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Graph databases have become an important data management technology across various domains, includ-
ing biology, sociology, industry (e.g. fraud detection, supply chain management, financial services), and
investigative journalism, due to their ability to efficiently store and query large-scale knowledge graphs and
networks. Recently, the Graph Query Language (GQL) was introduced as a new ISO standard providing a
unified framework for querying graphs. However, this initial specification lacks a formal type system for
query validation. As a result, queries can fail at runtime due to type inconsistencies or produce empty results
without prior warning. Solving this issue would help users write correct queries, especially on large datasets.

To address this gap, we introduce a formal type model for a core fragment of GQL extended with property-
based filtering and imprecise types both in the schema and the queries. This model, named FPPC, enables
static detection of semantically incorrect and stuck queries, improving user feedback. We establish key
theoretical properties, including emptiness (detecting empty queries due to type mismatches) and type safety
(guaranteeing that well-typed queries do not fail at runtime). Additionally, we prove a gradual guarantee,
ensuring that removing type annotations either does not introduce static type errors or only increases the
result set. By integrating imprecision into GQL, FPPC offers a flexible solution for handling schema evolution
and incomplete type information. This work contributes to making GQL more robust, improving both its
usability and its formal foundation.
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1 Introduction

Graph databases have been a steadily growing technology since the early 2000s and are commonly
used in areas such as Biology [Redaschi and Consortium 2009], the pharmaceutical industry,' or
investigative journalism [Balalau et al. 2024]. Most recently graph databases gained major popularity
due to their adoption as the platform to store and manage large Knowledge Graphs [Hogan et al.
2021] and through their incorporation into Retrieval Augmented Generation (RAG) methods to
model the underlying expert knowledge. Graphs offer an intuitive modelling of the domain of
choice, with nodes representing entities and edges various relations these entities can form.

Early adoption of the technology was mostly driven by the Semantic Web community, resulting
in the RDF data format [Cyganiak et al. 2014] and the SPARQL query language [Harris et al.
2013], which are both W3C standards. RDF modelling takes a simple approach to data, basically
viewing it as edge labelled graphs [Angles and Gutiérrez 2008]. On the other hand, commercial
systems [Memgraph Team 2023; TigerGraph Team 2021; Vesoft Inc/Nebula 2023; Webber 2012]
throughout the years used the more involved property graph data model, where both nodes and
edges can have labels and a series of attribute-value pairs attached to them. The majority of
commercial systems also deploy their own approach to querying such data making interoperability
and data sharing a major issue. To rectify the situation, the ISO standardization body started
working on a common language for querying property graphs, resulting in the recently published
Graph Query Language (GQL) standard [ISO/IEC 2024]. GQL provides a standardized way to query
these graphs, building on previous graph query languages like Cypher [Francis et al. 2023a].

GQL queries can be viewed as sets of path patterns, which are expressions with variables that
specify a sequence of nodes and edges to be matched by a path in a property graph. Figure 1
illustrates a simple property graph representing a social network, adapted from the benchmark
proposed by Angles et al. [2023]. In this graph, nodes represent people, who may be teachers or
students, as well as comments posted in a course forum. For example, the node n; has two labels,
Person and Teacher, and is described via its two attributes: name and status. Similarly, edges model
relationships such as likes, authorship of comments, and knows relationships between two people.
For instance, the edge e; tells us that Bob is the author of the comment modelled by the node ns.
Consider a query that retrieves all the teachers who liked a comment made by students who they
know since 2021 or earlier. This can be expressed by the following GQL query pattern:
(x:Teacher)-[:Likes]->(:Comment)-[:Author]->(:Student)-[y:Knows WHERE

y.since < 2021]1-(x)

Here we are binding a : Teacher-labelled node to the variable x and requiring there be a :Likes-
labelled edge to a node representing a Comment. In GQL ASCII-art syntax, round brackets represent
nodes, while square brackets represent edges. We then require this comment to have been made by
a student (represented by an :Author edge to a node with the label Student). Finally, we require
this student to have any edge to the original node bound to X, that this edge is labelled with :Knows
and that the value of its since attribute is greater than 2021.

As with most query languages, a key challenge in GQL is efficient query evaluation. While
most graph queries (particularly those involving long path patterns) require a large number of
joins to traverse relationships, adding a type system on top of GQL would allow to provide early
feedback on potential failures, reducing unnecessary computations, and improving query reliability.
Additionally, this would also help in steering users away from writing semantically incorrect
queries. To illustrate this benefit, consider again the social network query described previously.
Suppose the final node in the path is specified via the node pattern (x WHERE x.status > 1) instead

Thttps://www.ontotext.com/knowledgehub/case-bstudies/astrazeneca-bboosted-bearly-bhypotheses-btesting-bby-
busing-bontotext-blld-binentory/
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""""""" ny : Person, Student
name : “Bob”
status : 1

name : “Alice”

G e
status : “active ns : Comment

content : "l love PLs and DBs!" ! es : Author
status : true AR

\
7

Fig. 1. A sample property graph database.

of simply as (x). Because this node must match the first node, which is a Teacher, and the status
property for teachers is a String, the comparison with an integer is guaranteed to fail. This means
the query would always produce an empty result. A type system can detect this issue before
execution, allowing the user to correct the query and avoid unnecessary computation.

Typing for GQL has been explored in prior work. The Graph Pattern Calculus (GPC) [Francis
et al. 2023a], provides a formal model for the path pattern language of GQL but does not use schema
information for validation. Additionally, GPC only provides a coarse-grained type system that does
not track labels or property types for nodes and edges, limiting its ability to prevent execution
errors or detect queries that return empty results. Similarly, schema definition approaches, which
do introduce some form of typing, such as the recently proposed PG-Schema [Angles et al. 2023],
explain the conceptual approach to rooting out ill-formed queries. However, they do not go in-depth
of how to incorporate this information into GQL or its fragments. Despite these efforts, a significant
gap remains. The GQL ISO standard does not specify typing rules for queries. While the standard
defines types for data, it lacks a formal type system for validating queries. As a result, queries can
fail at runtime due to type inconsistencies or return empty results without prior warning.”

In this paper, we address this gap by designing a type system driven by the following three goals:

1. Identify patterns that always yield empty results. The type system should issue warnings
for queries that are guaranteed to return no matches due to type inconsistencies.

2. Prevent patterns that may cause execution failure. The type system should reject queries
that are deemed syntactically invalid according to the ISO standard, or which could result in
stuck evaluations or runtime errors. Examples include (x)-[x]->, which attempts to bind the same
variable as both a node and an edge, and (x WHERE y.status > 1), where y is not bound.

3. Support flexible type definitions. The type system should enable a gradual adoption of
types, allowing programmers to incrementally refine the type annotations and improve precision.
This flexibility is particularly beneficial for databases with evolving schemas or incomplete type
information. For instance, when using no schema (a fully-imprecise schema), the query pattern
(x: Teacher WHERE x.status > @) is accepted statically but returns an empty list if no Teacher
node has an integer status property. By refining the schema to specify that Teacher nodes have a
status property of type String, then the query becomes ill-typed.

To achieve these goals, we introduce the Flexible Path Pattern Calculus (FPPC), a formal model
of the path pattern language of GQL extended with new syntax for filtering by property types.>
To achieve flexibility, we draw inspiration from gradual typing [Siek and Taha 2006]. We extend
both the schema and path pattern language with imprecise type information by introducing an

This was also identified as an issue by the standardization committee.

3This is needed because, like all usual standards documents, the GQL ISO standard is written in a mix of prose and
pseudocode, making it difficult to interpret and apply in a rigorous, research-driven manner. Its descriptions are lengthy
(500+ pages) and prone to misinterpretation, resembling a legal document rather than a precise formal specification.
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unknown type x (which represents any label or property), allowing queries to be type-checked
even when the type schema information is imprecise.
In summary, this paper makes the following contributions:

e We present FPPC, a formal calculus for GQL that extends the ISO standard with property-
based filtering and gradual types. Our approach enables users to incrementally adopt types
in both the schema and pattern queries while maintaining close alignment with the standard.

e We extend the path pattern language with type property expressions, allowing nodes and
edges to be filtered based on both labels and property types.

e We prove the emptiness property (§6.2), ensuring that if a query type checks but its type is
flagged as empty (according to an emptiness predicate), it will definitively return an empty
result due to type inconsistencies.

e We prove type safety of the type system (§6.1), guaranteeing that well-typed pattern queries
cannot get stuck or produce runtime errors.

e We show that types are entirely optional. Moreover, we prove a gradual guarantee prop-
erty (§6.3), which ensures that removing type annotations does not introduce either type or
runtime errors. This result is established by analyzing the interaction between casts and type
tests and with adjustments to the precision relation to maintain this property.

e We provide a prototype implementation of FPPC in Python (§7), which supports parsing,
type checking, and executing path patterns over concrete graph databases. The type system
rejects queries that may get stuck and provides warnings for potential inconsistencies that
lead to empty results.

While our approach is primarily motivated by the Graph Query Language (GQL), the underlying
principles are general enough to be applied to similar scenarios, such as regular path queries (RPQs),
or property graphs in general. All proofs and a prototype are in the supplementary materials.

2 Overview

This section gives an overview of FPPC, a formal calculus for the path pattern language of GQL.
We introduce GQL, outlining its core constructs and query evaluation model. Next, we discuss
issues that can arise in path patterns, such as inconsistencies and type mismatches. We then present
FPPC in action, explaining how it extends the GQL path pattern language with gradual typing and
property-based filtering. Next, we give a high-level description of key properties that ensure the
correctness and reliability of the system. Finally, we outline its current limitations.

