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ABSTRACT
Graph-based data management solutions are gaining widespread
adoption, with many leading graph database vendors, such as Neo4j
and Tigergraph, relying on the property graph data model to model,
store, and query complex, interconnected data. A key strength
of graph data models is that they can facilitate reasoning over
different collections of data by providing a flexible and intuitive
representation of entities and their relationships, enabling seamless
traversal, pattern discovery, and contextual inference. Recently, ISO
introduced the GQL/SQL-PGQ standard to formalize this model.
However, when it comes to managing heterogeneous and conflict-
ing data sources, this model falls short in several aspects. This
PhD research investigates whether a data model and retrieval para-
digm can be developed to support effective management and infer-
ence over heterogeneous collections of property graphs. A major
source of heterogeneity in property graph collections arises from
data-metadata misalignment, where metadata (e.g. labels, property
keys) and data (e.g. property values) may shift roles across different
graphs. This inconsistency challenges integration and inference. To
address this, I aim to (1) explore how current property graph data
model and query language handle such heterogeneity, (2) investi-
gate extendeding current data models so that it can support flexible
representation of heterogeneous structures and metadata, (3) and
finally see how retrieval paradigms can be designed to support ef-
fective inferences over heterogeneous property graphs. Toward this
end, we introduced Meta-Property Graph, a backward-compatible
extension of the property graph model that enables flexibility in the
treatment of data and metadata in property graphs and MetaGPML,
as an extension of the Graph Pattern Matching Language (GPML),
which underpins the ISOGQL standard, to enable querying these en-
hanced graphs. This foundational model and the pattern-matching
language set the stage for more effective data management and
more expressive inferences over heterogeneous graph collections.
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1 INTRODUCTION
Motivation. Modern data engineering applications demand flex-

ibility and agility more than ever before. For example, during ex-
ploratory analytics, one typically starts in a schema-less situation,
where structure is discovered over time. Heterogeneity in what is
a data value versus what is an attribute name is inherent during
discovery, profiling, and exploration. As another example, during
the integration of data sources, such as when building a knowledge
graph, data and schema heterogeneity are the default. One source’s
data (e.g. attribute values) may correspond to another source’s node
labels, and in yet another data source, these correspond to node
property names, which are considered as metadata; further, a com-
bination of nodes and relationships, i.e. subgraph in one source
corresponds to a node in a different data source. Modern data man-
agement solutions must fully embrace and support heterogeneity
and diversity in modeling distinctions between data and metadata.

In data modelling, metadata is commonly understood in two
distinct ways. The first and most common form is attribute data,
which refers to the characteristics or details associated with a piece
of information, such as a relational database table’s attributes (i.e.,
column names) or the table’s name itself. For instance, when stor-
ing a person’s contact information, attributes such as name, email
address, phone number, and address are essential metadata. In the
property graph data model, this type of metadata corresponds to
property keys or labels of a node or relationship. On the other hand,
another common form of metadata is reification. This concept in-
volves aggregating complex relationships or sets into a new entity
or object, making it easier to manage and analyze. In the context
of entity-relationship modeling, reification is often used to trans-
form relationship sets into entity sets, allowing for more effective
data modeling and manipulation. For example, in an online shop-
ping platform, reifying the relationship between customers and
orders could result in a new entity representing the order history
or customer preferences.1

The ISO standard Property Graph (PGs) model has gained pop-
ularity in graph data management and is widely adopted, e.g., in
graph DB systems such as Neo4j, Tigergraph, and Amazon Nep-
tune, as well as relational DB systems such as DuckDB which im-
plement the ISO extensions to SQL for PG querying. In a property
graph nodes and edges are labeled and also have associated sets
of property name/value pairs (e.g., a node labeled Person with
property Birthdate having data value 11-11-2001; here Person
and Birthdate are attribute metadata). While PGs offer a model

1Other more complex types of metadata, such as reflective or active data [5, 14], are
beyond the scope of our current discussion.
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closely aligned with conceptual domain representations, the model
makes (1) a strict distinction between metadata and data, and (2)
has no support for reification.

