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Abstract

Property graphs have become a fundamental data model for rep-
resenting complex, interconnected data across diverse domains.
Their flexibility, achieved by annotating nodes and edges with prop-
erties, enables rich and expressive data modeling. However, this
flexibility often comes at the cost of data consistency and quality,
as many property graph systems lack robust schema mechanisms.
To address this gap, we present PG-Schema-PC (PG-Schema for
Property Constraints), a principled extension of the PG-Schema
language tailored to express constraints over property sets. PG-
Schema-PC introduces constructs for defining structural, cardinal-
ity, and range constraints, allowing schema designers to specify
alternative property groupings, control property multiplicity, and
validate value-level conditions. We formalize the abstract grammar
and semantics of PG-Schema-PC and demonstrate its capabilities
through practical examples inspired by real-world use cases.
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1 Introduction

Property graphs have emerged as a fundamental data model for
representing complex, interconnected data across a wide range of
domains, including social networks [19], biomedical [19], chemical
[29], biological [20], construction engineering [17], financial [5],
and mathematical [33]. Their intuitive structure, representing en-
tities as nodes, relationships as edges, and additional metadata as
properties on both, enables rich and flexible data modeling. How-
ever, this same flexibility presents challenges for ensuring data
quality, consistency, and semantic correctness. Without rigorous
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schema mechanisms, property graph data can become incomplete,
inconsistent, or invalid with respect to application-specific business
rules.

To address these issues, schema languages for property graphs
aim to specify constraints over properties, thereby enabling val-
idation, improving data interoperability, and promoting system
maintainability. Existing schema formalisms, such as PG-Schema
[3], XML Schema [30], JSON Schema [34], and shape languages for
RDF (e.g., SHACL [16] and ShEx [28]), provide foundational capabil-
ities for defining types and simple constraints. However, they often
lack sufficient expressive power to capture the nuanced require-
ments of real-world applications, especially at the property level.
These requirements include support for alternative property group-
ings, fine-grained cardinality constraints, and value-level validation
using facets such as patterns, numeric ranges, or enumerations.

Consider, for example, the task of modeling personal identity
information, where an entity may provide either a single name or
a pair of givenName and familyName properties—both representa-
tions should be accepted, but one complete representation must be
present. Similarly, applications may need to enforce constraints that
govern how sets of properties co-occur, or impose conditions such
as mandatory fields, bounded repetitions, or allowable formats for
literal values. While some schema languages (e.g., JSON Schema)
offer expressive constructs like anyOf and all0f, their adaptation
to the property graph paradigm remains limited or ad hoc.

In this paper, we introduce PG-Schema-PC (PG-Schema with
Property Constraints), a principled extension of the PG-Schema
language designed to meet these challenges. PG-Schema-PC incor-
porates expressive structural, cardinality, and range constraints
over property sets, enabling precise schema specifications for di-
verse application contexts. Our approach draws inspiration from
existing standards while adapting them to the specific semantics
and data structures of property graphs. The key contributions of
this work are as follows:

o We identify and formalize design requirements motivated by
real-world use cases that necessitate expressive constraints
over property graphs.

e We introduce structural constraints for grouping properties
via disjunctive and conjunctive patterns, allowing alternative
and composite representations.

e We extend cardinality controls to support bounded occur-
rences for individual properties and groups, including op-
tionality and repetition.

e We define facet-based constraints for validating literal val-
ues, supporting patterns, numeric comparisons, length con-
straints, and enumerations.

e We provide a formal abstract grammar and semantics for
PG-Schema-PC, and discuss practical validation strategies.
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We also present the PG-Schema-PC concrete grammar [32]
as well as a prototype implementation written in Rust [18].

e We position PG-Schema-PC within the broader schema lan-
guage ecosystem, demonstrating how it fills critical gaps left
by existing approaches.

Through PG-Schema-PC, we aim to bridge the gap between
the expressive needs of real-world property graph applications
and the formal constraint mechanisms available in current schema
languages, offering a robust and extensible foundation for graph
data validation and modeling.

The remainder of this paper is structured as follows. Section 2 in-
troduces motivating use cases and derives the corresponding design
requirements. Section 3 provides formal preliminaries, including
the underlying property graph model and the PG-Schema base-
line. In Section 4, we present the abstract grammar and illustrative
examples of the proposed constraint mechanisms. Section 5 de-
fines the formal interpretation of property constraint declarations
over property graphs using a cardinality-aware record type system,
while Section 6 discusses validation strategies. Section 7 offers a
comparative analysis of PG-Schema-PC against related formalisms.
Finally, Section 8 summarizes our contributions and outlines future
research directions.

2 Design Requirements

This section outlines core design requirements for schema model-
ing, emphasizing flexibility, precision, and constraint expressive-
ness. Specific use cases (Subsection 2.1) and detailed requirements
(Subsection 2.2) illustrate these needs clearly.

