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ABSTRACT

Property Graphs are a versatile and expressive data model that has
gained widespread adoption due to their flexibility in supporting
labeled and attributed nodes and edges. They are well-established in
research communities and are becoming widespread in companies
and organizations across various sectors. They have been boosted
by a fervent ISO/IEC standardization activity, leading to dedicated
query and schema languages. While the current standards are still
evolving, opportunities remain to enrich them with features such
as composability. The plethora of existing query languages reflects
arich and diverse ecosystem, which ongoing unification efforts aim
to align. This tutorial aims to deepen the understanding of Prop-
erty Graph standards by showcasing their strengths, highlighting
recent unification efforts, clarifying the central role of schema con-
straints, and exploring the rich landscape of research and industrial
opportunities shaping the future of graph data management.
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1 INTRODUCTION

Graphs are a flexible and expressive data model for representing
complex network-structured data across diverse application do-
mains, including social networks, biological networks, bioinformat-
ics, cheminformatics, medical data, and knowledge management.
As “unifying abstractions”, graphs leverage interconnectedness to
represent, explore, predict, and explain both real-world and digital
phenomena. We are witnessing unprecedented growth in intercon-
nected data that highlights the vital societal role of graph processing,
as emphasized in the CACM article "The future is big graphs" [18].
The impact of this growth is evident, as big data processing systems
are being applied to many complex graph data management tasks.

Currently, most graph data management systems use the Re-
source Description Framework (RDF) or Property Graph (PG) mod-
els. RDF, the W3C standard for data sharing and interoperability,
is central to the Linked Data and FAIR data initiatives of the Se-
mantic Web community. Property graphs emerged in enterprise
data management as multigraphs whose nodes and edges can have
labels and properties (key-value pairs). The PG model has become
increasingly popular, with PG solutions serving 75% of Fortune
500 companies [12]. Notably, at the foundational level, all models
underlying graph database systems are subsumed by the PG model.

The industrial popularity of the PG model led to its selection
for standardization by ISO (International Organization for Stan-
dardization). While the standard is still evolving, it provides a solid
foundation for future enhancements. In recent years, research in
the field has grown significantly, marking a period of rapid progress
and highlighting several key challenges.

This tutorial aims to provide a comprehensive understanding
of the PG model and its unique features, along with the current
standardization endeavors. It explores the diverse landscape of PG
processing by surveying current capabilities, analyzing schema
constraints, outlining open challenges, and highlighting knowledge
gaps in advancing research and industrial applications.
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Intended audience. This tutorial is designed for a diverse audi-
ence, including researchers, students, IT professionals, practition-
ers, and developers. It will particularly benefit those who work
extensively with graphs and property graphs. Students and re-
searchers will receive a comprehensive introduction to the field and
an overview of current research challenges that could guide their fu-
ture work. Practitioners will gain insight into the latest algorithms,
techniques, and systems that can enhance their understanding of
the domain. System developers working with PGs will learn how
to enhance property graph products through improved querying,
visualization, and comprehension.

Prerequisites. This tutorial requires only a basic familiarity
with graph theory and algorithms. Advanced knowledge of query
evaluation techniques (from standard undergraduate curricula), fa-
miliarity with W3C RDF standards, Linked Open Data, data mining,
or data visualization may help participants grasp certain concepts
more quickly but is not required.

Tutorial Material. The tutorial will use slides with code sam-
ples, datasets, and best practices. All content will be available on
the tutorial web page before August 20 under a CC license. No
additional audiovisual or technical equipment is required.

Related Events. No part of this tutorial has been presented
before. Although there have been several tutorials in related areas in
the past five years at major database conferences, none have focused
specifically on PGs. Our tutorial is the first to offer a unified view
on PG standards, schema evolution, and interoperability across the
graph model spectrum. Previous tutorials have covered graph query
techniques [2, 26, 30, 31], advances in graph data management
systems [27], visual query interfaces [4], indexing [39], knowledge
graph embeddings, analytics, and machine learning [11, 37, 38], the
historical development of knowledge graphs [24], and continuous
querying in the graph landscape [10]. These tutorials complement
rather than overlap with our focus on property graphs.

Tutorial Structure and Duration. This tutorial is 3 hours long
and divided into three parts. Part I (Section 2) is an introduction
to the industrial context around property graphs and their query
languages. Part II (Section 3) provides a detailed exploration of
property graph languages, covering key topics, such as the Data
Manipulation Language, the Data Definition Language, and trans-
formations. Part IIT (Section 4) focuses on in-use aspects concerning
property graphs, e.g., graph schema discovery, data integration,
education, and training, and outlines emerging challenges that go
beyond current standards. In particular, we will highlight open
issues related to compositionality, scalability, interoperability, and
the integration of property graphs with Al-driven techniques, such
as embeddings and large language models. The two 1.5-hour ses-
sions will cover Parts I and II in the first session, and Part III in the
second, allowing a natural progression from establishing founda-
tional knowledge of the PG landscape and languages to advanced
applications and future research directions.