2.1 GAQL in a Nutshell

The graph datamodel of GQL consists of one or more property graphs, comprised of a set of nodes
and edges, both directed and undirected, which represent relationships between nodes. Nodes and
edges are defined by a unique identifier, a set of labels and some properties. Fig. 1 shows an example
graph database representing a simple social network, where the solid boxes denote nodes, while the
arrows and dashed boxes represent edges. The first node on the left, for instance, has identifier n;,
a single label Account, and two properties indicating that the name is "Alice" and that the status is
"active". Edges follow a similar structure but may also be directed. Here, edges e; and e point
from node n; to ns3 and from ns to ny, respectively, whereas edge e; is undirected.

GQL can be used to query graph databases, analogous to how SQL is used for relational databases.
A basic GQL query is shown below:

1 USE SocialNetwork
2 MATCH (x WHERE x.status=true)-[z:Authorl->(y)
3 RETURN y.name AS student_name, x.content AS comment_content

Proc. ACM Program. Lang., Vol. 9, No. OOPSLAZ2, Article 283. Publication date: October 2025.
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The first line selects the database to query, namely SocialNetwork, and the second one specifies a
path pattern to match in the graph. The last line defines what to return from the matched pattern.

This work focuses on the second line, specifically in path patterns that yield a table containing
intermediate results up to that point of evaluation, such as when there are multiple pattern paths
in a query. Path patterns are the main building block of GQL queries, and they closely resemble
regular path queries (RPQs) [Barcel¢ et al. 2014].

The path pattern in line 2 consists of three subpatterns, listed from left to right as they appear in
the query. The first one matches any node, noted by ( ), where the status property is true, storing
identifiers in variable x. The second subpattern matches directional edges, captured by -[ 1->,
that have an Author label, and binding them to variable z. Finally, the third one matches any node,
storing identifiers in y. Each of these subpatterns yields a set of paths, where a path is defined as
an alternating sequence of nodes and edges, starting and ending with a node. In particular, edge
patterns yield the edge’s identifier and include the connected nodes that form the path.

Once all patterns are evaluated, their results are concatenated (if possible) yielding a new set of
concatenated paths. Two paths are concatenable if the last node of the first matches the first node
of the second. In our example, the subpatterns yield the singleton sets of paths {ns}, {nsesn,} and
the sets of paths {ny, ny, n3}, respectively. Their concatenation produces the following intermediate
table (on the left), where x, y and z correspond to the variables bound in the pattern. To complete
the GQL query, the third line projects the properties name and content from nodes y (nz) and x (ns),
yielding the final table (on the right):

path | x |y | z student name | comment_content
Nnsesny | ng | ny | e3 “Bob” “I love PLs and DBs!”

2.2 Errors in Path Patterns

As in any other language, GQL queries can contain errors. These errors can be classified into
syntactic errors and semantic errors [Brass and Goldberg 2006]. A syntactic error occurs when the
query does not conform to the language’s grammar. A semantic error occurs when the query is
syntactically valid but does not produce the intended result.

Given that GQL was only recently standardized [ISO/IEC 2024], there is limited empirical research
on common mistakes in GQL queries. However, studies on semantic errors in SQL suggest that
similar issues are likely to arise in GQL [Jiang et al. 2024]. Furthermore, the nature of graph
queries introduces additional complexity, particularly in pattern matching and variable scoping. To
illustrate, we categorize several types of errors that can occur in GQL queries and discuss their
causes and consequences.

Incompatible Shapes. Consider the pattern (x)-[x]->, which attempts to match any node followed
by any edge. This pattern is invalid because x is used to represent both a node and an edge, which
are distinct entities. The GQL ISO standard treats such patterns as syntactically incorrect.

Incompatible Types. The following pattern:
(x WHERE x.status is bool)-[:Knows]-(x WHERE x.status is str)

attempts to match edges connecting a node to itself, as indicated by the use of the binding x in both
nodes. The issue that arises in this pattern is that the property status is expected to be a boolean
in one case and a string in the other. Although this pattern is valid according to the ISO standard, it
always results in an empty output, as a value cannot simultaneously be a boolean and a string.
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Nonexistent Attributes. Consider the pattern (x WHERE x.stauts > @), which contains a typo:
stauts instead of status. If no node in the database has the property stauts, the pattern’s behavior
is ambiguous. The ISO standard suggests propagating an error in such cases, but it also allows an
alternative interpretation where the condition evaluates to false or null, yielding an empty result.

Incorrect Attribute Usage. If the database defines name as a string, then the pattern (x WHERE
x.name > @) incorrectly applies a numeric comparison to a string. The ISO standard suggests raising
an error, but implementations may instead treat the condition as false, yielding an empty result.

Unbound Variables. Patterns like (y WHERE x.status = true) refer to an unbound variable x. In
this case, the query should terminate with a fatal error, as x has not been assigned a value.

These examples highlight the importance of a robust type system in GQL. As discussed earlier (§1),
a major challenge in GQL query evaluation is the large number of joins required to traverse
relationships. Early detection of inconsistent or malformed queries, such as those listed above,
reduces unnecessary computation and improves efficiency.

2.3 Typesin GQL

GPC [Francis et al. 2023a] was developed when the ISO standard for GQL was still in draft form.
Since then, the published standard has introduced several changes. The main objective of GPC was
to distill the core components of the draft into a formal calculus. It introduces several simplifications,
such as restricting patterns to single-label expressions and assuming that constants belong to the
same family of values. Its primary focus is on path queries, and it includes a basic type system
aimed at avoiding syntactic errors. The type system defines atomic types such as Node, Edge, and
Path, as well as inductive types like Maybe, for optional values, and Group, for lists of types. Given
a path query, the type rules assign a type to a single variable. This type system allows GPC to reject
errors such as incompatible types and unbound variables, as described in §2.2.

The ISO standard, officially published in early 2024 [ISO/IEC 2024], after GPC, introduces the
concept of a graph schema, which is particularly relevant to this work. A graph type descriptor
is defined as a set of node types N and a set of edge types E. Unlike GPC, where node types are
minimal, the ISO standard defines them more richly as a set of one or more labels and a set of zero
or more property types. A property type consists of a name identifier and a value type. Edge types
are similarly defined, comprising a set of zero or more labels, a set of possibly empty property
types, two (possibly identical) endpoint node types, an indication of the edge’s directionality, and
source and target node types if the edge is directional. Value types in the ISO standard resemble
those in SQL, including booleans, numbers, strings, and dates. Additionally, they support open
dynamic union types, such as T; | T,. The top type, ANY, represents all types.

While the ISO standard provides a structured way to define graph schemas, it leaves open the
question of how to systematically type-check queries. The following section introduces a type
system for GQL that builds on ideas from GPC and incorporates the richer type definitions from
the ISO standard, extending these foundations with additional features.

2.4 FPPC in Action

The type system of FPPC assigns types to path patterns, yielding types for each bound variable and
the overall path. Unlike previous approaches, this system takes a schema as input to exclude paths
that cannot match entities in the database. However, since many graph databases lack predefined
schemas, FPPC facilitates adoption by allowing schemas to include unknown types, denoted as *.
These unknown types can represent any possible type depending on the context, allowing users
to gradually refine a fully imprecise schema into a more precise one, or conversely to generalize
specific type information when flexibility is needed.
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For example, the type (Person {name: String, status: String}) characterizes a node (N) with
the label (£) Person and exactly two properties (R): a string name and a string status. When applied
to the graph of Fig. 1, this type applies to ny, but not to n; or ns. To include ny, the following type
can be used: (Person {name : String, x}), where {name : String, x} represents an open record R and
allows for an unbound number of additional properties. If no type information is available, the
fully imprecise type (% {*})) (abbreviated as (%)) can be used to represent a node with any label
and any set of properties.

Following the ISO standard, edge types are composed of four components: two node types, a di-

rectionality, and edge information (labels and properties). For example, the edge type (%) Author, (*)

represents an (imprecise) edge with the label Author that connects any two nodes. Similarly, we use

() Knows fsince: (x) to represent an undirected edge with the label Knows and property since of

type integer. One can start with a fully imprecise schema S; = (x]), (%] = (), (x) < (), repre-

senting any node, and any directional or undirected edge. From there, one may transition to a more

. Author Knows {since: Z Likes
precise schema, such as Sp = Np, No, No —— Np, Np nows {since: 2} Np, Np —— (}x|), where

Np = (Person {name : String, x}), and N¢ = (Comment {x}). Eventually, the schema can be made
Author Knows {since: Z} Likes

fully precise: SF = NT, Ns, Nc, NC — Ns, NT Ns, NT — Nc, where NT =
(Person&Teacher {name : String, status: String}), Ns = (Person&Student {name : String, status :
Z}), Nc = (Comment {content : String, status : B}), and A&B denotes a conjunction, meaning that
the node has both labels A and B.

Adopting types, gradually. Given a schema and a path pattern, the type system either yields an
error (over-approximating stuck evaluations), or produces a path type (P) and a type environment
(T'), which can be used to under-approximate empty results. A path type P corresponds to the type of
the path itself, matching the path column in the working table from §2.1. Intuitively, a path type is a
sequence of node types N that may be returned by the pattern and is used to predict concatenation
errors, which is why only node information is relevant. A type environment I" assigns a type to
each variable in the path pattern and corresponds to the remaining columns of that table.