2.1 Use Cases

The following use cases highlight typical scenarios encountered
when designing schemas for graph-based data structures. They
reflect varying demands in terms of structural flexibility, value
precision, and constraint complexity in the context of properties.

UC1 In many real-world scenarios, schema designers need to
allow different ways to describe the same kind of entity. For
example, one user might provide a single name field (e.g.,
“Madonna”), while another might prefer to use a combina-
tion of givenName and familyName (e.g., “John” + “Smith”).
To support such variation, the schema must allow alternative
property groupings, but also enforce that at least one com-
plete and valid grouping is present. This promotes flexibility
without compromising data completeness or consistency.
Related Requirements: R1, R2, R3

UC2 Many graph-based applications require that a node in-
cludes a fixed set of core properties. For example, a product
entity may need to include a product identifier, at least one
descriptive label, and a category code. Each of these proper-
ties is essential, and validation must ensure they all appear
together and follow type and cardinality rules. This use case
emphasizes the importance of representing conjunctive con-
straints, ensuring that multiple required attributes co-occur.
Related Requirements: R1, R2, R3, R5

UC3 A schema must support specifying how many times a
property can occur. For example, the name of a person might
be required exactly once, birthDate might be optional but
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limited to a single value, and aliases might allow multiple
optional entries. These constraints are critical for precise
modeling and ensuring data integrity. Validation systems
must be able to enforce these rules to prevent under- or
over-specification. Related Requirements: R2, R3

UC4 Some applications need to support highly flexible prop-
erty values. For instance, in a social media graph, the follows
property might point to a user, an organization, a topic, or
even an external URL. The schema must allow this by per-
mitting values of any type, including different node cate-
gories or literal values. This kind of generality is essential
in semi-structured data models and systems that integrate
heterogeneous sources. Related Requirements: R3

UC5 Real-world domains often require enforcing additional
conditions on literal values. For example, students enrolled
in adult education must be over 18, or email addresses must
match a standard pattern. These are value-level constraints,
also known as facets, which go beyond mere type declara-
tions. Validation mechanisms must support numeric compar-
ison, pattern matching (e.g., regex), and length constraints
to enforce these rules directly in the schema. Related Re-
quirements: R3, R4

UC6 Some cases involve not just alternatives, but repeating
groups of alternatives with bounds. For instance, a multi-
lingual user profile might contain up to two naming vari-
ants, where each variant is either a single name or a pair of
givenName and familyName. The schema must express both
the alternative forms and the cardinality over the group as a
whole. This supports flexible but well-controlled modeling
in multilingual, multi-regional, or versioned data. Related
Requirements: R1, R2, R3

2.2 Requirements

This subsection explicitly defines the requirements derived from
the presented use cases. Each requirement addresses specific capa-
bilities essential for robust schema definition and validation.

R1 The schema language must allow the definition of com-
plex structural patterns for nodes. This includes support
for specifying multiple alternative configurations as well as
configurations that require all properties to co-occur. Such
capabilities are necessary to accurately represent flexible
and compound data models.

R2 The schema language must support precise control over
the number of occurrences of a property on an element. It
must be possible to declare whether a property is required,
optional, repeatable, or constrained to occur within specified
bounds.

R3 The schema language must support the specification of the
expected type of each property value. This includes basic
datatypes such as strings and integers, union types, refer-
ences to other nodes, and untyped or generic values when
flexibility is needed.

R4 The schema language must allow for the specification of
constraints on literal values. These include numeric com-
parisons, pattern-based validation using regular expressions,
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and constraints on the length of string values, in order to
enforce business rules and improve data quality.

R5 The schema language must support constraints that restrict
the set of valid values for a property. This includes explicit
enumerations of acceptable literals.

3 Preliminaries

This section introduces foundational concepts required to under-
stand later formalizations. It begins by defining records, the struc-
tures used for node and edge contents and their semantics, formally
defines property graphs (Subsection 3.1), and briefly presents PG-
Schema (Subsection 3.2), the schema formalism later extended with
property constraints.

Given a set of values V, SET(V) represents the set of all subsets
of V. Given a set of property names or keys K, a record o is a finite-
domain partial function 0: K -+ SET(V) that maps keys k € K to
sets of values v € SET(V). We will denote (k; : vs1,...,kp : Usp)
the record with domain {kj, . . . k, } that assigns the sets of values vs;
to k;. For simplicity, when the value is a singleton set {v}, we denote
it as v. We will write () for the empty record and R for the set of all
records. Given two records o1, 02 € R we define their combination
01®02 as arecord whose domain dom (01 ®02) = dom(o1)Udom(o2)
such that (01 ® 02) (k) = 01(k) Noz(k) for k € dom(o1) N dom(oz),
(01®02) (k) = 01(k) for k € dom(o1) \ dom(o2), and (01 ®02)(k) =
02 (k) for k € dom(oz)\dom(o;). For sets O1, 02 C R we let 0100,
be the set of all records of the form o1 & o02.

