable tasks and provides reusable
resources including gold standards, metrics, and diverse scenarios to enable systematic, comparable
evaluation across a wide range of conditions. Our experimental results demonstrate that current
LLMs are already able to produce promising mappings in well-aligned and controlled scenarios.
However, we observe significant limitations when models are faced with schema-distant data,
implicit semantics, or complex transformations. In these cases, performance drops notably,
particularly in tasks such as conditional joins or function generation. These findings reinforce the
need for structured benchmarks like BLINKG to better understand the strengths and weaknesses
of LLMs in the context of knowledge graph construction.

Despite its contributions, BLINKG also reveals areas for future improvement. Current evalu-
ation procedures still rely partly on manual inspection or simplified metrics, and handling semantic
equivalence beyond syntactic matches remains a challenge. Moreover, the benchmark currently
focuses on a core set of tasks; more advanced mapping requirements such as multi-source fusion,
list generation, or statement reification are intentionally left for future versions. Finally, as new
declarative languages and hybrid Al systems emerge, BLINKG can evolve to include additional
modules that evaluate reasoning, transformation chaining, or explainability.
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A Detailed evaluations of the different scenarios

The Mean Absolute Error of F-score between expert evaluation and Post-processed in the Scenario
1 are Deepseek: 0.106, Gemini: 0.166, GPT4o0: 0.133, 03: 0.169, Llama: 0.123 and Mixtral: 0.236.

Table 10 Evaluation metrics (Precision, Recall, F1-score) for Scenario 1 across all models and evaluation

types.
deepseek gemini gptdo 03 llama mixtral
Manual Raw Post Manual Raw Post Manual Raw Post Manual Raw Post Manual Raw Post Manual Raw Post
Data Reference
P 0.84 0.88 0.88 0.92 1.00  1.00 0.81 0.75 0.75 0.76 1.00 0.88 0.84 0.88 0.63 0.80 0.63  1.00
R 0.82 0.69  0.69 0.87 0.82  0.83 0.80 0.65 0.65 0.94 0.58  0.59 0.82 0.83  0.83 0.82 0.63  0.63
F1 0.83 0.77  0.77 0.89 0.86 0.91 0.80 0.67 0.70 0.84 0.72  0.71 0.83 0.85 0.71 0.81 0.63 0.77
Ontology Property
P 0.94 1.00  1.00 1.00 1.00 1.00 0.94 1.00  1.00 0.82 1.00 1.00 0.90 1.00  1.00 0.81 1.00 1.00
R 0.91 0.97  0.96 0.95 1.00  1.00 0.90 1.00 0.98 1.00 0.62  0.58 0.86 0.88 0.91 0.87 0.82 091
F1 0.92 0.98 0.98 0.97 1.00  1.00 0.92 1.00  0.99 0.90 0.76  0.74 0.88 0.93  0.95 0.84 0.89  0.95
Entity Class
P 0.94 1.00  1.00 1.00 1.00 1.00 0.92 1.00 1.00 0.82 1.00 1.00 0.93 1.00 1.00 0.86 1.00 1.00
R 0.91 0.98 0.98 0.95 1.00 1.00 0.90 0.99 0.99 1.00 0.93  0.92 0.89 0.99 0.99 0.90 1.00 1.00
F1 0.92 0.99  0.99 0.97 1.00  1.00 0.91 0.99  0.99 0.90 0.96  0.96 0.91 1.00  1.00 0.88 1.00  1.00
Related Entity Class
P 0.80 1.00  1.00 1.00 1.00 1.00 0.87 1.00  1.00 1.00 1.00 1.00 0.78 1.00  1.00 0.87 1.00 1.00
R 1.00 0.94 0.94 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.79 1.00 1.00 1.00 0.75 0.92  0.92
F1 0.89 0.96 0.97 1.00 1.00 1.00 0.93 1.00  1.00 1.00 1.00 0.88 0.87 1.00  1.00 0.79 0.95 0.96
Subject Generation
P 0.96 0.75 0.75 1.00 1.00 1.00 0.90 1.00 1.00 0.82 0.75  0.75 0.93 1.00 1.00 0.50 0.50  0.50
R 0.91 0.47  0.47 0.94 0.58  0.58 0.88 0.77  0.77 1.00 0.65 0.68 0.89 0.87 0.87 0.49 0.25 0.25
F1 0.93 0.57  0.58 0.97 0.68 0.73 0.89 0.84 0.87 0.90 0.69 0.72 0.91 0.92  0.93 0.50 0.30  0.34
Join Condition
P 0.40 0.50  0.50 0.92 0.25  0.50 0.32 025 0.25 0.79 0.50  0.75 0.15 0.00  0.00 0.33 0.00  0.00
R 0.58 0.50  0.50 0.92 0.17  0.42 0.67 0.08 0.08 1.00 0.50  0.63 0.33 0.00  0.00 0.33 0.00  0.00
F1 0.47 0.50  0.50 0.92 0.20 0.45 0.43 0.13  0.12 0.84 0.50  0.68 0.21 0.00  0.00 0.32 0.00  0.00
Datatype
P 0.92 1.00  1.00 1.00 1.00  1.00 0.89 1.00  1.00 0.77 1.00  1.00 0.82 1.00 1.00 0.71 1.00  1.00
R 0.83 0.96 0.97 0.92 1.00  1.00 0.83 0.98  1.00 1.00 0.59  0.65 0.83 091  0.92 0.72 091 0.85
F1 0.87 0.98 0.98 0.96 1.00 1.00 0.86 0.99  1.00 0.87 0.71  0.79 0.82 0.95 0.96 0.71 0.94  0.92
Language Annotations