Extending the path pattern language. Additionally, FPPC extends element pattern filtering with is
property expressions, allowing direct filtering of nodes and edges based on both labels and property
types. For example, the pattern (y : = {name: str, »}) filters all nodes that have any label and a
name property of type string. While this notation does not add expressive power—it can be rewritten
using the ISO-defined syntax (y WHERE PROPERTY_EXISTS(y, name) AND y.name IS STRING)—it is
more concise and improves type consistency detection during type checking.*

Consider the schema Sp that describes the graph of Fig. 1 and the following path pattern:

(x : {status : bool} WHERE x.status = true)-[z : Author]->(y)

The type system returns path type Nc — N4 where N¢ = (Comment {status: B, %}) and Ny = (
Person {name : String, x}), indicating that the path starts with a node labelled Comment and property

status, and ends at a Person node that has a name attribute. It also returns the type environment

(x = N¢ + Np,y — Nc + Ng,z — N¢ Author, N4), where A + B denotes a gradual union type,

meaning either A or B.
The type system of FPPC can detect all errors from §2.2. Let us revisit the examples to illustrate
how the type system works.

4Such queries can be transformed into the proposed notation through type inference on conditional expressions. Alternatively,

additional support could be provided by maintaining a mapping between labels and property types. These considerations,
however, are orthogonal to this work and are left for future research.
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Example 2.1. Pattern (x)-[x]->is ill-typed. Indeed, sub-pattern (x) has type environment I =

x — (x) whereas sub-pattern -[x]-> has type environment I, = x +— (x| =, (x). When
type checking the concatenation pattern, both type environments are concatenated as well by
computing the meet between both environments. Intuitively, this is done by computing the most
precise information for each variable. In this case the meet between a node type and an edge type
is not defined, and then the pattern is rejected.

Example 2.2. Pattern (x : {status: bool})->(x : {status: String}) is well-typed but triggers
an empty-result warning. This is because the node sub-patterns yield type environments I} = x +—
(x {status: B}) and I, = x — (% {status: String}), respectively, which yield the environment
x — (x {status: L}) when concatenated, because the meet between B and String is L. In this
case, a bottom type means that during runtime there will be no node that has a property that
is both a boolean and a string at the same time. Notice that the presence of bottom does not
guarantee an empty result. For example, the pattern (x : {status: B})->(x : {status: String+B})
yields environment x — (% {status: L + B}), meaning that x is either empty or a boolean, thus
possibly non-empty.

Example 2.3. Pattern (x: {stauts: int} WHERE x.stauts > @) is well-typed, but may raise an
empty-result warning. With the fully imprecise schema Sj, variable x has type (x {stauts: %})),
whereas with schema (x {status: B}), ..., x is typed as L, raising an empty-result warning.

Example 2.4. Similarly, pattern (x: {status: bool} WHERE x.status > @) is well-typed, but raises
an empty-result. The reason is that the path type now is L, since the type error in the conditional
term is propagated to the pattern. Similar to the second example, union (x: {status: bool} WHERE
x.status > @) + () does not raise an empty-result warning, as it can match either a non-empty
result or an empty one.

Example 2.5. Finally, the pattern (y WHERE x.status = true) is ill-typed. This is determined by
checking whether the variable x is present in the type environment. Since only the variable y is in
scope, the pattern is correctly rejected.

3 Preliminaries: Data Model

Before introducing FPPC, following GPC [Francis et al. 2023a], this section presents the for-
mal model of graphs G. This model uses several countable and disjoint sets: node identifiers
N, directed edge identifiers &y, undirected edge identifiers &, label identifiers L, key identi-
fiers K, and a set of constants Const. A property graph is formally defined as the tuple G =
(Nig, €4, Ey, L, endpoints, src, tgt, P), where L : NjyUE; UE, — 2Lisa labeling function that
assigns each identifier a (possibly empty) finite set of labels from L, src,tgt : E; — N define
the source and target nodes of a directed edge, endpoints : E, — 2V defines the endpoints of
undirected edges, § : (N;q UEy UE,) — K — Const is a partial function that associates a constant
with an identifier and a key from K.

For instance, for the graph of Figure 1, the graph G can be defined using records as partial
functions as follows: Ny = {ny,ns, n3},Eq = {ez, €3}, &, = {e1}, L = {n; : {Person, Teacher}, n, :
{Person, Student}, ns : {Comment}}, endpoints = {e; : {n1,nz}},src = {e; : ny,es : n3}, tgt = {ez :
ns,es : ngt, 8 = {ny : {name : “Alice”, {status : “active”}, ...}.

Finally, we introduce the notion of paths, which represent sequences of nodes and edges in the
result of path patterns. A path p is an ordered sequence of alternating nodes and edges nje;nzezns...
such that for all i, either (1) src(e;) = n; and tgt(e;) = n;i1, meaning e; is a forward edge, (2)
src(e;) = nj41 and tgt(e;) = n;, meaning e; a backward edge, or (3) endpoints(e;) = {n;, nis1},
meaning e; is an undirected edge).

Proc. ACM Program. Lang., Vol. 9, No. OOPSLAZ2, Article 283. Publication date: October 2025.



Flexible and Expressive Typed Path Patterns for GQL

283:9

Base Types 1 2= 7Z|B| String

Simple Types ri=1| % |t+7| L

Attributes a € {name, status,a,b,...}

Property Types Re={a o'} |{@m x| L

Labels 1 € {Person, Student, A, B,...}

Label Types =1 % | &L t+1] ¢

Descriptor Types L:=¢R

Constants cu=z|s|b

Expressions tu=c|thbopt| uopt|x.al|tast|tistT
Optional Variables x?i=x|_

Descriptors d:i=x?:L

Directions =« | > |~ -

Path Patterns = (d) | é |m+m|mm| gl bt

Fig. 2. Syntax of Patterns.

4 Dynamic Semantics

In this section, we introduce the dynamic semantics of FPPC, extending the semantics of GPC in
three main aspects: runtime filtering now involves both labels and property types (previously, only
labels were considered); gradual typing is included to allow flexible path patterns, and conditioned
expressions are enhanced to support more complex query structures. We start by defining the
syntax and then formally define the extended semantics below.

4.1 Syntax

Figure 2 present the syntax of patterns. Compared to GPC, our approach adds explicit type matching
for properties. To ensure a smooth transition from the untyped nature of standard GQL to a fully
typed system, we introduce the gradual type % as a placeholder for missing or unknown type
information, applicable to both labels, and property types. This design enables flexibility on label
matching and incremental adoption of property matching, while ensuring compatibility with
existing GQL queries.

The core component of path patterns is the concept of descriptors d, which define atomic matching
conditions for nodes and edges. Each descriptor consists of an optional variable for binding matched
entities and a descriptor type. In GPC a descriptor type is a single label, whereas in FPPC, a descriptor
type is generalized to label types ¢ and property types R. Label types include concrete labels (1), such
as Person or Student; unknown labels (%), matching any label; intersection labels (£&?), requiring
all specified labels; gradual union labels (£ + £), matching if at least one specified label is present; and
empty labels (¢), representing the absence of labels. Following Angles et al. [2023], property types
are represented as records consisting of attribute names a and simple types 7. Property types can be
either open or closed, specifying whether they allow additional properties beyond those explicitly
listed. By default, property types are closed, requiring exact attribute definitions. To represent open
property types, gradual typing is used by appending the unknown type * at the end of the record as
gradual rows ({a; 7 7', x}) [Bafiados Schwerter et al. 2021]. Intuitively, the unknown type x denotes
zero or more unspecified properties. A bottom property type means errors.

Simple types include basic types such as integer (Z), boolean (B), and string (String), the unknown
type (x) matching any simple type, bottom type L representing errors, and gradual union types
(7 + 7) [Toro and Tanter 2017], indicating membership in at least one of its subtypes. Importantly,

Proc. ACM Program. Lang., Vol. 9, No. OOPSLAZ2, Article 283. Publication date: October 2025.



283:10 W. Ye, M. Toro, T. Diaz, B. Oliveira, M. Rigger, C. Gutierrez, D. Vrgo¢

gradual unions differ from traditional unions in their plausibility-based subtyping. For instance,
Z + B is a subtype of Z since it is plausible for a value to satisfy this type. While the choice between
union types is irrelevant for dynamic semantics, gradual unions are required to under-approximate
empty results during typechecking and avoid conservatively raising empty-result warnings for
queries such as (x: a: String + B WHERE x.a > 0) .

Patterns can take several forms. Node patterns ((d)) match graph nodes using descriptors. In

a similar fashion, edge patterns (é) match relationships between nodes. They follow GPC
semantics but add one additional directionality from the ISO standard: any direction (—). Thus, the
supported directions are forward (—), backward (<), undirected (~), and now also any direction
(=). Union patterns (r + &) match if either subpattern matches. Concatenation patterns (x )
combine patterns sequentially, requiring a shared boundary node. Conditioned patterns (7;))
impose logical constraints on matched patterns. Repeated patterns (/%) match patterns repeated
between | and u number of times. Expressions (t) define logical conditions on patterns. They
include constants ¢, binary operations (¢ bop t), unary operations (uop t), projections (x.a), casts
(t as 1), and type tests (¢ is 7). Constants include natural numbers (z), booleans (b), and strings
(String). Binary operations include addition (+), string concatenation (i1), logical conjunction (A),
logical disjunction (V), and equality comparisons (=). For simplicity, we consider only negation
(—) as a unary operation. Furthermore, the unknown type * may be omitted in some cases. For

example, () abbreviates (_ : * {x}), and similarly < abbreviates (;{*}:» Additionally, the

L :L
notations (L) and (_ : L) are considered equivalent, as are &< and &=. A concatenation pattern

:Student {a:B
(x1 : Person {a : Z}) ZaStudent (B, (x1 : Person {b : B}) describes a sequence where a node

labeled Person with an integer attribute a, assigned to variable x;. This node is followed by a
forward edge labeled Student with a boolean attribute a, assigned to variable x,, which then leads
to another node labeled Person with a boolean attribute b, assigned to the same variable x;.