The vision. We present a vision for overcoming barriers to flexi-
ble management of data–metadata heterogeneity in property graph
data management applications. A key challenge in this space is the
misalignment between data and metadata—where elements such
as labels, property keys, and values may shift roles across different
graphs. This misalignment is a significant source of heterogeneity
in property graph collections, complicating integration, querying,
and inference. Existing property graph models, including those
formalized in the ISO GQL standard, enforce a strict separation
between data and metadata and lack mechanisms for treating meta-
data as queryable, first-class entities. To address this, the research
investigates whether a data model and retrieval paradigm can be
developed to support effective management and inference over het-
erogeneous collections of property graphs. This vision is structured
around three core research questions:

RQ1: To what extent do existing property graph models han-
dle heterogeneity and misalignment in data and metadata when
integrating collections of property graphs, and where do they fall
short?

RQ2: What extensions to the property graph data model are
necessary to support flexible representation of heterogeneous graph
structures and metadata?

RQ3: How can retrieval paradigms be designed to support effec-
tive inferences over heterogeneous collections of property graphs?

As a first step toward this, we introduced Meta-Property Graphs
(MPG) [13], a fully backward-compatible extension of the PG model
that addresses limitations in representing and querying metadata.
Our approach enables first-class treatment of labels and proper-
ties as queryable objects, as well as reification of subgraphs. On
this foundation, we further propose MetaGPML, a fully backward-
compatible extension of the Graph Pattern Matching Language
(GPML), the core language at the heart of the ISO standard GQL
for PG querying. The next steps in this research will then focus
on evaluating the expressiveness and practical utility of MPG and
MetaGPML in real-world scenarios, such as knowledge graph inte-
gration andmetadata-driven querying. Additionally, wewill explore
the design of retrieval paradigms that can leverage the enriched
structure of MetaPG to support flexible inference across heteroge-
neous graph collections. These efforts aim to bridge the gap between
theoretical foundations and practical deployment in modern graph
data ecosystems.

2 RELATEDWORK
There is a long-standing debate regarding the treatment of data
and metadata in data management and modeling. In the research
literature, dealing with the challenges of data-metadata hetero-
geneity was studied in the context of relational data integration
and data integration on the web, leading to solutions for relational
and XML data-metadata mapping and exchange (e.g., [4, 7, 11]).
When it comes to graph data management, metadata can be in-
terpreted into different types and classes. The most common and
probably the first-type of metadata is particularly properties and

labels in graph data models. At one extreme, we have data mod-
els such as RDF and RDF-star2, along with tuple normal forms,
that treat this type of metadata like any other form of data. This
methodology proves advantageous in scenarios where uniformity
and consistency in data representation are paramount. Conversely,
graph normal forms and Labeled Property Graphs (LPG) [3] adopt
a different perspective, treating properties and labels as metadata
alongside the actual data. This approach helps to create a repre-
sentation that more closely mirrors the real-world structure of the
data. It also enhances the flexibility of the data model, especially in
identifying different instances of relationships. Unprincipled solu-
tions, such as manipulating database catalogs, offer ad-hoc ways to
achieve similar flexibility but often lack the theoretical foundation
and consistency of more formal approaches.

Addressing the second type of meta-properties, namely reifica-
tion, which is not inherently accommodated within the property
graph data model, presents several alternative approaches. One
option is to map the data to an alternative data model inherently
equipped to support reification, such as through a direct or cus-
tomized mapping of the property graph to RDF or a relational data
model. However, this approach introduces complexity, and there
is always the risk of losing some metadata during the mapping
process. Another solution involves elevating the model to a more
generalized framework, such as [2, 10, 12], which presents another
way of managing this type of metadata. Nonetheless, the most
seemingly effective approach involves addressing the reification
issue directly within the property graph data model, focusing on
resolving the reification challenge internally.

3 EXTENDING PROPERTY GRAPH
As the first step of my PhD, I introduced the foundation of Meta-
Property Graph, in collaboration with my supervisors [13], with
the goal of breaking down the barrier between data and metadata
in the property graph model while maintaining full backward com-
patibility with the GQL standard. Meta-Property Graph enables
first-class treatment of label sets and properties and introduces the
ability to reify graph sub-structure (combination of nodes, edges,
properties, and label sets), supporting more expressive and complex
data analytics.