2 INDUSTRIAL CONTEXT

The emergence of standardized property graph query languages
- GQL and SQL/PGQ - marks an important milestone in graph
database development. Although the adoption of these standards is
still ongoing, with varying levels of support across different systems
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Database System l (open)Cypher l SQL/PGQ l GQL
Native Graph Databases

Neo4j v - Planned
TigerGraph - - Planned
NebulaGraph v - v
Kuzu v - -
MillenniumDB v - Planned
Apache HugeGraph v - -
Quine v - Planned
In-Memory Graph Databases
RedisGraph v - -
Memgraph v - B
Graph Extensions for Relational Databases
DuckDB - v -
SAP HANA Graph - -
Oracle PGX - v -
Cloud-first Multi-model Databases
Amazon Neptune v - Planned
Spanner Graph - v v

Table 1: Adoption of Graph Query Languages

and versions, we expect broader implementation throughout the
graph database ecosystem as the standards mature.

Table 1 aims to provide an overview of current support for GQL
and SQL/PGQ, along with notable implementations of an estab-
lished but not standardized (open)Cypher query language.

Since the GQLISO standardization in 2024, several major GDBMS
have already announced plans to implement it. This signals a shift
in the graph database industrial landscape. Neo4j, a key contributor
to the GQL standard, plans to align its offerings to include full GQL
support, leveraging its extensive experience with Cypher to shape
the evolution of GQL. Amazon Neptune, a fully managed service on
AWS with features such as high availability, scalability, and robust
security, has also declared its intention to incorporate GQL, further
validating the importance of the standard in cloud environments.
MillenniumDB, an open-source multi-model graph database known
for advanced query processing features supported by solid theoreti-
cal foundations (e.g., worst-case optimal joins), has also committed
to GQL support. In addition, NebulaGraph, with its focus on high
performance and flexible data modeling, already provides native
GQL support in its Enterprise edition (since v5.0), demonstrating
early traction among distributed graph database systems. Google
Cloud’s Spanner Graph, a globally distributed database with a uni-
fied relational and graph model, further advances the adoption of
GOQL, highlighting its enterprise-scale capabilities and potential for
managing both relational and graph data. Furthermore, established
systems such as SAP HANA Graph, with its comprehensive feature
set, TigerGraph, known for its high-performance graph analytics
and native parallel graph platform, and Memgraph, with its open-
source, in-memory design and focus on real-time analysis, have
committed themselves to support, underscoring a broader industry
trend toward standardization. As GQL matures, its implementation
is anticipated across a wider range of graph systems.



3 PROPERTY GRAPH LANGUAGES

Data Manipulation Language. A Data Manipulation Language
(DML) allows users to retrieve and modify graph data, such as
insert or delete nodes, edges, and properties. In the context of
property graphs, such languages allow users to leverage the rich,
interconnected structure of graph data, which is especially useful
for managing complex networks, such as social networks, product
catalogs, etc. To a large extent, the reason why property graphs exist
is the ability to handle the data as graphs instead of tables (as in
traditional relational databases), going beyond simple joins to allow
more intuitive pattern matching and traversal-based queries (e.g.,
friends-of-friends queries). In this tutorial, we will go over some
of the most popular property graph query languages, including
Cypher, GCORE, and the recently standardized property graph
query languages, GQL and SQL/PGQ. Following a common property
graph as a running example throughout the tutorial, we will see
how each query language can formulate the same user query, as
well as the high-level strengths of each language.

Data Definition Language. A Data Definition Language (DDL)
is fundamental for any data model as it provides the formal frame-
work to define, structure, and enforce data integrity rules. In the
context of property graphs, while the technology has reached matu-
rity with multiple robust DBMSs and ongoing ISO standardization
efforts for GQL, schema support remains limited in both existing
systems and the first GQL Standard version. In this area, two sig-
nificant developments are shaping the future of property graph
schemas and constraints. First, PG-Keys [14] emerged from a col-
laborative community effort in LDBC and introduced flexible key
constraints with different modes (combinations of exclusive, manda-
tory, and singleton restrictions) that can be applied to nodes, edges,
and properties. Based on PG-Keys, PG-Schema [17] was developed
in LDBC as a comprehensive schema formalism that combines flex-
ible type definitions supporting multi-inheritance with expressive
constraints based on the PG-Keys framework. These developments
are expected to influence the second version of the GQL standard,
which is expected to include a rich DDL, making graph database sys-
tems more useful, powerful, and expressive while ensuring proper
data integrity and object identification capabilities.