4.2 Subtyping

The subtyping relations, defined in Figure 3, use the judgment A < B to denote that A is a subtype
of B. We first present descriptor type subtyping, which will be used later to filter nodes and edges
during reduction. The subtyping relation for descriptor types L; < L, ensures that their respective
label and record components are also in a subtyping relation.

The subtyping relation for labels (#; < ¢;) follows a plausibility-based approach [Garcia et al.
2016]. Two gradual types are considered in a subtyping relation if there exists a pair of fully-precise
(concrete) types they represent that satisfy the subtyping rules. Identical labels are subtypes of
each other. The unknown label x is both a subtype and a supertype of any label since it can
represent any label. The empty label ¢ acts as a universal supertype, meaning it encompasses all
other labels. Intersection labels A&B represent entities carrying both labels A and B. Thus, a label
3 is a supertype of an intersection label #; &¢, if it is a supertype of either ¢ or #,. However, because
A alone is not a subtype of A&B, the label #; is a subtype of f,&#; only if it is a subtype of both ¢,
and #;. Gradual unions #; + £, unlike concrete unions, represent cases where an entity may have
either ¢ or ¢,. Following an optimistic approach, a gradual union is a subtype of #; if at least one of
1 or £, is a subtype of #; [Toro and Tanter 2017].

The subtyping of property types (R; < Ry) is illustrated at the bottom of Figure 3. The subtyping
behavior differs between closed and open records. In closed records {@; = ;' }, width subtyping is not
permitted (rule (Sc)), meaning subtyping holds only if all attributes match and their corresponding
simple types are subtypes (71 < 72). This approach offers greater expressivity, as it allows matching
entities with an exact number of properties. A similar concept is introduced in the work of Angles
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£ is a subtype of £, (¢ < &)

6L <t b <t
1$1 * St < *x e [1&[2$f3 [1&[2$f3
St <t 50 A2 hst, H$h
b+t < b h+6 358 Bsh+b Bsh+b b6 S L&t
71 is a subtype of 1; (11 < 72)
o< s L, is a subtype of L,
(L1 < Ly)
151 1< *<T TS % 1+ <103
st RSR
ST 35T 35 T2 LR SLR,
T1+ 17, S 13 35T+ 71 35T+ 1
Ry is a subtype of R; (R; < Ry)
Vit S 1] {ai %'} s {ai3Ti/l}
(S_L)J_—<R (Sc) (Sol) K R .
S (arn)ys{a:7 } {ai-7' x} <{ai: 1] ,a;: 77}
{ai 7 Tt}<{atT} {ai- 7 Tl}<{al T}
(Sor) - : (So)
{ai:ril,aj:rj]}s{ai:Ti’,*} {ai 1, Tl,a} fj,*}<{a1. ak o, x}

Fig. 3. Consistent Subtyping for Descriptor Types.

et al. [2023]. Furthermore, the ISO has already established the notion of OPEN/CLOSED data
types. For open records {@; : 7;', x}, where the unknown type * can match any attribute, additional
fields are allowed on both sides as long as the explicitly defined attributes remain consistent (rules
(Sol),(Sor) and (So)). For example, {a : Z,b : B} is not a subtype of {a : Z} because width subtyping
is disallowed for closed records. However, {a : Z, b : B} is a subtype of {a : Z, x}, and conversely,
{a : Z,x} is a subtype of {a : Z, b : B}. The subtyping relation for simple types follows a structure
similar to label types and is illustrated at the middle of Figure 3.

4.3 Reduction

Figure 4 illustrates the dynamic semantics for patterns in FPPC, which largely follows GPC’s
semantics. Reduction is expressed as [7] s = {W}, which denotes that path pattern 7 reduces
to a set of pairs, each consisting of a path p and an assignment y, under a property graph G. An
assignment y is a partial function mapping a set of variables X to a set of results R. The results r
include node identifiers N, directed and undirected edge identifiers &; U &, null values null, and
lists of results 7;. Note that a pattern can only get stuck if a subexpression ¢ within it is stuck. For
illustration purposes, we indicate where expressions can become stuck, but we intentionally avoid
propagating stuckness through patterns in order to (1) remain close to the GPC semantics and (2)
avoid adding complexity to an already exotic semantic model.

For a node pattern (x? : L), each node in the graph is checked to determine whether its descriptor
type L’ satisfies the descriptor L. Unlike GPC, where only labels are used for matching, FPPC
supports additional features such as gradual labels, intersection and union labels, and property
types. Consequently, verifying whether a node matches a descriptor type is more involved and is
done by checking if L’ is a subtype of L.
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[[”HG = {W}

[x?: D) = {(n.x?>n) | n € Nig,r L(n) P(n) : L',L’ < L} ®O)
[[X?—L’HG = {(nieny, x?e) | e € Eg,ny = sre(e),ny = tgt(e),+ L(e) P(e) : L',L 5 L} (®=)
[[ﬁﬂc = {(nzeny, x?=e) | e € Eq,ny = src(e), ny = tgt(e),- L(e) Pe) : L',L' 5 L} (R—)

[Z2L 7, = {(nieny, x775e) | € € By, endpoints(e) = {ny, ny},+ L(e) P(e) : L/, L' < L} (R~)
[22 ], = [ 25 g u 5] u [, *
[ 7] = {(p1 - p2o i - 12) | (i i) € [mil . p1 and p, concatenate, 1y and yi concatenate (R)

[r1 + m] g = {(p, fillNulls (g, freevar(m + 1)) | (p, 1) € [mi]g U [m2]s) (R+)
Iriolo = {0 € [l | 1], 5 = true] (R0)
[[ﬂz..u]]c =i§l [[”ﬂiG (Rl..u)

Fig. 4. Dynamic Semantics for Patterns.

The descriptor type L’ of a node is determined by two functions: the labeling function £(n),
which expresses label sets as a conjunction of labels, and the property function $(n), which
represents partial functions as a record mapping attribute names to constant values. The inference
rule for computing the descriptor type is:

Fef@=ay e {aty(e))

where ty(-) is a function that returns the simple type of a constant. Rule (R()) returns a node
path n for each node that satisfies the descriptor and an optional mapping = from the variable x?
to the selected node n. Since variables can be optional, if no variable is present (_), the mapping
remains empty; otherwise, the variable is assigned to the selected node. For example, the node
pattern (x : Person {name : %, status : String}) evaluates to {(n,, x — n;)}. Here, nodes n; and
ny are initially selected because they match label Person. However, only n; satisfies the property
condition, as it contains attribute status with a string value.

The reduction of edge patterns follows a similar approach to node patterns, but now directionality

must be considered. For directed edges 5 and ﬁ both the source and target nodes must be checked
to ensure they align with the specified direction. In contrast, undirected edges return only the two
endpoints of the matching edges. The result set of an any-direction edge pattern is computed as
the union of the result sets for forward, backward, and undirected edges.

Rule (R-) denotes the reduction of concatenation patterns m; w2, where the resulting path and
assignment are obtained by concatenating the results of 7z; and 7,. Two paths, p; and p, concatenate,
if the last node of p; is equal to the first node of p,. The new path, p; - p, is formed by connecting the
two path sequences, e.g. nsesn; -nje;ny = nsesnjeiny. Two assignments, p; and pp concatenate, if for
all x € dom(py) Ndom(p,), it holds that yy (x) = pz(x). The concatenation operation py - i is defined
as follows: for each variable x € dom(u;) U dom(p,), if x € dom(py), then (p1 - o) (x) = pr(x);

otherwise, (1 - p2) (x) = pa(x). For example, concatenating the two patterns (x : Person {name :
. :iLikes {x} X .
*, status : String}) & reduces to empty {}. Since n, can not be concatenated with nse;n;.

Rule (R+) applies to union patterns i1 + 5, where the resulting path is drawn from either ; or
5. The resulting assignment is computed using the fillNulls function, defined as follows: for each
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[c], s =okec (Re)
[x.a], s = {ok 8(u(x))(a) ifa € dom(5(u(x))) (Ra)

ok null otherwise
[tis T]]p,s = for (v « [[t}]”’é) yield (ty(v) < 1) (Ris)
[t as f]]ﬂsa = for (v « [[t]]u’s) yield (v = 1) (Ras)
[t1 bop tz]]uﬁ = {for (v; « [t as Tl]]y,é; vy « [tz as Tz]]p)a) (Rbop)

yield (o1 [bop] v2) if a(bop) =71 X1 — 13

[uop t],, s = { (Ruop)

for (v « [t as 1], 5) yield (Juop] v) if A(uop) =71 — 7
Fig. 5. Dynamic Semantics for Expressions.

variable x € X, if x € dom(p), then fillNulls(y, x) (x) = p(x); otherwise, fillNulls(, x) (x) = null. In
other words, the resulting assignment maps any free variable in freevar(z; + 2) but not in dom(y)
to null. For instance, the pattern (x : Person {name : %, status : String}) + (y : Person {name :
*, status : Z}) reduces the pattern (x : Person {name : x, status : String}) to {(ny,x + n;)}, and
(y : Person {name : x, status : Z}) to {(ns, y +— ny)}. Then the final result is {(ny, [x > ny,y —
null]), (nz, [y = nz, x = null])}. Rule RO applies to conditioned patterns 7 sy, where the result set
of 7 is returned only if the conditioned expression ¢ evaluates to true.