3.1 Property Graphs

We formally define a property graph by specifying its structural
components (nodes, edges, properties) with labeling and value
assignment functions, assuming countable sets of labels £, keys K,
and primitive values V.

DEFINITION 3.1. A property graph is a tuple G = (N, E, p, A, )
where:

(1) N is a finite set of identifiers for nodes;

(2) E is a finite set of identifiers for edges such that N N E = 0;

(3) p: E > (N X N) is a total function that associates each
edge with a pair of nodes (s,t) where s is the source and t is
the target;

(4) A: (N U E) -» SET(L) is a partial function that associates
each node/edge with a set of labels;

(5) #: (N U E) — R is a function mapping nodes and edges to
records.

Following that definition, the property graph shown in Figure 1
could be the tuple (N, E, P, p, A, r) where:

E={es e},
p(ez) = (nz,n3)
A(ny) = {Person, Student},
Aler) = {knows},

N = {n1,ng,n3},
ple1) = (n1,n2),
A(ny) = {Person},
A(ns3) = {Course},
Aeg) = {enrolled},
n(n1) = (name : alice, age : 23), m(nyz) = (name : bob),
n(n3) = (name : Algebra), n(e1) = (since : 2020),
(ep) = (start : 2024, end : 2025),
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Person
name: alice Person, Student Course
age: 23 name: Bob name: Algebra
knows enrolled
since: 2020 start: 2024
end: 2025

Figure 1: Property Graph example

3.2 PG-Schema

PG-ScHEMA [3] provides mechanisms for specifying node and edge
types, which are combined into graph types, allowing precise and
flexible schema definitions.

PG-ScHEMAS consist of two parts: PG-Types and PG-KEys. PG-
TyPEs specifies node and edge types describing the allowed com-
binations of labels and contents; as well as the types of sources
and targets for edges. PG-KEys [2] describes constraints on the
typed data, specifying integrity constraints such as keys and more
advanced constraints.

ExaMmpLE 3.1. The following example defines a simple PG-SCHEMA
for an educational graph.

CREATE GRAPH TYPE Course {
(personType: Person {
name: STRING, OPTIONAL age: INT 3})
(studentType: Person & Student {
name STRING, age INT })
(courseType: Course) { name STRING })
(:personType OPEN)
-[:knows { since DATE} 1->
(:personType OPEN)
(:studentType)
-[:enrolled { start DATE, OPTIONAL end DATE } 1->
(:courseType)

A PG-ScHEMA is defined as a set of nodes and edge type declara-
tions, where each type declaration contains a specification for the
possible labels and another one for the content. For label specifica-
tions, we adopt an OPEN modifier that controls openness of label
matching: (:personType OPEN) on both sides of an edge : knows
means that the incident nodes must conform to personType yet
may carry additional labels (e.g., Person & Student), because OPEN
relaxes matching over label sets; without OPEN, only exactly the
label sets generated by personType are admissible (no supersets).
In [3], the content declaration is defined by basic types, while in
this paper, we extend it to more complex types with constraints
and value sets.

More formally, a PG-ScHEMA is a tuple S = (NG, Eg, ng, es) where

e Ns and Eg are disjoint finite sets of node and edge type
names;

e ng : Ng — F maps node type names to a label-property
specification F;

e ¢5 : Eg = F X F X F maps edge type names to three label-
property specifications leq, les, les where le; specifies the
source of the edge, lep the edge, and le3 the target.
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Label-property specifications F are expression built from labels
¢ and node type names o using operators ?, &, and |, followed by
an optional keyword OPEN and an optional content description r.

The semantics of PG-ScHEMA is defined in terms of formal base
types unraveling the label-property specifications which are as-
sumed to be non-recursive.

DEFINITION 3.2 (FORMAL BASE TYPE). A pair (L,R), whereL C L
and R C R is a formal base type.

A formal base type represents the type associated to nodes and
edges. It is a set of labels and a set of possible records. We write 7~
for the set of all formal base types.

EXAMPLE 3.2. For the expression:
userType: Person {
name STRING, OPTIONAL age Int
3
The formal base type userType will be the pair (L, R) where L =
{Person} and R = {{name : String}, {name : String, age : Int}}

DEFINITION 3.3 (FORMAL GRAPH TYPE). A tupleS = (N, Es, Vs, 1js)
where

e Ng and Eg are disjoint finite sets of node and edge type names;

e vs : Ns — 27 maps node type names to sets of formal base
types;

e ns: Eg — maps edge type names to sets of triples
of formal base types: one for the source node, one for the edge
itself, and one for the target node is a formal graph type.

2‘T><‘T><7'

For brevity, the elements of Ng and Eg are called node and edge
types, rather than node and edge type names.

