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Abstract. The prevalence and the rapid growth of interconnected data have
sparked the rise of graph models and systems focusing on the management of
large graphs now available both in research and industry. The property graph
model allows the representation of information through multigraphs where nodes
and edges can have labels and properties (i.e., key-value pairs). The model is
becoming very popular and widespread, however related data management tech-
nology still faces many challenges, limiting the wide adoption of the model. In
this vision paper, we present directions for future work in the domain focusing
on the availability of a single declarative graph language, data integration, and
scalable data processing. In our view, these areas represent key challenges for
advancing research and practical solutions in the domain.
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1 Introduction

Graphs serve as a versatile and dynamic data model, adept at representing intricate net-
work-structured data across various application domains. These domains include social
networks, biological networks, bioinformatics, cheminformatics, medical data, and
knowledge management. Graphs, by their inherent nature, act as ‘unifying abstrac-
tions,” harnessing interconnectedness to depict, explore, predict, and elucidate phenom-
ena in both the real and digital worlds.

In our current landscape, we are witnessing an unprecedented surge in intercon-
nected data, emphasizing the critical role of graph processing in our society. A recent
article in CACM [1] highlights that “the future is big graphs”. Instead of one single,
compelling (“killer”) application, we see big graph processing systems underpinning
many emerging, but already complex and diverse data management ecosystems in
many areas of societal interest [2]. The impact of this growth is evident, with sophisti-
cated graph data management tasks already benefiting from big data processing sys-
tems.
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To address the increasing prevalence of graphs, academia, start-ups, and major tech
companies like Google, Facebook, and Microsoft have introduced diverse systems for
managing and processing large-scale graphs. However, the current landscape remains
fragmented, lacking a clear direction for the community. According to the same CACM
paper, the Resource Description Framework (RDF) and Property Graph (PG) stand out
as the most prominent data models for graph data management. RDF, a W3C recom-
mendation, facilitates data sharing and interoperability scenarios, playing a central role
in initiatives like Linked Data and FAIR data within the Semantic Web community. On
the other hand, PG, on which we focus here, emerged in the context of enterprise data
management. To merge these gaps RDF* [3] has been proposed, extending RDF with
a convenient way to make statements about other statements, and practical approaches
are pushed (e.g., neosemantics by RDF4J), however yet they have not been highly
adopted and extensively supported by commercial vendors.

Property graphs are multigraphs where nodes and edges can have labels and proper-
ties (i.e., key-value pairs). The model is becoming very popular and widespread: PG
solutions now serve 75% of Fortune 500 companies [5] and Gartner predicted that by
2025, graph technologies will be used in 80% of data and analytics innovations [6].
Note that, at the foundational level, all the models underlying graph database systems
are subsumed by the PG model. The popularity of PG in the industrial community is
justified by the fact that its development was picked by the main international standards
body, namely 1SO (International Organisation for Standardisation). However, diverse
languages and systems for PG processing and analysis populate a fragmented market,
thus causing a lack of clear direction for the research and industrial communities.

As such, a holistic view of data management technologies for property graphs is
currently missing. In the following, we present our vision focusing on three distinct
areas, i.e., a) the availability of a declarative graph language; b) the integration of dis-
parate graph data, and finally c) how to enable PG data processing at scale, highlighting
our vision for future work in the domain.

2 Roadmap to the future

2.1  Establishing a declarative query language for PGs

There are already well accepted languages for RDF graphs, such as the SPARQL lan-
guage [7], whereas graph databases that adopt property graphs, e.g., Amazon Neptune,
Neo4j, Oracle, SAP, TigerGraph, enable graph access via non-declarative APIs, such
as Gremlin or, in the style of traditional relational databases, declarative languages,
such as Cypher [8], PGQL [9], and GSQL [10]. An upcoming graph query language
standard from 1SO, called GQL [11], aims to unify these declarative languages, in a
way SQL did for relational databases. For example, GQL is expected to be composable
like Cypher, to fully support regular path queries like PGQL, and to eventually offer an
expressivity as close as possible to Gremlin and GSQL, which are Turing-complete.
The first version of the GQL Standard is scheduled to appear in early 2024, but it will
have a number of important omissions. The two most notable omissions are support for
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sophisticated graph schemas and a complete lack of support for graph-to-graph trans-
formations. Indeed, GQL currently allows writing only graph-to-relational queries,
which are adequate for many scenarios, though not all. For example, in data analytics
tasks that require extensive data exploration, a user expects to see graphs as query an-
swers [12]. To cater to these needs, existing PG solutions provide various ad-hoc tools
(basic visualization, library functions for limited graph projection, etc.). However, a
proper graph query language must treat graphs as first-class citizens, and support,
among others query compositionality — i.e., the result of a query should be a graph itself
allowing further queries on it. In fact, treating graphs as first-class citizens is a stated
goal of GQL design [13]. However, compositionality has been dropped from the first
version of GQL for a simple reason: there is no underlying research telling us how to
add such facilities to the language.