Repetitions. Rule Rl..u defines the reduction of repetition patterns 7, which generate the union

of results from [ to u repetitions of 7. The base case for zero repetitions is:
[7]& = {(n,p) | n is a node in G}

where 1 maps every variable in freevar(x) to the empty list []’. ° Intuitively, this makes sense since
the set of all nodes is concatenable with any other set of nodes. For i > 0, the case is:

[[”]]23 = {(P, ) | (p1p1)s - (pip) €[7)gp=p1--.. - pip = coIlect(pl,...,yi)}

where Vx € freevar(r).collect(py, .. ., ;) (x) = [p1(x), ..., pi(x)]’. To avoid unnecessary complex-
ity in the model, we assume that all paths p; have a positive length, where length is computed as

the number of edges identifiers in a path. That is, they contain at least one edge. As discussed in
: . . . :K

GPC, allowing zero-length paths could lead to infinite result sets. For instance, pattern X :Knows {4

x :Knows {x} 1.2

reduces to {(njeinz, x — ey), (nyein;, x — ep)}. Therefore, reduce as follows:

I 1 2
[[DM ] evaluates to {(nieinz, x — [e1]!), (nze1ng, x — [e1]")}, and [ G to

{(nie1nzeiny, x — ey, e1]'), (naeinieing, x — [ey, e1]!)}. The resulting set is the union of two sets.

x : Knows {*}
— ]

Expression reduction. Expression reduction is presented in Figure 5. Expressions reduce under
an assignment y and partial function §. Expressions evaluate to values, which include constants
(c), nulls (null), or errors (error). For illustration purposes, we include a stuck state (stuck) and

5Contrary to GPC, we index lists of results using I from the repetition query s'~*. This indexing is required solely for type

safety. Accordingly, unification yi; - p is defined by equating lists while ignoring such indices, and producing a list with the
maximum of the two repetition bounds.
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Node Types N == (L)

Variable Types Tu=N|E|T+T|[T]'| L] Null
Edge Types E := Ni, N|N LN Type Environments T :i=-|Lx+— T
Path Types P:=N|P-N|P+P|L Schemas Sw=-|SE|SN

Fig. 6. Syntax of Types.

explicitly mark cases where evaluation may get stuck in grey. Although this is not part of the formal
semantics, it helps illustrate the kinds of errors that the type system is designed to prevent. To
avoid explicit propagation of errors (and stuck states), expression reduction follows a monadic style,
representing computations that may fail with “optional” values that can either succeed (tagged as
ok) or result in an error (or stuck state). Rule (Ra) produces a stuck state if the variable x is not
in the domain of the assignment y; otherwise it checks whether the attribute a is present in the
entity associated to x in the current assignment, and returns the corresponding value; otherwise,
instead of raising an error, it returns null. This makes the semantics less conservative as expression
true V null yields true under a three-value-logic semantics instead of an error. A type test expression
t is 7 first evaluates t and then checks whether the type of the value is a subtype of 7 (rule Ris). In
contrast, cast expressions t as 7 enforce type conversion, directly transforming a value to type 7 as
the result. If casting is impossible (e.g., converting the string ‘a’ to Z), a type error (error) is raised.
Note that type errors do not propagate to path patterns; they yield empty outputs since error is not
equivalent to true. On the other hand stuck states terminate the evaluation of the top-level query.

5 Type System

This section presents the type system of FPPC, highlighting key differences and improvements over
the work of Francis et al. [2023a]. The main enhancement is the adding schemas as contexts, which
allows for more precise verification of pattern validity. By considering the schema, the system can
rule out paths that do not match entities in the database. The type system produces two outputs:
the path type and the mappings of variables to their respective pattern types. These outputs help
detect errors, such as references to non-existent variables and paths that do not return results.
Moreover, our type system is less strict in some cases.

5.1 Syntax

Figure 6 presents the syntax of types, drawing inspiration from PG-Schema [Angles et al. 2023]
and the ISO standard [ISO/IEC 2024]. Node types are simply indexed by a descriptor type L (Fig. 2).
Meanwhile, Edge types, representing the types of edges, include the type of the nodes they connect
as well as a descriptor type. Only two edge directions are considered: directed (denoted by —) and
undirected (denoted by ~), instead of four, since any backward edge can be expressed as a forward
edge, and the “any” direction can be captured using union types.

Path types (P) specify the first and last node type of a path and encode relevant intermediate
node type information. They are used to determine whether two patterns can be concatenated and
to predict cases where a path pattern would return an empty result. Path types support union types
(P + P) and include the bottom type (L), representing an empty or unreachable path.

Variable types (T) assign types to nodes and edges captured by variables. They include node types
for node patterns, edge types for edge patterns, union types (T + T) for union patterns, and list
types ([T]’) for repetition patterns, where each list is indexed by its minimal cardinality to help
predict empty results. They also include the bottom type (1), indicating type errors, and the null
type (Null), which explicitly represents the absence of a variable in a subquery.
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Finally, the type environment (I') maps variables to their corresponding variable types, and a
schema (S) consists of a (possibly empty) list of edge types and node types.

5.2 Subtyping

Subtyping plays a key role in the typing rules of FPPC, by enabling the system to filter nodes and
edges from the schema that match a given type. The subtyping relation for type variables, denoted
Ti < T, is defined inductively on the structure of types:

Li <L, LisLl, NisN; N;s N, LisLl, NisNys N;sSN,
(L) < (L) NI—L1—>N2 < N3—L2—>N4 N £ N> < N3 £ Ny
LisLl; NisNy, N;<N; hsTh L sT
N EN <N 2Ny (1] s (L) hi+LsT
LT T<sTh TsT
L+, <T T<Th+T T<Th+T 15T Null < Null

In particular, subtyping for type descriptors is covered in §4.2, and, similar to labels, a union type
T; + T, is subtype of T if either T or T, is a subtype of T.

5.3 Meet Operator

The meet operation I determines the most precise type information when comparing two types.
For label types, if either label is the unknown label, the result is the other label. Otherwise, the
result is their intersection, meaning ¢ M ¢ = £;&f,. Intuitively, if an entity is known to have both
labels #; and ¢, then it must have the conjunction of these labels, #; &¢,.
For simple types, the meet operation is defined as follows, returning L for undefined cases:

nMrt=1 TN T=14

ThT=r1 TlM*x=r71 *xMNrt=1 n+nlr=1tlNn+n=rnUT1ny

For simple union types, the meet operation is applied component-wise, and the results are combined
using the join operator (L!). This operator, also used for variable and path types, returns the other
element if one is L, and otherwise returns their union (- + -).

For property types, the meet operation is defined inductively by applying it to common attributes
and, when one operand is an open property type, extending the record with attributes present only
in the other. This ensures that the resulting type retains the most precise attribute information
while allowing flexibility when merging open and closed property types. The meet returns L for
undefined cases.

{ammtn{amm={a—>mnn}

i j i p — i j k
{ai— g, xyn{a > 2 ar = %} ={a; > t1 N 12 ,a; > 17, ak > Tk, *}

— i k i k
{aim i, x}n{a—nar = e }={ai— ta Ntz ,ac = 7% }

{aim gy n{a = g, x} ={a; > 11 N Tiz s a; — 17}

The meet of two descriptor types is obtained by computing the meet of their respective labels
and property types: £; Ry M £, Ry = (£1 1 &) (R M Ry).
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For variable types, the meet is defined inductively following the structure of the types.

(La) 11 (E2) = (L1 77 La) Ny N Ny M Ny =N Nz = (N11 M Nap) L, (Na1 T Ny2)

L Ly Ly L Ly Ly
Niis — Ni2MNy;g ~ Npp =N3; — N33 Nip — Nz M Ny ~ Nop = Ny ~— Ny

L L L L
Nii = Niz M Nz == Npp = N33 = N3y U Ny —~ Ny

TNnTh =1 TNT =T, LNnh=1T;
TN(+5L)=(T1+L)NT=T:UT, [T1]2 M [T)% = [T]max(hk)

The only notable cases in the meet operation involve undirected edges, unions, and lists. For
undirected edges, since there is no inherent direction between nodes, both possible orientations
are considered, and the results are then joined together. For union types, the meet is computed
by applying the meet operation to each element of the union individually and then joining the
results. In the case of list types, the meet takes the maximum of the two repetition bounds as the
new index. The intuition is that the intersection (unification) of lists with at least /; elements and
at least I; elements should yield a list with at least max(ly, I;) elements.

5.4 Refinement Operator

Armed with the meet operator, we now define the refinement operation under a schema S to extract
possible types for a variable type, a path pattern, a type environment, a path type, or a path type
associated to a repetition.

The judgment S + Ty » T, denotes that variable type T; is refined to a (potentially) more precise
variable type T,. This refinement is defined inductively as follows:

SEN > LUy ves NN SFE» tuldy posEnE
SFTy» T, SrT,» Tj SFT» T/
StTh+T, » TJUT; Sk > [T] SFL»> 1

The most interesting cases involve node and edge type refinement, both handled by applying the
meet operation to each subtype node or edge in the schema and joining the results to produce the
refined type. If no matching node or edge type exists, meaning that no type in the schema satisfies
the input type, the bottom type (L) is returned, indicating that the type is unsatisfiable.

The judgment S + & > T states that a node or edge pattern r refines to a variable type T. For
space reasons, we illustrate only the most relevant cases.

L L 2L :
SF(L) » T Sk—s T Sk—> T srXne se XL
SE(x?:L)>T S'_x?:L T S|-X?:L>T SFXEL s T, UT

For edge patterns in the backward direction, the definition is the same as for forward direction
refinement, since types are defined in only one direction. The distinction between directions
becomes relevant during type checking, as explained §5.5. For edge patterns with any direction,
the refinement is defined as the join of the refinements for the forward and undirected cases.
Refinement and the meet operation for type environments are defined together to avoid refining
types that do not gain precision, meaning those that are not involved in the meet operation, since
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they were already refined at some point. The judgment S + I7 MT; > T denotes that the meet between
type environments I and I}, refines to I, and it is formally defined as follows:

TZWNTe=T, S+tT;>T

I

i P ; k i ; k
Stxim T, x; )N T, x> T )exi= T x0T x> Tk

Note that only types associated with common variables are refined, while other variables are
directly carried over to the resulting type environment without modification.