DEFINITION 3.4 (CONFORMANCE). Let G = (Ng, Eg, A, pG, 7G)
be a property graph and S = (Ns, Es, vs, n1s) be a formal graph type.
A nodev € Ng conforms to a node type v € N if it conforms to a
formal base type in vs(t).

An edge e € Eg conforms to an edge type o € Eg if for the
pair (v1,v2) = pG(e) there is a triple (t1,t,t2) € ns(o) such that vy
conforms to t1, e conforms to t, and vz conforms t.

A property graph G conforms to a formal graph type S if every
element in G conforms to at least one type in S.

Assume that vg is already defined over all node type names o
used in F (the base case is when 7 is defined as a base node type).
The expression F defines the family (F) C 7 of formal base types
allowed for type 7. Intuitively speaking, F describes how the allowed
formal base types can be generated, starting from the simplest ones.

The semantics is defined recursively for all subexpressions of F:

() = {z} (o) = vs(o),
(F1?) = (F) U {zp} (F1 | F2) = (F1) U (F2).

(F1 & F;) = {(Li ULy, Ry ® Ry) | (Li, R;) € (F;) fori = 1,2},

(F1 oPEN) = {(L,R) | 3L’ € L such that (L’,R) € (F1)},
(Fir)={(L.R& () | (L.B) € (F)}.

In [3], the record content is defined mainly as a basic subset

of values while in this paper we introduce a richer content model
which will be presented in the following sections. For brevity, we
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omit the semantic definition of edge types which follows the same
approach and is presented in that paper.

4 Property Constraints

This section presents property constraints as an extension to PG-
Schema, introducing an abstract grammar for PG-Schema-PC and
covering structural, cardinality, and range constraints.

4.1 Structural Constraints

Structural constraints at the level of properties are features relevant
to schema design. While many schema languages focus on applying
such constructs to nodes or types, their application to properties
increases flexibility by allowing multiple alternative representations
of data within a single definition. For example, a schema may permit
a property to take either an integer or a float as its value, or require
a property to satisfy multiple typing conditions simultaneously.

OneOf: At least one of the listed alternatives must be satisfied. In
practice, the OneOf pattern enables mutually exclusive alternatives
within a single property block, permitting the instance author to
choose the most appropriate representation from a controlled set.
Conceptually, it corresponds to a logical disjunction over the de-
clared alternatives, which must be satisfied by at least one (and
potentially exactly one, depending on additional cardinality set-
tings). Alternatives are separated by |, and round brackets group
property blocks.

ExAMPLE 4.1 (USER-TYPE IDENTIFICATION ALTERNATIVES). This
example demonstrates a schema in which a node of type userType
must satisfy at least one of two alternative property groupings (by us-
ing round braces): either the single property name, or the combination
of givenName and familyName.

CREATE NODE TYPE userType :
( name STRING ) |
( givenName STRING, familyName STRING )
}

User {

EachOf: All listed constraints must be satisfied simultaneously.
The EachOf pattern requires all specified properties (or constraints)
to be fulfilled together. The following example shows a definition of
anode type productType, where multiple constraints apply at once.
Conjuncts are separated by ,, and round brackets group property
blocks.

EXAMPLE 4.2 (PRODUCT-TYPE MANDATORY PROPERTIES). This ex-
ample defines a node type productType that must include all three
listed properties simultaneously: productId (string), label (string),
and category (string or integer).

CREATE NODE TYPE productType :
( productId STRING ) ,
( label STRING ) ,
( category STRING | INT )

Product {

This schema specifies that the property productId is required,
and must be a string; the property label is required and must be
a string; the property category is required and may be either a
string or an integer, enabling flexible textual or numeric catego-
rization. The EachOf construct mandates simultaneous fulfillment
of all properties, while OneOf allows selection among alternatives,
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optionally constrained by cardinality. These constraints enhance
schema expressiveness, particularly suited for heterogeneous data
environments.

4.2 Cardinality Constraints

Cardinality constraints, in contrast, define how many times a prop-
erty type may participate in a given element. These constraints
capture lower and upper bounds for relationship participation, en-
abling specification of concepts such as optional properties, and
fixed-size collections. Cardinality is crucial for expressing participa-
tion constraints and enforcing structural consistency within graph
data.

Defining cardinalities for specific properties. The following exam-
ple demonstrates how to declare different cardinalities for prop-
erties associated with a node type personType. This allows for
precise specification of which properties are mandatory, optional,
or repeatable.

EXAMPLE 4.3 (PERSON-TYPE PROPERTY CARDINALITIES). This ex-
ample shows a node type personType with three properties whose
occurrences are constrained respectively to exactly one, zero-or-more,
and optional instances.