P 1.00 1.00  1.00 1.00 0.50  0.50 0.81 1.00  1.00 0.87 0.50  0.50 0.58 0.50  0.50 0.83 0.00  0.00
R 1.00 0.83 0.83 1.00 0.50  0.50 0.78 1.00  1.00 1.00 0.43  0.43 1.00 0.50  0.50 0.78 0.00  0.00
F1 1.00 0.90 0.91 1.00 0.50  0.50 0.73 1.00  1.00 0.92 0.46  0.46 0.70 0.50  0.50 0.76 0.00  0.00
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The Mean Absolute Error of F-score between expert evaluation and Post-processed in the
Scenario 2 are Deepseek: 0.16, Gemini: 0.22, GPT4o: 0.13, 03: 0.21, Llama: 0.21 and Mixtral:
0.22.

Table 11 Evaluation metrics (Precision, Recall, F1-score) for Scenario 2 across all models and evaluation
types.

deepseek gemini gptdo 03 llama mixtral

Manual Raw Post Manual Raw Post Manual Raw Post Manual Raw Post Manual Raw Post Manual Raw Post

Data Reference
P 0.85 1.00  1.00 0.84 1.00 1.00 0.85 1.00  1.00 0.84 1.00 1.00 0.88 1.00  1.00 0.90 1.00 1.00
R 0.96 0.80 0.91 1.00 0.72  0.95 1.00 0.86 0.95 0.94 0.63  0.79 0.96 0.76  0.96 0.94 0.82  0.94
F1 0.90 0.88 0.95 0.91 0.82 097 0.92 092 097 0.92 0.74  0.86 0.92 0.83 0.98 0.92 0.88  0.96
Ontology Property
P 0.98 1.00  1.00 0.99 1.00  1.00 0.99 1.00  1.00 1.00 1.00  1.00 1.00 1.00  1.00 0.98 1.00  1.00
R 0.94 0.92 0.98 1.00 0.84 0.98 0.99 0.93  0.99 1.00 0.84  1.00 0.93 0.83  1.00 0.90 0.87  0.95
F1 0.96 0.95 0.99 1.00 091 0.99 0.99 0.96  0.99 1.00 0.91  1.00 0.96 0.89  1.00 0.94 0.92  0.98
Entity Class
P 0.93 0.83  1.00 0.95 1.00 1.00 0.99 1.00 1.00 0.95 1.00 1.00 0.78 1.00 1.00 0.82 1.00 1.00
R 0.90 0.57  0.65 0.95 0.82  0.95 0.99 0.86 0.94 0.95 0.73  0.90 0.73 0.66 0.79 0.74 071 0.77
F1 0.91 0.62 0.73 0.95 0.89 0.97 0.99 0.92 0.96 0.95 0.82  0.93 0.75 0.72 0.83 0.78 0.78  0.82
Related Entity Class
P 0.84 0.67 0.83 0.98 0.83  1.00 1.00 0.83  1.00 1.00 0.33  0.50 0.12 0.50 0.67 0.41 0.83  1.00
R 0.73 0.38 0.54 1.00 0.81 097 0.92 0.79  0.98 0.99 0.32  0.50 0.14 0.38  0.59 0.35 0.66  0.82