Similarly, meet and refinement for path types are defined together. The judgment S + P; 1P, > P;
states that the meet between path P; and P, refines to path type Ps, and it is defined as follows:

S+t (LN Ly > (Ls) SEN;MN; > N, SEP NP, » Py
S'“(]LIDH(]LZDDQLSD Sl—(Pl—Nz)r]N31>P1—N4 SFP]H(PZ—N?,)PPg—Ng
SFPiMP, » Py SFP,MP; > Ps SFP,MP; » Py SHFP;MP; » Ps
SEP M (Py+P3) » P,UPs S+t (Py+P;) Py > PyLUPs

For two single node path types, the result is obtained by applying the meet operator to their
descriptor types. However, if either P; or P, consists of multiple nodes, the meet operation is
applied only to the last node type of P; and the first node type of P,. This ensures that only the
boundary nodes are refined while preserving the internal structure of each path type.

Finally, the judgment S Pi > P, denotes that the repetition of a path P; at least [ times (where
I > 0) refines to P,. Validation of a path repetition is performed by computing its self-meet [ times.
The repetition and refinement process is defined inductively as follows.

StPlsP, SHP,MP»> P,
S+ Pl p, S+ P» (%)

Remember that in the dynamic semantics (§4.3), zero repetitions correspond to every node, pre-
venting unnecessary failing joins. Similarly, at the type level, zero repetitions of a path type result
in the fully imprecise node type, which matches all node types. This ensures that concatenating a
path with zero repetitions with another path never results in an error ().

5.5 Typing

Figure 7 presents the typing rules of FPPC. The judgment S - 7 : P; I" denotes that pattern x has
path type P and type environment I, under schema S. The type system of GPC primarily determines
whether a variable represents a node or an edge. While this ensures that variables do not conflict,
it provides only a coarse level of validation. Additionally, the typing rules in GPC are verbose,
requiring multiple cases for concatenation patterns and five separate rules for union patterns.
The type system of FPPC is more compact and goes beyond simple variable conflict checks. It (1)
verifies whether the pattern is satisfiable within the schema, (2) ensures type consistency between
concatenated patterns, (3) refine types by combining both pattern and schema type information, (4)
under-approximates empty results, and (5) over-approximates program stuck states.

Node and Edge patterns. Rules (Tnode) and (Tedge) type-check node and edge patterns using
a similar process. The path type and variable type are obtained via the refinement operation,
described in the previous section, which searches the schema for possible matches. As a result, the
typing environment is a (possibly empty) mapping from variables to their corresponding variable
types (T). However, to derive a path type, we use the function |-|<, defined in the Appendix.
This metafunction is indexed by a direction & , which represents the desired path type direction,
relevant only when typing edges. For node types and the bottom type, | -] returns the type itself, as
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x?:L

SF(X?:L)>T Stre=>T

Trod Ted
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SEFES TS x? S T

Sktm:P; Ty Skm:Py I

SFP1|_|P2>P SFFIHFZDF Sl—m:Pl;I‘l Sl‘ﬂgipg;r2
(Tcat) (Tu)
Stmm:P; T SF7[1+7[21P1UP2;(F1UF2)
Stn:P;T Trit:r tNB#L Sta:P;T Trt:r tNB=1
(Tcon) (Tfail)
Sknm:P;F SFJ[(t):J_;r
Stax:P;T len(P)>0 0<l<u Sy pmin2), pr
(Trep)
St abu Py [r)!
x € dom(T) | Trt: 7
(To)————""— (Tpj) (Tas) S Tis)—————
Tke:ty(e) T'+x.a:T(x)(a) IFttast:TNT Trtist:B
A(bop) =1y Xy — 13 Trt:7 Trip:) A(uop) =1y > 1, Trt:7]
(Tbop) — (Tuop) —
T+ tybopty : cod(ry M) X1 M1y — 173) T'+uopt: cod(r; M) — 12)

Fig. 7. Type System for FPPC.

direction is not relevant. For edges, the resulting path type depends on the specified direction. If the
required direction is forward (—), the node types maintain their order. If the direction is backward
(¢), the order is reversed. If the direction is any (—) or the edge is undirected, the resulting path
type includes both directions using union types, as both kinds of paths may be returned.

Concatenation patterns. In the dynamic semantics (§4.3), two patterns are concatenated by con-
necting paths while ensuring that the boundary nodes match and unifying assignments, requiring
that common variables map to the same values. Rule (Tcat) follows a similar approach at the type
level. First, the path types P; and P,, along with the typing environments I and I, are derived
recursively for P; and P, respectively. Then the resulting path type and type environment is
computed using their corresponding refinement operators.

Union patterns. A union pattern x; + 7, represents a path that follows either 7y or 7. In the
dynamic semantics, the resulting assignment is computed by unifying common variables from
both subpatterns and assigning null values to variables that appear in only one of them. Rule (Tu)
type-checks both subpatterns 7; and 7, deriving their corresponding path types P; and P,, as
well as their type environments I and I;. The resulting path type and type environment are then
computed by taking the join of the corresponding types. Similarly, the type environment is obtained
as the join of both environments, I} and I;. The resulting type environment is computed as the
join of both environments defined as follows:

I
L

i -j i
I=xi Ty ,x; > T L=xi—> Ty ,x— T

i j k
FlurzzxiHTiluTig,le—)Y}+Null,kaTk+Nul|

For common variables, their variable types are joined together. For variables present in only one
subpattern, the resulting variable type is the union of the type with the Null type, akin to a Maybe
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type in GPC. Unlike concatenation patterns, where consistency checking ensures that variable
types match, union patterns use type unions. This distinction is necessary, as demonstrated by the
pattern (x : % {a : Z}) + (x : x {b : B}), which allows matching nodes that have either property a

or b, but not necessarily both. Similarly, the type system accepts patterns like (x : * {x})+ (L{*}}

which are rejected by GPC. However, no inherent semantic issue is observed; from the perspective
of the semantic rules, there is nothing fundamentally incorrect about allowing such patterns.

Conditioned patterns. Rules (Tcon) and (Tfail) apply to conditioned patterns of the form 7.
The pattern r is first type-checked to determine its path type P and type environment I'. The type
environment is then used as input to type-check the condition expression ¢, which is assigned a
type 7, as shown in Fig. 7. To ensure that ¢ is a boolean condition, the meet 7; M 75 is computed.
If the result is L, rule (Tfail) applies, assigning the bottom path type L and preserving the type
environment I'. Otherwise, rule (Tcon) returns the original path type P and type environment I.

Repetition Patterns. A repetition pattern z'* is type-checked using rule (Trep). To prevent infinite
query results, the length of the path must be greater than zero, as discussed in §4.3. To enforce this,
the function len(P) computes the minimum length of a query based on its path type. This function
is defined recursively as follows:

len(L) :=0 len(P; + P5) := min(len(Py), len(P,)) len(N) :==0 len(N; — Ny) :=1

The resulting type environment is obtained by converting each variable type in I into a list
type via the function [T/, defined as [-]! := - and [[,x +— T] := [\, x — [T]. To validate
repetition, the path type is checked for self-concatenation using the refinement operator. If a
pattern (A) — (B) is repeated, it suffices to test whether (A) — (B)(A) — (B) is concatenable.
Additional concatenations do not provide further information and are therefore unnecessary. Thus,
repetition is tested up to two times to avoid excessive conservatism, since n could be zero or one.

Expressions. The typing rules for expressions are presented at the bottom of Figure 7. Most
rules are standard. The judgment I' + ¢ : 7 denotes that an expression t has type 7 under the type
environment I'. Constants are typed using the function ty (rule (Tc)). For projection expressions
x.a, typing is determined by retrieving the type of attribute a from the variable type I'(x) (rule
(Tpj)). Attribute projection for variable types and property types is defined as follows:

(£ R)(@) = (&5 (@) =R(@) (@)@ =7 where (a:7) € (@'}
(T + Ty)(a) = Ti(a) U Ty(a) {@7'}(a) =L otherwise
(71! (a) = [T(a)]" {a; 7', *}(a) =7 where (a:7) € {a; 5}
l(a)=1 {a; 7', %x}(a) =* otherwise

If an attribute a is not found, the return type is L. Rules (Tbop) and (Tuop) handle binary and unary
operations by using the meta-function A, which returns a type for a given operation. Each subterm
is typed and checked against the expected domain type using the meet operator. The return type is
determined using the cod meta-function, which returns the codomain of the function if none of the
arguments is L; otherwise, it returns L, propagating the type inconsistency or error.

Example. Consider a schema with node types: Ny = (Person&Teacher {status : String, name :
String, x}), Ns = (Person&Student {name : x, status : Z}), and N> = (x {status : B, x}). The

Likes {x} Author {x} Knows {since : Z} N
= s.

schema also has the edges types: Np ——— N>, Ny ——— Ng, and Nr

Proc. ACM Program. Lang., Vol. 9, No. OOPSLAZ2, Article 283. Publication date: October 2025.