CREATE NODE TYPE personType :
name STRING,
aliases LIST STRING {0,x},
OPTIONAL birthDate DATE

Person {

The semantics of each declaration are as follows. The property
name is mandatory and must occur exactly once; the absence of
an explicit multiplicity on the property implies a default of 1. .1,
indicating a required singleton. The property aliases is a single
property whose value is a list of strings; the annotation {@, *} spec-
ifies the list cardinality (element multiplicity), meaning the list may
contain zero or more elements. The property birthDate is optional,
i.e., the property may be omitted. Note that for properties marked
OPTIONAL, the default multiplicity is @. .1 (optional singleton), not
1..1.

This expressiveness allows schema designers to balance between
flexibility and structure, ensuring that data adheres to intended
usage patterns while supporting real-world variability.

4.3 Range Constraints

Range constraints refer to restrictions placed on the admissible
values of properties in a schema. These restrictions are typically
expressed using data type facets such as minimum or maximum
length, numeric bounds, regular expressions, or enumerated val-
ues. In XML Schema [30], these are specified through constructs
like minInclusive, maxLength, pattern, or enumeration, allow-
ing for precise control over property values. In RDF-based lan-
guages such as SHACL [16] and ShEx [28], similar constraint mech-
anisms are provided through dedicated vocabulary constructs. JSON
Schema [34], likewise, supports value constraints on numeric types,
strings, and structured data.

ANY datatype: allowing arbitrary values. The following example
defines a node type userType in which the follows property is
permitted to refer to a value of any data type:
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ExamPLE 4.4 (UNTYPED follows PROPERTY). Thisexample demon-
strates a node type userType whose follows property can accept a
value of any datatype, providing maximum flexibility at the cost of
static validation.

CREATE NODE TYPE userType :
name STRING,
follows ANY

User {

Here, the use of ANY signals that the follows property is un-
typed or polymorphic. This is analogous to the dot . wildcard in
ShEx, which matches any value irrespective of its datatype. While
this provides maximal flexibility, it disables most forms of static
validation and should be used with caution in controlled data envi-
ronments. Importantly, ANY is an explicit, intentional declaration
of permissiveness that is semantically distinct from omitting a
datatype under a closed-world assumption (CWA). In PG-Schema-
PC, the absence of a datatype (or of a property specification) does
not license arbitrary values; rather, it indicates that such values are
not part of the declared content and may be rejected unless admit-
ted by other mechanisms (e.g., separate declarations or openness
policies). By contrast, declaring ANY commits the schema to accept
values of any datatype for the property, including heterogeneous
mixtures, while other orthogonal constraints (e.g., cardinality or
structural constraints) may still apply.

Facets: applying constraints to restrict value range or format. The
next example imposes a numeric constraint on an integer property
using a CHECK condition, which refers to the restriction mechanism
known from SQL [13]:

EXAMPLE 4.5 (AGE CONSTRAINT WITH CHECK FACET). This exam-
ple defines a node type adultStudentType whose age property must
be an integer strictly greater than 18, enforced via a CHECK facet.

CREATE NODE TYPE adultStudentType {
age INT CHECK age > 18
}

This schema fragment defines a node type adultStudentType
where the property age must be an integer strictly greater than 18.
The CHECK constraint enforces a lower bound and guarantees that
only adults (according to a given jurisdiction) are accepted.

A different form of facet constraint is shown below, using a
regular expression to validate the format of email addresses:

EXAMPLE 4.6 (EMAIL FORMAT VALIDATION WITH REGEX FACET).
This example defines a node type emailUserType whose email prop-
erty must match a basic e-mail address pattern expressed as a regular
expression.

CREATE NODE TYPE emailUserType {
email STRING CHECK REGEX "*[\w.-J+@[\w.-J+\.\w+$'
3

This definition of emailUserType introduces a constraint on
the email property such that its value must match a specific regu-
lar expression pattern. The expression approximates a basic email
address format, requiring a sequence of alphanumeric characters
(possibly including dots or hyphens), followed by an @ symbol, a
domain name, and a top-level domain. While this pattern is simpli-
fied and does not fully capture the complexity of email addresses,
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it demonstrates the application of pattern-based validation to con-
strain string values.

ExAMPLE 4.7 (USERNAME LENGTH CONSTRAINT WITH CHECK FACET).

This example defines a node type loginUser whose username prop-
erty must have a length between 3 and 32 characters, enforced via a
CHECK facet.

CREATE NODE TYPE loginUser {
username STRING CHECK length(username) BETWEEN 3 AND 32
3

This schema fragment ensures that username values are nei-
ther too short nor excessively long. The use of BETWEEN makes
the bounds inclusive (i.e., lengths of 3 and 32 are both valid). The
constraint is complementary to pattern-based checks (e.g., REGEX)
and can be combined with them when more precise control over
permitted strings is required.

In the above examples, facets are applied to restrict the domain
of admissible values for a property, thereby enabling strong guaran-
tees about the integrity, correctness, and semantics of graph data.
These mechanisms are especially important in systems that aim to
interoperate across heterogeneous datasets or enforce regulatory
compliance.