3.1 Meta-Property Graph data model
The formal formulation of the Meta-Property Graph (MPG) data
model is as follows. This formulation follows the foundational
principles of the property graph data model. For I, L, K, and V

as pairwise disjoint sets of object identifiers, labels, property keys,
and property values, respectively we have:

Definition 1. A meta-property graph is a directed and undirected
vertex- and edge-labeled graph 𝐺 = (𝑁, 𝐸, 𝑃, 𝐿, 𝜆, 𝜇, 𝜎,𝜐, 𝜂, 𝜌), where:

• 𝑁, 𝐸, 𝑃, 𝐿 ⊆ I are finite, pairwise disjoint sets,

• 𝜇 : 𝐿 → 2L assigns a finite set of labels to each label set
identifier,

• 𝜆 : 𝑁 ∪ 𝐸 → 𝐿 is a bijective labeling function assigning a
label set identifier to each node and edge,

2https://www.w3.org/groups/wg/rdf-star
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Figure 1: Property Graph vs Meta-Property Graph data modeling in an example

• 𝜐 : 𝑃 → K × V assigns key-value pairs to properties,

• 𝜎 : 𝑁 ∪𝐸 → C assigns compatible property sets to nodes and
edges, such that for each pair of distinct objects 𝑜1, 𝑜2 ∈ 𝑁 ∪𝐸,
it holds that 𝜎 (𝑜1) ∩ 𝜎 (𝑜2) = ∅ and

⋃
𝑜∈𝑁∪𝐸 𝜎 (𝑜) = 𝑃 , i.e.,

every and each property 𝑝 ∈ 𝑃 is assigned to exactly one node
or edge.

• 𝜂 = (𝜂𝑠 , 𝜂𝑡 , 𝜂𝑢 ) where:
– 𝜂𝑠 , 𝜂𝑡 : 𝐸𝑑 → 𝑁 assign source and target nodes to

directed edges,

– 𝜂𝑢 : 𝐸𝑢 → {{𝑢, 𝑣} | 𝑢, 𝑣 ∈ 𝑁 } assigns node pairs to
undirected edges,

• 𝜌 : 𝑁 → 2𝑁∪𝐸∪𝑃∪𝐿 assigns finite sets of objects to nodes,
such that for each 𝑛 ∈ 𝑁 , it holds that 𝑛 ∉ 𝜌∗ (𝑛), where
𝜌∗ (𝑛) is the closure of 𝜌 (𝑛),3 ensuring that the sub-structure
associated with each node is well-founded.

where 𝐸 = 𝐸𝑑 ∪ 𝐸𝑢 , and the set of compatible property sets C =

{𝐶 ⊆ 𝑃 | ∀𝑝1, 𝑝2 ∈ 𝐶, 𝑝1 ≠ 𝑝2 ⇒ 𝐾𝑒𝑦 (𝑝1) ≠ 𝐾𝑒𝑦 (𝑝2)}, 𝐾𝑒𝑦 (𝑝) =
𝜋1 (𝜐 (𝑝)), 𝑉𝑎𝑙 (𝑝) = 𝜋2 (𝜐 (𝑝)).

For better understanding of the data model, figure 1 illustrates
a sample MPG database of publications, indexing databases, and
persons. Unlike standard PGs, our model treats four types of data
objects as first-class citizens: edges (𝐸𝐺 ), nodes (𝑁𝐺 ), properties
(𝑃𝐺 ), and label sets (𝐿𝐺 ). This is enabled by assigning identifiers
not only to the nodes and edges but also to properties and label
sets.

3.2 MetaGPML in practice
To facilitated the use of the new capabilities Meta-Property Graph, a
proposal is provided to extend the property graph pattern matching
language (GPML) [6, 8, 9] that we call MetaGPML. MetaGPML
ensure backward compatibility in the sense that every GPML query
is a MetaGPML query. Table 1 introduces some of the basic pattern
notations of the MetaGPML for nodes and edges in MPG.