283:20 W. Ye, M. Toro, T. Diaz, B. Oliveira, M. Rigger, C. Gutierrez, D. Vrgo¢

The query pattern being type-checked consists of the following concatenation of a node pattern
2:Lik
and a left-directed edge pattern (x; : Person {name : x, status : String}) M

We begin by type-checking the node pattern on the left,which by rule (Tnode) (Fig. 7), means
applying the refinement operator. We observe that N7 is the only node type in the schema that
is a subtype of (Person {name : %, status : String}). Indeed the type of status is either Z or B
for Ng and N-, respectively, which are not subtypes of String. Since the label Person&Teacher
and the record type are the subtype of Person and the required fields, we select the most precise
type resulting from the meet: (Person&Teacher {name : String, status : String}). Thus, the type
environment is x; — (Person&Teacher {name : String, status : String}) and the path type is

(Person&Teacher {name : String, status : String}), since | -] returns the node type itself.

xz:Lik
Next, we analyze the edge pattern J—ﬂ This pattern can only be matched by the edge

Lik
type Nr i{—i N; in the schema. Therefore, the resulting type environment is defined as

Likes {x}
x5 = Ny ——— N; and the path type becomes N; — Nr.

However, a consistency check between the target node types of both path types reveals that
String and B are not compatible for the attribute status. As a result, the refined node type includes
a L for that attribute. The final path type is (Person&Teacher {name : String, status : L, x})-

— Ny, and the type environment is x; > (Person&Teacher {name : String, status : String, x})),

Likes {x}
xy = N ——— N,

6 Properties

This section presents key properties satisfied by FPPC. Establishing the metatheory requires
introducing additional notation and relations. A fully precise family of data types (£, R, L,T.N, E)
is introduced for inferring graph types. These types follow the same structure as their gradual
counterparts but exclude unknown types, gradual unions, and open property types. A complete
definition is provided in the Appendix. These fully precise types enable accurate type inference for
nodes and edges, following the rules outlined below:

FL(n)Pn):L FL(e)P(e):L Grsrc(e): Ny Grtgt(e): Ny
Grn:(L)

Gre:Nj—™ N,

FL(e)P(e): L endpoints(e) = {n,ny} Grn:N; Grny:N,

Gtre: Nl ’I‘:’ Nz
where G = (N4, E4, Ey, L, endpoints, src, tgt, P). With these rules established, a graph is consid-

ered well-formed with respect to a schema when each data element in the graph has a corresponding
type in the schema.

Definition 6.1 (Well-formed Graph). S + G is defined iff:
e Vn € Njg.G+n:NthendN € S.N ~ N. e Ve € EqUE,.Gt+e:Ethen3E € S.E ~ E.

The relation A ~ B represent the gradual counterpart of equality and holds if A < Band B 5 A
hold simultaneously. Using only subtyping is insufficient, as it violates the emptiness property (§6.2).
To illustrate this, consider a graph with two nodes: one labeled A and another labeled A and B. If
schemas that are supertypes of the data, such as S = (T {x})), are allowed, then the type system
would raise an empty-result warning for the pattern (A), as A is not a subtype of T. However,
executing this query would yield two paths instead.
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6.1 Type Safety

The type safety property guarantees that well-typed path patterns do not get stuck during execution
and that their evaluation always produces well-typed results (subtype of the original path pattern
type). To type-check results, the notation y is introduced to denote a result set {(p, i) }. A result set
y is well-typed under graph G, if all paths p and assigments y are well-typed under the graph.
Since paths and path types can have different lengths due to repetitions, their structures cannot be
precisely matched. However, the first and last elements must align. The judgment G + p : (N1, N;)
ensures that the first and last nodes of a path conform to the specified type and is defined as follows:

FL(n)Pn):L Grni:Ny Grny:N, src(e)=n; tgt(e) =ny
Gr+n:((L), (L)) G + nyeny : (N1, Ny)
Grni:Ny Grny:N, endpoints(e) = {ny,ny} Grpi:(Ni,N) Grpy: (N, Ny)
G+ nieny : (Ny, Ny) G+ p1-p2: (Nip, Na)

To type assignments, the judgment G + r : T extends the previously defined typing rules for nodes
and edges. This extension includes additional cases to account for lists and null values:

G+t ri: T
G+ [ri]': [T) G+ null : Null

An assignment is well-typed to type environment I', under graph G, if for all variables in the
domain, the values r in the codomain can be typed under graph G as a type variable T:

Definition 6.2 (Well-typed Assignments). G + u : Tiff Vx € dom(p),G + p(x) : Tand T < I'(x).
Finally, type safety is defined as follows:

THEOREM 6.3 (SOUNDNESS). IfS+ 7 :P; TandS+ G then3y.[n]; =y.V(p,p) €y, GFp:T,
G F p: (N1, Nz) and (N1, Nz) < (first(P), last(P)).

6.2 Emptiness

The type system of FPPC under-approximates empty results. To predict whether a path pattern
will evaluate to an empty result, the empty(-) meta-function is introduced. This function applies to
path types and variable types and is defined inductively (the definition can be found in Appendix).
Intuitively, this metafunction checks whether L is present in some subcomponent. If L is found,
the function returns true. The only exception is the case of union types. Here, the function returns
true only if both subcomponents contain L. If only one subcomponent contains a type error, the
entire union may still yield a non-empty result. A type environment is considered empty if at least
one variable type in its codomain is empty.

Definition 6.4 (Empty Type Environments). empty(T) if 3x € dom(T), empty(T(x))

Finally, emptiness is defined such that, given a well-typed path pattern, if either the path type is
empty or the type environment is empty, then the result is definitively empty.

THEOREM 6.5 (EMPTINEss). IfS+ m: P; T, S+ G and (empty(P) or empty(I)) then [x]; = {}.

The proof relies on the auxiliary Lemma 6.6, which ensures that if two node types, N; and Ny, are
inconsistent under a schema S, then their corresponding subtyping data node types, N; and N,
must also be inconsistent under the same schema S.

LEMMA 6.6. IfN; < Np, N3 < Ny, S+ Ny 11N, > N and empty(N) then S+ N; M N3 » N’ and
empty(N’).
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The converse of Theorem 6.5 clearly does not hold, as it is possible for patterns to yield empty
results purely by coincidence, without any underlying type inconsistency. To further illustrate this,
consider a variant of the semantics where type errors are explicitly propagated. In this setting,
Theorem 6.5 fails to hold, since evaluation may result in a type error rather than an empty result.
One might conjecture that in this setting, a well-typed pattern reducing to a type error implies
that either the path type or the type environment of the pattern is empty. However, this intuition
does not hold. For example, consider a union pattern of the form m; + 7,. If 7; reduces to an error,
then the entire union 7; + 7, also reduces to an error, even if 7, evaluates successfully. In such
cases, the resulting path type or type environment of the overall pattern may still be non-empty,
contradicting the statement above. However, if we instead adopt an alternative semantics—where a
union pattern ; + 7, evaluates to the result of 7, when 7 fails with an error, then the conjecture
might hold. This suggests that the treatment of type errors in the evaluation semantics plays a
critical role in determining whether such implications are valid.

6.3 Gradual Guarantee

The gradual guarantee is a fundamental property of gradual typing, first introduced by Siek et al.
[2015]. It comprises two key principles: the static gradual guarantee (SGG) and the dynamic gradual
guarantee (DGG). The SGG ensures that typing remains monotonic with respect to precision, while
the DGG guarantees that reduction preserves monotonicity with respect to precision. To formally
define the gradual guarantee for FPPC, we begin by establishing precision relations for types.
Specifically, a property type R is considered more precise than R’ if their corresponding attributes
exhibit precision-related types:

L C 1 {ai:T,-i}E{aj:Tl.’l}

@) clag) (@ m @t +) C (a1 %)
where {a; - 7;', *} simultaneously denotes close {@; : 7;' } and open records {a; = 7;', x}. The precision
of simple types r C 7’ is standard. In this context, the bottom type L represents an error state,
making it more precise than any other type. Formally, the definition is given as follows:
7 nET TE 1y TE D
[y TE % 1+ T TET+1D TEO+1D 1C7

The precision relation for labels, denoted as ¢; C ¢, is defined analogously to that of simple types:

6L el 6Oty HLEb HEfl HLEl
1Cc1 {C % fl&f2;f3&f4 HLC b+ O+ C s
6Ll
O+ C s eCe 1EY?

The precision relations for variable types, terms, path patterns, and path types are straightforward
and defined inductively (see Appendix for their formal definitions). Additionally, a schema S; is more
precise than S, if their corresponding node and edge types adhere to the precision relation. Using
these precision relations, we establish the static gradual guarantee (SGG) for FPPC in Theorem 6.7.

THEOREM 6.7 (STATIC GRADUAL GUARANTEE). IfS; C S;, my C mp and S; + my : Py; Iy then
So by Py I,,PL C Py andrl cC L.

The dynamic gradual guarantee (DGG) for FPPC is established in Theorem 6.8. This theorem
states that, given two well-formed schemas related by precision and two well-typed patterns
also related by precision, the result set produced by evaluating the more precise pattern must
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be contained within the result set produced by evaluating the less precise one. However, type
tests t is 7 and casts t as 7 can violate the DGG. For example, if (true as N) reduces to 1 and
(false as N) to0,thenthetermt = (('A' is B) as %) as N < 0 reduces to true, while the less
precise term t' = (('A' is %) as x) as N < @ reduces to false. As a result, the outputs of 7
are not necessarily contained within those of 7r’< - To address this issue, we restrict the DGG to
patterns related by a stricter precision relation, denoted C*. Specifically, we require that type tests
and casts be invariant in their underlying type argument, while otherwise following the standard
C relation. The following excerpted rules illustrate the precision constraints:

rC'n" dcd tC* A

Ty B 7y d)c* () tastC*t'ast tistE"tist

THEOREM 6.8 (DYNAMIC GRADUAL GUARANTEE). IfS; C Sp,S1+G,S; + G, S F my : Py; T,
52 F o PZ; 1"2, 5} E* T then [7’[1]]6 C [[7[2]]6.