5 PG-Schema-PC formal definition

In this section, we formally define the syntax and semantics of PG-
Schema-PC, a PG-Schema extension supporting complex property
constraints, with an abstract grammar for optional, conjunctive, and
disjunctive declarations, and semantics based on cardinality-aware
record types.

5.1 Abstract grammar

In this section we present an abstract grammar for PG-Schema-PC
which formally captures the syntax required to define complex
property constraints. The concrete grammar of the PG-Schema
language extension is presented in [32]!. The abstract grammar
is specified in terms of property-value specifiers pus which are
defined as a property-value definition pv followed by an optional
OPEN declaration.

pus == {pv} [OPEN] property-value specifier
pv == [OPTIONAL] p ts optional property p with ts
| po1, po2 Each of pv; and po,
| po1 | po2 One of pv; and poy
| € Empty content
ts == t[card] type t with cardinality card
t = b &ty conjunction of ¢; and t
| ti]t disjunction of ¢; and t,
| A [cond] Datatype A satisfying cond
card == {n,max} neN
max = n | =

Type specifiers are defined as single types followed by an op-
tional cardinality specification. Single types can be primitive data
types STRING, INT, DATE, etc. which are represented by A followed
by an optional condition cond or union/intersection of those types.
The cardinality card specifies the number of allowed elements of
the value set. If it is absent, it is assumed that the value set is a

!There are also available the railroad diagrams on https://domel.github.io/pg-schema-
pc/rr-diagrams.html
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singleton. cond is a boolean expression like > 18. In ¢, & binds more
strongly than |; round brackets allowed to enforce order.

5.2 PG-Schema-PC Semantics

The semantics of PG-Schema-PC follows the semantics of PG-
ScueEMA defined in [3] and extends the definition of the content
using record types over sets of values.

DEFINITION 5.1 (RECORD TYPE). A record type is a record 7 :
K -+ SET(V) where the values are basic types defined as subsets
A € SET (V) of the set of primitive values V.

We assume a set of builtin primitive subsets of V which can be
defined by name like Int, String, Date, etc. and some built-in con-
straints which are expressed as boolean combination of numerical
comparisons, regular expressions, etc. We will use the notation Aj;,
to describe subsets A’ € SET (V) such that the number of elements
|A’| is between m and n and Vx € A’, x € A. In case n = *, the
upper bound is unlimited. By default, A will be assumed as A% in
the record type definitions.

ExaMPLE 5.1. The record typet = (name : String, age : Integer A >
18, aliases : Stringy) denotes records with a property name that can
have a singleton value of type String, a property age with an integer
value greater that 18 and one or more aliases of type String.

DEFINITION 5.2 (RECORD TYPE CONFORMANCE). A record o con-
forms with record type t, denoted as o £ 7 if dom(o) C dom(z) and
for all k; € dom(o), all the values v € o(k;) conform to t(k;), ie.
v € (ki)

The property-value specifications defined in section 5.1 will be
compiled to formal base types according to the following rules:

(po1 | po2) = (po1) U (po2)
(p ts) = (p: (ts))
(e =0

The semantics of type-specifications ¢s is defined as:

(po1, pu2) = (pv1) ® (pv2)
(OPTIONAL p ts) = (p : (ts)) U ()

(t card) = ()7, where card = {m,n} (t)= |[t]]%
[t&e] = [a] N ] [tale2]l =[] 0 [22]

[A] =A [A cond] = {v € Alcond(v) = true}

The content r of a node or edge conforms to a property-value
specification pus (r £ pos) if there is a type record 7 € (pus) such
that r k 7. Additionally, if OPEN is absent in pus, we also require
that dom(r) = dom(7).

6 Validation of PG-Schema-PC

The crucial task related to PG-Schema-PC is validation; that is,
determining whether a given property graph satisfies a given con-
straint. Additionally, to characterize the properties of a relation
within a dataset, some scenarios can be conveniently simulated
with PG-Keys [2]. Below, we illustrate how selected constraints
can be rendered in a PG-Keys-like notation augmented with light-
weight extensions. Importantly, while these examples are faithful
to the intent and design principles of PG-Keys, they go beyond the
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core language: the added constructs have no direct counterpart in
the official grammar or semantics. In PG-Schema-PC, we formalize
the meaning of these constructs (see Section 5.2) and, moreover,
provide a substantially simpler native syntax that subsumes the
wider use cases (see Section 5.1). By design, the core PG-Keys for-
malism does not support structural constraints at the property level.
Its cardinality constraints cover only the presence/absence case (i.e.,
max 0/1), and range constraints over property values are not part
of the core language.