F1 0.77 0.47  0.63 0.99 0.82  0.98 0.96 0.81  0.99 0.99 0.32  0.50 0.13 0.43  0.62 0.37 0.72  0.88
Subject Generation
P 0.95 1.00  1.00 0.99 0.83 0.83 0.97 1.00  1.00 0.95 0.17  0.83 0.82 0.33  0.33 0.45 0.17  0.17
R 0.53 0.37  0.68 1.00 0.23  0.30 0.93 0.51 0.63 0.95 0.03  0.59 0.76 0.13  0.22 0.34 0.04  0.06
F1 0.68 0.50 0.75 0.99 0.34  0.42 0.95 0.62 0.71 0.95 0.05 0.67 0.79 0.18 0.27 0.39 0.07  0.08
Join Condition
P 0.23 0.50 0.67 0.61 0.67 0.67 0.36 0.83 0.83 0.38 0.83  1.00 0.03 0.00  0.00 0.05 0.33  0.33
R 0.53 0.33  0.50 0.73 0.57  0.59 0.70 0.53  0.56 0.80 0.64 0.79 0.13 0.00  0.00 0.10 0.14 0.14
F1 0.32 0.40  0.55 0.66 0.61 0.62 0.45 0.63 0.65 0.50 0.70  0.85 0.05 0.00  0.00 0.06 0.19  0.19
Datatype
P 0.79 1.00  1.00 0.90 1.00 1.00 0.89 1.00 1.00 0.76 1.00  1.00 0.74 0.83 0.83 0.84 1.00 1.00
R 0.77 0.67 0.70 0.90 0.77  0.82 0.91 0.74  0.79 0.77 0.40  0.52 0.69 0.63 0.64 0.72 0.59  0.70
F1 0.78 0.79 0.81 0.90 0.86 0.89 0.90 0.81 0.86 0.77 0.56  0.68 0.71 0.69 0.72 0.77 0.69  0.80
Function Name
P 1.00 0.00 0.20 0.98 0.00 0.20 0.86 0.00 0.20 0.71 0.00 0.20 1.00 0.00 0.20 0.80 0.00  0.00
R 0.81 0.00 0.20 0.76 0.00 0.20 0.67 0.00 0.20 0.78 0.00 0.20 0.76 0.00 0.20 0.56 0.00  0.00
F1 0.89 0.00 0.20 0.86 0.00 0.20 0.75 0.00 0.20 0.74 0.00 0.20 0.86 0.00 0.20 0.64 0.00  0.00
Function Output
P 0.93 0.67  1.00 0.33 0.83  1.00 0.75 0.33  1.00 0.75 0.33  1.00 0.76 0.33  0.80 0.30 0.17  1.00
R 0.81 0.27  0.79 0.25 0.43  0.80 0.65 0.18  0.63 0.70 0.08  0.58 0.67 0.19  0.68 0.24 0.06  0.35
F1 0.86 0.34 0.86 0.29 0.52  0.86 0.69 021 0.73 0.72 0.13  0.67 0.71 024 0.73 0.26 0.08 0.49
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The Mean Absolute Error of F-score between expert evaluation and Post-processed in the
Scenario 3 are Deepseek: 0.42, Gemini: 0.38, GPT4o0: 0.35, 03: 0.32, LLaMa: 0.35, Mixtral: 0.34