3Formally, 𝜌0 (𝑛) = 𝜌 (𝑛) , 𝜌𝑖 (𝑛) = 𝜌𝑖−1 (𝑛) ∪⋃
𝑛′ ∈𝑁∩𝜌𝑖−1 (𝑛) 𝜌 (𝑛′ ) , and 𝜌∗ (𝑛) =⋃∞

𝑖=0 𝜌
𝑖 (𝑛) .

Table 1: Data objects pattern notation

Nodes

(x:l) node variable (nv) x with label l
(x:l).z nv x with label l and property variable z
(x::𝜋) nv xwith a pattern 𝜋 in its reified sub-structure

Edges

-[x:l]-> edge variable x with label l
-[x:?y]-> edge variable x with label set variable y
-[x].z-> edge variable x with property variable z

The following two queries are presented to show case how query-
ing a meta-property graph using MetaGPML works in practice.
𝑄1 aims to match a publication’s research fields, which is being
stored as metadata or property key in this graph structure of the
meta-property graph graph in Figure 1, with potential reviewers’
expertise through their ResearchField property.

𝑄1: Finding reviewers based on research fields

MATCH (x:Person), (y:Publication).z

WHERE x.ResearchField = KEY(z)

RETURN x.Name AS "Reviewer candidate",

y.Name AS "Publication venue",

KEY(z) AS "Research field"

Result table of 𝑄1

Reviewer candidate Publication venue Research field
Lee Nature Studies Biology
Lee Biology advancement Biology
Rose Nature Studies Ecology

In Figure 1, the meta-property graph represents the statement
“Rose assigned Lee as a reviewer on 5th November 2024” by reify-
ing the review relationship into a node. Query 𝑄2 retrieves the
assigning editor’s name through this reified sub-structure.
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𝑄2: Who assigned Lee as a reviewer and when?

MATCH (x:Person) -[:assigns]->

(y::(z:Person) -[:reviews]->())

WHERE z.Name = "Lee"

RETURN z.Name AS "reviewer name",

y.Date AS "Date",

x.Name AS "Assigning editor"

Note that in the MATCH clause we have a graph pattern embedded
in a node pattern, to denote a query to be executed on the sub-
structure reified by the node which is bound to variable y.

Result table of 𝑄2

Reviewer name Date Assigning editor
Lee 05-11-2024 Rose

4 FUTURE RESEARCH VISION
In this PhD research the focus is on underscoring the critical need
to dissolve the rigid boundary between data and metadata in prop-
erty graph management. As an initial step toward this vision, we
introduced a fully specified data model and query language for
meta-property graphs, enabling seamless modeling and integration
of data andmetadata. While this work establishes a solid foundation
for more flexible and expressive property graph management in
contemporary applications, several key research directions remain
to be explored in order to fully realize this vision.

(1) Physical implementation and technical challenges. A
key challenge is implementing theMPG datamodel efficiently. Since
label sets and properties are treated as data objects with identifiers,
they may need dedicated storage and indexing strategies. Alterna-
tively, approaches like concatenated IDs could maintain existing
storage structures but may impact query evaluation. Research is
needed on physical representations and indexing strategies that
optimize MPG performance.

(2) Meta-Property Graphs in practice. It’s important to further
investigate howMeta-Property Graph can enhance knowledge engi-
neering and management in practice. Understanding how metadata
awareness and sub-structure reification can contribute to improving
tasks such as auditing and human-in-the-loop validation of knowl-
edge graphs or data cleaning, wrangling, integration, and exchange
is crucial. Furthermore, studies should be conducted on how the
capabilities that MPG introduce, such as subgraph annotation and
querying different forms of metadata, can enhance knowledge rea-
soning and facilitate advanced analysis within knowledge graphs.
Additionally, developing effective educational approaches and train-
ing resources for students and professionals working with MPGs
and MetaGPML requires further study.

(3) Improvements and integration. Meta-Property Graph
and MetaGPML can be enhanced through: (1) extending
MetaGPML with additional functions to leverage better metadata
awareness and also including other currently existing abilities such

as paths and repetition which we did not include in this proposed vi-
sion of MetaGPML for the sake of simplicity, (2) developing schema
and constraint languages for MPG building on PG-SCHEMA [1],
and (3) incorporating other forms of metadata such as reflection to
expand the metadata awareness in MPG.
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