Structural Constraints. The fragment concerning the category
property in Example 4.2 can be represented in PG-Keys:
FOR (p:productType) MANDATORY SINGLETON ¢ WITHIN
p.category WHERE type(p.category) IN ['STRING','INT']
Example 4.1 can be expressed like:

FOR (u:userType)

MANDATORY k WITHIN

( (u) WHERE EXISTS(u.name)

RETURN u.name AS k )

UNION ALL

( (u) WHERE EXISTS(u.givenName) AND EXISTS(u.familyName)
RETURN [u.givenName , u.familyName] AS k )

Cardinality Constraints. The fragment concerning the aliases
property in Example 4.3 can be represented in PG-Keys:

FOR (p:personType) MANDATORY 1 COUNT @..x OF
WITHIN p.aliases

Range Constraints. The fragment concerning the age property
in Example 4.5 can be represented in PG-Keys:
FOR (s:adultStudentType) MANDATORY SINGLETON a
WITHIN s.age WHERE a > 18
Example 4.6 looks similar:

FOR (x:emailUserType) MANDATORY SINGLETON e
WITHIN x.email WHERE e =~ '*[\\w.-J+@[\\w.-T+\\.\\w+$

7 Relationship to other paradigms

PG-Schema integrates traditional conceptual modeling, tree-structured
validation, and graph-native paradigms, unifying declarative ex-
pressiveness and structural rigor to facilitate interoperability in
hybrid data ecosystems.

7.1 Overview of existing schema formalisms

Conceptual data models. UML [24] remains the standard visual
notation for object-oriented conceptual modeling, with class dia-
grams and OCL constraints expressing rich semantics. ORM2 [11]
employs logic-based predicates and roles instead of attributes, facil-
itating verbalisation of diagrams into controlled natural language,
ideal for precise yet accessible business rules. EER modeling [9] en-
hances the ER model with inheritance, generalisation, and category
constructs, supporting relational and object-relational implementa-
tions.

Tree-structured data. XML DTD [7], limited in datatypes, led
to XML Schema 1.1 [30], which introduced complex types, rich
datatypes, keys, and type derivation under deterministic valida-
tion constraints. RELAX NG [12] defines regular tree languages
with grammar-oriented XML and compact syntaxes, supporting
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interleaving and composability. JSON Schema [34] validates JSON
structures using keywords for object properties, array constraints,
recursion via $ref, and combinators such as al10f and oneOf.

RDF formalisms. OWL2 [21], based on the description-logic SROIQ,
supports disjointness, equivalence, complex operators, and quali-
fied cardinalities, with profiles (EL, QL, RL) balancing expressive-
ness and computational tractability. For prescriptive integrity con-
straints, SHACL [16] groups constraints into shapes targeting spe-
cific nodes, while ShEx [28] offers regular-expression-based node
constraints with XML-inspired closed/open-content semantics and
Kleene closures. It has also added an inheritance mechanism [6]
which enables more reusability between data models. Our approach
for PG-Schema-PC is inspired by ShEx, although collisions between
repeated properties are handled by record combinations. ProGS [26]
is a SHACL-inspired shapes language for property graphs that adds
edge-shapes, qualified edge counts, and constraints over node- and
edge-attached properties. In RDF deployments, property-graph fea-
tures can be emulated by materializing node properties as ordinary
triples and edge properties via different methods of reification.

Existing graph technologies. SQL standard ISO/IEC9075-16:2023
(SQL/PGQ) [13] integrates property-graph querying within rela-
tional algebra, ensuring ACID and optimized analytics. ISO/IEC
39075:2024 Graph Query Language (GQL) [14], inspired by Cypher,
supports schema-aware graph operations independently of SQL.
GraphQL’s Schema Definition Language (SDL) [10] defines exe-
cutable schemas with object types, fields, arguments, and introspec-
tion, enabling evolvable graph APIs.

Graph database systems. JanusGraph [15] offers distributed graph
storage with Gremlin and ACID compliance. Neo4j [23] provides
native storage and Cypher querying with analytics integration.
ArangoDB [4] supports hybrid document and graph models queried
via AQL. TigerGraph [31] focuses on distributed analytics using
GSQL for multi-hop traversal. AgensGraph [1] extends PostgreSQL
with Cypher for integrated relational-graph data. DataStax Graph [8]
embeds Gremlin in Cassandra for global scale. Nebula Graph [22]
employs a shared-nothing architecture supporting GQL. Oracle
Database23ai[25] introduces SQL/PGQ for relational-backed prop-
erty graphs. Sparksee [27] compresses attributed graphs efficiently
for constrained environments.

7.2 Support of the features

We summarize important differences between PG-Schema-PC and
state-of-the-art schema formalisms and systems (Table 1).