Moving beyond the state of the art. Graphs constantly need to be transformed, to
be updated with new information, and to be moved between applications. Our state of
understanding of such transformations is very preliminary (as is indicated, for example,
by multiple issues existing in the updating facilities of the leading graph query language
Cypher). Crucially, we completely lack the framework for checking the correctness of
such transformations, such as adherence to the typing information or being compatible
with the requirements of an application that uses the output of a graph query.

The lack of research underpinnings for a proper graph-to-graph language is currently
limiting the development of essential features like views, subqueries, and updates in
graph query languages. Indeed, the first specification of the GQL industrial standard,
which will appear in the first half of 2024, will still be a graphs-to-relations language
borrowing its engine - pattern matching - from its purely relational counterpart
SQL/PGQ. As such, a concentrated effort is required in order to understand and ulti-
mately unlock the aforementioned features. In particular, more research is required on
sophisticated types of graph modifications that we currently do not know how to per-
form safely and how to incorporate schemas into querying, which is yet another aspect
of relational databases that is well understood and commonly used that requires much
new foundational research for graphs. Future research could benefit from experience in
formalizing languages for graphs (e.g., ICS-FORTH RDFSuite [14] and RQL [15]).

2.2 Data Integration

Data Integration is a well-established research area with tangible results for relational
databases. However, the PG data model significantly differs from the relational one
especially due to the fact that graph instances can be defined without a priori schema.
While entity alignment has been studied for knowledge graphs in other data models
(e.g., RDF) by leveraging ontologies and RDF types, schema-based PG integration is
largely unexplored, due to the lack of definitions of schemas and constraints for this
data model. In this direction, methods for schema discovery [16], which are necessary
for establishing mappings [17] and transformation rules between multiple PGs, are cur-
rently underway. Property graph schemas [18] are being defined as part of the LDBC
standardization activities and these definitions are expected to be adopted by graph da-
tabase vendors. Schema inference methods can be used to extract standard schemas
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from PGs and use them to specify mappings across different PGs. Similarly, an appro-
priate mapping language for data exchange and transformation [19] is still not present
and should be defined on top of standard graph query languages. The correctness and
the validity of the generated mappings are critical for processing tasks and, thus, there
is a need for methods to ensure that the available mappings represent the intended trans-
formations appropriately. Finally, the integration of PG with other graph data models
(e.g., from/to RDF) is relevant, with appropriate characterization of cases where loss of
information might occur.

Moving beyond the state of the art. Graphs provide a very flexible data model that
makes it appropriate for integrating data from multiple disparate sources. Inspired by
the work done for relational databases, future research in the domain should tackle sev-
eral foundational issues for integrating PGs, starting by adapting to PGs the well-known
three-layered architecture of relational data integration systems, i.e., sources to be inte-
grated, the target providing an integrated view over the sources, and the mappings es-
tablishing the relationship between the sources and the target. In this direction, future
research should carry both a thorough investigation of the complexity of basic founda-
tional services of graph data integration; it should investigate the definition of a map-
ping language based on existing standards, capitalizing experience accumulated over
the years for mapping languages (i.e., X3ML [20]), establishing the formal underpin-
nings of graph data integration and exchange. Future work should consider both
schema-based and schema-less mappings: for the former, methods should be explored
for discovering the schema of PGs that will be used for establishing mappings and
transformations. For the latter different techniques will have to be devised. Finally,
mappings between other data models (i.e. RDF) should be explored, both for the
sources and the target, with appropriate characterization of cases where loss of infor-
mation might occur.

2.3 Scalable Data Processing

Graph data management and processing systems have been adopted by many compa-
nies and organizations, but the gap in their adoption for business intelligence use cases
and analytical tasks is still substantial. Indeed, practitioners are missing guidelines and
best practices that can help them identify non-trivial applications of graph analytics
tools and approaches beyond one-shot operations. Moreover, we have only recently
witnessed the creation of data management tools that are able to map, within them-
selves, data imported from multiple sources and models. Thus, their performance, ca-
pabilities, and limitations when trying to address hybrid transactional and analytical
workflows are still largely unexplored [21, 22]. Further, as schema on top of graph
data sources is not available, methods for schema-based data partitioning and query
optimization are still missing.

Moving beyond the state of the art. State-of-the-art research is already focusing
on schema discovery [16, 23] schema-based data partitioning using big data infrastruc-
tures [24, 25] and analytical tasks through materialized views [26] for knowledge
graphs. Such approaches can fuel the development of similar solutions for PGs. Future
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research in the domain should focus on partitioning for big graph data, exploring sum-
mary-based partitioning and hierarchical schemas for improving query answering effi-
ciency. Further, summaries will be exploited as materialized views for further speeding
up query answering, whereas there is room for focusing not only on exact but also on
approximate answers.

3 Conclusions

The property graph data model has emerged as a versatile and powerful paradigm
for data management and its penetration in the industry is constantly increasing. How-
ever, in order to enable effective and efficient management of the data, a set of problems
should be first tackled starting from establishing a powerful declarative query language,
defining and discovering schemas for property graphs, and enabling data integration.
Further techniques for data processing at scale, such as data partitioning, should also
be devised in order to facilitate efficient querying. Already, the first steps in all these
domains exist, however, a holistic solution in the domain is still missing.
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