Transformations. Graph transformations allow to systemati-
cally convert an input graph into another by applying custom rules
or operations. Particularly in graph data management, they are
important for data integration, exchange, evolution, and migration.

Supporting property graph transformations (PGTs) is a key fu-
ture requirement of the GQL standardization effort, as PGTs have
the potential to enable seamless interoperability among heteroge-
neous graph models. Research in this area is still in its infancy,
but graph transformations have recently been used to support
automatic translations between Property Graphs and RDF, while
preserving structural and semantic integrity [20, 35]. The S3PG
system leverages schema definitions, i.e., SHACL for RDF and PG-
Schema for Property Graphs, to establish bidirectional mappings
and schema alignments, addressing the key challenge of repre-
senting RDF triples with the nodes, edges, and key-value property
primitives of the Property Graph model [35].

Graph transformations also play a crucial role in supporting
database evolution within a given graph data model, for example,
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using rules with data values expressed in GPC [9] and in abstract-
ing and adapting graph data to user requirements through view
formulation. In the latter setting, recent work focuses on strategies
for implementing and maintaining property graph views [6, 25].
Moreover, for high-velocity updates, stream processing techniques
were also adopted in the PG setting [32], with recent work also
extending Cypher for window-based continuous queries [15].

Understanding the incorporation of the PG-Schema and PG-Key
constraints for property graph transformations in the above areas
is essential in the domain. The tutorial will pinpoint interesting
future research directions, e.g., in the spirit of graph data exchange
for labeled graphs [3].

4 APPLICATIONS AND OPEN CHALLENGES

Schema Discovery.

Despite the widespread adoption of property graphs (PGs), sup-
port for schema constraints remains limited and fragmented in
both GDBMSs [17] and applications [13], hindering tasks like data
integration, query optimization, and ML feature extraction. Schema
discovery seeks to automatically infer PG structure, a problem pre-
viously explored to improve data quality and querying [22, 23]. Ap-
proaches like [28] use label- or property-based heuristics, though
each has drawbacks. GMMSchema [8] addresses these by using
Gaussian Mixture Models to cluster nodes by both labels and prop-
erties, producing accurate and scalable hierarchical schemas. Its
extension in DiscoPG [7] supports schema visualization and in-
cremental updates. A key challenge remains: developing hybrid
symbolic-statistical methods for robust schema discovery in evolv-
ing PGs.

Data Integration. Data integration for property graphs presents
significant challenges, particularly in achieving seamless interoper-
ability with RDF graphs. This requires either mapping both models
to a common unifying representation, such as the recently intro-
duced OneGraph [16] meta-model, or enabling direct transforma-
tions between the two. A key challenge with direct transformations
is preserving semantics, i.e., ensuring that RDF triples, relationships,
and associated inference rules are accurately mapped to the nodes,
edges, and properties of property graphs and vice versa. Addition-
ally, such transformations must also account for features such as
multi-valued attributes, diverse edge types, hierarchical relation-
ships, and schema constraints. Finally, maintaining graph views
poses an additional challenge, requiring mechanisms to ensure that
derived or materialized views of graph data remain up-to-date with
minimal performance overhead as the underlying graph evolves.

In this context, schema alignment plays a crucial role. RDF lever-
ages well-established standards, such as SHACL for defining con-
straints, whereas property graphs are positioned to adopt emerging
standards like PG-Schema. Ensuring that graph transformations
uphold these standards is essential to maintaining data integrity
and compatibility across different graph data models.

Education and Training. Although graph databases are in-
creasingly used in various domains, including social networks, life
sciences, logistics, and finance, their educational aspects require
more attention. Indeed, the development of graph management
systems (and data management systems, in general) has histori-
cally prioritized performance and functionality. Increasingly, these



efforts must also place more emphasis on improving usability, in
particular from a learning and training perspective. The tutorial will
highlight key educational challenges posed by property graphs [33].
These include understanding the intricacies of graph data modeling,
the role and application of graph schema concepts for tasks such as
data navigation and query formulation, as well as grasping graph
pattern matching mechanisms and custom graph query language
primitives. In addition to addressing these issues, the tutorial will
propose best practices for teaching the fundamentals of PGs, such
that learners are apt to use these in real-world scenarios.

Beyond PG Standards. The publication of the GQL/PGQ stan-
dards was a historical event. However, the research community
is already discussing how to go beyond such standards, which re-
quires addressing critical functionality, performance, and usability
gaps. Standards provide a common foundation yet often fail to
support advanced use cases, such as dynamic schema evolution,
heterogeneous data integration, or real-time analytics.

To date, graph data normalization and standard forms remain
fundamentally under-researched. Normalizing property graphs has
only recently been the center of discussion [36], with current pro-
posals failing to address the full spectrum of issues related to identi-
fying and resolving redundancies in a graph schema. Furthermore,
the question of how to express, encode, and perform inference in
a property graph so as to support the same functionalities as for
RDF-based Knowledge Graphs remains an unresolved challenge.