Range constraints are widely supported. SHACL, ShEx, OWL,
XML Schema, RELAX NG, SQL, and JSON Schema provide na-
tive support. SQL-based systems like Oracle PGQL, OrientDB, and
PostgreSQL with PGQ support them via typed columns and CHECK
constraints. Systems such as AgensGraph, ArangoDB, and DataS-
tax offer indirect support using JSON Schema or embedded logic.
In contrast, graph databases including Neo4j, JanusGraph, Tiger-
Graph, and Nebula Graph lack native support, emphasizing flexibil-
ity. UML and ORM2 support basic constraints but require external
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non-standardized extensions for advanced features like regex pat-
terns?. Enhanced ER offers basic value constraints but lacks detailed
numeric or regex restrictions. GraphQL SDL supports basic scalars
but lacks built-in advanced constraints.

Cardinality constraints are common among conceptual models
and schema languages. Enhanced ER, ORM2, UML, XML Schema,
JSON Schema, RELAX NG, SQL, and JanusGraph explicitly define
multiplicities. XML Schema uses minOccurs and maxOccurs, JSON
Schema employs fields like minItems, maxItems, and JanusGraph
includes specific multiplicity constructs. SQL-based systems en-
force cardinalities through uniqueness and foreign keys. ArangoDB
partially relies on JSON Schema fields. OWL 2’s qualified cardinality
constraints are enforced via logical entailment and inconsistency de-
tection, so they mainly serve ontology consistency checking under
OWA, unlike SHACL/ShEx, which provide explicit, closed-world
validation reports. Oracle PGQ uses basic keys but lacks detailed
cardinality bounds. GQL does not formally specify property occur-
rence constraints. ProGS supports qualified counting over sets of
property values, aligning with SHACL/ShEx semantics. Specifically,
in SHACL, ShEx, and ProGS, counting is performed over a set of
value nodes: RDF is a set of triples (no duplicates, no order), and in
SHACL and ProGS, distinct values rather than list elements with
order.

Structural constraints on properties are explicitly supported by
JSON Schema, XML Schema, RELAX NG, SHACL, and ShEx through
combinators and compound constraints. UML models structural
variability via inheritance and polymorphism but lacks direct alter-
native property typing. ORM2 and Enhanced ER support subtype
hierarchies but do not directly support alternative types per prop-
erty. DTDs offer alternative element structures but not alternative
attribute data types. OWL 2 lacks disjunctive data property types.
GraphQL supports structural alternatives via union types for ob-
jects, not scalar properties. Most graph databases, including Neo4j,
JanusGraph, TigerGraph, and Nebula Graph, do not natively sup-
port structural constraints. ArangoDB, using JSON Schema, is one
of few offering expressive structural property constraints, high-
lighting the rarity and potential value of this feature.

Even when other formalisms cover range, cardinality, and struc-
tural constraints in full, their validation models and data abstrac-
tions do not transfer directly to property graphs, where constraints
must range over node- and edge-attached properties, multi-edges,
and label- or path-sensitive structure. By design, PG-Schema-PC
specializes these constraint families to the property-graph set-
ting, preserving PG-Schema typing while enabling closed-world,
instance-level checks over edge properties and node properties

8 Conclusion

We introduced PG-Schema-PC, a principled extension of PG-Schema
designed to enhance the expressiveness and robustness of prop-
erty graph schemas. PG-Schema-PC addresses existing gaps at the
property level by integrating structural, cardinality, and range con-
straints essential for modeling complex scenarios.

ZExternal extensions (e.g., OCL/regular expressions) exist, but there is no standard
and no portable tools.

Tomaszuk et al.

Approach Range Cardinality Structural
UML % v %
ORM2 % v %
Enhanced ER Y v %
JSON Schema v v v
XML Schema v v v
DTD x x %
RELAX NG v v v
SHACL v % v
ShEx v Y v
OWL 2 v % x
ProGS v % v
SQL v v x
GQL x x Y
GraphQL (SDL) % x %
JanusGraph x v x
Neo4j x x x
ArangoDB Y% % v
TigerGraph x x x
AgensGraph Y x x
DataStax Y x x
Nebula Graph x x x
Oracle/PGQ % % x
Sparksee x x %
PG-Schema-PC v v v

Table 1: Support for three classes of constraints in selected
schema languages and technologies. v — full native support;
% — partial or indirect support; x — no meaningful support.

Our framework enables schema designers to specify alternative
and conjunctive property groupings, enforce cardinalities, and vali-
date values using patterns, numeric constraints, and enumerations.
Through illustrative examples and formal definitions, we demon-
strated the flexibility and utility of our approach in realistic use
cases.

We positioned PG-Schema-PC within the landscape of existing
formalisms, highlighting its capabilities compared to XML Schema,
JSON Schema, SHACL, ShEx, and contemporary graph databases.
Our analysis shows how PG-Schema-PC bridges expressiveness
gaps, offering powerful tools for data quality, integrity, and semantic
correctness.

Future work includes developing practical validation tools for
automated instance checking, empirical evaluation of validation
performance, and exploring advanced schema composition and
inheritance to manage schema evolution, property collisions, and
formalizing the expression of negation within property constraints.
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