7 Prototype Implementation

To validate the formal development of FPPC and support interactive experimentation with typed
graph queries, we implemented a Python prototype. Written in Python v3.10+, the prototype
consists of around 3,000 lines of code and closely follows the structure of the calculus presented in
this paper. It provides end-to-end support for parsing, typechecking, and executing path patterns
over concrete graph databases.

Core Components. The implementation consists of three main components: a parser for a fragment
of the GQL path pattern language extended with gradual types and property-based filtering; a static
typechecker implementing the rules of FPPC; and a runtime engine that evaluates queries against
a graph database.

Syntax and Language Fragment. The prototype adopts a concrete syntax close to GQL, with
adjustments for features of FPPC. In particular: union patterns use P | Qinstead of P + Q; filters can
be used inside descriptors: (x WHERE cond) compiles to (x) WHERE cond; property types distinguish
between open and closed records using notation {. ..} and {{. . .}} repectively; edges are written
using the form -[d]->, <-[d]-, -[d]-, and ~[d]~.

Typing and Error Reporting. Typechecking is performed with respect to a schema, which is fully
imprecise by default. It can be constructed manually or inferred automatically by the prototype
from a JSON-encoded graph database. The typechecker is designed to be non-failing: rather than
terminating at the first type error, it continues checking optimistically, accumulating both errors
and warnings. This design supports informative feedback and allows the analysis of partially valid
queries. For instance, consider the pattern

(x: {status: bool} WHERE x.status > @) -[:Author WHERE y.foo]->

This query is syntactically valid, but contains both a type inconsistency and a reference to an
unbound variable. The typechecker emits the following diagnostics:

Path: L

Context: x > (* {status:bool,x})
Warnings:

Binop > between types bool and int is not defined
..at check_expr: r (x.status > @) : ???
Filter expression (x.status > ©@) has type 1, which is definitively not a bool.

.at check_path_pattern: r (x: x {status:bool,x}) WHERE (x.status > @) : 22?
Errors:

Variable y not found in context
..at check_expr: +r y.foo : 27?7
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Evaluation. Once a query is validated, it can be evaluated over a graph database. The runtime
follows the reduction semantics of FPPC and produces all matching paths and variable bindings.
The semantics faithfully implement the formal behavior described in Figures 4 and 5.

Limitations. The runtime disallows unbounded repetition in path patterns to avoid non-termination;
all repetitions require explicit bounds.

Overall, the prototype demonstrates that FPPC can be realized in practice. While the current
prototype focuses on path patterns—a core fragment of the GQL query model—it lays the foundation
for broader adoption. Future work is needed to support the full range of GQL queries.

8 Related Work

GQL. The Graph Query Language (GQL) [ISO/IEC 2024] offers a unified framework for querying
graph databases, analogous to SQL for relational models. GQL builds on prior work, particularly
in property graph schemas and graph pattern matching. Francis et al. [2023b] and Deutsch et al.
[2022] provide a comprehensive digest of GQL, outlining its formal syntax, multi-graph querying
capabilities, and integration with existing graph database systems. Francis et al. [2023a] proposes the
Graph Pattern Calculus (GPC), a theoretical framework that formalizes pattern syntax, semantics,
and typing rules, thus capturing the key pattern-matching features of the emerging GQL and
SQL/PGQ standards. FPPC extends the syntax of GPC by adding property type filtering, and refines
the typing rules, as shown in Section 5. Complementary to these efforts, PG-Schema [Angles et al.
2023] introduces a schema language for property graphs, enhancing GQL’s schema validation
through structural constraints and adding a rich typing system for defining valid graphs. However,
it does not consider how node and edge specifications can be incorporated to aid in GQL query
evaluation, as we do in this paper. Our work can be viewed as an extension of PG-Schema to
the query level, shifting from solely validating stored data to schema-aware query validation
through typing, while also enhancing flexibility via the introduction of gradual types. A rich body
of theoretical work on the complexity of querying regular graph patterns has also contributed to
fundamental design decisions in GQL, emphasizing automata-based techniques for efficient query
processing [Barcel6 et al. 2014; Barcel Baeza 2013; Libkin et al. 2016; Reutter et al. 2017].

Gradual Typing. Gradual typing, first introduced by Siek and Taha [2006], provides a framework
that seamlessly integrates static and dynamic typing, allowing programmers to selectively apply
type annotations while maintaining type safety. A more formal foundation for gradual typing
was established via the Abstracting Gradual Typing (AGT) methodology [Garcia et al. 2016],
which systematically derives gradual type systems from their static counterparts using abstract
interpretation techniques. Similar to Ye et al. [2023], FPPC also leverages AGT to justify relations,
and draws inspiration from Bafiados Schwerter et al. [2021] and Ye et al. [2024] to handle extensible
records and intersections, benefiting from gradual typing through the use of the unknown type x
to support an incremental design.

Castagna and Lanvin [2017] and Castagna et al. [2019] explored intersection and union types with
gradual typing using a set-theoretic approach. In the former, negation is restricted to static types,
while in the latter, it relies on solver-based subtyping. We decided to follow the AGT approach
because the GQL ISO standard defines both open and closed records, and their gradual counterparts
are well studied in the AGT literature [Bafiados Schwerter et al. 2021; Garcia et al. 2016]. Thus our
type system combines multiple features—not only set-theoretic types, but also gradual records.
We believe that the combination of different features is naturally handled under AGT. Another
reason is that to adapt Castagna et al.’s set-theoretic approach, we believe we would likely need to
redefine the semantics entirely to match a different theory. That would move us too far away from
the GQL ISO standard, which is one of the guidelines of FPPC. Furthermore, this would introduce
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additional slow down during typechecking due to constraint solving, which could compete with
query execution itself. CDuce is also a strong system for semi-structured data, but we did not adopt
it because it does not align well with how GQL and GPC works. CDuce uses tagged unions and
requires pattern-matching to distinguish cases. Moreover, its notion of consistency is stricter than
FPPC. For instance, in CDuce, A + B is not considered a consistent subtype of A. In contrast, in
FPPC, it is because if something is optimistically of type A + B, it may still be an A. This flexibility is
necessary to under-approximate empty results for queries such as (x: a: str + B WHERE x.a > 0).

Under-approximating Errors. In FPPC, well-typed queries that generate empty-result warnings
indeed return empty results due to type inconsistencies (under-approximation). However, well-typed
queries never produce runtime errors or become stuck (over-approximation). Several related works
have explored under-approximation as a principled strategy for detecting errors. Incorrectness
Logic (IL) [O’Hearn 2019] is a novel formalism that provides a dual perspective to Hoare logic
by focusing on proving the presence of bugs rather than their absence. This approach has been
particularly influential in the development of automated bug detection tools, leveraging under-
approximation techniques to identify provable error states. Building on this foundation, Le et al.
[2022] proposes Pulse-X, an automatic program analysis tool based on Incorrectness Separation
Logic (ISL), a synthesis of IL and separation logic, which detected 15 previously unknown bugs in
OpenSSL. Additionally, Zhou et al. [2023] explores the application of under-approximate reasoning
principles in the context of property-based testing, proposing a refinement-type system that
guarantees exhaustive coverage of test input generators. Similarly, Lindahl and Sagonas [2006]
introduces success typings, an under-approximate approach to static analysis that detects definite
type errors in Erlang. FPPC aligns with these efforts by statically preventing empty query results
via the empty predicate, representing a form of under-approximate error detection. A related goal
is pursued by Seidel et al. [2016], who address static type errors through a dynamic approach. Their
system uses symbolic execution on ill-typed programs to synthesize counterexamples that cause
the program to go wrong. This method is under-approximate: it may fail to produce a witness,
but any witness it does produce corresponds to a real error. Finally, the type system of FPPC
shares a conceptual goal with the work of Hritcu [2011]: detecting type-based inconsistencies via
disjointness reasoning. However, while Hritcu rely on semantic proofs or logical entailments to
establish disjointness, FPPC achieves this purely syntactically within its type environment.

9 Conclusion

Traditional query languages often overlook type systems. This work shows that a flexible type
system can enhance query reliability by detecting type inconsistencies early. Applying typing tools
to GQL can improve robustness and usability, making query languages more reliable and accessible.

We introduce FPPC, an extension of GQL’s pattern calculus (GPC) with property-based filtering
and a flexible type system using schemas. Our approach proves important theoretical properties,
such as emptiness (detecting queries that always return empty results) and type safety (ensuring
well-typed queries do not fail at runtime). Additionally, we establish gradual guarantees, enabling
developers to smoothly transition between untyped and typed queries and schemas. This work
targets a core fragment of GQL, omitting features such as aggregation and negation in label
predicates. Negation is particularly challenging due to its interaction with subtyping and the
unknown type, a difficulty that future work may address using the set-theoretic approach of
Castagna and Lanvin [2017]. Our research also opens the door to many potential developments not
only in programming languages. From a database point of view, the challenges include to explore
optimizations for query evaluation under these typing enhancements, and further refinements to
the interaction between schema evolution and gradual typing in graph databases.

Proc. ACM Program. Lang., Vol. 9, No. OOPSLAZ2, Article 283. Publication date: October 2025.



283:26 W. Ye, M. Toro, T. Diaz, B. Oliveira, M. Rigger, C. Gutierrez, D. Vrgo¢

Data-Availability Statement

We developed a Python prototype for FPPC. It includes a type checker and interpreter for path
queries, and supports optional schema inference. The tool checks queries, emits warnings for type
inconsistencies, detects statically empty queries, and can execute valid ones against JSON-based
databases. The artifact that supports the paper is available on Zenodo [Ye et al. 2025].
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