Future research and industry efforts must focus on complement-
ing these standards with robust frameworks capable of supporting
(multi-)graph compositionality, scalability, and interoperability.

Compositionality. The key takeaway of a very recent study [21]
is that current graph query languages lack full compositionality, as
they primarily operate as graph-to-relation transformations.

Scalability. As query languages become more expressive and
standardization efforts have been established with the emergence
of GQL and SQL/PGQ, a significant challenge in property graph
querying continues to be scalability. GSQL was designed to allow
massively parallel execution of property graph queries. Yet, the
data deluge and the ever-increasing need to analyze data from vari-
ous sources are hard to compete with today’s technology, making
graph query answering relatively slow. A potential solution to the
scalability challenges is integrating quantum computing [19].

Interoperability. Moreover, such standards should allow seamless
integration with broader data ecosystems, including knowledge
graphs and relational systems. Worth mentioning is the develop-
ment of streaming graph processing languages and techniques that
have emerged as a critical area of focus. As we mentioned, there are
extensions of property graph languages with specialized constructs
for streaming [15, 32], but interoperability with standardized lan-
guages such as GQL or SQL / PGQ remains limited. A promising
research direction is developing hybrid processing paradigms that
integrate streaming and static graph capabilities. It is also essential
to establish standardized methods for expressing temporal graph
queries and explore approaches for incremental, continuous query
answering in high-throughput environments [10].

AL Embeddings & LLMs. The convergence of PG and GenAl
technologies has the potential to drive innovation in data analysis,
knowledge discovery, and decision-making across a wide range
of domains. In particular, large language models [1, 29, 34] and
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knowledge graph embeddings [5], which are now integral to mod-
ern Al pipelines, can enhance tasks such as semantic search over
knowledge graphs, knowledge graph completion, and reasoning.
However, as emphasized in recent work [5], embeddings still face
significant challenges in incorporating structural constraints. Ex-
ploring how these techniques can leverage schema formalisms, such
as PG-Schema and PG-Constraints, offers a promising direction to
improve their accuracy and interpretability.

5 SHORT BIOGRAPHIES OF THE PRESENTERS

Haridimos Kondylakis is an Associate Professor of Big Data
Engineering in the Department of Computer Science, University of
Crete, and an Affiliated Researcher at FORTH-ICS. He has delivered
multiple high-profile tutorials (e.g., EDBT, ISWC) on related topics.

Stefania Dumbrava is an Associate Professor at ENSIIE and
Télécom SudParis, France. She is interested in reliable graph data
management and recently lectured at the VLDB Summer School.

Matteo Lissandrini is an Associate Professor at the University
of Verona, specializing in data exploration, knowledge graphs, and
intelligent data management. He has also presented tutorials on ex-
ploratory search at ESWC’20, SIGIR’19, SIGMOD’19, and VLDB’17.

Nikolay Yakovets is an Assistant Professor in the Department
of Computer Science and Mathematics at Eindhoven University
of Technology. He has experience delivering tutorials and invited
lectures both within the data management community and beyond.

Angela Bonifati is a Distinguished Professor at Lyon 1 Uni-
versity, a Senior Member at the French University Institute, and
an Adjunct Professor at the University of Waterloo. Her current
research interests are in graph databases, knowledge graphs, and
data integration along with data science and Al

Vasilis Efthymiou is an Assistant Professor at the Haroko-
pio University of Athens (HUA). He has been co-organizing the
SemTab challenges at ISWC and the Tabular Data Analysis (TaDA)
workshop at VLDB.

George Fletcher is a Professor at Eindhoven University of Tech-
nology, where he chairs the Database Research Group and the Data
& AI Cluster. He is studying human and social aspects of data
systems, query languages, and schema languages.

Dimitris Plexousakis is a Professor of Computer Science at the
University of Crete and the Director of the Institute of Computer
Science, FORTH, and Head of the Information Systems Laboratory.
He has delivered tutorials at international conferences and summer
schools.

Riccardo Tommasini is an Associate Professor at INSA Lyon.
His research interests cover continuous queries, streaming graph
processing, and programming languages. He has presented many
tutorials on the above topics, e.g., SIGMOD’24, ISWC’24, RW’19.

Georgia Troullinou is a postdoctoral researcher at CNRS in
the Laboratoire d’ Informatique de Grenoble (LIG). She is focusing
on knowledge representation and management, with a particu-
lar interest in summarizing semantic knowledge graphs, big data
partitioning, and semantic schema discovery.

Elisjana Ymeralli is a PhD candidate in the Computer Science
Department at the University of Crete. She contributed to several
European and National projects and is interested in knowledge
representation, big data partitioning, and the Semantic Web.
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