Table 12 Evaluation metrics (Precision, Recall, F1-score) for Scenario 3 across all models and evaluation

types.
deepseek gemini gptdo 03 llama mixtral
Manual Raw Post Manual Raw Post Manual Raw Post Manual Raw Post Manual Raw Post Manual Raw Post
Data Reference
P 0.05 1.00 1.00 0.07 1.00 1.00 0.08 1.00 1.00 0.02 1.00 1.00 0.02 1.00 1.00 0.00 0.50  0.50
R 0.05 024 0.33 0.10 0.64 0.70 0.06 0.84 0.79 0.03 0.24  0.40 0.03 0.31  0.29 0.00 0.17  0.08
F1 0.05 0.39  0.49 0.09 0.78  0.82 0.07 091 0.88 0.02 0.38  0.54 0.02 0.42  0.40 0.00 0.25 0.13
Ontology Property
P 0.42 0.50  1.00 0.39 0.50  1.00 0.34 0.50  1.00 0.53 1.00  1.00 0.21 0.00  0.50 0.15 0.00  0.00
R 0.59 0.15 0.51 0.53 0.06 0.31 0.22 0.04 0.56 0.58 0.17  0.60 0.31 0.00 0.13 0.15 0.00  0.00
F1 0.49 0.23  0.65 0.44 0.11  0.45 0.26 0.07  0.61 0.53 029 0.73 0.25 0.00 0.20 0.15 0.00  0.00
Entity Class
P 0.40 1.00  1.00 0.39 1.00  1.00 0.34 1.00  1.00 0.51 1.00 1.00 0.16 1.00  1.00 0.05 1.00 1.00
R 0.56 0.33  0.32 0.54 0.14 0.25 0.22 0.09 0.16 0.56 0.18  0.30 0.23 0.10 0.11 0.05 0.06  0.06
F1 0.47 0.50 0.49 0.45 0.25 0.38 0.26 0.17  0.27 0.54 0.30 0.45 0.18 0.18  0.20 0.05 0.11  0.11
Related Entity Class
P 0.52 1.00 1.00 0.51 1.00  1.00 0.31 0.50  0.50 0.60 1.00  1.00 0.08 0.50  0.50 0.07 0.00  0.50
R 0.54 024 0.19 0.56 0.16  0.27 0.19 0.11  0.08 0.67 0.19  0.30 0.13 0.05 0.07 0.10 0.00 0.01
F1 0.53 0.39 0.32 0.53 0.27 041 0.23 0.18 0.14 0.63 0.31  0.43 0.09 0.09 0.12 0.08 0.00 0.03
Subject Generation
P 0.00 0.00  0.00 0.07 0.00  0.00 0.05 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00
R 0.00 0.00  0.00 0.08 0.00  0.00 0.03 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00
F1 0.00 0.00  0.00 0.07 0.00  0.00 0.03 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00
Join Condition
P 0.00 0.00  0.00 0.04 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00
R 0.00 0.00  0.00 0.07 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00
F1 0.00 0.00  0.00 0.05 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00
Datatype
P 0.22 1.00 1.00 0.25 1.00  1.00 0.89 0.50  0.50 0.44 1.00  1.00 0.09 1.00  1.00 0.10 0.50  0.50
R 0.48 025 0.27 0.67 0.12  0.18 0.91 0.07  0.07 0.67 0.19  0.38 0.10 0.18  0.20 0.10 0.01  0.06
F1 0.30 0.39 0.42 0.36 021 0.31 0.90 012 0.12 0.52 032  0.54 0.09 0.30 0.34 0.10 0.02 0.11
Function Name
P 0.78 0.00  0.00 0.62 0.00  0.00 0.47 0.00  0.00 0.75 0.00  0.00 0.67 0.50  0.50 0.00 0.00  0.00
R 0.92 0.00  0.00 0.83 0.00  0.00 0.42 0.00  0.00 0.75 0.00  0.00 0.42 0.08 0.25 0.00 0.00  0.00
F1 0.84 0.00  0.00 0.71 0.00  0.00 0.44 0.00  0.00 0.75 0.00  0.00 0.44 0.14  0.33 0.00 0.00  0.00
Function Output
P 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.50 0.00 0.00  0.00 0.00 0.00  0.00
R 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00 0.17 0.00 0.00  0.00 0.00 0.00  0.00
F1 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00 0.25 0.00 0.00  0.00 0.00 0.00  0.00
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